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Abstract 

This thesis describes an approach to the identification, design and synthesis of novel 

fluorine containing heterocyclic fragments to be used as starting points for Fragment-

Based Drug Discovery programmes.  

Heterocyclic motifs are common in medicinal chemistry due to their robust synthesis and 

available chemical transformations. Fluorine incorporation into heterocyclic structures 

can modulate many physicochemical properties of a compound, not least its ability to 

block a metabolically labile hotspot. (Chapter 1). 

Herein is detailed the filtering of a generated database (GDB) of 26 million compounds 

to identify a dataset of 11,596 unreported, undocumented fluorinated heterocycles. With 

the use of a novel elaboratability programme (developed by James Davidson at Vernalis 

Research Ltd.), we were able to rank the fragments in terms of how readily they could be 

elaborated. Additionally, with the use of Pipeline Pilot, we were able to calculate the 

physicochemical properties of the dataset and compare it to commercial fragment 

libraries which showed that the fragments followed the “Rule of 3” guidelines for 

fragments. Applying a principal moment of inertia (PMI) plot for the dataset and 

comparing it to commercial libraries, we demonstrated that we are exploring 

underreported chemical space. (Chapter 2). 

The synthesis of four of these identified fragments is detailed, including reaction 

optimisation using design of experiment (DoE) approaches as well as efforts for late-stage 

fluorine incorporation via both traditional and newer methods, such as C – H 

functionalisation. (Chapter 3). 

Lastly, is the development and optimisation of a new photo-redox assisted 

decarboxylative fluorination strategy of N-heterocyclic acetic acids to their corresponding 

fluoromethyl counterparts. (Chapter 4).  
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Chapter 1: Introduction 

 

Drug discovery is constantly changing. Three decades ago, high throughput screening 

(HTS) was becoming the dominant lead discovery approach, and by the mid 1990’s 

companies had built multimillion compound libraries.1 This approach resulted in many 

marketed drugs, particularly against established targets, such as G-protein coupled 

receptor (GPCRs).
1 Yet the limitation of HTS was evident when the compound libraries 

were screened against much newer, less established target classes such as kinases. The 

result of which were either few hits and/or hits that turned out to be false positives, such 

as aggregaion.1 Furthermore, there are numerous reports detailing the increase in 

molecular weight (MW) and lipophilicity during lead optimisation in attempts to increase 

potency and improve compound properties.2 However, high lipophilicity is attributed to 

drug attrition in later stages of drug development due to significant effects on absorption, 

distribution, and metabolism, with the main adverse effect being lower solubility and 

increased off-target activity.2 It was noted that successful compounds in clinical trials 

had, on average, lower MW than those at the early stages of drug development and as 

such, it was hypothesised that a reduction in MW and lipophilicity of screening 

compounds may lessen the attrition rate and observed issues.2-3 This is because as 

compounds become larger and more complex, the likelihood of good complementarity 

through high-quality specific interactions with the key binding residues in protein target 

reduces, however, the chances of multiple non-specific interactions increase. In addition, 

as compounds become larger the probability of loss of binding due to unfavourable 

interactions through bulky substituent increases. As a result, lower MW molecules, and 

therefore less complex molecules, such as fragments, should in theory be able to bind to 

a greater number of sites on a range of diverse proteins, therefore maximising the chance 

of a ‘hit’ being discovered. 

Such an hypothesis was exemplified by the work of Rees3 who showed that increasing 

the MW and lipophilicity for a smaller compound, or fragment, would yield compounds 

with desirable properties, still falling in the ‘desirable space’ area. Conversely, increasing 

the MW and lipophilicity of a larger lead-like compound would generate compounds that 

fall outside of this area. (Figure 1.1).  
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Figure 1.1: Showing the relationship between the number of heavy atoms and potency. Fragments also have 

capability of remaining Rule of 5-compliant. Figure taken from Rees et al.3 

 

With the ever-increasing attrition rate of chemical compounds in (pre)clinical 

development, along with the concept of “target-rich, lead poor” pipeline in drug 

discovery, has led researchers to search for better quality hits and chemical lead series. 

The reduction in the size of compounds in the screening libraries, and the ability to run 

high-throughput biophysical studies (Chapter 1, section 1.1 and 1.3) along with the 

concept of improving hit rates with decreased library complexity paved the way for 

Fragment-Based Drug Discovery (FBDD).4  
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1.1 Fragment-Based Drug Discovery  

 

Rather than screening large compound libraries to find drug-sized starting points, FBDD 

starts with screening a much smaller collection of low MW compounds - fragments. 

These fragments consist of fewer than 20 heavy atoms (denoted as any atom other than 

hydrogen),1 though in a recent analysis of almost 150 fragment-to-lead campaigns, the 

fragments averaged 15 heavy atoms, with the optimised compounds having 28 heavy 

atoms.1 

A key concept of FBDD is to screen small molecules using biophysical techniques, either 

by surface plasmon resonance (SPR), X-ray crystallography, or nuclear magnetic 

resonance (NMR) and thermal shift, to identify ligand efficient fragments.5 The resulting 

hits are optimised by linking, growing or merging, to deliver leads and drug candidates 

by optimising potency and pharmacokinetic (PK) properties whilst modulating MW and 

physicochemical properties.6-7 

Ligand efficiency is a quantifiable value that expresses the binding energy of a compound 

relative to the compound’s size, usually expressed as the number of heavy atoms. It can 

be calculated numerically by dividing the Gibbs free energy of binding (ΔG) by the 

number of heavy atoms, N as: LE = [ΔG]/N. Using the thermodynamic equations for 

Gibbs free energy, ΔG = RTln𝐾𝐷 and substituting IC50 (the half maximum inhibitory 

concentration) for KD, LE can be calculated as: 𝐿𝐸 = 1.4(𝑝𝐼𝐶50)/𝑁.8 

The principal works of Jencks9 and Ariens10 as well as the seminal paper by Fesik et al.11 

underpinned the initial basis of FBDD as they demonstrated that drug-like molecules can 

be regarded as a being a combination of more than two fragments.4 Jencks quoted:  

“It can be useful to describe the Gibbs free energy changes for the binding to a protein 

of a molecule, A-B, and of its component parts, A and B, in terms of the ‘intrinsic binding 

energies’ of A and B, ΔGA and ΔGB and a ‘connection Gibbs energy’, ΔG that is derived 

largely from changes in translational and rotational entropy”12 

This concept can be viewed visually (Figure 1.2). At the top are the classical HTS 

programmes whereby many compounds are screened against a target to identify a hit and 

then subsequent chemical hit-to-lead optimisation to deliver a lead candidate. Below this 

is a representation of fragment linking, proposed by Jencks: the two fragments bind in 

nearby sites and are then chemically linked to one another prior to hit-to-lead 

optimisation.13 Fesik et al. demonstrated that a compound with micromolar binding can 
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be obtained by joining two fragments with millimolar binding.11 Lastly, fragment 

growing involves identifying a single fragment that binds to the target of interest and then 

systematically growing the fragment to make further interactions with the protein.  

 

  

Figure 1.2: A comparison of traditional HTS (top) with fragment linking (middle) and fragment growing (bottom). 

Figure adapted from Erlanson.13 

 

Since this publication, significant efforts have focussed on fragment screening and 

development via this method. Indeed, workers as Astex Pharmaceuticals noted that 

fragments found within their fragment screening library tended to have similar properties. 

Typically, they are small MW compounds, with a mass of less than 300 Da, have a cLogP 

of less than 3 and have fewer than 3 hydrogen bond donors and acceptors. Additionally, 

they also noted that the molecules had fewer than 3 rotatable bonds and a polar surface 

area of less than 60 Å.4,14-15 These fragment properties were then termed the “Rule of 3” 

(RO3), in a similar way to the “Rule of 5” outlined by Lipinski for orally bioavailable 

drugs.16 These are, of course, only guidelines and each institution uses different 

parameters.  

One main advantage of screening lower MW fragments is that chemical space can be 

more effectively sampled. Whilst the RO3 states compounds should have a MW of less 

than 300 Da, in principle the baseline is usually set for 250 Da. This is based on the work 

conducted by the group of Reymond 17 who demonstrated that the size of chemical space 

increases by 8-fold for each heavy atom in a molecule. Therefore, a library consisting of 

1,000 fragments with MW of 190 Da can cover the equivalent chemical space of 108 

molecules of MW 280 Da or 1018 molecules with a MW of 440 Da. As such, fragment 
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libraries typically constitute of 500-2000 structurally diverse molecules with MW <250 

Da.18  

Another advantage of screening smaller, less complex fragments compared to larger lead-

like compounds is the higher hit rate obtained from screening,4, 19-20 but with hundreds of 

micromolar to millimolar affinity. However, the concept of decreasing complexity of the 

compounds is only beneficial if the binding can be detected.21 The probability of 

measuring binding increases with ligand complexity, but the probability of finding a 

match decreases as there is an increase in the likelihood of negative interactions; yet the 

binding mode being unique increases with ligand complexity. Figure 1.3 below by 

Shapiro et al. depicts that starting with simpler and smaller, less complex molecules will 

increase the chance of finding a detectable and unique binding mode in the final 

compound.20 The probability of detecting a useful event is calculated by multiplying the 

binding probability with the match probability. Therefore, a “useful event” is one that is 

both measurable and unique in its binding mode, having a significant probability of being 

found.22 

 

 

Figure 1.3: A graph showing the probability of a match with a target decreasing as ligand complexity increases. 

Figure taken from Shapiro et al.20 

 

Although the binding affinity is lower for fragments, the interactions made with a target 

protein tend to be of greater quality, with each non-hydrogen atom involved in the binding 

interaction, though this is not always the case. Fragments can potentially bind with 

proteins in multiple ways based on the fragment’s pharmacophore, using different 

elements of the array on HBD and HBA’s and the lipophilic portion. The small size of 

the fragments allows them to better orientate to maximise the geometry for hydrogen 
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bonds. These low MW and high quality interactions gives fragments more freedom when 

fine-tuning the physicochemical properties in hit-to-lead optimisation and allow 

medicinal chemists to add functionality to the fragment as they see fit, rather than 

performing complex SAR of a much larger (MW) hit, as would be the case in classical 

HTS. 23 Rees and Murray reported that the free energy of a fragment with 100 µM affinity 

is -22.8 kJ mol-1, whereas for a much larger, complex molecules with an affinity of 3 nM, 

the free binding energy is -63.6 kJ mol-1. This suggests that fragments have a much greater 

and favourable size to binding energy ratio than that of larger, more complex ligands. It 

is this high energy binding compared to MW which is the key to the such high-quality 

binding of fragments.2 
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1.2 Fragment screening methods 

 

The screening process for FBDD is different to that of HTS. Fragment screening cannot 

employ the robust cell activity-based and biochemical readout assays used in HTS since 

the binding energy of a fragment is often too weak to be detected, usually between 10 

mM and 100 µM. Instead, more sensitive biophysical techniques are employed to detect 

the binding interactions. As such, the fragments need to have high aqueous solubility 

(>0.1-2 µM)24 to be detected. The approaches described and discussed herein include 

labelled fragments for NMR spectroscopy-based screening, X-ray crystallography, SPR 

and thermal shift. Fragment screening has several practical advantages. Firstly, it is much 

easier to maintain, assemble and screen a library of a few thousand molecules, compared 

to the much larger HTS libraries. Secondly, since fragments are likely to be more soluble, 

they are likely to have better physicochemical properties. Lastly and potentially most 

importantly, the small number of compounds have a broad range of interaction 

pharmacophores that can interrogate a difficult binding site such as protein-protein 

interactions.1 

NMR Spectroscopy  

There are two main methods employed in fragment screening by NMR; 1) target-

observed NMR and 2) ligand-observed NMR by the saturated transfer difference (STD). 

The pioneering work of Fesik et al. at Abbott Laboratories reduced to practise the 

fragment linking idea by their seminal Science paper,11 whereby they introduced the 

concept of SAR by NMR (structure-activity relationship by NMR), employing a target-

observed method.  

The target-observed concept involves screening a library of low MW compounds to 

identify molecules that bind to the protein of interest. Firstly, an HSQC spectrum of an 

unbound 15N-labelled protein is acquired. A library of fragments are then screened against 

the protein; binding and binding location of the fragment is identified by chemical 

perturbations (changes in amide proton chemical shifts relative to the unbound protein’s 

values). Once a first ligand has been identified, the binding affinity to the protein site is 

then optimised by screening analogues. The third step involves screening for a ligand 

which interacts with a nearby site on the protein, with the binding determined by 

observing changes in the amide chemical shift of either the original screen or of the 

second screen. Using these changes in chemical shifts, the approximate location of the 

second ligand can be identified, relative to that of the first site.  Finally, a drug-like 
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compound is synthesised such that the fragments are linked together. The inked fragments 

are then further optimised and developed.11, 25 One of the advantages and attractiveness 

of the fragment linking approach is the rapid increases in potency that can be obtained 

due to the concept of super-additivity of fragment binding energies, that being that the 

linked compound should have a more favourable ΔG than the sum of the initial fragment 

hits.26-27  

The second method, ligand-observed NMR, identifies binding epitopes by utilising the 

transfer in the nuclear Overhauser enhancement (NOE) effects, which carry saturation 

from a macromolecule to a small molecule ligand. A solution containing the protein of 

interest and the ligand is prepared, whereby the ligand is expected to be in a constant 

bound-unbound equilibria with the protein. The proton nuclei of the protein are then 

selectively saturated by radiofrequency irradiation, causing a transfer in saturation across 

the whole protein and leading to a transfer to the ligand through NOE. The saturated 

bound ligand becomes unbound and returns to solution whereby its NMR signals are 

detected. The observed spectrum (1D) contains the desired binding information since 

bound ligands result in a negative NOE. To aid with interpretation, an off-resonance 

spectrum is obtained, which is a standard 1D 1H NMR. Subtraction of both spectra yields 

a difference spectrum consisting only of the ligand signals involved in binding. The STD 

NMR yields SAR information enabling ligand-based drug design. It provides no 

structural information; however it does yield binding constants and provides information 

on whether a molecule binds or not. Other ligand-observed techniques exist such as water 

ligand observation with gradient spectroscopy (waterLOGSY). This technique exploits 

the fact that water is present at the interfaces of interacting molecules. Water-ligand NOEs 

are measurable, having negative NOE values in analogous manner to STD experiment. It 

is important to note that waterLOGSY often compliments STD experiment. The 

advantages of ligand-observed NMR compared with target-observed methods is that they 

are not limited by protein molecular weight and a small quantity (0.1 nmol) of protein is 

required, compared with 25 nmol for target-observed methods. Furthermore, target-

observed methods cannot identify individual ligands in mixtures.25 

The introduction of fluorine (19F) NMR and phosphorous (31P) NMR has further increased 

the sensitivity of the screening process. The main advantage of using 19F NMR is the 

wider chemical-shift dispersions, the minimal background interference and fewer 

reference signals leading to increased sample throughput and lowered protein 

consumption.28.  
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Fluorine is 100% naturally abundant and exhibits a wide chemical-shift range, enabling 

the routine screening of cocktails containing >30 fragments. 19F NMR screening typically 

relies on transverse relaxation-based experiments whereby the large difference in 

tumbling rates between large biomolecules and fragments are exploited, leading to a 

chemical exchange contribution from the difference in chemical shifts between free and 

bound states. This is illustrated in Figure 1.4 below. A reference spectrum (without a 

protein) is recorded (black), followed by a separate spectrum with a protein (red). 

Fragment binding is observed by a significant reduction in the 19F signal intensity upon 

the addition of the protein.28  

Since its introduction, the technique has increased in popularity and is now used in both 

academia and industry. Amgen screened 1,200 fluorinated compounds against targets of 

interest, yielding hit rates between 0 and 8%, with results correlating to computationally 

predicted druggability. Further to this, Clausen et al. published work on the synthesis and 

19F NMR spectroscopic screening of a Fsp3-rich fluorinated library.28 Fluorine fragment 

screening can be deployed as a highly sensitive and speedy approach for the identification 

of hit compounds due to the high signal sensitivity and hyper-responsiveness to changes 

in the chemical environment of the 19F nucleus. As a result, cocktails of fluorinated 

compounds can be screened at the same time. 

 

 

 

Figure 1.4: Example of  19F NMR screening. Figure taken from Clausen et al.28 
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19F NMR spectroscopy also enables the use of hits as spy molecules whereby unlabelled 

molecules are screened for displacement of the spy molecule. (Figure 1.5). Mixtures of 

non-fluorinated compounds are screened against a known fluorinated ligand; the spy 

ligand (blue). Displacement of the spy ligand by another binder is observed when the spy 

ligand signal intensifies. Deconvolution of the screening mixture then allows for the 

structure of the binder to be identified. A control molecule (red) is often included too.28 

 

 

Figure 1.5: Schematic illustration of a displacement assay with 19F NMR spectroscopy. Figure taken from Clausen et 

al.28 

Despite the attractiveness of 19F NMR, it does have some limitations such as providing 

little binding information of the molecule to the target and as such, it is usually used in 

conjunction with another screening method, such as X-ray crystallography.28  

 

X-Ray crystallography 

Pioneered by both Abbott Laboratories and Astex Pharmaceuticals, X-ray crystallography 

is probably the most powerful fragment screening method as it can provide direct hit 

validation as well as the binding mode of the fragment. There are two main approaches 

used in fragment crystallography: I) crystal soaking and II) co-crystallisation. Crystal 

soaking involves the transfer of the protein crystals to a solution containing high 

concentrations of fragments (>10 mM), with the fragment binding to the protein through 

diffusion through the crystal solvent channels. Co-crystallisation involves crystallising 

the protein in the presence of the fragment. Crystal soaking is usually the first choice 
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since it is higher throughput, with up to ten fragments being able to be soaked together, 

thus determining the binding modes of more than one fragment. The XChem facility at 

Diamond has streamlined the analysis of crystal screening, allowing up to 1,000 

compounds to be screened individually in less than a week.29 X-ray crystallography offers 

some unique advantages over other screening techniques. Firstly, the readout of the 

experiment is an electron difference density map which shows the position and 

confirmation of the fragment in the protein. Secondly, fragment-based screening will 

identify sites (without bias) on the protein, with some being functional such as orthosteric 

sites, but will possibly identify unpredicted allosteric or regulatory sites. Lastly, the 3-

dimensional structural information on the fragment binding mode can allow for efficient 

second-round screening of larger follow up compounds, or structure driven optimisation 

because the key binding interactions and available accessible space in the protein are 

known.30  

Researchers at Astex Pharmaceuticals have recently developed a screening methodology, 

termed MiniFrags. Highly soluble, ultralow MW fragments were screened at 1 M 

concentration enabling for more efficient X-ray crystallographic screening, with a hit rate 

of 44% observed.. A selection of MiniFrag structures is shown below. (Figure 1.6). 

 

 

Figure 1.6: Examples of MiniFrags. 

 

Conversely, the inclusion of heavy atoms, specifically halogenated atoms such as 

bromine, can also increase the hit rate. The inclusion of halogens increases the electron 

density map, making it easier to identify fragments. In 2019, researchers at Newcastle 

University reported the use of low MW halogenated fragments, (termed FragLites) to 

assess target druggability.31 The FragLite library consisted of 31 small brominated or 

iodinated fragments each containing a pharmacophore doublet to probe polar protein-

ligand interactions. (Figure 1.7).  
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Figure 1.7: Examples of FragLites. 

 

The pharmacophore doublet consisted of combinations of HBA/HBD’s spaced by one or 

five bonds and was used a proof-of-concept to identify ortho- and allosteric binding sites 

in the well-defined kinase CDK2, with a hit rate of 29%. This approach was further 

developed to allow for the FragLites to be elaborated (by linking or growing) into more 

potent ligands.28, 31 Caution should be taken however when using FragLites since the 

highly lipophilic nature of both bromine and iodine may result in nonspecific interactions 

and lead to promiscuity. Furthermore, in the cases where a halogen is participating in the 

interactions, replacing it could be an issue as the new substituent might clash with the 

protein and not maintain the binding interaction.28  

Surface Plasmon Resonance  

SPR is a spectroscopic technique that can determine the fragment binding kinetics. SPR 

involves an immobilised protein on a chip, which is then subjected to varying 

concentrations of fragment solutions. A fragment binding to the protein is detected by a 

change in the reflective properties of the chip.32 SPR has evolved and it is now possible 

to screen a large number of compounds. It is often important to perform SPR experiments 

on known ligands or mutagenesis experiments to rule out false negatives and false 

positives to differentiate between specific and non-specific binders. Additionally, SPR 

does not give detailed information on the ligand binding mode.3  

Thermal Shift 

This method involves mixing a protein and ligand together and then heating to measure 

the denaturation temperature of the protein which is then detected by fluorogenic dyes. If 

the ligand stabilises the protein against thermal denaturation, then the melting temperature 

increases, and this is classed as a hit since the ligand is bound to the protein strongly. The 

advantage of this method is that it is quick and cheap, however false negatives are an 

issue with this technique and the hit rate can be sporadic.33 Additionally, reproducibility 

of the screening technique can be an issue.34  

Due to the advantages and disadvantages attributed to each screening methods, fragments 

hits should be confirmed by at least two orthogonal methods. 
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1.3 Fragment Library Design 

 

An important factor in fragment library design is the diversity of the fragments as this 

determines the sampling efficiency of the chemical space as well as the novelty of 

potential hits,35 of which structural diversity is the most important. Other forms of 

diversity include functional group diversity, and stereochemical diversity. There are two 

metrics used to define structural diversity: 1) the similarity between pairs of chemical 

structures and 2) the richness of the fragment library. A recent study by Shi and Von 

Itzstein35 demonstrated that fragments became more like each other as the size of the 

library increased. The richness of the fragment library increased as fragment library size 

increased, however the actual number of unique fingerprints per additional fragment 

declined with increasing library size and became negative above 20,000 compounds. As 

such, they concluded a library size of 2,000 diverse fragments is suitable for FBDD.35  

There are of course arguments for having a larger screening library compared to smaller 

ones. The main advantage being that larger libraries will contain multiple examples of 

each chemotype therefore by screening larger libraries, initial SAR is often identified and 

provides further validation of the hits. However this is balanced against the time and costs 

of running a much larger screen. A secondary screen is often required to explore the SAR 

of the hits obtained in a primary screen when using a small fragment library. 

There has been research into the area of reactive molecules and functionalities to avoid 

in fragment library design. One of these is pan-assay interference compounds (PAINS). 

An example of a PAINS moiety is Michael acceptors, which can react reversibly or 

irreversibly with nucleophilic residues within proteins. Michael acceptors, however, have 

found use as covalent inhibitors. Additionally, Baell and Holloway performed a number 

of HTS programmes and found that some compounds were a hit against many dissimilar 

targets.36 PAINS have also been shown to bind covalently and selectively to targets, 

which can affect interpretation of biological results.33 In addition to this, some PAINS 

may be photochemically reactive, fluorescent or be redox cyclers which consequently 

affects read-out results from the biological assays which use fluorescent end-points. A 

few examples of PAINS moieties are shown below. (Figure 1.8). 
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Figure 1.8: Examples of Pan-Assay Interference Compounds (PAINS). 

 

The fragments found within the screening libraries should show a diverse range of key 

pharmacophores to drive fragment binding, whilst also having sufficient complexity to 

encourage binding. The need for close analogues has been demonstrated to be an 

important factor in FBDD library design.19 The availability of closely related analogues 

are particularly important in fragment evolution towards “lead-like” compounds. To 

improve the chances of success in optimisation, Murray and Rees highlighted the 

necessity of fragments to be readily elaborated from different vectors and in different 

directions, and that the methodology to do so is in place before the screening campaign 

commences.19 Additionally, fragments within the screening library and closely related 

analogues should be synthesised in fewer than 4 steps from a commercial source and that 

the synthetic methodology is sufficiently robust with a large substrate scope. Molecules 

containing hydroxyl and amine groups provide not only different points of interaction 

with the protein, but also potential growth points for the fragments to be rapidly 

elaborated in different directions.37 However, caution should be taken to ensure that the 

reactivity of the appendages are modulated so that they do not interfere with the screening 

in a similar way to that of PAINS. One way in which this can be overcome is to mask the 

reactivity of the functional group, such as converting an hydroxyl to an ether or a 

carboxylic acid to a methyl ester, for example.38  

Another set of compounds to avoid in fragment libraries are the aminothiazole fragments. 

Whilst the core has been seen in a number of successful drug compounds, their 

promiscuity against a range of targets, as well as generating false data, has resulted in 

them being referred to as PrATs; promiscuous 2-aminothiazoles.39 (Figure 1.9). 
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Figure 1.9: Promiscuous 1-AminoThiazoles (PrATs) 

 

Perhaps the most important characteristic of fragment library design is the solubility and 

stability of the fragments. Since fragments are screened at very high concentrations to 

detect the weak binding, ideally fragments should have a solubility of greater than 5 mM 

in 5% DMSO solution. This high level of solubility can be achieved through the 

introduction of polar groups, low MW compounds and ionisable groups.37 However, with 

this comes synthetic challenges and isolation issues. It is also important that the fragments 

are stable in various media, such as DMSO and water. Since compounds are often stored 

as stock solutions in DMSO, it is important that the fragments remain stable in solution 

for a prolonged period. Additionally, the hydroscopic nature of DMSO means that if 

compounds are stored below 0 °C, then water is often unintentionally present within the 

stock solution, causing potential issues if the stock solutions are subjected to freeze-thaw 

cycles as the water present within the stock solution can cause changes in concentration 

which can then affect dispensing accuracy, leading to false positives or false negatives if 

the fragment has precipitated, in fragment screens.33 DMSO is also an oxidising agent, 

which particularly degrades primary and secondary amines.40 

Davis and Erlanson also noted the importance of removing low-level impurities. A 1% 

impurity not normally detected, which when screen at a high concentration such as 1 mM, 

would be present at 10 µM which could cause misleading results.33 Even if a molecule is 

stable, pure, and unreactive, it may still cause problems through aggregation. Some small 

molecules can form microscopic aggregates at high concentrations in aqueous buffer, 

resulting in inhibition of assays and producing false results. Aggregation can be avoided 

with the addition of non-ionic detergents to the screening mixture. A few examples of 

known aggregators are shown below. (Figure 1.10).  

 

 

Figure 1.10: Examples of known aggregators 
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The high prevalence of aromatic compounds in screening libraries has increased in recent 

decades due to their robust chemistry, their ease and availability to be synthesised and be 

functionalised.41 Highlighted below (Figure 1.11) are some examples to typical aromatic 

compounds found within fragment screening libraries.2 

 

 

Figure 1.11: Examples of typical aromatic compounds found within screening libraries. 

 

The prevalence of aromatic compounds in fragment screening sets, coupled with the 

importance of aromatic scaffolds in drug design (described later), has led to the discovery 

of new aromatic compounds with novel connectivity.  
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1.4 Success of Fragment-Based Drug Discovery 

 

The early success stories of FBDD and SAR by NMR utilised the fragment linking 

approach, with affinity enhancements of 500-fold observed. Despite the successes of 

Abbot Laboratories in their use of fragment linking, this approach has not been reported 

by many others,18 and that largely is a result of two inherent challenges with fragment-

linking. One of these difficulties is determining whether the binding site can 

accommodate more than one fragment and the second is developing a chemical linker 

that does not influence the binding orientation of the two fragments and therefore 

resulting in a loss in LE.18, 42 Consequently, fragment growing is the most widely applied 

strategy in FBDD.13, 18 

There are several fragment derived drugs now on the market. Described below is a 

fragment growing approach from initial fragment hits to the marketing of two drugs, 

Vemurafenib and Venetoclax. (Figure 1.12) 

 

 

Figure 1.12: Two approved drugs developed from fragments. 

 

Vemurafenib was the first compound derived from a fragment to be approved as a drug. 

It is an inhibitor of the protein kinase mutation, BRAF-V600E for the treatment of late-

stage melanoma. Mutations of the BRAF gene correlate with an increased disease severity 

and a decrease in response to chemotherapy. Many melanomas involve an activating 

missense mutation (V600E) in the BRAF gene and so inhibition of this V600E gene 

product correlates to a decrease in cancer cell growth.43  

A set of 20,000 compounds with a MW between 150 and 350 Da were screened at 200 

µM concentration against a range of structurally characterised kinases. This screen 

resulted in 238 fragments showing inhibitory activity of ≥30%. These fragments were 

then co-crystallised, yielding 100 compounds that showed bound structures. Of these 

structures, the 7-azaindole 1 was selected as it showed a number of hydrogen bond 
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interactions as well as positions for further derivatisation.43 Structure-guided optimisation 

was performed to generate the final compound, PLX4032 (Vemurafenib) with improved 

PK properties. The addition of the fluorine on the 2- and 6- position of the middle ring, 

rendered it electron deficient making the sulfonamide nitrogen a hydrogen bonding 

donor44 (Scheme 1.1) 

 

 

Scheme 1.1: Structure-based design of Vemurafenib starting from compound 1. 

 

Venetoclax is a first-in-class selective Bcl-2 inhibitor approved for the treatment of 

chronic lymphocytic leukaemia. It works by disrupting the blockage of intrinsic apoptosis 

pathways that are mediated by Bcl-2 family proteins. Identification of target fragments 

began with an NMR spectroscopy-based screen of a fragment library. This identified two 

hits, 2 and 3 with reasonable potency, 0.30 mM and 4.3 mM, respectively.45 (Figure 1.13) 

 

 

Figure 1.13: Identified hits that target Bcl-2 

 

Structure-based design and manipulation of this fragments yielded the highly potent 

compound 4 (ABT-737). Despite its high potency, 4 suffered from poor bioavailability 

and was subsequently further optimised to yield compound 5 (ABT-263).45 Removal of 

the pi-stacking through the thiophenyl group of 5 gave analogues which much lower 

affinity to Bcl-2 but much better selectivity compared with compound 4. Further 

optimisation was performed, notably by reinstallation of the pi-stacking through a 

different connection enabled more fully elaborated compounds which improved Bcl-2 

affinity and improved selectivity. Lastly, the incorporation of an indole provided an 
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additional hydrogen bonding region with improved affinity and selectivity, giving 6 

(ABT-199, Venetoclax).46 (Scheme 1.2) 

 

 

Scheme 1.2: Overview of the chemical optimisation to yield Venetoclax. 
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1.5 Heterocycles in Medicinal Chemistry 

 

Heterocycles are defined as cyclic compounds having ring member atoms of at least two 

different elements, usually carbon and at least one of the following: oxygen, nitrogen, and 

sulfur. Heterocycles are highly prevalent in nature, featuring as enzyme co-factors 

through to amino acids, and proteins and are utilised in almost every stage of biochemical 

processes.47 This is largely down to their ability to form a range of interactions, made 

possible due to the physicochemical properties of the heteroatom which can act as either 

an acid or a base, depending on the pH and environment. The ability of heterocycles to 

participate in a wide range of interactions, including HBA/HBD capabilities, π-stacking 

interactions, Van der Waals and hydrophobic forces allows them to bind to enzymes in 

many ways. Furthermore, the many different ring systems and ring sizes allows 

heterocycles to match the equally diverse structural range of enzyme binding pockets.48  

Indeed, 85% of all biologically-active chemical entities contain at least one heterocycle, 

the most frequent of which are nitrogen heterocycles, or a combination of nitrogen, sulfur 

and oxygen atoms in five-or six-membered rings.49 This is evidenced by the fact that out 

of the top 100 most frequently used ring systems from small molecule drugs listed in the 

FDA Orange Book, 77% of them are heterocycles.50 

Aromatic rings, including homocycles, are also found in a wide range of drug candidates 

and drug molecules. Mao et al. looked at a database containing 6,891 approved drug 

molecules for the treatment of a range of diseases and found that 75% contained at least 

3 aromatic rings.51 (Figure 1.14). 

  

Figure 1.14: A visual representation of the percentage number of aromatic rings present within each drug for the 

treatment of a range of classes of disease. Figure taken from Mao et al.51 
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This is further supported by Taylor et al. who found that many drugs within the FDA 

Orange Book contain at least one ring or ring system.50 (Figure 1.15). 

 

  

Figure 1.15: The occurrence of rings or ring systems found within drug molecules. Figure taken from Taylor et al.50  

 

The high prevalence of heterocycles found within drugs is largely because the synthetic 

methodology available to synthesise them is well established and robust. Many of the 

most used reactions in medicinal chemistry were developed over 20 years ago, with the 

three most popular being amide bond formation, Suzuki-Miyaura cross couplings and 

SNAr substitution.52 The dominance of these reactions reflects not only their well-defined 

substrate scopes, chemoselectivity and functional group tolerance but also the culture of 

medicinal chemistry whereby straightforward, quick synthetic routes for analogue 

synthesis is required to make milligram quantities of compounds for biological testing. 

Consequently, many fragment libraries are dominated by aromatic compounds since the 

synthesis of such compounds is robust, well understood, and aromatic scaffolds can be 

easily functionalised. Furthermore, the overreliance of such few reaction methodologies 

has resulted in sampled chemical space becoming saturated with flat, similar compounds 

that explore only a small fraction of potentially available chemical space. 41 

 

Nitrogen-Based Heterocycles 

Nitrogen containing heterocycles make up the largest class of heterocycles in medicinal 

chemistry and nature, with nearly 75% of unique small-molecule drugs containing a 
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nitrogen heterocycle. A recent review by Vitaku and co-workers revealed the vast 

structural diversity of N-heterocycles found within pharmaceuticals, contributing towards 

the wide range of therapeutic applications of N-heterocycles including anticancer, anti-

HIV, antimalaria and anti-tubercular drugs.47 From the years 2009 to 2020, there were 

over 97,000 publications on nitrogen heterocycles, of which 282 were reported with 

medicinal chemistry related N-heterocycles. Consequently, nitrogen containing 

heterocycles offer a significant hot spot for medicinal chemists to explore. The ability of 

nitrogen to form additional interactions with biological targets further broadens the scope 

and opportunities.47 

Heterocycles also play an important role in drug design since they can alter the 

physiochemical properties of drugs, such as metabolic stability (which affects clearance 

rate), lipophilicity and solubility. 

Metabolic Stability 

The metabolic stability of common heterocycles is correlated with their electron structure. 

A heterocycle with a higher energy highest occupied molecular orbital (HOMO) will 

undergo oxidation more easily, by cytochrome P450 (CYP 450) enzymes for example, 

than a molecule with a lower energy HOMO. Substituting an electron-rich aromatic ring 

with an electron-deficient heterocycle, which tends to be less susceptible to oxidative 

metabolism, is a common protocol in medicinal chemistry. 5-membered heterocycles 

such as pyrrole are electron-rich, whereas 6-membered heterocycles such as pyridine and 

pyrimidine are electron-deficient. For example, replacement of a benzene ring (HOMO 

energy -9.65 eV) with pyridine (HOMO -9.93 eV) will result in a molecule that is less 

prone to CYP450-mediatated oxidative metabolism.53 A list of the HOMO energies of 

the most common heterocycles is detailed below. (Table 1.1) 

 

Ring System Molecule HOMO energy/eV 

5-Membered Pyrrole -8.66 

 Furan -9.32 

 Imidazole -9.16 

 Pyrazole -9.71 

 Thiophene -9.22 

 1H-Tetrazole -11.16 
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 Thioazole -9.70 

6-Membered Benzene -9.65 

 Pyridine -9.93 

 Pyrazine -10.25 

 Pyrimidine -10.58 

 1,2,3-Triazine -11.31 

5,6-Membered Indole -8.40 

 Benzimidazole -9.00 

6-Membered Quinoline -9.18 

 Isoquinoline -9.03 

 

Table 1.1: A list of the HOMO energies of the most common heterocyclic ring systems 

 

Replacement of a phenyl ring with a pyridyl substituent is the simplest and one of the 

most frequently used bioisosteric replacement strategies in medicinal chemistry.53 The 

incorporation of the nitrogen atom leads to an aromatic system with a modified electronic 

structure, therefore reducing metabolic clearance (described above). This is illustrated in 

the example below by Yeung et al. whereby a near 10-fold increase in metabolic stability 

(T1/2) was observed against human liver microsomes (HLM).54 (Scheme 1.3). 

 

 

Scheme 1.3: A bioisosteric replacement strategy employed by Yeung et al.54 

 

Furthermore, scaffold hopping can be a useful strategy in preventing the formation of 

toxic species which arise through formation of reactive metabolites. In the case study by 

Renard et al. the nitrobenzene was replaced with a pyridine which prevented the 

formation of diiminoquinone, via nitro reduction and subsequent oxidation. 

