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Abstract 

Strategically fluorinated compounds such as the all-cis-pentafluorocyclohexane ‘Janus’ rings, 

the subject of this research, can have strong molecular dipole moments because the 

electronegative fluorines polarise the geminal hydrogens rendering them electropositive.   

In Chapter 1, a general discussion of the dominant interactions associated with organofluorine 

compounds is given. This is followed by an examination of the variety of fluorination methods 

available. The role of fluorine in medicinal chemistry is explored including in positron emission 

tomography (PET). A summary of previous work from the St Andrews group provides the 

contextual basis on which the following chapters build.  

Chapter 2 explores a recently reported Rh-catalysed hydrogenation reaction of fluoroarenes 

to access all-cis-fluorocyclohexanes in excellent diastereoselectivity. The scope of this 

reaction is expanded to generate novel cyclohexane products such as alcohol 2.47 and methyl 

ester 2.60. Derivatisation of these products has furnished a library of all-cis-

pentafluorocyclohexane building blocks for further study. These include alkyl bromide 2.82, 

organoazide 2.83 and aldehyde 2.87.  

In Chapter 3, the elaboration of these building blocks to higher order molecular structures is 

explored. Ugi 4-component reactions (Ugi-4CR) with aldehyde 2.87 provide combinatorial 

access to medicinally relevant bis-amides 3.20-3.27. The Ugi-4CR, optimised by microwave 

assistance, can be completed within 45 mins. Using an HPLC method the Log P of three of 

these Ugi products (3.23, 3.25 and 3.27) was measured and in each case the Log P value 

reduced relative to phenyl ring analogues. This finding suggests a potential application of the 

‘Janus’ ring as an arene isostere in medicinal chemistry. Other methods of elaboration 

explored in Chapter 3 include amide coupling, Wittig and CuAAC ‘click’ reactions.  

Chapter 4 reports the preparation of ‘Janus’ ring bearing novel amphiphiles, the long chain 

carboxylic acid 4.1 and alcohol 4.2 as well as analogous hydrocarbon reference compounds 

4.4 and 4.5. A Langmuir isotherm study examined the influence of the ring system on phase 

behaviour at the air-water interface. Evidence is presented of molecular self-assembly for the 

long chain 4.1 and 4.2, unlike the classical behaviour observed for the hydrocarbon 

counterparts 4.4 and 4.5. This analysis is supported by a thorough examination of X-ray crystal 

structures and presents a platform for the further development of the ‘Janus’ ring motif for 

supramolecular chemistry.  

Finally, Chapter 5 summarises the findings of the previous chapters and explores possible 

avenues for future work such as the development of a ‘pull-down’ assay using biotinylated 

affinity probes 5.1 and 5.2 to better understand interactions between the ‘Janus’ ring and 

proteins of interest. 
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1. Introduction 

The origins of fluorine chemistry can be traced to the serendipitous production of hydrofluoric 

acid (HF) from the reaction of sulfuric acid with feldspar (CaF2). The first studies of HF were 

conducted by Carl William Scheele following its earlier description by Andreas Sigismund 

Marggraf in the 18th century.[1] Following isolation, HF was to find an application in the etching 

of glass for decorative purposes. Today, commercially available sources of HF are stored in 

plastic bottles to avoid corrosion. Elemental fluorine (F2) was first isolated by the electrolysis 

of hydrofluoric acid in 1886 by Henri Moissan.[1] Moissan was awarded the 1906 Nobel Prize 

for his work. 

The first organofluorine compounds were reported by Frédéric Swarts beginning in 1892 with 

the isolation of trichlorofluoromethane (CFCl3).[2] Swarts’ employed halogen exchange 

reactions between chlorocarbons and metal fluoride salts such as antimony trifluoride 

(SbF3).[2] Using this reaction, Swarts reported dozens more organofluorine compounds 

including dichlorodifluoromethane (CF2Cl2) which subsequently found mass 

commercialisation as Freon-12 in domestic refrigeration in the 1950s. The use of Freon-12 

and other ozone-depleting chlorofluorocarbons was later prohibited in all but exceptional 

circumstances under the Montreal Protocol in 1987.    

Since these early forays, organofluorine chemistry has proved relevant to numerous fields of 

chemical science. Today, around a fifth of all licensed pharmaceuticals contain one or more 

fluorine atom.[3] Likewise in agrochemistry, a quarter of globally licensed herbicides are 

fluorine-containing compounds.[4] Organofluorine compounds have found diverse applications 

also in polymer and materials science, for example the fluorinated polymer Teflon™ which is 

widely utilised as a non-stick coating for cookware, exemplifies the unusual properties of highly 

fluorinated materials.[5] 

1.1. Atomic fluorine  

As the most electronegative element in the Periodic Table, fluorine exhibits unique electronic 

properties. The electronegativity of fluorine (1s22s22p5) is a consequence of its high nuclear 

charge and small atomic radius. Oxidation of the fluorine atom to form F+
 is highly endothermic 

(−401.2 kcal mol-1) whereas the reduction of the fluorine atom is exothermic (+78.3 kcal mol-1). 

In the latter case the additional electron fills the 2p shell which is particularly well stabilised by 

the positive charge of the nucleus. The fluorine atom has a Van der Waals radius lying 

between those of oxygen and hydrogen and it is often utilised in drug discovery as an isostere 

for either atom.  
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 H O F 

Electronegativity (Pauling) 2.1 3.5 4.0 

Van der Waals radius / Å 1.2 1.52 1.47 

C-X bond length / Å 1.09 1.43 1.35 

C-X bond dissociation energy / kcal mol-1 98.8 84.0 105.4 

Table 1.1 Comparing properties of hydrogen, oxygen and fluorine. 

1.2. The carbon-fluorine bond 

The carbon-fluorine single bond is the strongest in organic chemistry as a consequence of the 

electrostatic attraction between the electronegative fluorine atom and the electropositive 

carbon. Electron density is highly concentrated on the fluorine atom of the C-F bond. The 

carbon-fluorine bond therefore has a significant ionic component and a strong dipole moment.  

Dolbier et al.,[6] demonstrated the preference of fluorine to bonds to sp3 over sp2 carbons by 

exploring the equilibrium of the Cope rearrangement as illustrated in Scheme 1.1. Carbon 

atoms with sp3 hybridisation have electrons with greater p-character. These are more 

polarisable than those in sp2 orbitals. Fluorine makes more thermodynamically favourable 

bonds with sp3 carbons due to its ability to draw more electron density from the carbon, which 

strengthens the bond.  

 

 

Scheme 1.1 Cope rearrangement as reported by Dolbier et al..[6] 

The carbon-fluorine bond displays unusually slow reactivity, for instance the rate of SN2 

reactions with alkyl fluorides are an order of magnitude slower than alkyl chlorides and three 

orders of magnitude slower than alkyl bromides and iodides (Scheme 1.2).[7] Although the 

carbon of the C-F bond is strongly electropositive, the strength of the carbon-fluorine bond 

means there is a significant barrier to cleavage. 
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Scheme 1.2 The relative rates of alkyl halides to SN2 reactions.[7] 

The C-F bond is vulnerable to cleavage in SNAr reactions where aryl fluorides are often better 

electrophiles than the analogous aryl halides (Scheme 1.3). In the example of halo-substituted 

2,4-dinitrobenzenes 1.5 Senger et al.,[8] found a 400-fold increase in relative rate for the 

fluorine containing electrophile versus the bromo- and chloro- analogues. The rate 

enhancement is due to the acceleration of the typically rate-limiting addition step and then, 

stabilisation of the intermediate anion 1.6 by the fluorine atom.   

 

 

Scheme 1.3 The relative rates of electron-deficient aryl halides to SNAr reported by Senger et al..[8] 

Base-sensitivity of fluoroalkanes is often problematic in the syntheses of organofluorine 

compounds. Kinetic analysis by Ryberg et al., of the base-promoted HF elimination from 1.8 

showed that the elimination pathway involves an E1cB process (Scheme 1.4).[9] Under basic 

conditions, the -carbon is deprotonated as the resultant carbanion 1.9 is stabilised by the 

inductive effect of the fluorine atom. Then 1.9 can form a π-bond and eliminate fluoride to give 

the alkene product 1.10.  
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Scheme 1.4 E1cB elimination of fluoride under basic conditions.[9] 

1.3. Stereoelectronic and conformational effects of the C-F bond 

1.3.1. Hyperconjugation 

The low-lying LUMO of the C-F bond (*) readily accepts electrons from electron rich bonding 

orbitals such as a C-H () bond in stabilising hyperconjugation interactions (Figure 1.1). This 

is an important interaction in organofluorine chemistry and underpins the anomeric and 

gauche effects. 

 

 

Figure 1.1 Hyperconjugation from C-H ( ) to C-F (*). 

1.3.2. The anomeric effect 

The anomeric effect explains the frequently observed axial preference for heteroatom 

substituents in the 2-position of tetrahydropyrans (Figure 1.2). In the axial (α-) conformer of 

1.11 (1.11a) hyperconjugation occurs from the non-bonding oxygen lone pair to the LUMO 

C-O (*). This hyperconjugation is not possible in the equatorial (β-) conformer (1.11b) due to 

poor orbital overlap. Similarly, the anomeric effect has been predicted by DFT to be even 

stronger in 2-fluorotetrahydropyran 1.12, with ΔE increasing from 0.78 kcal mol-1 in 1.11 to 

2.89 kcal mol-1 in 1.12.[10] 
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Figure 1.2 The anomeric effect showing hyperconjugation interactions supporting a preference for the α-conformer 

in 2-methoxytetrahydropyran 1.11 and 2-fluorotetrahydropyran 1.12. 

1.3.3. The ‘gauche effect’ 

Vicinal difluoroalkanes such as 1,2-difluoroethane preferentially adopt a gauche conformation. 

By contrast, 1,2-dichloro-, 1,2-dibromo- and 1,2-diiodo-ethane (1.13) adopt an anti 

conformation on steric grounds (Figure 1.3A). The unusual stability of the gauche conformer 

of 1,2-difluoroethane 1.14 has been termed the ‘gauche effect’ and is explained by 

hyperconjugation stabilising the gauche conformer.[7] The stability derived from 

hyperconjugation in the gauche conformer outweighs the Pauli repulsion between the fluorine 

lone pairs due to the relatively small size of fluorine.[11]   

 

 

Figure 1.3 A. Preference for anti conformer in 1,2-dichloro-, 1,2-dibromo- and 1,2-diiodo-ethane (1.13). 

B. Preference for gauche conformer in 1,2-difluoroethane 1.14 due to hyperconjugation.  
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Alternative explanations for the observed ‘gauche effect’ have been proposed. A ‘bent bonds’ 

hypothesis reported by Wilberg et al. argues that the relative stability of the gauche conformer 

of 1,2-difluoroethane derives from the avoidance of unfavourable orbital overlap present in the 

anti conformer.[12] More recently Thacker et al. have utilised an ‘interacting quantum atoms’ 

method to propose that 1,3 C···F electrostatic polarisation interactions are the dominant 

contribution accounting for the ‘gauche effect’.[13] The true nature of the fluorine ‘gauche effect’ 

remains a subject of investigation in which both hyperconjugation and electrostatic interactions 

play a role.  

1.3.4. Dipole-dipole interactions 

Although hyperconjugation has been much discussed, its overall contribution to 

conformational stability can be low. For example, in the case of 1,3-difluoropropane the least 

stable of the four vicinally staggered conformers, 1.18, is highest in energy by > 3 kcal mol-1 

due to 1,3-dipolar repulsion between the fluorine atoms. Conformers 1.16 and 1.17, which 

have lower molecular dipole moments, are lower in energy despite reduced hyperconjugation 

interactions. The most stable conformer 1.15 facilitates favourable hyperconjugation and 

minimises 1,3-dipolar repulsion.      

 

 

Figure 1.4 Relative energy of various conformers of 1,3-difluoropropane (1.15-1.18) as reported by Wu et al..[14] 

Compounds with a fluorine substituent - to a carbonyl display a preference for anti 

conformations in the gas phase.[7] By adopting the anti conformer, the dipole moments of the 

C-F bond and the carbonyl are antiparallel, and the molecular dipole moment is minimised 

(Scheme 1.5A). The dipolar repulsion effect typically persists in the solution phase for non-

polar solvents but as solvent polarity increases, the syn conformer becomes more dominant 

due to dipole alignment to the solvent. In the case of α-fluoroacetone, the anti conformer is 

favoured (ΔE = +2.9 kcal mol-1) in the gas phase and the syn conformer is favoured (ΔE 

= −1.3 kcal mol-1) in solution when DMSO is the solvent (Scheme 1.5B).[15] 
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Scheme 1.5A Dipolar repulsion favouring anti conformation in α-fluoroacetone in the gas phase. B Dipolar 

alignment favouring syn conformation in α-fluoroacetone in the solution phase (DMSO).[15] 

1.3.5. Charge-dipole interactions 

The C-F bond can also form strong interactions with positively charged groups as shown by 

the axial preference of the C-F bond in 3-fluoropiperidines 1.19 and 1.20.[16] The axial 

preference occurs because the C-F dipole lies anti parallel to the N-H dipole. There is also an 

electrostatic attraction between the diaxial atoms.  

 

 

Scheme 1.6 Axial preference of the C-F bond in 3-fluoropiperidines 1.19 and 1.20 stabilised by charge-dipole 

interactions.[16] 

1.4. Fluorination of organic compounds 

1.4.1. Electrophilic fluorinating agents 

Electrophilic fluorinations of both aromatic and aliphatic substrates are typically achieved 

utilising N-fluoro species (Figure 1.5). Initially these consisted of pyridinium fluoride salts such 

as 1.21 and 1.22 first reported by Umemoto.[17] These reagents have largely been superseded 

by more specific and effective DABCO-based reagents including Selectfluor. Also important 

are the neutral N-fluorosulfonamide reagents such as NFSI. The reactivity of each reagent 

can be tuned by varying substituents in the core structures. 
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Figure 1.5 Electrophilic N-fluoro fluorination reagents. 

1.4.2. Nucleophilic fluorination  

Fluoride anions are poor nucleophiles in protic solvents as they are readily solvated. Metal 

fluoride salts (NaF, CsF, KF) are typically insoluble in polar solvents due to tight ion-pairing. 

The use of complexing agents such as crown ethers can improve the solubility of metal fluoride 

salts in aprotic solvents. For example, Scheme 1.7 shows the fluorination of alkyl tosylate 1.23 

to give a fluorinated vitamin D3 derivative 1.24. Here, the use of 18-crown-6 facilitated the 

solubility of KF in DMF.[18]   

 

 

Scheme 1.7 The fluorination of vitamin D3 derivative 1.23 to give 1.24; i. KF, 18-crown-6, DMF, 70 °C, 73%.[18] 

Similarly, the solubility and nucleophilicity of metal fluoride salts can be increased by hydrogen 

bonding as demonstrated by Gouverneur.[19–21] Using chiral bis-urea phase-transfer catalysts 

1.25 and 1.26 and KF/CsF as a nucleophile the highly enantioselective preparation of 

β-fluorosulfides, β-fluoroamines and γ-fluoroamines by the fluorination of in-situ formed 

heterocyclic cations has been reported (Scheme 1.8). The chiral bis-urea catalysts form a 

tridentate hydrogen-bonding complex to fluoride which forms an ion-pair with the cationic 

electrophile thereby facilitating asymmetric fluorination (Scheme 1.8).[19–21]   
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Figure 1.6 Hydrogen bonding phase transfer catalysts for enantioselective fluorination 1.25 and 1.26. 

 

 

Scheme 1.8 Enantioselective fluorination by Hydrogen-bonding phase transfer catalysis; i. 1.25 (10 mol%), CsF (2 

eq.), 1,2-difluorobenzene, −30 °C to r.t., 24-72 h; ii. 1.26 (5 mol%), KF (3 eq.), CHCl3, −15 °C, 24 h; iii. 1.25 

(5-10 mol%), CsF (2 eq.), 1,2-DCE, r.t., 24-72 h.[19–21] 

The use of a fluoride salt with a soft counterion such as TBAF in an aprotic polar solvent has 

also proven to be an effective way to achieve nucleophilic fluorination. For example, the SNAr 

reaction of 1.27 with TBAF proceeds in excellent yield under mild conditions (Scheme 1.9).[22]  

 

 

Scheme 1.9 The SNAr reaction of ethyl 4-nitrobenzoate 1.27 with TBAF to give ethyl 4-fluorobenzoate 1.28; 

i. TBAF, DMSO, 20 °C, 30 min, >95%.[22] 
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A limitation of reagents such as TBAF is their vulnerability to E2 elimination, especially at 

elevated temperatures. Maintaining anhydrous conditions is essential during the preparation 

and manipulation of tetraalkylammonium fluorides. Exposure to water leads to the generation 

of hydroxide which is implicated in the elimination reaction (Scheme 1.10).[23] 

 

 

Scheme 1.10 The E2 elimination of TBAF which proceeds by the generation of hydroxide on exposure to moisture 

to give 1-butene and tributylamine. 

Hydrogen fluoride (HF) which has a boiling point of 20 °C, is both challenging and hazardous 

to use in synthetic procedures. A stable liquid can be obtained by the complexation of HF with 

various Lewis bases, particularly pyridine (Olah’s reagent) or triethylamine (TREAT-HF). 

Olah’s reagent,[24] was first reported in 1963 and is more acidic than TREAT-HF, therefore the 

latter can be a more selective reagent in some circumstances. For example, reaction of 1.29 

with TREAT-HF results in the desired epoxide opening to give 1,3-difluoroalkane 1.30 

(Scheme 1.11). Treatment of 1.29 with Olah’s reagent gives the tetrahydrofuran 1.32 resulting 

from the cyclisation of the reactive alkoxide-phenonium intermediate 1.31 (Scheme 1.11).[25] 

 

 

Scheme 1.11 The reactions of epoxide 1.29 with TREAT-HF and Olah’s reagent; i. Et3N.3HF, CHCl3, 100 °C, 58%; 

ii. HF.Pyr, CH2Cl2, 0 °C, 33%.[25] 
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1.4.3. Deoxyfluorination 

Deoxyfluorination, whereby an alcohol is converted to an alkyl fluoride or a carbonyl to a 

geminal difluoride is a powerful tool in organofluorine synthesis. Diethylaminosulfur trifluoride 

(DAST) which was first reported in 1975,[26] is synthesised by the reaction of sulfur tetrafluoride 

with diethylaminotrimethylsilane (Scheme 1.12). DAST and similar S-F reagents convert 

alcohols to alkyl fluorides. The mechanism typically proceeds with inversion of 

stereochemistry (Scheme 1.12).[27] 

 

 

Scheme 1.12 Preparation of diethylaminosulfur trifluoride (DAST) and mechanism of deoxyfluorination.  

Although it remains popular in research environments, DAST is a hazardous material for 

process development, as it detonates upon heating. Second generation S-F reagents have 

been developed which have greater thermal stability, examples of which are shown in Figure 

1.7.[28–31] 

 

 

Figure 1.7 Second generation S-F reagents. 
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Another established class of deoxyfluorination reagents are the fluoroamino reagents (FARs). 

The first reported FAR was Yarovenko’s reagent which is generated from diethylamine and 

chlorotrifluoroethylene. The mechanism is outlined in Scheme 1.13.[32] 

 

 

Scheme 1.13 Deoxyfluorination with Yarovenko’s reagent. 

Yarovenko’s reagent suffers from instability and has been superseded by more stable FAR 

reagents (Figure 1.8), particularly Ishikawa’s reagent (prepared from diethylamine and 

hexafluoropropene).[33] An alternative FAR is TFEDMA (prepared from diethylamine and 

tetrafluoroethylene), the volatile by-products of which are easily purged from the reaction 

mixture.[34] Another stable FAR, DFMBA (prepared by the deoxyfluorination of the parent 

amide) is usually used at elevated temperatures and can effect unique transformations such 

as the conversion of epoxides to vicinal difluorides as well as deoxyfluorination.[35]  

 

 

Figure 1.8 Second generation fluoroamino reagents (FAR). 

A third class of deoxyfluorination reagents, the fluoroimidazolines have been the subject of 

recent attention. The first of these to be reported was DFI (Figure 1.9) which is suitable for 

reaction at reduced temperature but which is unstable above 0 °C.[36] Subsequently, the  Ritter 

group reported the more stable PhenoFluor (Figure 1.9).[37,38] Despite the improved stability, 

PhenoFluor is vulnerable to hydrolysis and more recently the analogues, PhenoFluor Mix and 
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AlkylFluor have been developed with greater tolerance to moisture.[39,40] A mechanism of 

deoxyfluorination by fluoroimidazolinium reagents is shown in Scheme 1.14.  

 

 

Figure 1.9 Fluoroimidazolinium reagents for deoxyfluorination. 

 

 

Scheme 1.14 The mechanism of deoxyfluorination by fluoroimidazolinium reagents. 

Pyfluor is a sulfonyl fluoride reagent for deoxyfluorination reported by Doyle in 2015.[41] Pyfluor 

is a bench stable reagent with selectivity for primary and secondary alcohols and is readily 

prepared in one step from 2-mercaptopyridine 1.33 (Scheme 1.15). The cost is therefore much 

less than other stable alternatives (e.g. Pyfluor - £10.52 per gram, AlkylFluor - £289.00 per 

gram).[42] 

 

 

Scheme 1.15 Synthesis of Pyfluor from 1.33; i. 13% NaOCl, H2SO4, 0 °C, 4h then KHF2, MeCN, r.t., 20 min, 73%. 
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1.5. Fluorine in medicinal chemistry  

Since the first fluorine-containing drugs were introduced in the 1950s, the role of fluorine in 

medicinal chemistry has increased dramatically.[43] Fluorine-containing drugs represent an 

estimated 20-25% of approved drugs today.[3] Two of the first such drugs to be approved were 

the tumour-inhibitor 5-fluorouracil 1.34 and the steroid fludrocortisone 1.35 (Figure 1.10).[44,45] 

Both result from the substitution of a hydrogen for a fluorine atom in a known parent compound 

(cortisone and uracil respectively). The fluorine atom has proven to be an excellent bioisostere 

for hydrogen, meaning that the two are recognised similarly in biological systems and drug 

activity is generally retained on substitution. Fluoxetine (Prozac ®) 1.36, also shown in Figure 

1.10 is a selective serotonin reuptake inhibitor (SSRI) which remains among the most 

prescribed anti-depressants on the market. Selective fluorination has proven to have subtle 

and often advantageous effects on the pharmacokinetic and physicochemical properties of 

lead compounds. Some of these effects are described below. 

 

 

Figure 1.10 The structure of 5-fluorouracil 1.34, fludrocortisone 1.35 and fluoxetine 1.36. 

1.5.1. The effect of fluorine on pKa 

The effect of fluorination on molecular pKa is dependent on the structure of the parent 

molecule. For example, the basicity of piperidines can be moderated by the inductive effect of 

fluorine (Figure 1.11). It was found that fluorination of the antipsychotic 3-piperidinylindole 1.37 

at the -position to give 1.38 reduced the pKa from 10.4 to 8.5. This significantly increased oral 

bioavailability (F) from negligible levels to a moderate 18% in rats. Binding affinity for 5-HT2a 

was measured by the ability of the compound to displace [3H]-ketanserin from human 5-HT2a 

receptors. These assays showed a slight increase in binding affinity to 5-HT2a for 1.38 relative 

to 1.37. Further optimisation by derivatisation of the indole of 1.38 resulted in increased 

binding affinity to 5-HT2a receptors and bioavailability in rats.[46] 
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Figure 1.11 The utilisation of fluorine to tune pKa.[46] 

The pKa of carboxylic acids can be decreased by fluorine substitution at the α-position. This is 

apparent when comparing the pKa of acetic acid (3.75) and fluoroacetic acid (2.66). The 

rheumatoid arthritis drug, methotrexate 1.39 has an associated toxicity arising from 

polyglutamylation of the terminal carboxylic acid. Fluorine substitution - to the terminal 

carboxylic acid to give 1.40, resulted in a reduction in toxicity and a 15-fold increase in the 

lethal dose (defined as the dose resulting in the death of one mouse). The reduced toxicity 

was attributed to a reduction in polyglutamylation in normal cells due to the decrease in the 

pKa (Figure 1.12).[47] 

 

 

Figure 1.12 Methotrexate 1.39 and fluoromethotrexate 1.40.[47] 

1.5.2. Effect of fluorine on lipophilicity  

Lipophilicity is an important parameter used in medicinal chemistry to predict oral 

bioavailability of a drug. Lipinski’s rules hold that Log P (derived from the degree of partitioning 

between an aqueous and n-octanol phase) or Log D (identical to Log P but recorded at pH = 

7.4 and taking account of ionized and non-ionized forms of the compound) of a candidate drug 

molecule should not exceed 5.[48] In the drug optimisation stage, a chemist may seek to either 

increase or decrease lipophilicity while preserving target-binding properties. The strategic 

introduction of one or more fluorine atoms can increase or decrease lipophilicity (depending 
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on the chemical environment). As fluorine atoms are comparable in size to hydrogen, binding 

affinities to targets after selective fluorination are often comparable to the parent compounds.  

The selective fluorination of alkanes generally decreases lipophilicity relative to the parent 

compound as is the case for n-pentane (Figure 1.13) as the fluorine polarises geminal 

hydrogens. In the case of aromatic hydrocarbons fluorination increases lipophilicity as shown 

for benzene (Figure 1.14) as there are no geminal hydrogens. The effect of fluorination on 

more complex structures with heteroatoms can be difficult to predict but generally fluorination 

increases Log P if geminal hydrogens are not present.  

In 2004,[49] Böhm et al investigated the effect of fluorination on Log D in 293 proprietary 

compounds from the Roche in-house database. On average, they found that Log D increased 

by 0.25 for each hydrogen to fluorine substitution.  

 

 

Figure 1.13 Log P of pentane 1.41 and 1-fluoropentane 1.42. 

 

 

Figure 1.14 Log P of benzene 1.43, fluorobenzene 1.44 and trifluoromethylbenzene 1.45. 

1.5.3. Metabolic effects 

All drugs are actively metabolised in vivo as the body tries to remove the foreign entity. Of 

particular importance to drug metabolism are P450 monooxygenase enzymes which reside 

mostly in the liver. The P450 monooxygenases are responsible for the oxidation of drug 

molecules, which increases their hydrophilicity and facilitates their removal by the urinary tract. 

A common issue in drug development is an insufficient half life due to the presence of one or 

more metabolically labile C-H bonds, and a common strategy involves substituting a labile C-H 

bond for an inert C-F bond. This strategy was successfully employed in the lead optimisation 

of the cholesterol absorption inhibitor, Ezetimibe 1.48 (Figure 1.15). A dual fluorine substitution 

of the initially reported inhibitor 1.46 to give 1.47 led to a 3-fold reduction in the median 

effective dose (ED50) by increasing the metabolic stability. Further optimisation (benzylic 
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oxidation and demethylation) resulted in Ezetimibe 1.48 and a 50-fold reduction in ED50 from 

the initial inhibitor 1.46.[50]  

 

 

Figure 1.15 Lead optimisation towards Ezetimibe 1.48.  

1.5.4. Isosterism 

Isosteres are atoms or functional groups which share physical and chemical properties while 

also exhibiting similar biological activity. The replacement of a labile hydrogen atom with a 

metabolically inert fluorine has already been discussed. The similar size of the two atoms 

frequently avoids perturbation of biological activity on substitution but the versatility of fluorine 

in isosterism extends still further.  

The isosteric replacement of a carbonyl bond in an ester, ketone or carboxylic acid with a C-F 

bond preserves the dipole moment of the parent compound and has been a successful 

strategy in drug discovery programs. For example, camptothecin 1.49 is an inhibitor of 

Topoisomerase I (EC50 = < 1 M) and prevents tumour cell proliferation (Figure 1.16). 

However, the lactone ring of 1.49 is vulnerable to chemical and metabolic hydrolysis and the 

product of hydrolysis is inactive. The half life of 1.49 at pH 7.4 was reported to be less than 6 

h. The replacement of the lactone carbonyl of 1.49 with an -fluoro ether was found to greatly 

increase the lifetime of the drug at physiological pH (4% loss; 6 h, pH 7.4). The inhibitory 

activity of the fluorinated analogues 1.50 and 1.51 were reduced, particularly the (2R)-isomer 



Introduction 

18 
 

but the derivatisation of the quinoline core by incorporation of a cyclohexyl moiety to give 1.52, 

restored activity to that of the parent compound across three cell lines (Figure 1.16).[51]  

 

 

Figure 1.16 Activity profiles of camptothecin 1.49 and derivatives 1.50-1.52. 

The polarisation of the C-F bond results in a similar dipole moment to that observed in some 

carbonyl groups. The amide bond however has a larger dipole moment ( ~ 3.6 D) and 

although fluoroalkene ( ~ 1.4 D) and trifluoromethylalkene ( ~ 2.3 D) derivatives have been 

suggested as amide isosteres as they have a similar geometry, their dipole moments are not 

analogous (Figure 1.17).[52]  

 

 

Figure 1.17 The dipole moments of amide isosteres.  

Nevertheless, in some circumstances this difference has a minimal impact on the 

effectiveness of a drug candidate. This was the case in the optimisation of the pentapeptide 

Leu-Enkephalin 1.53 known to activate the Δ-opiod receptor (DOPr) in the brain. Despite its 

activity 1.53 does not produce the expected analgesic effects when administered 

intravenously partly because of its low lipophilicity which prevents it crossing the blood-brain 
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barrier. After identifying an amide bond in 1.53 which did not participate in essential H-bond 

donation, the fluoroalkene derivative 1.54 was prepared. It was found to increase lipophilicity 

while maintaining strong bioactivity in vitro, demonstrating the utility of this approach to 

improve pharmacokinetic profiles of drug candidates. Additionally, the fluoroalkene motif is 

inert to proteolysis in contrast to the amide bond which is metabolically labile to this process. 

In comparison, the unfluorinated alkene 1.55 gave a similar increase in lipophilicity as seen 

for 1.54 but a greatly diminished activity (Figure 1.18).[53] 

 

 

Figure 1.18 The structure and properties of Leu-Enkephalin 1.53 and derivatives. 

1.5.5. 18F Positron emission tomography (PET) 

Positron emission tomography (PET) is an imaging technique in nuclear medicine which 

utilises radiotracers with affinity for a biological target of interest and bearing a positron 

emitting radionuclide (e.g. 11C, 13N, 15O and 18F). Radiotracers are designed to have high 

selectivity and affinity for their biological targets and can therefore be administered on the 

nanogram scale. This reduces side effects and makes PET a non-invasive technique.[53] 

Following administration, detection of γ-rays resulting from the annihilation of the emitted 

positrons allows a three-dimensional image to be generated. From this, quantification of the 

radiotracer at specific sites can be determined (Figure 1.19).[54]  
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Figure 1.19. Illustration of the use of PET in nuclear medicine (image used with permission).[55] 

Fluorine-18 (18F) is generated by the bombardment of oxygen-18 enriched water (18OH2) with 

high energy protons. 18F is widely utilised in PET and its use has advantages over other 

positron-emitting radionuclides. Although fluorine does not occur in mammalian biological 

systems, the bioisosteric replacement of for example hydrogen with fluorine and the stability 

of the C-F bond has been discussed. The half life of 18F is 110 min, which although short, is 

longer than many other commonly used radionuclides (Table 1.2), and gives sufficient time for 

the generation and radiotracer synthesis prior to administration.[3,54]  

 

Radionuclide Half life (t1/2) / min Emax of positron / MeV 

15O 2 1.74 

13N 10 1.20 

11C 20 0.97 

68Ga 68 1.90 

18F 110 0.64 

64Cu 762 0.66 

76Br 972 4.00 

124I 60,192 2.14 

Table 1.2 Commonly used positron-emitting radionuclides by half life. 

The most widespread PET radiotracer is 2-deoxy-2-[18F]fluoro-D-glucose (FDG). In FDG the 

2-hydroxyl group in D-glucose has been substituted for a fluorine-18 atom. Just as for D-

glucose, FDG is incorporated in many cells in the body where it is phosphorylated at O-6, and 

its distribution can be monitored by a PET scanner. High glucose-using cells such as those of 

cancer tissue accumulate FDG in high concentrations and FDG has found wide use for the 
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diagnosis and monitoring of cancers.[56] Other applications of FDG include the research and 

diagnosis of dementia,[57] and the monitoring of cardiac and vascular inflammation.[58] 

 

 

Figure 1.20. The structure of 2-deoxy-2-[18F]fluoro-D-glucose (FDG). 

1.6. Fluorinated natural products 

Despite its high relative abundance (13th most abundant element) in the Earth’s crust, fluorine-

containing natural products are very rare. The majority of these are derived from the reaction 

of the fluorinase enzyme which was isolated from the actinomycete bacteria, Streptomyces 

cattleya. The fluorinase, first reported in 2002, catalyses the reversible SN2 reaction of 

S-adenosyl methionine (SAM) 1.56 and a fluoride ion to give 5’-fluorodeoxyadenosine 

(5’-FDA) 1.57.[59] The metabolism of 1.57 gives rise to the two fluorinated natural products 1.58 

and 1.59 in S. cattleya and 1.60 has been isolated from Streptomyces M.A.. Fluoroacetate 

1.58 also accumulates in a variety of plant species and this results in the production of further 

secondary metabolites.[60,61] In plants the toxin, (2R,3R)-2-fluorocitrate 1.61 arises from the 

metabolism of 1.58 by the action of citrate synthase. Following dehydration 1.61 is an efficient 

inhibitor of aconitase, an enzyme of the citric acid cycle, and this results in toxicity. Additionally, 

-fluorooleic acid 1.62 and related fatty acids have been isolated from the West-African plant 

Datura toxicarium. These fatty acids appear to arise from the incorporation of fluoroacetate 

1.58 as a starter unit in the fatty acid biosynthetic pathway.  

 

 

Scheme 1.16. Fluorinase-catalysed reaction of SAM 1.56 with fluoride to give 5'-FDA 1.57. 

 



Introduction 

22 
 

 

Figure 1.21 Fluorinated natural products isolated from soil bacteria. 

 

 

Figure 1.22. Fluorinated natural products arising from the metabolism of 1.58 in plants. 

The final class of fluorine-containing natural products are those which do not derive from 

5’-FDA 1.57 by the action of the fluorinase. Nucleocidin 1.63 is a potent antibiotic which was 

first isolated from the bacterium Streptomyces calvus in 1957.[62] Despite its antibiotic 

properties nucleocidin has not received wide attention due to its mammalian toxicity and fickle 

production. Indeed, 1.63 could not be re-isolated in cultures of S. calvus for decades until a 

complementation with bldA-encoded Leu-tRNAUUA was recently reported to correct a mutation 

and restore production.[63] Subsequent efforts to elucidate the biosynthesis of 1.63 have 

resulted in the detection of two glycosylated fluorometabolites 1.64 and 1.65.[64] Efforts 

towards the elucidation of the biosynthetic pathway of 1.63 are ongoing.  

 

 

Figure 1.23 Nucleocidin 1.63 and related fluorometabolites 1.64 and 1.65. 

1.7. Multi-vicinal fluorinated compounds 

The conformation of alkyl chains with multiple vicinal fluorine substituents is dominated by the 

repulsion between 1,3 fluorine atoms. The gauche effect has a less significant influence on 

their conformations. The effect of 1,3-dipolar repulsion can be seen in the two stereoisomers 

1.66 and 1.67 (Figure 1.24).[65] Isomer 1.66 adopts a helical conformation to avoid parallel 

alignment of 1,3-fluorine substituents whereas isomer 1.67 adopts the linear anti-zig-zag 
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conformation (Figure 1.24). Both conformations also facilitate hyperconjugation interactions 

observed in the gauche effect (C-H  to C-F *).  

 

 

 

 

Figure 1.24 Two stereoisomers of multivicinal fluoroalkanes 1.66 and 1.67. 

1.7.1. All-cis-fluorocyclohexanes 

Acyclic multi-vicinal fluorinated alkyl chains can easily rotate and therefore adopt 

conformations which minimise their net molecular dipole moment. In analogous cyclic systems 

however, conformational flexibility is limited and appropriate stereoselective syntheses can 

access stable conformations displaying large dipole moments. For example, 

1,2,3,4-all-cis-tetrafluorocyclohexane 1.68, the first such structure synthesised by the St 

Andrews group (Scheme 1.17) can adopt only two isoelectronic conformers (Figure 1.25).[66] 

Both conformers have a 1,3-diaxial fluorine substitution which accounts for the very high 

molecular dipole moment ( = 4.91). The facial polarity of these molecules has led to them 

being dubbed ‘Janus’ rings,[67] after the two-faced Ancient Roman deity. 

 

 

Scheme 1.17. The synthesis of all-cis-1,2,3,4-tetrafluorocyclohexane 1.68; i. (PhO)3P, O3, CH2Cl2, cyclohexa-1,4-

diene, -78 C to -25 C; ii. Ru(PPh3)3Cl2, CH2Cl2, 0 C to r.t., 46% over two steps; iii. Et3N.3HF, 90 C; iv. thionyl 

chloride, pyridine, CH2Cl2, 0 C; v. NaIO4, RuCl3.xH2O, MeCN, H2O, 35% over three steps; vi. Et3N.3HF, 120 C, 

70%; vii. Tf2O, pyridine, r.t.; viii. Et3N.3HF, 120 C, 35% over 2 steps. 
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Figure 1.25 The isoelectronic confomers of 1,2,3,4-all-cis-tetrafluorocyclohexane 1.68. 

An even greater molecular dipole moment ( = 5.24) was calculated for the ‘Janus’ ring, all-

cis-1,2,4,5-tetrafluorocyclohexane 1.69.[68] The synthesis was carried out in a two-step 

process with an overall yield of 12% over two steps, however the second step involved the 

incorporation of all four fluorine atoms with the cis stereochemistry (Scheme 1.18). [68]  

 

 

Scheme 1.18 The synthesis of all-cis-1,2,4,5-tetrafluorocyclohexane 1.69; i. mCPBA, CH2Cl2, -15C to -10 C, 

52%; ii. DAST, 70 C, 24%. 

The most polar molecule of this series, all-cis-hexafluorocyclohexane 1.70 was synthesised 

firstly on an analytical scale by the St Andrews group in 2015 in a 12-step, < 1% overall yield 

process (Scheme 1.19).[69]   

 

 

Scheme 1.19 First synthesis of all-cis-hexafluorocyclohexane 1.70; i. HC(OEt)3, pTSA, DMF, 5 days, 100 C, 69%; 

ii. NaH, BzCl, DMF, 30 min, 55%; iii. TsCl, pyridine, 18 h, 97%; iv. iBuNH2, MeOH, reflux, 4 h, 84%; v. HCl, MeOH, 

reflux, 4h, 89%; vi. NaOMe, MeOH, CHCl3, 18 h, 85%; vii. Deoxofluor, THF, 60-100 C, 15 min, MW, 94%; viii. 

Et3N.3HF, 180 C, 120 min, MW, 71%; ix. Tf2O, pyridine, CH2Cl2, 88%; x. Et3N.3HF, 120 C, 2h, MW, 40%; xi. 

Tf2O, pyridine, CH2Cl2, 71%; xii. Et3N.3HF, 180 C, 2h, MW, ~10%.[69] 
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The calculated molecular dipole moment of 1.70 ( = 6.2) is among the highest known for an 

aliphatic compound which results in an unexpectedly high melting point (m.p. = 208 C).[69]  

The facial polarity (Figure 1.26) arises because of the triaxial alignment of three C-F bonds. 

This polarisation facilitated the complexation of both chloride anions (to the protic 

electropositive face) and sodium cations (to the fluorinated electronegative face) in the gas 

phase (Figure 1.27).[70] These complexes were generated by electrospray ionisation and 

trapped in a quadrupole ion trap mass spectrometer. They were detected by IR spectroscopy 

using a free electron laser. The complexes are among the most strongly bound between Na+ 

and Cl− and an organic  molecule and similar to that of crown ethers for Na+.[70] 

 

 

Figure 1.26 The facial polarity of all-cis-hexafluorocyclohexane 1.70. 

 

 

Figure 1.27 Structures of Na+ (magenta) and Cl− (green) ions coordinated to ring faces of 1.70. Reprinted (adapted) 

with permission from[69] Copyright 2021 American Chemical Society. 

Similarly complexes with halides in solution have since been observed with the following 

affinities (in acetone); F− (600  400 M-1, causes degradation), Cl− (400  40 M-1), Br− 

(150  7 M-1) and I− (37  7 M-1).[71] Given the complexation of ions with both positive and 

negative charges to 1.70, the use of ‘Janus’ rings for ion binding applications has become a 

prospect. 
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Following the synthesis of the Janus rings 1.68-1.70, the St. Andrews group became 

interested in exploring the application of such molecules. To this end, efforts were made to 

synthesise functionalised building blocks for further synthetic manipulation. Initially, this began 

with the synthesis of 2,3,5,6-all-cis-tetrafluorocyclohexylbenzene 1.78 (Scheme 1.20).[72] The 

five step synthesis to 1.78 begins with the Birch reduction of biphenyl 1.71 to give 1.72. A 

familiar epoxidation-fluorination strategy follows to give 1.74 and 1.75. Triflation, and a final 

fluorination step generated the desired product 1.78 and a side product 1.79, which arose from 

a phenonium ion rearrangement.  

