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Abstract 

 

This thesis documents the synthesis of a-amino acid building blocks using a readily 

available carbamate as starting material via a Pd-catalyzed asymmetric allylation 

reaction.  

This method produces lactams bearing a range of polar and hydrophobic side chains, 

and can be used to synthesize di-peptidomimetic containing Freidinger lactams 

directly. In addition, a mild hydrolysis protocol via a phthalimide intermediate allows 

the transformation of azlactones into the corresponding free amine containing 

constrained amino acid building blocks through a simple three step sequence, 

generating the products in good yield and enantiocontrol.  

Further studies demonstrated that tri-peptidomimetics based on MIF-1 and RGD can 

be synthesized with these Freidinger lactams, and the former analogue had a stable 

I̡I-turn structure. Finally, the olefin on the Freidinger lactam building blocks can be 

modified into other functional groups showing the synthetic tractability of the 

method. 
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1. Introduction 

 

1.1. Palladium-Catalysed Decarboxylative Asymmetric Allylic Alkylation (DAAA) 

 

In 1980, Tsuji et al. first reported that allyl acetoacetate can rearrange in THF under 

Pd(OAc)2 and PPh3 catalysis to produŎŜ ʴΣ-ɻunsaturated methyl ketones.1 In the 

following years, although the Tsuji group and others extended the reaction scope and 

demonstrated that the reaction offered excellent regioselectivities, the 

enantioselectivity of such reactions has only begun to be studied in the past 20 years. 

The accepted DAAA mechanism consists of three steps (Scheme 1.1). The first step is 

the process of oxidative addition. In this step, the Pd(0) complex coordinates with 

the allyl fragment and ionization of the allylic carbonate takes place. Decarboxylation 

is the second step. In this step, a Pd(II) enolate is formed by releasing CO2. In the last 

step, the intermediate allyl Pd(II) enolate undergoes reductive elimination to form 

the final product and the Pd(0) complex can be regenerated at the same time. In this 

process, the specific mechanism and enantioselectivity will be influenced by the type 

of ligand and other factors (such as solvents, additives, temperature, and so on). 2 

 

Scheme 1.1 
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The controversial part of DAAA mechanism is whether the reductive elimination 

occurs via an inner sphere or outer sphere mechanism (Scheme 1.2). Although there 

is general acceptance that pro-nucleophiles with pKa<25 participate in outer sphere 

alkylation, the picture is quite complex and the precise mechanism depends on many 

factors.3 

 

Scheme 1.2 

In 2009, the Trost group studied the reductive elimination step of the DAAA by using 

stereochemical probes and they reported that a nearly perfect kinetic resolution was 

observed which supports the outer sphere mechanism (Scheme 1.3).4 The study 

showed that one enantiomer of (+/-)-1.1 was converted to the allylation product (+)-

1.2 but the other enantiomer did not react. They further discovered that the relative 

stereochemistry of the C1-methyl group and C2-H of (+)-1.2 derived from an outer 

sphere elimination because if elimination reaction occurred via inner sphere, the C1-

methyl group and C2-H could be on the same side, as drawn (product 1.3). 

 

Scheme 1.3 
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Computational studies performed by the Stoltz group demonstrated that the DAAA 

reaction between hard prochiral enolate nucleophiles and non-prochiral allyl groups 

using (S)-t-Bu-phosphinooxazoline (PHOX) ligand occurred via an inner sphere 

pathway, which was different from outer sphere DAAA reaction between soft enolate 

nucleophiles and prochiral allyl fragments (Scheme 1.4).5 They also proposed a 

seven-membered intermediate that operated during the reductive elimination step, 

highlighting the possibility of inner-sphere reductive elimination. 

 

Scheme 1.4 

In general, although opinions differ on the nature of the reductive elimination step, 

the general mechanism of DAAA reaction is almost always the same. However, 

further studies of the DAAA mechanism will continue to help us understand the 

structure of key intermediates which can help in the optimisation of enantioselective 

conditions. 

The Trost group discovered that the cis-trans isomerism of enolate carbonates played 

a vital role in the DAAA reaction (Scheme 1.5).6 In this case, two enol carbonate 

isomers showed different stereochemical outcomes under the same enantioselective 

conditions. The reaction of (E)-1.4 afforded one enantiomer product (R)-1.5 with 

high yield and high ee but (Z)-1.4 afford the other enantiomer product (S)-1.5 with a 

lower yield and selectivity. The Harrity group also observed the similar situation 
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when they used (E/Z)-1.6 as substrates.7 Although the cis-trans isomerism did not 

influence the enantioselectivity, the yield decreased from 52% to 10%. Overall, these 

results suggest that single enol isomers should be used when carrying out 

enantioselective DAAA reactions. 

 

Scheme 1.5 

-hDisubstituted ketones have been used in the DAAA reaction to generate the 

corresponding -hquaternary substituted allylation products. The Wang group used 

the 2-fluoropropiophenone 1.8 as a substrate to afford -hcarbonyl tertiary alkyl 

fluorides 1.10 with useful yield and ee values (Scheme 1.6).8 It was worth noting that 

they pre-formed the enolate intermediate 1.9 using LiHMDS, and that this enolate 

intermediate participate in the DAAA reaction as a single Z-isomer.  

 

Scheme 1.6 
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Cyclic ketoesters have also been widely employed in the DAAA reaction. In 1997, the 

Trost group reported that the enantioselectivity could be significantly enhanced by 

adding N,N,NΨΣNΨ-tetramethylguanidinium (TMG) as an basic additive in the allylation 

of a-tetralones, but the enantioselectivity was only between -16 and 70 by using 

other basic additives (NaH, n-C4H9Li, Na2CO3), which can suggest that optimising 

enantioselectivity is not limited to solvent, ligands and  reaction temperature 

(Scheme 1.7 a).9 Although ̡ -keto esters are excellent substrates for decarboxylative 

asymmetric allylic alkylation with the standard Trost ligand, ketone enolates are not 

ideal. In 2001, You et al. published a more efficient ligand ((R,R,Sp,Sp)-1) which can 

afford allylation products with high ee values (up to 95% ee, Scheme 1.7 b).10  

 

Scheme 1.7 

Interestingly, He and Wang et al. reported the synthesis of a double allylation 

product, a crucial intermediate in the total synthesis of (-)-huperzine A, with high 

enantioselectivity and  yield (Scheme 1.8).11 

 

Scheme 1.8 
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-hTrisubstituted ketones or their enolates can also be used in the DAAA reaction. 

These are distinguished from -htetrasubstituted ketones or enolates by the 

difference between an intermolecular reaction and a formal intramolecular reaction 

(Scheme 1.9). Carbonate as a functional group replaces the H on the -hC of 

disubstituted ketones to form a trisubstituted substrate or the corresponding 

enolate. Intramolecular reactions usually occur rapidly and the ratio of nucleophilic 

fragments to electrophilic fragments is strictly 1:1, which can suppress side reactions 

caused by excess substrate. 

 

Scheme 1.9 

An interesting example of this chemistry was reported by the Trost group who 

investigated the regioselectivity of allylation of a-hydroxycarbonyl derivatives 

(Scheme 1.10).12In this case, 1.11 and 1.12 can be converted into isomeric enolates 

that lead to products 1.13 or 1.14. The Trost group speculated that there was an 

equilibrium between intermediates I and II. Considering that the stability of I was 

higher than II, the product 1.13 should be the thermodynamic product which 

required the rate of allylation to be slower than the rate of equilibration. They 

speculated that the rate difference of allylation versus equilibration could be 

influenced by the ligand and the size of the silyl group. 
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Scheme 1.10 

In practice, the two enol carbonates gave the same product, although the reaction 

rates were quite different. As shown as Scheme 1.11 a), the reaction rate of 1.15 is 

faster than that of 1.16 although the yield and enantioselectivity were not 

significantly different. This was reasonable, considering that 1.16 needed to undergo 

a silyl transfer step to form the allylation product. The  scope of this process was 

broad, and afforded a series of products with high yield and enantioselectivities 

(Scheme 1.11 b). 

 

Scheme 1.11 
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Stoltz reported a new class of amide enolates and applied them in the DAAA reaction 

to generate a new carbon backbone with quaternary carbon stereocenter (Scheme 

1.12).13 This methodology afforded highly enantioselective products by using a novel 

electronically perturbed Trost ligand. 

