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Abstract 

The synthesis and derivatisation of amino acids to create molecules with enhanced 

three-dimensionality is of paramount importance in advancing pharmaceutical and 

agrochemical research. The thesis focusses on highlighting the importance of enhancing 

molecular three-dimensionality in drug design, aligning with concepts like "escape from the 

flatland" and "conformational restriction." The developed radical-based methods provide 

versatile and efficient routes to synthesise complex, 3D amino acid derivatives, thereby 

broadening the methods available for medicinal chemists and facilitating the discovery of 

novel, bioactive molecules with improved pharmacological profiles. 

-Amino acids, particularly 2,2-amino acids, play a crucial role in modifying peptide 

secondary structures, leading to increased resistance to proteolytic degradation and 

providing intermediates for various biologically relevant compounds. However, the synthesis 

of these derivatives poses significant challenges due to the complexity of constructing 

quaternary centres. This thesis presents a novel two-step protocol for the modular synthesis 

of 2- and 2,2-amino acid derivatives. The key steps involve a photocatalytic Giese-type 

reaction followed by oxidative functionalisation to access N-protected -amino acids, esters, 

and amides. This approach leverages radical chemistry to overcome steric hindrance, 

facilitating the formation of quaternary centres and enhancing the three-dimensional 

character of the resulting molecules. The method is further optimised for scalability through 

continuous-flow technology, ensuring its practical application in large-scale synthesis. 

In addition to the two-step protocol, this work explores the synthesis of spirocyclic 

scaffolds from abundant starting materials such as cyclic ketones and -amino acids. The 

sequence employs a straightforward Knoevenagel condensation followed by a domino 

Giese-type reaction and base-mediated cyclisation, yielding a broad scope of polar 

spirocyclic scaffolds with high efficiency. These spirocycles exhibit increased three-

dimensionality and structural novelty, which are critical for interacting with three-dimensional 

binding pockets and accessing unclaimed chemical space. 

Finally, despite advancements in synthetic methods for lactones, challenges remain, 

particularly in constructing spirocyclic lactones due to the difficulty in forming quaternary 

centres. Traditional intramolecular esterification from hydroxy acid precursors often falls 

short for spirocyclic systems. Chapter III focuses on a novel approach using vinylogous 
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Michael acceptors and cyclic aliphatic alcohols to synthesise spirocyclic -amino -

butyrolactones in a single operation from simple precursors, without the need for pre-existing 

quaternary centres. Inspired by MacMillan’s methodology, boronate activation of alcohols to 

preferentially abstract -hydroxy C–H bonds was utilised, forming -carbamoyl ketyl radicals 

for subsequent Michael addition and cyclisation. Optimisation studies identified effective 

conditions using boronic acids as activators, Ir-F photocatalyst, and quinuclidine as a HAT 

catalyst. Challenges remain in achieving high yields and addressing decomposition issues, 

suggesting the need for further mechanistic studies and refinements in the presented 

approach. 
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I General introduction 

1.1 Amino Acids 

Amino acids are not simple compounds; as they are intricately tailored structures with 

distinct stereochemistry, functional groups, and diverse side chains. Their synthesis within 

living organisms is evidence to the attractive accuracy of enzyme-catalysed reactions and 

elaborate metabolic pathways. Understanding the difficulties of amino acid synthesis not 

only sheds light on the interplay of organic reactions but also uncovers the remarkable 

enzymatic strategies that orchestrate these processes. The stepwise assembly of amino 

acids involves a symphony of chemical transformations, including coupling reactions, 

protecting group manipulations, and chiral induction. These reactions showcase the 

ingenuity of organic chemists and the complexity that nature employs in constructing even 

the most fundamental molecules of life. 

In the simplest form of the -amino acids, these functional groups are separated by a 

single carbon atom, such as the methylene group in glycine (Gly), the simplest of the 

canonical AAs. Depending on the substitution pattern at the -position (C–2), many different 

variations are possible, including the group of twenty canonical or proteinogenic AAs, which 

are synonymously known as the natural amino acids, plus an additional two (selenocysteine 

and pyrrolysine) that are incorporated by special translation mechanisms (Scheme 1). Many 

naturally occurring amino acids which are not part of the canonical group are known (around 

800 examples), e.g., the mammalian neurotransmitter GABA – the simplest -amino acid 

(vide infra).1 
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Scheme 1: structure of the 20 proteinogenic AAs plus two additional, with 3 letter codes. 

Amino acids which do not belong to the canonical twenty are generally known as non-

canonical or unnatural amino acids, despite their occurrence in nature as secondary 

metabolites. Their designation as unnatural stems from the fact that they generally do not 

occur as part of natural polypeptide chains. Hence, the term unnatural AA is often 

synonymous with the term non-proteinogenic (non-protein forming) AAs. Apart from the -

amino acids subclass, variations with different length exist, separated by two (), three (), or 

even four carbon atoms (-amino acids) (Scheme 2). 

 

Scheme 2: subclasses of amino acids. 

Amino acids are one of the fundamental building blocks of life. Linking two amino acids 

via an amide bond leads to the formation of a (di)peptide. All the structural units in a peptide 

are AA residues, although the existence of amino acids such as lysine (Lys) and glutamic 

acid (Glu) implies the possibility to form (sidechain) isopeptide bonds. Short peptides of less 

than 10 residues are known as oligopeptides, and larger assemblies are called polypeptides. 

Although the term is not exactly defined, large polypeptides with a molecular weight above 

10 kDa are known as proteins, a major family of biological (macro)molecules and prime 
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focus of the study of biochemistry, along with the carbohydrates (saccharides) and the 

nucleic acids.  

The canonical amino acids are encoded by triplet codons in the nucleic acids for 

biological protein synthesis by ribosomes (translation). Other amino acids are not encoded in 

the genetic code but can be formed by cellular processes such as post-translational 

modifications (by enzymes), e.g., the conversion of proline (Pro) 1 to hydroxyproline (Hyp) 2 

– a component of the structural protein collagen (Scheme 3).2 

 

Scheme 3: Conversion of canonical Pro to non-canonical Hyp by a post-translational enzymatic 

hydroxylation. 

Interest in non-canonical or unnatural amino acids (UAAs) stems from their ability to 

influence the structure and function of the aforementioned (macro)molecular family of 

peptides. Other than the number of carbon atoms between the amino and carboxylic acid 

functionalities of the amino acid, UAAs can be classified into two groups: analogues of the 

canonical AAs (e.g., 4-amino-Phe, vide infra), and surrogates. Analogues are generally more 

focused on closely mimicking the structure of natural amino acids, often with slight 

modifications. The term surrogates typically implies that the UAAs are being used to 

substitute natural amino acids with a purpose of imparting new properties or functionalities. 

1.1.1 Medicinal chemistry 

UAAs are extremely important in medicinal chemistry as they often display interesting 

biological activity. They can occur as structural components of small molecule drugs, 

peptides, or as free amino acids. For example, Eli Lilly and Company, Ltd. has developed a 

range of constrained, bicyclic UAAs as Glu receptor (mGlu2/3) antagonists (Scheme 4), as 

possible treatments for schizophrenia, such as dipeptide 3 (LY2140023) and 4 

(LY2934747).3–5 Another example is cycloserine, a naturally occurring antibiotic which acts 

as a GABA transaminase inhibitor and inhibits bacterial cell wall synthesis relying on the 

incorporation of the amino acid D-alanine, of which cycloserine is an analogue. It was 

originally isolated from a Streptomyces strain and is used as a second-line treatment for 

tuberculosis infections.6 Additionally, it has also shown activity as an NMDA agonist to treat 
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OCD. Several other non-canonical AAs are known for their antibiotic activity, e.g., (+)-

furanomycin 6 and L-azatyrosine 7. Oxfenicine 8 is an experimental drug which inhibits fatty 

acid oxidation in the heart, while alkeran 9 is an approved chemotheraupetic agent used to 

treat several types of cancers known as Melaphan (Scheme 4). 7 8,9  

 

Scheme 4: Selected biologically active amino acids. 

L-DOPA 10 is a Phe/Tyr analogue and a metabolic precursor (by decarboxylation) to 

the neurotransmitter dopamine, used as treatment for Parkinson’s disease (Scheme 5).10 

The thyroid hormone thyroxine (T4, 11) is also a noncanonical, iodinated Tyr analogue, and 

is given to patients with hypothyroidism as levothyroxine (Synthroid).11 Unsaturated amino 

acids, such as vinyl glycine 12, show biological activity by acting as Michael acceptors and 

completely inhibiting the activity of certain enzymes.12 Additionally, fluorinated AAs such as 

-fluoroalanine 13 function as precursors for these Michael acceptors in vivo and also show 

protein inhibitory activity (Scheme 5).13 

 

Scheme 5: structures of L-DOPA, Thyroxine, vinyl glycine, and -fluoroalanine. 
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Many small-molecule drugs contain UAAs as a structural element. Arguably the most 

relevant example is the recently approved (FDA) nirmatrelvir 14 (Paxlovid, marketed as a 

combination drug with ritonavir), as treatment for covid-19 caused by the coronavirus SARS-

CoV-2.14 Saxagliptin 15, a drug developed by Bristol-Myers Squibb (BMS) for the treatment 

of type 2 diabetes, contains a bulky side chain based on adamantanol.15 KPR-2579 (16), a 

Kissei Pharmaceutical Co., Ltd. investigational drug for bladder dysfunction, is formally 

derived from -phenylglycine.16 Draflazine (R-75231), developed by Roche, contains 

piperazine-2-carboxylic acid as a structural unit (Scheme 6A).17  

 

Scheme 6: A) selected examples of small molecule drugs containing an UAA subunit; B) key steps in 

the synthesis of Nirmatrelvir using UAAs. 

Nirmatrelvir notably contains two UAAs, a bicyclic analogue (18) of pipecolic acid (19), 

and L-tert-leucine (Tle, 20). Additionally, its preparation involves an amide coupling between 
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these fragments and what can be considered another UAA derivative (21), which is then 

dehydrated to install the nitrile group used for covalent inhibition of the cysteine protease 

(Scheme 6B). The latter is used by the virus to cleave the proteins required for assembly of 

new viral particles. 

,-Disubstituted AAs are even more sterically congested than the aforementioned 

examples, including Tle (20). This substitution pattern carries several advantages as it 

prevents the occurrence of racemisation, locks conformation and improves the metabolic 

stability against proteolysis when incorporated in small molecules and peptides (see chapter 

II for further reading). 

Decernotinib 23, developed by Vertex (VX-509) as an experimental JAK3 inhibitor, 

contains a disubstituted residue (2-amino-3-methylbutyric acid) as a central component 

(Scheme 7).18  

 

Scheme 7: Experimental JAK3 inhibitor decernotinib (VX-509). 

Cyclic amino acids are even more conformationally constrained than their non-cyclic 

counterparts.19 Compound 24 was developed by AstraZeneca as part of a SAR program on 

covalent inhibitors of the cysteine protease cathepsin C, which is implicated in inflammatory 

and auto-immune diseases (Scheme 8A).20 Similar to intermediate 22 in the synthesis of 

nirmatrelvir (Scheme 6B), the medicinal chemistry route involves amide coupling of two UAA 

fragments and dehydration of an amino amide to the nitrile through the use of Burgess’ 

reagent.21 Similar amino acids, in which the THP unit is exchanged for a piperidine, occur as 

structural elements of the oncology drug capivasertib 25 (AZD5363, approved by the FDA in 

late 2023) and several analogues of the fentanyl analgesic developed by Janssen.22 

Although only carfentanil 26, used exclusively in veterinary medicine due to its potency, and 

remifentanil 27, which is used in human anaesthesia due to its short half-life, contain the 4-

substituted piperidine amino acid fragment shared with capivasertib, several other fentanyl 

analogues feature the amino acids as an intermediate in their preparation. Synthetically, 

these structures are accessed through the Strecker AA synthesis, where the quaternary 

centre is created through addition of cyanide to a carbonyl compound (or derivative) followed 

by hydrolysis (Scheme 8B).23  
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Scheme 8: A) selected small molecules containing cyclic ,-disubstituted amino acid structures; B) 

Strecker route to assemble fentanyl analogues. 

As shown before, UAAs have been successfully applied to improve the properties of 

peptidomimetic drugs such as nirmatrelvir 17. Another area of application which is also 

particularly relevant for the more elongated -AAs is the use of UAAs as components of 

cyclic peptide drugs, which are currently experiencing a wave of interest from medicinal 

chemists for their attractive pharmacokinetic properties including increased oral 

bioavailability.24 MK-0616 (29, MSD) is a macrocyclic peptide of considerable complexity, 

acting as a PCSK9 inhibitor for oral treatment of atherosclerosis which is currently 

undergoing phase III clinical trials (Scheme 9).25,26 It contains several non-canonical UAAs, 

both analogues and surrogates of canonical AAs. LUNA18, which is developed by Chugai 

Pharmaceutical Co., Ltd. is a cyclic peptide inhibitor of KRAS.27 RAS genes, of which KRAS 

is one, encode for proteins in the RAS/MAPK signalling pathway (such as K-Ras) involved 

in, e.g., cell division and differentiation. These genes are regulated and remain unexpressed 

until activated by extracellular signals. RAS mutations frequently lead to improper regulation 

of this signalling pathway with uncontrolled cellular growth as a potential consequence 

(oncogenesis).28 These mutations are linked to poor clinical outcomes in several types of 

cancer including non-small cell lung cancer, which accounts for 80% of lung cancer cases.  
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Scheme 9: novel macrocyclic peptide drugs containing unnatural amino acid residues. 

-AAs and their derivatives are represented as structural units in a number of 

compounds with biological activity, such as the commercial drugs paclitaxel 31 (Taxol®), 

sitagliptin 32 (Januvia, MSD) and dopamine re-uptake inhibitors, such as methylphenidate 

33, (Ritalin, GSK) can formally be considered -AA derivatives (Scheme 10). Like non-

canonical -AAs, one of the therapeutic areas in which -AAs show particular potential is in 

the development of macrocyclic peptide drugs.29  

 

Scheme 10: small molecule drugs derived from -AAs. 

-AAs can be classified in several categories, one type being the elongated, flexible 

analogue of an -AA containing an extra methylene group (depending on whether this is in 

the - or the -position, this would, respectively, be a 2 or 3-AA) and a side-chain 

analogous to a canonical (or non-canonical) AA, and the other the category of the so-called 

alicyclic -AAs, which are constrained -AAs containing a ring fusion at the - and -

position, which are 2,3-AAs (additional information can be found in Chapter II). 

Interest in these compounds was sparked by the discovery of the potent antifungal 

properties of the culture broth of the foodborne pathogen Bacillus cereus. This is due to the 

presence of (–)-cispentacin 34, an alicyclic -AA formally containing a cyclopentyl group in 

,-fusion as the side chain with antifungal activity against Candida albicans (Scheme 11).30 
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This yeast can commonly lead to pathogenesis (known as candidiasis) in, for example, 

immunocompromised individuals in a hospital setting. SAR studies have shown that other 

analogues can also show antifungal activity, including cyclobutyl and cyclohexyl-substituted 

varieties. This led to the development of icofungipen 35 (BAY-10-8888) by Bayer, as an 

experimental oral treatment for yeast infections caused by C. albicans.31 

 

Scheme 11: alicyclic -amino acids with antifungal activity. 

(–)-Cocaine, 36, can also be considered an alicyclic -AA derivative. Its abuse 

potential is a consequence of its strong properties as a dopamine reuptake inhibitor (a 

similar MOA as 33), which it exerts by competitively binding to the dopamine transporter 

protein which is responsible for returning dopamine from the synaptic cleft.32 The benzoyl 

group is responsible for fitting cocaine into a hydrophobic pocket of the dopamine transporter 

protein. Improvements in binding affinity are observed by introducing lipophilic halide 

functionalities onto the aromatic group, such as iodine. Ioflupane 37 (Datscan) is one such 

compound, marketed by GE Healthcare Technologies, Inc., which includes an iodine-123 

(123I) label (Scheme 12). It is used as a ligand to visualise the dopamine transporter in the 

brain as it decays through electron capture, leading to proton annihilation in the atomic 

nucleus, decreasing Z from 53 (I) to 52 (Te). In the annihilation process, a proton is 

converted to a neutron with emission of a -ray, which can be visualised using crystalline 

scintillation (SPECT). As patients with certain neurodegenerative diseases show a marked 

decrease in the number of dopamine transporters in the brain, this compound can be used 

as a diagnostic tool for Parkinson’s disease.33 

 

Scheme 12: Design of a diagnostic dopamine transport receptor (DAT) radioligand using the (–)-

cocaine natural product as a template. 

Various other substitution patterns are possible, including the presence of a quaternary 

centre at the  or -position, which are the less commonly investigated 2,2- and 3,3-AAs. 
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The potential of these building blocks likely remains mostly untapped as a consequence of 

their difficult preparation, which is the focus of chapter II, detailing a straightforward route to 

access constrained 2,2-AAs.  

1.2 Synthesis of UAAs 

Thus far, approximately 800 naturally occurring non-proteogenic AAs have been 

documented in the literature, while thousands of synthetic amino acids have also been 

reported.34 UAAs can be generated from their natural analogues via modifications such as 

amine alkylation, side-chain substitution and backbone modification, or through the use of 

ligands and transition metal-based catalysts (e.g., palladium, rhodium or nickel).35,36 

Additionally, employing biocatalysts in the synthesis of UAAs has become a successful 

strategy for their preparation.37 Among the various types of AAs, - and -amino acids are 

the most common, thus the focus will be on these. 

1.2.1 -AAs 

Since the publication of the Strecker reaction in the mid-nineteenth century, a 

prominent focus has been on developing a diverse array of catalytic technologies and 

sophisticated asymmetric catalyst designs for the synthesis of enantiopure -AAs. Notable 

advancements include the Strecker reaction and its asymmetric variants, development of 

chiral auxiliaries, and asymmetric hydrogenation reactions.38,39 These methodologies, among 

many others, have significantly expanded the toolkit available for the synthesis of -AAs, 

enabling the production of complex and highly functionalised amino acids for various 

applications.  

The efficient synthesis of -amino acids was first identified as a challenge with the 

introduction of the Strecker condensation (Scheme 13).40 The reaction, also known as the 

Strecker synthesis, is a seminal reaction in organic chemistry, first reported by Adolph 

Strecker in 1850, and serves as a foundational method for synthesising -AAs from 

aldehydes or ketones, significantly influencing the field of amino acid chemistry. First, the 

condensation of an aldehyde or ketone with an amine (typically NH3) occurs, forming an 

imine which undergoes nucleophilic addition of hydrogen cyanide to create the key -amino 

nitrile species 38. The addition of cyanide is facilitated by the nucleophilicity of the cyanide 

ion, which effectively attacks the electrophilic carbon of the imine. The final step in the 

Strecker synthesis involves the hydrolysis of the -amino nitrile in the presence of an acid, 

such as hydrochloric acid, to yield the desired -amino acid. In the initial report, a high yield 
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of the amino nitrile adduct was achieved by mixing easily accessible acetaldehyde, 

ammonia, and hydrogen cyanide for a fixed amount of time, followed by hydrolysis to obtain 

alanine. This simple synthesis resulted in the first laboratory-based production of an amino 

acid, even preceding its isolation from natural sources.  

 

Scheme 13: mechanism of the Strecker condensation. 

One of the most important criteria in the synthesis of AAs is gaining high optical purity. 

Driven by the growing demand for enantioenriched -amino acids across various fields such 

as life sciences, chemistry, and industry, asymmetric Strecker condensations have emerged 

as a prominent area of research in organic chemistry.38 While the reaction was initially led to 

the formation of racemates, advancements in chiral mediators have substantially enhanced 

the versatility of this method, establishing its status as the primary approach for amino acid 

synthesis. 

One of the earliest examples utilising the Strecker reaction was reported in 1992 by 

Brussee et al., comprising of a one-pot reduction–transamination–hydrocyanation protocol to 

convert optically active O-protected cyanohydrins to -hydroxy--cyanoamines (Scheme 

14A).41 First, DIBAL reduction of cyanohydrin 39 forms primary imine 40 which is 

subsequently converted to a more stable N-alkyl imine 41 via transamination with 

methylamine/benzylamine. Hydrocyanation then provides the desired -hydroxy--

cyanoamine product 42 after deprotection with remarkable diastereoselectivity. Four further 

steps are then required to convert the cyano group into the carboxylic acid. In 2005, Tan, 

Yasuda, and co-workers reported a Strecker reaction of the ketimine derived from 
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enantiopure bicyclic ketone 43, forming the -aminonitrile 44 in high yield and 

diastereoselectivity (d.r. 13.1:1) (Scheme 14B).42 Global hydrolysis of 44 using mixture of 

AcOH and 8 M HCl provided the corresponding enantiopure -amino acid 45, also in good 

yield.  

 

Scheme 14: A) one-pot reduction–transamination–hydrocyanation sequence to access -hydroxy--

cyanoamines; B) stereoselective Strecker reaction in the synthesis of 45. 

Since the initial report on the Strecker condensation, similar methods have been 

reported, such as the Petasis reaction, also known as the Petasis borono-Mannich reaction 

(Scheme 15).43 This multicomponent reaction involves the coupling of an amine, a boronic 

acid, and a carbonyl compound, typically an aldehyde or glyoxylic acid, to form -amino 

acids or their derivatives, and  is noted for its mild conditions, high functional group 

tolerance, and the ability to generate products with high stereoselectivity.  
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Scheme 15: Petasis borono-Mannich reaction with key mechanistic steps. 

The reaction proceeds via an imine with the organic group of the boronic acid which acts as 

the nucleophile. Typically, numerous interdependent equilibrium steps are involved – some 

identical to those in the Mannich reaction – however, the key step involving nucleophilic 

addition of the organic ligand from the boronate to the imine still remains elusive. Notably, 

the use of glyoxylic acid in the Petasis reaction is particularly beneficial as it leads to the 

construction of -AAs and derivatives in a single step, whilst avoiding forming toxic 

byproducts such as HCN in the Strecker reaction. Since the stereochemical outcome of the 

Petasis reaction is strongly correlated to the chirality of the amine, using bulky chiral amines 

as nucleophiles (e.g., chiral benzyl amines, 2-substituted pyrrolidines, and 5-substituted 2-

morpholinones) can induce good to excellent diastereomeric excess.44–47 

Auxiliary-based approaches for the synthesis of -AAs involve the use of chiral 

auxiliaries to induce stereoselectivity in chemical reactions, leading to the formation of 

enantiomerically pure products. These methods are pivotal in asymmetric synthesis, allowing 

chemists to precisely control the configuration of newly formed chiral centres. The choice of 

auxiliary and the method of attachment are crucial as they define the steric and electronic 

environment of the substrate. Once attached, the chiral auxiliary controls the 

stereochemistry of the reaction by creating a chiral environment around the reaction site, 

and after removal, the auxiliary is removed under conditions that do not affect the newly 

formed chiral centre. This steric and electronic influence can guide the addition of reagents 

in a stereoselective manner. This method was particularly utilised for the construction of 

amino acids in the 1980s.  
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The use of chiral, optically pure amines as chiral auxiliaries has developed into a 

widely applicable and robust method for achieving highly diastereoselective Strecker 

reactions, providing access to various enantiomerically pure -amino acids. This strategy 

necessitates the use of stoichiometric amounts of chiral auxiliaries, which must be cleaved 

from the products post-reaction, although in some instances they can be recycled. The first 

instance of such a chiral auxiliary-assisted Strecker reaction was reported by Harada in 

1963, over 110 years after the original Strecker reaction was discovered.48 In this 

modification, enantiopure (S)--phenylethylamine replaced ammonia, leading to the 

formation of the corresponding -aminonitrile in a diastereoselective ratio of 3.3:1. 

Subsequent transformations yielded chiral alanine with an overall yield of 17% and 90% ee. 

This significant breakthrough paved the way for the successful preparation of more optically 

active -amino acids using similar methods.  

More recently, Jacobsen and co-workers published a catalytic asymmetric method for 

synthesising highly enantiomerically -AAs, utilising potassium cyanide and a chiral amido-

thiourea catalyst to control the crucial hydrocyanation step (Scheme 16).49 The highly 

enantiomerically enriched, sterically demanding protected -AAs – including substrates 

bearing quaternary alkyl substituents – were isolated by recrystallisation, i.e., no 

chromatographic purification. This robust catalyst (46) contains a single stereogenic centre 

and is prepared in three steps from commercially available reagents (74% overall yield on a 

5-gram scale) and is compatible with aqueous cyanide salts, offering a safer and more 

manageable alternative to other cyanide sources previously reported. This compatibility is 

highlighted by its adaptability for large-scale (25–100 mmol) synthesis.  

 

Scheme 16: Organocatalytic asymmetric Strecker reaction using KCN. 
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The synthesis of unnatural amino acids often involves the derivatisation of natural AAs, 

utilising them as starting materials for further chemical modifications. This approach, while 

conceptually straightforward and advantageous in leveraging the inherent stereochemistry of 

natural AAs, remains relatively underdeveloped in the field. This method harnesses the pre-

existing chiral centres and side chain functionalities to facilitate the creation of structurally 

complex molecules, however, limitations of this strategy can be attributed to challenges in 

achieving selective functionalisation without compromising the pre-existing structure and 

bioactivity. The precision required for such derivatisations often necessitates advanced 

catalytic systems and regioselective methodologies or the use of chiral auxiliaries. 

In 1981, Schöllkopf developed an auxiliary based on a diketopiperazine (a cyclic 

dipeptide derived from derived from glycine and L-valine) framework modified to form a bis-

lactim ether (47) and is highly effective for the diastereoselective alkylation of glycine 

derivatives (Scheme 17A).50 The bis-lactim ether is first alkylated in a stereoselective 

manner, then cleaved to release the α-amino acid with high enantiomeric purity. Only two 

years later, Seebach described the self-regeneration of chirality using proline – a pioneering 

approach in asymmetric synthesis which leverages the inherent chirality of proline to 

facilitate enantioselective reactions (Scheme 17B).51 In this method, proline forms an 

iminium ion intermediate with an aldehyde or ketone, which then undergoes an 

enantioselective nucleophilic addition, creating a new chiral centre with high enantiomeric 

excess, while proline remains intact and chiral. This method is particularly useful for 

synthesising cyclic quaternary -amino acids. 

 

Scheme 17: chiral auxiliaries developed in the 1980s for the synthesis of amino acids. 
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Recent advancements in catalytic processes, such as the development of ligand-

controlled Pd-catalysed reactions, have shown promise in overcoming certain challenges. 

Innovative approaches allow for selective C–H activation/functionalisation, providing a more 

efficient and controlled means of modifying AAs to access a wide array of UAA derivatives. 

In 2012, Tran and Daugulis developed the Pd-catalysed synthesis of UAAs via C–H bond 

functionalisation (Scheme 18).52 By leveraging directing groups – installed by treating 

phthaloylamino acid chlorides with 8-aminoquinoline or 2-thiomethylaniline – the approach 

facilitated the diarylation of methyl groups and diastereoselective monoarylation of 

methylene groups in AAs. Using phenyl iodide and a Pd catalyst in the presence of a base, a 

diverse array of substituted phenylalanine derivatives was obtained, as the methodology is 

tolerable with various iodinated arenes, including those bearing functional groups such as 

methoxy and azido groups, and removal of the directing group post-arylation is also facile. 

Preliminary results of the acetoxylation and alkylation of C–H bonds in the AA derivatives 

were also shown. 

 

Scheme 18: the Pd-catalysed synthesis of substituted phenylalanine derivatives by employing 

N-phthaloylalanine with 2-thiomethylaniline as a directing group. 

In 2014, He, Lie and colleagues made significant strides in the field by developing a 

method to synthesise chiral -amino acids from alanine via C(sp3)–H arylation and 

olefination that leverages ligand-controlled reactivity for selective functionalisation of C(sp3)–

H bonds (Scheme 19).53 Alanine derivatives are first protected and modified to incorporate an 

amide directing group which coordinates with the Pd catalyst, allowing for selective 
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activation of the -C(sp3)–H bonds. This catalyst-controlled arylation process utilises pyridine 

(e.g., 2-picoline, L1) and quinoline derivatives, where the former promotes exclusive 

monoarylation. When combined with ligand L2, the latter activates the catalyst further to 

achieve diarylation, forming -aryl--aryl′--amino acids with two different aryl iodides in high 

diastereoselectivity. After the arylation reactions, the amide auxiliary is easily removed using 

NaNO2 in AcOH/Ac2O. 

 

Scheme 19: ligand-controlled synthesis of -AAs from alanine via Pd-catalysed C(sp3)–H 

arylation. 

Asymmetric hydrogenation is one of the most valuable and well-explored methods for 

synthesising -AAs, renowned for its ability to produce enantiomerically pure compounds 

with high precision. This catalytic process involves the selective hydrogenation of prochiral 

or racemic substrates using chiral catalysts, leading to the formation of optically active amino 

acids. In 1987, the first examples of asymmetric hydrogenation using a homogeneous 

catalysts were reported.54 This approach gained significant recognition when Noyori and 

Knowles were awarded the Nobel Prize in 2001 for their pioneering work in developing 

asymmetric hydrogenation reactions (Scheme 20).55,56  



 

31 

 

 

Scheme 20: A) asymmetric hydrogenation of amino acids using chiral ligands; B) Noyori’s 

original report developing asymmetric hydrogenation reactions using the ligand (R)-BINAP. 

Since the initial discovery, the reaction has become a standard technique in both 

laboratory and industrial-scale organic chemistry and has continued to achieve numerous 

significant advancements. Over the years, thousands of mono- and bidentate phosphine 

ligands have been studied, some of which, such as those highlighted by Nájera in the 2007 

Chem. Rev. article “Catalytic Asymmetric Synthesis of -Amino Acids”, work efficiently at 

just 1.0 atm. of hydrogen pressure.57 Among the various metals used, rhodium and 

ruthenium complexes are the most versatile, though Rh-complexes typically exhibit a 

narrower substrate scope compared to Ru-complexes due to fundamental differences in 

their catalytic mechanisms. 

One notable industrial application of this method is the synthesis of (S)-3',4'-

dihydroxyphenylalanine (L-DOPA, 10), a crucial drug for treating Parkinson’s disease, which 

is produced on a multi-ton scale annually (Scheme 21).58 While working at Monsanto in the 

late 1970s, Knowles developed a protocol for synthesising L-DOPA featuring a Rh-catalysed 

enantioselective hydrogenation using (R,R)-DiPAMP as a chiral ligand.59 This was the first 

successful industrial application of a homogeneous catalytic asymmetric hydrogenation, 

which awarded him the 2001 Nobel Prize in Chemistry for this discovery.55  
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Scheme 21: Knowles’ protocol for the industrial synthesis of L-DOPA via Rh-catalysed 

enantioselective hydrogenation with the ligand (R,R)-DiPAMP. 

1.2.2 -AAs 

Depending on the substitution pattern, -amino acids can be split into further 

classifications, as there are two carbons available for substitution, leading to four sites. The 

superscripts seen in Scheme 22 denote the position where substituents are present. Two 

primary classes of -amino acids exist, distinguished by the carbon atom to which the 

residue attaches: those with the residue adjacent to the amine are known as 3, while those 

with it next to the carbonyl group are termed 2. -peptides may comprise solely one variety 

of these amino acids (either 2-peptides or 3-peptides), or they may exhibit a combination of 

the two. 

 

Scheme 22: subcategories of -amino acids depending on substitution pattern. 

Over the years, a number of synthetic approaches to access -amino acid derivatives 

have emerged (Scheme 23). Classically, they can be obtained in several different methods: 

the Mannich addition, the Arndt-Eistert homologation, the Curtius rearrangement, the 

conjugate addition of nitrogen nucleophiles to unsaturated esters, the addition of carbon 

nucleophiles to imines, or ring-opening reactions. Several methodologies involving alkylation 
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reactions followed by reduction/reductive aminations have also been developed, as well as 

numerous transition metal-catalysed procedures.  

 

Scheme 23: synthetic routes to access -amino acid derivatives. 

The most prominent strategy in literature to prepare -amino carbonyl compounds is 

the Mannich-type addition. Classically, Mannich reactions of enolisable carbonyl compounds 

to yield -aminoketones have involved treatment of an acidic mixture of formaldehyde and a 

simple secondary amine such as dimethylamine with the ketone in ethanol under reflux for 

several days. Alternatively, the reaction of more nucleophilic enolates or softer silyl enol 

ethers with imines can be used. Scheme 24 shows the mechanism of the reaction consisting 

of a condensation between an enolate equivalent (e.g., silyl enol ethers) and an activated 

imine i.e., an iminium ion.60  

 

Scheme 24: general mechanism of the Mannich addition between an enol and iminium species. 

In 2002, Jacobsen published a highly efficient route to N-Boc protected 3-amino acids 

(i.e., -aryl--amino acids) in an asymmetric catalytic Mannich reaction (Scheme 25).61 The 

method proceeds via the enantioselective addition of silyl ketene acetals (49) to N-Boc-

aldimines (48, imines where one substituent is a H), catalysed by a thiourea derivative. 
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While the yield and e.e. of isolated products are excellent, the use of aldimines is limited to 

aryl aldimines.    

 

Scheme 25: synthesis of N-Boc-protected -amino acids via Mannich reaction. 

A notable drawback to the Mannich addition is the limited reactivity of the imine which 

can restrict the type of substitution pattern accessible. This can be circumvented through 

activation of the imine to an iminium cation with either a Lewis acid or alkylating reagent. 

This can be seen in a report by Bélanger in 2015 on the preparation of highly substituted -

amino acids utilising a Vilsmeier-Haack-type addition of non-aromatic carbon nucleophiles 

on to activated amides, followed by in situ reduction of the iminium ion to amine (Scheme 

26).62 The reaction gave rise to several 2,2,3-amino esters, including derivatives of 

homoproline (51 & 52), and homopipecolic esters (53) bearing quaternary centres. 

 

Scheme 26: synthesis of 2,2,3-amino esters using a Vilsmeier reagent. 

In addition to the Mannich, another common strategy for the synthesis of -AA 

derivatives is based on aza-Michael addition reactions. This involves a 1,4-addition 

(conjugate addition) of a nitrogen nucleophile to a Michael acceptor (Scheme 27A). This is 
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demonstrated by the work of Maddaluno and co-workers in the synthesis of 3,3-amino acid 

derivatives from ,-unsaturated esters and tertiary amines (Scheme 27B).63 

 

Scheme 27: A) general mechanism of an aza-Michael addition; B) Maddaluno’s work synthesising 

3,3-amino acid derivatives from ,-unsaturated esters under hyperbaric conditions. 

The use of rearrangements has been applied for the construction of -AAs. In 2000, 

the group of Deshpande reported the synthesis of 3-AA derivatives in a regio- and 

stereoselective manner (Scheme 28).64 The key step of the method is a one-pot conversion 

of the carboxyl group in 54 to the Boc-protected amine (55) via a Curtius rearrangement. 

While the reaction provides moderate to good yields with retention of stereochemistry, a 

lengthy synthetic process is required, often with harsh conditions.  
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Scheme 28: one-pot conversion of a carboxyl group to a protected amino group via Curtius 

rearrangement. 

Alkylative processes can also be combined with reductive amination reactions or nitrile 

reduction (e.g., reduction of cyanoesters or cyanoamides). In 2010, Strøm and co-workers 

reported the synthesis of antimicrobial -peptidomimetics based on lipophilic 2,2-amino acid 

methyl esters through an alkylative/nitrile reduction process (Scheme 29A).65 Various amino 

esters were obtained through firstly a dialkylation, followed by nitrile reduction and amine 

protection. Yields ranged from moderate to high, however the process requires two 

alkylations with exclusively primary and/or activated electrophiles, to form the -

substituted cyanoacetate derivatives. 

More recently, Zhu et al. developed the first biocatalytic method for direct reductive 

amination of aromatic and aliphatic -keto esters via -amino acid dehydrogenase (-AADH) 

(Scheme 29B).66 Initially, due to their instability in aqueous solution, the -keto esters had to 

be hydrolysed to the corresponding acid prior to the reaction. Reductive amination of 

selected keto acids in the presence of the biocatalyst and D-glucose dehydrogenase (GDH) 

for the NADPH regeneration provided various -amino acids, albeit in low yields (12–22%). 
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Scheme 29: A) synthesis of 2,2-AA esters via nitrile reduction; B) biocatalytic synthesis of -AAs via 

reductive amination. 

An important and popular method to construct -AAs is the Arndt-Eistert homologation 

which involves treatment of an acid chloride (formed from an -amino acid) with 

diazomethane in the presence of water and a metal catalyst.67 Mechanistically, the acid 

chloride undergoes an attack by diazomethane with loss of HCl, forming an -diazoketone 

species (Scheme 30A). This species then undergoes the key step of the reaction – a Wolff 

rearrangement of the diazoketone to a ketene – either thermally, photochemically or by 

silver(I) catalysis. One of the first examples utilising the reaction for -AA synthesis was in 

1997 by Sewald and co-workers (Scheme 30B).68 The reaction uses a silver catalyst to 

promote a Wolff rearrangement of Fmoc-protected -amino acids activated as mixed 

anhydrides using ethyl chloroformate, forming Fmoc-protected -amino acids. 
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Scheme 30: A) general mechanism of the Arndt Eistert homologation to construct -AAs; B) synthesis 

of Fmoc--AAs by ultrasound-promoted Wolff rearrangement. 

The primary limitation of the Arndt-Eistert homologation process stems from safety 

issues linked to the use of diazomethane (CH2N2), a volatile, irritating, toxic, and 

carcinogenic compound. Additionally, diazomethane is highly sensitive to heat, light, and 

shock, thus being prone to explosive decomposition. To avoid this, in 2014 the group of 

Kappe proposed a four-step continuous-flow process for the preparation of -amino acids 

from the corresponding -amino acids via an Arndt–Eistert homologation approach (Scheme 

31).69 The method comprises of first an activation of the -amino acid to an anhydride, 

followed by acylation of diazomethane to form an -diazoketone, and finally a photo-Wolff 

rearrangement, providing the -amino acids in overall moderate yields.70 By using flow 

technology, the on-demand generation and consumption of diazomethane avoids exposure 

to the hazardous and explosive nature of the reagent. 
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Scheme 31: -amino acid synthesis via an Arndt–Eistert homologation sequence. 

Recently, the group of Waser reported a highly enantioselective synthesis of densely 

functionalized 2,2-amino acid derivatives through the reaction of isoxazolidin-5-ones with 

para-quinone methides, catalysed by chiral ammonium salt phase-transfer species (Scheme 

32).71 While the method requires a low catalyst loading and tolerates a large variety of 

functional groups, it also requires the use of lower temperatures and extended reaction 

times. 

 

Scheme 32: enantioselective synthesis of 2,2-AA syntheses from isoxazolidin-5-ones. 

A number of transition metal-based methods have also been reported over the years 

for the synthesis of -amino acids, some of which also utilise chiral ligands for 

enantioselective syntheses. A commonly implemented strategy involves catalytic asymmetric 

hydrogenation of (E)- and (Z)--dehydroamino acid derivatives, typically via rhodium 

catalysis.72 Hsiao and co-workers made a significant breakthrough Rh-catalysed 
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hydrogenations by using chiral ferrocenylphosphine (JosiPhos) ligand 56 in the 

hydrogenation of (Z)-enamine esters, which contain an unprotected amine group, in MeOH 

or trifluoroethanol (TFE) as the solvent (Scheme 33A).73 This process yielded the 

corresponding amino esters with excellent enantiomeric excess (ee), reaching up to 97%. 

This work represents the first instance of a high-yield enantioselective hydrogenation of 

unprotected -enamine esters without requiring either a directing or protecting group. 

Additionally, a chiral BoPhoz-type ligand 57 was used in the Rh-catalysed hydrogenation of 

alkyl-(E)-β-phenyl-α-(phthalimidomethyl)acrylates (Scheme 33B).74 The products were 

obtained in high yields and with excellent ee. In one example, the corresponding -amino 

acid was obtained in good yield following the cleavage of the phthalimide protecting group 

and hydrolysis of the ester group. 

 

Scheme 33: A) Rh-catalysed hydrogenation of unprotected enamines; B) Rh-BoPhoz-catalysed 

hydrogenation of phthalimide-protected enamines. 

In 2010, the group of Liu reported the synthesis of symmetrical 2,2-amino acids via a 

nucleophilic -alanine Ni(II) complex (Scheme 34).75 The method proceeds through the alkyl 

halide alkylation of Ni(II) complex 58 to produce dialkylated species 59, which can be 

hydrolysed to then provide the desired disubstituted amino acid 60. While the reaction does 

not necessitate inert conditions and can be ran at room temperature, several steps are 

needed, including the two-step synthesis of precursor 58. Additionally, due to the harsh 
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conditions needed for the hydrogenation of the C–N bond, functional group tolerance is 

notably low. 

 

Scheme 34: synthesis of disubstituted β-amino acids via Ni(II) complex. 

Cyclic precursors such as aziridines or -lactams are often used to synthesize -AAs. 

In 2021, Martin reported the Ni-catalysed carboxylation of N-substituted aziridines with CO2 

to form 3-AAs (Scheme 35).76 While the mild and selective conditions allow for a wide 

substrate scope in a chemo- and regioselective manner, diminished yields for more hindered 

substrate combinations, along with extensive reaction times (2-7 days) could be improved 

upon. 

 

Scheme 35: Ni-catalysed carboxylation of N-substituted aziridines. 

Recently, the use of -lactam rings has been prominent in the synthesis of -AAs and 

derivatives.77 In one example, Muñoz and co-workers carried out an asymmetric synthesis of 

the 2,3-amino acid methyl ester fragment of Onchidin, a dimeric depsipeptide from the 

marine mollusc Onchidium spp. (Scheme 36). After synthesis and deprotection, ring opening 

of -lactam 62 under acidic conditions afforded -amino ester 63 in close to quantitative 
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yield. For many similar procedures involving the cleavage of the -lactam C–N bond via 

hydrolysis and alcoholysis, harsh acidic or basic reactions are required. 

 

Scheme 36: Synthesis and acid methanolysis of -lactam forming key -AA unit of Onchidin. 

1.3 Radical Chemistry 

Radical chemistry is an important area of study within the field of chemistry, 

characterised by species that contain an unpaired electron, also known as open-shell 

species. Despite their significant roles in various redox processes, the application of radicals 

in synthesis has been historically limited due to their perceived uncontrollable reactivity. This 

reputation, however, is evolving as a deeper understanding of radical behaviour, and control 

mechanisms, emerges.78,79  

Radicals participate in a variety of reactions, all of which can be categorised into a few 

elementary processes.80 These include bond cleavages (homolysis, - and -scission), 

bimolecular radical substitution (SH2) reactions – i.e., group transfers, of which hydrogen 

atom transfer (HAT) and halogen atom transfer (XAT) are specific examples – single-

electron transfer (SET), radical additions (-addition), and termination reactions, e.g., 

radical-radical coupling and disproportionation. An overview of the common type of radical 

reactions can be seen in Scheme 37. These processes form the basis of radical chemistry 

and illustrate the versatility of radicals in both synthetic and natural contexts.  

The formation of radicals occurs primarily through two mechanisms. The first involves 

the thermal or photochemical homolysis of weak bonds in neutral, closed-shell species, 

leading to the formation of two radicals. This bond cleavage process is a key step (initiation) 

in many radical reactions. The second mechanism involves SET reactions between neutral 

species and existing radicals (more appropriately, open-shell species, as this includes many 

transition metals) producing radical cations and anions. Neutral radicals can be terminated 
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through oxidation to cations or reduction to anions via SET, thereby completing various 

redox cycles. Additionally, some transition metals – along with some organic compounds in 

their excited states – exist as radical species. Although less common, several molecules 

such as molecular oxygen (O2) and nitric oxide (NO) are open-shell species in their ground 

state, showcasing the diversity of radical species in different chemical environments.81  

 

Scheme 37: Elementary radical reactions. 

Single electron transfer (SET) reactions are fundamental in redox or electron-relay 

catalysis, where catalytic cycles typically involve alternating SET oxidation and reduction 

steps. The redox behaviour of a species is quantified by its reduction potential (E) and is key 

to determine how readily the species undergoes oxidation or reduction. While standard 

redox potentials (E°) for many inorganic redox couples are well-documented – owing to the 

multiple stable oxidation states of many transition metals and their ability to undergo 

reversible SET – the redox behaviour of organic molecules is more complex.82 This is 

because SET often produces highly reactive radicals that do not often show reversible redox 

characteristics. 

To evaluate the redox properties of organic molecules, researchers often refer to the 

half-wave potential (E1/2), defined as the applied potential at which the current reaches half 

of its maximum value (Imax) during an irreversible oxidation wave in cyclic voltammetry. 

These values are typically measured against a reference electrode such as the Saturated 
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Calomel Electrode (SCE) and provide crucial insights into the redox behaviour of organic 

radicals. 

