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Preface 

All the work described in this thesis was carried out by the author under the supervision of 

A/Prof. Jonathan Sperry in the School of Chemical Sciences at the University of Auckland. 

Some parts of this work have been previously published:  

 

“Bioinspired synthesis of hyrtioseragamine A” Shi Wei Kim, Paul Hume and Jonathan Sperry, 

J. Org. Chem. 2021, 86(6), 4779–4785.  
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Abstract 

Hyrtioseragamines A (67) and B (68) are heteroatom-rich alkaloids isolated from extracts of 

Hyrtios sp. marine sponge that possess a novel furo[2,3-b]pyrazine-2(1H)-one core (red) and 

a guanidine moiety (blue). This thesis describes the construction of the furopyrazine core of 

the hyrtioseragamines and the total synthesis of hyrtioseragamine A. 

 

We proposed a modified biosynthesis of hyrtioseragamine A from the dehydrodiketopiperazine 

debromobarettin (95) that could undergo oxidative cleavage to give the enedione 97. Paal-

Knorr cyclisation of enedione 97 would generate the intermediate acetal 98 that upon the 

favourable elimination of water would form the furopyrazine, and hence hyrtioseragamine A 

(67). 
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A model system was established to test the modified biomimetic hypothesis. Attempts at the 

oxidative cleavage of dehydroDKP 134 to give enedione 92 were unsuccessful. However, the 

enedione 92 was prepared from glyoxal 218 and DKP 149, and underwent successful 

biomimetic furopyrazine formation to give 93 in the presence of sulfuric acid. 
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Application of the established Paal-Knorr reaction conditions on guanylated enedione 270 did 

not afford hyrtioseragamine A (67). However, subjecting N-protected enedione 285 to the Paal-

Knorr reaction conditions gave furopyrazine 288 that was subjected to guanylation and 

reduction to hyrtioseragamine A (67). The 1H and 13C NMR spectroscopic data for synthetic 

67 were in full agreement with that described in the isolation report. 
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1.1. Natural products 

1.1.1. Background 

For millennia, natural products have been used as medicines, even before their structure or their 

mechanism of action were known. Using rudimentary extraction methods such as water (teas), 

alcohol (tinctures), and fermentation, the bioactive components of plants were exploited for 

their medicinal properties.1 Some examples of bioactive natural products found in early 

medicine include the anti-malarial quinine (1), the analgesic salicylic acid (2), and the opiate 

morphine (3) (Figure 1).  This knowledge has been passed down from generation to generation 

through anecdotes, experience, and traditions, and to this day benefits our society. The fields 

of natural product isolation and synthesis have since developed from this, in which the structure 

of the bioactive component is often unequivocally confirmed through total synthesis. 

 

Figure 1. Examples of natural products in early medicine. 

Natural products are privileged scaffolds in drug discovery, as they are specialised metabolites 

that have been designed through evolutionary pressures to impart an advantage on their host 

organism. Natural products have evolved to bind effectively and specifically with proteins and 

receptors, a property that is sought after in the pharmaceutical pipeline. In the period 1981–

2014, 36% of small-molecule approved drugs were natural products or derivatives thereof, and 

a further 32% were synthetic compounds containing a natural product pharmacophore or 

analogue.2 An average of 1600 natural products have been isolated annually in the past two 

decades, and with the rate of discovery expected to remain significant,3 natural products are a 

large untapped reservoir of new pharmaceuticals leads.  
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1.1.2. Marine natural products 

The marine environment contains an abundance of organisms with diverse physiology and 

adaptations. Marine environments tend to be harsher than terrestrial environments, with high 

pressures and salt concentrations, low nutrient and oxygen contents, limited sunlight, and 

temperatures that can be extremely high (underwater volcanoes) or low (polar regions). Marine 

organisms have evolved adaptations to survive such extreme conditions, and thus compounds 

isolated from marine sources possess great structural diversity. Natural products isolated from 

marine organisms range from alkaloids and peptides, to terpenes and polyketides.4 

1.1.2.1. Marine natural products as pharmaceuticals 

The first marine-derived natural products were isolated from marine sponge of the species 

Crypotethia crypta in the 1950s by Bergmann and Feeney.6,7 The compounds isolated, 

spongothymidine (4) and spongouridine (5), are unusual nucleosides that contain arabinose 

units instead of ribose units (Figure 2). The scaffold was later developed into the anticancer 

drug cytarabine (6, ara-C, Cytosar-U®) which was approved by the FDA in 1969. Fifty years 

after its approval, cytarabine (6) is still the mainstream drug for the treatment of myeloid 

leukaemia, lymphocytic leukaemia, and non-Hodgkin’s lymphoma.5 Another arabinose 

derivative, vidarabine (7, ara-A, Vira-A®), was approved by the FDA in 1976 for the treatment 

of herpes viruses, poxviruses, and some rhabdoviruses, hepadnaviruses, and RNA tumour 

viruses. However, it was discontinued in the USA in June 2001 due to its restricted therapeutic 

window,6 although it is still used in the EU.  Interestingly, vidarabine (7) has been found in 

extracts of the coral Eunicella cavolini.7  

 

Figure 2. Marine-derived arabinose nucleosides and pharmaceuticals derived from them. 
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It was not until 20 years later that another marine-derived drug, Ziconotide (8, Prialt®), was 

approved for use in humans (Figure 3). Ziconotide (8) is an ω-conotoxin peptide isolated from 

venom of the sea snail Conus magnus that is used for the treatment of chronic pain by blocking 

N-type calcium channels, which is involved in pain signalling. Ziconotide (8) has limited ability 

to cross the blood-brain barrier, so must be administered intrathecally.8 

 

Figure 3. Ziconotide (8). 

Lovaza® (formerly Omacor®) is an anti-hyperglyceridemia drug approved by the FDA and 

EMEA in 2004. It is composed of several ethyl esters of omega-3 fatty acids found in fish oils, 

the major components being ethyl eicosapentaenoic acid (9) and ethyl docosahexaenoic acid 

(10) (Figure 4); however it is regulated differently to over the counter fish oil supplements.9 
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Figure 4. Omega-3 fatty acid esters found in Lovaza®. 

Trabectedin (11, ecteinascidin ET-743, Yondelis®) is an anticancer drug used in the treatment 

of soft tissue sarcoma, approved by the EMEA and FDA in 2008 and 2015, respectively (Figure 

5). It is the active molecule of extracts of sea squirt Ecteinascidia turbinata that were found to 

have anticancer activity in 1969, however isolation and characterisation of trabectedin (11) was 

not achieved until the 1990s,10 partially due to the fact that yields of the compound were very 

low—one tonne of sea squirt is needed to produce one gram of 11.11 Corey and co-workers 

accomplished the first enantioselective total synthesis of trabectedin (11) in 26 steps in 1996 

based on the proposed biosynthesis.12 Trabectedin (11) is now produced on scale through a 

semi-synthetic route from cyanosafracin B (12), produced by fermentation of Pseudomonas 

fluorescens, in 1.14% yield.13 

 

Figure 5. Trabectedin (11) and cyanosafracin B (12). 
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Erubulin (13) is structurally-based on halichondrin B (14), a polyether macrolide first isolated 

in 1986 from marine sponge Halichondria okadai, found to have activity against murine 

leukaemia cells (Figure 6).14 The first total synthesis was achieved in 1992 by Kishi and co-

workers.15 Subsequent studies found that the macrocyclic lactone was the active 

pharmacophore, and the simplified macrocycle erubulin, had the same level of activity.16 

Erubulin (13) was approved by the FDA in 2010 and EMEA in 2011 to treat metastatic breast 

cancer, and is currently marketed under the name Halaven®. 

 

Figure 6. Erubulin (13) and halichondrin B (14). 
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Plitidepsin (15) is a synthetic compound based on the didemnin class of cyclic depsipeptides 

isolated from marine tunicate Aplidium albicans (Figure 7).17 Like other didemnins, plitidepsin 

(15) has cytotoxic, antiviral, and immunosuppressive activities. It is marketed by PharmaMar 

as an anticancer treatment under the trade name Aplidine®, and was approved in Australia in 

2018 for the treatment of multiple myeloma. It is currently under investigation as an antiviral 

treatment against SARS-CoV-2.18 

 

Figure 7. Plitidepsin (15). 

Brentuximab vedotin (16, Adcetris®) and polatuzumab vedotin (17, POLIVY®) are antibody-

drug conjugates of the antineoplastic agent monomethyl auristatin E (18, MMAE) (Figure 8). 

MMAE (18) is a synthetic analogue of dolastatin 10, first isolated from the sea hare Dolabella 

auricularia in 1987.19 Subsequent studies suggested that dolastatins are produced by 

cyanobacteria Symploca sp., which are part of the sea hare’s diet.20 Although dolastatin 10 

proved to have high antineoplastic activity, a lack of efficacy and toxic side effects led to the 

discontinuation of clinical trials.6,21 The advent of antibody-drug conjugates (ADCs), which 

links a cytotoxic drug to a specific monoclonal antibody (mAb) to aid delivery of the drug to 

the tumour-associated antigen, led to the development of targeted cancer therapy.22 MMAE 

was approved by the FDA in 2011 for treatment of Hodgkin’s lymphoma and anaplastic large 

cell lymphoma (as brentuximab vedotin) and in 2019 for treatment of B-cell lymphoma in 

combination therapy (as polatuzumab vedotin). 
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Figure 8. Antibody-drug conjugates of monomethyl auristatin E (18). 

1.2. Marine alkaloids 

Nature is abound with nitrogen-containing compounds; the nitrogen atom can donate or accept 

protons at physiological pH and participate in hydrogen-bonding as well as other weak 

intermolecular interactions, allowing them to interact readily with their biological targets.23,24 

These properties contribute to the prevalent use of the nitrogen atom as a bioisostere for CH 

groups in aromatic ring systems of drug candidates, a design element that has been coined ‘the 

necessary nitrogen atom’.25 It is thus unsurprising that nitrogen-containing compounds feature 

prominently in pharmaceuticals; as of 2014, 84% of small-molecule drugs contain at least one 

nitrogen atom, and 59% contain at least one nitrogen heterocycle.26  

Natural products that contain nitrogen are referred to as alkaloids, compounds that are found 

in a variety of organisms, including plants, bacteria, fungi, insects, and animals both of 

terrestrial and marine origin.27 Marine sponges are a rich source of alkaloids with diverse 

biological activities including anticancer, antiviral, and anti-malarial properties.28–30 Sponges 

belonging to the genus Hyrtios (Demospongiae class, Dictyoceratida order, Thorectidae 

family) are known to produce a structurally-diverse range of bioactive alkaloids, as well as 

sesterterpenes,  sesquiterpenes, triterpenes, and macrolides.31,32 
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1.2.1. Alkaloids from Hyrtios marine sponges 

Hyrtiosin A (19) and its dimer hyrtiosin B (20) were isolated in 1990 from samples of H. 

erectus from Okinawa, Japan, and were the first alkaloids isolated from marine sponge 

belonging to the genus Hyrtios (Figure 9).33 Deoxyhyrtiosin A (21) was later isolated from 

Egyptian Red Sea sponge H. erectus and showed mild antimicrobial activity against Bacillus 

subtilis and Saccharomyces cerevisiae.34 Hainanerectamines A–C (22–24) were isolated from 

Hainanese sponge H. erectus and were found to inhibit the kinase Aurora A (IC50 24.5, 13.6, 

18.6 µg mL-1, respectively).35 Aurora A is involved in the regulation of cell division and is a 

new target in cancer therapy.  

 

Figure 9. Hyrtiosins A (19) and B (20), deoxyhyrtiosine A (21), and hainanerectamines A–C 

(22–24). 

Aplysinopsin-type indole alkaloids 25 and 26, as well as the novel quinolone 27 were isolated 

from Okinawan sponge H. erectus (Figure 10).36 Both 25 and 26 exhibited selective complete 

inhibition of the neuronal isozyme of nitric oxide synthase (125 µg mL-1), an enzyme target in 

the treatment of tissue damage and inflammation, stroke damage, and schizophrenia. The 

imidazolidine 28 was isolated from Red Sea sponge H. erectus and was shown to have weak 

anti-proliferative activity against cancer cell lines (HCT-116, MCF-7, and HepG2) and 

moderate antibacterial activity against Staphylococcus aureus and Escherichia coli at 3 mg 

mL-1.37 
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Figure 10. Aplysinopsin-type alkaloids 25, 26, quinoline 27, and imidazolidine 28 from H. 

erectus. 

The epimers hyrtioreticulins A (29) and B (30), and hyrtioreticulins C (31) and D (32) were 

isolated along with hyrtioreticulin E (33) from Indonesian sponge H. reticulatus (Figure 11).38 

The compounds were tested for their activity against the binding of ubiquitin-activating 

enzyme (E1) and ubiquitin, a process that is required for regulated protein degradation and lead 

for cancer treatment. Hyrtioreticulins A (29) and B (30) inhibited E1-ubiquitin formation (IC50 

0.75 and 11 µg mL-1, respectively), whereas hyrtioreticulins C–E (31–33) showed no activity 

at 25 µg mL-1. Hyrtioreticulin F (34), along with imidazoliums reticulatins A (35) and B (36), 

were later isolated by the same authors, although they all exhibited no activity against E1, even 

at 200 µM.39  
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Figure 11. Hyrtioreticulins A–F (29–34) and reticulatins A (35) and B (36). 

Hyrtioerectines A–C (37–39) were isolated from Red Sea sponge H. erectus and were shown 

to have moderate cytotoxicity against HeLa cells (IC50 10, 5.0, and 4.5 µg mL-1, respectively) 

(Figure 12).40 Hyrtioerectines D–F (40–42) were later isolated from samples of sponge Hyrtios 

sp. from the Red Sea, and were shown to exhibit good antimicrobial activity against Candida 

albicans (inhibition zones 17, 9, and 14 mm, respectively) and S. aureus (inhibition zones 20, 

10, and 16 mm, respectively), and mild activity against Pseudomonas aeruginosa (7–9 mm).41 

Hyrtioerectines D–F (40–42) also showed free-radical scavenging activity (45%, 31%, and 

42% inhibition of DPPH, respectively) and mild cytotoxicity against cancer cell lines (A549, 

HT29, and MDA-Mb-231). 
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Figure 12. Hyrtioerectines A–F (37–42). 

Azepinoindole alkaloids hyrtimomines A–C (43–45) were isolated from sponge samples of 

Hyrtios sp. from the Kerema Islands in Okinawa (Figure 13).42 Hyrtimomine A (43) showed 

cytotoxicity against human epidermoid carcinoma KB cells (IC50 3.1 µg mL-1) and murine 

leukaemia L1210 cells (IC50 4.2 µg mL-1), but no cytotoxicity was seen with hyrtimomines B 

(44) and C (45). Hyrtimomine A (43) and B (44) exhibited antimicrobial activity against C. 

albicans (IC50 1.0 µg mL-1, each), and hyrtiomomine A (43) also showed activity against 

Aspergillus niger (IC50 4.0 µg mL-1).43 Hyrtimomines D (46) and E (47), bis-indole alkaloids 

containing a canthin-6-one scaffold, were isolated from sponge of Hyrtios sp from Kerema 

Islands.44 They showed antimicrobial activity against C. albicans (IC50 4 and 8 µg mL-1, 

respectively) and Cryptococcus neoformans (IC50 4 and 8 µg mL-1, respectively). Hyrtimomine 

D (46) also showed activity against S. aureus (MIC 4 µg mL-1) and Trichophyton 

mentagrophytes (MIC 16 µg mL-1). Hyrtimomine F–K (48–53) were isolated from Okinawan 

sponge Hyrtios sp. and were shown to have activity against A. niger (IC50 4.0 µg mL-1, each), 

while hyrtiomomine I (52) showed activity against C. neoformans (IC50 4.0 µg mL-1).43 
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Figure 13. Hyrtiomomines A–K (43–53). 

The β-carboline hyrtiosulawesine (54) was isolated from sponge H. erectus from South West 

Sulawesi, Indonesia45 and 3,4-dihydrohyrtiosulawesine (55) was later isolated from sponge 

Hyrtios sp. from Chuuk State, Micronesia (Figure 14).46 3,4-Dihydrohyrtiosulawesine (55) was 

shown to inhibit isocitrate lyase from C. albicans (IC50 92.2 µM). Hyrtiocarboline (56) was 

isolated from Papua New Guinean H. reticulatus.47 Its anti-proliferative activity was tested 

against 13 cancer cell lines, with selective activity shown against H522-T1 non-small cell lung 

cancer, MDA-MB-435 melanoma, and U937 lymphoma (IC50 1.2, 3.0, and 1.5 µg mL-1, 

respectively), and also had 57% inhibition of HeLa cell line at 230 µM in 24 hours. 

Hyrtiomanzamine (57) was isolated from Red Sea sponge H. erectus and exhibited 

immunosuppressive activity in B lymphocytes (EC50 of 2 µg mL-1).48 6-Oxofascaplysin (58) 
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and secofascaplysic acid (59) were isolated from Australian sponge Hyrtios sp.49 6-

Oxofascaplysin (58) and secofascaplysic acid (59) exhibited mild cytotoxicity against 

androgen-sensitive prostate cancer cell line LNCaP (IC50 22.90 µM and 44.90 µM, 

respectively) and non-malignant neonatal foreskin fibroblasts cell line NFF (IC50 32.11 µM 

and 47.62 µM, respectively). 

 

Figure 14. β-Carboline natural products from sponge Hyrtios sp. 

The bis-indole alkaloid hyrtinadine A (60) was isolated from Okinawan sponge Hyrtios sp. and 

was shown to be cytotoxic against murine leukaemia L1210 cells (IC50 1 µg mL-1) and human 

epidermoid carcinoma KB cells (IC50 3 µg mL-1) (Figure 15).50 Hyrtinadines C (61) and D (62) 

were isolated from Okinawan sponge Hyrtios sp.51 Hyrtinadine C (61) showed activity against 

A. niger (IC50 32 µg mL-1) and hyrtinadine D (62) showed activity against E. coli (MIC 16 µg 

mL-1) and B. subtilis (MIC 16 µg mL-1). Hyrtiazepine (63) was isolated from Red Sea sponge 

H. erectus and was shown to have anti-phospholipase A2 (PLA2) activity (IC50 14 µM) in a 

fluorometric assay using Crotalus adamanteus venom PLA2, the first time a β-carboline has 

been reported as a PLA2 inhibitor.52 
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Figure 15. Hyrtinadines A (60), C (61), and D (62) and hyrtiazepine (63). 

Ishigadine A (64) was isolated from Okinawan sponge Hyrtios sp. and showed moderate 

cytotoxicity against L1210 murine leukaemia cells (IC50 3.3 µg mL-1) (Figure 16).53 

Hyrtiodoline A (65) was isolated following dereplication of the anti-trypanosomal crude extract 

of sponge Hyrtios sp. from the Red Sea and was shown to have activity against Trypanosoma 

brucei brucei with IC50 of 7.48 µM after 72 hours.54 The diketopiperazine, asperazine (66) was 

isolated from a saltwater culture of A. niger derived from Caribbean H. proteus sample.55 

Asperazine (66) exhibited significant activity against human leukaemia murine colon 38 cell 

line, with selectivity over human colon H116 and CX1 cell lines. 

 

Figure 16. Ishigadine A (64), hyrtiodoline A (65), and asperazine (66). 
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1.2.2. Hyrtioseragamines A and B 

Hyrtioseragamines A (67) and B (68) are heteroatom-rich alkaloids isolated from extracts of 

Hyrtios sp. (SS-985) off Seragaki, Okinawa (Figure 17).56 Structural elucidation using 

spectroscopic methods and chemical conversions found that they possess a novel furo[2,3-

b]pyrazine-2(1H)-one core (red) and a guanidine moiety (blue). Hyrtioseragamines A (67) and 

B (68) were shown to exhibit antimicrobial activity against A. niger (MIC 8.33 and 16.6 µg 

mL-1, respectively) and C. neoformans (MIC 33.3 and 16.6 µg mL-1, respectively). However, 

neither exhibited cytotoxicity (IC50 > 10 µg mL-1) against murine lymphoma L1210 or human 

epidermoid carcinoma KB cells. Known β-carboline alkaloids dragmacidonamines A (69) and 

B (70),57 and gesashidine A (71)58 were also isolated from the sponge sample. 

 

Figure 17. Furopyrazinone alkaloids hyrtioseragamines A (67) and B (68), and known β-

carbolines isolated from the same sponge sample. 
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1.2.2.1. Proposed biosynthesis of hyrtioseragamines A and B 

The biosynthesis of the hyrtioseragamines (67 and 68) was proposed by Kobayashi and co-

workers to proceed with the amide coupling of arginine (72) with kynurenine (73), a metabolite 

of tryptophan (74), to give diketopiperazine (DKP) 75 (Scheme 1).56 The furopyrazine ring is 

then formed from Paal-Knorr reaction of DKP 75 to give 2,3-diaminofuran 76, that upon 

dehydrogenation gives hyrtioseragamine A (67).  Hyrtioseragamine B (68) was proposed to 

form upon the nucleophilic addition of hyrtioseragamine A (67) to the kynurenine-derivative 

quinolone 77.  
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Scheme 1. Biosynthesis of hyrtioseragamines A (67) and B (68) proposed by Kobayashi and 

co-workers.56 
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We considered the Paal-Knorr cyclodehydration in the proposal would be unfavourable. The 

Paal-Knorr reaction to furans has been shown to be endergonic, with the cyclisation step 

associated with a high energy barrier (Scheme 2).59 Under aqueous acidic reactions, the overall 

free energy for the conversion of hexane-2,5-dione (78) to furan 79 (calculated using G2MP2 

method) is endergonic by 2.5 and 3.7 kcal mol-1 under gas phase and implicit water conditions, 

respectively. This raises doubts regarding the formation of the furopyrazine present in the 

hyrtioseragamines by Paal-Knorr reaction of DKP 75, as proposed by Kobayashi and co-

workers. 

 

Scheme 2. Overall free energy of the Paal-Knorr reaction of hexane-2,5-dione (78) to 2,5-

dimethylfuran (79).59 

Moreover, we anticipate the initial product of the Paal-Knorr reaction, the 2,3-diaminofuran 76 

would be unstable. Furan-2-amine (80) and furan-3-amine (81) have never been isolated or 

characterised due to their instability,60 an observation attributed to their enamine-imine 

tautomerisation (Scheme 3).61 As the lone pair on the nitrogen atom is in conjugation with the 

π system of the furan ring, there is increased electron density on the oxygen of the furan ring. 

This supresses electron delocalisation from the oxygen and consequently has a destabilising 

effect on the furan ring.61 The π-electron density of aminofurans predicted in ab initio studies 

support the existence of enamine-imine tautomerisation in these systems and semi-empirical 

calculations show that while the amine tautomer is more stable, the energy difference is very 

small.61,62 Furthermore, crystal structures of 2- and 3-aminofurans show that the nitrogen is 

sp2-hybridised, with the C–N bond length (1.324 Å) an intermediate between a single and 

double bond.63,64  

 

Scheme 3. Enamine-imine tautomerisation of furan-2-amine (80) and furan-3-amine (81).61,62 
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In addition, there is limited literature precedent for the synthesis of furopyrazines from 1,4-

dicarbonyls and we are only aware of reports to prepare furopyrazines via a Paal-Knorr reaction 

of pyrazinones, a 1,4-dicarbonyl containing an sp2-hybridised C2 (Scheme 4). Timmermans 

and co-workers prepared a series of furopyrazines 82 from the sulfuric acid-catalysed 

cyclisation of pyrazinones (83) (Scheme 4A).65 An analogous acid-mediated cyclisation was 

reported by Zimmer and co-workers to synthesise furoquinoxalines 84 from pyrazinones 85 

that were prepared from halogenation of enediones 86 (Scheme 4B).66 Polyphosphoric acid 

was used by Kovalenko and co-workers in a recent report to effect a similar cyclisation to 

furopteridines 87 (Scheme 4C).67 A base-mediated reaction has also been reported to prepare 

diphenylfuroquinoxaline (88) from pyrazinone 89 (Scheme 4D).68 

 

Scheme 4. Synthesis of furopyrazines from pyrazinones.65–68 
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1.3. Modified biosynthetic proposal 

1.3.1. DFT analysis of the furopyrazine assembly step 

The energetics of the furopyrazine formation in the biosynthesis proposed by Kobayashi and 

co-workers were examined on a model system using density functional theory (DFT) (Figure 

18). The ΔH associated with the transformation of 90 to 91 was calculated to be +32.1 kcal 

mol-1, providing a lower bound on the intervening activation enthalpy. The ΔG is lower 

(although still significant) at +22.4 kcal mol-1. However, this value includes the entropic gain 

associated with the formation of water, which is unlikely to be fully present in the transition 

state. The highly endergonic nature of this transformation supports our proposal that the 

formation of the furopyrazine core in the hyrtioseragamines by this pathway is unfavourable. 

