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Chapter 1 

 

The background of peptides as therapeutics and anti-cancer agents is discussed in 

this chapter. The development for peptide synthesis via both solution and solid phase is 

introduced as well as the macrocyclization strategies.  
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Chapter 2 

 Sansalvamide A (SanA) exhibits anti-cancer potency in the micromolar range 

against multiple cancer cell lines. Structure-activity relationship (SAR) and the 

mechanistic studies of SanA have been investigated in our lab. This chapter focuses on 

the design and synthesis of SanA derivatives. Five SanA derivatives were designed based 

on the lead compounds in SanA project. The synthesis of these derivatives was 

accomplished via both solution and solid phase peptide synthesis. Studies for SAR and 

mechanism of action are also discussed in this chapter.  

 

Chapter 3 

The novel macrocyclic peptide Urukthapelstatin A (Ustat A) possesses a unique 

scaffold featuring five directly-linked azoles. Ustat A exhibits nanomolar cytotoxicity 

against cancer cells yet its mechanism of action remains undefined. This chapter focuses 

on the synthesis of Ustat A and its derivatives. The design of Ustat A derivatives is 

depicted and the synthestic approaches are illustrated. In addition, several strategies for 

cyclizing the Ustat A macrocycle are discussed. Finally, the cytotoxicity of synthetic 

Ustat A and its fragments is also demonstrated.  
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Chapter 1-Introduction 
 

 

1.1 Peptide as therapeutics 

 

Peptides are made up of amino acids connected via amide bonds. There are 

diverse sources of naturally-occurring medicinally active peptides including animals, 

plants, and microorganisms. These medicinal peptide natural products possess 

pharmaceutical activities including anti-microbial, anti-viral, anti-inflammatory and anti-

cancer activities,
1
 providing novel scaffolds for the development of therapeutics.

2
  

Naturally-occurring amino acids (L), D-amino acids and unnatural amino acids 

have provided a diverse source for synthesizing medically active peptides. Modifying 

amino acid side chains within a peptide allows chemists to adjust the properties of that 

peptide to fit the desired profile for drug design. In addition, peptide metabolites are non-

toxic, and are quickly removed from the human body.
3
 These advantages make peptides a 

good source for effective therapeutics. 

Linear peptides exhibit a high degree of conformational flexibility, which allows 

non-specific binding with biological molecules. Linear peptides are also susceptible to 

enzymatic degradation due to their flexibility and the unprotected termini.
4
 Alternatively, 

cyclic peptides have rigidity and limited conformations that selectively bind to their 

biological targets.
5
 Cyclic peptides are resistant to proteases due to the change of lacking 

the amino acid ring, which results in long half-lives in cells.
5b, 6

  

One of the most well-known cyclic peptide drugs is Vancomycin (Vancocin
TM

, 

Figure 1.1). It was first isolated from the soil bacterium Amycolatopsis oreientalis in 

1956.
1a

 Vancomycin is a tricyclic glycopeptide that exhibits potent antibiotic activity
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against Gram-positive bacteria and was approved by FDA in 1958 to treat Gram-positive  

bacterial infection.
7
 The biological mechanism of Vancomycin involves the inhibition of 

bacterial cell wall synthesis, resulting in growth inhibition.
8
 Vancomycin has been 

regarded as a drug of last resort against bacterial infections due to its antibiotic activity 

against drug-resistant bacteria.
8
  

 

Figure 1.1 Structure of Vancomycin 

 

Another example of cyclic peptide drugs is cyclosporine A (trademarked as 

Neroal, Gengraf, Pulminiq, Restasis, and Sandimmune, Figure 1.2). This naturally-

occurring cyclic undecapeptide was discovered in 1970 from the metabolite of 

Tolypocladium inflatum.
9
 The pharmaceutical application of cyclosporine A was 

discovered in 1978 when its highly potent immunosuppressant activity was observed.
10

 

Its mechanism of action involves blocking signal transduction required for activating T 

cells.
11

 It was approved by the FDA in 1983 as a drug
12

 and has been used for preventing 

the immuno rejection caused from organ transplant.  
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Figure 1.2 Structure of Cyclosporine A 

 

In addition to cyclic peptide natural products, synthetic cyclic peptides are also an 

important source for therapeutics. Cyclic peptides could be designed for specific binding 

toward a biological target. For example, integrin αVβ3 is not present in normal cells
13

 and 

is a pivotal protein that is involved in angiogenesis and metastasis in tumor cells. This 

protein specifically binds to the Arg-Gly-Asp (RGD) tripeptide motif.
14

 Inhibition of 

integrin αVβ3 by a RGD-containing cyclic peptide demonstrated growth inhibition of 

tumor cells and induced tumor regression.
15

 Thus, several antagonists against αVβ3 have 

been developed.
16

 One of the most potent antagonists, the cyclic pentapeptide cyclo[Arg-

Gly-Asp-D-Phe-Val] (Figure 1.3), was designed and synthesized by the Kessler group.
17

 

This cyclic pentapeptide exhibited a strong inhibition of tumor cell adhesion against 

several tumor cell lines (mean IC50 = 0.43 µM). In addition, radiolabeled derivatives of 

this cyclic peptide have also been used as probes and studied for tumor targeting.
18
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Figure 1.3 Structure of Cyclo[Arg-Gly-Asp-D-Phe-Val]  

 

1.2 Peptides as anti-cancer agent 

Cancer is a disease caused by cellular mutations, which result in unlimited cell 

proliferation, division and increased resistance of apoptosis.
19

 The uncontrolled cell cycle 

results in the formation of malignant tumors that can invade adjacent tissues and spread 

to other parts of body via the blood and lymph systems (metastasis). Cancer will cause 

death if the spread is out of control. The acquired capabilities of cancer are further 

defined with 6 features: (I) sustaining proliferative signaling, (II) evading growth 

suppressors, (III) activating invasion and metastasis, (IV) enabling replicative 

immortality, (V) inducing angiogenesis, (VI) resisting cell death, and 2 more emerging 

hallmarks: (VII) reprogramming of energy metabolism and (VIII) evading immune 

destruction.
20

  

According to the American Cancer Society (ACS), from 2006 to 2013 a total of 

new cancer cases increased from 1.4 million to almost 1.7 million in the U.S.
21

 These 

statistics indicate the growing rate of cancer incidence. In addition, the overall cost of 

cancer care in 2010 was estimated to be $125 billion dollars and is predicted to increase 

to $158 billion dollars per year by 2020.
22
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There are three main categories of cancer treatments: surgery, radiation, and 

chemotherapy.
23

 Chemotherapy uses a cytotoxic agent to kill cancerous cells. 

Conventional chemotherapeutic agents include Fluorouracil,
24

 Cisplatin,
25

 and 

Paclitaxel
26

 (Figure 1.4). Fluorouracil has been used to treat cancer over 40 years. It is a 

pyrimidine analog and irreversibly inhibits thymidylate synthease, resulting in the 

termination of DNA synthesis, causing cell apoptosis.  Cisplatin is a platinum-containing 

anticancer agent that causes DNA damage and induces cell apoptosis. Paclitaxel, 

originally isolated from the plant Taxus brevifolia, is a mitotic inhibitor that stabilizes the 

microtubules, resulting in the termination of mitosis as well as the consequent cell 

growth. However, conventional chemotherapy has some disadvantages including drug 

resistance and lack of specificity.
27

 Thus, developing new selective anti-cancer agents is 

essential and peptides serve as a major inspiration for selectively modulating proteins.
2 

 

 

Figure 1.4 Structure of conventional chemotherapeutic agents 

 

Peptides, compared to small organic molecules, have several advantages 

including low pharmacotoxicity,
28

 rapid synthesis and modification, and tumor-
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penetrating ability.
29

 In addition, the resistance of peptides against enzymatic proteolysis 

can be improved by incorporating D-amino acids into the original peptide sequence
30

 or 

cyclizing the parent linear peptides.
11, 30c, 31

 There are currently 400-600 or more of 

peptide candidates in clinically and preclinical development.
32

 From 2000 to 2008, 

peptide new chemical entities (NCEs) that entered clinical trials were studied in a wide 

spectrum of indications such as metabolic or cardiovascular diseases, and cancer was the 

most studied indication; indicating the rising focus on peptides as anti-cancer agents.
33

  

Degarelix (Figure 1.5, Firmagon
®
, Ferring) is an example of anti-cancer peptide 

drugs. It was approved by U.S. FDA for the treatment of prostate cancer in 2009.
34

 The 

structure of degarelix is a linear decapeptide and the mechanism of action involves the 

inhibition of the hormones required for cell growth, resulting in reduced growth of cancer 

cells.
34-35

  

 

Figure 1.5 Structure of Degarelix 

 

Cyclic peptides have been also evaluated as cancer therapeutics. For example, 

Cilengitide (Figure 1.6 (a), Merck-Serono), classified as an integrin inhibitor, is a cyclic 
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pentapeptide and currently in phase III clinical trials to treat glioblastoma and 

squamous cell cancer.
36

 ADH-1 (Figure 1.6, (b), Exherin
TM

, Adherex) also a cyclic 

pentapeptide, is an N-cadherin antagonist that inhibits the growth of cancer cells. It is 

now being evaluated in clinical trials phase I for treating advance solid tumors.
37

  

 
Figure 1.6 Structures of (a) Cilengitide and (b) ADH-1 

 

1.3 Solution phase peptide synthesis 

The synthesis of peptides involves amide bond formation between an unprotected 

carboxylic acid and an unprotected amine. However, the reaction is not spontaneous 

under room temperature and only occurs at high temperatures,
38

 which typically causes 

damages to the substrates. To facilitate amide bond formation, chemicals called coupling 

reagents are usually utilized. In general, coupling reagents activate the carboxylic acid 

group by converting the –OH of the acid into a good leaving group, which encourages the 

nucleophilic attack from the amine. Dicyclohexylcarbodiimide (DCC) was the first 

coupling reagent and has been used for over a half century.
39

 DCC activates the 

carboxylic acid into an O-acylurea intermediate, which reacts with an amine to form an 

amide bond (Scheme 1.1). 
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Scheme 1.1 Mechanism of DCC-catalyzed peptide coupling 

  

The main issue with coupling, however, is racemization at the α-carbon. 

Racemization can sometimes occur after the O-acylurea intermediate is formed (Scheme 

1.2 (a)).
40

 To address this problem, the coupling additive 1-hydroxybenzotriazole (HOBt) 

has been employed to convert the O-acylurea intermediate into the more active OBt ester, 

which reduces racemization (Scheme 1.2 (b)).
41
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Scheme 1.2 Mechanism of (a) DCC-induced racemization. (b) peptide coupling with 

HOBt 
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In 1993, a new coupling agent, 1-hydroxy-7-azabenzotriazole (HOAt), was 

reported by Carpino group. HOAt gave high yields (87% yield vs. incompletion in 7 h) 

and low racemization (DL-isomer%: <2% vs. ~4% ).
42

 The high coupling yields are 

attributed to neighboring group effects of the pyridine nitrogen, which induce the amine 

to quickly couple to the acid (Figure 1.7).
42

 To date, numerous coupling reagents based 

on HOBt or HOAt have been reported.
43

  

 
Figure 1.7 Neighboring group effect of HOAt 

 

During my PhD research, I utilized TBTU, HATU, DEPBT for peptide coupling 

in solution phase. (Figure 1.8) TBTU is a HOBt-based coupling reagent that is in 

aminium salt form. It is economically effective, efficiently induces coupling reactions, 

and is almost racemization free (d.e. =97%).
44

 HATU, also an aminium salt, is a HOAt-

based coupling reagent and therefore is a better coupling reagent than TBTU in terms of 

yield, reaction rate, and reduced racemization levels.
45

 DEPBT is derived from HODhbt 

(structurally related to HOBt) and exhibits high efficiency on peptide coupling with very 

little racemization.
46

 In addition, DMTMM, PyBroP and T3P
®
 (Figure 1.8) are also used 

in our lab for particular reaction conditions such as coupling with hindered amines or 

peptide macrocyclization.
43a
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Figure 1.8 Coupling reagents that I used  

 

1.4 Solid phase peptide synthesis 

Solid phase peptide synthesis (SPPS) is a method that builds peptide chains on 

solid support via the iterative addition of amino acids. The concept of SPPS was first 

introduced by Merrifield in 1963.
47

 The advantages of SPPS include rapid reactions, 

simple reaction procedures and easy purification compared to solution phase synthesis.
47-

48
 The solid support used by Merrifield group for SPPS is polystyrene-divinylbenzene 

crosslinked resin (PS-DVB), which possess several important features such as chemical 

inertness, inexpensive cost, and easy availability. To date, polystyrene-based resin has 

become the most common resin for SPPS.  

I used the PS-DVB resin (Figure 1.9) with various preloaded amino acids for 

SPPS. The preloaded amino acids are anchored to the resin via 2-chlorotrityl chloride 

(CTC) linker. CTC linker was first employed by Barlos group in 1991.
49

 It has been 

considered as a primary linker for SPPS due to several advantages including the mild 



12 

 

 

conditions for peptide cleavage (trifluoroethanol or 1% trifluoroacetic acid),
50

 reducing 

the racemization of the preloaded amino acid,
49

 and minimizing the formation of the 

undesired diketopiperazine.
51

 During the process of SPPS, Fmoc-protected amino acids 

are used for peptide elongation because mild deprotection conditions (20% piperidine in 

DMF) between coupling of amino acids are used. Diisopropylcarbodiimide (DIC) and 

HOBt are employed as the coupling reagent and additive. Once the desired length of 

peptide chain has achieved, 2,2,2-trifluoroethanol (TFE) is introduced to cleave the 

peptide chain from the resin, resulting in a free C-terminal carboxylic acid on the peptide. 

 

 
Figure 1.9 PS-DVB resin that I used for SPPS 
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1.5 Heterocycle synthesis 

Heterocycles such as oxazoles and thiazoles are commonly observed in several 

biological active peptide natural products. These heterocycles not only provide the 

resistance of peptide backbone against proteolysis but act as key moieties for the 

antibiotic or anti-cancer activities.
52

 In nature, these heterocycles are synthesized via the 

enzymatic post-translational modifications featuring the side chain cyclodehydration on 

serine or cysteine, followed by the dehydrogenation of the azoline ring
53

 (Scheme 1.3).  

 

Scheme 1.3 Biosynthesis of oxazole and thiazole 

 

Organic chemists have been developed the synthetic strategies for 

oxazole/thiazole synthesis.
54

 Oxazoles could be synthesized from serine peptide side 

chains via a step-wise cyclodehydroation/oxidation procedure utilizing either 

diethylaminosulfur trifluoride (DAST) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or 

a Swern oxidation and then triphenylphosphine (PPh3). The major method for oxazole 
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synthesis is the Wipf-Willams protocol
54c

 (Scheme 1.4). The β-hydroxy amide was first 

converted to the oxazoline using DAST under basic condition. The consequential 

addition of DBU and bromotrichloromethane generated the oxazole ring. 

 

 

Scheme 1.4 Mechanism of oxazole synthesis 

 

Similar to the oxazole synthesis, thiazoles could be generated via a thiazoline 

formation and then a base induced oxidation.
55

 Another strategy for synthesizing 

thiazoles is a Hantzsch thiazole synthesis involving a directly condensation between a 

thioamide and an α-bromo ketone.
54e, 54f

 Shown in Scheme 1.5, the intermolecular 

cyclization between the thioamide and ethyl bromopyruvate is initialized by the base to 

generate the hydroxythiazoline intermediate, which is then dehydrated to form the 

thiazole ring. During my PhD, I employed the Wipf-Willams protocol and the Hantzsch 

condition to synthesize oxazoles and thiazoles, respectively. 
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Scheme 1.5 Mechanism of thiazole synthesis  

 

1.6 Strategies for peptide macrocyclization 

The synthetic strategies for peptide cyclization are generally categorized in four 

different types according to the location of ring closure:
56

 (I) head-to-tail (N-terminus to 

C-terminus), (II) head-to-side chain, (III) side chain-to-tail, and (IV) side chain-to-side 

chain (Figure 1.10). The side chain cyclization approaches (II-IV) typically include 

macrocyclizaiton via the formation of a disulfide bridge, a macrolactam, or a 

macrolactone.
57

 For example, a disulfide bridge can be formed between two cysteines. A 

macrolactone can be obtained via the condensation between an aspartic acid and a lysine. 

Macrocyclization in a head-to-tail fashion is the most common strategy to synthesize 

cyclic peptides; however, the ring size greatly affects the success of this method. 

Cyclization of small precursors like tripeptides or tetrapeptides is usually difficult, while 
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it is straightforward to synthesize larger cyclicpeptides containing seven amino acids or 

more.  

 
Figure 1.10 Four different ways for peptide macrocyclization 

Selection of the ring closure site plays a key role in peptide macrocyclization. A 

poor choice for closing the ring causes slow reaction rates, low yields, and undesired side 

reactions including racemization at the C-terminus residue or dimerization.
57

 For 

instance, cyclization at a bulky residue such as N-methyl or a β-branched amino acid 

typically results in a poor reaction yield, while cyclizing between a L- and a D-amino acid 

has a fast cyclization rate.
58

 In addition, the achievement of peptide macrocyclization also 

depends on the conformation of linear peptide precursor, which governs the spatial 

proximity of two termini. Studies showed that cyclization of all L- or all D-peptide 

sequences are challenging due to their extended conformation, which orients the two 

termini apart from each other.
56

 Incorporation of “turn inducers” such as Gly, Pro, or an 

N-alkyl residue in the peptide sequence will orient the peptide into an appropriate 



17 

 

 

conformation and facilitate macrocyclization.
59

 During my PhD, I synthesized 

macrocyclic peptides using the head-to-tail strategy and the synthetic procedures of these 

molecules are depicted in the following chapters.   
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Chapter 2-Sansalvamide A 

 

2.1 Background of Sansalvamide A 

Sansalvamide A (SanA) is a natural product (Figure 2.1) that was isolated by the 

Fenical group in 1999. SanA came from from a marine fungus Fusarium sp. that was 

located on the coast of Little San Salvador Island, Bahamas.
1
 The structure of SanA 

natural product was elucidated as a macrocyclic depsipeptide that contained two L-

leucines (Leu), L-phenylalanine (Phe), L-valnine (Val), and a leucic acid (OLeu).  

 

Figure 2.1 Structures of SanA natural product and SanA peptide 

Fenical reported that the SanA natural product demonstrated cytotoxic activity 

against the colon cancer cell-line HCT-116 with an in vitro IC50 value of 16.7 µM.
1
 The 

linear form of SanA natural product was also isolated but it had no cytotoxicity in the 

assay. Thus, the cyclization of the peptide sequence is critical for cytotoxicity. Evaluation 

of SanA’s activity against the National Cancer Institute (NCI) 60 cell-line panel 

generated a mean IC50 of 46.7 µM. It is noteworthy that SanA exhibited greater potency 

against the colon cancer cell-line COLO 205 and melanoma cell-line SK-MEL-2 with 

IC50 values of 6.0 µM and 10.1 µM, respectively than the average.
1
 These cytotoxicity 
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values are comparable to mitomycin C, a FDA-approved antitumor agent  with IC50 = 

15.8 µM for the same two cell-lines.
1
 Given the cyclic scaffold and promising 

cytotoxicity values, SanA is an important lead molecule in the development of novel anti-

cancer agents.  

The first total synthesis of SanA natural product was accomplished by Silverman 

and coworkers in 2000 via solid phase synthesis using a phenylalanine-bound polymer 

resin.
2
  In 2002, the Silverman group investigated the importance of the lactone linkage 

within the SanA natural product by synthesizing the first SanA analog, where the lactone 

linkage between two leucines was replaced by an amide bond (Figure 2.1, SanA 

Peptide). Not surprisingly, the SanA peptide was found to be 10 times more potent 

against HCT-116 than the natural product depsipeptide.
3
 Thus, the amide is more 

favorable than the ester for SanA’s anti-cancer activity.
3
  

Given that the SanA peptide is more biologically active than the natural product 

depsipeptide, our lab has synthesized SanA peptide derivatives. Substituting numerous 

amino acids around the macrocycle at each position (Figure 2.1, Position I-V of SanA 

Peptide) provided Structure-Activity Relationship (SAR) information on SanA. 

Synthesizing PEG-biotinylated SanA derivatives allowed us to determine the biological 

target. During my PhD, I have synthesized five SanA peptide derivatives to contribute 

our SanA project. Their role in understanding the SAR and determining their biological 

target are described in the following sections.  
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2.2 Design of Sansalvamide A derivatives 

A common modification used when investigating the SAR of peptides is to 

exchange L-amino acid for the corresponding D-amino acid.
4
 Incorporating D-amino 

acids into the peptide sequence alters the macrocycle’s conformation and frequently 

changes its biological activity.
4, 5

 In addition, incorporating D-amino acids also prolongs 

the half-life of the peptide since it is less susceptible to enzymatic degradation than the 

corresponding L-amino acid peptide.
6
 During our initial stage of the SanA project, 

derivatives were synthesized in which each L-amino acid was sequentially substituted by 

the corresponding D-amino acid.
7
 Performing a D-amino acid substitution on the SanA 

peptide scaffold revealed a potent SanA derivative (1, Figure 2.2). Compound 1 contains 

a D-Val at position III, and as shown; it possesses better anti-cancer activity against PL45 

(pancreatic cancer cell line) and HCT-15 (colon cancer cell line) than SanA peptide. This 

observation indicated that the D-configuration at position III is important for cytotoxicity 

of this scaffold.  



27 
 

 

   

 

Figure 2.2 Cytotoxicity of SanA peptide and compound 1 in various cell lines. 

Margin of error is ±5% 

 

Another common modification made on peptides when investigating the SAR is 

N-methylation. Many naturally occurring biologically active cyclic peptides contain one 

or more N-methyl amino acids within their peptide backbone.
8
 In fact, N-methylation has 

been used as a technique to increase the potency of peptides for years.
7a, 9

 Research shows 

that N-methylation locks the 3D structure of the cyclic peptide into a limited number of 

conformations.
10

 A peptide locked in a bioactive conformation will have an increased 

binding affinity toward its biological target, which will result in improved potency over 

the non-N-methylated analog.
11

 In addition to exploring N-methylation and D-amino 
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acids, several modifications, including the incorporation of unnatural polar and nonpolar 

amino acids were used to study the SAR of SanA.
7, 12

 From the our initial SAR studies
7e, 

12b
, several features were found in a lead molecule, Compound 2, and these features were 

determined to be essential for potency: two consecutive D-amino acids, one N-methyl 

amino acid, and a minimum of two phenyl groups. Compound 2 (Figure 2.3) meets these 

criteria as it contains two consecutive D-amino acids at position IV and V, N-methyl Val 

at position III, and two phenyl groups. As a result, it has 80% and 78% growth inhibition 

against the pancreatic cancer cell lines PL45 and BxPc3, respectively.  

 

 

Figure 2.3 Cytotoxicity of SanA peptide and compound 2 in various cell lines. 

Margin of error is ±5% 
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Through SAR studies, it was revealed that modifications on position IV resulted 

in the least impact on cytotoxicity.
13

 My colleagues then investigated SanA’s mechanism 

of action using pull down assays with biotinylated SanA derivatives. Thus, position IV 

was chosen as the site to attach a biotin tag in order to optimize the binding affinity 

toward a potential target protein. Shown in Figure 2.4, Leu at Position IV of SanA 

peptide was exchanged to L-Lys. Lysine was then attached to PEG-biotin to complete the 

synthesis of biotinylated SanA peptide (compound 3).  

 

 

Figure 2.4 Structure of compound 3  

To determine if SanA peptide’s biological target was a protein, compound 3 was 

incubated with cell lysate. Immobilization of the SanA complex using NeutrAvidin® 

Agarose Resins occurred by biotin binding to the bead. Washing removed non-specific 

proteins that were sticking to the beads. The proteins bound specifically to SanA were 

purified via gel electrophoresis and identified by nano-LC/MS/MS (Figure 2.5, (a)). The 

result showed that compound 3 pulled down five proteins: Heat shock protein 90 

(HSP90), keratin, α-tubulin, β-tubulin, and actin (Figure 2.5, (b)). HSP90 is a well-

known oncogenic protein. Keratin, tubulin, and actin are usually pulled down with 
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HSP90 as they are associated with HSP90 in the cell.
13

 A comparison of lane 2 and 

negative controls (lane 3 and 4) showed that the binding between HSP90 and compound 

3 was specific and was not due to hydrophobic effects. Additional biochemical and cell 

based assays allowed us to prove that HSP90 was the protein target of SanA.
14

 

(a) 

 

(b) 

 

Figure 2.5 (a) Schematic diagram of pull-down assay (b) Bands isolated in the pull-

down assay using HCT-116 colon cancer cell lysate. Lanes: 1 and 5, MW marker 

(kDa); 2, Compound 3; 3, negative control (PEG-biotin linker); 4, DMSO control; 

and 6-8, protein input for lanes 2-4, respectively. Pulled down protein A: HSP90, B: 

Keratin, C: α-tubulin, D: β-tubulin, E: actin.  
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 Pull down assays were then run using potent SanA derivatives: compounds 1 and 

2, in order to determine if their target protein was HSP90. I contributed to this project by 

synthesizing compounds 4, 5, and 6 (Figure 2.6). Compounds 4 and 5 were derived from 

the incorporation of a biotin tag on 1 at positions IV and V, respectively. Moving the 

biotin tag from IV to V allowed us to determine the optimal tag position that minimizes 

the disruption of the SanA-protein interaction. A lysine residue was incorporated into 

compound 2 at position IV to produce compound 6. Unlike compound 1, we chose not to 

place a tag at V on compound 2 because we would have to replace the Phe, and Phe is 

important to 2’s activity. 

 

 

Figure 2.6 Structure of biotinylated SanA derivatives  
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In addition to the investigation of SanA’s biological target, our lab designed a 

new generation of SanA derivatives as a part of our SAR study. Using computational 

modeling, we designed compounds 7 to 10 de novo based on the lead derivative 

compound 2 (Figure 2.7). A benzoxyl group was incorporated on the β-carbon of the Phe 

at position I. Modification of the stereochemistry at the α- and β-carbon of the hydroxyl 

phenylalanine produced four SanA derivatives. I was responsible for synthesizing two of 

the SanA derivatives, compounds 9 and 10 (shown in blue). 

 

 

Figure 2.7 Structure of de novo designed SanA derivatives  

2.3 Retrosynthetic approach of Sansalvamide A derivatives 

The retrosynthetic approach of SanA derivatives is summarized in Figure 2.8. 

The SanA macrocycle was furnished from a double-deprotected linear precursor using a 

head-to-tail peptide coupling. The linear precursor was generated via either solution 
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phase or solid phase peptide synthesis. Both solution and solid phase syntheses employed 

a step-wise linear approach to build the pentapeptide. When the solution phase synthetic 

strategy was employed, the linear precursor was synthesized starting from a C-protected 

amino acid. Amino acids were sequentially coupled to generate the dipeptide, tripeptide, 

tetrapeptide and, finally, linear pentapeptide. In solid phase peptide synthesis (SPPS), the 

initial amino acid was a free amine and it was bound via its acid to the resin. Repeatedly 

coupling from the single amino acid bound resin furnished the pentapeptide. The final 

linear precursor was obtained by cleaving the pentapeptide from the resin.  

 

Figure 2.8 Retrosynthetic approach of Sansalvamide A macrocycle 
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2.4 Synthesis of Sansalvamide A derivatives 

   2.4.1 Synthesis of linear precursor via solution phase  

      2.4.1.1 Synthesis of protected linear pentapeptide  

I synthesized the linear pentapeptide for 6 using solution phase (Scheme 2.1, 6-

LP). Utilizing free acid Boc-Leu-OH (1.0 equivalent), free amine H-Phe-OMe (1.1 

equivalents), coupling reagent 2(1-H-benzotriazole-1-yl)-1,1,3 tetramethyluronium 

tetrafluoroborate (TBTU, 1.2 equivalents), and base diisopropylethylamine (DIPEA, 4.0 

equivalents), I synthesized the dipeptide H-Phe-Leu-OMe via coupling reaction. 

Dissolving the reagents in anhydrous methylene chloride (DCM, 0.1M) under argon, the 

reaction was monitored via thin-layer chromatography (TLC). Upon completion 

(typically 60-90 min), the reaction mixture was diluted with DCM and washed with 

aqueous HCl (10% v/v) to remove base, followed by a basic pH wash using saturated 

aqueous sodium bicarbonate (NaHCO3) to remove excess coupling agent. The organic 

layer was collected, dried over anhydrous sodium sulfate (Na2SO4), filtered, and 

concentrated in vacuo. The crude product was purified by a flash column 

chromatography using silica gel as stationary phase and ethyl acetate/hexane as a solvent 

system for mobile phase. Pure dipeptide Boc-Leu-Phe-OMe was afforded in 99% yield. 

The purity and structure the dipeptide were confirmed by 
1
H NMR spectroscopy. 

Deprotection of the amine deprotection on the dipeptide was accomplished using 

trifluoroacetic acid (TFA) and DCM (TFA: DCM = 1:4, 0.1 M). Anisole (2 equivalents) 

was added to the reaction. The reaction was run at room temperature and monitored by 

TLC. Upon completion, the solution was concentrated in vacuo to yield the free amine 
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dipeptide (H-Leu-Phe-OMe) in quantitative yield. The free amine was subjected to the 

next coupling reaction without purification.  

 

Conditions: a) TBTU (1.2 eq.), DIPEA (4.0 eq.), DCM (0.1 M); b) anisole (2.0 eq.), 

TFA:DCM (1:4, 0.1 M); c) HATU (1.2 eq.), DIPEA (4.0 eq.), DCM (0.1 M); d) TBTU 

and HATU (overall 1.2 eq.), DIPEA (7.0 eq.), DCM (0.1 M) 

Scheme 2.1 Synthesis of linear pentapeptide for compound 6  

 

Synthesizing the tripeptide Boc-N-Me-Val-Leu-Phe-OMe was accomplished 

using free acid Boc-N-Me-Val-OH (1.0 equivalent), free amine H-Leu-Phe-OMe (1.1 

equivalents), coupling reagent 2-(H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HATU, 1.2 equivalents), and base DIPEA (4.0 equivalents) in 

anhydrous DCM (0.1 M). Monitoring the reaction by TLC showed it was complete in 1 h, 

whereupon it was subjected to an acid-base extraction using 10% (v/v) HCl(aq.) and then 

saturated NaHCO3(aq). The organic layer was collected, dried, filtered, and concentrated 

in vacuo. The residue was purified by flash column chromatography to yield the desired 
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tripeptide Boc-N-Me-Val-Leu-Phe-OMe in 73% yield. The structure and purity of 

tripeptide were confirmed via 
1
H NMR spectroscopy. The Boc protecting group of the 

tripeptide was removed using a mixture of trifluoroacetic acid (TFA) and DCM 

(TFA:DCM = 1:4, 0.1 M) and anisole (2.0 equivalents). The reaction was monitored by 

TLC every 15 min. Upon completion, the reaction was concentrated in vacuo to remove 

excess of TFA producing the free amine H-N-Me-Val-Leu-Phe-OMe in quantitative 

yield. 