 

 

Scheme 1.20 The synthesis of 2,3,5,6-all-cis-tetrafluorocyclohexylbenzene 1.78; i. Li, NH3, quant.; ii. mCPBA, 

CH2Cl2, 85%; iii. Et3N.3HF, 140 C; iv. Tf2O, pyridine CH2Cl2 -40 C to r.t., 90% over 2 steps; v. Et3N.3HF, THF, 

100 C, 31% 1.78 (desired), 42% 1.79 (side product).[72] 

Following the isolation of 1.78, electrophilic aromatic substitution was used to access a variety 

of building blocks some of which are shown in Figure 1.28.[72–74] Functionalisable handles such 

as aryl halides 1.80 (for Pd-catalysted cross-coupling reactions), organoazides 1.81 (for Cu-

catalysed azide-alkyne cycloaddition (CuAAC) ‘click’ reactions) and amino acids 1.82 (for 

peptide coupling reactions) could all be accessed through this approach. However, the low 

yield and somewhat laborious syntheses of these compounds (Scheme 1.20) made 

exploration of alternative routes to ‘Janus’ ring derivatives attractive and this forms a significant 

research aim of this thesis. 
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Figure 1.28 Selected building blocks prepared via electrophilic aromatic substitution reactions of 

2,3,5,6-tetrafluorocyclohexylbenzene 1.78.[72–74] 

This thesis builds on existing synthetic strategies for the generation of 

all-cis-fluorocyclohexanes. In Chapter 2, a cis-selective Rh-catalysed fluoroarene 

hydrogenation reaction is adapted from the literature and used to generate a library of ‘Janus’ 

ring building blocks.[75] Chapter 3 explores elaboration strategies of these building blocks to 

generate more complex compound libraries and present the utility of the ‘Janus’ ring for 

potential applications in drug discovery programs as a proof of concept. Finally, Chapter 4 

explores the intermolecular interactions and conformation of ‘Janus’ rings by preparation of 

amphiphiles. An examination of X-ray crystal structures is provided, and Langmuir isotherm 

analysis is conducted to explore phase behaviour at the air-water interface.  
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2. Cis-selective hydrogenation of fluoroarenes 

2.1. Background and aims 

In 1901, Sabatier and Senderens reported the gas phase hydrogenation of benzene to 

cyclohexane in the presence of hydrogen and finely divided nickel at 180 °C.[1]  Presently, the 

catalytic hydrogenation of aromatic and heteroaromatic rings such as the hydrogenation of 

benzene to cyclohexane (Scheme 2.1) is an important industrial reaction.[2,3] Catalysts used 

for hydrogenation of simple aromatic arenes such as benzene are generally 

heterogeneous.[4-7] Typically metals such as Ni,[8] Pd,[9] Pt,[10] Rh,[11] and Ru,[12] are dispersed 

on solid supports such as charcoal, silica or alumina to generate catalytically active 

nanoparticles.[7,13] Harsh conditions including elevated temperatures and pressure are 

commonly required to drive the reactions due to the inherent stability of aromaticity and poor 

functional group tolerance is a common limitation of arene hydrogenation.[5] 

 

 

Scheme 2.1 Hydrogenation of benzenes to give cyclohexane derivatives. 

Although fluorinated cyclohexane derivatives are high value products, accessing them by one-

step hydrogenations of their parent arenes has long proved challenging due to competing 

hydrodefluorination.[14–16] For example, the hydrogenation of fluorobenzene 2.1 under various 

conditions has been reported giving cyclohexane 2.2 as the major product.[15–17] 

Hydrodefluorination can occur by a number of mechanistic pathways including SNAr, oxidative 

addition into the C-F bond or β-fluorine elimination and elimination of HF as illustrated in 

Scheme 2.2.[18] 
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Scheme 2.2 Routes to hydrodefluorination of fluorobenzene 2.1 to give cyclohexane 2.2 (adapted from Ref-[18]).[18] 

The challenge of chemoselectivity in arene hydrogenation to cyclohexanes is also notable in 

the presence of reducible functional groups such as carbonyls, alkenes and nitriles.[19]  These 

groups are often reduced under the conditions required for arene hydrogenation. 

Chemoselective reduction of aromatic rings can provide access to high value products. For 

example, the partial reduction of phenol 2.6 to cyclohexanone 2.7 is a high-value 

transformation as the latter is an important intermediate in the synthesis of nylon 6 and nylon 

6:6,[20] and the preparation of 2.7 is complicated by controlling over reaction to cyclohexanol 

2.8. Although high chemoselectivity to 2.7 can be achieved by Pd-catalysed hydrogenation 

under mild conditions, this is associated with low conversions (Scheme 2.3). A simple 

modification discovered by Liu et. al., found that addition of 10 mol% of a Lewis acid (AlCl3) 

greatly enhanced the rate and selectivity of the reaction toward 2.7 (Scheme 2.3).[21]  
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Scheme 2.3 The hydrogenation of phenol to give cyclohexanone 2.7 and cyclohexanol 2.8; i. Pd/C (5 mol%), H2 

(10 bar), CH2Cl2, 30 °C, 12 h.[21] 

A selective and generally applicable hydrogenation of arenes in the presence of ketones, 

esters, carboxylic acids and amides was reported in 2015 by Zeng.[22] The hydrogenation of 

propiophenone 2.9 under mild conditions in the presence of [RhCODCl]2 gave an unselective 

mixture of reduced products 2.10-2.13 (Scheme 2.4). The selectivity towards the desired 

product 1-cyclohexylpropan-1-one 2.10 was greatly enhanced by the use of a novel Rh 

catalyst (Rh(CAAC)Cl 2.14, Figure 2.1) with a strongly σ-donating cyclic(alkyl)(amino)carbene 

(CAAC) ligand. The hydrogenation of propiophenone 2.9 with the catalyst 2.14 gave a 96% 

yield of cyclohexyl ketone 2.10 and negligible quantities of other over-reduced hydrogenation 

products 2.11 and 2.12 (Scheme 2.4).  

 

 

Scheme 2.4 Selective aryl hydrogenation of aromatic ketone 2.9; i. Catalyst (3 mol%), H2 (5 bar), CF3CH2OH, 4 Å 

MS, r.t., 24 h.[22] 
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Figure 2.1 Air-stable rhodium-cyclic(alkyl)(amino)carbene (CAAC) complex 2.14.[22] 

Similarly, the hydrogenation of phenol 2.6 gave cyclohexanone 2.7 in near quantitative yield, 

and no reduction of the carbonyl was observed, with no formation of cyclohexanol 2.8 

(Scheme 2.5). The aryl hydrogenation reactions by Zeng were broadly applicable to a range 

of aromatic compounds and conditions were tolerant of functional groups including esters and 

carbamates. 

 

 

Scheme 2.5 The selective hydrogenation of phenol 2.6 to give cyclohexanone 2.7; i. 2.14 (3 mol%), H2 (5 bar), 

19:1 CF3CH2OH:H2O, 4 Å MS, 70 °C, 24 h.[22] 

The strongly electron-donating CAAC ligand 2.15 was first reported by Bertrand and CAACs 

have been utilised as ligands for various transition-metal catalysts.[23–26] The CAACs are a 

subset of N-heterocyclic carbenes (NHCs) which more commonly have two nitrogen atoms, 

such as 2.16.[27] NHCs such as 2.16 are stabilised by the ‘push-pull’ effect wherein the 

relatively electronegative nitrogen ‘pulls’ σ electron density towards itself and orbital overlap 

facilitates the ‘push’ of electrons from the filled nitrogen p-orbital to the vacant carbene p-

orbital. This captodative ‘push-pull’ effect stabilises the carbene and favours the singlet 

electron configuration.[27] In CAACs (such as 2.15), one (π-donating, σ-accepting) nitrogen is 

replaced with a (σ-donating) carbon. The result is that CAACs are both more nucleophilic (σ-

donating) and electrophilic (π-accepting) than NHCs such as 2.16. Computational studies 

suggest a slightly narrower HOMO-LUMO (and singlet-triplet) gap for CAACs relative to other 

NHCs.[26] 
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Figure 2.2 CAAC 2.15, NHC 2.16 and the stabilisation of NHCs by the ‘push-pull’ effect. 

In 2017, the Glorius group reported the application of the Rh(CAAC)Cl catalyst 2.14 to the cis-

selective hydrogenation of fluoroarenes.[18] Intriguingly, the hydrogenation products accessed 

were the high-energy all-cis-fluorocyclohexane isomers. Indeed, the methodology was 

remarkably cis-selective and provided scalable access to all-cis-fluorocyclohexane 

derivatives. For example, hexafluorobenzene 2.17 was hydrogenated using the Zeng catalyst 

2.14 to give all-cis-hexafluorocyclohexane 2.18 in one-step (Scheme 2.6).[18] A modification to 

the synthesis of 2.18 whereby molecular sieves were replaced by silica gel resulted in a 

significant improvement in yield (88%).[28] 

 

 

Scheme 2.6 The cis-selective hydrogenation of hexafluorobenzene 2.17 to give all-cis-hexafluorocyclohexane 

2.18; i. 2.14 (0.5 mol%), hydrogen (50 bar), 4 Å MS, hexane, r.t., 24 h, 34%;[18] ii. 2.14 (0.5 mol%), hydrogen (50 

bar), silica gel, hexane, r.t., 24 h, 88%.[28] 

The scope of the hydrogenation reaction is broad, and conditions are tolerant of; silyl ethers, 

boronic esters, esters, carbamates and ethers. Nitrogen and oxygen containing heterocycles 

were also tolerated as substrates. Of particular interest are hydrogenation products which 

incorporated multiple fluorines and at least one other heteroatom which could be used for 

derivitisation. These products are shown below (Figure 2.3A) and consist of the 

tetrafluorodisilylether 2.19, the trifluorosilylethers 2.20 and 2.21 and the difluoroboronic ester 

2.22. Although no nitrogen-containing cyclohexane products were reported with multiple 

fluorines, three monofluorinated carbamates 2.23-2.25 were (Figure 2.3B). Subsequently, the 

preparation of monofluorinated alkylsilane 2.26 was also reported (Figure 2.3B). Generally, 

these hydrogenation reactions were high yielding.  
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Figure 2.3 A. Hydrogenation products reported by Glorius incorporating more than one fluorine and more than one 

other heteroatom; B. Monofluorinated carbamate and silane hydrogenation products reported by Glorius.[18,28] 

A subsequent paper investigating the active catalytic species found that the hydrogenation 

reaction (Scheme 2.6) is a heterogeneous process.[29] The active catalytic species was found 

to be Rh(0) nanoparticles supported on silica. The CAAC ligand 2.15 was active in controlling 

the chemoselectivity of the hydrogenation and the size of the nanoparticles formed.  

In 2018, the first cis- product bearing five fluorine substituents and a sixth non-fluorine 

heteroatomic substituent was reported.[30] In that case, the all-cis-pentafluorocyclohexylmethyl 

ether 2.27 was synthesised by the von Delius group using the Rh-hydrogenation method 

(Figure 2.4A). Interestingly, methyl ether 2.27 demonstrated anion binding in solution of 

comparable strength (with chloride: KA = 17010 M-1) to that observed for 2.18 (with chloride: 

40040 M-1).[30] This observation suggests that the high molecular dipole moment of 2.18 is 

largely retained for 2.27, with oxygen replacing a fluorine. A very recent paper has reported 

the derivatisation of 2.27 to generate five monomers 2.28-2.32 which were used as 

components in supramolecular block copolymers as examples of living supramolecular 

polymerisation (Figure 2.4B).[31] 

A. 

B. 
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Figure 2.4 A. All-cis-hexafluorocyclohexane 2.18 and all-cis-pentafluorocyclohexylmethyl ether 2.27; B. Monomers 

reported in living supramolecular polymerisation derived from 2.27.[30,31] 

In the chair conformation of all-cis-hexafluorocyclohexane 2.18, the 1,3,5-triaxial C-F bond 

orientation is the major contributor to the elevated molecular dipole moment (Figure 2.5). 2.18 

can only adopt a single orientation in the chair conformation. For the methyl ether 2.27 there 

are two non-equivalent ring flip conformers (Figure 2.5) in which the ether substituent can 

either arrange to be axial or equatorial. In the axial conformer, the steric clash of the bulky 

methyl ether with the other axial substituents is destabilising whereas in the equatorial 

conformer, electrostatic repulsion between the triaxial C-F bonds is destabilising. Acetyl ester 

2.33 was prepared by ether cleavage of 2.27 followed by esterification of the resulting alcohol 

(Scheme 2.7) and its X-ray crystal structure indicates that the triaxial C-F conformation is 

dominant in the solid state.  

 

 

Figure 2.5 Interconverting chair conformation of all-cis-hexafluorocyclohexane 2.18 and predicted chair 

conformation of methyl ether 2.27 showing the axial fluorine substituents in blue. 

A. 

B. 
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Scheme 2.7 Preparation of acetyl ester 2.33 and its X-ray crystal structure as reported by Von Delius; i. Butane-1-

thiol, AlCl3, CH2Cl2, r.t., 14 h, 83%; ii. Pentafluorophenyl acetate, Et3N, DMF, 3 h, 92%.[31] 

Given the finding that all-cis-pentafluorocyclohexylmethyl ether 2.27 retains a large molecular 

dipole moment relative to all-cis-hexafluorocyclohexane 2.18 and that anion binding is still 

observed in solution,[30] this project aimed to further explore interactions of the all-cis-

pentafluorocyclohexyl motif. The potential for this motif in the field of supramolecular chemistry 

has been demonstrated only very recently and at the end of this thesis work, by its application 

to living supramolecular polymerisation as previously discussed (Figure 2.4).[31] In this Chapter 

the scope of the Rh-catalysed hydrogenation reaction will be expanded to broaden the range 

of pentafluoroarene substrates available. The conformational behaviour of the resulting all-

cis-pentafluorocyclohexyl building blocks will be examined by X-ray crystallography and NMR 

spectroscopy and a library of functional derivatives will be generated. Later chapters will 

explore the utilisation of these building blocks to generate chemically diverse products such 

as peptidomimetics and further explore their promise for supramolecular assembly.    

2.2. Conformation of all-cis-pentafluorocyclohexanes 

In the first instance, a fundamental exploration of the alkyl substituted all-cis-

pentafluorocyclohexanes was established. Computational work in collaboration with Professor 

Rodrigo Cormanich and Bruno Piscelli at the University of Campinas in Brazil revealed a small 

preference for the more polar Me-equatorial conformer 2.34b (0.29 kcal mol-1) of all-cis-

methylpentafluorocyclohexane 2.34 in the gas phase (Figure 2.6). In 2.34, hyperconjugation 

interactions were more stabilising for 2.34b (Me-equatorial) than for 2.34a (Me-axial) but this 

was finely balanced against the destabilising electrostatic repulsion between the triaxial C-F 

bonds. With 2.35, the equatorial conformer 2.35b, was more significantly favoured. In this 

instance electrostatics as well as hyperconjugation favoured the equatorial conformer. The 

replacement of a hydrogen in 2.34 for a CH3 in 2.35 results in increased electrostatic repulsion 

between the axial fluorine and the more electronegative carbon of the CH3 unit 

(electronegativity of carbon = 2.55; electronegativity of hydrogen = 2.2). 
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Figure 2.6 Theory evaluation of the magnitude of equatorial preferences in the gas phase for alkyl substituents in 

all-cis-alkylpentafluorocyclohexanes 2.34 and 2.35, by Rodrigo Cormanich and Bruno Piscelli, University of 

Campinas, Brazil.[32] 

In the first instance, the Zeng/Glorius catalyst 2.14 was prepared by the ligation of the CAAC 

salt 2.15 to [RhCODCl]2 according to reported procedures and in good yield (Scheme 2.8). 

Anhydrous conditions were meticulously maintained in an argon atmosphere in a glovebox. 

The pure catalyst 2.14 was obtained following chromatography and recrystallisation and 

proved air-stable for up to 3 months.  

 

 

Scheme 2.8 Preparation of the Zeng/Glorius catalyst 2.14 ; i. [RhCODCl]2, KHMDS, THF, −78 ° C to r.t., 16 h, 

53%.[18,33] 

In order to explore the conformation of 2.35 in the solid state a hydrogenation of 

pentafluorostyrene 2.36 to give 2.35 was conducted using the Zeng/Glorius method (Scheme 

2.9).[18,22] The X-ray crystal structure of 2.35 has an equatorial preference for the ethyl 

substituent, consistent with  theory. Also notable in the crystal structure of 2.35 are the close 

intermolecular contacts of 2.45-2.47 Å between hydrogen and fluorine atoms of two rings (Sum 

of VdW radii = 2.67 Å). This indicates a strong electrostatic attraction between the fluorine and 

hydrogen of the rings, a feature which further stabilises the Et-equatorial conformer 2.35b 

(Figure 2.6) in the solid state, as these interactions would be weakened if the Et group was 

axial.  
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Scheme 2.9 Hydrogenation of pentafluorostyrene 2.36 to give 2.35; i. H2 (50 bar), 2.14 (2 mol%), 4 Å MS, hexane, 

r.t., 14 h, 76%.[18] 

 

  

 

 

 

 

 

Figure 2.7 X-ray crystal structure of 2.35. 

A close inspection of the NMR spectra of 2.35 was required to unambiguously assign the 

dominant conformer in ([2H6]-acetone) solution. Due to the complex coupling of ring protons 

to proximal fluorine and hydrogen atoms, and the resultant overlap, only indicative J values 

are shown in Figure 2.8. The 3JHF coupling constant for H4-F3 of 7.6 Hz is consistent with a 

gauche arrangement found in the Et-equatorial conformer. The large and overlapping 3JHF for 

H3-F2 and H3-F4 of 28.2 Hz indicate antiperiplanar arrangements between H3 and F2 and 

H3 and F4 consistent with the Et-equatorial conformer. Similarly, the large 3JHF coupling 

constant for H1-F2 of 34.5 Hz indicates an anti-periplanar arrangement between H1 and the 

two F2 atoms, an arrangement only possible in the Et-equatorial conformation. The vicinal 

H-H coupling between H-2, H-3 and H-4 is not well resolved in the 1H{19F} NMR spectrum as 

the peaks are broad due to dynamic conformational exchange. In all such cases 3JHH is 

approximately 1-2 Hz, consistent with the expected all gauche H-H alignment of all of the 

vicinal hydrogens. 
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Figure 2.8 The 1H and 1H{19F} NMR spectra of 2.35. 

The 19F{1H} spectrum was assigned by cross peaks in the 1H-19F HMBC spectrum (Figure 2.9). 

The 19F{1H} spectrum shows an unusually large ‘through space’ 4JFF coupling constant 

between F2 and F4 of 25 Hz, consistent with the 1,3 triaxial C-F relationship of the Et-

equatorial conformer.[34] The ‘through space’ 4JFF coupling constant arises from the rigidity of 

the ring system which results in an interatomic fluorine distance closer than the sum of the 

VdW radii. This enables orbital overlap of nonbonding fluorine lone pairs which facilitates spin 

information exchange though no chemical bond is formed. As the average distance between 

F2 and F4 in the crystal structure of 2.35 (which occupies the Et-equatorial conformer, Figure 

2.7) is 2.76 Å, and this is significantly less than the sum of the VdW radii (2.94 Å), there is 

H-4 

H-2 
H-3 

Vicinal F-H coupling   

H4-F3 (3JFH) = 7.6 Hz   
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H3-F4 (3JFH) = 28.2 Hz 

H1-F2 (3JFH) = 34.5 Hz 

 

 

H-1 

Acetone CH2 

H-4 

H-2 

H-3 

H-1 

CH2 



Cis-selective hydrogenation of fluoroarenes 

43 
 

Figure 2.10 The 19F{1H} spectrum of 2.35. 

significant orbital overlap in the Et-equatorial conformation. Given the overwhelming evidence 

from NMR spectra, the dominant conformer in [2H6]-acetone is assigned as the Et-equatorial 

conformation. 

 

 

Figure 2.9 19F-1H HMBC spectrum used to assign 19F{1H} spectrum of 2.35. 
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2.3. Novel building blocks  

2.3.1. Functional group tolerance of the Rh-catalysed hydrogenation of fluoroarenes 

Arene hydrogenation is frequently associated with poor chemoselectivity, in particular the 

tolerance for reducible functional groups is generally low.[5] Preceding reports are encouraging 

and indicate the tolerance of silyl ethers, esters, boronic esters and alkyl silanes in the Rh-

catalysed hydrogenation of fluoroarenes (Figure 2.3).[18,28] To probe further the functional 

group tolerance of these hydrogenation reactions, several fluoroarenes: benzyl chloride 2.37, 

phenol 2.38, nitrile 2.39 and carboxylic acid 2.40 were used as substrates in the general 

procedure illustrated in Scheme 2.10. The hydrogenation of these compounds proved elusive 

and the 19F NMR spectra did not show any evidence of aliphatic C-F bonds.  

 

 

Scheme 2.10 Unsuccessful aryl hydrogenation substrates; i. 2.14 (1 mol%), H2 (50 bar), 4 Å MS, hexane, r.t., 16 h. 

2.3.2. Protecting group strategies towards novel building blocks 

Given the challenge of hydrogenating pentafluorophenol 2.38, presumably due to catalyst 

poisoning by the substrate, a protecting group strategy was considered. Silyl ethers are often 

used for the protection of alcohols and are easily cleaved, for example by reaction with a 

fluoride ion source such as TBAF. The suitability of tert-butyldimethylsilyl ether groups for the 

Rh-catalysed hydrogenation was established by Glorius and selected hydrogenation products 

reported with this functional group are shown (Figure 2.11).[18]  

 

 

Figure 2.11 Selected hydrogenation products with tert-butyldimethylsilyl ether groups reported by Glorius.[18] 

In practice, pentafluorophenol 2.38 was readily protected as silyl ether 2.42 in near-

quantitative yield using a procedure adapted from the literature (Scheme 2.11).[35] The 
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hydrogenation of 2.42 was first attempted with molecular sieves. No consumption of starting 

material 2.42 was observed as judged by 19F NMR. The hydrogenation was then reattempted 

with silica gel and the crude 19F NMR showed a complex mixture of both aromatic and aliphatic 

defluorinated products, which were not isolated. 

 

 

Scheme 2.11 Attempted synthesis of silyl ether 2.43; i. TBDMSCl, imidazole, CH2Cl2, r.t., 98%; iia. 2.14 (2 mol%), 

hydrogen (50 bar), 4 Å molecular sieves, hexane, r.t., 14 h, no reaction; iib. 2.14 (2 mol%), hydrogen (50 bar), silica 

gel, hexane, r.t., 14 h, no reaction. 

The hydrogenation of the aryl silyl ether 2.42 proved challenging despite the precedent 

reported by Glorius (Figure 2.11).[18] The fifth fluorine substituent may result in an electron 

deficient arene that cannot strongly bind the active catalytic species. The steric bulk of the silyl 

ether may also present a barrier to catalyst-substrate binding. Incorporation of a -CH2- unit as 

a spacer to give homologated substrate 2.44 was suggested to improve this binding, thereby 

reducing the steric clash between the active catalytic species and the alkyl groups of the silyl 

ether as illustrated in Figure 2.12.  

 

 

Figure 2.12 Structures of silyl ether substrates 2.42 and 2.44 indicating reduction of steric clash. 

Proceeding with the homologation strategy, pentafluorobenzyl alcohol 2.45 was protected as 

before, and in good yield.[35]  In this case the Rh-catalysed hydrogenation of the resulting silyl 

ether 2.44 was now successful giving 2.46 in a moderate yield. Contrary to literature reports,[28] 

the use of 4 Å molecular sieves facilitated the reaction whereas the use of silica gel gave no 

conversion to the desired product in our hands. In the first instance, deprotection of the silyl 

ether 2.46 was attempted following an adapted literature procedure by reaction with TBAF,[36] 

but this resulted in a mixture of defluorinated elimination products. 
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Scheme 2.12 The synthesis of tert-butyldimethyl((pentafluorocyclohexyl)methoxy)silane 2.47; i. TBDMSCl, 

imidazole, CH2Cl2, r.t., 16 h, 71%;[28] ii. 2.14 (2 mol%), H2 (50 bar), 4 Å molecular sieves, r.t., 14h, 41%;[18] iii. TBAF, 

THF, r.t., 1h. 

The unsuccessful deprotection of 2.46 with TBAF resulted in a complex mixture as was evident 

from the crude 19F NMR spectrum (Figure 2.13) in which both vinylic and aliphatic fluorine 

signals can be observed. Because the fluoride anion is basic and because solutions of TBAF 

are readily hydrated (leading to the formation of hydroxide anions), base-catalysed elimination 

was implicated in the defluorination of silyl ether 2.46. The base-promoted elimination of HF 

in organofluorine compounds generally proceeds by an E1cB mechanism (Scheme 2.13).[37] 

 

  

TBAF 

 

 

Figure 2.13 Top: The 19F NMR spectra of 2.46, bottom: the 19F NMR spectra of the crude reaction mixture of 2.46 

with TBAF. 
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Scheme 2.13 An E1cB hypothesis for base-mediated elimination of HF from alkyl fluorides.[37] 

Given the challenging deprotection of silyl ether 2.46 with TBAF due to apparent base-

catalysed elimination of HF, an alternative approach was pursued. The deprotection of silyl 

ethers can also be achieved with TREAT-HF.[38] While both methods for deprotection rely on 

fluoride attacking the silyl ether, TREAT-HF is less basic as the fluoride is formally protonated 

(Figure 2.14).   

 

 

Figure 2.14 TREAT-HF and TBAF. 

In practice the deprotection of silyl ether 2.46 with TREAT-HF was conducted according to an 

adapted literature procedure,[38] in very good (83%) yield and no defluorinated products were 

detected by 19F NMR (Scheme 2.14).  

 

 

Scheme 2.14 Modified conditions for the deprotection of silyl ether 2.46; i. TREAT-HF, MeCN, 16 h, r.t., 83%.[38] 

The X-ray crystal structure of silyl ether 2.46 shows that the dominant conformer in the solid 

state has triaxial C-F bonds (Figure 2.15). Close contacts (2.28 Å, 2.47 Å and 2.52 Å) between 

alternate faces of the ring are also present due to electrostatic attraction (sum of the Van der 

Waals radii = 2.67 Å).  
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Figure 2.15 X-ray crystal structure of 2.46 with close contacts in blue. 

Following the successful synthesis of the alcohol building block 2.47 a route to the analogous 

primary amine was devised. ‘Boc’ protected amines were reported by Glorius as compatible 

with the Rh-catalysed hydrogenation of fluoroarenes (Figure 2.3B) so benzyl carbamate 2.48 

was designated as a target substrate for hydrogenation.[18] While a commercial source for the 

non-protected free amine could not be found, pentafluorobenzonitrile 2.39 was readily 

available. Carbamate 2.48 could be isolated in quantitative yield using a one-pot reduction-

protection procedure adapted from the literature (Scheme 2.15).[39,40] However, the 

hydrogenation of 2.48 was unsuccessful in our hands.[18] Accordingly, the di-Boc-protected 

amine 2.50 was explored, by reaction of carbamate 2.48 with a further equivalent of Boc 

anhydride in moderate yield.[41] However, this hydrogenation was also unsuccessful, and only 

starting material was recovered.  

 

 

Scheme 2.15 The attempted synthesis of Boc-protected amines 2.49 and 2.51; i. NaBH4, NiCl2, Boc2O, MeOH, 

0 °C to r.t; 16 h, quantitative;[39,40] ii. 2.14 (2 mol%), hydrogen (50 bar), hexane, 4 Å MS, r.t., 16 h; iii. Boc2O, DMAP, 

MeCN, r.t., 24 h, quantitative.[18,41]  

Notably, the carbamate-containing cyclohexane hydrogenation products reported by Glorius 

had only one fluorine on the ring (Figure 2.3B).[18] It is unclear why increased ring fluorination 

2.28 Å 
2.47 Å 2.52 Å 
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appears to present a barrier to hydrogenation of some substrates and a greater mechanistic 

understanding may be required to explain this.  

Following this, the next building block that was explored was an all-cis-

pentafluorocyclohexane compound with a carboxylic acid handle for diverse functionalisation. 

Turning again to the scope reported by Glorius, two compounds with methyl ester substituents 

were reported 2.52 and 2.53 (Figure 2.16).[18] Again, both products had only one fluorine 

substituent and a challenging synthesis of more highly fluorinated analogues was envisioned.  

 

 

Figure 2.16 Hydrogenation products reported by Glorius bearing the methyl ester functionality.[18] 

Previous work in St Andrews had established that carboxylic acid 2.54 was unstable due to 

rapid HF elimination from the tetrafluorocyclohexane ring, arising from the acidity of the proton 

α- to the carboxyl group (Scheme 2.16).[42]    

 

 

Scheme 2.16 Instability of carboxylic acid 2.54 due to elimination of HF.[42] 

Given this finding, it was not expected that the aliphatic methyl ester 2.57 would be isolable 

from the hydrogenation of arene 2.56, however the reaction was conducted to explore this 

(Scheme 2.17). In practice the conversion was low < 5% and as anticipated multiple 

defluorinated products were detected by 19F NMR. This finding was consistent with the 

previously described incompatibility of carboxyl substitution on ‘Janus’ rings.[42]  

 

 

Scheme 2.17 The attempted hydrogenation of methyl pentafluorobenzoate 2.56; i. 2.14 (2 mol%), 4 Å MS, hexane, 

r.t., 16 h.[18] 
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Given the unsuitability of methyl ester 2.56 as a substrate for hydrogenation, a homologation 

strategy was again pursued. Homologation had proven effective with the alcohol building block 

2.47 following the challenging hydrogenation of the protected aryl silyl ether 2.42. Thus, all-

cis-pentafluorocyclohexylacetic acid 2.58 was chosen as the next synthetic target (Figure 

2.17).  

 

 

Figure 2.17 Target building block 2.58. 

Beginning with pentafluorophenylacetic acid 2.40, esterification was achieved under acidic 

conditions yielding methyl ester 2.59.[43] The hydrogenation of 2.59 was successful and 

progressed with a high yield and both the desired product 2.60 and a minor hydrodefluorinated 

product 2.61 could be obtained in a 13:1 ratio (Scheme 2.18).[18] Following separation, the 

structures of both 2.60 and 2.61 were unambiguously assigned by X-ray crystallography.  

 

 

Scheme 2.18 The synthesis of all-cis-pentafluorocyclohexylmethyl acetate 2.60; i. HCl (1M), MeOH, 65 °C, 94%; 

ii. 2.14 (1 mol%), Hydrogen (50 bar), 4Å MS, hexane, r.t., 16 h, 76%.[18,43]  

The crude 19F NMR spectrum (Figure 2.18) shows the peaks related to the major 2.60 and 

minor 2.61 products from the hydrogenation of 2.59. Despite the generation of the minor 

hydrodefluorinated product 2.61, the yield for the desired major product 2.60 was high (76%).  
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Figure 2.18 19F NMR spectrum of crude mixture of 2.60 and 2.61. 

The X-ray crystal structure of the major product 2.60 is illustrated in Figure 2.19. The 

arrangement in the solid state is again the triaxial C-F conformer. Packing occurs with four 

intermolecular close contacts between axial ring fluorine and hydrogens, these contact 

distances are 2.39-2.48 Å (Sum of the VdW radii = 2.67 Å). An intermolecular close contact of 

2.59 Å is also seen between the carbonyl oxygen and an α-hydrogen (Sum of the VdW radii 

= 2.72 Å). 

 

 

 

 

 

 

 

 

 

 

minor 
minor 

minor 

2.59 Å 

Figure 2.19 Representations of X-ray crystal structure of 2.60 showing close contacts in blue. 
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Similarly, the X-ray crystal structure of 2.61 (Figure 2.20) shows the dominance of the triaxial 

C-F arrangement in the solid phase. Intermolecular packing is offset with only two close 

contacts between stacked axial ring fluorine and hydrogens of 2.40 Å and 2.55 Å. Additional 

intermolecular hydrogen-fluorine close contacts of 2.50 Å and 2.46 Å are also observed (Sum 

of the VdW radii = 2.67 Å). The carbonyl oxygen to α-hydrogen close contact from 2.60 (Figure 

2.19) is retained in 2.61 (2.52, sum of the VdW radii = 2.72 Å).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Possible mechanisms for the formation of the hydrodefluorinated side product 2.61 are 

illustrated in Scheme 2.19. The first pathway consists of oxidative addition of a catalytic 

rhodium species into an aryl/vinyl C-F bond to give 2.63, followed by reductive elimination to 

give 2.64 which could then be hydrogenated as expected to give 2.61. Alternatively, addition 

of a rhodium hydride complex into a carbon-carbon double bond would give 2.65 and, following 

β-fluoride elimination would generate 2.64 which would again result in hydrogenation to the 

observed product 2.61.  

2.52 Å 

2.55 Å 

Figure 2.20 Various representations of the X-ray crystal structure of 2.61 with close contacts in blue. 
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Scheme 2.19 Putative mechanisms for the formation of minor side product 2.61 adapted from ref 18.[18] 

Base-catalysed ester hydrolysis of 2.60 was unsuccessful and multiple defluorinated products 

were detected in the crude 19F NMR spectrum.[44] The base-mediated elimination via the E1cB 

pathway has been discussed previously (Scheme 2.13). Fortunately, acidic conditions were 

readily tolerated, and carboxylic acid 2.58 was isolated in high yield after acid-catalysed 

hydrolysis (Scheme 2.20).[45] 

 

 

Scheme 2.20 i. HCl (6M), 100 °C, 14 h, 96%.[44,45] 

2.4. Extended substrate homologation   

Following the challenging hydrogenation of methyl ester 2.56 and silyl ether 2.42, their direct 

analogues 2.59 and 2.44 were successfully hydrogenated. Therefore, substrate homologation 

has proven to be a successful strategy for the generation of all-cis-pentafluorocyclohexane 

building blocks (Figure 2.21). 
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Figure 2.21 Successful homologation strategy for the generation of substrates for cis-selective hydrogenation. 

Given the success of the homologation approach, it was proposed that longer alkyl spacers 

might facilitate even more straightforward hydrogenations. To test this hypothesis, a 

homologated silyl ether hydrogenation was carried out (Scheme 2.21). To access the silyl 

ether substrate 2.68, methyl ester 2.59 was reduced to alcohol 2.66 under mild conditions and 

this was then protected to give silyl ether 2.67.[35,46] In the event, hydrogenation of 2.67 

proceeded in excellent yield (79%) relative to the dehomologated analogue 2.44 

(hydrogenation yield 41%).[18] 

 

 

Scheme 2.21 Route to homologated silyl ether 2.68; i. LiBH4, THF, 0 °C to r.t., 16 h, quantitative; ii. TBDMSCl, 

imidazole, CH2Cl2, r.t., 16 h, 72%; iii. 2.14 (1 mol%), Hydrogen (50 bar), 4 Å molecular sieves, hexane, r.t., 16 h, 

79%.[18,35,46] 



Cis-selective hydrogenation of fluoroarenes 

55 
 

Given the previous success with extended homologation to improve hydrogenation, the 

extended chain targets 2.72 and 2.73 were considered each bearing a four-carbon spacer 

(Scheme 2.22). By utilising a cross metathesis reaction, a modular route to 2.72 and 2.73 was 

planned from a common starting material, which was the commercially available 

allylpentafluorobenzene 2.69. Although the cross-metathesis reaction with 2.70 was expected 

to be non-selective and therefore low-yielding only modest amounts of material were required 

to determine the amenability of these candidate substrates to hydrogenation.  

 

 

Scheme 2.22 Retrosynthetic analysis of extended chain hydrogenation substrates 2.72 and 2.73. 

The synthesis towards 2.72 began with the protection of allyl alcohol 2.74 as a silyl ether to 

give 2.70.33 The cross-metathesis reaction between 2.69 and 2.70 was indeed unselective, 

giving only a low yield of the desired hydrogenation substrate 2.72.[47] However, this product 

was readily purified and hydrogenation of 2.72 proved to be successful giving 2.75 in a 

moderate 49% yield.[18] The silyl ether was then deprotected under acidic conditions to give 

alcohol 2.76.[48] 

 

 

Scheme 2.23 Synthesis of alcohol 2.76; i. TBDMSCl, imidazole, DMF, r.t., 14 h, 92%; ii. Grubbs I (4 mol%), 2.70, 

CH2Cl2, r.t., 16 h, 13%; iii. 2.14 (4 mol%), 4 Å MS, hydrogen (50 bar), hexane, r.t., 14 h, 49%; iv. HCl (1M), THF, 

66 °C, 14 h, 59 %.[18,35,47,48] 
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Next, the synthesis of the extended methyl ester 2.77 was undertaken (Scheme 2.24). The 

cross-metathesis of 2.69 with methyl acrylate proved to be selective due to the inertness of 

methyl acrylate to homo-coupling.[47] Consequently, the conjugated ether 2.73 was isolated in 

high yield. The hydrogenation of 2.73 proceeded to give the desired product 2.77 in relatively 

low 36% yield.[18] 

 

 

Scheme 2.24 Synthesis of extended methyl ester 2.77; i. Hoyveda-Grubbs second generation catalyst (2 mol%), 

methyl acrylate, CH2Cl2, 40 °C, 16h, 71%; ii. 2.14 (3 mol%), 4 Å MS, hydrogen (50 bar), hexane, r.t., 14 h, 36%.[18,47] 

2.5. Base stability of ‘Janus’ rings  

Following the repeated base-promoted eliminations of HF in the ‘Janus’ compounds, a 

screening programme was designed to establish the relative tolerance of the ring system to 

basic reagents. The use of silyl ether 2.68 as a common substrate avoided any complexity 

arising from the use of compounds with acidic protons such as 2.60 which has an enolisable 

α-carbon (pKa ~ 25) and alcohol 2.76 which can be deprotonated to form the alkoxide (pKa 

~ 16) (Figure 2.22). A standard procedure was utilised in which an excess of a base (4 equiv.) 

was added to a solution of silyl ether 2.68 and the solution was stirred at r.t.. The stability of 

2.68 was determined by direct 19F NMR analysis after 1 h. In each case the results are 

summarised in Table 2.1. The results of the base-stability assays indicated the compatibility 

of the ‘Janus’ ring with weak nitrogen bases but defluorination was observed with stronger 

bases pKa > 16. The base test with NaOMe (pKa = 16) resulted in a partial defluorination with 

90% of the starting material 2.68 remaining after 1 h. After repeating the stability test with a 

large excess of NaOMe (200 eq.) complete defluorination of 2.68 was observed within 1 h.  

 

 

Figure 2.22 Novel 'Janus' ring compounds indicating pKa of acidic protons. 
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Table 2.1 Base stability of silyl ether 2.68 in various bases at r.t.;*90% of starting material 2.68 remains.[49-51] 

2.6. Derivatisation of novel hydrogenation products 

Having expanded the scope of the Rh-catalysed hydrogenation reaction to obtain a variety of 

all-cis-pentafluorocyclohexane derivatives (Figure 2.23); further derivatisations were 

considered.  

 

 

Figure 2.23 Novel all-cis-pentafluorocyclohexane hydrogenation products. 

Base pKa Solvent Stable (1 h) 

Pyridine 5 CHCl3 Yes 

Triethylamine 11 CHCl3 Yes 

iPr2NEt 11 CHCl3 Yes 

Piperidine 12 CHCl3 Yes 

NaOH 14 Water/DMSO Yes 

NaOMe 16 THF Partially* 

tBuONa 17 THF No 

LiHMDS 26 THF No 

NaH 35 THF No 

LDA 36 THF No 

nBuLi ~50 THF No 
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One aim was to synthesise a terminal amine building block as this had so far proven to be 

elusive (Scheme 2.15). A series of proposed functional group interconversions from silyl ether 

2.46 are illustrated in Scheme 2.25.  

 

 

Scheme 2.25 Functional group interconversions from silyl ether 2.46 to amine 2.80. 

In the first instance, alcohol 2.47 was efficiently converted to mesylate 2.78 (Scheme 2.26).[52] 

However, the attempted reaction of 2.78 with sodium azide did not give the desired substitution 

product.[53] In the most probable stable chair conformation 2.78a (Figure 2.24), the σ* C-O 

antibonding orbital is inaccessible to incoming nucleophiles. Rotation of the C-O bond to give 

conformer 2.78b does result in an accessible σ* orbital, however, the steric clash of the axial 

fluorine atoms with the mesylate group is likely to result in a high barrier to conformation 2.78b. 

Likewise, the ring flip isomers 2.78c and 2.78d also have an inaccessible σ* orbital and steric 

clash respectively, so this system is inherently unreactive.  

 

 

Scheme 2.26 Attempted derivatisation of alcohol 2.47; i. MsCl, Et3N, CH2Cl2, 0 °C to r.t., 16 h, quantitative; ii. 

NaN3, DMF, 70 °C, 14 h.[52,53] 
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Figure 2.24 Conformers of 2.78 highlighting the challenge for an SN2 reaction. 

An alternative route to an amine building block was envisioned from methyl ester 2.60 

(Scheme 2.27). Reduction of this ester would generate alcohol 2.81 and then an Appel 

reaction of the alcohol would give alkyl bromide 2.82. This would enable nucleophilic 

substitution with sodium azide to generate organoazide 2.83, opening up the possibility of a 

reduction to give the desired amine 2.84.  

 

 

Scheme 2.27 Proposed route to amine 2.84. 

The hydrogenation (Scheme 2.18) proved amenable to scale-up and therefore 2.60 was 

readily accessible on a gram scale. The synthesis to the desired amine 2.84 began with the 

reduction of methyl ester 2.60 to primary alcohol 2.81 (Scheme 2.28) with DIBAlH (0 °C to 

r.t.). This method was found to be more selective than when more reactive hydride reagents 

such as LiAlH4 were used due to the suppression of competing elimination reactions.[54] With 

alcohol 2.81 in hand, an Appel reaction was carried out to generate alkyl bromide 2.82 in high 

yield.[55] Nucleophilic substitution with sodium azide proved to be highly efficient and generated 

alkyl azide 2.83 also in good yield.[56] Finally, a Staudinger reaction of 2.83 gave the primary 

amine 2.84 in a very good conversion.[53]   

Favoured 

Favoured 

Disfavoured 

Disfavoured 

Repulsion 
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Scheme 2.28 Route to amine 2.84; i. DIBAlH 1M, THF, 0 °C to r.t., 16 h, 83%; ii. CBr4, PPh3, MeCN, r.t., 16 h, 84% 

iii. NaN3, DMF, 70 °C, 6h, quantitative; iv. PPh3, THF, r.t., 2 h, 64%.[53–56] 

Alkyl azide 2.83 was a white crystalline solid material and its X-ray structure shows that the 

dominant conformer in the solid state is again the triaxial C-F conformer (Figure 2.25B). Close 

contacts of 2.36 Å-2.47 Å (Sum of the VdW radii = 2.67 Å) between alternate faces of the ring 

are also present due to electrostatic attraction. The azide group of 2.83 has two zwitterionic 

resonance forms 2.83a and 2.83b (Figure 2.25A). The resonance form 2.83a confers a partial 

negative charge to the terminal nitrogen. An intermolecular interaction between the terminal 

nitrogen of 2.83 and the equatorial 4-H ring hydrogen is evident in a symmetrical tetrameric 

arrangement in the structure of 2.83 (Figure 2.25B) by the presence of short contacts of 2.60 

and 2.63 Å (Sum of the VdW radii = 2.75 Å).  
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Figure 2.25 A. Resonance forms of organoazide 2.83; B. X-ray crystal structure of 2.83 with short contacts shown 

in blue. 