 

Scheme 1.12 

As with -hsubstituted cyclic ketones, -hsubstituted cyclic keto esters and enol 

carbonates are also prevalent in asymmetric allylation reactions. The Nakamura 

group reported that -hfluoro- -̡keto esters can be allylated to afford h -fluoro- -̡allyl 

ketones with high enantioselectivity (Scheme 1.13 a).14 The Behenna group 

demonstrated that 1-cyclohexenyl allyl carbonates can undergo the DAAA reaction to 

provide the corresponding allylation products with high ee (Scheme 1.13 b).15 Similar 

reactions with very high enantioselectivities were published by the Trost group 

(Scheme 1.13 c).16 
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Scheme 1.13 

In summary, a large number of studies have demonstrated that the DAAA reaction is 

a powerful method to generate chiral quaternary stereocenters on carbon backbones. 

This makes the synthesis of many natural products and small molecule drug scaffolds 

possible. 

 

1.2 The application of azlactones in DAAA reaction 

 

Azlactones have proven to be a powerful class of substrates for the synthesis of 

unnatural amino acids bearing quaternary C-stereocenters (Scheme 1.14).3 Although 

the azlactones can be readily synthesised from commercial natural amino acids, they 

racemize in this process. Thus, the enantioselective DAAA reaction offers an effective 

method to address this problem. 

 

Scheme 1.14 
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The Trost group reported using -̡benzyl azlactones as substrates in the DAAA 

reaction (Scheme 15).17 Compared with linear allylic acetates A, the reactions with 

branched substituted allylic acetates B had higher ee values. They also discovered 

that the nucleophilic fragment (azlactones) could attack the more substituted carbon 

of the allyl group, this results in the generation of the di-tertiary products 1.17, 1.18 

albeit in minor amounts which were recovered in low yield with poor 

enantioselectivity. 

 

Scheme 1.15 

Phosphates were introduced as replacements for carbonate by the Trost group in 

2012.18 When p-methoxybenzyl methyl carbonate 1.19 was used for allylating 

azlactones, the yield was low although the enantioselectivity was high (Scheme 1.16 

a). When using phosphates 1.20, 1.21 that exhibit higher reactivity, adding Cs2CO3 

and tBuOH can significantly improve the yield and enantioselectivity of the reaction 

(Scheme 1.16 b).  
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Scheme 1.16 

It is worth mentioning that Serra et al. reported that azlactone enol carbonates can 

also be converted into the corresponding allylation product with useful yield and 

enantioselectivity (Scheme 1.17).19 

 

Scheme 1.17 
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1.3 The application of zwitterionic intermediates in the DAAA reaction 

 

Due to their excellent cyclization reactivity, cyclic carbamates 1.22 have been widely 

applied in the DAAA reaction (Scheme 1.18). ZǿƛǘǘŜǊƛƻƴƛŎ ˉ-allylpalladium 

intermediate 1.23 can be formed after decarboxylation of these precursors. The 

cation-terminal of 1.23 can be attacked by the nucleophilic fragment and the anion-

terminal can be used in the synthesis of functionalized nitrogen heterocycles by 

intramolecular reaction. 

 

Scheme 1.18 

Thus, the design of zwitterionic precursors is crucial for the DAAA-cycloaddition 

reaction. Diverse lactones and cyclic carbamates have been applied in the DAAA-

cycloaddition reaction to realize the synthesis of various cyclic compounds with the 

potential to generate chiral quaternary stereocenters.20 This section of the thesis 

mainly introduces the application of carbamates in this reaction (Scheme 1.19). 

 

Scheme 1.19 

Carbamate 1.28 has been commonly applied in decarboxylative [4+2] cycloaddition 

reactions for synthesis of aromatic nitrogen heterocycles. The Tunge group reported 

a new [4+2] cycloaddition reaction to synthesise hydroquinolines by using carbamate 



21 
 

1.28 as a precursor (Scheme 1.20) in 2008.21 The hydroquinolines afforded by this 

protocol were generated with excellent yields, enantioselectivities and 

diastereoselectivities. 

 

Scheme 1.20 

Enantioenriched benzazepines have been synthesized by the Glorius group by using 

carbamate 1.28 in a DAAA-NHC organocatalysed synergistic reaction.22 NHC catalyst 

1.29 cannot only convert the enal 1.30 to NHC-homoenolate 1.31 but also work as 

chiral auxiliary to control the enantioselectivity of the reaction (Scheme 1.21). 

Glorius screened a variety of enals to afford diverse benzazepines with excellent 

enantioselectivities (Scheme 1.22). 

 

Scheme 1.21 
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Scheme 1.22 

In 2016, the Jørgensen group first reported the synthesis of tetrahydroquinolines 

with high enantioselectivities and diastereoselectivities by introducing chiral 

organocatalyst 1.32 on the Σh-̡unsaturated aldehyde 1.33 instead of using a chiral 

ligand. 23 Iminium-ion intermediate 1.34 underwent DAAA-cycloaddition reaction 

with carbamate 1.35 to form corresponding tetrahydroquinoline (Scheme 1.23).  

 

Scheme 1.23 
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Jørgensen screened aldehydes with diverse aromatic groups and alkyl groups to 

afford various tetrahydroquinolines with excellent enantioselectivity and 

diastereoselectivity (Scheme 1.234). 

 

Scheme 1.24 

5-Vinyloxazolidinones 1.36 and trisubstituted alkenes can be combined to synthesize 

pyrrolidine with control of multiple stereocentres by a [3+2] metal catalysed 

cycloaddition in the presence of a new chiral oniumςphosphine hybrid ligand 1.37.24 

In this study, chiral ligand 1.37 played a vital role in construction of three contiguous 

stereocentres (Scheme 1.25 a). The Ooi group screened different trisubstituted 

alkenes 1.38 and carbamates 1.39 to build various pyrrolidines 1.40 with excellent 

enantioselectivity and diastereoselectivity (Scheme 1.25 b). These intermediates 

could be converted into the bicyclic lactams 1.41 which is the scaffold of thrombin 

inhibitor analogues 1.42 (Scheme 1.25 c). 
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Scheme 1.25 

In the same year, the Ooi group also published the synthesis of various 

imidazolidines 1.44 with high enantioselectivity and diastereoselectivity by the 

metal-catalysed cycloaddition reaction between the carbamates 1.39 and N-sulfonyl 

imines 1.43 in the presence of the chiral oniumςphosphine hybrid ligand 1.45 

(Scheme 1.26).25 
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Scheme 1.26 

The Harrity group reported that diverse piperidine analogues can be afforded by a 

simple and versatile Pd-catalyzed cycloaddition strategy between carbamate 1.46 

and diones and keto lactones (Scheme 1.27).26  

 

Scheme 1.27 
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On this basis, Harrity's group designed a range of DAAA-cycloaddition reactions 

between different substrates and carbamates 1.46 to provide different piperidine 

products with high enantioselectivity and yield in the presence of different chiral 

ligands. Spiropiperidines can be provided by the reaction between carbamate 1.46 

and keto ester substrates 1.47 (Scheme 1.28 a).26 3-Fluoropiperidines can be 

delivered by the reaction between carbamate 1.46 and -hfluoro- -̡ketoester 

substrates 1.48 (Scheme 1.28 b).7, 27 

 

Scheme 1.28 

New carbamates are being designed to be suitable not only for the synthesis of 

target heterocyclic compounds, but also to address limitations associated with 

charge stabilising groups. For example, Guo designed new carbamate 1.49 where the 

electron-withdrawing group at the N atom forms a part of the target heterocycle.28 
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The Guo group screened diverse carbamates and nucleophilic substrates to afford 

various eight-membered heterocycle products (Scheme 1.29 a) and ɹ -lactams with 

excellent enantioselectivity and yield (Scheme 1.29 b). 

 

Scheme 1.29 

In conclusion, carbamates are a powerful zwitterionic precursors that build diverse 

heterocycle compounds which can be used as the scaffold of many target 

compounds. New carbamates and cycloaddition protocols will continue to be 

designed to deliver more diverse heterocyclic compounds. 
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1.4 The development of Freidinger lactams 

 

About 60% of FDA-approved drugs contain a nitrogen heterocycle.29 The lactam as a 

drug scaffold is widely present in traditional drugs and natural products. For example, 

penicillin G is a ̡ -lactam antibiotic (Scheme 1.30 a). Piperlongumine used as an Asian 

traditional medicine for millennia shows antitumour activity (Scheme 1.30 b)30. 