The tripeptide free amine (1.1 equivalents) was then coupled with Boc-D-Lys(2-

Cl-Cbz)-OH (1.0 equivalent) using TBTU (0.4 equivalent), HATU (0.8 equivalent), 

DIPEA (7.0 equivalents) in anhydrous DCM (0.1 M) to generate the tetratpeptide Boc-D-

Lys(2-Cl-Cbz)-N-Me-Val-Leu-Phe-OMe in 80% yield. Removal of Boc protecting group 

from the tetrapeptide using TFA/DCM mixture (1:4, 0.1 M) and anisole (2.0 equivalents) 

afforded the free amine tetrapeptide. Finally, coupling the free amine (1.1 equivalents) 

with Boc-D-Phe-OH (1.0 equivalent) utilizing TBTU (0.4 equvalent), HATU (0.8 

equivalent), DIPEA (7 equivalents) in anhydrous DCM (0.1 M) furnished the desired 

pentapeptide (Boc-D-Phe-D-Lys(2-Cl-Cbz)-N-Me-Val-Leu-Phe-OMe, 6-LP) in 79% 

yield via a flash column chromatography. 

 

2.4.1.2 Synthesis of double deprotected linear precursor  

A step-wise acid and amine deprotection were performed on 6-LP to generate 6-

DDLP, the double deprotected linear peptide, which was then ready for the 

macrocyclization step. Using lithium hydroxide (LiOH, 8.0 equvalents) in MeOH (0.1 

M), acid-deprotection of 6-LP was run at room temperature for 12 h and monitored by 
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LC/MS (Scheme 2.2). Upon completion, the reaction was purified by an acid wash to 

furnish the free acid linear pentapeptide (Boc-D-Phe-D-Lys(2-Cl-Cbz)-N-Me-Val-Leu-

Phe-OH) in 96% yield. The Boc group on the free acid linear pentapeptide was then 

removed using a mixture of TFA and DCM (1:4, 0.1 M) and anisole (2.0 equvalents). 

Reaction completion was monitored by TLC and LC/MS, and upon completion, the 

solution was concentrated in vacuo to give the double deprotected linear pentapeptide for 

6 (6-DDLP) in quantitative yield.  

 

Conditions: a) LiOH (8.0 eq), MeOH (0.1 M); b) anisole (2.0 eq.), TFA:DCM (1:4, 0.1 

M) 

Scheme 2.2 Synthesis of double deprotected linear precursor for compound 6 

 

2.4.2 Synthesis of linear precursor via solid phase  

2.4.2.1 Synthesis of resin-bound linear pentapeptides  

Generating the linear pentapeptide for 4, 5, 9, and 10 was rapidliy accomplished 

using solid phase peptide synthesis (SPPS), and commercially available chlorotrityl 

chloride (CTC) resin. The carboxyl terminus of amino acid was covalently attached to 

CTC resin while its free amino terminus was coupled with the appropriate amino acid. 

Synthesis of the dipeptide for 4 utilized pre-loaded Phe resin (1.0 equivalent), Fmoc-Leu-

OH (3.0 equivalents), coupling reagent 1-hydroxybenzotriazole (HOBt, 3.0 equivalents) 
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and diisopropylcarbodiimide (DIC, 6.0 equivalents) (Scheme 2.3). The pre-loaded Phe-

resin was first placed in a fritted polypropylene cartridge, swollen using N, N-

dimethylformamide (DMF) for 30 min, and then drained using a vacuumed vessel. Fmoc-

Leu-OH and HOBt were dissolved in DMF to a concentration of 0.2 M. The DMF 

solution was added to the cartridge containing the swollen resin, and was followed by 

DIC, which initiated the coupling reaction. The suspension in the cartridge was mixed 

and was then allowed to shake for 2 h on an automatic shaker. The reaction suspension 

was drained to give the Fmoc protected dipeptide bound resin (Resin-O-Phe-Leu-Fmoc). 

To confirm the reaction completion, a ninhydrin test was employed. The ninhydrin 

solution stays yellow in the presence of a protected amine and changes from yellow to 

blue in the presence of a free amine. A yellow result confirmed the completed formation 

of Resin-O-Phe-Leu-Fmoc. The Fmoc protecting group on dipeptide Resin-O-Phe-Leu-

Fmoc was removed using 20% piperidine in DMF via the following steps: DMF wash (3 

x 1 min), 20% piperidine in DMF wash (1 x 5 min and 1 x 10min), DMF wash (2 x 1 

min), isopropanol (IPA) wash (1 x 1 min), DMF wash (1 x 1 min), IPA wash (1 x 1 

wash), and DMF wash (3 x 1 min). A ninhydrin test gave a blue color, confirming the 

removal of the Fmoc group.  
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Conditions: a) HOBt (3.0 eq.), DIC (6.0 eq.), DMF (0.2 M); b) 20% piperidine/DMF; c) 

HOAt (3.0 eq.), DIC (6.0 eq.), DMF (0.2 M). 

Scheme 2.3 Synthesis of resin-bound tripeptides. (I) for 4; (II) for 5; (III) for 9 and 

10 

 

The resulting free amine dipeptide Resin-O-Phe-Leu-H underwent the next 

coupling reaction to furnish the Fmoc-protected tripeptide Resin-O-Phe-Leu-D-Val-

Fmoc, using Fmoc-D-Val-OH (3.0 equivalents), coupling reagent 1-hydroxybenzotriazole 

(HOBt, 3.0 equivalents) and diisopropylcarbodiimide (DIC, 6.0 equivalents). The Fmoc 

group on the tripeptide was removed using 20% piperidine in DMF and the resulting free 

amine Resin-O-Phe-Leu-D-Val-H was coupled to the next amino acid. The same coupling 

and deprotecting procedures were employed to synthesize free amine tripeptides for 5 
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(Scheme 2.3, II), 9 and 10 (Scheme 2.3, III). Due to the steric hindrance of the 

secondary amino terminus, the coupling of Resin-O-Leu-N-Me-Val-H and Fmoc-D-Leu-

OH (for compound 9/10) utilized the more reactive coupling reagent 1-hydroxy-7-

azabenzotriazole (HOAt) instead of HOBt. The coupling reaction was allowed to run 

overnight, followed by Fmoc removal using 20% piperidine to furnish the free amine 

tripeptide Resin-O-Leu-N-Me-Val-D-Leu-H (Scheme 2.3, III). 

The free amine tripeptide Resin-O-Phe-Leu-D-Val-H was continued to couple 

with Fmoc-Lys(Boc)-OH (3.0 equivalents) using HOBt (3.0 equivalents) and DIC (6.0 

equivalents) in DMF (0.2 M) to yield the protected tetra peptide Resin-O-Phe-Leu-D-Val-

Lys(Boc)-Fmoc (Scheme 2.4, I), which was subjected to the piperidine deprotection 

procedure. The protected pentapeptide Resin-O-Phe-Leu-D-Val-Lys(Boc)-Leu-Fmoc was 

afforded via the coupling of the free amine tetrapeptide with Fmoc-Leu-OH (3.0 

equivalents) using HOBt (3.0 equivalents) and DIC (6.0 equivalents) in DMF (0.2 M). 

Finally, an amine deprotection on the protected pentapeptide using 20% piperidine 

prepared the free amine pentapeptide Resin-O-Phe-Leu-D-Val-Lys(Boc)-Leu-H (4-LP). 

The same procedure was utilized to generate the free amine pentapeptides. Fmoc-Leu-OH 

and Fmoc-D-Val-OH were used for the synthesis of Resin-O-Leu-Lys(Boc)-Phe-Leu-D-

Val-H (Scheme 2.4, II, 5-LP) while Fmoc-D-Phe-OH and (2S, 3R)/ (2R, 3S)-racemic-

Fmoc-β-hydroxy-Phe-OH were incorporated for the synthesis of Resin-O-Leu-N-Me-

Val-D-Leu-D-Phe-(2S, 3R)/(2R, 3S)-racemic-β-OH-Phe-H (Scheme 2.4, III, 9/10-LP). 
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Conditions: a) HOBt (3.0 eq.), DIC (6.0 eq.), DMF (0.2 M); b) 20% piperidine/DMF. 

Scheme 2.4 Synthesis of resin-bound pentapeptides. (I) for 4; (II) for 5; (III) for 9 

and 10. 

 

2.4.2.2 Cleavage of linear pentapeptides from resin 

The free amine pentapeptide Resin-O-Phe-Leu-D-Val-Lys(Boc)-Leu-H (4-LP) 

underwent a cleaving process using a mixture of 2,2,2-trifluoroethanol (TFE) in DCM 

(TFE:DCM = 1:1, v/v) (Scheme 2.5). The peptide-bound resin was stirred in the mixture 

for 24 h, followed by a filtration using a Buchner funnel to separate the resin and the 

cleaved pentapeptide solution. The solution was then concentrated in vacuo to furnish the 
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desired double deprotected pentapeptide HO-Phe-Leu-D-Val-Lys(Boc)-Leu-H (4-DDLP, 

60% yield) ready for cyclization. The same procedure was utilized to afford 5-DDLP and 

9/10-DDLP in 66% and 79% yield, respectively. 

 

 

Conditions: a) 50%TFE in DCM (1:1, v/v). 

Scheme 2.5 Cleavage of linear pentapeptides from resin. (I) for 4; (II) for 5; (III) for 

9 and 10. 
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2.4.3 Macrocyclization of Sansalvamide A derivatives 

2.4.3.1 In situ Macrocyclization 

Macrocyclization of 4-DDLP, 5-DDLP and 6-DDLP is summarized in Scheme 

2.6. Cyclizing the DDLPs using a combination of coupling reagents under dilute 

conditions generated their respective macrocyclic compounds (Scheme 2.6, 11, 12, and 

13).  Compound 11 was synthesized from 4-DDLP (1.0 equivalent) using coupling 

reagents TBTU (0.7 equivalent), HATU (0.7 equivalent), and 3-

(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4-(3H)-one (DEPBT, 0.7 equivalent) with 

DIPEA (8.0 equivalents) in a mixture of anhydrous DCM and ACN (1:1, 0.007 M). The 

reaction was monitored by TLC and LC/MS for approximately 4 h, whereupon it was 

complete. The reaction mixture was then subjected to an acid-base wash to give the crude 

product and was purified via a flash column chromatography to afford pure 11 (cyclo-

Phe-Leu-D-Val-Lys(Boc)-Leu) in 10% yield. The structure and purity of 11 was 

confirmed by LC/MS and 
1
H NMR. The same procedure was employed to generate 12 

(cyclo-Phe-Leu-D-Val-Leu-Lys(Boc)) in 45% yield and 13 (cyclo-Phe-Leu-N-Me-Val-D-

Leu-D-Phe) in 17% yield. 
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Condition: a) TBTU (0.7 eq.), HATU (0.7 eq.), DEPBT (0.7 eq.), DIPEA (8.0 eq.), 

DCM:ACN (1:1, 0.007 M). 

Scheme 2.6 In situ Macrocyclization of SanA derivatives 

 

2.4.3.2 Macrocyclization using the syringe pump 

Low yields from cyclizing 4, 5, and 6 were from the formation of dimerized or 

oligomerized DDLPs.
15

 Utilizing a syringe pump decreased the formation of unwanted 

dimer or oligomer during the cyclization of 9/10-DDLP (0.0007 M). Shown in Scheme 

2.7, the macrocyclization of 9/10-DDLP was performed with coupling reagents TBTU, 

HATU, and DEPBT (0.7 equivalent each), base DIPEA (8.0 equivalents) in anhydrous 
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DCM (0.0007 M) utilizing a syringe pump. First, the coupling reagents were added to an 

argon-purged round bottom flask, followed by the addition of 75% of the total volume of 

anhydrous DCM required for an overall 0.0007 M concentration. DIPEA was then added 

into the bulk DCM solution. Next, 9/10-DDLP was dissolved in the remaining amount of 

DCM and placed into a syringe.  The DDLP solution was added drop-wise, over 4 h, to 

the bulk DCM solution using the syringe pump. After the addition of all DDLP, the 

reaction was allowed to run overnight and was monitored via LC/MS. Upon completion, 

the reaction mixture was subjected to an acid-base wash. The resulting crude product was 

then purified via a flash column chromatography to furnish the racemic compound 14/15 

(cyclo-(2S,3R)/(2R, 3S)-racemic-β-hydroxy-Phe-Leu-N-Me-Val-D-Leu-D-Phe) in 74% 

yield. The purity and structure of 14/15 was confirmed via LCMS and 
1
H NMR 

spectroscopy.  

 

Condition: a) TBTU (0.7 eq.), HATU (0.7 eq.), DEPBT (0.7 eq.), DIPEA (8.0 eq.), DCM 

(0.0007 M). 

Scheme 2.7 Macrocyclization of SanA derivatives using synringe pump 
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2.4.4 Modification of cyclized Sansalvamide A derivatives 

2.4.4.1 Synthesis of biotinylated Sansalvamide A derivatives 

The Boc groups on Compound 11 and 12 were removed using a mixture of 

TFA/DCM (1:4, 0.1 M) and anisole (2.0 equivalents) to yield the free amines at the lysine 

residues of compound 16 and 17 in quantitative yield (Scheme 2.8, I and II). 

Biotinylation of compound 16 using N-hydroxysuccinimidyl-d-biotin-15-amino-

4,7,10,13,-tetraoxapentadecylate (NHS-dPEG4-biotin, 1.4 equivalents), and base DIPEA 

(4.0 equivalents) in DCM (0.1 M) produced biotinylated compound 4 under argon 

(Scheme 2.8, I). Compound 16 and NHS-dPEG4-biotin were dissolved in DCM to a 

concentration of 0.1 M and DIPEA was then added drop-wise. The reaction was stirred 

for 1 h and monitored by LC/MS. Upon completion, the reaction mixture was diluted 

with DCM, followed by a neutral extraction using deionized water. The organic layer was 

collected, dried over Na2SO4, and concentrated in vacuo. The resulting crude reaction 

was purified via RP-HPLC to yield the biotinylated compound 4 in 55% yield. The same 

procedure was applied on the synthesis of compound 5 with 58% yield (Scheme 2.8, II). 

The amine deprotection of compound 13 was carried out via removal of the Cbz 

group using hydrogen bromide (HBr), generating the free lysine residue of 18 (Scheme 

2.8, III). Compound 13 was dissolved in HBr (33% in glacial acetic acid, w/w) to a 0.1 

M concentration. The reaction was run for 2 h and monitored via LCMS every 30 min. 

Upon completion, the reaction mixture was purified via dimethyl ether extraction and 

cotton filtration to furnish compound 18 in 87% yield. Finally, the biotinylation of 18 

generated compound 6 in 51% yield (Scheme 2.8, III). 
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Condition: a) anisole (2.0 eq.), TFA:DCM (1:4, 0.1 M); b) NHS-dPEG4-biotin (1.2 eq.), 

DIPEA (8.0 eq.), DCM (0.1 M); c) 33% HBr in glacial acetic acid (0.1 M) 

Scheme 2.8 Synthesis of biotinylated SanA derivatives 

 

2.4.4.2 Synthesis of benzylated Sansalvamide A derivatives 

Shown in Scheme 2.9, benzylation of the racemic compound 14/15 was 

performed utilizing sodium hydride (NaH, 1.1 equivalents), and benzyl bromide (BnBr, 

2.0 equivalents) in a mixture of THF/DMF (1:1, 0.1 M). The starting material containing  

the two diastereomers and NaH were dissolved in THF/DMF to a concentration of 0.1 M. 

After 10 min, BnBr was added drop-wise to the reaction mixture. Monitoring the reaction 
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via LC/MS indicated it was complete in 5 h. Upon completion, the reaction mixture was 

diluted with DCM and extracted with deionized water to remove excess reagents. The 

organic layer was collected, dried and concentrated in vacuo. The crude product was 

purified to give the diastereomers 9/10, which were purified and separated via RP-HPLC 

to furnish compound 9 ((2S, 3R)-β-benzoxy-Leu-N-Me-Val-D-Leu-D-Phe, 5% yield) and 

10 ((2R, 3S)-β-benzoxy-Leu-N-Me-Val-D-Leu-D-Phe, 18% yield). The structures of the 

two diastereomers were verified via ROESY and 
1
H NMR, while the purity was verified 

by 
1
H NMR and LCMS.  

 

Condition: a) 60% NaH (1.1 eq.), BnBr (2.0 eq.), THF:DMF (1:1, 0.1 M) 

Scheme 2.9 Synthesis of benzylated SanA derivatives 
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2.5 Biological assay of Sansalvamide A derivatives 

2.5.1 Pull down assay of biotinylated Sansalvamide A derivatives 

The protein target of biotinylated SanA derivatives (compounds 4, 5 and 6) that I 

synthesized were evaluated utilizing pull down assays. These assays were completed by 

my colleague Worawan Tantisantisom. Briefly, the biotinylated compound was incubated 

with cell lysate of human colon cancer cell line HCT-116, followed by the addition of 

NeutrAvadin-bound beads to immobilize the SanA-target protein(s) complex. The beads 

were washed several times to remove non-specifically bound proteins. The target 

protein(s) was eluted from the beads by sample buffer, purified via a gel electrophoresis 

and finally, visualized using a Coomassie blue stain.  

 Compounds 4 and 5, both derived from the lead compound 1, contain a biotin tag 

at different positions (position IV for 4 and position V for 5) in order to evaluate the 

optimal position for biotin tagging. As shown in Figure 2.9, both compound 4 and 5 

pulled down several protein bands including HSP90. Comparison of the HSP90 band in 

lane 2 to the negative control (lane 3, biotin linker only; lane 4, isopropanol only) 

indicated the interaction between HSP90 and compound 4 and 5 is specific.  
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(a) 

 

(b) 

 

Figure 2.9 Bands isolated in the pull-down assay using HCT-116 colon cancer cell 

lysate. (a)Lanes: 1, MW marker (kDa); 2, Compound 4; 3, negative control (PEG-

biotin linker); 4, IPA control; and 5-7, protein input for lanes 2-4, respectively. 

(b)Lanes: 1, MW marker (kDa); 2, Compound 5; 3, negative control (PEG-biotin 

linker); 4, IPA control. Pulled down HSP90 is boxed. 

HSP90 

HSP90 
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 Compound 6, the biotinlyated derivative of the lead compound 2, was also studied 

via pull down assay. As shown in Figure 2.10, a protein band between 90-95 kDa 

indicated that compound 6 also pulled down HSP90. The comparison between lane 2 to 

negative controls (lanes 3 and 4) indicated that the interaction between HSP90 and 

compound 6 is specific.  

 

Figure 2.10 Bands isolated in the pull-down assay using HCT-116 colon cancer cell 

lysate. Lanes: 1, MW marker (kDa); 2, Compound 6; 3, negative control (PEG-

biotin linker); 4, IPA control; and 5-7, protein input for lanes 2-4, respectively. 

Pulled down HSP90 is boxed. 

 

 

 

 

 

HSP90 
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2.5.2 Cytotoxicity assay of benzylated Sansalvamide A derivatives 

The cytotoxicity of SanA derivatives was tested via 
3
H-labeled thymidine uptake 

assays, which were completed by my colleague Leslie Alexander.  Carcinogenic cells 

were cultured in 96 well plates for overnight incubation, followed by the addition of 

SanA derivatives (10 µM in DMSO) or DMSO control. After incubation for 54 h, 1 µCi 

of 
3
H-labeled thymidine was added to each well, where the added 

3
H-labeled thymidine 

was incorporated into the DNA of live cells. The cells were harvested after an additional 

18 h of incubation, at which time the amount of incorporated 
3
H-labeled thymidine was 

quantified via a scintillation counter. The amount of 
3
H-labeled thymidine incorporation 

is proportional to the amount of cell proliferation. Low levels of 
3
H-labeled thymidine 

incorporation, as compared to the DMSO control, indicate lower cell proliferation and 

greater compound cytotoxicity. On the contrary, higher amounts of thymidine 

incorporation demonstrated that the treated cells are continuing to go through cell cycle 

and the compound exhibits little cytotoxicity. All experiments were completed at least 

three times. 

Compounds 7-10, as well as the parent compounds SanA peptide and compound 

2, were tested for their cytotoxicity against the drug-resistant human colon cancer cell 

line HCT-116. As shown in Figure 2.11, SanA peptide only exhibited 35% growth 

inhibition while 2 showed a higher cytotoxicity (74%). The observation follows the trend 

for potent SanA derivatives: an N-methyl, two D-amino acids and multiple phenyl groups 

are essential for cytotoxicity. Compounds 7-10, designed de novo based on 2, contain an 

N-methyl, two consecutive D-amino acid, and three phenyl groups within their core 

structures. Three compounds (compounds 8-10) demonstrated decreased potency with 
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limited effects on cell growth inhibition compared to the parent compound 2, and only 7 

exhibited improved potency over 2 (74% for 2 vs. 94% for 7). 

 

 

 

Figure 2.11 Cytotoxicity of SanA derivatives against colon cancer cell line HCT-116. 

Margin of error is ±5% 
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The only structural difference between these four compounds (7-10) is the 

configuration at the α- and β-carbon of the benzyl protected phenylserine at position I. 

Compound 7 contains a (R, R) configuration and exhibited high growth inhibition while 

the other three diastereomers contain the (S, S), (S, R), and (R, S) configurations and 

showed lower levels of growth inhibition compared to 7. We reasoned that the growth 

inhibition values could be attributed the binding affinity between HSP90 and these series 

of SanA derivatives. Thus, a computer-based docking experiment was performed by my 

colleague Jeremiah Savage using the well-established program Autodock to predict the 

binding between HSP90 and compounds 7 and 8. As shown in Figure 2.12, the 

compounds bind to HSP90 in different orientations. Compound 7 shows a conformation 

where the benzoxy Phe side chain is oriented coplanar to the macrocycle. This allows the 

side chain inserts into the binding pocket on HSP90. In contrast, the benzoxy Phe side 

chain of 8 is perpendicular to the macrocyle, which prevents its insertion into the binding 

pocket and results in a very different binding orientation. This observation suggests that, 

in this series of compounds, the 3-D shape greatly alters the binding orientation and is the 

primary reason for the variation in potency. The (R, R) configuration is oriented in a 

favorable 3-D structure for binding to HSP90 and explains its outstanding potency. 
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(a) 

 

(b) 

    

Figure 2.12 Predicted binding of HSP90 and SanA derivatives. (a) Compound 7 

binds to HSP90. (b) Compound 8 binds to HSP90.  

The benzoxy Phe side chain is colored in orange. Blue, green and red represent the 

N, middle and C terminal domains of HSP90, respectively.  

 

2.6 Conclusion 

Using both solution and solid phase peptide synthesis, I have successfully 

synthesized five SanA derivatives. The biotinylated SanA derivatives were furnished by 

attaching a PEG-biotin and their protein target was identified. Specifically compounds 4-

6, containing a PEG-biotin at position IV or V, were tested in pull down assays for the 

studies of their biological target(s). The results of pull down assays show that all 

biotinylated compounds pulled down HSP90, which supports our initial mechanism of 
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action studies. Furthermore, the pull down results of compound 5 indicated that position 

V could be the better position to place a biotin tag. Compounds 7-10, all designed de 

novo from 2, contain necessary moieties for potent SanA derivatives and all inhibited 

growth of HCT-116 cells, although 7 was the optimal structure. The SAR and computer 

docking results showed the impact of 3-D shape on binding to HSP90. Other supporting 

bioassays such as HSP90 competitive binding assays and HSP90 client protein binding 

assays are currently being completed by my colleagues. These assays are investigating 

the mechanism by which 7 inhibits HSP90. The results of these future studies will 

provide the McAlpine lab with greater insight for the development of novel anti-cancer 

agents.  

Chapter 2, in part, is a reprint of the material as it appears in “Design and 

synthesis  of  Hsp90  inhibitors: Exploring the SAR of Sansalvamide A derivatives” 

Bioorganic Medical Chemistry 2010, 18, 6822-6856 Sellers, R. P.; Alexander, L. D.; 

Johnson, V. A.; Lin, C. –C,; Savage, J.; Corral, R.; Moss, J.; Slugocki, T. S.; Singh, E. 

K.; Davis, M. R.; Ravula, S.; Spicer, J. E.; Oelrich, J. L.; Thornquist, A.; Pan, C. –M.; 

McAlpine, S. R.  The dissertation author was the primary investigator and author of this 

paper. 
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Chapter 3-Urukthapelstatin A 

 

3.1 Background of Urukthapelstatin A 

Numerous natural products containing oxazoles, thiazoles, and the saturated 

congeners such as oxazoline and thiazoline have shown promising biological activities.
1
 

For example, Ulapualide A (Figure 3.1, (a)), an oxazole-containing macrolide isolated in 

1986 from eggmasses of the nudibranch Hexabranchus sanguineus, has an outstanding 

anti-cancer activity against L1210 leukemia cell line (IC50 = 11-34 nM).
2
 Dendroamide 

A, a cyclic hexapeptide contains two thiazoles and one methyloxazole, was isolated in 

1996 from the alga Stigonema dendroideum Fremy. It exhibits multidrug-resistance 

(MDR) reversing activity against MCF-7/ADR cancer cell line (Figure 3.1 (b)).
3
  

 

Figure 3.1 Structures of (a) Ulapualide A and (b) Dendroamide A 

 

In 2007, Urukthapelstatin A (Ustat A, Figure 3.2), an oxazole- and thiazole-

containing macrocyclic peptide, was isolated by Matsuo et al. from the cultured mycelia 

of marine-derived Thermoactinomycetaceae bacterium Mechercharimyces 

asporophorigenens YM11-542.
4
 This natural product (Ustat A) possesses a promising 

cytotoxic potency against several human cancer cell lines with a mean GI50 of 15.5 nM. 
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Specifically, it exhibited effective potency against these cancer cell lines: MCF-7 

(breast), HCT-116 (drug-resistant, colon), A549 (lung), DMS114 (lung) and NCIH460 

(lung) with GI50’s between 3.5-5.2 nM. Given its highly cytotoxic effect, the mechanism 

of Ustat A was explored inorder to evaluate its potential as an anticancer therapy. Testing 

Ustat A in histone deacetylase (HDAC), farnesyl transferase (FPTase), proteasome, and 

telomerase assays showed that no significant inhibition. These mechanistic studies 

indicate that Ustat A may have a unique mechanism of action that is currently unknown. 

In the structural aspect, Ustat A is composed of the heterocyclic region containing five 

consecutive azoles, the peptide chain with D-allo-Isoleucine, L-Valine, and an enamide 

moiety (Figure 3.2). To date, neither synthesis nor mechanism of action has been 

reported. I set out to accomplish the synthesis of Ustat A natural product, as well as 

undertake a mechanistic evaluation. In this chapter, several convergent synthetic 

strategies are discussed with the goal of synthesizing Ustat A. In addition, investigation 

of Ustat A cyclic molecule and fragments biological activity are explored.  

 

 

Figure 3.2 Structure of Urukthapelstatin A natural product 
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3.2 Structural features of Ustat A and structural-related natural products 

Ustat A macrocyle (Figure 3.2) bears two directly-linked oxazoles, two directly-

linked thiazoles, one phenyloxazole and a peptide region with an enamide moiety. The 

important structural features of Ustat A include a direct linkage between azoles and an 

enamide moiety. The direct azole linkage is found in several natural products that are 

current candidates for drug development
5
 including Diazoamide A, Cystothiazole A 

(Figure 3.3), Leucamide A and Microcin B17 (Figure 3.4). Diazoamide A was isolated 

from the Philippine ascidian Diazona angulata by the Fenical group in 1991.
6
 It contains 

a bis-oxazole moiety
7
 and exhitbits an outstanding anti-cancer potency against HCT-116 

cancer cell line (GI50 < 19 nM). Cystothiazole A is a bis-thiazole antibiotics isolated from 

the myxobacterium Cystobacter fuscus in 1998.
8
 This molecule showed promising 

cytotoxicities against HCT-116 and K562 cancer cell lines with GI50 = 0.3 µM and 0.25 

µM, respectively. 

 

 

Figure 3.3 Structures of Diazoleamide A and Cystothiazole A 

 

Leucamide A and Microcin B17 are two peptides that possess the mixed bis-azole 

tandem pairs (Figure 3.4). Leucamide A is a cyclic heptapeptide with a subunit 
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consisting of a methyloxazole and a thiazole.
9
 This cyclic peptide was found cytotoxic 

against several tumor cell lines including HM02, HepG2 and Huh7 with GI50 values at 

low micromolar range. Microcin B17 contains two oxazole-thiazole subunits and exhibits 

a bactericidal activity against gram-negative bacteria via the inhibition of DNA 

replication.
10

 These molecules have shown promising biological activities and indicated 

the importance of the directly-linked azole moiety.     

 

Figure 3.4 Structures of Leucamide A and Microcin B17 

 

Next to the linked azoles of Ustat A is the peptide region with an enamide moiety, 

which is an important subunit in bioactive natural products and pharmaceutical drug lead 

molecules.
11

 The structure-activity relationship (SAR) study of Salicylihalamide A has 

demonstrated the importance of the enamide moiety. Salicylihalamide A
12

 is an enamide- 

containing macrolide isolated from the sponge Haliclona sp. The De Brabander group 

synthesized Salicylihalamide A analogues (Figure 3.5) and tested them in the Vacuolar 

ATPase inhibition assay. The analogue I, in which the enamide is intact, showed no 

significant change on the IC50 value. However, the removal of the enamide in analogue II 
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dramatically reduced its biological activity (Figure 3.5). Thus, these structural features 

have made Ustat A an attractive target for total synthesis and SAR study. Only 3 natural 

products share structural homology with Ustat A. The reported synthetic strategies for 

these molecules provide insights on the most effective synthetic route of Ustat A and they 

are discussed in the following paragraphs.  

 

Figure 3.5 Structures of Salicylihalamide A and analogues 

 

3.2.1 YM-216391 

YM-216391 was first isolated from Streptomyces nobilis and the structure was 

proposed by Hayata et al. in 1999 (Figure 3.6).
13

 It contains a peptide region and five 

tandem heterocycles including three consecutive oxazoles, one thiazole and one 

phenyloxazole. The peptide region is composed of a Gly, a D-Val and an Ile. In 2005, the 

first total synthesis of YM-216391 has been reported by Pattenden et al. based on the 

purposed structure.
14

 As shown in Figure 3.6, YM-216391 was furnished by installing 

the thiazole via a thiazoline formation and then oxidation. The macrocycle of YM-

216391 was afforded via continuous peptide coupling and macrolactamization between 

the D-Val-Ile dipeptide and the thioamide-containing tetraoxazole fragment. Peptide 

coupling between the trisoxazole and phenyloxazole species would generate the 
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tetraoxazole fragment. The preparation of trisoxazole species involved a peptide coupling 

and an oxazole formation from two mono oxazole subunits.  

 

Figure 3.6 Proposed structure and synthetic strategy of YM-216391 

 

Also in 2005, Sohda et al published the full report on the biological activities and 

the revised structural elucidation (Figure 3.7).
15

 The inhibitory assay of YM-216391 

against human cervical cancer HeLa S3 cells showed low nanomolar growth inhibition 

(IC50 = 14 nM). Further investigation on the profile of its anticancer potency showed that 

it exhibited cytotoxic potency against 39 human cancer cell lines with mean GI50 value of 

37 nM.  Interestingly, the peptide region was elucidated by Sohna et al. as a Gly-Val-D-

allo-Ile sequence and the optical rotation was opposite to that of the synthetic YM-

216391([α]D = +48
o
 vs. [α]D = -56

o
). Although the synthetic product was proven to be the 
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enantiomer of the natural product
16

, the synthetic strategy established by the Pattenden 

group still provided an approachable route for this class of molecules. 

 

Figure 3.7 Proposed and revised structures of YM-216391 

 

3.2.2 IB-01211 

IB-01211(Figure 3.8) was isolated in 2005 from the marine microorganism 

Thermoactinomyces genus strain ES7-008
17

.The natural product mechercharmycin A was 

also isolated in 2005 from marine-derived bacterium Thermoactinomyces sp. YM3-251 

with the same structure as IB-01211
18

. The macrocycle of IB-01211 is almost identical to 

Ustat A and YM-216391 and contains four oxazoles, one thiazole, and a tripeptide unit. 

