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Abstract 

 

This thesis is comprised of two parts and describes synthetic efforts towards bioactive  

N-heterocyclic scaffolds. 

 

Part One describes synthetic studies towards pyrrole-2-carbaldehydes using a Maillard-type 

reaction. Pyrrole-2-carbaldehydes are abundant in Nature and exhibit a valuable range of 

biological activities including hepatoprotective, immunostimulatory,11 antiproliferative and 

antioxidant effects. In order to provide family-wide access to these compounds, the previously 

established Maillard-type reaction of dihydropyranone 159 with amines 108 was optimised, 

affording a structurally diverse library of pyrrole-2-carbaldehydes 160 for future biological 

evaluation. 

 

 

 

The utility of this Maillard-type reaction was further demonstrated in the total synthesis of 

pollenopyrroside A (96) and its spiroketal anomer shensongine A (99). An acid-catalysed 

spirocyclisation approach to the pyrrolomorpholine spiroketals 96 and 99 from Maillard-type 

product 317 provided unanticipated selectivity for pollenopyrroside A (96) over shensongine 

A (99), distinguishing this work from three other syntheses, which afforded shensongine A 

(99) diastereoselectively.  
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The Maillard-type reaction was also employed in the first total synthesis of 

hemerocallisamine I (67) from cis-4-hydroxy-L-proline 376 and dihydropyranone 159, 

resulting in the revision of the absolute stereochemistry of natural hemerocallisamine I (67) 

from (2R,4R)-67 to (2S,4S)-67. 

 

 

 

Part Two describes synthetic studies towards N-heterocyclic amino acid isosteres of L-allo-

enduracididine (430); a component of the recently isolated antibiotic teixobactin (423), which 

exhibits potent bactericidal activity without detectable antimicrobial resistance. Despite efforts 

from numerous groups, the synthesis of L-allo-enduracididine (430) still presents a bottleneck 

in the synthesis and biological evaluation of teixobactin (423) and its analogues. To address 

this issue, we identified two synthetic approaches towards simplified L-allo-enduracididine 

(430) isosteres for incorporation into novel teixobactin (423) analogues.  

 

 

 

2-Amino-L-histidine 543 and 2-amino-L-homohistidine 544 were prepared in parallel from  

-bromoketones 529 and 549, respectively, by guanylation and subsequent protecting group 

manipulations. In turn, -bromoketones 529 and 549 were prepared from chiral pool reagents 

L-aspartic acid 526 and L-pyroglutamate 532 by homologation and bromination. The racemic 
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syntheses of -(3-amino-1,2,4-triazol-1-yl)alanine 613, -(imidazol-1-yl)alanine 570 and  

-(1,2,4-triazol-1-yl)alanine 572 were achieved by aza-Michael addition to dehydroalanine 

569, however the desired L-amino acids of each racemic mixture proved difficult to resolve. 

Alternative synthetic approaches to access these aza-Michael adducts were subsequently 

proposed. 
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1.1. Pyrrole as an Important Heterocycle in Drug Discovery 

 

Pyrroles occupy vital roles in the chemistry of life. The tetrapyrroles are themselves referred 

to as the pigments of life, as they are responsible for many essential biochemical processes 

including oxygen transport (haem B (1)), electron transport (haem C (2)) and photosynthesis 

(chlorophyll a (3)) (Figure 1.1).2 The development of tetrapyrroles and similar pyrrole-based 

dyes as both photosensitisers in photodynamic therapy and diagnostic agents is a highly active 

field of research.3,4  

 

 

Figure 1.1. The tetrapyrrole ‘pigments of life’.2 

 

Monomeric pyrroles, meanwhile, have become an important scaffold in small molecule drug 

discovery.5,6 The highly-substituted pyrrole atorvastatin (4), developed as a synthetic 

antihyperlipidemic by Pfizer, is considered a ‘top 100 drug’ and was the second most 

prescribed drug in 2016 (Figure 1.2).7,8 Other notable examples of FDA-approved pyrrole-

containing drugs are the nonsteroidal anti-inflammatory drug tolmetin (5) and the multi-

targeted receptor tyrosine kinase inhibitor sunitinib (6). Pyrrole-containing drugs in recent 

clinical trials include the antipsychotic elopiprazole (7), the divalent cation ionophore 

calcimycin (8) and nootropic agent aloracetam (9).5,9 
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Figure 1.2. Pyrrole-containing drugs, either approved or advanced to clinical trials.5,9 

 

The development of novel pyrrole-containing drugs is highly driven by natural products 

chemistry, as Nature produces a range of structurally diverse bioactive pyrroles. Select 

examples of these bioactive pyrrole natural products are depicted in Figure 1.3. Pyrrolomycin 

A (10) and its derivatives are potent antimicrobial agents, with broad spectrum activity against 

Gram-positive and Gram-negative bacteria, as well as some fungal genera.10 Rhazinilam (11) 

inhibits microtubule assembly and is therefore a lead compound for the development of new 

antitumour agents.11 Hymenialdisine (12), meanwhile, is a potent inhibitor of cyclin-dependent 

kinases and has therefore been the subject of synthetic derivatisation towards novel 

antiproliferative agents.12 The 3,4-diaryl pyrroles polycitone A (13) and the lamellarins (14) 

inhibit retroviral reverse transcriptase13 and HIV-1 integrase14 respectively. Both of these 

natural product families therefore provide lead compounds for new antiviral treatments. The 

lamellarins also exhibit multi-drug resistance reversal activity in various cancer cell lines, 

establishing themselves as promising chemotherapy adjuncts. 
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Figure 1.3. Representative bioactive pyrrole-containing natural products.10–14 

 

One particular structural class of pyrroles, the 5-hydroxymethylpyrrole-2-carbaldehydes, are 

the focus of this current research (Figure 1.4). It is well-established that these pyrrole alkaloids 

form in biological systems.15 However, they are not considered natural products, as defined as 

primary or secondary metabolites,16 since no enzymatic biosynthesis has been proposed for the  

5-hydroxymethylpyrrole-2-carbaldehyde ring system. Nevertheless, these compounds exhibit 

a range of valuable bioactivities including hepatoprotective,17 immunostimulatory,1 

antiproliferative18 and antioxidant effects.19–21 The following sections introduce the non-

enzymatic origin of these compounds, along with their bioactivities and the synthetic 

approaches developed to access them. 

 

 

Figure 1.4. Representative examples of 5-hydroxymethylpyrrole-2-carbaldehyde 

compounds.15,20,22–25 
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1.2. Non-Enzymatic Origin of 5-Hydroxymethylpyrrole-2-carbaldehydes 

 

It has been established that 5-hydroxymethylpyrrole-2-carbaldehydes form in biological 

systems,15 yet no enzymatic biosynthesis has been proposed for the 5-hydroxymethylpyrrole-

2-carbaldehyde ring system. Rather, it is accepted that these compounds arise from the 

condensation of amines with sugars in what are commonly referred to as Maillard or browning 

reactions.26 This hypothesis stems from one of the first reports of 5-hydroxymethylpyrrole-2-

carbaldehydes in which these compounds were isolated directly from reaction mixtures of 

reducing sugars and amines in 1970.27 Kato and Fujimaki characterised the  

5-hydroxymethylpyrrole-2-carbaldehydes 21, 22, and 23 as sugar-amine reaction products, by 

boiling equimolar amounts of D-glucose (15) with methylamine (18), ethylamine (19) or 

butylamine (20) respectively, in a pH 5.6 mixture of water and acetic acid (Scheme 1.1). This 

reaction was reproducible with hexoses D-galactose (16) and D-fructose (17), albeit with 

reduced yields. 

 

 

Scheme 1.1. Synthesis of 5-hydroxymethylpyrrole-2-carbaldehydes from amine and hexose 

reducing sugar mixtures by Kato and Fujimaki.27 

 

It is widely proposed that 5-hydroxymethylpyrrole-2-carbaldehydes 25 arise primarily from 

the condensation of amines with 3-deoxy-D-glucosone (3-DG) (24) (Scheme 1.2).28 3-DG (24) 

in turn, is a degradation product of D-glucose (15). 
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Scheme 1.2. Formation of a 5-hydroxymethylpyrrole-2-carbaldehyde 25 from D-glucose (15), 

via 3-deoxy-D-glucosone (24).28 

 

A mechanism has been proposed for the amine-catalysed dehydration of reducing sugars,29 

following the isolation of 3-DG (24) as a major degradation product of N-glycosides (Scheme 

1.3).30 The condensation of D-glucose (15) with an amine affords an N-glycoside 26. 

Tautomerisation of glycoside 26 gives rise to an enamine 27, which can undergo keto-enol 

tautomerisation to afford 1-amino-1-deoxy-ketose 29 and its ring-closed pyranose 30. This 

reversible process is known as the Amadori rearrangement. While this equilibrium favours the  

1-amino-1-deoxy-ketose 29 and its pyranose derivative 30, irreversible elimination of water 

from enamine 27 results in the formation of enol 28. Hydrolysis of imine 28 affords 3-DG (24). 

 

 

Scheme 1.3. Proposed mechanism for the amine-catalysed dehydration of reducing sugars.29 

 

A number of plausible mechanisms exist for the formation of 5-hydroxymethylpyrrole-2-

carbaldehydes from 3-DG (24). A widely cited mechanism begins with the acid or base-

catalysed dehydration of 3-DG (24) to form an enone 31 (Scheme 1.4).28 Keto-enol 

tautomerisation, followed by conjugate addition of an amine affords hemiaminal 33, which 
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undergoes elimination of water. 5-exo-Trig cyclisation forms another hemiaminal species 36, 

which readily undergoes elimination of water to form the aromatic pyrrole ring system. 

 

 

Scheme 1.4. Proposed mechanism for the formation of 5-hydroxymethylpyrrole-2-

carbaldehydes from amines and 3-DG (24).28,31 
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1.3. Structural Diversity and Bioactivity 

 

5-Hydroxymethylpyrrole-2-carbaldehydes appear frequently in the natural products literature. 

The sources from which these compounds have been isolated are of limited significance, as no 

evidence exists for a biosynthetic pathway for these compounds. As such, details of isolation 

will be minimal, primarily serving to illustrate the ubiquity of 5-hydroxymethylpyrrole-2-

carbaldehydes in Nature. This section aims to highlight compounds with interesting biological 

activities and to also give an overview of the structural diversity across the 5-

hydroxymethylpyrrole-2-carbaldehydes isolated to date. Compounds have been organised into 

three broad categories according to the type of amine from which they arise: amino acid, 

biogenic amine or amino sugar. Within the category of 5-hydroxymethylpyrrole-2-

carbaldehydes derived from amino sugars, there are two structural sub-classes which will be 

discussed separately. These sub-classes are compounds which arise from the intramolecular 

condensation of 2-amino-2-deoxyhexoses, and compounds which arise from the intermolecular 

condensation of a hexose reducing sugar with a 1-amino-1-deoxyhexose.  

 

1.3.1. 5-Hydroxymethylpyrrole-2-carbaldehydes Derived from Amino Acids 

 

Compounds which incorporate proteinogenic amino acids represent a major sub-class of  

5-hydroxymethylpyrrole-2-carbaldehydes (Figure 1.5). Their prevalence reflects the ubiquity 

of the amino acid and sugar compounds from which they arise. As an example of this 

prevalence, phenylalanine-derived lactone 38 has been isolated from flue-cured tobacco,32–34 

non-processed plants (Celastrus orbiculatus Thunb. (Celastraceae),35 Morus alba36), fungi 

(Xylaria nigripes37) and actinobacteria (Jishengella endophytica 161111,38 Streptomyces 

albospinus RLe739).  

 

Some notable compounds within this compound sub-class are tyrosine derivative 42 and 

alanine derivative 50 which inhibit porcine pancreatic lipase by 70% and 40% respectively at 

100 M.36 In a separate report, cordyrrole A (62) was also shown to inhibit porcine pancreatic 

lipase at 100 M.40 Makomotine D (49), meanwhile, was shown to induce quinone reductase 

(QR) activity, with a concentration of 43.1 M required to double QR activity.41 In the same 
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report, makomotine D (49) was shown to possess hydroxyl radical scavenging ability with an 

ED50 (concentration for hydroxyl radical scavenging by 50%) of 16.7 M. 

 

 

Figure 1.5. 5-Hydroxymethylpyrrole-2-carbaldehydes derived from proteinogenic amino 

acids.15,32–51 

 

Pyrraline (63) is the 5-hydroxymethylpyrrole-2-carbaldehyde adduct of the -amino group of 

L-lysine and it is therefore distinguished from its counterparts, which are adducts of -amino 

groups. Pyrraline (63) is a well-documented advanced glycation end-product (AGE) present in 

many foods,52 but it has also been shown to form on the lysine residues of proteins in vivo.15,53 

The in vivo formation of pyrraline (63) is closely associated with hyperglycaemia and the 
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accumulation of pyrraline (63) and other AGEs has been documented in a variety of tissue 

types, including coronary atheroma, renal cortex and mesangium, amyloid plaques and 

cartilage.54 AGEs have subsequently been implicated in range of pathologies including diabetic 

microvascular disease, end-stage renal disease, rheumatoid arthritis and Alzheimer’s disease. 

 

A small number of 5-hydroxymethylpyrrole-2-carbaldehydes comprising unnatural amino 

acids have also been reported (Figure 1.6). Funebral (65) and its Schiff base funebrine (64) 

were isolated from Quararibea funebris, a flowering tree native to Mexico.23,55 The plant is 

used in traditional medicine as a cough remedy, antipyretic, and to control menstrual disorders 

and psychopathic fears.56 -Hydroxyisoleucine, the amino acid incorporated in these two 

compounds, was isolated alongside funebrine (64).55 

 

 

Figure 1.6. 5-Hydroxymethylpyrrole-2-carbaldehydes derived from non-proteinogenic amino 

acids.23,24,55,57 

 

Homoserine lactone derivative 66 was isolated from 10-day-old Pisum sativum seedlings in 

1987.57 The absolute configuration of lactone 66, which corresponds to D-homoserine, was 

confirmed by total synthesis. The unusual D-homoserine moiety was attributed to opine 

biosynthetic pathways, whereby reductive amination of amino and keto acid precursors might 

provide the observed (R)-configuration. The dehydrogenase enzymes involved in the synthesis 

of (R)-configured opines are expressed in some higher plants when plasmid genes (T-DNA) of 

Agrobacterium sp. are transferred and genetically incorporated into the plant genome. Pyrrole 

66 was found to inhibit trigonelline-induced cell cycle arrest in G2 phase with an ED50 of 

0.5 M, signifying the first chemically characterised substance to override hormonally induced 

cellular arrest in complex tissues.57 Notably, the synthesised (S)-enantiomer of pyrrole 66 was 

shown to be inactive.  
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Hemerocallisamine I (67), which features a -hydroxyglutamine moiety, was isolated from 

Hemerocallis fulva var. kwanso, H. flava, and H. minor (daylily flowers) in 2014 and again in 

2016.24,58 The structure of hemerocallisamine I (67) was suggested to be the enantiomer of the 

structure 67 shown in Figure 1.6 according to an X-ray crystal structure [Flack parameter = 

−0.0(16)] obtained using MoK radiation,24 however this was later revised by total synthesis.59 

 

1.3.2. 5-Hydroxymethylpyrrole-2-carbaldehydes Derived from Biogenic Amines 

 

Amino acid decarboxylation products, commonly referred to as biogenic amines, can arise 

from both the enzymatic decarboxylation of amino acids, as well as the Strecker degradation 

of amino acids with reducing sugars.60 Regardless of the origin of such amines, they are 

ubiquitous across animals, plants, fungi and microorganisms and thus their  

5-hydroxymethylpyrrole-2-carbaldehyde derivatives are often isolated from natural sources.  

 

The most commonly encountered 5-hydroxymethylpyrrole-2-carbaldehydes within this sub-

class are those arising from -aminobutyric acid (GABA), the decarboxylation product of 

glutamic acid (pyrroles 68–74, Figure 1.7). 4-(2-Formyl-5-(hydroxymethyl)-1H-pyrrol-1-

yl)butanoic acid (PBA) (68) was first isolated from kako-bushi-matsu, a thermally processed 

Aconitum japonicum root product used in oriental medicine for its analgesic, diuretic and 

cardiac effects.61 PBA (68) has been isolated no fewer than ten times,1,17,37,45,62–68 and its methyl 

ether 69 no fewer than seven,1,17,18,37,45,69,70 from both plant and fungal sources.  
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Figure 1.7. 5-Hydroxymethylpyrrole-2-carbaldehydes derived from biogenic  

amines.1,17,18,25,37,41,45,46,49,62–83 

 

PBA (68) and its derivatives possess an impressive array of biological activities. A 50 g dose 

of PBA (68) caused a significant increase in the peripheral blood flow of mice 

(90.3 ± 18.2 mL/30 min/100 g). Free acids PBA (68) and methyl ether 69 were both shown to 

exhibit hepatoprotective effects at 0.1 M (64.4 ± 3.9% and 65.8 ± 5.6% cell viability 

respectively).17 The methyl esters 70 and 71 also exhibited hepatoprotective effects to a lesser 

degree, suggesting the importance of the free acid for high hepatoprotective activity. In another 

report, PBA (68) and methyl ether 69 were shown to possess immunostimulatory activity.1 

Incubation of RAW 264.7 macrophage cells with PBA (68) resulted in a significant increase in 

phagocytotic activity, while methyl ether 69 caused a smaller increase in activity and morrole 

A (73) had no effect. It was supposed that the hydroxymethyl moiety was important for 

macrophage stimulatory activity as increasingly large substitution at this position corresponded 

with decreased activity. In contrast to the immunostimulatory activity of PBA (68) and methyl 
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ether 69, the tyramine derivative pyrrolezanthine (78) was demonstrated to possess anti-

inflammatory activity, inhibiting NO production in RAW 264.7 macrophage cells with an IC50 

of 58.8 M.78 

 

PBA methyl ether 69 was found to inhibit rat lens aldose reductase with an IC50 of  

39.71 ± 1.77 M.69 Aldose reductase is the first enzyme in the polyol pathway of glucose 

metabolism. Increased flux through this pathway can cause diabetic complications including 

retinopathy, neuropathy, nephropathy and cataracts. Methyl ether 69 also exhibits moderate 

antiproliferative activity, inhibiting four different human tumour cell lines; A459, SK-OV-3,  

SK-MEL-2 and HCT-15, with an IC50 range of 21.52 ± 1.82 M to 40.74 ± 2.41 M.18 The 

cancer chemopreventative properties of PBA methyl ester 71 were investigated and it was 

found to exhibit hydroxyl radical scavenging activity.49 PBA derivative 71 also was also shown 

to induce quinone reductase (QR) with a concentration of 2.4 M required to double QR 

activity.  

 

Magnolamide (75), which contains trans-feruloyl and putrescine moieties, was shown to 

possess antioxidant activity, inhibiting Cu2+/O2-induced LDL lipid peroxidation with an IC50 

of 9.7 ± 2.8 M.19 This was comparable to the positive control resveratrol (IC50 13.1 ± 2.6 M). 

Putrescine and cadaverine-derived pyrroles 76 and 77 showed weak activity against human 

cancer cell lines HeLa, K-562 and L-929, with IC50 values ranging between 8.9–20.2 g/mL, 

but were inactive against the microbes Bacillus subtilis, Staphylococcus aureus, Escherichia 

coli, and Candida albicans (IC50 >10 g/ml).73 

 

In addition to its anti-inflammatory activity, pyrrolezanthine (78) has been found to exhibit 

moderate cytotoxicity against lung cancer A-549 and human colon cancer SW480 cell lines 

with IC50 values of 38.3 and 33.7 M respectively.79 Pyrrolezanthine butyl ether 81, which was 

isolated from the butanol soluble fraction of Reynoutria ciliinervis (Nakai) Moldenke extract, 

was found to possess antifungal activity against Sclerotinia sclerotiorum with a MIC of 

31.2 g/mL.80  
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1.3.3. N-Unsubstituted 5-Hydroxymethylpyrrole-2-carbaldehydes Derived from Amino 

Sugars 

 

A small sub-class of 5-hydroxymethylpyrrole-2-carbaldehydes exist with no N-substituents 

(Figure 1.8). These compounds likely arise from the self-condensation of 2-amino-2-

deoxyhexoses. Interestingly, O-D-galactopyranoside 93 appears to either arise from a 

disaccharide precursor, or from the glycosylation of 5-hydroxymethylpyrrole-2-carbaldehyde 

87. Of these N-unsubstituted pyrrole-2-carbaldehydes, only ilanepyrrolal (91) was shown to 

exhibit biological activity. Ilanepyrrolal (91), which was isolated from rice fermented with the 

endophytic fungus Annulohypoxylon ilanense (Xylariaceae), was demonstrated to inhibit 

Mycobacterium tuberculosis growth with a MIC value of 76.8 mM.84  

 

 

Figure 1.8. N-Unsubstituted 5-hydroxymethylpyrrole-2-carbaldehydes.1,24,38,58,79,84–91 

 

1.3.4. Pyrrolomorpholine Spiroketals Derived from Amino Sugars 

 

Another small group of amino sugar derivatives, referred to as pyrrolomorpholine spiroketals 

(Figure 1.9), are thought to arise from the intermolecular condensation of 3-deoxy-D-glucosone 

(24) with 1-amino-1,3-dideoxy-D-fructose (94) (acortatarin A (95), pollenopyrroside A (96), 

shensongine B (98) and shensongine A (99)) or 1-amino-1-deoxy-D-fructose (101)  

(acortatarin B (102), shensongine C (103)).66 Unlike N-unsubstituted 5-hydroxymethylpyrrole-

2-carbaldehydes (Section 1.3.3), pyrrolomorpholine spiroketals possess a high degree of 

structural complexity for their size and exhibit interesting biological activities. There are 

regioisomeric [5,6]-spiroketals and [6,6]-spiroketals within this group of compounds, 

depending on which hydroxy group of 1-amino-1,3-dideoxy-D-fructose (94) is engaged in 

spirocyclisation. For each regioisomer, there are two possible configurations at the spiroketal 

center, giving rise to pairs of spiroketal anomers.  
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Figure 1.9. Pyrrolomorpholine spiroketals.22,44,92,93 

 

Pyrrolomorpholine spiroketals first appeared in the literature in 2010 when three reports of 

their isolation emerged independently of each other. Three different trivial naming systems 

were subsequently proposed in these reports, a problem which would later be compounded by 

the addition of further members to this family of compounds. The complete family of 

pyrrolomorpholine spiroketals are displayed in Figure 1.9 with the preferred trivial name of 

each compound given first. 

 

The first of the reports on pyrrolomorpholine spiroketals described the isolation of acortatarins 

A (95) and B (102) from the rhizomes of Acorus tatarinowii.20 The relative structure of  

acortatarin A was established by X-ray crystal structure, while its absolute configuration was 

proposed by analysis of its Mosher’s ester. Analysis of the Mosher ester did not account for 

the reversal of Cahn–Ingold–Prelog configuration between the precursor acid chloride and 

product ester, and thus the incorrect enantiomer was proposed for acortatarin A. This incorrect 

interpretation of the absolute configuration of acortatarin A was extended to acortatarin B, the 

relative configuration of which was also incorrectly proposed based on ROESY experiments. 

The structures of both acortatarins A and B were later revised by total synthesis to structures 

95 and 102 shown in Figure 1.9.92 
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Soon after the isolation of the acortatarins, pollenopyrrosides A (96) and B (95) were isolated 

from bee-collected Brassica campestris pollen.22 The absolute configuration of 

pollenopyrroside A (96) was established by single-crystal X-ray analysis [Flack parameter = 

0.06(2)] using CuK radiation and later confirmed by total synthesis.94 The structure of 

pollenopyrroside B (95), which is identical to acortatarin A, was proposed based on NOESY 

experiments. Surprisingly, it was not until the fourth total synthesis of acortatarin A (95) in 

2012 that pollenopyrroside B and acortatarin A were recognised as the same compound.95 

 

Less than one month after the isolation of the pollenopyrrosides, capparisines A (97) and B 

(100) were isolated from the powdered fruits of Capparis spinosa.44 The relative configurations 

of capparisines A (97) and B (100) were both confirmed by X-ray crystal structure, from which 

absolute configurations were also proposed. The X-ray crystal structures were obtained using 

MoK radiation, which has small resonance scattering factors compared with other radiation 

types such as CuK. MoK radiation is therefore often less reliable for determining absolute 

configuration than CuK radiation, particularly for compounds containing oxygen as the 

heaviest element.96  

 

The proposed structures for capparisine A (97) and capparisine B (100) are the enantiomers of 

acortatarin A (95) and shensongine A (99) respectively. The specific rotation recorded for 

capparisine A, []D
25 +34.5 (c 0.013, MeOH),44 is the same sign as the specific rotations 

recorded for the structure of acortatarin A (95), although much smaller in magnitude 

([]D
27 +178.4 (c 0.4, MeOH),20 []D

20 +242.7 (c 0.08, MeOH),22 []D
27 +246.0 (c 0.5, 

MeOH),93 []D
22 +255 (c 0.1, MeOH),97 []D

27 +191.4 (c 0.27, MeOH),92 []D
20 +194.8 

(c 0.15, MeOH),98 []D
23 +185.2 (c 0.15, MeOH),95 []D

19 +200 (c 0.4, MeOH),99 []D
19 +199 

(c 0.4, MeOH),99 []D
24 +190 (c 0.28, MeOH),100 []D

20 +80.0 (c 0.035, MeOH)101). 

Meanwhile, the specific rotation recorded for capparisine B, []D
25 +37.9 (c 0.009, MeOH),44 

is opposite in sign to all but one of the specific rotations recorded for the structure of 

shensongine A (99) ([]D
27 −12.7 (c 0.05, MeOH),93 []D

22 −189 (c 0.1, MeOH),97 

[]D
22 −135.2 (c 0.071, MeOH),102 []D

20 −38.8 (c 0.9, MeOH),103 []D
25 +38.5 (c 0.05, 

MeOH)94). Due to these discrepancies in the recorded specific rotations, the absolute 

configurations of capparisines A and B cannot be inferred from the data provided. However, it 

should be noted that the originally proposed structures for capparisines A (97) and B (100) 

contain L-furanose and L-pyranose moieties respectively, which are extremely unlikely to arise 
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from sugars present in C. spinosa. Capparisines A and B are therefore likely to be the same as 

acortatarin A (95) and shensongine A (99), respectively. 

 

In 2012, furanose and pyranose pyrrolomorpholine spiroketals were isolated from bread crust 

during studies to identify the bitter flavour compounds of bread.65,66 These compounds were 

present in higher concentrations in the bread crust, which is exposed to the highest temperatures 

during baking, and they were therefore assumed to be Maillard products of D-sugars. The 

relative stereochemistry of the furanose spiroketal was determined by ROESY experiments, 

from which it was established to be the same as acortatarin A (95). The pyranose spiroketal 

was named acortatarin C, however the relative stereochemistry of the spirocentre was not 

established. Therefore, acortatarin C may have been either pollenopyrroside A (96) or its 

epimer shensongine A (99). 

 

Four pyrrolomorpholine spiroketals were isolated from the anti-arrhythmic tradition Chinese 

medicine preparation, Shensong Yangxin capsule in 2015.93 Shensong Yangxin capsule was 

described as consisting of twelve Chinese materia medica including ginseng radix et rhizoma, 

Corni fructus, Salviae miltiorrhizae radix et rhizome, Taxilli herba, Ziziphi spinosae semen and 

Paeoniae radix rubra. One of the isolated compounds was determined to be acortatarin A (95). 

Shensongine B (98) and C (103) were readily characterised as the spiroketal anomers of 

acortatarin A (95) and B (102), as both spiroketals 98 and 103 had been previously 

synthesised.92 The planar structure of the fourth pyrrolomorpholine spiroketal, named 

shensongine A, was that of the pyranose spiroketals pollenopyrroside A (96) and capparisine 

B (100). Analysis of the coupling constants of protons was used to determine the relative 

stereochemistry of the compound (Figure 1.10). A large coupling constant of 12.0 Hz between 

HA-3 and H-4 indicated H-4 was in an axial orientation, while a small coupling constant of 

2.7 Hz between H-4 and H-5 indicated H-5 was in an equatorial orientation. This 

stereochemistry corresponded well with that of capparisine B (100) ([]D
25 +37.9 (c 0.009, 

MeOH),14 and the absolute structure of shensongine A (99) ([]D
25 −12.7 (c 0.05, MeOH) was 

proposed to be the enantiomer of capparisine B on the basis of their signs of specific rotation. 
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Figure 1.10. Assignment of stereochemistry to shensongine A (99).93 

 

Contemporaneous to the isolation of the shensongines, four pyrrolomorpholine spiroketals 

were also isolated from fermented Xylaria nigripes mycelia, which are used as a traditional 

Chinese medicine named Wuling powder.97 Two of the isolated spiroketals were determined 

to be pollenopyrroside A (96) and acortatarin A (95). The other two spiroketals were 

independently characterised as xylapyrroside A (99) and B (98), which are identical to 

shensongine A (99) and B (98). The trivial names shensongine A and B have since been 

adopted in preference over xylapyrroside A and B.103  

 

The isolation of the pyrrolomorpholine spiroketals is summarised in Table 1.1 below. 

Capparisines A and B are grouped under acortatarin A (95) (entry 1) and shensongine A (99) 

(entry 4), respectively, as these are the most likely structures of these two spiroketals. Isolation 

sources are presented in chronological order. 
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Table 1.1. Summary of the isolation of pyrrolomorpholine spiroketals. 

 

Entry Spiroketal Alternative names Isolation source 

1 

 

pollenopyrroside B 

(capparisine A) 

Acorus tatarinowii,20 bee-collected 

Brassica campestris pollen,22 

Capparis spinosa,44 bread crust.66 

2 

 

xylapyrroside B 
Shensong Yangxin capsule,93 Xylaria 

nigripes.97 

3 

 

 
Bee-collected Brassica campestris 

pollen.22 

4 

 

xylapyrroside A 

(capparisine B) 

Capparis spinosa,44 Shensong 

Yangxin capsule,93 Xylaria 

nigripes.97 

5 

 

 Shensong Yangxin capsule.93 

6 

 

 Acorus tatarinowii.20 

 

The pyrrolomorpholine spiroketals inhibit the high glucose-induced production of reactive 

oxygen species (ROS) in mesangial cells. High glucose-induced ROS production is implicated 

in diabetic nephropathy, the leading cause of end-stage renal disease in the Western world.104 

This ROS-inhibition was originally established for acortatarins A (95) and B (102),20 however 

Verano and Tan later demonstrated that all members of the pyrrolomorpholine spiroketal 

family inhibit high glucose-induced ROS production in mesangial cells.103 Acortatarin A (95) 

and shensongine C (103) are the most active of the isolated compounds, with IC50 values of 4.6 

and 4.8 M respectively and a maximum inhibition of ROS production of 100%. The synthetic 

analogues 104 and 105 were the most potent (Figure 1.11), with IC50 values of 0.52 and 
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0.27 M respectively, however they could only effect 80% and 60% maximum inhibition of 

ROS production. 

 

 

Figure 1.11. Synthetic analogues of the pyrrolomorpholine spiroketals with improved 

inhibition of high glucose-induced ROS production.103 

 

A report by Nie et al. in 2013 elucidated the biological action of acortatarin A (95).21 

Acortatarin A (95) showed no cytotoxicity at 50 M by MTT assay, excluding the possibility 

that a reduction in ROS production was associated with cytotoxicity. Numerous assays were 

performed to evaluate the effect of acortatarin A (95) on NADPH oxidase, the enzyme 

responsible for O2
∙− production. NADPH oxidase is a multicomponent transmembrane protein, 

assembly of which requires phosphorylation of a cytosolic protein p47phox, which then binds to 

a transmembrane p22phox subunit (Figure 1.12).105 When rat glomerular mesangial cells were 

exposed to high glucose levels, an increase in the expression of p47phox and p22phox, as well as 

phosphorylation of p47phox was observed. Pre-treatment of cells with acortatarin A (95) at 

10 M prior to high glucose exposure ameliorated both effects. Acortatarin A (95) also 

attenuated high glucose-induced binding of p47phox to p22phox in a co-immunoprecipitation 

assay.  
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Figure 1.12. NADPH oxidase (NOX) assembly and activation: NOX2 activation involves the 

phosphorylation of p47phox, the translocation of the entire multidomain complex, including 

p40phox, p67phox and Rac from the cytosol to the membrane and the transfer of electrons 

from the substrate (NADPH) to oxygen.106 

 

To determine whether acortatarin A (95) was acting upstream of NADPH oxidase, the effect 

of acortatarin A (95) on the PKC-PLC1-PKC signalling pathway was evaluated (Scheme 

1.5).21 Pre-incubation of mesangial cells with acortatarin A (95) (10 ) attenuated high 

glucose-induced phosphorylation of PKC isoforms PKC and PKC1, PLC1 and the p85 

regulatory subunit of PKC, as analysed by Western blotting. Finally, the effect of acortatarin 

A (95) on collagen IV expression was evaluated, as upregulation of collagen IV leads to 

excessive accumulation of extracellular matrix in glomerular mesangium, which is the major 

pathology associated with diabetic nephropathy. Collagen IV expression in mesangial cells 

increased significantly in response to high glucose levels, however pre-treatment with 

acortatarin A (95) significantly decreased high glucose-enhanced collagen IV expression at 

both the mRNA and protein level. 
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Scheme 1.5. Adapted from Xia et al.107 Summary of the signalling pathways involved in high 

glucose (HG)-induced collagen IV expression in rat mesangial cells. Acortatarin A (95) 

attenuates high-glucose induced phosphorylation of PKC isoforms, thereby inhibiting ROS 

production by NADPH oxidase (NOX) and increased collagen expression. 

 

In addition to their effects on high glucose-induced ROS production, shensongine A (99) and 

C (103) were found to shorten action potential duration in rat myocardial cells, with noticeable 

effects at concentrations as low as 1 M.93 It was speculated that shensongine A (99) and C 

(103) might either inhibit L-type calcium channels, or facilitate the action of potassium 

channels. 

  

Acortatarin A 
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1.4. Synthesis of 5-Hydroxymethylpyrrole-2-carbaldehydes 

 

The synthetic strategies employed towards N-substituted 5-hydroxymethylpyrrole-2-

carbaldehydes can be categorised into two general approaches. The first of these approaches 

involves N-alkylation of an existing pyrrole ring 107, while the second involves construction 

of the pyrrole ring system around a primary amine 108 with a diketone 109 (Scheme 1.6). The 

synthetic strategy employed towards a specific 5-hydroxymethylpyrrole-2-carbaldehyde is 

heavily influenced by the nature of the N-substituent in the target compound. The former 

approach has typically been employed for the synthesis of pyrrolomorpholine spiroketals, such 

as acortatarin (95), where a primary halide 106 can be employed as an electrophile in the  

N-alkylation reaction. The second approach, meanwhile, is of great utility for the synthesis of 

-amino acid-derived 5-hydroxymethylpyrrole-2-carbaldehydes, such as funebral (65), where 

the stereocenter directly adjacent to the pyrrole ring is difficult to establish by other means. 

The following section describes examples of each approach and highlights the limitations of 

existing methodologies. 

 

 

Scheme 1.6. The two general synthetic strategies towards 5-hydroxymethylpyrrole-2-

carbaldehydes. 
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1.4.1. N-Alkylation of Pyrroles 

 

The N-alkylation of pyrroles is non-trivial; the pyrrole nitrogen is a poor nucleophile as its lone 

pair electrons participate in the aromaticity of the ring. In order to generate a nucleophilic 

species, deprotonation of the pyrrole nitrogen proton is required, which has a pKa of 23.0 in 

DMSO.108 The acidity of this proton is modulated by electron-donating or withdrawing 

substituents and as such pyrrole-2,5-dicarbaldehyde (111) has been utilised as a more easily 

deprotonated pyrrole nucleophile towards the synthesis of 5-hydroxymethylpyrrole-2-

carbaldehydes 113 and 116 (Scheme 1.7).99,103 Aqueous bases in biphasic solvent systems are 

commonly employed for the N-alkylation of this substrate, as it is known to dimerise when 

treated with base in anhydrous solvents.109 Accordingly, biphasic conditions with sodium 

hydroxide base and the phase transfer catalyst tetrabutylammonium iodide have been employed 

by the Tan group for the alkylation of pyrrole-2,5-dicarbaldehyde (111) with primary iodide 

110 and primary mesylate 114. The N-alkylated products 112 and 115 then require careful 

mono-reduction to afford the 5-hydroxymethylpyrrole-2-carbaldehydes 113 and 116.  

 

 

Reagents and conditions: a) NaOH, Bu4NI, PhMe-H2O, 0 °C to 50 °C, 93%; b) NaBH4, THF, 

0 °C, 113 76%, 116 73%; c) NaOH, Bu4NI, THF-H2O, 66 °C, 71%. 

Scheme 1.7. N-Alkylation reactions of pyrrole-2,5-dicarbaldehyde (111) by Tan and  

co-workers.99,103 

 

In what was ultimately a less direct strategy, Borrero and Aponick employed Weinreb amide 

118 in an N-alkylation reaction with bromoketone 117 (Scheme 1.8).95 The carbaldehyde group 

of alkylated product 119 was first reduced to a 5-hydroxymethyl substituent and the 

carboxamide group was later reduced to provide carbaldehyde 122. 
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Reagents and conditions: a) Cs2CO3, 79%; b) LTEPA, 93%; c) LiAlH4, 84%. 

Scheme 1.8. N-Alkylation of Weinreb amide 118 by Borrero and Aponick.95 

 

Another pyrrole nucleophile that has been successfully employed is  

5-(tetrahydropyranyl)oxymethylpyrrole-2-carbaldehyde (125), which most closely resembles 

the 5-hydroxymethylpyrrole-2-carbaldehyde system (Scheme 1.9). Reported yields for the 

alkylation of this substrate vary widely depending on the electrophile employed.92,97,100 The 

use of other O-protected 5-hydroxymethylpyrrole-2-carbaldehydes in N-alkylation reactions 

seems to be limited by the protecting group employed, as tert-butyldimethylsilyl protected 

pyrrole 132 was found to be completely unreactive towards various electrophiles during 

previous studies by our group towards pyrrolomorpholine spiroketals.110  
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Reagents and conditions: a) NaH, DMF, 55 °C, 126 45%, 127 45%; b) NaH, DMF, −10 °C, 

73%.  

Scheme 1.9. N-Alkylation reactions of tetrahydropyranyl-protected 5-hydroxymethylpyrrole-

2-carbaldehyde 125 by the groups of Sudhakar92 and Kuwahara,100 and unsuccessful  

N-alkylation reactions by our group.110 

 

One approach to pyrrole-2-carbaldehydes has been reported whereby the 5-hydroxymethyl and 

2-carbaldehyde substituents were introduced after N-alkylation of pyrrole (134) (Scheme 

1.10).94 The bishydroxymethylation of N-alkyl-pyrrole 136 was achieved with high efficiency 

using microwave radiation. Oxidation with manganese dioxide over two days then afforded 

dicarbaldehyde 137 in 87% yield. One of these carbaldehyde groups was later reduced back 

down to a hydroxymethyl substituent with sodium borohydride. While high-yielding, this 

approach required inefficient redox manipulations and was highly linear. 
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Reagents and conditions: a) NaH, DMF, 120 °C, 74%; b) HCHO, K2CO3, H2O, MW, 80 °C;  

c) MnO2, acetone, 87% over two steps; d) NaBH4, MeOH, −10 °C, 90%. 

Scheme 1.10. N-Alkylation of pyrrole (134) and subsequent synthesis of  

5-hydroxymethylpyrrole-2-carbaldehyde 138 by Zhao and co-workers.94,111 

 

1.4.2. Paal-Knorr Condensation of Amines 

 

The construction of the pyrrole ring system around amine substrates offers distinct advantages 

over N-alkylation, the most notable of which is the ability to employ the biological amines 

from which naturally occurring 5-hydroxymethylpyrrole-2-carbaldehydes arise. These 

biological amines are often available as commercial reagents, thus the construction of the 

pyrrole system around these amines typically affords rapid access to 5-hydroxymethylpyrrole-

2-carbaldehydes.  

 

The Paal-Knorr reaction is the most commonly used method to access  

5-hydroxymethylpyrrole-2-carbaldehydes from amine substrates. This reaction, which was 

originally reported as a method for preparing furans,112,113 has since been adapted for the 

synthesis of pyrroles by the condensation of a primary amine or ammonia 108 with a 1,4-

dicarbonyl 109 or a 2,5-alkoxytetrahydrofuran 139 (Scheme 1.11).  

 

 

Scheme 1.11. The Paal-Knorr reaction. 
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Amarnath and co-workers performed kinetic studies on the Paal-Knorr reaction of various 

amines and 1,4-diketones in order to establish the most likely mechanism by which the reaction 

proceeds.114 Their proposed mechanism begins by acid-catalysed nucleophilic addition of the  

amine 108 to 1,4-diketone 109, followed by the rate-limiting nucleophilic addition of the 

hemiaminal to the other carbonyl group (Scheme 1.12). Upon formation of the bishemiaminal 

141, the two hydroxy groups are eliminated along with two protons to afford the aromatic 

pyrrole ring system.  

 

 

Scheme 1.12. Proposed Paal-Knorr reaction mechanism for 1,4-diketones and amines.114 

 

The earliest synthesis of a 5-hydroxymethylpyrrole-2-carbaldehyde was achieved via the Paal-

Knorr reaction of homoserine lactone hydrobromide salt 143 and 2,9-dimethyldeca-2,8-dien-

4,7-dione (144), which afforded bis(isobutenyl)pyrrole 145 (Scheme 1.13).57 The conditions 

employed resulted in 20% racemisation of the -stereocenter, however titanium(IV) Lewis 

acid-catalysed conditions have since been reported which prevent racemisation of the amine 

reactant.115–117 The 5-hydroxymethylpyrrole-2-carbaldehyde system can be accessed in two 

steps from bis(isobutenyl)pyrroles 145 and 147. Either ozonolysis of the isobutenyl 

substituents with reductive workup, or alternatively dihydroxylation and oxidative cleavage 

affords the pyrrole-2,5-dicarbaldehyde. The selective reduction of one carbaldehyde group can 

then be achieved with diborane or borohydride with careful control of the reductant’s 

stoichiometry. 
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Reagents and conditions: a) pyridine, , 53%, ee 60%; b) O3, then DMS; c) B2H6 no yield 

reported; d) 144, Ti(OEt)4, PhMe, rt, 1h; then 146, , 6 h, 48%; e) OsO4, NaIO4, 1,4-dioxane-

H2O, 48%; f) NaBH3CN, HCO2H, 1,4-dioxane-H2O, 81%. 

Scheme 1.13. Pyrrole synthesis by Paal-Knorr condensation of 2,9-dimethyldeca-2,8-dien-4,7-

dione (144).57,117 

 

2,9-Dimethyldeca-2,8-dien-4,7-dione (144) remains one of the most efficient diones from 

which to prepare 5-hydroxymethylpyrrole-2-carbaldehydes. Acetonyl acetone (149) was 

investigated for the synthesis of homoserine lactone derivative 66, however dimethylpyrrole 

150 afforded from this dione could only be oxidised to 5-methylpyrrole-2-carbaldehyde 151, 

which would not react further (Scheme 1.14).57 2,5-Dimethoxytetrahydrofuran 152 was 

successfully employed in a Paal-Knorr reaction towards homoserine lactone-derived pyrrole 

66. The Paal-Knorr reaction afforded 2-methylpyrrole 153 in excellent yield, however 

subsequent modifications suffered from poor yields.118 Furthermore, the synthesis was 

performed with racemic homoserine lactone 143, so it is unclear whether the Paal-Knorr 

conditions employed would cause epimerisation of the -stereocenter. Elaboration to  

5-hydroxymethylpyrrole-2-carbaldehyde 66 was achieved by a partially regioselective 

Vilsmeier-Haack formylation and oxidative acetylation of the methyl substituent with 

subsequent acetate hydrolysis.  
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Reagents and conditions: a) pyridine, , 90%; b) (PhSeO)2O, PhCl, , 18 h, 34%; c) NaOAc, 

AcOH, 96%; d) POCl3, DMF, CH2Cl2, 154 51%, 155 22%; e) Pb(OAc)4, AcOH, 57%; f) pig 

liver esterase, H2O, pH 7, 88%. 

Scheme 1.14. Alternative Paal-Knorr strategies towards 5-hydroxymethylpyrrole-2-

carbaldehydes.57,118 

 

Dione 157, which is obtainable in five steps from 5-hydroxymethylfurfural, was employed in 

a synthesis of funebral (65) (Scheme 1.15).119 The Paal-Knorr adduct was formed and 

underwent silyl cleavage in the same pot to afford hydroxymethylpyrrole 158. Oxidation and 

tetrahydropyranyl ether cleavage then afforded funebral (65) with good efficiency. 

 

 

Reagents and conditions: a) AcOH, Et3N, CH2Cl2, , then TBAF, 67%; b) Dess-Martin 

periodinane, 80%; c) TsOH, i-PrOH, 81%.  

Scheme 1.15. Total synthesis of funebral (65) by Paal-Knorr reaction of dione 157.119 
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1.4.3. Maillard-Type Reactions 

 

The aforementioned Paal-Knorr strategy affords pyrrole products which require further 

elaboration to the 5-hydroxymethylpyrrole-2-carbaldehyde system. As such, novel methods 

have been developed to afford the 5-hydroxymethylpyrrole-2-carbaldehyde system, or a 

protected variant thereof, directly from a primary amine and a sugar or sugar surrogate. These 

methodologies are inspired by the Maillard chemistry by which 5-hydroxymethylpyrrole-2-

carbaldehydes form in natural sources and will thus be referred to as Maillard-type reactions. 

 

The first such Maillard-type reaction was developed by our research group, whereby 

dihydropyranone 159 was employed as a partially dehydrated sugar surrogate (Scheme 

1.16).120–122 The low efficiency of the formation of 5-hydroxymethylpyrrole-2-carbaldehydes 

from reducing sugars is a consequence of the many side reactions sugar intermediates can 

participate in. Dihydropyranone 159 is analogous to an advanced sugar intermediate from 

which two molecules of water have already been eliminated. Aided also by the terminal silyl 

protecting group, dihydropyranone 159 bypasses many of these non-productive side reactions. 

The mechanism for the formation of 5-(silyloxymethyl)pyrrole-2-carbaldehyde 160 from 

dihydropyranone 159 and amine 108 has not been established, however the open-chain form 

of dihydropyranone 159 has an additional site of unsaturation compared to the 1,4-dicarbonyl 

reagents used in Paal-Knorr reactions. In order to form the aromatic pyrrole system by 

condensation of an amine with dihydropyranone 159, 1,2-enol tautomerisation needs to take 

place to form the aldehyde moiety.  

 

 

Scheme 1.16. The Maillard-type reaction of dihydropyranone 159 with an amine, and putative  

1,2-enol tautomerisation to form an aldehyde group. 
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This Maillard-type reaction is exceptionally mild and is usually performed in tetrahydrofuran-

water solvent systems adjusted to pH 5 with acetic acid, although it has also been performed 

in wet 1,4-dioxane with triethylamine (Scheme 1.17). One notable drawback of this 

methodology is that it requires excess amine to achieve useful yields. This is acceptable when 

the amines employed in the reaction are commercially available, or readily accessed from 

commercial reagents, but becomes problematic if the required amines are difficult to access. 

To date, dihydropyranone 159 has been utilised by our group in the preparation of pyrraline 

(63), lobechine (72), magnolamide (75), funebral (65) and acortatarin A (95).120–122 These 

syntheses are exceptionally efficient when compared with reported syntheses by other 

approaches. Interestingly, funebral (65) is the only compound among these which possesses a 

stereogenic center vicinal to the pyrrole ring. As such, the utility of this methodology to access 

the 5-hydroxymethylpyrrole-2-carbaldehyde derivatives of -amino acids is largely 

unexplored. 
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Reagents and conditions: a) THF-H2O (1:1), 40 °C, 7.5 h, 67%; b) THF-H2O (1:1), pH 5, 60 °C, 

164 60%, 166 49%, 167 67%; c) Et3N (3 equiv), wet 1,4-dioxane, rt, 60%. 

Scheme 1.17. Pyrrole-2-carbaldehydes synthesised by our group by the Maillard-type reaction 

of dihydropyranone 159.120–122 

 

In 2015, Koo and co-workers reported conditions for the synthesis of 5-hydroxymethylpyrrole-

2-carbaldehydes directly from hexose reducing sugars and amines (Scheme 1.18).123 The group 

investigated the acid-catalysed Maillard-type reaction of D-glucose (15) and benzylamine in 

concentrated polar solutions. They determined that the reaction proceeded best in DMSO at 

90 °C with one equivalent of oxalic acid, which possessed optimal acidity (pKa = 1.25) for 
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facilitating dehydration of D-glucose (15) in the presence of the basic amine reactant. These 

conditions were used to form the 5-hydroxymethylpyrrole-2-carbaldehydes of a variety of 

amines as well as the lactonised pyrrole adducts 37 and 38 of L-alanine methyl ester (170) and 

L-phenylalanine methyl ester (171). The Maillard-type reaction of D-glucose (15) and  

-aminobutyric acid methyl ester (165) enabled access to lobechine (72) in three steps. 

Significantly, these conditions employed equal amounts of D-glucose (15) and the amine 

reactant. However, compared to the Maillard-type reaction of dihydropyranone 159, this 

Maillard-type reaction of D-glucose (15) required harsher conditions and afforded lower yields 

of the pyrrole adducts. 

 

 

Reagents and conditions: a) (CO2H)2, DMSO, 90 °C, 30 min.  

Scheme 1.18. Maillard-type reaction developed by Koo and co-workers.123 

 

One year later, Zhao and co-workers reported conditions for the synthesis of oxazine-fused 

pyrroles from amino acids and D-fructose (17) (Table 1.2).124 Extensive optimisation led to the 

finely-tuned solvent mixture of acetic acid and triethylamine (4:3) and five equivalents of D-

fructose (17) relative to the amino acid, however these conditions still delivered poor yields of 

the pyrrole adducts and afforded significant amounts of caramel and hydroxymethylfurfural 

side products. Chiral HPLC analysis of the products indicated that partial racemisation of the  

-stereocenter had occurred during the reaction. For D-valine (entry 2), D-isoleucine (entry 3), 
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D-phenylalanine (entry 5) and D-tyrosine (entry 6) substrates, this racemisation was minimal, 

however D-alanine (entry 1) and D-leucine (entry 4) substrates suffered from 25% and 10% 

racemisation respectively. 

 

Table 1.2. Maillard-type reaction developed by Zhao and co-workers.124 

 

 

Entry Substrate R Yield (%) ee (%) 

1 D-Ala CH3 18 50 

2 D-Val CH(CH3)2 17 94 

3 D-Ile CH(CH3)CH2CH3 15 96 

4 D-Leu CH2CH(CH3)3 16 79 

5 D-Phe CH2C6H5 19 95 

6 D-Tyr CH2C6H4OH 21 93 

Reagents and conditions: a) AcOH-Et3N (4:3), 80 °C, 8 h. 
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1.5. Previous Syntheses of Pyrrolomorpholine Spiroketals 

 

The pyrrolomorpholine spiroketals have received considerable attention from the synthetic 

community, thanks in part to their structural complexity as well as their unique biological 

activity. Nine separate syntheses, excluding this work, have been reported since the isolation 

of acortatarin A (95) in 2010. Some of these syntheses have used the pyrrolomorpholine 

spiroketal framework as a canvas on which to showcase novel methodologies, while others 

have sought efficient access to the natural products for further biological evaluation. This 

section aims to provide an overview of each synthesis in chronological order, along with a final 

summary of the different synthetic strategies employed. The five syntheses of acortatarin A 

(95) reported between 2011–2013 were highly informative to this work. Syntheses from 2015 

or later were published during the course of this work, while two syntheses reported in 2017 

followed the publication of this work. 

 

1.5.1. First Total Synthesis of Acortatarins A (95) and B (102), and Shensongines B (98) 

and C (103) by Sudhakar and Co-workers 

 

In 2011, Sudhakar and co-workers reported the first total synthesis and stereochemical revision 

of acortatarins A (95) and B (102) (Scheme 1.19).92 Incidentally, the acid-catalysed 

spiroketalisation conditions used also afforded the anomers of the acortatarins; shensongines 

B (98) and C (103). The synthesis of these two compounds preceded their isolation from natural 

sources by three years. The synthetic strategy employed 2-deoxy-D-ribose derivative 173 and  

D-arabinose derivative 174, thereby establishing the C-3, C-4 and C-5 stereocenters of the 

products unambiguously. Homologation and epoxidation of these sugars provided electrophiles 

for N-alkylation of pyrrole 125, which had the requisite aldehyde and hydroxymethyl 

substituents already installed. After epoxide opening, oxidation of secondary alcohols 126 and 

127 to ketones 177 and 128 provided dihydroxyketones for acid-catalysed spirocyclisation. 

Cleavage of the acid-labile TBS and THP ethers, followed by spirocyclisation afforded the 

[5,6]-spiroketal ring systems of the proposed natural products. -Spiroketal anomers 

acortatarin A (95) and shensongine C (103) were afforded as the major anomers, while  

-spiroketal anomers shensongine B (98) and acortatarin B (102) were afforded in minor 

quantities. 
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Reagents and conditions: a) Ph3PMeBr, n-BuLi, THF, 175 63%, 176 78%; b) TBSOTf,  

2,6-lutidine, CH2Cl2; c) m-CPBA, CH2Cl2, 123 66% over two steps, 124 70% over two steps;  

d) NaH, DMF, 55 °C, 126 45%, 127 45%; e) DMP, CH2Cl2, 177 88%, 178 84%; f) TsOH, 

CH2Cl2; g) 1 M TiCl4 in CH2Cl2, 95 54% and 98 6% over two steps, 103 40% and 102 9% over 

two steps.  

Scheme 1.19. Total synthesis of acortatarins A (95) and B (102), and shensongines B (98) and 

C (103) by Sudhakar and co-workers.92 

 

1.5.2. Total Synthesis of Acortatarin A (95) and Shensongine B (98) by Brimble and  

Co-workers 

 

Four syntheses followed shortly after the report by Sudhakar and co-workers, beginning with 

a synthesis of acortatarin A (95) and shensongine B (98) by our group in 2012 (Scheme 

1.20).110,122 Dihydropyranone 159, which would be used to construct the pyrrole ring system 

of acortatarin A (95), was prepared by Achmatowicz rearrangement of furfuryl alcohol 180, 

which in turn was prepared from furfuryl silyl ether 179. Homoallylic alcohol 182 was obtained 

by the known allylation of (R)-glyceraldehyde derivative 181. Subsequent protecting group 

manipulations and epoxidation gave epoxide 183, which was similar to epoxide 123 used by 

Sudhakar and co-workers in their synthesis of acortatarin A (95).92 Whereas Sudhakar and 

co-workers opened their epoxide intermediate with a pyrrole nucleophile, epoxide 183 was 

instead opened with sodium azide and reduced to provide aminohydrin 168. Condensation of 

amine 168 with dihydropyranone 159 then forged the pyrrole-2-carbaldehyde ring system in a 

Maillard-type reaction. Oxidation of free alcohol 169, acid-catalysed spirocyclisation and 
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deprotection then furnished acortatarin A (95) as the major product along with -anomer 

shensongine B (98) in a diastereomeric ratio of 3:2. 

 

 

Reagents and conditions: a) n-BuLi, DMF, THF, 65%; b) NaBH4, MeOH, 95%; c) m-CPBA, 

CH2Cl2, 95%; d) allylBr, Zn, aq. NH4Cl, THF, 76%; e) HCl, MeOH; f) TBDPSCl, NaH, THF, 

77% over two steps; g) (CH3)2C(OCH3)2, PPTS, CH2Cl2, quant; h) m-CPBA, CH2Cl2, 95%;  

i) NaN3, satd aq NH4Cl, EtOH, ; j) Me3P, aq. THF, 50% over two steps; k) Et3N, 1,4-dioxane, 

60%; l) TPAP, NMO, 4Å MS, CH2Cl2, 99%; m) 4 M HCl, THF, 80%, dr 3:2; n) Bu4NF, THF, 

67% dr 95:98 3:2.  

Scheme 1.20. Synthesis of acortatarin A (95) and shensongine B (98) by our group.110,122 

 

1.5.3. Total Synthesis of Acortatarins A (95) and B (102), and Shensongine B (98) by Tan 

and Co-workers 

 

Tan and co-workers reported their synthesis of acortatarins A (95) and B (102), and 

shensongine B (98) later that year, using D-thymidine (185) as a chiral pool starting material 

to conveniently access both acortatarins (Scheme 1.21).99 The carbon skeleton of the natural 

products was forged by alkylation of pyrrole-2,5-dicarbaldehyde (111) with iodomethylglycal 

110. The [5,6]-spiroketal core of acortatarin A (95) was prepared by mercury(II)-mediated 

oxidative cyclisation of the hydroxymethyl pyrrole substituent onto the glycal, followed by 

borohydride reduction of the mercurial adduct. Deprotonation of the hydroxymethylpyrrole 

with sodium bis(trimethylsilyl)amide prior to treatment with mercury(II) acetate favoured anti-
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oxymercuration, providing the desired α-spiroketal anomer 188 over the undesired -

spiroketal anomer 189 (dr 9:1). Deprotection of each anomer gave acortatarin A (95) and 

shensongine B (98) respectively. 

 

 

Reagents and conditions: a) TIPSCl, DMF, 50 °C, 99%; b) (NH4)2SO4, HMDS, 120 °C, 82%;  

c) t-BuLi, DMF, THF, −78 °C to rt; d) NaBH4, MeOH, −78 °C, 78% over two steps; e) I2, 

PPh3, PhMe, 0 °C to rt, 98%; f) Bu4NI, NaOH, PhMe-H2O, 0 °C to 50 °C, 93%; g) NaBH4, 

THF, 0 °C, 76%; h) NaHMDS, THF, −78 °C, then Hg(OAc)2, then NaBH4, 0 °C; i) Bu4NF, 

THF, 0 °C, 69% over two steps, dr 95:98 9:1.  

Scheme 1.21. Synthesis of acortatarin A (95) and shensongine B (98) by Tan and co-workers.99 

 

From the common glycal intermediate 112, acortatarin B (102) was prepared by 

diastereoselective -epoxidation using dimethyldioxirane, followed by a one pot reduction of 

pyrrole-2,5-dicarbaldehyde 190 and spirocyclisation onto the epoxide using 

tetrabutylammonium borohydride as reductant (Scheme 1.22). These conditions provided 

desired β-spiroketal anomer 191 exclusively, which was deprotected to give acortatarin B 

(102).  
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Reagents and conditions: a) DMDO, CH2Cl2, 0 °C; b) Bu4NBH4, CH2Cl2, 0 °C to rt, 78% over 

two steps; b) Bu4NF, THF, 0 °C, 92%. 

Scheme 1.22. Synthesis of acortatarin B (102) by Tan and co-workers.99 

 

1.5.4. Total Synthesis of Acortatarin A (95) and Shensongine B (98) by Borrero and 

Aponick 

 

Shortly thereafter, Borrero and Aponick published their total synthesis of acortatarin A (95) 

and shensongine B (98), utilising a palladium(II)-catalysed allylic transposition reaction 

developed within the group to forge the spiroketal system and C-5 stereocenter of the natural 

products (Scheme 1.23).95 Bromoketone 117 was synthesised over seven steps from known -

hydroxyester 192, which in turn was derived from L-tartrate in four steps. Preparation of the 

spiroketalisation precursor required the union of 5-formylpyrrole-2-carboxamide 118 and 

bromoketone 117. Of the alkylation protocols tested for this union, caesium carbonate in 

acetonitrile at 0 C was most efficient, as it suppressed competing elimination of the benzyloxy 

group. Reduction of pyrrole carbaldehyde 119 to alcohol 120 and treatment with 

bis(benzonitrile)palladium(II) chloride in dichloromethane resulted in allylic transposition, 

forging the [5,6]-spiroketal system as a 1:1 mixture of anomers. Although this reaction 

proceeded with no selectivity for the desired -spiroketal anomer, it delivered the desired 1,2-

trans relationship between the C-4 and C-5 substituents with complete diastereoselectivity. The 

terminal olefin of the desired -spiroketal anomer 196 underwent osmium(VIII)-catalysed 

oxidative cleavage followed by reduction to install a primary alcohol group, while the pyrrole-

2-carbaldehyde system was unmasked by reduction of the Weinreb amide with lithium 

aluminium hydride. Titanium(IV) chloride-catalysed deprotection of benzyl ether 197 gave 

acortatarin A (95) as the major product, in a 9:1 mixture with shensongine B (98). 

 



Chapter One 
 

 

 

44 

 

 

Reagents and conditions: a) CBr4, PPh3; b) DIBAL-H, 79% over two steps;  

c) NaH, MeI, 62%; d) 194, NaH, t-BuOH, 73%; e) LiAlH4, 99%; f) PhI(OCOCF3)2, 95%;  

g) CBr4, PPh3, 72%; h) Cs2CO3, CH3CN, 79%; i) LTEPA, 93%; j) Pd(PhCN)2Cl2 (10 mol%), 

CH2Cl2, 4 Å MS, 87%, dr 1:1; k) OsO4, NMO; l) NaIO4; m) NaBH4, 70% over three steps;  

n) LiAlH4, 84%; o) TiCl4, 95 70%, 98 8%. 

Scheme 1.23. Synthesis of acortatarin A (95) and shensongine B (98) by Borrero and 

Aponick.95 

 

1.5.5. Total Synthesis of Acortatarin A (95) and Shensongine B (98) by Kuwahara and  

Co-workers 

 

A note by Kuwahara and co-workers in late 2012 marked the fifth synthesis of acortatarin A 

(95) and shensongine B (98) in the span of 15 months.100 The concise synthetic strategy 

featured key intermediates similar to those in the syntheses of both Brimble110,122 and 

Sudhakar;92 (R)-glyceraldehyde was allylated to forge the spiroketal carbon framework, while 

the pyrrole ring was introduced by N-alkylation of O-tetrahydropyranyl-protected 

hydroxymethylpyrrole-2-carbaldehyde (125) (Scheme 1.24). Known homoallyl ether 198 was 

underwent Wacker oxidation to give the desired ketone 199 along with small amounts of 

aldehyde 200. The mixture of regioisomers was separable after elaboration to -bromoketone 

128, which was used to alkylate pyrrole 125. Global deprotection and acid-catalysed 
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spirocyclisation provided an undefined mixture of acortatarin A (95) and shensongine B (98), 

along with what was presumed to be a [6,6]-spiroketal product by 1H NMR analysis. This note 

might therefore contain the first total synthesis of pollenopyrroside A (96) or shensongine A 

(99), however the mixture was treated with sodium periodate, cleaving the 1,2-diol of the  

[6,6]-spiroketal to allow for clean isolation of acortatarin A (95) and shensongine B (98). 

 

 

Reagents and conditions: a) PdCl2, Cu(OAc)2·H2O, O2, DMF-H2O, rt, 93%, (199:200, 9:1);  

b) LDA, TESCl, THF, −78 °C to rt; c) NBS, THF, −78 °C, 54% over 2 steps from 199 and 

200; d) NaH, DMF, −10 °C, 73%; e) BBr3, CH2Cl2, −78 °C; f) NaIO4, aq. NaHCO3, CH2Cl2, 

rt, 95 37%, 98 18%. 

Scheme 1.24. Synthesis of acortatarin A (95) and shensongine B (98) by Kuwahara and  

co-workers.100 

 

1.5.6. First Total Synthesis of Shensongine A (99) and Pollenopyrroside A (96) by Zhao 

and Co-workers 

 

The first reported synthesis of shensongine A (99) and pollenopyrroside A (96) came in 2015, 

by Zhao and co-workers (Scheme 1.25).94 The synthesis commenced from D-fructose 

derivative 136, which had been prepared in an earlier publication by the group.111A microwave-

accelerated protocol was developed to enable efficient bis(hydroxymethylation) of pyrrole 136, 

with subsequent manganese dioxide oxidation affording the pyrrole-2,5-dicarbaldehyde 137. 

Protecting group manipulations, followed by selective reduction of one carbaldehyde group 
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gave 5-hydroxymethylpyrrole-2-carbaldehyde 138, which underwent acid-catalysed 

cyclisation to provide a 3:1 mixture of -anomer 202 and -anomer 203. These two spiroketals 

were advanced separately to shensongine A (99) and pollenopyrroside A (96). A modified 

Barton-McCombie reaction served to remove the C-3 hydroxy group of spiroketals 202 and 

203, with concomitant debenzylation at C-5, while titanium(IV) chloride was used to cleave 

the remaining benzyl ether. No epimerisation was observed through the last three steps, hence 

shensongine A (99) and pollenopyrroside A (96) were obtained in a 3:1 ratio. 

 

 

Reagents and conditions: a) HCHO, K2CO3, H2O, MW, 80 °C; b) MnO2, acetone, 87% over 

two steps; c) DDQ, MeCN, H2O, 85%; d) neopentyl glycol, TsOH, CH2Cl2, 97%;  

e) BnCl, NaH, DMF, 88%; f) AcOH, H2O, 100 °C, 93%; g) NaBH4, MeOH, −10 °C, 90%;  

h) TsOH, CH2Cl2, 202 67%, 203 22%; i) imidazole, NaH, CS2, MeI, THF, −10 °C; j) (BzO)2, 

Et3SiH, 1,4-dioxane, 100 °C; k) TiCl4, CH2Cl2, −78 °C, 99 60% over three steps, 96 58% over 

three steps.  

Scheme 1.25. Synthesis of shensongine A (99) and pollenopyrroside A (96) by Zhao and  

co-workers.94,111 
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1.5.7. Total Synthesis of Shensongines A (99) and Shensongine B (98), and Acortatarin A 

(95) by Hu and Co-workers 

 

Later that year, Hu and co-workers achieved the synthesis of six pyrrolomorpholine spiroketals 

from (R)-glyceraldehyde 204 (Scheme 1.26).97 The synthetic approach drew on previous work 

towards these compounds by the groups of Sudhakar92 and Kuwahara,100 as well as that of our 

group.110,122 However, a different protecting group strategy was adopted to enable global 

deprotection during the spiroketalisation step, thus enabling the formation of both [5,6]- and 

[6,6]-spiroketals. The allylation of (R)-glyceraldehyde-derived acetonide 204 provided a 5:3 

ratio of diastereomers 205. Unlike the highly diastereoselective Barbier-type conditions 

employed in previous syntheses of this fragment,110,122 the diastereomeric mixture was deemed 

desirable as it enabled the synthesis of novel 4R-diastereomers of the natural 

pyrrolomorpholine spiroketals. The known epoxidation and subsequent epoxide opening with 

pyrrole 125 provided a diastereomeric mixture of adduct 207. Dess-Martin oxidation and 

tandem global deprotection/spiroketalisation afforded three diastereomers each of [5,6]- and 

[6,6]-spiroketal products. This complex mixture was separated by HPLC using a Fluorophase 

PFP column. The only conserved stereocenter among the six products was that of C-5, which 

had been fixed from the outset of the synthesis. Both -spiroketal (95, 209, 211) and  

-spiroketal (99, 98, 210) anomers were observed, although two spiroketals pollenopyrroside 

A (96) and 4-epi-shensongine B were notably absent. This corresponds well with other reports, 

in which -[6,6]- and -[5,6]-spiroketals were the favoured anomers under acid-catalysed 

equilibration.99,103 
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Reagents and conditions: a) allylMgCl, THF, −78 °C, 86%, dr 5:3; b) TBSOTf, 2,6-lutidine, 

CH2Cl2, 0 °C, 88%; c) m-CPBA, CH2Cl2, rt, 70%; d) KOH, MeOH, , 60%; e) DMP, CH2Cl2, 

rt, 92%; f) 4N HCl, THF, 0 °C.  

Scheme 1.26. Synthesis of shensongines A (99) and B (98), and their diastereomers by Hu and  

co-workers.97 

 

Hu and co-workers subsequently achieved selective syntheses of shensongine A (99), 

shensongine B (98) and acortatarin A (95) (Scheme 1.27). Benzyl protection of the C-1′ 

hydroxy group enabled separation of the epimers of allylation product 212. The (4R,1′S)-benzyl 

ether 213 was carried forward in the synthesis, employing a protection strategy to deliver the 

[6,6]-spiroketal. Hydrochloric acid cleaved the tert-butyldimethylsilyl and tetrahydropyranyl 

ethers of ketone 216, with subsequent spiroketalisation providing -anomer 217 exclusively. It 

was proposed that steric hindrance resulted in an unfavourable spirocyclisation transition state 

for the unobserved -anomer. Subsequent treatment with titanium(IV) chloride effected benzyl 

ether cleavage to provide shensongine A (99). A modified protection strategy was employed 

to deliver the [5,6]-spiroketal system from diol 218. Acortatarin A (95) and shensongine B (98) 

were obtained as an approximately 1:1 mixture of anomers. 
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Reagents and conditions: a) BnBr, NaH, 80%; b) TFA-CH2Cl2 (3:2), 0 °C, 88%; c) TBSCl, 

Et3N, CH2Cl2, rt, 85%; d) BnBr, NaH, DMF, 0 °C, 90%; e) 4 N HCl, THF, 0 °C, 90%; f) TiCl4, 

CH2Cl2, −78 °C, 70%; g) BnBr, NaH, DMF, 0 °C, 90%; h) TBSOTf, 2,6-lutidine, CH2Cl2, 

0 °C, 82%. 

Scheme 1.27. Synthesis of shensongines A (99) and B (98) and acortatarin A (95) by Hu and  

co-workers.97 

 

1.5.8. Total Synthesis of Acortatarin A (95) and Shensongine B (98) by Pale and  

Co-workers 

 

In 2017, Pale and co-workers reported a novel synthesis of acortatarin A (95) and shensongine 

B (98) which showcased the utility of zeolite-based organic synthesis.101 Five of the eleven 

steps in the synthesis were performed using native or metal-doped zeolite catalysts. The 

acortatarin A (95) carbon skeleton was assembled by an ynamide coupling of alkynyl bromide 

223 and pyrrole 225, representing the first time an ynamide coupling of a pyrrole had been 

performed using heterogeneous catalysis (Scheme 1.28). Alkynyl bromide 223 was prepared 

over six steps from 2-deoxy-D-ribose (220). Key steps included a Wittig methylenation to 

provide dibromoalkene 222 and a subsequent base-mediated elimination to afford alkyne 223. 

The ynamide coupling was performed on both TBS (223 and 225) and TES (224 and 226) 

protected substrates. Copper-doped zeolite catalyst CuI-USY performed better than both 

homogenous copper catalysts, and polystyrene and mesoporous silica-based heterogeneous 
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copper catalysts, providing the ynamide products 227 and 228 in 50% and 40% yield 

respectively. These were both advanced to spiroketals by silyl deprotection and silver-doped 

zeolite-catalysed cyclisation of the alkynyl diol. As the TES ethers were acid-labile, treatment 

of alkyne 228 with both silver-doped zeolite and acidic zeolite effected one-pot deprotection 

and cyclisation. The silver(I)-catalysed alkyne hydroxylation resulted in only partial 

spiroketalisation, however further treatment of cyclic enol ether 230 with zeolite in ethanol 

provided complete conversion to the spiroketal 231 as a diastereomeric mixture.  

 

 

Reagents and conditions: a) H-ZSM-5, MeOH, 50 °C, 90 min; b) NaH, BnBr, DMF, 0 °C to 

rt, 2 h, 77% over two steps; c) H-USY, H2O-THF (9:1), 120 °C, 150 min, 68%;  

d) Br−Ph3P
+CHBr2, t-BuOK, THF, rt, 5 h, 91%; e) TBSCl or TESCl, imidazole, DMF, rt, 24 h; 

f) LiHMDS, THF, −78 °C to rt, 6 h, 223 85% over two steps, 224 61% over two steps;  

g) CuI-USY (10 mol%), 1,10-phenanthroline (20 mol%), K3PO4, PhMe, 110 °C, 48 h, 50% 

from 223 and 225, 40% from 224 and 226; h) Bu4NF, AcOH, THF, 0 °C to rt, 39 h, 88%;  

i) AgI-USY (10 mol%), EtOH, 80 °C, 24 h, 230 32 % and 231 46%, dr 59:41; j) AgI-USY 

(20 mol%), H-USY (20 mol%), EtOH, 80 °C, 24 h, 230 30% and 231 45%, dr 61:39;  

k) H-USY (1 equiv), EtOH, 80 °C, 47 h, 50%, dr 54:46. ZSM-5 = Zeolite Socony Mobil-5, 

USY = ultrastable Y-type zeolite.  

Scheme 1.28. Synthesis of benzyl-protected spiroketal 231 by Pale and co-workers.101 

 

The end-game synthetic-strategy involved reduction of a 55:45 anomeric mixture of pyrrole-

2-carboxylate 231 down to the alcohol and oxidation back up to the pyrrole-2-carbaldehyde 

232 (Scheme 1.29). The known titanium(IV) chloride-mediated benzyl deprotection afforded 

acortatarin A (95) and shensongine B (98) in a 3:1 ratio. Epimerisation of the spiroketal 
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anomers occurred during both the redox manipulations and the final benzyl deprotection, in 

favour of the -spiroketal anomer. 

 

 
Reagents and conditions: a) LiAlH4, THF, 0 °C to rt, 2 h, b) MnO2, CH2Cl2, rt, 210 min, 48% 

over two steps, dr 75:45; b) TiCl4, CH2Cl2, 0 °C, 3 h, 69%, dr 95:98 75:25. 

Scheme 1.29. Synthesis of acortatarin A (95) and shensongine B (98) by Pale and  

co-workers.101 

 

1.5.9. Stereoselective Syntheses of Shensongine A (99) and Pollenopyrroside A (96) by 

Verano and Tan 

 

Shortly after the synthesis by Pale and co-workers, Verano and Tan reported the 

stereocontrolled synthesis of shensongine A (99) and pollenopyrroside A (96),103 to 

complement their earlier syntheses of the [5,6]-spiroketal products acortatarin A (95) and 

acortatarin B (102).99 Both shensongine A (99) and pollenopyrroside A (96) were accessed 

from the same spiroketal precursor 116 which in turn was prepared from 3,4-di-O-acetyl-D-

arabinal (233) (Scheme 1.30). This glycal was converted to its triisopropylsilyl-protected 

counterpart 234, then C-1 formylation and elaboration provided methanesulfonate 114 for 

union with pyrrole-2,5-dicarbaldehyde (111). Methanesulfonate 114 provided the desired 

pyrrole adduct 115 in 71% yield upon treatment with pyrrole-2,5-dicarbaldehyde (111) under 

aqueous conditions, which were employed to avoid pyrrole dimerization. Monoreduction of 

dicarbaldehyde 115 provided the key spiroketal precursor 116. Treatment of this glycal with 

catalytic Brønsted acid smoothly delivered -spiroketal anomer 236 with high 

diastereoselectivity, which underwent silyl deprotection to afford shensongine A (99).  
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Reagents and conditions: a) NaOMe, MeOH, b) NaH, TIPSOTf, THF, 0 °C to rt, 83% over 

two steps; c) t-BuLi, DMF, THF, −78 °C; d) NaBH4, THF, 0 °C, 84% over two steps; e) MsCl, 

Et3N, CH2Cl2, 87%; f) NaOH, Bu4NI, THF-H2O, 66 °C, 71%; g) NaBH4, THF, 0 °C, 73%;  

h) Cl2CHCO2H or TsOH (10 mol%), CH2Cl2, 0 °C to rt, 98%, dr > 98:2; i) Bu4NF, THF, 0 °C, 

91%. 

Scheme 1.30. Synthesis of shensongine A (99) by Verano and Tan.103 

 

Verano and Tan encountered difficulty accessing the -spiroketal system of pollenopyrroside 

A (96) (Scheme 1.31). Mercury(II)-mediated spirocyclisation afforded the -anomer almost 

exclusively, while metal-chelation-controlled spirocyclisation gave only marginal 

stereoselectivity for the desired -anomer. Ultimately, methanol-catalysed spirocyclisation of 

glycal epoxide 116 was employed to afford the kinetic -spiroketal anomer 238.  

Anti-epoxidation by dimethyldioxirane in methanol resulted in spirocyclisation with inversion 

of stereochemistry, providing a diastereomeric ratio greater than 98:2. The high 

diastereoselectivity of this approach offset the required manipulations to remove the C-3 

hydroxy group of spiroketal 238. Desilylation of this spiroketal provided the C-3 hydroxy 

analogue 104 of pollenopyrroside A (96), while Barton-McCombie deoxygenation and 

desilylation provided pollenopyrroside A (96) itself.  

  



Introduction 
 

 

 

53 

 

 
Reagents and conditions: a) DMDO, CH2Cl2/MeOH (5:1), −78 °C to 0 °C, 84%, dr > 98:2;  

b) Bu4NF, THF, 0 °C, 96%; c) (MeS)2CS, NaH, PhMe, 80 °C, 82%; d) Bu3SnH, AIBN, PhMe, 

85 °C, 71%; e) Bu4NF, THF, 0 °C, 95%. 

Scheme 1.31. Synthesis of pollenopyrroside A (96) by Verano and Tan.103 

 

1.5.10. Summary 

 

While acid-catalysed spiroketalisation is employed in over half of the syntheses reviewed here, 

the greatest source of novelty between these nine syntheses is still the strategy adopted for the 

construction of the spiroketal ring system (Scheme 1.32). The palladium(II)-catalysed allylic 

transposition employed by Borrero and Aponick,95 and the silver(I)-catalysed alkyne 

hydroxylation employed by Pale and co-workers101 both showcased methodologies developed 

by the respective groups. Both methods forged [5,6]-spiroketals cleanly, but with little or no 

selectivity between - and -spiroketal anomers. The Tan group used a variety of oxidative 

and acid-catalysed methods to achieve highly diastereoselective syntheses of both - and -

anomers of [5,6]- and [6,6]-spiroketal systems.99,103 In their synthesis of pollenopyrroside A 

(96), a dimethyldioxirane-mediated approach required late stage deoxygenation to remove a 

hydroxy group introduced during spirocyclisation. From the five syntheses that employed acid-

catalysed cyclisations of dihydroxyketones, a clear trend has emerged for equilibriums which 

favour -[5,6]-spiroketals and -[6,6]-spiroketals. Selectivity for either the [5,6]- or [6,6]-

spiroketals is readily achieved by protecting group strategy, while minor differences in 

selectivity between - and -anomers have been observed depending on the steric bulk of the 

protecting groups employed. 
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Scheme 1.32. Various synthesis strategies for the construction of [5,6]- and [6,6]-

pyrrolomorpholine spiroketals. 