Therefore, the design and application of the lactam scaffold is of great significance 

for the development of drugs. 

 

Scheme 1.30 

Researchers have for many years been committed to the synthesis and study of 

amino acid analogues. Among the many approaches taken, the use of peptide bond 

surrogates and novel peptide chain backbones have been employed to generate 

compounds with improved pharmacokinetic profiles, better drug properties and 

higher market value.  

Freidinger et al. found that the introduction of dipeptide lactams into a polypeptide 

chain is an effective method of limiting the conformation of the peptide (Scheme 

1.31 a).31 The resulting lactam can enforce the trans conformation of the amido bond 

in the peptide chain ό˖ύ along with controlling the dihedral angles of the main chain 

y1. The lactam ring can also impact conformational flexibility of the dihedral angles 

f1 and f2. Although several strategies exist for the synthesis of Freidinger lactams, 

they generally provide motifs that lack functionality that limits their further 

elaboration downstream (Scheme 1.31 b).30 
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Scheme 1.31 

The introduction of Freidinger lactams has been shown to improve the potency of 

peptide drugs. For example, the luteinizing hormone-releasing hormone (LH-RH) has 

a ̡ -turn that is stabilised by the formation of the H-bond between carbonyl-O of the 

(i)-tyrosine residue and amide-H of the (i+3)-leucine residue (Scheme 1.32). The ̡ -

turn played a vital role in the bioactivity of LH-RH. The Freidinger group showed that 

a constrained configuration can be built into the LH-RH by using g-lactam as 

surrogate for the (i+1)-glycine residue (Scheme 1.26).32 This constrained peptide 

fragment can stabilise the -̡turn structure to enhance the potency of the LH-RH 

which was demonstrated both in vivo and in vitro. 
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Scheme 1.32 

The Stefanucci group reported that [D-Ala2, des-Leu5] enkephalin amide (DAPEA) 

analogue A2D, which was generated by introducing (R)- -hamino- -ɹlactam (Agl) in 

DAPEA, has high selectivity and potency at the MOR receptor (a class of opioid 

receptors) (Scheme 1.33).33 By using docking studies, they identified the 

conformation of A2D which led to the proposal that a -̡turn played an important 

role in binding at the MOR receptor. Interestingly, A2, a diastereomer of A2D, did not 

show the ̡ -turn feature. 
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Scheme 1.33 

In summary, the introduction of Freidinger lactams in peptide drugs is a strong and 

effective strategy to improve their therapeutic potential.  
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2. Previous work 

 

Current approaches to Freidinger lactams rely almost exclusively on the 

stereospecific elaboration of available a-amino acids, and de novo asymmetric routes 

to functionalizable constrained amino acid building blocks are almost unknown. In 

addition, in many of these cases, the building of Freidinger lactams relies on the a-

amino acids with special side groups (such as methionine, lysine and so on) that are 

involved in the ring forming process. This means that Freidinger lactams cannot be 

introduced at all sites in a peptidomimetic. At the same time, this approach is limited 

by the fact that the side groups are sacrificed in the ring forming process. 

We envisaged that functionalized Freidinger lactams could be made available 

through the condensation reaction of a 2-aminomethyl p-allyl intermediate and an 

a-amino acid anion equivalent (Scheme 2.1). We identified azlactones as synthetic 

equivalent of the amino acid anion, and the cyclic carbamate as the electrophilic 

component. 

 

Scheme 2.1. Strategy of this project to synthesize Freidinger lactams. 

The synthesis of a series azlactones was performed within the group before 

commencing the project (Scheme 2.2) and these were convenient for use as 

substrates in the lactam forming reaction.34 
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Scheme 2.2. Azlactones synthesized previously in the group. 

Previous work also presented feasible experimental conditions for the synthesis of ɻ-

lactams via allylation/cyclization of azlactones (Scheme 2.3). Under these conditions, 

a series of differenǘ ʵ-lactams were synthesized in useful yields. However, at this 

point, the method was restricted to the synthesis of racemic -ɻlactams, which limits 

their application in biology and medicine. 

 

Scheme 2.3. ɻ -Lactams synthesized previously in the group 
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3. Aims 

 

This project will focus on the development of a facile and enantioselective route to 

lactam motifs that could be integrated into peptidomimetics (Scheme 3.1). At the 

same time, this strategy needs to ensure the high reactivity and versatility in order to 

be used in gram scale experiments.  

 

Scheme 3.1. Enantioselective synthesis strategy for Freidinger lactams. 

After identifying optimal conditions for the asymmetric synthesis of the key lactam 

motifs, a suitable hydrolysis strategy for the removal of the amide group needs to be 

developed for forming single Freidinger lactam blocks with a free amine group 

(Scheme 3.2). These Freidinger lactam monomers can be used to synthesize 

constrained oligopeptide fragments bearing an olefin that offers the potential for 

late-stage functionalisation. 

 

Scheme 3.2. Hydrolysis strategy 

Finally, targets will be developed that incorporate these Freidinger lactam building 

blocks, with the work mainly divided into two directions (Scheme 3.3). One is 

modification of the olefin so that it can be tagged with functional molecules such as a 
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fluorescent organic dye. Another goal is the synthesis of constrained 

peptidomimetics by using these lactams. 

 

Scheme 3.3. Modification and application of Freidinger lactam blocks. 
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4. Synthesis of Substrates and Ligands 

 

4.1. Synthesis of carbamate 

 

Carbamate (C4) is the precursor to our key dipolar intermediate for the lactam 

synthesis, and is made in a three-step sequence. The first step involves treating the 

commercial diol (C1) with I2 and PPh3 in DCM/EtOAc (1:1) with imidazole to form 3-

iodo-propan-1-ol (C2) (Scheme 4.1). There are two things to note about this reaction. 

The first point is that the reaction is performed in the dark because light will not only 

accelerate the decomposition of iodine but it also decomposes the product. The 

second point is that the reaction is highly exothermic upon addition of iodine. Thus, 

it is necessary to keep the mixture (diol, imidazole, PPh3 in DCM/EtOAc) at 0  and 

to add the iodine slowly to the mixture.  

 

Scheme 4.1. Method to synthesize C2. 

In the subsequent step, AgOCN in refluxing toluene was used to convert C2 to the 

cyclic carbamate C3 (Scheme 4.2). This reaction was also carried out in the absence 

of light. Finally, the cyclic carbamate intermediate (C3) was protected by Boc using 

DMAP as catalyst. The final product carbamate (C4) was generally isolated as a 

colorless oil after purification by flash column chromatography. However, it slowly 

transformed to a white solid after storing in the freezer for about one week. 
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Scheme 4.2. Method to synthesize carbamate. 

4.2. Synthesis of Ligands 

 

The chiral ligands used to develop the asymmetric allylation step in this project were 

all purchased or provided by the laboratory (synthesized by previous team members, 

Scheme 4.3).  

 

Scheme 4.3. The list of ligands used in this project.  

Ligand L4 ((R,R)-ANDEN-phenyl Trost ligand) was particularly expensive, so we had to 

prepare this to have reasonable quantities for screening/optimization studies 

(Scheme 4.4). The ligand was synthesized by the coupling reaction of chiral diamine 
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and benzoic acid. Usually DIC, DCC and EDC.HCl were used as the coupling reagents 

to promote such reactions. However, after many experiments, it was found that DIC 

was more suitable for this reaction. Use of EDC.HCl resulted in a decrease in yield, 

while DCC raised problems as the by-product DCU was difficult to remove by flash 

column chromatography due to co-elution with the product (L4). In contrast, the by-

product of DIC can be easily removed by flash column chromatography. 

 

Scheme 4.4. Method to synthesize L4. 

4.3. Synthesis of azlactones 

 

Although a number of azlactones were available when the project started (c.f. 

