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Coibamide A is a highly methylated cyclic depsipeptide isolated from Panamanian 

marine filamentous cyanobacteria as part of an International Cooperative Biodiversity 

Groups (ICBG) program based in Panama. This structurally unique agent exhibits potent 

cancer cell toxicity with an unprecedented selectivity profile in the National Cancer 

Institute (NCI) 60 cell line panel, possibly through a novel mechanism as suggested by 

“COMPARE negative” results. Therefore, it is considered a promising lead agent in 

cancer drug discovery. Although field recollections have provided a few milligrams of 

coibamide A, the amount obtained is still insufficient for extensive biological testing. 

The producing strain has recently been cultured, but coibamide yields are very low and 

the growth rate is slow. Chemical synthesis of coibamide A is central to further 

biological testing and potential clinical development, and has become the major focus of 

my work.  

A macrocycle-side chain strategy was originally proposed for the synthesis of 

coibamide A. It was unsuccessful, however, due to the difficulties trying to couple the 

macrocycle and side chain together at the last step. To solve this problem, a modified 

macrocycle – side chain stragety was proposed. Coibamide A was disconnected into two 



	  

other subunits: the N-MeLeu-macrocycle and the “tripeptide” side chain. The reason for 

this modification was that the secondary amine of N-MeLeu, with some distance from 

the bulky macrocycle, should be spatially more availalbe for the final step to couple with 

the side chain “tripeptide”. This new strategy was able to generate “synthetic coibamide” 

in a moderate yield, this compound, however, was not the natural product coibamide A 

according to HPLC, 1H NMR and activity test. By Marfey’s analysis, we found that in 

this synthetic coibamide A, no N,O-diMe L-Ser was detected and only its D-counterpart 

was present, which indicated an unusual L-to-D inversion during coupling reactions. 

Because it was very difficult to overcome this unexpected inversion during this strategy, 

a third scheme, the Y-Strategy, was proposed.  

For the Y-strategy, instead of building the macrocycle first, we coupled the side 

chain with a macrocycle tripeptide first to afford a linear heptapeptide. Then the ester 

bond between the hydroxy of N-MeThr and carboxy of N-MeAla (of a tetrapeptide) was 

built to generate the full-size “Y-structure”, which is then deprotected and cyclized to 

produce the target molecule coibamide A. While the heptapeptide was synthesized 

sucessfully, the ester bond formation reaction to generate the Y-structure did not happen. 

Although the Y-strategy did not eventually yield coibamide, it is the most convergent 

and efficient strategy so far.  

Because the pharmacological data for coibamide A suggest a unique mechanism and 

no natural coibamide analogues were separated from the field collections or cultures, the 

synthesis of coibamide analogues is also extremely valueable for activity and mechanism 

studies and becomes part of our synthetic effort. The analogues should reasonably 

resemble the structure of coibamide A, and be easier to be achieved synthetically 

compared to coibamide A itself. Two families of analogues were designed: the 

N-desmethyl coibamide family (most or all of the N-methylated amino acid components 

were replaced by regular amino acids) and the N-MeSer coibamide family (the junction 

N-MeThr was changed to N-MeSer). Per-N-desmethyl coibamide and several other 

analogues from the first family were synthesized by the modified macrocycle – side 

chain strategy, however, none of them exhibits any activity against the testing cell lines. 



	  

Attempt to per-methylate these compounds also failed due to decomposition of substrates 

under basic conditions. N-MeSer-coibamide was successfully synthesized through the 

Y-strategy and purified by HPLC. Cell toxicity has been observed in the activity test, 

although the potency was several hundred times lower than the natural coibamide A. The 

synthetic process of N-MeSer coibamide should be optimized for better yields and easier 

purification as the focus of next stage.  
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1.1 Need for Novel Anticancer Agents 

 

Cancer is a class of diseases characterized by unregulated cell growth and 

spread, caused by both environmental and internal factors. In the U.S., it is the 

second leading cause of death, only after heart disease.1 The American Cancer 

Society estimated that in 2013 about 580,000 Americans died of cancer,2 and this 

number is expected to increase in the year 2014.3 Throughout the world, the burden 

of cancer continues to increase largely because of an aging population and lifestyle 

changes in the developing countries.1  

While progress has been made in the treatment of cancer over the past several 

decades, it continues to be a major health concern and extensive efforts have been 

devoted to discovering new therapeutic approaches. Chemotherapy has shown 

remarkable effectiveness since the 1940s,4 however, due to the close similarity 

between cancerous and normal cells, anticancer drugs often attack healthy cells at the 

same time and result in serious side effects. Therefore, the need for novel, potent and 

more selective antitumor agents drives medicinal chemists all over the world.5 
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1.2 Marine Organisms as Source of Biological Active Compounds 

 

Natural products have historically provided new drugs against a wide variety of 

diseases.6-9 By 1990, about 80% of drugs were either natural products or analogues 

inspired by them.10 Since then, alternative drug discovery methods, such as rational 

drug design and combinatorial chemistry emerged and placed great pressure upon 

natural products drug discovery programs. Many pharmaceutical companies shifted 

their focus and reduced investment in new natural compounds discovery, but natural 

products and natural product-derived drugs still constitute approximately 40-50% of 

commercially available drugs.9 In the case of anticancer agents, this proportion is 

even higher, estimated to be as much as two-thirds.11 Additionally, the shortage of 

lead compounds proceeding into clinical trails in the field of oncology calls for 

expanding, not shrinking, the exploration of nature as a source of novel active 

agents.9, 12-14 

In recent years, the marine environment has proven to be a very rich source of 

extremely potent compounds.15-18 To date, with collaborative efforts between 

academia and agency-funded programs such as the National Cooperative Drug 

Discovery Program and Developmental Therapeutics Program of the National 

Cancer Institute (NCI), over 22,000 marine biologically active compounds have been 

discovered and a significant subset of them exhibits cancer cell toxicity.5, 19-23 While 

most of these antitumor molecules are still under early stage pharmacological study, 

some have been approved as anticancer drugs, such as cytarabine24 and ecteinascidin 

743 (also known as Yondelis or trabectedin),25 or entered clinical studies such as the 

dolastatin family,16, 26-28 aplidine29, 30 and kahalalide F.31, 32 (Figure 1.1) 
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Figure 1.1 Selected marine anti-proliferative peptides that entered clinical studies 

 

Marine cyanobacteria, also referred to as blue-green algae, are an extremely 

prolific source of complex bioactive secondary metabolites.17, 33-37 A majority of 

these compounds are uniquely structured peptides biosynthesized by large 

multimodular nonribosomal peptide synthetases (NRPSs). Some of these peptides are 

decorated with lipid groups, which are products of combinatorial NRPS-polyketide 

biosynthetic systems.34, 37 In the past few years, several important classes of cancer 

cell toxins have been identified from marine cyanobacteria, and some, such as 

somocystinamide A,38, 39 the apratoxin family,40-43 and bisebromoamide44-46 (Figure 

1.2) are considered to be extremely promising for development as chemotherapeutic 

agents.34 In line with this theme, coibamide A was isolated from a marine 

cyanobacterial assemblage comprising leptolyngbya and symploca species, which 

was collected off the coast of the island of Coiba in Panama, and was shown to 
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possess remarkable antiproliferative activity.47 

 

 
 

Figure 1.2 Cyanobacterial metabolites exhibiting antiproliferative activities 
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1.3 Background of Coibamide A 

 

As part of the International Cooperative Biodiversity Groups (ICBG) program, 

Dr. Kerry McPhail’s lab has been actively involved in new drug discovery, 

biodiversity conservation and sustainable economic growth. In 2008, they reported 

the potent cancer cell toxin coibamide A, named after its discovery location in the 

UNESCO World Heritage Site of Coiba National Park.47 Coibamide A is a highly 

methylated cyclic depsipeptide, which adopts a “lariat” structure featuring a 

22-membered macrocycle and a “tetrapeptide” side chain (Figure 1.3). It consists of 

eleven building blocks: ten amino acids (N-Me-L-Alanine [1], O-Me-L-Tyrosine [2], 

N-Me-L-Leucine [3], L-Alanine [4], N-Me-L-Isoleucine [5], N,O-diMe-L-Serine [6], 

N-Me-L-Threonine [7], N-Me-L-Leucine [8], N,O-diMe-L-Serine [9], N,N-diMe-L- 

Valine [11] ), and one L-α-hydroxyisovaleric acid [10] (L-HIVA).  

 

 
 

Figure 1.3 Structure of coibamide A 
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Coibamide A displayed a unique profile in the National Cancer Institute 60 

(NCI-60) human cancer cell line panel, showing nanomolar potency as an 

antiproliferative agent in many of the cell lines tested. The testing result produced 

mean cytostatic (GI50 and TGI with range) and cytotoxic (LC50 and range) as follows: 

log GI50, -8.04 (2.96) (Figure 1.4); log TGI, -5.85 (3.43); log LC50, -5.11 (2.66). 

These log mean values of < -4 with log range values of >2 indicate both potency and 

histological selectivity. 

Coibamide A was designated as “COMPARE-negative”, in that the pattern of 

cellular responses to coibamide A showed no significant correlation with any known 

agents in the NCI database. Initial characterization of the biological effects of 

coibamide A indicated that it did not interfere with tubulin or actin in cytoskeletal 

assays, or inhibit histone deacetylase activity. However, coibamide A was found to 

arrest cell cycle progression of cancer cells at the G1 phase. 

 

 
 

Figure 1.4 Coibamide A toxicity toward several common cancer cell lines 
 

Given the potential of being a promising anticancer agent, further 

pharmacological studies of coibamide A were necessary.48 However, as only 6.3 mg 

of pure coibamide A were initially isolated, supply became the foremost barrier 
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obstructing extensive biological testing. Although field recollections have provided a 

few more milligrams of coibamide A, the amount obtained is still insufficient. The 

producing strain has recently been cultured in the McPhail laboratory, but coibamide 

yields are very low and the growth rate is slow, which is a common problem for 

cyanobacteria. Therefore, chemical synthesis of coibamide A is an important task in 

support of further investigation of its biological properties, and has become the major 

focus of my work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   9	  

1.4 Fundamentals of Peptide Synthesis 

 

Before addressing the specific challenges that may be faced in the synthesis of 

coibamide A, it is important to provide a brief background regarding peptide 

synthesis in general. While the formation of an amide bond is a relatively 

straightforward reaction, there are several important steps that must be taken to 

obtain the desired product. In this section these steps and common problems during 

the overall process of peptide synthesis are discussed. 

To form a certain peptide, the initial step is selective suppression of the 

reactivity of the functional groups that are not incorporated into the desired amide 

bond. This is usually achieved by derivatization with appropriate protecting groups, 

which can be removed at a later stage. As shown in Figure 1.5, the C-terminus of 

amino acid (AA)-1 (AA1) and the N-terminus of AA2 are protected, and the 

following coupling reaction happens between the AA1 N-terminus and the AA2 

C-terminus. Then the amino terminal protecting group is removed and this process is 

repeated and the terminal or side chain protective groups will be removed as a last 

step to afford the target peptide.  

For peptide synthesis involving N-methylated amino acids (NMAA), an extra 

N-methylation step is necessary to prepare the building blocks for coupling reactions. 

Coupling reactions involving NMAAs are usually more difficult than those between 

regular amino acids due to steric hindrance, and this is one of the main reasons why 

the synthesis of coibamide A is a challenging task.  
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Figure 1.5 General process for the synthesis of a peptide 
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1.4.1 Protection and Deprotection 

 

The controlled formation of a peptide bond in solution requires the coupling 

between one amino acid protected at the N-terminus and the other at the C-terminus. 

After bond formation, the fully protected peptide is isolated and purified, then one 

end is unveiled and coupled with another amino acid or peptide for elongation. Thus, 

in order to obtain the desired final peptide, it is important that the amino or carboxy 

function should be selectively protected with an appropriate protecting group.49 

 

1.4.1.1 Amino group protection (N-terminus) 

 

The nature of the substituent on the amino function of the residue providing the 

carboxy group has a dramatic effect on the course of the reaction, especially in terms 

of suppressing racemization. Carbamates are widely used as protecting groups for 

this purpose. They are easy to introduce as well as remove, and are able to suppress 

racemization during coupling in most cases. Four types of carbamates were 

employed in the coibamide project: Boc, Cbz, Fmoc and Alloc. (Figure 1.6) 

 

Boc (tert-butyloxycarbonyl): Since its introduction by McKay and 

Albertson,50 Boc has become the most extensively used protecting group in peptide 

chemistry. It is stable under strongly basic conditions and inert to most nucleophilic 

attacks. Di-tert-butyl-dicarbonate (Boc2O)51 or its equivalents are employed for 

preparation of N-Boc-amino acids. The most common removal condition for Boc is 

25-50% trifluoroacetic acid (TFA)52 in dichloromethane (DCM). Many other acids or 

Lewis acids work as well, and diluted HCl solution in organic solvents (EtOAc,53, 54 

1,4-dioxane55) has proven to selectively remove Boc while leaving tert-butyl esters 

and many other acid labile groups intact.  
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Cbz (benzyloxycarbonyl, or Z): Another versatile protecting group in peptide 

synthesis is the Cbz group. It is stable under almost all moderate conditions, but is 

readily removed under catalytic hydrogenation at room temperature and atmospheric 

pressure.56 For the preparation of Cbz-amino acids, N-carbobenzoxyoxysuccinimide 

(Cbz-OSu)57 or benzyloxycarbonyl chloride (Cbz-Cl)56 are allowed to react with 

amino acids in either aqueous or organic solvents in the presence of weak bases.  

 

Fmoc (9-Fluorenylmethoxycarbonyl): Fmoc is extremely useful and widely 

used in solid-phase peptide synthesis. One major advantage of the Fmoc group is that 

it has excellent acid stability, thus Boc and other acid-labile groups can be selectively 

removed in its presence.58 It is usually introduced using Fmoc-Cl59 or, better, 

Fmoc-OSu57, 60-62 and cleaved under mildly basic conditions, such as piperidine or 

tetra-n-butylammonium fluoride (TBAF).63, 64 
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Figure 1.6 Several popular carbamate N-protecting groups used in peptide synthesis:  

typical conditions for their introduction and removal 
 

Alloc (allyloxycarbonyl): The alloc group is usually introduced to the amino 

acid by using allyloxycarbonyl chloride under basic conditions, and can be readily 

removed through palladium catalyzed transfer of the allyl to various nucleophilic 

species under neutral conditions.65-69 Boc, Cbz and Fmoc are not affected, thus 

rendering Alloc a great choice when more selectivity is needed in certain situations. 
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1.4.1.2 Carboxy group protection (C-terminus) 

 

Protecting the C-terminus or not is one of the major differences between peptide 

synthesis in solution or on a solid support. In the latter, the insoluble polymers may 

be considered the C-protecting group, whereas in solution synthesis, the C-terminus 

needs to be fully protected by more conventional groups, usually in the form of esters, 

as will be discussed here: -OMe, -OAllyl, -OBn, -OtBu (Fig 1.7). Silyl esters or 

hydrazides are also possible choices, but are not as common in peptide synthesis.  

 

OMe (Methyl ester): Many methods are available for the introduction of 

methyl ester.70-73 It is usually removed by saponification.74-76  

 

OAllyl (Allyl ester): It is mostly prepared by reacting the carboxy group with 

allyl bromide in the presence of a weak base.77, 78 Like Alloc, an allyl ester is also 

removed through Pd-catalyzed transfer. 

 

OBn (Benzyl ester): A benzyl ester of an amino acid is typically prepared by 

reacting the N-protected amino acid with benzyl bromide in the presence of weak 

base.79-81 It can be cleaved by strong acid or saponification, but more frequently a 

mild hydrogenation condition is employed.82-84 
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Figure 1.7 Several popular C-terminus protecting groups used in peptide synthesis 

and typical conditions for their introduction and removal 
 

OtBu (tert-butyl ester): The t-butyl ester is a relatively hindered ester and quite 

stable toward basic hydrolysis and nucleophile attack, which makes it irreplaceable 

for NMAA peptide synthesis to suppress the formation of diketopiperazines (Figure 

1.8). Amino acid t-butyl esters can be prepared by the reaction of the amino acid with 

isobutylene or its equivalents in the presence of acid as a catalyst,85-89 or with 

t-BuOH/EDCI/DMAP.90 The t-butyl ester is easily removed by strong acid or Lewis 

acid treatment.91-97 It was recently reported that by employing a CeCl3/NaI98 or 

I2/H2O99 system, it is possible to achieve selective deprotection of a t-butyl ester over 

Boc. These methods further broaden the applications of t-butyl esters in peptide 

synthesis.  
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1.4.2 Amide Bond Formation 

 

Since the first attempts by Fischer to synthesize simple peptides at the 

beginning of 20th century,100 efforts have continued within the synthetic community 

to develop efficient reagents and methods for building complex biologically active 

peptides. Remarkable progress has been made, yet it still can remain a challenge, 

especially the synthesis of NMAA-containing peptides. Today two synthetic 

methodologies are primarily applied: traditional solution-phase and the more recent 

solid-phase synthesis. Although solid-phase peptide synthesis claims a variety of 

advantages, solution-phase is still preferred for many peptides mostly because of its 

simplicity, reliability and versatility. In the synthesis of coibamide A, the 

solution-phase methodology was employed. 

 

1.4.2.1 General Coupling Srategies 

 

For any given peptide, there are two approaches to elongate the chain: either 

from the N to C direction or the C to N direction.101 The latter is called the stepwise 

strategy: the peptide chain is growing from the C-terminus to N-terminus by 

incorporating one amino acid at a time. This protocol is preferred because it allows 

the use of a racemization-suppressing carbamate as the N-protecting group for the 

oncoming activated acid component during each coupling step. 

Whereas extremely useful in small peptide synthesis, strict stepwise elongation 

hurts the overall convergence of a coupling scheme for the synthesis of a large 

peptide. Therefore, sometimes “segment coupling” is desired. Literally, the term 

“segment coupling” means to link two segments together to form a large molecule, 

but in peptide synthetic chemistry, it more specifically refers to the situation where 

an N-acyl protected acid is activated for coupling, thus the opposite of a stepwise 

protocol (Figure 1.8).  
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Figure 1.8 Stepwise vs segment coupling; and possible side reactions associated with 

each strategy 
 

In order to minimize racemization, the segment strategy is unwise because there 

is danger of epimerization at the activated residue. But on many occasions, it is 

highly desirable to increase overall convergence, which makes segment coupling a 

better choice; furthermore, the synthesis of a cyclic peptide requires at least one 

segment coupling site. For a C-ester protected dipeptide containing an N-methyl 

amide bond, chain extension in the N-terminal direction can be hampered by 

spontaneous diketopiperazine formation (Figure 1.8), which results from the 

(Z)-amide, and leaves segment coupling as the only option.  
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Therefore, a combination of stepwise elongation and segment condensation is 

necessary for many peptide syntheses, especially for NMAA peptides. The balanced 

use of these two strategies is often required when designing a rational synthetic 

scheme.  

 

1.4.2.2. Carboxylate Activation102 

 

The most obvious method for activating the carboxy group is via a simple acid 

chloride as first introduced by Fischer in 1903.100 Acid chlorides, however, are rarely 

used in peptide synthesis because they are generally considered as “over- reactive” 

and prone to numerous side reactions including the loss of optical purity.103 

The carbodiimide method is the most traditional approach used to form a 

peptide bond (Figure 1.9, Figure 1.10). The first and one of the most commonly used 

members of this family is dicyclohexylcarbodiimide (DCC). For many years, it 

served as the most useful and popular coupling reagent in both solid- and 

solution-phase peptide synthesis. Whereas DCC is reactive and usually gives high 

yields, at the end of the reaction it is converted to insoluble dicyclohexylurea as a 

byproduct, which is difficult to remove from the reaction system.  

To solve this problem, many new carbodiimides were synthesized and applied 

to amide bond formation, among which N-ethyl-N’-(3-dimethylaminopropyl) 

carbodiimide (EDC or EDCI) is probably the most powerful and widely used in 

modern peptide chemistry, usually together with the racemization-suppressing 

additive 1-hydroxybenzotriazole (HOBt) or 1-hydroxy-7-azabenzotriazole 

(HOAt).104-108 HOAt is generally considered more efficient than HOBt for two 

reasons: 1) the electron-withdrawning influence of the nitrogen atom improves the 

stability of the leaving group, thereby leading to increased reactivity; 2) the 

7-nitrogen atom makes it feasible to achieve a classic neighboring group effect, 

which can increase reactivity and reduce the loss of optical purity (Figure 1.9).104 
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Figure 1.9 Structures of DCC, EDCI, HOBt, HOAt; HOAt neighboring group effect 

 

 
Figure 1.10 Mechanism of peptide bond formation from a carbodiimide-mediated 

reaction and common side reactions (modified from El-Faham, A.; Albericio, F. 
Chem. Rev. 2011, 111, 6557-6602.) 
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Other families of activation reagents are also available, such as symmetric109 

and mixed anhydrides,110 active esters,111, 112 phosphonium salts (BOP,113 PyAOP114), 

aminium salts (N-TATU, N-HATU115), Oxyma uronium salts (COMU116) and 

organophosphorus reagents (BOP-Cl117) (Figure 1.11). A common question 

regarding coupling regents is: What is the best? Could a single coupling reagent be 

used for all coupling reactions in peptide synthesis? Unfortunately, in the synthetic 

field of N-methylated peptides, the answer is usually no. A successful N-methylated 

peptide synthesis usually involves a combination of several different coupling 

reagents to determine the most efficient conditions. Formation of certain amide 

bonds is always a challenging task, which demands knowledge, experience, patience 

and luck.  

 

 

 
Figure 1.11 Structures of several efficient amino acid coupling regents 

 

These highly effective coupling agents make amide bond formation one of the 

most robust and pedestrian reactions in the synthetic world, but the story has another 

side when it enters into the N-methyl peptide realm. Although the nucleophilicity of 
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secondary amines is usually improved over their primary amine counterparts in SN2 

reactions, this is not the case with amino acid coupling reactions, where the steric 

hindrance of a methylated amine typically annuls its enhanced nucleophilicity. The 

lower coupling rate leads to an extended reaction time, which can cause serious 

problems including extensive racemization and undesired side reactions. Although 

some theories exist as to the nature of the problem and many coupling reagents are 

advertised as the answer to difficult couplings, it is almost impossible to predict the 

best conditions for certain amide bond formation involving methylated amines. Trial- 

and-error becomes routine to accomplish this job, but as we have found in the 

coibamide A synthesis, some couplings are extremely difficult and unpredictable 

when the coupling occurs between the larger late-state peptides.  
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1.4.3 Synthetic Preparation of NMAA 

 

Despite the many known bioactive cyclic peptides and depsipeptides from 

nature, toxicity and pharmokinetic problems such as a short half-life and low 

bioavailability often prevent them from proceeding further into development. Recent 

studies have shown that N-methylation is a promising way to rationally increase 

potency, selectivity and improve key pharmacokinetic characteristics.118-127 

Therefore, the development of facile and reliable synthetic methods to supply these 

non-natural NMAA building blocks is an important branch in the world of medicinal 

chemistry.  

Selective methylation of amino acids can be a challenging task that generally 

requires delicate protection/deprotection steps and the use of procedures that 

minimize racemization. While dozens of modern approaches are available, the most 

popular methods favored by synthetic chemists fall into the following three main 

areas: N-methylation by alkylation under basic conditions; N-methylation by 

reductive amination; N-methylation by formation and reduction of 5-oxazolidinone 

intermediates.  

 

 

 

 

 

 

 

 

 

 

 



	   23	  

1.4.3.1 N-Methylation by Alkylation under Basic Conditions 

 

The pioneering work in this field involved the use of α-bromo acids as starting 

material and attack by nucleophilic methylamine. But with the development of 

commercially available optically pure amino acids, this methodology has largely 

been abandoned. Amino acids usually have to be selectively protected to be useful in 

peptide synthesis. Therefore direct methylation of N-protected amino acids, mostly 

as sulfonamides or carbamates, is highly preferable. The Boc group is the most 

versatile protecting group in peptide chemistry and the selective methylation of 

N-Boc amino acids under basic conditions has been studied extensively (Figure 

1.12). 

 

NaH/MeI: This is the most broadly applied method for NMAA synthesis. It 

was studied extensively by Benoiton et al. in the 1970s128-134 and further improved or 

modified over the years.135 It is interesting to note that the sequence of sodium 

hydride (NaH) and iodomethane (MeI) addition plays a key role in determining the 

success of this reaction. The original protocol employed the traditional wisdom: 

initial double deprotonation of the Boc-amino acid substrate by excess NaH, 

followed by treatment with the methylation reagent MeI. This procedure, however, 

resulted in incomplete conversion of the starting material. Elevated temperature was 

reported to be able to drive the methylation to completion, but this usually generated 

the undesired product of N,O-bismethylation and increased the risk of decomposition 

or racemization. Later, a clever change was made by Benoiton in the way that the 

substrate was first mixed with MeI prior to the addition of NaH. This simple 

modification made a whole new story: enantiopure desired product was obtained in 

excellent yield at room temperature, with only trace amounts of unreacted starting 

material and the bismethylated product.  

It is believed that the former experiment suffers from poor solubility of the 
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corresponding dianion salt, which as a result precipitates and is not readily available 

for reaction. On the other hand, in the latter experiment, the deprotonation occurs in 

the presence of MeI, so the concentration of the dianion is relatively low, preventing 

precipitation and allowing reaction with MeI at any time. The impressive N versus O 

selectivity is explained by chelation of the carboxylate group by the sodium cation, 

which dramatically decelerates its methylation. This hypothesis was proved by 

formation of the N, O-bismethylated product in the presence of 15-crown-5 ether, 

which acts as a sodium ion trap, in the reaction mixture.135  

The most obvious drawback for this method is the handling of excess 

low-boiling methyl iodide during workup. One must be mindful about the 

air-emission and health-safety problems for large-scale work as methyl iodide is a 

known carcinogen. The reaction usually takes many hours; with the disappearance of 

the acidic carbamate N-hydrogen, α-deprotontation becomes a possibility and 

subsequent racemization is always a concern, although not very common.  

 

NaH/Me2SO4/Water: This is an unconventional system in the way that it is 

contrary to “common sense” because NaH is usually used in an anhydrous system. 