 

Figure 18. DFT-calculated energetics (kcal mol-1) for the furopyrazine assembly step proposed 

by Kobayashi and co-workers. 
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The Paal-Knorr cyclisation of 92, of an increased oxidation state from 90, was also investigated 

using DFT (Figure 19). The energy changes calculated for the transformation of 92 to 93 are 

ΔH = +5.2 kcal mol-1 and ΔG = ˗4.1 kcal mol-1, proceeding via intermediate 94 (~10 kcal mol-

1 higher in energy than 92). This alternative reaction sequence is likely to be readily accessible 

at ambient temperature and a more biosynthetically-viable pathway to form the furopyrazine 

core. 

 

Figure 19. DFT-calculated energetics (kcal mol-1) for a modified furopyrazine assembly step. 
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1.3.2. Modified biosynthesis of hyrtioseragamine A 

From the results of the DFT studies, we posit that the dehydroDKP debromobarretin (95) is a 

natural product present in Hyrtios sp. given its structural similarity to the marine alkaloid 

barettin (96) (Scheme 5).69 Oxidative cleavage of 95 would give the enedione 97 that upon 

Paal-Knorr cyclisation would generate the intermediate hemiacetal 98. Acetal 98 possesses the 

correct oxidation state for a favourable elimination of water, forming the furopyrazine and 

hence hyrtioseragamine A (67). 

 

Scheme 5. Our proposed biosynthesis of hyrtioseragamine A (67).
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2.1. Biomimetic synthesis 

Biomimetic synthesis is a field of chemical synthesis in which inspiration is taken from the 

efficient biosynthesis employed by Nature. For the total synthesis of natural products, 

biomimetic synthesis is a reaction or sequence of reactions that mimics a biogenetic hypothesis 

or confirmed biosynthesis.70,71  

2.1.1. Examples of biomimetic synthesis 

The first example of a biomimetic synthesis is Sir Robert Robinson’s seminal work in 1917 on 

the synthesis of tropinone (99),72 a member of the tropane alkaloid family that also includes 

atropine (100) and cocaine (101) (Scheme 6).73 Tropinone (99) was prepared in a one-pot 

‘double-Mannich’ reaction, resulting in the formation of four bonds and two rings.72 The 

condensation of methylamine with succinaldehyde (102) gave cyclic iminium 103 that reacted 

with acetone dicarboxylic acid (104) to form the bicyclic skeleton 105. Subsequent 

decarboxylation afforded tropinone (99) in an overall yield of 42%, compared to the < 1% yield 

in the previously reported synthesis from cycloheptanone (106) by Willstätter.74 Although there 

is little apparent structural similarity between the starting materials and product in Robinson’s 

route, the elegance of the reaction cascade results from the inherent reactivity of the compounds 

and intermediates. Robinson noted that the starting materials can all be found in the sap of 

plants, surmising that this reaction may resemble the synthesis of tropane alkaloids in Nature.75  
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Scheme 6. Robinson’s biomimetic synthesis of tropinone (99).72 
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Another classic biomimetic total synthesis is William S. Johnson’s synthesis of progesterone 

(107) that was reported in 1971 (Scheme 7).76 Starting from the linear precursor 108, the chiral 

tetracyclic system was prepared through a cascade sequence from tertiary cation 109, 

simultaneously forming the B-, C-, and D-rings of the steroid. Subsequent hydrolysis of 

orthoester 110 and ring expansion to form the A-ring gave progesterone (107). This synthesis 

corroborated the Stork-Eschenmoser hypothesis, first proposed in 1955, that provides rationale 

for the stereoselectivity seen in the cyclisation of trans-polyunsaturated molecules to 

trans,anti,trans polycyclic ring systems.77,78 The efficient techniques of Nature can be 

mimicked in the laboratory, without the use of enzymes, in this complex multiple bond-forming 

reaction that has been the basis for many other sterol syntheses.71,79 

 

Scheme 7. Johnson’s biomimetic synthesis of progesterone (107).76 
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The synthesis of (±)-carpanone (111) from desmethylcarpacin (112) by Chapman and co-

workers was inspired by a previously reported biosynthesis (Scheme 8).80,81 

Desmethylcarpacin (112) was subjected to a two-electron oxidation with palladium(II) chloride 

followed by dimerisation to give ortho-quinone methide 113. The ortho-quinone methide 113 

possesses the requisite stereochemistry to afford (±)-carpanone (111) via an endo-selective 

hetero-Diels-Alder reaction. In this one-pot reaction, the five contiguous stereocentres of 111 

were selectively installed. 

 

Scheme 8. Biomimetic synthesis of (±)-carpanone (111).80 
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A biomimetic approach was undertaken by Martin and co-workers in their synthesis of (±)-

akuammicine (114) from a derivative of geissoschizine (115), a known biosynthetic precursor 

of the Strychnos alkaloids (Scheme 9).82,83 Lewis acid-mediated chlorination of 

deformylgeissoschizine (116) gave β-117 as the major anomer, that upon treatment with base 

gave intermediate 118. A biogenetic rearrangement of 118 via a 1,2-migration furnished the 

pentacyclic frame of (±)-akuammicine (114), which was also applied in the formal synthesis 

of (±)-strychnine (119).  

 

Scheme 9. Biomimetic synthesis of Strychnos alkaloids.82,83 

The biomimetic synthesis of Icelanic poppy-derived pigments nudicaulins I (120) and II (121) 

was achieved under exceptionally mild conditions in our research group (Scheme 10).84 The 

biosynthetic cascade involves the nucleophilic attack of indole (122) on the naturally-occurring 

red pigment orientalin (123), followed by a retro-6π-electrocylisation to give quinone methide 

124. Subsequent cyclisation and dehydrogenation gave nudicaulins I (120) and II (121) in a 2:3 

mixture. 
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Scheme 10. Biomimetic synthesis of nudicaulins I (120) and II (121).84 

The serendipitous total synthesis of yuremamine was achieved in our group during 

investigations into a biosynthetic hypothesis (Scheme 11).85 A biosynthesis from the flavonol 

leucorobinetinidin (125) was proposed due to the prevalence of flavoalkaloids in the plant of 

origin. The coupling of leucorobinetinidin (125) with dimethyltryptamine (126, DMT) would 

give 127 that would undergo C–O bond scission and nucleophilic attack of the indole nitrogen 

to give pyrroloindole 128. In the process of executing this biomimetic synthesis of 

pyrroloindole 128, it was found that the NMR spectroscopic data of proposed biomimetic 

intermediate flavonoidal indole 127 was remarkably similar to that reported for yuremamine. 

Following structural confirmation of 127, the yuremamine structure was revised from the 

nominal pyrrolindole 128 to flavonoidal indole 127. As the two structures possess very 

different structural scaffolds, it is not likely a structural revision would have been possible 

without biosynthetic investigations. 
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Scheme 11. Proposed biosynthesis of nominal structure of yuremamine (128) from flavonoidal 

indole 127, and the synthesis of flavonoidal indole (±)-127.85 
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The alkaloid (±)-129, isolated from Isatis indigotica, was synthesised using a biomimetic 

approach in our group (Scheme 12).86 The putative biosynthetic precursor of alkaloid (±)-129, 

isatindigothiadiazoles A–D 130 (isolated from the same plant as a mixture of stereoisomers in 

a ratio of 2:4:1:2) was prepared in a 1:1:1:1 mixture and subjected to a selective 

monodehydration to thienylthiadiazole 131. A biomimetic thio-Diels-Alder reaction of 

thienylthiadiazole 131 with 3-thioisatin (132) followed by double bond isomerisation gave (±)-

129, along with its diastereomer (±)-133. The regiochemical outcome and lack of 

diastereoselectivity shown in this thio-Diels-Alder reaction, which were supported by DFT 

analysis, led the authors to propose that (±)-133 is also present in Isatis indigotica; the 

diasteromer (±)-133 was, in fact, later isolated as a scalemic mixture.87 

 

Scheme 12. Biomimetic synthesis of alkaloid from Isatis indigotica (±)-129, and its 

diastereomer (±)-133.86 
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2.1.1. Biomimetic synthesis as a valuable strategy in total synthesis 

Biosynthetic considerations, even if unsupported by literature evidence, can lay the foundations 

for a successful total synthesis. By mimicking the manner in which Nature constructs complex 

structural scaffolds from simple molecules, an elegant and efficient synthesis of natural 

products can be achieved. Using biosynthesis to guide a synthetic route can also lead to novel 

and unexpected insight, resulting in the structural revision of natural products and synthesis of 

natural products that have yet to be isolated. 
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2.2. Synthesis of model furopyrazine 

We envisioned that a synthetic approach based on our modified biosynthesis would enable a 

total synthesis of hyrtioseragamines A and B. To gauge the viability of the proposed 

furopyrazine assembly step, a model study was devised (Scheme 13). We propose that the 

oxidative ring cleavage of dehydroDKP 134 would give enedione 135 that would undergo a 

Paal-Knorr reaction to give furopyrazine 93. 

 

Scheme 13. Proposed synthesis of furopyrazine 93. 

2.2.1. Synthesis of enedione from dehydroDKP 

2.2.1.1. Synthesis of dehydroDKP 

Our initial focus was the synthesis of dehydroDKP 134. The dehydroDKP motif is found in 

many natural products, and several synthetic routes towards dehydroDKPs have been 

developed (Scheme 14).88,89 A Horner-Wadsworth-Emmons reaction between phosphonate 

136 and aldehyde 137 was reported to afford alkene 138, that underwent lactamidation to give 

the microtubule binders (–)-phenylahistin (139) and (–)-aurantiamine (140) (Scheme 14A).90 

Mesylation of alcohol 141 followed by base-mediated elimination and addition of N-allylisatin 

(142) gave dehydroDKP 143, that was converted to (±)-gliocladin C (144) (Scheme 14B).91,92 

The phenylahistin analogue 145 was prepared by the acid-catalysed condensation of N-α-

ketoacyl amino acid amide 146 (Scheme 14C).93  
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Scheme 14. Synthetic routes towards dehydroDKPs.90–93 
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Two routes towards the dehydroDKP (–)-neoechinulin A (147) were investigated by 

Kobayashi and co-workers (Scheme 15).94,95 A base-mediated aldol condensation of aldehyde 

148 and DKP 149, adapted from a previous synthesis by Nakatsuka,96 gave 150, that upon 

deprotection and cyclisation afforded (–)-neoechinulin A (147). Unfortunately, a low 

enantiomeric excess of 147 was observed, which the authors attributed to racemisation under 

the basic reaction conditions. An alternative route through the acid-mediated elimination of 

alcohol 151 gave 152 that was cyclised to give (–)-neoechinulin A (147) with 95% ee. 

 

Scheme 15. Synthesis (–)-neoechinulin A (147).94,95 

The preparation of dehydroDKP 134 was achieved based on the report by Kobayashi and co-

workers (Scheme 16).94,95 Amide coupling of N-Boc-alanine (153) and glycine methyl ester 

(154) gave dipeptide 155 that underwent acid-mediated deprotection followed by cyclisation 

to give DKP 156. Acetyl protection of 156 gave 149 that underwent base-mediated 

condensation with the known N-acetylindole-3-carbaldehyde (157)97 to give DKP 158, as a 

single isomer that was assigned as the Z-isomer based on previous work.94,95 Subsequent 

deprotection gave the oxidative ring opening precursor 134. 
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Scheme 16. Synthesis of model dehydroDKP 134. 

2.2.1.2. Oxidative ring cleavage of model dehydroDKP 

With dehydroDKP 134 in hand, we turned our attention to the oxidative cleavage of the indole 

ring (Scheme 17). In biological systems, the ring opening of tryptophan (74) by incorporation 

of both oxygen atoms of O2 and resulting cleavage of the C2–C3 bond is the first step in the 

formation of kynurenine (73), the precursor of many secondary metabolites.98 The heme-

containing dioxygenase, tryptophan 2,3-dioxygenase (TDO) is responsible for this 

transformation. Another dioxygenase, indole 2,3-dioxygenase (IDO), has been implicated in 

this reaction in substrates including L- (74) and D-tryptophan (159), 5-hydroxytryptophan 

(160), tryptamine (161), and serotonin (162). It has also been suggested that this reaction can 

also occur non-enzymatically in Nature by reaction with singlet oxygen.99 
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Scheme 17. Oxidative ring cleavage of indoles.  

The photooxidative cleavage of electron-rich enamines has been known since 1960s100 and the 

extension of the concept to the cleavage of indoles is prevalent in literature.101–104 In general, 

the reaction requires the use of a sensitiser (Sens), for example, Rose Bengal or methylene blue, 

that is excited by visible light to the singlet state (1Sens*) (Scheme 18).105 The 3Sens* converts 

triplet oxygen (3O2) to its excited singlet state (1O2) that then reacts with the substrate. 

Extensive mechanistic studies have shown that the reaction of singlet oxygen with indoles is a 

step-wise process involving the conversion of zwitterionic peroxide 163 to 1,2-dioxetane 164 

that collapses into anilide 165.103,104,106–109 The 1,2-dioxetane intermediate 164 (R = Ac, Rʹ = 

Me) has been isolated and characterised from this reaction.103,110 
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Scheme 18. Mechanism of singlet oxygen-mediated indole ring cleavage.  

We attempted the oxidative cleavage of dehydroDKP 134 using singlet oxygen (Scheme 19). 

The photooxygenation of 134 was attempted using methylene blue and Rose bengal as the 

photosensitiser in the presence of light and an atmosphere of air. Small amounts indole-3-

carbaldehyde (166) was isolated from the reactions, along with unreacted starting material 

(134), and none of the desired ring-opened product 135 was obtained.  

 

Scheme 19. Reaction of singlet oxygen with model dehydroDKP 134. 

To explain this result, we considered the electronics of our system. Singlet oxygen, an 

electrophile, reacts preferentially with electron-rich alkenes.111 Although indole C2–C3 bonds 

usually are sufficiently electron-rich to react with singlet oxygen, singlet oxygen has also been 

shown react with dehydroDKPs. For example, singlet oxygen was able to cleave the exocyclic 

alkene in dehydroDKP 167 to give triketopiperazine 168 and benzaldehyde (Scheme 20).112 In 

our case, the formation of indole-3-carbaldehyde (166) presumably occurs through the 
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preferential oxidative cleavage of the enamine of the dehydroDKP over the indole, although 

we were unable to isolate the triketopiperazine fragment to unequivocally confirm this 

undesired reaction pathway.  

 

Scheme 20. Singlet oxygen-mediated cleavage of dehydroDKP 167.112 

To direct the reaction of singlet oxygen towards the formation of our desired product, we 

installed the electron-donating para-methoxybenzyl (PMB) group113 on the indole N–H in 

order to make the indole C2–C3 bond more electron-rich (Scheme 21). Base-mediated 

condensation of known indole 169114 with DKP 149 gave dehydroDKP 170 that was subjected 

to the same photooxygenation conditions using methylene blue as dehydroDKP 134. 

Unfortunately, we only observed formation of indole 169, resulting from the cleavage of the 

dehydroDKP enamine, and none of the desired ring-opened product 171 was obtained. 

 

Scheme 21. Reaction of singlet oxygen with PMB-protected model dehydroDKP 169. 

As singlet oxygen-mediated oxidative ring opening of our model DKP was unsuccessful, we 

investigated the use of other oxidants to effect this reaction. m-Chloroperbenzoic acid (m-

CPBA) has been shown to promote the cleavage of C2–C3 bonds in 3-substituted indoles.115,116 
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The mechanism of m-CPBA oxidation of indoles was once believed to be an ionic process,117 

however, the mechanism has since been revised following developments in radical 

chemistry.118 Indoles typically have low oxidation potentials119,120 and are susceptible to 

electron transfer processes promoted by peroxides.  According to the current widely-

established mechanism, the reaction begins with an electron transfer process between the indole 

(172) and m-CPBA to give radical cation 173 (Scheme 22).118 The resonance form 174, can 

then react in two different ways, in the absence of oxygen (Pathway A) or presence of oxygen 

(Pathway B). In Pathway A, radical cation 174 reacts with benzyloxy radical 175 to give imine 

176 that reacts with another molecule of m-CPBA to give oxaziridine 177. Ring opening, 

promoted by release of m-chlorobenzoic acid (178), furnishes acetamide 179. Under oxygen-

rich conditions, reaction of radical cation 174 with oxygen gives alkoxy radical 180 that upon 

β-scission to imine radical 181 followed by reaction with oxygen gives acetamide 179. 

 

Scheme 22. Mechanism of m-CPBA-mediated ring opening of indoles.118 

  



44 

 

As the mechanism for peroxide-mediated oxidation of indoles has been established as a radical 

process, we anticipated that model DKP 134 would likely react with m-CPBA at the indole 

moiety rather than the alkene. Upon subjecting DKP 134 to oxidation with m-CPBA, a trace 

amount of oxindole 182 was isolated from the reaction mixture (Scheme 23). We propose that 

following single electron transfer between m-CPBA and the indole of DKP 134, recombination 

of 183 with benzoyl radical 175 gave 184 that underwent oxidation with m-CPBA to give 185. 

Cleavage of the C2–C3 bond of 185 with concurrent release of m-chlorobenzoic acid would 

give the desired product 135 (blue). However, we observed the preferential ring opening of the 

oxaziridine ring of intermediate 185 gave imino-alcohol 186 that tautomerises to the observed 

3-hydroxyoxindole 182 (red). The formation of 3-hydroxyoxindoles has been seen in the 

oxidation of indoles with hypervalent iodine,121–123 dimethyldioxirane,124,125 pyridinium 

chlorochromate,126 tert-butylhydroperoxide,127 benzoyl peroxides,128 chloroperoxidase,129 and 

Swern reaction conditions.130 Efforts to improve the yield of oxindole 182 or promote the 

formation of the desired product 135 by changing solvent systems (methanol, DMF) and 

temperature ranges were unsuccessful. 

 

Scheme 23. Reaction of m-CPBA with model dehydroDKP 134. 
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Ozone117,131 and sodium periodate132 are also frequently reported to effect the oxidative ring 

cleavage of 3-substituted indoles. Unfortunately, the reaction of DKP 134 with ozone and 

sodium periodate resulted in intractable mixtures, likely the result of indiscriminate oxidation. 

The ozonolysis of alkenes is well-established131 and it has been shown that functional groups 

like amides can also be oxidised by ozone.133 Sodium periodate can also react with alkenes to 

form diols and epoxides.134 

 

Scheme 24. Attempted oxidative cleavage of dehydroDKP 134 with ozone and sodium 

periodate. 

2.2.2. Synthesis of enedione from hydroxyDKP 

As we were unable to selectively cleave the indole C2–C3 bond in the presence of the 

dehydroDKP double bond, a modified strategy was developed. We sought to install the double 

bond after cleavage of the indole ring and envisioned that an oxidative ring opening could be 

achieved on hydroxy DKP 187 to give 188. Elimination of the alcohol of 188 would give the 

desired enedione 135 (Scheme 25). 
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Scheme 25. Proposed synthesis of enedione 135 from hydroxyDKP 187. 

2.2.2.1. Synthesis of hydroxyDKP 

Our initial objective was the preparation of hydroxyDKP 187 (Scheme 26A). We proposed that 

hydroxyDKP 187 can be accessed from oxidation at the C3 side chain of saturated DKP 189. 

The DKP motif (red) is found in many natural products and biologically-active 

compounds.88,135,136 At the most fundamental level, DKPs are the smallest cyclic peptides, 

comprising the head-to-tail attachment of two amino acids (Scheme 26B). DKPs can be 

prepared by the thermal cyclocondensation of amino acids, however this method is poor 

yielding and is limited to the preparation of symmetrical DKPs.137 Improved yields were seen 

in microwave-promoted reactions, although racemisation is often observed.138 
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Scheme 26. A) Proposed synthesis of hydroxyDKP 187 from DKP 189 and B) the head-to-tail 

condensation of amino acids to give DKPs. 

The preparation of unsymmetrical DKPs can be achieved using a number of methods (Scheme 

27). A commonly-employed protocol is the acid- or base-mediated cyclisation of dipeptides 

with an amine at one terminus and ester at the other. In the synthesis of the bacterial natural 

product okaramine N (190), Baran and co-workers found that excess diethylamine resulted in 

cleavage of the Fmoc protecting group of dipeptide 191,  prompting cyclisation to give DKP 

192 (Scheme 27A).139 The cyclisation-precursor to DKPs can also be accessed from an Ugi-

multicomponent reaction between an amino acid, amine, aldehyde, and cyclohexenyl isonitrile, 

which allows for quick access to chemical diversity (Scheme 27B).140 Treatment of dipeptide 

193 with acid removed the Boc protecting group, with concurrent formation of N-acyliminium 

194 that acts as an ‘activated’ amide to allow nucleophilic attack by the amine, furnishing DKP 

195. DKPs have also been prepared using an intramolecular aza-Wittig reaction (Scheme 

27C).141 Acylation of amino acids with chloroacetyl chloride followed by displacement with 

sodium azide gave 196 that was treated with triphenyl phosphine. The resulting 

iminophosphorane 197 underwent cyclisation to give imino ether 198 that is hydrolysed to give 

DKP 199.   
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Scheme 27. Synthetic routes to DKPs.139–141 
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The substitution pattern on our DKP system (189) can be accessed from readily-available 

amino acids using a procedure published by Reisman and co-workers.142 The amide coupling 

reagent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) was used to conduct the 

amide coupling between tryptophan methyl ester (200) with N-Boc-alanine (153) (Scheme 28). 

The resulting dipeptide 201 was used without purification in an acid-mediated deprotection 

followed by cyclisation using ammonium hydroxide to give DKP 188 in 67% over three steps. 

 

Scheme 28. Synthesis of saturated DKP 189. 

With the requisite DKP in hand, we turned our attention to the installation of the hydroxyl 

group. Although the oxidation of indoles typically occur at the C2–C3 bond (refer to Section 

2.2.1.2.) or the C2 position, treatment of 3-substituted indoles with 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone (DDQ) in the presence of water results in the oxidation of the side chain at 

C3, a reaction referred to as the Yonemitsu oxidation.143 In the formative investigations by 

Yonemitsu, the reaction of tetrahydrocarbazole (202) with DDQ in methanol was found to give 

tetrahydracarbazol-4-one (203) (Scheme 29A). The yield improved when the reaction was 

performed in aqueous THF, which prompted the proposal that water has a vital role in this 

reaction. The authors proposed that the reaction mechanism involves dehydrogenation of 202 

followed by addition of water to give tetrahydrocarbaz-4-ol (204). Another dehydrogenation 

and subsequent isomerisation would give tetrahydracarbazol-4-one (203). A Yonemitsu 

oxidation has been employed in the oxidation of tryptophan DKP 205 to give 206 (Scheme 

29B).144 
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Scheme 29. A) Yonemitsu reaction mechanism143 and B) Yonemitsu oxidation of DKP 205. 

144 

Subjecting DKP 189 to Yonemitsu oxidation conditions143 gave small amounts of the desired 

product 207 that was identified using 1H NMR, 2D NMR techniques, and high resolution mass 

spectrometry (Scheme 30). Unexpectedly, the ketone 207 was isolated as a 1:1 mixture of 

diastereomers. The formation of diastereomers likely resulted from the enol-keto 

tautomerisation of 207, a process commonly observed in 1,3-dicarbonyls.145,146 The isolated 

product was assigned as the keto-tautomer due to the presence of the singlet C*–H peaks of 

keto-207a and 207b that was observed in the 1H NMR spectrum, instead of an O–H peak of 

the enol-207. 
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Scheme 30. Yonemitsu oxidation of DKP 189. 