Scheme 2.4), additional examples were required as the project progressed and their 

synthesis will be discussed here. Generally speaking, synthetic approaches to 

azlactones can be divided into two methods (Scheme 4.5). The first method is to first 

synthesize the amide intermediate in an alkaline aqueous solution or THF, and then 

use a dehydrating agent (Ac2O or EDC.HCl) to cyclize the amide intermediate to 

obtain an azlactone. In a modification of this route that is used in cases where R1 

groups are easily hydrolysed when heated in a strong alkaline aqueous solution (such 

as ester groups), an acid chloride is employed to form the amide intermediate. The 

second method is to use TFAA directly. In this approach, TFAA not only generates the 

corresponding amide intermediate, but also acts as a dehydrating agent to cyclize the 

amide to the corresponding azlactone. In this case, the azlactone has a specific R2 

group (-CF3).  
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Scheme 4.5. Strategies for synthesizing azlactones  

Although routes to a range of azlactones were developed within the group, many 

azlactones with important amino acid residues (such as tryptophan, glutamic acid, 

and lysine and so on) were missing. Accordingly, we synthesized azlactones with 

neutral side chains (eg. 4a, 4b), acidic side chains (ester protected, 4h) and basic side 

chains (Boc protected, 4f) by the above method (Scheme 4.6). Overall, the 

azlactones prepared allowed us to access many different types of analogues of 

natural amino acids. 
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Scheme 4.6. Using different strategies to synthesize corresponding azlactones.  

In the process of synthesizing azlactones, we found many things worth exploring. 

First of all, for the choice of Ac2O versus EDC.HCl, the latter was preferable even 

though it had little effect on the yield. The post-treatment of EDC.HCl is simpler 

which greatly reduces the product loss during post-treatment and purification. 

Moreover, the conditions used with EDC.HCl are milder, and it is more suitable as a 

dehydrating agent for the synthesis of azlactones with readily hydrolysable groups. 

Secondly, the properties of azlactone (4o) are quite special. Although the polarity of 

this substance is very low, its solubility in DCM is also very low. Therefore, a large 

amount of white solid appeared after the reaction, and this was collected by 

filtration to obtain the product with a yield of 60%. The reason for this property has 

not been identified, but it could be closely related to the influence of bromine atom 

because Br is polarisable and can undergo halogen-bonding. A final note is that all 

azlactones need to be kept in the refrigerator. Some azlactones are readily 

hydrolyzed even when stored in the refrigerator, and such azlactones need to be 

used immediately after synthesis. 
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We also synthesized some special azlactones using dipeptides (Scheme 4.7). The 

reasons for studying these systems are twofold. On the one hand, dipeptide-like 

Freidinger lactam building blocks can be finally obtained using such azlactones as 

starting materials. On the other hand, the influence of the R2 group on the reaction 

efficiency and stereoselectivity can be studied and compared to the corresponding 

aryl groups. A summary of our routes to these azlactones is shown in Scheme 4.7. 

 

Scheme 4.7. Using dipeptides to synthesize corresponding azlactones. 

From the analysis of the results, we found that EDC.HCl is the most suitable 

dehydrating agent when Cbz is used as the N-protected group. Although the yield of 

azlactone is only 20%-30%, when other dehydrating agents (Ac2O or DCC) were used 

the reaction did not proceed at all. For the Boc N-protected group, DCC is the most 

suitable dehydrating agent and the yield of azlactone was up to 83% in this case. 

We also synthesized the corresponding azlactones using Z-Pro-Phe as the starting 

material (Scheme 4.8). The lactam obtained from this azlactone would allow the 

direct incorporation of proline, a naturally occurring constrained amino acid. 

Unfortunately, the synthesis of this azlactone was not successful. The NMR spectrum 

of the purified compound was very complex and could not be conclusively analyzed. 

The mass spectrum showed that there were two products; respectively, the 

molecular weight of the target product (M) and the molecular weight of the target 
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product plus 18 (M+18). Since the specific reason for the failure of the reaction is 

unclear, we propose that a combination of proline racemization and Cbz rotamers 

may lead to a complex NMR spectrum, and the hydrolysis of the azlactone may 

cause product (M+18) to appear in the mass spectrum. Regardless, our inability to 

easily work with this compound led to the approach being abandoned. 

 

Scheme 4.8. Possible racemization of azlactone from Z-Pro-Phe. 
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5. Selected Optimization Experiments 

 

5.1.  First Selected Optimization Experiments 

 

This part of the research project took place during the pandemic, and so many of the 

required reagents could not be delivered in time. Accordingly, we used a single 

variable method to screen the best experimental conditions. That is, only one of the 

conditions was changed in adjacent experiments, and the best conditions were 

selected for the next experiment. 

 

5.1.1. Ligand screening 

 

Ligand identification is critical for establishing efficient asymmetric transformations. 

It was our view that the fine tuning of other factors should be built on the best ligand 

candidate, and so we decided to screen all the ligands first under the same 

conditions and then choose the best ligand to go on to the next optimization process. 

We first selected one ligand from each of the three different types of ligands (Phox 

Ligand, BINAP Ligand, and Trost Ligands) for comparison (Table 1, Entries 1, 2, 3). 

We found the Trost ligand family more suitable for our experiments than the other 

two. According to the comparison (Table 1, Entries 4, 5, 6, 7), we found L4 to be our 

best Trost Ligand, providing product with an ee value of up to 81%. 

 

 
 
 
 
 
 
 
 
 



44 
 

 
Table 1. Ligand screening 
 

 
 

Entry solvent Ligand (L) Yield (%) [b] ee (%) [c] 

1 DCM L5 98 14 

2 DCM L6 95 8 

3 DCM L1 93 25 

4 Dioxane L1 96 53 

5 Dioxane L2 98 49 

6 Dioxane L3 85 63 

7 Dioxane L4 30 81 

[a] Concentration with respect to cyclic carbamate. [b] Yield after chromatography. [c] 

Determined by chiral HPLC with a constant flow rate of 1 mL/min using hexane/isopropyl 

alcohol 95:5 as the mobile phase. 

 

5.1.2. The optimisation of solvent and temperature 

 

In our selected optimization experiments, the type of solvent also plays a vital role. 

According to the comparison of entry 1, entry 2, and entry 6 (Table 2) 

enantioselectivities improved in the order: 1,4-dioxane > DCM > acetonitrile, and 
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comparing entries 8, entry 9, and entry 10, dioxane proved to be the superior ether 

based solvent. Toluene as the least polar solvent also gave a relatively high ee value 

but the yield was very poor in this case.  

 

Table 2. Solvent and temperature screening. 

 

Entry solvent Temp Ligand (L) Yield (%) [a] ee (%) [b] 

1 Acetonitrile rt L1 95 10 

2 DCM rt L1 93 25 

3 DCM 0 L1 93 35 

4 DCM -20 L1 83 25 

5 Toluene 0 L1 10 50 

6 Dioxane rt L1 96 53 

7 Dioxane rt L2 98 49 

8 Dioxane rt L3 85 63 

9 DME rt L3 98 16 

10 THF rt L3 71 46 

11 Dioxane rt L4 40 81 

[a] Concentration with respect to cyclic carbamate. [b] Yield after chromatography. [c] 

Determined by chiral HPLC with a constant flow rate of 1 mL/min using hexane/isopropyl 

alcohol 95:5 as the mobile phase. 

 

The reaction temperature can also influence the ee value. According to entry 2, 

entry 3, and entry 4 (Table 2), we found the relationship between reaction 

temperature and ee value is non-linear. With the decrease in temperature, the ee 

value increased at first and then fell. Although a reaction temperature of 0  

appeared to be best in DCM, unfortunately the freezing point of 1,4-dioxane is 10 , 

and so we conducted reactions in this solvent at room temperature for convenience.  
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5.1.3. Summary of other factors explored 

 

In general, the most common Pd/ligand ratios are between 1:1.1 and 1:3. If the ratio 

of the ligand is too high, oligomeric Pd-complexes rather than monomeric Pd-

complexes predominate, which typically leads to a reduction in the enantioselectivity 

of the ensuing allylation reaction (Scheme 5.1).35 

 

Scheme 5.1. Oligomerisation of Trost ligand based catalysts. 

We therefore compared the influence of two different Pd/ligand ratios on the 

enantioselectivity (Table 3). According to the result, we found a small increase in 

ligand ratio does not significantly affect yield and enantioselectivity. Thus, we 

decided to maintain a 2:3 Pd/ligand ratio in order to produce an efficient reaction 

while minimising waste of the chiral ligand. 