According to the author of the first paper describing these conditions,136 the reaction 

was initially conducted under totally anhydrous conditions and no reaction was 

observed. However, over an extended period of time, the desired N-methylated 

product was obtained as the only product in almost quantitative yield. The author 

explained this by postulating that the moisture from nitrogen was absorbed and 

reacted with sodium hydride to generate in situ the real base - highly reactive, “dry” 

sodium hydroxide, which has a better solubility in THF than sodium hydride. The 

other key reagent dimethyl sulfate is a highly toxic and carcinogenic reagent and 

must be handled carefully, but any excess amount can be relatively safely destroyed 

with ammonium hydroxide, making this method suitable for gram-scale preparation. 
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Figure 1.12 Base-mediated N-methylation of carbamates 

 

1.4.3.2 Reductive N-methylation 

 

This protocol involves the reaction of amines with aldehydes to form Schiff 

base intermediates that are then reduced via cyanoborohydrides,137, 138 transition 

metal-catalyzed hydrogenolysis,139 or other H-donors (Figure 1.13). The reaction 

conditions are usually mild, but the main disadvantage is that after mono-methylation 

the reaction will not stop and it proceeds further to give the N,N-dimethylation 

product. Therefore, adjusting the conditions to achieve selective and clean 

mono-N-methylation is the real task. This is often achieved by first introducing a 

sterically large group like a phenyl from benzaldehyde by reductive amination, and 

then using paraformaldehyde to form the desired methyl as a second step. The 
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“by-standing” phenyl is removed by hydrogenation at a high pressure.140  

 

 

 
Figure 1.13 N-methylation by reductive amination 

 

In a recent paper, it was reported that zinc is a perfect catalyst for reductive 

methylation buffered at pH = 5~6 in aqueous formaldehyde,141 generating pure 

mono-methylated product in 15 min with quantitative yield, or the N,N-dimethylated 

product with extended time and a large excess of formaldehyde.  

 

1.4.3.3 5-Oxazolidinones142, 143  

 

The 5-oxazolidinone structure was first synthesized by Ben-Ishai144 by 

combining N-Cbz-amino acids with paraformaldehyde in the presence of an acid 

catalyst. This structure stimulated enormous interest and many groups studied the 

chemistry of 5-oxazolidinones and made efforts to improve their preparation and 

utility.  However, the reduction of 5-oxazolidinones to NMAAs was not realized 

until the work of Freidinger et al. in 1983.145 Using triethylsilane/trifluoroacetic acid 

conditions, the 5-oxazolidinones intermediates are reductively cleaved and afford the 

desired N-Cbz-N-Me-amino acids in high yield and with no detectable racemization. 

This method also applies to Fmoc-protected amino acids. These reductive conditions, 

however, suffer from long reaction time (days), the use of the expensive and 
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corrosive trifluoroacetic acid as co-solvent, and require an excess amount of 

triethylsilane. It was later found that by changing TFA to a Lewis acid, most 

effectively AlCl3, the reaction time was shortened to a couple of hours and the 

consumption of triethylsilane was reduced to a reasonable amount with no sacrifice 

in yield.146 The methylation of serine and threonine under basic conditions is often 

accompanied by dehydration. However, by this 5-oxazolidinone method, pure 

products are obtained in good yields, although it is necessary to take extra steps to 

protect (acetyl or TBDMS) and deprotect the active hydroxy groups (Figure 1.14).147, 

148 

 

 

 
Figure 1.14 Synthesis of N-Fmoc-N-Me-Threonine 
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1.4.4 Peptide Purification and Structure Determination 

 

1.4.4.1 Purification 

 

One of the advantages of solution-phase peptide synthesis for short peptides is 

that every intermediate peptide after coupling is readily purified and characterized. 

Fully protected, these small peptide molecules are no different from other organic 

compounds and silica gel flash chromatography works well for purification. When 

these molecules grow larger, heptapeptide or above in our experience, they behave as 

more polar molecules and on regular silica gel columns their chromatographic 

behavior deteriorates. Size-exclusion LH-20 and reversed-phase C18 columns are 

employed for better separation and yields. The final compounds are further purified 

by HPLC before analytical and biological studies.  

 

1.4.4.2 Structure and Purity Determination:

 

Nuclear Magnetic Resonance (NMR): Although NMR is usually the most 

powerful weapon in the analytical armory, its usefulness in NMAA peptide 

chemistry is significantly weakened. For a regular amide bond, only the sterically 

favored trans-configuration exists. However, in methylated amide bonds, this spatial 

preference is no longer absolute due to the substitution of the amide hydrogen with 

the larger methyl group. The result is that almost every peptide containing one 

methylated amide or carbamate bond exists as a mixture of two rotamers (E/Z) in 

equilibrium. Theoretically, for example, a peptide containing three methylated amide 

could exist as a mixture of 8 rotamers (although in reality several of them might be 

too sterically unfavored and not exist). For this reason, the NMR spectra of NMAA 

peptides can be extremely complicated and present a challenge for peak assignments. 

Usually, the purity of a compound can be determined or estimated by 1H NMR, 
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however, for a peptide containing more than one rotamer, NMR would no longer be 

able to serve this purpose. A new problem also arises: how to determine the purity of 

the compound? This question definitely deserves more attention and a new standard 

should be proposed for these compounds.  

 

 
 

Figure 1.15 1H NMR of Boc-N-MeLeu-OBn (mixture of two rotamers) 
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Figure 1.16 1H NMR comparison between Boc-O-MeSer-LeuOtBu (upper); and 
Boc-N,O-diMeSer-N-MeLeuOtBu (lower): the two N-methyls makes this 
compound a mixture of four rotamers as indicated by the number of N-Me peaks 
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Liquid Chromatography - Mass Spectrometry (LC-MS): LC-MS is the most 

indispensable tool for the coibamide synthesis project. While TLC (thin layer 

chromatography) is still the most common method for reaction and flash column 

monitoring, for two reasons it is not that useful for this project. First, as discussed in 

earlier sections, due to extra steric problems, the coupling reactions involving 

NMAA are usually inefficient and most times incomplete. In most cases, a coupling 

product (together with byproducts in some reactions) will be detected by TLC very 

shortly after the reaction begins (within one hour) as well as the unreacted starting 

materials. In the following hours, however, it is very difficult to notice any change of 

the TLC profile. It is therefore not possible to precisely monitor the process or 

determine the end of a reaction. Second, the lack of functional group (amide only in 

most cases) in N-methylated peptides makes visualization of products on the TLC 

plate very difficult. In contrast, peptides ionizes very well under ESI (electrospray 

ionization) conditions and the technique is very sensitive, so LC-MS has become a 

routine tool for the coibamide project. Furthermore, as NMR is often not able to 

establish the purity of an intermediate peptide, LC-MS becomes our first clue for 

purity assessment. 
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Marfey’s Analysis: 

 
“Improved synthetic procedures and analytical technologies provide desired 

sequence and purity while little or no concern is generally given to stereoisomeric 
purity. It is often assumed that racemization may not occur or it need not be 
examined”  - R. Bhushan and H. Bruckner149 

 

As discussed earlier, racemization is a common problem associated with the 

coupling reactions. It is well known that L and D forms of peptides can vary 

significantly with respect to stability and biological activity. Therefore, it is 

important for synthetic chemist to examine the absolute configuration of component 

amino acids of a synthetic peptide in a timely manner and find the best coupling 

condition for certain amide bonds accordingly. Even with modern advanced 

analytical technology, this can still be a challenge. 

Although determination of the absolute configuration through NMR has met 

some success,150-152 chromatographic methods are still most frequently used. Direct 

enantiomeric resolution on bonded phase packings such as cyclodextrins and 

polysaccharides has been in practice during the last few decades, but an indirect 

approach, defined as the resolution of a pair of enantiomers by reacting them with an 

optically pure chiral reagent to form diastereomers which are then separated by 

chromatography in an achiral environment, is usually simpler to perform and has 

better resolution. There is little doubt that of the various methods available for the 

indirect HPLC resolution of amino acids enantiomers, use of Marfey’s Reagent (MR, 

Figure 1.15) has been most straightforward, reliable and successful.153, 154 

Marfey’s reagent usually reacts quickly and smoothly, without racemization, 

with the α-amino group of L- and D-amino acids, yielding diastereomers under 

mildly basic conditions. These diastereomers can be separated and estimated by 

HPLC because of a large differences in their capacity factors. Marfey’s method has 

also been utilized in combination with mass spectrometry, and FDLA is usually used 
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in place of FDAA for this purpose to achieve improved sensitivity, hydrophobicity 

and thermal stability. For amino acid absolute configuration determination in the 

coibamide A synthesis, it was observed that FDLA-derivatives gave better separation 

results than those prepared from FDAA. For L/D N-methylated amino acids, their 

FDAA derivatives are usually unable to be separated under regular HPLC conditions 

if the side chain is small like N-Me alanine or serine. On the other hand, the 

FDLA-derivatives can be separated, although the retention time differences between 

L and D are small (less than 1 min). This is another challenge for the absolute 

configuration determination of N-methylated peptides.  

 

 

Figure 1.17 Marfey’s reagent and separation mechanism 
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2.1 General Introduction 

Coibamide A is a new, potent antiproliferative agent isolated from a marine 

cyanobacterial assamblage (Leptolyngbya and symploca species) collected from 

Coiba National Park, Panama, and considered to be a promising anticancer lead 

based on preliminary in vitro and in vivo biological studies. Field collection has only 

provided several milligrams of coibamide A and obtaining coibamide from a 

laboratory culture of the Leptolyngbya or symploca species has been unsuccessful. 

Therefore chemical synthesis of coibamide A is an important task for further 

biological investigations towards development of coibamide as a molecular research 

tool for cancer cell biology or clinical agent for cancer treatment.  

Structurally, it is a highly methylated cyclic depsipeptide, charactertized by its 

heptapeptide macrocycle and tetrapeptide-like side chain. Among its ten amino acid 

building blocks, eight of them are N-methylated. This extremely high NMAA 

composition renders coibamide A more druggable, but also makes the synthetic task 

challenging, particularly in view of the formidable fully methylated 

N,O-diMeSer-N-MeLeu-N-MeThr-N,O-diMeSer-N-MeIle sequence. Low coupling 

yields, racemization, diketopiperazine formation and other side reactions are all 

common problems associated with NMAA peptide synthesis.  

Although solid phase methodology has proven to be effective for the synthesis 

of many peptides, a solution phase methodology was employed in the coibamide 

project for three main reasons. First, amide bond formation involving NMAAs is still 

challenging. By using solution phase, it is more convenient to study those difficult 

coupling reactions at different stages. Second, during solution phase synthesis, 

segment coupling is easier to achieve, and as a result, it increases the overall 

convergence and is a better choice for larger scale preparation. Third, preparation of 

analogues is more accessible by solution phase.   
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We developed two strategies for the synthesis of coibamide A, termed the 

macrocycle-side chain strategy and the Y-strategy. The details and results of these 

two strategies will be discussed in the following sections. 
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2.2 Macrocycle-Side Chain Strategy: Schemes, Discussion and Results 

 

Although stepwise coupling, which suppresses racemization by the utilization of 

carbamate-protected acid components, is the most classical and preferred method for 

the synthesis of small peptide molecules, it suffers from many problems. These 

include long synthetic routes and low convergence, which typically result in low 

overall yield. For the synthesis of coibamide A, which involves the challenging 

formation of numerous N-methylated amide bonds, the yield for each coupling is 

generally poor and thus the overall yield resulting from low convergence is 

undesirable. Additionally, according to experience gained in the coibamide A 

synthesis, the reactivity of an N-methylated amine in a large N-methylated peptide is 

unpredictable and often very low, so it is critical to minimize the steps dealing with 

large peptide couplings to increase the overall success rate. Therefore, a 

“macrocycle-plus-side chain” protocol was proposed: the macrocycle and 

tetrapeptide side chain were prepared independently and coupled together as the final 

and key step to afford coibamide A. In addition, this approach allows practical access 

to analogues. By simply changing the structure of the side chains (for example 

terminal N,N-dimethyl valine to mono-methylated or even regular valine; HIV acid 

to valine), a series of analogues for structure-activity studies could be obtained. In 

this section, the synthetic details and results are presented and discussed.  
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2.2.1 Synthesis of the coibamide macrocycle: 

 

2.2.1.1 First attempt for the macrocycle 

 

 

 

Figure 2.1 Disconnection of macrocycle to tetrapeptide 2 and tripeptide 3 
 

The macrocycle can be cleaved into two subunits: the tetrapeptide 2 and 

tripeptide 3. The relatively unstable ester linkage between the N-MeThr β-hydroxy 

and the N-MeAla would then be built to afford a linear heptapeptide chain; the 

cyclizaton was planned between the N-terminus of 2, which is a primary amine, and 

the activated C-terminus of 3. To avoid the possibility of diketopiperazine formation 

at the dipeptide stage, both 2 and 3 were synthesized via segment coupling routes: 

the direction opposed to stepwise coupling. The general yields were good, but 

racemization was observed in the syntheses of both 2 and 3. In segment 2, the 

O-MeTyr moiety was completely racemized as indicated by Marfey’s analysis, while 
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segment 3 was also a mixture of two disastereomers as suggested by TLC, 1H NMR 

and LC-MS.  

 

 
 

 

 

Figure 2.2 Synthese of the macrocyle tetrapeptide and tripeptide 
 

After the OBn protecting group of 7 was removed, it was attempted to couple 

with 3 (Figure 2.3), but unfortunately no desired heptapeptide was obtained as 

indicated by TLC. Apparently shielded in the large molecule, the secondary alcohol 

of the N-MeThr side chain is a poor nucleophile for forming the ester bond. In 

addition for some unknown reason, the carboxy group of 2 was not as reactive as 

might be expected: the reaction between 2 and isopropanol was low-yielding and not 

clean. An alternative attempt to prepare the amide bond first and leave the ester 
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formation as the cyclization step also failed to generate clean desired product, 

perhaps due to the existence of the free hydroxy on the threonine side chain. 

 

 
Figure 2.3 Attempts for the synthesis of the heptapeptide (macrocycle precursor) 

 

Due to the racemization during the preparation of each segment and 

unsuccessful coupling attempts between them, no further effort was made toward this 

scheme. Instead, based on the experience gained from this attempt, two new routes 

for the formation of macrocycle were proposed (Figure 2.4). Route 2 was carried out 

by me, while Route 3 was conducted by a postdoc, Dr. Tak Suyama, from Dr. Kerry 

McPhail’s lab, who worked collaboratively with me on the synthesis of coibamide A. 
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Figure 2.4 New strategies for the synthesis of the coibamide macrocycle 
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2.2.1.2 Second Attempt for the Macrocycle 

 

  The macrocycle was disconnected to three subunits 14, 15 and 16. The 

problematic ester bond was formed at an early stage to afford the dipeptide 14, which 

is then segment-coupled with the dipeptide 15 together to form a tetrapeptide. The 

overall yields were excellent, but unfortunately, Marfey’s analysis for this 

tetrapeptide again indicated racemization of O-MeTyr. A stepwise coupling was used 

for the synthesis of 16. Although a carbamate (Fmoc) was employed for the 

protection of N,O-diMeSer when it was activated by EDCI/HOAt to couple with the 

N-terminus of N-MeIle-AlaOtBu, racemization still occurred easily. A different 

coupling reagent COMU, which was reported to be a novel and extremely efficient 

coupling reagent for peptide synthesis, was also tried for this difficult coupling, but 

neither yield nor optical purity was improved over the EDCI/HOAt condition.  

 

 

 

Figure 2.5 Synthesis of segments 17 and 16 
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The -OBn protection of tetrapeptide 17 was removed by hydrogenation 

catalyzed by 10% Pd/C. Although Fmoc is generally considered to be stable under 

these conditions, we found that when Fmoc is used for the protection of a 

N-methylated amine, it can be partially cleaved during the deprotection of the benzyl 

ester. The Fmoc protecting group for the tripeptide 16 was deprotected by the 

standard piperidine in dichloromethane (DCM). The coupling reaction between 17 

and 16 to afford the heptapeptide, unfortunately, failed again under EDCI/HOAt 

conditions. We later found that, as the esterified β-hydroxy in the tetrapeptide 17, the 

N-Fmoc-N-Me-threonine underwent β-elimination readily under normal coupling 

conditions. And as a result, the reaction generated only a trace amount of desired 

heptapeptide as indicated by LC-MS. The COMU conditions were also used for this 

coupling, but the result was very similar to the reaction activated by EDCI/HOAt. 

Mixed with several other byproducts, the purification of desired compounds was 

very difficult. Due to all of the above mentioned problems, this route was abandoned 

too.  
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2.2.1.3 Third Attempt for the Macrocycle – the Successful Route 

 

In Route 3, the macrocycle was disconnected to two subunits – tetrapeptide  

and tripeptide (Figure 2.4). After removal of Boc from tetrapeptide and deprotection 

of the carboxy group of the tripeptide, these two subunits were coupled together 

successfully to afford the desired linear heptapeptide. Both the N-alloc and O-allyl 

protections were then removed by Pd(PPh3)4 and PhSiH3 in one step. The following 

macrocyclization happened smoothly under EDCI/HOAt conditions in a diluted 

DCM solution and chemically pure macrocycle was isolated by silica 

chromatography in a good yield. Intriguingly, HPLC analysis of the linear 

heptapeptide suggested it was a mixture of two diastereomers, due to the 

racemization of O-MeTyr. After the cyclization step, however, only one isomer was 

detected in the purified macrocycle and Marfey’s analysis showed no presence of 

O-Me D-Tyr in this compound. This observation means that only the disatereomer 

containing O-Me L-Tyr underwent the cyclization, while the other diastereomer, 

probably in an unfavorable conformation, did not cyclize and was removed during 

purification steps.  

 

 

 

 

 

 

 

 

 

 

 



	   56	  

2.2.2 Synthetic studies of the “tetrapeptide” side chain 

 

2.2.2.1 Initial synthesis of the side chian: anti-stepwise strategy 

 

To avoid diketopiperazine formation, the side chain synthesis started from the 

N,N-diMeVal terminus. Again, EDCI was used as the coupling reagent; HOAt was 

used as a racemization-suppressing additive for amide bond formation and DMAP as 

a catalyst for ester bond formation. The tetrapeptide side chain 21 was achieved in 

good yield after three coupling reactions. Interestingly, however, enantioselective 

analysis for this compound by Marfey’s method shown that no N,O-diMe L-Ser was 

detected. Instead, only N,O-diMe D-Ser was observed in the synthetic side chain. 

This finding was quite unexpected and unconventional, because only pure N,O-diMe 

L-Ser-OBn was used for the coupling reactions. To find out at which stage the L-to-D 

conversion took place, we examined the absolute configurations of both tripeptide 

N,N-diMeVal-HIV-N,O-diMeSer-OBn and compound 20: in both compounds, only 

N,O-diMe L-Ser and no N,O-diMe D-Ser was detected by Marfey’s analysis. This 

means that the L-to-D conversion does not occur during hydrogenation and must have 

happened during the coupling between the “tripeptide” 20 and N-MeLeu-OBn. It 

should be noted that the initial coupling reaction between the macrocycle and side 

chain was performed before it was realized that N,O-diMe D-Ser was present in the 

“tetrapeptide”.  
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Figure 2.6 Synthesis of side chain 21 by anti-stepwise strategy (Ser L-to-D 
inversion) 

 

2.2.2.2 Extensive studies toward the synthesis of the side chian 

 

The above discussed L-to-D inversion is quite uncommon and to provide further 

support for this observation, we used the coibamide side chain as a target for 

synthesis and systematically studied this phenomenon. 

 

First, to further prove the serine residue in the synthetic side chain 21 was 

D-N,O-diMeSer but not L, D-N,O-diMeSer was used as the precusor to prepare a 

D-Ser-containing side chain and the Figure 2.6 procedure was repeated (as shown in 

Figure 2.7). The process went smoothly and the side chain was obtained in good 

yield. After C-18 column purification, the side chain was subjected to NMR analysis. 

As expected, both the 1H and 13C NMR data of this side chain were identical with 

that of the side chain prepared in Figure 2.6 (Table 2.1, Table 2.2), which confirmed 

the result from Marfey’s analysis that only D-N,O-DiMeSer was present.  
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Figure 2.7 Synthesis of D-N,O-diMeSer-containing side chain 

 

Then, the side chain was synthesized strictly following a standard stepwise 

protocol. It is noteworthy that for the coupling reaction between 

Boc-N,O-diMe-L-Ser and N-Me-L-Leu-OBn, a non-polar solvent is critical to 

minimize racemization. When DMF was used as the solvent, significant racemization 

was detected by TLC and 1H NMR; on the other hand, when CH2Cl2 was used no 

racemization was noticed. After purification of the side chain by C-18 

chromatography, product 25 was examined by NMR and also subjected to Marfey’s 

analysis.The NMR spectra (both 1H and 13C, Table 2.1, Table 2.2) of this side chain 

were different from the two previously prepared side chains (21) and only 

L-N,O-diMeSer was detected by the Marfey’s analysis. This result further supports 

the conclusion that the side chain synthesized in Figure 2.6 was not the desired side 

chain and contained D-N,O-diMeSer.  

 
Figure 2.8 Synthesis of L-N,O-diMeSer side chain 25 (coibamide side chain) 
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  25 

(Figure 2.8) 

21  

(Figure 2.6)  

21  

(Figure 2.7) 

Coibamide A 

side chain 

NMeLeu 54.99 52.61 52.61 51.25 

37.15 36.72 36.72 38.05 

31.57 30.69 30.69 31.35 

25.02 24.90 24.90 25.45 

23.38 23.34 23.34 23.25 

21.39 21.68 21.68 21.35 

diMeSer 69.20 69.39 69.39 69.45 

59.02 58.98 58.98 58.75 

52.08 54.99 54.99 52.75 

30.96 29.97 29.97 30.35 

HIV 74.62 74.93 74.93 74.85 

30.08 29.52 29.52 30.05 

18.78 19.13 19.13 18.15 

18.13 17.43 17.43 18.15 

diMeVal 74.20 74.38 74.38 73.95 

41.42 41.42 41.42 41.45 

27.81 27.69 27.69 27.75 

19.72 19.69 19.69 19.75 

19.47 19.44 19.44 19.65 

carbonyls 171.75 171.65 171.65 172.55 

171.40 171.35 171.35 170.65 

170.32 169.61 169.61 170.65 

170.17 169.38 169.38 170.15 

 
Table 2.1 13C NMR comparision among coibamide and synthetic side chains  



	   60	  

 

  25 

(Figure 2.8) 

21  

(Figure 2.6)  

21  

(Figure 2.7) 

Coibamide A 

side chain 

NMeLeu 5.25 (α-H, dd) 5.30 (dd) 5.30 (dd) 5.34 (m) 

1.74 (β-H, m) 1.75 (m) 1.75 (m) 1.68 (m) 

3.09 (NMe, s) 2.81 (s) 2.81 (s) 3.13 (s) 

1.37(γ-H, m) 1.50 (m) 1.50 (m) 1.36 (m) 

0.90 (Me, d) 0.93 0.93 0.92 (d) 

0.87 (Me, d) 0.91 0.91 0.89 (d) 

diMeSer 3.66 (β-H, m) 3.71, 3.55 (dd) 3.71, 3.55 (dd) 3.90, 3.64 

3.28 (OMe, s) 3.29 (s) 3.29 (s) 3.35 (s) 

5.71 (α-H, dd) 5.68 (dd) 5.68 (dd) 6.02 (brs) 

2.93 (NMe, d) 2.70(s) 2.70(s) 3.04 (s) 

HIV 5.04 (α-H, d) 4.87 (d) 4.87 (d) 5.00 (d) 

2.13 (α-H, dqq) 2.09 (m) 2.09 (m) 2.21 (oct) 

1.01 (Me, d) 1.04 1.04 1.06 (ob) 

0.96 (Me, d) 1.02 1.02 1.06 (ob) 

diMeVal 2.82 (d) 2.83 (ob) 2.83 (ob) 2.84 (d) 

2.33 (NMe2, s) 2.36 (s) 2.36 (s) 2.34 (s) 

2.13 (β-H, dqq) 2.01 (m) 2.01 (m) 2.02 (m) 

0.98 (Me, d) 1.00 1.00 0.99 (d) 

0.89 (Me, d) 0.89 0.89 0.92 (d) 

 

Table 2.2 1H NMR comparision among coibamide and synthetic side chains 
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While racemization is a well known side reaction during peptide synthesis, the 

herein observed inversion is very uncommon. For the coupling reactions involving 

secondary amines (N-MeLeu), steric hindrance during the reaction is a major concern, 

causing the coupling rates to be much slower and side reactions, especially 

racemization, become more prevalent. In this case, this issue was exaggerated to an 

extreme. Activated L-N,O-diMeSer in the “tripeptide” 20 did not react with N-Me 

Leu-OBn or at least extremely slowly presumably due to unfavorable steric 

interactions. In comparison, the racemization of L-N,O-diMeSer is a much faster 

reaction, creating a pool of D-N,O-diMeSer containing “tripeptide” 22. Interestingly, 

between the D-N,O-diMeSer and L-MeLeu-OBn, steric hindrance is apparently 

relieved so that they could couple and this provides a driving force for further 

racemization of the unreacted L-isomer. As a result, L-N,O-diMeSer disappeared and 

in the end, only D-N,O-diMeSer was detected in the final product 21, or an 

“inversion” occurred (Figure 2.9). 

