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ABSTRACT 

Lantibiotics, such as lacticin 3147 Al (16) and A2 (17) are antibacterial 

peptides that exhibit great promise for application in food preservation, veterinary 

medicine and human therapeutics. However, use of lantibiotics is limited due to 

the chemical lability of the sulfur atoms in lanthionine rings. To improve 

oxidative stability of lacticin A2, an analogue (45) with oxygen replacing sulfur 

atoms was designed and synthesized. The preliminary biological evaluation 

suggests that the oxygen analogue (45) displays the inherent activity of the parent 

peptide, but lacks the synergistic activity with lacticin 3147 Al (16). 

To verify the proposed structure of the natural lacticin A2 (17), its total 

synthesis was initiated. A practical synthetic methodology for the large-scale 

synthesis of methyllanthionine with orthogonal protecting groups was developed. 

The synthesis of the post-translationally modified Af-terminal portion (residues 1-

5) of lacticin A2 was also explored. 

Neopetrosiamides are disulfide-rich peptides that are potent inhibitors of 

metastasis. Their total synthesis was explored using a stepwise disulfide 

formation approach. During the course of the synthesis, it was found that the 

disulfide connectivity in the originally proposed structure was misassigned. A 

revised structure was proposed and confirmed by chemical synthesis. To evaluate 

the necessity of the methionine sulfoxide at position 24, four analogues in which 

this residue is replaced by methionine (175), norleucine (176), O-methyl 

homoserine (180) and glutamine (181) were synthesized. The methionine and 

norleucine analogues (175 and 176 respectively) were found to be as active as the 



natural peptide, suggesting that this unusual functional group is not essential for 

biological activity. In an effort to simplify the structure of neopetrosiamides, three 

analogues (182, 183 and 184) were prepared, each having one of the three 

disulfides replaced with a pair of phenylalanine residues. Their lack of biological 

activity suggests the importance of disulfides in maintaining an active 

conformation. In order to elucidate the detailed mode of action of 

neopetrosiamides, a fluorescently labeled analogue (196) was prepared via a 

"click" reaction. The peptide conjugate (196) is inactive, but its synthetic 

precursor (194) with an azido linker attached is fully active, suggesting that the 

design of active labeled analogues for further investigation is an attainable goal. 
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Chapter 1. Cyclic peptides in drug development 

Since the discovery of their activities as hormones, neurotransmitters and 

antibiotics,1,23 peptides have gained enormous importance in drug development.4 

They possess great potential as therapeutic agents because they offer high 

selectivity and potency with minimal toxicity.5 The development of peptide-based 

drugs coincides with the advancement of techniques for chemical modification 

and production of such compounds on a large scale. For example, the synthetic 

anti-HIV drug Fuzeon (enfuvirtide), a linear peptide with 36 amino acids, can be 

produced at a capacity of about 3700 kg per year according to a report in 2005.6 

However, peptide drugs have been used therapeutically to only a limited extent, as 

they often lack metabolic stability in vivo and are not orally available.4 

Fortunately, not all peptides suffer from these shortcomings. Naturally 

occurring cyclic peptides frequently display enhanced metabolic stability, along 

with high receptor affinity and selectivity and improved bioavailability due to 

conformationally constrained structural features.7 Cyclic peptides often contain 

unusual moieties, such as D-amino acids, P-amino acids, ./V-alkyl amino acids and 

a, |3-didehydro amino acids. Due to the increased metabolic stability resulting 

from these unusual structures, cyclic peptides become excellent leads for drug 

discovery.7 Some are directly utilized as drugs. A prominent representative is 

caspofungin (1), which was approved by the US Food and Drug Adminstration 

(FDA) in 2001 and has become a best selling anti-fungal drug (Figure l).8 A 

novel class of plant-derived cyclic peptides named cyclotides has been recently 
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discovered. Cyclotides show a wide range of biological activities, including anti-

HIV, antimicrobial, uterotonic, cytotoxic, hemolytic, neurotensin antagonistic, 

trypsin inhibitory and insecticidal activity.9 Cyclotides, such as kalata Bl (2), 

comprise a head to tail macrocycle together with a knotted arrangement of three 

conserved disulfide bonds (Figure 1). This characteristic framework gives 

cyclotides exceptional resistance to chemical and enzymatic degradation (and 

even stability to boiling), thereby making oral administration of these peptides 

possible. Cyclotides are excellent drug candidates. In addition, the cyclotide 

framework can also be used as a scaffold for drug design.10 

Figure 1. Structures of representative cyclic peptides 
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Caspofungin 1 Prototypic cyclotide, Kalata B1 2 

Peptides can be cyclized in several different ways. As illustrated in the 

structure of caspofungin (1), the JV-terminal amino group of the linear peptide can 

be linked to the C-terminal carboxylic acid through amide bond formation. This is 

termed "backbone N-to-C cyclization." In addition, most cysteine-rich linear 

peptides can also be cyclized via the formation of covalent bonds by free thiols 

(Scheme 1). The most common form of cyclization is a disulfide bridge formed 
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by oxidation of two cysteine residues, which stabilizes the three-dimensional 

structure of peptides and plays a crucial role in their biological activities. A wide 

variety of peptide drugs in clinical use, such as the hormones insulin and 

oxytocin1 and the toxin co-conotoxin ziconotide (Prialt),11 contain these cyclic 

motifs. The majority of drug development utilizing cyclic peptides has focused on 

the study of disulfide bond-containing compounds. 

A less common type of cyclization is the formation of thio-ether rings, 

often called lanthionine bridges.12 These unusual motifs are commonly present in 

lantibiotic (lanthionine containing antibiotic) peptides, such as nisin, which has 

broad antimicrobial activity and is used as a food preservative worldwide.13 The 

formation of lanthionine bridges involves the Michael addition of a free thiol of 

cysteine onto an a, ^-unsaturated amino acid that is derived from the dehydration 

of either serine or threonine residues.14 The detailed biosynthetic pathway for 

lanthionine formation will be discussed in Chapter 2. Cyclic peptides containing 

lanthionine rings have received much attention as potential antimicrobial drugs to 

fight resistant bacterial infections.15 
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Scheme 1. Formation of cyclic peptides containing disulfide or thio-ether bridges 
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Although naturally occurring cyclic peptides are important for drug 

development, it is often difficult to isolate a large amount of them because the 

producing organisms often make only minute quantities. In addition, collecting 

the organisms can be problematic.16 Performing precise structure elucidation and 

biological activity screens for a peptide can be very challenging when only a 

limited amount of sample is available. Therefore, final structural proof for 

naturally occurring cyclic peptides often relies on chemical total synthesis of the 

proposed structure. Synthesis also offers opportunities for large-scale production 

and enables facile access to a wide variety of analogues that would be difficult to 

produce via biological methods. In this thesis, the central theme is chemical 

synthesis of naturally occurring cyclic peptides and their analogues combined 

with the examination of their biological activities. 
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Chapter 2. Antimicrobial peptides: lacticin 3147 A2 and 
its stable analogue 

2.1. Introduction 

2.1.1. Bacteriocins from lactic acid bacteria 

The discovery of antibiotics has had an immense impact on the treatment 

of human bacterial infections.17 Over the past few decades, the widespread 

emergence of bacterial resistance to current antibiotics has presented a serious 

problem that imposes a huge financial burden on patients and healthcare systems 

globally.1819 To date, bacterial resistance has developed to almost all antibiotics 

used in clinical settings.20 The imperative need for novel and more effective 

antimicrobial agents that are active against resistant bacteria is prompting 

scientists to investigate a variety of natural sources.1716'21 Among them, bacteria 

are a very promising source of a vast variety of antimicrobial peptides known as 

bacteriocins.22,23 As an important part of the defense system of bacteria, 

bacteriocins often only kill bacteria that are closely related to their producer 

strains (narrow spectrum). In some cases, they also extend their activity spectrum 

to species and/or genera different from the producer (broad spectrum), potentially 

including strains resistant to conventional antibiotics.22 The producer organism is 

protected from its own bacteriocin through a specific immunity protein.24 It is 

believed that bacteriocins can be found in almost every bacterial species.25 Both 

Gram-positive and Gram-negative bacteria can produce bacteriocins by ribosomal 

peptide synthesis and post-translational modification.26 The bacteriocins from 



Chapter 2 - Antimicrobial peptides: lacticin 3147 A2 and its stable analogue (j 

Gram-positive bacteria normally possess a broader killing spectrum.27 In 

particular, bacteriocins produced by food-grade lactic acid bacteria (LAB) show 

great promise as antimicrobial agents. 

With the remarkable diversity of bacteriocins discovered, the scientific 

community has attempted to classify the peptides from lactic acid bacteria into 

several groups. However, the classification is continually evolving as new 

bacteriocins are identified and understanding of the existing bacteriocins is 

developed. Nevertheless, two distinct families have become evident: the 

lantibiotics (class I) and the non-lantibiotics (class II). The widely accepted 

classification of LAB bacteriocins is listed in Table 1.27 

Table 1. Classification of LAB bacteriocins according to Nes et al. 27,28 

Class I. Lantibiotics 

- Presence of lanthionine 
or methyllanthionine; 

- Extensive post-
translational 
modifications 
Class II. Non-lantibiotics 

-Non-lanthionine 
containing peptides; 

-No extensive post-
translational 
modifications 

Type A 

TypeB 

Type Ila 

Type lib 

Type lie 

Type lid 

Type He 

Elongated, flexible, cationic 
peptides 

Globular, rigid, anionic or 
neutral peptides 

Highly anti-listerial, conserved 
"Pediocin-box" motif in the N-
terminus (YGNGV) 
Two-component bacteriocins 
- full antimicrobial activity 
depends on the presence of 
both peptides 
Miscellaneous peptides (do 
not easily fit into the other 
categories) 
Leaderless peptides 

Derived from fragmentation of 
larger proteins 

Class III. 
-Large, heat-labile bacteriocins 
Class IV. Circular 

-backbond cyclized 
bacteriocins 

Class i 

Class ii 

Low sequence homology, high 
pi (-10) 
High sequence homology, low 
PK~6) 

'i ml nil I 1 H 1 * 

Nisin 
Gallidermin 
Lacticin 3147 A2 
Mersacidin 
Lacticin 3147 A1 

Leucocin A 
PediocinPA-1 
Piscicolin 126 
Lactococcin G 

Lactococcin A 

Enterocin L50 

HP 

Helveticin J 

Enterocin AS-48 
Carnocyclin A 
Gassericin A 
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2.1.2. Lantibiotics 

As illustrated in Table 1, lantibiotics are a subclass of bacteriocins that are 

small (< 5 kDa) bactericidal peptides characterized by the presence of the unusual 

amino acid lanthionine (Lan) 4 or P-methyllanthionine (MeLan) 5.14' 12' 13 The 

name lantibiotic was actually coined as an abbreviation for /anthionine-containing 

antibiotic. Lantibiotics are ribosomally synthesized and post-translationally 

modified to their active forms. The extensive post-translational modifications not 

only produce the characteristic Lan 4 and MeLan 5 but also generate other 

modified amino acids, such as 2,3-didehydroalanine (Dha) 6, (Z)-2,3-

didehydrobutyrine (Dhb) 7, 2-oxopropionyl 8, 2-oxobutyryl 9, D-alanine (D-Ala) 

10, S-[(Z)-2-aminovinyl]-D-cysteine (AviCys) 11 and S,-[(Z)-2-aminovinyl]-(3.S')-

3-methyl-D-cysteine (AviMeCys) 12 (Figure 2).14 

Figure 2. Structures of common post-translationally modified residues in 
lantibiotics 
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To date, nisin (13) is the most intensively studied lantibiotic, as it has been 

used as a food preservative for almost 50 years in over 80 countries worldwide 

and has been examined by total synthesis29 and NMR studies30 (Figure 3). Nisin 

not only effectively kills Gram-positive food-borne pathogens such as 

staphylococci, bacilli, Clostridia and mycobacteria, but also exhibits activities 

against clinically significant bacteria such as methicillin resistant Staphylococcus 

aureus (MRSA), vancomycin resistant Enterococci (VRE) and Clostridium 

difficile.21 Their broad spectrum of antibacterial activity as well as lack of toxicity 

to humans make lantibiotics attractive as therapeutic agents. For example, nisin 

has been commercialized in antibiotic wipes for treatment and prevention of 

bacterial mastitis in animals.31 Mersacidin (14) has become a promising 

compound for treatment against methicillin resistant Staphylococcus aureus 

(MRSA).32 Gallidermin 15 has been used topically to treat acne due to its potent 

activity against Propionibacterium acne?* More recently, it has been 

demonstrated that nisin also shows spermicidal activities and could be used as a 

potential ingredient in contraceptive agents.34 
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Figure 3. Structures of representative lantibiotics 

Gallidermm, 15 

Lantibiotics are usually produced as individually active peptides, but they 

can also occur as pairs of synergistic peptides. The first identified two-peptide 

lantibiotics are lacticin 3147 Al (16) & A2 (17) (Figure 4).35 Lacticin 3147 Al & 

A2 are produced by Lactococcus lactis sub species lactis DPC 3147, which was 

isolated from an Irish kefir grain.35 The individual Al and A2 peptides display 

weak antibacterial activity {\\M concentration), but when combined together, they 

show potent synergistic activity (nM concentration). The structures of lacticin 

3147 Al and A2 have been elucidated by NMR analysis. However, unlike nisin, 
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the stereochemistry of the lanthionine and methyllanthioine residues within 

lacticin 3147 Al and A2 had not been confirmed by total synthesis. (2S,6R) 

Lanthionine and (2S,3S,6R) 3-methyllanthionine stereochemistries were assigned 

by analogy to the configurations found in a small number of other lantibiotics that 

have undergone chiral analysis. Although two-peptide lantibiotics are rare 

compared to singly active peptides, eight such systems have been described since 

the discovery of the first two-peptide lantibiotics in 1996.35 These two-peptide 

systems include lacticin 3147, staphylococcin C55, plantaricin W, Smb, BHT-A, 

cytolysin, haloduracin and lichenicidin.36'37 

Figure 4. Structures of the two-peptide lantibiotics: lacticin 3147 A1 (16) & A2 
(17) 

Lacticin 3147 A2 (17) 

Lacticin 3147 has activity against an impressive list of the "superbugs" 

including MRSA, VRE, and penicillin resistant Pneumococcus. Therefore, there 



Chapter 2 - Antimicrobial peptides: lacticin 3147 A2 and its stable analogue 11 

is particular interest in developing this peptide system for medical use. Lacticin 

3147 can be incorporated into a commercial teat seal product for prevention and 

treatment of mastitis in cows.38 It can also be exploited for application in oral 

hygiene.37 

Despite widespread application in the food industry and promising 

potential as therapeutic agents, use of lantibiotics can be limited due to their 

chemical lability.39 For example, the sulfur in the characteristic lanthionine ring is 

prone to aerobic oxidation to a sulfoxide, greatly diminishing biological 

activity.35'40 Therefore, extensive research focuses on exploring the possibility of 

modifying lantibiotics to enhance oxidative and metabolic stability as well as 

antimicrobial activity. 

2.13 . Biosynthesis of lantibiotics 

Lantibiotics are first synthesized as precursor peptides via ordinary protein 

synthesis machinery, namely the ribosome. The precursor peptides (prepeptide) 

contain an ./V-terminal leader sequence and a C-terminal structural region 

(propeptide) that undergoes post-translational modification.14 The role of the 

leader peptide is generally accepted to fuction as a recognition motif for 

enzymatic modification or proteolysis. It is also believed to provide protection to 

the producing bacteria by keeping the lantibiotic inactive in the cell, and to assist 

transport of the peptide from the bacterial cell.41 

As illustrated in Figure 5, a generic biosynthetic pathway has been 

proposed for the post-translational modifications of lacticin 3147 A2.42'43 The 

serine and threonine residues in the linear peptide undergo enzymatic dehydration 
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to yield didehydroalanine (Dha) and didehydrobutyrine (Dhb) residues, 

respectively. Subsequent enzymatically catalyzed Michael additions of free thiols 

of cysteines onto Dha and Dhb residues result in the formation of lanthionine and 

P-methyllanthionine, respectively.44 Additional dehydrated residues either remain 

in the mature peptide or are converted into D-amino acid residues by a enzymatic 

reduction.45 The proteolytic removal of the leader peptide with concomitant export 

generates the mature lantibiotic. 

Figure 5. Schematic representation of the post-translational modification of 
lacticin 3147 A2 (17) 

Proteolysis Enzymatic cleavage 

Lacticin 3147 A2 

When the N-terminus of the propeptide is a dehydro amino acid, such as in 

lacticin 3147 A2, the removal of the leader peptide may trigger a deamination and 

hydrolysis process that yields an a-keto amide moiety (Figure 6).14 
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Figure 6. Schematic representation of a-keto amide formation 
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In some cases when a C-terminal cysteine is present in a propeptide, an 

enzymatic oxidative decarboxylation can lead to a transient ene-thiol species that 

then undergoes Michael addition to a neighboring dehydro residue to give an 

unsaturated lanthionine derivative, such as amino vinyl-D-cysteine (11) in 

mersacidin (Figure I).46 

Figure 7. Schematic representation of aminovinyl-D-cysteine formation 
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2.1.4. Modes of action of lantibiotics 

While more than 50 lantibiotics have been identified to date, there are only 

a few whose modes of action are elucidated.12 Most lantibiotics target the cell wall 
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of bacteria.42 To help better understand this interaction of lantibiotics and the 

bacterial cell wall, the structure and biosynthesis of the cell wall are described 

briefly below. 

To maintain structural rigidity of the cell and mechanical strength, the 

bacterial cell wall utilizes peptidoglycan, which is a polymer network of 

alternating amino sugars, ,/V-acetylglucosamine (GlcNAc) and Af-acetylmuramic 

acid (MurNAc) (Figure 8).47,48 These polymer chains introduce a continuous and 

covalent network via cross-linking pentapeptide chains that are attached to 

MurNAc sugars. The thickness of peptidoglycan varies from organism to 

organism. Generally, the cell wall of Gram-positive bacteria is much thicker and 

contains around 20 peptidoglycan layers, while Gram-negative bacteria have 

much thinner cell walls with an average thickness of around 1.5 layers. However, 

Gram-negative bacteria have an outer membrane that provides additional 

protection. 

The fundamental building block for peptidoglycan biosynthesis is known 

as lipid II (18). In addition to amino sugars and a pentapeptide chain, a lipid II 

monomer also contains a C55 carbon chain that is attached to the disaccharide via 

a pyrophosphate linkage (Figure 9). After being assembled in the cytosol, lipid II 

is translocated across the plasma membrane. This monomer is then incorporated 

into the peptidoglycan network via enzymatic transglycosylation and 

transpeptidation .48 
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Figure 8. Schematic representation of peptidoglycan in the bacteria cell wall 
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Lipid II, the "Achilles heel" of the Gram-positive cell wall, represents a 

promising target for the development of an antibiotic with low human toxicity, as 

lipid II has an essential role in bacterial cell wall biosynthesis, but no known 

metabolic function in humans.47'49 Vancomycin targets lipid II by binding to the 

D-Ala-D-Ala residues of the pentapeptide chain (Figure 9) through a specific 

hydrogen-bonding network and thereby inhibits cell wall biosynthesis.50' 51 

However, this specific binding is reduced in certain antibiotic-resistant bacteria 

wherein the terminal D-Ala in the pentapeptide chain of lipid II is mutated to D-

lactate, leading to the decreased bacterial susceptibility of vancomycin.48 
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Figure 9. Chemical structure of lipid II (18) and the binding sites of 
antimicrobial agents 

mersacidin (14) 

1 • OH 
NHAC I 

( * - / HNAc\ o O 
OH >o °^°^° 

/ II I 
L-Ala O O 
y-D-Glu 

pentapeptide I 
DA 
1 . , 
D-Aia 1 ( C55 chain 
i _Ala I vancomycin 

18 

i i = binding site 

Lantibiotics also act on lipid II to kill bacteria by targeting a different 

structural region.47 Nisin, the most studied lantibiotic, exhibits a dual mode of 

action entirely different from that used by vancomycin. It not only inhibits cell 

wall biosynthesis by specifically binding to lipid II with high affinity, but also 

triggers the formation of stable pores in the cell membrane that leads to rapid 

efflux of ions, dissipation of membrane potential, and eventually causing cell 

death.14,42'52'53 Recent NMR investigations reveal the interaction of nisin and lipid 

II at the molecular level.54 Specifically, the Af-terminal portion (ring A and B) of 

nisin binds to the pyrophosphate of lipid II to form a cage-like structure through a 

specific hydrogen-bonding network (Figure 10). Upon docking on lipid II, the C-

terminus of nisin inserts into the cell membrane and forms highly ordered 

oligomers with other complexes of lipid II and nisin, ultimately resulting in pore 

formation and the leakage of cell contents. This dual mode of action may offer an 
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explanation for the exceptional potency of nisin against antibiotic-resistant 

bacteria and partially explain why no significant bacterial resistance has 

developed for nisin. 

Figure 10. Hydrogen bond network between nisin iV-terminal residues and the 
lipid II pyrophosphate moiety (Reproducedfrom Nature Structural & Molecular 
Biology, Hsu et al, 2004)54 

Dha5 

Hydrogen bonds are indicated in yellow dashed lines and the corresponding residues are labeled 
(pyrophosphate group in spheres). The sulfur atoms in the lanthionine rings are orange. A green 
arrow indicates the position ofAla3-Cp, at which the addition functional group can disrupt 
bioactivity. 

In two-peptide lantibiotics, such as lacticin 3147 Al & A2 and 

haloduracin a & |3, the individual peptides exhibit only moderate antimicrobial 

activity. When both peptides work together, a synergistic effect is observed with 

the resulting activity at low nanomolar concentrations. Recent investigations have 

provided further insight into their modes of action.55 The two-peptide lantibiotics 

have a similar mode of action to nisin, which involves inhibition of cell wall 

biosynthesis and pore formation. However, the interesting feature is that the dual 

modes of action appear to be divided between the separate peptides. In the case of 

lacticin 3147 Al & A2, it is postulated that the individual peptides bind to lipid II 

to inhibit the peptidoglycan biosynthesis, thereby exerting the peptides' individual 
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activities (Figure ll).48 '56 52,57 This also triggers a sequence of events resulting in 

pore formation in the cell membrane. The binding of Al to lipid II is believed to 

induce a conformational change in the Al peptide. This exposes a high-affinity 

binding site for A2 and then facilitates formation of an Al:A2:lipid II trimeric 

complex. Upon binding Al and A2, the complex inserts into the membrane and 

induces pore formation, thereby leading to the observed potent synergistic 

activity. Haloduracin a & |3 peptides appear to operate by a similar mechanism to 

lacticin A1 &A2.58 

Figure 11. Simplified representation of the mode of action of lacticin 3147 Al 
(16) & A2 (17) 
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Not all lantibiotics are believed to trigger bacterial cell death by dual 

modes of action. Studies suggest that mersacidin, the most studied type B 

lantibiotic, targets lipid II but in a different manner to nisin. Mersacidin binds to 

the terminal sugar moiety in lipid II (Figure 9).^ This intimate binding sequesters 

file:///mmKP
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lipid II, inhibits cell wall biosynthesis and eventually causes cell death without 

forming pores on the cell membrane. This may be due to mersacidin's smaller and 

more compact structure, rendering it incapable of inserting into the cell 

membrane.52 

2.1.5. Chemical synthesis of lantibiotics and their analogues 

2.1.5.a. Total synthesis of natural lantibiotics 

Due to the intriguing structural features and promising biological activities 

of lantibiotics, chemical synthesis of these compounds has attracted attention. The 

pioneering solution phase synthesis of nisin by Shiba and co-workers represents 

the first total chemical construction of a lantibiotic peptide (Figure 12). 29,6° 61~63 

Figure 12. Fragment condensation approach for total synthesis of nisin (13) 

This synthesis involves the fragment condensation of lanthionine and 

methyllanthionine containing rings using Boc chemistry in solution. The required 

building blocks, the A, B, and C rings as well as the fused D and E-rings of nisin, 

are prepared individually from the corresponding disulfide counterparts using a 
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sulfur extrusion method reported by Harpp and Gleason (Scheme 2).M Notably, 

this novel regioselective procedure affords the correct stereochemistry of the 

methyllanthionine ring with the retention of stereochemical configuration of the 

P-carbon in the 3-methyl-D-cysteine. Protecting group manipulations followed by 

sequential fragmental coupling of each ring complete the total synthesis of nisin 

in solution. 

Scheme 2. Synthetic strategy for lanthionine and P-methyllanthionine ring 
formation by sulfur extrusion methodology 
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While the current thesis project was underway, Vederas and co-workers 

accomplished a total synthesis of a natural lantibiotic, lactocin S (19).65 In contrast 

to Shiba's nisin synthesis, this peptide is assembled on a solid support through 
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sequential cyclizations to form the lanthionine rings and fragmental coupling to 

introduce the yV-terminal modified residues (Figure 13). 

Figure 13. Synthetic strategy for the total synthesis of lactocin S (19) on solid 
support65 

In this work, an orthogonally protected lanthionine building block 20 with 

Alloc, allyl and Fmoc protection is synthesized in solution and then loaded onto 

solid support (Scheme 3). Peptide elongation using standard Fmoc solid phase 

peptide synthesis (SPPS) affords the linear precursor 21. The sequential 

deprotection of Aloe, allyl and Fmoc protecting groups using Pd(PPh3)4 and then 

20% piperidine is followed by cyclization using PyBOP to give ring B 22 bound 

to the resin. The lanthionine ring A is formed in the same manner. Further chain 

extension, fragmental coupling using standard Fmoc chemistry and acidic 

hydrolysis/cleavage from the resin yields the natural peptide in 10 % overall 

yield. 
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Scheme 3. Total synthesis of lactocin S (19) on solid support 
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2.1.5.b. Synthesis of p-methyllanthionine (MeLan) with orthogonal 
protecting groups 

Despite the significant developments in lantibiotic total synthesis, solid 

phase synthesis of lantibiotic peptides having (3-methyllanthionine rings has not 

been reported prior to the work described in this thesis. This is due to the 

synthetic challenge of making the MeLan building block with orthogonal 

protection. The additional methyl group at the C-3 position makes stereoselective 

synthesis of MeLan more difficult than Lan. This is reflected by the limited 

synthetic methodologies for synthesizing MeLan reported in literature, even 

though syntheses of lanthionine are well documented. 66~70 

In 1983, Nakajima and co-workers reported the synthesis of MeLan 23 via 

the reaction of cysteine derivative 24 with aziridine 25 derived from D-threonine 

(Scheme 4).71 However, this reaction suffers from low yields (22%). More 
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importantly, its application as a building block in peptide synthesis is limited as 

there is no orthogonality among the four protecting groups. 

Scheme 4. Synthesis of p-methyllanthionine via aziridine ring opening 
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bz 
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Van Nieuwenhze and co-workers have reported that the nucleophilic 

displacement of (3-bromoalanine 26 with P-methylcysteine 27 under phase 

transfer conditions can afford the linear orthogonal protected MeLan 28 in good 

yield (Scheme 5).72 However, further manipulations changing the existing 

protecting groups to orthogonal protecting groups that are compatible with solid 

phase peptide synthesis is still problematic. These manipulations involve the 

difficult removal of a benzyl carbamate (Cbz) and a benzyl ester (Bn) in the 

presence of sulfur. 

Scheme 5. Synthesis of MeLan via nucleophilic substitution 
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Recently, Vederas and co-workers discovered that a ring opening of 

sulfamidates 29 with cysteine derivatives 30 generates linear orthogonally 

protected MeLan 31 in good yields (Scheme 6).73 However, further tedious 

protecting group manipulation is required for the application of this building 
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block to solid phase peptide synthesis. Additionally, the high price of D-allo-

threonine for preparing the necessary sulfamidate limits practical application of 

this methodology. 

Scheme 6. Synthesis of MeLan via ring opening of sulfamidate 
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Despite the continuing development of synthetic methodology for MeLan 

synthesis, there was no general and efficient method that would give facile access 

to the orthogonally protected MeLan and allow for its installation on solid support 

for lantibiotic synthesis. In this regard, development of an orthogonally protected 

MeLan synthesis is undertaken in this thesis. 

2.1.5.C Chemical synthesis of lantibiotic analogues 

In addition to total syntheses of natural lantibiotics, synthesis of their 

analogues has also received much attention with the aim of understanding the 

structure-activity relationship (SAR) and investigating modes of action of these 

peptides. Considerable effort has been focused on modifications of unusual amino 

acids, such as lanthionine and methyllanthionine. 

To study the importance of the methyl group in MeLan, Vederas and co

worker reported the synthesis of an analogue of lacticin 3147 A2 (32) wherein 
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two methyllanthionine rings are replaced with lanthionine rings (Figure 14) .57 

Their synthetic approach involves a similar strategy to the lactocin S synthesis 

described above. On-resin cyclizations of the orthogonally protected lanthionines 

that are prepared in solution and subsequent chain extension afford resin-bound 

tricylic peptide 33. Fragment coupling with the N-terminal modified pentapeptide 

34 gives bis(desmethyl) lacticin A2 (32). The biological testing of 32 found that 

the analogue retains synergistic activity with lacticin Al but loses its inherent 

activity, suggesting the importance of the methyl group for direct binding of the 

lacticin A2 peptide to lipid II. 

Figure 14. Synthetic strategy for bis(desmethyl) analogue 32 on solid support 
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To shed light on the biological function of the sulfur atoms in lantibiotics, 

the syntheses of analogues with carbon atoms in place of the sulfur atoms have 
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been reported by several groups. Using lacticin 3147 A2 as a model peptide, 

Vederas and co-workers described the synthesis of a carbocyclic ring analogue 34 

on a solid support (Figure 15).74 The synthesis features the sequential on-resin 

ring closing metathesis (RCM) between two allyl glycine residues in the linear 

peptide 35. After the three consecutive rings are formed by RCM, fragmental 

coupling affords the carbocyclic analogue 34. 

Figure 15. Synthetic strategy for synthesis of carbocyclic analogue 34 on solid 
support 
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The RCM strategy can also be utilized to construct carbocyclic analogues 

of lantibiotics in solution phase. Using nisin Z (a natural nisin variant) as a 

template, Liskamp and co-workers have reported the solution phase synthesis of 

carbocyclic analogues of lantibiotic fragments (Figure 16) 75"78 An analogue of 

ring B 37 is constructed by RCM between two suitably protected allyl glycine 

residues in 38. More interestingly, the analogue of the overlapping D and E rings 

(40) is also prepared using a combination of solid phase and solution phase RCM. 
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The synthesis begins with a cross-metathesis reaction between allyl glycines on 

solid support to give the ring E precursor 41. This is followed by chain extension 

and on-resin cyclization to afford ring E 42. The installation of another allyl 

glycine followed by cleavage of the peptide 43 from the resin gives the ring D 

precursor 44. RCM in solution gives the overlapping D and E ring carbon 

analogue 40. 

Figure 16. Synthetic strategy for synthesis of carbocyclic analogue 37 and 40 
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2.1.6. Research Goals 

2.1.6.a. Design and synthesis of an oxygen analogue of lacticin 3147 A2 

Given the increasing interest in understanding structure-activity 

relationships of lantibiotics, chemical synthesis of their analogues becomes a very 

important tool, as it can generate variants that are not readily accessible by 

biological methods.57'74'78 Herein, the first project focuses on the design, synthesis 

and biological evaluation of a novel analogue of lacticin 3147 A2 (45) in which 

the sulfur atoms have been replaced by oxygen atoms (Figure 17). Such 

replacement would increase the oxidative stability of lantibiotics, as the sulfur 

atoms in the lanthionine rings are vulnerable to oxidation to a corresponding 

sulfoxide, which leads to loss of biological activity. 

Figure 17. Structure of lacticin 3147 A2 (17) and its oxygen analogue (45) 

X = S, natural lacticin 3147 A2 (17) 
X = 0, oxa-lacticin3147A2 (45) 

In addition to the enhanced oxidative stability, the oxygen analogue (45) is 

expected to maintain the biologically active conformation of the natural 

lantibiotic, due to the conformational similarity between lanthionine and its 

oxygen counterpart (Figure 18). Although sulfur to carbon and oxygen to carbon 

have different single bond lengths (1.80 A vs. 1.43 A), the more acute bond angle 
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of C-S-C compared to C-O-C bonds (101.4° vs. 111.4°) compensates to make the 

overall length of meso-lanthionine (Lan) and its oxygen analogue (Oxa-lan) very 

similar (ca. 6% difference).79' 80 It is believed that this is also true for fS-

methyllanthionine as suggested by the overlaid energy minimized tertiary 

structure of ring B in lacticin A 2 and its oxygen analogue (Figure 19). 

F i g u r e 18. Bond length and bond angle of Lan and Oxa-lan based on modeling* 
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Figure 19. The overlaid MacSpartan Pro™ energy minimized structures of ring B 
of lacticin A2 (A) and its oxygen analogue (B) 
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The successful completion of this study can shed light on the biological 

function of the sulfur atom in lanthionine rings. Thus, a guiding principle for the 

design of novel antimicrobial agents based on lantibiotic peptides could possibly 

be uncovered. 

2.1.6.b. Chemical synthesis of natural lacticin 3147 A2 on solid support 

Although the primary structure of the lacticin 3147 A2 has been elucidated 

for some time, the stereochemistry of lanthionine and methyllanthionine have 

only been assigned by analogy to that found in other lantibiotics,35 and has not 

been proven conclusively. To confirm the proposed structure and stereochemistry 

of the lanthionine and methyllanthionine rings, the total synthesis of lacticin 3147 

A2 (17) was undertaken. 

More importantly, only one lantibiotic containing lanthionine rings has 

been synthesized on solid support to date.65 Developing methodology for the total 

synthesis of methyllanthionine containing lantibiotics could allow access to many 

more lantibiotics through chemical synthesis, thereby enabling investigations of 

modes of action and SAR as well as simply obtaining practical amounts of 

material for clinical studies. 
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2.2. Results & Discussion 

2.2.1. Synthesis and biological testing of oxa-lacticin 3147 A2 

Our strategy for the synthesis of the oxygen analogue of lacticin 3147 A2 

(45) involves a combination of solid and solution phase peptide synthesis as 

shown in Scheme 7.81 The key building blocks, orthogonally protected oxa-

lanthionine (Oxa-lan) 46 and oxa-methyllanthionine (Oxa-melan) 47, could be 

prepared via solution phase synthesis. Loading of 47 on acid labile resin followed 

by peptide elongation using standard Fmoc methodology could give the ring C 

precursor 48. Selective removal of protecting groups followed by on-resin 

intramolecular cyclization could lead to ring C. Sequential on-resin cyclizations 

of ring B and A in the same manner followed by chain extension could afford 

tricyclic peptide 49. Fragment coupling with the modified ,/V-terminal 

pentapeptide 34 prepared in solution could yield the oxygen analogue 45. 

Scheme 7. Retrosynthesis of oxygen analogue of lacticin 3147 A2 (45) 
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2.2. l.a. Development of synthetic methodology for oxa-lanthionine and its 
derivatives 

The synthesis of highly functionalized ether-bridged bisamino acids 

represents significant synthetic challenges. Two important factors need to be 

considered: the maintenance of stereochemical integrity during synthesis; and the 

compatability of orthogonal protecting groups with Fmoc SPPS. As there are no 

general methods for synthesis of such compounds reported in the literature, the 

development of suitable synthetic methodology was undertaken. 

Our synthetic strategy to the tetra-functionalized oxa-lanthionine and its 

derivatives involves the regio- and stereoselective ring opening of serine and 

threonine-derived aziridines 50 by the hydroxyl nucleophile of serine derivatives 

51 in the presence of a Lewis acid catalyst (Scheme 8).82 

Scheme 8. Strategy for synthesis of orthogonally protected Oxa-lan and its 
derivatives 
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The chemistry of aziridine ring opening with a variety of nucleophiles in 

the presence of Lewis acids is well documented in the literature.83'M However, 

due to the poor nucleophilicity of hydroxyl groups, successful examples of ring 

openings with oxygen nucleophiles are usually limited to a solvolysis reaction in 

the corresponding alcohol.85"87 In order to activate the aziridine ring opening 

reaction, the electron-withdrawing para-nitrobenzyloxycarbonyl group (pNZ) was 
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selected for protecting the azridine nitrogen.85'88 In addition, the pNZ protecting 

group is compatible with Fmoc SPPS conditions.89 

The synthesis of the aziridinocarboxylate ester 52 starts with protection of 

the serine methyl ester 53 with a trityl group to give 54 (Scheme 9). Mesylation of 

the hydroxyl side chain followed by intramolecular cyclization gives N-Tri 

protected aziridine 55. Removal of the Trt group with TFA followed by 

introduction of the pNZ group on nitrogen with para-nitrobenzyloxycarbonyl 

chloroformate affords 52.85 

Scheme 9. Synthesis of aziridine-2-carboxylate (52) 
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In order to use serine and threonine as nucleophiles in lower 

concentrations for the aziridine ring opening reaction, the poor reactivity of the 

hydroxyl needs to be enhanced. The weak nucleophilicity of the hydroxyl group 

presumably arises from the unfavorable hydrogen bonding between the oxygen 

lone pair and the hydrogen of its monoprotected neighboring amine (Figure 20-

A). Bisprotection of the amino group could lead to favorable reversal of the 

hydrogen bonding thus increasing the electron density on the oxygen, improving 
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its nucleophilicity (Figure 20-B).90,91 The phthalimido (Pht) group was chosen for 

bisprotection of the amino group, because of its ease of preparation and removal 

(Figure 20-C). 

Figure 20. Hydrogen-bonding patterns and effects on nucleophilicity of 
hydroxy Is in protected serine or threonine derivatives 
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Af-phthalimido serine derivative 56 can be prepared according to the 

literature procedure (Scheme 10).92 Reaction of serine methyl ester hydrochloride 

53 with phthalic anhydride under Dean-Stark conditions yields the corresponding 

N-phthalimido serine derivatives. 

Scheme 10. Synthesis of JV-phthalimido serine (56) 
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With the electrophile and nucleophile available, the ring opening of pNZ-

aziridinocarboxylate ester 52 with 5 equivalents of Pht-Ser-OMe 56 in the 

presence of BF3»OEt2 affords the desired product 57 (Scheme 11). Although the 
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reaction is sluggish and requires 2 days for completion, the yield (57%) is 

comparable to those using oxygen nucleophiles as solvent.85,87 

Scheme 11. Synthesis of oxa-lanthionine (57) via aziridine ring opening with 56 
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Encouraged by this positive result, the reaction was examined with respect 

to the catalyst, solvent, temperature and reagent stoichiometrics (Table 2). Among 

the screened catalysts, only BF3
,OEt2 can promote the ring opening reaction. 

Although the reaction yield has not been improved dramatically with use of 

BF3
,OEt2, optimization shows that using 0.5 equiv BF3

,OEt2 in refluxing toluene 

(Table 2, entry 6) shortens the reaction time significantly from 4 days to 1.5 h and 

improves the yield. 

Table 2. Optimization of aziridine ring opening reactions 

Nu/E+ Gftydyst equiv Solvent pfemp Time* Yields (%) 
it 

1 5:1 Yb(OTf)3 0.1 

2 5:1 Ti(Oz-Pr)3 0.1 

3 5:1 TsOH 0.1 

4 2:1 BFa'OEtjO^ 

5 2:1 BFa'OE^O^ 

6 2:1 BF3«OEt2 0.5 
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With the reaction conditions optimized, the scope of this methodology was 

explored using several primary and secondary hydroxyl side chain containing 

amino acids as nucleophiles and the pNZ protected aziridines as electrophiles. 