 

All of these syntheses employ chiral pool reagents to establish one or more of the stereocenters 

in the pyrrolomorpholine spiroketals, many of these being D-sugars or D-sugar derivatives 

(Figure 1.13). (R)-Glyceraldehyde (240) was employed in three syntheses,97,100,110,122 however 

two of these syntheses required extensive protecting group manipulations to either achieve 

diastereoselective installation of other stereocenters,110,122 or to enable separation of 

diastereomers.97 The Zhao group utilised D-fructose (17) as a cheap chiral pool reagent in their 

synthesis, however this necessitated late-state C-3 deoxygenation.94 The groups of both 

Sudhakar92 and Pale101 employed 2-deoxy-D-ribose (220) to establish the 4S and 5R 

stereocenters which are conserved across the pyrrolomorpholine spiroketals. Likewise, the Tan 

group employed D-thymidine (185)99 and 3,4-di-O-acetyl-D-arabinal (233)103 as chiral pool 

reagents containing both of the requisite 4S and 5R stereocenters. Borrero and Aponick 

commenced their synthesis from known -hydroxy ester 192,95 which itself is available in four 

steps from diethyl-L-tartrate (241).125 
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Figure 1.13. Chiral pool reagents used in the synthesis of 3-deoxy-pyrrolomorpholine 

spiroketals. Conserved stereogenic centers in the starting materials and final spiroketal 

products are highlighted. 

 

It is notable that eight of these nine syntheses opted for a C-N disconnection between the 

pyrrole ring and the sugar fragment (Scheme 1.33). The copper(I)-catalysed ynamide coupling 

by Pale and co-workers was a novel approach,101 however the other syntheses employed 

conventional pyrrole N-alkylations with alkyl halides, alkyl sulfonates or epoxides. Some of 

these approaches required late stage modifications to the pyrrole ring. Only the synthesis of 

acortatarin A (95) and shensongine B (99) by our group utilised a different disconnection, 

opting to form the pyrrole ring system with its requisite substituents by a Maillard-type reaction 

of an amine (168) and a sugar-surrogate (159).110,122 
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Scheme 1.33. Retrosynthetic disconnections employed in the construction of the 

pyrrolomorpholine spiroketal carbon skeleton.  
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1.6. Aims of the Present Research 

 

At the outset of this work, the Maillard-type reaction developed previously within our group 

was the only Maillard-type methodology reported in the literature. This reaction provided a 

solution to the limited substrate scope of previous N-alkylation approaches towards  

5-hydroxymethylpyrrole-2-carbaldehydes and the inefficiency of Paal-Knorr methodologies. 

The Maillard-type reaction showed particular promise for the efficient synthesis of  

5-hydroxymethylpyrrole-2-carbaldehydes from the -amino groups of amino acids. Prior to 

this work, only one such derivative, funebral (65), had been prepared using this methodology. 

 

As such, the first aim of this research was to expand the substrate scope of the Maillard-type 

reaction to include a range of -amino acid substrates whilst further exploring other biogenic 

amine and amino sugar substrates (Scheme 1.34). An appealing outcome of this endeavour 

would be the synthesis of a library of 5-hydroxymethylpyrrole-2-carbaldehydes from readily 

available amines, which would in turn enable further evaluation of previously reported 

biological activities and identification of structure-activity relationships. 

 

 

Scheme 1.34. Proposed synthesis of 5-hydroxymethylpyrrole-2-carbaldehydes from  

L--amino acids using a Maillard-type approach. 

 

The second aim of this work was to further demonstrate the utility of the Maillard-type reaction 

in total synthesis. Prior to this work, no total syntheses had been reported for the  

[6,6]-pyrrolomorpholine spiroketals (Figure 1.14). An efficient method for the synthesis of 

pollenopyrroside A (96) would enable investigation of the compound’s biological profile, 

which was as yet unexplored. Pollenopyrroside A (96) was thus identified as an attractive target 

for total synthesis by the Maillard-type reaction. It was anticipated that this work would also 

enable the elucidation of the structure of capparisine B (100). It was our suspicion that 

capparisine B was in fact the enantiomer 99 of the proposed structure 100, which contained an 
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L-pyranose moiety that was unprecedented for the plant from which capparisine B was 

isolated.44 

 

 

Figure 1.14. [6,6]-Pyrrolomorpholine spiroketals. 

 

Early in the course of the research, the isolation of hemerocallisamine I (67) was reported 

(Figure 1.15).24 As hemerocallisamine I (67) was derived from a highly functionalised -amino 

acid, it was identified as an optimal target to demonstrate the utility of the Maillard-type 

reaction in both total synthesis and the synthesis of 5-hydroxymethylpyrrole-2-carbaldehydes 

from -amino acids. Synthesis of this compound would thus fulfil both central aims of this 

research. Furthermore, we suspected that the D-amino acid configuration proposed for 

hemerocallisamine I (67) was incorrect. Total synthesis of hemerocallisamine I (67) would 

therefore enable elucidation of its absolute configuration. 

 

 

Figure 1.15. Proposed and suspected structures of hemerocallisamine I.



 

 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter Two 

Discussion 

 



 

 

  



Discussion 
 

 

 

 

63 

 

2.1. 5-Hydroxymethylpyrrole-2-carbaldehyde Library Synthesis 

 

The initial focus of the present research was to broaden the substrate scope of the Maillard-

type reaction. Prior to this work, only five compounds had been prepared by the Maillard-type 

reaction, and only one of these compounds, funebral (65), featured a pyrrole ring constructed 

from the -amine of an amino acid derivative (Figure 2.1). Pyrraline (63) was constructed from 

the amino acid L-lysine, however the Maillard-type reaction was performed on the highly 

accessible -amino group rather than the -amino group, which is more hindered. 

 

 

Figure 2.1. 5-Hydroxymethylpyrrole-2-carbaldehydes previously synthesised by the Maillard-

type approach.98,120,121 

 

Expansion of the substrate scope would yield a diverse library of 5-hydroxymethylpyrrole-2-

carbaldehydes which would enable biological investigation of these compounds on a broader 

family-wide level. 
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2.1.1. Synthesis of Dihydropyranone 159 

 

In order to prepare a library of 5-hydroxymethylpyrrole-2-carbaldehydes in sufficient 

quantities for biological evaluation, access to dihydropyranone 159 was required on a large 

scale. A robust synthesis of dihydropyranone 159 had been established within our group, 

providing the key substrate in four steps from furfuryl alcohol (242) (Scheme 2.1).98 The first 

three of these four steps were originally reported by Baldwin and co-workers towards 

differently substituted dihydropyranones.126 The key step in the preparation of 

dihydropyranone 159 was the Achmatowicz oxidative rearrangement of furfuryl alcohol 180. 

 

 

Reagents and conditions: a) m-CPBA, CH2Cl2, 0 °C to rt, 4 h, 92%. 

Scheme 2.1. Previous synthesis of dihydropyranone 159 by our group.98  

 

The Achmatowicz reaction is an oxidative rearrangement of furan-2-carbinols 243 to  

6-hydroxy-2H-pyran-3(6H)-ones 249, originally reported by Achmatowicz and co-workers in 

1971 (Scheme 2.2).127 The reaction was first performed using bromine as an oxidant in 

methanol, however Lefebvre and co-workers reported the use of peracids such as  

meta-chloroperbenzoic acid for the same reaction in 1972.128 The peracid-mediated 

rearrangement is proposed to involve Prilezhaev-like epoxidation of a furan carbinol 243 from 

either side of the furan ring. Fragmentation of either regioisomer 244 or 246 then affords a 1,4-

dicarbonyl intermediate 248, which cyclises to give the dihydropyranone 249. 

  



Discussion 
 

 

 

 

65 

 

 

Scheme 2.2. Proposed mechanism of peracid-mediated Achmatowicz rearrangement.129 

 

Following the existing procedures for the synthesis of dihydropyranone 159, furfuryl alcohol 

(242) was protected as the tert-butyldimethylsilyl ether 179 (Scheme 2.3). Silyl ether 179 then 

underwent regioselective lithiation with n-butyllithium, and formylation with 

dimethylformamide to afford furfural 250. Treatment of carbaldehyde 250 with sodium 

borohydride then provided hydroxymethylfuran 180. Finally, treatment of hydroxymethylfuran 

180 with meta-chloroperbenzoic acid resulted in the oxidative Achmatowicz rearrangement of 

the furan ring, to afford dihydropyranone 159 in 54% overall yield. The 1H NMR data for 

dihydropyranone 159 was identical to that previously reported.98 Interestingly, only one 

anomer of dihydropyranone 159 was observed by 1H NMR, which was presumed to be the -

anomer due to stabilisation from both the anomeric effect,130 and the pseudoequatorial position 

of the bulky silyloxymethyl substituent. 

 

 

Reagents and conditions: a) TBSCl, imidazole, DMF, rt, 30 min, 95%;  

b) n-BuLi, THF, −78 °C to 0 °C, then DMF, −78 °C to rt, 90 min, 67%; c) NaBH4, MeOH, 

0 °C, 1 h, 98%; d) m-CPBA, CH2Cl2, rt, 4 h, 86%. 

Scheme 2.3. Synthesis of dihydropyranone 159 from furfuryl alcohol (242). 

 

The lowest yielding step in this synthesis was the formylation reaction, which required 

lithiation of furan 179. While the same formylation reported by Baldwin and co-workers 
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proceeded in 98% yield,126 this was not reproducible in our hands. Moreover, large scale use 

of n-butyllithium was impractical and so an alternative approach to furan-2-carbaldehyde 250 

was sought. The unprotected analogue of carbaldehyde 250, 5-hydroxymethylfurfural (HMF) 

(251), is a biomass-derived platform chemical with applications in organic chemistry, materials 

chemistry, and biofuel production.131 Driven by global demand for sustainable biofuels, a large 

number of processes have been developed for the production of HMF (251) from 

carbohydrates, some of which are suitable for organic synthesis-scale production. In particular, 

HMF (251) is readily available by acid-catalysed dehydration of D-fructose (17) in 

dimethylsulfoxide (Scheme 2.4) as reported by Thananatthanachon and Rauchfass.132  

 

 

Reagents and conditions: a) HCO2H or (CO2H)2 (10 mol%), DMSO, 150 °C, 6 h, 99%. 

Scheme 2.4. Synthesis of HMF (251) from D-fructose (17) by Thananatthanachon and 

Rauchfass.132 

 

As discussed by van Putten et al. in their 2013 review on the chemistry of HMF (251), the 

mechanism of D-fructose (17) dehydration is unclear.131 Both cyclic and acyclic mechanisms 

have been proposed (Scheme 2.5), however much of the evidence to support these mechanisms 

has been derived from research in aqueous systems and may therefore not apply to 

dimethylsulfoxide solvent systems. Interestingly, Amarasekara et al. observed the 

dimethylsulfoxide-catalysed dehydration of D-fructose (17) at 150 °C, for which they proposed 

a cyclic mechanism.133 It is therefore likely that the efficient conversion of D-fructose (17) to 

HMF (251) with catalytic acid in dimethylsulfoxide is attributable to both acid-catalysed and 

solvent-catalysed processes. 
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Scheme 2.5. Proposed mechanisms for HMF (251) formation by dehydration of D-fructose 

(17).131,133 

 

Following the conditions described by Thananatthanachon and Rauchfass,132 treatment of a 

concentrated solution of D-fructose (17) in dimethylsulfoxide with catalytic oxalic acid 

afforded the dehydration product HMF (251) with excellent conversion (Scheme 2.6). The 

dimethylsulfoxide solvent and polar humin side products were largely removed by aqueous 

workup and filtration through a plug of silica, to afford an impure oil. Galkin et al. have 

reported that HMF (251) is susceptible to rapid decomposition in the oil form, even at purities 

of 97–99%, leading them to develop a method for the recrystallisation of HMF (251) to enable 

long-term storage.134 In the event, recrystallisation of the crude oil was unnecessary if it was 

subjected to protection without delay. Accordingly, the tert-butyldimethylsilyl protection of 

HMF (251) afforded 5-tert-butyldimethylsilyloxymethylfuran 250 in 92% yield over two steps, 

which compared favourably to the yield of 66% over two steps obtained using the previously 

described formylation conditions. More importantly, 26 grams of 5-tert-

butyldimethylsilyloxymethylfuran 250 was prepared in a single pass, which could be 

elaborated to dihydropyranone 159 using the previously described conditions. Both the 

borohydride reduction and Achmatowicz rearrangement steps were simple to perform on large 

scale and neither product required purification. 
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Reagents and conditions: a) (CO2H)2 (10 mol%), DMSO, 150 °C, 6 h; b) TBSCl, imidazole, 

CH2Cl2, 0 °C to rt, 18 h, 92% over two steps; c) NaBH4, MeOH, 0 °C, 1 h, 98%; d) m-CPBA, 

CH2Cl2, rt, 4 h, 86%. 

Scheme 2.6. Improved synthesis of dihydropyranone 159 from D-fructose (17). 

 

2.1.2. Optimisation of the Maillard-Type Reaction 

 

With robust access to decagram quantities of dihydropyranone 159, attention turned to the 

Maillard-type reaction of novel amine substrates. As we were primarily interested in the 

Maillard-type reaction of -amino acids, glycine methyl ester (252) was selected as a simple 

substrate to screen previously reported conditions. Glycine methyl ester was used as its 

hydrochloride salt for ease of handling. 

 

The reaction of glycine methyl ester with dihydropyranone 159 in tetrahydrofuran-water, 

adjusted to pH 5 with acetic acid-sodium acetate buffer, afforded the desired pyrrole-2-

carbaldehyde 253 in 56% yield (Table 2.1, entry 1). The reaction was simple to monitor by 

TLC analysis, as the pyrrole-2-carbaldehyde 253 was visible under UV light, whereas the 

reactants were not. Moreover, the carbaldehyde functionality produced a bright orange 

hydrazone when the TLC plate was stained with 2,4-dinitrophenylhydrazine. The 1H NMR 

spectrum of pyrrole-2-carbaldehyde 253 exhibited a singlet resonating at  9.48 ppm, and 

coupled doublets at  6.88 and 6.16 ppm, which were characteristic of the carbaldehyde and 

pyrrole protons respectively. 
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Table 2.1. Investigation of the Maillard-type reaction of glycine methyl ester (252) with 

dihydropyranone 159. 

 

 

Entry Conditions Yield (%) 

1 THF-H2O (1:1), pH 5, 50 °C 55 

2 THF-H2O (1:1), pH 8, 50 °C 11 

3 1,4-dioxane, Et3N (3 equiv), 50 °C 33 

4 THF, Et2NH (4 equiv), rt 2 

5 THF, Et3N (4 equiv), rt 37 

 

To confirm the importance of pH in this reaction, glycine methyl ester (252) and 

dihydropyranone 159 were heated in a tetrahydrofuran-water solvent system that had been 

adjusted to pH 8 with phosphate buffer (entry 2). In line with previous findings,121 these 

conditions afforded the product in poor yield despite complete consumption of 

dihydropyranone 159. Alternative conditions of wet 1,4-dioxane and triethylamine have 

previously been used in our group for the Maillard-type reaction of dihydropyranone 159 with 

either ammonia or an advanced aminohydrin intermediate towards the synthesis of acortatarin 

A (95).110 The reaction of glycine methyl ester (252) and dihydropyranone 159 under these 

conditions, however, proceeded with poorer yield than acidic conditions (entry 3).  

 

In addition to the investigation of conditions previously utilised for the Maillard-type reaction, 

conditions reported by Wang and co-workers for a similar transformation of a dihydropyranone 

also attracted our attention.135 In this publication, diethylamine was employed as a hydrogen 

bond donor to promote the enolization and 6 electrocyclic opening of  

5-carboxydihydropyranone 254 (Scheme 2.7). The ring-opened intermediate 256 then 

underwent conjugate addition and elimination to form furan 258. The conjugate addition to 

form furan 258 was specific to the 5-carboxydihydroyranone 254 substrate and it was 

envisioned that such a ring-opened intermediate could be intercepted by an amine nucleophile 
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to form a pyrrole-2-carbaldehyde instead. Accordingly, glycine methyl ester (252) and 

dihydropyranone 159 were treated with diethylamine in tetrahydrofuran (Table 2.1, entry 4). 

Despite complete consumption of dihydropyranone 159, only trace amounts of the desired 

pyrrole 253 were obtained. Curiously, no furan products were observed by TLC analysis and 

it was concluded that dihydropyranone 159 was diverted down alternative reaction pathways 

to afford polar side products. 

 

 

Scheme 2.7. Diethylamine-promoted enolisation and 6 electrocyclisation of  

5-carboxydihydropranone 254, as proposed by Wang and co-workers.135 

 

It was subsequently presumed that the enolisation and 6 electrocyclic ring-opening of  

5-carboxydihydropyranone 254 was facilitated by the carboxy substituent, which is absent 

from dihydropyranone 159. Interestingly, exchanging diethylamine for the non-nucleophilic 

base triethylamine provided pyrrole-2-carbaldehyde 253 in 37% yield (entry 5). Wang and co-

workers reported that triethylamine was less efficient than diethylamine for the 6 electrocyclic 

reaction of 5-carboxydihydropyranone 254, therefore it is likely that this Maillard-type reaction 

proceeds via a different mechanism. It is plausible that the reaction is initiated by nucleophilic 

attack of either the acetal or ketone group of dihydropyranone 159 by the amino group of 

glycine 252, in which case the presence of a more nucleophilic amine such as diethylamine 

would compete with the desired reaction. 

 

The best performing conditions of tetrahydrofuran-water at pH 5 were next applied to L-alanine 

methyl ester with moderate success (Table 2.2, entry 1). Disappointingly, the analogous 
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reaction of L-phenylalanine methyl ester provided only a 12% yield of the desired pyrrole-2-

carbaldehyde 260 (entry 2).  

 

Conditions reported by Lynn et al.57 for the Paal-Knorr condensation of an -amino lactone 

hydrobromide salt with a dione in pyridine prompted us to investigate this solvent for the 

Maillard-type reactions of L-alanine methyl ester and L-phenylalanine methyl ester with 

dihydropyranone 159 (entries 3 and 4). To our delight, the desired pyrrole-2-carbaldehydes 259 

and 260 were afforded in much improved yields of 55% and 37% respectively. It is proposed 

that pyridine functions both as a polar solvent and weak base in this reaction, liberating the 

nucleophilic free amine from the ammonium chloride reagents, while still allowing acid-

catalysed activation of the dihydropyranone 159 by hydrochloride salts. These conditions 

proved to be suitable for a range of -amino acid methyl esters (entries 5–9). Of the -amino 

acid methyl esters investigated, only L-valine methyl ester performed poorly in this reaction 

(entry 10), affording what appeared to be traces of the product 266 by crude 1H NMR along 

with several unidentified side-products. The poor reactivity of L-valine methyl ester is perhaps 

attributable to its greater steric bulk. 
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Table 2.2. Investigation of the Maillard-type reaction of various -amino acid methyl esters 

with dihydropyranone 159. 

 

 

Entrya R Conditions Product code Yield (%) 

1  a 259 37 

2 

 

a 260 12 

3  b 259 55 

4 

 

b 260 37 

5 
 

b 261 54 

6 

 

b 262 42 

7 

 

b 263 55 

8 

 

b 264 30 

9 
 

b 265 30 

10 
 

b 266 trace 

Reagents and conditions: a) THF-H2O, pH 5, 50 °C,18 h; b) pyridine, 50 °C, 

18 h. aTwo equivalents of amine used relative to dihydropyranone 159 for all 

entries. 
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While the pyrrole-2-carbaldehyde products of this Maillard-type reaction are most easily 

identified by the clear aldehyde ( 9.4–9.5 ppm, C 178–180 ppm) and pyrrole resonances ( 

7.0–6.0 ppm, C 145–110 ppm) of their NMR spectra, the H-2 proton also provides a 

characteristic signal of pyrrole formation. This H-2 proton resonance is shifted downfield to 

 5–5.5 ppm and in all but the alanine and glutamine-derived products 259 and 263, this 

resonance appears as a broad singlet. While this broad singlet has been noted in previous 

reports of the isolation of phenylalanine-derived pyrrole-2-carbaldehydes, its broad appearance 

was attributed to anisotropic effects of the phenyl ring.37,46,48 The consistent appearance of this  

H-2 resonance as a broad singlet in all but two of the -amino acid-derived products prepared 

herein implicates the pyrrole ring as the source of magnetic anisotropy. 

 

2.1.3. Synthesis of Library Compounds 

 

Having identified pyridine as an optimal solvent in which to perform the Maillard-type 

reaction, a variety of non--amino acid substrates were investigated (Table 2.3). The presence 

of acid in the reaction mixture was not essential for the reaction to proceed, however it provided 

improved conversion. As such, stoichiometric para-toluenesulfonic acid was used as an 

additive when amines were employed in their free base forms (entries 2 and 5). These pyridine 

conditions are well-suited to biogenic amines as well as amino acids, as demonstrated by the 

high-yielding Maillard-type reaction of tyramine (270), which proceeded at room temperature 

(entry 3). 

  



Chapter Two 
 

 

 

 

74 

 

Table 2.3. The Maillard-type reaction of various amines with dihydropyranone 159. 

 

 

Entrya Amine Conditions Product Yield (%) 

1 
 

a 

 

58 

2 

 

b 

 

51 

3 

 

c 

 

72 

4 

 

a 

 

51 

5 

 

b 

 

67 

Reagents and conditions: a) pyridine, 50 °C, 18 h; b) TsOH (2 equiv), pyridine, 

50 °C, 18 h; c) pyridine, rt, 18 h. aTwo equivalents of amine used relative to 

dihydropyranone 159 for all entries. 

 

Appropriately protected aminosugars such as amine 273 are similarly suited to this reaction 

(entry 5). Amine 273 was prepared from D-galactose (16) over four steps following reported 
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procedures (Scheme 2.8).136,137 Protection of D-galactose (16) was followed by tosylation of 

the 6-hydroxy group to afford tosylate 276. Tosylate 276 then underwent azide substitution and 

Staudinger reduction with triphenylphosphine to provide amine 273. Amine 273 is a 6-amino-

6-deoxyhexose derivative, whereas the pyrrolomorpholine spiroketals are derived from  

1-amino-1-deoxyhexoses. The successful Maillard-type reaction of amine 273 therefore 

represents a useful method for the preparation of novel sugar-derived pyrrole-2-carbaldehydes.  

 

 

Reagents and conditions: a) P4O10, ZnCl2, H3PO4, acetone, rt, 18 h, 79%; b) TsCl, Et3N, 

CH2Cl2, rt, 48 h, 71%; c) NaN3, DMF, 125 °C, 18 h, 68%; d) PPh3, H2O, THF, rt, 18 h, quant. 

Scheme 2.8. Synthesis of amine 273 from D-galactose (16). 

 

Of the amines investigated, the only substrate which failed to afford the desired pyrrole-2-

carbaldehyde was (1S,2S)-diaminocyclohexane (277) (Scheme 2.9). The only product that was 

isolated from this reaction in sufficient yield to characterise was hydroquinoxaline 278.  

 

 

Reagents and conditions: a) TsOH (2 equiv), pyridine, 50 °C, 18 h, 5%. 

Scheme 2.9. Unforeseen formation of hydroquinoxaline 278 from (1S,2S)-

diaminocyclohexane (277) and dihydropyranone 159. 

 

The 1H NMR spectrum of hydroquinoxaline 278 exhibited resonances that were characteristic 

of an intact diaminocyclohexane ring, while the 13C NMR spectrum exhibited resonances at  

 200.7 and 161.8 ppm, indicative of ketone and imine quaternary carbons respectively. A 

single olefinic proton resonance at  5.84 ppm supported the presence of an enamine, while a 

signal resonating at  2.28 ppm, integrating for three protons, was indicative of a methyl group 
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next to either the ketone or imine. This methyl resonance appeared as a doublet, with a coupling 

constant of 2.3 Hz suggestive of allylic coupling through a -system to a methine proton. The 

proton of the enamine nitrogen resonated as a broad singlet downfield at  10.23 ppm, which 

suggests this proton is hydrogen bonding to the adjacent carbonyl oxygen. This was consistent 

with other reported hydroquinoxalines with internal hydrogen bonding.138 Finally, HMBC 

experiments enabled the unambiguous assignment of the dihydropyranone-derived backbone 

of hydroquinoxaline 278 (Figure 2.2). The structure assigned was confirmed by high-resolution 

mass spectrometry, in which a molecular ion peak [M+H]+ of 337.2306 was observed, 

corresponding with a molecular formula of C18H33N2O2Si. 

 

 

 

 

Figure 2.2. Key HMBC correlations of hydroquinoxaline 278. 

 

Hydroquinoxaline 278 appears to arise from a sequence of nucleophilic carbonyl attack, 

conjugate addition and elimination (Scheme 2.10). Putative Schiff base formation between 

diamine 277 and dihydropyranone 159 and dihydropyranone ring-opening would give rise to 
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,-unsaturated ketone 280. The free amino group of this intermediate would then be oriented 

for intramolecular conjugate addition, giving rise to hydroquinoxaline 281. The possibility for 

such reactivity renders 1,2-diamines ill-suited for the Maillard-type reaction. 

 

 

Scheme 2.10. Proposed mechanism for the Schiff-base formation and subsequent 

intramolecular conjugate addition of diamine 277 with dihydropyranone 159. 

 

Conversion of Maillard-type reaction products to their respective 5-hydroxymethylpyrrole-2-

carbaldehydes is highly facile using triethylamine trihydrofluoride (Table 2.4). These 

conditions are mild and can afford the 5-hydroxymethylpyrrole-2-carbaldehydes in near 

quantitative yield (entries 2, 4 and 6).  
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Table 2.4. Silyl ether cleavage of Maillard-type products. 

 

 

 

Entry Reactant Product Yield (%) 

1 

  

86 

2 

  

100 

3 

  

88 

4 

  

98 

5 

  

58 

6 

  

100 

 

A notable silyl deprotection product is homoserine lactone derivative 66 (entry 6), the  

(R)-enantiomer of which overrides hormonally-induced cell cycle arrest.57 The Maillard-type 

methodology afforded pyrrole-2-carbaldehyde 66 in 51% over two steps from commercially 

available L-homoserine lactone 143 (Scheme 2.11). Only two syntheses of this compound have 

been reported prior to this work, both of which employed Paal-Knorr reactions of homoserine 
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lactone 143 to forge the pyrrole ring. The first of these syntheses furnished pyrrole 66 in three 

steps from homoserine lactone 143 with an unspecified yield,57 and the second proceeded in 

25% yield from homoserine lactone 143 over four steps.118 

 

 

Reagents and conditions: a) pyridine, 50 °C, 18 h, 51%; b) Et3N·3HF, THF, rt, 18 h, 100%;  

c) pyridine, , 53%, ee 60%; d) O3, then DMS; e) B2H6 yield not specified;  

f) NaOAc, AcOH, 96%; g) POCl3, DMF, CH2Cl2, 51%; h) Pb(OAc)4, AcOH, 57%; i) pig liver 

esterase, H2O, pH 7, 88%.  

Scheme 2.11. Comparison of the synthesis of homoserine-derived pyrrole 66, described herein, 

to previous syntheses by Lynn et al.57 and Hayoz et al.118 

 

-Amino acid pyrrole-2-carbaldehyde derivatives isolated from natural sources are commonly 

oxazine-fused pyrroles 287, arising from the lactonisation of the hydroxymethylpyrrole 

substituent with the acid functionality from the amino acid (Scheme 2.12).  
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Scheme 2.12. Lactonisation of -amino acid-derived 5-hydroxymethylpyrrole-2-

carbaldehydes 286. 

 

When -substituted amino acid-derived pyrroles were submitted to silyl deprotection with 

triethylamine trihydrofluoride, lactonization slowly occurred (Table 2.5, entry 2). Lactone 37 

was readily characterised by comparison of its NMR spectra with those reported in the 

literature.44 The singlet resonance for the methoxy protons of ester 259 was absent in the  

1H NMR spectrum of lactone 37, while the characteristic AB quartet resonance of the H-1 

methylene protons was shifted downfield.  

 

Glycine derivative 282 did not undergo any observable lactonisation in tetrahydrofuran with 

triethylamine trihydrofluoride (entry 1), suggesting that a Thorpe-Ingold effect is responsible 

for the ease with which the -substituted amino acid derivatives cyclise.139 In order to isolate 

stable products, the crude silyl deprotection mixtures afforded were subsequently heated with 

pyridinium para-toluenesulfonate in toluene to effect complete lactonisation (Table 2.5, entries 

3 and 4). Alternatively, lactones could be accessed directly by acid-catalysed silyl cleavage 

(entry 5), however these conditions afforded the lactone slowly. When the acid-catalysed 

deprotection of tyrosine derivative 264 was worked up after 18 hours, the reaction mixture 

contained predominantly 5-hydroxymethylpyrrole-2-carbaldehyde 42, along with lactone 55 

as a minor product (entry 6).  
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Table 2.5. Silyl-cleavage and lactonisation of -amino acid-derived pyrrole-2-carbaldehydes. 

 

Entry Substrate Conditions 
Reaction 

duration (h) 
Product Yield (%) 

1 

 

a 18 

 

86 

2 

 

a 72 

 

37 

3 

 

a, then b 36 

 

72 

4 

 

a, then b 36 

 

81 

5 

 

c 72 

 

64 

6 

 

c 18 

 

42: 52 

55: 35 

Reagents and conditions: a) Et3N·3HF, THF, rt; b) PPTS, PhMe, 100 °C; c) conc HCl,  

THF-AcOH-H2O (1:1:1), rt. 

 

Preliminary investigations into the concomitant silyl and isopropylidene ketal cleavage of 

sugar derivative 274 have been unsuccessful (Scheme 2.13). Both pyridinium para-

toluenesulfonate and trifluoroacetic acid effected deprotection, but produced numerous side 

products, hindering isolation of the product. Milder conditions, in particular Lewis acid-

catalysed deprotection conditions, warrant further investigation. 
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Reagents and conditions: a) PPTS, H2O-MeOH (2:1), 100 °C, 18 h; b) TFA-H2O (1:1), 0 °C 

to rt, 2 h. 

Scheme 2.13. Attempted deprotection of D-galactose-derived pyrrole-2-carbaldehyde 274. 

 

2.1.4. Summary 

 

In summary, the substrate scope of the Maillard-type reaction of dihydropyranone 159 was 

successfully broadened to include a range of -amino acids, along with biogenic amines and 

an amino sugar. This enabled the synthesis of a modest library of 5-hydroxymethylpyrrole-2-

carbaldehydes in two to three steps from commercially available amines (Figure 2.2). This 

library serves mostly to exemplify the scope of this methodology and it is envisioned that 

additional entries to this library could be readily prepared by the methods described herein. 

The Maillard-type methodology therefore lends itself to structure activity relationship studies 

of bioactive 5-hydroxymethylpyrrole-2-carbaldehydes, as analogue structures could be 

generated rapidly from dihydropyranone 159. 
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Figure 2.2. Pyrrole-2-carbaldehydes prepared herein by the Maillard-type approach. 

 

Previously reported conditions for this Maillard-type reaction lacked sufficient substrate scope 

and as such novel conditions were developed. While a detailed mechanistic understanding of 

this reaction remains elusive, a range of experiments conducted at different pHs and with a 

range of different organic bases highlighted some important requirements for this reaction. It 

appears as though the reaction benefits from acid-catalysis, which may serve to activate 

dihydropyranone 159 towards nucleophilic attack, or facilitate the tautomerisation of 

intermediates and the elimination of water. Meanwhile, the amine must be in a sufficiently 

basic environment to exist as its nucleophilic free base. The base employed to achieve this must 

be non-nucleophilic, so as not to compete with the nucleophilic addition of the amine substrate 

to dihydropyranone 159. 

 

These findings provide a basis for future development of the Maillard-type reaction. During 

the course of this work, Koo and co-workers published their impressive Maillard-type reaction 

of amines and D-glucose (15) (Scheme 2.14). While the yields obtained for their reaction were 

lower than corresponding yields for this work, their method employed equimolar amounts of 

the amine and D-glucose. This offers an advantage over our Maillard-type reaction, which 

requires two equivalents of amine to achieve synthetically useful yields. Notably, the reaction 
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developed by Koo and co-workers was performed at a concentration of 1.3 M, while the 

reaction reported in this work was performed at a concentration of 0.1 M.  

 

 

Reagents and conditions: a) (CO2H)2, 1.3 M in DMSO, 90 °C, 30 min, 21–54%. 

Scheme 2.14. Maillard-type reaction reported by Koo and co-workers.123 

 

In light of the work of Koo and co-workers, we have attempted the reaction of amines in 

equimolar amounts with dihydropyranone 159 at increased concentrations. This preliminary 

investigation has established that the amine substrate can be used in equimolar amounts to 

dihydropyranone 159, if the reaction is performed at 1.0 M (Table 2.6, entries 1 and 3). 

Remarkably, the yields obtained under these conditions are comparable to those obtained at 

0.1 M employing two equivalents of the amine substrates (entries 2 and 4). This finding 

warrants further investigation, as any reduction in the stoichiometry of the amine would greatly 

enhance the value of this reaction, particularly for advanced amine substrates which aren’t 

commercially available. 
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Table 2.6. Effect of concentration on the Maillard-type reaction. 

 

 

Entry R Amine equiva Conditions Compound code Yield (%) 

1 
 

1.0 a 261 53 

2 
 

2.0 b 261 54 

3 

 

1.0 a 264 35 

4 

 

2.0 b 264 30 

Reagents and conditions: a) 1.0 M in pyridine, 50 °C, 1 h; b) 0.1 M in pyridine, 

50 °C, 18 h. aRelative to dihydropyranone 159. 
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2.2. Total Synthesis of Pollenopyrroside A (96) and Shensongine A (99) 

 

At the outset of this work, no total syntheses of pollenopyrroside A (96) had been reported 

(Figure 2.3). Furthermore, the spiroketal anomer of pollenopyrroside A (96), shensongine A 

(99) had yet to be isolated. Capparisine B (100) had been isolated, but no synthesis of its 

proposed structure, or the enantiomer of its proposed structure had been reported. Lastly, the 

potential ROS inhibitory activities of the [6,6]-pyrrolomorpholine spiroketals were yet to be 

investigated.  

 

 

Figure 2.3. [6,6]-pyrrolomorpholine spiroketals. 

 

Consequently, we saw the need to develop a selective synthesis of the pyrrolomorpholine [6,6]-

spiroketals pollenopyrroside A (96) and its anomer shensongine A (99). While shensongine A 

(99) had yet to be isolated from natural sources, we saw value in preparing this spiroketal 

alongside pollenopyrroside A (96), as both spiroketals could be formed from the same 

precursor. We suspected that capparisine B, proposed to be spiroketal 100, may in fact be 

shensongine A (99) as the proposed structure 100 contained an L-furanose moiety. Of 

spiroketals 99 and 100, shensongine A (99) seemed the more plausible structure for capparisine 

B, as it could arise from D-glucose or D-fructose present in the natural source by proposed non-

enzymatic reactions.66 Regardless of the absolute configuration of capparisine B, synthesis of 

shensongine A (99) would enable the structural elucidation of capparisine B by comparison of 

optical rotation data. Lastly, synthetic access to pollenopyrroside A (96) and shensongine A 

(99) would enable biological evaluation of both compounds. 
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2.2.1. Retrosynthetic Analysis of Pollenopyrroside A (96) 

 

Informed by the prior synthesis of acortatarin A (95) by our group (Section 1.5.2),98,110 it was 

envisioned that pollenopyrroside A (96) and shensongine A (99) would be readily accessed by 

acid-catalysed spiroketalisation of a dihydroxyketone 291 (Scheme 2.15). C-4 and C-5 hydroxy 

protection prior to spiroketalisation would enable selective [6,6]-spiroketal formation, marking 

a point of departure from the strategy employed by our group in the synthesis of [5,6]-spiroketal 

acortatarin A (95). This work preceded the stereoselective syntheses of pollenopyrroside A 

(96) and shensongine A (99) by Verano and Tan (Section 1.2.8),103 where it was established 

that shensongine A (99) was the favoured spiroketal anomer by acid-catalysed equilibration. 

We were therefore interested to see what selectivity this acid-catalysed approach would afford. 

It was expected that dihydroxyketone 291 could be assembled using the Maillard-type reaction 

developed within our group. Accordingly, dihydroxyketone 291 was disconnected to 

aminohydrin 292, and known dihydropyranone 159.98  

 

 

Scheme 2.15. Retrosynthetic analysis of the [6,6]-pyrrolomorpholine spiroketals. 

 

Although a novel protecting group strategy would be employed, aminohydrin 292 was expected 

to be accessed via the same sequence of reactions used in our group’s synthesis of acortatarin 

A (96) (Section 1.5.2.).98,110 This would entail regioselective epoxide-opening with azide, 

followed by reduction to the aminohydrin 292 (Scheme 2.16). Epoxide 294, meanwhile, would 

be accessible from alkene 295. It was noted that alkene 295 could be prepared by allylation of 

(R)-glyceraldehyde 296 as in our group’s acortatarin A (95) synthesis, or by Wittig 

methylenation of 2-deoxy-D-ribose 298 as in the acortatarin A (95) synthesis by Sudhakar and 

co-workers. (Section 1.5.1).92 Both disconnections would be investigated in order to establish 

an optimized synthesis of alkene 295. 
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Scheme 2.16. Retrosynthetic analysis of aminohydrin 292. 

 

2.2.2. Synthesis of Alkene 295 

 

Synthesis of pollenopyrroside A (96) commenced with the preparation of terminal alkene 295. 

A synthetic approach to this key fragment had previously been developed by our group, where 

alkene 303 was prepared from chiral pool reagent D-mannitol (300) (Scheme 2.17).98,110,140 

Regioselective protection of the terminal diols with cyclohexanone afforded the  

bis-cyclohexylidene 301, which was treated with sodium periodate to effect oxidative cleavage 

of the internal diol. The resultant glyceraldehyde 181 underwent diastereoselective Barbier 

reaction with allyl bromide and zinc. The high diastereoselectivity of this reaction was 

dependent on the steric bulk of the cyclohexylidene protecting group. Cyclohexylidene 

deprotection with HCl afforded triol 302, which underwent terminal tert-butyldiphenylsilyl 

protection using sodium hydride as base, followed by protection of the internal diol as an 

isopropylidene ketal.  
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Reagents and conditions: a) cyclohexanone, CH(OEt)3, BF3·OEt2, DMSO, 50 °C, 3 h, 75%;  

b) NaIO4, CH3CN-H2O 3:2, rt, 3 h, quant; c) allylBr, Zn, aq. NH4Cl, THF, rt, 76%, dr 97:3;  

d) conc. HCl, AcOH, MeOH, 70 °C, 3 h, 90%; e) TBDPSCl, NaH, THF, 0 °C to rt, 2 h, 90%; 

f) 2,2-dimethoxypropane, PPTS, CH2Cl2, rt, 2 h, quant.  

Scheme 2.17. Previous synthesis of terminal alkene 303 by our group.98,110 

 

For the present work, a tert-butyldimethylsilyl protecting group was selected instead of the  

tert-butyldiphenylsilyl protecting group used in the aforementioned synthesis. The acid-stable  

tert-butyldiphenylsilyl group was integral in the synthesis of the [5,6]-spiroketal system of 

acortatarin A (95), where selective hydrolysis of the isopropylidene ketal enabled 

spiroketalisation using the C-5 alcohol (Scheme 2.18). Successful synthesis of the [6,6]-

spiroketal of pollenopyrroside A (96) would require selective cleavage of the terminal silyl 

ether in the presence of the internal isopropylidene ketal, thus preventing competing 

spirocyclisation of the C-5 alcohol. It was anticipated that selective silyl ether cleavage would 

be facile in the presence of the internal isopropylidene ketal using a fluoride source. However, 

the tert-butyldiphenylsilyl group has a high molecular weight, close to that of pollenopyrroside 

A (96) itself, and the use of such a large protecting group would require intermediates to be 

prepared on a larger scale. As such, the tert-butyldimethylsilyl ether was the preferred 

protection strategy. 
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Scheme 2.18. Comparison of protecting group strategies for the synthesis of [5,6]- and  

[6,6]-pyrrolomorpholine spiroketals. 

 

Aside from the silyl protection step, synthesis of alkene 295 would remain unchanged and the 

preparation of this intermediate commenced using the previously established synthetic strategy 

(Scheme 2.19). D-Mannitol (300) was readily protected as the bis-cyclohexylidene ketal 301 

following literature conditions.141 The reaction proceeded as a complex equilibrium mixture of 

what were likely regioisomers of mono-, bis- and tris-cyclohexylidene ketal products, as 

followed by TLC analysis. When left overnight, this reaction mixture provided the desired bis-

cyclohexylidene ketal 301 as the major product. This reaction was readily performed using 

30 grams of the limiting reagent D-mannitol (300). Recrystallisation of the product with 

hexanes provided sufficiently clean material for the subsequent step. Sodium periodate-

mediated oxidative cleavage was also amenable to large scale synthesis, and glyceraldehyde 

181 was obtained in moderate yield after purification by distillation.142 Barbier reaction of 

glyceraldehyde 181 proceeded uneventfully with allyl bromide and zinc in aqueous 

tetrahydrofuran.143 While the reaction produced numerous minor side products by TLC 

analysis, careful flash chromatography enabled separation of not only these uncharacterised 

side products, but also the minor (4R,1′R)-diastereomer. The desired (4R,1′S)-alkene 182 could 

be produced on large scale and it was only the requirement of chromatography that imposed a 

practical limit on the scale of this reaction. 
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Reagents and conditions: a) cyclohexanone, CH(OEt)3, BF3·OEt2, DMSO, 50 °C, 3 h;  

b) NaIO4, CH3CN:H2O 3:2, rt, 3 h, 63% over two steps; c) allylBr, Zn, aq. NH4Cl, THF, rt, 

80%, dr 97:3. 

Scheme 2.19. Synthesis of cyclohexylidene-protected alkene 182 from D-mannitol (300). 

 

The anti-diastereoselectivity observed for this allylation has been discussed for the 

isopropylidene ketal derivative 305 (Scheme 2.20). Chattopadhyay suggested a Felkin-Ahn 

model would predominate, as the aqueous conditions of the reaction would solvate metal ions, 

competing with a Cram-chelate complex.143 Alternatively, Miranda et al. suggested that 

allylzinc species might co-ordinate to the dioxolane ring facilitating a six-membered chelated 

transition state, whereby allylation occurs on the less-hindered Si face.144 A conclusive 

mechanism for this Barbier allylation is yet to be agreed upon. 

 

 

Scheme 2.20. Possible mechanisms for the anti-selective Barbier allylation of glyeraldehyde 

ketal 305.143,144 

 

With homoallylic alcohol 182 in hand, attention turned to the protecting group manipulations 

required to afford alkene 295 (Scheme 2.21). This commenced with the known deprotection of 

cyclohexylidene ketal 182 with concentrated HCl, acetic acid and methanol.98,110 These 

conditions afforded a complex reaction mixture, from which triol 302 was isolated in a 

disappointing 45% yield. Milder deprotection conditions were sought, and it was found that 
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the use of catalytic pyridinium para-toluenesulfonate in aqueous methanol, as described by 

Schrötter et al.,145 afforded the desired triol 302 cleanly in 97% yield. The 1H and 13C NMR 

spectra of triol 302 were in good agreement with those in the literature, as was the specific 

rotation ([]D
22 +9.6 (c 1.03, H2O), lit.146 []D

20 +9.2 (c 5.7, D2O)). 

 

 

Reagents and conditions: a) conc. HCl-AcOH-MeOH (1:1:1), 70 °C, 3 h, 45%; b) PPTS 

(20 mol%), H2O-MeOH (2:1), 85 °C, 16 h, 97%; c) TBSCl, imidazole, CH2Cl2, rt, 1 h;  

d) 2,2-dimethoxypropane, PPTS, CH2Cl2, rt, 30 min, 99% over two steps.  

Scheme 2.21. Protecting group manipulations to afford alkene 295. 

 

Protection of triol 302 as the primary tert-butyldimethylsilyl ether was achieved using 

conventional conditions of tert-butyldimethylsilyl chloride and imidazole in dichloromethane. 

Triol 302 was poorly soluble in dichloromethane, however the reaction went to completion in 

one hour, providing silyl ether 306 in near quantitative yield. A minor non-polar impurity was 

observed by TLC analysis of the reaction mixture, which may have been a di-protected side 

product, however the crude product was sufficiently pure to carry forward into the next step. 

Diol 306 was thus treated with excess 2,2-dimethoxypropane and catalytic  

para-toluenesulfonic acid to afford isopropylidene ketal 295 in near quantitative yield. The 1H 

and 13C NMR data of alkene 295 and specific rotation were in good agreement with those 

previously reported ([]D
22 −24.2 (c 1.68, CHCl3), lit.

147 []D
20 −21.4, (c 5.4, CHCl3)).  

 

2.2.3. Second Generation Synthesis of Alkene 295 

 

While the aforementioned synthesis of alkene 295 was high yielding and amenable to large 

scale synthesis, six steps were required to access the key fragment. During the course of this 

work, Banwell and co-workers reported the total synthesis of cochliomycin A and B via alkene 

295.147 In their synthesis, alkene 295 was prepared in three steps from inexpensive chiral pool 

sugar 2-deoxy-D-ribose (220). This approach was readily reproducible in our hands and would 
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become the preferred method for preparing alkene 295 when more material was needed to 

synthesise advanced intermediates. 

 

According to the reported method, 2-deoxy-D-ribose (220) was first protected as 

isopropylidene ketal 307 using 2,2-dimethoxypropane as an isopropylidene source, along with 

para-toluenesulfonic acid and calcium sulfate (DrieriteTM) as a desiccant (Scheme 2.22). The 

reaction was maintained at −10 °C overnight, which was necessary to prevent unwanted 

formation of the methyl glycoside 309. At higher temperatures, methyl glycoside 309 would 

form as the major product, presumably by acid-catalysed elimination of water from the 

hemiacetal functionality and subsequent attack by methanol, which was formed as a by-product 

of the protection reaction. The structure of methyl glycoside 309 was confirmed by comparison 

of its 1H NMR data with that previously reported.148 When the reaction temperature was 

carefully controlled by cryostat, isopropylidene ketal 307 was obtained in 98% yield as an 

inconsequential mixture of anomers. Hemiacetal 307 was treated with methyl 

triphenylphosphorane, prepared in turn by treatment of triphenylphosphonium bromide with  

n-butyllithium, to afford the Wittig methylenation product 308 in 69% yield. Finally, silyl 

protection of primary alcohol 308 proceeded uneventfully to afford alkene 295 in 58% yield 

over three steps. This compared favourably with the previous approach to this fragment, which 

proceeded in 48% yield over six steps. 

 

 

Reagents and conditions: a) 2,2-dimethyoxypropane, TsOH, CaSO4, DMF, −10 °C, 24 h, 98%; 

b) MePPh3Br, n-BuLi, THF, −78 °C to rt, 16 h, 69%; c) TBSCl, imidazole, CH2Cl2, rt, 2 h, 

86%.  

Scheme 2.22. Synthesis of alkene 295 following the reported procedures of Banwell and co-

workers.147 
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2.2.4. Synthesis of Aminohydrin 292 

 

Having identified a robust and efficient method for the synthesis of alkene 295, attention turned 

to the preparation of aminohydrin 292. Following previously developed methods,98,110 alkene 

295 was treated with meta-chloroperbenzoic acid affording the epoxide 294 as an 

inconsequential mixture of inseparable C-2′′ epimers (dr 58:42) (Scheme 2.23). The 

diastereomeric ratio of this mixture was determined by comparison of integrals for the resolved 

1H NMR resonances of the diastereotopic H-3′′ protons of epoxide 294 (Figure 2.4). 

 

 

Reagents and conditions: a) m-CPBA, CH2Cl2, rt, 16 h, 94%, dr 58:42; b) NaN3, NH4Cl, DMF-

H2O (9:1), 80 °C, 16 h, 84%. 

Scheme 2.23. Synthesis of azidohydrin 293. 

 

 

Figure 2.4. 1H NMR resonances for H-3′′ of epoxide 294. 

 

The azide-ring opening of epoxide 294 with sodium azide provided the desired azidohydrin 

293 in good yield as a mixture of epimers 293a and 293b. The successful azide epoxide-
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opening was confirmed by the 1H NMR spectra of azidohydrins 293a and 293b, in which the 

sharp resolved signals of the epoxide methylene group at  2.84–2.50 ppm (Figure 2.4) had 

disappeared. In their place, a downfield resonance appeared around  3.30 ppm as a poorly 

resolved multiplet integrating to two protons, characteristic of an azidomethylene group vicinal 

to a stereogenic centre. The IR spectra of both azidohydrins 293a and 293b also showed strong 

absorption frequencies at 2100 and 2101 cm−1 respectively, which is a typical wavelength for 

N=N=N stretching. The epimeric azidohydrins 293a and 293b could be separated by flash 

chromatography, enabling their individual characterisation. However, as the stereogenic C-2 

alcohol would later be oxidised to a ketone, only an analytical sample was separated and the 

remaining material was carried forward as a mixture of diastereomers.  

 

Both hydrogenation and Staudinger reduction conditions were investigated for the reduction of 

azide 293 to its corresponding amine 294. The Staudinger reduction is believed to proceed via 

nucleophilic attack of an azide 310 by a phosphine 311 to give a phosphazide 312 (Scheme 

2.24).149,150 Nitrogen gas is then eliminated from phosphazide 312 via a four-membered cyclic 

transition state 313, affording iminophosphorane 314. In the presence of water, this 

iminophosphorane 314 undergoes hydrolysis to afford the amine 108, along with a phosphine 

oxide by-product 315.  

 

 

Scheme 2.24. Proposed mechanism of the Staudinger reduction of azides.150 

 

Triphenylphosphine is an easy-to-handle phosphine source in this reaction, however, the 

triphenylphosphine oxide by-product is notoriously difficult to separate from products.151 For 

this reason, trimethylphosphine was preferentially used for a Staudinger reaction performed in 

our group’s synthesis of acortatarin A (95).98,110 Trimethylphosphine benefits from its stronger 

nucleophilicity compared with triphenylphosphine, and the ease with which the 

trimethylphosphine oxide by-product is removed.152 However, it is a particularly pyrophoric 
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and malodorous reagent. Due to these unpleasant qualities of trimethylphosphine, 

triphenylphosphine was chosen as the first phosphine to investigate in this reaction. Pleasingly, 

the Staudinger reduction of azidohydrin 293 with triphenylphosphine proceeded cleanly in 

83% yield (Scheme 2.25). Aminohydrin 292 was readily characterised by its 1H NMR spectrum 

in which the H-1 methylene protons had shifted upfield to  2.72 and 2.69 ppm for the 

respective diastereomers. Broad singlets resonating at  2.29 and 2.03 ppm were also observed 

and attributed to the primary amine of each diastereomer. The structure of the aminohydrin 292 

was further confirmed by high-resolution mass spectra, in which a molecular ion peak [M+Na]+ 

of 342.2065 was observed, corresponding with a molecular formula of C15H33NNaO4Si. 

 

 

Reagents and conditions: a) PPh3, THF-H2O (5:1), 60 °C, 16 h, 83%; b) H2 (balloon), Pd/C 

(15 mol%), MeOH, rt, 16 h, 70–90%. 

Scheme 2.25. Reduction of azidohydrin 293 by both Staudinger and hydrogenation conditions. 

 

The triphenylphosphine oxide side product proved trivial to remove by flash chromatography 

as it had much shorter retention times in dichloromethane/methanol/ammonium hydroxide 

eluent systems than aminohydrin 292. As sufficient yields were achieved with 

triphenylphosphine, trimethylphosphine was never investigated as an alternative phosphine 

source in this reaction. 

 

The hydrogenation of azidohydrin 293 using 15 mol% palladium on carbon as catalyst was 

also investigated. While it was capable of affording yields higher than those obtained with the 

Staudinger conditions, these yields were poorly reproducible. Moreover, the reaction produced 

minor side products as observed by TLC analysis. These side products also appeared to be 

amines as they stained purple when the TLC plate was developed with ninhydrin. Purification 

of the aminohydrin 292 required careful flash chromatography to remove the amine side 

products, and as such this hydrogenation reaction was no easier to perform than the Staudinger 

reaction. The Staudinger reaction was subsequently favoured for its reproducibility and 

employed for large-scale production of aminohydrin 292. 
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A summary of the synthesis of aminohydrin 292 is provided below (Scheme 2.26). Alkene 295 

was prepared efficiently by known methods from 2-deoxy-D-ribose (220).147 Epoxidation of 

alkene 295 with meta-chloroperbenzoic acid then afforded a diastereomeric mixture of 

epoxides 294, which were advanced together without separation. Azidohydrin 293 was 

prepared by facile ring-opening of the epoxide 294, which was reduced to aminohydrin 292 by 

a highly chemoselective Staudinger reduction. These six steps were achieved in 38% overall 

yield and were readily scalable, enabling the preparation of two grams of key aminohydrin 292 

in a single pass. As such, ample material of aminohydrin 292 had been secured to access 

pollenopyrroside A (96) and shensongine A (99). 

 

 

Reagents and conditions: a) 2,2-dimethoxypropane, TsOH, CaSO4, DMF, −10 °C, 24 h, 98%; 

b) Ph3P
+MeBr−, n-BuLi, THF, −78 °C to rt, 16 h, 69%; c) TBSCl, imidazole, CH2Cl2, rt, 2 h, 

86%; d) m-CPBA, CH2Cl2, rt, 16 h, 94%, dr 58:42; e) NaN3, NH4Cl, DMF-H2O (9:1), 80 °C, 

16 h, 84%; f) PPh3, THF-H2O (5:1), 60 °C, 16 h, 83%.  

Scheme 2.26. Summary of the synthesis of aminohydrin 292. 

 

2.2.5. Construction of the Pyrrole Ring System 

 

The stage was set for the key condensation reaction of aminohydrin 292 with known 

dihydropyranone 159. The analogous reaction had been reported for tert-butyldiphenylsilyl 

ether 168 in our group’s previous synthesis of acortatarin A (95).98,110 Treatment of 

dihydropyranone 159 with two equivalents of aminohydrin 168 and triethylamine in wet 1,4-

dioxane afforded pyrrole-2-carbaldehyde 169 in 60% yield (Scheme 2.27). Pyrrole-2-

carbaldehyde 169 was obtained in only 10% yield when one equivalent of aminohydrin 168 

was used, and as such using two equivalents of the more valuable reagent was more 
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economical. It was essential that the reaction was performed in undistilled 1,4-dioxane, as it 

was reported that the reaction would not proceed at all in anhydrous solvents.98 

 

 

Reagents and conditions: a) Et3N (3 equiv), 1,4-dioxane, rt, 3 h, 60%. 

Scheme 2.27. Maillard-type reaction of aminohydrin 168 previously reported by our 

group.98,110 

 

These conditions were the first to be investigated for the Maillard-type reaction of aminohydrin 

292 (Table 2.7, entry 1). The conditions were anticipated to work well for aminohydrin 292, as 

it differed only in silyl protecting group from aminohydrin 168. These silyl protecting groups 

were distant from the amino group and therefore not expected to influence the reaction. 

Disappointingly, the desired pyrrole-2-carbaldehyde 317 was obtained in only 32% yield 

despite complete consumption of dihydropyranone 159. Pyrrole-2-carbaldehyde 317 was easy 

to identify by TLC analysis, as it was the only spot visible under UV light. When developed 

with 2,4-dinitrophenylhydrazine stain this spot would turn an intense orange colour, indicating 

the presence of a carbonyl functionality. The structure of pyrrole-2-carbaldehyde 317 was 

confirmed by its 1H NMR spectrum, which exhibited characteristic resonances of the desired 

ring system including a carbaldehyde singlet at  9.47 ppm and two doublets at  6.89 and 

6.18 ppm for the pyrrole protons. 

 

The yield obtained for pyrrole-2-carbaldehyde 317 (entry 1) was deemed unacceptable in the 

context of an efficient total synthesis of pollenopyrroside A (96), hence other conditions were 

investigated for this Maillard-type reaction. The pyridine conditions utilised in the synthesis of 

the pyrrole-2-carbaldehyde compound library (Section 2.1.2) were even less effective (entry 

2), as were tetrahydrofuran-water conditions (entry 3). In an effort to increase the yield of the 

reaction, alternative dihydropyranone reactants were investigated. It was envisioned that the 

acetylated dihydropyranone 316 might exhibit improved reactivity. The acetate could impart 

greater reactivity by behaving as a better leaving group, or by increasing the electrophilicity of 
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the dihydropyranone ring system. Acetylated dihydropyranone 316 was therefore prepared 

according to conditions described by Snider and Grabowski.153 Interestingly, acetylated 

dihydropyranone 316 exhibited poorer reactivity in basic systems compared with 

dihydropyranone 159 (entry 4), but improved reactivity in pyridine with stoichiometric acid 

(entry 5). In light of these results, acid-catalysed conditions were investigated further and 

acetonitrile was selected as a polar solvent with low basicity. Pleasingly, this afforded the 

desired pyrrole-2-carbaldehyde 317 in an improved 47% yield from aminohydrin 292 (entry 

6). This result was specific to the acetylated dihydropyranone 316, as dihydropyranone 159 

delivered poor yields under the same conditions (entry 7). 

 

Table 2.7. Maillard-type condensation for the synthesis of pyrrole-2-carbaldehyde 317. 

 

 

Entry Dihydropyranone Conditions Yield (%) 

1 R = H 1,4-dioxane, Et3N (3 equiv), rt 32 

2 R = H Pyridine, PPTS (1 equiv), 50 °C 13 

3 R = H THF-H2O (1:1), pH 5, 50 °C 9 

4 R = Ac 1,4-dioxane, Et3N (3 equiv), 50 °C 14 

5 R = Ac Pyridine, PPTS (1 equiv), 50 °C 30 

6 R = Ac CH3CN, PPTS (25 mol%), rt 47 

7 R = H CH3CN, PPTS (25 mol%), rt 11 

Reagents and conditions: a) Ac2O, DMAP, pyridine, CH2Cl2, 0 °C, 1.5 h, 91%;  

 

The precise role of the acetate group in the improved acid-catalysed reactivity of 

dihydropyranone 316 is uncertain. Similar acetoxydihydropyranones appear in the literature as 

precursors to oxidopyrylium ylides (Scheme 2.28). These reactive intermediates have been 

used extensively in [5+2]-cycloaddition reactions with dipolarophiles to access complex fused 

ring-systems such as 320 and 321, as pioneered by Hendrickson and Farina.154,155 
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Oxidopyrylium species 319 are typically generated from acetoxydihydropyranones 318 using 

organic bases such as triethylamine and 1,8-diazabicyclo[5.4.0]undec-7-ene or under thermal 

conditions.156 

 

 

Scheme 2.28. Formation of oxidopyrylium ylide 319 from acetoxydihydropyranone 318 and 

their reactivity.156 

 

More recently, Jacobsen and co-workers reported a dual-catalytic system for the generation of 

pyrylium species from benzoyloxypyranones 322 (Scheme 2.29).157,158 Instead of using 

classical basic or thermal conditions, this methodology utilised two different thiourea catalysts 

323 and 324; the former to promote the elimination of the benzoate group via complex 325, 

and the latter to promote pyrylium 326 formation by enamine catalysis. The observed 

enantioinduction for this methodology was consistent with an enamine intermediate 326, which 

was supported by computational analysis. 

 

 

Scheme 2.29. Thiourea-catalysed generation of pyrylium species by Jacobsen and co-

workers.157,158 
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In light of this recent work by Jacobsen, the formation of a pyrylium intermediate seems 

plausible under the conditions used for the Maillard-type reaction. Acid-catalysis could 

promote elimination of the acetoxy group, while the amine reactant could promote pyrylium 

formation via an enamine intermediate to produce pyrylium species 328 (Scheme 2.30). 

Notably however, such pyrylium species are highly disposed towards cycloaddition. In the 

absence of a suitable dipolarophile, pyrylium species have been reported to undergo 

dimerization,155 and no dimerised side product 329 was observed in the Maillard-type reaction. 

 

 

Scheme 2.30. Putative pyrylium formation by acid and enamine catalysis. 

 

In addition to pyrylium intermediates, oxocarbenium species have been reported to arise from 

dihydropyranones bearing a leaving group. Towards the development of novel glycosylation 

strategies, O’Doherty and co-workers have described the gold(III) or silver(I)-catalysed 

formation of oxocarbenium species 333 from dihydropyranone 332 by the elimination of  

tert-butyl carbonate (Scheme 2.31).159 The high degree of selectivity for -glycosides 334 

under these conditions was indicative of an oxocarbenium intermediate 333, whereas 

palladium(0)-catalysed conditions previously reported by the group had afforded -glycosides 

330 via --allyl intermediates 331.160 

 

 

Scheme 2.31. Lewis acid-catalysed oxocarbenium formation by O’Doherty and co-workers.159 

 

Accordingly, a more plausible reaction mechanism for the Maillard-type reaction of 

acetoxydihydropyranone 316 might involve Brønsted acid-catalysed elimination of the acetoxy 
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group to generate an oxocarbenium electrophile 335 (Scheme 2.32). Nucleophilic attack by an 

amine would generate hemiaminal 336, which in turn could undergo rearrangement and 

cyclisation to forge the pyrrole-2-carbaldehyde ring system 317.  

 

 

Scheme 2.32. Putative acid-catalysed generation of oxocarbenium 335 towards pyrrole-2-

carbaldehyde 317. 

 

The Maillard-type condensation of aminohydrin 292 with dihydropyranone 316 was yet to 

reach the efficiency we had hoped for at the outset of the synthesis. However, after mechanistic 

considerations, it wasn’t immediately clear how the reaction of aminohydrin 292 and 

acetoxydihydropyranone 316 might be further optimised. The best yield of 47% obtained for 

this reaction was reproducible and therefore enabled access to sufficient quantities of pyrrole 

317 to investigate the approach to pollenopyrroside A (96) and shensongine A (99). 

Accordingly, we decided to direct our efforts to the completion of the synthesis. 

2.2.6. Final Elaboration to Pollenopyrroside A (96) and Shensongine A (99) 

 

Elaboration of pyrrole-2-carbaldehyde 317 to pollenopyrroside A (96) and shensongine A (99) 

first required oxidation of the secondary alcohol 317 to a ketone 303 for acid-catalysed 

spirocyclisation (Scheme 2.33). Following conditions previously reported in our group’s 

synthesis of acortatarin A (95),98 alcohol 317 was submitted to Ley-Griffith oxidation 

conditions.161,162 These conditions employ tetrapropylammonium perruthenate (TPAP), which 

is a ruthenium(VII) oxidant that is highly selective for hydroxy groups, along with  

N-methylmorpholine oxide as a stoichiometric oxidant. Both oxidants and their by-products 

are sufficiently polar that the product could be obtained cleanly after filtration of the reaction 

mixture through a short plug of silica. The structure of ketone 303 was confirmed by the 

appearance of a quaternary signal at  202.6 ppm in the 13C NMR spectrum. The 1H NMR 
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spectrum of ketone 303 further confirmed its structure, as the diastereotopic H-1′ protons of 

alcohol 317 had converged to resonate as a sharp singlet integrating for two protons. 

 

 

Reagents and conditions: a) TPAP (5 mol%), NMO, 4 Å MS, CH2Cl2, rt, 30 min, 77%. 

Scheme 2.33. Ley-Griffith oxidation of alcohol 317. 

 

With ketone 303 in hand, the key deprotection and cyclisation to form the [6,6]-spiroketal ring 

system present in pollenopyrroside A (96) and shensongine A (99) was investigated. Both  

tert-butyldimethylsilyl ethers underwent slow cleavage with excess triethylamine 

trihydofluoride in tetrahydrofuran to afford a complex mixture of what appeared to be 

hemiketal products 337 and 338, along with dihydroxyketone 291 by crude 1H NMR analysis 

(Scheme 2.34). This mixture was subsequently treated with pyridinium  

para-toluenesulfonate to promote cyclisation, affording [6,6]-spiroketal 304 as an inseparable 

mixture of diastereomers with little selectivity.  

 

 

Reagents and conditions: a) Et3N·3HF, THF, rt, 24 h; b) PPTS (50 mol%), CH2Cl2, rt, 72 h, 

59% over two steps, dr 55:45. 

Scheme 2.34. Deprotection and spirocyclisation to afford [6,6]-spiroketal 304. 
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The formation of this mixture of spiroketals was confirmed by the appearance of characteristic 

spiroketal carbon resonances at  93.1 and 94.6 ppm. The diastereomeric ratio of the two 

spiroketals was determined to be approximately 55:45 by comparison of the integrals for the 

resolved isopropylidene methyl resonances in the 1H NMR spectrum (Figure 2.5). While a 

NOESY spectrum was obtained for the diastereomeric mixture, there was insufficient 

resolution of key resonances in the 1H NMR spectrum of the diastereomeric mixture to assign 

the relative stereochemistry of the major and minor diastereomers. 

 

 

Figure 2.5. 1H NMR resonances for the isopropylidene ketal methyl groups of spiroketal 304. 

 

All that remained was the hydrolysis of the isopropylidene ketal of each spiroketal to uncover 

pollenopyrroside A (96) and shensongine A (99) (Scheme 2.35). This reaction was first 

conducted on small scale (2 mg) with stoichiometric pyridinium para-toluenesulfonate in 

methanol. The reaction progress was followed by TLC analysis using ethyl acetate as eluent. 

With this eluent, the diastereomeric isopropylidene ketals 304a and 304b were observed to 

undergo slow conversion to a single polar spot, and the reaction proceeded to completion in 

two days. 1H NMR analysis of the crude reaction mixture revealed pollenopyrroside A (96) to 

be the major product. The reaction was subsequently repeated on a larger scale and monitored 

by TLC using a dichloromethane-methanol eluent. Interestingly, this change in TLC eluent 

revealed the presence of two different products in the reaction mixture. Careful flash 

chromatography of the crude reaction mixture enabled complete separation of these two 
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products, which were confirmed as pollenopyrroside A (96) and shensongine A (99) by 

comparison of their NMR spectra to those previously reported for the respective structures. 

The two products were obtained with a diasteromeric ratio of 7:1 favouring pollenopyrroside 

A (96), indicating that the diastereomeric mixture of isopropylidene ketals 304a and 304b had 

undergone epimerisation at the spiroketal center during the deprotection. 

 

 

Reagents and conditions: a) PPTS (1 equiv), MeOH, rt, 48 h, 96 71%, 99 10%. 

Scheme 2.35. Isopropylidene ketal cleavage to afford pollenopyrroside A (96) and shensongine 

A (99). 

 

The 1H and 13C NMR spectra for synthetic pollenopyrroside A (96) were in agreement with 

that of natural pollenopyrroside A (96) (Table 2.8), as was the high-resolution mass 

spectrometric data, in which a molecular ion peak [M+Na]+ of 276.0834 was observed, 

corresponding with a molecular formula of C12H15NNaO5. The sign of the specific rotation for 

synthetic pollenopyrroside A (96) ([]D
20 + 235.9 (c 0.09, MeOH)) matched that of natural 

pollenopyrroside A ([]D
20 +125.9 (c 0.08, MeOH))22 and the synthetic samples prepared by 

Zhao and co-workers ([]D
25 +121.5 (c 0.08, MeOH))94 and Hu and co-workers ([]D

25 +65  

(c 0.01, MeOH)).97 
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Table 2.8. 1H and 13C NMR (acetone-d6) spectroscopic data of natural pollenopyrroside A 

(96),22 compared to synthetic pollenopyrroside A (96) prepared herein.  

 

 

 

 

NOE correlations observed for synthetic pollenopyrroside A (96) also agreed well with those 

observed for natural pollenopyrroside A (96).22 As the 4S,5R-stereocenters of pollenopyrroside 

A (96) were fixed at the outset of this synthesis using chiral pool reagent 2-deoxy-D-ribose 

(220), coupling constants and NOE correlations for the H-4 and H-5 protons enabled 

assignment of the stereochemistry of the spiroketal. The pyranose ring system of synthetic 

pollenopyrroside A (96) was proposed to exist in the chair conformation shown below (Figure 

 δ 1H NMR [mult, J (Hz)] 400 MHz δ 13C NMR 100 Hz 

Position Natural 96 Synthetic 96 Natural 96 Synthetic 96 

2   95.0 95.0 

3 
2.24 (dd, 14.5, 3.5) 

2.09 (dd, 14.5, 3.5) 
2.16 (ABX, AB = 0.15, JAB 

= 14.6, JAX = 3.5, JBX = 3.5) 
38.4 38.5 

4 4.05 (m) 4.04 (br s) 67.6 67.6 

5 3.71 (m) 3.73–3.69 (m) 66.9 66.9 

6 
3.53 (m) 

3.76 (dd, 10.5, 10.5) 

3.57–3.54 (m) 

3.78 (dd, 10.5, 10.0) 
60.9 61.0 

1′ 
4.93 (d, 16.0) 

4.86 (d, 16.0) 
4.89 (ABq, AB = 0.07,  

JAB = 15.7) 
58.1 58.2 

4′ 
4.49 (d, 14.0) 

4.03 (d, 14.0) 

4.48 (d, 13.8) 

4.02 (d, 14.0) 
52.3 52.4 

6′   132.2 132.2 

7′ 6.99 (d, 4.0) 6.99 (d, 4.1) 124.1 124.1 

8′ 6.08 (s, 4.0) 6.08 (d, 4.2) 105.3 105.4 

8a′   135.1 135.1 

CHO 9.48 (s) 9.48 (s) 179.1 179.1 
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2.6). A large vicinal diaxial coupling constant for H-5 and Hax-6 (J5ax,6ax = 10.5 Hz) was 

observed in the 1H NMR spectrum of synthetic pollenopyrroside A (96), indicating that the 

torsion angle between these two protons is close to 180°.163 The equatorial position of H-4, 

meanwhile, was suggested by small coupling constants to both the equatorial and axial H-3 

protons (J3eq,4eq = 3.5 Hz, J3ax,4eq = 3.5 Hz). A weak NOE correlation was also observed between 

Hax-3 and H-5, which was consistent with the 1,3-diaxial relationship between these two 

protons. 

 

 

Figure 2.6. Evidence for the anomerically-stabilised chair conformation of the pyranose ring 

of pollenopyrroside A (96). 

 

Additional NOE correlations observed for synthetic pollenopyrroside A (96) supported the 

anomerically stabilised chair configuration of the pyranose ring, whereby the morpholine 

oxygen exists in an axial position. Both HA-4′ and HB-4′ were observed to correlate with  

Hax-3, however Heq-3 only showed a correlation to the near HA-4′ proton. The Hax-3 proton of 

the non-anomerically stabilised spiroketal 339 would be unlikely to correlate to either of the 

H-4′ protons. Significantly, a clear correlation was observed between HB-1′ and Hax-6 for 

synthetic pollenopyrroside A (96), which would also be absent for the non-anomerically 

stabilised spiroketal 339. The anomerically stabilised chair conformation of the pyranose ring, 

whereby H-4 and H-5 are in equatorial and axial positions respectively, is specific to the  

R-spirocenter of (2R,4S,5R)-pollenopyrroside A (96), thus confirming the stereochemistry of 

the synthetic product. 
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Figure 2.7. Key NOE correlations observed for synthetic pollenopyrroside A (96). 

 

The 1H NMR data for synthetic shensongine A (99) in chloroform-d matched that of both 

capparisine B and natural shensongine A (Table 2.9), further establishing that they have the 

same relative structure. High-resolution mass spectrometric analysis also agreed with the 

expected structure, in which a molecular ion peak [M+Na]+ of 276.0842 was observed, 

corresponding with a molecular formula of C12H15NNaO5. 
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Table 2.9. 1H NMR (chloroform-d) spectroscopic data of natural capparisine B44 and natural 

shensongine A,97 compared to synthetic shensongine A (99) prepared herein. 

 

 

 

 

Key coupling constants and NOE correlations observed for synthetic shensongine A (99) 

enabled assignment of the stereochemistry of the spiroketal in a manner similar to that for 

synthetic pollenopyrroside A (96) (Figure 2.8). The H-4 proton was proposed to exist in an 

axial position, as a large coupling constant between Hax-3 and H-4 was suggestive of a diaxial 

relationship (J3ax,4ax = 12.4 Hz). H-5, meanwhile, appeared to adopt an equatorial position, as 

suggested by small coupling constants to both Hax-6 and Heq-6 (J5eq,6eq = 2.0 Hz, J5eq,6ax = 

1.5 Hz). A clear NOE correlation observed between H-4 and Hax-6 also indicated a 1,3-diaxial 

Position 

Capparisine B 

δ 1H NMR [mult, 

J (Hz)] 400 MHz 

Natural 99 

δ 1H NMR [mult, J (Hz)] 

400 MHz 

Synthetic 99 

δ 1H NMR [mult, J (Hz)] 

500 MHz 

3 
2.04 (dd, 12.8, 5.3) 

1.91 (dd, 12.6, 11.8) 

2.02 (dd, 12.8, 5.6) 

1.90 (dd, 12.8, 11.6) 

1.98 (ABX, AB = 0.13,  

JAB = JAX = 12.4, JBX = 5.6) 

4 4.14 (m) 
4.14 (ddd, 11.6, 5.6, 

2.8) 
4.19–4.15 (m) 

5 3.88 (m) 3.87 (m, overlapped) 3.90–3.87 (m) 

6 
3.89 (d, 12.1) 

3.81 (d, 12.1) 

3.87 (dd, overlapped) 

3.78 (dd, 12.8, 1.2) 

3.85 (ABX, AB = 0.08, 

JAB = 13.0, JAX = 2.0,  

JBX = 1.5) 

1′ 
4.82 (d, 15.2) 

4.74 (d, 15.7) 

4.80 (d, 15.6) 

4.71 (d, 15.6) 

4.78 (ABq, AB = 0.08,  

JAB = 15.6) 

4′ 
4.70 (d, 14.4) 

4.02 (d, 13.8) 

4.70 (d, 13.9) 

4.03 (d, 13.9) 

4.70 (d, 14.2) 

4.02 (d, 14.2) 

7′ 6.92 (d, 3.8) 6.90 (d, 4.0) 6.91 (d, 4.1) 

8′ 6.01 (d, 3.5) 5.99 (d, 4.0) 6.01 (d, 4.1) 

CHO 9.45 (s) 9.42 (s) 9.45 (s) 
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relationship between these two protons. As the 4S,5R-stereochemistry of synthetic shensongine 

A (99) was fixed at the outset of the synthesis using chiral pool reagent 2-deoxy-D-ribose (220), 

the pyranose ring of shensongine A (99) was proposed to adopt the chair conformation shown 

below. 

 

 

Figure 2.8. Evidence for the anomerically-stabilised chair conformation of the pyranose ring 

of shensongine A (99). 

 

Additional NOE correlations observed for synthetic shensongine A (99) enabled assignment of 

the S-spirocenter. Specifically, synthetic shensongine A (99) was proposed to adopt an 

anomerically-stabilised conformation, with the morpholine oxygen in an axial position. Hax-3 

of synthetic shensongine A (99) was observed to correlate to both HA-4′ and HB-4′. Heq-3 

meanwhile, was observed to correlate to HA-4′ and both H-4 protons, but not HB-4′, as expected 

for the proposed structure. For the non-anomerically stabilised spiroketal 340, Hax-3 would be 

unlikely to correlate to either of the H-4′ protons. An NOE correlation observed for synthetic 

shensongine A (99) between HB-1′ and Hax-6 was further evidence for the proposed structure, 

as HB-1′ would be orientated away from the pyranose ring in the non-anomerically stabilised 

spiroketal 340. All of this evidence taken together enabled the assignment of the 

stereochemistry of synthetic shensongine A to be (2S,4S,5R)-(99) as shown above, which was 

in good agreement with a crystal structure obtained for natural shensongine A (99).97 The 

relative stereochemistry established for synthetic shensongine A (99) was also the same as that 

assigned from an X-ray crystal structure obtained for natural capparisine B (100).44 
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Figure 2.9. Key NOE correlations observed for synthetic shensongine A (99). 

 

At the outset of this work, it was hoped that synthesis of the structure of shensongine A (99) 

would enable the elucidation of the structure of capparisine B by comparison of their specific 

rotation data. The specific rotation of synthetic shensongine A (99) is compared with that of 

natural capparisine B in Table 2.10, along with other specific rotations reported for shensongine 

A (99). The reported specific rotations for these structures of the same relative stereochemistry 

span a wide range of magnitudes. Notably, the specific rotation of our synthetic sample of 

shensongine A (99) exhibited the same sign as that reported for natural samples of shensongine 

A (99) and a synthetic sample of shensongine A (99) prepared by Verano and Tan,103 but was 

opposite in sign to the specific rotation of the natural sample of capparisine B. Interestingly, 

the specific rotation of a synthetic sample of shensongine A (99) prepared by Zhao and co-

workers was in good agreement with that of capparisine B.94 These conflicting values fail to 

elucidate the absolute configuration of capparisine B and in fact they suggest that the specific 

rotation recorded for capparisine B cannot be reliably used to confirm or revise the compound’s 

absolute stereochemistry. 
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Table 2.10. Comparison of specific rotations reported for shensongine A (99) and capparisine 

B (100). 