To unequivocally assign the structure of ketone 207, we endeavoured to improve the yield and 

scale up this reaction. Unfortunately, we found that ketone 207 was water-soluble and upon 

aqueous work-up to remove the DDHQ by-product, the majority of ketone 207 also remained 

in the aqueous phase, as observed by TLC analysis. Even as neutral compounds, DKPs have 

been shown to be water-soluble due to their ability to form hydrogen bonds with the solvent 

through the two cis amide groups present in the flat ring.147 In DKP 207, the introduction of a 

ketone (that can tautomerise to the enol form) adds another H-bonding site on top of the existing 

two H-bond acceptor (red) and two H-bond donor sites (blue), further increasing the ability to 

form hydrogen bonds with water (Scheme 31). 

 

Scheme 31. H-bonding sites of DKP 207.  
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2.2.2.2. Synthesis of hydroxydipeptide 

As we were unable to isolate practical amounts of ketone 207, we proposed that a reordering 

of synthetic steps would circumvent the solubility issues encountered with ketone 207. 

Dipeptide 208 was prepared from amide coupling of alanine methyl ester (209) and N-Boc 

tryptophan (210) and was then subjected to Yonemitsu oxidation conditions (Scheme 32). To 

our delight, the desired product 211 was obtained in 80% yield as a 3:7 mixture of 

diastereomers. 

 

Scheme 32. Synthesis of dipeptide ketone 211. 

With oxidised dipeptide 211 in hand, we turned our attention to the reduction of the ketone 

(Table 1). Under standard reduction conditions using sodium borohydride in ethanol at room 

temperature,148 the ketone of dipeptide 211 was reduced to the corresponding alcohol, with 

concurrent reduction of the ester to give 212 (Entry 1). The presence of the ester is imperative 

for the DKP formation step, so investigations were required to selectively form the desired 

product 213. However, reducing the equivalents of the reducing agent decreased the yield of 

alcohol 212, without formation of the desired product 213 (Entry 2). Although it is well-known 

that esters are generally inert to sodium borohydride,149 reduction of esters by sodium 

borohydride has been reported to occur in protic solvents at room temperature.150 This 

observation is attributed to the in situ formation of alkoxyborohydrides that are capable of 

reducing esters; alkylborates are weaker Lewis acids than borane and thus more readily release 

hydride.151,152 By switching to an aprotic solvent, THF, the desired product 213 was isolated in 

15% yield, although the reaction did not go to completion and unreacted starting material was 

recovered (Entry 3). Reverting to ethanol at a lower temperature hindered the undesired ester 

reduction, affording a 20% yield of the desired product 213, along with recovered starting 

material (Entry 4). Increasing to four equivalents of reducing agent improved the yield of the 

desired product 213 to 45%, with 45% of starting material recovered (Entry 5). 



53 

 

Table 1. Reduction of ketone 211. 

 

Entry NaBH4 (equiv.) Solvent Temperature 211 (%) 212 (%) 213 (%) 

1 2 EtOH r.t. - 32 - 

2 1 EtOH r.t. - 20 - 

3 2 THF r.t. 30 - 15 

4 1 EtOH 0 °C 42 - 20 

5 4 EtOH 0 °C 45 - 45 

 

The hydroxydipeptide 213 was then subjected to oxidative cleavage. Reaction of 213 with m-

CPBA afforded the desired ring-opened product 214 (Scheme 33). Unfortunately, the reaction 

suffered from poor yields as we encountered difficulties separating the product from the spent 

oxidant m-chlorobenzoic acid (178). However, subjecting hydroxypeptide 213 to ozonolysis 

resulted in the exclusive formation of the desired product 214, which could be purified and 

isolated in acceptable yield. 

 

Scheme 33. Oxidative ring opening of hydroxydipeptide 213. 

2.2.2.3. Cyclisation of ring-opened hydroxydipeptide 

Following the successful oxidative ring cleavage of hydroxydipeptide 213, we turned our 

attention to the formation of the DKP ring. The reaction sequence involves an initial 

deprotection of the Boc group to generate the free amine 215, followed by cyclisation onto the 
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ester to form the DKP ring of 188 (Table 2). Hydroxypeptide 214 was exposed to trifluoroacetic 

acid (TFA) at room temperature until the disappearance of the starting material as judged by 

TLC analysis. The use of base is commonly reported for the cyclisation step. However, the use 

of a range of bases including morpholine,153 trimethylamine,154 diisopropylamine,155 and 

ammonium hydroxide156 resulted in intractable mixtures (Entries 1–4). Reaction of 214 with 

TFA followed by stirring in refluxing solvent also resulted in a complex mixture (Entry 5). 

Attempts to isolate and purify the putative free amine 215 were unsuccessful, and there were 

no discernible peaks in 1H NMR spectrum of the crude reaction mixture. We investigated other 

methods to deprotect the Boc-amine. The use of anhydrous hydrochloride to remove the Boc 

group, followed by cyclisation in refluxing toluene157 and a one-pot deprotection-cyclisation 

using p-toluene sulfonic acid (p-TSA) also led to intractable mixtures (Entries 6 and 7).158 We 

attempted a catalyst-free cyclisation in refluxing toluene,159 which unfortunately resulted in no 

reaction (Entry 8). 

Table 2. DKP cyclisation of 214. 

 

Entry Step 1 Conditions Step 2 Conditions Outcome 

1 TFA, CH2Cl2, 0 °C to r.t. Morpholine, t-BuOH, r.t.153 Complex mixture 

2 TFA, CH2Cl2, 0 °C to r.t. Et3N, CH2Cl2, r.t.154 Complex mixture 

3 TFA, CH2Cl2, 0 °C to r.t. DIPEA, MeCN, 0 °C to 50 °C155 Complex mixture 

4 TFA, CH2Cl2, 0 °C to r.t. NH4OH, MeOH, r.t.156 Complex mixture 

5 TFA, CH2Cl2, 0 °C to r.t. DCE, 40 °C to reflux160 Complex mixture 

6 HCl (4 M in dioxane), 0 °C PhMe, reflux157 Complex mixture 

7 - p-TSA, PhMe, r.t.158 Complex mixture 

8 - PhMe, reflux159 n.r. 
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We postulated that under the basic or acidic reaction conditions the free hydroxyl group of 214 

was likely reacting as a nucleophile or eliminating, leading to indiscriminate side-reactions that 

competed with the DKP cyclisation. The introduction of a protecting group would prevent such 

side reactions. However, attempts to install an acetyl protecting group on the alcohol resulted 

in a complex mixture from which no products could be identified (Scheme 34). 

 

Scheme 34. Attempted acetyl protection of alcohol 214. 

2.2.2.4. Oxidation of ring-opened DKP 

Given the failure of cyclisation in the presence of a hydroxyl group, the rearrangement of events 

was again investigated, with the aim to install the hydroxyl group after the formation of the 

DKP ring. Following the procedure reported by Marshall,161 dipeptide 208 was subjected to 

oxidative ring cleavage by m-CPBA to give 216, followed by deprotection and base-mediated 

cyclisation to give DKP 217 (Scheme 35).  In addition, a small amount of the deformylated 

product 90 was isolated from the reaction mixture. As anilides have been shown to undergo 

hydrolysis under aqueous basic conditions,162 we suspect that a small amount of water was 

present in the reaction and promoted deformylation. 

 

Scheme 35. Synthesis of saturated DKP 217. 
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DKP 217 was subjected to a range of conditions to oxidise the position α to the carbonyl (Table 

3). When 217 was subjected to oxidation with DDQ or selenium dioxide no reaction was 

observed at room temperature and increasing reaction temperatures led to degradation of the 

starting material (Entries 1 and 2). Similarly, oxidation with 2-iodoxybenzoic acid (IBX)163 

resulted in degradation at elevated temperatures (Entry 3). A two-step process involving 

bromination with N-bromosuccinimide (NBS), followed by hydrolysis164 was attempted, 

however, no reaction was observed at room temperature and at elevated temperatures, trace 

amounts of the deformylated starting material 90 was produced (Entry 4). Attempting the 

bromination without hydrolysis using NBS and ammonium acetate165 also resulted in small 

amounts of deformylation (Entry 5). 

Table 3. Attempts to functionalise the α-carbonyl position of DKP 217. 

 

Entry X Conditions Outcome 

1 O DDQ, MeOH, r.t. to reflux Degradation 

2 O SeO2, dioxane/H2O, r.t. to reflux Degradation 

3 OH IBX, DMSO, r.t. to 70 °C163 Degradation 

4 OH NBS, DMSO, r.t. to reflux164 90 (trace) 

5 Br NBS, NH4OAc, CCl4, r.t. to reflux165 90 (trace) 
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2.2.3. Synthesis of enedione from 2-nitrophenylglyoxal and DKP  

As we were unable to synthesise enedione 92 from a variety of indole-based structures, we 

turned our investigation to the use of other readily-available starting materials. We envisioned 

that aldol condensation of DKP 156 with a 2-substituted phenylglyoxal would circumvent the 

problematic oxidative ring opening step previously encountered. We proposed that 

condensation between 2-nitrophenylglyoxal 218 with DKP 156 would give nitro enedione 219, 

after which the nitro moiety would be reduced to give the desired enedione 92 (Scheme 36). 

 

Scheme 36. Synthesis of enedione 92 from glyoxal 218 and DKP 156. 

2.2.3.1. Synthesis of 2-nitrophenylglyoxal  

A literature search showed that glyoxal 218 can be prepared from the Riley oxidation of 

commercially-available 2-nitroacetophenone (220) (Scheme 37). Replicating this procedure 

for the oxidation of the α-carbonyl methylene group of 2-nitroacetophenone (220) was 

achieved in good yield.166 The reaction begins with the tautomerisation of the ketone of 220 to 

its enol form that attacks the electrophilic selenium centre to give 221.167 A Pummerer-like 

rearrangement gives selenoxide 222 that is attacked by water at the α-carbonyl position to give 

223. Liberation of selanol drives the formation of 1,2-dicarbonyl 218. Although the product 

was isolated as a yellow liquid, the formation of a sticky solid was observed upon standing 

over a week. Like many other aldehydes, glyoxals are known to polymerise,168,169 thus it was 

necessary to use glyoxal 218 shortly after purification. 
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Scheme 37. Riley oxidation of 2-nitroacetophenone (220) to give phenylglyoxal 218.167 

2.2.3.2. Condensation of 2-nitrophenylglyoxal and DKP  

Although there are currently no reports describing the condensation of glyoxals with DKPs, 

there is literature precedent for the use of phenylglyoxals in condensation reactions with other 

substrates. For example, arylglyoxals underwent a Knoevenagel reaction with 1,3-

dimethylbarbituric acid (224) in glacial acetic acid to give a series of triones 225 (Scheme 

38A).170 A recoverable magnetic nanocatalyst was developed to catalyse the aldol condensation 

of arylglyoxals with thiazolidine (226, R = S) and imidazolidines (226, R = NH) (Scheme 

38B).171 The condensation of phenylglyoxal (227) with indolone 228 in toluene at reflux gave 

the indolone 229 as a 4:6 mixture of Z:E isomers along with a small amount of the deacetylated 

product 230 as the Z-isomer (Scheme 38C).172 On the other hand, Bierer and co-workers 

obtained alcohol 231 when catalytic piperidine was used at room temperature in the 

condensation of 2-nitrophenylglyoxal (218) with the same indolone 228 (Scheme 38D). 

Alcohol 231 then underwent elimination and deacetylation to give 232 that was transformed to 

azepinone 233, in synthetic studies towards the natural product cryptoheptine (234).166 



59 

 

 

Scheme 38. Condensation reactions of phenylglyoxals.166,170–172 

Encouraged by the literature evidence for phenylglyoxals in condensation reactions, we 

subjected 2-nitrophenylglyoxal (218) and DKP 149 to conditions we had previously employed 

for condensations with DKP 149 (Scheme 39). Upon stirring the starting materials with solid 

potassium t-butoxide, a small amount of the desired product 235 was obtained, even though 

the complete disappearance of glyoxal 218 was observed (TLC and 1H NMR). We suspect that 

degradation of glyoxal 218 was occurring, possibly caused by potassium hydroxide that was 

likely present from the hydrolysis of potassium t-butoxide due to atmospheric moisture.173,174 
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Potassium hydroxide has not been used in any reported condensation reactions of DKPs, as it 

is a weaker base (pKa = 15.74) than potassium t-butoxide (pKa = 19.2)175 and thus likely unable 

to promote condensation reactions with DKPs. To mitigate this problem, potassium t-butoxide 

as an anhydrous solution in THF was used and the desired product, nitro enedione 235 was 

obtained in acceptable yield. 

 

Scheme 39. Condensation of 2-nitrophenylglyoxal (218) with DKP 149. 

2.2.3.3. Stereochemistry of condensation product  

To determine the stereochemistry of the double bond present in enedione 235, 2D NMR 

spectroscopic data was examined. NOE data showed correlations between the vinylic proton 

(Hb) and aromatic proton (Ha) (blue), and between the vinylic proton (Hb) and the DKP N–H 

(red) (Figure 20). Their spatial proximity was determined from 3D models calculated from 

molecular mechanic simulations using Chem3D 17.1. As the distances between these protons 

in both isomers are reasonable for NOE correlations, we are unable to unequivocally determine 

the stereochemistry using NOE data. 
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Figure 20. NOE correlations and 3D structures predicted by Chem3D 17.1 of enedione 235. 

We considered the mechanism of this reaction to establish the stereochemistry of 235. The 

condensation between DKP 236 and  benzaldehyde to give 237 was first reported using sodium 

acetate in acetic anhydride (Scheme 40A).176 It was later discovered that 1,4-diacetylDKP 238 

was the intermediate in this reaction, as it was shown to successfully undergo condensation, 

with concurrent deacetylation (Scheme 40B).177 Further studies showed that condensation of 

aldehydes with 2,5-substituted DKP 239 gave the O-acetyl product 240, that is unable to 

eliminate, implicating an N to O acyl shift in the deacetylation (Scheme 40C).178  
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Scheme 40. Early advances in condensation reactions between DKPs and aldehydes.176–178 

The N to O acyl migration observed in the formation of 240 suggests that elimination occurs 

with anchimeric assistance of the acetyl group, a mechanistic aspect of the Perkin reaction to 

make cinnamic acids (Scheme 41A).178 In the Perkin reaction, nucleophilic attack of an 

aromatic aldehyde 241 by the enol-tautomer of acetic anhydride gives 242 that undergoes an 

intramolecular acyl substitution to give acid 243. Abstraction of the α-proton and resulting 

elimination of acetic acid gives the α,β-unsaturated acid 244. The condensation of DKPs with 

aldehydes has been proposed to be mechanistically-similar to the Perkin reaction.178 The 

condensation of glyoxal 218 with DKP 149 begins with nucleophilic attack of glyoxal 218 by 

the enol-tautomer of DKP 149 (Scheme 41B). An intramolecular N to O acyl transfer to give 

intermediate 245 followed by elimination of the O-acyl group gives the condensation product 

237. 
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Scheme 41. A) Mechanism for the Perkin condensation and B) the Perkin-like condensation 

of glyoxal 218 and DKP 149.178 

The mechanism of the elimination of O-acyl intermediate 245 determines the stereochemistry 

of the double bond (Scheme 42). In order for elimination of 245 to occur, the transition state 

must have parallel alignment of the orbitals of the carbon containing the leaving group (C1) 

and the departing hydrogen (C2). Two anti-coplanar (180°) transition states exist, wherein the 

relationship between the carbonyl of the DKP and the aromatic ring are cis (245aʹ and 245aʹʹ) 

and trans (245b). Zimmerman and co-workers justified the stereoselectivity seen in the Perkin 

reaction,179 on the basis of the adjacent carbonyl (C*=O) that is involved in the stabilisation of 

the electron pair on C2. The presence of a group cis to the C*=O will have steric effects and 
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force the carbonyl group out of plane of the incipient double bond (245aʹʹ). Consequently, the 

poor orbital overlap increases the energy of transition state 245a, disfavouring the formation 

of (E)-235. In transition state 245b, the unhindered C*=O is in plane, allowing stabilisation of 

the negative charge, and leading to the favoured (Z)-235. 

 

Scheme 42. Orbital diagrams of anti-coplanar transition states in the elimination of 245. 

Most literature reports of condensation reactions of 1,2-diacetylDKPs with aromatic94,95,180–190 

and aliphatic191 aldehydes report the exclusive formation of the Z-alkene, established with NOE 

studies and X-ray crystallography. The E-alkenes have been isolated as the minor products in 

condensations with some aliphatic aldehydes178,192,193 and more rarely, aromatic 

aldehydes.194,195 Davies and co-workers were required to employed two different methods in 

order to prepare both isomers of 246 (Scheme 43).196 Condensation of DKP 247 with 
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benzaldehyde furnished exclusively (Z)-248, that was further converted to (Z)-246. On the 

other hand, a Horner-Wadsworth-Emmons reaction of 249 was used to form (E)-246, the 

structure of which was confirmed with X-ray crystallography. 

 

Scheme 43. Preparation of (Z)- and (E)-246 by Davies and co-workers.196 

On the basis of these mechanistic considerations, we propose that our condensation product is 

the Z-isomer. X-ray crystallography is required to unambiguously determine the 

stereochemistry but our attempts to procure a crystal suitable for XRD were unsuccessful.  

2.2.3.4. Reduction of nitro enedione 

Following its successful synthesis, nitro enedione 235 was subjected to deprotection (Scheme 

44). Hydrochloric acid-mediated deacetylation of enedione 235 furnished dehydroDKP 219 in 

good yield. 

 

Scheme 44. Deprotection of nitro enedione 235. 

  



66 

 

We then turned our attention to the reduction of the nitro group of enedione 219 (Scheme 45A). 

Reduction of nitro groups can be performed under homogenous catalytic conditions with 

metals at low oxidation states.197 The reduction of nitrobenzene is proposed to proceed through 

a series of sequential and parallel steps (Scheme 45B).198 In the sequential pathway, a series of 

two-electron transfers from the metal surface and protonation events gives nitrosobenzene, 

phenylhydroxylamine, and then aniline. Any of the intermediate species can undergo a 

condensation reaction to the parallel pathway to form azoxybenzene, azobenzene, and 

hydrazobenzene. The exact sequence of events varies with reaction pH, solvent, and metal 

surface composition.199  

 

Scheme 45. A) Reduction of nitro enedione 219 and B) mechanism of homogenous metal-

catalysed nitro reduction.198 
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The reduction of nitro group of enedione 219 was investigated using homogenous catalytic 

conditions (Table 4). A common reduction system is zinc and acetic acid;200 subjecting 219 to 

Zn/AcOH at 0 °C resulted in reduction of the nitro group and concurrent reduction of the double 

bond to give the saturated DKP 90 as a mixture of diastereomers (Entry 1). These conditions 

do not typically reduce alkenes, however, the C=C bond in enediones are more electron-

deficient and hence more susceptible to reduction.201–203 Presumably, the reduction of the nitro 

group of 219 with Zn/AcOH is facile and occurs rapidly to give 92, that is further reduced to 

saturated DKP 90. A milder procedure using zinc and ammonium chloride in a surfactant has 

been reported to reduce nitro groups,204 however, under these conditions, no reaction was 

observed with enedione 219 (Entry 2). To improve chemoselectivity of the reaction, conditions 

using other metals that can selectively reduce nitro groups were investigated. Subjecting 

enedione 219 to samarium iodide205 gave the desired product 92 in 15% yield (Entry 3). The 

use of tin chloride206 improved the yield of the desired product 92 to 77% (Entry 4).  

Table 4. Reduction of nitro enedione 219 under homogenous metal-catalysed conditions. 

 

Entry Conditions Outcome 

1 Zn, AcOH, EtOH, 0 °C200 92 (0%), 90 (40%) 

2 Zn, NH4Cl, TPGS-750-M, H2O, 40° C204 92 (0%) 

3 SmI2 (1 M in THF), EtOAc, THF, r.t.205 92 (15%) 

4 SnCl2∙2H2O, EtOH, reflux206 92 (77%) 

 

Although the reduction of nitro enedione 219 with tin chloride gave the desired product 92, the 

reaction work-up was difficult due to the formation of large amounts of insoluble tin waste. 

The work-up procedures for heterogeneous catalytic reactions are more facile—typically only 

filtration of the catalyst is required.207 The use of heterogeneous catalysis to reduce nitro groups 

have been reported with the use of metals (palladium, platinum, ruthenium, nickel) on various 

solid supports, tuned to impart chemoselectivity.197,208,209 To our delight, the use of readily-
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available palladium on carbon in ethanol210,211 at 0 °C selectively gave the desired product 92 

in quantitative yield with no reduction of the double bond apparent (Scheme 46).  

 

Scheme 46. Hydrogenolysis of nitro enedione 219. 

The chemoselectivity shown in this reaction was somewhat unexpected, as palladium on carbon 

can promote hydrogenation as well as hydrogenolysis reactions.212 Hydrogenation is the 

addition of hydrogen across π bonds (e.g. C=C bond) and hydrogenolysis is the addition of 

hydrogen across σ bonds resulting in bond cleavage (e.g. carbon-halide bond) (Scheme 47). 

The selective hydrogenolysis of nitro groups in the presence of double bonds is typically more 

difficult under heterogeneous catalysis than homogeneous conditions,207 with some reports of 

preferential reduction of double bonds over nitro groups.209  

 

Scheme 47. Hydrogenation and hydrogenolysis. 

The selectivity in our system can be explained by the strength and configuration of substrate 

adsorption on the catalyst surface. The adsorption-reaction-desorption model for 

heterogeneous reactions suggests that rate of reaction is partly dependent on the strength of 

adsorption.213 Nitro groups form stronger chemisorptive bonds on the metal surface than other 

functional groups, limiting access to adsorption sites to other groups.209 The chemo- and 

regioselectivity of hydrogenation reactions are based on contact of the compound with the 

catalyst,214 and as the nitro group of 219 can be adsorbed parallel or vertical to the catalyst 

surface,209,215 the distal C=C bond is in an unfavourable geometry for synchronous adsorption 

(Figure 21).  
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Figure 21. Schematic representation of chemisorption of nitro enedione 219. 

2.2.4. Paal-Knorr reaction 

With enedione 92 in hand, we turned our attention to the key step, the Paal-Knorr cyclisation 

to furopyrazine 93 (Scheme 48). We propose that the formation of the furopyrazine ring begins 

with the isomerisation of (Z)-92 to (E)-92; dehydroDKPs have been reported to undergo light-

216 and acid-mediated217 isomerisation. In a Paal-Knorr-type reaction, nucleophilic attack by 

the amide oxygen of 92 would give acetal 94 that upon loss of water would furnish the 

furopyrazine ring of 93. 

 

Scheme 48. Proposed isomerisation-cyclodehydration of dehydroDKP 92 to give furopyrazine 

93. 



70 

 

2.2.4.1. Background of the Paal-Knorr reaction 

The Paal-Knorr reaction is the cyclodehydration of 1,4-dicarbonyls to furans, that can also be 

applied to the synthesis of pyrroles and thiophenes, in the presence of amines and sulfurising 

agents, respectively (Scheme 49). Common reagents used in Paal-Knorr furan synthesis include 

Brønsted acids (sulfuric acid,218 hydrochloric acid,219 p-TSA,220 TFA221), Lewis acids (zinc 

chloride,222 boron trifluoride etherate223), and dehydrating agents (phosphorus pentoxide,224 

polyphosphoric acid225). The use of deep eutectic solvents,226 ionic liquids,227 and microwave 

irradiation228 have also been reported to effect this reaction. 

 

Scheme 49. The Paal-Knorr reaction. 

The mechanism of the Paal-Knorr reaction was studied using quantum chemical methods by 

Bharatam and co-workers.59 The transformation of hexane-2,5-dione (78) to furan 79 was used 

to demonstrate the energy requirements of the monoenol pathways under anhydrous (red) and 

aqueous acidic (blue) conditions (Scheme 50A). Under neutral conditions, the cyclisation step 

(A to B) is associated with a very high energy barrier (Ea = +39.8 kcal mol-1). The transition 

state TS(A–B) shows that the simultaneous proton transfer and nucleophilic attack of the 

oxygen is a highly strained process (Scheme 50B). The participation of water in the transition 

state TS(D–E) reduces the energy barrier (Ea = +11.5 kcal mol-1) by bridging two oxygen 

atoms, facilitating proton transfer and thus stabilising the conformation required for the 

cyclisation process. Furthermore, under neutral conditions, the water elimination step from B 

to 79 is also highly energy demanding, requiring 54.7 kcal mol-1. The water-assisted 

dehydration from E to F, has a significantly lower energy barrier (Ea = +11.5 kcal mol-1). 