The hydrochloride salt 2.85 of amine 2.84 was formed by protonation with aqueous HCl 

(Scheme 2.29). The X-ray crystal structure of 2.85 (Figure 2.26) showed that the dominant 

conformer in the solid state is the triaxial C-F conformer, with an equatorial alkyl substituent. 

The X-ray crystal structure show a hydrated ammonium chloride complex but there are no 

attractive interactions between the cation and the electronegative fluorine atoms. The strong 

charge-charge electrostatic attraction between the ammonium cation and the chloride anion 

outcompetes any weaker charge-dipole interactions between the fluorine atoms and the 

ammonium cation. Attractive interactions were again evident from the short intermolecular 

contacts between the fluorine and hydrogen atoms (2.36 Å-2.56 Å) of opposite ring faces (Sum 

of the VdW radii = 2.67 Å). 

 

A. 

B. 

2.42 Å 2.36 Å 
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Scheme 2.29 Preparation of ammonium chloride salt 2.85; i. HCl (1M), THF, 5 min, quant.. 

 

 

Figure 2.26 X-ray crystal structure of 2.85 with short contacts in blue. 

The next synthetic target to be explored was aldehyde 2.87. The partial reduction of methyl 

ester 2.60 was attempted at −78 °C using DIBAlH (Scheme 2.30).[57] After 1 hour the reaction 

mixture was found to contain starting material and alcohol 2.81 but a negligible amount of 

aldehyde 2.87. The desired selective reduction of an ester 2.60 to aldehyde 2.87 should 

proceed via the trapping of 2.86 or a related intermediate consistent with low temperature 

DIBAlH reductions (Scheme 2.30). The formation of alcohol 2.87 suggests that the tetrahedral 

intermediate 2.86 is not stable under these conditions and collapses to form aldehyde 2.87 

which undergoes further reduction to alcohol 2.81.  
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Scheme 2.30 Over-reduction of ester 2.60 to give alcohol 2.81; i. DIBAlH (1M), THF, −78 °C, 1 h.[57] 

However, conversion of ester 2.60 to aldehyde 2.87 was successfully achieved in two steps 

by reduction to primary alcohol 2.81 and then a Dess-Martin periodinane oxidation at room 

temperature (Scheme 2.31).[58]  

 

 

Scheme 2.31 Oxidation of alcohol 2.81 to aldehyde 2.87; i. Dess-Martin periodinane, THF, r.t., 45 mins, 85%.[58] 

Aldehyde 2.87 exists in its expected keto form 2.87a in [2H6]-acetone as assigned by its peak 

at 9.85 ppm consistent with the aldehydic proton (Figure 2.27). In contrast, the 1H NMR 

spectrum in [2H4]-methanol (Figure 2.28) shows only a negligible aldehydic peak. The 

assignment of the 1H NMR spectrum in [2H4]-methanol was performed by examination of 

coupling constants and 2D NMR (1H-1H COSY, 1H-13C HSQC and 1H-13C HMBC) which are 

illustrated in Figure 2.29 and are consistent with the dominance of the hemiacetal form 2.87b. 
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Figure 2.27 1H NMR spectrum of 2.87 in [2H6]-acetone. 

FCH-3 and FCH-5 

OH 

CH2-2 and FCCH-1 

Figure 2.28 1H NMR spectrum of 2.87 in [2H4]-methanol illustrating the dominance of the hemiacetal form 2.87b. 
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1H-1H COSY: 1H-13C HSQC: 

1H-13C HMBC: 

Figure 2.29 2D NMR of 2.87 in [2H4]-methanol indicating dominance of the hemiacetal form 2.87b. 
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2.7. Conclusions   

The functional group tolerance of the Rh-catalysed hydrogenation has limitations. In this work, 

hydrogenation of fluoroarenes was not successful for substrates bearing alkyl chloride (2.37), 

alcohol (2.38), nitrile (2.39), or carboxylic acid (2.40) substituents. The functional group 

tolerance of silyl ethers and methyl esters as reported by Glorius was reproducible and 

applicable to the hydrogenation of pentafluoroarenes (as for the hydrogenation of 2.44 and 

2.59) but the hydrogenation of tert-butyl carbamates proved elusive, such as in the case of 

2.48.[28] Homologation of alkyl substituents proved to be a successful strategy to improve 

fluoroarene hydrogenation reactions, as summarised in Figure 2.21. The homologation of 

products also improved their synthetic utility; while mesylate 2.78 was inert to nucleophilic 

substitution, homologated bromide 2.82 was successfully converted to organoazide 2.83 in 

quantitative yield.   

Synthetic challenges arising from the base-sensitivity of these ‘Janus’ rings have been 

observed. Compatibility of the ‘Janus’ rings with a range of bases was determined (Table 2.1) 

and this will inform future synthetic manipulation of related compounds. The strong polarisation 

of ‘Janus’ rings results in intermolecular attraction between alternate ring faces. This is 

repeatedly observed by the short contacts between ring fluorines and hydrogens in the X-ray 

crystal structures. An interaction was observed in the X-ray crystal structure of azide 2.83 

(Figure 2.25) between the terminal nitrogen atom and an electropositive ring hydrogen. The 

electron-withdrawing nature of the ‘Janus’ ring is evident from the preferred stabilisation of the 

hemiacetal (2.87b) of aldehyde 2.87 in [2H4]-MeOH. 

The elaboration of building blocks prepared in this Chapter form the focus of Chapter 3. First, 

amide coupling of carboxylic acid 2.58 to protected amino acids is explored. Multicomponent 

Ugi and Passerini reactions are explored using 2.58 and aldehyde 2.87 to generate a library 

of peptidic compounds. The experimental determination of the Log P of Ugi products 

investigates the relevance of the ‘Janus’ ring moiety to medicinal chemistry. A reductive 

amination procedure with aldehyde 2.87 is established and the use of 2.87 is also investigated 

in Wittig reactions. Nucleophilic substitution with the alkyl bromide 2.82 and copper-catalysed 

alkyne-azide cycloaddition (CuAAC) ‘click’ reactions with the organoazide 2.83 further show 

synthetic versatility and provide access to compounds for future study as linkers for metal-

organic-frameworks (MOFs) and for supramolecular assembly.  
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3. Strategies for the elaboration of ‘Janus’ ring building 

blocks 

3.1. Aims of derivatisation  

Following the successful expansion of the scope of the Rh-catalysed hydrogenation of 

fluoroarenes reported by Glorius,[1] and subsequent functional group interconversions leading 

to diverse building blocks (Figure 3.1), attention turned to elaboration strategies of these 

building blocks to higher molecular architectures. Such elaborations aim to demonstrate 

synthetic versatility, generate industrially relevant compounds (such as drug-like molecules) 

and to further probe the influence of the ‘Janus’ ring on wider molecular structures and 

properties.  

 

 

Figure 3.1 Building blocks synthesised in Chapter 2. 

3.2. Derivatisation of all-cis-pentafluorocyclohexylacetic acid  

3.2.1. Amide couplings of 2.58  

Carboxylic acid 2.58 presented a versatile building block, particularly for the formation of 

amides. The coupling of 2.58 to an appropriately protected amino acid was appealing as a 

route to generate peptidomimetic compounds. If amide coupling proved facile, then higher 

order peptides could be synthesised and interactions of the ‘Janus’ ring might be probed. For 
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example, charge-dipole interactions between the ring substituents and charged amino acid 

side chains. The proposed general procedure (Scheme 3.1) which was based on previously 

reported conditions,[2,3] was considered advantageous as the base (iPr2NEt) had already been 

shown to be compatible with the base-sensitive ‘Janus’ rings (Chapter 2, Table 2.1). The 

mechanism of the peptide coupling reaction with HATU as proposed by Tzakos is illustrated 

in Scheme 3.2.[4]  

 

 

Scheme 3.1 Proposed synthesis of amides from 2.58. 

 

 

Scheme 3.2 Tzakos’ mechanism of peptide coupling with HATU.[4] 

In the first instance, amide coupling to an appropriately protected lysine hydrochloride was 

attempted under standard conditions (Scheme 3.3).[2,3,5] However, the reaction was 

unsuccessful and only starting material was recovered. Carboxylic acid 2.58 was poorly 

soluble in the non-polar reaction solvent, CH2Cl2. The reaction was explored in the more polar 

DMF and the product amide 3.2 was isolated albeit in low yield (Scheme 3.3). The low yield is 

most probably due to the low solubility of 2.58 in DMF which although better than in CH2Cl2, 

was still limited. The poor solubility profile of 2.58 arises because of strong intermolecular 

interactions between the rings which are apparent from its extremely high melting point of    

235 °C. Carboxylic acid 2.58 has an additional H-bond donor which facilitates strong 
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interactions between two carboxylic acid groups (Figure 3.2A).  By comparison, the melting 

point of the related methyl ester 2.60 is only 151 °C and the solubility of 2.60 was qualitatively 

better in organic solvents.  

 

 

Scheme 3.3 Synthesis of peptide 3.2; i. H-Lys(Boc)-OtBu.HCl, HATU, iPr2EtN, CH2Cl2, 0 °C to r.t., 16 h; ii. 

H-Lys(Boc)-OtBu.HCl, HATU, iPr2EtN, DMF, 0 °C to r.t., 16 h, 20%.[2,3,5] 

 

 

Figure 3.2 A. Intermolecular hydrogen bonding interactions in carboxylic acid 2.58; B. Electrostatic attraction 

between rings of carboxylic acid 2.58 and methyl ester 2.60.   

The removal of both the N-Boc and O-tBu groups of 3.2 was achieved using TFA and the fully 

deprotected amino acid was isolated as its TFA salt 3.3 (Scheme 3.4).  

 

 

Scheme 3.4 Deprotection of 3.2 to give 3.3; i. TFA, CH2Cl2, r.t., 16 h, 91%. 

Using these optimised conditions, the amide coupling was repeated with the protected 

glutamic acid to give 3.4, which was also fully deprotected under acidic conditions which in 

turn gave dicarboxylic acid 3.5 (Scheme 3.5). Similarly, amide coupling with the protected 

arginine gave 3.6 (Scheme 3.6). 
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Scheme 3.5 Synthesis of glutamate dipeptide 3.5; i. H-Glu(OtBu)-OtBu.HCl, HATU, iPr2EtN, DMF, 0 °C to r.t., 16 h; 

ii. TFA, CH2Cl2, r.t., 16 h, 43% over two steps. 

 

 

Scheme 3.6 Synthesis of arginine dipeptide 3.6; i. L-Arginine-tert-butyl ester dihydrochloride, HATU, iPr2EtN, DMF, 

0 °C to r.t., 16 h, 23%. 

3.2.2. Isocyanide multicomponent reactions (IMCRs) 

Multicomponent reactions (MCRs) have three or more reagents and aim to generate molecular 

complexity in one-step. Moreover, the modular nature of MCRs allows diverse libraries of 

compounds to be generated from just a few starting materials. The application of MCRs to 

combinatorial chemistry now has a long history as it presents an  appealing method to access 

libraries of, ‘drug-like’ peptidomimetics for bioactivity screening.[6,7] Isocyanide 

multicomponent reactions (IMCRs) involve the use of a reactive isocyanide component. 

Isocyanides are unique functional groups which can be considered to exist between a pair of 

resonance forms, the zwitterionic 3.7a and the carbene 3.7b (Scheme 3.7). Isocyanides are 

unusual, being stable organic compounds with a formally divalent carbon and this provides 

their unique chemistry. The carbenic nature of isocyanides has long been apparent from their 

insertion into acyl chlorides as was reported by Nef as far back as 1892 (Scheme 3.7).[8,9]  
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Scheme 3.7 The resonance forms of isocyanides and the Nef reaction.5 

A curious consequence of the isocyanide electronic structure is that the terminal carbon is 

both electrophilic and nucleophilic in character; this is observed in the three-component 

Passerini reaction (Scheme 3.8).[7] By considering a concerted mechanism, the terminal 

carbon of the isocyanide acts as a nucleophile – attacking the carbonyl of the aldehyde 

component, and as an electrophile – attacked by the carboxylate oxygen resulting in the 

unstable α-adduct 3.11 which undergoes acyl transfer and amide tautomerism to give the 

α-acyloxy amide product 3.12. The rate of the reaction is first order in each of the components 

which is consistent with this mechanism.[7]  

 

 

Scheme 3.8 Representation of the concerted mechanism of the three-component Passerini reaction as proposed 

by Ugi.[7] 

α-Acyloxy amide 3.13 could be prepared using carboxylic acid 2.58, benzaldehyde and tert-

butyl isocyanide (Scheme 3.9). The concerted mechanism proposed by Ugi (Scheme 3.10),[7] 

is thought to be favoured at high concentrations, as the rate is dependent on the concentration 

of all three components. Although 2.58 was reasonably soluble in acetonitrile, at high 

concentrations it did not form a homogeneous solution and this likely compromised the yield 

of the reaction.[10] The assigned 1H NMR of 3.13 is illustrated in Figure 3.3. 
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Scheme 3.9 Passerini reaction to generate α-acyloxy amide 3.13; i. benzaldehyde, tert-butyl isocyanide, 

acetonitrile 70 °C, 14 h, 44%.[10] 

 

 

Figure 3.3 1H NMR of α-acyloxy amide 3.13. 

Given the poor conversion of the Passerini reaction at high concentrations, consideration was 

given to the reported rate acceleration of Passerini reactions with water (up to 300 fold 

acceleration) which were carried out in concentrations as low as 0.1 M.[11,12] The rate 

enhancement arises due to the entropic ‘cost’ (negative activation volume) in the formation of 

intermediate 3.11. The components are non-polar, and the hydrophobic effect drives their 

aggregation.7 An alternative and complimentary explanation suggests a change of mechanism 

to the proposed stepwise/ionic mechanism (Scheme 3.10). Following reversible protonation 

of the aldehyde by the carboxylic acid, the isocyanide acts as a nucleophile to form a new 

carbon-carbon bond to generate nitrilium intermediate 3.14. Attack of the carboxylate to the 
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nitrilium ion gives a second adduct 3.11 which undergoes acyl transfer to the final product 

3.12.8 

 

 

Scheme 3.10 Proposed ionic/stepwise mechanism of Passerini reaction.8 

Applying the aqueous methodology to the Passerini reaction shown in Scheme 3.11 had mixed 

results. Firstly, in water alone, the carboxylic acid 2.58 was completely insoluble and there 

was no reaction (Step i., Scheme 3.11). Although low solubility was expected, heterogeneity 

is considered necessary to the aqueous rate-enhancement effect because it promotes the 

hydrophobic effect which drives the aggregation of components. Evidently, some solubility is 

required for reaction, therefore when the reaction was conducted with methanol as a cosolvent 

in a ratio of 5:1 water:methanol (Step ii., Scheme 3.11), then the reaction did proceed 

reasonably well.[11,12] 

 

 

Scheme 3.11 Aqueous Passerini reaction to form α-acyloxy amide 3.15; i. Isobutyraldehyde, tert-butyl isocyanide, 

water, no reaction; ii. isobutyraldehyde, tert-butyl isocyanide, 5:1 water, MeOH, 16 h, 52%.[11,12] 

The Ugi multicomponent reaction (Ugi-MCR), which was reported by Ivar Ugi in 1959, consists 

of four components. These are a carboxylic acid, a primary amine, an aldehyde or ketone and 

an isocyanide.[13,14] The Ugi reaction is illustrated Scheme 3.12 proceeds through multiple 
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steps. Even after decades the subtleties of the mechanism remain the subject of debate with 

recent publications challenging the classically proposed mechanism.[15,16] It is generally 

agreed that the process starts with the formation of an imine by condensation of the amine 

and an aldehyde/ketone. Protonation by the carboxylic acid generates an iminium ion which 

reacts with the other components in the disputed pathway to give an imidate. The classically 

proposed mechanism for conversion of the iminium ion to the imidate (Scheme 3.12B) 

proceeds by nucleophilic attack through the terminal isocyanide carbon to give the nitrilium 

ion which is trapped by the carboxylate anion to generate the imidate.[7] Recent studies using 

theory calculations have resulted in the proposal of an alternative mechanism for the 

conversion of the iminium ion to the imidate (Scheme 3.12C).[15] This proceeds by the 

formation of a hemiaminal intermediate to which the isocyanide undergoes insertion to give 

the imidate. The alternative pathway (Scheme 3.12C) remains a working hypothesis as the 

existence of the hemiaminal intermediate has not been shown despite attempts to identify 

intermediates using mass spectrometry.[16,17] The final step of both mechanisms involves the 

Mumm rearrangement of the imidate to give the α-aminoacyl amide product.[7,15] 
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Scheme 3.12 A. Agreed mechanistic steps of the Ugi MCR; B. Classically proposed mechanism proceeding 

through a nitrilium intermediate; C. Recently reported hemiaminal pathway.[15,16] 

At the outset, the Ugi reaction was carried out in two steps (Scheme 3.13). Firstly, allylamine 

and 4-fluorobenzaldehyde were combined in a solution of dichloromethane to form imine 3.16. 

As imine formation proceeds with the loss of water, anhydrous MgSO4 was added to the 

reaction mixture to move the equilibrium in favour of product 3.16. It was considered prudent 

to pre-form the imine as this has been reported to improve the yield of the reaction.[7]  

Furthermore, driving the imine condensation disfavours the undesired generation of Passerini 

products which have been observed under similar reaction conditions.[18] The formation of the 

imine was monitored by TLC and 1H NMR, and in particular the disappearance of the aldehyde 

peak at 9.96 ppm was indicative. After complete condensation had occurred, then tert-butyl 

isocyanide and carboxylic acid 2.58 were added. This second step was performed in methanol 

as 2.58 had already proved poorly soluble in CH2Cl2. The desired product 3.17 was isolated 

in low yield, however no undesired Passerini product was detected. The challenge of obtaining 

a homogeneous solution of 2.58 even in methanol required high dilution (concentration = 

0.1 M) which is known to disfavour Ugi reactions.  

A. 

B. 

C. 
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Scheme 3.13 Ugi reaction to produce bis-amide 3.17; i. MgSO4, CH2Cl2; ii. MeOH, r.t., 14 h, 20%. 

In order to improve the Ugi reaction and to generate products with the all-cis-

pentafluorocyclohexyl motif, other components bearing the all-cis-pentafluorocyclohexane 

ring were considered for reaction, in place of carboxylic acid 2.58. Particular consideration 

was given to the use of aldehyde building block 2.87. The aldehyde 2.87 had already 

demonstrated a good solubility profile in polar solvents such as MeOH. However, concerns 

were raised about its suitability as a component for the Ugi reaction in MeOH as it exists in an 

equilibrium dominated by the hemiacetal form 2.87b (Figure 2.28). Therefore, in the first 

instance, CH2Cl2 was used as the reaction solvent. Although 2.87 was poorly soluble in 

CH2Cl2, complete conversion to imine 3.18 could be observed in 1H NMR after stirring for 16 h 

(Scheme 3.14).  

 

 

Scheme 3.14 Reaction of aldehyde 2.87 to form imine 3.18; i. allylamine, MgSO4, CH2Cl2, r.t., 16 h. 

A general Ugi procedure was developed (Scheme 3.15) and used to generate a small library 

of peptidomimetics from aldehyde 2.87. Product yields ranged from fair to good and the lowest 
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yielding reaction (to give 3.23, Table 3.1) was optimised by changing the solvent from CH2Cl2 

to MeOH resulting in an increase from 18% to 60% yield. The presence of hemiacetal 2.87b 

did not significantly hinder imine formation. 

 

 

Scheme 3.15 General Ugi reaction; i. MgSO4, 16 h; ii. MgSO4, 16 h. 

Product RNH2 RCO2H Solvent Temperature Yield 

3.20 A1 B2 CH2Cl2 r.t. 85% 

3.21 A1 B4 CH2Cl2 r.t. 43% 

3.22 A2 B5 CH2Cl2 r.t. 67% 

3.23 A1 B3 CH2Cl2 r.t. 18% 

3.23 A1 B3 MeOH r.t. 60% 

3.24 A1 B1 MeOH 50 °C 24% 

Table 3.1 Conditions used to generate Ugi products 3.20-3.24.  

In order to optimise the Ugi reaction, consideration was given to the multiple literature reports 

suggesting that microwave-assistance facilitates the reaction.[19–23] Microwave heating is often 

more efficient than conventional methods of heating. When a solvent with a significant dipole 

moment is used, heating is transferred due to the alignment of the dipoles to the applied 

oscillating electric field. The ability of a solvent to transfer microwave energy into heat is 

quantified by the loss tangent, tan δ =  
ε′′

ε′
  ,where ε’’ is the dielectric loss constant (the 
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efficiency with which microwave energy is transferred as heat) and ε′ is the dielectric constant 

which quantifies the polarizability of the solvent in an electric field. Loss tangents of some are 

summarised in Table 3.2. 

 

 

 

 

 

Table 3.2 The loss tangent (tan δ) at 2.45 GHz for given solvents.[24,25] 

Methanol was chosen for its high tan δ as the reaction solvent in test reactions. The Ugi 

product 3.24 was obtained by conventional heating in 24% yield in 17 h (Table 3.1). However, 

under microwave-assisted conditions (2.45 GHz, 45 °C, 45 mins) using an adapted literature 

procedure 3.24 was isolated in 68% yield despite the reduced reaction time (Table 3.3). 

Similarly, the yield of 3.23 was increased to 72% higher than either the 18% or 60% (Table 

3.1) achieved through conventional heating. Conversely the microwave-assisted synthesis of 

3.22 gave a slightly reduced yield compared with conventional heating (Table 3.1). More 

investigation is needed to determine the general effect of the microwave-assisted conditions 

on these yields. In general, the microwave-assisted procedure substantially reduced the 

reaction time of the reactions an observation that is relevant to the high-throughput 

requirements of combinatorial and modular chemistry. 

 

Product RNH2 RCO2H Yield 

3.24 A1 B1 68% 

3.23 A1 B3 72% 

3.22 A2 B5 46% 

3.25 A2 B3 41% 

3.26 A2 B6 58% 

3.27 A1 B7 79% 

Table 3.3 Outcomes of Ugi multicomponent reaction using microwave-assisted conditions (2.45 GHz, 45 °C, 

45 mins). 

Solvent ε' tan δ 

Ethylene glycol 41.4 1.350 

Methanol  33.0 0.659 

DMF 38.3 0.161 

Dichloromethane 8.93 0.042 

Hexane 1.89 0.020 
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Figure 3.4 α-Acylamides synthesised by Ugi multicomponent reactions 3.20-3.27 and X-ray crystal structures of 

3.22 and 3.23. 

3.2.3. Influence of the all-cis-pentafluorocyclohexane ring on molecular lipophilicity 

In drug discovery programs, the Lipinski’s rule of five has gained unparalleled recognition as 

a guiding principle for candidate design. The rule states that poor absorption and poor 

3.22 3.23 
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membrane permeability are more likely when there are more than 5 H-bond donors or 10 H-

bond acceptors, the molecular weight is greater than 500 Da or the Log P is more than 5.[26,27] 

Log P, which is a function of lipophilicity is a measure of the partition of a compound between 

octanol and water. Alternatively, Log P can be approximated by the use of HPLC due to the 

proportionality between Log P and retention time using a given stationary and mobile phase.[28]  

Previous studies from the St Andrews group using an HPLC method for Log P determination 

demonstrated that increasing fluorination of a cyclohexane ring results in a reduction in Log 

P.[29] The electronegativity of fluorine induces an increased electropositivity of the ring 

hydrogens, and this facilitates electrostatic attraction (non-classical hydrogen bonding) 

between ring hydrogens and water molecules.[29] The experimental set up reported was a 

reverse-phase Shimadzu Prominence HPLC, a Phenomenex Luna C18 100 Å (250 mm x 4.60 

mm) 5 µm column, 5-10 µL of 0.5 mg/mL solution of analyte in MeCN. The mobile phase was 

60:40 MeCN:H2O with 0.05% TFA and a flow rate of 1 ml/min. Capacity factor (k) was 

calculated from the retention times and the column dead time (1.97 min) according to the 

following equation. 

 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑘) =  
𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 − 𝐷𝑒𝑎𝑑 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑙𝑢𝑚𝑛

𝐷𝑒𝑎𝑑 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑙𝑢𝑚𝑛
 

 

A calibration process wherein Log k was plotted against Log P of known compounds led to 

the derivation of the following equation for the experimental apparatus used.[29]  

 

𝐿𝑜𝑔 𝑘 = 0.3693 ×  𝐿𝑜𝑔𝑃 − 0.4835 

 

The measurement of Log P promised to quantify the influence of the all-cis-

pentafluorocyclohexane ring on molecular lipophilicity in the ‘drug-like’ Ugi products 3.23, 3.25 

and 3.27 synthesised previously. The clear increase in polarity of the all-cis-

pentafluorocyclohexane ring suggests a potential moderating effect on lipophilicity relative to 

non-polar groups. Therefore, the suitability of all-cis-pentafluorocyclohexyl motif as an isostere 

for aromatic rings was envisioned. Aromatic rings are found in over 80% of approved drugs 

but high lipophilicity prevents many candidate drugs from progressing to the clinic.[30] Aromatic 

analogues 3.28-3.30 of each of three Ugi products (3.23, 3.25 and 3.27) and one cyclohexane 

analogue 3.31 were synthesised using the optimised microwave-assisted conditions.  An 

example HPLC trace of 3.28 is shown in Figure 3.6. The Log P of the fluorinated cyclohexyl 

motifs 3.23, 3.25 and 3.27 were significantly less than their aromatic (3.28-3.30) and 

cyclohexyl (3.31) analogues owing to the high molecular dipole moment of the all-cis-

pentafluorocyclohexane (Figure 3.5). This finding demonstrates the potential of the ‘Janus’ 
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rings in drug discovery and related programmes, as the motif can occupy space but is 

significantly less hydrophobic than an aromatic or cyclohexyl ring. 

 

 

Figure 3.5 Log P comparison of all-cis-pentafluorocyclohexyl, benzyl and cyclohexyl motifs.  

 

 

Figure 3.6 Example HPLC trace of 3.28. 

3.3. Reactions with aldehyde 2.87 

Aldehyde 2.87 proved robust as a component in Ugi multicomponent reactions to generate a 

variety of products. Next alternative methods of elaboration were considered. Dibenzylamine 

was chosen as the amine component for a reductive amination with 2.87. It was foreseen that 
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the product would be easily isolable due to a strong UV chromophore and that it would provide 

an alternative route to the amine building block 2.84 by subsequent hydrogenolysis of the C-N 

bonds (Scheme 3.16).  

 

 

Scheme 3.16 Proposed reductive amination to tertiary amine 3.32 and hydrogenolysis to amine building block 

2.84. 

A method described by Hernández was explored for the reductive amination with 

dibenzylamine.[31] In the event the tertiary amine was obtained but in a modest 32% yield 

(Scheme 3.17). This low yield may be a consequence of having to overcome two reversible 

steps which are disfavoured under basic conditions (Scheme 3.18). An equivalent of water 

must be lost during formation of the enamine intermediate 3.33, and after 3.33 has formed it 

needs to tautomerise to the iminium 3.34, a process that requires protonation, and therefore 

is disfavoured under basic conditions.  

 

 

Scheme 3.17 Reductive amination of 2.87 with dibenzylamine to give amine 3.32; i. Dibenzylamine, THF, r.t. 16 h, 

then Na(OAc)3BH, Et3N, r.t., 1h, 32%.[31] 
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Scheme 3.18 The mechanism of reductive amination of 2.87 to give 3.32. 

In order to optimise the reductive amination reaction, triethylamine was substituted for acetic 

acid and consistent with the above discussion,[32] the reaction yield was significantly improved 

to 62% (Scheme 3.19). Because of the reversible dehydration step in the reaction mechanism 

(Scheme 3.18), the reaction was also run with 4 Å molecular sieves, although this only resulted 

in a modest increase in yield (to 65%) and did not noticeably accelerate the reaction.  

 

 

Scheme 3.19. Reductive amination of 2.87 with dibenzylamine to give amine 3.32; i. Dibenzylamine, THF, r.t. 16 h, 

then Na(OAc)3BH, Et3N, r.t., 1h, 32%; ii. Dibenzylamine, CH2Cl2, r.t., 16 h then Na(OAc)3BH, AcOH, r.t., 16 h, 62%; 

iii. Dibenzylamine, 4 Å MS, CH2Cl2, r.t., 16 h then Na(OAc)3BH, AcOH, r.t., 1 h, 65%. 

The Pd-catalysed hydrogenolysis of 3.32 was successful although the isolated yield was 

moderate (Scheme 3.20).[33] TLC showed a complete conversion of the starting material to 

product however, isolation of the amine 2.84 proved laborious. In particular, the removal of 

residual palladium catalyst required acid-base extraction and multiple filtrations through celite, 

and the high polarity of the amine product made it unsuitable for chromatographic purification.  
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Scheme 3.20. Hydrogenolysis of tertiary amine 3.32 to give amine building block 2.84; i. Pd (10%) on carbon, 

EtOAc, H2 (1 atm), r.t., 32 h, 42%. 

The overall yield over three steps from alcohol 2.81 to amine 2.84 was 20%. By comparison 

the synthetic route to 2.84 described in Chapter 2 had an overall yield of 55% over three steps 

and is the preferable route to this building block (Scheme 3.21).  

 

 

Scheme 3.21 Two synthetic routes to amine building block 2.84. 

Two heterocyclic amine products 3.35 and 3.36 were also synthesised using the acetic 

acid/reductive amination reaction (Scheme 3.22).  
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Scheme 3.22 Reductive amination reactions to generate heterocyclic amines 3.35 and 3.36; i. Morpholine, CH2Cl2, 

16 h, then Na(OAc)3BH, AcOH, r.t., 16h, 63%; ii. Piperidine, 1,2-DCE, 16 h, then Na(OAc)3BH, AcOH, r.t., 16 h 

29%. 

The Wittig reaction, was considered as another method for the elaboration of the aldehyde 

building block 2.87. The mechanism proceeds through either a [2+2] cycloaddition of the ylene 

to an aldehyde or a similar ‘two-stage one-step’ mechanism with the ylide and an 

aldehyde[34,35]  Previous assertions of a betaine intermediate have been disproven and the 

only intermediates are the cis and trans oxaphosphetanes (OPAs).[34–36] The OPA irreversibly 

rearranges to give triphenylphosphine oxide and the E- and Z- alkene products. The 

diastereoselectivity of the reaction is predictable with unstabilised ylides giving predominantly 

Z-alkenes (via the cis-OPA) and stabilised ylides giving predominantly E-alkene products (via 

the trans-OPA). 

 

 

Scheme 3.23 The Wittig reaction via formation of oxaphosphetane (OPA) intermediates. 

In the first Wittig trials (Scheme 3.24), methyltriphenylphosphonium bromide was 

deprotonated in-situ to generate an unstabilised ylide to which 2.87 was added, however no 

product was observed. 
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Scheme 3.24 Wittig reaction of 2.87 with unstabilised ylide; i. Ph3PCH3Br, n-BuLi, THF, r.t., 16h.  

Reactions with a stabilised ylide, Ph3P=CO2Et were then explored (Scheme 3.25). In this case 

the Wittig reaction proved successful, and the product olefin 3.38 was obtained in good yield. 

As expected for a stabilised ylide the product was predominantly the E- isomer and was 

isolated in a diastereomeric ratio of 9:1 E:Z.  

 

 

Scheme 3.25. Wittig reaction of 2.87 with a stabilised ylide; i. Ph3P=CO2Et, CH2Cl2, r.t., 4 h, 68%. 

Given the fickle reactivity of aldehyde 2.87 to Wittig reactions, an alternative Wittig reagent 

was considered with the ‘Janus ring’ attached to the phosphonium ylide. Beginning with the 

alkyl bromide building block 2.82, the triphenylphosphonium bromide salt was obtained after 

a reflux with triphenylphosphine in toluene (Scheme 3.26).  

 

 

Scheme 3.26. Synthesis of triphenylphosphonium bromide salt 3.39; PhMe, 111 °C, 16 h, 93%. 

The Wittig reaction was attempted with three aldehydes, isobutyraldehyde 3.40, benzaldehyde 

3.41 and n-decanal 3.42 (Scheme 3.27). TLC indicated that the ylide was formed in-situ by 

the deprotonation of phosphonium bromide 3.39 with KOtBu but in each case the ylide proved 

inert to reaction with any of the aldehydes, and none of the desired products could be 

recovered.  
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Scheme 3.27 Attempted Wittig reactions with 3.39; i. KOtBu, THF, 0 °C to r.t., 5 h. 

3.4. Etherification of alkyl bromide 2.82 

Given the successful SN2 reaction of alkyl bromide 2.82 and triphenylphosphine, an 

etherification reaction of 2.82 with a suitable alcohol was considered. However, the base 

stability analysis (Table 2.1) indicated the challenges of this reaction due to the vulnerability 

of ‘Janus’ rings to HF elimination. Following incubation of silyl ether 2.68 with NaOMe (pKa 

16), moderate conversion (10%) to defluorinated products occurred. With NaOtBu (pKa 17), 

complete conversion of 2.68 to defluorinated products was observed (Scheme 3.28).   

 

 

Scheme 3.28 Results of the base stability test of 2.68 with alkoxide bases. 

Given the base instability with an alkoxide, a phenolic nucleophile (with a lower pKa) was 

considered. In particular, the phenols 3.44 and 3.45 were envisioned due to the electron 

withdrawing nature of the ester groups (to lower the pKa). Additionally, it was foreseen that 

hydrolysis of the methyl esters following etherification could furnish candidate metal-organic-

framework (MOF) linkers as a proof of concept. Structurally related compounds 3.46 and 3.47 

have previously been reported as MOF linkers in MIL-53 (Sc) (for CO2 adsorption) and STAM-

17-OEt (Cu) (For NH3 adsorption) (Figure 3.7).[37,38] 
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Figure 3.7 Left: Phenolic nucleophiles 3.44 and 3.45 for etherification of alkyl bromide 2.82. Right: Previously 

reported MOF linkers.[37,38]  

The synthesis of 3.49 was successfully achieved in two steps in a procedure adapted from the 

literature (Scheme 3.29).[39] Using potassium carbonate as a mild base, deprotonation of the 

phenol 3.44 was effected without competing elimination of HF from 2.82. The resulting SN2 

reaction gave the diester 3.48 in good yield. The hydrolysis of 3.48 was achieved under acidic 

conditions to give the 1,4,-diacid product 3.49 which was isolated by acidification and then 

extraction into EtOAc. Similarly, the SN2 reaction of alkyl bromide 2.82 with phenol 3.45 

(Scheme 3.30) was also achieved under similar conditions to generate the diester 3.50.  

 

 

Scheme 3.29 Preparation of dicarboxylic acid 3.49; i. 3.44, K2CO3, DMF, 90 °C, 14 h, 69%; ii. 6N HCl, 100 °C, 

14 h, 96%. 
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Scheme 3.30 Preparation of diester 3.50; i. 3.45, K2CO3, DMF, 90 °C, 14 h, 62%. 

3.5. Copper-catalysed azide-alkyne cycloadditions of 2.83 

The copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction which was reported 

independently by the groups of Sharpless and Meldal,[40,41] is the most prominent example of 

a ‘click’ reaction. ‘Click’ reactions are described as easy to perform, high yielding, giving little 

or no byproducts, being wide in scope, using benign solvents and being easy to purify.[42] The 

mechanism of the ‘click’ reaction as described by Hein is shown in Scheme 3.31.[42]   

 

 

Scheme 3.31 The catalytic mechanism of the CuAAC 'click' reaction adapted from Ref-42.[42] 

The CuAAC is considered an excellent modular reaction compatible with the needs of 

combinatorial chemistry. For these reasons, the CuAAC reaction was chosen as a method of 

derivatisation of the organoazide building block 2.83. In the first instance propiolic acid was 

used as the alkyne reagent in a CuAAC reaction with 2.83 (Scheme 3.32). Stirring at r.t. for 
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16 h did not give any reaction and both starting materials could be reisolated. The reaction 

was therefore conducted at an increased temperature of 65 °C, with stirring for 16 h. The 

starting materials were now completely consumed. In the event, the product 3.51 was not 

suitable for purification by silica gel chromatography due to its high polarity but it was 

successfully isolated by acidification and extraction into EtOAc.  

 

 

Scheme 3.32 CuAAC reaction of 2.83 with propiolic acid; i. CuSO4.6H2O, sodium ascorbate, water, tBuOH, r.t., 

16 h; ii. CuSO4.6H2O, sodium ascorbate, water, tBuOH, 65 °C, 16 h, 79%. 

A CuAAC reaction was carried out with the alkyne 3.52 using the elevated temperature 

conditions (Scheme 3.33). The isolated yield of 3.53 (23%) was low perhaps due to 

coordination of the unprotected alcohol to the Cu catalyst. Alternatively, the bulk of the alkyne 

reagent 3.52 may have presented a steric barrier to cycloaddition as the approach of the 

organoazide 2.83 is highly hindered by the trisubtituted carbon in 3.52 (Figure 3.8). 

 

 

Scheme 3.33 CuAAC reaction with hindered alkyne 3.52; i. CuSO4.6H2O, sodium ascorbate, water, EtOH, 65 °C, 

16 h, 23%. 

 

 

Figure 3.8 Illustration of the steric clash hindering cycloaddition in the reaction shown in Scheme 3.33. 

Following the challenging preparation of 3.53, three more CuAAC reactions were conducted 

under similar conditions (Scheme 3.34). Firstly 4-ethynyl toluene was chosen as an alkyne for 

the CuAAC reaction. This also facilitated purification as the product 3.54 has a strong 
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chromophore for UV visualisation by TLC. Also, the non-polar ring improved mobility in silica 

gel column chromatography. The reaction with 4-ethynylbenzoic acid was also successful and 

triazole 3.56 was isolated in high yield. This was achieved by acidification and extraction into 

EtOAc. Similarly, triazole 3.55 was also prepared in good yield. The X-ray crystal structure of 

3.55 shows short intermolecular contacts of 2.52-2.56 Å (Sum of the VdW radii = 2.67 Å) 

between opposite faces of the pentafluorocyclohexane rings (Figure 3.9).  

 

 

Scheme 3.34 Further ‘click’ reactions; i. CuSO4.6H2O, sodium ascorbate, water, MeOH/EtOH/tBuOH, 65 °C, 16 h.  

 

 

Figure 3.9 X-ray crystal structure of 3.55. 
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A further area of exploration involved the use of the CuAAC reaction to generate compounds 

bearing multiple ‘Janus’ rings. Such compounds could have a clear role in exploring the ‘Janus’ 

ring in supramolecular chemistry. In the first instance the bis-ring compound 3.57 was 

synthesised from 1,4-diethynylbenzene (Scheme 3.35). As found previously, elevated 

temperature were required to drive the formation of product 3.57. The polarity of 3.57 resulted 

in its precipitation from the reaction solvent and it was easily isolated in high purity by filtration. 

The high polarity was immediately apparent by its inability to move with MeOH by TLC (Rf = 

0.0 in MeOH) and once isolated it showed no melt transition at temperatures in excess of 

300 °C. 

 

 

Scheme 3.35 CuAAC synthesis of bis-ring product 3.57; i. CuSO4.6H2O, sodium ascorbate, water, tBuOH, 80 °C, 

3 h, 83%. 

The extremely high polarity of bis-ring compound 3.57 may have implications for the use of 

related structures in supramolecular chemistry. The only solvent found capable of forming a 

homogeneous solution of 3.57 was DMSO and the product was not isolable by silica gel 

chromatography. The 1,2,3-triazole motif has a high dipole moment (4.8-5.6 D) of comparable 

magnitude to the ‘Janus’ ring (~ 5.9 D).[42,43] Future investigations into solution phase 

supramolecular applications should seek to incorporate solubilising groups, like ether 

linkages, alongside ‘Janus’ rings in the molecular structure.   

3.6. Conclusions  

In Chapter 3 a range of elaboration strategies have been employed showing the synthetic 

versatility of the ‘Janus’ ring building blocks made in Chapter 2. Here, strategies to generate 

molecular diversity have been developed and optimised utilising amide couplings, multi-

component reactions (MCRs), reductive aminations, Wittig reactions and CuAAC ‘click’ 

reactions. Many of these products are ‘drug-like’, indeed the promise of the ‘Janus’ ring to 

medicinal chemistry was demonstrated by its moderation (lowering) of Log P across a series 

of Ugi products relative to arene and cyclohexane bearing derivatives. The CuAAC ‘click’ 

reaction has shown promise as a route to highly polarised ‘Janus’ bis-ring systems of interest 

in the field of supramolecular chemistry.  
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4. Intermolecular interactions and phase behaviour of 

‘Janus rings’  

4.1. Background and Aims 

Highly fluorinated compounds such as perfluorinated alkanes (where all hydrogens in a parent 

compound are replaced by fluorine) have unique chemical properties. Perfluoroalkane 

solvents such as perfluorohexane are immiscible with both water and common organic 

solvents (although miscibility with the latter is temperature dependent). They form a third 

‘fluorous’ phase which has been widely utilised in synthesis and purification strategies 

particularly in the field of bi- and tri-phasic catalysis.[1,2] Most famously, Teflon™ (PTFE, 

(poly(tetrafluoroethylene))) has gained wide application as a ‘non-stick’ coating for cookware 

owing to its high heat stability, hydrophobicity and oleophobicity.[3] On the other hand, partially 

fluorinated materials such as the structurally related polymer PVDF (poly(vinylidene fluoride) 

(Figure 4.1) differ in properties as the electronegative fluorine atoms induce an electropositivity 

in the proximal -CH2- groups and thus a molecular dipole moment is established. This high 

polarity is evidenced by the piezoelectricity of PVDF.[4]  

 

 

Figure 4.1 Poly(tetrafluoroethylene) (PTFE) and poly(vinylidene fluoride) (PVDF). 