 

 

This work []D
22 −135.2 (c 0.071, MeOH)  

Natural samples []D
27 −12.7 (c 0.05, MeOH)93 []D

20 +34.5 (c 0.013, MeOH)44 

 []D
22 −189 (c 0.1, MeOH)97  

Synthetic samples []D
20 −38.8 (c 0.9, MeOH)103  

 []D
20 +38.5 (c 0.05, MeOH)94  

 

The factors contributing to this large variance in specific rotation are unclear. The specific 

rotations of some compounds have been demonstrated to be concentration and temperature 

dependent.164 These factors may be of significance here, as the specific rotations recorded for 

shensongine A (99) have been obtained from methanol solutions that vary in concentration 

over nearly two orders of magnitude (c 0.013–0.9). Notably, conformational changes related 

to polarimetry measurement conditions have been suggested as the cause for conflicting 

specific rotations for other pyrrole-2-carbaldehydes.37 Sample purity can also have a large 

influence on the recorded specific rotation. In one well-documented case, disagreeing signs of 

specific rotation hindered the assignment of the absolute structure of (+)-frondosin B.165 

Multiple groups reported enantioselective total syntheses of frondosin B, yet failed to reach a 

consensus on which absolute configuration exhibited a positive optical rotation. It was only 

recently uncovered that one of the syntheses produced a minor impurity with the opposite sign 

of optical rotation to the natural product.165 The optical activity of this impurity was sufficiently 

large that (+)-frondosin B solutions contaminated with 8% of this impurity, as determined by 

HPLC analysis, exhibited negative signs of optical rotation.  
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2.2.7. Overall Summary and Recent Developments 

 

In summary, the total synthesis of pollenopyrroside A (96) and its spiroketal anomer 

shensongine A (99) was achieved by a Maillard-type condensation strategy (Scheme 2.36). 

These spiroketals were afforded in 5.8% and 0.8% yield, respectively, over a longest linear 

sequence of eleven steps. Following previous work within our group, the Maillard-type 

reaction was expected to deliver key intermediate pyrrole-2-carbaldehyde 317 uneventfully, 

however further optimisation was required to obtain this compound in synthetically useful 

yields. This optimization culminated in the development of conditions tailored to the use of 

acetoxydihydropyranone 316 and these conditions are anticipated to enable access to the  

5-hydroxymethylpyrrole-2-carbaldehydes of similarly challenging amine substrates in the 

future. The aminohydrin 292 and dihydropyranone 316 substrates of the Maillard-type reaction 

were prepared from 2-deoxy-D-ribose (220) and D-fructose (17) respectively, which parallels 

the non-enzymatic synthesis of pollenopyrroside A (96) and shensongine A (99) from sugars 

in Nature. In particular, the selection of 2-deoxy-D-ribose (220) as a chiral pool reagent enabled 

enantioselective access to the D-pyranose ring conserved between pollenopyrroside A (96) and 

shensongine A (99). The final acid-catalysed deprotection step proceeded with good 

diastereoselectivity (dr 88:12) for pollenopyrroside A (96) over shensongine A (99). While 

this work would become the third reported synthesis of the [6,6]-pyrrolomorpholine 

spiroketals, this was the first synthesis strategy to afford pollenopyrroside A (96) selectively. 
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Reagents and conditions: a) (CH3)2C(OCH3)2, TsOH, CaSO4, DMF, −10 °C, 24 h, 98%;  

b) MePPh3Br, n-BuLi, THF, −78 °C to rt, 16 h, 69%; c) TBSCl, imidazole, CH2Cl2, rt, 2 h, 

86%; d) m-CPBA, CH2Cl2, rt, 16 h, 94%, dr 58:42; e) NaN3, NH4Cl, DMF-H2O (9:1), 80 °C, 

16 h; f) PPh3, THF-H2O (5:1), 60 °C, 16 h, 70% over two steps; g) PPTS (25 mol%), CH3CN, 

rt, 47%; h) TPAP (5 mol%), NMO, 4 Å MS, CH2Cl2, rt, 72 h, 77%; i) Et3N∙3HF, THF, rt, 24 h; 

j) PPTS (50 mol%), CH2Cl2, rt, 72 h, 59% over two steps, dr 55:45; k) PPTS (1 equiv), MeOH, 

rt, 48 h, 96 71%, 99 10% (96:99 dr 88:12). 

Scheme 2.36. Overall synthesis of pollenopyrroside A (96) and shensongine A (99). 

 

As the -anomeric spiroketal pollenopyrroside A (96) was observed as the major spiroketal 

anomer in both small and preparative scale deprotection reactions, under conditions in which 

acid-catalysed epimerisation of the spiroketal had occurred, it was presumed that 

pollenopyrroside A (96) was thermodynamically favoured over the -anomeric spiroketal 

shensongine A (99). Prior to the completion of this synthesis, two separate syntheses of 

shensongine A (99) were reported, which both utilised a benzyl protecting group strategy.94,97 

In these reports, acid-catalysed spirocyclisation of benzyl protected substrates 138 and 216 

afforded the -spiroketal anomers corresponding to shensongine A (99) as the major product 

(Scheme 2.37). The -spiroketals 202 and 217 were both advanced to shensongine A (99) 

employing conditions that avoided epimerisation of the spiroketal center, therefore these two 

syntheses provided no indication of the thermodynamic equilibrium between pollenopyrroside 

A (96) and shensongine A (99).  
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Reagents and conditions: a) TsOH, CH2Cl2, 202 67%, 203 22% (-202:-203 dr 75:25);  

b) imidazole, NaH, CS2, MeI, THF, −10 °C; c) (BzO)2, Et3SiH, 1,4-dioxane, 100 °C; d) TiCl4, 

CH2Cl2, −78 °C, 99 60% over three steps, 96 58% over three steps; e) 4 N HCl, THF, 0 °C, 

90% (-217, de 100%); f) TiCl4, CH2Cl2, −78 °C, 70%. 

Scheme 2.37. -Spiroketal-selective spirocyclisations of benzyl protected substrates 138 and 

216 reported in previous syntheses of shensongine A (99).94,97 

 

In 2017, Verano and Tan reported their diastereoselective syntheses of shensongine A (99) and 

pollenopyrroside A (96), in which they proposed that shensongine A (99) was the 

thermodynamic spiroketal by acid-equilibration studies (Scheme 2.38).103 Interestingly, 

pollenopyrroside A (96) underwent complete epimerisation to shensongine A (99) with 

deuterium chloride in a deuterium oxide solution of pD 4. Pollenopyrroside A (96) also 

underwent complete epimerisation to shensongine A (99) with catalytic para-toluenesulfonic 

acid in acetone-d6. This equilibrium position is in contradiction to that observed during the 

deprotection of isopropylidene ketal 304 in this work, whereby the spiroketal underwent 

pyridinium para-toluenesulfonate-catalysed epimerisation either before or after isopropylidene 

ketal cleavage in methanol solvent, to afford pollenopyrroside A (96) as the major spiroketal 

product. Verano and Tan also investigated metal chelation-assisted equilibration of the 

spiroketals in 1,4-dioxane and acetonitrile, and Lewis acid-promoted kinetic spirocyclisation 

in 1,4-dioxane in an attempt to afford pollenopyrroside A (96) diastereoselectively, although 
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no experiments were performed in methanol. At present, it is unclear as to why these two 

different outcomes of acid-catalysed epimerisation have occurred. 

 

 

Reagents and conditions: a) DCl, D2O, pD 5, no reaction; b) DCl, D2O, pD 5, 15 min,  

-96:-99 0:100; c) TsOH (10 mol%), acetone-d6, 10 min, 96:99 0:100; d) PPTS (1 equiv), 

MeOH, rt, 48 h, 81%, -96:-99 88:12. 

Scheme 2.38. Acid-catalysed equilibrium position of pollenopyrroside A (96) and shensongine 

A (99) as determined by Verano and Tan,103 and the contradictory equilibrium position 

observed in this work. 

 

2-Deoxy-D-ribose (220) is a molecule of great biological significance, hence its pyranoside 

forms have been studied extensively under crystal,166 solution,167–169 and gas phase 

conditions.170 As the pyranoside ring of the [6,6]-pyrrolomorpholine spiroketals is that of  

2-deoxy-D-ribose (220), these studies can provide some insight into the intramolecular 

hydrogen-bonding and dipole interactions that likely influence the conformational behaviour 

of pollenopyrroside A (96) and shensongine A (99). One particularly informative study by 

Alonso and co-workers detected six different pyranoside forms of 2-deoxy-D-ribose (220) in 

the gas phase, four of which were anomerically-stabilised conformers, which are shown below 

(Figure 2.10).170 These four conformers were described as either  or  to denote anomer types, 

pyr to denote the pyranose form, either 4C1 or 1C4 to denote the pyranose chair form using sugar 

numbering conventions, and either “c” or “cc” to indicate the clockwise or counter-clockwise 

configuration of OH bonds, respectively.  
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Figure 2.10. Anomerically stabilised pyranoside forms of 2-deoxy-D-ribose (220) predicted by 

ab initio computations and detected in the gas phase by Alonso and co-workers.170 

 

Ab initio computations performed by Alonso and co-workers predicted cc--pyr 4C1 to be the 

most stable configuration of 2-deoxy-D-ribose (220), with a clear co-operative hydrogen 

bonding network spanning the three hydroxy groups.170 The next most stable conformation was 

that of c--pyr 1C4, which is also capable of hydrogen bonding. The equilibrium distribution 

between these forms in the gas phase after laser ablation, as measured by Fourier-transform 

microwave techniques, favoured the c--pyr 1C4 conformer. As the experimentally observed 

distribution of conformers in the gas phase did not agree with the predicted distribution as 

calculated by ab initio methods, a conclusive determination of the thermodynamically favoured 

pyranoside forms could not be made. Nevertheless, the set of major conformers detected in the 

gas phase and those predicted from computational methods were the same, and anomeric 

stabilisation and hydrogen bonding emerged as the main factors controlling the conformational 

behaviour of 2-deoxy-D-ribose (220). 

 

Inspired by the study by Alonso and co-workers,170 density functional calculations were used 

to assess the relative energies of pollenopyrroside A (96) and shensongine A (99) in the absence 

of solvent effects. An MMFF171 molecular mechanics search was performed in Spartan ‘14172 

to identify a set of conformers for pollenopyrroside A (96) and shensongine A (99) which 

represented the local energy minima of each spiroketal. Geometry optimisations were then 

performed for each conformer set to identify the global minimum using restricted DFT (non-
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local B3LYP functional hybrid method,173–175 6-31(d,p) basis set176), and the single point 

electronic energy was then calculated for the lowest energy conformer of each set (6-311 

(2df,p) basis set).  

 

The lowest energy conformer of pollenopyrroside A (96) was determined to possess a 

1.0 kcal/mol stabilisation compared with the lowest energy conformer of shensongine A (99), 

indicating an equilibrium mixture favouring pollenopyrroside A (96). The optimised geometry 

of pollenopyrroside A (96) was highly analogous to the cc--pyr 4C1 conformer of  

2-deoxy-D-ribose (220), while the optimised geometry of shensongine A (99) was similar to 

the c--pyr 1C4 conformer of 2-deoxy-D-ribose (220) (Figure 2.11). Significantly, these 

conformers agree with the 1H NMR and NOESY spectra of pollenopyrroside A (96) and 

shensongine A (99), which were indicative of -anomeric and -anomeric configurations, 

respectively (Section 2.2.6). It is important to note that the morpholine oxygen of both 

spiroketals is unable to act as a hydrogen bond donor, unlike the corresponding C-1 hydroxy 

group in 2-deoxy-D-ribose (220), however the morpholine oxygen can still act as a hydrogen 

bond acceptor. This does not disrupt the potential for counter-clockwise hydrogen bonding in 

pollenopyrroside A (96), for which a 4-OH···3-OH···1-O hydrogen bond network is predicted 

to exist, with bond lengths of 2.128 Å and 1.969 Å respectively. Shensongine A (99), 

conversely, is only capable of a single hydrogen bond of 3-OH···4-OH in the clockwise 

direction, which is 2.210 Å in length. The more extensive hydrogen bond network of 

pollenopyrroside A (96) is likely to be a major contributing factor in its calculated stabilisation 

over shensongine A (99) in the absence of solvent effects. 
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Figure 2.11. Side-by-side comparison of pollenopyrroside A (96) and shensongine A (99) 

(equilibrium geometries calculated in Spartan ‘14) to the cc--pyr 4C1 and c--pyr 1C4 

conformers of 2-deoxy-D-ribose (220) calculated by Alonso and co-workers,170 respectively.  

 

Polar solvents can have an adverse influence on intramolecular hydrogen bond networks, 

particularly when a solvent has a high capacity for hydrogen bonding. Protic solvents such as 

water and methanol are capable of both reinforcing and disrupting hydrogen bond networks. 

Acetone, meanwhile can only act as a hydrogen bond acceptor and is likely to disrupt hydrogen 

bond networks. A recent molecular dynamics simulation of glucopyranose and 

galactopyranose found that certain rotamers with intramolecular hydrogen bonds were least 

populated in aqueous solvents, compared with other less polar solvents including methanol.177 

As the polarity of the solvent decreased, hydrogen bonding became an increasingly significant 

conformational driving force. Such effects may extend to the stabilising hydrogen bond 

network proposed for pollenopyrroside A (96). Given that the 1.0 kcal/mol stabilisation of 

Pollenopyrroside A (96) 2-deoxy-D-ribose (220) 

cc--pyr 4C1 

2-deoxy-D-ribose (220) 

c--pyr 1C4 

Shensongine A (99) 
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pollenopyrroside A (96) over shensongine A (99) in vacuum is of a smaller magnitude than the 

typical stabilisation energy afforded by a single OH···O hydrogen bond,178 disruption of the 

hydrogen-bond network in pollenopyrroside A (96) could readily reverse the equilibrium 

between this spiroketal and shensongine A (99). This could account for the different 

equilibrium mixture of pollenopyrroside A (96) and shensongine A (99) observed in methanol 

compared with water and acetone. 

 

It is anticipated that further acid-equilibration studies will serve as an effective starting point 

to test this hypothesis. However, synthetic samples of pollenopyrroside A (96) and shensongine 

A (99) in-hand have been prioritised for biological testing, thus delaying this investigation. The 

treatment of a defined mixture of pollenopyrroside A (96) and shensongine A (99) in  

methanol-d4 with pyridinium para-toluenesulfonate is of greatest interest, as this would 

establish whether epimerisation between these two spiroketals indeed occurs under the 

conditions employed in the final step of this synthesis (Scheme 2.39). The acid-equilibration 

conditions employed by Verano and Tan could also be attempted, in order to establish their 

reproducibility. 

 

 

Scheme 2.39. Proposed acid-equilibration studies of pollenopyrroside A (96) and shensongine 

A (99) in methanol. 
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2.3. Total Synthesis of Hemerocallisamine I (67) 

 

Glutamine and its derivatives have an important role in the treatment of many neurological 

conditions including sleep disorders.179,180 In 2014, as part of studies to characterize the 

chemical constituents of the Hemerocallis fulva daylily flower and identify sedative amino acid 

derivatives, Matsuda and co-workers isolated the novel glutamine derivative 

hemerocallisamine I (67) (Figure 2.12).24 The relative configuration of hemerocallisamine I 

(67) was established by X-ray crystallography using MoK radiation and NMR analysis. From 

the X-ray crystal structure, the absolute configuration of hemerocallisamine I (67) was 

proposed to be (2R,4R)-67 [Flack parameter = −0.0(16)].  

 

 

 

Figure 2.12. ORTEP structure obtained for hemerocallisamine I (67).24 

 

The Flack parameter (x) is an enantiomorph-polarity-defining parameter for an X-ray crystal 

structure.181 When the experimentally obtained atomic-coordinate set and crystal have the same 

chirality, x = 0, while x = 1 for an atomic-coordinate set that is opposite in chirality to the 

crystal. Confirmation of the absolute stereochemistry of a compound from its atomic-

coordinate set therefore requires x = 0, within an acceptable standard uncertainty. The Flack 

parameter reported for hemerocallisamine I (67) was −0.0(16), which is interpreted as −0.0 ± 

1.6. As the standard uncertainty for this Flack parameter is large and encompasses both x = 0 

and x = 1, the data obtained for the crystal structure provides no indication whatsoever of the 

absolute stereochemistry of hemerocallisamine I (67). 

 

As pyrrole-2-carbaldehydes arise from the condensation of reducing sugars and biologically 

common amines, the assignment of the unnatural D-glutamine (2R,4R) stereochemistry of 

hemerocallisamine I (67) was unexpected. The non-canonical amino acid  



Chapter Two 
 

 

 

 

122 

 

-hydroxyglutamine (341), from which hemerocallisamine I (67) presumably arises, has long 

been known as a metabolite of H. fulva (Figure 2.13).182 Moreover, numerous derivatives of  

-hydroxyglutamine (341) have been isolated from several species (spp.) of the Hemerocallis 

genus, including pinnatanine (342),183,184 oxypinnatanine (343),185 longitubanine A (345),183,184 

and kwansonines A (346) and B (347).184 The absolute configuration of these metabolites has 

not been established in Hemerocallis spp., however pinnatanine (342) and oxypinnatanine 

(343) isolated from the plant Staphylea pinnata underwent acid hydrolysis to afford allo--

hydroxy-L-glutamic acid (344).186  

 

 

Figure 2.13. -Hydroxyglutamine derivatives of Hemerocallis spp.24,183,184,186 

 

Notably, in the same report in which the isolation of hemerocallisamine I (67) was first 

described, a related compound hemerocallisamine III (90) was characterised (Figure 2.14).24 

Derivatisation of hemerocallisamine III (90) by the modified Mosher’s method enabled 

assignment of the absolute stereochemistry of the 3S-hydroxypyrrolidine-2-one ring. While 

hemerocallisamine III (90) does not possess a complete -hydroxyglutamine skeleton, the 

closely related fulvanines A (348), B (349) and C (350), isolated from H. fulva, were previously 

suggested to be secondary metabolites of oxypinnatanine (343).185 If hemerocallisamine III 

(90) is derived from a common biosynthetic pathway to that of the allo--hydroxyglutamine 



Discussion 
 

 

 

 

123 

 

fragment of hemerocallisamine I (67), then the 4R-hydroxy stereochemistry proposed for 

hemerocallisamine I (67) from the X-ray crystal structure is incongruous with the 3S-hydroxy 

stereochemistry determined by Mosher’s method for hemerocallisamine III (90). 

 

 

Figure 2.14. Hemerocallisamines I (67) and III (90), and the related fulvanines.24,185 

 

With this cumulative evidence for 4S-hydroxyglutamine derivatives in Hemerocallis spp., 

along with the large standard uncertainty in the Flack parameter obtained for the crystal 

structure, it was speculated that the absolute stereochemistry of hemerocallisamine I (67) had 

been misassigned. We envisioned that a total synthesis from well-defined chiral pool materials 

would allow unambiguous elucidation of the absolute stereochemistry of hemerocallisamine I 

(67) and provide material for biological activity investigations. Towards this aim, we pursued 

the synthesis of the (2S,4S)-enantiomer of the proposed structure of hemerocallisamine I (67), 

enabling us to take advantage of the accessible L-amino acid chiral pool. 

 

2.3.1. Retrosynthetic Analysis of Hemerocallisamine I (67) 

 

Following the successful synthesis of -amino acid-derived pyrrole-2-carbaldehydes using the 

Maillard-type methodology (Section 2.1), it was anticipated that the target (2S,4S)-enantiomer 

of hemerocallisamine I (67) could be accessed by the Maillard-type reaction of 

dihydropyranone 159 and methyl allo--hydroxy-L-glutamine (351) (Scheme 2.40). 
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Scheme 2.40. Retrosynthetic analysis of (2S,4S)-hemerocallisamine I (67). 

 

The success of this proposed synthesis approach would rely on the enantioselective preparation 

of methyl allo--hydroxy-L-glutamine (351), or a derivative thereof. A review of the literature 

established that existing methods for the synthesis of methyl allo--hydroxy-L-glutamine (351) 

were highly limited. Kung and co-workers reported an elegant synthesis of -hydroxyglutamine 

derivative 359 en route to -fluoroglutamines, via a three-component Passerini reaction 

(Scheme 2.41).187 The Passerini reaction was the first multi-component isocyanide reaction to 

be developed and involves the reaction of an isocyanide 354 with an aldehyde 353 and acid 

352, to furnish an amide 355.188 The Passerini reaction developed by Kung and co-workers 

utilised aldehyde 357 and isocyanide 356, both of which were readily prepared from 

inexpensive reagents. This Passerini reaction proceeded with little diastereoselectivity, which 

suited the research of Kung and co-workers in which all diastereomers of the target -

fluoroglutamine were of interest. A number of catalytic enantioselective Passerini 

methodologies exist, however these are either limited in substrate scope or utilise prohibitively 

expensive catalysts.189–192 As such, the Passerini approach was deemed impractical for the 

synthesis of methyl allo--hydroxy-L-glutamine (351). 
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Reagents and conditions: a) CH2Cl2, rt, 24 h, 95%, dr 1:1.  

Scheme 2.41. General mechanism proposed for the Passerini reaction,188 and the application 

of this reaction for the synthesis of -hydroxyglutamine derivative 359 by Kung and  

co-workers.187 

 

Two general synthetic approaches have been reported for the preparation of allo--hydroxy-L-

glutamates, which are of potential utility towards the synthesis of methyl allo--hydroxy-L-

glutamine (351). The first approach involves the synthesis of isoxazolidine adducts by  

1,3-dipolar cycloaddition, which is highly diastereoselective and can be rendered 

enantioselective by employing an appropriate chiral auxiliary. Examples of this work include 

that of Koskinen and co-workers, in which acrylamide 361 derived from Oppolzer’s sultam 

was employed to influence the diastereoselectivity of the reaction (Scheme 2.42).193 Another 

methodology by Romeo and co-workers employed a D-ribose-derived nitrone 364 in addition 

to an acrylamide 361 derived from Oppolzer’s sultam.194 Both methodologies provided the 

desired 3,5-trans isoxazolidine cycloadducts with a dr of 20:1, which is consistent with either 

the endo-cycloaddition of a Z-nitrone, or the exo-cycloaddition of an E-nitrone. These 

isoxazolidine adducts could be readily elaborated to open-chain allo--hydroxyglutamate 363, 

or cis-4-hydroxypyroglutamate 367, by hydrogenation of the N-O bond and additional 

transformations. 
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Reagents and conditions: a) PhMe, rt, 36 h, 82%, dr 20:1; b) PhMe, 75 °C, 40 h, 60%,  

dr 20:1.  

Scheme 2.42. Dipolar cycloadditions of nitrones 360 and 364 with acrylate 361 for the 

synthesis of allo--hydroxy-L-glutamate derivatives.193,194 

 

The second common approach to allo--hydroxyglutamates involves the oxidation of cis-4-

hydroxyproline (368). N-Protection of proline-derivatives as a suitable amide or carbamate 

enables regioselective ruthenium(VIII)-catalysed oxidation of the pyrrolidine ring to furnish 

the corresponding pyroglutamate (Scheme 2.43).195,196 This methodology extends to  

4-hydroxyprolines and Zhang et al. reported the preparation of both cis- and trans-4-silyloxy-

pyroglutamates 369 and 371 with preservation of the stereochemistry of the reactants.197 
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Reagents and conditions: a) RuO2·xH2O (20 mol%), NaIO4, H2O-EtOAc, rt, 94–98%. 

Scheme 2.43. Ruthenium(VIII)-catalysed oxidation of N-carbamate-protected prolines to 

afford pyroglutamates.195–197 

 

It is well-established that N-carbamate protecting groups render the lactam ring of 

pyroglutamates particularly nucleophilic.198,199 As such, the pyroglutamate products of this 

ruthenium(VIII)-catalysed oxidation can undergo ring-opening reactions in the presence of the 

carboxylate ester. This reactivity has been exploited in the aminolysis of pyroglutamates, 

typically employing either catalytic potassium cyanide200 or aluminum Lewis acid−ammonia 

conjugates201 (Scheme 2.44). 

 

 

Reagents and conditions: a) BnNH2 (6 equiv), KCN (10 mol%), THF, ultrasound, 15 h, 95%; 

b) NH3, AlMe3, CH2Cl2, rt, 20 h, 54%; 

Scheme 2.44. Chemoselective ring-opening reactions of lactams with N-carbamate protecting 

groups.200,201 

 

Of the two general strategies towards allo--hydroxyglutamates, the latter oxidative method 

seemed most accessible, particularly as the preparation of cis-4-silyloxy-L-pyroglutamate 369 



Chapter Two 
 

 

 

 

128 

 

had been reported from cis-4-hydroxy-L-proline (376),197 an inexpensive reagent. Hence, it was 

envisioned that the key methyl allo--hydroxy-L-glutamine (351) might be obtained by 

aminolysis of the known cis-4-silyloxy-L-pyroglutamate 369, exploiting the nucleophilicity of 

the N-tert-butoxycarbonyl-protected lactam 369 (Scheme 2.45). The synthesis of 

hemerocallisamine I (67) therefore commenced with the preparation of known lactam 369. 

 

 

Scheme 2.45. Retrosynthetic analysis of key methyl allo--hydroxy-L-glutamatine (351). 

 

2.3.2. Synthesis of Methyl allo--Hydroxy-L-glutamine (351) from cis-4-Hydroxy-L-

proline (376) 

 

Beginning with cis-4-hydroxy-L-proline hydrochloride (376), esterification was readily 

achieved by generating hydrogen chloride in situ from methanol and acetyl chloride (Scheme 

2.46), following a procedure described by Rosen et al.202 The subsequent tert-butyloxycarbonyl 

and tert-butyldimethylsilyl protections were also performed according to conditions reported 

by Rosen et al. These protection steps were necessary to set the stage for the oxidation of 

pyrrolidine 368, as carbamate protection of the pyrrolidine nitrogen is important for efficient 

oxidation of the pyrrolidine ring,196 while protection of the 4-hydroxy substituent was 

necessary to prevent oxidation at this site by the powerful ruthenium(VIII) oxidant. The key 

oxidation of pyrrolidine 368 was then achieved according to the procedure reported by Zhang 

et al.197 to furnish pyroglutamate 369 in 69% yield over four steps. The 1H and 13C NMR 

spectra of pyroglutamate 369 were identical to those reported in the literature, however there 

was no reported specific rotation for pyroglutamate 369.197 The specific rotation of pyrrolidine 

368 ([]D
20 −32.4 (c 1.60, CHCl3)) was in good agreement with that reported in the literature 

([]D
20 −30.9 (c 1.0, CHCl3)),

203 however, and the ruthenium(VIII) oxidation of pyrrolidines is 

known to occur without any racemization of -stereocenters.204 
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Reagents and conditions: a) AcCl, MeOH, , 8 h, 90%; b) Boc2O, Et3N, CH2Cl2, rt, 18 h, 95%; 

c) TBSCl, imidazole, DMF, 0 °C to rt, 18 h, 90%; d) RuO2·xH2O (20 mol%), NaIO4, H2O-

EtOAc (2:1), rt, 7 h, 90%. 

Scheme 2.46. Synthesis of pyroglutamate 369 following procedures reported by Rosen et al.202 

and Zhang et al.197 

 

While the reaction mechanism for the oxidation of activated methylene groups by 

ruthenium(VIII) oxide is not conclusively understood, a study of kinetic isotope effects for the 

oxidation of ethers to esters by ruthenium(VIII) oxide by Bakke et al. led to the proposed 

mechanism below (Scheme 2.47).205 An activated methylene 379 undergoes C-H activation by 

ruthenium(VIII) oxide (378) via a five-membered transition state 380, in which concerted 

hydrogen transfer occurs to form ruthenate 381. A second hydrogen transfer is then disposed 

to occur by a similar concerted transition state 382, affording the oxidised ester or amide 385, 

along with ruthenium(VI) species 384. Ruthenium(VIII) oxide 378 can then be regenerated by 

sodium periodate.  

 

 

Scheme 2.47. Proposed mechanism of RuO4-catalysed oxidation of activated methylene 379 

(X = O or N).205,206 

 

With reliable access to pyroglutamate 369 established, investigations into the aminolysis of the 

lactam ring were commenced. Literature conditions for the aminolysis of carbamate-protected 

lactams typically employ anhydrous solutions of ammonia in an appropriate solvent such as 
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methanol, which require ammonia gas to prepare.207 Other methods include hydrolysis of the 

lactam, followed by coupling with ammonia,208 or the use of more exotic reagents such as 

trimethylaluminium-ammonia.201,209 Ultimately, concentrated ammonium hydroxide in  

1,4-dioxane effected the aminolysis with operational simplicity, affording terminal amide 386 

in quantitative yield (Scheme 2.48). The outcome of this reaction was supported by 1H NMR 

analysis, whereby the sharply defined diastereotopic H-3 proton resonances of the rigid lactam 

369 at  2.53 and 1.93 ppm became a poorly defined multiplet resonating at  2.11–1.88 ppm 

for the ring-opened terminal amide 386.  

 

 

Reagents and conditions: a) NH4OH, 1,4-dioxane, rt, 7 h, quant; b) TFA-CH2Cl2 (1:3), 0 °C, 

30 min, 50%. 

Scheme 2.48. Ring-opening of lactam 369 with ammonia and the undesired cyclisation of 

amide 386. 

 

Removal of the tert-butyl carbamate was next required to unmask the amine of methyl 

glutamine 386 for the key Maillard-type coupling with dihydropyranone 159. Disappointingly, 

the amine product underwent cyclisation to afford lactam 388 with trifluoroacetic acid in 

dichloromethane. The 1H NMR spectrum of lactam 388 was very similar to that of the 

carbamate protected lactam 369, missing only a characteristic tert-butyloxy proton resonance 

around  1.45 ppm. High-resolution mass spectrometry confirmed the assigned structure of 

lactam 388, in which a molecular ion peak [M+Na]+ of 296.1289 was observed, corresponding 

with a molecular formula of C12H23NNaO4Si. Attempts to prevent this cyclisation by 

employing lower reaction temperatures, or lower concentrations of trifluoroacetic acid were to 

no avail. 

 

It was subsequently decided to protect the terminal amide functionality of methyl glutamine 

386, with the expectation that a protecting group might be able to suppress the unwanted 
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cyclisation by a combination of steric and electronic effects. Towards this goal, an orthogonal 

para-methoxybenzyl protection strategy was chosen, as it was anticipated the electron-rich 

benzyl system would decrease the nucleophilicity of the amide carbonyl group. This  

para-methoxybenzyl group could be introduced by aminolysis of lactam 369 with  

para-methoxybenzylamine, thus preventing an unnecessary protection step.  

 

The aminolysis of carbamate-protected lactams with benzylamines is reportedly slow and 

previously reported conditions included catalytic potassium cyanide,200 or performed the 

reaction neat with five equivalents of water210 in order to achieve practical reaction rates. These 

latter conditions were readily applied to lactam 369 (Scheme 2.49). Accordingly, treatment of 

the lactam 369 with three equivalents of para-methoxybenzylamine and five equivalents of 

water effected the desired aminolysis reaction within 30 minutes. Purification of the amide 

product involved removal of water and the remaining polar para-methoxybenzylamine reagent, 

which was readily achieved by flash chromatography.  

 

 

Reagents and conditions: a) PMBNH2, H2O, rt, 30 min, 99%; b) TFA-CH2Cl2, (1:3), 0 °C, 

30 min, then reaction mixture concentrated in vacuo directly, 70%; c) TFA-CH2Cl2 (1:9), 0 °C, 

2 h, then neutralisation with satd aq NaHCO3, 63%. 

Scheme 2.49. Successful tert-butyl carbamate deprotection of para-methoxybenzylamide 389. 

 

The tert-butyloxycarbonyl deprotection of para-methoxybenzyl-protected amide 389 was 

attempted using the conditions previously employed in the unsuccessful deprotection of 

terminal amide 386. No lactam side-product was observed, validating the choice of the  

para-methoxybenzyl-protection strategy. Interestingly, the tert-butyldimethylsilyl ether was 

particularly acid-labile once the adjacent tert-butyl carbamate was cleaved, and concentration 

of the reaction mixture without prior neutralisation resulted in complete silyl ether 

deprotection. The 1H NMR spectrum of amine 390 exhibited all of the expected resonances for 
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the methyl glutamine backbone and para-methoxybenzyl protecting group, while characteristic 

tert-butyldimethylsilyl resonances around  0.85 and 0.00 ppm were absent. 

 

Having observed the ease with which the free amine of terminal amide 387 cyclised to form a 

five-membered lactam 388, it was hoped that the tert-butyldimethylsilyl ether might be 

preserved until the late stages of the synthesis, in order to prevent a similar cyclisation by the 

free hydroxy group of methyl -hydroxyglutamine 390 to form a lactone 392 (Scheme 2.50). 

This prompted the exploration of milder conditions for the cleavage of tert-butyl 

carbamate 389. It was established that lowering the concentration of trifluoroacetic acid to 10% 

in dichloromethane and neutralisation of the reaction with sodium bicarbonate prior to the 

removal of solvents minimised silyl ether cleavage, and the desired amine 391 was obtained in 

63% yield. 

 

 

Scheme 2.50. Potential lactonisation of methyl -hydroxyglutamine 390 to form unwanted 

lactone 392. 

 

In summary, an efficient synthetic route to methyl allo--hydroxy-L-glutamine 391 has been 

successfully established from cis-4-hydroxy-L-proline (376) (Scheme 2.51). Elaboration of 

proline 376 to pyroglutamate 369 was readily achieved following previously reported 

methods.197,202 In order to prevent unwanted cyclisation of terminal amide intermediates, an 

amide protection strategy was required. An efficient protocol for the synthesis of  

para-methoxybenzyl protected amide 389 was identified and the tert-butyl carbamate 

deprotection of this amide proceeded to afford either amine 391 with retention of the  

tert-butyldimethylsilyl ether, or the free alcohol 390 depending on the reaction conditions and 

workup method employed. 
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Reagents and conditions: a) AcCl, MeOH, , 8 h, 90%; b) Boc2O, Et3N, CH2Cl2, rt, 18 h, 95%; 

c) TBSCl, imidazole, DMF, 0 °C to rt, 18 h, 90%; d) RuO2·xH2O (20 mol%), NaIO4, H2O-

EtOAc (2:1), rt, 7 h, 90%; e) PMBNH2, H2O, rt, 30 min, 99%; f) TFA-CH2Cl2, (1:3), 0 °C, 

30 min, then reaction mixture concentrated in vacuo directly, 70%; g) TFA-CH2Cl2 (1:9), 0 °C, 

2 h, then neutralisation with satd aq NaHCO3, 63%.  

Scheme 2.51. Summary of the synthesis of methyl allo--hydroxy-L-glutamines 390 and 391. 

 

This synthesis rivals the previous Passerini-based approach to -hydroxyglutamines by Kung 

and co-workers in step economy,187 however this chiral pool approach delivers a single 

diastereomer. It is worth noting that all four possible diastereomers of -hydroxyglutamine 

should be accessible by this approach, as all four diastereomers of the 4-hydroxyproline starting 

material were commercially available at the time of this work (Figure 2.15).  
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Figure 2.15. Commercially available 4-hydroxyprolines as chiral pool reagents for the 

synthesis of all diastereomers of -hydroxyglutamine 

 

2.3.3. Elaboration of methyl allo--hydroxy-L-glutamine 390 to Hemerocallisamine I (67) 

 

Following the robust synthesis of both amine 391 and its free hydroxy counterpart 390, the 

synthesis of the hemerocallisamine I (67) pyrrole nucleus by Maillard-type reaction was 

investigated. Following the Maillard-type reaction conditions previously optimised towards the 

library synthesis of 5-hydroxymethylpyrrole-2-carbaldehydes (Section 2.1.2), amine 391 and 

dihydropyranone 159 were treated with para-toluenesulfonic acid in pyridine (Table 2.11, 

entry 1). Pleasingly, the reaction proceeded at room temperature, affording the pyrrole-2-

carbaldehyde 393 in 32% yield. The product was confirmed by the appearance of characteristic 

aldehyde and pyrrole proton resonances in the 1H NMR spectrum, as well as an H-2 resonance 

which was observed as a broad singlet farther downfield at  5.60 ppm.  
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Table 2.11. The Maillard-type reaction of -hydroxyglutamines 390 and 391 with 

dihydropyranone 159. 

 

 

Entry R Amine equiva Conditions Yield (%) 

1 TBS 2.0 a 32 

2 H 2.0 a 53 

3 H 1.0 b 37 

Reagents and conditions: a) TsOH (2 equiv), 0.1 M in pyridine, rt, 18 h;  

b) TsOH (1 equiv), 0.2 M in pyridine, rt, 18 h. aRelative to 

dihydropyranone 159. 

 

As the free alcohol 390 was on hand, this was also investigated in the Maillard-type reaction 

with dihydropyranone 159, furnishing pyrrole-2-carbaldehyde 394 in a much improved yield 

of 53% (entry 2). The poorer reactivity of the amine 391 is likely attributed to the steric bulk 

of the tert-butyldimethylsilyloxy substituent near the amine functionality. Significantly, no 

lactonisation of the free hydroxy group of pyrrole-2-carbaldehyde 394 was observed, 

suggesting there was no need to retain the tert-butyldimethylsilyl protecting group at this stage 

of the synthesis. In an attempt to use only one equivalent of the more valuable amine substrate 

390 relative to dihydropyranone 159, the reaction concentration was doubled (entry 3). While 

a significant decrease in yield resulted, the yield relative to amine 390 was greatly increased, 

thus increasing the overall efficiency of this synthesis. 

 

With the advanced pyrrole-2-carbaldehyde 394 in hand, elaboration to hemerocallisamine I 

(67) required substitution of the remaining tert-butyldimethylsilyl ether for a methyl ether, and 

cleavage of the para-methoxybenzyl group. It was first observed by Okada et al. that acid-

catalysed deprotection of the 5-hydroxymethyl substituent of a pyrrole-2-carbaldehyde in an 

alcohol solvent can afford an ether product (Scheme 2.52).119 During their synthesis of funebral 

(65), para-toluenesulfonic acid-catalysed tetrahydropyranyl cleavage in ethanol afforded the 



Chapter Two 
 

 

 

 

136 

 

unwanted ethyl ether 396 and alternative deprotection conditions were sought. A similar result 

was observed in our group’s previous synthesis of lobechine (72), however in this case the 

reactivity of the 5-hydroxymethylpyrrole moiety was harnessed to achieve the direct 

conversion of tert-butyldimethylsilyl ether 166 to butyl ether 397 with trifluoroacetic acid in 

n-butanol solvent.121 

 

 

Reagents and conditions: a) TsOH, EtOH, 66%; b) TFA, n-BuOH, rt, 20 min; c) LiOH·H2O, 

THF-H2O (1:1), rt, 2 h, 63% over two steps. 

Scheme 2.52. Acid-catalysed etherification of 5-hydroxymethylpyrrole-2-carbaldehyde 

derivatives in alcohol solvents.119,121 

 

The most plausible mechanism for this transformation begins with acid-catalysed deprotection 

to afford a free alcohol 399, which then undergoes acid-catalysed elimination to afford 

pyrrolium 400 (Scheme 2.53). Pyrrolium 400 is rapidly trapped by addition of the abundant 

alcohol solvent to provide ether 401. This proposed mechanism is analogous to that of a method 

for the preparation of pyrromethanes 406, in which pyrrolium 404 intermediates are generated 

from acetoxymethylpyrroles 402, then trapped by a nucleophilic addition of a second pyrrole 

403.211 
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Scheme 2.53. Proposed mechanism for the conversion of protected hydroxymethylpyrrole 398 

to alkoxymethyl pyrrole 401, and the similar mechanism of pyrromethane 406 synthesis.211 

 

It was envisioned a similar one-pot conversion of 5-(tert-butyldimethylsilyloxy)methylpyrrole-

2-carbaldehyde 394 to a methyl ether could be achieved. Accordingly, silyl ether 394 was 

treated with para-toluenesulfonic acid in a 1:3 solvent mixture of methanol and 

dichloromethane, which was selected as a co-solvent as it had been employed for the 

substitution reactions of other hydroxymethylpyrroles (Scheme 2.54).211 Gratifyingly, the 

reaction proceeded to completion in under 30 minutes to afford methyl ether 407 in 77% yield. 

The 1H NMR spectrum of methyl ether 407 exhibited a new singlet at  3.79 ppm integrating 

for three protons. Furthermore, the resonance for the methylene substituent of the pyrrole ring 

was shifted up-field by  0.21 ppm. Interestingly, no hydroxymethyl intermediate was observed 

by TLC analysis of the reaction mixture, corresponding with pyrrole 399 in the general 

mechanism above. This suggests that hydroxymethylpyrrole 399 is either a short-lived species 

in the reaction, or that perhaps a pyrrolium species can be generated directly from the  

tert-butyldimethylsilyl ether. 
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Reagents and conditions: TsOH, CH2Cl2-MeOH (3:1), rt, 25 min, 77%. 

Scheme 2.54. Acid-catalysed tert-butyldimethylsilyl deprotection and etherification in 

methanol to afford methyl ether 407. 

 

The reaction proceeded with clean spot to spot conversion by TLC analysis, however 

approximately one-quarter of the reaction mass was lost after purification by flash 

chromatography, despite taking great care to elute all of the product. Consideration of the 

proposed mechanism of this reaction, which proceeds via a reactive pyrrolium species 400, 

reveals a number of side reactions which could plausibly occur (Scheme 2.55). Homo-

dimerisation of hydroxymethylpyrroles under acidic conditions has been observed before, 

which results in the elimination of formaldehyde.212 In the major reaction pathway, pyrrolium 

400 is believed to be rapidly trapped by addition of the abundant alcohol solvent to afford an 

ether, however it can also be subject to nucleophilic attack by another molecule of pyrrole 399. 

This would give rise to a dimerised pyrrolium 408, which could then eliminate formaldehyde 

to afford pyrrole dimer 409. While no dimer 409 was observed by TLC analysis of the reaction, 

it is plausible that the dimer would be sufficiently polar to remain on the TLC baseline along 

with para-toluenesulfonic acid, and therefore go undetected. Interestingly, the pyrrole products 

410 and 411 arising from 7-endo-trig or 6-endo-trig intramolecular cyclisation events, 

respectively, were not observed by TLC analysis of the reaction mixture. Based on previous 

TLC analysis of mixtures containing lactonised pyrroles similar to the putative 6-endo-trig 

product 411, it is expected that these intramolecular cyclisation products would be sufficiently 

non-polar to be observed in the reaction mixture. 
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Scheme 2.55. Potential side reactions of reactive pyrrolium species 400. 

 

Finally, the deprotection of para-methoxybenzylamide 407 was investigated in order to 

unmask hemerocallisamine I (67). The para-methoxybenzyl protecting group is commonly 

employed due to its orthogonality to acid and base-cleavable protecting groups, as the methoxy 

substituent facilitates dearomative oxidation.213 Single electron oxidation of the aromatic ring 

gives a radical cation 413, which then loses a proton to afford radical 414 (Scheme 2.56). A 

subsequent single electron transfer takes place to afford a cationic intermediate 415, which 

corresponds to either an enol or enamine, depending on the heteroatom being protected. These 

species undergo hydrolysis to furnish an unmasked, alcohol, amine or amide 418. 

 

 

Scheme 2.56. Proposed mechanism of para-methoxybenzyl cleavage by single electron 

transfer and subsequent hydrogen atom transfer.213 
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The most commonly employed stoichiometric oxidants to achieve this oxidative cleavage are 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone214 and ammonium cerium(IV) nitrate.215 The 

deprotection using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone generates a stoichiometric 

amount of the corresponding dihydroquinone, which although highly polar, was expected to 

render purification of hemerocallisamine I (67) difficult. As such, ammonium cerium(IV) 

nitrate was first investigated for the stoichiometric cleavage of para-methoxybenzylamide 407 

(Scheme 2.57). Treatment of amide 407 with ammonium cerium(IV) nitrate in acetonitrile-

water provided a range of products by TLC analysis.  

 

 

Reagents and conditions: a) (NH4)2Ce(NO3)6, CH3CN-H2O (2:1), rt, 1 h, 26%; b) DDQ, pH 7 

aq phosphate buffer, CH2Cl2, rt, 6 h, 86%. 

Scheme 2.57. para-Methoxybenzyl amide cleavage to afford hemerocallisamine I (67). 

 

The major species of the crude mixture was isolated on small scale and tentatively assigned as 

pyrrole-2,5-dicarbaldehyde 419 after partial characterisation. The 1H NMR spectrum of 

pyrrole-2,5-dicarbaldehyde 419 showed the disappearance of not only the characteristic signals 

of the para-methoxybenzyl group, but also characteristic doublets resonating at δ 7.01  

(J = 3.6 Hz) and 6.33 ppm (J = 3.6 Hz) corresponding to the pyrrole protons of starting material 

407 and the appearance of a new singlet resonating further downfield at δ 7.11 ppm. This new 

pyrrole resonance at δ 7.11 ppm and the carbaldehyde proton singlet at δ 9.77 ppm both 

integrated for two protons relative to other characteristic methine protons in the product. These 

signals suggested the presence of a symmetrical pyrrole-2,5-dicarbaldehyde system, which was 

supported by high-resolution mass spectrometry, in which a molecular ion peak [M+Na]+ was 

observed at m/z 305.0744, corresponding to a molecular formula of C12H14N2NaO6. 

Disappointingly, this product could not be obtained on sufficient scale to characterise fully. 
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Ammonium cerium(IV) nitrate is known to be a very strong single electron oxidant,216 and 

hence to avoid unwanted side reactions, the milder oxidant 2,3-dichloro-5,6-dicyano-1,4-

benzoquinone was investigated. The dihydroquinone byproduct of 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone is highly acidic, and so the para-methoxybenzyl cleavage of amide 407 was 

performed in a biphasic mixture with pH 7 phosphate buffer. Pleasingly, upon treatment with 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone, amide 407 underwent clean conversion to a new 

polar spot by TLC analysis, along with a non-polar spot. These both stained orange upon 

development with 2,4-dinitrophenylhydrazine, suggesting both products to be aldehydes. The 

polar spot was therefore presumed to be the desired product, while the non-polar spot was 

presumed to be para-methoxybenzaldehyde 417 (Scheme 2.56), the side product of the 

deprotection reaction. The reaction also produced large quantities of precipitated 

dihydroquinone, which was readily removed by filtration through Celite®, although some 

dihydroquinone remained in solution with the product. The acidic dihydroquinone by-product 

is easily washed from the organic layers using sodium hydroxide solution, however a basic 

wash of the organic phase of the reaction mixture resulted in loss of the desired product, either 

due to its instability towards base, or its solubility in aqueous solutions. It was eventually found 

that the product could be isolated cleanly after careful flash chromatography of the crude 

mixture, affording (2S,4S)-hemerocallisamine I (67) in 86% isolated yield.  

 

The 1H and 13C NMR resonances of natural hemerocallisamine I (67) were reported in an 

unspecified mixture of acetone-d6 and deuterium oxide.24 1H and 13C NMR spectra of synthetic 

hemerocallisamine I (67) were therefore obtained in acetone-d6 solution with varying amounts 

of deuterium oxide as an additive, however no spectra were sufficiently similar to those of 

natural hemerocallisamine I (67) for comparison. Ultimately, a sufficient spectroscopic 

comparison to natural hemerocallisamine I (67) was achieved in methanol-d4, as NMR spectra 

of natural hemerocallisamine I (67) had also been obtained in this solvent. The chemical shifts 

and coupling constants of the resonances of natural hemerocallisamine I (67) were not reported 

in methanol-d4, however careful visual inspection of the published spectra indicated that both 

natural and synthetic hemerocallisamine I (67) were the same compound (Figure 2.16). 
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Figure 2.16. Comparison of the 1H NMR spectrum in methanol-d4 for natural 

hemerocallisamine I (67) (above) with that of synthetic hemerocallisamine I (67) (below). 
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The 1H and 13C NMR data of natural hemerocallisamine I (67) in methanol-d4 (by visual 

inspection) are compared with that of synthetic hemerocallisamine I (67) (Table 2.12). The  

13C NMR spectroscopic data of natural and synthetic hemerocallisamine I (67) are in excellent 

agreement. While not all of the proton resonances of natural hemerocallisamine I (67) are 

resolved in the published H NMR spectrum, the resonances which are resolved show good 

agreement with those of synthetic hemerocallisamine I (67). The H-3 protons of synthetic 

hemerocallisamine I (67) appear as a sharply resolved ABX system, suggesting the linear  

-hydroxyglutamine fragment of hemerocallisamine I (67) adopts a well-defined conformation. 

The coupling constants for this ABX system are suggestive of a staggered conformation 

through C-2 to C-4 (Figure 2.17); matching large coupling constants for JAX and JBY are 

characteristic of large, similar torsion angles for these pairs of protons, while small matching 

coupling constants for JAY and JBX are characteristic of small, similar torsion angles for these 

pairs of protons. This conformation closely matches that of the X-ray crystal structure obtained 

for natural hemerocallisamine I (67), albeit with the opposite absolute stereochemistry. 

 

  

Figure 2.17. Coupling constants for the H-3 ABX system of synthetic hemerocallisamine I 

(67) and structural comparison to the x-ray crystal structure of natural hemerocallisamine I 

(67).24 
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Table 2.12. 1H and 13C NMR (methanol-d4) spectroscopic data of natural hemerocallisamine I 

(67), compared to synthetic hemerocallisamine I (67) prepared herein. 

 

 

 

  1H NMR [mult, J (Hz)] 500 MHz  13C NMR 125 MHz 

Position Natural 67 Synthetic 67 Natural 67 Synthetic 67 

1   171.9 171.9 

2 5.41 (br s) 5.42 (br s) 57.0 57.0 

3 
2.59 (m) 

2.48 (m) 

2.54 (ABXY, AB = 

0.11, JAB = 14.7, JAX = JBY 

= 11.1, JAY = JBX = 3.1) 

38.0 38.0 

4 unresolved 3.28 (br s) 69.5 69.5 

5   179.7 179.8 

2′   134.0 133.9 

3′ 7.13 (d) 7.14 (d, 3.9) 127.5 127.5 

4′ 6.35 (d) 6.36 (d, 4.0) 112.9 112.9 

5′   142.4 142.4 

CHO 9.36 (s) 9.37 (s) 180.7 180.7 

5′-CH2OCH3 
obscured by H2O  

4.43 (d) 
4.62 (ABq, AB = 0.38, 

JAB = 13.1) 
66.5 66.5 

1-OCH3 3.66 (s) 3.67 (s) 52.9 52.9 

5′-CH2OCH3 3.30 (s) 3.30 (s) 57.9 57.9 

 

Most significantly, the sign of the specific rotation of synthetic (2S,4S)-hemerocallisamine I 

(67) ([]D
21 −44.0 (c 0.10, MeOH)) prepared from cis-4-hydroxy-L-proline (376) matched that 

of natural hemerocallisamine I (67) ([]D
25 −34.6, (concentration unspecified in MeOH))24 

establishing that the absolute stereochemistry of hemerocallisamine I (67) was (2S,4S) as 

anticipated, and not (2R,4R) as initially reported.  
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2.3.4. Overall Summary 

 

A summary of the synthesis of hemerocallisamine I (67) is given below (Scheme 2.58). Methyl 

-hydroxyglutamine derivative 390 was prepared in six steps from cis-4-hydroxy-L-proline 

(376) by a series of reported reactions to afford pyroglutamate 369,197,202 followed by 

aminolysis and deprotection. This represents a novel approach to -hydroxyglutamine, which 

despite appearing in multiple natural products, has only been the subject of synthesis once 

before en route to -fluoroglutamine derivatives.187 The pyrrole nucleus of hemerocallisamine 

I (67) was successfully prepared from methyl -hydroxyglutamine 390 and dihydropyranone 

159, further demonstrating the utility of the Maillard-type reaction for the synthesis of pyrrole-

2-carbaldehydes from -amino acid substrates. Interestingly, the free hydroxy functionality of 

amine 394, which would appear capable of cyclizing to form a five-membered lactone, was not 

observed to participate in any side reactions either during the Maillard-type reaction or in 

subsequent steps. The specific rotation of synthetic hemerocallisamine I (67) enabled revision 

of the absolute stereochemistry of natural hemerocallisamine I (67) from (2R,4R)-67 to  

(2S,4S)-67. This provides further evidence that L-allo--hydroxyglutamine is a major naturally-

occurring diastereomer of -hydroxyglutamine in Hemerocallis spp., which are a rich source 

of glutamine-derived natural products. 
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Reagents and conditions: a) AcCl, MeOH, , 8 h, 90%; b) Boc2O, Et3N, CH2Cl2, rt, 18 h, 95%; 

c) TBSCl, imidazole, DMF, 0 °C to rt, 18 h, 90%; d) RuO2·xH2O (20 mol%), NaIO4, H2O-

EtOAc (2:1), rt, 7 h, 90%; e) PMBNH2, H2O, rt, 30 min, 99%; f) TFA-CH2Cl2, (1:3), 0 °C, 

30 min, 70%; g) TsOH, pyridine, rt, 18 h, 37%; h) TsOH, CH2Cl2-MeOH (3:1), rt, 25 min, 

77%; i) DDQ, pH 7 aq phosphate buffer, CH2Cl2, rt, 6 h, 86%. 

Scheme 2.58. Overall synthesis of hemerocallisamine I (67). 
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3.1. General Methods 

 

Unless otherwise noted, all reactions were performed under an oxygen-free atmosphere of 

nitrogen using standard techniques. Anhydrous solvents were dried using an LC Technical  

SP-1 solvent purification system. Commercially available starting materials and all other 

reagents were used as received unless otherwise noted.  

 

Yields refer to chromatographically and spectroscopically (1H NMR) homogeneous materials, 

unless otherwise stated. Reactions performed at low temperature were cooled either with an 

acetone/dry ice bath to reach −78 °C, a brine/ice bath to reach −20 to −5 °C, or a water/ice bath 

to reach 0 °C. Reactions were monitored by thin layer chromatography (TLC) carried out on 

E. Merck silica gel plates using UV light as visualizing agent and an ethanolic solution of 

vanillin, potassium permanganate, 2,4-dinitrophenylhydrazine or ninhydrin and heat as 

developing agents. Kieselgel S 63–100 m (Riedel-de-Hahn) silica gel was used for flash 

column chromatography.  

 

NMR spectra were recorded at room temperature in CDCl3, D2O, CD3OD or (CD3)2CO on a 

Bruker DRX-300 spectrometer operating at 300 MHz for 1H nuclei and 75 MHz for 13C nuclei, 

a Bruker DRX-400 spectrometer operating at 400 MHz for 1H nuclei and 100 MHz for 13C 

nuclei, or a Bruker DRX-500 spectrometer operating at 500 MHz for 1H nuclei and 125 MHz 

for 13C nuclei. Chemical shifts are reported in parts per million (ppm) from tetramethylsilane 

( 0.00) and were calibrated relative to the signals of residual undeuterated solvent (CDCl3 

(7.26 ppm), D2O (4.79 ppm), CD3OD (3.31 ppm), (CD3)2CO (2.05 ppm)) or tetramethylsilane 

(0.00 ppm) for 1H NMR and the signals of deuterated solvent (CDCl3 (77.16 ppm), CD3OD 

(49.00 ppm) or (CD3)2CO (29.84 ppm)) for 13C NMR.217 1H NMR data are reported as position 

(), multiplicity (s = singlet, br s = broad singlet, d = doublet, dd = doublet of doublet, ddd = 

doublet of doublet of doublets, ddt = doublet of doublet of triplets, dt = doublet of triplet, t = 

triplet, td = triplet of doublets, q = quartet, ABq = AB quartet, m = multiplet), coupling constant 

(J Hz), relative integral, and structural assignment. 13C NMR are reported as position (), type 

and assignment of each carbon resonance. Structural assignments were achieved with the aid 

of COSY, edited HSQC, HMBC and NOESY experiments where required. Where 

distinguishable from those due to a major rotamer or diastereomer, resonances due to the minor 

rotamer or diastereomer are denoted by an asterisk (*). 
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Melting points were determined on a Kofler hot-stage apparatus. Optical rotations were 

measured with an Autopol® IV automatic polarimeter, using the Na-D line (589 nm), with the 

concentration of the solution measured in g/100 mL. Infrared (IR) spectra were recorded on a 

Perkin Elmer Spectrum 100 FT-IR spectrometer using a diamond ATR sampling accessory. 

Absorption maxima are expressed in wavenumbers (cm−1) and were recorded using a range of 

450–4000 cm−1. High-resolution mass spectra (HRMS) were obtained using a Bruker 

microTOF-Q II mass spectrometer operating at a nominal accelerating voltage of 70 eV using 

the ESIMS technique.  
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3.2. 5-Hydroxymethylpyrrole-2-carbaldehyde Library Synthesis 

3.2.1. Synthesis of Dihydropyranone 159 

2-(tert-Butyldimethylsilyl)oxymethylfuran (179) 

 

To a stirred solution of furfuryl alcohol (242) (6.0 g, 61 mmol) in DMF (40 mL) at 0 °C was 

added imidazole (4.6 g, 67 mmol) and TBSCl (10.1 g, 67.3 mmol). The reaction mixture was 

warmed to rt for 30 min before H2O (125 mL) was added. The reaction mixture was then 

extracted with EtOAc (3 × 70 mL) and the combined organic layers were dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. Purification by flash column chromatography 

(hexanes/EtOAc 30:1) afforded title compound 179 (12.3 g, 95%) as a colourless oil. 

Rf 0.70 (hexanes/EtOAc 4:1); 1H NMR (300 MHz, CDCl3):  7.37 (dd, J = 1.8, 0.8 Hz, 1H, 

H-5), 6.32 (dd, J = 3.2, 1.8 Hz, 1H, H-4), 6.23 (dd, J = 3.3, 0.7 Hz, 1H, H-3), 4.65 (s, 2H, 

CH2OTBS), 0.92 (s, 9H, (CH3)3CSi(CH3)2), 0.10 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR 

(75 MHz, CDCl3):  154.5 (C, C-2), 142.1 (CH, C-5), 110.3 (CH, C-4), 107.3 (CH, C-3), 58.3 

(CH2, CH2OTBS), 26.0 (3 × CH3, (CH3)3CSi(CH3)2), 18.6 (C, (CH3)3CSi(CH3)2), ‒5.1 (2 × 

CH3, (CH3)3CSi(CH3)2); The spectroscopic data were in agreement with those in the 

literature.218 

 

5-(tert-Butyldimethylsilyl)oxymethylfurfural (250) 

From furan 179 

 

To a stirred solution of furan 179 (4.58 g, 21.6 mmol) in THF (50 mL) at –78 °C was added  

n-BuLi (1.6 M in hexanes, 14.8 mL, 23.7 mmol) dropwise. The mixture was stirred at –78 °C 

for 90 min, then at 0 °C for 30 min. The reaction was cooled to –78 °C again and treated with 
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DMF (4.4 mL, 57 mmol) dropwise. The mixture was stirred at –78 °C for 1 h, then at rt for a 

further 30 min after which the reaction was quenched with H2O (100 mL) and diluted with 

EtOAc (100 mL). The organic layer was separated and the aqueous phase was extracted with 

EtOAc (2 × 100 mL). The combined organic layers were dried over anhydrous Na2SO4, filtered 

and concentrated in vacuo. Purification by flash column chromatography (hexanes/EtOAc 

20:1) afforded title compound 250 (4.92 g, 95 %) as a yellow oil. 

From D-Fructose (17) 

 

To a stirred solution of D-fructose (17) (21.6 g, 120 mmol) at room temperature was added 

oxalic acid dihydrate (1.50 g, 11.9 mmol) in DMSO (60 mL). The reaction mixture was heated 

at 150 °C for 6 h, then cooled to rt, diluted with water (150 mL) and the aqueous phase was 

extracted with EtOAc (4 × 150 mL). The combined organic extracts were washed with brine 

(2 × 75 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

extract was passed through a plug of silica, washing with EtOAc-petroleum ether (3:1) and the 

filtrate was concentrated in vacuo to afford crude 5-hydroxymethyl furfural (251) which was 

used directly in the next step. 

To a stirred solution of the above 5-hydroxymethyl furfural (251) in CH2Cl2 (240 mL) at 0 °C 

was added imidazole (9.10 g, 134 mmol) and TBSCl (19.7 g, 131 mmol) portionwise. The 

reaction mixture was allowed to warm to rt then stirred for 18 h. The reaction was quenched 

by the addition of sat. aq. NaHCO3 (120 mL) and the layers separated. The aqueous layer was 

extracted with CH2Cl2 (120 mL) and the combined organic layers were washed with brine 

(100 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. Purification by 

flash chromatography (hexanes-EtOAc 20:1) afforded the title compound 250 (26.4 g, 92% 

over two steps) as a colourless oil. 

Rf 0.48 (hexanes/EtOAc 4:1); 1H NMR (400 MHz, CDCl3):  9.58 (s, 1H, CHO), 7.19 (d, J = 

3.7 Hz, 1H, H-3), 6.46 (d, J = 3.6 Hz, 1H, H-4), 4.73 (s, 2H, CH2OTBS), 0.92 (s, 9H, 

(CH3)3CSi(CH3)2), 0.10 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  177.7 (CH, 

CHO), 161.6 (C, C-5), 152.4 (C, C-2), 122.5 (CH, C-3), 109.5 (CH, C-4), 58.7 (CH2, 

CH2OTBS), 25.9 (3  CH3, (CH3)3CSi(CH3)2), 18.5 (C, (CH3)3CSi(CH3)2), –5.2 (2  CH3, 
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(CH3)3CSi(CH3)2); The spectroscopic data were in agreement with those reported in the 

literature.219 

 

5-(tert-Butyldimethylsilyl)oxymethylfurfuryl alcohol (180) 

 

To a stirred solution of aldehyde 250 (11.4 g, 47.5 mmol) in MeOH (150 mL) at 0 °C was 

added NaBH4 (3.5 g, 93 mmol). After stirring at 0 °C for 15 min, the reaction mixture was 

quenched with H2O (10 mL) and the MeOH was removed in vacuo. The oily residue was 

partitioned between H2O (100 mL) and EtOAc (150 mL) and the aqueous layer was further 

extracted with EtOAc (2 × 150 mL). The combined organic layers were dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo to afford title compound 180 (11.2 g, 98%) as a 

colourless oil that was used without further purification. 

Rf 0.20 (hexanes/EtOAc 4:1); 1H NMR (400 MHz, CDCl3):  6.22 (d, J = 3.2 Hz, 1H, H-4), 

6.17 (d, J = 3.2 Hz, 1H, H-3), 4.62 (s, 2H, CH2OTBS), 4.57 (br s, 2H, CH2OH), 1.81 (br s, 1H, 

OH), 0.90 (s, 9H, (CH3)3CSi(CH3)2), 0.08 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, 

CDCl3):  154.6 (C, C-2 or C-5), 153.7 (C, C-5 or C-2), 108.6 (CH, C-3 or C-4), 108.1 (CH, 

C-4 or C-3), 58.4 (CH2, CH2OTBS), 57.8 (CH2, CH2OH), 26.0 (3  CH3, (CH3)3CSi(CH3)2), 

18.6 (C, (CH3)3CSi(CH3)2), –5.1 (2  CH3, (CH3)3CSi(CH3)2); The spectroscopic data were in 

agreement with those reported in the literature.220 

 

6-(tert-Butyldimethylsilyl)oxymethyl-6-hydroxy-2H-pyran-3(6H)-one (159) 

 

To a stirred solution of alcohol 180 (7.06 g, 29.1 mmol) in CH2Cl2 (230 mL) at 0 °C was added  

m-CPBA (6.44 g, 37.3 mmol). The mixture was warmed to rt over 30 min and stirred for 4 h. 
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The reaction was quenched by addition of satd aq Na2SO3 (200 mL), followed by neutralisation 

with 1 M aq NaOH to reach pH 7–8. The resultant mixture was extracted with CH2Cl2 (2 × 

150 mL) and the combined organic extracts were dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo to afford title compound 159 (6.47 g, 86 %) as a colourless solid. 

Rf 0.45 (hexanes/EtOAc 3:1); mp 82.3–84.6 °C (lit.98 mp 54–55 °C); 1H NMR (400 MHz, 

CDCl3):  6.79 (d, J = 10.3 Hz, 1H, H-5), 6.15 (d, J = 10.4 Hz, 1H, H-4), 4.36 (ABq, ΔAB = 

0.45, JAB = 16.9 Hz, 2H, H-2), 3.73 (ABq, ΔAB = 0.08, JAB = 10.2 Hz, 2H, CH2OTBS), 3.70 

(br s, 1H, OH), 0.93 (s, 9H, (CH3)3CSi(CH3)2), 0.12 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR 

(100 MHz, CDCl3):  195.2 (C, C-3), 145.9 (CH, C-5), 128.7 (CH, C-4), 92.6 (C, C-6), 68.0 

(CH2, C-2), 66.8 (CH2, CH2OTBS), 26.0 (3  CH3, (CH3)3CSi(CH3)2), 18.5 (C, 

(CH3)3CSi(CH3)2), –5.1 (CH3, (CH3)3CSi(CH3)2), –5.3 (CH3, (CH3)3CSi(CH3)2; The 

spectroscopic data were in agreement with those reported in the literature.98 

 

3.2.2. Synthesis of Maillard-Type Products 

General procedure A – synthesis of pyrrole-2-carbaldehydes 160 using amine 

hydrochloride salts 108: 

 

To a stirred solution of dihydropyranone 159 (1 equiv) in pyridine (0.1 M) at rt was added 

amine hydrochloride salt 108 (2 equiv). The resultant mixture was heated to 50 °C for 18 h, 

then concentrated in vacuo. The crude mixture was purified by flash chromatography to afford 

pyrrole-2-carbaldehyde 160. 
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General procedure B – synthesis of pyrrole-2-carbaldehydes 160 using amine 

hydrochloride salts 108: 

 

To a stirred solution of dihydropyranone 159 (1 equiv) in pyridine (1 M) at rt was added amine 

hydrochloride salt 108 (1 equiv). The resultant mixture was heated to 50 °C for 1 h, then 

concentrated in vacuo. The crude mixture was purified by flash chromatography to afford 

pyrrole-2-carbaldehyde 160. 

 

General procedure C – synthesis of pyrrole-2-carbaldehydes 160 using free amines 108: 

 

To a stirred solution of dihydropyranone 159 (1 equiv) in pyridine (0.1 M) at rt was added 

amine 108 (2 equiv), followed by TsOH (2 equiv). The resultant mixture was heated to 50 °C 

for 18 h, then concentrated in vacuo. The crude oil obtained was purified by flash 

chromatography to afford pyrrole-2-carbaldehyde 160. 

 

Methyl 2-(5-(tert-butyldimethylsilyl)oxymethyl-2-formyl-1H-pyrrol-1-yl)acetate (253) 

 

To a stirred solution of glycine methyl ester hydrochloride (252) (290 mg, 2.31 mmol) in THF 

(4 mL) was added pH 6.5 aqueous AcOH/AcONa buffer (4 mL), resulting in a mixture that 

was approximately pH 5. To this mixture was added dihydropyranone 159 (300 mg, 
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1.16 mmol) and the reaction was stirred at 50 °C for 3 h. The reaction mixture was diluted with 

H2O and the separated aqueous phase was extracted with EtOAc (3 × 20 mL). The combined 

organic phases were washed with brine (30 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo The resultant oil was purified by flash chromatography (hexanes/EtOAc 

4:1 → 1:1) to afford title compound 253 (197 mg, 55%) as a pale yellow oil. 

Rf 0.55 (hexanes/EtOAc, 2:1); IR (neat) max: 2954, 2857, 2361, 1758, 1659, 1463, 1361, 1251, 

1204, 1070, 835 cm−1; 1H NMR (300 MHz, CDCl3):  9.48 (s, 1H, CHO), 6.88 (d, J = 3.9 Hz, 

1H, H-3′), 6.16 (d, J = 4.0 Hz, 1H, H-4′), 5.23 (s, 2H, H-2), 4.64 (s, 2H, CH2OTBS), 3.73 (s, 

3H, OCH3), 0.87 (s, 9H, (CH3)3CSi(CH3)2), 0.04 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR 

(75 MHz, CDCl3):  179.9 (CH, CHO), 169.1 (C, C-1), 141.7 (C, C-5′), 132.8 (C, C-2′), 124.1 

(CH, C-3′), 110.1 (CH, C-4′), 57.4 (CH2, CH2OTBS), 52.4 (CH3, OCH3), 47.2 (CH2, C-2), 25.8 

(3 × CH3, (CH3)3CSi(CH3)2), 18.3 (C, (CH3)3CSi(CH3)2), −5.4 (2 × CH3, (CH3)3CSi(CH3)2); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C15H25NNaO4Si 334.1445; Found 334.1454. 

 

Methyl (S)-2-(5-(tert-butyldimethylsilyl)oxymethyl-2-formyl-1H-pyrrol-1-yl)propanoate 

(259) 

 

Prepared from methyl L-alanine hydrochloride (324 mg, 2.32 mmol) following general 

procedure A. Yield: 208 mg, 55%, colourless oil. 

Rf 0.43 (hexanes/EtOAc 3:1); IR (neat) νmax: 2953, 1748, 1663, 1452, 1193, 1043 cm−1;  

[]D
20 −78.5 (c 1.00, CHCl3); 1H NMR (400 MHz, CDCl3):  9.40 (s, 1H, CHO), 6.93 (d, J = 

3.9 Hz, 1H, H-3′), 6.17 (d, J = 3.9 Hz, 1H, H-4′), 5.37 (br s, 1H, H-2), 4.67 (ABq, ΔAB = 0.05, 

JAB = 13.4 Hz, 2H, CH2OTBS), 3.69 (s, 3H, OCH3), 1.71 (d, J = 7.2 Hz, 3H, H-3), 0.88 (s, 9H, 

(CH3)3CSi(CH3)2), 0.074 (s, 3H, (CH3)3CSi(CH3)2), 0.068 (s, 3H, (CH3)3CSi(CH3)2);  

13C NMR (100 MHz, CDCl3):  178.9 (CH, CHO), 170.8 (C, C-1), 141.8 (C, C-5′), 132.3 (C, 

C-2′), 125.4 (CH, C-3′), 110.1 (CH, C-4′), 57.5 (CH2, CH2OTBS), 54.8 (CH, C-2), 52.6 (CH3, 

OCH3), 25.8 (3 × CH3, (CH3)3CSi(CH3)2), 18.3 (C, (CH3)3CSi(CH3)2), 17.9 (CH3, C-3), −5.18 
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(CH3, (CH3)3CSi(CH3)2), −5.22 (CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ 

Calcd for C16H27NNaO4Si 348.1602; Found 348.1590. 

 

Methyl (S)-2-(5-(tert-butyldimethylsilyl)oxymethyl-2-formyl-1H-pyrrol-1-yl)-3-

phenylpropanoate (260) 

 

Prepared from L-phenylalanine methyl ester hydrochloride (332 mg, 1.55 mmol) following 

general procedure A. Yield: 116 mg, 37%, yellow oil. 

Rf 0.45 (hexanes/EtOAc 3:1); IR (neat) νmax: 2952, 2929, 2857, 1744, 1660, 1450, 1364, 1246, 

1067, 834, 777, 700 cm−1; []D
20 +27.5 (c 0.86, CHCl3); 1H NMR (400 MHz, CDCl3):  9.48 

(s, 1H, CHO), 7.17–7.13 (m, 3H, H-2′′, H-4′′ and H-6′′), 6.97 (d, J = 4.0 Hz, 1H, H-3′), 6.82–

6.80 (m, 2H, H-3′′ and H-5′′), 5.99 (d, J = 3.9 Hz, 1H, H-4′), 5.26 (br s, 1H, H-2), 4.04–4.01 

(m, 1H, CH2OTBS), 3.70 (s, 3H, OCH3), 3.63–3.60 (m, 1H, CH2OTBS), 3.52 (ABX, AB = 

0.44, JAB = 14.1 Hz, JAX = 11.4 Hz, JBX = 3.3 Hz, 2H, H-3), 0.81 (s, 9H, (CH3)3CSi(CH3)2), 

−0.02 (s, 3H, (CH3)3CSi(CH3)2), −0.09 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, 

CDCl3):  178.9 (CH, CHO), 169.6 (C, C-1), 143.5 (C, C-5′), 138.0 (C, C-1′′), 132.2 (C, C-2′), 

129.2 (2 × CH, C-3′′ and C-5′′), 128.6 (2 × CH, C-2′′ and C-6′′), 127.0 (CH, C-4′′), 126.0 (CH, 

C-3′), 109.3 (CH, C-4′), 61.5 (CH, C-2), 57.2 (CH2, CH2OTBS), 52.6 (CH3, OCH3), 38.3 (CH2, 

C-3), 25.7 (3 × CH3, (CH3)3CSi(CH3)2), 18.1 (C, (CH3)3CSi(CH3)2), −5.2 (CH3, 

(CH3)3CSi(CH3)2), −5.5 (CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd 

for C22H31NNaO4Si 424.1915; Found 424.1906. 
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Dimethyl (S)-2-(5-(tert-butyldimethylsilyl)oxymethyl)-2-formyl-1H-pyrrol-1-yl)succinate 

(261) 

 

Prepared from dimethyl L-aspartate hydrochloride (1.25 g, 7.74 mmol) following general 

procedure A. Yield: 794 mg, 54%, colourless oil. 

Prepared from dimethyl L-aspartate hydrochloride (38.0 mg, 0.194 mmol) according to the 

general procedure B. Yield: 39 mg, 53%, colourless oil. 

Rf 0.38 (hexanes/EtOAc 3:1); IR (neat) νmax: 2955, 1739, 1660, 1437, 1364, 1257, 1067, 

836 cm−1; []D
20 −6.5 (c 0.89, CHCl3); 1H NMR (500 MHz, CDCl3):  9.37 (s, 1H, CHO), 

6.95 (d, J = 4.1 Hz, 1H, H-3′), 6.17 (d, J = 4.0 Hz, 1H, H-4′), 5.69 (br s, 1H, H-2), 4.82 (ABq,  

ΔAB = 0.23, JAB = 13.3 Hz, 2H, CH2OTBS), 3.66 (s, 3H, 1-OCH3), 3.63 (s, 3H, 4-OCH3), 3.29 

(ABX, ΔAB = 0.57 JAB = 17.7 Hz, JAX = 8.0 Hz, JBX = 5.2 Hz, 2H, H-3), 0.86 (s, 9H, 

(CH3)3CSi(CH3)2), 0.10 (s, 3H, (CH3)3CSi(CH3)2), 0.05 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR 

(125 MHz, CDCl3):  178.8 (CH, CHO), 171.7 (C, C-4), 169.3 (C, C-1), 143.3 (C, C-5′), 132.1 

(C, C-2′), 126.0 (CH, C-3′), 110.0 (CH, C-4′), 57.6 (CH2, CH2OTBS), 55.5 (CH, C-2), 52.8 

(CH3, 1-OCH3), 52.0 (CH3, 4-OCH3), 37.3 (CH2, C-3), 25.8 (3 × CH3, (CH3)3CSi(CH3)2), 18.2 

(C, (CH3)3CSi(CH3)2), −5.22 (CH3, (CH3)3CSi(CH3)2), −5.38 (CH3, (CH3)3CSi(CH3)2); HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C18H29NNaO6Si 406.1656; Found 406.1672. 
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Dimethyl (S)-2-(5-(tert-butyldimethylsilyl)oxymethyl)-2-formyl-1H-pyrrol-1-

yl)pentanedioate (262) 

 

Prepared from dimethyl L-glutamate hydrochloride (407 mg, 2.32 mmol) following general 

procedure A. Yield: 194 mg, 42%, colourless oil. 

Rf 0.40 (petroleum ether/EtOAc 3:1); IR (neat) νmax: 2954, 2858, 1742, 1665, 1450, 1366, 

1258, 1072, 838, 780 cm−1; []D
20 +30.8 (c 2.88, CHCl3); 1H NMR (400 MHz, CDCl3):  9.37 

(s, 1H, CHO), 6.94 (d, J = 3.8 Hz, 1H, H-4′), 6.18 (d, J = 3.8 Hz, 1H, H-3′), 5.26 (br s, 1H,  

H-2), 4.63 (ABq, ΔAB = 0.04, JAB = 13.8 Hz, 2H, CH2OTBS), 3.66 (s, 3H, 1-OCH3), 3.60 (s, 

3H, 5-OCH3), 2.78–2.69 (m, 1H, Ha-3), 2.42–2.32 (m, 1H, Hb-3), 2.30–2.15 (m, 2H, H-4), 0.85 

(s, 9H, (CH3)3CSi(CH3)2), 0.08 (s, 3H, (CH3)3CSi(CH3)2), 0.03 (s, 3H, (CH3)3CSi(CH3)2);  

13C NMR (100 MHz, CDCl3):  178.9 (CH, CHO), 173.1 (C, C-5), 169.9 (C, C-1), 142.8 (C, 

C-5′), 132.4 (C, C-2′), 125.9 (CH, C-3′), 110.2 (CH, C-4′), 57.9 (CH, C-2), 57.5 (CH2, 

CH2OTBS), 52.5 (CH3, 1-OCH3), 51.7 (CH3, 5-OCH3), 30.7 (CH2, C-4), 27.0 (CH2, C-3), 25.8 

(3 × CH3, (CH3)3CSi(CH3)2), 18.2 (C, (CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)3CSi(CH3)2), −5.4 

(CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C19H31NNaO6Si 

420.1813; Found 420.1819. 
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Methyl (S)-5-amino-2-(5-(tert-butyldimethylsilyl)oxymethyl)-2-formyl-1H-pyrrol-1-yl)-

5-oxopentanoate (263) 

 

Prepared from methyl L-glutamine ester hydrochloride (168 mg, 0.852 mmol) following 

general procedure A. Yield: 89 mg, 55%, yellow solid. 

Rf 0.50 (petroleum ether/EtOAc 3:1); mp 63.2–65.1 °C; IR (neat) νmax: 3397, 2938, 2855, 1683, 

1667, 1655, 1450, 1303, 1049 cm−1; []D
26 −58.7 (c 0.91, CHCl3); 1H NMR (400 MHz, 

CDCl3):  9.35 (s, 1H, CHO), 6.98 (d, J = 4.0 Hz, 1H, H-3′), 6.20 (d, J = 4.0 Hz, 1H, H-4′), 

5.18 (dd, J = 12.0, 6.2 Hz, 1H, H-2), 4.73 (ABq, AB = 0.10, JAB = 13.4 Hz, 2H, CH2OTBS), 

3.22 (s, 3H, CO2CH3), 2.96–2.90 (m, 1H, Ha-4), 2.75–2.63 (m, 2H, Hb-4 and Ha-3), 2.19–2.14 

(m, 1H, Hb-3), 0.88 (s, 9H, (CH3)3CSi(CH3)2), 0.11 (s, 3H, (CH3)3CSi(CH3)2), 0.06 (s, 3H, 

(CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  178.8 (CH, CHO), 171.2 (C, C-1 or C-5), 

169.7 (C, C-5 or C-1), 142.2 (C, C-5′), 132.1 (C, C-2′), 125.9 (CH, C-3′), 110.3 (CH, C-4′), 

57.62 (CH or CH2, C-2 or CH2OTBS), 57.58 (CH2 or CH, CH2OTBS or C-2), 32.0 (CH2,  

C-4), 27.1 (CH3, CO2CH3), 25.9 (3 × CH3, (CH3)3CSi(CH3)2), 24.5 (CH2, C-3), 18.3 (C, 

(CH3)3CSi(CH3)2), −5.1 (CH3, (CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)CSi(CH3)2); HRMS The 

molecular ion C18H30N2NaO5Si was not detected. A major fragment ion was observed arising 

from loss of H2O [(ESI/Q-TOF) m/z: [M−H2O+Na]+ Calcd for C18H28N2NaO4Si 387.1711; 

Found 387.1712]. 
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Methyl (S)-2-(5-(tert-butyldimethylsilyl)oxymethyl)-2-formyl-1H-pyrrol-1-yl)-3-(4-

hydroxyphenyl)-propanoate (264) 

 

Prepared from methyl L-tyrosine ester hydrochloride (180 mg, 0.774 mmol) following general 

procedure A. Yield: 38 mg, 30%, colourless oil. 