Intermediate F loses a proton to give 79 in an endergonic step that is offset by exergonic 

protonation from C to D. The energy requirements for the monoketal pathways (not shown) 
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were likewise calculated, which was also shown to be more favourable with water participation 

under acidic conditions. Even though the overall reaction is endergonic, a polar environment 

(e.g. water) may play a role in the driving force for the Paal-Knorr furan synthesis. 

 

Scheme 50. Quantum chemical  calculations by Bharatam and co-workers59 showing A) 

monoenol pathways for Paal-Knorr furan synthesis under neutral anhydrous (red) and aqueous 

acidic (blue) conditions (energy values in kcal mol-1 obtained using M06 method) and B) 3D 

structures of the transition states (distances in Å).59 
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2.2.4.2. Paal-Knorr reaction of enedione  

We initially investigated the Paal-Knorr-type reaction of enedione 92 using mild conditions 

related to physiological environments (Table 5). Stirring enedione 92 in water resulted in no 

reaction at room temperature and degradation of the starting material at elevated temperatures 

(Entry 1). Using buffered aqueous conditions, no reaction occurred (Entry 2). The use of 

surfactants have been reported to be beneficial for dehydration reactions in water due to their 

ability to sequester the organic compound from the surrounding water,229,230 however, stirring 

enedione 92 in water with the surfactant Nok resulted in no reaction (Entry 3). Attempts to 

effect the cyclisation in organic protic (methanol, ethanol, hexafluoroisopropanol) solvents and 

a polar aprotic solvent (dimethylsulfoxide) resulted in starting material degradation upon 

extended reaction times at elevated temperatures (Entries 4–7). The use of the dehydrating 

agent phosphorus oxychloride also resulted in degradation of the starting material (Entry 8). 

Enedione 92 was also subjected to a range of basic conditions, as a proton abstraction initiates 

the cyclodehydration process in our proposed mechanism. The use of caesium carbonate 

(Entries 9 and 10), KF-alumina (Entry 11) and potassium hydroxide (Entry 12) led to no 

reaction at ambient temperature with degradation observed at elevated temperatures. We then 

turned our attention to the use of acids to effect this reaction. To our delight, stirring enedione 

92 in concentrated sulfuric acid gave the desired product furopyrazine 93 in 47% yield (Entry 

13). Reaction of 92 with TFA led to no reaction at room temperature and degradation at 

elevated temperatures (Entry 14) and the use of p-TSA monohydrate in methanol led to trace 

amounts of the product (TLC analysis) (Entry 15).  

  



73 

 

Table 5. Paal-Knorr reaction of enedione 92 to the furopyrazine 93. 

 

Entry Conditions Outcome 

1 H2O, r.t. to 100 °C Degradation 

2 Phosphate buffer pH 7, r.t. n.r. 

3 Nok surfactant, H2O, r.t. to 40 °C n.r. 

4 MeOH, 60 to 100 °C Degradation 

5 EtOH, 60 to 100 °C Degradation 

6 HFIP, r.t. to 100 °C Degradation 

7 DMSO, 60 to100 °C Degradation 

8 P2O5, PhMe, r.t. to 80 °C Degradation 

9 CsCO3, DMF, r.t. to 100 °C Degradation 

10 CsCO3, PhMe, r.t. to 100 °C Degradation 

11 KF/alumina, PhMe, r.t. to 110 °C Degradation 

12 KOH, PhMe, r.t. to 80 °C Degradation 

13 H2SO4, 65 °C 93 (47%) 

14 TFA, r.t. to 80 °C Degradation 

15 p-TSA∙H2O, MeOH, r.t. to 65 °C 93 (trace by TLC) 
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Among the conditions investigated, only the use of neat concentrated sulfuric acid led to the 

isolable amounts of the desired furopyrazine 93. The use of the very strong acid sulfuric acid 

(pKa = ˗3.19)175 is necessary for this transformation and likely aids the dehydration step as 

sulfuric acid is effective in dehydration reactions.231 Concentrated sulfuric acid is highly 

hydroscopic232 and contains water, which may also play a role in this reaction; as discussed 

earlier, Bharatam and co-workers showed that an acid- and water-mediated pathway was the 

most energetically-favourable pathway in the Paal-Knorr furan synthesis.59 Similarly, water 

may be involved in the transformation of enedione 92 to furopyrazine 93 by stabilising the 

protonated intermediate 92H+ during cyclisation step. This would explain why the reaction 

succeeds with sulfuric acid and why no reaction was observed when using anhydrous TFA. A 

trace amount of product was seen when p-TSA monohydrate in an organic solvent was used, 

due to the small amount of water present. 

 

Scheme 51. Participation of water in the cyclodehydration of 92. 
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2.1. Total synthesis of hyrtioseragamine A 

2.1.1. First generation approach: bioinspired synthesis of hyrtioseragamine A 

With the model system validating the proposed biosynthesis of the furopyrazine of the 

hyrtioseragamines from an enedione, we turned our attention to the synthesis of the natural 

product 67 (Scheme 52). In our original biomimetic proposal (red), the oxidative ring opening 

and deformylation of debromobarettin (95) would give the requisite enedione 250 to undergo 

Paal-Knorr cyclisation to hyrtioseragamine A. However, the investigations on a model system 

showed that an oxidative indole ring cleavage cannot be selectively performed in the presence 

of a dehydroDKP C=C bond. An alternative bioinspired route (blue) was proposed in which a 

DKP with guanylated side chain (251) would undergo condensation with glyoxal 218 to give 

dehydroDKP 252. Reduction of the nitro group in dehydroDKP 252 would give enedione 250 

that would be subjected to a Paal-Knorr reaction to give furopyrazine core of hyrtioseragamine 

A. 

 

Scheme 52. Biomimetic (red) and bioinspired (blue) routes to hyrtioseragamine A (67).   
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2.1.1.1. Synthesis of DKP with guanylated side chain 

Our initial focus for this route was the preparation of DKP 251 (Scheme 53A). At the most 

fundamental level, DKP 251 comprises the head-to-tail two-fold dehydration of glycine (253) 

and arginine (72). However, the use of arginine (72) in synthetic sequences can be problematic 

due to the reactivity of the nucleophilic guanidine moiety; the masking of the guanidine group 

is typically required, and a variety of protecting groups are available.233 Although the protection 

of all the nitrogen atoms is ideally required to fully supress the reactivity of the guanidine 

moiety, di- and mono-protection is usually more achievable and the use of bulky and/or 

electron-withdrawing groups can minimise side reactions (Scheme 53B). 

 

Scheme 53. A) Synthesis of DKP 251 from glycine (253) and arginine (72) and B) commonly-

employed guanidine protecting groups. 

Even when protected, the use of arginine derivatives can be problematic; for example, in 

peptide syntheses arginine residues can undergo deguanylation in the presence of excess 

acylating agent and base.234 The di-protected arginine 254 was shown to undergo acylation 

with anhydrides at the guanidine moiety to give 255 that upon deguanylation gave the non-

proteinogenic amino acid ornithine 256 and imidazolone 257 (Scheme 54A). Furthermore, the 

formation of an activated carboxylic acid in arginine derivatives can result in an intramolecular 

cyclisation to give δ-lactams (Scheme 54B). In the amide coupling of arginine 258 with 259, 

13% of δ-lactam 260 was formed alongside the desired amide 261.235 



77 

 

 

Scheme 54. Intramolecular cyclisation reactions of arginine derivatives.234,235 

To avoid the side reactions associated with the use of arginine, an alternative route was 

employed to prepare DKP 251 (Scheme 55). Replicating the procedures of Kelley and co-

workers,236 3-aminopropanol (262) was reacted with the guanylating agent 263 to give di-Boc 

guanylated product 264, that underwent oxidation with Dess-Martin periodinane (DMP) to give 

aldehyde 265. Di-acetylation of glycine anhydride237 gave 238 that was subjected to base-

mediated condensation with aldehyde 265 to give dehydroDKP 266. The non-stereoselective 

hydrogenation of the C=C of dehydroDKP 266 gave (±)-DKP 267. The stereochemistry of C* 

is inconsequential as it will be transformed into an sp2 carbon after the cyclodehydration step. 

DKP 267 was then subjected to a Boc-protection to give di-protected DKP 268. 



78 

 

 

Scheme 55. Synthesis of DKP 268. 

2.1.1.2. Synthesis of guanylated enedione  

Following its successful synthesis, DKP 268 was subjected to a Perkin-type condensation with 

glyoxal 218 (Scheme 56). Potassium t-butoxide-mediated condensation of DKP 268 with 

glyoxal 218 gave the desired enedione 269 in acceptable yield. NOE analysis of 269 showed 

correlations from Hb to Ha and Hb to N–H, the same correlations seen in the model enedione 

235. As previously discussed, the presence of these correlations do not unequivocally 

determine the stereochemistry of the double bond, however, on the basis of literature precedent 

discussed previously (refer to Section 2.2.3.3.) the C=C is tentatively assigned as the (Z)-

isomer. 
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Scheme 56. Synthesis of dehydroDKP 269. 

With dehydroDKP 269 in hand, we attempted the selective removal of the Boc group of the 

DKP as we anticipated that the deprotected guanidine moiety would be problematic. Guanidine 

groups are basic (pKa = 12.5)233 and are thus protonated under neutral conditions. The presence 

of an unprotected guanidine would require careful adjustments of pH to prevent formation of 

the protonated species that would be difficult to purify by column chromatography (which is 

usually performed on an acidic medium). Pleasingly, subjecting dehydroDKP 269 to TFA-

mediated deprotection at 0 °C followed by hydrogenolysis of the crude mixture gave the mono-

deprotected compound 270 in good yield (Scheme 57). Under these conditions, the removal of 

only the Boc group on the DKP was observed, with the guanidine Boc groups remaining intact; 

in the 1H NMR spectrum, two Boc t-butyl groups and three protons bonded to heteroatoms 

were present. The presence of the deprotected DKP N–H was confirmed by an NOE correlation 

between the N–H and the adjacent C*–H. The reason for this selectivity is unclear, but could 

be the result of the difference in nucleophilicity between guanidines and amides. The guanidine 

group is nucleophilic, unlike amides, so cleavage of the guanidine Boc groups is more difficult 

at the low reaction temperature and fast reaction time. 
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Scheme 57. Synthesis of Paal-Knorr precursor 270. 

2.1.1.3. Paal-Knorr reaction of guanylated enedione  

Subjecting 270 to the acidic conditions discovered during the furopyrazine assembly model 

study was anticipated to induce the furopyrazine formation and remove both Boc groups from 

the arginine side-chain to give hyrtioseragamine A (67) (Scheme 58). However, treating 270 

with sulfuric acid led to a vast amount of degradation, even when the reaction was carried out 

at reduced temperatures. Major issues were encountered when basifying the reaction mixture 

(to form the neutral guanidine group), leading to a large amounts of an aqueous solution from 

which it was difficult to recover the polar product (67 contains eight heteroatoms). Analysis of 

the crude reaction mixture by 1H NMR spectroscopy and mass spectrometry did not indicate 

the natural product was present. For the same reasons, we did not attempt to cyclise nitro 

enedione 269 to 271 that could be reduced to hyrtioseragamine A (67), as recovery of polar 

products was predicted to be troublesome.  
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Scheme 58. Attempted cyclisation to hyrtioseragamine A (67). 

2.1.1. Second generation approach: bioinspired synthesis of hyrtioseragamine A using 

late-stage guanylation 

Based on the unsuccessful approach outlined in Scheme 58, a modified strategy was pursued 

that focused on installing the polar guanidine moiety after furopyrazine formation (Scheme 

59). We proposed that a DKP with an N-protected side chain (272) could be subjected to the 

cyclodehydration reaction to give furopyrazine 273. Deprotection and guanylation of the side 

chain would give hyrtioseragamine A (67). 
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Scheme 59. Proposed synthesis of hyrtioseragamine A (67) from DKP with N-protected side-

chain (273). 

2.1.1.1. Nitrogen-protecting groups 

The choice of protecting group required careful consideration based on the synthetic sequence 

it would be expected to survive; the steps in our proposed synthesis include an acid-mediated 

Paal-Knorr reaction, base-mediated condensation, hydrogenation of alkene and nitro groups, 

and oxidation of an alcohol. The most commonly-used amine protecting group is the carbamate 

group t-butoxycarbamate (Boc) (Table 6).238 It is often selected because it can be removed 

under very mildly acidic conditions, which is amenable to compounds with sensitive functional 

groups. Another carbamate, carboxycarbamate (Cbz) is labile under hydrogenation conditions 

as well as acidic conditions. The fluorenylmethyloxycarbonyl (Fmoc) group and benzyl group 

(Bn) are stable under acidic conditions, however, can be cleaved under basic conditions or by 

oxidation, respectively. The pthalimide protecting group is stable under all of these conditions 

and its removal typically requires hydrazinolysis or aminolysis. Additionally, the phthalimide 

group provides the additional benefit of bis-protection of primary amines, which is ideal for 

our synthetic route. 
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Table 6. Lability of some commonly-used N-protecting groups.238 

Cleavage conditions 

 
H2O, pH=1, 

r.t. 

Et3N or 

pyridine 
H2/Pd 

Oxidation 

(KMnO4, 

OsO4) 

 

🗸 🗴 🗴 🗴 

 

🗸 🗴 🗸 🗴 

 

🗴 🗸 🗸 🗴 

 

🗴 🗴 🗸 🗸 

 

🗴 🗴 🗴 🗴 
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2.1.1.2. Synthesis of phthalimido enedione 

The phthaloyl protection of 3-aminopropanol (262) using phthalic anhydride under neat 

conditions239 cleanly afforded phthalimide 274 (Scheme 60A). The alcohol moiety was then 

oxidised using Dess-Martin periodinane (DMP) to the aldehyde 275, which required a 

purification step to remove the iodinane by-product. In an oxidation with DMP, alcohol 274 

displaces an acetoxy group of DMP to give intermediate 276 that is deprotonated at the α-

proton to give aldehyde 275 and iodinane 277 (Scheme 60B).240 The iodinane 277 is a solid 

and must be removed by column chromatography. On the other hand, subjecting alcohol 274 

to a Swern oxidation gave the aldehyde 275 in excellent yield, without the need for purification. 

In a Swern oxidation, DMSO is chlorinated to give the activated species 278 that reacts with 

alcohol 274 to give the sulfonium ion 279 (Scheme 60C).241 Deprotonation of 279 gives sulfur 

ylide 280 that decomposes to give the carbonyl compound 275 and volatile dimethyl sulfide. 

The use of a Swern oxidation instead of DMP in large-scale reactions is desirable as the 

formation of large amounts of hazardous hypervalent iodine waste can be avoided. 

 

Scheme 60. A) Synthesis of aldehyde 275 and mechanisms of B) DMP-mediated240 and C) 

Swern oxidation.241 
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Aldehyde 275 was then subjected to condensation with di-acetylated DKP 238 to give 

dehydroDKP 281 (Scheme 61). As we had previously seen success in Perkin-like 

condensations of DKP 238 with alkyl aldehydes using caesium carbonate (refer to Scheme 61), 

we applied these conditions to DKP 238 with aldehyde 275 to give dehydroDKP 281. 

 

Scheme 61. Condensation of aldehyde 275 with DKP 238. 

We then turned our attention to the hydrogenation of the C=C bond in dehydroDKP 281 (Table 

7). Subjecting dehydroDKP 281 to hydrogenation at room temperature resulted in poor yields 

of the DKP 282 (Entry 1). This is in contrast to the reaction rate seen in the hydrogenation of 

266, which afforded the product in high yields in 45 minutes (refer to Scheme 57). We propose 

that this difference in reactivity is due to the solubility of the compounds; unlike guanylated 

compound 266, phthalimide 281 is sparingly-soluble in all organic solvents. As the rate of 

reaction is partly dependent on reactant diffusion from the bulk fluid to the catalyst surface, a 

slower reaction can be expected with insoluble reactants.207,213,242 The solubility of a compound 

can be improved by increasing the temperature of reaction and pleasingly, conducting the 

reaction at reflux resulted in a higher yield of 282 (Entry 2). To reduce the amount of catalyst 

waste, the reaction was attempted at reflux with a lower catalyst loading (20 wt%), however, 

the yield of the product 282 decreased, even with extended reaction times (Entry 3). 

Conducting the reaction with reduced catalyst loading at increased hydrogen pressure (4 psi) 

in a Parr hydrogenator did not significantly improve the yield (Entry 4). Subjecting 

dehydroDKP 281 to hydrogenation in ethanol, a solvent in which the compound is more 

soluble, gave the desired DKP 282 in high yields at ambient temperatures (Entry 5). 
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Table 7. Hydrogenation of dehydroDKP 281. 

 

Entry 
Pd/C 

(wt%) 
H2 source Solvent Temp. Time (h) 282 (yield) 

1 50 Hydrogen balloon EtOAc r.t. 24 46% 

2 50 Hydrogen balloon EtOAc reflux 18 89% 

3 20 Hydrogen balloon EtOAc reflux 72 30% 

4 20 Parr hydrogenator (4 psi) EtOAc r.t. 72 34% 

5 50 Hydrogen balloon EtOH r.t. 24 78% 

 

Following the hydrogenation of the C=C bond in dehydroDKP 281, Boc-protection of DKP 

282 gave a quantitative yield of 283 (Scheme 62). The DKP 283 is more readily-soluble than 

its starting material 282; the N-protection of DKPs is well-documented to improve the 

solubility.88,243 In attempt to achieve a high-yielding mild hydrogenation, dehydroDKP 281 

first underwent to a Boc protection to give the more soluble 284 that was then subjected to 

hydrogenation. Unfortunately, the reaction did not go to completion, even when the reaction 

was heated under reflux, with only 30% conversion observed by 1H NMR spectroscopic 

analysis of the crude reaction mixture. We propose that the adjacent bulky Boc group was 

blocking favourable approach of the C=C double bond with the catalyst surface. The 

dehydroDKP 284 and DKP 283 were inseparable and thus this revised sequence offered no 

advantage over the initial synthesis. 
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Scheme 62. Investigation of an alternative sequence to DKP 283. 

With DKP 283 in hand, we turned our attention to the Perkin-type condensation with glyoxal 

218 (Scheme 63). Subjecting DKP 283 to potassium t-butoxide-mediated condensation with 

glyoxal 218 gave dehydroDKP 285, tentatively assigned to be the Z-isomer (refer to Section 

2.2.3.3. for stereochemical justification). The dehydroDKP 285 then underwent Boc 

deprotection to give the desired product 286; 1H NMR analysis of the crude reaction mixture 

showed clean conversion to 286. The crude dehydroDKP 286 was subjected to hydrogenation 

to 287 under conditions that had previously been found to selectively reduce the nitro group in 

the presence of a dehydroDKP alkene (refer to Section 2.2.3.4.). However, only a small amount 

of conversion was observed at 0 °C, with majority of the starting material 286 remaining even 

after extended reaction time. When the reaction was carried out at ambient temperature, a 

complex mixture was obtained, which is likely the result of indiscriminate reduction. 
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Scheme 63. Attempted synthesis of Paal-Knorr precursor 287. 

2.1.1.3. Paal-Knorr reaction of phthalimido nitro enedione  

As we were unable to form the Paal-Knorr precursor 287, an alternative route was sought based 

on formation of the furopyrazine from nitro enedione 285 (Scheme 64). The formation of a 

nitro furopyrazine 288 has an additional advantage: selective N-guanylation of the side chain 

would be achievable without side-reactions occurring at the aniline site. Following Boc-

deprotection of 285, the crude dehydroDKP 286 successfully underwent cyclodehydration in 

sulfuric acid to give furopyrazine 288. Furthermore, the Boc-protected enedione 285 also 

underwent cyclodehydration to furopyrazine 288. By TLC, it appears this reaction proceeds in 

a stepwise fashion, with facile Boc-deprotection occurring followed by furopyrazine formation. 
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Scheme 64. Paal-Knorr cyclisation to give nitro furopyrazine 288. 

The Paal-Knorr reaction of 285 appears to be very clean by TLC, but the low yield is attributed 

to poor recovery of the product from sulfuric acid. Neutralising the reaction mixture led to a 

large volume of aqueous solution from which the polar product has to be extracted, resulting 

in poor mass recovery and a 16% yield of the product (Table 8, Entry 1). However, we found 

that upon dilution of the reaction mixture with water, the desired product 288 could be extracted 

from the acidic aqueous solution and furopyrazine 288 was obtained in 20% yield (Entry 2). 

Neutralising of the reaction mixture was not necessary to extract nitro furopyrazine 288 from 

the acidic media due to the absence of the basic aniline group that would be protonated under 

acidic conditions. Furthermore, when ice was used to dilute the reaction mixture prior to 

extraction, an improvement in the yield of furopyrazine 288 was attained, due to decreased 

solubility of furopyrazine 288 in the aqueous phase at cooler temperatures (Entry 3).  
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Table 8. Workup procedures for Paal-Knorr reaction of 285. 

 

Entry Workup procedure Outcome 

1 Neutralised to pH7 with NaHCO3 (sat. aq.) 288 (19%) 

2 Diluted with water 288 (20%) 

3 Diluted with ice 288 (25%) 
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The cyclisation of nitro enedione 285 to furopyrazine 288 appeared to be more facile (reaction 

time 1 hour) than that for the model amino enedione 92 (reaction time 18 hours) (Scheme 65A). 

We propose that this is due to differences in the electrophilicity of the benzylic carbonyl (red) 

as the reaction mechanism is proposed to involve the nucleophilic attack of the amide oxygen 

on the protonated benzylic carbonyl in intermediate 289. In acetophenone (290), there is 

extended conjugation between the carbonyl and the benzene ring, and a number of resonance 

contributors exist (including 290b) (Scheme 65B).244 Nitro groups have a negative mesomeric 

(˗M) effect, resulting in formation of a number of resonance forms (including 291b) that 

disrupts the extended conjugation between the benzene ring and the carbonyl at the ortho-

position. This decreases electron density and improves electrophilicity of the carbonyl. On the 

other hand, an amine substituent has a positive mesomeric effect (+M) and exist as a number 

of resonance forms (including 292b) that can contribute to extended conjugation. This 

difference in electrophilicity is demonstrated experimentally by comparisons between the 

infrared spectra of substituted acetophenone. The C=O stretching frequency of acetophenone 

(νmax 1691 cm-1) is lower than that seen in aliphatic ketones;245 a lower frequency C=O stretch 

the consequence of electron donation from the benzene ring.246 An ortho-nitro substituent 

results in higher C=O stretching frequencies (νmax 1712 cm-1), indicating that at least some of 

the conjugation is no longer available due to the ˗M effect of the nitro group. On the other hand, 

the C=O stretching frequencies for o-aminoacetophenone (νmax 1653 cm-1) is lower than that 

of acetophenone, indicating increased electron density from the +M effect of the amino group. 