Like PVDF, all-cis-hexafluorocyclohexane 1.70 is a highly polarised compound. The cis- 

substitution of the fluorines results in a ‘Janus’ phase character with faces of opposite 

polarisation. The X-ray crystal structure of all-cis-hexafluorocyclohexane  reveals the 

preferential stacking of fluorine to hydrogen faces with close intermolecular contacts (as low 

as 2.43 Å)  between the fluorine and hydrogen atoms (Figure 4.2),[5]  rather than fluorous, 

fluorine to fluorine packing. 
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Figure 4.2 Representation of packing in the X-ray crystal structure of all-cis-hexafluorocyclohexane 1.70 indicating 

close intermolecular contacts (distances in angstrom) between hydrogens and fluorines.[5]  

This ring orientation of the fluorinated faces to protic faces is very different to that in fluorous-

fluorous associations of perfluorinated compounds. The contact distances are shorter than the 

combined Van der Waals radii of hydrogen and fluorine (2.67 Å),[6] and the strength of the 

interaction between two ‘Janus’ rings of 1.70 has been calculated at ~ 8.2 kcal mol-1 similar to 

the strength of a good hydrogen bond. The strength of these intermolecular interactions 

suggests a propensity for supramolecular assembly. Additionally, the macroscopic 

polarisation arising from the net dipole moment in the aggregated phase suggests potential 

applications in ferroelectric and non-linear optical (NLO) materials.[7] 

This Chapter explores the nature of the intermolecular interactions between ‘Janus’ all-cis-

fluorocyclohexane rings in amphiphilic compounds and their potential role in organising 

supramolecular assembly. Close examination of X-ray crystal structures informs 

understanding of intermolecular interactions in the solid state. Further, the propensity for 

molecular self-assembly of the amphiphiles is explored through Langmuir isotherms.[8] When 

an amphiphilic molecule such as stearic acid (Figure 4.3) is deposited on a water subphase, 

the attractive hydrogen bonding interactions between the hydrophilic head group and the 

water molecules are balanced by the hydrophobicity of the tail which prevents dissolution in 

the aqueous subphase. 

 

 

Figure 4.3 Amphiphilicity of stearic acid. 
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The Langmuir trough apparatus (Figure 4.4) is comprised of movable barriers placed on the 

water subphase which compress the deposited amphiphile film. A sensitive Wilhelmy plate 

and electrobalance measures the surface pressure with the changing surface area, and thus 

a pressure/area isotherm is obtained. The Langmuir trough experiments are sensitive, and 

efforts must be made to ensure; the purity of the water subphase, accurate measurement of 

the amount of amphiphile deposited and the preservation of a vibration-free environment.  

 

 

Figure 4.4 Schematic of a Langmuir trough. 

Upon deposition at the air-water interface the amphiphile occupies a 2D ‘gaseous’ phase, 

where molecules are disordered and not in contact (Figure 4.5A). The first phase transition 

occurs during barrier compression at the liquid-expanded phase, where molecules remain 

disordered but come into contact (Figure 4.5B). On further compression a transition to a 

condensed monolayer occurs (Figure 4.5C) which eventually collapses to form higher order 

phases such as bilayers or more disordered arrangements (Figure 4.5D).[9,10] Some or all of 

the phase transitions may be identified by a discontinuity in the gradient of the isotherm. The 

annotated Langmuir isotherm for stearic acid is shown in Figure 4.6 to illustrate this 

principle.[11] 
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Figure 4.5 Various phases of an amphiphile during Langmuir barrier compression; A. gaseous; B. liquid-expanded; 

C. condensed monolayer; D. collapse and higher order phases. 

 

 

Figure 4.6 Langmuir isotherm of stearic acid with annotated phase behaviour adapted from El Hefian et al..[11]  

The amphiphilic synthetic targets that were selected to probe the surface behaviour of the 

‘Janus’ ring were carboxylic acid 4.1 and alcohol 4.2 (Figure 4.7). The non-fluorinated 

carboxylic acid 4.4 and alcohol 4.5 were also prepared as reference compounds. It was 

anticipated that the pentafluorocyclohexyl containing amphiphiles 4.1 and 4.2 may undergo 

phase transitions more rapidly and with less compression due to the attractive interactions 

between the ‘Janus’ rings than for the unfluorinated analogues 4.4 and 4.5. Another synthetic 

target was alkylcyclohexane 4.3, although not bearing a classical hydrogen-bonding head 

group, it was anticipated that monolayer formation of 4.3 could occur during Langmuir isotherm 

experiments if the polar water molecules could form electrostatic interactions/non-classical 

hydrogen bonds to the polar ring faces of 4.3.  
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Figure 4.7 Amphiphilic synthetic targets for Langmuir analysis. 

4.2. Synthesis of ‘Janus’ ring containing amphiphiles 

The proposed synthesis of two of the fluorinated amphiphiles 4.1 and 4.2 is illustrated in 

Scheme 4.1. Phosphonium bromide 4.7 could be accessed from 12-bromododecanoic acid 

4.6 by substitution with PPh3. The ylide formed when 4.7 is deprotonated (in-situ) has been 

reported as a suitable Wittig reagent.[12] Therefore, a Wittig reaction with pentafluorophenyl 

acetaldehyde followed by esterification of the product would give the unsaturated methyl ester 

4.8. Hydrogenation under the Glorius/Zeng conditions could then give the ‘Janus ring’ 

containing ester 4.9.[13] Reduction and hydrolysis of 4.9 should lead to alcohol 4.1 and 

carboxylic acid 4.2 respectively (Scheme 4.1). 

 

 

Scheme 4.1 Proposed synthetic route to amphiphiles 4.1 and 4.2. 

In the event, the phosphonium bromide salt 4.7 was prepared from 12-bromododecanoic acid 

4.6 and triphenylphosphine in high yield (Scheme 4.2).[14] It was isolated as viscous oil and 

proved insoluble in most organic solvents. However, a Wittig reaction of 4.7 with freshly 



Intermolecular interactions and phase behaviour of ‘Janus rings’ 

103 
 

distilled benzaldehyde was attempted but this gave no reaction and no evidence for the 

formation of the phosphonium ylide was observed by NMR, when using sodium 

bis(trimethylsilyl)amide or potassium tert-butoxide as the base.[15]  

 

 

Scheme 4.2 Synthesis of 4.7; i. PPh3, PhCH3, 111 °C, 16 h, 80%.[14] 

 

 

Scheme 4.3 Unsuccessful synthesis of 4.8; i. PhCHO, NaHMDS, THF, -60 °C to r.t., 0%; ii. PhCHO, KOtBu, THF, 

0 °C to r.t.[15] 

As the Wittig reaction with phosphonium bromide 4.7 had proven challenging, an alternative 

approach was envisaged (Scheme 4.4). A report by Wang et al., indicated that phosphonate 

4.11 was a suitable substrate for Horner-Wadsworth-Emmons (HWE) reactions.[16] A HWE 

reaction with methyl-12-oxododecanoate 4.12 should give the desired hydrogenation 

substrate 4.8.  

 

 

Scheme 4.4 Alternative route to 4.8. 

At the outset, the preparation of phosphonate 4.11 by an Arbuzov reaction proved to be 

problematic, where the reaction was sluggish under neat refluxing conditions. However, the 

reaction proved to be remarkably efficient under microwave-assisted conditions, an approach 

adapted from a literature procedure (Scheme 4.5).[17] 
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Scheme 4.5 Arbuzov reaction to give phosphonate 4.11; i. P(OEt)3, 156 °C, 48 h; ii. P(OEt)3, 140 °C (microwave), 

5 mins, 99%. 

With the required phosphonate in hand, aldehyde 4.12 was next prepared by functional group 

interconversions from 12-hydroxydodecanoic acid 4.14 (Scheme 4.6). First, esterification 

under acidic conditions gave methyl ester 4.15, a compound which was isolated in high 

yield.[18] A Swern oxidation was then utilised to introduce the terminal aldehyde in product 

4.12.[19]   

 

 

Scheme 4.6 Synthesis of aldehyde 4.12; i. MeOH, HCl (1M), 65 °C, 14 h, 95%; ii. (COCl)2, Et3N, DMSO, THF, 

−78 °C to r.t., 1h, 74%.[18,19] 

The HWE reaction with aldehyde 4.12 and phosphonate 4.11 (Scheme 4.7) proved to be 

successful, generating olefin 4.8 as a mixture of E- and Z- isomers (E:Z 5:1), and in an overall 

moderate yield.[20] This isomeric mixture was used in the next hydrogenation step without 

further purification.  

 

 

Scheme 4.7 Horner-Wadsworth-Emmons reaction to unsaturated methyl ester 4.8; i. NaH, THF, 4.12, 0 °C to 

50 °C, 14 h, 58%. 

The isomeric mixture of 4.8 was subject to a global hydrogenation under the conditions 

reported by Glorius.[13] The all-cis-pentafluorocyclohexyl ester 4.9 was obtained from this 

reaction but in the event the yield was low after purification by flash column chromatography 

(Scheme 4.8).  
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Scheme 4.8 Hydrogenation of 4.8 to give ‘Janus’ derivative 4.9; i. 2.14 (3 mol%), H2 (50 bar), silica gel, hexane, 

r.t., 14 h, 22%. 

Fatty acid 4.1 was now obtained after a hydrolysis reaction. As conventional hydrolysis under 

basic conditions risked E1cB elimination of HF from the cyclohexane ring, the fatty acid was 

prepared under acid-catalysed hydrolysis (Scheme 4.9).[21] The reaction proceeded efficiently, 

and the fatty acid 4.1 could be isolated in high yield (95%). 

 

 

Scheme 4.9 Acid catalysed hydrolysis of methyl ester 4.9 to give fatty acid 4.1; i. HCl (6M), H2O, 100 °C, 14 h, 

95%. 

The long chain alcohol 4.2 was prepared by reduction of methyl ester 4.9 under mild conditions 

using DIBAlH, a reaction that occurred in good yield and without any deterioration of the 

pentafluorocyclohexane ring system (Scheme 4.10).[22]  

 

 

Scheme 4.10 Reduction of methyl ester 4.9 to alcohol 4.2; i. DIBAlH, CH2Cl2, -78 °C to r.t., 14 h, 64%.[22] 

The synthesis of 4.3 was approached by cross-metathesis of allylpentafluorobenzene 2.69 

and 1-dodecene (Scheme 4.11).[23] This gave a statistical mixture of the desired cross-

metathesis product 4.16 but also homodimers of the starting materials 4.17 and 4.18 (Figure 

4.8). Silica gel chromatography was used to purify the mixture, but the desired product 4.16 

was not easily separated from the hydrocarbon homodimer 4.18 as both had similar polarities 

(Rf > 0.9 (hexane)) on TLC. The global hydrogenation reaction was successful but again in a 

low overall yield. The long chain aliphatic 4.3 was isolated and could be easily separated from 
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other contaminants due to the increased polarity from the ‘Janus ring’, which increased its 

retention on silica gel relative to the fluoroarene 4.16.[13]  

 

 

Scheme 4.11 Synthesis of 4.3; i. Grubbs I catalyst ®, 1-dodecene, CH2Cl2, 40 °C, 14 h; ii. H2 (50 bar), 2.14 

(3 mol%), 4 Å MS, hexane, r.t., 24 h, 32% over two steps.[13,23] 

 

 

Figure 4.8 Homodimer side products from Step i. Scheme 4.11. 

4.3. Towards a bis-ring system with an alkyl spacer 

Although the use of ‘click’ reactions had already provided access to bis-ring system 3.57 

(Chapter 3), the solubility of 3.57 was poor in a range of organic solvents owing to the 

combined high polarity of the triazole and ‘Janus’ rings. It was envisioned that the use of an 

alkyl spacer in 4.19 would improve the solubility of the bis-ring system by increasing its 

lipophilicity. With a longer alkyl spacer (as n increases), the more lipophilic and therefore more 

soluble the bis-ring system is anticipated to be (Figure 4.9).  

 

 

Figure 4.9 Left: ‘Click’ product 3.57 isolated by CuAAC reaction (Chapter 3); Right: Bis-ring system 4.19 with 

tunable lipophilicity based on the length of the alkyl spacer. 

In the first instance the homodimer side product 4.17 from the metathesis reaction in Scheme 

4.11 was isolated and global hydrogenation was attempted (Scheme 4.12).[13] After stirring for 
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16 h, 19F NMR indicated a negligible conversion to the desired product. It was foreseen that a 

preliminary hydrogenation of the alkene bond could furnish 4.21 which may hydrogenate more 

easily to give the desired product 4.20. In practice, Pd-catalysed hydrogenation of the alkene 

efficiently furnished the bis-arene 4.21,[24] which was then amenable to aryl hydrogenation. In 

the event only a singly aryl hydrogenated product 4.22 could be isolated. It is suggested that 

following the hydrogenation of one of the arene rings to an all-cis-pentafluorocyclohexyl ring, 

that the increased polarity associated with the ‘Janus’ ring causes the product to precipitate 

out of the hexane solution, thus precluding the second hydrogenation to the desired product 

4.20.  

 

 

Scheme 4.12 The attempted preparation of bis-‘Janus’ ring system 4.20; i. 2.14 (4 mol%), H2 (50 bar), 4 Å MS, 

hexane, r.t., 16 h; ii. Pd/C 10% w/w, H2 (1 bar), MeOH, r.t., 16 h; iii. 2.14 (4 mol%), H2 (50 bar), 4 Å MS, hexane, 

r.t., 16 h, 41% over two steps.[13,24] 

Given the challenges of isolating the desired bis-ring system 4.20 with a four carbon alkyl 

spacer, a target with a longer spacer was chosen to promote solubility of partially 

hydrogenated intermediates in hexane. In the first instance a metathesis-HWE route to 

symmetrical diene 4.26 was envisaged (Scheme 4.13). Hydrogenation of 4.26 under the 

Zeng/Glorius conditions could give the desired bis-ring compound 4.27. 
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Scheme 4.13 Proposed synthesis of extended bis- 'Janus' ring compound 4.27. 

In the first instance, a metathesis reaction was chosen with selectivity in mind. Methyl-10-

undecenoate 4.23 is a reactive Type I olefin meaning that homodimerisation is rapid and the 

dimer is consumed in the metathesis, whereas styrenes such as 4.24 are less reactive Type 

II olefins, meaning that homodimerisation is slow and the dimer is sparingly consumed in 

metathesis. The comparison of selectivity in Type I–Type II metathesis with the statistical 

outcomes are illustrated in Scheme 4.14.[23] Furthermore, the reaction was biased with a 2:1 

stoichometry of 4.24:4.23. In the reaction the desired E- product  4.25 was isolated in good 

yield (54%) (Scheme 4.15).[25] Although the yield was good it was lower than expected based 

on the reported selectivity of cross-metathesis between Type I and Type II olefins. Indeed, the 

homodimer of 4.28 was isolated in 37% yield. In future the yield of the desired product may 

be improved by using a higher stoichometric excess of 4.24.[23] 
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Scheme 4.14 Top: non-selective cross metathesis between two Type I olefins resulting in a statistical mixture of 

products; Bottom: selective cross metathesis between Type I and Type II olefins.[23]  

 

 

Scheme 4.15 The outcome of the cross-methathesis reaction; i. Hoveyda-Grubbs 2nd generation catalyst ®, 

CH2Cl2, 40 °C, 14 h.[25] 

With unsaturated methyl ester 4.25 in hand, reduction using DIBAL at -78 °C gave aldehyde 

4.29 directly following work-up (Scheme 4.16).[26] There was no evidence of over-reaction to 

the alcohol. The aldehyde 4.29 was used in the Horner-Wadsworth-Emmons reaction with 

phosphonate 4.11 under mild conditions, and this gave predominantly the E- alkene 4.26 (E:Z 

6:1) as expected, as the carbanion formed from the deprotonation of phosphonate 4.11 at the 

α-position is stabilised.[27] The global hydrogenation of the unsaturated bis-arene was 

successfully carried out albeit in low yield.[13] Due to the demands of reducing two aromatic 

rings and two carbon-carbon double bonds a higher than usual (5 mol%) catalyst loading was 
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employed. In future an even higher catalyst loading could be used to attempt to improve the 

yield of the reaction. 

 

 

Scheme 4.16 Synthesis of 4.27; i. DIBAlH, CH2Cl2, -78 °C, 40 min, quant.; ii. NaH, THF, 0 °C to 66 °C, 53%; iii. H2 

(50 bar), 2.14 (5 mol%), 4 Å MS, hexane, r.t., 33%.[13,26,27] 

4.4. X-ray crystal structures of ‘Janus’ ring containing amphiphiles  

X-ray crystal structures of some of the amphiphiles synthesised were obtained and examined 

for an insight into their packing in the solid phase. The crystal structure of the long chain 

alcohol 4.2 is presented in Figure 4.11. In the solid state the cyclohexyl ring of alcohol 4.2 

adopts a chair conformer in which a triaxial C-F bond orientation is preserved. This maximises 

the molecular dipole moment of the ring system. The alkyl spacer sits in an equatorial 

orientation at an angle of 130° to the plane of the ring reducing any steric clash with axial ring 

substituents.  Torsional strain arising both from the steric clash of the adjacent fluorine atoms 

(Average intramolecular Fax-Fax distance = 2.82 Å; Sum of the VdW radii = 2.94 Å) and 

electrostatic repulsion is evident from an examination of the dihedral angles (Average dihedral 

Fax-C2/6-C1-C13 = 49.0°; Fax-C2/6-C1-C2/6 = 73.6°). The intermolecular packing of 4.2 

follows the predicted hydrogen to fluorine face orientation although the rings are offset with 

close axial to equatorial close contacts (Fax-Heq = 2.33 Å, 2.57 Å; Feq-Hax = 2.40 Å; sum of the 

VdW radii = 2.67 Å). The wider packing network shows an edge-to-edge association between 

adjacent rings leading to a bilayer structure in which the alkyl chains are pointed in opposite 

directions. The bilayer facilitates a hydrogen bonding network (hydrogen bonding distance = 

2.16 Å) with the alcohol groups interacting at the termini. The alkyl chains of 4.2, which run 
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parallel to each other, are separated by 4.1-4.2 Å (carbon-carbon separation) at their closest 

contacts. This results in contacts close to the Van der Waals radii between hydrogen atoms 

(2.7-2.8 Å, sum of the VdW radii – 2.4 Å) of adjacent chains. 

 

 

 

 

 

  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4.10 Various representations of the X-ray crystal structure of 4.2. 

The X-ray crystal structure of the all-cis-pentafluorocyclohexylalkane 4.3 is illustrated in Figure 

4.11. In the solid state the cyclohexyl ring again adopts a chair conformer in which a triaxial 
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C-F bond orientation is preserved as previously observed in alcohol 4.2. Likewise, the alkyl 

chain sits equatorial from the cyclohexane ring at an angle of 130° to the ring plane. The 

intermolecular Fax-Fax distance of 2.82 Å is identical to that of 4.3 but ring strain appears less 

significant than for alcohol 4.2 as the dihedral angles are closer to the 60° expected for gauche 

substituents (Average dihedral Fax-C1/5-C6-C1Alkyl = 52.9°; Fax-C1/5-C6-C1/5 = 70.8°). 

Intermolecular packing of 4.3 is similar to that of the alcohol 4.2 with offset stacking of 

hydrogen to fluorine faces and with axial to equatorial close contacts (Fax-Heq = 2.38 Å; Feq-

Hax = 2.50 Å; sum of the VdW radii = 2.67 Å). The alkyl chains are separated by 4.0-4.2 Å 

(carbon-carbon separation) and intermolecular contacts between chain hydrogen atoms are 

just above the sum of the VdW radii (2.7-2.8 Å, sum of the VdW radii – 2.4 Å). 

 

  

 

 

 

 

 

 

 

The partially hydrogenated bis-ring compound 4.22 provides an opportunity to examine the 

packing in a crystal structure of a compound with both ‘Janus’ and pentafluoroaryl rings (Figure 

4.12). Notably, the ‘Janus’ rings self-associate and the aryl rings self-associate but the 

different rings do not interact with each other. The ‘Janus’ ring again adopts a chair conformer 

with triaxial C-F bonds. Strain is present in the ring as before as seen in the average 

intramolecular Fax-Fax distance = 2.81 Å (Sum of the VdW radii = 2.94 Å) and the dihedral 

angles (Average Fax-C2/6-C1-C4Alkyl = 54.5°; Fax-C2/6-C1-C2/6 = 73.0°). The alkyl spacer sits 

equatorial to minimise steric clash and extends in a zig-zag conformation parallel to the plane 

of the ring. Intermolecular packing shows aligned ‘Janus’ ring stacking with four close contacts 

between Fax-Hax (2.56 Å, 2.41 Å, 2.37 Å, 2.50 Å; Sum of the VdW radii = 2.67 Å). Edge to edge 

packing is also apparent with close contacts between Fax and Heq (2.50 Å; Sum of the VdW 

radii = 2.67 Å). Stacking of the pentafluorophenyl rings is offset with the electronegative 3-

fluorine substituent directly above the electropositive centre of another aryl ring. 

Figure 4.11 Various representations of the X-ray crystal structure of 4.3. 
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The X-ray structure of the C12 alkyl spaced bis-ring system 4.27 in the solid state is illustrated 

in Figure 4.13. As expected, each ring adopts a chair conformer with triaxial C-F bonds. Strain 

is present in the ring evident from the average intramolecular Fax-Fax distance = 2.75 Å (Sum 

of the VdW radii = 2.94 Å). The dihedral angles show less strain than that in compounds 4.2, 

4.3 and 4.22 with values closer to the expected 60° for gauche alignment (Average Fax-C2/6-

C1-C1/12Alkyl = 58.1°; Fax-C2/6-C1-C2/6 = 68.4°). The alkyl spacer sits in an equatorial 

orientation to minimise steric clashes and extends in a zig-zag conformation parallel to the 

plane of the ring. Intermolecular packing features aligned stacking of the ‘Janus’ rings with 

three close contacts between Fax-Hax (2.27 Å, 2.38 Å, 2.46 Å; Sum of the VdW radii = 2.67 Å). 

Edge to edge packing is also apparent with close contacts between Fax and Heq (2.48 Å; Sum 

of the VdW radii = 2.67 Å). The 2.27 Å H-F contact in 4.27 is among the closest CF-HC 

contacts found in the Cambridge Structural Database.[28–30]  

  

Figure 4.12 Various representations of the X-ray crystal structure of 4.22. 
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Figure 4.13 Various representations of the X-ray crystal structure of bis-'Janus' ring compound 4.27. 

4.5. Synthesis of non-fluorinated amphiphile reference compounds  

With both fluorinated amphiphile targets 4.1 and 4.2 in hand a synthesis of the unfluorinated 

analogues 4.4 and 4.5 was required to provide reference compounds. It was envisaged that 

the cross metathesis of two commercially available alkenes 4.30 and 4.23 could give 

unsaturated methyl ester 4.31 suitable for hydrogenation (Scheme 4.17). From the 

hydrogenation product 4.32, hydrolysis and reduction could give the carboxylic acid 4.4 and 

alcohol 4.5 respectively.  
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Scheme 4.17 Proposed route to amphiphile reference compounds 4.4 and 4.5. 

The synthesis began with a cross-metathesis reaction between 4-phenyl-1-butene 4.30 and 

methyl 10-undecenoate 4.23 (Scheme 4.18). Both alkenes 4.30 and 4.23 are of Type I, 

therefore they can homocouple rapidly as well as undergo cross metathesis.[23] Equilibration 

of the homodimers with the desired cross-metathesis product was expected to result in a 

statistical mixture with a maximum theoretical yield of 50% (Scheme 4.19). This anticipated 

yield was not considered prohibitive due to the low cost and availability of the reagents. In the 

event, the desired cross-metathesis product 4.31 could be separated from the homocoupled 

side products 4.33 and 4.34 by silica gel column chromatography and was recovered in a 39% 

yield.  

 

 

Scheme 4.18 Cross-metathesis reaction of 4.30 and 4.23 to give 4.31 and homocoupled products 4.33 and 4.34; 

i. Grubbs I (5 mol%), CH2Cl2, 40 °C, 14 h, 39%.[23] 
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Scheme 4.19 Schematic of cross-metathesis between two Type I alkenes.[23] 

Following the isolation of the desired cross-metathesis product 4.31, a global hydrogenation 

reaction using Zeng’s Rh catalyst was carried out to give the fully saturated ester 4.32 

(Scheme 4.20).[13] This proved to be a straightforward reaction and methyl ester 4.32 was 

isolated in 74% yield. Ester 4.32 was then readily reduced to generate terminal alcohol 4.5 in 

a reaction with an excess of DIBAlH.[22] The ester 4.32 was also hydrolysed under basic 

conditions. An acid work up and then extraction into EtOAc gave carboxylic acid 4.4 in 

quantitative yield.[31] 

 

 

Scheme 4.20 Final steps towards hydrocarbon amphiphiles 4.4 and 4.5; i. 2.14 (8 mol%), 4 Å MS, hexane, r.t., 

14 h 74%; ii. DIBAlH, CH2Cl2, -78 °C to r.t., 1h, 81%; iii. NaOH, H2O, MeOH, 65 °C, 14 h, quant.[22,31] 

4.6. Langmuir isotherm analysis 

With the five target compounds 4.1-4.5 in hand (Figure 4.14), attention then turned to 

Langmuir trough experiments. These were carried out during visits to the laboratory of Dr 

Stefan Guldin at University College London. Stock solutions of the amphiphilic compounds 

(4.1-4.5) were prepared in CHCl3. Fatty acid 4.1 was not soluble in CHCl3 therefore in that 

case stock solutions was prepared in a mixture of 1:1 CHCl3:acetone or 9:1 CHCl3:acetone. 

The amphiphiles were then applied to the water surface in a Langmuir trough and pressure-

area isotherms where recorded.  
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Figure 4.14 Amphiphiles prepared for Langmuir analysis. 

4.6.1. Isotherms of hydrocarbon reference compounds  

In the first instance, the hydrocarbon alcohol 4.5 and fatty acid 4.4 were explored. Using a 

microsyringe, 20 µL of a stock solution (0.89 mg/mL) of alcohol 4.5 in CHCl3 was deposited at 

the water subphase and an isotherm was recorded. The isotherm (Figure 4.15A) shows a 

phase transition at a limiting area of 22 Å2 per molecule (estimated by extrapolation of the 

constant slope region to a surface pressure of zero). Surface pressure continues to increase 

on further compression until a plateau at ~ 10 Å2 at a surface pressure of 35 mNm-1. The 

experiment was repeated with 30 µL of stock solution (0.89 mg/mL) and the resultant isotherm 

(Figure 4.15B) showed an increase in surface pressure and again a tangent to the constant 

slope region bisects the x-axis, this time at an area per molecule of 26 Å2. The surface 

pressure continues to rise until a plateau at ~ 15 Å2 at a surface pressure of 36 mNm-1. The 

increases in surface pressure in these isotherms indicate a phase transition at a molecular 

area of 22-26 Å2 which is consistent with the formation of a monolayer. By comparison, the 

phase transition associated with monolayer formation in stearic acid (octadecanoic acid) has 

been experimentally reported at an area per molecule of 19-24 Å2.[32–34]  
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Figure 4.15 A. Langmuir isotherm obtained for 20 µL of alcohol 4.5; B. Langmuir isotherm obtained for 30 µL of 

alcohol 4.5.  

By modelling stearic acid as a cylinder (Figure 4.16A) in the manner described by Petty,[10] the 

reported area per molecule at monolayer formation (19-24 Å2)[32–34] can be used to estimate 

the cross sectional radius r = 2.5-2.8 Å (by 𝐴𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 = 𝜋𝑟2) . This is half the centre-centre 

distance between molecules in a compressed monolayer (5.0-5.6 Å, Figure 4.16B). A similar 

analysis of the phase transition for alcohol 4.5 (at 22-26 Å2 per molecule) indicates a similar 

molecular radius (2.7-2.9 Å, Figure 4.16C) and a centre-centre distance of molecules also 

consistent with a monolayer (5.4-5.8 Å, Figure 4.16D). 

 

 

  

 

  

  

Figure 4.16. A. Approximation of 2D molecular area of stearic acid by modelling molecular geometry as a cylinder. 

B. Illustration of a monolayer formation of stearic acid. C. Approximation of 2D molecular area of 4.5 by modelling 

molecular geometry as a cylinder. D. Illustration of monolayer formation of 4.5. 

Following the finding of monolayer formation for reference compound 4.5, a similar pair of 

experiments was conducted for the reference fatty acid 4.4. In the first instance, 30 µL of a 

A. 
B. 

C. 

B. A. 

D. 
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stock solution (0.32 mg/mL) of acid 4.4 in CHCl3 was deposited on the water subphase using 

a microsyringe. The isotherm (Figure 4.17A) shows a more gradual increase in surface 

pressure beginning at 35 Å2 (indicating the formation of a liquid-expanded phase) and a 

tangent to the constant slope region bisects the x-axis at an area per molecule = 31 Å2 (at the 

condensed monolayer phase). The surface pressure continues to increase on further 

compression until a decline, indicating that a structural collapse occurs, from the peak surface 

pressure of 16 mNm-1 at an area per molecule of 26 Å2. The surface pressure plateaus until a 

second phase transition is observed with an increase in pressure at a limiting area per 

molecule = 11 Å2. The surface pressure continues to increase until it begins to plateau around 

30 mNm-1. The experiment was repeated was 100 µL of stock solution (0.32 mg/mL) and the 

resultant isotherm (Figure 4.17B) also showed a gradual increase in surface pressure 

beginning at 34 Å2 (indicating the formation of a liquid-expanded phase) but with a tangent to 

the constant slope region which bisects the x-axis at an area per molecule of 29 Å2. This 

indicated the formation of the condensed monolayer phase. The surface pressure continues 

to increase on further compression until a decline occurs from the peak at 21 mNm-1 and at 

an area per molecule of 23 Å2. The surface pressure plateaus until a second phase transition 

is observed through an increase in surface pressure where a tangent to the constant slope 

region bisects the x-axis at an area per molecule = 14 Å2, consistent with bi- or multi-layer 

formation. 

 

 

Figure 4.17 A. Langmuir isotherm of unfluorinated carboxylic acid 4.4 (30 µL); B. Langmuir isotherm of 

unfluorinated carboxylic acid 4.4 (100 µL). 

Modelling acid 4.4 as a cylinder (Figure 4.18A), the molecular radius calculated from the first 

phase transition (3.0-3.1 Å) gives a molecule-molecule distance of 6.0-6.2 Å consistent with a 

monolayer. The second phase transition which occurs at an area per molecule of 11-14 Å2 is 

less than half but more than a third of the area per molecule at monolayer transition and 

corresponds to a less well defined multilayer phase as illustrated in Figure 4.18C.  

 

A. 
B. 
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Figure 4.18 A. Approximation of 2D molecular area of 4.4 by modelling molecular geometry as a cylinder. B. 

Illustration of monolayer formation of 4.4. C. Putative multilayer structure formed at second phase transition. 

4.6.2. Langmuir isotherms of the ‘Janus’ ring containing amphiphiles 

Langmuir analysis of the fluorinated alcohol 4.2 was explored. Isotherms were generated 

following the deposition of a stock solution of 4.2 (1.25 mg/mL) in CHCl3 to the water subphase, 

applied manually by microsyringe. The first isotherm (analyte volume = 20 µL, Figure 4.19A) 

showed a gradual increase in surface pressure beginning at 25 Å2, with the formation of a 

liquid-expanded phase. As the pressure increased a tangent to the constant slope region 

bisects the x-axis at an area per molecule of 13 Å2, the surface pressure then continues to 

increase to 16 mNm-1. This phase transition was observed again in three more isotherms of 

analyte volume = 25, 35 and 40 µL and in each case similar areas per molecule of 14-16 Å2 

(Figure 4.19B, 4.19C and 4.19D) were observed. For the two isotherms with analyte volume 

= 35 and 40 µL (Figure 4.19C and 4.19D) a second phase transition was observed both at 

7 Å2 with surface pressure reaching a maximum 32 mNm-1 and 38 mNm-1 respectively. 

 

A. B. 

C. 
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Figure 4.19 Langmuir isotherms obtained for fluorinated alcohol 4.2 A. Analyte volume = 20 µL; B. Analyte volume 

= 25 µL; C. Analyte volume = 35 µL; D. Analyte volume = 40 µL.  

The first phase transition of 4.2 which occurs at 13-16 Å2 is too condensed to represent a 

monolayer at about half the value of the first phase transition for the hydrocarbon reference 

compounds 4.2 and 4.2. The area is much more consistent with formation of a bilayer (Figure 

4.20A). This is presumably a consequence of the attraction between ‘Janus’ rings and 

evidence of pre-aggregation assembly. 

Again, modelling the geometry of 4.2 as a cylinder (Figure 4.20B) and assuming bilayer 

formation, the cross-sectional radius that is obtained (from 𝐴𝑝𝑒𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 𝑎𝑡 𝑏𝑖𝑙𝑎𝑦𝑒𝑟 =
𝜋𝑟2

2
) is r = 

2.9-3.2 Å. A re-examination the X-ray crystal structure (Figure 4.20C) indicates that the 

intermolecular distance between chemically equivalent atoms in 4.2 is 5.5-5.6 Å, and this is 

consistent with bilayer formation at 13-16 Å2 per molecule. The second phase transition of 4.2 

which occurs at an area per molecule at 7 Å2 may be indicative of more compressed higher 

order multilayer phases. 
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The alcohol 4.2, self-assembled into a bilayer structure immediately after deposition from a 

solution in CHCl3. This is presumably due to the attractive electrostatic interactions between 

‘Janus’ rings. To further probe this self-assembly behaviour, the Langmuir isotherm 

experiment with 4.2 was repeated, but with acetone as a co-solvent (10% by volume). The 

resultant isotherm (Figure 4.21) showed a new phase transition at an area per molecule of 

24 Å2, twice that observed previously and representative of an initial monolayer. On further 

compression the monolayer collapsed and the now familiar transition to a bilayer occurred at 

11 Å2. Evidently, the polar acetone molecules interrupt the attractive interactions between the 

‘Janus’ rings and disperse pre-aggregated assemblies after deposition at the water subphase. 

 

 

Figure 4.21 Langmuir isotherm of 4.2 with 10% acetone additive. 

A. B. 

C. 

Figure 4.20 A. Representation of bilayer structure of 4.2 at area per molecule = 13-16 Å2; B. 

Approximation of 2D molecular area of 4.2 by modelling molecular geometry as a cylinder; C. Separation 

in the solid state packing of 4.2 between chemically equivalent atoms of 5.5-5.6 Å. 
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Having observed the formation of a monolayer after the deposition of 4.2 in a solution 

containing acetone, the stability of the monolayer was probed by a cycle of repeated 

compressions and expansions (Figure 4.22). Unstable monolayers are known to display 

hysteresis during cycles due to molecular  reorganisation to more stable phases.[35,36] The 

expansion and compression cycles showed no recurrence of the monolayer phase indicating 

that its stability is low and that reorganisation to multilayer phases had occurred.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 Langmuir isotherms of fluorinated alcohol 4.2 with 10% acetone added showing hysteresis on repeated 

compression/expansion cycles. 

The phase behaviour of the fluorinated carboxylic acid 4.1 was now explored. This proved 

immediately problematic because 4.1 was poorly soluble in CHCl3. In Langmuir isotherm 

experiments, the analyte is typically dissolved in water immiscible solvents such as CHCl3 or 

benzene.[37] This ensures that the amphiphile spreads across the water surface without being 

lost into the bulk of the subphase via dissolution. While 4.1 was soluble in polar solvents such 
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as acetone and methanol, no solvent could be found that was both immiscible with water and 

capable of dissolving carboxylic acid 4.1. Therefore, in the first instance a homogeneous 

solution of 4.1 in a 1:1 acetone:CHCl3 mixture was prepared. It was envisioned that the high 

CHCl3 content of the solution would preserve enough immiscibility to achieve deposition 

without substantial loss to the bulk. Even so, care was taken to deposit 4.1 at the subphase 

by controlled addition with the use of a syringe pump to minimise losses. The langmuir 

isotherm of carboxylic acid 4.1 (Figure 4.23) was recorded following the deposition of 50 μL 

of solution (0.65 mg/mL). This showed a sharp increase in the surface pressure beginning at 

10 Å2 per molecule. A tangent to the constant slope region bisects the x-axis at an area per 

molecule of 7 Å2. This value indicates a significant level of pre-aggregation and multilayer 

formation, just as observed for alcohol 4.2. The area per molecule at the phase transition is 

too compressed to result from a coherent bilayer and indicates higher order multilayer 

formation.  Alternatively, despite careful application of the analyte to the subphase, the 

acetone content may have resulted in some material dissolution into the bulk, which would 

also lower the average value for the area per molecule. 

 

 

 

 

 

 

 

 

To investigate the effect of a lower acetone content on the isotherm of carboxylic acid 4.1, a 

second solution of 4.1 was prepared in 9:1 CHCl3:acetone. It was expected that a reduced 

acetone content might result in a more expanded isotherm if miscibility with the aqueous bulk 

was a factor with higher acetone content. However, the preparation of this solution was also 

challenging and required extensive sonication to achieve homogeneity due to the poor 

solubility of 4.1 in CHCl3. Two isotherms of similar shape were obtained (Figure 4.24). In both 

isotherms a gradual increase in the surface pressure was observed indicating a liquid-

expanded phase. Tangents drawn from the constant slope region bisect the x-axis at areas 

per molecule of 13 and 19 Å2 respectively. In both cases phase transition occurred at a higher 

area per molecule than was recorded for the solution in 1:1 acetone:CHCl3 but, the transitions 

remain significantly lower than an area per molecule that would be expected for a monolayer. 

Figure 4.23 Langmuir isotherm of fluorinated carboxylic acid 4.1 (50 μL, 1:1 acetone:CHCl3). 
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Across the three isotherms obtained for 4.1, a large range of area per molecule values at 

phase transition was observed (7-19 Å2). This range is attributed to the poor solubility of 4.1 

in CHCl3 and the tendency for acetone to cause analyte loss into the bulk subphase through 

dissolution. Furthermore, the solvent dependence on phase behaviour was demonstrated 

previously from the perturbation of self-assembly observed for the isotherm of alcohol 4.2 

when acetone was used as an additive (Figure 4.21). Nonetheless, there was no evidence for 

monolayer formation in the isotherms of carboxylic acid 4.1 and further evidence for pre-

aggregation due to the attractive interactions between ‘Janus’ rings is consistent with these 

isotherms (Figure 4.23 and 4.24). 

 

 

Figure 4.24 Langmuir isotherms of carboxylic acid 4.1 from a solution of 9:1 CHCl3:acetone. 

In order to assess the strength of any possible interaction between ‘Janus’ rings and water 

molecules, surface pressure-area isotherms were also recorded for the methyl terminated 

alkane 4.3. It was anticipated that 4.3 may interact with the water subphase through 

electrostatic interactions and non-classical hydrogen bonds to the ‘Janus’ ring (Figure 4.25). 

Amphiphiles capable of forming monolayers and related structures in Langmuir experiments 

have both a hydrophobic region which prevents dissolution and a hydrophilic region which 

promotes dissolution. The balance of the properties leads to the phase behaviours already 

explored.  

 

 

Figure 4.25 Predicted interactions between 'Janus' ring of 4.3 and water molecules. 

Isotherms were obtained by deposition of 25, 30, 35 and 40 μL of a stock solution of 4.3 

(1.34 mg/mL) in CHCl3 at the water subphase by microsyringe and these are illustrated in 

Figure 4.26. Three of these isotherms (v = 25, 30 and 35 μL; Figure 4.26A, 4.26B and 4.26C) 
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show phase transition at areas per molecule with values in the range of 26-30 Å2. These are 

clearly associated with monolayer formation. However, the isotherm at v = 40 μL (Figure 4.26D 

showed a slightly more compressed phase transition at an area per molecule of 21 Å2 which 

is less than expected for a monolayer. Though monolayer formation was observed for 4.3 in 

three of the isotherms, the deviation from this behaviour in one isotherm raises questions 

regarding reproducibility of the experiments and the nature of the proposed interactions of the 

‘Janus’ ring with water (Figure 4.26). If the attraction between the ‘Janus’ ring and water 

molecules is significantly weaker than between a typical hydrogen bond donor and acceptor, 

4.3 may be more weakly bound to the water subphase which would explain the variation in 

phase behaviour. Nonetheless, evidence for an interaction between the ‘Janus’ ring and water 

has been established from these results although further characterisation of the nature of this 

interaction is required.  

  

 

 

 

 

 

 

 

 

Figure 4.26 Langmuir isotherms of fluoroalkane 4.3 for various volumes of analyte A. Analyte volume = 25 µL; B. 

Analyte volume = 30 µL; C. Analyte volume = 35 µL; D. Analyte volume = 40 µL. 

C. 

B. A. 

D. 
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4.7. Conclusions 

In this Chapter, a series of ‘Janus’ ring containing amphiphiles were prepared as well as their 

non-fluorinated reference compounds. Evaluation of several of the X-ray crystal structures of 

these compounds has provided an insight into their packing in the solid phase. The 

electrostatic interactions between opposite faces of ‘Janus’ rings was evident in the 

examination of all of these crystal structures by close intermolecular fluorine-hydrogen 

contacts (< sum of the VdW radii). A series of surface pressure-area (Langmuir) isotherms 

were recorded on a water subphase for these amphiphiles, and for hydrocarbon reference 

compounds. The rare occurrence of monolayer behaviour and repeated observation of 

spontaneous aggregations to bilayer and multilayer phases is attributed to the attraction 

between the ‘Janus’ rings. No spontaneous pre-aggregation to these phases was ever 

observed for the non-fluorinated reference compounds. The influence of solvent choice to 

phase behaviour was probed using different CHCl3 to acetone ratios. Although further study 

could be carried out to explore the nature of these interactions it is clear that the ‘Janus’ rings 

are very significantly prone to pre-aggregation.  
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5. Conclusions and future work  

5.1. Conclusions 

In this work a library of ‘Janus’ ring building blocks were prepared (Chapter 2). The utility of 

these has been demonstrated by their elaboration to higher order molecular structures in 

Chapter 3. The potential for ‘Janus’ rings to be used as arene isosteres has been established 

with an accompanying reduction in Log P observed. Evidence for molecular self-assembly has 

been observed through the Langmuir isotherms presented in Chapter 4 and this presents an 

exciting avenue for future work in supramolecular chemistry.  