 

Table 3. Pd/ligand ratio screening 

 

Entry solvent 
Pd loading 

(x mol%) 

Ligand loading 

(y mol%) 
Pd: Ligand Yield (%) [b] ee (%) [c] 

1 DCM 2.5 7.5 2:3 93 35 

2 DCM 2.5 15 1:3 94 35 

[a] Concentration with respect to cyclic carbamate. [b] Yield after chromatography. [c] 

Determined by chiral HPLC with a constant flow rate of 1 mL/min using hexane/isopropyl 

alcohol 95:5 as the mobile phase. 
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A surprising observation was that the reaction did not proceed in the absence of 

base (Table 4, Entries 8 and 9), and using a stronger base than triethylamine can 

increase the yield, but has no influence on enantioselectivity (Entries 1 and 2). When 

we used DBU as base we found that some white precipitate formed and TLC analysis 

showed there was no azlactone remaining in the reaction mixture after 20 hours, 

although some carbamate still remained. We thought it was possible that azlactone 

was hydrolysed by a strong base. Thus, we wanted to improve the yield by 

decreasing the concentration of the reaction to prevent the formation of by-

products. Fortunately, with the decrease in concentration, not only the yield but also 

the ee value increased, although the latter change was relatively insignificant (Table 

4, Entries 3, 4, 5, 6). Finally, we found when the concentration was 0.0167 mol/L, the 

yield and ee values arrived at 85% when using DBU as a base.  

According to Table 4, Entry 7, we found the main function of tBuOH was to increase 

the yield of the reaction. tBuOH can promote the enol structure of azlactones by 

analogy to studies reported by TrostΩs group.36  

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

Table 4. Concentration and base screening. 

 

Entry Conc.[a] (mol/L) Base Yield (%) [b] ee (%) [c] 

1 0.05 TEA 30 81 

2 0.05 DBU 50 81 

3 0.025 DBU 67 82 

4 0.0167 DBU 85 85 

5 0.0125 DBU 78 84 

6 0.01 DBU 64 82 

 7[d] 0.0167 DBU 50 83 

8[e] 0.0167 - No reaction - 

9[f] 0.0167 - No reaction - 

[a] Concentration with respect to cyclic carbamate. [b] Yield after chromatography. [c] 

Determined by chiral HPLC with a constant flow rate of 1 mL/min using hexane/isopropyl 

alcohol 95:5 as the mobile phase. [d] Reaction without tBuOH. [e] Reaction without DBU. [f] 

Reaction without DBU and tBuOH. The palladium source is { 3-C3H5PdCl}2. 

 

Ultimately, the optimum yield and enantioselectivity at the first selected 

optimization experiments were found to be the conditions shown in Scheme 5.2, 

which provided the intermediate compound with 85% ee and 85% yield by using L4 

as a chiral ligand and dioxane as solvent at room temperature. 

 

Scheme 5.2. General mechanism of DAAA 
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5.2. Preliminary study of the scope of the allylation reaction 

 

We screened the allylation reaction of a small selection of different azlactones using 

the optimal reaction conditions. Unfortunately, although the yields were acceptable, 

the ee values were just around 80% (Scheme 5.3), which was not useful enough for 

the next stage of the research program. Thus, it was necessary to find a better set of 

conditions that would provide higher ee values. We also explored the effect of 

various substituents at the azlactone C-2 position. We found that when the R2 group 

is too big (5m, -C(CH3)3) or small (5n, -CF3) the enantioselectivity was lost. This latter 

result was particularly disappointing because -CF3 was significant for later hydrolysis 

strategies, as the corresponding lactams are generated as trifluoroacetamides.  

 

Scheme 5.3. Initial scope of allylation intermediates. 
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5.3.  Second Selected Optimization Experiments 

 

In order to improve the reaction further, we returned to the idea of modulating the 

reaction temperature. As we discussed in 5.2.2, we continued to use room 

temperature rather than 0  because the freezing point of dioxane is 10 . Thus, 

we wondered if the process of mixing dioxane with other solvents could lower the 

freezing point of the medium. Toluene was chosen as the solvent additive because, 

according to Table 2, Entries 5,6, the reaction proceeds with low conversion but the 

ee value of the product is basically the same as that in dioxane. We tried different 

toluene/dioxane ratios and found the solvent did not freeze when the ratio of these 

solvents was 2:8. Pleasingly, as shown in Table 5, Entry 1, the ee value increased to 

91% although the yield decreased to 20%. Finally, we increased the yield of the 

reaction from 20% to 90% by changing the reaction concentration and using Hünig's 

base (Table 6, Entry 4). 

 

Table 6. Second Selected Optimization Experiments 

 

Entry solvent Conc.[a] (mol/L) Base Yield (%) [b] ee (%) [c] 

1 
20% toluene in 

dioxane 0.0167 DBU 20 91 

2 
20% toluene in 

dioxane 0.05 TEA 20 91 

3 
20% toluene in 

dioxane 0.05 DIPEA 70 91 

4 
20% toluene in 

dioxane 0.1 DIPEA 90 90 

[a] Concentration with respect to cyclic carbamate. [b] Yield after chromatography. [c] 

Determined by chiral HPLC with a constant flow rate of 1 mL/min using hexane/isopropyl 

alcohol 95:5 as the mobile phase. 
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5.4. Further study of the scope of the allylation reaction  

 

We continued to screen the allylation reaction of different azlactones using the new 

optimal conditions. Pleasingly, as shown in Scheme 5.4, the ee values of target 

allylation intermediates (5a-5h) were found to be between 80-90%. When we used 

azlactones derived from dipeptides, the ee value of the allylation intermediates (5i-

5k) was found to increase, with the example bearing a Cbz protecting group 

delivering the product with up to 96% ee.  

Regarding the scope of R1, we generally focused on natural amino acid side chains. 

However, we found when R1 was a phenyl group, not only the ee value but also the 

yield of 5l was lower as compared to other products. In addition, when R1 was an 

isopropyl group, although two enantiomers were not fully separated by chiral HPLC, 

the ee value was lower than 50%. These results suggests that branched substituents 

at R1 can result in reduced enantioselectivity. 

 

Scheme 5.4. Scope of enantioselectivity in allylation products. 
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5.5.  Mechanism of the allylation reaction 

 

A plausible catalytic cycle based on the data from our experiments is depicted in 

Scheme 5.5. We found that when we used an achiral ligand the reaction proceeded 

in the absence of base although the yield was just 40%. However, the reaction did 

not proceed when we used Trost Ligands without a base. It is possible that when we 

used an achiral ligand, the Pd complex A played the role of base. However, when we 

used Trost ligands, because of the large steric hindrance, the Pd complex A was not 

able to function in this way. Therefore, the base additive converted the azlactone to 

the corresponding enolate B, while tBuOH prevented Pd complex A from 

transforming to the unreactive a five-membered metallocycle. What is less clear is 

why both tBuOH and the base additive are required, and so there may be an added 

role played by the H-bond donor properties of tBuOH. 

 

Scheme 5.5. Mechanism of our DAAA reaction. 
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6. The Synthesis of Freidinger Lactams 

 

The allylation intermediates (5a-5l) could be smoothly transformed to the 

corresponding lactams (6a-6l) after removal of the Boc-group with TFA. The 

methodology showed good generality, delivering lactam mimics bearing both polar 

and hydrophobic side-chains. Moreover, we were able to crystallize lactams 6a,b and 

both showed the (R)-configuration at the newly generated stereogenic center. The 

stereochemistry of the remaining compounds was assigned by inference. Pleasingly, 

the subjection of azlactones 5i-k to our optimized conditions generated FLPhe-Gly 

dipeptides with or without a Cbz-protecting group, and Cbz-protected FLLeu-Gly, both 

with high enantiomeric ratios. It is worth noting that indole can be decomposed by 

highly concentrated TFA solution (75 mmol TFA in 10 mL DCM). Thus, when we 

synthesized FLTrp (6e), we used a relatively low-concentration TFA solution (8 mmol 

TFA in 10 mL DCM) and monitored the reaction carefully by TLC analysis. 

 

Scheme 6.1. Scope of enantioselective Freidinger lactam syntheses. 
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Fortunately, according to the 3D structures of 6a,b, the configuration of the newly 

generated stereogenic center is the same as the natural amino acids (exemplified 

specifically with L-leucine in Scheme 6.2). It means we can synthesize constrained L-

amino acid building blocks with synthetically useful enantiomeric ratios with good 

efficiency. 

 

Scheme 6.2. Comparison between structure of 6b and natural L-leucine. 

We have developed a model to explain the trends observed in our asymmetric 

allylation process. As shown in Scheme 6.3, pathway k1 proceeds via a H-bond 

interaction with the catalyst N-H group according to the Lloyd-Jones Norrby model36. 