This trend can also be seen in our system: the C=O stretch in nitro enedione 219 (νmax 1708 

cm-1) is at a higher frequency than that of the equivalent amino enedione 92 (νmax 1694 cm-1), 

inferring that the carbonyl in nitro enedione 219 is more electrophilic than the corresponding 

carbonyl in amino enedione 92. 
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Scheme 65. A) Paal-Knorr reactions of nitro enedione 285 and model enedione 92, and B) 

resonance contributors of o-aminoacetophenone (292), acetophenone (290), and o-

nitroacetophenone (291). 
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2.1.1.4. Deprotection of phthalimido furopyrazine 

Following the successful formation of the furopyrazine 288, we endeavoured to install the 

guanidine side chain and began by investigating the removal of the phthaloyl protecting group 

to form 293 (Scheme 66A). The most commonly-employed method to deprotect phthaloyl 

groups uses hydrazine (the Ing-Manske method) (Scheme 66B).247 The reaction is driven by 

the precipitation of phthalhydrazide (294) from the reaction mixture. Phthalimide-deprotection 

can also be achieved with aminolysis using methylamine or ethylenediamine, the by-products 

of which are phthalamide 295 and bis-phthalimide 296, respectively.248 A two-step process 

involving reduction of the imide bond with sodium borohydride, followed by acetic acid-

mediated cleavage to give 297 can also be used to remove phthaloyl groups.249 
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Scheme 66. A) Proposed deprotection of 288 and B) phthaloyl deprotection using hydrazine 

(the Ing-Manske method),247 methylamine,248 ethylenediamine,248 and sodium 

borohydride/acetic acid.249 
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The methods outlined in Scheme 66 were investigated to effect the phthaloyl deprotection of 

furopyrazine 288 (Table 9). Subjecting phthalimide 288 to hydrazinolysis in methanol gave the 

desired primary amine 293, with 70% mass recovery upon filtration of the reaction mixture 

(Entry 1). Typically, filtration of the reaction mixture removes the precipitated phthalhydrazide 

(294), but in our case, 294 was present in the filtrate alongside the desired amine 293 in a 1:1 

mixture. 1H NMR spectroscopic analysis of the precipitate showed that amine 293 was also 

present in the precipitate, accounting for the low mass recovery. Without filtration of the 

reaction mixture, quantitative mass recovery of a 1:1 mixture of phthalhydrazide (294) and 

amine 293 was possible. To obtain pure amine 293, a different solvent system was investigated 

for the hydrazinolysis of phthalimide 288 in an effort to solubilise amine 293 selectively over 

the phthalhydrazide by-product (Entry 2). However, a mixture of amine 293 and 

phthalhydrazide (294) was still observed after filtration when the reaction was performed in 

dichloromethane/methanol, with reduced mass recovery. Aminolysis of the phthalimide 288 

with aqueous methylamine resulted in a complex mixture (Entry 3), while no reaction was 

observed when anhydrous methylamine was used (Entry 4). When phthalimide 288 was 

subjected to aminolysis with ethylenediamine, trace amounts of the amine 293 was observed 

by 1H NMR spectroscopic analysis of the crude mixture (Entry 5). Subjecting phthalimide 288 

to the two-step deprotection strategy using sodium borohydride followed by acetic acid gave a 

complex mixture (Entry 6).  

Table 9. Deprotection of phthalimide 288. 

 

Entry Conditions Outcome (yield)a 

1 N2H4∙H2O, MeOH, 65 °C250 293:294 (1:1, ~70%,b quant.c) 

2 N2H4∙H2O, CH2Cl2/MeOH (1:1), 50 °C251 293:294 (1:1, ~50%b) 

3 MeNH2 (aq.), MeOH, 65 °C, 45 minutes250 Complex mixture 

4 MeNH2 (2.0 M in THF), 65 to 80 °C252 n.r. 

5 Ethylenediamine, EtOH, 80 °C 293 (trace) 

6 (i) NaBH4, i-PrOH/H2O (ii) AcOH249 Complex mixture 

aBased on crude mass recovery. bReaction mixture filtered. cReaction solvent removed. 
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Of the procedures investigated for phthaloyl deprotection of 288, hydrazinolysis followed by 

solvent evaporation provided practical amounts of the desired amine (293), but all efforts to 

purify the free amine 293 by column chromatography or preparatory TLC did not result in the 

isolation of any identifiable compounds due to degradation. The addition of hydrochloric acid 

to the crude mixture in an effort to convert the primary amine to its hydrochloride salt (298) 

led to degradation (Scheme 67). It was thought that converting the amine 293 to a less polar 

derivative could help facilitate its purification by column chromatography. Unfortunately, 

attempts to convert the free amine 293 to its acetyl- or Boc-derivative (299) were not 

successful, with degradation occurring. As we were unable to purify amine 293, we proposed 

that the crude mixture of 293 and 294 (following azeotropic evaporation of excess hydrazine 

and solvent) could be subjected to guanylation to give 300. We anticipated that guanylation of 

amine 293 would be achievable in the presence of phthalhydrazide (294) as the primary amine 

of 293 would be more reactive towards the guanylating agent. 



97 

 

 

Scheme 67. Attempts to separate amine 293 from phthalhydrazide (294) by conversion to its 

HCl salt (298) or acyl-derivatives (299) and proposed synthesis of 300 from crude amine 293. 
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2.1.1.5. Guanylation of side-chain 

Guanidines can be synthesised from primary amines using guanylating agents like thioureas, 

isothioureas, amidine sulfonic acids, carbodiimides, carboximidamides, triflyl guanidine, or 

cyanamides derivatives (Scheme 68).253,254 A commonly-used class of guanylating agent is the 

thioureas, used in conjunction with an activating agent that promotes the desulfurisation event, 

such as Mukaiyama’s reagent,255,256 amide coupling agent (e.g. EDCI),257 or a thiophilic metal 

salt [e.g. Hg(II)].258 The guanylation reaction with thioureas is thought to proceed via a 

carbodiimide intermediate, although the isolation of the short-lived carbodiimides is not 

possible under standard guanylation conditions. Thioureas can also be activated by 

transformation to thiazetidines with diiodomethane259 or amidine sulfonic acids by oxidation 

(with e.g. hydrogen peroxide).260 Isothioureas are a good alternative to thioureas; they act as 

guanylating agents under reflux261 or in the presence base (e.g. triethylamine),262 and activation 

with mercuric chloride has also been reported.263 Isothioureas have been shown to react through 

carbodiimide intermediates in the presence of base.264 Guanylations with pyrazole 

carboximides can generally proceed under mild conditions but they can undergo self-

condensation in the presence of base.265 Protection of the guanidine moiety with electron 

withdrawing groups (e.g. Boc, Cbz) enables its use under base-free conditions, thus minimising 

issues with self-condensation.266,267 Triflyl guanidines (Goodman’s reagent) can be used to 

guanylate weak nucleophiles, including aromatic and secondary amines.268 Cyanamides can be 

converted to guanidines, but their use has limited scope that is contingent on the availability of 

cyanamides.269 
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Scheme 68. Classes of guanylating agents.253,254 

Following hydrazinolysis of phthalimide 288, the crude reaction mixture containing amine 293 

and phthalhydrazide (294) was subjected to guanylation (Table 10). We had encountered issues 

with the stability of amine 293 (degradation was observed during purification and upon 

addition of hydrochloric acid and acylation conditions, refer to Scheme 67), so mild conditions 

were first investigated. Pyrazole carboximides are an attractive option as they are often used as 

guanylating agents under base-free conditions.267 Subjecting amine 293 to guanylation with 

pyrazole A resulted in no reaction (Entry 1). Turboguan (B)270 has been demonstrated to be an 

efficient guanylating agent, reacting even with hindered and electron-deficient amines. When 

amine 293 was subjected to guanylation with B, small amounts of the desired product was 

formed (identified by 1H NMR and mass spectrometry) (Entry 2). The use of guanylating agent 

C resulted in no reaction of amine 293 under base-free conditions, even after 24 hours (Entry 

3). However, in the presence of triethylamine, the desired product 300 was obtained (Entry 4), 

with a higher yield achieved after a shorter reaction time with the use of excess base (Entry 5). 

Unfortunately, the product 300 was isolated with equimolar amounts of the pyrazole by-

product that could not be removed by column chromatography or washing with diethyl ether.265 

We had previously seen success in the use of isothiourea D (263) in guanylation reactions (refer 
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to Scheme 55). Guanylations with isothiourea D have the additional benefit of a gaseous by-

product (methanethiol), simplifying the work-up and purification procedures. The desired 

product 300 was obtained in 14% yield when crude amine 293 was reacted with D in DMF 

(Entry 6). The use of a base like DMAP has been shown to accelerate guanylations with D,262 

and in the presence of catalytic DMAP, an increased yield of guanidine 300 was obtained 

(Entry 7). Upon increasing the reaction temperature, the yield decreased, due to degradation of 

the starting materials (Entry 8). When the reaction was carried out in THF without base, no 

reaction was observed (Entry 9). With the addition of stoichiometric base, trace amounts of the 

product 300 was obtained when the reaction was conducted in THF (Entry 10) and 

dichloromethane (Entry 11). Although this did not result in practical amounts of the product 

300, it appeared that the use of stoichiometric base led to an improvement of yield. Subjecting 

amine 293 to guanylation in DMF using stoichiometric DMAP and two equivalents of 

isothiourea D gave a higher yield of the desired product 300 (Entry 12). Guanylation reactions 

are typically performed with excess amine, but an excess of the guanylating agent was required 

in this reaction. We postulate that the presence of phthalhydrazide (294) in the crude mixture 

may be promoting decomposition of the guanylating agent, necessitating an excess of the 

guanylating agent.
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Table 10. Deprotection-guanylation of furopyrazine 288. 

 

Entry Guanylating agent Equiv. Base (equiv.) Solvent Temp. Time (h) Outcome 

1 A 1.0 - MeCN r.t. 24 n.r. 

2 B 1.0 - THF r.t. 24 300 (R = TFA, Rʹ = Boc, 2%) 

3 C 1.0 - THF r.t. 24 n.r. 

4 C 1.1 NEt3 (1.1) THF r.t. 20 300:pyrazole (1:1, R = Rʹ = Boc, 12%) 

5 C 1.1 NEt3 (2.2) THF r.t. 18 300:pyrazole (1:1, R = Rʹ = Boc, 22%) 

6 D 1.0 - DMF r.t. 18 300 (R = Rʹ = Boc, 14%) 

7 D 1.0 DMAP (0.1) DMF r.t. 18 300 (R = Rʹ = Boc, 22%) 

8 D 1.0 DMAP (0.1) DMF 60 °C 18 300 (R = Rʹ = Boc, 16%) 

9 D 1.0 - THF r.t. 18 n.r. 

10 D 1.0 DMAP (1.0) THF r.t. 18 300 (R = Rʹ = Boc, trace) 

11 D 1.0 DMAP (1.0) CH2Cl2 r.t. 18 300 (R = Rʹ = Boc, trace) 

12 D 2.0 DMAP (1.0) DMF r.t. 18 300 (R = Rʹ = Boc, 32%) 
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2.1.1.6. Synthesis of hyrtioseragamine A 

With guanidine 300 in hand, we turned our attention to the final two steps required to complete 

the synthesis of the natural product (Scheme 69). Reduction of the nitro group was achieved 

under mild hydrogenolysis conditions to give aniline 301. When complete consumption of the 

starting material was observed (2 hours), the catalyst was removed by filtration and the filtrate 

containing aniline 301 was subjected to the TFA-mediated deprotection step. The crude 

mixture was concentrated and subjected to the purification procedure described in the isolation 

report56 using column chromatography on C18 eluting with methanol:water:TFA (30:70:0.1) 

to give hyrtioseragamine A (67). The characterisation of synthetic 67 and yield of the reaction 

will be discussed henceforth. 

 

Scheme 69. Synthesis of hyrtioseragamine A (67) 
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2.1.1.1.1. Characterisation of the natural product 

Purification of the natural sample by the isolation chemists was performed with an eluent 

containing TFA, indicating that hyrtioseragamine A was likely isolated as a TFA salt (Figure 

22). Establishing the TFA salt formed (mono-, bis-, tris-…) is important for identification of 

the product, as different salts of a compound have different NMR spectroscopic data. 

Furthermore, because of the large molecular weight of TFA (MW = 114.0 g mol-1), the TFA 

content of the product alters the calculated yield of the reaction. Hyrtioseragamine A (67) has 

two basic sites that are capable of forming a salt with TFA: a guanidine moiety (blue) and an 

aniline group (red). Guanidines are basic (pKa = 12.5)233 and will readily form a salt with TFA, 

but anilines are only weakly basic (pKa = 4.6)271 thus a mixture of the mono-TFA salt (67a) 

and the bis-TFA salt (67b) may exist in the presence of TFA. An excess of TFA present would 

presumably favour formation of the bis-TFA salt (67b), but it is not explicitly stated in the 

isolation report if hyrtioseragamine A was characterised as its mono- or bis-TFA salt. 

 

Figure 22. pKa of basic groups in hyrtioseragamine A and the mono- (67a) and bis-TFA (67b) 

salts of hyrtioseragamine A. 
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The crude reaction mixture of 67 was purified using the same conditions reported by the 

isolation chemists, using C18 column chromatography eluting with methanol:water:TFA 

(30:70:0.1) and the solvent removed using a rotary evaporator at an elevated temperature (40 

°C) to give Sample A. Analysis of Sample A (3 mg in 0.25 mL CD3OD) by 1H and 13C NMR 

spectroscopy revealed the chemical shifts and corresponding coupling constants in the 1H NMR 

spectrum for Sample A were consistent with those reported by the isolation chemists (Table 

11), but there were significant discrepancies in the 13C NMR spectroscopic data between the 

synthetic and natural samples (Table 12, see bold entries, Δ > 0.3 ppm). In particular, 13C 

chemical shifts of the aniline ring (C1, C2, C4, C6, and C7) varied between Sample A and the 

natural sample, indicating that the chemical environment of the aniline ring is different between 

the samples. We suggest that this was due to the reduced TFA concentration in Sample A, as 

solvent evaporation at 40 °C likely removed much of the TFA. Consequently, a smaller 

proportion of the bis-TFA salt (67b) is present in Sample A than the natural sample. 

In an attempt to obtain a sample with similar TFA content to that of the natural sample, the 

crude reaction containing 67 was purified using the same conditions as Sample A, but the 

solvent was removed at reduced temperatures (˗196 °C to room temperature) by lyophilisation 

for 48 hours, to give Sample B. To our pleasure, Sample B (4 mg in 0.50 mL CD3OD) returned 

1H and 13C NMR spectroscopic data in full agreement with that described in the isolation report. 

To verify that the inconsistencies in the NMR spectroscopic data were the result of differing 

TFA concentration, rather than natural product concentration, a sample with the same natural 

product concentration as Sample A, but different TFA content, was analysed. Crude 67 was 

purified using the same method as Sample A, but subjected to lyophilisation for only 24 hours 

to give Sample C. Sample C likely has a larger amount of TFA remaining than Samples A and 

B, as less TFA was removed due to the reduced time under lyophilisation. NMR spectroscopic 

analysis of Sample C (6 mg in 0.50 mL CD3OD) showed discrepancies in the 1H and 13C 

chemical shifts with Sample A. As Samples A and C have the same natural product 

concentration but different TFA concentrations, the discrepancies in the NMR spectroscopic 

data are likely the result of differing TFA content. 
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Table 11. 1H NMR* spectroscopic comparison of natural 6756 with three synthetic samples of 67. 

 

Position 
Natural56 δH 

(CD3OD, 600 MHz) 

Sample A δH 

(CD3OD, 500 MHz) 
Δ 

Sample B δH 

(CD3OD, 500 MHz) 
Δ 

Sample C δH 

(CD3OD, 400 MHz) 
Δ 

2 7.03 (br d, 8,0) 6.99 (m/unresolved) -0.04 7.02 (dd, 8.0, 1.3) -0.01 7.04 (d, 8.0) 0.01 

3 7.25 (ddd, 8.0, 7.8, 1.4) 7.27 (ddd, 8.2, 7.3, 1.5) 0.02 7.28 (ddd, 8.2, 7.3, 1.3) 0.03 7.30 (m/unresolved) 0.05 

4 6.91 (ddd, 7.8, 7.6, 1.0) 6.91 (apparent t, 7.7) 0 6.95 (m/unresolved) 0.04 6.96 (m/unresolved) 0.05 

5 7.64 (dd, 7.8, 1.4) 7.67 (dd, 7.7, 1.5) 0.03 7.69 (dd, 7.9, 1.6) 0.05 7.71 (dd, 7.9, 1.4) 0.07 

8 6.94 (s) 6.97 (s) 0.03 6.99 (s) 0.05 7.00 (s) 0.06 

14 2.91 (t, 7.2) 2.94 (t, 7.2) 0.03 2.94 (t, 7.3) 0.03 2.94 (t, 7.3) 0.03 

15 2.08 (quin, 7.2) 2.09 (quin, 7.3) 0.01 2.10 (quin, 7.2) 0.02 2.10 (quin, 7.2) 0.02 

16 3.34 (t, 7.2) under residual methanol - under residual methanol - under residual methanol - 

*Spectrum referenced to 3.35 ppm (CHD2OD). Following C18 column chromatography, solvent was removed by rotary evaporation (40 °C) to give Sample A 

(3 mg in 0.25 mL CD3OD), lyophilisation for 48 h (˗196 °C–r.t.) to give Sample B (4 mg in 0.50 mL CD3OD), or lyophilisation for 24 h (˗196 °C–r.t.) to give 

Sample C (6 mg in 0.50 mL CD3OD).
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Table 12. 13C NMR* spectroscopic comparison of natural 6756 with three synthetic samples 

of 67. 

 

Position 

Natural56 δC 

(CD3OD, 

150 MHz) 

Sample A δC 

(CD3OD, 

125 MHz) 

Δ 

Sample B δC 

(CD3OD, 

125 MHz) 

Δ 

Sample C δC 

(CD3OD, 

125 MHz) 

Δ 

1 144.6 145.9 1.3 144.9 0.3 142.2 -2.4 

2 120.6 120.1 -0.5 120.5 -0.1 121.7 1.1 

3 132.6 132.6 0 132.7 0.1 132.7 0.1 

4 121.8 121.0 -0.8 121.7 -0.1 123.5 1.7 

5 129.9 129.8 -0.1 129.9 0 130.1 0.2 

6 117.4 116.7 -0.7 117.3 -0.1 119.0 1.6 

7 158.5 158.9 0.4 158.6 0.1 157.9 -0.6 

8 100.3 100.2 -0.1 100.4 0.1 100.9 0.6 

8a 127.8 128.1 0.3 128.0 0.2 128.0 0.2 

10 159.1 159.1 0 159.1 0 159.1 0 

11 148.7 148.4 -0.3 148.5 -0.2 148.9 0.2 

12a 148.2 148.2 0 148.3 0.1 148.5 0.3 

14 31.3 31.3 0 31.3 0 31.3 0 

15 27.8 27.8 0 27.8 0 27.8 0 

16 42.7 42.7 0 42.7 0 42.7 0 

18 159.6 159.5 -0.1 159.5 -0.1 159.5 -0.1 

*Spectrum referenced to 49.8 ppm (CD3OD). Following C18 column chromatography, solvent was 

removed by rotary evaporation (40 °C) to give Sample A (3 mg in 0.25 mL CD3OD), lyophilisation for 

48 h (˗196 °C–r.t.) to give Sample B (4 mg in 0.50 mL CD3OD), or lyophilisation for 24 h (˗196 °C–

r.t.) to give Sample C (6 mg in 0.50 mL CD3OD). 
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In the 13C NMR spectrum of the three synthetic samples, a smooth transition between peaks 

from Sample A to Sample C is observed, instead of discrete sets of peaks corresponding to the 

mono- and bis-TFA salts of hyrtioseragamine A (Figure 23). This is because the rate of TFA-

exchange between two molecules of hyrtioseragamine A is fast on the NMR time scale (k = 

1.1 × 103 mol-1 s-1 at 25 °C for ion-pair formation between aniline and TFA)272 so the observed 

chemical shift is the molar ratio-weighted average of the shifts for the mono- and bis-TFA salts 

of hyrtioseragamine A (Scheme 70).273–278  

 

Scheme 70. The exchange of TFA (red) between two molecules of hyrtioseragamine A (green 

and purple) is fast on the NMR time scale. 

A gradual transition of the 13C shifts (in particular, those of the aniline ring) is apparent from 

Samples A to C, signifying a change in the ratio of mono- to bis-TFA salt (67a:67b). By 

considering the amount of TFA remaining in the samples following solvent evaporation, it can 

be inferred that the ratio of hyrtioseragamine A mono- to bis-TFA salt (67a:67b) decreased 

from Sample A to B to C, with Sample B containing the most similar 67a:67b ratio to the natural 

sample.



 
Figure 23. Partial 13C NMR spectroscopic comparison (δ 165–95 ppm) of A) the natural sample56 (CD3OD, 150 MHz) and B) three synthetic 

samples of 67. Following C18 column chromatography, solvent was removed by rotary evaporation (40 °C) to give Sample A (3 mg in 0.25 mL 

CD3OD, 125 MHz), lyophilisation for 48 h (˗196 °C–r.t.) to give Sample B (4 mg in 0.50 mL CD3OD, 125 MHz), or lyophilisation for 24 h (˗196 

°C–r.t.) to give Sample C (6 mg in 0.50 mL CD3OD, 125 MHz).
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Analysis of our NMR spectroscopic data showed that the natural sample and our synthetic 

samples contain 1–2 moles of TFA per 1 mole of the natural product (Scheme 71). Based on 

the molecular weight of the mono- (67a) and bis-TFA (67b) salts of the hyrtioseragamine A, 

the overall yield of the reaction outlined in Scheme 71 is 33–41%. To conclusively verify the 

presence of two natural product salts, low temperature NMR spectroscopic analysis could be 

performed. Techniques such as ion chromatography,279 capillary electrophoresis,280 or CHNS 

microanalysis281 would be required to accurately quantify TFA content. 

 

Scheme 71. Synthesis of hyrtioseragamine A-TFA salts. 
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2.1. Summary 

This thesis describes a bioinspired total synthesis of the marine natural product 

hyrtioseragamine A. The rare furopyrazine ring was proposed by the isolation chemists56 to 

arise biosynthetically by Paal-Knorr reaction of the diketopiperazine (DKP) 75 to give the 2,3-

diaminofuran 76 that upon dehydrogenation gives hyrtioseragamine A (67) (Scheme 72, red). 

We considered this proposal would be unfavourable and an alternative biosynthetic proposal 

to the furopyrazine unit present in the hyrtioseragamines was developed based on a re-ordering 

of the key oxidation events (Scheme 72, blue). Oxidative cleavage of debromobarettin (95) 

would give the enedione 97 that upon Paal-Knorr cyclisation would generate the intermediate 

acetal 98 possessing the correct oxidation state for a favourable elimination of water to occur, 

forming the furopyrazine and hence hyrtioseragamine A (67). The energetics of furopyrazine 

formation in both biosynthetic proposals were studied using DFT, the results of which support 

our hypothesis. 
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Scheme 72. Initially proposed (red)56 and modified (blue) biosynthesis of hyrtioseragamine A 

(67). 

A model system was established to test the modified biomimetic hypothesis (Scheme 73). The 

dehydroDKP 134 was subjected to various oxidants known to cleave the indole C2–C3 bond, 

however we were unable to obtain the desired enedione 92. An alternative synthesis of the 

model furopyrazine precursor 93 was developed; condensation of glyoxal 218 and DKP 149 

gave enedione 235. Acid-mediated cleavage of the remaining acetamide followed by selective 

reduction gave aniline 92, the precursor for the key biomimetic furopyrazine formation. 

Subjecting 92 to a variety of conditions revealed that only neat sulfuric acid was capable of 

effecting the formation of the desired furopyrazine 93. 
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Scheme 73. Synthesis of model furopyrazine 93. 

With the model system validating the proposed biosynthesis of the furopyrazine of the 

hyrtioseragamines, we turned our attention to applying this to the synthesis of the natural 

product. We anticipated that subjecting enedione 270 to sulfuric acid would result in 

cyclodehydration and Boc-deprotection to give hyrtioseragamine A (67), however, treating 270 

with sulfuric acid led to a vast amount of degradation (Scheme 74). 

 

Scheme 74. Attempted cyclodehydration of guanylated enedione 270. 

  



113 

 

A modified strategy was pursued that focused on installing the polar guanidine moiety after 

furopyrazine formation. Pleasingly, when 285 was subjected to the biomimetic cyclisation 

conditions, the furopyrazine 288 was formed. Removal of the phthaloyl group followed by 

guanylation gave 300 bearing the complete skeleton of hyrtioseragamine A. Reduction of 300 

followed by Boc cleavage gave hyrtioseragamine A (67) as a mixture of the mono- and bis-

TFA salt; the 1H and 13C NMR spectroscopic data for synthetic 67 were in full agreement with 

that described in the isolation report.56 

 

Scheme 75. Synthesis of hyrtioseragamine A (67). 
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2.2. Future work 

With the successful total synthesis of hyrtioseragamine A (67), the synthesis of 

hyrtioseragamine B (68) can be achieved by nucleophilic aromatic substitution (SNAr) of 67 

with chloroquinoline 302 (Scheme 76A). The synthesis of chloroquinoline 302 has previously 

been achieved by chlorination of kynurenic acid using excess thionyl chloride, followed by 

amination with ammonium hydroxide.282 The SNAr reaction of chloroquinolines (303) and 

anilines (304) has been achieved with stirring under reflux,283–285 and under acid- (p-TSA,286 

HCl,287 acetic acid)288 or base-mediated (potassium carbonate,289 sodium hydride)290 conditions 

(Scheme 76B). 