1.3.1 Notable Radical-Based Reactions 

Several radical reactions have played significant roles in the history of chemistry, both 

in theoretical understanding and practical applications. One of the oldest examples of a 

radical reaction is the Hofmann-Löffler-Freytag reaction which was described in 1883 

(Scheme 38).83 The reaction is used to construct pyrrolidines from N-haloamines via a 1,5-

HAT process with nitrogen radicals. Initially, the haloamine undergoes light-induced 

homolytic cleavage of the N–Cl bond, generating Cl and N radicals. The reaction proceeds 

through a selective HAT via a six-membered ring transition state, converting the nitrogen 

radical into a stable secondary carbon radical which reacts with the Cl radical to form a 1,4-

chloroamine. An intramolecular SN2 reaction then produces the pyrrolidine ring. To this day, 

this remains an important method for pyrrolidine synthesis.  

 

Scheme 38: Hofmann-Löffler-Freytag reaction. 

The Minisci reaction, developed in 1971, is significant due to its application of one of 

the fundamental reactions of radicals: addition to π-systems (Scheme 39).84 This reaction is 

especially valuable in medicinal chemistry because it provides a versatile method for 

functionalizing pyridine scaffolds, which are commonly found in many pharmaceuticals. By 

enabling the direct addition of various alkyl radicals to heteroaromatic compounds like 

pyridine, the Minisci reaction allows for the modification and diversification of these 

structures, facilitating the development of new drugs. 

 

Scheme 39: The Minisci reaction. 

Tin hydride radical chemistry, established by Noltes and Van der Kerk, originated in 

1957 when they observed that the reaction of Ph3SnH with allyl bromide unexpectedly 

produced Ph3SnBr and propene (Scheme 40A).85 This XAT reaction was later studied in 

greater detail by Kuivila and Menapace, who expanded the method and exchanged the 
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reagent for Bu3SnH, using AIBN as the initiator. Additionally, radical chain reactions 

mediated by Bu₃SnH can facilitate the formation of C–C bonds (Scheme 40B).86 A crucial 

element in these reactions is a C–X (often C–I) bond, which reacts with the chain-

propagating Bu₃Sn radical to generate a carbon radical, which then combines with an 

alkene/alkyne to form the new C–C bond. These reactions can occur both inter- and 

intramolecularly, with the latter more preferential for higher yields and better regioselectivity. 

Since radical reactions are kinetically controlled, they offer an effective strategy for 

synthesising 5-membered rings. 

 

Scheme 40: A) tin hydride reduction of organic halides; B) C–C bond-forming reaction mediated by 

Bu3SnH. 

Named after British chemists Sir Derek Harold Richard Barton and Stuart W. 

McCombie, the Barton-McCombie deoxygenation is a radical-mediated process used to 

cleave alcohol groups from molecules, effectively reducing them (Scheme 41A).87,88 Initially, 

the alcohol (64) is converted into a reactive carbonothioyl intermediate (e.g., thionoester or 

xanthate 65). Heating a radical initiator such as AIBN causes it to undergo homolytic 

cleavage, forming two radicals, which each abstract a hydrogen atom from Bu3SnH, 

generating Bu3Sn radicals and inactive byproducts. The Bu3Sn radical then attacks the sulfur 

atom in the xanthate group of 65, resulting in homolytic cleavage of the C–S -bond and a 

C-centred radical. The latter forms a C–O -bond through -scission, producing alkyl radical 

66, and 67 which is thought to drive the reaction through the high stability of the S–Sn bond. 

The alkyl radical (66) then abstracts a hydrogen atom from a new molecule of Bu3SnH, 

forming the desired deoxygenated product (68) and regenerating a new radical species for 

the chain propagation. 

Similarly, the Barton decarboxylation is a valuable radical-based method for removing 

carboxylic acids from molecules without the need for a -carbonyl group (Scheme 41).89,90 
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Initially, the carboxylic acid is converted into a thiocarbonyl intermediate using thiocarbonyl 

derivatives which then reacts with Bu3Sn radicals (generated similarly to the Barton-

McCombie reaction). The radicals abstract a sulfur atom, creating a C-centred radical that 

undergoes decarboxylation, releasing CO2 and forming a carbon radical which abstracts a 

hydrogen atom from Bu3SnH, yielding the decarboxylated product and regenerating the 

Bu3Sn radical to continue the chain reaction. 

 

Scheme 41: Barton-McCombie deoxygenation & Barton decarboxylation. 

Named after the compound pinacol, the Pinacol coupling reaction involves C–C bond 

formation between the carbonyl groups of aldehydes/ ketones in the presence of an electron 

donor via a radical process (Scheme 42A).91 Two equivalents of acetone react with Mg 

metal through SET, producing two ketyl radical anions, which then couple to form a vicinal 

diol and are protonated by water. When Mg is used, the initial product is a 5-membered ring 

complex with the oxidised Mg²⁺ ion, which collapses in the presence of water, forming 

pinacol and Mg(OH)2. The pinacol reaction is well-studied and compatible with various 

reductants, including electrochemical methods.92 A related reaction, the McMurry reaction, 

uses TiCl3 and a reducing agent to form a metal-diol complex, followed by deoxygenation to 
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yield an alkene (Scheme 42B).93 The reaction is similar to the pinacol reaction, with the 

exception of the final step. TiCl3 and LiAlH₄ are used to generate titanium metal in situ, 

which then reacts with two ketones to form the ketyl radical anions as previously described. 

Unlike in the pinacol reaction, a 5-membered titanocycle 69 forms which then undergoes 

deoxygenation, essentially combining two ketones into an alkene.  

 

Scheme 42: Pinacol Reaction & McMurry Reaction. 

1.3.1.1 Giese Reaction 

The Giese reaction, named after chemist Bernd Giese, is a notable radical-mediated 

process in organic chemistry, first reported in the late 1970s (Scheme 43).94 This reaction 

involves the addition of carbon-centred radicals from a precursor to a -bond in conjugation 

with an electron-withdrawing group (EWG), resulting in the formation of new C–C bonds. It is 

particularly valued for its ability to generate complex molecules under relatively mild 

conditions, making it an essential tool in synthetic organic chemistry. 

The Giese reaction typically employs radical initiators such as Bu₃SnH or related tin-

based compounds, which facilitate the generation of carbon radicals which then add to 

alkenes/alkynes, forming versatile intermediates that can be further functionalised. The 

reaction's utility in forming C–C bonds efficiently and selectively has led to its widespread 

application in the synthesis of pharmaceuticals, natural products, and advanced materials. 

The reaction is also one of the first steps in numerous radical polymerisations (e.g., 

free-radical polymerisation of vinyl acetate/methyl acrylate).95 It is typically regarded as a 

radical hydrofunctionalisation reaction involving nucleophilic (alkyl) radicals. In the original 

publication, organomercury(II) halides were combined with a stoichiometric reductant 

(NaBH4) to generate alkyl radicals through a radical chain process. Like the Minisci reaction, 

the Giese reaction's range has broadened to encompass numerous, milder catalytic 

methods for radical generation from a variety of precursors. 
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Scheme 43: Giese’s original reported reaction in the 1970s, and a general mechanism for the Giese 

reaction. 

All Giese reactions share some common mechanistic steps; the first of which is the 

formation of an alkyl radical from a suitable precursor. This can be an alkane, carboxylic 

acid, alkyl halide, an alkyl group with a redox auxiliary group (i.e., a group that can be 

removed by SET, either oxidation as in the case of carboxylic acids, or reduction when using 

alkyl iodides), or bimolecular radical substitution (e.g., HAT with an alkane or XAT with an 

alkyl halide). The resulting radical then carries out a -addition to the electron-poor olefin – 

typically an acrylate or any olefin conjugated with an electron-withdrawing group, e.g., 

alkylidene malononitriles (seen in chapter II). The Giese adduct then must accept a 

hydrogen, either through SET reduction and protonation, or HAT. In some cases, the latter 

occurs between the radical precursor and the Giese adduct, thus leading to the typical chain 

process (e.g., as seen with Bu3SnH). 

Since Giese’s initial report, the search for a more mild and sustainable approach to 

produce highly reactive carbon-centred intermediates has renewed interest in radical 

chemistry.96 Carboxylic acids, in particular, are appealing radical precursors because of their 

abundance, affordability, diversity, and low environmental cost. Radical decarboxylation 

reactions have been well-established, with research conducted by Kolbe, Hunsdiecker, and 

Barton as early as 1848.89,97–100 However, their protocols are limited by a narrow substrate 

scope and harsh conditions such as high temperatures and ultraviolet (UV) irradiation. 

Moreover, the Barton decarboxylation was arguably the most widely used method, but the 

required esters frequently proved unstable and necessitated toxic reducing agents. Only in 
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the past 30 years have more benign decarboxylation methods been developed, allowing for 

a broader range of substrates.  

More specifically, the use of visible-light photosensitisers/photocatalysts as electron-

transfer 'reagents' has permitted the production of highly reactive intermediates under mild 

conditions, providing a plethora of valuable transformations.101–103 Photocatalytic 

decarboxylative Giese reactions usually proceed via a reductive quenching pathway, shown 

in Scheme 44. Visible-light photoexcitation of the photocatalyst forms an oxidising species 

(*PCox) which initiates the decarboxylation. The carboxylic acid (70) is normally deprotonated 

to the more easily oxidised carboxylate (71) (Ered
1/2 = +1.25 to +1.31 V vs. SCE) before 

decarboxylation, so the use of a stoichiometric base is common.104 Without a base, the acid 

is more challenging to oxidise (Ered
1/2 = +2.51 V vs. SCE for 2-phenylacetic acid). Oxidative 

SET between *PCox and the carboxylate 71 generates the reducing species (PCred) and the 

corresponding carboxyl radical.105 Subsequent decarboxylation yields the carbon-centred 

radical 72, which undergoes conjugate addition with a Michael acceptor. The resulting 

secondary radical intermediate is reduced to the carbanion species 73 via SET with PCred, 

regenerating PC and closing the cycle. The desired Giese product is then obtained after 

protonation of the carbanion. 

 

Scheme 44: General mechanism for direct decarboxylative Giese additions via photocatalysis. 

Mechanisms are consistent with a reductive quenching pathway. 

1.3.2 Kinetics & Thermodynamics of Radical Reactions 

Generally, the selectivity of radical processes is influenced by both thermodynamic 

and kinetic factors (Scheme 45): the relative stability of substrates/products, i.e., reaction 

enthalpy (ΔG°) is what determines the thermodynamics of a reaction – also known as bond 

strengths, expressed using bond-dissociation energies (BDE). Conversely, kinetics of the 
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reaction are determined by the reaction barrier (Gǂ) and are influenced by steric and polar 

effects (radical philicity), the latter of which were depicted by Roberts as the impact of 

charge transfer in the transition state on the reaction barrier.106 While both thermodynamics 

and kinetics contribute to the reaction outcome, the dominant factor is dependent on the 

transition state structure and how strong of a bond is being created. 

 

Scheme 45: energy profile depicting kinetic and thermodynamic factors concerned in the selectivity of 

radical reactions. 

To determine the thermodynamic viability of a radical reaction, the BDE and the half-

wave oxidation potential (E1/2) for a SET process is typically used to provide an insight. 

Beyond kinetic considerations, understanding the thermodynamics is crucial for determining 

whether certain reactions (e.g., HAT or XAT) will transpire spontaneously, and as earlier, 

fundamental bimolecular processes are typically (thermodynamically) driven by the formation 

of stronger bonds or the generation of more stable radicals. 

Moreover, radical philicity influences the selectivity and reactivity of radical processes. 

For example, an electrophilic radical will more readily react with a nucleophilic site, while a 

nucleophilic radical will target electrophilic sites. This concept is crucial in understanding and 

predicting the outcomes of radical reactions, and to evaluate the philicity of radicals, Parr 

and co-workers developed the global electrophilicity index, , which is determined based on 

the chemical potential () and chemical hardness (): 

 

which are derived from the vertical ionization energy (I) and electron affinity (A).107 The local 

electrophilicity index, r, is the product of the global electrophilicity index and the Fukui 

function for nucleophilic attack at the radical centre ( ): 
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De Proft and colleagues first used these parameters to calculate the electrophilicities 

of 35 radicals, and subsequent calculations have determined local electrophilicity indices for 

nitrogen-based radicals.108 Scheme 46 depicts an overview of the calculated electrophilities 

of several radical species, based on numerous sources.109 

 

Scheme 46: electrophilicity scale for frequent radicals based on local electrophilicity index r. 

Free radical C–H halogenation processes are a straightforward example of how these 

factors influence the result of a reaction. This involves a HAT to the halogen atom (X), 

followed by the construction of a C–X bond through an SH2 reaction with the molecular 

halogen (X2). In C–H chlorination reactions, thermodynamic effects are predominant 

because they form strongly polarised bonds with chlorine, which have high bond dissociation 

energies (BDEs) exceeding 100 kcal mol-1. Conversely, in C–H bromination, polar effects 

are more significant due to the more polarizable and weaker C–Br bond, which has a BDE of 

approximately 80 kcal mol-1.110 For substrates with multiple C–H bonds exhibiting small 

differences in BDE, polar effects significantly influence selectivity. Polarity-matched reactions 

that encompass the interaction of radicals and acceptors with opposing philicity are typically 

kinetically favoured. Consequently, philicity is a major factor determining the regioselectivity 

of radical reactions. 

1.2.2 Photoredox Catalysis 

Light has played a pivotal role in human history, and consequently, harnessing this 

abundant energy source for chemical energy has become a paramount goal for scientists in 

the past century. In 1912, Ciamician initially proposed the concept of artificial photosynthesis 

as a potential solution for the escalating problem of the reliance on fossil fuels by developing 

the first photochemical organic transformation using ultra-violet (UV) light as main energy 

source.111 Although efficient artificial photosynthetic systems to convert highly oxidised 
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products into reduced species remain elusive, numerous examples have demonstrated that 

photons can supply the necessary energy to either make or break chemical bonds and 

facilitate endothermal processes. 

These constraints prompted scientists to explore a different segment of sunlight: the 

visible light range (365-750 nm). Unlike UV light, visible light accounts for approximately 

44% of solar irradiation and encompasses energies (about 70-115 kcal mol-1) suitable for 

breaking various chemical bonds. Harnessing the right wavelength and energy level should 

offer a solution to the selectivity issue. However, the difficulty lies in leveraging this portion of 

sunlight effectively, given that most organic molecules absorb UV light. To overcome this, 

the use of chromophores or sensitisers capable of absorbing in the visible spectrum is 

essential, as they are able to capture energy from visible light and direct it towards desired 

chemical transformations. 

Photoredox catalysis, a groundbreaking field in organic chemistry, leverages light to 

initiate and drive chemical reactions. By using visible light, photoredox catalysts facilitate 

electron transfer processes, thereby activating typically inert organic molecules. This 

approach has become a versatile tool for constructing complex molecular structures, offering 

mild reaction conditions, high efficiency, and broad substrate compatibility. It enables the 

formation of C–C bonds and the modification of functional groups, revolutionising synthetic 

methodologies and leading to innovative strategies in chemical synthesis. Redox (or 

electron-transfer) catalysis involves a catalytic cycle characterised by both oxidation and 

reduction reactions within the same species. These processes occur through transition 

metals with two accessible oxidation states that differ by a single electron, such as 

Ir(III)/Ir(II). 

Photoredox catalysts are extensively utilised due to their long-lived excited states, 

enabling quenching processes. For example, the commonly exploited Ru(bpy)₃Cl2 was first 

described in 1984 by Deronzier and later used in the pioneering works by Yoon, MacMillan 

and Stephenson (Scheme 47).112–114 The complex exhibits three oxidation states, based on 

the Ru(III)/Ru(II) and Ru(II)/Ru(I) redox couples. 



 

53 

 

 

Scheme 47: pioneering work carried out using Ru-based photocatalysts and properties of Ru(bpy)3
2+ 

in the ground state and excited state. 

Since it is a d⁶ complex with octahedral symmetry (Oh), the five 4d orbitals experience 

ligand splitting with the bpy ligands, resulting in three degenerate occupied t2g orbitals and 

two degenerate unoccupied eg orbitals. The unoccupied * orbital centred on the ligands 

occupies an intermediate energy level between the metal-centred t2g and eg orbitals. The 
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ground state complex first absorbs a quantum of blue light to undergo metal-to-ligand charge 

transfer (MLCT) which occurs via excitation of an electron from the t2g orbitals to the * of the 

bpy ligands. The singlet excited state then endures intersystem crossing to a long-lived 

triplet state which is lower in energy, i.e., the key excited state facilitating photochemical 

reactions which is a greater oxidant and a more effective reductant compared to its ground 

state. 

A general diagram in Scheme 48 depicts the two possible distinct catalytic quenching 

cycles of a photocatalyst: depending on if the metal undergoes oxidation or reduction after 

excitation, they are known as oxidative or reductive quenching cycles. In an oxidative 

quenching cycle, the photoredox catalyst (PC) absorbs a photon, promoting it from its 

ground state to an excited state. The excited state of the catalyst (*PC) donates an electron 

to an electron acceptor (oxidant), generating an oxidised form of the catalyst. The oxidised 

catalyst (PCn+1) is then reduced back to its original state by accepting an electron from a 

sacrificial electron donor. The reductive quenching cycle is similar to the oxidative cycle; 

after excitation, PC* accepts an electron from an electron donor, generating a reduced form 

of the catalyst. The reduced catalyst (PCn-1) is then oxidised back to its original state by 

transferring an electron to an electron acceptor. The decision to use oxidative or reductive 

quenching is influenced by the redox potentials of the species involved and the specific 

needs of the reaction. Besides the oxidative and reductive quenching cycles that rely on 

single electron transfer (SET), there exists a third productive pathway known as triplet-triplet 

energy transfer (TTET). In this process, energy is transferred from the triplet (T1) excited 

state of the photocatalyst to another molecule, elevating that molecule from its ground state 

(S0) to its T1. 

 

Scheme 48: general cycle for the oxidative and reductive quenching steps in photoredox catalysis. 
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Iridium-based photocatalysts are gaining significant attention for their exceptional 

efficiency and adjustable reactivity, making them vital in advancing sustainable and efficient 

photochemical methodologies. Predominantly, heteroleptic complexes, where a metal ion is 

coordinated by more than one type of ligand, are employed. Notable examples include 

[Ir(dF(CF3)ppy)2(dtbbpy)]+ (Ir-F) and [Ir(ppy)2(dtbbpy)]+, along with other commercially 

available complexes that have slight structural and redox potential variations (Scheme 49). 

Compared to ppy, the ligand dtbbpy reduces the excited photocatalyst’s reducing power, 

while the incorporation of electronegative groups such as F and CF3 creates a more 

electron-deficient Ir(III) centre, thus enhancing the complex's oxidising capability. 

 

Scheme 49: heteroleptic Ir complexes (as PF6 salts) used in photoredox catalysis. 

1.3 Radical Synthesis & Functionalisation of UAAs 

Radical intermediates are exceptionally well-suited for the selective 

synthesis/functionalisation of amino acids as they can be readily formed in the presence of 

sensitive functional groups, while still maintaining sufficient reactivity at room temperature. 

Given the variety of photocatalysts available and the promising synthetic pathways that have 

been investigated using radical chemistry/photoredox catalysis, a comprehensive overview 

of the applications of visible light photocatalysis in the synthesis and functionalisation of 

amino acids is presented. 

Despite the number of methodologies established for the preparation of unnatural 

amino acid derivatives, many of these require metal-mediated multistep manipulations or 

pre-functionalised substrates. Although effective, two-electron methods often require harsh 
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conditions or have limitations with the substituents that can be incorporated into the final 

product. In contrast, radical chemistry presents certain advantages to classic methods. The 

comparatively high energy of radicals can be used to overcome kinetic barriers associated 

with steric hindrance, which may be more difficult to accomplish with a two-electron 

approach.  

1.3.1 -AAs 

Radical-based methods for synthesising -AAs can be broadly categorised into three 

main types: the addition of an open-shell species to an imine, C(sp3)–H aminations, and the 

utilization of carbon dioxide (CO2) as a building block. 

The addition of radical species to imines is a prominent method that allows for the 

formation of either racemic or enantioenriched -AAs, as the nature of the N-substituents on 

the imine plays a critical role in determining the stereochemical outcome of the reaction. This 

approach leverages the inherent reactivity of radicals and the electrophilicity of imines, 

facilitating the formation of C–N bonds under mild conditions. For example, in 2015, Inoue 

and co-workers reported a Et3B-mediated method for synthesising ,-diamino acid 

derivatives starting from -aminoacyl tellurides 74, which are easily prepared from the 

corresponding -amino acids and diphenyl telluride, along with ethyl glyoxylate oxime 75 

(Scheme 50A).115 The crucial step involves cleavage of the C–Te bond in 74, forming an 

acyl radical intermediate that undergoes decarbonylation to produce a highly stabilised -

amino radical species.116 This species then adds to 75, and subsequent protonation yields 

the desired ,-diamino acid. More recently, Ye reported a visible-light photoredox catalysed 

method for the same ,-diamino esters from amino acids and glyoxylic oxime ethers 

(Scheme 50B).117 The mechanism involves the photoexcitation of an acridinium-based 

photocatalyst (76), which oxidises the deprotonated carboxylic acid to form an alkyl radical 

via decarboxylation. This radical adds to the glyoxylic oxime ether, forming a stabilised 

nitrogen radical that undergoes further electron transfer and protonation to yield the ,-

diamino ester. 
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Scheme 50: syntheses of ,-diamino esters, A) from acyl tellurides; B) from carboxylic acids. 

Due to the ability to generate imines in situ from a combination of amines and carbonyl 

motifs, multicomponent reactions have also been devised for constructing -amino acids. In 

2018, Lu, Gong, and co-workers introduced a three-component, one-pot reaction for 

synthesising masked -amino aldehydes (Scheme 51A).118 This reaction proceeds via an 

AIBN-initiated radical chain mechanism, resulting in the desired -amino aldehydes after the 

addition of an -oxo radical generated from 1,3-dioxolane to the in situ generated imine. 

Later, the same group developed a light-mediated, redox-neutral strategy to synthesise -

azide--amino acids (Scheme 51B).119 This three-component, one-pot reaction involves the 

addition of electrophilic azidyl radical 77 – formed from TMSN3 – to an enol ether, forming  

nucleophilic radical intermediate 78 that subsequently reacts with the imine to yield the 

targeted product. 
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Scheme 51: three-component syntheses of -AAs. 

For achieving high levels of diastereoselectivity during the key radical-addition step, 

chiral auxiliaries, such as the mesitylsulfinyl group, are commonly employed on the N-

substituent of the imine. In 2018, this strategy was utilised by Baran and co-workers in a Ni-

catalysed approach for diastereoselectively synthesising -amino acids via NHP-derived 

redox-active esters (RAEs) as radical precursors (Scheme 52).120 These RAEs readily 

undergo SET with Ni(I) species, yielding alkyl radicals that add to the imine with chiral 

auxiliary (79), resulting in the desired -amino acids. This mild and scalable method 

demonstrates extensive versatility – providing 85 examples of enantiomerically pure -amino 
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acids – and displaying broad functional group tolerance, including the derivatisation of 

natural products and pharmaceuticals.  

 

Scheme 52: nickel-catalysed method to obtain -AAs NHP-derived redox-active esters (RAEs) as 

radical precursors. 

In 2020, Nishikata, Yazaki and Ohshima developed an efficient cross-coupling method 

for the synthesis of unnatural -amino acids via a novel catalytic activation strategy using 

amino acid Schiff bases which serve as crucial intermediates (Scheme 53).121 This redox 

active copper-catalysed -alkylation process was applied to obtain enantiomerically enriched 

-tetrasubstituted -amino acids in a diastereoselective manner by using menthol 

derivatives as a chiral auxiliary. The authors propose that Cu(II) is able to assist in the 

formation of key aza-allyl radical species 81 via a SET with -monosubstituted amino acid 

Schiff base 80. This radical can then couple with tertiary alkyl radical 82, providing the highly 

substituted -AA derivatives. 
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Scheme 53: Cu-catalysed diastereoselective synthesis of tetrasubstituted -amino acids. 

C(sp3)–H aminations represent another significant class of radical reactions used in -AA 

synthesis. These transformations involve the direct functionalisation of C(sp3)–H bonds 

adjacent to nitrogen, enabling the formation of -AAs without the need for pre-functionalised 

substrates. An early example comes from Zhang and co-workers who disclosed a method 

employing cobalt catalysis for the synthesis of -amino acids via intramolecular radical 

C(sp3)–H aminations (Scheme 54).122 Here, a Co(II)-porphyrin complex (83) was utilised to 

generate an N-centred radical, which, through a 1,6-HAT process, forms a C-centred radical. 

Subsequent intramolecular -amination leads to the formation of the desired cyclic AA 

derivative. Selectivity towards the less hydridic C–H bond is achieved by the formation of a 

nucleophilic Co(III)-nitrene radical intermediate, as well as the bulky sulfamide favouring a 

six-membered transition state. The use of enantiopure starting materials enables high levels 

of diastereoselectivity in the reaction. 
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Scheme 54: synthesis of -AAs via Co-catalysed C(sp3)–H amination. 

More recently, Chen, Meggers, and co-workers developed an Ir-catalysed, single-step 

asymmetric intermolecular C(sp3)–H amination (Scheme 55).123 The authors leverage 

directed nitrene-mediated C–H insertion, facilitated by a metal-coordinating functional group, 

to achieve stereocontrol in the -amination process. The mechanism proposed initially 

involves a base-induced reaction of the Fe catalyst with amination reagent 84, forming [Fe]-

nitrene intermediate 85. This intermediate then coordinates with the deprotonated carboxylic 

acid substrate to promote a 1,5-HAT process, leading to the formation of diradical 86, which 

undergoes bond rotation to a preferred conformation. The subsequent radical-radical 

coupling step that forms the new C–N bond is proposed to determine the stereochemistry of 

the product.  
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Scheme 55: Ir-catalysed asymmetric, intermolecular C(sp3)–H amination. 

Another method to access -AAs involves the use of carbon dioxide (CO2) as a building 

block to not only incorporate a sustainable carbon source but also enable the construction of 

-AAs through carboxylation reactions. Radical intermediates involved typically facilitate the 

activation and incorporation of CO2. Independent reports by Prikhod'ko, Walter, Py, 

Radosevich, and Mita and Sata relied on forming -amino radicals – typically derived from 

imine substrates – with (super)stoichiometric reductants, such as SmI2, Mg or Mn, which 

would subsequently couple with CO2. Similarly, in 2018 the groups of Walsh and Lu 

published visible light-promoted CO2 incorporation methodologies for the construction of -

AAs.124,125 These radicals are further reduced to the corresponding carbanion, which is then 

trapped by the CO2. Walsh’s process utilises benzophenone ketimine derivatives and an Ir-

based photocatalyst to achieve CO2 fixation through hydrocarboxylation of C=N double 

bonds, yielding ,-disubstituted -AA derivatives in good to excellent yields under mild 
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conditions (Scheme 56A). In the paper of Yu, a transition-metal-free, catalytic method for 

the hydrocarboxylation of enamides and imines with CO2 was developed, yielding valuable 

,-disubstituted -amino acids (Scheme 56B). Both strategies rely on the generation of -

amino radicals by single-electron reduction of imine precursors. 

 

Scheme 56: A) Ir-catalysed hydrocarboxylation benzophenone ketimine derivatives; B) 

hydrocarboxylation of enamides and imines with CO2 to form ,-disubstituted -amino acids. 

More recently, Yu also proposed an innovative method for the remote difunctionalisation 

carboxylation of alkenes with CO2 using visible-light photoredox catalysis (Scheme 57).126 

This process comprises of a 1,5-HAT to access the key -amino radical followed by 

reduction and remote C−H functionalisation (CO2 trapping). The following mechanism is 

proposed: first, the excited Ir(III) photocatalyst is reductively quenched by CF3SO2Na, 

yielding a CF3 radical and an Ir(II) species. The CF3 radical then adds to the C=C bond, 

forming alkyl radical 87. A rate-limiting 1,5-HAT process occurs regioselectively to form the 

more stable benzylic radical 88. Reduction of 88 by Ir(II) generates the -amino benzylic 

anionic species 89 and re-forms the ground-state photocatalyst. Nucleophilic attack by 89 on 

CO2, followed by protonation, yields the desired AAs. A similar -C–H functionalisation 

protocol reported in the same year by Jamison and co-workers implemented a photoredox 

catalytic -carboxylation of amines with CO2 in continuous flow.127  
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Scheme 57: difunctionalisation carboxylation of alkenes with CO2 using visible-light photoredox 

catalysis. 

1.3.1.1 Dehydroalanine 

Dehydroalanine (Dha) derivatives are highly versatile synthons, typically acting as 

Michael acceptors. Radical pathways for Dha modifications can be broadly classified based 

on whether the reaction yields racemic or enantioenriched -AAs. Various methodologies for 

Giese-type reactions with Dha using radical precursors (RAEs, carboxylic acids, imines, 

ketals, trifluoroborates, alkyl halides, thioesters, etc.) have been reported.128–134 

In 2018, Baran adapted his Ni-catalysed Giese reaction to use NHP-derived RAEs to 

acquire DNA-encoded libraries, requiring highly diluted conditions due to DNA's poor 

solubility in water (Scheme 58A).135 More recently, Shah introduced a one-pot, light-

mediated, metal-free decarboxylative method for synthesising unprotected UAAs using 

carboxylic acids (1°, 2°, or 3°) and N-Boc2-Dha 90 derivatives (Scheme 58B).129  
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Scheme 58: modifications of Dha via decarboxylative strategies. 

Trifluoroborate salts 91 are versatile radical precursors in photoredox chemistry and 

are often utilised for Dha modifications. For example, Roelfes reported a light-mediated 

alkylation of Dha residues in antimicrobial peptides using an Ir-photocatalyst and 

trifluoroborate derivatives (Scheme 59A).132 Additionally, Molander developed a photoredox-

mediated three-component (alkyltrifluoroborates 91, and Selectfluor®) reaction for -

fluorinated UAAs synthesis (Scheme 59B).136 Crucial to the reaction is the importance of the 

N-protecting group's electron-withdrawing character, which facilitates nucleophilic attack of 

the alkyl radical on 90 over a competing fluorination reaction with Selectfluor®. 
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Scheme 59: derivatisations of Dha using organoborates. 

Dixon and co-workers have contributed greatly to the modification of Dha. Recently, 

the group introduced light-mediated method for modifying Dha derivatives in a three-

component umpolung method to construct 1,3-diamines, where in situ generated imines are 

reduced by an Ir-based PC, forming -amino radicals which add to 90 (Scheme 60A).130 

Later, they developed a method exploiting Lewis acids for the in situ formation of 

oxocarbenium species from ketals, which are then reduced by a Ir-based PC to provide -

alkoxy radicals (Scheme 60B).131  
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Scheme 60: Dha modifications by reduction of in situ generated oxocarbeniums. 

Over the years, several methodologies for Dha modification with alkyl halides have 

been reported. This includes a report by Davis on the side-chain modification of proteins via 

selective addition of alkyl radicals (created via the reaction of alkyl bromides/iodides and 

NaBH4) to Dha residues (Scheme 61A).137 Later, García-Mancheño and co-workers 

developed a light-mediated strategy for the Ru-catalysed functionalisation of Dha and 

peptides using fluorinated alkyl halides, arylsulfonyl chlorides or NHP-derived RAEs 

(Scheme 61B).133  
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Scheme 61: Modifications of Dha using alkyl halides. 

While Dha is a promising candidate for radical side-chain modifications due to its 

ability to accept nucleophiles and nucleophilic radicals, radical additions to the Michael 

system of Dha typically result in racemic product mixtures. This challenge can be addressed 

using asymmetric catalysis, i.e., developing chiral catalysts or ligands which can be time- 

and labour-intensive, or by using a chiral auxiliary, i.e., converting dehydroalanine into a 

cyclic, chiral derivative, providing the desired stereochemical control without costly chiral 

catalyst development. In 1984,  

Karady and colleagues reported alkylation of amino acid-derived oxazolidinones with 

enantio-retention (Scheme 62A).138 Later, Beckwith and colleagues extended this concept 

using a dehydroalanine-derived oxazolidinone system (91) for diastereoselective radical 

additions (Scheme 62B).139 This Dha derivative undergoes radical addition with alkyl iodides 

in the presence of catalytic nBu3SnH and NaBH3CN, forming -amino alkylated species 92 in 

a diastereoselective manner. Subsequent hydrogenation of 92 with Pd/C provided (R)-

configured UAA 93 as a single enantiomer. 
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Scheme 62: seminal work by Karady and Beckwith on Dha-derived oxazolidinone systems for 

enantioselective synthesis of AAs. 

Since then, 91 is known as the Karady-Beckwith (KB) alkene and has been widely 

used for highly diastereoselective UAA synthesis. Recent photoredox methods using various 

radical precursors, such as alcohols, heteroaryl halides, amines, and acids, have expanded 

its application. In 2017, Jui introduced a practical and scalable light-mediated synthesis of 

heteroaryl -AAs (Scheme 63A).140 The central step in this photoredox-mediated protocol is 

the single electron reduction of heteroaryl halides by a highly reducing Ir(II) species, formed 

from the excited state quenching of an Ir(III)-based PC with HE. The methodology 

showcases broad functional group tolerance and scope, making it suitable for large-scale 

synthesis. The following year, the same group reported the synthesis of UAAs and peptides 

via a light-mediated aminoalkylation method where the crucial step in this transformation is 

the generation of an amine radical cation, produced by the oxidation of tertiary amines by an 

excited Ir-based photocatalyst (Scheme 63B).141  
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Scheme 63: diastereoselective syntheses of UAAs conducted by the Jui group. 

More recently, Gaunt, Wang, Shubert, and our group all independently reported 

photoredox-mediated decarboxylative syntheses utilising 91 as the radical acceptor, 

demonstrating broad scope and functional group tolerance (Scheme 64).142–145 These 

methodologies enable efficient UAA synthesis with high yields and diastereoselectivities, 

showcasing the practicality and ease in using the Karady-Beckwith alkene for constructing 

new UAAs.  
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Scheme 64: decarboxylative strategies for the functionalisation of 91. 

1.3.2 -AAs 

In 2017, Zhang and Bao reported the rapid construction of -alkyl--aryl--amino acids 

(2,3-AAs) (Scheme 65).146 The method proceeds via intermolecular alkyl amination of 

vinylarenes, enabled by an iron catalyst and alkyl diacyl peroxides (synthesized from 

aliphatic carboxylic acids) that work as both the alkylating reagents as well as internal 

oxidising agents. The authors propose a possible radical−polar crossover mechanism where 

the Fe(II) catalyst transfers an electron to the diacyl peroxide, generating the Fe(III) complex 

and an alkyl acyloxy radical. Decarboxylation forms an alkyl radical which reacts with the 

vinylarene to produce a benzylic radical containing a stereogenic centre. A carbocation 

forms after oxidation be Fe(III) which undergoes a Ritter reaction (addition to the nitrile 

nitrogen to give a nitrilium ion intermediate) and the desired product after hydrolysis. 
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Scheme 65: iron-catalysed carboamination of olefins. 

In 2018, the group of Jahn described a method for the asymmetric synthesis of anti--

amino--(aminoxy) esters and amides in a diastereoselective manner (Scheme 66).147 The 

process involves a polar, asymmetric aza-Michael addition of lithium amides onto -

unsaturated carboxylic acid derivatives, which is followed by a diastereoselective radical 

recombination with the persistent free radical TEMPO, i.e., the oxygen source. With TMP 

now acting as the oxygen protecting group, deprotection can only be carried out using zinc 

and acetic acid. Additionally, the methodology tolerated a good range of functional groups 

(TBDMS, amides, furan, etc.), despite the relatively harsh conditions. 
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Scheme 66: Jahn’s asymmetric synthesis of -amino--(aminoxy) esters and amides. 

Two years later in 2020, Zard and co-workers used xanthates as radical precursors for 

the construction of 2-AAs (Scheme 67).148 The reaction proceeds via radical addition of -

phthalimido--xanthyl propionic acid derivatives to vinylic olefins or heteroaromatic 

molecules, promoted by dilauroyl peroxide (DLP). When using the free acid however, 

spontaneous decarboxylation of the intermediate can occur which leads to the formation of 

-heteroarylethylamines instead. 
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Scheme 67: radical addition of -phthalimido--xanthyl propionic acids to vinylic olefins. 

Recently in 2022, Glorius reported a photochemical synthesis of -AA derivatives from 

alkenes and (hetero)arenes (Scheme 68).149 The reaction proceeds via an energy-transfer 

enabled intermolecular aminocarboxylation to install both the amine and ester groups, 

derived from the N,O-cleavage of an oxime oxalate ester. The mild, metal-free conditions 

allowed for a broad scope and exceptional functional group tolerance. 

 

Scheme 68: metal-free photosensitized aminocarboxylation for the synthesis of -AA derivatives. 

1.4 Spirocycles in Medicinal Chemistry 

Spirocycles have become increasingly prevalent in medicinal chemistry since the late 

1990s. This trend occurred in parallel with the introduction of a new paradigm in medicinal 

chemistry known as “Escape from Flatland”, derived from the 1884 novel by Edwin A. 

Abbott, Flatland: a romance of many dimensions.150 In the novel, the characters inhabit a 

two-dimensional world (i.e., Flatland), and are visited by a three-dimensional character (a 

sphere), who convinces one inhabitant of the existence of a third dimension. In a similar 

manner, in 2009 Lovering, Bikker, and Humblet influenced the medicinal chemistry 

community of the need to escape the chemical space they were exploring, which was 

dominated by flat, two-dimensional structures (i.e., aromatic moieties) by showing that 
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increasing the fraction of C(sp3)-hybridised carbon atoms, Fsp3, a molecular descriptor 

calculated as: 

 

was associated with improved clinical success rates in all stages of drug development, from 

discovery to phase III (Scheme 69).151 The average Fsp3 was 0.36 for “discovery 

compounds” and increased to 0.47 for drugs, showing a 31% increase in the saturated 

fraction. 

 

Scheme 69: Mean Fsp3 for compounds in different development stages.  

Data from Lovering et al. (2009).151 

The findings were published in an article called Escape From Flatland, which has since 

become eponymous with the medicinal chemistry strategy of increasing saturation. 

Additional findings from the paper were that: a) the number of chiral centres increases 

throughout the discovery process; b) based on 1202 compounds derived from a solubility 

dataset reported by Hou et al, an increase in Fsp3 is associated with increased solubility – a 

desirable property for drug bioavailability; and c) a lower melting point, based on 4432 

compounds from a melting point data set from Karthikeyan et al., which is also positively 

associated with oral bioavailability.152,153 

The proposed rationale behind the improved success rates observed for clinical 

candidates with a higher Fsp3 was that increasing saturation offers the possibility to 

rationally adjust molecular shape, which in turn allows for better binding between the drug 

and its target, leading to more selective and potent drugs. Moving from two to three 

dimensions is also associated with an increase in molecular complexity, as there are 

naturally more opportunities for functionalisation in the latter sp3-hybridised carbon scaffolds 
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can simply be more densely functionalised. A larger chemical space is then accessible for 

exploration. The popularity of spirocycles in medicinal chemistry is directly related to these 

observations and the concept of isosterism. Isosteres are atoms or functional groups which 

can be replaced in a bioactive molecule without (significant) negative effects on its 

bioactivity.154 IP considerations relating to the patentability of clinical candidates which have 

gone an isosteric replacement are another driver for the further development and use of 

bioisosteres.155 

Although somewhat of a modern trend, spironolactone, which contains a spirocyclic -

lactone and is the first spirocyclic drug, was discovered as early as 1957, although the 

spirocyclic lactone fragment was introduced to address other concerns (Scheme 70A).156 

Similarly to arenes, spirocycles – particularly those containing small rings such as 

cyclobutane or its four-membered heterocyclic analogues – are rigid scaffolds with defined 

exit vectors, allowing for careful optimisation of the molecular shape and accompanying 

improvements in potency and selectivity.157 Arenes are now frequently replaced with 

saturated isosteres with defined exit vectors, with the most well-known example being the 

bicyclo[1.1.1]pentanes (BCPs, Scheme 70B). Other saturated isosteres are also being 

explored.155 Publications on the synthesis of saturated benzene isosteres appear regularly in 

current literature, with examples such as cubanes, [2]-ladderanes, cuneanes, (3-

aza)bicyclo[3.1.1]heptanes, (2-oxa)bicyclo[2.1.1]hexanes and (2-oxa)bicyclo[2.2.2]octanes, 

and others (Scheme 70C).158–164 
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Scheme 70: overview of common isosteres for arenes currently used in synthesis. 

More relevant to the topic of spirocycles is arguably the isosteric replacement of the 

cyclic secondary amine fragments which are commonly used in medicinal chemistry.165 As 

with the isosteric replacements above, this can alter a drug’s physicochemical properties, 

including its solubility, metabolic stability, and basicity. As a more polar heterocycle, 

morpholine is frequently used to increase a drug’s water solubility but can be sensitive to 

oxidation.166 Isosteric replacement of morpholine with 2-oxa-6-azaspiro[3.3]heptane is one 

strategy that used to deal with this issue.167 Johansson and co-workers discovered 

compound 92 during their efforts in developing melanin concentrating hormone receptor 1 

(MCHr1) antagonists (Scheme 71).168 It comprises of an uncommon homomorpholine 

fragment which proved highly sensitive to oxidation. Substitution with 2-oxa-6-

azaspiro[3.3]heptane by isosteric replacement in 93 led to only a marginal increase in the 

basicity (pKa increase of 0.1) but a considerable improvement in metabolic stability.  
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Scheme 71: comparison of IC50 values and pKa when exchanging homomorpholine to spirocyclic 

isosteres. 

As a relatively small fragment, formally fusing oxetanes and various cyclic amines 

such as piperidine through a spiro centre can be used to modulate basicity and water 

solubility without increasing the molecular weight (MW) immensely (MW < 500 Da is one of 

Lipinski’s rules). In the -position, spiro-fusion with an oxetane fragment can decrease the 

basicity of piperidine tenfold, or up to a 100-fold when the oxetane is placed in the -position 

(Scheme 72).169 

 

Scheme 72: difference in pKa for oxetane-fused derivative of azetidine, pyrrolidine and piperidine 

versus the parent amines. 

Spiro-fusion at the -position with oxetane also functions as an isosteric replacement 

of the amide functionality, but with higher stability. This was demonstrated by Carreira and 

co-workers using the drug thalidomide, which is well-known for the teratogenic effects of (S)-
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thalidomide, formed through in vivo racemisation of its (R)-enantiomer (Scheme 73). The 

spiro-fused analogue was resistant to racemisation in human blood plasma after 5 hours and 

had more favourable aqueous solubility and lipophilicity than the imide. Isosteric 

replacement of the piperazine ring with 2-oxa-6-azaspiro[3.3]heptane in the antibiotic 

ciprofloxacin was also demonstrated without any loss of activity and improved metabolic 

stability. 

 

Scheme 73: comparison of physicochemical properties of thalidomide and oxetano-thalidomide. 

Although not strictly an isosteric replacement, Mallinger and co-workers optimised the 

structure of the piperidine carboxamide in compound 94, which was studied as an inhibitor of 

the WNT signalling pathway.170 Methylation at the -position (95) was carried out to optimise 

the geometry and improve the metabolic stability against amidases, but led to a decrease in 

potency which was restored by introducing a -lactam at the piperidine C–4 position (96). 

 

Scheme 74: Spirofusion with -butyrolactam improves the stability and activity of a carboxamide. 

Despite these advances, the synthesis of spirocycles is often laborious and 

complicated as a quaternary centre must be constructed. For this reason, medicinal 

chemists mostly avoid synthesising spirocycles and rely on chemical suppliers for their 

preparation. From this point of view, the development of novel synthetic strategies for the 

construction of compounds containing quaternary centres (and by extension, spirocycles) 

from simple starting materials is currently of interest. 
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II Accessing Sterically Congested -Amino Acids & 

Spirocyclic Dihydropyrroles 

2.1 General introduction 

2.1.1 Knoevenagel condensation 

Named after German chemist Emil Albert Knoevenagel during in the late 19th century, the 

Knoevenagel reaction represents a nucleophilic addition between ketones/aldehydes and an 

activated (methylene) hydrogen compound (e.g., diethyl malonate, Meldrum’s acid, 

malononitrile, or ethyl cyanoacetate, Scheme 75).171 Knoevenagel demonstrated that 

primary and secondary amines could act as catalysts in the condensation of -ketoesters or 

malonates with carbonyls, thus distinguishing the method from a traditional aldol 

mechanism. To this day, the reaction remains a highly significant and dependable technique 

for forming C–C bonds and has been extensively utilised in industry.172 

Mechanistically, the reaction involves the deprotonation of the active methylene compound 

(97) by the amine catalyst (typically piperidine), generating a stabilised carbanion (98). The 

amine catalyst also condensates with the aldehyde or ketone to form iminium ion 

intermediate 99, which is then attacked by the carbanion 98. The resulting intermediate 100 

is deprotonated by the base, reforming a carbanion. A rearrangement then occurs releasing 

the amine base, regenerating the catalyst, and providing the olefin product 101. 