Diiminoquinone is a reactive functionality which causes hepatotoxicity.53 (Scheme 1.4). 
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Scheme 1.4: A scaffold hopping strategy to eliminate the formation of the reactive metabolite, diiminoquinone. 

 

Lipophilciity 

Lipophilicity, often referred to as the LogP, represents the logarithmic ratio (Log10) at 

equilibria of the concentration of a compound between two immiscible solvents e.g. 

water, and octanol. LogP is an important parameter in medicinal chemistry as it affects 

solubility and permeability which ultimately determines the absorption, distribution, 

metabolism, excretion, and toxicity (ADMET) parameter of a compound as well as 

selectivity of protein interactions which determine its toxicity. A highly lipophilic 

compound will be rapidly metabolised, have low solubility and poor absorption as well 

as leading to off-target promiscuity. Conversely, a low LogP can result in better clearance, 

lower non-specific interactions with proteins, lower off-target toxicity and increased 

solubility. However, it can reduce membrane penetration and therefore have lower 

absorption.55  

Incorporation of a phenyl substituent into a molecule increases the MW by 78 Da and the 

calculated lipophilicity by 2.14 units which represents a statistically significant 

component of the molecule’s overall properties (when comparing to Lipinski’s RO5 or 

RO3 for fragments). Consequently, modulation of the lipophilicity by the incorporation 

of different heterocyclic ring systems (or bioisosteres) is common practice within 

medicinal chemistry. 56 Incorporation of nitrogen heterocycles can reduce the LogP whilst 

maintaining a good ADMET profile. For example, replacement of a benzene ring with 3-

pyridazine can decrease the lipophilicity by -0.80 units (LogD values quoted),57 and as 

such, nitrogen containing heterocycles are the most frequently employed heterocycle 

found within medicinal chemistry. The LogD is the distribution coefficient of a molecule 

between octanol and water at a specified pH. (Figure 1.16). 

Heterocycles can be chemically modified, by a fluorine atom for example, to block 

metabolically labile sites and therefore increase half-life and reduce rate of clearance. 

Inspection of the medicinal chemistry literature 58 reveals the popularity of organofluorine 

containing heterocycles in drug development.  
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Figure 1.16: Mean LogD values for common heterocycles. 

 

The combination of the highly prevalent N-heterocycle, with the attractiveness of 

fluorine, offers rich possibilities for drug discovery.59  
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1.6 Fluorine in Medicinal Chemistry  

 

Fluorine can impart a myriad of advantageous properties to small molecules. The 

incorporation of a fluorine atom or fluorine containing groups into a small molecule can 

aid with conformational control; modulation of pKa, increase or decrease logP, and 

improve the metabolic stability, solubility, permeability, and potency. More recently, 

fluorine has been used to track the distribution of a compound in vivo using positron 

emission tomography (PET) imaging. As mentioned above, fluorine has also found use 

in FBDD by using 19F NMR.60  

Fluorine is a small (Van der Waals radius of 1.47 Å), very electronegative element and 

the prevalence of fluorinated organic compounds in pharmaceutical research can be 

attributed to four main points; 1) the relative size of fluorine atom compared to that of 

hydrogen (1.47 Å compared to 1.20 Å) has made it a good hydrogen isostere; 2) the high 

electronegativity of fluorine means it can affect neighbouring groups’ reactivity; 3) 

greater stability of the C-F bond than C-H bond, resulting in improved metabolic stability 

and 4) the lipophilicity of fluorine. Fluorine has often been demonstrated to be a 

reasonable hydrogen isostere, causing minimal steric perturbations with regards to the 

molecules mode of binding to a receptor.61 

Fluorine and Conformation 

The high electronegativity of fluorine results in a strongly polarised C-F bond which can 

strongly influence the interactions of neighbouring groups with C-F moiety. These 

interactions can take the form of dipole-dipole interactions, electrostatic effects and 

hyperconjugative effects resulting in the neighbouring C-H bond interacting with the low 

lying σ* orbital of the C-F bond. Such interactions are most commonly exploited with 

amine, amide, and alcohol functionalities.60 

Modulation of pKa 

The strong electron-withdrawing effect of fluorine results in a lower pKa of neighbouring 

functionalities: protic groups become more acidic and basic groups become less basic as 

measured by a decrease in the pKa of the conjugate acid. The ionisation state of the acidic 

and basic functionalities affects the ADMET properties of the target compound. Whilst 

fluorine is strongly electron-withdrawing, it is also electron-donating through resonance 

(inductive effect). The excellent 2p orbital overlap between carbon and fluorine can be 

quite strong, because of this the effect of fluorine substitution on pKa in aromatic systems 
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is dependent on the through-resonance relationship of fluorine and the functional group 

of interest.60 For example, fluorine acts as an electron-withdrawing group with respect to 

ortho- or meta- functionalities and is neutral when is para- relationship as shown in the 

example of phenol below. (Table 1.2) 

 

R = pKa
ortho pKa

meta pKa
para 

H 9.99 9.99 9.99 

F 8.73 9.29 9.89 

 

Table 1.2: The effect of fluorine substitution on pKa values 

 

Fluorination of basic heterocycles, such as pyridine, also results in a lowering of pKa. 

Improved Metabolic Stability  

As previously mentioned, lipophilic compounds are susceptible to oxidative metabolism 

by CYP 450 enzymes. This can be overcome by increasing the polarity of the compound, 

or by introducing a fluorine atom to alter the rate, route, or extent of metabolism. Since 

the C – F bond dissociation energy (BDE) is very high (~ 456 KJ/mol or above), fluorine 

has been used to block metabolically labile site, thus reducing a compounds metabolic 

clearance and/or prevent the formation of reactive metabolites. Substitution at adjacent 

sites can also increase or decrease biotransformation if the metabolic attack is 

nucleophilic or electrophilic in nature or if the inductive or resonance effects of fluorine 

predominate in the reaction.61 However, in a 2019 paper entitled “The Dark Side of 

Fluorine”, it was stated that caution should be taken to ensure that the appropriate 

placement of fluorine into a compound does not lead to adverse toxicity issues associated 

with heterolytic and oxidative cleavage of fluorine from the C – F bond.62 

Modulation of Lipophilicity  

The effect of fluorination on lipophilicity is complex. Whilst fluorine is more lipophilic 

than hydrogen, and replacement of an aromatic hydrogen with a single fluorine atom leads 

to an increase in lipophilicity relative to hydrogen at the same position, there is emerging 

data suggesting that fluorine incorporation can also decrease lipophilicity. The 

bioisosteric replacement of an aromatic hydroxyl or methoxy group with a fluorine atom 

is one of the most commonly employed tactics in medicinal chemistry as it is expected to 
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lead to an increase in lipophilicity. However, researchers at the University of Brighton 

have described the importance of the electronic character of other substituents present in 

an aromatic ring on the observed LogP of fluorine incorporation. For instance, electron-

donating groups increase the HBA ability of phenol, while having a smaller effect on 

intermolecular forces in aryl fluorides resulting in a large increase in log P on fluorination 

of electron-rich systems. Conversely, electron-withdrawing groups weaken the HBA 

ability of phenol and increase water solubility of aryl fluorides due to increase in polarity. 

This results in a much smaller difference in log P on fluorination of electron-poor systems, 

even noting a decrease in LogP with trifluoromethyl or cyano substituents.63  

More recently, the difluoromethyl moiety has gained interest in medicinal chemistry due 

to its hydrogen bond donating character whilst also resulting in more subtle changes in 

LogP as compared to trifluoromethyl or even fluorine.64 

Analysis has found that 20-25% of drugs currently on the market contain at least one 

fluorine atom, which is up a ten-fold from 1970.65 Additionally, fluorine containing 

compounds constitute over 50% of blockbuster drugs 66 including Fluoxetine and 

Ciprofloxacin. (Figure 1.17) 

 

 

Figure 1.17: Fluorine containing blockbuster drugs. 

 

As a result of the beneficial impact that fluorine has on improving physicochemical 

properties of a compound, there has been a real drive within the last decade to develop 

better, less hazardous synthetic methodologies to introduce fluorine into molecules, either 

early in the synthesis or more challenging, late-stage fluorination. To this end, there are 

a plethora of fluorinating agents and methods currently available to medicinal chemists 

to install fluorine into a molecule either by direct fluorination of C – H 67-69 using 

electrophilic (F+) or nucleophilic (F-) fluorine or by fluorination of carbonyl compounds 

to geminal difluoride groups with the use of diethylaminosulfur trifluoride (DAST), 

deoxofluor and Morpho-DAST70 to name but a few. (Figure 1.18) 
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Figure 1.18: A selection of common fluorinating agents. 
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1.7 Project Overview and Aims 

 

One argument for the reason new drugs against newer target classes are proving 

challenging to develop is because medicinal chemists are probing the same chemical 

space of libraries that have been previously developed for prosecuting earlier targets, 

therefore the likelihood of identifying hits against these new targets is low. Expansion of 

this chemical space by identifying newer, unreported fragments could offer a solution to 

this problem. Combining the prevalence of heterocyclic motifs in medicinal chemistry, 

along with the attractiveness of fluorine incorporation, led us to identify novel fluorine 

containing heterocycles as starting points for FBDD programmes .  

Described herein is the identification of novel fluorine containing heterocycles by 

computational means using the GDB-13 set developed by the Reymond group.71 Filtering 

of the 26 million compounds yielded 11,596 novel fluorine-containing heterocycles. Due 

to the relative synthetic ease of 5- and 6- membered heterocyclic rings, we decided to 

focus solely on these. Of the set of 11,596 compounds, the synthesis and development of 

four of these are documented in this thesis. These four fragments were added to the Drug 

Discovery Unit (DDU) fragment library collection.  

Another aim of this project is the development of a new synthetic methodology towards 

fluorine incorporation in medicinal chemistry relevant heterocycles. Using the basis of 

MacMillan et al.’s work on the decarboxylative fluorination process towards aliphatic 

carboxylic acids, we further expanded and developed this approach towards the synthesis 

of complex heterocyclic scaffolds starting from N-heterocyclic acetic acids.  
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Chapter 2: Identification of Heterocycles 

One of the most important areas in drug discovery is innovation in the search for novel 

molecules that can expand the chemical space.72 Estimates have proposed that the 

chemical space is as large as 1063 compounds when all structural considerations are 

considered. Novartis performed a systematic analysis of a database of screening 

compounds and found 849,574 different substituents with 12 main atoms or less, 

illustrating what synthetic chemistry has achieved thus far.73 Most (computational) 

approaches to synthesise new compounds rely on using known starting materials and 

reactions and therefore, are not well-suited to uncover new chemotypes. Diversity-

orientated synthesis has addressed some of these issues.74 

To address the need for new chemical space, the Reymond group in Bern have generated 

a database (GDB) of 26.4 million compounds of up to 11 atoms containing carbon, 

nitrogen, oxygen, hydrogen, and fluorine, while considering valency and chemical 

stability. The GDB consists of 1,208 ring systems, of which 538 are currently unknown. 

A total of 13.2 million compounds follow the RO3 for lead-likeness and all obey the 

Lipinski’s bioavailability rule.72 As such, this database was used for the enumeration and 

identification of novel fluorine containing heterocycles.  

We employed Pipeline Pilot75 protocols to aid with the filtering of the GBD. Firstly, 

known compounds from the GDB were removed by running it against Reaxys and the 

available chemical directory (ACD). This significantly reduced the 26.4 million 

compounds to 7 million compounds. Removal of non-aromatic compounds and 

compounds that did not contain a heteroatom reduced the dataset further to 1.7 million 

compounds. The removal of structural alerts such as PAINS (described in Chapter 1, 

Section 1.3), nitroso groups, acyl chlorides and substituents known to be readily 

metabolised in the body further reduced the dataset to a more manageable 700,000 

compounds that contained at least one heteroatom and one aromatic ring. Lastly, 

removing compounds that did not contain a fluorine atom (denoted as being CF, CF2H or 

CF3) resulted in the identification of 11,596 unreported fluorinated heterocycles (herein 

abbreviated to the “dataset”). An overview of the filtering process is shown below. 

(Figure 2.1). 
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Figure 2.1: Overview of the filtering process. 

 

A ‘Synthetic Accessibility Score’ (SAscore) which gives the molecule a score depending 

on the molecular complexity and fragment contributions and then ranks them with a score 

between -1 and +1, with higher values indicating that the fragment is more synthetically 

feasible was applied to the dataset using Pipeline Pilot.  

The molecular complexity score is a number that characterises the presence of complex 

structural features in molecules. It is calculated as a combination of ring and stereo 

complexity and macrocycle and size penalty. The ring complexity score bases results on 

the detection of spiro rings and ring fusions and is the most important factor influencing 

molecular complexity. The spiro complexity penalises molecules with many potential 

stereocentres whilst the macrocycle complexity increases with increasing ring sizes. The 

fragment contribution score is calculated as a sum of contributions of all fragments in the 

molecule divided by the number of fragments in the molecule. A more commonly 

repeating fragment is given a positive score as it assumes that this is more synthetically 

feasible whereas less frequent fragments are scored negatively.76 A few examples from 

the dataset are shown below. (Figure 2.2). Whilst this scoring system biases towards 

‘known’ scaffolds, it provided a useful initial triage to score the synthetic feasibility of 

the dataset.  

 

Figure 2.2: A few examples of the compounds found within the dataset and their SAscore. 

 

Further computational analysis performed with the aid of Peter Ibrahim (PhD student in 

computational chemistry) highlighted the number and identity of the molecular 



32 
 

frameworks and molecular scaffolds found within the dataset as well as the number of 

clusters. The concept of molecular frameworks was proposed by Bemis and Murcko to 

understand common features in drug compounds. The framework of a structure consists 

of all ring systems and linkers which are acyclic fragments that connect the ring systems. 

The framework of a molecule is obtained by pruning all side atoms, those being non-ring 

atoms not on a direct path between two ring systems. As such, only cyclic structures have 

a framework.77 The analysis found that the dataset consisted of 1,026 scaffolds and 13 

frameworks with a total of 728 clusters. (Table 2.1). 

 

Dataset Number of clusters 

Number of Molecules 11596  

738 Number of Scaffolds 1026 

Number of Frameworks 13 

 

Table 2.1: Structural analysis of the dataset 

 

Of the molecular frameworks, the 5,5-ring system had the highest frequency, occurring 

in nearly 50% of the compounds in the dataset (Figure 2.3). The interesting 5,4-ring 

system was the second highest molecular framework with the 6,5-ring system occurring 

in only 16% of compounds. These findings contrast markedly with literature reports, with 

the 6,5-ring system occurring in over 70% of medicinal chemistry literature, whilst the 

5,5-ring system is found in only 1%.78 This in part is due to the dominance of benzo-fused 

ring systems as well as the commercially availability of 6,5-ring systems. The under-

reported 5,5-ring systems could potentially probe new chemical space. 

 

Figure 2.3: Top 5 repeating frameworks found within the dataset. 
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The occurrence of the 5,4- ring system was further elucidated when looking at the 

molecular scaffold analysis. Molecular scaffolds are the core part of a compound. They 

provide more detailed information about the chemical make-up of a compound compared 

to frameworks, for example the addition of heteroatoms and aromaticity. Molecular 

scaffolds however, do not report R-groups.79 The top 5 repeating scaffolds are all five-

membered heteroaromatic structures fused to a cyclobutene moiety (Figure 2.4). Indeed, 

260 out of 11596 compounds found within the dataset contained this unique, 

underreported molecular scaffold and therefore offers the potential of this fragment to be 

used to explore chemical space. 

 

 

Figure 2.4: The top 5 repeating scaffolds found within the dataset. 

 

A Principal Moment of Inertia (PMI) plot which provides a means of assessing the extent 

to which a molecule is rod-shaped (top left corner), disc-shaped (middle bottom), or 

sphere-shaped (top right corner)80 was calculated for the dataset using Pipeline Pilot.75 

This yielded a visual representation of the chemical space covered by the fragments in 

the dataset (Figure 2.5, left). This was then overlayed with the Maybridge fragment 

collection of 30,000 compounds for comparison. The Maybridge collection was seen as 

a comprehensive collection of the available screening fragment collection. (Figure 2.5, 

right). As seen, it is clear to see that the dataset is exploring underreported and 

underexplored chemical space with respect to the Maybridge collection and is moving 

away from the rod axis of the PMI plot and into the semi-saturated heterocyclic structures 

in the middle of the PMI axis.  
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Figure 2.5: PMI plot showing the coverage of chemical space of the dataset (left) overlayed with the Maybridge 

fragment library set (right). 

 

For full comparison, the physicochemical properties of the dataset were calculated and 

compared against three commercial fragment libraries: Maybridge (30,000), Life 

Chemicals (44,520) and Chembridge (27,300) as well as the DDU fragment library 

(1070).  

The properties were calculated (Table 2.2) using a Pipeline Pilot75 protocol whereby the 

molecules were converted to their SMILES strings and passed through a 

‘Calculate_All_Properties’ component. The dataset consists of smaller, more polar 

fragments when compared with the other fragment collections. The number of HBD and 

HBA matches or exceeds the values calculated for the commercial libraries and indicates 

that whilst the dataset fragments are smaller, they have the potential to bind to a greater 

number of sites within a protein. The Fsp3 character correlated well with the Life 

Chemicals fragment library but is lower than that of the DDU and Maybridge collections. 

This is because the DDU and Maybridge fragment libraries were established to explore 

more 3-D-like chemical space.81  
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 Library 

Property 

(Mean) 

Dataset DDU Life 

Chemicals 

Maybridge Chembridge 

HAC 10 13.1 18 18 - 

Fsp3 0.25 0.4 0.4 0.3 - 

cLogP 0.02 0.92 1.2 2.4 1.5 

MW 153 186 254 266 250 

HBD 1.8 1.08 1.4 1.0 1.2 

HBA 3.5 3.2 3.2 4.0 2.3 

TPSA 51 47 67 55 48 

 

Table 2.2: Calculated physicochemical properties of the dataset compared to fragment libraries 

 

The low value obtained for cLogP in the dataset is well below the guideline of 3 (as per 

RO3 for fragments). The highest cLogP calculated for the dataset was 1.7 which is still 

over one log units lower that the maximum. This suggests that the fragments in the dataset 

are polar. Too much polarity can hinder binding as the desolvation penalty will be high, 

however a degree of polarity will reduce the non-specific protein binding interactions and 

will aid with solubility of the fragments.82 The polarity of the fragments can be modulated 

following diversification and functionalisation of the fragment in fragment-to-lead 

design.  

The topological polar surface area (TPSA), which makes use of functional group 

contributions of a compound, is an important parameter in medicinal chemistry to predict 

ADME properties, including crossing blood-brain barrier.83 The TPSA dataset result of 

51 Å2 is below the desirable maximum 60 Å2 for fragments, allowing for an increase 

during lead-optimisation programmes . Generally, the TPSA cut-off for bioavailable drug 

candidates is 120 Å2, and anything larger than 140 Å2 results in poor oral absorption. This 

value can be smaller (<60 Å2) for drug molecules that require brain penetration.84 

These results show that dataset not only contains molecules capable of probing new 

chemical space, but that they also have suitable physicochemical properties for a fragment 

library.  

Furthermore, a chemical space analysis was performed to compare the dataset library with 

the DDU fragment library. This approach defines the similarity of compounds in terms 
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of the patterns of atoms along paths through their 2D structure, encoding in a binary 

fingerprint, yielding a qualitative visualisation of chemical space. It is essential to note 

that this approach does not take into account physicochemical properties. The results 

below (Figure 2.6) show that the DDU dataset contains simple aliphatic structures and 

the dataset consisting of heterocyclic structures exploring different chemical space. 

 

Figure 2.6: Coverage of the chemical space of the dataset (red dots) compared with the DDU fragment library 

(yellow dots). 

 

Our attention then focussed on enumerating the functional groups and their frequency 

within the dataset and commercial libraries. The results can be seen below. (Figure 2.7). 

 

  

Figure 2.7: Enumerated functionality of the dataset compared with commercial and DDU fragment library. 
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Unsurprisingly, amines (primary and secondary) and amide bond functionalities were the 

highest occurring functional groups across all libraries. The incorporation of an amine 

group into a molecule can enhance solubility and decrease lipophilicity whilst attempting 

to maintain potency.78 Additionally, the amine moiety is involved in a wide range of 

chemical transformations such as reductive amination, amide bond formation, Buchwald-

Hartwig cross coupling and Chan-Lam couplings. In a review by Roughley and Jordan, 

amide bond formation accounts for almost 1 in 6 reactions in medicinal chemistry, with 

some reports detailing it as high as 50%. The high prevalence of carboxylic acids in all 

the datasets further supports this finding.78 

The urea functionality is seen across the fragment libraries, presumably due to its ability 

to act as both a HBA and HBD with a protein target as well as its ability to be chemically 

modified, via N-alkylation for example. Although, the slightly lower frequency of these 

compared to other functionalities could be attributed to their ability to form aggregates. 

Strikingly, the frequency of fluorine, notably the C-F functionality, is seen across all 

fragment libraries. The high frequency of fluorine can be attributed to two points. Firstly, 

the medicinal chemistry benefits of having fluorine in a molecule (described in Chapter 

1, section 1.6) and secondly, the ability of fluorine to participate in SNAr reactions 

allowing for further fragment elaboration. This is further emphasised by nearly 60% of 

fluorine substituents found with the commercial fragment libraries are aryl-F. However 

this could be due to the increased use of 19F NMR screening.78 Surprisingly, the CF2H 

functionality occurs in low frequency across the fragment libraries, despite its ability to 

significantly improve the physicochemical properties of a molecule, as well as on the 

conformation and the ability to form hydrogen-bond interactions..61 Incorporation of this 

moiety into the fragments of the dataset could enhance their attractiveness.  

With the dataset fragments showing good physicochemical properties and good coverage 

of chemical space, it was important to rank the fragments within the dataset to identify 

compounds to be synthesised. To rank the fragments, we calculated the “elaboratability” 

– that being how readily the fragments could be elaborated – of the fragments. This work 

was conducted by James Davidson and Matt Swain at Vernalis Research Ltd.  

The process in described below: 

• A subset of ~2.4 million named reactions from the United States Patent Office 

was generated from NextMove software Pistachio.85  
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• The fragments in the dataset were converted to atom-centred Morgan 

Fingerprints.86 

• The fingerprint ‘key’ at each radius for each atom in each reaction is stored in a 

database – once for the reactant side, and once for the product side 

• The atom-centred Morgan fingerprints were used to screen against the Pistachio 

database, generating a ‘pitaschio_transformations’ database containing 

information about the atom-centric changed at radius 0,1,2 and 3 (described 

below). 

• Processing of the ‘pitaschio_transformation’ database using a KNIME workflow 

generated a ‘pistachio_elaboratability’ table 

▪ Retained only rows where a change had happened at radius 0 i.e., 

bond making/breaking/changing. 

▪ Enumerated the number of unique named reaction types each 

reactant atom environment appeared in at each radius level 

(0,1,2,3). 

o The Morgan fingerprints of the dataset were run against the 

‘pistachio_elaboratability’ database table by radius and key. 

▪ Check each atom in turn at radius 0-3.  

▪ If the atom key is found in the database, the number of reaction 

classes where the atom changes its radius 0 is returned. (c)  

▪ The number of atoms having any matches at each radius is 

returned. (n) 

▪ The initial score for the molecule is SUM (r = 0-3) of [(10r * n) + 

(10r-1 * c)] 

▪ Add the radius scores together and then log transform the score to 

give the final elaboratability score.  

• A higher elaboratability score means the fragment was involved in more changes 

at different radius.  

This process can be shown visually using compound 7 as an example. Very general results 

at radius 0 are returned. i.e., aromatic C-H insertion at atom 5 of compound 8 is found as 

a match in the database for the reaction depicted in Scheme 2.1. Radius 0 results are 

generic and not atom specific to the compound of interest. 

 



39 
 

 

 

 

Scheme 2.1: Results obtained at radius 0. 

 

However, at radius 1, more specific hits are identified, and the atoms start to match with 

the example compound 7. For example, the reaction shown in below (Scheme 2.2) is 

identified as a hit due to the N-H of imidazole 11 being substituted. 

 

 

Scheme 2.2: Hit compound obtained at radius 1. 

 

Furthermore, working with Iktos (https://iktos.ai/), an artificial intelligence company, and 

using their retrosynthetic analysis programme Spaya.ai87, we were able to calculate the 

number of synthetic steps for the fragment within the dataset. Combining this with the 

work conducted by Vernalis, all fragments within the dataset had an elaboratability and 

synthetic steps score and as such, the most synthetically feasibly fragments could be 

chosen. A representative depiction of the results is shown below. (Figure 2.8). 
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Figure 2.8: A selection of the fragments found within the dataset along with their Elaboratability scores and number 

of synthetic steps. 

 

Much of the novelty of the fragments found within the dataset stems from the introduction 

of fluorine on a particular atom. The attractiveness of this is that these molecules can be 

used in 19F NMR studies to identify binding. Currently, 19F NMR-based screening in 

FBDD is limited due to the low availability and poor diversity of commercially available 

fluorinated fragments and thus the benefits are restricted88. Single fluorinated motifs, CF 

and CF2H, or motifs that can be decoupled are ideal in 19F NMR-based screening as they 

result in an isolated singlet 19F resonance.89 Consequently, the fluorinated fragments 

identified in the dataset fit this criterion and will also find use in medicinal chemistry 

programmes  due to the advantageous properties of fluorine in molecules as described in 

Chapter 1.  
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2.1 Conclusions and Overview 

Finding novel compounds remains an important factor in drug discovery. One of the most 

common approaches to explore chemical space relies on enumerating large virtual 

libraries with the aim of finding novel regions of space containing useful medicinal 

chemistry relevant structures. However, with chemical space being so large, this can be 

an exhausting process. The introduction of artificial intelligence (AI) and machine 

learning to drug discovery has helped with the process of identifying new, novel 

compounds.90 Exscientia, for example, has revolutionised drug discovery by using AI to 

precision engineer new drugs.91 Herein we have used high throughput, automated 

computational approaches to identify novel, unreported fluorinated heterocycles from a 

GDB of 26.4 million compounds. Calculation of the physicochemical properties of the 

heterocyclic structures show that they are of medicinal chemistry relevance, obey the RO3 

and have sufficient functionality to allow for further functionalisation and elaboration. 

This was further illustrated when compared to much larger commercially available 

fragment libraries. Additionally, PMI plot analysis of the dataset and the Maybridge 

fragment library shows that we are exploring new underreported chemical space with 

these new fluorinated heterocyclic fragments. Working with collaborators, we have also 

been able to develop a computational protocol to rank the compounds based on the 

number of synthetic steps and a novel ‘elaboratability’ score which further prioritised the 

fragments to synthesise.  

Of the identified heterocyclic structures, we chose fragments 16, 19, 20 and 23 to 

synthesise and functionalise. The subsequent chapters in this thesis detail our synthetic 

approaches and optimisations of these novel fluorinated heterocyclic fragments.  
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Chapter 3: Synthesis of Fluorinated Heterocycles 

 

As mentioned in Chapter 2, four fragments of interest were chosen, 16, 19, 20, and 23 

(Figure 2.8). The attractiveness of these fragments are their high elaboratability scores, 

the predicted number of synthetic steps (from commercially available starting materials), 

and their medicinal chemistry properties (HBA and HBD, for example). Furthermore, the 

identified fragments have sufficient functionality to allow for functionalisation and 

elaboration in fragment-to-lead medicinal chemistry programmes . In the case of 

fragments 16 and 20, the difluoromethyl moiety can act as a HBD, while potentially 

modulating the logP. The incorporation of fluorine into fragments 19 and 20 will be useful 

for 19F NMR binding experiments. 

Synthesis commenced with fragment 16. (Figure 3.1). 

3.1 Synthesis Fragment 16. 

 

 

Figure 3.1: Difluoromethyl-substituted pyrrolo[3,4-c]pyrazole fragment target. 

 

The pyrrolo[3,4-c]pyrazole core is a well-recognised and significant class of heterocyclic 

compounds, having been found frequently in bioactive molecules and has been reported 

to show broad biological activity against a range of targets such as inhibitors for HIV-1 

integrase, aurora kinase and glycine transporter-1.92 (Figure 3.2). Given the high 

prevalence of pyrrolo[3,4-c]pyrazole core scaffolds in medicinal chemistry, it was 

rationalised that compound 16 would serve as a good starting point for fragment-based 

drug discovery screening programmes . 
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Figure 3.2: Examples of pyrrolo[3,4-c]pyrazoles 

 

Furthermore, analysis of fragment 16 using a lead-likeness and molecular analysis 

(LLAMA)93 programme, identified that decoration of the target molecule by employing 

‘common medicinal chemistry reactions’ all resulted in lead-like compounds (with 

respect to Lipinski’s RO5). Compounds afforded from transformations - such as reductive 

amination, urea formation, amide/sulfonamide bond formation, and Buchwald-Hartwig 

amination - are illustrated in Figure 3.3 below, with green colouring denoting no 

violations of the rules. 

 

 

Figure 3.3:A Physicochemical properties plot of diversified compounds from fragment 1 falling in lead-like space. 
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The retrosynthetic analysis of 16 led to the following strategy: disconnection of the 

difluoromethyl containing moiety by means of C—H functionalisation would yield the 

core N-protected pyrrolo[3,4-c]pyrazole scaffold 24 which can be synthesised by 

cyclisation of enamine 25 with hydrazine hydrate. Enamine 25 is furnished via 

condensation between the readily available starting materials, BOC-protected 

pyrrolidinone 26 and dimethylformamide-dimethylacetal (DMF-DMA). (Scheme 3.1) 

 

 

Scheme 3.1: Retrosynthetic analysis of fragment 16 

 

Synthesis of 16 began with condensation of Boc-pyrrolidinone 26 with DMF-DMA in 

heptane at 125 °C to obtain compound 25. Initially, condensation of 26 with DMF-DMA 

(1.0 eq) at 125 °C for 12 h yielded enamine 25 in a poor 4% yield. (Table 3.1, Entry 1). 

Optimisation of these conditions was then explored, investigating both the stoichiometry 

of DMF-DMA and reaction timing. The results are summarised in the table below (Table 

3.1).  

 

 

Entry DMF-DMA (eq.) Solvent Temp/°C Time/h Yield/% 

1 1.0 Heptane 125 12 4 

2 3.0 Heptane 125 12 22 

3 6.0 Heptane 125 6 45 

4 10 Heptane 125 4 60 

 

Table 3.1: Optimisation conditions for the condensation of 26 with DMF-DMA 

. 
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Increasing the stoichiometry of DMF-DMA from 1 to 3 resulted in an improved 22% 

isolated yield after 12 h. (Table 3.1, Entry 2). Gratifyingly, increasing the stoichiometry 

of DMF-DMA above 3 resulted in much quicker conversion to condensed product 25, in 

a much improved 60% yield after 4 h. (Entry 3 & 4). 

Our attention then moved onto the cyclisation of 25 with hydrazine hydrate to form the 

pyrrolo[3,4-c]pyrazole core, 24 (Scheme 3.2). Initial studies began with performing the 

cyclisation in a round bottomed flask; however this did not offer the desired cyclised 

compound. Changing to a higher boiling point solvent such as THF or DMF, as well as 

increasing the equivalents of hydrazine hydrate from 1 to 5, also had no effect on 

cyclisation. Heating of the reaction mixture in a sealed tube showed minimal conversion 

to cyclised product 24 (<15% by LCMS). Microwave irradiation of 25 with hydrazine 

hydrate (2.2 eq) in EtOH (0.7 M) at 87 °C was found to yield the cyclised product 24 in 

60% yield after silica purification, without the need for an aqueous work-up. 

Interestingly, increasing the reaction concentration above 0.7 M resulted in the reaction 

plateauing at ~65% conversion (by LCMS).  

 

  

Scheme 3.2: Synthesis of core scaffold 2. 

With the core scaffold in hand, the direct installation of the difluoromethyl moiety by 

means of C—H functionalisation was then explored. This would be an attractive strategy 

as it would yield the desired final (protected) compound 16 in fewer than five synthetic 

steps. 

There are a plethora of conditions reported in the literature for the installation of 

difluoromethyl (CF2H) groups into heterocyclic moieties.94-96 Initial attempts at applying 

this to compound 24 began with radical-induced difluoromethylation, conditions 

developed by Baran et al..94 (Scheme 3.3). A plausible mechanism is outlined below. The 

reaction commences with the formation of the tert-butoxy radical (A) generated from 

trace metal (zinc) present in the fluorinating reagent. This radical reacts with 

difluoromethylsulfinate, HF2CSO2
- yielding the corresponding difluoromethylsulfinate 

radical, HF2CSO2• (B). This short-lived intermediate disproportionates to give SO2(g) and 
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difluoromethyl radical C, HF2C•, which is captured by the aromatic substrate to form the 

non-isolatable intermediate [ArH-CF3]
• (D). Re-oxidation of the transiently formed 

intermediate with tert-butyl hydrogen peroxide (TBHP) yields the final desired 

difluromethylated heterocycle, E.97  

  

Scheme 3.3: A plausible mechanism for the radical induced difluoromethylation. 

 

The reaction was performed both in a round bottomed flask and with the use of IKA 

electrasynth electrochemistry equipment.98 Baran et al. noted that for substrates that did 

not go to completion within 24 h, further dosing of difluoromethylsulfinate (DMFS) and 

TBHP may be required.94 Indeed, employing this strategy to compound 24 resulted in no 

reaction (NR) and no desired product 27 being observed (monitored by TLC and LCMS). 

The starting material was recovered. No fluorinated nitrogen pyrazole product was 

observed in any cases. Regrettably, changing of the solvent system from DCM/H2O to 

DMSO/H2O, a tactic employed by the Baran group to alter the regioselectivity, was also 

unsuccessful. The results are summarised in Table 3.2 below. 

 

 

Entry DMFS 

(eq) 

TBHP 

(eq) 

Time/h Solvent Outcome 

1 2.0 3.0 24 DCM/H2O (2.5:1) N/R 

2 4.0 6.0 24 DCM/H2O (2.5:1) N/R 

3 10 6.0 24 DCM/H2O (2.5:1) N/R 

4 10 6.0 48 DCM/H2O (2.5:1) N/R 

5 10 6.0 24 DMSO/ H2O (2.5:1) N/R 

6 10 8.0 24 DCM/H2O (2.5:1) N/R 
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Table 3.2: Attempted optimisation conditions for the installation of difluoromethyl containing moiety. N/R: No 

Reaction. 

 

Undesired reactions can occur, most notably the formation of alkyldifluoromethyl by-

products. This can occur when the difluoromethyl radical, C reacts with isobutene 

(generated from TBHP) to form intermediate radical F which then reacts with the arene 

24 to form the undesired alkyldifluoromethyl compound G, however no such product was 

identified.  

To deduce whether the issue of reactivity towards difluoromethylation using DMFS 

stemmed from the pyrrolo[3,4-c]pyrazole core, we examined other radical-mediated 

functionalisation’s using zinc sulfinates, also developed by the Baran group. Reaction of 

24 with trifluoromethyl zinc sulfinate, isopropyl zinc sulfinate and trifluoroethyl zinc at 

both room temperature (rt) and 50 °C in DMSO showed no desired product formation, 

with 24 being observed in all cases. Concomitantly, the reactivity of the sulfinates was 

examined against a literature compound, caffeine.99 Pleasingly, the desired masses were 

detected for all the zinc sulfinates, therefore suggesting that the issue of reactivity was 

that of compound 24.  

Next, we moved towards applying a Minisci-type reaction with the use of difluoroacetic 

acid as the difluoromethyl radical source and potassium persulfate as the oxidant, first 

reported by Nielsen et al. 100 (Scheme 3.4). 

 

 

Scheme 3.4: Minisci-type difluoromethylation. 

Employing the standard conditions published by Nielsen et al. (Table 3.3, Entry 1) 

showed no reaction towards compound 27. The solvent (MeCN) and equivalents of silver 

oxide (AgNO3, 0.5 eq) were kept constant whilst all other variables were altered. Firstly, 

adjusting the equivalents of difluoroacetic acid and changing the temperature were 

explored (Entries 2-4) but no reaction was observed. Following this, the equivalents of 

the oxidant, potassium persulfate (K2S2O8), was altered, along with temperature and 

difluoroacetic acid equivalents (Entries 5-8), however this did not aid with the 
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conversion to fluorinated heterocycle, 27. It is worth noting that when the equivalents of 

potassium persulfate was increased above 8, complicated TLC chromatograms with 

inseparable mixtures and complicated LCMS data was observed. No desired masses or 

mass adducts were observed by LCMS.  