The serine-derived aziridines (58 and 59) can be prepared following a procedure 

similar to that used for the preparation of 52 (Scheme 12). The commercially 

available JV-Trt-serine 60 is converted to its allyl ester 61 with allyl bromide.93 

Mesylation of the hydroxyl group with MsCl followed by intramolecular 

cyclization gives 62. Removal of the trityl group with TFA followed by 

introduction of the electron-withdrawing pNZ protecting group affords 58. The 

corresponding enantiomer 59 was synthesized using the same method. 

Scheme 12. Synthesis of aziridine-2-carboxylates from serine 
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The synthesis of P-substituted aziridine 63 starts with the condensation of 

the carboxyl group of D-threonine 64 with allyl alcohol under Dean-Stark 

conditions catalyzed by p-toluenesulfonic acid (PTSA) to yield the allyl ester as 

the p-toluenesulfonate salt (Scheme 13). Addition of triethylamine to neutralize 

the acid followed by reaction with trityl chloride affords the bis-protected D-
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threonine 65. In a similar manner to preparation of 58, aziridine formation 

followed by protecting group manipulation gives the bis-protected aziridine 63 in 

very good yield. 

Scheme 13. Synthesis of aziridine-2-carboxylate (63) from threonine 

O 1) Allyl alcohol, PTSA 0 

H g N \ Toluene, reflux , T r l H N j [ MsCI, Et3N, DCE 

T ° H 2)Trt-CI, Et3N, EtOAc T y l
 r e f |u x , q u a n t . 

^ - O H q u a n t - * ^ X ) H 

64 65 

O o 
J 1)TFA,MeOH,DCM Jf 

TrtNy^OAIIyl 2 ) pNz-CI,NaHC03 P N Z N ^ ^ O A I I y l 
Y EtOAc/H20, rt, 24 h I 
* 80% ' 

66 63 

To provide bis-JV-protected nucleophiles, a variety of A^-phthalimido 

protected serine and threonine derivatives (66a-d) were prepared in a manner 

similar to that used for formation of 56 (Scheme 14). 

Scheme 14. Synthesis of JV-phthalimido serine and threonine derivatives (66a-d) 

O 
HCI. H2N O R < — V^OR, 

HO Ro Et3N, Toluene, O JL 
2 Dean-Stark HCT^R 2 

66a (2R) R1= Me, R2= H 80% 
66b (2f l)R1 =Et, R2=H 78% 
66c (2S, 3R) R1= Me, R2= Me 86% 
66d (2R, 3S) R1= Me, R2= Me 80% 
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The azridine ring opening reactions used BF^OEtj as the catalyst under 

the optimized conditions. In all cases, the reaction proceeds smoothly to give a 

single isomer of the oxygen bridged bis-amino acids in moderate to good yields 

(Scheme 15). Interestingly, the stereochemically pure sec-sec dimethyl ethers 67f 

and 67g can be formed in good yields. Reactions leading to sec-sec ethers are 

often reported to undergo stereocenter scrambling,94 but this was not observed in 

this case. 

Scheme 15. Preparation of bis-amino acid ether derivatives (67a-g) 

II II BF »OEt 1 2 O 

= i H O ^ R 2
 N H P N Z N P G 3 

one isomeric combination shown as example 67a-g (Yield %) 

O O O O 

M e O ^ ^ O - ^ O M e A l l y l O - ^ O ^ ^ O E t 
NHpNZ NPht NHpNZ NPht 

67a (74%) 67b (72%) 

O E O O z O O . O 

A l l y l O ' J l ^ 0 ^ 5 ^ 0 E t A l l y l O ^ ^ O l f r f ^ O M e A l l y l O ^ ^ O ^ T ^ O M e 
NHpNZ NPht NHpNZ NPht NHpNZ NPht 

67c (70%) 6 7 d <43%) 6 7 e ( 4 7 % ) 

O = 1 O O : = O 

NHpNZ NPht NHpNZ NPht 

871(71%) 67g(72%) 

Upon closer analysis of the ring opening reaction mixtures of 67c and 57, 

two interesting byproducts are identifiable by NMR and mass spectrometry, 

repectively. One is the oxazolidinone derivative 68 (5% yield) due to 

intramolecular aziridine rearrangement;95'96 the other is the benzyl ether derivative 
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69 (6% yield) resulting from the attack of OH on the benzylic position.97 The 

proposed mechanism for byproduct formation is shown in Scheme 16. 

Scheme 16. Proposed mechanism for byproduct formation during aziridine ring 
opening 

R^O 
N s ^ O - B F 3 

°0 ,. ^ PhtN .0 

PhtN,, 

0,N 

OR, 

p-nitrobenzyl ether 69 

R, = Me, R2 = Me 
during preparation of 57 

O 

R ^ 

HO) 
BF3- 7 ; 

Proton transfer 

O 

RiO 

H N Y 0 

O 

oxazohdinone 68 

Hi = allyl, R2 = Et 
during preparation of 67c 

To further explore the scope of this methodology, the sterically demanding 

cyclic alcohol, Fmoc-Hyp-OMe, was tested as an oxygen nucleophile. It can be 

prepared according to literature procedure (Scheme 17).^ Reaction of Fmoc-OSu 

with 70 in the presence of Na2C03 gives the Fmoc protected 71. Ring opening of 

aziridines 59 or 63 with 71 successfully affords 72a and 72b, respectively in 

moderate to good yields (Scheme 18). 
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Scheme 17. Synthesis of Fmoc-Hyp-OMe (71) 

OH P H 

> * " Fmoc-OSu / 
MeO, / \ " MeO / \ 

O H'HCI H20/Dioxane Q Fmoc 

97% 
70 71 

Scheme 18. Aziriding ring opening reactions with 71 

i ^vOH ° R r\ f 
pNZN^OAIIyl + MeO Q BF3-OEt2 (O.Sequiv) m Q X ^ a ^ J ' ' < 

A O Fmoc Toluene 110 "C J H p N Z 

R = H 59 71 72a, R = H, 62% 
R = CH3 63 72b, R = CH3 47% 

Having successfully developed synthetic methodology to generate the 

ether-bridged bisamino acids stereoselectively, focus was shifted to the 

investigation of orthogonal protecting groups that are suitable for Fmoc SPPS. All 

four protecting groups on these building blocks need to be manipulated 

selectively. Hence, the ring opening reaction was investigated using the aziridine 

with pNZ and allyl protection and the serine nucleophile having Fmoc and t-Bu 

protecting groups. The Fmoc-Ser-Of-Bu 73 can be prepared from the serine tert-

butyl ester using Fmoc-OSu in good yield (Scheme 19).161 

Scheme 19. Synthesis of Fmoc-Ser-O-Bu (73) 

Fmoc-OSu FmocHN,, 
O o 

- n M HoO/Dioxane OH 
0 H 90% 

74 73 
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However, all attempts to use Fmoc-Ser-Of-Bu (73) as a nucleophile under 

the optimized conditions (toluene, 110° C) led to a complex mixture of products, 

presumably due to the instability of the ?-Bu group. Fortunately, milder conditions 

using 0.2 equiv BF3»OEt2 in ethanol-free CHC13 at 40 °C yield the orthogonally 

protected Oxa-lan (75a, 75b) and Oxa-melan (76) in moderate yields (Scheme 

20). The lower yields can be attributed to the decreased nucleophilicity of the 

oxygen lone pairs resulting from unfavorable H-bonding as described in Figure 

20, as well as the decreased temperature. Nonetheless, the yields in these cases are 

still preparatively useful. The tert-bu\.y\ groups are selectively removed under 

acidic conditions to give 77 and 78, respectively, which can be incorporated into 

solid phase peptide synthesis. 

Scheme 20. Synthesis of orthogonally protected Oxa-lan and its derivatives 

° O 
pNZN-T^^OAIIyl F m o c H N / ' r ^ O t - B u BF3*OEt2 (0.2 equiv) 

Ri HO' 
73 

one isomeric combination shown as example 

CHCI3, 40 °C , 24 h 

R1 

Al l y lO^Y^O^Y^ 0 1 - ^ PhSiH3-25°C, A l l y I O ^ Y ^ ° ^ f ^ O H 

NHpNZ NHFmoc NHpNZ NHFmoc 

R1 = H, 75a (2S,6S) 36% 
= H, 75b {2R.6S) 37% R1 - " » ; ; / * f ' | f > f ° , ° 
= CH376 (2R,3S,6S) 40% = L,H3 78 (2H,3S,6b) 87 /o 

At this point, to verify the stereochemical integrity of the aziridine ring 

opening, 13C NMR spectra of a mixture of stereochemically pure 75a and 75b 
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were examined. Appearance of individual peaks for each diastereomer at different 

ppm values (Figure 21) clearly illustrates the stereochemical integrity of the ring 

opening reaction. 

Figure 21. Portion of the 125 MHz 13C NMR spectra of diastereomers 75a, 75b, 
and a mixture of 75a and 75b at 27 °C in CDCL 
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NHpNZ NHFmoc 

c2 

Oj 

75a 

C2' C6 ' 

A l l y l C r v Y ' ^ O ^ x f S 3 f - B u 
NHpNZ NHFmoc 

75b 

V ^ / A ^ v 

* ! ' — • — '• I ' — • — • — r 
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2.2.1.b. Synthesis of N-terminal pentapeptides 

The synthesis of the highly modified N-terminal residues (l-*5) of lacticin 

3147 A2 was accomplished according to a method developed in the Vederas lab.74 

A graduate student in this group, Vijaya R. Pattabiraman (Ph.D. thesis, 2007) 

prepared the pentapeptide 34. The synthesis is briefly summarized for clarity and 

completeness. 
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The pentapeptide is synthesized in solution by fragmental coupling of 

dehydrodipeptide 79 with dehydrotripeptide 80. The dehydrodipeptide 82 is 

formed by the treatment of dipeptide 81 with MsCl/DBU. Hydrolysis of the 

methyl ester with LiOH affords 79 (Scheme 21). 

Scheme 21. Synthesis of dehydrodipeptide (79) 

JL N, X MsCl/DBU I R I 
I ^ Y f OR • BocHN ̂ j f | f N BocHN Y r OR »• BocHN >f Y O R 

O J. EtOAc, reflux, Q JJ 
*r ' 'OU "5 h a w / . *r ''OH 3 h, 85% 

81 82 R = C H Q — i . . . v _ . 
13 (1:1) Dioxane: 

7 9 R = H 1 N LiOH, quant. 

The dehydrotripeptide 80 is synthesized from the dehydrodipeptide 83 via 

peptide coupling. The dehydro moiety in 83 is introduced from dipeptide 84 in a 

similar manner to 82 via an activation and elimination procedure (Scheme 22). 

Removal of the Boc protecting group of 83 with TFA followed by coupling with 

Boc-Pro-OH affords 80. Boc deprotection followed by fragment coupling with 79 

in the presence of DIC yields the dehydropentapeptide 85. The N-terminal amino 

group of 85 is liberated with TFA followed by transamination using 4-

pyridinecarboxaldehyde-acetic acid salt and hydrolysis to give the a-ketoamide 

containing pentapeptide 86. Removal of the C-terminal carboxyl allyl protection 

with Pd(PPh3)4 affords the desired pentapeptide 34 that is ready for SPPS. 
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Scheme 22. Synthesis of the modified pentapeptide (34) 

,OH 
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2 Boc-Pro-OH 
PyBOP, NMM, 
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° ~ ° BooHNAYNV^OH BOCHN 

80 ° y 79 / 
DIC, HOBt, 
NMM, DCM 

76% over two steps 

1TFA/DCM 

2 
J.fD VNH ° 

V i o = M o 

H e 
CH3COO / DBU «A 

DCM, 0 -25 °C, 11 h ' 8 6 R = Allyl 

3 H+ / H20, 1 h, 

53% over three steps 

y I Pd(PPh3)4 / PhSiH3 

R = H ^_J 34R = H ^ _ l DCM, 92% 

2.2.I.e. Solid Phase Peptide Synthesis of oxa-lacticin 3147 A2 (45) 

With the successful preparation of key building blocks using solution 

phase synthesis, the Fmoc SPPS was initiated by loading the protected Oxa-melan 

(78) onto Wang resin with a loading of 0.65 mmol/g. Standard Fmoc SPPS 

furnishes the linear sequence of ring C (88) by sequentially coupling Fmoc-Ala-

OH and Fmoc-Arg(Pmc)-OH using PyBOP. The selective removal of the allyl 

group on the Oxa-melan residue with Pd(PPh3)4 followed by Fmoc deprotection 

on the arginine residue with 20% piperidine affords the on-resin cyclization 

precursor 89. The cyclization between the amino group of the arginine residue 
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and the carboxylic acid of the Oxa-melan proceeds readily using PyBOP/HOBt to 

give 90 in 2 h (Scheme 23). 

Scheme 23. Attempted solid phase peptide synthesis with 0.65 mmol/g resin 
loading 

= \ o-
\ // 

OH 

\ // 

Wang resin 
0 65 mmol / g loading 

HO 

O | O 

OAllyl 
NHFmoc NHpNZ 

78 

DIC, DMAP, 
DMF, 2 h 

O • O 

NHFmoc NHpNZ 

87 

NHPmc 

Fmoc SPPS a 

NHpNZ 

0 0 l^ 

H "l\°V 
FmocHN' Y N ^ ^ ° ° 

O -

88 

NHpNZ 
OH H N ^ N H P m c V ^ ^ ' 

HN^ O. O PyBOP, HOBt, 
NMM.DMF, 2 h 

1)Pd(PPh3 )4 (1 equiv)/ 
PhSiH3 (5 equiv), 2 h 

2) 20% piperidine / DMF 

H H N - V ^ 
N ^ A 0 O 

89 

H 
PmcHN. N, 

T 
NH 

pNZHN. 

O. 

HN C . NH 

VN^O 
O H 

90 

a Conditions used for synthesis of 88 from 87: (i) 20% piperidine in DMF (ii) PyBOP, HOBt, 
NMM, DMF (iii) Fmoc-Ala-OH, (iv) repeat steps (i) and (ii) with Fmoc-Arg(Pmc)-OH. 

A small sample of the resin-bound 90 was treated with TFA/H20/TIPS 

(95:2.5:2.5) to cleave the peptide from the resin. Analysis of this peptide by mass 

spectrometry suggested the formation of ring C 90 [595.7 (M+H)]. However, the 

dimer 91 [1189.7 (M+H)] resulting from interstrand cross-linking was observed 

as well. A similar dimer formation reaction has been reported in the synthesis of 

lactocin S." This arises from the favorable diketopiperizine (DKP) formation 
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between two lanthionine moieties in growing peptide chains during cyclization 

when the two peptide chains are in close proximity (Scheme 24). 

Scheme 24. The dimer formation via diketopiperizine formation in the synthesis 
of lactocin S 

Diketopiperizine 

formation i H 

y Y° r 

However, the presence of the pNZ protecting group on the amino group of Oxa-

melan should prevent this dimer formation. Therefore, one possible reason for this 

side reaction is that high resin loading increases the possibility of two growing 

peptide strands being close and coupling to each other to form the larger 

macrolactam during the cyclization step (Scheme 25). Based on this reasoning, 

the problem of the formation of dimer can be overcome by lowering the resin 

loading. 

Scheme 25. The proposed pathway of dimer formation during cyclization of ring 
C of oxa-lacticin A2 
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Based on the above result, a new synthesis of oxa-lacticin A2 with a lower 

resin loading of 0.1 mmol/g was undertaken. The Oxa-melan (0.1 mmol/g) was 

first loaded on the commercially available Wang resin (0.44 mmol/g). The 

remaining sites are capped with AczO to ensure the lower resin loading for further 

synthesis. Following the same synthetic steps as described above, cyclization 

affords the resin-bound ring C 90 smoothly without any observable dimers. This 

observation suggests that our proposed explanation for the formation of dimer 

(Scheme 25) is plausible. 

The pNZ group on ring C is removed under reductive conditions with 

SnCl2/DMF in the presence of a low concentration of acid (1.6 mM HCl/dioxane) 

to give 92 (Scheme 26).89 Completion of the reaction is ascertained by MALDI-

TOF MS analysis after treatment of a small portion of the resin with 

TFA/TIPS/H20 to liberate the peptide. Fmoc SPPS can then introduce the 

required amino acids for the formation of ring B. The following amino acids are 

coupled using Fmoc SPPS in the following order: orthogonal protected Oxa-

melan 78, Fmoc-Lys(Boc)-OH and Fmoc-Thr(f-Bu)-OH. After removal of the 

allyl and Fmoc groups as before, the cyclization proceeds on-resin with 

PyBOP/HOBt for 2.5 h. Cleavage of a small portion of the peptide under acidic 

condition followed by MALDI-TOF MS analysis showed a major peak 

corresponding to the bicyclic product 94 [994.8 (M+H)]. 

After removal of the pNZ group with SnCl2, Fmoc SPPS can be continued 

to introduce the linear precursor for ring A. The amino acids are coupled in the 

following sequence: Fmoc-Pro-OH, orthogonal protected Oxa-lan 77, Fmoc-
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Thr(r-Bu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Thr(f-Bu)-OH. Removal of the allyl 

and Fmoc protecting groups and on-resin cyclization gives the tricylic product 95 

(Scheme 26). Mass spectrometric analysis of a small fraction of the peptide 

cleaved from resin confirmed the generation of the tricyclic peptide as the major 

product. The observed mass [1563.4 (M+H)] agreed with the calculated mass 

[1562.6 (M+H)]. More importantly, no dimerized or oligomerized peptides are 

observed. 

With the successful formation of the tricylic peptide on solid support, 

Fmoc SPPS was continued to introduce residues 6-15 after removal of the pNZ 

protecting group (Scheme 27). The amino acids are introduced in the following 

sequence: Fmoc-Ile-OH, Fmoc-Tyr(f-Bu)-OH, Fmoc-Ala-OH, Fmoc-D-Ala-OH, 

Fmoc-Leu-OH, Fmoc-Ile-OH, Fmoc-D-Ala-OH, Fmoc-Ile-OH, Fmoc-Ala-OH, 

Fmoc-Pro-OH. A small portion of the peptide was cleaved from the resin with 

TFA/TIPS/H20 and subjected to MALDI-TOF MS analysis. The major peak at 

2603.3 (M+H) indicates formation of the desired product 96. 
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Scheme 26. Synthesis of rings B and A of oxa-lacticin A2 

pNZHN 

O J n NH 

Q 

H 
N -

PmcHN- / 
NH 

HN 

6MSnCI2 , 1.6mMHCI 

DMF, 3 x 45 min 

O 

H2N, > 0 ^ < V 
nJ „ NH 

O 

90 

BocHN 

AllylO. 

H N -
PmcHN-/ 

NH 

HN 
J^-JT-N 

H H 
O 

92 
y ~^*& 

Fmoc SPPS a 

O r ° 

FmocHN* 

PmcHN 

**Y ''NHpNZ 

N-C°, 
a T ' HN^^fj HN,, 

O 
Of-Bu 

H N - / 

Q 
1)Pd(PPh 3 ) 4 (1 equiv) / 

PhSiH3 (5 equiv), 2 h 
»-

2) 20% piperidine / DMF 
3) PyBOP, HOBt, NMM 2 5 h 

~i 
NH 

NH pNZ 

f-BuO HN .y-<, o 

'k 

93 

^M 

... / NH 

4 c h 
H N N N f i " ' 

BocHN 
HN-

PmcHN—4 
NH 

o 

94 

1)6MSnCI2 /1.6mMHCI 
2) Continue SPPSb 

»-
3) Pd(PPh3)4 (1 equiv) / 

PhSiH3 (5 equiv) 
4) 2 0 % piperidine / DMF 
5) PyBOP, HOBt, NMM 2.5 h 

f-BuO 

TrtHN 

B U ° ~ \ ,vN-Av
NHPNZ 

O 7 \ 

1 J 
°AHN N H V 0 , 

oJy^ 

NH I 

Of-Bu 

NH O 

NH 

V-NI 
,o—-A 

/ NH 

(- E 
HN„ ^NH 

HN NHPmc T 
HN 

NHBoc 

95 f-BuO-^\ ° 

Fmoc-SPPS conditions:a (i) PyBOP, HOBt, NMM, DMF (ii) Orthogonal Oxa-melan 78 (iii) 20% 
piperidine in DMF (iv) Repeat steps (iii) and (i) for amino acids: Fmoc-Lys(Boc)-OH, Fmoc-
Thr(*-Bu)-OH b Perform step (i) with Fmoc-Pro-OH, repeat steps (iii) and (i) with orthogonal Oxa-
lan 77, Fmoc-Thr(f-Bu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Thr(f-Bu)-OH. 
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Scheme 27. Introduction of residues (6^15) of oxa-lacticin A2 
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"Conditions used for synthesis of 96 from 95: (i) Fmoc-Ile-OH, PyBOP, HOBt, NMM (ii) 20% 
piperidine in DMF, (iii) PyBOP, HOBt, NMM, DMF, b Repeat (ii) and (iii) for amino acids: (iv) 
Fmoc-Tyr(?-Bu)-OH, (v) Fmoc-Ala-OH, (vi) Fmoc-D-Ala-OH, (vii) Fmoc-Leu-OH, (viii) Fmoc-
Ile-OH (ix) Fmoc-D-Ala-OH, (x) Fmoc-Ile-OH: (xi) Fmoc-Ala-OH (xii) Fmoc-Pro-OH. 

To complete the synthesis, on-resin fragmental coupling was performed 

with the pentapeptide 34 (Scheme 28). Treatment of resin-bound peptide 96 with 

20% piperidine removes the Fmoc group on proline. The pentapeptide is pre-

activated with PyBOP/HOBt/NMM. To avoid aggregation of the long 

hydrophobic peptide chain, ./V-methylpyrrolidone (NMP) is used as the solvent for 

the coupling. This difficult fragment coupling between the secondary amine group 

of the proline residue on the resin and the relatively unreactive carboxyl group of 

the dehydropentapeptide is sluggish, and thus requires 7 h for completion. 
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Scheme 28. Completion of the synthesis of oxa-lacticin A2 (45) 
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The final deprotection and cleavage of oxa-lacticin A2 from the resin was 

effected with (97.5:2.5) TFA/TIPS. The crude compound was purified by reverse 

phase C18 HPLC to yield 1.1 mg of 45. The overall yield is 0.3% over ca. 53 

steps (22 deprotections and couplings, 3 macrocyclizations, 3 pNZ removals and 

3 allyl deprotections). The MALDI-TOF MS analysis of 45 shows a clean peak at 

2799.2 (M+H) corresponding to the calculated mass of oxa-lacticin A2. A 

detailed LC-MS/MS analysis gives fragments corresponding to the masses of ring 

C (416.2 Da), rings CB (815.4 Da) and rings CBA (1384.6 Da) of 45 (Figure 22). 
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This result confirms the correct sequence and connectivity of the ether rings in 

oxa-lacticin A2. 

Figure 22. LC-MS/MS analysis of oxygen analogue of lacticin A2 (45) 
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2.2. l.d. Biological testing of oxa-lacticin A2 (45) 

A preliminary biological evaluation of oxa-lacticin A2 (45) was done 

using spot-on-lawn assay, wherein a compound of interest is spotted on the 

surface of a bacteria-growing agar plate and the zone formed during incubation 

indicates the compound's inhibitory activity. The oxa-lacticin A2 was tested in 

conjunction with natural lacticin Al (16) against a panel of Gram-positive 

bacteria that are sensitive to natural lacticin A2.100 Oxa-lacticin A2 (Oxa-A2) 

exhibited only individual antibacterial activity against L. lactis subsp. cremoris 

HP (Figure 23a) and Leuconostoc mesenteroides Y105 and no biological activity 
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against five other Gram-positive bacteria: Staphylococcus aureus ATCC 29213; 

Enterococcus faecalis ATCC 7080; Enterococcus faecium BFE900; Lactobacillus 

sakei 706 and Pediococcus acidilactici PAC 1.0. The results suggest that oxa-

lacticin A2 (45) shows a reduced spectrum of activity compared to natural A2. A 

serial dilution assay indicates that the inherent antimicrobial activity of oxa-

lacticin A2 is approximately 20 times less than natural lacticin A2. Interestingly, 

when oxa-lacticin A2 (45) is spotted beside natural lacticin Al (16) at a series of 

different distance, it shows no synergistic antimicrobial activity against L. lactis 

subsp. cremoris HP at any distance (Figure 23b). 

Figure 23. Spot-on-lawn tests for antimicrobial activity of oxa-lacticin A2 (45) 
against L. lactis subsp. cremoris HP 

a) the synergisic and inherent activity of natural Al (16) & A2 (17) [top]; the inherent 
independent activity of natural Al (16) & oxa-A2 (45) [bottom]; b) the activity of Al(16) and 
oxa-A2 (45) at differing distances (no synergism). 

These results support the hypothesis that the two-peptide lantibiotic 

lacticin 3147 has at least two modes of action. In the natural system, it is believed 

that synergistic activity results from pore formation in the cell membrane via the 
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interaction of the A2 peptide with the lacticin A1-lipid II complex.56 The loss of 

synergistic activity for oxygen analogue 45 presumably results from poor 

recognition of the Al-lipid II complex. This may be due to an additive effect of 

the three modification sites or perhaps to differences in the size of sulfur vs. 

oxygen (van der Waals radius 1.80 A vs. 1.52 A) or their electrostatic properties 

(Pauling scale electronegativity 2.5 vs. 3.5). However, the small conformational 

changes between oxa-lacticin A2 and natural A2 may be tolerated for the direct 

binding to lipid II. This would result in inhibition of cell wall biosynthesis and the 

observed antimicrobial activity for the lone peptide.52 

2.2.I.e. Preliminary SAR analysis for Lan and MeLan rings in two-peptide 
lantibiotics 

To date, three analogues of lacticin 3147 A2, a carbon analogue (34)74, a 

bis(desmethyl) analogue (32)57 and the oxygen analogue (45)81, have been 

synthesized on solid support and examined for activity in the Vederas lab. These 

analogues exhibit different and interesting activities in the spot-on-lawn assay 

(Table 3). Comparing their features helps to generate a clearer picture about the 

relationship between activities and structures of methyllanthioine/lanthionine 

rings in two-peptide lantibiotics. 
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Table 3. Biological activity of lacticin 3147 A2 (17) and its analogues 

(17)R = CH3, X= S, natural lacticin A2 

(45) R = CH3, X = O, oxa-lacticin A2 

(32)R = H, X= S, bis(desmethyl) lacticin A2 

(34) R = H, X = CH=CH carbocychc lacticin A2 

Compound 
17 
45 
32 
34 

Synergistic activity 
+ 
-

+ 
-

Inherent activity 
+ 
+ 
-

-

Upon closer examination of the structure of lacticin A2, the ring size may 

play an important role in binding the Al:lipid II complex or lipid II alone. 

Significant change in ring size in lacticin A2 cannot be tolerated as demonstrated 

by the complete loss of activity for carbocyclic analogue (34). The 

complementary biological testing results for the bis(desmethyl) analogue (32) and 

oxygen analogue (45) highlight the importance of methyl groups and sulfur atoms 

in the dual modes of action of two-peptide lantibiotics. The loss of inherent 

activity of bis(desmethyl) analogue (32) suggests that the methyl groups in the 

methyllanthionine rings are crucial for direct binding to lipid II, which is 

responsible for the observed inherent activity. In contrast, the sulfur atoms of 

lacticin A2 have an essential role in recognition of the Al:lipid II complex as 

illustrated by the loss of synergistic activity for the oxygen analogue (45). The 
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preliminary SAR analysis for methyllanthionine and lanthionine rings is 

summarized in Figure 24. 

Figure 24. Preliminary SAR analysis of Lan and MeLan rings in lacticin A2 (17) 

Ring size is important for both activities 

S 
i •> 

Essential for inherent activity Crucial for synergistic activity 

2.2. l.f. Conclusions and future direction 

In conclusion, a facile, regio- and stereoselective methodology to prepare 

ether bridged bis-amino acids via aziridine ring opening with oxygen nucleophiles 

has been developed. The orthogonal protection of the oxygen analogues of 

lanthionine and methyllanthionine allows them to be readily incorporated into 

peptides using solid phase peptide synthesis. Multiple on-resin cyclizations 

together with a fragmental coupling are successfully utilized for the chemical 

synthesis of oxa-lacticin 3147 A2 (45). This oxidatively stable analogue exhibits 

inherent activity against Gram-positive bacteria but lacks the synergistic activity 

with natural lacticin Al that is characteristic of the native lacticin A2 peptide. The 
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biological evaluation results support the proposal of dual modes of action for two-

peptide lacticin 3147 Al & A2. 

Future studies may be directed towards the synthesis of an analogue of 

lacticin 3147 A2 with a single carbon atom in place of the sulfur atom in the 

lanthionine rings. Given the close similarity between carbon and sulfur in terms of 

electronegativity and their bond angles as well as bond lengths to carbon, the 

replacement of sulfur with carbon would lead to an analogue with minimal ring 

conformational change, thereby potentially retaining biological activity and 

enhancing oxidative stability. 
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2.2.2. Chemical synthesis and testing of natural lacticin A2 

Our strategy envisioned for the synthesis of natural lacticin 3147 A2 (17) 

(Scheme 29) was similar to the synthesis of its oxygen analogue 45. This involves 

the on-resin synthesis of a tricyclic peptide from lanthionine and 

methyllanthionine building blocks and then a fragmental coupling with the N-

terminal pentapeptide 97. Notably, the a-ketoamide moiety in the mature peptide 

could be installed as a Boc protected enamine, which would undergo hydrolysis 

during acidic cleavage from the resin to reveal the a-ketoamide functionality. 

Scheme 29. Retrosynthetic analysis of lacticin 3147 A2 (17) 



Chapter 2 - Antimicrobial peptides: lacticin 3147A2 and its stable analogue 59 

2.2.2.a. Synthesis of the TV-terminal pentapeptide via a biomimetic approach 

The previous synthesis of the a-ketoamide containing ./V-terminal 

pentapeptide 34 described in section 2.2.l.b is challenging and contains several 

low yielding steps. The coupling of the pentapeptide to the rest of the resin-bound 

peptide is also problematic. Thus, an alternative synthetic strategy was 

investigated. Inspired by the biosynthetic pathway for Af-terminal ketoamide 

moieties in lantibiotics (Figure 6), a strategy involving spontaneous deamination 

of dehydrobutyrine during cleavage of the peptide from the resin was designed 

(Figure 25). 

Figure 25. Strategy for formation of an a-ketoamide containing peptide 

o o Boc o 
I I H20 HzN^U^ Acidic H l ^ v \ i /-». 
T n ^ i d i l = > J S S depiction" J \ ^ ^ ~ 9 

The synthesis of the pentapeptide begins with coupling of Boc-Thr-OH 

(98) and H-Thr-OMe (99) using EDCI to give the dipeptide 100 (Scheme 30). 

Double dehydrations are triggered by activation of the hydroxyl group with MsCl 

followed by DBU-promoted elimination to yield peptide 101. At this point, the 

conversion from the enamine to keto amide moiety was tested. Removal of the 

Boc protecting group with TFA followed by hydrolysis affords the desired 

product 102 smoothly. 
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Scheme 30. Synthesis of ketoamide containing dipeptide (102) 
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12 h 0 J pH5 o J 
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With the success of the biomimetic deamination strategy, the 

dehydrodipeptide 101 needs to be coupled with dehydrotripeptide 80 to afford the 

desired pentapeptide 97. Hydrolysis of the methyl ester of 101 using LiOH can be 

expected to give 103 (Scheme 31). However, upon closer examination of the !H 

NMR for 103, two sets of peaks for the olefin adjacent to N-terminus were 

observed, suggesting scrambling of the geometry of this double bond. The loss of 

stereochemical integrity is possiblely due to an unselective intramolecular 

Michael addition followed by elimination under very strongly basic conditions. A 

proposed mechanism is shown in Scheme 32. 

Scheme 31. Attempted hydrolysis of methyl ester in dehydrodipeptide (101) 

H || LiOH ^ H ° 

BocHN' Y N J OMe THF/H20 BocHN^Y^'v^OH 

101 103 
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Scheme 32. Proposed mechanism for the scrambling of double bond geometry in 
103 

V H-OH ' 
- 103 
OH 

H O J H O J 
desired product Isomer 

To overcome the problem associated with hydrolysis of the methyl ester, 

an allyl ester was used to protect the carboxylic acid functional group. The 

synthesis starts with the coupling reaction between commercially available Boc-

Thr-OH (104) and D-threonine allyl ester (105) mediated by PyBOP to give the 

dipeptide 106 (Scheme 33). The activation and double elimination of the hydroxyl 

side chains by MsCl and DBU afford 107. Deprotection of the allyl ester with 

Pd(PPh3)4 in the presence of the scavenger PhSiH3 gives 108. 

Scheme 33. Synthesis of dehydrodipeptide (108) 

^ O H ° PyBOP, NMM V ^ w ° 
PTSA'H2N,. .A AM , y H M 

Y^OAIIy l ^ — B Q C H N * L , N ^ 
^ > O H 9 0 % O 

104 105 106 

B o c H N ^ V ° H + T OA"y l DCM, BocHN^Y N V^OAI Iy l 
O ^>OH 90% O XOH 

1.MsCI,Et3N JL N 1 Pd<PPh3)4 ^ H ° 
BocHN-^V V^OAIIyl — ~ ~ "" B O C H N " S < N V ^ O H 2. DBU, DCE, reflux " " v " " ' II | ~""y ' PhSiH3 

20 h ° y 88% O 
46% over two steps Q ..__ 
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Having successfully obtained dipeptide 108, a fragmental coupling is 

performed in solution between 108 and dehydrotripeptide 80 that is prepared 

according to the procedure described in Scheme 22. Removal of the Boc group on 

80 followed by coupling with 108 in the presence of DIC gives 109 (Scheme 34). 

Deprotection of the allyl ester with Pd(PPh3)4 affords 110 that can subsequently 

be incorporated onto solid support. 

Scheme 34. Synthesis of modified pentapeptide (110) 

/"-. O N 1.TFA/DCM(1:1) \ Jss.NvJL.jL.OR 

° - ° B o c H N A
r
N ^ O H BOCHN-^ 

80 ° J 108 ) „ 
DIC, HOBt, 
NMM, DCM, 69% 

1 0 9 R = A l l y^Pd(PPh3)4 /PhSiH3 

110FUH _ J DCM, 77% 

2.2.2.b. Synthesis of methyllanthionine with orthogonal protecting groups 

In order to synthesize the natural lacticin 3147 A2 on the solid support, an 

orthogonally protected methyllanthionine building block is required. However, as 

mentioned in Section 2.1.5.b., only a few methods for the stereoselective 

synthesis of methyllanthionine have been reported in the literature.71'72'73 None of 

them can be readily used on solid phase due to the difficulty in protecting group 

manipulations. Therefore, effort focused on methodology development to gain 

facile access to multigram quantities of methyllanthionine with orthogonal 

protecting groups. 
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Given the successful synthesis of the oxygen analogue of 

methyllanthionine via regio- and stereo-selective aziridine ring opening with 

oxygen nucleophiles,82 the logical extension is to use the free thiol of cysteine 

(111) to open the activated aziridines (112). This ring opening reaction could 

stereoselectively give access to not only methyllanthionine 114 but also 

lanthionine 113 (Scheme 35). 

Scheme 35. Strategy for synthesis of methyllanthionine and lanthionine 

PG2N^OPGl +
 3 'Y^OPG4 Lewis acid p Q ^ A ^ A g ^ A o P G , 

Y w HS NHPG? NHPG-, 
4 

3 
Ri 

1 1 2 ^ -^ 1 1 1 113 Ri = H, lanthionine 
114 R, =CH3, methyllanthionine 

To test the possibility of regio- and stereo-selective ring opening of 

activated aziridines by thiol nucleophiles, a model reaction was performed using 

para-methoxybenzyl thiol (115) as a nucleophile and the pNZ protected aziridine 

(63) as an electrophile (Scheme 36). However, under the optimized condition 

described in Section 2.2.1.a, the azridine ring opening only leads to a mixture 

with the major product (based on 'H-NMR) corresponding to the proposed 

structure 117. This byproduct could come from the attack of the thiol on the 

benzylic position in the pNZ protecting group. 
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Scheme 36. Model reaction of aziridine ring opening with a thiol nucleophile 
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With the failure of the model reaction, another activated aziridine 

electrophile was designed wherein the 2,4-dinitrobenzenesulfonyl (DNs) group is 

used as a temporary amino protecting group.101 Although nucleophilic ring 

openings with ./V-nosyl (o- or p- nitrobenzenesulfonyl) activated aziridines have 

been well documented in the literature,72,102,103 the aziridine activation with DNs 

has not been explored. The DNs group could offer several advantages over the 

pNZ group in our synthesis: stronger electron withdrawing ability to facilitate the 

aziridine ring opening; and also compatibility with 2-chlorotrityl chloride resin for 

the subsequent SPPS.104 In contrast, pNZ deprotection conditions (SnCl2, 1.6 

mmol HC1) are not compatible with the acid labile 2-chlorotrityl chloride resin, 

which would result in potential cleavage of peptide from the solid support during 

deprotection. The reason for using 2-chlorotrityl chloride resin is that it can 

suppress side reactions, such as epimerization and thiol elimination when the C-

terminal residue is cysteine or a cysteine derivative.105"107 The DNs protected 

aziridine can be prepared through protecting group manipulations from the N-
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trityl protected aziridine. Removal of the trityl group from 66 with TFA followed 

by introduction of the DNs group under Schotten-Baumann conditions affords 

118 (Scheme 37). 

Scheme 37. Synthesis of the DNs protected aziridine (118) 

O 

AllylO Ks 1. TFA, MeOH/DCM 

*)L 2. EtOAc/H20, NaHC03 

DNsCI 

66 50% over two steps 

118 N02 

With the DNs protected aziridine available, the aziridine ring opening with 

the thiol side chain of Fmoc-Cys-O^-Bu (119) is performed to afford protected 

methyllanthionine 120. Interestingly, the number of equivalents of BFg'OEt^ 

plays a crucial role in promoting the reaction. When 0.2, 0.5 or 1.0 equivalents of 

Lewis acid are used, there is no observed reaction as assessed by TLC. However, 

the reaction is triggered with 2.0 equivalents of BF3»OEt2. Formation of the 

desired product is then observed by mass spectrometry (Scheme 38). The possible 

reason for this is that BF3
#OEt2 preferentially coordinates to the free thiol instead 

of the aziridine nitrogen; therefore excess Lewis acid is required to promote the 

ring opening reaction. However, TLC shows a complex mixture of products for 

this reaction. This is likely due to the instability of the tert-butyl protecting group 

in the presence of excess Lewis acid. 
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Scheme 38. Attempted synthesis of methyllanthionine with orthogonal protecting 
groups 

o o 
i \ / + HS^^Of-Bu 2 0 ec*uiv BF3-OEt2 

DNs NHFmoc C H C | 3 

118 

1.0 equiv 

119 

o 
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To circumvent this problem, a possibility is to use alternative acid stable 

protecting groups for the carboxylic acid. However, the required orthogonality 

with the other three protecting groups makes it difficult to find a suitable 

protecting group. Ideally, the best protecting group is no protecting group at all. 