The alternative approach k2 is less favorable as the C-4 substituent Ph points towards 

the catalyst ΨroofΩ leading to destabilizing steric interactions. 

 

Scheme 6.3. Influence on enantioselectivity 
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7. Synthesis of Freidinger Lactam building blocks 

bearing a free amine group 

 

7.1. The design of a new hydrolysis strategy  

 

Originally, we planned to synthesize the Freidinger lactam building blocks with a free 

amine group by hydrolysing the benzamide group generated in our initial studies. 

However, we were aware of the potential problem that the lactams can also be 

hydrolysed during this process. Indeed, after attempting to hydrolyse the amide of 6b 

using 6 M HCl at reflux, by analyzing the crude 1H NMR spectrum, we found that the 

diagnostic AB spin peaks on the lactam ring disappeared, and a large number of new 

peaks appeared between 1-2 ppm (Scheme 7.1). 

 

Scheme 7.1. Hydrolysis studies of 6b 

In this context, Connon and co-workers designed a family of azlactones that offer 

mild hydrolysis protocols via formation of phthalimide intermediates, and so we set 

out to investigate whether this chemistry could offer a useful solution to this 
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problem (Scheme 7.2).37 We designed two routes to synthesise the relevant 

phthalimide intermediates and we chose route B as our preferred procedure. The 

reasons for this choice will be discussed in 7.3. 

 

Scheme 7.2. Designing a new hydrolysis strategy 

7.2 Synthesis of new azlactones 

 

Pleasingly, we were able to synthesize the required azlactones containing an ortho-

benzoate moiety using established chemistry. Thus, we could access analogues with 

neutral side chains (eg. 7a, 7b, 7c), acidic side chains (ester protected, 7d, 7f) and 

basic side chains (Cbz protected, 7e) (Scheme 7.3) successfully. 
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Scheme 7.3. Scope of new azlactones 

It should be noted that the purpose of adding triethylamine (TEA) in the first step is 

to neutralize hydrochloric acid to release the free amino group for reaction. However, 

triethylamine also could promote phthalimide formation as a side product which was 

isolated and analysed by nmr (Scheme 7.4). Therefore, TEA should not be added in 

excess; the protonated amine (B) should be stirred with 1 equivalent of TEA before 

adding the remaining reagents (monomethyl phthalate A, DMAP, and DIC, stirring for 

30 mins, Scheme 7.4). 

 

Scheme 7.4. The side-reaction of step 1 
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7.3 Synthesis of new Freidinger lactams 

 

With regard to the key allylation-cyclisation step, we used a one-pot reaction to 

synthesize Freidinger lactams directly because we found the allylation intermediates 

were difficult to resolve by chiral HPLC. The crude allylation intermediates (7ba'-7bf') 

could be smoothly transformed to the corresponding lactams (7ba-7bf) after removal 

of the Boc-group with TFA (Scheme 7.5). The product ee was not assessed at this 

stage due to the propensity for cyclisation to the imide. 

 

Scheme 7.5. The scope of new Freidinger lactam syntheses 
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7.4 Synthesis of phthalimide intermediates 

 

The next step in this sequence was the formation of the phthalimide unit. For this 

step, base appears to play a vital role in ensuring a high conversion in the cyclisation 

step. According to Table 7.1, Entries 1, 2, and 3, with the pKa of base increasing, the 

conversion increases from 0% to 80%. Finally, heating the reaction at 80 oC in THF 

delivered the optimal conditions. 

 

Table 7.1. Base, solvent and temperature screening 
 

 

 

 

 

 

 

As was discussed in Scheme 7.2, we decided to synthesise two phthalimide 

intermediates (7ca and тŎŀΩύ ŀŎŎƻǊŘƛƴƎ ǘƻ /ƻƴƴƻƴΩǎ ǿƻǊƪ37 and to investigate their 

suitability for the synthesis of free amine products (Scheme 7.6). In the event, we 

found route A to be more effective for two reasons. Firstly, we found that the polarity 

of тŎŀΩ and тōŀΩ were very similar, which meant that it was difficult to monitor the 

reaction by TLC analysis, and purify the product by flash column chromatography. 

Secondly, although the ee value of the product 7ca was as same as the compound 

7caΩ generated by route B, the yield of 7ca was high than 7caΩ. Thus, we chose the 

route A as our synthetic strategy. 

Entry Base Solvent Temperature Conversion 

1 TEA CHCl3 40 ᴈ 0 

2 DIPEA CHCl3 40 ᴈ 30% 

3 DBU CHCl3 40 ᴈ 80% 

4 DBU THF 80 ᴈ 100% 
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Scheme 7.6. Comparative routes to two phthalimide intermediates. 

Finally, the Freidinger lactams (7ba - 7bf) could be smoothly transformed to the 

corresponding phthalimide intermediates (7ca - 7cf) (Scheme 7.7). Interestingly we 

observed that racemic 7cb and 7cf were poorly soluble in common organic solvents. 

Additionally, 7cf showed particularly weak UV absorption which made it difficult to 

analyse by chiral HPLC. Thus, we based the ee value on the allylation product (7bf) in 

this particular case as these should be the same as the lactam product. During the 

synthesis of enantiomer 7cf the extremely low solubility resulted in difficulties when 

purifying via flash chromatography thereby giving lower yields relative to the other 

analogues. 

 

Scheme 7.7 The scope of phthalimide intermediate syntheses 
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7.5 Synthesis of the Freidinger lactam building blocks containing a free amine 

group. 

 

The final step involved the hydrolysis of the phthalimide group. Initial studies using 

hydrazine in THF (1 M) showed poor reactivity. In contrast, hydrazine monohydrate 

led to complete conversion and the product 7da was clearly observable. Surprisingly 

however, some reduced by-product тŘŀΩ was formed at the same time. Finally, we 

realized that hydrazine could react with oxygen to form diimide, a strong reducing 

agent. Thus, we conducted the reaction under a nitrogen atmosphere, and we were 

pleased to find that the formation of by-products was greatly suppressed. 

 

Table 7.2. hydrolysis optimisation 
 

 

Atm. Solvent Temp. 
hydrazine 

monohydrate (eq) 

Reaction 
time 

Conversion 
Product : 

By-product 

Air EtOH 75 6 16 h 100% 1 : 1 

Air EtOH 75 6 6 hours 60% 2 : 1 

Air iPrOH 75 6 16 h 100% 1 : 1 

Air iPrOH 65 3 16 h 60% 1 : 0.1 

N2 iPrOH 75 6 16 h 95% >98:2 

 

We continued to optimize our experimental conditions (Table 7.3). Finally, we found 

ethylenediamine to be superior to hydrazine for phthalimide hydrolysis;  conversion 

was at 100% with no reduced by-product observed. 
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Table 7.3. hydrolysis condition optimizing 
 

 
 

NH2(CH2)2NH2 (eq) Conc. (M) Reaction time (h) Conversion 

4.5 0.1 16 80% 

4.5 0.1 24 90% 

9 0.2 24 100% 

 

We were able to transform 7ca-7cf into the corresponding free amine building blocks 

7da-7df through a simple protocol, generating the products in good yield and 

enantiocontrol. Interestingly, the product derived from glutamic acid based 7cd 

underwent further cyclization when subjected to this sequence, generating 

functionalized spiro lactam 7dd. 

 

Scheme 7.7 The scope of phthalimide intermediate syntheses 
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8. Application in Tripeptide Synthesis 

 

8.1. Synthesis of RGD analogue 

 

RGD is a recognition motif for integrin receptors and the incorporation of this 

tripeptide into cyclic pentapeptides has led to the successful identification of 

selective ligands for integrin receptor sub-types, with Cilengitide being a prominent 

exemplar.38 We targeted a constrained RGD analogue using 7df as the starting amino 

acid in order to establish the potential of this chemistry for peptidomimetic synthesis 

(Scheme 8.1 a). Initially, we were concerned that the free amino group of 7df was 

not going to be reactive enough towards amide formation because of steric 

hindrance. However, the yield of step 1 turned out to be excellent by using HOAt and 

EDCI as coupling reagents. Disappointingly, the yield of the step 2 was not high (40%), 

which may be due to the intramolecular condensation of arginine itself (Scheme 8.1 

b). Finally, the deprotection reaction was successful as expected. Notably, 

purification of 8b allowed its isolation as a single diastereoisomer, and the final 

analogue 8c was purified by preparative HPLC. 