 

Scheme 76. A) Proposed synthesis of hyrtioseragamine B (68) and B) SNAr reaction of 

chloroquinolines (303) and anilines (304). 
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The route to the hyrtioseragamine core could be applied to the synthesis of a series of analogues 

containing furopyrazine (305), pyrrolopyrazine (306), and thienopyrazine (307) scaffolds 

(Scheme 77). DKPs 308 possessing variable R groups, that are easily accessed from glycine 

(253) and other readily-available amino acids 309,88 can be condensed with 2-

nitrophenylglyoxal (218) to give enediones 310. Enediones 310 could be subjected to the Paal-

Knorr cyclisation conditions to give furopyrazine derivatives 305, as well as pyrrolopyrazines 

(306) or thienopyrazines (307) in the presence of an amine or Lawesson’s reagent, 

respectively.291 

 

Scheme 77. Proposed synthesis of hyrtioseragamine analogues containing furopyrazine (305), 

pyrrolopyrazine (306), and thienopyrazine (307) scaffolds. 

The marine fungus-derived natural product golmaenone (311) possesses the structural core of 

our model enedione 92 and there are currently no reports detailing the total synthesis of 

golmaenone (Scheme 78). The total synthesis of golmaenone (311) would allow for 

confirmation of the reported structure. Golmaenone (311) can be prepared from amide coupling 

of enedione 92 and carboxylic acid 312, prepared from the methylation of but-3-enoic acid 

(313).292,293  
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Scheme 78. Proposed synthesis of the natural product golmaenone (311). 

 

 



 

 

 

 

 

 

 

 

Chapter 3. Experimental Procedures 

Chapter 3. 

Experimental Procedures



118 

 

 

  



119 

 

General Experimental Details 

Commercially available reagents were used throughout without purification unless otherwise 

stated. Anhydrous solvents were used as supplied. Diethyl ether, tetrahydrofuran, 

dichloromethane, acetonitrile, 1,4-dioxane, dimethylformamide, and toluene were dried using 

an LC Technology Solutions Inc. SP-1 solvent purification system under an atmosphere of dry 

nitrogen. Ether refers to diethyl ether. All reactions were routinely carried out in oven-dried 

glassware under a nitrogen atmosphere unless otherwise stated. Analytical thin layer 

chromatography was performed using silica plates and compounds were visualized at 254 

and/or 360 nm ultraviolet irradiation followed by staining with either alkaline permanganate or 

ethanolic vanillin solution. Infrared spectra were obtained using a Perkin Elmer spectrum One 

Fourier Transform Infrared spectrometer as thin films between sodium chloride plates. 

Absorption maxima are expressed in wavenumbers (cm-1). Melting points were recorded on an 

Electrothermal melting point apparatus and are uncorrected. NMR spectra were recorded as 

indicated on an NMR spectrometer operating at 400 or 500 MHz for 1H nuclei and 100 or 125 

MHz for 13C nuclei. Chemical shifts are reported in parts per million (ppm) relative to the 

tetramethylsilane peak recorded as δ 0.00 ppm in CDCl3/TMS solvent, or the residual methanol 

(δ 3.31 ppm), chloroform (δ 7.26 ppm), or DMSO (δ 2.50 ppm) peaks. The 13C NMR values 

were referenced to the residual methanol (δ 49.0 ppm), chloroform (δ 77.1 ppm) or DMSO (δ 

39.5 ppm) peaks. 13C NMR values are reported as chemical shift δ and assignment. 1H NMR 

shift values are reported as chemical shift δ, relative integral, multiplicity (s, singlet; d, doublet; 

t, triplet; q, quartet; m, multiplet), coupling constant (J in Hz) and assignment. Assignments 

are made with the aid of DEPT 90, DEPT 135, COSY, NOESY and HSQC experiments. All 

experiments were conducted at 298 K. Conventional NMR tubes (5 mm diameter, Norell) using 

a sample volume of 500 μL or micro NMR tubes (2.5 mm diameter, Shigemi Co., Ltd) using a 

sample volume of 250 μL were used. High resolution mass spectra were obtained by 

electrospray ionization in positive ion mode at a nominal accelerating voltage of 70 eV on a 

microTOF mass spectrometer. 
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Methyl (tert-butoxycarbonyl)-L-alanylglycinate (155) 

 

N-α-(tert-Butoxycarbonyl)-L-alanine (1.00 g, 5.30 mmol), HBTU (2.20 g, 5.80 mmol), and 

DIPEA (2.30 mL, 13.3 mmol) were added to glycine methyl ester hydrochloride (0.666 g, 5.30 

mmol) in DMF (25 mL) and stirred for 1.5 h. The reaction mixture was diluted with ethyl 

acetate (50 mL), washed with HCl (10% aq., 50 mL) and NaHCO3 (sat. aq., 50mL), dried 

(Na2SO4), filtered, and concentrated in vacuo. Purification by flash chromatography on silica 

gel eluting with ethyl acetate:petroleum ether (3:1) gave the title compound (1.30 g, 5.00 mmol, 

94%) as a colourless liquid; [α]𝐷
21˗16.4 (c 0.36, MeOH); δH (400 MHz, CDCl3) 6.65 (1H, br s, 

NH), 4.96 (1H, br s, NH), 4.21 (1H, br s, CH), 4.06–4.03 (2H, m, CH2), 3.76 (3H, s, Me), 1.46 

(9H, s, Me), 1.38 (3H, d, J 7.4, Me). Spectroscopic data consistent with literature.294 

 

(S)-3-Methylpiperazine-2,5-dione (156) 

 

TFA (2 mL) was added dropwise to dipeptide 155 (500 mg, 1.90 mmol) in dichloromethane 

(2.0 mL) at 0 °C, then warmed to room temperature and stirred at room temperature for 1 h. 

The reaction mixture was concentrated in vacuo and to the crude residue was added acetic acid 

in tert-butanol (0.10 M, 0.56 mL). NMM (0.21 mL, 1.90 mmol) was added dropwise to the 

reaction and the resultant mixture was stirred under reflux for 5 h. The reaction mixture was 

concentrated in vacuo and the residue purified by flash chromatography on silica gel eluting 

with methanol:dichloromethane (1:4) to give the title compound (200 mg, 1.56 mmol, 82%) as 

a colourless solid; m.p. 231.5–234.5 °C; [α]𝐷
21+9.3 (c 0.15, DMF); δH (400 MHz, (CD3)2SO) 

8.13 (1H, br s, NH), 7.94 (1H, br s, NH), 3.86–3.81 (1H, m, CH), 3.73–3.72 (2H, m, CH2), 

1.26 (3H, d, J 7.0, Me). Spectroscopic data consistent with literature.294 
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(S)-1,4-Diacetyl-3-methylpiperazine-2,5-dione (149) 

 

Diketopiperazine 156 (200 mg, 1.56 mmol) in acetic anhydride (8 mL) was stirred under reflux 

for 16 h. The reaction mixture was concentrated in vacuo and the residue purified by flash 

chromatography on silica gel eluting with ethyl actetate:petroleum ether (1:1) to give the title 

compound (300 mg, 1.41 mmol, 91%) as a brown oil; [α]𝐷
21+4.5 (c 0.22, CHCl3); δH (400 MHz, 

CDCl3) 5.26 (1H, dd, J 14.7, 7.3, CH), 5.15 (1H, d, J 18.7, CH2), 4.03 (1H, d, J 18.4, CH2), 

2.60 (3H, s, Me), 2.57 (3H, s, Me), 1.54 (3H, d, J 7.5, Me). Spectroscopic data consistent with 

literature.294 

 

1-Acetyl-1H-indole-3-carbaldehyde (157) 

 

To a suspension of indole-3-carbaldehyde (630 mg, 4.30 mmol) in dichloromethane (30 mL) 

was added DMAP (53 mg, 0.43 mmol) and triethylamine (1.50 mL, 10.9 mmol) at 0 °C, 

followed by slow addition of acetic anhydride (0.61 mL, 6.50 mmol). The reaction mixture was 

warmed to room temperature and stirred at room temperature for 30 minutes, after which the 

reaction mixture was concentrated in vacuo. Purification by flash chromatography on silica gel 

eluting with ethyl acetate:petroleum ether (1:1) gave the title compound (700 mg, 3.70 mmol, 

85%) as a colourless solid; m.p. 164.2–165.7 °C; δH (400 MHz, CDCl3) 10.15 (1H, s, CHO), 

8.41 (1H, d, J 8.7, ArH), 8.29 (1H, d, J 7.4, ArH), 8.08 (1H, s, ArH), 7.48–7.40 (2H, m, ArH), 

2.75 (3H, s, Me). Spectroscopic data consistent with literature.97  
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(S,Z)-1-Acetyl-3-((1-acetyl-1H-indol-3-yl)methylene)-6-methylpiperazine-2,5-dione (158) 

 

Potassium tert-butoxide (60.0 mg. 0.530 mmol) was added to indole 157 (50.0 mg, 0.270 

mmol) and diketopiperazine 149 (113 mg, 0.530 mmol) in DMF (3 mL) at 0 °C. The reaction 

mixture was warmed to room temperature and stirred at room temperature for 1 h, after which 

it was quenched with NH4Cl (sat. aq., 10 mL) and extracted with ethyl acetate (3 × 30 mL). 

The combined organic phases dried (Na2SO4), filtered and concentrated in vacuo. The crude 

solid was washed with cold methanol (3 × 20 mL) to give the title compound (47 mg, 0.14 

mmol, 51%) as a pale yellow solid; m.p. 281.6–283.2 °C; [α]𝐷
21+2.0 (c 0.15, DMF); δH (400 

MHz, (CD3)2SO) 10.46 (1H, br s, NH), 10.41 (1H, s, ArH), 8.37 (1H, d, J 7.6, ArH), 7.78 (1H, 

d, J 7.8, ArH), 7.44–7.35 (2H, m, ArH), 7.20 (1H, s, CH), 4.85 (1H, dd, J 14.4, 7.1, CH), 2.76 

(3H, s, Me), 2.52 (3H, s, Me), 1.38 (3H, d, J 7.7, Me). Spectroscopic data consistent with 

literature.94 

(S,Z)-3-((1H-indol-3-yl)methylene)-6-methylpiperazine-2,5-dione (134) 

 

Hydrazine monohydrate (50–60%, 0.026 mL, 0.26 mmol) was added to diketopiperazine 158 

(30 mg, 0.088 mmol) in DMF (2.0 mL) at 0 °C and the resultant mixture was warmed to room 

temperature and stirred at room temperature for 10 min. The reaction mixture was concentrated 

in vacuo and the crude solid washed with cold methanol (3 × 20 mL) to give the title compound 

(21 mg, 0.082 mmol, 91%) as a pale yellow solid; m.p. > 300 °C; [α]𝐷
21+1.2 (c 0.11, DMF); δH 

(400 MHz, (CD3)2SO) 11.64 (1H, br s, NH), 9.42 (1H, br s, NH), 8.25 (1H, br s, NH), 7.94 

(1H, br s, ArH), 7.64 (1H, d, J 8.8, ArH), 7.42 (1H, d, J 8.7, ArH), 7.17 (1H, t, J 7.5, ArH), 

7.11 (1H, t, J 7.4, ArH), 7.00 (1H, s, CH), 4.15–4.10 (1H, m, CH), 1.35 (3H, d, J 6.9, Me). 

Spectroscopic data consistent with literature.94 
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1-(4-Methoxybenzyl)-1H-indole-3-carbaldehyde (169) 

 

Indole-3-carboxaldehyde (500 mg, 3.45 mmol) was added to a suspension of sodium hydride 

(60% dispersion in mineral oil, 276 mg, 6.90 mmol) in DMF (7 mL) at 0 °C and the resultant 

mixture was stirred at 0 °C for 20 minutes. 4-Methoxybenzyl chloride (0.56 mL, 4.14 mmol) 

was added dropwise to the reaction mixture at 0 °C, then the reaction mixture was warmed to 

room temperature and stirred at room temperature for 1 h. The reaction mixture was diluted 

with dichloromethane (70 mL) and washed with water (3 × 50 mL), dried (Na2SO4), filtered, 

and concentrated in vacuo. Purification by flash chromatography on silica gel eluting with ethyl 

acetate:petroleum ether (1:3) gave the title compound (809 mg, 3.16 mmol, 92%) as a yellow 

solid; m.p. 126.5–128.3 °C; δH (400 MHz, CDCl3) 9.99 (1H, s, CHO), 8.33–8.31 (1H, m, ArH), 

7.68 (1H, s, ArH), 7.37–7.30 (3H, m, ArH), 7.17–7.13 (2H, m, ArH), 6.91–6.87 (2H, m, ArH), 

5.29 (2H, s, CH2), 3.80 (3H, s, Me). Spectroscopic data consistent with literature.114  

  



124 

 

(S,Z)-1-Acetyl-3-((1-(4-methoxybenzyl)-1H-indol-3-yl)methylene)-6-methylpiperazine-2,5-

dione (169) 

 

Potassium tert-butoxide (11 mg, 0.12 mmol) was added to indole 169 (20 mg, 0.078 mmol) 

and diketopeptide 149 (25 mg, 0.12 mmol) in DMF (0.8 mL) at 0 °C. The reaction mixture was 

warmed to room temperature and stirred at room temperature for 30 minutes, after which it was 

quenched with NH4Cl (sat. aq., 3 mL) and extracted with ethyl acetate (3 × 20 mL). The 

combined organic phases were dried (Na2SO4), filtered, and concentrated in vacuo. Purification 

by column chromatography on silica gel eluting with ethyl acetate:petroleum ether (1:3) gave 

the title compound (8 mg, 0.019 mmol, 21%) as a yellow oil; δH (400 MHz, CD3OD) 7.97 (1H, 

s, ArH), 7.77–7.75 (1H, m, ArH), 7.55 (1H, s, CH), 7.43–7.41 (1H, m, ArH), 7.23–7.18 (4H, 

m, ArH), 6.87–6.86 (2H, m, ArH), 5.40 (2H, s, CH2), 4.05 (1H, q, J 7.1, CH), 3.75 (3H, s, Me), 

2.56 (3H, s, Me), 1.46 (3H, d, J 7.1, Me), 1 × NH not visible; δC (100 MHz, CD3OD) 173.8 

(C), 170.0 (C), 160.9 (C), 131.8 (ArCH), 130.4 (C), 129.7 (ArCH), 129.5 (C), 124.2 (C), 122.3 

(ArCH × 2), 119.7 (ArCH), 116.5 (CH). 115.2 (ArCH), 111.9 (ArCH), 109.9 (C), 55.7 (Me), 

54.2 (CH), 51.1 (CH2), 26.8 (Me), 18.9 (Me), 2 × C not visible; HRMS (ESI) found 440.1581 

[C24H23N3O4 + Na]+ requires: 440.1581. 

 

  



125 

 

(6S,Z)-3-((3-Hydroxy-2-oxoindolin-3-yl)methylene)-6-methylpiperazine-2,5-dione (182) 

 

m-CPBA (13.5 mg, 0.078 mmol) was added to diketopiperazine 134 (20 mg, 0.078 mmol) in 

dichloromethane (1 mL) at ˗78 °C and stirred at ˗78 °C for 1 h. The reaction mixture was 

quenched with Na2SO3 (10% aq., 10 mL) and NaHCO3 (sat. aq., 10 mL), dried (Na2SO4), 

filtered, and concentrated in vacuo. Purification by flash chromatography on silica gel eluting 

with methanol:dichloromethane (1:9) gave the title compound (0.5 mg, 0.0017 mmol, < 1%) 

as an yellow oil; δH (400 MHz, (CD3)2SO) 10.57 (1H, br s, NH), 9.87 (1H, br s, NH), 8.52 (1H, 

br s, NH), 7.34–7.31 (1H, m, ArH), 7.27 (1H, dt, J 7.5, 1.5, ArH), 7.18 (1H, br s, OH), 7.03 

(1H, t, J 7.5, ArH), 6.86 (1H, d, J 8.0, ArH), 5.36 (0.5H, s, CH), 5.35 (0.5H, s, CH), 4.23–4.17 

(1H, m, CH), 1.37 (1.5H, d, J 6.5, Me), 1.35 (1.5H, d, J 6.7, Me); HRMS (ESI) found: 310.0804 

[C14H13N3O4 + Na]+ requires: 310.0798. 

  



126 

 

(3S,6S)-3-((1H-Indol-3-yl)methyl)-6-methylpiperazine-2,5-dione (189) 

 

Triethylamine (2.50 mL, 17.7 mmol), HOBt (797 mg, 5.90 mmol), and N-(tert-

butoxycarbonyl)-L-alanine (1.43 g, 7.85 mmol) were added to L-tryptophan methyl ester 

hydrochloride (1.00 g, 3.93 mmol) in dichloromethane (40 mL) at 0 °C and stirred until 

homogenous. EDCI (915 mg, 5.90 mmol) was added and the reaction mixture warmed to room 

temperature and stirred at room temperature for 18 h. The reaction mixture was quenched with 

HCl (10% aq., 150 mL) and extracted with dichloromethane (2 × 100 mL). The combined 

organic phases were quenched with NaHCO3 (100 mL), dried (Na2SO4), filtered, and 

concentrated in vacuo. Trifluoroacetic acid (6 mL) was added dropwise to the crude residue in 

dichloromethane (20 mL) at 0 °C, then warmed to room temperature and stirred at room 

temperature for 2 h, after which the reaction mixture was concentrated in vacuo. Ammonium 

hydroxide (28–30% in H2O, 2.6 mL) was added dropwise to the crude residue in methanol (15 

mL) at 0 °C, then warmed to room temperature and stirred at room temperature for 16 h. The 

reaction mixture was cooled to 0 °C, and the resulting precipitate was filtered and washed with 

cold methanol (4 × 30 mL) to give the title compound (680 mg, 2.65 mmol, 67%) as a colourless 

solid; m.p. 258.5–263.2 °C; δH (400 MHz, (CD3)2SO) 10.89 (1H, br s, NH), 8.00 (1H, br s, 

NH), 7.89 (1H, br s, NH), 7.56 (1H, d, J 8.0, ArH), 7.31 (1H, d, J 8.0, ArH), 7.04–7.00 (2H, 

m, ArH), 6.93 (1H, dt, J 8.0, 1.3, ArH), 4.10 (1H, br s, CH), 3.62–3.56 (1H, m, CH), 3.24 (1H, 

dd, J 14.5, 4.5, CH2), 3.01 (1H, dd, J 14.4, 4.5, CH2), 0.43 (3H, d, J 7.0, Me). Spectroscopic 

data consistent with literature.142  

  



127 

 

(6S)-3-(1H-Indole-3-carbonyl)-6-methylpiperazine-2,5-dione (207) 

 

DDQ (53.0 mg, 0.230 mmol) was added to dipeptide 189 (20 mg, 0.078 mmol) in THF/H2O 

(9:1, 1.5 mL) at 0 °C and the mixture stirred at 0 °C for 2 h. The reaction mixture was quenched 

with NaHCO3 (sat. aq., 20 mL) and extracted with ethyl acetate (4 × 30 mL). The combined 

organic phases were dried (Na2SO4), filtered, and concentrated in vacuo. Purification by flash 

chromatography on silica gel eluting with methanol:dichloromethane (1:9) gave the title 

compound (0.5 mg, 0.0015 mmol, 2%) as a brown solid; δH (400 MHz, CDCl3) 8.43 (1H, d, J 

5.7, ArH), 8.26–8.22 (1H, m, ArH), 7.47 (1H, dd, J 6.7, 1.6, ArH), 7.28–7.21 (2H, m, ArH), 

5.50 (0.5H, s, CH), 5.44 (0.5H, s, CH), 4.29 (0.5H, q, J 7.1, CH), 4.05 (0.5H, q, J 7.0, CH), 

1.62 (1.5H, d, J 7.6, Me), 1.44 (1.5H, d, J 7.0, Me); HRMS (ESI) found: 294.0846 [C20H25N3O6 

+ Na]+ requires: 294.0849. 
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Methyl (tert-butoxycarbonyl)-L-tryptophyl-L-alaninate (208) 

 

N-α-(tert-Butoxycarbonyl)-L-tryptophan (3.23 g, 10.5 mmol), HBTU (4.06 g, 10.7 mmol) and 

DIPEA (3.70 mL, 25.0 mmol) were added to L-alanine methyl ester hydrochloride (1.00 g, 

7.16 mmol) in DMF (50 mL) and stirred for 1.5 h. The reaction mixture was diluted with ethyl 

acetate (100 mL), washed with HCl (10% aq., 100 mL), NaHCO3 (sat. aq., 100mL), dried 

(Na2SO4), filtered, and concentrated in vacuo. Purification by flash chromatography on silica 

gel eluting with ethyl acetate:petroleum ether (1:1) gave the title compound (2.65 g, 6.80 mmol, 

95%) as a colourless solid; m.p. 63.8–65.7 °C; [α]𝐷
21˗4.7 (c 0.17, CHCl3); δH (400 MHz, CDCl3) 

8.10 (1H, br s, NH), 7.65 (1H, d, J 7.6, ArH), 7.35 (1H, d, J 7.6, ArH), 7.19 (1H, dt, J 7.9, 1.1, 

ArH), 7.13–7.09 (2H, m, ArH × 2), 6.29 (1H, d, J 7.3, NH), 5.16 (1H, br s, NH), 4.47–4.41 

(2H, m, CH × 2), 3.65 (3H, s, Me), 3.35–3.30 (1H, m, CH2), 3.16 (1H, dd, J 7.1, 8.2, CH2), 

1.42 (9H, s, Me), 1.27–1.23 (3H, m, Me). Spectroscopic data consistent with literature.161  
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Methyl (2-((tert-butoxycarbonyl)amino)-3-(1H-indol-3-yl)-3-oxopropanoyl)-L-alaninate 

(211) 

 

DDQ (71 mg, 0.31 mmol) was added to dipeptide 208 (50 mg, 0.13 mmol) in THF/H2O (9:1, 

2.25 mL) and the solution stirred at room temperature for 30 minutes, after which the solvent 

was removed in vacuo at room temperature. The crude residue was dissolved in ethyl acetate 

(50 mL), washed with NaHCO3 (4 × 25 mL), dried (Na2SO4), filtered, and concentrated in 

vacuo. Purification by flash chromatography on silica gel eluting with ethyl acetate:petroleum 

ether (3:1) gave the title compound (42 mg, 0.10 mmol, 80%) as a yellow solid; m.p. 84.2–86.8 

°C; νmax 3291, 1642, 1484, 1428, 1244, 1152, 1052, 863, 847; δH (400 MHz, CDCl3) 9.96 

(0.3H, br s, NH), 9.91 (0.7H, br s, NH), 8.41 (0.7H, d, J 3.2, ArH), 8.37 (0.3H, d, J 3.0, ArH), 

8.32 (1H, d, J 8.0, ArH), 7.43–7.37 (1H, m, ArH), 7.30–7.22 (2H, m, ArH), 7.17 (0.7H, br s, 

NH), 7.00 (0.3H, br s, NH), 6.42 (1H, br s, NH), 5.51 (1H, br s, NH), 4.54–4.47 (1H, m, CH), 

3.70 (2H, s, Me), 3.60 (1H, s, Me), 1.50 (9H, s, Me), 1.42 (1H, d, J 7.0, Me), 6.92 (2H, d, J 

6.9, Me); δC (100 MHz, CDCl3) 185.0 (C), 172.8 (C), 168.0 (C), 155.5 (C), 136.6 (ArCH), 

136.4 (C), 125.9 (C), 123.9 (ArCH), 123.0 (ArCH), 122.0 (ArCH), 114.4 (C), 112.0 (ArCH), 

80.9 (C), 62.3 (CH), 52.5 (Me), 48.6 (CH), 28.5 (Me), 18.0 (Me); HRMS (ESI) found: 

426.1624 [C20H25N3O6 + Na]+ requires: 426.1636. 