Given the nucleophilic difference between a free thiol and carboxyl group under 

the reaction conditions, we envisioned that there may be no need to protect the 

carboxylic acid of the cysteine nuclophile. Thus, another model reaction with 

mercaptoacetic acid 121 as a nucleophile was performed (Scheme 39). With 2 

equivalents of Lewis acid as catalyst, the DNs-activated aziridine is regio- and 

stereo-selectively opened by this thiol nucleophile to give the desired product 122 

in good yield. 

Scheme 39. Aziridine ring opening with an unprotected nucleophile 

BNS ° CH
rt
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With this encouraging result, our attention refocused on the synthesis of 

methyllanthionine with orthogonal protecting groups. The Fmoc protected thiol 

123 is prepared from commercially available cysteine 124 using Fmoc-OSu 

(Scheme 40). Aziridine ring opening with 123 under BF3»OEt2 catalysis at room 

temperature gives 125 smoothly in moderate yield (Scheme 41). 

Scheme 40. Synthesis of Fmoc-Cys-OH (123) 

O O 
- U Fmoc-OSu, Na2C03 II 

H S ^ Y ^ H " HS^Y^OH 
NH2'HCI H20/Dioxane NHFmoc 
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Scheme 41. Synthesis of methyllanthionine via aziridine ring opening 

^ O ^ + HS^OH 2 _ l f ^ ! ^ A,lylo\^S^OH 
DNs NHFmoc CHCI3, rt NHDNs NHFmoc 

118 123 3 2 % 125 

At this point, no further attempt for reaction optimization was made. 

Focus was directed to the solid phase peptide synthesis. Before loading the 

methyllanthionine onto the resin, the orthogonality between DNs and Fmoc was 

examined. Surprisingly, based on ^-NMR analysis, the DNs protecting group is 

not stable under Fmoc deprotecting conditions using 20% piperidine. This is 

possibly due to the strong nucleophilicity of piperidine. A mechanism for DNs 

deprotection with piperidine is proposed in Scheme 42. 
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Scheme 42. Proposed mechanism for DNs deprotection with piperidine 
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It may be possible to find suitable deprotection conditions for removal of 

an Fmoc group without affecting the DNs group. Another approach is to replace 

the DNs group with a different protecting group, such as Alloc, that will be 

orthogonal to Fmoc. For the first approach, several attempts were made using 

weak nucleophilic basic systems to effect Fmoc deprotection (Figure 26) .108 

However, these conditions also affect the DNs group to various extents based on 

'H-NMR analysis. Therefore, attention shifted to the second possibility. 

Figure 26. Attempted Fmoc deprotection conditions with weak nucleophiles 
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A mild reagent for the removal of DNs is a solution of mercaptoacetic acid 

and Et3N in DCM (126).101 These conditions should be suitable for removing DNs 

in the presence of the Fmoc group. Model reactions on solid support were 

performed to test the compatibility of the Fmoc protecting group to the DNs 

deprotection conditions (Figure 27). The reaction can be monitored using a 

colorimetric test (Kaiser test), wherein the characteristic dark blue color indicates 

the presence of primary amino groups on the resin.109 The results suggest that the 

DNs group can be selectively removed without affecting the Fmoc group. 

Figure 27. Test of compatibility of the Fmoc group to DNs deprotection 
conditions 
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a) Treatment of resin-bounded Fmoc-Gly with 126 results in no deprotection of Fmoc group, b) 
Treatment of resin-bounded Fmoc-Gly with piperidine leads to Fmoc deprotection; c) Treatment 
of free amino group with dinitrobenzenesulfonyl chloride (DNsCI) and base introduces DNs group 
onto resin; d) Treatment of DNs protected glycine with 126 affords the free amino group. 
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Having identified the conditions for DNs deprotection, protecting group 

manipulation could be performed readily. At this point, this project was taken 

over by a postdoctoral fellow, Dr. Wei Liu, due to time constraints. For 

completion and clarity, further protecting group manipulation for 

methyllanthionine and the completion of total synthesis of natural A2 is briefly 

described below. 

The DNs protecting group was removed with mercapoactic acid in the 

presence of Et3N. Subsequent reaction with allyl chloroformate affords 127 that 

can be incorporated onto solid support directly (Scheme 43). The developed 

methodology also allows for the preparation of lanthionine with orthogonal 

protecting groups (128) via the ring opening of aziridine derived from serine 

(129) (Scheme 44). 

Scheme 43. Protecting group manipulations of methyllanthionine 
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Scheme 44. Synthesis of lanthionine via aziridine ring opening 
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2.2.2.C. The completion of the chemical synthesis of lacticin 3147 A2 on solid 
support 

The completion of total synthesis was accomplished by Dr. Wei Liu. 

Briefly, utilizing a similar synthetic strategy to that adopted for oxa-lacticin A2 

(45), the tricylic peptide was assembled via sequential on-resin cyclizations 

(Scheme 45). The methyllanthionine 127 is loaded onto 2-chlorotrityl chloride 

resin with a low loading of 0.15 mmol/g. Fmoc SPPS was performed using 

PyBOP to couple the amino acids required for ring C. The Alloc, allyl and Fmoc 

protecting groups are removed on solid support using Pd(PPh3)4 with PhSiH3 as 

scavenger and 20% piped dine in DMF repectively. The cyclization to form ring C 

is performed on solid support using PyBOP as the coupling reagent. In a similar 

manner, ring B and ring A are also formed. Standard Fmoc SPPS can be 

continued to give the resin-bound peptide 129. 
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Scheme 45. Synthesis of tricyclic moiety of lacticin A2 on solid support 
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Fragment coupling between tricylic peptide 129 and pentapeptide 110 

prepared in solution as described in Section 2.2.2.a, was performed using PyBOP 

(Scheme 46). Final deprotection with a 95:2.5:2.5 TFA/Anisole/H20 cocktail 

cleaves the peptide from the resin with concomitant removal of all the side chain 

protecting groups including the TV-terminal Boc group. This triggers the formation 

of the ct-ketoamide moiety through the hydrolysis of the unprotected enamine 

functionality. The desired peptide (17) was purified and characterized by 

MALDI-TOF MS and MS/MS sequencing. Biological testing and ananlytical RP-

HPLC analysis confirms that the synthetic peptide is the same as the natural 

lacticin 3147 A2. Thus by chemical synthesis, we are able to confirm that the 

proposed stereochemistry of the lanthionine and methyllanthionine residues in 

natural lacticin 3147 A2 are indeed (25, 6R) lanthionine and (25, 35, 6R) 

methyllanthionine, respectively. 
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Scheme 46. The completion of the synthesis of lacticin 3147 A2 (17) 
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2.2.2.d. Conclusions and future work 

In an effort for the total synthesis of natural lacticin 3147 A2, a 

biomimetic synthesis of an ./V-terminal a-keto amide moiety has been achieved by 

incorporation of a Boc-protected enamine onto solid support followed by 

hydrolysis during final TFA-mediated global deprotection/cleavage. This 

synthesis not only facilitates the chemical total synthesis of lacticin A2, but also 

further supports the proposed mechanism for the biosynthesis of a-keto amide 

moieties in lantibiotics. 
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A methodology for synthesizing orthogonally protected methyllanthionine 

and lanthionine has been developed via a regio- and stereo-selective aziridine ring 

opening reaction. This practical and reliable synthetic approach enables facile 

access to multigram quantities of methyllanthionine with orthogonal protecting 

groups that are compatible with solid phase peptide synthesis. The stereoselective 

synthesis of lanthionine and methyllanthionine also allows for the confirmation of 

stereochemistry of these unusual residues in natural peptides. 

These syntheses provide access to more structurally diverse lantibiotics. 

Utilizing the established synthetic methodology, future studies can focus on the 

challenge of synthesizing lantibiotics with interlocking rings, such as lacticin 

3147Al(16)andnisin(13). 
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Chapter 3. Anticancer peptides: neopetrosiamides 

3.1. Introduction 

Cancer is currently responsible for about 13% of human deaths worldwide 

and is a leading cause of death in the United States and the western world, second 

only to heart disease.110'm Cancer is a group of diseases that are characterized by 

the uncontrolled growth of cells that invade and destroy adjacent tissues. Cancer 

cells can also spread to other locations in the body through a process known as 

metastasis, which is responsible for about 90% of cancer deaths.112 Although 

significant advances in cancer therapies have been made through surgery, 

radiotherapy or systemic chemotherapy, about half of cancer patients are not 

cured by these treatments.112 Moreover, anticancer drug development suffers from 

the problems of nonspecific toxicity and multidrug resistance. Therefore, there is 

a clear and urgent need for effective new anticancer drugs. Even though high 

throughput screening (HTS) and combinational chemistry are playing important 

roles in anticancer drug development, natural products from plants, insects and 

more recently marine organisms continue to be valuable sources for drug 

prototypes.16'113 This is reflected by almost half of the anticancer drugs in the 

clinic are of natural origin.114 

http://neopetrosiamid.es
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3.1.1. Neopetrosiamide A & B 

Recently, Andersen and co-workers reported the isolation and structure 

elucidation of neopetrosiamide A and B (130) from a marine sponge {Neopetrosia 

sp) collected in Papua New Guinea.115 They have been found to be potent 

inhibitors (6 /ig/mL) of human cancer cell invasion associated with metastasis. 

The two peptides contain 27 standard amino acids and a methionine sulfoxide at 

position 24. They are diastereomeric, differing only in the stereochemistry of the 

methionine sulfoxide functionality and contain three intramolecular cross-linking 

disulfides (Cys 3-26, Cys 7-12 and Cys 18-28) (Figure 28) as determined by 2D 

NMR spectroscopy and mass spectrometry. 

Figure 28. Proposed structures of neopetrosiamide A and B (130) 

The lethal spread of cancer cells requires that cells invade and migrate 

through the extracellular matrix (ECM), the structural support of mammalian 

cells.116 This attachment of a cell to the ECM is mediated by cell surface 

receptors, integrins. To move through ECM barriers, cancer cells utilize two 

distinct mechanisms.115 One is a path-generating process (mesenchymal 

migration) wherein the cancer cells clear a way for forward motion by 
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enzymatically degrading the ECM using proteases; the other is a path-finding 

process (amoeboid migration), in which cancer cells change their shapes and 

escape out of the ECM for migration. During metastasis, when the mesenchymal 

migration pathway is blocked through inhibition of proteases, the cancer cells can 

simply switch to the amoeboid migration process (Figure 29) .U7 This transition 

makes the cancer therapies based on protease inhibitors less efficient. Therefore, 

the simultaneous inhibition of both pathways in cancer cell migration might be a 

powerful way to effectively control metastasis. Fortunately, neopetrosiamides 

inhibit both cancer migration pathways. 

Figure 29. Schematic representation of mesenchymal-amoeboid transition of a 
cancer cell in ECM (adapted from the Journal of Cell Biology, Wolfet al. U7) 

Proteases are inhibited 
Mesenchymal 

migration 

Proteases are present 

In addition to inhibiting cancer cell invasion, neopetrosiamides also 

decrease cell surface integrin levels, thereby inhibiting cancer cell adhesion to the 

rigid ECM.118 Even though the detailed inhibition mechanism of the 

neopetrosiamides is still unclear, their intriguing anticancer features make them 

appealing candidates for use in the therapeutic control of cancer metastasis. 

Neopetrosiamides possess unique structural features that differ from those 

of many other peptides from sponges. Most sponge-derived peptides have either 

migration 
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one or no disulfide bond, whereas neopetrosiamides contain three cross-linking 

disulfides.115 As one of the most common post-translational modifications, 

disulfide bonding plays an important role in maintaining the three-dimensional 

structures and biological activities of proteins and peptides. Bioactive disulfide-

rich peptides are also found in other natural sources. For example, the venom 

produced by carnivorous marine snails from the genus Conus provides 

biologically active, short disulfide-rich peptides known as conotoxins. Ziconotide 

(Prialt) (131), a oo-conotoxin, was approved by US FDA in 2004 for treatment of 

chronic pain (Figure 30).119 In plants, a class of circular, small disulfide-rich 

peptides known as cyclotides (2) has been discovered,9 which exhibit a range of 

biological activities as described in Chapter 1. The cyclic backbone and three 

intramolecular cross-linking disulfides give cyclotides exceptional stability, even 

to boiling. In mammals, the short antimicrobial peptides known as (3-defensins 

(132) are also characterized by the presence of three intramolecular disulfide 

bonds.120 

Figure 30. Structures of representative bioactive disulfide-rich peptides 

H—CKGKGAKCSRLMYDCCTGSCRSGKC—CONH2 

Ziconotide 131 

H—DHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCK— OH CLYSACPIFTKIQGTC\ 

(3-Defensin: hBD-1 132 
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3.1.2. Characterization of disulfide connectivity in disulfide-rich 
peptides 

Despite the diversity of structures and biological activities of short 

disulfide-rich peptides, it is believed that only a small fraction of this naturally 

occurring resource has been discovered and characterized to date.121 This is partly 

due to the significant challenge in rapid characterization of disulfide bond 

connectivity in these peptides.122 

Traditional disulfide mapping methods involve the digestion of the peptide 

chain with protease followed by isolation and characterization of the bridged 

fragments to deduce the overall connectivity.123 Resistance to enzyme digestion 

can make it difficult to obtain diagnostic fragments for further analysis. Many 

short peptides lack convenient proteolytic cleavage sites. 

The advance of multidimensional NMR techniques has made it possible to 

elucidate the three-dimensional structure of peptides. In particular, the disulfide 

bridge can be confirmed by the NOESY cross-peaks between the side chain 

protons in two cysteines paired in a disulfide bond.124 The disulfide bond 

connectivity of the neopetrosiamides was proposed based on 2D NOESY data.115 

Although NMR-based methods offer a convenient way to map disulfide 

connectivity, correct assignment can be difficult if there is overlap of resonances. 

When two or more disulfides are in close proximity in the molecule's tertiary 

structure, the local Cys-Cys NOEs can be misleading because proton pairs in the 

non-connected Cys residues can be closer in space than those paired within a 

disulfide bond.125 
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Another commonly used method to determine disulfide connectivity is 

based on a mass spectrometry technique that was originally introduced by Gray.126 

In contrast to the traditional disulfide mapping, Gray's method features the 

cleavage of disulfides while leaving the peptide chain intact. This method 

involves the partial reduction of disulfides in combination with stepwise disulfide-

specific tagging. Since its first introduction in 1993, several modifications on this 

strategy have been reported.123127 Recently, Craik and co-workers presented a new 

approach for mapping disulfides in highly clustered cyclotides.128 A brief 

description for this strategy is given in Figure 31. The method starts with the 

disulfide partial reduction of the folded cyclotide peptide (2a) at low pH using 

phosphine-based reducing agents, such as tris(2-carboxyethyl)phosphine (TCEP). 

The disulfide reduction generates many partially reduced species, such as 2b and 

2c that contain one or two original disulfide bridges. HPLC purification of these 

intermediates followed by sulfhydryl alkylation with N-ethylmaleimide (Nem) 

under acidic condition affords the first labeled peptides (2d, 2e). The low pH for 

partial reduction and alkylation is crucial to prevent disulfide exchange between 

the reduced and intact disulfides, which is a serious side reaction under basic 

conditions. The alkylated peptides are subjected to complete reduction followed 

by a second alkylation with 2-bromoethylamine to give 2f and 2g, respectively. 

The aminoethylation (Ae+) introduces charges as well as enzymatic digestion 

sites, which make the following enzymatic digestion and MS/MS sequencing 

more feasible. After enzymatic digestion, the cleaved fragments in 2h and 2i are 

then identified and thus the cysteine pairs involved in disulfides (2j, 2k) are 

http://neopetrosiamid.es
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determined. The disulfide bond connectivity of cyclotides is deduced as shown in 

21. 

Figure 31. Overview of partial reduction and selective alkylation strategy for 
disulfide bond mapping for cyclotides 
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Although progress in analytical techniques has been made, in some cases the final 

structural proof is obtained only by chemical synthesis. 

3 .13 . Chemical synthesis of small and disulfide-rich peptides 

A classic goal of chemical total synthesis is to confirm the proposed 

structure of a compound. In addition, chemical synthesis of naturally occurring 

peptides makes it possible to obtain practical amounts of material for clinical 

studies. It also provides access to peptide analogues with the aim of enhancing 

their stability and bioactivity, elucidating structure-activity relationships (SAR), 

or unravelling modes of action. 

To date, many synthetic approaches to disulfide-rich peptides have been 

developed.130'131 The most favoured method involves construction of the linear 

peptide on a solid support followed by directed oxidative folding from a polythiol 

precursor in solution to yield the native isomer (Scheme 47). While this is the 

most simple and straightforward approach, it is limited to the synthesis of 

peptides where the native form of the peptide is thermodynamically favoured. 
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Scheme 47. General strategy for formation of multiple disulfides via directed 
oxidative folding 
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Alternatively, disulfide bonds can be introduced sequentially using 

orthogonal protections on cysteine residues (Scheme 48). This method is suited to 

the synthesis of peptides where the native isomer is not the most 

thermodynamically favoured. More importantly, controlled disulfide formation 

can provide information about disulfide connectivity in peptides not available by 

directed oxidative folding. 
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Scheme 48. General strategy for stepwise formation of multiple disulfides 
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Multiple disulfides can also be introduced to a circular peptide precursor. 

This methodology has been demonstrated in the synthesis of circulins by Tarn and 

co-workers (Scheme 49).132 This synthesis features a thia-zip mechanism for 

backbone cyclization where the precursor with an electrophilic C-terminal 

thioester group and a nucleophilic iV-terminal Cys residue undergoes cyclization 

through intramolecular transthioesterifications. The process is facilitated by the 

various cysteine side chains, which act as intermediate nucleophiles and zip the 

activated C-terminus along the peptide toward the M-terminus. Eventually, the 

largest thiolactone rearranges to the head to tail cyclic peptide via irreversible S, 

yV-acyl migration at an iV-terminal cysteine. Once cyclized, the reorganized 
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conformation facilitates the oxidation of the first two disulfide bonds to give the 

desired connectivity. The last disulfide is introduced by a selective deprotection 

and oxidation process. 

Scheme 49. Synthesis of a complex cyclic peptide with cystine knot pattern 
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3.1.4. Peptide analogues that mimic disulfides 

Various groups are investigating peptidomimetics in which the disulfide 

linkages have been modified. These analogues may overcome the inherent 

instability of disulfides in metabolically reducing environments and could provide 

important clues to the biological importance of the disulfide bridges. 

Vederas and co-workers showed the disulfide bridge in oxytocin (133), a 

peptide hormone used to induce labour, can be replaced with an olefin moiety 

(Figure 32).133 This analogue 134 exhibits increased stability and comparable 

biological activity. The synthesis utilizes the on-resin RCM strategy described in 

Chapter 2. 

Figure 32. Structures of oxytocin (133) and its carbon analogue (134) 

Oxytocin 133 Carba oxytocin 134 

Recently, Alewood and co-workers reported the synthesis of novel 

diselenide analogues of a-conotoxins in which one disulfide is replaced by a 

diselenide.134 The structures of a diselenide analogue (135) and its parent peptide 

(136) are shown in Figure 33. These analogues generally have comparable 

(sometimes improved) activity compared to the corresponding native ct-

conotoxins. The interesting regioselective diselenide ring formation takes 

advantage of the different reactivity of selenocysteine and cysteine. Diselenide 

http://neopetrosiamid.es
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formation from selenocysteines occurs more readily than the corresponding 

disulfide formation. 

Figure 33. Structures of a-conotoxin MI (136) and its diselenide analogue (135) 

a-Conotoxin Ml 136 a-Conotoxin Sec [2, 4]-M1135 

Interestingly, the disulfide bond even can be mimicked by noncovalent 

hydrophobic interactions. Vederas and co-workers have demonstrated this 

interesting concept in the synthesis of antimicrobial leucocin analogues (137) 

where one pair of cysteines is replaced by a pair of allyl glycine residues (Figure 

34).135136 Presumably due to the hydrophobic interaction of diallyl side chains that 

assist the formation of the bioactive conformation, the acyclic analogue displays 

activity as potent as the parent peptide (138). 

Figure 34. Structures of leucocin A (138) and its acyclic analogue (137) 

leucocin A 138 9, 14 diallyl leucocin A137 
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3.1.5. Research goals 

3.1.5.a. Total synthesis of naturally occurring neopetrosiamides 

Given the promising and novel anticancer activity of neopetrosiamides, as 

well as their interesting structural features with complex disulfide connectivity, 

the first goal for this project is to chemically synthesize these naturally occurring 

peptides. The proposed structure of neopetrosiamides (Figure 28) was targeted for 

synthesis and comparison to the natural peptides that are isolated from marine 

sponges. This would also provide facile access to practical amounts of peptides 

for further studies. 

3.1.5.b. Design and synthesis of analogues of neopetrosiamides 

The development of a synthetic methodology for neopetrosiamides would 

also allow for access to various analogues for SAR and mode of action studies. To 

shed light on the biological importance of the methionine sulfoxide functional 

group, a variety of analogues could be synthesized in which the methionine 

sulfoxide at position 24 is replaced by other amino acids. These include either 

natural amino acids, such as methionine (139) and glutamine (140), or unnatural 

ones, such as norleucine (141) and 0-methyl homoserine (142) (Figure 35). These 

compounds can then be tested for anticancer activity and compared to the parent 

peptides. 
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Figure 35. Possible substitutions for the methionine sulfoxide at position 24 of 
neopetrosiamides 

vKjl/ y^Xf \"-X/ yRJy ^Xf 

^ => s i £^ s 
M(O) methionine glutamine norleucine (OMe)Homoserine 

139 140 141 142 

In order to simplify the complex structure of neopetrosiamide and examine 

the concept that disulfides in this anticancer peptide can be replaced with 

hydrophobic or Jt-stacking interactions, three analogues 143, 144 and 145 could 

be synthesized and tested, in which each pair of cysteine residues are individually 

replaced with one pair of phenylalanine residues. If those compounds are active, 

this will greatly simplify the chemical synthesis and make the large-scale 

production of the peptide through biological methods easier. 

Given that the detailed mode of action for neopetrosiamides is still 

unclear, we also plan to embark on the synthesis of labeled neopetrosiamide 

analogues, which can be used to reveal how neopetrosiamides interact with a 

cancer cell. Neopetrosiamide analogues with a flexible linker attached would first 

be synthesized. If the modified peptide retained activity, the presence of a linker 

would allow neopetrosiamides to be attached to a variety of labelling molecules, 

such as fluorescent, biotin or photoactive affinity labels (Figure 36). In the case of 

a fluorescent tag, the target of neopetrosiamide in cancer cells could potentially be 

visualized using fluorescence microscopy. This study could aid understanding 

how the peptide acts on the cancer cell. 
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Figure 36. Schematic representation of chemical probe for mode of action study 

neopetrosiamides \—\ Linker |— Label 

3.2. Results & Discussion 

3.2.1. Chemical synthesis of neopetrosiamides 

3.2. l.a. Synthesis of neopetrosiamides via directed oxidative folding 

Our synthetic strategy involves the synthesis of the linear peptide 

precursor on solid support followed by introduction of multiple disulfide bonds 

and the methionine sulfoxide at position 24 in solution. The initial approach for 

multiple disulfide bond formation employs the common practice of using global 

deprotection of many cysteine residues followed by formation of multiple 

disulfides through directed oxidative folding (Scheme 50). The 2-chlorotrityl 

chloride resin with preloaded cysteine (146) is used in conjunction with standard 

Fmoc methodology for the coupling of amino acid residues. The reason for using 

the bulky trityl resin is to suppress unwanted side reactions associated with the C-

terminal cysteine residue.107 The 28 amino acids are assembled on solid support 

using a peptide synthesizer to give resin-bound linear peptide 147. The acid labile 

trityl protecting groups are used for the six thiols of cysteine residues. Global 

deprotection is effected by TFA/TIPS/H20 (95:2.5:2.5) to yield the linear 

hexathiol precursor 148. 
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Scheme 50. Synthesis of neopetrosiamide (130) via directed oxidative folding 
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Neopetrosiamides and isomers 

The treatment of the linear peptide 148 with a cysteine/cystine (Cys/Cys2) 

redox system was attempted to afford the cyclic peptide with desired disulfide 

connectivity.137 However, the formation of the desired native isomer is 

accompanied with the production of significant amounts of several other non-

native isomers as shown by HPLC analysis (Figure 37). The subsequent oxidation 

of methionine sulfoxide with hydrogen peroxide only gives the native isomer as a 

minor product based on the comparison to natural peptides using HPLC. These 

results indicate that the native isomer is not the most thermodynamically stable 

product, which makes the directed oxidative folding synthesis impractical. 
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Figure 37. Semi-preparative RP-HPLC traces of the directed oxidative folding 
products (using HPLC purification method B listed in Chapter 5) 

H I ' 

J 050-

029-

150-

<»-
too-

$ 0?S-

su-
0 » -

100-

8JS-

< 
090-

025-

BM. 

Cys/Cys2 oxidation 

\ _ 
*» 

B*lw**tt>«ttoMt***>teMM»* * • * * * » * ( » * * * ] 

TV! 
H202 oxidation 

_^-

Standard natural 
peptide 

s 
s 
h 

* 1 i l 

**» 

Isomers 

.*» 

Tris disulfide Isomers 

i 

6 A 

Synthetic 
neopetrosiamides 

Natural 
neopetrosiamides 

- » • • -

So •20 •x 
Mmwcs 

3.2. l.b. Synthesis of neopetrosiamide via stepwise disulfide formation 

Following unsuccessful attempts to utilize oxidative folding for the 

synthesis of neopetrosiamide, focus shifted to a stepwise disulfide formation 

strategy. Such synthesis requires judicious choices of orthogonal protecting 

groups for cysteines and deprotection/oxidation conditions. 

The initial studies using this strategy were investigated by Dr. Marc 

Boudreau. For clarity and completeness, the synthesis is briefly described 

(Scheme 51). The linear peptide (149) with three pairs of orthogonal protecting 

groups on six cysteine residues (Cys 3, 26 f-Bu, Cys 7, 12 Mmt and Cys 18, 28 

Trt) was prepared on a peptide synthesizer using standard Fmoc chemistry.138 

Upon treatment with 1% TFA in DCM, the peptide (150) is cleaved from the 2-
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chlorotrityl chloride resin with concomitant removal of the Mmt protecting groups 

whereas the remaining side chain protecting groups are left intact. The crude 

protected linear peptide is subjected to oxidation using DMSO in the presence of 

TFA to form the first disulfide (151) between Cys7 and Cysl2. However, the 

reaction is very sluggish and requires 16 h and elevated temperature to reach 

completion. Although the disulfide bond is formed, the harsh reaction conditions 

appear to cause the instability of the trityl protecting groups on another pair of 

cysteines. This leads to the second disulfide formation (Cys 18-28) and even 

disulfide exchange, as suggested by mass spectrometry and HPLC analysis. 

Therefore, a milder reaction is required for the selective formation of the first 

disulfide bond. 

Scheme 51. The attempted synthesis of neopetrosiamide (130) via stepwise 
disulfide formation 
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Based on these initial studies, exploration of selective disulfide formation 

under milder conditions was continued. Oxidation of the protected linear peptide 

150 was attempted using a variety of mild conditions, such as air oxidation, a 

polymer-supported oxidant (Clear-OX™)139 and CC1/TBAF.140 Unfortunately, all 

these conditions only afford the recovered starting material without any 

observable disulfide formation. Possibly, the presence of remaining side chain 

protecting groups, such as Asp(/-Bu), Asn(Trt), Arg(Pmc), ThrOBu) and Ser(/-

Bu), disrupt the proper folding conformation of the peptide and make the disulfide 

formation more difficult. 

An alternative synthesis was then attempted using a peptide precursor with 

orthogonal protecting groups on cysteines and minimal protection for other side 

chains. Inspired by the synthesis of human P-defensins by Schulz120, three pairs of 

orthogonal protecting groups (Trt, Acm and r-Bu) were chosen for cysteine 

protection. The resin-bound linear peptide (152) with orthogonal protecting 

groups on cysteine (Cys 3, 26-f-Bu, Cys 7, 12-Trt and Cys 18, 28-Acm) was 

prepared using a peptide synthesizer (Scheme 52). Cleavage of peptide from the 

resin with concomitant side chain deprotections is effected using 

TFA/Thioanisole/EDT/Anisole (90:5:2.5:2.5) to give the linear peptide (153) with 

f-Bu and Acm protecting groups intact. Interestingly, the first two disulfides can 

be formed sequentially in a one-pot two-step oxidation process to give peptide 

154. In analogy to a literature procedure141, the treatment of the crude linear 

peptide with iodine in acetic acid affords the first disulfide (Cys 7-12) 

regioselectively. Upon adding water to the reaction mixture, the deprotection of 
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the Acm protecting group is accelerated dramatically with the half-life shortened 

to 50-60 s, thereby leading to the formation of the second disulfide. The high 

regioselectivity is presumably due to the significantly different reactivity of S-

Acm and free thiols towards iodine in different solvents. The oxidation of free 

thiols by iodine proceeds rapidly in a variety of solvents. However, deprotection 

and oxidation of S-Acm by iodine in acetic acid is extremely slow with a half life 

of about 45 min.142 Therefore, this reactivity difference allows for the selective 

formation of disulfides from free thiols in the presence of the S-Acm groups. 

Scheme 52. One step formation of bis-disulfide of neopetrosiamide 

M3u Trt Trt Acm f-BuAcm 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-0 
3 7 12 18 28 28 

152 

TFA/Thioanisole/EDT/Anisole 
\ r (90:5:2.5:2.5), 2 h 

f-Bu SH SH Acm ?-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

153 

l2 (10 equiv) /HOAc/then H20, 3 h, 52% 

I I I I 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

f-Bu f-Bu 
154 

More importantly, the progress of the first disulfide formation and the S-

Acm deprotecti on/oxidation can be easily monitored by mass spectrometry. The 

crude peptide was purified by RP-HPLC to give 154 with the expected mass of 

3169.3 (M+H). At this point, the disulfide connectivity of 154 was verified by 

MS/MS sequencing. To further rule out the possibility that the desired bis-
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disulfide formation was due to random disulfide exchanges that generate the most 

thermodynamically stable isomer, two other possible disulfide isomers (155,156) 

were synthesized using the same method by reshuffling Trt and Acm protecting 

groups on cysteines. These purified peptides (154, 155 and 156) show different 

retention times by analytical HPLC (Figure 38). The co-injection of three isomers 

led to a triple peak in HPLC, suggesting that the desired disulfide connectivity is 

governed by the position of the protecting group pairs instead of the 

thermodynamic stability of the native isomer. This verification study also 

highlights the generality and reliability of this methodology for regioselective 

disulfide formation. 
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Figure 38. Structures of bis-disulfide isomers and analytical HPLC comparison 
(using HPLC method C listed in Chapter 5) 
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With the desired bis-disulfide intermediate in hand, efforts focused on the 

synthesis of the third disulfide and formation of the methionine sulfoxide. 

Deprotection of t-Bu protecting groups followed by disulfide formation can be 
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achieved using PhS(0)Ph/CH3SiCl3 as reported by Akaji and co-workers (Scheme 

53).143 

Scheme 53. Synthesis of third pair of disulfide via PhS(0)Ph/CH3SiCl3 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

!-Bu f-Bu 
154 

Ph^SO (10 equiv), MeSiCI3 (150 equiv), 
Anisole (100 equiv), TFA, 10 min 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 
I I 

139 

Although formation of the third disulfide is completed in 10 min as 

suggested by MALDI-TOF MS, extensive disulfide exchange was observed. 

HPLC analysis of reaction mixture shows the presence of multiple peaks with the 

same mass corresponding to the tris-disulfide peptide. Similar disulfide 

scrambling using the PhS(0)Ph/CH3SiCl3 system has also been seen by Meto and 

co-workers in the synthesis of a-conotoxin GI.144 It is believed that disulfide 

exchange reactions normally happen under basic conditions due to the presence of 

thiolate.145 Therefore, the disulfide scrambling under acidic conditions is likely 

related to the high reactivity of the silyl chloride-sulfoxide system towards 

disulfide formation.146 This reaction system may activate the existing disulfides 

and then trigger the subsequent disulfide scrambling. The possible disulfide 

exchange mechanism is proposed in Figure 39. In addition, the oxidation of the 

methionine residue to methionine sulfoxide was also observed based on mass 
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spectrometry. This side reaction may also result from the high reactivity of the 

oxidizing reagents. 

Figure 39. Proposed mechanism for disulfide exchange in PhS(0)Ph/CH3SiCl3 
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At this point, in order to optimize the reaction conditions for the third 

disulfide formation, efforts focused on the synthesis of a norleucine analogue 141 

wherein the methionine sulfoxide at position 24 is replaced by a norleucine 

residue (Scheme 54). Such replacement would avoid problems associated with 

methionine oxidation and simplify the reaction system for the optimization of the 

disulfide formation. In addition, this analogue can be used to elucidate the 

biological function of the unusual methionine sulfoxide functionality in 

neopetrosiamides. The resin-bound linear peptide 157 was assembled using a 

synthesizer followed by acid cleavage to give peptide 158. The bis-disulfide 

norleucine analogue 159 was prepared using the one step procedure described 
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above. Using 159 as a model system, a variety of reaction conditions for disulide 

formation were screened with respect to temperature, reagent equivalent, reaction 

time and the sequence of reagent addition. Unfortunately, all the attempts led to 

either no reaction or significant disulfide scrambling. As the oxidation with 

PhS(0)Ph/CH3SiCl3 was unsuccessful, attention shifted to other synthetic 

methods to form the third disulfide. Fortunately, oxidation with 

DMSO/Anisole/TFA gives a much better result with no significant disulfide 

scrambling even with a prolonged reaction time (5 h).120 The synthesis of the 

norleucine analogue 141 was completed in this fashion. 

Scheme 54. Synthesis of a norleucine analogue (141) via stepwise disulfide 
formation 

t-Bu Trt Trt Acm f-BuAcm 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C 
3 7 12 18 26 28 

157 

TFA/Thioanisole/EDT/Anisole 
(90:5:2.5:2.5), 2 h 

t-Bu SH SH Acm f-BuAcm 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

158 
l2 (10 equiv) /HOAc/then H20, 
3 h, 76% 

I I I I 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

t-Bu t-Bu 
159 

DMSO (100 equiv), 
Anisole (40 equiv), 
TFA, 5h, 21% 

I I I I 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

I I 
141 

Z = Norleucine 
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Utilizing the optimized conditions, the third disulfide of neopetrosiamide 

is readily constructed. No methionine sulfoxide formation is observed during 

oxidation, which allows access to another analogue 139 for SAR study. Oxidation 

of the methionine residue with hydrogen peroxide proceeds smoothly to afford 

neopetrosiamide 130 with the expected mass of 3071.3 (M+H) (Scheme 55).147 

Scheme 55. Synthesis of neopetrosiamides with the originally proposed structure 

i i r 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

f-Bu 154 f-Bu 

DMSO(100equiv), 
Anisole (40 equiv), 
TFA, 5 h, 55% 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 
I I 

139 

H202 (100 equiv), 4 h, 61% 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M(0)-S-C-D-C-OH 
I _ _ J 

130 

To confirm the identity of the synthetic neopetrosiamide 130, extensive 

HPLC comparisons were done using the natural product as a standard (Figure 40). 

Surprisingly, the synthetic compound shows different retention times in analytical 

HPLC using a variety of conditions, demonstrating that the synthetic peptide 130 

and the natural product are different. This result led us to question the proposed 

structure of neopetrosiamide, particularly the assignment of the disulfide 

connectivity. In the original structure elucidation, the assignment of the disulfide 
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connectivity was based on 2D NOESY experiments, which may be misleading 

when the non-bonded cysteine pairs are in close proximity to each other. 

Figure 40. The RP-HPLC comparison of the synthetic neopetrosiamide (130) and 
the natural peptide from marine sponge (using HPLC method E listed in Chapter 
5) 
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3.2.I.e. Characterization of disulfide connectivity in neopetrosiamides 

MS-based disulfide mapping experiments were undertaken to provide 

disulfide connectivity information. With synthetic peptide 130 and norleucine 

analogue 141 available, initial investigation focused on these compounds. In 

analogy to the procedure reported by Craik,128 the disulfide partial reduction and 

selective alkylation method was utilized to characterize the disulfide connectivity 

(Scheme 56). Briefly, the folded peptide (130a) was reduced with TCEP under 

acidic conditions to generate the partially reduced disulfide species (130b, 130c). 
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Notably, the reaction conditions were optimized with respect to incubation time 

and temperature to give the highest ratio of partially reduced disulfide species 

relative to fully reduced peptide. These intermediates were separated by analytical 

RP-HPLC, manually collected and analyzed by MALDI-TOF MS. Interestingly, 

the reduced peptide(s) elutes before the native peptide on RP-HPLC. This 

behavior is likely due to the presence of multiple disulfides forces the 

hydrophobic residues to be surface-exposed and the reduction of disulfides 

releases this conformational constraint, leading to the burial of these exposed 

hydrophobic amino acids. 

The alkylation of partially reduced intermediates was achieved via the 

Michael addition of free thiols onto Af-ethylmaleimide (Nem) under acidic 

conditions that suppress disulfide exchange. After purification by RP-HPLC, the 

alkylated species (130d, 130e) are subjected to complete reduction using TCEP in 

citric acid buffer (pH = 3). The second alkylation is done using N-

methylmaleimide (Nmm) as an alkylator in the same manner as the Nem 

alkylation to give 130f and 130g. To the best of our knowledge, this is the first 

example using Nmm as the second alkylator among the MS-based disulfide 

mapping methods.123'126'128 This second alkylation under acidic conditions offers 

several advantages over the alkylation under basic conditions, which include 

suppressing potential reshuffling of alkylators between the labeled and non-

labeled cysteines and preventing the possible ring opening of maleimide tags via 

hydrolysis under basic conditions. 
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The linear peptides with labeled cysteines were subjected to MS/MS 

sequencing that can identify the position of the cysteine labels and the 

connectivities of each disulfide in 130h and 130i. Once the individual disulfides 

are revealed, the overall disulfide bond connectivity as shown in 130j can be 

deduced by piecing all the information together. 

Scheme 56. Schematic representation of the MS-based disulfide mapping method 
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Notably, the second alkylation is often necessary for the linear peptide 

MS/MS sequencing, as the free thiols tend to be reoxidized to disulfides and this 

complicates data analysis. In the case of the norleucine analogue (141), only one 

species (160) underwent fragmentation in MS/MS sequencing without the second 

alkylation, but most partially reduced species originated from 141 fail to do so. 

The MS/MS sequencing of 160 confirmed the identity of one disulfide (Cys 7-12) 

in 161, Therefore, the species (162) with the second alkylation was generated to 

obtain the connectivity of another disulfide (Cys 18-28) in 163. Based on the 

information of the individual disulfides in 161 and 163, the overall disulfide 

connectivity of 141 was deduced (Figure 41). 

Figure 41. Disulfide mapping result for norleucine analogue 141 

without 2nd alkylation 

Norleucine analogue 
141 

Partial reduction and alkylation with 2nd alkylation 

Nem Nem SH 
F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C 

SH SH SH 

160 

Nem Nem Nmm 
F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C 

i i i 
Nem Nmm Nem 

162 

t I 
r r F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C 
7 12 18 28 

161 » 163 

F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C 
I I 

141 
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For the synthetic neopetrosiamide 130, it is necessary to digest the labeled 

linear peptide into small pieces for further analysis due to the difficulties 

associated with MS/MS fragmentation of longer peptides. The labeled long 

peptides 164 and 165 were treated with trypsin that selectively cleaves peptides at 

arginine to yield two small fragments (Figure 42). MS/MS sequencing of these 

fragments reveals the individual disulfide connections as Cys 18-28 in 166 and 

Cys 7-12 in 167. Thus, the overall disulfide connectivity in 130 is characterized. 