In 2007, the first total synthesis of IB-01211 was published by Hernandez et al.
19

 

The key step feathered a macrocyclization through an intramolecular Hantzsch thiazole 

formation on the linear precursor to install the thiazole (Figure 3.8). The linear precursor 

was assembled in a convergent manner from three building blocks: the D-allo-Ile-Val 

dipeptide, the bromoketal bis-oxazoles, and the bis-oxazole thioamide. 



67 
 

 

 

Figure 3.8 Structure and synthetic strategy of IB-01211 

 

 Upon finding the effective synthetic route of IB-01211, structure-activity 

relationship (SAR) study was also conducted by the same group in 2008.
20

 The structure 

of IB-01211 was modified in three ways (Figure 3.9): a) methyl substituents were 

introduced on the polyoxazoles, b) the exocyclic double bond was replaced by a 

methylene group, and c) PEG residues were attached to the marcocycle. The anti-cancer 

potency of natural product and derivatives were evaluated against three human cancer 

cell lines (A-549, HT-29, and MDA-MB-231). The result showed that the natural product 

exhibited potent cytotoxicity with GI50 value of 30-90 nM. However, none of the 

derivatives showed comparable cytotoxicity to that of natural product, which indicated 

that a) either substituting methyl group on the polyoxazoles, or PEG residues on the 
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macrocycle, is not facilitating anticancer activity; and b) the exocyclic double bond may 

be crucial. Finally, the mechanistic study showed that IB-01211 was able to induce 

cancer cell apoptosis through cell cycle arrest at G2 phase.  

 

 

Figure 3.9 SAR of IB-01211 (Tested against A-549 cancer cell line) 
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3.2.3 Telomestatin 

Telomestatin (Figure 3.10) is a novel macrocycle that was isolated from 

Streptomyces anulatus 3533-SV4 by Shin-ya et al. in 2001.
21

 Telomestatin is a potent 

anti-cancer agent with IC50 = 5 nM. Telomestatin binds the telomere and stabilizes the 

antiparallel G-quadruplex form. Stabilizing the quadruplex inhibits the telomerase from 

elongating the telomere, which eventually inhibits the growth of cancer cells.  

  

Figure 3.10 Structures of Telomerstatins 

The structure of Telomestatin contains eight directly-linked heterocycles, 

including five oxazoles, two methyloxazoles, and one thiazoline. The first total synthesis 

of Telomestatin was completed by Doi et al. in 2006 and the absolute configuration on 

the thiazoline C-sp
3 

was determined to be (R).
22

  

The natural product was afforded by the sequential formation of the last oxazole 

and the thiazoline on the cyclic precursor (Figure 3.11). The cyclic precursor was 

synthesized by coupling two trisoxazole fragments, followed by macrocyclization. The 

two trisoxazole fragments were assembled fromamino acid-based building blocks.  The 

SAR study of telomestatin analogs was reported by the same group in 2011.
23

 The results 

showed that the (S)-isomer (Figure 3.10) was 4 fold more potent than the natural 

product. 
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Figure 3.11 Synthetic strategy of Telomerstatin 

From the synthetic studies of theses natural products and their derivatives, we see 

that the convergent synthetic approach was employed for all molecules. Indeed, with 

azole-containing subunits, one can build up complex molecules in an efficient manner 

using a convergent strategy. Thus, we will apply the convergent approach to the synthesis 

of Ustat A natural product. 

 

3.3 Rational Design of Ustat A Derivatives 

 The goal of Ustat A project is to develop an efficient synthetic route to synthesize 

the Ustat A natural product, and then construct a library of derivatives in order to study 

their SAR. The Hernandez group designed a series of IB-01211 derivatives by adding 

methyl to the oxazole moiety, removing the exocyclic double bond, or substituting the 

exocyclic double bond with several different PEG substituents. The results indicated that 
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the exocyclic double bond is essential for the anti-cancer properties of the molecule. In 

contrast, the methylated oxazole moiety and PEG substituents have not improved the 

anticancer potency (Figure 3.9). Interestingly, during their SAR study of IB-01211, the 

Hernandez group did not modify the type of heterocycles, and thus heterocyclic 

replacement is a novel approach for investigating structure-activity relationships. Thus, in 

the preliminary design of Ustat A derivatives, we modified the heterocyclic region in 

order to find novel mechanistic insights. 

 

 

Figure 3.12 Structures of Urukthapelstatin A and two derivatives.  

 

In this project, I was responsible for Ustat A-3 (blue colored in Figure 3.12) 

while my colleagues were working on the synthesis of Ustat A natural product and Ustat 

A-2. As shown in Figure 3.12, we retained the enamide moiety and the peptide region in 

the two derivatives whereas the heterocycle region has been modified by changing the 

numbers of oxazoles and thiazoles.  The thiazole at position III was replaced by an 

oxazole in Ustat A-2, generating a molecule that has four oxazoles. My compound Ustat 

A-3 has two thiazoles introduced at positions I and II generating with four thiazoles 
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overall. Since oxazole-based molecules are less flexible than thiazole-based ones,
24

 Ustat 

A-2 would be significantly more rigid than Ustat A-3. The rigidity will impact the 

macrocyclic conformation and change the interaction between the molecule and its 

biological target. In addition, modification to the oxazole/thiazole ration varies the 

number of hydrogen bond as an oxazole has two H-bond acceptors while a thiazole has 

only one. These modifications will allow us to understand how the anticancer potency of 

Ustat A can be tuned by the physical shape or the electronic effects within heterocycle 

region. Subsequent modification of the peptide region would then be evaluated. Our 

ultimate goal is to conduct synthesis and a SAR study of Ustat A in order to understand 

its mechanism of action.  

 

3.4 Retrosynthetic Approach of Ustat A-3 

Hernandez et al. had reported a macrocyclization strategy via Hantzsch thiazole 

synthesis.
19

 This approach seemed ideal since it could install several synthetic units 

simultaneously. Thus, Ustat A natural product was designed to close using Hantzsch 

macrocyclization. The linear precursor was synthesized from two fragments via peptide 

coupling (Scheme. 3.1). In the preparation of macrocyclization, bromoketal-containing 

linear precursor was subjected to hydrolysis of the bromoketal group. However, the 

decomposition of linear precursor was observed during the hydrolysis step. Therefore, a 

revised retrosynthetic approach was proposed for the synthesis of Ustat A and two 

derivatives. Note: upon closer evaluation of Hernandez data, there was no data showing 

that the macrocyle had been formed, suggesting this route was never succeeded. 
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Scheme 3.1 Initial Synthetic Strategy of Ustat A natural product 

 

In the revised retrosynthetic approach, Ustat A-3 was constructed from three 

fragments (Scheme 3.2). The double deportected linear precursor would be cyclized 

using peptide-coupling macrocyclization between Thr and Ala, followed by the Z-

enamide installation at the hydroxyl side chain of Thr residue. The linear precursor was 

generated by performing a Hantzsch reaction between fragments 1 and 2. Deprotection of 

acid on 2 and peptide coupling with 3 yields the acyclic molecule. Commercially 

available amino acids and reagents would be used for the synthesis of these three 

fragments. 
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Scheme 3.2 Revised Retroynthetic Approach for Ustat A-3 

 

3.4.1 Retrosynthesis of Ustat-3 Fragment 1  

Fragment 1 was generated from commercially available chemicals using 

sequential Hantzsch reactions with a thioamide and an ethyl bromopyruvate (Scheme 

3.3). The bis-thiazole thioamide was furnished from the thiazole-thioamide and ethyl 

bromopyruvate via the Hantzsch thiazole synthesis, followed by the two-step thioamide 

formation at the resulting ethyl ester moiety. Following the same synthetic method, the 

thiazole-thioamide was yielded from Boc-Thr(t-Bu)-thioamide, which was simply 

prepared from the free acid Boc-Thr(t-Bu)-OH. 
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Scheme 3.3 Retrosynthesis of Ustat-3 Fragment 1 

3.4.2 Retrosynthesis of Ustat-3 Fragment 2 and 3 

Fragment 2 was constructed from the bromoketal phenylserine that was cyclized 

and oxidized to give the phenyloxazole (Scheme 3.4). An amide bond coupling between 

the bromoketal acid and the free amine on phenylserine afforded the desired 

pseudopeptide.  Fragment 3 was synthesized using peptide coupling between two amino 

acids: Boc-D-allo-Ile-OH and H-Ala-OMe.  

 

Scheme 3.4 Retrosynthesis of Ustat A-3 Fragment 2 and 3 
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3.5 Synthesis of Ustat A-3 

3.5.1 Synthesis of Fragment 1 for Ustat A-3 

 The construction of Ustat A-3 began with the synthesis of Fragment 1.Since the 

successful synthesis of Fragment 1 relies on a high yielding thiazole synthesis we 

evaluated several methods in the literatures.
25-26

 We believe the optimal Hantzsch 

reaction conditions for our molecule were those developed by the Nicolaou group.
27

 

Their method utilized Lawesson’s reagent, which converts amides to thioamides. 

Synthesis of Fragment 1 was started by converting the commercially available threonine 

free acid Boc-Thr(t-Bu)-OH to the methyl ester Boc-Thr(t-Bu)-OMe using the 

methylating agent Trimethylsilyl diazomethane (TMSD) (Scheme 3.5). Boc-Thr(t-Bu)-

OH was dissolved in a mixture of anhydrous benzene and methanol (3:1) in a round-

bottom flask to make a 0.1 M solution. The methylating agent TMSD (2.0 M in diethyl 

ether) was added drop-wise into the reaction mixture until the mixture became slightly 

yellow. The reaction was stirred under argon and monitored by thin layer 

chromatography (TLC). Upon completion, the solvent was evaporated in vacuo and the 

resulting crude methyl ester Boc-Thr(t-Bu)-OMe was confirmed by 
1
H NMR 

spectroscopy and then taken on to the next reaction without further purification.  
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Conditions: 

a) TMSD, Benzene/MeOH (3:1, 0.1 M). b) NH4OH/MeOH (9:1, 0.1 M), ultrasound. c) 

Lawesson's reagent. d) KHCO3 (8.0 eq.), BrCH2COCO2Et (3.0 eq.), DME (0.05 M), 16 h, 

rt. e) pyridine (9.0 eq.) 5 min, 0 
o
C, TFAA (4.0 eq.), 3 h, 0 

o
C to rt then TEA (2.0 eq.), 1 

h, rt, DME (0.05 M). f) NaOEt (1.2 eq.), EtOH (0.05 M), 0 
o
C, 1 h. 

 

Scheme 3.5 Synthesis of Ustat A-3 Fragment 1 
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The ester Boc-Thr(t-Bu)-OMe was then converted to the corresponding amide  

using ammonium hydroxide (Scheme 3.5). The ester was dissolved in a mixture of 

ammonium hydroxide aqueous solution and methanol (9:1) to make a 0.1 M solution. 

The reaction mixture was ultrasonicated until homogeneous, stirred under room 

temperature, and monitored via TLC. Upon completion, the solvent was removed in 

vacuo to afford the desired amide Boc-Thr(t-Bu)-NH2 in quantitative yield. The resulting 

amide was verified by 
1
H NMR spectroscopy and used for next transformation without 

further purification.  

The amide was then converted to a thioamide using Lawesson’s reagent (LR). 

The amide and LR (0.8 equivalent) were dissolved in anhydrous tetrafuran (THF) to give 

final concentration of 0.05 M, and the reaction mixture was heated to reflux under argon. 

After TLC indicated reaction completion, the solution was concentrated in vacuo, and the 

residue was purified via flash column chromatography under gradient condition of ethyl 

acetate (EA) and hexane (Hex) as the eluting solvent system. The pure thioamide 4 (Boc-

Thr(t-Bu)-SNH2) was furnished in a 60% overall yield for three steps. The structure and 

purity of 4 were confirmed via 
1
H NMR spectroscopy. 

The thioamide 4 was subjected to the modified Hantzsch thioazole synthesis, 

which involves reaction of a thioamide and an α-halogenated ketone under basic 

conditions, generate a hydroxyl thiazoline intermediate. Subsequent dehydration of the 

thiazoline affords the desired thiazole. The thioamide 4 and potassium bicarbonate 

(KHCO3, 8.0 equivalents) was dissolved in anhydrous 1,2-dimethoxyethane (DME) to a 

concentration of 0.05 M. The slurry solution was allowed to stir for 5 min. Ethyl 

bromopyruvate (3.0 equivalents) was then added drop-wise into the reaction mixture. The 
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reaction was stirred for 16 h at room temperature and monitored by TLC. Upon 

completion, the solvent was removed in vacuo. The residue was re-dissolved in 

chloroform and extracted with deionized water and brine. The organic layer was 

collected, dried over sodium sulfate, filtered, and concentrated in vacuo to afford the 

crude thiazoline. The thiazoline intermediate was dissolved in anhydrous DME to a 

concentration of 0.05 M, stirred and cooled to 0 
o
C. Pyridine (9.0 equivalents) was then 

added drop-wise to the stirred solution. After stirring for 5 min, trifluoroacetic anhydride 

(TFAA, 4.0 equivalents) was added drop-wise to the reaction mixture. The mixture was 

stirred for an additional 3 h at 0 
o
C then warmed up to room temperature. Finally, 

triethylamine (TEA, 2.0 equivalents) was added to the solution, which was then stirred 

for an additional 1 h and monitored by TLC. Upon completion, the solution was 

concentrated in vacuo, and the residue was re-dissolved in chloroform, subjected to an 

acid-base extraction, and purified via flash column chromatography to yield the pure 

thiazole 5 (Boc-Thr(t-Bu)-thiazole-OEt) in 78% yield over two steps.  

In order to convert the ethyl ester moiety of 5 to thioamide, the thiazole 5 was 

first subjected to amide conversion using a mixture of ammonium hydroxide and 

methanol (Scheme 3.5). The reaction mixture was ultrasonicated until homogeneous, 

stirred under room temperature and monitored via TLC. Upon completion, the solvent 

was evaporated in vacuo and the resulting amide Boc-Thr(t-Bu)-thiazole-NH2 was 

afforded in quantitative yield without further purification.  

The amide Boc-Thr(t-Bu)-thiazole-NH2 was then converted to thioamide using 

Lawesson’s reagent (LR). In the attempt of improving reaction yield, the reaction was 

carried out in anhydrous DME instead of THF. The amide and LR (0.8 equivalents) were 
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dissolved in DME, and the reaction mixture was heated to 60 
o
C under argon. After TLC 

confirmation of completion, the solvent was removed in vacuo, and the crude product 

was purified via flash column chromatography. The pure thioamide 6 (Boc-Thr(t-Bu)-

thiazole-SNH2) was furnished in a moderate 53% yield over two steps.  

The thioamide 6 was carried on to the synthesis of second thiazole via the same 

Hantzsch thiazole synthesis conditions to generate the dithiazole 7 (Boc-Thr(t-Bu)-

dithiazole-OEt) (Scheme 3.5). However, after flash column purification, the 

trifluoroacetamide byproduct (Figure 3.13, trifluoroacetyl-7) was obtained along with the 

pure dithiazole 7. To remove the trifluoroacetyl group, the mixture product was dissolved 

in ethanol and cooled to 0 
o
C. Sodium ethoxide (1.2 equivalents) was added and the 

reaction mixture was allowed to stir for 1 h.  Reaction completion was confirmed by 

TLC; the mixture was concentrated, subjected to an acid-base extraction, and purified by 

flash column chromatography to furnish the pure dithiazole 7 in an excellent 97% yield 

over three steps.  

 

Figure 3.13 Strutures of thiazole 7 and its trifluoroacetyl byproduct 

The ethyl ester moiety in dithiazole 7 was converted to an amide using 

ammonium hydroxide. For the next thiomide formation, both starting material and 

reagent contain aromatic rings, therefore I used benzene in order to improve the reaction 
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yield. The amide Boc-Thr(t-Bu)-dithiazole-NH2 and LR (0.8 equivalent) were dissolved 

in anhydrous benzene. The reaction mixture was heated to 60 
o
C and monitored by TLC.  

Upon completion, the mixture was concentrated in vacuo, subjected to a flash column 

chromatography to furnish the pure thioamide 8 (Boc-Thr(t-Bu)-dithiazole-SNH2) in 73% 

yield.  

The third thiazole was prepared by reacting the thioamide 8 with ethyl 

bromopyruvate under basic conditions, followed by the dehydration of the thiazoline 

intermediate using pyridine and TFAA (Scheme 3.5). The undesired trifluoroacetamide 

byproduct was also observed with the tristhiazole 9 (Boc-Thr(t-Bu)-tristhiazole-OEt) in 

this transformation. After solvolysis of the trifluoroacetamide byproduct using sodium 

ethoxide, the pure tristhiazole 9 was afforded in 87% yield via flash column 

chromatography over three steps. 

 Finally, the tristhiazole 9 underwent amide conversion with ammonium 

hydroxide and then thioamide formation using LR (0.8 equivalent) in benzene to deliver 

the desired tristhiazole thioamide Fragment 1 (Boc-Thr(t-Bu)-tristhiazole-OEt) in 73% 

yield over two steps.  

 

3.5.2 Synthesis of Fragment 2 for Ustat A-3 

 The synthesis of fragment 2 started by reacting the free amine (2R, 3S)/(2S, 3R)-

racemic H-β-hydroxyl-Phe-OMe (1.1 equivalents) with the pre-made free acid 3-bromo-

2,2-dimethoxypropionic acid
28

 (1.0 equivalent) via our standard peptide coupling 

conditions to deliver the racemic pseudopeptide 10  (Bromoketal-β-hydroxyl-Phe-OMe) 

(Scheme 3.6). The free amine, free acid, coupling reagent TBTU (1.1 equivalents) and 
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base DIPEA (4.0 equivalents) were dissolved in anhydrous dichloromethane (DCM) at 

0.1 M. The reaction mixture was stirred under argon and monitored by TLC. Upon 

completion, the reaction solution was diluted with DCM, extracted with 10% (v/v) 

HCl(aq) to remove the excess base, followed by basic extraction with saturated solution of 

sodium bicarbonate (NaHCO3). The organic layer was dried over sodium sulfate, filtered, 

and concentrated in vacuo. The resulting crude product was purified via flash column 

chromatography using EA-Hex as the eluting solvent system to furnish the pure 

pseudopeptide 10 in 92% yield.  The structure and purity were confirmed using 
1
H NMR 

spectroscopy.  

 

Conditions:  

a) TBTU (1.1 eq.), DIPEA (4.0 eq.), DCM (0.1 M). b) DAST (1.1 eq.), DCM (0.1 M), 30 

min, -78 
o
C then pyridine (2.0 eq.), 1 h, -78 

o
C to rt. c) DBU (2.0 eq.), DCM (0.1 M), 10 

min, -47 
o
C, BrCCl3 (2.0 eq.), 12 h, -47 

o
C to rt. d) Formic acid (0.1 M), 20 min, 60 

o
C. 

 

Scheme 3.6 Synthesis of Ustat A-3 Fragment 2 

In the synthesis of oxazole-containing molecules, several methods have been 

reviewed
29

. One common and efficient method is the two-step protocol applied on a β-

hydroxyl amide involving cyclodehydration/oxidation using DAST/DBU. In general, 
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diethylaminosulfur trifluoride (DAST) is an efficient fluorinating agent, which converts 

the hydroxyl group of serine to fluorine. Next, a base, usually potassium carbonate 

(K2CO3), is used for the cyclodehydration, which affords the oxazoline intermediate in 

the first step. Bromotrichloromethane (BrCCl3) and 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) are introduced in the second step, oxidizing the oxazoline into the desired 

oxazole. However, different base in the first step has to be carefully chosen to form the 

oxazoline for the synthesis of phenyloxazole. Previous studies and attempting
19

 showed 

that β-elimination is favored over cyclodehydration when using K2CO3 with the β-

hydroxyl phenylalanine moiety. Several bases were used in order to address this problem 

and pyridine was found to give the optimal reaction yield. Thus, for the synthesis of 

phenyloxazole 11, the DAST/pyridine protocol was used during the cyclodehydration 

step and BrCCl3/DBU was introduced in the second step. The pure pseudopeptide 10 (1.0 

equivalent) was dissolved in anhydrous DCM (0.1 M) at -78 
o
C under argon. DAST (1.1 

equivalents) was added drop-wise to the cooled DCM solution and the reaction mixture 

was stirred for 30 min. Pyridine (2.0 equivalents) was introduced to the reaction to induce 

cyclodehydration. The reaction was allowed to warm to room temperature, and stirred for 

an additional 1 h. Upon completion, the formation of the oxazoline was confirmed by 

TLC and LC/MS, The reaction mixture was then diluted with DCM, extracted with 

saturated NaHCO3(aq), and then purified via flash column chromatography. The resulting 

pure phenyloxazoline intermediate was then moved on to the oxidation step.  

The pure phenyloxazoline was dissolved in DCM (0.1 M) at -47 
o
C under argon. 

DBU (2.0 equivalents) was added drop-wise to the DCM solution, which was then stirred 

for 10 min. Next, BrCCl3 (2.0 equivalents) was added into the mixture. The reaction was 
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allowed to warm to room temperature when running for an additional 12 h. Upon 

completion, the crude product was purified via flash column chromatography to afford 

the phenyloxazole 11 (bromoketal phenyloxazole-OMe) in 40% yield over two steps.  

Finally, Fragment 2 (Scheme 3.6) was furnished via acid-induced ketone 

deprotection. The phenyloxazole 11 was dissolved in formic acid (0.1 M) and stirred at 

60 
o
C for 20 min. Upon completion, the reaction was extracted by gently adding saturated 

NaHCO3(aq) solution, and the resulting bromoketo phenyloxazole (Fragment 2) was taken 

on to the Hantzsch thiazole synthesis without further purification.  

 

3.5.3 Synthesis of Fragment 3 for Ustat A-3 

 The synthesis of Fragment 3 started with the peptide coupling between a free 

amine H-Ala-OMe (1.1 equivalents) and a free acid Boc-D-allo-Ile-OH (1.0 equivalent) 

(Scheme 3.7). The starting materials, coupling reagent TBTU (1.1 equivalents), and 

DIPEA (4.0 equivalents) were dissolved in anhydrous DCM (0.1 M). The reaction was 

stirred under argon and monitored by TLC. Upon completion, the crude product was 

purified via flash column chromatography to provide the pure dipeptide 12 (Boc-D-allo-

Ile-Ala-OMe) in 92% yield. 

The Boc protecting group of the dipeptide 12 was removed to yield Fragment 3. 

The dipeptide was dissolved in a mixture of TFA/DCM (1:4, 0.1 M) with the presence of 

anisole (2.0 equivalents) and the reaction was monitored by TLC. Once the reaction was 

completed, the solution was concentrated in vacuo to yield Fragment 3, which was taken 

on to the next step without further purification.  
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Conditions: 

a) TBTU (1.1 eq.), DIPEA (4.0 eq.), DCM (0.1 M). b) TFA/DCM (1:4, 0.1 M), anisole 

(2.0 eq.) 

 

Scheme 3.7 Synthesis of Ustat A-3 Fragment 3 

3.5.4 Synthesis of Linear Precursor for Ustat A-3 

With Fragments 1 and 2 in hand, the heterocycle fragment 13 (Boc-Thr(t-Bu)-

tetrathiazole-phenyloxazole-OMe) was synthesized via the Hantzsch thiazole synthesis 

(Scheme 3.8).  Fragment 1 (1.0 equivalent) and KHCO3 (8.0 equivalents) were dissolved 

in anhydrous DME. The reaction mixture was stirred for 10 min and the pre-dissolved 

DME Fragment 2 was added drop-wise to make a final reaction concentration of 0.05 M. 

The reaction was run for 16 h at room temperature. Upon completion via TLC and 

LC/MS confirmation, the solvent was removed in vacuo. The residue was re-dissolved in 

chloroform and then extracted with brine and deionized water. The resulting thiazoline 

intermediate was re-dissolved in anhydrous DME to a concentration of 0.05 M, stirred 

and cooled to 0 
o
C. Pyridine (9.0 equivalents) was then added drop-wise to the stirred 

solution. After stirring for 5 min, TFAA (4.0 equivalents) was added to the reaction 

mixture drop-wise and stirred for an additional 3 h at 0 
o
C then the reaction was warmed 

up to room temperature. Finally, TEA (2.0 equivalents) was added to the solution, which 

was then stirred for an additional 1 h and monitored by TLC. Upon completion, the 

solution was concentrated in vacuo, and the residue was re-dissolved in chloroform, 
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subjected to an acid-base extraction, and purified via flash column chromatography to 

yield the pure heterocycle compound 13 in 88% yield over two steps. 

 

 

 

Conditions:  

a) KHCO3 (8.0 eq.), DME (0.05 M), 16 h, rt; b) pyridine (9.0 eq.), 5 min, 0 
o
C, TFAA 

(4.0 eq.), 3 h, 0 
o
C to rt then TEA (2.0 eq.) 1 h, rt, DME (0.05 M). c) LiOH (8.0 eq.), H2O 

(cat.), MeOH (0.1 M)  

 

Scheme 3.8 Synthesis of Ustat A-3 Heterocycle Fragment 13 and 14 

 Acid deprotection of the heterocycle fragment 13 was carried out by adding 

lithium hydroxide (LiOH, 8.0 equivalents) and dissolving the mixture in methanol (0.1 

M) with a catalytic amount of water. The reaction was run for 8 h; upon completion, the 

solvent was evaporated in vacuo and the residue was diluted with DCM and extracted 

with 10% (v/v) HCl(aq) to give the resulting free acid 14 (Boc-Thr(t-Bu)-tetrathiazole-

phenyloxazole-OH) in quantitative yield.  

 The protected linear precursor 15 (Boc-Thr(t-Bu)-tetrathiazole-phenyloxazole-D-

allo-Ile-Ala-OMe) was synthesized by coupling the free acid 14 (1.0 equivalent) with the 

free amine fragment 3 (1.1 equivalents) using our standard peptide coupling procedure 

(Scheme 3.9). The starting materials, coupling reagent TBTU (1.1 equivalents) and 

DIPEA (4.0 equivalents) were dissolved in anhydrous DCM (0.1 M). The reaction was 
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stirred, and monitored via TLC and LC/MS. Upon completion, the reaction mixture was 

subjected to an acid-base extraction, followed by purification via flash column 

chromatography. Pure linear precursor 15 was furnished in 47%; the structure and purity 

was confirmed via 
1
H NMR, LC/MS.  

 

Conditions:  

a) TBTU (1.1 eq.), DIPEA (4.0 eq.), DCM (0.1 M) 

 

Scheme 3.9 Synthesis of Ustat A-3 Linear Precursor 15 

 

3.5.5 Macrocyclization of Ustat A-3 

 Macrocyclization of Ustat A-3 begun with the sequential acid and amine 

deprotection of the linear precursor 15. The acid was deprotected by dissolving the linear 

precursor 15 and LiOH (8.0 equivalents) in methanol (0.1 M) with a catalytic amount of 

water. The reaction was run for over 12 h and monitored by LC/MS. Upon completion, 

the solvent was evaporated in vacuo and the residue was re-dissolved in DCM, followed 

by an acid extraction using aqueous HCl (10% v/v) solution. The resulting Boc protected 

free acid  (Boc-Thr(t-Bu)-tetrathiazole-phenyloxazole-D-allo-Ile-Ala-OH) was subjected 

to the amine deprotection without further purification (Scheme 3.10).  
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Conditions:  

a) LiOH (8.0 eq.), H2O (cat.), MeOH (0.1 M). b) TFA/DCM (1:1, 0.1 M), anisole (2.0 

eq.). 

 

Scheme 3.10 Double Deprotection of Linear Precursor for Ustat A-3 

 The simultaneous deprotection of secondary alcohol and amine was carried out by 

dissolving the linear precursor free acid in a mixture of TFA/DCM (1:1, 0.1 M) with 

anisole (2.0 equivalents). Upon completion, the crude mixture was concentrated in vacuo 

to yield the double deprotected linear precursor 16 (H-Thr-tetrathiazole-phenyloxazole-D-

allo-Ile-Ala-OH), which was used without further purification. 

 Finally, macrocyclization of Ustat A-3 was carried out at low concentration of the 

peptide by activating the carboxylic acid moiety using the coupling reagent 

pentafluorophenyl diphenylphosphinate (FDPP) (Scheme 3.11). The double deprotected 

linear precursor 16 was dissolved in a mixture of anhydrous DMF/DCM (1:4, 0.8 mM), 

along with FDPP (1.5 equivalents) and DIPEA (7.0 equivalents). The reaction mixture 

was then stirred overnight under argon. In the first check point, LC/MS showed the 

disappearance of starting material, however, the desired cyclic product 17 was not 

observed. To facilitate reaction completion, additional amounts of FDPP and DIPEA 

were added to the mixture. Unfortunately, the main peaks appeared on LC/MS were 
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identified as the coupling reagent. The cyclized product was never observed in LC/MS, 

despite the reaction running for 3 days.  

 

Condition:  

a) FDPP (1.5 eq.), DIPEA (7.0 eq.), DMF/DCM (1:4, 0.8 mM), 3 d. 

 

Scheme 3.11 Macrocyclization attempt of Ustat A-3 

In addition to the cyclization attempt of Ustat A-3, the cyclization of Ustat A-1 

and Ustat A-2 were also performed in our lab, where my colleagues used multiple 

coupling reagents (TBTU, HATU, and DEPBT) under highly dilute conditions. 

Unfortunately, the peaks of coupling reagents were observed and no trace of the cyclized 

molecule was found in LC/MS. These unsuccessful attempts to cyclize Ustat A and its 

derivatives underscored the necessity to re-design the synthetic strategy.  

 

3.6 Retrosynthetic Approach of Ustat A-1 

Based on the previous failed attempts, closing the ring between Thr and Ala 

residues of the linear precursor was no longer an option. The ring closing failure was 

likely due to poor flexibility of the heterocycle region, which hinders the two termini on 

the precursor from reaching each other to close. Thus, a new synthetic strategy in closing 

the ring was pursued and it was initiated on the synthesis of the Ustat A natural product 

(Ustat A-1). Our goal was to reduce the molecule’s rigidity as a linear precursor by 
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forming the middle heterocycle after cyclization (Scheme 3.12). Ustat A natural product 

could be obtained via the oxazole formation on the position II of the cyclic precursor. The 

cyclic precursor could be synthesized by cyclizing the linear precursor, which could be 

formed by coupling the two heterocycle-containing fragments: Fragment A and Fragment 

B.  Finally, Fragment A will be generated via the Hantzsch thiazole synthesis between the 

thioamide 18 and a pre-made bromoketone 2. Fragment B could be derived from the 

oxazole 19 and the dipeptide 20 via peptide coupling. 

 

 

 

Scheme 3.12 Altered Synthetic Strategy of Ustat A-1 (natural product) 
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3.7 Synthesis of Ustat A-1 

3.7.1 Synthesis of Fragment A for Ustat A-1 

 The main structural elements of Fragment A include one serine-derived 

dimethyloxazolidine, two thiazoles, and one phenyloxazole. The thiazole will be 

synthesized via the Hantzsch thiaozle synthesis and the phenyloxazole will be generated 

from Fragment 2 of Ustat A-3 (Scheme 3.6). The synthesis of Fragment A began with the 

construction of thiazole in the thioamide 18. As shown in Scheme 3.13, Boc-Ser-OH was 

protected using dimethoxypropane (DMP) and pyridinium p-toluenesulfonate (PPTS) to 

form Boc-oxazolidine-OH, followed by esterification using TMSD to install the methyl 

ester. Boc-Ser-OH was dissolved in anhydrous THF in a round-bottom flask to make a 

solution of 0.17 M. DMP (10.0 equivalents) and PPTS (0.3 equivalent) was added, and 

the reaction was stirred, heated to reflux for 12 h, and then cooled to room temperature. 