 

Scheme 75: mechanism of the Knoevenagel condensation reaction. 
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The original Knoevenagel reaction was conducted using aliphatic formaldehyde and diethyl 

malonate under alkaline conditions (Scheme 76A), and later was expanded to incorporate a 

range of aromatic aldehydes (Scheme 76B).172 Since then, many modifications have 

emerged, notably the Doebner modification (Scheme 76C), which is based on the 

piperidine-catalysed conversion of aromatic aldehydes using organic di-acids (e.g., malonic 

acid) instead of diethyl malonate. The reaction is conducted in pyridine under reflux, which 

leads to decarboxylation of the di-acid.  

 

Scheme 76: A) original Knoevenagel reaction of formaldehyde and diethyl malonate; B) expanding to 

benzaldehyde to give the disubstituted or unsaturated mono product depending on temperature; C) 

Doebner modification. 

Since its discovery, the Knoevenagel reaction has been implemented in numerous 

syntheses, such as in the commercial manufacturing of lumefantrine, an antimalarial 

medication (Scheme 77A).173 Some have noted that Knoevenagel's seminal discovery more 

than 100 years ago established the historical groundwork for the evolution of contemporary 

aminocatalysis.174 This has led to numerous developments, such as a report by List and co-

workers in 2011 on a catalytic asymmetric Knoevenagel condensation using a Cinchona 

alkaloid 102 as a base (Scheme 77B).175 
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Scheme 77: A) structure of lumefantrine; B) List’s catalytic Knoevenagel condensation protocol. 

2.1.2 Photoredox-mediated Giese-type reaction 

The substituted olefins formed in the Knoevenagel reaction have been used in numerous 

methodologies and shows a wide range of versatility.176 For example, as substituted 

electron-deficient alkenes (i.e., alkylidene/benzylidene malononitriles or alkylidene malonic 

acid dimethyl esters) they have a well-established precedent for undergoing conjugate 

addition or reduction, as well as serving as dipolarophiles in cycloaddition reactions, given 

that the olefin is extensively polarised by the presence of two electron-withdrawing groups. 

These adducts have been extensively exploited in radical addition reactions as radical 

coupling partners, i.e., in Giese-type additions.177–180  

One of the earliest examples utilising these compounds was described in 2015 by Akita 

which illustrated the generation of carbon radicals via photoredox catalysis from 

organoborates and carboxylic acids, enabling radical C–C bond formation with electron-

deficient olefins (Scheme 78A).181 The paper illustrated how the photocatalyst [Acr-Mes]+ 

can prompt a decarboxylative Giese-type reaction with the activated olefins as the radical 

acceptor, though it was observed that the scope is somewhat limited. This methodology was 

expanded to allow for the direct use of carboxylic acids in the presence of a base, and later 

using cycloalkanols.177,178  
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More recently, Pu and Deng developed pyridine N-oxide derivatives as effective catalysts for 

site-selective functionalization of aliphatic C–H bonds, including unactivated alkanes 

(Scheme 78B).182 These N-oxides, when activated by photoredox catalysis, generate 

pyridine N-oxide radicals that facilitate HAT, enabling various C–H functionalisation reactions 

such as alkylation, amination, azidation, allylation, and cyanation.  

 

Scheme 78: Giese-type addition reactions exploiting electron-deficient alkenes as radical acceptors 

in photocatalytic methodologies. 

Alkylidene malononitrile have also been shown to facilitate the construction of quaternary 

centres, as demonstrated in a report by Zhu and co-workers where a method for 

constructing vicinal quaternary carbon centres using visible-light-driven organophotoredox 

catalysis is described (Scheme 79).183 Alkyl radicals, derived from 2,2-disubstituted 

dihydroquinazolinones, undergo intermolecular conjugate addition to alkylidene 

malononitriles under blue light irradiation and rhodamine B catalysis. Typically, radical 

additions to tetrasubstituted alkenes are strenuous, due to a combination of stereo-electronic 

factors, leading to slow rates of radical addition. However, the highly nucleophilic 
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methoxymethyl radical (103) undergoes a polarity-matched addition to the electron-poor 

alkylidene malononitrile (104), which is highly electrophilic, due to the strong electron-

withdrawing nature of the two nitrile groups. The increased stability of the resulting tertiary 

radical intermediate facilitates this alkylation step. Although the steric hindrance associated 

with creating a quaternary centre increases the reaction barrier, stabilisation of the partial 

charges in the transition state by the presence of the electron-withdrawing alkyl groups leads 

to the formation of difficult-to-access quaternary centres at acceptable rates and under mild 

conditions. 

 

Scheme 79: Rhodium-catalysed intermolecular conjugate addition of alkyl radicals to malononitriles. 

2.1.3 Oxidative Functionalisation 

Alkylidene malononitriles provide a notable advantage in their versatility, facilitating the 

conversion of the nitrile groups into alternative functional groups. For example, nitrile 

reduction by catalytic hydrogenation, or partial reduction to the corresponding aldehyde. One 
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cyano group can be directly eliminated using 1,3-dimethylimidazol-2-ylideneborane (NHC-

BH3) and di-tert-butyl peroxide (tBuO)2 as the initiator (Scheme 80B).183–185  

 

Scheme 80: A) nitrile reduction via catalytic hydrogenation, either by PtO2 (cat.) or Raney Nickel; B) 

decyanation of one cyano group using NHC-trihydroborane reagents. 

In 1990, Yamamoto and co-workers first introduced the concept of a masked acyl cyanide 

(MAC) in the formation of amides (Scheme 81).186 A MAC is a species where the acyl 

cyanide functional group is temporarily blocked or "masked" by another chemical moiety. 

This masking group prevents the acyl cyanide from reacting or exhibiting its typical 

properties until it is unmasked or removed under specific conditions, revealing the acyl 

cyanide reactivity. In Yamamoto’s seminal report, the MAC refer to protected hydroxyl 

malononitriles. The strategy involved the reaction of the malononitrile with an electrophile to 

produce an intermediate that undergoes elimination of a cyano group, resulting in the 

formation of an acyl cyanide (see 106). Treatment with a nucleophile then yields the desired 

product. Furthermore, they demonstrated the synthesis of a dipeptide via an -amino acid 

with the masked activated functionality using this acyl anion equivalent. 

 

Scheme 81: seminal work by Yamamoto and co-workers describing the use of MACs to form amides. 

Since the initial introduction of MACs, the oxidation of substituted malononitriles using strong 

oxidation reagents such as mCPBA or H2O2 has been widely used to access the acyl 

cyanide.187,188 In 2016, Lear and Hayashi reported a protocol for the oxidative amidation of 

sterically demanding substrates using 1,1-dicyanoalkanes and amines, facilitated by O2 and 

a carbonate base (Scheme 82).189 The process is highly efficient, chemoselective, and 

practical, allowing for the formation of amides in good yields and stereochemical retention. A 

mechanistic pathway is proposed involving firstly the deprotonation of the -substituted 

malononitrile, which reacts with molecular oxygen to form a peroxide adduct (106). This then 
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fragments into acylating species (105), which is intercepted by the amine, forming the amide 

product. This methodology was later expanded to include the use of alcohols as 

nucleophiles, providing ester products from substituted malononitriles.190  

 

Scheme 82: Lear and Hayashi’s oxidative amidation/esterification of -substituted malononitriles 

using molecular oxygen. 
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IIA. Synthesis of Sterically Congested 2,2-Amino Acids 

A.1 Introduction 

-amino acids (-AAs) are key components in a wide range of biologically active 

molecules. In addition, their incorporation into peptides results in strong modifications to their 

secondary structure, often leading to increased resistance to proteases and 

peptidases.191,192 The simplest example of a -amino acid is -alanine, which is frequently 

used as a performance enhancer for high-intensity exercise.193 It also has purpose in 

pharmaceuticals, e.g., as a precursor to vitamin B5, coenzyme A, as well as in synthetic 

materials such as nylon-3 (polyalanine).194–196 Biosynthetically, it is formed via the 

degradation of uracil or the dipeptide carnosine. In the body, -alanine ethyl ester is 

hydrolysed to form the amino acid.197 The industrial production involves the reaction of 

ammonia with -propiolactone, the latter of which requires a multistep preparation and the 

use of harsh reaction conditions (Scheme 83).198 

 

Scheme 83: biosynthesis and industrial route to β-alanine. 

Synthetic derivatives of biologically relevant peptides incorporating -AAs often display 

interesting pharmacological activity, with increased potency and enzymatic stability. A 

notable advantage of -AAs over -AAs is the former’s ability for greater diversity. The 

difference of three tuneable positions versus five is a significant advantage, as the additional 

C–C bond increases diversity and provides new opportunities to modify the substituent 

pattern on the C–2 and C–3 positions. Thus, the synthesis of these derivatives has evoked 



 

88 

 

widespread interest. Among the several types of -amino acids, 2- and 3-amino acids 

represent the most abundant in the Life Sciences.  

A.1.1 2,2-Amino Acids 

Sterically congested 2,2-amino acids are particularly effective at affecting a peptide’s 

conformation by inducing the formation of more rigid secondary structures, and thus 

enhancing the stability towards proteolytic degradation and resistance to all kinds of 

proteases and peptidases.191 This has led to an increased motivation of several research 

groups in the use of these congested peptides for the rational design of novel, defined 

nanoscopic patterns, such as helical secondary structures and foldamers.199,200  

One difficulty associated with synthesising these highly substituted amino acids is the 

formation of a quaternary centre. The barriers associated with the construction of these 

centres are higher due to steric hindrance, e.g., the addition of amines to trisubstituted 

Michael acceptors as in the aza-Michael addition, or carbon nucleophiles to imines in the 

Mannich reaction. This in general results in reactions that are slow and low-yielding. Radical-

based approaches are often used to construct these as radical species are already high in 

energy and typically less sensitive to steric effects. This is demonstrated by the many 

examples of radical reactions used to synthesize natural products containing quaternary 

centres.201 

An early example on the synthesis of 2,2-AAs was reported in 2009 by Hernández and 

Boto (Scheme 84).202 The method involves a one-pot conversion of -amino acids to -

amino acids through a PIDA-mediated decarboxylation. The resulting -amino-alkyl radical 

is then converted to an iminium ion, either through a second oxidation, or via trapping with 

iodine and subsequent elimination of the unstable, putative -iodo-amine intermediate. 

Iminium alkylation with silyl enol ether nucleophiles then gives the -amino acid derivatives 

in a net homologation.  



 

89 

 

 

Scheme 84: one-pot conversion of -amino acids to -amino acids through a PIDA-mediated 

decarboxylation. 

In 2022, Ritter and co-workers proposed a new photochemical approach to access -

trifluoromethyl substituted (2,2) amino acids through a combination of Michael addition and 

Ritter-type amination with the CF3 -thianthrenium reagent 107 (Scheme 85).203 Homolysis 

of the weak S-CF3 bond in the thianthrenium reagent 107 (similar to Umemoto’s reagent) 

leads to the formation of the ambiphilic CF3 radical which undergoes a Giese-type addition to 

gem-disubstituted Michael acceptors in which one group is electron-withdrawing and the 

other is either phenyl (for -amino acids) or benzyl (for -amino acids). This is necessary in 

order to render the radical thermodynamically stable as the next step of the mechanism 

involves radical-radical coupling between the Giese adduct and the persistent thianthrenium 

radical cation. The resulting sulfonium salt is a strong electrophile which can be displaced by 

CH3CN used as the solvent (Ritter reaction). A nitrilium ion is formed which is subsequently 

hydrolysed to the corresponding acetylamide. 
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Scheme 85: access to 2,2-AA analogues via radical addition of trifluoromethyl-thianthrenium 107 to 

2-substituted acrylates. 

Very recently, the group of Scheidt developed a dual N-heterocyclic 

carbene/photocatalysed synthesis of -amino esters (Scheme 86).204 The method utilises 

olefins, imides, and pyrocarbonates to give sterically congested 2,2-amino esters in 

moderate to excellent yields. The method relies on an oxidative quenching cycle with 

4CzIPN as the catalyst. Stern-Volmer fluorescence quenching studies indicate that the 

excited NHC amide Az (formed in situ through reaction of the carbonate with the NHC) is 

reduced to the persistent ketyl radical equivalent. The oxidised photocatalyst oxidises the 

deprotonated imide to the electrophilic, N-centred radical which can add in an anti-

Markovnikov fashion to the gem-disubstituted olefin, thus creating a tertiary radical in the 

process. The latter is then intercepted by the ketyl radical, creating the quaternary centre 

(via radical-radical coupling). While the reaction can successfully provide ,-disubstituted 

-AAs, the olefin scope is limited to -alkyl styrenes as a consequence of the radical 

recombination step, which works best when the species involved has longer lifetimes (i.e., 
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persistent radicals). This necessity entails that one of the -substituents in the final 2,2-AA is 

an aryl group.   

 

Scheme 86: Dual NHC/photocatalysis for 2,2-amino ester synthesis. 
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A.2 Objectives 

The aim of this project was to develop an innovative and simple method to synthesise 

highly congested 2,2-amino acid derivatives. As previously noted, their pharmacological 

effects and ability to induce the development of more inflexible peptide structures highlight 

their significance as a valuable class of compounds.205 Additionally, with the increasing 

popularity of peptide-based drugs, as well as the urgent need for new antibiotics, there is an 

imminent interest in these molecules in the medicinal chemistry field.206 The syntheses of 

these moieties however tend to pose a challenge. The quaternary centre motif signifies a 

challenge in modern organic synthesis, owing to the intrinsic steric issues related to the 

formation of these C(sp3)–C(sp3) bonds.201 

Traditional methods such as the Mannich addition are limited by the reactivity of the 

imine, which can restrict the type of substitution pattern accessible, e.g., 3,3-substituted 

compounds. Steric hindrance due to bulky substituents at the C–2 position of an enolate (as 

in Mannich-type additions) or equivalent nucleophile significantly slow down the reaction, 

and thus cannot be used to prepare highly congested moieties such as 2,2-AAs. This also 

leads to limitations in the type of nucleophile that can be used. As result, activation of the 

imine to an iminium cation with either a Lewis acid or alkylating reagent is typically required. 

This activation addresses kinetic issues by increasing the electrophilicity of the imine 

acceptor, e.g., by converting formamides into highly reactive iminium ions, as in the 

Vilsmeier-Haack-type approach. However, this strategy typically requires toxic reagents such 

as triflic anhydride and phosphoryl chloride. This often leads to restrictions in the type of 

substituents/functional groups that can be featured into the final products. 

Similarly, while some methods based on aza-Michael additions have been highly 

effective, the reaction has several limitations, e.g., restrictions in the steric bulk of the 

substituents on the acceptor double bond. The addition of certain amines to more densely 

substituted Michael acceptors requires the use of higher pressures and can take multiple 

days to produce even low yields.207,208 Additionally, alkylative methods typically are restricted 

to substrates lacking key substituents at the -position due to frequent complications when 

attempting to construct quaternary centres, leading to a serious absence of versatility.  

Therefore, the development of more versatile, general, and straightforward synthetic 

strategies for the synthesis of sterically congested 2,2-amino acids from readily available 

precursors is of significant worth. 
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Here, a three-step radical-based process is proposed whereby easily accessible 

ketones and -amino acids are converted into 2,2-amino acids/esters (Scheme 87). Inspired 

by the seminal work of Lear and Hayashi, the ketones are first converted into highly 

electrophilic alkylidene malononitriles via a Knoevenagel condensation reaction.189,190 

Facilitated by photoredox catalysis, -carbamoyl radicals (formed from the -amino acid) 

undergo a Giese-type addition to the alkylidene malononitrile which acts as a Michael-type 

acceptor. This step forms the key quaternary centre. Typically, radical additions to 

tetrasubstituted alkenes are strenuous, due to a combination of stereo-electronic factors, 

leading to slow rates of radical addition, however the polarity match of the two reacting 

species results in a facile addition. 

 

Scheme 87: Proposed strategy for the synthesis of congested 2,2-amino acid derivatives. 

These -substituted malononitriles can then either be converted to the corresponding 

2,2-amino ester via an oxidative esterification, or to the free carboxylic acid after oxidation. 

The cyano groups present in the alkylidene malononitriles therefore serve a dual purpose: 

the strong electron-withdrawing nature of the two nitrile groups aids in stabilisation of 

transient radicals and anions, and act as leaving groups for the final oxidation/oxidative 

esterification step. 
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A.3 Results & discussion 

A.3.1 Reaction Optimisation 

Alkylidenemalononitrile derivates could be synthesised via two methods (Scheme 88). 

For classical Knoevenagel conditions, a procedure adapted from Grenning et al. was used; 

refluxing the desired ketone/aldehyde and malononitrile with catalytic amounts of NH4OAc in 

a mixture of acetic acid and toluene provided a number of compounds with varying functional 

groups.209 Alternatively, several substrates could be converted into the desired compounds 

using DABCO as the catalyst.210 This method uses exceedingly mild conditions to rapidly 

provide substrates in excellent yields, however several ketones and aldehydes were unable 

to be successfully converted with these conditions, resulting in decomposition, therefore 

method A was preferred. 

 

Scheme 88: methods to access alkylidenemalononitrile derivates. A) the classical Knoevenagel 

condensation approach; B) DABCO-catalysed condensation method. 

A.3.1.1 Photo-mediated Giese-Type Reaction 

Optimisation of the light-mediated Giese-type reaction was then carried out (Table 1). 

Reaction temperature, time and concentration were investigated along with the solvent, 

base, and scale, using standard alkylidenemalononitrile substrate 108 and N-Cbz-glycine, in 

the presence of a photocatalyst. 

The use of elevated temperatures (40 °C for 24 h) resulted in a substantial increase in 

yield compared to room temperature, and a further increase to 60 °C led to full conversion to 

the desired product 109 in half the time (entries 5 and 8). 1,4-Dioxane (0.2 M) proved to be 

superior to other solvents tested, however, an increase in concentration led to substantially 

diminished yields. Additionally, the use of sym-collidine (2.0 equiv.) as the base was crucial, 

as other bases – both organic and inorganic – led to a decrease or trace amounts of the 

desired product, or the formation of an undesired spirocycle side-product (110). The final 
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optimised conditions are as follows: irradiation (blue LEDs, 2 x 32 W, max = 440 nm) of a 

mixture of 108 (1.0 equiv.) and Cbz-glycine (2.0 equiv.) in the presence of Ir-F 

(Ir[(dF(CF3)ppy)2(dtbpy)]PF6, 0.5 mol%) and sym-collidine (2.0 equiv.), in 1,4-dioxane (0.2 M) 

at 60 °C, afforded the targeted malononitrile 109 in 95% isolated yield. 

Table 1: Optimization studies of the Giese-type reaction. 

 

Entry Base (equiv.) Conc. (M) Photocat. (mol%) Temp. (°C) Time (h) 
109 
(%)* 110 (%)* 

1 K2HPO4 (2.4) 0.1 Ir-F (1) 42 16 <5 84 
2 2,6-Lutidine (2.4) 0.1 Ir-F (1) 42 16 43 58 
3 Collidine (2.4) 0.1 Ir-F (1) 42 16 59 44 
4 Collidine (2.4) 0.1 Ir-F (1) 24 16 24 76 
5 Collidine (2.4) 0.1 Ir-F (1) 42 24 73 39 
6 Collidine (2) 0.1 Ir-F (1) 60 16 >99 - 
7 Collidine (2) 0.2 Ir-F (1) 60 16 >99 - 
8 Collidine (2) 0.2 Ir-F (0.5) 60 16 >99 - 
9 Collidine (2.4) 0.2 Ir-F (1) 42 16 46 21 

10 Collidine (2.4) 0.4 Ir-F (1) 42 16 59 41 
11 Collidine (2) 0.2 4CzIPN (1) 60 16 0 - 
12 Collidine (2) 0.2 - 60 16 0 - 
13** Collidine (2) 0.2 Ir-F (1) 60 16 0 - 

*Calculated by 1H NMR using TCI (trichloroethylene) as internal standard.**Ran in the dark. 

The use of alternative photocatalysts such as 4CzIPN (entry 11) resulted in 

decomposition of the reaction mixture, which is arguably expected, as photo-organocatalysts 

are often unstable at elevated temperatures. Control experiments (entries 12 & 13) revealed 

that Ir-F, in addition to light irradiation, are vital for the reaction to ensue. 

A.3.1.2 Oxidative Esterification & Amidation 

Next, a procedure to access the desired -AA derivatives from malononitriles was 

investigated (Table 2). Recently, Lear and Hayashi reported a straightforward method for the 

oxidative esterification and amidation of -substituted malononitriles.189,190 The reaction 

employs molecular oxygen, a base, and the respective alcohol or amine as nucleophilic 

reagents. For 24 h, malononitrile 109 (1.0 equiv.) was reacted under 1.0 bar of O2 in the 

presence of EtOH (10.0 equiv.) as the nucleophile and Cs2CO3 (2.0 equiv.) as the base in 

CH3CN (0.1 M). With these conditions, optimal yields of product 111 were obtained. An 

increase in temperature resulted in a mixture of products, while longer reaction times proved 

to be beneficial in increasing the yield. Additionally, a number of bases were screened; 
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K2CO3 exhibited similar results to Cs2CO3, as did DBU, however the latter was disregarded, 

due to the potential hazard of cyanide when using organic bases Notably, the use of 

inorganic bases produces cyanide salts which can be safely filtered off, compared to organic 

bases which are more cumbersome and require more care to dispose of safely. Other bases 

such as Et3N and DIPEA gave a mixture of product 111 and 110, while sym-collidine failed 

to deliver any product. The latter can be rationalised by its high pKaH value (7.3) compared to 

malononitrile (10). 

Table 2: Optimization studies of the oxidative esterification reaction. 

 

Entry 
Base 

(equiv.) 
Nucleophile 

(equiv.) 
Solvent (M) 

Temp. 
(°C) 

Time 
(h) 

109 
(%)* 

111 
(%)* 

110 
(%)* 

1 Cs2CO3
 (2) BnOH (2) MeCN (0.1 ) RT 16 30 26 34 

2 Cs2CO3 (2) BnOH (2) MeCN (0.1) RT 24 0 72 3 
3 Cs2CO3 (2) BnOH (2) MeCN (0.1) RT 72 0 74 22 
4 Cs2CO3 (2) BnOH (2) MeCN (0.1) 0 16 0 24 35 
5 Cs2CO3 (2) BnOH (2) MeCN (0.1) 50 24 0 52 19 
6 Cs2CO3 (2) BnOH (2) MeCN/C6HF5 (9:1) RT 16 0 42 55 
7 Cs2CO3 (1) BnOH (2) MeCN (0.1) RT 24 0 50 45 
8 DIPEA (2) BnOH (2) MeCN (0.1) RT 24 0 32 37 
9 Collidine (2) BnOH (2) MeCN (0.1) RT 24 99 0 0 
10 Et3N (2) BnOH (2) MeCN (0.1) RT 24 0 13 16 
11 DBU (2) BnOH (2) MeCN (0.1) RT 24 0 82 0 
12 Cs2CO3 (2) EtOH (10) MeCN (0.1) RT 24 0 60 10 

*Calculated by 1H NMR using TCI (trichloroethylene) as internal standard. 

Crucial to the success of the reaction was sufficient oxygen saturation in the solvent. In 

an anaerobic environment, the formation of 111 dominates, forming either a mixture, or 

exclusively the undesired side product. Furthermore, deviations from CH3CN to other 

solvents with high oxygen solubility, such as CH2Cl2, MTBE and C6HF5 

(pentafluorobenzene), resulted in decreased yields. Cooling the reaction to 0 °C to maximise 

oxygen saturation also proved to be ineffective, as did the addition of molecular sieves. 

Therefore, to ensure adequate saturation, the solvent was pre-bubbled with oxygen for a 

minimum of 4 h. 

A.3.2 Scope & Limitations 

With the optimised conditions acquired, the substrate scope was investigated. First, 

the malononitrile scope was explored (Scheme 89). (Hetero)cyclic precursors proved to be 

highly effective, as seen in the quaternary 2,2-amino ester products bearing piperidine (112 
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and 113), and tetrahydropyran (114), which were isolated in two steps from the 

corresponding alkylidenemalononitrile in good or moderate yield (47%, 57%, and 47%, 

respectively). The Giese-type reaction of compound 110 could also be scaled up and out, 

providing the substituted malononitrile derivative in an isolated yield of 88% (2 × 5.0 mmol, 

3.38 g) without the need for purification. Additionally, modification of the ring size at the -

position was tolerated, exhibited in the use of cyclopentanone 115, cyclohexanone 116 and 

cycloheptanone 117 (31%, 34%, and 41%, respectively, over two steps). Furthermore, the 

use of linear ketones was possible, giving access to 2,2-amino esters 118-120 in good yields 

(52%, 23%, and 42%, respectively). Unfortunately, for highly bulky substrates, including a 

dihydroindenone-derived (121), several other linear examples (122-124), as well as the 

isophorone-derived alkylidenemalononitrile (125), were unsuccessful.  
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Scheme 89: ketone and aldehyde scope of synthesised 2,2-amino esters. 

As the Knoevenagel condensation is not limited to ketones, aldehydes could be used 

for the synthesis of monosubstituted 2-amino esters bearing sterically demanding 

substituents, such as tert-butyl (126) or cyclohexyl (127), in 37% and 86% yield, 

respectively. Substrates bearing benzyl motifs, such as 128, led to a complex mixture of 

products during the Giese-type reaction. Additionally, analysis of attempts to obtain 129 

exclusively showed the presence of starting material, while decomposition was observed in 

the case of 130.  
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Numerous N-protected amino acids were investigated in the Giese-type reaction 

(Scheme 90). Substrates assessed, including phenylalanine, lysine, leucine, methionine, 

and valine, all resulted in the formation of the undesired spirocyclic side product. Hippuric 

acid and N-acetylglycine were also explored, however both resulted in the decomposition of 

the malononitrile.  

 

Scheme 90: 2,2-amino esters derived from other N-protected amino acids that were isolated as 

the corresponding spirocyclic side product. 

When using amino acids with greater substitution compared to Cbz-glycine, the 

increased steric hinderance of the additional groups was hypothesized to further entropically 

drive the reaction towards the intramolecular, 5-exo-dig cyclisation, forming the 

dihydropyrroles. This can be rationalised via the Thorpe-Ingold effect exerted by the gem-

dialkyl groups; substitution of methylene hydrogens with more sterically demanding alkyl 

groups compresses the bond angle θ between the two reacting groups to be narrower than 

the typical tetrahedral angle of 109.5°, bringing them closer together (Scheme 91).211 

Coupled with the decreased conformational freedom caused by steric repulsion of the 

substituents, the probability of entering a conformation favouring intramolecular cyclisation 

significantly increases.  

 

Scheme 91: rationalisation of spirocycle side product via the Thorpe-Ingold effect. 
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Next, the scope of suitable nucleophiles was explored (Scheme 92). The use of benzyl 

alcohol worked well, allowing for the synthesis of corresponding benzyl-protected esters 111 

and 131 in good yields (78% and 71%, respectively). Notably, the use of a benzyl protected 

ester in conjunction with a Cbz-protected amine is complementary, as both groups can be 

deprotected simultaneously by catalytic hydrogenation, giving the free -amino acid. The use 

of benzyl amine provided the corresponding amide (132) in good yield (73%).  While larger 

nucleophiles, such as tert-butanol, failed to deliver the desired tert-butyl esters (133), 

Numerous other nucleophiles were tested, including pyrrolidine (134) and morpholine (135), 

however no product could be isolated. 

 

Scheme 92: scope of nucleophiles tried in the oxidative esterification/amidation. 

Furthermore, attempts to use amino acids or dipeptides in the oxidative amidation 

resulted in the formation of 110, as seen in Scheme 93. 

 

Scheme 93: failed attempts at obtaining hindered dipeptides; both reactions (left, using glycine 

methyl ester, right, using alanine methyl ester) resulted in the formation of spirocycle 110. 
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A.3.2.1 Oxidative Esterification/Amidation in Flow 

The following work was conducted in a collaboration with Dr Luca Capaldo, Ting Wan, and 

Prof. Timothy Noël at the Van’t Hoff Institute for Molecular Sciences (HIMS), University of 

Amsterdam. For more information, see the experimental section. 

The low solubility of gases in organic media often necessitates the use of high 

pressures, with the concentration of dissolved gas also dramatically decreasing with an 

increase in temperature.212 As mentioned earlier, a major drawback arises from the low 

oxygen solubility in organic solvents, which slows down formation of the desired acyl cyanide 

intermediates. While this could be tolerated for some substrates, many others resulted in 

either low yield, or exclusive formation of the spirocyclic dihydropyrrole by-product (e.g., 

110), which is able to outcompete the oxidation. Moreover, when scaling-up the oxidative 

esterification step (from 0.2 mmol to 0.5 mmol), the effectiveness of the reaction drops 

considerably, due to this competitive side product formation (Table 3). To circumvent this 

issue and increase O2 content in batch scale, operating at elevated O2 pressures would be 

necessary, leading to heightened safety risks, and constraining the versatility of the 

approach. 

Table 3: scale-up of the oxidative esterification reaction. 

 

Entry Scale (mmol) 111 (%)* 110 (%)* 

1 0.1 72 <5 
2 0.2 78 <5 
3 0.5 50 50 

*Isolated yields. 

Over the last few years, flow chemistry has developed into a formidable alternative to 

conventional batch procedures. This offers numerous benefits, such as increased efficiency, 

shorter reaction times, scalability, and improved reproducibility. Moreover, there are 

numerous  benefits to using flow chemistry in conjunction with gases.213 The application of 

gases in continuous flow has expanded the possibilities for conducting various chemical 

processes that were previously considered too hazardous for large-scale batch chemistry, or 

simply inefficient due to high pressure constraints. Generally, gases are more 

straightforward to operate in flow even at elevated pressures, due to the small reactor 

volumes.214 Additionally, a substantial increase in the interfacial contact area in biphasic gas-
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liquid systems can allow for reactions unsuccessful in batch synthesis to be accelerated in 

flow, and as a result of this large gas-liquid interfacial area, mass transfer is enhanced.215 

Furthermore, the use of a mass flow controller allows for precise control over reaction 

stoichiometry, while efficient mixing can be reached due to the creation of vortices, which 

also increases the interfacial area. 

With this in mind, a collaborative investigation with the Noël group into adapting the 

oxidative esterification step from batch to flow conditions was conducted. To avoid potential 

clogging complications, an adjustment in reaction conditions was required. Encouragingly, in 

batch, DBU was identified as a suitable substitute for insoluble Cs2CO3, delivering 

comparable yields in a homogeneous mixture, as required for flow. The Noël group 

conducted extensive optimisation studies before reaching the final conditions. A liquid feed 

containing the desired malononitrile, nucleophile, and DBU, was mixed with an O2 feed by 

means of a T-mixer, and with a residence time (tR) of 33 min, access to esters 111, 112, and 

131 was possible in high yields (Scheme 94). Using these conditions, the crucial oxidative 

esterification step could be easily scaled up to 5 mmol scale, giving 111 in 71% yield (1.6 g, 

46% yield over three steps). 
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Scheme 94: work by the Noël group; scope & scale-up of oxidative esterification using flow 

conditions. 

A.3.2.2 Alternative Approaches to the Oxidative Esterification 

To broaden the range of applications for the approach and to provide an alternative 

batch procedure, a method to directly access N-protected -amino acids was explored. 

Recently, Sun and co-workers reported the oxidative hydrolysis of sugar-based -substituted 

propanedinitriles via an acyl cyanide intermediate.216  

Using aqueous H2O2 (35% (w/w) in H2O (10.0 equiv.) as a mild oxidant in the presence 

of Cs2CO3 (2.0 equiv.), it was possible to obtain various 2,2-amino acids with (hetero)cyclic 

motifs in varying yields (136-141) (Scheme 95). Interestingly, for compound 138, derived 

from 4-thianone, the oxidative conditions were sufficient to transform it into the 

corresponding sulfone product. Furthermore, the method tolerates the use of acyclic ketones 

like 142 as malononitrile precursors, in addition to aldehydes (143 and 144), which were 

formed in good yields. In an effort to increase further the molecular complexity, Cbz-glycine 

was exchanged in the Giese-type reaction for an unnatural amino acid containing a 

piperazinone core. After oxidative hydrolysis, the highly polar amino acid 145 was obtained 

in 38% yield. Notably, substrates containing Fmoc protecting groups could not be tolerated, 
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resulting in partial cleavage of the group as seen in 147, or decomposition of the product 

(148). Compound 149 could not be isolated and showed signs of epimerization. 

 

Scheme 95: synthesis of -amino acids. 

A.3.3 Deprotection & Derivatisation Attempts 

Incorporation of these hindered 2,2-amino acids in peptides is known to impact and 

modulate peptide conformation by forcing the end groups together and inducing the 

formation of more rigid secondary structures. To obtain sterically hindered small peptides, 

amide couplings of the -amino acids were tested with several free amino acid esters, using 

either EDCl or HATU as the coupling reagent (Scheme 96). While L-phenylalanine methyl 

ester could not be successfully incorporated, dipeptides 150 and 151 were formed in a 

coupling with glycine methyl ester, though in low yields. Further experiments are required to 

explore the potential application of this methodology for the synthesis of small peptides. 
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Scheme 96: amide bond formation in hindered 2,2-amino acids to form peptides. 

Several attempts to deprotect the carbamate-protected amino acid esters were 

conducted (Scheme 97). Selective deprotection of the benzyl ester in 110 could be carried 

out using lithium hydroxide, quantitively forming 152. A total deprotection using Pd/C and H2 

to form 153 was initially unsuccessful and resulted in decomposition, however, more 

experiments are required for better insight. 

 

Scheme 97: deprotection of 2,2-amino ester 110 to form either 152 or 153. 

A.3.4 Mechanistic Studies 

A plausible mechanism for both steps is as follows (Scheme 98). Based on the 

measured quantum yield ( = 276), the Giese-type reaction should proceed via a light-

initiated radical-chain mechanism. The process begins with the reductive quenching of the 

excited photocatalyst (*Ir-FIII, *E1/2 = +1.21 V vs SCE in CH3CN) by the corresponding -

amino carboxylate species 154 (E1/2 = +0.95 V versus SCE in CH3CN) generating an acyloxy 

radical (155).217,218 This swiftly undergoes decarboxylation to give a nucleophilic -amino 

radical (156). Addition of this to a highly electrophilic alkylidenemalononitrile (157) delivers 

stabilised tertiary radical intermediate 158. The latter can react via two pathways: either 158 

IV undergoes a SET with -amino carboxylate 154, providing species 155 and anion 159, 

thus propagating the radical chain, or 158 can undergo SET with the reduced photocatalyst 

(Ir-FII, E1/2 = −1.37 V vs SCE in CH3CN), to close the photocatalytic cycle and form anion 

159. Lastly, protonation of 159 results in the formation of -quaternary malononitrile species 

160. 
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Scheme 98: proposed mechanism for the photo-mediated Giese-type reaction. 

A possible mechanism for the oxidative esterification/amidation can be described as 

follows, based on the work of Lear and Hayashi (Scheme 99). First, deprotonation of 

malononitrile 161 facilitated by either Cs2CO3 (pKa = 10.3 in H2O) or DBU (pKa = 13.5 ± 1.5 

in H2O) gives stabilised anion 162.219 Here, an insufficient concentration of oxygen will lead 

to the preferential formation of spirocycle 164. With sufficient O2 saturation, 162 undergoes 

SET with triplet oxygen (3O2), forming a superoxide anion and radical 163 which react 

together in a radical-radical coupling to give peroxide 165. The latter undergoes a 3-exo-tet 

intramolecular cyclisation with expulsion of cyanide, providing dioxirane 166 which, in turn, 

can react with another molecule of carbanion 162, yielding tetrahedral intermediate 167. This 

then collapses, leading to the formation of two equivalents of acyl cyanide 168. This 

functions as an activated ester which undergoes nucleophilic substitution at the carbonyl via 

addition-elimination with the desired nucleophile, providing the targeted 2,2-amino ester 169. 
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Scheme 99: proposed mechanism for the oxidative esterification/amidation. 
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A.4 Outlook & Future Aspirations 

In summary, a straightforward, two-step approach was realised for the construction of 

quaternary 2,2-amino acid derivatives, using easily accessible ketones, malononitrile, and -

amino acids as reagents. This methodology accommodates the incorporation of bulky 

(hetero)cyclic and acyclic substituents at the -position and facilitates the formation of 

monosubstituted 2-amino acids when ketones are replaced with aldehydes. Furthermore, 

with adjustments to the final step of the approach, selective formation of -amino esters, -

amino amides, or N-protected -amino acids is possible. To address challenges in adapting 

the oxidative esterification step to higher scales, a collaboration was conducted to develop a 

continuous-flow process, ensuring dependable and scalable access to -quaternary 2,2-

amino esters on gram scale. 

Moving forward, future aspirations concerning the project are to optimise the method to 

tolerate the use of amino acids bearing more functionality. Additionally, implementing the 

photoreaction into a continuous flow process would be beneficial as this would allow for a 

telescoped strategy of the two key reactions. Furthermore, initial investigation into 

synthesizing dipeptides containing the 2,2-amino acid derivatives resulted in poor yields. 

Therefore, it would be highly beneficial to continue searching for the optimal conditions to 

construct these sterically hindered di- or tripeptides. This could be simply achieved by 

screening additional amide bond-forming conditions. 

Ultimately, the addition of nucleophilic radicals to electron-poor Michael acceptors 

(Giese reaction) is a promising approach to synthesize nitrogen-containing compounds 

bearing quaternary centres. Leveraging the high electrophilicity of the malononitrile 

component (or other activated methylene compounds) in Giese-type reactions then using 

derivatisations – such as oxidation – to convert it into a more useful synthetic handle is likely 

to yield more interesting results in the future. Moreover, the radical reaction partners could 

be derived from something other than amino (or carboxylic) acids, which could further 

expand the scope of the reaction. The exceptional electrophilicity of active methylene-

derived Michael acceptors could even be exploited further, e.g., by combining the aza-

Michael addition with oxidation. 
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IIB. Modular Construction of Polar Spirocycles 

B.1 Introduction 

Azaheterocycles, a class of organic compounds that contain one or more nitrogen 

atoms within a heterocyclic ring, have garnered significant attention within the field of 

medicinal chemistry and drug development. These structures are widely found in nature and 

play a crucial role in many biological processes, serving as prominent scaffolds in bioactive 

molecules due to their diverse properties and applications. This is demonstrated by the 

prevalence of N-heterocycles in most pharmaceuticals and agrochemicals (Scheme 100). 

Biologically active compounds often feature N-heterocycles that can mimic the structure of 

key biomolecules such as nucleic acids or amino acids. This can enable them to interact with 

biological targets in a similar manner to endogenous molecules, facilitating binding and 

biological activity. N-heterocycles typically contain various functional groups, e.g., amines, 

amides, ethers, and carbonyls. These functional groups contribute to the compound's ability 

to readily form hydrogen bonds, e.g., with DNA, which is in part why azaheterocyclic agents 

exhibit anti-cancer properties.220 Additionally, they can facilitate coordination to metal ions, or 

engagement in other types of interactions with biological targets.  

 

Scheme 100: Bioactive compounds containing azaheterocycles. 

Many N-heterocycles display favourable pharmacokinetic properties, such as good 

oral bioavailability and metabolic stability, making them appropriate candidates for drug 

development. In 2014, Njardarson and co-workers presented the first comprehensive 

investigation on the occurrence of nitrogen heterocycles in FDA-approved drugs.165 Of the 

1086 small molecule drugs studied, 84% contained at least one nitrogen atom, with 59% of 

those containing a nitrogen heterocycle. Additionally, in the 640 unique drugs studied 

containing a nitrogen heterocycle, the most common structure is piperidine (found in 72 

drugs), followed by pyridine and piperazine (62 and 59, respectively). The fourth and fifth 

most common are cephem, a β-lactam core (41 total) and pyrrolidine (37 total, and the only 

non-aromatic five-membered ring in the top 10).  
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In particular, polar molecules containing pyrrole or pyrrolidine scaffolds frequently 

function as pivotal pharmacophores, with extensively documented biological activities, 

including antibacterial, antiviral, anti-inflammatory, and anti-cancer. The presence of a 

pyrrolidine/pyrrole motif in a drug has the potential to boost aqueous solubility and enhance 

other physiochemical properties, while also serving as an integral part of the 

pharmacophore. The NH group can act as a hydrogen bond donor, and when its NH is 

blocked, the nitrogen atom can function as a hydrogen bond acceptor with a target protein. 

For example, the peptidomimetic antiviral drug Rupintrivir, initially developed as a rhinovirus 

protease inhibitor for the most common viral infection causing the common cold, was 

investigated for the 2019 coronavirus SARS-CoV-2 (Scheme 101).221 The drug works by 

targeting and inhibiting a viral enzyme called 3C protease, preventing the virus from 

replicating and spreading within the host cells. Substituted pyrrolidone scaffolds have been 

found extensively in natural products and biologically active compounds. For example, the 

naturally occurring bis-indole pigment Violacein exhibits antibiotic properties, and fusarin C is 

a potential HIV integrase inhibitor candidate.222–224 Additionally, 2-pyrrolidones, which are -

lactams, have been used as to access substituted -lactams, as well as pyrrole and 

pyrrolidine derivatives. 

 

Scheme 101: bioactive molecules containing the pyrrolidine/pyrrolidone/pyrrolinone scaffold. 

Pyrrole derivatives are also often used as building blocks to access complex fused ring 

systems. For example, 2-amino-3-cyanopyrroles are recognized for their extensive versatility 

as precursors to various heterocycles, such as pyrrolopyrimidines, pyrrolopyridines, and 

pyrrolopyrimidinones. As early as 1964, Taylor and co-workers described the synthesis 4-

amino-5-cyanopyrrolo[2,3-d]pyrimidines, reported to be structurally related to bioactive 

molecules Tubercidin and Toyocamycin (Scheme 102A).225 This was accomplished through 

the treatment of pyrrole derivative 170 with trimethyl orthoformate and a solution of ammonia 

in EtOH, followed by desulfurization with Raney Ni, providing the desired pyrrolopyrimidine 

171 product in moderate yield. More recently, Zaware et al. reported the synthesis of 

intermediate 5-chloro-9H-pyrimido[4,5-b]indole-2,4-diamine 174 from 2,3-
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dichloronitrobenzene (172).226 Interest of this class of molecules grew after a seminal paper 

by Traxler et al. reported a series of N-substituted phenyl-9H-pyrimido[4,5-b]indoles as 

inhibitors of tumour growth receptors.227,228 Scheme 102B shows the synthetic route: 172 

undergoes NaH-induced nucleophilic aromatic substitution with malononitrile, followed by 

Clemmensen reduction and a 5-exo-dig cyclisation to give the 2-amino-3-cyanopyrrole 173. 

The desired pyrimidine ring is formed by condensation with carbamimidic chloride hydride. 

 

Scheme 102: synthesis of cyanopyrrolo[2,3-d]pyrimidine derivatives: A) via cyclisation with 

trimethyl orthoformate and ammonia; B) via condensation with carbamimidic chloride. 

Many synthetic methods have been established for the construction of pyrroles 

(Scheme 103). Industrially, pyrrole is prepared by treating furan with ammonia in the 

presence of solid acid catalysts SiO2 and Al2O3 (A). The most common methods used 

include the classical Hantzsch pyrrole synthesis (B), Knorr (C) and Paal-Knorr synthesis (D). 
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Scheme 103: typical methods to synthesize pyrroles. 

In the Hantzsch pyrrole synthesis, named after Arthur Rudolf Hantzsch, an -ketoester 

reacts a primary amine, typically ammonia, and an -haloketone. In the mechanism, the -

ketoester 175 is attacked by the amine to form enaminone 176, which subsequently attacks 

the carbonyl carbon of the -haloketone (Scheme 104). After the elimination of H2O, the 

resulting imine species 177 undergoes an intramolecular nucleophilic attack, and after 

elimination of hydrogen then rearrangement, the substituted pyrrole is formed. 

 

Scheme 104: mechanism of the Hantzsch pyrrole synthesis. 

The Knorr method involves the condensation of an -aminoketone or -amino--

ketoester with a ketone or ketoester.229 The reaction requires the presence of an acid or 

base catalyst to facilitate the condensation and cyclization steps, typically zinc and acetic 

acid. The mechanism involves first the condensation of the amine and ketone, producing an 

imine which subsequently tautomerizes to enamine 178 (Scheme 105). Then, this enamine 

intermediate undergoes cyclisation onto the adjacent carbonyl, and water is removed. The 

desired pyrrole is obtained after isomerisation of 179.  
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Scheme 105: mechanism of Knorr pyrrole synthesis. 