The disulfide mapping results of both the synthetic neopetrosiamide 130 and 

norleucine analogue 141 are in agreement with the originally proposed disulfide 

connectivity115, which underlines the reliability of our methodology for stepwise 

disulfide formation. However, this synthetic compound does not match the natural 

product by HPLC analysis. 



Chapter 3- Anticancer peptide • neopetrosiamid.es 108 

Figure 42. Disulfide mapping result for synthetic neopetrosiamide 130 
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* The trypsin digestion only cleaves the peptide at the argimne residue highlighted in red 
The argimne in green is resistant to proteolysis due to the presence of the adjacent proline 

Efforts refocused on the characterization of the natural peptide using this 

disulfide mapping methodology. Surprisingly, the partial reduction of folded 

natural peptide with TCEP behaves quite differently compared to the synthetic 

peptides. Under previously optimized condition, the reduction only generates the 

fully reduced peptide and the native peptide without any detectable partially 

reduced species. To obtain a significant quantity of partially reduced natural 

peptide, the reduction was optimized with respect to the amount of TCEP, 

reaction temperature and time. A lower concentration of TCEP (25 equiv) and 
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lower reaction temperature (4 °C) slow down the reduction and suppress the 

generation of fully reduced species. A longer reaction time (4 h) helps the 

accumulation of partially reduced species. However, only one partially reduced 

peptide was obtained even under the optimized conditions, which limits the 

deduction of overall disulfide connectivity. Nevertheless, the intermediate was 

subjected to alkylation with Nem followed by complete reduction and the second 

alkylation with Nmm to give the labeled linear peptide 168. MS/MS sequencing 

unambigiously reveals the disulfide (Cys 12-28) in 169 (Figure 43). 

Figure 43. Disulfide mapping of natural neopetrosiamide using the partial 
reduction and alkylation method. 
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Given the limited partial reduction of the natural peptide, a classic 

enzymatic digestion strategy was investigated. The natural peptide was treated 

with endoprotease Asp-iV, which selectively cleaves a peptide from the N-

terminus of an aspartic acid. After incubation at 37 °C for 22 h, MALDI-TOF MS 

analysis of the reaction mixture displays a new peak 54 Da higher than the native 

peptide, which corresponds to the natural peptide plus an additional three water 
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molecules. Given that three aspartic acid residues are present in linear 

neopetrosiamide, the new peak is in agreement with the completely enzymatically 

cleaved peptide 170. Although this result rules out the possibility of some 

disulfide isomers, the disulfide connectivity cannot be fully confirmed by this 

experiment. Fortunately, the MS/MS sequencing of the enzymatic digestion 

species 170 strongly supports the presence of a disulfide (Cys 3-26) in 171 as 

suggested by the y ion series (Figure 44). 

Figure 44. Disulfide mapping of natural neopetrosiamide using enzymatic 
cleavage and MS/MS sequencing a 
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suggested by b ion series in MS/MS sequencing. 
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In combination with the disulfide (Cys 12-28) established using the partial 

reduction method, the results from the enzymatic digestion followed by MS/MS 

sequencing reveals the overall disulfide connectivity of natural neopetrosiamide 

(172) as shown in Figure 45. The newly proposed disulfide connectivity of the 

neopetrosiamides is different from that originally proposed in structure 130. 

Figure 45. Newly proposed disulfide connectivity of natural neopetrosiamide and 
its originally proposed structure 
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Chapter 3- Anticancer peptide: neopetrosiamid.es W7, 

3.2. l.d. Synthesis of neopetrosiamide with revised disulfide connectivity. 

Utilizing our stepwise disulfide formation methodology, the chemical 

synthesis of neopetrosiamide (172) with the newly proposed disulfide 

connectivity was undertaken. The resin-bound peptide 173 was assembled on a 

peptide synthesizer with reshuffled protecting groups on the cysteine residues 

(Cys 3, 26-?-Bu, Cys 7, 18-Trt and Cys 12, 28-Acm). Acidic cleavage with 

concomitant side chain deprotection gave linear peptide 174 (Scheme 57). 

Stepwise disulfide formation was performed as described above. The first two 

disulfides were sequentially introduced by iodine oxidation to afford 155. The 

third was constructed by DMSO oxidation to yield 175. Subsequent methionine 

oxidation with hydrogen peroxide afforded the product 172. The desired disulfide 

connectivity of this synthetic neopetrosiamide (172) was also confirmed via 

enzymatic digestion and MS/MS sequencing in a similar manner to the natural 

peptide (Figure 44). 
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Scheme 57. Synthesis of neopetrosiamide (172) with the revised structure 

f-Bu Trt Acm Trt f-BuAcm 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-Q 
3 7 12 18 26 28 

173 
TFA/Thioanisole/EDT/Anisole 
(90:5:2.5:2.5), 2 h 

f-Bu SH Acm SH f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

174 l2 (10 equiv) /HOAc/then H20, 
| 3h, 41% 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 
i i 
t-Bu 1(-c t-Bu 

to° DMSO (100 equiv) 
Anisole (40 equiv) 
TFA, 5 h, 50% 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

175 | H2Q 2 (100 equiv), 4 h, 50% 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M(0)-S-C-D-C-OH 

I _ _ J 
172 

The synthetic peptide 172 and the native peptide purified from the marine 

sponge display the same behavior under a variety of RP-HPLC conditions (Figure 

46), indicating that the peptides are identical. 

http://neopetrosiamid.es
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Figure 46. Analytical RP-HPLC traces of synthetic neopetrosiamide (172) and 
the natural peptide isolated from the marine sponge (using HPLC method C listed 
in Chapter 5) 

In addition, both peptides were also compared using so-called "disulfide 

fingerprints",148 which are produced by a partial reduction of disulfide-rich 

peptides with TCEP followed by RP-HPLC analysis. As no disulfide scrambling 

should occur during the reduction under acidic conditions, the resulting partially 

reduced species from the peptide should contain the original disulfide bridges. 

Under the same reducing conditions, the synthetic peptide (172) and the native 

peptide display the same distribution pattern of reduced species, consistent with 

their chemical identity (Figure 47). Therefore, the synthetic peptide and native 

peptide are confirmed to be identical. 

http://neopetrosiamid.es
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Figure 47. Analytical RP-HPLC trace of disulfide fingerprint of the synthetic 
neopetrosiamide (172) and the natural peptide (using HPLC method C listed in 
Chapter 5) 

Natural neo 
Fully reduced 
product 

Partially reduced , , 
^ product / \ / 

Native peptide 

•aw 

At this point, an analogue (176) with the revised disulfide connectivity and 

a norleucine at position 24 replacing the methionine sulfoxide was also prepared 

in the same manner as 172 (Scheme 58). 

http://neopetrosiamid.es
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Scheme 58. Synthesis of norleucine analogue (176) 

f-Bu Trt Acm Tit f-BuAcm 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C—Q 

177 
TFA/Thioanisole/EDT/Anisole 
(90:5:2.5:2.5), 2 h, 76% 

f-Bu SH Acm SH f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

178 

l2 (10 equiv) /HOAc/then H20, 
j 3 h, 20% 

I V=\ I 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

i I 
f-Bu 179 f-Bu 

DMSO (100 equiv) 
Anisole (40 equiv) 
TFA, 5 h, 29% 

I 1 1 I 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

I I 
176 

Z = Norleucine 

3.2. I.e. Biological testing of synthetic neopetrosiamides and analogues 

In collaboration with Prof. Michel Roberge at the University of British 

Columbia, the activity of our synthetic peptides was tested using a published 

procedure.149 This cell-based assay can detect compounds with low cytotoxicity 

that inhibit tumor cell invasion through a reconstituted basement membrane. 

Briefly, human colon cancer cells are cultured and deposited in a reconstituted 

basement membrane gel. After the peptides in a DMSO solution are added, the 

cells are incubated to allow invasion to take place. After incubation, the cells that 

fail to invade are recovered and cultured to allow their attachment to a plastic 
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surface. The number of live cells is quantified using the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Invasion inhibition is 

expressed as MTT A570 readings with high numbers indicating high invasion 

inhibition. 

The synthetic peptide 172 displayed tumor cell invasion inhibition 

comparable to the native peptides isolated from the marine sponge. This further 

supports the structural identity of the peptides (Figure 48). 

Figure 48. The morphology of cancer cell invasion on Matrigel 

(a) Upon the treatment with neopetrosiamide (172) in DMSO, cancer cells appear as a localized 
round shape, indicating the inhibition of cell invasion; (b) When treated with DMSO only in a 
control experiment, cancer cells display the elongated shape, suggestive of successful cell 
invasion. 

Neither 130, its precursor 139, or its analogue 141, show any activity, which not 

only supports the proposal that the originally proposed disulfide connectivity of 

neopetrosiamide is misassigned, but also suggests that the corrected disulfide 

pattern is crucial for biological activity. Interestingly, the norleucine analogue 176 

displays only slightly reduced activity compared with the native peptide. More 

surprisingly, the synthetic peptide precursor 175 with unoxidized methionine 
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displays the same activity as the native peptide (Figure 49). These results suggest 

that the methionine sulfoxide functionality is not essential for anticancer activity 

and the formation of methioine sulfoxide may likely arise from a non-enzymatic 

oxidation process, potentially during isolation. 

Figure 49. Inhibition of cancer cell invasion by synthetic peptides and by natural 
neopetrosiamide (Nat) 
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Together with HPLC analysis, disulfide bond mapping, and biological 

testing, the chemical synthesis of neopetrosiamides shows the disulfide 

connectivity of neopetrosiamide in the original proposed structure (130) has been 

misassigned and that the newly proposed structure (172) is correct (Figure 50). To 

the best of our knowledge, this work represent the first example of using chemical 

synthesis to revise the disulfide bond connectivity of a small disulfide rich 

peptide.150'151 This cautionary tale also shows the importance of using stepwise 

disulfide formation rather than directed oxidative folding to correctly obtain 

disulfide patterns. 
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Figure 50. Structure revision for the neopetrosiamides 

130 172 

3.2.2. Synthesis of analogues of the structurally revised 
neopetrosiamide 

With efficient methodology established for the synthesis of 

neopetrosiamides, attention was directed to the study of neopetrosiamides 

analogues with a view towards enhancing peptide stability, simplifying the 

peptide structure and studying the mode of action. 

3.2.2.a. Neopetrosiamide analogues with modification at position 24 

The interesting finding that synthetic peptide precursor 175 is fully active 

and norleucine analogue 176 is partially active prompted us to investigate the 

importance of the functionality at residue 24. Based on the surface features of the 

revised neopetrosiamide derived from its NMR solution structure, the methionine 

residue is located in a hydrophobic patch (in yellow) with the side chain 

protruding, which suggests it may be involved in interactions with cellular targets 

(Figure 51). 
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Figure 51. Position of Met on the surface of neopetrosiamide (provided by Dr. 
Leah Martin-Visscher)a 

a Hydrophilic region is highlighted in green and hydrophobic region is in yellow. 

In order to gain further insights to the structure-activity relationships 

(SAR) at this position and to find a more stable peptide that can avoid the 

oxidation of methionine, two other analogues were designed and synthesized. The 

O-methyl homoserine analogue (180) with oxygen in place of sulfur in 

methionine, may provide oxidative stability as well as a possible hydrogen 

bonding network for the biological activity. A glutamine analogue (181) would 

have similar size and could hydrogen bond. Both peptides are readily synthesized 

using established synthetic methodology (Figure 52). Biological tests were 

performed using the cell-based assay mentioned previously. Surprisingly, the O-

methyl homoserine analogue (180) is inactive and glutamine analogue (181) 

shows modest activity. 

http://neopetrosiamid.es
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Figure 52. The structure and biological activity of analogue 180 and 181 

f-Bu Trt Acm Trt f-BuAcm 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C—Q 

180a, 181a 
TFA/Thioanisole/EDT/Anisole 
(90:5:2.5:2.5), 2 h, 

f-Bu SH Acm SH f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 

180b, 181b 
l2 (10 equiv) /HOAc/then H20, 

* 3h, 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 

f-Bu f-Bu 
180c, 181c DMSO (100 equiv) 

Anisole (40 equiv) 
TFA, 5 h, 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 

180,181 

x = *• i ' x 

180, Omethyl homoserine 

inactive 

My \ 

c r NH2 

181, Glutamine 

partially active 
20-50 u,g/ml_ 

The biological testing results of analogues at position 24 indicate that the 

sulfoxide moiety is not essential for activity. Slight change in the size and shape 

of the side chain can be tolerated, as suggested by the partial activity of the 

norleucine analogue 176 and the glutamine analogue 181. Interestingly, the 
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change in electrogenativity at the sulfur atom position in the side chain affects the 

biological activity dramatically. In the norleucine analogue 176, when the sulfur 

atom is replaced with a carbon atom that has about the same electronegativity as 

sulfur (C 2.5 and S 2.5 in the Pauling scale152), the analogue is still active. In 

contrast, when the sulfur atom is replaced by the more electronegative oxygen 

atom (O 3.5) in the O-methyl homoserine analogue 180, all activity is lost. This 

may be due to the incorrect binding of the peptide to a cellular target via 

electrostatic interactions or hydrogen bonding at this single atom position. These 

preliminary studies also imply that the hydrophobic region of neopetrosiamide 

where the methionine residue is located plays an important role for biological 

activity. 

3.2.2.b. Neopetrosiamide analogues containing disulfide mimics 

Given the difficulties in synthesizing multiple disulfide bonds in small 

peptides, it would be helpful to replace a disulfide with a non-covalent interaction, 

such as a hydrophobic or it-stacking interaction, Recent work in the Vederas 

group on replacement of a disulfide in the antimicrobial peptide leucocin A with a 

hydrophobic interaction produced a simplified biologically active analogue 

(Figure 34).136 Hence, neopetrosiamide analogues were targeted with a pair of 

phenylalanine residues replacing one pair of cysteine residues. Such substitution 

could mimic disulfides with non-covalent hydrophobic interactions of the side 

chains of the two phenylalanine residues.136 
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Three analogues (182, 183 and 184) with each pair of cysteines being 

sequentially replaced were synthesized via the one-pot oxidation procedure from 

corresponding linear precursors (Figure 53). After purifications, these analogues 

were subjected to biological testing. Unfortunately, none of them show activity. 

This may be due to the presence of four other phenyalanine residues in the peptide 

that could lead to the mismatch of hydrophobic and/or Jt-stacking interactions, 

thereby disrupting the peptide's biologically active conformation. The results 

indicate that the shape of the peptide is very important for activity and the 

disulfide cross-links (or suitable mimics) are important to maintain that shape. 

Further investigation can be done by replacing the disulfide with other 

hydrophobic residues, such as leucine, which would generate a more specific 

interaction, as only one leucine residue is present in the native peptide. Moreover, 

nature already employs this type of interaction between leucine residues, known 

as the "leucine zipper", in proteins that regulate gene expression.153 

Figure 53. Structure of neopetrosiamide analogues with phenylalanine residues as 
a disulfide mimic 

H-F-F-C-P-F-G-F-A-L-V-D-C-G-P-N-R-P-F-R-D-T-G-F-M-S-C-D-C-OH 
I I 

182 

H-F-F-C-P-F-G-C-A-L-V-D-F-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-F-OH 
I I 

183 

H-F-F-F-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-F-D-C-OH 

184 A 
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3.2.2.C. Neopetrosiamide analogue for study of mode of action 

As described in section 3.1.5.b, a detailed mechanism of how 

neopetrosiamides interact with a cancer cell is still not clear118. In an effort to find 

the peptide's target, neopetrosiamide analogue 185 (Figure 55) with a fluorescent 

tag attached via a linker was designed and synthesized. 

The solution NMR structure indicates that neopetrosiamide adopts an 

oblate ellipsoidal shape and has a potentially amphipathic structure due to the 

pronounced segregation of hydrophobic (shown in yellow) and charged (shown in 

green) residues (Figure 54 A). The previous investigation of the importance of the 

methionine sulfoxide at position 24 implies that the hydrophobic surface of the 

molecule might be essential for molecular recognition and biological activity. 

Therefore, modification on the hydrophilic region may be a reasonable choice, as 

this modification might not affect the binding of parent peptide onto its cellular 

target. The polar aspartic residues (Asp-27, Asp-20 and Asp-11) are potential 

modification sites (Figure 54 B), as the presence of a carboxylic acid side chain in 

the aspartic residue makes the attachment of a flexible linker more facile. 

http://neopetrosiamid.es
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Figure 54. Surface features of neopetrosiamides (provided by Dr. Leah Martin-
Visscher) * 

Asp-11 

* Polar side chains are highlighted in green and hydrophobic side chains are highlighted in 
yellow in A; The aspartic acid side chains are highlighted in red in B. 

The neopetrosiamide analogue 175 with an unoxidized methionine at 

position 24 is used as a parent framework because it is as active as the natural 

peptide and is simpler to access. The ethylene glycol based linker 186 was 

selected due to its intristic water solubility. The presence of an azido group at the 

end of the linker allows for the use of a "click" reaction to ligate the peptide 188 

and the fluorescent tag 187. The functionalized peptide 188 can be produced via 

SPPS and stepwise disulfide formation using the modified aspartic acid building 

block 189 with the functional linker attached to the carboxylic acid side chain 

(Figure 55). Since there are three aspartic acid residues (Asp-27, Asp-20 and Asp-

11) in neopetrosiamides, our initial goal was to synthesize three analogues with 

each aspartic acid residue replaced with the labeled amino acid analogue. 
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Figure 55. Retrosynthesis of neopetrosiamide analogues using "click" reaction 

R,N„ 
Amide formation 

Neopetrosiamide | 
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The synthesis of modified aspartic acid (189) begins with the coupling of 

Fmoc-Asp-0?-Bu 190 and the ethylene glycol linker 186 using PyBOP (Scheme 

59). Removal of the tert-butyl ester protecting group with TFA affords the desired 

building block 189 for solid phase peptide synthesis. 

Scheme 59. Synthesis of aspartic acid derivative (189) 
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Incorporation of the modified aspartic acid 189 into the linear peptide 

using a peptide synthesizer followed by stepwise disulfide folding can afford the 

peptide precursors for the "click" reaction. Due to the presence of three aspartic 

acid residues (Aspll, Asp20 and Asp 27), three possible isomers could in 

http://neopetrosiamid.es
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principle be targeted. However, the position of modification has dramatic 

influence on disulfide folding in solution. In the case of the Asp-27 analogue 

where the linker is next to the Cys 28 and Cys 26 residues, the bis-disulfide 

formation would not go to completion after 4 h and the third disulfide is not 

formed at all even under high concentration of oxidants and elevated temperature. 

This is likely due to the presence of the long linker in close proximity to cysteines 

that hinders the approach of the cysteine pairs to form the disulfide. Based on this 

reasoning, the Asp at position 20 is a better modification site than the other two 

residues, as it is not next to a cysteine residue in the linear sequence. The linear 

peptide 191 is assembled on a synthesizer with the modified residue at position 20 

(Scheme 60). Acidic cleavage followed by the standard one-pot oxidation affords 

the bis-disulfide product 192. Notably, the formation of the major desired 

disulfide isomer is accompanied with two minor detectable disulfide-exchange 

isomers. The possible reason for this side reaction is that the presence of the long 

linker affects the peptide conformation for correct folding and thereby promotes 

the undesired disulfide exchange. Interestingly, when the third disulfide is 

formed, no disulfide-scrambling products are observed but the oxidation of 

methionine is noticeable. This is possibly due to the much longer reaction time 

(18 h) that is required for the formation of the third disulfide. 



Chapter 3- Anticancer peptide: neopetrosiamides 128 

Scheme 60. Synthesis of the neopetrosiamide analogue (194) via stepwise 
disulfide formation 

f-Bu Acm Trt Acm f-BuTrt 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-X-T-G-F-M-S-C-D-C-0 
3 7 12 18 26 28 

191 
TFA/Thioanisole/EDT/Anisole 
(90:5:2.5:2.5), 2 h 

f-Bu Acm SH Acm f-BuSH 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-X-T-G-F-M-S-C-D-C-OH 

192 l2 (10 equiv) /HOAc/then H20, 
w 3 h, 6% 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-X-T-G-F-M-S-C-D-C-OH 
i i 
f-Bu 193 f-Bu 

DMSO (100 equiv) 
Anisole (40 equiv) 

,f TFA, 18 h, 19% 

I 1 1 I 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-X-T-G-F-M-S-C-D-C-OH 

I I 
194 

O 

O 

The fluorescent derivative 187 was prepared according to literature 

procedure.154 The fluorescent sodium salt (195) reacts with acetylene bromide to 

give 187 in good yield (Scheme 61). 
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Scheme 61. Synthesis of fluorescent derivative (187) 

NaO ONa 
^Br 

THF/MeOH, rt, 
24 h, 80% 

195 187 

With the neopetrosiamide analogue 194 and fluorescent derivative 187 

available, the "click" reaction was performed.155 The reaction of azido linked 

neopetrosiamide with the fluorescent derivative under high concentrations of 

CuS04 and sodium ascorbate in 1:1 ?-BuOH:H20 yields the crude product 196 

(Scheme 62). The desired peptide is purified by RP-HPLC and characterized by 

MALDI-TOFMS. 

Scheme 62. Synthesis of 196 via the "click" reaction 

+ -
N=N=N 

I I I ^ 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

I I 
194 

CuS04 (5.0 equiv), 
Sodium Ascorbate (10.0 equiv), 
f-BuOH/H20 
38% 

187 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

196 
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The fluorescently labeled peptide 196 and the precursor 194 were 

subjected to biological testing. Surprisingly, 196 is completely inactive and its 

precursor 194 is fully active. These results suggest the presence of the fluorescent 

moiety has a deleterious effect on the biological activity. The possible reason is 

that the ethylene glycol based linker between fluorescent tag and parent peptide is 

too short. Thus, when neopetrosiamde binds the cellular target, the short linker 

forces the attached bulky fluorescent moiety to approach the binding portion, 

thereby interfering with the binding of parent peptide with cellular targets. 

Nonetheless, the full activity of modified neopetrosiamide 194 suggests Asp-20 is 

an excellent site for modification. The linking methodology at this position will 

offer more possibilities for further investigations on target validation. Research in 

this direction is ongoing in the Vederas lab. 

3.2.3. Conclusion and future work 

In conclusion, the efficient total chemical synthesis of neopetrosiamides 

has been accomplished using solid phase peptide synthesis and subsequent 

stepwise disulfide formation in solution. The structure of the natural peptide has 

been revised and confirmed by chemical synthesis together with a combination of 

RP-HPLC analysis, disulfide mapping and biological activity testing. This work 

represents a rare example of disulfide connectivity revision in small disulfide-rich 

peptides using chemical synthesis. It illustrates the importance of using controlled 

disulfide formation rather than oxidative folding to ensure the attainment of the 

http://neopetrosiamid.es
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correct disulfide pattern. More generally, this study provides a cautionary note to 

the common practice of peptide synthesis using global deprotection of many 

cysteine residues followed by formation of multiple disulfides through directed 

oxidation. 

The established synthetic methodology ensures facile access to a variety of 

analogues with the aim of gaining insight to the structure-activity relationships, 

simplifying the peptide structure and studying its mode of action. The fully active 

analogue 175 was constructed, suggesting that the formation of methionine 

sulfoxide may arise from non-enzymatic processes. The stable and active 

analogues 176 and 181 were also discovered. Using the established synthetic 

methodology, further investigation at this position using other natural amino acids 

would provide deeper insight into how neopetrosiamide interacts with cancer 

cells. In studies on simplifying the peptide structure using non-covalent 

interactions in place of disulfides, the negative results for phenylalanine 

analogues (182,183 and 184) imply the importance of individual disulfide bonds 

and overall molecular shape to the biological activity. Further investigation will 

be focused on the replacement of disulfides with a pair of leucine residues, as the 

hydrophobic interaction between such residues is present in leucine zippers. For 

the mode of action study, the neopetrosiamide analogue with a fluorescent label 

attached through a linker was synthesized efficiently. Despite this conjugate 196 

not being active, the synthetic precursor 194 with the functionalized linker 

attached is fully active. This interesting finding makes further investigations for 

http://neopetrosiamid.es
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finding the cellular target possible, as this active peptide can be attached to a 

variety of labels through "click" chemistry. 

Given the ability to synthesize a variety of neopetrosiamide analogues 

containing multiple disulfides, future studies may be directed towards the 

synthesis of a cyclic analogue of neopetrosimaide through N-to-C backbone 

cyclization, which could enhance peptide stability and even make the oral 

delivery of this peptide possible. 
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Chapter 4. Summary and conclusions 

Enormous progress using peptides as lead compounds in drug 

development has been made in the past few decades. In this thesis, the chemical 

synthesis and biological activity of naturally occurring cyclic peptides, which can 

be developed as potential antimicrobial and anticancer agents, have been 

demonstrated. 

In the first study on an antimicrobial lantibiotic peptide, the oxidatively 

stable analogue (45) of lacticin 3147 A2, where the sulfur atoms are replaced with 

oxygen atoms, has been successfully synthesized via a combination of solid phase 

and solution phase peptide synthesis. Oxa-lacticin A2 (45) displays inherent 

activity against the Gram-positive indicator organism Lactococcus lactis HP. 

However, this analogue lacks synergistic activity with lacticin 3147 Al. This 

result sheds light on the importance of the sulfur atoms and further supports the 

proposed dual mode of action of two-peptide lantibiotics. In addition, a facile 

synthetic methodology via the regio- and stereoselective aziridine ring opening 

with oxygen nucleophiles has been developed. Due to the ease of incorporation 

into the peptide, these building blocks could find wide application in other 

medically important peptides as conformational constraints. 

In an effort to synthesize the natural lantibiotic peptide (17), the 

stereoselective synthesis of methyllanthionine (125) with orthogonal protecting 

groups has been achieved. This synthetic methodology features the regio- and 

stereoselective aziridine ring opening with the thiol side chain of cysteine having 
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carboxyl group unprotected. The minimal use of protecting groups greatly 

streamlines the synthesis and enables facile access to multigram quantities for 

solid phase peptide synthesis. The biomimetic synthesis of ./V-terminal a-keto 

amide moiety has been developed via the deprotection of a Boc-protected 

enamine followed by hydrolysis of the resulting enamine. With these key building 

blocks, the total synthesis of lacticin 3147 A2 has been accomplished on solid 

support. This established synthetic methodology should make it possible to 

chemically access more lantibiotics, including those with interlocking rings, such 

as lacticin 3147 Al and nisin. 

In the second study, the efficient synthesis of neopetrosiamides, sponge-

derived peptides with three cross-linking disulfides, has been accomplished via 

solid phase peptide synthesis followed by stepwise disulfide formation in 

solution. In the course of the total synthesis, it was found that the disulfide 

connectivity of neopetrosiamide had been misassigned. The revised disulfide 

connectivity was proposed and confirmed by chemical synthesis along with 

HPLC analysis, disulfide mapping and biological testing. This work emphasizes 

the vital role of total synthesis in the structural determination of promising natural 

products. This cautionary tale also shows the importance of using stepwise 

disulfide formation rather than directed oxidative folding to correctly synthesize 

disulfide-rich peptides. 

Utilizing the established synthetic methodology, a variety of analogues of 

neopetrosiamides have been synthesized with the goal of shedding light on SAR, 

simplifying peptide structure and unraveling mode of action. In an effort to 
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elucidate the biological function of the methionine sulfoxide at position 24, it was 

found that the peptide (175) with an unoxidized methionine is fully active, 

suggesting that the presence of the methionine sulfoxide may be an artifact of 

isolation. In addition, the active analogues 176 and 181 were also discovered. To 

simply the peptide structure and elaborate the role of each disulfide, three 

analogues (182,183 and 184) where each disulfide is replaced by a non-covalent 

hydrophobic interaction between the side chains of a pair of phenylalanines were 

synthesized. Since all three analogues are inactive, the results underline the 

importance of the disulfide and the overall shape of the molecule to the biological 

activity. In order to uncover the detailed mode of action, the peptide conjugate 

196 wherein a fluorescent molecule is attached to neopetrosiamide via a linker 

was prepared. Interestingly, this conjugate 196 is completely inactive, however, 

its synthetic precursor 194 containing the functionalized linker without the 

fluorescent label attached is fully active. This encouraging result for 194 will 

make it possible for further investigations to identify the precise cellular and 

molecular target of neopetrosiamide, as the functionalized linker in 194 will allow 

for the attachment of a variety of labels. 

The results reported in this thesis illustrate the applications of synthetic 

peptides, ranging from enhancing peptide stability, confirming peptide structure, 

elucidating SAR, simplifying peptide structure to unraveling peptide mode of 

action. As demonstrated by this thesis, peptide chemistry is continuing to develop 

and shows excellent prospects for the future. 
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Chapter 5. Experimental procedures 

5.1. General information 

5.1.1. Reagent, solvent and solutions 

All commercially available reagents and solvents were purchased from the 

Aldrich Chemical Company Inc. (Madison, WI), Sigma Chemical Company (St. 

Louis, MO), Fisher Scientific Ltd. (Ottawa, ON) or Caledon (Georgetown, ON). 

All protected amino acids and SPPS resins were purchased from the Calbiochem-

Novabiochem Corporation (San Diego, CA), Sigma-Aldrich Canada Ltd. 

(Oakville, ON), Chem Impex International Inc. (Wood Dale, IL) or VWR 

International (Mississauga, ON). All reagents and solvents were of American 

Chemical Society (ACS) grade and used without further purification. All solvents 

used for anhydrous reactions were dried according to Perrin et al and Vogel./56,157 

Tetrahydrofuran and diethyl ether were freshly distilled over sodium and 

benzophenone under dry argon prior to use. Dichloromethane, pyridine, and 

triethylamine were distilled over calcium hydride. HPLC grade methanol, 

acetonitrile and dimethylformamide were used without purification. 

5.1.2. Reactions and purifications 

Commercially available ACS grade solvents (>99.0% purity) were used 

for column chromatography without any further purification. Flash 

chromatography was performed according to the method of Still et a/.158 All 

reactions and fractions from column chromatography were monitored by thin 
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layer chromatography (TLC) using glass plates with a UV fluorescent indicator 

(normal Si02, Merck 60 F254). One or more of the following methods were used 

for visualization: UV absorption by fluorescence quenching; iodine staining; by 

dipping the TLC plates in a solution of Ninhydrin:acetic acid:n-butanol (0.6 g:6 

mL:200 mL); Ce(S04)»4H20/(NH4)Mo024«4H20/H2S04/H20 (5 g:12.5 g:28 

mL:472 mL) spray. Flash chromatography was performed using Merck type 60, 

230-400 mesh silica gel. The removal of solvent in vacuo refers to evaporation 

under reduced pressure below 40 °C using a Buchi rotary evaporator followed by 

drying (<0.1 mm Hg) to a constant sample mass. Unless otherwise specified, 

solutions of NH4C1, NaHC03, HC1, citric acid, lithium hydroxide and sodium 

thiosulfate refer to aqueous solutions. Brine refers to a saturated aqueous solution 

of sodium chloride. In descriptions of reactions 'rt' refers to room temperature. 

High performance liquid chromatography (HPLC) was performed on a 

Varian Prostar chromatograph equipped with a model 325 variable wavelength 

UV detector and a Rheodyne 7725i injector fitted with a 20 to 2000 [xL sample 

loop. The columns used were Vydac 218TP1022 (C18, 10 pm, 2.2 cm x 25 cm), 

steel walled CSC-Inertsil 150A/ODS2 (5 \im, 10 x 250 mm), Varian Microsorb-

MV 100-5 C18 (5 urn, 4.6 x 250 mm), Phenomenex luna C18(2) (5 ^m, 100 A, 

4.6 x 250 mm, 516572-27) and Phenomenex luna CI8(2) (5 jxm, 100 A, 10.0 x 

250 mm, 5227280-1). All HPLC solvents were filtered with a Millipore filtration 

system under vacuum before use. The preparation methods are outlined in the 

synthesis and characterization sections. 
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5.13. Instruments for compound characterizations 

Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian 

Inova 600, Inova 500, Inova 400, Inova 300 or Unity 500 spectrometer. Chemical 

shift values for proton and carbon NMR are reported in parts per million (ppm) 

downfield relative to tetramethylsilane (TMS). For :H NMR (300, 400, 500 or 

600 MHz) spectra, 8 values were referenced to CDC13 (7.26 ppm), CD3OD (3.30 

ppm) or D20 (4.79 ppm), and for 13C (75,100,125 or 150 MHz) spectra, 8 values 

were referenced to CDC13 (77.0 ppm), CD3OD (49.0 ppm) as the solvents. 

Additional assignments were made using pulsed field gradient versions of shift 

correlation spectroscopy (gCOSY), heteronuclear multiple quantum coherence 

spectroscopy (gHMQC) and heteronuclear multiple bond correlation spectroscopy 

(HMBC). *H NMR data are reported in the following order: multiplicity (app, 

apparent; s, singlet; d, doublet; t, triplet; q, quartet; pent, pentet; sext, sextet and 

m, multiplet), number of protons, coupling constant (J) in Hertz (Hz) and 

assignment. When appropriate, a signal is preceeded by br, indicating the signal 

was broad. The coupling constants reported are within an error range of 0.2-0.4 

Hz, and have been rounded to the nearest 0.1 Hz. All literature compounds had 

IR, !H NMR and mass spectra consistent with the assigned structures. 

Mass spectra (MS) were recorded on a Kratos AEIMS-50 high resolution 

mass spectrometer (HRMS) or a Micromass ZabSpec Hybrid Sector-TOF positive 

mode electrospray ionization instruments ((ES), 0.5% solution of formic acid in 

MeCN:H20/l:l) or on a Perspective Biosystems Voyager™ Elite MALDI-TOF 

using either 4-hydroxy-a-cyanocinnamic acid (HCCA), 2,5-dihydroxybenzoic 
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acid (DHB) or 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid) as 

matrices. LC-MS/MS was performed on a Waters (Micromass) Q-TOF-Premier 

mass spectrometer coupled with a nanoAcquity UPLC system with a flow rate of 

0.35 [xL/min on a Waters nanoAcquity column (Atlantis 3 pirn dC18, 100A pore, 

75 ftm ID x 150 mm) with an in-line nanoAcquity trapping column (Symmetry 5 

/<mC18, 180 /^m ID x 20 mm). A linear gradient from 99% solvent A (water 

with 0.1% formic acid) to 65% solvent B (acetonitrile with 0.1% formic acid) in 

45 minutes was used. Infusion nano-electrospray MS/MS analyses were 

performed on a Q-TOF Premier mass spectrometer with an infusion rate of 0.5 

jj.L/min. The collision energy was varied from 20 to 50eV with argon as the 

collision gas. 

Infrared spectra (IR) were recorded on either a Nicolet Magna-IR 750 with 

Nic-Plan microscope FT-IR spectrometer or a 20SX FT-IR spectrometer. Cast 

refers to the evaporation of a solution on a NaCl plate. 

Optical rotations were measured on a Perkin Elmer 241 polarimeter with a 

microcell (10 cm, 1 mL) at ambient temperature and are reported in units of 10' 

deg cm2 g1. All reported optical rotations were referenced against air and 

measured at the sodium D line (k = 589.3 nm). 
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5.2. Experimental procedure and data for compounds 

5.2.1. Chemical synthesis and biological testing of lacticin 3147 A2 and 
its analogue 

Oxa-lacticin 3147 A2 (45) 
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The preparation of compound 45 is described on page 175 at the end of its 

synthesis from compound 96. 

5.2. l.a. Development of synthetic methodology for oxa-lan and derivatives 

(S)-2-Methyl l-(4-nitrobenyloxycarbonyl)aziridine-2-carboxylate(52) 

o 

pNZN'-v^OMe 

The known compound was prepared by a modified literature procedure.88 

Trifluoroacetic acid (10 mL) was added dropwise over 10 min to a solution of 55 

(4.0 g, 11.63 mmol) in dichloromethane (10 mL) and methanol (10 mL) at 0 °C. 

The solution was stirred for 30 min at 0 °C. Volatiles were removed by 

azeotroping with EtjO (3 xlO mL). The residue was partitioned between EtjO (50 

mL) and H20 (50 mL) and the ether layer was extracted with water (3 xlO mL). 
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The combined aqueous layers were basicified to pH 9 with NaHC03 at 0 °C. 

Ethyl acetate (100 mL) was added to the aqueous solution followed by 4-

nitrobenzyl chloroformate (2.5 g, 11.63 mmol) at 0 °C. The resulting immiscible 

layers were warmed to room temperature and stirred vigorously for 24 h. After 

completion of the reaction, the two layers were separated and aqueous layer was 

extracted with EtOAc (3 x 20 mL). The combined organic layers were washed 

with brine (3 x 50 mL), dried with Na2S04, filtered and then concentrated in 

vacuo. The crude product was further purified by flash chromatography (Si02, 

4:1/Hexanes: EtOAc) to yield 52 (3.12 g, 95%) as a colorless oil. [a]D
25 -30.19° 

(c 1.00, CHC13); IR (CHCI3, cast): 3516, 3082, 3007, 2956, 1744, 1607, 1523 cm" 

l; *H NMR (CDCI3, 500 MHz): 5 8.22 (dd, 2H, J= 7.00, 2.00 Hz, pNZ-H), 7.52 

(dd, 2H, J= 7.00, 2.00 Hz, pNZ-H), 5.24 (m, 2H, -CH2-A1), 3.75 (s, 3H, OCH3), 

3.15 (dd, 1H, J= 3.0, 5.5 Hz, Ser-R), 2.62 (dd, 1H, J= 3.0, 1.0 Hz, Ser-Hp), 2.52 

(dd, 1H, J= 5.5, 1.0 Hz, Ser-Hp>); 13C NMR (CDCI3, 125 MHz): 6 168.5, 160.2, 

147.8, 142.6, 128.5, 123.7, 66.9, 52.8, 34.8, 31.4; HRMS (ES): Calcd for 

Ci2Hi2N206Na 303.0587, found 303.0588. 

(S)-Methyl 3-hydroxy-2-(tritylamino)propanoate (54) 

o 
OMe 

\ 

The known compound was prepared by a literature procedure.159 To a suspension 

of (S)-serine methyl ester hydrochloride (7.5 g, 48.0 mmol) in dichloromethane 

TUN. 
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(100 mL) at 0 °C was added triethylamine (13.8 mL, 96 mmol, 2.0 equiv) 

dropwise followed by triphenylmethyl chloride (13.6 g, 48.0 mmol, 1.0 equiv) in 

dichloromethane (30.0 mL). After stirring at 4 °C for 12 h, the white precipitate 

was filtered under suction, and the filtrate was evaporated in vacuo to yield a 

white solid. This was dissolved in EtOAc (100 mL) and washed with saturated 

NaHC03 (2 x 100 mL), 10% citric acid (2 x 100 mL) and water (2 x 100 mL). 