 

 

Figure 5.1 Synthetic utility of novel ‘Janus’ ring building blocks. 

5.2. Future work 

5.2.1. Further investigation of the applications of the ‘Janus’ ring to Medicinal 

Chemistry 

The polar ‘Janus’ ring has a reducing effect on molecular Log P relative to aryl analogues as 

established in Chapter 3. Preliminary investigations conducted by Prof. Cormac Murphy and 

Dr Mohd Khan have indicated that the ‘Janus’ ring system is inert to metabolism by P450 

monooxygenases. In these experiments, carboxylic acid 2.58, methyl ester 2.60 and alcohol 

2.81 were incubated with cultures of Cunninghamella elegans which has been reported as a 

fungal model of mammalian drug metabolism.[1] Likewise, incubations of 2.58, 2.60 and 2.81 

in the related organism Cunninghamella echinulata did not result in observed metabolism of 
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the ‘Janus’ ring. The apparent metabolic stability of the ‘Janus’ ring may facilitate its 

incorporation into candidate drug molecules as an isostere of other ring systems.  

To further investigate the use of the ‘Janus’ ring as an isostere, future work will seek to replace 

ring systems in known drugs and drug candidates with the ‘Janus’ rings. For example, the 

advanced antituburcular agent lead 5.1 has an MIC (minimum inhibitory concentration) of 0.06 

µgmL-1 for its target protein Mtb-FtsZ.[2] As 5.1 bears a cyclohexane group, it is an obvious 

target for isosteric replacement with a Janus ring. The pentafluorocyclohexyl analogue 5.2 

could be readily prepared from the previously synthesised ‘Janus’ ring alcohol 2.47 according 

to the retrosynthetic analysis illustrated in Figure 5.2.  

 

 

Figure 5.2 Proposed retrosynthesis of antituburcular agent analogue 5.2. 

Following the preparation of 5.2, binding affinity to Mtb-FtsZ could be measured by the FtsZ 

polymerisation inhibitory assay study reported previously. The facial polarisation of the ‘Janus’ 

ring system is unlike motifs found in nature and ‘Janus’ rings may have unique binding 

interactions to amino acids particularly those with charged side chain residues. These may be 

expected to increase binding affinity to certain targets. To understand the nature of these 

interactions a better understanding of the interactions between the polar ‘Janus’ ring and 

proteins is required to establish the value of the motif for medicinal chemistry. This could be 
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achieved by examination of the X-ray crystal structure of a protein and a bound ‘Janus’ ring-

bearing substrate such as 5.2.  

5.2.2. Metal-organic frameworks (MOFs) 

Metal organic frameworks are porous, crystalline materials composed of metal ions and 

organic linkers. Their potential applications are extensive and include gas storage for clean 

energy and medical uses. For example, MIL-53 (Sc) is a MOF composed of ScO6 nodes and 

1,4-benzodicarboxylic acid 3.46 and is capable of adsorbing CO2. Carbon capture and storage 

is of great research interest due to the potential mitigating effects for global warming. The 

‘Janus’ ring bearing 1,4-benzodicarboxylic acid derivative 3.49 which was synthesised in 

Chapter 3 will be investigated as an organic linker for analogous MOFs to MIL-53 (Sc) for gas 

adsorption. Similarly, Stam-17-OEt (Cu) is a MOF composed of 5-ethoxyisophthalic acid 3.47 

and Cu (II) paddlewheel dimers and is known for its ability to adsorb the toxic gas ammonia. 

The diacid 5.3 could be prepared by the hydrolysis of its parent diester 3.50 which has been 

reported in Chapter 3. The polarised ‘Janus’ ring may display an additional binding strength to 

ammonia due to the electrostatic attraction between the electronegative Nitrogen atom and 

the electropositive protic face of the ring as illustrated in Figure 5.3.[3,4]    
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Figure 5.3 Proposed candidate MOF linkers and proposed interactions between the electropositive ‘Janus’ ring 

face and ammonia. 

5.2.3. Liquid crystals  

Modern vertical alignment (VA) liquid crystal displays (LCDs) require materials with a net 

molecular dipole moment perpendicular to the long molecular axis which results in a negative 

dipolar anisotropy (Δε < 0). The use of the carbon-fluorine bond to induce such dipole 

moments in liquid crystals has generated significant research interest. Examples of previously 

reported candidate fluorinated liquid crystals are given in Figure 5.4.[5-7] The selective axial 

monofluorination of cyclohexane rings resulted in the negative dipolar anisotropy in 5.4-5.6. 

Multi-fluorinated ‘Janus’ ring analogues of 5.6 (5.7-5.9) were previously synthesised by the St 

Andrews group but Δε values could not be recorded as poor solubility in the test host mixture 

was observed. The poor solubility of 5.7-5.9 was attributed partly to electrostatic interactions 

between the ‘Janus’ rings and the aryl groups (observed by X-ray crystallography) and also to 

insufficient alkyl solubilising groups.  

 



Conclusions and future work 

134 
 

 

Figure 5.4 Previously reported fluorinated liquid crystal candidates with given dipolar anisotropy values.  

The ‘Janus’ ring candidates 5.7-5.9 were not found to be suitable materials for liquid crystal 

applications.[5] Their synthetic preparation was challenging and accessing analogues with 

more favourable properties was therefore problematic. The subsequent publication of the 

Zeng/Glorius hydrogenation method for the preparation of ‘Janus’ ring facilitates scope for 

further exploration of the ‘Janus’ ring for liquid crystal applications. For example, the proposed 

candidate liquid crystals 5.10 and 5.11 would be readily accessible by the hydrogenation of 

their parent arenes. A future project will work towards the synthesis of 5.10 and 5.11 and an 

evaluation of their molecular anisotropy (Δε) and liquid crystal properties. Subsequently, 

optimisation of these properties and/or solubility may be undertaken by the variation of the 

alkyl chain lengths and the number of fluorine atoms incorporated in the molecules. 

 

 

Figure 5.5 Proposed candidate liquid crystals 
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6. Experimental  

6.1. General experimental 

Air and moisture sensitive reactions were carried out under a nitrogen or argon atmosphere 

in flame or oven-dried glassware. Room temperature (r.t.) was 18-25 °C. Flash column 

chromatography was performed using Merck Geduran silica gel 60 (250-400 mesh) under a 

positive pressure of compressed air eluting with solvents as reported. Commercial reagents 

were supplied by; Acros, Alfa Aesar, Apollo, Fisher Scientific, Fluorochem, Merck, Sigma-

Aldrich, TCI and Strem. Anhydrous solvents (CH2Cl2, Et2O, THF, toluene, hexane) were 

dispensed from an MBraun MB SPS-800 solvent purification system by filtration through two 

drying columns under an argon atmosphere. Oxalyl chloride was freshly distilled before use.  

NMR spectra were recorded at 298 K using a Bruker Avance III-HD 500, Bruker Avance II 

400, Bruker Avance 400, Bruker Avance 300, Bruker Avance III 500 or Bruker Avance III-HD 

700. For 1H and 13C NMR the deuterated solvent was used for an internal deuterium lock and 

chemical shifts were referenced to the residual protic solvent. The 1H NMR were recorded at 

300, 400, 500 or 700 MHz and chemical shifts are reported to two decimal places. The 13C 

NMR were recorded at 75, 100, 126 or 176 MHz and chemical shifts are reported to one 

decimal place. Chemical shifts,  are reported in parts per million (ppm) relative to a standard. 

In 1H and 13C NMR chemical shifts are stated relative to TMS (0.00 ppm). In 19F NMR chemical 

shifts are stated relative to CCl3F (0.00 ppm). Coupling constants (J) are reported in Hz. Data 

processing was completed using MestReNova 12.0.0. The abbreviations for the multiplicity of 

signals are as follows: s singlet, d double, dd doublet of doublets, ddd doublet of doublet of 

doublets, t triplet, dt doublet of triplets, q quartet, m multiplet, br s broad singlet. Two-

dimensional experiments (HSQC, COSY, HMBC, NOESY) were used where applicable to 

unambiguously assign resonances.  

Melting points were determined using either an Electrothermal 9100 or a Griffin MPA350 

melting point apparatus. Mass spectra were obtained by electrospray (ESI), electron impact 

(EI) ionisation modes. These spectra were obtained by Caroline Horsburgh (University of St 

Andrews) and Alan Taylor (University of Edinburgh). Electrospray ionisation was achieved 

using a Micromass LCT spectrometer. Electron impact ionisation was achieved using a 

Micromass GCT spectrometer, a Finnigan MAT 95 XP and a ThermoElectron MAT 900. 

Reported m/z values have units of Daltons.  

Infrared spectra were acquired on a Shimadzu IRAffinity-1S spectrometer with a diamond ATR 

attachment. Signals are reported in units of wavenumbers (cm-1). Single Crystal X-Ray 

analysis was carried out by Prof. Alexandra Slawin or Dr David Cordes (University of St 

Andrews) using a molybdenum or copper X-Ray source. The copper X-Ray source utilised an 
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MM-007 high-brilliance generator with an AFC10/Saturn 92 detector. The molybdenum source 

utilised an MM-007 high-brilliance generator with VariMax optics and either an AFC7/Mercury 

or AFC8/Saturn 70 detector.  
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6.2. Langmuir isotherm analysis  

Langmuir isotherm analysis was conducted using a Biolin Scientific KSV Nima KN-2002 

(“medium”) Langmuir Trough. Subphase temperature was controlled with a Grant GR150 

water and digital probe. Surface tension measurements were obtained with a maximum 

measuring range of 300 mN/m and a resolution of 0.03 µN/m. The trough and barrier were 

cleaned using an Alconox solution (10g/L) and rinsed with deionised water.  

The Wilhelmy probe was calibrated with a precisely measured washer (273.2 mg). The paper 

Wilhelmy plates were soaked in deionised water for 15 mins prior to use. Movement of the 

barriers was between the ‘fully open’ and ‘fully closed’ positions at 0mm and 130 mm 

respectively. The open area of the trough was 23,650 mm2 and the closed area was 2,410 

mm2. The maximum area compression ratio was approximately 10.  

The subphase was prepared with the barriers at the ‘fully closed’ position by the addition of 

deionised water. A ‘blank’ compression isotherm measurement was performed at constant 

compression speed to assess the cleanliness of the water surface. Where surface pressure 

increases of < 0.3 mN/m were observed, the surface was treated as clean. Otherwise, 

decontamination was performed by negative pressure aspiration of the surface and/or a 

rinsing and repreparation of the subphase.  

Samples were prepared as either solutions in chloroform, acetone, or a mixture of the two. 

Solutions were deposited at the air-water interface either manually from a microsyringe or by 

continuous injection through a needle via a syringe pump. Following deposition an 

equilibration period of 30 mins was allocated prior to compression. The rate of barrier 

compression was constant relative to the remaining area of 5% per minute.   
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6.3. Synthetic procedure and characterisation of compounds 

6.3.1. Chapter 2 

Chloro[2-(2,6-diisopropylphenyl)-3,3-dimethyl-2-azaspiro[4.5]dec-1-ylidene][1,2,5,6-η-

1,5-cyclooctadiene]rhodium 2.14[1] 

 

[RhCODCl]2 (77 mg, 0.16 mmol), 2-(2,6-Diisopropylphenyl)-3,3-dimethyl-2-azaspiro[4.5]dec-

1-en-2-ium hydrogen dichloride (131 mg, 0.329 mmol) and KHMDS (150 mg, 0.750 mmol) 

were added to a Schlenk tube inside an argon-filled glovebox. THF (10 mL) was added 

dropwise over 10 min at -78 °C. The resulting suspension was stirred for 10 min at -78 °C, 

and then warmed to room temperature and stirred for 16 h. The mixture was filtered and 

concentrated in vacuo to give the crude product, which was purified by flash column 

chromatography (19:1 pentane:Et2O). The pure fractions were combined and concentrated in 

vacuo to give an oily residue. The residue was redissolved in CH2Cl2 (1 mL) and 2.14 was 

precipitated by dropwise addition of pentane. The excess solvent was decanted giving 2.14 

as a yellow powder (97 mg, 0.170 mmol, 53%): 1H NMR (CDCl3, 500 MHz) δH 7.46-7.38 (2H, 

m, ArH), 7.14 (1H, dd J = 7.5, 1,5, ArH), 5.24 (1H, t, J = 7.6), 4.60 (1H, q, J = 7.8), 3.94-3.85 

(1H, m), 3.48-3.42 (1H, m), 2.92-2.84 (2H, m), 2.64-2.45 (3H, m), 2.31-2.24 (1H, m), 2.20-2.09 

(1H, m), 2.04-1.91 (3H, m), 1.79-1.72 (7H, m), 1.60-1.52 (2H, m), 1.50 (s, 3H), 1.46-1.30 (3H, 

m), 1.27-1.22 (9H, m), 1.20 (3H, s), 0.95 (3H, d, J = 6.7); 13C NMR (CDCl3, 125 MHz) δC 148.2, 

146.4, 137.0, 129.0, 126.5, 124.1, 101.3 (d, J = 6.1 Hz), 98.2 (d, J = 5.8 Hz), 78.2, 71.9 (d, J 

= 15.0 Hz), 64.8, 64.6 (d, J = 13.9 Hz), 45.6, 41.8, 38.1, 35.0, 33.7, 30.9, 30.3, 28.9, 28.3, 

28.0, 26.6, 26.4, 26.1, 25.9, 25.5, 24.6, 24.0, 22.6; data are in agreement with literature.[1] 

 

(1r,2R,3R,4s,5S,6S)-1-Ethyl-2,3,4,5,6-pentafluorocyclohexane 2.35[2] 

 

Activated 4 Å molecular sieves (5 g), pentafluorostyrene (0.50 g, 2.58 mmol) and 2.14 (0.02 g, 

0.035 mmol, 1 mol%) were suspended in hexane (30 mL) in a vial and the vial placed inside 

an autoclave. The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture 



Experimental 

140 
 

stirred at room temperature for 14 h. After depressurising and removing the vial, the 

suspension was filtered and concentrated in vacuo to give the crude product, which was 

purified by flash column chromatography (SiO2, 10% EtOAc in hexane to 50% EtOAc in 

hexane) to give 2.35 as a white crystalline solid, (396 mg, 1.96 mmol, 76%); m.p. (acetone): 

148 °C; 1H NMR (400 MHz, Acetone-D6) δH 5.41 (1H, app dt J = 54.1, 8.1 Hz, FCH-4), 5.16-

4.99 (2H, m, FCH-2 and FCH-6), 4.90 (2H, app dtt J = 39.7, 28.4, 2.8 Hz, FCH-3 and FCH-5) 

1.92-1.77 (3H, overlapping m, FCCH-1, CH2-1), 1.07 (3H, t J = 7.4 Hz, CH3-2); 19F NMR (377 

MHz, Acetone-D6) δF −204.9, −213.4, −217.5; 13C NMR (176 MHz, Acetone-D6) δC 89.1 (FC-

4), 88.1 (FC-2, FC-6), 87.1 (FC-3, FC-5), 40.3 (FCC-1), 19.95 (CH2-1), 11.4 (CH3-2); HRMS 

m/z (ESI+) (calculated C8H11F5Na+ = 225.0673) found 225.0669 [M+Na]+; vmax/cm-1
 1123 (C-

F). 

 

tert-Butyldimethyl(perfluorophenoxy)silane 2.42 

 

TBDMSCl (482 mg, 0.318 mmol) was added to a solution of pentafluorophenol (368 mg, 

2.00 mmol) and imidazole (408 mg, 5.99 mmol) in CH2Cl2 (20 mL). The solution was stirred at 

r.t. for 14 h and then quenched by the addition of H2O (20 mL). The phases were separated, 

and the aqueous phase was extracted into CH2Cl2 (2 x 20 mL). The combined organic phase 

was washed with brine, dried over MgSO4, filtered and concentrated in vacuo to give the crude 

product which was purified by flash column chromatography (SiO2, hexane) to give 2.42 as a 

colourless oil (587 mg, 1.97 mmol, 98%): 1H NMR (500 MHz, CDCl3) δH 1.01 (9H, s, (CH3)3), 

0.21 (6H, s, (CH3)2); 19F NMR (471 MHz, CDCl3) δF −158.0, −164.4, −167.0; 13C NMR 

(126 MHz, CDCl3) δC 141.1 (CF), 138.0 (CF), 136.9 (CF), 130.9 (ArC-1) 25.5 ((CH3)3), −4.8 

((CH3)2); HRMS m/z (ESI−) (Calculated C6F5O− = 182.9875) found 182.9869 

[M−Si(CH3)2(C(CH3)3)]; vmax/cm-1 1258, 1171 (C-F). 

 

tert-Butyldimethyl((perfluorophenyl)methoxy)silane 2.44 

 

TBDMSCl (167 mg, 1.11 mmol) was added to a solution of pentafluorobenzylalcohol (200 mg, 

1.01 mmol), 4-dimethylaminopyridine (12 mg, 0.10 mmol) and imidazole (110 mg, 1.62 mmol) 

in CH2Cl2 (3 mL) at 0 °C. The resulting solution was warmed to r.t. and stirred for 16 h. The 

mixture was filtered to remove solids, and the filtrate was concentrated in vacuo. The residual 
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oil was redissolved in Et2O (5 mL) and acidified to pH 1 with HCl (1M). The solution was diluted 

with EtOAc (20 mL) and the combined organic phase washed with brine (3 x 20 mL), dried 

over MgSO4, filtered and concentrated in vacuo to give the crude product, which was purified 

by flash column chromatography (SiO2, 5% EtOAc in hexane) to give 2.44 as a colourless 

solution (225 mg, 0.720 mmol, 71%): 1H NMR (CDCl3, 500 MHz) δH 4.77 (2H, s, CH2-1), 0.90 

(9H, s, (CH3)3), 0.12 (6H, s, (CH3)2); 19F NMR (CDCl3, 470 MHz) δF −143.9, −155.0, −162.4 

(2F, m); 13C NMR (CDCl3, 125 MHz): δC 146.6-144.3 (m, ArCF), 142.4-139.9 (m, ArCF), 138.8-

136.4 (m, ArCF), 114.1 (ArC), 53.1 (CH2), 25.9 (C(CH3)3), 18.5 ((CH3)3), −5.4 ((CH3)2); HRMS 

m/z (ESI+) (Calculated C13H17OF5SiNa+ = 335.0861) found 335.0874 (M+Na)+; vmax/cm-1 

2932br (C-H), 2954br (C-H), 1256 and 1126 (C-O). 

 

tert-Butyldimethyl(((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)methoxy)silane 2.46 

 

Activated 4 Å molecular sieves (500 mg), 2.44 (50 mg, 0.16 mmol) and 2.14 (1 mg, 

0.002 mmol, 1 mol%) were suspended in hexane (2 mL) in a vial and the vial placed inside an 

autoclave. The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture 

stirred at room temperature for 14 h. After depressurising and removing the vial, the 

suspension was filtered and concentrated in vacuo to give the crude product, which was 

purified by flash column chromatography (SiO2, 25% EtOAc in hexane) to give 2.46 as a white 

crystalline solid (21 mg, 41%); m.p. (MeOH): 120-121 °C; 1H NMR (CDCl3, 400 MHz): δH 5.37 

(1H, app dt J = 52.7, 7.4 Hz, H-4), 5.21-5.01 (2H, m, H-2, H-6), 4.60-4.34 (2H, m, H-3, H-5), 

4.06 (2H, d, J = 7.4, CH2-1), 1.95-1.72 (1H, m, FCCH-1), 0.93 (9H, s, ((CH3)3), 0.12 (6H, s, 

(CH3)2); 19F NMR (CDCl3, 376 MHz): δF −203.6, −212.3, −216.8; 13C NMR (CD3OD, 125 MHz): 

δC 89.4 (CF), 87.9 (CF), 87.4 (CF), 60.1 (CH2-1), 42.4 (FCC-1), 26.3 ((CH3)3), -5.5 ((CH3)2); 

HRMS m/z (ESI+) (calculated C13H23F5NaOSi+ = 341.1331) found 341.1325 [M+Na]+; vmax/cm-

1 2930br (C-H), 1105 and 1049 (C-F). 
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((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)methanol 2.47 

 

To a solution of 2.46 (77 mg, 0.24 mmol) in acetonitrile (5 mL) in a teflon round bottom flask 

was added triethylamine trihydrofluoride (0.1 mL, 0.6 mmol). The solution was stirred at r.t. for 

16 h and quenched with saturated sodium bicarbonate (10 mL). The mixture was extracted 

into EtOAc (3 x 10 mL). The organic layers were dried over MgSO4, filtered and concentrated 

in vacuo. The residue was purified by flash column chromatography (SiO2, 9:1 EtOAc:Hexane) 

to give 2.47 as a crystalline white solid, (40 mg, 0.20 mmol, 83%): m.p. (MeOH): 176-177 °C; 

1H NMR (500 MHz, CD3OD) δH 5.30 (1H, app dt J = 53.7, 7.3 Hz, FCH-3), 5.13-5.03 (2H, m, 

FCH-1, FCH-5), 4.79-4.60 (2H, m, FCH-2, FCH-4), 3.95 (2H, d J = 7.5 Hz, CH2-1), 2.04-1.87 

(1H, m, H-6); 19F NMR (376 MHz, CD3OD) δF −206.1, −213.9, −218.2; 13C NMR (126 MHz, 

CD3OD) δC 87.8 (FC-3), 86.5 (FC-2, FC-4), 86.1 (FC-1, FC-5), 57.3 (H2C-1), 40.9 (C-6); HRMS 

m/z (ESI+) (calculated C7H9F5ONa+ = 227.0466) found 227.0461 [M+Na]+; vmax/cm-1 3248br 

(O-H), 2920 (C-H), 1121 (C-F). 

 

tert-Butyl ((perfluorophenyl)methyl)carbamate 2.48 

 

NaBH4 (3.16 g, 83.5 mmol) was slowly added to a solution of NiCl2.6H2O (2.85 g, 12.0 mmol), 

Boc2O (5.24 g, 24.0 mmol) and pentafluorobenzonitrile (1.52 mL, 12.1 mmol) in MeOH 

(100 mL) at 0 °C. The reaction mixture was warmed to room temperature and stirred for 24 h. 

The resulting suspension was filtered to remove solids and the filtrate concentrated in vacuo. 

The residue was then dissolved in EtOAc (50 mL) and washed with aqueous saturated sodium 

bicarbonate solution (50 mL). The aqueous phase was extracted into EtOAc (2 x 50 mL). The 

combined organic phase was dried over MgSO4, filtered and concentrated in vacuo to give 

2.48 (3.57 g, quant.), which was used without further purification: 1H NMR (CD3OD, 500 MHz): 

δH 4.41 (2H, s, CH2-1), 1.43 (9H, s, CH3); 19F NMR (CD3OD, 470 MHz) δF −143.1, −154.9, 

−161.8; 13C NMR (CD3OD, 125 MHz) δC 157.1 (C=O), 156.4 (ArCF), 144.4 (ArCF), 136.3 

(ArCF), 112.8 (ArC), 79.2 (C(CH3)3), 31.6 (H2C-1), 27.3 ((CH3)3); HRMS m/z (ESI+) (calculated 

C12H12F5NO2Na+ = 320.0680) found 320.0676 [M+Na]; vmax/cm-1 3393 (N-H), 1692 (C=O). 
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tert-Butyl (tert-butoxycarbonyl)((perfluorophenyl)methyl)carbamate 2.50 

 

Boc2O (79 mg, 0.36 mmol), 2.48 (72 mg, 0.24 mmol), and 4-dimethylaminopyridine (30 mg, 

0.24 mmol) were dissolved in MeCN (0.2 mL) and stirred at room temperature for 24 h. Water 

(1 mL) was added, and the mixture was extracted into EtOAc (3 x 3 mL). The combined organic 

phase was washed with 1 M HCl (3 mL) and brine (3 x 3 mL), dried over MgSO4, filtered and 

concentrated in vacuo to give 2.50 as a colourless oil (95 mg, 0.24 mmol, quant.) which was 

used without further purification: 1H NMR (CDCl3, 500 MHz) δH 4.92 (2H, s, CH2-1), 1.48 (18H, 

s, (CH3)3); 19F NMR (CDCl3, 470 MHz) δF −142.9, −155.7, −162.6; 13C NMR (CDCl3, 125 MHz) 

δC 152.1 (C=O), 145.3 (ArF), 140.5 (ArF), 137.5 (ArF), 112.1 (ArC), 83.5 (C(CH3)3), 38.6 (H2C-

1), 28.1 ((CH3)3); HRMS m/z (ESI+) (calculated C17H20F5NNaO4
+ = 420.1205) found 420.1196 

(M+Na)+.  

 

Methyl 2-(perfluorophenyl)acetate 2.59 

 

To a solution of pentafluorophenylacetic acid (5.13 g, 22.6 mmol) in MeOH (10 mL) was added 

HCl (1M, 0.5 mL). The solution was heated to reflux for 14 h before being concentrated in 

vacuo. The residue was basified to pH 8 with saturated NaHCO3 solution and extracted into 

EtOAc (3x 10 mL). The combined organic layer was washed with brine (30 mL), dried over 

MgSO4, filtered and concentrated in vacuo to give 2.59 as a colourless oil (5.11 g, 21.3 mmol, 

94%): 1H NMR (500 MHz, CDCl3) δH 3.75 (3H, s, OCH3), 3.74 (2H, s, CH2-2); 19F NMR 

(471 MHz, CDCl3) δF −142.3, −155.1, −162.2; 13C NMR (126 MHz, CD3OD) δC 170.6 (C=O), 

146.7 (ArCF), 141.7 (ArCF), 138.7 (ArCF), 110.15 (ArC-2), 53.1 (H2C-2), 28.1 (OCH3); HRMS 

m/z (ESI−) (calculated C9H4F5O2
− = 239.0137) found 239.0134 (M−H)−; vmax/cm-1 1746 (C=O). 
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Methyl 2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)acetate 2.60 

 

Activated 4 Å molecular sieves (7 g), 2.59 (0.850 g, 3.54 mmol) and 2.14 (16 mg, 0.028 mmol, 

1 mol%) were suspended in hexane (40 mL) in a vial and the vial placed inside an autoclave. 

The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture stirred at 

room temperature for 16 h. After depressurising and removing the vial, the suspension was 

filtered and concentrated in vacuo to give the crude product, which was purified by flash 

column chromatography (SiO2, 50% EtOAc in hexane) to give 2.60 as a white crystalline solid 

(0.662 g, 2.69 mmol, 76%); m.p. (acetone): 151 C; 1H NMR (700 MHz, Acetone-D6) δH 

5.50-5.38 (1H, m, FCH-3), 5.12-4.83 (overlapping m, FCH-1, FCH-2, FCH-4, FCH-5), 3.70 

(3H, s, OCH3), 2.85 (2H, d J = 7.2 Hz, CH2-2) , 2.64-2.47 (1H, m, FCCH-6); 13C NMR (126 

MHz, Acetone-D6) δC 172.4 (C=O), 89.5 (C-F), 88.0 (C-F), 86.6 (C-F), 52.2 (OCH3), 36.0 (C-

6), 31.0 (H2C-2); 19F NMR (659 MHz, Acetone-D6) δF −205.5, −212.5, −217.6; HRMS m/z 

(ESI+) (calculated C9H12F5O2
+ = 247.0752) found 247.0750 (M+H)+; νmax/cm-1 1728 (C=O). 

 

Methyl 2-((1S,2S,3R,4R,6S)-2,3,4,6-tetrafluorocyclohexyl)acetate 2.61  

 

Activated 4 Å molecular sieves (7 g), 2.59 (0.850 g, 3.54 mmol) and 2.14 (16 mg, 0.028 mmol, 

1 mol%) were suspended in hexane (40 mL) in a vial and the vial placed inside an autoclave. 

The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture stirred at 

room temperature for 16 h. After depressurising and removing the vial, the suspension was 

filtered and concentrated in vacuo to give the crude product, which was purified by flash 

column chromatography (SiO2, 50% EtOAc in hexane) to give 2.61 as a white crystalline solid 

(0.049 g, 0.21 mmol, 6%); m.p. (acetone): 129-130 C; 1H NMR (500 MHz, Acetone-D6) δH 

5.17-4.78 (4H, overlapping m, FCH-2, FCH-3 FCH-4 and FCH-6), 3.68 (3H, s, OCH3), 2.76 

(2H, d J = 6.9 Hz, CH2-2), 2.67-2.48 (2H, overlapping m, FCCH-1 and CH-5a), 2.19 (1H, app 

dtt J = 39.9, 16.3, 3.3 Hz, CH-5b); 19F NMR (470 MHz, Acetone-D6) δF −191.65, −199.85, 

−201.6, −211.6; 13C NMR (126 MHz, Acetone-D6) δC 172.7 (C=O), 89.3 (CF), 87.55 (CF), 86.7 

(CF), 52.1 (OCH3), 39.35 (FCC-1), 33.35 (C-5), 31.65 (CH2-2); HRMS m/z ESI+ (Calculated 
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C9H12F4O2Na+ = 251.0666) found 251.0664 [M+Na]+; νmax/cm-1 1726 (C=O), 1094 and 1045 

(C-F). 

 

2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)acetic acid 2.58 

 

Ester 2.60 (20 mg, 0.081 mmol) was suspended in HCl (6M, 10 mL) and heated to reflux for 

14 h. The resulting solution was basified to pH 8 with saturated NaHCO3 solution and residual 

starting material was extracted into EtOAc (3 x 50 mL). The aqueous phase was re-acidified 

by addition of HCl (1M) and extracted into EtOAc (3 x 100 mL). The organic phase was dried 

over MgSO4, filtered and concentrated in vacuo to give 2.58 as a white crystalline solid (18 mg, 

0.078 mmol, 96%): m.p. (MeOH): 235-236 C; 1H NMR (500 MHz, CD3OD) δH 5.33-5.22 (1H, 

m, FCH-3), 5.05-4.94 (2H, m, FCH-1 and CH-5), 4.84-4.60 (2H, m, FCH-2 and FCH-4), 2.80 

(2H, d J = 7.2 Hz, CH2-2), 2.44-2.25 (1H, m, FCCH-6); 19F NMR (471 MHz, CD3OD) δF 

−206.35, −213.3, −218.3; 13C NMR (126 MHz, CD3CN) δC 172.8 (C=O), 89.6 (CF), 87.85 (CF), 

86.3 (CF), 35.5 (C-6), 30.7 (H2C-2); HRMS m/z (ESI-) (calculated C8H8F5O2
− = 231.0450) found 

231.0447 (M−H)−; νmax/cm-1 2967 br (O-H), 1709 (C=O), 1431 (O-H). 

 

2-(Perfluorophenyl)ethan-1-ol 2.66 

 

LiBH4 (9 mL, 2M in THF, 18 mmol) was added to a solution of 2.59 (1.00 g, 4.00 mmol) in THF 

(20 mL) at 0 °C. The solution was warmed to r.t. and stirred for 16 h, before being poured into 

saturated NaHCO3 (50 mL), extracted into EtOAc (50 mL) and the organic phase washed with 

water (2 x 50 mL) and brine (50 mL). The organic phase was then dried over MgSO4, filtered 

and concentrated in vacuo to give 2.66 as a colourless oil (0.85 g, 4.00 mmol, quantitative) 

which was used in the next step without further purification: 1H NMR (500 MHz, CDCl3) δH 3.85 

(2H, t J = 6.5 Hz, CH2-1), 2.97 (2H, tt J = 6.5, 1.5 Hz, CH2-2); 19F NMR (470 MHz, CDCl3) δF 

−143.5, −156.95, −162.7; 13C NMR (126 MHz, CDCl3) δC 145.35 (ArCF), 139.7 (ArCF), 137.5 

(ArCF), 111.85 (ArC-1), 61.2 (H2C-1), 25.9 (H2C-2); data are in agreement with literature.[3] 
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tert-Butyldimethyl(2-(perfluorophenyl)ethoxy)silane 2.67 

 

TBDMSCl (1.80 g, 11.9 mmol) was added to a solution of 2.66 (1.68 g, 7.92 mmol) and 

imidazole (1.56 g, 23.8 mmol) in CH2Cl2 (120 mL) at 0 °C. The resulting solution was warmed 

to r.t. and stirred for 16 h. The mixture was filtered to remove solids, and the filtrate was 

concentrated in vacuo. The residual oil was in EtOAc (60 mL) and the organic phase washed 

with water (2 x  60 mL) and brine (60 mL), dried over MgSO4, filtered and concentrated in 

vacuo to give the crude product, which was purified by flash column chromatography (SiO2, 

20% EtOAc in hexane) to give 2.67 as a colourless oil (1.85 g, 5.67 mmol, 72%): 1H NMR (500 

MHz, CDCl3) δH 3.81 (2H, t J = 6.5 Hz, CH2-1), 2.94 (2H, tt J = 6.5, 1.5 Hz, CH2-2), 0.86 (9H, 

s, (CH3)3 ), 0.00 (6H, s, (CH3)); 19F NMR (470 MHz, CDCl3) δF −143.4, −157.7, −163.5; 13C 

NMR (126 MHz, CDCl3) δC 145.6 (ArCF), 139.8 (ArCF), 137.4 (ArCF), 112.6 (ArC), 61.5 

(H2C-1), 26.2 (H2C-2), 25.8 ((H3C)3) , −5.5 (H3C); HRMS m/z (EI+) (Calculated C14H19F5OSi− = 

326.1131) found 326.1126 [M+e]−;  νmax/cm-1 2932 (C-H), 1501 (C=C Ar), 1103 and 1076 (C-F).  

 

tert-Butyldimethyl(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)ethoxy)silane 2.68 

 

Activated 4 Å molecular sieves (5 g), 2.67 (0.500 g, 1.53 mmol) and 2.14 (0.012 g, 0.021 mmol, 

1 mol%) were suspended in hexane (30 mL) in a vial and the vial placed inside an autoclave. 

The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture stirred at 

room temperature for 16 h. After depressurising and removing the vial, the suspension was 

filtered and concentrated in vacuo to give the crude product, which was purified by flash 

column chromatography (SiO2, 40% EtOAc in hexane to 60% EtOAc in hexane) to give 2.68 

as a white crystalline solid (0.402 g, 1.21 mmol, 79%): m.p. (Acetone): 83-84 °C; 1H NMR (500 

MHz, Acetone-D6) δH 5.40 (1H, app dt J = 53.8, 8.0 Hz, FCH-4), 5.13-4.82 (4H, overlapping 

m, FCH-2, FCH-3, FCH-5, FCH-6), 3.87 (2H, t J = 6.2 Hz, CH2-1), 2.33-2.14 (1H, m, FCCH-

1), 2.05-2.00 (2H, m, CH2-2), 0.89 (9H, s, (CH3)3), 0.08 (6H, s, CH3); 19F NMR (471 MHz, 

Acetone-D6) δF −204.9, −212.2, −217.4; 13C NMR (126 MHz, Acetone-D6) δC 89.0 (CF), 88.7 

(CF), 87.5 (CF), 60.7 (H2C-1), 35.9 (FCC-1), 29.8 (H2C-2), 26.3 ((CH3)3), 18.8 (C((CH3)3)), 

−5.2 (H3C); HRMS m/z (ESI+) (Calculated C14H25F5OSiNa+ = 355.1487) found 355.1481 

[M+Na]+; νmax/cm-1 2932 (C-H), 1252 (C-O), 1088 and 1045 (C-F).  
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(Allyloxy)(tert-butyl)dimethylsilane 2.70 

 

Allyl alcohol (0.541 g, 9.32 mmol) was added to a solution of TBDMSCl (1.50 g, 9.95 mmol) 

and imidazole (0.680, 9.99 mmol) in CH2Cl2 (30 mL) at 0 °C. The solution was warmed to r.t. 

and stirred for 14 h before being concentrated in vacuo. The residue was redissolved in Et2O 

(30 mL) and washed with saturated ammonium chloride (3 x 30 mL) and brine (2 x 30 mL). 

The organic phase was dried over MgSO4, filtered and concentrated in vacuo to give 2.70 as 

a colourless oil (1.48 g, 8.57 mmol, 92%) that was used without further purification: 1H NMR 

(400 MHz, CDCl3) δ 5.95 (1H, ddt J = 17.1, 10.4, 4.6 Hz, H-2), 5.29 (1H, dq J = 17.1, 1.9 Hz, 

H-3a), 5.11 (1H, dq J = 10.4, 1.8 Hz, H-3b), 4.19-4.17 (2H, dt J = 4.6, 1.8 Hz, CH2-1), 0.92 

(9H, s, ((CH3)3)), 0.07 (6H, s, (CH3)); data are in accordance with the literature.[4]  

 

(E)-tert-Butyldimethyl((4-(perfluorophenyl)but-2-en-1-yl)oxy)silane 2.72 

 

Silyl ether 2.70 (0.94 g, 5.45 mmol) was added to a solution of Grubbs Catalyst™ First 

generation (200 mg, 0.24 mmol, 4 mol%) and 1-allyl-2,3,4,5,6-pentafluorobenzene (1.63 g, 

7.83 mmol) in CH2Cl2 (30 mL) and the solution was stirred at r.t., for 16 h. The solution was 

concentrated in vacuo and purified directly by flash column chromatography (SiO2, hexane to 

20% EtOAc in hexane) to give 2.72 as a colourless oil (250 mg, 0.709 mmol, 13%): 1H NMR 

(500 MHz, CDCl3) δH 5.75-5.68 (1H, m, CH), 5.64-5.58 (1H, m, CH), 4.14-4.10 (2H, m, CH2), 

3.44-3.40 (2H, m, CH2), 0.89 (9H, s, (CH3)3) , 0.04 (6H, s, CH3); 19F NMR (470 MHz, CDCl3) 

δF −144.0, −157.6, −162.8; 13C NMR (126 MHz, CDCl3) δC 145.0 (ArCF), 137.65 (ArCF), 132.3 

(C=C), 129.7 (ArCF), 124.71 (C=C), 113.55 (ArC-2), 63.3 (OCH2-1), 26.0 ((CH3)3), 25.0, 18.5, 

−3.5 ((CH3)2); HRMS m/z EI+ (Calculated C16H21F5O28Si+ = 352.1276) found 352.1252 [M−e]+; 

νmax/cm-1 1657 (C=C), 1522 and 1504 (C=C Ar). 
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tert-Butyldimethyl(4-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)butoxy)silane 2.75 

 

Activated 4 Å molecular sieves (1.2 g), 2.72 (0.100 g, 0.284 mmol) and 2.14 (0.006 g, 

0.01 mmol, 4 mol%) were suspended in hexane (6 mL) in a vial and the vial placed inside an 

autoclave. The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture 

stirred at room temperature for 14 h. After depressurising and removing the vial, the 

suspension was filtered and concentrated in vacuo to give the crude product, which was 

purified by flash column chromatography (SiO2, 10% EtOAc in hexane to 50% EtOAc in 

hexane) to give 2.75 as a white crystalline solid (0.050 g, 0.139 mmol, 49%): m.p. (MeOH): 

62-63 °C; 1H {19F} NMR (400 MHz, CD3OD) δH 5.27 (1H, s, FCH-3), 4.92 (2H, s, FCH-1 and 

FCH-5) 4.65 (2H, t J = 2.6 Hz, FCH-2 and FCH-4), 3.70 (2H, t J = 6.0 Hz, CH2-1), 1.83-1.79 

(3H, overlapping m, FCCH-6 and CH2), 1.62-1.50 (4H, overlapping m, 2 x CH2), 0.92 (9H, s, 

(CH3)3), 0.09 (6H, s, CH3); 19F NMR (376 MHz, CD3OD) δF −205.8, −213.6, −218.1; 13C NMR 

(101 MHz, CD3OD) δC 88.1 (CF-3), 87.9 (CF-1 and CF-5), 86.6 (CF-2 and CF-4), 62.5 (H2C-1), 

37.8 (C-6), 32.3 (H2C), 25.4 (H2C), 25.0 ((CH3)3) 22.4 (H2C), 17.8 (C(CH3)3), −6.6 (H3C); HRMS 

m/z ESI+ (Calculated C16H30F5OSi+ = 361.1981) found 361.1979 [M+H]+; νmax/cm-1 2930 (C-

H), 1123 and 1045 (C-F). 

 

4-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)butan-1-ol 2.76 

 

HCl (0.5 mL, 1 M) was added to a solution of 2.75 (25 mg, 0.069 mmol) in THF (2 mL). The 

solution was heated to 66 °C and stirred for 14 h before saturated NaHCO3 (5 mL) and EtOAc 

(5 mL) were added. The aqueous layer was extracted with EtOAc (2 x 5 mL) and the combined 

organic phase was washed with brine (3 x 15 ml), dried over MgSO4, filtered and concentrated 

in vacuo to give the crude product which was purified by flash column chromatography (SiO2, 

EtOAc) to give 2.76 as a white crystalline solid (10 mg, 0.041 mmol, 59%): m.p. (Acetone): 

138-139 °C; 1H NMR (500 MHz, Acetone-D6) δH 5.41 (1H, dt J = 54.1, 8.1 Hz, FCH-4), 5.11-
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4.78 (4H overlapping m, FCH-1, FCH-2, FCH-4 and FCH-5), 3.57 (2H, t J = 5.9 Hz, CH2-1), 

2.09-1.91 (1H, m, FCCH-6), 1.84 (2H, q J = 7.4 Hz, CH2-4), 1.59-1.53 (4H, overlapping m, 

CH2-2 and CH2-3); 19F NMR (471 MHz, Acetone-D6) δF −204.9, −213.1, −217.35; 13C NMR 

(126 MHz, Acetone-D6) δC 88.25 (FC-3), 88.1 (FC-1 and FC-5), 86.8 (FC-2 and FC-4), 61.7 

(H2C-1) , 38.0 (C-6), 32.7 (H2C), 25.9 (H2C-4), 22.9 (H2C); HRMS m/z ESI+ (Calculated 

C10H15F5ONa+ = 269.0935) found 269.0931 [M+Na]+; νmax/cm-1 3337br (O-H), 2940 (C-H), 

1051 (O-H). 