 

Entry Acid (eq) Oxidant 

(eq) 

Temp/°C Outcome 

1 2.0 5.0 50 N/R 

2 4.0 5.0 50 N/R 

3 4.0 5.0 60 N/R 

4 4.0 5.0 80 N/R 

5 2.0 8.0 50 N/R 

6 2.0 10 50 N/R 

7 2.0 10 80 N/R 

8 4.0 10 80 N/R 

 

Table 3.3: Minisci-type difluoromethylation attempts. 

 

It was speculated that the free N—H of the pyrazole ring was susceptible to fluorination, 

resulting in the formation of a hydrolytically labile N—F bond. Additionally, the 

proposed mechanism by which the Minisci-type reaction proceeds requires protonation 

to generate a nitrogen cation, which then undergoes radical-induced difluoromethylation 

with a difluoromethyl radical, evoked by silver(I)-catalysed oxidative decarboxylation of 

difluoroacetic acid by persulfate (Scheme 3.5).  

 

 

Scheme 3.5: Proposed mechanism of the Minisci-type difluoromethylation 
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It is difficult to discern why compound 24 proved to be unreactive under the reaction 

conditions applied, since both heating the reaction as well as altering the number of 

equivalents of difluoroacetic acid gave no product, and starting material was rarely 

consumed. A plausible suggestion is that intermediate 24b exists in greater quantities than 

24ia and therefore would not proceed to yield the desired product under these conditions.  

To mitigate the potential N—H reactivity, the nitrogen was protected with both a tosyl 

(28) and methyl (29) group in moderate yields (as a mixture of regioisomers), though 

when subjected to the reaction conditions, no reaction was observed. (Scheme 3.6).  

 

 

Scheme 3.6: Synthesis of tosyl- and methyl-protected pyrazole, and attempted fluorination using conditions described 

in tables 3.2 & 3.3. 

Consequently, it was speculated that poor reactivity of the pyrazole C—H bond was 

hindering functionalisation reactions with CF2H moiety.  

Concomitantly, efforts to incorporate the difluoromethyl group prior to cyclisation with 

hydrazine hydrate were explored. Efforts began by treating pyrrolidinone 26 with sodium 

hydride (NaH) in THF at -78 °C to form the corresponding enolate, followed by 

electrophilic trapping with ethyl difluoroacetate to furnish the difluoromethyl-containing 

product, 30 (Scheme 3.7).  

 

Scheme 3.7: Acylation of Boc-pyrrolidinone 

 

Much to our surprise, formation of 30 proved much more challenging than first 

envisioned. Deprotonation with NaH (1-3 eq) and subsequent trapping with ethyl 

difluoroacetate showed no reaction (Table 3.4, Entries 1-3), regardless of addition rate 
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of ethyl difluoroacetate, cooling temperature or reaction timing (Entries 2 & 3). 

Deprotonation of 26 with lithium diisopropylamine (LDA) in THF at -78 °C followed by 

electrophilic trapping showed the most promising results with mass detected for the 

desired compound 10 by LCMS. (Entries 4 & 5). 

 

Entry Base 

(eq) 

Temp/°C Time prior to 

electrophile 

added/h 

Overall 

reaction 

time/h 

Outcome 

1 NaH 

(1.0) 

-78 0.5 3 N/R 

2 NaH 

(1.4) 

-78 1.5 3 N/R 

3 NaH 

(3.0) 

-78 2 6 N/R 

4 1.6 M 

LDA 

(1.2) 

-78 1 3 SM 

recovered 

5 1.6 M 

LDA 

(1.8) 

-78 2 

 

6 Mass of 30 

detected by 

LCMS. 

 

Table 3.4: Acylation attempts. Brackets denote equivalents. N/R No Reaction 

 

Attempts to isolate 30 by flash column chromatography on silica resulted in degradation 

with 1H and 19F NMR showing no product peaks, or indeed starting material 26. Isolation 

of the desired product by HPLC and characterisation by 1H NMR showed no product 

peaks. To address this issue, we hypothesised that performing the acylation and 

subsequent hydrazine cyclisation in a one pot, two-step approach would allow access to 

the desired difluoromethyl-substituted pyrazole. Treatment of 26 with LDA (1.6 M in 

THF) in THF at -78 °C for 2 h followed be electrophilic trapping of the resulting enolate 

with ethyl difluoroacetate and warming to rt over 4 h resulted in the desired mass of 
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product being detected by LCMS. The reaction was quenched, and the organics collected. 

EtOH and hydrazine hydrate (2.2 eq) was added, and the solution was irradiated by 

microwave irradiation for 12 h. (Scheme 3.8). Lamentedly, no product mass was detected 

by LCMS. After work up, analysis of the crude mixture by 1H NMR showed no desired 

product peaks. 

 

 

Scheme 3.8: A one pot, two-step strategy for the formation of the desired cyclised difluoromethyl-containing moiety. 

 

With this synthetic route offering no success, we turned our attention to the reports of 

deoxyfluorination of aromatic aldehydes using diethylaminosulfur trifluoride (DAST).101 

Firstly, a protocol that would improve the reactivity of the aromatic C—H was explored. 

The use of 2-(trimethylsilyl)ethoxymethyl (SEM) has been well documented as both a 

nitrogen protecting group, and as an excellent directing group for lithiation reactions at 

an adjacent position on pyrazoles, imidazoles, pyrroles, and indoles. This is attributed to 

the ability of the group to coordinate the lithium species via the oxygen tether.102 

Furthermore, introduction of the SEM group would yield orthogonal protecting groups, 

allowing for selective deprotection and subsequent elaboration of the pyrrolidine nitrogen 

or the pyrazole nitrogen. Gratifyingly, reaction of 24 with NaH and SEM-Cl in THF 

yielded the SEM protected compound in high yield, high purity, and without the need for 

purification, albeit as a mixture of inseparable isomers (Scheme 3.9, 31a and 31b). 

Lithiation of the mixture of regioisomers 31a and 31b with nbutyl lithium (nBuLi, 1.6 M 

in hexanes), and subsequent electrophilic trapping with ethyl chloroformate yielded the 

resulting ethyl ester, 32 in 27% yield. A low yield was obtained for this reaction as only 

one of the regioisomers, 31a, was reactive towards lithiation, as shown in Scheme 3.9 

below. 
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Scheme 3.9: SEM protection and ester synthesis. Yield attributed to SEM-Li coordination which only occurs with one 

regiosisomer, 11a, as shown in brackets. 

Reduction of the ethyl ester 32 to the corresponding aldehyde 33 (Table 3.5) was next 

investigated. Initially, diisiobutylaluminium hydride (DIBAL-H) was applied, at -78 °C 

(Table 3.5, Entry 1) but no reaction was observed. Raising the temperature gradually 

from -78 °C to 25 °C and changing the equivalents of DIBAL-H also had no effect on 

reaction outcome. (Entries 3-7). Subsequent reduction attempts of 32 to alcohol 34 were 

explored with differing equivalents of lithium borohydride (LiBH4) at -78 °C (Entries 8 

& 9) as well as altering the reactivity of the carbonyl ester with borane dimethylsulfide 

(BH3•SMe2, Entries 10 & 11), both to no avail.  

 

 

Entry Reducing agent 

(eq) 

Temp/°C Outcome 

1 DIBAL-H (1.0) -78 N/R 

2 DIBAL-H (2.0) -78 N/R 

3 DIBAL-H (3.0) -30 N/R 

4 DIBAL-H (3.0) -15 N/R 

5 DIBAL-H (4.0) 0 N/R 
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6 DIABL-H (5.0) 25 N/R 

7 DIBAL-H (8.0) 25 N/R 

8 LiBH4 (2.0) -78 Decarboxylation 

31a/b 

9 LiBH4 (1.3) -78 Decarboxylation 

31a/b 

10 BH3.SMe2 (1.4) 0 N/R 

11 BH3.SMe2 (1.8) 25 N/R 

 

Table 3.5: Attempts to reduce ester 32 to the corresponding aldehyde with DIBAL-H or alcohol with LiBH4 and 

BH3.SMe2. Numbers in brackets denote equivalents used. N/R No Reaction 

 

Interestingly, the reduction of 32 with LiBH4 resulted in an unexpected decarboxylation, 

affording compound 31a/b in near quantitative yields. This was confirmed by 1H NMR 

analysis of the isolated product of the reaction in Scheme 3.9 (shown in Figure 3.4, C), 

with that of the SEM-protected compounds 31a/b (Figure 3.4, A) and the ethyl ester 

compound, 32 (Figure 3.4, B). The peak present at 7.2 ppm is Figure 3.4, B, is that of 

residual deuterated chloroform. As evidenced by the 1H NMR, it is clear to see the 

presence of the pyrazole C—H proton at 7.3 ppm and 7.5 ppm (regioisomeric products) 

in the product of the ester reduction. It is plausible that the residual water present in the 

LiBH4 (2 M in THF) resulted in ester hydrolysis, forming the resulting carboxylate which 

then rapidly decarboxylated to yield compounds 31a and 31b. A plausible mechanism by 

which this occurred is shown in Scheme 3.10 below. 

 

 

Scheme 3.10: Plausible mechanism for the observed reactivity of ester 32 with LiBH4. 

 

To understand the observed decarboxylation reaction with LiBH4, ester 32 was 

hydrolysed to the corresponding carboxylic acid, in near quantitative yields, and was then 

reacted with LiBH4 under the same conditions as previously described. Surprisingly, the 
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same decarboxylation product was observed. A search of the literature found no such 

president of decarboxylation of aromatic carboxylic acid/ester with LiBH4.  

 

 

 

 

 

 

 

 

 

 

 

 

Gratifyingly, aldehyde 33 was successfully synthesised in a two-step activation and 

derivatisation. Base-catalysed hydrolysis of ethyl ester 32 with 2N NaOH furnished 

carboxylic acid 35 as the sodium salt in 89% yield which was then converted to the 

corresponding Weinreb amide 36 under standard conditions in a moderate 46% yield. 

Subsequent reduction of amide 36 with DIBAL-H at -78 °C yielded aldehyde 33 in 9.8% 

overall yield over the three steps. (Scheme 3.11). Complete reduction to the primary 

alcohol can be avoided in the reaction utilising Weinreb amides, as the reaction proceeds 

via a stable metal-chelated intermediate, preventing dual nucleophilic attack into the 

carbonyl.103  

 

C 

B 

A 

CDCl3 

regioisomers 

Product of ester reduction 

Figure 3.4:  Comparison of NMR data shows that the reduction reaction of 32 with LiBH4 

underwent a decarboxylation reaction to yield compound 31a/b as seen by comparing the NMR 

spectrum A with that of C . 
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Scheme 3.11: Synthesis of aldehyde 33 via Weinreb amide reduction. Successful fluorination yielded the N-protected 

difluoromethyl containing scaffold, 37. 

 

Fluorination of aldehyde 33 with DAST at -78 °C generated the desired N-protected 

difluoromethyl compound 37 as a yellow oil in in 8 synthetic steps with an overall yield 

of 0.8%. Scheme 3.12 below outlines the multistep synthesis. 

 

  

Scheme 3.12: Multistep synthesis to afford the Boc/SEM protected difluoromethyl-substituted pyrrolo[3,4-c]pyrazole 

37. 

 

Optimisation of the synthesis was investigated to improve overall yield and reduce the 

number of synthetic steps. One area highlighted as optimisable was the formation of 

aldehyde 33. Rather than proceeding via Weinreb amide 35, the direct formylation of 

SEM-protected compounds 31a/b with nBuLi and DMF was seen as an attractive protocol 

as this would reduce the synthetic steps from 4 to 1.  
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Pleasingly, formylation of the mixture of regioisomers 31a/b with DMF and nBuLi (1.6 

M in Hexanes) at -78 °C gave aldehyde 33 in 30% yield as a single regioisomer. 

Successful fluorination furnished 37 in an excellent 80% yield, after purification. 

(Scheme 3.13). Thus, the number of synthetic steps was cut from 8 to 5. 

 

 

Scheme 3.13: Optimised route to compound 37 via formylation and subsequent fluorination. 

 

With compound 37 to hand, conditions to deprotect the SEM and Boc group 

independently of each other were investigated. 

Both Boc and SEM groups are cleaved in the presence of strong acids, such as HCl and 

trifluoroacetic acid (TFA). In an attempt to selectively cleave the SEM protecting group, 

37 was treated with tetrabutylammonium fluoride (TBAF) at 50 °C in DMF. Interestingly, 

employing these conditions resulted in cleavage of the SEM protecting group followed 

elimination of hydrogen fluoride (HF) to yield the vinyl fluoride intermediate 38 as seen 

in Scheme 3.14 below. 

 

 

Scheme 3.14: Deprotection of SEM with TBAF. 

 

Attempts to overcome the vinyl fluoride formation were investigated firstly by altering 

the reaction concentration and temperature, using TBAF as the deprotection reagent. 

However, this resulted in either no reaction or vinyl fluoride formation (Table 3.6, 

Entries 1-4). Replacing TBAF for TFA and performing the reaction at differing 

concentrations and temperatures (Entries 5 & 6) interestingly yielded no reaction with 

both the Boc and SEM group being resistant to these conditions.  
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Altering the temperature, reaction concentration and reagent had no effect and vinyl 

fluoride formation was seen in all cases. This interesting functional group was not 

explored further due to its instability. As seen in Table 3.6 below. 

 

 

Entry Reagent Concentration/M Temp/°C Outcome 

1 TBAF 0.5 0 N/R 

2 TBAF 0.5 25 38 

3 TBAF 0.25 25 38 

4 TBAF 0.1 10 38 

5 TFA 0.25 0 N/R 

6 TFA 0.25 25 N/R 

7 4N HCl/dioxane 0.25 25 38 

8 4N HCl/DCM 0.25 25 N/R 

9 4N HCl/DCM 0.25 40 N/R after 6h 

 

Table 3.6: SEM deprotection conditions and vinyl fluoride formation. 

 

To address the observed vinyl fluoride derived from SEM group cleavage, we 

hypothesised that cleavage of the SEM group at the aldehyde intermediate 33 followed 

by subsequent fluorination with DAST would be a feasible alternative. Treatment of 33 

with TBAF in DMF at 50 °C resulted in consumption of starting material and conversion 

to a new spot, detected by TLC. Interestingly, analysis by NMR (after work up and 

purification) indicated hemiacetal formation (39) which hydrolysed to the desired 

product, 40 in DMSO overnight. (Scheme 3.15). 

 

Scheme 3.15: SEM deprotection of intermediate 33 yielding desired compound 40 via hemiacetal formation. 
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Despite this success however, reproducibility was an issue and as such a new strategy to 

incorporate functionality onto the pyrazole N—H was explored. Replacement of the SEM 

group with a methyl group was seen as a suitable replacement. 

In the first instance, cyclisation of enamine intermediate 24 with methylhydrazine in 

EtOH under microwave irradiation at 87 °C was trialled. Cyclisation with 

methylhydrazine would yield the desired cyclised methyl-capped product in one-pot, 

mitigating the need to cyclise and methylate in a two-step fashion. The results are 

summarised in the table below. (Table 3.7). 

  

Entry Solvent Methylhydrazine 

(eq) 

Temp/°C Reaction 

concentration/M 

Ratio of 

24:29:41 

1 EtOH 1.0 87 0.3 100:0:0 

2 EtOH 1.2 87 0.3 72:0:28 

3 EtOH 1.5 87 0.5 56:0:44 

4 EtOH 2.0 95 0.8 48:0:52 

5 EtOH 2.2 100 0.85 40:0:60 

6 nPrOH 2.2 100 0.7 45:0:55 

7 nPrOH 2.2 120 0.7 42:0:58 

8 DMF 2.2 130 0.7 48:0:52 

9 DMF 2.2 150 0.7 37:0:63 

10 DMF 2.2 160 0.7 38:0:62 

 

Table 3.7: Cyclisation attempts with methylhydrazine. 

 

As seen from the table above, neither increasing the stoichiometry of methylhydrazine, 

nor altering the reaction concentration aided with the synthesis of the desired cyclised 

product 29, with intermediate 41 being observed by both LCMS and NMR. Efforts were 

then undertaken to cyclise intermediate 41 with a view to furnish the desired cyclised 

product 29. Initially, 41 was dissolved in EtOH and irradiated at 87 °C for 6 – 12 h at 

varying reaction concentrations, however to no avail, with the starting material not being 

consumed. Changing from a moderately low boiling point polar protic solvent of EtOH 
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to a higher boiling point solvent of propan-1-ol (nPrOH) and irradiating at 100 - 120 °C 

did not yield any considerable advantage (Table 3.7 Entries 6 & 7). The use of N,N-

dimethylformamide (DMF) as a solvent and irradiating at 130 - 160 °C (Entries 8-10) 

also showed no improvement in conversion to desired cyclised product 29.  

Pleasingly, a two-step process involving cyclisation with hydrazine hydrate followed by 

N-methylation with iodomethane yielded the desired product 29 as a mixture of 

inseparable regioisomers. 29a and 29b (1:0.42, Scheme 3.16). 

 

 

Scheme 3.16: Desired methylated compound synthesised via cyclisation and methylation. 

 

A solvent and base screen was employed to improve the ratio of the methylated 

regioisomers 29a and 29b. (Table 3.8). Polar protic and polar aprotic solvents were 

chosen as well as bases with differing pKaH. As evidenced in Table 3.8 below, when 

apolar solvents such toluene (PhMe) were used, no methylation reaction occurred. (Entry 

2). The reaction performed best with polar aprotic solvents THF and DMF with NaH as 

the base. Interestingly, no reaction was observed when the polar aprotic solvent, 

acetonitrile (MeCN) was used. It is likely that the resulting cation is poorly soluble in 

acetonitrile, compared with THF and DMF, and thus no reaction is observed. 

Furthermore, whilst the reaction yielded slightly better regioisomeric ratio when DMF 

and NaH were used (Entry 4), slight loss of product to the aqueous phase was observed 

after work-up when the organics were washed with brine and 10% LiCl solution to 

remove excess DMF from the reaction. No such losses were observed when THF was 

used as the solvent and no purification was required, yielding in the methylated products 

in a good 80% yield with >95% purity. 
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Entry Solvent Base Ratio of 29a:29b 

 

1 

 

MeCN 

K2CO3 

DBU 

NaH 

N/R 

N/R 

N/R 

 

2 

 

PhMe 

K2CO3 

DBU 

NaH 

N/R 

N/R 

N/R 

 

3 

 

THF 

K2CO3 

DBU 

NaH 

1 : 0.46 

N/R 

1 : 0.42 

 

4 

 

DMF 

K2CO3 

DBU 

NaH 

1 : 0.45 

N/R 

1 : 0.4 

 

Table 3.8: Solvent and base screen to improve regioisomeric ratio. 

 

Formylation of the methylated compound 29a & 29b with nBuLi (1.6 M in hexanes) and 

DMF at -78 °C yielded the desired aldehyde 42 in high purity but low yields (10-35% 

various batches) after purification on silica. The repeatedly poor yields obtained for the 

formylation were attributed to degradation of the aldehyde on silica. Performing the 

purification on basic or acidic silica, as well as neutral and basic alumina columns also 

resulted in substantial loss of product and low yields as seen in the Table 3.9 below. 

Fluorination could be performed on the crude aldehyde mixture; however, this caused 

significant issues with purification later in the synthetic route. Consequently, there was a 

serious need to find an effective purification method. 
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Purification method Isolated yield % Purity % 

Neutral silica 17 98 

Neutral alumina 22 98 

Basic alumina 22 95 

Acidic alumina 28 95 

Sat. NaHSO4, then 

basification with 50% 

NaOH 

50-60 82 

 

Table 3.9: Purification of aldehyde 42. Observed yields and purity. 

 

Reacting bisulfite ions with aldehydes to generate charged bisulfite adducts is a known 

method for purifying aldehydes,104 with the aldehyde being isolated from the bisulfite 

adduct under acidic or basic conditions. Pleasingly, quenching of the reaction mixture 

with a solution of sat. sodium bisulfite, performing an EtOAc extraction and subsequent 

basification with 2N NaOH gave aldehyde 42 in 50-60% yield with a purity of 82%. 

(Table 3.9). 

Fluorination of aldehyde 42 with DAST proceeded in good yields after silica purification 

to yield 43. Acid-mediated Boc-deprotection gave 44 as the HCl salt, without the need 

for purification, in quantitative yield. With the amine to hand, we then looked to 

functionalise the molecule with small, medicinal chemistry relevant functional groups. 

Both amides and sulfonamides are highly prevalent motifs in medicinal chemistry owing 

to their good stability. Moreover, their HBA and HBD characteristics allows them to 

interact with biological receptors and enzymes.105 The ability of sulfonamides to be 

mimic peptide bonds have led to them being used as isosteres for carboxylic acids and 
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amides, respectively.106 As a result, capping the nitrogen with an acetamide group and 

mesylate seemed the most appropriate choices.  

Amine 44 was converted to the acetamide 45 and mesylate 46 by treatment with acyl 

chloride and methyl sulphonyl chloride in DCM for 30 minutes, respectively. In doing 

so, two new novel fragments were successfully synthesised. (Scheme 3.17). 

 

 

Scheme 3.17: Synthesis of two novel fluorinated pyrrolo[3,4-c]pyrazole fragments. 

 

3.2 Conclusions of Fragment 16 
 

Described is the synthesis of two novel medicinal chemistry relevant heterocycles that 

have been added to the DDU fragment library. From the initial retrosynthetic analysis to 

the overall synthetic route, numerous challenges and obstacles were successfully 

overcome through optimisation of reaction parameters and the desired functionalised 

heterocycles were synthesised (45, 46, Scheme 3.17).  

The overall synthesis of the functionalised fragments was completed in seven linear steps, 

involving just two silica purifications, with the other steps involving either precipitation, 

washes with suitable solvents, reverse-phase HPLC or no purification. The synthetic route 

towards these novel fragments was performed on scales greater than 535 mmol (100g) 

and is therefore amenable to scale-up. 
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3.3 Synthesis of Fragments 19 and 20. 

 

Following the successful completion compounds 45 and 46, attention then moved onto 

the synthesis of fragments 19 and 20. (Figure 3.5). 

 

 

Figure 3.5: Fragments 19 and 20. 

 

Attractiveness of these fragments include: 

• They can be readily elaborated either by electrophilic aromatic substitution 

(SEAr) in the case of fragment 19 or by functionalisation of the alcohol in 

fragment 20 (Figure 3.6). 

• The difluoromethoxy (OCF2H) group is a privileged functional group within 

medicinal chemistry and molecules that contain the functionality can have 

dynamic lipophilicity resulting from the bond rotation around the carbon in the 

OCF2H group, for example.  

• Aromatic OCF2H containing compounds can provide additional binding affinity 

to active sites in a target resulting from enrichment of molecular spatial 

geometry.107 The 5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole core seen in fragment 

19 and its derivatives have been shown to be a broad-spectrum β-lactamase 

inhibitor.108 

• The 6,7-dihydro-5H-pyrrolo[1,2-a]imidazole core of fragment 20 was also 

shown to be a broad-spectrum β-lactamase inhibitor by chemists at Beecham.108  

 

Figure 3.6: Functionalised of fragments 19 and 20. 

 

Despite this, the synthetic routes into the core compound generally involve many 

synthetic steps and a low overall yield.109  
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Commencing with fragment 19, we envisioned that the desired final compound could be 

achieved by fluoroalkylation of the cyclised pyrazol-2-ol intermediate (47), which can be 

furnished via hydrazine cyclisation from the corresponding alkylated chlorohexanoate 

intermediate, 48. Lastly, intermediate 48 can be accessed via a selective alkylation of 

readily available starting material, 49. (Scheme 3.1). 

 

 

Scheme 3.18: Retrosynthetic analysis of fragment 19. 

 

Synthesis of 19 began by via a double deprotonation and selective alkylation of ethyl-3-

oxobutanoate, 49 with LDA and 1-bromo-2-chloroethane to yield the alkylated product 

48 in 70% yield, without the need for further purification. The alkylated product was 

cyclised by treatment with hydrazine hydrate in EtOH at 120 °C under microwave 

irradiation for 2 h to furnish the core scaffold 47 in a 10% yield. (Scheme 3.19). 

 

 

Scheme 3.19: Selective alkylation and subsequent hydrazine cyclisation to yield 47. 

 

The selective alkylation arises from the stability of the resulting enolate. The first 

equivalent of LDA deprotonates the most acidic proton, (pKa 9) of 49 to form the stable 

1,3-enolate, 49i. The enolate is stabilised due to the tautomerisation between the two enol 

forms. The second equivalent of LDA deprotonates the ketone proton of 49i to form the 

relatively less stable enol (49ii) and therefore more reactive species, which then reacts to 

form the observed product, 48 after re-protonation. (Scheme 3.20) 
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Scheme 3.20: Rationalisation for the selective alkylation of 50. 

. 

To improve the yields for the cyclisation, the relationship between the stoichiomery of 

hydrazine and time were explored. The reaction timing was kept constant at 2 h and the 

equivalents of hydrazine were altered. As can be seen in Table 3.10 below, altering the 

equivalents of hydrazine had little effect on reaction outcome, with the reaction stalling 

at 22% conversion with 3 equivalents of hydrazine. (Entry 3). Altering the time of 

reaction whilst maintaining the equivalents of hydrazine at 3 was explored. Reducing the 

time below 2 h had a detrimental effect on conversion to desired product, whilst 

increasing the reaction time above 2 h showed minor improvements in conversion to 

product. (Entries 5-8). It was hypothesised that the addition of a base, such as N-N-

diisopropylethylamine (DIPEA) would sequester the HCl that was being formed as a by-

product and therefore increase the conversion to product and consequently, overall yield. 

Gratifyingly, the addition of DIPEA (1.0 eq) with hydrazine hydrate (3.0 eq) resulted in 

74% conversion to desired product. (Entry 9). 

 

Entry Hydrazine 

(eq) 

Time/h Temp/°C Outcome/% 

(Measured by 

LCMS area) 

1 1.0 2 120 10 

2 2.0 2 120 15 

3 3.0 2 120 22 

4 4.0 2 120 22 

5 3.0 1 120 9 

6 3.0 3 120 25 

7 3.0 4 120 27 

8 3.0 8 120 25 
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9* 3.0 2 120 74 

*DIPEA added 

Table 3.10: The relationship between the equivalents of hydrazine, time and addition of DIPEA on conversion to 

cyclised product 49. 

 

Following on from the results summarised in Table 3.10, a design of experiments (DoE) 

approach was developed. The DoE is a statistical approach to reaction optimisation 

allowing for the variation of multiple factors simultaneously to efficiently screen the 

reaction space for a particular process. In doing so, many parameters can be evaluated in 

a small number of reactions, compared to traditional “one variable at a time” 

optimisation.110 We sought to investigate the effect of DIPEA and hydrazine equivalents 

(the factors) on conversion to product (47) whilst the temperature (120 °C) and reaction 

time (2 h) were kept constant by performing a 2 factor 2 level full factorial design. This 

DoE was performed in a total of 7 experiments, including 2 centre points to enable the 

factors that favour conversion to be elucidated. The centre points, (Table 3.11, Entry 5 

& 6) were reactions that were performed under identical conditions at the centre of the 

design space - the mid-point of all the factor ranges – to provide indication of reaction 

reproducibility. The results are summarised in the Table 3.11 below. As evidenced by the 

data, there was a relationship between the number of equivalents of DIPEA and hydrazine 

hydrate with regards to conversion to desired product. (Entries 1-6). 

 

Entry DIPEA (eq) Hydrazine (eq) Conversion/% 

(measured by LCMS 

area) 

1 1.0 1.0 16 

2 3.0 1.0 8 

3 1.0 3.0 74 

4 3.0 3.0 77 

5 2.0 2.0 59 

6 2.0 2.0 62 

 

Table 3.11: A DoE approach exploring the relationship between equivalents of hydrazine and DIPEA on conversion 

to cyclised product. 



67 
 

Further to this, the effect that each variable had on conversion to 47 can be illustrated by 

the coefficient plot shown below (Figure 3.7), generated by using the MODDE software. 

Each bar represents the factor in the reaction, illustrating the average effect on conversion 

to 47 on increasing the factor from the mid-point of the design to the highest value.110 

Contrary to the results detailed in Table 3.11, the stoichiometry of hydrazine seems to 

have the most significant effect on conversion. There is also a positive interaction 

between the stoichimetry of hydrazine and DIPEA on conversion.  

 

 

Figure 3.7: Results obtained from the DoE model. 

 

The DoE model further predicts an 80% conversion to product can be achieved with 

DIPEA (2.1 eq) and hydrazine (2.7 eq), with the conversion stalling as the equivalents of 

DIPEA are increased. (Figure 3.8). Pleasingly, employing these conditions resulted in an 

improved 55% isolated yield of cyclised product 47. 

 

 

Figure 3.8: DoE predictive model looking at the relationship between equivalents of DIPEA and hydrazine on 

conversion to 47. 
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The cyclised product 47 was converted to the difluoromethoxy final product 19 by 

treatment with potassium carbonate and ethyl chlorodifluoroacetate in a moderate 45% 

yield. (Scheme 3.21). 

 

 

Scheme 3.21: Synthesis of target fragment 19. 

 

Since the pyrrolo moiety of the core fragment 19 was lacking in functionality, a C(sp3)-

H methylation was examined using conditions recently described by Stahl et al.111 Methyl 

groups are one of the most prominent functional groups found within biological active 

molecules. The incorporation of a methyl group into a drug candidate can improve the 

activity or pharmacological properties of a drug candidate, with this being termed the 

“magic methyl” effect. For example, incorporating a methyl group adjacent to a metabolic 

hot spot can block metabolism and increase half-life. Additionally methylation can 

favourably effect solubility and selectivity.111-112 This is achieved by the methyl group 

gearing the conformation of the ligand such that the three-dimensional shape more closely 

matches the conformation when bound to the active site, therefore minimising the 

conformational reordering when bound. 112 An example of the “magic methyl” effect is 

shown in Figure 3.9 below. 

 

 

Figure 3.19: The "magic methyl" effect. 

 

Employing conditions shown in Scheme 3.22 resulted in a 4.1% conversion (by LCMS) 

to desired product. Attempts to isolate the product were unsuccessful due to the low 

reaction scale.  
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Scheme 3.22: C(sp3)-H methylation of compound 1. *based on LCMS data. 

 

Based on the catalytic cycle detailed by Stahl et al., it is reasonable to propose that the 

catalytic cycle for this reaction is as follows. (Scheme 3.23). Photoexcitation of 

Ir[dF(CF3)ppy]2(dtbpy)PF6 causes O-O bond homolysis of DCP generating radical i, 

which undergoes hydrogen atom transfer (HAT) with 19 to give radical 19a whilst 

concomitantly undergoing methyl β scission to generate radical ii. Radical 19a and ii are 

coupled together under Nickel-mediated catalysis to yield the methylated product 50. 

 

Scheme 3.23: The proposed catalytic cycle for C(sp3) methylation. 

 

Further elaboration of fragment 19 was explored by incorporation of a sulfonamide 

moiety. Reacting 19 with fuming chlorosulfonic acid in chloroform yielded the 

corresponding sulfonyl chloride 51 in 60% yield. Sulfonyl chloride 51 was then converted 

to ethyl, benzyl and pyrroldine sulfonamides (52 - 54, Scheme 3.24) in high purity by 

reacting with the appropriate amine. The final sulfonamides were then added to the DDU 

fragment library.  
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Scheme 3.24: Synthesis of sulfonamides 52 – 54. 

 

In parallel, the synthesis of fragment 20 was explored. It was envisioned that the final 

fluorinated compound would be achievable via fluorination of the cyclised imidazole 

intermediate 55, which can be accessed by acid mediated cyclisation from intermediate 

56. Intermediate 56 can be furnished in two steps from commercially available 4-

hydroxy-2-pyrrolidinone, 57. (Scheme 3.25). 

 

 

Scheme 3.25: Retrosynthetic analysis of fragment 20. 

 

Synthesis of fragment 20 began by treating 4-hydroxy-2-pyrrolidinone 57 with tert-

butyldimethylchlorosilane (TBDMSiCl) to give the protected alcohol 58, after 

precipitation from water, which was then converted to the lactim ether 59 by treatment 

with triethyloxonium tetrafluoroborate in DCM for 24 h. Lactim ether 59 was reacted 

with 2,2-diethoxyethylamine and HCl (1.25 M in EtOH) to yield compound 56 in near 

quantitative yield, which was then set up for the final cyclisation to form the 6,7-dihydro-

5H-pyrrolo[1,2-a]imidaz-6-ol core seen in compound 20. Interestingly, the acidic 

conditions employed in the conversion from 59 to 56 did not result in cleavage of the silyl 

protecting group. Cyclisation of 56 in refluxing HCl (0.625 M) in 1,4-dioxane resulted in 

the cyclised product 60 in a moderate 45% yield. This time however, the acidic media 

partially cleaved the silyl protecting group to yield the free alcohol (55) and the silyl 

protected alcohol (60) in a 3:1 ratio. (Scheme 3.26).  

Attempts to overcome the silyl group cleavage began by altering the alcohol protecting 

group, however alternative protecting groups such as benzyl (Bn), paramethoxybenzyl 

(PMB) and paramethoxyphenyl (PMP) proved challenging to synthesise and as such, the 
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TBDMSi protecting group was used. The final step in the synthesis was the C2 

fluorination of the imidazole moiety. 

 

 

Scheme 3.26: Synthesis of cyclised intermediate 60. 

 

Fluorination of 55 was explored. With alcohols reacting much more readily with 

fluorinating agents, undergoing deoxyfluorination,113 the reactivity of the alcohol had to 

be masked. The alcohol could be re-protected with the silyl protecting group; however, 

this would result in four ‘non ideal’ chemical transformations and a low atom economy. 

To circumvent this, alcohol 55 was methylated with iodomethane to yield the methoxy 

counterpart, 61. (A, Scheme 3.27). Interestingly, performing this reaction on a small scale 

(0.81 mmol) resulted in conversion to desired product, yet performing the reaction on a 

slightly larger scale (4.02 mmol, 500 mg) resulted in complete deoxygenation via 

dehydration and over methylation to yield the three isolated products 62, 63 and 64 in a 

4 : 2.5 : 1 ratio. B, Scheme 3.27). 

 

 

Scheme 3.27: A) Synthesis of desired methylated compound 61 on small scale. B) Observed products when 

methylation was performed on a larger scale 
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Methylation with trimethylsilyldiazomethane yielded no reaction towards desired 

product. Attempts to oxidise alcohol 55 to the corresponding ketone, which would allow 

for further elaboration with amines for example, also proved unsuccessful with Dess-

Martin periodinane (DMP) and pyridinium chlorochromate (PCC). An alternative 

reaction pathway to the desired compound was explored utilising conditions reported by 

Feskik et al.114 In this method 2-(2-oxopyrrolidin-1-yl)acetamide (65) was treated with 

phosphoryl bromide or phosphoryl chloride to yield the corresponding haloimidazole 

intermediate, 66. (Scheme 3.28, A). It was hypothesised that 67 could be achieved by 

cyclisation from alcohol 68. (Scheme 3.28, B).  

 

 

Scheme 3.28: Conditions to synthesis haloimidazole 67 reported by Fesik et al. 

 

Starting from the commercially available 2-(4-hydroxy-2-oxopyrrolidin-1-yl)acetamide 

(68), conditions to protect the alcohol were explored. (Table 3.12). 