Similarly, the Paal-Knorr synthesis, originally reported as a method to obtain furans, 

has been adapted for the preparation of pyrroles and has been widely used because of its 

straightforwardness and effectiveness. The reaction involves an acid-catalysed 

condensation of alkyl amines with 1,6-dicarbonyl compounds, however various modifications 

have been reported since.230 A decade after Paal and Knorr individually published their 

routes, V. Amarnath et al. investigated a possible mechanism (Scheme 106): The carbonyl 

of 180 is attacked by the amine, forming hemiaminal 181.231,232 This hemi-aminal 

intermediate then undergoes cyclisation in the rate-determining step via attack of the amine 

to the carbonyl, followed by dehydration to give the desire pyrrole product 182. In the 

classical Paal-Knorr pyrrole synthesis, reaction times can be excessive (a minimum of 12 

hours), however this can be drastically shortened using microwave irradiation.233]  

 

Scheme 106: mechanism of Paal-Knorr pyrrole synthesis. 

Similarly to pyrroles, pyrrolidone (or pyrrolidinone) scaffolds are prominently featured 

in bioactive molecules, therefore synthetic methods to obtain these structures have been 

well-documented. The simplest form, 2-pyrrolidone, is industrially formed through the 

treatment of aqueous gamma-butyrolactone with ammonia in the presence of magnesium 

silicate catalysts (Scheme 107).234 Typically, high temperatures of approx. 270 °C and a 

pressure range of 0.4–1.4 MPa are required. 
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Scheme 107: Industrial synthesis of 2-pyrrolidone using magnesium silicate catalysts. 

It is also possible to access N-substituted-5-methyl-pyrrolidones from levulinic acid, 

formic acid and a primary amine by reductive amination and cyclisation.235,236 This reaction 

proceeding via the Leuckart-Wallach mechanism – depicted in Scheme 108 – is well 

documented. First, the amine undergoes a nucleophilic attack on the carbonyl group of 

levulinic acid, and after elimination of H2O, an imine is formed. Hydrogenation of this 

intermediate then occurs in the presence of formic acid, forming CO2 and H2O as by-

products and the desired lactam after cyclisation. 

 

Scheme 108: mechanism of the Leuckart-Wallach reaction. 

In 2019, Fan and co-workers reported the selective synthesis of pyrrolidin-2-ones via 

the oxidative ring contraction and deformylative functionalisation of piperidine derivatives 

(Scheme 109A).237 Using Cu(OAc)2 and Oxone as the oxidant, the group could convert 

thirteen piperidine structures to the corresponding functionalised pyrrolidinones in moderate 

yields. Conversely, ring expansion has also been implemented for the construction of 

pyrrolidinones. For example, Wahl and co-workers developed a method for the 

stereospecific nitrogen insertion of cyclobutanones using amino diphenylphosphinates 

(Scheme 109B).238 Mechanistic studies suggest that the reaction proceeds via an aza-

Baeyer-Villager pathway, involving addition of the hydroxylamine phosphinate at the 

carbonyl and collapse of the tetrahedral intermediate, leading to ring expansion and 

expulsion of the phosphinate. 
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Scheme 109: A) oxidative ring contraction of piperidine derivatives; B) ring expansion of 

cyclobutanones via an aza-Baeyer−Villiger mechanism. 

Pyrrolidones also play an important role in the synthesis of another 5-memberered 

cycle: pyrrolidines. Pyrrolidines can be obtained through the reduction of the former using 

mild reducing agents, such as organoboranes.239 In 1999, Singaram and co-workers 

reported the chemoselective reduction of 5-membered lactams using 9-BBN, converting 

them to the corresponding pyrrolidine motif, while preserving the presence of other functional 

groups such as esters (Scheme 110).240 

 

Scheme 110: synthesis of pyrrolidines through the reduction of pyrrolidones. 
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Additional methods to form pyrrolidines include the Hofmann–Löffler–Freytag (HLF) 

reaction, [3+2] cycloadditions, hydrogenation reactions, and reductive amination. Industrially, 

pyrrolidine is made by reacting 1,4-butanediol and ammonia in the presence of a nickel 

oxide catalyst supported on alumina (Scheme 111). High temperatures (165–200 °C) and a 

pressure of approximately 20 MPa are also required. It is also possible to form pyrrolidine 

from pyrrolidone via amide reduction or transition metal-mediated deoxygenative 

hydrogenation.241,242 

 

Scheme 111: industrial synthesis of pyrrolidine using a nickel oxide catalyst on alumina. 

The HLF reaction is frequently used to obtain pyrrolidines.243–245 The method involves 

the thermal or photochemical decomposition of an N-halogenated amine in the presence of a 

strong acid, typically concentrated sulfuric acid or TFA. Mechanistically, it proceeds via a 

radical chain reaction (Scheme 112A): first, the N-halogenated amine is protonated to give 

the corresponding ammonium salt. Using either light irradiation, heat or an initiator, a 

nitrogen-centred radical is formed through homolytic cleavage of the N-X bond. This forms a 

-halogenated amine, which cyclises in the presence of a base to form the desired 

pyrrolidine. In 2016, the HLF reaction was utilised by Muñiz et al. where N-Iodosuccinimide 

was exploited to promote the site-selective intramolecular C-H amination of aliphatic 

sulfonamides (Scheme 112B).246 The reaction is initiated by visible light in the absence of a 

photocatalyst, providing 17 pyrrolidine products in good yields. 
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Scheme 112: A) general mechanism of the HLF reaction; B) visible light-catalysed, iodosuccinimide-

promoted HLF reaction of sulfonimides. 

Another method to synthesize pyrrolidines is by cycloaddition reactions. For example, 

in 2013 Aggarwal and co-workers proposed the total synthesis of (+)-allo-kainic acid via 

MgI2-promoted SN2’ aziridine ring opening/[3+2] cycloaddition (Scheme 113).247 The 

procedure successfully synthesized the desired natural product in 6 steps with an overall 

yield of 24%. The key ring-opening/SN2’ cyclisation sequence to form the 2,3,4-trisubstituted 

pyrrolidine product (63% yield, 9:1 dr), can be seen in Scheme 113, with the 

stereochemistry rationalised based on attack of the ring-opened aziridine on the more 

accessible Si face. 

 

Scheme 113: key MgI2-mediated aziridine ring-opening followed by [3+2] cycloaddition for the 

synthesis of pyrrolidines using vinyl aziridines with Evans’ fumarates. 
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Pyrrolidines can also be formed by catalytic hydrogenation reactions. In 1983, Seeman 

and co-workers reported the synthesis of a 2,3-annulated tricyclic conformationally 

constrained nicotine analogue.248 To make the 5-membered heterocycle, an LDA-mediated 

Michael-type addition of 183 to nitroethylene occurs (Scheme 114A). Then, reduction of the 

nitro group is carried out by catalytic hydrogenation using Raney nickel, and the resulting 

amine undergoes an intramolecular condensation with the carbonyl group to form imine 184. 

Reductive amination of 184 by NaBH3CN provides the desired pyrrolidine derivative. The 

direct hydrogenation of pyrrole derivatives has also been reported. For example, in a 1986 

publication on the total synthesis of ()-ipalbidine by Jefford et al., the reduction of a bicyclic 

pyrrole system was carried out via PtO2-catalysed hydrogenation (Scheme 114B).249 

 

Scheme 114: A) synthesis of a nicotine analogue developed in Seeman and co-workers via catalytic 

hydrogenation then reductive amination; A) PtO2-catalysed reduction of a pyrrole derivative. 

Typically, these pyrrole/pyrrolidine cores are rigid and planar unsaturated structures, 

which facilitate control over the molecule’s conformation and spatial orientation. However, as 

mentioned earlier, with the increased popularity of concepts such as “escape from the 

flatland”, or “conformational restriction”, the advantages of isosteric analogues that lead to 

higher Fsp3 and enhanced three-dimensionality have been widely reviewed.250,251 Increasing 

saturation has been linked to an increase in metabolic stability, as well as improvements in 

physicochemical properties, e.g., increased solubility with a higher fraction of sp3 carbons. In 

drug discovery, this breakthrough has led to improved success of compounds selected for 

clinical development. Additionally, with an increase of bonds that can be formed with sp3 

carbons, there is a larger chemical space available to explore – a concept known as 

increased vectorial functionalisation.  
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As a consequence of the surge of interest in bioactive compounds with less planarity, 

the development and preparation of spirocyclic pyrrolidine(s) and derivatives are among the 

most popular spirocyclic cores.252,253 These molecules with increased 3D character serve as 

sp3-rich analogues of 2D aromatics while retaining the pharmacological activities of the 

aromatic azaheterocycles. Their well-defined spatial orientation enables control over 

conformation, often resulting in enhanced binding affinities as they can interact with 3D 

binding pockets more effectively compared to their planar, unsaturated counterparts. Recent 

development on the isolation and characterisation of these novel structures from natural 

products, as well as new synthetic methods to obtain spirocyclic motifs have led to their 

incorporation into molecules for pharmacological applications and in some scenarios, their 

successful development as commercial drugs (Scheme 115). This can be seen in numerous 

compounds such as Rodatristat – a potent, peripheral inhibitor of TPH1 containing the 

spirocyclic pyrrolidine motif.254  

 

Scheme 115: bioactive molecules containing pyrrolo-based spirocyclic scaffolds. 

Typically, construction of these spirocycles is exceedingly difficult due to construction 

of the key quaternary centre – a concept itself considered a challenging task in synthetic 

organic chemistry.255 Their synthesis often involves two-electron disconnections, with the 

requirement of multistep and complex strategies. For example, Fenspiride, an anti-

inflammatory, anti-allergic and antioxidant drug used to treat bronchial asthma, allergic 

rhinitis, and other allergy symptoms, was first obtained by Gilbert et al. in four steps for the 

use of bronchodilators, analgesics, and anti-inflammatory agents (Scheme 116).110,256 Here, 

harsh conditions were required to construct the key quaternary centre. Treatment of 

piperidone 185 with KCN gave cyanohydrin species 186, followed by reduction of the nitrile 
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group with LiAlH4, providing amino alcohol 187. Cyclisation of 187 is then achieved with 

diethyl carbonate under reflux, in the presence of freshly prepared sodium methoxide. 

 

Scheme 116: first successful synthesis of Fenspiride by Gilbert in four steps. 

Since the initial synthetic route was proposed, numerous other approaches were 

published, usually varying in the construction of the amino alcohol, however the majority still 

comprised of toxic reagents and/or harsh conditions – a detrimental obstacle for commercial 

success.257 In 2019, a new 4-step route avoiding the use of such materials was proposed by 

Emcure Pharmaceuticals in collaboration with the University of Pune (Scheme 117).257 Nitro-

aldol addition (Henry reaction) of 185 with nitromethane was followed by a Clemmensen 

reduction of the nitro group with Zn in HCl. To avoid purification issues of the free amine 

after aqueous work-up, a Boc protection was carried out, and the final cyclisation of N-Boc-

protected 187 could be promoted using NaOtBu via intramolecular displacement of the tert-

butoxy group in the carbamate and ring closure, providing fenspiride hydrochloride after 

treatment with HCl. Using this route, the group were able to synthesise fenspiride on a large 

scale in relatively mild conditions, starting from 1 kg of 188, 78% of the product was 

obtained. 

 

Scheme 117: novel protocol for the large-scale production of Fenspiride in 4 steps. 

B.1.1 Synthesis of Spirocyclic Pyrrolidines 

Over the years, many methods have been developed to construct spirocyclic 

pyrrolidine/pyrrole derivatives. Generally, these strategies lead to the formation of either - 

or -spirocyclic motifs (Scheme 118). 
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Scheme 118: - versus -spirocyclic pyrrolidine structures. 

In 1957, the first example and relatively simple method for synthesising an -

spirocyclic pyrrolidine structure was outlined by Moffet, starting with cyclic nitro compounds 

in a three-step process (Scheme 119).258 The first step is a conjugate addition of an alkyl 

nitro compound with methyl acrylate, followed by reduction of the nitro group to a primary 

amine, triggering the cyclisation. The resulting amide can be subsequently reduced to the 

corresponding amine. While straightforward, multigram synthesis of such nitro compounds – 

which are typically not commercially available – is not safe due to potential explosion hazard.  

 

Scheme 119: seminal work by Moffet on the construction of -spirocyclic pyrrolidines. 

Since then, numerous procedures to construct -spirocyclic pyrrolidines have 

emerged. In 2006, Shi and co-workers reported an Au(I)-catalysed reaction of methylene 

cyclopropanes with sulfonamides (Scheme 120).259 The method proceeds via a domino ring-

opening/ring-closing hydroamination sequence, leading to the formation of two examples of 

Ts-protected spiropyrrolidines. Limitations, however, arise from the high loading of 

expensive and not easily accessible Ag(I) and Au(I) catalysts. 

 

Scheme 120: Au(I)-catalysed ring-opening/closing hydroamination of methylene cyclopropanes. 

Later, in 2013 Perry et al. published a method that allowed for the synthesis of -

spirocyclic pyrrolidines in a reductive cyclisation of N-Boc -amino nitrile derivatives 

(Scheme 121).260 The reaction is mediated by LiDBB (lithium di-tert-butyl biphenylide) which 

is constructed via a double alkylation of aminoacetonitrile derivatives. While reported yields 
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are moderate and diastereoselectivity is very high, strategy is notably lengthy, uses harsh 

conditions and results in the formation of toxic cyanide waste that requires careful disposal. 

 

Scheme 121: LiDBB-mediated reductive cyclisation of N-Boc -amino nitrile derivatives. 

More recently, in 2019 Shibasaki reported a Rh-catalysed synthesis of unprotected 

spirocyclic -prolines and -homoprolines (Scheme 122).261 The authors propose the 

formation of a Rh nitrenoid generated by the N–O bond cleavage of substituted isoxazolidin-

5-ones which then undergoes intramolecular C–H insertion into the latter. The required 4-

substituted isoxazolidin-5-one substrates are synthesised from cyclic aldehydes in three 

steps: activation of the aldehyde with Meldrum’s acid, followed by a decarboxylative [3+2] 

cycloaddition with sulfone-amide 189 which was previously developed by the Brière 

group.262 This is followed by a TFA-mediated deprotection of the Boc group, providing the 

desired unprotected isoxazolidinone. 
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Scheme 122: Rh-catalysed synthesis of unprotected spirocyclic -prolines and -homoprolines. 

Literature examples on methods to construct -spirocyclic pyrrolidines are sparse in 

comparison to -spirocyclic pyrrolidines. The most typical procedures available centre 

around hydroamination reactions of terminal alkenes, as demonstrated in 2009 by Hartwig 

and co-workers where a rhodium complex is utilised to catalyse the intramolecular 

cyclisation of aminoalkenes (Scheme 123).263  

 

Scheme 123: -spirocyclic pyrrolidines via Rh-catalysed intramolecular cyclisation of aminoalkenes. 
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More recently in 2020, Clarke and co-workers reported an asymmetric cyclisation of 

activated alkenes, catalysed by a chiral phosphoric acid, to synthesise spirocyclic pyrrolidine 

derivatives (Scheme 124A).264 The alkenes are prepared by coupling bis-homoallylic amines 

and a thioacrylate via an alkene metathesis reaction with Hoveyda-Grubbs second-

generation catalyst (HG-II), to create amines with a pendant olefin. These substrates are 

ideally poised to undergo intramolecular aza-Michael cyclisation. In order to form the desired 

spirocycle, however, the linear precursor must already contain a quaternary centre. Similarly, 

del Pozo and co-workers developed an enantioselective intramolecular aza-Michael reaction 

of conjugated amides which feature a remote ,-unsaturated ketone (Scheme 124B).265 

The aza-Michael addition is catalysed by the chiral phosphoric acid (PA) (S)-TRIP, which 

delivers the chiral pyrrolidine.  

 

Scheme 124: intramolecular aza-Michael cyclisations to construct -spirocyclic pyrrolidines. 
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B.1.1.1 Radical Methods 

In recent years, there has been a notable development of mild and versatile radical-

based methodologies in organic synthesis, enabling access to a wide array of otherwise 

difficult to construct structural motifs. While this has also been reflected reflected in 

numerous reports focusing on single electron disconnection strategies for spirocyclic 

pyrrolidine synthesis, the predominant emphasis remains on - over - derivatives. 

In 2019, Gaunt and co-workers describes a novel method for synthesising complex 

C(sp3)-rich N-heterospirocycles from common aliphatic ketones and aldehydes, as well as 

alkene-containing secondary amines, via visible-light-mediated photocatalysis (Scheme 

125).266 A highly reducing iridium-based photocatalyst is utilised for the photocatalytic 

reduction of alkyl iminium ions, forming cyclic tertiary -amino radicals (190). A 5-exo-trig 

cyclisation between the amine and alkene moiety occurs, leading to the substituted 

pyrrolidine-based spirocyclic scaffold after HAT from 1,4-cyclohexadiene (1,4-CHD). The 

reduced photocatalyst is regenerated after reduction by the Hantzsch ester. 

 

Scheme 125: visible-light-mediated reduction of alkyl iminiumions and 5-exo-trig cyclisation. 

One year later, Cresswell and co-workers presented a practical and scalable method 

for synthesising ,,-trisubstituted (-tertiary) primary amines from unprotected amines 

and electrophilic Michael acceptors via C-H functionalisation (Scheme 126).267 These -

tertiary amines are then converted to the corresponding -lactam. The authors propose the 

generation of an azidyl radical via oxidation of azide ions (from tetrabutylammonium azide, 
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Bu4N+N3
–) by the excited photocatalyst. This highly oxidising species undergoes HAT with 

the -C–H bond of the primary amine, forming -amino radical 191 which undergoes a 

polarity-matched addition to the Michael acceptor. SET and protonation of the resulting 

radical species forms the -tertiary primary amine, which cyclises to the -lactam upon 

exposure to Et3N. A wide range of synthetically diverse spirocyclic pyrrolidinones could be 

obtained, and the scalability of the reaction was demonstrated through continuous flow 

synthesis, highlighting its applicability for large-scale production. 

 

Scheme 126: synthesis of ,,-trisubstituted (-tertiary) primary amines from unprotected amines 

and electrophilic Michael acceptors via C-H functionalisation. 

Similarly, in the same year, the group of Rovis proposed a CO2-promoted -

alkylation/lactamization of primary aliphatic amines and electron-deficient acrylates (Scheme 

127).268 The authors describe in situ formation of alkylammonium carbamates (192) from 

CO2 and the primary amine, where CO2 acts as a temporary protecting group to decrease 

the nucleophilicity of the NH2 group, providing an opportunity for functionalisation of less 

reactive C–H bonds. Central to their approach is the use of electrostatic interactions 

between the alkylammonium carbamate and a cationic hydrogen atom transfer (HAT) 
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catalyst – the electrostatic attraction between the negatively charged carbamate and the 

positively charged HAT catalyst (formed via SET by the photocatalyst) is hypothesised to 

facilitate selective -alkylation/lactamization of the amine (i.e., selectively abstracting the -

C−H bond of the alkylammonium carbamate), forming radical 193. This species undergoes 

addition into the Michael acceptor, and after reduction and protonation the desired 

spirocyclic lactam is formed. 

 

Scheme 127: CO2-promoted -alkylation/lactamization of primary aliphatic amines and electron-

deficient acrylates. 

Conversely, the number of radical-based protocols published to synthesise -

spirocyclic pyrrolidines is limited. One example comes from Maruoka and co-workers in 2016 

where they developed a novel chiral thiyl photocatalyst for a [3+2]-cyclisation of N-

tosylvinylaziridines and alkenes (Scheme 128).269 The reaction faces challenges due to 

catalyst degradation, but can be overcome through the use of a sterically demanding thiyl 

radical catalyst, and unlike transition metal- or Lewis acid-catalysed [3+2] cyclisation 

reactions, is not limited to electron-deficient alkenes.165,270 Mechanistically, after photo-

mediated generation of the active thiyl radical catalyst, radical 194 reacts with the 
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vinylaziridine, forming aminyl radical 195 which reacts with the alkene to give alkyl radical 

196. Cyclisation of 196 then occurs, providing the desired product 197 and regenerating the 

thiyl radical catalyst. Three examples using cyclic alkene substrates resulted in the formation 

of spirocyclic pyrrolidines in high yields. 

 

Scheme 128: [3+2]-cyclisation of N-tosylvinylaziridines and alkenes using a novel thiyl catalyst. 

In 2017, Mykhailiuk reported a method for synthesising -spirocyclic pyrrolidines in a 

two-step process from (hetero)aliphatic cyclic akenes (Scheme 129).252 Key to the 

transformation is a [3+2]-cycloaddition between the electron-deficient exocyclic alkene – 

synthesised by a Horner-Wadsworth-Emmons reaction – and an N-benzyl azomethine ylide 

generated in situ. While cyclopentane-containing alkenes did not yield the desired products, 

other three-to-seven-membered ring alkenes provided the desired spirocyclic products in 

good to excellent yields. 
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Scheme 129: two-step process from cyclic ketones to synthesise -spirocyclic pyrrolidines: Horner-

Wadsworth-Emmons reaction, followed by [3+2]-cycloaddition. 

Very recently, Carreira and co-workers developed a procedure to synthesise 

heterocycles via a photo- and cobalt-catalysed cycloisomerisation of unactivated olefins with 

pendant nucleophiles (Scheme 130).271 A benzothiazinoquinoxaline organophotocatalyst is 

utilised and in its excited state it can interact with the Co(II)-salen catalyst via SET, forming 

an anionic Co(I) species (198) which can be reversibly protonated to give 199. This then 

undergoes HAT with the olefin, followed by oxidation by the photocatalyst to form Co(IV) 

species 200. Nucleophilic attack of the activated olefinic carbon by the pendant nucleophile 

triggers the cyclisation, providing the desired product and releases the initial Co(II) species. 

The method is Markovnikov-selective and the use of a photocatalyst in conjunction with a 

Co-salen catalyst eliminates the need for stoichiometric oxidants/reductants which were 

previously reported in similar procedures.272–274 While a number of -spirocyclic pyrrolidine 

derivatives were obtained in high yields, the compounds are limited to tosylated pyrrolidines, 

as the amine functionality is susceptible to oxidation under these conditions. 
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Scheme 130: synthesis of (spirocyclic) heterocycles via a photo- and cobalt-catalysed 

cycloisomerisation of unactivated olefins with pendant nucleophiles. 
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B.2 Objectives 

Despite the apparent importance of this class of molecules, the majority of current 

synthetic processes to access substituted pyrrolo scaffolds are limited by harsh reaction 

conditions and multistep reactions, leading to limited substrate scope and modest yields. 

As mentioned in the previous section, optimisation of the Giese-type reaction 

unexpectedly led to the formation of spirocyclic scaffold 110. This alkylidenemalononitrile 

derivative bears a large resemblance to 2-amino-3-cyanopyrroles, which are considered as 

highly versatile building blocks and can be used to construct a wide range of heterocycles, 

e.g., pyrrolopyrimidines, pyrrolopyridines and pyrrolopyrimidinones. 

Moreover, spirocyclic pyrrolidine derivatives are among the most popular spirocyclic 

cores (Scheme 131). Typical two electron disconnection strategies mainly focus on the 

synthesis of -spirocyclic pyrrolidines, whereas exploration of -spirocyclic pyrrolidine 

derivatives is still relatively limited, despite their appearance as drug-like molecules.  

 

Scheme 131: the use of pyrrolo scaffolds as bioactive molecules and the desired spirocyclic pyrrole 

analogues. 

Motivated by the prospect of accessing a wide range of polar -spirocyclic pyrrolidine 

derivatives that enable access to N-heterocycles with increased 3D and Csp3 character, a 

two-step process was envisioned.  
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The method seen in Scheme 132 proposes a straightforward Knoevenagel 

condensation from readily available cyclic ketones to form malononitrile substrates. These 

compounds could be used with -amino or oxamic acids to synthesize the 3-

aminomalononitriles via a domino Giese-type reaction/base-mediated intramolecular 

cyclisation process, providing a wide variety of polar spirocyclic scaffolds. Diversifying the 

products could be attempted in numerous methods, thereby enhancing the adaptability of 

the approach and enabling the rapid creation of libraries containing potential drug-like 

molecules. 

 

Scheme 132: concept and synthetic strategy. 
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B.3 Results & discussion 

This project was carried out in a collaborative manner with the following people: Dr 

Francisco José Aguilar Troyano, Dr Ayham H. Abazid, and Oumayma El Yarroudi, with 

computational experiments conducted by Dr Ignacio Funes-Ardoiz. Reactions carried out or 

compounds synthesized by co-workers are highlighted in schemes with the colour red. 

B.3.1 Reaction Optimisation 

Initially, optimisation began using 110 which is obtained in the Giese-type 

photoreaction. To investigate the cyclisation step, a series of bases (entries 2-3) and 

solvents (entries 4-6) were tested as seen in Table 4. Initial studies using deuterated 

acetonitrile (CD3CN) gave a promising quantitative yield after 16 h at 50 °C (entry 2). A seen 

in entry 1, decreasing the temperature or reaction time dramatically diminishes the yield. 

Several polar solvents were tried, with high yields formed in all with the exception of ethanol, 

which led to an undistinguishable mixture. Moreover, Cs2CO3 was able to be exchanged for 

the less expensive and more stable K2CO3. 

Table 4: initial investigation into conditions for the cyclisation step 

 

Entry Solvent (M) Base (equiv.) Temp. (°C) Time (h) 111 (%) 110 left (%) 

1 CD3CN (0.1) Cs2CO3 (2) 24 16 <20 60 
2 CD3CN (0.1) Cs2CO3 (2) 50 16 >95 0 
3 CH3CN (0.1) K2CO3 (2) 50 16 75 0 
4 EtOH (0.1) K2CO3 (2) 50 16 0 - 
5 EtOAc (0.1) K2CO3 (2) 50 16 82 0 
6 1,4-dioxane (0.1) K2CO3 (2) 50 16 87 0 
7 1,4-dioxane (0.1) K2CO3 (2) 50 4 <20 80 

When running the reaction in 1,4-dioxane, a promising yield of 87% was achieved. 

Since the previous photochemical reaction was carried out using this solvent, a one-pot 

system was considered, whereby the Giese-type photoreaction could be combined with the 

base-mediated cyclisation. An investigation into this design showed that for full conversion of 

110, a reaction temperature of 60 °C, generated by the lack of external cooling of the two 

blue LEDs (32 W, max = 440 nm), was of great importance (Figure 1). This could be 

rationalised by the need for additional energy to allow for the molecule to be present in the 
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optimal conformation where the reacting groups are aligned, promoting the cyclisation. 

Additionally, sym-collidine could be exchanged for a large excess of K2CO3. 

 
Figure 1: set-up using two blue LEDs (32 W, max = 440 nm) for reaction at 60 °C. 

The final optimised conditions (Table 4, entry 7) – irradiation with blue LEDs of a 1:2 

mixture of the corresponding alkylidenemalononitrile and -amino acid in the presence of Ir-

F (1.0 mol%) and K2CO3 (5.0 equiv.), in 1,4-dioxane (0.1 M) at 60 °C – provided the desired 

spirocyclic compound in exceptional yields. 

Table 5: optimisation studies of the Giese-type reaction and cyclisation in one pot. 

 

Entry 
Base 

(equiv.) 
Photocatalyst (mol%) Temp. (°C) 

Time 
(h) 

111 (%) 110 (%) 108 left (%) 

1 K2CO3 (3) Ir-F (1) 42 24 15 - 85 
2 Cs2CO3 (3) Ir-F (1) 42 24 25 75 - 
3 K2CO3 (5) Ir-F (1) 42 24 8 92 - 
4 Cs2CO3 (5) Ir-F (1) 42 24 11 - 89 
5 K2CO3 (5) Ir-F (1) 50 4 - >99 - 
6 K2CO3 (5) Ir-F (1) 50 18 94 6 - 
7 K2CO3 (5) Ir-F (1) 60 18 >99 - - 
8 K2CO3 (5) Ir-F (1) 60 24 >99 - - 

9[a] K2CO3 (5) 4CzIPN (5) 60 18 - - - 

10 K2CO3 (5) - 60 18 - - 24 

11[b] K2CO3 (5) Ir-F (1) 60 18 - - >99 

12 KOAc (5) Ir-F (1) 60 18 >99 - - 
[a] Only decomposition of 108 was observed; [b] No irradiation. 
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B.3.2 Scope & Limitations 

With the optimised conditions acquired, the substrate scope was explored. 

Investigation into the ketone scope shown in Scheme 133 led to the synthesis of piperidine-

derived spirocycles with Boc-protecting groups (201), heterocycles such as pyridines (202) 

and pyrazines (203), as well as thiophenes (204), all in high yields. Compound 205 could be 

obtained from an L-pipecolic ester derivative in excellent yield (70%) and diastereoselectivity 

(d.r. > 20:1), while other saturated ring systems such as tetrahydropyran and thiane-derived 

products 206 and 207 were attained in quantitative yields. Using cyclohexanone alkylidene 

malononitriles with different functionalities attached – such as gem-difluoro (209), ketones 

(210), esters (212) or protected primary amines (213) – provided numerous high-yielding 

polar spirocyclic scaffolds with varying cis/trans selectivity, highlighting the method’s broad 

functional group tolerance.  

Additionally, modification of the ring size could be achieved, as seen in 

cyclopentanone-derived product 214, along with spirocycles 216 and 217 which stemmed 

from Boc-protected nortropinone and heptanone, respectively.  

The next step consisted of exploring the amino acid scope. Protected -amino acids 

with benzylic or aliphatic side chains, such as phenylalanine, methylated tyrosine, benzyl 

protected histidine, methionine, and lysine provided the desired products (218-221) in 

exceptional yields (69–95%). The use of more sterically hindered amino acids such as Cbz-

protected valine (222) resulted in slightly diminished yields, while even more hindered tert-

leucine derived compound 224 could not be synthesised.  
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Scheme 133: ketone and -amino acid scope of the described methodology. 
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Additionally, it is possible to replace -amino acids  with oxamic acids (Scheme 134). 

This exchange allows for access to a wide range of potential 5,5-substituted spirocyclic 

pyrrolopyrimidinone precursors with increased 3D and Fsp3 character. Using the standard 

optimised conditions, a new class of spirocyclic scaffolds were readily accessed. This work 

was conducted by Oumayma El Yarroudi (MSc) under my mentorship. 

 

Scheme 134: oxamic acid scope, conducted by Oumayma El Yarroudi, MSc. 

B.3.3 Scale-up & Derivatisation Attempts 

To demonstrate the scalability of the procedure, a gram-scale reaction using 

alkylidenemalononitrile 108 was conducted (Scheme 135). In this instance, the catalyst 

loading could be reduced (Ir-F, 0.5 mol%), and the concentration was increased to 0.2 M. 

Encouragingly, this led to the formation of targeted polar spirocyclic species 111 with a 

remarkable yield after the photochemical step and cyclisation (80%, 4.0 mmol, 1.5 g), 

resulting in an overall yield of 61% from 108. 

 

Scheme 135: scale-up synthesis of polar spirocycle 111 from 108 in 5 mmol, with reduced catalyst 

loading and increased concentration. 

Next, an investigation into derivatisation of the dihydropyrrole compounds was carried 

out. Functionalisation was attempted on the free amino group, as well as the nitrile group. 
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Under acidic conditions, hydrolysis of the amine could be accomplished in 70% to provide 

the desired lactam (Scheme 136). Similarly, access to the succinimide was achieved when 

utilising a spirocycle derived from an oxamic acid. Subsequent attempts to selectively reduce 

the nitrile group using NaBH4 catalysed with a CoII species, were unsuccessful, however 

more experiments are required for a conclusive result.  

 

Scheme 136: Hydrolysis of NH2, followed by reduction of nitrile. 

Using conditions from literature, several cyclisation attempts shown in Scheme 137 

were conducted to access pyrrolopyridinone-, aminopyrimidine-, isoxazole-type scaffolds.275 

All reactions were unsuccessful and resulted in re-isolation of starting material. This could be 

rationalised by the steric hindrance of the spirocyclic substrate. Therefore, it could be 

hypothesised that there is a need for harsher conditions such as in Scheme 137, or longer 

reaction times, however further experiments are required.  

 

Scheme 137: failed cyclisation attempts of 111. 

B.3.4 Mechanistic Studies 

DFT calculations were carried out by Dr Ignacio Funes-Ardoiz, Centro de Investigación 

en Síntesis Química (CISQ), Universidad de La Rioja, 26004 Logroño, Spain. 

The proposed mechanism can be viewed in Scheme 138. The first step of this domino 

process – the light-mediated Giese-type reaction - can be viewed in detail in the previous 
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chapter. Typically, intramolecular cyclisations involving malononitrile derivatives occur under 

an acidic environment, unlike the proposed base-mediated reaction here. Hence, in silico 

studies (DFT calculations) were conducted to shed some light on the cyclisation step. 

Experimentally, the use of KOAc instead of K2CO3 did not lead to diminished yields, 

therefore calculations conducted were modelled using the former for simplicity (since 

carbonate is a dianion, computational methods usually provide large errors for poly-charged 

systems). Deprotonated species I can undergo a series of proton transfers, leading to the 

formation of anionic ketenimine species II, with delocalisation of the charge. Then, an 

intramolecular 5-exo-dig cyclisation facilitated by the base via a concerted proton transfer 

leads to the construction of intermediate III through a free energy barrier of 22.2 kcal mol-1. 

After re-protonation, the desired dihyropyrrole scaffold IV is obtained exergonically (-21.2 

kcal mol-1). 

 

Scheme 138: DFT-calculated base-mediated spirocyclisation reaction mechanism (kcal/mol). 
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B.4 Outlook & Future Aspirations 

In summary, a highly effective method to synthesize a range of polar β‑spirocyclic 

pyrrolidine derivatives from abundant cyclic ketones and α-amino acids was established. 

Modification of conditions based on results attained from the previous project led to the 

development a one-pot, cascade procedure to prepare -spirocyclic pyrrolidine derivatives in 

high yields. The method tolerates a range of functional groups such as fluorides, 

heterocycles, and protected amines, and can be modified by using oxamic acid as radical 

precursors, accessing potential 5,5-substituted pyrrolopyrimidinone precursors with 

increased 3D and Fsp3 character. Moreover, the reaction can be scaled up with ease even 

with reduced catalyst loading. Furthermore, hydrolysis of the enamine could be 

accomplished to provide  -spirocyclic -lactams. DFT calculations were also conducted in 

silico to support the proposed mechanism for the base-mediated cyclisation step.  

Further derivatisation and cyclisation attempts of the products were as of yet 

unsuccessful, however additional experiments investigating alternative conditions are 

required for sufficient analysis. Additionally, in order to make the method more general, 

exploration into altering the activator used to synthesise the starting material could result in 

the incorporation of several interesting functionalities, as seen in Scheme 139. Furthermore, 

the use of alternative acids in the Giese-type reaction could form new classes of spirocyclic 

heterocycles, such as oxaspiro and thiaspiro derivatives. 

 

Scheme 139: future aspirations: A) varying the activator of the starting material for added 

functionality; B) using alternative carboxylic acids to access attractive spirocyclic heterocyclic 

scaffolds. 
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III. Synthesis of Spirocyclic (-Amino--)Butyrolactones 

3.1 Introduction 

3.1.1 Importance of (-Amino--)butyrolactones 

-Butyrolactones are 5-membered cyclic esters of hydroxy carboxylic acids, containing 

a 1-oxacycloalkan-2-one group. The simplest example of a 5-membered lactone is -

butyrolactone (GBL), which acts as a prodrug for -hydroxybutyric acid (GHB), a naturally 

occurring neurotransmitter and recreational depressant drug. GBL is rapidly metabolised into 

GHB by lactonase enzymes present in the blood (Scheme 140). Most of its pharmacological 

and toxicological effects are mediated through GHB; GBL’s heightened bioavailability and 

elevated lipophilicity are influential factors contributing to the faster onset of action of GBL 

compared to GHB, ultimately lending it a greater potency and longer duration of activity.276–

278  

 

Scheme 140: GBL to GHB via lactonase enzymes. 

The broad biological and pharmacological activity of butyrolactones has been 

extensively explored in the field of drug discovery. This has been demonstrated by the vast 

number of FDA-approved -butyrolactone-containing drugs, such as the podophyllotoxin 

derivative Etoposide, a chemotherapy plant-derived drug used for the treatment of numerous 

types of cancer (Scheme 141).279 The compound specifically targets and inhibits DNA 

topoisomerase II, which belongs to a class of enzymes responsible for managing the winding 

and unwinding of DNA during replication/repair. When etoposide binds to the enzyme while it 

is in the process of breaking and rejoining DNA strands, a complex subsequently forms 

between the three, preventing the enzyme from resealing the DNA strands. By disrupting 

DNA replication and repair, etoposide inhibits the growth and division of cancer cells, 

ultimately leading to their death. Currently, etoposide is produced semi-synthetically from (–

)-podophyllotoxin extracted from the plant Sinopodophyllum hexandrum, however, due to a 

shortage of the drug, several (bio)synthetic procedures to access its intermediates have 

been developed.280 
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Vorapaxar, developed by MSD, has been used to reduce the risk of heart attacks and 

stroke in high-risk patients (Scheme 141A).281 This antiplatelet medication operates by 

inhibiting the protease-activated receptor-1 (PAR-1) on platelets.282 This receptor is involved 

in the activation process that leads to platelet aggregation and blood clot formation. 

Vorapaxar specifically targets thrombin, a vital enzyme in blood clotting, averting its 

interaction with PAR-1. By blocking this pathway, vorapaxar reduces platelet activation and 

aggregation, thus lowering the risk of cardiovascular incidents such as heart attacks and 

strokes. Commonly prescribed alongside other antiplatelet drugs, vorapaxar is used for 

individuals with a high risk of blood clot-related complications. 

-Amino--butyrolactones are derivatives of -butyrolactone containing an amino group 

at the carbonyl -position and are components in many biologically active natural 

compounds. In 2014, the group of Pavlović collaborated with GSK to synthesize substituted 

-lactone ketolides, including -amino lactone derivative of clarithromycin 230, which was 

suspected to possess potential as a macrolide antibiotic (Scheme 141B).283  

 

Scheme 141: a) structure of etoposide and its precursor, DPT; b) Vorapaxar and 230. 
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-Amino--butyrolactones are also important intermediates in the preparation of 

natural products, e.g., in the total synthesis of funebral, a sterically hindered, rotationally 

restricted pyrrole alkaloid. Although the molecule lacks any biological activity, the presence 

of three consecutive stereocentres and a sterically congested pyrrole ring has spurred 

numerous attempts at its challenging synthesis. In 1995, Le Quesne and co-workers first 

reported the total synthesis of ()-funebral (3) and its derivative, ()-funebrine (Scheme 

142A).284–286 Synthesis of racemic -amino--butyrolactone 232 was conducted in 8 steps in 

an overall yield of 18%, via a diastereoselective Claisen rearrangement and 

iodolactonization. Compound 232 can then undergo a Paal–Knorr condensation with dione 

233 using titanium(IV)isopropoxide, forming pyrrole 234. Treatment with osmium tetroxide 

catalyses an oxidative olefin cleavage and monoreduction, providing ()-funebral. 

Condensation with 232 leads to ()-funebrine. Subsequently, Ishibashi and colleagues 

reported the enantioselective synthesis of both compounds in 2003, employing a 

comparable approach, with the exception of (−)--amino--lactone 236 which was 

constructed via a [3+2]-cycloaddition of (E)-crotyl alcohol 231 with nitrone 235 (Scheme 

142B).287 
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Scheme 142: a) key steps in the racemic synthesis of funebral and funebrine by Le Quesne and co-

workers; b) enantioselective synthesis of 236 by Ishibashi and co-workers. 

-Amino--butyrolactones have also been utilised as building blocks for the 

construction of peptidomimetics, as seen in the three-step asymmetric synthesis of 

polypyrrolinones (Scheme 143A), as well as in the synthesis of farnesyltransferase 

inhibitors, a class of experimental cancer drugs (Scheme 143B).288,289 Additionally, 

derivatives known as N-acyl homoserine lactones (N-AHLs), which consist of a homoserine 

lactone group connected to an acyl side chain, are a class of signalling molecules involved in 

bacterial quorum sensing – a mechanism used by some bacteria to communicate and 

coordinate with one another (Scheme 143C).290  
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Scheme 143: (a), synthesis of polypyrrolinone; (b) farnesyltransferase; (c) N-AHLs. 

Spirocyclic butyrolactones are featured in numerous pharmaceutical compounds. As 

mentioned in Chapter I, the presence of the spirocyclic quaternary centre results in a rigid 

three-dimensional structure that directly influences the molecule’s biological properties. For 

example, the steroidal prodrug spironolactone, a mineralocorticoid inhibitor, and derivative of 

progesterone, is primarily used to treat heart failure and hypertension. The structural 

differences between spironolactone and progesterone, including the former’s inclusion of a 

spirocyclic? centre, results in increased oral bioavailability and potency, leading to potent 

anti-androgenic and strongly reduced progestogenic activity.291 Since its initial synthesis in 

1957, numerous synthetic methodologies have been documented over the years, including 

multiple industrial syntheses.292 The first industrial synthesis of spironolactone was reported 

in 1957 by G. D. Searle and Co., a subsidiary of Pfizer (Scheme 144).293 Deprotonation of 

building block 237 at the alkyne terminus, followed by quenching with CO2, provided alkyne 

238. Hydrogenation of propargylic acid 238 with Lindlar’s catalyst, followed by lactonization 

by p-toluenesulfonic acid and another catalytic hydrogenation yielded spirocycle 239. A 

series of oxidations and conjugate addition then leads to the desired spirolactone in an 

overall yield of 21%. 
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Scheme 144: first industrial synthesis of spironolactone by G. D. Searle and Co. 

3.1.2 Synthesis of Lactones 

3.1.2.1 Ionic Methods 

As seen in Scheme 145, a number of methods exist for the construction of 

(butyro)lactones. The most common methods are: 1) intramolecular esterification (of hydroxy 

acids and derivatives); 2) Baeyer-Villiger oxidation of cyclic ketones; and 3) halolactonization 

i.e., forming halolactones from olefinic carboxylic acids via addition of an oxygen and 

halogen to a double bond. 

 

Scheme 145: most common disconnection strategies for the construction of (butyro)lactones. 

Lactonization of hydroxy acids and esters (intramolecular Fischer esterification) is 

typically the most straightforward and therefore most utilised method of lactone formation. 

This is especially true for butyrolactones, which are typically strain-free and among the 
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easiest to form. This is usually conducted in an acidic medium, however, basic conditions 

have also been reported. For example, in the total synthesis of spironolactone 239 described 

earlier, the key step to form the butyrolactone is an acid-mediated lactonization (Scheme 

146). In the mechanism, after the carbonyl oxygen is protonated, nucleophilic attack of the 

alcohol forms oxonium species 240 with two hydroxyl groups. After elimination of water 

followed by a proton transfer, the desired lactone is formed. 

 

Scheme 146: acid-mediated lactonization step in Searle’s synthesis of spironolactone. 

Similarly, the (intramolecular) Steglich esterification has been used to construct 

lactones. First described by Neises and Steglich in 1978, the mildly basic conditions of the 

reaction allow for the use of acid-labile substrates less compatible with the acidic conditions 

of the Fischer esterification.294 The first step of the mechanism is the formation of a more 

nucleophilic O-acylurea intermediate from the carboxylic acid by a carbodiimide coupling 

reagent (often DCC, dicyclohexylcarbodiimide). Attack of the alcohol to the activated 

carboxylic acid forms dicyclohexylurea (DCU) as a by-product and the desired lactone after 

deprotonation. When using a poor nucleophile, side reactions can occur, leading to the 

formation of unreactive N-acylurea. The use of catalytic quantities of DMAP prevents this by 

acting as an acyl transfer-reagent, forming an intermediate that cannot form intramolecular 

side products but reacts rapidly with alcohols. In 2001, Gosselin and co-workers used the 

Steglich esterification to synthesise intermediate 243 in their formal synthesis of the 

fragrance component ()--irone (Scheme 147).295 Starting from intermediate 241 which was 
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prepared by Diels-Alder cycloaddition of 3,4-dimethylpenta-1,3-diene with maleic anhydride, 

reduction and hydrolysis gave the cyclic -hydroxycarboxylic acid 242. This intermediate 

then underwent Steglich esterification to the lactone 243 in 90% yield, followed by 

hydrogenation to access fragment 244 (four steps, 64% overall yield). Four further steps are 

then required for the synthesis of -irone (27% overall yield).296  

 

Scheme 147: ring-forming step in the synthesis of ()--irone via Steglich esterification and 

mechanism. 

Primarily used to form macro-lactones, the Yamaguchi lactonization is also conducted 

in the presence of carboxylic acids and alcohols, using 2,4,6-trichlorobenzoyl chloride 

(TCBC, known as the Yamaguchi reagent) as an activation reagent for carboxylic acids and 

a stoichiometric amount of DMAP.297 The reaction involves converting hydroxycarboxylic 

acids into reactive acid anhydrides, which are then regioselectively attacked by DMAP at the 

less hindered carbon (Scheme 148). As in the Steglich esterification, this forms acyl-

substituted DMAP which is highly electrophilic in nature and is subsequently attacked by the 

alcohol to form the lactone. Recently, Renata and co-workers utilised the Yamaguchi 
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reagent in a 16-step synthesis of chrodrimanin C.298 Scheme 148 shows the relevant steps: 

tertiary alcohol 245 was first saponified using KOH and then converted to the lactone 246, in 

91% over two steps. 