Modern synthetic routes to modified peptides generally provide the desired 

sequence in good yield and with high purity, but sometimes less attention is paid to 

the stereoisomeric purity. Although improved coupling reagents and conditions 

generally limit racemization, it is typically assumed that the major coupling product 

will be the one incorporating the starting amino acid enantiomer, with the minor 

product representing the racemized product. But the observations reported herein 

reveal another possibility and serve as a cautionary tale for the above mentioned 

assumptions. We believe that more research attention should be given to “inversion” 

during peptide synthesis and these efforts could provide more in-depth insights into 

peptide synthesis, especially segment coupling strategies, or even make this 

inversion a controlled and useful reaction to generate desired compounds.  
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Figure 2.9 Detailed mechanism for L-to-D inverstion 
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2.2.3 Coupling of the macrocycle and side chain 

 

 
 

Figure 2.10 Attempted synthesis of coibamide A by coupling the macrocycle 
and side chain 

 

Before extensive efforts to optimize the synthesis of the macrocycle and the side 

chain, we first tested the key coupling reaction between them under the traditional 

EDCI/HOAt conditions. To our disappointment, however, this reaction failed to give 

correct coibamide A, but an isomer of coibamide A. According to LC-MS, only a 

tiny peak was observed at m/z = 1286.8, which corresponds to coibamide. HPLC 

purification shown that the yield of coibamide A from this reaction was only about 

1%. Different coupling reagents and solvent systems were tried to improve this 

reaction, but this desired coupling still did not occur. This negative result led us to 

study the nucleophilicity of the secondary amine in N-MeThr. It was found that after 

both the hydroxy and the carboxy ends of N-MeThr has linked with other amino 
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acids, the secondary N-Me amine becomes extremely inert and unavailable for most 

coupling reactions. It is important that the secondary amine of N-MeThr should be 

coupled to other amino acids or peptides before both its hydroxy and carboxy have 

reacted with other amino acids. Based on this finding, we modified the overall 

synthetic strategy and made this difficult amide bond at an earlier stage.  
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2.3 Modified Macrocycle-Side Chain Strategy 

After the unsuccessful coupling attempt between the macrocycle and side chain, 

we realized that the secondary amine of N-MeThr was not a reactive nucleophile, 

especially in this macrocycle structure. To solve this problem, in our follow-up 

attempt, we disconnected coibamide to two subunits: the N-MeLeu-macrocycle and 

the “tripeptide” side chain. The hypothesis was that the secondary amine of 

N-MeLeu, with some distance from the bulky macrocycle, should be accessible for 

the key coupling reaction with the side chain “tripeptide” to achieve coibamide A.  

 

 
 

Figure 2.11 Diconnection for the modified macrocycle-side chain strategy 
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2.3.1 Synthesis of the N-MeLeu-Macrocycle (experiments performed by Dr. Tak 

Suyama) 

 

 
 

Figure 2.12 Synthesis of MeLeu-macrocycle 
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2.3.2 Coupling between the N-MeLeu-macrocycle and the side chain 

 

After removal of the Cbz protecting group by hydrogenation, the 

N-MeLeu-Macrocycle 28 was able to couple with the “tripeptide” 20 under 

EDCI/HOAt conditions to afford a compound at m/z = 1286.8 at about 20-30 % 

purified yield. This “synthetic coibamide”, however, was not identical with the 

natural product coibamide A. Their peak shapes and retention times by HPLC were 

not exactly the same. The 1H NMR spectrum of the synthetic compound indicated it 

was a mixture of at least two rotamers or diastereomers, while the 1H NMR spectrum 

of natural coibamide A shows a rigid structure and only one rotamer. The synthetic 

product also did not possess the biological activity of natural coibamide A in a cell 

viability test. The lack of activity was surprising because even if racemization 

happened to one or more residues and the synthetic compound was a mixture of 

several diastereomers, it should still reasonably retain a certain level of cell toxicity. 

This evidence clearly indicated that no natural coibamide A existed in the synthetic 

compound mixture. We therefore did Marfey’s analysis for the synthetic coibamide 

and examined the peaks by HPLC carefully. We found that, in accordance to what 

happened to the synthesis of the tetrapeptide side chain, in synthetic coibamide A, no 

N,O-diMe L-Ser was detected and only its D-counterpart was present. There are two 

N,O-diMeSer residues in the structure and thus this result meant that both of them 

went through the L-to-D inversion during coupling reactions. Because our current 

macrocycle-side chain strategy was unable to avoid or solve this serine problem, a 

new route for the synthesis of coibamide A was necessary.  
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Figure 2.13 Attepmted synthesis of coibamide by the modified macrocycle-side 
chain strategy 
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2.4 The Y-Strategy 

 

After the unsuccessful macrocycle and side chain attempts, we found it 

necessary to develop other methods for the synthesis of coibamide A and the 

following new strategy was proposed. The structure of coibamide A was 

disconnected to three subunits: the side chain, macrocycle tetrapeptide and tripeptide. 

Ironically, these three segments were the same as the three subunits in our original 

macrocycle/side chain attempts. Instead of building the macrocycle first, herein we 

couple the side chain with the macrocycle tripeptide first to afford a linear 

heptapeptide. Then the ester bond between the hydroxy of N-MeThr and the carboxy 

of N-MeAla will be built to generate the full-size “Y-structure”, which is then 

deprotected and cyclized to produce the target molecule coibamide A. Because the 

preparation of this Y-shaped molecule was the potential key to success, this strategy 

was referred to as the Y-Strategy. 
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Figure 2.14 Y-Strategy. 
 

 

 

 

 

 

 

 

 



	   71	  

2.4.1 Synthesis of the tert-butyl ester side chain 

 

The synthesis of the benzyl protected side chain has been discussed in section 

2.2.2. As part of our efforts to study the permethylation of a given peptide instead of 

methylation of single amino acid only, we also prepared the side chain protected as 

tert-butyl ester. 

This route strictly employed the standard stepwise coupling protocol (Figure 

2.14). To avoid the N,O-diMeSer L-to-D conversion during coupling with 

N-Me-L-Leu, N-Boc-O-MeSer was used to couple with regular L-Leu-OtBu. The 

resulting non-N-methylated dipeptide 29 was then subjected to a dimethylation 

condition (Me2SO4, NaH, H2O, THF, 80%) to give the desired methylated dipeptide 

30 in excellent yield. After removal of Boc by HCl in 1,4-dioxane solution, it was 

coupled with HIV acid to furnish the tripeptide 31. Due to the bulky tert-butyl 

protection group at the C-terminus, no diketopiperazine was formed as a byproduct. 

It is noteworthy that the 1H NMR spectrum of the dipeptide is very complicated 

because, with two N-Me amide bonds, the dipeptide is a mixture of at least three 

rotamers (based on the number of 1H NMR N-methyl peaks). However, after 

incorporation of HIV acid, the tripeptide was locked in only one conformation and 

both 1H and 13C NMR suggested the presence of only one rotamer.  

Finally, the “tripeptide” 31 was reacted with activated N,N-diMeVal to 

construct the “tetrapeptide” side chain 32 in about 30% yield. Because the unreacted 

tripeptide can be recovered from a C18 column after reaction, this yield is acceptable. 

It is interesting that by switching N,N-diMeVal to N-CbzVal, the coupling reaction 

could go to completion and the yield significantly increased to 87%.  
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Figure 2.15 Synthesis of tert-butyl ester side chain 
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2.4.2 Synthesis of the macrocycle tripeptide 

 

To avoid racemization or possible L-to-D conversion, a stepwise coupling 

protocol was again followed. Like in the synthesis of the tert-butyl side chain, a 

similar permethylation strategy was used for the synthesis of the 

N-Boc-N,O-diMeSer-N-MeIle dipeptide 35. After removal of Boc, the dipeptide was 

reacted with N-Cbz-N-MeThr by using EDCI/HOAt to afford the desired tripeptide 

36 in good yield.  

 

 

 

Figure 2.16 Synthesis of the macrocycle tripeptide 
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2.4.3 Synthesis of the macrocycle tetrapeptide 

 

As we have found in the previous attempts, an acyl protected O-MeTyr was 

extremely prone to racemization under regular coupling conditions. Therefore, 

stepwise coupling wisdom was employed instead in this new scheme. It is confimed 

that when the N-terminus of O-MeTyr was protected as carbamate (Boc in this case), 

no racemization was noticed during regular coupling reactions. The three coupling 

reactions went smoothly under EDCI/HOAt conditions and the desired tetrapeptide 

39 was obtained in a high yield with no detectable racemization as indicated by 

Marfey’s analysis. 

 

 

 
Figure 2.17 Synthesis of the macrocycle tetrapeptide 
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2.4.4 Coupling reactions between the three subunits 

 

The preparation of the three subunits 32 (or 25), 36, 39 for the Y-strategy was 

excellent and no racemization or any L-to-D conversion was observed. To remove the 

tert-butyl ester protection from the side chain 32, CeCl3/NaI conditions were used 

instead of the regular TFA/DCM condition. Although the latter condition is able to 

deprotect the tert-butyl ester efficiently, it is very difficult to completely remove 

TFA from the reaction due to the existence of the basic dimethyl valine terminus and 

a trace amount of TFA residue left in the mixture will hamper the following coupling 

reactions. According to the literature, CeCl3 is able to selectively chelate with a 

tert-butyl ester and NaI captures the resulting tert-butyl cation. In our first attempt, 

the amount of CeCl3 and NaI were used as the literature suggested. However, no 

reaction was observed after 8 hrs reflux in MeCN. Then two more equivalents of 

CeCl3 were added and the deprotection reaction successfully took place as expected 

and finished in 2 hrs. With extra carbonyls (possible chelating sites) present in the 

molecule, the specific mechanism for this reaction is definitely more complicated. 

The crude product was purified by a C-18 column using methanol-water as the eluent. 

The N-Me amine of threonine in 36 was unveiled through hydrogenation, and then 

coupled with the side chain by using EDCI/HOAt (20%, no optimization was 

attempted at this stage) to afford the heptapeptide 42. 
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Figure 2.18 Attemps for the preparation of the Y-Structure 

 

After the OBn was removed to furnish the free acid, the tetrapeptide 43 was 

then reacted with the heptapeptide 42 to form the ester bond and thus the Y-structure, 

which is the precursor for cyclization to afford coibamide A. But again, under the 

usually effective EDCI/DMAP condition, no desired product was observed by 

LC-MS. After two days, all EDCI was consumed but the linear heptapetide remained 

unchanged and could be recovered by a C-18 column. Although quite disappointed, 

this result is not totally surprising because we have learned from previous attempts 

that the secondary alcohol in the structure is not a reactive nucleophile. To make this 

reaction work, Yamaguchi conditions, which are also a popular choice for difficult 
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ester bond formations, were also attempted. The tetrapeptide acid 43 was 

pre-activated by reaction with 2,4,6-trichlorobenzoyl chloride and Et3N, then DMAP, 

MePh and heptapeptide were added. The mixture was left at room temperature for 

several hours; no desired compound was detected by LC-MS. Then the mixture was 

slowly heated to 80 degree over 6 hrs with careful and frequent LC-MS monitoring, 

but no desired compound was detected. We then tried Mitsunobu conditions for this 

difficult reaction. If this reaction occurs, the absolute configuration of the junction 

N-Me threonine β-carbon would invert and result in an allo-threonine instead of the 

regular L-Thr in the final compound, but at this stage we were more concerned with 

solving this difficult bond formation problem. Therefore we still used the above 

obtained heptapeptide to test this reaction. The regular DEAD/Ph3P conditions were 

employed, but again no desired peak was observed by LC-MS.  

Although the Y-stratety was not able to generate coibamide, it failed at the step 

to form the Y-structure, but not at the final cyclization step. It is still the most 

promising strategy so far. Some fundamental changes should be made for this 

particular ester bond formation to happen to build the Y-structure, and this will be 

the utmost important task during the next stage for this synthetic project.  

To date, the synthesis of coibamide has not been successful. The reactions are 

usually straightforward between single amino acids or small peptides, but coupling 

becomes extremely difficult and unpredictable after the heptapetide stage according 

to our experience. Therefore, when designing a new route for the next stage synthesis, 

it is very critical to carefully choose the sites for the final two or three coupling steps. 

The general characteristic for all of the bonds, especially the possibility for segment 

coupling sites at late stages of coibamide synthesis, have been summarized below 

and this should be helpful as a guide for future synthetic work.  
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Figure 2.19 General characteristic for the amide bonds of coibamide 
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2.5 Experimental section 

General Experiment Procedures: Optical rotations were measured on a Jasco 

P-1010 polarimeter. NMR spectra were recorded on Bruker Avance III 700 

(5mm 13C cyrogenic probe and BBO probe), Bruker 500 (5mm TXI and BBO probe), 

Bruker DPX-400 (5mm BBI probe), Bruker DRX300 (5mm BBO probe) 

spectrometers. The solvent was used as an internal standard (δC 77.16, H 7.26 for 

CDCl3). LRESIMS data were acquired on a Thermo Finnigan LCQ Advantage 

spectrometer, LC-ESIMS data were obtaind on an AB Sciex 3200 Q TRAP mass 

spectrometer, while HRESIMS data were aquired on AB Sciex Triple TOF 5600 

spectrometers. HPLC was performed using a Shimadzu dual LC-20AD solvent 

delivery system with a Shimadzu SPD-M20A UV/vis photodiode array detector. 

Purification of compounds directly from reaction mixture using C-18 columns 

(RediSep Rf Gold High Permance C18 columns, 5.5g/15.5g) were performed on the 

CombiFlash Rf 200 system. 

Unless otherwise stated, all reactions were carried out in dried glassware 

protected with Argon. All solvents were purified or dried before use: THF distilled 

over Na/benzophenone, EtOH distilled over EtONa, DCM distilled over CaH2, DMF 

dried over 4A molecular sieves. N,N-L-dimethylvaline were purchased from Cayman 

Chemical Company; L-α-hydroxyisovaleric acid (HIVA), Ile-OtBu/HCl from 

Bachem, Boc-Ser(OtBu)-OH, Leu-OtBu/HCl, EDCI from TCI America, HOAt from 

Genscript Corporation. For Marfey’s analysis, FDLA (from TCI America) was used 

instead of the regular marfey’s reagent FDAA, samples are prepared following the 

standard conditions.149 
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2.5.1 Studies toward the Synthesis of Coibamide Side Chains 

 

Boc-N-Me-Leu-OH: 95% NaH (1.08 g, 45 mmol) was suspended in about 25 

ml of anhydrous THF and cooled by water-bath to 17°C. Then to this was added a 

solution of Boc-Leu (2.49 g, 10 mmol, no extra water added because the BocLeu 

used was with one hydrate) in about 20 ml of THF dropwisely over a period of 20 

mins while maintaining the internal temperature at 17°C. The mixture was stirred at 

the same temperature for 10 mins then (CH3)2SO4 (2.84 ml, 31 mmol) was added 

slowly.  

1.5 hrs later, TLC showed the completion of the reaction. Cool the mixture by 

ice-water bath and 25 ml of concentrated NH4OH was added. Stirring was continued 

for another 45 mins at room temperature to destroy the excess dimethyl sulfate. 

Wash the mixture with ethyl ether to remove small amount of impurities. Cool the 

aqueous phase with ice-water bath and acidified with concentrated HCl to pH = 2 

carefully. Extract with EtOAc, combine the organic phase and washed with water 

and brine, dried over anhydrous sodium sulfate. Filtration and removal of the solvent 

afforded the desired product as a white solid (2.29 g, 93%), 1H NMR (300 MHz, 

CDCl3, it is a mixture of two rotamers, ratio about 1:1, the chemical shift of its 

rotamer counterparts, when not overlap to each other, is reported in bracket, the 

integral of hydrogen is counted as the sum of two rotamers) δ 10.20 (brs, 1H, 

COOH), 4.84 (dd, J = 7.5, 7.5 Hz, 1H, leu α-H) [4.61 (dd, J = 10.0, 3.7 Hz, 1H, leu 

α-H)], 2.81[2.79] (s, 3H, NMe), 1.71 (m, 2H, leu β-H), 1.56 (m, 1H, leu γ-H), 1.45 

(brs, 9H, Boc Me), 0.95 (d, J = 6.0Hz, 3H, leu Me), 0.93 (d, J = 6.0Hz, 3H, leu Me). 
13C NMR (75 MHz, CDCl3) δ 178.00 [177.89], 156.61 [155.64] (boc OCO), 80.56 

[80.41] (boc C), 57.00 [56.24] (leu α-C), 37.80 [37.29] (leu β-H), 30.73 [30.56] 

(NMe), 28.32 (boc Me), 24.93 [24.65] (leu γ-C), 23.16 (leu Me), 21.27 [21.11] (leu 

Me) 
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Boc-N-Me-Leu-OBn: To a solution of Boc-N-MeLeu-OH (1 g, 4.08 mmol) in 

DMF (10 ml) was added Li2CO3 (0.59 g, 8 mmol) under argon atmosphere and 

cooled with ice-water bath, then benzyl bromide (1.4 ml, 12 mmol) was injected. The 

reaction was stirred at 0°C for 1 h and at room temperature for 12 hrs. This mixture 

was then poured into water (100 ml) and extracted with EtOAc. The organic phase 

was combined and dried over anhydrous Na2SO4. Filtration followed by solvent 

removal gave the crude product (mixed with excess BnBr), which was purified by 

chromatography (silica gel, EtOAc-Hexanes, 1:20), giving the desired compound as 

a colorless oil (1.37 g, 86%). 1H NMR (300 MHz, CDCl3, it is a mixture of two 

rotamers, ratio about 1.1:1, the chemical shift of its rotamer counterparts, when not 

overlap to each other, is reported in bracket. The integral of hydrogen is counted as 

the sum of two rotamers) δ 7.40 – 7.30 (m, 5H, Ar-H), 5.15 [5.14] (s, 2H, OBn CH2), 

4.93 (dd, J = 8.0, 8.0 Hz, 1H, leu α-H) [4.61 (dd, J = 10.8, 5.0 Hz, 1H, leu α-H)], 

2.80 [2.75] (s, 3H, NMe), 1.71 (m, 2H, leu β-H), 1.56 (m, 1H, leu γ-H), 1.45 [1.41] (s, 

9H, Boc Me), 0.94 (d, J = 6.6 Hz, 3H, leu Me), 0.92 (d, J = 6.0Hz, 3H, leu Me). 13C 

NMR (75 MHz, CDCl3) δ 172.40 [172.14], 155.25 [155.80] (boc OCO), 135.71 

[135.82] (Ar-C), 128.57 [128.52] (Ar-C), 128.28 [128.13] (Ar-C), 128.02 [127.93] 

(Ar-C), 80.22 [79.92] (boc C), 66.61 [66.55] (OBn CH2), 57.23 [56.03] (leu α-C), 

37.83 [37.41] (leu β-H), 30.42 [30.52] (NMe), 28.35 [28.30] (boc Me), 24.93 [24.61] 

(leu γ-C), 23.31 [23.27] (leu Me), 21.32 [21.15] (leu Me) 

 

N-Me-Leu-OBn: Boc-N-MeLeu-OBn (1.024 g, 3.06 mmol) was dissolved in 

4N HCl in 1,4-dioxane (about 10 ml), and the mixture was left at room temperature 

for 30 min. The solvent was then removed by rotary evaporator, after further dried 

under high vacuum the residue was used for next reaction.  

Small amount of this product was taken out, dissolved into EtOAc and washed 

with diluted Na2CO3 solution. After removal of EtOAc, the residue was used for 

NMR. 1H NMR (300 MHz, CDCl3) δ 7.40 – 7.30 (m, 5H, Ar-H), 5.18, 5.15 (ABq, J 
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= 12.3 Hz,, 2H, OBn CH2), 3.23 (dd, J = 7.2, 7.2 Hz, leu α-H), 2.35 (s, 3H, NMe), 

1.67 (m, 1H), 1.52 – 1.44 (m, 3H), 0.91 (d, J = 6.7 Hz, leu Me), 0.88 (d, J = 6.7 Hz, 

leu Me), 13C NMR (75 MHz, CDCl3) δ 175.73, 135.89 (Ar-C), 128.57 (Ar-C), 

128.29 (Ar-C), 128.24 (Ar-C), 66.31 (OBn CH2), 61.84 (leu α-C), 42.65 (leu β-H), 

34.72 (NMe), 24.94 (leu γ-C), 22.64 (leu Me), 22.40 (leu Me) 

 

Boc-N-MeSer(OMe)-N-MeLeu-OBn (23): Boc-N-MeLeu-OBn (1.024 g, 3.06 

mmol) was dissolved in 4N HCl in 1,4-dioxane (about 10 ml), and the mixture was 

left at room temperature for 30 min. The solvent was then removed by rotary 

evaporator, after further dried under high vacuum the residue was used for next 

reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added 

Boc-N-Me-Ser(OMe)-OH (717 mg, 3.08 mmol), HOAt (500 mg, 3.7 mmol) and 

EDCI (704 mg, 3.7 mmol) under argon atmosphere and cooled with ice-water bath, 

then 2,4,6-trimethylpyridine (TMP, 0.6 ml, 4.6 mmol) was injected. This mixture 

was stirred at 0°C for 1 h and at room temperature overnight. The reaction was 

quenched by adding EtOAc (100 ml), washed with 1N HCl (15 ml), saturated 

NaHCO3 (15 ml), brine (15 ml) and dried over anhydrous Na2SO4.  Filtration 

followed by solvent removal gave an oil which was purified by chromatography 

(silica gel, EtOAc-Hexanes, 1:4), giving the desired compound as a colorless sticky 

oil (780 mg, 57% for two steps), 1H NMR (500 MHz, CDCl3, the product was a 

mixture of at least 3 rotamers, maybe 4, ratio about 3:1:1, major rotamers reported 

regularly, minor rotamers in bracket) δ 7.39 – 7.28 (m, 5H, Ar-H), 5.30 [4.85 4.68] 

(m, leu α-H), 5.24 [5.03, 4.95] (m, 1H, ser α-H), 5.19 – 5.07 (m, 2H, OBn CH2), 

[4.70?], 3.78 -3.59 (m, 2H, ser β-H), 3.34 (s, 3H, ser O-Me), 2.94 (N-Me), [2.93], 

[2.90], [2.79], 2.76 (NMe), [2.58], [2.56], 1.74 (m, 2H, leu β-H), 1.46 [1.55] (m, 1H, 

leu γ-CH), 1.46 [1.47, 1.43, 1.41] (s, 9H, Boc Me), 0.93 [1.02, 0.97, 0.89] (d, 6H, leu 

Me). 
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HIV-N-MeSer(OMe)-N-MeLeu-OBn (24): Boc-N-MeSer(OMe)-N-MeLeu- 

OBn (295 mg, 0.66 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), and 

the mixture was left at room temperature for 30 min. The solvent was then removed 

by rotary evaporator, after further dried under high vacuum the residue was used for 

next reaction.  

To a solution of the above obtained residue in DCM (5 ml) was added 

L-hydroisovaleric acid (78 mg, 0.66 mmol), HOAt (89 mg, 0.66 mmol) and EDCI 

(151 mg, 0.79 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 130 ul, 1 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. About 1g of celite was 

added. After drying down, the powers with crude product was loaded onto 

combi-flash C18 column (5.5g, gold grade). The fractions with pure product was 

combined and concentrated giving the desired product as a white solid (134 mg, 45% 

2 steps), From the column, also another product was obtained, this has been 

confirmed by LC-MS and NMR that it is HIV-HIV-N-MeSer(OMe)-N-MeLeu-OBn 

(70mg),  1H NMR (500 MHz, CDCl3, desired compound, it is most locked as one 

rotamer, about 90% estimated based on NMR integral) δ 7.39 – 7.29 (m, 5H, Ar-H), 

5.68 (dd, J = 9.2, 5.2 Hz, 1H, ser α-H) [5.61 (dd, J = 7.1Hz), 5.23 (dd, J = 9.5, 6.5 Hz, 

1H, leu α-H), 5.15, 5.11 (ABq, J = 12.3 Hz, 2H, OBn CH2), 4.25 (dd, J = 7.4, 2.3 Hz, 

1H, HIV α-H), 3.75 (dd, J = 10.7, 9.2 Hz, 1H, ser β-H), 3.58 (dd, J = 10.7, 5.2 Hz, 

1H, ser β-H), 3.43 (d, J = 7.4 Hz, 1H, HIV OH), 3.32 [3.33] (s, 3H, ser OMe), 2.964 

(s, 3H, NMe), 2.961 (s, 3H, NMe), [2.83, 2.76], 1.86 (qqd, 1H, J = 6.9, 6.7, 2.3 Hz, 

HIV β-H), 1.74 (m, 2H, leu β-H), 1.38 (m, 1H, leu γ-CH), 1.07 (d, J = 6.9 Hz, 3H, 

HIV Me), 0.92 (d, J = 6.7 Hz, 3H, leu Me), 0.87 (d, J = 6.5 Hz, 3H, leu Me), 0.76 (d, 

J = 6.7 Hz, 3H, HIV Me). 13C NMR (125 MHz, CDCl3) δ 174.91, 171.40, 169.98, 

135.64 (Ar-C), 128.77 (Ar-C), 128.57(Ar-C), 128.32 (Ar-C), 72.69 (HIV α-C), 68.72 

(ser β-C), 67.14 (OBn CH2), 59.14 (ser OMe), 55.00 (leu α-C), 53.11 (ser α-C), 
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37.09 (leu β-C), 31.56 (NMe), 31.14 (HIV β-C), 30.43 (NMe), 25.06 (leu γ-CH), 

23.42 (leu Me), 21.35 (leu Me), 20.14 (HIV Me), 14.87 (HIV Me). 