 

Entry Reagent Conditions Outcome 

1 BnBr (69a) NaOH, H2O/PhMe, 

25 °C, O/N 

N/R 

2 BnBr (69a) NaH, THF, 0 – 25 

°C, O/N 

N/R 

3 TBDPSiCl (69b) Im, DMF, 0 – 25 

°C 

N/R 

4 TBDPSiCl (69b) Im, DMF, 0 – 50 

°C, O/N 

69b, 42% yield 
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Table 3.12: Alcohol protection conditions 

 

Initial attempts to install the benzyl protecting group proved futile, with modification of 

the base and solvent not aiding in the conversion to the benzylated alcohol product and 

no reaction (N/R) observed. (Table 3.12, Entry 1 & 2). Due to the observed issues of 

silyl group cleavage when TBDMSi was used (Scheme 3.26), it was hypothesised that 

the bulkier and more acid stable tert-butyldiphenylsilane (TBDPSi) protecting group 

would serve as a suitable alternative in this reaction. Gratifyingly, treatment of 68 with 

TBDPSiCl and imidazole in DMF at 50 °C yielded the desired product (69b) in a 

moderate 45% yield (Entry 5). With the protected alcohol to hand, dehydration 

conditions were explored. Initially employing the conditions reported by Fesik et al.114 

using phosphoryl bromide (Table 3.13, Entry 1) resulted in no reactions towards desired 

product (70). Increasing the reaction length from 1 h to 16 h (Entries 2 & 3) also had no 

effect on reaction outcome. Altering the equivalents of phosphoryl bromide upwards of 4 

also had no effect on cyclisation. (Entries 4 & 5). Changing to phosphoryl chloride and 

performing the reaction at 85 °C for 16 h however, resulted in consumption of starting 

material but no detected (N.D) product identified. (Entries 6-8) 

 

 

Entry Reagent (eq) Time/h Temperature/°C Outcome 

1 POBr3 (2.0) 1 70 N.R 

2 POBr3 (2.0) 8 70 N.R 

3 POBr3 (2.0) 16 70 N.R 

4 POBr3 (4.0) 1 70 N.R 

5 POBr3 (5.0) 16 100 N.R 

6 POCl3 (2.0) 16 85 N.R 

7 POCl3 (4.0) 16 85 N.D 

8 POCl3 (4.0) 16 100 N.D 

 

Table 3.13: Dehydration conditions to access haloimidazole 70. 
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It is difficult to discern why no desired product was detected with POCl3. It was initially 

hypothesised that steric or electronics were affecting the dehydration reaction, however 

there are reports detailing the functional group tolerance of the C4 position of the 

oxypyrroldinone towards dehydration with POCl3.
115 3D modelling, with the use of 

Chem3D software, of the silyl protected species suggest that the potential steric bulk of 

the phenyl groups are negligible with respect to the acetamide moiety. Interestingly, as 

the equivalents of POCl3 were increased from 2 to 4 (Table 3.13, Entries 6-8), the 

starting material was consumed, however no desired product was detected. Analysis of 

the reaction mixture by LCMS suggested that the starting material had undergone alcohol 

dehydration reaction evoked by silyl group cleavage of the alcohol with the in situ formed 

HCl gas, to yield enone 71. (Scheme 3.29).  

 

 

Scheme 3.29: Observed dehydration product. 

 

Interestingly, isolation and treatment of enone 71 with POCl3 did not yield any reaction.  

Concomitantly, fluorination of the TBDMSi protected alcohol 60 (Scheme 3.26) was 

investigated. Treating 60 with Selectfluor in acetonitrile at rt yielded no desired product 

72, with starting material not being consumed. (Table 3.14, Entry 1). Altering the 

temperature and equivalents of Selectfluor was then explored. Performing the reaction at 

cooler temperatures resulted in an unexpected difluorination (73) of the imidazole ring, 

even when using substoichiometric amounts of fluorinating reagent (Entries 2-5). The 

monofluorinated product with a highly electronegative fluorine atom attached should 

have made the adjacent imidazole C – H less reactive due to the electron-withdrawing 

ability of fluorine (negative inductive effect) and resulted solely in monofluorination. 

However, with the results indicating that difluorination was occurring, it is possible that 

the electron-donating property resulting from the conjugation (positive mesomeric) effect 

of fluorine was outweighing the inductive effect, thus enhancing the reactivity of the 
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neighbouring C – H resulting in difluorination. Similar observations have been detailed 

in the literature.116 

 

Entry Fluorinating 

Reagent (eq) 

Temperature/

°C 

Solvent Outcome 

1 Selectfluor 

(1.0) 

25 MeCN NR 

2 Selectfluor 

(1.1) 

0 MeCN 73 

3 Selectfluor 

(0.9) 

0 MeCN 73 

4 Selectfluor 

(0.9) 

-40 MeCN 73 

5 Selectfluor 

(0.9) 

-78 MeCN 73 

 

Table 3.14: Fluorination conditions. 

 

An alternative fluorination protocol employing nBuLi and N-fluorobenzenesulfonamide 

(NFSI)117 was examined, however no fluorinated product 72 was identified. (Scheme 

3.30, A). A deuterium quench reaction of 60 with CD3OD showed no deuterium 

incorporation into compound 74, therefore indicating no deprotonation of the aromatic 

ring. (Scheme 3.30, B). 

 

 

Scheme 3.30: A) Initial fluorination conditions investigated; B) Deuterium quench reaction 
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To further investigate the selectivity challenges, an iodination reaction was performed on 

60 (as a mixture with free alcohol) using N-iodosuccinimide (NIS) as the electrophilic 

iodine source, resulting in a C2 selective iodination (75). Pleasingly, utilising conditions 

reported by Sanford et al.,118 the iodinated compound 75 was converted to the desired 

mono-fluorinated product (72) with anhydrous tetramethylammonium fluoride in 

moderate yields. (Scheme 3.31). Fragment 72 was subsequently added to the DDU 

fragment library. 

 

 

Scheme 3.31: Selective iodination and subsequent fluorination. 

 

Alongside the synthesis of 72, the synthesis of fragment 23 was being investigated. This 

is work that I performed when at Vernalis as part of my 3-month iCASE placement.  

3.4 Synthesis of Fragment 23 

 

 

The pyrazole fused oxygen heterocyclic ring systems are common structural motifs in a 

wide range of biologically active molecules. Indeed, the most common of these ring 

systems are the 1,4- and 2,4-dihydropyrano[2,3-c]pyrazoles, occurring as the main 

structural motif of anticancer, anti-inflammatory and antidiabetic agents.119 Furans and 

their derivatives have attracted attention in recent years since substitution at the C2 and/or 

C3 position are widespread in natural products, owing to useful biological and 

pharmacological properties. Furthermore, the 4,5-dihydro-1H-furo[2,3-c]pyrazole 

system has been shown to display antimicrobial activity,120 yet the 5,6-dihydro-1H-

furo[2,3-c]pyrazole system, consisting of a heterocyclic pyrazole fused to a semi-

saturated furan ring remains an underexplored heterocyclic motif within medicinal 

chemistry. Incorporation of fluorine atom at the C3 position of the pyrazole ring remains 

unreported. 
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Retrosynthetic analysis of 23 resulted in the disconnections outlined in Scheme 3.32: the 

desired product could be achieved via a late-stage epoxidation/ring opening of the 

fluorinated furan pyrazole moiety 76, which can be generated by a selective C3 

fluorination of the pyrazole ring system 77. The fused ring system can be furnished via 

an intramolecular Goldberg cyclisation between 3-bromofuran-2-carbaldehyde 78 with 

hydrazine. (Scheme 3.32). 

 

 

Scheme 3.32: Retrosynthetic analysis of fragment 23. 

 

Synthesis began with treating aldehyde 78 with a hydrazine source to yield the hydrazones 

in quantitative yields (79-81). The hydrazones were converted to the cyclised products 

(82-84) by means of intramolecular Goldberg reaction with copper iodide (CuI) and 

tribasic potassium phosphate (K3PO4) in DMSO at 100 °C for 16 h in moderate yields 

(Table 3.15), without the need for a supporting ligand.121 The attractiveness of using 

copper as the catalyst source rather than palladium include, copper is much cheaper than 

palladium and removing palladium from polar products is often challenging.122 

 

 

Entry Aryl halide Hydrazine Product Yield/% 

1 

 

PhNHNH2 

(79) 

 

82 

2 

 

BocNHNH2 

(80)  

76 

3 

 

NH2NH2 

(81) 
 

62 
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Table 3.15: Synthesis of cyclised products from aryl aldehyde and hydrazines. 

 

It is noteworthy that the rate of stirring of the Goldberg reaction was paramount to the 

conversion of desired product in all cases. When performing the reaction in a sealed 

microwave tube (10 mL size), the stirring speed must be greater than 1000 RPM, with 

optimal conversion to product occurring at 1500 RPM (Table 3.16). Lower than this and 

the reaction stalls, likely due to the excess inorganic base being too heavy for the stir bar 

to spin successfully.  

 

Entry Hydrazone Stirring 

speed/RPM 

Conversion/% 

(LCMS) 

1 79 250 9 

2 79 500 21 

3 79 800 29 

4 79 1000 42 

5 79 1250 58 

6 79 1500 82 

7 80 1000 54 

8 80 1500 79 

9 81 1000 61 

10 82 1500 89 

 

Table 3.16: The effect of stirring on the conversion to desired product. 

 

Furthermore, performing the reaction on a larger scale (>2.6 mmol) requires the use of a 

round-bottomed flask rather than a sealed microwave vessel, again due to the effective 

stirring of the reaction mixture as the quantity of inorganic base increases. 

With the cyclised products (82-84) to hand, methods to install fluorine in a regioselective 

manner were investigated with the use of nBuLi and NFSI as the fluorinating agent. 

Trial fluorinations were conducted on the phenyl derivative 82 (Table 3.17). 82 was 

treated with nBuLi (1.6 M in hexanes) at -78 °C in THF and left to stir in the cooling bath 
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for 30 min before the addition of NFSI and left to react under cooling for 2 h. Much to 

our surprise, the product of this reaction was the selective C2 fluorination of the furan 

ring system (85, Table 3.17, Entry 1) rather than the expected C3 position of the pyrazole 

(86). Altering the equivalents of nBuLi from 0.9 up to 2.0 eq and performing the reaction 

at -78 °C all resulted in fluorination of the furan ring. Gratifyingly however, increasing 

the temperature from -78 °C and performing the reaction at -40 °C resulted in a complete 

switch in regioselectivity, with the pyrazole C3 preferentially fluorinated (Entry 3). To 

further investigate this observation, a deuterium quench was performed with deuterated 

methanol (CD3OD) at the two temperatures. The results are summarised in the table 

below. (Entries 2 & 4). 

 

Entry Conditions Outcome 

1 nBuLi, -78 °C, 30 mins 

then NFSI, 2 h 

85 (54&) 

2 nBuLi, -78 °C, 30 mins 

then CD3OD, 10 min 

60% deuterium 

incorporation at C2 

position of furan 

3 nBuLi, -40 °C, 30 mins 

then NFSI, 2 h 

86 (48%) 

4 nBuLi, -40 °C, 30 mins 

then CD3OD, 10 min 

55% deuterium 

incorporation at C3 

position of pyrazole 

 

Table 3.17: Observed regioselectivity of fluorination. 

Following the results described in the table above, the predicted pKa of the C2 and C3 

positions of the furan and pyrazole respectively, were calculated using ChemDraw predict 

function. (https://perkinelmerinformatics.com/products/research/chemdraw). The 

predictions suggest that the pyrazole C3 position of 83 has a pKa of 32.8 and furan C2 

38.4. The pKa is defined as -log10[Ka] whereby Ka is the acid dissociation constant, 

https://perkinelmerinformatics.com/products/research/chemdraw
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implying that pH = pKa when 50% of the molecule is deprotonated. Combining the 

observed results from Table 3.17 and the predicted pKa values, it is rationalised that the 

deprotonation of 82 and subsequent fluorination is under both thermodynamic and kinetic 

control. 

Performing the reaction at -78 °C leads to the kinetically controlled product, 85. The pKa 

of the C2 furan proton is six log units higher than that of the pyrazole, yet at -78 °C 

exclusive deprotonation is occurring at the furan. The C2 proton is likely more accessible 

and is therefore deprotonated at this temperature, whilst deprotonation of the pyrazole 

occurs at a much slower rate. Therefore, the product will exist preferentially as the C2 

product. Since no deuterium incorporation was observed at this temperature on the C3 

pyrazole suggests that the reaction rate is too slow at this temperature for the more acidic 

proton to be 50% deprotonated, therefore implying that the pyrazole is under 

thermodynamic control. Indeed, this is emphasised clearly when the reaction is warmed 

to -40 °C and a complete switch in regioselectivity is observed. A similar observation was 

seen with the use of 83. 

With the fluorinated fragments successfully isolated, our attention then moved towards 

further functionalising the novel fluorine containing fragment by means of epoxidation 

and subsequent ring opening of the furan moiety. Epoxidation with both meta-

chloroperbenzoic acid (mCPBA) and hydrogen peroxide (H2O2) were unsuccessful, 

however. Attempts to force the epoxidation by altering the equivalents of reagents as well 

as temperature yielded no reaction (Table 3.18). Nonetheless, the fluorinated products 

remain novel and have been added to the DDU fragment library, ready for screening.  

 

 

Entry Reagent(s)/eq Temperature/°C Time/h Outcome 

1 mCPBA (1.2) 0 5 N/R 

2 mCPBA (1.2) 0 – 25 16 N/R 

3 mCPBA (2.4) 0 16 N/R 
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4 H2O2 (1.2) 0 – 25 16 N/R 

5 H2O2 (3.0) -10 5 N/R 

6 H2O2 (5.2), 

NaOH (1.4) 

 

-10 16 N/R 

7 H2O2 (1.2), 

NaOH (2.2) 

-10 – 25 72 N/R 

 

Table 3.18: Attempted epoxidations. 
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3.5 Conclusions 

Throughout this chapter, several modifications to the original synthetic plans of the 

fragments were performed due to unexpected reaction outcomes as a result of either scale 

(Scheme 3.27) or reactivity challenges (Table 3.17). Successful fluorination of 72 was 

achieved from the corresponding aryl iodide and fragment 75 has been added to the DDU 

fragment library. Furthermore, investigations have detailed how fluorination of aromatic 

substrates can be under both thermodynamic and kinetic control when using nBuLi and 

NFSI as a fluorinating reagent. Lastly, employing a DoE approach drastically improved 

the yield for the cyclisation of core scaffold 47 seen in Table 3.11 which allowed for a 

more efficient synthesis. Further functionalisation of 47 resulted in three novel 

functionalised fluorinated heterocycles (52-54) being added to the DDU fragment library.  
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Chapter 4: Radical Decarboxylative Fluorination of N-Heterocyclic Acetic Acids via 

Photoredox Catalysis. 

 

4.1 Introduction  

As mentioned in Chapter 1, the ability of fluorine to impart a myriad of advantageous 

properties to small molecule, most notably in medicinal chemistry, is remarkable. The 

incorporation of fluorine into a molecule can address many challenges in drug discovery 

and lead-optimisation such as 1) improving metabolic stability, solubility, permeability 

or potency; 2) conformational control; 3) modulating pKa; and 4) by tracking the 

distribution of a compound in vivo by positron emission tomography (PET) imaging.123 

Indeed, the use of fluorine in Fragment-Based Drug Discovery to identify fragments that 

bind to a target and to explore fluorophilic regions in proteins via 19F NMR has greatly 

enhanced its utility. One of the earliest reported synthesis of fluorinated drugs was 5-

fluorouracil, synthesised in 1957.123 Since then, the incorporation of fluorine into drug 

molecules has grown steadily, such that more than 300 fluorine containing 

pharmaceuticals have been registered globally. In 2021, fluorine-containing drugs 

accounted for nearly 20% of new FDA approved drugs for that year,124 as can be seen in 

Figure 4.1 below.  

 

 

Figure 4.1: Drugs approved by the FDA in 2021 by class. Figure taken from Albericio et al.124 

 

Despite the high prevalence of fluorinated compounds within medicinal chemistry, there 

remains a significant need to develop new and efficient fluorination strategies for fluorine 

incorporation.  

Heterocycles represent a very common structural motif within medicinal chemistry, most 

commonly nitrogen heterocycles or various combinations of nitrogen, sulfur and oxygen 
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in five- or six-membered rings. Over 85% of all biologically active molecules contain a 

heterocycle because they can modulate solubility, lipophilicity, polarity, and hydrogen-

bonding capacity, resulting in an improved ADMET profile of a drug candidate. Since 

many natural products contain heterocycles, there has been an increasing widespread use 

of them within medicinal chemistry to expand the available drug-like chemical space and 

generate more effective drug discovery programmes . As a result of this, there have been 

significant synthetic methodology advances to construct heterocycles, such as using metal 

catalysed cross couplings.125 Combing the importance of heterocycles with the attractive 

benefits of fluorine incorporation (described in Chapter 1.1.6) led us to investigate new 

methodology to synthesise fluorinated heterocycles. 
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4.1 Brief Overview of Fluorination Strategies in Medicinal Chemistry.  

 

Since the isolation of fluorine gas (F2) by Henro Moissan in 1886,126 safer and easier to 

handle electrophilic sources of fluorine have been developed and synthesised. Indeed, 

significant advances in nucleophilic fluorination have also occurred as described below. 

Nucleophilic Fluorination 

Since fluoride is the smallest anion, the high charge density causes the unsolvated anion 

to be strongly basic. This solvation can affect the nucleophilicity of fluorine by forming 

stable solvation shells. Some alkali fluorides, such as LiF, KF and CsF can be used as 

nucleophilic fluorination reagents, however these are sometimes used in combination 

with crown ethers127 to increase the fluorides solubility and reactivity, especially in the 

case of LiF where the strong ionic strength decreases the nucleophilicity and solubility of 

fluoride ions in the solution. The use of tetraalkylammonium ions can increase the 

solubility of fluoride in organic solvents and lessen the ionic bond strength. To this effect, 

tetrabutylammonium fluoride (TBAF) is the most common and widely used quaternary 

ammonium salt. The synthesis of anhydrous TBAF was developed to overcome the 

hydrogen bond formation between TBAF and water, which diminishes the nucleophilicity 

of fluoride. 

Further advances in the field of nucleophilic fluorination have extended to the use of 

sulfur-based reagents. Whilst combinations of SF4 and HF provide a powerful means to 

successfully fluorinate organic molecules, their toxicity, volatility, and specialised 

handling has resulted in safer alternatives being developed. Notably, (diethylamino)sulfur 

trifluoride (DAST) has found widespread use in organic synthesis. DAST still comes with 

its safety hazards and as such, safer and more stable analogues such as 4-

morpholinosulfur trifluoride (Morpho-DAST) and bis(2-methoxyethyl)aminosulfur 

trifluoride (Deoxofluor) have been synthesised. (Figure 4.2). 

 

 

Figure 4.2: Common nucleophilic fluorination reagents. 
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Electrophilic fluorination  

Many early electrophilic fluorinations strategies employed the use of fluorine gas as the 

fluorine source. Safer and easier to handle alternative reagents such as hypofluorites, 

perchloryl fluoride and xenon difluoride (XeF2) have been developed. Despite this 

advancement, these electrophilic reagents are powerful oxidants and have limited 

substrate scope. In the past 30 years, the development of bench-stable, crystalline 

fluorinating reagents such as N-fluorobis(phenyl)sulfonamide (NFSI), N-

fluoropyridinium salts and 1-chloromethyl-4-fluoro-1,4-diazoniabocyclo[2.2.2]octane 

bis(tetrafluoroborate), (Selectfluor®) has revived electrophilic fluorination development. 

(Figure 4.3). 

 

 

Figure 4.3: Electrophilic fluorination reagents 

 

Radical-based fluorination methodologies 

Radical fluorination strategies provide a complimentary approach to traditional 

nucleophilic and electrophilic fluorination strategies. Whilst sources of atomic fluorine 

such as fluorine gas and trifluoromethyl hypofluorite proved valuable in the early days of 

radical-based fluorination methodologies; safer, easier to handle and commercially 

available sources of radical fluorine (F•) were developed. The first of such was xenon 

difluoride which is a stable crystalline solid at rt. XeF2 reacts with alkenes, for example, 

to produce vicinal and geminal alkyl fluorides since it can act as both an electrophilic and 

radical source of fluorine.128 Further examination of this reaction showed that fluorination 

occurred faster if the alkene had a lower ionisation potential, suggesting a single electron 

transfer (SET) process is involved.129 

The radical reactivity of XeF2 was further exemplified by the work of Patrick et al. who 

reported the decarboxylative fluorination of carboxylic acids with XeF2 and catalytic 

amount of hydrofluoric acid (HF) to yield the corresponding fluoroalkanes in good 

yield.130 The mechanism by which the decarboxylative fluorination occurs can proceed 

through both an ionic and radical pathway. In the ionic pathway, the carboxylic acid (87) 

reacts with XeF2 to produce a mixed fluoroxenon ester (88) which is then attacked by a 
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fluoride source to yield the fluoroalkane (89) with expulsion of CO2, xenon gas and 

fluoride anion. The radical pathway is analogous to a Hunsdiecker-like decarboxylation, 

whereby fluoroxenon ester (88) undergoes radical decarboxylation to yield alkyl radical 

(90) which can then either react with radical fluorine to form the fluoroalkane (89) or 

undergo SET to generate a carbocation (91). The fluoroalkane is synthesised by reaction 

of the carbocation with a fluoride anion. (Scheme 4.1) 

 

 

Scheme 4.1: Two mechanisms for the formation of fluoroalkenes. 

 

 

Decarboxylative fluorination 

The ever-increasing importance of fluorinated compounds in the pharmaceutical and 

agrochemical sector has placed great importance on the development of new and novel 

synthetic methods for fluorine incorporation.131 Of these new methods, the 

decarboxylative process has found the greatest use due to; 1) the use of inexpensive and 

readily available substrates; 2) the potential to selectively yield reactive species under 

mild conditions with the use of NFSI or Selectfluor as the fluorine source; 3) the expulsion 

of CO2 and the simplified purification.132 More recently, the use of visible light promoted 

photoredox decarboxylative fluorination as a safe, inexpensive and renewable source of 

chemical energy has emerged as an attractive theme in organic chemistry.131 The catalysts 

used in these processes absorb light and generate a photoexcited state with a sufficiently 

long lifetime to allow it to engage in bimolecular electron-transfer reactions. Whilst the 
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ground-state of the catalysts (usually ruthenium and iridium) are poor electron oxidants 

and reductants, their excited states are highly potent single-electron transfer reagents 

(SET). Conversion of the benign catalysts to redox-active species upon irradiation with 

visible or blue light is seen as an attractive strategy in bond-forming reactions.133 

There are a number of decarboxylative strategies to incorporate fluorine into molecules, 

be it CF3,
134-136 CF2H 137 or CF, however this review will cover only the formation of 

C(sp3) – F substrates. 

The first reported decarboxylative process utilising NFSI as the fluorine source was 

reported by Sammis et al. in 2012.138 This method involved the fluorination of alkyl 

radicals via decomposition of tert-butyl peresters of carboxylic acids (92), forming the 

fluorinated product (93, Scheme 4.2). This method is also applicable to the formation of 

tertiary, benzylic and heteroatom-stabilised alkyl fluoride products. (94, 95, 96, 97.) 

Scheme 4.2). 

 

 

Scheme 4.2: Decarboxylative radical fluorination of alkylperoxides.   

Despite the success of this protocol, it requires the prior conversion of carboxylic acids 

to the peresters and the reported efficiency for fluorination of primary alkyl radicals is 

low. Additionally, the generation of highly reactive tert-butoxyl radicals is undesirable.139 

At a similar time, the group of Li reported the decarboxylative fluorination of aliphatic 

carboxylic acids (98) with Selectfluor and catalytic amount of silver nitrate (AgNO3), 

providing a convenient and efficient method for site-specific C(sp3) – F bond formation. 

The method is tolerated with a variety of functional groups including amides, esters, 

halides and ethers, further enhancing its application to more complex molecules.139 (99-

103, Scheme 4.3).139 
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Scheme 4.3: Decarboxylative fluorination of aliphatic carboxylic acids. 

 

The reaction is described to proceed via an oxidative decarboxylative process whereby 

Ag(I) is oxidised by Selectfluor, generating an Ag(III) – F intermediate which then 

undergoes SET with a carboxylate anion generating the divalent silver intermediate, 

Ag(II) – F and a carboxyl radical. The formed alkyl radical (from the decarboxylation) 

abstracts a fluorine atom from Ag(II) – F affording the alkyl fluoride product. It was noted 

that the reaction did not proceed when NFSI was used instead of Selectfluor, presumably 

since NFSI is a much weaker oxidant and thus, couldn’t generate the high-valent silver 

species.139 

Concomitantly, Sammis, Paquin and co-workers reported the first example of 

photocatalysed C(sp3) – F bond formation using Ru(bpy)3Cl2 photocatalyst and 

Selectfluor as the fluorinating source.140 This method saw the conversion of aryloxyacetic 

acid derivatives (104) converted to their fluorinated counterparts (105) via a photoredox 

pathway involving SET from the triplet metal-to-ligand charge transfer (MLCT) state of 

ruthenium catalyst to Selectfluor. The SET process is the main step in the reaction as it 

forms the key oxidant required for the decarboxylative fluorination. This new method 

allowed greater access to a broader range of substrates, including aromatics with electron-

withdrawing substituents such as fluorine and bromine.140 (106-109, Scheme 4.4). 

 

Scheme 4.4: Decarboxylative fluorination of aryloxyacetic acids. 
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MacMillan et al. further expanded the scope of photoredox-assisted decarboxylative 

fluorination strategy with the conversion of a wide range of aliphatic carboxylic acids 

(110) into their corresponding alkyl fluorides (111-116, Scheme 4.5). This method used 

catalytic amounts of iridium or ruthenium catalysts, with Selectfluor as the fluorine 

source under blue light irradiation. The attractiveness of this method is the lower amounts 

of Selectfluor required to perform the fluorination (up to 3 equivalents compared to >5 

for other methods), as well as the short reaction times at rt and generality to a wide range 

of substrates.131 

 

 

Scheme 4.5: Decarboxylative fluorination of aliphatic carboxylic acids at room temperature. 

 

The decarboxylative strategies described above offer complimentary, efficient, and 

effective methods to traditional nucleophilic and electrophilic fluorination and offer a 

greater access to fluorinated products starting from readily available carboxylic acids. 

Despite this, there are no reported decarboxylative fluorination processes whereby the 

carboxylic acid is attached to an heteroaromatic compound. Given the high prevalence of 

heterocycles and indeed, fluorinated heterocycles in medicinal chemistry, we sought to 

further expand and develop an efficient and general method towards a range of 

monofluoromethyl heterocycles from N-heteroaromatic acetic acids. (Scheme 4.6). 

 

 

Scheme 4.6: The proposed decarboxylative fluorination of N-heteroaromatic acetic acids. 
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4.2 Results and discussion  

 

The work by the MacMillan group131 served as a starting point for the investigation 

towards an efficient decarboxylative fluorination of N-heteroaromatic acetic acids.  

We first explored the proposed decarboxylative fluorination reaction using benzimidazol-

1-yl acetic acid (117) as the test substrate, employing conditions reported by 

MacMillan.131 Gratifyingly, a 68% isolated yield of the desired fluorinated product (118) 

was obtained under these conditions. (Scheme 4.7) 

 

 

Scheme 4.7: Successful decarboxylative fluorination of acetic acid 31, employing conditions reported by 

MacMillan.131 

 

With this result to hand, we then sought to perform a synthetic methodology programme 

to optimise reaction conditions to further increase the isolated yield and expand the 

substrate scope. To achieve this, all parameters were investigated; 1) the type of catalyst 

and catalytic loading; 2) the base used and number of equivalents; 3) the equivalents of 

Selectfluor; 4) the solvent system and solvent ratio; and 5) the time of the reaction, 

determined by performing a time-point analysis. With the optimisation of these 

conditions, the further utility of the method could be explored with a range of substrates. 

Before the optimisation commenced, it was paramount that a reliable and easy to use 

conversion assay was set up so that reactions could be monitored quickly and reliably. 

We had initially envisioned monitoring the reactions by fluorine NMR, using 4,4’-

difluorobenzophenone as the internal standard, however this proved cumbersome with 

the NMR spectra of the crude reaction mixture often being difficult to interpret. The NMR 

of the reaction post work-up offered a clearer spectrum, however concerns about some 

product being lost to the aqueous phase on work up, resulting in an inaccurate 

representation of the conversion to product meant that another screening assay had to be 

performed. Our attention then moved towards analysing the conversions by LCMS. The 

results are shown in Table 4.1 below. Pleasingly the issues observed when both caffeine 

and 1-naphthol were used were successfully overcome when the internal standard was 
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changed to 4,4’-di-tert-butylbiphenyl and an 88% conversion to desired product was 

observed (n=3). With the successful LCMS conversion assay in place, reactions could 

now be analysed in fewer than 10 mins.  

 

 

Internal 

standard 

Retention 

time/min 

Linearity at 0.1, 

0.01 & 0.001M? 

(Y/N) 

Comments 

 

Caffeine 

 

1.15 

 

Y 

Analysis of the reaction mixture 

showed that caffeine peak was 

dragging resulting in inaccurate 

conversion 

 

1-Naphthol 

 

1.54 

 

Y 

Analysis of the reaction mixture 

showed that 1-naphthol was 

shouldering with product peak 

resulting in inaccurate 

conversion 

 

4,4’-Di-tert-

butylbiphenyl 

 

2.52 

 

Y 

 

Not interfering with reaction. 

Accurate conversion 

 

Table 4.1: LCMS conversion assay results with different internal standards. 
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4.3 Test Reactions 

 

No conversion to fluorinated product was observed in the absence of Selectfluor (Table 

4.2, Entry 1), iridium photocatalyst (Entry 2), water (Entry 3) or blue light (Entry 4) 

Interestingly, a 5% conversion to product was observed in the absence of base (Entry 5). 

However, conversion to product never increased greater than 5% (n=6). These results 

indicate that the reaction require these conditions for the successfully conversion to 

fluorinated product. 

 

 

Entry Conditions Conversion/% (N=3) 

 

1 

Ir[Df(CF3)ppy2](dtbbpy)P

F6, Na2HPO4, H2O/MeCN, 

Blue LED 

 

0 

 

2 

Na2HPO4, Selectfluor, 

H2O/MeCN, Blue LED 

 

0 

 

3 

Ir[Df(CF3)ppy2](dtbbpy)P

F6, Na2HPO4, Selectfluor 

MeCN, Blue LED 

 

0 

 

4 

Ir[Df(CF3)ppy2](dtbbpy)P

F6, Na2HPO4, Selectfluor 

H2O/MeCN 

 

0 

 

5 

Ir[Df(CF3)ppy2](dtbbpy)P

F6, Selectfluor 

H2O/MeCN, Blue LED 

 

5* 

 

Table 4.2: Control reactions. *N=6. 
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4.4 The effect of catalyst  

 

Based on reports by the MacMillan group, it is hypothesised that the mechanism by which 

this N-heteroaromatic acid pathway proceeds is like that of the aliphatic decarboxylation. 

The proposed mechanism involves irradiation of heteroleptic iridium (III) photocatalyst 

(119) to yield the excited *Ir(III) species (120). Reduction of a sacrificial quantity of 

Selectfluor (121) by the excited *Ir(III) (120) via SET yields the highly oxidising Ir(IV) 

species (122). This species then reacts, via a SET oxidation, with the N-alkyl carboxylate 

of 117 generated by base-mediated decarboxylation to form the corresponding radical 

(123). Direct F-transfer from Selectfluor to the radical 123 furnishes the desired 

fluorinated product (118) whilst concomitantly forming the corresponding Selectfluor 

radical 124 required for the *Ir(III) to be reduced. Reduction of Ir(IV) (122) regenerates 

the ground state photocatalyst 119. (Scheme 4.8). 

 

 

Scheme 4.8: The proposed catalytic cycle for the decarboxylative fluorination of N-heteroaromatic acetic acids. 

Modified from MacMillan et al.131 

 

The catalytic cycle involves two key steps. The first is the ability of excited-state catalyst 

(120) to undergo oxidative quenching with Selectfluor and second, the newly formed 

highly oxidising species (122) required for the SET process with the corresponding alkyl 

radical (117). Further investigations performed by the MacMillan group proposed that the 

initial reduction of Selectfluor is likely to be the initiator for the catalytic cycle.131 

Consequently, the first optimisation we investigated was the relationship between the 

catalyst and the conversion to the desired fluorinated product. A range of common 
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inorganic photoredox catalysts were chosen, along with a handful of organic catalysts, 

with their oxidative quenching and reduction potentials quoted in the table below. (Table 

4.3). 

 

 

Entry Photocatalyst E1/2 

M+/M* 

(V) 

E1/2 M+/M 

(V) 

Conversion/% Standard  

deviation 

1 Ir[dF(CF3)ppy]2(dtbbpy)

PF6 

-0.89 +1.69 88 2.16 

2 [CpIrCl2]2 - - 36 1.88 

3 Ir[p-F(Me)ppy]2-(4,4’-

dtbbpy)2PF6 

- - 87 1.41 

4 Ir[dF(CF3)ppy]2(bpy)PF6 -1.00 +1.32 86 5.79 

5 Ir[ppy]3 -1.73 +0.77 47 6.12 

6 Ir[(dtbbpy)(ppy)]2PF6 -0.96 +1.21 63 4.11 

7 Ir[dFppy]3 -2.11 +1.18 82 2.62 

8 Ru[Phen]3Cl2 -0.87 +1.26 46 1.24 

9 Ru[bpy]3Cl2 -0.81 +1.29 44 2.23 

10 Mes-Acr-Me - - 12 2.75 

11 Eosin-Y -1.06 +0.79 5 3.51 

12 Rose Bengal  -1.13 +1.18 22 4.98 

 

Table 4.3: Photocatalyst screen. 

. 

As evidenced from Table 4.3 above, there is a clear relationship between the reduction 

potential E1/2
Red M+/M of the catalyst and the conversion to fluorinated product, with higher 

values and therefore more strongly oxidising catalysts, yielding the highest conversion. 

In the majority of cases, the iridium-based catalyst outperformed the ruthenium catalysts, 

especially in the case of Entry 1 & 9. Ru[bpy]3Cl2 has been shown to be an excellent 

photoredox catalyst, yet in this instance it was severely outperformed by 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (Entry 1 & 9). One possible explanation of the observed 
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difference in conversion is that the lifetime of the excited state of entry 1, that being 

*Ir(III), is 2300 ns compared to 1100 ns133 of the ruthenium counterpart. The longer-lived 

excited state potentially leads to a higher probability of forming an excited-state substrate 

which is poised for SET process. Furthermore, it is evident from Table 4.3 that the 

counterions of the catalyst influence the conversion the product. High conversions to 32 

were observed when fluoride counterions were used, such as PF6 (Entries 1,3,4,6). A 

drop off was observed when the fluoride counterions were changed to chloride (Entries 

2,8 & 9). Similar reports have been documented in the literature and it has been proposed 

that the fluoride counterions result in a longer-lived excited species.141 The incorporation 

of fluorine into the catalyst also results in high conversions.  

With no other catalyst providing a significantly improved conversion to the desired 

compound, the Ir[dF(CF3)ppy]2(dtbbpy)PF6 catalyst (Entry 1) remained the catalyst of 

choice for this reaction.  

 

4.5 The Effect of Reaction Time 

 

With the catalyst chosen (Entry 1, Table 4.3), our attention then focussed on performing 

a time-point analysis to investigate whether the 16 h reaction time could be shortened 

whilst achieving comparable conversion results to that of 88% at 16 h.  

A series of experiments were undertaken varying the reaction time from 0 h to 16 h while 

maintaining the catalyst loading at 1 mol%, the equivalents of Na2HPO4 and Selectfluor 

at 2 and 3 respectively and the solvent system of H2O/MeCN (1:1 v/v) kept constant.  

Using 13 different reaction vials, regular timepoints were taken over 16 h, starting at 0 h. 

The results shown in the graph below (Figure 4.4) show that all reactions resulted in high 

conversion to product 118. Furthermore, the first hour of the reaction yields the highest 

conversion, with a conversion of 91% after 1 h. After this time, the conversion plateaued 

at around 88% after 16 h. The reaction was repeated in duplicate, and the graph below 

shows the average conversion to product over time. 

Further dosing of the reaction mixture at 8 h and 14 h with additional iridium catalyst did 

not result in an increase in conversion to desired product, neither did further dosing of 

Selectfluor. These results suggest the possibility of an off-cycle pathway, such as the 

substrate undergoing decarboxylation and subsequent protonation, or the radical being 

trapped by another source other than fluorine. Should there have been substrate 
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remaining, it is rational to have expected an increase in product conversion with an 

increase in catalyst or Selectfluor.  

Taking the results from the timepoint analysis and performing the reaction for 1 h instead 

of 16 h resulted in a 78% isolated yield therefore showing that reducing the time of the 

reaction did not result in a decrease in isolated yield.  

 

 

 

Figure 4.4: Graphical representation of the results from the timepoint analysis. 

 

 

With the optimal catalyst chosen as well as showing that the reaction time can be reduced 

by 15 h, our attention then moved to exploring the relationship between catalyst loading 

and reagent equivalents on conversion to product. 