Prepared from methyl L-tyrosine ester hydrochloride (45 mg, 0.194 mmol) following general 

procedure B. Yield: 28 mg, 35%, colourless oil. 

Rf 0.35 (petroleum ether/EtOAc 3:1); IR (neat) νmax: 3355, 2954, 2858, 1736, 1636, 1516, 

1447, 1235, 1038 cm−1; []D
26 +93.5 (c 3.73, MeOH); 1H NMR (400 MHz, CDCl3):  9.45 (s, 

1H, CHO), 6.97 (d, J = 4.0 Hz, 1H, H-3′), 6.66–6.61 (m, 4H, H-2′′, H-3′′, H-5′′ and H-6′′), 6.00 

(d, J = 3.9 Hz, 1H, H-4′), 5.20 (br s, 1H, H-2), 4.08 (d, J = 13.3 Hz, 1H, CH2OTBS), 3.72–3.63 

(m, 5H, CO2CH3, CH2OTBS and Ha-3), 3.22 (dd, J = 14.3, 11.4 Hz, 1H, Hb-3), 0.81 (s, 9H, 

(CH3)3CSi(CH3)2), −0.02 (s, 3H, (CH3)3CSi(CH3)2), −0.08 (s, 3H, (CH3)3CSi(CH3)2);  

13C NMR (100 MHz, CDCl3):  178.9 (CH, CHO), 169.7 (C, C-1), 154.9 (C, C-4′′), 143.7 (C, 

C-5′), 132.2 (C, C-2′), 130.3 (2 × CH, C-2′′ and C-6′′), 126.1 (CH, C-3′), 124.2 (C, C-1′′), 115.6 

(2 × CH, C-3′′ and C-5′′), 109.4 (CH, C-4′), 61.7 (CH, C-2), 57.3 (CH2, CH2OTBS), 52.6 (CH3, 

CO2CH3), 37.3 (CH2, C-3), 25.7 (3 × CH3, (CH)3CSi(CH3)2), 18.2 (C, (CH)3CSi(CH3)2), −5.2 

(CH3, (CH)3CSi(CH3)2), −5.5 (CH3, (CH)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ 

Calcd for C22H31NNaO5Si 440.1864; Found 440.1857. 
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Methyl (S)-2-(5-(tert-butyldimethylsilyl)oxymethyl)-2-formyl-1H-pyrrol-1-yl)-3-

hydroxypropanoate (265) 

 

Prepared from methyl L-serine ester hydrochloride (241 mg, 1.55 mmol) following general 

procedure A. Yield: 80.5 mg, 30%, colourless oil. 

Rf 0.28 (hexanes/EtOAc 3:1); IR (neat) νmax: 3395, 2954, 2857, 1742, 1656, 1450, 1251 cm−1; 

[]D
22 −1.1 (c 0.36, CHCl3); 1H NMR (400 MHz, CDCl3):  9.39 (s, 1H, CHO), 6.97 (d, J = 

4.0 Hz, 1H, H-3′), 6.22 (d, J = 4.0 Hz, 1H, H-4′), 5.38 (br s, 1H, H-2), 4.72 (ABq, AB = 0.05, 

JAB = 13.3 Hz, 2H, CH2OTBS), 4.41 (dd, J = 11.0, 6.1 Hz, 1H, Ha-3), 3.99–3.93 (m, 1H,  

Hb-3), 3.71 (s, 3H, CO2CH3), 0.89 (s, 9H, (CH3)3CSi(CH3)2), 0.12 (s, 3H, (CH3)3CSi(CH3)2), 

0.09 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  179.3 (CH, CHO), 169.4 (C, 

C-1), 142.6 (C, C-5′), 132.6 (C, C-2′), 125.8 (CH, C-3′), 110.6 (CH, C-4′), 63.1 (CH2, C-3), 

60.4 (CH, C-2), 57.5 (CH2, CH2OTBS), 52.6 (CH3, CO2CH3), 25.8 (3 × CH3, 

(CH3)3CSi(CH3)2), 18.3 (C, (CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)3CSi(CH3)2), −5.3 (CH3, 

(CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C16H27NNaO5Si 364.1561; 

Found 364.1549. 

 

5-(tert-Butyldimethylsilyl)oxymethyl-1-methyl-1H-pyrrole-2-carbaldehyde (267) 

 

Prepared from methylamine hydrochloride (266) (196 mg, 2.90 mmol) following general 

procedure A. Yield: 85 mg, 58%, pale yellow oil. 

Rf 0.70 (petroleum ether/EtOAc 3:1); IR (neat) max: 2929, 2857, 1663, 1473, 1360, 1255, 

1068, 837 cm−1; 1H NMR (500 MHz, CDCl3):  9.51 (s, 1H, CHO), 6.82 (d, J = 4.0 Hz, 1H, 

H-3), 6.13 (d, J = 4.0 Hz, 1H, H-4), 4.67 (s, 2H, CH2OTBS), 3.96 (s, 3H, NCH3), 0.89 (s, 9H, 
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(CH3)3CSi(CH3)2), 0.05 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (125 MHz, CDCl3):  179.9 (CH, 

CHO), 142.1 (C, C-5), 132.9 (C, C-2), 123.7 (CH, C-3), 109.8 (CH, C-4), 57.4 (CH2, 

CH2OTBS), 33.0 (CH3, NCH3), 25.9 (3 × CH3, (CH3)3CSi(CH3)2), 18.3 (C, (CH3)3CSi(CH3)2), 

−5.3 (2 × CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for 

C13H23NNaO2Si 276.1390; Found 276.1391. 

 

1-Benzyl-5-((tert-butyldimethylsilyl)oxymethyl)-1H-pyrrole-2-carbaldehyde (269) 

 

Prepared from benzylamine (268) (127 L, 1.16 mmol) following general procedure C. Yield: 

98 mg, 51%, pale yellow oil. 

Rf 0.66 (petroleum ether/EtOAc 3:1); IR (neat) νmax: 2929, 2956, 2857, 2344, 1665, 1463, 

1365, 1254, 1071, 837, 778 cm−1; 1H NMR (400 MHz, CDCl3):  9.53 (s, 1H, CHO),  

7.29–7.19 (m, 3H, H-3′′, H-4′′ and H-5′′), 6.98 (d, J = 7.1 Hz, 2H, H-3′′ and H-7′′), 6.93 (d,  

J = 4.0 Hz, 1H, H-3), 6.24 (d, J = 4.0 Hz, 1H, H-4), 5.72 (s, 2H, H-1′), 4.57 (s, 2H, CH2OTBS), 

0.86 (s, 9H, (CH3)3CSi(CH3)2), 0.01 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3): 

 179.6 (CH, CHO), 142.6 (C, C-5), 138.0 (C, C-1′′), 132.7 (C, C-2), 128.7 (2 × CH, C-3′′ and 

C-5′′), 127.3 (CH, C-4′′), 126.3 (2 × CH, C-2′′ and C-6′′), 124.3 (CH, C-3), 110.3 (CH, C-4), 

57.6 (CH2, CH2OTBS), 48.7 (CH2, C-1′), 25.9 (3 × CH3, (CH3)3CSi(CH3)2), 18.4 (C, 

(CH3)3CSi(CH3)2), −5.3 (2 × CH2, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ 

Calcd for C19H27NNaO2Si 352.1703; Found 352.1706. 
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5-((tert-Butyldimethylsilyl)oxymethyl)-1-(4-hydroxyphenethyl)-1H-pyrrole-2-

carbaldehyde (271) 

 

Prepared from tyramine hydrochloride (270) (300 mg, 1.73 mmol) following general procedure 

A, however the reaction was performed at rt. Yield: 222 mg, 72%, pale brown solid. 

Rf 0.39 (petroleum ether/EtOAc 3:1); mp 100.5–102.1 °C; IR (neat) νmax: 3240, 2927, 2856, 

1738, 1647, 1596, 1518, 1457, 1365, 1240, 1177, 1060, 833, 772 cm−1; 1H NMR (400 MHz, 

CDCl3):  9.51 (s, 1H, CHO), 7.00 (d, J = 8.5 Hz, 2H, H-2′′ and H-6′′), 6.91 (d, J = 4.0 Hz, 1H, 

H-3), 6.78 (d, J = 8.4 Hz, 2H, H-3′′ and H-5′′), 6.13 (d, J = 4.0 Hz, 1H, H-4), 4.49 (dd, J = 8.9, 

6.4 Hz, 2H, H-1′), 4.38 (s, 2H, CH2OTBS), 2.96 (dd, J = 9.0, 6.5 Hz, 2H, H-2′′), 0.89 (s, 9H, 

(CH3)3CSi(CH3)2), 0.05 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  179.5 (CH, 

CHO), 155.0 (C, C-4′′), 142.8 (C, C-5), 132.0 (C, C-2), 130.4 (C, C-1′′), 130.3 (2 × CH, C-2′′ 

and C-6′′), 125.1 (CH, C-3), 115.6 (2 × CH, C-3′′ and C-5′), 110.0 (CH, C-4), 57.3 (CH2, 

CH2OTBS), 48.0 (CH2, C-1′), 36.9 (CH2, C-2′), 26.0 (3 × CH3, (CH3)3CSi(CH3)2), 18.4 (C, 

(CH3)3CSi(CH3)2), −5.2 (2 × CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ 

Calcd for C20H29NNaO3Si 382.1809; Found 382.1810. 

 

(S)-5-((tert-Butyldimethylsilyl)oxymethyl)-1-(2-oxotetrahydrofuran-3-yl)-1H-pyrrole-2-

carbaldehyde (272) 

 

Prepared from L-homoserine lactone hydrochloride (143) (366 mg, 2.66 mmol) following 

general procedure A. Yield: 287 mg, 67%, colourless solid. 
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Rf 0.23 (hexanes/EtOAc 3:1); mp 104.2–105.8 °C; IR (neat) νmax: 2954, 2857, 1786, 1662, 

1452, 1256, 1175, 1071, 1029, 834, 779 cm−1; []D
22 −129.8 (c 1.11, CHCl3); 1H NMR 

(400 MHz, CDCl3):  9.44 (s, 1H, CHO), 6.98 (d, J = 3.9 Hz, 1H, H-3), 6.20 (d, J = 4.0 Hz, 

1H, H-4), 5.34 (br s, 1H, H-3′), 4.79–4.67 (m, 3H, CH2OTBS, Ha-5′), 4.42–4.36 (m, 1H,  

Hb-5′), 2.75–2.62 (m, 2H, H-4′), 0.89 (s, 9H, (CH3)3CSi(CH3)2), 0.10 (s, 3H, (CH3)3CSi(CH3)2), 

0.05 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  179.3 (CH, CHO), 172.6 (C, 

C-2′), 142.6 (C, C-5), 131.9 (C, C-2), 125.7 (CH, C-3), 110.5 (CH, C-4), 65.5 (CH2, C-5′), 57.6 

(CH2, CH2OTBS), 55.0 (CH, C-3′), 28.7 (CH2, C-4′), 25.9 (3 × CH3, (CH3)3CSi(CH3)2), 18.3 

(C, (CH3)3CSi(CH3)2), −5.1 (CH3, (CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)3CSi(CH3)2); HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C16H25NNaO4Si 346.1445; Found 346.1434. 

 

1,2:3,4-Di-O-isopropylidene-α-D-galactopyranose (275) 

 

To a solution of D-galactose (16) (3.00 g, 16.7 mmol) in acetone (60 mL) at rt was added ZnCl2 

(3.06 g, 22.4 mmol), P4O10 (600 mg, 2.11 mmol) and H3PO4 (1.20 g, 12.2 mmol) sequentially. 

The reaction mixture was stirred for 18 h, then neutralised with satd aq Na2CO3 to pH 7–8. The 

resultant suspension was filtered and the filter cake was washed with acetone (60 mL). The 

filtrate was concentrated in vacuo to remove acetone, then the aqueous layer was extracted with 

Et2O (3 × 50 mL). The combined organic extracts were dried over anhydrous Na2SO4, filtered 

and concentrated in vacuo to afford title compound 275 (3.40 g, 79%) as a yellow oil, which 

was used without further purification. 

Rf 0.45 (petroleum ether/EtOAc 1:2); []D
22 −48.7 (c 1.94, CHCl3), (lit.

221 []D
29 −57.1 (c 1.2, 

CHCl3)); 1H NMR (400 MHz, CDCl3):  5.56 (d, J = 5.0 Hz, 1H, H-1), 4.61 (dd, J = 7.9, 

2.3 Hz, 1H, H-3), 4.33 (dd, J = 5.0, 2.4 Hz, 1H, H-2), 4.27 (d, J = 7.9 Hz, 1H, H-4), 3.89–3.68 

(m, 3H, H-5 and H-6), 1.69 (br s, 1H, OH), 1.53 (s, 3H, C(CH3)2), 1.45 (s, 3H, C(CH3)2), 1.33 

(s, 6H, C(CH3)2); 13C NMR (100 MHz, CDCl3):  109.6 (C, C(CH3)2), 108.8 (C, C(CH3)2), 

96.4 (C, C-1), 71.8 (CH, C-2), 70.9 (CH, C-4), 70.7 (CH, C-3), 68.2 (CH, C-5), 62.5 (CH2,  
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C-6), 26.2 (CH3, C(CH3)2), 26.1 (CH3, C(CH3)2), 25.1 (CH3, C(CH3)2), 24.4 (CH3, C(CH3)2); 

The spectroscopic data were in agreement with those reported in the literature.136 

 

1,2;3,4-Di-O-isopropylidene-6-O-tosyl-α-D-galactopyranose (276) 

 

To a solution of alcohol 275 (3.40 g, 13.1 mmol) in CH2Cl2 (36 mL) at rt was added TsCl 

(2.99 g, 15.7 mmol) and Et3N (2.7 mL, 2.0 mmol). The reaction mixture was stirred for 36 h 

then diluted with satd aq NaHCO3 (100 mL) and the aqueous layer was extracted with CH2Cl2 

(2 × 60 mL). The combined organic layers were washed with 1 M aq HCl (30 mL), brine 

(30 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The resultant oil 

was purified by flash chromatography (petroleum ether/EtOAc 8:1 → 3:1) to afford title 

compound 276 (3.84 g, 71%) as a colourless foam. 

Rf 0.22 (petroleum ether/EtOAc 8:1); []D
22 −51.7 (c 1.94, CHCl3), (lit.

222 []D −64.2 (c 1.0, 

CHCl3)); 1H NMR (400 MHz, CDCl3):  7.80 (d, J = 8.3 Hz, 2H, SO2C6H4CH3), 7.32 (d, J = 

8.1 Hz, 2H, SO2C6H4CH3), 5.44 (d, J = 4.9 Hz, 1H, H-1), 4.58 (dd, J = 7.9, 2.5 Hz, 1H, H-3), 

4.28 (dd, J = 5.2, 2.7 Hz, 1H, H-2), 4.21–4.17 (m, 2H, H-4, Ha-6), 4.12–4.02 (m, 2H, H-5,  

Hb-6), 2.43 (s, 3H, SO2C6H4CH3), 1.49 (s, 3H, C(CH3)2), 1.33(s, 3H, C(CH3)2), 1.30 (s, 3H, 

C(CH3)2), 1.27 (s, 3H, C(CH3)2); 13C NMR (100 MHz, CDCl3):  144.9 (C, SO2C6H4CH3), 

133.0 (C, SO2C6H4CH3), 129.9 (2 × CH, SO2C6H4CH3), 128.2 (2 × CH, SO2C6H4CH3), 109.7 

(C, C(CH3)2), 109.1 (C, C(CH3)2), 96.3 (CH, C-1), 70.7 (CH, C-2, C-3 or C-4), 70.54 (CH,  

C-2, C-3 or C-4), 70.51 (CH, C-2, C-3 or C-4), 68.3 (CH2, C-6), 66.0 (CH, C-5), 26.1 (CH3, 

C(CH3)2), 25.9 (CH3, C(CH3)2), 25.0 (CH3, C(CH3)2), 24.5 (CH3, C(CH3)2), 21.7 (CH3, 

SO2C6H4CH3); The spectroscopic data were in agreement with those reported in the 

literature.222  
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6-Amino-6-deoxy-1,2:3,4-di-O-isopropylidene-α-D-galactopyranose (273) 

 

To a stirred solution of tosylate 276 (4.48 g, 10.8 mmol) in DMF (54 mL) was added NaN3 

(2.81 g, 43.2 mmol) and the reaction mixture was heated at 125 °C for 18 h. The reaction 

mixture was allowed to cool to rt, then diluted with water (150 mL) and the aqueous layer was 

extracted with Et2O (3 × 50 mL). The combined organic extracts were washed with satd aq 

NaHCO3 (40 mL), water (40 mL) and brine (40 mL), dried over anhydrous Na2SO4, filtered 

and concentrated in vacuo to afford crude azide 420 (2.08 g), which was used without further 

purification. 

To a solution of the azide 420 prepared above in THF (14 mL) at rt was added PPh3 (2.23 g, 

8.50 mmol) followed by H2O (5 drops). The reaction mixture was stirred for 48 h then 

concentrated in vacuo. The crude oil was purified by flash chromatography 

(CH2Cl2/MeOH/NH4OH 20:1:0.1 → 10:1:0.1) to afford title compound 276 (1.86 g, 68% over 

two steps) as a colourless oil. 

Rf 0.55 (CH2Cl2/MeOH/NH4OH 9:1:0.1); []D
21 −99.4 (c 1.04, CHCl3), (lit.223 []D −53.1 

(c 1.03, CHCl3)); 1H NMR (400 MHz, CDCl3)  5.55 (d, J = 5.1 Hz, 1H, H-1), 4.59 (dd, J = 

7.9, 2.2 Hz, 1H, H-3), 4.31 (dd, J = 5.0, 2.4 Hz, 1H, H-2), 4.22 (dd, J = 7.9, 1.8 Hz, 1H, H-4), 

3.69 (ddd, J = 7.7, 5.3, 2.0 Hz, 1H, H-5), 2.90 (ABX, AB = 0.12, JAB = 13.2 Hz, JAX = 7.7 Hz, 

JBX = 4.9 Hz, 2H, H-6), 1.53 (s, 3H, C(CH3)2), 1.44 (s, 3H, C(CH3)2), 1.330 (s, 3H, C(CH3)2), 

1.328 (s, 3H, C(CH3)2), 1.31 (br s, 2H, NH2); 13C NMR (100 MHz, CDCl3)  109.3 (C, 

C(CH3)2), 108.6 (C, C(CH3)2), 96.6 (CH, C-1), 71.9 (CH, C-2), 71.0 (CH, C-3 or C-4), 70.8 

(CH, C-4 or C-3), 69.6 (CH, C-5), 42.5 (CH2, C-6), 26.2 (CH3, C(CH3)2), 26.1 (CH3, C(CH3)2), 

25.1 (CH3, C(CH3)2), 24.5 (CH3, C(CH3)2).  The spectroscopic data were in agreement with 

those reported in the literature.137 
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6-(5-((tert-Butyldimethylsilyl)oxymethyl)-2-formyl-1H-pyrrol-1-yl)-1,2;3,4-di-O-

isopropylidene-α-D-galactopyranose (274) 

 

Prepared from amine 273 (400 mg, 1.54 mmol) following general procedure C. Yield: 248 mg, 

67%, pale yellow oil. 

Rf 0.45 (petroleum ether/EtOAc 8:1); IR (neat) νmax 2978, 2932, 1656, 1463, 1373, 1253, 

1067 cm−1; []D
21 +6.1 (c 0.64, CHCl3); 1H NMR (400 MHz, CDCl3): δ 9.46 (s, 1H, CHO), 

6.89 (d, J = 4.0 Hz, 1H, H-3′), 6.17 (d, J = 4.0 Hz, 1H, H-4′), 5.41 (d, J = 5.0 Hz, 1H, H-1), 

4.77 (ABq, AB = 0.18, JAB = 13.3 Hz, 2H, CH2OTBS), 4.66–4.59 (m, 2H, H-3 and Ha-6), 

4.37–4.29 (m, 2H, H-4 and Hb-6), 4.25 (dd, J = 5.0, 2.3 Hz, 1H, H-2), 4.10–4.07 (m, 1H, H-5), 

1.49 (s, 3H, C(CH3)2), 1.36 (s, 3H, C(CH3)2), 1.29 (s, 3H, C(CH3)2), 1.23 (s, 3H, C(CH3)2), 

0.91 (s, 9H, (CH3)3CSi(CH3)2), 0.10 (s, 3H, (CH3)3CSi(CH3)2), 0.05 (s, 3H, (CH3)3CSi(CH3)2); 

13C NMR (100 MHz, CDCl3): δ 179.2 (CH, CHO), 144.4 (C, C-5′), 132.0 (C, C-2′), 125.3 

(CH, C-3′), 109.7 (CH, C-4′), 109.5 (C, C(CH3)2), 108.8 (C, C(CH3)2), 96.4 (CH, C-1), 71.8 

(CH, C-4), 71.1 (CH, C-3), 70.7 (CH, C-2), 68.6 (CH, C-5), 57.9 (CH2, CH2OTBS), 46.5 (CH2, 

C-6), 26.2 (CH3, C(CH3)2), 26.0 (3 × CH3, (CH3)3CSi(CH3)2), 25.9 (CH3, C(CH3)2), 25.1 (CH3, 

C(CH3)2), 24.6 (CH3, C(CH3)2), 18.5 (C, (CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)3CSi(CH3)2), 

−5.3 (CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C24H39NNaO7Si 

504.2388; Found 504.2400. 
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1-(tert-Butyldimethylsilyl)oxy-3-((4aR,8aR,Z)-3-methyl-4a,5,6,7,8,8a-

hexahydroquinoxalin-2(1H)-ylidene)propan-2-one (278) 

 

To a stirred solution of dihydropyranone 159 (300 mg, 1.16 mmol) in pyridine (12 mL) was 

added (1S,2S)-1,2-diaminocyclohexane (277) (398 mg, 3.48 mmol) and TsOH·H2O (442 mg, 

2.32 mmol). The mixture was stirred at 50 °C for 4 h, then concentrated in vacuo. The crude 

oil was purified by flash chromatography (petroleum ether/EtOAc 4:1) to afford title compound 

278 (21 mg, 5%) as a waxy yellow solid. 

Rf 0.36 (petroleum ether/EtOAc 3:1); IR (neat) νmax 2929, 2857, 1637, 1602, 1549, 1463, 1375, 

1289, 1258, 1109 cm−1; [D
24 +364.0 (c 1.40, CH2Cl2); 1H NMR (400 MHz, CDCl3): δ 10.23 

(s, 1H, NH), 5.84 (s, 1H, H-3), 4.11 (s, 2H, H-1), 2.96–2.90 (m, 1H, H-4a′), 2.85–2.78 (m, 1H, 

H-8a′), 2.30–2.28 (m, 1H, Ha-5′), 2.28 (d, J = 2.3 Hz, 3H, H-1′′), 2.02–2.01 (m, 1H, Ha-8′), 

1.86–1.85 (m, 1H, Ha-6′), 1.81–1.79 (m, 1H, Ha-7′), 1.43–1.34 (m, 4H, Hb-5′, Hb-6′, Hb-7′ and 

Hb-8′), 0.94 (s, 9H, (CH3)3CSi(CH3)2), 0.10 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, 

CDCl3): δ 200.7 (C, C-2), 161.8 (C, C-3′), 148.2 (C, C-2′), 88.4 (CH, C-3), 68.1 (CH2, C-1), 

61.9 (CH, C-4a′), 51.5 (CH, C-8a′), 32.4 (CH2, C-5′), 31.0 (CH2, C-8′), 26.0 (3 × CH3, 

(CH3)3CSi(CH3)2), 25.4 (CH2, C-6′), 24.3 (CH2, C-7′), 22.8 (CH3, C-1′′), 18.4 (C, 

(CH3)3CSi(CH3)2), −5.3 (2 × CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+H]+ 

Calcd for C18H33N2O2Si 337.2297; Found 337.2306. 
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3.2.3. Deprotection of Maillard-Type Products 

General procedure D – deprotection of 5-silyloxymethylpyrrole-2-carbaldehydes 160: 

 

To a solution of silyl ether 160 (1 equiv) in THF (0.1 M) at rt was added Et3N∙3HF (1.5 equiv). 

The reaction mixture was stirred for 18 h, then concentrated in vacuo. The crude oil was 

purified by flash chromatography to afford 5-hydroxymethylpyrrole-2-carbaldehyde 421. 

 

Methyl (5-hydroxymethyl-2-formyl-1H-pyrrol-1-yl)acetate (282) 

 

Prepared from pyrrole-2-carbaldehyde 253 (61 mg, 0.195 mmol) following general procedure 

D. Yield: 33 mg, 86%, colourless solid. 

Rf 0.14 (petroleum ether/EtOAc); mp 66.5–68.2 °C; 1H NMR (400 MHz, CDCl3):  9.52 (s, 

1H, CHO), 6.92 (d, J = 3.9 Hz,1H, H-3′), 6.27 (d, J = 3.9 Hz, 1H, H-4′), 5.26 (s, 2H, H-2), 4.63 

(d, J = 3.9 Hz, 2H, CH2OH), 3.78 (s, 3H, OCH3), 1.93 (t, J = 4.9 Hz, 1H, OH); 13C NMR 

(100 MHz, CDCl3):  180.2 (CH, CHO), 169.8 (C, C-1), 141.5 (C, C-5′), 133.1 (C, C-2′), 124.3 

(CH, C-3′), 110.9 (CH, C-4′), 56.7 (CH2, CH2OH), 52.8 (CH2, C-2), 47.2 (CH3, OCH3); The 

spectroscopic data were in agreement with those reported in the literature.224 
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Methyl (S)-5-amino-2-(2-formyl-5-(hydroxymethyl)-1H-pyrrol-1-yl)-5-oxopentanoate 

(283) 

 

Prepared from pyrrole-2-carbaldehyde 263 (40 mg, 0.145 mmol) following general procedure 

D. Yield: 29 mg, quant, colourless amorphous solid. 

Rf 0.14 (petroleum ether/EtOAc 1:1); IR (neat) νmax: 3395, 2928, 2792, 1683, 1667, 1655, 

1450, 1350, 1303 cm−1; []D
26 −20.6 (c 2.80, acetone); 1H NMR (400 MHz, CDCl3):  9.32 

(s, 1H, CHO), 6.99 (d, J = 3.0 Hz, 1H, H-3′), 6.24 (d, J = 2.6 Hz, 1H, H-4′), 5.23 (dd, J = 11.8, 

5.9 Hz, 1H, H-2), 4.66 (ABq, AB = 0.05, JAB = 13.7 Hz, 2H, CH2OH), 3.18 (s, 3H, OCH3), 

2.93–2.58 (m, 3H, Ha-3 and H-4), 2.15–2.09 (m, 1H, Hb-3);13C NMR (100 MHz, CDCl3):  

 179.0 (CH, CHO), 171.3 (C, C-5), 170.0 (C, C-1), 142.1 (C, C-5′), 132.2 (C, C-2′), 126.0 

(CH, C-3′), 110.8 (CH, C-4′), 57.3 (CH,C-2), 56.8 (CH2, CH2OH), 31.8 (CH2, C-4), 27.1 (CH3, 

OCH3), 24.6 (CH2, C-3); HRMS: The molecular ion C12H16N2NaO5 was not detected. A major 

fragment ion was observed arising from loss of H2O [(ESI/Q-TOF) m/z: [M−H2O+Na]+ Calcd 

for C12H14N2NaO4 273.0846; Found 273.0847]. 

 

5-(Hydroxymethyl)-1-methyl-1H-pyrrole-2-carbaldehyde (284) 

 

Prepared from pyrrole-2-carbaldehyde 267 (31 mg, 0.122 mmol) following general procedure 

D. Yield: 15 mg, 88%, yellow oil. 

Rf 0.56 (EtOAc neat); 1H NMR (400 MHz, CDCl3):  9.54 (s, 1H, CHO), 6.85 (d, J = 4.0 Hz, 

1H, H-4), 6.21 (d, J = 4.0 Hz, 1H, H-3), 4.49 (s, 2H, CH2OH), 3.92 (s, 3H, NCH3); 13C NMR 

(100 MHz, CDCl3):  180.1 (CH, CHO), 138.1 (C, C-2), 133.5 (C, C-5), 123.4 (CH, C-4), 
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111.9 (CH, C-3), 62.8 (CH2, CH2OH), 32.9 (CH3, NCH3); The spectroscopic data were in 

agreement with those reported in the literature.225 

 

1-Benzyl-5-(hydroxymethyl)-1H-pyrrole-2-carbaldehyde (285) 

 

Prepared from pyrrole-2-carbaldehyde 269 (65 mg, 0.20 mmol) following general procedure 

D. Yield: 42 mg, 98%, pale yellow oil. 

Rf 0.59 (petroleum ether/EtOAc 1:1); 1H NMR (400 MHz, CDCl3):  9.50 (s, 1H, CHO), 7.28–

7.19 (m, 3H, H-3′′, H-4′′ and H-5′′), 6.98–6.96 (m, 2H, H-2′′ and H-6′′), 6.93 (d, J = 4.0 Hz, 

1H, H-3), 6.28 (d, J = 4.0 Hz, 1H, H-4), 5.72 (s, 2H, H-1′), 4.52 (s, 2H, CH2OH), 2.04 (br s, 

1H, CH2OH); 13C NMR (100 MHz, CDCl3):  179.9 (CH, CHO), 142.3 (C, C-5), 137.9 (C,  

C-1′′), 132.8 (C, C-2), 128.8 (2 × CH, C-3′′ and C-5′′), 127.5 (CH, C-4′′), 126.2 (2 × CH, C-2′′ 

and C-6′′), 124.5 (CH, C-3), 110.9 (CH, C-4), 56.7 (CH2, CH2OH), 48.6 (CH2, C-1′); The 

spectroscopic data were in agreement with those reported in the literature.123 

 

Pyrrolezanthine (78) 

 

Prepared from pyrrole-2-carbaldehyde 271 (311 mg, 0.864 mmol) following general procedure 

D. Yield: 122 mg, 58%, colourless solid. 
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Rf 0.54 (petroleum ether/EtOAc 1:3); mp 111.0–112.3 °C (lit.226 mp 106–108 °C); 1H NMR 

(400 MHz, CDCl3):  9.56 (s, 1H, CHO), 6.96 (d, J = 8.5 Hz, 2H, H-2′′ and H-6′′), 6.93 (d, J = 

4.0 Hz, 1H, H-3), 6.73 (d, J = 8.6 Hz, 2H, H-3′′ and H-5′′), 6.18 (d, J = 4.2 Hz, 1H, H-4), 4.51 

(t, J = 7.2 Hz, 2H, H-1′), 4.33 (s, 2H, CH2OH), 2.97 (t, J = 7.2 Hz, 2H, H-2′); 13C NMR 

(100 MHz, CDCl3):  179.6 (CH, CHO), 154.6 (C, C-4′′), 141.9 (C, C-5), 132.4 (C, C-4), 130.7 

(C, C-1′′), 130.4 (2 × CH, C-2′′ and C-6′′), 124.8 (CH, C-3), 115.6 (2 × CH, C-2′′ and C-6′′), 

110.3 (CH, C-4), 56.6 (CH2, CH2OH), 48.0 (CH2, C-1′), 37.0 (CH2, C-2′); The spectroscopic 

data were in agreement with those reported in the literature.226 

 

(S)-5-(Hydroxymethyl)-1-(2-oxotetrahydrofuran-3-yl)-1H-pyrrole-2-carbaldehyde (66) 

 

Prepared from pyrrole-2-carbaldehyde 272 (198 mg, 0.613 mmol) in THF (6 mL) following 

general procedure D. Yield: 128 mg, quant, colourless solid. 

Rf 0.30 (EtOAc neat); mp 84.7–86.6 °C; IR (neat) νmax: (neat) 3462, 2800, 1757, 1645, 1484, 

1449, 1421, 1333, 1291, 1177, 1017, 813, 791, 770 cm−1; []D
20 −56.3 (c 0.93, CHCl3);  

1H NMR (500 MHz, CDCl3):  9.42 (s, 1H, CHO), 6.99 (d, J = 4.0 Hz, 1H, H-3), 6.25 (d, J = 

4.0 Hz, 1H, H-4), 5.45 (br s, 1H, H-3′), 4.71–4.60 (m, 3H, CH2OH, Ha-5′), 4.43–4.38 (m, 1H, 

Hb-5′), 2.72–2.63 (m, 2H, H-4′), 2.55 (br s, 1H, OH); 13C NMR (125 MHz, CDCl3):  179.5 

(CH, CHO), 173.4 (C, C-2′), 142.5 (C, C-5), 132.2 (C, C-2), 125.9 (CH, C-3), 111.2 (CH,  

C-4), 65.9 (CH2, H-5′), 56.8 (CH, C-3′), 54.9 (CH2, CH2OH), 28.8 (CH2, C-4′); HRMS  

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C10H11NNaO4 232.0580; Found 232.0582. The 

spectroscopic data were in agreement with those reported in the literature.57,118 
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(S)-4-Methyl-3-oxo-3,4-dihydro-1H-pyrrolo[2,1-c][1,4]oxazine-6-carbaldehyde (37) 

 

To a stirred solution of silyl ether 259 (165 mg, 0.507 mmol) in THF (5.5 mL) at rt was added 

Et3N·3HF (62 L, 0.28 mmol). The mixture was stirred at rt for 72 h then concentrated in 

vacuo. Purification of the crude oil by flash chromatography (petroleum ether/EtOAc 1:1) 

afforded title compound 37 (33.5 mg, 37%) as a colourless solid. 

Rf 0.50 (petroleum ether/EtOAc 1:1); mp 80.6–82.3 °C; IR (neat) νmax: 3103, 2983, 2817, 1747, 

1648, 1465, 1364, 1312, 1226, 1053, 1025 cm−1; []D
20 −160.2 (c 0.95, MeOH) (lit.123 []D

23 

= −86.0 (c 1.24, MeOH), lit.44 []D
25 = −33.3 (c 0.42, MeOH); 1H NMR (400 MHz, CDCl3):  

 9.53 (s, 1H, CHO), 6.97 (d, J = 4.0 Hz, 1H, H-7), 6.21 (d, J = 4.0 Hz, 1H, H-8), 5.83 (q, J = 

7.3 Hz, 1H, H-4), 5.42 (ABq, ΔAB = 0.10, JAB = 15.0 Hz, 2H, H-1), 1.71 (d, J = 7.2 Hz, 3H, 

4-CH3); 13C NMR (100 MHz, CDCl3):  179.3 (CH, CHO), 168.3 (C, C-3), 131.0 (C, C-8a), 

130.5 (C, C-6), 124.6 (CH, C-7), 106.7 (CH, C-8), 63.4 (CH2, C-1), 55.9 (CH, C-4), 19.2 (CH3, 

4-CH3); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C9H10NO3 180.0655; Found 180.0658. 

The spectroscopic data were in agreement with those reported in the literature.44,123 

 

Methyl (S)-2-(6-formyl-3-oxo-3,4-dihydro-1H-pyrrolo[2,1-c][1,4]oxazin-4-yl)acetate 

(288) 

 

To a stirred solution of silyl ether 261 (43 mg, 112 mol) in THF (1 mL) at rt was added 

Et3N·3HF (27 L, 168 mmol) and the reaction mixture was stirred for 18 h. The reaction 

mixture was diluted with satd aq NaHCO3 (2 mL) and extracted with EtOAc (3 × 5 mL). The 

combined organic extracts were washed with brine (5 mL), dried over anhydrous Na2SO4, 
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filtered and concentrated in vacuo. The crude oil was dissolved in toluene (2 mL), to which 

solution was added PPTS (2.8 mg, 11.2 mol) and the mixture was stirred at 80 °C for 18 h. 

The reaction mixture was cooled to rt, diluted with EtOAc (10 mL), washed with satd aq 

NaHCO3 (2 mL) and brine (2 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude oil was purified by flash chromatography (petroleum ether/EtOAc 1:1) to 

afford title compound 288 (19 mg, 72%) as a colourless solid. 

Rf 0.46 (petroleum ether/EtOAc 1:1); IR (neat) νmax: 2954, 2850, 1728, 1651, 1496, 1439, 

1407, 1367, 1312 cm−1; []D
20 +170.9 (c 0.86, CHCl3); 1H NMR (500 MHz, CDCl3):  9.47 

(s, 1H, CHO), 7.03 (d, J = 4.1 Hz, 1H, H-7′), 6.16 (d, J = 4.0 Hz, 1H, H-8′), 5.88 (d, J = 14.8 Hz, 

1H, Ha-1′), 5.59 (t, J = 4.0 Hz, 1H, H-4′), 5.41 (d, J = 14.8 Hz, 1H, Hb-1′), 3.62 (s, 3H, OCH3), 

3.47 (t, J = 3.9 Hz, 2H, H-2); 13C NMR (125 MHz, CDCl3):  178.9 (CH, CHO), 171.1 (C,  

C-1), 167.3 (C, C-3′), 133.0 (C, C-8a′), 130.8 (C, C-6′), 126.3 (CH, C-7′), 106.1 (CH, C-8′), 

65.2 (CH2, C-1′), 53.8 (CH, C-4′), 52.4 (CH3, OCH3), 38.5 (CH2, C-2); HRMS (ESI/Q-TOF) 

m/z: [M+Na]+ Calcd for C11H11NNaO5 260.0529; Found 260.0526. 

 

Methyl (S)-3-(6-formyl-3-oxo-3,4-dihydro-1H-pyrrolo[2,1-c][1,4]oxazin-4-yl)propanoate 

(289) 

 

To a stirred solution of silyl ether 262 (160 mg, 0.402 mmol) in THF (4 mL) at rt was added 

Et3N·3HF (130 L, 0.802 mmol) and the reaction mixture was stirred for 18 h. The reaction 

mixture was diluted with satd aq NaHCO3 (5 mL) and extracted with EtOAc (3 × 5 mL). The 

combined organic extracts were washed with brine (5 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude oil was dissolved in toluene (4 mL), to which 

solution was added PPTS (10 mg, 0.040 mmol) and the mixture was stirred at 100 °C for 18 h. 

The reaction mixture was diluted with EtOAc (15 mL), washed with satd aq NaHCO3 (5 mL) 

and brine (3 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 
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oil was purified by flash chromatography (petroleum ether/EtOAc 2:1) to afford title compound 

289 (79 mg, 81%) as a colourless solid. 

Rf 0.34 (petroleum ether/EtOAc 1:1); mp 69.2–70.2 °C; IR (neat) νmax: 2951, 2856, 1751, 1730, 

1652, 1464, 1408, 1361, 1316, 1185, 1020, 852, 776 cm−1; []D
20 +178.9 (c 0.90, CHCl3);  

1H NMR (400 MHz, CDCl3):  9.52 (s, 1H, CHO), 6.98 (d, J = 4.0 Hz, 1H, H-7′), 6.23 (d, J = 

4.0 Hz, 1H, H-8′), 5.78 (t, J = 7.8 Hz, 1H, H-4′), 5.45 (ABq, ΔAB = 0.18, JAB = 15.0 Hz, 2H, 

H-1′), 3.64 (s, 3H, OCH3), 2.65–2.50 (m, 2H, H-2), 2.42–2.29 (m, 2H, H-3); 13C NMR 

(100 MHz, CDCl3):  179.4 (CH, CHO), 172.6 (C, C-1), 167.0 (C, C-3′), 131.3 (C, C-6′), 131.2 

(C, C-8a′), 124.9 (CH, C-7′), 107.0 (CH, C-8′), 63.5 (CH2, C-1′), 57.2 (CH, C-4′), 52.0 (CH3, 

OCH3), 29.6 (CH2, C-3), 28.1 (CH2, C-2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for 

C12H13NNaO5 274.0686; Found 274.0688. 

 

(S)-4-Benzyl-3-oxo-3,4-dihydro-1H-pyrrolo[2,1-c][1,4]oxazine-6-carbaldehyde (38) 

 

To a solution of silyl ether 260 (137 mg, 0.341 mmol) in AcOH-THF-H2O (1:1:1, 6 mL) at rt 

was added conc HCl (2 drops) and the reaction was stirred for 16 h. The reaction mixture was 

diluted with H2O (5 mL) and extracted with EtOAc (3 × 5 mL). The combined organic layers 

were washed with satd aq NaHCO3 (5 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. Purification by flash chromatography (petroleum ether/EtOAc 1:1) 

afforded title compound 38 (56 mg, 64%) as a pale brown oil. 

Rf 0.35 (petroleum ether/EtOAc 1:1); IR (neat) νmax: 3029, 2939, 2804, 1745, 1652, 1496, 

1455, 1409, 1366, 1322, 1238, 1191, 1042, 816 cm−1; []D
20 +245.3 (c 0.86, acetone) (lit.123 

[]D
23 +186.6 (c 0.96, MeOH) (lit.38 []D

20 −46 (c 0.1, acetone); 1H NMR (400 MHz, CDCl3): 

 9.61 (s, 1H, CHO), 7.29–7.25 (m, 1H, H-5′), 7.21–7.17 (m, 2H, H-4′ and H-6′), 7.06 (d, J = 

4.1 Hz, 1H, H-7), 6.79–6.77 (m, 2H, H-3′ and H-7′), 6.02 (dd, J = 4.9, 3.4 Hz, 1H, H-4), 5.98 
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(d, J = 4.0 Hz, 1H, H-8), 4.84 (d, J = 15.0 Hz, 1H, Ha-1), 3.49 (d, J = 14.9 Hz, 1H, Hb-1), 3.48 

(ABX, ΔAB = 0.09, JAB = 14.0 Hz,, JAX = 5.5 Hz, JBX = 2.9 Hz, 2H, H-1′); 13C NMR (100 MHz, 

CDCl3):  179.1 (CH, CHO), 167.5 (C, C-3), 134.6 (C, C-2′), 132.3 (C, C-8a), 130.5 (C, C-6), 

129.7 (2 × CH, C-3′ and C-7′), 129.0 (2 × CH, C-4′ and C-6′), 128.1 (CH, C-5′), 125.7 (CH,  

C-7), 105.6 (CH, C-8), 63.5 (CH2, C-1), 59.3 (CH, C-4), 40.4 (CH2, C-1′); HRMS  

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C15H13NNaO3 278.0788; Found 278.0783. The 

spectroscopic data were in agreement with those reported in the literature.123 

 

(4S)-3,4-Dihydro-4-(4-hydroxybenzyl)-3-oxo-1H-pyrrolo[2,1-c][1,4]oxazine-6-

carbaldehyde (42) and Methyl (S)-2-(2-hydroxymethyl)-5-formyl-1H-pyrrol-1-yl)-3-(4-

hydroxyphenyl)-propanoate (55) 

 

To a solution of silyl ether 264 (80 mg, 0.19 mmol) in THF-AcOH-H2O (1:1:1, 4 mL) at rt was 

added conc HCl (2 drops) and the resultant mixture was stirred for 18 h. The reaction mixture 

was partitioned between water (5 mL) and EtOAc (10 mL), then the aqueous layer was 

extracted with EtOAc (3 × 5 mL). The combined organic layers were washed with water 

(5 mL), brine (5 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The 

crude oil was purified by flash chromatography (petroleum ether/EtOAc 2:1 → EtOAc neat) 

to afford lactone 42 (18 mg, 35%) and alcohol 55 (30 mg, 52%) as viscous oils. 

42: Rf 0.18 (petroleum ether/EtOAc 3:1); []D
26 +249.4 (c 1.80, acetone), (lit.37 []D

22 +52.0  

(c 0.1, acetone)); 1H NMR (400 MHz, CDCl3):  9.57 (s, 1H, CHO), 7.07 (d, J = 3.7 Hz, 1H, 

H-7), 6.67 (d, J = 8.0 Hz, 2H, H-3′ and H-7′), 6.62 (d, J = 8.1 Hz, 2H, H-4′ and H-6′), 6.00–

5.98 (m, 2H, H-4′ and H-2), 4.89 (d, J = 15.0 Hz, 1H, Ha-1), 3.66 (d, J = 15.0 Hz, 1H, Hb-1), 

3.40 (ABX, AB = 0.11, JAB = 14.3 Hz, JAX = 4.8 Hz, JBX = 2.4 Hz, 2H, H-1′); 13C NMR 

(100 MHz, CDCl3):  179.3 (CH, CHO), 168.0 (C, C-3), 156.1 (C, C-5′), 132.5 (C, C-6), 130.9 

(2 × CH, C-3′ and C-7′), 130.4 (C, C-8a), 126.1 (C, C-2′), 126.0 (CH, C-7), 116.0 (2 × CH,  
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C-4′ and C-6′), 105.8 (CH, C-8), 63.8 (CH2, C-1), 59.5 (CH, C-4), 39.7 (CH2, C-1′). The 

spectroscopic data were in agreement with those in the literature.37 

55: Rf 0.07 (petroleum ether/EtOAc 3:1); []D
26 −65.2 (c 1.55, acetone), (lit.37 []D

22 +36.7 

(c 0.05, acetone))†; 1H NMR (400 MHz, CDCl3):  9.42 (s, 1H, CHO), 6.97 (d, J = 3.9 Hz, 1H, 

H-3′), 6.64–6.57 (m, 4H, H-2′′, H-3′′, H-5′′ and H-6′′), 6.06 (d, J = 3.7 Hz, 1H, H-4′), 5.20 (br s, 

1H, H-2), 4.14 (d, J = 13.7 Hz, 1H, CH2OH), 3.80–3.74 (m, 4H, CH2OH and OCH3), 3.41 

(ABX, AB = 0.41, JAB = 14.3 Hz, JAX = 11.2 Hz, JBX = 3.4 Hz, 2H, H-3); 13C NMR (100 MHz, 

CDCl3):  179.2 (CH, CHO), 170.1 (C, C-1), 154.9 (C, C-4′′),143.2 (C, C-2′), 132.1 (C, C-5), 

130.1 (2 × CH, C-2′′ and C-6′′), 129.0 (C, C-1′′), 126.4 (CH, C-3′), 115.5 (2 × CH, C-3′′ and 

C-5′′), 110.4 (CH, C-4′), 61.4 (CH, C-2), 56.4 (CH2, 5′-CH2OH), 52.9 (CH3, OCH3), 37.1 (CH2, 

C-3). The spectroscopic data were in agreement with those reported in the literature.37 

†The inconsistency between specific rotations reported for related compounds has been 

discussed previously.37 
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3.3. Total Synthesis of Pollenopyrroside A (96) and Shensongine A (99) 

3.3.1. Synthesis of Alkene 295 

(R)-1,4-Dioxaspiro[4.5]decane-2-carbaldehyde (181) 

 

To a stirred solution of D-mannitol (300) (7.50 g, 41.2 mmol) in DMSO (17 mL) was added 

cyclohexanone (12.5 mL, 121 mmol), triethyl orthoformate (4.2 mL, 25.3 mmol) and 

BF3·OEt2 (0.42 mL, 3.40 mmol). The reaction mixture was stirred at 50 °C for 3 h, then cooled 

to rt and poured into ice-cooled satd aq NaHCO3 (70 mL). The mixture was extracted with 

Et2O (3 × 100 mL) and the combined organic extracts were washed with brine (100 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil was recrystallised 

from hot hexanes to afford diol 301 (10.2 g) as a colourless solid. 

To a stirred solution of crude diol 301 (10.2 g, 29.8 mmol) in CH3CN-H2O (3:2, 190 mL) at 

0 °C was added NaIO4 (12.7 g, 59.6 mmol) portion-wise over 40 min. The reaction mixture 

was allowed to warm to rt, stirred for 1 h, then filtered through Celite® and the filter cake was 

washed with EtOAc (100 mL). The filtrate was partitioned with H2O (50 mL) and the aqueous 

layer was extracted with EtOAc (2 × 75 mL). The combined organic layers were washed with 

brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil was 

purified by vacuum distillation (bp 113–118 °C/24 mmHg (lit.142 bp 96–98 °C/10 mmHg)) to 

afford title compound 181 (8.83 g, 63% over two steps) as a light yellow oil. 

Rf 0.45 (petroleum ether/EtOAc 1:1); []D
22 +57.6 (c 1.42, benzene), (lit.142 []D

23 +60.5  

(c 3.4, benzene)); 1H NMR (400 MHz, CDCl3):  9.72 (d, J = 2.0 Hz, 1H, CHO), 4.39–4.36 

(m, 1H, H-2), 4.18–4.05 (m, 2H, H-3), 1.71–1.57 (m, 10H, H-6, H-7, H-8, H-9 and H-10);  

13C NMR (100 MHz, CDCl3):  202.3 (CH, CHO), 112.1 (C, C-5), 79.7 (CH, C-2), 65.4 (CH2, 

C-3), 36.0 (CH2, C-6), 34.8 (CH2, C-10), 25.1 (CH2, C-7), 24.1 (CH2, C-9), 23.9 (CH2, C-8). 

Hz, 1H, CHO), 4.39−4.36 (m, 1H, H-2), 4.18–4.05 (m, 2H, H-3), 1.71–1.57 (m, 10H, H-6,  

H-7, H-8. H-9 and H-10); 13C NMR (100 MHz, CDCl3):  202.3 (CH, CHO), 112.1 (C, C-5), 
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79.7 (CH, C-2), 65.4 (CH2, C-3), 36.0 (CH2, C-6), 34.8 (CH2, C-10), 25.1 (CH2, C-7), 24.1 

(CH2, C-9), 23.9 (CH2, C-8).The spectroscopic data were in agreement with those reported in 

the literature.142 

 

(S)-1-((R)-1,4-Dioxaspiro[4.5]decan-2-yl)but-3-en-1-ol (182) 

 

To a stirred solution of carbaldehyde 181 (9.00 g, 52.9 mmol) in THF (300 mL) was added 

zinc dust (13.4 g, 207 mmol) followed by satd aq NH4Cl (20 mL). To the resultant mixture at 

0 °C was added a solution of allyl bromide (18.0 mL, 208 mmol) in THF (200 mL) dropwise 

over 10 min. The reaction mixture was allowed to warm to rt, stirred for 2 h, then quenched 

slowly with satd aq NH4Cl (100 mL) until no further effervescence was observed. The mixture 

was stirred for 1 h then filtered through a plug of silica and the filter cake was washed with 

EtOAc (300 mL). The filtrate was separated, the aqueous layer was extracted with EtOAc (2 × 

150 mL) and the combined organic layers were dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude oil was purified by flash chromatography (petroleum 

ether/EtOAc 9:1) to afford title compound 182 (8.99 g, 80%) as a colourless oil. 

Rf 0.48 (petroleum ether/EtOAc 3:1); []D
22 +10.7 (c 1.03, CHCl3), (lit.

142 []D
25 +10.2 (c 1.41, 

CHCl3)); 1H NMR (400 MHz, CDCl3)  5.90–5.79 (m, 1H, H-3), 5.18–5.10 (m, 2H, H-4), 

4.04–3.98 (m, 2H, H-3′), 3.94–3.89 (m, 1H, H-2′), 3.81–3.72 (m, 1H, H-1), 2.36–2.16 (m, 2H, 

H-2), 1.63–1.56 (m, 10H, H-6′, H-7′, H-8′, H-9′ and H-10′); 13C NMR (100 MHz, CDCl3)  

 134.2 (CH, C-3), 118.4 (CH2, C-4), 109.8 (C, C-5′), 77.8 (CH, C-2′), 70.6 (CH, C-1), 64.9 

(CH2, C-3′), 37.8 (CH2, C-2), 36.4 (CH2, C-6′), 35.0 (CH2, C-10′), 25.3 (CH2, C-8′), 24.1 (CH2, 

C-7′), 23.9 (CH2, C-9′). The spectroscopic data were in agreement with those reported in the 

literature.142 
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(2R,3S)-Hex-5-ene-1,2,3-triol (302) 

 

To a stirred solution of cyclohexylidene ketal 182 (4.00 g, 18.8 mmol) in H2O-MeOH (2:1, 

72 mL) was added PPTS (947 mg, 3.77 mmol). The reaction mixture was heated under reflux 

for 16 h, then cooled to rt and concentrated in vacuo. The crude solid was purified by flash 

chromatography (EtOAc neat → EtOAc/EtOH 2:1) to afford title compound 302 (2.43 g, 97%) 

as a colourless solid. 

Rf 0.28 (EtOAc/EtOH 9:1); mp 54.2–56.4 °C, (lit.146 55.5–56.5 °C); []D
22 +9.6 (c 1.03, H2O), 

(lit.146 []D
20 +9.2 (c 5.7, D2O)); 1H NMR (500 MHz, CDCl3):  5.88–5.80 (m, 1H, H-5), 5.19–

5.14 (m, 2H, H-6), 3.82–3.76 (m, 3H, H-1 and H-2), 3.64–3.61 (m, 1H, H-3), 3.12 (br s, 1H, 

OH), 2.74 (br s, 1H, OH), 2.63 (br s, 1H, OH), 2.41–2.24 (m, 2H, H-4); 13C NMR (125 MHz, 

CDCl3):  134.4 (CH, C-5), 118.7 (CH2, C-6), 73.6 (CH, C-2), 72.5 (CH, C-3), 63.4 (CH2,  

C-1), 37.9 (CH2, C-4). The spectroscopic data were in agreement with those reported in the 

literature.146 

 

(3aR,7aS)-2,2-Dimethyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-6-ol (307) 

 

To a stirred solution of 2-deoxy-D-ribose (220) (2.00 g, 14.9 mmol) in DMF (30 mL) was added 

CaSO4 (1.01 g, 7.50 mmol) and the mixture was cooled to −10 °C. 2,2-Dimethoxypropane 

(3.7 mL, 30 mmol) and TsOH (28 mg, 1.5 mmol) were added and the resulting mixture was 

stirred at −10 °C for 24 h. The reaction was filtered through a plug of silica washing with 

hexanes/EtOAc (1:1) and the filtrate was concentrated in vacuo. The crude oil was purified by 
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flash chromatography (hexanes/EtOAc 3:1 → 1:1) to afford title compound 307 (2.54 g, 98%, 

3:1 mixture of anomers) as a colourless oil. 

Rf 0.24 (hexanes/EtOAc 1:1); 1H NMR (400 MHz, CDCl3) (major anomer):  5.23 (dd, J = 

7.1, 4.2 Hz, 1H, H-6), 4.45 (dt, J = 6.5, 4.2 Hz, 1H, H-3a), 4.17–4.12 (m, 1H, H-7a), 3.80 

(ABX, ΔAB = 0.27, JAB = 12.6 Hz, JAX = 6.2 Hz, JBX = 3.4 Hz, 2H, H-4), 1.98 (ABXY, ΔAB = 

0.46, JAB = 14.7 Hz, JAX = 7.2 Hz, JAY = 4.0 Hz, JBX = JBY = 4.3 Hz, 2H, H-7), 1.48 (s, 3H,  

2-CH3), 1.33 (s, 3H, 2-CH3); 13C NMR (100 MHz, CDCl3) (major anomer):  108.9 (C, C-2), 

91.1 (CH, C-6), 71.7 (CH, C-3a), 70.6 (CH, C-7a), 62.2 (CH2, C-4), 32.3 (CH2, C-7), 27.3 

(CH3, 2-CH3), 25.5 (CH3, 2-CH3); The spectroscopic data were in agreement with those 

reported in the literature.147  

 

((4R,5S)-5-Allyl-2,2-dimethyl-1,3-dioxolan-4-yl)methanol (308) 

 

To a stirred solution of methyltriphenylphosphonium bromide (10.2 g, 28.5 mmol) in THF 

(40 mL) at −78 °C was added n-BuLi (1.10 M in hexanes, 26.0 mL, 28.6 mmol). The mixture 

was warmed to rt and stirred for 30 min before being cooled to −78 °C and treated with a 

solution of lactol 307 (1.66 g, 9.53 mmol) in THF (20 mL). The reaction was warmed slowly 

to rt and stirred for 16 h, before quenching with satd aq NH4Cl (100 mL) and dilution with 

EtOAc (100 mL). The organic phase was separated and washed with brine (2 × 50 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. Purification by flash 

chromatography (hexanes/EtOAc 4:1) afforded title compound 308 (1.13 g, 69%) as a 

colourless oil. 

Rf 0.55 (hexanes/EtOAc 1:1); []D
20 +17.9 (c 0.71, CHCl3), (lit.147 []D

20 +15.5, (c 6.3, 

CHCl3)); 1H NMR (400 MHz, CDCl3):  5.84 (ddt, J = 17.2, 10.3, 6.7 Hz, 1H, H-2′′), 5.18–

5.09 (m, 2H, H-3′′), 4.26 (dt, J = 8.0, 6.0 Hz, 1H, H-4′), 4.18 (dt, J5′4′ = J5′1′′ = 5.9 Hz, 1H,  

H-5′), 3.65 (t, J = 5.8 Hz, 2H, H-1), 2.45–2.25 (m, 2H, H-1′′), 1.89 (t, J = 6.0 Hz, 1H, OH), 

1.48 (s, 3H, 2′-CH3), 1.37 (s, 3H, 2′-CH3); 13C NMR (100 MHz, CDCl3):  134.4 (CH, C-2′′), 
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117.5 (CH2, C-3′′), 108.4 (C, 2′-CH3), 77.9 (CH, C-4′), 76.4 (CH, C-5′), 61.8 (CH2, C-1), 33.8 

(CH2, C-1′′), 28.3 (CH3, 2′-CH3), 25.6 (CH3, 2′-CH3); The spectroscopic data were in 

agreement with those reported in the literature.147,227 

 

(4S,5R)-4-Allyl-5-((tert-butyldimethylsilyl)oxymethyl)-2,2-dimethyl-1,3-dioxolane (295) 

From triol 302 

 

To a stirred solution of triol 302 (2.70 g, 20.4 mmol) in CH2Cl2 (36 mL) at 0 °C was added 

TBSCl (3.06 g, 20.3 mmol) and imidazole (3.10 g, 45.4 mmol). The reaction mixture was 

allowed to warm to rt, stirred for 30 min, then quenched with H2O (36 mL) and the aqueous 

layer was extracted with CH2Cl2 (3 × 40 mL). The combined organic layers were washed with 

brine (50 mL), dried over anhydrous Na2SO4 and concentrated in vacuo to afford crude silyl 

ether 306 as an oil (5.05 g) which was used directly in the next step without purification. 

To a stirred solution of crude diol 306 (5.05 g, 20.4 mmol) in CH2Cl2 (120 mL) at rt was added 

PPTS (500 mg, 1.99 mmol), then 2,2-dimethyoxypropane (20.0 mL, 164 mmol). The reaction 

mixture was stirred for 30 min, then quenched by addition of satd aq NaHCO3 (75 mL). The 

aqueous layer was extracted with CH2Cl2 (100 mL), then the combined organic layers were 

washed with brine (80 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 

The crude oil was purified by flash chromatography (hexanes/EtOAc 10:1) to afford title 

compound 295 (5.78 g, 99% over two steps) as a colourless oil. 
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From isopropylidene ketal 308 

 

To a stirred solution of alcohol 308 (1.1 g, 6.4 mmol) in CH2Cl2 (60 mL) at 0 °C was added 

TBSCl (1.4 g, 9.6 mmol) and imidazole (0.87 g, 13 mmol). The resultant mixture was allowed 

to warm to rt and stirred for 2 h, after which it was diluted with CH2Cl2 (40 mL) and washed 

with 1 M aq HCl (35 mL), satd aq NaHCO3 (50 mL) and brine (35 mL). The organic phase 

was dried over anhydrous Na2SO4 and concentrated in vacuo. The crude oil was purified by 

flash chromatography (hexanes/EtOAc 10:1) to afford title compound 295 (1.57 g, 86%) as a 

colourless oil. 

Rf 0.73 (hexanes/EtOAc 4:1); []D
22 −24.2 (c 1.68, CHCl3), (lit.147 []D

20 −21.4, (c 5.4, 

CHCl3)); 1H NMR (400 MHz, CDCl3):  5.89 (ddt, J = 17.4, 10.2, 6.8 Hz, 1H, H-2′), 5.15–

5.07 (m, 2H, H-3′), 4.20 (dt, J = 9.3, 5.3 Hz, 1H, H-5), 4.11 (dt, J = 7.1, 5.2 Hz, 1H, H-4), 3.66 

(ABX, ΔAB = 0.06, JAB = 10.4 Hz, JAX = 7.4 Hz, JBX = 5.1 Hz, 2H, H-1′′), 2.45–2.29 (m, 2H, 

H-1′), 1.43 (s, 3H, 2-CH3), 1.34 (s, 3H, 2-CH3), 0.89 (s, 9H, (CH3)3CSi(CH3)2), 0.07 (s, 6H, 

(CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  135.4 (CH, C-2′), 116.9 (CH2, C-3′), 108.1 

(C, C-2), 77.9 (CH, C-5), 76.8 (CH, C-4), 62.0 (CH2, C-1′′), 34.0 (CH2, C-1′), 28.3 (CH3,  

2-CH3), 26.0 (3  CH3, (CH3)3CSi(CH3)2), 25.7 (CH3, 2-CH3), 18.4 (C, (CH3)3CSi(CH3)2), −5.2 

(CH3, (CH3)3CSi(CH3)2), −5.3 (CH3, (CH3)3CSi(CH3)2). The spectroscopic data were in 

agreement with those reported in the literature.147 
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3.3.2. Synthesis of Aminohydrin 292 

(4R,5S)-4-((tert-Butyldimethylsilyl)oxymethyl)-2,2-dimethyl-5-(oxiran-2-ylmethyl)-1,3-

dioxolane (294) 

 

To a stirred solution of alkene 295 (1.50 g, 5.24 mmol) in CH2Cl2 (90 mL) at 0 °C was added  

m-CPBA (1.81 g, 7.85 mmol). The reaction was warmed to rt and stirred for 16 h, after which 

it was quenched with satd aq Na2SO3 (80 mL). The aqueous phase was extracted with CH2Cl2 

(50 mL) and the combined organic layers were washed with satd aq NaHCO3 (2 × 50 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. Purification by flash 

chromatography (petroleum ether/EtOAc 10:1) afforded title compound 294 (1.49 g, 94%, 

58:42 mixture of diastereomers) as a colourless oil. 

Rf 0.50 (hexanes/EtOAc 4:1); IR (neat) νmax: 2931, 2859, 1473, 1464, 1380, 1369, 1252, 1093, 

833, 776 cm−1; 1H NMR (400 MHz, CDCl3):  4.39 (ddd, J = 9.8, 5.9, 3.2 Hz, 0.6H, H-5), 4.29 

(ddd, J = 8.8, 5.5, 5.5 Hz, 0.4H, H-5*), 4.14–4.09 (m, 1H, H-4 and H-4*), 3.67–3.59 (m, 2H, 

H-1′ and H-1′*), 3.15–3.09 (m, 1H, H-2′′ and H-2′′*), 2.83 (dd, J = 5.1, 4.5 Hz, 0.6H, Ha-3′′), 

2.77 (dd, J = 5.1, 4.5 Hz, 0.4H, Ha-3′′*), 2.56 (dd, J = 4.9, 2.6 Hz, 0.4H, Hb-3′′*), 2.51 (dd, J = 

4.9, 2.7 Hz, 0.6H, Hb-3′′), 1.97–1.69 (m, 2H, H-1′′ and H-1′′*), 1.42 (s, 3H, 2-CH3 and 2-CH3*), 

1.35 (s, 1.7H, 2-CH3), 1.34 (s, 1.3H, 2-CH3*), 0.87 (s, 9H, (CH3)3CSi(CH3)2 and 

(CH3)3CSi(CH3)2*), 0.05 (s, 6H, (CH3)3CSi(CH3)2 and (CH3)3CSi(CH3)2*); 13C NMR 

(100 MHz, CDCl3):  108.3 (2 × C, C-2 and C-2*), 77.6 (2 × CH, C-4 and C-4*), 74.8 (2 × 

CH, C-5 and C-5*), 61.9 (2 × CH2, C-1′ and C-1′*), 50.29 (CH, C-2′′), 50.26 (CH, C-2′′*), 47.9 

(CH2, C-3′′), 46.9 (CH2, C-3′′*), 33.2 (CH2, C-1′′), 32.2 (CH2, C-1′′*), 28.3 (2 × CH3, 2-CH3 

and 2-CH3*), 26.0 (6 × CH3, (CH3)3CSi(CH3)2 and (CH3)3CSi(CH3)2*), 25.6 (2 × CH3, 2-CH3 

and 2-CH3*), 18.3 (2 × C, (CH3)3CSi(CH3)2 and (CH3)3CSi(CH3)2*), −5.29 (2 × CH3, 

(CH3)3CSi(CH3)2 and (CH3)3CSi(CH3)2*), −5.35 (2 × CH3, (CH3)3CSi(CH3)2 and 

(CH3)3CSi(CH3)2*); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C15H30NaO4Si 325.1806; 

Found 325.1813. * denotes minor isomer. 
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1-Azido-3-((4S,5R)-5-((tert-butyldimethylsilyl)oxymethyl)-2,2-dimethyl-1,3-dioxolan-4-

yl)propan-2-ol (293) 

 

To a solution of epoxide 294 (4.64 g, 15.3 mmol) in DMF/H2O (10:1, 155 mL) was added 

NaN3 (4.00 g, 61.4 mmol) and NH4Cl (4.10 g, 76.7 mmol) and the resultant mixture was stirred 

at 80 °C for 16 h. The reaction was diluted with H2O (200 mL) and the aqueous phase was 

extracted with EtOAc (2 × 200 mL). The combined organic extracts were washed with brine 

(2 × 150 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. Purification 

by flash chromatography (petroleum ether/EtOAc 9:1 → 4:1) afforded title compound 293 

(4.46 g, 84%, dr 58:42) as a colourless oil. An analytical sample of each of the major (293a) 

and minor (293b) diastereomers was obtained from the column, enabling their separate 

characterisation. 

293a: Rf 0.33 (hexanes/EtOAc 4:1); IR (neat) νmax: 3446, 2931, 2886, 2100, 1473, 1253, 1093, 

837, 777 cm−1; []D
24 −7.6 (c 1.81, CHCl3); 1H NMR (400 MHz, CDCl3):  4.40 (ddd, J = 7.0, 

6.5, 6.0 Hz, 1H, H-4′), 4.19–4.11 (m, 1H, H-5′), 3.99–3.91 (m, 1H, H-2), 3.62 (ABX, ΔAB = 

0.08, JAB = 10.5 Hz, JAX = 8.9 Hz, JBX = 3.9 Hz, 2H, H-1′′), 3.33–3.29 (m, 2H, H-1), 3.13–3.10 

(m, 1H, OH), 1.92–1.81 (m, 2H, H-3), 1.39 (s, 3H, 2′-CH3), 1.34 (s, 3H, 2′-CH3), 0.91 (s, 9H, 

(CH3)3CSi(CH3)2), 0.10 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  107.7 (C, 

C-2′), 77.7 (CH, C-5′), 75.0 (CH, C-4′), 69.1 (CH, C-2), 61.9 (CH2, C-1′′), 57.5 (CH2, C-1), 

33.2 (CH2, C-3), 28.3 (CH3, 2′-CH3), 26.0 (3 × CH3, (CH3)3CSi(CH3)2), 25.6 (CH3, 2′-CH3), 

18.5 (C, (CH3)3CSi(CH3)2), −5.30 (CH3, (CH3)3CSi(CH3)2), −5.34 (CH3, (CH3)3CSi(CH3)2); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C15H31N3NaO4Si 368.1976; Found 368.1978. 

293b: Rf 0.40 (hexanes/EtOAc 4:1); IR (neat) νmax: 3483, 2931, 2859, 2101, 1473, 1371, 1254, 

1095, 837, 778 cm−1; []D
24 −30.0 (c 1.90, CHCl3); 1H NMR (400 MHz, CDCl3):  4.38 (ddd, 

J = 9.8, 5.9, 3.3 Hz, 1H, H-4′), 4.15 (ddd, J = 6.4, 6.3, 5.4 Hz, 1H, H-5′), 4.05–4.00 (m, 1H,  

H-2), 3.68–3.61 (m, 2H, H-1′′), 3.50 (br s, 1H, OH), 3.35–3.26 (m, 2H, H-1), 1.89–1.73 (m, 

2H, H-3), 1.44 (s, 3H, 2′-CH3), 1.35 (s, 3H, 2′-CH3), 0.89 (s, 9H, (CH3)3CSi(CH3)2), 0.07 (s, 

6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  108.8 (C, C-2′), 77.8 (CH, C-5′), 77.4 

(CH, C-4′), 71.0 (CH, C-2), 61.6 (CH2, C-1′′), 56.5 (CH2, C-1), 33.3 (CH2, C-3), 28.1 (CH3,  
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2′-CH3), 25.9 (3 × CH3, (CH3)3CSi(CH3)2), 25.6 (CH3, 2′-CH3); 18.3 (C, (CH3)3CSi(CH3)2), 

−5.3 (CH3, (CH3)3CSi(CH3)2), −5.4 (CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ Calcd for C15H31N3NaO4Si 368.1976; Found 368.1963.  

 

1-Amino-3-((4S,5R)-5-((tert-butyldimethylsilyl)oxymethyl)-2,2-dimethyl-1,3-dioxolan-4-

yl)propan-2-ol (292) 

 

Using palladium on carbon 

A mixture of azide 293 (500 mg, 1.45 mmol) and Pd/C (10 wt%, 232 mg, 0.22 mmol) in MeOH 

(25 mL) was stirred under an atmosphere of H2 (balloon) at rt for 16 h. The reaction mixture 

was then filtered through Celite® and the filtrate was concentrated in vacuo. Purification by 

flash chromatography (CH2Cl2/MeOH/NH4OH 9:1:0.1 → 6:1:0.1) afforded title compound 

292 (416 mg, 90%, dr 58:42) as a colourless oil. An analytical sample of each of the major 

(292a) and minor (292b) diastereomers was obtained cleanly from the column, enabling their 

separate characterisation. 

Using triphenylphosphine 

To a stirred solution of azide 293 (1.82 g, 5.27 mmol) in THF-H2O (5:1, 53 mL) at rt was added 

PPh3 (2.76 g, 10.5 mmol). The reaction was heated to 60 °C, stirred for 16 h then THF was 

removed in vacuo. The aqueous layer was extracted with EtOAc (3 × 30 mL) then the combined 

organic layers were washed with brine (15 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude oil was purified by flash chromatography 

(CH2Cl2/MeOH/NH4OH 9:1:0.1 → 6:1:0.1) to afford title compound 292 (1.39 g, 83%, dr 

58:42) as a colourless oil. 

292a: Rf 0.46 (CH2Cl2/MeOH/NH4OH 9:1:0.1); IR (neat) νmax: 3362, 2931, 2859, 1746, 1473, 

1380, 1253, 1096, 837, 778 cm−1; []D
20 −4.3 (c 2.66, CHCl3); 1H NMR (400 MHz, CDCl3):  

 4.43 (dt, J = 6.7, 6.0 Hz, 1H, H-5′), 4.14 (ddd, J = 8.3, 5.7, 4.6 Hz, 1H, H-4′), 3.72–3.67 (m, 

1H, H-2), 3.61 (ABX, ΔAB = 0.04, JAB = 10.3 Hz, JAX = 8.2 Hz, JBX = 4.5 Hz, 2H, H-1′′), 2.69 
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(ABX, ΔAB = 0.25, JAB = 12.8 Hz, JAX = 8.1 Hz, JBX = 3.3 Hz; 2H, H-1), 2.03 (br s, 3H, OH 

and NH2), 1.74 (dd, J = 6.8, 6.0 Hz, 2H, H-3), 1.39 (s, 3H, 2′-CH3), 1.34 (s, 3H, 2′-CH3), 0.88 

(s, 9H, (CH3)3CSi(CH3)2), 0.07 (s, 6H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  

 107.6 (C, C-2′), 77.9 (CH, C-4′), 74.9 (CH, C-5′), 70.4 (CH, C-2), 62.1 (CH2, C-1′′), 48.5 

(CH2, C-1), 33.7 (CH2, C-3), 28.3 (CH3, 2′-CH3), 26.0 (3 × CH3, (CH3)3CSi(CH3)2), 25.6 (CH3, 

2′-CH3), 18.4 (C, (CH3)3CSi(CH3)2), −5.30 (CH3, (CH3)3CSi(CH3)2), −5.37 (CH3, 

(CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C15H33NNaO4Si 342.2071; 

Found 342.2069. 

292b: Rf 0.50 (CH2Cl2/MeOH/NH4OH 9:1:0.1); IR (neat) νmax: 3367, 2930, 2860, 1369, 1474, 

1370, 1252, 1216, 1094, 1006, 775 cm−1; []D
20 −19.3 (c 1.44, CHCl3); 1H NMR (400 MHz, 

CDCl3):  4.36 (ddd, J = 9.7, 5.8, 3.8 Hz, 1H, H-4′), 4.11 (dt, J = 7.6, 5.4 Hz, 1H, H-5′), 3.81–

3.75 (m, 1H, H-2), 3.62 (ABX, ΔAB = 0.05, JAB = 10.4 Hz, JAX = 7.8 Hz, JBX = 5.3 Hz, 2H,  

H-1′′), 2.78–2.64 (m, 2H, H-1), 2.29 (br s, 3H, OH and NH2), 1.80–1.64 (m, 2H, H-3), 1.41 (s, 

3H, 2′-CH3), 1.33 (s, 3H, 2′-CH3), 0.86 (s, 9H, (CH3)3CSi(CH3)2), 0.04 (s, 6H, 

(CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  108.4 (C, C-2′), 77.9 (CH, C-4′), 76.8 (CH, 

C-5′), 72.1 (CH, C-2), 61.8 (CH2, C-1′′), 47.8 (CH2, C-1), 33.6 (CH2, C-3), 28.2 (CH3, 2′-CH3), 

26.0 (3 × CH3, (CH3)3CSi(CH3)2), 25.6 (CH3, 2′-CH3), 18.3 (C, (CH3)3CSi(CH3)2), −5.3 (CH3, 

(CH3)3CSi(CH3)2), −5.4 (CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd 

for C15H33NNaO4Si 342.2071; Found 342.2065. 

 

3.3.3. Synthesis of Pollenopyrroside A (96) and Shensongine A (99) 

6-(tert-Butyldimethylsilyl)oxymethyl-6-acetoxy-2H-pyran-3(6H)-one (316) 

 

To a stirred solution of dihydropyranone 159 (1.04 g, 4.02 mmol) in CH2Cl2 (48 mL) at 0 °C 

was added Ac2O (8.0 mL, 85 mmol), pyridine (4.0 mL, 50 mmol) and DMAP (49 mg, 

0.40 mmol). The resultant mixture was stirred at 0 °C for 90 min, then washed successively 

with 0.1 M aq HCl (50 mL), satd aq NaHCO3 (50 mL) and brine (60 mL). The organic phase 
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was dried over anhydrous Na2SO4, filtered and concentrated in vacuo to afford title compound 

316 (1.1 g, 91%) as a pale yellow oil which was used without further purification.  

Rf 0.68 (petroleum ether/EtOAc 3:1); IR (neat) max: 2930, 2858, 1741, 1701, 1464, 1368, 

1239, 1114, 834, 777  cm–1; 1H NMR (300 MHz, CDCl3): δ 7.16 (d, J = 10.6 Hz, 1H, H-5), 

6.12 (d, J = 10.5 Hz, 1H, H-4), 4.33 (ABq, 2H, ΔAB = 0.32, JAB = 17.1 Hz, H-2), 3.88 (ABq, 

2H, ΔAB = 0.29, JAB = 10.5 Hz, CH2OTBS), 1.99 (s, 3H, OAc), 0.80 (s, 9H, (CH3)3CSi(CH3)2), 

0.00 (s, 3H, (CH3)3CSi(CH3)2), –0.01 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (75 MHz, CDCl3): 

δ 193.8 (C, C-3), 169.3 (C, OAc), 144.9 (CH, C-5), 127.3 (CH, C-4), 98.7 (C, C-6), 68.0 (CH2, 

C-2), 66.1 (CH2, CH2OTBS), 25.7 (3 × CH3, (CH3)3CSi(CH3)2), 21.3 (CH3, OAc), 18.2 (C, 

(CH3)3CSi(CH3)2), –5.4 (CH3, (CH3)3CSi(CH3)2), –5.5 (CH3, (CH3)3CSi(CH3)2); HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C14H24NaO5Si, 323.1285; Found 323.1285. 

 

5-((tert-Butyldimethylsilyl)oxymethyl)-1-(3-((4S,5R)-5-(tert-

butyldimethylsilyl)oxymethyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydroxyprop-1-yl)-1H-

pyrrole-2-carbaldehyde (317) 

 

To a solution of amine 292 (630 mg, 1.97 mmol) and dihydropyranone 316 (295 mg, 

0.99 mmol) in CH3CN (10 mL) was added PPTS (59 mg, 0.23 mmol) and the mixture was 

stirred at rt for 20 h. The reaction was quenched with satd aq NaHCO3 (5 mL), diluted with 

H2O (10 mL) and extracted with CH2Cl2 (3 × 50 mL). The combined organic extracts were 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. Purification by flash 

chromatography (petroleum ether/EtOAc 4:1) afforded title compound 317 (249 mg, 47%, dr 

58:42) as a pale yellow oil. An analytical sample of each of the major (317a) and minor (317b) 

diastereomers was obtained cleanly from the column, enabling their separate characterisation. 