 

Scheme 148: the lactonization step in Renata’s total synthesis of chrodrimanin C. 

Arguably one of the most recognisable methods for the construction of lactones is the 

Baeyer–Villiger oxidation, where the oxidative cleavage of a carbon-carbon bond adjacent to 

a carbonyl results in the conversion of cyclic ketones to lactones, using peroxyacids such as 

mCBPA. Since the initial report by Baeyer and Villiger in 1899, dozens of modifications have 

been published, including Feng‘s work on the Baeyer-Villiger oxidations of both meso and 

racemic cyclic ketones in the presence of chiral N,N′-dioxide-ScIII complex catalysts 

(Scheme 149A).299,300 Additionally, the discovery of Baeyer-Villiger monooxygenases 

(BVMOs) – enzymes containing a flavin co-factor that catalyse the Baeyer-Villiger oxidation 

reaction in biological systems – has led to their widespread investigation as biocatalysts.301 

BVMOs have also inspired biomimetic approaches, such as the work of Murahashi and 

Imada (2002). The authors developed a planar-chiral bisflavin catalyst to catalyse the 
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asymmetric Baeyer-Villiger reaction of cyclobutanones with hydrogen peroxide allowing the 

preparation of chiral -butyrolactones (Scheme 149B).302  

 

Scheme 149: selected examples utilising the Baeyer-Villiger oxidation of cyclic ketones. 
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In the mechanism of the reaction shown in Scheme 149, the first step is protonation of 

the oxygen of the carbonyl group by the peroxyacid, rendering the carbonyl group more 

susceptible to attack by the latter. The transformation begins with the formation of a 

peroxycarboxylic acid from a carboxylic acid and peroxide, typically catalysed by a Lewis 

acid or base. The ketone substrate then undergoes nucleophilic attack by the 

peroxycarboxylic acid at the carbonyl carbon, resulting in the formation of a tetrahedral 

intermediate 247. Next, a rearrangement occurs facilitated by the release of a carboxylate 

anion or a proton, leading to migration of an alkyl/aryl group from the carbonyl carbon to the 

adjacent oxygen atom of the peroxycarboxylic acid. Migration of one substituent on the 

ketone to oxygen of the peroxide group occurs along with the elimination of the carboxylic 

acid, in a concerted manner which also the rate-determining step. Deprotonation of oxonium 

ion species 248 then provides the desired lactone. 

In 1904, Bougault reported a reaction – now referred to as halolactonization – that 

involves the formation of a lactone ring from an olefinic ester or acid precursor in the 

presence of a molecular halogen (Scheme 150).303 The reaction involves electrophilic 

halogenation of the olefin double bond to form a cyclic halonium ion (249), which undergoes 

ring-opening with the carboxylate (formed from the corresponding acid in the presence of a 

base). In the latter case, a lactone is obtained. In the case of acids/esters without a base in 

aprotic neutral solvents, halogen and the carboxyl oxygen add to the double bond in a 

concerted fashion to form the oxonium ion (250). This can then be deprotonated/dealkylated 

by addition of the halide counterion at carbon, releasing the lactone and an alkyl halide 

(generally CH3I).  

 

Scheme 150: mechanism of halolactonization in A) basic, aqueous and B) non-basic, aprotic 

conditions. 
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Since the initial discovery, halolactonization has proven to be one of the most 

proficient means of synthesizing lactones. For example, in the total synthesis of funebral 

mentioned earlier, the key step to form the (−)--amino--lactone is via an iodolactonization. 

One of the characteristics of this method is that the product is necessarily a halogenated 

compound, which may not always be desirable. An alternative that does not require any 

halogenation is through the use of iminium ion intermediates. This is exhibited by the 

seminal work of Li and co-workers, who developed an InCl3-mediated three-component 

tandem cyclisation to generate -amino--lactones (Scheme 151).304 Starting from 

glyoxylates as substrates, addition of an amine leads to the formation of an imine-iminium 

equilibrium under Lewis acidic conditions. The iminium ion is highly electrophilic and, in a 

similar fashion to the halolactonization, can act as the electrophilic acceptor in a 5-exo-trig 

cyclisation with the alkoxyl group of the ester, leading directly to the formation of -amino -

butyrolactones. Unfortunately, the methodology is limited to highly electron-deficient 

polychlorinated/fluorinated primary anilines, as well as the requirement of stoichiometric 

amounts of a Lewis acid and Brønsted acid. 

 

Scheme 151: Li’s cationic tandem, three-component synthesis of -amino -lactones. 

3.1.2.2 Radical Methods 

Many radical reactions use -halo carbonyls to perform atom transfer radical reactions 

on alkenes (ATRA). The resulting -halo esters are ideally poised for intramolecular 5-exo-tet 

cyclisation to form lactones.  

One of the first reports of this reaction was by the group of Curran in 1989, using 

dimeric Sn2Bu6 as a halogen atom transfer (XAT) agent. It can be fragmented homolytically 

under UV-light irradiation, forming a pair of nucleophilic Sn radicals. Sn radicals are ideal for 

halogen-atom transfer chemistry, as they are both highly nucleophilic and able to form strong 

Sn–X bonds which leads to an exergonic XAT step. XAT from -halocarbonyls can be used 
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to create a stabilised and electrophilic radical in the carbonyl -position (Scheme 152).305 

This can undergo a polar-matched addition to the (electron rich) alkene. The carbon radical 

formed after the initial addition is nucleophilic and can react with another equivalent of -

halo carbonyl, leading to a second XAT step. This is yet another thermodynamically 

favourable step as the C–X bond will be  stronger in the -halo carbonyl compared to  the -

halocarbonyl. As another electrophilic radical 251 is then formed, it can act as a chain carrier 

in a radical chain propagation mechanism. The Sn2Bu6 is therefore only necessary in sub-

stoichiometric amounts to initiate the chain. This process is comparable to what occurs 

during the halolactonization; the alkoxyl group of the ester attacks the carbon bearing the 

halide which then subsequently attacks the methyl group of the ester, leading to the 

formation of the methyl halide and lactone.  

 

Scheme 152: seminal work by the Curran group utilising XAT chemistry. 

Many variations on this reaction have since been developed using milder conditions for 

the initial radical generation, thereby avoiding the use of organostannanes. For example, 

Kokotos used Ru(bpy)3
2+ to initiate the reaction via an initial SET reduction of the weak C–I 

bond, i.e., initiation through an oxidative quenching cycle (Scheme 153).306  
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Scheme 153: Kokotos’ photocatalytic lactonization via addition of iodoacetic acid to olefins. 

Another example was reported in 2018 by Nishihara using Fe2(CO)9 where a SET is 

also proposed as the initial step (Scheme 154).307 The mechanism likely occurs through a 

similar chain pathway, although transfer of the halide from an intermediate Fe–Br complex is 

possible.  
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Scheme 154: Nishihara’s iron-catalysed radical annulation of alkenes with -halocarboxylic acids. 

To avoid the use of -halo carbonyls, Muñiz and co-workers developed a process 

using catalytic iodination, albeit the reaction is limited to the use of esters with a phenyl 

group at the -position, as it is required as an electrophore (Scheme 155).308 TPT (2,4,6-

triphenylpyrylium tetrafluoroborate) acts as the photocatalyst, oxidising the phenyl group to 

an aryl radical cation, subsequently forming either the benzylic cation (after another 

oxidation step) or it can react with iodine forming a -halo carbonyl. Either intermediate can 

again cyclise in a 5-exo-trig (benzylic cation) or 5-exo-tet cyclisation (-halocarbonyl), 

forming the lactone. The authors propose that molecular oxygen is responsible for turnover 

of the reduced photocatalyst and acts as the terminal reductant in the reaction. The iodide 

which is formed after the substitution is then oxidised again to an electrophilic iodine species 

(I2 or HOI) and turnover via O2 reduction is again proposed for to be responsible for catalyst 

regeneration.  
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Scheme 155: co-operative iodine and photoredox catalysis for the formation of - and -lactones from 

carboxylic acids via direct conversion of benzylic C–H to C–O bonds. 

In 2014, Nicewicz reported an oxidative photocatalytic lactonization method based on 

a radical cycloaddition between electron-rich olefins and ,-unsaturated acids (Scheme 

156).309 The reaction is based on an oxidative quenching cycle using a strongly oxidising 

Fukuzumi-type acridinium photocatalyst ([Mes-Acr]ClO4). After excitation with blue light, the 

excited state of the photocatalyst is quenched by electron-rich olefin 252, forming the 

reduced catalyst and carbon radical cation 253, ,-unsaturated acid 254 can react through 

its nucleophilic carboxylate functionality, leading to a neutral radical adduct, which can 

undergo 5-exo-trig cyclisation onto the pendent olefin, forming the exocyclic -carbon radical 

of -lactone 255. This species then abstracts a proton in a polar-matched HAT step with the 

catalytic hydrogen donor thiophenol (formed in situ from the diphenyl disulfide). The resulting 

thiyl radical 256 which is then formed (initially through the homolysis or SET reduction of the 

disulfide) is also responsible for the turnover of the photocatalyst. After it is reduced, the 

resulting thiolate acts as a base, essentially transferring a proton from the carboxylic acid 
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(ionic) to 255 (radical, HAT). As this methodology relies on alkene oxidation, it is limited to 

alkenes whose oxidation potentials are within the redox window of the PC which means the 

reaction is limited to easily oxidisable alkenes, such as methyl styrenes and certain 

trisubstituted olefins. An additional limitation on the Michael acceptor side is that radical 255 

formed after the intramolecular cyclisation, has to be stabilised for the reaction to occur. 

Hence, there are also limitations on the ,-unsaturated olefin scope, which is mainly 

composed of cinnamates (and similar systems) and maleates, with a few exceptions. 

 

Scheme 156: Nicewicz’ catalytic synthesis of -butyrolactones from olefins and unsaturated acids 

using an acridinium photo-oxidant and substoichiometric a redox-active co-catalyst. 

A unique strategy based on the oxidation of linear diol precursors was reported by 

Stahl and co-workers in 2015 (Scheme 157).310 The nitroxyl radical/CuI catalyst system is 
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used under aerobic conditions to oxidise one of the alcohol groups to an aldehyde. An 

intramolecular 5-exo-trig cyclisation forms a lactol, and a second oxidation of the hemiacetal 

alcohol group furnishes the lactone. The reaction works with symmetrical diols, but 

surprisingly, non-symmetrical diols could also be used as substrates with the less hindered 

(in comparison to TEMPO) ANBO, which shows good kinetic selectivity for the least 

hindered alcohol. This means that the bulkiest side of the diol will be incorporated on the 

alkoxyl side of the -lactone.   
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Scheme 157: Stahl’s Cu/nitroxyl-catalysed aerobic oxidative lactonization of diols. NB: the 

mechanism is shown with ABNO as the nitroxyl co-catalyst, however this can be exchanged for 

TEMPO. 

Mechanistically, the redox properties of copper(I) as a reductant are enhanced through 

addition of the bpy ligand (a sigma donor) which allows for the reduction of oxygen to 

superoxide and subsequent coordination to copper(II). The copper(II)-peroxo complex then 

reacts with the copper(I) catalyst, forming a bridged peroxo dimer through the same 
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mechanism. This then oxidises ANBO-H to ANBO•, regenerating the copper(I) catalyst and 

forming a copper(II) hydroperoxide. The latter can react with the alcohol or water, releasing 

hydrogen peroxide and forming a copper(II) alkoxide complex which allows the nitroxyl 

radical species to engage in a HAT step with the coordinated alkoxide. The aldehyde (or 

ketone in the case of secondary alcohols) is then released along with copper(I) and the 

hydroxylamine (i.e., ANBO-H). Despite the very benign reaction conditions, the scope of the 

method was demonstrated mostly on very simple diols with no other functional groups.  
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3.2 Objectives 

Despite the widespread availability of synthetic methods to construct lactones, several 

challenges still exist. The most common method to synthesize lactones is intramolecular 

esterification from linear hydroxy acid precursors. When spirocyclic lactones are the target, 

this method falls short, as the difficulty in synthesising these molecules lies in the 

construction of the quaternary centre. When choosing an acyclic precursor for the Fischer-

type lactonization, this quaternary centre must already be incorporated in the linear 

precursor, which is challenging in itself. Moreover, the presence of amine functionalities can 

be problematic in certain cases (e.g., Steglich esterification) as amines are more nucleophilic 

than alcohols, potentially leading to chemoselectivity issues. Additionally, the Baeyer-Villiger 

oxidation is typically not ideal to synthesize spirocyclic -lactones as the required 

spirocyclobutanone starting materials are more difficult to synthesize than the corresponding 

butyrolactones. 

The other common strategy is halolactonization and its variations, and while a versatile 

method, the use of molecular halogens also limits the scope. Combined with the required 

formation of a very electrophilic halonium ion in order for the reaction to succeed, these 

factors preclude the use of precursors containing nucleophilic functional groups. Similar 

issues arise when using methods based on oxidation (e.g., Nicewicz’s or Stahl’s work) as 

they are not always compatible with nucleophilic functionalities which are prone to oxidation 

due to their electron-rich nature. They can also be limited to certain substitution patterns, 

such as electron-rich and stabilised olefin coupling partners. Unlike many of the others, the 

Lewis acid-catalysed methodology reported by Li and co-workers can be used to synthesize 

-amino spirocyclic -lactones – the compound class targeted in this chapter – but it is not 

compatible with alkyl amines and is limited to the use of very electron-poor anilines. 

Moreover, ATRA-cyclisation of -halo carbonyls and olefins is a useful method for the 

construction of spirocyclic lactones as demonstrated by Curran and co-workers, but the use 

of electrophilic -halo carbonyls again introduces limitations, as they are not compatible with 

nucleophiles. Furthermore, the required substitution pattern at the carbonyl -position (i.e., 

stabilisation with a second electron-withdrawing group) signifies that it is impossible to have 

an amine substituent at the desired carbonyl -position.  

A method which can be used to construct spirocyclic -amino -butyrolactones in a 

single operation from simple (i.e., not containing any quaternary centres) precursors, such 
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as vinylogous Michael acceptors and cyclic aliphatic alcohols, would be highly desirable. In 

fact, such a strategy to access spirocyclic -butyrolactones was reported in 2015 by the 

group of MacMillan (Scheme 158).311 By using a hydrogen-bond acceptor to coordinate to 

the alcohol, the -C–H bond is sufficiently weakened so that it can engage in a 

thermodynamically driven hydrogen atom transfer step with quinuclidine radical cation. The 

latter is generated via photo-induced SET with excited Ir(III) and acts as a HAT catalyst. As 

the -hydroxy radical is strongly nucleophilic due to electron donation from the oxygen lone 

pair into its 2p SOMO, it can react in a polarity-matched, kinetically favourable -addition 

with a Michael acceptor such as methyl acrylate (i.e., a Giese-type addition). It is therefore 

possible to use ,-disubstituted alcohols, as not only is the C–H bond weakened with 

increasing substitution, lowering of the barrier associated with polarity-matched additions 

compensates for the increase of the barrier caused by sterics. Addition of an -hydroxy 

radical to an acrylate yields a hydroxy ester precursor (in the case of ,-disubstituted 

alcohols, this will contain the required quaternary centre) which can then cyclise, forming the 

spirocyclic lactone.  
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Scheme 158: highly selective photoredox -alkylation/lactonization of alcohols with methyl acrylate 

via a hydrogen atom transfer mechanism. 

The reaction is based on a reductive quenching cycle where the excited state of the 

photocatalyst [Ir(dF(CF3)ppy)2(dtbppy)]PF6, is quenched by sub-stoichiometric quinuclidine 

which forms protonated quinuclidinium after the spontaneous HAT with the alcohol. Turnover 

of the photocatalyst is achieved by reduction of the Giese adduct and proton transfer, 

regenerating ground state Ir(III) and quinuclidine. The hydroxy ester then undergoes a 

cyclisation (essentially a transesterification) with the pendent alcohol introduced during the 

Giese step, which is achieved by adding Amberlyst 15 and heating at 50 °C for 3 h.  

Recently in our group, we have found that covalent activation of an alcohol as a 

boronate allows the hydrogen in the -hydroxy C–H bond to be preferentially abstracted 

over an H atom in an -carbamoyl C–H bond, thus leading to the formation of -carbamoyl 

ketyl radicals.312 These can be trapped by a Michael acceptor (e.g., acrylate) which was 

applied to the synthesis of -oxo--amino acid derivatives (Scheme 159A). This led to 

speculation into whether using the Karady-Beckwith alkene as the vinylogous Michael 

acceptor would allow us to access spirocyclic -amino -butyrolactones (Scheme 159B). 
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Firstly, an initial Giese-type addition would introduce the quaternary hydroxy precursor in a 

1,5-relationship with the carbonyl group. A 5-exo-trig cyclisation (transesterification), 

followed by elimination of pivaldehyde, would then furnish the desired spirocyclic 

aminolactone.  

 

Scheme 159: A) previous work in the group concerning covalent activation of alcohols to synthesize 

-oxo--amino acid esters; B) this work on accessing spirocyclic -amino spirocyclic -butyrolactones. 
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3.3 Results & discussion 

3.3.1 Initial Reaction Optimisation 

For the optimisation, using the Karady-Beckwith alkene (A) and cyclohexanol as the 

substrates, the photocatalyst, HAT catalyst, hydrogen bond activator, solvent, and time were 

investigated. Each parameter can be seen in the following tables, with the parameters kept 

constant shown in the scheme above the table. 

The key ketyl radical species needed to be accessed via HAT from the alcohol 

substrate requires the use of a hydrogen bond (HB) of Lewis acid activator, therefore the 

most suitable additive was determined first. In Table 6, all of the activators tested can be 

seen.  

Table 6: initial investigation into a suitable activator. 

 

Entry Additive Equiv. (mol%) 91 
(%) 

257 
(%) 

258 
(%) 

259 (%) 

1 Tetrabutylammonium acetate 25 40 25 0 5 

2 Tetrabutylammonium monophosphate 25 80 5 2 11 

3 Tetrabutylammonium monophosphate 50 31 0 10 31 

4 Tetrabutylammonium tetrafluoroborate 25 0 65 1 16 

5 Tetrabutylammonium tetrafluoroborate 50 0 43 0 43 

6 Tetrabutylammonium tetrafluoroborate 100 0 0 0 69 

7 Tetrabutylammonium perchlorate 25 0 38 0 34 

8 Boric acid 25 0 50 0 23 

9 Phenylboronic acid 25 0 18 6 45 

10 Bis(3,4-dimethylphenyl)(hydroxy)borane 25 0 20 14 31 

11 2,4-Difluorophenylboronic acid 25 0 44 0 26 

12 2,4,6-Trimethylphenyl boronic acid 25 0 0 5 66 

13 2,4,6-Trimethylphenyl boronic acid 50 0 7 2 67 

14 3,5-Bis(trifluoromethyl)benzeneboronic acid 25 97 0 0 0 

15 (2,4,6-Triisopropylphenyl)boronic acid 25 0 31 0 41 

16 4-Fluorophenylboronic acid 25 100 0 0 0 

17 4-Methoxyphenylboronic acid 25 90 1 0 0 

18 4-tert-Butylphenylboronic acid 25 40 40 0 0 

Inspired by MacMillan’s seminal work, tetrabutylammonium (TBA) salts were initially 

tested. TBA acetate provided 257 in 25% and trace amounts of the desired spirocyclic 

butyrolactone 259 (Table 6, entry 1), while TBA monophosphate formed trace amounts of 

257 and 31% of 259, without the need for any work-up (entry 2). In an attempt to convert 
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more of 91 to product, the concentration of additive was increased to 50 mol%, however, this 

unexpectedly led to the formation of the reduced starting material, 258 (entry 3). TBA 

tetrafluoroborate provided a moderate yield of uncyclized product, however, increasing the 

concentration to 50 mol% gave a 1:1 ratio of 257 and 259, with stoichiometric amounts of the 

additive providing 259 in 69% (Table 6, entries 4-6). Finally, TBA perchlorate also resulted in 

a 1:1 ratio of 257 and 259, albeit with a poor mass balance (Table 6, entry 7). 

Overall, the best performing additives were the boronic acids, with 2,4,6-

trimethylphenyl/mesityl boronic acid (MesBA) providing the highest yield and best mass 

balance (entry 12). An increase of MesBA (25 to 50 mol%, entry 13, Table 6) did not provide 

a higher yield. Additional boronic acids were also tested, including both electron rich systems 

such as triisopropylphenyl boronic acid, methoxyphenylboronic acid and tert-

butylphenylboronic acid (Table 6, entries 15, 17 and 18), as well as electron poor additives 

such as difluorinated, trifluoromethylated and monofluorinated (Table 6, entries 11, 14 and 

16). Surprisingly, no trend was observed, as the only additives that provided any yield were 

difluorophenyl boronic acid (26%) and triisopropylphenyl boronic acid (41%), which also 

resulted in 31% of the uncyclised product 257. Additionally, boric acid and 

dimethylphenylhydroxy borane (Table 6, entries 8 and 10) were examined, however only 

moderate yields were observed (23% and 31%, respectively) as well as significant 

percentage of uncyclized product. 

Next, the photocatalyst was investigated (Table 7). Overall, the best result was 

achieved using 1 mol% of Ir-F (entry 1). A small increase was observed with a loading of 2.5 

mol% (entry 2). Ir-F(Me), which exhibits a similar potential as Ir-F, performed slightly worse 

(entry 2). The use of organo-photocatalyst 4-CzIPN (entries 4-6) resulted in the formation of 

only D, however a high loading of 5.0 mol% was required to gain a similar yield as Ir-F. 

Table 7: optimisation of photocatalyst. 

 

Entry Photocatalyst Loading (mol%) 91 (%) 257 (%) 258 (%) 259 (%) 

1 Ir-F 1.0 0 17 6 66 

2 Ir-F 2.5 0 5 0 70 

3 Ir-F(Me) 1.0 0 0 0 60 

4 4-CzIPN 1.0 0 0 0 50 
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5 4-CzIPN 2.5 0 16 0 42 

6 4-CzIPN 5.0 0 0 0 68 

Numerous HAT catalysts were tested (Table 8). The highest yield was achieved when 

using 20 mol% of quinuclidine (Table 8, entry 1). Any increase in catalyst loading did not 

provide an increase in yield (Table 8, entries 2 and 3). Its acetate derivative gave a 

significantly lower yield of 23% (Table 8, entry 5), while both TBADT (tetrabutylammonium 

decatungstate, used without an additional photocatalyst as it can perform the HAT directly 

under irradiation with 365 nm LEDs) and ethyl thioglycolate failed to provide any product 

(entries 4 and 6). 

Table 8: optimisation of HAT catalyst. 

 

Entry HAT Catalyst HAT Catalyst Loading (mol%) 259 
(%) 

1 Quinuclidine 20 66 

2 Quinuclidine 25 64 

3 Quinuclidine 50 64 

4x TBADT 25 0 

5 Quinuclidine Acetate 25 23 

6 Ethyl thioglycolate 25 0 
x using a 365 nm light source and no external catalyst. 

Next, the optimal solvent was investigated (Table 9). Although acetone and DMF 

(Table 9, entries 7 and 9) performed similarly to CH3CN (Table 9, entry 4), the latter was 

chosen as it is more broadly applicable as a solvent compared to acetone, as well as more 

green and less toxic compared to DMF. The apolar solvent CH2Cl2 gave a low yield of 36% 

(Table 9, entry 5), and similar results were also observed with dioxane, THF and DMSO 

(Table 9, entries 6, 8 and 10). 

Table 9: solvent screening and concentration optimisation. 
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Entry Solvent Concentration (M) 91 (%) 257 (%) 258 (%) 259 (%) 

1 CH3CN 0.1 0 60 0 0 

2 CH3CN 0.2 0 41 0 27 

3 CH3CN 0.4 0 0 0 50 

4 CH3CN 0.8 0 0 5 66 

5 CH2Cl2 0.8 0 0 0 36 

6 1,4-Dioxane 0.8 0 10 0 44 

7 DMF 0.8 0 0 0 68 

8 THF 0.8 0 0 0 15 

9 Acetone 0.8 0 3 0 65 

10 DMSO 0.8 0 0 0 36 

An imperative factor observed was the importance of concentration. At a concentration 

of 0.2 M, 41% of 257 is present and 27% of the desired spirocycle (Table 9, entry 2). Under 

less concentrated conditions, only the open form is observable (Table 9, entry 1), 

contrasting with a significantly more concentrated setting where 259 emerges as the sole 

product (Table 9, entry 4). 

Finally, the light source, temperature, and reaction time were investigated (Table 10). 

Overall, using a LED lamp with wavelengths of 405 nm and 425 nm provided similar results, 

but gave a decreased yield compared to a wavelength of 450 nm (Table 10, entries 1-3). 

Decreasing the reaction time resulted in a slight decrease in yield, while running the reaction 

for 24 hours gains a slightly higher yield (Table 10, entries 4 and 5). An elevated reaction 

temperature also led to a decrease in the formation of 259 (Table 10, entry 6). 

Table 10: optimisation of light source, temperature, and time. 

 

Entry Light source (nm) Temperature (°C) Time (hours) 259 (%) 

1 405 25 16 57 

2 425 25 16 57 

3 450 25 16 66 

4 450 25 8 60 

5 450 25 24 75 

6 450 40 16 57 
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3.3.2 Scope & Limitations 

Thus, with the optimised conditions in hand, a number of substrates were investigated 

for the scope of the method. Initially, a selected number of substrates were tried to 

investigate the tolerance of the methodology, and a full scope was to be envisioned later. 

 

Scheme 160: scope of alcohols tested. xNMR yield calculated using TCI as the internal standard; 

xxreaction carried out using 161 (0.5 mmol, 1.0 equiv.) instead of 91. 

Spirocyclic 259 could be accessed to provide an isolated yield of 73%. Similarly, 4-

chlorocyclohexanol was successfully converted to the corresponding butyrolactone 261 in 

high yield. In comparison to the 55% yield detected by NMR analysis, fluorinated product 

260 was isolated in a lower yield of 24%. This could be attributed to product loss occurring in 

the purification process. No starting material or other side products were isolated or detected 

via NMR spectroscopy. This led to speculation into the cause of poor mass balance with 

certain substrates. Attempts to obtain compounds 263 and 264 derived from 5-norbornen-2-

ol and (−)-menthol, respectively, failed, resulting in the re-isolation of 91. The lack of 

reactivity of these two substrates could be attributed to presence of bulky groups which 

ultimately lead to steric repulsion, hindering the reaction.  

Exploration into additional ring sizes was also conducted. Both cyclopentanol and Boc-

protected pyrrolidinol were successfully converted into the corresponding products 266 and 
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267 in 70% and 34%, respectively. Notably, the isolated yield of 267 was also lower in 

comparison to the calculated NMR yield, which could have occurred during the purification 

process. Next, an investigation into 4-membered rings was conducted. Compound 268, 

derived from Boc-protected azetidinol, however, was not isolated. Instead, 258, the reduced 

form of 91, was isolated, as well as the recovery of unreacted alcohol starting material.  

Furthermore, the use of other Dha derivatives as radical acceptors, instead of 91, was 

investigated. Scheme 161 shows the reaction of cyclohexanol with protected Dha derivative 

90, where the desired product 265 was isolated in less than 10%. Instead, the open, 

uncyclized form (269) was obtained as the major product in 40% yield. No other products or 

starting material were detected/isolated, therefore the mass balance of the reaction 

appeared to be notably poor – approximately 50%.  

 

Scheme 161: reaction of 90 with cyclohexanol. Yields shown are of isolated product. 

To further elucidate the structure of these novel spirocyclic - butyrolactones, crystals 

were grown to use for single-crystal X-ray diffraction. Scheme 162 shows the X-ray crystal 

structure of compound 259. Unfortunately, despite the tendency of these compounds to 

crystallise, suitable crystals of any of the other spirocycle could not be obtained as of yet. 

Note: additional information can be found in the experimental section. 

 

Scheme 162: X-ray crystal structure of spirocyclic - butyrolactone 259. 

3.3.3 Mechanistic Studies & Investigation into Decomposition 

Due to the inconsistencies experienced during the exploration of the substrate scope, 

an examination into the possible cause of the low yields and poor mass balance was 

conducted. Initially, to investigate the possibility of decomposition of 91 occurring under the 

optimised conditions, a series of test reactions were conducted in the absence of an alcohol 

substrate (Table 11), where reaction components were systematically omitted.  
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Table 11: investigation into the decomposition of 91. 

 

 

Entry Ir-F (mol%) Quinuclidine (mol%) MesBA (mol%) CD3CN (M) 91 left (%) 

1x - 100 - 0.1 >95 

2x - - 100 0.1 >95 

3x - 100 100 0.1 >95 

4 1.0 20 - 0.8 >95 

5 1.0 - 25 0.8 >95 

6 - 20 25 0.8 >95 

7 1.0 20 25 0.8 <20 
xRan in the absence of photocatalyst, under air and no LED light source. 91 left was calculated by NMR 

analysis using TCI as the internal standard. 

Each reaction was run in a 0.1 mmol scale under the conditions shown above, using 

deuterated solvent in order to analyse the outcome prior to any work-up. To detect whether 

decomposition was occurring exclusively under irradiative conditions, test reactions were 

also carried out in air without the presence of a photocatalyst or LED light source (Table 11, 

entries 1-3). 91 was reacted with stoichiometric quantities of quinuclidine and MesBA, both 

individually and together. No decomposition was observed in any of these reactions, and the 

presence of unreacted alkene was confirmed by 1H NMR using an internal standard. 

Under the optimised photoreaction conditions, no decomposition was discovered when 

using quinuclidine and MesBA individually in the presence of the photocatalyst (Table 11, 

entries 4 and 5). Additionally, when using both additives in the absence of Ir-F, the alkene 

remained unaltered (Table 11, entry 6). The only entry in Table 11 that resulted in 

decomposition was entry 7 – the optimised conditions in the absence of any alcohol 

substrate. No starting material or other products could be detected via NMR. 

From the results above it is apparent that in the absence of the alcohol substrate, both 

the photocatalyst, HAT catalyst as well as the activator are necessary for alkene 

decomposition. Additional experiments are required to establish whether the alkene is 

decomposed by sensitization-polymerisation (i.e., by the photocatalyst itself), or whether 

radicals resulting from quenching of photocatalyst by the boronate are responsible.  

An initial mechanism is shown below (Scheme 163), however mechanistic studies 

should be carried out to support the proposal. Initially, after irradiation, the excited 
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photocatalyst undergoes a SET with quinuclidine, forming the reduced photocatalyst and 

radical cation 270. This species can react with boronic ester species 271 in a HAT to form 

ketyl radical 272. This is followed by the addition of the ketyl radical to the Michael acceptor 

i.e., the KB alkene 91, which can theoretically undergo two pathways: SET followed by 

protonation, or a HAT. An intramolecular cyclisation then occurs to provide the desired 

spirocyclic -butyrolactone, and pivaldehyde as the by-product, the latter of which was 

detected by running the reaction in deuterated solvent. From the optimisation studies, it can 

be deduced that the additive also plays multiple roles; it is needed for the activation of the 

alcohol towards HAT, as well as to promote the final cyclisation step. Further experiments 

must be carried out, including radical trapping experiments and quantum yield calculations. 

Furthermore, Stern-Volmer experiments would shed light on the species that is quenching 

the excited state of the photocatalyst.  

 

Scheme 163: proposed mechanism of the methodology. 
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3.4 Outlook & Future Aspirations 

In summary, based on previous research on the synthesis of enantioenriched -amino 

acids using the Beckwith-Karady alkene, a method to synthesis of enantioenriched 

spirocyclic -amino butyrolactones was developed. The protocol uses readily available 

starting materials, such as cyclic alcohols, and converts them into biologically relevant three-

dimensional spirocycles, without the need for stoichiometric amounts of strong acids/bases. 

Although high yields were obtained during the optimisation of the reaction, complications 

arose when investigating the alcohol scope, such as poor mass balance and difficulties 

during purification, leading to low yields. Additionally, a significant dispute of decomposition 

of the alkene was observed. 

Additional experiments are required to address these concerns, depending on the 

results of the reactions suggested in the previous section. If the boronate species derived 

from quinuclidine and the boronic acid is quenching the photocatalyst, switching to an 

alternative Lewis acid may be necessary. Although high concentrations seem to be 

beneficial for the cyclisation, similar conversions of the starting material were also obtained 

at higher dilutions. If polymerisation is the issue, diluting the reaction mixture and carrying 

out the cyclisation in an additional step, e.g., with an acidic work-up, is recommended. 

Although there are notable concerns that demand resolution, with some work this 

method holds significant promise and could offer direct access to libraries of remarkably 

attractive enantioenriched building blocks. 
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4 Experimental Section 

In this section, experimental and synthetic work carried out by collaborators (as detailed 

above in the appropriate entries of the thesis) is not reported and can be found in the 

supporting information of the corresponding publications. 

4.1 General Remarks 

All reactions were performed in oven-dried glassware under argon, unless otherwise stated. 

Reaction temperatures are referred to the ones of the heating/cooling media (heating block, 

cryogenic bath), unless otherwise stated. Reactions were stirred using PTFE-coated 

magnetic stirring bars at ~ 1000 rpm, unless otherwise stated. Commercially available 

chemicals were purchased from Sigma-Aldrich, ABCR, Acros Organics, Alfa Aesar, TCI 

Europe, Fluorochem, Chempur, Carbolution Chemicals, Combi Blocks and used as 

received, unless otherwise noted. Low boiling solvents (<110°C) were removed by rotary 

evaporation under reduced pressure, heating the solution with a water bath at 40 °C. High 

boiling solvents (>110 °C) were removed in vacuo (< 1 mbar) at room temperature or under 

mild heating (< 50 °C), unless otherwise stated. Yields refer to chromatographically and 

spectroscopically (1H, 13C, 19F) homogeneous material, unless otherwise stated. The identity 

of literature-known compounds was assessed by comparison of 1H NMR spectra and 

therefore reported. New compounds were characterised using 1H NMR, 13C NMR, 19F NMR 

(when applicable), HRMS, retention factor on thin layer chromatography. 

4.1.1 Analytical Techniques 

TLC were conducted with precoated glass-backed plates (silica gel 60 F254) and visualized 

by exposure to UV light (254 nm) or stained with basic potassium permanganate (KMnO4), 

Ninhydrin or p-anisaldehyde solutions, and subsequent heating. Flash column 

chromatography was performed on silica gel (40-60 μm) or on neutral aluminum oxide 

(Brockmann Grade I, 58 Å), the eluent used is reported in the respective experiments.1H 

NMR spectra were recorded at 400 MHz or 600 MHz, 13C NMR spectra at 101 MHz or 151 

MHz, using Bruker Avance III 600 and Bruker Avance 400 Chemical shifts are reported in 

ppm relative to the solvent signal, coupling constants J in Hz. Multiplicities were defined by 

standard abbreviations. High-resolution mass spectra (HRMS) were obtained using ESI 

ionization (positive) on a Bruker micrOTOF.IR spectra were measured on a Bruker ALPHA 

spectrometer using attenuated total reflexion (ATR). OPUS 7.5 was used to analyse the 

measured spectra. The recorded peaks were defined as weak (w), medium (m) or strong (s). 
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Determination of enantiomeric excess was performed using a HPLC system from Agilent 

Technologies (1260 Infinity II) employing chiral prepacked columns (CHIRALPAK IA and 

CHIRALCEL OJ-H) from Daicel Chemical Industries Ltd. 

4.1.2 Photocatalytic Setup 

Kessil PR160-440nm or EvoluChem HCK1012-01-008 blue LEDs (32 W, max = 440 nm, 

Figure S1A) were used for irradiation, in combination with an EvoluChem™ PhotoRedOx 

Box (Figure S1B). The reaction temperature was kept at 27 °C by the fans incorporated in 

the reactor. With the fans switched off, reactions could be conducted at a constant 

temperature of 42 °C. For reactions carried out at 60 °C, two 32 W LED lamps were placed 

at 2.5 cm from the reaction vessel (Figure S1C). The heat produced by the LEDs was 

sufficient to maintain a constant temperature.  

 

 

Figure S1. A) LED lamp emission spectrum. B) Reaction set-up for reactions at 27 °C or 42 °C. C) 

Reaction set-up for reactions at 60 °C. 

A 

B C 
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Chapter IIA: Synthesis of Sterically Congested 2,2-Amino Acids 

Optimisation of Reaction Conditions 

Giese-type Reaction: 

General protocol: A1 (21.9 mg, 1.0 equiv. 0.1 mmol), Ir-F (0.5-1.0 mol%,), base (1.0 – 2.0 

equiv.) and Cbz-glycine (41.8 mg, 0.2 mmol, 2.0 equiv.) were added to an 8 mL microwave 

vial and purged with N2 (10 minutes under vacuum then open to N2, repeated three times). 

1,4-dioxane was added and the reaction bubbled with N2 for 15 minutes. Bubbling was 

stopped and the vial was sealed and wrapped with parafilm, then irradiated at 440 nm, 60 °C 

for 16 hours. After removal of the solvent, the yields of the product and remaining starting 

material were calculated by 1H NMR using trichloroethylene (9.0 µl, 0.1 mmol, 1.0 equiv.) as 

internal standard. 

Table S1. Optimisation studies of the Giese-type reaction. 

 

Entry Base (equiv.) Conc. (M) Photocat. (mol%) Temp. (°C) Time (h) 109 (%)* 110 (%)* 

1 K2HPO4 (2.4) 0.1 Ir-F (1) 42 16 <5 84 
2 2,6-Lutidine (2.4) 0.1 Ir-F (1) 42 16 43 58 
3 Collidine (2.4) 0.1 Ir-F (1) 42 16 59 44 
4 Collidine (2.4) 0.1 Ir-F (1) 24 16 24 76 
5 Collidine (2.4) 0.1 Ir-F (1) 42 24 73 39 
6 Collidine (2) 0.1 Ir-F (1) 60 16 >99 - 
7 Collidine (2) 0.2 Ir-F (1) 60 16 >99 - 
8 Collidine (2) 0.2 Ir-F (0.5) 60 16 >99 - 
9 Collidine (2.4) 0.2 Ir-F (1) 42 16 46 21 

10 Collidine (2.4) 0.4 Ir-F (1) 42 16 59 41 
11 Collidine (2) 0.2 4CzIPN (1) 60 16 0 - 
12 Collidine (2) 0.2 - 60 16 0 - 
13** Collidine (2) 0.2 Ir-F (1) 60 16 0 - 

*Calculated by 1H NMR using TCI (trichloroethylene) as internal standard.**Ran in the dark. 
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Oxidative esterification: 

General protocol: The following procedure was adapted from Hayashi and co-workers. 109 

(39 mg, 0.1 mmol, 1.0 equiv.) and Cs2CO3 (65 mg, 0.2 mmol, 2.0 equiv.) were purged with 

O2. The solvent (0.1 M, pre-bubbled with O2 for at least 4 h) was added. Then, benzyl 

alcohol (22 mg, 0.2 mmol, 2.0 equiv.) was added, and the reaction was bubbled for 2 min. 

The reaction was stirred with an O2 balloon inserted. After removal of the solvent and solids, 

the yields of the product (109), spirocyclic by-product (110), and remaining starting material 

were calculated by 1H NMR using trichloroethylene (9.0 µl, 0.1 mmol, 1.0 equiv.) as internal 

standard. 

Table S2: Optimisation studies of the oxidative esterification reaction. 

 

Entry 
Base 

(equiv.) 
Nucleophile 

(equiv.) 
Solvent (M) 

Temp. 
(°C) 

Time 
(h) 

109 
(%)* 

111 
(%)* 

110 
(%)* 

1 Cs2CO3
 (2) BnOH (2) MeCN (0.1 ) RT 16 30 26 34 

2* Cs2CO3 (2) BnOH (2) MeCN (0.1) RT 24 0 72 3 
3 Cs2CO3 (2) BnOH (2) MeCN (0.1) RT 72 0 74 22 
4 Cs2CO3 (2) BnOH (2) MeCN (0.1) 0 16 0 24 35 
5 Cs2CO3 (2) BnOH (2) MeCN (0.1) 50 24 0 52 19 
6 Cs2CO3 (2) BnOH (2) MeCN/C6HF5 (9:1) RT 16 0 42 55 
7 Cs2CO3 (1) BnOH (2) MeCN (0.1) RT 24 0 50 45 
8 DIPEA (2) BnOH (2) MeCN (0.1) RT 24 0 32 37 
9 Collidine (2) BnOH (2) MeCN (0.1) RT 24 99 0 0 
10 Et3N (2) BnOH (2) MeCN (0.1) RT 24 0 13 16 

11** DBU (2) BnOH (2) MeCN (0.1) RT 24 0 82 0 
12 Cs2CO3 (2) EtOH (10) MeCN (0.1) RT 24 0 60 10 

*Calculated by 1H NMR using TCI (trichloroethylene) as internal standard. 

*While results using BnOH as the nucleophile performed slightly better, it was decided to use 

EtOH for the scope, due to practicality in purification, as well as the utility of the EtO-

protected amino esters. Additionally, to avoid evaporation of the volatile substrate, a large 

excess of 10 equiv. of the nucleophile was used. 

**Although DBU provided slightly higher NMR yields than C2CO3, work-up and isolation of 

the targeted product in small scale was easier with the latter. Therefore, C2CO3 was selected 

as the optimal base for the reaction. 
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Synthesis & Characterisation of Starting Materials 

Alkylidenemalononitriles: 

General procedure 1 (GP1): Adapted from a procedure reported by Grenning and co-

workers.313 The corresponding cyclic ketone (1.0 equiv.) was dissolved in toluene (1.0 M). 

Malononitrile (1.0 equiv.), ammonium acetate (0.1 equiv.), and toluene/glacial acetic acid 

(3:1 v/v, 1.0 M total) were added. The reaction was heated at reflux (110-120 °C) with a 

Dean-Stark apparatus until completion (monitored by TLC). The reaction was then 

concentrated and quenched with 2N aq. HCl. The aqueous layer was extracted with ethyl 

acetate and the combined organic phases were washed with NaHCO3, dried over anhydrous 

Na2SO4, filtered, and concentrated. The residue was purified by flash chromatography to 

afford the targeted product. Alkylidenemalononitriles A12 (CAS 13166-10-4), and A14 (CAS 

2972-73-8) are commercially available and were purchased from Fluorochem.  

 

Figure S2. Synthesised alkylidenemalononitriles. 

108 

 

Synthesised following GP1 using ethyl 4-oxopiperidine-1-carboxylate (5.0 g, 29.2 mmol, 1.0 

equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 3:1) 
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afforded 108 as an off-white solid in 76% yield (4.85 g, 22.2 mmol). Characterisation data 

matches the literature.314 

1H NMR (600 MHz, CDCl3) δ 4.19 (q, J = 7.1 Hz, 2H), 3.66 (t, J = 5.9 Hz, 4H), 2.75 (t, J = 5.9 

Hz, 4H), 1.29 (t, J = 7.1 Hz, 3H). 

13C NMR (151 MHz, CDCl3) δ 179.0, 155.0, 111.2, 85.1, 62.4, 43.8, 34.1, 14.7. 

A2 

 

Synthesized following GP1 using tert-butyl 4-oxopiperidine-1-carboxylate (1.0 g, 5.0 mmol, 

1.0 equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 3:1) 

afforded A2 as a white solid in 76% yield (0.94 g, 3.8 mmol.313 

1H NMR (400 MHz, CDCl3) δ 3.60 (t, J = 5.8 Hz, 4H), 2.72 (t, J = 5.8 Hz, 4H), 1.47 (s, 9H). 

13C{1H} NMR (101 MHz, CDCl3) δ 179.5, 154.1, 111.2, 84.8, 81.2, 43.8, 34.1, 28.4. 

HRMS (ESI): [m/z] calculated for C13H16N3O2 ([M-H]-): 246.1249; Found: 246.1248. 

Rf (cyHex/EtOAc, 4:1) = 0.4 [Ninhydrin] 

A3 

 

Synthesized following GP1 using tetrahydro-4H-pyran-4-one (0.6 mL g, 6.6 mmol, 1.0 

equiv.). During the extraction a white precipitate formed which was filtered and washed to 

afford A3 as a white solid in 43% yield (417 g, 2.8 mmol). Characterization data matches the 

literature.313 

1H NMR (400 MHz, CDCl3): δ 3.86 (t, J = 5.56, 4H), 2.80 (t, J = 5.56, 8 4H) ppm. 

13C{1H} NMR (101 MHz, CDCl3): δ 178.5, 111.1, 84.2, 67.8, 35.1 ppm. 
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A4 

 

Synthesized following GP1 using tetrahydro-4H-thiopyran-4-one (0.582 g, 5.0 mmol, 1.0 

equiv.). A4 was isolated as a white solid in 48% yield (393 mg , 2.4 mmol). Characterization 

data matches the literature.313 

1H NMR (400 MHz, CDCl3): 3.04-2.99 (m, 4H), 2.91-2.86 (m, 4H) ppm.  