4.6 The Effect of Catalyst Loading 

 

Iridium is one of the most precious platinum group metals and is mined as a by-product 

of platinum and palladium and as such, it would be tremendously advantageous to our 

optimisation if the catalytic loading could be decreased from 1 mol% whilst maintaining 

high conversion and simultaneously reducing overall costs and increasing elegance of the 

method.  
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As seen in Table 4.4 below, there is a direct relationship between catalyst loading and 

conversion to product, with conversion to product observed with as little as 0.1 mol% 

catalyst (Entry 2). 

 

 

Entry Catalyst loading/mol% Conversion/% 

1 1 88 

2 0.1 41 

3 0.25 86 

4 0.5 91 

5 2 92 

Table 4.4: Catalyst loading screen. 

 

Pleasingly, comparable conversion to product was observed when the catalyst loading 

was reduced from 1 mol% to 0.5 mol% (Table 4.4, Entries 1 & 4). Increasing the loading 

above 1 mol% did not result in improved conversion to product. (Entry 5). 

With the reaction time reduced and the optimal catalyst and catalytic loading identified 

our attention then moved towards investigating the effect of different bases. 

 

4.7 The Effect of Base and Solvent  

 

Both MacMillan and Sammis investigated the use of NaOH as the base for the 

decarboxylation with both groups observing different outcomes. 131, 142-143 and so it 

seemed sensible to investigate its effects in this system. The other base investigated was 

dibasic potassium phosphate (K2HPO4) to see what effect, if any, the resulting potassium 

counterion had on solubility and conversion to fluorinated analogue. The investigations 

were performed using 0.5 mol% catalyst, 3 eq of Selectfluor, for 1 h in H2O/MeCN under 

blue light irradiation. Contrary to the findings of MacMillan et al., the use of NaOH 

resulted in a 70% conversion to desired product (Table 4.5, Entry 2) with the remaining 

30% being unreacted starting material. Changing the base to K2HPO4 yielded a slightly 
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lower conversion of 55% (Entry 3) to product however this was likely due to the poor 

solubility of the base in the solvent media resulting in an heterogenous mixture, thus 

affecting the ability of the light to successfully penetrate the reaction media. However, 

neither base outperformed the 91% conversion to product that was observed when 

Na2HPO4 was used (Entry 1) presumably due to the larger extent of acid 

deprotonation.131 As such, this remained the base of choice. 

 

 

Entry Base Conversion/% 

1 Na2HPO4 91 

2 NaOH 70 

3 K2HPO4 55 

 

Table 4.5: Base screen. 

 

The role of the solvent system was next explored. We first investigated the importance of 

the volume ratios of acetonitrile and water. Using a 1:1 (v/v) ratio of MeCN/H2O yielded 

a 91% conversion to product 118 (Table 4.6, Entry 1). Increasing the ratio to 2:1 (v/v) 

MeCN/H2O had no effect on conversion to product, with conversion remaining at 91%. 

(Entry 2). Acetone has been shown to catalyse the photodecarboxylation of alkyl 

carboxylates whilst in the presence of SET acceptors.142 Swapping MeCN for acetone 

((CH3)2CO) and performing the reaction in a 1:1 (v/v) (CH3)2CO/H2O resulted in 

conversion to desired product, but at a lower 60%. (Entry 3). Increasing the volume ratio 

of (CH3)2CO/H2O to 2:1(v/v) resulted in a further decrease in conversion to desired 

product presumably due to the poor solubility of Selectfluor in acetone. (Entry 4). 

Removing water completely from the reaction mixture and performing the reaction in 

neat acetone resulted in a 40% conversion to desired product. When this reaction was 

performed, significant solubility issues were observed, both with the Selectfluor and 

Na2HPO4. Swapping from acetone to DCM and performing the reaction is a 1:1 mixture 

with H2O yielded a moderate 67% conversion to desired product. (Entries 4 & 5). 
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Entry Solvent system Conversion 

1 MeCN/H2O (1:1 v/v) 91 

2 MeCN/H2O (2:1 v/v) 91 

3 (CH3)2CO/H2O (1:1 v/v) 60 

4 (CH3)2CO 40 

5 DCM/H2O (1:1 V/V) 67 

 

Table 4.6: Solvent screen. 

 

The MeCN/H2O (1:1 v/v) ratio gave the best conversion to desired product. This is 

because the miscible mixture provides a homogenous solution for the reaction by 

completely solubilising both Seletfluor and the carboxylic acid. 

4.8 The Effect of Reagent Stoichiometry  

 

The current method requires an excess of both Selectfluor (3 eq) and Na2HPO4 (2 eq). As 

described above the proposed mechanism involves a reduction of sacrificial quantity of 

Selectfluor by the excited *Ir(III) to initiate the catalytic cycle. Direct F-transfer from 

Selectfluor to the radical furnishes the desired fluorinated product whilst concomitantly 

forming the corresponding Selectfluor radical required for the *Ir(III) to be reduced. 

(Scheme 4.8). 

If both the equivalents of Selectfluor and Na2HPO4 could be reduced without a decrease 

in measured conversion to the desired product, then that would enhance the attractiveness 

of this method whilst also reducing costs. 

Investigations began by altering the equivalents of Selectfluor whilst maintaining the 

equivalents of Na2HPO4 at 2. As can be seen in Table 4.7 below, there is a clear linear 

relationship between the equivalents of Selectfluor and conversion to product. Pleasingly, 

a comparable conversion of 92% to fluorinated product was achieved when the 

equivalents were reduced from 3 to 2. (Entry 4) Additionally, the results in Table 4.7 

support the idea that a sacrificial quantity of Selectfluor is required since conversion to 

product stalled at 48% when using 0.5 equivalents and only increased slightly when 1 
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equivalent was used. (Entries 2 & 3). A similar linear trend was observed when the 

equivalents of Na2HPO4 were altered whilst maintaining the Selectfluor equivalents as 3. 

 

 

Entry Selectfluor/eq Na2HPO4/eq Conversion/% 

(N=3) 

1 3 2 91 

Alter Selectfluor equivalents 

2 0.5 2 48 

3 1 2 50 

4 2 2 92 

Alter Na2HPO4 equivalents 

5 3 0.5 46 

6 3 1 69 

7 3 1.5 78 

8 3 2 91 

 

Table 4.7: The effect of reagent stoichiometry on conversion to fluorinated product 118. 

 

However, reducing the equivalents of base below 2 did not result in an improved 

conversion to product as so, the equivalents remained at 2. (Table 4.7, Entries 5-7). 

To summarise, a successful catalyst screen identified the optimal catalyst of choice 

(Table 4.3, Entry 1), with the catalytic loading being reduced from 1 mol% to 0.5 mol% 

(Table 4.4, Entry 4) as well as the Selectfluor equivalents reduced from 3 to 2 whilst still 

observing excellent conversion to product (Table 4.7, Entry 4). The reaction time was 

reduced from 16 h to just 1 h whilst maintaining high conversions as seen in Figure 4.4. 

The solvent system identified the importance of the miscible solvent mixture for the 

solubility of both Selectfluor and the carboxylic acid with respect to conversion to desired 

product (Table 4.6).  
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It is also worth noting that the isolation of the product was improved such that the reaction 

mixture was concentrated on the rotary evaporator and dry-loaded immediately onto silica 

and purified by flash column chromatography, thus mitigating the need for a work-up. 

Higher isolated yields were obtained when this isolation and purification method were 

used compared to an aqueous work-up and purification. Presumably due to the high-water 

solubility of the fluorinated product. Employing these optimised conditions to 

benzimidazole resulted in a 78% isolated yield of the fluorinated product. (Scheme 4.9) 

 

Scheme 4.9: Isolated yield of 118 employing optimised conditions. 

 

4.9 Substrate Scope 

 

With these optimal conditions identified, the scope and limitations of the protocol were 

then investigated by screening a range of heterocyclic acetic acids. (Table 4.8) As 

highlighted, a range of heterocyclic acetic acids were readily converted to the 

corresponding fluorinated products. Pleasingly, benzimidazole carboxylic acids with 

electron-withdrawing substituents at the C2 imidazole position were tolerated and yielded 

the fluorinated product in high yields (126, 133). Additionally, substitution at the vicinal 

carbon of the carboxylic acid was also well tolerated with excellent yields of fluorinated 

product observed (126, 134). In the case of pyrazole (128), the lower-than-average 

isolated yield is likely attributed to the low molecular weight of the fluorinated product 

and therefore, difficulty in isolation. Interestingly, adding a methyl group significantly 

improved the isolated yield as can be seen in the case of 2-methyl imidazole (131). 

Furthermore, the protocol is tolerated with halides (127 & 135) and nitro groups (136) as 

well as substrates with cyclic amides (125, 132). In cases where the carboxylic acid is the 

sodium acetate (137, 138, 139, 140), these substrates were synthesised via alkylation with 

ethyl bromooacetate followed by hydrolysis with NaOH and isolated as the sodium 

salt.(Scheme 4.10).  
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The sodium salt did not prove problematic in this protocol, instead the protocol could be 

further enhanced since conversion to product was identified in the absence of base. Likely 

due to the readiness of the sodium salt to spontaneously decarboxylate under the reaction 

conditions. 

The attractiveness of compound 140 is the possibility of further elaboration via cross 

couplings reaction through the halide, or nitro reduction to yield the amine which can be 

further elaborated. Additionally, employing conditions previously reported in the group 

towards the synthesis of semi-saturated heterocyclic compound by means of selective 

hydrogenation,144 would allow for the further elaboration of the fluorinated products with 

the possibility of exploring new chemical space. 

 

 

Table 4.8: Expanded substrate scope for the decarboxylative fluorination of N-heterocyclic Acetic Acids. 

Scheme 4.10: Synthesis of alkylated esters 
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The decarboxylative fluorination process was also applied in flow, as a proof-of-concept 

approach. (Table 4.9). Employing the optimised conditions highlighted in Scheme 4.9 

resulted in conversion to fluorinated product 32 in as little as 2.5 mins. There was a linear 

relationship between increasing the residence time from 2.5 min to 7.5 min and the 

calculated conversion to desired product.  

 

 

Entry Reactor 

loop/mL 

Temperature/

°C 

Residence 

time/min 

Conversion/

% 

1 2 30 2.5 13 

2 2 30 5 28 

3 2 30 6 39 

4 2 30 7 45 

5 2 30 7.5 56 

 

Table 4.9: Decarboxylative fluorination applied in flow. Proof-of-concept. 

 

This protocol represents the first reported photocatalysed decarboxylative process 

performed in flow and, with further optimisation, will allow for a wider range of 

substrates to be screened in a timelier manner. Furthermore, future endeavours will focus 

on employing this protocol towards a double decarboxylative fluorination of N-

heteroaromatic malonate species to yield the novel HetN-CF2H moiety. (Scheme 4.11) 

 

 

Scheme 4.11: Future work on the double decarboxylative fluorination. 
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4.10 Conclusions 

To summarise, we have developed a photoredox-assisted decarboxylative fluorination 

protocol that has shown utility over a wide range of N-heteroaromatic acetic acids. In 

contrast to the previously described decarboxylative fluorination of aliphatic carboxylic 

acids, developed by the Baran group,131 this reaction does not require long reaction times, 

nor the high catalytic loading of the Ir catalyst. Furthermore, the importance of the solvent 

system was established as well as demonstrating that the equivalents of Selectfluor could 

be reduced whilst still maintaining excellent conversions. To our knowledge, this is the 

first reported decarboxylative fluorination strategy applied to N-Heteroaromatic acetic 

acids and provides a useful and operationally simple approach to access medicinal 

chemistry relevant fluorinated heterocycles. The proof-of-concept approach for 

performing the reaction in flow further enhances the utility of the protocol, with initial 

results suggesting that the reaction time could be reduced substantially to only a few 

minutes.  
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Chapter 5: Conclusions and Future Work 

We have presented a method to identify, computationally assess, and select novel fluorine 

containing heterocyclic fragments to explore the pharmaceutical space and the subsequent 

synthesis of some of these fragments. Our method to score the fragments based on 

elaboratiability prior to synthesis is a novel idea compared to current literature methods. 

Our approach sought to identify and synthesise novel medicinally relevant fluorinated 

nitrogen heterocycles to introduce new scaffold diversity into fragments libraries, with 

the idea of accessing under-represented areas of chemical space particularly for F19 NMR.  

We developed a computational Pipeline Pilot workflow through a series of iterations to 

analyse and identify novel fluorinated heterocycles (the dataset). The number of synthetic 

steps of these novel fragments was calculated using both a Synthetic Accessibility Score 

and a retrosynthetic AI scoring system. Further, applying an elaboratability metric to the 

fragments ensured that only the most elaboratable, synthetically accessible and quickest 

fragments were chosen to be synthesised. Using a principal moment of inertia (PMI) plot, 

we compared the structural diversity of the dataset with commercial fragment libraries to 

ensure that we were exploring underreported chemical space. 

The calculated physicochemical properties of the dataset showed ideal physicochemical 

properties that are in-line with the “Rule of 3” guidelines. Furthermore, the properties of 

the fragments also offered flexibility to be further developed and functionalised while still 

maintaining good physicochemical properties in fragment-to-lead development 

programmes .  

From the computational analysis, 4 fragments were chosen to be synthesised, 16, 19, 20, 

23. The synthetic work highlighted that although the identified fragments seemed to have 

a simple scaffold, the synthesis was not trivial. Since fluorine incorporation into the 

molecules is novel, there are limited literature reports of synthetic methodology to access 

these compounds. Trialling a myriad of fluorination protocols, such as C – H activation, 

proved challenging and as such, fluorination incorporation was achieved via traditional 

means. Additionally, the low molecular weight and sometimes high polarity of the 

fragments made the synthesis challenging. While there are many newer fluorination 

strategies to aid with late-stage fluorination, many are either substrate specific or require 

functional groups in the molecule to help direct fluorination and so, there is still a real 

need to develop late-stage fluorination strategies, particularly on nitrogen containing 

heterocycles. Despite this however, four new fragments, and their subsequent 

functionalisation’s, have been added to the DDU fragment library. It was never the aim 
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of this project to screen these fragments against in-house targets, however future work 

could look at doing this. 

Future work should also look at utilising the computational filtering process to find 

clusters of compounds that share a common commercially available starting material as 

this will improve the efficiency of the chemical synthesis and potentially result in a 

greater number of novel compounds being synthesis. Indeed, this work was finalised 

towards the end of my PhD and a collaboration was set up with Iktos. 

Another key part of this PhD was the development of new synthetic methodology. We 

decided to focus of developing and optimising an operationally simple methodology for 

late-stage fluorination on N-heterocyclic acetic acids via a photo-redox assisted 

decarboxylative process to access medicinally relevant fluorinated heterocycles. Using 

the work developed by the Baran group on the decarboxylative fluorination of aliphatic 

carboxylic acids as precedent, we further developed this protocol towards N-heterocyclic 

acid acids. Indeed, we found that the reaction timing could be reduced from 16 h to 1 h 

while also reducing the catalytic loading from 1 mol% to 0.5 mol% which would allow 

for a more efficient, cost-effective methodology. The methodology showed excellent 

substrate scope with excellent yields obtained of the final fluorinated product. The 

attractiveness of this method is that N-acetic acids are common in late-stage drug 

molecule and so including a fluorine atom into the molecule could be a method to enhance 

the ADMET profile of the compound, for example. 

Furthermore, we demonstrated proof-of-concept approach for the fluorination by 

performing it under flow conditions, with the desired product being identified in fewer 

than 2 minutes. Future work should look at expanding on this result. The attractiveness 

of using flow chemistry is that it is possible to perform reactions that involve transiently 

formed or reactive intermediates, while also avoiding the handling of toxic or hazardous 

reagents.145 Future work should also look at performing a double decarboxylative 

fluorination on N-heteraromatic malonates as this would be a completely novel 

transformations. Due to time constraints on my PhD, I was unable to pursue this further. 

 

 



108 
 

Chapter 6: Experimental  

6.1: General Methods 

Chemicals and solvents were purchased from the Aldrich Chemical Company, Fluka, 

Enamine, Acros, Fluorochem and Alfa Aesar and were used as received. Alkyl lithium 

reagents were titrated against N-benzyl benzamide before use. Air and water sensitive 

reactions were carried out under an inert nitrogen atmosphere in oven dried glassware. 

Analytical thin-layer chromatography (TLC) was performed on precoated TLC plates 

(layer 0.20 mm silica gel 60 with fluorescent indicator UV254, from Merck). Developed 

plates were airdried and analysed under a UV lamp (UV 254 nm / 365 nm) and by staining 

with permanganate, ninhydrin, or Vanillin. Flash column chromatography was performed 

on prepacked silica gel cartridges (230 – 400 mesh, 40 – 63 µm, from SiliCycle) using a 

Teledyne ISCO Combiflash Rf or Combiflash Rf 200i. Reverse phase purification was 

performed on a Teledyne Isco ACCQPrep HP150 using a Redisep C18, 100Å, 5μm, 150 

x 20 mm neutral column, eluting 10 – 100 % MeCN/H2O. 

1H NMR (400 MHz or 500 MHz), 13C NMR (100 MHz or 125 MHz), 19F NMR (470 

MHz), and 2D NMR spectra were recorded in CDCl3, MeOD-d4 or DMSO-d6 using a 

Bruker Advance spectrometer. Proton chemical shifts are reported in ppm relative to the 

residual CDCl3 peak (δ = 7.26 ppm), MeOD-d4 peak (δ = 3.31 ppm) or DMSO peak 

(δ = 2.50 ppm). Multiplicities are given as s (singlet), d (doublet), t (triplet), q (quartet), 

quint (quintet), m (multiplet), dd (doublet of doublets), td (triplet of doublets), dt (doublet 

of triplets) or as a combination of these. Coupling constants (J) are quoted to the nearest 

0.1 Hz. 13C chemical shifts are reported in ppm relative to the residual CDCl3 peak 

(δ = 77.16 ppm), MeOD-d4 peak (δ = 49.00 ppm) or DMSO peak (δ = 39.52 ppm). 

Assignment of proton and carbon signals was achieved using COSY, HSQC, HMBC, 

DEPTQ and NOSEY experiments. LCMS analyses were recorded on an Advion Compact 

mass spectrometer (CMS: model ExpressIon CMS) connected to Dionex Ultimate 3000 

UPLC system with diode array detector an Advion Compact Mass Spectrometer (CMS; 

model ExpressIon CMS) connected to Dionex Ultimate 3000 UPLC system with diode 

array detector or on a or a Shimadzu Nexera X2 UHPLC. HPLC chromatographic 

separations were conducted using a Waters XBridge C18 column, 2.1 x 50mm, 3.5 µm 

particle size or Waters XSelect 2.1 x 30mm, 2.5 µm particle size. The compounds were 

eluted with a gradient of 5 to 95% acetonitrile in water + 0.1% Ammonia or + 0.1% formic 

acid. High resolution electrospray measurements were performed on a Bruker Daltonics 

MicrOTOF mass spectrometer or an Agilent 1290 Infinity II series instrument with a 
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Phenomenex Gemini NX 5 µm C18, 30 × 2.1 mm column at 40 °C under gradient elution 

(5–95% solvent B over 1.95 min) connected to Agilent TOF 6230 single quadrupole with 

a ESI source. Mobile phase: solvent A: water/10 mM ammonium formate/0.08% (v/v) 

formic acid (pH = 3.5). Solvent B: acetonitrile/5.3% (v/v) solvent A/0.08% (v/v) formic 

acid. 

6.2: General Procedures 

 

General Procedure A: Hydrazone synthesis 

To a 5 mL round bottomed flask was charged 3-bromo-2-formylfuran (1 g, 5.74 mmol, 

1.0 eq) and EtOH (4 mL). The atmosphere exchanged via 5 vacuum/N2 cycles, hydrazine 

(6.86 mmol, 1.2 eq) was added in one portion and heated at 78 °C for 2 h. The solvent 

was removed to yield the desired products. 

General Procedure B: Hydrazone cyclisation 

To a round bottomed flask or microwave vial was charged hydrazone 80-82 (1.0 eq), 

Copper (I) iodide (2.0 eq) and tribasic potassium phosphate (2.0 eq) and the atmosphere 

exchanged via 5 vacuum/N2 cycles. DMSO (0.4 M) was added, and the reaction heated 

at 100 °C overnight. The reaction was cooled to rt and quenched with the addition of 

water (20 mL). EtOAc (10 mL) was added, and the phases separated. The resulting 

interfacial solids were carried through to the organic phase. The aqueous phase was 

extracted with EtOAc (3 x 20 mL), and the organics combined, washed with brine (2 x 

20 mL), dried over Na2SO4, filtered, and concentrated in vacuo to give the crude product.  

General Procedure C: Fluorination of N-Acetic acids  

A 10 mL microwave vial was charged with heterocycle (0.28 mmol, 1.0 eq), Na2HPO4, 

(0.57 mmol, 2.0 eq), Selectfluor (0.57 mmol, 2.0 eq), and Ir[dF(CF3)ppy]2(dtppy)PF6). 

(0.5 mol%). MeCN/H2O (2 mL, 1:1 v/v) was added, the vial was capped, and the solution 

de-gassed for 30 min by sparging with nitrogen. The mixture was then irradiated with a 

40 W blue LED lamp (at approximately 2.5 cm from the light source) at rt for 1 h. The 

vial was de-capped, and the solvent was removed in vacuo to give the crude product. 
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General Procedure D: Reaction Optimisation 

A 10 mL microwave vial was charged with benzimidazol-1-yl acetic acid, 118 (50 mg, 

0.284 mmol), Na2HPO4, (80.6 mg, 0.567 mmol), Selectfluor (272.3 mg, 0.851 mmol), 

and Ir[dF(CF3)ppy]2(dtppy)PF6) (3.18 mg, 1 mol%). MeCN/H2O (2 mL, 1:1 v/v) was 

added, the vial was capped, and the solution de-gassed for 30 min by sparging with 

nitrogen. The mixture was then irradiated with a 40 W blue LED lamp (at approximately 

2.5 cm from the light source) at rt for 1-16 h. The vial was de-capped and a solution of 

4,4’-di-tert-butylbiphenyl (0.05 M, 1 mL) MeCN was added to the crude reaction, and an 

aliquot was analysed by LCMS. 

General Procedure E: Alkylation of N-Heterocycles 

For N-heterocyclic acetic acids not commercially available. To a suitably sized round 

bottomed flask was added the relevant heterocycle (1.0 eq), K2CO3 (2.0 eq) and DMF 

(0.3 M), and the atmosphere exchanged via 5 vacuum/N2 cycles. Ethyl bromoacetate (1.8 

eq) was added in one portion and the reaction heated to 90 °C overnight. The reaction 

was cooled to rt, and DCM (10 mL) added, and the phases separated. The aqueous phase 

was extracted with DCM (2 x 8 mL), and the organics combined. The organics were 

washed sequentially with 10% aqueous LiCl solution (2 x 10 mL) and brine (10 mL), 

dried over Na2SO4, filtered, and concentrated in vacuo to yield the crude product which 

was purified by flash column chromatography to yield the product. 

General Procedure F: Ester Hydrolysis to Yield N-Heterocyclic Acetic acids  

To a suitably sized round bottomed flask was charged N-heterocyclic acetic acid (1.0 eq) 

in THF (0.4 M). A concentrated aqueous solution of NaOH (2 M, 2.0 eq) was added, and 

the reaction stirred at rt overnight. The solvent was removed in vacuo to yield the product 

as the sodium salt. 

 

Standard Method for LCMS Conversion Assay for Decarboxylative Fluorination 

• Prepare 0.01 M standard solutions of starting material benzimidazol-1-yl acetic 

acid (118) internal standard (IS) 4,4’-di-tert-butylbiphenyl and product 1-

(fluoromethyl)-1H-benzo[d]imidazole. 

• To an LCMS vial add 200 µL of the IS standard solution, 200 µL standard solution 

of 118, 600 µL of MeCN and 500 µL of H2O 

• Repeat this for a total of 3 samples 
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• Calculate the conversion factor (cf) for the reaction based on a 1 : 1 ratio of IS : 

Product 

 

𝑐𝑓 =  
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝐼𝑆
 

 

• Calculate the cf for each sample and calculate the average cf for the 3 samples 

• For standard sampling of the reaction mixtures, the ratio of IS : Product is 0.25 : 

1. Therefore, the percentage conversion of the reaction can be calculated using: 

𝑥 =  
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 𝑃𝑟𝑜𝑑𝑢𝑐𝑡

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝐼𝑆 𝑥 4
 

 

% 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑥

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑓
 

 

Standard Method for Sampling of Reaction Mixture for decarboxylative 

fluorination 

Samples for LCMS analysis were prepared through the addition of 2 mL of IS standard 

solution (0.031 M) to the completed reaction mixture. The resulting solution was then 

stirred for 5 min before the removal of 200 µL aliquot. The aliquot was diluted to 1 mL 

with MeCN, a 200 µL aliquot of the diluted solution was then filtered through cotton 

wool and further diluted with 800 µL MeCN and 500 µL H2O for LCMS analysis against 

the established conversion factor.  

 

6.3: Experimental Procedures and Characterisation 

 

Tert-butyl (3Z)-3-(dimethylaminomethylene)-4-oxo-pyrrolidine-1-carboxylate, 25 

 

To a 3-neck, 500 mL round bottomed flask was charged 1,1,-dimethylethyl-3-

oxopyrrolidine-1-carboxylate, 26 (20 g, 107.9 mmol) in heptane (140 mL). 

Dimethylamino)acetaldehyde dimethyl acetal (148.79 mL, 1120 mmol) was then 
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carefully added in one portion and heated to 105 °C for 4 h. The reaction mixture was 

cooled to rt, and solvent removed in vacuo to yield an orange solid which was collected 

by suction filtration using a glass sinter. The solids were washed with a minimal amount 

of cold heptane and left to dry under vacuum for 2 h to afford the title compound (15 g, 

59%) as an orange solid. 

Rf = 0.60 (Et2O : EtOAc, 80:20) 

1H NMR (500 MHz, CDCl3) δ 7.29 (s, 1H, CH-N(CH3)2), 4.55 (d, J = 21.8 Hz, 2H, 

CH2CO), 3.82 (d, J = 24.9 Hz, 2H, CH2C), 3.08 (s, 6H, N(CH3)2), 1.48 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, CDCl3) δ 197.5 (COCH2), 155.3 (NCO(CH3)3), 146.9 

(CHN(CH3)2), 99.5 (CCH2N), 80.1 (C(CH3)3), 53.4 (CH2CO), 47.5 ((CH3)2N), 36.4 

(CH2NCO), 28.4 ((CH3)3C). 

HRMS (ESI) for C12H21N2O3 ([M+H]+) calcd. 241.153, found 241.1577 

Tert-butyl 4,6-dihydro-2H-pyrrolo[3,4-c]pyrazole-5-carboxylate, 24 

 

To a 20 mL microwave vial was charged tert-butyl (3E)-3-(dimethylaminomethylene)-4-

oxo-pyrrolidine-1-carboxylate, 16 (3.5g, 8.86 mmol) in EtOH (12 mL). Hydrazine 

monohydrate (60 – 65% in H2O, 2.145 mL, 29.2 mmol) was added and the vessel was 

irradiated at 87 oC for 12 h using a CEM Explorer XS3080 microwave. The solvent was 

removed in vacuo and the product purified by flash column chromatography [Silica, Et2O 

: EtOAc (100 : 0 – 20 : 80)] to yield the title compound (8.1 g, 62%) as a white solid 

Rf = 0.38 (Et2O : EtOAc, 80:20) 

1H NMR (500 MHz, d6-DMSO) δ 12.64 (s, 1H, NH), 7.49 (d, J = 13.7 Hz, 1H, CHNH), 

4.32 (d, J = 13.2 Hz, 4H, (CH2)2), 1.45 (s, 9H, CH3)3). 

13C NMR (101 MHz, d6-DMSO) δ 153.66 (COC(CH3)3), 152.7 (CNNH), 121.5 (CHNH), 

117.9 (CCHNH), 78.1 (C(CH3)3, 45.1 (CH2CNNH), 44.7 (CH2CCH), 28.3 (CH3)3). 

LCMS found m/z 210.29 [M + H]+ 
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Attempted radical-based difluoromethylation using conditions reported by Baran.94 

 

 

 

To a 5 mL round bottomed flask was charged tert-butyl 4,6-dihydro-2H-pyrrolo[3,4-

c]pyrazole-5-carboxylate, 24 (22 mg, 0.105 mmol) in DCM. Zinc 

difluoromethanesulfinate (62.1 mg, 0.210 mmol), 2,2,2-trifluoroacetic acid (0.0081 mL, 

0.105 mmol) and tert-butyl hydrogen peroxide (70% in H2O, 0.07 mL, 0.525 mmol) was 

added, and the reaction was stirred at rt overnight. No reaction was observed. Additional 

zinc difluoromethanesulfinate (62.1 mg, 0.210 mmol) and tert-butyl hydrogen peroxide 

(70% in H2O, 0.07 mL, 0.525 mmol) was added and the reaction stirred for an additional 

24 h. No reaction was observed. Altering the equivalents of reagents and changing solvent 

system also resulted in no reaction. 

Entry DMFS 

(eq) 

TBHP 

(eq) 

Time/h Solvent Outcome 

1 2.0 3.0 24 DCM/H2O (2.5:1) N/R 

2 4.0 6.0 24 DCM/H2O (2.5:1) N/R 

3 10 6.0 24 DCM/H2O (2.5:1) N/R 

4 10 6.0 48 DCM/H2O (2.5:1) N/R 

5 10 6.0 24 DMSO/ H2O (2.5:1) N/R 

6 10 8.0 24 DCM/H2O (2.5:1) N/R 

 

Attempted diversification with zinc suflinates. 

 

 
 

To a 5 mL round bottomed flask was charged tert-butyl 4,6-dihydro-2H-pyrrolo[3,4-

c]pyrazole-5-carboxylate, 24 (22 mg, 0.105 mmol) and Zinc salt (2.0 – 3.0 eq) in DMSO 

(1 mL). The flask was cooled to 0 °C and tert-butyl hydrogen peroxide (70% solution in 
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H2O, 3.0 – 5.0 eq) was added and the reaction heated at rt and 50 °C overnight. No 

reaction was observed with any of the zinc sulfinates.  

 

Attempted Minisci-type difluoromethylation using conditions employed by 

Nielson95. 

 

 

 

To a 5 mL round bottomed flask was charged tert-butyl 4,6-dihydro-2H-pyrrolo[3,4-

c]pyrazole-5-carboxylate, 24 (40 mg, 0.191 mmol), K2S2O8 (258.4 mg, 0.955 mmol) and 

AgNO3 (16.2 mg, 0.095 mmol) in MeCN (1 mL). 2,2-difluoroacetic acid (0.024 mL, 

0.382 mmol) was added followed by H2O (0.5 mL) and heated to 50 °C overnight. No 

reaction was observed. Altering the equivalents of reagents and temperature also had no 

effect on the reaction.  

 

Entry Acid (eq) Oxidant 

(eq) 

Temp/°C Outcome 

1 2 5 50 N/R 

2 4 5 50 N/R 

3 4 5 60 N/R 

4 4 5 80 N/R 

5 2 8 50 N/R 

6 2 10 50 N/R 

7 2 10 80 N/R 

8 4 10 80 N/R 

Tert-butyl 2-methyl-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate (29a) and tert-

butyl 1-methyl-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate (29b) 

 

To a 25 mL round bottomed flask assembled hot was added sodium hydride (60% 

dispersion in oil, 818.2 mg, 20.4 mmol). The flask was sealed and cooled to rt under a 
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stream of nitrogen before the addition of THF (20 mL) and the atmosphere exchanged via 

5 vacuum/N2 cycles. The precipitate was stirred at rt for 10 min before the dropwise 

addition of tert-butyl- 4,6-dihydro-2H-pyrrolo[3,4-c]pyrazole-5-carboxylate 24 (2.6 g, 

12.8 mmol) in THF (10 mL). The precipitate was stirred at rt for 20 min before being 

cooled to 0 °C and stirred at this temperature for a further 45 min. Iodomethane (1.19 mL, 

19.2 mmol) was added in one portion and the reaction was left to stir in the ice bath 

warming to rt overnight. Water (10 mL) was added, and the phases separated. The 

aqueous phase was extracted with EtOAc (3 x10 mL), the organics combined and washed 

sequentially with brine (3 x 10 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo to yield an inseparable mixture (1 : 0.4) of regioisomers (2.5 g, 90%) as an orange 

oil.  

Rf = 0.44 (DCM : MeOH, 95 : 5) 

29a 1H NMR (500 MHz, d6-DMSO) δ 7.46 (d, J = 11.7 Hz, 1H, CHNCH3), 4.27 (dd, J = 

20.3, 13.0 Hz, 4H, (CH2)2, 3.81 (s, 3H, NCH3), 1.45 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, d6-DMSO) δ 153.6 (CO), 152.4 (CNNCH3), 124.1 (CNCH3), 119.3 

(CCHNCH3), 78.7 (C(CH3)3), 45.7 (2xCH2NBoc), 45.1 (CH2NBoc), 38.6 (NCH3), 28.1 

((CH3)3) 

29b 1H NMR (500 MHz, d6-DMSO) 7.18 (d, J = 13.0 Hz, 1H, CHN), 4.43 (d, J = 16.2 

Hz, 4H, (CH2)2), 3.73 (s, 3H NCH3), 1.45 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, d6-DMSO) δ 152.4 (CO), 142.8 (CNCH3), 130.5 (CHN), 118.1 

(CCHN), 78.7 (C(CH3)3, 45.1 (2xCH2NBoc, 37.0 (N(CH3), 28.4 ((CH3)3). 

Spectroscopic data is consistent with literature.146 

LCMS (LC-ES) found m/z 224.27 [M + H]+ 

 

 

Tert-butyl 2-(p-tolylsulfonyl)-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 28 

 

 

 

To a 7 mL microwave vial was charged (4E)-4-(dimethylaminomethylene)-1-(3,3-

dimethylbutanoyl)pyrrolidin-3-one, 24 (150 mg, 0.63 mmol), 4-methylbenzene-

sulfonylhydrazine (257.8 mg, 1.38 mmol) and EtOH (1.1 mL). The reaction mixture was 

irradiated at 87 °C for 4 h using a CEM Explorer XS3080 microwave. Water (4 mL) was 

added to the microwave vial and a white solid crashed out which was collected by suction 
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filtration to yield the title compound (123 mg, 54%) as a white solid.  The product was 

used in the next step without further purification. 

 

1H NMR (500 MHz, d6-DMSO) δ 7.75 (d, J = 8.2 Hz, 2H, 2x CH), 7.43 (dd, J = 8.1, 3.8 

Hz, 2H, 2 x CH), 4.55 (d, J = 15.5 Hz, 2H, CH2), 4.16 (d, J = 19 Hz, 2H, CH2), 2.40 (s, 

3H, SO2CH3), 1.45 (s, 9H, (CH3)3). 

 

Attempted difluoromethylation on pyrazole protected compound using conditions 

reported by Baran and Nielson 

 

 

 

For radical induced difluoromethylation: 

To a 5 mL microwave vial was charged the appropriate heterocycle, 28 or 41 (0.154 

mmol, 1.0 eq), and difluoromethyl zinc sulfinate (0.31 mmol, 2.0 eq) in DCM/H2O (2.5 : 

1 v/v, 0.5 mL). Tert-butyl hydrogenperoxide (70% solution in H2O, 3.0 eq) was added 

and the reaction stirred at rt overnight. No reaction observed. 

 

For Minisci-type difluoromethylation 

To a 5 mL microwave vial was charged the appropriate heterocycle, 28 or 41 (0.154 

mmol, 1.0 eq), K2S2O8 (0.77 mmol, 5.0 eq) and AgNO3 (0.069 mmol, 0.5 eq) in MeCN 

(0.5 mL). 2,2-difluoroacetic acid (0.31 mmol, 2.0 eq) was added followed by H2O (0.2 

mL) and heated to 50 °C overnight. No reaction was observed.  

 

Attempted synthesis of tert-butyl 3-(2,2-difluoroacetyl)-4-oxopyrrolidine-1-

carboxylate  

 

 

To a 10 mL round bottomed flask was charged 1,1-dimethylethyl 3-oxopyrrolidine-1-

carboxylate, 26 (150 mg, 0.81 mmol) in THF (2 mL) and the atmosphere exchanged via 
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5 vacuum/N2 cycles before being cooled to 0 °C. Sodium hydride (60% dispersion in oil, 

32.39 mg, 0.81 mmol) was added in one portion and left to stir for 30 min. Ethyl 

difluoroacetate (0.08 mL, 0.81 mmol) was added in one portion and the reaction was 

warmed to rt overnight. No reaction was observed. A similar outcome was observed when 

nBuLi (2.5 M in hexanes, 0.08 mL, 0.97 mmol) was used.  