 

Scheme 8.1. The procedure of RGD analogue syntheses 
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8.2. Synthesis of MIF-1 analogue 

 

MIF-1 (Scheme 8.2a) is a hypothalamic neuropeptide derived endogenously by 

cleavage of the hormone oxytocin.39 It displays a range of bioactivities and has been 

ǎǘǳŘƛŜŘ ŦƻǊ ǘƘŜ ǘǊŜŀǘƳŜƴǘ ƻŦ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜΣ ŀǎ ǿell as for its antidepressant and 

nootropic activities. Pleasingly, we were able to successfully synthesize MIF-1 

analogue 8g within a short synthetic sequence (Scheme 8.2b). In step 2, we used 

LHMDS as base directly in order to exploit the large steric hindrance of this base to 

select the less sterically hindered lactam proton rather than the amide. 

 

Scheme 8.2. MIF-1 analogue synthesis 

To demonstrate the effect of the Freidinger lactam building blocks on the peptide 

structure, we needed to perform X-ray analysis on the MIF-1 analogues. Although 

the MIF-1 analogue 8g was a yellow oil, fortunately, 8f was a colourless solid. Thus, 

we grew suitable crystals of 8f for X-ray crystallographic analysis. We used different 

solvents in a ratio of 1:9 (high polarity solvent: low polarity solvent) to dissolve 8f. 

With the high polarity solvent evaporating, crystals would grow in the low polarity 
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solvent (Table 8.1). Finally, after trying different solvent mixtures we obtained 

crystals suitable for X-ray diffraction using acetone/hexane as a solvent mixture. 

Table 8.1 Mixture solvents screening for crystal growing. 

Entry High polarity solvent low polarity solvent 

1 DCM Toluene/Hexane/Petrol 

2 Et2O Toluene/Hexane/Petrol 

3 EtOAc Toluene/Hexane/Petrol 

4 Acetone Toluene/Hexane/Petrol 

 

We were able to grow suitable crystals of 8f for X-ray crystallographic analysis and as 

shown in Table 8.2 this compound showed the 10-membered glycinamide-proline 

hydrogen bond and dihedral angles that are consistent with bII-type turns. Notably, 

the H-bond interaction between the C-terminal glycinamide hydrogen and the prolyl 

carbonyl oxygen has been observed in natural MIF-1, both in solution and in the solid 

state,40 highlighting that these lactam mimics can deliver peptides that maintain key 

secondary structural features. 

Table 8.2 X-ray crystallographic analysis of 8f 

 

 
i˒+1 i̞+1 i˒+2 i̞+2 

type II -60 120 80 0 

type II' 60 -120 -80 0 

MIF-1 analogue -52.74 137.63 76.34 1.44 
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9. Modification of the olefin 

 

In planning experiments for the modification of the olefin, we had anticipated that 

this objective should be relatively straightforward. However, by comparison to similar 

reactions described in the literature, we found that the alkene functionalisation of 

our lactams raised a number of challenges. This chapter discusses these reactions 

one by one and discusses the possible reasons for the problems that arose. 

 

9.1 Hydroazidation of the olefin 

 

As Freidinger lactam building blocks were designed for the synthesis of 

peptidomimetics, we first thought of addition of hydrazoic acid across an alkene. This 

would introduce the azide that could be exploited in click chemistry. XuΩs work 

provided a feasible plan (Scheme 9.1).41 They proposed that an azide radical, 

generated by the reaction between TMSN3 and benziodoxole, would add to an 

alkene. Then HN3 which was formed through the reaction between azide radical and 

H2O, would convert the carbon radical to a C-H bond thus reforming the azide radical 

for propagation.  

 

Scheme 9.1 
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We performed this reaction using 7ba as starting material. However, the product 9a 

was not formed as expected, but instead phthalimide intermediate 7ca was 

generated (Scheme 9.2a). We speculated that phthalimide formation could be 

consuming the reagents and so we used intermediate 7ca directly. Unfortunately, the 

target product 9a was still not formed (Scheme 9.2b), although the by-product 9aΩ 

was isolated, albeit after only 30% conversion. We believe that 9aΩ arises after the 

formation of the carbon radical intermediate which does not react with HN3 as 

hoped, but instead is further oxidised to form an enamide. This approach was 

abandoned at this stage. 

 

Scheme 9.2 
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9.2 Hydroborationςoxidation of the olefin 

 

After failed attempts to introduce the azide group directly on the alkene, we decided 

to convert the alkene to hydroxyl group by a hydroboration-oxidation reaction. 

Although quite rare, hydroboration in the presence of amides is known which 

provided some reassurance that we could complete this transformation 

chemoselectively.42  We initially used phthalimide intermediate 7ca as the starting 

material for this purpose (Scheme 9.3). However, we did not get the corresponding 

alcohol product. It is possible that the phthalimide carbonyl may compete for 

reaction with 9-BBN. Thus, we used 7da with 9-BBN in large excess (15 eq). 

Unfortunately, we still did not observe the target product. Finally, we used 6b as the 

starting material for a final attempt. Once again, the target product was not 

generated.  

By analyzing the crude 1H NMR spectrum of these three reactions, we found that the 

diagnostic AB spin peaks on the amide ring disappeared, and a large number of new 

peaks appeared between 1-2 ppm. It is likely then that the hydroboration cannot 

compete with lactam reduction in our system.  

 

Scheme 9.3 
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9.3.  Oxidative cleavage strategies 

 

We decided to persist with alcohol forming reactions as the hydroxyl group provides 

a convenient point from which to attach other useful functionality (e.g. alkyne, azide). 

Therefore, we next tried to convert the olefin to a hydroxyl group via the 

corresponding ketone. 

 

9.3.1 Oxidative cleavage of the olefin to ketone. 

 

Before converting the olefin into a carbonyl group, we decided to protect the free 

amino group as a tert-butyl carbamate. After some optimisation we found that the 

use of THF/water (1:2 v/v) mixed solvent gave excellent yields in the protection step 

of 75-92% (Scheme 9.4). 

 

Scheme 9.4 

We then converted the olefin to a carbonyl using RuCl3 and NaIO4. Compared with 

the oxidation of an olefin with O3, the advantages of this method are that the 

reactants were more readily available and safer, the reaction conditions are milder 

and the work-up is simpler. From a mechanistic viewpoint, RuCl3 and NaIO4 first form 

RuO4, which can oxidize the olefin to a 1,2-diol. Then the excess of NaIO4 can oxidize 

the diol to two carbonyls by breaking the C-C bond. Sub-stoichiometric amounts of 

RuCl3 can be used because the RuVI formed in the reaction can be oxidized by NaIO4 

to reform RuO4 (Scheme 9.5).  
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Scheme 9.5 

After several small-scale tests, we found that using 4 eq. NaIO4 and 0.15 eq. of RuCl3 

resulted in a smooth reaction with the olefin at room temperature (Scheme 9.6). 

 

Scheme 9.6 
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9.3.2 Reduction of carbonyl to hydroxyl 

 

As expected, the carbonyl group was successfully reduced by K-Selectride to the 

hydroxyl group. However, as shown as Scheme 9.7, different R groups had a 

significant influence on the reduction diastereoselectivity. The d.r. value was only 2:1 

when the R was Bn group but the d.r. value could be up to 10:1 when R was an iBu 

group. The major diastereomer of 9bb was assigned as the 1,3-cis amino alcohol, and 

the assignment is discussed later. 

 

Scheme 9.7 

9.4. Modification of the hydroxyl group. 

 

We wanted to use the hydroxyl to append an azide group or alkyne by a Mitsunobu 

reaction or a substitution reaction. Thus, we designed two experimental protocols to 

achieve this goal. 

 

9.4.1 Conversion of the hydroxyl  to the azide group 

 

At first, we wanted to convert the hydroxyl group to the azide group by a Mitsunobu 

reaction (Scheme 9.8 a). Notably, it is necessary to stir the mixture of 9bb, DEAD and 

PPh3 for half an hour and then slowly to add diphenyl phosphoryl azide to prevent 

triphenylphosphine undergoing a Staudinger reaction (Scheme 9.8 b). Unfortunately, 

the product did not form after repeated experiments. 
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Scheme 9.8  

We next tried to convert the hydroxyl to a better leaving group which could be 

replaced by an azide anion. Thus, we converted the hydroxyl to the corresponding 

mesylate group which proceeded in 100% conversion. Unfortunately, the azide 

substitution reaction was found to be unsuccessful even in the presence of a number 

of different bases (TEA, DIPEA, DBU) (Scheme 9.9). 