317a: Rf 0.68 (petroleum ether/EtOAc 3:1); IR (neat) νmax: 3447, 2929, 2857, 1729, 1662, 

1463, 1369, 1253, 1070, 835, 776 cm−1; []D
22 +7.6 (c 0.75, CHCl3); 1H NMR (400 MHz, 

CDCl3):  9.47 (s, 1H, CHO), 6.89 (d, J = 4.0 Hz, 1H, H-3), 6.18 (d, J = 4.0 Hz, 1H, H-4), 4.73 
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(ABq, ΔAB = 0.08, JAB = 13.2 Hz, 2H, 5-CH2OTBS), 4.62 (dd, J = 14.0, 3.1 Hz, 1H, Ha-1′), 

4.47–4.42 (m, 1H, H-4′′), 4.23 (dd, J = 14.0, 9.3 Hz, 1H, Hb-1′), 4.16–4.06 (m, 2H, H-2′ and 

H-5′′), 3.65 (ABX, ΔAB = 0.08, JAB = 10.4 Hz, JAX = 8.0 Hz, JBX = 4.7 Hz, 2H, H-1′′′), 3.28 (d, 

J = 6.8 Hz, 1H, OH), 1.91–1.77 (m, 2H, H-3′); 1.41 (s, 3H, 2′′-CH3), 1.33 (s, 3H, 2′′-CH3), 0.91 

(s, 9H, (CH3)3CSi(CH3)2), 0.90 (s, 9H, (CH3)3CSi(CH3)2), 0.10 (s, 3H, (CH3)3CSi(CH3)2), 0.09 

(s, 6H, (CH3)3CSi(CH3)2), 0.07 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  

 180.0 (CH, CHO), 142.8 (C, C-5), 132.8 (C, C-2), 125.1 (CH, C-3), 110.5 (CH, C-4), 107.9 

(C, C-2′′), 77.9 (CH, C-5′′), 74.6 (CH, C-4′′), 70.2 (CH, C-2′), 62.1 (CH2, C-1′′′), 57.6 (CH2,  

5-CH2OTBS), 52.1 (CH2, C-1′), 34.2 (CH2, C-3′), 28.3 (CH3, 2′′-CH3), 26.1 (3 × CH3, 

(CH3)3CSi(CH3)2), 26.0 (3 × CH3, (CH3)3CSi(CH3)2), 25.7 (CH3, 2′′-CH3), 18.5 (C, 

(CH3)3CSi(CH3)2), 18.4 (C, (CH3)3CSi(CH3)2), −5.15 (CH3, (CH3)3CSi(CH3)2), −5.18 (CH3, 

(CH3)3CSi(CH3)2), −5.22 (CH3, (CH3)3CSi(CH3)2), −5.3 (CH3, (CH3)3CSi(CH3)2); HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C27H51NNaO6Si2 564.3147; Found 564.3156. 

317b: Rf 0.75 (petroleum ether/EtOAc 3:1); IR (neat) νmax: 3435, 2955, 1730, 1664, 1488, 

1365, 1219, 1068, 836 cm−1; []D
20 −8.0 (c 1.35, CHCl3); 1H NMR (400 MHz, CDCl3):  9.47 

(s, 1H, CHO), 6.89 (d, J = 4.0 Hz, 1H, H-3), 6.18 (d, J = 4.0 Hz, 1H, H-4), 4.79 (ABq, ΔAB = 

0.15, JAB = 13.2 Hz, 2H, 5-CH2OTBS), 4.59 (dd, J = 13.9, 2.8 Hz, 1H, Ha-1′), 4.42 (ddd, J = 

10.5, 5.9, 2.9 Hz, 1H, H-4′′), 4.32–4.20 (m, 1H, Hb-1′), 4.17–4.09 (m, 2H, H-2′ and H-5′′), 3.64 

(ABX, ΔAB = 0.06, JAB = 10.7 Hz, JAX = 7.4 Hz, JBX = 5.2 Hz, 2H, H-1′′′), 3.57 (br s, 1H, OH), 

1.85 (ABXY, ΔAB = 0.21, JAB = 14.3 Hz, JAX = 10.7 Hz, JAY = 8.3, JBX = JBY = 2.9 Hz, 2H,  

H-3′), 1.42 (s, 3H, 2′′-CH3), 1.32 (s, 3H, 2′′-CH3), 0.90 (s, 9H, (CH3)3CSi(CH3)2), 0.89 (s, 9H, 

(CH3)3CSi(CH3)2), 0.10 (s, 3H, (CH3)3CSi(CH3)2), 0.07 (s, 6H, (CH3)3CSi(CH3)2), 0.06 (s, 3H, 

(CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  179.7 (CH, CHO), 143.7 (C, C-5), 132.4 

(C, C-2), 125.1 (CH, C3), 110.0 (CH, C-4), 108.5 (C, C-2′′), 78.1 (CH, C-5′′), 76.4 (CH,  

C-4′′), 71.9 (CH, C-2′), 62.0 (CH2, C-1′′′), 57.9 (CH2, 5-CH2OTBS), 51.5 (CH2, C-1′), 33.5 

(CH2, C-3′), 28.1 (CH3, 2′′-CH3), 26.03 (3 × CH3, (CH3)3CSi(CH3)2), 25.97 (3 × CH3, 

(CH3)3CSi(CH3)2), 25.6 (CH3, 2′′-CH3), 18.43 (C, (CH3)3CSi(CH3)2), 18.38 (C, 

(CH3)3CSi(CH3)2), −5.17 (CH3, (CH3)3CSi(CH3)2), −5.20 (CH3, (CH3)3CSi(CH3)2), −5.25 

(CH3, (CH3)3CSi(CH3)2), −5.31 (CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ 

Calcd for C27H51NNaO6Si2 564.3147; Found 564.3131. 
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5-((tert-Butyldimethylsilyl)oxymethyl)-1-(3-((4S,5R)-5-(tert-

butyldimethylsilyl)oxymethyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2-oxoprop-1-yl)-1H-

pyrrole-2-carbaldehyde (303) 

 

To a mixture of alcohol 317 (53 mg, 98 µmol) and activated 4 Å MS (60 mg) in CH2Cl2 (4 mL) 

at 0 °C was added TPAP (3.4 mg, 9.8 µmol) and NMO (42 mg, 360 µmol). The reaction was 

warmed to rt, stirred for 30 min, then filtered through a plug of silica, washing with EtOAc  

(2 × 20 mL). The filtrate was concentrated in vacuo and the crude oil was purified by flash 

chromatography (hexane/EtOAc 30:1) to afford title compound 303 (41 mg, 77%) as a pale 

yellow oil. 

Rf 0.83 (petroleum ether/EtOAc 4:1); IR (neat) νmax: 2930, 2857, 1732, 1660, 1463, 1363, 

1253, 1070, 836, 777 cm−1; []D
24 −12.6 (c 0.82, CHCl3); 1H NMR (400 MHz, CDCl3):  9.45 

(s, 1H, CHO), 6.89 (d, J = 4.0 Hz, 1H, H-3), 6.19 (d, J = 4.0 Hz, 1H, H-4), 5.33 (ABq, ΔAB = 

0.09, JAB = 18.0 Hz, 2H, 5-CH2OTBS), 4.64 (dt, J = 7.8, 5.7 Hz, 1H, H-4′′), 4.59 (s, 2H, H-1′), 

4.16 (dt, J5′′1′′′ = J5′′4′′ = 6.0 Hz, 1H, H-5′′), 3.63 (d, J = 5.9 Hz, 2H, H-1′′′), 2.84–2.86 (m, 2H, 

H-3′), 1.44 (s, 3H, 2′′-CH3), 1.34 (s, 3H, 2′′-CH3), 0.90 (s, 9H, (CH3)3CSi(CH3)2), 0.87 (s, 9H, 

(CH3)3CSi(CH3)2), 0.08 (s, 6H, (CH3)3CSi(CH3)2), 0.05 (s, 3H, (CH3)3CSi(CH3)2), 0.03 (s, 3H, 

(CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3):  202.6 (C, C-2′), 179.9 (CH, CHO), 142.2 

(C, C-5), 132.5 (C, C-2), 124.2 (CH, C-3), 10.2 (CH, C-4), 108.5 (C, C-2′′), 77.4 (CH, C-5′′), 

73.1 (CH, C-4′′), 62.0 (CH2, C-1′′′), 57.4 (CH2, C-1′), 55.43 (CH2, 5-CH2OTBS), 40.5 (CH2, 

C-3′), 28.1 (CH3, 2′′-CH3), 26.1 (3 × CH3, (CH3)3CSi(CH3)2), 25.9 (3 × CH3, 

(CH3)3CSi(CH3)2), 25.5 (CH3, 2′′-CH3), 18.41 (C, (CH3)3CSi(CH3)2), 18.37 (C, 

(CH3)3CSi(CH3)2), −5.2 (3 × CH3, (CH3)3CSi(CH3)2), −5.3 (CH3, (CH3)3CSi(CH3)2); HRMS 

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C27H49NNaO6Si2 562.2991; Found 562.2998. 
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(3a'R,7a'S)-2',2'-Dimethyl-3a',4',7',7a'-tetrahydro-1H,4H-spiro[pyrrolo[2,1-

c][1,4]oxazine-3,6'-[1,3]dioxolo[4,5-c]pyran]-6-carbaldehyde (304) 

 

To a stirred solution of silyl ether 303 (126 mg, 233 mol) in THF (2.5 mL) at 0 °C was added 

Et3N·3HF (76.0 L, 466 mol). The reaction was allowed to warm to rt and stirred for 24 h, 

then diluted with H2O (2 mL). The aqueous phase was extracted with CH2Cl2 (4 × 5 mL) and 

the combined organic phases were dried over anhydrous MgSO4, filtered and concentrated in 

vacuo. The crude residue was dissolved in CH2Cl2 (2.5 mL) and PPTS (15 mg, 58 µmol) was 

added. The reaction mixture was stirred at rt for 24 h, then additional PPTS (15 mg, 58 µmol) 

was added. The reaction mixture was stirred at rt for a further 48 h, then quenched with sat aq 

NaHCO3 (2 mL). The aqueous phase was extracted with CH2Cl2 (4 × 5 mL) and the combined 

organic extracts were dried over anhydrous MgSO4, filtered and concentrated in vacuo. The 

crude residue was purified by flash chromatography (hexanes/EtOAc 1:1) to afford title 

compound 304 (43.1 mg, 63%, 55:45 mixture of diastereomers) as a viscous colourless oil. 

Rf 0.63 (EtOAc neat); IR (neat) νmax: 2985, 2935, 1726, 1652, 1444, 1373, 1312, 1187, 1039, 

756 cm−1; 1H NMR (400 MHz, CDCl3):  9.45 (s, 0.45H, CHO*), 9.44 (s, 0.55H, CHO), 6.91 

(d, J = 4.2 Hz, 0.55H, H-7), 6.89 (d, J = 4.2 Hz, 0.45H, H-7*), 6.00 (d, J = 4.1 Hz, 0.55H,  

H-8), 5.98 (d, J = 4.1 Hz, 0.45H, H-8*), 4.91–4.77 (m, 2.45H, H-1, H-1* and Ha-4*), 4.59 (d, 

J = 13.8 Hz, 0.55H, Ha-4), 4.53 (dt, J7a′3a′ = J7a′7′ = 6.0 Hz, 0.45H, H-7a′*), 4.41 (td, J = 5.4, 

3.5 Hz, 0.55H, H-7a′), 4.25–4.17 (m, 1H, H-3a′ and H-3a′*), 4.04 (d, J = 14.0 Hz, 0.55H,  

Hb-4), 4.01 (d, J = 14.1 Hz, 0.45H, Hb-4*), 3.87 (ABX, AB = 0.11, JAB = 13.2 Hz, JAX = 

2.5 Hz, JBX = 1.2 Hz, 0.9H, H-4′*), 3.69 (ABX, AB = 0.07, JAB = 11.3 Hz, JAX = 9.5 Hz,  

JBX = 6.4 Hz, 1.1H, H-4′), 2.34 (dd, J = 15.4, 3.5 Hz, 0.55H, Ha-7′), 2.10–2.00 (m, 1.45H,  

Hb-7′ and H-7′*), 1.54 (s, 1.65H, 2′-CH3), 1.53 (s, 1.35H, 2′-CH3*), 1.37 (s, 1.65H, 2′-CH3), 

1.35 (s, 1.35H, 2′-CH3*); 13C NMR (100 MHz, CDCl3):  178.9 (CH, CHO), 178.8 (CH, 

CHO*), 134.5 (C, C-8a), 134.4 (C, C-8a *), 131.3 (C, C-6*), 131.2 (C, C-6), 124.2 (CH, C-7), 

124.0 (CH, C-7*), 109.5 (C, C-2′), 109.2 (C, C-2′*), 104.9 (CH, C-8), 104.8 (CH, C-8*), 94.6 

(C, C-3*), 93.1 (C, C-3), 71.7 (CH, C-3a′*), 70.5 (CH, C-7a′), 69.5 (CH, C-3a′), 69.4 (CH,  
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C-7a′*), 61.9 (CH2, C-4′*), 60.4 (CH2, C-4′), 58.2 (CH2, C-1), 58.2 (CH2, C-1*), 53.6 (CH2,  

C-4*), 52.2 (CH2, C-4), 34.9 (CH2, C-7′*), 34.2 (CH2, C-7′), 28.4 (CH3, 2′-CH3), 27.3 (CH3, 

2′-CH3*), 25.9 (CH3, 2′-CH3), 25.7 (CH3, 2′-CH3*); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd 

for C15H19NNaO5 316.1155; Found 316.1155. * denotes minor diastereomer. 

 

Pollenopyrroside A (96) and shensongine A (99) 

 

To a stirred solution of spiroketal 304 (14.0 mg, 51.2 mol) in MeOH (0.5 mL) at rt was added 

PPTS (12.9 mg, 51.2 mol) and the reaction was stirred for 72 h. The reaction was quenched 

by the addition of sat aq NaHCO3 (1.5 mL) and extracted with CH2Cl2 (4 × 5 mL). The 

combined organic phases were dried over anhydrous MgSO4, filtered and concentrated  

in vacuo. Purification by flash chromatography (CH2Cl2/MeOH 40:1) afforded title compounds 

96 (9.2 mg, 71%) and 99 (1.3 mg, 10%) as colourless solids. 

Pollenopyrroside A (96): Rf 0.23 (CH2Cl2/MeOH 40:1); mp 188.5–190.9 °C (lit.22 mp 188–

189 °C); IR (neat) νmax: 3543, 3437, 2922, 2794, 1653, 1500, 1473, 1409, 1316, 1191, 1136, 

1091, 1027, 862, 820, 777 cm-1; []D
20 +235.9 (c 0.09, MeOH) (lit.22 []D

20 +125.9 (c 0.08, 

MeOH), lit.94 []D
25 +121.5 (c 0.08, MeOH), lit.97 []D

25 +65 (c 0.01, MeOH)); 1H NMR 

(400 MHz, (CD3)2CO): δ 9.48 (s, 1H, CHO), 6.99 (d, J = 4.1 Hz, 1H, H-7′), 6.08 (d, J = 4.1 Hz, 

1H, H-8′), 4.89 (ABq, AB = 0.07, JAB = 15.7 Hz, 2H, H-1′), 4.25 (ABq, AB = 0.46, JAB = 

14.1 Hz, 2H, H-4′), 4.04 (br s, 1H, H-4), 3.80–3.73 (m, 1H, Ha-6), 3.73–3.69 (m, 1H, H-5), 

3.57–3.54 (m, 2H, Hb-6, OH), 2.82, (br s, 1H, OH), 2.16 (ABX, AB = 0.15, JAB = 14.6 Hz, 

JAX = 3.5 Hz, JBX = 3.3 Hz, 2H, H-3); 13C NMR (100 MHz, (CD3)2CO): δ 179.1 (CH, CHO), 

135.1 (C, C-8a′), 132.2 (C, C-6′), 124.1 (CH, C-7′), 105.4 (CH, C-8′), 95.0 (C, C-2), 67.6 (CH, 

C-4), 66.9 (CH, C-5), 61.0 (CH2, C-6), 58.2 (CH2, C-1′), 52.4 (CH2, C-4′), 38.5 (CH2, C-3); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C12H15NNaO5 276.0842; Found 276.0834. The 

spectroscopic data were in agreement with those reported in the literature.22,94 
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Shensongine A (99): Rf 0.15 (CH2Cl2/MeOH 40:1); mp 165.1–168.3 °C (lit.44 mp 161.8–

165.1 °C); IR (neat) νmax: 3313, 2921, 2853, 1728, 1651, 1472, 1403, 1315, 1181, 1080, 1035, 

974, 752 cm−1; []D
22 −135.2 (c 0.07, MeOH) (lit.97 []D

22 −189, (c 0.1, MeOH), lit.93 []D
27 

−12.7, (c 0.05, MeOH)); 1H NMR (500 MHz, CDCl3): δ 9.45 (s, 1H, CHO), 6.91 (d, 1H, J = 

4.1 Hz, H-7′), 6.01 (d, 1H, J = 4.1 Hz, H-8′), 4.78 (ABq, AB = 0.08, JAB = 15.6 Hz, 2H,  

H-1′), 4.70 (d, 1H, J = 14.2 Hz, Ha-4′), 4.19–4.15 (m, 1H, H-4), 4.02 (d, 1H, J = 14.2 Hz,  

Hb-4′), 3.90–3.87 (m, 1H, H-5), 3.85 (ABX, AB = 0.08, JAB = 13.0 Hz, JAX = 2.0 Hz, JBX = 

1.5 Hz, 2H, H-6), 2.33 (br s, 2H, OH), 1.98 (ABX, AB = 0.13, JAB = JAX = 12.4 Hz, JBX = 

5.6 Hz, 2H, H-3); 13C NMR (125 MHz, CDCl3): δ 178.9 (CH, CHO), 134.2 (C, C-8a′), 131.3 

(C, C-6′), 124.2 (CH, C-7′), 105.0 (CH, C-8′), 95.5 (C, C-2), 67.5 (CH, C-5), 65.2 (CH, C-4), 

64.7 (CH2, C-6), 57.9 (CH2, C-1′), 52.3 (CH2, C-4′), 35.9 (CH2, C-3); HRMS (ESI/Q-TOF) 

m/z: [M+Na]+ Calcd for C12H15NNaO5 276.0842; Found 276.0844. The spectroscopic data 

were in agreement with those reported in the literature.44,93,97 
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3.4. Total Synthesis of Hemerocallisamine I (67) 

3.4.1. Synthesis of Methyl allo--Hydroxy-L-glutamine 390 

Methyl (2S,4S)-4-hydroxypyrrolidine-2-carboxylate hydrochloride (377) 

 

To a solution of cis-4-hydroxy-L-proline hydrochloride (376) (6.00 g, 35.8 mmol) in MeOH 

(36 mL) was added AcCl (2.55 mL, 35.8 mmol) and the resultant mixture was heated under 

reflux for 8 h. The reaction was cooled to rt, poured into Et2O (290 mL) and cooled to 0 °C. 

The resulting precipitate was collected and dried to afford title product 377 (5.88 g, 90%) as a 

colourless powder.  

mp 116.9–118.3 °C (lit.228 mp 102–104 °C); []D
21 −14.2 (c 1.01, H2O); 1H NMR (400 MHz, 

D2O): δ 4.72–4.68 (m, 2H, H-2 and H-4), 3.89 (s, 3H, CO2CH3), 3.54–3.47 (m, 2H, H-5), 2.59–

2.45 (m, 2H, H-3); 13C NMR (100 MHz, D2O): δ 170.7 (C, CO2CH3), 68.8 (CH, C-4), 58.3 

(CH, C-2), 53.8 (CH2, C-5), 53.4 (CH3, CO2CH3), 36.7 (CH2, C-3). The spectroscopic data 

were in agreement with those reported in the literature.228 

 

1-tert-Butyl 2-methyl (2S,4S)-hydroxypyrrolidine-1,2-dicarboxylate (422) 

 

To a solution of pyrrolidine hydrochloride 377 (2.50 g, 13.8 mmol) in CH2Cl2 (92 mL) was 

added a solution of Boc2O (3.46 g, 15.8 mmol) and Et3N (5.76 mL, 41.3 mmol) dropwise over 

1 h. The reaction was stirred for 18 h, then washed successively with 1 M aq KHSO4 (3 × 

20 mL), satd aq NaHCO3 (20 mL), 10 % aq citric acid (20 mL) and brine (20 mL), dried over 

anhydrous Na2SO4 and concentrated in vacuo to afford title compound 422 (3.22 g, 95%, 1.1:1 

mixture of rotamers) as a viscous oil which crystallised on standing. 
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mp 72.2–74.1 °C (lit.229 mp 81.6–82.0 °C); []D
22 −54.9 (c 1.70, EtOH) (lit. []D

20 −63.9  

(c 2.3, EtOH)); 1H NMR (400 MHz, CDCl3): δ 4.36–4.25 (m, 2H, H-2, H-2*, H-4 and H-4*), 

3.77 (s, 1.4H, CO2CH3*), 3.75 (s, 1.6H, CO2CH3), 3.67–3.29 (m, 3H, H-5, H-5*, OH and 

OH*), 2.36–2.25 (m, 1H, Ha-3 and Ha-3*), 2.09–2.03 (m, 1H, Hb-3 and Hb-3*), 1.44 (s, 4.2H, 

NCOC(CH3)3*), 1.40 (m, 4.8H, NCOC(CH3)3); 13C NMR (100 MHz, CDCl3): δ 175.7 (C, 

CO2CH3*), 175.5 (C, CO2CH3), 154.6 (C, NCOC(CH3)3*), 153.8 (C, NCOC(CH3)3), 80.5 (2 × 

C, NCOC(CH3)3 and NCOC(CH3)3*), 71.3 (CH, C-4*), 70.0 (CH, C-4), 58.0 (CH, C-2), 57.8 

(CH, C-2*), 56.0 (CH2, C-5*), 55.4 (CH2, C-5), 52.9 (CH3, CO2CH3*), 52.6 (CH3, CO2CH3), 

39.7 (CH2, C-3), 37.8 (CH2, C-3*), 28.4 (3 × CH3, NCOC(CH3)3), 27.8 (3 × CH3, 

NCOC(CH3)3*). *Denotes minor rotamer. The spectroscopic data were in agreement with 

those reported in the literature.229,230 

 

1-tert-Butyl 2-methyl (2S,4S)-4-(tert-butyldimethylsilyl)oxypyrrolidine-1,2-dicarboxylate 

(368) 

 

To a stirred solution of alcohol 422 (3.15 g, 12.8 mmol) in DMF (43 mL) at 0 °C was added 

TBSCl (2.13 g, 14.1 mmol) and imidazole (1.75 g, 25.7 mmol). The reaction was allowed to 

warm to rt and stir for 18 h, then diluted with H2O (200 mL). The aqueous phase was extracted 

with Et2O (3 × 50 mL) and the combined organic extracts were washed with 1 M aq HCl 

(40 mL), satd aq NaHCO3 (40 mL) and brine (40 mL), dried using anhydrous Na2SO4, filtered 

and concentrated in vacuo. The crude oil was purified by flash chromatography (petroleum 

ether/EtOAc 9:1 → 4:1) to afford title compound 368 (4.14 g, 90%, 1.6:1 mixture of rotamers) 

as a colourless oil.  

Rf 0.37 (petroleum ether/EtOAc 8:1); []D
20 −32.4 (c 1.60, CHCl3), (lit.

231 []D
20 −30.9 (c 1.00, 

CHCl3)); 1H NMR (400 MHz, CDCl3): δ 4.41–4.27 (m 2H, H-2, H-2*, H-4 and H-4*), 3.69 

(s, 3H, CO2CH3, CO2CH3*), 3.48 (ABX, AB = 0.31, JAB = 11.1 Hz, JAX = 5.4 Hz, JBX = 3.5 Hz, 

0.6H, H-5), 3.41 (ABX, AB = 0.29, JAB = 11.0 Hz, JAX = 5.4 Hz, JBX = 3.5 Hz, 0.4H, H-5*), 

2.34–2.21 (m, 1H, Ha-3 and Ha-3*), 2.11–2.06 (m, 1H, Hb-3 and Hb-3*), 1.46 (s, 3.5H, 

NCOC(CH3)3*), 1.41 (s, 5.5H, NCOC(CH3)3), 0.85 (s, 3.5H, (CH3)3CSi(CH3)2*), 0.84 (s, 5.5H, 
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(CH3)3CSi(CH3)2), 0.04–0.02 (m, 6H, (CH3)3CSi(CH3)2 and (CH3)3CSi(CH3)2*); 13C NMR 

(100 MHz, CDCl3): δ 173.0 (C, CO2CH3), 172.6 (C, CO2CH3*), 154.5 (C, NCOC(CH3)3*), 

154.0 (C, NCOC(CH3)3), 80.0 (2  C, NCOC(CH3)3 and NCOC(CH3)3), 70.8 (CH, C-4*), 69.9 

(CH, C-4), 57.9 (CH, C-2), 57.5 (CH, C-2*), 54.9 (CH2, C-5*), 54.3 (CH2, C-5), 52.2 (CH3, 

CO2CH3*), 52.0 (CH3, CO2CH3), 39.7 (CH2, C-3), 38.9 (CH2, C-3*), 28.6 (3 × CH3, 

NCOC(CH3)*), 28.5 (3 × CH3, NCOC(CH3)), 25.7 (6 × CH3, (CH3)3CSi(CH3)2 and 

(CH3)3CSi(CH3)2*), 18.0 (2  C, (CH3)3CSi(CH3)2 and (CH3)3CSi(CH3)2*), −4.8 (3  CH3, 

(CH3)3CSi(CH3)2 and (CH3)3CSi(CH3)2*), −4.9 (CH3, (CH3)3CSi(CH3)2). *Denotes minor 

rotamer. The spectroscopic data were in agreement with those reported in the literature.231 

 

(3S,5S)-1-tert-Butoxycarbonyl-3-(tert-butyldimethylsilyl)oxy-5-

methoxycarbonylpyrrolidin-2-one (369) 

 

To a solution of NaIO4 (3.18 g, 14.7 mmol) in H2O (49 mL) was added RuO2∙xH2O (0.157 g, 

1.18 mmol) and the resultant mixture was stirred for 5 min. To this mixture was added a 

solution of pyrrolidine carbamate 368 (2.12 g, 5.90 mmol) in EtOAc (26 mL) and the biphasic 

mixture was stirred for 6 h. Additional NaIO4 (1.26 g, 5.84 mmol) was added and the reaction 

was stirred for 1 h before being diluted with EtOAc (120 mL) and successively washed with 

satd aq Na2S2O3 (3 × 40 mL) and brine (40 mL). The organic phase was filtered through 

Celite®, dried over anhydrous MgSO4, filtered and concentrated in vacuo. The crude oil was 

purified by flash chromatography (petroleum ether/EtOAc 9:1) to afford title compound 369 

(1.99 g, 90%) as a colourless oil. 

Rf 0.47 (petroleum ether/EtOAc 4:1); []D
21 −42.5 (c 0.90, CHCl3) (lit.

232 []D −30,7 (c 1.00, 

CHCl3)); 1H NMR (400 MHz, CDCl3): δ 4.42 (t, J = 7.4 Hz, 1H, H-3), 4.24 (t, J = 7.4 Hz, 1H, 

H-5), 3.72 (s, 3H, CO2CH3), 2.53 (ddd, J4a4b = 13.2 Hz, J34a = J4a5 = 7.4 Hz, 1H,  

Ha-4), 1.93 (ddd, J4a4b = 13.2 Hz, J34b = J4b5 = 6.7 Hz, 1H, Hb-4), 1.45 (s, 9H, NCOC(CH3)3), 

0.83 (s, 9H, (CH3)3CSi(CH3)2), 0.11 (s, 3H, (CH3)3CSi(CH3)2), 0.07 (s, 3H, (CH3)3CSi(CH3)2); 

13C NMR (100 MHz, CDCl3): δ 171.5 (C, C-2), 171.0 (C, CO2CH3), 149.4 (C, NCOC(CH3)3), 

83.8 (C, NCOC(CH3)3), 70.6 (CH, C-3), 55.7 (CH, C-5), 52.5 (CH3, CO2CH3), 32.2 (CH2,  
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C-4), 27.9 (3 × CH3, NCOC(CH3)3), 25.6 (3 × CH3, (CH3)3CSi(CH3)2), 18.2 (C, 

(CH3)3CSi(CH3)2), −4.6 (CH3, (CH3)3CSi(CH3)2), −5.3 (CH3, (CH3)3CSi(CH3)2). The 

spectroscopic data were in agreement with those reported in the literature.232 

 

Methyl (2S,4S)-5-amino-2-(tert-butoxycarbonyl)amino-4-(tert-butyldimethylsilyl)oxy-5-

oxopentanoate (386) 

 

To a solution of lactam 369 (1.83 g, 4.90 mmol) in 1,4-dioxane (45 mL) at rt was added aq 

NH4OH (29–30% NH3 basis, 4.5 mL) and the reaction was stirred for 5 h. Additional aq 

NH4OH (29–30% NH3 basis, 2.5 mL) was added and the reaction was stirred for a further 

90 min. The mixture was concentrated in vacuo to afford title compound 386 (1.91 g, 100%) 

as a colourless solid without further purification. 

Rf 0.48 (CH2Cl2/MeOH 9:1); mp 118.9–120.3 °C; IR (neat) νmax: 3483, 3301, 2932, 2859, 

1709, 1366, 1161, 1109, 840, 782 cm−1; []D
25 −23.3 (c 0.88, CHCl3); 1H NMR (400 MHz, 

CD3OD): δ 4.28–4.25 (m, 1H, H-2), 4.18–4.15 (m, 1H, H-4), 3.71 (s, 3H, CO2CH3), 2.11–1.88 

(m, 2H, H-3), 1.44 (s, 9H, NHCO2C(CH3)3), 0.96 (s, 9H, (CH3)3CSi(CH3)2), 0.12 (s, 3H, 

(CH3)3CSi(CH3)2), 0.11 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CD3OD): δ 179.0 (C, 

C-5), 174.8 (C, C-1), 158.1 (C, NHCO2C(CH3)3), 80.7 (C, NHCO2C(CH3)3), 71.6 (CH, C-4), 

52.7 (CH3, CO2CH3), 51.8 (CH, C-2), 38.3 (CH2, C-3), 28.7 (3 × CH3, NHCO2C(CH3)3), 26.3 

(3 × CH3, (CH3)3CSi(CH3)2), 19.0 (C, (CH3)3CSi(CH3)2), −4.9 (CH3, (CH3)3CSi(CH3)2), −5.3 

(CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C17H34N2NaO6Si, 

413.2078; Found 413.2082. 
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(3S,5S)-3-(tert-Butyldimethylsilyl)oxy-5-methoxycarbonylpyrrolidin-2-one (388) 

 

To a solution of amide 386 (0.10 g, 0.26 mmol) in CH2Cl2 (1.9 mL) at 0 °C was added TFA 

(0.6 mL) and the resulting mixture was stirred for 30 min. The reaction mixture was 

concentrated in vacuo and the crude residue was dissolved in satd aq NaHCO3 (3 mL) and 

extracted with CHCl3 (4  5 mL). The combined organic extracts were dried over anhydrous 

Na2SO4, filtered and concentrated in vacuo. The crude oil was purified by flash 

chromatography (CH2Cl2/MeOH/NH4OH 19:1:0.1) to afford title compound 388 (37 mg, 50%) 

as a colourless oil. 

Rf 0.59 (CH2Cl2/MeOH/NH4OH 9:1:0.1); IR (neat) νmax: 2954, 2857, 1716, 1438, 1362, 1250, 

1150, 1005, 836, 778 cm−1; []D
25 −24.9 (c 0.72, CHCl3); 1H NMR (400 MHz, CDCl3): δ 6.58 

(br s, 1H, NH), 4.26 (t, J = 7.5 Hz, 1H, H-3), 4.10 (t, J = 7.5 Hz, 1H, H-5), 3.75 (s, 3H, 

CO2CH3), 2.70 (ddd, J4a4b = 13.2 Hz, J34a = J4a5 = 7.4 Hz, 1H, Ha-4), 2.10 (ddd, J4a4b = 13.2 Hz, 

J34b = J4b5 = 6.7 Hz, 1H, Hb-4), 0.87 (s, 9H, (CH3)3CSi(CH3)2), 0.13 (s, 3H, (CH3)3CSi(CH3)2), 

0.11 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3): δ 175.5 (C, C-2), 171.7 (C, 

CO2CH3), 69.8 (CH, C-3), 52.7 (CH3, CO2CH3), 51.8 (CH, C-5), 35.4 (CH2, C-4), 25.8 (3 × 

CH3, (CH3)3CSi(CH3)2), 18.3 (C, (CH3)3CSi(CH3)2), −4.5 (CH3, (CH3)3CSi(CH3)2), −5.1 (CH3, 

(CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C12H23NNaO4Si, 296.1289; 

Found 296.1289. 

 

Methyl (2S,4S)-2-(tert-butoxycarbonyl)amino-4-(tert-butyldimethylsilyl)oxy-5-(4-

methoxybenzyl)amino-5-oxopentanoate (389) 

 

A mixture of lactam 369 (3.00 g, 8.03 mmol), para-methoxybenzylamine (3.2 mL, 24.1 mmol) 

and H2O (0.72 mL, 40.2 mmol) was stirred at rt for 30 min, then diluted with CH2Cl2 (200 mL). 

The organic phase was washed with brine (50 mL) and concentrated in vacuo. The crude oil 
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was purified by flash chromatography (petroleum ether/EtOAc 2:1) to afford title compound 

389 (4.05 g, 99%) as a viscous colourless oil. 

Rf 0.60 (petroleum ether/EtOAc 1:1); IR (neat) νmax: 3427, 2932, 2859, 1711, 1667, 1513, 

1365, 1248, 1158, 837, 753 cm−1; []D
21 −27.6 (c 2.90, CHCl3); 1H NMR (500 MHz, CDCl3): 

δ 7.17 (dt, J = 8.6, 3.2 Hz, 2H, CH2C6H4OCH3), 6.85 (dt, J = 8.6, 1.9 Hz, 2H, CH2C6H4OCH3), 

6.72 (t, J = 5.2 Hz, 1H, 5-NH), 5.32 (d, J = 8.2 Hz, 1H, 2-NH), 4.36 (ABX, ΔAB = 0.14, JAB = 

14.4 Hz, JAX = 6.2 Hz, JBX = 5.3 Hz, 2H, CH2C6H4OCH3), 4.34–4.30 (m, 1H, H-2), 4.23 (dd,  

J = 8.0, 3.7 Hz, 1H, H-4), 3.78 (s, 3H, CH2C6H4OCH3), 3.70 (s, 3H, CO2CH3), 2.15–2.03 (m, 

2H, H-3), 1.41 (s, 9H, COC(CH3)3), 0.84 (s, 9H, (CH3)3CSi(CH3)2), 0.08 (s, 3H, 

(CH3)3CSi(CH3)2), −0.03(s, 3H, (CH3)3CSi(CH3)2); 13C NMR (125 MHz, CDCl3): δ 173.0 (C, 

C-1), 172.8 (C, C-5), 159.3 (C, CH2C6H4OCH3), 155.7 (C, COC(CH3)3), 129.9 (C, 

CH2C6H4OCH3), 129.3 (2 × CH, CH2C6H4OCH3), 114.3 (2 × CH, CH2C6H4OCH3), 79.9 (C, 

COC(CH3)3), 70.9 (CH, C-4), 55.4 (CH3, CH2C6H4OCH3), 52.4 (CH3, CO2CH3), 50.9 (CH,  

C-2), 42.8 (CH2, CH2C6H4OCH3), 37.6 (CH2, C-3), 28.4 (3 × CH3, COC(CH3)3), 25.7 (3 × 

CH3, (CH3)3CSi(CH3)2), 18.0 (C, (CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)3CSi(CH3)2), −5.2 (CH3, 

(CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C25H43N2O7Si, 511.2834; 

Found 511.2817. 

 

Methyl (2S,4S)-2-amino-4-hydroxy-5-(4-methoxybenzyl)amino-5-oxopentanoate (390) 

 

To a stirred solution of silyl ether 389 (616 mg, 1.21 mmol) in CH2Cl2 (9 mL) at  

0 °C was added TFA (3 mL) and the resulting solution was stirred for 30 min. The reaction 

mixture was concentrated in vacuo and purified by flash chromatography 

(CH2Cl2/MeOH/NH4OH 9:1:0.1) to afford title compound 390 (250 mg, 70%) as a colourless 

solid. 

Rf 0.32 (CH2Cl2/MeOH/NH4OH 9:1:0.1); mp 213.1−215.7 °C; IR (neat) νmax: 3345, 3312, 

2922, 1723, 1648, 1515, 1242, 1095, 1028, 815 cm−1; []D
20 −10.2  (c 1.1, MeOH); 1H NMR 

(400 MHz, CDCl3): δ 7.39 (br s, 1H, 5-NH), 7.20 (dt, J = 8.9, 2.8 Hz, 2H, CH2C6H4OCH3), 
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6.85 (dt, J = 8.8, 2.8 Hz, 2H, CH2C6H4OCH3), 4.40 (d, J = 6.0 Hz, 2H, CH2C6H4OCH3), 4.33 

(t, J = 4.6 Hz, 1H, H-4), 3.78 (s, 3H, CH2C6H4OCH3), 3.73 (s, 3H, CO2CH3), 3.66 (dd, J = 

10.3, 2.9 Hz, 1H, H-2), 2.18 (ABXY, AB = 0.41, JAB = 14.3 Hz, JAX = 10.3 Hz, JAY = 4.0 Hz, 

JBX = 2.9 Hz, JBY = 4.9 Hz, 2H, H-3); 13C NMR (100 MHz, CDCl3): δ 175.0 (C, C-1), 173.4 

(C, C-5), 159.1 (C, CH2C6H4OCH3), 130.5 (C, CH2C6H4OCH3), 129.2 (2  CH, 

CH2C6H4OCH3), 114.2 (2  CH, CH2C6H4OCH3), 72.1 (CH, C-4), 55.4 (CH3, 

CH2C6H4OCH3), 52.6 (CH3, CO2CH3), 52.3 (CH, C-2), 42.7 (CH2, CH2C6H4OCH3), 34.9 

(CH2, C-3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C14H20N2NaO5, 319.1264; Found 

319.1263. 

 

Methyl (2S,4S)-2-amino-4-(tert-butyldimethylsilyl)oxy-5-(4-methoxybenzyl)amino-5-

oxopentanoate (391) 

 

To a solution of ester 389 (85.0 mg, 0.166 mmol) in CH2Cl2 (1.7 mL) at 0 °C was added TFA 

(0.25 mL) and the resulting solution was stirred at 0 °C for 2 h. The reaction was quenched 

with satd aq NaHCO3 (3 mL) and the aqueous layer was extracted with CH2Cl2 (3  5 mL). 

The combined organic extracts were dried over anhydrous Na2SO4, filtered and concentrated 

in vacuo. The crude oil was purified by flash chromatography (CH2Cl2/MeOH/NH4OH 

14:1:0.1) to afford title compound 391 (43 mg, 63%) as a pale brown oil. 

Rf 0.64 (CH2Cl2/MeOH/NH4OH 7:1:0.1); IR (neat) νmax: 3427, 2930, 1736, 1668, 1513, 1247, 

1099, 834, 780 cm−1; []D
25 –18.1 (c 1.04, CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.18 (dt,  

J = 9.4, 2.4 Hz, 2H, CH2C6H4OCH3), 6.85 (dt, J = 9.2, 2.5 Hz, 2H, CH2C6H4OCH3), 6.77 (t,  

J = 5.4 Hz, 1H, 5-NH), 4.45–4.36 (m, 2H, H-4 and CH2C6H4OCH3), 4.30–4.25 (m, 1H, 

CH2C6H4OCH3), 3.78 (s, 3H, CH2C6H4OCH3), 3.69 (s, 3H, CO2CH3), 3.52 (dd, J = 10.2, 

3.6 Hz, 1H, H-2), 1.96 (ABXY, AB = 0.16, JAB = 14.0 Hz, JAX = 10.1 Hz, JAY = 3.7 Hz, JBY = 

8.8 Hz, JBX = 3.7 Hz, 2H, H-3), 1.70 (br s, 2H, NH2), 0.83 (s, 9H, (CH3)3CSi(CH3)2), 0.10 (s, 

3H, (CH3)3CSi(CH3)2), 0.00 (s, 3H, (CH3)3CSi(CH3)2); 13C NMR (100 MHz, CDCl3): δ 176.4 

(C, C-1), 173.5 (C, C-5), 159.2 (C, CH2C6H4OCH3), 130.1 (C, CH2C6H4OCH3), 129.3  
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(2  CH, CH2C6H4OCH3), 114.2 (2  CH, CH2C6H4OCH3), 71.1 (CH, C-4), 55.4 (CH3, 

CH2C6H4OCH3), 52.2 (CH3, CO2CH3), 51.1 (CH, C-2), 42.7 (CH2, CH2C6H4OCH3), 40.5 

(CH2, C-3), 25.8 (3  CH3, (CH3)3CSi(CH3)2), 18.0 (C, (CH3)3CSi(CH3)2), −4.9 (CH3, 

(CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd 

for C20H35N2O5Si, 411.2310; Found 411.2304. 

 

3.4.2. Synthesis of Hemerocallisamine I (67) 

Methyl (2S,4S)-4-(tert-butyldimethylsilyl)oxy-2-((5-(tert-butyldimethylsilyl)oxymethyl-2-

formyl-1H-pyrrol-1-yl)-5-((4-methoxybenzyl)amino)-5-oxopentanoate (393) 

 

A solution of amine 391 (43.0 mg, 0.105 mmol), dihydropyranone 159 (13.5 mg, 0.052 mmol) 

and PPTS (26.3 mg, 0.105 mmol) in pyridine (0.5 mL) was stirred at rt for 18 h, then 

concentrated in vacuo. The crude oil was purified by flash chromatography (petroleum 

ether/EtOAc 3:1) to afford title compound 393 (10.6 mg, 32%) as a colourless oil. 

Rf 0.50 (petroleum ether/EtOAc 3:1); IR (neat) νmax: 2930, 2857, 1744, 1662, 1513, 1249, 

1075, 834, 777 cm−1; []D
22 –16.6 (c 0.99, CHCl3); 1H NMR (400 MHz, CDCl3): δ 9.36 (s, 

1H, CHO), 7.15 (d, J = 8.4 Hz, 2H, CH2C6H4OCH3), 6.93 (d, J = 4.0 Hz, 1H, H-3′), 6.93–6.82 

(m, 3H, NH and CH2C6H4OCH3), 6.20 (d, J = 3.9 Hz, 1H, H-4′), 5.60 (br s, 1H, H-2), 4.72 

(ABq, AB = 0.11, JAB = 13.7 Hz, 2H, CH2OTBS), 4.57 (br s, 1H, H-4), 4.35 (ABX, ΔAB = 

0.23, JAB = 14.5 Hz, JAX = 6.4 Hz, JBX = 5.1 Hz, 2H, CH2C6H4OCH3), 3.79 (s, 3H, 

CH2C6H4OCH3), 3.67 (s, 3H, CO2CH3), 3.05 (br s, 1H, Ha-3), 1.91 (br s, 1H, Hb-3), 0.89 (s, 

9H, (CH3)3CSi(CH3)2), 0.80 (s, 9H, (CH3)3CSi(CH3)2), 0.11–0.05 (m, 12H, 2  

(CH3)3CSi(CH3)2); 13C NMR (125 MHz, CDCl3): δ 178.5 (CH, CHO), 173.4 (C, C-5), 170.4 

(C, C-1), 159.2 (C, CH2C6H4OCH3), 143.6 (C, C-5′), 132.1 (C, C-2′), 130.2 (C, 

CH2C6H4OCH3), 129.1 (2  CH, CH2C6H4OCH3), 125.9 (CH, C-3′), 114.2 (2  CH, 

CH2C6H4OCH3), 109.3 (CH, C-4′), 71.3 (CH, C-4), 57.8 (CH2, CH2OTBS), 55.4 (CH3, 
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CH2C6H4OCH3), 55.2 (CH, C-2), 52.5 (CH3, CO2CH3), 42.6 (CH2, CH2C6H4OCH3), 39.8 

(CH2, C-3), 25.9 (3  CH3, (CH3)3CSi(CH3)2), 25.8 (3  CH3, (CH3)3CSi(CH3)2), 18.4 (C, 

(CH3)3CSi(CH3)2), 18.1 (C, (CH3)3CSi(CH3)2), −5.1 (CH3, (CH3)3CSi(CH3)2), −5.2 (CH3, 

(CH3)3CSi(CH3)2), −5.3 (2  CH3, (CH3)3CSi(CH3)2); HRMS (ESI/Q-TOF) m/z: [M+H]+ 

Calcd for C32H53N2O7Si2, 633.3386; Found 633.3362. 

 

Methyl (2S,4S)-2-((5-tert-butyldimethylsilyloxy)methyl-2-formyl-1H-pyrrol-1-yl)-4-

hydroxy-5-((4-methoxybenzyl)amino)-5-oxopentanoate (394) 

 

A mixture of amine 390 (100 mg, 0.337 mmol), dihydropyranone 159 (87.2 mg, 0.337 mmol) 

and PPTS (85.7 mg, 0.337 mmol) in pyridine (1.7 mL) was stirred at rt for 19 h, then diluted 

with EtOAc (20 mL) and washed with satd aq NaHCO3 (2  8 mL) and brine (8 mL). The 

organic phase was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

oil was purified by flash chromatography (petroleum ether/EtOAc 1:1) to afford title compound 

394 (64.8 mg, 37%) as a pale yellow solid. 

Rf 0.21 (petroleum ether/EtOAc 1:1); mp 53.5–55.1 °C; IR (neat) νmax: 3334, 2931, 2857, 1742, 

1647, 1513, 1449, 1246, 1032, 835, 777 cm−1; []D
20 −80.4 (c 0.53, CHCl3); 1H NMR 

(400 MHz, CDCl3): δ 9.39 (s, 1H, CHO), 7.16 (dt, J = 8.6, 2.4 Hz, 2H, CH2C6H4OCH3), 6.99 

(d, J = 4.0 Hz, 1H, H-3′), 6.94 (br s, 1H, NH), 6.84 (dt, J = 8.6, 2.4 Hz, 2H, CH2C6H4OCH3), 

6.22 (br s, 1H, H-4′), 5.25 (br s, 1H, H-2), 4.94 (br s, 1H, OH), 4.73 (ABq, AB = 0.11, JAB = 

13.3 Hz, 2H, CH2OTBS), 4.35 (d, J = 5.8 Hz, 2H, CH2C6H4OCH3), 3.78 (s, 3H, 

CH2C6H4OCH3), 3.69 (s, 3H, CO2CH3), 3.67–3.60 (m, 1H, H-4), 2.75–2.55 (m, 2H, H-3), 0.89 

(s, 9H, (CH3)3CSi(CH3)2), 0.13 (s, 3H, (CH3)3CSi(CH3)2), 0.12 (s, 3H, (CH3)3CSi(CH3)2);  

13C NMR (100 MHz, CDCl3): δ 179.1 (CH, CHO), 172.5 (C, C-5), 170.8 (C, C-1), 159.1 (C, 

CH2C6H4OCH3), 141.6 (C, C-5′), 132.3 (C, C-2′), 130.3 (C, CH2C6H4OCH3), 129.1 (2  CH, 

CH2C6H4OCH3), 125.9 (CH, C-3′), 114.2 (2  CH, CH2C6H4OCH3), 111.1 (CH, C-4′), 68.8 

(CH, C-4), 57.2 (CH2, CH2OTBS), 56.5 (CH, C-2), 55.4 (CH3, CH2C6H4OCH3), 52.9 (CH3, 
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CO2CH3), 42.7 (CH2, CH2C6H4OCH3), 37.8 (CH2, C-3), 25.9 (3  CH3, (CH3)3CSi(CH3)2), 

18.5 (C, (CH3)3CSi(CH3)2), −5.1 (CH3, (CH3)3CSi(CH3)2), −5.2 (CH3, (CH3)3CSi(CH3)2); 

HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C26H38N2NaO7Si, 541.2340; Found 541.2351. 

 

Methyl (2S,4S)-2-(2-formyl-5-(methoxy)methyl-1H-pyrrol-1-yl)-4-hydroxy-5-((4-

methoxybenzyl)amino)-5-oxopentanoate (407) 

 

To a solution of pyrrole 394 (92 mg, 0.18 mmol) in CH2Cl2 (2.7 mL) was added a solution of 

TsOH∙H2O (68 mg, 0.36 mmol) in MeOH (0.9 mL) and the resulting mixture was stirred at rt 

for 25 min. The reaction mixture was neutralised with satd aq NaHCO3 (5 mL) and the aqueous 

layer was extracted with CH2Cl2 (2  4 mL). The combined organic extracts were washed with 

brine (2 mL), dried over anhydrous MgSO4, filtered and concentrated in vacuo. The crude solid 

was purified by flash chromatography (petroleum ether/EtOAc 1:3) to afford title compound 

407 (57.7 mg, 77%) as a colourless solid. 

Rf 0.48 (EtOAc neat); mp 135.5–136.4 °C; IR (neat) νmax: 3301, 2945, 2833, 1749, 1628, 1513, 

1441, 1315, 1246, 1174, 1031, 808 cm−1; []D
21 −132.08 (c 0.48, CHCl3); 1H NMR (400 MHz, 

CDCl3): δ 9.45 (s, 1H, CHO), 7.19 (dt, J = 8.7, 2.5 Hz, 2H, CH2C6H4OCH3), 7.00–6.99 (m, 

2H, H-3′ and NH), 6.85 (dt, J = 8.8, 2.5 Hz, 2H, CH2C6H4OCH3), 6.33 (d, J = 3.6 Hz, 1H,  

H-4′), 5.13 (br s, 1H, H-2), 4.89 (br s, 1H, OH), 4.51 (ABq, AB = 0.17, JAB = 11.8 Hz, 2H, 

CH2OCH3), 4.35 (d, J = 5.8 Hz, 2H, CH2C6H4OCH3), 3.79 (s, 3H, CH2C6H4OCH3), 3.72 (s, 

3H, CO2CH3), 3.55 (br s, 1H, H-4), 3.38 (s, 3H, CH2OCH3), 2.81–2.75 (m, 1H, Ha-3), 2.58–

2.52 (m, 1H, Hb-3); 13C NMR (125 MHz, CDCl3): δ 179.2 (CH, CHO), 172.3 (C, C-5), 170.6 

(C, C-1), 159.1 (C, CH2C6H4OCH3), 138.3 (C, C-5′), 132.8 (C, C-2′), 130.3 (C, 

CH2C6H4OCH3), 129.3 (2  CH, CH2C6H4OCH3), 125.5 (CH, C-3′), 114.2 (2  CH, 

CH2C6H4OCH3), 112.8 (CH, C-4′), 68.7 (CH, C-4), 65.8 (CH2, CH2OCH3), 58.1 (CH3, 

CH2OCH3), 56.5 (CH, C-2), 55.4 (CH3, CH2C6H4OCH3), 53.0 (CH3, CO2CH3), 42.7 (CH2, 
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CH2C6H4OCH3), 37.8 (CH2, C-3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for 

C21H26N2NaO7, 441.1632; Found 441.1626. 

 

Hemerocallisamine I (67) 

 

To a solution of pyrrole 407 (15 mg, 0.036 mmol) and pH 7 phosphate buffer (0.06 mL) in 

CH2Cl2 (0.35 mL) was added DDQ (17 mg, 0.072 mmol) and the mixture was stirred at rt for 

6 h. The resultant suspension was diluted with CH2Cl2 (5 mL), dried over anhydrous MgSO4, 

filtered through Celite® and the filter cake was washed with CH2Cl2 (10 mL) and 1,4-dioxane 

(10 mL). The filtrate was concentrated in vacuo and purified by flash chromatography 

(CH2Cl2/MeOH 13:1) to afford title compound 67 (9.2 mg, 86%) as colourless crystals. 

Rf 0.34 (CH2Cl2/MeOH 8:1); mp 153.0–154.6 °C; IR (neat) νmax: 3351, 3195, 2956, 2828, 

1748, 1633, 1244, 1076, 810 cm−1; []D
21 −44.0 (c 0.10, MeOH), (lit.24 []D

25 −34.6 (MeOH)); 

1H NMR (500 MHz, CD3OD): δ 9.37 (s, 1H, CHO), 7.14 (d, J = 3.9 Hz, 1H, H-3′), 6.36 (d,  

J = 4.0 Hz, 1H, H-4′), 5.42 (br s, 1H, H-2), 4.62 (ABq, ΔAB = 0.38, JAB = 13.1 Hz, 2H, 

CH2OCH3), 3.67 (s, 3H, CO2CH3), 3.30 (s, 3H, CH2OCH3), 3.28 (br s, 1H, H-4), 2.54 (ABXY, 

ΔAB = 0.11, JAB = 14.7 Hz, JAX = 11.1 Hz, JAY = 3.1 Hz, JBY = 11.2 Hz, JBX = 3.1 Hz, 2H,  

H-3); 13C NMR (125 MHz, CD3OD): δ 180.7 (CH, CHO), 179.8 (C, C-5), 171.9 (C, C-1), 

142.4 (C, C-5′), 133.9 (C, C-2′), 127.5 (CH, C-3′), 112.9 (CH, C-4′), 69.5 (CH, C-4), 66.5 

(CH2, CH2OCH3), 57.9 (CH3, CH2OCH3), 57.0 (CH, C-2), 52.9 (CH3, CO2CH3), 38.0 (CH2, 

C-3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C13H18N2NaO6 321.105707; Found 

321.106040. The spectroscopic data were in agreement with those reported in the literature.24 
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4.1. Antibiotics and the Emergence of Antimicrobial Resistance 

 

The etymology of the word “antibiotic”, originally an adjective, reflects key advances in our 

understanding of microbiology and infectious disease, as well as the emergence of 

chemotherapy. “Antibiotic” originates from the word antibiose, first used by Paul Vuillemin 

in 1890, to describe the antagonistic action between different microorganisms.233 The word 

“antibiotic” was later redefined to describe the secondary metabolites responsible for these 

antagonistic relationships between different bacteria and fungi.234 Today, “antibiotic” is 

broader in meaning, and typically refers to a drug that is used either to kill, or inhibit the growth 

of, bacteria or fungi.235 These drugs include naturally occurring secondary metabolites, semi-

synthetic derivatives thereof and synthetic drugs. 

 

While the earliest antibiotics, such as Salvarsan and the sulfonamides, were synthetic drugs, 

the discovery of penicillin in 1929,236 and its deployment as an antibiotic in 1941 ushered in a 

golden era of antibiotic development from natural products.237,238 Over the next 20 years, the 

systematic testing of soil microbes, in particular Streptomyces, resulted in the isolation of an 

exceptional number of secondary metabolites with antibiotic activity (Figure 4.1). In addition 

to the penicillins, this period saw the discovery of most of the antibiotic classes in use today, 

including the cephalosporins,239 tetracylicins,240 chloramphenicols,241 aminoglycosides,242 

macrolides243 and glycopeptides.244 However, this method of drug discovery resulted in 

diminishing returns; only a small fraction of soil microbes could be successfully cultured in 

vitro and continued exploration of soil microbes eventuated in the re-isolation of the same 

natural products.238 This era of prolific antibiotic development subsequently came to an end.  
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Figure 4.1. Important antibiotic classes isolated from soil microbes during the ‘golden era’ of 

antibiotic discovery. 

 

The emergence of antibiotics was a crucial contributor to the drastic increase in life expectancy 

observed during the 20th century, which in the United States went from 47 years in 1900, to 

77 years in 2000.245 Despite these advances in antibiotic treatments, pathogenic microbes 

remain a serious threat to human health. Of particular concern is acquired antibiotic resistance, 

in which initially susceptible populations of bacteria become resistant to an antibiotic and 
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proliferate under the selective pressure of that antibiotic. Mechanisms of antibiotic resistance 

include the production of enzymes that destroy the antibiotic before it can have an effect, 

modification of a protein target to which the antibiotic binds, the downregulation or alteration 

of a protein channel which a drug requires for cell entry, or an upregulation in efflux pumps to 

extrude the antibiotic before it can reach its target.246 Such resistance may be acquired by de 

novo mutation, the selection for which is termed vertical evolution, or by the acquisition of 

genetic material from a resistant organism, selection for which is termed horizontal evolution. 

The ability of bacteria to share genetic material both within the same species, and between 

different species and genera, coupled with the strong selection pressures of antibiotics, 

facilitates the rapid evolution of resistance to new antibiotics. As depicted below, the 

development of resistance to a given antibiotic is often observed shortly after the deployment 

of that antibiotic (Figure 4.2). 

 

 

Figure 4.2. Timeline of antibiotic deployment (above) and the evolution of antibiotic resistance 

(below).247 

 

Antimicrobial resistant bacteria have become commonplace in healthcare institutions and are 

present in every country.248 Infection by drug-resistant bacteria results in poorer clinical 

outcomes for patients and is more costly to treat than infection by non-resistant bacteria. 

Methicillin-resistant Staphylococcus aureus (MRSA) is a widespread cause of severe 

infections in healthcare institutions. Patients with MRSA are estimated to be 64% more likely 

to die than patients with non-resistant S. aureus. The World Health Organisation continues to 
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monitor the emergence of antimicrobial resistant bacteria which impose a serious threat to 

human health. Current bacteria of concern are multi-drug resistant and extensively drug 

resistant tuberculosis, Klebsiella pneumoniae strains that are resistant to last resort 

carbapenems, Escherichia. coli strains that are resistant to widely used fluoroquinolone 

treatments for urinary tract infections, third generation cephalosporin-resistant gonorrhoea, and 

untreatable Enterobacteriaceae strains which are resistant to both carbapenems and the last 

resort antibiotic colistin. A conservative estimate of 700,000 deaths are attributed to 

antimicrobial resistant infections each year, but this is expected to rise to 10 million deaths a 

year by 2050, surpassing deaths caused by cancer.249  

 

While the conservation of currently effective antibiotics might reduce the impact of 

antimicrobial resistance, the inevitability of antimicrobial resistance necessitates the increased 

development of new antibiotics.250 Most newly approved antibiotics are from existing classes 

of antibiotics, as demonstrated in a recent review on antibiotics in the clinical pipeline (Figure 

4.3).251 Among the 32 antibiotics approved between 2000–2015, only five were first in class: 

linezolid (oxazolidinone, synthetic), daptomycin (lipopeptide, natural product), retapamulin 

(pleuromutilin, natural product-derived), fidaxomicin (tiacumicin, natural product) and 

bedaquiline (diarylquinoline, synthetic). A new class of non--lactam -lactamase inhibitor, 

avibactam, was also approved in 2015 for use in combination with selected -lactam 

antibiotics. While there has been a steady launch of antibiotics since 2000, linezolid and 

daptomycin represented the first new classes of antibiotics in three decades.  
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Figure 4.3. New antibiotic approvals 2000–2015, with new classes highlighted.251 

 

Of those medicines used up until 1996, 80% were either natural products, or inspired by natural 

products.252 In contrast, of the new drugs approved between 1981 and 2002, only 52% were 

natural products, or created around a natural product pharmacophore. This shift away from 

natural products in drug discovery reflects the increasing difficulty of accessing new natural 

product sources. Remarkably, there are estimated to be 107 to 109 existing bacterial species in 

nature,253 and less than 1% of soil bacteria have been grown in common laboratory media.254 

Fortunately, recent advances in cell culture have enabled access to what were previously 

considered ‘unculturable’ bacteria,255 and these newly identifiable species provide an untapped 

reservoir of natural products. This recent exploration of the wider soil microbiome has led to 

the discovery of natural products of two promising novel antibiotic classes, namely teixobactin 

(423)256 and the malacidins A (424) and B (425) (Figure 4.4).257 This current research focuses 

on teixobactin (423), which will be discussed in detail herein. 
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Figure 4.4. Recently discovered antibiotic natural products, teixobactin (423)256 and 

malacidins A (424) and B (425).257  
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4.2. Teixobactin 

4.2.1. Isolation, Structure and Biosynthesis 

 

Teixobactin (423) was isolated from a new species of Gram-negative bacteria, Eleftheria 

terrae, in 2015.256 This previously unknown bacteria was isolated by use of an iChip device 

(Figure 4.5), which enabled a colony of the bacteria to be grown in soil. A sample of soil was 

diluted so that approximately one bacterial cell was delivered to a given channel in the central 

plate. The device was then assembled with semi-permeable membranes surrounding each 

channel, and the device placed in the same soil from where the soil sample was collected. The 

semi-permeable membranes allow diffusion of nutrients and growth factors essential to 

bacterial growth and the growth recovery of soil microbes by this iChip method approaches 

50%, compared to 1% of cells grown on a nutrient Petri dish. The colonies that formed within 

each well of the iChip were then streaked on agar, and those colonies which propagated outside 

of the iChip were then cultured in seed broth to increase biomass. Finally, extracts of each 

isolate were tested against S. aureus to identify species with antibiotic activity. 

 

 

Figure 4.5. The iChip (a) consists of a central plate (b) which houses growing microorganisms, 

semi-permeable membranes on each side of the plate, which separate the plate from the 

environment, and two supporting side panels (c).256 

 

After screening 10,000 extracts of iChip-obtained isolates against S. aureus, the extract of E. 

terrae was determined to possess good bactericidal activity. The genome of E. terrae was 

sequenced, upon which it was determined to be a new genus of bacteria related to 
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Aquabacteria. Bioassay guided fractionation of the E. terrae extract resulted in the isolation of 

a novel compound teixobactin (423), with a molecular mass of 1,242 Da (Figure 4.6). The 2D 

structure of teixobactin was determined using data from multiple NMR experiments (COSY, 

TOCSY, HMBC, HSQC and NOESY). Teixobactin (423) possesses neither a free  

N- or C-terminus. Rather, the Phe1 residue is N-methylated, and the Thr8 side chain has formed 

a lactone with the Ile11 C-terminus, giving rise to a macrocyclic depsipeptide. Another unusual 

structural feature is the enduracididine residue, the biological significance of which will be 

discussed in detail in a later section. Complete hydrolysis of teixobactin (423) and 

derivatisation of each residue with Nα-(2,4-dinitro-5-fluorophenyl)-L-alaninamide (Marfey’s 

reagent)258,259 enabled unambiguous stereochemical assignment of teixobactin (423). This 

advanced Marfey’s analysis revealed the enduracididine residue to be L-allo-enduracididine, 

while four of the eleven amino acid residues of teixobactin (423) were D-amino acids. 

 

 

Figure 4.6. The chemical structure of teixobactin (423). L-allo-Enduracididine is highlighted 

in blue, while D-amino acids are highlighted in red. 

 

The biosynthetic gene cluster for teixobactin (423) was identified through a homology search 

of the E. terrae genome. This gene cluster consists of two large non-ribosomal peptide 

synthetase-coding genes, which were named txo1 and txo2 (Figure 4.7). The adenylation, 

thiolation and condensation domains form modules 1–11, which encode the incorporation of 

each specified amino acid into the nascent peptide chain during the biosynthesis of teixobactin 

(423). The methyltransferase domain in the first module catalyses the N-methylation of  
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D-phenylalanine, while the thioesterase domains catalyse the cleavage of the nascent 

polypeptide and cyclisation of the threonine side chain onto the isoleucine C-terminus.  

 

 

 

Figure 4.7. The two non-ribosomal peptide synthetase-coding genes, txo1 and txo2, the 

catalytic domains they encode, and the synthesis of the nascent peptide chain of teixobactin 

(423). Domains: A, adenylation; C, condensation; MT, methyltransferase; T, thiolation 

(carrier); and TE, thioesterase.260 
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Thioesterases are a common C-terminal domain, which catalyse product release in non-

ribosomal peptide synthetases and polyketide synthases.261 A recent study provided the first 

biochemical evidence for the proposed teixobactin (423) biosynthetic gene cluster, wherein the 

two thioesterase domains (TE1 and TE2) of txo2 were expressed in E. coli, then the resultant 

TE1-TE2 monomer isolated.262 A number of linear teixobactin analogues were prepared as  

C-terminal methyl esters, which then underwent cyclisation to the corresponding depsipeptides 

in the presence of the TE1-TE2 enzyme (Figure 4.8). When methyl esters were treated with 

TE1 alone free acids were obtained rather than lactonised products. When the key serine 

residues of either TE1 or TE2 domains were replaced with alanine to give rise to TE1*-TE2 or 

TE1-TE2* mutants (* denotes a Ser-to-Ala mutation of a TE domain), the enzyme still 

functioned with similar efficiency. The mutant TE1*-TE2*, in which the serine residues of 

both TE domains had been replaced with alanine residues, exhibited no lactonisation activity. 

A subsequent mechanism was proposed for the lactonisation towards teixobactin (423), in 

which TE1 and TE2 act synergistically to form an active site cavity that is essential for 

cyclisation. 

 

 

Figure 4.8. Proposed mechanism for the synergistic action of TE1 and TE2 in the lactonisation 

of linear methyl esters. The two domains are functionally exchangeable.262  

 

4.2.2. Bioactivity and Mechanism of Action 

 

Teixobactin (423) exhibits broad bactericidal activity against Gram-positive bacteria, including 

drug-resistant strains (Table 4.1).256 Teixobactin (423) is exceptionally active against 

Clostridium difficile (entry 11), which is classified as an urgent threat by the Center for Disease 

Control (CDC).263 Teixobactin (423) also exhibits excellent activity against MRSA (entry 3), 
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vancomycin-resistant enterococci (entries 4 and 5) and drug-resistant Streptococcus 

pneumoniae (entry 6), which are all classed as serious threats by the CDC. Notably, teixobactin 

(423) was inactive, or poorly active against Gram-negative bacteria (entries 16, 18 and 19), 

with the exception of E. coli asmB1, which has a defective outer membrane permeability barrier 

(entry 17). No teixobactin-resistant mutants of S. aureus or M. tuberculosis were observed after 

plating on media with a low dose (4 × minimum inhibitory concentration) of teixobactin (423). 

 

Table 4.1. Activity of teixobactin (423) against pathogenic bacteria.256 

 

Entry Organism and genotype Teixobactin MIC (g/mL) 

1 S. aureus (MSSA) 0.25 

2 S. aureus + 10% serum 0.25 

3 S. aureus (MRSA) 0.25 

4 Enterococcus faecalis (VRE) 0.5 

5 Enterococcus facium (VRE) 0.5 

6 Streptococcus pneumoniae (penicillinR) ≤ 0.03 

7 Streptococcus pyogenes 0.06 

8 Streptococcus agalactiae 0.12 

9 Viridans group streptococci 0.12 

10 Bacillus anthracis ≤ 0.06 

11 Clostridium difficile 0.005 

12 Propionibacterium acnes 0.08 

13 M. tuberculosis H37Rv 0.125 

14 Haemophilus influenzae 4 

15 Moraxella catarrhalis 2 

16 E. coli 25 

17 E. coli (asmB1) 2.5 

18 Pseudomonas aeruginosa > 32 

19 Klebsiella pneumoniae > 32 

MIC, minimum inhibitory concentration; MSSA, methicillin-sensitive S. aureus; 

VRE, vancomycin-resistant enterococci; penicillinR, penicillin-resistant.  

 

Teixobactin (423) exhibited no toxicity against mammalian NIH/3T3 and HepG2 cells at 

100 m/mL, which was the highest dose tested, nor did it show haemolytic activity or bind 
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DNA.256 The in vivo efficacy of teixobactin (423) was subsequently investigated in mice. 

Teixobactin (423) showed favourable pharmacokinetics after intravenous injection of a 20 mg 

per kg dose, with serum levels of the compound remaining above the MIC for four hours. Mice 

were then infected intraperitoneally with MRSA at a dose which, if untreated, would kill 90% 

of mice. The protective dose at which half of the animals survived (PD50) was determined to 

be 0.2 mg/kg for teixobactin (423) by intravenous injection, which compares favourably to 

vancomycin (PD50 2.75 mg/kg), which is the main antibiotic used to treat MRSA.  

 

Teixobactin (423) exerts its broad Gram-positive bactericidal activity by synergistic 

mechanisms, inhibiting both peptidoglycan and techoic acid synthesis (Figure 4.9).264 

Peptidoglycan is a cross-linked matrix of linear glycan chains, layers of which form the 

bacterial cell wall and preserve cell integrity by withstanding turgor.265 Techoic acid, 

meanwhile, is a major component of the cell wall in Gram-positive bacteria, and exists either 

as wall teichoic acid (WTA), which is connected to peptidoglycan, or as lipoteichoic acid 

(LTA), which is anchored in the cell membrane.266 It is proposed that S. aureus cell division is 

mediated by Atl autolysin, which is localised at the site of division, and excluded from the rest 

of the bacterial cell wall, by WTA.267  

 

 

Figure 4.9. Inhibition of cell wall synthesis by teixobactin (423) at the cell membrane surface, 

demonstrating the specific binding of teixobactin (423) to the pyrophosphate and sugar 

moieties of lipid II and III. In contrast, vancomycin binds to D-ala-D-ala moieties within 

peptidoglycan precursors and mature peptidoglycan peptides.260 
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Teixobactin (423) binds to both lipid II and lipid III (Figure 4.9), which are biosynthetic 

precursors to peptidoglycan and teichoic acid, respectively.264 Lipids II and III consist of a long 

lipophilic chain, bound to a disaccharide unit through a pyrophosphate group. The lipophilic 

chain anchor these cell wall precursors at the cell membrane surface, where the disaccharide 

unit undergoes transglycosylation onto the growing cell wall. By binding to lipids II and III, 

teixobactin (423) inhibits both peptidoglycan and teichoic acid synthesis, weakening the 

bacterial cell wall and effecting the delocalisation of Atl autolysins, leading to cell lysis and 

death.  

 

Teixobactin (423) has been demonstrated to bind to lipid II and III in a 2:1 stoichiometric 

complex.256 It also binds to undecaprenyl pyrophosphate, but not undecaprenyl phosphate, 

indicating the importance of a pyrophosphate moiety for binding. It was established that 

teixobactin (423) binds more strongly to lipids II and III than undecaprenyl pyrophosphate, 

suggesting that teixobactin (423) also binds to the first sugar of the lipid carrier, however the 

identity of the sugar is unimportant. This promiscuity in binding is important for the activity 

of teixobactin (423) against M. tuberculosis, where it is proposed to bind to decaprenyl-coupled 

intermediates in peptidoglycan and arabinogalactan biosynthesis. Importantly, teixobactin 

(423) does not bind to mature peptidoglycan, unlike vancomycin. Vancomycin is inactivated 

when bound to mature peptidoglycan and as such, vancomycin is less effective in treating late 

exponential phase S. aureus where cell populations are dense. The low bactericidal activity of 

vancomycin against these dense populations can lead to vancomycin-intermediate resistance 

(VISA), whereby bacteria develop thicker cell walls with altered cross-linking.268 By contrast, 

teixobactin (423) exhibits excellent bactericidal  activity against late exponential phase 

populations of S. aureus.256 

 

A recent molecular dynamics study by Mu et al. provided insight into the possible binding 

modes of teixobactin (423) with lipid II (426), in which four distinct binding modes were 

observed.269 The arbitrarily assigned binding mode two (BM2) exhibited the highest binding 

affinity, followed by binding mode one (BM1) (Figure 4.10). The largest number of hydrogen 

bonds were observed for binding mode two, with four hydrogen bonds between the four amide 

bonds of the ring motif (Thr8 to Ile11) of teixobactin (423) and the pyrophosphate group of lipid 

II (426). An additional hydrogen bond between Ser7 of teixobactin (423) and the pyrophosphate 

group was also observed, along with two hydrogen bonds between the enduracididine side 

chain and the first N-acetyl glucosamine sugar of lipid II (426). In binding mode one, four 
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hydrogen bonds were observed between the amide bonds of the ring motif of teixobactin (423) 

and the carboxyl group of Glu7 of lipid II (426). 

 

 

Figure 4.10. Binding modes one (BM1) and two (BM2), simulated for a 1:1 complex of 

teixobactin (423) and lipid II (426) by Liu et al.269 For clarity, carbon atoms of teixobactin 

(423) are coloured cyan and those of lipid II (426) are coloured green, while hydrogen bond 

donors and acceptors are labelled with red letters. 
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Different combinations of binding modes were investigated for 2:1 complexes between 

teixobactin (423) and lipid II (426). Of the possible permutations, two molecules of teixobactin 

(423) formed the most stable complex with lipid II in both binding modes one and two (Figure 

4.11, below). The stability of this complex was verified by simulation under a membrane 

environment, in which the hydrophobic N-terminal sequences of both teixobactin (423) 

molecules could be seen interacting with the lipophilic membrane.  

 

 

Figure 4.11. Predicted 2:1 complex of teixobactin (423) and lipid II (grey), by binding modes 

one (teixobactin (423) in pink) and two (teixobactin (423) in yellow). Surface model on left, 

membrane environment model on right.269 

 

An X-ray crystal structure obtained for a simplified macrocyclic core of teixobactin (423) 

provides further evidence for a potential binding mode between teixobactin (423) and the 

pyrophosphate moiety of lipids II and III (Figure 4.12).270 Various analogues of teixobactin 

(423) were produced using arginine as a surrogate for enduracididine in order to simplify 

synthesis of the macrocycle. Removal of residues 1-5 was necessary to prevent gel formation 

of analogues and subsequent attempts to crystallise the truncated Ac-1-5-Arg10-teixobactin 

(427) with pyrophosphate instead afforded a crystalline complex of the hydrochloride salt. All 

of the amide NH groups of Ser7 to Ile11 were aligned on the underside of the macrocyclic 

structure, forming hydrogen bonds with the chloride ion. Interestingly, the arginine side chain 

also participated in hydrogen bonding with the chloride ion. This extensive hydrogen bonding 

network acts as a cage around the chloride ion. Nisin, a lipid II-binding lantibiotic, has 

previously been demonstrated to act as a pyrophosphate binding cage through hydrogen 

bonding interactions of its amide backbone.271 
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Figure 4.12. X-ray crystal structure for Ac-1-5-Arg10-teixobactin (427) as the hydrochloride 

salt. Top down view (A) and side view (B).270 
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4.2.3. Structure-Activity Relationship (SAR) Studies 

 

Teixobactin (423) has been the subject of intense study; to date, 20 separate reports have 

investigated various modifications to the structure of teixobactin (423). Collectively, these 

studies enable a thorough structure-activity relationship (SAR) study of teixobactin (423). 

Albericio and co-workers reported a SAR review of teixobactin (423) in September of 2017, 

in which five categories of modification were identified: L-allo-enduracididine substitution, 

changes to amino acid stereochemistry, modifications to the macrocycle and tail fragments,  

N-terminus modifications and substitution for residues with different polarities (Figure 

4.13).272 The SAR review provided herein interprets the current literature within the same five 

categories, and includes all reports published prior to March 2018.  

 

 

Figure 4.13. Modifications to teixobactin (423) investigated in SAR studies. 

 

Substitution of L-allo-enduracididine 

As L-allo-enduracididine and its diastereomers are not commercially available, the most widely 

studied teixobactin (423) analogues have been those incorporating L-allo-enduracididine 

surrogates (Table 4.2). Early reports investigated positively charged residues as mimics of 

enduracididine (entries 2-17).  
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Table 4.2. Antibiotic activity of teixobactin (423) analogues with L-allo-enduracididine 

surrogates. 

 

  MIC (g/mL)  

Entry Residue10
a S. aureus MRSA B. subtilis E. coli Ref 

Teix allo-End 0.25 0.25 0.02 25 256,273,274 

2 R 2 2   275,276 

3 Ho-R  1 0.125  277,278 

4 Nor-R  1 0.5  277 

5 Gapa  4 1  277 

6 Adma  4   278 

7 Tmg 64  4 NI 279 

8 Mmg 64  4 NI 279 

9 Cit  16   278 

10 K 0.5  0.5 NI 280,281 

11 D-K NI NI   282 

12 O 2 2 0.25  274,278,279,283 

13 Dab  2 1  277 

14 Dap  4 0.5  277 

15 H 8 16 2 NI 278,284 

16 D-H  NI   278 

17 Amp  NI NI NI 279 

18 P NI NI   282 

19 D NI NI   282 

20 E NI NI   282 

21 N 8 16   282 

22 Q 16 16   282 

23 S 16 16   282,285 

24 T 8 16   282 

25 C(S-t-Bu) 2 4   282 

26 M 0.25 0.5   282 

27 F 1 2   282,285 

28 F(4-F) 0.5 4   282 

29 F(4-Cl) 1 4   282 

30 F(4-Br) 2 NI   282 

31 F(4-Me) 1 NI   282 

32 F(4-NO2) 0.5 4   282 

33 Y 2 8   282 

34 Y(OMe) 1 NI   282 

35 Y(3-NO2) 1 4   282 

36 W 8 8–16   282 

37 G 2 2   282,285 

38 A 1 1–2 2–4 NI 281,282,285 

39 D-A  32   285 

40 V 0.5 0.5   282,285 

41 I 0.5 0.25   282,285 

42 L 0.5 0.25   282,285 

43 Abu 1 4   282 

44 Aib NI NI   282 

45 Nva 0.25 1–2   282 

46 Nle 0.5 2   282 

47 Chg 0.25 1   282 

48 Cha 0.5 2   282 

49 Cpa 0.5 2   282 

a
All entries are L-amino acids, unless otherwise stated.  

Abbreviations: Teix, teixobactin (423); NI, no inhibition; Ho-R, homoarginine; Nor-R norarginine; Gapa,  

2-amino-3-guanidinoaminopropionic acid; Adma, N,N-dimethylarginine; Tma, tetramethylarginine; Mmg,  

2-amino-4-(dimethylmorpholinoguanidino)butanoic acid; Cit, citrulline; Dab, 2,4-diaminobutyric acid; Dap, 2,3-diaminopropionic acid; 

Amp, 4-aminoproline; Abu, 2-aminobutyric acid; Aib, 2-aminoisobutyric acid; Nva, norvaline; Nle, norleucine; Chg, cyclohexylglycine; 
Cha, cyclohexylalanine; Cpa, cyclopropylalanine. 
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Arginine (entry 2) and other guanidines (entries 3-8) display good antimicrobial activity, but 

are 10-fold less effective than teixobactin (423). Similar results were obtained with lysine 

(entry 10) and other amines (entries 11-17). However, substitution of L-allo-enduracididine 

with amines which altered the conformation of the macrocycle such as D-amino acids (entries 

11 and 16), or 4-aminoproline (entry 17) led to complete loss of activity. Negatively charged 

residues such as aspartate (entry 19) and glutamate (entry 20) also destroy activity. 