  



130 

 

tert-Butyl (1-hydroxy-3-(((S)-1-hydroxypropan-2-yl)amino)-1-(1H-indol-3-yl)-3-oxopropan-

2-yl)carbamate (212) 

 

Sodium borohydride (7.6 mg, 0.20 mmol) in ethanol (0.5 mL) was added to indole 211 (40 mg, 

0.10 mmol) in ethanol (0.5 mL) at 0 °C, after which the reaction mixture was warmed to room 

temperature and stirred at room temperature for 2 h. The solvent was removed in vacuo, the 

residue dissolved with ethyl acetate (30 mL) and quenched with water (20 mL). The aqueous 

phase was re-extracted with ethyl acetate (2 × 30 mL) and the combined organic phases dried 

(Na2SO4), filtered, and concentrated in vacuo. Purification by flash chromatography on silica 

gel eluting with ethyl acetate:petroleum ether (3:2) gave the title compound (12 mg, 0.030 

mmol, 32%) as a yellow solid; m.p. 42.5–45.2 °C; νmax 3328, 2932, 1651, 1367, 1207, 1161, 

1049, 1013, 740; δH (400 MHz, CDCl3) 8.31 (1H, br s, NH), 7.80 (0.4H, d, J 7.9, ArH), 7.74 

(0.6H, d, J 7.8, ArH), 7.36 (0.4H, s, ArH), 7.34 (0.6H, s, ArH), 7.72–7.17 (2H, m, ArH), 7.13 

(1H, t, J 7.4, ArH), 6.57 (1H, br s, NH), 5.51 (1H, br s, NH), 5.34 (1H, br s, CH), 4.59 (1H, br 

s, CH), 4.52–4.41 (1H, m, CH), 4.17–4.09 (2H, m, CH2), 4.04 (1H, br s, OH), 1.37 (9H, s, Me), 

1.30 (3H, d, J 7.1, Me); δC (100 MHz, CDCl3) 172.8 and 172.3 (C), 170.6 (C), 136.4 (C), 125.6 

(C), 122.4 (ArCH × 2), 120.1 and 120.0 (ArCH), 119.4 (ArCH), 111.3 (ArCH), 80.4 and 80.2 

(C), 69.8 (CH), 61.7 and 61.5 (CH2), 58.1 (CH), 48.4 and 48.1 (CH), 28.2 (Me), 14.1 (Me), 1 

× C not visible.  
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Methyl (2-((tert-butoxycarbonyl)amino)-3-hydroxy-3-(1H-indol-3-yl)propanoyl)-L-alaninate 

(213) 

 

Sodium borohydride (225 mg, 5.90 mmol) was added to 211 (600 mg, 1.50 mmol) in ethanol 

(15 mL) at 0 °C and the solution stirred at 0 °C for 3 hour, after which the reaction was poured 

into ice (30 mL). The mixture was extracted with ethyl acetate (3 × 40 mL) and the combined 

organic phases dried (Na2SO4), filtered, and concentrated in vacuo. Purification by flash 

chromatography on silica gel eluting with ethyl acetate:petroleum ether (2:1) gave the title 

compound (275 mg, 0.670 mmol, 45%) as a yellow solid and recovered starting material 211 

(270 mg, 0.67 mmol, 45%); m.p. 58.2–62.2 °C; νmax 2859, 2929, 1736, 1656, 1531, 1455, 1368, 

1239, 1158, 1046, 741; δH (400 MHz, CDCl3) 8.37 (1H, br s, NH), 7.80 (0.4H, d, J 8.2, ArH), 

7.74 (0.6H, d, J 7.9, ArH), 7.37 (0.4H, s, ArH), 7.35 (0.6H, s, ArH), 7.20–7.18 (2H, m, ArH), 

7.14 (1H, t, J 7.5, ArH), 6.57–6.52 (1H, m, NH), 5.51 (1H, br s, NH), 5.35 (1H, br s, CH), 5.58 

(1H, br s, CH), 4.52–4.44 (1H, m, CH), 3.98 (1H, br s, OH), 3.70 (1H, s, Me), 3.67 (2H, s, Me), 

1.38 (9H, s, Me), 1.30 (1H, d, J 7.2, Me), 1.21 (2H, d, J 7.0, Me); δC (100 MHz, CDCl3) 172.1 

(C), 172.7 (C), 170.6 (C), 136.4 (C), 125.6 (C), 122.5 (ArCH × 2), 120.1 (ArCH), 119.4 

(ArCH), 115.3 (C), 111.3 (ArCH), 69.9 and 69.8 (CH), 58.0 (CH),  52.6 and 52.5 (CH), 48.2 

and 48.0 (Me), 28.2 (Me), 17.9 (Me), 1 × C not visible; HRMS (ESI) found: 428.1807 

[C20H27N3O6 + Na]+ requires: 428.1792. 
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Methyl (2-((tert-butoxycarbonyl)amino)-4-(2-formamidophenyl)-3-hydroxy-4-oxobutanoyl)-

L-alaninate (214) 

 

A stream of ozone was passed through 213 (300 mg, 0.72 mmol) in dichloromethane (20 mL) 

at ˗78 °C for 30 min, after which the reaction mixture was concentrated in vacuo. Purification 

by column chromatography on silica gel eluting with ethyl acetate:petroleum ether (3:1) gave 

the title compound (122 mg, 0.28 mmol, 39%) as a yellow solid; m.p. 38.6–40.1 °C; νmax 3321, 

2927, 1657, 1513, 1451, 1246, 1154, 755; δH (400 MHz, CDCl3) 10.55 (1H, br s, NH), 8.74 

(1H, d, J 9.6, ArH), 8.51 (1H, s, CHO), 7.83 (1H, d, J 8.1, ArH), 7.59 (1H, t, J 8.7, ArH), 7.25–

7.21 (1H, m, ArH), 6.96–6.88 (1H, m, NH), 5.66 (1H, dd, J 31.4, 10.5, NH), 5.10 (1H, br s, 

CH), 4.84–4.77 (1H, m, CH), 4.50–4.46 (1H, m, CH), 4.29 (1H, br s, OH), 3.73 (3H, d, J 14.0, 

Me), 1.49 (9H, s, Me), 1.36 (3H, dd, J 15.9, 7.1, Me); δC (100 MHz, CDCl3) 173.0 (C), 172.8 

(C), 168.1 (C), 159.9 (CHO), 135.2 (ArCH), 135.1 (C), 129.4 (ArCH), 123.4 (ArCH), 122.2 

(ArCH), 121.0 (C), 81.3 (C), 74.2 (CH), 60.4 (CH), 52.7 (Me), 48.2 and 48.1 (CH), 28.2 (Me), 

18.4 and 18.1 (Me), 14.2 and 14.1 (Me); HRMS (ESI) found 460.1677 [C20H27N3O8 + Na]+ 

requires: 426.1636. 
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Methyl ((S)-2-((tert-butoxycarbonyl)amino)-4-(2-formamidophenyl)-4-oxobutanoyl)-L-

alaninate (216) 

 

m-Chlorobenzoic acid (2.30 g, 10.36 mmol) was added portionwise to dipeptide 208 (1.00 g, 

2.56 mmol) in dichloromethane (34 mL) at ˗41 °C and stirred at ˗41 °C for 1 h. The reaction 

mixture was quenched with Na2SO3 (10% aq, 50 mL), NaHCO3 (sat. aq., 50 mL), dried 

(Na2SO4), filtered, and concentrated in vacuo. Purification by flash chromatography on silica 

gel eluting with ethyl acetate:petroleum ether (1:1) gave the title compound (374 mg, 0.89 

mmol, 35%) as a pale orange solid; m.p. 136.0–104.0 °C; νmax 3287, 1741, 1653, 1514, 1450, 

1155, 754; [α]𝐷
25+69.4 (c 0.19, CHCl3); δH (400 MHz, CDCl3) 11.29 (1H, br s, NH), 8.72 (1H, 

d, J 8.4, ArH), 8.48 (1H, s, CHO), 7.90 (1H, d, J 7.8, ArH), 7.57 (1H, t, J 7.8, ArH), 7.16 (1H, 

t, J 7.6, ArH), 7.04 (1H, br s, NH), 5.59 (1H, br s, NH), 4.72 (1H, br s, CH), 4.54 (1H, dt, J 

14.4, 7.2, CH), 3.79 (1H, dd, J 17.8, 2.6, CH2), 3.72 (3H, s, Me), 3.39 (1H, dd, J 17.8, 5.6, 

CH2), 1.46 (9H, s, Me), 1.43 (3H, d, J 7.2, Me); δC (100 MHz, CDCl3) 202.9 (C), 173.0 (C), 

170.5 (C), 159.8 (CH), 155.4 (C), 139.8 (C), 135.6 (ArCH), 130.8 (ArCH), 123.2 (ArCH), 

121.7 ArCH), 121.6 (C), 80.7 (C), 52.5 (Me), 50.5 (CH), 48.3 (CH), 41.8 (CH2), 28.3 (Me), 

18.3 (Me); HRMS (ESI) found: 444.0752 [C20H27N3O7 + Na]+ requires: 444.1741. 

 

  



134 

 

N-(2-(2-((2S,5S)-5-methyl-3,6-dioxopiperazin-2-yl)acetyl)phenyl)formamide (217) and 

(3S,6S)-3-(2-(2-aminophenyl)-2-oxoethyl)-6-methylpiperazine-2,5-dione (90) 

 

Trifluoroacetic acid (0.33 mL) was added dropwise to dipeptide 216 (50 mg, 0.12 mmol) in 

dichloromethane (1.0 mL) at 0 °C. The reaction mixture was warmed to room temperature and 

stirred for 1.5 h, after which the solvent was removed in vacuo. Morpholine (0.5 mL) was 

added to the crude residue in tert-butanol (2.5 mL) and the resultant mixture stirred at room 

temperature for 16 h. The reaction mixture was concentrated in vacuo and purified by flash 

chromatography on silica gel eluting with methanol:dichloromethane (5:95) giving two 

products: 

 217 (21 mg, 0.073 mmol, 60%) as a colourless powder; m.p. 244.9–247.6 °C; νmax 3051, 1709, 

1689, 1655, 1519, 1449, 1259, 751; [α]𝐷
25˗34.3 (c 0.11, DMF); δH (400 MHz, (CD3)2SO) 11.0 

(1H, br s, NH), 8.45–8.40 (2H, m, CHO and ArH), 8.21 (1H, s, NH), 8.03–8.00 (2H, m, ArH 

and NH), 7.60 (1H, t, J 7.8, ArH), 7.25 (1H, t, J 7.6, ArH), 4.46 (1H, t, J 5.2, CH), 4.04 (1H, 

q, J 7.0, CH), 3.60 (1H, dd, J 18.0, 4.4, CH2), 3.41–3.35 (1H, m, CH2), 1.30 (3H, d, J 7.0, Me); 

δC (100 MHz, (CD3)2SO) 200.2 (C), 169.1 (C), 168.2 (C), 161.1 (CHO), 137.8 (ArC), 134.0 

(ArCH), 130.7 (ArCH), 124.2 (ArC), 123.4 (ArCH), 121.2 (ArCH), 50.5 (CH), 49.6 (CH), 41.2 

(CH2), 17.4 (Me); HRMS (ESI) found: 312.0951 [C14H15N3O4 + Na]+ requires: 312.0955. 90 

(3 mg, 0.012 mmol, 10%) as a pale yellow powder; m.p. 165.9–168.2 °C; νmax 3481, 3355, 

1672, 1652, 1578, 1444, 1251, 756; δH (400 MHz, (CD3)2SO) 8.11 (1H, br s, NH), 7.90 (1H, 

br s, NH), 7.74 (1H, dd, J 8.5, 1.5, ArH), 7.25 (1H, dd, J 7.0, 1.5, ArH), 7.16 (2H, br s, NH2), 

6.75 (1H, dd, J 8.5, 1.2, ArH), 6.55 (1H, ddd, J 7.0, 1.1, ArH), 4.34 (1H, t, J 4.9, CH), 4.01–

3.99 (1H, m, CH), 3.49 (1H, dd, J 17.7, 4.5, CH2), 3.30 (1H, dd, J 18.0, 5.3, CH2), 1.34 (3H, 

d, J 7.0, Me); δC (100 MHz, (CD3)2SO) 197.9 (C), 168.8 (C), 168.1 (C), 151.1 (ArC), 134.2 

(ArCH), 131.0 (ArCH), 116.9 (ArCH), 116.4 (ArC), 114.4 (ArCH), 50.4 (CH), 49.9 (CH), 18.0 

(Me), 1 × CH2 under residual DMSO; HRMS (ESI) found: 284.1005 [C13H15N3O3 + Na]+ 

requires: 284.1006. 
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2-(2-Nitrophenyl)-2-oxoacetaldehyde (218) 

 

Selenium dioxide (806 mg, 7.30 mmol) was stirred in dioxane:water (15:1, 4 mL) at 60 °C until 

dissolved, after which 2-nitroacetophenone (0.83 mL, 6.0 mmol) was added and the resulting 

solution stirred under reflux for 18 h. The reaction mixture was filtered over a pad of celite, 

washed with dichloromethane (50 mL) and concentrated in vacuo. Purification by column 

chromatography on silica gel eluting with ethyl acetate:petroleum ether (3:2) gave the title 

compound (859 mg, 4.80 mmol, 80%) as a viscous yellow oil; δH (400 MHz, CDCl3) 9.49 (1H, 

s, CHO), 8.21 (1H, dd, J 8.3, 1.0, ArH), 7.83 (1H, dt, J 7.5, 1.0, ArH), 7.75 (1H, dt, J 7.7, 1.0, 

ArH), 7.58 (1H, dd, J 7.5, 1.0, ArH). Spectroscopic data consistent with literature.166  
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(S,Z)-1-Acetyl-6-methyl-3-(2-(2-nitrophenyl)-2-oxoethylidene)piperazine-2,5-dione (235) 

 

Potassium tert-butoxide (1.0 M in THF, 0.68 mL) was added dropwise to glyoxal 218 (80 mg, 

0.44 mmol) and diketopiperazine 149 (140 mg, 0.680 mmol) in DMF (3.2 mL) at 0 °C. The 

reaction mixture was stirred at 0 °C for 10 minutes and then NH4Cl (sat., aq., 20 mL) was 

added. The resultant mixture was extracted with ethyl acetate (3 × 60 mL), dried (Na2SO4), 

filtered, and concentrated in vacuo. Purification by column chromatography on silica gel 

eluting with ethyl acetate:petroleum ether (1:1) gave the title compound (46 mg, 0.14 mmol, 

32%) as a yellow oil; νmax 1708, 1645, 1526, 1364, 1287, 1274, 1215, 1210, 750; [α]D
21+9.7 (c 

0.33, CHCl3); δH (400 MHz, CDCl3) 11.23 (1H, br s, NH), 8.11 (1H, dd, J 8.3, 1.1, ArH), 7.76 

(1H, dt, J 7.6, 1.1, ArH), 7.67 (1H, dt, J 8.0, 1.5, ArH), 7.54 (1H, dd, J 7.6, 1.5, ArH), 6.69 

(1H, s, CH), 5.12 (1H, q, J 7.0, CH), 2.57 (3H, s, Me), 1.59 (3H, d, J 7.2, Me); δC (100 MHz, 

CDCl3) 192.9 (C), 171.4 (C), 166.8 (C), 158.6 (C), 146.5 (C), 137.4 (C), 136.2 (C), 134.1 (CH), 

131.7 (CH), 128.4 (CH), 124.7 (CH), 105.1 (CH), 53.0 (CH), 27.1 (Me), 21.3 (Me); HRMS 

(ESI) found 354.0707 [C15H13N3O6 + Na]+ requires: 354.0697.



137 

 

NOESY NMR spectrum of 235 



138 

 

(S,Z)-3-Methyl-6-(2-(2-nitrophenyl)-2-oxoethylidene)piperazine-2,5-dione (219) 

 

Hydrochloric acid (conc., 1.0 mL) was added dropwise to diketopiperazine 235 (372 mg, 1.12 

mmol) in dioxane (5.0 mL) and the reaction mixture was stirred at room temperature for 4 h, 

after which, NaHCO3 (sat. aq., 20 mL) was added slowly at 0 °C. The resultant aqueous phase 

was extracted with ethyl acetate (3 × 30 mL), dried (Na2SO4), filtered, and concentrated in 

vacuo to give the title compound (300 mg, 1.04 mmol, 93%) as a pale pink solid; m.p. 170.4–

171.8 °C; νmax 2924, 2854, 1708, 1644, 1526, 1458, 1341, 1232, 791, 703; [α]D
21-1.1 (c 0.19, 

DMF); δH (400 MHz, (CD3)2SO) 11.21 (1H, br s, NH), 9.08 (1H, br s, NH), 8.12 (1H, d, J 7.9, 

ArH), 7.90 (1H, t, J 7.5, ArH), 7.84–7.80 (2H, m, 2 × ArH), 6.57 (1H, s, CH), 4.46–4.40 (1H, 

m, CH), 1.44 (3H, d, J 7.0, Me); δC (100 MHz, (CD3)2SO) 192.6 (C), 167.7 (C), 155.7 (C), 

146.8 (C), 142.7 (C), 134.8 (C), 134.1 (ArCH), 132.3 (ArCH), 128.7 (ArCH), 124.5 (ArCH), 

100.3 (CH), 50.8 (CH), 19.4 (Me); HRMS (ESI) found 312.0586 [C13H11N3O5 + Na]+ requires: 

312.0591. 
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(S,Z)-3-(2-(2-Aminophenyl)-2-oxoethylidene)-6-methylpiperazine-2,5-dione (92) 

 

Diketopiperazine 219 (20 mg, 0.070 mmol) and palladium (10% on carbon, 10 mg) in ethanol 

(2.0 mL) was stirred vigorously at 0 °C under an atmosphere of hydrogen for 20 minutes. The 

reaction mixture was filtered and concentrated in vacuo to give the title compound (18 mg, 

0.070 mmol, quant.) as a red solid; m.p. 215.8–220.0; νmax 1694, 1620, 1455, 1384, 1228, 1162, 

780, 748; [α]D
21+1.6 (c 0.19, DMF); δH (400 MHz, (CD3)2SO) 11.68 (1H, br s, NH), 10.06 (1H, 

br s, NH), 7.75 (1H, d, J 7.6, ArH), 7.40 (2H, br s, NH2), 7.28 (1H, t, J 7.8, ArH), 7.02 (1H, s, 

CH), 8.80 (1H, d, J 8.2, ArH), 6.58 (1H, t, J 7.7, ArH), 4.39–4.33 (1H, m, CH), 1.41 (3H, d, J 

7.0, Me); δC (100 MHz, (CD3)2SO) 193.1 (C), 167.3 (C), 156.7 (C), 152.1 (C), 140.2 (C), 134.8 

(CH), 130.2 (CH), 117.5 (C), 117.4 (CH), 114.9 (CH), 99.6 (CH), 50.6 (CH), 19.7 (Me); HRMS 

(ESI) found 282.0842 [C13H13N3O6 + Na]+ requires: 282.0849. 
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6-(2-Aminophenyl)-3-methylfuro[2,3-b]pyrazin-2(1H)-one (93) 

 

Diketopiperazine 92 (20 mg, 0.070 mmol) in sulfuric acid (0.10 mL) was stirred in a capped 

vial at 65 °C for 24 h. The reaction mixture was quenched with NaHCO3 (10 mL) at 0 °C and 

the resultant aqueous phase extracted with ethyl acetate (4 × 15 mL). The combined organic 

phases were dried (Na2SO4), filtered, and concentrated in vacuo. Purification by column 

chromatography on silica gel eluting with ethyl acetate:petroleum ether (3:1) gave the title 

compound (8 mg, 47%) as an orange solid; m.p. 106.2–108.0 °C; νmax 2919, 2850, 1627, 1569, 

1520, 1247, 1224, 996, 739, 704; δH (400 MHz, (CD3)2SO) 11.92 (1H, br s, NH), 7.57 (1H, dd, 

J 7.8, 1.5, ArH), 7.13 (1H, ddd, J 8.0, 7.1, 1.5, ArH), 7.02 (1H, s, CH), 6.85 (1H, dd, J 8.3, 1.2, 

ArH), 6.70–6.67 (1H, m, ArH), 5.58 (2H, br s, NH2), 2.37 (3H, s, Me); δC (100 MHz, 

(CD3)2SO) 157.1 (C), 155.9 (C), 147.1 (C), 146.3 (C), 141.0 (C), 130.7 (ArCH), 129.6 (C), 

127.9 (ArCH), 117.3 (ArCH), 114.1 (ArCH), 113.3 (C), 100.3 (CH), 20.1 (Me); HRMS (ESI) 

found 242.0922 [C13H12N3O2 + H]+ requires: 242.0924. 
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1,4-Diacetylpiperazine-2,5-dione (238) 

 

Glycine anhydride (500 mg, 4.40 mmol) in acetic anhydride (20 mL) was stirred under reflux 

for 20 h, after which the reaction mixture was concentrated in vacuo and purified by column 

chromatography on silica gel eluting with ethyl acetate:petroleum ether (1:1) to give the title 

compound (870 mg, 4.40 mmol, quant.) as a colourless solid; m.p. 86.0–88.2 °C; δH (400 MHz, 

CDCl3) 4.60 (4H, s, CH2), 2.60 (6H, s, Me). Spectroscopic data consistent with literature.237  

1,3-Di-tert-butylcarbamate-2-(3-hydroxypropyl)guanidine (264) 

 

3-Aminopropanol (0.76 mL, 10.0 mmol) and DMAP (30.6 mg, 0.250 mmol) was added to 263 

(726 mg, 2.50 mmol) in DMF (7.5 mL) and the resultant mixture stirred at room temperature 

for 30 minutes. The reaction mixture was diluted with ethyl ether (50 mL) and washed with 

acetic acid (1.0 M, 50 mL). The aqueous phase was extracted with ethyl ether (50 mL) and the 

combined organic phases washed with NaHCO3 (50 mL), brine (50 mL), dried (Na2SO4), 

filtered, and concentrated in vacuo to give the title compound (787 mg, 2.48 mmol, quant.) as 

a colourless oil; δH (400 MHz, CDCl3) 11.43 (1H, br s, NH), 8.43 (1H, br s, NH), 4.66 (1H, br 

s, OH), 3.57–3.53 (4H, m, CH2 × 2), 1.70–1.66 (2H, m, CH2), 1.49 (9H, s, Me), 1.46 (9H, s, 

Me). Spectroscopic data consistent with literature.295 
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1,3-Di-tert-butylcarbamate-2-(3-oxopropyl)guanidine (265) 

 

Alcohol 264 (635 mg, 2.00 mmol) and pyridine (0.97 mL, 12 mmol) in dichloromethane (5.4 

mL) was added dropwise to Dess-Martin periodinane (1.10 g, 2.60 mmol) in dichloromethane 

(9.6 mL). The reaction mixture was stirred at room temperature for 1 h, after which sodium 

hydroxide (1.0 M, 15 mL) and ethyl ether (10 mL) were added and the resultant biphasic 

mixture stirred vigorously for 20 minutes. Ethyl ether (30 mL) was added and the reaction 

mixture was washed with water (3 × 15 mL), dried (Na2SO4), filtered, and concentrated in 

vacuo. Purification by column chromatography on silica gel eluting with ethyl 

acetate:petroleum ether (2:1) gave the title compound (500 mg, 1.59 mmol, 79%) as a 

colourless foam; δH (400 MHz, CDCl3) 11.41 (1H, br s, NH), 9.80 (1H, s, CHO), 8.55 (1H, br 

s, NH), 3.71 (2H, dd, J 12.1, 6.0, CH2), 2.76 (2H, t, J 6.2, CH2), 1.47 (9H, s, Me), 1.46 (9H, s, 

Me). Spectroscopic data consistent with literature.236 

(Z)-1-(3-(4-Acetyl-3,6-dioxopiperazin-2-ylidene)propyl)guanidine-1,3-di-tert-butylcarbamate 

(266) 

 

Cesium carbonate (489 mg, 1.50 mmol) was added to diketopiperazine 238 (277 mg, 1.43 

mmol) and aldehyde 265 (450 mg, 1.43 mmol) in DMF (4.0 mL). The reaction mixture stirred 

at room temperature for 2 h, after which it was washed with water (50 mL) and extracted with 

ethyl acetate (4 × 40 mL). The combined organic phases were dried (Na2SO4), filtered, and 

concentrated in vacuo. Purification by column chromatography on silica gel eluting with ethyl 

acetate:petroleum ether (2:3) gave the title compound (476 mg, 1.05 mmol, 73%) as a 

colourless foam; δH (400 MHz, CDCl3) 11.47 (1H, br s, NH), 9.51 (1H, br s, NH), 8.51 (1H, t, 

J 6.0, NH), 6.30 (1H, t, J 8.5, CH), 4.44 (2H, s, CH2), 3.47 (2H, dd, J 14.4, 6.3, CH2), 2.59–