Upon completion and confirmation by TLC and LC/MS, the reaction mixture was 

concentrated in vacuo. The residue was partitioned between EA and water. The aqueous 

layer was re-extracted with EA and the collected organic layer was dried over sodium 

sulfate, filtered, and concentrated in vacuo. The resulting crude oxazolidine free acid 

(Boc-oxazolidine-OH) was confirmed by 
1
H NMR spectroscopy and taken on to the 

esterification without further purification. The crude Boc-oxazolidine-OH was dissolved 

in a mixture of anhydrous benzene and methanol (3:1, 0.1 M). TMSD (2.0 M in diethyl 

ether) was drop-wise added into the reaction mixture until the solution became slightly 

yellow. Upon completion, the solvent was removed in vacuo and the resulting crude 

methyl ester 21 (Boc-oxazolidine-OMe) was subjected to a flash column purification. 
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The pure ester 21 was furnished in 65% over two steps and the structure was confirmed 

by 
1
H NMR spectroscopy.   

 

 

Condition:  

a) DMP (10.0 eq.), PPTS (0.3 eq.), THF (0.17 M), reflux, 12 h. b) TMSD, Benzene: 

MeOH (3:1, 0.1 M). c) NH4OH : MeOH (1:1, 0.05 M). (d) Lawesson’s Reagent (0.8 eq.), 

THF (0.1 M), reflux, 12 h. e) KHCO3 (8.0 eq.), BrCH2COCO2Et (3.0 eq.), DME (0.05 

M), 16 h, rt. f) pyridine (9.0 eq.), 5 min, 0 
o
C, TFAA (4.0 eq.), 3 h, 0 

o
C to rt then TEA 

(2.0 eq.), 1 h, rt, DME (0.05 M). g) KHCO3 (8.0 eq.), DME (0.05 M), 16 h, rt. h) LiOH 

(8.0 eq.), MeOH (0.1 M). 

 

Scheme 3.13 Synthesis of Ustat A-1 Fragment A 

The ester 21 was then subjected to a two-step thioamide conversion using 

ammonium hydroxide and then LR. It was dissolved in a mixture of ammonium 

hydroxide aqueous solution and methanol (1:1, 0.05 M). The solution was stirred and 
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monitored via TLC. Upon completion, the solution was concentrated in vacuo to afford 

the desired amide (Boc-oxazolidine-NH2) as confirmed by 
1
H NMR. The amide was used 

for next step without further purification.  

The amide and LR (0.8 equivalent) were dissolved in anhydrous THF to the 

concentration of 0.1 M, and the reaction mixture was heated to reflux under argon. Upon 

confirmation of a new spot by TLC and disappearance of starting material, the solvent 

was evaporated in vacuo, and the residue was purified via flash column chromatography. 

The pure thioamide 22 (Boc-oxazolidine-SNH2) was furnished in 53% over two steps. 

The structure and purity were confirmed via 
1
H NMR. 

Next, the thioamide 22 was converted to a thioazole using the Hantzsch procedure 

(Scheme 3.13). The thioamide 22 and potassium bicarbonate (KHCO3, 8.0 equivalents) 

were dissolved in anhydrous DME (0.05 M). The slurry solution was stirred for 5 min, 

followed by the drop-wise addition of ethyl bromopyruvate (3.0 equivalents). The 

reaction was run for 16 h at room temperature and monitored by TLC. Upon 

disappearance of starting material, the solvent was evaporated in vacuo. The residue was 

partitioned in chloroform and deionized water.  The combined organic layer was dried 

over sodium sulfate, filtered, and concentrated in vacuo to afford the thiazoline 

intermediate. The crude intermediate was dissolved in anhydrous DME (0.05 M), stirred 

and cooled to 0 
o
C. Pyridine (9.0 equivalents) was then added drop-wise to the stirred 

solution. After stirring for 5 min, TFAA (4.0 equivalents) was added drop-wise to the 

DME solution and stirred for an additional 3 h at 0 
o
C then warmed up to room 

temperature. Finally, 2 equivalents of TEA were added to the reaction mixture, which 

was then stirred for an additional 1 h and monitored by TLC. Upon completion, the 
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solution was concentrated in vacuo. The residue was diluted with chloroform and 

subjected to an acid-base wash.  The combined organic layer was concentrated in vacuo 

and then purified via flash column chromatography to yield the pure thiazole 23 (Boc-

oxazolidine-thiazole-OEt) in 89% yield over two steps. 

The thiazole of 23 was then converted to the thioamide via the condition using 

ammonium hydroxide then LR (0.8 equivalent). The pure thioamide 18 (Boc-

oxazolidine-thiazole-SNH2) was furnished in 72% yield over two steps. With the building 

subunits 18 and 2 in hand, the synthesis of fragment A was initiated by the Hantzsch 

thiazole synthesis using one equivalent of 18 and three equivalents of 2 to furnish the 

trisazole 24 in an excellent 96% yield over two steps. Acid deprotection was completed 

using LiOH (8.0 equivalents) in methanol (0.1 M) to afford the desired Fragment A (Boc-

oxazolidine-dithiazole-phenyloxazole-OH) in quantitative yield.  

 

3.7.2 Synthesis of Fragment B for Ustat A-1 

The synthesis of Fragment B began with the formation of the oxazle 19 (Boc-

Thr(t-Bu)-oxazole-OMe), which was derived from a protected threonine free acid 

(Scheme 3.14). Boc-Thr(t-Bu)-OH (1.0 equivalents), H-Ser(Bn)-OMe (1.2 equivalents), 

and TBTU (1.2 equivalents) were dissolved in anhydrous DCM (0.1 M) and DIPEA (4.0 

equivalents) was added slowly to the DCM solution. The reaction mixture was stirred for 

30 min and monitored by TLC. Upon disappearance of starting material, the solution was 

concentrated in vacuo , subjected to an acid-base wash, and purified by flash column 

chromatography to give the pure dipeptide 25 (Boc-Thr(t-Bu)-Ser(Bn)-OMe) in 93% 

yield.  
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In order to prepare the hydroxyl moiety for the next oxazole formation, dipeptide 

25 was subjected to hydrogenlysis, thereby removing the benzyl group using palladium 

black (10% w/w) in absolute ethanol (0.1 M). After purging with hydrogen for 3 h, the 

reaction was run for an additional 12 h. When completed, the used palladium black was 

filtered by Celite® and the filtrate was concentrated to furnish the β-hydroxyl containing 

dipeptide 26 (Boc-Thr(t-Bu)-Ser-OMe) in quantitative yield. The DAST protocol was 

then applied on the dipeptide 26 to generate the oxazoline intermediate. Oxidation of the 

oxazoline with BrCCl3furnished the oxazole 27 (Boc-Thr(t-Bu)-oxazole-OMe) in 72% 

yield over two steps. Finally, selective removal of Boc group
30

 was performed on 27 

yielding the desired free amine 19 quantitatively.  

 

 

Conditions: 

a) NH2-Ser(Bn)-OMe (1.2 eq.), TBTU (1.2 eq.), DIPEA (4 eq.), DCM (0.1 M). b) H2, Pd 

(10% w/w), EtOH (0.1 M). c) DAST (1.1 eq.), DCM (0.1 M), 30 min, -78 
o
C then 

K2CO3, 1 h, -78 
o
C to rt. d) DBU (2.0 eq.) DCM (0.1 M), 10 min, -78 

o
C, BrCCl3 (2.0 

eq.), 12 h, -78 
o
C to rt. e) 4M HCl/dioxane 

 

Scheme 3.14 Synthesis of the oxazole moiety for Ustat A-1 Fragment B 
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The pre-made dipeptide 12 (Scheme 3.7) was acid deprotected using LiOH (8.0 

equivalents) and methanol (0.1 M) generating the free acid 20 (Boc-D-allo-Ile-Ala-OH). 

The free amine 19 was then coupled with the free acid 20 to furnish the Boc-protected 

Fragment B (Boc-D-allo-Ile-Ala-Thr(t-Bu)-oxazole-OMe) in a 60% yield. Selective Boc 

removal was performed to generate the free amine Fragment B in quantitative yield. 

 

 

Conditions: 

(a) LiOH (8.0 eq.), MeOH (0.1 M). b) HATU (0.4 eq.), DMTMM (0.8 eq.), DIPEA (4.0 

eq.), DCM (0.05 M). c) 4M HCl/dioxane 

 

Scheme 3.15 Synthesis of Ustat A-1 Fragment B 

3.7.3 Synthesis of Linear Precursors for Ustat A-1 

The linear precursor 28 (Scheme 3.16) was synthesized by peptide coupling 

between the free acid fragment A (1.0 equivalent) and the free amine fragment B (1.2 

equivalents) using HATU, DMTMM, PyBrOP (0.6 equivalent of each coupling reagents), 

and DIPEA (4.0 equivalents) in an anhydrous DCM solution (0.025 M). Upon 

completion, as confirmed via LC/MS, the reaction mixture was extracted via an acid-base 

wash, followed by a flash column chromatography, yielding the linear precursor 28 (Boc-
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oxazolidine-dithiazole-phenyloxazole-D-allo-Ile-Ala-Thr(t-Bu)-oxazole-OMe) in 35% 

yield. Next, the methyl ester of 28 was hydrolyzed using LiOH (8.0 equivalents) in 

methanol (0.1 M), followed by the amine deprotection using 4M HCl/dioxzane to 

selectively remove the Boc group of 28. Unfortunately, instead of yielding the desired 

product with the intact tert-butyl group, the linear precursor 29 with a free Thr residue 

was found during this step. 

 

 

Conditions: 

a) HATU (0.6 eq.), DMTMM (0.6 eq.), DIPEA (4.0 eq.), DCM (0.025 M). b) LiOH (8.0 

eq.), MeOH (0.1 M).  c) 4M HCL/dixoane. 

 

Scheme 3.16 Synthesis of double deprotected linear precursor for Ustat A-1 
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3.7.4 Macrocyclization of Ustat A-1 

The double deprotected linear precursor 29 was then subjected to 

macrocyclization under highly dilute conditions (Scheme 3.17). Combining 29, coupling 

reagents (HATU, DMTMM, and T3P), DMAP (0.2 equivalent) and DIPEA (8.0 

equivalents) in a mixture of anhydrous DCM/DMF solution (1:1) generating a 2 mM 

solution. The reaction was run for approximately 12 h under nitrogen and the mass of 

cyclized compound 30 was observed by LC/MS. Upon completion, as confirmed by 

LC/MS, the solvent was removed in vacuo. The residue was diluted with DCM and then 

extracted via an acid-base wash to furnish the crude cyclized compound 30.  

 

 

Conditions: 

a) HATU (0.6 eq.), DMTMM (0.6 eq.), T3P (0.8 eq.), DMAP (0.2 eq.) DIPEA (8.0 eq.), 

DCM/DMF (1:1, 2 mM). e) MsCl (8.0 eq.), DBU (10.0 eq.), DCM (8 mM), 0 
o
C to rt. 

 

Scheme 3.17 Macrocyclization of Ustat A-1 
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At this stage, the two hydroxyl groups in 30 are problematic because the 

DAST/DBU protocol is likely to fluorinate both hydroxyl groups. To address this issue, 

we planned to form the exocyclic double bond first using MsCl/DBU, then form the final 

oxazole.
22

 Thus, the crude cyclized compound 30 was subjected to MsCl/DBU 

elimination. Unfortunately, the mass of target compound 31 was only observed in trace 

amount with the major product was a mixture of mono-chlorinated molecules. Thus, we 

needed a new synthetic strategy that avoided having two hydroxyl groups on the 

macrocycle. 

 

3.7.5 Synthesis of Fragment C 

There are two possible options to avoid having two hydroxyl groups within the 

macrocycle: 1) replace the t-Bu group with a robust protecting group (TBDPS); or 2) 

form the enamide moiety prior to the macrocyclization. We chose to explore option 2) 

first (Scheme 3.18). Fragment C was synthesized to replace Fragment B in the Ustat A 

synthetic route. The synthesis of Fragment C began with the amine deprotection of the 

oxazole molecule 27 using a mixture of TFA/DCM (1:1, 0.1 M) and anisole (2.0 

equivalents) to furnish the free amine 32 in quantitative yield. Peptide coupling of the 

free amine 32 and Alanine free acid delivered the pseudopeptide 33 (Boc-Ala-Thr-

oxazole-OMe) (Scheme 3.18). The free amine 32 (1.1 equivalents) was coupled with the 

free acid (1.0 equivalent) using DMTMM (2.0 equivalents) and DIPEA (8.0 equivalents) 

in anhydrous DCM solution (0.1 M). The pure pseudopeptide 33 was afforded in 90% 

yield via flash column purification. 
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Conditions: 

a) 50% TFA/DCM (0.1 M), anisole (2.0 eq.). b) BocNH-Ala-OH (1.0 eq.), DMTMM (2.0 

eq.), DIPEA (8.0 eq.), DCM (0.1 M). c) MsCl (8.0 eq.), TEA (10.0 eq.), DCM (0.05 M). 

d) 20% TFA/DCM (0.1 M), anisole (2.0 eq.). e) BocNH-D-allo-Ile-OH (1.0 eq.), 

DMTMM (1.5 eq.), DIPEA (8.0 eq.), DCM (0.05 M). f) 4M HCl/dioxane 

 

Scheme 3.18 Synthesis of Ustat A-1 Fragment C 

 

The pseudopeptide 33 was dissolved in anhydrous DCM (0.05 M) under nitrogen 

and triethylamine (TEA, 10.0 equivalents) was slowly added to the solution. After 

stirring for 5 min, MsCl (8.0 equivalents) was added into the solution. When TLC 

showed no starting material remained, the reaction mixture was extracted with deionized 

water and the aqueous layer was extracted twice with DCM. The combined organic layers 

were concentrated in vacuo and the residue was re-dissolved in anhydrous DCM (0.05 M) 

under nitrogen. TEA (10.0 equivalents) was added to the DCM solution, which was then 
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stirred for 8 h. Upon completion, the solution was extracted with deionized water, 

followed by a flash column chromatography to furnish the pure pseudopeptide 34 (Boc-

Ala-enamide-oxazole-OMe) in 97% yield. The structure and conformation were 

confirmed by 
1
H NMR and NOESY.  

Amine deprotection of 34 using 20% TFA produced the free amine H-Ala-

enamide-oxazole-OMe in quantitative yield (Scheme 3.18). The resulting free amine was 

coupled with the free acid Boc-D-allo-Ile-OH using DMTMM (1.5 equivalents) and 

DIPEA (8.0 equivalents) to afford the pseudopeptide 35 in 77% yield. Finally, amine 

deprotection using 4M HCl generated the desire Fragment C in quantitative yield. 

 

3.7.6 Synthesis of Linear Precursors from Fragment C 

The linear precursor 36 was produced via peptide coupling between the free acid 

fragment A (1.0 equivalent) and the free amine fragment C (1.1 equivalent) using HATU, 

DMTMM, PyBrOP (0.7 equivalent of each coupling reagents), and DIPEA (8.0 

equivalents) in an anhydrous DCM solution (0.01 M) (Scheme 3.19). Upon completion, 

which was confirmed by LC/MS, the reaction mixture was extracted via an acid-base 

wash, purified via a flash column chromatography to yield the linear precursor 36 (Boc-

oxazolidine-dithiazole-phenyloxazole-D-allo-Ile-Ala-enamide-oxazole-OMe) in 83% 

yield. The linear precursor 36 was subjected to acid deprotection using LiOH in methanol 

to hydrolyze the methyl ester. Subsequent amine deprotection using 4M HCl/dioxzane 

produced the double deprotected linear precursor 37 in quantitative yield. The identity of 

compound 37 was confirmed using LC/MS. 
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Conditions: 

a)  HATU (0.7 eq.), DMTMM (0.7 eq.), PyBroP (0.7 eq.), DIPEA (8.0 eq.), DCM (0.01 

M). b) LiOH (8.0 eq.), MeOH (0.1 M); c) 4M HCL/dixoane 

 

Scheme 3.19 Synthesis of Linear Precursors from Fragment C 

 

3.7.7 Synthesis of Ustat A-1 

The cyclic precursor 38 was macrocyclized from 37 via peptide coupling 

condition using a cocktail of coupling reagents (Scheme 3.20). The linear precursor 37 

was dissolved in half the total volume of anhydrous DCM/DMF (1:1) for an overall 

concentration of 1.7 mM. Coupling agents HATU, DMTMM, T3P (0.7 equivalent of 

each), and DIPEA (8.0 equivalents) were dissolved in a round bottom flask with the 

remaining half of the total volume. The solution of 37 was added to the reaction flask 

containing multiple coupling reagents via a syringe pump at a rate of 0.5 mL/min. The 
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mixture was stirred overnight and monitored by LC/MS. Upon completion, the reaction 

mixture was subjected to an acid-base extraction, followed by a HPLC purification to 

generate the cyclic precursor 38 in 25% yield. 

 

Conditions: 

a) HATU (0.7 eq.), DMTMM (0.7 eq.), T3P (0.7 eq.), DIPEA (8.0 eq.), DCM/DMF (1:1, 

1.7 mM). b) DAST (20.0 eq.), THF (6 mM), 30 min, -78 
o
C then pyridine (20.0 eq.), 12 

h, -78 
o
C to rt. c) DBU (10.0 eq.), DCM (0.01 M), -78 

o
C, BrCCl3 (10.0 eq), 12 h, -78 

o
C 

to rt. 

 

Scheme 3.20 Synthesis of Ustat A-1 

 

The cyclic precursor 38 was subjected to the DAST/DBU protocol using DAST 

(20.0 equivalents) and pyridine (20.0 equivalents) in THF (6 mM) to from the oxazoline 

intermediate, followed by the oxidation using BrCCl3 (10.0 equivalents) and DBU (10.0 

equivalents) to yield the oxazole at position II (Scheme 3.20). The crude product was 

purified via HPLC and the pure Ustat A molecule was furnished in 15% yield. 
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Interestingly, the 
1
H NMR of the purified Ustat A showed two sets of signals, which 

indicated there are two molecules in the NMR sample. After careful examination based 

on the 
1
H NMR and 2D NMR (HSQC, HMBC, NOESY), it was determined that there 

were E/Z isomers of Ustat A with the E: Z ratio of 1:2 around the enamide. Prior to the 

formation of the natural product, the Z-enamide was the only product observed. Thus, I 

believe the produced HF during the fluorination step induced the isomerization. 

 

3.8 Biological activity of Ustat A and its fragments 

 Screening natural product-derived fragments has served an important purpose in 

fragment-based drug discovery.
31

 Previous work has successfully shown that the structure 

of fragments can be modified to generate drug candidates that have optimized taeget-

binding affinity.
32

 Thus, fragments of Ustat A were evaluated for their biological activity 

and this study would provide insights into the minimum size required for biological 

activity.  

During the synthesis toward Ustat A natural product and derivatives, the 

heterocycle-containing fragments were evaluated for their anticancer potency against 

Human colon cancer cell line HCT-116 using Cell Counting Kit-8 (CCK8) assay. The 

biological assays were done by my colleagues Dimple Rananaware and Worawan 

Tantisantisom. The colon cancer cells were treated with an overall 40 µM concentration 

of Ustat A-3 fragments or media control for a period of 72 h. CCK8 reagent was then 

added to the compound treated cells. The water soluble reagent was reduced by the 

dehydrogenase in living cells to produce an orange colored formazan dye. The amount of 

generated orange formazan is proportional to the amount of viable cells. Utilizing a 
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microplate reader to measure the intensity of orange color at 450 nm, the cell viability 

was determined colorimetrically.  

The cytotoxicity of Ustat A fragments is summarized in Figure 3.14. We 

observed that incorporating oxazoles into fragments (i.e. 27, 39 and 40) did not increase 

the anti-cancer potency.  

 

 

Figure 3.14 Growth Inhibition of Ustat A heterocycle-containing fragments against 

drug-resist colon cancer cell line HCT-116 at 40 μM (The blue colored molecules were 

synthesized by me) 
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On the contrary, incorporating thiazoles into fragments (i.e. 5, 7 and 9) 

dramatically enhanced the cytotoxicity. In addition, only when fragments that contain 

two or more directly-linked thiazoles exhibited greater than 50% growth inhibition (43, 7, 

9, and 13). These observations indicated that multiple directly-linked thiazoles are 

essential for cytotoxicity.   

We evaluated the IC50 values (Table 3.1) of non-potent compound 27 and the 

potent fragments 7, 9, 13 and 43 (defined as ≥50% cytotoxicity against HCT-116 at 40 

μM).  The penta-azoles, compounds 13 and 43, exhibited the highest potency among the 

potent compounds. This phenomenon indicated that five consecutive heterocycles 

containing multiple directly-linked thiazoles are optimal for maximum cytotoxicity 

against the HCT-116 cancer cell line.  

 

Table 3.1 IC50 values of potent Ustat A heterocycle-containing fragments against 

drug-resist colon cancer cell line HCT-116 (100 µM is the highest test concentration) 

 

Fragments 27 7 9 13 43 

IC50 (µM) >100
 

19.4 26.5 18.7 18.2 

 

 

In addition, we applied the established evaluating model to test the anti-cancer 

potency of the fragments derived from the successful Ustat A synthetic route. 

Compounds 24, 35, 36, 38 and Ustat A were tested for growth inhibition against HCT-

116 cancer cell line. The cytotoxicity values were summarized in Table 3.2. 

Interestingly, compound 24 showed an 8 µM GI50 value, whereas compounds 35 and 36 

exhibited no cytotoxicity. This result indicates that the upper hemisphere of Ustat A is 

essential for the anti-cancer potency. It also matches the previous observation that 



107 
 

 

multiple directly-linked thiazoles are essential for cytotoxicity. Despite containing 

directly-linked thiazoles within the structure, compound 38 exhibited less potency than 2.  

This observation suggests that the conformation of the macrocycle affects its potency. 

Finally, Ustat A exhibited low nanomolar cytotoxicity, which is similar to the number in 

the published report.  

 

Table 3.2 IC50 values of Ustat A derived compounds against drug-resist colon cancer 

cell line HCT-116 (
*
% growth inhibition at 40 µM) 

 

 

Compounds 24 35 36 38 Ustat A 

%GI
* 99 10 0 100 100 

IC50 (µM) 8
 

N/A N/A 30 0.02 
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3.9 Conclusion 

 On the journey toward the synthesis of Ustat A-3, the convergent synthetic 

strategy was employed to generate the linear precursor of Ustat A-3 from three small 

fragments: Fragment 1, 2, and 3. Fragment 1 was synthesized from the commercially 

available chemicals: Boc-Thr(t-Bu)-OH and ethyl bromopyruvate. So were Fragment 2, 

and 3 from small starting materials. I was able to efficiently transform these starting 

materials to three consecutive thiazoles using Hantzsch thiazole synthesis conditions. 

Although synthesis of the phenyloxazole was tricky, I was also able to make Fragment 2. 

The unsuccessful cyclization attempt for Ustat A-3 indicated that the rigidity of the linear 

precursor stops macrocyclization, and therefore the ring closure site must be chosen 

carefully. I re-designed the synthetic route and was able to synthesize Ustat A-1, the 

natural product. The linear precursor of Ustat A natural product was assembled from two 

fragments and the macrocycle was formed by peptide coupling between the oxazole at 

position I and the thiazole at position III. Although E/Z isomerization was observed in the 

end of synthesis, it was the first practicable synthetic route for the Ustat A natural 

product. Finally, Ustat A fragments were tested for cytotoxicity against colon cancer cell 

line HCT-116. The results showed that the penta-azole fragments (with at least two 

directly-linked thiazole in the structure) could optimize the anti-cancer potency. The 

cytotoxicity assay of Ustat A natural product indicated that the anti-cancer potency is 

resulted from the upper hemisphere of Ustat A and also affected by the conformation of 

the macrocycle. In addition, the configuration of the enamide seemed to have little effect 

on the potency. The new synthetic route to address the E/Z isomerization is currently 

underway and the mechanistic study of Usata A will be investigated in the near future. 
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Chapter 3, in part, is a reprint of material as it appears in “Total Synthesis and 

Biological Activity of Natural Product Urukthapelstatin A” Organic Letters, 2013, 15, 

3574-3577. Lin, C. –C.; Tantisantisom, W.; McAlpine, S. R. The dissertation author was 

the primary investigator and author of this paper. 
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Chapter 4-Experimental Methods 

 

4.1 General remarks 

All chemicals were purchased from commercial suppliers (Novabiochem, Sigma-

Aldrich, Acros Organics, Peptide International, Chem-Implex International, GL-

Biochem, and Fisher scientific) and used as received without further purification. All 

moisture and air sensitive reactions were performed with anhydrous solvents under argon 

or nitrogen unless otherwise stated. All reactions were monitored by thin-layer 

chromatography (TLC) and/or liquid chromatography-mass spectrometry (LC/MS). TLC 

was carried out on silica gel plates 250 μm Whatman
®
 (4861-820) using UV light (λ = 

254 nm) as visualizing method. The developing agents for TLC include potassium 

permanganate (general purpose), bromocresol green (for detection of carboxylic acids) 

and ninhydrin (for detection of amines).  

SiliCycle SiliaFlash silica gel (60 Å, particle size 40-63 μm) and Davisil® silica 

gel (60 Å, particle size 40-63 μm) were used for flash column chromatography. 
1
H and 

13
C NMR spectra obtained at SDSU were recorded at 30 

o
C on a 600-MHz Varian NMR-

S, 400-MHz Varian NMR-S, and 200-MHz Varian NMR-S. NMR spectra collected at 

UNSW were obtained at 25 
o
C on Bruker Avance III 300 MHz and 600 MHz with BBFO 

z-gradient probe. Multiplicity of NMR signals was designated by the following 

abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, br 

= broad, dd = doublet of doublet. 
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High-resolution mass spectrometry (HRMS) analyses were recorded on a Thermo 

LTQ Orbitrap XL ESI/APCI with UPLC system at the Bioanalytical Mass Spectrometry 

Facility in Mark Wainwright Analytical Centre at the University of New South Wales. 

  LC/MS analyses at SDSU were performed on an Agilent 1200 Series HPLC 

(Zorbax Agilent SB-C18 column, 3.5μm, 2.1 x 30mm) attached to an Agilent 62440A 

mass spectrometer operating in the positive electrospray ionization (ESI+) mode.  The 

mobile phase was made of double deionized (DDI) water with 0.1% (v/v) formic acid 

(solvent A) and HPLC grade acetonitrile with 0.1% (v/v) formic acid (solvent B).  The 

gradient elution was as follows:  flow rate 1.0 mL/min; initial 80% solvent A, 20% 

solvent B; at 4.5 min 10% solvent A, 90% solvent B hold 0.1 min; at 7 min 85% solvent 

A, 15% solvent B. 

Semi-preparative HPLC purifications at SDSU were done on a Waters Flex Inject 

system (Phenomenex Symmetry C18 column, 3.5μm, 4.6 x 75mm) with a Dual λ 

Absorbance Detector (Waters 2487). The mobile phase was prepared by HPLC grade 

acetonitrile with 0.1% (v/v) trifluoroacetic acid (solvent A) and DDI water with 0.1% 

(v/v) trifluoroacetic acid.  The gradient elution was as follows:  flow rate 2.0 mL/min; 

initial 70% solvent A, 30% solvent B; at 30 min 100% solvent B, hold for 15 min; at 48 

min 70% solvent A, 30% solvent B, hold for 2 min. 

LC/MS data at UNSW were obtained on Shimadzu Prominence High-

performance LCMS 2010EV system (Waters Symmetry® C18 column, 3.5μm, 

4.6x75mm) connected to a Shimadzu LCMS 2010EV mass spectrometer running in the 

positive eletrospray ionization (ESI+) mode unless mentioned otherwise. The Mobile 

phase was composed of DDI water with 0.1% (v/v) formic acid (solvent A), and HPLC 
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grade acetonitrile with 0.1% (v/v) formic acid (solvent B). The gradient elution was as 

follows: flow rate 0.5 mL/min; initial 70% solvent A, 30% solvent B; at 4 min 100% 

solvent B; at 12 min 70% solvent A, 30% solvent B. 

Semi-preparative HPLC purifications were carried out on a Shimadzu Prominence 

High-performance LCMS 2010EV system (Phenomenex® Jupiter C18 column, 4μm, 

250x10mm). The Mobile phase was prepared by DDI water with 0.1% (v/v) formic acid 

(solvent A), and HPLC grade acetonitrile with 0.1% (v/v) formic acid (solvent B). The 

gradient elution as follows: flow rate 2mL/min; initial 70% solvent A, 30% solvent B 

hold for 35 min; at 35 min 100% solvent B hold for 13min; at 48 min 70% solvent A, 

30% solvent B hold for 2 min. 

 

4.2 General experimental procedures 

4.2.1. General peptide synthesis (for solution phase) 

 The free amine (1.1 equivalents), the free acid (1.0 equivalent), and the coupling 

reagent (1.2-2.2 equivalents) were weighed into a round bottom flask. The flask was 

purged with argon or nitrogen and then sealed with a rubber septum. The starting 

materials were dissolved in anhydrous solvent to a 0.1 M concentration. The base DIPEA 

(4.0-8.0 equivalents) was added to the reaction flask. An additional amount of anhydrous 

solvent was added if insolubility of the materials was observed. The reaction mixture was 

stirred at room temperature for 1 to 2 h and monitored by TLC every 30 min. An 

additional amount of coupling reagent was added to the reaction flask if the reaction was 

not done in 4 h. Upon completion, the reaction mixture was diluted with DCM and an 

acidic extraction was done with (10% (v/v) HCl(aq)) to remove excess free amine and 
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base. A subsequent basic extraction was done using saturated aqueous NaHCO3 solution 

to remove excess coupling reagent and side products. The organic layers were combined, 

dried over anhydrous Na2SO4, filtered through a bückner funnel, and concentrated in 

vauco. The resulting crude product was purified via a flash column chromatography on 

silica gel using an ethyl acetate/hexane gradient solvent system to yield desired peptide 

products. The pure peptide product was then verified via NMR and LC/MS. 

4.2.2 Boc removal 

 The Boc protecting group was removed via dissolving the protected peptide in 

DCM (80% for 0.1 M overall concentration) with anisole (2.0 equivalents), followed by 

the addition of TFA (20% for 0.1 M overall concentration). The reaction was run at room 

temperature under open atmosphere and monitored via TLC every 15 min. Upon 

completion, the reaction solution was co-evaporated with DCM for 5 times to remove 

excess TFA and then concentrated in vacuo. The obtained crude product was used 

without further purification.   