13C{1H} NMR (101 MHz, CDCl3) δ 180.8, 111.2, 85.2, 36.4, 30.8 ppm.  

A5 

 

Synthesized following GP1 using cyclohexanone (0.68 mL, 6.6 mmol, 1.0 equiv.). 

Purification via flash chromatography using silica gel (cyclohexane/EtOAc 4:1) afforded A5 

as a colorless oil in 63% yield (4.85 g, 4.2 mmol). Characterization data matches the 

literature.313 

1H NMR (400 MHz, CDCl3) δ 2.67-2.64 (m, 4H), 1.83-1.77 (m, 4H), 1.71-1.66 (m, 2H) 

13C{1H} NMR (101 MHz, CDCl3) δ 185.0, 111.7, 82.6, 34.7, 28.0, 25.0. 

A6 

 

Synthesized following GP1 using cyclopentanone (750 mg, 8.9 mmol, 1.0 equiv.). 

Purification via flash chromatography using silica gel (cyclohexane/EtOAc 7:1 → 5:1) 

afforded A6 as a yellow oil in 81% yield (952 mg, 7.2 mmol). Characterization data matches 

the literature.313 

1H NMR (600 MHz, CDCl3) δ 2.82 – 2.72 (m, 4H), 1.94 – 1.86 (m, 4H). 

13C{1H} NMR (101 MHz, CDCl3) δ 192.6, 111.8, 81.3, 36.2, 26.0. 
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A7 

 

Synthesized following GP1 using cycloheptanone 2.5 g, 22.3 mmol, 1.0 equiv.). Purification 

via flash chromatography using silica gel (cyclohexane/EtOAc 1:1) afforded A7 as a yellow 

solid in 87% yield (3.1 g, 19.4 mmol). Characterization data matches the literature.313 

1H NMR (600 MHz, CDCl3) δ 2.79 (t, 4H), 1.76 (dt, J = 9.47, 4.52 Hz, 4H), 1.58 (dt, J = 6.15, 

2.83 Hz, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ 188.6, 111.9, 85.0, 36.3, 29.1, 26.2. 

A8 

 

Synthesized following GP1 using tert-butyl 3-oxo-8-azabicyclo[3.2.1]octane-8-carboxylate 

(500 mg, 2.22 mmol, 1.0 equiv.). Purification via flash chromatography using silica gel 

(cyclohexane/EtOAc 4:1 → 2:1) afforded A8 as a pink solid in 87% yield (428 mg, 1.93 

mmol). Characterization data matches the literature.313 

1H NMR (600 MHz, CDCl3) δ 4.45 (s, 2H), 2.91 (d, J = 15.62 Hz, 2H), 2.72 (d, J = 58.40 Hz, 

2H), 2.16 – 1.97 (m, 2H), 1.55 (d, J = 8.19 Hz, 2H), 1.48 (s, 9H). 

13C{1H} NMR (151 MHz, CDCl3) δ 178.9, 153.2, 111.3, 87.9, 81.0, 53.8, 40.1, 28.5. 

A9 

 

Synthesized following GP1 using cycloheptanone 2.5 g, 22.3 mmol, 1.0 equiv.). Purification 

via flash chromatography using silica gel (cyclohexane/EtOAc 1:1) afforded A9 as a yellow 

solid in 87% yield (3.1 g, 19.4 mmol). Characterization data matches the literature.315 
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1H NMR (600 MHz, CDCl3) δ 7.55 (dt, J = 7.68, 2.84 Hz, 3H), 7.53 – 7.49 (m, 2H), 2.64 (s, 

3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 175.6, 136.0, 132.4, 129.2, 127.5, 112.9, 112.8, 84.9, 

24.4. 

A10 

 

Synthesized following GP1 using cycloheptanone 2.5 g, 22.3 mmol, 1.0 equiv.). Purification 

via flash chromatography using silica gel (cyclohexane/EtOAc 1:1) afforded A10 as a yellow 

solid in 87% yield (3.1 g, 19.4 mmol). Characterization data matches the literature.315 

1H NMR (600 MHz, CDCl3) δ 7.21 (s, 1H), 1.31 (s, 9H). 

13C{1H} NMR (151 MHz, CDCl3) δ 177.6, 113.2, 111.2, 87.0, 37.1, 28.7. 

A11 

 

Synthesized following GP1 using cycloheptanone 2.5 g, 22.3 mmol, 1.0 equiv.). Purification 

via flash chromatography using silica gel (cyclohexane/EtOAc 1:1) afforded A11 as a yellow 

solid in 87% yield (3.1 g, 19.4 mmol). Characterization data matches the literature.315 

1H NMR (600 MHz, CDCl3) δ 7.15 (d, J = 10.49 Hz, 1H), 2.82 – 2.62 (m, 1H), 1.83 – 1.70 (m, 

5H), 1.42 – 1.31 (m, 2H), 1.25 (qd, J = 12.59, 11.93, 3.21 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 173.8, 112.4, 110.7, 88.0, 42.3, 31.0, 25.2, 24.7. 

A13 

NC CN
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Synthesized following GP1 using 2-hexanone (0.45 g, 4.5 mmol, 1.0 equiv.). Purification via 

flash chromatography using silica gel (cyclohexane/EtOAc 1:1) afforded A13 as an orange 

oil in 66% yield (0.36 g, 2.9 mmol). Characterization data matches the literature.315 

1H NMR (600 MHz, CDCl3) δ 2.58 (m, 2H), 2.27 (s, 3H), 1.55 (p, J = 7.6 Hz, 2H), 1.43 – 1.35 

(m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 
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Synthesis & Characterisation of Substituted Malononitrile Derivatives 

General procedure 2 (GP2): The malononitrile derivative (1.0 mmol, 1.0 equiv.), Ir-F (5.5 

mg, 1.0 mol%) and Cbz-glycine (209.2 mg, 1.0 mmol, 2.0 equiv.,) were added to an 8 mL 

microwave vial and purged with N2 (5 minutes under vacuum then open to N2, repeating 

three times). 1,4-dioxane (5 mL, 0.2 M) was added and the reaction was bubbled with N2 for 

10 minutes. Bubbling was stopped and sym-collidine (264 µL, 2.0 mmol, 2.0 equiv.) was 

added, and the solution was bubbled for an additional 30 seconds. The vial was sealed and 

wrapped with parafilm, then irradiated at 440 nm, 60 °C (fan off) for 16 hours. Afterwards, 

the solvent was removed in vacuo and EtOAc was added. Citric acid (10 wt%) was added 

and the aqueous phase was washed with EtOAc. The organic phases were then washed 

with sat. NaHCO3 (aq.), dried over anhydrous Na2SO4, filtered, and concentrated. The 

residue was purified to afford the desired product. 

 

Figure S3. Synthesised substituted malononitrile derivatives. 
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109 

 

Synthesized following GP2 using 108 (0.22 g, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). 109 was isolated as a yellowish solid in 95% yield (0.37 g, 0.95 

mmol). 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.28 (m, 5H), 5.37 (s, 1H), 5.11 (s, 2H), 4.13 (q, J = 7.13 

Hz, 2H), 3.96 (s, 2H), 3.87 (s, 1H), 3.51 (s, 2H), 3.16 (s, 2H), 1.69 (dt, J = 17.43, 8.61 Hz, 

4H), 1.25 (t, J = 7.12 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 157.3, 155.4, 135.9, 128.8, 128.6, 128.4, 111.3, 67.7, 

61.9, 42.5, 41.4, 39.1, 32.2, 29.9, 14.7. 

HRMS (ESI): [m/z] calculated for C20H24N4NaO4 ([M+Na]+): 407.1693; Found: 407.1690. 

Scale-up synthesis of 109 – 2 x 5.0 mmol 

 

The following reaction was performed in duplicate and combined for purification. 108 (1.1 g, 

5.0 mmol, 1.0 equiv.), Ir-F (27.5 mg, 0.5 mol%) and Cbz-glycine (2.09 g, 10.0 mmol, 2.0 

equiv.,) were added to a 50 mL Schlenk flask (external ø = 3.0 cm, internal ø = 2.2 cm) and 

purged with N2 (10 minutes under vacuum then open to N2, repeated three times). Dry and 

degassed 1,4-dioxane (25 mL, 0.2 M) was added and the reaction was bubbled with N2 for 5 

minutes. Bubbling was stopped and sym-collidine (264 µL, 2.0 mmol, 2.0 equiv.) was added, 

and the solution was bubbled for an additional 30 seconds. The vial was sealed and 

wrapped with parafilm, then irradiated at 440 nm, 60 °C (fan off) for 16 hours. Afterwards, 

the solvent was removed in vacuo and EtOAc was added. Citric acid (10 wt%) was added 

and the aqueous phase was washed with EtOAc. The organic phases were then washed 

with sat. NaHCO3 (aq.), dried over anhydrous Na2SO4, filtered, and concentrated. No further 

purification was necessary, and 109 was isolated in a combined yield of 88% (3.38 g). 
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B2 

 

Synthesized following GP2 using A2 (247.3 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(cyclohexane/EtOAc, 4:1) afforded B2 as a yellowish solid in 60% yield (247.5 mg, 0.60 

mmol). 

1H NMR (600 MHz, CDCl3) δ 7.35 (dp, J = 12.96, 6.62, 5.90 Hz, 5H), 5.25 (s, 1H), 5.11 (s, 

2H), 4.00 – 3.73 (m, 3H), 3.50 (s, 2H), 3.12 (s, 2H), 1.83 – 1.58 (m, 4H), 1.45 (s, 9H). 

13C{1H} NMR (151 MHz, CDCl3) δ 157.3, 154.6, 135.9, 128.8, 128.6, 128.4, 111.3, 80.5, 

67.7, 42.7, 41.4, 32.2, 30.0, 28.5. 

HRMS (ESI): [m/z] calculated for C22H28N4NaO4 ([M+Na]+): 435.2007; Found: 435.2003. 

Rf (cyHex/EtOAc, 1:1) = 0.50 [Ninhydrin]. 

B3 

 

Synthesized following GP2 using A3 (148.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(cyclohexane/EtOAc, 4:1) afforded B3 as a white solid in 95% yield (266.4 mg, 0.95 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.35 (q, J = 6.59 Hz, 5H), 5.22 (t, J = 7.61 Hz, 1H), 5.12 (s, 

2H), 3.84 (d, J = 11.46 Hz, 3H), 3.69 (q, J = 9.28, 8.38 Hz, 2H), 3.57 (d, J = 6.83 Hz, 2H), 

1.84 (d, J = 10.26 Hz, 2H), 1.64 (d, J = 13.84 Hz, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ 157.3, 135.9, 128.8, 128.6, 128.3, 111.3, 67.7, 63.0, 42.9, 

40.6, 32.6, 30.6. 

HRMS (ESI): [m/z] calculated for C17H19N3NaO3 ([M+Na]+): 336.1320; Found: 336.1319. 

Rf (cyHex/EtOAc, 1:1) = 0.55 [Ninhydrin]. 
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B4 

 

Synthesized following GP2 using A4 (164.04 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B4 as a yellow solid in 95% yield (312.9 mg, 0.95 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.40 – 7.31 (m, 5H), 5.22 – 4.99 (m, 3H), 3.81 (s, 1H), 3.48 (d, 

J = 6.88 Hz, 2H), 2.89 (d, J = 12.45 Hz, 2H), 2.54 (d, J = 14.05 Hz, 2H), 2.04 – 1.91 (m, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ 157.2, 135.9, 128.8, 128.7, 128.4, 111.2, 67.8, 43.4, 41.8, 

32.5, 32.0, 23.1. 

HRMS (ESI): [m/z] calculated for C17H19N3NaO2S ([M+Na]+): 352.1088; Found: 352.1090. 

Rf (cyHex/EtOAc, 1:1) = 0.46 [Ninhydrin]. 

B5 

 

Synthesized following GP2 using A5 (146.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B5 as a yellowish solid in 86% yield (267.8 mg, 0.86 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.35 (q, J = 8.46, 7.27 Hz, 5H), 5.12 (s, 2H), 5.06 (s, 1H), 3.83 

(s, 1H), 3.46 (d, J = 6.97 Hz, 2H), 1.77 – 1.47 (m, 9H), 1.37 – 1.27 (m, 1H). 

13C{1H} NMR (151 MHz, CDCl3) δ 157.2, 136.1, 128.7, 128.5, 128.3, 111.8, 67.5, 43.9, 42.3, 

32.3, 30.8, 24.9, 21.3. 

HRMS (ESI): [m/z] calculated for C18H21N3NaO2 ([M+Na]+): 334.1523; Found: 334.1526. 

Rf (cyHex/EtOAc, 1:1) = 0.35 [Ninhydrin]. 

B6 
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Synthesized following GP2 using A6 (132.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B6 as a yellowish oil in 95% yield (282.5 mg, 0.95 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.34 (q, J = 7.83, 7.24 Hz, 6H), 5.36 – 5.24 (m, 1H), 5.12 (s, 

2H), 3.89 (s, 1H), 3.33 (d, J = 6.84 Hz, 2H), 1.81 (s, 2H), 1.73 (s, 6H). 

13C{1H} NMR (151 MHz, CDCl3) δ 157.3, 136.1, 128.7, 128.5, 128.3, 112.5, 67.5, 50.5, 46.7, 

33.9, 31.3, 25.1. 

HRMS (ESI): [m/z] calculated for C17H19N3NaO2 ([M+Na]+): 320.1369; Found: 320.1369. 

Rf (cyHex/EtOAc, 1:1) = 0.30 [Ninhydrin]. 

B7 

 

Synthesized following GP2 using A7 (160.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B7 as a yellow oil in 88% yield (286.4 mg, 0.88 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.44 – 7.28 (m, 5H), 5.11 (d, J = 17.05 Hz, 3H), 3.71 (s, 1H), 

3.35 (d, J = 6.94 Hz, 2H), 1.74 – 1.61 (m, 6H), 1.57 (s, 6H). 

13C{1H} NMR (151 MHz, CDCl3) δ 157.2, 136.1, 128.7, 128.5, 128.3, 112.3, 67.5, 47.0, 45.3, 

36.4, 34.4, 32.4, 30.2, 29.2, 26.3, 22.8. 

HRMS (ESI): [m/z] calculated for C19H23N3NaO2 ([M+Na]+): 348.1682; Found: 348.1682. 

Rf (cyHex/EtOAc, 1:1) = 0.34 [Ninhydrin]. 

B8 

 

Synthesized following GP2 using A8 (273.3 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B8 as a yellowish solid in 88% yield (385.9 mg, 0.88 mmol). 
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1H NMR (400 MHz, CDCl3) δ 7.37 – 7.33 (m, 5H), 5.37 (t, J = 6.95 Hz, 1H), 5.15 – 5.07 (m, 

2H), 4.28 (s, 2H), 4.19 (s, 1H), 3.30 (d, J = 6.69 Hz, 2H), 2.08 (s, 4H), 1.72 (s, 2H), 1.56 (s, 

2H), 1.44 (s, 9H). 

13C{1H} NMR (101 MHz, CDCl3) δ 157.2, 153.3, 136.0, 128.7, 128.5, 128.2, 111.8, 80.4, 

67.6, 51.8 & 51.1 (rotamer, 1C), 50.0, 39.4, 34.9 & 34.1 (rotamer, 1C), 32.6, 28.5 (4C). 

HRMS (ESI): [m/z] calculated for C24H30N4NaO4 ([M+Na]+): 461.2157; Found: 461.2159. 

Rf (cyHex/EtOAc, 1:1) = 0.28 [Ninhydrin]. 

B9 

 

Synthesized following GP2 using A9 (168.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B9 as a yellow oil in 85% yield (283.4 mg, 0.85 mmol).  

1H NMR (600 MHz, CDCl3) δ 7.43 (d, J = 7.44 Hz, 2H), 7.41 – 7.30 (m, 8H), 5.13 – 5.05 (m, 

2H), 4.79 (t, J = 6.73 Hz, 1H), 4.15 (s, 1H), 3.77 (dd, J = 14.62, 7.21 Hz, 1H), 3.70 (dd, J = 

14.20, 6.01 Hz, 1H), 1.71 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 156.8, 137.9, 136.0, 129.6, 128.9, 128.7, 128.5, 128.4, 

126.3, 111.7, 111.6, 67.6, 48.9, 46.0, 33.4, 20.9. 

HRMS (ESI): [m/z] calculated for C20H19N3NaO2 ([M+Na]+): 356.1376; Found: 356.1369. 

Rf (cyHex/EtOAc, 1:1) = 0.35 [Ninhydrin]. 

B10 

 

Synthesized following GP2 using A10 (134.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B10 as a pale oil in 56% yield (167.7 mg, 0.56 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.39 – 7.30 (m, 5H), 5.24 (s, 1H), 5.19 – 5.09 (m, 2H), 3.98 (d, 

J = 1.90 Hz, 1H), 3.84 – 3.73 (m, 1H), 3.21 (ddd, J = 14.55, 10.92, 6.58 Hz, 1H), 2.47 – 2.36 

(m, 1H), 1.08 (s, 9H). 
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13C{1H} NMR (151 MHz, CDCl3) δ 156.7, 136.2, 128.7, 128.4, 128.3, 113.3, 112.8, 67.5, 

50.0, 40.4, 33.5, 27.8, 21.7. 

HRMS (ESI): [m/z] calculated for C17H21N3NaO2 ([M+Na]+): 322.1527; Found: 322.1526. 

Rf (cyHex/EtOAc, 1:1) = 0.44 [Ninhydrin]. 

B11 

 

Synthesized following GP2 using A11 (160.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B11 as a yellow oil in 91% yield (296.1 mg, 0.91 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.38 – 7.31 (m, 5H), 5.13 (d, J = 5.73 Hz, 3H), 4.01 (d, J = 3.99 

Hz, 1H), 3.68 – 3.57 (m, 1H), 3.24 (dt, J = 15.27, 7.62 Hz, 1H), 2.19 (s, 1H), 1.87 – 1.59 (m, 

6H), 1.32 – 1.07 (m, 5H). 

13C{1H} NMR (151 MHz, CDCl3) δ 156.8, 136.1, 128.7, 128.5, 128.4, 112.7, 112.5, 67.5, 

46.2, 41.0, 38.5, 30.9, 29.7, 26.3, 26.1, 26.0, 23.7. 

HRMS (ESI): [m/z] calculated for C19H23N3NaO2 ([M+Na]+): 348.1682; Found: 348.1682. 

Rf (cyHex/EtOAc, 1:1) = 0.30 [Ninhydrin]. 

B12 

 

Synthesized following GP2 using A12 (106.1 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B12 as a yellowish oil in 89% yield (241.5 mg, 0.89 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 2.58 Hz, 6H), 5.12 (s, 2H), 5.05 (s, 1H), 3.71 (s, 

1H), 3.30 (d, J = 6.90 Hz, 2H), 1.23 (s, 5H). 

13C{1H} NMR (101 MHz, CDCl3) δ 157.1, 136.0, 128.8, 128.6, 128.5, 111.8, 67.7, 48.9, 40.1, 

32.5, 23.0. 

HRMS (ESI): [m/z] calculated for C15H17N3NaO2 ([M+Na]+): 294.1210; Found: 294.1213. 

Rf (cyHex/EtOAc, 1:1) = 0.40 [Ninhydrin]. 
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B13 

NC

CN

NHCbz

 

Synthesized following GP2 using A13 (148.2 mg, 1.0 mmol, 1.0 equiv.) and Z-glycine (418.4 

mg, 2.0 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded B13 as a yellowish oil in 71% yield 222.5 mg, 0.71 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.45 – 7.28 (m, 5H), 5.12 (s, 2H), 5.01 (s, 1H), 3.74 (s, 1H), 

3.31 (q, J = 7.85 Hz, 2H), 1.63 – 1.42 (m, 2H), 1.39 – 1.26 (m, 4H), 1.18 (s, 3H), 0.93 (t, J = 

6.90 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 157.1, 136.0, 128.8, 128.6, 128.4, 112.0, 111.9, 67.6, 

46.7, 42.4, 35.4, 31.9, 25.7, 23.2, 20.4, 14.0. 

HRMS (ESI): [m/z] calculated for C18H23N3NaO2 ([M+Na]+): 336.1681; Found: 336.1682. 

Rf (cyHex/EtOAc, 1:1) = 0.41 [Ninhydrin]. 

B15 

 

Synthesized following GP2 using A1 (219 .2 mg, 1.0 mmol, 1.0 equiv.) and 2-(4-(tert-

butoxycarbonyl)-2-oxopiperazin-1-yl)acetic acid (387.5 mg, 1.5 mmol, 1.5 equiv.). 

Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) afforded B15 as a 

white solid in 80% yield (346.8 mg, 0.80 mmol). 

1H NMR (600 MHz, CDCl3) δ 4.16 (q, J = 7.07 Hz, 4H), 4.13 (d, J = 4.09 Hz, 3H), 3.87 (dt, J 

= 14.19, 4.76 Hz, 2H), 3.69 (dd, J = 9.48, 3.99 Hz, 4H), 3.50 (t, J = 5.35 Hz, 2H), 3.33 (ddd, 

J = 13.89, 8.07, 5.36 Hz, 2H), 1.87 – 1.75 (m, 4H), 1.47 (s, 9H), 1.27 (t, J = 7.11 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 169.1, 155.4, 153.9, 111.6, 81.3, 61.9, 51.7, 50.7, 48.2, 

41.7, 39.5, 32.4, 31.6, 28.5, 28.5, 14.7. 

HRMS (ESI): [m/z] calculated for C21H31N5NaO5 ([M+Na]+): 456.2217; Found: 456.2217. 

Rf (cyHex/EtOAc, 1:1) = 0.25 [Ninhydrin]. 
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B16 

 

Synthesized following GP2 using A1 (219 .2 mg, 1.0 mmol, 1.0 equiv.) and (tert-

butoxycarbonyl)valine (326.0 mg, 1.5 mmol, 1.5 equiv.). Purification via flash 

chromatography using silica gel (CyHex/EtOAc, 4:1) afforded B16 as a white solid in 80% 

yield (346.8 mg, 0.80 mmol). 

1H NMR (600 MHz, CDCl3) δ 4.77 (d, J = 11.0 Hz, 1H), 4.18 – 4.05 (m, 3H), 3.98 (d, J = 11.0 

Hz, 1H), 3.87 – 3.73 (m, 1H), 3.69 (dt, J = 11.6, 5.1 Hz, 1H), 3.45 – 2.96 (m, 2H), 2.15 (hept, 

J = 6.7 Hz, 1H), 1.91 (ddt, J = 18.7, 14.2, 7.1 Hz, 1H), 1.85 – 1.68 (m, 3H), 1.44 (s, 9H), 1.24 

(t, J = 7.1 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H), 0.97 (d, J = 6.7 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 156.2, 155.4, 111.8, 80.4, 61.8, 44.2, 38.9, 30.4, 28.4, 

27.9, 27.0, 23.6, 17.9, 14.7. 

HRMS (ESI): [m/z] calculated for C20H32N4NaO4 ([M+Na]+): 415.2317; Found: 415.2316. 

Rf (cyHex/EtOAc, 1:1) = 0.30 [Ninhydrin]. 

B17 

 

Synthesized following GP2 using A1 (219 .2 mg, 1.0 mmol, 1.0 equiv.)and (((9H-fluoren-9-

yl)methoxy)carbonyl)glycine (446.0 mg, 1.5 mmol, 1.5 equiv.). Purification via flash 

chromatography using silica gel (CyHex/EtOAc, 4:1) afforded B17 as a white solid in 80% 

yield (346.8 mg, 0.80 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.5 Hz, 2H), 7.57 (d, J = 7.4 Hz, 2H), 7.41 (t, J = 

7.5 Hz, 2H), 7.32 (td, J = 7.7, 1.2 Hz, 2H), 5.17 – 5.04 (m, 1H), 4.55 (d, J = 6.0 Hz, 2H), 4.14 

(q, J = 7.1 Hz, 3H), 3.96 (s, 2H), 3.67 (s, 1H), 3.45 (s, 2H), 3.11 (s, 2H), 1.70 (d, J = 11.9 Hz, 

2H), 1.59 (d, J = 13.6 Hz, 2H), 1.26 (t, J = 6.6 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 157.3, 155.4, 143.6, 141.5, 128.0, 127.2, 125.0, 120.2, 

111.3, 66.8, 61.9, 47.5, 42.3, 41.4, 39.1, 32.3, 29.9, 14.7. 
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HRMS (ESI): [m/z] calculated for C27H28N4NaO4 ([M+Na]+): 495.2002; Found: 495.2003. 

Rf (cyHex/EtOAc, 1:1) = 0.25 [Ninhydrin]. 

B18 

 

Synthesized following GP2 using A11 (160.2 mg, 1.0 mmol, 1.0 equiv.)and (((9H-fluoren-9-

yl)methoxy)carbonyl)glycine (446.0 mg, 1.5 mmol, 1.5 equiv.). Purification via flash 

chromatography using silica gel (CyHex/EtOAc, 4:1) afforded B18 as a white solid in 80% 

yield (346.8 mg, 0.80 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H), 7.59 (d, J = 7.4 Hz, 2H), 7.42 (t, J = 

7.5 Hz, 2H), 7.33 (t, J = 7.3 Hz, 2H), 5.00 (s, 1H), 4.50 (t, J = 5.8 Hz, 2H), 4.21 (t, J = 6.0 Hz, 

1H), 3.87 (d, J = 3.8 Hz, 1H), 3.59 (d, J = 14.3 Hz, 1H), 3.31 – 3.11 (m, 1H), 2.15 (s, 1H), 

1.86 – 1.58 (m, 6H), 1.32 – 1.03 (m, 5H). 

13C{1H} NMR (101 MHz, CDCl3) δ 156.8, 143.9, 141.5, 127.9, 127.2, 125.1, 120.2, 112.7, 

112.4, 67.0, 47.5, 46.1, 40.9, 38.6, 30.9, 29.6, 26.3, 26.1, 26.0, 23.6. 

HRMS (ESI): [m/z] calculated for C26H27N3NaO2 ([M+Na]+): 436.1997; Found: 436.1995. 

Rf (cyHex/EtOAc, 1:1) = 0.25 [Ninhydrin]. 

B19 

 

Synthesized following GP2 using A10 (219 .2 mg, 1.0 mmol, 1.0 equiv.) and (tert-

butoxycarbonyl)valine (326.0 mg, 1.5 mmol, 1.5 equiv.). Purification via flash 

chromatography using silica gel (CyHex/EtOAc, 4:1) afforded B19 as a white solid in 80% 

yield (346.8 mg, 0.80 mmol). 

1H NMR (400 MHz, CDCl3) δ 4.82 (d, J = 10.7 Hz, 1H), 4.01 (d, J = 3.0 Hz, 1H), 3.89 (ddd, J 

= 10.5, 6.3, 3.7 Hz, 1H), 1.98 (t, J = 3.4 Hz, 1H), 1.88 (q, J = 6.6 Hz, 1H), 1.45 (s, 9H), 1.13 

(s, 9H), 0.98 (dd, J = 8.9, 6.7 Hz, 6H). 

13C{1H} NMR (101 MHz, CDCl3, rotamers) δ 156.1, 114.5, 113.4, 80.2, 54.0, 52.0, 34.9, 

33.4, 28.4, 28.2, 21.0, 20.4, 16.9. 
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HRMS (ESI): [m/z] calculated for C17H29N3NaO2 ([M+Na]+): 330.2155; Found: 330.2152. 

Rf (cyHex/EtOAc, 1:1) = 0.25 [Ninhydrin]. 
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Synthesis & Characterisation of β-Amino Esters/Amides  

General procedure for oxidative esterification/amidation (GP3): In an 8 mL glass vial, 

the desired malononitrile derivative B (0.2 mmol, 2.0 equiv.) and Cs2CO3 (130.4 mg, 0.4 

mmol, 2.0 equiv.) were purged with O2. MeCN (0.1 M, pre-bubbled with O2 for at least 4h) 

was added. The nucleophile (2.0–10.0 equiv.) was added, and the reaction was bubbled for 

2 min. The reaction was stirred for 18 hours with an O2 balloon inserted. Then, the solvent 

was removed, and the resulting residue was purified to afford the desired product.  

 

Figure S4. Synthesised substituted -amino esters. 

112 

 

Synthesized following GP3 using 109 (76.9 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 2.0 

mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) 

afforded 112 as a yellow oil in 50% yield (39.2 mg, 0.10 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.37 – 7.26 (m, 5H), 5.13 (t, J = 6.57 Hz, 1H), 5.06 (s, 2H), 

4.12 (dq, J = 19.46, 7.10 Hz, 4H), 3.84 – 3.70 (m, 2H), 3.35 (d, J = 6.52 Hz, 2H), 3.20 – 3.05 

(m, 2H), 2.02 (dt, J = 13.61, 4.33 Hz, 2H), 1.41 (ddd, J = 13.83, 9.82, 4.11 Hz, 2H), 1.23 (td, 

J = 7.09, 3.92 Hz, 6H). 
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13C{1H} NMR (101 MHz, CDCl3) δ 174.6, 156.6, 155.5, 136.4, 128.6, 128.2, 128.2, 66.9, 

61.4, 61.2, 47.5, 46.6, 40.7, 30.6, 14.7, 14.2. 

HRMS (ESI): [m/z] calculated for C20H28N2O6 ([M-H]-): 393.2025; Found: 393.2026. 

Rf (cyHex/EtOAc, 1:1) = 0.33 [Ninhydrin]. 

113 

 

Synthesized following GP3 using B2 (82.5 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 2.0 

mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) 

afforded 113 as a yellow oil in 95% yield (79.9 mg, 0.19 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.26 (m, 5H), 5.08 (s, 2H), 5.02 (d, J = 6.46 Hz, 1H), 

4.16 (q, J = 7.10 Hz, 2H), 3.72 (dt, J = 13.77, 4.87 Hz, 2H), 3.37 (d, J = 6.48 Hz, 2H), 3.11 

(ddd, J = 13.52, 9.69, 3.28 Hz, 2H), 2.08 – 1.98 (m, 2H), 1.44 (s, 11H), 1.25 (t, J = 7.11 Hz, 

3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.8, 156.6, 154.9, 136.5, 128.7, 128.3, 128.3, 79.7, 

67.0, 61.3, 47.4, 46.6, 40.6, 30.8, 28.5, 14.3. 

HRMS (ESI): [m/z] calculated for C22H32N2NaO6 ([M+Na]+): 443.2153; Found: 443.2153. 

Rf (cyHex/EtOAc, 1:1) = 0.25 [Ninhydrin]. 

114 

 

Synthesized following GP3 using B3 (62.7 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 2.0 

mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) 

afforded 114 as a yellow oil in 50% yield (32.1 mg, 0.10 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.38 – 7.29 (m, 5H), 5.08 (s, 2H), 5.01 (s, 1H), 4.18 (q, J = 7.13 

Hz, 2H), 3.82 (dt, J = 12.13, 4.50 Hz, 2H), 3.52 (ddd, J = 12.21, 9.51, 2.86 Hz, 2H), 3.40 (d, 

J = 6.48 Hz, 2H), 2.09 – 2.02 (m, 2H), 1.54 (ddd, J = 13.88, 9.58, 4.16 Hz, 2H), 1.27 – 1.24 

(m, 4H). 
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13C{1H} NMR (101 MHz, CDCl3) δ 174.9, 156.6, 136.5, 128.7, 128.3, 128.3, 67.0, 64.8, 61.3, 

47.9, 45.8, 31.5, 14.3. 

HRMS (ESI): [m/z] calculated for C17H23NNaO5 ([M+Na]+): 344.1469; Found: 344.1468. 

Rf (cyHex/EtOAc, 1:1) = 0.30 [Ninhydrin]. 

115 

 

Synthesized following GP3 using B6 (59.5 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 2.0 

mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) 

afforded 115 as a yellow oil in 33% yield (20.2 mg, 0.07 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.27 (m, 5H), 5.32 (t, J = 6.46 Hz, 1H), 5.09 (s, 2H), 

4.13 (q, J = 7.11 Hz, 2H), 3.34 (d, J = 6.41 Hz, 2H), 2.03 – 1.90 (m, 2H), 1.73 (qd, J = 7.43, 

6.77, 3.43 Hz, 5H), 1.62 (dt, J = 10.80, 3.40 Hz, 3H), 1.25 (t, J = 7.12 Hz, 4H). 

13C{1H} NMR (101 MHz, CDCl3) δ 177.8, 157.0, 136.7, 128.7, 128.2, 128.2, 66.8, 60.9, 54.3, 

46.7, 34.6, 25.7, 14.3. 

HRMS (ESI): [m/z] calculated for C17H23NNaO4 ([M+Na]+): 328.1518; Found: 328.1519. 

Rf (cyHex/EtOAc, 1:1) = 0.22 [Ninhydrin]. 

116 

 

Synthesized following GP3 using B5 (62.3 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 2.0 

mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) 

afforded 116 as a yellow oil in 40% yield (25.6 mg, 0.08 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.27 (m, 5H), 5.08 (s, 2H), 5.03 (s, 1H), 4.14 (q, J = 7.10 

Hz, 2H), 3.35 (d, J = 6.36 Hz, 2H), 2.04 – 1.90 (m, 2H), 1.65 – 1.46 (m, 3H), 1.36 (tdd, J = 

21.86, 10.67, 3.41 Hz, 5H), 1.25 (t, J = 7.11 Hz, 4H). 

13C{1H} NMR (101 MHz, CDCl3) δ 176.1, 156.6, 136.7, 128.6, 128.2, 66.8, 60.8, 47.7, 47.6, 

31.5, 25.7, 22.5, 14.3. 

HRMS (ESI): [m/z] calculated for C18H25NNaO4 ([M+Na]+): 342.1675; Found: 342.1676. 
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Rf (cyHex/EtOAc, 1:1) = 0.34 [Ninhydrin]. 

117 

 

 

Synthesized following GP3 using B7 (65.1 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 2.0 

mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) 

afforded 117 as a yellow oil in 47% yield (31.3 mg, 0.09 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.27 (m, 5H), 5.19 – 5.11 (m, 1H), 5.08 (s, 2H), 4.13 (q, 

J = 7.12 Hz, 2H), 3.31 (d, J = 6.45 Hz, 2H), 2.02 – 1.88 (m, 2H), 1.62 – 1.45 (m, 10H), 1.25 

(t, J = 7.14 Hz, 4H). 

13C{1H} NMR (101 MHz, CDCl3) δ 177.4, 156.8, 136.7, 128.6, 128.4, 128.2, 66.8, 60.9, 50.4, 

47.9, 33.9, 30.7, 23.6, 14.3. 

HRMS (ESI): [m/z] calculated for C19H27NNaO4 ([M+Na]+): 356.1829; Found: 356.1832. 

Rf (cyHex/EtOAc, 1:1) = 0.25 [Ninhydrin]. 

118 

 

Synthesized following GP3 using B12 (54.3 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 

2.0 mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 

4:1) afforded 118 as a yellow oil in 59% yield (33.0 mg, 0.12 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.28 (m, 5H), 5.25 (s, 1H), 5.09 (s, 2H), 4.12 (q, J = 7.16 

Hz, 2H), 3.31 (d, J = 6.57 Hz, 2H), 1.24 (t, J = 7.13 Hz, 4H), 1.19 (s, 6H). 

13C{1H} NMR (101 MHz, CDCl3) δ 177.2, 156.8, 136.7, 128.6, 128.2, 128.2, 66.8, 60.9, 48.9, 

43.6, 23.1, 14.2. 

HRMS (ESI): [m/z] calculated for C15H21NNaO4 ([M+Na]+): 302.1471; Found: 302.1394. 

Rf (cyHex/EtOAc, 1:1) = 0.33 [Ninhydrin]. 
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119 

 

Synthesized following GP3 using B13 (62.7 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 

2.0 mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 

4:1) afforded 119 as a yellow oil in 33% yield (21.2 mg, 0.07 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.35 (d, J = 4.59 Hz, 5H), 5.19 – 5.11 (m, 1H), 5.09 (d, J = 3.77 

Hz, 2H), 4.13 (q, J = 7.13 Hz, 2H), 3.45 – 3.20 (m, 2H), 1.62 – 1.43 (m, 2H), 1.29 – 1.18 (m, 

7H), 1.16 (s, 3H), 0.87 (t, J = 7.03 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 176.8, 156.8, 136.8, 128.6, 128.5, 128.2, 66.8, 60.8, 47.5, 

47.1, 36.9, 26.5, 23.2, 20.5, 14.3, 14.0. 

HRMS (ESI): [m/z] calculated for C18H27NNaO4 ([M+Na]+): 344.1940; Found: 344.1928. 

Rf (cyHex/EtOAc, 1:1) = 0.28 [Ninhydrin]. 

120 

 

Synthesized following GP3 using B9 (66.7 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 2.0 

mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 4:1) 

afforded 120 as a yellow oil in 49% yield (33.5 mg, 0.10 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.25 (m, 10H), 5.23 (t, J = 6.58 Hz, 1H), 5.07 (s, 2H), 

4.17 (qd, J = 7.11, 4.48 Hz, 2H), 3.75 – 3.51 (m, 2H), 1.63 (s, 3H), 1.21 (t, J = 7.12 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 175.7, 156.7, 140.9, 136.7, 128.8, 128.6, 128.2, 128.2, 

127.4, 126.1, 66.8, 61.3, 52.0, 49.3, 20.6, 14.1. 

HRMS (ESI): [m/z] calculated for C20H23NNaO4 ([M+Na]+): 364.1519; Found: 364.1519. 

Rf (cyHex/EtOAc, 1:1) = 0.45 [Ninhydrin]. 

 

 



 

200 

 

126 

 

Synthesized following GP3 using B10 (59.9 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 

2.0 mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 

4:1) afforded 126 as a yellow oil in 67% yield (41.2 mg, 0.13 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.42 – 7.26 (m, 5H), 5.08 (d, J = 5.80 Hz, 2H), 4.94 (t, J = 6.22 

Hz, 1H), 4.20 – 4.07 (m, 2H), 3.56 (ddd, J = 13.39, 7.05, 3.73 Hz, 1H), 3.30 (ddd, J = 13.46, 

11.27, 5.43 Hz, 1H), 2.51 (dd, J = 11.23, 3.75 Hz, 1H), 1.24 (t, J = 7.15 Hz, 3H), 1.00 (s, 9H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.1, 156.4, 136.6, 128.6, 128.2, 128.2, 66.8, 60.4, 56.0, 

39.9, 32.6, 28.1, 14.4. 

HRMS (ESI): [m/z] calculated for C17H25NNaO4 ([M+Na]+): 330.1672; Found: 330.1676. 

Rf (cyHex/EtOAc, 1:1) = 0.22 [Ninhydrin]. 

127 

 

Synthesized following GP3 using B11 (65.0 mg, 0.2 mmol, 1.0 equiv.) and EtOH (113 µL, 

2.0 mmol, 10.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 

4:1) afforded 127 as a yellow oil in 95% yield (63.3 mg, 0.19 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.28 (m, 5H), 5.18 – 5.04 (m, 3H), 4.25 – 4.01 (m, 2H), 

3.48 (ddd, J = 13.64, 6.60, 3.98 Hz, 1H), 3.34 (ddd, J = 13.67, 9.31, 5.73 Hz, 1H), 2.51 – 

2.37 (m, 1H), 1.78 – 1.57 (m, 6H), 1.25 (t, J = 7.13 Hz, 3H), 1.22 – 0.92 (m, 5H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.7, 156.4, 136.7, 128.6, 128.2, 128.2, 66.8, 60.6, 51.5, 

40.2, 38.4, 30.8, 30.4, 26.3, 14.4. 

HRMS (ESI): [m/z] calculated for C19H27NNaO4 ([M+Na]+): 356.1840; Found: 356.1832. 

Rf (cyHex/EtOAc, 1:1) = 0.20 [Ninhydrin]. 
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111 

 

Synthesized following GP3 using 109 (76.9 mg, 0.2 mmol, 1.0 equiv.) and benzyl alcohol 

(41.3 µL, 0.4 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded 111 as a yellowish oil in 82% yield (74.5 mg, 0.16 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.28 (m, 10H), 5.14 (s, 2H), 5.06 (s, 2H), 4.98 (t, J = 

6.59 Hz, 1H), 4.10 (q, J = 7.12 Hz, 2H), 3.78 (d, J = 13.73 Hz, 2H), 3.38 (d, J = 6.31 Hz, 2H), 

3.12 (t, J = 11.08 Hz, 2H), 2.07 (dd, J = 10.53, 6.49 Hz, 2H), 1.45 (ddd, J = 13.88, 9.82, 4.14 

Hz, 2H), 1.23 (t, J = 7.16 Hz, 4H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.5, 156.6, 155.5, 136.4, 135.7, 128.8, 128.6, 128.6, 

128.3, 128.3, 128.2, 67.1, 67.0, 61.4, 47.6, 46.9, 40.7, 30.7, 14.8. 

HRMS (ESI): [m/z] calculated for C25H30N2NaO6 ([M+Na]+): 477.1997; Found: 477.1996. 

Rf (cyHex/EtOAc, 1:1) = 0.30 [Ninhydrin]. 

131 

 

Synthesized following GP3 using B3 (62.7 mg, 0.2 mmol, 1.0 equiv.) and benzyl alcohol 

(41.3 µL, 0.4 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded 131 as a yellow oil in 75% yield (57.5 mg, 0.15 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.28 (m, 10H), 5.15 (s, 2H), 5.07 (s, 2H), 5.04 – 4.92 (m, 

1H), 3.81 (dt, J = 12.00, 4.45 Hz, 2H), 3.49 (ddd, J = 12.14, 9.55, 2.79 Hz, 2H), 3.41 (d, J = 

6.60 Hz, 2H), 2.08 (dt, J = 13.80, 3.53 Hz, 2H), 1.55 (ddd, J = 13.75, 9.60, 4.11 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.6, 156.6, 136.4, 135.7, 128.8, 128.6, 128.5, 128.3, 

128.3, 128.2, 67.0, 66.9, 64.7, 48.0, 46.0, 31.4. 

HRMS (ESI): [m/z] calculated for C22H25NO5 ([M-H]-): 384.1805; Found: 384.1811. 

Rf (cyHex/EtOAc, 1:1) = 0.40 [Ninhydrin]. 
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132 

 

Synthesized following GP3 using 109 (76.9 mg, 0.2 mmol, 1.0 equiv.) and benzyl amine 

(43.7 µL, 0.4 mmol, 2.0 equiv.). Purification via flash chromatography using silica gel 

(CyHex/EtOAc, 4:1) afforded 132 as a yellow oil in 77% yield (69.8 mg, 0.15 mmol). 

1H NMR (300 MHz, CDCl3) δ 7.49 – 7.12 (m, 11H), 6.49 (t, J = 5.66 Hz, 1H), 5.06 (s, 2H), 

4.40 (d, J = 5.64 Hz, 2H), 4.10 (q, J = 7.10 Hz, 2H), 3.76 – 3.49 (m, 2H), 3.39 (d, J = 5.88 

Hz, 4H), 1.92 (ddd, J = 13.66, 6.94, 3.69 Hz, 2H), 1.54 (ddd, J = 13.14, 8.53, 3.73 Hz, 2H), 

1.24 (t, J = 7.09 Hz, 4H). 

13C{1H} NMR (75 MHz, CDCl3) δ 174.2, 156.8, 155.5, 138.2, 136.4, 128.8, 128.6, 128.2, 

128.1, 127.6, 127.6, 66.9, 61.4, 46.8, 46.0, 43.8, 40.4, 30.9, 14.7. 

HRMS (ESI): [m/z] calculated for C25H31N3O5 ([M-H]-): 454.2354; Found: 454.2342. 

Rf (cyHex/EtOAc, 1:1) = 0.40 [Ninhydrin]. 
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Synthesis & Characterisation of -Amino acids 

General procedure 4 (GP4): This procedure was adapted from a report by Sun and co-

workers.316 Cs2CO3 (130.4 mg, 0.4 mmol, 2.0 equiv.) was added to a solution of the desired 

malononitrile (0.2 mmol, 1.0 equiv.) in MeCN (2.0 mL, 0.1 M), and H2O2 (35 wt%, 10.0 

equiv.) was added dropwise. The solution was stirred for 16 h at room temperature, then 

concentrated in vacuo. The reaction was then diluted with CH2Cl2 and washed with aqueous 

sat. NaHCO3 solution three times. The combined aqueous phases were acidified with 1.0 M 

HCl until a pH of 2 was reached, and then extracted with EtOAc five times. The combined 

organic phases were dried over anhydrous Na2SO4, filtered, and concentrated to give the 

desired product. 

 

Figure S5. Synthesised -amino acids. 

Product 136 

 

Synthesized following GP4 using 109 (76.9 mg, 0.2 mmol, 1.0 equiv.). 136 was isolated as a 

yellowish solid in 60% yield (43.7 mg, 0.12 mmol). 