The separated organic layer was dried over Na2S04 and then concentrated in 

vacuo. The crude product was recrystallized from EtOAc-Hexanes to give 54 as a 

white solid (16.0 g, 92 %). mp 77-79 °C (lit.159 mp 77-78 °C); [a]D
25 3.60° (c 

1.00, CHC13); IR (CHCI3, cast): 3457, 3084, 3057, 3020, 2950, 1733, 1595, 1490, 

1448 cm"1; lH NMR (CDCI3, 500 MHz): 6 7.51 (m, 6H, Trt-H), 7.29 (m, 6H, Trt-

H), 7.21 (m, 3H, Trt-H), 3.73 (dd, 1H, J= 4.5, 10.5 Hz, Ser-CH,), 3.57 (m, 2H, 

Ser-CH,), 3.31 (s, 3H, OCH3), 3.00-2.20 (br, 2H, OH andNH); 13C NMR (CDCI3, 

125 MHz): 6 173.9, 145.6, 128.8, 127.9, 126.6, 71.9, 64.9, 57.8, 51.9; HRMS 

(ES): Calcd for C23H23N03Na 384.1570, found 384.1568. 

(S)-Methyl 1- tritylaziridine-2-carboxylate (55) 

O 

TrtN'^r- 'TMe 

The known compound was prepared by a literature procedure.88 Triethylamine 

(1.68 mL, 12.1 mmol) was added dropwise over 10 min to a stirred solution of 54 

(2.0 g, 5.5 mmol) in THF (50 mL) at 0 °C, followed by dropwise addition of 

methanesulfonyl chloride (0.47 mL, 60 mmol). The solution was stirred at 0 °C 
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for a further 30 min and then refluxed for 48 h. After completion of the reaction, 

the solvent was removed in vacuo. The resulting residue was dissolved in EtOAc 

(60 mL) and washed with 10% citric acid (3 x 20 mL), H20 (2 x 20 mL), 

saturated Na2C03 (3 x 20 mL), H20 (2 x 20 mL) and brine (20 mL). The organic 

layer was dried with Na2S04, filtered and then concentrated in vacuo. The crude 

product was recrystallized from EtOAc-Hexanes to give 55 (1.8 g, 95 %) as a 

white solid; mp 115-117 °C (lit.88 mp 116-118 °C); [a]D
25 -94.22° (c 1.00, 

CHC13); IR (CHCU, cast): 3057, 3031, 2951, 1748, 1595, 1489, 1448 cm'1; 'H 

NMR (CDCI3, 500 MHz): 5 7.54 (m, 6H, Trt-H), 7.28 (m, 6H, Trt-H), 7.22 (m, 

3H, Trt-H), 3.78 (s, 1H, OCH3), 2.29 (dd, 1H, J= 2.0, 3.0 Hz, Ser-Ha), 1.92 (dd, 

1H, J= 3.0, 6.0 Hz, Ser-Hp), 1.44 (dd, 1H, J= 2.0, 6.0 Hz, Ser-Hp); 13C NMR 

(CDCI3, 125 MHz): 5 171.9 143.6, 129.3, 127.6, 126.9, 74.4, 52.1, 31.7, 28.7; 

HRMS (ES): Calcd for C23H2iN02Na 366.1464, found 366.1465. 

General procedure for preparation of iV-phthalimide serine and thereonine 

derivatives92 

To a solution of serine alkyl ester hydrochloride (1.0 equiv) and phthalic 

anhydride (1.0 equiv) in toluene, triethylamine (1.0 equiv) was added. The 

reaction mixture was refluxed under Dean-Stark conditions for 2 h. Volatiles were 

evaporated under reduced pressure. The residue was dissolved in EtOAc, washed 

with 10% citric acid, H20, saturated NaHC03 and brine. Organic layer was dried 

with Na^C^, filtered and then concentrated to give the product, which was used 

without further purification or purified by flash chromatography. 
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(S)-Methyl 2-(l^-dioxoisoindolin-2-yl)-3-hydroxypropanoate (56) 

0 J 
HO 

Following the general procedure for preparation of Af-phthalimide serine and 

thereonine derivatives,92 (5)-serine methyl ester hydrochloride (5.0 g, 32.1 mmol) 

was converted to the title compound 56 as a colorless oil (6.4 g, 80%). [CI]D25 

17.14° (c 1.10, CHC13); IR (CHCI3, cast): 3476, 2956, 1773, 1745, 1714, 1612, 

1468 cm"1; *H NMR (CDCI3, 400 MHz): 5 7.87 (dd, 2H, J= 3.2, 5.6 Hz, Ar-H), 

7.75 (dd, 2H, / = 3.2, 5.6 Hz, Ar-H), 5.02 (dd, 1H, J= 4.4, 5.6 Hz, Ser-Ha), 4.20 

(m, 2H, Ser-Hp), 3.78 (s, 3H, -OCH3); 13C NMR (CDCI3, 100 MHz): 5 168.4, 

168.0, 134.4, 131.6, 123.7, 60.9, 54.6, 52.8; HRMS (ES): Calcd for C12HnNOsNa 

272.0529, found 272.0530. 

(S)-Methyl2-(l,3-dioxoisoindolin-2-yl)-3-((S)-3-methoxy-2-((4-

nitrobenzyloxy)carbonylamino)-3-oxoropoxy)propanoate (57) 

Aside 

/ * X 

O O 

MeO A f ^0^ f X ° M e 

NHpNZ NPht 

v v ' 

Bside 

To a stirred solution of aziridine-2-carboxylate 52 (100 mg, 0.35 mmol) and 56 

(174 mg, 0.7 mmol) in toluene (20 mL), was added was added BF3»OEt2 (0.22 

mL, 0.175 mmol) dropwise at it. The resulting reaction mixture was refluxed at 
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110 °C for 2 h. After completion of the reaction, the solvent was removed under 

reduced pressure. The crude product was purified by flash chromatography (Si02, 

7:3/Hexanes: EtOAc) to give 57 as a colorless oil (133 mg, 72%). [a]D
25 -43.29° 

(c 0.7, CHC13); IR (CHCI3, cast): 3366,2954,1717,1607,1521,1468,1437,1392 

cm1; lK NMR (CDC13, 400 MHz): 5 8.19 (d, 2H, J= 8.4 Hz, pNZ-H), 7.84 (dd, 

2H, J= 5.4, 3.0 Hz, Pht-H), 7.72 (dd, 2H, J= 5.4, 3.0 Hz, Pht-H), 7.47 (d, 2H, J= 

8.4 Hz, pNZ-H), 5.62 (d, IH, J = 8.5 Hz, NH), 5.18 (d, IH, J= 13.5 Hz, -O-Cffc-

Ar), 5.11 (d, IH, J= 13.5 Hz, -O-CHj-Ar), 5.08 (dd, IH, J = 5.0, 9.3 Hz, Ha B 

side), 4.40 (dt, IH, J = 8.6, 3.0 Hz, Ha' A side), 4.23 (dd, IH, J = 9.3, 10.7 Hz, 

HP B side), 4.09 (dd, IH, / = 5.0, 10.7 Hz, Hp B side), 4.00 (dd, IH, J = 3.3, 

9.5Hz, HP' A side), 3.68 (dd, IH, J = 3.3, 9.5Hz, HP' A side), 3.74 (s, 3H, 

OCH3), 3.62 (s, 3H, OCH3); 13C NMR (CDCI3, 100 MHz): 5 170.0, 167.5, 167.3, 

155.4, 143.7, 134.2, 131.7, 127.8, 123.6, 123.5, 70.6, 67.9, 65.3, 54.2, 52.8, 52.5, 

51.1; HRMS (ES): Calcd for C^H^NjOnNa 552.1224, found 552.1225. 

(S)-2-Allyl l-(4-nitrobenzyloxycarbonyl)aziridine-2-carboxylate(58)88 

O 

pNZNi'r^'OAIIyl 

According to a similar procedure to 52, the title compound 58 was prepared as a 

colorless oil (3.2 g, 77%) from 62 (5.0 g, 13.5 mmol). [a]D
25 -23.76° (c 1.00, 

CHCI3); IR (CHCI3, cast): 3083, 2950, 1744, 1648, 1608, 1523 cm1; *H NMR 

(CDCI3, 400 MHz): 6 8.19 (d, 2H, J= 8.0 Hz, pNZ-H), 7.51 (d, 2H, J= 8.0 Hz, 

pNZ-H), 5.90-5.84 (m, IH, -CH2CH=CH2), 5.34-5.17 (m, 4H, -CH2CH=CH2 and -
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CH2-C6H4-N02), 4.62 (m, 2H, -CH2CH=CH2), 3.16 (dd, IH, J = 3.1, 5.2 Hz, Ser-

Ha), 2.64 (dd, IH, J = 3.1, 1.3 Hz, Ser-Hp), 2.51 (dd, IH, J = 1.2, 5.2 Hz, Ser-

Hp); 13C NMR (CDC13, 125 MHz): 5 167.8, 160.1, 147.7, 142.6, 131.1, 128.4, 

123.7, 119.2, 66.8, 66.4, 34.9, 31.4; HRMS (ES): Calcd for C14H14N206Na 

329.0744, found 329.0742 

(R)-2-AUyl l-(4-nitrobenyloxycarbonyl)aziridine-2-carboxylate(59)88 

O 

pNZNy^'OAIIyl 

In a similar manner to that described above for 52, compound 59 was prepared as 

a colorless oil (1.62 g, 80%) from 62a (2.46 g, 6.6 mmol). [a]D
25 22.98° (c 1.00, 

CHC13); IR (CHCI3, cast): 3083, 2950, 1742, 1607, 1522 cm1; *H NMR (CDCI3, 

400 MHz): 5 8.16 (d, 2H, J = 8.7 Hz, pNZ-H), 7.48 (d, 2H, J= 9.0 Hz, pNZ-H), 

5.88-5.81 (m, IH, -CH2CH=CH2), 5.31-5.15 (m, 4H, CH2CH=CH2 and -CH2-

QH4-N02), 4.60 (m, 2H, -CH2CH=CH2), 3.15 (dd, IH, J = 3.1,5.3 Hz, Ser-Ha), 

2.60 (dd, IH, J= 3.1,1.3 Hz, Ser-Hp), 2.50 (dd, IH,7= 1.3,5.2 Hz, Ser-Hp); 13C 

NMR (CDCI3, 100 MHz): 5 167.7, 160.0, 147.6, 142.6, 131.0, 128.3, 123.5, 

119.0, 66.7, 66.3, 34.8, 31.3; HRMS (ES): Calcd for C14H14N206Na 329.0744, 

found 329.0742. 
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iV-Triphenylmethyl-(S)-Serine allyl ester (61)93 

o 
OAllyl 

\ 

The N-trityl serine triethylamine salt (8.97 g, 20 mmol) was dissolved in dry 

MeOH (100 mL) and cesium carbonate (3.25 g, 10 mmol) was added. The 

resulting mixture was stirred at rt for 1 h and then concentrated in vacuo. The 

resulting cesium salt was dissolved in DMF (50 mL) and allyl bromide (1.9 mL, 

22 mmol) was added dropwise at rt. The reaction mixture was stirred for 24 h and 

diluted with EtOAc (250 mL). The organic layer was washed with 5 % aqueous 

citric acid, dried over Na2S04, and concentrated in vacuo to give the trityl serine 

allyl ester 61 (7.4 g, 96%) as a colorless oil, which was used for the next step 

without further purification. [a]D
25 6.28° (c 1.5, CHC13); IR (CHC13, cast) 3466, 

3084, 3058, 3021, 2939, 2878, 1731, 1648, 1595 cm"1; !H NMR (CDCI3, 300 

MHz): 5 7.60-7.56 (m, 6H, Trt-H), 7.35-7.21 (m, 10H, Trt-H), 5.83-5.70 (m, IH, 

-CH2-CH=CH2), 5.28-5.18 (m, 2H, -CH2-CH=CH2), 4.31- 4.11 (m, 2H, -CH2-

CH=CH2), 3.81 (m, IH, Ser-CHa), 3.65 (m, 2H, Ser-CH(3), 2.93 (br, 2H, OH and 

NH); 13C NMR (CDCI3, 100 MHz): 5 173.0, 145.5, 131.5, 128.6, 127.8, 126.5, 

118.3, 70.9, 65.6, 64.8, 57.7; HRMS (ES): Calcd for C25H25N03Na 410.1726, 

found 410.1724. 

TUN. 
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iV-Triphenylmethyl-(l?)-Seriiie allyl ester (61a)93 

T r t H N V ^ 0 A l l y l 

OH 

According to a similar procedure to 61, (/?)-trityl serine (8.0 g, 23 mmol) was 

converted to the title compound 61a as a colorless oil (8.5 g, 95%). [CC]D25 0.21° (c 

1.0, CHC13); IR (CHCI3, cast) 3454, 3057, 3031, 2934, 1731, 1595, 1490, 1448 

cm"1; *H NMR (CDCI3, 500 MHz), 5 7.54 (m, 6H, Trt), 7.33-7.27 (m, 7H, Trt), 

7.23-7.20 (m, 3H, Trt), 5.76-5.69 (m, 1H, -CH2-CH=CH2), 5.26 (d, 1H, J= 22.5 

Hz, -CH2-CH=CH2), 5.19 (d, 1H, J= 10.5 Hz, -CH2-CH=CH2), 4.24 (dd, 1H, J = 

6.0, 13.0 Hz, -CH2-CH=CH2), 4.13 (dd, 1H, J= 6.0, 13.0 Hz, -CH2-CH=CH2), 

3.76 (m, 1H, Ser-CHa), 3.60 (m, 2H, Ser-CHp), 2.80 (br, 2H, OH and NH); 13C 

NMR(CDC13, 125 MHz): 5 173.2,145.6, 131.6,128.7, 127.9, 126.6,118.4,71.0, 

65.7,64.9,57.9; HRMS (ES): Calcd for C25H25N03Na 410.1726, found 410.1725. 

(S)-Allyl 1- tritylaziridine-2-carboxylate (62)^ 

o 
TrtN-X^OAIIyl 

The known compound88 was prepared according to a similar procedure to 55, N-

trityl serine allyl ester 61 (7.4 g, 1.9 mmol) was converted to the title compound 

62 as a colorless oil (6.0 g, 86%). [a]D
25 -96.97° (c 1.00, CHCI3); IR (CHC13, cast) 

3057, 3031, 2984, 1746, 1595, 1489 cm1; !H NMR (CDC13, 500 MHz): 5 7.55 

(m, 6H, Trt-H), 7.33-7.24 (m, 10H, Trt-H), 6.02-5.94 (m, 1H, -CH2-CH=CH2), 
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5.38 (d, IH, J = 17.5 Hz, -CH2-CH=CH2), 5.29 (d, IH, J = 10.5 Hz, -CH2-

CH-CH2), 4.72 (m, 2H, -CH2-CH=CH2), 2.32 (m, IH, Ser-Hct), 1.97 (dd, IH, J = 

2.5, 6.0 Hz, Ser-Hp), 1.46 (dd, IH, J= 2.5, 6.2 Hz, Ser-H|3); 13C NMR (CDCI3, 

125 MHz): 5 171.3, 143.8, 132.2, 129.5, 127.8, 127.1, 118.7, 74.5, 65.7, 31.9, 

28.9; HRMS (ES): Calcd for C25H23N03Na 392.1621, found 392.1621. 

(fl)-AUyl 1- tritylaziridine-2-carboxylate (62a)88 

o 
TrtNy^OAIIyl 

The known compound88 was prepared according to a similar procedure to 

compound 55, ./V-trityl-(i?)-serine allyl ester 61a (8.5 g, 22 mmol) was converted 

to the title compound 62a as a colorless oil (7.6 g, 93%). [a]D
25 73.62° (c 1.00, 

CHCI3); IR (CHCI3, cast) 3057, 3031, 2984, 1746, 1595, 1489 cm1; rH NMR 

(CDCI3, 400 MHz): 6 7.54 (m, 6H, Trt-H), 7.34-7.23 (m, 10H, Trt-H), 6.01-5.91 

(m, IH, -CH2-CH=CH2), 5.37 (d, IH, J= 16.0 Hz, -CH2-CH=CH2), 5.28 (d, IH, J 

= 10.4 Hz, -CH2-CH=CH2), 4.70 (m, 2H, -CH2-CH=CH2), 2.30 (dd, IH, J - 2.40, 

1.60 Hz, Ser-Ha), 1.94 (dd, IH, J= 2.8, 6.4 Hz, Ser-Hp), 1.40 (dd, IH, J= 1.6, 

6.0 Hz, Ser-He);
 13C NMR (CDCI3, 100 MHz): 5 171.0, 143.5, 131.9, 129.2, 

127.8, 127.5, 126.8, 118.4, 65.4, 31.6, 28.6; HRMS (ES): Calcd for C25H23N03Na 

392.1621, found 392.1623. 
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(2R, 3R)-AUyl 3mehtyl-1- (4-nitrobenzyloxycarbonyl)aziridine-2-carboxylate 

C63)88 

o 
PNZN-y^^OAIIyl 

According to a similar procedure to 52, the title compound 63 was prepared as a 

colorless oil (5.3 g, 80%) from 66 (8.0 g, 20.9 mmol). [a]D
25 58.97° (c 1.00, 

CHC13); IR (CHCI3, cast) 3083, 2940, 1733, 1608, 1523 cm'; lH NMR (CDCI3, 

400 MHz): 5 8.22 (d, 2H, J= 8.4 Hz, pNZ-H), 7.53 (d, 2H, J= 8.4 Hz, pNZ-H), 

5.98-5.88 (m, IH, -CH2CH=CH2), 5.38-5.18 (m, 4H, CH2CH=CH2 and -CH2-

C6H4-N02), 4.69 (d, 2H, J= 6.0 Hz, CH2CH=CH2), 3.23 (d, IH, J= 6.8 Hz, CH), 

2.87 (p, IH, J= 6.8 Hz, -CHCH3), 1.39 (d, 3H, J= 6.8 Hz, CHCH3) ; 13C NMR 

(CDCI3, 125 MHz): 5 166.4, 161.0, 147.7, 142.3, 131.2, 128.4, 123.7, 119.1, 66.8, 

66.1, 39.8, 39.0, 12.6; HRMS (ES): Calcd for C15H16N206Na 343.0900, found 

343.0912. 

(R)- iV-Triphenylmethyl Threonine allyl ester (65) 

T r t H N V ^ O A I , y , 

The compound was prepared by a modified literature procedure.160 To a solution 

of D-threonine (5.0 g, 41.98 mmol) in toluene (100 mL), PTSA (9.58 g, 41.98 

mmol) was added followed by ally alcohol (24.39 g, 419.8 mmol). The reaction 

was refluxed under Dean-Stark conditions for 24 h. After completion of the 
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reaction, the volatiles were removed in vacuo. The resulting residue was dissolved 

in EtOAc (100 mL) and cooled on ice. Et3N (21.1 mL, 151.2 mmol) was added 

dropwise and stirred for 10 min, followed by the addition of Trt-Cl (11.7 g, 41.97 

mmol) in EtOAc (50 mL) via an addition funnel over 45 min. The reaction was 

stirred for 16 h at rt. The organic layer was then washed with H20 (2 x 150 mL), 

brine (1 x 100 mL) and dried with NajSO^ filtered and then concentrated to yield 

the crude product as a light yellow sticky solid in quantitative yield (13.8 g), 

which was used for the next step without further purification. [CI]D25 -9.02° (c 2.3, 

CHC13); IR (CHCI3, cast): 3470, 3084,3058, 3020,2979,2935,1729,1648,1596, 

1491, 1447 cm1; JH NMR (CDCI3, 500 MHz): 6 7.51-7.49 (m, 6H, Trt-H), 7.29-

19 (m, 10H, Trt-H), 5.72-5.64 (m, 1H, -CH2-CH=CH2), 5.21-5.16 (m, 2H, -CH2-

CH=CH2), 4.09 (dd, 1H, J= 7.0, 14.0 Hz, -CH2-CH=CH2), 3.87 (dd, 1H, J= 7.0, 

14.0 Hz, -CH2-CH=CH2), 3.81 (app. d, 1H, J= 6.5 Hz, Thr- CTL), 3.55 (br, 1H, 

OH), 3.42 (br, 1H, Thr-CR), 2.87 (br, 1H, NH), 1.24 (d, 3H, J= 6.0 Hz, Thr-

CH3);
 13C NMR (CDCI3, 100 MHz): 6 172.8, 145.3, 131.4, 128.8, 127.7, 126.5, 

118.7, 70.6, 69.7, 65.5, 62.4, 18.8; HRMS (ES): Calcd for C26H27N03Na 

424.1883, found 424.1880. 

{2R, 3R)-k\\y\ 3-methyl-l-tritylaziridine-2-carboxylate (66)88 

O 

TrtN-T^-OAIIyl 

According to a similar procedure to compound 55, the title compound 66 was 

prepared as a colorless oil (16.0 g, 99%) from compound 65. [a]o25 98.37° (c 
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1.20, CHC13); IR (CHCI3, cast) 3085, 3058, 3021, 2960, 2930, 1744, 1595, 1490, 

1448cm1; *H NMR (CDC13, 400 MHz): 8 7.55 (m, 6H, Trt-H), 7.28-7.20 (m, 9H, 

Trt-H), 5.97-5.89 (m, 1H, -CH2-CH=CH2), 5.34 (d, 1H, J = 17.2 Hz, -CH2-

CH=CH2), 5.27 (d, 1H, J = 10.4 Hz, -CH2-CH=CH2), 4.67 (m, 2H, -CH2-

CH=CH2), 1.92 (d, 1H, J= 6.5 Hz, Thr-Ha), 1.94 (p, 1H, J= 6.5 Hz, Thr-Hp), 

1.38 (d, 3H, J= 6.5 Hz, Thr-CH3);
 13C NMR (CDCI3, 100 MHz): 8 169.8, 143.8, 

132.0, 129.3, 127.4, 126.7, 118.3, 74.8, 65.2, 35.9, 34.8, 13.2; HRMS (ES): Calcd 

for C26H25N02Na 406.1777, found 406.1775. 

(i?)-Methyl 2-(l^-dioxoisoindolin-2-yl)-3-hydroxypropanoate (66a) 92 

Qfr n O M e 

HO 

According to a similar procedure to formation of compound 56, (R)-serine 

methyl ester hydrochloride (1.71 g, 10.9 mmol) was converted to the title 

compound 66a as a colorless oil (2.2 g, 80%). [a]D
25 -17.86° (c 1.00, CHC13); IR 

(CHCI3, cast): 3476, 2956, 1773, 1745, 1715, 1612, 1468 cm1; !H NMR (CDCI3, 

500 MHz): 8 7.87 (dd, 2H, J= 3.0, 5.5 Hz, Ar-H), 7.58 (dd, 2H, J= 3.0, 5.5 Hz, 

Ar-H), 5.02 (dd, 1H, J= 4.5, 6.0 Hz, Ser-Ha), 4.20 (m, 2H, Ser-HP), 3.78 (s, 3H, 

-OCH3); 13C NMR (CDCI3, 125 MHz): 8 168.4, 168.0, 134.4, 131.6, 123.7, 61.0, 

54.7, 52.8; HRMS (ES): Calcd for C12HuN05Na 272.0529, found 272.0529. 
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(R)-Ethyl 2-(lr3-dioxoisoindolin-2-yl)-3-hydroxypropanoate (66b) 92 

®&l 
'I 0 B 

o J Her 

According to a similar procedure to formation of compound 56, (/?)-serine ethyl 

ester hydrochloride (2.0 g, 11.83 mmol) was converted to the title compound 66b 

as a light yellow oil (2.41 g, 78%). [a]D
25 -26.63° (c 1.60, CHC13); IR (CHC13, 

cast): 3480, 2983, 1776, 1716, 1612, 1468 cm'1; JH NMR (CDC13, 400 MHz): 5 

7.83 (dd, 2H, J= 3.0, 5.7 Hz, Ar-H), 7.73 (dd, 2H, J= 3.0, 5.7 Hz, Ar-H), 5.98 

(dd, 1H, J= 4.5, 5.4 Hz, Ser-Ha), 4.20 (m, 4H, Ser-Hp and CH2CH3), 3.53 (m, 

1H, OH), 1.22 (t, 3H, J= 7.2 Hz, CH2CH3); 13C NMR (CDC13, 125 MHz): 5 

168.0, 134.4, 131.7, 123.7, 62.1, 61.0, 54.8, 14.0; HRMS (ES): Calcd for 

C13H13N05Na 286.0685, found 286.0684 

(2S^/?)-Methyl2-(l^-dioxoisoindolin-2-yl)-3-hydroxybutanoate(66c) 92 

According to a similar procedure to formation of compound 56, (^-threonine 

methyl ester hydrochloride (3.0 g, 17.7 mmol) was coverted to the title compound 

66c as a light yellow solid (4.0 g, 86%). [ct]D
25 21.37° (c 1.0, CHCI3); IR (CHC13, 

cast): 3453, 2955, 1775, 1747, 1716, 1611, 1468 cm1; lH NMR (CDCI3, 300 
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MHz): o 7.87 (dd, 2H, J= 3.0, 5.4 Hz, Ar-H), 7.75 (dd, 2H, J= 3.0, 5.4 Hz, Ar-

H), 4.94 (d, 1H, J= 4.5 Hz, Thr-Hcc), 4.62 (m, H, Thr-H(3), 4.01 (d, J = 9.6 Hz, -

OH), 3.75(s, 3H, -OCH3), 1.19 (d, 3H, J=6.6 Hz, Thr-CHj); 13C NMR (CDCI3, 

125 MHz): 5 168.6, 168.2, 134.5, 131.6, 123.8, 66.6, 59.1, 52.8, 20.2; HRMS 

(ES): Calcd for C13H13N05Na 286.0685, found 286.0685. 

(2i?^5)-Methyl2-(l^-dioxoisomdolin-2-yl)-3-hydroxybutanoate(66d)92 

HO '" 

According to a similar procedure to formation of compound 56, (i?)-threonine 

methyl ester hydrochloride (3.0 g, 17.7 mmol) was converted to the title 

compound 66d as a solid (3.7 g, 80%). [a]D
25 -21.96° (c 1.0, CHC13); IR (CHC13, 

cast): 3455, 2955, 1775, 1747, 1716, 1612, 1468 cm1; JH NMR (CDC13, 500 

MHz): 6 7.89 (dd, 2H, J = 3.0, 5.0 Hz, Ar-H), 7.77 (dd, 2H, J= 3.0, 5.0 Hz, Ar-

H), 4.96 (d, 1H, J= 4.0 Hz, Thr-Ha), 4.64 (m, 1H, Thr-Hp), 3.78 (s, 3H, -OCH3), 

1.21 (d, 3H, J= 6.5 Hz, Thr-CH3);
 13C NMR (CDCI3, 125 MHz): 5 168.6, 168.2, 

134.5, 131.6, 123.8, 66.6, 59.1, 52.8, 20.2; HRMS (ES): Calcd for C13H13N05Na 

286.0685, found 286.0685. 
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General procedure of the ring opening reaction of aziridine with oxygen 

nucleophile catalyzed by BF3»OEt2 

Method A 

To a stirred solution of aziridine-2-carboxylate and the oxygen nucleophile (2.0 

equiv) in toluene was added BF3»OEt2 (0.5 equiv) dropwise at rt. The resulting 

reaction mixture was refluxed at 110 °C for 2 h. After completion of the reaction, 

the solvent was removed under reduced pressure and the crude product was 

purified by flash column chromatography to provide the corresponding product. 

Method B 

To a stirred solution of aziridine-2-carboxylate and the oxygen nucleophile (2.0 

equiv) in ethanol-free chloroform was added BF3»OEt2 (0.2 equiv) dropwise at 0 

°C. The resulting reaction mixture was warmed to 40 °C and stirred for 24 h. After 

completion of the reaction, the solvent was removed under reduced pressure and 

the crude product was purified by flash column chromatography to provide the 

corresponding product. 

For the ease of assignment, the two amino acid moieties of all ether linked bis-

amino acid derivatives have been indicated: 

Aside 
A 

t \ 
O 

u P G O - ^ ^ O ^ 
NHPG 

* 

O 
M 

^ j ^ O P G 
NHPG 

• 
V 

Bside 
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(/?)-Methyl2-(l,3-dioxoisoindolin-2-yl)-3-((S)-3-methoxy-2-((4-

nitrobenzyloxy)carbonylamino)-3-oxopropoxy)propanoate (67a) 

o o 

NHpNZ NPht 

Method A was used to prepare the title compound 67a from compound 52 (500 

mg, 1.77 mmol) and 66a (882 mg, 3.54 mmol) as a colorless oil (695 mg, 74%). 

[a]D
25 69.94° (c 1.00, CHC13); IR (CHC13, cast): 3374, 2955, 1717, 1608, 1522 

cm1; lU NMR (CDCI3, 600 MHz): 6 8.22 (d, 2H, J= 8.4 Hz, pNZ-H), 7.86 (dd, 

2H, J= 5.4, 3.0 Hz, Pht-H), 7.75 (dd, 2H, J= 5.4, 3.0 Hz, Pht-H), 7.52 (d, 2H, J= 

8.4 Hz, pNZ-H), 5.69 (d, IH, J= 8.4 Hz, NH), 5.22 (d, IH, J= 13.8 Hz, -O-CH2-

Ar), 5.19 (d, IH, J= 13.8Hz, -O-CH2-A1), 5.10 (dd, IH, J = 6.0, 9.0Hz, Ha B 

side), 4.42 (dt, IH, J = 9.0, 3.0 Hz, Ha ' A side), 4.17-4.11 (m, 2H, Hp B side), 

3.88 (dd, IH, J = 9.0, 3.0 Hz, Hp' A side), 3.78 (dd, IH, J = 9.0, 3.0 Hz, Hp' A 

side), 3.75 (s, 3H, OCH3), 3.49 (s, 3H, OCH3);
 13C NMR (CDCI3, 125 MHz): 5 

170.0, 167.5, 167.3, 155.4, 143.7, 134.2, 131.7, 127.8, 123.7, 123.6, 123.5, 70.6, 

67.9, 65.3, 54.2, 52.8, 52.5, 51.1; HRMS (ES): Calcd for C ^ H ^ O n N a 

552.1224, found 552.1222. 

(S)-Allyl3-((/?)-2-(l^-dioxoisoindolin-2-yl)-3-ethoxy-3-oxopropoxy)-2-((4-

nitrobenzyloxy)carbonylamino)propanoate(67b) 

o o 

A l l y l O - ^ ^ O ^ A o E t 
NHpNZ NPht 
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Method A was used to prepare the title compound 67b from 58 (100 mg, 0.33 

mmol) and 66b (172 mg, 0.65 mmol) as a colorless oil (135 mg, 72%). [a]D
25 

48.28° (c 0.4, CHC13); IR (CHC13, cast): 3360, 2936, 1777, 1717, 1607, 1521, 

1467 cm'1; *H NMR (CDCI3, 300 MHz): 5 8.20 (d, 2H, J= 8.7 Hz pNZ-H), 7.83 

(dd, 2H, J= 5.4, 3.0 Hz Pht-H), 7.73 (dd, 2H, J= 5.4, 3.0 Hz Pht-H), 7.51 (d, 2H, 

J = 8.7 Hz pNZ-H), 5.78-5.56(m, 2H, CH2CHCH2 and NH), 5.25-5.05 (m, 5H, 

CH2CH=CH2,0-CHrAr and Ha B side), 4.46-4.36 (m, 3H, CH2CH=CH2 + Ha' 

A side), 4.26-4.10 (m, 4H, OCH2CH3 + 2H0 B side), 3.91 (dd, IH, J = 3.0, 9.6 

Hz, Hp A side), 3.79 (dd, IH, 7=3.0,9.6 Hz, HP A side), 1.22 (t, 3H, J = 7.2 Hz, 

CH3); 13C NMR (CDCI3, 100 MHz): 5 169.1, 167.2, 166.9, 155.4, 147.4, 143.7, 

134.1, 131.6, 131.1, 127.8, 123.6, 123.4, 118.4, 70.7, 67.9, 65.8, 65.2, 62.0, 54.2, 

51.2, 13.9; HRMS (ES): Calcd for Q ^ N j O n N a 592.1537, found 592.1537. 

(2R, 3S)-AUyl 3-((R)-2-(l, 3-dioxoisoindolin-2-yl)-3ethoxy-3-oxopropoxy)-2-

((4-nitrobenzyloxy)carbonylamino)butanoate (67c) 

O z o 

A l l y l 0 ^ f l ^ 0 ^ T OB 
NHpNZ NPht 

Method A was used to prepare the title compound 67c from 63 (200 mg, 0.62 

mmol) and 66b (326 mg, 1.24 mmol) as a colorless oil (250 mg, 70%). [a]o25 

24.85° (c 0.4, CHCI3); IR (CHC13, cast): 3369, 2981, 1777, 1717, 1607, 1521, 

1468 cm1; lU NMR (CDCI3, 400 MHz): 5 8.17 (d, 2H, J= 8.4 Hz, pNZ-H), 7.84 

(dd, 2H, J= 5.4, 3.0 Hz, Pht-H), 7.73 (dd, 2H, J= 5.4, 3.0 Hz, Pht-H), 7.48 (d, 

2H, J= 9.0 Hz, pNZ-H), 5.87 (m, IH, CH2CHCH2), 5.55(d, IH, J= 9.5 Hz, NH), 
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5.30 (d, IH, 7 = 17 Hz, CH2CH=CH2), 5.22 (d, IH, J = 10.0 Hz, CH2CH=CH2), 

5.20 (d, IH, J= 13.8 Hz, -O-CHj-Ar), 5.14 (d, IH, J= 13.8 Hz, -O-CIfc-Ar), 4.98 

(dd, J = 5.0, 9.1 Hz, Ha B side), 4.59 (m, 2H, CH2CH=CH2), 4.28-4.11 (m, 5H, 

Ha' + H|3' A side, OCH2CH3 and Hp B side), 3.99 (dd, IH, J = 5.1, 10.1 Hz, Hp 

B side), 1.21 (t, 3H, J = 7.1 Hz, CHjCH,), 1.11 (d, 3H, J = 6.3 Hz, CH3); 13C 

NMR (CDCI3, 100 MHz): 8 169.9, 167.4, 167.0, 156.1, 147.5, 143.8, 134.2, 

131.7, 131.5, 127.8, 123.6, 123.5, 118.9, 75.3, 66.1, 65.8, 65.3, 62.0, 58.6, 51.9, 

16.4, 14.0; HRMS (ES): Calcd for Q g H ^ O n N a 606.1694, found 606.1692 

(2Sr3/?)-Methyl3-((5)-3-(allyloxy)-2-((4-nitrobenzyloxy)carbonylamino-3-

oxopropoxy)-2- (1,3-dioxoisoindolin-2-yl)butanoate (67d) 

O 3 O 

AllylO-^V^Ol^f^OMe 
NHpNZ NPht 

Method A was used to prepare the title compound 67d from 58 (100 mg, 0.32 

mmol) and 66c (171 mg, 0.65 mmol) as a colorless oil (80 mg, 43%). [a]o25 

24.25° (c 0.4, CHCI3); IR (CHCI3, cast): 3364, 2952, 1719, 1608, 1521, 1468, 

2979, 1719, 1608, 1522, 1468 cm'1; !H NMR (CDCI3, 400 MHz): 8 8.22 (d, 2H, J 

= 8.0 Hz, pNZ-H), 7.84 (dd, 2H, J = 3.0, 5.5 Hz, Pht-H), 7.71 (dd, 2H, J= 3.0, 5.5 

Hz, Pht-H), 7.54 (d, 2H, J= 8.0 Hz, pNZ-H), 6.10(d, IH, J= 8.9 Hz, NH), 5.74 

(m, IH, CH2CH=CH2), 5.25 (d, IH, J= 13.9 Hz, -O-CHrAr), 5.17 (d, IH, J = 

13.9 Hz, -O-CHrAr), 5.19 (dd, IH, J=1.4, 15.6 Hz, CH2CH=CH2), 5.09 (dd, IH, 

J =13, 10.4 Hz, CH2CH=CH2), 4.73 (d, IH, J= 4.6 Hz, Ha B Side), 4.49 (m, 

2H, CH2CH=CH2), 4.38 (m, 2H, Ha' A side and HP B side), 4.11 (dd, IH, J = 
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2.2, 8.9 Hz, HP' A side), 3.73 (m, IH, Hp' A Side), 3.71 (s, 3H, -OCH3), 1.22 (d, 

3H, J = 6.3 Hz, -CH3);
 13C NMR (CDC13, 100 MHz): 5 169.3, 168.0, 167.5, 

155.7, 147.3, 144.2, 134.1, 131.6, 131.4, 127.5, 123.5, 123.5, 118.1, 73.5, 69.5, 

65.7, 64.9, 56.0, 54.5, 52.6, 17.8; HRMS (ES): Calcd for CiT^NsOnNa 

592.1537, found 592.1543. 

(2/?^S)-Methyl3-((5)-3-(allyloxy)-2-((4-nitrobenzyloxy)carbonylamino-3-

oxopropoxy)-2-(l^-dioxoisoindolin-2-yl)butanoate (67e) 

o • o 

A l l y l O ^ ^ O l l ^ ^ O M e 
NHpNZ NPht 

Method A was used to prepare the title compound 67e from 58 (100 mg, 0.35 

mmol) and 66c (171 mg, 0.65 mmol) as a colorless oil (86 mg, 47%). [a]o25 

36.16° (c 0.3, CHCI3); IR (CHCI3, cast): 3366, 2953, 1747, 1720, 1608, 1522, 

1468 cm1; !H NMR (CDCI3, 600 MHz): *H NMR (CDCI3, 400 MHz,) 5 8.19 (d, 

2H, J= 8.8 Hz, pNZ-H), 7.84 (dd, 2H, J = 3.2, 5.6 Hz, Pht-H), 7.73 (dd, 2H, J = 

3.2, 5.6 Hz, Pht-H), 7.49 (d, 2H, J= 8.8 Hz, pNZ-H), 5.76(m, IH, CH2CH=CH2), 

5.68 (d, IH, J= 8.8 Hz, NH), 5.23-5.13 (m, 4H, O-CHz-Ar and CH2CH=CH2), 

4.73 (d, IH, J = 7.2Hz, Ha B side), 4.39-4.32 (m, 4H, CH2CH=CH2 and Hp B 

side), 4.25 (dd, J = 5.6, 13.2 Hz, Ha' A side), 3.80 (m, 2H, HP' A side), 3.71 (s, 

3H, -OCH3), 1.35 (d, 3H, J = 6.0 Hz, -CH3);
 13C NMR (CDC13, 100 MHz): 5 

169.2, 167.7, 167.3, 155.5, 147.4, 143.8, 134.0, 131.6, 131.4, 127.8, 123.5, 123.4, 

118.4, 72.7, 68.1, 65.7, 65.1, 56.0, 54.2, 52.6, 17.8; HRMS (ES): Calcd for 

C27H27N3OuNa 592.1537, found 592.1536. 
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(2R, 3S)-AUyl 3-((2S^/?)-3-(lr3-dioxoisoindolin-2-yl)-4-methoxy-4-oxobutan-

2-yloxy)-2-((4-iutrobenzyloxy)carbonylamino)butanoate(67f) 

o -. I o 

NHpNZ NPht 

Method A was used to prepare the title compound 67f from 63 (200 mg, 0.62 

mmol) and 66c (326 mg, 1.24 mmol) as a colorless oil (260 mg, 72%). [<X]D25 

26.87° (c 0.5, CHC13); IR (CHC13, cast): 3368,2979, 1719,1608,1522, 1468 cm 

'; XH NMR (CDCI3, 600 MHz): 6 8.22 (d, 2H, J= 8.5 Hz, pNZ-H), 7.84 (dd, 2H, 

J= 3.0, 5.5 Hz, Pht-H), 7.70(dd, 2H, J= 3.0, 5.5 Hz, Pht-H), 7.54 (d, 2H, J= 8.5 

Hz, pNZ-H), 5.76-5.69 (m, 2H, NH and CH2CH=CH2), 5.26 (d, IH, J= 13.8 Hz, -

0-CH2-Ar),5.15 (d, IH, J= 13.8 Hz, -0-CH2-Ar),5.18 (dd, 1H,7= 1.2,17.4Hz, 

CH2CH=CH2), 5.09 (dd, IH, J = 1.2,10.8 Hz, CH2CH=CH2), 4.72 (d, IH, J = 5.4 

Hz, Ha B side), 4.46 (m, 2H, CH2CH=CH2), 4.39 (p, IH, J = 6.0 Hz Ha B side), 

4.23-4.19 (m, 2H, Ha' and HP' A side), 3.73 (s, 3H, -OCH3), 1.16 (d, 3H, J = 6.0 

Hz, -CH3 B side), 1.09 (d, 3H, J = 6.6 Hz, -CH3 A side); 13C NMR (CDCI3, 125 

MHz): 5 169.9, 167.6, 167.5, 156.5, 147.5, 144.3, 134.2, 131.6, 131.4, 127.6, 

123.6, 123.5, 118.7, 71.1, 69.1, 65.9, 65.1, 59.2, 56.3, 52.6, 17.2, 15.7; HRMS 

(ES): Calcd for CjgH^OnNa 606.1694, found 606.1694. 