4.2.3 Methyl ester hydrolysis 

 The methyl ester group was hydrolyzed via dissolving the protected peptide to a 

0.1 M solution in MeOH, followed by the addition of LiOH (8.0 equivalents). The 

reaction was stirred at room temperature under open atmosphere and monitored via TLC 

every 2 h. A catalytic amount of deionized waster was added if the reaction was not 

complete in 8 h. Upon completion, the solvent was removed in vacuo and the crude 

residue was diluted with DCM. Acidic extractions were performed (10% (v/v) HCl(aq.)) 

twice to remove LiOH. The organic layer was then dried and concentrated in vacuo. The 

resulting crude product was subjected to next reaction without further purification. 
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4.2.4 Peptide macrocyclization 

The macrocyclization of double deprotected linear peptide (DDLP) was 

perforemed using a combination of coupling reagents (generally TBTU, HATU, DEPBT, 

1.8-2.4 equivalents overall). The DDLP and coupling reagents were weighed into a round 

bottom flask and sealed with a rubber septum. The starting materials were dissolved in 

anhydrous solvent(s) for an overall concentration of 0.001-0.007 M under argon or 

nitrogen. DIPEA (8.0 equivalents) was then added to the reaction solution. The reaction 

was monitored via TLC and LC/MS every 2 h. If the reaction was not complete within 6 

h, additional coupling reagents were added and the reaction was allowed to run overnight. 

Upon completion as confirmed by LC/MS, the crude mixture was extracted with acidic 

aqueous solution (10% (v/v) HCl(aq.)) twice and then saturated NaHCO3 solution for 3 

times. The aqueous layer was re-extraccted with ethyl acetate. The organic layers were 

collected, dried over Na2SO4, filtered, and concentrated in vacuo. The resulting crude 

product was purified via a flash column chromatography on silica gel using ethyl 

acetate/hexane as a gradient system. If needed, reverse-phase HPLC was utilized to 

further purify the macrocycles using a gradient of acetonitrile and DDI water (both with 

0.1% TFA) as a gradient system. 

4.2.5 Syringe pump macrocyclization 

The coupling reagents (generally TBTU, HATU, DEPBT, 1.8-2.4 equivalents 

total) were weighed into a round bottom flask and dissolved in 50%-75% of the volume 

of anhydrous solvent that results in a 1-7 mM overall concentration. The DDLPs were 

dissolved in the remaining volume of the anhydrous solvent and the solution was 

transferred to a 30 mL syringe. DIPEA (8.0 equivalents) was then added to the solution 
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of coupling reagents. The DDLP solution was added to the round bottom flask utilizing a 

syringe pump at a rate of 30 mL/h. The reaction was monitored via TLC and LC/MS 

every hour. The macrocyclization was usually completed in 6 h. In some cases additional 

coupling reagents were added and the reaction was allowed to run overnight. Upon 

completion, the reaction mixture was extracted with 10% (v/v) HCl(aq.) twice and then 

saturated NaHCO3 solution for 3 times. After further extraction of the aqueous layer 

using ethyl acetate, the organic layers were collected, dried over Na2SO4 and 

concentrated in vacuo. The crude product was purified by flash column chromatography 

using an ethyl acetate/hexane gradient system. When necessary, reverse-phase HPLC was 

utilized for further purification using a gradient of acetonitrile and DDI water (both with 

0.1% TFA) as a gradient system. 

4.2.6 Cbz removal  

Under open atmosphere, the cyclic peptide with a Lys(Cbz) was dissolved in HBr 

(33% in glacial acetic acid) to a 0.1 M concentration. The reaction was run at room 

temperature for approximately 2 h and monitored via LC/MS. Upon completion, the 

reaction mixture was washed with diethyl ether several times and the product was 

concentrated in vacuo.  

4.2.7 Peg-Biotin attachment 

The NHS-PEG4-Biotin (1.2 equivalents) and the free lysine-containing cyclic 

peptide were weighed into a sealed round bottom flask and purged with argon. 

Anhydrous DCM was added to make a 0.1 M solution and DIPEA (8.0 equivalents) was 

added to trigger the coupling. The reaction was run at room temperature and monitored 
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via LC/MS every 30 min. Upon completion, the solvent was removed in vacuo and the 

residue was purified via HPLC to yield the desired biotin-tagged cyclic peptide. 

4.2.8 Benzylation  

Under an atmosphere of argon, the free hydroxyl-containing cyclic peptide was 

dissolved in anhydrous solvent to make a 0.1 M solution. NaH (60% in mineral oil, 1.1 

equivalents) was added to the solution. BnBr (2.0 equivalents) was added slowly to the 

reaction mixture. The reaction was monitored via LC/MS every hour. Upon completion, 

the reaction mixture was diluted with DCM and extracted by DI water. The organic layer 

was collected, dried, and concentrated in vacuo. The crude product was purified by a 

flash column chromatography on silica gel, followed by the final purification via HPLC. 

4.2.9 Hydrogenolysis 

 The benzyl protected compound and a catalytic amount of palladium black (10%) 

were weighed into a dry round bottom flask. The flask was then sealed with a rubber 

septum and vaccumed through a niddle for 2 min. Ethanol was added to make a solution 

of 0.1 M concentration. Hydrogen was bubbled through the reaction solution using a 

balloon (at least 3 times). The reaction was allowed to stir overnight and checked via 

TLC. If the reaction was not done after one night, additional hydrogen gas was purged for 

3 times and the reaction was run for an additional night. Upon complete disappearance of 

starting material, the reaction was filtered over Celite® to remove the catalyst palladium. 

The filtrate was then concentrated in vacuo and the obtained material was directly taken 

on to the next reaction. When necessary, it was purified via flash column 

chromatography.  
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4.2.10 Oxazole synthesis 

A) Oxazoline formation 

The free serine peptide was dissolved in anhydrous DCM to a 0.1 M 

concentration and purged with argon or nitrogen. The solution was then cooled to -78 
o
C 

and fluorinating agent DAST (1.1 equivalents) was added drop-wise at a rate of 0.1 

mL/min. The reaction was continued to stir for 30 min at -78 
o
C, followed by the addition 

of the base K2CO3 (2.0 equivalents) in one portion. After stirring for an additional 30 

min, the reaction was allowed to warm to room temperature over 1 h. Upon verification 

of completion via TLC, the reaction mixture was diluted with DCM and extracted with 

saturated NaHCO3 aqueous solution. After a further extraction of aqueous layer with 

DCM, the organic layers were collected, dried over Na2SO4 and concentrated in vacuo. 

The resulting crude oxazoline was taken on to the oxidation step without further 

purification. 

Note: When generating phenyl oxazoline, pyridine was used to replace K2CO3. 

The crude phenyl oxazoline was purified via flash column chromatography prior to the 

oxidation step. 

B) Oxidation 

The oxazoline was dissolved in anhydrous DCM to a 0.1 M concentration and 

then cooled to -47 
o
C. DBU (2.0 equivalents) was added drop-wise (0.1 mL/min) to the 

DCM solution and stirred for 10 min. BrCCl3 (2.0 equivalents) was added drop-wise at a 

rate of 0.1 mL/min to the reacting solution and stirred at -47 
o
C for an additional 2 h. The 

reaction was allowed to warm to room temperature and stirred for an additional 12 h.  
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Upon completion as confirmed by TLC, the reaction solution was diluted with DCM and 

extracted with 10% HCl(aq.) then with saturated sodium bicarbonate. After back extraction 

of the aqueous layers with ethyl acetate, the organic layers were collected, dried and 

concentrated in vacuo. The crude product was purified via a flash column 

chromatography on silica gel using ethyl acetate/hexane as a gradient system to yield the 

pure oxazole. 

4.2.11 Amide conversion 

The ester was weighed in a round bottom flask and dissolved in a mixture of 

ammonium hydroxide and methanol (1:1~3:1) to a 0.1 M concentration. The reaction was 

allowed to stir for 12 h and monitored via TLC. Upon completion, the reaction solution 

was concentrated in vacuo. The yielding amide was then used for the next reaction 

without further purification. 

4.2.12 Thioamide conversion 

The amide (1.0 equivalent) and Lawesson’s reagent (0.8 equivalent) was weighed 

and placed to a round bottom flask. The flask was then sealed with an oven-dried reflux 

condenser and purged with argon or nitrogen. The starting materials were dissolved with 

anhydrous solvent to a 0.05 M concentration. The reaction mixture was heated and 

refluxed for 12 h and monitored via TLC. Upon completion, the reaction was cooled to 

room temperature and concentrated in vacuo. The residue was purified via a flash column 

chromatography on silica gel using ethyl acetate/hexane as a gradient system. The 

purified thioamide was verified via 
1
H NMR. 
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4.2.13 Thiazole synthesis 

A) Hydroxythiazoline formation 

The thioamide (1.0 equivalent) and potassium bicarbonate (KHCO3, 8.0 

equivalents) were weighed and dissolved in anhydrous DME to a 0.05 M concentration. 

The reaction solution was stirred at room temperature for 15 min prior to the addition of 

the bromoketone reactant (3.0 equivalents). The reaction was then stirred for an 

additional 12 h and monitored via TLC. Upon the complete disappearance of the 

thioamide, the solvent was removed in vacuo and the residue was partitioned between 

ethyl acetate and DI water. The aqueous layer was re-extracted with ethyl acetate twice 

and the organic layers were then combined, dried over Na2SO4, filtered, and concentrated 

in vacuo. The crude hydroxythiazoline was carried on to the dehydration step without 

further purification. 

B) Dehydration 

The crude hydroxythiazoline (1.0 equivalent) was dissolved in anhydrous DME to 

a 0.05 M concentration and the solution was cooled to 0 
o
C in an ice bath. Pyridine (9.0 

equivalents) was added drop-wise to the solution and the reaction mixture was stirred for 

10 min. TFAA (4.0 equivalents) was added drop-wise at a rate of 0.1 mL/min and the 

reaction mixture was continued to stir at 0 
o
C for 3 h and then warmed to room 

temperature. TEA (2.0 equivalents) was gentlely added to the reaction solution, which 

was further stirred for an hour and monitored by TLC. Upon completion, the solvent was 

removed in vacuo and the residue was partitioned between chloroform and 10% HCl(aq) to 

remove excess base. The organic layer was collected and further extracted with saturated 
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NaHCO3 aqueous solution. The aqueous layer was re-extracted with ethyl acetate twice 

and the organic layers were combined, dried over Na2SO4, filtered, and concentrated in 

vacuo. The resulting crude was purified via a flash column chromatography on silica gel 

utilizing an ethyl acetate/hexane gradient system to yield the pure thiazole product.  

Note: The by-product thiazole trifluoroacetate may be observed after the reaction is 

completed. Exposure of the trifluoroacetate to 1.2 equivalents of NaOEt in 0.05 M 

ethanol solution at 0°C for 1 h gave the desired thiazole ethyl ester. 

 

4.2.14 Solid phase peptide synthesis (SPPS) 

Peptide Coupling 

The resin used for SPPS were pre-loaded CTC resin with an approximately 0.5 

mmol/g loading scale. The resin was weighed, transferred to a fritted polypropylene 

cartridge and swollen in DMF for 30 min prior to peptide coupling. After DMF was 

drained, a 0.2 M DMF solution containing Fmoc protected amino acid (3.0 equivalents) 

and HOBt (3.0 equivalents) was poured into the cartridge in one portion and mixed with 

the resin. DIC (6.0 equivalents) was then added to initiate the coupling process. The 

cartridge was allowed to shake for a minimum of 2 h on a shaker (Labquake tube shaker, 

Thermo Fisher Scientific) and checked for completion via a ninhydrin test. Upon 

completion, the reaction solution was drained and the resin was carried on to Fmoc 

removal. 

Note: When performing the peptide coupling between a Fmoc amino acid and an 

N-methyl amino terminus, HOBt was replaced by HOAt and the reaction was allowed to 

run overnight.      
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Fmoc removal 

After the peptide coupling was complete, the resin was treated with the following 

steps to remve the Fmoc protecting group: DMF wash (3 x 1 min), 20% Piperdine/DMF 

wash (1 x 5 min and 1 x 10 min), DMF wash (2 x 1 min), IPA wash (1 x 1 min), DMF 

wash (1 x 1 min), IPA wash (1 x 1 min), and DMF wash (3 x 1 min). The completion of 

Fmoc removal was then verify via a ninhydrin test. The resin was then subjected to the 

next peptide coupling. 

Once the desired peptide length was achived, the peptide-bound resin was treated 

as followed for the final Fmoc removal: DMF wash (3 x 1 min), 20% Piperdine/DMF (1 

x 5 min and 1 x 10 min), DMF wash (3 x 1 min), IPA wash (3 x 1 min), and MeOH wash 

(3 x 1 min). The completion of Fmoc removal was then verified via a ninhydrin test. The 

resin was then dried in vacuo overnight. 

Cleaving the assembled peptide from resin 

The dried resin was weighed into a round bottom flask and a mixed solution of 

TFE/DCM (1:1, v/v) was added to the flask (10 mL solution for 1 g of dried resin). The 

flask was sealed with a rubber septum and stirred for 24 h. The suspension was filtered 

through a Büchner funnel and the filtered resin was further washed with additional DCM 

to fully extract the cleaved peptide. The filtrate was concentrated and dried in vacuo 

overnight. The resulting solid was then re-dissolved in DCM, co-evaporated with DCM 

several times and dried in vacuo overnight to completely remove residual TFE. The 

purity of resulting peptide was verified via LC/MS.  
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4.3 Sansalvamide A derivatives 

4.3.1 Experimental methods for compound 4 

4.3.1.1 Resin-O-Phe-Leu-Fmoc 

Following the peptide coupling procedure for SPPS: The dipeptide Resin-O-Phe-

Leu-Fmoc was synthesized using 509 mg (0.33 mmol, 1.0 equivalent) of Resin-O-Phe-

NH2, 346 mg (0.99 mmol, 3.0 equivalents) of Fmoc-Leu-OH, 150 mg of HOBt (0.99 

mmol, 3.0 equivalents), 0.3 mL of DIC (1.98 mmol, 6.0 equivalents) and 1.6 mL of DMF 

(0.2 M). The reaction was run for 2 h and a negative ninhydrin test was performed to 

verify the reaction completion. The reaction mixture was drained to give the Fmoc-

protected resin-bound dipeptide.   

4.3.1.2 Resin-O-Phe-Leu-NH2 

The dipeptide Resin-O-Phe-Leu-NH2 was synthesized following the Fmoc 

removal procedure for SPPS. A positive ninhydrin test was performed to verify the 

completion of Fmoc removal.   

4.3.1.3 Resin-O-Phe-Leu-D-Val-Fmoc 

Following the peptide coupling procedure for SPPS: The tripeptide Resin-O-Phe-

Leu-D-Val-Fmoc was synthesized using the Resin-O-Phe-Leu-NH2 prepared from 

previous step, 331 mg (0.99 mmol, 3.0 equivalents) of Fmoc-D-Val-OH, 150 mg of HOBt 

(0.99 mmol, 3.0 equivalents), 0.3 mL of DIC (1.98 mmol, 6.0 equivalents) and 1.6 mL of 

DMF (0.2 M). The reaction was run for 2 h and a negative ninhydrin test was performed 

to verify the reaction completion. The reaction mixture was drained to give the Fmoc-

protected resin-bound tripeptide.   

4.3.1.4 Resin-O-Phe-Leu-D-Val-NH2 
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The tripeptide Resin-O-Phe-Leu-D-Val-NH2 was synthesized following the Fmoc 

removal procedure for SPPS. A positive ninhydrin test was performed to verify the 

completion of Fmoc removal.   

4.3.1.5 Resin-O-Phe-Leu-D-Val-Lys(Boc)-Fmoc 

Following the peptide coupling procedure for SPPS: The tetrapeptide Resin-O-

Phe-Leu-D-Val-Lys(Boc)-Fmoc was synthesized using the Resin-O-Phe-Leu-D-Val-NH2 

prepared from previous step, 452 mg of Fmoc-Lys(Boc)-OH (0.99 mmol, 3.0 

equivalents), 150 mg of HOBt (0.99 mmol, 3.0 equivalents), 0.3 mL of DIC (1.98 mmol, 

6.0 equivalents) and 1.6 mL of DMF (0.2 M). The reaction was run for 2 h and a negative 

ninhydrin test was performed to verify the reaction completion. The reaction mixture was 

drained to give the Fmoc-protected resin-bound tetrapeptide.   

4.3.1.6 Resin-O-Phe-Leu-D-Val-Lys(Boc)-NH2 

The tetrapeptide Resin-O-Phe-Leu-D-Val-Lys(Boc)-NH2 was synthesized 

following the Fmoc removal procedure for SPPS. A positive ninhydrin test was 

performed to verify the completion of Fmoc removal.   

4.3.1.7 Resin-O-Phe-Leu-D-Val-Lys(Boc)-Leu-Fmoc 

Following the peptide coupling procedure for SPPS: The pentapeptide Resin-O-

Phe-Leu-D-Val-Lys(Boc)-Leu-Fmoc was synthesized using the Resin-O-Phe-Leu-D-Val-

Lys(Boc)-NH2 prepared from previous step, 346 mg of Fmoc-Leu-OH (0.99 mmol, 3.0 

equivalents), 150 mg of HOBt (0.99 mmol, 3.0 equivalents), 0.3 mL of DIC (1.98 mmol, 

6.0 equivalents) and 1.6 mL of DMF (0.2 M). The reaction was run for 2 h and a negative 

ninhydrin test was performed to verify the reaction completion. The reaction mixture was 

drained to give the Fmoc-protected resin-bound pentapeptide.   
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4.3.1.8 Resin-O-Phe-Leu-D-Val-Lys(Boc)-Leu-NH2 

The pentapeptide Resin-O-Phe-Leu-D-Val-Lys(Boc)-Leu-NH2 was synthesized 

following the Fmoc removal procedure for SPPS. A positive ninhydrin test was 

performed to verify the completion of Fmoc removal.   

4.3.1.9 HO-Phe-Leu-D-Val-Lys(Boc)-Leu-NH2 

Following the Cleaving the assembled peptide from resin procedure for SPPS: 

The double deprotected linear pentapeptide (DDLP) HO-Phe-Leu-D-Val-Lys(Boc)-Leu-

NH2 was synthesized using the resin-bound peptide prepared from previous step, 5 mL of 

TFE and 5 mL of DCM. The resulting slurry was filtered and dried in vacuo to yield HO-

Phe-Leu-D-Val-Lys(Boc)-Leu-NH2 as a pale yellow solid (138 mg, overall 60%). 

LC/MS (ESI): m/z calculated C36H62N6O8 [M+H
+
] = 719.92, found 719.8 

 

4.3.1.10 cyclo-Phe-Leu-D-Val-Lys(Boc)-Leu (compound 11) 

Compound 11 was synthesized using 138 mg of the DDLP from previous step 

(0.19 mmol, 1.0 equivalent), 43 mg of TBTU (0.13 mmol, 0.7 equivalent), 51 mg of 

HATU (0.13 mmol, 0.7 equivalent), 40 mg of DEPBT (0.13 mmol, 0.7 equivalent), 0.2 

mL DIPEA (1.14 mmol, 6.0 equivalents) and 28 mL of anhydrous DCM (0.007 M) 

following the peptide cyclization procedure. All starting materials were weighed into a 

round bottom flask and dissolved in 28 mL of anhydrous DCM. The reaction was then 

allowed to stir at room temperature and monitored via LCMS. Upon completion, the 

reaction mixture was diluted with DCM (overall volume = 100 mL) and extracted twice 

with 10% (v/v) HCl(aq.). The organic layer was re-extracted with a saturated NaHCO3 

aqueous solution (100 mL x 3). The basic aqueous layer was back-washed with ethyl 
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acetate (100 mL). The organic layers were collected, dried over Na2SO4, filtered, and 

concentrated in vacuo. The resulting residue was purified via a flash column 

chromatography on silica gel using an ethyl acetate-hexane gradient system to yield 

compound 11 as a light yellow solid (13 mg, 10% yield). 

1
H NMR (400 MHz, CD3OD): δ = 8.61 (m, 2H), 8.32-8.09 (m, 1H), 7.69-7.49 (m, 1H), 

7.38-7.09 (m, 5H), 4.63 (m, 1H), 4.41 (m, 1H), 4.32-4.13 (m, 1H), 3.93-3.75 (m, 1H), 

3.75-3.58 (m, 1H), 3.17-2.93 (m, 3H), 2.11-1.88 (m, 2H), 1.75-1.45 (m, 6H), 1.45-1.16 

(m, 15H), 1.07-0.72 (m, 17H). 

LC/MS (ESI): m/z calculated C37H60N6O7 [M+H
+
] = 701.9, found 702.6 

4.3.1.11 cyclo-Phe-Leu-D-Val-Lys-Leu (compound 16) 

The Boc protecting group of compound 11 (10.2 mg, 1.45 x 10
-5

 mol) was 

removed via the Boc removal procedure. Boc removal was verified via 
1
H NMR and 

LC/MS to yield compound 16 (9.5 mg, quantitative yield). 

1
H NMR (400 MHz, CD3OD): δ = 7.27-7.00 (m, 5H), 4.57-4.35 (m, 2H), 4.29 (m, 1H), 

4.15 (m, 1H), 3.77 (d, J = 10.4 Hz, 1H), 3.65-3.45 (m, 2H), 3.01-2.86 (m, 2H), 2.86-2.72 

(m, 2H), 2.15-1.77 (m, 3H), 1.77-1.31 (m, 16H), 1.11-0.95 (m, 1H), 0.95-0.50 (m, 17H). 

LC/MS (ESI): m/z calculated C32H52N6O5 [M+H
+
] = 601.8, found 601.7 

4.3.1.12 cyclo-Phe-Leu-D-Val-Lys(PEG-Biotin)-Leu (compound 4) 

Compound 4 was synthesized following the Peg-Biotin attachment procedure. 

The reaction was performed utilizing 7 mg of compound 16 (1.16 x 10
-5

 mol, 1.0 

equivalent), 9.6 mg of NHS-dPEG4-biotin (1.63 x 10
-5

 mol, 1.4 equivalents), 8 µL of 

DIPEA (4.65 x 10
-5

 mol, 4.0 equivalents) and 0.12 mL of DCM (0.1 M). The crude 
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product was purified via HPLC to yield compound 4 as a white solid (6.8 mg, 55% 

yield). 

 
1
H NMR (400 MHz, CD3OD): δ = 7.37-7.08 (m, 5H), 4.60 (m, 1H), 4.54-4.44 (m, 2H), 

4.39 (m, 1H), 4.31 (m, 2H), 4.25 (dd, J = 10.2, 5.2 Hz, 1H), 3.87-3.47 (m, 16H), 3.41-

3.34 (m, 3H), 3.27-3.10 (m, 2H), 2.93 (m, 3H), 2.58 (t, J = 6.2 Hz, 2H), 2.43 (t, J = 6.3 

Hz, 2H), 2.22 (m, 7H), 2.01 (m, 3H), 1.80-1.42 (m, 12H), 1.06-0.65 (m, 17H).   

LC/MS (ESI): m/z calculated C53H87N9O12S [M+Na
+
] = 1097.4, found 1097.3 

4.3.2 Experimental methods for compound 5 

4.3.2.1 Resin-O-Leu-Lys(Boc)-Fmoc 

Following the peptide coupling procedure for SPPS: The dipeptide Resin-O-Leu-

Lys(Boc)-Fmoc was synthesized using 1.0 g (0.81 mmol, 1.0 equivalent) of Resin-O-

Leu-NH2, 1.1 g (2.43 mmol, 3.0 equivalents) of Fmoc-Lys(Boc)-OH, 372 mg of HOBt 

(2.43 mmol, 3.0 equivalents), 0.75 mL of DIC (4.86 mmol, 6.0 equivalents) and 4.0 mL 

of DMF (0.2 M). The reaction was run for 2 h and a negative ninhydrin test was 

performed to verify the reaction completion. The reaction mixture was drained to give the 

Fmoc-protected resin-bound dipeptide.   

4.3.2.2 Resin-O-Leu-Lys(Boc)-NH2 

The dipeptide Resin-O-Leu-Lys(Boc)-NH2 was synthesized following the Fmoc 

removal procedure for SPPS. A positive ninhydrin test was performed to verify the 

completion of Fmoc removal.   

 

4.3.2.3 Resin-O-Leu-Lys(Boc)-Phe-Fmoc 
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Following the peptide coupling procedure for SPPS: The tripeptide Resin-O-Leu-

Lys(Boc)-Phe-Fmoc was synthesized using the Resin-O-Leu-Lys(Boc)-NH2 prepared 

from previous step, 942 mg (2.43 mmol, 3.0 equivalents) of Fmoc-Phe-OH, 372 mg of 

HOBt (2.43 mmol, 3.0 equivalents), 0.75 mL of DIC (4.86 mmol, 6.0 equivalents) and 

4.0 mL of DMF (0.2 M). The reaction was run for 2 h and a negative ninhydrin test was 

performed to verify the reaction completion. The reaction mixture was drained to give the 

Fmoc-protected resin-bound tripeptide.   

4.3.2.4 Resin-O-Leu-Lys(Boc)-Phe-NH2 

The tripeptide Resin-O-Leu-Lys(Boc)-Phe-NH2 was synthesized following the 

Fmoc removal procedure for SPPS. A positive ninhydrin test was performed to verify the 

completion of Fmoc removal.   

4.3.2.5 Resin-O-Leu-Lys(Boc)-Phe-Leu-Fmoc 

Following the peptide coupling procedure for SPPS: The tetrapeptide Resin-O- 

Leu-Lys(Boc)-Phe-Leu-Fmoc was synthesized using the Resin-O-Leu-Lys(Boc)-Phe-

NH2 prepared from previous step, 859 mg (2.43 mmol, 3.0 equivalents) of Fmoc-Leu-

OH, 372 mg of HOBt (2.43 mmol, 3.0 equivalents), 0.75 mL of DIC (4.86 mmol, 6.0 

equivalents) and 4.0 mL of DMF (0.2 M). The reaction was run for 2 h and a negative 

ninhydrin test was performed to verify the reaction completion. The reaction mixture was 

drained to give the Fmoc-protected resin-bound tetrapeptide.   

 

 

4.3.2.6 Resin-O-Leu-Lys(Boc)-Phe-Leu-NH2 
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The tetrapeptide Resin-O-Leu-Lys(Boc)-Phe-Leu-NH2 was synthesized following 

the Fmoc removal procedure for SPPS. A positive ninhydrin test was performed to verify 

the completion of Fmoc removal.   

4.3.2.7 Resin-O-Leu-Lys(Boc)-Phe-Leu-D-Val-Fmoc 

Following the peptide coupling procedure for SPPS: The pentapeptide Resin-O- 

Leu-Lys(Boc)-Phe-Leu-D-Val-Fmoc was synthesized using the Resin-O-Leu-Lys(Boc)-

Phe-Leu-NH2 prepared from previous step, 825 mg (2.43 mmol, 3.0 equivalents) of 

Fmoc-D-Val-OH, 372 mg of HOBt (2.43 mmol, 3.0 equivalents), 0.75 mL of DIC (4.86 

mmol, 6.0 equivalents) and 4.0 mL of DMF (0.2 M). The reaction was run for 2 h and a 

negative ninhydrin test was performed to verify the reaction completion. The reaction 

mixture was drained to give the Fmoc-protected resin-bound pentapeptide.   

4.3.2.8 Resin-O-Leu-Lys(Boc)-Phe-Leu-D-Val-NH2 

The pentapeptide Resin-O-Leu-Lys(Boc)-Phe-Leu-D-Val-NH2 was synthesized 

following the Fmoc removal procedure for SPPS. A positive ninhydrin test was 

performed to verify the completion of Fmoc removal.   

4.3.2.9 HO-Leu-Lys(Boc)-Phe-Leu-D-Val-NH2 

Following the Cleaving the assembled peptide from resin procedure for SPPS: 

The double deprotected linear pentapeptide (DDLP) HO-Leu-Lys(Boc)-Phe-Leu-D-Val-

NH2 was synthesized using the resin-bound peptide prepared from previous step, 7 mL of 

TFE and 7 mL of DCM. The resulting slurry was filtered and dried in vacuo to yield HO-

Leu-Lys(Boc)-Phe-Leu-D-Val-NH2 as a pale yellow solid (386 mg, overall 66%). 

LC/MS (ESI): m/z calculated C36H62N6O8 [M+H
+
] = 719.92, found 719.9 
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4.3.2.10 cyclo-Leu-Lys(Boc)-Phe-Leu-D-Val (compound 12) 

Compound 12 was synthesized using 232 mg of the DDLP from previous step 

(0.33 mmol, 1.0 equivalent), 76 mg of TBTU (0.23 mmol, 0.7 equivalent), 86 mg of 

HATU (0.23 mmol, 0.7 equivalent), 68 mg of DEPBT (0.23 mmol, 0.7 equivalent), 0.33 

mL DIPEA (1.9 mmol, 6.0 equivalents) and a mixture of anhydrous DCM/ACN (1:1, 

total volume = 46 mL, 0.007 M) following the peptide cyclization procedure. All starting 

materials were weighed into a round bottom flask and dissolved in the anhydrous solvent. 

The reaction was then allowed to stir at room temperature and monitored via LCMS. 

Upon completion, the reaction mixture was diluted with DCM (overall volume = 100 

mL) and extracted twice with 10% (v/v) HCl(aq.). The organic layer was re-extracted with 

a saturated NaHCO3 aqueous solution (100 mL x 3). The basic aqueous layer was back-

washed with ethyl acetate (100 mL). The organic layers were collected, dried over 

Na2SO4, filtered, and concentrated in vacuo. The resulting residue was purified via a flash 

column chromatography on silica gel using an ethyl acetate-hexane gradient system to 

yield compound 12 as a light yellow solid (101 mg, 45% yield). 

1
H NMR (400 MHz, CD3OD): δ =  7.33-7.17 (m, 5H), 4.64-4.54 (m, 1H), 4.50 (t, J = 7.4 

Hz, 1H), 4.23 (dd, J = 10.1, 5.5 Hz, 1H), 3.82 (dd, J = 10.5, 1.1 Hz, 1H), 3.54 (dd, J = 

9.8, 6.3 Hz, 1H), 3.11 (dd, J = 13.2, 8.4 Hz, 1H), 3.05-2.91 (m, 2H), 2.10-1.93 (m, 2H), 

1.82 (m, 1H), 1.62 (m, 2H), 1.57-1.51 (m, 2H), 1.51-1.27 (m, 15H), 1.10 (m, 2H), 1.04-

0.88 (m, 15H), 0.88-0.83 (m, 2H). 

LC/MS (ESI): m/z calculated C37H60N6O7 [M+H
+
] = 701.9, found 702.1 

4.3.2.11 cyclo-Leu-Lys-Phe-Leu-D-Val (compound 17) 



133 
 

 

 

The Boc protecting group of compound 12 (80.2 mg, 1.14 x 10
-4

 mol) was 

removed via the Boc removal procedure. Boc removal was verified via 
1
H NMR and 

LC/MS to yield compound 17 (68.7 mg, quantitative yield). 

1
H NMR (400 MHz, CD3OD): δ = 8.64 (m, 2H), 8.05 (dd, J = 9.1, 2.8 Hz, 1H), 7.70-7.63 

(m, 1H), 7.33-7.17 (m, 5H), 4.72-4.61 (m, 1H), 4.52 (m, 1H), 4.27-4.16 (m, 1H), 3.86-

3.77 (m, 1H), 3.67 (m, 1H), 3.17 (m, 1H), 3.08-2.97 (m, 2H), 2.89-2.79 (m, 3H), 2.02 (m, 

2H), 1.92-1.79 (m, 1H), 1.68-1.50 (m, 5H), 1.50-1.35 (m, 2H), 1.35-1.15 (m, 3H), 1.06-

0.81 (m, 17H). 

LC/MS (ESI): m/z calculated C32H52N6O5 [M+H
+
] = 601.8, found 601.7 

4.3.2.12 cyclo-Leu-Lys(PEG-Biotin)-Phe-Leu-D-Val (compound 5) 

Compound 5 was synthesized following the Peg-Biotin attachment procedure. 