Tert-butyl 2-(2-trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-c]pyrazole-5-

carboxylate (31a), and tert-butyl 1-((2-(trimethylsilyl)ethoxy)methyl)-4,6-

dihydropyrrolo[3,4-c]pyrazole-5-carboxylate (31b). 

 

 

 

To a 10 mL round bottomed flask was charged sodium hydride (60% dispersion in oil, 

24.8 mg, 0.62 mmol) and the atmosphere exchanged via 5 vacuum/N2 cycles. THF (1 

mL) was added, and the solution was stirred for 5 minutes before the dropwise addition 

of tert-butyl 4,6-dihydro-2H-pyrrolo[3,4-c]pyrazole-5-carboxylate, 24 (100 mg, 0.49 

mmol) in THF (1mL) over a 3 min. The emulsion was stirred at rt for 1 h and then cooled 

to 0 °C. (2-(Chloromethoxy)ethyl)trimethylsilane (0.092 mL, 0.52 mmol) was added in 

one portion. The reaction was stirred at 0 °C for 5 min before being warmed to rt 

overnight. Water (3 mL) was added followed by EtOAc (4 mL) and the phases separated. 

The aqueous phase was extracted with EtOAc (3 x 5 mL), and the organics collected. The 

combined organics were dried over Na2SO4, filtered, and concentrated in vacuo. The 

product was purified by flash column chromatography [Silica, heptane : EtOAc (100 : 0 

– 80 : 20)] to yield the title compound (129.2 mg, 80%) as a 1:1 mixture of regioisomers, 

which also exist as rotamers.  

The reaction was performed on various scales as seen in the table below. 

Scale (mmol) Yield/% 

1.68 78 

3.82 81 

10.4 80 

16.3 79 
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Rf = 0.38 (Hept : EtOAc 80:20) 

1H NMR (500 MHz, d6-DMSO) δ 7.67 (d, J = 12.6 Hz, 1H, CH), 7.32 (d, J = 12.7 Hz, 

1H, CH), 5.36 (d, J = 5.4 Hz, 4H, 2 x NCH2O), 4.46 (d, J = 15.3 Hz, 4H, 2 x CH2), 4.31 

(d, J = 11.9 Hz, 4H, 2 x CH2), 3.56 – 3.47 (m, 2H, 2 x OCH2), 1.45 (s, 18H, 2 x (CH3)3), 

0.89 – 0.93 (m, 4H, 2 x CH2Si), -0.04 (d, J = 2.7 Hz, 18H, 2 x Si(CH3)3). 

13C NMR (126 MHz, d6-DMSO) δ 154.42 (COC(CH3)3), 153.84 (CO(CH3)3,31b) , 153.39 

(CNNSem, 31a), 143.25 (CNSem, 31b), 142.89 (CHNNSem, 31b), 132.23 (CHNSem, 

31a), 124.36, 120.71 (CCHN, 31b), 118.57 (CCHNSem, 31a), 79.40 (C(CH3)3), 79.01 

(CH2N, 31a), 78.17 (CH2N, 31b), 65.54 (CH2CH2Si), 45.66 (CH2NBoc, 31a), 45.28 

(CH2NBoc, 31b), 44.98 (CH2NBoc, 31a), 44.67 (CH2NBoc, 31b), 28.02 ((CH3)3), -1.43 

(Si(CH3)3). 

LCMS (LC-ES) found m/z 340.24 [M + H]+ 

 

5-(Tert-butyl)-3-ethyl-2-((2-(trimethylsilyl)ethoxy)methyl)-2,6-dihydropyrrolo[3,4-

c]pyrazole-3,5-dicarboxylate, 32 

 

 

To a 5 mL round bottomed flask was charged tert-butyl 2-(2-trimethylsilylethoxymethyl)-

4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 31a/b (100 mg, 0.29 mmol) and THF 

(0.5 mL). The atmosphere exchanged via 5 vacuum/N2 cycles before being cooled to -78 

°C. nBuLi (1.6 M in hexanes, 0.15 mL, 0.38 mmol) was added dropwise and the solution 

stirred for a further 45 minutes. To the solution was added chloroformic acid ethyl ester 

(0.035 mL, 0.37 mmol) in one portion and the reaction mixture was warmed to t 

overnight. A saturated solution of NaHCO3 (4 mL) was added over 5 minutes followed 

by water (2 mL). EtOAc (5 mL) was added, and the phases separated. The aqueous phase 

was extracted with EtOAc (3 x 5 mL), and the organics collected. The combined organics 

were dried over Na2SO4, filtered, and concentrated in vacuo. The product was purified by 

flash column chromatography [silica, heptane : EtOAc (100 : 0 – 50 : 50)] to yield the 

title compound (32.7 mg, 27%) as an orange oil.  
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Scale (mmol) Yield/% 

0.29 27 

1.94 25 

2.85 26 

10.5 22 

 

 

Rf  = 0.38 (Heptane : EtOAc, 50:50) 

1H NMR (500 MHz, d6-DMSO) δ 5.71 (s, 2H, NCH2O), 4.42 (dd, J = 22.6, 13.1 Hz, 4H, 

2 x CH2NBoc), 4.29 (q, J = 17.2, 4.2 Hz, 2H, OCH2CH3), 3.54 (t, J = 15.2 Hz, 2H, 

CH2CH2), 1.46 (s, 9H, C(CH3)3), 0.86 (t, J = 6.8 Hz, 2H, CH2CH3), 0.81 (t, J = 7.9 Hz, 

2H, CH2Si), -0.06 (s, 9H, Si(CH3)3). 

13C NMR (126 MHz, CDCl3) δ 165.7 (COOEt), 159.0 (COO(CH3)3), 154.62 (CNNSem), 

132.21 (CCO2Et), 126.01 (CCNSem), 80.25 (NCH2O), 79.54 (C(CH3)3), 66.80 

OCH2CH2Si), 61.42 (CO2CH2CH3), 46.59 (CH2NBoc), 46.02 (CH2NBoc), 28.57 

((CH3)3), 22.80 (CH2Si), 14.20 (CH2CH3), -1.18 (Si(CH3)3). 

LCMS (LC-ES) found m/z 412.2 [(M+H)+] 

Attempted ester reduction 

 

To a 10 mL round bottomed flask was charged 5-(tert-butyl)-3-ethyl-2-((2-

(trimethylsilyl)ethoxy)methyl)-2,6-dihydropyrrolo[3,4-c]pyrazole-3,5-dicarboxylate, 32 

(50 mg, 0.12 mmol) in THF (0.8 mL) and the atmosphere exchanged via 5 vacuum/N2 

cycles before being cooled to -78 °C. DIBAL-H (1 M in THF, 1.0-5.0 eq) was added and 

the reaction stirred at this temperature for 4 h before being warmed to rt overnight. No 

reaction was observed. Performing the reaction at different temperatures showed no 

desired reaction. Using LiBH4 (2.0 M in THF, 1.3-2.0 eq) resulted in decarboxylation. 

 

Entry Reducing agent 

(eq) 

Temp/°C Outcome 

1 DIBAL-H (1.0) -78 N/R 
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2 DIBAL-H (2.0) -78 N/R 

3 DIBAL-H (3.0) -30 N/R 

4 DIBAL-H (3.0) -15 N/R 

5 DIBAL-H (4.0) 0 N/R 

6 DIABL-H (5.0) 25 N/R 

7 DIBAL-H (8.0) 25 N/R 

8 LiBH4 (2.0) -78 Decarboxylation 

9 LiBH4 (1.3) -78 Decarboxylation  

 

5-Tert-butoxycarbonyl-2-(2-trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-

c]pyrazole-3-carboxylate sodium, 35. 

 

 

 

To a 10 mL round bottomed flask was charged 5-(tert-butyl)-3-ethyl-2-((2-

(trimethylsilyl)ethoxy)methyl)-2,6-dihydropyrrolo[3,4-c]pyrazole-3,5-dicarboxylate, 32 

(674 mg, 1.6 mmol) in THF (3 mL). 2N NaOH solution (1.47 mL, 2.9 mmol) was added, 

and the reaction mixture heated to 60 °C overnight. The heating was switched off and 2N 

NaOH (4 mL) was added followed by EtOAc (4 mL) and the phases separated. The 

aqueous phase was extracted with EtOAc (3 x 4 mL), the organics were combined, dried 

over MgSO4, filtered, and concentrated in vacuo to yield the title compound (558.8 mg, 

89%) as the sodium salt. 

1H NMR (500 MHz, d6-DMSO) δ 5.86 (s, 2H, NCH2O), 4.29 (m, 4H, 2 x CH2), 3.55 (t, 

J = 15 Hz, 2H, OCH2CH2), 1.45 (s, 9H, (CH3)3), 0.79 (t, J = 15 Hz, 2H, CH2Si), -0.05 (s, 

9H, Si(CH3)3). 

13C NMR (126 MHz, d6-DMSO) δ 161.7 (CO2Na), 153.7 (CO2C(CH3)3, 151.1 

(CNNSem), 136.4 (CNSem), 121.3 (CCCO2Et), 78.6 (NCH2O), 76.9 (C(CH3)3), 64.9 

(OCH2CH2), 46.6 (CH2NBoc), 45.1 (CH2NBoc), 28.4 ((CH3)3), 17.2 (CH2Si), -1.1 

(Si(CH3)3). 

LCMS (LC-ES) found m/z 384.25 [M-Na+H]+. 
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tert-butyl-3-[methoxy(methyl)carbamoyl]-2-(2-trimethylsilylethoxymethyl)-4,6-

dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 36. 

 

 

To a 10 mL round bottomed flask was charged 5-tert-butoxycarbonyl-2-(2-

trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-c]pyrazole-3-carboxylate, 35 (176 

mg, 0.45 mmol) in DMF (1.3 mL) and the atmosphere exchanged via 5 vacuum/N2 cycles. 

Et3N (0.14 mL, 1.0 mmol) was added in one portion and the solution was stirred for 5 

minutes before the addition of BOP (213.1 mg, 0.48 mmol) and N,O-

dimethylhydroxyalamine hydrochloride (67.1 mg, 0.68 mmol) in one portion. The 

reaction mixture was stirred at rt overnight. Water (4 mL) was added followed by EtOAc 

(4 mL) and the phases separated. The aqueous phase was extracted with EtOAc (3 x 4 

mL), and the combined organics were washed with brine (2 x 7 mL), dried over Na2SO4, 

filtered, and concentrated in vacuo. The product was purified by flash column 

chromatography [silica, heptane : EtOAc, (100 : 0 – 50 : 50)] to yield the title compound 

(90.1 mg, 46%) as an orange solid.  

Rf = 0.51 (heptane : EtOAc, 50 : 50) 

1H NMR (500 MHz, d6-DMSO) δ 5.62 (d, J = 3.1 Hz, 2H, NCH2O), 4.35 (m, 4H, 2 x 

CH2), 3.57 (d, J = 3.7 Hz, 3H, OCH3), 3.47 (t, 15 Hz, 2H, OCH2CH3), 3.34 (s, 3H, NCH3), 

1.45 (s, 9H, C(CH3)3), 0.86 (t, J = 6.7 Hz, 2H, CH2Si) -0.05 (s, 9H, Si(CH3)3). 

13C NMR (126 MHz, d6-DMSO) δ 158.4 (CON(CH3), 153.6 (COC(CH3)3), 152.1 

(CNNSem), 127.7 (CNSem), 121.9 (CCONCH3), 79.2 (NCH2O), 79.0 (C(CH3)3), 65.7 

(OCH2CH2), 61.8 (OCH3), 46.7 (CH2NBoc), 44.9 (CH2NBoc), 32.4 (NCH3), 28.2 

((CH3)3), 17.3 (CH2Si), -1.3 (Si(CH3)3). 

LCMS (LC-ES) found m/z 428.2 [M + H]+. 
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Tert-butyl-3-formyl-2-(2-trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-

c]pyrazole-5-carboxylate, 33 

 

To a 10 mL round bottomed flask was charged 3-[methoxy(methyl)carbamoyl]-2-(2-

trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 36 (51 

mg, 0.12 mmol) in THF (0.5 mL) and the atmosphere exchanged via 5 vacuum/N2 cycles 

before being cooled to -78 °C and stirred at this temperature for 20 min. DIBAL-H (1 M 

in THF, 0.19 mL, 0.24 mmol) was slowly added down the side of the flask over a period 

of 2 min. The reaction mixture was then allowed to warm to rt overnight. Water (5 mL) 

was added and left to stir for 10 minutes before the addition of EtOAc (5 mL). The phases 

were separated, and the aqueous phase was extracted with EtOAc (3 x 5 mL). The 

combined organics were washed with brine (2 x 5 mL), dried over Na2SO4, filtered, and 

concentrated in vacuo. The product was purified by flash column chromatography [Silica, 

Heptane : EtOAc, (100 : 0 – 50 : 50)] to yield the title compound (26.3 mg, 60%) as a 

clear oil. 

Rf = 0.28 (Heptane : EtOAc, 50 : 50). 

1H NMR (500 MHz, d6-DMSO) δ 9.98 (s, 1H, COH), 5.75 (s, 2H, NCH2O), 4.53 (d, 2H, 

CH2NBoc), 4.40 (d, J = 11.8 Hz, 2H, CH2NBoc), 3.55 (t, J = 15Hz, 2H, OCH2CH3), 1.46 

(s, 9H, C(CH3)3), 0.86 (t, J = 6.7 Hz, 2H, CH2Si), -0.06 (s, 9H, Si(CH3)3). 

13C NMR (101 MHz, d6-DMSO) δ 180.9 (COH), 154.0 (COC(CH3)3), 153.4 (CNNSem), 

133.1 (CNSem), 126.1 (CCNSem), 79.2 (NCH2O), 78.9 (C(CH3)3), 65.8 (OCH2CH2), 

45.5 (CH2NBoc), 44.7 (CH2NBoc), 28.0 ((CH3)3), 22.01 (CH2CH2Si), -1.47 (Si(CH3)3). 

LCMS (LC-ES), found m/z 370.31 [M + 2H]+ 

 

Tert-butyl 3-(difluoromethyl)-2-(2-trimethylsilylethoxymethyl)-4,6-

dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 37 

 

 

To a 10 mL round bottomed flask was charged tert-butyl 3-formyl-2-(2-

trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 33 (153 
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mg, 0.41 mmol) and the atmosphere exchanged via 5 vacuum/N2 cycles. DCM (1.5 mL) 

was added, and the solution was cooled to -78 °C and stirred for 10 minutes before the 

addition of DAST (0.17 mL, 1.3 mmol) dropwise. The reaction was warmed to rt 

overnight. Water (2 mL) was added, and the phases separated. The aqueous phase was 

extracted with DCM (3 x 3 mL) and the combined organics collected, dried over Na2SO4, 

filtered, and concentrated in vacuo to yield the title compound (156 mg, 80%) as an 

orange oil. 

Rf = 0.51 (DCM : MeOH, 80 : 20). 

1H NMR (500 MHz, d6-DMSO) δ 7.30 (t, 2JF-H = 105 Hz, 1H, CF2H), 5.49 (s, 2H, 

NCH2O), 4.45 – 4.33 (m, 4H, 2 x CH2), 3.56 – 3.52 (m, 2H, OCH2CH3), 1.45 (s, 9H, 

C(CH3)3), 0.87 – 0.82 (m, 2H, CH2Si), -0.03 – -0.05 (m, 9H, Si(CH3)3). 

19F NMR (471 MHz, d6-DMSO) δ -112.35 (d, J = 35.0 Hz). 

13C NMR (126 MHz, d6-DMSO) δ 154.8 (COC(CH3)3), 154.0 (CNNSem), 133.1 

(CNSem), 120.5 (CCNSem), 109.6 (t, J = 233.6 Hz, CF2H), 80.1 (NCH2O), 79.6 

(C(CH3)3), 66.8 (OCH2CH2), 45.8 (CH2Boc), 45.51 (CH2Boc), 29.03 ((CH3)3), 18.07 

(CH2CH2Si), -0.51 (Si(CH3)). 

HRMS (ESI) m/z calcd for C17H30F2N3O3Si [M + H]+ 390.1496, found 390.1514. 

Attempted SEM group deprotection with TBAF  

 

To a 10 mL round bottomed flask was charged tert-butyl 3-(difluoromethyl)-2-(2-

trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 37 (156 

mg, 0.40 mmol) in DMF (1mL). TBAF (1.20 mL, 1.2 mmol) was added, and the reaction 

was stirred at rt for 2 h. LCMS analysis suggested SEM group cleavage and subsequent 

elimination of HF to generate the vinyl fluoride product. NMR of the crude product 

confirmed vinyl fluoride formation. Attempts to isolate the product were unsuccessful. 

1H NMR (500 MHz, d6-DMSO) δ 6.70 (d, J = 77.3 Hz, 1H, CHF), 3.63 (s, 4H, 2 x CH2), 

1.45 (s, 9H, (CH3)3). 

19F NMR (471 MHz, d6-DMSO) δ -145.8 (s) 
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 SEM group deprotection with TBAF  

 

To a 10 mL round bottomed flask was charged tert-butyl-3-formyl-2-(2-

trimethylsilylethoxymethyl)-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 33 (825 

mg, 2.2 mmol) in DMF (4 mL). TBAF (11.2 mL, 11.2 mmol) was added, and the reaction 

heated to 50 °C overnight. A saturated aqueous solution of ammonium chloride (10 mL) 

was added followed by EtOAc (6 mL) and the phases separated. The aqueous phase was 

extracted with EtOAc (3 x 5 mL), the organics combined, washed with brine (2 x 10 mL), 

dried over Na2SO4, filtered, and concentrated in vacuo before being purified by flash 

column chromatography [Silica, Heptane : EtOAc, (100 : 0 – 30 : 70)] yielded the 

hemiacetal product which hydrolysed to the desired product overnight (120 mg, 20%) 

1H NMR (500 MHz, d6-DMSO) δ 9.98 (s, 1H, CHO), 7.86 (s, 1H, NH), 4.60 (d, J = 14.1 

Hz, 1H, CHNBoc), 4.34 (d, J = 14.0 Hz, 1H, CHNBoc), 4.16 (s, 2H, CH2), 1.45 (s, 9H, 

(CH3)3). 

13C NMR (126 MHz, d6-DMSO) δ 179.4 (CHO), 154.4 (CO), 141.2 (CN), 133.6 (CCHO), 

115.5 (CCH2NBoc), 81.0 (C(CH3)3)) 48.2 (CH2NBoc), 45.8 (CH2NBoc), 28.2 (C(CH3)3). 

 

tert-butyl 3-formyl-2-methyl-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 42 

 

 

To a 3-neck, 100 mL round bottom flask was charged tert-butyl 2-methyl-4,6-

dihydropyrrolo[3,4-c]pyrazole-5-carboxylate 29a/b (1.17 g, 5.3 mmol) in THF (17.5 mL) 

and the atmosphere exchanged via 5 vacuum/N2 cycles. The solution was cooled to - 78 

°C, and nBuLi (1.6 M in THF, 3.3 mL, 8.49 mmol) was added dropwise. The resulting 

solution was stirred at - 78 °C for 30 min, after which DMF (0.82 mL, 10.5 mmol) was 

added. The reaction was warmed to rt overnight. A saturated solution of sodium bisulfite 

(50 mL) was added, and the suspension moved to a separating funnel. To the suspension 

was added 10% EtOAc/Heptane (50 mL), and the flask shaken for 30 seconds. Once 

separated, the aqueous layer was washed with 10% EtOAc/Heptane (2 x 20 mL). The 
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organic layers were combined and washed with water (50 mL) and added to the bisulfite 

solution. The bisulfite solution was basified with 2 N sodium hydroxide, before being 

extracted with DCM (3 x 50 mL). The organics were washed with brine (5 x 100 mL), 

and the organics dried over sodium sulfite, filtered, and concentrated in vacuo. to give 

tert-butyl 3-formyl-2-methyl-4,6-dihydropyrrolo[3,4-c]pyrazole-5-carboxylate (952 mg, 

72%) as a yellow solid. The reaction was repeated on various scales. 

Scale (mmol) Yield/% 

2.23 61 

8.96 54 

22.2 53 

 

Rf = 0.37 (Hept : EtOAc 50 : 50) 

1H NMR (500 MHz, d6-DMSO) δ 9.92 (s, 1H, COH), 4.50 (d, J = 15.8 Hz, 2H, CH2), 

4.37 (d, J = 11.4 Hz, 2H, CH2), 4.11 (s, 3H, NCH3), 1.45 (d, J = 5.5 Hz, 9H, (CH3)3)). 

13C NMR (101 MHz, CDCl3) δ 194.1 (COH), 178.6 (COO(CH3)3), 134.7 (CNCH3), 

133.6 (CN), 129.64 (CCNCH3), 79.3 (C(CH3)3), 68.8 (CH2CN), 45.9 (CH2NBoc), 45.4 

(NCH3), 28.6 ((CH3)3). 

LCMS (LC-ES) found m/z 195 ([M-tBu+MeCN]) and 251 (M) 

 

tert-butyl 3-(difluoromethyl)-2-methyl-4,6-dihydropyrrolo[3,4-c]pyrazole-5-

carboxylate, 43 

 

 

To a 10 mL RBF was charged tert-butyl 3-formyl-2-methyl-4,6-dihydropyrrolo[3,4-

c]pyrazole-5-carboxylate, 42 (250 mg, 0.99 mmol) and the atmosphere exchanged via 5 

vacuum/N2 cycles. DCM (2 mL) was added, and the flask was cooled to -78 °C and 

stirred for 10 min. DAST (0.65 mL, 4.9 mmol) was added dropwise and the reaction was 

warmed to rt overnight. Water (3 mL) was added, and the phases were separated. The 

aqueous phase was extracted with DCM (3 x 5 mL) and the combined organics were dried 

over Na2SO4. The solvent was removed in vacuo to yield an orange oil which was purified 

by flash column chromatography [Silica, DCM : MeOH (100 : 0 – 75 : 25)] to give the 

title compound (216.3 mg, 80%) as an orange oil 
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Rf = 0.56 (DCM : MeOH, 70 : 30) 

1H NMR (500 MHz, d6-DMSO) δ 7.34 (t, 2JF-H = 53.9 Hz, 1H, CF2H), 4.37 (dd, J = 21.2, 

15.0 Hz, 4H, 2 x CH2), 3.94 (s, 3H, N-CH3), 1.44 (s, 9H, (CH3)3). 

19F NMR (471 MHz, d6-DMSO) δ -113.76 (d, J = 23.3 Hz). 

13C NMR (126 MHz, d6-DMSO) δ 153.4 (COC(CH3)3), 152.5 (CNNCH3), 151.9 

(CCF2H), 119.6 (CCCF2H), 110.0 (t, 1JC-F = 233.4 Hz, CF2H), 79.1 (C(CH3)3), 45.0 

(CH2NBoc), 44.7 (CH2NBoc), 37.8 (NCH3), 28.1 ((CH3)3). 

LCMS (LC-ES) found m/z 274.75 [M + H]+ 

 

3-(Difluoromethyl)-2-methyl-5,6-dihydro-4H-pyrrolo[3,4-c]pyrazole, 44 

 

 

 
 

To a 25 mL round bottom flask was charged tert-butyl 3-(difluoromethyl)-2-methyl-4,6-

dihydropyrrolo[3,4-c]pyrazole-5-carboxylate, 43 (243 mg, 0.88 mmol), 1,4-Dioxane (5.9 

mL), and HCl (4 M in 1,4-dioxane, 3.3 mL, 13.3 mmol). The reaction was stirred at rt 

overnight. The mixture was concentrated in vacuo to afford the title compound (152 mg, 

100%) as a yellow solid as the hydrochloride salt and was used in subsequent steps 

without further purification. 

1H NMR (500 MHz, d6-DMSO) δ 10.17 (s, 2H, NH2), 7.37 (t, 2JF-H = 53.7 Hz, 1H, CF2H), 

4.36 (s, 2H, CH2), 4.30 (s, 2H, CH2), 3.92 (s, 3H, NCH3). 

19F NMR (471 MHz, d6-DMSO) δ -114.11 (s). 

 

 

1-[3-(Difluoromethyl)-2-methyl-4,6-dihydropyrrolo[3,4-c]pyrazol-5-yl]ethenone, 45 

 

 

 

To a 5 mL round bottomed flask was charged 3-(difluoromethyl)-2-methyl-5,6-dihydro-

4H-pyrrolo[3,4-c]pyrazole;hydrochloride, 43 (44mg, 0.21 mmol) in DCM (0.5 mL). The 

flask was cooled to 0 °C and DIPEA (0.057 mL, 0.42 mmol) was added in one portion. 
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The pale orange solution as stirred for 5 min before the addition of acetyl chloride (0.016 

mL, 0.23 mmol) and left to stir for 30 min. Water (2 mL) was added, and the phases were 

separated. The aqueous phase was extracted with DCM (4 x 2 mL) and the combined 

organics were dried over Na2SO4, filtered, and concentrated in vacuo. The product was 

purified by HPLC on an ACCQ Prep flash chromatography system to afford the title 

compound (17mg, 37%) as a white solid.  

 

Rf = 0.62 (DCM : MeOH, 90:10) 

1H NMR (500 MHz, d6-DMSO) δ 7.28 (t, 2JF-H = 55.9 Hz, 1H, CF2H), 4.84 (d, J = 13.8 

Hz, 1H, CHN), 4.58 (d, J = 13.5 Hz, 1H, CHN), 4.40 (s, 2H, CH2N), 3.74 (s, 3H, NCH3), 

2.07 (s, 3H, CH3). 

19F NMR (471 MHz, d6-DMSO) δ -108.9 (s). 

13C NMR (126 MHz, d6-DMSO) δ  170.7 (CO), 138.5 (CN) 130.2 (t, J = 17.6 Hz, 

CCF2H), 118.5 (CCH2N), 108.8 (t, 1JC-F = 234.2 Hz, CF2H), 48.6 (2 x CH2), 37.9 (NCH3), 

21.6 (CH3). 

HRMS (ESI) m/z calcd for C9H12F2N3O [M + H]+ 216.0870, found 216.0876. 

 

3-(Difluoromethyl)-2-methyl-5-methylsulfonyl-4,6-dihydropyrrolo[3,4-c]pyrazole, 

46 

 

To a 5 mL round bottomed flask was charged 3-(Difluoromethyl)-2-methyl-5,6-dihydro-

4H-pyrrolo[3,4-c]pyrazole;hydrochloride, 44 (89 mg, 0.422 mmol) in DCM (0.9 mL). 

The flask was cooled to 0 °C and DIPEA (0.11 mL, 0.84 mmol) was added in one portion 

and stirred for 5 min. Mesyl chloride (0.036 mL, 0.46 mmol) was added, and the solution 

was stirred for 30 min. Water (2 mL) was added, and the phases were separated. The 

aqueous phase was extracted with DCM (4 x 2 mL), the organics combined, dried over 

Na2SO4, filtered, and concentrated in vacuo. The product purified by HPLC on an ACCQ 

Prep flash chromatography system to afford the title compound (53 mg, 50%) as a white 

solid.  

1H NMR (500 MHz, CDCl3) δ 6.74 (t, 2JF-H = 54.6 Hz, 1H, CF2H), 4.52 (d, J = 25.4 Hz, 

4H, 2 x CH2), 3.95 (s, 3H, NCH3), 2.90 (s, 3H, SO2CH3). 

19F NMR (471 MHz, CDCl3) δ -113.72 (s). 
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13C NMR (126 MHz, CDCl3) δ 152.40 (CNNCH3), 119.7 (CCNCH3), 108.46 (t, 1JC-F = 

237.3 Hz, CF2H), 47.15 (CH2), 46.98 (CH2), 38.42 (SO2CH3), 35.75 (NCH3). 

HRMS (ESI) m/z calcd for C8H12F2N3OS [M + H]+ 252.0540, found 252.0547.  

 

 

Ethyl 6-Chloro-3-oxo-hexanoate, 48 

 

 

To a 3-necked, 500 mL round bottomed flask was charged THF (80 mL), and the 

atmosphere exchanged via 5 vacuum/N2 cycles. The solution was cooled to -78 °C, LDA 

(1.6 M in THF, 76.8 mL, 153.7 mmol) was added, and the solution left to stir for 30 min. 

A solution of 3-ketobutanoic acid ethyl ester, 49 (9.73 mL, 76.8 mmol) in THF (20 mL) 

was added dropwise over a period of 30 min and left to stir in the cooling bath for 2 h 

before being warmed to 0 °C for 30 min. 1-Bromo-2-Chloroethyne (6.37 mL, 76.8 mmol) 

in THF (20 mL) was added dropwise over a period of 30 min to the cooled solution. The 

reaction was stirred for 2 h at 0 °C. A saturated solution of ammonium chloride (30 mL) 

was cautiously added, resulting in a colour change from orange to yellow. Water (10 mL) 

was added, and the phases separated. The aqueous phase was extracted with EtOAc (3 x 

30 mL), the organics combined, washed with water (50 mL) and brine (50 mL), dried 

over Na2SO4, and concentrated in vacuo to yield the title compound (11.4 g, 77%) as an 

orange oil. The product was carried through to the next stage without further purification. 

Rf = 0.46 (Hept : EtOAc, 40:60) 

1H NMR (500 MHz, CDCl3) δ 4.21 – 4.15 (m, 2H, OCH2CH3 ), 3.58 – 3.54 (m, 2H, 

CH2Cl), 3.42 (s, 2H, C(O)CH2C(OEt)), 2.74 (t, J = 6.9 Hz, 2H, C(O)CH2), 2.09 – 1.98 

(m, 2H, C(O)CH2CH2), 1.29 – 1.24 (m, 3H, CH2CH3). 

LCMS (LC-ES) found m/z 193.62 [M + H]+ 

 

5,6-Dihydro-4H-pyrrolo[1,2,b]pyrazol-2-ol, 47 

 

 

A 30 mL microwave vial was charged ethyl 6-Chloro-3-oxo-hexanoate, 48 (5 g, 25.9 

mmol) in EtOH (40 mL). DIPEA (7.08 mL, 51.9 mmol) was added followed by hydrazine 
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hydrate (65% w/w in H2O, 6.31 mL, 77.9 mmol). The vial was capped and irradiated at 

120 °C for 2 h using a CEM Explorer XS3080 microwave. The solvent was removed in 

vacuo and the resulting oil was dissolved in EtOAc (25 mL) and water (20 mL). The 

phases were separated, and the aqueous phase was extracted with EtOAc (3 x 10 mL). 

The organics were combined, washed with water (20 mL) and brine (20 mL), dried over 

Na2SO4, filtered and concentrated. The product was purified by flash column 

chromatography [Silica, DCM : MeOH (100 : 0 – 95 : 5)] to give the title compound (1.7 

g, 55%) as an orange solid.  

1H NMR (500 MHz, CDCl3) δ 5.36 (s, 1H, CH), 3.95 (t, J = 7.1 Hz, 2H, NCH2), 2.82 (t, 

J = 7.1 Hz, 2H, CH2C), 2.44 (tt, J = 6.8, 6.3 Hz, 2H, CH2CH2CH2). 

13C NMR (126 MHz, CDCl3) δ 159.8(COH), 147.1 (CCH), 84.4 (CH), 47.7 (CH2N), 24.8 

(CH2C), 24.1 (CH2CH2C). 

LCMS (LC-ES) found m/z 125.47 [M + H]+ 

 

2-(Difluoromethoxy)-5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole, 19 

 

 

A 10 mL round bottomed flask was charged 5,6-Dihydro-4H-pyrrolo[1,2-b]pyrazol-2-ol, 

47 (520 mg, 4.2 mmol) in DMF (10 mL) and the atmosphere exchanged via 5 vacuum/N2 

cycles. Potassium carbonate (1157.9 mg, 8.3 mmol) was added in one portion and left to 

stir for 10 min. Chlorodifluoroacetic acid ethyl ester (0.75 mL, 5.8 mmol) was added 

dropwise, and the reaction heated to 60 °C overnight. The reaction was cooled to rt, and 

water (10 mL) was added. The contents of the flask were transferred to a phase separator, 

EtOAc (8 mL) was added, and the phases separated. The aqueous phase was extracted 

with EtOAc (3 x 10 mL), and the organics collected. The combined organics were washed 

with brine (10 mL), dried over Na2SO4, filtered, and concentrated in vacuo to yield an 

orange oil which was purified by flash column chromatography [Silica, Hept : EtOAc 

(100 : 0 – 0 : 100)] to yield the title compound (328 mg, 45%) as a white solid.  

Rf  = 0.46 (Hept : EtOAc, 50 : 50) 

1H NMR (500 MHz, CDCl3) δ 7.06 (t, 2JF-H = 57.9 Hz, 1H, OCF2H), 5.21 (s, 1H, CH), 

3.56 (t, J = 6.8 Hz, 2H, NCH2), 2.77 (t, J = 7.5 Hz, 2H, CH2C), 2.35 (tt, 7.4, 7.0 Hz, 2H, 

CH2CH2CH2). 



130 
 

19F NMR (471 MHz, CDCl3) δ -103.3 (s). 

13C NMR (126 MHz, CDCl3) δ 166.3 (COCF2H), 109.5 (t, 1JC-F = 247.3 Hz, CF2H), 91.7 

(CH), 51.7 (CH2N), 24.0 (CH2C), 23.0 (CH2CH2C). 

LCMS (LC-ES) found m/z 175.18 [M + H]+ 

 

2-(Difluoromethoxy)-5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole-3-sulfonyl chloride, 51 

 

 

 

To a 10 mL microwave vial was charged a solution of 2-(Difluoromethoxy)-5,6-dihydro-

4H-pyrrolo[1,2-b]pyrazole, 19 (150 mg, 0.86 mmol) in CHCl3 (2 mL) and the atmosphere 

exchanged via 5 vacuum/N2 cycles. The vial was cooled to -78 °C whereupon 

chlorosulfonic acid (0.59 mL, 8.9 mmol) was added dropwise over 1 min. The reaction 

was warmed to rt and then heated to 60 °C for 3 h. Ice cold water (2 mL) was carefully 

added to the vial at 0 °C and the phases were separated. The aqueous phase was extracted 

with DCM (3 x 2 mL), the organics combined, dried over Na2SO4, filtered, and 

concentrated in vacuo to yield the title compound (140.9 mg, 60%) as a brown oil. The 

product was used immediately in the next step without further purification.  

Rf = 0.7 (Hept : EtOAc, 80 : 20) 

1H NMR (500 MHz, CDCl3) δ 7.13 (t, 2JF-H = 47.1 Hz, 1H, CF2H), 4.09 (t, J = 7.2 Hz, 

2H, NCH2), 3.25 (t, J = 7.5 Hz, 2H, CH2C), 2.51 (tt, J = 7.2, 6.9 Hz, 2H, CH2CH2CH2). 

19F NMR (471 MHz, CDCl3) δ -101.82 (s). 

LCMS (LC-ES) found m/z 272.84 [M]+ 

 

2-(difluoromethoxy)-N-ethyl-5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole-3-

sulfonamide, 52 
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To a 5 mL microwave vial was charged 2-(Difluoromethoxy)-5,6-dihydro-4H-

pyrrolo[1,2-b]pyrazole-3-sulfonyl chloride, 51 (33 mg, 0.12 mmol) in DCM (0.5 mL). 

Ethylamine (70% w/w in H2O, 0.084 mL, 0.17 mmol) was added followed by Et3N (0.084 

mL, 0.61 mmol) and the reaction stirred at rt overnight. The solvent was removed in vacuo 

and the product was purified by HPLC on an ACCQ Prep flash chromatography system 

with a 30 g, C18 neutral column eluting with 5 – 95% H2O/MeCN to yield the title 

compound (6 mg, 17%) as a white solid. 

 

1H NMR (500 MHz, CDCl3) δ 7.16 (t, 2JF-H = 57.6 Hz, 1H, CF2H), 4.71 (s, 1H, NH), 3.95 

(t, J = 7.0 Hz, 2H, CH2N), 3.10 (t, J = 7.5 Hz, 2H, CH2C), 3.08 – 3.01 (m, 2H, CH2CH3), 

2.51 (tt, J = 7.6, 7.1 Hz, 2H, CH2CH2CH2), 1.21 (t, 1JC-F = 7.3 Hz, 3H, CH2CH3). 