(2R, 35)-AUyl 3-((2/?^S)-3-(l^-dioxoisoindolin-2-yl)-4-methoxy-4-oxobutan-

2-yloxy)-2-((4-nitrobenzyloxy)carbonylamino)butanoate(67g) 

o -. -. o 

NHpNZ NPht 
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Method A was used to prepare the title compound 67g from 63 (200 mg, 0.62 

mmol) and 66d (326 mg, 1.24 mmol) as a colorless oil (255 mg, 71%). [CI]D25 

4.33° (c 0.3, CHC13); IR (CHCI3, cast): 3367, 2981,1720, 1608, 1522, 1437 cm1; 

*H NMR (CDCI3, 600 MHz): 5 8.22 (d, 2H, J= 9.0 Hz, pNZ-H), 7.86(dd, 2H, J= 

3.0, 5.4 Hz, Pht-H), 7.74(dd, 2H, J= 3.0, 5.4 Hz, Pht-H), 7.52 (d, 2H, J= 9.0 Hz, 

pNZ-H), 5.90-5.84 (m, 2H, NH and CH2CH=CH2), 5.31 (dd, IH, 7= 1.2,15.6 Hz, 

CH2CH=CH2), 5.22 (dd, IH, 7 = 1.2, 11.4 Hz, CH2CH=CH2), 5.24 (d, IH, 7 = 

13.8 Hz, -0-CH2-Ar), 5.19 (d, IH, 7 = 13.8 Hz, -O-CTfc-Ar), 4.71 (d, IH, 7 = 5.4 

Hz, Ha B side), 4.53 (dd, 2H, 7 = 1.2, 6.0 Hz CH2CH=CH2), 4.42 (p, IH, 7 = 

6.0Hz Ha B side), 4.27 (qd, IH, 7 = 2.4, 6.6 Hz, Hp' A side), 4.15 (dd, 7 = 2.4, 

9.6 Hz, Ha' A side), 3.71 (s, 3H, -OCH3), 1.32 (d, 3H, 7 = 6.0 Hz, -CH3 B side), 

1.21 (d, 3H, 7 = 6.0 Hz, -CH3 A side); 13C NMR (CDCI3, 125 MHz): 6 169.9, 

167.7, 167.6, 156.3, 144.2, 134.1, 131.8, 131.7, 127.7, 123.6, 123.5, 118.5, 77.0, 

76.7, 73.8, 72.5, 66.0, 65.1, 59.0, 56.4, 52.6, 19.5, 19.2; HRMS (ES): Calcd for 

C28H29N3OuNa 606.1694, found 606.1694. 

(2S,4/?)-l-(9H-Fluoren-9-yl)methyl2-methyl4-hydroxypyrrolidine-l> 

dicarboxylate (71) 

MeO / \ 

O Fmoc 

The known compound was prepared by a modified literature procedure.161 A 

solution of Na2C03 (2.09 g, 19.81 mmol) in H20 (20 mL) was added dropwise at 

0 °C to a solution of HOH-Hyp-OMe (3.0 g, 16.5 mmol) and Fmoc-OSu (6.68 g, 
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19.81 mmol) in dioxane (150 mL) and H20 (30 mL). The reaction mixture was 

warmed to rt and stirred for 24 h. After completion of the reaction, the solvent 

was removed under reduced pressure. The resulting residue was dissolved in 

EtOAc (100 mL), washed with water (3 x 100 mL) and dried with Na2S04. 

Filtration and concentration in vacuo yielded the crude product, which was further 

purified by flash chromatography (Si02, 7:1/Hexanes: EtOAc) to yield 71 as a 

colorless oil (5.9 g, 97%). [ci]D
25 -59.76° (c 3.10, CHC13); IR (CHC13, cast): 3447, 

3016, 2952, 1747, 1703, 1451, 1426cm1; !H NMR (CDC13, 500 MHz, rotamers): 

7.76-7.30 (m, 8H, Fmoc-H), 4.55-4.32 (m, 4H), 4.28-4.15 (m 1H, CH-Fmoc), 

3.75-3.55 (m, 5H, -OCH3 + -CH r) , 2.56 (br, 1H, OH), 2.33 (m, 1H, CHH), 2.07 

(m, 1H, C#H); 13C NMR (CDCI3, 125 MHz, rotamers): 5 173.l(s), 155.0(s), 

144.0(s), 141.2(s), 127.7(d), 127.0(d), 125.1(d), 119.9(d), 70.0(d), 67.7(f), 

57.9(d), 55.2(f), 52.3(q), 47.2(d), 39.3(f); HRMS (ES): Calcd for C21H21NOsNa 

390.1311, found 390.1308. 

(25,4/?)-l-(9H-Fluoren-9-yl)methyl2-methyl4-((i?)-3-(allyloxy)-2-((4-

nitrobenzyloxy)carbonylamino)-3-oxopropoxy)pyrrolidine-l^-dicarboxylate 

(72a) 

Fmoc 

N OMe O rl\ P 
AllylO 

NHpNZ 

Method A was used to prepare the title compound 72a from 59 (200 mg, 0.65 

mmol) and 71 (478 mg, 1.30 mmol) as a colorless oil (270 mg, 62%). [O,]D25 -
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37.90° (c 0.35, CHC13); IR (CHC13, cast): 3331, 2951, 1746, 1709, 1607, 1522, 

1451, 1421 cm1; *H NMR (CDCI3, 500 MHz, rotamers ) 8 8.20 (d, 2H, J= 11.5 

Hz, pNZ-H), 7.76 (t, 2H, J = 7.5Hz, arom. Fmoc-H), 7.60-7.50 (m, 4H, arom. 

Fmoc-H and pNZ-H), 7.39 (m, 2H, arom. Fmoc-H), 7.31 (m, 2H, arom. Fmoc-H), 

5.95-5.81 (m, IH, CH2CH=CH2), 5.66 (m, IH, NH), 5.39-5.16 (m, 4H, 

CH2CH=CH2 and O-CHz-Ar), 4.70- 4.40 (m, 9H, CH2-Fmoc, H. A side and Hp A 

Side+ CH-Fmoc, -O-CH.- B side and R B side), 3.75-3.50 (m, 5H, -OCH3 + CH-

CH2-N- B side), 2.35 (m, IH, OCH-CHtf-CH- B side), 2.12 (m, IH, OCH-CMi-

CH- B Side); 13C NMR (CDC13, 100 MHz, rotamers): 8 172.8, 169.4, 155.5, 

154.7, 147.6, 144.0, 143.6, 141.2, 131.3, 128.0, 127.7, 127.0, 125.0, 123.7, 120.0, 

119.0, 78.0, 68.9, 67.7, 66.6, 65.5, 57.8, 54.4, 52.4, 51.6, 47.2, 36.7; HRMS (ES): 

Calcd for CssHagNaOnNa 696.2163, found 696.2162. 

(2S,4/?)-l-(9H-Fluoren-9-yl)methyl2-methyl4-((2S^/?)-4-(allyloxy)-3-((4-

nitrobenzyloxy)carbonylamino)-4-oxobutan-2-yloxy)pyirolidine-l,2-

dicarboxylate (72b) 

Fmoc 

O r r -N OMe 

A l l y l O ^ Y ^ C r ^ O 
NHpNZ 

Method A was used to prepare the title compound 72b from 63 (200 mg, 0.62 

mmol) and 71 (455 mg, 1.24 mmol) as a colorless oil (200 mg, 47%). [ct]D
25 -

37.88° (c 0.8, CHCI3); IR (CHC13, cast): 3423, 2952, 1731, 1710, 1607, 1522, 

1451, 1421 cm1; lH NMR (CDCI3, 400 MHz, rotamers): 8 8.20 (d, 2H, J= 9.0 
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Hz, pNZ-H), 7.76 (m, 2H, arom. Fmoc-H), 7.61-7.50 (m, 4H, arom. Fmoc-

H+pNZ-H), 7.42-7.29 (m, 4H, Fmoc-H), 5.86 (m, 1H, CH2CH=CH2), 5.48(d, 1H, 

J= 9.0 Hz, NH), 5.33-5.18 (m, 4H, CH2CH=CH2 and O-CJk-Ar), 4.63-4.56 (m, 

2H, CH2CH=CH2 ), 4.47-4.15 (m, 8H, CH2-Fmoc, H„ A side, Hp A Side, CH-

Fmoc, -O-CH- B side and H„ B side), 3.75-3.55 (m, 5H, -OCH3 and CH-CH2-N- B 

side), 2.32-2.26 (m, 1H, OCH-CHH-CH- B side), 2.13-2.07 (m, 1H, OCH-CHH-

CH- B Side), 1.26-1.24 (m, 3H, -CH3 A side); 13C NMR (CDCI3, 100 MHz, 

rotamers) 5 172.8, 169.8, 156.1, 154.7, 147.6, 144.0, 143.7, 141.2, 131.3, 128.2, 

127.7, 127.0, 125.1, 123.7, 119.9, 119.4, 75.5, 74.3, 67.7, 66.4, 65.5, 58.9, 57.9, 

52.4, 51.7, 47.2, 37.6, 16.9; HRMS (ES): Calcd for C36H37N30nNa 710.2320, 

found 710.2315 

(S)-terr-Butyl2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-

hydroxypropanoate (73) 

O 

Of-Bu 

\ 

The known compound was prepared by a modified literature procedure.161 A 

solution of Na2C03 (2.57g, 24.29 mmol) in H20 (10 mL) was added dropwise at 0 

°C to a solution of HOH-Ser-O-f-Bu (4.0 g, 20.4 mmol) and Fmoc-OSu (8.19 g, 

24.29 mmol) in dioxane (100 mL) and H20 (40 mL). The reaction mixture was 

warmed to room temperature and stirred for 48 h. After completion of the 

reaction, the solvent was removed under reduced pressure. The resulting residue 

was dissolved in EtOAc (100 mL). The organic solution was washed with water 

FmocHN,, 
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(3 x 100 mL) and dried with Na2S04. Filtration and concentration in vacuo 

yielded the crude product, which was further purified by recrystallization from 

EtOAc and Hexanes to give 73 as a white solid (7.0 g, 90%). mp 127-130 °C 

(lit.162 mp 130 °C); [a]D
25 5.88° (c 1.20, CHC13); IR (CHC13, cast): 3425, 3066, 

3007, 2978, 2889, 1720, 1517, 1450cm1; XH NMR (CDC13, 400 MHz): 7.76 (d, 

2H, J= 7.5 Hz, Fmoc-H), 7.60 (d, 2H, J= 7.1 Hz, Fmoc-H), 7.40 (t, 2H, J= 7.5 

Hz, Fmoc-H), 7.31 (t, 2H, J= 7.5 Hz, Fmoc-H), 5.80 (d, 1H, J= 6.4 Hz, NH), 

4.41 (d, J = 6.8 Hz, CH2-Fmoc), 4.33 (br, 1H, Ser-R), 4.22 (t, 1H, J = 6.8 Hz, 

CH-Fmoc), 3.93 (br, 2H, Ser-Hp), 1.49 (s, 9H, -C(CH3)3);
 13C NMR (CDCI3, 125 

MHz): 6 169.4, 156.2, 143.7, 143.6, 141.2, 141.1, 127.6, 126.9, 124.9, 119.8, 

119.8, 82.7, 67.0, 63.5, 56.5, 47.0, 27.9; HRMS (ES): Calcd for Q ^ N C ^ N a 

406.1624, found 406.1619. 

(S)-Allyl3-((5)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-tert-butoxy-

3-oxopropoxy)-2-((4-nitrobenzyloxy)carbonylamino)propanoate (75a) 

O O 

A l l y l O ^ ^ O ^ y ^ O f - B u 
NHpNZ NHFmoc 

Method B was used to prepare the title compound 75a from 58 (100 mg, 0.32 

mmol) and 73 (250 mg, 0.65 mmol) as a colorless oil (80 mg, 36%). [a]D
2512.88° 

(c 2.0, CHCI3); IR (CHCI3, cast): 3335, 3067, 2978, 2938, 2880, 1726, 1607, 

1522, 1478, 1451 cm1; lH NMR (CDCI3, 500 MHz): 6 8.18 (d, 2H, J= 8.4 Hz, 

pNZ-H), 7.76 (d, 2H, J = 8.4 Hz, Fmoc-H), 7.60 (t, 2H, J = 7.2 Hz, Fmoc-H), 

7.47 (d, 2H, J= 8.4 Hz, pNZ-H), 7.40 (t, 2H, J= 7.2 Hz, Fmoc-H), 7.31 (t, 2H, J 
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= 8.4 Hz, Fmoc-H), 5.88 (m, IH, CH2CH=CH2), 5,71 (d, IH, J= 8.4 Hz, NH), 

5.54 (d, IH, J= 8.4 Hz, NH), 5.29 (d, IH, J= 20.4 Hz, CH2CH=CH2), 5.21 (d, 

2H, J= 15.6 Hz, CH2CH=CH2 and O-CH^-Ar ), 5.14 (d, IH, J= 16.2 Hz, , O-

CHz-Ar), 4.65 (m, 2H, CH2CH=CH2), 4.57-4.34 (m, 4H, CH2-Fmoc + R. A side 

+ H. B side), 4.21 (t, IH, J = 7.0 Hz, CH-Fmoc), 3.98 (d, IH, J =7.5 Hz, H(. A 

side), 3.86 (d, IH, J = 8,4Hz, H, B Side), 3.72 (m, 2H, He. A side and HP B side), 

1.46(s, 9H, -C(CH3)3);
 13C NMR (CDC13, 100 MHz): 5 169.4, 168.8, 155.9, 155.5, 

147.6, 143.8, 143.6, 141.2, 131.3, 127.9, 127.7, 127.0, 125.0, 123.7, 119.9, 118.9, 

82.7, 77.3, 77.0, 76.7, 71.8, 71.2, 67.1, 66.3, 65.4, 54.8, 54.4, 47.1, 27.9; HRMS 

(ES): Calcd for C^H^aOnNa 712.2476, found 712.2475. 

(/?)-Allyl3-((S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-fert-butoxy-

3-oxopropoxy)-2-((4-nitrobenzyloxy)carbonylamino)propanoate (75b) 

o o 
AllylcA^O^f^Of-Bu 

NHpNZ NHFmoc 

Method B was used to prepare the title compound 75b from 59 (100 mg, 0.32 

mmol) and 73 (250 mg, 0.65 mmol) as a colorless oil (82 mg, 37%). [a]D
251.96° 

(c 0.7, CHCI3); IR (CHCI3, cast): 3326, 2978, 1726, 1607, 1523, 1478 cm1; *H 

NMR (CDCI3, 500 MHz): 5 8.12 (d, 2H, J= 8.5 Hz, pNZ-H), 7.75 (d, 2H, J= 7.5 

Hz, Fmoc-H), 7.59 (d, 2H, J= 7.5 Hz, Fmoc-H), 7.43 (d, 2H, J= 8.5 Hz, pNZ-H), 

7.39 (t, 2H, J = 7.5 Hz, Fmoc-H), 7.30 (m, 2H, Fmoc-H), 5.88 (m, IH, 

CH2CH=CH2 ), 5,80 (d, IH, / = 8.0 Hz, NH), 5.61(d, IH, J= 8.0 Hz, NH), 5.32 

(d, IH, J - 17.0 Hz, CH2CH=CH2), 5.25 (d, IH, J = 8.0 Hz, CH2CH=CH2 ), 
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5.21(d, IH, J=13.5 Hz, O-CHb-Ar ), 5.13 (d, IH, J= 13,5 Hz, , O-CHz-Ar), 4.65 

(d, J = 6.0 Hz, 2H, CH2CH=CH2 ), 4.49 (d, J = 8.0 Hz, CH2-Fmoc), 4.38(m, 2H, 

Ha, A side and H„ B side), 4.21 (t, IH, J = 7.0 Hz, CH-Fmoc), 3.97 (d, IH, J = 7.0 

Hz, HP. A side), 3.86 (d, 1H,7= 9.5 Hz, Hp B Side), 3.78 (d, IH, 7 = 9.5 Hz, Hp B 

side), 3,73 (d, J = 7.0 Hz, a A side), 1.47 (s, 9H, -C(CH3)3);
 13C NMR (CDC13, 

125MHz): 5 169.4, 168.7, 155.9, 155.5, 143.8, 143.7, 143.5, 141.2, 131.3, 127.9, 

127.7, 127.0, 125.0, 123.6, 120.0, 118.9, 82.7, 71.8, 71.1, 67.1, 66.3, 65.4, 54.7, 

54.5, 47.1, 27.9; HRMS (ES): Calcd for C a ^ ^ O n N a 712.2476, found 

712.2478. 

(2/?,35)-Allyl3-((S)-2(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-ferr-

butoxy-3-oxopropoxy)-2-((4-nitrobenzyloxy)carbonylamino)butanoate (76) 

O r O 

Al ly lO^Y^O^^i^f-Bu 
NHpNZ NHFmoc 

Method B was used to prepare the title compound 76 from 63 (200 mg, 0.62 

mmol) and 73 (479 mg, 1.24 mmol) as a colorless oil (174 mg, 40%). [<x]D
25 

12.76° (c 0.7, CHCI3); IR(CHC13 cast) 3328, 2979, 1727, 1607, 1522, 1478, 1450 

cm"1; JH NMR (CDCI3, 500 MHz,) 5 8.18 (d, 2H, J= 9.0 Hz, PNZ-H), 7.76 (d, 

2H, J= 7.5Hz, Fmoc-H), 7.60 (d, 2H, J= 7.5 Hz, Fmoc-H), 7.49 (d, 2H, J= 9.0 

Hz, pNZ-H), 7.39 (t, 2H, J= 7.5 Hz, Fmoc-H), 7.30 (m, 2H, Fmoc-H), 5.90 (m, 

IH, CH2CH=CH2), 5.54 (d, 2H, J= 9 Hz, 2 x NH), 5.33 (d, IH, J= 17.5 Hz, 

CH2CH=CH2), 5.26 (d, IH, J= 10.5 Hz, CH2CH=CH2), 5.24 (d, IH, J=13.5 Hz, 
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O-CFb-Ar ), 5.18 (d, IH, J =13.5 Hz,, O-CFb-Ar), 4.65 (m, 2H, CFbCHK^R), 

4.40 (d, J= 7.0 Hz, CH2-Fmoc), 4.33 (m, 2H, R> A side + R B side), 4.22 (t, IH, 

J= 7.0 Hz, CH-Fmoc), 4.09 (d, IH, J= 6.5 Hz, R> A side), 3.74 (m, 2H, R B 

Side), 3.78 (d, IH, J=9.5Hz, R B side ), 1.48 (s, 9H, -C(CH3)3), 1.23 (d, 3H, J = 

6.5 Hz, -CH3);
 13C NMR (CDC13, 125 MHz): 5 170.0, 168.9, 156.2, 155.8, 147.6, 

143.8, 143.7, 143.6, 141.2, 131.4, 127.9, 127.7, 127.0, 125.0, 123.7, 120.0, 119.1, 

82.7, 75.3, 69.2, 67.1, 66.2, 65.5, 58.6, 54.8, 47.1, 27.9, 16.6; HRMS (ES): Calcd 

for C37H4iN30nNa 726.2633, found 726.2622 

(5)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-((R)-3-(allyloxy)-2-((4-

nitrobenzyloxy)carbonylamino)-3-oxopropoxy)propanoic acid (77) 

O O 

Aiiyicr ^Y ° T OH 

NHpNZ NHFmoc 

To a solution of 75b (0.6 g, 0.87 mmol) in CH2C12 (10 mL) was added TFA (10 

mL) followed by PhSiH3 (1.0 equiv, 0.14 mL) and the reaction mixture was stirred 

for 2 h at it. Volatiles were removed in vacuo to give a sticky white solid. The 

crude product was purified by silica gel chromatography (DCM:MeOH:AcOH = 

20:1: 0.1) to yield 77 as a sticky white solid (494 mg, 90%). [a]D
2517.20° (c 0.65, 

CHC13); IR (CHC13, cast): 3320, 3067, 3020, 2950, 1724, 1608, 1522, 1451 cm1; 

'H NMR (CD3OD, 400 MHz): 5 8.08 (d, 2R J= 8.4 Hz, pNZ-H), 7.71 (d, 2H, J 

= 7.6 Hz, Fmoc-H), 7.60 (m, 2H, Fmoc-H), 7.47 (d, 2H, J= 8.4 Hz, pNZ-H), 7.32 

(m, 2H, Fmoc-H), 7.24 (m, 2H, Fmoc-H), 5.86 (m, IH, CH2CH=CH2), 5.27 (d, 
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IH, J= 17.2 Hz, CH2CH=CH2), 5.19 -5.10 (m, 3H, CH2CH=CH2 and O-CHa-Ar 

), 4.59 (m, 2H, CH2CH=CH2), 4.42 (m, 2H, CH2-Fmoc), 4.32 (m, 2H, R, A side 

and H, B side), 4.15 (t, IH, J = 6.8 Hz, CH-Fmoc), 3.87 (m, 2H, H, A side and H, 

B Side), 3.72 (m, 2H, H, B side and R A side); 13C NMR (CD3OD, 100 MHz): 6 

172.2, 170.1, 157.4, 157.0, 147.6, 144.5, 144.1, 143.9, 141.3, 132.0, 127.8, 127.6, 

127.0, 125.0, 123.3, 119.7, 117.5, 71.0, 70.7, 66.9, 65.8, 65.1, 54.7, 54.4; HRMS 

(ES): Calcd for C32H31N3011Na 656.18508, found 656.18429. 

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-((2S3R)-4-(allyloxy)-3-

((4-nitrobenzyloxy)carbonylamino)-4-oxobutan-2-yloxy)propanoicacid(78) 

0 
IT -. 

A l l y l O ^ ^ ^ ^ O ^ 
NHpNZ 

O 

u Y^OH 
NHFmoc 

Using a procedure similar to the synthesis of compound 77, the title compound 78 

was prepared from 76 as a colorless oil (1.03 g, 87%). [a]D
25 26.34° (c 0.4, 

CHCI3); IR (CH2C12 cast),:3319, 3066, 2946, 1726, 1608, 1523, 1450 cm'1; *H 

NMR (CD3OD, 400 MHz): 6 8.12 (d, 2H, J= 8.4 Hz, pNZ-H), 7.71 (d, 2H, J = 

7.6 Hz, Fmoc-H), 7.61 (m, 2H, Fmoc-H), 7.52 (d, 2H, J= 8.4 Hz, pNZ-H), 7.32 

(t, 2H, J = 7.2 Hz, Fmoc-H), 7.24 (t, 2H, J = 7.6 Hz, Fmoc-H), 5.90 (m, IH, 

CH2CH=CH2 ), 5.29 (d, IH, J= 17.2 Hz, CH2CH=CHa), 5.23 -5.16 (m, 3H, 

CH2CH=CH2 and O-CHrAr ), 4.59 (d, 2H, J= 5.6 Hz, CH2CH=CH2), 4.34 (m, 

3H, CH2-Fmoc and R ) , 4.29 (d, IH, J = 2.4 Hz , H..), 4.16 (t, IH, / = 6.8 Hz, 

CH-Fmoc), 4.10(m, IH, H,), 3.78 (m, IH, H,) 3.68 (m, IH, He), 1.18 (d, 3H, J = 
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6.0 Hz, -CH3);
 13C NMR (CD3OD, 100 MHz): 5 172.4, 170.4, 157.6, 157.4, 

147.6, 144.6, 144.1, 144.0, 141.3, 132.2, 127.8, 127.6, 127.0, 125.0, 123.3, 119.7, 

117.6, 75.5, 68.8, 66.8, 65.9, 65.1, 59.3, 54.6, 14.8; HRMS (ES): Calcd for 

C33H33N3011Na 670.20073, found 670.20100. 

5.2.l.b. Solid phase synthesis of oxygen analogue of lacticin 3147 A2 (45) 

Synthesis of ring C of oxa-lacticin (90) 

pNZHN. 

C YVa 
H HN\ NH 

PmcHN. / N L ^ - \ , . \ / 

NH O H \ 

a) General procedure for Fmoc Solid Phase Peptide Synthesis (SPPS): 

Fmoc amino acid (5.0 equiv to resin loading) and HOBt (5.0 equiv) were 

dissolved in DMF (10 mL) and to it, NMM (5.0 equiv) was added followed by 

PyBOP (4.9 equiv) and the mixture was pre-activated for 5 min. The activated 

amino acid solution was then transferred to pre-swelled resin and reacted for 2 h. 

The completion of coupling was ascertained by a negative Kaiser test and end 

capping was performed with 20% AC2O in DMF for lOmin. The subsequent 

removal of the Fmoc group was done using 20% piperidine in DMF and 

monitored by the absorption of the dibenzofulvene-piperidine adduct at X = 301 

nm on a UV-Vis spectrophotometer. 

b) Loading of oxa-melan on Wang resin 
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Wang resin with a loading of 0.1 mmol/g was used for the synthesis. The initial 

loading of 0.44 mmol/g of the resin was reduced to 0.1 mmol/g to avoid any inter-

strand dimerization during on resin-cyclization step. 

Formation of symmetric anhydride of 78: The orthogonally protected oxa-melan 

78 (388.2 mg, 0.6 mmol) was dissolved in dry DCM (20 mL). 

Diisopropylcarbodiimide (0.3 mmole, 46.5 uL) was added and the resulting 

mixture was stirred for 30 min at 0 °C under argon. DCM was removed from the 

reaction in vacuo and the residue was dissolved in a minimal amount of DMF (~5 

mL). 

Attachment of 78 to the resin: Wang resin (3.0 g, 1.32 mmol) was pre-swelled in 

DCM (20 mL) for 30 min. Preformed symmetric anhydride of 78 was added 

followed by DMAP (0.1 equiv relative to the desired resin loading, 0.03 mmol, 34 

mg) in DMF (5 mL). The resulting solution was reacted for 2 h by shaking. The 

resin was washed with DMF (2x10 mL) and CH2CI2 (2 x 20 mL). The rest of the 

free sites on-resin after loading the Oxa-melan were capped by reacting with 20% 

AdO in DMF for 30 min. The resin, thus obtained with a low loading of 0.1 

mmol/g of oxa-melan, was used for further solid phase peptide synthesis. 

c) Deprotection of Allyl, Fmoc groups and cyclization to form ring C on solid 
support 

Fmoc SPPS was continued using PyBOP to couple Fmoc-Ala-OH (residue 27) 

and Fmoc-Arg(Pmc)-OH (residue 26) to the amino acid on resin to give linear 

fragment on resin. A solution of Pd(PPli3)4 (346.6 mg, 0.3 mmol, 1.0 equiv to 

resin) and PhSiH3 (0.185 mL, 1.5 mmol, 5.0 equiv to resin) in (1:1) DMF/DCM 
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(40 mL) was reacted with resin bound peptide 88, protected from light, for 2 h. 

The solution was drained and the resin was washed in the following sequence: 1) 

DCM (2 x 20 mL), 2) 0.5% sodium diethyldithiocarbamate in DMF (3 x 20 mL), 

3) DMF (2 x 20 mL). The color of the resin changed to light yellow after 

washings. The Fmoc group was removed with 20% piperidine in DMF ( 3 x 5 

mL). The resin was washed with CH2CI2 (3 x 10 mL) and DMF (3 xlO mL). The 

cyclization to form ring C was done by adding a solution of PyBOP (780.45 mg, 

1.5 mmol, 5.0 equiv), HOBt (202.6 mg, 1.5 mmol, 5.0 equiv) and NMM (0.329 

mL, 3.0 mmol, 10.0 equiv) in DMF (40 mL) to the linear peptide 89 and reacted 

for 2 h. A small sample (4 mg) of resin bound 90 was cleaved by shaking with 

95:2.5:2.5 (TFA: TIPS: H20) for 1 h and then filtered to remove the resin. The 

filtrate was concentrated in vacuo and precipitated with Et20 to give an off-white 

solid 90. MALDI-TOF MS: Calcd for C24H34N8O10 594.5, found 595.4 (M+H). 

No dimer or uncyclized linear precursor peptides were detected by MALDI-TOF 

MS. 

d) Removal of pNZ group on resin for subsequent solid phase peptide 
synthesis 

A solution of 6 M SnCb and 1.6 mM HCl/dioxane in DMF (20 mL) was added to 

the resin and then reacted for 45 min. The procedure was repeated twice to ensure 

complete conversion. The resin was then washed with DMF ( 3 x 5 mL xl min), 

DMF/H2O (3 x 5 mL xl min), THF/H20 (3 x 5 mL x 1 min), DMF (3 x 5 mL x 1 

min) and DCM ( 3 x 5 mL x 1 min) to remove excess SnCb as well as any side 
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products from the deprotection. The completion of the reaction was ascertained by 

MALDI-TOF MS, Calcd for C16H29N706 415.2, found 416.3 (M+H). 

Synthesis of oxa-lacticin A2 ring B (94) 

0 NHpNZ 

f-BuO HN © O d 

a B ^°Vo-^° 
0 o4 c Y° 

m>Tu""" 
BocHN I O 

HN—J 

PmcHN—4 
NH 

94 was elongated using Fmoc SPPS with PyBOP to couple protected amino acids 

25-23 in the following order: Fmoc-pNZ/AUyl oxa-melan (78), Fmoc-Lys(Boc)-

OH, Fmoc-Thr(f-Bu)-OH. Allyl and Fmoc group were removed according to the 

procedure described above. Cyclization to form ring B was done with PyBOP 

similar to ring C. A small portion of resin (5 mg) was cleaved and analyzed by 

MALDI-TOF MS; Calcd for C41H63N13O16 993.4, found 994.8 (M+H). No linear 

precursor or dimer was detected via mass spectrometry. 

Synthesis of oxa-lacticin A2 ring A (95) 

^ NH / NH 

™^< ,alvNHpNz \ c y° 

"' °'-BU ^ HrX... .NH rt^- NH ^NHBoc 
0 HN-. r ^ 

f-BuO' A° 
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pNZ group was removed according to the same procedure described above. The 

residues (17-21) required for the linear portion of ring A were introduced under 

standard SPPS conditions using PyBOP in the order: Fmoc-Pro-OH, Fmoc-

pNZ/Allyl-oxa-DAP, Fmoc-Thr(?-Bu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Thr(r-Bu)-

OH. Removal of Allyl, Fmoc group and cyclization were performed in a similar 

manner to ring C to give 95. A small sample of the resin was cleaved and 

subjected to MALDI-TOF MS analysis; Calcd for C64H98N20O26 1562.6, found 

1563.4 (M+H). 

Synthesis of tricyclic peptide moiety (96) 

Of-Bu 

NHBoc 
HN^NHPmc 

,NH 

V - ' O. ) — \ )— ' HN B I .NM C 

.0 

/ \ / ^ L y~'"~^4r O H N 

FmocN J \ /? \ / f - B u C ^ Y w u H ^ N ^ 

b ) , HN-T >0 0 A ^ ^ 0 y O^O. 
WK—k x V-NH HN—( \ I \\ X / * 0 

n ~ _^,NH 

0 ^ ° 
^ ° ~~( P \ "''~4>' "'' HN\ ,~o 0 V N ' H 

- / HN-( ; , HN V
NH \_y (J 

X 

/ '-. " r NH 

° HN. M u V l HN N H \ - ° ' - B u 

•̂ — o 
TrtHN 

The pNZ group was removed under acidic reductive conditions as before and 

Fmoc-SPPS was done using PyBOP to couple amino acids 6-15 in the following 

order: Fmoc-Ile-OH, Fmoc-Tyr(r-Bu)-OH, Fmoc-Ala-OH, Fmoc-D-Ala-OH, 

Fmoc-Leu-OH, Fmoc-Ile-OH, Fmoc-D-Ala-OH, Fmoc-Ile-OH, Fmoc-Ala-OH, 

Fmoc-Pro-OH. A small sample of the resin was cleaved to give the tricyclic 
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peptide 96. MALDI-TOF MS analysis: Calcd for C121H183N29O35 2602.3, found 

2603.3 (M+H). 

Oxa-lacticin 3147 A2 (45) 

HN^ ,NH 2 

NH2 T 
O ^J /NH 

° ^ N ' -NH 
°=r t^. y^i.j r\ , H 

° P o yi° w HO J B "NH £7"" c '7-
)=0 — ( O O ^ V. HN 0 O , 

HN O 0„ )—f >-NH O Q. > "' ° \ M / 

o 
NH . _ 

H O ^ ° '/—k %-HH HN 

- / H W ) ,. HN »NH \_y 
"" ^ H O ^ A A ° 0 H 

0 H N ^ _ M H ^ 0 H 

o. r i r = 
• W O 

H2N 

The Fmoc group of resin bound 96 (0.125 mmol) was removed using 20% 

piperidine/DMF ( 3 x 5 min) and the resin was washed with NMP (3x15 mL) to 

remove any traces of piperidine. In a separate vial, pentapeptide 34 (112 mg, 

0.256 mmol) was dissolved in NMP (5 mL). To it, HOBt (35 mg, 0.256 mmol) 

and NMM (0.028 mL, 0.256 mmol) were added followed by PyBOP (133.1 mg, 

0.256 mmol) and reacted for 5 minutes. The pre-activated solution was then 

transferred to resin bound peptide 96 and coupled for 7 h. The completion of 

reaction was ascertained by MALDI-TOF MS. No peak for the starting material 

was observed. The resin (300 mg) was cleaved with (97.5:2.5) TFA: TIPS (3 mL) 

for 3 h. The cleavage mixture was filtered to remove the resin and concentration 

of the filtrate in vacuo, followed by precipitation with cold ethyl ether and 

centrifugation gave crude oxa-lacticin A2 (3) as a white solid. 
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Purification of oxa-lacticin A2: The crude peptide was purified by reverse phase 

HPLC using a CSC-Inertsil 150 A/ODS-2, 5 ^m 10 x 250 mm column. The crude 

oxa-lacticin A2 (45) was dissolved in (1:1) MeCN: H2O to give a concentration of 

1 mg/mL. HPLC method: Flow rate 3 mL/min, detection at 220 and 254 nm. 

Gradient: Starting from 20% MeCN for 5 min and ramp up to 60% over 15 min, 

followed by ramping down to 40% over 6 min, then 20% MeCN for 2 min. The 

fraction containing the desired product was collected as a broad peak (tR = 22.1 

min), which was concentrated in vacuo and lyophilized to give relatively pure 

peptide. Second purification was done using an analytical column (Varian-

microsorb-MV 100-5 C18, 4.6 x 250 mm). HPLC method: Flow rate 1.5 mL/min, 

detection at 220 and 254 nm. Gradient: starting from 20% MeCN for 5 min and 

first ramp up to 65% over 15 min, second ramp up to 70% over 18 min and ramp 

down to 20% for 2 min. The product was collected as a sharp peak (tR = 20.2 min) 

[Figure 1]. The fractions containing the desired product were concentrated in 

vacuo and lyophilized to give oxa-lacticin A2 (45) as a white solid (1.1 mg, 

overall yield = 0.31%) [22 deprotections and couplings, 3 macrocyclizations, 3 

pNZ removals and 3 allyl deprotections]. Monoisotopic MW Calcd. for 

C126H199N33O39 2798.4, found 2799.2 (M + H) . 
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5.2. I.e. Biological Evaluation of oxa-Lacticin A2 (45) 

(i) Synergistic activity assay: 

Standard literature protocol was followed for testing the antimicrobial activity of 

oxa-lacticin A2 (45) and its parent natural peptide lacticin Al (16) & A2 (17). 

Briefly, M17 agar plates (Supplemented with 10% lactose) were overlaid with 

soft agar, seeded with the indicator organism L. lactis subsp. cremoris HP or other 

Gram-positive organism of interest (100 \iL fully grown culture per 10 mL soft 

agar). 10 \xL or 5 ^L of oxa-lacticin A2 and the parent lacticin 3147 Al & A2 

(dissolved in MQ-H20/ACN) were spotted and allowed to dry. The plates were 

then incubated at 30 °C overnight and the antibacterial activity was determined 

through a zone of inhibition (Figure 56). As evidenced by the panel of Gram-

positive bacteria tested, oxa-lanA2 (45) exhibits either only independent 

antibacterial activity (A & B) or no biological activity (C to G). No synergistic 

activity similar to the parent lacticin 3147 A2 was observed. 
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Figure 56. Illustration of synergistic activity and inherent independent activity of 
oxa-lacticin A2 (45) and natural lacticin Al (16) and A2 (17). 

Natural lacticin 3147 Al (16) & A2(17) are spotted on the top in all plates; natural lacticin Al(16) 
& oxa-lacticin A2 (45) are spotted on bottom in all plates; The panel of Gram-positive bacteria 
tested (A) L. lactis subsp. cremoris HP (B) Leuconostoc mesenteroides Y105 (C) Staphylococcus 
aureus ATCC 29213 (D) Enterococcus faecalis ATCC 7080 (E) Enterococcus faecium BFE900 
(F) Lactobacillus sakei 706 (G) Pediococcus acidilactici PAC 1.0. 

(ii) Synergistic activity and negative control experiment: 

The test for synergistic activity was done by spotting lacticin 3147 Al and lacticin 

A2 or oxa-lacticin A2 (45) at differing distances (1.6 to 2.4 cm). In all cases at the 
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concentration (200 |i,M) tested, oxa-lacticin A2 (45) showed no synergistic 

activity (Figure 58 H & I). A negative control experiment was performed by 

testing activities of the peptides against the producer organism for lacticin 3147 

Al & A2, L. lactic subsp. lactis DPC 3147. The natural Al & A2 as well as oxa-

lacticin A2 were inactive against the producer strain (Figure 58 J). 

Figure 57. Synergistic activity testing at differing distances 

(H) Synergistic activity and inherent activity between natural lacticin A1 & A2 at differing 
distances (I) Synergistic activity and inherent activity between natural lacticin-Al & oxa-lancticin 
A2 at differing distances (J) Negative control experiment against lacticin Al & A2 producer 
strain. 

(iii) Serial dilution assay: 

A serial dilution assay was done by diluting lacticin A2 and oxa-lacticin A2 to 1 

nM with MQ-water. 10 \ih of solution was spotted on M17 agar plates containing 

the indicator organism L. lactis subsp. cremoris HP (100 u.L fully grown culture 

per 10 mL soft agar). The plates were then incubated at 30 °C overnight and the 

antibacterial activity was determined through a zone of inhibition (Figure 59 K & 

L). 