DiMeVal-HIV-N-MeSer(OMe)-N-MeLeu-OBn (25): To a solution of 

HIV-N-MeSer (OMe)-N-MeLeu-OBn (124 mg, 0.28 mmol) in DCM (5 ml) was 

added diMe-Val (80 mg, 0.55 mmol), DMAP (10 mg, 0.08 mmol) and EDCI (106 

mg, 0.55 mmol) under argon atmosphere and cooled with ice-water bath. This 

mixture was stirred at 0°C for 1 h and at room temperature overnight. About 1g of 

celite was added. After drying down, the powers with crude product was loaded onto 

combi-flash C18 column (5.5g, gold). The fractions with pure product was combined 

and concentrated giving the desired product as a white solid (131mg, 82%), 1H NMR 

(500 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H, Ar-H), 5.71 (dd, J = 6.9, 6.9 Hz, 1H, ser 

α-H), 5.25 (dd, J = 10.4, 5.5 Hz, 1H, leu α-H), 5.17, 5.13 (ABq, J = 12.3 Hz), 5.04 (d, 

J = 6.8 Hz, 1H, HIV α-H), 3.66 (dd, 2H, ser β-H), 3.28 (s, 3H, ser OMe), 3.09 (s, 3H, 

NMe), 2.93 (s, 3H, NMe), 2.82 (d, J = 10.5 Hz, 1H, dimeval α-H), 2.33 (s, 6H, 

NMe2), 2.13 (dqq, J = 6.8, 6.7, 6.6 Hz, 1H, HIV β-H), 1.99 (dqq, J = 10.5, 6.7, 6.7 

Hz, 1H, val β-H), 1.74 (m, 2H, leu β-H), 1.37 (m, 1H, leu γ-H), 1.01 (d, J = 6.7 Hz, 

3H, HIV Me), 0.98 (d, J = 6.7 Hz, 3H, val Me), 0.96 (d, J = 6.6 Hz, 3H, HIV Me), 

0.90 (d, J = 6.7 Hz, 3H, leu Me), 0.89 (d, J = 6.7 Hz, 3H, val Me), 0.87 (d, J = 6.8 Hz, 

3H, leu Me). 13C NMR (126 MHz, CDCl3) δ 171.75, 171.40, 170.32, 170.17, 135.68 

(Ar-C), 128.74 (Ar-C), 128.49 (Ar-C), 128.26 (Ar-C), 74.62 (HIV α-C), 74.20 (val 

α-C), 69.20 (ser β-C), 67.05 (OBn CH2), 59.02 (ser OMe), 54.99 (leu α-C), 52.08 

(ser α-C), 41.42 (NMe2), 37.15 (leu β-C), 31.57 (NMe), 30.96 (NMe), 30.08 (HIV 

β-C), 27.81 (val β-C), 25.02 (leu γ-C), 23.38 (leu Me), 21.39 (leu Me), 19.72 (val 

Me), 19.47 (val Me), 18.78 (HIV Me), 18.13 (HIV Me). Marfey’s analysis retention 

time (30% to 70% MeCN and 0.1% TFA in H2O over 50 min; 1.0 ml/min, aquasil 

C18): Standerd L-N,O-diMeSer-OH 9.3 min, Standerd D-N,O-diMeSer-OH 9.9 min, 

Standard L-N-MeLeu-OH 18.0 min, found 9.3 min, 18.0 min. 
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Boc-Ser(OMe)-Leu-OtBu (29): To a solution of Boc-Ser(OMe)-OH (456 mg, 

2.08 mmol) in DCM (10 ml) was added Leu-OtBu/HCl (465 mg, 2.08 mmol), HOAt 

(281 mg, 2.1 mmol) and EDCI (480 mg, 2.5 mmol) under argon atmosphere and 

cooled with ice-water bath, then 2,4,6-trimethylpyridine (TMP, 0.41 ml, 3.2 mmol) 

was injected. This mixture was stirred at 0 ℃ for 1 hr and at room temperature 

overnight. The reaction was quenched by adding EtOAc (100 ml), washed with 1N 

HCl (15 ml), saturated NaHCO3 (15 ml), brine (15 ml) and dried over anhydrous 

Na2SO4.  Filtration followed by solvent removal gave an oil which was purified by 

chromatography (silica gel, EtOAc-Hexanes, 1:3), giving the desired compound as a 

colorless sticky oil (688 mg, 85%), 1H NMR (300 MHz, CDCl3) δ 6.93 (brs, 1H, leu 

NH), 5.43 (brs, 1H, ser NH), 4.49 (m, leu α-H), 4.25 (brs, 1H, ser α-H ), 3.78 (dd, J = 

9.0, 3.9 Hz, 1H, ser β-H), 3.47 (dd, J = 9.0, 8.0 Hz, 1H, ser β-H), 3.39 (s, 3H, ser 

O-Me), 1.64 (m, 1H, leu γ-CH), 1.63 (m, 1H, leu β-H), 1.51 (m, 1H, leu β-H), 1.45 (s, 

18H, Boc Me and OtBu Me), 0.93 (d, J = 5.4 Hz, 6H, leu Me). 13C NMR (75 MHz, 

CDCl3) δ 171.18, 170.12, 155.66 (Boc OCO, weak), 81.89 (Boc C), 81.89 (OtBu C), 

72.22 (ser β-C), 59.19 (ser OMe), 53.56 (ser α-C), 51.73 (leu α-C), 42.00 (leu β-C), 

28.43, 28.12, 25.01 (leu γ-CH), 22.97 (leu Me), 22.28 (leu Me). 

 

Boc-N-MeSer(OMe)-N-MeLeu-OtBu (30): 60% NaH (92 mg, 2.3 mmol) was 

suspended in anhydrous THF (5 ml) and cooled by water-bath to about 17°C. Then 

to this was added a solution of Boc-Ser(OMe)-Leu-OtBu (224 mg, 0.58 mmol) in 

THF (50ml, containing 4µl of water, 0.23 mmol) dropwisely over a period of 5mins 

while maintaining the internal temperature at 17°C. The mixture was stired at the 

same temperature for 10 mins then (CH3)2SO4 (164 ul, 1.73 mmol) was injected 

slowly. The reaction was finished almost immediately after (CH3)2SO4 was injected. 

Cool the mixture by ice-water bath and concentrated NH4OH (5 ml) was added. 

Stirring was continued for another 30mins at room temperature to destroy the excess 
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dimethyl sulfate. The mixture was extracted with EtOAc, and the extracts combined 

and washed with washed with 1N HCl (10 ml), saturated NaHCO3 (10 ml), brine (10 

ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent removal gave 

an oil which was purified by chromatography (silica gel, EtOAc-Hexanes, 1:4), 

giving the desired compound as a colorless sticky oil (174 mg, 81%), 1H NMR (500 

MHz, CDCl3, the product was a mixture of at least 3 rotamers, ratio about 3:1:1, 

major rotamers reported regularly, minor rotamers in bracket) δ 5.26 [5.06, 4.95] (m, 

1H, ser α-H), 5.15 [4.57, 4.48] (m, leu α-H), 3.78 -3.62 (m, 2H, ser β-H), 3.36 [3.35] 

(s, 3H, ser O-Me), 2.95 (N-Me), [2.89], [2.81], 2.78 (NMe), [2.70], [2.63], 1.65 [1.76] 

[1.78, 1.59] (m, 2H, leu β-H), 1.45 [1.52] (m, 1H, leu γ-CH), 1.44 [1.49, 1.48. 1.47, 

1.46, 1.45] (s, 18H, Boc Me and OtBu Me), 0.94 [1.03, 0.98, 0.89] (d, 6H, leu Me).  

 

HIV-N-MeSer(OMe)-N-MeLeu-OtBu (31): Boc-N-MeSer(OMe)-N-MeLeu- 

OtBu (82 mg, 0.2 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), and 

the mixture was left at room temperature for 30 min. The solvent was then removed 

by rotary evaporator, after further dried under high vacuum the residue was used for 

next reaction.  

To a solution of the above obtained residue in DCM (5 ml) was added 

L-hydroisovaleric acid (25 mg, 0.21 mmol), HOAt (27 mg, 0.20 mmol) and EDCI 

(42 g, 0.22 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 53 ul, 0.4 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. About 1g of celite was 

added. After drying down, the powers with crude product was loaded onto 

combi-flash C18 column (5.5g, gold). The fractions with pure product was combined 

and concentrated giving the desired product as a white solid (54 mg, 66% 2 steps), 
1H NMR (500 MHz, CDCl3) δ 5.72 (dd, J = 9.1, 5.1 Hz, 1H, ser α-H), 5.13 (dd, J = 

8.7, 7.2 Hz, 1H, leu α-H), 4.27 (d, J = 5.5 Hz, 1H, HIV α-H), 3.81 (dd, J = 10.0, 10.0 

Hz, 1H, ser β-H), 3.65 (dd, J = 10.7, 5.1 Hz, 1H, ser β-H), 3.43 (d, J = 7.6 Hz, 1H, 
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HIV OH), 3.36 (s, 3H, ser OMe), 3.00 (s, 3H, NMe), 2.98 (s, 3H, NMe), 1.90 (m, 1H, 

HIV β-H), 1.66 (m, 2H, leu β-H), 1.44 (s, 9H, OtBu Me), 1.35 (m, 1H, leu γ-CH), 

1.08 (d, J = 6.8 Hz, 3H, HIV Me), 0.92 (d, J = 6.6 Hz, 3H, leu Me), 0.87 (d, J = 6.5 

Hz, 3H, leu Me), 0.78 (d, J = 6.7 Hz, 3H, HIV Me). 13C NMR (100 MHz, CDCl3) δ 

174.92, 170.71, 169.83, 81.84 (OtBu C), 72.71 (HIV α-C), 68.85 (ser β-C), 59.14 (ser 

OMe), 55.31 (leu α-C), 53.08 (ser α-C), 37.26 (leu β-C), 31.24 (NMe), 31.18 (HIV 

β-C), 31.07 (NMe), 28.17 (OtBu Me), 25.15 (leu γ-CH), 23.47 (leu Me), 21.42 (leu 

Me), 20.15 (HIV Me), 14.91 (HIV Me). 

 

DiMe-Val-HIV-N-MeSer(OMe)-N-MeLeu-OtBu (32): To a solution of 

HIV-N-MeSer (OMe)-N-MeLeu-OtBu (53 mg, 0.13 mmol) in DCM (5 ml) was 

added diMe-Val (22 mg, 0.15 mmol), DMAP (4 mg, 0.03 mmol) and EDCI (37 mg, 

0.19 mmol) under argon atmosphere and cooled with ice-water bath. This mixture 

was stirred at 0°C for 1 h and at room temperature overnight. About 1g of celite was 

added. After drying down, the powers with crude product was loaded onto 

combi-flash C18 column (5.5g, gold). The fractions with pure product was combined 

and concentrated giving the desired product as a white solid (26 mg, 38%), 1H NMR 

(400 MHz, CDCl3) δ 5.74 (dd, J = 6.9, 6.9 Hz, 1H, ser α-H), 5.14 (dd, J = 10.0, 5.7 

Hz, 1H, leu α-H), 5.06 (d, J = 6.7 Hz, 1H, HIV α-H), 3.70 (m, 2H, ser β-H), 3.31 (s, 

3H, ser OMe), 3.12 (s, 3H, NMe), 2.96 (s, 3H, NMe), 2.83 (d, J = 10.5 Hz, 1H, 

dimeval α-H), 2.33 (s, 6H, NMe2), 2.16 (m, 1H, HIV β-H), 2.01 (m, 1H, val β-H), 

1.64 (m, 2H, leu β-H), 1.43 (s, 9H, OtBu Me), 1.35 (m, 1H, leu γ-H), 1.02 (d, J = 6.6 

Hz, 3H, HIV Me), 0.98 (d, J = 6.6 Hz, 3H, HIV Me), 0.98 (d, J = 6.6 Hz, 3H, val 

Me), 0.90 (d, J = 6.6 Hz, 3H, val Me), 0.90 (d, J = 6.6 Hz, 3H, leu Me), 0.87 (d, J = 

6.7 Hz, 3H, leu Me). 13C NMR (100 MHz, CDCl3) δ 171.74, 170.67, 170.17, 170.13, 

81.71 (OtBu C), 74.64 (HIV α-C), 74.22 (val α-C), 69.30 (ser β-C), 59.00 (ser OMe), 

55.30 (leu α-C), 52.05 (ser α-C), 41.43 (NMe2), 37.23 (leu β-C), 31.20 (NMe), 30.97 

(NMe), 30.08 (HIV β-C), 28.03 (OtBu Me), 27.83 (val β-C), 25.11(leu γ-C), 23.43 
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(leu Me), 21.46 (leu Me), 19.73 (val Me), 19.47 (val Me), 18.76 (HIV Me), 18.18 

(HIV Me). Marfey’s analysis retention time (30% to 70% MeCN and 0.1% TFA in 

H2O over 50 min; 1.0 ml/min, aquasil C18): Standerd L-N,O-diMeSer-OH 9.3 min, 

Standerd D-N,O-diMeSer-OH 9.9 min, Standard L-N-MeLeu-OH 18.0 min, found 9.3 

min, 18.0 min. 

 

Cbz-Val-HIV-N-MeSer(OMe)-N-MeLeu-OtBu (33): To a solution of 

HIV-N-MeSer (OMe)-N-MeLeu-OtBu (28 mg, 0.067 mmol) in DCM (5 ml) was 

added Cbz-Val (34 mg, 0.13 mmol), DMAP (5.7 mg, 0.046 mmol) and EDCI (26 mg, 

0.1344 mmol) under argon atmosphere and cooled with ice-water bath. This mixture 

was stirred at 0°C for 1 h and at room temperature overnight. About 1g of celite was 

added. After drying down, the powers with crude product was loaded onto 

combi-flash C18 column (5.5g, gold). The fractions with pure product was combined 

and concentrated giving the desired product as a white solid (38 mg, 87%), 
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2.5.2 Synthesis of macrocycle tripeptide and tetrapeptide 

 

BocSer(OMe)-Ile-OtBu (34): To a solution of Boc-Ser(OMe)-OH (1.6 g, 7.3 

mmol) in DCM (10 ml) was added Ile-OtBu/HCl (1.64 g, 7.3 mmol), HOAt (1.18 g, 

8.76 mmol) and EDCI (2.1 g, 11.0 mmol) under argon atmosphere and cooled with 

ice-water bath, then 2,4,6-trimethylpyridine (TMP, 1.74 ml, 13.1 mmol) was injected. 

This mixture was stirred at 0°C for 1 h and at room temperature overnight. The 

reaction was quenched by adding EtOAc (150 ml), washed with 1N HCl (15 ml), 

saturated NaHCO3 (15 ml), brine (15 ml) and dried over anhydrous Na2SO4.  

Filtration followed by solvent removal gave an oil which was purified by 

chromatography (silica gel, EtOAc-Hexanes, 1:4), giving the desired compound as a 

white solid (2.32 g, 82%), 1H NMR (300 MHz, CDCl3) δ 7.08 (brs, 1H, ile NH), 5.43 

(brs, 1H, boc NH), 4.43 (dd, J = 8.5, 4.7 Hz, leu α-H), 4.23 (brs, 1H, ser α-H), 3.78 

(dd, J = 9.0, 3.9 Hz, 1H, ser β-H), 3.47 (dd, J = 9.0, 8.0 Hz, 1H, ser β-H), 3.39 (s, 3H, 

ser O-Me), 1.87 (m, 1H, ile β-H), 1.46 (obsc, 1H, ile γ-CH), 1.46, 1.45 (s, 18H, Boc 

Me and OtBu Me), 1.17 (obsc, 1H, ile γ-CH), 0.93 (dd, J = 7.4, 7.4 Hz, 3H, ile Me), 

0.89 (d, J = 6.9 Hz, 3H, ile Me). 13C NMR (75 MHz, CDCl3) δ 170.59, 170.18, 

155.69 (Boc OCO, weak), 81.99, 80.30 (Boc C and OtBu C), 72.21 (ser β-C), 59.20 

(ser OMe), 57.16 (ile α-C), 53.72 (ser α-C), 38.21 (ile β-C), 28.43, 28.12 (Boc Me 

and OtBu Me), 25.38 (ile γ-C), 15.46 (ile Me, the γ-Me ), 11.84 (ile Me). 

 

Boc-N-MeSer(OMe)-N-MeIle-OtBu (35): 60% NaH (90 mg, 2.2 mmol) was 

suspended in anhydrous THF (5 ml) and cooled by water-bath to about 17°C. Then 

to this was added a solution of Boc-Ser(OMe)-Ile-OtBu (215 mg, 0.55 mmol) in THF 

(5 ml, containing 4µl of water, 0.22 mmol) dropwisely over a period of 5 mins while 

maintaining the internal temperature at 17°C. The mixture was stired at the same 
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temperature for 10 mins then (CH3)2SO4 (157 ul, 1.66 mmol) was injected slowly. 

The reaction was finished almost immediately after (CH3)2SO4 was injected. Cool the 

mixture by ice-water bath and concentrated NH4OH (5 ml) was added. Stirring was 

continued for another 30mins at room temperature to destroy the excess dimethyl 

sulfate. The mixture was extracted with EtOAc, and the extracts combined and 

washed with washed with 1N HCl (10 ml), saturated NaHCO3 (10 ml), brine (10 ml) 

and dried over anhydrous Na2SO4.  Filtration followed by solvent removal gave an 

oil which was purified by chromatography (silica gel, EtOAc-Hexanes, 1:4), giving 

the desired compound as a colorless sticky oil (170 mg, 74%), 1H NMR (500 MHz, 

CDCl3, the product was a mixture of at least 3 rotamers, ratio about 3:1:1, major 

rotamers reported regularly, minor rotamers in bracket) δ 5.26 [ 5.21, 5.03, 4.94] (m, 

1H, ser α-H), 4.83 [4.27, 4.19, 4.10] (m, ile α-H), 3.78 - 3.62 (m, 2H, ser β-H), 3.36 

[3.35] (s, 3H, ser O-Me), 3.06 (N-Me), [2.92], [2.81], 2.80 (NMe), [2.73], [2.68], 

1.98 (m, 1H, ile β-H), 1.46 [1.50, 1.48. 1.45, 1.45, 1.43] (s, 18H, Boc Me and OtBu 

Me), 1.34 (m, 1H, ile γ-C), 1.08 (m, 1H, ile γ-C), 1.03 – 0.70 (m, 6H, ile Me).  

 

Cbz-N-Me-Thr-N-MeSer(OMe)-N-MeIleu-OtBu (36): Boc-N-MeSer(OMe)- 

N-MeIle-OtBu (105 mg, 0.25 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 

5 ml), and the mixture was left at room temperature for 30 min. The solvent was then 

removed by rotary evaporator, after further dried under high vacuum the residue was 

used for next reaction.  

To a solution of the above obtained residue in DCM (5 ml) was added 

Cbz-N-Me-Thr-OH (75 mg, 0.28 mmol), HOAt (34 mg, 0.25 mmol) and EDCI (58 

mg, 0.3 mmol) under argon atmosphere and cooled with ice-water bath, then 2,4,6- 

trimethylpyridine (TMP, 66 ul, 0.5 mmol) was injected. This mixture was stirred at 

0 � for 1 h and at room temperature overnight. The reaction was quenched by adding 

EtOAc (80 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml) brine (15 

ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent removal gave 
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an oil which was purified by chromatography (silica gel, EtOAc-Hexanes, 2:3), 

giving the desired compound as a colorless sticky oil (71 mg, 50% for two steps) , 1H 

NMR was performed on 700 MHz in CDCl3, it is a mixture of over three rotamers, 

the NMR report and assignment is very difficult.  

 

Boc-N-Me-Ala-OH: 95% NaH (1.08 g, 45 mmol) was suspended in about 

25ml of anhydrous THF and cooled by water-bath to 17°C. Then to this was added a 

solution of N-Boc-Leu (2.49 g, 10 mmol, no extra water added because the bocleu 

used was with one hydrate) in about 20ml of THF dropwisely over a period of 

20mins while maintaining the internal temperature at 17°C. The mixture was stired at 

the same temperature for 10 mins then (CH3)2SO4 (2.84 ml, 31 mmol) was added 

slowly.  

One and a half hours later, TLC showed the completion of the reaction. Cool the 

mixture by ice-water bath and 25 ml of concentrated NH4OH was added. Stirring 

was continued for another 30 mins at room temperature to destroy the excess 

dimethyl sulfate. Wash the mixture with ethyl ether to remove small amount of 

impurities. Cooled the aqueous phase with ice-water bath and acidified with 

concentrated HCl to pH=2 carefully. Extract with EtOAc, combine the organic phase 

and washed with water and brine, dried over anhydrous sodium sulfate. Filtration and 

removal of the solvent afforded the desired product as a white solid (2.29g, 93%), 1H 

NMR (300 MHz, CDCl3, it is a mixture of two rotamers, ratio 55:45, the chemical 

shift of its rotamer counterparts, when not overlap to each other, is reported in 

bracket, the integral of hydrogen is counted as the sum of two rotamers) δ 10.70 (brs, 

1H, COOH), 4.82 [4.45] (brs, 1H, Ala α-H), 2.83 (s, 3H, NMe), 1.45 (brs, 9H, Boc 

Me), 1.42(d, J = 7.5 Hz, 3H, Ala Me). 

  

Boc-N-Me-Ala-OBn: To a solution of Boc-N-MeLeu-OH (1 g, 4.08 mmol) in 

DMF (10 ml) was added Li2CO3 (0.59 g, 8 mmol) under argon atmosphere and 
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cooled with ice-water bath, then benzyl bromide (1.4 ml, 12 mmol) was injected. The 

reaction was stirred at 0°C for 1 h and at room temperature for 12 hrs. This mixture 

was then poured into water (100 ml) and extracted with EtOAc. The organic phase 

was combined and dried over anhydrous Na2SO4. Filtration followed by solvent 

removal gave the crude product (mixed with excess BnBr), which was purified by 

chromatography (silica gel, EtOAc-Hexanes, 1:20), giving the desired compound as 

a colorless oil (1.37 g, 86%). 1H NMR (300 MHz, CDCl3, it is a mixture of two 

rotamers, ratio about 1.1:1, the chemical shift of its rotamer counterparts, when not 

overlap to each other, is reported in bracket. The integral of hydrogen is counted as 

the sum of two rotamers) δ 7.38 – 7.28 (m, 5H, Ar-H), 5.15 (s, 2H, OBn CH2), 4.88 

[4.48] (m, 1H, ala α-H), 2.78 [2.85] (s, 3H, NMe), 1.47 – 1.37 (m, 12H, BocMe and 

ala Me) 13C NMR (75 MHz, CDCl3) δ 172.21, 155.96 [155.30] (boc OCO), 135.80 

(Ar-C), 128.53 (Ar-C), 128.14 (Ar-C), 127.97 (Ar-C), 80.22 [80.03] (boc C), 66.65 

(OBn CH2), 53.65 [55.17] (ala α-C), 31.11 [30.53] (NMe), 28.32 (boc Me), 15.25 

[14.79] (ala Me). 

 

Boc-Tyr(OMe)-N-Me-Ala-OBn (37): Boc-N-Me-AlaOBn (460 mg, 1.57 

mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), and the mixture was 

left at room temperature for 30 min. The solvent was then removed by rotary 

evaporator, after further dried under high vacuum the residue was used for next 

reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added 

BocTyr(OMe)-OH ( 463 mg, 1.57 mmol), HOAt (212 mg, 1.57 mmol) and EDCI 

( 362 mg, 1.88 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 0.25 ml, 1.88 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (120ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml) 

brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 
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removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 1:5), giving the desired compound as a colorless sticky oil (379 mg, 

50% for two steps), 1H NMR (700 MHz, CDCl3, the product is a mixture of two 

conformers, ratio about 5 : 1) 1H NMR (700 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H, 

OBn Ar-H), 7.07 [7.10] (d, J = 8.4 Hz, 2H, tyr Ar-H), 6.76 [6.81] (d, J = 8.4 Hz, 2H, 

tyr Ar-H), 5.26 (d, J = 8.8 Hz, 1H), 5.17, 5.13 (ABq, J = 11.9 Hz, 2H, OBn CH2), 

5.12 (obsc, 1H)4.77 [4.82] (q, J = 7,5 Hz, 1H, ala α-H), 3.76 [3.76] (s, 3H, tyr OMe), 

2.95 (dd, J = 13.8, 6.3 Hz, 1H, tyr β-H), 2.84 [2.71] (s, 3H, NMe), 2.79 (dd, J = 13.8, 

6.3 Hz, 1H, tyr β-H), 1.39 (s, 9H, Boc Me), 1.39 (obsc, 3H, ala Me). 13C NMR (100 

MHz, CDCl3), δ 171.95, 171.22, 158.50, 155.10, 135.55, 130.62, 130.44, 128.63, 

128.42, 128.25, 113.77, 79.59, 66.94, 55.21, 53.42, 52.88, 51.70, 38.10, 31.54, 28.33, 

14.15 

 

Boc-N-MeLeu-Tyr(OMe)-N-Me-Ala-OBn (38): Boc-Tyr(OMe)-N-Me- 

AlaOBn (372 mg, 0.79 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), 

and the mixture was left at room temperature for 30 min. The solvent was then 

removed by rotary evaporator, after further dried under high vacuum the residue was 

used for next reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added 

Boc-N-MeLeu-OH (204 mg, 0.83 mmol), HOAt (106 mg, 0.79 mmol) and EDCI 

(182 mg, 0.95 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 0.21 ml, 1.5 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (100 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml) 

brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 

removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 1:3 to 2:3), giving the desired compound as a white foam (359 mg, 

76% for two steps), 1H NMR (700 MHz, CDCl3, the product is a mixture of two 
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conformers, ratio about 5 : 1)  1H NMR (700 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H, 

OBn Ar-H), 7.03 (m, 2, tyr Ar-H), 6.76 (d, J = 8.2 Hz, 2H, tyr Ar-H), 5.25 (brm, 1H), 

5.15 (s, 2H, OBn CH2), 5.08 (brm, 1H), 4.70 [4.52] (brm, 1H), 3.75 [3.76] (s, 3H, tyr 

OMe), 2.99 (dd, J = 14.0, 6.1 Hz, 1H, tyr β-H), 2.91, 2.86 (brs, 3H, NMe), 2.76 (m, 

1H, tyr β-H), 2.57 [2.54] (s, 3H, NMe), 1.58 (m, 2H), 1.46 [1.49] (s, 9H, Boc Me), 

1.40 (m, 3H, ala Me), 0.91 (d, J = 6.6 Hz, 3H, leu Me), 0.87 (d, J = 6.0 Hz, 3H, leu 

Me). 

 

Boc-Ala-N-MeLeu-Tyr(OMe)-N-Me-Ala-OBn (39): Boc-N-MeLeu-Tyr(OMe) 

N-Me-AlaOBn (343 mg, 0.57 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 

5 ml), and the mixture was left at room temperature for 30 min. The solvent was then 

removed by rotary evaporator, after further dried under high vacuum the residue was 

used for next reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added 

Boc-Ala-OH (130 mg, 0.69 mmol), HOAt ( 85mg, 0.63 mmol) and EDCI (132 mg, 

0.69 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 0.12 ml, 0.86 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (100 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml) 

brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 

removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 2:3), giving the desired compound as a white foam (322 mg, 83% 

for two steps), 1H NMR (700 MHz, CDCl3, the product is a mixture of at least two 

conformers, ratio about 5 : 1) 1H NMR (700 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H, 

OBn Ar-H), 7.06 (d, J = 8.0 Hz, 2H, tyr Ar-H), 6.77 (d, J = 8.0 Hz, 2H, tyr Ar-H), 

6.61 (d, J = 7.7 Hz, 1H), 5.39 (d, J = 8.2 Hz, 1H), 5.25 (q, J = 7.1 Hz, 1H), 5.16 (m, 

2H, OBn CH2), 5.09 (dd, J = 13.5, 6.7 Hz, 1H), 4.55 (m, 1H), 3.78 [3.79] (s, 3H, tyr 

OMe), 3.02 (dd, J = 13.8, 5.9 Hz, 1H), 2.88 (s, 3H), 2.80 (m, 1H), 2.77 (s, 3H), 1.65 



	   95	  

(m, 2H), 1.46 [1.46](s, 9H, Boc Me), 1.43 (d, J = 7.2 Hz, 3H), 1.25 (d, J = 6.6 Hz, 

3H), 0.93 (d, J = 6.4 Hz, 3H, leu Me), 0.88 (d, J = 6.1 Hz, 3H, leu Me). 13C NMR 

(176 MHz, CDCl3) δ 174.06, 171.51, 171.29, 170.07, 158.76, 155.31, 135.61, 130.63, 

128.79, 128.74, 128.60, 128.38, 113.92, 79.78, 67.16, 55.36, 54.73, 52.81, 50.24, 

46.65, 37.47, 36.20, 31.43, 30.36, 28.46, 24.76, 23.37, 21.87, 18.58, 14.29.  