2.53 (5H, m, Me and CH2), 1.49 (9H, s, Me), 1.48 (9H, s, Me). Spectroscopic data consistent 

with literature.236 
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1-(3-(4-Acetyl-3,6-dioxopiperazin-2-yl)propyl)guanidine-1,3-di-tert-butylcarbamate (267) 

 

Palladium (10% on carbon, 53% water, 100 mg) and diketopiperazine 266 (200 mg, 0.440 

mmol) in ethyl acetate (1.8 mL) was stirred vigorously under an atmosphere of hydrogen for 

45 minutes. The reaction mixture was filtered over a pad of Celite®, washed with 

dichloromethane (60 mL) and concentrated in vacuo to give the title compound (184 mg, 0.040 

mmol, 92%) as a colourless solid; m.p. 153.8–156.8 °C; δH (400 MHz, CDCl3) 11.42 (1H, br 

s, NH), 8.51 (1H, t, J 6.0, NH), 7.30 (1H, br s, NH), 4.57 (1H, d, J 17.9, CH2), 4.32–4.28 (1H, 

m, CH), 4.14 (1H, d, J 19.1, CH2), 3.62–3.53 (1H, m, CH2), 3.30–3.21 (1H, m, CH2), 2.59 (3H, 

s, Me), 1.95–1.75 (4H, m, CH2 × 2), 1.51 (9H, s, Me), 1.50 (9H, s, Me). Spectroscopic data 

consistent with literature.236 

1-(3-(4-Acetyl-3,6-dioxopiperazin-2-yl)propyl)guanidine-1,3-di-tert-butylcarbamate (268) 

 

Di-tert-butyl dicarbonate (30.2 mg, 0.14 mmol) and DMAP (1.69 mg, 0.014 mmoL) were 

added to diketopiperazine 267 (60 mg, 0.13 mmol) in acetonitrile (0.50 mL) and the resultant 

mixture was stirred at room temperature for 1 h. The reaction mixture was quenched with 

NH4Cl (sat. aq., 5 mL) and extracted with ethyl acetate (3 × 20 mL). The combined organic 

phases were dried (Na2SO4), filtered, and concentrated in vacuo to give the title compound (74 

mg, 0.13 mmol, quant.) as a colourless foam; δH (400 MHz, CDCl3) 11.48 (1H, br s, NH), 8.37 

(1H, t, J 6.5, NH), 5.07 (1H, d, J 18.6, CH2), 4.83 (1H, t, J 7.6, CH), 3.98 (1H, d, J 18.5, CH2), 

3.51–3.45 (2H, m, CH2), 2.59 (3H, s, Me), 1.94–1.88 (2H, m, CH2), 1.79–1.73 (2H, m, CH2), 

1.50 (9H, s, Me), 1.49 (18H, s, Me). Spectroscopic data consistent with literature.236 
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tert-Butyl (Z)-2-(3-((E)-2,3-bis(tert-butoxycarbonyl)guanidino)propyl)-5-(2-(2-nitrophenyl)-

2-oxoethylidene)-3,6-dioxopiperazine-1-carboxylate (269) 

 

Potassium tert-butoxide (1.0 M in THF, 0.11 mL) was added dropwise to glyoxal 218 (20 mg, 

0.108 mmol) and diketopiperazine 268 (40 mg, 0.072 mmol) in DMF (0.50 mL) at ˗78 °C. The 

reaction mixture was stirred at ˗78 °C for 30 minutes and then NH4Cl (sat., aq., 5 mL) was 

added. The resultant mixture was extracted with ethyl acetate (3 × 20 mL), dried (Na2SO4), 

filtered, and concentrated in vacuo. Purification by column chromatography on silica gel 

eluting with ethyl acetate:petroleum ether (2:3) gave the title compound (46 mg, 0.14 mmol, 

33%) as a yellow solid; m.p. 79.8–82.3 °C; νmax 1715, 1638, 1611, 1367, 1244, 1131, 1048, 

774; δH (400 MHz, CDCl3) 11.47 (1H, br s, NH), 11.22 (1H, br s, NH), 8.37 (1H, t, J 5.6, NH), 

8.08 (1H, d, J 8.1, ArH), 7.74 (1H, t, J 8.1, ArH), 7.65 (1H, t, J 7.8, ArH), 7.55 (1H, d, J 7.6, 

ArH), 6.69 (1H, s, CH), 4.85 (1H, dd, J 7.5, 5.5, CH), 3.46 (2H, q, J 6.5, CH2), 2.05–1.90 (2H, 

m, CH2), 1.75–1.63 (2H, m, CH2), 1.55 (9H, s, Me), 1.48 (9H, s, Me), 1.47 (9H, s, Me); δC 

(100 MHz, CDCl3) 192.9 (C), 163.6 (C), 163.5 (C), 156.6 (C), 156.2 (C), 153.2 (C), 150.0 (C), 

146.5 (C), 139.5 (C), 136.2 (C), 134.0 (CH), 131.5 (CH), 128.3 (CH), 124.6 (CH), 105.2 (CH), 

85.7 (C), 83.2 (C), 79.4 (C), 58.5 (CH), 39.8 (CH2), 33.0 (CH2), 28.3 (Me), 28.2 (Me), 27.9 

(Me), 24.8 (CH2); HRMS (ESI) found 675.2973 [C31H42N6O11 + H]+ requires: 675.2984. 
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(Z)-2-(3-((E)-2,3-Bis(tert-butoxycarbonyl)guanidino)propyl)-5-(2-(2-aminophenyl)-2-

oxoethylidene)-3,6-dioxopiperazine-1-carboxylate (270) 

 

Diketopiperazine 269 (30 mg, 0.045 mmol) was stirred in TFA/CH2Cl2 (1:1, 0.6 mL) at 0 °C 

for 4 h. The solvent was removed under a stream of nitrogen and the crude residue was 

dissolved in ethanol (1 mL). Palladium (10% on carbon, 10 mg) was added and the resultant 

mixture was stirred vigorously under an atmosphere of hydrogen at 0 °C for 2 h. The reaction 

mixture was filtered and washed with ethyl acetate (20 mL), and the filtrate concentrated in 

vacuo. Purification by column chromatography on silica gel eluting with  ethyl 

acetate:petroleum ether (3:1) gave the title compound (19 mg, 0.036 mmol, 80%) as an orange 

solid; m.p. 39.0–41.3 °C; νmax 3328, 2919, 2851, 1700, 1628, 1573, 1367, 1323, 1224, 1131, 

749; δH (400 MHz, (CD3)2SO) 11.69 (1H, br s, NH),  11.49 (1H, br s, NH), 8.96 (1H, br s, NH), 

8.34 (1H, t, J 6.1, NH), 7.74 (1H, d, J 8.4, ArH), 7.39 (2H, br s, NH2), 7.28 (1H, t, J 7.6, ArH), 

7.01 (1H, s, CH), 6.80 (1H, d, J 8.5, ArH), 6.58 (1H, t, J 7.5, ArH), 4.38–4.35 (1H, m, CH), 

1.86–1.75 (2H, m, CH2), 1.64–1.58 (2H, m, CH2), 1.46 (9H, s, Me), 1.38 (9H, s, Me), 1 × CH2 

under residual DMSO; δC (100 MHz, (CD3)2SO) 193.0 (C), 166.5 (C), 163.1 (C), 157.0 (C), 

155.3 (C), 152.1 (C), 152.0 (C),  139.7 (C), 134.9 (ArCH), 130.2 (ArCH), 117.5 (ArC), 117.4 

(ArCH), 114.9 (ArCH), 99.9 (CH), 82.2 (C), 78.1 (C), 54.4 (CH), 30.9 (CH2), 28.0 (Me), 27.6 

(Me), 23.5 (CH2), 1 × CH2 under residual DMSO; HRMS (ESI) found: 545.2718 [C26H36N6O7 

+ H]+ requires: 545.2714.
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NOESY NMR spectrum of 270 
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2-(3-Hydroxypropyl)isoindoline-1,3-dione (274) 

 

3-Aminopropanol (2.28 mL, 30.0 mmol), phthalic anhydride (4.44 g, 30.0 mmol), and DMAP 

(402 mg, 3.0 mmol) were stirred at 125 °C for 1.5 h. The reaction mixture was diluted with 

dichloromethane (150 mL) and washed with water (150 mL), dried (Na2SO4), filtered, and 

concentrated in vacuo. Purification by column chromatography on silica gel eluting with ethyl 

acetate:petroleum ether (3:1) gave the title compound (5.00 g, 24.0 mmol, 81%) as a colourless 

solid; m.p. 69.6–70.2 °C; δH (400 MHz, CDCl3) 7.85 (2H, dd, J 5.4, 3.1, ArH), 7.73 (2H, dd, J 

5.5, 3.1, ArH), 3.86 (1H, t, J 6.3, CH2), 3.62 (2H, q, J 5.9, CH2), 2.48 (1H, t, J 5.7, OH), 1.88 

(2H, quin., J 6.1, CH2). Spectroscopic data consistent with literature.239 
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3-(1,3-Dioxoisoindolin-2-yl)propanal (275) 

 

Dess-Martin periodinane (1.08 g, 2.50 mmol) was added to alcohol 274 (520 mg, 2.50 mmol) 

in dichloromethane (7 mL) at 0 °C. The reaction mixture was stirred warmed to room 

temperature and stirred at room temperature for 20 minutes, after which Na2S2O3 (sat. aq., 50 

mL) was added. The resultant mixture was extracted with dichloromethane (50 mL), dried 

(Na2SO4), filtered, and concentrated in vacuo. Purification by column chromatography on silica 

gel eluting with ethyl acetate:petroleum ether (3:2) afforded the title compound (420 mg, 2.10 

mmol, 84%) as a colourless solid.  

Dimethyl sulfoxide (16.0 mL, 225 mmol) was added dropwise to oxalyl chloride (6.44 mL, 

75.0 mmol) in dichloromethane (20 mL) at ˗78°C and the reaction mixture stirred at ˗78°C for 

30 minutes. Alcohol 274 (10.3 g, 50.0 mmol) in dichloromethane (20 mL) was added dropwise 

to the reaction mixture at ˗78°C and the reaction mixture stirred for 30 minutes. DIPEA (43.6 

mL) was added and the reaction warmed to room temperature and stirred at room temperature 

for 10 minutes, after which NaH2PO2 (10.0 g, 7.5 mmol) in water (15 mL) was added. The 

resultant mixture was diluted with dichloromethane (300 mL) and washed with HCl (10% aq., 

250 mL), NaHCO3 (sat. aq., 250 mL), and brine (250 mL). The solvent was removed in vacuo 

to give the title compound (9.83 g, 48.0 mmol, 97%) as a colourless solid; m.p. 111.6–113.0 

°C; δH (400 MHz, CDCl3) 9.82 (1H, t, J 1.5, CHO), 7.85 (2H, dd, J 5.9, 3.1, ArH), 7.72 (2H, 

dd, J 5.6, 3.1, ArH), 4.04 (2H, t, J 7.0, CH2), 2.87 (2H, dt, J 7.0, 1.4, CH2). Spectroscopic data 

consistent with literature.239 
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(Z)-2-(3-(4-Acetyl-3,6-dioxopiperazin-2-ylidene)propyl)isoindoline-1,3-dione (281) 

 

Cesium carbonate (664 mg, 2.04 mmol) was added to bisacetoxyglycine anhydride (388 mg, 

1.96 mmol) and aldehyde 275 (400 mg, 1.96 mmol) in DMF (6.0 mL) and the reaction mixture 

stirred at room temperature for 2 h. The reaction mixture was diluted with ethyl acetate (50 

mL), then washed with water (50 mL) and brine (50 mL), dried (Na2SO4), filtered, and 

concentrated in vacuo. The crude residue was washed with ethyl acetate (3 × 20 mL) to give 

the title compound (367 mg, 1.08 mmol, 55%) as a colourless solid; m.p. 105.5–110.0 °C; νmax 

1683, 1635, 1413, 1370, 1270, 1235, 990, 980, 718; δH (400 MHz, CDCl3) 8.84 (1H, br s, NH), 

7.86 (2H, dd, J 5.3, 2.9, ArH), 7.74 (2H, dd, J 5.5, 3.0, ArH), 6.30 (1H, t, J 7.9, CH), 4.39 (2H, 

s, CH2), 3.84 (2H, t, J 7.2, CH2), 2.65–2.60 (5H, m, CH2 and Me); δC (100 MHz, CDCl3) 172.5 

(C), 168.3 (C), 163.7 (C), 159.5 (C), 134.3 (ArCH), 131.9 (C), 128.6 (C), 123.6 (ArCH), 118.4 

(CH), 46.0 (CH2), 36.2 (CH2), 27.2 (Me), 25.3 (CH2); HRMS (ESI) found 364.0908 

[C17H15N3O5 + Na]+ requires: 364.0904. 
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2-(3-(4-Acetyl-3,6-dioxopiperazin-2-yl)propyl)isoindoline-1,3-dione (282) 

 

Palladium (10% on carbon, 53% water, 300 mg,) and diketopiperazine 281 (590 mg, 1.73 

mmol) in ethyl acetate (6.0 mL) were stirred vigorously under reflux and an atmosphere of 

hydrogen for 18 h. The reaction mixture was filtered over a pad of Celite®, washed with 

dichloromethane (60 mL) and concentrated in vacuo to give the title compound (530 mg, 1.55 

mmol, 89%) as a colourless solid; m.p. 154.3–157.2 °C; νmax 2924, 1699, 1682, 1364, 1258, 

1214, 1019, 798, 721; δH (400 MHz, CDCl3) 7.90 (1H, br s, NH), 7.80 (2H, dd, J 5.4, 3.0, 

ArH), 7.70 (2H, dd, J 5.5, 3.0, ArH), 4.29 (2H, s, CH2), 4.15–4.12 (1H, m, CH), 3.72 (2H, t, J 

6.8, CH2), 2.55 (3H, s, Me), 1.97–1.80 (4H, m, CH2 × 2); δC (100 MHz, CDCl3) 171.9 (C), 

168.6 (C), 168.4 (C), 167.2 (C), 134.1 (ArCH), 131.9 (C), 123.3 (ArCH), 56.1 (CH), 45.6 

(CH2), 37.0 (CH2), 30.0 (CH2), 27.2 (Me), 24.2 (CH2); HRMS (ESI) found 366.1068 

[C17H17N3O5 + Na]+ requires: 366.1066.  
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2-(3-(4-Acetyl-3,6-dioxopiperazin-2-yl)propyl)isoindoline-1,3-dione (283) 

 

Di-tert-butyl dicarbonate (354 mg, 1.55 mmol) and DMAP (19.0 mg, 0.155 mmoL) were added 

to diketopiperazine 282 (530 mg, 1.55 mmol) in acetonitrile (9.0 mL) and the resultant mixture 

was stirred at room temperature for 1 h. The reaction mixture was quenched with NH4Cl (sat. 

aq., 20 mL) was added and extracted with ethyl acetate (3 × 30 mL). The combined organic 

phases were dried (Na2SO4), filtered, and concentrated in vacuo to give the title compound (680 

mg, 1.53 mmol, 99%) as a colourless foam; m.p. 28.5–30.5 °C; νmax 1779, 1702, 1367, 1270, 

1248, 1143, 719; δH (400 MHz, CDCl3) 7.83 (2H, dd, J 5.4, 3.0, ArH), 7.71 (2H, dd, J 5.4, 3.0, 

ArH), 5.04 (1H, d, J 19.1, CH2), 4.83 (1H, t, J 7.2, CH), 3.94 (1H, d, J 18.6, CH2), 3.77–3.70 

(2H, m, CH2), 2.54 (3H, s, Me), 1.89–1.86 (4H, m, CH2 × 2), 1.51 (9H, s, Me); δC (100 MHz, 

CDCl3) 171.2 (C), 168.3 (C), 167.7 (C), 163.8 (C), 150.0 (C), 134.1 (ArCH), 132.0 (C), 123.4 

(ArCH), 85.3 (C), 60.0 (CH), 46.4 (CH2), 37.1 (CH2), 30.0 (CH2), 27.9 (Me), 27.0 (Me), 25.2 

(CH2); HRMS (ESI) found 466.1576 [C22H25N3O7 + Na]+ requires: 466.1585.  
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tert-Butyl (Z)-2-(3-(1,3-dioxoisoindolin-2-yl)propyl)-5-(2-(2-nitrophenyl)-2-oxoethylidene)-

3,6-dioxopiperazine-1-carboxylate (285) 

 

Potassium tert-butoxide (1.0 M in THF, 0.17 mL) was added dropwise to glyoxal 218 (30 mg, 

0.17 mmol) and diketopiperazine 283 (50 mg, 0.11 mmol) in THF (0.7 mL) at ˗78 °C. The 

reaction mixture was stirred at ˗78 °C for 10 minutes and then NH4Cl (sat., aq., 5 mL) was 

added. The resultant mixture was extracted with ethyl acetate (3 × 20 mL), dried (Na2SO4), 

filtered, and concentrated in vacuo. Purification by column chromatography on silica gel 

eluting with ethyl acetate:petroleum ether (3:1) gave the title compound (30 mg, 0.053 mmol, 

31%) as a colourless foam; m.p. 48.2–49.8 °C; νmax  1706, 1646, 1527, 1271, 1242, 1142, 719; 

δH (400 MHz, (CD3)2SO) 11.14 (1H, br s, NH), 8.11 (1H, dd, J 8.5, 1.3, ArH), 7.88–7.80 (7H, 

m, ArH), 6.71 (1H, s, CH), 4.73 (1H, t, J 5.9), 3.59 (2H, dt, J 6.8, 2.0, CH2), 1.91 (2H, q, J 

7.5), 1.72–1.60 (2H, m, CH2), 1.41 (9H, s, Me); δC (100 MHz, (CD3)2SO) 192.4 (C), 168.0 (C), 

165.5 (C), 156.0 (C), 149.8 (C), 146.7 (C), 140.2 (C), 134.7 (C), 134.4 (ArCH), 134.2 (ArCH), 

132.4 (C), 131.6 (ArCH), 128.9 (ArCH), 124.5 (ArCH), 123.0 (ArCH), 103.5 (CH), 84.4 (C), 

58.2 (CH), 36.8 (CH2), 31.6 (CH2), 27.3 (Me), 23.6 (CH2); HRMS (ESI) found 585.1588 

[C28H26N4O9 + Na]+ requires: 585.1605.  
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(Z)-2-(3-(5-(2-(2-Aminophenyl)-2-oxoethylidene)-3,6-dioxopiperazin-2-

yl)propyl)isoindoline-1,3-dione (288) 

 

Diketopiperazine 288 (50 mg, 0.088 mmol) in sulfuric acid (0.1 mL) was stirred in a capped 

vial at 65 °C for 1 h. The reaction mixture was cooled to room temperature, diluted with ice 

(20 mL), and extracted with ethyl acetate (6 × 20 mL). The combined organic phases were 

dried (Na2SO4), filtered, and concentrated in vacuo. Purification by flash chromatography on 

silica gel eluting with ethyl acetate:petroleum ether (3:1) gave the title compound (10 mg, 0.022 

mmol, 25%) as a brown solid; m.p. 94.8–98.8 °C; νmax  2924, 1702, 1638, 1526, 1396, 1351, 

716; δH (400 MHz, (CD3)2SO) 12.18 (1H, br s, NH), 8.00–7.96 (2H, m, 2 × ArCH), 7.84–7.75 

(5H, m, 5 × ArCH), 7.70 (1H, ddd, J 8.7, 7.4, 1.6, ArCH), 7.20 (1H, s, CH), 3.68 (2H, t, J 7.2, 

CH2), 2.28 (2H, t, J 7.8, CH2), 2.05 (2H, quin., J 7.2, CH2); δC (100 MHz, (CD3)2SO) 168.3 

(C), 156.8 (C), 151.0 (C), 147.7 (2 × C), 134.7 (ArCH), 133.3 (ArCH), 132.0 (C), 131.2 

(ArCH), 130.5 (ArCH), 129.1 (C), 124.8 (ArCH), 123.3 (ArCH), 122.5 (C), 103.4 (CH), 37.7 

(CH2), 30.1 (CH2), 25.1 (CH2), 1 × C not visible; HRMS (ESI) found 467.0995 [C23H16N4O6 + 

Na]+ requires: 467.0955. 
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1-(3-(6-(2-Nitrophenyl)-2-oxo-1,2-dihydrofuro[2,3-b]pyrazin-3-yl)propyl)-2,3-bis(tert-

butoxycarbonyl)guanidine (300) 

 

Furopyrazine 288 (30 mg, 0.068 mmol) in hydrazine hydrate (50–60 wt%, 0.44 µL) in 

methanol (1.2 mL) was stirred in a capped vial at 65 °C for 1 h, after which the solvent was 

removed under a stream of nitrogen gas and residual hydrazine azeotroped with toluene to give 

293 as pale brown solid; δH (400 MHz, (CD3)2SO) 8.06 (2H, dd, J 5.9, 3.4, ArH), 7.96 (1H, dd, 

J 7.9, 1.1, ArH), 7.92 (1H, dd, J 8.3, 1.3, ArH), 7.85 (2H, dd, J 5.9, 3.2, ArH), 7.77 (1H, dt, J 

7.4, 1.7, ArH), 7.63 (1H, dt, J 7.6, 1.4, ArH), 7.10 (1H, s, CH), 2.75 (2H, t, J 6.9, CH2), 2.64 

(2H, t, J 6.3, CH2), 1.90–1.87 (2H, m, CH2); HRMS (ESI) found 315.1089 [C15H14N4O4 + H]+ 

requires: 315.1088. DMAP (0.014 mL, 0.10 mmol) was added to crude 293 and carboxamidine 

263 (39 mg, 0.14 mmol) in DMF (0.5 mL). The resulting suspension was stirred at room 

temperature for 18 h. The reaction mixture was dissolved in methanol (20 mL) and adsorbed 

onto silica gel. Purification by column chromatography on silica gel eluting with ethyl 

acetate:petroleum ether (3:2) gave the title compound (12 mg, 0.022 mmol, 32%) as a beige 

solid; m.p. 98.6–100.0 °C; νmax  2923, 1721, 1613, 1532, 1366, 1130, 747; δH (400 MHz, 

CD3OD) 7.92–7.87 (2H, m, 2 × ArH), 7.76 (1H, ddd, J 15.1, 7.7, 1.5, ArH), 7.65 (1H, ddd, J 

15.6, 7.4, 1.5, ArH), 6.93 (1H, s, CH), 3.48 (2H, t, J 6.7, CH2), 2.91 (2H, t, J 7.1, CH2), 2.08 

(2H, quin., J 7.0, CH2), 1.49 (9H, s, Me), 1.45 (9H, s, Me), 3 × NH not visible; δC (100 MHz, 

CD3OD) 163.1 (C), 157.0 (C), 156.2 (C), 152.7 (C), 151.1 (C), 149.2 (C), 148.0 (C), 147.4 (C), 

132.2 (ArCH), 130.3 (ArCH), 129.7 (ArCH), 124.0 (ArCH), 122.7 (C), 101.4 (CH), 82.9 (C), 

78.9 (C), 40.0 (CH2), 29.8 (CH2), 27.1 (Me), 26.8 (Me), 25.7 (CH2), 1 × C not visible; HRMS 

(ESI) found 579.2182 [C26H32N6O8 + Na]+ requires: 579.2174. 
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Hyrtioseragamine A (67) 

 

Furopyrazine 300 (12 mg, 0.22 mmol) and palladium (10% on carbon, 6 mg) in methanol (1 

mL) was stirred vigorously under an atmosphere of hydrogen for 2 h. The reaction mixture was 

filtered and washed with ethyl acetate (20 mL), and the filtrate concentrated in vacuo. The 

crude residue was dissolved in dichloromethane (0.1 mL), and TFA (0.1 mL) was added at 0 

°C. The resultant mixture was stirred at 0 °C for 1 h, after which the solvent was removed under 

a stream of nitrogen. Purification by C18 SPE chromatography eluting with 

methanol:water:TFA (30:70:0.1) gave the title compound (4 mg) as a pale orange solid; νmax  

3188, 2921, 1662, 1623, 1474; δH and δC refer to Tables 11 and 12; HRMS (ESI) found 

327.1566 [C16H18N6O2 + H]+ requires: 327.1564. 
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1H NMR spectrum of hyrtioseragamine A (67)  
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13C NMR spectrum of hyrtioseragamine A (67) 
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HSQC NMR spectrum of hyrtioseragamine A (67) 
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