Interestingly, recent work by the groups of Singh285 and Li282 have established that  

L-allo-enduracididine is non-essential for excellent antimicrobial activity (entries 26 to 49). 

Remarkably, hydrophobic residues are well-tolerated and analogues containing isoleucine 

(entry 41) and leucine (entry 42) display comparable potency to teixobactin (423) (entry 1) 

against MRSA, a result verified independently by both groups.282,285 As L-allo-enduracididine 

has been previously proposed to hydrogen bond either to pyrophosphate,270 or  

N-acetylglucosamine,269 it is possible that the isoleucine and leucine-containing analogues 

exert their antimicrobial effects via different binding modes. 

 

Modification of stereochemistry 

Numerous studies have investigated the effects of amino acid configuration on the activity of 

teixobactin (423) (Table 4.3). All but one of these analogues have used either arginine or 

ornithine as a surrogate for enduracididine, and as such, the observed difference in activity 

between an analogue and teixobactin (423) is not solely attributable to changes in amino acid 

stereochemistry. Substitution of any of the D-amino acid residues of teixobactin (423) with the 

enantiomeric L-amino acid resulted in complete loss of activity against Gram-positive bacteria 

(entries 2–7, 10). Interestingly, D-allo-Ile5 could be substituted for D-Ile5 (entries 8 and 9), and 

Ile11 substituted for D-allo-Ile11 (entry 12), with minor reduction in activity. Most significantly, 

ent-teixobactin (423) possessed good activity, indicating that while the relative stereochemistry 

of teixobactin (423) was crucial for activity, the absolute stereochemistry may not be important 

for binding to lipids II and III.280 This might indicate a strong binding interaction between 

teixobactin (423) and the achiral pyrophosphate moiety of lipids II and III, along with 

promiscuous binding interactions with chiral sugar and peptide moieties. 
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Table 4.3. Effect of D- and L-amino acid conformation on the biological activity of teixobactin 

(423) analogues. 

 

 

 Peptide sequence
a MIC

b
 

(g/mL) 
 

Entry N-Me-D-F I S D-Q D-allo-I I S D-T A allo-End I Gram (+) Ref 

Teix - - - - - - - - - - - Excellent 256,273,274 

2 - - - - - - - - - R - Good 286 

3 N-Me-F - - - - - - - - R - Poor 286 

4 N-Me-F - - - - - - - - O - NI 283 

5 - D-allo-I - - - - - - - O - NI 283 

6 - - - Q - - - - - R - NI 286 

7 - - - Q - - - - - O - NI 283 

8 - - - - I - - - - R - NI 286 

9 - - - - D-I - - - - - - Good 274 

10 - - - - D-I - - - - R - Moderate 274 

11 - - - - - - - T - R - NI 286 

12 - - - - - - - - D-A O - NI 283 

13 - - - - - - - - - - D-allo-I Good 280 

14 - - - - D-I - - T - R - NI 274 

15 N-Me-F - - Q I - - - - R - NI 287 

16 N-Me-F - - Q I - - T - R - NI 286 

17 N-Me-F D-I D-S Q allo-I D-I D-S T D-A D-R D-I Good 280 

a
All entries are L-amino acids, unless otherwise stated. 

b
MIC (g/mL): Excellent < 1; Good 1–4, Moderate 8–16, Poor 32–128, NI – no 

inhibition. Abbreviations: Teix, teixobactin (423). 

 

Singh and co-workers investigated the conformational behaviour of different diastereomers of 

Arg10-teixobactin.286 Arg10-teixobactin, which displayed good antimicrobial activity (entry 2), 

was determined to be highly dynamic in solution. Few medium and long-range correlations 

were observed in the NOESY spectrum of the compound, and molecular dynamics simulations 

showed that the arginine residue was highly flexible (Figure 4.14). The 20 lowest energy 

conformations calculated for Arg10-teixobactin exhibited a route-mean-square deviation 

(RMSD) of 3.16 Å in their spatial arrangements, which indicates a high degree of 

conformational disorder. By comparison, the analogue in which all D-amino acids were 

substituted for L-amino acids (entry 16) possessed a well-defined hairpin structure, with a 
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RMSD of only 1.08 Å. This conformational stability was largely attributed to the L-Glu4 

residue, which enables the hydrophobic Ile6 and Ile11 residues to pack together, as indicated by 

long range NOESY correlations. In certain diastereomers, the Arg10 residue was observed to 

participate in numerous transient intramolecular hydrogen bonding interactions with other 

residues, thus limiting potential intermolecular hydrogen bonding interactions. It was 

suggested that the disordered structure of teixobactin (423) in solution was crucial for its 

biological activity. 

 

 

Figure 4.14. Molecular dynamics calculations of L-Arg10-teixobactin (left) and  

L-Phe1-L-Glu4-L-Ile5-L-Thr8-L-Arg10-teixobactin (right), with the 20 lowest energy conformers 

of each overlaid.286 

 

Modification to the tail and/or macrocycle 

The macrocycle of teixobactin (423) is essential for antimicrobial activity, as demonstrated by 

an inactive seco-derivative 428 in which the D-Thr8-Ile11 ester bond is absent (Figure 4.15).280  

D-Dap8-Arg10-teixobactin (429), in which the ester of teixobactin (423) has been replaced with 

an amide bond, still exhibits good antimicrobial activity.270  
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Figure 4.15. The effect of macrocycle modifications on the biological activity of teixobactin 

(423) analogues.  

 

The role of the hydrophobic tail of teixobactin (423) is less well-defined (Table 4.4). In order 

to afford simplified synthetic targets, truncated analogues of teixobactin (423) have been 

investigated. Removal of tail residues leads to complete loss of activity (entries 1 and 2), 

however addition of a lipophilic substituent near the N-terminus preserves some activity 

(entries 3 and 4). A moderately active analogue referred to as lipobactin possesses a decanyl 

chain on an N-terminal isoleucine residue (entry 3).280 In a similar vein, a library of truncated 

analogues was prepared by Jamieson and co-workers, wherein the terminal Ser7 residue was 

replaced with lipophilic S-farnesyl and S-geranyl cysteine residues (entries 4–17).288 Certain 
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farnesyl analogues (entries 4, 6 and 8) possessed moderate activity, while the shorter chain 

geranyl analogues were all inactive. 

 

Table 4.4. Effect of tail truncation on the biological activity of teixobactin (423) analogues. 

 

 

 Peptide sequence
a
 MIC (g/mL)

b
  

Entry Ile6 Ser7 D-Thr8 Ala9 allo-End10 Ile11 Gram (+) Ref 

1 1-5-I - - - R - NI 280 

2 Ac-1-5-I - - - - - NI 270 

3 De-1-5-I - - - R - Moderate 280 

4  Ac-1-6-C(farnesyl) - - R - Moderate 288 

5  Ac-1-6-C(geranyl) - - R - NI 288 

6  Ac-1-6-C(farnesyl) - - K - Moderate 288 

7  Ac-1-6-C(geranyl) - - K - NI 288 

8  Ac-1-6-C(farnesyl) - - O - Moderate 288 

9  Ac-1-6-C(geranyl) - - O - NI 288 

10  Ac-1-6-C(farnesyl) - - Cit - NI 288 

11  Ac-1-6-C(geranyl) - - Cit - NI 288 

12  Ac-1-6-C(farnesyl) - - H - NI 288 

13  Ac-1-6-C(geranyl) - - H - NI 288 

14  Ac-1-6-C(farnesyl) - - A - NI 288 

15  Ac-1-6-C(geranyl) - - A - NI 288 

16  Ac-1-6-C(farnesyl) - - E - NI 288 

17  Ac-1-6-C(geranyl) - - E - NI 288 

a
All entries are L-amino acids, unless otherwise stated. 

b
MIC (g/mL): Excellent < 1; Good 1–4, Moderate 8–16, Poor 32–128, NI – 

no inhibition. 1-n represents the number of N-terminal residues truncated from teixobactin (423). Abbreviations: Teix, teixobactin 

(423); De, decanyl; Cit, citrulline. 

 

Modification of the N-terminus 

The N-terminus of teixobactin (423) tolerates few changes; a non-methylated D-Phe1 residue 

maintains good activity (Table 4.5, entry 2), while D-Tyr1 is inactive (entry 3). It would appear 

that a balance of lipophilicity and charge is required. Highly lipophilic N-substituents result in 

complete loss of activity (entries 6 and 7), while a moderately lipophilic benzyl group is 

tolerated (entry 5). An N-alkyl substituent is required at the N-terminus, as analogues with  

N-acyl and N-decanoyl substituents are inactive (entries 8–10). 
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Table 4.5. Effect of N-terminal modifications on the biological activity of teixobactin (423) 

analogues. 

 

 

 Peptide sequence
a
 MIC (g/mL)

b
  

Entry N-Me-D-F I S D-Q D-allo-I I S D-T A allo-End I Gram (+) Ref 

Teix - - - - - - - - - - - Excellent 256,273,274 

2 D-F - - - - - - - - R - Good 284,289 

3 D-Y - - - - - - - - R - NI 284 

4 N-Me2-D-F - - - - - - - - R - Moderate 284,289 

5 N-Bn-D-F - - - - - - - - R - Moderate 289 

6 N-De-D-F - - - - - - - - R - NI 289 

7 N-De2-D-F - - - - - - - - R - NI 289 

8 N-Ac-D-F - - - - - - - - R - NI 287,289 

9 N-Ac-D-A - - - - - - - - R - Poor 285 

10 N-Dc-D-F - - - - - - - - R - NI 289 

11 N-Tmg-D-F - - - - - - - - R - NI 289 

a
All entries are L-amino acids, unless otherwise stated. 

b
MIC (g/mL): Excellent < 1; Good 1–4, Moderate 8–16, Poor 32–128, NI – no 

inhibition. Abbreviations: Teix, teixobactin (243); Dap, 2.4-diaminopropionic acid; De, decanyl; Cit, citrulline; Dc, decanoyl; Tmg, 
tetramethylguanadyl. 

 

 

Changes in residue polarity 

With the exception of the Thr8 residue, which is required to form the macrocyclic lactone, 

substitutions of each residue of teixobactin (423) have been investigated to probe the necessary 

characteristics for antimicrobial activity. Key studies include an alanine scan by Nowick and 

co-workers,281 a lysine scan by Albericio and co-workers290 and another study by the same 

group in which the tolerance of positive charge was investigated.279 Residues D-Phe1, Ile2,  

D-Ile5 and Ile6 are all poorly tolerated by polar and different non-polar residues alike (Table 

4.6, entries 2–12 and 29–38). This suggests the inclusion of isoleucine residues is crucial for 

good activity. Substitution of Ile6 and Ile11 with cyclohexylglycine, which is similarly 

lipophilic, but more conformationally restricted, resulted in an analogue of slightly enhanced 

activity (entry 39).270 The nature of the third and fourth residues is unimportant, so long as the 

stereochemistry of the peptide backbone is maintained, as non-polar alanine and polar lysine 
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residues are both tolerated (entries 13–28). Substitution of Ser7 for alanine or lysine is poorly 

tolerated, which is in agreement with previous observations that the hydroxy group participates 

in hydrogen bonding interactions (entries 40–44).269,270 Ala9 is remarkably tolerant to 

substitution with lysine (entries 45 and 46), while Ile11 can be substituted for other non-polar 

residues with a moderate loss of activity (entries 48 and 49). 

 

Teixobactin (423) is tolerant to additional positively charged residues, up to a maximum of 

four basic residues including N-Me-D-Phe1 and allo-End11, or surrogates thereof (entries 51–

58). Upon the inclusion of a fifth basic residue, antimicrobial activity decreases significantly 

(entries 62–67). 

 

Table 4.6. Tolerance of various polar and non-polar residues within the teixobactin (423) 

scaffold. 

 

 

 Peptide sequence
a
 MIC (g/mL)

b
  

Entry N-Me-D-F I S D-Q D-allo-I I S D-T A allo-End I Gram (+) Ref 

Teix - - - - - - - - - - - Excellent 256,273,274 

2 N-Me-D-K - - - - - - - - R - NI 279 

3 N-Me-D-A - - - - - - - - K - NI 281 

4 N-Me-D-A - - - - - - - - O - NI 283 

5 - K - - - - - - - R - NI 290 

6 - T - - - - - - - O - NI 283 

7 - F - - - - - - - O - NI 283 

8 - A - - - - - - - R - NI 285 

9 - A - - - - - - - K - Poor 281 

10 - A - - - - - - - O - NI 283 

11 - V - - - - - - - O - Moderate 283 

12 - L - - - - - - - O - Moderate 283 

13 - - K - - - - - - R - Good 290 

14 - - K - - - - - - O - Good 279 

15 - - N - - - - - - O - NI 283 

16 - - A - - - - - - R - Good 285 

17 - - A - - - - - - K - Good 281 

18 - - A - - - - - - O - Good 283 

Continued on next page 
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 Peptide sequence
a
 MIC (g/mL)

b
  

Entry N-Me-D-F I S D-Q D-allo-I I S D-T A allo-End I Gram (+) Ref 

Continued from previous page 

19 - - L - - - - - - O - Moderate 283 

20 - - - D-R - - - - - R - Good 284 

21 - - - D-K - - - - - R - Good 290 

22 - - - D-K - - - - - O - Good 279 

23 - - - D-N - - - - - R - Good 284 

24 - - - D-N - - - - - O - Good 283 

25 - - - D-A - - - - - R - Good 285 

26 - - - D-A - - - - - K - Good 281 

27 - - - D-A - - - - - O - NI 283 

28 - - - D-V - - - - - O - Moderate 283 

29 - - - - D-K - - - - R - NI 290 

30 - - - - D-A - - - - R - Poor 285 

31 - - - - D-A - - - - K - Poor 281 

32 - - - - - K - - - R - NI 270,290 

33 - - - - - F - - - O - NI 283 

34 - - - - - A - - - R - NI 285 

35 - - - - - A - - - K - NI 281 

36 - - - - - A - - - O - NI 283 

37 - - - - - V - - - O - NI 283 

38 - - - - - L - - - O - NI 283 

39 - - - - - Chg - - - R Chg Good 270 

40 - - - - - - K - - R - Moderate 290 

41 - - - - - - K - - O - Poor 279 

42 - - - - - - A - - R - Moderate 270,284 

43 - - - - - - A - - R - Moderate 285 

44 - - - - - - A - - K - Poor 281 

45 - - - - - - - - K R - Good 270,290 

46 - - - - - - - - K O - Good 279 

47 - - - - - - - - - R K NI 270,290 

48 - - - - - - - - - K A Moderate 281 

49 - - - - - - - - - O V Moderate 283 

50 - - - - - - - - - O L NI 283 

51 - - K D-K - - - - - K - Good 279 

52 - - K K - - - - - O - Moderate 279 

53 - - K K - - - - - R - Poor 279 

54 - - K - - - K - - O - Poor 279 

55 - - K - - - K - - R - Poor 279 

56 - - K - - - - - K K - Good 279 

57 - - Dap - - - - - Dap K - Good 279 

58 - - - D-K - - - - K K - Good 279 

59 - - - K - - K - - O - Poor 279 

60 - - - - - - K - K K - Poor 279 

61 - - - - - - Dap - Dap K - Moderate 279 

62 - - K K - - K - - O - Poor 279 

63 - - K D-K - - - - K K - Poor 279 

64 - - Dap Dap - - - - Dap K - Moderate 279 

65 - - K - - - K - K K - Poor 279 

66 - - Dap - - - Dap - Dap K - Moderate 279 

67 - - - D-K - - K - K K - Poor 279 

a
All entries are L-amino acids, unless otherwise stated. 

b
MIC (g/mL): Excellent < 1; Good 1–4, Moderate 8–16, Poor 32–128, NI – no 

inhibition. Abbreviations: Teix, teixobactin (423); Chg, cyclohexylglycine; Dap, 2.4-diaminopropionic acid. 
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Summary 

With numerous landmark publications in 2017, and additional work likely forthcoming, a vast 

number of teixobactin (423) analogues have now been reported. From this large data set, clear 

trends are observed regarding structural features important to the antimicrobial activity of 

teixobactin (423). The macrocycle of teixobactin (423) is crucial for activity, and it has been 

demonstrated for a truncated analogue that the amide N-H bonds of residues 8–11 are all 

similarly aligned downward on the same side of this 13-membered ring to engage with anionic 

targets.270 Truncated tails display moderate activity if a suitably long lipophilic chain is used 

in its place,280,288 however the unmodified tail structure of teixobactin (423) exhibits the best 

antimicrobial activity. The inclusion of D-amino acids, particularly at D-Glu4, is crucial for 

strong antimicrobial activity. It has been proposed that these D-amino acids prevent stabilising 

intramolecular hydrogen bonding interactions, thus increasing binding affinity for bacterial 

targets.286 The large number of isoleucine residues within teixobactin (423) is also a 

requirement for good activity, and only unnatural mimics such as cyclohexylglycine are well 

tolerated in their place.270,290 Most surprising of the findings to date, is that the unusual L-allo-

enduracididine residue can be substituted for non-polar amino acids such as leucine or 

isoleucine with no loss of activity. At the outset of this work, these highly active analogues 

which contain leucine and isoleucine in place of L-allo-enduracididine had not been published. 

We were only aware of analogues with positively charged L-allo-enduracididine surrogates, 

such as arginine, lysine and ornithine, all of which were less active than teixobactin (423). 
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4.3. Enduracididine 

 

The L-allo-enduracididine (430) residue of teixobactin (423) belongs to a small family of  

non-proteinogenic amino acids known as the enduracididines, which contain a conserved  

2-amino-imidazoline moiety (Figure 4.16). As a component of teixobactin (423),  

L-allo-enduracididine (430) is of primary interest to us, however the enduracididine family has 

been the subject of a review by our group.291 Enduracididine can exist in either 1,3-syn or  

1,3-anti configurations, and the latter is referred to as allo-enduracididine. Of the four possible 

diastereomers of enduracididine, all but D-enduracididine (433) have been reported in 

Nature.256,292 Interestingly, L-allo-enduracididine (430) is unique to teixobactin (423), and has 

not been observed in other natural products to date. Of the eight possible diastereomers for  

-hydroxyenduracididine, only L--hydroxyenduracididine (434) and D--

hydroxyenduracididine (435) have been observed in Nature. Enduracididines are most 

prominent within antibiotic natural products,256,292–294 although their role within these natural 

products is not well understood. This section introduces the occurrence of enduracididines in 

Nature, their proposed biosynthesis and reported strategies for their chemical synthesis. 

 

 

Figure 4.16. The naturally-occurring enduracididine family of amino acids. The 2-amino-

imidazoline moiety is highlighted in red 
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4.3.1. Occurrence in Nature 

 

Enduracididines are uncommon residues in natural products, however they have been isolated 

from bacterial,293–295 plant296 and animal sources.297 L-Enduracididine (431) and D-allo-

enduracididine (432) were the first enduracididines to be reported, when they were identified 

as components of their namesake, the antibiotic depsipeptides enduracidins A (436) and B 

(437) (Figure 4.17).292,295 Enduracidins A (436) and B (437) were originally isolated from a 

culture of Streptomyces fungicidicus295 and have since been isolated from Streptomyces sp. 

NJWGY366516298 and Streptomyces atrovirens MGR140.299 Enduracidins A (436) and B 

(437) both exhibit potent activity against Gram-positive bacteria, and much like teixobactin 

(423), these peptides bind to lipid II and inhibit transglycosylation, thereby interrupting 

peptidoglycan synthesis.300 Enduracidins A (436) and B (437) are produced industrially by 

fermentation and marketed as Enradin®, an antibiotic feed additive for pigs and chickens. 

 

 

Figure 4.17. Enduracidins A (436) and B (437), which contain L-enduracididine (431) (red) 

and D-allo-enduracididine (432) (blue). 

 

Minosaminomycin A (438), which was isolated from the culture broth of Streptomyces 

MA514-A1 in 1974, contains L-enduracididine (431) (Figure 4.18).293 This inosamine-based 

antibiotic exhibits good activity against mycobacteria (Mycobacterium smegmatis MIC = 

1.56 g/mL), but poor activity against other bacteria. Structurally distinct from the 
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enduracididine-containing depsipeptide antibiotics, minosaminomycin A (438) inhibits the 

initiation process of protein synthesis in mycobacteria.301 Another L-enduracididine (431)-

containing natural product, unnamed bromoindole metabolite 439, was isolated from the 

marine ascidian Leptoclinides dubius, a invertebrate filter feeder.297 The extract containing 

bromoindole 439 was cytotoxic, however the compound responsible for this cytotoxicity was 

not identified. 

 

 

Figure 4.18. Natural products containing L-enduracididine (431) (red).293,297 

 

In 2002, mannopeptimycins – (440–444) were isolated from Streptomyces hygroscopicus  

LL-AC98, exhibiting moderate activity against Gram-positive bacteria, including MRSA and 

vancomycin-resistant enterococci (Figure 4.19).294 These cyclic peptides contain both L- and  

D--hydroxyenduracididines (434) and (435), and the D--hydroxyenduracididine (435) 

residue has a sugar substituent. As with other glycopeptides, the mannopeptimycins interrupt 

peptidoglycan synthesis by binding to lipid II and inhibiting transglycosylation.302 To date, the 

mannopeptimycins are the only reported compounds in which -hydroxyenduracididines have 

been found. 
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Figure 4.19. Mannopeptimycins -, which contain L--hydroxyenduracididine (434) (red) 

and D--hydroxyenduracididine (435) (blue). 

 

L-Enduracididine (431) was isolated as a free amino acid from seeds of Lonchocarpus sericeus 

in 1977, and since then has been reported in the seeds of many other species within the same 

taxonomic tribe Tephrosieae.303,304 L-Enduracididine (431) was found to inhibit lettuce 

seedling germination at 1 mM, although this activity was shared with various other non-

proteinogenic amino acids.305 It was observed that L-enduracididine (431) is accumulated in 

the seeds of some Tephrosieae species, while a different guanidine-containing amino acid  

L-canavanine (445) (Figure 4.20) is accumulated in the seeds of other Tephrosieae species.296 

After a survey of 310 different species within Tephrosieae, it was established that no species 

produce both of these non-proteinogenic amino acids. L-Canavanine (445) is produced and 

stored in the seeds of many leguminous plants as a nitrogen store.306 It is also employed as an 

anti-metabolite, as some species incorporate it into nascent peptides indiscriminately from 

arginine, giving rise to non-functional proteins. It has been speculated that L-enduracididine 

(431) might fulfil either of these functions in species of Tephrosieae that do not produce  

L-canavanine (445).304 

 

 

Figure 4.20. Guanidine-containing non-proteinogenic amino acids of the Tephrosieae tribe. 
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4.3.2. Biosynthesis 

 

In 1984, it was established in a radio-labelling study that the biosynthesis of enduracididine 

proceeds from arginine, not histidine.307 Streptomyces fungicidicus cultures produced 

enduracididine incorporating C14 when fed with C14-labelled arginine. Similar results were 

obtained for cultures fed with C14-labelled ornithine and citrulline, which are biosynthetic 

precursors to arginine. C14-labelled histidine, however, was not incorporated in enduracididine. 

The gene clusters for both the enduracidins and mannopeptimycins have since been 

identified.308,309 The enduracidin and mannopeptimycin gene clusters each contain a three-gene 

operon, endPQR and mppPQR, respectively, which have high sequence homology. MppP is a 

pyridoxal phosphate-dependent oxidase, which catalyses the conversion of L-arginine (446) to 

2-oxo-4-hydroxy-5-guanidinovaleric acid (447) (Scheme 4.1).310,311 MppR is a pyruvate 

aldolase, which is proposed to catalyse the formation of cyclic guanidine 449 by dehydration 

and subsequent cyclisation of 2-oxo-4-hydroxy-5-guanidinovaleric acid (448).312 

Transamination by mppQ, a pyridoxal phosphate-dependent amino-transferase, then affords  

L-enduracididine (431). A gene immediately upstream of the mppPQR operon, mppO, catalyses 

the hydroxylation of L-enduracididine (431) to afford L--hydroxyenduracididine (434).313 

 

 

Scheme 4.1. Proposed biosynthesis of L-enduracididine (431) and L--hydroxyenduracididine 

(434) in Streptomyces hygroscopicus.312 
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4.3.3. Chemical Synthesis of L-allo-Enduracididine (430) and L-Enduracididine (431) 

 

The chemical synthesis of the enduracididines has facilitated the study of the natural products 

which contain them. This is a necessary endeavour when access to the natural product is 

limited, as has been the case for teixobactin (423), which is produced by a newly discovered 

species of bacteria. The chemical synthesis of natural products also enables the synthesis of 

analogue structures, and this has been particularly instrumental in the elucidation of the 

teixobactin (423) pharmacophore. Three stereoselective syntheses of L-enduracididine (431) 

and L-allo-enduracididine (430) were reported prior to the isolation of teixobactin (423),314–316 

and a further six have been reported since.273,317–321 Syntheses of the -hydroxyenduracididines 

have been reported,322–326 however these are significantly different in approach to those of  

L-enduracididine (431) and L-allo-enduracididine (430), and will not be discussed here. 

 

The first stereoselective synthesis of L-enduracididine (431) and L-allo-enduracididine (430) 

was reported by Tsuji et al. in 1975 (Scheme 4.2).314 This remains the only synthesis from  

L-histidine, the methyl ester of which underwent Bamberger cleavage to afford the ring-opened 

diamide 451. Unsaturated diamide 451 underwent hydrogenation, followed by butylamide 

cleavage to afford the lactam 452. Basic hydrolysis of lactam 452 was followed by guanylation 

with iminodithiocarbonimidate 454 in the same pot to afford the unstable tosylamide 453, 

which was treated immediately with hydrogen fluoride to furnish a diastereomeric mixture of  

L-allo-enduracididine (430) and L-enduracididine (431). 
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Reagents and conditions: a) n-butyryl chloride, Na2CO3, CH2Cl2-H2O, 42%; b) H2, PtO2, 

AcOH, quant; c) 2 M HCl,  4 h; d) NaOH, EtOH, , 2 h, then 454, , 2h; e) HF, rt, 3 h, 44% 

over three steps.  

Scheme 4.2. Synthesis of L-allo-enduracididine (430) and L-enduracididine (431) by Tsuji et 

al.314 

 

It took 29 years for another synthesis of L-enduracididine (431) and L-allo-enduracididine 

(430) to be reported, whereupon Dodd and co-workers described an approach from chiral 

aziridine 456 (Scheme 4.3).315 Aziridine 456 was prepared from allylglycine derivative 455 by 

copper-catalysed aziridination with an iminoiodane. In this step, a 9-phenylfluorenyl (PhF) 

protecting group was necessary to prevent unwanted co-ordination of the copper catalyst to the 

-amino group. The aziridine was afforded in only 28% yield, with a dr of 7:3 in favour of the 

diastereomer leading to final compound 462, which possesses the same stereochemistry as  

L-allo-enduracididine (430). Azide ring-opening afforded azides 457 and 458, which were 

separated and elaborated to protected L-allo-enduracididine 462 and L-enduracididine 463, 

respectively, by azide reduction, guanylation with isothiourea 459 and cyclisation. 
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Reagents and conditions: a) SesNH2, PhIO, Cu(CH3CN)4PF6 (20 mol%), CH3CN, rt, 16 h, 

28%; b) NaN3, BF3·OEt2, DMF, 65 °C, 80 h, 75%, 457:458 7:3; c) PPh3, THF, H2O, , 20 h; 

d) 459, HgCl2, DMF, Et3N, rt, 84 h; 460 80% over two steps, 461 51% over two steps; e) CsF, 

DMF, 90 °C, 24 h, 462 35%, 463 33%. Ses = (2-trimethylsiliyl)-ethanesulfonyl. 

Scheme 4.3. Synthesis of protected L-allo-enduracididine 462 and L-enduracididine 463 by 

Dodd and co-workers.315 

 

A racemic synthesis of L-allo-enduracididine (430) and L-enduracididine (431) was reported 

by Du Bois and co-workers to demonstrate the utility of a diamination reaction developed 

within the group (Scheme 4.4).316 Accordingly, protected (±)-allyl glycine 464 was treated with 

an N-carbamoyl sulfamide in the presence of iodobenzene diacetate and a dirhodium(II) 

catalyst, to afford aziridine 465. Aziridine 465 was treated with sodium iodide in situ to form 

ring-opened iodide 466, which cyclised to afford the cyclic sulfamide 467 as a 1:1 mixture of 

diastereomers. Selective cleavage of the sulfamide tert-butyl carbamate afforded separable 

diastereomers 468 and 470, which underwent one step transformation to the guanidines 469 

and 471. Ester hydrolysis and global deprotection of these guanidines then afforded allo-

enduracididine (430) and enduracididine (431), respectively. 
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Reagents and conditions: a) BocNHSO2NH2, PhI(OAc)2, Rh2(esp)2 (2 mol%), MgO, i-PrOAc, 

then NaI, DMF, 56%, dr 1:1; b) MgBr2·OEt2, CH3CN, 60 °C, 61%; c) TcesN=C(SMe)Cl, 

DIPEA, DMAP, CH3CN, −25 °C, then Cl3CCH2OH, 50 °C, 42%; d) LiOH, THF/H2O; e) TFA, 

H2, Pd/C, 44% over two steps. Tces = 2,2,2-trichloroethoxysulfonyl. 

Scheme 4.4. Synthesis of allo-enduracididine (430) and enduracididine (431) by Du Bois and 

co-workers.316 

 

In order to characterise the stereochemistry of the enduracididine residue within teixobactin 

(423), Lewis and co-workers prepared the diastereomers of enduracididine with known 

absolute stereochemistry as standards for Marfey analysis (Scheme 4.5).317 Nitroalcohol 473 

was obtained from an aspartate derivative, although details of this reaction were not provided. 

Nitroalcohol 473 underwent hydrogenation and guanylation with protected pyrazole 

carboxamidine 475, to afford guanidine 474. The alcohol was converted to the triflate and in 

situ substitution by the distal guanidine nitrogen afforded cyclic guanidine 476. Treatment with 

acid then afforded L-allo-enduracididine (430), which was determined to possess the same 

absolute stereochemistry as the enduracididine residue within teixobactin (423). 
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Reagents and conditions: a) NH4HCO2, 10% Pd/C, MeOH, 40 °C, 1 h; b) 475, CH3CN, rt, 20 h, 

56% over two steps; c) Tf2O, DIPEA, CH2Cl2, −78 °C, 4 h, 85%; d) TFA, H2O, rt, 20 h, 83%.  

Scheme 4.5. Synthesis of L-allo-enduracididine (430) by Lewis and co-workers.317 

 

Yuan and co-workers reported a high-yielding, albeit lengthy synthesis of a protected  

L-allo-enduracididine 430 en route to teixobactin (423) (Scheme 4.6).318 Starting from  

L-hydroxyproline 477, mesylation and azide displacement afforded an azide with inversion of 

stereochemistry at C-4. Oxidation of the tertiary carbamate 478 with ruthenium(VIII) oxide 

then furnished lactam 479. Reductive ring-opening afforded azidohydrin 480, which underwent 

guanylation with Goodman’s reagent (483) and intramolecular displacement of the alcohol to 

furnish cyclic guanidine 481. Ester cleavage and reinstallation of the tert-butyl carbamate 

protecting group afforded peptide synthesis building block 482. In their subsequent synthesis 

of teixobactin (423), a fluorenylmethyl carbamate protected L-allo-enduracididine derivative 

was employed instead.274 
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Reagents and conditions: a) MsCl, Et3N, CH2Cl2, 0 °C to rt, 3 h; b) NaN3, DMF, 80 °C, o/n, 

88%; c) RuCl3·xH2O, NaIO4, EtOAc-H2O (1:3), rt, o/n, 66%; d) NaBH4, EtOH, pH 7 buffer, 

0 °C to rt, o/n, 78%; e) H2 (1 atm), Pd/C (5 mol%), MeOH, rt, 1 h; f) 483, Et3N, 1,4-dioxane-

H2O, 45 °C, 24 h, 98% over two steps; g) MsCl, Et3N, CH2Cl2, 0 °C to rt, 12 h, 95%; h) TFA, 

H2O, rt, 2 h; i) Boc2O, K2CO3, THF, rt, 5 h, 76% over two steps.  

Scheme 4.6. Synthesis of protected L-allo-enduracididine 482 by Yuan and co-workers.318 

 

In the total synthesis of teixobactin (423) by Payne and co-workers using Fmoc solid phase 

peptide synthesis, the preparation of L-allo-enduracididine derivative 487 was described 

(Scheme 4.7).273 Nitroalcohol 473 was afforded in two steps from aspartic acid derivative 484, 

following a protocol reported by Rudolph et al.327 tert-Butyl carbamate protected guanidine 

486 was then accessed using the chemistry described by Lewis and co-workers in their 

synthesis of L-allo-enduracididine (430).317 Finally, ester cleavage and protecting group 

exchange for the fluorenylmethyl carbamate afforded L-allo-enduracididine derivative 487.  

 

 

Reagents and conditions: a) CDI, KOt-Bu, MeNO2, rt, 2.5 h; b) L-selectride, −78 °C, 3 h, 52% 

over two steps; c) H2, 10% Pd/C, AcOH, 18 h, rt; d) 483, Et3N, 18 h, rt, 72%; e) Tf2O, DIPEA, 

−78 °C, 3 h, 79%; f) TFA, H2O, 3 h, rt; g) Fmoc-OSu, NaHCO3, 20 h, rt, 57% over two steps. 

Scheme 4.7. Synthesis of protected L-allo-enduracididine 487 by Payne and co-workers.273 
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Recently, a method was described by Shen and Wang for the synthesis of vicinal diamines, the 

utility of which was then demonstrated in the synthesis of L-enduracididine (431) (Scheme 

4.8).320 This reaction employed an L-allylglycine-derived N-methoxyamide 488, which was 

proposed to undergo a copper-catalysed cyclisation to afford copper complex 489. Copper(II) 

complex 489 was then trapped with azidoiodinane 492 to afford azidomethyl lactam 490. 

Hydrogenation of azide 490 and in situ protection of the amine as a tert-butyl carbamate was 

followed by hexacarbonylmolybdenum(0)-promoted methoxy cleavage to afford lactam 491. 

Deprotection, lactam hydrolysis and treatment with cyanogen bromide then afforded  

L-enduracididine (431). 

 

 

Reagents and conditions: a) 492, CuOAc (10 mol%), CH3CN, 60 °C, 78%, dr 3:1;  

b) H2, Pd(OH)2/C, Boc2O, MeOH, rt; c) Mo(CO)6, CH3CN-H2O, , 83% over two steps;  

d) NH2NH2·H2O, 60 °C; e) TFA, CH2Cl2, rt, 93% over two steps; f) NaOH, H2O, rt; g) BrCN, 

H2O, rt, 45% over two steps. 

Scheme 4.8. Synthesis of L-enduracididine (431) by Shen and Wang.320 

 

Of these existing strategies for the synthesis of the enduracididines, the approach described by 

Lewis and co-workers317 from nitroalcohol 473 has emerged as the most popular method for 

preparing L-allo-enduracididine (430) and its protected derivatives (Scheme 4.9). Nitroalcohol 

473 possesses the necessary stereochemistry for elaboration to L-allo-enduracididine (430) and 

can be accessed in 52% yield over two steps from an inexpensive aspartic acid derivative. The 

methods described by Payne and co-workers273 for the preparation of L-allo-enduracididine 

derivative 487 from nitroalcohol 473 have since been employed within our own group towards 

the synthesis of teixobactin (423), such that it can be used as a control in bioassays. While 

concise, this synthesis is poorly scalable, limiting access to L-allo-enduracididine 487. Most 

significantly, the yields achieved by Payne and co-workers273 for certain steps of this synthesis 
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have been irreproducible in our lab. Other synthetic approaches to L-allo-enduracididine (430) 

suffer from poor or undesirable diastereoselectivity,314,316,320 poor yields,315 or long synthetic 

sequences.318 As such, the synthesis of L-allo-enduracididine (430) is still regarded as a 

bottleneck in the study of teixobactin (423).328 Most studies of teixobactin (423) analogues 

have therefore used arginine, lysine or ornithine as a surrogate for L-allo-enduracididine (430).  

 

 

Scheme 4.9. Alternatively protected L-allo-enduracididine derivatives prepared from 

nitroalcohol 473 by the groups of Lewis,317 Payne,273 Reddy319 and Chen.321 
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4.4. Aims of the Present Research 

 

At the outset of the present research, our group had recently completed the synthesis of novel 

teixobactin analogues containing D-histidine, L-citrulline, L-homoarginine and  

N,N-dimethyl-L-arginine as L-allo-enduracididine (430) surrogates (Figure 4.21).278 Prior to 

these syntheses, only analogues containing L-arginine, L-lysine, L-ornithine or L-histidine as  

L-allo-enduracididine (430) surrogates had been reported.270,274–276,280,283,284,286,287,290 Of these,  

L-arginine, L-homoarginine, L-lysine and L-ornithine-containing analogues all possessed good 

antimicrobial activity, but were around 10-fold less potent than teixobactin (423) against 

various strains of Staphylococcus aureus. L-Histidine and L-citrulline-containing analogues 

exhibited markedly decreased activity and it had been proposed that basicity, and therefore 

cationic character at physiological pH, was important for good activity.284 

 

Work both within our group and other research groups had thus far focussed on commercially 

available surrogates for L-allo-enduracididine (430). Of these, all analogues except those 

containing histidine lacked a heterocyclic system, which is a notable feature of  

L-allo-enduracididine (430). We therefore aimed to develop heterocyclic amino acid surrogates 

for L-allo-enduracididine (430), with the ultimate goal of identifying an analogue with the same 

potency as teixobactin (423). This endeavour was anticipated to both further our understanding 

of the role of L-allo-enduracididine (430) within teixobactin (423) and define the characteristics 

of a successful enduracididine surrogate. 
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Figure 4.21. Previously reported teixobactin (423) analogues with L-allo-enduracididine (430) 

surrogates, from both our group (above) and other groups (below). Minimum inhibitory 

concentrations (MIC) against S. aureus are included. 

 

In particular, we were interested in unnatural amino acids which possessed an N-heterocyclic 

ring system isosteric with the 2-amino-2-imidazoline ring system of L-allo-enduracididine 

(430), such as 2-amino-L-histidine (495), 2-amino-L-homohistidine (496) and -(3-amino-

1,2,4-triazol-1-yl)-L-alanine (497) (Figure 4.22). -(Imidazol-1-yl)-L-alanine (498) and  

-(1,2,4-triazol-1-yl)-L-alanine (499) surrogates were also selected as targets, as they were 

anticipated to be readily accessible by the same methods used to prepare -(3-amino-1,2,4-

triazol-1-yl)alanine (497). An important aspect of this work would be the development of 

methods towards these enduracididine surrogates that were scalable and reproducible, to ensure 

their accessibility for peptide synthesis. This work describes preliminary efforts towards the 
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synthesis of these unnatural amino acids as building blocks ready for solid phase peptide 

synthesis (SPPS). In conjunction with this work, co-workers were developing a novel 

fluorenylmethyloxycarbonyl (Fmoc) SPPS strategy towards teixobactin (423), which would be 

utilised to incorporate these unnatural amino acids into teixobactin analogues. 

 

 

Figure 4.22. Proposed L-allo-enduracididine (430) surrogates for synthesis. 
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5.1.  Synthesis of 2-Amino-L-histidine (495) and 2-Amino-L-

homohistidine (496) 

 

Synthetic efforts were first directed towards 2-amino-L-histidine (495) and 2-amino-L-

homohistidine (496), which are unsaturated analogues of L-allo-enduracididine (430) (Figure 

5.1). As co-workers were to incorporate these amino acids into teixobactin analogues by 

fluorenylmethoxy carbonyl (Fmoc) solid phase peptide synthesis (SPPS),329 the Fmoc 

protected derivatives 500 and 501, which possessed an orthogonal side chain protecting group, 

were the actual targets of this work. In order to streamline synthesis, it was envisioned that 

these two targets could be accessed using the same strategy. 

 

 

Figure 5.1. Fmoc-protected isosteres of L-allo-enduracididine (430), 2-amino-L-histidine 

(495) and 2-amino-L-homohistidine (496). 

 

2-Amino-L-histidine (495) and 2-amino-L-homohistidine (496) have both been the subject of 

synthesis by other groups, however the approaches used to access each amino acid have been 

different. Cohen and co-workers first described the synthesis of 2-amino-L-histidine (495), via 

a 2-arylazo intermediate 504 (Scheme 5.1).330 This approach involved the in situ formation of 

an aryldiazonium salt from 4-bromoaniline 503 and sodium nitrite under acidic conditions, 

followed by adjustment of the reaction pH and addition of histidine 502. This reaction lacked 

complete regioselectivity and the formation of the bisarylazo product 506 could not be 

suppressed. The desired arylazo derivative 504 was purified by silica chromatography and 

reduced to 2-aminohistidine 507 by platinum(IV) oxide-catalysed hydrogenation.  
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Reagents and conditions: a) 503, NaNO2 (1.0 M in H2O), 2.3 N HCl, 0 °C, 40 min, then 502 

0.2 M Na2CO3, 2 h, 504:505:506 82:13:5, no yield provided; b) H2 (30–40 psi), PtO2, EtOH, 

36 h, no yield provided; c) 6 N HCl, 100 °C, 20 h, no yield provided. 

Scheme 5.1. Synthesis of 2-amino-L-histidine (495) by Cohen and co-workers.330 

 

Hirth and co-workers described the synthesis of a tert-butyloxy carbonyl-protected 2-amino-

L-histidine 511 following this same synthetic strategy (Scheme 5.2).331 Extensive optimisation 

of the diazonium coupling was required beyond the conditions described previously by Cohen 

and co-workers. While this approach is extremely concise, the hydrogenation of the 

arylazohistidine 510 is non-trivial, and requires high pressures of hydrogen to proceed. These 

conditions exceed the limits of equipment in our laboratory. 

 

 

Reagents and conditions: 509, NaNO2 (1.0 M in H2O), 2.3 N HCl, 0 °C, 1 h, then 508, pH 10.5 

sodium tetraborate buffer, 11 h, 65%; b) H2 (60 psi), PtO2, MeOH, 20 h, 65%. 

Scheme 5.2. Synthesis of 2-amino-L-histidine 511 by Hirth and co-workers.331 

 

Two different syntheses exist for 2-amino-L-homohistidine (496). The first synthesis was 

disclosed by Kahn et al. within a patent, however experimental details were not provided 

(Scheme 5.3).332 Protected glutamic acid derivative 512 was converted into diazoketone 513 

by mixed anhydride formation, followed by treatment with diazomethane. Chloroketone 514 
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was afforded from diazoketone 513 by treatment with hydrogen chloride, then condensation 

with guanidine provided the 2-aminoimidazole 515. 

 

 

Reagents and conditions: a) i-BuOCOCl, N-methylmorpholine; b) CH2N2; c) HCl,  

1,4-dioxane; d) guanidinium chloride, N-methylmorpholine, ; e) Boc2O,  

N-methylmorpholine, DMAP. No yields were provided. 

Scheme 5.3. Synthesis of 2-amino-L-homohistidine 515 by Kahn et al.332 

 

A second approach to 2-amino-L-homohistidine (496) has been reported by Friedel and Lindel 

from commercially available -hydroxy-L-lysine (516) (Scheme 5.4). Following protection 

steps, Swern oxidation of alcohol 517 provided the protected -aminoketone 518.  

2-Aminoimidazole formation was achieved with either cyanamide or pyrazole 475. Both of 

these methods were selective for the -amino group in the presence of the free -amino group. 

2-Amino-L-homohistidine (496) was reportedly isolated as the trihydrochloride salt, although 

details of this salt preparation were not provided. 

 

 

Reagents and conditions: a) SOCl2, MeOH, rt, 24 h; b) Boc2O, aq. NaHCO3, THF, rt, 48 h, 

82% over two steps; c) (COCl)2, DMSO, CH2Cl2, −78 °C, 3 h, Et3N, 72%; d) 3 N HCl, EtOAc, 

rt, 5 h; e) H2NCN, H2O, pH 4.5, 95 °C, 3 h, 89% over two steps; f) 2 N HCl, CH2Cl2, rt, 30 min; 

g) 475, NaHCO3, 1,4-dioxane-H2O, rt, 4 d, 71% over two steps.  

Scheme 5.4. Synthesis of 2-amino-L-homohistidine (496) by Friedel and Lindel.333 
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Of the existing syntheses of 2-aminoimidazoles, the approach of Kahn et al. via an  

-bromoketone was the only method that would be applicable to the synthesis of both 2-amino-

L-histidine 500 and 2-amino-L-homohistidine 501 (Scheme 5.5). Accordingly, the  

2-aminoimidazole ring systems of 2-amino-L-histidine 500 and 2-amino-L-homohistidine 501 

would be constructed by alkylation and condensation of -bromoketones 520 and 521 with an 

appropriately protected guanidine 519. -Bromoketones 520 and 512 were expected to be 

accessible from protected aspartic acid 524 and glutamic acid 525, via diazoketones 522 and 

523, respectively. 

 

 

Scheme 5.5. Retrosynthetic analysis of 2-amino-L-histidine 500 and 2-amino-L-homohistidine 

501. 

 

5.1.1. Attempted Synthesis of Fmoc Protected 2-Amino-L-histidine 500 and  

2-Amino-L-homohistidine 501 

 

Having identified a synthetic approach to the 2-aminoimidazole ring system of 2-amino-L-

histidine (495), work commenced with the preparation of diazoketone 522 from commercially 

available Fmoc protected methyl aspartate 524. A number of procedures were identified for the 

preparation of diazoketones from aspartic acid derivatives, the majority of which employed 

diazomethane.334–336 Diazomethane is a volatile gas that is both highly toxic and explosive,337 

and for safety reasons, we sought to use trimethylsilyldiazomethane instead. Shibata and co-

workers had reported the analogous reaction with a benzyl carbamate protected aspartate 526 

(Scheme 5.6).338 In this report, acid chloride 527 was generated from acid 526 using thionyl 

chloride. Treatment with trimethylsilyldiazomethane then afforded diazoketone 528, which 

was treated with hydrogen bromide without isolation, to afford bromoketone 529. The 

formation of the acid chloride appears essential to generate a sufficiently reactive electrophile 
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for trimethylsilyldiazomethane, as mixed anhydrides are reactive towards diazomethane, but 

not trimethylsilyldiazomethane.336 

 

 

Reagents and conditions: a) SOCl2, 40 °C, 30 min; b) TMSCHN2, CH2Cl2, −78 °C, 12 h;  

c) 48% aq HBr, Et2O-CHCl3, 0 °C, 2 h, 87% over three steps.  

Scheme 5.6. Synthesis of benzyl carbamate-protected bromoketone 529 by Shibata and  

co-workers.338 

 

These conditions were applied to Fmoc-protected aspartate 524 (Scheme 5.7). Acid chloride 

530 was formed by treatment of acid 524 with oxalyl chloride and catalytic 

dimethylformamide. After solvent exchange, treatment with trimethylsilyldiazomethane in 

tetrahydrofuran at −78 °C resulted in the slow formation of a polar spot by TLC analysis, which 

was presumed to be diazoketone 522. The disappearance of acid chloride 530 was difficult to 

follow by TLC analysis, and so the reaction was maintained at −78 °C overnight to ensure 

complete conversion. A further solvent exchange enabled removal of excess 

trimethylsilyldiazomethane, after which treatment with concentrated hydrobromic acid 

afforded a less polar spot by TLC analysis. This was accompanied by evolution of gas, which 

was assumed to be nitrogen, a by-product from the successful reaction of diazoketone 522. The 

desired -bromoketone 520 was subsequently isolated in 63% yield.  

 

 

Reagents and conditions: a) (COCl)2, DMF (cat), CH2Cl2, 0 °C to rt, 45 min;  

b) TMSCHN2, CH2Cl2, −78 °C, 14 h; c) 48% aq HBr, Et2O-CHCl3, 0 °C, 1 h, 63% over three 

steps. 

Scheme 5.7. Synthesis of Fmoc-protected -bromoketone 520. 
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The NMR spectra of -bromoketone 520 exhibited expected resonances, including a ketone 

resonance at C 200.3 ppm and an H-5 singlet resonance at H 3.90 ppm integrating for two 

protons. The high-resolution mass spectrum of -bromoketone 520 exhibited two prominent 

peaks, with m/z of 468.0422 and 470.0401 in an approximately 1:1 ratio. This corresponded 

well with the expected molecular ion peaks [M+Na]+ and [M+Na+2]+ for the 79Br and 81Br 

isotopes of C21H20BrNNaO5. 

 

The conditions used for the synthesis of -bromoketone 520 from aspartate derivative 524 were 

not applicable to glutamate derivative 525, as the acid chloride underwent intramolecular 

cyclisation to afford the pyroglutamate 531 (Scheme 5.8). While the Fmoc protecting group 

was anticipated to deactivate the -amino group, this cyclisation was not entirely surprising 

and has been observed for benzyl carbamate protected glutamates.339  

 

 

Reagents and conditions: a) (COCl)2, DMF (cat), CH2Cl2, 0 °C to rt, 45 min;  

b) TMSCHN2, CH2Cl2, −78 °C, 14 h; c) 48% aq HBr, Et2O-CHCl3, 0 °C, 1 h, 521 13%, 531 

66% over three steps. 

Scheme 5.8. Unwanted intramolecular cyclisation of glutamate 525. 

 

This unforeseen cyclisation was not an obstacle, as the formation of diazoketones from 

carbamate protected pyroglutamates has been developed by Coutts and Saints.340 Fmoc-

protected pyroglutamate 531 was therefore prepared by the more efficient reaction of 

pyroglutamate methyl ester 532 with Fmoc chloride (Scheme 5.9). Following the conditions 

reported by Coutts and Saints, trimethylsilyldiazomethane was converted to its more reactive 

lithium salt by treatment with n-butyllithium.340 The preformed lithium salt was then 

transferred by cannula to a solution of pyroglutamate 531, affording the desired diazoketone 

523 within fifteen minutes. This reaction was performed at −105 °C with a liquid 

nitrogen/ethanol cooling bath, as polymeric products have been reported to form at −78 °C.340 

Diazoketone 523 was readily isolated, however it could also be carried forward as a crude 

mixture. Subsequent treatment with hydrobromic acid under the same conditions used for 

diazoketone 522 afforded the desired -bromoketone 521. -Bromoketone 521 exhibited a 
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characteristic ketone resonance at C 201.1 ppm and a new singlet resonance at H 3.88 ppm 

for the H-6 methylene protons.  

 

 

Reagents and conditions: a) LiHMDS, THF, −78 °C, 15 min, then FmocCl, −78 °C, 2 h, then 

rt, 18 h, 77%; b) TMSCHN2, n-BuLi, THF, −105 °C, 30 min, then 531, 15 min, 67%; c) 48% 

aq HBr, Et2O-CHCl3, 0 °C, 5 h, 57%. 

Scheme 5.9. Synthesis of bromoketone 521 from L-pyroglutamate methyl ester (532). 

 

With both -bromoketones 520 and 521 in hand, attention turned to the key 2-aminoimidazole 

forming step. We were mindful of the lability of the Fmoc group in the presence of nucleophilic 

bases. As such, successful 2-aminoimidazole formation would require the use of a guanidine 

source that was sufficiently nucleophilic to engage with the -bromoketone functionality, yet 

not too reactive so as to cleave the Fmoc protecting group. Melander and co-workers had 

reported the condensation of -bromoketone 533 with di-tert-butyloxycarbonyl protected 

guanidine 534 (Scheme 5.10).341 The di-tert-butyloxycarbonyl protected guanidine 534 

exhibited no nucleophilicity, however treatment with sodium hydride provided the sodium salt, 

which reacted with -bromoketone 533 to furnish a mixture of 2-aminoimidazole 535 and 

hemiaminal 536. Treatment of this mixture with methanesulfonyl chloride and triethylamine 

then effected complete conversion to 2-aminoimidazole 535. 

 

 

Reagents and conditions: a) NaH, DMF, 0 °C to rt, 4 h; b) MsCl, Et3N, CH2Cl2, 1 h, 82% over 

two steps.  

Scheme 5.10. Synthesis of 2-aminoimidazole 535 from bromoketone 533 by Melander and  

co-workers341 
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As the 2-aminoimidazoline ring system of L-allo-enduracididine (430) had been successfully 

protected as a bis-benzyl carbamate in previous Fmoc SPPS approaches to teixobactin 

(423),273,274 it was hoped that the same protecting group strategy could be employed for  

2-amino-L-histidine (495). As such, the conditions reported by Melander and co-workers341 

were attempted using bis-benzyloxycarbonyl guanidine (538), which in turn was prepared 

following a protocol described by Goodman and co-workers (Scheme 5.11).342 Treatment of  

-bromoketone 520 with the sodium salt of bis-benzyloxycarbonyl guanidine (538) produced 

a complex mixture of products by TLC analysis. Chromatographic separation of the mixture 

provided no compounds which exhibited characteristic NMR resonances of either the desired 

2-aminoimidazole 539, or hemiaminal 540, and so alternative conditions were sought. 

 

 

Reagents and conditions: a) NaOH, CbzCl, H2O-CH2Cl2, 0 °C, 16 h, 51%; b) NaH, DMF, 0 °C 

to rt, 4 h. 

Scheme 5.11. Unsuccessful synthesis of 2-aminoimidazole 539 with bis-benzyloxycarbonyl 

guanidine (538). 

 

Guanidines bearing a single carbamate protecting group have been employed extensively by 

both the Terashima and Melander groups for the synthesis of 2-aminoimidazoles from  

-bromoketones.343,344 These reactions are typically performed in tetrahydrofuran or 

dimethylformamide, and while slow, afford the 2-aminoimidazole ring system with operational 

simplicity. Guanidine 519 was subsequently prepared following a procedure reported by Ando 

and Terashima (Scheme 5.12).343 Pleasingly, treatment of -bromoketone 520 with guanidine 

519 in dimethylformamide afforded 2-aminohistidine 541 in 57% yield, without any 

observable Fmoc cleavage by crude 1H NMR analysis. The 1H NMR spectrum of  

2-aminohistidine 541 exhibited aromatic proton resonances for both the Fmoc and Cbz 

protecting groups. The H-5′ imidazole proton appeared as a singlet resonance at  6.68 ppm, 
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while a singlet resonating at  5.76 ppm integrating for two protons indicated the presence of 

an NH2 group. The presence of this NH2 group suggests the 2-aminoimidazole ring is protected 

at the N position, not the 2′-amino position, which is in accordance with previous 

observations.343,344 The same conditions were applied to -bromoketone 521, affording the  

2-amino-homohistidine 542 in 38% yield. 

 

 

Reagents and conditions: a) NaOH, CbzCl, 1,4-dioxane-H2O, 0 °C to rt, 1 h, 79%; b) DMF, rt, 

24 h, 541 57%, 542 38%. 

Scheme 5.12. Synthesis of 2-aminoimidazoles 541 and 542 with benzyloxycarbonyl guanidine 

(519). 

 

All that remained for the completion of the SPPS building blocks was hydrolysis of the methyl 

ester functionalities of 2-aminohistidine 541 and 2-amino-homohistidine 542. While the Fmoc 

protecting group is base labile, mild hydrolysis conditions have been reported which are Fmoc-

compatible.345 Conducting alkaline ester hydrolysis with a calcium chloride additive 

suppresses Fmoc cleavage relative to ester hydrolysis, as the precipitation of calcium hydroxide 

decreases the amount of hydroxide available for Fmoc hydrolysis (Scheme 5.13). While Fmoc 

cleavage is repressed, the rate of ester hydrolysis is maintained as Ca2+ is proposed to stabilise 

the negatively charged tetrahedral intermediate of ester hydrolysis, thus catalysing this 

reaction. 
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Scheme 5.13. Hydroxide precipitation with Ca2+ (top), and Ca2+ catalysed ester hydrolysis 

(bottom). 

 

Disappointingly, these conditions failed to effect ester hydrolysis of either 2-aminohistidine 

541 or 2-amino-homohistidine 542, returning only starting material (Scheme 5.14). It was 

noted that the starting materials were both poorly soluble in the isopropanol-water reaction 

solvent, which precludes hydrolysis using these mild conditions.  

 

 

Reagents and conditions: a) NaOH, CaCl2, i-PrOH-H2O, rt, 18 h. 

Scheme 5.14. Failed deprotection of esters 541 and 542. 

 

At this point, we were made aware of difficulties encountered by co-workers during the 

development of the novel Fmoc SPPS strategy, which was to be used to incorporate these  

2-aminohistidine 500 and 2-amino-homohistidine 501 building blocks into teixobactin 

analogues. The decision was made to proceed with a tert-butyloxycarbonyl (Boc) SPPS 

strategy instead, which would require re-synthesis of these building blocks using a different 

protection strategy. As such, further ester hydrolysis conditions were not investigated for 

Fmoc-protected 2-aminohistidine 541 and 2-amino-homohistidine 542. 
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5.1.2. Synthesis of Boc-Protected 2-Amino-L-histidine 543 and 2-Amino-L-homohistidine 

544 

 

With the new aim of delivering building blocks for the synthesis of teixobactin analogues using 

a Boc SPPS approach, Boc-protected 2-amino-L-histidine 543 and 2-amino-L-homohistidine 

544 were identified as synthesis targets (Figure 5.2). These targets possessed an orthogonal  

para-toluenesulfonyl protecting group on the 2-aminoimidazole side chain, which might 

necessitate the development of different conditions for 2-aminoimidazole formation.  

 

 

Figure 5.2. 2-Amino-L-histidine 543 and 2-amino-L-homohistidine 544 building blocks for 

Boc SPPS. 

 

The existing approach to these two building blocks required assessment, to determine whether 

any of these steps would be incompatible with Boc-protected substrates (Scheme 5.15). The 

Boc protecting group of aspartate 545 would not withstand the conditions of acid chloride 

formation necessary for -bromoketone synthesis. As such the benzyloxy carbonyl (Cbz) 

protected aspartate 529 was identified as an appropriate starting material for synthesis of  

2-aminohistidine 543, with the expectation that the Cbz protecting group could be readily 

exchanged for a Boc group later on by catalytic hydrogenation.346 While we were initially 

hesitant about the stability of a Boc-protecting group in the presence of hydrobromic acid, there 

was precedent for the conversion of diazoketones to -bromoketones with hydrobromic acid, 

in the presence of both Boc groups, and tert-butyl esters.347 As such, Boc-protected 

pyroglutamate 548 was identified as an appropriate starting material for elaboration to  

2-amino-L-homohistidine 544. 
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Scheme 5.15. Proposed synthesis of Boc-protected 2-amino-L-histidine 543 and 2-amino-L-

homohistidine 544. Acidic reagents, which might be incompatible with Boc protecting groups, 

are highlighted in red. 

 

The synthesis commenced with the preparation of known -bromoketone 529338 from 

commercially available methyl N-benzyloxycarbonyl-L-aspartic acid (526) (Scheme 5.16). 

This transformation was achieved in a three-reaction sequence without isolation of 

intermediates as before, however the acid-chloride was prepared with thionyl chloride in 

tetrahydrofuran, due to concerns over the quality of the oxalyl chloride reagent on hand. The 

acid-chloride was treated with trimethylsilyldiazomethane in dichloromethane at −78 °C 

overnight to ensure complete conversion to the diazoketone 528.  

 

 

Reagents and conditions: a) SOCl2, THF, , 90 min; b) TMSCHN2, CH2Cl2, −78 °C, 16 h;  

c) HBr (33% in AcOH), 4-(phenylazo)diphenylamine, THF, −5 °C, 2 min, 54% over three 

steps. 

Scheme 5.16. Synthesis of Cbz-protected bromoketone 529. 

 

Different conditions were investigated for the synthesis of -bromoketone 529 from crude 

diazoketone 528, using hydrogen bromide in acetic acid solution instead of aqueous 

hydrobromic acid. Anastasia et al. have reported a procedure in which a 33% solution of 

hydrogen bromide in acetic acid is added dropwise to a diazoketone in the presence of thymol 
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blue as a pH indicator.347 When all of the diazoketone is converted to the corresponding  

-bromoketone, hydrogen bromide accumulates and the protonated thymol blue indicator 

produces a deep violet colour, indicating the reaction is complete.  

 

While we did not have thymol blue on hand, 4-(phenylazo)diphenylamine (551) served the 

same purpose (Scheme 5.17).348 Accordingly, addition of 4-(phenylazo)diphenylamine (551) 

to a solution of the crude diazoketone 528 in tetrahydrofuran afforded a bright orange-yellow 

solution. Dropwise addition of hydrogen bromide in acetic acid resulted in evolution of 

nitrogen gas, and after two minutes of gradual hydrogen bromide addition, the reaction mixture 

turned violet, indicating the presence of excess hydrogen bromide. During chromatographic 

purification of the -bromoketone 529, the non-polar 4-(phenylazo)diphenylamine (551) 

eluted in the first fractions, affording clean -bromoketone 529 in later fractions. This three 

reaction sequence successfully delivered the desired -bromoketone 529 in 54% yield. The 1H 

and 13C NMR data of -bromoketone 529 and specific rotation were in good agreement with 

those previously reported ([]D
24 +24.5 (c 1.10, CHCl3), lit.338 []D

23 +22.0 (c 1.04, CHCl3)). 

 

 

Scheme 5.17. Reaction of 4-(phenylazo)diphenylamine (551) with strong acid.348 

 

-Bromoketone 549 was prepared from L-pyroglutamic acid methyl ester (532) (Scheme 5.18). 

Known tert-butyl carbamate 548349 was prepared by treatment of the pyroglutamate 532 with  

di-tert-butyl dicarbonate in acetonitrile with catalytic 4-(dimethylamino)-pyridine. Treatment 

of Boc-protected pyroglutamate 548 with the lithium salt of trimethylsilyldiazomethane at 

−105 °C in tetrahydrofuran then afforded diazoketone 553 in 87% yield. Pleasingly, treatment 

of diazoketone 553 with hydrogen bromide in acetic acid, using 4-(phenylazo)diphenylamine 

(551) as a pH indicator, enabled the chemoselective formation of -bromoketone 549 in good 

yield. This reaction proceeded to completion within two minutes, and the fast rate of reaction 

between the diazo functionality and hydrogen bromide prevented the accumulation of 

hydrogen bromide within the reaction mixture. Excess hydrogen bromide can be neutralised 
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before any significant cleavage of the acid-sensitive Boc group occurs, as a pH indicator change 

of yellow to purple provides rapid feedback of the reaction’s completion. 

 

 

Reagents and conditions: a) Boc2O, DMAP, CH3CN, rt, 2 h, 64%; b) TMSCHN2, n-BuLi, THF, 

−105 °C, 15 min, then 548, 15 min, 87%; c) HBr (33% in AcOH),  

4-(phenylazo)diphenylamine, THF, −5 °C, 2 min, 88%. 

Scheme 5.18. Synthesis of Boc-protected bromoketone 549. 

 

The 13C NMR spectra of novel -bromoketone 549 exhibited a characteristic ketone resonance 

at  201.1 ppm. Successful incorporation of bromine was confirmed by the high resolution 

mass spectrum of -bromoketone 549, in which two prominent peaks were observed with an 

m/z of 360.0424 and 362.0403 in an approximately 1:1 ratio. This corresponded well with the 

expected molecular ion peaks [M+Na]+ and [M+Na+2]+ for the 79Br and 81Br isotopes of 

C12H20BrNNaO5. 

 

With both -bromoketones 529 and 548 in hand, synthesis of the 2-aminoimidazole ring 

system was investigated. In order to provide suitably protected building blocks for Boc SPPS, 

a para-toluenesulfonyl protecting group was chosen for the 2-aminoimidazole ring, and it was 

anticipated that this might be introduced during the 2-aminoimidazole ring forming step.  

para-Toluenesulfonylguanidine (554) was therefore prepared from guanidinium chloride (537) 

and para-toluenesulfonyl chloride (Scheme 5.19). Disappointingly, treatment of  

-bromoketone 529 with guanidine 554 in dimethylformamide returned only starting material. 

Addition of stoichiometric sodium iodide to form the more reactive iodoketone in situ was also 

unsuccessful, as was heating the reaction mixture to 120 °C. The para-toluenesulfonyl group 

is presumably too electron-withdrawing to allow successful alkylation and condensation of 

guanidine 554 with the -bromoketone 529. Rather than the direct introduction of the  

para-toluenesulfonyl protecting group, it was decided to prepare the 2-aminoimidazole ring 

system with a less electron-withdrawing Boc group, which could be exchanged for a  

para-toluenesulfonyl group after heterocycle formation.  
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Reagents and conditions: a) TsCl, NaOH, 1,4-dioxane-H2O, 0 °C to rt, 1 h, 46%; b) DMF, rt, 

24 h; c) NaI, DMF, 120 °C, 24 h. 

Scheme 5.19. Attempted synthesis of 2-aminoimidazole 546 with N-para-

toluenesulfonylguanidine 554. 

 

Accordingly, N-tert-butyloxycarbonylguanidine (555) was prepared following a method 

reported by Ando and Terashima (Scheme 5.20).343 Treatment of -bromoketone 529 with  

N-tert-butyloxycarbonylguanidine (555) and sodium iodide in dimethylformamide afforded the 

desired 2-amino-L-histidine 556 uneventfully in 66% yield. The successful synthesis of the  

2-aminoimidazole ring was confirmed by observation of key resonances in the 1H NMR 

spectrum of 2-amino-L-histidine 556. Two singlets were observed, one at  6.55 ppm 

integrating for one proton and another at  5.69 ppm integrating for two protons, which 

corresponded to the H-5′ and 2′-NH2 protons, respectively. At this stage, the Cbz protecting 

group of 2-amino-L-histidine 556 was exchanged for a Boc group directly, by palladium-

catalysed hydrogenation in the presence of di-tert-butyl carbonate.346 The synthesis of  

2-amino-L-homohistidine 558 was readily achieved from -bromoketone 549 following the 

same conditions used to prepare 2-amino-L-histidine 556. With both 2-amino-L-histidine 557 

and 2-amino-L-homohistidine 558 now bearing the same protecting groups, elaboration to Boc 

SPPS building blocks could proceed in parallel.  
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Reagents and conditions: a) Boc2O, NaOH, 1,4-dioxane-H2O, 0 °C to rt, 18 h, 97%; b) NaI, 

DMF, rt, 7–18 h, 556 66%, 558 62%; c) H2 (balloon), Pd/C, Boc2O, MeOH, rt, 7 h, 75%. 

Scheme 5.20. Synthesis of Boc-protected 2-aminoimidazoles 557 and 558 with N-tert-

butyloxycarbonylguanidine (555). 

 

The selective removal of a Boc group from the N position of an imidazole ring is readily 

achieved with catalytic potassium carbonate in methanol.350 This method of deprotection is 

common to N-heteroaromatic systems, although a rationalisation of this unusual base-promoted 

cleavage of tert-butyl carbamates has not been provided.351 The treatment of 2-amino-L-

histidine 557 with catalytic potassium carbonate in methanol at reflux effected the cleavage of 

the N carbamate as expected (Scheme 5.21). As this product was particularly polar, it was not 

purified and characterised, but rather taken forward crude for protection with  

para-toluenesulfonyl chloride. Disappointingly, the unprotected 2-aminoimidazole 559 was 

returned under standard protection conditions in pyridine.  

 

 

Reagents and conditions: a) K2CO3 (10 mol%), MeOH, , 90 min; b) TsCl, pyridine, rt, 18 h. 

Scheme 5.21. Failed tosylation of 2-aminoimidazole 559. 
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Interestingly, Hirth and co-workers have observed that the N-para-toluenesulfonyl group of a 

2-aminoimidazole underwent cleavage with hydroxybenzotriazole.331 It therefore appears that 

the N-para-toluenesulfonyl group is activated towards nucleophilic attack. It is plausible that 

the reaction of 2-amino-L-histidine 559 with para-toluenesulfonyl chloride (560) in pyridine 

does form the desired N-para-toluenesulfonyl adduct 547, but that this adduct is subject to 

attack by the chloride ion, reversing the desired reaction (Scheme 5.22). In order to address 

this and other issues associated with sulfonyl chlorides, O’Connell and Rapoport developed  

1-(para-toluenesulfonyl)-3-methylimidazolium triflate (561) as an improved sulfonylating 

reagent. The positively charged 1-(para-toluenesulfonyl)-3-methylimidazolium is highly 

reactive, enabling the sulfonylation of unreactive substrates, while the triflate salt and 

methylimidazole by-product are both unreactive towards the sulfonylated products.  

 

 

Scheme 5.22. Proposed reversible formation of the N-para-toluenesulfonamide 547, and 

alternative sulfonylating reagent 1-(para-toluenesulfonyl)-3-methylimidazolium triflate (561). 

 

Sulfonylating reagent 561 is prepared by the reaction of 1-(para-toluenesulfonyl)imidazole 

with methyl triflate, which unfortunately was not readily available. The analogous reagent 562 

with a tetrafluoroborate anion can be prepared by reaction of 1-(para-

toluenesulfonyl)imidazole with the strong methylating agent trimethyloxonium 

tetrafluoroborate, or ‘Meerweins salt’.352 It has been reported that 1-sulfonyl-3-

methylimidazolium triflate salts are more efficient in the sulfonylation reactions of 

carbohydrates than the corresponding tetrafluoroborate salts, however both are highly effective 

when compared with the corresponding sulfonyl chloride reagents.353 1-(para-

Toluenesulfonyl)-3-methylimidazolium tetrafluoroborate (562) was therefore deemed a 
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suitable sulfonylating reagent to investigate for the protection of 2-amino-L-histidine 559, and 

was prepared over two steps following literature conditions (Scheme 5.23).352 

 

 

Reagents and conditions: a) imidazole, CH2Cl2, 0 °C to rt, 2 h, 89%; b) Me3OBF4, CH2Cl2, rt, 

18 h, 57%. 

Scheme 5.23. Preparation of the sulfonylating reagent 1-(para-toluenesulfonyl)-3-

methylimidazolium tetrafluoroborate (562) 

 

Adaptation of conditions described by O’Connell and Rapoport354 enabled the successful 

sulfonylation of both 2-amino-L-histidine 559 and 2-amino-L-homohistidine 563 with 1-(para-

toluenesulfonyl)-3-methylimidazolium tetrafluoroborate (562), affording sulfonamides 547 

and 550 in 50% and 57% yield over two steps, respectively (Scheme 5.24). Finally, methyl 

ester hydrolysis afforded SPPS building blocks 543 and 544. Interestingly, the hydrolysis of  

2-amino-L-histidine methyl ester 547 proceeded well under standard conditions of sodium 

hydroxide in 1,4-dioxane and water, while 2-amino-L-homohistidine methyl ester 550 was 

sensitive to these basic conditions. Analysis of the crude 1H NMR of ester hydrolysis product 

544 revealed aromatic proton resonances corresponding to two different para-toluenesulfonyl 

groups. Doublets at  7.60 and 7.12 ppm corresponded well with those expected for  

para-toluenesulfonic acid and it was subsequently proposed that the N-para-toluenesulfonyl 

group is labile upon exposure to hydroxide ions. The ester hydrolysis of 2-amino-L-

homohistidine 550 proceeded cleanly with the addition of calcium chloride to preserve the  

N-para-toluenesulfonyl group.345  
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Reagents and conditions: a) K2CO3 (10 mol%), MeOH, , 3 h; b) 562, THF, rt, 30 min, 547 

50% over two steps, 550 57% over two steps; c) NaOH, 1,4-dioxane-H2O, rt, 543 89%,  

554 impure, no yield determined; d) NaOH, CaCl2, iPrOH-H2O, rt, 18 h, 98%. 

Scheme 5.24. Tosylation of 2-aminoimidazoles 559 and 563, and ester hydrolysis to afford  

2-amino-L-histidine 543 and 2-amino-L-homohistidine 544. 

 

5.1.3. Summary 

 

Approximately 200 mg of 2-amino-L-histidine 543 and 140 mg of 2-amino-L-homohistidine 

544 were successfully prepared in a single pass after optimisation of an existing synthetic 

strategy.332 This is ample material for peptide synthesis, however all steps were reproducible 

on small and preparative scale and it is anticipated that the syntheses reported herein will 

provide reliable access to both compounds. These amino acids are very similar to L-allo-

enduracididine (430), albeit with an extra degree of unsaturation, which gives rise to 

aromaticity in the imidazole ring (Figure 5.3). While the bioactivity of teixobactin analogues 

containing these L-allo-enduracididine (430) isosteres is of great interest, the incorporation of 

these Boc SPPS building blocks into teixobactin analogues remains to be investigated. 
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Figure 5.3. L-allo-enduracididine (430) isosteres 2-amino-L-histidine 543 and 2-amino-L-

homohistidine 544, prepared herein. 

 

The difference of a single methylene group necessitated slightly altered synthetic approaches 

to these two targets, particularly with respect to protecting groups and starting materials. For 

amino-L-histidine 543, generation of -bromoketone 529 via an acyl chloride required use of 

the acid-stable N-benzyloxycarbonyl aspartic acid 526 (Scheme 5.25). -Bromoketone 529 

underwent condensation with tert-butyloxycarbonylguanidine (555), and the  

N-benzyloxycarbonyl group was then readily exchanged for a Boc group under standard 

hydrogenation conditions in the presence of di-tert-butyl dicarbonate. N-para-

Toluenesulfonamide 547 was afforded in a second protecting group exchange, after which 

hydrolysis of the ester provided Boc SPPS building block 543. 

 

 

Reagents and conditions: a) SOCl2, THF, , 90 min; b) TMSCHN2, CH2Cl2, −78 °C, 16 h;  

c) HBr (33% in AcOH), 4-(phenylazo)diphenylamine, THF, −5 °C, 2 min, 54% over three 

steps; d) 555, NaI, DMF, rt, 7–18 h, 66%; e) H2 (balloon), Pd/C, Boc2O, MeOH, rt, 7 h, 75%; 

f) K2CO3 (10 mol%), MeOH, , 3 h; g) 562, THF, rt, 30 min, 50% over two steps; h) NaOH, 

1,4-dioxane-H2O, rt, 89%. 

Scheme 5.25. Overall synthesis of 2-amino-L-histidine 543. 

 

For 2-amino-L-homohistidine 544, -bromoketone 549 required preparation from 

pyroglutamate methyl ester 548, as glutamic acid chlorides are prone to intramolecular 

cyclisation (Scheme 5.26). This ultimately streamlined the synthesis of 2-amino-L-
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homohistidine 544, as a Boc-protecting group could be introduced at the outset of the synthesis. 

Interestingly, 2-amino-L-homohistidine 544 was more sensitive to base than its 2-amino-L-

histidine 543 counterpart, necessitating milder ester hydrolysis conditions. 

 

 

Reagents and conditions: a) Boc2O, DMAP, CH3CN, rt, 2 h, 64%; b) TMSCHN2, n-BuLi, THF, 

−105 °C, 15 min, then 548, 15 min, 87%; c) HBr (33% in AcOH),  

4-(phenylazo)diphenylamine, THF, −5 °C, 2 min, 88%; d) 555, NaI, DMF, rt, 7–18 h, 62%;  

e) K2CO3 (10 mol%), MeOH, , 3 h; f) 562, THF, rt, 30 min, 57% over two steps; g) NaOH, 

CaCl2, iPrOH-H2O, rt, 18 h, 98%. 

Scheme 5.26. Overall synthesis of 2-amino-L-homohistidine 544. 

 

In the case of both 2-amino-L-histidine 547 and 2-amino-L-homohistidine 544, the  

para-toluenesulfonyl group was found to be particularly labile, as has been observed 

elsewhere.331 A para-toluenesulfonyl group was initially chosen, as it is commonly employed 

in Boc SPPS for its resilience under a range of conditions, requiring removal with hydrogen 

fluoride in conjunction with resin cleavage.355 The reported cleavage of this group with 

hydroxybenzotriazole, a common additive in peptide coupling reactions, is a concern. It is 

therefore possible that an alternative protection strategy will be required for these two amino 

acids. This is expected to be readily achieved within the current synthetic approach to these 

targets, as the N-protecting group is introduced in the second to last step. Alternatively, a 

different carbamate protecting group could be introduced by alkylation and condensation of  

-bromoketones 529 and 549 with an appropriately protected guanidine, which would shorten 

the synthesis of each building block by two steps. Benzyloxycarbonyl (564) and 4-nitrophenyl 

(565) groups are commonly employed as histidine protecting groups in Boc SPPS chemistry 

(Figure 5.4), however these are reportedly unstable, or difficult to install for  

2-aminohistidines.331 2,4-Dimethylpent-3-yloxycarbonyl (Doc) (566) and benzyloxymethyl 
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(BOM) (567) groups are also both orthogonal to Boc SPPS and could be investigated if the 

para-toluenesulfonyl group proves unsuitable.355 

 

 

Figure 5.4. Alternative Boc SPPS compatible N-protecting groups for the 2-aminoimidazole 

ring system. 
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5.2. Synthesis of Enduracididine Isosteres by Aza-Michael Addition 

 

Chiral pool synthesis enabled access to amino acids 2-amino-L-histidine (543) and 2-amino-L-

homohistidine (544), which possessed a high degree of structural similarity to L-allo-

enduracididine (430) (Figure 5.5). 140–200 mg of each enduracididine isostere was afforded 

uneventfully in a single pass, with the possibility of scaling up further if necessary. In contrast, 

L-allo-enduracididine (430) is difficult to prepare on scales larger than 100 mg, an issue 

encountered during previous research within our group. Disappointingly, unavoidable 

protecting group manipulations meant that the syntheses developed for 2-amino-L-histidine 

(543) and 2-amino-L-homohistidine (544) were no more concise than optimised synthetic 

approaches to L-allo-enduracididine (430). The primary goal of this work was to identify novel 

teixobactin (423) analogues that were highly accessible by synthesis. As such, in parallel with 

the synthesis of 2-amino-L-histidine (543) and 2-amino-L-homohistidine (544), we also 

investigated L-allo-enduracididine (430) surrogates which were simpler to prepare. 

 

 

Figure 5.5. L-allo-enduracididine (430) isosteres 2-amino-L-histidine 543 and 2-amino-L-

homohistidine 544, prepared herein. 