Marfey’s analysis retention time (20% to 55% MeCN and 0.1% TFA in H2O over 

45min; 1.0 ml/min, aquasil C18): Standerd L-N-MeAla-OH 22.8 min, 

D-N-MeAla-OH 23.5 min, L-Ala-OH 24.3 min, D-Ala-OH 27.0 min, L-O-MeTyr-OH 

32.1 min, D-O-MeTyr-OH 36.7min,  L-N-MeLeu-OH 33.1 min, D-N-MeLeu-OH 

36.3 min, found 22.9 min, 24.3 min, 31.8min, 33.0min.  

 

2.5.3 Attempts to build the Y-Structure 

 

DiMe-Val-HIV-N-MeSer(OMe)-N-MeLeu-OH (40): To a solution of 

DiMe-Val-HIV-N-MeSer(OMe)-N-MeLeu-OtBu (12mg, 0.022 mmol) in MeCN (3ml) 

was added CeCl3/7H2O (36 mg, 0.1 mmol) and NaI (15mg, 0.09 mmol) under argon. 

Then the mixture was heated to reflux and maintained for 24 hrs. 300 mg of celite 

was added to the reaction mixture, after drying down, the powers with crude product 

was loaded onto combi-flash C18 column (5.5 g, gold). The fractions with pure 

product were combined and concentrated giving the desired product as a white solid 

(9.7 mg, 91%), 

 

Heptapepide (42): Cbz-N-Me-Thr-N-MeSer(OMe)-N-MeIleu-OtBu (11.3 mg, 

0.02 mmol) was dissolved in about 5 ml of freshly distilled EtOH, and this mixture 

was stirred under H2 atmosphere for 8 h. Filtered through celite, the colorless filtrate 

was dried by rotary evaporater and then high vacuum. The resulting white solid 41 

was used for next reaction without further purification. 

The above obtained solid was dissolved in DCM (5 ml), to this solution was 
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added, 40 (9.7mg, 0.02 mmol), HOAt (8 mg, 0.06 mmol) and EDCI (12 mg, 0.06 

mmol) under argon atmosphere and cooled with ice-water bath. This mixture was 

stirred at 0°C for 1 h, at room temperature overnight and then about 0.5 gram of 

celite was added into this solution. The solvent was removed by rotory evaporator 

and the resulting solid power was loaded on the the combi-flash column system 

(C-18 column, 5.5 g). After column purification, the fractions with desired 

compounds were dried down, giving the desired compound as white solid solid (3.9 

mg, 22 %). 

Boc-Ala-N-MeLeu-Tyr(OMe)-N-Me-Ala-OH (43): Boc-Ala-N-MeLeu- 

Tyr(OMe)-N-Me-AlaOBn (320 mg, 0.48 mmol) was dissolved in THF (8 ml), 10% 

Pd/C (30 mg) was added and this mixture was stirred under H2 atmosphere for 8 h. 

Filtered through celite, the colorless filtrate was dried by rotary evaporater and then 

high vacuum. The resulting white solid was used for next reactions without further 

purification (270 mg, 97%). 

 

Y-structure: The heptapeptide 42 (2 mg) and the tetrapeptide acid 43 (2 mg) 

were mixed and dissolved in about 3 ml of DCM. To this solution was added, DMAP 

(0.5 mg) and EDCI (2 mg) under argon atmosphere and cooled with ice-water bath. 

This mixture was stirred at 0°C for 1 h and at room temperature for two days. During 

this period, the reaction was monitored by LC-MS frequently but no desired peak 

was detected. The unreacted heptapeptide was recovered on a C-18 column.  
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3.1 Introduction 

 
As discussed in Chapter Two, the synthesis of coibamide A is a challenging task 

due to its highly methylated nature. Low coupling yields, complete racemization or 

L-to-D configuration inversion, and unpredictable side reactions have imposed 

troubles on the synthesis. While it is important to successfully synthesize coibamide 

A for structure confirmation and extensive biological studies, efforts have been made 

toward the synthesis of coibamide A analogues given the above mentioned problems. 

Because the pharmacological data for coibamide A suggest a unique mechanism and 

no natural coibamide analogues were separated from the field collections or cultures, 

synthesis of coibamide analogues could be of similar importance to the synthesis 

coibamide itself.  

There are two rules guiding us to propose these analogue structures:  

(1) The analogues should be more readily acceccible synthetically 

compared to coibamide A itself; 

(2) The structures of the analogues should reasonably resemble that of 

coibamide A.  

The most straightforward answer to these two rules would be selectively 

removing one or more N-methyls from coibamide A in designing an analogueous 

structure. As one extreme, per-N-desmethyl coibamide A was proposed as the first 

analogue. This structure retains the same overall structure organization, but all of the 

building blocks are regular amino acids in contrast to coibamide A’s NMAAs. It 

would be interesting to test the biological activities of this molecule and compare 

those data with coibamide A’s. 

Because NMAA amide bond formation can be a challenging coupling reaction, 

permethylation of a dipeptide has been applied and met great success during the 

synthesis of the side chain and the macrocycle tripeptide as discussed in Chapter 
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Two. Instead of extensively searching for the best conditions for a troubling coupling 

reaction, we instead coupled non-methylated regular amino acid counterparts 

together first, then permethylated the dipeptide to afford the desired structure with 

excellent yield and optical purity. Therefore, after obtaining per-N-desmethyl 

coibamide, we will apply permethylating condition, such as MeI/NaH, to this 

molecule. Synthetic details and results will be discussed in the following sections.  

 

 
 

Figure 3.1 Structure of per-N-desmethyl coibamide 
 

To continue the pharmacological study of coibamide A, NCI would need at least 

65 milligrams of compound to for initial studies. This dictates that for this synthetic 

project, we should not only synthesize coibamide A or analogues, but should also 

design a synthetic route to reliably supply several hundred milligrams or even gram 

scale amounts of the final compounds. Although the Y-strategy to generate 

coibamide A failed at the ester bond formation step, it possesses many advantages 

compared to the earlier attempts such as lack of racemization and convergence. For 

better overall synthetic yield, convergence is critically important and thus this Y 

strategy is very favorable for our further work. The following analogues were 

designed to resemble the structure of coibamide A closely (Figure 3.2), and by 
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replacing the junction N-MeThr with Ser, a primary alcohol will be used for the 

critical ester bond formation and the chance of success should be much higher. If we 

could successfully obtain the serine-coibamide, then we would take the next step and 

synthesize N-MeSer-Coibamide. The difference between N-MeSer-coibamide and 

coibamide A would be only one methyl group and it is very reasonable to expect that 

this compound should also exhibit toxicity (although perhaps not as much as 

coibamide itself) toward cancer cell lines.  

 

 

Figure 3.2 Structure of Ser-Coibamide and N-MeSer-Coibamide 
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3.2 Synthesis of per-N-desmethyl coibamide and beyond 

 
3.2.1. Macrocycle-side chain strategy 
 

Like the initial synthetic plan for coibamide A, a macrocycle-side chain strategy 

was proposed for the synthesis of per-N-desmethyl coibamide. Although the 

macrocycle and side chain failed to couple in the synthesis of coibamide A, this 

reaction is likely to occur by switching the junction N-MeThr to regular threonine, 

the primary amine of which is a better nucleophile for coupling reactions.  

The strategy for the synthesis of the N-desmethyl macrocycle is similar to that 

for coibamide. The macrocycle was disconnected to two subunits: a 

Boc-Ala-Leu-Tyr(OMe)-OMe tripeptide 46 and a Boc-Ala-(Cbz-Thr)-Ser(OMe)- 

Ile-OAllyl tetrapeptide 47 (Figure 3.3); for the synthesis of each subunit, a strict 

stepwise coupling protocol was followed (Figure 3.4). The yields were excellent and 

no racemization was detected by Marfey’s analysis. In the synthesis of coibamide, 

we have observed tyrosine racemization after the coupling reaction with the 

secondary amine of N-MeAla to afford the heptapeptide. However, in this case for 

the synthesis of desmethyl coibamide, when coupled with the primary amine of Ala, 

no tyrosine racemization was detected. 
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Figure 3.3 Retrosynthetic analysis for the synthesis of per-N-desmethyl coibamide 
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Figure 3.4 Synthetic details for the macrocycle 
 

   The C-terminus of the tripeptide 52 was deprotected by LiOH while the 

N-terminus (Ala) of the tetrapeptide 50 was unveiled by HCl in dioxane. These two 

subunits were coupled together under the standard EDCI/HOAt conditions (75% 

purified yield).  After the O-allyl and N-Boc of 53 were removed by 

Pd(PPh3)4/PhSiH3 and 4N HCl in dioxane, the macrocyclization happened smoothly 

under EDCI/HOAt conditions in a diluted DCM solution (1 mM).  The crude 

macrocycle 54 was purified by silica chromatography (50% EtOAc/Hexane to 5% 

MeOH in DCM) in a good yield (75%), and then hydrogenation released the 
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threonine amine for coupling. It is noteworthy that solvent is very important for this 

hydrogenolysis: EtOH works smoothly and generates pure desired compound 45 

which is used for next reaction without further purification. On the other hand, when 

THF was used as solvent, no desired compound was obtained. Instead, another 

compound with molecular weight 819 (as indicated by LC-MS, peaks at 

820.40/842.40 under positive mode and 818.3 at negative mode) was the sole product. 

The molecular weight of 45 is 747.88, so apparently the byproduct was a complex 

formed from THF and desired product. This is quite uncommon because the THF 

used for this reaction was distilled immediately before use. Because EtOH system 

generated 45 at almost quantitative yield, no more effort was spend figuring out the 

mechanism of the side reaction.  

 

The synthesis of the side chain also followed a stepwise coupling methodology. 

Two side chains were synthesized, one with a dimethyl valine terminal (57) as in the 

structure of coibamide and the other with Boc-Val instead (58). Given that the 

dimethyl valine at the end would make the molecule slightly basic and might be 

difficult to purify, we used the Boc-Val side chain 58 first to study the coupling 

reaction with the macrocycle 45.  

 
Figure 3.5 Synthesis of Boc-per-N-desmethyl side chain and diMeVal-side chain 
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The reaction between the side chain and the macrocycle, however, did not occur 

well under the EDCI/HOAt conditions. LC-MS indicated that only about 30% of the 

macrocycle participated in the coupling reaction. Regular silica chromatography 

followed by an LH-20 size-exclusion column was used for the purification and then 

this “purified” product was used for Marfey’s analysis. To our disappointment, the 

side chain leucine had completely racemized. To improve the yield as well as the 

optical purity, we tried two different coupling reagents: COMU and PyCIU. COMU 

was able to generate only a small amount of product according to LC-MS, while 

PyCIU failed to generate any desired compound. We then decided to modify this 

strategy like we did for the synthesis of coibamide by preparing the Leu-macrocycle 

and a “tripeptide” side chain. It is reasonable to expect that, with some distance from 

the bulky macrocycle, the leucine amine should be more accessible for the key 

coupling reaction with the side chain “tripeptide”. 

 

 
 

Figure 3.6 Attempts to couple the macrocycle and side chain for N-desmethyl 
coibamide 

 
 



	   106	  

3.2.2 Modified Macrocycle-Side Chain Strategy 
 
Overall, it is similar to the regular macrocycle – side chain strategy. The 

Leu-macrycycle was disconnected at the same two sites, resulting in the 

BocAla-Leu-Tyr(OMe)-OMe tripeptide and CbzLeu-Thr(OBocAla)-Ser(OMe)- 

Ile-OAllyl pentapeptide.  

 

 

Figure 3.7 Modifed macrocyle-side chain strategy for per-N-desmethyl coibamide 
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A stepwise coupling order was also employed for the synthesis of the 

pentapeptide 61. After the Boc was removed from BocThr-Ser(OMe)-Ile-OAllyl 62, 

it was coupled with Cbz-Leu under EDCI/HOAt conditions without any protection 

for the side chain β-hydroxy. The ester bond with BocAla was built by using EDCI 

as coupling reagent, catalyzed by DMAP. Then the N-terminus of BocAla of the 

pentapeptide was unveiled by HCl in EtOAc, coupled together with the tripeptide 46 

under standard EDCI/HOAt conditions to generate the octapeptide 65 (75% purified 

yield).   

After the O-allyl and N-Boc were removed by Pd(PPh3)4/PhSiH3 and 4N HCl in 

dioxane, the macrocyclization happened smoothly under EDCI/HOAt conditions in a 

diluted DCM solution (1 mM).  The crude macrocycle was purified by silica 

chromatography (50% EtOAc/Hexane to 100% EoOAc to 5% MeOH in DCM) in 

good yield (75%), and then a hydrogenation (EtOH, 10% Pd/C, hydrogen) released 

the leucine amine 60 for coupling.  
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Figure 3.8 Details for the synthesis of the the Cbz-Leu-macrocycle 66 
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The synthesis of the “tripeptide” side chain also followed a stepwise coupling 

methodology. Two side chains were synthesized as well, one with a dimethyl valine 

terminus (68) and the other with Boc-Val (69) instead. The C-terminus of 

O-Me-BocSer was first protected as a benzyl ester (benzyl bromide, Li2CO3, DMF, 

76%). After removal of the Boc protecting group, it was coupled with HIV acid 

(EDCI, HOAt, 80%). The “dipeptide” 67 was then purified by silica column and 

coupled with BocVal (or diMeVal, EDCI, DMAP) to afford the side chain. The 

benzyl ester was removed by hydrogenation (THF, Pd/C, hydrogen) and the 

“tripeptide acid” was used for the coupling reaction with the Leu-macrocycle without 

further purification. 

 

 

Figure 3.9 Synthesis of the “tripeptide” side chain 
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The reaction between the side chains and the Leu-macrocycle this time went 

smoothly under EDCI/HOAt conditions. After 10 hrs, the reaction mixture was 

directly dry-loaded onto a C-18 column by using celite 545 as adsorbent. After the 

C-18 column, the desired compounds were obtained as white solids and were pure 

based on LC-MS and NMR. The overall yield is about 7% calculated from Boc-Ile. 

No racemization was observed by Marfey’s analysis. A small amount was further 

purified by HPLC and submitted for biological testing, but unfortunately, no toxicity 

was observed against the tesing cell lines.  

 
Figure 3.10 Synthesis of Boc-per-N-desmethyl coibamide (R1 = Boc, R2 = H) and 

diMeVal-desmethyl coibamide (R1 = R2 = Me) 
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Figure 3.11 1H NMR of Boc-per-N-desmethyl coibamide 

 
Figure 3.12 1H NMR of diMeVal-desmethyl coibamide 
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3.2.3 Permethylation of Boc-per-N-desmethyl coibamide 

 

With per-N-desmethyl coibamide in hand, our next step was to per-methylate 

this compound. We have met some success permethylating dipeptides and tripeptides, 

but this full-sized compound is a much more complicated substrate. We first tried 

MeI/NaH conditions and the process of the reaction was monitored by LC-MS. After 

the first 20 min several peaks with higher molecular weights than the starting 

material were observed, however, instead of finishing at a single compound, the 

substrate/products started to decompose quickly after 30 min and a mixture of 

decomposed peptides was obtained which was difficult to characterize. We then tried 

Me2SO4/NaH/H2O conditions, but similar results were observed and no methylated 

full sized peptides were detected. With two labile ester bonds in the structure, 

per-N-desmethyl coibamide presumably is hydrolyzed under the methylating 

conditions and results in decomposed side products. What’s more, we have found 

that serine and threonine are prone to β-elimination under basic conditions, and this 

side reaction is another reason why the permethylating reaction did not go well. With 

these problems, no further efforts were made toward the permethylation of final 

compounds.  

 
 

Figure 3.13 Attempts for the permethylation of desmethyl coibamide 
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3.3 Y-Strategy for the synthesis of coibamide analogues 

 

3.3.1 Synthesis of Ser-Coibamide A 

 

To continue with the study of Y-Strategy, it was applied for the synthesis of 

Ser-Coibamide A. Boc-N,O-diMeSer and N-MeIle-OAllyl were coupled together 

under EDCI/HOAt conditions in a moderate yield. Although the dipeptide 

“permethylation” method works efficiently as shown in previous sections, it 

employed a base-stable tert-butyl ester as the C-terminus protection, which was 

found to be extremely difficult to be removed at a later stage. Therefore, we used the 

allyl ester, which can be removed by Pd(0) under mild conditions, for protection in 

the synthesis of Ser-coibamide A (Figure 3.12). After removal of the N-Boc 

protection, the dipeptide reacted with BocSer(OtBu)-OH in good yield with no 

racemization. The 1H NMR spectrum suggested that the dipeptide 70 was a mixture 

of at least three rotamers while the tripeptide 71 was locked into only one 

conformation. This observation was consistent with that we found during the 

synthesis of the side chain. The Boc protection of the tripeptide was then selectively 

removed by 4N HCl in dioxane, leaving the tert-butyl ether untouched, and the 

product was reacted with the side chain to generate the heptapeptide 73. TFA was 

used to deprotect the tert-butyl ether from the serine side chain to furnish the free 

hydroxy, which then reacted with the tetrapeptide 43 to build the ester bond and 

afford the Y-Structure 74. After the O-allyl and N-Boc were removed by 

Pd(PPh3)4/PhSiH3 and 4N HCl in dioxane, the macrocyclization happened smoothly 

under EDCI/HOAt conditions in a diluted DCM solution (1 mM).  The crude 

product was purified by silica chromatography (1% to 5% MeOH in DCM), a 

combi-flash C-18 column and then HPLC. The overall yield calculated from 

N-Me-Ile-OAllyl is 1.34%.  
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Figure 3.14 Synthesis of Ser-coibamide 

 

It should be noted that although the product was purified by HPLC, there are 

still multiple impurities that were difficult to be removed. The existence of 

Ser-Coibamide was confirmed by LC-MS and Marfeys’s analysis, no clean NMR 

data is availabla at this stage due to the presense of impurities and multiple rotamers 

(Figure 3.15). No biological studies will be performed on this product until the purity 

can be guanranteed. The synthetic process should be optimized as next step goal. 
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Figure 3.15 1H NMR of MeSer coibamide (not pure) 
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3.3.2 Synthesis of N-MeSer Coibamide 

 

With the successful synthesis of Ser-coibamide, we applied the same scheme to 

synthesize N-MeSer coibamide, the structure which is even closer to coibamide. The 

only difference during the preparation was that no protection was used for the 

junction N-MeSer side chain hydroxy. The deprotection of the tert-butyl ether during 

the synthesis of Ser-coibamide was found to be a low-yield reaction (50%, Figure 

3.13) and introduced multiple impurities to the product, so we originally planned to 

use TBDMS as the protection for this N-MeSer side chain hydroxy. But we later 

noticed that Boc-N-Me-O-TBDMS-Ser was a labile compound, decomposing under 

mild coupling conditions, leading to some undesired byproducts which made the 

pufication of the desired peptide very difficult. Therefore, we decided to use 

Boc-N-Me-Ser directly as the building block without protection of the hydroxy. This 

free hydroxy has caused side reactions during synthesis, but because it saved two 

inefficient protection and deprotection steps, we found that the overall yield was still 

better and purification was comparatively easier. The final compound was purified 

by silica chromatography (1% to 5% MeOH in DCM), combi-flash C-18 column and 

HPLC (87% MeOH/water). The comprehensive yield was 2.7% calculated from 

compound 70. About 0.2 mg of N-MeSer coibamide was used for activity test in Dr. 

Jane Ishmael’s lab by Jeff Serrill. It exhibited low micromolar cytotoxicities against 

the testing cell lines. 

The purity of N-MeSer coibamide was confirmed by HPLC, LC-MS and 

Marfey’s analysis. However, the 1H NMR data was not very conclusive whether this 

is a pure compound composed of several rotamers or mixture with other impurities. 

This is actually a very common problem associated with the analysis of 

N-methylated peptides. A novel and authorative stardard should be discussed and 

applied for purity determination within this certain field where NMR is no longer a 

definitive tool.  
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Figure 3.16 Synthesis of N-MeSer coibamide 
 

 

 
 

Figure 3.17 Preliminary activity test result for N-MeSer Coibamide 
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Figure 3.18 1H NMR of N-MeSer Coibamide 
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3.4 Conclusion 

To date, two strategies for coibamide A and coibamide A analogues were 

proposed and attempted: the macrocycle-side chain strategy and the Y-strategy. 

Many peptides adopt such macrocycle-side chain structures, so we hope that our 

work with these two strategies sheds light on the synthetic analysis of these 

compounds. In practice, we were able to synthesize several desmethyl coibamide 

analogues by the macrocycle-side chain methodology, but it failed to generate 

coibamide mostly due to N,O-diMeSer L-to-D conversion and O-MeTyr racemization. 

The Y-strategy was very effective and convergent for the synthesis of the two 

analogues, Ser-coibamide and N-MeSer-coibamide, although more optimization 

work should be done to achieve better yields and easier purification. In Chapter 2, we 

concluded that the Y-strategy was a very promising synthetic approach for coibamide 

A, and this conclusion has definitely been strongly supported by the successful 

synthesis of N-Me Ser-coibamide, considering the structural similarities between 

these two compounds. The synthesis of coibamide A, then, boils down to one 

problem: how to get the full-sized Y-strucure? To answer this question, three factors 

should be considered: 1), to avoid the N,O-diMeSer L-to-D conversion; 2), to avoid 

the O-MeTyr racemization; 3), to assemble the difficult ester bond at a relatively 

early stage. With the guidance of Figure 2.19, a very reasonable and potentially 

successful synthetic route for coibamide A was proposed (Figure 3.19).  
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Figure 3.19 New strategy for the synthesis of coibamide A based on the Y-strategy 
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3.5 Experimental section 

 

3.5.1 Synthesis of per-N-desmethyl coibadmide 

 

Boc-Ile-OAllyl: To a solution of Boc-Ile-OH (2.4 g, 10 mmol) in DCM (30 ml) 

was added DMAP (305 mg, 2.5 mmol) and EDCI ( 3.82 g, 20 mmol) under argon 

atmosphere and cooled with ice-water bath, then allyl alcohol ( 0.816 ml, 12 mmol) 

was injected. The reaction was stirred at 0°C for 1 h and at room temperature for two 

hours. This mixture was then diluted with DCM (70 ml) and washed with 1N HCl 

(15 ml), saturated NaHCO3, brine (15 ml). Drying over anhydrous Na2SO4 and 

filtration followed by solvent removal gave an oil which was purified by 

chromatography (silica gel, EtOAc-Hexanes, 1:20 to 1:10), giving the desired 

compound as a colorless oil (2.53 g, 94%): 1H NMR (300 MHz, CDCl3) δ 5.90 (ddt, 

J = 17.2, 10.4, 5.4 Hz, 1H, vinyl CH), 5.34 (d, J = 17.2 Hz, 1H, vinyl trans-CH), 5.25 

(d, J = 10.4 Hz, 1H, vinyl cis-CH), 5.01 (d, J = 5.7 Hz, 1H, NH), 4.73 – 4.49 (m, 2H, 

allyl CH2), 4.29 (br m, 1H, α-H), 1.87 (br m, 1H, β-H), 1.44 (s, 9H, Boc Me), 1.44 

(m, 1H, γ-CH2), 1.25 (m, 1H, γ-CH2), 1.02 – 0.79 (m, 6H, Ile-Me). 13C NMR (75 

MHz, CDCl3) δ 172.23 (COO), 155.70 (Boc OCO), 131.89 (vinyl CH), 118.90 (vinyl 

OCH2), 79.91(Boc C), 65.79 (allyl OCH2), 58.09 (α-CH), 38.27 (β-CH), 28.48 (Boc 

Me), 25.18 (γ-CH2), 15.68 (γ-Me), 11.76 (Me). 

 

Boc-Ser(OMe)-OH: To a solution of Boc-Ser (4.1 g, 20 mmol) in THF (100 ml, 

freshly distilled over Na/benzophenone) was added MeONa solution ( 60 ml, freshly 

prepared by mixing 3.33 g of 60% NaH, 12 ml of MeOH and 110 ml of THF), and 

this mixture was stirred at room temperature for 1 h. MeI(2 ml) in THF (10 ml) was 

injected and the mixture was stirred for another hour. The reminder of the MeONa 

solution and MeI (2 ml) in THF (10 ml) were added and the mixture was left at room 
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temperature stirring vigorously for 18 hrs. The solvent was removed with a rotary 

evaporator, the residue was dissolved in water (100 ml), and the solution was washed 

with ether (2 × 20 ml) and acidified at 0°C with solid citrid acid. The resulting 

mixture was extracted with EtOAc (3 × 80ml), and the extracts combined and 

washed with diluted Na2S2O3 (2 × 10 ml) and brine (20 ml), dried over anhydrous 

Na2SO4 and concentrated to an oil. The oil contains Boc-Ser(OMe)-OH and 

unreacted Boc-Ser in a 1:1 ratio as indicated by TLC (4 ml of EtOAc and one drop of 

HOAc, ninhydrin stained). This mixture was dissolved in DCM (200 ml), washed 

with water for several times until no Boc-Ser could be detected by TLC, dried over 

anhydrous Na2SO4 and concentrated. Boc-Ser(OMe)-OH was obtained as a colorless 

sticky oil (1.55 g, 36%) , which was used directly for next step without further 

purifications. 1H NMR (700 MHz, CDCl3) δ 10.44 (brs, 1H, COOH), 5.42 (d, J = 8.2 

Hz, 1H, NH), 4.44 (m, 1H, α-H), 3.84 (m, 1H, β-H), 3.61 (dd, J = 9.2, 2.4 Hz, 1H, 

β-H), 3.35 (s, 3H), 1.44 (s, 9H). 13C NMR (176 MHz, CDCl3) δ 175.42 (COOH), 

155.87 (boc OCO), 80.44 (Boc C), 72.33 (β-C), 59.41 (OMe), 53.86 (α-C), 28.40 

(Boc Me). 
 