The reaction was performed utilizing 51 mg of compound 17 (8.5 x 10
-5

 mol, 1.0 

equivalent), 70 mg of NHS-dPEG4-biotin (1.19 x 10
-4

 mol, 1.4 equivalents), 0.06 mL of 

DIPEA (3.4 x 10
-4

 mol, 4.0 equivalents) and 0.85 mL of DCM (0.1 M). The crude 

product was purified via HPLC to yield compound 5 as a white solid (53 mg, 58% yield). 

 
1
H NMR (400 MHz, CD3OD): δ = 7.96 (br, 1H), 7.86 (br, 1H), 7.39-7.13 (m, 5H), 4.60 

(t, J = 7.8 Hz, 1H), 4.50 (m, 2H), 4.31 (m, 1H), 4.27-4.19 (m, 1H), 3.87-3.66 (m, 6H), 

3.66-3.57 (m, 7H), 3.54 (m, 3H), 3.36 (m, 3H), 3.27-3.16 (m, 5H), 3.16-3.08 (m, 2H), 

3.04-2.85 (m, 3H), 2.78-2.71 (m, 1H), 2.62-2.47 (m, 1H), 2.43 (t, J = 6.2 Hz, 2H), 2.22 (t, 

J = 6.2 Hz, 2H), 2.12-1.94 (m, 2H), 1.91-1.70 (m, 2H), 1.63 (m, 3H), 1.57-1.51 (m, 1H), 

1.51-1.40 (m, 6H), 1.14 (m, 2H), 1.05-0.83 (m, 17H).  

LC/MS (ESI): m/z calculated C53H87N9O12S [M+H
+
] = 1075.4, found 1075.4 

4.3.3 Experimental methods for compound 6 
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4.3.3.1 MeO-Phe-Leu-NHBoc 

The dipeptide MeO-Phe-Leu-NHBoc was synthesized following the general 

peptide synthesis procedure. The reaction was performed using 951 mg (4.4 mmol, 1.1 

equivalents) of MeO-Phe-NH2, 1.0 g (4.0 mmol, 1.0 equivalent) of HO-Leu-NHBoc, 1.55 

g of TBTU (4.8 mmol, 1.2 equivalents), 2.8 mL of DIPEA (0.016 mol, 4.0 equivalents) 

and 40 mL of DCM (0.1 M). The crude reaction was purified by column chromatography 

(silica gel, EtOAc/Hex) to yield the dipeptide (1.56 g, 99% yield). 

Rf = 0.8 (EtOAc/Hex = 1:1) 

1
H NMR (200 MHz, CDCl3): δ = 7.45-7.00 (m, 5H), 6.49 (d, J = 8.0 Hz, 1H), 4.86 (m, 

2H), 4.13 (m, 2H), 3.72 (s, 3H), 3.13 (t, J = 5.5 Hz, 2H), 1.45 (s, 9H), 1.09-0.79 (m, 6H). 

4.3.3.2 MeO-Phe-Leu-NH2 

The dipeptide MeO-Phe-Leu-NH2 was synthesized following the Boc removal 

procedure. The reaction was performed by dissolving 685 mg of MeO-Phe-Leu-NHBoc 

in 14 mL of DCM, followed by adding 0.38 mL (3.5 mmol, 2.0 equivalents) of anisole 

and then 3.5 mL of TFA. The reaction mixture was concentrated in vacuo with DCM 

(250 mL x 5) and taken on to the next reaction without further purification (510 mg, 

quantitative yield) as a slightly yellow oil. 

 

 

 

4.3.3.3 MeO-Phe-Leu-N-Me-Val-NHBoc 

Following the general peptide synthesis procedure: The tripeptide MeO-Phe-Leu-

N-Me-Val-NHBoc was synthesized using 510 mg of MeO-Phe-Leu-NH2 (1.75 mmol, 1.1 
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equivalents), 367 mg of HO-N-Me-Val-NHBoc (1.59 mmol, 1.0 equivalents), 724 mg of 

HATU (1.9 mmol, 1.2 equivalents), 1.1 mL of DIPEA (6.35 mmol, 4.0 equivalents) and 

16 mL of DCM (0.1 M). The crude reaction was purified by column chromatography 

(silica gel, EA/Hex) to yield the tripeptide (585 mg, 73% yield). 

Rf = 0.6 (EtOAc/Hex = 1:1) 

1
H NMR (400 MHz, CDCl3): δ = 7.3-7.1 (m, 5H), 6.5 (br, 1H), 6.3 (br, 1H), 4.8 (m, 1H), 

4.4 (m, 1H), 4.0 (d, J = 8.0 Hz, 1H), 3.7 (s, 3H), 3.1 (m, 2H), 2.8 (s, 3H), 2.3 (m, 2H), 

1.8-1.6 (m, 1H), 1.5 (s, 9H), 1.1-0.9 (m, 12H) 

4.3.3.4 MeO-Phe-Leu-N-Me-Val-NH2 

Following the Boc removal procedure: MeO-Phe-Leu-N-Me-Val-NH2 was 

synthesized by dissolving 585 mg of MeO-Phe-Leu-NHBoc in 10 mL of DCM, followed 

by adding 0.25 mL (2.3 mmol, 2.0 equivalents) of anisole and then 2.3 mL of TFA. The 

reaction mixture was concentrated in vacuo with DCM (250 mL x 5) and taken on to the 

next reaction without further purification (510 mg, quantitative yield) as a light brown 

oil. 

4.3.3.5 MeO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-NHBoc 

The tetrapeptide MeO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-NHBoc was 

synthesized following the general peptide synthesis procedure. The reaction was 

performed using 469 mg (1.16 mmol, 1.1 equivalents) of MeO-Phe-Leu-N-Me-Val-NH2, 

436 mg (1.05 mmol, 1.0 equivalent) of HO-D-Lys(2-Cl-Cbz)-NHBoc, 135 mg of TBTU 

(0.42 mmol, 0.4 equivalent), 320 mg of HATU (0.84 mmol, 0.8 equivalent), 0.73 mL of 

DIPEA (4.2 mmol, 4.0 equivalents) and 11 mL of DCM (0.1 M). The crude reaction was 
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purified by column chromatography (silica gel, EA/Hex) to yield the tetrapeptide (675 

mg, 80% yield). 

Rf = 0.35 (EtOAc/Hex = 1:1) 

1
H NMR (400 MHz, CDCl3): δ = 7.4-7.1 (m, 9H), 6.5 (d, J = 7.6 Hz, 1H), 6.4 (d, J = 7.6 

Hz, 1H), 5.3 (d, J = 8.1 Hz, 1H), 5.2 (s, 2H), 4.9 (m, 1H), 4.8 (m, 1H), 4.6 (m, 1H), 4.4 

(d, J = 11.0 Hz, 1H), 3.7 (s, 3H), 3.2 (m, 2H), 3.0 (s, 3H), 2.3 (m, 2H), 1.6 (m, 9H), 1.4 

(s, 9H), 1.0-0.9 (m, 12H). 

4.3.3.6 MeO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-NH2 

The tetrapeptide MeO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-NH2 was synthesized 

following the Boc removal procedure. The reaction was performed by dissolving 650 mg 

of MeO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-NHBoc in 6.5 mL of DCM, followed by 

adding 0.18 mL (1.6 mmol, 2.0 equivalents) of anisole and then 1.6 mL of TFA. The 

reaction mixture was concentrated in vacuo with DCM (250 mL x 5) and taken on to the 

next reaction without further purification (570 mg, quantitative yield) as a slightly yellow 

oil. 

4.3.3.7 MeO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-D-Phe-NHBoc 

Following the general peptide synthesis procedure: The pentapeptide MeO-Phe-

Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-D-Phe-NHBoc was synthesized using 570 mg of MeO-

Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-NH2 (0.81 mmol, 1.1 equivalents), 195 mg of HO-

D-Phe-NHBoc (0.74 mmol, 1.0 equivalent), 95 mg of TBTU (0.3 mmol, 0.4 equivalent), 

224 mg of HATU (0.6 mmol, 0.8 equivalent), 0.5 mL of DIPEA (2.9 mmol, 4.0 

equivalents) and 8.1 mL of DCM (0.1 M). The crude reaction was purified by column 

chromatography (silica gel, EtOAc/Hex) to yield the pentapeptide (550 mg, 79% yield). 
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Rf = 0.3 (EtOAc/Hex = 1:1) 

1
H NMR (400 MHz, CDCl3): δ = 7.5-7.1 (m, 14H), 6.9 (br, 1H), 6.5 (d, J = 7.7 Hz, 1H), 

6.4 (d, J = 7.7 Hz, 1H), 5.2 (m, 2H), 5.0 (br, 1H), 4.9-4.8 (m, 2H), 4.4-4.3 (m, 2H), 3.7 (s, 

3H), 3.2-3.1 (m, 4H), 3.0 (s, 3H), 2.3 (m, 2H), 1.7-1.3 (m, 9H), 1.4 (s, 9H), 0.9-0.7 (m, 

12H).  

4.3.3.8 HO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-D-Phe-NH2 

The methyl ester of the pentapeptide MeO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-

D-Phe-NHBoc was synthesized following the Methyl ester hydrolysis procedure. The 

reaction was performed using 540 mg of the pentapeptide (0.57 mmol, 1.0 equivalent), 

191 mg of LiOH monohydrate (4.56 mmol, 8.0 equivalents) and 5.7 mL of MeOH (0.1 

M). The pentapeptide was dissolved in MeOH and LiOH was added to the reaction 

solution. The reaction was run for 12 h. Upon completion, the solvent was removed in 

vacuo and the residue was diluted with 100 mL DCM and then extracted with 100 mL of 

10% (v/v) HCl(aq.). The acidic aqueous layer was then further extracted with DCM (100 

mL x 3). The organic layers were combined, dried over Na2SO4, filtered and concentrated 

in vacuo to yield the free acid HO-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-D-Phe-NHBoc 

as a slightly yellow solid (511 mg, 96% yield). The free acid was taken on to Boc 

removal reaction without any further purification. 

 Following the Boc removal procedure: the DDLP HO-Phe-Leu-N-Me-Val-D-

Lys(2-Cl-Cbz)-D-Phe-NH2 was synthesized by dissolving 511 mg of the free acid in 4.4 

mL of DCM, followed by adding 0.11 mL (1.1 mmol, 2.0 equivalents) of anisole and 

then 1.1 mL of TFA. Upon completion, the reaction mixture was concentrated in vacuo 
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with DCM (250 mL x 5) and taken on to the next reaction without further purification 

(456 mg, quantitative yield).  

4.3.3.9 cyclo-Phe-Leu-N-Me-Val-D-Lys(2-Cl-Cbz)-D-Phe (compound 13) 

Compound 13 was synthesized using 228 mg of the DDLP from previous step 

(0.27 mmol, 1.0 equivalent), 44 mg of TBTU (0.14 mmol, 0.5 equivalent), 62 mg of 

HATU (0.16 mmol, 0.6 equivalent), 49 mg of DEPBT (0.16 mmol, 0.6 equivalent), 0.38 

mL DIPEA (2.2 mmol, 8.0 equivalents) and 40 mL of anhydrous DCM (0.007 M) 

following the peptide cyclization procedure. All starting materials were weighed into a 

round bottom flask and dissolved in the anhydrous solvent. The reaction was then 

allowed to stir at room temperature and monitored via LCMS. Upon completion, the 

reaction mixture was diluted with DCM (overall volume = 100 mL) and extracted twice 

with 10% (v/v) HCl(aq.). The organic layer was re-extracted with a saturated NaHCO3 

aqueous solution (100 mL x 3). The basic aqueous layer was back-washed with ethyl 

acetate (100 mL). The organic layers were collected, dried over Na2SO4, filtered, and 

concentrated in vacuo. The resulting residue was purified via a flash column 

chromatography on silica gel using an ethyl acetate-hexane gradient system to yield 

compound 13 as a light yellow solid (37.5 mg, 17% yield). 

 

1
H NMR (400 MHz, CD3OD): δ = 7.4-7.0 (m, 14H), 5.2 (br, 2H), 5.1 (d, J = 10.6 Hz, 

1H), 4.7 (m, 1H), 4.5 (m, 1H), 4.3-4.1 (m, 3H), 3.1-2.7 (m, 4H), 2.9 (s, 3H), 2.3-2.1 (m, 

2H), 1.8 (m, 1H), 1.6-1.2 (m, 8H), 1.0-0.8 (m, 12H). 

LC/MS (ESI): m/z calculated C44H57N6O7Cl [M+H
+
] = 818.4, found 818.2 
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4.3.3.10 cyclo-Phe-Leu-N-Me-Val-D-Lys-D-Phe (compound 18) 

The Cbz protecting group of compound 13 (26 mg, 3.2 x 10
-5

 mol) was removed 

via the Cbz removal procedure using 0.32 mL of HBr. Cbz removal was verified via 
1
H 

NMR and LC/MS to yield compound 18 (18 mg, 87% yield). 

1
H NMR (400 MHz, CD3OD): δ = 7.3-7.0 (m, 10H), 5.0 (d, J = 10.6 Hz, 1H), 4.7 (m, 

1H), 4.5 (m, 1H), 4.3 (m, 2H), 4.2 (m, 1H), 2.9 (s, 3H), 2.9-2.8 (m, 4H), 2.3-2.1 (m, 2H), 

1.9-1.7 (m, 1H), 1.7-1.2 (m, 8H), 1.0-0.8 (m, 12H).  

LC/MS (ESI): m/z calculated C36H52N6O5 [M+H
+
] = 649.8, found 649.6 

4.3.3.11 cyclo-Phe-Leu-N-Me-Val-D-Lys(PEG-Biotin)-D-Phe (compound 6) 

Compound 6 was synthesized following the Peg-Biotin attachment procedure. 

The reaction was performed utilizing 16 mg of compound 18 (2.5 x 10
-5

 mol, 1.0 

equivalent), 21 mg of NHS-dPEG4-biotin (3.5 x 10
-5

 mol, 1.4 equivalents), 0.017 mL of 

DIPEA (1.0 x 10
-4

 mol, 4.0 equivalents) and 0.25 mL of DCM (0.1 M). The crude 

product was purified via HPLC to yield compound 6 as a white solid (14 mg, 51% yield). 

 
1
H NMR (400 MHz, CD3OD): δ = 7.41-6.97 (m, 10H), 4.68 (m, 1H), 4.58-4.43 (m, 2H), 

4.42-4.23 (m, 2H), 3.86-3.43 (m, 16H), 3.23 (m, 3H), 3.03-2.78 (m, 3H), 2.67 (s, 3H), 

2.58 (m, 1H), 2.46-2.35 (m, 1H), 2.21 (m, 2H), 1.86-1.42 (m, 12H), 1.34-1.02 (m, 6H), 

1.03-0.80 (m, 17H). 

LC/MS (ESI): m/z calculated C57H87N9O12S [M+H
+
] = 1123.4, found 1123.2 

4.3.4 Experimental methods for compound 9 and 10 

4.3.4.1 Resin-O-Leu-N-Me-Val-Fmoc 

Following the peptide coupling procedure for SPPS: The dipeptide Resin-O-Leu-

N-Me-Val-Fmoc was synthesized using 2.0 g (1.64 mmol, 1.0 equivalent) of Resin-O-
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Leu-NH2, 1.74 g (4.92 mmol, 3.0 equivalents) of Fmoc-N-Me-Val-OH, 743 mg of HOBt 

(4.92 mmol, 3.0 equivalents), 1.48 mL of DIC (9.84 mmol, 6.0 equivalents) and 8.0 mL 

of DMF (0.2 M). The reaction was run for 2 h and a negative ninhydrin test was 

performed to verify the reaction completion. The reaction mixture was drained to give the 

Fmoc-protected resin-bound dipeptide.   

4.3.4.2 Resin-O-Leu-N-Me-Val-NH2 

The dipeptide Resin-O-Leu-N-Me-Val-NH2 was synthesized following the Fmoc 

removal procedure for SPPS. A positive ninhydrin test was performed to verify the 

completion of Fmoc removal.   

4.3.4.3 Resin-O-Leu-N-Me-Val-D-Leu-Fmoc 

Following the peptide coupling procedure for SPPS: The tripeptide Resin-O-Leu-

N-Me-Val-D-Leu-Fmoc was synthesized using the Resin-O-Leu-N-Me-Val-NH2 prepared 

from previous step, 1.74 g (4.92 mmol, 3.0 equivalents) of Fmoc-D-Leu-OH, 670 mg of 

HOAt (4.92 mmol, 3.0 equivalents), 1.48 mL of DIC (9.84 mmol, 6.0 equivalents) and 

8.0 mL of DMF (0.2 M). The reaction was run overnight and a negative ninhydrin test 

was performed to verify the reaction completion. The reaction mixture was drained to 

give the Fmoc-protected resin-bound tripeptide.   

4.3.4.4 Resin-O-Leu-N-Me-Val-D-Leu-NH2 

The tripeptide Resin-O-Leu-N-Me-Val-D-Leu-NH2 was synthesized following the 

Fmoc removal procedure for SPPS. A positive ninhydrin test was performed to verify the 

completion of Fmoc removal.   

4.3.4.5 Resin-O-Leu-N-Me-Val-D-Leu-D-Phe-Fmoc 
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Following the peptide coupling procedure for SPPS: The tetrapeptide Resin-O-

Leu-N-Me-Val-D-Leu-D-Phe-Fmoc was synthesized using the Resin-O-Leu-N-Me-Val-D-

Leu-NH2 prepared from previous step, 1.9 g (4.92 mmol, 3.0 equivalents) of Fmoc-D-

Phe-OH, 743 mg of HOBt (4.92 mmol, 3.0 equivalents), 1.48 mL of DIC (9.84 mmol, 6.0 

equivalents) and 8.0 mL of DMF (0.2 M). The reaction was run for 2 h and a negative 

ninhydrin test was performed to verify the reaction completion. The reaction mixture was 

drained to give the Fmoc-protected resin-bound tetrapeptide.   

4.3.4.6 Resin-O-Leu-N-Me-Val-D-Leu-D-Phe-NH2 

The tetrapeptide Resin-O-Leu-N-Me-Val-D-Leu-D-Phe-NH2 was synthesized 

following the Fmoc removal procedure for SPPS. A positive ninhydrin test was 

performed to verify the completion of Fmoc removal.   

4.3.4.7 Resin-O-Leu-N-Me-Val-D-Leu-D-Phe-racemic-β-OH-Phe-Fmoc 

Following the peptide coupling procedure for SPPS: The pentapeptide Resin-O-

Leu-N-Me-Val-D-Leu-D-Phe-(2S, 3R)/(2R, 3S)-β-OH-Phe-Fmoc was synthesized using 

the Resin-O-Leu-N-Me-Val-D-Leu-D-Phe-NH2 prepared from previous step, 1.98 g (4.92 

mmol, 3.0 equivalents) of Fmoc-(2S, 3R)/(2R, 3S)-β-OH-Phe-OH, 743 mg of HOBt 

(4.92 mmol, 3.0 equivalents), 1.48 mL of DIC (9.84 mmol, 6.0 equivalents) and 8.0 mL 

of DMF (0.2 M). The reaction was run for 2 h and a negative ninhydrin test was 

performed to verify the reaction completion. The reaction mixture was drained to give the 

Fmoc-protected resin-bound pentapeptide.   

4.3.4.8 Resin-O-Leu-N-Me-Val-D-Leu-D-Phe-racemic-β-OH-Phe-NH2 
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The pentapeptide Resin-O-Leu-N-Me-Val-D-Leu-D-Phe-(2S, 3R)/(2R, 3S)-β-OH-

Phe-NH2 was synthesized following the Fmoc removal procedure for SPPS. A positive 

ninhydrin test was performed to verify the completion of Fmoc removal.   

4.3.4.9 HO-Leu-N-Me-Val-D-Leu-D-Phe-racemic-β-OH-Phe-NH2 

Following the Cleaving the assembled peptide from resin procedure for SPPS: 

The double deprotected linear pentapeptide (DDLP) HO-Leu-N-Me-Val-D-Leu-D-Phe-

(2S, 3R)/(2R, 3S)-β-OH-Phe-NH2 was synthesized using the resin-bound peptide 

prepared from previous step, 14 mL of TFE and 14 mL of DCM. The resulting slurry was 

filtered and dried in vacuo to yield HO-Leu-N-Me-Val-D-Leu-D-Phe-(2S, 3R)/(2R, 3S)-

β-OH-Phe-NH2 as a pale yellow solid (860 mg, overall 79% yield). 

LC/MS (ESI): m/z calculated C36H53N5O7 [M+H
+
] = 668.8, found 668.8 

 

4.3.4.10 cyclo-Leu-N-Me-Val-D-Leu-D-Phe-racemic-β-OH-Phe (compound 14/15) 

Compound 14/15 was synthesized using 160 mg of the DDLP from previous step 

(0.23 mmol, 1.0 equivalent), 52 mg of TBTU (0.14 mmol, 0.6 equivalent), 44 mg of 

HATU (0.14 mmol, 0.6 equivalent), 41 mg of DEPBT (0.14 mmol, 0.6 equivalent), 0.32 

mL DIPEA (1.84 mmol, 8.0 equivalents) and anhydrous DCM (total volume = 460 mL, 

0.0005 M) following the syringe pump cyclization procedure. All coupling reagents were 

weighed into a round bottom flask and dissolved in 340 mL of DCM. The DDLP was 

dissolved in the remaining DCM and added drop-wise to the flask via a syringe pump at a 

rate of 30 mL/h. Upon addition of all of the peptide solution, the reaction was then 

allowed to stir overnight at room temperature and monitored via LCMS. Upon 

completion, the solvent was removed in vacuo and the residue was diluted with DCM 
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(overall volume = 100 mL) and extracted twice with 10% (v/v) HCl(aq.). The organic layer 

was re-extracted with a saturated NaHCO3 aqueous solution (100 mL x 3). The basic 

aqueous layer was back-washed with ethyl acetate (100 mL). The organic layers were 

collected, dried over Na2SO4, filtered, and concentrated in vacuo. The resulting residue 

was purified via a flash column chromatography on silica gel using an ethyl acetate-

hexane gradient system to yield the racemic compound 14/15 as a light yellow solid (110 

mg, 74% yield). 

LC/MS (ESI): m/z calculated C36H51N5O6 [M+H
+
] = 650.8, found 651.7 

4.3.4.11 cyclo-Leu-N-Me-Val-D-Leu-D-Phe-β-benzoxy-Phe (compound 9 and 10) 

Compound 9 and 10 were synthesized following the benzylation procedure using 

a mixture of compound 14/15 (110 mg, 0.17 mmol, 1.0 equivalent), 7.5 mg of NaH (60% 

in mineral oil, 0.19 mmol, 1.1 equivalents), 0.04 mL of BnBr (0.34 mmol, 2.0 

equivalents) and 1.7 mL of anhydrous THF/DMF (1:1, 0.1 M). Upon completion via the 

confirmation of LCMS, the reaction mixture was extracted with DI water and DCM. The 

organic layer was collected, dried and concentrated in vacuo. The residue was subjected 

to a flash column chromatography for a preliminary purification. Further purification of 

resulting crude product (12 mg) was performed via RP-HPLC to yield compound 9 (0.6 

mg, 5% yield) and 10 (2.2 mg, 18% yield). 

Compound 9 

1
H NMR (400 MHz, CD3OD): δ = 8.0 (m, 1H), 7.7 (m, 1H), 7.6 (m, 1H), 7.5-7.2 (m, 

15H), 7.0 (d, 1H), 6.7 (d, 1H), 4.5 (m, 1H), 4.4 (m, 1H), 4.3 (m, 1H), 4.2 (m, 1H), 4.1 (m, 

1H), 3.6-3.5 (m, 5H), 3.0 (m, 1H), 2.4-2.2 (m, 2H), 2.0 (m, 2H), 1.7-1.5 (m, 4H), 1.4-1.2 

(m, 9H), 1.1-0.8 (m, 9H). 
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LC/MS (ESI): m/z calculated C43H57N5O6 [2M+Na
+
] = 1502.9, found 1503.7 

Compound 10 

1
H NMR (400 MHz, CD3OD): δ = 7.3-6.8 (m, 15H), 4.7 (m, 1H), 4.6 (m, 1H), 4.5 (m, 

1H), 4.4 (m, 1H), 4.2 (m, 1H), 4.1 (t, J = 8.2 Hz, 1H), 3.6 (m, 1H), 2.9-2.7 (m, 5H), 2.3-

2.2 (m, 2H), 2.0 (m, 1H), 1.7-1.5 (m, 4H), 1.4-1.2 (m, 5H), 1.1-0.8 (m, 18H). 

LC/MS (ESI): m/z calculated C43H57N5O6 [2M+Na
+
] = 1502.9, found 1502.7 

 

 

 

 

 

 

 

 

 

 

 

4.4 Urukthapelstatin A 

4.4.1 Experimental methods for Ustat A-3 Fragment 1 

4.4.1.1 Boc-Thr(tBu)-CSNH2 (compound 4) 

To a round bottom flask was added Boc-Thr(tBu)-OH (1.5 g, 5.45 mmol),  

benzene (40.8 mL) and MeOH (13.6 mL). TMSD (2M solution in diethyl ether) was 

added drop-wise to the reaction solution until it turned slightly yellow. The mixture was 
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stirred at room temperature for 1 h and checked via TLC. Upon disappearance of the 

starting material, the solvent was removed in vacuo and the residue was co-evaporated 

with DCM (100 mL x 5). The obtained crude ester was subject to the amide conversion 

procedure, followed by the thioamide conversion procedure to yield the desired 

thioamide 4 as a yellow oil (980 mg, 60% yield). 

Rf = 0.6 (EtOAc: Hex = 0.35:0.65) 

1
H NMR: (CDCl3, 400 MHz): δ = 8.46 (br, 1H), 7.67 (br, 1H), 6.05 (br, 1H), 4.40-4.25 

(m, 1H), 4.24-4.15 (m, 1H) 1.46 (s, 9H), 1.27 (s, 9H), 1.10 ppm (d, J = 5.7 Hz, 3H). 

HRMS(ESI): calcd for C13H26N2O3SNa
+
 [M + Na

+
] 313.1562, found 313.1550. 

4.4.1.2 Boc-Thr(tBu)-Thiazole-OEt (compound 5) 

Following the thiazole synthesis procedure: compound 5 was synthesized using 

using 832 mg of thioamide 4, 2.3g of KHCO3, and 1.2 mL of ethyl bromopyruvate for the 

first step; 2.1 mL of pyridine, 1.6 mL of TFAA and 0.8 mL of TEA for the second step. 

(yellow oil, 860 mg, 78% yield). 

Rf = 0.37 (EtOAc: Hex = 0.2:0.8) 

1
H NMR: (CDCl3, 400 MHz) δ = 8.05 (s, 1H), 5.80 (d, J = 7.9 Hz, 1H), 4.95 (d, J = 7.9 

Hz, 1H), 4.42 (q, J = 7.0 Hz, 2H), 4.34 (d, J = 5.6 Hz, 1H), 1.48 (s, 9H), 1.39 (t, J = 6.9 

Hz, 3H), 1.19 (d, J = 6.4 Hz, 3H), 0.96 ppm (s, 9H). HRMS(ESI): calcd for 

C18H30N2O5SNa
+
 [M + Na

+
] 409.1773, found 409.1760. 

4.4.1.3 Boc-Thr(tBu)-Thiazole-CSNH2 (compound 6) 

Compound 6 was synthesized following the amide conversion procedure, 

followed by the thioamide conversion procedure using 867 mg of thiazole 5 and 544 mg 
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of Lawesson’s reagent in 50 mL of anhydrous DME at 60°C for 5 h (bright yellow oil, 

440 mg, 53% yield). 

Rf = 0.6 (EtOAc: Hex = 0.35:0.65) 

1
H NMR: (CDCl3, 400 MHz): δ = 8.59 (br, 1H), 8.36 (s, 1H), 7.52 (br, 1H), 5.69 (d, J = 

6.9 Hz, 1H), 4.87 (d, J = 6.9 Hz, 1H), 4.23 (br, 1H) 1.49 (s, 9H), 1.22 (d, J = 6.7 Hz, 3H), 

0.99 ppm (s, 3H) ; HRMS(ESI): calcd for C16H27N3O3S2Na
+
 [M + Na

+
] 396.1392, found 

396.1378.
 

4.4.1.4 Boc-Thr(tBu)-Dithiazole-OEt (compound 7) 

Following the thiazole synthesis procedure: Compound 7 was synthesized 

utilizing 832 mg of thioamide 6, 940 mg of KHCO3, and 0.5 mL of ethyl bromopyruvate 

for the first step; 0.86 mL of pyridine, 0.66 mL of TFAA and 0.33 mL of TEA for the 

second step. Finally, 86 mg of NaOEt was used to yield the desired thiazole 7 as yellow 

oil (545 mg, 97% yield). 

Rf = 0.6 (EtOAc: Hex = 0.35:0.65) 

1
H NMR: (CDCl3, 400 MHz) δ = 8.17 (s, 1H), 8.05 (s, 1H), 5.76 (d, J = 8.0 Hz, 1H), 4.94 

(d, J = 9.2 Hz, 1H), 4.46 (q, J = 6.9 Hz, 2H), 4.35 (d, J = 6.3 Hz, 1H), 1.54 (s, 9H), 1.44 

(t, J = 7.5 Hz, 3H), 1.25 (d, J = 6.7 Hz, 3H), 0.99 ppm (s, 9H). HRMS(ESI): calcd for 

C21H31N3O5S2Na
+
 [M + Na

+
] 492.1603, found 492.1588. 

4.4.1.5 Boc-Thr(tBu)-Dithiazole-CSNH2 (compound 8) 

Compound 8 was synthesized following the amide conversion procedure, 

followed by the thioamide conversion procedure using 538 mg of thiazole 7 and 320 mg 

of Lawesson’s reagent in 46 mL of anhydrous benzene at 60°C for 5 h (bright yellow oil, 

382 mg, 53% yield). 
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Rf = 0.6 (EtOAc: Hex = 0.35:0.65) 

1
H NMR: (CDCl3, 400 MHz): δ = 8.69 (br, 1H), 8.47 (s, 1H), 7.86 (s, 1H), 7.54 (br, 1H), 

5.76 (d, J = 7.5 Hz, 1H), 4.95 (d, J = 8.1 Hz, 1H), 4.37 (d, J = 7.5 Hz, 1H) 1.52 (s, 9H), 

1.26 (d, J = 7.6 Hz, 3H), 0.99 (s, 3H) ppm. HRMS(ESI): calcd for C19H28N4O3S3Na
+
 [M 

+ Na
+
] 479.1222, found 479.1465.

 

4.4.1.6 Boc-Thr(tBu)-Trithiazole-OEt (compound 9) 

Following the thiazole synthesis procedure: Compound 9 was synthesized 

utilizing 382 mg of thioamide 8, 670 mg of KHCO3, and 0.35 mL of ethyl bromopyruvate 

for the first step; 0.61 mL of pyridine, 0.47 mL of TFAA and 0.24 mL of TEA for the 

second step. Finally, 68 mg of NaOEt was used to yield the desired thiazole 9 as a 

slightly yellow solid (400 mg, 87% yield). 

Rf = 0.5 (EtOAc: Hex = 0.35:0.65) 

1
H NMR: (CDCl3, 400 MHz) δ = 8.20 (s, 1H), 8.16 (s, 1H), 7.97 (s, 1H), 5.78 (d, J = 7.9 

Hz, 1H), 4.96 (d, J = 7.9 Hz, 1H), 4.47 (q, J = 7.4 Hz, 2H), 4.38 (d, J = 4.6 Hz, 1H), 1.52 

(s, 9H), 1.45 (t, J = 7.3 Hz, 3H), 1.26 (d, J = 7.0 Hz, 3H), 1.01 ppm (s, 9H). HRMS(ESI): 

calcd for C24H32N4O5S3Na
+
 [M + Na

+
] 575.1433, found 575.1416. 