 

We were attracted to the known Michael addition reactions of acrylates 569 and 574 with 

imidazole (568), 1,2,4-triazole (571) and 3-nitro-1,2,4-triazole (573) (Scheme 5.27).356,357 This 

aza-Michael reaction approach could enable the divergent synthesis of useful  

L-allo-enduracididine (430) surrogates from the same Michael acceptor, dehydroalanine 569, 

and commercially available N-heterocyclic reagents. The reported yields for these reactions are 

excellent and the Michael adducts would require only simple protecting group or functional 

group manipulations to afford building blocks suitable for the synthesis of teixobactin (423) 

analogues.  
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Reagents and conditions: a) K2CO3, CH3CN, rt, 570 98%, 572 99%; b) DIPEA, DMF, rt, 80%. 

Scheme 5.27. Known aza-michael reactions of N-heterocycles.356,357 

 

In the case of -substituted Michael acceptors such as dehydroalanine 569, -addition of a 

nucleophile 576 generates an enolate intermediate 577, which upon protonation furnishes an 

adduct 578 with a stereogenic centre (Scheme 5.28). In the absence of stereoinduction, this 

reaction affords a racemic product. 

 

 

Scheme 5.28. General mechanism for the conjugate addition of N-heterocycles 576 to 

dehydroalanine 569. 

 

It has been established that replacement of L-allo-enduracididine (430) with D-amino acids 

affords teixobactin (423) analogues with no antimicrobial activity (Figure 5.6). In order to 

develop viable teixobactin (423) analogues, it was therefore necessary to prepare the L-amino 

acids of any L-allo-enduracididine (430) surrogates prepared. If this highly efficient  

aza-Michael chemistry was to be employed, either an asymmetric approach was required, 

which would afford enantioenriched products with the desired stereochemistry, or a method 

would need to be developed for the resolution of the racemic aza-Michael adducts. 
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Figure 5.6. Comparison of antimicrobial activities for teixobactin (423) analogues with L- and  

D-residues. 

 

Existing methods for the stereoselective synthesis of aza-Michael adducts from dehydroalanine 

are limited. Saghiyan and co-workers have developed the use of chiral nickel complexes to 

achieve diastereoselective Michael addition to dehydroalanine (Scheme 5.29).358 

Dehydroalanine nickel(II) complex 582 is prepared from the corresponding glycine complex 

581 by condensation with paraformaldehyde and elimination.359 In turn, glycine nickel(II) 

complex 581 is prepared by condensation of glycine (579) with a proline-derived chiral 

auxiliary 580 in the presence of nickel(II) nitrate. The Michael adducts of dehydroalanine 582 

are obtained with good diastereoselectivity and liberate enantioenriched amino acids upon acid 

hydrolysis of nickel(II) complex 583.358 This method suffers from extremely poor atom 

economy and is therefore ill-suited to preparative-scale synthesis of amino acids. 
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Reagents and conditions: a) Ni(NO3)2·6H2O, KOH, MeOH, 50 C, 91%; b) (CH2O)n, MeONa, 

MeOH, rt; c) Ac2O, Na2CO3, CH3CN, rt, 90% over two steps; d) imidazole, K2CO3, CH3CN, 

50 C, 60%, de 96%; e) 2N HCl, 70%. 

Scheme 5.29. Chiral nickel(II) complex 582 reported by Saghiyan and co-workers and its use 

in diastereoselective aza-Michael additions.358,359 

 

A complementary approach to the diastereoselective method reported by Saghiyan and  

co-workers is the resolution of racemic Michael adducts. This approach can be particularly 

efficient, as exemplified by Rolland-Fulcrand et al. who resolved the racemic adducts of  

N-acetyl dehydroalanine 584 and N-heterocycles enzymatically (Scheme 5.30).360 Treatment 

of racemic adducts 585 and 586 with an acylase obtained from Aspergillus sp. afforded the 

desired L-amino acids (S)-587 and (S)-588 with high purity after recrystallisation, along with 

the unreacted N-acetyl-D-amino acids (R)-585 and (R)-586.  

 

 

Reagents and conditions: a) K2CO3, CH3CN, H2O, 585 95%, 586 90%; b) Aspergillus sp. 

acylase, phosphate buffer pH 7.2, 0.5 mM CoCl2, (S)-587 45%, (S)-588 45%.  

Scheme 5.30. Enzymatic resolution of racemic aza-Michael adducts by Rolland-Fulcrand et 

al.360 
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Alternatively, Graf and Rieke-Zapp have described the resolution of 2,3-diaminopropionic 

acid 589 by the formation of a diastereomeric salt with (S)-1-phenylethylamine (590) (Scheme 

5.31).361 The fractional crystallisation of these salts afforded diastereomer 591 with excellent 

diastereomeric excess. Treatment of salt (S,S)-591 with sulfuric acid then liberated the 

enantioenriched L-amino acid (S)-589. 

 

 

Reagents and conditions: a) n-BuOAc, 50 °C, 2 h, then recrystallisation (EtOAc), 45%,  

99.5% de; b) 1 N H2SO4, i-PrOH-H2O, rt, 1 h, 95%, 99.9% ee.  

Scheme 5.31. The resolution of 2,3-diaminopropionic acid 589 as its  

(S)-1-phenylethylammonium salt 591 by Graf and Rieke-Zapp.361 

 

These resolution methods are effective, but would potentially require extensive optimisation 

for the resolution of enduracididine surrogates. An alternative resolution method of chiral semi-

preparative high-performance liquid chromatography (HPLC) was available to us and it was 

anticipated that this would enable resolution of the racemic Michael adducts within a shorter 

time frame. 

 

5.2.1. Synthesis of (±)-Fmoc--(3-amino-1,2,4-triazol-1-yl)alanine 592 

 

The initial synthesis targets of this work were Fmoc-protected amino acids, as these amino 

acids were to be incorporated into teixobactin (423) analogues by Fmoc SPPS. We therefore 

commenced this work with synthesis of Fmoc--(3-(benzyloxycarbonyl)amino-1,2,4-triazol-

1-yl)alanine (592), which is a structural mimic of L-allo-enduracididine (430) (Scheme 5.32). 

It was anticipated the 3-amino-1,2,4-triazole ring system would be accessible by reduction of 

nitrotriazole 593, which in turn could be obtained by aza-Michael reaction of dehydroalanine 

569 with commercially available 3-nitro-1,2,4-triazole 573.  
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Scheme 5.32. Retrosynthetic analysis of Fmoc--(3-amino-1,2,4-triazol-1-yl)alanine 592. 

 

Di-Boc-dehydroalanine methyl ester (569) was selected as a Michael acceptor, as Ferreira et 

al. have demonstrated its excellent reactivity with N-heteroaromatic nucleophiles.356 The 

presence of the second Boc group is crucial to the reactivity of dehydroalanine 569, as the 

Michael reactions of monoprotected dehydroalanines suffer from poor yields.362 

Dehydroalanine is captodative and the presence of two electron withdrawing carbamate 

protecting groups increases the electrophilicity of the acrylate system. Boc-dehydroalanine 569 

was prepared by the -elimination of the methanesulfonate of Boc-L-serine methyl ester (594) 

according to a method described by Billing and Schacher (Scheme 5.33).363 The introduction 

of the second Boc group was achieved using catalytic 4-(dimethylamino)pyridine in 

acetonitrile. Dehydroalanine 569 was readily prepared on decagram scale in excellent yield, 

thereby facilitating the gram-scale synthesis of L-allo-enduracididine (430) surrogates. 

 

 

Reagents and conditions: a) MsCl, Et3N, CH2Cl2, 0 °C to rt, 3 h, 94%; b) Boc2O, DMAP, 

CH3CN, rt, 18 h, 97%. 

Scheme 5.33. Preparation of dehydroalanine 569. 

 

The Michael reaction of 3-nitro-1,2,4-triazole 573 and methyl acrylate 574, used in excess, has 

been reported by Boncel et al. using N,N-diisopropylethylamine in dimethylformamide 

(Scheme 5.34).357 The N-1 proton of 3-nitro-1,2,4-triazole 573 is relatively acidic, with a pKa 

of 6.05 in water,364 and its Michael adducts are therefore prone to retro-Michael reaction.357 

The conditions developed by Boncel et al., which employ a mild base and excess Michael 

acceptor, were found to suppress this retro-Michael reaction. 
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Reagents and conditions: a) DIPEA, DMF, rt, 5 d, 80%.  

Scheme 5.34. The aza-Michael addition of 3-nitro-1,2,4-triazole 573 to methyl acrylate 574, 

reported by Boncel et al.357 

 

These conditions were adapted to dehydroalanine 569, affording adduct 593 with complete 

consumption of the limiting reagent 3-nitro-1,2,4-triazole 573 after three days (Scheme 5.35). 

Purification of the crude reaction mixture by flash chromatography enabled recovery of excess 

dehydroalanine 569, which eluted before -(nitrotriazol-1-yl)alanine 593. The successful 

formation of -(nitrotriazol-1-yl)alanine 593 was confirmed by its 1H NMR spectrum, which 

exhibited an aromatic proton resonance at  8.21 ppm indicating successful incorporation of 

the triazole ring. A doublet of doublets resonating at  5.34 ppm and an ABX resonance at 

 4.85 ppm, corresponding to the H-2 and H-3 protons of adduct 593 respectively, indicated 

addition to Michael acceptor 569 had occurred with the introduction of a stereogenic centre.  

 

 

Reagents and conditions: a) DIPEA, DMF, rt, 3 d, 89%.  

Scheme 5.35. Aza-Michael addition 3-nitro-1,2,4-triazole 573 to dehydroalanine 569. 

 

-(Nitrotriazol-1-yl)alanine 593 underwent hydrogenation to afford -(aminotriazol-1-

yl)alanine 597 (Scheme 5.36). An additional product was detected by 1H NMR analysis of the 

crude reaction mixture, which was characterised as hydroxylamine 596. This impurity 

exhibited a singlet at  7.82 ppm, assigned to the H-5′ proton, along with two other singlets at 

 8.56 and 7.18 ppm. These latter two resonances were assigned to the NH and OH protons of 

hydroxylamine 596. The progress of the reaction was difficult to follow by TLC analysis, 

however the reaction was easily followed by the disappearance of characteristic hydroxylamine 

proton resonances by 1H NMR analysis. In place of these hydroxylamine resonances, a 
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downfield singlet resonance was observed at  7.63 ppm integrating for one proton, and a broad 

singlet resonance was observed at  4.09 ppm integrating for two protons. These resonances 

corresponded to H-5′ and NH2 protons of amine 597, respectively. 

 

 

Reagents and conditions: a) H2 (balloon), Pd/C (10 mol%), EtOH, rt, 4 h, 76%. 

Scheme 5.36. Hydrogenation of 3-nitrotriazole 593 to 3-aminotriazole 597. 

 

Finally, protecting group manipulations and ester hydrolysis afforded the desired Fmoc-(3-

amino-1,2,4-triazol-1-yl)alanine 592 (Scheme 5.37). The 3-aminotriazole 597 was first 

protected as benzyl carbamate 598, a protecting group which is orthogonal to Fmoc SPPS.355 

Amine trifluoroacetate salt 599 was afforded by Boc cleavage with trifluoroacetic acid and 

subsequently protected with Fmoc hydroxysuccinimide ester without isolation. Lastly, the 

hydrolysis of methyl ester 600 with calcium chloride as an additive provided the desired acid 

592 without any observable cleavage of the Fmoc group.345 Acid 592 was isolated in 68% yield, 

along with a significant amount of returned ester 600 which could be recycled. 

 

 

Reagents and conditions: a) CbzCl, pyridine, rt, 18 h, 74%; b) TFA-CH2Cl2, rt, 90 min;  

c) Fmoc-OSu, NaHCO3, 1,4-dioxane-H2O, rt, 16 h, 70% over two steps; d) NaOH, CaCl2,  

i-PrOH-H2O, rt, 18 h, 68% (94% brsm). 

Scheme 5.37. Synthesis of Fmoc--(3-amino-1,2,4-triazol-1-yl)alanine 592. 
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5.2.2. Attempted Resolution of (±)-Fmoc--(3-amino-1,2,4-triazol-1-yl)alanine 592 by 

Chiral HPLC 

 

With a small sample of racemic acid 592 in hand, the resolution of this sample by chiral HPLC 

was investigated. The only chiral semi-preparative scale column available was a 

CHIRALPAK® IC column and as such, all separation conditions required optimisation for this 

stationary phase type. The chiral stationary phase of the CHIRALPAK® IC column is cellulose 

tris(3,5-dichlorophenylcarbamate) (Figure 5.7), which has high enantiorecognition, enabling 

the separation of a broad range of racemic compounds.365 The stationary phase is immobilised, 

providing compatibility with a broad range of solvents and as such, a large number of eluent 

systems can be screened in order to achieve optimal separation of a sample. Promisingly, 

several DL-amino acids, including those with Fmoc protecting groups, have been successfully 

separated using the IC column.365 

 

 

Figure 5.7. Cellulose tris(3,5-dichlorophenylcarbamate), the stationary phase of 

CHIRALPAK® IC.365 

 

Eluent systems were screened using an analytical CHIRALPAK® IC column with small sample 

loadings of 20 g of racemic acid 592 per run. In contrast, practical resolution of racemic acid 

592 by semi-preparative HPLC would involve large sample loading relative to the column size. 

Thus, large resolution of enantiomers was required for specific analytical HPLC conditions if 

the method was to translate well to semi-preparative scale purification. Hexanes-isopropanol 

eluents are commonly employed for normal phase HPLC, however acid 592 was poorly soluble 

in polar hexanes-isopropanol (60:40 v/v) eluents, which become prohibitively viscous to use. 

Investigation of alternative solvent systems led to a preferred eluent of dichloromethane-
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ethanol with trifluoroacetic acid as an additive, in which acid 592 was readily soluble. Different 

eluent polarities were achieved by addition of hexane to the dichloromethane-ethanol mixture, 

without any observable solubility issues. Disappointingly, only partial separation could be 

achieved for the most successful HPLC conditions (Figure 5.8). 

 

s  

Figure 5.8. Chiral HPLC trace of racemic acid 592. Conditions: HPLC column, Chiralpak® 

IC; mobile phase, dichloromethane-hexanes-ethanol-trifluoroacetic acid (60:40:4:0.1 v/v); 

flow rate, 0.5 mL/min; wavelength, 210 nm. 

 

All of the racemic intermediates en route to acid 592 were analysed by chiral HPLC, to see if 

separation could be achieved at an earlier point in the synthesis. It was subsequently found that 

the hydrogenation product, amine 597, underwent good separation in a hexanes-isopropanol 

eluent, albeit with long retention times (Figure 5.9). The preparation of enantiopure acid 592 

was therefore feasible, however the prospect of resolving the D- and L-enantiomers of amine 

597 four steps before the desired acid 592 was unfavourable. A larger quantity of enantiopure 
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amine 597 would be required to advance to acid 592, which could be time-consuming to purify 

given the long retention times of amine 597 in the optimised eluent. 

 

 

Figure 5.9. Chiral HPLC trace of racemic amine 597. Conditions: HPLC column, Chiralpak® 

IC; mobile phase, hexanes-isopropanol (60:40 v/v); flow rate, 0.25 mL/min; wavelength, 

210 nm. 

 

Alongside these analytical HPLC investigations, co-workers had encountered issues 

developing the novel Fmoc SPPS method intended for the synthesis of teixobactin (423) 

analogues. To circumvent these issues, a Boc SPPS strategy was next investigated. This 

strategy involved the synthesis of the teixobactin (423) peptide chain by iterative solid phase 

peptide synthesis, and the synthesis of the macrocycle of teixobactin (423) by native chemical 

ligation (Scheme 5.38).366,367 This would involve esterification of the threonine side chain with 

isoleucine 602, followed by iterative addition of Boc-protected L-allo-enduracididine 604, or 

a surrogate thereof, and L-cysteine 606. Upon cleavage of the peptide from resin and 

deprotection of the cysteine side chain, it was anticipated transthioesterification would furnish 
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macrothiolactone 609. Such thioesters are known to undergo rearrangement with an adjacent 

free amine,368 which would subsequently afford Cys9-teixobactin (610). Hydrogenation of this 

cysteine residue would afford an alanine residue in its place, thus providing teixobactin (423) 

and its analogues. 

 

 

Scheme 5.38. Boc SPPS approach to teixobactin (423) analogues, utilising native chemical 

ligation. 
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It was noted that an enduracididine surrogate 604 and cysteine 606 could be incorporated into 

the peptide together as a dipeptide 608 (Scheme 5.38). It was envisioned that chiral HPLC 

resolution of the diastereomers of dipeptide 612, the peptide coupling product of racemic -(3-

amino-1,2,4-triazol-1-yl)alanine methyl ester 611 and L-cysteine 606 (Scheme 5.39), might 

prove easier than the resolution of racemic Michael adducts. The cysteine residue would 

provide additional sites with which the chiral stationary could interact, which in turn might 

help differentiate the diastereomeric dipeptides (R,S)-612 and (R,R)-612. We subsequently 

redirected our efforts towards the synthesis of cysteine dipeptide 612. 

 

 

Scheme 5.39. Proposed synthesis of diastereomeric dipeptides (S,S)-612 and (S,R)-612. 

 

5.2.3. Synthesis and Resolution of Boc-cysteinyl--(3-amino-1,2,4-triazol-1-yl)alanine 612 

 

For the synthesis of dipeptide 612, the previously prepared amine 597 was protected as its 

para-toluenesulfonamide 613 (Scheme 5.40). This protecting group was anticipated to be 

stable under the conditions necessary to prepare dipeptide 612, yet undergo facile deprotection 

with hydrogen fluoride during the resin cleavage step of solid phase peptide synthesis.355  

Di-Boc ester 613 underwent deprotection with hydrogen chloride in 1,4-dioxane to afford 

amine hydrochloride salt 614, which was taken forward without isolation. Neutralisation of 

amine hydrochloride salt 614 followed by peptide coupling with Boc-S-(para-methoxybenzyl)-

L-cysteine (606) afforded the dipeptide 615 in good yield. 
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Reagents and conditions: a) TsCl, pyridine, rt, 22 h, 73%; b) 4 M HCl in 1,4-dioxane, rt, 18 h;  

c) DIPEA, HCTU, DMF, rt, 18 h, 94% over two steps, dr 1:1. 

Scheme 5.40. Synthesis of para-toluenesulfonamide 614 and its peptide coupling with  

Boc-S-(para-methoxybenzyl)-L-cysteine (606). 

 

The solution phase peptide coupling of Boc-L-cysteine 606 and racemic amine 614 was 

performed with the coupling reagent 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate (HCTU). HCTU (617) is the inexpensive aminium 

salt of 6-chloro-1-hydroxybenzotriazole and is used to activate acids towards nucleophilic 

attack (Scheme 5.41).369 The peptide coupling reaction begins with the reaction of carboxylate 

616 with HCTU (617), forming acyloxy amidinium salt 618. Amidinium salt 618 is highly 

reactive and undergoes transesterification to form the more stable 6-chlorobenzotriazol-1-yl 

ester 620. Benzotriazol-1-yl ester 620 is considerably less electron deficient than the amidinium 

salt 618 and is therefore not prone to racemisation at the -position. Finally, nucleophilic attack 

by amine 621 affords amide 622. The decision to use HCTU (617) over traditional 

carbodiimide coupling reagents was one of caution, as any racemisation of L-cysteine 606 

during the coupling reaction would afford additional diastereomers of dipeptide 615, 

complicating resolution by chiral HPLC. The preservation of the (S)-stereocenter of cysteine 

was also important for assignment of the absolute stereochemistry of the resolved peptide 

diastereomers. 
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Scheme 5.41. Proposed mechanism for HCTU (617)-promoted peptide coupling.369 

 

Dipeptide 615 was determined to be a 1:1 mixture of diastereomers which were inseparable by 

flash chromatography. The 1H NMR spectrum of this diastereomeric mixture exhibited 

characteristic peaks of the different protecting groups within the molecule, including methyl 

proton singlets at  3.73 and 2.35 ppm, assigned to the para-methoxybenzyl and  

para-toluenesulfonyl protecting groups, respectively. The signals arising from each 

diastereomer were largely unresolved, however the NH proton resonances of the newly-forged 

amide bond were well-resolved doublets, thus enabling the determination of the diastereomeric 

ratio (Figure 5.10). 

 

 

Figure 5.10. Resolved amide protons of diastereomeric dipeptides (R,S)-615 and (R,R)-615. 
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The diastereomeric mixture of peptides 615 underwent ester hydrolysis to afford acid 612 as a 

diastereomeric mixture, which was also inseparable by flash chromatography (Scheme 5.42). 

Successful ester hydrolysis was indicated by the disappearance of the methoxy singlet of ester 

615, which resonated at  3.73 ppm. The high-resolution mass spectrum of dipeptide 612 

exhibited a molecular ion peak [M+Na]+ of 671.1979, which corresponded to the expected 

molecular formula of C28H36N6NaO8S2. 

 

 

Reagents and conditions: a) NaOH, 1,4-dioxane-H2O, rt, 18 h, 95%. 

Scheme 5.42. Ester hydrolysis of dipeptide 612. 

 

We were pleased to find that dipeptide 612 underwent excellent separation by chiral analytical 

HPLC (Figure 5.11). The resolution between the dipeptide diastereomers was sufficient to 

enable semi-preparative HPLC separation. Up to 100 mg of the diastereomeric mixture of 

dipeptide 612 could be separated in a single run and 400 mg of each dipeptide, designated as 

612a and 612b by order of their elution, were easily obtained within a day. 
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Figure 5.11. Chiral HPLC trace of dipeptide 612. The C-2′ stereochemistry of dipeptides 612a 

(t = 12.13 min) and 612b (t = 16.38 min) is yet to be established. Conditions: HPLC column, 

Chiralpak® IC; mobile phase, dichloromethane-ethanol (95:5 v/v); flow rate, 0.5 mL/min; 

wavelength, 210 nm. 

 

While this resolution approach afforded dipeptides 612a and 612b in high purity, the relative 

stereochemistry of each compound is yet to be established. It is therefore not known which 

dipeptide is the desired (R,S)-diastereomer, and which is the undesired (R,R)-diastereomer. The 

most reliable method for elucidating the relative stereochemistry of these two dipeptides would 

be from an X-ray crystal structure, however a suitable crystal could not be obtained for either 

dipeptide 612a or 612b. The NOESY spectra of dipeptides 612a and 612b exhibited the same 

correlations and were therefore of little use in the characterisation of the stereochemistry of 

these two compounds. The amide bond acts as a spacer between the two stereogenic centers of 

the dipeptide, preventing through-space correlations between amino acid side chains. 

Moreover, the proton resonances for dipeptides 612a and 612b are highly similar, making it 

difficult to infer any useful information regarding the conformations of these two dipeptides 

from chemical shifts or coupling constants (Table 5.1). 



Chapter Five 
 

 

 

298 

Table 5.1. 1H spectroscopic data for the core residues of dipeptides 612a and 612b in  

methanol-d4. 

 

 δ 1H NMR [mult, J (Hz)] 400 MHz 

Position Dipeptide 612a Dipeptide 612b 

H-2 4.23–4.17 (m) 4.19 (br s) 

H-3 
2.68 (ABX, AB = 0.23, JAB = 13.8, 

JAX = 8.6, JBX = 5.3) 

2.64 (ABX, AB = 0.19, JAB = 13.8, 

JAX = 8.1, JBX = 5.8) 

H-2′ 4.76 (br s) 4.78 (br s) 

H-3′ 4.55–4.47 (m) 
4.50 (ABX, AB = 0.11, JAB = 14.1, 

JAX = 8.0, JBX = 4.8) 

H-5′′ 8.07 (s) 8.07 (s) 

 

Although the failure to elucidate the relative stereochemistry of dipeptides 612a and 612b was 

a setback, the synthesis of these diastereomeric peptides had provided a highly efficient method 

for the resolution of racemic amino acids. In the event that the stereochemistry of these 

dipeptides was elucidated, the relevant (R,S)-dipeptide 612 would be available in large quantity 

for peptide synthesis. Elucidation of the stereochemistry of these two peptides might be 

achieved by further derivatisation to a more crystalline compound, from which an X-ray crystal 

structure could be obtained, or alternatively by the stereocontrolled synthesis of one of the two 

possible diastereomers from defined chiral pool precursors. 

 

5.2.4. Synthesis and Attempted Resolution of (±)--(Imidazol-1-yl)alanine 570 and   

(±)--(1,2,4-Imidazol-1-yl)alanine 572 

 

The strategy for the resolution of racemic Michael adducts by preparation of their 

diastereomeric dipeptides was subsequently investigated for other amino acids. Accordingly, 

known -(imidazol-1-yl)alanine 570 and -(1,2,4-imidazol-1-yl)alanine 572 were prepared 

following procedures described by Ferreira et al. (Scheme 5.43).356 
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Reagents and conditions: a) K2CO3, CH3CN, 570 95%, 572 100%. 

Scheme 5.43. Synthesis of aza-Michael adducts 570 and 572 following procedures reported by 

Ferreira et al.356 

 

The synthesis of dipeptides 624 and 627 was achieved by the same methods employed for the 

synthesis of -(3-amino-1,2,4-triazol-1-yl)alanine-derived dipeptide 615 (Scheme 5.44).  

Aza-Michael adducts 570 and 572 underwent Boc cleavage with hydrogen chloride to afford 

amine hydrochloride salts 623 and 626. These hydrochloride salts were neutralised with  

N,N-diisopropylethylamine, then coupled with Boc-L-cysteine 606 using HCTU. Both peptide 

coupling products 624 and 627 were difficult to dry from dimethylformamide, so an accurate 

yield could not be determined for these coupling reactions. Esters 624 and 627 were carried 

forward with solvent impurities and underwent hydrolysis with sodium hydroxide to afford 

acids 625 and 628. Both acids were produced on gram scale in good yield. 
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Reagents and conditions: a) HCl, EtOH, rt, 16 h; b) DIPEA, Boc-L-Cys(PMB)-OH, HCTU, 

DMF, rt, 18 h; c) NaOH, 1,4-dioxane-H2O, rt, 18 h, 625 70% over three steps, 628 88% over 

three steps. 

Scheme 5.44. Synthesis of dipeptides 625 and 628 by peptide coupling with  

Boc-S-(para-methoxybenzyl)-L-cysteine (606) 

 

The 1H NMR spectrum of the -(imidazol-1-yl)alanine-derived peptide 625 exhibited 

characteristic imidazole proton resonances. The H-2′′ proton resonances of each diastereomer 

were resolved, with one singlet resonating at  8.84 ppm and the other at  8.79 ppm. The  

H-4′′ and H-5′′ proton resonances of each diastereomer were unresolved, appearing as 

multiplets at  7.62–7.60 and 7.56–7.54 ppm. The 1H NMR spectrum of -(1,2,4-imidazol-1-

yl)alanine-derived peptide 628 exhibited two singlets at  8.39 and 7.86 ppm, corresponding 

to the unresolved H-3′′ and H-5′′ triazole protons of the two diastereomers. 

 

Both dipeptides 625 and 628 were extremely polar, owing to their unprotected side chains. As 

a consequence of their polarity, all attempts to resolve these diastereomeric mixtures of 

peptides 625 and 628 by normal phase chiral HPLC were unsuccessful. The CHIRALPAK IC® 

column also supports reverse phase eluents and these eluents are now being considered. 

Reverse phase conditions were not employed previously as the column requires careful 

regeneration in order to return to normal phase eluents, preventing the investigation of normal 

phase and reverse phase conditions in tandem. It is hoped that reverse phase conditions might 

enable not only the resolution of the diastereomeric mixtures of dipeptides 625 and 628, but 

also the resolution of racemic intermediates which were poorly resolved under normal phase 

conditions. 
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5.2.5. Summary 

 

As anticipated at the outset of this work, dehydroalanine 569 provided access to racemic 

Michael adducts -(3-nitro-1,2,4-triazol-1-yl)alanine 593, -(imidazol-1-yl)alanine 570 and  

-(1,2,4-triazol-1-yl)alanine 571 in excellent yields (Scheme 5.45). 

 

 

Reagents and conditions: a) DIPEA, DMF, rt, 3 d, 89%; b) K2CO3, CH3CN, rt, 18 h, 570 95%, 

571 quant. 

Scheme 5.45. Aza-Michael adducts prepared herein from dehydroalanine 569. 

 

-(3-Nitro-1,2,4-triazol-1-yl)alanine 593 was advanced to a racemic Fmoc-protected acid 592 

for Fmoc SPPS synthesis, however this acid could not be resolved by chiral HPLC (Scheme 

5.46). Intermediate amine 597 was readily resolved by chiral HPLC, however the resolution of 

an intermediate that was four steps away from the desired acid 592 was deemed too inefficient 

to pursue. 
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Reagents and conditions: a) H2 (balloon), Pd/C (10 mol%), rt, 4 h, 76%; b) CbzCl, pyridine, rt, 

18 h, 74%; c) TFA-CH2Cl2, rt, 90 min; d) Fmoc-OSu, NaHCO3, 1,4-dioxane-H2O, rt, 16 h, 

70% over two steps; e) NaOH, CaCl2, i-PrOH-H2O, rt, 18 h, 68% (94% brsm). 

Scheme 5.46. Synthesis of Fmoc--(3-amino-1,2,4-triazol-1-yl)alanine 592. 

 

Coinciding with a change to a Boc SPPS strategy to access teixobactin (423) analogues, 

dipeptides 612, 625 and 628 were prepared by peptide coupling of the racemic amino acids 

613, 570 and 572 with Boc-S-(para-methoxybenzyl)-L-cysteine (Scheme 5.47). This afforded 

a 1:1 diastereomeric mixture of each dipeptide, and in the case of -(3-amino-1,2,4-triazol-1-

yl)alanine-derived dipeptide 612, resolution was achieved by chiral HPLC. Disappointingly, 

the stereochemistry of the resolved diastereomers of dipeptide 612 was difficult to elucidate. 

Moreover, the diastereomeric mixtures of dipeptides 625 and 628 were too polar for resolution 

using normal phase HPLC, and reverse phase conditions will need to be investigated in the 

future. 
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Reagents and conditions: a) 4 M HCl in dioxane, rt, 18 h; b) HCl, EtOAc, rt, 18 h; c) DIPEA,  

Boc-L-Cys(PMB)-OH, HCTU, DMF, rt, 18 h, 615, 94%; d) NaOH, 1,4-dioxane-H2O, rt, 18 h,  

612 95%, 625 70% over three steps, 628 88% over three steps.  

Scheme 5.47. Synthesis of the cysteine dipeptides of aza-Michael adducts 613, 570 and 572. 
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5.3. Future work 

5.3.1. Synthesis of -Substituted L-Amino Acids 

 

The synthesis of aza-Michael adducts 593, 570 and 572 was extremely facile (Scheme 5.48). 

The utility of this method was limited, however, as the desired L-amino acids -(3-amino-1,2,4-

triazol-1-yl)alanine 629, -(imidazole-1-yl)alanine 630 and -(1,2,4-triazol-1-yl)alanine 631 

proved difficult to isolate. When an enantiopure dipeptide derivative was obtained, 

characterisation of its stereochemistry was also problematic, as no compounds of known 

stereochemistry were available as a reference. As such, the stereocontrolled synthesis of each 

amino acid from well-defined chiral pool compounds may be necessary to determine the 

absolute stereochemistry of the resolved mixtures. 

 

 

Scheme 5.48. Racemic aza-Michael adducts prepared herein (above) and -substituted  

L-amino acids which have yet to be obtained (below). 

 

By adopting the Michael reaction in a bottom-up approach, we failed to properly consider other 

strategies for the synthesis of -substituted amino acids. It was only towards the end of this 

work that we became aware of two particularly efficient methods for the synthesis of 

enantiopure -substituted amino acids from serine.  

 

Vederas and co-workers have developed the use of -lactone 633 for the synthesis of -

substituted amino acids with a range of nucleophiles (Scheme 5.49).370 -lactone 633 is 

prepared by the intramolecular Mitsunobu reaction of serine 632 and undergoes ring-opening 

reactions with nucleophiles with retention of stereochemistry, thereby enabling a chiral pool 

approach to unnatural amino acids. The synthesis of -(imidazol-1-yl)-L-alanine 635 from  
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1-(trimethylsilyl)imidazole (634) and lactone 633 has been described by Vederas and  

co-workers,371 while the synthesis of -(1,2,4-triazol-1-yl)-L-alanine 636 from 1,2,4-triazole 

(571) and lactone 633 has been reported by Graupe et al.372  

 

 

Reagents and conditions: a) PPh3, dimethyl azodicarboxylate, THF, −78 °C to rt, 3 h, 60%;  

b) CH3CN, rt, 28 h, 60%; c) CH3CN, 60 °C, no yield given.  

Scheme 5.49. Regioselective ring opening reactions of -lactone 633 with N-heterocyclic 

nucleophiles.370–372 

 

A complementary approach to -substituted amino acids is the Mitsunobu reaction of serine 

with a nucleophile directly (Scheme 5.50). The Mitsunobu reactions of serine esters commonly 

result in -elimination to afford dehydroalanine,373 however it has been found that N-trityl or 

N-phenylfluorenyl protection of serine,374 or preparation of a Weinreb amide 642 suppresses 

this elimination reaction,375 thereby enabling nucleophilic substitution of the hydroxy group.  
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Reagents and conditions: a) PPh3, DEAD, PhMe, rt, 640 91%, 641 95%;374 b) PPh3, DEAD, 

HN3, THF, rt, 8 h, 90%.375 

Scheme 5.50. N- and acyl-protecting strategies to enable the Mitsunobu reactions of serine 

derivatives without -elimination.374,375 

 

The mildly acidic 3-nitro-1,2,4-triazole (573) (pKa 6.05 in H2O)364 would be suited to 

Mitsunobu conditions and it is envisioned that -(3-amino-1,2,4-triazol-1-yl)-L-alanine 629 

will be accessible from L-serine Weinreb amide 642 by this approach (Scheme 5.51). 

 

 

Scheme 5.51. Proposed stereocontrolled synthesis of -(3-amino-1,2,4-triazol-1-yl)-L-

alanine 629 by Mitsunobu reaction of L-serine Weinreb amide 642. 

 

Both lactone-opening and Mitsunobu strategies are concise and as such, these methods will 

likely be adopted in preference over the aza-Michael reaction for the preparative-scale 

synthesis of -(3-amino-1,2,4-triazol-1-yl)alanine 629, -(imidazol-1-yl)alanine 630 and  

-(1,2,4-triazol-1-yl)alanine 631 in future work. 
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5.3.2. Teixobactin Analogue Synthesis and Biological Evaluation 

 

This work has described the synthesis of two L-allo-enduracididine(430) isosteres; 2-amino-L-

histidine (495) and 2-amino-L-homohistidine (496) (Figure 5.12). Additionally, revised 

synthetic strategies have been identified for -(3-amino-1,2,4-triazol-1-yl)-L-alanine (497),  

-(imidazol-1-yl)-L-alanine (498) and -(1,2,4-triazol-1-yl)-L-alanine (499). The teixobactin 

(423) analogues incorporating these unnatural amino acids would be highly novel additions to 

the array of analogues already reported. 

 

 

Figure 5.12. Proposed teixobactin (423) analogues, incorporating amino acids either prepared 

herein, or forthcoming. 

 

At the outset of this work, it was proposed that basic L-allo-enduracididine (430) surrogates 

were required for teixobactin (423) analogues to retain good antimicrobial activity.284 Recent 

reports have suggested otherwise, establishing that teixobactin (423) analogues incorporating 

hydrophobic amino acids at this position can exhibit similar activity to teixobactin (423).282,285 
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Both the molecular dynamics simulations269,286 and biological activity264 of teixobactin (423) 

suggests it exhibits numerous binding modes across different bacterial cell targets and the 

importance of L-allo-enduracididine (430) to these flexible binding modes is still poorly 

understood. With the exception of histidine,278,284 teixobactin (423) analogues incorporating 

heterocyclic L-allo-enduracididine (430) surrogates are yet to be investigated. The heterocyclic 

amino acids described in this work are expected to exhibit a range of pKa values376 and 

hydrogen bonding modes. The forthcoming synthesis and biological evaluation of these 

proposed teixobactin (423) analogues will therefore serve as an informative SAR study
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6.1. General Methods 

Unless otherwise noted, all reactions were performed under an oxygen-free atmosphere of 

nitrogen using standard techniques. Anhydrous solvents were dried using an LC Technical  

SP-1 solvent purification system. Commercially available starting materials and all other 

reagents were used as received unless otherwise noted. 

Yields refer to chromatographically and spectroscopically (1H NMR) homogeneous materials, 

unless otherwise stated. Reactions performed at low temperature were cooled either with an 

ethanol/liquid nitrogen bath to reach −105 °C, an acetone/dry ice bath to reach −78 °C, a brine/ice bath 

to reach −20 to −5 °C, or a water/ice bath to reach 0 °C. Reactions were monitored by thin layer 

chromatography (TLC) carried out on E. Merck silica gel plates using UV light as visualizing 

agent and an ethanolic solution of potassium permanganate or ninhydrin and heat as developing 

agents. Kieselgel S 63–100 m (Riedel-de-Hahn) silica gel was used for flash column 

chromatography.  

NMR spectra were recorded at room temperature in CDCl3, (CD3)2SO, CD3OD or (CD3)2CO 

on a Bruker DRX-300 spectrometer operating at 300 MHz for 1H nuclei and 75 MHz for 13C 

nuclei, a Bruker DRX-400 spectrometer operating at 400 MHz for 1H nuclei and 100 MHz for 

13C nuclei, or a Bruker DRX-500 spectrometer operating at 500 MHz for 1H nuclei and 

125 MHz for 13C nuclei. Chemical shifts are reported in parts per million (ppm) from 

tetramethylsilane ( 0.00) and were calibrated relative to the signals of residual undeuterated 

solvent (CDCl3 (7.26 ppm), CD3OD (3.31 ppm), (CD3)2SO (2.50 ppm), (CD3)2CO (2.05 ppm)) 

or tetramethylsilane (0.00 ppm) for 1H NMR and the signals of deuterated solvent (CDCl3 

(77.16 ppm), CD3OD (49.00 ppm), (CD)3SO (39.52 ppm) or (CD3)2CO (29.84 ppm)) for 13C 

NMR.217 1H NMR data are reported as position (), multiplicity (s = singlet, br s = broad singlet, 

d = doublet, dd = doublet of doublet, dt = doublet of triplet, t = triplet, td = triplet of doublets, 

m = multiplet), coupling constant (J Hz), relative integral, and structural assignment. 13C NMR 

are reported as position (), type and assignment of each carbon resonance. Structural 

assignments were achieved with the aid of COSY, edited HSQC, HMBC and NOESY experiments 

where required. Where distinguishable from those due to a isomer or diastereomer, resonances due to 

the minor isomer or diastereomer are denoted by an asterisk (*). 

Melting points were determined on a Kofler hot-stage apparatus. Optical rotations were 

measured with an Autopol® IV automatic polarimeter, using the Na-D line (589 nm), with the 
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concentration of the solution measured in g/100 mL. Infrared (IR) spectra were recorded on a 

Perkin Elmer Spectrum 100 FT-IR spectrometer using a diamond ATR sampling accessory. 

Absorption maxima are expressed in wavenumbers (cm−1) and were recorded using a range of 

450–4000 cm−1. High-resolution mass spectra (HRMS) were obtained using a Bruker 

microTOF-Q II mass spectrometer operating at a nominal accelerating voltage of 70 eV using 

the ESIMS technique.  

HPLC was performed using a Dionex UltiMate 3000 instrument equipped with an ISO-3100 

isocratic pump and a VWD-3400 4 channel UV detector (210, 230, 254 and 280 nm). 

Analytical and semi-preparative normal phase chiral HPLC were performed using a 

CHIRALPAK® IC column (4.6 × 250 mm; Daicel Chemical Industries, Ltd.) and a 

CHIRALPAK® IC column (20 × 250 mm; Daicel Chemical Industries, Ltd.), respectively. 
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6.2. Synthesis of 2-Amino-L-histidine 543 and 2-Amino-L-homohistidine 544 

6.2.1. Attempted Synthesis of Fmoc-Protected 2-Amino-L-histidine 500 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-5-bromo-4-oxopentanoate 

(520) 

 

To a suspension of acid 524 (1.80 g, 4.87 mmol) in CH2Cl2 (24 mL) at 0 °C was added DMF 

(5 drops), followed by (COCl)2 (0.50 mL, 5.8 mmol) dropwise. The mixture was allowed to 

warm to rt and stirred for 45 min, then concentrated under a stream of N2. The solid obtained 

was dissolved in CH2Cl2 (26 mL), cooled to −78 °C and treated with TMSCHN2 (2.00 M in 

Et2O, 6.80 mL, 13.6 mmol). The reaction was stirred at −78 °C for 14 h, then concentrated in 

vacuo. The crude solid obtained was dissolved in CHCl3-Et2O (1:1, 10 mL), cooled to 0 °C and 

treated with HBr (48% aq solution, 1.65 mL, 14.6 mmol). The resultant suspension was stirred 

for 1 h at 0 °C, then neutralised by addition of satd aq NaHCO3. The separated aqueous layer 

was extracted with EtOAc (3 × 30 mL) and the combined organic layers were washed with satd 

aq NaHCO3 (15 mL), brine (15 mL), dried over anhydrous Na2SO4, filtered and concentrated 

in vacuo. The crude residue was purified by flash chromatography (petroleum ether/EtOAc 2:1 

→ 1:2) to afford title compound 520 (1.37 g, 63%) as an off-white solid. 

Rf 0.36 (petroleum ether/EtOAc, 2:1); mp 99.6–102.9 °C; IR (neat) νmax: 3320, 2952, 1728, 

1693, 1535, 1449, 1273, 1084, 995, 736 cm‒1; []D
19 +24.3 (c 1.11, CHCl3); 1H NMR (400 

MHz, CDCl3): δ 7.77 (d, J = 7.5 Hz, 2H, CO2CH2CHC12H8), 7.59 (d, J = 6.8 Hz, 2H, 

CO2CH2CHC12H8), 7.41 (t, J = 7.4 Hz, 2H, CO2CH2CHC12H8), 7.32 (t, J = 7.2 Hz, 2H, 

CO2CH2CHC12H8), 5.75 (d, J = 8.1 Hz, 1H, NH), 4.65 (dt, J = 8.1, 4.2 Hz, 1H, H-2), 4.45–

4.36 (m, 2H, CO2CH2CHC12H8), 4.23 (t, J = 6.9 Hz, 1H, CO2CH2CHC12H8), 3.90 (s, 2H, H-

5), 3.76 (s, 3H, OCH3), 3.32 (ABX, ΔAB = 0.12, JAB = 18.2 Hz, JAX = 4.4 Hz, JBX = 4.3 Hz, 2H, 

H-3); 13C NMR (100 MHz, CDCl3): δ 200.3 (C, C-4), 171.1 (C, C-1), 156.1 (C, 

CO2CH2CHC12H8) 143.9 (C, CO2CH2CHC12H8), 143. 8 (C, CO2CH2CHC12H8), 141.5 (2 × C, 

CO2CH2CHC12H8), 127.9 (2 × CH, CO2CH2CHC12H8), 127.2 (2 × CH, CO2CH2CHC12H8), 

125.2 (2 × CH, CO2CH2CHC12H8), 120.2 (2 × CH, CO2CH2CHC12H8), 67.4 (CH2, 

CO2CH2CHC12H8), 53.1 (CH3, OCH3), 50.2 (CH, C-2), 47.2 (CH, CO2CH2CHC12H8), 41.9 
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(CH2, C-3), 33.8 (CH2, C-5); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C21H20BrNNaO5 

468.0417; Found 468.0422. 

 

N,N′-Bis(benzyloxycarbonyl)guanidine (538) 

 

To a solution of guanidinium chloride (537) (2.00 g, 20.9 mmol) in CH2Cl2 (21 mL) at 0 °C 

was added a solution of aqueous NaOH (2.5 M, 42 mL, 105 mmol), followed by CbzCl 

(8.9 mL, 62 mmol) dropwise. The reaction mixture was allowed to warm to rt, then stirred for 

16 h. The reaction mixture was diluted with CH2Cl2 (55 mL) and the aqueous layer was 

extracted with CH2Cl2 (3 × 30 mL). The combined organic layers were washed with brine 

(20 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude solid 

was recrystallised from hot MeOH to afford title compound 538 (3.52 g, 51%) as flakes of 

colourless crystals. 

mp 150.7–151.4 °C (lit.1 mp 146–148 °C); 1H NMR (400 MHz, CDCl3):  8.79 (br s, 3H, NH), 

7.35–7.32 (m, 10H, 2 × CO2CH2C6H5), 5.04 (s, 4H, 2 × CO2CH2C6H5); 13C NMR (100 MHz, 

CDCl3):  159.3 (3 × C, HNC(NH)NH, 2 × CO2CH2C6H5), 135.8 (2 × C, 2 × CO2CH2C6H5), 

128.6 (4 × CH, 2 × CO2CH2C6H5), 128.4 (2 × CH, 2 × CO2CH2C6H5), 128.1 (4 × CH, 2 × 

CO2CH2C6H5), 67.4 (2 × CH2, 2 × CO2CH2C6H5). The spectroscopic data were in agreement 

with those reported in the literature.377 

 

N-Benzyloxycarbonylguanidine (519) 

 

To a stirred solution of guanidinium chloride (537) (2.62 g, 27.4 mmol) and NaOH (2.19 g, 

54.9 mmol) in water (26 ml) was added 1,4-dioxane (52 mL) and the resulting mixture was 

cooled to 0° C. CbzCl (3.0 ml, 21 mmol) was added dropwise with vigorous stirring over a 



Experimental 
 

 

 

317 

period of 10 min, after which the reaction was warmed to rt and stirred for 1 h. The mixture 

was concentrated in vacuo to one third of its original volume and the aqueous layer was 

extracted with EtOAc (3 × 60 mL). The combined extracts were washed with brine (50 ml), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo to afford title compound 519 

(3.53 g, 87%) as a white powder. 

mp 146.8–148.4 °C, (lit.343 mp 148–150 °C); 1H NMR (400 MHz, (CD3)2SO):  7.36–7.25 

(m, 5H, CO2CH2C6H5), 6.90 (br s, 4H, NH), 4.96 (s, 2H, CO2CH2C6H5); 13C NMR (100 MHz, 

(CD3)2SO):  163.3 (C, H2NC(NH)NH), 163.0 (C, CO2CH2C6H5), 138.2 (C, CO2CH2C6H5), 

128.2 (2 × CH, CO2CH2C6H5), 127.29 (CH, CO2CH2C6H5), 127.25 (2 × CH, CO2CH2C6H5), 

64.8 (CH2, CO2CH2C6H5). The spectroscopic data were in agreement with those reported in 

the literature.343 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-3-(2-amino-1-

(benzyloxy)carbonyl-1H-imidazol-4-yl)propanoate (541) 

 

To a solution of bromoketone 520 (779 mg, 1.75 mmol) in DMF (4 mL) at rt was added 

guanidine 519 (1.01 g, 5.24 mmol) and the mixture was stirred for 21 h. The reaction mixture 

was diluted with H2O (20 mL), then extracted with EtOAc (3 × 30 mL). The combined organic 

extracts were washed with brine (15 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude product was purified by flash chromatography (petroleum 

ether/EtOAc 3:2 → EtOAc neat) to afford title compound 541 (541 mg, 57%) as a pale yellow 

solid. 

Rf 0.36 (petroleum ether/EtOAc 1:6); mp 157.1–157.8 °C; IR (neat) νmax: 3455, 3331, 2950, 

1740, 1688, 1524, 1438, 1399, 1249, 1201 cm−1; []D
20 +20.6 (c 1.08, CHCl3); 1H NMR 

(400 MHz, CDCl3):  7.75 (d, J = 7.5 Hz, 2H, CO2CH2CHC12H8), 7.60 (t, J = 7.8 Hz, 2H, 

CO2CH2CHC12H8), 7.40–7.37 (m, 7H, CO2CH2CH5 and CO2CH2CHC12H8), 7.29 (t, J = 

7.4 Hz, 2H, CO2CH2CHC12H8), 6.68 (s, 1H, H-5′), 6.33 (d, J = 8.2 Hz, 1H, 2-NH), 5.76 (s, 2H, 

2′-NH2), 5.28 (s, 2H, CO2CH2C6H5), 4.63–4.58 (m, 1H, H-2), 4.36–4.23 (m, 3H, 
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CO2CH2CHC12H8), 3.73 (s, 3H, OCH3), 2.91 (ABX, AB = 0.05, JAB = 14.6 Hz, JAX = 5.7 Hz, 

JBX = 4.8 Hz, 2H, H-3); 13C NMR (100 MHz, CDCl3):  172.2 (C, C-1), 156.2 (C, 

CO2CH2CHC12H8), 150.5 (C, CO2CH2C6H5), 150.2 (C, C-2′), 144.1 (C, CO2CH2CHC12H8), 

144.1 (C, CO2CH2CHC12H8), 141.4 (2 × C, CO2CH2CHC12H8), 134.7 (C, C-4′), 134.3 (C, 

CO2CH2C6H5), 129.2 (CH, CO2CH2C6H5), 128.9 (2 × CH, CO2CH2C6H5), 128.7 (2 × CH, 

CO2CH2C6H5), 127.8 (2 × CH, CO2CH2CHC12H8), 127.2 (2 × CH, CO2CH2CHC12H8), 125.4 

(CH, CO2CH2CHC12H8), 125.4 (CH, CO2CH2CHC12H8), 120.1 (2 × CH, CO2CH2CHC12H8), 

108.2 (CH, C-5′), 69.4 (CH2, CO2CH2C6H5), 67.3 (CH2, CO2CH2CHC12H8), 53.8 (CH, H-2), 

52.5 (CH3, OCH3), 47.3 (CH, CO2CH2CHC12H8), 30.1 (CH2, C-3); HRMS (ESI/Q-TOF) m/z: 

[M+H]+ Calcd for C30H29N4O6 541.2082; Found 541.2073. 

 

6.2.2. Attempted Synthesis of Fmoc-Protected 2-Amino-L-homohistidine 501 

Methyl (S)-N-(((9H-fluoren-9-yl)methoxy)carbonyl)-5-pyrrolidone-2-carboxylate (531) 

 

To a solution of pyrrolidone 532 (530 mg, 3.70 mmol) in THF (12 mL) at −78 °C was added 

LiHMDS (0.90 M in THF, 4.10 mL, 3.70 mmol) and the mixture was stirred for 15 min. This 

mixture was then transferred via cannula to a solution of FmocCl (1.05 g, 4.07 mmol) in THF 

(6 mL) at −78 °C, and the reaction mixture was stirred for 2 h at this temperature. The reaction 

was warmed to rt and stirred for 18 h, then quenched with satd aq NH4Cl (10 mL). The 

separated aqueous layer was extracted with EtOAc (2 × 15 mL) and the combined organic 

layers were washed with brine (5 mL), dried over anhydrous Na2SO4, filtered and concentrated 

in vacuo. The crude oil was purified by flash chromatography (petroleum ether/EtOAc 4:1 → 

1:1) to afford title compound 531 (1.05 g, 77%) as a colourless foam. 

Rf 0.31 (petroleum ether/EtOAc 1:1); IR (neat) max: 2955, 1795, 1744, 1716, 1450, 1383, 

1296, 1210, 1177, 1032 cm−1; []D
20 −10.3 (c 1.15, CHCl3); 1H NMR (400 MHz, CDCl3):  

7.76–7.69 (m, 4H, CO2CH2CHC12H8), 7.40 (t, J = 7.4 Hz, 2H, CO2CH2CHC12H8), 7.32 (t, J = 

7.4 Hz, 2H, CO2CH2CHC12H8), 4.61 (dd, J = 9.5, 2.4 Hz, 1H, H-2), 4.50 (ABX, AB = 0.12, 

JAB = 10.5 Hz, JAX = 7.3 Hz, JBX = 7.2 Hz, 2H, CO2CH2CHC8H12), 4.28 (t, J = 7.1 Hz, 1H, 

CO2CH2CHC12H8), 3.71 (s, 3H, OCH3), 2.60 (ABXY, AB = 0.15, JAB = 17.6 Hz, JAX = JAY = 
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10.0 Hz, JBX = 9.3 Hz, JBY = 3.0 Hz, 2H, H-4), 2.39–2.28 (m, 1H, Ha-3), 2.10–2.03 (m, 1H,  

Hb-3); 13C NMR (100 MHz, CDCl3):  172.6 (C, C-5), 171.4 (C, CO2CH3), 151.3 (C, 

CO2CH2CHC12H8), 143.3 (C, CO2CH2CHC12H8), 143.3 (C, CO2CH2CHC12H8), 141.2 (C, 

CO2CH2CHC12H8), 141.2 (C, CO2CH2CHC12H8), 127.8 (2 × CH, CO2CH2CHC12H8), 127.2  

(2 × CH, CO2CH2CHC12H8), 125.3 (CH, CO2CH2CHC12H8), 125.2 (CH, CO2CH2CHC12H8), 

119.9 (CH, CO2CH2CHC12H8), 119.9 (CH, CO2CH2CHC12H8), 68.8 (CH2, CO2CH2CHC12H8), 

58.5 (CH, C-2), 52.7 (CH3, CO2CH3), 46.5 (CH, CO2CH2CHC12H8), 31.1 (CH2, C-4), 21.8 

(CH2, C-3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C21H19NNaO5 388.1155; Found 

388.1158.  

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-6-diazo-5-oxohexanoate (523) 

 

To a solution of TMSCHN2 (2.0 M in Et2O, 1.45 mL, 2.91 mmol) in THF (13 mL) at −105 °C 

was added n-BuLi (1.50 M in cyclohexane, 2.0 mL, 3.00 mmol) and the mixture was stirred at 

this temperature for 30 min. The resultant orange mixture was transferred via cannula to a 

solution of pyrrolidone 531 (885 mg, 2.42 mmol) in THF (24 mL) at −105 °C and the reaction 

mixture was stirred at this temperature for 15 min, then poured into satd aq NH4Cl (80 mL). 

The separated aqueous layer was extracted with EtOAc (3 × 25 mL) and the combined organic 

extracts were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude solid was purified by flash chromatography (petroleum 

ether/EtOAc 3:2 → 1:4) to afford title compound 523 (658 mg, 67%) as a yellow solid. 

Rf 0.30 (petroleum ether/EtOAc 1:1); mp 112.1–113.5 °C; IR (neat) max: 3325, 3085, 2947, 

2104, 1735, 1703, 1627, 1532, 1450, 1387, 1269 cm−1; []D
20 +13.7 (c 1.02, CHCl3); 1H NMR 

(400 MHz, CDCl3):  7.76 (d, J = 7.5 Hz, 2H, CO2CH2CHC12H8), 7.60 (t, J = 6.4 Hz, 2H, 

CO2CH2CHC12H8), 7.40 (t, J = 7.4 Hz, 2H, CO2CH2CHC12H8), 7.31 (t, J = 7.4 Hz, 2H, 

CO2CH2CHC12H8), 5.61 (d, J = 7.6 Hz, 1H, NH), 5.25 (s, 1H, H-6), 4.41–4.36 (m, 3H, H-2 

and CO2CH2CHC12H8), 4.22 (t, J = 6.9 Hz, 1H, CO2CH2CHC12H8), 3.75 (s, 3H, OCH3), 2.49–

2.35 (m, 2H, H-4), 2.25–2.20 (m, 1H, Ha-3), 2.07–1.99 (m, 1H, Hb-3); 13C NMR (100 MHz, 

CDCl3):  193.5 (C, C-5), 172.5 (C, C-1), 156.2 (C, CO2CH2CHC12H8), 144.0 (C, 
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CO2CH2CHC12H8), 143.8 (C, CO2CH2CHC12H8), 141.1 (2 × C, CO2CH2CHC12H8), 127.8  

(2 × CH, CO2CH2CHC12H8), 127.2 (2 × CH, CO2CH2CHC12H8), 125.2 (2 × CH, 

CO2CH2CHC12H8), 120.1 (2 × CH, CO2CH2CHC12H8), 67.2 (CH2, CO2CH2CHC12H8), 54.9 

(CH, C-6), 52.6 (CH, C-2), 52.7 (CH3, OCH3), 47.3 (CH, CO2CH2CHC12H8), 36.5 (CH2, C-4), 

27.4 (CH2, C-3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C22H21N3NaO5 430.1373; 

Found 430.1375. 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-6-bromo-5-oxohexanoate 

(521) 

 

To a solution of diazoketone 523 (573 mg, 1.41 mmol) in CHCl3-Et2O (1:1, 4 mL) at 0 °C was 

added HBr (48% aq solution, 0.50 mL, 4.2 mmol) dropwise and the mixture was stirred at 0 °C 

for 5 h. The reaction was quenched with sat aq NaHCO3 (7.5 mL), diluted with H2O (10 mL) 

and extracted with EtOAc (3 × 25 mL). The combined organic extracts were washed with satd 

aq NaHCO3 (10 mL) and brine (10 mL), dried using anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude residue was purified by flash chromatography (petroleum 

ether/EtOAc 2:1 → 1:1) to afford title compound 521 (366 mg, 57%) as an off-white solid. 

Rf 0.62 (petroleum ether/EtOAc 1:1); mp 133.9–135.2 °C; IR (neat) νmax: 3316, 2950, 1756, 

1696, 1536, 1438, 1342, 1265, 1215, 1087 cm−1; []D
20 −0.9 (c 1.20, CHCl3); 1H NMR 

(400 MHz, CDCl3): δ 7.77 (d, J = 7.5 Hz, 2H, CO2CH2CHC12H8), 7.59 (dd, J = 6.6, 3.8 Hz, 

2H, CO2CH2CHC12H8), 7.41 (t, J = 7.6 Hz, 2H, CO2CH2CHC12H8), 7.32 (t, J = 8.1 Hz, 2H, 

CO2CH2CHC12H8), 5.41 (d, J = 7.7 Hz, 1H, NH), 4.42–4.36 (m, 3H, H-2 and 

CO2CH2CHC12H8), 4.22 (t, J = 6.8 Hz, 1H, CO2CH2CHC12H8), 3.88 (s, 2H, H-6), 3.76 (s, 3H, 

OCH3), 2.81–2.68 (m, 2H, H-4), 2.27–2.22 (m, 1H, Ha-3), 2.00–1.91 (m, 1H, Hb-3); 13C NMR 

(100 MHz, CDCl3): δ 201.1 (C, C-5), 172.4 (C, C-1), 156.2 (C, CO2CH2CHC12H8), 143.9 (C, 

CO2CH2CHC12H8), 143.8 (C, CO2CH2CHC12H8), 141.5 (2 × C, CO2CH2CHC12H8), 127.9  

(2 × CH, CO2CH2CHC12H8), 127.2 (2 × CH, CO2CH2CHC12H8), 125.2 (2 × CH, 

CO2CH2CHC12H8), 120.2 (2 × CH, CO2CH2CHC12H8), 67.2 (CH2, CO2CH2CHC12H8), 53.2 

(CH, C-2), 52.8 (CH3, OCH3), 47.3 (CH, CO2CH2CHC12H8), 35.6 (CH2, C-4), 34.2 (CH2,  
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C-6), 26.9 (CH2, C-3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C22H22BrNNaO5 

482.0574; Found 482.0593. 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-4-(2-amino-1-

(benzyloxy)carbonyl-1H-imidazol-4-yl)butanoate (542) 

 

To a solution of bromoketone 521 (382 mg, 0.830 mmol) in DMF (1.75 mL) was added 

guanidine 519 (481 mg, 2.49 mmol) and the mixture was stirred at rt for 24 h. The reaction 

mixture was concentrated in vacuo by azeotroping with toluene. The crude oil was purified by 

flash chromatography (petroleum ether/EtOAc 3:2 → EtOAc neat) to afford title compound 

542 (177 mg, 38%) as a pale yellow foam. 

Rf 0.36 (EtOAc neat); IR (neat) νmax: 3448, 3331, 2953, 1746, 1692, 1531, 1448, 1389, 1216, 

1116, 1047 cm−1; []D
20 +14.3 (c 1.02, CHCl3); 1H NMR (400 MHz, CDCl3):  7.75 (d, J = 

7.5 Hz, 2H, CO2CH2CHC12H8), 7.59 (t, J = 7.9 Hz, 2H, CO2CH2CHC12H8), 7.40–7.36 (m, 7H, 

CO2CH2CHC12H8 and CO2CH2C6H5), 7.31–7.27 (m, 2H, CO2CH2CHC12H8), 6.63 (s, 1H, 

 H-5′), 6.27 (d, J = 6.1 Hz, 1H, 2-NH), 5.75 (s, 2H, 2′-NH2), 5.30 (s, 2H, CO2CH2C6H5), 4.44–

4.37 (m, 3H, H-2 and CO2CH2CHC12H8), 4.21 (t, J = 7.1 Hz, 1H, CO2CH2CHC12H8), 3.73 (s, 

3H, OCH3), 2.50–2.44 (m, 2H, H-4), 2.18–1.96 (m, 2H, H-3); 13C NMR (100 MHz, CDCl3): 

 173.2 (C, C-1), 156.3 (C, CO2CH2CHC12H8), 150.6 (C, CO2CH2C6H5), 150.2 (C, C-2′), 144.1 

(C, CO2CH2CHC12H8), 144.0 (C, CO2CH2CHC12H8), 141.4 (2 × C, CO2CH2CHC12H8), 138.3 

(C, C-4′), 134.4 (C, CO2CH2C6H5), 129.1 (CH, CO2CH2C6H5), 128.9 (2 × CH, CO2CH2C6H5), 

128.6 (2 × CH, CO2CH2C6H5), 127.8 (2 × CH, CO2CH2CHC12H8), 127.2 (2 × CH, 

CO2CH2CHC12H8), 125.3 (2 × CH, CO2CH2CHC12H8), 120.1 (2 × CH, CO2CH2CHC12H8), 

106.8 (CH, C-5′), 69.3 (CH2, CO2CH2C6H5), 67.0 (CH2, CO2CH2CHC12H8), 53.9 (CH, C-2), 

52.5 (CH3, OCH3), 47.3 (CH, CO2CH2CHC12H8), 31.2 (CH2, C-3), 24.3 (CH2, C-4); HRMS 

(ESI/Q-TOF) m/z: [M+H]+ Calcd for C31H31N4O6 555.2238; Found 555.2231.  
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6.2.3. Synthesis of Boc-Protected 2-Amino-L-histidine 543 

Methyl (S)-2-((benzyloxy)carbonyl)amino-5-bromo-4-oxopentanoate (529) 

 

To a solution of acid 526 (990 mg, 3.52 mmol) in THF (6.5 mL) at 0 °C was added SOCl2 

(1.3 mL, 17.6 mmol) dropwise. The resultant mixture was heated to reflux and stirred for 

90 min, then concentrated in vacuo. The crude oil obtained was redissolved in THF and 

concentrated in vacuo twice to remove residual SOCl2, affording a pale yellow solid. This solid 

was dissolved in CH2Cl2 (18 mL) and the resultant solution was cooled to −78 °C, to which 

was added TMSCHN2 (2.00 M in Et2O, 3.5 mL, 7.04 mmol). The reaction mixture was stirred 

at −78 °C for 16 h, then warmed to rt and concentrated in vacuo. The resultant yellow solid 

was dissolved in THF (23 mL) and cooled to −5 °C. To this solution was added  

4-(phenylazo)diphenylamine (5 crystals) as a pH indicator, producing an intense yellow colour. 

A solution of HBr (33 wt% in AcOH) was added dropwise until gas evolution stopped and a 

deep violet colour developed, indicating the presence of excess HBr. The reaction was 

immediately quenched with satd aq NaHCO3 (1 mL) and diluted with EtOAc (60 mL). The 

separated organic phase was washed with satd aq NaHCO3 (10 mL) and brine (10 mL), dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil was purified by flash 

chromatography (petroleum ether/EtOAc 2:1 → 1:1) to afford title compound 529 (687 mg, 

54%) as a colourless solid. 

Rf 0.56 (petroleum ether/EtOAc 1:1); mp 85.5–87.1 °C, (lit.338 mp 89 °C); []D
24 +24.5 (c 1.10, 

CHCl3), (lit.
338 []D

23 +22.0 (c 1.04, CHCl3)); 1H NMR (500 MHz, CDCl3):  7.35–7.28 (m, 

5H, CO2CH2C6H5), 5.88 (d, J = 8.3 Hz, 1H, NH), 5.09 (s, 2H, CO2CH2C6H5), 4.63 (dt, J = 9.1, 

4.5 Hz, 1H, H-2), 3.86 (s, 2H, H-5), 3.70 (s, 3H, OCH3), 3.25 (ABX, AB = 0.09, JAB = 18.2 

Hz, JAX = JBX = 4.6 Hz, 2H, H-3); 13C NMR (125 MHz, CDCl3):  199.9 (C, C-4), 171.1 (C, 

C-1), 155.9 (C, CO2CH2C6H5), 136.1 (C, CO2CH2C6H5), 128.5 (2 × CH, CO2CH2C6H5), 128.1 

(CH, CO2CH2C6H5), 128.0 (2 × CH, CO2CH2C6H5), 67.0 (CH2, CO2CH2C6H5), 52.8 (CH3, 

OCH3), 49.9 (CH, C-2), 41.7 (CH2, C-3), 33.8 (CH2, C-5); The spectroscopic data were in 

agreement with those reported in the literature.338 
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N-p-Toluenesulfonylguanidine (554) 

 

To a stirred solution of guanidinium chloride (537) (1.63 g, 17.0 mmol) and NaOH (1.36 g, 

34.1 mmol) in water (16 mL) was added 1,4-dioxane (32 mL) and the resulting mixture was 

cooled to 0 °C. To this solution was added p-toluenesulfonyl chloride (2.50 g, 13.1 mmol) then 

the reaction mixture was allowed to warm to rt and stirred vigorously for 1 h. The reaction 

mixture was concentrated in vacuo to one third of its original volume and the precipitate was 

collected by filtration, washing with ice-cooled water (2 × 20 mL) to afford title compound 554 

(1.30 g, 46%) as a colourless amorphous solid. 

1H NMR (400 MHz, (CD3)2SO):  7.63 (d, J = 8.2 Hz, 2H, SO2C6H4CH3), 7.29 (d, J = 8.0 Hz, 

2H, SO2C6H4CH3), 6.68 (br s, 4H, NH), 2.34 (s, 3H, SO2C6H4CH3); 13C NMR (100 MHz, 

(CD3)2SO):  158.1 (C, H2NC(NH)NH), 141.8 (C, SO2C6H4CH3), 141.1 (C, SO2C6H4CH3), 

129.0 (2 × CH, SO2C6H4CH3), 125.6 (2 × CH, SO2C6H4CH3), 20.9 (CH3, SO2C6H4CH3). The 

spectroscopic data were in agreement with those reported in the literature.378 

 

N-tert-Butoxycarbonylguanidine (555) 

 

To a stirred solution of guanidinium chloride (537) (10.9 g, 115 mmol) and NaOH (5.04 g, 

126 mmol) in water (21 mL) at 0 °C was added a solution of Boc2O (5.00 g, 22.9 mmol) in  

1,4-dioxane (42 mL) dropwise over 1 h. The reaction mixture was allowed to warm to rt, stirred 

for 18 h, then concentrated in vacuo. The resultant residue was suspended in water (30 mL) 

and the aqueous layer was extracted with EtOAc (3 × 50 mL). The combined organic layers 

were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo to afford title compound 555 (3.53 g, 97%) as a colourless solid. 

mp 194.4–196.9 °C, (lit.343 mp 193–195 °C (hexanes-EtOAc)); 1H NMR (400 MHz, 

(CD3)2SO):  6.85 (br s, 4H, NH), 1.34 (s, 9H, CO2C(CH3)3); 13C NMR (100 MHz, (CD3)2SO): 
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 163.3 (C, H2NC(NH)NH), 162.7 (C, CO2C(CH3)3), 75.5 (C, CO2C(CH3)3), 28.2 (3 × CH3, 

CO2C(CH3)3). The spectroscopic data were in agreement with those reported in the literature.343 

 

Methyl (S)-2-((benzyloxy)carbonyl)amino-3-(2-amino-1-(tert-butyloxy)carbonyl-1H-

imidazol-4-yl)propanoate (556) 

 

To a solution of bromoketone 529 (687 mg, 1.92 mmol) in DMF (9.5 mL) at was added NaI 

(287 mg, 1.92 mmol) and guanidine 555 (916 mg, 5.75 mmol). The reaction mixture was stirred 

at rt for 7 h, then diluted with H2O (50 mL) and extracted with EtOAc (4 × 20 mL). The 

combined organic extracts were washed with brine (2 × 10 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude oil was purified by flash chromatography 

(petroleum ether/EtOAc 1:1 → EtOAc neat) to afford title compound 556 (533 mg, 66%) as a 

colourless foam. 

Rf 0.33 (EtOAc neat); IR (neat) max: 3339, 2980, 1720, 1626, 1508, 1437, 1351, 1121, 1052 

cm−1; []D
24 +19.9 (c 0.99, CHCl3); 1H NMR (400 MHz, CDCl3):  7.35–7.28 (m, 5H, 

CO2CH2C6H5), 6.55 (s, 1H, H-5′), 6.29 (d, J = 8.2 Hz, 1H, 2-NH), 5.69 (br s, 2H, 2′-NH2), 5.11 

(s, 2H, CO2CH2C6H5), 4.57 (dt, J = 8.2, 5.1 Hz, 1H, H-2), 3.71 (s, 3H, OCH3), 2.86 (ABX, 

AB = 0.08, JAB = 14.8 Hz, JAX = 5.7 Hz, JBX = 4.8 Hz, 2H, H-3), 1.56 (s, 9H, CO2C(CH3)3); 

13C NMR (100 MHz, CDCl3):  172.2 (C, C-1), 156.2 (C, CO2CH2C6H5), 150.2 (C, C-2′), 

149.3 (C, CO2C(CH3)3), 136.6 (C, CO2CH2C6H5), 133.7 (C, C-4′), 128.6 (2 × CH, 

CO2CH2C6H5), 128.2 (2 × CH, CO2CH2C6H5), 128.1 (CH, CO2CH2C6H5), 108.5 (CH, C-5′), 

85.1 (C, CO2C(CH3)3), 66.9 (CH2, CO2CH2C6H5)), 53.8 (CH, C-2), 52.4 (CH3, OCH3), 30.0 

(CH2, C-3), 28.0 (3 × CH3, CO2C(CH3)3); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C20H27N4O6 419.1925; Found 419.1928.  
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Methyl (S)-2-((tert-butyloxy)carbonyl)amino-3-(2-amino-1-(tert-butyloxy)carbonyl-1H-

imidazol-4-yl)propanoate (557) 

 

To a solution of benzyl carbamate 556 (523 mg, 1.25 mmol) in MeOH (12.5 mL) was added 

Pd/C (10 wt%, 67 mg, 62 mol) and Boc2O (355 mg, 1.62 mmol) and the mixture was placed 

under a balloon of H2. The reaction was stirred at rt for 7 h, then filtered through Celite®, the 

filter cake was washed with MeOH and the filtrate was concentrated in vacuo. The crude oil 

was purified by flash chromatography (EtOAc neat) to afford title compound 557 (363 mg, 

75%) as a colourless foam. 

Rf 0.38 (petroleum ether/EtOAc 1:2); IR (neat) max: 2980, 1711, 1626, 1501, 1437, 1365, 

1252, 1155, 1120, 773 cm−1; []D
24 +17.8 (c 1.15, CHCl3); 1H NMR (400 MHz, CDCl3):  

 6.53 (s, 1H, H-5′), 5.82 (d, J = 7.6 Hz, 1H, 2-NH), 5.68 (br s, 2H, 2′-NH2), 4.53–4.48 (m, 1H, 

H-2), 3.71 (s, 3H, OCH3), 2.89–2.78 (m, 2H, H-3), 1.56 (s, 9H, NCO2C(CH3)3), 1.43 (s, 9H, 

NHCO2C(CH3)3); 13C NMR (100 MHz, CDCl3):  172. 5 (C, C-1), 155.5 (C, NHCO2C(CH3)3), 

150.5 (C, C-2′), 149.2 (C, NCO2C(CH3)3), 133.7 (C, C-4′), 108.1 (CH, C-5′), 84.8 (C, 

NCO2C(CH3)3), 79.6 (C, NHCO2C(CH3)3), 53.2 (CH, C-2), 52.2 (CH3, OCH3), 30.2 (CH2,  

C-3), 28.3 (3 × CH3, NHCO2C(CH3)3), 27.9 (3 × CH3, NCO2C(CH3)3); HRMS (ESI/Q-TOF) 

m/z: [M+H]+ Calcd for C17H29N4O6 385.2082; Found 385.2072.  

 

3-Methyl-1-para-toluenesulfonyl-1H-imidazol-3-ium tetrafluoroborate (562) 

 

To a solution of imidazole (568) (1.61 g, 23.6 mmol) in CH2Cl2 (7.4 mL) at 0 °C was added a 

solution of p-toluenesulfonyl chloride (560) (2.00 g, 10.5 mmol) in CH2Cl2 (7.4 mL) dropwise. 

The resultant mixture was warmed to rt and stirred for 2 h, then filtered through silica washing 
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with hexane-EtOAc (1:1, 15 mL). The filtrate was concentrated in vacuo, and the crude oil was 

dissolved in EtOAc (3 mL) and diluted with hexanes (20 mL). The resultant solution was again 

concentrated in vacuo to afford 1-p-toluenesulfonyl-1H-imidazole (561) (2.07 g, 89%) as a 

white solid which was used without further purification. 

To a stirred suspension of Me3OBF4 (998 mg, 6.75 mmol) in CH2Cl2 (13.5 mL) at rt was added  

1-p-toluenesulfonyl-1H-imidazole (561) (1.50 g, 6.75 mmol). The reaction mixture was stirred 

for 18 h, then concentrated in vacuo and the resultant white solid was dissolved in a minimum 

of acetone. Trituration of this solution with Et2O afforded title compound 562 (1.25 g, 57%) as 

a colourless crystalline solid. 

mp 119.8–120.4 °C (lit.352 mp 120–122 °C); 1H NMR (400 MHz, (CD3)2CO): δ 9.72 (s, 1H, 

H-2), 8.20–8.17 (m, 3H, H-2′, H-6′ and H-4 or H-5), 7.90 (t, J = 1.8 Hz, 1H, H-5 or H-4), 7.63 

(d, J = 8.5 Hz, 2H, H-3′ and H-5′), 4.12 (s, 3H, NCH3), 2.50 (s, 3H, 4′-CH3); 13C NMR 

(100 MHz, (CD3)2CO): δ 150.2 (CH, C-2), 139.1 (C, C-4′), 132.4 (C, C-1′), 132.1 (2 × CH,  

C-3′ and C-5′), 130.1 (2 × CH, C-2′ and C-6′), 127.2 (CH, C-4 or C-5), 121.0 (CH, C-5 or  

C-4), 37.7 (CH3, NCH3), 21.8 (CH3, 4′-CH3); 11B NMR (128 MHz, (CD3)2CO): δ −0.91;  

19F NMR (376 MHz, (CD3)2CO): δ 26.28. The spectroscopic data were in agreement with 

those reported in the literature.352 

 

Methyl (S)-2-((tert-butyloxy)carbonyl)amino-3-(2-amino-1-tosyl-1H-imidazol-4-

yl)propanoate (547) 

 

To a solution of tert-butyl carbamate 557 (360 mg, 936 mol) in MeOH (4.6 mL) was added 

K2CO3 (12.9 mg, 93.6 mol) and the mixture was stirred at 60 °C for 3 h. The reaction mixture 

was filtered through Celite® and the filtrated was concentrated in vacuo to afford  

2-aminoimidazole 559 (171 mg, 64%) as a pale brown foam which was used directly without 

purification. 
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To a solution of 2-aminoimidazole 559 (171 mg, 601 mol) in THF (6 mL) was added  

1-methylimidazole (50 L, 600 mol) and tosyl-imidazolium 562 (389 mg, 722 mol). The 

reaction mixture was stirred at rt for 30 min, then diluted with H2O (20 mL) and the aqueous 

layer was extracted with EtOAc (3 × 20 mL). The combined organic extracts were washed with 

brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil 

was purified by flash chromatography (petroleum ether/EtOAc 1:1 → 1:2) to afford title 

compound 547 (205 mg, 78%) as a pale brown foam. 

Rf 0.35 (petroleum ether/EtOAc 1:1); []D
24 +15.0 (c 0.98, MeOH), (lit.331 []D −8.7  

(c 9.09 × 10−3, unspecified units of concentration, MeOH));† 1H NMR (300 MHz, CHCl3):  

 7.71 (d, J = 8.4 Hz, 2H, SO2C6H4CH3), 7.25 (d, J = 8.2 Hz, 2H, SO2C6H4CH3), 6.53 (s, 1H, 

H-5′), 5.85 (br s, 2H, 2′-NH2), 5.60 (d, J = 8.4 Hz, 1H, 2-NH), 4.44–4.38 (m, 1H, H-2), 3.54 

(s, 3H, OCH3), 2.71 (ABX, AB = 0.07, JAB = 14.7 Hz, JAX = 5.9 Hz, JBX = 5.4 Hz, 2H, H-3), 

2.34 (s, 3H, SO2C6H4CH3), 1.35 (s, 9H, CO2C(CH3)3); 13C NMR (75 MHz, CHCl3):  172.3 

(C, C-1), 155.3 (C, CO2C(CH3)3), 148.8 (C, C-2′), 145.7 (C, SO2C6H4CH3), 135.3 (C, C-4′), 

134.7 (C, SO2C6H4CH3), 130.1 (2 × CH, SO2C6H4CH3), 127.2 (2 × CH, SO2C6H4CH3), 109.2 

(CH, C-5′), 79.7 (C, CO2C(CH3)3), 52.9 (CH, C-2), 52.1 (CH3, OCH3), 30.5 (CH2, C-3), 28.2 

(3 × CH3, CO2C(CH3)3), 21.6 (CH3, SO2C6H4CH3). The spectroscopic data were in agreement 

with those reported in the literature.331 

†The conflicting signs of optical rotation could not be explained. The concentration of the 

literature specific rotation did not seem to be reported in g/100 mL, and no clarification of the 

units was provided. 