 

Methyl (E)-4-(perfluorophenyl)but-2-enoate 2.73 

 

Methyl acrylate (0.172 g, 2.00 mmol) and allyl-2,3,4,5,6-pentafluorobenzene (0.208 g, 

1.00 mmol) were added to a solution of Hoveyda-Grubbs Catalyst® M720 (0.012 g, 0.019 

mmol, 2 mol%) in CH2Cl2 (5 mL). The solution was heated to 40 C and stirred for 16 h before 

being concentrated in vacuo and purified directly by flash column chromatography (SiO2, 

hexane to 30% EtOAc) to give 2.73 as a colourless oil (0.190 g, 0.714 mmol, 71%) as a mixture 

of stereoisomers in the ratio E:Z 95:5, only signals of the major isomer are assigned: 1H NMR 

(500 MHz, CDCl3) δH 6.95 (1H, dt J = 15.6, 6.4 Hz, H-3), 5.80 (1H, d J = 15.6 Hz, H-2), 3.72 

(3H, s, OCH3), 3.60-3.57 (2H, m, CH2-4); 19F NMR (471 MHz, CDCl3) δF −143.25, −155.65, 

−161.8; 13C NMR (126 MHz, CDCl3) δC 166.3 (C=O), 144.9 (ArCF), 142.4 (HC-3), 140.3 

(ArCF), 137.7 (ArCF), 123.15 (HC-2), 110.9 (ArC-1), 51.7 (OCH3) , 24.7 (H2C-4); HRMS m/z 

ESI+ (Calculated C11H8F5O2
+ = 267.0439) found 267.0439; νmax/cm-1 1724 (C=O), 1501 (C=C 

Ar), 1273 (C-F). 

 

Methyl 4-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)butanoate 2.77 

 

Activated 4 Å molecular sieves (0.5 g), 2.73 (0.050 g, 0.19 mmol) and 2.14 (0.003 g, 

0.005 mmol, 3 mol%) were suspended in hexane (2 mL) in a vial and the vial placed inside an 

autoclave. The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture 

stirred at room temperature for 14 h. After depressurising and removing the vial, the 

suspension was filtered and concentrated in vacuo to give the crude product, which was 

purified by flash column chromatography (SiO2, 40% EtOAc in hexane to 60% EtOAc in 

hexane) to give 2.77 as a white crystalline solid (0.019 g, 0.069 mmol, 36%): m.p. (CHCl3): 
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99-100 C; 1H NMR (500 MHz, CDCl3) δH 5.42-5.25 (1H, m, FCH-4), 4.95 (2H, app d J = 49.3 

Hz, FCH-2 and FCH-6), 4.43 (2H, app dt J = 40.6, 26.6 Hz, FCH-3 and FCH-5), 3.69 (3H, s, 

OCH3), 2.41 (2H, t J = 7.2 Hz, CH2-2), 1.92-1.75 (4H, overlapping m, CH2-3 and CH2-4), 1.68-

1.51 (1H, m, FCCH-1); 19F NMR (471 MHz, CDCl3) δF −203.3, −212.1, −216.7; 13C NMR (176 

MHz, Acetone-D6) δC 173.9 (C=O), 89.3 (CF), 88.2 (CF), 87.15 (CF), 51.7 (OCH3), 38.5 (FCC-

1), 34.1 (H2C-2), 26.3 (H2C), 22.6 (H2C); HRMS m/z ESI+ (Calculated C11H15F5O2Na+ = 

297.0884) found 297.0874 [M+Na]+; νmax/cm-1 1730 (C=O), 1130 and 1047 (C-F). 

 

((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)methyl methanesulfonate 2.78 

 

Methanesulfonyl chloride (48 mg, 0.42 mmol) was added to a solution of 2.47 (33 mg, 

0.16 mmol) and Et3N (0.064 mL, 0.48 mmol) in CH2Cl2 (5 mL) at 0 C. The solution was 

warmed to r.t. and stirred for 16 h. The solution was washed with 1M HCl and the aqueous 

phase extracted into EtOAc (3 x 5 mL). The combined organic phase was dried over MgSO4, 

filtered and concentrated in vacuo. The residue was purified by flash column chromatography 

(SiO2, 30% EtOAc in hexane to 70% EtOAc in hexane) to give 2.78 as a white crystalline solid 

(45 mg, 0.16 mmol, quantitative): m.p. (Acetone): 175 C; 1H NMR (500 MHz, Acetone-D6) δH 

5.55-5.39 (1H, m, FCH-4), 5.32-5.18 (2H, m, FCH-2 and FCH-6), 5.12-4.91 (2H, m, FCH-3 

and FCH-5), 4.63 (2H, d J = 7.5 Hz, CH2-1), 3.20 (3H, s, CH3), 2.71-2.54 (1H, m, FCCH-1); 

19F NMR (470 MHz, CD3CN) δF −206.0, −213.4, −218.05; 13C NMR (126 MHz, CD3CN) δC 

88.7 (CF), 87.3 (CF), 86.8 (CF), 66.1 (OCH2-1), 38.9 (FCC-1), 37.2 (H3C); HRMS m/z (ESI+) 

(Calculated C8H11F5O3SNa+ = 305.0241) found 305.0236; νmax/cm-1 2922br (C-H), 1356 and 

1327 (S=O), 1175 (C-F). 

 

2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethan-1-ol 2.81 

 

DIBAlH (1M in hexane, 9.7 mL, 9.7 mmol) was added dropwise to a solution of 2.60 (0.588 g, 

2.39 mmol) in THF (20 mL) at 0 C. The solution was slowly warmed to r.t. and stirred for 16 

h. The reaction was then diluted with Et2O (50 mL) cooled to 0 C and quenched by the slow 

subsequent addition of water (0.4 mL), aqueous sodium hydroxide (15% w/w, 0.4 mL) and 

water (1 mL). The mixture was warmed to r.t. and stirred for 15 mins before MgSO4 was added 

and the resulting suspension stirred for 15 mins. The suspension was then filtered to remove 
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aluminium salts and the filtrate concentrated in vacuo. The crude product was purified by flash 

column chromatography (SiO2, 60% EtOAc in hexane to 100% EtOAc) to give 2.81 as a white 

crystalline solid (0.433 g, 1.98 mmol, 83%) as a crystalline white solid: m.p. (MeOH): 126-

127 °C; 1H NMR (500 MHz, CD3OD) δH 5.34-5.18 (1H, m, FCH-4), 5.01-4.87 (2H, m, FCH-2 

and FCH-6), 4.77-4.52 (2H, m, FCH-3 and FCH-5), 3.73 (2H, d J = 6.0 Hz, CH2-1), 2.11-1.85 

(3H, overlapping m, CH2-2 and FCCH-1); 19F NMR (659 MHz, CD3OD) 

δF -205.8, -213.2, -218.2; 13C NMR (CD3OD, 126 MHz): δC 89.9 (FC-4), 88.4 (FC-2 and FC-

6), 87.1 (FC-3 and FC-5), 59.3 (H2C-1), 36.0 (FCC-1), 29.8 (H2C-2); HRMS m/z (ESI+) 

(calculated C8H11F5ONa+ = 241.0622) found 241.0618 [M+Na]+; νmax/cm-1 3400 br (O-H), 2940 

(C-H), 1364 (O-H), 1045 (C-O). 

 

(1r,2R,3R,4s,5S,6S)-1-(2-Bromoethyl)-2,3,4,5,6-pentafluorocyclohexane 2.82 

 

Ph3P (0.278 g, 1.06 mmol) and CBr4 (0.352 g, 1.06 mmol) were added to a solution of 2.81 

(0.1155 g, 0.5294 mmol) in CH3CN (5 mL) at r.t. for 16 h. The reaction mixture was 

concentrated in vacuo and purified directly by flash column chromatography (SiO2, hexane to 

40% EtOAc in hexane) to give 2.82 as a white crystalline solid (0.125 g, 0.445 mmol, 84%): 

m.p. (MeOH): 154-155 °C; 1H NMR (400 MHz, CD3OD) δH 5.37-5.17 (1H, m, FCH-4), 

5.06-4.88 (2H, m, FCH-2 and FCH-6), 4.83-4.54 (2H, m, FCH-3 and FCH-5), 3.65 (2H, t J = 

6.7 Hz, CH2-2), 2.32 (2H, m, CH2-1), 2.13 (1H, m, FCCH-1); 19F NMR (377 MHz, CD3OD) 

δF -206.1, -213.0, -218.3; 13C NMR (101 MHz, CD3OD) δC 89.7 (FC-4), 88.5 (FC-2 and FC-6), 

87.6 (FC-3 and FC-5), 37.9 (FCC-1), 31.0 (H2C-2), 30.2 (H2C-1); HRMS m/z (ESI+) (calculated 

C8H10F5
79BrNa+ = 302.9778) found 302.9782 [M+Na]+; νmax/cm-1 2900 br (C-H). 

 

(1r,2R,3R,4s,5S,6S)-1-(2-Azidoethyl)-2,3,4,5,6-pentafluorocyclohexane 2.83 

 

To a solution of 2.82 (0.441 g, 1.57 mmol) in DMF (10 mL) was added sodium azide (0.201 g, 

3.09 mmol). The solution was warmed to 70 C and stirred for for 6 h until TLC showed 

complete consumption of the starting material. Water (5 mL) was added, and the mixture 

extracted into EtOAc (3 x 20 mL). The combined organic phase was washed with brine, dried 

over MgSO4, filtered and concentrated in vacuo to give the crude product which was purified 
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by flash column chromatography (SiO2, 40% EtOAc in hexane) to give 2.83 as a white 

crystalline solid (0.381 g, 1.57 mmol, quantitative): m.p. (MeOH): 102-103 C;  1H NMR 

(500 MHz, CD3OD) δH 5.36-5.17 (1H, m, H-4), 5.00-4.88 (2H, m, H-2 and H-6), 4.78-4.55 (2H, 

m, H-3 and H-5), 3.54 (2H, t J = 6.5, CH2-2), 2.08-1.88 (3H, overlapping m, CH2-1 and 

FCCH-1); 19F NMR (471 MHz, CD3OD) δF -205.9, -213.1, -218.2; 13C NMR (126 MHz, CD3OD) 

δC 89.8 (FC-4), 88.4 (FC-2 and FC-6), 87.1 (FC-3 and FC-5), 49.4 (H2C-2), 36.8 (FCC-1), 26.4 

(H2C-1 ); HRMS m/z (ESI+) (Calculated C8H10F5N3Na = 266.0693) found 266.0682 [M+Na]+; 

vmax/cm-1 2976 and 2951 (C-H), 2102 (N=N=N). 

 

2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethan-1-amine 2.84 

 

Ph3P (147 mg, 0.560 mmol) was added to a solution of 2.83 (0.068 g, 0.28 mmol) in THF 

(1 mL). The solution was stirred at r.t. for 2h and then water (0.1 mL) was added. The mixture 

was stirred for a further 22 h before being quenched by addition of HCl (2M, 0.25 mL). The 

aqueous layer was washed with EtOAc (3 x 1 mL) before being basified with NaOH (2M) to 

pH 2. The basic aqueous phase was extracted into EtOAc (3 x 5 mL) and this organic phase 

was washed with brine (2 x 5 mL), dried over MgSO4, filtered and concentrated in vacuo to 

give 2.84  (40 mg, 0.18 mmol, 64%) as a crystalline white solid: m.p. (EtOAc) 141-142 C; 1H 

NMR (500 MHz, CD3OD) δH 5.37-5.19 (1H, m, FCH-4), 4.98-4.87 (2H, m, FCH-2 and FCH-6), 

4.75-4.55 (2H, m, FCH-3 and FCH-5), 2.81 (2H, t J = 6.9 Hz, CH2-1), 1.99-1.82 (3H, 

overlapping m, FCCH-1 and CH2-2); 19F NMR (471 MHz, CD3OD) δF -205.8, -213.5, -218.2; 

13C NMR (126 MHz, CD3OD) δC 89.9 (FC), 88.5 (FC), 87.1 (FC-3 and FC-5), 39.2 (H2C-1), 

36.6 (FCC-1), 29.9 (H2C-2); HRMS m/z (ESI+) (Calculated C8H13F5N+ = 218.0963) found 

218.0958 [M+H]+; vmax/cm-1 3354 br (N-H), 2955 (C-H), 1576 (N-H), 1124 and 1047 (C-N). 

 

2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)acetaldehyde 2.87 

 

To a solution of 2.81 (0.346 g, 1.41 mmol) in THF (21 mL) was added dess-martin periodinane 

(0.88 g, 2.1 mmol) at 0 C. The suspension was warmed to r.t. and stirred for 45 mins until 

complete consumption of starting material was observed by thin layer chromatography. The 

reaction was quenched by the addition of sodium thiosulfate solution (25% w/w, 9.7 mL) and 

saturated NaHCO3 solution (9.7 mL). The mixture was stirred for 30 mins before being 
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extracted into EtOAc (3 x 50 mL). The combined organic phase was dried over MgSO4, filtered 

and concentrated in vacuo. The residue was purified by flash column chromatography (SiO2, 

40% EtOAc in hexane to 60% EtOAc in hexane) to give 2.87 as a white crystalline solid, 

(0.259 g, 1.20 mmol, 85%), only peaks for the keto form are assigned: m.p. (acetone) 205-

206 C; 1H NMR (500 MHz, Acetone-D6) δH 9.85 (1H, s, C(O)H-1), 5.42 (1H, app d J = 54.3 

Hz, FCH-4), 5.10-4.88 (4H, overlapping m, FCH-2, FCH-3, FCH-5 and FCH-6), 3.07 (2H, d J 

= 6.7 Hz, CH2-2), 2.79-2.59 (1H, m, FCCH-1); 19F NMR (471 MHz, Acetone-D6) δF −205.3, 

−212.1, −217.6; 13C NMR (126 MHz, Acetone-D6) δC 200.6 (C=O), 89.7 (CF), 88.1 (CF), 86.5 

(CF), 40.6 (H2C-2), 33.3 (FCC-1); HRMS m/z ESI+ (Calculated C8H9F5ONa+ = 239.0466) found 

239.0463 [M+Na]+; vmax/cm-1 2820 (C-H), 1721 (C=O), 1398 (C-H). 
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6.3.2. Chapter 3 

tert-Butyl N6-(tert-butoxycarbonyl)-N2-(2-((1r,2R,3R,4R,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)acetyl)-L-lysinate 3.2 

 

HATU (383 mg, 1.01 mmol), H-Lys(Boc)-OtBu.HCl (188 mg, 0.554 mmol) and iPr2NEt 

(0.263 mL, 1.51 mmol) were added to a solution of 2.58 (117 mg, 0.504 mmol) in DMF (7 mL) 

at 0 °C. The solution was warmed to r.t. and stirred for 16 h before being concentrated in 

vacuo. The residue was redissolved in EtOAc (20 mL) and washed with water (2 x 20 mL) and 

brine (2 x 20 mL). The organic phase was dried over MgSO4, filtered and concentrated in 

vacuo to give the crude product which was purified by flash column chromatography (SiO2, 

30% EtOAc in hexane to 60% EtOAc in hexane) to give 3.2 (53 mg, 0.103 mmol, 20%) as a 

white crystalline solid: m.p. (Acetone): 92-93 °C; 1H NMR (700 MHz, Acetone-D6) δH 7.55 (1H, 

app d J = 7.3 Hz, NH), 5.95 (1H, br s, NH), 5.42 (1H, app dt J = 7.4, 53.8 Hz, FCH-4), 5.09-

4.85 (4H, overlapping m, FCH-2, FCH-4, FCH-5 and FCH-6), 4.31-4.28 (1H, m, NCH-2), 3.08-

3.01 (2H, m, NCH-6), 2.76 (2H, app t J = 7.1 Hz, CH2-2), 2.52 (1H, app t J = 34.6 Hz, FCCH-

1), 1.84-1.65 (2H, m, CH2-3), 1.53-1.46 (2H, m, CH2-5), 1.45-1.41 (2H, m, CH2-4), 1.44 (9H, 

s, CH3), 1.39 (9H, s, CH3); 19F NMR (376 MHz, Acetone-D6) δF −205.2, −211.9, −217.4; 13C 

NMR (176 MHz, Acetone-D6) δC 172.1 (C=O), 170.6 (C=O), 156.7 (C=O),  89.1 (FC), 87.9 

(FC), 86.9 (FC), 81.4 (C(CH3)3), 78.4 (C(CH3)3), 54.05 (NC-2), 40.7 (NC-6), 36.1 (FCC-1), 32.5 

(H2C-2), 32.05 (H2C-3), 30.45 (H2C-5), 28.65 (H3C), 28.1 (H3C), 23.6 (H2C-4); HRMS m/z ESI+ 

(Calculated C23H38F5N2O5
+ = 517.2705) found 517.2695 [M+H]+; vmax/cm-1 3329br (N-H), 1684 

and 1639 (C=O), 1665 and 1130 (C-F); [𝛼]𝐷
20 = −17 (c 0.80, MeOH). 

 

(S)-5-carboxy-5-(2-((1r,2R,3R,4R,5S,6S)-2,3,4,5,6-

Pentafluorocyclohexyl)acetamido)pentan-1-aminium 3.3 

 

Trifluoroacetic acid (1.0 mL, 13 mmol).To a solution of 3.2 (0.045 g, 0.095 mmol) in CH2Cl2 

(1 mL) was added The reaction was stirred at r.t. for 15 h before being concentrated in vacuo 

to give 3.3 (0.041 g, 0.086 mmol, 91%) as a white crystalline solid: m.p. (MeOH): 230-231 °C; 

1H NMR (400 MHz, CD3OD) δH 5.24 (1H, app d J = 53.7 Hz, FCH-4), 5.00-4.85 (2H, m, FCH-

2 and FCH-6), 4.68 (2H, app dt J = 41.2, 28.9 Hz, FCH-3 and FCH-5), 4.40-4.32 (1H, dd J = 
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9.2, 4.9 Hz, NCH-5), 2.89 (2H, t J = 7.6, NCH2-1), 2.74 (2H, d, J = 7.4 Hz, OCCH2-2), 2.46-

2.20 (1H, m, FCCH-1), 1.94-1.86 (1H, m, NCHCH2-4a), 1.77-1.62 (3H, overlapping m, 

NCHCH2-4b and NCH2CH2-2), 1.51-1.41 (2H, m, NCH2CH2CH2-3); 19F NMR (377 MHz, 

CD3OD) δF -77.1 (CF3COOH), -206.3, -212.6, -218.3; 13C NMR (126 MHz, CD3OD) δC 175.1 

(COOH), 173.1 (OC-1), 89.95 (CF), 88.5 (CF), 86.9 (CF), 53.5 (NC-5), 40.5 (NC-1), 36.8 

(FCC-1), 33.0 (OCC-2), 31.8 (NCC-4), 28.0 (NCC-2), 23.93 (NCCC-3); HRMS m/z (ESI+) 

(Calculated C14H22F5N2O3
+ = 361.1545) Found 361.1536 [M+H]; vmax/cm-1 2953br (C-H and N-

H), 1717 and 1674 (C=O), 1634 (N-H), 1198 and 1132 (C-N); [𝛼]𝐷
20 = −7.3 (c 1.46, MeOH). 

 

(2-((1r,2R,3R,4R,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)acetyl)-L-glutamic acid 3.5 

 

HATU (2 eq, 1.48 mmol, 0.564 g), iPr2NEt (3eq, 2.22 mmol, 0.287 g) and L-glutamic acid di-

tert-butyl ester hydrochloride (207 mg, 0.815 mmol) were added to a solution of 2.58 (0.172 g, 

0.741 mmol) in DMF (10mL) at 0 C. The solution was warmed to r.t. and stirred for 16 h. 

Water (30 mL) was then added and the mixture extracted into EtOAc (3 x 30 mL). The 

combined organic phase was dried over MgSO4, filtered and concentrated in vacuo. The 

residue was redissolved in CH2Cl2 (5 mL) and trifluoroacetic acid (0.10 mL, 1.3 mmol) was 

added dropwise. The solution was stirred for 1 h at r.t. before being basified with saturated 

NaHCO3 solution. Residual starting material was extracted with EtOAc (3 x 20 mL) and the 

aqueous phase was then reacidified by addition of HCl (1M). The product was extracted into 

EtOAc (3 x 50 mL), dried over MgSO4, filtered and concentrated in vacuo to give 3.5 as a white 

crystalline solid (0.116 g, 0.321 mmol, 43%): m.p. (MeOH): 251-252 °C; 1H NMR (500 MHz, 

CD3OD) δH 5.37-5.21 (1H, app d J = 54.1 Hz, FCH-4), 5.05-4.88 (2H, m, FCH-2 and FCH-6), 

4.78-4.61 (FCH-3 and FCH-5), 4.46 (1H, dd J = 9.2, 5.1 Hz, NCH-2), 2.79 (1H, dd J = 7.5, 4.9 

Hz, CH2-2), 2.48-2.30 (3H, overlapping m, FCCH-1 and CH2-4), 2.27-2.19 (1H, m, CH2-3a), 

2.02-1.95 (1H, m, CH2-3b); 13C NMR (126 MHz, CD3OD) δC 176.3 (C=O), 174.95 (C=O), 173.1 

(C=O), 89.9 (CF), 88.5 (CF), 86.6 (CF), 53.3 (NC-2), 36.9 (FCC-1), 33.05 (H2C-2), 31.3 (H2C-

4), 27.7 (H2C-3); 19F NMR (471 MHz, CD3OD) δF -206.3, -212.7, -218.3; HRMS m/z ESI+ 

(Calculated C13H17F5O5N+ = 362.1021) found 362.1027 [M+H]+; vmax/cm-1 2918 (C-H), 1715 

and 1645 (C=O), 1088 (C-F); [𝛼]𝐷
20 = −11.2 (c 0.60, MeOH). 
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Amino(((S)-5-(tert-butoxy)-5-oxo-4-(2-((1r,2R,3R,4R,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)acetamido)pentyl)amino)methaniminium hexafluorophosphate 

3.6 

 

HATU (0.622 g, 1.64 mmol), iPr2NEt (0.48 mL, 2.74 mmol) and L-arginine-tert-butyl ester 

dihydrochloride (0.250 g, 0.821 mmol) to a solution of 2.58 (0.127 g, 0.547 mmol) in DMF 

(7 mL) at 0 C was added. The solution was warmed to r.t. and stirred for 16 h. The solution 

was concentrated in vacuo and then redissolved in n-butanol (10 mL). The solution was 

washed with brine (3 x 10 mL). The organic phase was dried over MgSO4, filtered, and 

concentrated in vacuo to give 3.6 (0.073 g, 0.124 mmol, 23%) as a yellow oil: 1H NMR (500 

MHz, CD3OD) δH 5.37-5.19 (1H, m, FCH-4), 5.04-4.89 (2H, m, FCH-2 and FCH-6), 4.84-4.60 

(2H, m, FCH-3 and FCH-5), 4.30 (1H, dd J = 8.9, 5.1 Hz, NCH-4), 3.23 (2H, tdh J = 6.9, 2.8, 

NCH-1) 2.84-2.73 (2H, m, OCCH-2)  2.52-2.30 (1H, m, FCCH-1), 1.94-1.85 (1H, m, NCCH-

3a), 1.78-1.64 (3H, overlapping m, NCCH-3b and NCCH-2), 1.47 (9H, s, C(CH3)3); 19F NMR 

(470 MHz, CD3OD) δF −74.4, −206.2, −212.5, −218.2; 13C NMR (126 MHz, CD3OD) δC 173.0 

(1-C=O), 172.5 (5-C=O), 158.6 (1-C=N), 89.8 (CF), 88.5 (CF), 86.9 (CF), 83.0 (C(CH)3), 54.3 

(NC-4), 40.3 (NC-1), 36.8 (FC-1), 33.0 (OCC-2), 29.5 (NCC-3), 28.2 (C(CH3)3), 26.42 (NCC-

2); HRMS m/z (ESI+) (Calculated C18H30F5N4O3
+ = 445.2233) found 445.2226 (M+); 3242br (N-

H), 3026 (C-H), 1732 (C=O), 1645 (C=N), 1157 (C-O); []𝐷
20 = −16.0 (c 6.02, MeOH).  

 

2-(tert-Butylamino)-2-oxo-1-phenylethyl 2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)acetate 3.13 

 

Benzaldehyde (18 µL, 0.18 mmol) and tert-Butyl isocyanide (45 µL, 0.40 mmol) were added 

to 2.58 (50 mg, 0.22 mmol) in acetonitrile (0.4 mL). The solution was heated to 70 °C for 14 h 

and then concentrated in vacuo. The residue was redissolved in EtOAc (3 mL) and washed 

with brine (3 x 3 mL). The organic phase was dried over MgSO4, filtered and concentrated in 

vacuo to give the crude product which was purified by flash column chromatography (SiO2, 

50% EtOAc in hexane) to give 3.13 as a white crystalline solid (33 mg, 0.078 mmol, 44%): 

m.p. (Acetone): 144-145 C; 1H NMR (500 MHz, Acetone-D6) δH 7.56-7.51 (2H, m, ArH), 

7.41-7.36 (3H, m, ArH), 7.07 (1H, s, NH), 5.90 (1H, s, OCH-1), 5.43 (1H, app dt J = 53.6, 7.3 
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Hz, FCH-4), 5.25-4.86 (4H, overlapping m, FCH-2, FCH-3, FCH-5 and FCH-6), 3.07-2.92 (2H, 

m, CH2-2), 2.71-2.54 (1H, m, FCCH-1), 1.31 (9H, s, CH3); 19F NMR (471 MHz, CDCl3) 

δF -204.0, -211.4, -216.9; 13C NMR (126 MHz, Acetone-D6) δC 171.1 (C=O), 168.2 (C=O), 

137.2 (ArC), 129.6 (ArH), 129.4 (ArH), 128.6 (ArH), 89.6 (FC), 88.1 (FC), 86.7 (FC-3 and FC-

5), 77.1 (OCH-1), 51.9 (C(CH3)3), 31.6 (H2C-2), 28.9 (H3C); HRMS m/z (ESI+) (Calculated 

C20H24F5O3NNa+ = 444.1569) found 444.1561 [M+Na]+; vmax/cm-1 2970br (C-H), 1742, 1670 

and 1526 (C=O), 1366, 1134 and 1049 (C-F).  

 

1-(tert-Butylamino)-3-methyl-1-oxobutan-2-yl 2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)acetate 3.15 

 

 

 Isobutyraldehyde (24 µL, 0.26 mmol) and tert-Butyl isocyanide (24 µL, 0.21 mmol) were added 

to a suspension of 2.58 in water (5 mL) and MeOH (1 mL) and the suspension was stirred at 

r.t. for 16 h. The suspension was extracted into EtOAc (3 x 20 mL) and the combined organic 

phase was washed with brine (3 x 60 mL), dried over MgSO4, filtered and concentrated in 

vacuo to give the crude product which was purified by flash column chromatography (SiO2, 

40-60% EtOAc in hexane) to give 3.15 as a white crystalline solid (42 mg, 0.11 mmol, 52%): 

m.p. (Acetone): 94-95 °C; 1H NMR (700 MHz, Acetone-D6) δH 6.74 (1H, s, NH), 5.51-5.37 (1H, 

app d J = 53.7 Hz, FCH-4), 5.19-4.90 (4H, overlapping m, FCH-2, FCH-3, FCH-5 and FCH-

6), 4.79 (1H, d J = 4.9 Hz, OCH-2), 3.00 (1H, dd J = 16.7, 7.0 Hz, CH2-2a), 2.94 (1H, dd J = 

16.7, 7.6 Hz), 2.69-2.51 (1H, m, FCCH-1), 2.22-2.17 (1H, m, (H3C)2CH-3), 1.34 (9H, s, (CH3)3), 

0.98-0.95 (6H, m, (CH3)2); 19F NMR (659 MHz, Acetone-D6) δ -205.4, -212.2, -212.7, -217.5; 

13C NMR (126 MHz, Acetone-D6) δC 171.4 (C=O), 168.8 (C=O), 89.2 (FC), 87.6 (FC), 86.4 

(FC), 79.5 (OC-2), 51.6 ((CH3)2HC-3), 36.0 (FCC-1), 31.35 (H2C-2), 28.9 ((H3C)3), 19.1 (H3C-

4), 17.5 (H3C-4); HRMS m/z (ESI+) (Calculated C17H26F5O3NNa+ = 410.1725) found 410.1720 

[M+Na]+; vmax/cm-1 2968 (C-H), 1736, 1665 and 1526 (C=O), 1134 and 1049 (C-F). 

N-Allyl-N-(2-(tert-butylamino)-1-(4-fluorophenyl)-2-oxoethyl)-2-((1r,2R,3R,4s,5S,6S)-

2,3,4,5,6-pentafluorocyclohexyl)acetamide 3.17 
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Allylamine (0.017 mL, 0.22 mmol,) and MgSO4 (0.01 g) were added to a solution of 4-

fluorobenzaldeyde (0.023 mL, 0.22 mmol) in CH2Cl2 (1 mL). The solution was stirred at r.t. 

until NMR showed complete consumption of the aldehyde starting material. To this tert-butyl 

isocyanide (0.025 mL, 0.22 mmol) in methanol (0.5 mL) and 75 (0.050 g, 0.22 mmol) in 

methanol (0.5 mL) were added. The solution was stirred at r.t. for 24 h before being 

concentrated in vacuo. The crude product was purified directly by flash column 

chromatography (SiO2, 60% EtOAc in 40-60 petroleum ether) and then by HPLC (gradient 

water to MeCN) to give 3.17 as a fine white powder (0.021 g, 0.044 mmol, 20%): m.p. (MeOH): 

173-174 °C; 1H NMR (500 MHz, CD3OD) δH 7.40- 7.37 (2H, m, ArH), 7.14-7.11 (2H, m, ArH), 

6.06 (1H, s, OCCH-1), 5.50-5.41 (1H, m, NCCH-2), 5.37-5.21 (1H, app d J = 53.9 Hz, FCH-

4), 5.07-4.90 (4H, overlapping m, FCH-2, FCH-6 and NCH2-1), 4.79-4.65 (2H, m, FCH-3 and 

FCH-5), 4.16-4.08 (1H, m, NCCCH-3a) 3.98-3.90 (1H, m, NCCCH-3b), 2.97-2.94 (2H, m, 

OCCH2-2), 2.60-2.39 (1H, m, FCCH-1), 1.38 and 1.34 (9H, s (rotamers), C(CH3)3); 19F NMR 

(470 MHz, CD3OD) δF -115.4, -206.2, -211.8, -212.8, -218.25; 13C NMR (126 MHz, CD3OD) 

δC 171.5 (C=O), 165.2 (C=O), 135.3 (NCCH-2), 133.2 (ArCH), 133.1 (ArCH), 132.9 (ArC), 

132.85 (ArC), 116.8 (NCH2-1), 116.5 (ArCH), 116.35 (ArCH), 88.0 (FC), 87.1 (FC), 86.4 (FC), 

62.9 (OCCH-1), 52.3 ((CH3)3C), 49.3 (NCCC-3), 36.7 (FCC-1), 31.3 (OCCH2-2), 28.8 (H3C); 

HRMS m/z (ESI+) (Calculated C23H28F6N2O2Na+ = 501.1947) found 501.1941 [M+Na]+; 

vmax/cm-1 2968br (C-H), 1630 (C=O). 

 

N-Allyl-N-(1-(benzylamino)-1-oxo-3-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propan-2-yl)benzamide 3.20 

 

Allylamine (0.028 mL, 0.37 mmol,) and MgSO4 (0.005 g) were added to a solution of 2.87 

(0.067 g, 0.31 mmol) in CH2Cl2 (2 mL). The solution was stirred at r.t. for 16 h until NMR 

showed complete consumption of the aldehyde starting material. Then, benzyl isocyanide 

(0.045 mL, 0.37 mmol) in CH2Cl2 (1 mL) and benzoic acid (0.045 g, 0.37 mmol) in CH2Cl2 

(0.4 mL) were added. The solution was stirred at r.t. for 16 h before being diluted with CH2Cl2 

(5 mL) and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, filtered 

and concentrated in vacuo. The crude product was purified by flash column chromatography 

(SiO2, 40% EtOAc in hexane to 70% EtOAc in hexane) to give 3.20 as a white crystalline solid 

(0.131 g, 0.265 mmol, 85%): m.p. (Acetone): 153-154 °C; 1H NMR (500 MHz, Acetone-D6) δH 
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7.88 (1H, s, NH), 7.47-7.23 (10H, overlapping m, ArCH), 6.18-5.64 (1H, m, NCH2CH-2 ) 5.45-

5.32 (1H, m, FCH-4), 5.26-4.76 (7H, overlapping m, NCH-2, NCH2CHCH2-3, FCH-2, FCH-3, 

FCH-5 and FCH-6), 4.52-4.37 (2H, m, PhCH2), 4.08-3.94 (2H, m, NCH2-1), 2.70-2.53 (1H, m, 

FCCCH2-3a), 2.36-2.21 (1H, m, FCCCH2-3b), 2.21-2.03 (1H, m, FCCH-1); 19F NMR (659 MHz, 

CD3OD) δF −205.95, −212.8, −218.2; 13C NMR (126 MHz, Acetone-D6) δC 170.4 (C=O), 157.7 

(C=O), 140.3 (ArC), 137.55 (ArC), 135.6 (NCH2CH-2) 130.5 (ArCH), 130.4 (ArCH), 129.2 

(ArCH), 128.5 (ArCH), 127.8 (ArCH), 127.7 (ArCH), 118.4 (NCH2CHCH2-3) 89.2 (CF), 88.1 

(CF), 86.6 (CF), 60.54, 50.7 (NCH2-1) 43.8 (PhCH2), 36.2 (FCC-1), 26.6 (FCCCH2-3); HRMS 

m/z ESI+ (Calculated C26H28F5N2O2
+ = 495.2065) found 495.2066 [M+H]+; vmax/cm-1 1670 and 

1620 (C=O), 1526, 1456 and 1410 (C=C Ar). 

 

N-Allyl-N-(1-(benzylamino)-1-oxo-3-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propan-2-yl)butyramide 3.21 

 

Allylamine (0.025 mL, 0.33 mmol) and MgSO4 (0.005 g) were added to a solution of 2.87 

(0.060 g, 0.28 mmol) in CH2Cl2 (5 mL). The solution was stirred at r.t. for 16 h until NMR 

showed complete consumption of the aldehyde starting material. Then, benzyl isocyanide 

(0.029 mL, 0.32 mmol) in CH2Cl2 (1 mL) and butyric acid (0.029 mL, 0.32 mmol) in CH2Cl2 

(0.5 mL) were added. The solution was stirred at r.t. for 16 h before being diluted with CH2Cl2 

(10 mL) and washed with brine (3 x 15 mL). The organic phase was dried over MgSO4, filtered 

and concentrated in vacuo. The crude product was purified by flash column chromatography 

(SiO2, 20% EtOAc in hexane to 90% EtOAc in hexane) to give 3.21 as a white crystalline solid 

(0.056 g, 0.12 mmol, 43%): m.p. (Acetone): 121-122 °C; 1H NMR (500 MHz, Acetone-D6) δH 

7.68 (1H, s, NH), 7.31-7.21 (5H, overlapping m, ArH), 5.90-5.82 (1H, m, NCCH-2), 5.44-4.70 

(8H, m, FCH-1, FCH-2, FCH-3, FCH-4, FCH-5, FCH-6, NCH-2, NCH2CHCH2-3), 4.42-4.34 

(2H, m, PhCH2), 4.13 (1H, app dd J = 17.6, 5.0 Hz, NCCH2-3a), 4.00 (1H, app dd J = 17.6, 

6.2 Hz, NCCH2-3b), 2.53-2.45 (1H, m, FCCCH2-3a) 2.37-2.29 (2H, m, NC(O)CH2-2), 2.18-2.11 

(1H, m, FCCCH2-3b), 2.08-1.91 (1H, m, FCCH-1), 1.60-1.53 (2H, m, NC(O)CCH2-3), 0.87 (3H, 

t J = 7.4 Hz, CH3-4); 19F NMR (470 MHz, CDCl3) δF -203.6, -211.4, -216.7; 13C NMR (126 MHz, 

Acetone-D6) δH 174.9 (C=O), 170.7 (C=O), 140.2 (ArC), 136.2 (NCCH-2), 129.2 (ArCH), 128.4 

(ArCH), 127.8 (ArCH), 117.2 (NCH2CHCH2-3), 88.9 (FC), 88.7 (FC), 87.5 (FC), 54.5 (NCH-2), 

48.1 (NCH2-1), 43.6 (PhCH2), 36.1 (FCC-1), 35.8 (NC(O)CH2-2), 26.6 (FCCCH2-3), 19.1 
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(NC(O)CCH2-3), 14.1 (H3C-4); HRMS m/z ESI+ (Calculated C23H29F5N2O2Na+ = 483.2041) 

found 483.2031 [M+Na]+; vmax/cm-1 2963 (C-H), 1622 (C=O), 1132 and 1047 (C-F). 

 

N-Benzyl-N-(1-(benzylamino)-1-oxo-3-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propan-2-yl)propiolamide 3.22 

 

Benzylamine (0.066 mL, 0.61 mmol) and MgSO4 (0.005 g) were added to a solution of 2.87 

(0.110 g, 0.509 mmol) in CH2Cl2 (10 mL). The solution was stirred at r.t. for 16 h until NMR 

showed complete consumption of the aldehyde starting material. Then, benzyl isocyanide 

(0.063 mL, 0.51 mmol) and propiolic acid (0.032 mL, 0.51 mmol) were added. The solution 

was stirred at r.t. for 16 h before being diluted with CH2Cl2 (10 mL) and washed with brine (3 x 

20 mL). The organic phase was dried over MgSO4, filtered and concentrated in vacuo. The 

crude product was purified by flash column chromatography (SiO2, 30% EtOAc in hexane to 

70% EtOAc in hexane) to give 3.22 as a white crystalline solid (0.167 g, 0.339 mmol, 67%): 

m.p. (Acetone): 186-187 °C; Rotamers are present and observable in NMR spectra: 1H NMR 

(500 MHz, Acetone-D6) δH 8.09 and 7.86 (1H, s, NH), 7.59-7.24 (10H, overlapping m, ArH), 

5.39-5.35 and 5.19-5.12 (1H, m, NCH-2), 5.29-3.80 (10H, overlapping m, FCH-2, FCH-3, 

FCH-4, FCH-5, FCH-6, PhCH2, C≡CH-3), 2.52-1.94 (2H, overlapping m (rotamers), 

FCCCH2-3), 1.79-1.63 (1H, m, FCCH-1); 19F NMR (470 MHz, Acetone-D6) δF −205.2, −212.4, 

−217.5; 13C NMR (126 MHz, Acetone-D6) δC 169.3 (C=O), 155.8 (C=O), 155.5 (C=O), 140.0 

(ArC), 139.6 (ArC), 138.6 (ArC), 129.5 (ArCH), 129.35 (ArCH), 129.2 (ArCH), 128.9 (ArCH), 

128.8 (ArCH), 128.55 (ArCH), 128.5 (ArCH), 128.2 (ArCH), 127.9 (ArCH), 127.8 (ArCH), 89.5 

(CF), 88.6 (CF), 87.4 (CF), 82.8 (C≡C-2a), 82.0 (C≡C-2b), 60.5 (NCH-2a), 55.3 (NCH-2b), 

51.45, 46.9, 43.9 (PhCH2), 43.8 (PhCH2), 35.8 (FCC-1), 27.5 (FCCC-3a), 26.9 (FCCC-3b); 

HRMS m/z ESI+ (Calculated C26H25F5NO2Na+ = 515.1728) found 515.1708; vmax/cm-1 2106 

(C≡C), 1620 (C=O), 1134 and 1049 (C-F). 
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2-(N-Allylacetamido)-N-benzyl-3-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propenamide 3.23 

 

Allylamine (0.012 mL, 0.16 mmol) was added to a solution of 2.87 (0.034 g, 0.16 mmol) in 

MeOH (0.5 mL) in a microwave vial and the solution was stirred for 5 mins. Then, acetic acid 

(0.0080 mL, 0.13 mmol) and benzyl isocyanide (0.016 mL, 0.13 mmol) were added and the 

vial sealed. The solution was heated in a 2.45 GHz microwave reactor targeting 45 °C for 

45 mins before being concentrated in vacuo. The residue was redissolved in EtOAc (5 mL) 

and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, filtered and 

concentrated in vacuo to give the crude product which was purified by flash column 

chromatography (SiO2, 70% EtOAc in hexane to 90% EtOAc in hexane) to give 3.23 as a white 

crystalline solid (0.040 g, 0.093 mmol, 72%): m.p. (CDCl3): 158-159 °C; 1H NMR (500 MHz, 

CDCl3) δH 7.33-7.22 (5H, overlapping m, ArH), 5.71 (1H, ddt J = 17.1, 10.5, 5.3 Hz, NCH2CH-

2), 5.35-5.13 (4H, overlapping m, NCH2CHCH2-3, NCH-2 and FCH-4), 4.95 (2H, d J = 49.0 

Hz, FCH-2 and FCH-6), 4.46-4.20 (4H, overlapping m, PhCH2, FCH-3 and FCH-5), 4.03-3.89 

(2H, m, NCH2-1) 2.47 (1H, ddd J = 14.8, 9.8, 5.4 Hz, FCHCHCH2-3a), 2.21-2.13 (1H, m, 

FCHCHCH2-3b), 2.07 (3H, s, CH3), 1.73-1.54 (1H, m, FCHCH-1); 19F NMR (470 MHz, CDCl3) 

δF −203.4, −211.45, −216.7; 13C NMR (126 MHz, CDCl3) δC 173.1 (C=O), 170.0 (C=O), 138.1 

(ArC), 133.3 (C=C-2), 128.9 (ArCH), 127.9 (ArCH), 127.7 (ArCH), 117.9 (C=C-3), 88.2 (CF), 

87.2 (CF), 86.2 (CF), 54.0 (NCH-2), 48.35 (NCH2-1), 43.6 (PhCH2), 35.9 (FCHCH-1), 25.5 

(FCHCHCH2-3), 22.1 (H3C-2); HRMS m/z ESI+ (Calculated C21H25F5O2N2Na+ = 455.1728) 

found 455.1718 [M+Na]+; vmax/cm-1 1624 (C=O), 1134 and 1049 (C-F). 