4.4.1.7 Boc-Thr(tBu)-Trithiazole-CSNH2 (Fragment 1) 

Fragment 1 was synthesized following the amide conversion procedure, followed 

by the thioamide conversion procedure using 400 mg of thiazole 9 and 250 mg of 

Lawesson’s reagent in 30 mL of anhydrous benzene refluxing for 5 h (bright yellow oil, 

286 mg, 73% yield). 

Rf = 0.45 (EtOAc: Hex = 0.35:0.65) 
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1
H NMR: (CDCl3, 400 MHz): δ = 8.72 (br, 1H), 8.51 (s, 1H), 7.96 (s, 1H), 7.99 (s, 1H), 

7.59 (br, 1H), 5.78 (d, J = 8.4 Hz, 1H), 4.96 (d, J = 7.8 Hz, 1H), 4.38 (d, J = 6.6 Hz, 1H) 

1.52 (s, 9H), 1.26 (d, J = 6.4 Hz, 3H), 1.00 ppm (s, 3H) HRMS(ESI): calcd for 

C22H29N5O3S4Na
+
 [M + Na

+
] 562.1051, found 562.1041.

 

4.4.2 Experimental methods for Ustat A-3 Fragment 2 

4.4.2.1 Racemic Bromoketal-β-hydroxyl-Phe-OMe (compound 10) 

Following the general peptide synthesis procedure: Compound 10 was 

synthesized using 508 mg of 3-bromo-2,2-dimethoxypropionic acid, 546.6 mg of (2R, 

3S)/(2S, 3R)-racemic NH2-β-hydroxyl-Phe-OMe, 1.66 mL of DIPEA and 918 mg of 

TBTU (slightly yellow oil, 852 mg, 92% yield). 

Rf = 0.5 (EtOAc:Hex = 1:1) 

1
H NMR: (CDCl3, 400 MHz): δ = 7.50 (d, J = 8.9 Hz, 1H), 7.37-7.14 (m, 5H), 5.36 (t, J = 

3.4 Hz,1H), 4.86 (dd, J = 9.2, 3.1 Hz, 1H), 3.71 (s, 3H), 3.44 (s, 2H), 3.22 (s, 3H), 2.92 

(s, 3H), 2.62 ppm (d, J = 4.0 Hz, 1H).
 13

C NMR: (CDCl3, 400 MHz) δ  = 170.38, 167.44, 

139.45, 128.38, 127.91, 125.78, 100.28, 72.95, 58.02, 52.59, 50.18, 49.97, 29.59 ppm ; 

HRMS(ESI): calcd for C15H20BrNO6Na
+
 [M + Na

+
] 412.0372, found 412.0361. 

 

4.4.2.2 Bromoketal-Phenyloxazole-OMe (compound 11) 

Following the oxazole synthesis procedure: Compound 11 was synthesized 

utilizing 852 mg of the racemic dipeptide 10, 0.75 mL of DAST, 0.35 mL of pyridine for 

the first step and 0.31 mL of DBU and 0.2 mL of BrCCl3 for the second step (colorless 

oil, 334.6 mg, 40% yield). 

Rf =0.6 (EtOAc:Hex = 1:1) 
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1
H NMR: (CDCl3, 400 MHz): δ = 8.06-8.00 (m, 2H), 7.45-7.38 (m, 3H), 3.87 (s, 3H), 

3.82 (s, 2H), 3.30 ppm (s, 6H).
 13

C NMR: (CDCl3, 400 MHz) δ  = 162.38, 157.99, 156.11, 

130.59, 128.57, 128.42, 126.99, 126.51, 99.12, 52.28, 52.20, 52.13, 50.20, 50.16, 50.13, 

31.68, 31.59, 31.51 ppm ; HRMS(ESI): calcd for C15H16BrNO5Na
+
 [M + Na

+
] 392.0110, 

found 392.0101. 

4.4.2.3 Bromoketo-Phenyloxazole-OMe (Fragment 2) 

Fragment 2 was synthesized using 624 mg of the phenyloxazole 11 in 18 mL of 

formic acid at 60
o
C for 20 min. Upon completion, confirmed by LC/MS, the reaction was 

diluted with DCM and washed with saturated NaHCO3 solution. The organic layer was 

collected, dried over Na2SO4 and concentrated in vacuo. The crude fragment 2 was taken 

on without further purification. 

4.4.3 Experimental methods for Ustat A-3 Fragment 3 

4.4.3.1 Boc-D-allo-Ile-Ala-OMe (compound 12) 

Following the general peptide synthesis procedure: Compound 12 was 

synthesized utilizing 1.0 g of Boc-D-allo-Ile-OH (4.32 mmol), 664 mg of H-Ala-OMe 

(4.76 mmol), 3.0 mL of DIPEA (0.02 mmol) and 1.53g of TBTU (4.76 mmol) in 43.5 mL 

of anhydrous DCM. The reaction mixture was stirred at room temperature for 45 min. 

Upon completion, confirmed via TLC, the reaction was washed with 10% aqueous HCl 

solution (50 mL x 2), and saturated aqueous NaHCO3 solution (50 mL x 2). The collected 

organic layer was dried over Na2SO4 and concentrated in vacuo. The obtained crude 

residue was purified by flash column chromatography (silica gel, EtOAc/Hex) to yield 

the desired dipeptide compound 12 as a white solid (1.25 g, 92%). 

Rf = 0.5 (EtOAc:Hex = 1:1) 
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1
H NMR: (CDCl3, 400 MHz): δ = 6.53 (d, J = 6.5 Hz, 1H), 4.92 (br, 1H), 4.61 (m, 1H), 

4.14 (br, 1H), 3.77 (s, 3H), 2.10-1.95 (m, 1H), 1.52-1.37 (m, 1H), 1.47 (s, 9H), 1.42 (d, J 

= 7.1 Hz, 3H) 1.31-1.16 (m, 1H), 0.95 (t, J = 7.3 Hz, 3H), 0.87 ppm (d, J = 7.1 Hz, 3H).
 

13
C NMR: (CDCl3, 400 MHz) δ  = 173.20, 171.39, 155.79, 79.89, 57.96, 52.32, 47.89, 

37.10, 28.21, 26.23, 18.14, 14.09, 11.60 ppm ; HRMS(ESI): calcd for C15H28N2O5Na
+
 [M 

+ Na
+
] 339.1896, found 339.1884. 

4.4.3.2 H-D-allo-Ile-Ala-OMe (Fragment 3) 

Fragment 3 was synthesized following the Boc removal procedure utilizing 1.35 g 

of the dipeptide 12. The crude fragment 3 was then taken on without further purification.  

4.4.4 Experimental methods for the assembly of Ustat A-3 fragments 

4.4.4.1 Boc-Thr(tBu)-Tetrathiazole-Phenyloxazole-OMe (compound 13) 

Following the thiazole synthesis procedure: Compound 13 was synthesized 

utilizing 286 mg of Fragment 1, 424 mg of KHCO3, and 528 mg of Fragment 2 for the 

first step; 0.4 mL of pyridine, 0.3 mL of TFAA and 0.2 mL of TEA for the second step 

(pale yellow solid, 360 mg, 88% yield). 

Rf: 0.25 (EtOAc:Hex = 2:3) 

1
H NMR: (CDCl3, 400 MHz) δ = 8.23 (s, 1H), 8.22-8.19 (m, 2H), 8.11 (s, 1H), 8.0(s, 

1H), 7.58-7.46 (m, 3H), 5.79 (d, J = 8.7 Hz, 1H), 4.97 (d, J = 7.9 Hz, 1H), 4.38 (d, J = 

6.3 Hz, 1H), 4.01(s, 3H), 1.52 (s, 9H), 1.27 (d, J = 5.8 Hz, 3 H), 1.01 ppm (s, 9H) ; 

HRMS(ESI): calcd for C35H36N6O9S4Na
+
 [M + Na

+
] 787.1477, found 787.0550. 

4.4.4.2 Boc-Thr(tBu)-Tetrathiazole-Phenyloxazole-D-allo-Ile-Ala-OMe (compound 

15) 
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Compound 15 was synthesized using 360 mg of 13 and 158 mg of LiOH 

following the methyl ester hydrolysis procedure. The resulting free acid was then coupled 

with 170 mg of fragment 3 using 0.33 mL of DIPEA, and 183 mg of TBTU following the 

general peptide synthesis procedure (pale yellow solid, 209 mg, 47%) 

Rf =0.65 (EtOAc:Hex = 1:1).  

1
H NMR: (CDCl3, 400 MHz) δ = 8.45-8.35 (m, 2H), 8.28 (s, 1H), 8.15 (s, 1H), 8.12 (s, 

1H), 8.01 (s, 1H), 7.84 (d, J = 9.3 Hz, 2H), 7.56-7.43 (m, 3H), 6.60 (d, J = 6.5 Hz, 1H), 

5.79 (d, J = 9.3 Hz, 1H), 4.97 (d, J = 9.3 Hz, 1H), 4.72-4.56 (m, 2H), 4.39 (d, J = 8.3 Hz, 

1H), 3.75 (s, 3H), 2.05-2.00 (m, 1H), 1.53 (s, 9H), 1.45 (d, J = 7.3 Hz, 3H), 1.07 (d, J = 

7.0 Hz, 3H), 1.02 (s, 9H), 0.99 (t, J = 7.3 Hz, 3H), 0.89-0.85 ppm (m, 5H); HRMS(ESI-

TOF): calcd for C44H52N8O8S4Na
+ 

 [M + Na
+
]  971.2683, found 971.2689. 

4.4.4.3 H-Thr-Tetrathiazole-Phenyloxazole-D-allo-Ile-Ala-OH (compound 16) 

Following the methyl ester hydrolysis procedure: The methyl ester of 15 was 

hydrolyzed using 100 mg of 15 (0.1 mmol), 35 mg of LiOH (0.8 mmol) and 60 mL of 

MeOH with a catalytic amount of DI water. The resulting free acid was then subjected to 

the Boc removal procedure using 0.5 mL of TFA (50% in DCM) and 0.02 mL of anisole 

(0.16 mmol) to simultaneously remove both Boc and tert-butyl groups. The obtained 

double deproteccted linear precursor 16 was then taken on to the next step without further 

purification (82 mg, quantitative yield) 

4.4.4.4 cyclo-Thr-Tetrathiazole-Phenyloxazole-D-allo-Ile-Ala (compound 17) 

Following the syringe pmup cyclization procedure: 79 mg of 16 (0.084 mmol, 1.0 

equivalent) was cyclized using 49 mg of FDPP (0.126 mmol, 1.5 equivalents), 0.11 mL 

DIPEA (0.588 mmol, 7.0 equivalents) in a mixture of anhydrous DCM/DMF (85 mL/ 21 
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mL, total concentration = 0.8 mM). The coupling reagent FDPP and the base DIPEA 

were placed in a round bottom flask and dissolved in 53 mL of the mixed solvent. The 

DDLP was dissolved in the remaining solvent and added drop-wise to the flask via a 

syringe pump at a rate of 30 mL/h. Upon addition of all of the peptide solution, the 

reaction was then allowed to stir overnight at room temperature and monitored via 

LCMS. The disappearance of the starting material was observed via LC/MS yet there was 

no sign of the desired product. Thus, the reaction was allowed to run for two more days. 

Upon the decomposition of the main LC/MS peak, the solvent was removed in vacuo and 

the residue was diluted with DCM (overall volume = 100 mL) and extracted twice with 

10% (v/v) HCl(aq.). The organic layer was re-extracted with a saturated NaHCO3 aqueous 

solution (100 mL x 3). The basic aqueous layer was back-washed with ethyl acetate (100 

mL). The organic layers were collected, dried over Na2SO4, filtered, and concentrated in 

vacuo. 

 

 

 

 

4.4.5 Experimental methods for Ustat A-1 fragment A 

4.4.5.1 Boc-Oxazolidine-OMe (compound 21) 

Boc-Ser-OH (1.23 g, 6.0 mmol) was dissolved in THF (40 mL) and 2,2-

dimethoxypropane (1.74 mL, 60.0 mmol) and PPTS (450 mg, 1.8 mol) was added.  The 

solution was heated at reflux for 16 h then cooled and concentrated in vacuo. The residue 

was partitioned between EtOAc (100 mL) and DI water (100 mL). The aqueous layer was 
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further extracted by EtOAC (50 mL x 2). The organic layers were combined, dried over 

Na2SO4 and concentrated in vacuo. The residue was then dissolved in a mixture of 

benzene/MeOH (3:1, total volume = 60 mL). TMSD (2M solution in hexane) was added 

drop-wise until slightly yellow. The mixture was stirred at room temperature for 1 h. 

Upon completion, the solvent was removed and the residue was co-evaporated with DCM 

(100 mL × 5) in vacuo. The obtained crude ester was purified via flash column 

chromatography on silica gel to yield the pure ester 21 (colorless oil, 1.02g, 65% yield). 

Rf = 0.58 (EtOAc:Hex = 1:3) 

1
H NMR: (CDCl3, 300 MHz) δ= 4.44 (dd, J =6.8 Hz, 2.6 Hz, 0.4H), 4.33 (dd, J = 7.0 Hz, 

3.1 Hz, 0.6H), 4.15-4.05 (m, 1H), 4.03-3.95 (m, 1H), 3.71 (s, 3H), 1.62 (s, 1.65H), 1.59 

(s, 1.35H), 1.49 (s, 1.72H), 1.45 (s, 4.68H), 1.37 (s, 5.6H). 
13

C NMR: (CDCl3, 75 MHz) δ 

= 171.7, 171.3, 152.1, 151.2, 95.0, 94.4, 80.8, 80.3, 66.2, 66.0, 59.2, 59.1, 52.4, 52.2, 

28.3, 28.2, 26.0, 25.1, 24.9, 24.3. HRMS(ESI): calcd for C12H21NO5Na
+
 [M + Na]

+
= 

282.1318, found 282.1313. 

4.4.5.2 Boc-Oxazolidine-CSNH2 (compound 22) 

Following the amide conversion procedure, followed by the thioamide 

conversion procedure: Compound 21 (0.94 g, 3.6 mmol) was dissolved in a mixture of 

NH4OH/MeOH (2:1, overall 120 mL) and stirred for 12 h. Upon completion, the solvent 

was evaporated in vacuo, and the resulting amide was dissolved in THF (36 mL). 

Lawesson’s reagent (1.17 g, 2.9 mmol) was added to the THF solution and the mixture 

was heated at reflux for 16 h. Upon completion, the solvent was removed and the crude 

product was purified via flash column chromatography on silica gel to afford the desired 

thioamide 22 (colorless oil, 500 mg, 53% yield).  
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Rf =0.63 (EtOAc:Hex = 1:1) 

1
H NMR: (CDCl3, 300 MHz) δ = 7.99 (br, 1H), 7.59 (br, 1H), 4.78-4.73 (m, 1H), 4.24 (br, 

2H), 1.67 (s, 3H), 1.51 (s, 3H), 1.44 (s, 9H). 
13

C NMR: (CDCl3, 75 MHz) δ = 207.0, 

152.5, 95.4, 81.8, 69.0, 67.1, 28.3, 27.2, 22.9. HRMS(ESI): calcd for C11H20N2O3SNa
+
 

[M + Na]
+
= 283.1093, found 283.1080 

4.4.5.3 Boc-Oxazolidine-Thiazole-OEt (compound 23) 

Following the thiazole synthesis procedure: Compound 23 was synthesized 

utilizing 500 mg of thioamide 22, 1.54 g of KHCO3, and 0.8 mL of ethyl bromopyruvate 

for the first step; 1.4 mL of pyridine, 1.07 mL of TFAA and 0.53 mL of TEA for the 

second step. The crude product was purified via a flash column chromatography to yield 

the desired thiazole 23 as a slightly yellow oil (611 mg, 89% yield).  

Rf =0.73 (EtOAc:Hex = 1:1) 

1
H NMR: (CDCl3, 300 MHz) δ= 8.10 (s, 1H), 5.37 (br, 0.3H), 5.27 (d, J =5.5 Hz, 0.7H), 

4.42 (q, J =7.2 Hz, 2H), 4.36-4.23 (m, 2H), 1.80 (s, 2H), 1.74 (s, 1H), 1.58 (s, 3H), 1.52 

(s, 3H), 1.40 (t, J =7.0 Hz, 3H), 1.32 (s, 6H). 
13

C NMR: (CDCl3, 75 MHz) δ = 175.3, 

161.4, 151.5, 147.2, 127.1, 95.3, 94.8, 81.5, 81.0, 69.4, 69.0, 61.5, 60.0, 28.2, 27.3, 26.6, 

24.0, 22.8, 14.4, 13.9. HRMS(ESI): calcd for C16H24N2O5SNa
+
 [M + Na]

+
= 379.1304, 

found 379.1301. 

4.4.5.4 Boc-Oxazolidine-Thiazole-CSNH2 (compound 18) 

Compound 18 was synthesized following the amide conversion procedure, 

followed by the thioamide conversion procedure. The thiazole 23 (575 mg, 1.6 mmol) 

was dissolved in a mixture of NH4OH/MeOH (3:1, overall 64 mL) and stirred overnight. 

Upon completion, the solvent was evaporated in vacuo, and the resulting amide was 



155 
 

 

 

dissolved in benzene (32 mL). Lawesson’s reagent (520 mg, 1.3 mmol) was added to the 

solution and the mixture was heated at reflux for 16 h. Upon completion, the solvent was 

removed and the crude product was purified via flash column chromatography on silica 

gel to afford the desired thioamide 18 (light yellow oil, 398 mg, 72% yield).  

Rf =0.3 (EtOAc:Hex = 3:7). 

1
H NMR: (CDCl3, 300 MHz) δ= 8.60 (br, 1H), 8.40 (s, 1H), 7.82 (br, 1H), 5.30 (br, 

0.4H), 5.16 (d, J =5.5 Hz, 0.6H), 4.36-4.26 (m, 1H), 4.26-4.14 (m, 1H), 1.78 (s, 1.6H), 

1.73 (s, 1.4H), 1.60 (s, 3H), 1.52 (s, 3H), 1.35 (s, 6H). 
13

C NMR: (CDCl3, 75 MHz) δ = 

190.6, 173.6, 172.8, 152.8, 152.4, 151.3, 127.6, 127.6, 95.3, 94.9, 81.7, 81.1, 69.0, 68.4, 

59.2, 29.7, 28.3, 27.2, 26.4, 24.2, 23.1. HRMS(ESI): calcd for C14H21N3O3S2Na
+
 [M + 

Na]
+
= 366.0922, found 366.0914. 

4.4.5.5 Boc-Oxazolidine-Dithiazole-Phenyloxazole-OMe (compound 24) 

Compound 24 was synthesized following the thiazole synthesis procedure. To a 

solution of 23 (364 mg, 1.06 mmol) in DME (21 mL) was added KHCO3 (850 mg, 8.49 

mmol) and the resulting suspension was stirred at room temperature for 10 min. The 

solution of bromoketo phenyloxazole 2 (987 mg, 3.04 mmol) in DME (21 mL) was added 

drop-wise to the suspension and the mixture was stirred overnight. Upon completion, the 

solvent was removed in vacuo and the residue was redissolved in ethyl acetate, extracted 

with brine, dried over Na2SO4, and concentrated in vacuo. The crude thiazoline 

intermediate was redissolved in DME (42 mL) and pyridine (0.77 mL, 9.55 mmol) was 

slowly added at 0 °C. After 5 min, TFAA (0.6 mL, 4.24 mmol) was added and the 

reaction was stirred for an additional 3 h at 0 °C. The reaction mixture was allowed to 

warm to room temperature, followed by slowly addition of TEA (0.3 mL, 2.12 mmol) 
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and the reaction was stirred for 20 min. Upon completion, the solvent was then 

evaporated and the residue was dissolved in EtOAc (100 mL), washed with HCl solution 

(pH = 1, 100 mL x 2), saturated aqueous NaHCO3 solution (100 mL x 2). The organic 

layer was dried over Na2SO4, and concentrated in vacuo. The crude product was purified 

by flash column chromatography to yield compound 24 as white solid (583 mg, 96% 

yield).  

Rf = 0.5 (EtOAc:Hex = 1:1). 

1
H NMR: (CDCl3, 300 MHz) δ= 8.38-7.89 (m, 4H), 7.88-7.42 (m, 3H), 5.38 (br, 0.4H), 

5.27 (d, J =5.1 Hz, 0.6H), 4.40-4.20 (m, 2H), 3.98 (s, 3H), 1.83 (s, 1.7H), 1.77 (s, 1.3H), 

1.62 (s, 3H), 1.54 (s, 3H), 1.34 (s, 6H). 
13

C NMR: (CDCl3, 75 MHz) δ = 174.6, 173.9, 

163.9, 162.5, 155.4, 152.4, 151.4, 148.2, 143.4, 130.5, 130.2, 129.0, 128.9, 128.6, 128.5, 

127.8, 126.7, 121.7, 117.4, 95.3, 94.8, 81.4, 80.9, 69.1, 68.7, 59.3, 59.2, 53.6, 52.4, 29.7, 

28.2, 27.2, 26.4, 24.2, 23.1. HRMS(ESI): calcd for C27H28N4O6S2Na
+
 [M + Na]

+
= 

591.1348, found 591.1343. 

 

 

4.4.5.6 Boc-Oxazolidine-Dithiazole-Phenyloxazole-OH (Fragment A) 

Fragment A was synthesized following the methyl ester hydrolysis procedure 

utilizing 146 mg (0.26 mmol) of 24, 86 mg (2.06 mmol) of LiOH∙H2O and 2.6 mL 

MeOH. The obtained free acid Fragment A was taken on without further purification or 

characterization (142 mg, quantitative yield).  

4.4.6 Experimental methods for Ustat A-1 fragment B 

4.4.6.1 Boc-Thr(tBu)-Ser(Bn)-OMe (compound 25) 
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Following the general peptide synthesis procedure: The dipeptide 25 was 

synthesized using 1.37 g of Boc-Thr(tBu)-OH, 1.25 g of free amine NH2-Ser(Bn)-OMe, 

3.5 mL of DIPEA, and 1.92 g of TBTU (colorless oil, 2.2g, 93% yield).  

Rf = 0.74 (EtOAc:Hex = 1:3) 

1
H NMR: (CDCl3, 300 MHz): δ = 7.96 (d, J = 5.4 Hz, 1H), 7.34-7.21 (m, 5H), 5.60 (br, 

1H), 4.70-4.67 (m, 1H), 4.49 (q, J = 19.2 Hz, 2H), 4.14-4.10 (m, 2H), 3.82 (dd, J = 5.7, 

2.4 Hz, 1H), 3.74 (s, 3H), 3.67 (dd, J = 2.4, 2.6 Hz, 1H), 1.45 (s, 9H), 1.27 (s, 9H), 1.12 

ppm (d, J = 4.8 Hz, 3H).
 13

C NMR: (CDCl3, 75 MHz) δ = 170.60, 170.16, 155.67, 

137.40, 128.34, 127.79, 127.66, 127.60, 79.92, 75.13, 73.20, 69.37, 67.08, 58.43, 52.94, 

52.38, 28.29, 28.15, 17.22 ppm ; HRMS(ESI): calcd for C24H38N2O7Na
+
 [M + Na

+
] 

489.2577, found 489.2561. 

4.4.6.2 Boc-Thr(tBu)-Ser-OMe (compound 26) 

The dipeptide 26 was synthesized following the hydrogenolysis procedure using 

1.1 g of 25 and 10 mg of Pd black in ethanol. The obtained dipeptide was taken on 

without further purification or characterization (870 mg, quantitative yield). 

 

4.4.6.3 Boc-Thr(tBu)-Oxazole-OMe (compound 27) 

The oxazole 27 was synthesized following the oxazole synthesis procedure using 

1.05 g of 26, 0.6 mL of DAST and 770 mg of K2CO3 for the first step, 0.84 mL of DBU 

and 0.55 mL of BrCCl3 for the second step (white solid, 717 mg, 72% yield). 

Rf =0.74 (EtOAc:Hex = 1:1) 

1
H NMR: (CDCl3, 300 MHz) δ = 8.21 (s, 1H), 5.58 (d, J = 6.3 Hz, 1H), 4.85 (d, J = 6.9 

Hz, 1H), 4.12 (d, J = 6.5 Hz, 1H), 3.89 (s, 3H), 1.48 (s, 9H), 1.21 (d, J = 4.8 Hz, 3H), 
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0.92 ppm (s, 9H). 
13

C NMR: (CDCl3, 75 MHz) δ = 164.56, 161.58, 155.78, 143.72, 

133.34, 79.92, 74.35, 68.22, 55.34, 52.13, 28.81, 28.78, 20.13 ppm ; HRMS(ESI): calcd 

for C17H28N2O6Na
+
 [M + Na

+
] 379.1845, found 379.1832. 

4.4.6.4 H-Thr(tBu)-Oxazole-OMe (compound 19) 

To a 50 mL round bottom flask was added the oxazole 27 (260 mg, 0.85 mmol) 

and 5 mL of 1,4-dioxane. 17 mL of 4 M HCl was then added to the solution and the 

reaction mixture was cooled to 0 
o
C. The reaction was stirred at 0 

o
C for 10 min and then 

at room temperature for an additional 1 h. Upon completion, confirmed via TLC, the 

reaction mixture was concentrated in vacuo to remove excess acid and the residue was 

taken on without further purification or characterization (218 mg, quantitative yield). 

4.4.6.5 Boc-D-allo-Ile-Ala-OH (compound 20) 

Following the methyl ester hydrolysis procedure: Compound 20 was synthesized 

using 224 mg of the dipeptide 12 (0.71 mmol), 238 mg of LiOH (5.67 mmol) and 7.1 mL 

of MeOH. The resulting free acid was then subjected to the next step without further 

purification or characterization (214 mg, quantitative yield). 

 

4.4.6.6 H-D-allo-Ile-Ala-Thr(tBu)-Oxazole-OMe (Fragment B) 

To a 100 mL round bottom flask was added the free amine 19 (218 mg, 0.85 

mmol), the free acid 20 (214 mg, 0.71 mmol), DMTMM (157 mg, 0.57 mmol), HATU 

(108 mg, 0.28 mmol) and purged with nitrogen. DCM (15.0 mL) was added to the flask 

and DIPEA (0.5 mL, 2.83 mmol) was added drop-wise to the mixture. The reaction was 

run for 2 h at room temperature. Upon completion, confirmed via TLC, the reaction 

mixture was diluted with DCM (40 mL), extracted with 10% HCl solution (50 mL x 2), 
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then saturated aqueous NaHCO3 solution (50 mL x 2). The collected organic layer was 

dried over Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (silica gel, EtOAc/Hex) to yield the desired dipeptide Boc-D-allo-Ile-

Ala-Thr(tBu)-Oxazole-OMe as light brown solid (227 mg, 60%). The dipeptide (203 mg, 

0.42 mmol) was then dissolved in 5 mL of 1,4-dioxane. 10 mL of 4 M HCl was then 

added to the solution and the reaction mixture was cooled to 0 
o
C. The reaction was 

stirred at 0 
o
C for 10 min and then at room temperature for an additional 1 h. Upon 

completion, confirmed via TLC, the reaction mixture was concentrated in vacuo. The 

obtained free amine fragment B was taken on without further purification or 

characterization (165 mg, quantitative yield). 

4.4.7 Experimental methods for Ustat A-1 fragment C 

4.4.7.1 H-Thr-Oxazole-OMe (compound 32) 

The oxazole 19 (300 mg, 0.84 mmol) was dissolved in 50% TFA (TFA:DCM = 

1:1, total volume = 8.4 mL) and anisole (0.22 mL, 2 mmol) was added to the mixture. 

The reaction was stirred for 1.5 h at room temperature. Upon completion, the solution 

was concentrated in vacuo with DCM (100 mL x 5) to yield compound 32 as a light 

brown oil (168 mg, quantitative yield). The free amine 32 was taken on without further 

purification or characterization. 

4.4.7.2 Boc-Ala-Thr-Oxazole-OMe (compound 33) 

Following the general peptide synthesis procedure: Compound 33 was 

synthesized using 32 (168 mg, 0.84 mmol), Boc-Ala-OH (145 mg, 0.77 mmol), 

DMTMM (423 mg, 1.53 mmol), DIPEA (1.07 mL, 6.12 mmol) and 7.7 mL of DCM. The 

reaction was run for 3 h at room temperature. Upon completion, confirmed via TLC, the 
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reaction mixture was diluted with DCM (40 mL), extracted with 10% HCl solution (50 

mL x 2) and then saturated aqueous NaHCO3 solution (50 mL x 2). The collected organic 

layer was dried over Na2SO4 and concentrated in vacuo. The residue was purified by 

flash column chromatography (silica gel, EtOAc/hexanes) to yield compound 33 as light 

brown solid (323 mg, 90% yield). 

Rf =0.3 (EtOAc:Hex = 3:1) 

1
H NMR: (CDCl3, 300 MHz): δ = 8.17 (s, 1H), 7.39 (d, J =6.78 Hz, 1H), 5.37 (br, 1H), 

5.21 (d, J =7.15 Hz, 1H), 4.43 (br, 1H), 4.26 (br, 1H), 3.88 (s, 3H), 3.78-3.54 (br, 1H), 

1.42 (s, 9H), 1.38 (d, J =6.2 Hz, 3H), 1.24 (d, J =5.1 Hz, 3H). 
13

C NMR: (CDCl3, 75 

MHz) δ = 173.4, 163.7, 161.3, 155.6, 144.2, 132.9, 80.2, 68.2, 55.9, 52.5, 52.3, 50.3, 

29.7, 19.3, 18.1. HRMS(ESI): calcd for C16H25N3O7Na
+
 [M + Na]

+
= 394.1591, found 

394.1591 

4.4.7.3 Boc-Ala-(Z)-Enamide-Oxazole-OMe (compound 34) 

Compound 33 (150 mg, 0.4 mmol) was dissolved in 8.0 mL of DCM and then 

TEA (0.44 mL, 4.0 mmol) was added drop-wise to the solution. After 10 min, MsCl (0.25 

mL, 3.2 mmol) was added drop-wise and the reaction was stirred for an additional 1 h. 

Upon completion, confirmed via TLC, the reaction mixture was diluted with DCM (40 

mL) and extracted by DI water (50 mL x 2). The organic layer was collected, dried over 

Na2SO4 and concentrated in vacuo. The residue was dissolved in DCM (8 mL) and TEA 

(0.44 mL, 4.0 mmol) was added to the solution. The reaction was monitored by LC/MS 

and upon completion, the reaction mixture was diluted with DCM (40 mL) and extracted 

by DI water (50 mL x 2). The organic layer was collected, dried and concentrated. The 
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crude product was purified via a flash column chromatography on silica gel to furnish 

compound 34 (139 mg, 97% yield) as a white solid.  

Rf =0.58 (EtOAc:Hex = 3:1).  

1
H NMR: (DMF-d7, 300 MHz) δ = 9.54 (s, 1H), 8.77 (s, 1H), 6.95 (d, J =7.3 Hz, 1H), 

6.59 (q, J =7.2 Hz, 1H), 4.35 (p, J =7.2 Hz, 1H), 3.88 (s, 3H), 1.84 (d, J =7.1 Hz, 3H), 

1.45 (d, J =6.9 Hz, 3H), 1.44 (s, 9H). 
13

C NMR: (DMF-d7, 75 MHz) δ = 172.2, 160.8, 

155.6, 145.0, 133.5, 128.1, 124.1, 78.3, 51.5, 50.5, 27.9, 18.0, 13.1. HRMS(ESI): calcd 

for C16H23N3O6Na
+
 [M + Na]

+
= 376.1485, found 376.1486. 