 

(S)-4-(2-Amino-1-tosyl-1H-imidazol-4-yl)-2-((tert-butoxycarbonyl)amino)propanoic acid 

(543) 

 

To a solution of ester 547 (227 mg, 0.518 mmol) in 1,4-dioxane (5 mL) was added aq NaOH 

(1 M, 0.78 mL, 0.78 mmol) and the mixture was stirred at rt for 15 h. The reaction mixture was 
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neutralised with aq HCl (2 M, 0.39 mL), dried over anhydrous MgSO4 and filtered. The filter 

cake was washed with EtOAc (3 × 10 mL) and the filtrate was concentrated in vacuo. The 

crude oil was purified by flash chromatography (CH2Cl2/EtOH 9:1) to afford title compound 

543 (196 mg, 89%) as a yellow solid. 

Rf 0.66 (CH2Cl2/MeOH/AcOH 80:20:1); mp 129.5–131.2 °C (lit.331 mp 147 °C) †; []D
20 −5.5 

(c 1.01, MeOH) (lit.331 []D −7.0 (c 9.55 × 10−4, unspecified units of concentration, MeOH);  

1H NMR (500 MHz, CHCl3):  7.78 (d, J = 8.2 Hz, 2H, SO2C6H4CH3), 7.67 (br s, 2H, 2′-NH2), 

7.36 (d, J = 8.2 Hz, 2H, SO2C6H4CH3), 6.56 (s, 1H, H-5′), 5.49 (d, J = 5.1 Hz, 1H, 2-NH), 

4.31–4.27 (m, 1H, H-2), 3.03–2.94 (m, 2H, H-2), 2.43 (s, 3H, SO2C6H4CH3), 1.42 (s, 9H, 

CO2C(CH3)3); 13C NMR (125 MHz, CHCl3):  175.0 (C, C-1), 155.3 (C, CO2C(CH3)3), 148.6 

(C, C-2′), 147.4 (C, SO2C6H4CH3), 133.2 (C, SO2C6H4CH3), 130.8 (2 × CH, SO2C6H4CH3), 

128.5 (C, C-4′), 127.6 (2 × CH, SO2C6H4CH3), 109.5 (CH, C-5′), 79.7 (C, CO2C(CH3)3), 52.8 

(CH, C-2), 28.4 (CH2 and 3 × CH3, C-3 and CO2C(CH3)3), 21.9 (CH3, SO2C6H4CH3). 
†The 

report in which this melting point was recorded did not specify a procedure for the preparation 

of the sample for melting point analysis.331 As such, a close comparison could not be achieved. 

The 1H and 13C NMR data for title compound 543 were in good agreement with those reported 

in literature.331 

 

6.2.4. Synthesis of Boc-Protected 2-Amino-L-homohistidine 544 

1-(tert-Butyl) 2-methyl (S)-5-oxopyrrolidine-1,2-dicarboxylate (548) 

 

To a solution of lactam 532 (2.10 g, 14.7 mmol) in CH3CN (10 mL) at rt was added Boc2O 

(3.84 g, 17.6 mmol) followed by DMAP (180 mg, 1.47 mmol) and the reaction mixture was 

stirred for 2 h, then concentrated in vacuo. The resultant residue was dissolved in EtOAc 

(100 mL) then washed with aq 1 M KHSO4 (2 × 20 mL), satd aq NaHCO3 (20 mL) and brine 

(20 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil was 

purified by flash chromatography on (petroleum ether/EtOAc 1:3) to afford title compound 548 

(2.29 g, 64%) as a pale yellow solid. 
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Rf  0.57 (petroleum ether/EtOAc, 1:3); mp 66.1–68.3 °C (lit.349 mp 67-69 °C); []D
26 −34.3 

(c 2.61, CH2Cl2), (lit.
349 []D

22 −32.1 (c 1, CH2Cl2)); 1H NMR (400 MHz, CDCl3): δ 4.61 (dd,  

J = 9.4, 3.0 Hz, 1H, H-2), 3.78 (s, 3H, OCH3), 2.56 (ABXY, AB = 0.14, JAB = 17.6 Hz, JAX = 

JAY = 9.8 Hz, JBX = 9.5 Hz, JBY = 3.5 Hz, 2H, H-4), 2.37–2.26 (m, 1H, Ha-3), 2.06–1.99 (m, 1H, 

3b-H), 1.49 (s, 9H, COC(CH3)3); 13C NMR (100 MHz, CDCl3): δ 173.3 (C, C-5), 171.8 (C, 

CO2CH3), 149.2 (C, CO2C(CH3)3), 83.5 (C, CO2C(CH3)3), 58.8 (CH, C-2), 52.5 (CH3, 

CO2CH3), 31.1 (CH2, C-4), 27.8 (3  CH3, CO2C(CH3)3), 21.4 (CH2, C-3). The spectroscopic 

data were in agreement with those reported in the literature.349 

 

Methyl (S)-2-((tert-butoxy)carbonyl)amino-6-diazo-5-oxohexanoate (553) 

 

To a solution of TMSCHN2 (2.00 M in Et2O, 3.70 mL, 7.40 mmol) in THF (31 mL) at −105 °C 

was added n-BuLi (1.85 M in cyclohexane, 4.10 mL, 7.59 mmol) and the mixture was stirred 

at this temperature for 30 min. The resultant orange mixture was transferred via cannula to a 

solution of pyrrolidone 548 (1.50 g, 6.17 mmol) in THF (62 mL) at −105 °C and the reaction 

mixture was stirred at this temperature for 15 min, then poured into satd aq NH4Cl (120 mL). 

The aqueous layer was extracted with EtOAc (3 × 80 mL) and the combined organic extracts 

were washed with brine (2 × 30 mL), dried over anhydrous Na2SO4, filtered and concentrated 

in vacuo. The crude solid was purified by flash chromatography (petroleum ether/EtOAc 2:1 

→ 1:1) to afford title compound 553 (1.54 g, 87%) as a yellow solid. 

Rf 0.36 (petroleum ether/EtOAc 1:1); mp 93.2–95.1 °C; IR (neat) max: 3379, 3091, 3986, 

2097, 1738, 1705, 1646, 1521, 1386, 1156 cm−1; []D
20 +25.1 (c 1.32, CHCl3); 1H NMR 

(400 MHz, CDCl3):  5.27 (s, 1H, H-6), 5.20 (d, J = 5.3 Hz, 1H, NH), 4.25 (br s, 1H, H-2), 

3.71 (s, 3H, OCH3), 2.43–2.34 (m, 2H, H-4), 2.19–2.11 (m, 1H, Ha-3), 1.98–1.89 (m, 1H,  

Hb-3), 1.40 (s, 9H, CO2C(CH3)3); 13C NMR (100 MHz, CDCl3):  193.6 (C, C-5), 172.8 (C, 

C-1), 155.5 (C, CO2C(CH3)3), 80.1 (C, CO2C(CH3)3), 54.8 (CH, C-6), 53.1 (CH, C-2), 52.5 

(CH3, OCH3), 36.6 (CH2, C-4), 28.3 (3 × CH3, CO2C(CH3)3), 27.7 (CH2, C-3); HRMS  

(ESI/Q-TOF) m/z: [M+Na]+ Calcd for C12H19N3NaO5 308.1217; Found 308.1229.  
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Methyl (S)-2-((tert-butoxy)carbonyl)amino-6-bromo-5-oxohexanoate (549) 

 

To a solution of diazoketone 553 (1.07 g, 3.75 mmol) in THF (35 mL) at −5 °C was added two 

crystals of 4-(phenylazo)diphenylamine as a pH indicator, which produced an intense yellow 

colour. A solution of HBr (33 wt% in AcOH) was added dropwise until gas evolution stopped 

and a deep violet colour developed, indicating the presence of excess HBr. The reaction was 

immediately quenched with satd aq NaHCO3 (1 mL) and the resultant mixture was diluted with 

EtOAc (40 mL). The separated organic layer was washed with satd aq NaHCO3 (2 × 15 mL) 

and brine (10 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

oil was purified by flash chromatography (petroleum ether/EtOAc 3:1 → 2:1) to afford title 

compound 549 (1.11 g, 88%) as a colourless solid. 

Rf 0.34 (petroleum ether/EtOAc 3:1); mp 75.7–77.1 °C; IR (neat) νmax: 3361, 2998, 1732, 1688, 

1527, 1454, 1353, 1227, 1161 cm−1; []D
23 +8.0 (c 1.05, CHCl3); 1H NMR (400 MHz, CDCl3): 

 5.14 (d, J = 6.7 Hz, 1H, NH), 4.24 (br s, 1H, H-2), 3.88 (s, 2H, H-6), 3.70 (s, 3H, OCH3), 

2.80–2.65 (m, 2H, H-4), 2.20–2.12 (m, 1H, Ha-3), 1.91–1.82 (m, 1H, Hb-3), 1.39 (s, 9H, 

CO2C(CH3)3); 13C NMR (100 MHz, CDCl3):  201.1 (C, C-5), 172.7 (C, C-1), 155.5 (C, 

CO2C(CH3)3), 80.1 (C, CO2C(CH3)3), 52.6 (CH, C-2), 52.5 (CH3, OCH3), 35.7 (CH2, C-4), 

34.3 (CH2, C-6), 28.3 (3 × CH3, CO2C(CH3)3), 27.0 (CH2, C-3); HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ Calcd for C12H20BrNNaO5 360.0417; Found 360.0424. 

 

Methyl (S)-2-((tert-butoxy)carbonyl)amino-4-(2-amino-1-(tert-butoxy)carbonyl-1H-

imidazol-4-yl)butanoate (558) 

 

To a solution of bromoketone 549 (800 mg, 2.37 mmol) in DMF (12 mL) at rt was added 

guanidine 555 (1.13 g, 7.10 mmol) and NaI (355 mg, 2.37 mmol) and the mixture was stirred 
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for 18 h. The reaction was diluted with H2O (100 mL) and the aqueous phase was extracted 

with EtOAc (4 × 30 mL). The combined organic extracts were washed with brine (2 × 20 mL), 

dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude residue was 

purified by flash chromatography (petroleum ether/EtOAc 1:1 → EtOAc neat) to afford title 

compound 558 (585 mg, 62%) as a colourless foam. 

Rf 0.20 (petroleum ether/EtOAc 1:1); IR (neat) νmax: 2976, 1703, 1627, 1552, 1438, 1366, 

1252, 1152 cm−1; []D
23 +19.1 (c 3.17, CHCl3); 1H NMR (400 MHz, CDCl3): δ 6.49 (s, 1H, 

H-5′), 6.00 (s, 2H, 2′-NH2), 5.54 (d, J = 8.1 Hz, 1H, 2-NH), 4.31–4.25 (m, 1H, H-2), 3.68 (s, 

3H, OCH3), 2.39 (t, J = 7.7 Hz, 2H, H-4), 2.09–2.00 (m, 1H, Ha-3), 1.93–1.84 (m, 1H, Hb-3), 

1.53 (s, 9H, 1′-NCO2C(CH3)3), 1.38 (s, 9H, 2-NHCO2C(CH3)3); 13C NMR (100 MHz, CDCl3): 

δ 173.4 (C, C-1), 155.6 (C, 2-NHCO2C(CH3)3), 150.5 (C, C-2′), 149.4 (C, 1′-NCO2C(CH3)3), 

137.4 (C, C-4′), 106.9 (CH, C-5′), 84.7 (C, 1′-NCO2C(CH3)3), 79.7 (C, 2-NHCO2C(CH3)3), 

53.3 (CH, C-2), 52.3 (CH3, OCH3), 31.3 (CH2, C-3), 28.4 (3 × CH3, 2-NHCO2C(CH3)3), 28.0 

(3 × CH3, 1′-NCO2C(CH3)3), 24.3 (CH2, C-4); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C18H31N4O6 399.2238; Found 399.2230.  

 

Methyl (S)-4-(2-amino-1-para-toluenesulfonyl-1H-imidazol-4-yl)-2-((tert-

butoxycarbonyl)amino)butanoate (550) 

 

To a solution of N-Boc-imidazole 558 (220 mg, 553 mol) in MeOH (2.8 mL) was added 

K2CO3 (7.6 mg, 55 mol) and the mixture was heated under reflux for 1 h. The reaction mixture 

was filtered through Celite®, the filter cake was washed with CH2Cl2 and the filtrate was 

concentrated in vacuo to afford aminoimidazole 563 (132 mg, 80%) as a brown solid which 

was used directly without purification. 

To a solution of aminoimidazole 563 (132 mg, 442 mol) in THF (4.4 mL) was added  

1-methylimidazole (35 L, 0.44 mmol) and tosyl-imidazolium 562 (215 mg, 664 mol) and 
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the mixture was stirred at rt for 30 min. The reaction mixture was diluted with EtOAc (40 mL) 

and washed with aq KHSO (1 M, 2 × 5 mL) and brine (5 mL), dried over anhydrous Na2SO4, 

filtered and concentrated in vacuo. The crude oil was purified by flash chromatography 

(petroleum ether/EtOAc 1:1 → EtOAc neat) to afford title compound 550 (143 mg, 71%) as a 

pale brown foam. 

Rf 0.65 (EtOAc/MeOH 9:1); IR (neat) νmax: 2978, 1705, 1628, 1562, 1509, 1384, 1169,  

1051 cm−1; []D
24 +11.3 (c 1.04, CHCl3); 1H NMR (CDCl3, 500 MHz): δ 7.78 (d, J = 8.4 Hz, 

2H, SO2C6H4CH3), 7.32 (d, J = 8.2 Hz, 2H, SO2C6H4CH3), 6.54 (s, 1H, H-5′), 5.59 (s, 2H,  

2′-NH2), 5.42 (d, J = 8.3 Hz, 1H, 2-NH), 4.27 (d, J = 4.9 Hz, 1H, H-2), 3.68 (s, 3H, OCH3), 

2.41 (s, 3H, SO2C6H4CH3), 2.38–2.34 (m, 2H, H-4), 2.05–1.99 (m, 1H, Ha-3), 1.87–1.80 (m, 

1H, Hb-3), 1.40 (s, 9H, CO2C(CH3)3); 13C NMR (CDCl3, 125 MHz): δ 173.3 (C, C-1), 155.6 

(C, CO2C(CH3)3), 148.4 (C, C′-2), 145.9 (C, SO2C6H4CH3), 139.0 (C, C-4′), 134.8 (C, 

SO2C6H4CH3), 130.3 (2 × CH, SO2C6H4CH3), 127.4 (2 × CH, SO2C6H4CH3), 108.1 (CH,  

C-5′), 79.9 (C, CO2C(CH3)3), 53.2 (CH, C-2), 52.3 (CH3, OCH3), 31.3 (CH2, C-3), 28.4  

(3 × CH3, CO2C(CH3)3), 24.2 (CH2, C-4), 21.8 (CH3, SO2C6H4CH3); HRMS (ESI/Q-TOF) 

m/z: [M+Na]+ Calcd for C20H28N4NaO6S 475.1622; Found 475.1620.  

 

(S)-4-(2-Amino-1-para-toluenesulfonyl-1H-imidazol-4-yl)-2-(tert-butoxycarbonylamino)-

butanoic acid (544) 

 

To a stirred solution of methyl ester 550 (148 mg, 0.327 mmol) in i-PrOH (6 mL) at rt was 

added CaCl2 (0.8 M in H2O, 2 mL), followed by NaOH (15.0 mg, 0.376 mmol). The reaction 

mixture was stirred for 18 h, then acidified to pH 4 using 2 M HCl. The mixture was 

concentrated in vacuo, then partitioned between H2O (5 mL) and EtOAc (10 mL). The aqueous 

layer was extracted with EtOAc (2  10 mL) and the combined organic layers were dried over 

anhydrous Na2SO4, filtered and concentrated in vacuo. The crude solid was purified by flash 

chromatography (EtOAc/MeOH/AcOH 9:1:0.05) to afford title compound 544 (140 mg, 98%) 

as a pale brown powder. 
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Rf 0.51 (EtOAc/MeOH/AcOH 9:1:0.05); mp 100.5–102.6 °C; IR (neat) νmax: 2977, 2927, 

1681, 1519, 1366, 1157, 1009, 664 cm−1; []D
26 +6.9 (c 0.54, CHCl3); 1H NMR (400 MHz, 

(CD3)2SO): δ 7.87 (d, J = 8.3 Hz, 2H, SO2C6H4CH3), 7.46 (d, J = 8.2 Hz, 2H, SO2C6H4CH3), 

7.08 (d, J = 8.1 Hz, 1H, 2-NH), 6.64 (s, 1H, H-5′), 6.30 (br s, 2H, 2′-NH2), 3.83 (td, J = 8.6, 

4.6 Hz, 1H, H-2), 2.38 (s, 3H, SO2C6H4CH3), 2.28–2.24 (m, 2H, H-4), 1.91–1.66 (m, 2H,  

H-3), 1.38 (s, 9H, CO2C(CH3)3); 13C NMR (100 MHz, (CD3)2SO): δ 174.1 (C, C-1), 155.6 (C, 

CO2C(CH3)3), 148.5 (C, C-2′), 145.7 (C, SO2C6H4CH3), 139.3 (C, C-4′), 134.2 (C, 

SO2C6H4CH3), 130.3 (2 × CH, SO2C6H4CH3), 127.1 (2 × CH, SO2C6H4CH3), 107.3 (CH,  

C-5′), 78.0 (C, CO2C(CH3)3), 52.8 (CH, C-2), 29.3 (CH2, C-3), 28.2 (3 × CH3, CO2C(CH3)3), 

24.3 (CH2, C-4), 21.1 (CH3, SO2C6H4CH3); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for 

C19H27N4O6S 439.1646; Found 439.1650.  

 

6.3. Synthesis of Enduracididine Isosteres by Aza-Michael Addition 

6.3.1. Synthesis of (±)-Fmoc--(3-amino-1,2,4-triazol-1-yl)alanine 592 

Methyl 2-(tert-butoxycarbonyl)amino-acrylate (595) 

 

To a stirred solution of Boc-L-serine methyl ester (594) (14.0 g, 63.6 mmol) in CH2Cl2 

(255 mL) at 0 °C was added MsCl (8.40 mL, 110 mmol), followed by Et3N (32.0 mL, 

230 mmol) dropwise and the mixture was allowed to warm to rt over 3 h. The reaction mixture 

was washed with aq KHSO4 (0.1 M, 3 × 50 mL), brine (40 mL) and the organic layer was dried 

over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude product was purified by 

flash chromatography (hexanes/EtOAc 4:1) to afford title compound 595 (12.0 g, 94%) as a 

pale yellow oil. 

Rf 0.46 (hexanes/EtOAc 9:1); 1H NMR (400 MHz, CDCl3): δ 7.00 (s, 1H, NH), 6.14 (br s, 1H, 

Ha-3), 5.71 (d, J = 1.4 Hz, 1H, Hb-3), 3.81 (s, 3H, OCH3), 1.47 (s, 9H, CO2C(CH3)3); 13C NMR 

(100 MHz, CDCl3): δ 164.6 (C, C-1), 152.7 (C, CO2C(CH3)3), 145.4 (C, C-2), 105.3 (CH2,  

C-3), 80.8 (C, CO2C(CH3)3), 53.0 (CH3, OCH3), 28.4 (3 × CH3, CO2C(CH3)3); The 

spectroscopic data were in agreement with those reported in the literature.363 
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Methyl 2-di-(tert-butoxycarbonyl)amino-acrylate (569) 

 

To a solution of acrylate 595 (12.0 g, 59.5 mmol) in CH3CN (120 mL) at rt was added Boc2O 

(13.6 g, 62.4 mmol), followed by DMAP (1.45 g, 11.9 mmol) and the resultant mixture was 

stirred for 18 h. The reaction mixture was concentrated in vacuo and the resultant oil was 

dissolved in EtOAc (300 mL). This solution was washed with aq KHSO4 (1 M, 50 mL), satd 

aq NaHCO3 (50 mL) and brine (40 mL), dried over anhydrous MgSO4, filtered and 

concentrated in vacuo. The crude oil was purified by flash chromatography (hexanes/EtOAc, 

2:1 → 1:1) to afford title compound 569 (17.4 g, 97%) as a colourless solid. 

Rf 0.17 (petroleum ether/EtOAc 9:1); mp 57.5–59.9 °C (lit.379 mp 54–55 °C); 1H NMR 

(400 MHz, CDCl3):  6.33 (s, 1H, Ha-3), 5.63 (s, 1H, Hb-3), 3.78 (s, 3H, OCH3), 1.451 (s, 9H, 

CO2C(CH3)3), 1.448 (s, 9H, CO2C(CH3)3); 13C NMR (100 MHz, CDCl3):  164.1 (C, C-1), 

150.8 (2 × C, 2 × CO2C(CH3)3), 136.2 (C, C-2), 124.8 (C, C-3), 83.3 (2 × C, 2 × CO2C(CH3)3), 

52.5 (CH3, OCH3), 28.0 (6 × CH3, 2 × CO2C(CH3)3); The spectroscopic data were in agreement 

with those reported in the literature.379  

 

Methyl 2-di-(tert-butoxycarbonyl)amino-3-(3-nitro-1H-1,2,4-triazol-1-yl)propanoate 

(593) 

 

To a solution of acrylate 569 (3.43 g, 11.4 mmol) in DMF (35 mL) at rt was added 3-nitro-1H-

1,2,4-triazole (573) (0.65 g, 5.7 mmol), followed by DIPEA (0.99 mL, 5.7 mmol) and the 

resultant mixture was stirred for 72 h. The reaction mixture was poured into 0.1 M aq KHSO4 

(150 mL) and the aqueous layer was extracted with EtOAc (4 × 40 mL). The combined organic 

extracts were washed with brine (50 mL), dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The crude oil was purified by flash chromatography (petroleum 
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ether/EtOAc 3:1 → 1:1) to afford title compound 593 (2.10 g, 89%) as a colourless solid and 

recovered excess acrylate 569 (1.54 g). 

Rf 0.36 (hexanes/EtOAc 1:1); IR (neat) νmax: 3137, 2985, 1738, 1699, 1553, 1368, 1239, 1144, 

1038, 837 cm−1; 1H NMR (300 MHz, CDCl3): δ 8.21 (s, 1H, H-5′), 5.34 (dd, J = 8.0, 5.5 Hz, 

1H, H-2), 4.86 (ABX, ΔAB = 0.22, JAB = 14.2 Hz, JAX = 8.0 Hz, JBX = 5.6 Hz, 2H, H-3), 3.72 

(s, 3H, OCH3), 1.40 (s, 18H, 2 × CO2C(CH3)3); 13C NMR (75 MHz, CDCl3): δ 168.3 (C, C-1), 

162.4 (C, C-3′), 151.7 (2 × C, 2 × CO2C(CH3)3), 146.2 (CH, C-5′), 84.6 (2 × C,  

2 × CO2C(CH3)3), 57.1 (CH, C-2), 52.9 (CH3, OCH3), 50.6 (CH2, C-3), 27.8 (6 × CH3,  

2 × CO2C(CH3)3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C16H25N5NaO8 438.1595; 

Found 438.1602. 

 

Methyl 2-di-(tert-butoxycarbonyl)amino-3-(3-amino-1H-1,2,4-triazol-1-yl)propanoate 

(597) 

 

To a suspension of 3-nitro-triazole 593 (1.50 g, 3.61 mmol) in EtOH (18 mL) at rt was added 

Pd/C (10 wt%, 384 mg, 3.61 mmol) and the mixture was placed under an atmosphere of H2. 

After stirring for 4 h, the reaction mixture was filtered through Celite®, the filter cake was 

washed with EtOH (2 × 15 mL) and the filtrate was concentrated in vacuo. The crude oil was 

purified by flash chromatography (EtOAc neat) to afford title compound 597 (1.06 g, 76%) as 

a colourless foam. 

Rf 0.10 (hexanes/EtOAc 1:1); IR (neat) νmax: 2981, 1741, 1699, 1555, 1367, 1252, 1140, 

844 cm−1; 1H NMR (400 MHz, CDCl3): δ 7.63 (s, 1H, H-5′), 5.38 (dd, J = 8.6, 5.1 Hz, 1H,  

H-2), 4.57 (ABX, ΔAB = 0.23, JAB = 14.3 Hz, JAX = 8.8 Hz, JBX = 5.1 Hz, 2H, H-3), 4.09 (s, 

2H, NH2), 3.75 (s, 3H, OCH3), 1.46 (s, 18H, 2 × CO2C(CH3)3); 13C NMR (75 MHz, CDCl3): 

δ 168.9 (C, C-1), 163.8 (C, C-3′), 151.7 (2 × C, 2 × CO2C(CH3)3), 143.3 (CH, C-5′), 83.9  

(2 × C, 2 × CO2C(CH3)3), 57.3 (CH, C-2), 52.6 (CH3, OCH3), 48.9 (CH2, C-3), 27.9 (6 × CH3, 

2 × CO2C(CH3)3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C16H27N5NaO6 408.1854; 

Found 408.1853. 
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Methyl 2-di-(tert-butoxycarbonyl)amino-3-(3-(benzyloxycarbonyl)amino-1H-1,2,4-

triazol-1-yl)propanoate (598) 

 

To a solution of amine 597 (948 mg, 2.46 mmol) in pyridine (25 mL) at rt was added CbzCl 

(1.0 mL, 7.4 mmol) dropwise and the mixture was stirred for 18 h. The reaction mixture was 

concentrated in vacuo and the crude oil was purified by flash chromatography (petroleum 

ether/EtOAc 1:5) to afford title compound 598 (941 mg, 74%) as a yellow foam. 

Rf 0.44 (EtOAc neat); IR (neat) νmax: 2980, 1742, 1556, 1456, 1367, 1197, 1139, 1086 cm‒1;  

1H NMR (300 MHz, CDCl3):  8.57 (s, 1H, NH), 7.77 (s, 1H, H-5′), 7.41–7.30 (m, 5H, 

CO2CH2C6H5), 5.41 (dd, J = 8.9, 5.2 Hz, 1H, H-2), 5.21 (s, 2H, CO2CH2C6H5), 4.71 (ABX,  

ΔAB = 0.30, JAB = 14.3 Hz, JAX = 8.8 Hz, JBX = 5.1 Hz, 2H, H-3), 3.74 (s, 3H, OCH3), 1.42 (s, 

18H, 2 × CO2C(CH3)3); 13C NMR (75 MHz, CDCl3,):  168.8 (C, C-1), 156.9 (C, C-3′), 152.1 

(C, CO2CH2C6H5), 151.7 (2 × C, 2 × CO2C(CH3)3), 143.5 (CH, C-5′), 136.1 (C, CO2CH2C6H5), 

128.6 (2 × CH, CO2CH2C6H5), 128.5 (2 × CH, CO2CH2C6H5), 128.4 (CH, CO2CH2C6H5), 84.1 

(2 × C, 2 × CO2C(CH3)3), 67.4 (CH2, CO2CH2C6H5), 57.5 (CH, C-2), 52.7 (CH3, OCH3), 49.6 

(CH2, C-3), 27.9 (6 × CH3, 2 × CO2C(CH3)3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for 

C24H33N5NaO8 542.2221; Found 542.2231. 

 

Methyl 2-((9H-fluoren-9-yl)methoxycarbonyl)amino-3-(3-(benzyloxycarbonyl)amino-

1H-1,2,4-triazol-1-yl)propanoate (600) 

 

To a solution of di-Boc aminoester 598 (0.113 mg, 0.217 mmol) in CH2Cl2 (1 mL) at rt was 

added TFA (0.15 mL) and the reaction mixture was stirred for 90 min. The solvents were 

removed under a stream of N2 and the crude residue was dissolved in 1,4-dioxane (2.4 mL). 

This solution was treated with aq NaHCO3 (10%, 1.8 mL) and Fmoc-OSu (84 mg, 0.25 mmol), 
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then stirred at rt for 16 h. The reaction mixture was concentrated in vacuo and partitioned 

between H2O (10 mL) and EtOAc (20 mL). The aqueous layer was further extracted with 

EtOAc (2 × 20 mL) and the combined organic layers were washed with brine (10 mL), dried 

over anhydrous MgSO4, filtered and concentrated in vacuo. The crude oil was purified by flash 

chromatography (EtOAc/MeOH 19:1) to afford title compound 600 (82 mg, 70%) as a viscous 

oil, which solidified on standing at rt overnight to give a colourless solid. 

Rf 0.24 (EtOAc neat); mp 66.2–68.4 °C; IR (neat) νmax: 2956, 1708, 1555, 1450, 1320, 1197, 

1074, 740 cm‒1; 1H NMR (400 MHz, CDCl3): δ 8.73 (s, 1H, 3′-NH), 7.73 (dd, J = 8.1, 7.7 Hz, 

2H, CO2CH2CHC12H8), 7.60 (dd, J = 12.9, 7.4 Hz, 2H, CO2CH2CHC12H8), 7.40–7.23 (m, 10H, 

2-NH, CO2CH2C6H5 and CO2CH2CHC12H8), 6.91 (s, 1H, C-5′), 5.14 (s, 2H, CO2CH2C6H5), 

4.75 (br s, 1H, H-2), 4.63 (br s, 1H, Ha-3), 4.62 (ABX, AB = 0.10, JAB = 11.1 Hz, JAX = 6.4 Hz, 

JBX = 6.1 Hz. 2H, CO2CH2CHC12H8), 4.21–4.14 (m, 2H, CO2CH2CHC12H8 and Hb-3), 3.82 (s, 

3H, OCH3); 13C NMR (100 MHz, CDCl3): δ 170.6 (C, C-1), 156.7 (C, C-3′), 156.2 (C, 

CO2CH2CHC12H8), 151.8 (C, CO2CH2C6H5), 143.9 (C, CO2CH2CHC12H8), 143.5 (C, 

CO2CH2CHC12H8), 142.8 (CH, C-5′), 141.4 (C, CO2CH2CHC12H8), 141.3 (C, 

CO2CH2CHC12H8), 135.9 (C, CO2CH2C6H5), 128.5 (2 × CH, CO2CH2C6H5), 128.2 (3 × CH, 

CO2CH2C6H5), 127.8 (2 × CH, CO2CH2CHC12H8), 127.2 (CH, CO2CH2CHC12H8), 127.1 (CH, 

CO2CH2CHC12H8), 125.4 (CH, CO2CH2CHC12H8), 125.1 (CH, CO2CH2CHC12H8), 120.0 (CH, 

CO2CH2CHC12H8), 119.9 (CH, CO2CH2CHC12H8), 67.1 (CH2, CO2CH2C6H5), 66.2 (CH2, 

CO2CH2CHC12H8), 53.8 (CH, C-2), 53.5 (CH3, OCH3), 51.0 (CH2, C-3), 47.5 (CH, 

CO2CH2CHC12H8); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C29H28N5O6 542.2034; 

Found 542.2037. 

 

2-((9H-Fluoren-9-yl)methoxycarbonyl)amino-3-(3-(benzyloxycarbonyl)amino-1H-1,2,4-

triazol-1-yl)propanoic acid (592) 

 

To a solution of ester 600 (63 mg, 0.12 mmol) in i-PrOH (2 mL) was added aq CaCl2 (0.8 M, 

1 mL), followed by NaOH (5.4 mg, 0.13 mmol). The reaction mixture was stirred for 18 h, 
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then concentrated in vacuo. The crude residue was suspended in CH2Cl2-MeOH (1:1) and 

filtered through Celite®, then the filtrate was concentrated in vacuo. The crude solid was 

purified by flash chromatography (CH2Cl2/MeOH 9:1) to afford title compound 592 (42 mg, 

68%, 94% brsm) as a colourless solid. 

Rf 0.24 (CH2Cl2/MeOH, 9:1); mp decomp 230 °C; IR (neat) νmax: 3067, 2957, 1695, 1596, 

1416, 1337, 1253, 1081, 739 cm‒1; 1H NMR (500 MHz, (CD3)2SO):  10.06 (s, 1H, 3′-NH), 

8.17 (s, 1H, H-5′), 7.88 (d, J = 7.6 Hz, 2H, CO2CH2CHC12H8), 7.66 (dd, J = 12.5, 7.5 Hz, 2H, 

CO2CH2CHC12H8), 7.42–7.30 (m, 9H, CO2CH2CHC12H8 and CO2CH2C6H5), 7.06 (d, J = 

6.3 Hz, 1H, 2-NH), 5.10 (s, 2H, CO2CH2C6H5), 4.42 (ABX, AB = 0.17, JAB = 13.6 Hz, JAX = 

8.7 Hz, JBX = 3.0 Hz, 2H, H-3), 4.26–4.23 (m, 1H, CO2CH2CHC12H8), 4.20–4.14 (m, 4H, H-2, 

CO2CH2CHC12H8 and CO2CH2CHC12H8); 13C NMR (125 MHz, (CD3)2SO):  155.7 (C,  

C-3′), 153.0 (C, CO2CH2C6H5), 143.9 (CH, C-5′ or 2 × C, 2 × CO2CH2CHC12H8), 143.8  

(2 × C, 2 × CO2CH2CHC12H8 or CH, C-5′), 140.7 (2 × C, CO2CH2CHC12H8), 136.7 (C, 

CO2CH2C6H5), 128.4 (2 × CH, CO2CH2C6H5), 127.9 (CH, CO2CH2C6H5), 127.8 (2 × CH, 

CO2CH2C6H5), 127.6 (2 × CH, CO2CH2CHC12H8), 127.14 (CH, CO2CH2CHC12H8), 127.10 

(CH, CO2CH2CHC12H8), 125.3 (CH, CO2CH2CHC12H8), 125.2 (CH, CO2CH2CHC12H8), 120.1 

(2 × CH, CO2CH2CHC12H8), 65.7 (CH2, CO2CH2C6H5), 65.6 (CH2, CO2CH2CHC12H8), 55.8 

(CH, C-2), 50.7 (CH2, C-3), 46.6 (CH, CO2CH2CHC12H8); The signal for C-1 was not 

observed; HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C28H25NaN5O6 550.1697; Found 

550.1692. 

 

6.3.2. Synthesis of Boc-cysteinyl--(3-amino-1,2,4-triazol-1-yl)alanine 612 

Methyl 2-(di-(tert-butoxycarbonyl)amino)-3-(3-(4-methylphenyl)sulfonamido-1H-1,2,4-

triazol-1-yl)propanoate (613) 

 

To a solution of amine 597 (1.83 g, 4.74 mmol) in pyridine (45 mL) at rt was added TsCl 

(1.80 g, 9.48 mmol) and the mixture was stirred for 22 h. The reaction mixture was 
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concentrated in vacuo and the crude oil was purified by flash chromatography (petroleum 

ether/EtOAc 2:1 → 1:2) to afford title compound 613 (1.88 g, 73%) as a pale yellow foam. 

Rf 0.59 (EtOAc neat); IR (neat) νmax: 2981, 1744, 1698, 1553, 1367, 1252, 1139, 1019, 

912 cm−1; 1H NMR (400 MHz, CDCl3): δ 10.93 (br s, 1H, NH), 7.89 (d, J = 8.3 Hz, 2H, 

SO2C6H4CH3), 7.86 (s, 1H, H-5′), 7.23 (d, J = 8.1 Hz, 2H, SO2C6H4CH3), 5.39 (dd, J = 8.4, 5.3 

Hz, 1H, H-2), 4.67 (ABX, AB = 0.34, JAB = 14.3 Hz, JAX = 8.4 Hz, JBX = 5.2 Hz, 2H, H-3), 

3.73 (s, 3H, OCH3), 2.37 (s, 3H, SO2C6H4CH3), 1.41 (s, 18H, 2 × CO2C(CH3)3); 13C NMR 

(100 MHz, CDCl3): δ 168.8 (C, C-1), 156.4 (C, C-3′), 151.7 (2 × C, 2 × CO2C(CH3)3), 143.8 

(C, SO2C6H4CH3 or CH, C-5′), 143.7 (CH, C-5′ or C, SO2C6H4CH3), 136.8 (C, SO2C6H4CH3), 

129.5 (2 × CH, SO2C6H4CH3), 128.0 (2 × CH, SO2C6H4CH3), 84.2 (2 × C, 2 × CO2C(CH3)3), 

57.2 (CH, C-2), 52.7 (CH3, OCH3), 49.7 (CH2, C-3), 27.9 (6 × CH3, 2 × CO2C(CH3)3), 21.6 

(CH3, SO2C6H4CH3); HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd for C23H34N5O8S 540.2123; 

Found 540.2127. 

 

Methyl 2-((R)-2-((tert-butoxycarbonyl)amino)-3-(4-methoxybenzyl)thiopropanamido)-3-

(3-(para-toluenesulfonamido)-1H-1,2,4-triazol-1-yl)propanoate (615) 

 

Di-Boc carbamate 613 (606 mg, 1.12 mmol) was treated with a solution of HCl (4 M in  

1,4-dioxane, 2.2 mL, 8.8 mmol) then the resultant mixture was stirred at rt for 18 h. The 

reaction mixture was concentrated in vacuo to afford amine hydrochloride salt 614 (422 mg, 

quant) which was used without further purification. 

To a solution of the above amine hydrochloride salt 614 (422 mg, 1.12 mmol) in DMF (5 mL) 

at rt was added N-(tert-butoxycarbonyl)-S-(4-methoxybenzyl)-L-cysteine (606) (350 mg, 

1.03 mmol), followed by HCTU (466 mg, 1.13 mmol) and DIPEA (0.89 mL, 5.13 mmol). The 

reaction was stirred for 18 h, then diluted with water (25 mL) and the aqueous layer was 

extracted with EtOAc (3 × 25 mL). The combined organic layers were washed with brine 
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(25 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil was 

purified by flash chromatography (CH2Cl2/MeOH 19:1) to afford title compound 615 (639 mg, 

94%, 1:1 mixture of diastereomers) as a colourless oil. 

Rf 0.36 (CH2Cl2/MeOH 9:1); IR (neat) νmax: 3349, 2973, 1746, 1671, 1511, 1510, 1356 

1346 cm−1; 1H NMR (400 MHz, CDCl3):   10.60 (br s, 1H, 3′′-NH and 3′′-NH*), 7.97 (s, 1H, 

H-5′′ and H-5′′*), 7.82 (d, J = 8.1 Hz, 2H, SO2C6H4CH3 and SO2C6H4CH3*), 7.40 (d, J = 

7.0 Hz, 0.5H, 2′-NH), 7.32 (d, J = 7.1 Hz, 0.5H, 2′-NH*), 7.22 (d, J = 8.2 Hz, 2H, SO2C6H4CH3 

and SO2C6H4CH3*),  7.17 (d, J = 8.7 Hz, 1H, CH2C6H4OCH3 or CH2C6H4OCH3*), 7.16 (d,  

J = 8.7 Hz, 1H, CH2C6H4OCH3* or CH2C6H4OCH3), 6.774 (d, J = 8.5 Hz, 1H, CH2C6H4OCH3 

or CH2C6H4OCH3*), 6.771 (d, J = 8.4 Hz, 1H, CH2C6H4OCH3* or CH2C6H4OCH3), 5.48–5.43 

(m, 1H, 2-NH and 2-NH*), 4.82–4.78 (m, 1H, H-2′ and H-2′*), 4.57–4.47 (m, 2H, H-3′ and  

H-3′*), 4.24 (br s, 1H, H-2 and H-2*), 3.733 (s, 3H, CH2C6H4OCH3 and CH2C6H4OCH3*), 

3.727 (s, 3H, 1′-OCH3 and 1′-OCH3*), 3.63 (s, 1H, CH2C6H4OCH3 or CH2C6H4OCH3*), 3.61 

(s, 1H, CH2C6H4OCH3* or CH2C6H4OCH3), 2.75–2.70 (m, 2H, H-3 and H-3*), 2.35 (s, 3H, 

SO2C6H4CH3 and SO2C6H4CH3*), 1.39 (s, 4.5H, CO2C(CH3)3 or CO2C(CH3)3*), 1.38 ((s, 

4.5H, CO2C(CH3)3* or CO2C(CH3)3); 13C NMR (100 MHz, CDCl3):  171.4 (C, C-1 or C-1*), 

171.2 (C, C-1* or C-1), 169.0 (2  C, C-1′ and C-1′*), 158.8 (2  C, CH2C6H4OCH3 and 

CH2C6H4OCH3*), 156.3 (2  C, CO2C(CH3)3 and CO2C(CH3)3*), 155.6 (C, C-3′′ or C-3′′*), 

155.4 (C, C-3′′* or C-3′′), 144.2 (2  CH, C-5′′ and C-5′′*), 143.88 (C, SO2C6H4CH3 or 

SO2C6H4CH3*), 143.86 (C, SO2C6H4CH3* or SO2C6H4CH3), 136.9 (2  C, SO2C6H4CH3 and 

SO2C6H4CH3*), 130.1 (4  CH, CH2C6H4OCH3 and CH2C6H4OCH3*), 129.8 (C, 

CH2C6H4OCH3 or CH2C6H4OCH3*), 129.7 (C, CH2C6H4OCH3* or CH2C6H4OCH3), 129.5 (4 

 CH, SO2C6H4CH3 and SO2C6H4CH3*), 127.7 (4  CH, SO2C6H4CH3 and SO2C6H4CH3*), 

114.0 (4  CH, CH2C6H4OCH3 and CH2C6H4OCH3*), 80.4 (2  C, CO2C(CH3)3 and 

CO2C(CH3)3*), 55.3 (2  CH3, CH2C6H4OCH3 and CH2C6H4OCH3*), 53.9 (2  CH, C-2 and 

C-2*), 53.2 (2  CH3, 1′-OCH3 and 1′-OCH3*), 52.5 (CH, C-2′ or C-2′*), 52.3 (CH, C-2′* or 

C-2′), 49.8 (2  CH2, C-3′ and C-3′*), 35.8 (2  CH2, CH2C6H4OCH3 and CH2C6H4OCH3*), 

33.4 (CH2, C-3 or C-3*), 33.2 (CH2, C-3* or C-3), 28.3 (6  CH3, CO2C(CH3)3 and 

CO2C(CH3)3*), 21.6 (2  CH3, SO2C6H4CH3 and SO2C6H4CH3*); HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ Calcd for C29H38N6NaO8S2 685.2085; Found 685.2097. * Arbitrarily denotes one of 

the two diastereomers. 
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(S) 2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(3-

(para-toluenesulfonamido)-1H-1,2,4-triazol-1-yl)propanoic acid (612a or 612b) and  

(R) 2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(3-

(para-toluenesulfonamido)-1H-1,2,4-triazol-1-yl)propanoic acid (612b or 612a) 

 

To a stirred solution of ester 615 (1.12 g, 1.68 mmol) in 1,4-dioxane (17 mL) at rt was added 

aqueous NaOH (1 M, 2.5 mL, 2.5 mmol). The reaction mixture was stirred for 18 h, then 

adjusted to pH 3 with 2 M aqueous HCl and concentrated in vacuo to one quarter of its original 

volume. The aqueous layer was extracted with EtOAc (3 × 30 mL) and the combined organic 

layers were dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil 

was purified by flash chromatography (CH2Cl2/EtOH 19:1 → 2:1) to afford acids 612a and 

612b (1.04 g, 95%, 1:1 mixture of diastereomers). Acids 612a and 612b were separated by 

semi-preparative HPLC (CHIRALPAK® IC 20 × 250 mm; mobile phase, CH2Cl2/EtOH (95:5 

v/v); flow rate 1.0 mL/min; wavelength, 210 nm). 

612a: ee >99 % (HPLC, CHIRALPAK® IC 4.6 × 250 mm; mobile phase, CH2Cl2/EtOH (95:5 

v/v); flow rate 0.5 mL/min; wavelength, 210 nm; t = 12.24 min). Rf 0.54 (CH2Cl2/EtOH 3:2); 

IR (neat) νmax: 3328, 2980, 1643, 1610, 1511, 1415, 1369, 1281, 1245 cm−1; []D
26 −9.2 

(c 0.49, MeOH); 1H NMR (400 MHz, CD3OD):  8.07 (s, 1H, H-5′′), 7.82 (d, J = 8.3 Hz, 2H, 

SO2C6H4CH3), 7.32 (d, J = 8.1 Hz, 2H, SO2C6H4CH3), 7.24–7.17 (m, 2H, CH2C6H4OCH3), 

7.09 (d, J = 7.8 Hz, 1H, CH2C6H4OCH3), 6.83 (d, J = 8.5 Hz, 1H, CH2C6H4OCH3), 4.76 (br s, 

1H, H-2′), 4.55–4.47 (m, 2H, H-3′), 4.23–4.17 (m, 1H, H-2), 3.76 (s, 3H, CH2C6H4OCH3), 

3.68–3.65 (m, 2H, CH2C6H4OCH3), 2.68 (ABX, AB = 0.23, JAB = 13.8 Hz, JAX = 8.6 Hz,  

JBX = 5.3 Hz, 2H, H-3), 2.38 (s, 3H, SO2C6H4CH3), 1.44 (s, 9H, CO2C(CH3)3; 13C NMR 

(100 MHz, CD3OD):  173.6 (2 × C, C-1, C-1′), 160.2 (C, CH2C6H4OCH3), 157.7 (C, 

CO2C(CH3)3), 157.4 (C, C-3′′), 148.9 (C, SO2C6H4CH3), 145.2 (CH, C-5′′), 138.5 (C, 

SO2C6H4CH3), 131.4 (C, CH2C6H4OCH3), 131.2 (CH, CH2C6H4OCH3), 130.6 (2 × CH, 

SO2C6H4CH3), 130.1 (CH, CH2C6H4OCH3), 130.0 (CH, CH2C6H4OCH3), 128.7 (2 × CH, 

SO2C6H4CH3), 114.9 (CH, CH2C6H4OCH3), 81.0 (C, CO2C(CH3)3), 55.7 (CH3, 
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CH2C6H4OCH3), 55.4 (CH, C-2), 50.8 (CH2, C-3′), 36.4 (CH2, CH2C6H4OCH3), 34.3 (CH2,  

C-3), 28.7 (3 × CH3, CO2C(CH3)3), 21.5 (CH3, SO2C6H4CH3); HRMS (ESI/Q-TOF) m/z: 

[M+Na]+ Calcd for C28H36N6NaO8S2 671.1928; Found 671.1917. 

612b: ee >99% (HPLC, CHIRALPAK® IC 4.6 × 250 mm; mobile phase, CH2Cl2/EtOH (95:5 

v/v); flow rate 0.5 mL/min; wavelength, 210 nm; t = 16.31 min). Rf 0.54 (CH2Cl2/EtOH 3:2); 

IR (neat) νmax: 2974, 1671, 1610, 1510, 1393, 1343, 1301, 1245, 1160 cm−1; []D
26 −6.1 

(c 0.28, MeOH); 1H NMR (400 MHz, CD3OD):  8.07 (s, 1H, H-5′′), 7.83 (d, J = 8.3 Hz, 2H, 

SO2C6H4CH3), 7.30 (d, J = 8.2 Hz, 2H, SO2C6H4CH3), 7.21 (d, J = 8.6 Hz, 2H, 

CH2C6H4OCH3), 6.82 (d, J = 8.6 Hz, 2H, CH2C6H4OCH3), 4.78 (br s, 1H, H-2′), 4.50 (ABX, 

AB = 0.06, JAB = 14.2 Hz, JAX = 6.5 Hz, JBX = 4.1 Hz, 2H, H-3′), 4.19 (br s, 1H, H-2), 3.75 (s, 

3H, CH2C6H4OCH3), 3.64 (s, 2H, CH2C6H4OCH3), 2.64 (ABX, AB = 0.19, JAB = 13.8 Hz, 

JAX = 8.1 Hz, JBX = 5.8 Hz, 2H, H-3), 2.37 (s, 3H, SO2C6H4CH3), 1.43 (s, 9H, CO2C(CH3)3); 

13C NMR (100 MHz, CD3OD):  173.4 (C, C-1), 171.6 (C, C-1′), 160.2 (C, CH2C6H4OCH3), 

157.6 (C, C-3′′), 157.4 (C, CO2C(CH3)3), 145.9 (CH, C-5′′), 145.2 (C, SO2C6H4CH3), 138.5 

(C, SO2C6H4CH3), 131.4 (C, CH2C6H4OCH3), 131.2 (2 × CH, CH2C6H4OCH3), 130.5 (2 × CH, 

SO2C6H4CH3), 128.6 (2 × CH, SO2C6H4CH3), 114.9 (2 × CH, CH2C6H4OCH3), 80.9 (C, 

CO2C(CH3)3), 55.7 (CH3, CH2C6H4OCH3), 55.2 (CH, C-2), 53.5 (CH, C-2′), 50.7 (CH2, C-3′), 

36.4 (CH2, CH2C6H4OCH3), 34.3 (CH2, C-3), 28.7 (3 × CH3, CO2C(CH3)3), 21.5 (CH3, 

SO2C6H4CH3); HRMS (ESI/Q-TOF) m/z: [M+Na]+ Calcd for C28H36N6NaO8S2 671.1928; 

Found 671.1934. 
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6.3.3. Chiral HPLC Traces for Resolved Dipeptides 612a and 612b 

 

Figure 6.1. Chiral HPLC trace of the diastereomeric mixture of dipeptides 612a and 612b. 

Conditions: HPLC column, Chiralpak® IC; mobile phase, dichloromethane-ethanol (95:5 v/v); 

flow rate, 0.5 mL/min; wavelength, 210 nm. 

 

Figure 6.2. Chiral HPLC trace of dipeptide 612a purified by semi-preparative chiral HPLC. 

Conditions: HPLC column, Chiralpak® IC; mobile phase, dichloromethane-ethanol (95:5 v/v); 

flow rate, 0.5 mL/min; wavelength, 210 nm. 
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Figure 6.3. Chiral HPLC trace of dipeptide 612b purified by semi-preparative chiral HPLC. 

Conditions: HPLC column, Chiralpak® IC; mobile phase, dichloromethane-ethanol (95:5 v/v); 

flow rate, 0.5 mL/min; wavelength, 210 nm. 
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6.3.4. Synthesis of Boc-cysteinyl--(imidazol-1-yl)alanine 625 

Methyl 2-di((tert-butoxycarbonyl)amino)-3-(1H-imidazol-1-yl)propanoate (570) 

 

To a solution of acrylate 569 (0.90 g, 3.0 mmol) in CH3CN (30 mL) at rt was added K2CO3 

(2.48 g, 17.9 mmol) followed by imidazole (568) (203 mg, 2.99 mmol) and the resultant 

suspension was stirred for 18 h. The reaction mixture was filtered through Celite®, the filter 

cake washed with EtOAc (2 × 15 mL) and the filtrate was concentrated in vacuo to afford title 

compound 570 (1.08 g, 94%) as a colourless solid. 

Rf 0.49 (CH2Cl2/MeOH 9:1); mp 99.1–101.2 °C (lit.380 mp 102–103 °C); 1H NMR (400 MHz, 

CDCl3):  7.43 (s, 1H, H-2′), 7.03 (s, 1H, H-4′ or H-5′), 6.88 (s, 1H, H-5′ or H-4′), 5.24 (dd,  

J = 9.4, 5.1 Hz, 1H, H-2), 4.57 (ABX, ΔAB = 0.15, JAB = 14.6 Hz, JAX = 9.4 Hz, JBX = 5.2 Hz, 

2H, H-3), 3.77 (s, 3H, OCH3), 1.44 (s, 18H, 2 × CO2C(CH3)3); 13C NMR (100 MHz, CDCl3): 

 169.0 (C, C-1), 151.8 (2 × C, 2 × CO2C(CH3)3), 137.9 (CH, C-2′), 129.8 (CH, C-4′ or C-5′), 

119.5 (CH, C-5′ or C-4′), 84.2 (2 × C, 2 × CO2C(CH3)3), 58.4 (CH, C-2), 52.7 (CH3, OCH3), 

46.5 (C-3), 28.0 (6 × CH3, 2 × CO2C(CH3)3); The spectroscopic data were in agreement with 

those reported in the literature.380 

 

2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(1H-

imidazol-1-yl)propanoic acid (625) 

 

Di-Boc carbamate 570 (1.08 g, 2.93 mmol) was treated with a solution of hydrogen chloride 

(1 M in EtOAc, 14.5 mL) and the resulting mixture was stirred at rt for 18 h. The reaction 
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mixture was concentrated in vacuo to afford amine hydrochloride salt 623 (715 mg, quant), 

which was used directly. 

To a stirred solution of the above amine hydrochloride salt 623 (715 mg, 2.93 mmol) in DMF 

(15 mL) was added DIPEA (6.6 mL, 38.1 mmol), followed by N-(tert-butoxycarbonyl)-S-(4-

methoxybenzyl)-L-cysteine (606) (1.30 g, 3.81 mmol) and HCTU (1.73 g, 4.19 mmol). The 

reaction mixture was stirred at rt for 16 h, then diluted with water (100 mL). The aqueous layer 

was extracted with EtOAc (3 × 50 mL), then the combined organic extracts were washed with 

brine (2 × 20 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

oil was purified by flash chromatography (CH2Cl2 neat → CH2Cl2/MeOH 15:1) to afford amide 

624 (1.95 g) as a viscous oil contaminated with DMF, which remained after extensive 

azeotroping with n-heptane and toluene. 

To a stirred solution of the above amide 624 (1.95 g) in 1,4-dioxane (36 mL) at rt was added 

aqueous NaOH (1 M, 5.5 mL, 5.5 mmol). The reaction mixture was stirred for 48 h, then 

concentrated in vacuo. The crude residue was dissolved in water (100 mL), adjusted to pH 12 

with 1 M aqueous NaOH, then extracted with EtOAc (2 × 20 mL). The organic extracts were 

discarded, then the aqueous layer was adjusted to pH 3 with 2 M HCl and concentrated in vacuo 

to one fifth of its original volume. The aqueous layer was extracted with EtOAc (3 × 25 mL) 

and the combined organic extracts were dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo to afford title compound 625 (1.27 g, 70% over three steps, 1:1 mixture 

of diastereomers) as a colourless foam. 

Rf 0.14 (CH2Cl2/MeOH/AcOH 14:1:0.1); IR (neat) νmax: 3402, 1355, 2975, 1672, 1610, 1512, 

1393, 1245 cm−1; 1H NMR (400 MHz, (CD3)2SO):  8.82 (s, 0.5H, H-2′′), 8.77 (s, 0.5H, H-

2′′*), 8.54 (d, J = 8.2 Hz, 0.5H, 2-NH′ or 2-NH′*), 8.45 (d, J = 8.2 Hz, 0.5H, 2-NH′* or 2-NH′), 

7.60–7.52 (m, 2H, H-4′′, H-4′′*, H-5′′ and H-5′′*), 7.213 (d, J = 8.6 Hz, 1H, CH2C6H4OCH3 or 

CH2C6H4OCH3*), 7.207 (d, J = 8.6 Hz, 1H, CH2C6H4OCH3* or CH2C6H4OCH3), 7.054 (d,  

J = 8.3 Hz, 0.5H, 2-NH or 2-NH*), 7.046 (d, J = 8.2 Hz, 0.5H, 2-NH* or 2-NH), 6.864 (d, J = 

8.9 Hz, 1H, CH2C6H4OCH3 or CH2C6H4OCH3*), 6.857 (d, J = 8.6 Hz, 1H, CH2C6H4OCH3* 

or CH2C6H4OCH3), 4.79–4.74 (m, 1H, H-2′ and H-2′*), 4.64–4.39 (m, 2H, H-3′ and H-3′*), 

4.14–4.09 (m, 1H, H-2 and H-2*), 3.73 (s, 3H, CH2C6H4OCH3 and CH2C6H4OCH3*), 3.67 (s, 

2H, CH2C6H4OCH3 and CH2C6H4OCH3*), 2.67–2.59 (m, 1H, Ha-3 and Ha-3*), 2.48–2.39 (m, 

1H, Hb-3 and Hb-3*) 1.41 (s, 9H, CO2C(CH3)3 and CO2C(CH3)3*); 13C NMR (100 MHz, 

(CD3)2SO):  171.10 (C, C-1 or C-1*), 171.06 (C, C-1* or C-1), 170.08 (2 × C, C-1′ and  
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C-1′*), 158.2 (2 × C, CH2C6H4OCH3 and CH2C6H4OCH3*), 155.4 (2 × C, CO2C(CH3)3 and 

CO2C(CH3)3*), 136.3 (CH, C-2′′ or C-2′′*), 136.2 (CH, C-2′′* or C-2′′), 130.1 (2 × C, 

CH2C6H4OCH3 and CH2C6H4OCH3*), 130.0 (4 × CH, CH2C6H4OCH3 and CH2C6H4OCH3*), 

122.4 (CH, C-4′′ or C-4′′* or C-5′′ or C-5′′*), 122.3 (CH, C-4′′ or C-4′′* or C-5′′ or C-5′′*), 

120.6 (2 × CH, C-5′′ and C-5′′* or C-4′′ and C-4′′*), 113.8 (4 × CH, CH2C6H4OCH3 and 

CH2C6H4OCH3*), 78.53 (C, CO2C(CH3)3 or CO2C(CH3)3*), 78.45 (C, CO2C(CH3)3* or 

CO2C(CH3)3), 55.0 (2 × CH3, CH2C6H4OCH3 and CH2C6H4OCH3*), 53.9 (2 × CH, C-2 and  

C-2*), 52.1 (CH, C-2′ or C-2′*), 52.0 (CH, C-2′* or C-2′), 48.4 (CH2, C-3′ or C-3′*), 48.3 (CH2, 

C-3′* or C-3′), 34.5 (2 × CH2, CH2C6H4OCH3 and CH2C6H4OCH3*), 32.8 (CH2, C-3 or C-3*), 

32.7 (CH2, C-3* or C-3), 28.2 (6 × CH3, CO2C(CH3)3 and CO2C(CH3)3*); HRMS (ESI/Q-

TOF) m/z: [M+Na]+ Calcd for C22H30N4NaO6S 501.1778; Found 501.1783. 

 

6.3.5. Synthesis of Boc-cysteinyl--(1,2,4-imidazol-1-yl)alanine 628 

Methyl 2-di((tert-butoxycarbonyl)amino)-3-(1H-1,2,4-triazol-1-yl)propanoate (572) 

 

To a solution of acrylate 569 (0.90 g, 3.0 mmol) in CH3CN (30 mL) at rt was added K2CO3 

(2.48 g, 17.9 mmol) followed by 1,2,4-triazole (206 mg, 2.99 mmol) and the resultant 

suspension was stirred for 18 h. The mixture was filtered through Celite®, the filter cake washed 

with EtOAc (2 × 15 mL) and the filtrate was concentrated in vacuo to afford title compound 

572 (1.11 g, 100%) as a colourless solid. 

Rf 0.53 (CH2Cl2/MeOH 9:1); mp 102.6–104.3 °C (lit.380 102–103 °C); 1H NMR (400 MHz, 

CDCl3):  8.04 (s, 1H, H-3′ or H-5′), 7.92 (s, 1H, H-5′ or H-3′), 5.41 (dd, J = 8.8, 5.1 Hz, 1H, 

H-2), 4.80 (ABX, ΔAB = 0.22, JAB = 14.3 Hz, JAX = 8.8 Hz, JBX = 5.2 Hz, 2H, H-3), 3.77 (s, 

3H, OCH3), 1.45 (s, 18H, CO2C(CH3)3); 13C NMR (100 MHz, CDCl3):  168.9 (C, C-1), 152.5 

(CH, C-3′ or C-5′), 151.8 (2 × C, 2 × CO2C(CH3)3), 144.3 (CH, C-3′ or C-5′), 84.2 (2 × C,  

2 × CO2C(CH3)3), 57.7 (CH, C-2), 52.8 (CH3, OCH3), 49.2 (CH2, C-3), 28.0 (6 × CH3,  

2 × CO2C(CH3)3); The spectroscopic data were in agreement with those reported in the 

literature.380 
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2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(1H-

1,2,4-triazol-1-yl)propanoic acid (628) 

 

Di-Boc carbamate 572 (940 mg, 2.55 mmol) was treated with a solution of hydrogen chloride 

(1 M in EtOAc, 12 mL) and the resulting mixture was stirred at rt for 18 h. The reaction mixture 

was concentrated in vacuo to afford amine hydrochloride salt 626 (619 mg, quant), which was 

used directly. 

To a stirred solution of the above amine hydrochloride salt 626 (619 mg, 2.55 mmol) in DMF 

(10 mL) was added DIPEA (4.0 mL, 23.1 mmol) followed by N-(tert-butoxycarbonyl)-S-(4-

methoxybenzyl)-L-cysteine (606) (790 mg, 2.31 mmol) and HCTU (1.05 g, 2.55 mmol). The 

reaction mixture was stirred at rt for 16 h, then diluted with water (100 mL). The aqueous layer 

was extracted with EtOAc (3 × 50 mL), then the combined organic layers were washed with 

brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude oil 

was purified by flash chromatography (CH2Cl2/MeOH 14:1) to afford amide 627 (1.32 g) as a 

viscous oil contaminated with DMF, which remained after extensive azeotroping with  

n-heptane and toluene. 

To a stirred solution of the above amide 627 (1.32 g) in 1,4-dioxane (19 mL) at rt was added 

aqueous NaOH (1 M, 2.9 mL, 2.9 mmol). The reaction mixture was stirred for 18 h, then 

concentrated in vacuo. The crude residue was dissolved in water (20 mL) and the resultant 

solution was adjusted to pH 3 with 2 M HCl, then extracted with EtOAc (3 × 30 mL). The 

combined organic extracts were dried over anhydrous Na2SO4, filtered and concentrated in 

vacuo. The crude oil was purified by flash chromatography (CH2Cl2/EtOH 10:1 → 4:1) to 

afford title compound 628 (806 mg, 88% over three steps, 1:1 mixture of diastereomers) as a 

colourless solid. 

Rf 0.09 (CH2Cl2/MeOH 9:1); IR (neat) νmax: 3332, 2981, 1644, 1610, 1512, 1416, 1369, 1281, 

1246 cm−1; 1H NMR (400 MHz, (CD3)2SO):  8.37 (s, 1H, H-3′′ and H-3′′* or H-5′′ and  

H-5′′*), 7.95 (br s, 1H, 2′-NH), 7.84 (s, 1H, H-5′′ and H-5′′* or H-3′′ and H-3′′*), 7.73 (br s, 
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0.5H, 2′-NH*), 7.21 (d, J = 8.6 Hz, 2H, CH2C6H4OCH3 and CH2C6H4OCH3*), 7.17 (d, J = 

8.8 Hz, 0.5H, 2-NH or 2-NH*), 6.92 (d, J = 8.7 Hz, 0.5H, 2-NH* or 2-NH), 6.85 (d, J = 8.6 Hz, 

2H, CH2C6H4OCH3 and CH2C6H4OCH3*), 4.60–4.37 (m, 3H, H-2′, H-2′*, H-3′ and H-3′*), 

4.20–4.14 (m, 0.5H, H-2 or H-2*), 4.10–4.04 (m, 0.5H, H-2* or H-2), 3.72 (s, 3H, 

CH2C6H4OCH3 and CH2C6H4OCH3*), 3.67 (s, 2H, CH2C6H4OCH3 and CH2C6H4OCH3*), 

2.74–2.66 (m, 1H, Ha-3 and Ha-3*), 2.51–2.41 (m, 1H, Hb-3 and Hb-3*), 1.39 (s, 4.5H, 

CO2C(CH3)3 or CO2C(CH3)3*), 1.38 (s, 4.5H, CO2C(CH3)3* or CO2C(CH3)3); 13C NMR 

(100 MHz, (CD3)2SO):  170.3 (4 × C, C-1, C-1*, C-1′ and C-1′*), 158.2 (2 × C, 

CH2C6H4OCH3 and CH2C6H4OCH3*), 155.44 (C, CO2C(CH3)3 or CO2C(CH3)3*), 155.31 (C, 

CO2C(CH3)3* or CO2C(CH3)3), 150.8 (2 × CH, C-3′′ and C-3′′* or C-5′′ and C-5′′*), 144.5 (2 

× CH, C-5′′ and C-5′′* or C-3′′ and C-3′′*), 130.2 (2 × C, CH2C6H4OCH3 and 

CH2C6H4OCH3*), 130.0 (4 × CH, CH2C6H4OCH3 and CH2C6H4OCH3*), 113.8 (4 × CH, 

CH2C6H4OCH3 and CH2C6H4OCH3*), 78.43 (C, CO2C(CH3)3 or CO2C(CH3)3*), 78.23 (C, 

CO2C(CH3)3* or CO2C(CH3)3), 55.1 (2 × CH3, CH2C6H4OCH3 and CH2C6H4OCH3*), 54.4  

(2 × CH, C-2 and C-2*), 54.1 (2 × CH, C-2′ and C-2′*), 50.3 (2 × CH2, C-3′ and C-3′*), 34.6 

(2 × CH2, CH2C6H4OCH3 and CH2C6H4OCH3*), 33.7 (CH2, C-3 or C-3*), 33.5 (CH2, C-3* or 

C-3), 28.2 (6 × CH3, CO2C(CH3)3 and CO2C(CH3)3*); HRMS (ESI/Q-TOF) m/z: [M+Na]+ 

Calcd for C21H29N5NaO6S 502.1731; Found 502.1728.
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NMR Spectra of Novel Compounds 

Methyl 2-(5-(tert-butyldimethylsilyl)oxymethyl-2-formyl-1H-pyrrol-1-yl)acetate (253) 

1H NMR (300 MHz, CDCl3): 

 
13C NMR (75 MHz, CDCl3): 
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Methyl (S)-2-(5-(tert-butyldimethylsilyl)oxymethyl-2-formyl-1H-pyrrol-1-yl)propanoate 

(259) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3): 
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Methyl (S)-2-(2-(tert-butyldimethylsilyl)oxymethyl-5-formyl-1H-pyrrol-1-yl)-3-

phenylpropanoate (260) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3): 
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Dimethyl (S)-2-(2-(tert-butyldimethylsilyl)oxymethyl)-5-formyl-1H-pyrrol-1-yl)succinate 

(261) 

1H NMR (500 MHz, CDCl3):  

 
13C NMR (125 MHz, CDCl3): 
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Dimethyl (S)-2-(2-(tert-butyldimethylsilyl)oxymethyl)-5-formyl-1H-pyrrol-1-

yl)pentanedioate (262) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3): 
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Methyl (S)-5-amino-2-(2-(tert-butyldimethylsilyl)oxymethyl)-5-formyl-1H-pyrrol-1-yl)-

5-oxopentanoate (263)  

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3):  
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Methyl (S)-2-(2-(tert-butyldimethylsilyl)oxymethyl)-5-formyl-1H-pyrrol-1-yl)-3-(4-

hydroxyphenyl)-propanoate (264) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3): 
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Methyl (S)-2-(2-(tert-butyldimethylsilyl)oxymethyl)-5-formyl-1H-pyrrol-1-yl)-3-

hydroxypropanoate (265) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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5-(tert-Butyldimethylsilyl)oxymethyl-1-methyl-1H-pyrrole-2-carbaldehyde (267) 

1H NMR (500 MHz, CDCl3):  

 
13C NMR (125 MHz, CDCl3): 
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1-Benzyl-5-((tert-butyldimethylsilyl)oxymethyl)-1H-pyrrole-2-carbaldehyde (269) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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5-((tert-Butyldimethylsilyl)oxymethyl)-1-(4-hydroxyphenethyl)-1H-pyrrole-2-

carbaldehyde (271) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3):  
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364 

 

(S)-5-((tert-Butyldimethylsilyl)oxymethyl)-1-(2-oxotetrahydrofuran-3-yl)-1H-pyrrole-2-

carbaldehyde (272) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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365 

 

6-(2-((tert-Butyldimethylsilyl)oxymethyl)-5-formyl-1H-pyrrol-1-yl)-1,2;3,4-di-O-

isopropylidene-α-D-galactopyranose (274) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3): 
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366 

 

1-(tert-Butyldimethylsilyl)oxy-3-((4aR,8aR,Z)-3-methyl-4a,5,6,7,8,8a-

hexahydroquinoxalin-2(1H)-ylidene)propan-2-one (278) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3)  
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367 

 

Methyl (S)-5-amino-2-(2-formyl-5-(hydroxymethyl)-1H-pyrrol-1-yl)-5-oxopentanoate 

(283) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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368 

 

Methyl (S)-2-(6-formyl-3-oxo-3,4-dihydro-1H-pyrrolo[2,1-c][1,4]oxazin-4-yl)acetate 

(288) 

1H NMR (500 MHz, CDCl3):  

 
13C NMR (125 MHz, CDCl3):  
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369 

 

Methyl (S)-3-(6-formyl-3-oxo-3,4-dihydro-1H-pyrrolo[2,1-c][1,4]oxazin-4-yl)propanoate 

(289) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3): 
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370 

 

(4R,5S)-4-([tert-Butyldimethylsilyl]oxymethyl)-2,2-dimethyl-5-(oxiran-2-ylmethyl)-1,3-

dioxolane (294) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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371 

 

1-Azido-3-([4S,5R]-5-[{tert-butyldimethylsilyl}oxymethyl]-2,2-dimethyl-1,3-dioxolan-4-

yl)propan-2-ol (293a) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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372 

 

1-Azido-3-([4S,5R]-5-[{tert-butyldimethylsilyl}oxymethyl]-2,2-dimethyl-1,3-dioxolan-4-

yl)propan-2-ol (293b) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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373 

 

1-Amino-3-((4S,5R)-5-((tert-butyldimethylsilyl)oxymethyl)-2,2-dimethyl-1,3-dioxolan-4-

yl)propan-2-ol (292a) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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374 

 

1-Amino-3-((4S,5R)-5-((tert-butyldimethylsilyl)oxymethyl)-2,2-dimethyl-1,3-dioxolan-4-

yl)propan-2-ol (292b) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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375 

 

6-(tert-Butyldimethylsilyl)oxymethyl-6-acetoxy-2H-pyran-3(6H)-one (316) 

1H NMR (300 MHz, CDCl3):  

 
13C NMR (75 MHz, CDCl3):  
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376 

 

5-((tert-Butyldimethylsilyl)oxymethyl)-1-(3-((4S,5R)-5-(tert-

butyldimethylsilyl)oxymethyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydroxyprop-1-yl)-1H-

pyrrole-2-carbaldehyde (317a) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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377 

 

5-((tert-Butyldimethylsilyl)oxymethyl)-1-(3-((4S,5R)-5-(tert-

butyldimethylsilyl)oxymethyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2-hydroxyprop-1-yl)-1H-

pyrrole-2-carbaldehyde (317b) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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378 

 

5-((tert-Butyldimethylsilyl)oxymethyl)-1-(3-((4S,5R)-5-(tert-

butyldimethylsilyl)oxymethyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2-oxoprop-1-yl)-1H-

pyrrole-2-carbaldehyde (303) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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379 

 

(3a'R,7a'S)-2',2'-Dimethyl-3a',4',7',7a'-tetrahydro-1H,4H-spiro[pyrrolo[2,1-

c][1,4]oxazine-3,6'-[1,3]dioxolo[4,5-c]pyran]-6-carbaldehyde (304) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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380 

 

Pollenopyrroside A (96) 

1H NMR (400 MHz, (CD3)2CO):  

 
13C NMR (100 MHz, (CD3)2CO):  
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381 

 

Shensongine A (99) 

1H NMR (500 MHz, CDCl3): 

 
13C NMR (125 MHz, CDCl3):  
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382 

 

Methyl (2S,4S)-5-amino-2-(tert-butoxycarbonyl)amino-4-(tert-butyldimethylsilyl)oxy-5-

oxopentanoate (386) 

1H NMR (400 MHz, CD3OD):  

 
13C NMR (100 MHz, CD3OD):  
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383 

 

(3S,5S)-3-(tert-Butyldimethylsilyl)oxy-5-methoxycarbonylpyrrolidin-2-one (388) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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384 

 

Methyl (2S,4S)-2-(tert-butoxycarbonyl)amino-4-(tert-butyldimethylsilyl)oxy-5-(4-

methoxybenzyl)amino-5-oxopentanoate (389) 

1H NMR (500 MHz, CDCl3):  

 
13C NMR (125 MHz, CDCl3):  
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385 

 

Methyl (2S,4S)-2-amino-4-hydroxy-5-(4-methoxybenzyl)amino-5-oxopentanoate (390) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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386 

 

Methyl (2S,4S)-2-amino-4-(tert-butyldimethylsilyl)oxy-5-(4-methoxybenzyl)amino-5-

oxopentanoate (391) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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387 

 

Methyl (2S,4S)-4-(tert-butyldimethylsilyl)oxy-2-([5-(tert-butyldimethylsilyl]oxymethyl-2-

formyl-1H-pyrrol-1-yl)-5-([4-methoxybenzyl]amino)-5-oxopentanoate (393) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (125 MHz, CDCl3): 
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388 

 

Methyl (2S,4S)-2-([5-tert-butyldimethylsilyloxy]methyl-2-formyl-1H-pyrrol-1-yl)-4-

hydroxy-5-([4-methoxybenzyl]amino)-5-oxopentanoate (394) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3):  
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389 

 

Methyl (2S,4S)-2-(2-formyl-5-[methoxy]methyl-1H-pyrrol-1-yl)-4-hydroxy-5-([4-

methoxybenzyl]amino)-5-oxopentanoate (407) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (125 MHz, CDCl3):  
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390 

 

Hemerocallisamine I (67) 

1H NMR (500 MHz, CD3OD):  

 
13C NMR (125 MHz, CD3OD):  
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391 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-5-bromo-4-oxopentanoate 

(520) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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392 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-3-(2-amino-1-

(benzyloxy)carbonyl-1H-imidazol-4-yl)propanoate (541) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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393 

 

Methyl (S)-N-(((9H-fluoren-9-yl)methoxy)carbonyl)-5-pyrrolidone-2-carboxylate (531) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3): 
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394 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-6-diazo-5-oxohexanoate (523) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3):  
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395 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-6-bromo-5-oxohexanoate 

(521) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3):  
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396 

 

Methyl (S)-2-(((9H-fluoren-9-yl)methoxy)carbonyl)amino-4-(2-amino-1-

(benzyloxy)carbonyl-1H-imidazol-4-yl)butanoate (542) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  

 



Appendix 
 

 

 

397 

 

Methyl (S)-2-((benzyloxy)carbonyl)amino-3-(2-amino-1-(tert-butyloxy)carbonyl-1H-

imidazol-4-yl)propanoate (556) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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398 

 

Methyl (S)-2-((tert-butyloxy)carbonyl)amino-3-(2-amino-1-(tert-butyloxy)carbonyl-1H-

imidazol-4-yl)propanoate (557) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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399 

 

Methyl (S)-2-((tert-butoxy)carbonyl)amino-6-diazo-5-oxohexanoate (553) 

1H NMR (400 MHz, CDCl3): 

 
13C NMR (100 MHz, CDCl3):  
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400 

 

Methyl (S)-2-((tert-butoxy)carbonyl)amino-6-bromo-5-oxohexanoate (549) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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401 

 

Methyl (S)-2-((tert-butoxy)carbonyl)amino-4-(2-amino-1-(tert-butoxy)carbonyl-1H-

imidazol-4-yl)butanoate (558) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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402 

 

Methyl (S)-4-(2-amino-1-para-toluenesulfonyl-1H-imidazol-4-yl)-2-((tert-

butoxycarbonyl)amino)butanoate (550) 

1H NMR (CDCl3, 500 MHz):  

 
13C NMR (CDCl3, 125 MHz):  
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403 

 

(S)-4-(2-Amino-1-para-toluenesulfonyl-1H-imidazol-4-yl)-2-(tert-butoxycarbonylamino)-

butanoic acid (544) 

1H NMR (400 MHz, (CD3)2SO):  

 
13C NMR (100 MHz, (CD3)2SO): 
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404 

 

Methyl 2-di-(tert-butoxycarbonyl)amino-3-(3-nitro-1H-1,2,4-triazol-1-yl)propanoate 

(593) 

1H NMR (300 MHz, CDCl3):  

 
13C NMR (75 MHz, CDCl3):  
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405 

 

Methyl 2-di-(tert-butoxycarbonyl)amino-3-(3-amino-1H-1,2,4-triazol-1-yl)propanoate 

(597) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (75 MHz, CDCl3):  
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406 

 

Methyl 2-di-(tert-butoxycarbonyl)amino-3-(3-(benzyloxycarbonyl)amino-1H-1,2,4-

triazol-1-yl)propanoate (598) 

1H NMR (300 MHz, CDCl3):  

 
13C NMR (75 MHz, CDCl3,):  
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407 

 

Methyl 2-((9H-fluoren-9-yl)methoxycarbonyl)amino-3-(3-(benzyloxycarbonyl)amino-

1H-1,2,4-triazol-1-yl)propanoate (600) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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408 

 

2-((9H-Fluoren-9-yl)methoxycarbonyl)amino-3-(3-(benzyloxycarbonyl)amino-1H-1,2,4-

triazol-1-yl)propanoic acid (592) 

1H NMR (500 MHz, (CD3)2SO):  

 
13C NMR (125 MHz, (CD3)2SO):  
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409 

 

Methyl 2-(di-(tert-butoxycarbonyl)amino)-3-(3-(4-methylphenyl)sulfonamido-1H-1,2,4-

triazol-1-yl)propanoate (613) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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410 

 

Methyl 2-((R)-2-((tert-butoxycarbonyl)amino)-3-(4-methoxybenzyl)thiopropanamido)-3-

(3-(para-toluenesulfonamido)-1H-1,2,4-triazol-1-yl)propanoate (615) 

1H NMR (400 MHz, CDCl3):  

 
13C NMR (100 MHz, CDCl3):  
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411 

 

2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(3-(para-

toluenesulfonamido)-1H-1,2,4-triazol-1-yl)propanoic acid (612a)  

1H NMR (400 MHz, CD3OD):  

 
13C NMR (100 MHz, CD3OD):  
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412 

 

2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(3-(para-

toluenesulfonamido)-1H-1,2,4-triazol-1-yl)propanoic acid (612b) 

1H NMR (400 MHz, CD3OD):  

 
13C NMR (100 MHz, CD3OD):  
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413 

 

2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(1H-

imidazol-1-yl)propanoic acid (625) 

1H NMR (400 MHz, (CD3)2SO):  

 
13C NMR (100 MHz, (CD3)2SO):  
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414 

 

2-((R)-2-(tert-Butoxycarbonyl)amino-3-(4-methoxybenzyl)thiopropanamido)-3-(1H-

1,2,4-triazol-1-yl)propanoic acid (628) 

1H NMR (400 MHz, (CD3)2SO):  

 
13C NMR (100 MHz, (CD3)2SO):  
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