 

Scheme 9.9 

9.4.2 Conversion of the hydroxyl to an alkyne. 

 

As we were unable to incorporate an azide, we decided to install an alkyne as an 

alternative way of enabling downstream ΨclickΩ chemistry. At first, we tried the 

Mitsunobu reaction to connect the alkyne onto the hydroxyl (Scheme 9.10). However, 

the yield of the reaction was quite poor. We tried to increase the yield by heating, 
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prolonging the reaction time, increasing the concentration of the reaction substrate 

etc. but the results were not satisfactory. 

 

Scheme 9.10 

We then decided to explore a base promoted alkylation of 9bb with propargyl 

bromide to connect an alkyne. However, we recognised the potential for the base to 

simultaneously deprotonate the lactam N-H, leading to the formation of by-products. 

Thus, we did a small-scale test to establish which group was more reactive (Scheme 

9.11).   

 

Scheme 9.11 

As shown as Scheme 9.11, it appears that the hydroxyl group was far more reactive 

than the lactam. However, the yield was far lower than we had expected (only 20%). 

Thus, we decided to protect the lactam first to avoid the problem of non-selective 

alkylation (Scheme 9.12).  Then we used 4 eq. NaIO4 and 0.15 eq. of RuCl3 resulted in 

a smooth reaction to convert the olefin to a carbonyl followed by using K-Selectride 

to reduce the ketone to give primary alcohol product 9gΩ.  
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Scheme 9.12 

With substrate 9gΩ in hand, we re-examined the alkylation step. As shown in the 

Table 9.1, we found that the use of excess strong base (Entry 5) or elevated 

temperatures (Entries 3), led to hydrolysis of the starting material 9gΩ. When we used 

fewer equivalents of base at room temperature, the conversion of the reaction was 

only 10%. Finally, we found that using NaOH as base and acetone as solvent, the 

reaction yield could be improved to 30% when the reaction was heated at reflux. 

However, this result was still not satisfactory. 

Table 9.1 

 

Entry Base Equivalent Solvent Temperature Yield 

1 LinBu 1.5eq THF r.t. 10% conversion 

2 LHMDS 1.5eq THF r.t. 10% conversion 

3 LHMDS 1.5eq THF reflux Hydrolysis[a] 

4 NaH 1.5eq THF r.t. 10% conversion 

5 NaH 3eq THF r.t. hydrolysis 

7 NaOH 4eq Acetone r.t. 10% conversion 

8 NaOH 4eq Acetone reflux 30% 

a) Neither products 9h nor starting materials 9gΩ could be detected by 1H NMR 

spectroscopy. 
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Finally, we used NaOH as base, toluene/water (1:1 v/v) as the solvent, and 

tetrabutylammonium hydrogensulfate as phase-transfer catalyst for the reaction 

(Scheme 9.13). Pleasingly, the reaction yield was significantly improved up to 92%.  

 

Scheme 9.13 

9.4.3 nOe Analysis of compound 9h 

 

Examination of compound 9h by nOe nmr spectroscopy indicated that both H atoms 

of C7 show a through space correlation signal with only the axial H atoms of C3 and 

C1. Additionally, there is also a through space correlation signal between the 

equatorial H atom of C2 and both the axial and equatorial H atoms of C3. If the the H 

atom of C2 was axial, there would be no through space correlation signal with the 

axial H atom of C3, therefore  C2 is (R) rather than (S). 

 

Scheme 9.14 
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9.5. Other modifications of the olefin 

 

9.5.1 Cyclopropanation of the olefin 

 

We chose to try to ΨcapΩ the olefin as an inert hydrocarbon by performing a 

Simmons-Smith reaction. Thus, we used 9f as starting material to carry out this 

reaction (Scheme 9.15). Disappointingly, cyclopropanation of the olefin was not 

successful, neither heating the reaction mixture nor adding excess Zn and CH2I2 

improved matters.  

 

Scheme 9.15 

Mykhailiuk group reported a useful approach to convert olefins to difluorinated 

cyclopropanes (Scheme 9.16).44 Unfortunately, this protocol did not work on our 

reaction.  

 

Scheme 9.16 
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9.5.2 Olefin metathesis 

 

We tried a series of metathesis reactions but the results were not satisfactory 

(Scheme 9.17). At first, we used allyl alcohol as the metathesis partner but the 

reaction was not successful. We added Ti(OiPr)4 in an attempt to sequester the  

primary alcohol. However, the reaction still did not proceed. While neither styrene 

nor stilbene participated in the reaction, we found that when alkene 9i was used as a 

substrate, the reaction was successful and complete conversion of our alkene was 

observed. Interestingly, we found that the reaction was selective for formation of the 

monomethyl- instead of dimethylolefin, albeit with no E/Z selectivity. 

 

Scheme 9.17 

9.5.3 Olefin Epoxidation 

 

We next explored olefin epoxidation as a means to introducing an alternative 

functional group that could enable the lactam to be further derivatized. We used the 
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relatively mild conditions of oxone and acetone in the presence of NaHCO3 (Scheme 

9.18). The reaction rate unexpectedly slow, and took three days to reach completion, 

however, the product was isolated in excellent yield.  

 

Scheme 9.18 

9.5.3 Olefin reduction 

 

Finally, as the cyclopropanation reaction had failed to ΨcapΩ the olefin, we decided to 

explore the hydrogenation of 9f. The reaction proceeded smoothly and in high yield, 

although compound 9j was generated with modest diastereoselectivity (3:1 d.r., 

Scheme 9.19). 

 

Scheme 9.19 
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10. Opportunities for Further Study 

 

10.1 Reaction of pre-functionalised carbamates 

 

We have undertaken preliminary studies of the use of more heavily substituted 

carbamate derivative 10a (provided by a group member) in the lactam forming 

reaction (Scheme 10.1). Pleasingly, 10a was transformed into lactam 10b in high 

yield, and with excellent regiocontrol and E/Z selectivity. We attribute the high 

selectivity to a combination of minimization of steric effects and allylic strain as 

highlighted in I. 

 

Scheme 10.1 

We used our enantioselective conditions to develop the asymmetric allylation step 

for this reaction (Scheme 10.2). Unfortunately, not only was the yield very low, but 

also both the E/Z selectivity and the enantioselectivity were poor. 

 

Scheme 10.2 
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Finally, we were unable to generate 10b with useful levels of enantiocontrol despite 

screening a range of chiral ligands and efforts to address this limitation could be a 

useful avenue of further  study (Table 10.1). 

Table 10.1.  

 

 Ligand Yield of 10b Yield of млōΩ ee value of 10b 

1 L5 10% 10% 5% 

2 L4 20% 10% 14% 

3 L3 10% 30% 15% 

4 L7 90% - 20% 

5 L8 80% - 15% 

6 L9 85% - 20% 
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10.2 nOe Analysis of compound 10b 

 

Examination of compound 10b by nOe nmr spectroscopy indicated that the H atoms 

of C3 show a through space correlation signal with the H atoms of C2 and N7. 

Additionally, there is also a through space correlation signal between the H atoms of 

C1 and aromatic H of phenyl C9 but the H atoms of C3 show no space correlation 

signal with any aromatic H. Therefore 10b is (E) rather than (Z). 

 

 

Scheme 10.3 
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10.3 Development of a new strategy to synthesise azlactones 

 

The synthesis of azlactones 10d was limited by the availability of the starting material 

SB. Unfortunately, they are limited commercially with respect to available amino acid 

side chains.  

 

Scheme 10.4 

An alternative was to try to use the parent amino acid but the challenge was to 

couple with SA without homocoupling of the amino acid substrate. Originally, we 

wanted to address this problem by amide coupling reaction (Scheme 10.5). 

According to the assumption, SA would be activated by EDCI-HOAt to form 

intermediate 10e followed by adding L-leucine to form intermediate 10f. Finally, 

TFAA was added to convert 10f to product 7ab. Unfortunately, the strategy was not 

successful. 

 

Scheme 10.5 

We wanted to clarify the reason why the strategy failed. Thus, a new experimental 

protocol was designed. We used N-hydroxyphthalimide to activate SA and separated 






















































































































































































