Boc-Ser(OMe)-Ile-OAllyl (48): Boc-Ile-OAllyl (1.3 g, 4.8 mmol) was 

dissolved in 4N HCl in 1,4-dioxane (about 10 ml), and the mixture was left at room 

temperature for 30 min. The solvent was then removed by rotary evaporator, after 

further dried under high vacuum the residue was used for next reaction.  

To a solution of the above obtained residue in DCM (15 ml) was added 

Boc-Ser(OMe)-OH (1.05 g, 4.8 mmol), HOAt (780 mg, 5.8 mmol) and EDCI ( 1.38 

g, 7.2 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 1.1 ml, 8.6 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (120 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml), 

brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 
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removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 1:5), giving the desired compound as a colorless sticky oil (1.62 g, 

91% for two steps), 1H NMR (300 MHz, CDCl3) δ 7.08 (brs, 1H, ile NH), 5.90 (ddt, 

J = 17.2, 10.4, 5.4 Hz, 1H, vinyl CH), 5.42 (obsc, 1H, ser NH, 5.33 (d, J = 17.2 Hz, 

1H, vinyl trans-CH), 5.25 (d, J = 10.4 Hz, 1H, vinyl cis-CH), 4.62 (m, 2H, allyl 

OCH2), 4.58 (dd, J = 8.4, 4.8 Hz, ile α-H), 4.23 (brs, 1H, ser α-H ), 3.79 (dd, J = 9.0, 

3.9 Hz, 1H, ser β-H), 3.45 (dd, J = 9.0, 7.3 Hz, 1H, ser β-H), 3.42 (s, 3H, ser O-Me), 

1.91 (m, 1H, ile β-H), 1.45 (s, 9H, Boc Me), 1.45 (m, 1H, ile γ-CH2), 1.21 (m, 1H, ile 

γ-CH2), 0.99 – 0.81 (m, 6H, ile Me). 13C NMR (75 MHz, CDCl3) δ 171.16, 170.28, 

155.47 (Boc OCO), 131.62 (vinyl CH), 118.84 (vinyl CH2), 80.22 (Boc C), 71.99 

(ser β-C), 65.70 (allyl OCH2) 59.03 (ser OMe), 56.66 (ile α-C), 53.52 (ser α-C), 

37.87 (ile β-C), 28.27 (Boc Me), 25.02 (ile γ-CH2), 15.47 (ile Me), 11.54 (ile Me). 

 

Boc-Thr-Ser(OMe)-Ile-OAllyl (62): Boc-Ser(OMe)-Ile-OAllyl (1.61 g, 4.8 

mmol) was dissolved in 4N HCl in 1,4-dioxane (about 7 ml), and the mixture was 

left at room temperature for 30 min. The solvent was then removed by rotary 

evaporator, after further dried under high vacuum the residue was used for next 

reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added 

Boc-Thr-OH (1.05 g, 4.8 mmol), HOAt (700 mg, 5.2 mmol) and EDCI ( 995 mg, 5.2 

mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 1.1 ml, 8.6 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (100 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml), 

brine (15 ml) and dried over anhydrous Na2SO4. Filtration followed by solvent 

removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 3:2), giving the desired compound as white foam (1.77 g, 86% for 

two steps), 1H NMR (300 MHz, CDCl3) δ 7.15 (d, J = 8.6 Hz, 1H, ile NH), 7.09 (d, J 
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= 7.4 Hz, 1H, ser NH), 5.90 (ddt, J = 17.2, 10.4, 5.4 Hz, 1H, vinyl CH), 5.45 (d, J = 

7.0 Hz, 1H, thr NH), 5.33 (d, J = 17.2 Hz, 1H, vinyl trans-CH), 5.26 (d, J = 10.4 Hz, 

1H, vinyl cis-CH), 4.62 (m, 2H, allyl CH2), 4.59 (obsc, 1H, ile α-H), 4.57 (obsc, 1H, 

ser α-H), 4.32 (br m, 1H, thr β-H), 4.18 (d, J = 7.0 Hz, 1H, thr α-H), 3.81 (dd, J = 9.0, 

3.8 Hz, 1H, ser β-H), 3.50 (dd, J = 9.0, 6.7 Hz, 1H, ser β-H), 3.39 (s, 3H, ser OMe), 

3.20 (s, 1H, thr OH), 1.90 (m, 1H, ile β-H), 1.45 (s, 9H, Boc Me), 1.45 (m, 1H, ile 

γ-CH2), 1.21 (m, 1H, ile γ-CH2), 1.20 (d, J = 6.4 Hz, 3H, thr γ-Me), 0.99-0.81 (m, 6H, 

ile Me). 13C NMR (75 MHz, CDCl3) δ 171.39, 171.06, 169.61, 156.03 (Boc OCO), 

131.54 (vinyl CH), 118.95 (vinyl CH2), 80.32 (Boc C), 71.55(ser β-C), 67.32 (thr β-C), 

65.82 (allyl OCH2), 59.10 (ser OMe), 58.22 (thr α-C), 56.77 (ile α-C), 52.81 (ser α-C), 

37.87 (ile β-C), 28.27 (Boc Me), 25.03 (ile γ-CH2), 18.23 (thr γ-Me), 15.41 (ile Me), 

11.52 (ile Me). 

 

Cbz-Leu-Thr-Ser(OMe)-Ile-OAllyl (63): Boc-Thr-Ser(OMe)-Ile-OAllyl (1.17 

g, 2.8 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), and the mixture 

was left at room temperature for 30 min. The solvent was then removed by rotary 

evaporator, after further dried under high vacuum the residue was used for next 

reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added 

Cbz-Leu-OH (911 mg, 3.4 mmol), HOAt (460 mg, 3.4 mmol) and EDCI (825 mg, 

4.3 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 0.78 ml, 5.9 mmol) was injected. This mixture was 

stirred at 0 °C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (100 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml), 

brine (15 ml) and dried over anhydrous Na2SO4. Filtration followed by solvent 

removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 1:1), giving the desired compound as white foam (700 mg, reason 

for some a low yield unkown. Small scale reaction had better yield, reason for low 
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yield of this large scale unknown), 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.30 (m, 5H, 

cbz Ar-H), 7.22 (d, J = 8.8 Hz, 1H, ile NH), 7.19 (d, J = 8.0 Hz, 1H, ser NH), 7.05 (d, 

J = 7.7 Hz, 1H, thr NH), 5.89 (ddt, J = 17.4, 10.4, 5.8Hz, 1H, vinyl CH), 5.33 (dtd, J 

= 17.4, 1.5, 1.2 Hz, 1H, vinyl CH, trans), 5.31 (obsc, 1H, cbzleu NH), 5.25 (dtd, J = 

10.4, 1.5, 1.2 Hz, 1H, vinyl CH, cis), 5.10 (s, 2H, cbz CH2), 4.63 (m, 1H, ser α-H), 

4.61 (m, 2H, allyl OCH2), 4.59 (m, 1H, ile α-H), 4.49 (dd, J = 7.7, 3.0 Hz, 1H, thr 

α-H), 4.33 (br s, 1H, thr β-H), 4.25 (m, 1H, leu α-H), 3.78 (dd, J = 9.2, 4.2 Hz, 1H, 

ser β-H), 3.54 (m, 1H, ser β-H), 3.37 (s, 1H, ser OMe), 1.90 (m, 1H, ile β-H), 1.66 

(m, 1H, leu γ-CH), 1.63 (m, 1H, leu β-H), 1.53 (ddd, J = 13.4, 5.0, 5.0 Hz, 1H, leu 

β-H), 1.42 (m, 1H, ile γ-CH), 1.18 (m, 1H, ile γ-CH), 1.15 (d, J = 6.1 Hz, 3H, thr 

Me), 0.96 – 0.87 (m, 12H, leu/ile Me). 13C NMR (176 MHz, CDCl3) δ 172.93, 

171.54, 170.45, 169.73, 156.51 (cbz oco), 136.18 (Ar-C), 131.69 (vinyl CH), 128.72 

(Ar-C), 128.41 (Ar-C), 128.21 (Ar-C), 119.12 (vinyl CH2), 71.76 (ser β-C) , 67.36 

(cbz CH2), 67.13 (thr β-C), 65.98 (allyl OCH2), 59.25 (ser OMe), 57.47 (thr α-C), 

56.93 (ile α-C), 53.99 (leu α-C), 53.03 (ser α-C), 41.61 (leu β-C), 37.99 (ile β-C), 

25.17 (ile γ-CH2), 24.88 (leu γ-CH), 23.12 (leu Me), 21.99 (leu Me), 18.37 ( thr Me), 

15.57 (ile Me), 11.72 (ile Me). 

 

Cbz-Leu-Thr(BocAla)-Ser(OMe)-Ile-OAllyl (64): To a solution of 

Cbz-Leu-Thr- Ser(OMe)-Ile-OAllyl (668 mg, 1.08 mmol) in DCM (10 ml) was 

added Boc-Ala-OH (246 mg, 1.3 mmol), DMAP (42 mg, 0.33 mmol) and EDCI (310 

mg, 1.61 mmol) under argon atmosphere and cooled with ice-water bath. This 

mixture was stirred at 0°C for 1 h and at room temperature overnight. The reaction 

was quenched by adding EtOAc (80 ml), washed with 1N HCl (15 ml), saturated 

NaHCO3 (15 ml), brine (15 ml) and dried over anhydrous Na2SO4. Filtration 

followed by solvent removal gave an oil which was purified by chromatography 

(silica gel, EtOAc-Hexanes, 1:1), giving the desired compound as white foam (768 

mg, 90%), 1H NMR (500 MHz, CDCl3) δ 7.38 – 7.29 (m, 5H, Cbz Ar-H), 7.28 (obsc, 
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1H, thr NH), 7.09 (d, J = 8.4 Hz, 1H, ile NH), 7.00 (d, J = 6.5 Hz, 1H, Ser NH), 5.90 

(ddt, J = 17.2, 10.4, 5.2 Hz, 1H, vinyl CH), 5.65 (d, J = 7.0 Hz, 1H), 5.37 (obsc, 1H, 

thr β-H), 5.34 (dtd, J = 17.2, 1.5, 1.2 Hz, 1H, vinyl trans-CH), 5.25 (dtd, J = 10.4, 1.2, 

1.2 Hz, 1H, vinyl cis-CH), 5.14, 5.08 (ABq, 2H, J = 12.0 Hz, cbz CH2), 5.06 (d, 1H, 

J = 7.2 Hz, ala NH), 4.62 (m, 2H, allyl CH2), 4.59 (obsc, 1H, ile α-H), 4.55 (obsc, 

1H,ser α-H), 4.55 (obsc, 1H, thr α-H), 4.26 (br m, 1H, leu α-H), 4.15 (dq, J = 7.2, 7.2 

Hz, 1H, ala α-H), 3.78 (dd, J = 8.7, 4.2 Hz, 1H, ser β-H), 3.48 (m, 1H, ser β-H), 3.39 

(s, 3H, ser OMe), 1.92 (m, 1H, ile β-H), 1.72 (m, 1H, leu β-H), 1.68 (m, 1H, leu γ-H), 

1.56 (m, 1H, leu β-H), 1.44 (m, 1H, ile γ-H), 1.37 (obsc, 3H, ala Me), 1.37 (s, 9H, 

boc Me), 1.26 (d, J = 5.1 Hz, 3H, thr Me), 1.21 (m, 1H, ile γ-H), 0.97 – 0.86 (m, 12H, 

leu/ile 4 Me), 13C NMR (176 MHz, CDCl3) δ 172.82, 172.50, 171.14, 169.49, 168.41, 

156.55, 155.59, 136.21(cbz Ar), 131.64(vinyl CH), 128.51(cbz Ar), 128.17 (cbz Ar), 

118.92 (vinyl CH2), 80.33 (boc C), 71.31 (ser β-C) , 69.57 (thr β-C), 67.19 (cbz CH2), 

65.77 (allyl OCH2), 59.05 (ser OMe), 56.77 (ile α-C), 56.38 (thr α-C), 53.74 (leu 

α-C) , 52.69(ser α-C), 49.52 (ala α-C), 40.82 (leu β-C), 37.77 (ile β-C), 28.29 (Boc 

Me), 25.09 (ile γ-CH2), 24.76 (leu γ-CH), 23.10 (leu Me), 21.58 (leu Me), 17.29 (ala 

Me), 16.28 (thr Me), 15.49 (ile Me), 11.61 (ile Me). 

 

Boc-Tyr(OMe)-OMe: To a solution of Boc-Tyr-OH (8.358 g, 29.7 mmol) in 

acetone (150 ml) was added K2CO3 (20 g, 149 mmol) and MeI (5.5 ml, 90 mmol) 

under argon atmosphere, and stirred at 60°C for 10 h. The reaction mixture was then 

filtered to remove the solid, and the filtrate was dried to give an oil which was 

purified by chromatography (silica gel, EtOAc-Hexanes, 1:3), affording the desired 

compound as a white solid (8.96 g, 98%), 1H NMR (500 MHz, CDCl3) δ 7.06 (d, J = 

8.4 Hz, 2H, tyr Ar-H), 6.85 (d, J = 8.4 Hz, 2H, tyr Ar-H), 4.98 (d, J = 6.8 Hz, 1H, 

NH), 4.63 – 4.46 (m, 1H, α-H), 3.81 (s, 3H, Ar-OMe), 3.74 (s, 3H, COOMe), 3.05 

(m, 2H, β-CH2), 1.45 (s, 9H, Boc Me). 13C NMR (126 MHz, CDCl3) δ 172.44 (COO), 

158.67 (boc OCO), 155.11 (Ar-C), 130.29 (Ar-C), 127.94 (Ar-C), 113.99 (Ar-C), 
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79.89 (Boc C), 55.23 (OMe), 54.54 (α-C), 52.18 (OMe), 37.48 (β-C), 28.31(Boc 

Me). 

 

Boc-Leu-Tyr(OMe)-OMe (51): Boc-Tyr(OMe)-OMe (2 g, 6.47 mmol) was 

dissolved in 4N HCl in 1,4-dioxane (about 20 ml), and the solution was left at room 

temperature for 30 min. The solvent was then removed by rotary evaporator, and 

white solid was obtained after fully dried (1.59g, 100%).  

To a solution of the above obtained white solid (1.05g, 4.3 mmol) in DCM (10 

ml) was added Boc-Leu-OH (1.28 g, 5.1 mmol), HOAt (630 mg, 4.7 mmol) and 

EDCI ( 983 mg, 5.1 mmol) under argon atmosphere and cooled with ice-water bath, 

then 2,4,6-trimethylpyridine (TMP, 1.1 ml, 8.6 mmol) was injected. This mixture 

was stirred at 0 � for 1 h and at room temperature for another hour. The reaction was 

quenched by adding EtOAc (100 ml), washed with 1N HCl (15 ml), saturated 

NaHCO3 (15 ml) brine (15 ml) and dried over anhydrous Na2SO4.  Filtration 

followed by solvent removal gave an oil which was purified by chromatography 

(silica gel, EtOAc-Hexanes, 1:4), giving the desired compound as a white solid (1.71 

g, 95%), 1H NMR (300 MHz, CDCl3) δ 7.01 (d, J = 8.3 Hz, 2H, tyr Ar-H), 6.80 (d, J 

= 8.3 Hz, 2H, tyr Ar-H), 6.48 (d, J = 7.5 Hz, 1H, tyr NH), 4.86 (obsc, 1H, leu NH), 

4.80 (m, 1H, tyr α-H), 4.07 (brs, 1H, leu α-H), 3.76 (s, 3H), 3.69 (s, 3H), 3.18, 3.01 

(ABq-d, J AB= 13.8 Hz, J = 5.7 Hz, 2H, tyr β-H), 1.64 (m, 1H, leu γ-H), 1.60 (m, 1H, 

leu β-H), 1.43 (s, 9H, boc Me), 1.41 (m, 1H, leu β-H), 0.99 – 0.79 (m, 6H, leu Me). 
13C NMR (75 MHz, CDCl3) δ 172.09, 171.74, 158.70, 155.47 (Ar C), 130.29 (Ar C), 

127.70 (Ar C), 113.98 (Ar C), 80.00 (boc C), 55.15 (OMe), 53.28 (tyr α-C) , 53.15 

(leu α-C), 52.22 (OMe), 41.27 (leu β-C), 37.07 (tyr β-H), 28.27 (Boc Me), 24.68 (leu 

γ-C), 22.86 (leu Me), 21.91 (leu Me). 
 
Boc-Ala-Leu-Tyr(OMe)-OMe (52): Boc-Leu-Tyr(OMe)-OMe (1.4 g, 3.3 

mmol) was dissolved in 4N HCl in 1,4-dioxane (about 15 ml), and the solution was 
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left at room temperature for 30 min. The solvent was then removed by rotary 

evaporator, and white solid was obtained after fully dried (1.2g, 100%).  

To a solution of the above obtained white solid (1.19g, 3.3 mmol) in DCM (10 

ml) was added Boc-Ala-OH (757 mg, 4 mmol), HOAt (540 mg, 4 mmol) and EDCI 

(767 mg, 4 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 0.87 ml, 6.6 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature for 2.5 hrs. The reaction was quenched 

by adding EtOAc (100 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml), 

brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 

removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 1:4 to 2:3), giving the desired compound as a white solid (1.33 g, 

82%), 1H NMR (500 MHz, CDCl3) δ 7.01 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.4 Hz, 

2H), 6.54 (brs, 1H), 6.49 (brs, 1H), 4.93 (brs, 1H), 4.86 – 4.69 (m, 1H), 4.48 – 4.28 

(m, 1H), 4.12 (brs, 1H), 3.78 (s, 3H), 3.72 (s, 3H), 3.08, 3.02 (ABq-d, J AB= 14.0 Hz, 

J = 6.0 Hz, 2H, tyr β-H), 1.75 – 1.58 (m, 2H), 1.58 – 1.45 (m, 1H), 1.45 (s, 9H), 1.32 

(d, J = 6.9 Hz, 3H), 1.07 – 0.70 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 172.56, 

171.74, 171.31, 158.72, 155.64, 130.27, 127.62, 114.02, 80.38, 55.20, 53.33, 52.32, 

51.66, 50.00, 40.90, 36.93, 28.28, 24.60, 22.94, 21.85, 17.51. 

 

Boc-Ala-Leu-Tyr(OMe)-OH (46): To a solution of Boc-Ala-Leu-Tyr(OMe)- 

OMe (1.17 g, 2.38 mmol) in THF/Water/MeOH(v/v/v = 1:1:1, about 10ml) was 

added solid LiOH (143 mg, 6 mmol) at 0°C under argon atmosphere. The mixture 

was stirred overnight, quenched by adding water (80 ml), washed with ether (20 ml) 

and acidified at 0℃ with solid citrid acid. The resulting cloudy mixture was 

extracted with EtOAc (3 × 70 ml), extracts combined and washed with brine (20 ml), 

dried over anhydrous Na2SO4 and concentrated to afford the desired compound as a 

white solid (1.14 g, 100%) 
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Octapeptide (65): Cbz-Leu-Thr(BocAla)-Ser(OMe)-Ile-OAllyl (650 mg, 0.82 

mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), and left at room 

temperature for 30 min. The solvent was then removed by rotary evaporator, after 

drying under high vacuum the residue was used for next reaction without further 

purification.  

To a solution of the above obtained residue in DCM (10 ml) was added 

Boc-Ala-Leu-Tyr(Me)-OH (433 mg, 0.9 mmol), HOAt (135 mg, 1 mmol) and EDCI 

(236 mg, 1.2 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 0.22 ml, 1.64 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight, quenched by adding EtOAc 

(100ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml) brine (15 ml) and 

dried over anhydrous Na2SO4. Filtration followed by solvent removal gave a yellow 

solid which was purified by chromatography (silica gel, EtOAc-Hexanes, 3:1), 

giving the desired compound as white fluffy solid (530 mg, 56% for two steps), 1H 

NMR (500 MHz, CDCl3) δ 7.60 (d, J = 7.0 Hz, 1H, thr NH), 7.35 (obsc, 1H, ser NH), 

7.35 - 7.25 (m, 5H, cbz Ar-H), 7.16 (brs, 1H, ala NH), 7.12 (obsc, 1H, ile NH), 7.10 

(d, J = 7.8 Hz, 2H, tyr Ar-H), 6.82 (obsc, 1H, tyr NH), 6.81 (d, J = 7.8 Hz, 2H, tyr 

Ar-H), 6.73 (brs, 1H, leu NH), 6.02 (brs, 1H, cbzleu NH), 5.90 (ddt, J = 17.4, 10.3, 

5.3 Hz, 1H, vinyl CH), 5.42 (brs, 1H, thr β-H), 5.33 (d, J = 17.4 Hz, 1H, vinyl CH2, 

trans), 5.25 (d, J = 10.3 Hz, 1H, vinyl CH2, cis), 5.12 (obsc, 1H, bocala NH), 5.12, 

5.05(ABq, J = 12.3 Hz, 2H, cbz CH2), 4.72 (br m, 1H, thr α-H), 4.61 (m, 1H, tyr 

α-H), 4.59 (m, 2H, allyl OCH2), 4.54 (m, 1H, ile α-H), 4.52 (m, 1H, ser α-H), 4.38 

(br m, 1H, cbzleu α-H), 4.31 (m, 1H, ala α-H), 4.13 (m, 1H, leu α-H), 4.00 (m, 1H, 

bocala α-H), 3.75 (s, 3H, tyr OMe), 3.75 (m, 1H, ser β-H), 3.50 (m, 1H, ser β-H), 

3.35 (s, 3H, ser OMe), 3.24 (d, J = 13.0 Hz, 1H, tyr β-H), 3.02 (dd, J = 13.0, 9.2 Hz, 

1H, tyr β-H), 1.92 (brm, 1H, ile β-CH), 1.69 (m, 1H, cbzleu γ-CH), 1.65 (m, 2H, 

cbzleu β-CH2), 1.43 (s, 9H, boc Me), 1.43 (m, 1H, leu γ-CH), 1.41 (m, 1H, leu 
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β-CH2), 1.41 (m, 1H, ile γ-CH ), 1.37 (d, J = 6.6 Hz, 3H, ala Me), 1.25 (d, J = 6.0 Hz, 

3H, thr Me), 1.23 (d, J = 7.0 Hz, 3H, bocala Me), 1.18 (m, 1H, ile γ-CH) , 1.20 (s, 

0H), 1.01 – 0.71 (m, 18H, cbzleu/leu/ile Me). 13C NMR (126 MHz, CDCl3) δ 173.90, 

173.72, 172.54, 171.44, 171.29, 171.20, 169.77, 169.02, 158.64, 156.48, 136.60 (cbz 

Ar-C), 131.77 (vinyl CH), 130.16 (tyr Ar-C), 129.08 (cbz Ar-C), 128.61 (cbz Ar-C) 

128.22 (Ar-C), 128.16 (Ar-C), 119.00 (vinyl CH2), 114.06 (tyr Ar-C), 81.06 (boc C), 

71.39 (ser β-C), 70.85 (thr β-C), 67.05 (cbz CH2), 65.81 (allyl OCH2), 59.02 (ser 

OMe), 56.87 (ile α-C), 56.65 (thr α-C), 55.34 (tyr OMe), 54.50 (tyr α-C), 53.96 

(cbzleu α-C), 53.74 (leu α-C), 52.65 (ser α-C), 50.54 (bocala α-C), 49.33 (ala α-C), 

41.37 (cbzleu β-C), 40.29 (leu β-C), 37.80 (ile β-CH), 35.67 (tyr β-C), 28.42 (boc Me), 

25.19 (ile γ-CH2), 24.90 (cbzleu γ-CH) , 24.84 (leu γ-CH), 23.28 (cbzleu Me), 23.10 

(cbzleu Me), 22.01 (leu Me), 21.76 (leu Me), 17.12 (bocala Me), 16.72 (ala Me), 

16.68 (thr Me), 15.69 (ile Me), 11.71 (ile Me). HRESIMS m/z 1153.6375 [M + H]+, 

calcd. for C58H89N8O16 m/z 1153.6397.  

 

Macrocycle (66): To a solution of heptapeptide (330 mg, 0.286 mmol) in DCM 

(10 ml) was added Pd(PPh3)4 (13 mg, 0.011 mmol) and PhSiH3 (113 ul, 0.915 mmol) 

under argon atmosphere. The mixture was stirred at room temperature for 2 hrs and 

dried down by rotary evaporator to afford a brown solid.  

To the flask containing this brown solid was added 4N HCl in 1,4-dioxane (4 

ml), the resulting yellow solution was stirred at room temperature for 1 h. After 

removal of solvents and drying under high vacuum, the result solid was transferred to 

a 250ml round bottom flask with DCM (120 ml).  

To this solution was added HOAt (116 mg, 0.86 mmol) and EDCI (165 mg, 

0.86 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 76 ul, 0.57 mmol) was injected. This mixture was 

stirred at 0°C for 1 h, at room temperature overnight and solvent removed by rotary 

evaporator. To the residue was added EtOAc (100ml), washed with 1N HCl (15 ml), 
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saturated NaHCO3 (15 ml), brine (15 ml) and dried over anhydrous Na2SO4. 