 

2-(N-Allyl-2,2,2-trifluoroacetamido)-N-benzyl-3-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propenamide 3.24 

 

Allylamine (0.017 mL, 0.19 mmol) was added to a solution of 2.87 (0.050 g, 0.23 mmol) in 

MeOH (0.5 mL) in a microwave vial and the solution was stirred for 5 mins. Then, trifluoroacetic 

acid (0.015 mL, 0.19 mmol) and benzyl isocyanide (0.023 mL, 0.19 mmol) were added and 
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the vial sealed. The solution was heated in a 2.45 GHz microwave reactor targeting 45 °C for 

45 mins before being concentrated in vacuo. The residue was redissolved in EtOAc (5 mL) 

and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, filtered and 

concentrated in vacuo to give the crude product which was purified by flash column 

chromatography (SiO2, 50% EtOAc in hexane) to give 3.24 as a white crystalline solid 

(0.061 g, 0.13 mmol, 68%): m.p. (MeOH): 141-142 °C 1H NMR (400 MHz, CD3OD) δH 7.34-

7.23 (5H, overlapping m, ArH), 5.84 (1H, ddt J = 16.6, 10.9, 6.0 Hz, C=C-H-2), 5.34-4.50 (8H, 

overlapping m, FCH-2, FCH-3, FCH-4, FCH-5, FCH-6, NCH2CHCH2-3, NCH-2), 4.40-4.31 

(2H, m, PhCH2), 4.27-4.13 (2H, m, NCH2-1), 2.61-2.51 (1H, m, FCHCHCH2-3a), 2.29-2.16 

(1H, m, FCHCHCH2-3b), 1.95-1.73 (1H, m, FCHCH-1); 19F NMR (377 MHz, CD3OD) δF −70.1 

(CF3), −206.0, −212.6, −213.1, −218.1; 13C NMR (126 MHz, CD3OD) δ 168.9 (C=O), 157.8 

(C=O), 138.2 (ArC), 133.1 (C=C-2), 128.2 (ArH), 127.3 (ArH), 126.9 (ArH), 118.5 (C=C-3), 

87.6 (CF), 87.5 (CF), 86.2 (CF), 57.0 (NCH-2), 49.0 (NCH2-1)  43.0 (PhCH2), 35.3 (FCHCH-

1), 25.5 (FCHCHCH2-3); HRMS m/z ESI+ (Calculated C21H22F8O2N2Na+ = 509.1446) found 

509.1442 [M+Na]+; vmax/cm-1 1682 (C=O), 1150 and 1136 (C-F).  

 

N-Benzyl-2-(N-benzylacetamido)-3-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propenamide 3.25 

 

Benzylamine (0.030 mL, 0.28 mmol) was added to a solution of 2.87 (0.054 g, 0.25 mmol) in 

MeOH (0.5 mL) in a microwave vial and the solution was stirred for 5 mins. Then, acetic acid 

(0.016 mL, 0.28 mmol) and benzyl isocyanide (0.033 mL, 0.28 mmol) were added and the vial 

sealed. The solution was heated in a 2.45 GHz microwave reactor targeting 45 °C for 45 mins 

before being concentrated in vacuo. The residue was redissolved in EtOAc (5 mL) and washed 

with brine (3 x 5 mL). The organic phase was dried over MgSO4, filtered and concentrated in 

vacuo to give the crude product which was purified by flash column chromatography (SiO2, 

80% EtOAc in hexane) to give 3.25 as a white crystalline solid (0.049 g, 0.10 mmol, 41%): 

m.p. (MeOH): 142-143 °C; 1H NMR (500 MHz, CDCl3) δH 7.36-7.17 (10H, overlapping m, ArH, 

5.30-5.16 (1H, m, FCH-4), 5.10-5.03 (1H, m, NCH-2), 4.91-4.78 (1H, m, FCH-2a and FCH-

6a), 4.70-4.60 (2H, m, PhCH2), 4.54-4.44 (1H, m, FCH-2b and FCH-6b), 4.38-4.27 (1H, m, 

PhCH2), 4.35-4.04 (2H, m, FCH-3 and FCH-5), 2.48-2.39 (1H, m, FCHCHCH2-3a), 2.15 (3H, 

s, CH3-2), 2.16-2.07 (1H, m, FCHCHCH2-3b), 1.64-1.47 (1H, m, FCHCH-1); 19F NMR (470 

MHz, CDCl3) δF −203.4, −203.5, −211.4, −211.8, −216.9; 13C NMR (126 MHz, CDCl3) δC 173.4 
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(C=O), 170.0 (C=O), 138.0 (ArC), 136.8 (ArC), 129.3 (ArCH), 128.9 (ArCH), 128.2 (ArCH), 

127.8 (ArCH), 127.75 (ArCH), 126.5 (ArCH), 87.8 (CF), 86.9 (CF), 86.0 (CF), 54.85 (NCH-2), 

50.0 (PhCH2), 43.6 (PhCH2), 35.6 (FCHCH-1), 25.55 (FCHCHCH2-3), 22.5 (H3C-2); HRMS 

m/z ESI+ (Calculated C25H27F5N2O2Na+ = 505.1885) found 505.1875 [M+Na]+; vmax/cm-1 1641 

(C=O), 1140 (C-F). 

 

tert-Butyl ((2S)-1-(benzyl(1-(benzylamino)-1-oxo-3-((1r,2R,3R,4R,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propan-2-yl)amino)-3-methyl-1-oxobutan-2-yl)carbamate 3.26 

 

Benzylamine (0.031 mL, 0.29 mmol) was added to a solution of 2.87 (62 mg, 0.29 mmol) in 

MeOH (0.5 mL) in a microwave vial and the solution was stirred for 5 mins. Then, Boc-L-valine 

(0.052 g, 0.24 mmol) and benzyl isocyanide (0.029 mL, 0.24 mmol) were added and the vial 

sealed. The solution was heated in a 2.45 GHz microwave reactor targeting 45 °C for 45 mins 

before being concentrated in vacuo. The residue was redissolved in EtOAc (5 mL) and washed 

with brine (3 x 5 mL). The organic phase was dried over MgSO4, filtered and concentrated in 

vacuo to give the crude product which was purified by flash column chromatography (SiO2, 

80% EtOAc in hexane) to give 3.26 as a white crystalline solid (0.088 g, 0.14 mmol, 58%): 

m.p. (CHCl3): 178-179 °C; 1H NMR (500 MHz, CDCl3) δH 7.38-7.09 (10H, overlapping m, ArH), 

5.32-5.09 (1H, m, FCH-4), 5.14-4.96 (1H, m, CH2CH-2), 4.88-4.75 (1H, m, FCH-2a and 

FCH-6a), 4.72-4.60 (2H, m, PhCH2), 4.59-4.12 (7H, m, PhCH2, FCH-2b, FCH-6b 

(CH3)2CHCH-2, FCH-3, FCH-5, CH2CH-2), 2.58-2.37 (1H, m, CH2-3a), 2.11-2.03 (1H, m, 

CH2-3b), 1.94-1.87 (1H, m, (CH3)2CH-3), 1.91-1.76 (1H, m, FCCH-1), 1.43 (9H, s, (CH3)3), 

0.93-0.79 (6H, m, (CH3)2-4); 19F NMR (471 MHz, CDCl3) δF −203.65, −211.55, −216.8; 13C 

NMR (126 MHz, CDCl3) δC 174.8 (C=O), 169.9 (C=O), 156.25 (C=O), 137.8 (ArC), 136.0 

(ArC), 129.2 (ArCH), 128.9 (ArCH), 128.7 (ArCH), 128.1 (ArCH), 127.7 (ArCH), 127.5 (ArCH), 

87.9 (CF), 86.7 (CF), 85.1 (CF), 80.3 ((CH3)3C), 56.4 ((CH3)2-4), 51.1 (PhCH2), 43.6 (PhCH2), 

35.8 (FCC-1), 28.3 ((CH3)3), 25.8 (CH2-3), 19.8 (H3C-4a), 17.1 (H3C-4b); HRMS m/z ESI+ 

(Calculated C33H42F5N3O4Na+ = 662.2988) found 662.2984 [M+Na]+; vmax/cm-1 2965br (C-H), 

1672 and 1639 (C=O), 1136 and 1047 (C-F). 
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2-(N-Allyl-2-(2-chlorophenyl)acetamido)-N-benzyl-3-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)propenamide 3.27 

 

Allylamine (0.017 mL, 0.23 mmol) was added to a solution of 2.87 (50 mg, 0.23 mmol) in 

MeOH (0.5 mL) in a microwave vial and the solution was stirred for 5 mins. Then, 2-

chlorophenylacetic acid (0.032 g, 0.19 mmol) and benzyl isocyanide (0.023 mL, 0.19 mmol) 

were added and the vial sealed. The solution was heated in a 2.45 GHz microwave reactor 

targeting 45 °C for 45 mins before being concentrated in vacuo. The residue was redissolved 

in EtOAc (5 mL) and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, 

filtered and concentrated in vacuo to give the crude product which was purified by flash column 

chromatography (SiO2, 20% EtOAc in hexane to 40% EtOAc in hexane) to give 3.27 as a white 

crystalline solid (0.082 g, 0.15 mmol, 79%): m.p. (CHCl3): 182-183 °C; 1H NMR (500 MHz, 

CDCl3) δH 7.38-7.19 (9H, overlapping m, ArH), 6.92 (1H, t J = 5.4 Hz, NH), 5.77 (1H, ddt J = 

17.0, 10.5, 5.4 Hz, C=CH-2), 5.35-5.20 (3H, overlapping m, FCH-4 and C=C-H2-3), 5.08 (1H, 

t J = 7.3 Hz, NCH-2), 5.02-4.96 (1H, m, FCH-2a and FCH-6a), 4.92-4.85 (1H, m, FCH-2b and 

FCH-6b), 4.39-4.25 (4H, overlapping m, FCH-3, FCH-5 and PhCH2), 4.13-4.00 (2H, m, NCH2-

1), 3.77  (2H, s, ArCH2) 2.56 (1H, dt J = 14.6, 7.3 Hz, FCHCHCH2-3a), 2.22 (1H, dt J = 14.4, 

7.3 Hz, FCHCHCH2-3b), 1.84-1.54 (1H, m, FCHCH-1); 19F NMR (471 MHz, CDCl3) δF −203.3, 

−203.6, −211.2, −211.65, −216.75; 13C NMR (126 MHz, CDCl3) δC 172.6 (C=O), 169.8 (C=O), 

137.8 (ArC), 134.1 (ArC), 133.1 (C=C-2), 131.6 (ArCH), 129.6 (ArCH), 129.05 (ArCH), 128.9 

(ArCH), 128.0 (ArCH), 127.8 (ArCH), 127.4 (ArCH), 118.6 (C=C-3), 88.2 (CF), 86.3 (CF), 85.1 

(CF), 54.9 (NCH-2), 48.3 (NCH2-1), 43.8 (PhCH2), 38.9 (ArCH2), 35.9 (FCHCH-1), 25.4 

(FCHCHCH2-3); HRMS m/z ESI+ (Calculated C27H28F5ClN2O2Na+ = 565.1652) found 565.1650 

[M+Na]+; vmax/cm-1 1682 and 1626 (C=O), 1136 (C-F). 
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2-(N-Allylacetamido)-N-benzyl-3-phenylpropanamide 3.28 

 

Allylamine (0.034 mL, 0.46 mmol) was added to a solution of phenylacetaldehyde (0.055 g, 

0.46 mmol) in MeOH (1 mL) in a microwave vial and the solution was stirred for 5 mins. Then, 

acetic acid (0.022 mL, 0.38 mmol) and benzyl isocyanide (0.046 mL, 0.38 mmol) were added 

and the vial sealed. The solution was heated in a 2.45 GHz microwave reactor targeting 45 °C 

for 45 mins before being concentrated in vacuo. The residue was redissolved in EtOAc (5 mL) 

and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, filtered and 

concentrated in vacuo to give the crude product which was purified by flash column 

chromatography (SiO2, 30% EtOAc in hexane to 100% EtOAc in hexane) to give 3.28 as a 

colourless oil (0.060 g, 0.18 mmol, 47%): 1H NMR (500 MHz, CDCl3) δH 7.31-7.21 (8H, 

overlapping m, ArH), 7.09-7.06 (2H, m, ArH), 6.80 (1H, t J = 5.5 Hz, NH), 5.70-5.62 (1H, m, 

C=CH-2), 5.20-5.12 (3H, overlapping m, C=CH2-3 and NCH-2), 4.42 (1H, dd J = 15.0, 6.3 Hz, 

PhCH2-a), 4.28 (1H, dd J = 15.0, 5.6 Hz, PhCH2-b), 4.02-3.93 (2H, m, NCH2-1), 3.33 (1H, dd 

J = 13.8, 8.9 Hz, PhCH2-3a), 3.06 (1H, dd J = 13.8, 7.0 Hz, PhCH2-3b), 2.04 (3H, s, CH3); 13C 

NMR (126 MHz, CDCl3) δC 172.7 (C=O), 170.1 (C=O), 138.05 (ArC), 137.2 (ArC), 133.85 

(C=C-2), 129.3 (ArCH), 128.6 (ArCH), 127.6 (ArCH), 127.3 (ArCH), 126.75 (ArCH), 117.1 

(C=C-3), 58.9 (NCH-2), 48.65 (NCH2-1), 43.3 (PhCH2), 34.7 (PhCH2-3), 22.1 (H3C-2); HRMS 

m/z ESI+ (Calculated C21H24N2O2Na+ = 359.1730) found 359.1723 [M+Na]+; vmax/cm-1 1624 

(C=O), 1410 (C=C Ar). 

 

2-(N-Allylacetamido)-N-benzyl-3-cyclohexylpropanamide 3.31 

 

Allylamine (0.017 mL, 0.23 mmol) was added to a solution of cyclohexylacetaldehyde (0.029 g, 

0.23 mmol) in MeOH (0.5 mL) in a microwave vial and the solution was stirred for 5 mins. 

Then, acetic acid (0.011 mL, 0.19 mmol) and benzyl isocyanide (0.023 mL, 0.19 mmol) were 

added and the vial sealed. The solution was heated in a 2.45 GHz microwave reactor targeting 

45 °C for 45 mins before being concentrated in vacuo. The residue was redissolved in EtOAc 

(5 mL) and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, filtered 
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and concentrated in vacuo to give the crude product which was purified by flash column 

chromatography (SiO2, 10% EtOAc in hexane to 50% EtOAc in hexane) to give 3.31 as a 

colourless oil (0.029 g, 0.085 mmol, 45%): 1H NMR (700 MHz, CDCl3) δH 7.33-7.20 (5H, 

overlapping m, ArH), 6.75 (1H, t J = 5.5 Hz, NH), 5.72-5.65 (1H, m, C=CH-2), 5.16-5.06 (3H, 

overlapping m, C=CH2-3 and NCH-2), 4.40 (1H, dd J =15.0, 6.0 Hz, PhCH2-a), 4.34 (1H, dd J 

= 15.0, 5.9 Hz, PhCH2-b), 3.96 (1H, app ddt J = 17.7, 5.7, 1.6 Hz, NCH2-1a), 3.87 (1H, app 

ddt J = 17.7, 5.0, 1.7 Hz, NCH2-1b), 2.08 (3H, s, CH3-2), 1.90-1.83 (1H, ddd J = 13.8, 7.5, 

7.2 Hz,  CyCH2-3a), 1.76-1.61 (5H, overlapping m, CyH), 1.53-1.49 (1H, ddd J = 13.8, 7.5, 6.8 

Hz, CyCH2-3b), 1.21-1.10 (4H, overlapping m, CyH), 0.95-0.86 (2H, overlapping m, CyH); 13C 

NMR (176 MHz, CDCl3) δC 172.8 (C=O), 171.1 (C=O), 138.4 (ArC), 134.1 (C=C-2), 128.7 

(ArCH), 127.8 (ArCH), 127.5 (ArCH), 117.1 (C=C-3), 54.3 (NCH-2), 47.8 (NCH2-1), 43.4 

(PhCH2), 35.5 (CyCH2-3), 34.5 (CyC), 33.4 (CyC), 26.5 (CyC), 26.3 (CyC), 26.3 (CyC), 22.2 

(H3C-2); HRMS m/z ESI+ (Calculated C21H30N2O2Na+ = 365.2199) found 365.2197; vmax/cm-1 

1626 (C=O), 1414 (C=C Ar). 

 

N-Benzyl-2-(N-benzylacetamido)-3-phenylpropanamide 3.29 

 

Benzylamine (0.025 mL, 0.23 mmol) was added to a solution of phenylacetaldehyde 

(0.025 mL, 0.23 mmol) in MeOH (0.5 mL) in a microwave vial and the solution was stirred for 

5 mins. Then, acetic acid (0.011 mL, 0.19 mmol) and benzyl isocyanide (0.023 mL, 0.19 mmol) 

were added and the vial sealed. The solution was heated in a 2.45 GHz microwave reactor 

targeting 45 °C for 45 mins before being concentrated in vacuo. The residue was redissolved 

in EtOAc (5 mL) and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, 

filtered and concentrated in vacuo to give the crude product which was purified by flash column 

chromatography (SiO2, 50% EtOAc in hexane to 70% EtOAc in hexane) to give 3.29 as a 

colourless oil (0.030 g, 0.078 mmol, 35%): 1H NMR (500 MHz, CDCl3) δH 7.30-7.01 (15H, 

overlapping m, ArH), 6.68 (1H, app t J = 5.5 Hz, NH), 5.12 (1H, dd J = 9.0, 6.8 Hz, NCH-2), 

4.61 (1H, d J = 17.7, PhCH2a) 4.55 (1H, d J = 17.7, PhCH2b), 4.41 (1H, dd J =14.9, 6.4 Hz, 

PhCH2a’), 4.18 (1H, dd, J = 14.9, 5.4 Hz, PHCH2-b’), 3.25 (1H, dd J = 13.6, 9.0 Hz, PhCH2-3a), 

3.00 (1H, dd J = 13.6, 6.8, PhCH2-3b), 2.04 (3H, s, CH3-2); 13C NMR (126 MHz, CDCl3) δC 

173.0 (C=O), 170.0 (C=O), 138.0 (ArC), 137.3 (ArC), 129.4 (ArCH), 129.0 (ArCH), 128.7 

(ArCH), 127.6 (ArCH), 127.5 (ArCH), 127.4 (ArCH), 126.8 (ArCH), 126.2 (ArCH), 60.0 

(NCH-2), 50.2 (PhCH2), 43.3 (PhCH2), 34.9 (PhCH2-3), 22.5 (H3C-2); HRMS m/z ESI+ 
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(Calculated  C25H26O2N2Na+ = 409.1886) found 409.1875 [M+Na]+; vmax/cm-1 1626 (C=O), 1452 

(C=C Ar). 

 

2-(N-Allyl-2-(2-chlorophenyl)acetamido)-N-benzyl-3-phenylpropanamide 3.30 

 

Benzylamine (0.025 mL, 0.23 mmol) was added to a solution of phenylacetaldehyde 

(0.025 mL, 0.23 mmol) in MeOH (0.5 mL) in a microwave vial and the solution was stirred for 

5 mins. Then, acetic acid (0.011 mL, 0.19 mmol) and benzyl isocyanide (0.023 mL, 0.19 mmol) 

were added and the vial sealed. The solution was heated in a 2.45 GHz microwave reactor 

targeting 45 °C for 45 mins before being concentrated in vacuo. The residue was redissolved 

in EtOAc (5 mL) and washed with brine (3 x 5 mL). The organic phase was dried over MgSO4, 

filtered and concentrated in vacuo to give the crude product which was purified by flash column 

chromatography (SiO2, 50% EtOAc in hexane to 70% EtOAc in hexane) to give 3.31 as a 

colourless oil (0.030 g, 0.067 mmol, 35%): 1H NMR (500 MHz, CDCl3) δH 7.35-7.05 (14H, 

overlapping m, ArH), 6.75 (1H, app t J 5.5 Hz, NH), 5.70-5.61 (1H, m, C=CH-2), 5.21-5.12 

(3H, overlapping m, NCH-2 and C=CH2-3), 4.36 (1H, dd J = 14.9, 6.1 Hz, PhCH2a), 4.30 (1H, 

dd J = 14.9, 5.8 Hz, PhCH2b), 4.05 (1H, app ddt J = 17.9, 5.0, 1.7 Hz, NCH2-1a), 3.99 (1H, 

app ddt J = 17.9, 5.5, 1.6 Hz, NCH2-1b), 3.71 (2H, s, OCCH2-2), 3.34 (1H, dd J = 14.0, 8.2 Hz, 

PhCH2-3a), 3.13 (1H, dd J = 14.0, 7.8 Hz, PhCH2-3b); 13C NMR (126 MHz, CDCl3) δC 172.1 

(C=O), 170.0 (C=O), 138.0 (ArC), 137.1 (ArC), 134.2 (ArC), 133.55 (C=C-2), 133.2 (ArC), 

129.4 (ArCH), 129.3 (ArCH), 128.6 (ArCH), 128.6 (ArCH), 128.55 (ArCH), 127.6 (ArCH), 127.3 

(ArCH), 127.0 (ArCH), 126.7 (ArCH), 117.5 (C=C-3), 59.4 (NCH-2), 48.35 (NCH2-1), 43.3 

(PhCH2), 38.8 (OCCH2-2), 34.4 (PhCH2-3); HRMS m/z ESI+ (Calculated C27H27O2N2ClNa+ = 

469.1653) found 469.1643; vmax/cm-1 1636 (C=O), 1454 (C=C Ar). 

 

N,N-Dibenzyl-2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)ethan-1-amine 

3.32 
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Dibenzylamine (0.17 mL, 0.88 mmol) and 4 Å molecular sieves (0.500 g) were added to a 

solution of 2.87 (0.166 g, 0.769 mmol) in CH2Cl2 (13 mL) and the suspension was stirred at 

r.t. for 16 h. After TLC showed complete consumption of 2.87, sodium triacetoxyborohydride 

(0.488 g, 2.30 mmol) and acetic acid (0.102 mL 1.78 mmol) were added and the suspension 

was stirred for a further 1 h at r.t.. The suspension was filtered, and the filtrate was quenched 

by the addition of saturated NaHCO3 solution (10 mL). The phases were separated, and the 

aqueous layer was extracted into CH2Cl2 (2 x 10 mL). The combined organic phase was 

washed with brine, dried over MgSO4, filtered and concentrated in vacuo to give the crude 

product which was purified by flash column chromatography (SiO2, 20% EtOAc in hexane to 

40% EtOAc in hexane) to give 3.32 as a white crystalline solid (0.199 g, 0.501 mmol, 65%):  

m.p. (acetone): 147-148 °C 1H NMR (300 MHz, Acetone-D6) δH 7.39-7.20 (10H, overlapping 

m, ArH), 5.28 (1H, app dt J = 53.0, 7.7 Hz, FCH-4), 4.95-4.34 (4H, overlapping m, FCH-2, 

FCH-3, FCH-5 and FCH-6), 3.57 (4H, s, PhCH2), 2.57 (2H, t J = 6.3 Hz, CH2-1), 2.35-2.08 

(1H, m, FCHCH-1), 1.98-1.90 (2H, m, CH2-2); 19F NMR (471 MHz, CDCl3) δF −203.3, −212.0, 

−216.75; 13C NMR (126 MHz, CDCl3) δC 139.7 (ArC), 129.3 (ArCH), 128.6 (ArCH), 127.6 

(ArCH), 87.45 (CF), 87.35 (CF), 86.2 (CF), 59.5 (PhCH2), 49.1 (H2C-1), 35.3 (FCC-1), 24.0 

(H2C-2); HRMS m/z ESI+ (Calculated C22H25F5N+ = 398.1902) found 398.1893 [M+H]+; 

vmax/cm-1 1452 (C=C Ar), 1090 and 1047 (C-F). 

 

4-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethyl)morpholine 3.35 

 

Morpholine (0.025 mL, 0.29 mmol) was added to a solution of 2.87 (0.053 g, 0.24 mmol) in 

CH2Cl2 (4 mL) and the solution was stirred at r.t. for 16 h. After TLC showed complete 

consumption of 2.87, sodium triacetoxyborohydride (0.106 g, 0.500 mmol) and acetic acid 

(0.015 mL 0.26 mmol) were added and the solution was stirred for a further 1 h at r.t.. The 

solution was quenched by the addition of saturated NaHCO3 solution (4 mL). The phases were 

separated, and the aqueous layer was extracted into CH2Cl2 (2 x 4 mL). The combined organic 

phase was washed with brine, dried over MgSO4, filtered and concentrated in vacuo to give 

the crude product which was purified by flash column chromatography (SiO2, 10% MeOH in 

CH2Cl2) to give 3.35 as white crystalline solid (0.044 g, 0.15 mmol, 63%): m.p. (acetone): 

163 °C (decomposition); 1H NMR (500 MHz, Acetone-D6) δH 5.38 (1H, app dt J = 53.9, 7.4 Hz, 

FCH-4), 5.16-5.00 (2H, m, FCH-2 and FCH-6), 4.99-4.78 (2H, m, FCH-3 and FCH-5), 3.58 

(4H app t J = 4.6 Hz, CyCH2), 2.51 (2H, t J = 6.7 Hz, NCH2-1), 2.41 (4H, br s, CyCH2), 2.31-

2.13 (1H, m, FCHCH-1), 2.00-1.96 (2H, m, FCCCH2-2); 19F NMR (471 MHz, Acetone-D6) δF 
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−204.8, −212.45, −217.45; 13C NMR (126 MHz, Acetone-D6) δC 89.0 (CF), 88.6 (CF), 87.3 

(CF), 67.4 (CyC), 55.7 (NCH2-1), 54.4 (CyC), 36.5 (FCC-1), 23.2 (FCCCH2-2); HRMS m/z 

ESI+ (Calculated C12H19F5NO+ = 288.1381) found 288.1374 [M+H]+; vmax/cm-1 1115 and 1042 

(C-F). 

 

1-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethyl)piperidine 3.36 

 

 

Piperidine (0.047 mL, 0.48 mmol) was added to a solution of 2.87 (0.051 g, 0.23 mmol) in 1,2-

Dichloroethane (2.3 mL) and the solution was stirred at r.t. for 16 h. After TLC showed 

complete consumption of 2.87, sodium triacetoxyborohydride (0.078 g, 0.37 mmol) and acetic 

acid (1M in CH2Cl2, 0.28 mL 0.28 mmol) were added and the solution was stirred for a further 

16 h at r.t.. The solution was quenched by the addition of saturated NaHCO3 solution (4 mL). 

The phases were separated, and the aqueous layer was extracted into CH2Cl2 (2 x 4 mL). The 

combined organic phase was washed with brine, dried over MgSO4, filtered and concentrated 

in vacuo to give the crude product which was purified by flash column chromatography (SiO2, 

50% MeOH in CH2Cl2) to give 3.36 as white crystalline solid (0.019 g, 0.067 mmol, 29%): m.p. 

(MeOH): 167-168 °C; 1H NMR (500 MHz, CD3OD) δH 5.23 (1H, app d J = 54.4 Hz, FCH-4), 

4.96-4.87 (2H, m, FCH-2 and FCH-6), 4.64 (2H, app dt J = 40.1, 28.2 Hz, FCH-3 and FCH-5), 

2.50-2.41 (6H, overlapping m, NCH2-1 and CyCH2), 2.00-1.94 (2H, m, FCCCH2-2), 1.93-1.75 

(1H, m, FCHCH-1), 1.62-1.58 (4H, m, CyCH2), 1.51-1.44 (2H, m, CyCH2); 19F NMR (471 MHz, 

CD3OD) δF −205.9, −213.3, −218.2; 13C NMR (126 MHz, CD3OD) δC 89.9 (CF), 88.4 (CF), 

87.1 (CF), 57.0 (NCH2-1), 55.5 (CyC), 37.6 (FCC-1), 26.6 (CyC), 25.3 (CyC), 23.8 (FCCC-2); 

HRMS m/z ESI+ (Calculated = C13H20F5N = 286.1589) found 286.1579 [M+H]+; vmax/cm-1 1128 

and 1043 (C-F). 

 

Ethyl (E)-4-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)but-2-enoate 3.38 

 

(Carbethoxymethylene)triphenylphosphorane (0.201 g, 0.578 mmol) was added to a solution 

of 2.87 (0.052 g, 0.24 mmol) in CH2Cl2 (1 mL). The solution was stirred for 4h and then 

concentrated in vacuo. The residue was purified directly by flash column chromatography 

(SiO2, 10% EtOAc in hexane to 60% EtOAc in hexane) to give 3.38 as a white crystalline solid 
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(0.047 g, 0.16 mmol, 68%):  m.p. (acetone): 111-112 °C; 3.38 was isolated in an E:Z 9:1 ratio, 

only peaks of the major stereoisomer are assigned: 1H NMR (500 MHz, Acetone-D6) δH 6.98 

(1H, dt J = 15.6, 7.5 Hz, C=CH-3), 6.03 (1H, app dt J = 15.6, 1.4 Hz, C=CH-2), 5.51-5.33 (1H, 

m, FCH-4), 5.13-4.84 (4H, overlapping m, FCH-2, FCH-3, FCH-5 and FCH-6), 4.17 (2H, q J = 

7.1 Hz, OCH2-1), 2.76 (2H, app t J = 7.5 Hz, CH2-4), 2.42-2.22 (1H, m, FCHCH-1), 1.26 (3H, 

t J = 7.1 Hz, OCH2CH3-2); 19F NMR (659 MHz, Acetone-D6) δF −205.3, −213.1, −217.5; 13C 

NMR (126 MHz, Acetone-D6) δC 165.3 (C=O), 144.3 (C=C), 124.25 (C=C), 88.5 (CF), 86.9 

(CF), 85.65 (CF), 59.8 (OCH2-1), 59.6 (H2C-4), 37.2 (FCC-1), 13.65 (OCH2CH3); HRMS m/z 

ESI+ (Calculated C12H15F5O2Na+ = 309.0884) found 309.0876 [M+Na]+; vmax/cm-1 1715 (C=O), 

1655 (C=C). 

 

(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethyl)triphenylphosphonium 

bromide 3.39 

 

Triphenylphosphine (0.168 g, 0.640 mmol) was added to a solution of 2.82 (0.090 g, 

0.32 mmol) in toluene (1.5 mL) and the solution was heated to 111 °C for 16 h. A white 

precipitate was isolated from the solution by filtration and was washed with hexane (10 mL) 

and cold Et2O (3 mL) to give 3.39 as a fine white powder (0.161 g, 0.296 mmol, 93%): m.p. 

(MeOH): >350 °C (no melt observed); 1H NMR (500 MHz, CD3OD) δH 7.91-7.75 (15H, 

overlapping m, ArH), 5.27 (1H, app d J = 54.3 Hz, FCH-4), 5.07 (2H, d J = 49.4 Hz, FCH-2 

and FCH-6), 4.87-4.59 (2H, m, FCH-3 and FCH-5), 3.64-3.58 (2H, m, CH2-1), 2.27-1.97 (3H, 

overlapping m, FCCH-1 and CH2-2); 19F NMR (471 MHz, CD3OD) δF −206.3, −213.3, −218.4; 

31P NMR (202 MHz, CD3OD) δP 24.1; 13C NMR (126 MHz, CD3OD) δC 135.1 (ArCH), 133.4 

(ArCH), 130.2 (ArCH), 118.4 (ArC), 117.7 (ArC), 88.0 (CF), 86.3 (CF), 85.4 (CF), 38.5 (FCC-

1), 19.3 (H2C-2), 18.6 (H2C-1); HRMS m/z ESI+ (Calculated C26H25F5P+ = 463.1609) found 

463.1600 [M]+; vmax/cm-1 1439 (C=C Ar), 1130 and 1113 (C-F). 
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Dimethyl 2-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)ethoxy)terephthalate 3.48 

 

 

K2CO3 (23 mg, 0.17 mmol) and 2.82 (48 mg, 0.17 mmol) were added to a solution of dimethyl 

2-hydroxyterephthalate (29 mg, 0.14 mmol) in DMF (3 mL). The suspension was heated to 

90 C for 14 h before being diluted with water (30 mL) and then extracted into CH2Cl2 (3 x 30 

mL). The combined organic phase was washed with water (3 x 30 mL), dried over MgSO4, 

filtered and concentrated in vacuo. The residue was purified by flash column chromatography 

(SiO2, hexane to 20% EtOAc in hexane) to give 3.48 as a white crystalline solid (40 mg, 0.097 

mmol, 69%): m.p. (CHCl3): 165 C; 1H NMR (700 MHz, CDCl3) δH 7.82 (1H, d J = 7.9 Hz, 

ArCH), 7.67-7.65 (2H, overlapping m, ArCH), 5.36 (1H, app d J = 53.0 Hz, FCH-4), 5.02 (2H, 

app d J = 49.2 Hz, FCH-2, FCH-6), 4.65-4.51 (2H, m, FCH-3, FCH-5), 4.32 (2H, t J = 5.7 Hz, 

OCH2-1), 3.94 (3H, s, OCH3), 3.84 (3H, s, OCH3), 2.53-2.35 (3H, overlapping m, FCCH-1, 

CH2-2); 19F NMR (470 MHz, CDCl3) δF −203.5, −212.1, −216.8; 13C NMR (176 MHz, CDCl3) 

δC 166.0 (C=O), 165.6 (C=O), 157.9 (ArC), 134.9 (ArC), 131.7 (ArCH), 124.1 (ArC), 122.0 

(ArCH), 114.4 (ArCH), 88.1 (CF), 86.9 (CF), 85.9 (CF), 65.4 (OCH2-1), 52.75 (OCH3), 52.3 

(OCH3), 34.7 (FCC-1), 25.6 (CH2-2) HRMS m/z ESI+ (Calculated C18H19F5O5Na+ = 433.1045) 

found 433.1041 [M+Na]+; vmax/cm-1 1724 (C=O), 1292 (C-O), 1227 (C-O). 

 

2-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethoxy)terephthalic acid 3.49 

 

A round bottom flask was charged with 3.48 (37 mg, 0.090 mmol) and HCl (6 M, 10 mL) and 

heated to reflux for 14 h. The solution was basified to pH 9 with saturated NaHCO3 solution 

and residual starting material was extracted into EtOAc (3 x 50 mL). The aqueous phase was 

reacidified by addition of HCl (1M) and extracted into EtOAc (3 x 50 mL). This second extract 
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was dried over MgSO4, filtered and concentrated in vacuo to give 3.49 as a white crystalline 

solid (33 mg, 0.086 mmol, 96%): m.p. (Acetone): 235-236 C; 1H NMR (700 MHz, CD3OD) δH 

7.78 (1H, d J = 7.9 Hz, ArCH), 7.73 (1H, s, ArCH), 7.65-7.64 (1H, m, ArCH), 5.27 (1H, app d 

J = 53.9 Hz, FCH-4), 5.02 (2H, app d J = 49.8 Hz, FCH-2, FCH-6), 4.68 (2H, app dt J = 40.5, 

27.6 Hz, FCH-3, FCH-5), 4.32 (2H, t J = 5.6 Hz, OCH2-1), 2.36-2.22 (3H, overlapping m, 

FCCH-1, CH2-2); 19F NMR (659 MHz, CD3OD) δF −205.9, −213.55, −218.4; 13C NMR (176 

MHz, CD3OD) δC 169.4 (C=O), 168.7 (C=O), 158.9 (ArC), 136.4 (ArC), 132.1 (ArCH), 126.9 

(ArC), 122.85 (ArCH), 115.4 (ArCH), 89.8 (FC), 88.5 (FC), 87.3 (FC), 67.0 (OCH2-2), 36.2 

(FCC-1), 26.8 (CH2-2); HRMS m/z ESI− (Calculated C16H14F5O5 = 381.0767) found 381.0766 

[M−H]−; vmax/cm-1 2922 (C-H), 1686 (C=O), 1439 (O-H). 

 

Dimethyl 5-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)ethoxy)isophthalate 

3.50 

 

K2CO3 (70 mg, 0.51 mmol) and 2.82 (147 mg, 0.52 mmol) were added to a solution of dimethyl 

5-hydroxyisophthalate (89 mg, 0.42 mmol) in DMF (9 mL). The suspension was heated to 

90 C for 14 h. The reaction was diluted with water (90 mL) and then extracted into CH2Cl2 (3 

x 90 mL). The combined organic phase was washed with water (3 x 90 mL) and the organic 

phase was dried over MgSO4, filtered and concentrated in vacuo. The residue was purified 

by flash column chromatography (SiO2, hexane to 20% EtOAc in hexane) to give 3.50 as a 

white crystalline solid, (105 mg, 0.256 mmol, 62%): m.p. (Acetone): 143-144 C; 1H NMR 

(500 MHz, DMSO-D6) δH 8.09 (1H, t J = 1.4 Hz, ArCH-2), 7.72 (2H, d J = 1.4 Hz, ArCH-4, 

ArCH-6), 5.46-5.32 (1H, m, H-4), 5.15-5.02 (2H, m, FCH-2, FCH-6), 4.99-4.76 (2H, m, FCH-3, 

FCH-5), 4.28 (2H, t J = 6.0 Hz, OCH2-1), 3.89 (6H, s, OCH3), 2.29-2.11 (3H, overlapping m, 

FCCH-1, CH2-2); 19F NMR (471 MHz, DMSO-D6) δF −203.4, −211.5, −216.3; 13C NMR (176 

MHz, Acetone-D6) δC 165.4 (C=O), 159.1 (ArC), 132.0 (ArC), 122.3 (ArCH), 119.4 (ArCH), 

88.4 (CF), 87.4 (CF), 86.1 (CF), 65.3 (OCH2-1), 51.9 (CO2CH3), 35.1 (FCC-1), 25.7 (CH2-2); 

HRMS m/z (ESI+) (Calculated C18H20F5O5
+ = 411.1225) found 411.1225 [M+H]+; vmax/cm-1 1717 

(C=O), 1248 (C-F). 
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1-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethyl)-1H-1,2,3-triazole-4-

carboxylic acid 3.51 

 

Propiolic acid (0.020 g, 0.29 mmol), sodium ascorbate (0.008 g, 0.04 mmol) and copper sulfate 

pentahydrate (0.002 g, 0.009 mmol) were added to a solution of 2.83 (0.071 g, 0.29 mmol) in 

EtOH (1 mL) and water (1 mL). The reaction was warmed to 65 C and stirred for 15 h. The 

reaction was basified with saturated sodium hydrogen carbonate solution and organic 

impurities were extracted into EtOAc (3x 5 mL). The remaining aqueous phase was acidified 

with HCl (1M) and extracted into EtOAc (3x 10 mL). The organic phase was dried over MgSO4, 

filtered and concentrated in vacuo to give 3.51 (0.072 g, 0.23 mmol, 79%) as white powder:  

m.p. (Acetone): >300 °C (no melt); 1H NMR (500 MHz, DMSO-D6) δH 8.75 (1H, s, C=CH-5), 

5.41-5.27 (1H, m, FCH-4), 5.05 (2H, app d J = 50.5 Hz, FCH-2 and FCH-6), 4.93-4.74 (2H, m, 

FCH-3 and FCH-5), 4.59 (1H, t J = 6.8 Hz, CH2-1), 2.28-2.23 (2H, m, CH2-2), 1.96-1.72 (1H, 

FCCH-1); 19F NMR (471 MHz, DMSO-D6) δF −203.6, −211.7, −216.3; 13C NMR (126 MHz, 

DMSO-D6) δC 162.2 (C=O), 140.2 (C=C-4), 129.7 (C=C-5), 88.7 (CF), 87.0 (CF), 85.8 (CF), 

47.0 (H2C-1), 34.8 (FCC-1), 26.6 (H2C-2); HRMS m/z ESI− (Calculated C11H11F5O2N3
− = 

312.0777) found 312.0775 [M−H]−; vmax/cm-1 1680 (C=O), 1053 (C-F). 

 

1-(1-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethyl)-1H-1,2,3-triazol-4-

yl)cyclohexan-1-ol 3.53 

 

1-Ethynyl-1-methylcyclohexane (0.036 g, 0.29 mmol), sodium ascorbate (0.008 g, 0.04 mmol) 

and copper sulfate pentahydrate (0.002 g, 0.008 mmol) were added to a solution of 2.83 

(0.071 g, 0.29 mmol) in ethanol (1 mL) and water (1 mL). The solution was warmed to 65 C 

and stirred for 4 h before being extracted into EtOAc (3 x 5 mL). The combined organic phase 

was washed with brine (5 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

crude product was purified by flash column chromatography (SiO2, 70% EtOAc in hexane) to 

give 3.53 as a white crystalline solid (0.025 g, 0.068 mmol, 23%): m.p. (Acetone): 209 °C; 1H 

NMR (700 MHz, Acetone-D6) δH 7.88 (1H, s, C=CH-5), 5.40 (1H, app d J = 54.1 Hz, FCH-4), 

5.17-5.08 (2H, m, FCH-2 and FCH-6), 4.99-4.81 (2H, m, FCH-3 and FCH-5), 4.63 (2H, t J = 

7.1 Hz, CH2-1), 3.82 (1H, s, OH), 2.43-2.38 (2H, m, FCCCH2-2), 1.98-1.94 (2H, m, CyCH2), 
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1.80-1.73 (4H, overlapping m, CyCH2), 1.60-1.47 (3H, overlapping m, FCCH-1 and CyCH2), 

1.37-1.27 (2H, m, CyCH2); 19F NMR (659 MHz, Acetone-D6) δF −205.2, −212.75, −217.5; 13C 

NMR (126 MHz, Acetone-D6) δC 121.3 (C=C-5), 89.15 (CF), 87.6 (CF), 86.7 (CF), 47.4 (H2C-

1), 39.05 (CyCH2), 27.7 (CyC), 26.4 (FCCCH2-2), 25.1 (FCC-1), 22.7 (CyCH2); HRMS m/z 

ESI+ (Calculated C16H22F5N3ONa+ = 390.1575) found 390.1571 [M+Na]+; vmax/cm-1 1132 and 

1051 (C-F).  