4.4.7.4 Boc-D-allo-Ile-Ala-(Z)-Enamide-Oxazole-OMe (compound 35) 

The Boc protecting group of compound 34 (122 mg, 0.35 mmol) was removed 

following the Boc removal procedure using 20% TFA (TFA:DCM = 1:4, overall 3.45 

mL) and anisole (0.075 mL, 0.69 mmol). The obtained free amine was coupled to Boc-D-

allo-Ile-OH (75 mg, 0.31 mmol) following the general peptide synthesis procedure using 

DMTMM (174 mg, 0.63 mmol), DIPEA (0.44 mL, 2.5 mmol) and 6.3 mL of DCM. The 

reaction was monitored by LC/MS. Upon completion, the reaction mixture was diluted 

with DCM (40 mL) and extracted by DI water (50 mL x 2). The organic layer was 

collected, dried and concentrated. The crude product was purified via a flash column 

chromatography on silica gel to furnish compound 35 (114 mg, 77% yield) as a white 

solid.  

Rf = 0.35 (EtOAc:Hex = 3:1) 

1
H NMR: (CDCl3, 300 MHz) δ = 8.19 (br, 1H), 8.12 (s, 1H), 7.06 (d, J =7.2 Hz, 1H), 

6.70 (q, J =7.2 Hz, 1H), 5.41 (d, J =6.6 Hz, 1H), 4.74 (p, J =7.3 Hz, 1H), 4.06 (dd, J =8.8 

Hz, 6.0 Hz, 1H), 3.90 (s, 3H), 2.01 (m, 1H), 1.82 (d, J =7.2 Hz, 3H), 1.47 (d, J =7.0 Hz, 
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3H), 1.46 (m, 1H), 1.37 (s, 9H), 1.23 (m, 1H), 0.94 (t, J =7.4 Hz, 3H), 0.92 (d, J =6.8 Hz, 

3H). 
13

C NMR: (CDCl3, 150 MHz) δ = 172.6, 170.8, 161.6, 160.4, 156.4, 143.7, 133.7, 

130.3, 122.5, 80.1, 58.7, 52.2, 48.8, 36.4, 31.9, 29.7, 29.6, 28.2, 26.3, 17.4, 14.6, 14.1, 

11.6. HRMS(ESI): calcd for C22H34N4O7Na
+
 [M + Na]

+
= 489.2325, found 489.2326. 

4.4.7.5 H-D-allo-Ile-Ala-(Z)-Enamide-Oxazole-OMe (Fragment C) 

To a 5 mL round-bottom flask was added 35 (22 mg, 0.047 mmol), and HCl (4M 

in dioxane, 0.5 mL). The reaction was stirred for 20 min at room temperature. Upon 

completion, HCl was removed in vacuo to yield fragment C (17.2 mg, quantitative yield) 

as a light brown solid. The free amine was taken on without further purification. 

4.4.8 Experimental methods for the assembly of Ustat A-1 fragments 

4.4.8.1 Boc-Oxazolidine-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-Thr(tBu)-Oxazole-

OMe (compound 28) 

Following the general peptide synthesis procedure: Compound 28 was 

synthesized using fragment A (142 mg, 0.26 mmol), fragment B (165 mg, 0.38 mmol), 

DMTMM (43 mg, 0.15 mmol), HATU (60 mg, 0.15 mmol), PyBroP (72 mg, 0.15 mmol), 

DIPEA (0.2 mL, 1.02 mmol) and 10.3 mL of DCM. The reaction was run for 4 h at room 

temperature. Upon completion, confirmed via LC/MS, the reaction mixture was diluted 

with DCM (40 mL), extracted with 10% HCl solution (50 mL x 2) and then saturated 

aqueous NaHCO3 solution (50 mL x 2). The collected organic layer was dried over 

Na2SO4 and concentrated in vacuo. The residue was purified by flash column 

chromatography (silica gel, EtOAc/hexanes) to yield compound 28 as light brown solid 

(87 mg, 35% yield). 

Rf = 0.28 (EtOAc:Hex = 3:2) 
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1
H NMR: (CDCl3, 300 MHz) δ= 8.39 (s, 1H) 8.37 (s, 1H), 8.25-8.16 (m, 2H), 8.13 (s, 

1H), 7.89 (m, 1H), 7.57-7.41(m, 3H), 7.12-6.93 (m, 1H), 6.88 (d, J = 7.4 Hz, 0.6H), 6.77 

(d, J = 7.3 Hz, 0.4H), 5.41 (br, 0.4H), 5.27 (br, 0.6H), 5.16 (d, J = 9.0 Hz, 1H),  4.84-4.55 

(m, 1H), 4.46-4.10 (m, 3H), 3.92 (s, 3H), 2.28-2.14 (m, 1H), 1.86 (s, 2H), 1.80 (s, 1H), 

1.64 (d, J = 3.6 Hz, 3H), 1.61-1.52 (m, 3H), 1.52-1.43 (m, 6H), 1.37 (s, 6H), 1.33-1.26 

(m, 2H), 1.23 (d, J = 6.3 Hz, 2H), 1.17 (d, J = 6.3 Hz, 1H), 1.07 (d, J = 6.8 Hz, 2H), 0.99 

(d, J = 2.8 Hz, 8H), 0.96 (s, 3H).  HRMS(ESI): calcd for C47H60N8O11S2Na
+
 [M + Na]

+
= 

999.3721, found 999.3699. 

4.4.8.2 H-Ser-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-Thr-Oxazole-OH (compound 

29) 

The methyl ester of 28 was hydrolyzed following the methyl ester hydrolysis 

procedure using 28 (75 mg, 7.63 x 10
-5

 mol), LiOH (27 mg, 6.4 x 10
-4

 mol), 2 mL of 

MeOH and 2 mL of DCM. After work-up, the obtained free acid was dissolved in 5 mL 

of 1,4-dioxane. 17 mL of 4 M HCl was then added to the solution and the reaction 

mixture was cooled to 0 
o
C. The reaction was stirred at 0 

o
C for 10 min and then at room 

temperature for an additional 30 min. Upon completion, confirmed via TLC, the reaction 

mixture was concentrated in vacuo to remove excess acid and the residue was taken on 

without further purification or characterization (59 mg, quantitative yield). 

4.4.8.3 cyclo-Ser-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-Thr-Oxazole (compound 

30) 

Following the syringe pump cyclization procedure: Compound 30 was 

synthesized using 59 mg of 29 from previous step (7.63 x 10
-5

 mol, 1.0 equivalent), 13 

mg of DMTMM (4.58 x 10
-5

 mol, 0.6 equivalent), 18 mg of HATU (4.58 x 10
-5

 mol, 0.6 
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equivalent), 18 µL of T3P (50% in EtOAc, 6.11 x 10
-5

 mol, 0.8 equivalent), 2 mg of 

DMAP (1.53 x 10
-5

 mol, 0.2 equivalent), 0.1 mL DIPEA (6.11 x 10
-4

 mol, 8.0 

equivalents) and anhydrous DCM/DMF (DCM:DMF = 1:1, total volume = 40 mL, 2 

mM). All coupling reagents were weighed into a round bottom flask and dissolved in 20 

mL of the mixed solvent. Compound 29 was dissolved in the remaining solvent and 

added drop-wise to the flask via a syringe pump at a rate of 30 mL/h. Upon addition of all 

of the solution, the reaction was then allowed to stir overnight at room temperature and 

monitored via LCMS. Upon completion, the solvent was removed in vacuo and the 

residue was diluted with ethyl acetate (overall volume = 100 mL) and extracted twice 

with 10% (v/v) HCl(aq.). The organic layer was re-extracted with a saturated NaHCO3 

aqueous solution (100 mL x 3). The basic aqueous layer was back-washed with ethyl 

acetate (100 mL). The organic layers were collected, dried over Na2SO4, filtered, and 

concentrated in vacuo. The crude product was taken on to the next step without further 

purification.  

 

4.4.8.4 cyclo-Enamide-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-

Oxazole (compound 31) 

Compound 31 was synthesized using 60 mg of crude 29 from previous step (8.03 

x 10
-5

 mol, 1.0 equivalent), 0.12 mL of DBU (8.03 x 10
-4

 mol, 10.0 equivalents), 0.05 mL 

of MsCl (6.42 x 10
-4

 mol, 8.0 equivalents) and 10 mL of DCM (8 mM). Compound 29 

was dissolved in DCM and the solution was cooled to 0 
o
C. DBU was then added drop-

wise to the solution. After 10 min, MsCl was added drop-wise and the reaction was 

allowed to stir overnight. Upon the disappearance of starting material, confirmed via 
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LC/MS, the reaction mixture was diluted with DCM (40 mL) and extracted by 10% HCl 

(50 mL x 2). The organic layer was collected, dried and concentrated in vacuo. 

4.4.8.5 Boc-Oxazolidine-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-

Oxazole-OMe (compound 36) 

Following the general peptide synthesis procedure: Compound 36 was 

synthesized using 43 mg (0.078 mmol) of fragment A, 32 mg (0.087 mmol) of fragment 

C, 22.0 mg (0.047 mmol) of PyBroP, 16.0 mg (0.055 mmol) of DMTMM, 21.0 mg 

(0.055 mmol) of HATU, 0.11 mL (0.62 mmol) of DIPEA dissolved in 7.84 mL DCM. 

The reaction was stirred overnight and monitored by LC/MS. Upon completion, the 

reaction mixture was diluted with DCM (50 mL) and extracted by 10% HCl solution (50 

mL x 2), then saturated aqueous NaHCO3 solution (50 mL x 2). The organic layer was 

collected, dried over Na2SO4 and concentrated in vacuo. The crude product was purified 

via a flash column chromatography on silica gel to yield compound 36 (59 mg, 83% 

yield) as a white solid. 

Rf = 0.4 (EtOAc: Hex = 3:1) 

1
H NMR: (CDCl3, 300 MHz) δ = 8.37 (br, 1H), 8.30-8.22 (m, 2H), 8.20 (br, 1H), 8.07 (s, 

1H), 8.04 (br, 1H), 7.98 (d, J =7.8 Hz, 1H), 7.56, (br, 1H), 7.43-7.34 (m, 3H), 6.64 (q, J 

=7.2 Hz, 1H), 5.40 (br, 0.4H), 5.29 (d, J =5.2 Hz, 0.6H), 4.76 (p, J =7.3 Hz, 1H), 4.53 

(dd, J =8.2 Hz, 6.5 Hz, 1H), 4.45-4.23 (m, 2H), 3.83 (s, 3H), 2.15 (m, 1H), 1.85 (s, 1.8H), 

1.79 (s, 1.2H), 1.72 (d, J =7.2 Hz, 3H), 1.64 (s, 3H), 1.57 (s, 4.8H), 1.53 (s, 2.2H), 1.36 

(s, 6H) 1.30-1.27 (br, 1H), 1.08 (d, J =6.8 Hz, 3H), 0.95 (t, J =7.3 Hz, 3H). 
13

C NMR: 

(CDCl3, 75 MHz) δ = 174.9, 171.8, 171.1, 161.9, 161.4, 160.5, 154.2, 153.0, 148.0, 

143.5, 133.5, 131.3, 130.2, 129.6, 128.5, 128.3, 126.7, 122.3, 121.7, 117.7, 95.3, 81.0, 
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69.1, 59.3, 58.3, 52.2, 49.2, 38.9, 38.6, 36.6, 28.3, 27.2, 26.4, 26.2, 23.1, 17.6, 15.1, 14.1, 

13.9, 11.5. HRMS(ESI): calcd for C43H50N8O10S2Na
+
 [M + Na]

+
= 925.2989, found 

925.2989. 

4.4.8.6 H-Ser-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-Oxazole-OH 

(compound 37) 

The methyl ester of 36 (59 mg, 0.065 mmol) was hydrolyzed following the 

methyl ester hydrolysis procedure using MeOH (1.3 mL) and LiOH (27.4 mg, 0.65 

mmol). The reaction was run overnight at room temperature. Upon completion, 

confirmed via LC/MS, the solvent was removed in vacuo. The residue was diluted in 

DCM (50 mL) and extracted with 10% HCl aqueous solution (50 mL x 2). The organic 

layer was collected, dried over Na2SO4, and concentrated in vacuo to afford the free acid 

intermediate. The free acid was then dissolved in HCl (4M in dioxane, 0.8 mL) and 

stirred for 20 min. Upon completion, confirmed via TLC, HCl was removed in vacuo and 

the resulting double deprotected linear precursor 37 (48.8 mg, quantitative yield) was 

used without further purification or characterization. 

4.4.8.7 cyclo-Ser-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-Oxazole 

(compound 38) 

Following the syringe pump macrocyclization procedure: The precursor 37 (20 

mg, 0.027 mmol) was dissolved in a mixture of DCM (4 mL), DMF (2 mL), and DIPEA 

(0.1 mL). The mixture was then placed into a syringe. To a 25 mL round-bottom flask 

was added HATU (13 mg, 0.034 mmol), DMTMM (7 mg, 0.025 mmol), T3P (5 µL, 

0.018 mmol), DIPEA (0.1 mL), and DCM (10 mL). The mixture of 37 was injected to the 

flask at the rate of 0.1mL/min. The reaction was stirred overnight and monitored by 
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LC/MS. Upon completion, the solvent was removed in vacuo. The residue was dissolved 

in DCM (50 mL), extracted by 10% HCl solution (50 mL x 2), then saturated aqueous 

NaHCO3 solution (50 mL x 2). The organic layer was collected, dried over Na2SO4 and 

concentrated in vacuo. The crude product was subjected to reversed-phase HPLC 

purification to furnish the macrocyclic compound 38 (4.3 mg, 25%) as a white solid. 

1
H NMR: (CD3OD, 600 MHz) δ = 8.47, (s, 1H), 8.45 (br, 1H), 8.39 (s, 1H), 8.32-8.29 

(m, 2H), 8.28 (s, 1H), 7.57-7.45 (m, 3H), 6.73 (q, J =7.2 Hz, 1H), 5.72 (t, J =6.2 Hz, 1H), 

5.03 (d, J =3.6 Hz, 1H), 4.58 (br, 1H), 4.46 (q, J =7.4 Hz, 1H), 4.01-3.92 (m, 2H), 2.31 

(m, 1H), 1.84 (d, J =7.2 Hz, 3H), 1.67 (d, J =7.4 Hz, 3H), 1.48-1.41 (m, 1H), 1.22-1.17 

(m, 1H), 0.99 (t, J =7.3 Hz, 3H), 0.88 (d, J =6.8 Hz, 3H). 
13

C NMR: (CD3OD, 150 MHz) 

δ = 174.6, 174.2, 171.2, 164.7, 163.6, 162.5, 161.3, 156.1, 154.4, 149.4, 144.2, 143.6, 

137.6, 132.5, 131.7, 131.2, 129.8, 129.5, 128.3, 124.0, 123.6, 122.8, 65.7, 57.1, 53.4, 

52.7, 39.8, 27.8, 17.7, 15.1, 14.5, 12.5. HRMS(ESI): calcd for C34H34N8O7S2Na
+
 [M + 

Na]
+
= 753.1890, found 753.1891. 

 

4.4.8.8 cyclo-Dioxazole-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide  

(Ustat-1) 

Following the oxazole synthesis procedure: The cyclic precursor 38 (10 mg, 13.7 

µmol) was dissolved in a mixture of DCM (0.5 mL) and THF (1.0 mL) then cooled to -

78
o
C. DAST (20 µL, 0.12 mmol) was added to the cooled mixture and stirred for 30 min. 

Pyridine (20 µL, 0.24 mmol) was added to the mixture and the reaction was allowed to 

warm to room temperature while running overnight. Upon completion, confirmed via 

LC/MS, the reaction mixture was diluted with DCM (20 mL) and extracted with saturated 
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aqueous NaHCO3 solution (20 mL x 2). The organic layer was collected, dried over 

Na2SO4 and concentrated in vacuo. The residue was dissolved in DCM (1 mL) and 

cooled to -78
o
C. DBU (20 µL, 0.13 mmol) was added to the cooled mixture and stirred 

for 20 min. BrCCl3 (15 µL, 0.15 mmol) was added to the mixture and the reaction was 

run overnight and allowed to warm to room temperature. Upon completion, confirem via 

LC/MS, the reaction was diluted with DCM (20 mL) and extracted with 10% HCl 

solution (20 mL x 2), then saturated aqueous NaHCO3 solution (20 mL x 2). The organic 

layer was collected, dried over Na2SO4 and concentrated in vacuo. The residue was 

subjected to reversed-phase HPLC purification to furnish a 2:1 inseparable mixture of 

(Z)-Ustat-1 with its (E)-isomer (Z:E= 2:1, ratio determined by 
1
H NMR integrations of 

protons at position 9, overall 1.50 mg, 15% yield) as a white solid. 

 

 

 

 

(Z)-Ustat-1 

1
H NMR: (CDCl3, 600 MHz): δ = 8.65 (d, J =11.0 Hz, 1H), 8.45 (d, J =7.7 Hz, 2H), 8.27 

(s, 1H), 8.14 (s, 1H), 8.11 (s, 1H), 7.96 (d, J =6.6 Hz, 1H), 7.94 (s, 1H), 7.75 (s, 1H), 7.51 

(t, J =7.5 Hz, 3H), 6.56 (q, J =7.2 Hz, 1H), 5.06 (dd, J =11.2 Hz, 4.7 Hz, 1H), 4.60 (p, J 

=7.0 Hz, 1H), 2.26 (m, 1H), 1.94 (d, J =7.1 Hz, 3H), 1.49 (m, 1H), 1.48 (d, J =7.2 Hz, 

3H), 1.26 (m, 1H), 1.08 (d, J =7.1 Hz, 3H), 0.91 (t, J =7.5 Hz, 3H). 
13

C NMR: (CDCl3, 

150 MHz, obtained from HSQC and HMBC) δ = 171.7, 161.4, 160.3, 157.7, 156.6, 

153.1, 148.4, 142.6, 138.3, 136.6, 130.3, 130.2, 128.6, 128.6, 128.1, 128.1, 127.8, 126.9, 
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123.2, 118.4, 117.7, 57.0, 50.0, 37.9, 26.6, 16.1, 14.8, 14.1, 11.7. HRMS(ESI): calcd for 

C34H30N8O6S2Na
+
 [M + Na]

+
= 733.1628, found 733.1609.

 

(E)-isomer 

1
H NMR: (CDCl3, 600 MHz): δ = 8.67 (d, J =11.5 Hz, 1H), 8.45 (d, J =7.7 Hz, 2H), 8.36 

(s, 1H), 8.24 (s, 1H), 8.16 (s, 1H), 8.09 (s, 1H), 7.93 (s, 1H), 7.76 (s, 1H), 7.46 (t, J =6.8 

Hz, 3H), 6.62 (q, J =7.6 Hz, 1H), 5.04 (dd, J =12.0 Hz, 4.8 Hz, 1H), 4.46 (p, J =6.8 Hz, 

1H), 2.26 (m, 1H), 2.18 (d, J =7.7 Hz, 3H), 1.45 (d, J =7.3 Hz, 3H), 1.31 (m, 1H), 1.26 

(m, 1H), 1.10 (d, J =7.9 Hz, 3H), 0.88 (t, J =7.4 Hz, 3H). 
13

C NMR: (CDCl3, 150 MHz, 

obtained from HSQC and HMBC) δ = 172.3, 161.4, 157.7, 153.1, 148.4, 142.6, 138.6, 

136.6, 130.2, 130.2, 128.6, 128.6, 128.1, 128.1, 126.9, 126.9, 121.9, 118.4, 117.7, 57.0, 

51.0, 37.9, 29.7, 16.3, 14.8, 14.2, 13.7. HRMS(ESI): calcd for C34H30N8O6S2Na
+
 [M + 

Na]
+
= 733.1628, found 733.1609. 
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Appendices 

Appendix A – Supporting spectra for Chapter 2  
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Supporting Spectra for Compound 4 

 

LC/MS HO-Phe-Leu-D-Val-Lys(Boc)-Leu-H 
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LCMS cyclo-Phe-Leu-D-Val-Lys(Boc)-Leu 
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LCMS cyclo-Phe-Leu-D-Val-Lys-Leu 
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LCMS cyclo-Phe-Leu-D-Val-Lys(PEG-Biotin)-Leu (Compound 4) 
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1
H NMR cyclo-Phe-Leu-D-Val-Lys(Boc)-Leu 
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1
H NMR cyclo-Phe-Leu-D-Val-Lys-Leu 
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1
H NMR cyclo-Phe-Leu-D-Val-Lys(PEG-Biotin)-Leu (Compound 4)  
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Supporting Spectra for Compound 5 

 

LCMS HO-Leu-Lys(Boc)-Phe-Leu-D-Val-H 
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LCMS cyclo-Leu-Lys(Boc)-Phe-Leu-D-Val 
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LCMS cyclo-Leu-Lys-Phe-Leu-D-Val 
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LCMS cyclo-Leu-Lys(PEG-Biotin)-Phe-Leu-D-Val (Compound 5) 
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1
H NMR cyclo-Leu-Lys(Boc)-Phe-Leu-D-Val 
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1
H NMR cyclo-Leu-Lys-Phe-Leu-D-Val 
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1
H NMR cyclo-Leu-Lys(PEG-Biotin)-Phe-Leu-D-Val (Compound 5) 
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Supporting Spectra for Compound 6 

 

LCMS cyclo-D-Phe-D-Lys(2-Cl-Cbz)-N-Me-Val-Leu-Phe 
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LCMS cyclo-D-Phe-D-Lys-N-Me-Val-Leu-Phe 
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LCMS cyclo-D-Phe-D-Lys(PEG-Biotin)-N-Me-Val-Leu-Phe (Compound 6) 
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1
H NMR Boc-Leu-Phe-OMe 
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1
H NMR Boc-N-Me-Val-Leu-Phe-OMe 
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1
H NMR Boc-D-Lys(2-Cl-Cbz)-N-Me-Val-Leu-Phe-OMe 
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1
H NMR Boc-D-Phe-D-Lys(2-Cl-Cbz)-N-Me-Val-Leu-Phe-OMe 
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1
H NMR cyclo-D-Phe-D-Lys(2-Cl-Cbz)-N-Me-Val-Leu-Phe 
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1
H NMR cyclo-D-Phe-D-Lys-N-Me-Val-Leu-Phe 
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1
H NMR cyclo-D-Phe-D-Lys(PEG-Biotin)-N-Me-Val-Leu-Phe (Compound 6) 
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Supporting Spectra for Compound 9/10 

 

LCMS HO-Leu-N-Me-Val-D-Leu-D-Phe-(2S,3R)/(2R,3S)-racemic-β-OH-Phe-H 
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LCMS cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2S,3R)/(2R,3S)-racemic-β-OH-Phe 
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LCMS cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2S,3R)-β-benzoxy-Phe (compound 9) 
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LCMS cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2R,3S)-β-benzoxy-Phe (compound 10) 
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1
H NMR cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2S,3R)-β-benzoxy-Phe (compound 9) 
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COSY cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2S,3R)-β-benzoxy-Phe (compound 9) 
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ROESY cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2S,3R)-β-benzoxy-Phe (compound 9) 
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1
H NMR cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2R,3S)-β-benzoxy-Phe (compound 10) 
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COSY cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2R,3S)-β-benzoxy-Phe (compound 10) 

 



204 
 

 

 

 

ROESY cyclo-Leu-N-Me-Val-D-Leu-D-Phe-(2R,3S)-β-benzoxy-Phe (compound 10) 
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Appendix B – Supporting spectra for Chapter 3  
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Supporting Spectra for Ustat A-3 

 

 

1
H NMR Boc-Thr(t-Bu)-SNH2 
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1
H NMR Boc-Thr(t-Bu)-Thiazole-OEt 
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1
H NMR Boc-Thr(t-Bu)-Thiazole-SNH2 
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1
H NMR Boc-Thr(t-Bu)-Dithiazole-OEt 
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1
H NMR Boc-Thr(t-Bu)-Dithiazole-SNH2 
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1
H NMR Boc-Thr(t-Bu)-Trithiazole-OEt 
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1
H NMR Boc-Thr(t-Bu)-Trithiazole-SNH2 (fragment 1) 
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1
H NMR Bromoketal-β-hydroxyl-Phe-OMe 
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13
C NMR Bromoketal-β-hydroxyl-Phe-OMe 
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1
H NMR Bromoketal Phenyloxazole-OMe 
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13
C NMR Bromoketal Phenyloxazole-OMe 
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1
H NMR Boc-D-allo-Ile-Ala-OMe 
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13
C NMR Boc-D-allo-Ile-Ala-OMe 
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1
H NMR Boc-Thr(t-Bu)-Tetrathiazole-Phenyloxazole-OMe (compound 13) 
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1
H NMR Boc-Thr(t-Bu)-Tetrathiazole-Phenyloxazole-D-allo-Ile-Ala-OMe 

(compound 15) 
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Supporting Spectra for Ustat A-1 

 

1
H NMR Boc-Oxazolidine-OMe 



222 
 

 

 

 

13
C NMR Boc-Oxazolidine-OMe 
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1
H NMR Boc-Oxazolidine-CSNH2 
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13
C NMR Boc-Oxazolidine-CSNH2 
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1
H NMR Boc-Oxazolidine-Thiazole-OEt 
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13
C NMR Boc-Oxazolidine-Thiazole-OEt 
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1
H NMR Boc-Oxazolidine-Thiazole-CSNH2 
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13
C NMR Boc-Oxazolidine-Thiazole-CSNH2 
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1
H NMR Boc-Oxazolidine-Dithiazole-Phenyloxazole-OMe 
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13
C NMR Boc-Oxazolidine-Dithiazole-Phenyloxazole-OMe 
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1
H NMR Boc-Thr(tBu)-Ser(Bn)-OMe 
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13
C NMR Boc-Thr(tBu)-Ser(Bn)-OMe 
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1
H NMR Boc-Thr(tBu)-Oxazole-OMe 
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13
C NMR Boc-Thr(tBu)-Oxazole-OMe 
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1
H NMR Boc-Ala-Thr-Oxazole-OMe 
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13
C NMR Boc-Ala-Thr-Oxazole-OMe 
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1
H NMR Boc-Ala-(Z)-Enamide-Oxazole-OMe 
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13
C NMR Boc-Ala-(Z)-Enamide-Oxazole-OMe 



239 
 

 

 

 

NOESY Boc-Ala-(Z)-Enamide-Oxazole-OMe 
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1
H NMR Boc-D-allo-Ile-Ala-(Z)-Enamide-Oxazole-OMe 
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13
C NMR Boc-D-allo-Ile-Ala-(Z)-Enamide-Oxazole-OMe 
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1
H NMR Boc-Oxazolidine-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-Thr(tBu)-

Oxazole-OMe 
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1
H NMR Boc-Oxazolidine-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-

Oxazole-OMe 
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13
C NMR Boc-Oxazolidine-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-

Oxazole-OMe 
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1
H NMR cyclo-Ser-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-Oxazole 
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13
C NMR cyclo-Ser-Dithiazole-Phenyloxazole-D-allo-Ile-Ala-(Z)-Enamide-Oxazole 
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1
H NMR Ustat A-1 (E/Z mixture) 
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HSQC Ustat A-1 (E/Z mixture) 
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HMBC Ustat A-1 (E/Z mixture) 
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NOESY, X axis: 1.9-2.2 ppm, Y axis: 6.1-8.5 ppm  

Ustat A-1 (E/Z mixture) 
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LCMS Ustat A-1 (E/Z mixture) 
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HRMS Ustat A-1 (E/Z mixture) 
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Appendix C – Tables of NMR Chemical Shifts for Ustat A-1 

 

1
H NMR

*
 

 

 

*Data for natural product from: Matsuo, Y.; Kanoh, K.; Imagawa, H.; Adachi, K.; Nishizawa, M.; Shizuri, 

Y. J. Antibiot. 2007, 60, 256-260. 

 

 

 

 

Position Natural Product (Z )-Ustat A-1 (E )-Ustat A-1 Position Natural Product (Z )-Ustat A-1 (E )-Ustat A-1

1 20

2 21

3 9.07, s 8.14, s 8.16, s 22

4 23

5 24 8.34, d, 7.5 8.45, d, 7.7 8.45, d, 7.7

6 8.88, s 8.11, s 8.24, s 25 7.55, dd, 6.8, 7.5 7.51, t, 7.5 7.46, t, 6.8

7 26 7.51, dd, 6.8, 6.8 7.51, t, 7.5 7.46, t, 6.8

8 27 7.55, dd, 6.8, 7.5 7.51, t, 7.5 7.46, t, 6.8

9 6.62, q, 7.5 6.56, q, 7.2 6.62, q, 7.6 28 8.34, d, 7.5 8.45, d, 7.7 8.45, d, 7.7

10 1.82, d, 7.5 1.94, d, 7.1 2.18, d, 7.7 29

11 30

12 4.75, dq, 6.8, 7.5 4.60, p, 7.0 4.46, p, 6.8 31 8.69, s 7.94, s 7.93, s

13 1.50, d, 6.8 1.48, d, 7.2 1.45, d, 7.3 32

14 33

15 4.52, dd, 8.3, 9.0 5.06, dd, 11.2, 4.7 5.04, dd, 12.0, 4.8 34 8.59, s 7.75, s 7.76, s

16 2.06, m 2.26, m 2.26, m N4-H 9.49, br s 8.27, br s 8.36, br s

17 0.85, d, 6.8 1.08, d, 7.1 1.10, d, 7.9 N5-H 8.75, br d, 7.5 7.96, br d, 6.6 8.09, br

18 1.09, m, 1.46, m 1.49, m, 1.26, m 1.26, m, 1.31, m N6-H 9.00, br 8.65, br d, 11.0 8.67, br d, 11.5

19 0.86, t, 7.5 0.91, t, 7.5 0.88, t, 7.4



254 
 

 

 

13
C NMR

* 

 

 

*Data for natural product from: Matsuo, Y.; Kanoh, K.; Imagawa, H.; Adachi, K.; Nishizawa, M.; Shizuri, 

Y. J. Antibiot. 2007, 60, 256-260. 

 

 

 

 

 

 

 

Position Natural Product (Z )-Ustat A-1 (E )-Ustat A-1 Position Natural Product (Z )-Ustat A-1 (E )-Ustat A-1

1 157.26 157.7 157.7 18 25.24 26.6 29.7

2 135.50 19 11.09 11.7 14.2

3 139.43 136.6 136.6 20 159.95

4 155.11 156.6 21 130.52 130.2 130.2

5 129.56 22 151.00 153.1 153.1

6 140.12 138.3 138.6 23 126.64 126.9 126.9

7 159.65 160.3 24 127.78 128.1 128.1

8 123.70 123.2 121.9 25 128.30 128.6 128.6

9 128.78 127.8 126.9 26 129.84 130.3 130.2

10 13.38 14.1 13.7 27 128.30 128.6 128.6

11 170.30 171.7 172.3 28 127.78 128.1 128.1

12 48.13 50.0 51.0 29 154.02

13 19.80 16.1 16.3 30 141.93 142.6 142.6

14 169.45 31 123.05 118.4 118.4

15 58.45 57.0 57.0 32 161.08 161.4 161.4

16 36.92 37.9 37.9 33 147.79 148.4 148.4

17 15.09 14.8 14.8 34 121.06 117.7 117.7