19F NMR (471 MHz, CDCl3) δ -102.6 (s). 

13C NMR (126 MHz, CDCl3) δ 165.1 (COCF2H), 136.43 (CCSO2NH), 107.9 (t, J = 251.2 

Hz, CF2H), 51.4 (CH2N), 38.3 (CH2CH3), 25.4 (CH2C), 22.2 (CH2CH2C) 14.8 (CH2CH3). 

HRMS (ESI) m/z calcd for C9H14F2N2O3S [M + H] 282.0646, found 282.0657. 

 

 

N-Benzyl-2-(Difluoromethoxy)-5,6-dihydro-4H-pyrrolo[1,2-b]pyrazole-3-

sulfonamide, 53 

 

 

 

To a 5 mL microwave vial was charged 2-(Difluoromethoxy)-5,6-dihydro-4H-

pyrrolo[1,2-b]pyrazole-3-sulfonyl chloride, 51 (33 mg, 0.12 mmol) in DCM (0.5 mL). 

Benzylamine (0.018 mL, 0.17 mmol) and Et3N (0.084 mL, 0.60 mmol) were added, and 

the reaction was stirred at rt overnight. The solvent was removed in vacuo and the product 

was purified by HPLC on an ACCQ Prep flash chromatography system to yield the title 

compound (7.4 mg, 17%) as a brown solid.  

1H NMR (500 MHz, CDCl3) δ 7.33 – 7.25 (m, 5H, Ar), 7.13 (t, 2JF-H = 57.6 Hz, 1H, 

CF2H), 5.37 (s, 1H, NH), 4.22 (s, 2H, NHCH2), 3.78 (t, J = 7.0 Hz, 2H, NCH2), 3.00 (t, 

J = 7.5 Hz, 2H, CH2C), 2.41 (tt, J = 6, 6.1 Hz, 2H, CH2CH2CH2). 

19F NMR (471 MHz, CDCl3) δ -102.3 (s). 
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13C NMR (126 MHz, CDCl3) δ 164.7 (COCF2H), 162.9 (CCH2NH), 136.43 (CCSO2NH), 

128.6 (Ar), 128.2 (Ar), 127.9 (Ar), 108.0 (t, J = 249.6 Hz, CF2H), 103.3 (CSO2NH), 51.6 

(CH2NH), 47.6 (CH2N), 25.5 (CH2C), 22.4 (CH2CH2C). 

HRMS (ESI) m/z calcd for C14H16F2N2O3S [M + H] 344.0802, found 344.0819. 

 

2-(Difluoromethoxy)-3-pyrrolidin-1-ylsulfonyl-5,6-dihydro-4H-pyrrolo[1,2-

b]pyrazole, 54 

 

 

 

To a 5 mL microwave vial was charged 2-(Difluoromethoxy)-5,6-dihydro-4H-

pyrrolo[1,2-b]pyrazole-3-sulfonyl chloride, 51 (33 mg, 0.12 mmol) in DCM (0.5 mL). 

Pyrrolidine (0.014 mL, 0.17 mmol) and Et3N (0.084 mL, 0.61 mmol) were added, and the 

reaction stirred at rt overnight. The solvent was removed in vacuo and the product was 

purified by HPLC on an ACCQ Prep flash chromatography system to yield the title 

compound (10 mg, 25%) as an off-yellow solid. 

 

1H NMR (500 MHz, CDCl3) δ 7.11 (t, 2JF-H = 57.7 Hz, 1H, CF2H), 3.94 (t, J = 7.0 Hz, 

2H, CH2N), 3.39 – 3.42 (m, 4H, 2 x CH2NSO2), 3.10 (t, J = 7.5 Hz, 2H, CH2C), 2.4 (tt, 

J = 7.6, 7.2 Hz, 2H, CH2CH2CH2), 1.78 – 1.82 (m, 4H, 2 x CH2CH2N). 

19F NMR (471 MHz, CDCl3) δ -102.7 (s) 

13C NMR (126 MHz, CDCl3) δ 166.3 (COCF2H), 108.1 (t, 1JC-F = 250.0 Hz, CF2H), 51.5 

CH2N), 47.7 (2 x CH2NSO2), 25.8 (CH2C), 25.5 (2 x CH2CH2N), 22.1 (CH2CH2C). 

HRMS (ESI) m/z calcd for C11H15F2N2O3S [M + H] 308.0802, found 308.0814. 

 

4-[Tert-butyl(Dimethyl)silyl]oxypyrrolidin-2-one, 58 

 

 

To a 500 mL round bottomed flask was charged 4-hydroxy-2-pyrrolidinone, 57 (3000 

mg, 29.8 mmol) in DMF (60 mL) and cooled to 0 °C. Imidazole (3232.3 mg, 47.8 mmol) 

was added and left to stir at 0 °C for 10 min before the addition of tert-
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butyldimethylchlorosilane (5366.9 mg, 35.6 mmol) in one portion. The reaction mixture 

was warmed to rt and stirred for 3 h. The reaction mixture was poured onto ice, affording 

a white solid which was collected by suction filtration through a glass sinter. The filter 

cake was washed with a minimal amount of ice water and placed into a vacuum oven at 

50 °C to dry overnight yielding the title compound (5112.4 mg, 80%) as a white solid. 

Product was used in the next step without further purification 

1H NMR (500 MHz, CDCl3) δ 5.56 (s, 1H, NH), 4.57 (ddd, J = 10.4, 6.5, 3.9 Hz, 1H, 

CHOSi), 3.59 (dd, J = 9.7, 6.3 Hz, 1H, NHCH), 3.24 (dd, J = 9.8, 3.4 Hz, 1H, NHCH), 

2.54 (dd, J = 16.9, 6.9 Hz, 1H, NHC(O)CH), 2.27 (dd, J = 16.9, 4.3 Hz, 1H, NHC(O)CH), 

0.89 (d, J = 2.8 Hz, 9H, Si(CH3)3), 0.08 (d, 6H, Si(CH3)2). 

LCMS (LC-ES) found m/z 216.13 [M + H]+ 

 

3-((Tert-butyldimethylsilyl)oxy)-5-ethoxy-3,4-dihydro-2H-pyrrole, 59 

 

To a 250 mL round bottomed flask was charged 4-((tert-butyldimethylsilyl)oxy)-

pyrorolidin-2-one, 58 (3 g, 13.9 mmol) in DCM (30 mL). Cs2CO3 (13.6 g, 41.7 mmol) 

and BF4.OEt3 (1 M in DCM, 14.6 mL, 14.6 mmol) were added sequentially, and the 

reaction was left to stir overnight at rt. Water (30 mL) was added and the phases separated. 

The aqueous phase was extracted with DCM (3 x 30 mL), the organics combined, dried 

over Na2SO4, filtered, and concentrated in vacuo. The product was purified by flash 

column chromatography [Silica, PE : EtOAc (100 : 0 – 0 : 100)] to yield the title 

compound (1.7 g, 50%) as an orange oil. 

Rf = 0.54 (PE : EtOAc, 80 : 20) 

1H NMR (400 MHz, CDCl3) δ 4.52 (ddd, J = 5.8, 4.1, 1.7 Hz, 1H, CHOSi), 4.18 – 4.26 

(m, 2H, CH2CH3), 3.80 (dd, J = 14.3, 5.9 Hz, 1H, NCH), 3.52 (dd, J = 14.3, 2.1 Hz, 1H, 

NCH), 2.67 (dd, J = 17.0, 7.1 Hz, 1H, NCCH), 2.39 (dd, J = 17.0, 2.8 Hz, 1H, NCCH), 

1.33 (t, J = 15.4 Hz, 3H, CH2CH3), 0.87 (s, 9H, Si(CH3)3), 0.05 (s, 6H, Si(CH3)2). 

13C NMR (101 MHz, CDCl3) δ 170.6 (CN), 71.2 (COSi), 64.8 (CH2CH3), 63.6 (CH2N), 

41.5 (CH2CN), 25.9 (SiC(CH3)3), 18.2 (SiC(CH3)3), 14.5 (CH2CH3), -4.6 (Si(CH2)2) 

LCMS (LC-ES) found m/z 244.22 [M + H]+ 
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3-((tert-butyldimethylsilyl)oxy)-N-(2,2-diethoxyethyl)-3,4-dihydro-2-pyrrol-5-

amine, 56 

 

To a 100 mL round bottomed flask was charged 3-((tert-butyldimethylsilyl)oxy)-5-

ethoxy-3,4-dihydro-2H-pyrrole, 59 (1715 mg, 7.1 mmol), 2,2-diethoxyethylamine (1.02 

mL, 7.1 mmol) and EtOH (12 mL). Hydrochloric acid (1.25 M in EtOH, 5.7 mL, 7.1 

mmol) was added dropwise over a period of 10 min, and the reaction was left to stir 

overnight at rt. The solvent was removed in vacuo to yield a brown oil which was 

triturated with hot ether to yield the title compound (2.3 g, 97%) as an off-white solid.  

Rf = 0.42 (DCM : MeOH, 95 : 5)  

1H NMR (400 MHz, CDCl3) δ 10.23 (s, 1H, NH), 4.64 – 4.58 (m, 1H, CHOSi), 4.56 (t, 

J = 5.4 Hz, 1H, CH(OEt2)2), 3.84 – 3.69 (m, 4H, (CH2)2), 3.62 – 3.54 (m, 1H, NCH2), 

3.53 – 3.48 (m, 1H, NCH2), 3.31 (d, J = 5.4 Hz, 2H, NHCH2), 3.05 (dd, J = 17.7, 6.6 Hz, 

1H, NCCH), 2.84 (dd, J = 17.7, 2.5 Hz, 1H, NCCH), 1.25 – 1.16 (m, 6H, (CH3)3), 0.87 

(s, 9H, SiC(CH3)3), 0.07 (d, 6H, SiC(CH2)2).  

13C NMR (101 MHz, CDCl3) δ 170.9 (CN), 101.6 (C(OEt2)2), 67.3 (2 x CH2CH3), 64.9 

(COSi), 64.7 (CH2N), 56.4 (CH2NH), 48.5 (CH2CN) 39.4 (SiC(CH3)3), 25.7 (SiC(CH3)3), 

15.5 (CH2CH3), 4.8 (Si(CH2)2). 

LCMS (LC-ES) found m/z 331.95 [M + H]+. 

 

6-((tert-butyldimethylsilyl)oxy)-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole (60) and 

6,7-dihydro-5H-pyrrolo[1,2-a]imidazol-6-ol (55) 

 

 

 

To a 10 mL round bottomed flask charged with 3-((tert-butyldimethylsilyl)oxy)-N-(2,2-

diethoxyethyl)-3,4-dihydro-2-pyrrol-5-amine, 56 (737.7 mg, 2.2 mmol) in 1,4-Dioxane 

(2 mL), was added a solution of hydrochloric acid (0.265 M in 1,4-Dioxane, 4.3 mL, 2.7 

mmol) and the reaction heated to 101 °C for 2 h. The reaction was cooled to rt, and Et2O 

(8 mL) was added, and the phases separated. The aqueous phase was extracted 
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sequentially with Et2O (2 x 8 mL), CHCl3 (3 x 8 mL), and 30% IPA/CHCl3 (3 x 8 mL). 

The organics were combined, washed with brine (20 mL), dried over Na2SO4, filtered, 

and concentrated in vacuo to yield the title compounds (266 mg, 45%) as inseparable 1 : 

3 mixtures.  

 

1H NMR (500 MHz, CDCl3) δ 6.92 (d, J = 0.7 Hz, 1H, CH), 6.81 (d, J = 1.2 Hz, 1H, CH), 

5.04 (ddd, J = 9.0, 5.9, 2.8 Hz, 1H, CHOSi), 4.28 (dd, J = 11.4, 5.9 Hz, 1H, NCHC(OSi)), 

3.95 (dd, J = 11.4, 2.8 Hz, 1H, NCHC(OSi)), 3.26 (dd, J = 16.7, 6.6 Hz, 1H, CHC(OSi)), 

2.92 (dd, J = 16.6, 2.9 Hz, 1H, CHC(OSi)), 1.27 (OH) 0.92 (s 9H, SiC(CH3)3), 0.09 (S, 

6H, SiC(CH2)2). 

13C NMR (126 MHz, CDCl3) δ 152.1 (CN), 132.7 (CHN), 114.8 (CHN), 79.5 (CO) 73.5 

(CH2N), 54.2 (CH2C(OSi)), 34.4 (SiC(CH3)3), 25.8 (SiC(CH3)3), -3.4 (Si(CH2)2). 

LCMS (LC-ES) found m/z 239.41 [M + H]+ (63) and m/z 124.28 [M + H]+ (62). 

 

6-Methoxy-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole, 61. 

 

 

 

To a 5 mL round bottomed flask was charged 6,7-Dihydro-5H-pyrrolo[1,2-a]imidazol-6-

ol, 55 (100 mg, 0.81 mmol) in THF (0.7 mL). The solution was cooled to 0 °C and sodium 

hydride, (60% dispersion in oil, 42.3 mg, 1.3 mmol) was added in one portion and left to 

stir at 0 °C for 30 min. Iodomethane (0.09 mL, 0.89 mmol) was added in one portion, and 

the reaction was warmed to rt overnight. Water (2 mL) and DCM (2 mL) was added, and 

the phases separated. The aqueous phase was extracted with DCM (3 x 2 mL), the 

organics combined, dried over Na2SO4, filtered, and concentrated in vacuo. The product 

was purified by flash column chromatography [Silica, DCM : MeOH (100 : 0 – 80 : 20)] 

to yield the title compound (61.5 mg, 55%) as a pink solid. 

 

Rf = 0.28 (DCM : MeOH, 95 : 5) 

1H NMR (500 MHz, CDCl3) δ 6.95 (d, J = 0.7 Hz, 1H, CH), 6.83 (d, J = 1.2 Hz, 1H, CH), 

4.54 (ddd, J = 9.2, 5.3, 2.1 Hz, 1H, CHOCH3), 4.14 (dd, J = 11.6, 5.9 Hz, 1H, 

CHC(OCH3)), 3.87 (dd, J = 11.2, 2.8 Hz, 1H, CHC(OCH3)), 3.77 (s, OCH3), 3.1 (dd, J 

= 16.7, 6.6 Hz, 1H, CHC(OCH3)), 2.81 (dd, J = 15.9, 3.4 Hz, 1H, CHC(OCH3)). 

LCMS (LC-ES) found m/z 139.27 [M + H]+. 
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Attempted synthesis of 6-Methoxy-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole on 

larger scale. 

 

 

 

To a 50 mL round bottomed flask was charged 6,7-Dihydro-5H-pyrrolo[1,2-a]imidazol-

6-ol, 62 (1.1 g, 7.9 mmol) in THF (22 mL) and the atmosphere exchanged via 5 

vacuum/N2 cycles. The solution was cooled to 0 °C and sodium hydride (60% dispersion 

in oil, 170 mg, 11.3 mmol) was added. The solution was stirred at 0 °C for 30 min before 

the addition of Iodomethane (0.54 mL, 8.7 mmol) in one portion. The reaction was 

warmed to rt overnight. TLC analysis showed the presence of 3 spots. Water (10 mL) and 

DCM ( 10 mL) was added, and the phases separated. The aqueous phase was extracted 

with DCM (3 x 10 mL), the organics combined, dried over Na2SO4, filtered, and 

concentrated in vacuo. The products were purified by flash column chromatography 

[Silica, DCM : MeOH (100 : 0 – 80 : 20)] to yield 62 (87 mg, 12%), 63 (55 mg, 7%) and 

64 (22 mg, 3%). 

 

1,5,5,7-tetramethyl-1,5-dihydropyrrolo[1,2-a]imidazol-4-ium, 62 

1H NMR (500 MHz, CDCl3) δ 7.51 – 7.47 (m, 1H, CHN(CH3)), 7.40 (d, J = 3.7 Hz, 1H, 

CHN), 5.41 (dh, J = 2.0, 1.0 Hz, 1H, CHC(CH3)2), 3.77 (d, J = 0.7 Hz, 3H, N(CH3)), 2.10 

(d, J = 1.0 Hz, 3H, C(CH3)), 1.91 (d, J = 1.1 Hz, 6H, C(CH3)2). 

13C NMR (126 MHz, CDCl3) δ 151.6 (CN(CH3)), 138.4 (CHC(CH3)), 125.1 (C(CH3)), 

121.2 (CHN(CH3)), 120.5 (CHN), 63.4 (C(CH3)2), 33.8 (N(CH3)), 24.4 (C(CH3)2), 13.1 

(C(CH3)). 

 

1,5,7,7-tetramethyl-1,7-dihydropyrrolo[1,2-a]imidazol-4-ium, 63 

1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 0.9 Hz, 1H, CHN(CH3)), 7.40 (d, J = 3.7 Hz, 

1H, CHN) 5.50 (dh, J = 2.0, 0.9 Hz, 1H, CHC(CH3)2), 3.77 (d, J = 0.7 Hz, 3H, N(CH3)), 

1.71 (d, J = 1.1 Hz, 3H, C(CH3)), 1.52 (d, J = 1.1 Hz, 6H, C(CH3)2). 

13C NMR (126 MHz, CDCl3) δ 155.8 (CN(CH3)), 133.4 (C(CH3)), 132.2 (CHC(CH3)), 

122.9 (CHN(CH3)), 119.7 (CHN), 38.7 (C(CH3)2), 34.0 (N(CH3), 26.5 (C(CH3)2), 13.1 

(C(CH3)). 
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(E)-4-(1-methyl-1H-imidazol-2-yl)pent-3-en-2-one, 64 

1H NMR (500 MHz, CDCl3) δ 7.01 (d, 1.2 Hz, 1H, N(Me)CH), 6.91 (d, J = 4.4 Hz, 1H, 

NCH), 6.38 – 6.39 (m, 1H, CHC(Me), 3.68 (d, J = 0.7 Hz, 3H, NCH3), 2.40 (d, J = 1.5 

Hz, 3H, C(CH3)), 2.26 (d, J = 1.0 Hz, 3H, C(O)CH3). 

13C NMR (100 MHz, CDCl3) δ 197.7 (CO), 145.8 (NCN(CH3)), 141.4 (C(CH3)), 131.6 

(NCH), 128.7 (CHC(CH3)), 121.2 (N(CH3)CH), 33.2 (N(CH3)), 29.8 (C(O)CH3), 25.3 

(C(CH3)). 

2-(4-((tert-butyldiphenylsilyl)oxy)-2-oxopyrrolidin-1-yl)acetamide, 69b 

 

 

To a 10 mL round bottomed flask was charged 2-(4-Hydroxy-2-oxo-pyrrolidin-1-

yl)acetamide, 68 (197 mg, 1.2 mmol) in DMF (2 mL) and the atmosphere exchanged via 

5 vacuum/N2 cycles. The solution was cooled to 0 °C, and Imidazole (93.3 mg, 1.4 mmol) 

was added and left to stir for 5 min before the addition of Diphenyl-tert-butylchlorosilane 

(0.32 mL, 1.2 mmol) in one portion. The reaction mixture was stirred at 0 °C for 10 min 

before being heated to 50 °C and stirred overnight. The heat was switched off and the 

reaction cooled to rt. Water (3 mL) was added followed by DCM (5 mL) and the phase 

separated. The aqueous phase was extracted with DCM (3 x 3 mL), the organics 

combined, dried over Na2SO4, filtered and concentrated. The product was purified by 

HPLC on an ACCQ Prep flash chromatography system to yield the title compound (205 

mg, 40%) as a white solid.  

Rf = 0.37 (DCM : MeOH, 95 : 5). 

1H NMR (500 MHz, CDCl3) δ 7.62 – 7.58 (m, 4H, ArCH), 7.43 -7.54 (m, 2H, ArCH), 

7.4 (t, J = 7.2 Hz, 4H, ArCH), 6.35 (dd, J = 130.1, 7.25 Hz, 2H, NH2), 4.57 – 4.54 (m, 

1H, CHOSi), 3.95 (dd, J = 78.1, 16.4 Hz, 2H, NCH2), 3.54 (dd, J = 10.4, 5.5 Hz, 1H, 

CHN), 3.40 (dd, J = 10.3, 2.4 Hz, 1H, CHN), 2.43 (dd, J = 15.1, 4.9 Hz, 1H, CHC(O)), 

2.30 (dd, J = 15.2, 5.1 Hz, 1H, CHC(O)), 1.05 (s, 9H, C(CH3)3). 
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13C NMR (126 MHz, CDCl3) δ 173.2 (CO), 170.3 C(O)NH2), 135.3 (2 x ArCH), 132.8 

(2 x ArCSi), 129.9 (2 x ArCH), 127.8 (2 x ArCH), 66.33 (COSi), 56.9 (CH2CONH2), 

45.7 (NCH2C(OSi)), 40.4 (CH2CO), 26.6 (C(CH3)3). 22.1 (C(CH3)3). 

 

Attempted synthesis of 6-((tert-butyldiphenylsilyl)oxy)-2-chloro-6,7-dihydro-5H-

pyrrolo[1,2-a]imidazole 

 

To a 50 mL round bottomed flask was charged with 2-[4-[tert-butyl(diphenyl)silyl]oxy-

2-oxo-pyrrolidin-1-yl]acetamide, 69b (205 mg, 0.52 mmol) in MeCN (2 mL) and the 

atmosphere exchanged via 5 vacuum/N2 cycles. POCl3 (296.4 mg, 1.0 mmol) was added 

in one portion and the reaction heated to 85 °C. No reaction was observed. A similar 

outcome was observed when POBr3 was used. 

Attempted synthesis of 6-((tert-butyldimethylsilyl)oxy)-2-fluoro-6,7-dihydro-5H-

pyrrolo[1,2-a]imidazole using Selectfluor. 

 

A 5 mL microwave vial was charged 6-((tert-butyldimethylsilyl)oxy)-6,7-dihydro-5H-

pyrrolo[1,2-a]imidazole, 60  (50 mg, 0.41 mmol) in MeCN (1 mL) and the atmosphere 

exchanged via 5 vacuum/N2 cycles. Selectfluor (128.8 mg, 0.40 mmol) was added in one 

portion and the reaction was stirred for 3 h. LCMS data indicated difluorinated product 

with m/z 161 detected. No desired mass detected. Attempts to isolate the difluorinated 

product were unsuccessful.  

Attempted synthesis of 6-((tert-butyldimethylsilyl)oxy)-2-fluoro-6,7-dihydro-5H-

pyrrolo[1,2-a]imidazole using NFSI. 

 

A 5 mL microwave vial was charged 6-((tert-butyldimethylsilyl)oxy)-6,7-dihydro-5H-

pyrrolo[1,2-a]imidazole, 60 (50 mg, 0.41 mmol) in MeCN (1 mL) and the atmosphere 
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exchanged via 5 vacuum/N2 cycles. The solution was cooled to -78 °C and nBuLi (1.6 M 

in THF, 0.16 mL, 0.41 mmol) was added, and stirred for 2 h. NFSI (129.3 mg, 0.45 mmol) 

was added in one portion and the reaction stirred for a further 2.5 h. No reaction was 

detected. 

6-((tert-butyldimethylsilyl)oxy)-2-iodo-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole, 75  

 

To a 10 mL round bottomed flask was charged 6-((tert-butyldiphenylsilyl)oxy)-6,7-

dihydro-5H-pyrrolo[1,2-a]imidazole, 60 (100 mg, 0.42 mmol) in dry MeCN (1 mL) and 

the atmosphere exchanged via 5 vacuum/N2 cycles. N-iodosuccinimide (103.8 mg, 0.46 

mmol) was added in one portion, and the reaction was heated to 60 °C overnight. The 

reaction was cooled to rt, and a saturated aqueous solution of sodium thiosulfate (5 mL) 

was added followed by EtOAc (2 mL). The phases were separated, and the aqueous phase 

was extracted with EtOAc (3 x 4 mL). The organics combined, washed sequentially with 

water (5 mL) and brine (5 mL), dried over Na2SO4, filtered, and concentrated in vacuo to 

yield the title compound (84.2 mg, 55%) as a brown solid which was used in the next step 

without further purification.  

1H NMR (500 MHz, CDCl3) δ 6.91 (s, 1H, CH), 5.03 (ddd, J = 8.1, 3.0, 2.8 Hz 1H, 

CH(OSi)), 4.16 (dd, J = 11.5, 5.8 Hz, 1H, NCHC(OSi)), 3.79 (dd, J = 11.5, 2.6 Hz, 1H, 

NCHC(OSi)), 3.27 (dd, J = 16.8, 6.7 Hz, 1H, CHC(OSi)), 2.92 (dd, J = 17.0, 4.6 Hz 1H, 

CHC(OSi)), 0.92 (s 9H, SiC(CH3)3), 0.09 (s, 6H, SiC(CH3)2). 

LCMS LC-ES) found m/z 366.07  [M + 2H]+. 

 

6-((tert-butyldimethylsilyl)oxy)-2-fluoro-6,7-dihydro-5H-pyrrolo[1,2-a]imidazole, 

72 

 

 

 

Assembled under an inert atmosphere, 6-((tert-butyldiphenylsilyl)oxy)-2-iodo-6,7-

dihydro-5H-pyrrolo[1,2-a]imidazole, 75 (50 mg, 0.14 mmol) and anhydrous TMAF 

(0.079 mL, 0.27 mmol) were charged to a 4 mL vial and DMF (0.5 mL) was added. The 

vial was sealed with Teflon-lined cap and stirred at rt overnight. DCM (8 mL) was added, 
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and the phases separated. The aqueous layer was extracted with DCM (1 x 8 mL), the 

organics combined, washed with water (2 x 8 mL) and brine (1 x 8 mL), dried over 

Na2SO4, filtered, and concentrated in vacuo. The product was purified by flash column 

chromatography [Silica, Hept : EtOAc (100 : 0 – 0 :100)] to yield the title compound (18 

mg, 50%) as an off-white solid. 

 

1H NMR (500 MHz, CDCl3) δ 7.15 (d, J = 8.7 Hz, 1H, CH), 5.28 (ddd, J = 8.2, 3.1, 2.7 

Hz 1H, CH(OSi)), 4.01 (dd, J = 11.5, 5.7 Hz, 1H, NCHC(OSi)), 3.75 (dd, J = 11.5, 2.6 

Hz, 1H, NCHC(OSi)), 3.24 (dd, J = 16.8, 6.7 Hz, 1H, CHC(OSi)), 2.97 (dd, J = 17.0, 4.6 

Hz 1H, CHC(OSi)), 0.92 (s 9H, SiC(CH3)3), 0.09 (s, 6H, SiC(CH2)2). 

19F NMR (471 MHz, CDCl3) δ -119.9 (s).  

13C NMR (126 MHz, CDCl3) δ 152.4 (CN), 133.1 (CH), 124.7 (CF), 76.1 (CO) 55.6 

(CH2C(OSi)), 31.4 (SiC(CH3)3), 25.8 (SiC(CH3)3), -4.2 (Si(CH2)2). 

HRMS (ESI) m/z calcd for C12H22N2OFSi [M + H]+ 257.1407, found 257.1418 

 

(E)-1-((3-Bromofuran-2-yl)methylene)-2-phenylhydrazine, 79 

 

 

 

Following general procedure, A using phenyl hydrazine (0.67 mL, 6.8 mmol), 3-bromo-

2-formylfuran (1 g, 5.7 mmol, 1.0 eq) and EtOH (4 mL) gave the title compound (1.5 g, 

100%) as an orange solid.  

1H NMR (500 MHz, CDCl3) δ 8.24 (s, 1H, CHN), 7.55 (d, J = 0.7 Hz, 1H, OCH), 7.27 – 

7.18 (m, 2H, 2 x CH), 7.04 – 6.96 (m, 2H, 2 x CH), 6.81 (tt, J = 6.9, 1.3 Hz, 1H, p-CH), 

6.30 (d, J = 1.0 Hz, 1H, CHCBr). 

13C NMR (126 MHz, CDCl3) δ 144.2 (OC), 143.1 (CNH), 141.6 (CCHN), 129.2 (2 x 

CH), 122.7 (CHN), 122.1 (CH), 114.4 (2 x CH), 113.1 (CHCHO), 107.9 (CBr). 

HRMS (ESI) m/z calcd for C11H10N2OBr [M], 264.9782, found 264.9986. 

  

Tert-butyl (E)-2-((3-bromofuran-2-yl)methylene)hydrazine-1-carboxylate, 80 
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Following general procedure, A using tert-Butyl carbazate (910 mg, 6.9 mmol), 3-bromo-

2-formylfuran (1 g, 5.7 mmol, 1.0 eq) and EtOH (4 mL) gave the title compound (1.65 g, 

100%) as a white solid.  

1H NMR (500 MHz, CDCl3) δ 8.24 (s, 1H, CHN), 7.55 (d, J = 2.0 Hz, 1H, OCH), 6.30 

(d, J = 2.1 Hz, 1H, CHCBr), 1.43 (s, 9H, C(CH3)3). 

13C NMR (126 MHz, CDCl3) δ 154.2 (CO), 146.4 (OCH), 145.8 (CCHN), 132.1 (CHN), 

115.8 (CHCBr), 102.2 (CBr), 80.5 (C(CH3)3), 28.7 (C(CH3)3). 

HRMS (ESI) m/z calcd for C10H13N2O3Br [M] 288.0113, found 288.0115. 

 

(E)-((3-bromofuran-2-yl)methylene)hydrazine, 81 

 

 

Following general procedure A using hydrazine (1M in THF, 0.22 mL, 6.9 mmol), 3-

bromo-2-formylfuran (1 g, 5.7 mmol, 1.0 eq) and EtOH (4 mL) gave the title compound 

(1.0 g, 100%) as an orange solid.  

1H NMR (500 MHz, CDCl3) δ 8.2 (s, 1H, CHN)), 7.55 (d, J = 1.2 Hz, 1H, OCH), 6.30 

(d, J = 1.1 Hz, 1H, CHCBr), 5.2 (s, 2H, NH2). 

13C NMR (126 MHz, CDCl3) δ 144.3 (OCH), 139.9 (CCHN), 129.1 (CHN), 113.1 

(CHBr), 102.2 (CBr). 

HRMS (ESI) m/z calcd for C5H6N2OBr [M + H]+ 188.9632, found 188.9639. 

 

 

 

 

1-Phenyl-1H-furo[3,2-c]pyrazole, 82 

 

 

 

Following general procedure B using Hydrazone 79 (960 mg, 3.6 mmol), CuI (1379.3 

mg, 7.2 mmol) and K3PO4 (1537.2 mg, 7.2 mmol) in DMSO (10 mL) at 100 °C overnight 

gave the crude product which was purified by flash column chromatography [Silica, Hept 

: EtOAc, (100 : 0 – 0 : 100)] to yield the title compound 546 mg, 82%) as a brown oil. 
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1H NMR (399 MHz, d6-DMSO) δ 8.01 (s, 1H, CHN), 7.85 (d, J = 0.7 Hz, 1H, OCH), 

7.88 – 7.79 (m, 2H, 2 x CH), 7.58 – 7.47 (m, 2H, 2 x CH), 7.31 (dd, J = 2.2, 0.7 Hz, 1H, 

OCHCH), 7.28 (td, J = 7.3, 1.1 Hz, 1H, PhCH). 

13C NMR (100 MHz, d6-DMSO) δ 151.9 (OCH), 148.2 (OC), 139.6 (CN), 134.8 (CHN), 

129.7 (2 x CH), 125.3 (CH), 121.3 (CNPh), 117.0 (2 x CH), 100.1 (OCHCH). 

HRMS (ESI) m/z calcd for C11H8N2O [M + H]+ 185.194, found 185.069. 

 

Tert-butyl 1H-furo[3,2-c]pyrazole-1-carboxylate, 83 

 

 

 

Following general procedure B using Hydrazone 80 (202 mg, 0.73 mmol), CuI (266.1 

mg, 1.4 mmol), K3PO4 (296.6 mg, 1.4 mmol) and DMSO (2 mL) at 100 °C overnight 

gave the crude product which was purified by flash column chromatography [Silica, Hept 

: EtOAc, (100 : 0 – 0 : 100)] to yield the title compound (100.7 mg, 76%) as a white solid. 

 

1H NMR (500 MHz, CDCl3) δ 7.7 (s, 1H, CHN), 7.54 (d, J = 2.0 Hz, OCH), 6.30 (d, J = 

2.0 Hz, 1H, OCHCH ), 1.37 (s, 9H, (CH3)3). 

13C NMR (126 MHz, CDCl3) δ 150.1 (OCH), 147.1 (OC), 139.8 (CN), 134.1 (CHN), 

121.0 (CNBoc), 103.7 (OCHCH), 83.2 (C(CH3)3), 27.7 (C(CH3)3. 

HRMS (ESI) m/z calcd for C10H13N2O3 [M + H]+ 208.0853, found 208.0859 

 

 

1H-Furo[3,2-c]pyrazole, 84 

 

 

 

 

Following general procedure B using Hydrazone 81 (200 mg, 1.1 mmol), CuI (405 mg, 

2.1 mmol), K3PO4 (450 mg, 2.1 mmol) in DMSO (2.2 mL) at 100 °C overnight gave the 

crude product which was purified by flash column chromatography [Silica, Hept : EtOAc, 

(100 : 0 – 0 : 100)] to yield the title compound (71 mg, 62%) as a clear oil.  
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1H NMR (500 MHz, CDCl3) δ 7.9 (s, 1H, CHN), 7.61 (d, J = 1.9 Hz, OCH), 6.35 (d, J = 

2.0 Hz, 1H, OCHCH). 

13C NMR (126 MHz, CDCl3) δ 146.8 (OCH), 132.8 (OC), 123.1 (CHN, 119.9 (CN), 101.7 

(OCHCH). 

 

5-Fluoro-1-phenyl-1H-furo[3,2-c]pyrazole, 85 

 

 

 

To a 5 mL round bottomed flask was charged 1-Phenyl-1H-furo[3,2-c]pyrazole, 82 (14 

mg, 0.08 mmol) in THF (1 mL), and the atmosphere exchanged via 5 vacuum/N2 cycles 

before being cooled to -78 °C. nBuLi (1.6 M in Hexanes, 0.9 mL, 0.08 mmol) was added 

dropwise, and the solution stirred in the cooling bath for 30 min before the addition of 

NFSI (28.7 mg, 0.09 mmol) in one portion. The reaction was stirred at -78 °C for 2 h and 

then warmed to rt. A saturated aqueous ammonium chloride solution (2 mL) was added 

followed by DCM and the phases separated. The aqueous phase was extracted with DCM 

(2 x 2 mL), the organics combined, dried over Na2SO4, filtered, and concentrated in 

vacuo. The product was purified by HPLC on an ACCQ Prep flash chromatography 

system to yield the title compound 8.4 mg, 54%) as a white solid.  

1H NMR (500 MHz, CDCl3) δ 7.7 (s, 1H, CHN), 7.62 – 7.65 (m, 2H, 2 x CH), 7.6 – 7.5 

(m, 2H, 2 x CH), 7.4 (ddt, J = 8.4, 6.8, 1.4 Hz, 1H, CH), 6.3 (d, J = 12.1 Hz, 1H, CHCF). 

19F NMR (471 MHz, CDCl3) δ -110.2 (s). 

13C NMR (126 MHz, CDCl3) δ 155.4 (d, J = 273.0 Hz, CF), 147.1 (OC), 139.5 (PhCN), 

134.2 (d, J = 3.6 Hz, CNPh), 132.6 (d, J = 1.9 Hz, CHN), 129.1 (2 x CH), 127.2 (CH), 

123.0 (2 x CH), 78.5 (d, J = 34.6 Hz, CHCF). 

HRMS (ESI) m/z calcd for C11H8FN2O [M + H] 203.0542, found 203.0548 

 

3-Fluoro-1-phenyl-1H-furo[3,2-c]pyrazole, 86 

 

 

 

To a 5 mL round bottomed flask was charged 1-Phenyl-1H-furo[3,2-c]pyrazole, 82 (14 

mg, 0.08 mmol) in THF (1 mL), and the atmosphere exchanged via 5 vacuum/N2 cycles 
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before being cooled to -40 °C. nBuLi (1.6 M in Hexanes, 0.9 mL, 0.08 mmol) was added 

dropwise, and the solution stirred in the cooling bath for 30 min before the addition of 

NFSI (28.7 mg, 0.09 mmol) in one portion. The reaction was stirred at -40 °C for 2 h and 

then warmed to rt. A saturated aqueous ammonium chloride solution (2 mL) was added 

followed by DCM and the phases separated. The aqueous phase was extracted with DCM 

(2 x 2 mL), the organics combined, dried over Na2SO4, filtered, and concentrated in 

vacuo. The product was purified by HPLC on an ACCQ Prep flash chromatography 

system to yield the title compound (7.8 mg, 48%) as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.67 – 7.61 (m, 2H, 2 x CH), 7.52 – 7.56 (m, 3H, 2 x CH, 

OCH), 7.42 (ddt, J = 7.7, 6.8, 1.3 Hz, 1H, CH), 6.30 (d, J = 1.6 Hz, 1H, OCHCH). 