Chapter 5 - Experimental procedures 

Figure 58. Illustration of serial dilution testing of oxa-lacticin A2 (45) 

180 

(K) 10-fold serial dilution of natural lacticin A2 starting at a concentration of 100 fiM (L) Serial 
dilution of oxa-lacticin A2 (3) starting at a concentration of 200 fiM. 

5.2.1.d. Synthesis of natural lacticin 3147 A2 

(2S, 3fl)-Methyl 2-((2S^J?)-2-(tert-butoxycarbonylamino)-3-

hydroxybutanamido)-3-hydroxybutanoate (100)163 

OH 

BocHN OMe 

'OH 

The known compound was prepared by a modified literature procedure. To a 

solution of Boc-Thr-OH (10.3 g, 47.1 mmol) and HCl.NH2-Thr-OMe (8.0 g, 47.1 

mmol) in DMF (100 mL) at -16 °C was added HOBt (7.0 g, 51.8 mmol), 

followed by the solution of EDCI (9.94 g, 51.8 mmol) and DIPEA (18.1 mL, 

103.7 mmol) in DMF (100 mL) dropwise. The reaction mixture was stirred for 1 h 

at -16 °C, warmed up to rt and stirred for 20 h. The DMF solvent was removed 
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under high vacuo. The residue was dissolved in EtOAc (200 mL) and washed 

with 10% citric acid (3 x 50 mL), H20 (1 x 50 mL), Na2C03 (3 x 50 mL) and 

brine (50 mL). The organic layer was dried with Na2SC>4, filtered and then 

concentrated in vacuo. The crude product was purified by flash chromatography 

(Si02, 3:7/Hexanes:EtOAc) to yield 100 (9.5 g, 60%) as a light yellow oil. [a]D
25 -

23.62 (c 1.58, CHC13); IR (CHC13, cast): 3366, 2979, 2935, 1743, 1665, 1523 cm" 

\ !H NMR (CDCI3, 500 MHz): 5 7.41 (d, IH, J= 9.0 Hz, NH), 5.71 (d, IH, J = 

8.0 Hz, NH), 4.56 (dd, IH, J= 9.0, 2.5 Hz, NH-CH,-COOMe), 4.33 (app d, IH, J 

= 4.0 Hz, CH3QLOH), 4.26 (app d, IH, J= 4.0 Hz, CH3CH,OH), 4.17 (app d, 

IH, J = 6.5 Hz, NH-CTL-CONH), 3.86 (br s, IH, CH3CH,OH), 3.75 (s, 3H, 

OCH3), 3.63 (br s, IH, CH3CHeOH), 1.43 (s, 9H, -C(CH3)3), 1.19 (m, 6H, 2 x 

CH3);
 13C NMR (CDCI3, 125 MHz): 5 171.8, 171.3, 156.3, 80.4, 67.9, 67.3, 58.3, 

57.7, 52.6, 28.2, 19.9, 18.1; HRMS (ES): Calcd for C i^NzC^Na 357.16322, 

found 357.16325. 

(Z)-Methyl2-((Z)-2-(tert-butoxycarbonylamino)but-2-enamido)but-2-enoate 

(101)74 

X H 1 
B o c H N ^ f V ^ O M e 

To a solution of compound 100 (7.0 g, 20.9 mmol) in DCE (350 mL), was added 

Et3N (17.51 mL, 125.6 mmol) followed by MsCl (6.50 mL, 83.7 mmol) dropwise. 

The mixture was stirred for 2 h at rt, and then DBU (18.77 mL, 125.6 mmol) was 

added dropwise. The reaction was stirred for 1 h at rt and then refluxed for 17 h. 



Chapter 5 - Experimental procedures \ 82 

The solvent was removed to give a yellow residue that was dissolved in EtOAc 

(200 mL) and washed with 10% citric acid (3 x 50 mL), H20 (1 x 50 mL) and 

brine (1 x 50 mL). The organic layer was dried with Na2S04, filtered and then 

concentrated in vacuo. The crude product was purified by flash chromatography 

(Si02, 7:3/Hexanes:EtOAc) to yield 101 (3.5 g, 60%) as a yellow oil. IR (CHC13, 

cast): 3304, 3203, 2981, 2955, 1735, 1691, 1670, 1660, 1637 cm4; lH NMR 

(CDCI3, 500 MHz): 5 7.55 (s, IH, NH), 6.82 (q, IH, J= 6.5 Hz, Dhb-CH), 6.57 

(app d, H, J= 7.0 Hz Dhb-CH), 6.02 (s, 3H, NH), 3.76 (s, 3H, OCH3), 1.79 (d, J= 

7.0 Hz, 6H, 2 x CH3) 1.47 (s, 9H -QCH^) ; 13C NMR (CDC13, 125 MHz): 5 

164.9, 163.0, 153.7, 133.6, 133.3, 130.0, 125.8, 81.0, 52.3, 28.1(27.8), 14.8, 13.4; 

HRMS (ES) Calcd for Ci4H22N205Na 321.14209, found 321.14210. 

(Z)-Methyl 2-(2-oxobutanamido)but-2-enoate (102) 

H ° 

To a solution of compound 101 (107 mg, 0.36 mmol) in DCM (5 mL), was added 

TFA (5 mL) dropwise at rt. The mixture was stirred for 1 h at rt, and then the 

solvent was removed in vacuo. The yellow residue was dissolved in DCM (3 mL) 

and 5 mL of NaHCCh solution ( IN) was added to adjust pH to 5. The resulting 

mixture was stirred for 20 h at rt. The organic layer was separated and the 

aqueous layer was washed with DCM (3 x 10 mL). The organic layers were 

combined, dried with Na2S04, filtered and then concentrated in vacuo to yield the 

pure 100 (44 mg, 62 %) as a colorless oil. IR (CHCI3 cast): 3348, 2980, 2954, 
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2883, 1726, 1695, 1660, 1504 cm"1; *H NMR (CDC13, 500 MHz): 5 8.29 (s, 1H, 

M i ) , 6.88 (q, 1H, J= 7.0 Hz, =CHCH3), 3.77 (s, 3H, OCH3), 2.97 (q, 2H, J = 

7.0 Hz, -CH2CH3), 1.78 (d, 3H, J= 7.0 Hz, KMCHj), 1.12 (t, 3H, J= 7.0 Hz, -

CH2CH3); 13C NMR (CDCI3, 125 MHz): 5 198.7, 164.1, 157.7, 134.9, 124.9, 

52.4, 30.2, 14.9, 7.0; HRMS (ES): Calcd for C9H13N04Na, 222.07 found 222.10. 

(2/?^S)-AUyl-2-((2S^)-2-(^rr-butoxycarbonylamino)-3-

hydroxybutanamido)-3-hydroxybutanoate (106)74 

YOHH ° 
BocHN<Y' V^OAIIyl 

0 A H 

To a solution of H-D-Thr-OAllyl p-tolunenesulfonate salt (10.0 g, 30.2 mmol) in 

DCM (200 mL) was added NMM (3.0 eq., 9.96 mL, 90.6 mmol) dropwise at °C 

to neutralize excess acid. Boc-Thr-OH (6.61 g, 30.2 mmol) and PyBOP (15.7 g, 

30.2 mmol) were added sequentially. The resulting mixture was stirred for 24 h at 

room temperature. The reaction solution was washed with 10% citric acid (3 x 

100 mL), H20 (1 x 100 mL), 10 % NaHC03 (3 x 100 mL) and brine (100 mL). 

The separated organic layer was then dried with Na2S04, filtered and then 

concentrated in vacuo to give the crude product, which was purified by flash 

chromatography (Si02, 3:7/Hexanes:EtOAc) to yield 106 (9.78 g, 90%) as a light 

yellow oil. [a]D
25 -27.43 (c 0.78, CHCI3); IR (CHC13 cast): 3355, 2978, 2932, 

1718, 1663, 1519 cm4; *H NMR (CDCI3, 400 MHz): 5 7.26 (d, 1H, J= 9.2 Hz, 

NH), 5.93 (m, 1H, -CH2CH=CH2), 5.56 (d, 1H, J = 8.0 Hz, NH), 5.37 (dd, 1H, J = 

16.8, 1.2 Hz, -CH2CH=CHH), 5.29 (dd, 1H, J= 10.4, 1.2 Hz, -CH2CH=CHH), 
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4.69 (m, 2H, -CH2CH=CH2), 4.61 (dd, 1H, J= 9.2, 2.8 Hz, NH-CR-COOAllyl), 

4.38 (m, 2H, CH3QLOH), 4.17 (m, 1H, NH-CH.-CONH), 1.47 (s, 9H, -C(CHj)3), 

1.24 (m, 6H, 2 x CH3);
 13C NMR (CDCI3, 100 MHz): o 172.1, 170.8, 156.5, 

131.6, 119.3, 80.7, 68.2, 67.5, 66.6, 58.4, 57.9, 28.5, 20.2, 18.4; HRMS (ES): 

Calcd for Ci6H28N207Na 383.17887, found 383.1787. 

(Z)-Allyl2-((Z)-2-(tert-butoxycarbonylamino)but-2-enamido)but-2-enoate 

(107)74 

\ H ° 
BocHN'"Nf N V " "OAllyl 

To a solution of compound 106 (9.8 g, 27.1 mmol) in DCE (500 mL) was added 

Et3N (22.6 mL, 162.6 mmol) followed by MsCl (8.4 mL, 108.4 mmol) dropwise 

at rt. The mixture was stirred for 3 h at rt, and then DBU (24.3 mL, 162.6 mmol) 

was added dropwise. The reaction was stirred at rt for 1 h and refluxed for 20 h. 

The solvent was removed in vacuo to give a brown residue that was dissolved in 

EtOAc (300 mL) and washed with 10% citric acid (3 x 80 mL), H20 (1 x 80 mL) 

and brine (1 x 80 mL). The organic layer was dried with Na2SC>4, filtered and then 

concentrated in vacuo. The crude product was purified by flash chromatography 

(Si02, 7:3/Hexanes:EtOAc) to yield 107 (4.0 g, 46.0%) as a yellow oil. IR (CHCI3 

cast): 3268, 3127, 3004, 2983, 2968,1722, 1704, 1667, 1643 cm"1; *H NMR 

(CDCI3, 400 MHz): 5 7.70 (br, s, 1H, NH), 6.78 (q, 1H, J= 7.2 Hz, =CHCH3), 

6.51 (q, 1H, J= 6.8 Hz, =CHCH3), 6.41 (br, s, 1H, NH), 5.91-5.81 (m, 1H, -

CH2CH=CH2), 5.27 (d, 1H, J= 15.6 Hz, -CH2CH=CHH), 5.18 (d, 1H, J= 10.4 
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Hz, -CH2CH=CHH), 4.59 (m, 2H, -CH2CH=CH2), 1.74-1.71 (m, 6H, 2 x CH3), 

1.39 (s, 9H, -C(CH3)3);
 13C NMR (CDC13, 100 MHz): 8 164.1, 163.2, 153.8, 

134.1, 131.8, 130.0, 129.5, 126.0, 118.3, 80.7, 65.7, 28.1, 14.7, 13.3; HRMS (ES): 

Calcd for C16H26N2O5 325.1758, found 325.1754 

(Z)-2-((Z)-2-(fert-Butoxycarbonylamino)but-2-enamido)but-2-enoicacid 

(108)74 

H ° 
BOCHN^ > r N v "OH 

To a solution of compound 107 (1.7 g, 5.24 mmol) in degassed DCM (200 mL), 

was added PhSiH3 (1.29 mL, 10.48 mmol) followed by Pd(Ph3P)4 (605.5 mg, 

0.524 mmol) at rt. The reaction was stirred in the absence of light for 2 h. The 

solvents were removed in vacuo. The resulting crude product was purified using 

flash chromatography (Si02, 30:1:0.1/ DCM:MeOH:Acetic acid) to yield 103 

(1.30 g, 87.8 %) as a pale pink solid. IR (CHCI3 cast) 3276, 2980, 2935, 2455, 

1703, 1643, 1502 cm"1; *H NMR (CD3OD, 400 MHz): 6.84 (q, 1H, J= 7.2 Hz, 

C=CHCH3), 6.46 (q, 1H, J = 7.2 Hz, C=CHCH3), 1.77(d, 3H, J = 7.2 Hz, 

C=CHCH3), 1.76 (d, 3H, J= 7.2 Hz, C^CHCHj), 1.46 (s, 9H, -C(CH3)3);
 13C 

NMR (CD3OD, 125 MHz): 8 167.5, 166.7, 156.2, 136.5, 132.0, 130.1, 128.7, 

81.3, 28.6, 14.3, 13.2; HRMS (ES): Calcd. for C13H2oN2Na05 307.12644, found 

307.12657. 
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(Z)-Allyl2-((/?)-2-((S)-l-((Z)-2-((Z)-2-(^rr-butoxycarbonylamino)but-2-

enamido)but-2-enoyl)pyrrolidine-2-carboxamido)propanamido)but-2-enoate 

(109)74 

''''rX ) 
H o V -NH \\ y-c -OAllyl 

BocHN' V N * T " N ^ 
J k/ 

To a solution of Boc-Pro-D-Ala-Dhb-OAllyl (80) (100 mg, 0.24 mmol) in DCM 

(2 mL) was added TFA (2 mL). The resulting mixture was stirred at rt for 1 h. 

Removal of solvent in vacuo gave the deprotection product as a colorless oil. 

Without further purification, the residue was dissolved in DCM (5 mL). NMM 

(0.079 mL, 0.72 mmol) was added at 0 °C followed by a solution of 108 (68.1 

mg, 0.24 mmol), HOBt (38.9 mg, 0.288 mmol) and DIC (0.0427 mL, 0.288 

mmol) in DCM (5 mL). The reaction mixture was then allowed to warm to rt and 

stirred for 16 h. The solvent was removed in vacuo. The crude product was 

purified by flash chromatography (Si02, 8:2/EtOAc:Acetone) to yield 109 (0.1 g, 

69%) as a colorless oil. [a]D
25 -106.18 (c 0.5, CHC13); IR (CHC13, cast): 3283, 

2978, 2939, 2876, 2453, 1720, 1663, 1640, 1505 cm"1; !H NMR (CDCI3, 600 

MHz): 8 8.23 (s, IH, NH), 8.04 (s, IH, NH), 7.89 (d, IH, J= 8.4 Hz, NH), 6.76 

(q, IH, J= 7.2 Hz, Dhb-CH), 6,63 (q, IH, J= 6.6 Hz, Dhb-CH), 6.52 (br s, IH, 

NH), 5.87 (m, IH, CH2CH=CH2), 5.45 (q, IH, J= 7.2 Hz, Dhb-CH), 5.29 (dd, 

IH, J= 17.4, 1.2 Hz, CH=CH2), 5.18 (dd, IH, J= 10.2, 1.2 Hz, CH=CH2), 4.57 
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(m, 2H, CH2-CH=CH2), 4.50-4.45 (m, 2H, Ala-R and Pro-H.), 3.90-3.89 (m, 1H, 

Pro-R), 3.55-3.50 (m, 1H, Pro-H.-), 2.28-2.14 (m, 2H, Pro-R), 1.95-1.91 (m, 2H, 

Pro-H), 1-74 (d, 3H, J= 6.6 Hz, Dhb-CH3), 1.722 (d, 3H, J= 6.6 Hz, Dhb-CH3), 

1.718 (d, 3H, J= 7.2 Hz, Dhb-CH3), 1.49 (d, 3H, J= 7.2 Hz, Ala-CH3), 1.45 (s, 

9H, -C(CH3)3);
 13C NMR (CDC13, 100 MHz): 5 171.9, 171.2, 167.1, 164.5, 164.0, 

154.0, 135.7, 133.3, 132.1, 130.7, 129.1, 126.9, 117.9, 117.8, 80.8, 65.4, 61.4, 

49.7, 41.8, 29.9, 28.1, 24.4, 23.4, 16.9, 13.5, 11.6; HRMS (ES): Calcd for 

C28H4iN508Na 598.28473, found 598.28501. 

(Z)-2-((/?)-2-((S)-l-((Z)-2-((Z)-2-(ferr-Butoxycarbonylamino)but-2-

enamido)but-2-enoyl)pyrrolidine-2-carboxamido)propanamido)but-2-enoic 

acid (HO)74 

a V Q . 
i H v >-NH " "V O H 

B O C H N - Y Y ^ , ° 

To a solution of compound 109 (1.0 g, 1.73 mmol) in degassed CH2CI2 (200 mL) 

was added PhSiH3 (0.428 mL, 3.46 mmol) followed by Pd(Ph3P)4 (199.9 mg, 

0.173 mmol). The resulting mixture was stirred for 2 h in the absence of light at 

rt. The solvent was removed in vacuo and the crude product was purified by flash 

chromatography (Si02, 10:1:0.1 / DCM: MeOH: HO Ac) to yield 110 (700 mg, 

77%) as an off-white solid. [a]D
25 -121.73 (c 0.4, CHC13); IR (CHC13, cast): 3283, 

2982, 2942, 2880, 1713, 1664, 1638, 1534 cm-1; *H NMR (CDCI3, 500 MHz): 5 

8.40 (br s, 1H, NH), 8.18 (br s, 1H, NH), 8.03 (app d, 1H, J= 7.5 Hz, NH), 6.82 
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(br s, 1H, NH), 6.78 (q, 1H, J= 7.5 Hz, Dhb-CH), 6.66 (q, 1H, J= 7.5 Hz, Dhb-

CH), 5.44 (br d, 1H, Dhb-CH), 4.54-4.47 (m, 2H, Ala-R and Pro-R), 3.91-3.86 

(m, 1H, Pro-R), 3.57-3.52 (m, 1H, Pro-R), 2.27-2.16 (m, 2H, Pro-R), 1.97-1.91 

(m, 2H, Pro-R), 1.73 (d, 6H, J= 7.5 Hz, 2 x Dhb-CH3), 1.71 (d, 3H, J= 7.5 Hz, 

Dhb-CR), 1.52 (d, 3H, J= 7.5 Hz, Ala-CH3), 1.45 (s, 9H, -C(CH3)3);
 13C NMR 

(CDC13, 100 MHz): 5 172.1, 171.4, 167.7, 167.0, 164.3, 154.7, 136.9, 133.9, 

130.3, 128.9, 126.7, 80.9, 61.3, 50.2, 49.8, 30.0, 28.2, 24.3, 20.7, 16.9, 14.1, 13.4, 

11.7; HRMS (ES): Calcd for CisRvNsOsNa 558.25343, found 558.25313. 

(2R£R)-AXLy\ l-(2,4-dinitrophenylsulfonyl)-3-methylaziridine-2-carboxylate 

(118)88 

O 

N 

0 = S = 0 

N02 

TFA (30 mL) was added dropwise at 0 °C to a solution of 66 (25 g, 65.2 mmol) in 

DCM (30 mL) and MeOH (20 mL). The solution was stirred for 30 min at it. 

Volatiles were removed by azeotroping with EtjO (3 x 20 mL). The residue was 

partitioned between E^O (50 mL) and H20 (50 mL) and the ether layer was 

extracted with water (3 x 50 mL). The combined aqueous layers were basified to 

pH 9 with NaHC03 at 0 °C. Ethyl acetate (200 mL) was added to the aqueous 

solution followed by 2-nitrobenzenesulfonyl chloride (19.1 g,71.7 mmol) at 0 °C. 
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The resulting immiscible layers were warmed to room temperature and stirred 

vigorously for 24 h. After completion of the reaction, the two layers were 

separated and the aqueous layer was extracted with EtOAc (3 x 100 mL). The 

combined organic layers were washed with brine (3 x 50 mL), dried with Na2S04, 

filtered and then concentrated in vacuo. The crude product was further purified 

by flash chromatography (Si02, 10:l/Hexanes: EtOAc) to yield 118 (12 g, 50%) 

as a light yellow oil. [a]D
25 21.29° (c 0.85, CHC13); IR (CHCI3, cast): 3105, 3042, 

2941, 1752, 1648, 1607, 1555, 1542 cm"1; *H NMR (CDCI3, 400 MHz): 5 8.65 

(dd, IH, J= 2.0, 0.4 Hz, Ar-H), 8.59(dd, IH, J= 8.8, 2.4 Hz, Ar-H), 8.54 (dd, IH, 

J= 8.8, 0.4 Hz, Ar-H), 5.97-5.87 (m, IH, -CH2CH=CH2), 5.36 (d, IH, J= 15.6 

Hz, -CH2CH=CHH), 5.3 (d, IH, J= 10.4 Hz, -CH2CH=CHH), 4.71-4.68 (m, 2H, 

-CH2CH=CH2), 3.80 (d, IH, J= 7.6 Hz, R) , 3.48 (qd, IH, J= 5.6, 7.6 Hz, H,), 

1.46 (d, 2H, J = 5.6 Hz -CH3); 13C NMR (CDC13, 100 MHz): 5 164.5, 150.2, 

148.4, 137.4, 133.2, 130.9, 126.9, 120.1, 119.3, 66.5, 43.8, 43.1, 12.2; HRMS 

(ES): Calcd for CnHnNsOgSNa 394.03156, found 394.03164. 

2-((2S3S)-4-(AUyloxy)-3-(2,4-dinitrophenylsulfonamido)-4-oxobutan-2-

ylthio)acetic acid (122) 

O z 

Al ly lO^Y^S^Tr O H 

NHDNs ° 

To a solution of 118 (32 mg, 0.086 mmol) in CDCI3 (1 mL) was added 

mercaptoacetic acid (6 \iL, 0.086 mmol) followed by BF3#OEt2 (21.6 \xL, 0.172 

mmol) at rt. The resulting mixture was stirred for 12 h. Removal of solvent in 
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vacuo afforded a yellow oil as a crude product, which was purified by a 

preparative TLC plate (Si02, 3:7:0.1/EtOAc:Hexanes:HOAc) to give 122 (18 mg, 

45%) as a yellow oil. [a]D
25 63.69° (c 0.8, CHC13); IR (CHC13, cast): 3318, 3105, 

3038, 2930, 2689, 1739, 1649, 1606, 1552, 1540 cm-1; !H NMR (CDCI3, 400 

MHz): 5 8.74 (d, 1H, J= 2.0 Hz, Ar-H), 8.51(dd, 1H, J = 8.8, 2.4 Hz, Ar-H), 8.28 

(d, 1H, J = 8.8 Hz, Ar-H), 6.83 (d, 1H, J = 9.2 Hz, NH), 5.74-5.64 (m, 1H, -

CH2CH=CH2), 5.23-5.17 (m, 2H, -CH2CH=CH2), 4.46-4.38 (m, 3H, -

CH2CH=CH2 and R) , 3.71 (q, 1H, J= 3.2 Hz, H,), 3.31 (q, 2H, J= 16 Hz -

SCHz-), 1.48 (d, 3H, J = 3.2 Hz -CH3); 13C NMR (CDCI3, 100 MHz): o 174.6, 

168.8, 149.6, 147.7, 139.7, 131.9, 130.5, 127.0, 120.8, 119.9, 66.8, 61.6, 42.6, 

32.1, 18.8; HRMS (ES): Calcd for Ci5H16N30ioS2 462.0283, found 462.0277. 

(/?)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-mercaptopropanoic 

acid (123) 

o 

NHFmoc 

The compound was prepared by a modified literature procedure.1 To a solution 

of HCl«NH2-Cys-OH (25 g, 142 mmol) in water (200 mL) and dioxane (250 mL), 

was added Fmoc-OSu (52.8 g, 156 mmol) followed by Na2C03 (15.0 g, 142 

mmol) at rt. The resulting mixture was stirred for 24 h at rt. Removal of solvent in 

vacuo gave an oily residue that was dissolved in water (200 mL). The solution 

was acidified with 10% citric acid to pH 3 followed by extraction into EtOAc (3 x 

200 mL). The combined organic layers were dried with Na2S04. Filtration and 
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concentration in vacuo gave the product 123 (43 g, 90%) as a white solid without 

further purification. [a]D
25 -4.47° (c 1.27, MeOH); IR (MeOH, cast): 3317, 3064, 

3019, 2950, 2572, 1696, 1536 cm"1; *H NMR (CDC13, 400 MHz): 8 7.75 (d, 2H, J 

= 7.6 Hz, Fmoc-H), 7.64(t, 2H, J= 5.2 Hz, Fmoc-H), 7.35 (t, 2H, J= 7.2 Hz, 

Fmoc-H), 7.28 (t, 2H, J= 7.2 Hz, Fmoc-H), 4.88 (br s, 2H, NH and R) , 4.34 (d, 

2H, J= 7.2 Hz Fmoc-CH2-), 4.19 (t, 1H, J= 5.6 Hz, Fmoc-CH), 3.30 (m, 1H, 

SH), 2.93-2.84 (m, 2H, H,); 13C NMR (CDCI3, 100 MHz rotamer): 8 173.4, 158.4, 

145.3(145.1), 142.6, 128.8, 128.1, 126.2, 120.9, 68.0, 57.7, 26.9 ; HRMS (ES): 

Calcd for Ci8Hi6N04S 342.0806, found 342.0805 

(/?)-2-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-3-((25^5)-4-(allyloxy)-3-

(2,4-dinitrophenylsulfonamido)-4-oxobutan-2-ylthio)propanoic acid (125) 

O -. O 

AllylO Y S" Y OH 
NHDNs NHFmoc 

To a solution of 118 (3.0 g, 8.07 mmol) in CHCI3 (70 mL) was added Fmoc-Cys-

OH (3.32 g, 9.69 mmol) followed BF3»OEt2 (2.4 mL, 19.36 mmol). The resulting 

mixture was stirred for 24 h. Removal of solvent in vacuo afforded a yellow oil as 

a crude product, which was purified by flash chromatography (Si02, 

3:7:0.1/EtOAc:Hexanes:HOAc) to give 125 (1.84 g, 32%) as a yellow oil. [a]D
25 -

17.50° (c 0.2, CHCI3); IR (CHCI3, cast): 3331, 3102, 3021, 2930, 1723, 1605, 

1552 cm"1; *H NMR (CDC13, 600 MHz): 8 8.67 (s, 1H, DNs-H), 8.45(dd, 1H, J = 

8.4, 2.4 Hz, DNs-H), 8.25 (d, 1H, J= 8.4 Hz, DNs-H), 7.76 (d, 2H, J= 7.8 Hz, 
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Fmoc-H), 7.58 (m, 2H, Fmoc-H), 7.40 (t, 2H, J= 7.2 Hz, Fmoc-H), 7.30 (t, 2H, J 

= 7.2 Hz, Fmoc-H), 6.67 (d, IH, J= 9.0 Hz, NH), 5.70 (m, IH, CH2CH=CH2), 

5,64 (d, IH, J= 8.4 Hz, NH), 5.19 (d, 2H, J= 18.0 Hz, CH2CH=CH2), 5.17 (d, 

2H, J= 10.8 Hz, CH2CH=CH2), 4.60 (app d, IH, J= 5.4 Hz, R B side), 4.48-4.39 

(m, 4H, Fmoc-CH2 and O-Ctb-Ar), 4.34 (d, IH, J= 12 Hz, H„ A side), 4.23 (t, 

IH, J = 6.6 Hz, CH-Fmoc), 3.51 (br, IH, Hp A side), 3.06 (dd, IH, / = 13.2, 3.6 

Hz, He B Side), 2.90 (dd, IH, J = 13.2,5.4 Hz, H, B Side), 2.36 (s, 9H, -C(CH3)3), 

1.42 (d, 3H, J = 6.6 Hz, -CH3);
 13C NMR (CDC13, 125 MHz): 5 173.7, 169.1, 

155.9, 149.7, 147.7, 143.6, 143.5, 141.3, 139.6, 132.0, 130.6, 127.8, 127.1, 125.0, 

120.9, 120.06, 120.04, 67.4, 66.9, 61.7, 53.4, 47.0, 43.4, 33.6, 19.6; HRMS (ES): 

Calcd for C3iH3oN4Oi2S2Na 737.11939, found 737.11900. 

5.2.2. Chemical synthesis of neopetrosiamides and analogues 

5.2.2.a. General experimental procedure 

a). General procedure for automated solid phase peptide synthesis (SPPS) 
using ABI 433A 

The peptide synthesis was completed on preloaded resin using an ABI-433A 

peptide synthesizer (Applied Biosystems) with UV monitoring capability (Perkin 

Elmer), detecting at 301 nm using standard FastMoc 0.1 mmole protocol. In the 

method employed, 10 equivalents of Fmoc amino acids were used with respect to 

the resin loading. Peptide couplings were done by mixing a solution of Fmoc-

amino acid (in NMP) with a solution of HBTU, HOBt and DIPEA in DMF and 

pre-activated for 2.1 minutes. The activated solution was then transferred to the 

pre-swelled resin and allowed to react for 9.3 minutes. End capping was 
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performed with a solution of Ac20, HOBt and DIPEA in NMP. Removal of the 

Fmoc group was done by using 22% piperidine in NMP and monitored by the 

absorption of dibenzofulvene-piperidine adduct at X = 301 nm on a UV-Vis 

spectrophotometer. The overall coupling cycle time for each amino acid was 

approximately 50 minutes. The following side chain protecting groups were 

employed for the peptide synthesis: Fmoc-Cys(Acm)-OH, Fmoc-Cys(Trt)-OH, 

Fmoc-Cys(f-Bu)-OH, Fmoc-Asp(f-Bu)-OH, Fmoc-Ser(?-Bu)-OH, Fmoc-Thr(f-

Bu)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Arg(Pmc)-OH. For cleavage, the resulting 

peptidyl resin was treated with a fresh mixture of TFA: Thioanisole: EDT: 

Anisole (90: 5: 3: 2, v/v/v/v, 10 mL/g peptidyl resin) for 1.5 - 2 h at room 

temperature. The solution was then filtered through a plug of cotton into cold 

diethyl ether. The white precipitate was collected by centrifugation and washed 

with cold ether. The crude peptide was then purified by RP-HPLC. Fractions 

containing the appropriate mass by MALDI-TOF MS were pooled, concentrated, 

lyophilized and re-purified to homogeneity. 

b). General procedure for stepwise disulfide formation and methionine 
oxidation 

(1). Formation of bis-disulfide bond 

To the linear Cys protected peptide in acetic acid (peptide concentration: 0.5 

mg/mL) was added 10 equivalent of iodine in methanol for the first disulfide bond 

formation. After 1 h of stirring at rt, water (20% of reaction solution volume) was 

added to facilitate the second disulfide bond formation. The extent of reaction 

completion was monitored by MALDI-TOF MS. After the reaction was complete, 
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a 0.1 M ascorbic acid solution was added until the solution became colorless. The 

mixture was concentrated in vacuo and purified by RP-HPLC. Fractions 

containing the desired peptide were pooled and lyophilized. 

(2). Formation of tris-disulfide bond: 

The oxidation solution was prepared at room temperature by dissolving DMSO 

(100 equiv) and anisole (4 equiv) in TFA. The bicyclic peptide with f-Bu 

protecting groups on the two remaining Cys residues was dissolved in the 

oxidizing reagent to give a concentration of 0.1 mg/mL. The resulting mixture 

was stirred for 5 h at room temperature and then diluted with water. The solution 

was concentrated in vacuo and purified by RP-HPLC. Fractions containing the 

desired product, as confirmed by RP-HPLC and MALDI-TOF MS, were pooled 

and lyophilized. 

(3). Formation of methionine sulfoxide 

The tricyclic peptide was dissolved in water to a concentration of 0.5 mg/mL. To 

the reaction mixture was added a 30 % hydrogen peroxide solution (100 equiv). 

The reaction was allowed to proceed for 4 h at room temperature. The mixture 

was then freeze-dried. The crude product was purified by RP-HPLC and 

characterized by analytical HPLC and MALDI-TOF MS. 

c). General methods for HPLC analysis and purification 

HPLC methods used are listed as follows: 

Method A (preparative column): Flow rate 10.0 mL/min, detection at 220 

and 254 nm. Gradient: starting from 10% MeCN/90% H20 (0.05% TFA) for 5 
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min and first ramp up to 30% over 5 min, second ramp up to 60% over 16 min, 

then ramp up to 80% over 6 min, ramp down to 10% for 1 min. 

Method B (semi-preparative column): Flow rate 3.0 mL/min, detection at 

220 and 254 nm. Gradient: starting from 10% MeCN/90% H20 (0.05% TFA) for 

5 min and first ramp up to 30% over 5 min, second ramp up to 60% over 28 min, 

ramp down to 10% for 1 min and continue to 10% for 1 min. 

Method C (analytical column): Flow rate 1.5 mL/min, detection at 220 

and 254 nm. Gradient: starting from 20% MeCN/90% H20 (0.05% TFA) for 5 

min and first ramp up to 65% over 15 min, second ramp up to 70% over 18 min 

and ramp down to 20% for 2 min. 

Method D (analytical column):: Flow rate 1.5 mL/min, detection at 220 

and 254 nm. Gradient: starting from 10% MeCN/90% H20 (0.05% TFA) for 5 

min and first ramp up to 30% over 5 min, second ramp up to 35% over 15 min, 

third ramp up to 60% over 10 min, and ramp down to 10% for 5 min. 

Method E (analytical column):: Flow rate 1.5 mL/min, detection at 220 

and 254 nm. Gradient: starting from 10% MeCN/90% H20 (0.05% TFA) for 5 

min and first ramp up to 30% over 5 min, second ramp up to 60% over 28 min, 

and ramp down to 10% for 1 min and continue 10% for 1 min. 
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d). General procedure for disulfide mapping analysis using MS-based 
method 

Partial reductions and stepwise alkylation 

(1) Partial reduction with TCEP 

Method A: A peptide solution (2.0 mg/mL in 50% MeCN) was incubated 

with an equivalent volume of 20 mM TCEP, 0.2 M citrate buffer, pH 3.0, at 25 °C 

for 3 min. The reaction was stopped by immediate injection on a Varian 

Microsorb-MV 100-5 CI8 column (5 ^m, 4.6 x 250 mm), eluted with HPLC 

method C. Partially reduced species were collected manually. 

Method B: A peptide solution (2.0 mg/mL in 50% MeCN) was incubated 

with 25 equiv (relative to peptide) of 100 mM TCEP, 0.1 M citrate buffer, pH 3.0, 

at 4 °C for 4 h. The reaction was stopped by immediate injection on a Varian 

Microsorb-MV 100-5 C18 column (5 \xm, 4.6 x 250 mm), eluted with HPLC 

method C. Partially reduced species were collected manually. 

(2) General method for Nem alkylation: 

A solution of 60 mM Nem (same volume as collected HPLC fraction) in 

0.2 M citrate buffer, pH 3, was added directly to collected fractions containing 

partially reduced peptides. The mixture was incubated for 2 h at rt and the Nem 

alkylated product was purified on a Varian Microsorb-MV 100-5 CI8 column (5 

\x.m, 4.6 x 250 mm), eluted with HPLC method C. The product was collected 

manually and characterized by MALDI-TOF MS. 
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(3) General method of complete reduction and alkylation with Nmm: 

The fraction containing Nem-alkylated peptide was treated with the same 

volume of 20 mM TCEP, 0.2 M citrate buffer, pH 3.0, for 1 h at room temp. To 

the reaction mixture, the same volume of 60 mM Nmm in 0.2 M citrate buffer 

was added, after which the reaction was incubated 2 h at room temperature. The 

reaction was then terminated by injection on RP-HPLC. The fully labeled peptide 

was purified on a Varian Microsorb-MV 100-5 C18 column (5 ^m, 4.6 x 250 

mm), eluted with HPLC method C. The pure peptides were then subjected to LC-

MS/MS analysis. 

Enzymatic digestion: 

(1) Trypsin digestion: Digestion was performed by sequencing grade 

modified trypsin, using a peptide/enzyme ratio of 20:1 (mol/mol). Peptides were 

dissolved in 100 mM ammonium bicarbonate buffer (pH = 8) at a concentration 

of 3 ng/|AL, and the reaction mixture was incubated at 30 °C for 1 h. After 

incubation, samples were acidified to pH = 2 using 10% TFA and desalted by a 

Millipore C18 ZipTip pipette tip. The crude sample was analyzed by LC-MS/MS 

without further purification. 

(2) Endoproteinase Asp-iV digestion: Enzymatic digestion was done 

using a peptide/enzyme ratio of 10:1 (mass/mass). Peptides were dissolved in 50 

mM sodium phosphate buffer (pH = 8) at a concentration of 5 [ig/\iL, and the 

reaction mixture was incubated at 37 °C for 22 h. After incubation, samples were 
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acidified to pH = 2 using 10% TFA and desalted by a Millipore C18 ZipTip pipette 

tip. The sample was analyzed by LC-MS/MS without further purification. 

5.2.2.b. Experimental procedure and data for compounds 

Tris-disulfide peptide with methionine sulfoxide (130) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M(0)-S-C-D-C-OH 
I 1 

The neopetrosiamides with originally proposed disulfide connectivity (130) was 

obtained by H202 oxidation of the tricyclic peptide (139) according to the general 

method for sulfoxide formation. The crude peptide was purified by the semi-

preparative RP-HPLC using method B (tR = 22.7 min) to give 130 as a white 

powder (1.6 mg, 61.3% relative to 2.6 mg of the tricyclic peptide). MALDI-TOF 

(MS) cald. for C129H184N35039S7 (M + H)+ 3071.1. Found 3071.6 (M + H)+. 

Tris-disulfide peptide (139) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 
I I 

The introduction of the third disulfide bond was achieved by DMSO oxidation of 

the bis-disulfide peptide 154 according to the general method for tris-disulfide 

bond formation. The crude peptide was purified by semi-preparative RP-HPLC 

using method B (tR = 26.7 min) to give 139 as a white powder (3.5 mg, 55.1% 
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relative to 6.6 mg of the bicyclic peptide). MALDI-TOF (MS) cald. for 

C129H184N35038S7 (M + H)+ 3055.1. Found 3055.3 (M + H)+. 

Tris-disulfide norleucine analogue (141) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

I 1 

Z = norleucine 

The introduction of the third disulfide bond was achieved by DMSO oxidation of 

the bicyclic peptide 159 according to the general method for tris-disulfide bond 

formation. The crude peptide was purified by semi-preparative RP-HPLC using 

method B (tR = 25.3 min) to give 141 as a white powder (2 mg, 29.6% relative to 

7.0 mg of the bicyclic peptide). MALDI-TOF (MS): cald. for CooHi^NssOsgSe 

(M + H)+3037.1. Found 3036.8 (M + H)+. 

Linear neopetrosiamide for oxidative folding (148) 

SH SH SH SH SH SH 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

The linear peptide 148 was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt 

resin (0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. The thiol side 

chains of cysteines are protected with trityl groups. After acidic cleavage, the 

crude peptide was washed thoroughly with cold ether to give 148 as a white 
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powder (150 mg). The peptide was used for oxidative folding directly without 

further purification. MALDI-TOF (MS): cald. for C129H190N35O38S7 (M + H)+ 

3061.2 found 3061.4 (M + H)+ 

Linear peptide (Cys 3,26-f-Bu, Cys 18,28-Acm) (153) 

t-Bu SH SH Acm f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

Peptide 153 was synthesized on a preloaded H2N-Cys(Acm)-2-ClTrt resin (0.84 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according 

to the general method for solid phase peptide synthesis. Protection of the cysteine 

residues was Cys 3, 26-M3u, Cys 7, 12-Trt, Cys 18, 28-Acm. The crude peptide 

was purified by preparative RP-HPLC (Vydac 218TP1022 C18, 10 pirn, 2.2 cm x 

25 cm) using method A (tR = 20.1 min) to give 153 as a white powder (33 mg, 9.9 

% relative to the resin loading). MALDI-TOF (MS): cald. for C143H216N37O40S7 (M 

+ H)+3315.3. found 3315.8 (M + H)+. 