1H NMR (600 MHz, CD3CN) δ 7.66 – 7.34 (m, 5H), 5.98 (d, J = 7.07 Hz, 1H), 5.21 (s, 2H), 

4.22 (q, J = 7.09 Hz, 2H), 3.98 – 3.91 (m, 2H), 3.45 (d, J = 6.41 Hz, 2H), 1.57 – 1.48 (m, 2H), 

1.37 (t, J = 7.10 Hz, 3H). 

13C{1H} NMR (101 MHz, CD3CN) δ 176.9, 157.7, 156.2, 138.2, 129.4, 128.8, 128.6, 66.9, 

61.9, 48.7, 47.5, 41.7, 31.4, 14.9. 

HRMS (ESI): [m/z] calculated for C18H24N2NaO6 ([M+Na]+): 387.1527; Found: 387.1527. 
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Product 137 

 

Synthesized following GP4 using B3 (62.7 mg, 0.2 mmol, 1.0 equiv.). 137 was isolated as a 

yellowish solid in 73% yield (42.8 mg, 0.15 mmol). 

1H NMR (400 MHz, CD3CN) δ 7.58 – 7.16 (m, 5H), 5.84 (s, 1H), 5.07 (s, 2H), 3.79 (dt, J = 

12.00, 4.19 Hz, 2H), 3.46 (d, J = 9.78 Hz, 2H), 3.34 (d, J = 6.70 Hz, 2H), 2.00 – 1.89 (m, 

2H), 1.50 (ddd, J = 14.19, 10.31, 4.26 Hz, 2H). 

13C{1H} NMR (101 MHz, CD3CN) δ 176.7, 157.8, 138.3, 129.5, 128.9, 128.6, 67.0, 65.4, 

49.0, 46.7, 32.3. 

HRMS (ESI): [m/z] calculated for C15H18NO5 ([M-H]-): 292.1182; Found: 292.1190. 

Product 138 

 

Synthesized following GP4 using B4 (65.9 mg, 0.2 mmol, 1.0 equiv.). 138 was isolated as a 

yellowish solid in 55% yield (37.6 mg, 0.11 mmol). 

1H NMR (400 MHz, CD3CN) δ 7.45 – 7.26 (m, 3H), 5.93 (s, 0H), 5.06 (s, 1H), 3.35 (d, J = 

6.72 Hz, 1H), 3.13 – 2.84 (m, 2H), 2.37 (d, J = 13.61 Hz, 1H), 1.98 (s, 2H). 

13C{1H} NMR (101 MHz, CD3CN) δ 175.2, 157.8, 138.1, 129.4, 128.8, 128.6, 67.1, 48.7, 

48.1, 47.1, 30.2. 

HRMS (ESI): [m/z] calculated for C15H18NO6S ([M-H]-): 340.0860; Found: 340.0860. 

Product 139 

 

Synthesized following GP4 using B8 (87.7 mg, 0.2 mmol, 1.0 equiv.). 139 was isolated as an 

orange oil in 40% yield (33.5 mg, 0.08 mmol). 
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1H NMR (600 MHz, CD3CN) δ 7.35 (dq, J = 14.32, 7.37 Hz, 5H), 5.75 (d, J = 6.88 Hz, 1H), 

5.03 (s, 2H), 4.07 (s, 2H), 3.12 (d, J = 6.78 Hz, 2H), 2.26 (d, J = 14.12 Hz, 2H), 1.80 (s, 2H), 

1.67 (d, J = 26.14 Hz, 4H), 1.42 (s, 9H). 

13C{1H} NMR (101 MHz, CD3CN) δ 178.0, 157.7, 154.2, 138.1, 129.4, 128.8, 128.6, 79.7, 

66.9, 54.0, 53.2, 52.4, 45.0, 35.8, 35.2, 28.6, 27.7, 26.9. 

HRMS (ESI): [m/z] calculated for C22H29N2O6 ([M-H]-): 417.2029; Found: 417.2031. 

Product 140 

 

Synthesized following GP4 using B6 (59.5 mg, 0.2 mmol, 1.0 equiv.). 140 was isolated as a 

yellowish oil in 43% yield (23.8 mg, 0.09 mmol). 

1H NMR (400 MHz, CD3CN) δ 7.50 – 7.18 (m, 5H), 5.71 (s, 1H), 5.05 (s, 2H), 3.30 (d, J = 

6.48 Hz, 2H), 2.00 – 1.93 (m, 2H), 1.70 – 1.55 (m, 6H). 

13C{1H} NMR (101 MHz, CD3CN) δ 178.8, 157.8, 138.4, 129.4, 128.8, 128.6, 66.8, 55.1, 

47.4, 34.7, 26.0. 

HRMS (ESI): [m/z] calculated for C15H18NO4 ([M-H]-): 276.1236; Found: 276.1241. 

Product 141 

 

Synthesized following GP4 using B7 (65.1 mg, 0.2 mmol, 1.0 equiv.). 141 was isolated as a 

yellow oil in 45% yield (27.5 mg, 0.09 mmol). 

1H NMR (400 MHz, CD3CN) δ 7.43 – 7.24 (m, 5H), 5.64 (s, 1H), 5.04 (s, 2H), 3.24 (d, J = 

6.58 Hz, 2H), 2.00 – 1.91 (m, 2H), 1.51 (s, 10H). 

13C{1H} NMR (101 MHz, CD3CN) δ 178.4, 157.7, 138.4, 129.4, 128.8, 128.6, 66.8, 51.2, 

49.0, 34.3, 31.0, 24.1. 

HRMS (ESI): [m/z] calculated for C17H22NO4 ([M-H]-): 304.1557; Found: 304.1554. 
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Product 142 

 

Synthesized following GP4 using B12 (54.3 mg, 0.2 mmol, 1.0 equiv.). 142 was isolated as a 

yellow oil in 88% yield (44.2 mg, 0.18 mmol). 

1H NMR (400 MHz, CD3CN) δ 7.44 – 7.25 (m, 5H), 5.74 (s, 1H), 5.05 (s, 2H), 3.24 (d, J = 

6.59 Hz, 3H), 1.12 (s, 6H). 

13C{1H} NMR (101 MHz, CD3CN) δ 179.0, 157.7, 138.4, 129.4, 128.8, 128.6, 66.9, 49.5, 

44.0, 23.3. 

HRMS (ESI): [m/z] calculated for C13H16NO4 ([M-H]-): 250.1081; Found: 250.1085. 

Product 143 

 

Synthesized following GP4 using B11 (65.0 mg, 0.2 mmol, 1.0 equiv.). 143 was isolated as a 

yellowish oil in 30% yield (18.3 mg, 0.06 mmol). 

1H NMR (400 MHz, CD3CN) δ 7.52 – 7.17 (m, 5H), 5.70 (s, 1H), 5.04 (s, 2H), 3.43 – 3.16 (m, 

2H), 1.79 – 1.49 (m, 7H), 1.27 – 1.01 (m, 5H). 

13C{1H} NMR (101 MHz, CD3CN) δ 175.7, 157.3, 138.4, 129.4, 128.8, 128.6, 66.8, 52.2, 

41.2, 38.9, 31.2, 31.2, 30.3, 27.0, 26.9. 

HRMS (ESI): [m/z] calculated for C17H22NO4 ([M-H]-): 304.1555; Found: 304.1554. 

Product 144 

 

Synthesized following GP4 using B10 (59.9 mg, 0.2 mmol, 1.0 equiv.). 144 was isolated as a 

yellow oil in 54% yield (30.2 mg, 0.11 mmol). 
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1H NMR (400 MHz, CD3CN) δ 7.53 – 7.13 (m, 5H), 5.68 (s, 1H), 5.04 (s, 2H), 3.47 – 3.19 (m, 

2H), 2.41 (dd, J = 11.01, 3.65 Hz, 1H), 0.98 (s, 9H). 

13C{1H} NMR (101 MHz, CD3CN) δ 175.5, 157.2, 138.4, 129.4, 128.8, 128.6, 66.8, 56.5, 

40.7, 32.6, 28.0. 

HRMS (ESI): [m/z] calculated for C15H20NO4 ([M-H]-): 278.1396; Found: 278.1398. 

Product 145 

 

Synthesized following GP4 using B15 (86.7 mg, 0.2 mmol, 1.0 equiv.). 145 was isolated as a 

yellowish oil in 48% yield (39.7 mg, 0.10 mmol). 

1H NMR (400 MHz, CDCl3) δ 4.12 (t, J = 7.11 Hz, 2H), 4.08 (d, J = 2.62 Hz, 2H), 4.02 (s, 

2H), 3.60 (t, J = 5.24 Hz, 4H), 3.41 (dd, J = 6.40, 4.10 Hz, 2H), 2.91 (s, 2H), 2.12 (d, J = 

13.28 Hz, 2H), 1.46 (s, 11H), 1.23 (d, J = 7.08 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 177.4, 167.6, 155.7, 154.0, 81.4, 61.6, 56.0, 48.9, 47.8, 

46.9, 41.2, 40.7 & 40.3 (rotamers, 1C), 31.8, 28.4, 14.8. 

HRMS (ESI): [m/z] calculated for C19H30N3O7 ([M-H]-): 412.2085; Found: 412.2089. 
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Derivatisation & Deprotection Reactions  

Dipeptide A 

 

Under N2, 136 (182.2 mg, 0.5 mmol, 1 equiv.), EDCl (155 mg, 1.0 mmol, 2 equiv.), DMAP 

(61.3 mg, 0.5 mmol, 1 equiv.), and glycine methyl ester hydrochloride (62.8 mg, 0.5 mmol, 1 

equiv.) were dissolved in dry DCM (10 mL. 0.05 M). Et3N (139.4 µL, 1.0 mmol, 2 equiv.), was 

added dropwise, and the reaction was stirred at room temperature for 18 hours. Afterwards, 

the reaction was quenched with 1 M HCl and extracted with DCM. The organic phases were 

then washed with sat. NaHCO3 (aq.), dried over anhydrous Na2SO4, filtered, and 

concentrated. Purification via flash chromatography using silica gel (DCM/EtOAc/MeOH, 1:1 

+ 2%) afforded the product as a yellow oil in 20% yield (43.5 mg, 0.10 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.33 (s, 3H), 6.34 (t, J = 5.78 Hz, 1H), 5.71 (t, J = 6.68 Hz, 1H), 

5.08 (s, 1H), 4.10 (q, J = 7.11 Hz, 1H), 4.06 – 3.93 (m, 1H), 3.74 (s, 3H), 3.38 (d, J = 6.65 

Hz, 1H), 3.31 – 3.18 (m, 1H), 1.94 (dt, J = 14.59, 4.21 Hz, 1H), 1.55 (t, J = 11.11 Hz, 1H), 

1.23 (t, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 174.9, 170.9, 157.0, 155.6, 136.7, 128.6, 128.2, 128.1, 

66.9, 61.5, 52.7, 47.8, 46.5, 41.5, 40.7, 30.8, 14.8. 

Rf (DCM/EtOAc/MeOH, 1:1 + 2%) = 0.33 [Ninhydrin]. 

Dipeptide B 

 

Under N2, 137 (146.7 mg, 0.5 mmol, 1 equiv.), EDCl (155 mg, 1.0 mmol, 2 equiv.), DMAP 

(61.3 mg, 0.5 mmol, 1 equiv.), and glycine methyl ester hydrochloride (62.8 mg, 0.5 mmol, 1 

equiv.) were dissolved in dry DCM (10 mL. 0.05 M). Et3N (139.4 µL, 1.0 mmol, 2 equiv.), was 

added dropwise, and the reaction was stirred at room temperature for 18 hours. Afterwards, 

the reaction was quenched with 1 M HCl and extracted with DCM. The organic phases were 

then washed with sat. NaHCO3 (aq.), dried over anhydrous Na2SO4, filtered, and 
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concentrated. Purification via flash chromatography using silica gel (DCM/EtOAc/MeOH, 1:1 

+ 2%) afforded the product as a yellow oil in 20% yield (29.3 mg, 0.10 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.26 (m, 5H), 6.31 (t, J = 5.19 Hz, 1H), 5.75 (t, J = 6.60 

Hz, 1H), 5.09 (s, 2H), 4.02 (d, J = 5.78 Hz, 2H), 3.80 (ddd, J = 11.78, 5.89, 3.93 Hz, 2H), 

3.75 (s, 3H), 3.57 (ddd, J = 11.77, 8.46, 3.02 Hz, 2H), 3.41 (d, J = 6.61 Hz, 2H), 2.00 – 1.89 

(m, 2H), 1.64 (ddd, J = 13.19, 8.39, 3.67 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 175.2, 171.0, 157.0, 136.6, 128.6, 128.2, 128.1, 66.9, 

64.5, 52.7, 47.9, 45.6, 41.5, 31.4. 

Rf (DCM/EtOAc/MeOH, 1:1 + 2%) = 0.34 [Ninhydrin]. 

Deprotection of 111 

 

To a solution of 111 in MeOH (1 mL, 0.1 M), LiOH (2.6 mg, 0.11 mmol, 1.1 equiv.) was 

added. The reaction was stirred at room temperature for 16 h. Purification via celite filtration 

afforded 136 as a white solid in 95% yield (34.6 mg, 0.095 mmol). 
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Quantum Yield Determination 

Determination of the light intensity at 440 nm 

Following the procedure of Yoon, the photon flux of the LED (max = 440 nm) was determined 

by standard ferrioxalate actinometry.317 A 0.15 M solution of ferrioxalate was prepared by 

dissolving potassium ferrioxalate trihydrate (0.73 g) in H2SO4 (10 mL of a 0.05 M solution). A 

buffered solution of 1,10-phenanthroline was prepared by dissolving 1,10-phenanthroline (25 

mg) and sodium acetate (5.6 g) in H2SO4 (25 mL of a 0.50 M solution). Both solutions were 

stored in the dark. To determine the photon flux of the LED, the ferrioxalate solution (1.0 mL) 

was placed in a cuvette and irradiated for 120 seconds at max = 440 nm. After irradiation, 

the phenanthroline solution (175 µL) was added to the cuvette and the mixture was allowed 

to stir in the dark for 1 h to allow the ferrous ions to fully coordinate to the phenanthroline. 

The absorbance of the solution was measured at 510 nm. A non-irradiated sample was also 

prepared, and the absorbance was measured at 510 nm. Conversion was calculated using 

eq. S1. 

    (eq. S1) 

where V is the total volume (0.001175 L) of the solution after addition of phenanthroline, A 

is the difference in absorbance at 510 nm between the irradiated and non-irradiated 

solutions, l is the path length (1.00 cm), and ε is the molar absorptivity of the ferrioxalate 

actinometer at 510 nm (11,100 Lmol-1cm-1). With this data, the photon flux was calculated 

using eq. S2. 

    (eq. S2) 

where  is the quantum yield for the ferrioxalate actinometer (1.01 at ex = 437 nm), t is the 

irradiation time (120 s), and f is the fraction of light absorbed at ex = 437 nm by the 

ferrioxalate actinometer. This value was calculated using eq. S3 where A (440 nm) is the 

absorbance of the ferrioxalate solution at 440 nm. An absorption spectrum gave an A (440 

nm) value of > 3, indicating that the fraction of absorbed light (f) is > 0.999. 

    (eq. S3) 

The photon flux was thus calculated (as an average of three experiments) to be 8.84367 x 

10-11 einsteins s-1. 
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Determination of the Reaction Quantum Yield 

A reaction under the standard conditions using 108 (21.9 mg, 0.1 mmol, 1.0 equiv.) and Z-

glycine in MeCN (0.1 mL, 0.1 M) was irradiated at 440 nm for 3600 sec. Afterwards, the 

solvent was removed and CD3Cl added, followed by the addition of trichloroethylene (8.89 

µL, 0.1 mmol, 1.0 equiv.) was added as an internal standard, and an aliquot of the reaction 

mixture was then analysed by 1H NMR. The desired product 109 was formed (as an average 

of three experiments) in 82% yield (8.2 x 10-5 mol). The reaction quantum yield () was 

determined using eq. S4, where the photon flux is 8.84367 x 10-11 einsteins s-1 (determined 

by actinometry as described above), t is the reaction time (3600 s) and f is the fraction of 

incident light absorbed by the reaction mixture, determined using eq. S3. An absorption 

spectrum of the reaction mixture gave an absorbance value of 3.37148 at 437 nm, thus f 

was determined to be a value of 0.9996. 

    (eq. S4) 

Hence, the reaction quantum yield () was thus determined to be 275.67. 
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Chapter IIB: Synthesis of Polar Spirocyclic Scaffolds 

Optimisation of Reaction Conditions 

Giese-type Reaction: 

General protocol for optimisation reactions: 109 (21.9 mg, 1.0 equiv. 0.1 mmol) and a 

base (2.0 equiv.) were added to an 8 mL microwave vial. Solvent (1 mL, 0.1 M) was added 

and the reaction was heated at varies temperatures for 24 h. The residue was filtered 

through a plug of celite and washed with EtOAc. After removal of the solvent, the yields of 

the product and remaining starting material were calculated by 1H NMR using 

trichloroethylene (9.0 µl, 0.1 mmol, 1.0 equiv.) as internal standard. 

Table S3. Optimisation studies. 

 

Entry Solvent (M) Base (equiv.) Temp. (°C) Time (h) 111 (%) 110 left (%) 

1 CD3CN (0.1) Cs2CO3 (2) 24 16 <20 60 

2 CD3CN (0.1) Cs2CO3 (2) 50 16 >95 0 

3 CH3CN (0.1) K2CO3 (2) 50 16 75 0 
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Conversion of Malononitrile Intermediate 110 into Spirocyclic Species 111 

110 (38.4 mg, 1.0 equiv. 0.1 mmol) and K2CO3 (27.6 mg, 2.0 equiv., 0.2 mmol) were added 

to an 8 mL microwave vial and purged with N2 (10 minutes under vacuum then open to N2, 

repeated three times). Next, 1,4-dioxane (1 mL, 0.1 M) was added and the reaction stirred at 

60 °C. After a given time, the residue was filtered through a plug of celite and washed with 

EtOAc. After removal of the solvent, the yields of the product and remaining starting material 

were calculated by 1H NMR using trichloroethylene (9.0 µl, 0.1 mmol, 1.0 equiv.) as internal 

standard. 

 

Scheme S6. Base-mediated conversion of 110 into spirocycle 111 after 4 h (10%) and 18 h (94%). 

Synthesis & Characterisation of Starting materials 

Alkylidenemalononitriles 

General procedure 1 (GP1): Adapted from a procedure reported by Grenning and co-

workers.313 The corresponding cyclic ketone (1.0 equiv.) was dissolved in toluene (1.0 M). 

Malononitrile (1.0 equiv.), ammonium acetate (0.1 equiv.), and toluene/glacial acetic acid 

(3:1 v/v, 1.0 M total) were added. The reaction was heated with an oil bath at reflux (110-120 

°C) with a Dean-Stark apparatus until completion (monitored by TLC). The reaction was then 

concentrated and quenched with 2N aq. HCl. The aqueous layer was extracted with ethyl 

acetate and the combined organic phases were washed with NaHCO3, dried over anhydrous 

Na2SO4, filtered, and concentrated. The residue was purified by flash chromatography to 

afford the targeted products. 

General procedure 2 (GP2): Adapted from a procedure reported by Wang and co-

workers.318 A round bottom flask was charged with the cyclic ketone (1.0 equiv.) 

malononitrile (1.0 equiv.), DABCO (0.99 mmol, 15 mol%) and H2O (0.66 M). The mixture 

was stirred at room temperature until a solid precipitated, which was subsequently filtered 

and dried. If needed, the residue was purified by flash chromatography to afford the targeted 

products. 
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General procedure 3 (GP3): A round bottom flask was charged with the ketone (1.0 equiv.), 

malononitrile (1.0 equiv.), piperidine (0.1 equiv.) and EtOH (0.5 M). The mixture was stirred 

at room temperature for 0.5–4 h, then the resulting precipitate was filtered, and the residue 

was recrystallized from ethanol to obtain the targeted product. 

 

Figure S7. Synthesised alkylidenemalononitriles (overlapping compounds with Project IIA can be 

found in the section above). 

2-(1-nicotinoylpiperidin-4-ylidene)malononitrile (B20) 

N

CNNC

O

N  

Synthesized following GP1 using 1-isonicotinoylpiperidin-4-one (380 mg, 1.86 mmol, 1.0 

equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 4:1 → 1:1) 

afforded B20 as a pale orange solid in 58% yield (200 mg, 1.08 mmol). 

1H NMR (600 MHz, CDCl3) δ 8.69 (d, 2H), 7.77 (d, J = 7.84 Hz, 1H), 7.39 (d, J = 7.86, 4.99 

Hz, 1H), 4.06 – 3.49 (m, 4H), 3.06 – 2.54 (m, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ 177.3, 168.3, 151.7, 148.0, 135.2, 130.5, 123.8, 110.9, 

85.8. 

HRMS (ESI): [m/z] calculated for C14H11N4O ([M-H]+): 251.0938; Found: 251.0938. 

Rf (cyHex/EtOAc, 4:1) = 0.28 [CAM] 
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2-(1-(pyrazine-2-carbonyl)piperidin-4-ylidene)malononitrile (B21) 

N

CNNC

O

N

N

 

Synthesized following GP1 using tert-butyl 4-oxopiperidine-1-carboxylate (0.5 g, 2.4 mmol, 

1.0 equiv.). Purification via flash chromatography using silica gel (DCM/EtOAc 2:1) afforded 

B21 as a light brown solid in 76% yield (0.48 g, 1.9 mmol). 

1H NMR (600 MHz, CDCl3) δ 9.06 (d, J = 1.5 Hz, 1H), 8.71 (d, J = 2.5 Hz, 1H), 8.55 (d, J = 

1.9 Hz, 1H), 3.99 (t, J = 6.0 Hz, 2H), 3.88 (t, J = 5.8 Hz, 2H), 2.94 (dt, J = 9.2, 5.7 Hz, 4H). 

13C{1H} NMR (101 MHz, CDCl3) δ 178.0, 165.2, 148.2, 146.5, 146.3, 142.4, 85.7, 46.6, 42.8, 

34.6, 33.7. 

HRMS (ESI): [m/z] calculated for C13H12N5O ([M+H]+): 254.1040; Found: 254.1036. 

Rf (DCM/EtOAc, 1:1) = 0.35 [CAM] 

2-(1-(thiophene-2-carbonyl)piperidin-4-ylidene)malononitrile (B22) 

N

CNNC

O

S  

Synthesized following GP1 using 1-(thiophene-2-carbonyl) piperidine-4-one (500 mg, 2.4 

mmol, 1.0 equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 

3:1) afforded B22 as a yellow solid in 48% yield (308 mg, 1.2 mmol). 

1H NMR (400 MHz, CDCl3): δ 7.53 (dd, J = 5.0, 1.1 Hz, 1H), 7.36 (dd, J = 3.7, 1.1 Hz, 1H), 

7.10 (dd, J = 5.0, 3.7 Hz, 1H), 3.93 (t, 4H), 2.84 (t, 4H). 

13C{1H} NMR (101 MHz, CDCl3): δ 178.1, 164.2, 135.8, 129.9, 129.8f, 127.3, 111.0, 85.5, 

34.1, 31.0. 

HRMS (ESI): [m/z] calculated for C13H11N3NaOS ([M+Na]+): 280.0515; Found: 280.0510. 

1-(tert-butyl) 2-ethyl (S)-4-(dicyanomethylene)piperidine-1,2-dicarboxylate (B23) 
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N

CNNC

Boc

CO2Et

 

Synthesized following GP1 using 1-(tert-butyl) 2-ethyl (S)-4-oxopiperidine-1,2-dicarboxylate 

(5.0 g, 29.2 mmol, 1.0 equiv.). Purification via flash chromatography using silica gel 

(cyclohexane/EtOAc 5:1) afforded B23 as a white solid in 58% yield (100 mg, 16.9 mmol). 

1H NMR (400 MHz, CDCl3) δ 5.11 (d, J = 98.4 Hz, 1H), 4.34 – 4.13 (m, 3H), 3.49 (dd, J = 

27.5, 14.6 Hz, 1H), 3.14 (d, J = 15.1 Hz, 1H), 2.95 (d, J = 14.0 Hz, 1H), 2.79 – 2.64 (m, 1H), 

2.54 (s, 1H), 1.48 (s, 9H), 1.30 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 176.8, 169.3, 111.0, 111.0, 86.2, 81.9, 62.4, 55.3, 54.6, 

41.6, 40.4, 34.9, 33.3, 28.3, 14.2. 

HRMS (ESI): [m/z] calculated for C16H21N3NaO4 ([M+Na]+): 342.1430; Found: 342.1424. 

Rf (cyHex/EtOAc, 5:1) = 0.2 [Ninhydrin] 

Rf (cyHex/EtOAc, 4:1) = 0.18 [Ninhydrin] 

2-(4,4-difluorocyclohexylidene)malononitrile (B24) 

CNNC

F F  

Synthesized following GP1 using tert-butyl 4-oxopiperidine-1-carboxylate (0.5 g, 3.73 mmol, 

1.0 equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 3:1) 

afforded B24 as a white solid in 70% yield (479 mg, 2.61 mmol). 

1H NMR (600 MHz, CDCl3) δ 2.90 (dd, J = 7.7, 5.9 Hz, 2H), 2.19 (tt, J = 13.1, 6.8 Hz, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ 177.7, 120.7 (t, JC–F = 242.3 Hz), 111.1, 85.9, 33.2 (t, JC–F 

= 25.8 Hz), 30.1 (t, JC–F = 5.4 Hz).  

19F NMR -100.0 (p, J = 12.68 Hz) 

HRMS (ESI): [m/z] calculated for C9H7F2N2Na ([M-H]-): 181.0584; Found: 181.0583. 

Rf (cyHex/EtOAc, 4:1) = 0.48 [Ninhydrin] 
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2-(4-(trifluoromethyl)cyclohexylidene)malononitrile (B25) 

CNNC

CF3  

Synthesized following GP1 using 4-(trifluoromethyl)cyclohexan-1-one (0.5 g, 3.01 mmol, 1.0 

equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 4:1) 

afforded B25 as a white solid in 85% yield (0.55 g, 2.56 mmol). 

1H NMR (600 MHz, CDCl3) δ 3.15 (d, J = 14.9 Hz, 2H), 2.47 – 2.34 (m, 3H), 2.27 (dd, J = 

13.5, 3.6 Hz, 2H), 1.65 (qd, J = 12.9, 4.2 Hz, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 180.4, 126.7 (q, JC–F = 278.6 Hz), 111.2, 84.6, 40.3 (q, JC–

F = 27.8 Hz), 32.2, 25.5 (q, JC–F = 2.7 Hz). 

19F {1H} NMR (376 MHz, CDCl3) δ -73.00. 

HRMS (ESI): [m/z] calculated for C10H8F3N2 ([M-H]-): 213.0646; Found: 213.0645. 

Rf (cyHex/EtOAc, 1:1) = 0.5 [CAM] 

ethyl 4-(dicyanomethylene)cyclohexane-1-carboxylate (B26) 

CNNC

CO2Et  

Synthesized following GP2 using ethyl 4-oxo-cyclohexane-1-carboxylate (0.52 mL, 3.3 

mmol, 1.0 equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 

3:1) afforded B26 as a colorless oil in 71% yield (500 mg, 2.3 mmol). Characterization data 

matches the literature. 

1H NMR (400 MHz, CDCl3) δ 4.16 (q, J = 7.12 Hz, 2H), 2.94 (dt, J = 14.59, 5.22 Hz, 2H), 

2.66 (tt, J = 8.91, 4.08 Hz, 1H), 2.54 (ddd, J = 14.77, 10.05, 4.92 Hz, 2H), 2.15 (dt, J = 

14.04, 5.06 Hz, 2H), 1.92 (dtd, J = 13.91, 9.54, 4.42 Hz, 2H), 1.26 (t, J = 7.11 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 182.5, 173.4, 111.5, 83.7, 61.1, 40.6, 32.7, 29.1, 14.3. 
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Benzyl (4-(dicyanomethylene)cyclohexyl)carbamate (B27) 

CNNC

NHCbz  

Synthesized following GP1 using tert-butyl 4-oxopiperidine-1-carboxylate (0.5 g, 2.02 mmol, 

1.0 equiv.). Purification via flash chromatography using silica gel (cyclohexane/EtOAc 2:1) 

afforded B27 as a white solid in 36% yield (216 mg, 0.73 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.41 – 7.28 (m, 5H), 5.11 (s, 2H), 4.66 (s, 1H), 3.86 (s, 1H), 

3.00 (d, J = 15.10 Hz, 2H), 2.59 – 2.44 (m, 2H), 2.26 (d, J = 8.82 Hz, 2H), 1.52 (dd, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 181.4, 155.7, 136.2, 128.7, 128.5, 128.3, 111.4, 84.2, 

67.1, 48.0, 32.8, 32.3. 

HRMS (ESI): [m/z] calculated for C17H16N3O2 ([M-H]-): 294.1246; Found: 294.1248. 

Rf (cyHex/EtOAc, 1:1) = 0.45 [CAM] 

2-(1-benzyl-2-oxoindolin-3-ylidene)malononitrile (B28) 

CNNC

N

O

Bn  

Synthesized following GP3 using 1-benzylindoline-2,3-dione (1.0 g, 4.2 mmol, 1.0 equiv.). 

B28 was isolated as a red solid in 83% yield (1.0 g, 3.5 mmol). Characterization data 

matches the literature.319 

1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 6.76 Hz, 1H), 7.47 (td, J = 7.85, 1.22 Hz, 1H), 7.39 

– 7.28 (m, 5H), 7.11 (td, J = 7.75, 0.94 Hz, 1H), 6.79 (d, J = 6.43 Hz, 1H), 4.91 (s, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 162.7, 149.3, 146.3, 137.8, 134.3, 129.2, 128.5, 127.6, 

126.9, 124.0, 118.4, 112.4, 110.8, 110.7, 82.9, 44.3. 
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Synthesis & Characterisation of Polar Spirocycles 

General procedure for reactions with Cbz-glycine (GP6): The corresponding 

alkylidenemalononitrile derivative (1.0 equiv. 0.50 mmol), Ir-F (1 mol%, 5.5 mg), K2CO3 (5.0 

equiv.) and Cbz-glycine (209.2 mg, 1.00 mmol, 2.0 equiv.) were added to an 8 mL 

microwave vial and purged with N2 (5 minutes under vacuum then open to N2, repeated 

three times). 1,4-dioxane (5.0 mL, 0.1 M) was added and the reaction was bubbled with N2 

for 5 minutes. The vial was then sealed, wrapped with parafilm, and irradiated at 440 nm, 60 

°C for 12 hours. The residue was either: a) filtered through a plug of celite and washed with 

EtOAc to afford the pure product after solvent evaporation; or b) purified by flash 

chromatography to afford the targeted product. 

111 

N NH2

CN

Cbz

N
EtO2C

 

Synthesized following GP6 using 108 (109.6 mg, 0.50 mmol, 1.0 equiv.). Purification via 

celite filtration afforded 111 as a white solid in 95% yield (182 mg, 0.47 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.42 – 7.34 (m, 5H), 6.07 (s, 2H), 5.20 (s, 2H), 4.12 (q, J = 7.1 

Hz, 2H), 3.99 (d, J = 13.6 Hz, 2H), 3.64 (s, 2H), 3.06 – 2.92 (m, 2H), 1.78 (ddd, J = 14.8, 

11.1, 4.4 Hz, 2H), 1.53 (d, J = 13.8 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 155.5, 153.0, 149.9, 134.9, 129.0, 128.9, 128.6, 118.6, 

68.4, 61.8, 61.6, 56.7, 40.8, 40.2, 36.4, 14.8. 

HRMS (ESI): [m/z] calculated for C20H24N4NaO4 ([M+Na]+): 407.1690; Found: 407.1691. 

Rf (cyHex/EtOAc, 4:1) = 0.35 [Ninhydrin] 

201 

N NH2

CN

Cbz

N
Boc

 

Synthesized following GP6 using A2 (123.6 mg, 0.50 mmol, 1.0 equiv.). Purification via celite 

filtration afforded 201 as a light brown solid in 95% yield (231 mg, 0.47 mmol). 
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1H NMR (600 MHz, CDCl3) δ 7.44 – 7.33 (m, 3H), 6.00 (s, 2H), 5.20 (s, 2H), 3.94 (s, 2H), 

3.64 (s, 2H), 3.00 – 2.88 (m, 2H), 1.77 (ddd, J = 13.50, 10.98, 4.38 Hz, 2H), 1.52 (d, J = 

13.79 Hz, 2H), 1.45 (s, 10H). 

13C{1H} NMR (151 MHz, CDCl3) δ 155.6, 154.8, 135.0, 129.0, 128.9, 128.9, 128.6, 118.7, 

79.9, 68.4, 67.8, 56.6, 40.3, 36.5, 28.5. 

HRMS (ESI): [m/z] calculated for C22H29N4O4 ([M+H]+): 413.2183; Found: 413.2186. 

Rf (cyHex/EtOAc, 2:1) = 0.39 [Ninhydrin] 

202 

N NH2

CN

Cbz

N

ON

 

Synthesized following GP6 using A20 (126 mg, 0.50 mmol, 1.0 equiv.). Purification via flash 

chromatography using silica gel (CH2Cl2/EtOAc 1:4 → 100% EtOAc) afforded 202 as a 

yellowish solid in 67% yield (140 mg, 0.33 mmol). 

1H NMR (600 MHz, CDCl3) δ 8.65 (t, J = 4.24 Hz, 2H), 7.76 (d, J = 7.87 Hz, 1H), 7.44 – 7.31 

(m, 6H), 6.20 (s, 2H), 5.20 (s, 2H), 4.38 (s, 1H), 3.68 (s, 3H), 3.22 (t, J = 12.22 Hz, 2H), 1.73 

(dd, J = 134.20, 57.60 Hz, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ 167.8, 155.9, 152.9, 150.7, 147.7, 135.3, 134.9, 131.8, 

129.1, 128.9, 128.7, 123.7, 118.8, 68.5, 66.6, 57.0, 44.6, 40.4, 37.4. 

HRMS (ESI): [m/z] calculated for C23H23N5NaO3 ([M+Na]+): 440.1692; Found: 440.1693. 

Rf (cyHex/EtOAc, 1:4) = 0.4 [Ninhydrin] 

203 

N NH2

CN

Cbz

N

ON

N

 

Synthesized following GP6 using A21 (126.5 mg, 0.50 mmol, 1.0 equiv.). Purification via 

flash chromatography using silica gel (EtOAc 100%) afforded 203 as a yellowish solid in 

57% yield (120 mg, 0.28 mmol). 
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1H NMR (600 MHz, CDCl3) δ 8.92 (s, 1H), 8.62 (d, J = 2.48 Hz, 1H), 8.52 (d, J = 1.93 Hz, 

1H), 7.38 (q, J = 7.40, 6.43 Hz, 5H), 6.17 (s, 2H), 5.21 (s, 2H), 4.42 (d, J = 12.99 Hz, 1H), 

3.94 (d, J = 14.16 Hz, 1H), 3.76 – 3.60 (m, 2H), 3.34 – 3.18 (m, 2H), 1.91 (dq, J = 14.47, 

7.41, 4.00 Hz, 2H), 1.78 – 1.55 (m, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ 165.3, 149.5, 145.7, 145.4, 142.7, 129.0, 128.9, 128.6, 

68.5, 57.1, 44.3, 40.4, 39.7, 37.3, 36.5. 

HRMS (ESI): [m/z] calculated for C22H22N6NaO3 ([M+Na]+): 441.1646; Found: 441.1647. 

Rf (cyHex/EtOAc, 1:2) = 0.27 [Ninhydrin] 

204 

N NH2

CN

Cbz

N

O

S

 

Synthesized following GP6 using A22 (128 mg, 0.50 mmol, 1.0 equiv.). Purification via flash 

chromatography using silica gel (cyclohexane/EtOAc 1:2) afforded 204 as an off-white solid 

in 90% yield (198 mg, 0.45 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.43 (d, J = 5.03 Hz, 1H), 7.38 (t, J = 7.13 Hz, 5H), 7.27 (d, J = 

3.68 Hz, 1H), 7.03 (t, J = 4.45 Hz, 1H), 6.12 (s, 2H), 5.21 (s, 2H), 4.23 (d, J = 13.83 Hz, 2H), 

3.69 (s, 2H), 3.27 (t, J = 12.34 Hz, 2H), 1.87 (ddd, J = 14.22, 10.45, 4.09 Hz, 2H), 1.67 – 

1.59 (m, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ 163.8, 160.2, 155.9, 153.0, 137.0, 134.9, 129.1, 129.0, 

128.8, 128.7, 126.8, 118.7, 68.5, 66.9, 57.1, 40.5, 37.0, 28.5. 

HRMS (ESI): [m/z] calculated for C22H22N4NaO3S ([M+Na]+): 445.1305; Found: 445.1305. 

Rf (cyHex/EtOAc, 1:4) = 0.30 [Ninhydrin] 

205 

N NH2

CN

Cbz

N
Boc

EtO2C
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Synthesized following GP6 using A23 (110 mg, 0.34 mmol, 1.0 equiv.). Purification via flash 

chromatography using silica gel (cyclohexane/EtOAc 2:1) afforded 205 as an off-white solid 

in 70% yield (168 mg, 0.34 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.41 – 7.34 (m, 5H), 6.07 (s, 2H), 5.19 (s, 2H), 4.40 (t, J = 7.11 

Hz, 1H), 4.29 – 4.16 (m, 2H), 3.68 (dd, J = 26.11, 9.34 Hz, 2H), 3.54 (d, J = 10.98 Hz, 1H), 

3.52 – 3.44 (m, 1H), 2.24 (dd, J = 13.88, 7.59 Hz, 1H), 1.87 (td, J = 13.06, 12.23, 6.05 Hz, 

2H), 1.67 (ddd, J = 14.38, 9.37, 5.73 Hz, 1H), 1.43 (s, 9H), 1.26 (t, J = 7.18 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 171.6, 156.1, 155.9, 154.8, 152.9, 134.9, 129.0, 128.9, 

128.6, 118.6, 80.7, 68.4, 66.5, 61.7, 59.1, 53.6, 39.2, 37.1, 35.8, 28.4, 14.2. 

HRMS (ESI): [m/z] calculated for C25H32N4NaO6 ([M+Na]+): 507.2214; Found: 507.2215. 

Rf (cyHex/EtOAc, 1:1) = 0.35 [CAM] 

206 

N NH2

CN

Cbz

O

 

Synthesized following GP6 using A3 (74 mg, 0.34 mmol, 1.0 equiv.). Purification via celite 

filtration afforded 206 as a light brown solid in 95% yield (149 mg, 0.47 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.39 (q, J = 7.61, 6.69 Hz, 5H), 6.07 (s, 2H), 5.21 (s, 2H), 3.93 

(d, J = 12.10 Hz, 2H), 3.69 (s, 2H), 3.44 (td, J = 11.55, 2.40 Hz, 2H), 1.91 (ddd, J = 14.63, 

11.04, 4.41 Hz, 2H), 1.49 (d, J = 13.55 Hz, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ 155.6, 153.1, 135.1, 129.0, 128.9, 128.6, 118.7, 68.3, 

68.1, 64.7, 57.1, 39.5, 37.3. 

HRMS (ESI): [m/z] calculated for C17H19N3NaO3 ([M+Na]+): 336.1319; Found: 336.1320. 

Rf (cyHex/EtOAc, 1:1) = 0.5 [CAM] 

207 

N NH2

CN

Cbz

S

 

Synthesized following GP6 using A4 (82 mg, 0.50 mmol, 1.0 equiv.). Purification via celite 

filtration afforded 207 as an off-white solid in 95% yield (156 mg, 0.47 mmol). 
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1H NMR (600 MHz, CDCl3) δ 7.38 (td, J = 8.84, 7.26, 4.67 Hz, 5H), 6.12 (s, 2H), 5.20 (s, 

2H), 3.56 (s, 2H), 2.73 – 2.54 (m, 4H), 2.01 – 1.78 (m, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ 155.6, 153.0, 135.0, 128.9, 128.9, 128.5, 118.9, 68.5, 

68.3, 56.6, 40.8, 37.9, 25.0. 

HRMS (ESI): [m/z] calculated for C17H19N3NaO2S ([M+Na]+): 352.1087; Found: 352.1090. 

Rf (cyHex/EtOAc, 1:1) = 0.45 [CAM] 

208 

N NH2

CN

Cbz  

Synthesized following GP6 using A5 (71 mg, 0.5 mmol, 1.0 equiv.). Purification via celite 

filtration afforded 207 as an oil in 95% yield (148 mg, 0.47 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.39 (q, J = 7.12, 6.63 Hz, 5H), 5.93 (s, 2H), 5.20 (s, 2H), 3.59 

(s, 2H), 1.71 (dt, J = 13.67, 3.67 Hz, 2H), 1.56 (tdd, J = 17.95, 13.43, 3.99 Hz, 5H), 1.26 (tt, J 

= 19.31, 9.86 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 155.0, 153.3, 135.3, 128.9, 128.5, 119.1, 69.9, 68.1, 57.2, 

41.8, 37.2, 32.2, 25.0, 23.0. 

HRMS (ESI): [m/z] calculated for C18H22N3O2 ([M+H]+): 312.1707; Found: 312.1707. 

Rf (cyHex/EtOAc, 1:1) = 0.54 [CAM] 

209 

N NH2

CN

Cbz

F
F

 

Synthesized following GP6 using A24 (91 mg, 0.5 mmol, 1.0 equiv.). Purification via celite 

filtration afforded 209 as a white solid in 95% yield (165 mg, 0.47 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.46 – 7.32 (m, 5H), 6.03 (s, 2H), 5.21 (s, 2H), 3.63 (s, 2H), 

2.18 (dtt, J = 14.35, 10.19, 4.63 Hz, 2H), 1.93 (ddd, J = 14.31, 11.25, 4.11 Hz, 2H), 1.80 

(dddd, J = 25.01, 15.06, 10.80, 5.46 Hz, 2H), 1.68 (dt, J = 13.39, 4.95 Hz, 2H). 
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13C{1H} NMR (101 MHz, CDCl3) δ 155.7, 153.0, 134.9, 129.0, 128.9, 128.7, 124.7, 122.3, 

118.7, 68.4, 67.2, 66.5, 56.8, 40.5, 33.5 (t), 30.8 (t, J = 24.65 Hz). 

19F{1H} NMR (376 MHz, CDCl3) δ -94.7, -102.0. 

HRMS (ESI): [m/z] calculated for C18H20F2N3O2 ([M+H]+): 348.1518; Found: 348.1517. 

Rf (cyHex/EtOAc, 1:1) = 0.33 [CAM] 

211 

N NH2

CN

Cbz

F3C

 

Synthesized following GP6 using A25 (107 mg, 0.5 mmol, 1.0 equiv.). 1H NMR analysis of 

the crude reaction mixture showed a 4:1 mixture of diastereomers. Purification via flash 

chromatography using silica gel (cyclohexane/EtOAc 7:1) afforded 211 as a mixture of 

diastereomers as an off-white solid in 63% yield (118.6 mg, 0.31 mmol).  

Major diastereomer 

1H NMR (600 MHz, CDCl3) δ 7.46 – 7.31 (m, 5H), 6.01 (s, 2H), 5.19 (s, 2H), 3.51 (s, 2H), 

2.05 – 2.01 (m, 2H), 1.96 (d, J = 12.85 Hz, 2H), 1.90 – 1.78 (m, 2H), 1.44 (td, J = 12.44, 4.41 

Hz, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ 156.9, 153.0, 135.0, 129.0, 129.0, 128.9, 128.5, 126.8, 

125.0, 120.7, 118.2, 68.4, 60.6, 56.2, 40.9 (dd, J = 53.45, 26.17 Hz), 37.3, 35.1, 21.7 – 21.3 

(m). 

19F{1H} NMR (376 MHz, CDCl3) δ -72.97. 

HRMS (ESI): [m/z] calculated for C19H21F3N3O2 ([M+H]+): 380.1580; Found: 380.1578. 

Rf (cyHex/EtOAc, 4:1) = 0.14 [CAM] 

Minor diastereomer 

1H NMR (600 MHz, CDCl3) δ 7.46 – 7.33 (m, 5H), 5.21 (s, 2H), 3.60 (s, 2H), 2.08 – 2.00 (m, 

1H), 1.95 (dd, J = 19.3, 15.2 Hz, 2H), 1.70 (d, J = 13.8 Hz, 2H), 1.66 – 1.58 (m, 2H), 1.35 – 

1.26 (m, 2H). 

13C{1H} NMR – signals were too weak to be properly assigned. Therefore, there are not 

reported.  

19F{1H} NMR 19F NMR (376 MHz, CDCl3) -73.67. 

Rf (cyHex/EtOAc, 4:1) = 0.15 [CAM] 
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212 

N NH2

CN

Cbz

EtO2C

 

Synthesized following GP6 using A26 (109 mg, 0.5 mmol, 1.0 equiv.). 1H NMR analysis of 

the crude reaction mixture showed a 2:1 mixture of diastereomers. Purification via flash 

chromatography using silica gel (cyclohexane/EtOAc 2:1) afforded 212 as a mixture of 

diastereomers as an off-white solid in 74% yield (145 mg, 0.37 mmol).  