Filtration followed by solvent removal gave a white solid which was purified by 

chromatography (silica gel, EtOAc to 5% methanol in DCM), giving the desired 

compound as white solid (114 mg, 40% for three steps), 1H NMR (700 MHz, CDCl3) 

δ 7.68 (brm, 1H, thr NH), 7.36 (obsc, 5H, tyr NH), 7.35 – 7.28 (m, 5H, cbz Ar-H), 

7.20 (obsc, 1H, ala NH), 7.18 (obsc, 1H, esterala NH), 7.17 (obsc, 1H, ser NH), 7.14 

(obsc, 1H, leu NH), 7.13 (obsc, 1H, ile NH), 7.11 (d, J = 8.2 Hz, 2H, tyr Ar-H), 6.82 

(d, J = 8.2 Hz, 2H, tyr Ar-H), 5.89 (brs, 1H, cbzleu NH), 5.38 (brm, 1H, thr β-H), 

5.15 (d, J = 12.0 Hz, 1H, cbz CH2), 5.01 (d, J = 12.0 Hz, 1H, cbz CH2), 4.71 (brs, 1H, 

thr α-H), 4.56 (brs, 1H, ala α-H), 4.47 (brs, 1H, tyr α-H), 4.32 (brs, 1H, cbzleu α-H), 

4.26 (brs, 1H, esterala α-H), 4.20 (brs, 1H, ser α-H), 4.09 (brs, 1H, ile α-H), 3.85 (brs, 

1H, leu α-H), 3.76 (s, 3H, tyr OMe), 3.76 (obsc, 2H, ser β-H), 3.41 (s, 3H, ser OMe), 

3.11 (dd, J = 13.8, 4.9 Hz, 1H, tyr β-H), 3.01 (dd, J = 13.8, 8.1 Hz, 1H, tyr β-H), 2.04 

(brm, 1H, ile β-H), 1.84 (m, 1H, one of leu β-H), 1.72 (m, 1H, cbzleu γ-CH), 1.68 (m, 

2H, cbzleu β-H), 1.50 (m, 1H, one of ile γ-CH2), 1.42 (m, 1H, leu γ-CH), 1.39 (m, 

1H, one of leu β-H), 1.32 (obsc, 3H, ala Me), 1.31 (obsc, 3H, esterala Me), 1.21 (d, J 

= 6.1 Hz, 3H, thr Me), 1.14 (m, 1H, one of ile γ-CH2 ), 0.97 (obsc, 3H, cbzleu Me), 

0.95 (obsc, 3H, cbzleu Me), 0.94 (obsc, 3H, ile Me), 0.92 (obsc, 3H, ile Me), 0.83 (d, 

J = 5.3 Hz, 3H, leu Me), 0.77 (d, J = 5.0 Hz, 3H, leu Me). 13C NMR (176 MHz, 

CDCl3) δ 174.23, 173.57, 173.29, 172.08, 171.14, 171.01, 170.57, 158.84, 156.62 

(tyr Ar-C), 136.39 (cbz Ar-C), 130.48 (tyr Ar-C), 128.67 (cbz Ar-C), 128.50 (cbz 

Ar-C), 128.32 (Ar-C), 128.25 (Ar-C), 114.19 (tyr Ar-C), 70.74 (ser β-C), 70.43 (thr 

β-C), 67.24 (cbz CH2), 59.64 (ile α-C), 59.31 (ser OMe), 56.25 (ile α-C), 56.16 (leu 

α-C), 55.76 (tyr α-C), 55.36 (tyr OMe), 55.28 (ser α-C), 54.74 (cbzleu α-C), 49.40 

(esterala α-C), 48.22 (ala α-C), 41.34 (cbzleu β-C), 38.32 (leu β-C), 36.58 (tyr β-C), 

35.10 (ile β-C), 24.98 (cbzleu γ-C), 24.94 (cbzleu γ-C), 24.91 (ile γ-CH2), 23.24 

(cbzleu Me), 22.95 (leu Me), 21.97 (cbzleu Me), 21.59 (leu Me), 17.44 (thr Me), 

17.00 (ala Me), 16.40 (ala Me), 15.93 (ile Me), 11.38 (ile Me). HRESIMS m/z 
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995.5432 [M + H]+, calcd. for C50H75N8O13 m/z 995.5454.  

 

Boc-Ser(OMe)-OBn: To a solution of Boc-Ser(OMe)-OH (1.39 g, 6.4 mmol) 

in DMF (30 ml) was added Li2CO3 (705 mg, 9.5 mmol) under argon atmosphere and 

cooled with ice-water bath, then benzyl bromide (1.5 ml, 12.7 mmol) was injected. 

The reaction was stirred at 0°C for 1 h and at room temperature for 12 hrs. This 

mixture was then poured into water (100 ml) and extracted with EtOAC. The organic 

phase was combined and dried over anhydrous Na2SO4. Filtration followed by 

solvent removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 1:20 to 1:7), giving the desired compound as a colorless oil (1.51 g, 

76%), 1H NMR (300 MHz, CDCl3) δ 7.44 – 7.27 (m, 5H, cbz Ar-H), 5.38 (d, J = 8.1 

Hz, 1H, NH), 5.27, 5.14 (ABq, J = 12.3 Hz, 2H, cbz CH2), 4.45 (m, 1H, α-H), 3.81 

(dd, J = 9.3, 2.9 Hz, 1H, β-H), 3.60 (dd, J = 9.3, 3.2 Hz, 1H, β-H), 3.30 (s, 3H, OMe), 

1.44 (s, 9H, boc Me). 13C NMR (75 MHz, CDCl3) δ 170.62 (CO), 155.51 (boc OCO), 

135.50 (Ar-C), 128.53 (Ar-C), 128.30 (Ar-C), 128.06 (Ar-C), 79.97 (boc C), 72.50 

(β-C), 67.11 (Cbz CH2), 59.18 (OMe), 54.10 (α-C), 28.29 (boc Me). 

 

HIV-Ser(OMe)-OBn (67): Boc-Ser(Me)-OBn (1.5 g, 4.8 mmol) was dissolved 

in 4N HCl in 1,4-dioxane (about 15 ml), and the mixture was left at room 

temperature for 30 min. The solvent was then removed by rotary evaporator, after 

further dried under high vacuum the residue was used for next reaction.  

To a solution of the above obtained residue in DCM (15 ml) was added 

L-hydroxyisovaleric acid (626 mg, 5.3 mmol), HOAt (715 mg, 5.3 mmol) and EDCI 

(1.12 g, 5.8 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 1.3 ml, 9.7 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (120ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml), 

brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 



	   133	  

removal gave a yellow solid which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 2:3), giving the desired compound as a white solid (1.2 g, 80% for 

two steps), 1H NMR (300 MHz, CDCl3) δ 7.39 - 7.29 (m, 5H, Ar-H), 7.07 (d, J = 8.1 

Hz, 1H, ser NH), 5.27, 5.16 (ABq, J = 12.1 Hz, 2H), 4.82 (ddd, J = 8.1, 3.1, 3.1 Hz 

1H), 4.02 (brs, 1H), 3.86 (dd, J = 9.5, 3.1 Hz, 1H), 3.61 (dd, J = 9.5, 3.1 Hz, 1H), 

3.30 (s, 3H), 2.62 (brs, 1H), 2.14 (ttd, J = 6.9, 6.8, 2.7 Hz 1H), 1.04 (d, J = 6.9 Hz, 

3H), 0.87 (d, J = 6.8 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 173.19, 169.98, 135.33, 

128.58, 128.42, 128.14, 76.14 (HIV α-C), 72.23 (ser β-C), 67.35 (cbz CH2), 59.24 

(OMe), 52.45 (ser α-C), 32.03 (HIV β-C), 18.97 (HIV Me), 15.45 (HIV Me). 

 

Boc-Val-HIV-Ser(OMe)-OBn (69): To a solution of HIV-Ser(OMe)-OBn 

(430mg, 1.4mmol) in DCM (10 ml) was added Boc-Val (362 mg, 1.67 mmol), 

DMAP (51 mg, 0.42 mmol) and EDCI ( 400 mg, 2.1 mmol) under argon atmosphere 

and cooled with ice-water bath. This mixture was stirred at 0°C for 1 h and at room 

temperature overnight. The reaction was quenched by adding EtOAc (80ml), washed 

with 1N HCl (15 ml), saturated NaHCO3 (15 ml), brine (15 ml) and dried over 

anhydrous Na2SO4.  Filtration followed by solvent removal gave a light yellow 

solid which was purified by chromatography (silica gel, EtOAc-Hexanes, 1:2), 

giving the desired compound as a white solid (680 g, 96%), 1H NMR (300 MHz, 

CDCl3) δ 7.38 – 7.28 (m, 5H, Ar-H), 6.96 (d, J = 7.2 Hz, 1H, ser NH), 5.23, 5.15 

(ABq, J = 12.3 Hz, 2H, cbz CH2), 5.08 (d, J = 4.1 Hz, 1H, HIV α-H), 4.93 (d, J = 8.7 

Hz, 1H, val NH), 4.77 (ddd, J = 7.2, 3.6, 3.4 Hz, 1H, ser α-H), 4.26 (dd, J = 8.7, 3.9 

Hz, 1H, val α-H), 3.83 (dd, J = 9.5, 3.6 Hz, 1H, ser β-H), 3.63 (dd, J = 9.5, 3.4 Hz, 

1H, ser β-H), 3.29 (s, 3H, ser OMe), 2.30 (m, 1H, HIV β-H), 2.30 (m, 1H, val β-H), 

1.45 (s, 9H, boc Me), 1.07 – 0.84 (m, 12H). 13C NMR (75 MHz, CDCl3) δ 171.47, 

169.64, 168.87, 155.98, 135.33, 128.53, 128.35, 128.15, 79.96 (boc C), 78.56 (HIV 

α-H), 71.92 (ser β-C), 67.33 (cbz CH2), 59.08 (OMe), 58.57 (val α-C), 52.55 (ser 

α-C), 30.74, 30.70, 28.30 (boc Me), 19.31, 18.72, 17.27, 16.78. 
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BocVal-HIV-Ser(OMe)-OH: To a solution of  BocVal-HIV-Ser(OMe)-OBn 

(25mg) in THF (5 ml) was added 10% Pd-C (3mg),  and this mixture was stirred 

under H2 atmosphere for 3 h. Filtered through celite, the colorless filtrate was dried 

by rotary evaporater and then high vacuum. The resulting sticky oil was used for next 

reaction without further purification. 1H NMR (500 MHz, CDCl3) δ 7.04 (d, J = 7.3 

Hz, 1H, Ser NH), 5.09 (d, J = 3.9 Hz, 1H, HIV α-H), 5.02 (d, J = 8.3 Hz, 1H, val 

NH), 4.71 (m, 1H, ser α-H), 4.30 (m, 1H, val α-H), 3.86 (dd, J = 9.3, 3.0 Hz, 1H, ser 

β-H), 3.65 (dd, J = 9.4, 3.2 Hz, 1H, ser β-H), 3.35 (s, 3H, ser OMe), 2.28 (m, 1H, 

HIV β-H),  2.28 (m, 1H, val β-H), 1.44 (s, 9H, boc Me), 1.02 (d, J = 6.7 Hz, 3H), 

0.98 (d, J = 7.8 Hz, 3H), 0.96 (d, J = 7.8 Hz, 3H), 0.91 (d, J = 6.4 Hz, 3H). 

 

BocVal-desmethyl coibamide: Macrocycle (40mg, 0.048mmol) was dissolved 

in about 5 ml of freshly distilled EtOH, 4mg of 10% Pd/C was added and this 

mixture was stirred under H2 atmosphere for 8 h. Filtered through celite, the colorless 

filtrate was dried by rotary evaporater and then high vacuum. The resulting white 

solid was used for next reaction without further purification. 

The above obtained solid was dissolved in DCM (5ml), to this solution was 

added , BocVal-HIV-Ser(OMe)-OH (20mg, 0.048mmol), HOAt (20 mg, 0.144 mmol) 

and EDCI (27 mg, 0.144 mmol) under argon atmosphere and cooled with ice-water 

bath. This mixture was stirred at 0°C for 1 h, at room temperature overnight and then 

about 1 gram of celite was added into this solution. The solvent was removed by 

rotory evaporator and the resulting solid power was loaded on the the combi-flash 

column system (C18 column, 5.5g). After column purification, the fractions with 

desired compounds was dried down, giving the desired compound as light-yellow 

solid (20 mg), 1H NMR (700 MHz, CDCl3) δ 7.95 (d, J = 3.9 Hz, 1H, ser NH), 7.81 

(d, J = 8.5 Hz, 1H, tyr NH), 7.48 (d, J = 4.4 Hz, 1H, thr NH), 7.44 (d, J = 4.5 Hz, 1H, 

ser NH), 7.41 (d, J = 6.0 Hz, 1H, leu NH), 7.22 (d, J = 5.9Hz, 1H, ile NH), 7.17 

(obsc, 1H, ala NH), 7.16 (d, J = 8.5 Hz, 2H, tyr Ar-H), 6.88 (d, J = 4.0 Hz, 1H, leu 



	   135	  

NH), 6.80 (d, J = 8.5 Hz, 2H, tyr Ar-H), 6.75 (d, J = 8.0 Hz, 1H, ala NH ), 5.25 (m, 

1H, thr β-H), 4.97 (d, J = 4.2 Hz, 1H, bocval NH), 4.71 (d, J = 4.5 Hz, 1H, HIV α-H), 

4.70 (m, 1H, tyr α-H), 4.69 (dq, J = 7.6, 7.6 Hz , 1H, ala α-H), 4.64 (dq, J = 7.6, 7.6 

Hz, 1H, ala α-H), 4.39 (m, 1H, ser α-H), 4.33 (m, 1H, thr α-H), 4.23 (m, 1H, ser α-H), 

4.14 (m, 1H, leu α-H), 4.07 (dd, J = 5.9 Hz, 1H, ile α-H), 3.98 (dd, J = 4.2, 4.2 Hz , 

1H, bocval α-H), 3.79 (m, 1H, ser β-H), 3.76 (m, 1H, ser β-H), 3.76 (s, 3H, tyr OMe), 

3.72 (m, 1H, leu α-H ), 3.71 (m, 1H, ser β-H,), 3.65 (m, 1H, ser β-H), 3.36 (s, 3H, ser 

OMe), 3.34 (s, 3H, ser OMe), 3.30 (dd, J = 13.9, 4.3 Hz, 1H, tyr β-H), 2.95 (dd, J = 

13.9, 9.3 Hz, 1H, tyr β-H), 2.25 (m, 1H, HIV β-H), 2.23 (m, 1H, val β-H), 1.98 (m, 

1H, ile β-H), 1.94 (m, 1H, leu β-H), 1.73 (m, 1H, leu γ-H), 1.71 (m, 2H, leu β-H), 

1.54 (m, 1H, ile γ-H), 1.49 (s, 9H, boc Me), 1.45 (m, 1H, leu γ-H), 1,36 (d, J = 7.6 

Hz, 3H, ala Me), 1.34 (d, J = 7.6 Hz, 3H, ala Me), 1.33 (d, J = 7.0 Hz, 3H, thr Me), 

1.30 (m, 1H, ile γ-H), 1.24 (m, 1H, leu β-H), 1.07 (d, J = 6.9 Hz, 3H, Val Me), 1.05 

(d, J = 6.0 Hz, 3H, val Me), 1.04 (d, J = 5.5 Hz, 3H, HIV Me), 0.99 (d, J = 6.8 Hz, 

3H, HIV Me), 0.97 (obsc, 3H, ile Me), 0.97 (obsc, 3H, leu Me), 0.91 (obsc t, J = 7.2 

Hz, 3H, ile Me), 0.90 (d, J = 6.4 Hz, 3H, leu Me), 0.85 (d, J = 6.5 Hz, 3H, leu Me), 

0.83 (d, J = 6.4 Hz, 3H, leu Me). 13C NMR (176 MHz, CDCl3) δ 174.25, 174.17, 

173.49, 173.02, 172.19, 171.68, 171.47, 171.30, 171.13, 171.04, 170.83, 158.52, 

157.15 (tyr Ar-C), 130.62 (tyr Ar-C), 129.48 (tyr Ar-C), 113.94 (tyr Ar-C), 81.42 

(boc C), 81.21 (HIV α-C), 70.49 (ser β-C), 70.39 (ser β-C), 68.98 (ser β-C), 60.69 

(ile α-C), 60.60 (bocval α-C), 58.92 (ser OMe), 58.82 (ser OMe), 57.74 (thr α-C), 

57.57 (leu α-C), 56.50 (ser α-C), 56.44 (ser α-C), 55.32 (tyr OMe), 54.57 (tyr α-C), 

54.00 (leu α-C), 48.10 (ala α-C), 48.02 (ala α-C), 39.58 (leu β-C), 37.82 (leu β-C), 

37.11 (tyr β-C), 35.53 (ile β-C), 29.85 (HIV β-C), 28.40 (Boc Me), 25.64 (ile γ-C), 

25.04 (leu γ-C), 24.96 (leu γ-C), 23.05 (Me), 22.98 (Me), 21.55 (Me), 21.18 (Me), 

19.23 (Me), 19.14 (Me), 17.88 (Me), 17.57 (Me), 17.18 (Me), 15.62 (thr Me), 15.47 

(ile Me), 11.55 (ile Me). HRESIMS m/z 1261.7229 [M + H]+, calcd. for 

C61H101N10O18 m/z 1261.7295.  
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DiMe-Val-HIV-Ser(OMe)-OBn (68): To a solution of HIV-Ser(Me)-OBn 

(344mg, 1.1mmol) in DCM (10 ml) was added diMe-Val (177 mg, 1.2 mmol), 

DMAP (35 mg, 0.28 mmol) and EDCI ( 320 mg, 1.66 mmol) under argon 

atmosphere and cooled with ice-water bath. This mixture was stirred at 0 °C for 1 h 

and at room temperature overnight. The reaction was quenched by adding EtOAc (80 

ml), washed with  saturated NaHCO3 (15 ml), brine (15 ml) and dried over 

anhydrous Na2SO4.  Filtration followed by solvent removal gave a light yellow 

solid which was purified by chromatography (silica gel, EtOAc-Hexanes, 2:3), 

giving the desired compound as a white solid (408 g, 84%), 1H NMR (300 MHz, 

CDCl3) δ 7.48 – 7.29 (m, 5H, Ar-H), 6.83 (d, J = 8.0 Hz, 1H, ser NH), 5.23, 5.15 

(ABq, J = 12.3 Hz, 2H, cbz CH2), 5.09 (d, J = 4.3 Hz, 1H, HIV α-H), 4.76 (ddd, J = 

8.0, 3.2, 3.0 Hz, 1H, ser α-H), 3.83 (dd, J = 9.5, 3.0 Hz, 1H, ser β-H), 3.63 (dd, J = 

9.5, 3.2 Hz, 1H, ser β-H), 3.29 (s, 3H, OMe), 2.85 (d, J = 10.4 Hz, 1H, val α-H), 2.35 

(s, 6H, NMe), 2.30 (m, 1H, HIV β-H), 2.01 (m, 1H, val β-H), 1.09 – 0.83 (m, 12H). 
13C NMR (75 MHz, CDCl3) δ 170.89, 169.63, 169.14, 135.28, 128.55, 128.39, 

128.14, 77.71 (HIV α-C), 74.46 (Val α-C) , 72.00 (ser β-C), 67.28 (cbz CH2), 59.13 

(OMe), 52.77 (ser α-C), 41.43 (NMe), 30.71, 27.79, 19.71, 19.39, 18.96, 17.13. 

 

DiMe-Val-HIV-Ser(OMe)-OH: To a solution of  diMeVal-HIV-Ser(OMe) 

-OBn (387 mg, 0.887 mmol) in EtOH (10 ml) was added 10% Pd-C (30 mg),  and 

this mixture was stirred under H2 atmosphere overnight. Filtered through celite, the 

colorless filtrate was dried by rotary evaporater and then high vacuum. The resulting 

white solid was used for next reaction without further purification. 

 

DiMeVal-desmethylcoibamide: Macrocycle (12 mg, 0.012 mmol) was 

dissolved in about 5 ml of freshly distilled EtOH, 3 mg of 10% Pd/C was added and 

this mixture was stirred under H2 atmosphere for 8 h. Filtered through celite, the 

colorless filtrate was dried by rotary evaporater and then high vacuum. The resulting 
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white solid was used for next reaction without further purification. 

The above obtained solid was dissolved in DCM (5 ml), to this solution was 

added , diMeVal-HIV-Ser(OMe)-OH (13 mg, 0.038mmol), HOAt (9 mg, 0.064 

mmol) and EDCI (12 mg, 0.064 mmol) under argon atmosphere and cooled with 

ice-water bath. This mixture was stirred at 0°C for 1 h, at room temperature 

overnight and then about 0.5 gram of celite was added into this solution. The solvent 

was removed by rotory evaporator and the resulting solid power was loaded on the 

the combi-flash column system (C18 column, 5.5g). After column purification, the 

fractions with desired compounds was dried down, giving the desired compound as 

light-yellow solid (6.4 mg, 42%), 1H NMR (700 MHz, CDCl3) δ 7.76 (d, J = 7.9 Hz, 

1H, tyr NH), 7.47 (brs, 1H, thr NH), 7.39 (d, J = 5.4 Hz, 1H, leu NH), 7.31 (brs, 1H, 

ser NH), 7.23 (obsc, 1H, ile NH), 7.20 (d, J = 9.2 Hz, 1H, ala NH), 7.15 (d, J = 8.0 

Hz, 2H, tyr Ar-H), 6.97 (brs, 1H, leu NH), 6.82 (obsc, 1H, Ala NH), 6.80 (d, J = 8.0 

Hz, 2H, tyr Ar-H), 6.76 (br, 1H, ser NH), 5.30 (m, 1H, thr β-H ), 4.70 (d, J = 4.5 Hz, 

1H, HIV α-H), 4.67 (m, 1H, ala α-H), 4.65 (m, 1H, tyr α-H), 4.57 (m, 1H, ala α-H), 

4.38 (brs, 1H, thr α-H), 4.30 (brs, 1H, ser α-H), 4.25 (brm, 1H, leu α-H), 4.20 (m, 1H, 

ser α-H), 4.06 (dd, J = 6.0, 6.0 Hz, 1H, ile α-H), 3.80 (dd, J = 9.4, 2.9 Hz, 1H, ser 

β-H), 3.77 (obsc, 1H), 3.76 (s, 3H, tyr OMe), 3.69 (dd, J = 10.0, 3.6 Hz, 1H), 3.64 

(dd, J = 9.4, 4.1 Hz, 1H, ser β-H), 3.37 (s, 3H, ser OMe), 3.33 (s, 3H, ser OMe), 3.28 

(dd, J = 14.2, 4.4 Hz, 1H, tyr β-H), 2.98 (dd, J = 14.2, 9.0 Hz, 1H, tyr β-H), 2.89 (d, 

J = 10.2 Hz, 1H, dimeval α-H), 2.34 (s, 6H, dimeval NMe), 2.22 (m, 1H, HIV β-H), 

2.01 (m, 1H, dival β-H), 1.99 (m, 1H, ile β-H), 1.93 (m, 1H, leu β-H), 1.70 (m, 1H, 

leu β-H ), 1.66 (m, 1H, leu γ-H), 1.53 (1H, m, one of ile γ-H), 1.44 (m, 1H, leu γ-H), 

1.36 (d, J = 7.0 Hz, 3H, ala Me), 1.33 (d, J = 7.4 Hz, 3H, ala Me), 1.31 (m, 1H, leu 

β-H), 1.31 (d, J = 6.7 Hz, 3H, thr Me), 1.27 (1H, m, one of ile γ-H), 1.07 (d, J = 6.7 

Hz, 3H, HIV Me), 1.05 (d, J = 6.6 Hz, 3H, HIV Me), 1.02 (d, J = 6.5 Hz, 3H, val 

Me), 0.97 (d, J = 6.2 Hz, 3H, leu Me), 0.97 (d, J = 6.2 Hz, 3H, ile Me), 0.93 (d, J = 

7.4 Hz, 3H, val Me), 0.91 (obsc t, 3H, ile Me), 0.89 (d, J = 6.1 Hz, 3H, leu Me), 0.86 
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(d, J = 6.5 Hz, 3H), 0.82 (d, J = 6.4 Hz, 3H). 13C NMR (176 MHz, CDCl3) δ 174.03, 

173.99, 173.38, 172.89, 171.93, 171.56, 171.56, 171.31, 171.18, 170.77, 170.65, 

158.56 (tyr Ar-C), 130.56 (tyr Ar-C), 129.42  (tyr Ar-C), 113.98 (tyr Ar-C), 80.39 

(HIV α-C), 74.50 (dimeval α-C), 70.60 (ser β-C), 70.36 (ser β-C), 69.12 (thr β-C), 

60.55 (ile α-C), 59.15 (ser OMe), 58.93 (ser OMe), 57.48 (thr α-C), 57.34 (leu α-C), 

56.15 (ser α-C), 55.33 (tyr OMe), 55.05 (ser α-C), 54.82 (tyr α-C), 53.77 (leu α-C), 

48.27 (ala α-C), 47.99 (ala α-C), 41.50 (dimeval NMe), 39.79 (leu β-H), 37.88 (leu 

β-C), 36.98 (tyr β-C), 35.46 (ile β-C), 30.26 (HIV β-C), 27.52 (dimeval β-C), 25.50 

(ile γ-C), 24.99 (leu γ-C), 24.99 (leu γ-C), 23.17 (leu Me), 22.99 (leu Me), 21.59 (leu 

Me), 21.13 (leu Me), 19.90 (val Me), 19.27 (val Me), 19.19 (HIV Me), 17.79 (HIV 

Me), 17.50 (ala Me), 17.28 (ala Me), 15.74 (thr Me)15.70 (ile Me), 11.52 (ile Me). 

HRESIMS m/z 1189.7134 [M + H]+, calcd. for C58H97N10O16 m/z 1189.7084. 

Marfey’s analysis (aquasil C-18, 20-55% MeCN / 0.1%TFA in water over 45min): 

17.5 min (L-Thr), 22.6 min (L-OMeSer), 24.3 min (L-Ala), 30.0 min (L-Ile), 30.4min 

(L-Leu), 32.2 min (L-OMeTyr).  

 

 

 

 

 

 

 

 

 

 

 

 

 



	   139	  

3.5.2.Synthesis of Ser-coibamide and N-MeSer-coibamide 

 

Boc-N-Me-Ile-OH: 60% NaH (3.7 g, 93 mmol) was suspended in about 40 ml 

of anhydrous THF and cooled by water-bath to 17°C. Then to this was added a 

solution of N-Boc-Ile (4.95 g, 20.6 mmol) in about 20 ml of THF (containing 74 ul of 

water) dropwisely over a period of 20 mins while maintaining the internal 

temperature at 17°C. The mixture was stired at the same temperature for 10 mins 

then (CH3)2SO4 (5.9 ml, 62mmol) was added slowly.  