Bis-disulfide peptide (154) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

t-Bu t-Bu 

Peptide 154 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 153. The crude peptide was purified by 
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semi-preparative RP-HPLC using method B (tR = 21A min) to give 154 as a white 

powder (4.0 mg, 52.3% relative to 8.0 mg of the linear peptide). MALDI-TOF 

(MS): cald. for C137H202N35O38S7 (M + H)+ 3169.2. Found 3169.3 (M + H)+. 

Bis-disulfide peptide (155) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

f-Bu f-Bu 

Peptide 155 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 175. The crude peptide was purified by 

semi-prep RP-HPLC using method B (fo = 27.3 min) to give 155 as a white 

powder (3.5 mg, 40.6% relative to 9 mg of the linear peptide). MALDI-TOF 

(MS): cald. for C137H202N35O38S7 (M + H)+ 3169.2. Found 3169.5 (M + H)+. 

Linear peptide (Cys 3,26-f-Bu, Cys 7,28-Acm) (156a) 

f-Bu Acm SH SH f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

Linear peptide 156a was synthesized on a preloaded H2N-Cys(Acm)-2-OTrt resin 

(0.84 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-J-Bu Cys 12, 18-Trt; Cys 7, 28-Acm. The 
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crude peptide was used in the next step without further purification. MALDI-TOF 

(MS) cald. for C143H216N37O40S7 (M + H)+ 3315.3. Found 3315.5 (M + H)+. 

Bis-disulfide peptide (156) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

f-Bu f-Bu 

Peptide 156 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 156a. The crude peptide was purified by 

semi-prep RP-HPLC using method B (fa = 26.5 min) to give 156 as a white 

powder (3.0 mg, 15.7% relative to 20 mg of the crude linear peptide). MALDI-

TOF (MS): cald. for C137H202N35O38S7 (M + H)+ 3169.2. Found 3169.3 (M + 

H)+. 

Linear norleucine analogue (Cys 3,26-f-Bu, Cys 18,28-Acm) (158) 

f-Bu SH SH Acm f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

Z = norleucine 

Linear peptide 158 was synthesized on a preloaded H2N-Cys(Acm)-2-ClTrt resin 

(0.84 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-/-Bu; Cys 7, 12-Trt; Cys 18, 28-Acm. The 

crude peptide (250 mg, 75.8% relative to the resin loading) was used in the next 
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step without further purification. MALDI-TOF (MS): cald. for C144H218N37O40S6 

(M + H)+ 3297.4. Found 3297.8 (M + H)+. 

Bis-disulfide nor leucine analogue (159) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

f-Bu f-Bu 

Z = norleucine 

Peptide 159 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 158. The crude peptide was purified by 

semi-preparative RP-HPLC using method B (fa = 27.1 min) to give 159 as a white 

powder (20.0 mg, 20.9 % relative to 100 mg of the crude linear peptide). MALDI-

TOF (MS): cald. for C138H204N35O38S6 (M + H)+ 3151.3. Found 3151.4 (M + 

H)+. 

Tris-disulfide peptide having methionine sulfoxide (172) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M(0)-S-C-D-C-OH 
I \ 

The neopetrosiamide with the revised disulfide connectivity (172) was 

synthesized by H2O2 oxidation of the tricyclic peptide (175) according to the 

general method for sulfoxide formation. The crude peptide was purified by semi-

preparative RP-HPLC using method B (fa = 24.1 min) to give 172 as a white 
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powder (3.0 mg, 50.0% relative to 6.0 mg of the tricyclic peptide). MALDI-TOF 

(MS): cald. for C ^ H m ^ C ^ S y (M + H)+ 3071.1. Found 3071.5 (M + H)+. 

Linear peptide (Cys 3,26-f-Bu, Cys 12,28-Acm) (174) 

f-Bu SH Acm SH f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 

Linear peptide 174 was synthesized on a preloaded H2N-Cys(Acm)-2-OTrt resin 

(0.85 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-J-Bu; Cys 7,18-Trt; Cys 12,28-Acm. The 

crude peptide was purified by semi-preparative RP-HPLC using method B (fo = 

26.1 min) to give 174 as a white powder (12 mg, 10.9% relative to 110 mg of 

dried crude linear peptide). MALDI-TOF (MS): cald. for C143H216N37O40S7 (M + 

H)+3315.3. Found 3315.6 (M + H)+. 

Tris-disulfide peptide (175) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 
I I 

The introduction of the third disulfide bond was achieved by DMSO oxidation of 

the bicyclic peptide 155 according to the general method for tris-disulfide bond 
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formation. The crude peptide was purified by semi-preparative RP-HPLC using 

method B (/R = 29.6 min) to give 175 as a white powder (10 mg, 50 % relative to 

20 mg of the bicyclic peptide). MALDI-TOF (MS): cald. for C129H184N35O38S7 

(M + H)+3055.1. Found 3054.9 (M + H)+. 

Linear norleucine analogue (Cys 3,26-f-Bu, Cys 12,28-Acm) (178) 

f-Bu SH Acm SH f-BuAcm 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

Linear peptide 178 was synthesized on a preloaded H2N-Cys(Acm)-2-OTrt resin 

(0.85 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-r-Bu; Cys 7, 18-Trt; Cys 12, 28-Acm. The 

crude peptide (150 mg, 75.8% relative to the resin loading) was used in the next 

step without further purification. MALDI-TOF (MS): cald. for C144H218N37O40S6 

(M + H)+ 3297.4. Found 3297.8 (M + H)+. 

Tris-disulfide norleucine analogue (176) 

I I i 1 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

I I 

The introduction of the third disulfide bond was achieved by DMSO oxidation of 

the bicyclic peptide 179 according to the general method for tris-disulfide bond 
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formation. The crude peptide was purified by analytical RP-HPLC using method 

D (YR = 29.9 min) to give 176 as a white powder (1.2 mg, 29% relative to 3 mg of 

the bicyclic peptide). MALDI-TOF (MS): cald. for C130H186N35O38S6 (M + H)+ 

3037.1. Found 3036.8 (M + H)+. 

Bis-disulfide nor leucine analogue (179) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 
1 1 
f-Bu f-Bu 

Peptide 179 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 178. The crude peptide was purified by 

semi-preparative RP-HPLC using method B (fo = 26.2 min) to give 179 as a white 

powder (4.8 mg, 20 % relative to 24 mg of the crude linear peptide). MALDI-

TOF (MS): cald. for C138H204N35O38S6 (M + H)+ 3151.3. Found 3151.7 (M + 

H)+. 

Linear O-methyl homoserine analogue (Cys 3, 26-f-Bu, Cys 7, 18-Acm) 

(180b) 

f-Bu Acm SH Acm f-BuSH 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 

X = O-methyl homoserine 
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Linear peptide 180b was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-f-Bu; Cys 7, 18-Trt; Cys 12, 28-Acm. The 

crude peptide (150 mg, 45.4% relative to the resin loading) was used in the next 

step without further purification. MALDI-TOF (MS): cald. for C143H216N37O41S6 

(M + H)+ 3299.4. Found 3299.5 (M + H)+. 

Bis-disulfide nor leucine analogue (180c) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 

f-Bu /-Bu 

X = O-methyl homoserine 

Peptide 180c was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 180b. The crude peptide was purified by 

semi-preparative RP-HPLC using method B (fa = 24.8 min) to give 180c as a 

white powder (22 mg, 23.2 % relative to 100 mg of the crude linear peptide). 

MALDI-TOF (MS): cald. for C137H202N35O39S6 (M + H)+ 3153.3 Found 3153.9 

(M + H)+. 



Chapter 5 — Experimental procedures 208 

Tris-disulfide norleucine analogue (180) 

I I I 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 

X = O-methyl homoserine 

The introduction of the third disulfide bond was achieved by DMSO oxidation of 

the bicyclic peptide 180c according to the general method for tris-disulfide bond 

formation. The crude peptide was purified by semi-preparative RP-HPLC using 

method B (fa = 25.18 min) to give 180 as a white powder (1.0 mg, 26.3% relative 

to 4 mg of the bicyclic peptide). MALDI-TOF (MS): cald. for C129H184N35O39S6 

(M + H)+ 3039.1 Found 3038.8 (M + H)+. 

Linear glutamine analogue (Cys 3,26-f-Bu, Cys 7,18-Acm) (181b) 

f-Bu Acm SH Acm f-BuSH 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 

X = glutamine 

Linear peptide 181b was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-?-Bu; Cys 7, 18-Trt; Cys 12, 28-Acm. The 

crude peptide (160 mg, 48.3% relative to the resin loading) was used in the next 

step without further purification. MALDI-TOF (MS): cald. for C143H215N38O41S6 

(M + H)+3312.4. Found 3312.5 (M + H)+. 
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Bis-disulfide nor leucine analogue (181c) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 
i i 
f-Bu f-Bu 

X = glutamine 

Peptide 181c was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 181b. The crude peptide was purified by 

semi-preparative RP-HPLC using method B (tR = 24.0 min) to give 181c as a 

white powder (7.6 mg, 5.3 % relative to 150 mg of the crude linear peptide). 

MALDI-TOF (MS): cald. for C137H201N36O39S6 (M + H)+ 3166.3. Found 3166.8 

(M + H)+. 

Tris-disulfide norleucine analogue (181) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-X-S-C-D-C-OH 
I I 

X = glutamine 

The introduction of the third disulfide bond was achieved by DMSO oxidation of 

the bicyclic peptide 181c according to the general method for tris-disulfide bond 

formation. The crude peptide was purified by analytical RP-HPLC using method 

C (rR = 20.9 min) to give 181 as a white powder (1.2 mg, 27.0% relative to 4.6 

mg of the bicyclic peptide). MALDI-TOF (MS): cald. for C129H183N36O39S6 (M + 

H)+ 3052.1. Found 3052.8 (M + H)+. 
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Linear peptide (C7F, C18F) (182a) 

SH SH 

H-F-F-C-P-F-G-F-A-L-V-D-C-G-P-N-R-P-F-R-D-T-G-F-M-S-C-D-C-OH 
I I 
Acm Acm 

Linear peptide 182a was synthesized on a preloaded H2N-Cys(Acm)-2-ClTrt resin 

(0.32 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-?-Bu and Cys 12, 28-Acm. The crude peptide 

(300 mg, 91.1% relative to the resin loading) was used in the next step without 

further purification. MALDI-TOF (MS): cald. for C147H209N3704oS5 (M + H)+ 

3291.3. Found 3291.8 (M + H)+. 

Bis-disulfide analogue (C7F, C18F) (182) 

H-F-F-C-P-F-G-F-A-L-V-D-C-G-P-N-R-P-F-R-D-T-G-F-M-S-C-D-C-OH 

1 I 

Peptide 182 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 182a. The crude peptide was purified by 

semi-preparative RP-HPLC using method B (fa = 26.5 min) to give 182 as a white 

powder (4.8 mg, 3.3 % relative to 150 mg of the crude linear peptide). MALDI-
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TOF (MS): cald. for C141H194N35O38S5 (M + H)+ 3145.2. Found 3145.4 (M + 

H)+. 

Linear peptide (C12F, C28F) (183a) 

SH SH 

H-F-F-C-P-F-G-C-A-L-V-D-F-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-F-OH 
1 1 
Acm Acm 

Linear peptide 183a was synthesized on a preloaded Fmoc-Phe-Wang (0.6 

mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer according 

to the general method for solid phase peptide synthesis. Protection of the cysteine 

residues was Cys 3,26-Acm and Cys 7,18-Trt. The crude peptide (205 mg, 62.3% 

relative to the resin loading) was used in the next step without further purification. 

MALDI-TOF (MS): cald. for C147H209N37O40S5 (M + H)+ 3291.3. Found 3291.8 

(M + H)+. 

Bis-disulfide analogue (C12F, C28F) (183) 

H-F-F-C-P-F-G-C-A-L-V-D-F-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-F-OH 
I I 

Peptide 183 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 183a. The crude peptide was purified by 
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semi-preparative RP-HPLC using method B (fo = 26.5 min) to give 183 as a white 

powder (3.7 mg, 28.6% relative to 30 mg of the crude linear peptide). MALDI-

TOF (MS): cald. for C141H194N35O38S5 (M + H)+ 3145.2. Found 3145.8 (M + 

H)+. 

Linear peptide (C3F, C26F) (184a) 

SH SH 
I Acm I Acm 

H-F-F-F-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-F-D-C-OH 

Linear peptide 184a was synthesized on a preloaded H2N-Cys(Acm)-2-ClTrt resin 

(0.82 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 12,28-Acm and Cys 7,18-Trt. The crude peptide 

(130 mg, 39.5% relative to the resin loading) was used in the next step without 

further purification MALDI-TOF (MS): cald. for C147H209N37O40S5 (M + H)+ 

3291.3. Found 3291.6 (M + H)+. 

Bis-disulfide analogue (C3F, C26F) (184) 

H-F-F-F-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-F-D-C-OH 

Peptide 184 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 184a. The crude peptide was purified by 
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semi-preparative RP-HPLC using method B (fa = 27.3 min) to give 184 as a white 

powder (4.1 mg, 14.3% relative to 30 mg of the crude linear peptide). MALDI-

TOF (MS): cald. for C141H194N35O38S5 (M + H)+ 3145.2. Found 3145.0 (M + 

H)+. 

3'-hydroxy-6'-(prop-2-ynyloxy)-3H-spiro[isobenzofuran-l^'-xanthen]-3-one 

(187) 

The known compound was prepared by a literature procedure.154 To a solution of 

fluorescein sodium salt (2.25 g, 6.0 mmol) in a mixture of THF/MeOH (20 mL: 

20 mL), was added propargyl bromide solution (6.72 mL, 120 mmol, 20 equiv) in 

toluene at rt. The resulting mixture was stirred overnight. Removal of solvent in 

vacuo gave the crude product as a yellow residue. The crude product was purified 

by flash chromatography (SiC>2, EtOAc: Hexanes = 2:8) to afford 187 as a yellow 

solid (1.77 g, 80%). IR (CHC13, cast), 3379, 3264,3108, 3067, 2934, 2121, 1721, 

1667, 1611, 1505 cm1; !H NMR (CD3OD, 600 MHz): 6 7.97 (d, IH, J= 7.8 Hz 

Ar-H), 7.69 (m, 2H, Ar-H), 7.13 (d, IH, J= 7.2 Hz Ar-H), 6.88 (d, IH, J= 2.0 Hz 

Ar-H), 6.69-6.51 (m, 5H, Ar-H), 4.72 (d, 2H, J= 2.4 Hz, -O-CH2-), 2.94 (t, IH, J 

= 2.4 Hz, terminal alkyne-H); 13C NMR (CD3OD, 100 MHz): 5 171.4, 161.1, 

160.8, 154.4, 153.9, 153.8, 136.6, 131.1, 130.1, 130.0, 128.0, 125.8, 125.2, 113.6, 
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113.27, 113.25, 111.1, 103.6, 103.2, 79.2, 77.3, 56.9; HRMS (ES): Calcd for 

C^HjANa 393.0733, found 393.0732. 

(S)-tert-buty\ 15-(((9H-fluoren-9-yl)methoxy)carbonylamino)-l-azido-13-oxo-

3,6,9-trioxa-12-azahexadecan-16-oate(188)74 

To a solution of Fmoc-Asp-0?-Bu (1.036 g, 2.52 mmol) in DCM (20 mL) was 

added NMM (0.27 mL, 2.52 mmol) and HOBt (0.34 g, 2.52 mmol) followed by 

PyBOP (1.311 g, 2.52 mmol). The resulting mixture was stirred for 10 min at 

room temperature. The ll-azido-3,6,9 trioxaundecan-1-amine (0.5 mL, 2.52 

mmol) was added to the solution and the resulting reaction mixture was stirred for 

12 h. Removal of solvent in vacuo gave an oily residue that was taken up in 

EtOAc (100 mL). The organic solution was then washed with H20 (3 x 50 mL), 

10% citric acid (3 x 50 mL), H20 (50 mL), saturated NaHC03 (3 x 50 mL) and 

brine (50 mL), and dried with Na2S04. Filtration and concentration in vacuo gave 

the crude product which was purified by flash chromatography (Si02, EtOAc: 

Hexanes = 9: 1) to give 188 as a colorless oil (1.29 g, 85 %). [a]D
25 10.7° (c 0.6, 

CHC13); IR (CHCI3, cast): 3324, 2976, 2928, 2872, 2105, 1724, 1659, 1533 cm1; 

!H NMR (CDCI3,500 MHz): 5 7.70 (d, 2H, J = 7.5 Hz, Fmoc-H), 7.56 (t, 2H, J = 

4.5 Hz, Fmoc-H), 7.33 (t, 2H, J = 7.5 Hz, Fmoc-H), 7.25 (t, 2H, J = 7.5 Hz, 

Fmoc-H), 6.30 (app s, 1H, NH), 6.12 (d, 1H, J = 8.5 Hz, NH), 4.44 (m, 1H, R) , 
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4.36 (m, IH, Fmoc-CH2), 4.27 (m, IH, Fmoc-CH2), 4.17 (t, 2H, J = 2.5 Hz, 

Fmoc-CH), 3.59-3.52 (m, 12H, -CH2CH2-0), 3.38(m, 2H, NH-CH2-CH2-0), 3.30 

(t, 2H, J = 5.0 Hz, H,), 2.82 (dd, J = 15.0, 5.0 Hz, -CH2-CH2-N3), 2.66 (dd, IH, J 

= 15.5, 4.0 Hz, -CH2-CH2-N3), 1.43 (s, 9H, -C(CH3)3);
 13C NMR (CDC13, 125 

MHz, rotamer): 6 170.0, 169.8, 156.1, 143.9(143.8), 141.2, 127.6, 127.0, 

125.2(125.1), 119.9, 82.1, 70.56, 70.49, 70.41, 70.2, 69.9, 69.6, 67.0, 51.4, 50.5, 

47.1, 39.2, 37.8, 27.9; HRMS (ES): Calcd for C31H41N5OgNa 634.2847, found 

634.2841. 

(S)-15-(((9H-Fluoren-9-yl)methoxy)carbonylamino)-l-azido- 13-oxo-3,6,9-

trioxa-12-azahexadecan-16-oic acid (189)' 

To a solution of 188 (1.2 g, 1.96 mmol) in DCM (10 mL) was added TFA (10 

mL). The resulting mixture was stirred at room temperature for 1 h. Removal of 

solvent in vacuo gave the product as a colorless oil (1.0 g, 98%). The product was 

used for next step without further purification. [a]D
25 23.88° (c 0.36, CHC13); IR 

(CHC13, cast): 3322, 3066, 2924, 2874, 2576, 2107, 1719, 1546 cm"1; lH NMR 

(CDC13, 500 MHz): 5 7.75 (d, 2H, J = 7.5 Hz, Fmoc-H), 7.60 (m, 2H, Fmoc-H), 

7.39 (t, 2H, J = 5.0 Hz, Fmoc-H), 7.30 (t, 2H, J = 7.5 Hz, Fmoc-H), 6.94 (app s, 

IH, NH), 6.31 (d, IH, J = 7.5 Hz, NH), 4.63 (m, IH, R) , 4.45-4.32 (m, 2H, 

Fmoc-CH2), 4.21 (t, IH, J = 7.0 Hz, Fmoc-CH), 3.66-3.34 (m, 16H, -CH2CH2-
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and H,), 2.94 (dd, J = 15.0,4.0 Hz, -CH2-CH2-N3), 2.81 (dd, 1H, J = 15.0, 6.0 Hz, 

-CH2-CH2-N3);
 13C NMR (CDC13, 125 MHz rotamer): 5172.6, 171.4, 156.2, 

143.7(143.6), 141.3(141.2), 127.7, 127.1, 125.1, 119.9,70.6,70.4,70.36(70.34), 

69.9, 69.8, 69.1, 67.4, 50.9, 50.6(50.5), 47.0, 39.7, 37.8; HRMS (ES): Calcd for 

C27H33N508Na 578.2221, found 578.2223. 

Linear Asp20N3 analogue (Cys 3,26-*-Bu, Cys 7,18-Acm) (192) 

t-Bu Acm SH Acm f-BuSH 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-X-T-G-F-M-S-C-D-C-OH 

X = aspartic acid derivative 

Linear peptide 192 was synthesized on a preloaded H2N-Cys(Trt)-2-ClTrt resin 

(0.62 mmol/g) on a 0.1 mmol scale using the automated peptide synthesizer 

according to the general method for solid phase peptide synthesis. Protection of 

the cysteine residues was Cys 3, 26-t-Bu; Cys 7, 18-Trt; Cys 12, 28-Acm. The 

crude peptide (200 mg, 56.8% relative to the resin loading) was used in the next 

step without further purification. MALDI-TOF (MS): cald. for C151H232N41O42S7 

(M + H)+3515.5. Found 3515.7 (M + H)+. 
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Bis-disulfide Asp20N3 analogue (193) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-X-T-G-F-M-S-C-D-C-OH 

f-Bu f-Bu 

Peptide 193 was synthesized according to the general method for bis-disulfide 

bond formation from the linear peptide 192. The crude peptide was purified by 

semi-preparative RP-HPLC using method B (/R = 26.7 min) to give 193 as a white 

powder (10 mg, 5.8 % relative to 180 mg of the crude linear peptide). MALDI-

TOF (MS): cald. for C145H218N39O40S7 (M + H)+ 3369.4. Found 3369.2 (M + 

H)+. 

Tris-disulfide Asp20N3 analogue (194) 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-X-T-G-F-M-S-C-D-C-OH 
I I 

The introduction of the third disulfide bond was achieved by DMSO oxidation of 

the bicyclic peptide 193 according to the general method for tris-disulfide bond 

formation. The reaction took 18 h for completion. The crude peptide was purified 

by semi-preparative RP-HPLC using method B (fo = 28.9 min) to give 194 as a 

white powder (1.0 mg, 18.8% relative to 5.5 mg of the bicyclic peptide). MALDI-
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TOF (MS): cald. for C137H200N39O40S7 (M + H)+ 3255.2. Found 3255.4 (M + 

H)+. 

The fluorescent conjugate (196) 155 

H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-M-S-C-D-C-OH 
I I 

The neopetrosiamide analogue 194 (0.6 mg, 0.184 umol) was dissolved in the 

mixture of NBuOH (0.2 mL) and H2O (0.2 mL) at rt. The fluorescent derivative 

187 (0.2 mg, 0.552 umol, 3.0 equiv relative to starting material) was added 

followed by 0.1 N CUSO4 (5.0 equiv, 9.2 uL) and 0.2 N sodium ascorbate (10 

equiv, 9.2 uL). The resulting mixture was stirred for 22 h at rt, in the absence of 

light (covered by a tin foil). The reaction progress was monitored by MALDI-

TOF-MS. Once the reaction was complete, crude peptide was purified directly by 

semi-preparative RP-HPLC using method B (fo = 31.2 min) to give 196 as a white 

solid (0.25 mg, 38%). MALDI-TOF (MS): cald. for C160H214N39O45S7 (M + H)+ 

3625.3. Found 3625.2 (M + H)+. 
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5.2.2.C. Disulfide mapping experiment and results 

(1). Norleucine analogue (141) having originally proposed disulfide 
connectivity 

Partial reduction with TCEP in citric acid buffer (pH = 3) was performed 

according to general method A. Two partially reduced species were manually 

collected and subjected to the first alkylation using the general method for Nem 

alkylation. The complete reduction of the two Nem-alkylated species was done 

with TCEP. One species (160) was subjected to MS/MS sequencing directly 

without the second alkylation to give the disulfide connectivity of 161 (Figure 

59). Upon complete reduction, the other species was treated with Nmm according 

to the general method to give the fully labeled linear peptide 162. MS/MS 

sequencing revealed the disulfide connectivity of 163 (Figure 60). 

Figure 59. MS/MS sequencing and disulfide connectivity deduction of 161 

3146 3 

i 2999 2 

I I 

2182 9 

r " 
,27992 , ,20838 J13155 

tag i i tag j tag 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C7R-D-T-G-F7ZiS 

I ' • • 1 ' ' • | '3453 ; 

4271 
r • 

tag i ! I L2?* 
] ' [_23671 
1 ' 2595 1 
I > - - -
' 26521 
1 

340 0 

T237 0 

C^D-G-OH 
i 1 

I I 16837 
I L - -
1 1740 7 
I 

1968 8 

111165 
;s40 2 tag tag 

Nem Nem SH SH 
H-F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C-OH 

SH SH 
160 

F-F-C-P-F-G-C-A-L-V-D-C-G-P-N-R-P-C-R-D-T-G-F-Z-S-C-D-C 

161 



Chapter 5 - Experimental procedures 220 

Figure 60. MS/MS sequencing and disulfide connectivity deduction of 163 
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(2). Synthetic neopetrosiamides (130) having originally proposed structure 

Partial reduction with TCEP in citric acid buffer (pH = 3) was performed 

according to general method A. The partially reduced species were manually 

collected and subjected to the first alkylation using the general method for Nem 

alkylation. The complete reduction of the Nem alkylated species followed by the 

second alkylation with Nmm gave the linear labeled species. Enzymatic digestion 

of these species with trypsin followed by MS/MS sequencing revealed the linear 

sequence of fragments. The individual disulfide connectivities were deduced as 

shown in Figure 61 and Figure 62 
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Figure 61. MS/MS sequencing and disulfide connectivity deduction of 166 
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Figure 62. MS/MS sequencing and disulfide connectivity deduction of 167 
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(3). Natural neopetrosiamide from marine sponge 

The connectivity was confirmed by the combination of the partial 

reduction and enzymatic digestion. 

Partial reduction with TECP and isolation of the intermediates was done 

according to method B. A typical HPLC trace is shown in Figure 63. Notably, 

only one partially reduced species was generated. 

Figure 63. HPLC trace of partial reduction of natural neopetrosiamide with TCEP 

partially 
i F u l l y reduced ( Starting 

reduced product ! material 
product 

V \ 

The partially reduced species was alkylated with Nem according to the general 

method A. Full reduction with TCEP followed by a second alkylation with Nmm 

gave the linear labeled species 168. MS/MS sequencing of 168 revealed the 

disulfide connectivity of 169 (Figure 64). 

'/ 
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Figure 64. MS/MS sequencing and disulfide connectivity deduction of 169 
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The enzymatic digestion of natural neopetrosiamides was done using 

endoproteinase Asp-A' according to the general method. The enzymatic cleavage 

product (170) was subjected to LC-MS/MS analysis. The disulfide connectivity of 

171 was revealed as shown in Figure 65. 
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Figure 65. MS/MS sequencing of enzymatically digested product and disulfide 
connectivity deduction of 171 
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(4). Synthetic neopetrosiamide having the revised disulfide connectivity 

The synthetic peptide (172) was treated with endoproteinase Asp-N according to 

the general method to yield the digested product. This species was subjected to 
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LC-MS/MS analysis. The MS/MS sequencing shown below confirmed the 

connections of three pairs of disulfides (highlighted in orange) 

Figure 66. MS/MS sequencing and disulfide connectivity deduction of 172 
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Appendix: Synthesis and enzymatic study of oxa-DAP 
derivatives 

A. 1. Background 

The increasing bacterial resistance to conventional antibiotics continues to 

stimulate interest in new strategies for disrupting bacterial cell wall biosynthesis. 

As depicted in section 2.1.4., meso-Diaminopimelic acid (meso-DAP) (Al) is 

involved in the cross-linking of the peptidoglycan layers of virtually all Gram-

negative bacteria, whereas its metabolic product, L-lysine, is used analogously in 

many Gram-positive organisms.1 The biosynthetic pathways to meso-DAP (Al) 

and L-lysine are shown in Figure A-l.2 The enzymes involved in this pathway 

provide potential targets for the development of new antibiotics with low 

mammalian toxicity because mammals do not make DAP or L-lysine and 

therefore require L-lysine in their diet.3 

Figure A-l. Bacterial biosynthetic pathway to meso-DAP (Al) and L-lysine 
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One of these biosynthetic enzymes, DAP epimerase, catalyzes the 

reversible conversion of L,L-DAP (A2) to meso-DAP (Al) without the use of 

metals, cofactors or reducible keto or imino functional groups. DAP epimerase 

belongs to the class pyridoxal 5'-phosphaste (PLP)-independent amino acid 

racemase, which includes aspartic racemase, glutamase racemase and proline 

racemase.4 An unusual " two base" mechanism has been proposed for DAP 

epimerase, which involves two active-site cysteine residues as a thiol-thiolate pair 

to deprotonate the a-carbon of the substrate and reprotonate from the opposite 

side (Figure A-2). Detailed mechanistic insight has been obtained from 

crystallographic data.5 

Figure A-2. Proposed mechanism for the interconversion of L,L-DAP and meso 
DAP by DAP epimerase. 
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DAP epimerase exhibits very strict substrate specificity. It only accepts 

meso-DAP and L.L-DAP as substrates, and not DJD-DAP. This suggests the 

stereochemistry at the nonreacting (distal) carbon is crucial for substrate 
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recognition. In addition, meso-lanthionine (A3), which has a sulfur atom instead 

of a CH2 group at the 4-position, is also not accepted by the enzyme.6 Presumably, 

due to the significant differences in bond lengths (1.53A vs 1.80A) and bond 

angles (109° vs 101°) of C-C-C and C-S-C bonds between the natural substrate 

and the sulfur analogue, meso-lanthionine (A3) apparently cannot be 

accommodated in the very tight active site of this epimerase (Figure A-3). 

However, we proposed that L,L-oxa-DAP (A4), with the CH2 at the 4-position in 

DAP replaced with an oxygen atom, could be a substrate or inhibitor as the 

predicted bond lengths (1.53A vs 1.43A) and bond angles (109° vs 111.4°) of C-

C-C and C-O-C bonds are more comparable.7 In this context, we decided to 

stereoselectively synthesize the novel DAP analogue and test the activity towards 

the DAP epimerase. 

Figure A-3. Structures of L,L-DAP, meso-lanthionine and L,L-oxa-DAP 

H 0 2 C v ^ ^ ^ ^ \ / C 0 2 H H 0 2 C ^ \ s ^ v . C 0 2 H H 0 2 C ^ ^ 0 . ^ X 0 2 H 

NH2 NH2 NH2 NH2 NH2 NH2 

UL-DAP meso-lanthionine L,L-oxa-DAP 
A2 A3 A4 

A. 2. Results and discussions 

Utilizing the established synthetic methodology for oxa-lan derivatives, 

the stereoselective synthesis of oxygen analogues of L,L-DAP and meso DAP can 

be achieved via the azirdine ring opening with the hydroxyl side chain of the 

serine followed by global deprotection.8 The fully protected L,L-oxa-DAP (57) 

and meso-oxa-DAP (67a) are prepared via the stereoselective ring opening 
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reaction as described in section 2.2.1.a.. Global deprotection of the fully protected 

LJL- and meso-oxa-DAP derivatives are attempted using 6N HC1. Unfortunately, 

this provides only the partially deprotected product with the pNZ group still 

attached as suggested by NMR and mass spectrometry. This is possibly due to the 

acidic stability of the pNZ group.9 Simple hydrogenolytic deprotection of the 

remaining pNZ gives the completely deprotected L,L-DAP (A4). The meso-oxa-

DAP (A5) isomer is also prepared in the same manner as L,L-DAP (A4) (Scheme 

A-l). 

Scheme A-l. Global deprotection of the fully protected oxa-DAP derivatives 
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The inhibition studies with DAP epimerase are performed using a coupled 

enzyme assay at pH 7.8. In the assay, meso-DAP (Al) produced by DAP 

epimerase from L,L-DAP (A2) is transformed by DAP-dehydrogenase to produce 

L-THDP (A6) with generation of NADPH, which is monitored 
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spectrophotometrically (Scheme A-2).4 The results show that neither L,L-oxa-

DAP (A4) nor meso-oxa-DAP (A5) displays any inhibition of DAP epimerase. 

Scheme A-2. Spectrophotometric coupled assay for DAP epimerase activity. 

HO C 
C02H epimerase 2 

meso-DAP 
dehydrogenase 

NADP+ 

NADPH 
+ 

NH3 

H02C N^ C02H 

L-THDP A6 

To study the substrate specificity, the couple enzyme assay is not suitable, 

as meso-oxa-DAP (A5) cannot be transformed by DAP-dehydrogenase to the 

corresponging oxygen analogue of L-THDP (A7) with the production of NADPH 

(Scheme A-3). This result is confirmed by the UV assay wherein the synthetic 

meso-oxa-DAP (A5) is treated with DAP-dehydrogenase and results in no change 

in UV absorbance. 

Scheme A-3. Testing of meso-oxa-DAP as a substrate for meso-DAP 
dehydrogenase 
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Therefore, the substrate test for DAP epimerase is done in deuterated 

solvents, which allow for using NMR and mass spectrometry to monitor the 

exchange of the a-hydrogen with a deuterium by the epimerase.10'n Incubation of 

L,L-oxa-DAP (A4) with DAP epimerase in deuterated Tris buffer results in the 

change of the integral for the a-hydrogen in the *H NMR spectrum due to 

incorporation of deuterium at the a-position. This demonstrates that DAP 

epimerase accepts L,L-oxa-DAP (A4) as a substrate. Initial velocity for the 

enzymatic reaction could be obtained by monitoring the change in integral values 

for the a-proton of A4 and A2 in separate reactions as a function of time. L,L-oxa-

DAP (A4) exhibits an initial velocity that is 26% of that of the natural substrate 

L.L-DAP (A2) (Figure A-4). 

Scheme A-4. Time course of epimerization of L,L-DAP (A2) and L,L-oxa-DAP 
(A4) catalyzed by DAP epimerase. 
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As both meso and L,L-isomers are substrates/products and there is an isotope effect for removal of 
a-hydrogen, the conversion to deuterated product slows as the reaction proceeds. 
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The observed results suggest that although oxygen analogues of DAP 

show no inhibition of DAP epimerase, DAP epimerase accommodates the 

substitution of an oxygen atom for a methylene group at the 4-position in its 

natural substrate. The presence of a polar oxygen atom appears to disrupt the tight 

hydrophobic interactions in the closed enzyme active site and renders the poor 

binding of oxa-DAP to the enzyme. 

A. 3. Conclusions 

In conclusion, the novel oxa-DAP analogues (A4 and A5) have been 

synthesized via the stereoselective aziridine ring opening methodology. The 

substrate and inhibition study for DAP epimerase suggest the oxygen analogue 

(A4) can be used by the enzyme as an effective substrate and it shows no 

inhibition activity. This study further highlights the tight substrate specificity of 

DAP epimerase and gives further insight into the structural features of the enzyme 

activate site. 
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A. 4. Experimental procedures 

(25,6S)-3,3-oxybis(2-amiiiopropanoic acid) (A4) 

o o 

NH2 NH2 

To a solution of 57 (250 mg, 0.473 mmol) in chloroform (5ml) was added 6N HC1 

(60 mL). The reaction mixture was refluxed for 5 h. After washing with Et^O (3 x 

30 ml), the aqueous layer was concentrated to yield a yellow oil. The oil was 

dissolved in MeOH (50 ml), followed by addition of 10% Pd/C (10 mg). The 

reaction mixture was stirred for 12 h at room temperature. The reaction mixture 

was filtered through celite and the filtrate was concentrated in vacuo to give the 

crude product as a green oil. The crude product was purified by ion-exchange 

chromatography (Biorad AG 50W-X8 hydrogen form resin) by loading with 

distilled H2O, flushing 3 column volume with de-ionized water, followed by 

elution with NH4OH (2N) to give the title compound (A4) as a white powder after 

lyophilyzation (27 mg, 38% over two steps); [a] D
2 5 -6.72° (c 0.18, H 20); IR 

(CHCI3 cast): 2942 (br), 1596, 1521 cm1 ; ! H NMR (D 20, 500 MHz): 5 3.98 (dd, 

2H, J= 4.0, 10.5 Hz, Hp), 3.94 (dd, 2H, J= 3.0, 4.0 Hz, H.), 3.88 (dd, 2H, J= 3.0, 

10.5 Hz, Hp>); 13C NMR (CDCI3, 100 MHz) 5 173.6, 70.1, 55.2; HRMS (ES): 

Calcd for QH1 2N205Na 215.0638, found 215.0638. 
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(S)-2-amino-3-((/?)-2-amino-2-carboxyethoxy)propanoic acid (A5) 

o o 

NH2 NH2 

In similar manner to A4, the title compound A5 was prepared starting from 67a as 

a white powder (70 mg, 4 1 % over two steps), [a]D
2 5 0.0° (c 0.35, H 20); IR 

(CHC13 cast): 3383, 3300-2042 (br), 1643 cm1 ; lU NMR (D20, 500 MHz): 5 

3.93(m, 6H, -CHCH2-); 13C NMR (CDCI3, 125 MHz): 5 172.9, 70.0, 55.5; HRMS 

(ES): Calcd for QH12N205Na 215.0638, found 215.0639 

Enzymatic kinetics using NMR assay: 

Enzymatic reactions were performed by incubating 27 u.L (0.6 mg/mL solution) 

of active DAP epimerase from Haemophilus influenzae with the substrates (5.2 

mM, 0.0026 mmol) in deuterated Tris buffer (0.1 M Tris, 1 mM DTT, 1 mM 

EDTA, pD7.8, final volume 0.5 mL). The reactions were initiated by adding 

enzyme and time course ^ - N M R spectra was recorded at 27°C on a 600 MHz 

NMR instrument at specified time intervals. The experiments were repeated to 

obtain duplicated results. A ^ - N M R spectrum of substrate without enzyme was 

recorded as a control. The 'H-NMR spectra showed a continuous decrease in the 

integral value at 3.94 ppm (L,L-oxa-DAP) and 3.76 ppm (L,L-DAP) originating 

from the exchange of H„ to deuterium. Furthermore, the 'H-NMR spectra also 

showed the change of splitting pattern of H6 (L,L-oxa-DAP) due to the 



Appendix: Synthesis and enzymatic study ofoxa-DAP derivatives 258 

incorporation of deuterium at the a position. The C-NMR and MS were also 

recorded to confirm the incorporation of deuterium into the substrate. 

Calculation of the initial velocity of the enzymatic reaction 

30 100 150 
TfeM(S«c) 

• L.L-DAP + Enzyme 
A L,L-oxa-DAP + Enzyme 
• L,L-oxa-DAP 

Equation A-l. The percentage incorporation of deuterium in L,L-oxa-DAP 

% Incorporation of D = (2H„ - integration of remaining Ha)/2R 

Values obtained for the incorporation of deuterium were graphed against 

time. Curve fitting (Figure 10) was done by the equation Y = -e1" using Prism 

software. The initial velocity was calculated from the data in the linear portion of 

the graph (Figure 10) using the equation Y = KX. The values of 0.485 Unit* (L,L-

DAP) and 0.128 Unit (L,L-oxa-DAP) were obtained according to the 

corresponding slopes. Based on the ratio of the slope values, L,L-oxa-DAP 

showed an initial velocity that is 26% of that of the natural substrate LJ.-DAP. 

*Unit is defined as the percentage of deuterium product formed per second. 
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