Major diastereomer 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.34 (m, 5H), 6.03 (s, 2H), 5.18 (s, 2H), 4.19 – 4.11 (m, 

2H), 3.55 (s, 2H), 2.46 – 2.35 (m, 1H), 2.12 (ddq, J = 14.80, 7.75, 3.50 Hz, 2H), 1.81 (ddd, J 

= 12.73, 8.71, 3.52 Hz, 2H), 1.69 (td, J = 9.35, 4.45 Hz, 2H), 1.44 (ddd, J = 12.34, 8.03, 3.70 

Hz, 2H), 1.25 (t, J = 7.13 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.5, 153.1, 135.1, 128.9, 128.6, 128.5, 119.7, 118.6, 

68.2, 60.5, 41.7, 41.0, 35.7, 25.5, 24.5, 23.4, 14.3. 

HRMS (ESI): [m/z] calculated for C21H25N3NaO4 ([M+Na]+): 406.1737; Found: 406.1736. 

Rf (cyHex/EtOAc, 4:1) = 0.11 [CAM] 

Minor diastereomer 

1H NMR – (400 MHz, CDCl3) δ 7.39 – 7.33 (m, 5H), 6.03 (s, 2H), 5.18 (s, 2H), 4.12 (q, J = 

14.44, 7.17 Hz, 2H), 3.60 (s, 2H), 2.24 (tt, J = 11.99, 3.54 Hz, 2H), 2.00 – 1.88 (m, 2H), 1.65 

– 1.54 (m, 4H), 1.24 (t, J = 7.09 Hz, 3H). 

13C{1H} NMR – signals were too weak to be properly assigned. Therefore, there are not 

reported. 

Rf (cyHex/EtOAc, 1:1) = 0.20 [Ninhydrin] 

213 

N NH2

CN

Cbz

CbzHN

 

Synthesized following GP6 using A27 (147 mg, 0.5 mmol, 1.0 equiv.). 1H NMR analysis of 

the crude reaction mixture showed a 4:1 mixture of diastereomers Purification via celite 
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filtration afforded 213 as a mixture of diastereomers as an off-white solid in 66% yield (152 

mg, 0.33 mmol).  

Major diastereomer 

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.27 (m, 10H), 6.07 (s, 2H), 5.18 (s, 2H), 5.08 (s, 2H), 

3.53 (s, 2H), 1.85 – 1.73 (m, 5H), 1.72 – 1.56 (m, 2H), 1.55 – 1.45 (m, 2H). 

13C{1H} NMR (101 MHz, CDCl3) δ 156.4, 155.9, 153.0, 136.7, 135.0, 128.9, 128.8, 128.6, 

128.6, 128.5, 128.2, 128.2, 128.1, 120.7, 68.2, 66.6, 59.0, 47.7, 40.7, 35.3, 29.7, 28.5. 

HRMS (ESI): [m/z] calculated for C26H29N4O4 ([M+H]+): 461.2183; Found: 461.2192. 

Rf (cyHex/EtOAc, 4:1) = 0.11 [CAM] 

Minor diastereomer 

1H NMR – (600 MHz, CDCl3) δ 7.36 – 7.33 (m, 10H), 6.06 (s, 2H), 5.10 (s, 2H), 4.99 (s, 2H), 

3.59 (s, 2H), 2.02 – 1.97 (m, 2H), 1.94 – 1.88 (m, 2H), 1.87 – 1.81 (m, 5H). 

13C{1H} NMR – signals were too weak to be properly assigned. Therefore, there are not 

reported. 

Rf (cyHex/EtOAc, 1:2) = 0.23 [Ninhydrin] 

214 

N NH2

CN

Cbz  

Synthesized following GP6 using A6 (66 mg, 0.5 mmol, 1.0 equiv.). Purification via celite 

filtration afforded 214 as a white solid in 90% yield (134.6 mg, 0.45 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.44 – 7.33 (m, 5H), 5.99 (s, 2H), 5.18 (s, 2H), 3.60 (s, 2H), 

1.82 – 1.69 (m, 4H), 1.65 – 1.51 (m, 4H). 

13C{1H} NMR (151 MHz, CDCl3) δ 154.9, 153.1, 135.2, 128.9, 128.6, 128.4, 118.8, 68.1, 

67.4, 60.9, 48.8, 39.3, 24.0. 

HRMS (ESI): [m/z] calculated for C17H20N3O2 ([M+H]+): 298.1550; Found: 298.1558. 

Rf (cyHex/EtOAc, 1:1) = 0.5 [CAM] 

 

 

216 



 

227 

 

N
Boc

N NH2

CN

Cbz  

Synthesized following GP6 using A8 (132 mg, 0.3 mmol, 1.0 equiv.). Purification via flash 

chromatography using neutral Alox (cyclohexane/EtOAc 2:1) afforded 216 as a yellow solid 

in 70% yield (92.4 mg, 0.21 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.43 – 7.28 (m, 5H), 6.03 (s, 2H), 5.14 (d, J = 16.69 Hz, 2H), 

4.49 – 4.07 (m, 2H), 3.88 – 3.44 (m, 2H), 2.17 (s, 2H), 2.02 – 1.88 (m, 2H), 1.64 (dd, J = 

44.00, 11.63 Hz, 4H), 1.36 (s, 9H). 

13C{1H} NMR (151 MHz, CDCl3) δ 155.5, 153.1, 153.0, 134.9, 128.9, 128.9, 128.8, 119.0, 

79.6, 68.3, 63.2, 50.6, 49.4, 44.3, 38.4, 31.1, 28.5. 

HRMS (ESI): [m/z] calculated for C24H30N4NaO4 ([M+Na]+): 461.2159; Found: 461.2159. 

Rf (cyHex/EtOAc, 1:1) = 0.25 [CAM] 

217 

N NH2

CN

Cbz  

Synthesized following GP6 using A7 (80 mg, 0.5 mmol, 1.0 equiv.). Purification via flash 

chromatography using silica gel (cyclohexane/EtOAc 2:1) afforded 217 as a yellow oil in 

68% yield (111 mg, 0.3 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.45 – 7.33 (m, 5H), 5.89 (s, 2H), 5.19 (s, 2H), 3.55 (s, 2H), 

1.80 (dd, J = 13.10, 10.08 Hz, 2H), 1.71 – 1.50 (m, 7H), 1.47 – 1.37 (m, 2H). 

13C{1H} NMR (151 MHz, CDCl3) δ 154.7, 153.3, 135.3, 128.9, 128.8, 128.5, 119.5, 70.8, 

68.1, 59.6, 44.8, 40.6, 29.6, 23.1. 

HRMS (ESI): [m/z] calculated for C19H24N3O2 ([M+H]+): 326.1863; Found: 326.1865. 

Rf (cyHex/EtOAc, 1:1) = 0.35 [CAM 
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Derivatisation & Deprotection Reactions 

Hydrolysed Products 

229 

N

CN

Cbz

N
EtO2C

O

 

A reaction flask was charged with 111 (96 mg, 0.25 mmol, 1.0 equiv.), and a 1:1 mixture of 1 

M HCl/EtOAc (0.1 M) was added. The reaction was stirred at RT for 12 h. The phases were 

then separated, and the aqueous phase neutralized and extracted with EtOAc. The 

combined organic phases were washed with brine, dried over Na2SO4, and the solvent 

removed in vacuo. Purification via flash chromatography using silica gel (cyclohexane/EtOAc 

1:1) afforded 229 as a white solid in 70% yield (89 mg, 0.23 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.44 – 7.40 (m, 2H), 7.40 – 7.33 (m, 3H), 5.31 (s, 2H), 4.15 (q, 

J = 7.11 Hz, 2H), 3.93 (d, J = 10.61 Hz, 2H), 3.91 – 3.82 (m, 1H), 3.56 (d, J = 11.29 Hz, 1H), 

3.53 (s, 1H), 3.21 (ddd, J = 13.97, 10.35, 3.33 Hz, 1H), 3.09 (t, J = 12.58 Hz, 1H), 1.86 

(dddd, J = 54.98, 14.43, 10.49, 4.36 Hz, 2H), 1.67 (dd, 2H), 1.27 (t, J = 7.13 Hz, 3H). 

13C{1H} NMR (151 MHz, CDCl3) δ 163.5, 155.3, 150.9, 134.6, 128.9, 128.9, 128.5, 112.9, 

69.3, 61.9, 53.0, 47.4, 40.1, 40.0, 38.0, 34.3, 30.9, 14.8. 

HRMS (ESI): [m/z] calculated for C20H23N3NaO5 ([M+Na]+): 408.1539; Found: 408.1530. 

Rf (cyHex/EtOAc, 1:1) = 0.30 [Ninhydrin] 

Scale-up Experiment (5.0 mmol) 

 

108 (1.1 g, 1.0 equiv. 5.0 mmol), Ir-F (0.5 mol%, 28 mg), K2CO3 (3.4 g, 25.0 mmol, 5.0 

equiv.) and Cbz-glycine (2.1 g, 10.0 mmol, 2.0 equiv.) were added to a 50 mL Schlenk flask 

(external ø = 3.0 cm, internal ø = 2.2 cm) and purged with N2 (10 minutes under vacuum 

then open to N2, repeated three times). Dry and degassed 1,4-dioxane (25 mL, 0.2 M) was 

added and the reaction was bubbled with N2 for 5 minutes. The vial was then sealed, 



 

229 

 

wrapped with parafilm, and irradiated at 440 nm, 60 °C for 12 hours. The residue was 

purified by flash chromatography using silica gel (cyclohexane/EtOAc 3:1 → 1:2) to afford 

111 as a white solid in 81% yield (1.5 g, 4.0 mmol). 
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Chapter III: Synthesis of -Amino Spirocyclic -Butyrolactones 

Optimisation of Reaction Conditions 

General protocol: 91 (28.0 mg, 1.0 equiv. 0.1 mmol), PC (1-5.0 mol%,), cyclohexanol (21.1 

μL, 2.0 equiv. 0.2 mmol) HB activator, and HAT catalyst were added to a 2.0 mL vial and 

purged with N2 (10 minutes under vacuum then open to N2, repeated three times). MeCN 

was added and the reaction bubbled with N2 for 5 minutes. Bubbling was stopped and the 

vial was sealed and wrapped with parafilm, then irradiated at various wavelengths. After 

removal of the solvent, the yields of the product(s), side product and remaining starting 

material were calculated by 1H NMR using trichloroethylene (9.0 µl, 0.1 mmol, 1.0 equiv.) as 

internal standard. 

Table S4: initial investigation into a suitable activator. 

 

Entry Additive Equiv. (mol%) 91 
(%) 

257 
(%) 

258 
(%) 

259 
(%) 

1 Tetrabutylammonium acetate 25 40 25 0 5 

2 Tetrabutylammonium monophosphate 25 80 5 2 11 

3 Tetrabutylammonium monophosphate 50 31 0 10 31 

4 Tetrabutylammonium tetrafluoroborate 25 0 65 1 16 

5 Tetrabutylammonium tetrafluoroborate 50 0 43 0 43 

6 Tetrabutylammonium tetrafluoroborate 100 0 0 0 69 

7 Tetrabutylammonium perchlorate 25 0 38 0 34 

8 Boric acid 25 0 50 0 23 

9 Phenylboronic acid 25 0 18 6 45 

10 Bis(3,4-dimethylphenyl)(hydroxy)borane 25 0 20 14 31 

11 2,4-Difluorophenylboronic acid 25 0 44 0 26 

12 2,4,6-Trimethylphenyl boronic acid (MesBA) 25 0 0 5 66 

13 2,4,6-Trimethylphenyl boronic acid 50 0 7 2 67 

14 3,5-Bis(trifluoromethyl)benzeneboronic acid 25 97 0 0 0 

15 (2,4,6-Triisopropylphenyl)boronic acid 25 0 31 0 41 

16 4-Fluorophenylboronic acid 25 100 0 0 0 

17 4-Methoxyphenylboronic acid 25 90 1 0 0 

18 4-tert-Butylphenylboronic acid 25 40 40 0 0 
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Table S5: optimisation of photocatalyst. 

 

Entry Photocatalyst Loading (mol%) 91 (%) 257 (%) 258 (%) 259 (%) 

1 Ir-F 1.0 0 17 6 66 

2 Ir-F 2.5 0 5 0 70 

3 Ir-F(Me) 1.0 0 0 0 60 

4 4-CzIPN 1.0 0 0 0 50 

5 4-CzIPN 2.5 0 16 0 42 

6 4-CzIPN 5.0 0 0 0 68 

 

Table S6: optimisation of HAT catalyst. 

 

Entry HAT Catalyst HAT Catalyst Loading (mol%) 259 (%) 

1 Quinuclidine 20 66 

2 Quinuclidine 25 64 

3 Quinuclidine 50 64 

4* TBADT 25 0 

5 Quinuclidine Acetate 25 23 

6 Ethyl thioglycolate 25 0 

*using a 365 nm light source without a photocatalyst. 

Table S7: solvent screening and concentration optimisation. 

 

Entry Solvent Concentration (M) 91 (%) 257 (%) 258 (%) 259 (%) 

1 CH3CN 0.1 0 60 0 0 

2 CH3CN 0.2 0 41 0 27 

3 CH3CN 0.4 0 0 0 50 

4 CH3CN 0.8 0 0 5 66 

5 DCM 0.8 0 0 0 36 

6 1,4-Dioxane 0.8 0 10 0 44 

7 DMF 0.8 0 0 0 68 

8 THF 0.8 0 0 0 15 

9 Acetone 0.8 0 3 0 65 
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10 DMSO 0.8 0 0 0 36 

 

Table S8: optimisation of light source, temperature, and time. 

 

Entry Light source (nm) Temperature (°C) Time (hours) 259 
(%) 

1 405 25 16 57 

2 425 25 16 57 

3 450 25 16 66 

4 450 25 8 60 

5 450 25 24 75 

6 450 40 16 57 
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Synthesis & Characterisation of Starting Materials 

Synthesis of 91 

Benzyl (2S,4R)-4-((benzylsulfonyl)methyl)-2-(tert-butyl)-5-oxo-oxazolidine-3-

carboxylate (A) 

N
O

tBu
Cbz

SO2Bn

O  

S-benzyl-L-cysteine (10.0 g, 48.0 mmol, 1 eq.) was treated with a solution of sodium 

hydroxide (1.9 g, 48.0 mmol, 1 equiv.) in water (300 mL) and evaporated until dryness via 

rotary evaporation leaving a white solid. A solution of pivaldehyde (10.5 mL, 96 mmol, 2 

equiv.) in cyclohexane (500 mL) was added to the solid and the mixture stirred and refluxed 

in presence of a Dean-Stark separator for 5 days (and followed by 1H NMR). The reaction 

mixture was then cooled down and evaporated to dryness to achieve the crude imine as a 

pale yellow gum. The crude was suspended in anh. CH2Cl2 (300 mL) and treated with benzyl 

chloroformate (13.7 mL, 96 mmol, 2 equiv.) at 0 °C. After stirring for 2 days, the reaction was 

quenched with 1 M NaOH (1 x 250 mL), the organic phase was dried over Na2SO4 and 

filtered. Afterward the solvent was removed via rotary evaporation,  concentrate was quickly 

filtered through a silica column (cyclohexane/EtOAc 1:1) to achieve the corresponding 

diastereomeric mixture of oxazolidinone intermediate (26 g; Rf = 0.25, cyclohexane:EtOAc, 

4:1) as a brown oil after concentration in vacuo, which was used in the next step without 

further purification. The crude was dissolved in CH2Cl2 (500 mL), treated with mCPBA (≥ 

77%, 35.2 g, 157.18 mmol, 2.5 equiv.) and stirred for 18 h at room temperature. The reaction 

was washed with 1M NaOH (3 x 200 mL), then the organic phase was dried over Na2SO4 

and concentrated in vacuo. Purification via flash column chromatography 

(cyclohexane:EtOAc, 20:1 – 2.3:1) afforded the desired product as a pale, yellow oil in 43 % 

yield (9.26 g, 20.78 mmol) over three steps. The spectroscopic data are consistent with 

those previously reported.140 

1H NMR (600 MHz, CDCl3) δ = 7.44 – 7.32 (m, 10H), 5.62 (s, 1H), 5.28 (d, J = 12.0, 1H), 

5.21 (d, J = 12.0, 1H), 5.08 (dd, J = 8.0, 4.1, 1H), 4.66 (d, J = 14.1, 1H), 4.42 (d, J = 14.1, 

1H), 3.44 (dd, J = 15.3, 8.0, 1H), 3.15 (ddd, J = 15.3, 4.1, 1.5, 1H), 0.89 (s, 9H). 

13C{1H} NMR (151 MHz, CDCl3) δ =170.8, 155.4, 135.0, 131.1, 129.3, 129.2, 129.0, 128.9, 

128.9, 128.1, 97.0, 69.1, 60.6, 53.8, 52.9, 37.3, 24.7. 

Rf (cyclohexane/EtOAc, 4:1) = 0.14 [p-Anisaldehyde] 



 

234 

 

Benzyl (S)-2-(tert-butyl)-4-methylene-5-oxooxazolidine-3-carboxylate (91) 

N
O

tBu
Cbz

O
I  

Benzyl (2S,4R)-4-((benzylsulfonyl)methyl)-2-(tert-butyl)-5-oxo-oxazolidine-3-carboxylate 

(9.26 g, 20.78 mmol, 1 equiv.) was dissolved in CH2Cl2 (260 mL) and cooled in an ice bath, 

then DBU (6.20 mL, 41.57 mmol, 2 equiv.) was added dropwise via a syringe. The mixture 

was stirred for 45 min at 0 °C and quenched with sat. aq. NH4Cl (100 mL) at 0 °C. The 

organic phase was extracted with sat. aq. NH4Cl (3 x 200 mL), dried over Na2SO4 and 

concentrated under vacuo. The crude was quickly filtered through a silica column 

(cyclohexane/EtOAc, 1:1) to provide 91 in 92 % yield (5.54 g, 19.14 mmol) as a white solid 

after concentration in vacuo. The spectroscopic data are consistent with those previously 

reported.140 

1H NMR (600 MHz, CDCl3) δ = 7.42 – 7.34 (m, 5H), 5.72 (s, 1H), 5.69 (s, 1H), 5.31 - 5.21 

(m, 2H), 0.93 (s, 9H). 

13C{1H} NMR (151 MHz, CDCl3) δ = 164.7, 134.9, 130.3, 129.0, 128.9, 128.8, 104.5, 94.2, 

77.4, 68.9, 38.8, 24.5. 

Rf (cyclohexane /EtOAc, 4:1) = 0.45 [p-Anisaldehyde] 

Synthesis of Methyl 2-(bis(tert-butoxycarbonyl)amino)acrylate (90) 

 

DL-Serine methyl ester hydrochloride (5 g, 32.1 mmol, 1 equiv.) was dissolved in CH2Cl2 

(32.5 mL, 1 M) and the mixture cooled down to 0 °C. Then Et3N (10 mL, 71.7 mmol, 2.2 

equiv.) and Boc2O (9.25 mL, 45.8 mmol, 1.4 equiv.) were added, and the solution was 

allowed to warm to room temperature overnight. Afterwards, the solvent was concentrated 

under vacuo and the crude diluted with EtOAc (100 mL). The organic phase was washed 

with aq. HCl (1 M), a saturated solution of NaHCO3 (100 mL) and brine (100 mL), dried over 

Na2SO4 and the solvent was concentrated under vacuo to afford methyl 2-((tert-

butoxycarbonyl)amino)-3-hydroxypropanoate, which was used in the next step without 

further purification. 
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Boc2O (14.6 mL, 63.6 mmol, 2.0 equiv.) and DMAP (0.78 g, 6.4 mmol, 0.2 equiv.) were 

added to a solution of 2-((tert-butoxycarbonyl)amino)-3-hydroxypropanoate in acetonitrile (50 

mL, 0.6 M) at 0 °C. The reaction was stirred for 1 hour at 0 °C, and then it was slowly 

warmed to room temperature. After, DBU (0.5 g, 3.3 mmol, 0.1 equiv.) was added dropwise 

and the reaction mixture stirred at room temperature overnight. Acetonitrile was removed 

under vacuo and the crude dissolved in EtOAc (100 mL). The organic phase was washed 

with aq. HCl (1M), a saturated solution of NaHCO3 (100 mL) and brine (100 mL), dried over 

Na2SO4 and the solvent was removed via rotary evaporation. Compound 90 was isolated as 

a white solid (6.3 g, 20.9 mmol, 65% over two steps) after column chromatography 

(cyclohexane:EtOAc, 4:1). The spectroscopic data are consistent with those previously 

reported.134 

1H NMR (600 MHz, CDCl3) δ = 6.31 (s, 1H), 5.62 (s, 1H), 3.77 (s, 3H), 1.44 (s, 7H). 

13C NMR (151 MHz, CDCl3) δ = 164.1, 150.7, 136.2, 124.7, 83.2, 52.4, 28.0. 
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Synthesis & Characterisation of -Amino Spirocyclic -Butyrolactones 

General procedure: Ir-F (5.5 mg, 1.0 mol%), 91 (144.7 mg, 0.5 mmol, 1.0 equiv.), 

quinuclidine (11.0 mg, 20 mol%), MesBA (20.5 mg, 25 mol%) and the desired alcohol (1.0 

mmol, 2.0 equiv.) were added to an 8 mL microwave vial and purged with N2 (5 minutes 

under vacuum then open to N2, repeating three times). NB: if the desired alcohol substrate 

was volatile, then it was added after purging. MeCN (125 L, 0.8 M) was added and the 

reaction was bubbled with N2 for 15 minutes. NB: volatile alcohol substrates were added at 

this stage; bubbling was stopped, the alcohol was added, and the solution was bubbled for 

an additional 30 seconds. The vial was sealed and wrapped with parafilm, then irradiated at 

450 nm, 25 °C (fan on) for 24 hours. Afterwards, the solvent was removed in vacuo and the 

residue was purified by flash column chromatography on silica gel using the indicated 

solvent system, affording the desired product. 

 

Figure S8. Synthesised -amino spirocyclic -butyrolactones & uncyclised products. 

259 

 

Synthesised following the general procedure using hexanol (105.7 L, 1.0 mmol, 2.0 equiv.). 

Purification via flash chromatography using silica gel (CyHex/EtOAc, 3:1) afforded 259 as a 

white crystalline solid in 73% yield (112 mg, 0.37 mmol), as well as the uncyclised product in 

<5% yield (9.7 mg, 0.025 mmol). The product was also recrystallised in a DCM/Et2O solvent 

system. 

1H NMR (600 MHz, CDCl3) δ 7.40 – 7.28 (m, 5H), 5.25 (s, 1H), 5.13 (s, 2H), 4.55 (s, 1H), 

2.75 (t, J = 10.90 Hz, 1H), 1.82 – 1.34 (m, 11H). 
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13C{1H} NMR (151 MHz, CDCl3) δ 156.2, 136.1, 128.7, 128.5, 128.3, 100.1, 67.5, 51.2, 38.4, 

36.1, 25.0, 22.7, 22.6. 

HRMS (ESI): [m/z] calculated for C17H21NNaO4 ([M+Na]+): 326.1363; Found: 326.1363. 

Rf (cyHex/EtOAc, 4:1) = 0.40 [p-anisaldehyde]. 

Product 259B 

 

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.32 (m, 5H), 5.60 (s, 1H), 5.18 (s, 2H), 4.63 (t, J = 6.2 

Hz, 1H), 2.13 – 1.96 (m, 2H), 1.69 – 1.19 (m, 11H), 0.95 (s, 9H). 

13C{1H} NMR (101 MHz, CDCl3) δ 174.6, 156.1, 135.0, 129.0, 128.9, 128.7, 96.9, 69.9, 69.1, 

54.1, 45.4, 37.2, 25.9, 25.1, 22.2, 22.2. 

HRMS (ESI): [m/z] calculated for C22H31NNaO5 ([M+Na]+): 412.2094; Found: 412.2094. 

Rf (cyHex/EtOAc, 4:1) = 0.45 [p-anisaldehyde]. 

260 

 

Synthesised following the general procedure using 1,1-difluorocyclohexane (136.1 mg, 1.0 

mmol, 2.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 7:1) 

afforded 260 as a white crystalline solid in 24% yield (40.7 mg, 0.12 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.30 (m, 5H), 5.34 (d, J = 6.0 Hz, 1H), 5.12 (s, 2H), 4.54 

(td, J = 9.9, 6.2 Hz, 1H), 2.66 (dd, J = 12.8, 9.1 Hz, 1H), 2.13 – 1.80 (m, 9H). 

13C{1H} NMR (101 MHz, CDCl3) δ 173.7, 156.1, 135.9, 128.8, 128.5, 128.4, 122.3 (t, JC–F = 

240 Hz), 81.6, 67.6, 51.0, 40.3, 34.5 (d, JC–F = 9.4 Hz), 32.9 (d, JC–F = 4.6 Hz), 30.2 (t, JC–F = 

25.0 Hz), 29.7 (t, JC–F = 25.0 Hz).  

19F{1H} NMR (376 MHz, CDCl3) δ -93.9, -94.5, -103.2, -103.9. 

HRMS (ESI): [m/z] calculated for C17H19F2NNaO4 ([M+Na]+): 362.1176; Found: 362.1174. 

Rf (cyHex/EtOAc, 4:1) = 0.30 [p-anisaldehyde]. 
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261 

 

Synthesised following the general procedure using chlorocyclohexane (134.6 mg, 1.0 mmol, 

2.0 equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 7:1) 

afforded 261 as a white crystalline solid in 71% yield (119.9 mg, 0.36 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.30 (m, 5H), 5.31 (d, J = 6.2 Hz, 1H), 5.12 (s, 2H), 4.60 

– 4.45 (m, 1H), 3.98 (s, 1H), 2.66 (dd, J = 12.6, 9.0 Hz, 1H), 2.12 – 1.99 (m, 5H), 1.97 – 1.88 

(m, 1H), 1.79 – 1.50 (m, 3H).  

13C{1H} NMR (101 MHz, CDCl3) δ 173.8, 156.1, 135.9, 128.7, 128.5, 128.3, 82.2, 67.6, 57.0, 

51.1, 40.6, 32.4, 32.2. 

HRMS (ESI): [m/z] calculated for C17H20ClNNaO4 ([M+Na]+): 360.0971; Found: 360.0973. 

Rf (cyHex/EtOAc, 4:1) = 0.35 [p-anisaldehyde]. 

266 

 

Synthesised following the general procedure using cyclopentanol (86.1 mg, 1.0 mmol, 2.0 

equiv.). Purification via flash chromatography using silica gel (CyHex/EtOAc, 3:1) afforded 

266 as a white crystalline solid in 70% yield (101.3 mg, 0.35 mmol). 

1H NMR (400 MHz, CDCl3) δ 7.40 – 7.29 (m, 5H), 5.28 (s, 1H), 5.13 (s, 2H), 4.56 (s, 1H), 

2.72 (t, J = 10.6 Hz, 1H), 2.19 (t, J = 12.2 Hz, 1H), 2.07 (s, 1H), 1.96 (t, J = 8.2 Hz, 1H), 1.91 

– 1.79 (m, 2H), 1.80 – 1.66 (m, 4H), 1.59 (s, 1H). 

13C{1H} NMR (101 MHz, CDCl3) δ 182.1, 174.3, 136.1, 128.7, 128.5, 128.3, 92.8, 67.5, 52.1, 

40.7, 39.0, 38.3, 24.4, 23.4. 

HRMS (ESI): [m/z] calculated for C16H19NNaO4 ([M+Na]+): 312.1212; Found: 312.1269. 

Rf (cyHex/EtOAc, 1:1) = 0.40 [p-anisaldehyde]. 
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267 

 

Synthesised following the general procedure using (S)-tert-butyl-3-hydroxypyrrolidine-1-

carboxylate (187.2 mg, 1.0 mmol, 2.0 equiv.). Purification via flash chromatography using 

silica gel (DC/m/EtOAc, 7:1) afforded 267 as a white crystalline solid in 34% yield (66.4 mg, 

0.17 mmol). 

1H NMR (600 MHz, CDCl3) δ 7.37 (d, J = 5.2 Hz, 5H), 5.53 (s, 1H), 5.14 (d, J = 2.4 Hz, 2H), 

4.40 – 4.03 (m, 2H), 3.60 – 3.17 (m, 2H), 2.57 (d, J = 12.5 Hz, 1H), 2.41 – 1.90 (m, 2H), 1.70 

(d, J = 12.7 Hz, 2H), 1.42 (s, 9H). 

13C{1H} NMR (151 MHz, CDCl3) δ 172.0, 155.7, 154.8, 135.1, 129.0, 128.9, 96.4, 80.0, 68.8, 

54.0, 53.1, 39.5, 38.5, 37.2, 28.6, 25.0. 

HRMS (ESI): [m/z] calculated for C20H26N2NaO6 ([M+Na]+): 413.1689; Found: 413.2851. 

Rf (DCM/EtOAc, 4:1) = 0.20 [p-anisaldehyde]. 

265 

 

Synthesised following the general procedure using 90 ( mg, 0.5 mmol, 1.0 equiv.) instead of 

91, and hexanol (105.7 L, 1.0 mmol, 2.0 equiv.). Purification via flash chromatography 

using silica gel (CyHex/EtOAc, 3:1) afforded 265 as a white crystalline solid in 10% yield 

(18.5 mg, 0.05 mmol), as well as the uncyclised product in 40% yield (80.2 mg, 0.20 mmol). 

1H NMR (600 MHz, CDCl3) δ 5.20 (dd, J = 11.0, 9.5 Hz, 1H), 2.40 (dd, J = 12.0, 9.5 Hz, 1H), 

2.20 (dd, J = 12.0, 11.0 Hz, 1H), 1.94 – 1.88 (m, 1H), 1.81 – 1.64 (m, 5H), 1.60 – 1.52 (m, 

4H), 1.51 (s, 18H). 

13C{1H} NMR (151 MHz, CDCl3) δ 151.8, 84.1, 83.5, 55.0, 38.1, 37.0, 28.2, 25.0, 22.7, 22.6. 

HRMS (ESI): [m/z] calculated for C19H31NNaO6 ([M+Na]+): 392.2048; Found: 392.2044. 

Rf (cyHex/EtOAc, 1:1) = 0.35 [p-anisaldehyde].  
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269 

 

1H NMR (600 MHz, CDCl3) δ 5.10 (t, J = 5.4 Hz, 1H), 3.72 (s, 3H), 2.49 (dd, J = 15.2, 5.3 Hz, 

1H), 1.92 – 1.86 (m, 1H), 1.84 (dd, J = 15.2, 5.7 Hz, 1H), 1.77 – 1.67 (m, 1H), 1.68 – 1.53 

(m, 5H), 1.50 (s, 18H), 1.44 (s, 4H). 

13C{1H} NMR (151 MHz, CDCl3, rotamers) δ 172.9, 152.3, 83.5, 70.2, 54.6, 52.7, 43.1, 38.9, 

37.2, 28.2, 22.4, 22.3. 

HRMS (ESI): [m/z] calculated for C20H35NNaO7 ([M+Na]+): 424.2305; Found: 424.2306. 

Rf (cyHex/EtOAc, 1:1) = 0.40 [p-anisaldehyde].
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X-Ray Crystallography Data 

Compound 259 

Identification code OCKATKB115 
Empirical formula C17H21NO4 
Formula weight 303.35 
Temperature/K 293 
Crystal system orthorhombic 
Space group P212121 
a/Å 5.9759(3) 
b/Å 15.8349(6) 
c/Å 16.6612(7) 
α/° 90 
β/° 90 
γ/° 90 
Volume/Å3 1576.61(12) 
Z 4 
ρcalcg/cm3 1.278 
μ/mm‑1 0.091 
F(000) 648.0 
Crystal size/mm3 0.13 × 0.11 × 0.09 
Radiation Mo Kα (λ = 0.71073) 
2Θ range for data collection/° 5.146 to 66.53 
Index ranges -8 ≤ h ≤ 7, -14 ≤ k ≤ 23, -25 ≤ l ≤ 20 
Reflections collected 13094 
Independent reflections 5695 [Rint = 0.0214, Rsigma = 0.0319] 
Data/restraints/parameters 5695/0/199 
Goodness-of-fit on F2 1.024 
Final R indexes [I>=2σ (I)] R1 = 0.0430, wR2 = 0.0898 
Final R indexes [all data] R1 = 0.0697, wR2 = 0.1019 
Largest diff. peak/hole / e Å-3 0.17/-0.14 
Flack parameter -0.4(4) 

 

Figure S9. Molecular structure of 259. 
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Mechanistic Studies & Investigation into Decomposition 

General protocol: In a 0.1 mmol scale, the standard reaction conditions were used with KB 

and cyclohexanol in CDCl3. Each component was systematically omitted, once at a time. 

The amount of A left was calculated by 1H NMR analysis using TCI as the internal standard. 

Table S8: investigation into the decomposition of 91. 

 

Entry Ir-F (mol%) Quinuclidine (mol%) MesBA (mol%) CD3CN (M) 91 left (%) 

1* - 100 - 0.1 >95 

2* - - 100 0.1 >95 

3* - 100 100 0.1 >95 

4 1.0 20 - 0.8 >95 

5 1.0 - 25 0.8 >95 

6 - 20 25 0.8 >95 

7 1.0 20 25 0.8 <20 

*Ran in the absence of photocatalyst, under air and no LED light source. 91 left was calculated by NMR 

analysis using TCI as the internal standard. 
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1H, 13C NMR Spectra 

Chapter IIA: Synthesis of Sterically Congested 2,2-Amino Acids 

Alkylidenemalononitriles 

108 1H NMR (600 MHz, CDCl3) 

 
108 13C NMR (151 MHz, CDCl3) 
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A2 1H NMR (400 MHz, CDCl3) 

 
A2 13C NMR (101 MHz, CDCl3) 
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A3 1H NMR (400 MHz, CDCl3) 

 

 

A3 13C NMR (101 MHz, CDCl3) 
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A4 1H NMR (400 MHz, CDCl3) 

 

A4 13C NMR (101 MHz, CDCl3) 

 
A5 1H NMR (400 MHz, CDCl3) 
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A5 13C NMR (101 MHz, CDCl3) 
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A6 1H NMR (600 MHz, CDCl3) 

 

A6 13C NMR (101 MHz, CDCl3) 
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A7 1H NMR (600 MHz, CDCl3) 

 

 

A7 13C NMR (151 MHz, CDCl3) 

 



 

250 

 

A8 1H NMR (600 MHz, CDCl3) 

 

 

A8 13C NMR (151 MHz, CDCl3) 
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A9 1H NMR (600 MHz, CDCl3) 

 

 

A9 13C NMR (151 MHz, CDCl3) 
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A10 1H NMR (600 MHz, CDCl3) 

 

 

A10 13C NMR (151 MHz, CDCl3) 
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A11 1H NMR (600 MHz, CDCl3) 

 

 

A11 13C NMR (151 MHz, CDCl3) 
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Substituted Malononitrile Derivatives 

109 1H NMR (400 MHz, CDCl3) 

 
109 13C NMR (101 MHz, CDCl3) 
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B2 1H NMR (600 MHz, CDCl3) 

  
 

B2 13C NMR (151 MHz, CDCl3) 
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B3 1H NMR (600 MHz, CDCl3) 

 
B3 13C NMR (151 MHz, CDCl3) 
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B4 1H NMR (600 MHz, CDCl3) 

 
B4 13C NMR (151 MHz, CDCl3) 

 



 

258 

 

B5 1H NMR (600 MHz, CDCl3) 

 
B5 13C NMR (151 MHz, CDCl3) 
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B6 1H NMR (600 MHz, CDCl3) 

 
B6 13C NMR (151 MHz, CDCl3) 
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B7 1H NMR (600 MHz, CDCl3) 

 
B7 13C NMR (151 MHz, CDCl3) 
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 B8 1H NMR (400 MHz, 

CDCl3)

 
B8 13C NMR (101 MHz, CDCl3) 
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B9 1H NMR (600 MHz, CDCl3) 

 
B9 13C NMR (151 MHz, CDCl3) 
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B10 1H NMR (600 MHz, CDCl3) 

 

B10 13C NMR (151 MHz, CDCl3) 
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B11 1H NMR (600 MHz, CDCl3) 

B11 13C NMR (151 MHz, CDCl3) 
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B12 1H NMR (400 MHz, CDCl3) 

 
B12 13C NMR (101 MHz, CDCl3) 
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B13 1H NMR (400 MHz, CDCl3) 

 
B13 13C NMR (101 MHz, CDCl3) 
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B15 1H NMR (600 MHz, CDCl3) 

B15 13C NMR (151 MHz, CDCl3) 
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B16 1H NMR (600 MHz, CDCl3) 

 
B16 13C NMR (151 MHz, CDCl3) 
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B17 1H NMR (600 MHz, CDCl3) 

 
B17 13C NMR (151 MHz, CDCl3) 
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B18 1H NMR (600 MHz, CDCl3) 

 
B18 13C NMR (151 MHz, CDCl3) 
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B19 1H NMR (600 MHz, CDCl3) 

 
B19 13C NMR (151 MHz, CDCl3) 
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β-Amino Esters/Amides 

112 1H NMR (400 MHz, CDCl3) 

 
112 13C NMR (101 MHz, CDCl3) 
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113 1H NMR (400 MHz, CDCl3) 

 
 

113 13C NMR (101 MHz, CDCl3) 
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114 1H NMR (600 MHz, CDCl3) 

 
 

114 13C NMR (101 MHz, CDCl3) 
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115 1H NMR (400 MHz, CDCl3) 

 
 

115 13C NMR (101 MHz, CDCl3) 
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116 1H NMR (400 MHz, CDCl3) 

 
 

116 13C NMR (101 MHz, CDCl3) 
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117 1H NMR (400 MHz, CDCl3) 

 
 

117 13C NMR (101 MHz, CDCl3) 
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118 1H NMR (400 MHz, CDCl3) 

 
 

118 13C NMR (101 MHz, CDCl3) 
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119 1H NMR (400 MHz, CDCl3) 

 
 

119 13C NMR (101 MHz, CDCl3) 
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120 1H NMR (400 MHz, CDCl3) 

 
 

120 13C NMR (101 MHz, CDCl3) 
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126 1H NMR (400 MHz, CDCl3) 

 
 

126 13C NMR (101 MHz, CDCl3) 
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127 1H NMR (400 MHz, CDCl3) 

 
 

127 13C NMR (101 MHz, CDCl3) 
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111 1H NMR (400 MHz, CDCl3) 

 
 

111 13C NMR (101 MHz, CDCl3) 

 



 

284 

 

131 1H NMR (400 MHz, CDCl3) 

 
 

131 13C NMR (101 MHz, CDCl3) 
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132 1H NMR (300 MHz, CDCl3) 

 
 

132 13C NMR (75 MHz, CDCl3) 
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β-Amino Acids 

136 1H NMR (600 MHz, CD3CN) 

 
 

136 13C NMR (101 MHz, CD3CN) 
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137 1H NMR (400 MHz, CD3CN) 

 
 

137 13C NMR (101 MHz, CD3CN) 
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138 1H NMR (400 MHz, CD3CN) 

 
 

138 13C NMR (101 MHz, CD3CN) 
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139 1H NMR (600 MHz, CD3CN) 

 
 

139 13C NMR (101 MHz, CD3CN) 
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140 1H NMR (400 MHz, CD3CN) 

 
 

140 13C NMR (101 MHz, CD3CN) 
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141 1H NMR (400 MHz, CD3CN) 

 
 

141 13C NMR (101 MHz, CD3CN) 
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142 1H NMR (400 MHz, CD3CN) 

 
 

142 13C NMR (101 MHz, CD3CN) 

 



 

293 

 

143 1H NMR (400 MHz, CD3CN) 

 
 

143 13C NMR (101 MHz, CD3CN) 
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144 1H NMR (400 MHz, CD3CN) 

 
 

144 13C NMR (101 MHz, CD3CN) 
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145 1H NMR (400 MHz, CDCl3) 

 
145 13C NMR (101 MHz, CDCl3) 
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Product Derivatisations  

Peptide A 1H NMR (400 MHz, CDCl3) 

 

Peptide A 13C NMR (101 MHz, CDCl3) 
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Peptide B 1H NMR (400 MHz, CDCl3) 

 

 

Peptide B 13C NMR (101 MHz, CDCl3) 
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Chapter IIB: Synthesis of of Polar Spirocyclic Scaffolds 

Alkylidenemalononitriles 

A20 1H NMR (400 MHz, CDCl3) 

 
A20 13C NMR (101 MHz, CDCl3) 

 

 



 

299 

 

A21 1H NMR (400 MHz, CDCl3)  

 A21 13C NMR (101 MHz, CDCl3) 
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A22 1H NMR (400 MHz, CDCl3)  

 A22 13C NMR (101 MHz, CDCl3) 
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A23 1H NMR (400 MHz, CDCl3)  

A23 13C NMR (101 MHz, CDCl3) 
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A24 1H NMR (400 MHz, CDCl3)  

 A24 13C NMR (101 MHz, CDCl3) 
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A2119F{1H} NMR (376 MHz, CDCl3) 

 

 



 

304 

 

A25 1H NMR (400 MHz, CDCl3)  

 A25 13C NMR (101 MHz, CDCl3) 
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A25 19F{1H} NMR (376 MHz, CDCl3) 
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A26 1H NMR (400 MHz, CDCl3)  

A26 13C NMR (101 MHz, CDCl3) 



 

307 

 

A27 1H NMR (400 MHz, CDCl3)  

A27 13C NMR (101 MHz, CDCl3) 



 

308 

 

A28 1H NMR (400 MHz, CDCl3)  

A28 13C NMR (101 MHz, CDCl3) 
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Polar Spirocycles 

111 1H NMR (400 MHz, CDCl3) 

 
111 13C NMR (101 MHz, CDCl3) 

 

1 
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201 1H NMR (400 MHz, CDCl3) 

201 13C NMR (101 MHz, CDCl3) 
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202 1H NMR (400 MHz, CDCl3) 

202 13C NMR (101 MHz, CDCl3) 
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203 1H NMR (400 MHz, CDCl3) 

203 13C NMR (101 MHz, CDCl3) 
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204 1H NMR (400 MHz, CDCl3) 

204 13C NMR (101 MHz, CDCl3) 
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205 1H NMR (400 MHz, CDCl3) 

205 13C NMR (101 MHz, CDCl3) 
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206 1H NMR (400 MHz, CDCl3) 

 

206 13C NMR (101 MHz, CDCl3) 
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207 13C NMR (101 MHz, CDCl3) 

 
 

207 1H NMR (400 MHz, CDCl3) 
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208 1H NMR (400 MHz, CDCl3) 

 
208 13C NMR (101 MHz, CDCl3) 
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209 1H NMR (400 MHz, CDCl3)  

209 13C NMR (101 MHz, CDCl3) 
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209 19F{1H} NMR (376 MHz, CDCl3) 
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211 1H NMR (400 MHz, CDCl3)  

211 13C NMR (101 MHz, CDCl3) 
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211 19F{1H} NMR (376 MHz, CDCl3) 

 

 

1

1 

1
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212 1H NMR (400 MHz, CDCl3)  

212 13C NMR (101 MHz, CDCl3) 

1

3 
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213 1H NMR (400 MHz, CDCl3)  

213 13C NMR (101 MHz, CDCl3) 
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214 1H NMR (400 MHz, CDCl3)  

214 13C NMR (101 MHz, CDCl3) 
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216 1H NMR (400 MHz, CDCl3)  

216 13C NMR (101 MHz, CDCl3) 
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217 1H NMR (400 MHz, CDCl3)  

217 13C NMR (101 MHz, CDCl3) 
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Product Derivatisations  

229 1H NMR (400 MHz, CDCl3)  

 
229 13C NMR (101 MHz, CDCl3) 

3

3 

3

4 

3

5 

3

6 

3
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3
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Chapter III: Synthesis of -Amino Spirocyclic -Butyrolactones 

Products 

259 1H NMR (400 MHz, CDCl3) 

 

259 13C NMR (101 MHz, CDCl3) 
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259B 1H NMR (400 MHz, CDCl3) 

 

259B 13C NMR (101 MHz, CDCl3) 
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260 1H NMR (400 MHz, CDCl3) 

260 13C NMR (101 MHz, CDCl3) 
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261 1H NMR (400 MHz, CDCl3) 

 

261 13C NMR (101 MHz, CDCl3) 
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266 1H NMR (400 MHz, CDCl3) 

 

266 13C NMR (101 MHz, CDCl3) 
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267 1H NMR (400 MHz, CDCl3) 

 

267 13C NMR (101 MHz, CDCl3) 
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265 1H NMR (400 MHz, CDCl3) 

 

265 13C NMR (101 MHz, CDCl3) 
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265B 1H NMR (400 MHz, CDCl3) 

 

265B 13C NMR (101 MHz, CDCl3) 
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Decomposition Product 
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