2 hr later, TLC showed the completion of the reaction. Cool the mixture with 

ice-water bath and 40 ml of concentrated NH4OH was added. Stirring was continued 

for another 45 mins at room temperature to destroy the excess dimethyl sulfate. The 

resulting mixture was washed with ether twice (30 ml each). Cooled the aqueous 

phase with ice-water bath and acidified with concentrated HCl to pH = 2 carefully. 

Extract with EtOAc, combine the organic phase and washed with water and brine, 

dried over anhydrous sodium sulfate. Filtration and removal of the solvent afforded 

the desired product as a colorless oil (2.5g, 50%). The ether layer contains 

Boc-N-Me-Ile-OMe, after LiOH hydrolysis, another 2.163g of desired compound 

was obtained. 1H NMR (300 MHz, CDCl3) δ 10.27 (brs, 1H, COOH), 4.26 (brs, 1H, 

ile α-H), 2.86 (s, 3H, NMe), 2.04 (brm, 1H, ile β-H), 1.46 (s, 9H, Boc Me), 1.46 

(obsc, 1H, ile γ-H), 0.96 (m, 1H, ile γ-H), 0.98 (d, J = 6.6 Hz, 3H, ile Me), 0.89 (d, J 

= 7.4 Hz, 3H, ile Me). 13C NMR (75 MHz, CDCl3) δ 176.70 [175.54], 157.11 

[155.86] (boc OCO), 81.15 [80.77] (boc C), 64.62 [63.54] (ile α-C), 33.50 [32.66] 

(ile β-H), 30.80 (NMe), 28.46 (boc Me), 20.90 (ile γ-C), 15.92 [16.11] (ile Me), 

10.82 [10.62] (ile Me). 

 

Boc-N-Me-Ile-OAllyl: To a solution of Boc-N-Me-L-Ile-OH (2.5 g, 10.2 mmol) 

in DCM (30 ml) was added DMAP (311 mg, 2.5 mmol) and EDCI ( 2.9 g, 15.3 

mmol) under argon atmosphere and cooled with ice-water bath, then allyl alcohol 
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(0.83 ml, 12.2 mmol) was injected. The reaction was stirred at 0 °C for 1 h and at 

room temperature for two hours. This mixture was then diluted with DCM (70 ml) 

and washed with 1N HCl (15 ml), brine (15 ml). Drying (anhydrous Na2SO4) and 

filtration followed by solvent removal gave an oil which was purified by 

chromatography (silica gel, EtOAc-Hexanes, 1:20), giving the desired compound as 

a colorless oil (2.29 g, 79%): 1H NMR (300 MHz, CDCl3) δ 5.90 (ddt, J = 17.2, 10.4, 

5.1 Hz, 1H, vinyl CH), 5.29 (d, J = 17.2 Hz, 1H, vinyl trans-CH), 5.20 (d, J = 10.4 

Hz, 1H, vinyl cis-CH), 4.59 (d, J = 5.1 Hz, 2H, allyl CH2), 4.25 [4.55, obsc] (d, J = 

9.8 Hz 1H, α-H), 1.97 (br m, 1H, β-H), 1.44 (s, 9H, Boc Me), 1.44 (m, 1H, γ-CH2), 

1.08 (m, 1H, γ-CH2), 0.92 (d, J = 6.6 Hz, 3H, ile Me), 0.88 (d, J = 7.4 Hz, 3H, ile 

Me). 13C NMR (75 MHz, CDCl3) δ 171.47 [170.98] (COO), 156.27 [155.77] (Boc 

OCO), 132.05 (vinyl CH), 118.41 [118.24] (vinyl OCH2), 80.34 [80.08] (Boc C), 

65.18 (allyl OCH2), 63.52 [62.09] (α-C), 33.74 [33.62] (β-CH), 30.49 [30.40] (NMe), 

28.47 (Boc Me), 25.10 (γ-CH2), 15.99 (γ-Me), 10.82 [10.48] (Me). 

 

Boc-N-MeSer(OMe)-N-MeIle-OAllyl (70): Boc-N-MeIle-OAllyl (1.16 g, 4.06 

mmol) was dissolved in TFA (6 ml) / DCM (20 ml), and the mixture was left at room 

temperature for 1h. The solvent was then removed by rotary evaporator. The residue 

was dissolved in saturated NaHCO3 (30 ml) and extracted with EtOAc, the organic 

layers were combined, dried over anhydrous Na2SO4.  Filtration followed by 

solvent removal gave an colorless oil, which was used directed for next reaction. 

(653mg, 87%) 

To a solution of the above obtained oil (406mg, 2.19 mmol) in DCM (10 ml) 

was added Boc-N-Me-Ser(OMe)-OH (515 mg, 2.19 mmol), HOAt (355 mg, 2.6 

mmol) and EDCI (670 mg, 3.3 mmol) under argon atmosphere and cooled with 

ice-water bath’ This mixture was stirred at 0°C for 1 h and at room temperature 

overnight. The reaction was quenched by adding EtOAc (80 ml), washed with 1N 

HCl (15 ml), saturated NaHCO3 (15 ml), brine (15 ml) and dried over anhydrous 
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Na2SO4.  Filtration followed by solvent removal gave an oil which was purified by 

chromatography (silica gel, EtOAc-Hexanes, 1:4), giving the desired compound as a 

colorless sticky oil (571 mg, 52%), 1H NMR (400 MHz, CDCl3, the product was a 

mixture of at least 3 rotamers, ratio about 3:1:1, major rotamers reported regularly, 

minor rotamers in bracket) δ 5.90 (m, 1H, vinyl CH), 5.30 [5.10, 4.90] (m, ser α-H), 

5.29 (d, J = 17.2 Hz, 1H, vinyl trans-CH), 5.20 (m, 1H, vinyl cis-CH), 4.95 [4.40, 

4.25] (d, J = 10.8 Hz, 1H, ile α-H), 4.70 – 4.52 (m, 2H, allyl OCH2), 3.78 -3.59 (m, 

2H, ser β-H), 3.37 [3.36] (s, 3H, ser O-Me), 3.06 (N-Me), [2.97], [2.86], 2.80 (NMe), 

[2.69], [2.63], 2.06 (m, 1H, ile β-H), 1.37 (m, 1H, ile γ-CH), 1.476 [1.48, 1.49] (s, 

9H, Boc Me), 1.09 (m, 1H, ile γ-CH), 1.02 – 0.87 (m, 6H, ile Me). 13C NMR (101 

MHz, CDCl3) δ 171.03, 170.87, 170.39, 170.35, 170.24, 170.12, 169.85, 156.10, 

155.79, 155.45, 131.91, 131.88, 119.80, 119.53, 118.78, 118.68, 80.76, 80.68, 80.34, 

70.01, 69.91, 69.73, 66.24, 66.00, 65.54, 65.49, 63.88, 63.69, 60.49, 59.25, 59.19, 

59.15, 59.10, 55.93, 55.82, 54.00, 53.76, 34.56, 34.38, 33.70, 33.45, 31.32, 31.03, 

30.18, 29.78, 29.72, 29.64, 29.59, 29.47, 28.50, 28.46, 28.41, 25.53, 25.30, 25.03, 

24.93, 16.04, 15.93, 15.88, 11.59, 11.14, 10.74, 10.67. 

 

BocSer(OtBu)-N-MeSer(OMe)-N-MeIle-OAllyl (71): Boc-N-MeSer(OMe)- 

N-MeIle-OAllyl (306 mg, 0.76 mmol) was dissolved in 4N HCl in 1,4-dioxane 

(about 5 ml), and the mixture was left at room temperature for 30 min. The solvent 

was then removed by rotary evaporator, after further dried under high vacuum the 

residue was used for next reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added BocSer  

(OtBu)-OH (210 mg, 0.8 mmol), HOAt (114 mg, 0.9 mmol) and EDCI (220m g, 1.15 

mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 121 ul, 0.9 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (80 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml), 
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brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 

removal gave an oil which was purified by chroma tography (silica gel, 

EtOAc-Hexanes, 1:3 to 1:2), giving the desired compound as a colorless sticky oil 

(355 mg, 85%), 1H NMR (700 MHz, CDCl3) δ 5.89 (ddt, J = 16.4, 10.4, 5.6 Hz, 1H), 

5.63 (dd, J = 6.7, 6.7 Hz, 1H), 5.34 (d, J = 8.0 Hz, 1H), 5.31 (d, J = 16.4 Hz, 1H), 

5.23 (d, J = 10.4 Hz, 1H), 4.96 (d, J = 10.4 Hz, 1H), 4.76 (d, J = 4.3 Hz, 1H), 4.61 

(m, 2H), 3.70 (m, 2H), 3.51 (m, 2H), 3.33 (s, 3H), 3.06 (s, 3H), 2.99 (s, 3H), 2.03 (m, 

1H), 1.43 (s, 9H), 1.35 (m, 1H), 1.13 (s, 9H), 1.06 (m, 1H), 0.95 (d, J = 6.4 Hz, 3H), 

0.85 (dd, J = 7.3 Hz, 3H). 13C NMR (176 MHz, CDCl3) δ 172.02, 170.64, 169.85, 

155.27, 131.86, 118.83, 79.85, 73.69, 69.46, 65.58, 63.14, 60.68, 59.28, 53.57, 53.41, 

50.98, 33.43, 31.37, 31.18, 28.47, 27.48, 25.11, 15.84, 10.69. 

 

diMeVal-HIV-N-MeSer(OMe)-N-MeLeu-Ser(OtBu)-N-MeSer(OMe)-N- 

MeIle-OAllyl (Heptapeptide, 72): BocSer(OtBu)-N-MeSer(OMe)-N-MeIle-OAllyl 

(24 mg, 0.043 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), and the 

mixture was left at room temperature for 30 min. The solvent was then removed by 

rotary evaporator, after further dried under high vacuum the residue was used for 

next reaction.  

To a solution of the above obtained residue in DCM (5 ml) was added 

diMe-Val-HIV-N-MeSer(OMe)-N-MeLeu-OH (18 mg, 0.05 mmol), HOAt (7 mg, 

0.052 mmol) and EDCI (10 mg, 0.052 mmol) under argon atmosphere and cooled 

with ice-water bath, then 2,4,6-trimethylpyridine (TMP, 7 ul, 0.052 mmol) was 

injected. This mixture was stirred at 0°C for 1 h and at room temperature overnight. 

About 500 mg of celite was added. After drying down, the powder with crude 

product was loaded onto combi-flash C18 column (5.5g, gold). The fractions with 

pure product was combined and concentrated giving the desired product as a white 

solid (18 mg, 50%),  
1H NMR (700 MHz, CDCl3) δ 5.89 (m, 1H, vinyl CH), 5.69 (m), 5.62 (m), 5.56 
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(m), 5.48 (m), 5.31 (d, J = 15.2 Hz, 1H, vinyl-H, trans), 5.23 (d, J = 10.4 Hz, 1H, 

vinyl-H, cis), 5.17 (m), 5.14 – 5.07 (m), 5.03 (m), 4.96 (m), 4.60 (m), 4.39 (brs), 4.21 

(m), 3.81 – 3.41 (m), 3.31 (s), 3.12 (s), 3.08 (s), 3.05 (s), 2.98 (s), 2.95 (s), 2.94 (s), 

2.83 (s), 2.30 (brm), 2.14 (brm), 2.03 (brm), 1.68 (m), 1.43 (s, 9H), 1.32 (s), 1.25 (s), 

1.13 (s), 1.05-0.80(m), 13C NMR (176 MHz, CDCl3) δ 172.19, 171.04, 170.99, 

170.63, 170.41, 170.15, 169.92, 169.83, 169.77, 169.63, 167.92, 156.40, 136.38, 

131.85, 118.83, 75.71, 73.79, 69.67, 69.40, 68.31, 67.20, 65.58, 62.47, 62.39, 60.66, 

59.25, 59.17, 58.69, 54.86, 54.62, 53.57, 53.32, 53.25, 52.03, 38.88, 36.46, 36.09, 

33.43, 33.39, 32.08, 31.45, 31.37, 31.25, 31.13, 30.71, 30.51, 30.32, 30.12, 29.85, 

29.75, 29.60, 29.51, 29.40, 29.28, 29.17, 29.08, 27.48, 27.43, 25.11, 25.08, 25.01, 

24.84, 24.74, 23.89, 23.44, 23.33, 23.14, 22.84, 21.83, 21.74, 19.25, 19.16, 19.09, 

18.78, 17.69, 17.23, 15.85, 14.27, 14.21, 11.11, 10.70. 

 

diMeVal-HIV-N-MeSer(OMe)-N-MeLeu-Ser(OH)-N-MeSer(OMe)-N- 

MeIle-OAllyl (73): The heptapeptide from last step (20 mg) was dissolved in TFA 

(1ml) / DCM (3 ml). This solution was left at room temperature for 2 hrs. The 

solvent was removed by rotary evaporator and the residue was purified by C-18 

column (12 mg, 50%).  

 

Y-Structure (precursor for macroclization, 74): diMeVal-HIV-N-Me Ser 

(OMe)-N-MeLeu-Ser(OH)-N-MeSer(OMe)-N-MeIle-OAllyl (7 mg, 0.0073) was 

dissolved in DCM (2 ml), to this solution was added BocAla-N-MeLeu-Tyr 

(OMe)-N-MeAla-OH (5 mg), DMAP (1 mg) and EDCI ( 3 mg) under argon 

atmosphere and cooled with ice-water bath. The reaction was stirred at 0°C for 1 h 

and at room temperature overnight. 300mg of celite was added to the reaction 

mixture, after drying down, the powers with crude product was loaded onto 

combi-flash C18 column (5.5g, gold). The fractions with pure product was combined 

and concentrated giving the desired product as a white solid (5 mg, 50%) 
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SerCoibamide: To a solution of the Y-structure (5 mg, 0.00329 mmol) in 

DCM (3 ml) was added Pd(PPh3)4 (0.2 mg) and PhSiH3 (1.3 ul, 0.01 mmol) under 

argon atmosphere. The mixture was stirred at room temperature for 2 hrs and dried 

down by rotary evaporator to afford a brown solid.  

To the flask containing this brown solid was added 4N HCl in 1,4-dioxane (2 

ml), the resulting yellow solution was stirred at room temperature for 1 h. After 

removal of solvents and drying under high vacuum, the result solid was transferred to 

a 100 ml round bottom flask with DCM (50 ml).  

To this solution was added HOAt (2.2 mg) and EDCI (3 mg) under argon 

atmosphere and cooled with ice-water bath, then 2,4,6-trimethylpyridine (TMP, 1.3 

ul) was injected. This mixture was stirred at 0°C for 1 h, at room temperature 

overnight and solvent removed by rotary evaporator. The product has been 

confirmed by HR-MS and purified by C-18 column, LH-20 and HPLC. The 1H NMR 

indicated a mixture of several rotamers, making the assignment very difficult, while 

the 13C NMR showed several hundred peaks even more challenging to assign any of 

them. HRESIMS m/z 1258.7764 [M + H]+, calcd. for C63H106N10O16 m/z 1258.7788. 

Marfey’s analysis (aquasil C-18, 20-55% MeCN / 0.1%TFA in water over 45min): 

22.7 min (L-diMeSer and L-MeAla), 24.3 min (L-Ala), 32.2 min (L-OMeTyr), 33.0 

min (L-MeIle and L-MeLeu), marfey’s analysis need to be performed again to 

optimize the conditions and peak intensity.  

 

Boc-N-MeSer-N-MeSer(OMe)-N-MeIle-OAllyl (75): Boc-N-MeSer(OMe) 

-N-MeIle-OAllyl (300 mg, 0.75 mmol) was dissolved in 4N HCl in 1,4-dioxane 

(about 5 ml), and the mixture was left at room temperature for 30 min. The solvent 

was then removed by rotary evaporator, after further dried under high vacuum the 

residue was used for next reaction.  

To a solution of the above obtained residue in DCM (10 ml) was added 

Boc-N-MeSer-OH (195 mg, 0.8 mmol), HOAt (114 mg, 0.9 mmol) and EDCI (220 
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mg, 1.15 mmol) under argon atmosphere and cooled with ice-water bath, then 

2,4,6-trimethylpyridine (TMP, 121 ul, 0.9 mmol) was injected. This mixture was 

stirred at 0°C for 1 h and at room temperature overnight. The reaction was quenched 

by adding EtOAc (80 ml), washed with 1N HCl (15 ml), saturated NaHCO3 (15 ml), 

brine (15 ml) and dried over anhydrous Na2SO4.  Filtration followed by solvent 

removal gave an oil which was purified by chromatography (silica gel, 

EtOAc-Hexanes, 1:3 to 1:2), giving the desired compound as a colorless sticky oil 

(290 mg, 60%) 

 

diMeVal-HIV-N-MeSer(OMe)-N-MeLeu--N-MeSer-N-MeSer(OMe)-N- 

MeIle-OAllyl (Heptapeptide, 76): Boc-N-MeSer-N-MeSer(OMe)-N-MeIle-OAllyl 

(22 mg, 0.043 mmol) was dissolved in 4N HCl in 1,4-dioxane (about 5 ml), and the 

mixture was left at room temperature for 30 min. The solvent was then removed by 

rotary evaporator, after further dried under high vacuum the residue was used for 

next reaction.  

To a solution of the above obtained residue in DCM (5 ml) was added 

diMe-Val-HIV-N-MeSer(OMe)-N-MeLeu-OH (18 mg, 0.05 mmol), HOAt (7 mg, 

0.052 mmol) and EDCI (10 mg, 0.052 mmol) under argon atmosphere and cooled 

with ice-water bath, then 2,4,6-trimethylpyridine (TMP, 7 ul, 0.052 mmol) was 

injected. This mixture was stirred at 0°C for 1 h and at room temperature overnight. 

About 500 mg of celite was added. After drying down, the powder with crude 

product was loaded onto combi-flash C18 column (5.5g, gold). The fractions with 

pure product were combined and concentrated giving the desired product as a white 

solid (12 mg, 50%) 

 

Y-Structure (precursor for macroclization, 77): diMeVal-HIV-N-MeSer 

(OMe)-N-MeLeu-N-MeSer(OH)-N-MeSer(OMe)-N-MeIle-OAllyl (6 mg, 0.006) was 

dissolved in DCM (2 ml), to this solution was added BocAla-N-MeLeu-Tyr 
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(OMe)-N-MeAla-OH (5 mg), DMAP (1 mg) and EDCI ( 3 mg) under argon 

atmosphere and cooled with ice-water bath. The reaction was stirred at 0°C for 1 h 

and at room temperature overnight. 300 mg of celite was added to the reaction 

mixture, after drying down, the powers with crude product was loaded onto 

combi-flash C18 column (5.5 g, gold). The fractions with pure product was 

combined and concentrated giving the desired product as a white solid (9 mg, 55 %) 

 

N-MeSer Coibamide: To a solution of the Y-structure (7 mg, 0.003 mmol) in 

DCM (3 ml) was added Pd(PPh3)4 (0.2 mg) and PhSiH3 (1.3 ul, 0.01 mmol) under 

argon atmosphere. The mixture was stirred at room temperature for 2 hrs and dried 

down by rotary evaporator to afford a brown solid.  

To the flask containing this brown solid was added 4N HCl in 1,4-dioxane (2 

ml), the resulting yellow solution was stirred at room temperature for 1 h. After 

removal of solvents and drying under high vacuum, the result solid was transferred to 

a 100ml round bottom flask with DCM (50 ml).  

To this solution was added HOAt (2.2 mg) and EDCI (3 mg) under argon 

atmosphere and cooled with ice-water bath, then 2,4,6-trimethylpyridine (TMP, 1.3 

ul) was injected. This mixture was stirred at 0°C for 1 h, at room temperature 

overnight and solvent removed by rotary evaporator. The product has been 

confirmed by HR-MS and purified by C-18 column, LH-20 and HPLC (about 1.5 mg 

of pure compound obtaind). The 1H NMR indicated a mixture of two (or three) 

rotamers, making the assignment very difficult, while the 13C NMR showed several 

hundred peaks even more challenging to assign any of them. 1H NMR (700 MHz, 

CDCl3, very difficult to assign, signature peaks from the major rotamer) δ 7.16 (d, 2H, 

tyr Ar-H), 6.80 (d, 2H, tyr Ar-H), 3.77 (s, 3H, tyr OMe), 3.31 (s, 3H, dimeser OMe), 

3.29 (3H, dimeser OMe), 3.15, 3.00, 2.76, 2.54 (N-methyls), 2.33 (val diMe). Other 

recognizable peaks from 1H NMR : 6.70, 6.47, 6.22, 6.00 (5.99), 5.70, 5.68 – 5.58 

(multiple peaks), 5.49, 5.45, 5.25, 5.06, 5.00 – 4.90, 4.82, 3.78, 3.29, 3.27, 3.18, 3.11, 
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3.03, 2.97, 2.96, 2.94, 2.92, 2.84, 2.83, 2.62, 2.53, 2.31. HRESIMS m/z 1272.7950 

[M + H]+, calcd. for C64H108N10O16 m/z 1272.7945. Marfey’s analysis (aquasil C-18, 

20-55% MeCN / 0.1%TFA in water over 45 min): 22.7 min (L-diMeSer and 

L-MeAla), 24.3 min (L-Ala), 32.2 min (L-OMeTyr), 33.0 min (L-MeIle and 

L-MeLeu), marfey’s analysis need to be performed again to optimize the conditions 

and peak intensity. 
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CHAPTER FOUR: CONCLUSION 
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As a promising lead agent in cancer drug discovery, a large-scale and reliable 

supply of coibamide A is critically important for further biological testing and 

potential clinical development. Although field recollections have provided a few 

more milligrams of coibamide A, the amount obtained is still insufficient for 

extensive biological testing. The producing strain has recently been cultured, but 

coibamide yields are very low and the growth rate is slow. Chemical synthesis thus 

has become the most practical choice to generate more coibamide A.  

A macrocycle-side chain strategy was originally proposed for the synthesis of 

coibamide A. While the synthesis of both macrocycle and side chain have been 

achieved, this strategy failed at the last step trying to couple them together. Only a 

trace amount of synthetic coibamide A (1%) was obtained, but its HPLC retention 

time does not match with the natural product.  

To solve this macrocycle-side chain connection problem, we modified this 

strategy by disconnecting coibamide into two other subunits: the N-MeLeu- 

macrocycle and the “tripeptide” side chain. The hypothesis was that the secondary 

amine of N-MeLeu, with some distance from the bulky macrocycle, should be 

accessible for the key coupling reaction with the side chain “tripeptide” to achieve 

coibamide A. This modification was able to generate some “synthetic coibamide” in 

a moderate yield, this compound, however, was not identical with the natural product 

coibamide A. Their peak shapes and retention times by HPLC were not exactly the 

same. The 1H NMR spectrum of the synthetic compound indicated it was a mixture 

of at least two rotamers or diastereomers, while the NMR spectrum of natural 

coibamide A shows a rigid structure and only one rotamer. The synthetic product 

also did not possess the biological activity of natural coibamide A in a cell viability 

test. By Marfey’s analysis, we found that in synthetic coibamide A, no N,O-diMe 

L-Ser was detected and only its D-counterpart was present. There are two 

N,O-diMeSer residues in the structure and thus this result meant that both of them 

went through the L-to-D inversion during coupling reactions. Because our current 
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macrocycle-side chain strategy was unable to avoid or solve this serine problem, a 

new route, the Y-Strategy, for the synthesis of coibamide A was proposed.  

For the Y-stategy, the structure of coibamide A was disconnected to three 

subunits: the side chain, macrocycle tetrapeptide and tripeptide. Ironically, these 

three segments were the same as the three subunits in our original macrocycle/side 

chain attempts. Instead of building the macrocycle first, we couple the side chain 

with the macrocycle tripeptide first to afford a linear heptapeptide. Then the ester 

bond between the hydroxy of N-MeThr and carboxy of N-MeAla was built to 

generate the full-size “Y-structure”, which is then deprotected and cyclized to 

produce the target molecule coibamide A. While the heptapeptide was synthesized 

smoothly, we were not able to obtain the Y-structure because the following ester 

bond formation reaction did not happen. Although the Y-strategy did not eventually 

yield coibamide, it is the most convergent, efficient and thus promising strategy so 

far. Some modifications should be made to achieve this difficult ester bond 

formation.  

Because the pharmacological data for coibamide A suggest a unique mechanism 

and no natural coibamide analogues were separated from the field collections or 

cultures, the synthesis of coibamide analogues could be of similar importance to the 

synthesis coibamide itself. The analogues should be easier to be synthetically 

achieved compared to coibamide A itself and the structures of analogues should 

reasonably resemble that of coibamide A.  

The most straightforward answer would be selectively removing one or more 

N-methyls from coibamide A in designing an analogueous structure. As one extreme, 

per-N-desmethyl coibamide A was proposed as the first analogue. By a modified 

macrocycle-side chain strategy, we were able to synthesize two desmethyl coibamide 

analogues: Boc-per-N-desmethyl coibamide and diMeVal–desmethyl coibamide. 

After obtaining Boc-per-N-desmethyl coibamide, we attempted its permethylation by 

using NaH/MeI and Me2SO4/NaH/H2O conditions. To our disappointment, however, 
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the substrate decomposed quickly after 30 min and a mixture of decomposed 

peptides was obtained which was difficult to characterize. With these problems, no 

further efforts were made toward the permethylation of final compounds.  

Although the Y-strategy to generate coibamide A failed at the ester bond 

formation step, it possesses many advantages compared to the earlier attempts such 

as lack of racemization and convergence. Therefore, it is very favorable for our 

further work. A new analogue, Ser-coibamide, was designed and successfully 

synthesized by the Y-strategy in moderate yield. With this success, we took the next 

step and synthesized N-MeSer-Coibamide, the structure of which differs from 

coibamide A only by one methyl group. N-MeSer-Coibamide shows toxicity against 

the cell lines used for coibamide A activity test, although the potency is several 

hundred times lower than that of coibamide A itself.  

For the next stage of this project, the synthesis of coibamide A should be 

attempted again. The successful synthesis of N-MeSer-coibamide has demonstated 

the effectiveness of the Y-strategy; therefore, it should still be the first choice in the 

future synthetic work. The ester bond formation had been proved to be a very 

challenging reaction and should be built at an early stage during the synthetic process 

to increase the opportunity to afford the Y-Structure. Although Ser-coibamide and 

N-MeSer coibamide have been made, the overal yield is not good and remains to be 

optimized. This should be another direction for the future work.  
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