1-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethyl)-4-(p-tolyl)-1H-1,2,3-

triazole 3.54 

 

 

4-Ethynyltoluene (0.034 g, 0.29 mmol), sodium ascorbate (0.008 g, 0.04 mmol) and copper 

sulfate pentahydrate (0.002 g, 0.008 mmol) were added to a solution of 2.83 (0.071 g, 

0.29 mmol) in ethanol (1 mL) and water (1 mL). The solution was warmed to 65 C and stirred 

for 4 h before being extracted into EtOAc (3 x 5 mL). The combined organic phase was washed 

with brine (5 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude product 

was purified by flash column chromatography (SiO2, 50% EtOAc in hexane) to give 3.54 

(0.090 g, 0.25 mmol, 86%) as a white powder: m.p. (Acetone): 230-231 °C; 1H NMR (500 MHz, 

Acetone-D6) δH 8.40 (1H, s, C=CH-5, 7.77-7.75 (2H, m, ArH), 7.26-7.24 (2H, m, ArH), 

5.50-5.32 (1H, m, FCH-4), 5.26-5.10 (2H, m, FCH-2 and FCH-6), 5.03-4.83 (2H, m, FCH-3 

and FCH-5), 4.72 (2H, t J = 6.8 Hz, NCH2-1), 2.51-2.47 (2H, m, FCCCH2-2), 2.35 (3H, s, CH3), 

2.18-2.05 (1H, m, FCCH-1); 19F NMR (470 MHz, Acetone-D6) δF −205.2, −212.8, −217.5; 13C 

NMR (126 MHz, Acetone-D6) δC 148.1 (C=C-4), 138.3 (ArC), 130.23 (ArCH), 129.5 (ArC), 

126.14 (ArCH), 121.2 (C=C-5), 88.5 (CF), 88.4 (CF), 87.3 (CF), 47.5 (NCH2-1), 36.1 (FCC-1), 

27.6 (FCCCH2-2), 21.2 (H3C); HRMS m/z ESI+ (Calculated C17H19F5N3
+ = 360.1494) found 

360.1486 [M+H]+; vmax/cm-1 1520 (C=C Ar). 

 

4-([1,1'-Biphenyl]-4-yl)-1-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)ethyl)-

1H-1,2,3-triazole 3.55 

 

4-Ethynylbenzene (0.067 g, 0.37 mmol), sodium ascorbate (0.034 g, 0.17 mmol) and copper 

sulfate pentahydrate (0.008 g, 0.03 mmol) were added to a solution of 2.83 (0.076 g, 
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0.31 mmol) in EtOH (1 mL) and water (1 mL). The solution was heated to 65 °C and stirred 

for 16 h before being extracted into EtOAc (3 x 5 mL). The combined organic phase was 

washed with brine (5 mL), dried over MgSO4, filtered, and concentrated in vacuo. The crude 

product was purified by flash column chromatography (SiO2, 70% EtOAc in hexane) to give 

3.55 as a white crystalline solid (0.083 g, 0.20 mmol, 65%): m.p. (acetone): 267-268 °C; 1H 

NMR (700 MHz, Acetone-D6) δH 8.51 (1H, s, C=CH-5), 7.99-7.97 (2H, m, ArCH), 7.76-7.74 

(2H, m, ArCH), 7.72-7.70 (2H, m, ArCH), 7.49-7.46 (2H, m, ArCH), 7.39-7.36 (1H, m, ArCH), 

5.41 (1H, app d J = 53.7 Hz, FCH-4), 5.23-5.16 (2H, m, FCH-2 and FCH-6), 4.93 (2H, dt J = 

40.6, 28.3 Hz, FCH-3 and FCH-5), 4.76 (2H, t J = 6.8 Hz, NCH2-1), 2.53-2.50 (2H, m, FCCCH2-

2), 2.17-2.06 (1H, m, FCCH-1); 19F NMR (659 MHz, Acetone-D6) δF −205.2, −212.75, −217.5; 

13C NMR (176 MHz, Acetone-D6) δC 147.7 (C=C-4), 141.3 (ArC), 141.2 (ArC), 131.3 (ArC), 

129.8 (ArCH), 128.3 (ArCH), 128.1 (ArCH), 127.6 (ArCH), 126.7 (ArCH), 121.7 (C=CH-5), 

88.95 (CF), 87.9 (CF), 86.9 (CF), 47.6 (NCH2-1), 36.1 (FCC-1), 27.6 (FCCC-2); HRMS m/z 

ESI+ (Calculated C22H21F5N3
+ = 422.1650) found 422.1641 [M+H]+; vmax/cm-1 1693 (C=C), 1485 

(C=C Ar), 1130 and 1049 (C-F).  

 

4-(1-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)ethyl)-1H-1,2,3-triazol-4-

yl)benzoic acid 3.56 

 

Sodium ascorbate (0.017 g, 0.086 mmol) and copper sulfate pentahydrate (0.021 g, 

0.086 mmol), iPrNEt2 (0.060 mL, 0.34 mmol) and 2.83 (0.050 g, 0.21 mmol) were added to a 

suspension of 4-ethynylbenzoic acid (0.025 g, 0.17 mmol) in MeOH (1 mL) and water (1 mL)   

The solution was heated to 65 °C and stirred for 16 h. After cooling to r.t. the crude product 

was precipitated from solution by addition of HCl (1M, 1 mL). The precipitate was isolated by 

filtration and then partitioned between EtOAc (3 mL) and saturated NaHCO3 (3 mL). The 

aqueous phase was acidified by addition of HCl (2M) and then extracted into EtOAc (3 x 

10 mL). The combined organic phase was washed with brine (30 mL), dried over MgSO4, 

filtered and concentrated in vacuo to give 3.56 as a white crystalline solid (0.042 g, 0.11 mmol, 

63%):  m.p. (Acetone): >300 °C (no melt observed); 1H NMR (500 MHz, DMSO-D6) δH 12.94 

(1H, br s, CO2H), 8.80 (1H, s, C=CH-5), 8.03-7.96 (4H, overlapping m, ArCH), 5.46-5.28 (1H, 

m, FCH-4), 5.19-4.77 (4H, overlapping m, FCH-2, FCH-3, FCH-5 and FCH-6), 4.63 (1H, t J = 

7.1 Hz, NCH2-1), 2.33-2.28 (2H, m, FCCCH2-2), 2.04-1.83 (1H, m, FCCH-1); 19F NMR (470 

MHz, DMSO-D6) δF −203.6, −211.6, −216.3; 13C NMR (126 MHz, DMSO-D6) δC 167.0 (C=O), 

145.5 (C=C-4), 134.9 (ArC), 130.0 (ArCH), 129.85 (ArC), 125.05 (ArCH), 122.8 (C=C-5), 88.1 
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(CF), 86.6 (CF), 85.45 (CF), 46.6 (NCH2-1), 34.5 (FCC-1), 26.25 (FCCCH2-2); HRMS m/z ESI+ 

(Calculated C17H15F5N3O2
− = 388.1090) found 388.1086 [M−H]−; vmax/cm-1 1670 (C=O), 1427 

(C=C Ar), 1132, 1103 and 1053 (C-F). 

 

1,4-Bis(1-(2-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)ethyl)-1H-1,2,3-

triazol-4-yl)benzene 3.57 

 

Sodium ascorbate (0.008 g, 0.04 mmol) and copper sulfate pentahydrate (2 mg, 0.008 mmol) 

were added to a solution of 2.83 (0.050 g, 0.21 mmol) and 1,4-diethynylbenzene (0.013 g, 

0.10 mmol) in tBuOH (3 mL) and water (3 mL). The solution was heated to 80 °C for 3 h. After 

cooling to r.t. a white precipate was isolated by filtration and washed with cold Et2O (5 mL) to 

give 3.57 as a fine white powder (0.051 g, 0.083 mmol, 83%): m.p. (Acetone): >300 °C (no 

melt); 1H NMR (500 MHz, DMSO-D6) δH 8.70 (2H, s, C=CH-5), 7.93 (4H, s, ArCH), 5.37 (2H, 

d J = 54.1 Hz, FCH-4), 5.18-5.05 (4H, m, FCH-2 and FCH-6), 4.88 (4H, dt J = 39.6, 28.8 Hz, 

FCH-3 and FCH-5), 4.61 (4H, t J = 7.1 Hz, NCH2-1), 2.32-2.28 (4H, m, FCCCH2-2), 2.06-1.86 

(2H, m, FCCH-1); 19F NMR (471 MHz, DMSO-D6) δF −203.7, −211.6, −216.3; 13C NMR (126 

MHz, DMSO-D6) δC 146.1 (C=C-4), 130.2 (ArC), 125.6 (ArCH), 121.7 (C=C-5), 88.2 (CF), 86.8 

(CF), 85.5 (CF), 46.55 (NCH2-1), 34.5 (FCC-1), 26.3 (FCCCH2-2); HRMS m/z ESI+ (Calculated 

C26H27F10N6
+ = 613.2132) found 613.2122 [M+H]+; vmax/cm-1 1132 (C-F). 
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6.3.3. Chapter 4 

(10-Carboxydecyl)triphenylphosphonium bromide 4.7 

 

Triphenylphosphine (0.188 g, 0.716 mmol) was added to a solution of 12-Bromododecanoic 

acid (0.200 g, 0.716 mmol) toluene (1.1 mL). The solution was heated to 111 °C and stirred 

for 16 h. After cooling to r.t. a viscous oil separated out of solution. Excess solvent was 

decanted and the viscous oil was washed with toluene (2 x 10 mL) and Et2O (2 x 10 mL) to 

give 4.7 as a viscous yellow oil (0.301 g, 0.571 mmol, 80%): 1H NMR (400 MHz, CDCl3) δH 

7.87-7.67 (15H, overlapping m, ArCH), 3.80-3.70 (2H, m), 2.39 (2H, t J = 7.3 Hz), 1.67-1.56 

(6H, overlapping m, CH2), 1.35-1.18 (12H, overlapping m, CH2) data are in agreement with 

literature.[5] 

 

Diethyl ((perfluorophenyl)methyl)phosphonate 4.11[2] 

 

A microwave vial was charged with pentafluorobenzyl bromide (522 mg, 2.00 mmol) and 

triethyl phosphite (332 mg, 2.00 mmol) and then sealed using a Teflon cap. The vial was 

heated in a 2.45 GHz microwave reactor targeting 140 C for 5 mins and then trace starting 

material was removed in vacuo to give 4.11 as a colourless oil (631 mg, 1.98 mmol, 99%); 1H 

NMR (300 MHz, CDCl3) δH 4.08 (4H, dqd J = 8.1, 7.1, 1.3 Hz, OCH2CH3), 3.17 (1H, dtd J = 

21.2, 1.7, 0.6 Hz, PCH-1a), 1.26 (6H, td J = 7.1, 0.6 Hz, OCH2CH3); 13C NMR (126 MHz, 

CDCl3) δC 145.15 (ArCF), 140.4 (ArCF), 137.7 (ArCF), 107.0 (Ar), 62.78 (OCH2CH3), 21.71 

(PC-1b), 20.58 (PC-1a), 16.43 (OCH2CH3); 31P NMR (162 MHz, CDCl3) δP 21.63; 19F NMR 

(376 MHz, CDCl3) δF -141.40 (ArCF), -155.84 (F-4), -162.32 (ArCF); HRMS m/z (ESI+) 

(calculated C11H12O3F5NaP+ = 341.0336) found 341.0327 [M+Na]+; vmax/cm-1 2984 (C-H), 1522 

and 1506 (C=C Ar), 1269 (C-F). 

 

Methyl 12-hydroxydodecanoate 4.15[2]  

 

Acetyl chloride (2.14 mL, 30 mmol) was added dropwise to a solution of 12-

hydroxydodecanoic acid (4.059 g, 18.78 mmol) in MeOH (60 mL). The solution was heated to 
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reflux for 14 h before being neutralised by careful addition of NaOH to pH 7. Excess MeOH 

was removed in vacuo and the residue was extracted into EtOAc (3 x 50 mL). The organic 

phase was dried over MgSO4, filtered and concentrated in vacuo to give 4.15 as a colourless 

oil (4.105 g, 95%) which was used without further purification: 1H NMR (500 MHz, CDCl3) δH 

3.66 (3H, s, OCH3), 3.63 (2H, t J = 6.5 Hz, H-12), 2.30 (2H, t J = 7.5 Hz, H-2), 1.65-1.52 (5H, 

overlapping m, CH2, OH), 1.35-1.25 (14H, overlapping m, CH2); 13C NMR (126 MHz, CDCl3) 

δC 174.5 (C=O), 63.2 (C-12), 51.6 (OCH3), 34.25 (C-2), 32.9 (CH2), 29.7 (CH2), 29.6 (CH2), 

29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 25.85 (CH2), 25.1 (CH2); HRMS m/z (ESI+) (calculated 

C13H26O3Na+ = 253.1774) found 253.1768 [M+Na]+; vmax/cm-1 3400br (O-H), 1738 (C=O). 

 

Methyl 12-oxododecanoate 4.12[2] 

 

DMSO (2.6 mL, 37 mmol) in CH2Cl2 (8.8 mL) was added to a solution of (COCl)2 (2.31 g, 

18.2 mmol) in CH2Cl2 (44 mL) at -78 C. The solution was stirred for 30 mins at -78 C before 

4.12 (3.82 g, 16.6 mmol) in CH2Cl2 (17.6 mL) was added dropwise. The solution was stirred 

at −60 C for 45 mins before triethylamine (11.6 mL, 83.2 mmol) was added and the solution 

warmed to r.t.. The solution was stirred for 1 h at r.t. before being diluted with water (100 mL) 

and then extracted into CH2Cl2 (2 x 100 mL). The organic phase was washed with brine, dried 

over MgSO4, filtered and concentrated in vacuo. The residue was purified by flash column 

chromatography (SiO2, hexane to 10% EtOAc in hexane) to give 4.12 as a colourless oil, 

(2.84 g, 12.3 mmol, 74%); 1H NMR (500 MHz, CDCl3); δH 9.75 (1H, s, H-12), 3.66 (OCH3), 

2.41 (2H, t J = 7.1 Hz, H-11), 2.29 (2H, t J = 7.5 Hz, H-2), 1.63-1.59 (4H, overlapping m, CH2), 

1.33-1.23 (12H, overlapping m, CH2); 13C NMR (126 MHz, CDCl3) δC 203.1 (C-12), 174.5 

(C-1), 51.6 (OCH3), 44.0 (C-11), 34.2 (C-2), 29.5 (CH2), 29.5 (CH2), 29.45 (CH2), 29.3 (CH2), 

29.3 (CH2), 29.25 (CH2), 25.1 (CH2), 22.2 (CH2); data are in agreement with literature.[6] 

 

Methyl 13-(perfluorophenyl)tridec-12-enoate 4.8[2] 

 

 

NaH (60% in oil, 0.350 g, 8.76 mmol) was added to a solution of 4.11 (1.394 g, 4.381 mmol) 

in THF (12 mL) at 0 C. The suspension was stirred for 5 mins at 0 C before 4.12 (1.00 g, 

4.38 mmol) was added dropwise. The solution was heated to 50 C for 14 h before being 

quenched by the careful addition of water (5 mL) at 0 C. The mixture was extracted into 
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EtOAc (3 x 20 mL) and the combined organic phase was washed with saturated brine. The 

organic phase was dried over MgSO4, filtered and concentrated in vacuo. The residue was 

purified by flash column chromatography (SiO2, hexane to 50% EtOAc in hexane) to give 4.8 

as a colourless oil (0.995 g, 4.36 mmol, 58%) which was a mixture of E:Z (5:1) diastereomers 

(only peaks of the major isomer are assigned): 1H NMR (500 MHz, CDCl3) δH 6.54 (1H, dt J = 

16.2, 7.1 Hz, H-12), 6.25 (1H, d J = 16.2, H-13), 3.66 (3H, s, OCH3), 2.30 (2H, t J = 7.5 Hz, H-

2), 2.25 (2H, app q J = 7.1 Hz, H-11), 1.64-1.58 (2H, m, CH2), 1.50-1.45 (2H, m, CH2), 

1.36-1.26 (12 H, overlapping m, CH2); 19F NMR (471 MHz, CDCl3) δF −143.9, −158.1, −163.5; 

13C NMR (126 MHz, CDCl3) δC 174.5 (C=O), 144.7 (ArCF), 141.5 (C-12), 139.6 (C-F), 137.4 

(C-F), 114.1 (C-13), 112.7 (ArC), 51.6 (OCH3), 34.45 (C-11), 34.25 (C-2), 29.6 (CH2), 29.6 

(CH2), 29.5 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 (CH2), 29.0 (CH2), 25.1 (CH2); HRMS m/z 

(ESI+) (calculated C20H25O2F5Na+ = 415.1667) found 415.1657 [M+Na]+; vmax/cm-1 1740 (C=O). 

 

Methyl 13-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)tridecanoate 4.9[2] 

 

Silica gel (8.5 g), 4.8 (1.360 g, 3.466 mmol) and 2.14 (39 mg, 0.090 mmol, 3 mol%) were 

suspended in hexane (50 mL) in a vial and the vial placed inside an autoclave. The autoclave 

was pressurised with hydrogen to 50 Bar and the reaction mixture stirred at room temperature 

for 24 h. After depressurising and removing the vial, the suspension was filtered and 

concentrated in vacuo to give the crude product, which was purified by flash column 

chromatography (SiO2, 50% EtOAc in hexane to 100% EtOAc) to give 4.9 as a white crystalline 

solid, (0.300 g, 0.749 mmol, 22%): 1H NMR (500 MHz, CDCl3) δH 5.41-5.25 (1H, m, FCH-4), 

4.94 (2H, app d J = 49.1 Hz, FCH-2, FCH-6), 4.54-4.32 (2H, app dt J = 41.1, 26.4 Hz, FCH-3, 

FCH-6), 3.66 (3H, s, OCH3), 2.30 (2H, t, J = 7.6 Hz, CH2-2), 1.88-1.83 (2H, m, CH2), 1.72-1.48 

(5H, overlapping m, FCCH-1, CH2-3, CH2), 1.46-1.41 (2H, m, CH2), 1.35-1.25 (16H, 

overlapping m, CH2); 19F NMR (471 MHz, CDCl3) δF −203.1, −212.1, −216.7; 13C NMR (126 

MHz, CDCl3) δC 174.5 (C=O), 87.4 (FC), 87.3 (FC), 86.4 (FC), 51.6 (OCH3), 38.6 (FCC-1), 

34.25 (CH2-2), 29.7 (CH2), 29.7 (CH2), 29.6 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2), 29.3 

(CH2), 26.8 (CH2), 26.6 (CH2), 26.0 (CH2), 25.1 (CH2); HRMS m/z (ESI+) (calculated 

C20H33O2F5Na+ = 423.2293) found 423.2286 [M+Na]+; vmax/cm-1 1734 (C=O), 1047 (C-F). 
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13-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)tridecanoic acid 4.1[2] 

 

 

A round bottom flask was charged with 4.9 (90 mg, 0.22 mmol) and HCl (6N, 100 mL). The 

suspension was heated to reflux and stirred for 14 h before being cooled to 0 C basified by 

careful addition of saturated NaHCO3 solution. Residual starting material was extracted into 

EtOAc (3 x 200 mL) and the aqueous phase was re-acidified by addition of HCL (1M). The re-

acidified solution was extracted into EtOAc (3 x 200 mL) and this organic phase was dried 

over MgSO4, filtered and concentrated in vacuo to give 4.1 as a white crystalline solid (81 mg, 

0.21 mmol, 95%): m.p. 178 C; 1H NMR (500 MHz, Acetone-D6) δH 10.40 (COOH), 5.38 (1H, 

app dt J = 53.9, 8.1 Hz, FCH-4), 5.12-4.95 (2H, m, FCH-2, FCH-6) 4.97-4.77 (2H, m, FCH-3, 

FCH-5), 2.27 (2H, t J = 7.5 Hz, CH2-2), 2.06-1.90 (1H, m, FCCH-1), 1.83-1.78 (2H, m, CH2), 

1.61-1.55 (2H, m, CH2), 1.52-1.46 (2H, m, CH2), 1.37-1.29 (16H, overlapping m, CH2); 19F 

NMR (471 MHz, Acetone-D6) δF −204.8, −213.0, −217.5; 13C NMR (126 MHz, Acetone-D6) δC 

174.7 (C=O), 88.95 (FC-2, FC-6), 88.75 (FC-4), 87.6 (FC-3, FC-5), 38.6 (FCC-1), 34.2 (CH2-

2), 30.4 (CH2), 30.4 (CH2), 30.4 (CH2), 30.3 (CH2), 30.2 (CH2), 30.1 (CH2), 30.1 (CH2), 30.0 

(CH2), 27.1 (CH2), 26.7 (CH2), 25.7 (CH2); HRMS m/z (ESI+) (calculated C19H31O2F5Na+ = 

409.2136) found 409.2132 [M+Na]+; vmax/cm-1 1701 (C=O), 1126 and 1049 (C-F). 

 

13-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-Pentafluorocyclohexyl)tridecan-1-ol 4.2[2] 

 

Diisobutylaluminium hydride solution (1M in hexane, 0.49 mL, 0.49 mmol) was added to a 

solution of 4.9 (79 mg, 0.197 mmol) in CH2Cl2 (1.5 mL) at −78 C. The reaction was warmed to 

r.t. and stirred for a further 1 h. The reaction was diluted with Et2O (10 mL), cooled to 0 C and 

quenched by the sequential addition of water (0.02 mL), NaOH (15% w/w, 0.02 mL) and water 

(0.05 mL). The mixture was warmed to r.t and MgSO4 was added. The suspension was stirred 

for 15 mins before being filtered and concentrated in vacuo to give the crude product, which 

was purified by flash column chromatography (SiO2, 80% EtOAc in hexane to 100% EtOAc) 

to give 4.2 as a white crystalline solid (47 mg, 0.126 mmol, 64%): m.p. 140 C; vmax/cm-1 3325 

(O-H), 1126 and 1049 (C-F); 1H NMR (500 MHz, Acetone-D6) δH 5.38 (1H, app dt J = 54.1, 

8.2 Hz, FCH-4), 5.13-4.72 (4H, overlapping m, FCH-2, FCH-3, FCH-5, FCH-6) 3.54-3.50 (2H, 

m, CH2-1), 3.37 (1H, t J = 5.2 Hz, OH), 2.08-1.90 (1H, m, FCCH-1), 1.83-1.78 (2H, m, CH2), 



Experimental 

181 
 

1.53-1.45 (4H, overlapping m, CH2), 1.35-1.29 (18H, overlapping m, CH2); 19F NMR (470 MHz, 

Acetone-D6) δF −204.8, −213.05, −217.4; 13C NMR (126 MHz, Acetone-D6) δC 89.4 (FC), 88.8 

(FC), 87.6 (FC), 62.5 (CH2OH), 38.6 (FCC-1), 33.9 (H2C), 30.5 (CH2), 30.5 (CH2), 30.4 (CH2), 

30.4 (CH2), 30.4 (CH2), 30.3 (CH2), 30.3 (CH2), 30.2 (CH2), 27.3 (CH2), 27.1 (CH2), 26.8 (CH2); 

HRMS m/z (ESI+) (calculated C19H33OF5Na+ = 395.2344) found 395.2343 [M+Na]+; vmax/cm-1 

3325br (O-H). 

 

(1R,2R,3s,4S,5S,6r)-1,2,3,4,5-Pentafluoro-6-tridecylcyclohexane 4.3[2] 

 

1-Allyl-2,3,4,5,6-pentafluorobenzene (0.306 mL, 2.00 mmol) and 1-dodecene (0.444 mL, 

2.00 mmol) were added dropwise and simultaneously to a solution of Grubbs first generation 

catalyst® (82 mg, 5 mol%) in CH2Cl2 (6 mL). The solution was heated to 40 C for 14 h and 

was then concentrated in vacuo and the residue was filtered through a plug of silica. The silica 

was washed with hexane. The filtrate was concentrated in vacuo to give 4.16 which was used 

immediately without further purification. 4.16 (530 mg), 4 Å molecular sieves (5.3 g) and 2.14 

(25 mg, 0.058 mmol) were suspended in hexane (20 mL) in a vial and the vial placed inside 

an autoclave. The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture 

stirred at room temperature for 24 h. After depressurising and removing the vial, the 

suspension was filtered and concentrated in vacuo to give the product, which was purified by 

flash column chromatography (SiO2, 20% EtOAc in hexane to 40% EtOAc) to give 4.3 as a 

white crystalline solid, (228 mg, 0.640 mmol, 32% over two steps); m.p. 121 C; 1H NMR (400 

MHz, CDCl3) δH 5.43-5.23 (1H, m, FCH-3), 4.94 (2H, app d J = 48.9 Hz, FCH-1, FCH-5), 4.42 

(2H, dt J = 41.5, 26.6 Hz, FCH-2, FCH-4), 1.89-1.82 (2H, m, CH2), 1.66-1.51 (1H, m, FCCH-

6), 1.48-1.39 (2H, m, CH2), 1.33- 1.25 (20H, overlapping m, CH2), 0.88 (3H, t J = 6.9 Hz, CH3-

13); 19F NMR (376 MHz, CDCl3) δF −203.1, −212.1, −216.6;  13C NMR (101 MHz, CDCl3) δC 

87.4 (FC), 87.3 (FC), 86.4 (FC), 38.7 (FCC-6), 32.1 (CH2), 29.8 (CH2), 29.8 (CH2), 29.8 (CH2), 

29.7 (CH2), 29.6 (CH2), 29.6 (CH2), 29.5 (CH2), 26.7 (CH2), 26.0 (CH2), 26.0 (CH2), 22.8 (CH2), 

14.3 (CH3-13); HRMS m/z (ESI+) (calculated C19H33F5Na+ = 379.2395) found 379.2390 

[M+Na]+; vmax/cm-1 1123 and 1051 (C-F). 
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1,2,3,4,5-Pentafluoro-6-(4-((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-

pentafluorocyclohexyl)butyl)benzene 4.21 

 

Palladium on carbon (10 % w/w, 7 mg) was added to a solution of 4.17 (50 mg, 0.13 mmol) in 

MeOH (3 mL). The suspension was stirred under an atmosphere of hydrogen at r.t. for 16 h 

until TLC showed complete consumption of 4.17. The suspension was filtered through celite 

and the filtrate concentrated in vacuo to give 4.21 which was used immediately without further 

purification. A vial was charged with 4.21 (50 mg, 0.13 mmol), 4 Å molecular sieves (500 mg), 

2.14 (3 mg, 0.005 mmol) and hexane (2 mL) and the vial placed inside an autoclave. The 

autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture stirred at room 

temperature for 24 h. After depressurising and removing the vial, the suspension was filtered 

and concentrated in vacuo to give the crude product, which was purified by flash column 

chromatography (SiO2, 10% EtOAc in hexane to 30% EtOAc in hexane) to give 4.21 as a white 

crystalline solid (21 mg, 0.053 mmol, 41%): m.p. (acetone): 198-199 C; 1H NMR (700 MHz, 

Acetone-D6) δH 5.41 (1H, app d J = 53.7 Hz, FCH-4), 5.06 (2H, app d J = 50.1 Hz, FCH-2 and 

FCH-6), 4.91 (2H, app dt J = 40.5, 27.7 Hz, FCH-3 and FCH-5), 2.83 (2H, obscured, CH2-1), 

2.11-1.95 (1H, m, FCCH-1), 1.91-1.86 (2H, m, CH2-4), 1.74 (2H, app p J = 7.6 Hz, CH2-2), 

1.63-1.58 (2H, m, CH2-3); 19F NMR (659 MHz, Acetone-D6) δF −145.8, −160.8, −165.4, 

−204.9, −213.05, −217.5; 13C NMR (176 MHz, Acetone-D6) δC 145.2 (ArCF), 115.4 (ArC) 89.3 

(CF), 88.2 (CF), 87.0 (CF), 38.5 (FCC-1), 29.7 (CH2-2),  26.5 (CH2) 26.4 (CH2), 22.7 (CH2-1); 

HRMS m/z ESI+ (Calculated C16H14F10Na+ = 419.0828) found 419.0825 [M+Na]+; vmax/cm-1 

1522 and 1499 (C=C Ar), 1126 and 1109 (C-F). 

 

Methyl 11-(perfluorophenyl)undec-10-enoate 4.25[2] 

 

Methyl 10-undecenoate (198 mg, 1.00 mmol) and pentafluorostyrene (388 mg, 2.00 mmol) 

were added dropwise and simultaneously to a solution of 2nd Generation Hoveyda-Grubbs 

Catalyst® (12 mg, 0.019 mmol, 2 mol%) in CH2Cl2 (5 mL). The solution was heated to reflux 

for 14 h before being concentrated in vacuo. The residue was purified by flash column 

chromatography (SiO2, hexane to 10% EtOAc in hexane) to give alkene 4.25 as a colourless 

oil (195 mg, 0.536 mmol, 54%): 1H {19F} NMR (500 MHz, CDCl3) δH 6.55 (1H, dt J = 16.2, 
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7.1 Hz, H-10), 6.26 (1H, d J = 16.2 Hz, H-11), 3.68 (3H, s, OCH3), 2.31 (2H, t J = 7.5 Hz, H-2), 

2.29-2.24 (2H, m, H-9), 1.66-1.60 (2H, m, H-3), 1.51-1.45 (2H, m, H-8), 1.34-1.29 (8H, 

overlapping m, H-7, H-6, H-5, H-4); 13C NMR (126 MHz, CDCl3) δC 174.4 (C=O), 144.6 (ArCF), 

141.4 (C-10), 139.3 (ArCF), 137.75 (ArCF), 114.1 (C-11), 112.65 (ArC-1), 51.5 (OCH3), 34.4 

(C-9), 34.2 (C-2), 29.3 (CH2), 29.3 (CH2), 29.2 (CH2), 29.2 (CH2), 28.9 (CH2), 25.0 (C-3); 19F 

{1H} NMR (470 MHz, CDCl3) δF −144.0 (ArCF), −158.2 (F-4), −163.6 (ArCF); HRMS m/z (ESI+) 

(calculated C18H22F5O2
+ = 365.1534) found 365.1530 [M+H]+; vmax/cm-1 1740 (C=O), 1520 and 

1495 (C=C Ar). 

 

11-(Perfluorophenyl)undec-10-enal 4.29[2] 

 

DIBAlH (1.1 mL, 1M in hexane, 1.1 mmol) was added dropwise to a solution of 4.25 (130 mg, 

0.357 mmol) in CH2Cl2 (9 mL) at -78 C. The resulting solution was stirred for 40 min at -78 C 

before being quenched by the careful addition of MeOH (1 mL). After stirring for 10 min, the 

solution was warmed to r.t. and saturated rochelle salt solution (10 mL) was added. The 

biphasic mixture was stirred at r.t. for 12 h and then extracted with CH2Cl2 (3 x 10 mL). The 

combined organic phase was dried over MgSO4, filtered and concentrated in vacuo to give 

4.29 as a colourless oil, (119 mg, 0.357 mmol, quantitative); 1H NMR (700 MHz, CDCl3) δH 

9.76 (1H, t J = 1.8 Hz, H-1), 6.53 (1H, dt J = 16.2, 7.0 Hz, H-10), 6.24 (1H, dt J = 16.2, 1.5 Hz, 

H-11), 2.42 (2H, td J = 7.4, 1.8 Hz, H-2), 2.26-2.23 (2H, m, H-9), 1.63-1.60 (2H, m, H-3), 

1.49-1.45 (2H, m H-8), 1.33-1.28 (8H, overlapping m, H-7, H-6, H-5, H-4); 13C NMR (101 MHz, 

CDCl3) δC 203.0 (C=O), 144.6 (ArCF), 141.4 (C-10), 139.5 (ArCF), 137.7 (ArCF), 114.2 (C-11), 

112.65 (ArC-1), 44.0 (C-2), 34.4 (C-9), 29.4 (CH2), 29.3 (CH2), 29.2 (CH2), 29.2 (CH2), 28.9 

(CH2), 22.2 (C-3); 19F NMR (377 MHz, CDCl3) δF −143.95 (ArCF), −158.1 (F-4), −163.6 (ArCF); 

HRMS m/z (EI+) (calculated C17H19F5O+ = 334.1351) found 334.1351 [M-e-]+; vmax/cm-1 1726 

(C=O), 1520 and 1493 (C=C Ar). 
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(1E,11E)-1,12-Bis(perfluorophenyl)dodeca-1,11-diene 4.26[2] 

 

NaH (60% in oil, 58 mg, 1.46 mmol) was added to a solution of 4.11 (230 mg, 0.724 mmol) in 

THF (2.4 mL) at 0 C. The suspension was stirred at 0 C for 5 mins before 4.29 (114 mg, 

0.341 mmol) was added dropwise as a solution in THF (3 mL). The reaction was heated to 

76 C for 14 h. The solution was cooled to 0 C and quenched by the careful addition of water 

(5 mL). The mixture was extracted into EtOAc (3 x 20 mL) and the combined organic phase 

was washed with saturated brine. The organic phase was dried over MgSO4, filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography (SiO2, 

hexane) to give 16 as a colourless oil, (92 mg, 0.18 mmol, 53%); 1H NMR (700 MHz, CDCl3) 

δH 6.55 (2H, dt J = 16.2, 7.1 Hz, H-11, H-2), 6.26 (2H, dt J = 16.2, 1.3 Hz, H-1, H-12), 2.28-2.24 

(4H, m, H-10, H-3), 1.51-1.46 (4H, m, CH2), 1.38-1.31 (8H, overlapping m, CH2); 19F NMR 

(471 MHz, CDCl3) δF −144.0 (ArCF), −158.1 (F-4), −163.6 (ArCF); 13C NMR (176 MHz, CDCl3) 

δC 144.6 (ArCF), 141.4 (H2C-11, H2C-2), 139.4 (ArCF), 137.8 (ArCF), 114.2 (H2C-12, H2C-1), 

112.7 (ArC-1), 34.45 (H2C-10, H2C-3), 29.5 (H2C), 29.3 (H2C), 29.0 (H2C); HRMS m/z (EI+) 

(calculated C24H20F10
+ = 498.1400) found 498.1397 [M-e-]+; vmax/cm-1 1520 and 1493 (C=C Ar). 

  

1,12-Bis((1r,2R,3R,4s,5S,6S)-2,3,4,5,6-pentafluorocyclohexyl)dodecane 4.27[2] 

 

Activated 4 Å molecular sieves (500 mg), 4.26 (50 mg, 0.10 mmol) and 2.14 (2 mg, 

0.005 mmol, 5 mol%) were suspended in hexane (2 mL) in a vial and the vial placed inside an 

autoclave. The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture 

stirred at room temperature for 24 h. After depressurising and removing the vial, the 

suspension was filtered and concentrated in vacuo to give the crude product, which was 

purified by flash column chromatography (SiO2, 20% EtOAc in hexane to 100% EtOAc) to give 

4.27 as a white crystalline solid (17 mg, 0.033 mmol, 33%): m.p. 188 C; 1H NMR (500 MHz, 

CDCl3) δH 5.43-5.26 (2H, m, FCH-4), 4.93 (4H, app d J = 49.9 Hz, FCH-2, FCH-6), 4.56-4.34 

(4H, m, FCH-3, FCH-5), 1.90-1.85 (4H, m, CH2-1, CH2-12), 1.74-1.56 (2H, m, FCHCH-1), 

1.49-1.43 (4H, m, CH2-11, CH2-2), 1.39-1.28 (16H, overlapping m, CH2); 19F NMR (471 MHz, 

Acetone-D6) δF −204.8, −213.05, −217.45; 13C NMR (126 MHz, CDCl3) δC 87.3 (FC-2, FC-6), 
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87.1 (FC-4), 86.5 (FC-3, FC-5), 38.6 (FCC-1), 32.1 (H2C), 29.8 (H2C), 29.7 (H2C), 29.6 (H2C), 

26.6 (H2C-11, H2C-2), 26.0 (H2C-1, H2C-12); HRMS m/z (ESI+) (calculated C24H36F10Na+ = 

537.2550) found 537.2540 [M+Na]+; vmax/cm-1 1132 and 1049 (C-F). 

 

Methyl 13-phenyltridec-10-enoate 4.31[2] 

 

Methyl 10-undecenoate (1.051 g, 5.300 mmol) and 4-phenylbutene (0.700 g, 5.30 mmol) were 

added dropwise simultaneously to a solution Grubbs first generation Catalyst® (0.217 g, 

0.264 mmol, 5 mol%) in CH2Cl2 (12 mL). The solution was heated to reflux for 14 h before 

being concentrated in vacuo to give 4.31 as a colourless oil as a mixture of diastereomers 

(0.626 g, 2.07 mmol, 39%): 1H NMR (500 MHz, CDCl3) δH 7.31-7.16 (5H, overlapping m, ArH), 

5.50-5.37 (2H, overlapping m, H-10, H-11), 3.67 (3H, s, OCH3), 2.70-2.65 (2H, m, CH2), 2.35-

2.29 (4H, overlapping m, CH2), 1.99-1.95 (2H, m, CH2), 1.66-1.59 (2H, m, CH2), 1.35-1.24 

(10H, overlapping m, CH2); 13C NMR (126 MHz, CDCl3) δC 174.45 (C=O), 142.3 (ArC-1), 131.2 

(C=C), 130.7 (C=C), 129.4 (C=C), 128.8 (C=C), 128.6 (ArCH), 128.3 (ArCH), 125.8 (ArCH), 

51.6 (OCH3), 36.3 (CH2), 34.6 (CH2), 34.2 (CH2), 32.65 (CH2), 29.6 (CH2), 29.4 (CH2), 29.3 

(CH2), 29.3 (CH2), 29.1 (CH2), 25.1 (CH2); HRMS m/z (ESI+) (calculated C20H30O2Na+ = 

325.2138) found 325.2133 [M+Na]+; vmax/cm-1 1740 (C=O). 

 

Methyl 13-cyclohexyltridecanoate 4.32[2] 

 

Activated 4 Å molecular sieves (500 mg), 4.31 (54 mg, 0.18 mmol) and 2.14 (6 mg, 

0.015 mmol, 8 mol%) were suspended in hexane (2 mL) in a vial and the vial placed inside an 

autoclave. The autoclave was pressurised with hydrogen to 50 Bar and the reaction mixture 

stirred at room temperature for 24 h. After depressurising and removing the vial, the 

suspension was filtered and concentrated in vacuo to give the crude product, which was 

purified by flash column chromatography (SiO2, hexane) to give 4.32 as a colourless oil 

(41 mg, 0.132 mmol, 74%): 1H  NMR (500 MHz, CDCl3) δH 3.66 (3H, s, OCH3), 2.29 (2H, t J = 

7.6 Hz, OCCH2-2), 1.71-1.57 (7H, overlapping m, CH2), 1.32-1.10 (24H, overlapping m, CH2), 

0.89-0.79 (2H, m, CH2); 13C NMR (126 MHz, CDCl3) δC 174.5 (C=O), 51.6 (OCH3) , 37.8 (CH2), 

37.7 (CH2), 34.3 (OCCH2-2), 33.6 (CH2), 30.15 (CH2), 29.9 (CH2), 29.8 (CH2), 29.8 (CH2), 29.7 

(CH2), 29.6 (CH2), 29.4 (CH2), 29.3 (CH2), 27.0 (CH2), 26.9 (CH2), 26.6 (CH2), 25.1 (CH2); 
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HRMS m/z (ESI+) (calculated C20H38O2Na+ = 333.2764) found 333.2758 [M+Na]+; vmax/cm-1 

1742 (C=O). 

 

13-Cyclohexyltridecanoic acid 4.4[2] 

 

NaOH (1M, 4 mL, 4 mmol) was added to a solution of 4.4 (43 mg, 0.14 mmol) in MeOH (10 

mL). The solution was stirred at reflux for 14 h before being acidified by the careful addition of 

HCl (1M, 30 mL). The mixture was extracted into CH2Cl2 (3 x 50 mL) before being dried over 

MgSO4, filtered and concentrated in vacuo to give 4.4 as a crystalline white solid, (41 mg, 

0.14 mmol, quant.); m.p. 65 C; 1H NMR (500 MHz, CDCl3) δH 2.34 (2H, t J = 7.6 Hz, OCCH2-

2), 1.78-1.61 (7H, overlapping m, CH2), 1.33-1.12 (24H, overlapping m, CH2), 0.90-0.81 (2H, 

m, CH2); 13C NMR (126 MHz, CDCl3) δC 180.6 (C=O), 37.85 (CH2), 37.7 (CH2), 34.3 (OCCH2-

2), 33.6 (CH2), 30.2 (CH2), 29.9 (CH2), 29.8 (CH2), 29.8 (CH2), 29.75 (CH2), 29.6 (CH2), 29.4 

(CH2), 29.2 (CH2), 27.0 (CH2), 26.9 (CH2), 26.6 (CH2), 24.8 (CH2); HRMS m/z (ESI−) 

(calculated C19H35O2
− = 295.2643) found 295.2637 [M-H]−; vmax/cm-1 1699 (C=O). 

 

13-Cyclohexyltridecan-1-ol 4.5[2] 

 

DIBAlH (1M in hexane, 1.05 mL, 1.05 mmol) was added to a solution of 4.4 (0.156 g, 0.419 

mmol) in CH2Cl2 (3 mL) at −78 C. The solution was warmed to r.t. and stirred for 1 h before 

being diluted with Et2O and cooled to 0 C. The solution was then quenched by the sequential 

addition of; water (0.04 mL), NaOH (15% w/w, 0.04 mL) and water (0.1 mL). The solution was 

then warmed to r.t. and stirred for 15 mins before being dried over MgSO4 and the suspension 

stirred for a further 15 mins. The suspension was filtered and concentrated in vacuo to give 

4.5 as a white amorphous solid (0.096 g, 0.34 mmol, 81%): m.p. (CHCl3): 34 C; 1H NMR (500 

MHz, CDCl3) δH 3.64 (2H, t J = 6.7 Hz, OCH2-1), 1.76-1.62 (6H, m, CH2), 1.60-1.54 (2H, m, 

CH2), 1.38-1.14 (26H, m, CH2), 0.91-0.83 (2H, m, CH2); 13C NMR (126 MHz, CDCl3) δC 63.0 

(OCH2-1), 37.7 (CH2), 37.6 (CH2), 33.5 (CH2), 32.8 (CH2), 30.0 (CH2), 29.7 (CH2), 29.7 (CH2), 

29.7 (CH2), 29.6 (CH2), 29.5 (CH2), 26.9 (CH2), 26.8 (CH2), 26.5 (CH2), 25.8 (CH2); HRMS m/z 

ESI+ (calculated C19H38ONa+ = 305.2815) found 305.2798 [M+Na]+; vmax/cm-1 3447br (O-H). 
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