19F NMR (471 MHz, CDCl3) δ -54.2 (s) 

13C NMR (126 MHz, CDCl3) δ 156.6 (d, J= 250.1 Hz, CF) 145.8 (d, J = 3.5 Hz, OCH) 

141.5 (NCH) 130.3 (2 x CH), 127.2 (CH), 124.8 (d, J = 27.8 Hz, CFC), 122.6 (2 x CH), 

118.0 (d, J = 7.9 Hz, CNPh), 103.7 (OCHCH). 

HRMS (ESI) m/z calcd for C11H8FN2O [M + H] 203.0542, found 203.0546 

 

Attempted Epoxidation of 1-Phenyl-1H-furo[3,2-c]pyrazole 

 

 

 

A 5 mL microwave vial was charged 1-Phenyl-1H-furo[3,2-c]pyrazole (35 mg, 0.19 

mmol) in DCM (1 mL), and the solution cooled to 0 °C. Hydrogen peroxide (30% w/w 

in H2O, 0.09 mL, 0.95 mL) was added in one portion and the reaction warmed to rt 

overnight. No change was detected. A solution of NaOH (2 M, 0.14 mL, 0.29 mmol) was 

added and the reaction mixture stirred at rt. No product was detected. A similar case was 

observed when mCPBA (55% w/w in H2O, 0.1 mL, 0.33 mol) was used instead of 

hydrogen peroxide. 
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Reaction Optimisation 

Catalyst  

 

Following general procedure D using benzimidazol-1-yl acetic acid, 117 (50 mg, 0.28 

mmol), Na2HPO4, (80.6 mg, 0.57 mmol), Selectfluor (272.3 mg, 0.85 mmol), and catalyst 

(1 mol %) in MeCN/H2O (2 mL, 1:1 v/v) and stirred for 16 h. 4,4’-Di-tert-butylbiphenyl 

(0.031 M, 2 mL) was added and an aliquot was analysed by LCMS. 

 

Entry Photocatalyst Conversion/% Standard 

deviation 

1 Ir[dF(CF3)ppy]2(dtbbpy)P

F6 

88 2.16 

2 [CpIrCl2]2 36 1.88 

3 Ir[p-F(Me)ppy]2-(4,4’-

dtbbpy)2PF6 

87 1.41 

4 Ir[dF(CF3)ppy]2(bpy)PF6 86 5.79 

5 Ir[ppy]3 47 6.12 

6 Ir[(dtbbpy)(ppy)]2PF6 63 4.11 

7 Ir[dFppy]3 82 2.62 

8 Ru[Phen]3Cl2 46 1.24 

9 Ru[bpy]3Cl2 44 2.23 

10 Mes-Acr-Me 12 2.75 

11 Eosin-Y 5 3.51 

12 Rose Bengal 22 4.98 

 

Reaction Time 
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Following general procedure D using benzimidazol-1-yl acetic acid, 117 (50 mg, 0.28 

mmol), Na2HPO4, (80.6 mg, 0.57 mmol), Selectfluor (272.3 mg, 0.85 mmol), and 

Ir[dF(CF3)ppy]2(dtppy)PF6) (3.18 mg, 1 mol %) in MeCN/H2O (2 mL, 1:1 v/v) and stirred 

for X h. 4,4’-Di-tert-butylbiphenyl (0.031 M, 2 mL) was added and an aliquot was 

analysed by LCMS. 

Time/h Conversion/% Standard Deviation 

0 0 0 

0.5 76 0.02 

1 93 0 

2 92 0.05 

3 91 0 

4 90 0.02 

5 90 0.02 

6 90 0 

8 89 0 

10 89 0.05 

12 88 0.08 

14 87 0.05 

16 88 0.05 

 

 

Catalyst Loading 

 

Following General Procedure D using benzimidazol-1-yl acetic acid, 117 (50 mg, 0.28 

mmol), Na2HPO4, (80.6 mg, 0.57 mmol), Selectfluor (272.3 mg, 0.85 mmol), and 

Ir[dF(CF3)ppy]2(dtppy)PF6) (X mol %) in MeCN/H2O (2 mL, 1:1 v/v) and stirred for 1 h. 

4,4’-Di-tert-butylbiphenyl (0.031 M, 2 mL) was added and an aliquot was analysed by 

LCMS. 
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Entry Catalyst loading/mol% Conversion/% 

1 1 88 

2 0.1 41 

3 0.25 86 

4 0.5 91 

5 2 92 

 

Base 

 

 

 

Following general procedure D using benzimidazol-1-yl acetic acid, 117 (50 mg, 0.28 

mmol), Base (0.57 mmol, 2 eq), Selectfluor (272.3 mg, 0.85 mmol), and 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.6 mg, 0.5 mol %) in MeCN/H2O (2 mL, 1:1 v/v) and 

stirred for 1 h. 4,4’-Di-tert-butylbiphenyl (0.031 M, 2 mL) was added and an aliquot was 

analysed by LCMS. 

 

Entry Base Conversion/% 

1 Na2PO4 91 

2 NaOH 70 

3 K2PO4 55 
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Solvent 

 

 

 

Following general procedure D using benzimidazol-1-yl acetic acid, 117 (50 mg, 0.28 

mmol), Na2HPO4, (80.6 mg, 0.56 mmol), Selectfluor (272.3 mg, 0.85 mmol), and 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.6 mg, 0.5 mol %) in Solvent (0.3 M) and stirred for 1 h. 

4,4’-Di-tert-butylbiphenyl (0.031 M, 2 mL) was added and an aliquot was analysed by 

LCMS. 

Entry Solvent System Conversion/% 

1 MeCN/H2O (1:1 v/v) 91 

2 MeCN/H2O (2:1 v/v) 91 

3 (CH3)2CO/H2O (1:1 v/v) 60 

4 (CH3)2CO 40 

5 DCM/H2O (1:1 V/V) 67 

 

Reagent Stoichiometry 

 

 

 

Following general procedure D using benzimidazol-1-yl acetic acid, 117 (50 mg, 0.28 

mmol), Na2HPO4, (X eq), Selectfluor (X eq) and Ir[dF(CF3)ppy]2(dtppy)PF6) (1.6 mg, 

0.5 mol %) in MeCN/H2O (2 mL, 1 : 1 v/v) and stirred for 1 h. 4,4’-Di-tert-butylbiphenyl 

(0.031 M, 2 mL) was added and an aliquot was analysed by LCMS. 
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Entry Selectfluor (eq) Na2HPO4/eq Conversion/% 

1 3.0  2.0 91 

2 0.5  2.0 48 

3 1.0  2.0 50 

4 2.0 2.0 92 

5 3.0  0.5 46 

6 3.0  1.0 69 

7 3.0  1.5 78 

8 3.0 3.0 91 

 

 

Alkylation of N-Heterocycles 

Ethyl 2-(6-Bromo-1H-benzoimidazol-1-yl)acetate, 141 

 

Following general procedure E using 6-bromo-1H-benzimidazole (500 mg, 2.5 mmol), 

K2CO3 (701.5 mg, 5.1 mmol), and ethyl bromoacetate (0.51 mL, 5.7 mmol) in DMF (5 

mL) gave the crude product which was purified by flash column chromatography [Silica, 

Hept : EtOAc, (100 : 0 – 80 : 20)] to yield the title compound (80 mg, 11%) as a brown 

oil. 

1H NMR (400 MHz, d6-DMSO) δ 8.23 (d, J = 9.5 Hz, 1H, CHN), 7.82 (d, J = 8.2, 1H, 

CHCHCBr), 7.58 (d, J = 2.0 Hz, 1H, CHCBr), 7.38 (dd, J = 6.2, 1.7 Hz, 1H, CHCHCBr), 

5.25 (d, J = 1.8 Hz, 2H, NCH2), 4.22 – 4.13 (m, 2H, CH2CH3), 1.22 (m, 3H, CH3). 

13C NMR (106 MHz, d6-DMSO) δ 168.7 (C(O)), 144.7 (CHN), 142.5 (CN), 134.1 (CN), 

127.8 (CHCBr), 120.2 (CHC), 116.3 (CBr), 114.2 (CHCBr), 62.3 (CH2CH3), 46.0 

(NCH2), 14.1 (CH2CH3). 

 

 

 

 

 

 



150 
 

Ethyl 2-[2-(4-Pyridyl)benzimidazol-1-yl]acetate, 142 

 

 

 

Following general procedure E using 2-(4-pyridyl)-1H-benzimidazole (500 mg, 2.5 

mmol), K2CO3 (707.9 mg, 5.1 mmol), and ethyl bromoacetate (0.51 mL, 4.6 mmol) in 

DMF (5 mL) gave the crude product which was purified by flash column chromatography 

[Silica, Hept : EtOAc, (100 : 0 – 80 : 20)] to yield the title compound (320 mg, 44%) as 

a brown solid. 

1H NMR (400 MHz, d6-DMSO) δ 8.77 (d, J = 5.9 Hz, 2H, 2 x NCH), 7.91 (d, J = 5.7 Hz, 

2H, 2 x CCH), 7.65 (d, J = 7.0 Hz, 1H, CH), 7.45 (d, J = 7.3 Hz, 1H, CH), 7.39 – 7.28 

(m, 2H, 2 x CH), 5.34 (s, 2H, NCH2), 4.11 (q, J = 7.1, Hz, 2H, CH2CH3), 1.12 (t, J = 7.1 

Hz, 3H, CH2CH3). 

13C NMR (106 MHz, d6-DMSO) δ 168.9 (C(O)), 153.7 (NCCAr), 150.2 (2 x CHN), 142.5 

(ArCCN)), 138.9 (CN) 137.7 (CN), 124.9 (CH), 123.1 (CH), 121.5 (2 x CH), 112.6 

(CHC), 110.8 (CHC), 61.5 (CH2CH3), 45.5 (NCH2), 14.1 (CH2CH3). 

 

Ethyl 2-[4-Trifluoromethyl)benzimidazol-1-yl]acetate, 143 

 

 

 

Following general procedure E using 4-(trifluoromethyl)-1H-benzimidazole (500 mg, 2.7 

mmol), K2CO3 (742.5 mg, 5.4 mmol), and ethyl bromoacetate (0.45 mL, 4.0 mmol) in 

DMF (5 mL) gave the crude product which was purified by flash column chromatography 

[Silica, Hept : EtOAc, (100 : 0 – 80 : 20)] to yield the title compound (300 mg, 41%) as 

a white solid.  

1H NMR (500 MHz, d6-DMSO) δ 8.40 (s, 1H, NCH), 7.91 (d, J = 8.2 Hz, 1H, CHCCF3), 

7.58 (d, J = 7.5 Hz, 1H, NCCH), 7.42 (t, J = 7.8 Hz, 1H, CHCHCCF3), 5.36 (s, 2H, 

NCH2), 4.19 (q, J = 7.1 Hz, 2H, CH2CH3), 1.23 (t, J = 7.1 Hz, 3H, CH2CH3). 

19F NMR (471 MHz, d6-DMSO) δ -61.3 (s) 
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13C NMR (126 MHz, d6-DMSO) δ 168.1 (C(O)), 146.4 (CHN), 135.3 (2 x CN), 122.1 (d, 

J = 3.3 Hz, CCF3), 119.0 (CH), 115.4 (CH), 117.4 (d, J = 32.4 Hz, CCF3), 113.8 (CH) 

61.4 (CH2CH3), 45.6 (NCH2), 14.0 (CH2CH3). 

 

 

Ethyl 2-(3-Bromo-6-nitro-indazol-1-yl)acetate, 144 

 

 

 

Following general procedure E using 3-Bromo-6-nitro indazole (500 mg, 2.1 mmol), 

K2CO3 (571.0 mg, 4.1 mmol), and ethyl bromoacetate (0.34 mL, 3.10mmol) in DMF (4 

mL) gave the crude product which was purified by flash column chromatography [Silica, 

Hept : EtOAc, (100 : 0 – 80 : 20)] to yield the title compound (328 mg, 76%) as a brown 

solid. 

1H NMR (500 MHz, d6-DMSO) δ 8.94 (d, J = 1.6 Hz, 1H, CHCNO2), 8.07 (dd, J = 8.9, 

1.9 Hz, 1H, CHCNO2), 7.88 (d, J = 8.9 Hz, 1H, CH), 5.62 (s, 2H, NCH2), 4.17 (q, J = 

7.1 Hz, 2H, CH2CH3), 1.22 (t, J = 7.1 Hz, 3H, CH2CH3). 

13C NMR (126 MHz, d6-DMSO) δ 167.8 (C(O)), 147.3 (CNO2), 140.4 (CN), 126.0 

(CHC), 121.2 (CCBr), 121.0 (CBr), 116.5 (CCNO2), 108.0 (CCNO2), 61.4 (CH2CH3), 

50.6 (NCH2), 14.0 (CH2CH3). 

 

Ester Hydrolysis to Yield N-Acetic acids 

 

Sodium Ethyl 2-(6-Bromo-1H-benzoimidazol-1-yl)acetate, 137 

 

Following general procedure F using ethyl 2-(6-bromo-1H-benzoimidazol-1-yl)acetate, 

141 (80 mg, 0.28 mmol), and NaOH (2 M, 0.28 mL, 0.56 mmol) in THF (1 mL) gave the 

title compound (78 mg, 99%) as a brown solid, which was carried through to the next step 

without further purification. 
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1H NMR (500 MHz, d6-DMSO) δ 8.10 (d, J = 9.5 Hz, 1H, CHN), 7.77 (d, J = 8.2, 1H, 

CHCHCBr), 7.62 (d, J = 2.0 Hz, 1H, CHCBr), 7.55 (dd, J = 6.2, 1.7 Hz, 1H, CHCHCBr), 

4.47 (s, 2H, NCH2). 

 

Sodium Ethyl 2-[2-(4-pyridyl)benzimidazol-1-yl]acetate, 138 

 

 

Following general procedure F using ethyl 2-[2-(4-pyridyl)benzimidazol-1-yl]acetate, 

142 (320 mg, 1.1 mmol), and NaOH (2 M, 0.57 mL, 1.14 mmol) in THF (4 mL) gave the 

title compound (310 mg, 99%) as a brown solid, which was carried through to the next 

step without further purification. 

1H NMR (400 MHz, d6-DMSO) δ 8.72 (d, J = 5.8 Hz, 2H, 2 x NCH), 7.89 (d, J = 5.7 Hz, 

2H, 2 x CCH), 7.69 (d, J = 7.0 Hz, 1H, CH), 7.45 (d, J = 7.3 Hz, 1H, CH), 7.30 – 7.19 

(m, 2H, 2 x CH), 4.52 (s, 2H, NCH2). 

 

Sodium Ethyl 2-[4-trifluoromethyl)benzimidazol-1-yl]acetate, 139 

 

 

 

Following general procedure F using ethyl 2-[4-trifluoromethyl)benzimidazol-1-

yl]acetate, 143 (300 mg, 1.1 mmol), NaOH (2 M, 1.10 mL, 2.2 mmol) in THF (3.5 mL) 

gave the title compound (262 mg, 97%) as a white solid which was carried through to the 

next step without further purification. 

1H NMR (500 MHz, CD3OD) δ 8.37 (d, J = 1.4 Hz, 1H, CH), 8.20 (s, NCH), 7.91 (dd, J 

= 8.9, 1.8 Hz, 1H, CHCCF3), 7.63 (d, J = 8.9 Hz, 1H, NCCH), 7.42 (t, J = 7.8 Hz, 1H, 

CHCHCCF3), 4.93 (s, 2H, NCH2). 
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Sodium ethyl 2-(3-bromo-6-nitro-indazol-1-yl)acetate, 140 

 

 

 

Following general procedure F using Ethyl 2-(3-bromo-6-nitro-indazol-1-yl)acetate 144 

(328 mg, 0.99 mmol), NaOH (2 M, 0.99 mL, 1.9 mmol) in THF (3 mL) gave the title 

compound (296 mg, 99%) as a brown solid which was carried through to the next step 

without further purification. 

1H NMR (500 MHz, d6-DMSO) δ 8.94 (d, J = 1.6 Hz, 1H, CHCNO2), 8.07 (dd, J = 8.9, 

1.9 Hz, 1H, CHCNO2), 7.88 (d, J = 8.9 Hz, 1H, CH), 5.62 (s, 2H, NCH2). 

 

Fluorination of N-Acetic Acids 

 

2-(Fluoromethyl)phthalazin-1(2H)-one, 125 

 

 

 

Following general procedure C using (1-oxo-2(1H)-phthalazinyl)acetic acid (58 mg, 0.28 

mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.58 mmol), and 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mo l%) in MeCN : H2O (2 mL, 1 : 1 v/v) for 1 

h gave the crude product, which was purified by flash column chromatography [Silica, 

Hept : EtOAc, (100 : 0 – 0 : 100)] to yield the title compound (41.2 mg, 93%) as a white 

solid. 

Rf = 0.32 (Hept : EtOAc, 50 : 50) 

1H NMR (500 MHz, d6-DMSO) δ 8.53 (s, 1H, CHN), 8.31 (d, J = 7.9 Hz, 1H, CCH), 

8.04 – 7.98 (m, 2H, 2 x CH), 7.93 (ddd, J = 8.4, 6.1, 2.8 Hz, 1H, CH), 6.11 (d, 2JH-F = 

52.4 Hz, 2H, CH2F). 

19F NMR (471 MHz, d6-DMSO) δ -172.6 (s). 

13C NMR (126 MHz, d6-DMSO) δ 161.8 (C(O)), 139.7 (CHN), 134.7 (CH), 132.7 (CHC), 

129.6 (CCH), 127.4 (CCH), 126.2 (2 x CH), 87.6 (d, 1JC-F = 197.4 Hz, CH2F). 

HRMS (ESI) m/z calcd for C9H8FN2O [M + H] 179.0542, found 179.0543 
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1-(1-Fluoroethyl)-1H-indole, 126 

 

 

 

Following general procedure C using 2-(1H-Indol-1-yl)propanoic acid (54 mg, 0.28 

mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.57 mmol), 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 v/v) for 1 

h gave the crude product which was purified by flash column chromatography [Silica, 

Hept : EtOAc, (100 : 0 – 0 : 100)] yielded the title compound (37.6 mg, 78%) as a white 

solid. 

Rf = 0.23 (Hept : EtOAc, 50 : 50). 

1H NMR (500 MHz, d6-DMSO) δ 7.71 (dd, J = 6.9, 1.3 Hz, 1H, CCH)), 7.65 – 7.59 (m, 

1H, CCH), 7.23 (td, J = 6.7, 1.2 Hz, 1H, CHCH), 7.15 – 7.07 (m, 1H, NCH), 7.23 (td, J 

= 6.7, 1.2 Hz, 1H, CHCH), 6.58 – 6.52 (m, 1H, CH), 5.63 (dq, J = 53.8, 4.0, 0.7 Hz, 1H, 

CH(CH3)), 1.67 (dd, J = 22.2, 4.0 Hz, 3H, CCH3). 

19F NMR (471 MHz, d6-DMSO) δ = - 97.4 (s) 

13C NMR (126 MHz, d6-DMSO) δ 138.1 (CN), 133.5 (CCN) 127.2 (CHN), 125.2 (CH), 

122.8 (CHC), 122.5 (CH), 111.9 (CHC), 106.6 (NCHCH), 99.8 (d, 1JC-F = 214.4 Hz, 

CHF), 24.1 (CH3). 

HRMS (ESI) m/z calcd for C10H11FN [M +H] 164.0797, found 164.0802 

 

 

 

6-bromo-1-(fluoromethyl)-1H-benzo[d]imidazole, 127 

 

 

 

Following general procedure C using Sodium ethyl 2-(6-bromo-1H-benzoimidazol-1-

yl)acetate, 141 (78 mg, 0.28 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 

mg, 0.57 mmol), Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 

mL, 1 : 1 v/v) for 1 h gave the crude product which was purified by flash column 

chromatography [Silica, DCM : MeOH (100 : 0 – 80 : 20)] to yield the title compound 

(55.5 mg, 83%) as an orange solid. 
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Rf = 0.21 (DCM : MeOH, 95 : 5). 

1H NMR (500 MHz, d6-DMSO) δ 8.53 (d, J = 10.6 Hz, 1H, CH), 8.03 (d, J = 17.4 Hz, 

1H, CHCBr), 7.73 (dd, J = 8.6, 4.3 Hz, 1H, CHCBr), 7.52-7.46 (m, 1H, CHC), 6.43 (d, 

J = 52.7 Hz, 2H, CH2F). 

19F NMR (471 MHz, d6-DMSO) δ = - 164.5 (s). 

13C NMR (106 MHz, d6-DMSO) δ 144.5 (CHN), 143.5 (CN), 136.9 (CN), 127.8 

(CHCBr), 119.3 (CHC), 116.3 (CBr), 114.2 (CHCBr), 82.2 (d, J = 153.7 Hz, CH2F). 

HRMS (ESI) m/z calcd for C8H7BrFN2 [M + H] 228.9698, found 228.9740. 

 

1-(fluoromethyl)-1H-benzimidazole, 118 

 

 

 

Following general procedure C using ethyl 2-(1H-benzimidazol-1-yl)acetate, 118 (50 mg, 

0.28 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.57 mmol), 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 v/v) for 1 

h gave the crude product which was purified by flash column chromatography [Silica, 

Hept : EtOAc, (100 : 0 – 0 : 100)] yielded the title compound (33.2 mg, 78%) as an off-

white solid. 

Rf = 0.43 (Hept : EtOAc, 50 : 50) 

1H NMR (500 MHz, d6-DMSO) δ 8.02 (dt, J = 4.2, 0.9 Hz, 1H, CHN), 7.80 (dd, J = 6.6, 

1.5 Hz, 1H, CCH), 7.46 (dd, J = 7.3, 1.5 Hz, 1H, CCH), 7.38 (td, J = 7.0, 1.3 Hz, 1H, 

CHCH), 7.30 (td, J = 7.0, 1.4 Hz, 1H, CHCH), 6.53 (d, J = 51.5 Hz, 2H, CH2F). 

19F NMR (471 MHz, d6-DMSO) δ – 174.6 (s). 

13C NMR (125 MHz, d6-DMSO) δ 145.5 (CN), 143.5 (CHN), 134.6 (CN), 123.2 CH), 

122.3 (CH), 119.8 (CHC), 112.4 (CHC), 88.5 (d, 1JC-F = 217.6 Hz, CH2F). 

HRMS (ESI) m/z calcd for C7H8FNS [M + H] 151.0594, found 151.0590 

 

1-(fluoromethyl)-1H-pyrazole 128 

 

 

 

Following general procedure C using 2-(1H-pyrazol-1-yl)acetic acid (35.6 mg, 0.28 

mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.57 mmol), 
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Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 v/v) for 1 

h gave the crude product which was purified by flash column chromatography [Silica, 

Hept : EtOAc, (100 : 0 – 0 : 100)] yielded the title compound (14 mg, 50%) as a clear oil. 

1H NMR (500 MHz, d6-DMSO) δ 7.41 (ddt, J = 3.1, 2.6, 0.7 Hz, 1H, CHNCH3), 7.24 (d, 

J = 3.1 Hz, 1H, CHN), 6.53 (dd, J = 51.5, 0.7 Hz, 2H, CF2H), 6.20 (dd, J = 4.0, 3.1 Hz, 

1H, CHCHN). 

19F NMR (471 MHz, d6-DMSO) δ –176.4 (s). 

13C NMR (125 MHz, d6-DMSO) δ 141.0 (CHN), 133.3 (CHNCH3, 104.1 (CHCHN), 94.3 

(d, 1JC-F = 227.0 Hz, CH2F). 

 

1-(fluoromethyl)-2-(4-pyridyl)benzimidazole, 129 

 

 

 

Following general procedure C using sodium ethyl 2-[2-(4-pyridyl)benzimidazol-1-

yl]acetate, 142 (80 mg, 0.29 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 

mg, 0.57 mmol), Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 

mL, 1 : 1 v/v) for 1 h gave the crude product which was purified by flash column 

chromatography [Silica, DCM : MeOH (100 : 0 – 80 : 20)] to give the title compound 

(60.7 mg, 92%) as a white solid. 

Rf  = 0.34 (DCM : MeOH, (90 : 10) 

1H NMR (500 MHz, d6-DMSO) δ 8.84 (dd, J = 4.5, 1.6 Hz, 2H, 2 x NCH), 7.90 (d, J = 

9.1 Hz, 1H, CH), 7.81 – 7.82 (m, 1H, C), 7.84 – 7.83 (m, 2H, 2 x CH), 7.48 – 7.44 (m, 

1H, CH), 7.40 (dd, J = 11.2, 4.0 Hz, 1H, CH), 6.46 (d, J = 53.1 Hz, 2H, NCH2F). 

19F NMR (471 MHz, d6-DMSO) δ -162.0 (s). 

13C NMR (126 MHz, d6-DMSO) δ 151.0 (NCCAr), 150.5 (2 x CHN), 142.3 (2 x CHN), 

136.3 (CN), 135.4 (CCN), 124.5 (CH) 123.8 (CH), 123.2 (2 x CH), 119.9 (CHC), 110.9 

(CHC), 81.7 (d, J = 130.9 Hz, CH2F). 

HRMS (ESI) m/z calcd for C13H11FN3 [M + H] 228.0859, found 228.086 

 

1-(fluoromethyl)-2-propyl-1H-benzimidazole, 130 
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Following general procedure C using 2-(2-propyl-1H-benzidazol-1-yl)acetic acid (62 mg, 

0.28 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.56 mmol), 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 v/v) for 1 

h gave the crude product which was purified by flash column chromatography [Silica, 

DCM : MeOH (100 : 0 – 80 : 20)] to give the title compound (40 mg, 91%) as a brown 

solid. 

Rf = 0.29 (DCM : MeOH, 90 : 10). 

1H NMR (500 MHz, d6-DMSO) δ 7.68 (d, J = 7.5 Hz, 1H, CHC), 7.62 (d, J = 7.8 Hz, 1H, 

CHC), 7.28 (dd, J = 10.9, 4.3 Hz, 1H, CHCH), 7.25 (dd, J = 11.7, 4.3 Hz, 1H, CHCH), 

6.42 (d, J = 53.4 Hz, 2H, CH2F), 2.92 (t, J = 7.5 Hz, 2H, CH2CH2), 1.86 – 1.78 (m, 2H, 

CH2CH3), 1.00 (t, J = 7.4 Hz, 3H, CH2CH3). 

19F NMR (471 MHz, d6-DMSO) δ -166.5 (s). 

13C NMR (126 MHz, d6-DMSO) δ 155.7 (NCN), 142.3 (CN), 134.6 (CN), 122.9 (CH), 

122.8 (CH), 118.8 (CHC), 110.1 (CHC), 81.0 (d, J = 192.9 Hz, CH2F), 28.13 (CH2CH2), 

20.6 (CH2CH3), 13.9 (CH2CH3). 

HRMS (ESI) m/z calcd for C11H14FN2 [M +H] 193.1061, found 193.1066 

 

1-(fluoromethyl)-2-methyl-1H-imidazole, 131 

 

 

 

Following general procedure C using 2-(2-methyl-1H-imidazol-1-yl)acetic acid (40 mg, 

0.28 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.57 mmol), 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 v/v) for 1 

h gave the crude product which was purified by flash column chromatography [Silica, 

Hept : EtOAc (100 : 0 – 0 : 100)] to give the title compound (29 mg, 91%) as a clear oil. 

Rf  = 0.63 (Hept : EtOAc, 50 : 50). 

1H NMR (500 MHz, d6-DMSO) δ 6.95 (d, J = 4.9 Hz, 1H, CH), 6.84 (ddt, J = 4.7, 3.9, 

0.9 Hz, 1H, CHN(CH2F)), 6.53 (dd, J = 51.5, 0.7 Hz, 2H, CH2F), 2.41 (s, 3H, CH3). 

19F NMR (471 MHz, d6-DMSO) δ -170.8 (s). 

13C NMR (126 MHz, d6-DMSO) δ 140.4 (CCH3), 124.3 (CHN), 118.4 (CHN), 87.70 (d, 

J = 214.6 Hz, CH2F) 14.3 (CH3). 

No HRMS detected. 
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2-(fluoromethyl)-6-(2-thienyl)pyridazin-3-one, 132 

 

 

 

 

Following general procedure C using [6-Oxo-3-(2-thienyl)pyridazin-1(6H)-yl]acetic acid 

(67 mg, 0.28 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.57 

mmol), Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 

v/v) for 1 h gave the crude product which was purified by flash column chromatography 

[Silica, Hept : EtOAc (100 : 0 – 0 : 100)] to give the title compound (33.4 mg, 56%) as a 

yellow solid. 

Rf = 0.26 (Hept : EtOAc, 50 : 50) 

1H NMR (500 MHz, d6-DMSO) δ 8.16 (d, J = 9.8 Hz, 1H, SCH), 7.81 (d, J = 2.7 Hz, 1H, 

CHC), 7.73 (m, 1H, CH), 7.20 – 7.18 (m, 1H, CHC(O)), 7.16 (d, J = 9.8 Hz, 1H, 

CHCHC(O)), 6.01 (d, J = 51.7 Hz, 2H, CH2F). 

19F NMR (471 MHz, d6-DMSO) δ -174.6 (s). 

13C NMR (126 MHz, d6-DMSO) δ 162.7 (C(O)), 141.6 (CN), 136.3 (CS), 131.1 

(CHCHC(O)), 128.6 (CHC(O)), 125.8 (2 x CH), 124.7 (CHS), 90.9 (d, J = 202.2 Hz, 

CH2F). 

HRMS (ESI) m/z calcd for C9H8FN2OS [M + H] 211.0263, found 211.0335. 

 

1-(fluoromethyl)-2-(trifluoromethyl)benzimidazole, 133 

 

 

 

Following general procedure C using (2-trifluoromethyl-benzoimidazol-1-yl)-acetic acid 

(69.1 mg, 0.28 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.57 

mmol), Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 

v/v) for 1 h gave the crude product which was purified by flash column chromatography 

[Silica, Hept : EtOAc (100 : 0 – 0 : 100)] to give the title compound (48 mg, 79%) as a 

white solid. 

Rf = 0.46 (Hept : EtOAc, 50 : 50) 
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1H NMR (500 MHz, d6-DMSO) δ 7.95 (dd, J = 43.4, 8.2 Hz, 1H, CH), 7.61 – 7.44 (m, 

1H, CH), 6.54 (d, J = 51.9 Hz, 2H, CH2F). 

19F NMR (471 MHz, d6-DMSO) δ -61.1 (s), -166.7 (s). 

13C NMR (126 MHz, d6-DMSO) δ 140.2 (CN), 139.2 (CCF3) 126.6 (CN), 124.8 2 x CH), 

121.2 (CH), 115.4 (CCF3), 111.6 (CH), 81.3 (d, J = 196.7 Hz, CH2F). 

HRMS (ESI) m/z calcd for C9H7F4N2 [M +H] 219.0462, found 219.0468 

 

1-[fluoro(phenyl)methyl]benzimidazole, 134 

 

 

 

Following general procedure C using 2-(benzimidazol-1-yl)-2-phenyl-acetic acid, (71.3 

mg, 0.28 mmol), ), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 mg, 0.57 mmol), 

Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 mL, 1 : 1 v/v) for 1 

h gave the crude product which was purified by flash column chromatography [Silica, 

Hept : EtOAc (100 : 0 – 0 : 100)] to give the title compound (55.5 mg, 82%) as an off-

white solid. 

Rf = 0.56 (Hept : EtOAc 50 : 50) 

1H NMR (500 MHz, CDCl3) δ 8.04 – 8.00 (m, 1H, CHN), 7.80 (dd, J = 6.7, 1.4 Hz, 1H, 

CHCN), 7.46 (dd, J = 7.6, 1.4 Hz, 1H, CHCN), 7.40 – 7.37 (m, 1H, CH), 7.35 – 7.33 (m, 

2H, 2 x CH), 7.33 – 7.27 (m, 3H, 3 x CH), 6.81 (dd, J = 56.7, 0.8 Hz, 2H, CH(Ph)F). 

19F NMR (471 MHz, d6-DMSO) δ -78.4 (s). 

13C NMR (125 MHz, CDCl3) δ 144.3 (CHN), 144.2 (CN), 136.3 (CCHF), 133.4 (CN), 

128.55 (2 x CH), 128.2 (2 x CH), 128.1 (CH), 122.8 (CHCHC), 121.5 (CHCHC), 120.3 

(CHC) 112.9 (CHC), 105.45 (d, J = 225.1 Hz, CF). 

HRMS (ESI) m/z calcd for C14H12FN2 [M + H] 227.0966, found 227.0979. 
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1-(fluoromethyl)-4-(trifluoromethyl)benzimidazole, 135 

 

 

 

Following general procedure C using 2-[4-(trifluoromethyl)benzimidazol-1-yl]acetic 

acid, 143 (69.3 mg, 0.28 mmol), ), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor (181.5 

mg, 0.57 mmol), Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : H2O (2 

mL, 1 : 1 v/v) for 1 h gave the crude product which was purified by flash column 

chromatography [Silica, Hept : EtOAc (100 : 0 – 80 : 20)] to give the title compound 

(53.2 mg, 86%) as a brown solid. 

Rf = 0.41 (Hept : EtOAc, 50 : 50) 

1H NMR (500 MHz, d6-DMSO) δ 8.70 (s, 1H, CHN)), 8.12 (d, J = 10.7 Hz, 1H, 

CHCCF3), 7.68 (d, J = 7.6 Hz, 1H, CCH), 7.53 (dd, J = 18.1, 10.2 Hz, 1H, CHCHCH), 

6.52 (d, J = 52.5 Hz, 2H, CH2F). 

19F NMR (471 MHz, d6-DMSO) δ -59.4 (s), -165.1 (s). 

13C NMR (126 MHz, d6-DMSO) δ 146.4 (d, J = 17.2 Hz, CHN), 139.9 (CN), 134.2 (CN) 

124.9 (d, J =257.1 Hz, CF3) 123.3 (CH), 122.9 (d, J = 31.5 Hz, CCF3) 120.2 (CHC), 

115.3 (CH), 82.2 (d, J = 194.5 Hz, CH2F). 

HRMS (ESI) m/z calcd for C9H7F4N2 [M + H]+ 219.0467, found 219.0473. 

   

3-Bromo-1-(Fluoromethyl)-6-nitro-indazole, 136 

 

 

 

Following general procedure C using Sodium ethyl 2-(3-bromo-6-nitro-indazol-1-

yl)acetate, 144 (90.0 mg, 0.28 mmol), Na2HPO4, (80.5 mg, 0.57 mmol), Selectfluor 

(181.5 mg, 0.57 mmol), Ir[dF(CF3)ppy]2(dtppy)PF6) (1.62 mg, 0.5 mol %) in MeCN : 

H2O (2 mL, 1 : 1 v/v) for 1 h gave the crude product which was purified by flash column 

chromatography [Silica, Hept : EtOAc (100 : 0 – 80 : 20)] to give the title compound 

(61.6 mg, 75%) as a white solid. 

Rf  = 0.49 (Hept : EtOAc, 50 : 50) 
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1H NMR (500 MHz, d6-DMSO) δ 8.50 (dd, J = 1.8, 0.7 Hz, 1H, CHCNO2), 8.09 (d, J = 

2.0 Hz, 1H, CHCNO2), 8.09 (d, J = 0.7 Hz, 1H, CH), 6.53 (d, J = 51.5 Hz, 2H, CH2F). 

19F NMR (471 MHz, d6-DMSO) δ -171.8 (s). 

13C NMR (126 MHz, d6-DMSO) δ 147.0 (CNO2), 139.4 (CN), 131.5 (CCBr), 123.7 

(CBr), 122.5 (CHCHCNO2), 117.7 (CHCNO2), 108.7 (CHCNO2), 93.1 (d, J = 201.3 Hz, 

CH2F). 

HRMS (ESI) m/z calcd for C8H6BrFN3O2 [M + H]+ 273.9549, found 273.9562.  
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