
Eivind H
alvorsen Brenna

Synthesis of Scopularide A and B

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lty

 o
f M

ed
ic

in
e 

an
d 

H
ea

lth
 S

ci
en

ce
s 

 
D

ep
ar

tm
en

t o
f C

lin
ic

al
 a

nd
 M

ol
ec

ul
ar

 M
ed

ic
in

e

M
as

te
r’s

 th
es

is

Eivind Halvorsen Brenna

Synthesis of Scopularide A and B

Master’s thesis in Pharmacy

Supervisor: Eirik Johansson Solum

September 2020





Eivind Halvorsen Brenna

Synthesis of Scopularide A and B

Master’s thesis in Pharmacy
Supervisor: Eirik Johansson Solum
September 2020

Norwegian University of Science and Technology
Faculty of Medicine and Health Sciences
Department of Clinical and Molecular Medicine





 
1 
 

 

 

 

 

 

 

 

 

 

 

 

Synthesis of Scopularide A and B 

Master’s thesis 

Eivind Halvorsen Brenna 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
2 
 

List of abbreviations and symbols (alphabetical) 

 

Ac Acetyl 

Ala Alanine 

Ar Aryl 

Boc tert-butoxycarbonyl 

Bz Benzyl 

°C Degrees Celsius 

CDCl3 Deuterated chloroform 

DBBT Dibutylboron

 trifluoromethanesulfonate 

DCM Dichloromethane 

d Doublet (NMR) 

dd Doublet of doublet (NMR) 
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E Entgenen (enolate) 

EDC 1-Ethyl-3- 

 (3-dimethylaminopropyl)

 carbodiimide 

Eq Equivalent(s) 

FDPP Pentafluorophenyl

 diphenylphosphinate 

G Gram 

Gly Glycine 
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HOBt Hydroxybenzotriazole 

Hz Hertz 

IPr isopropyl 

Leu Leucine 

LiBr Lithium bromide 

m Multiplet (NMR) 

MeOH Methanol 
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mmol Millimol 

min Minutes 
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NHC N-heterocyclic carbene 

NMP  N-Methyl-2- 

  pyrrolidone 

NMR Nuclear magnetic resonance 

No. Number 
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 spectroscopy 

oct Octet (NMR) 
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Phe Phenylalanine  

ppm Parts per million 
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s Singlet (NMR) 

sext sextet (NMR) 

tert tertiary 

TFA Trifluoroacetic acid 

THF Tetrahydrofuran 

TLC Thin layer chromatography 
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Abstract 

 

Scopularide A and B is a part of a family of cyclohexadepsipeptides who has shown to 

have significant effect against tumor growth in certain tumor cell lines. To study this 

effect in more detail, a synthetic pathway to produce these molecules were attempted in 

this project.  

The synthesis strategy was to synthesize two major fragments, a peptide fragment and a 

non-peptide fragment, and then to cyclize the molecules. 

The synthesis of the peptide fragment was completed using standard liquid phase 

coupling reagents and conditions. The synthesis of the non-peptide fragment was 

planned to be completed in three steps, in either of two ways. The two paths differed in 

the first step, either including a Negishi cross-coupling or an asymmetric alkylation, then 

both paths required a reduction, before an asymmetric aldol addition completed the non-

peptide fragment. To finalize the molecules a lactamization was planned to cyclize the 

two fragments into Scopularide A and B. 
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Chapter 1: Introduction 

 

1.1 Introduction 

 

When penicillin and natural antibiotics were discovered nearly 100 years ago, it was 

thought that problems with infectious diseases would disappear.  

History would show us otherwise, as antibiotic resistance among microorganisms 

developed quickly and now it is currently listed by WHO as one of the biggest threats to 

global health.1, 2 

As bacterial resistance to antibiotics became apparent, the search for new compounds 

with antibiotic effect intensified. 

As the most available eco-systems to humans are the terrestrial ones, most of the 

exploration into new compounds have been done on terrestrial life.3 

However, as the terrestrial world is relatively well mapped, the marine world is relatively 

unexplored. Although the search for novel drugs from life forms in maritime 

environments is still in an early phase, there has been many successes, and it is 

generally viewed to be a vast source of information.4 

In the search of natural products with antibiotic effect, it has also been discovered 

compounds with other beneficial effects.  

The discovery and study of Actinomycin D was the first natural compound that revealed 

other significant uses than antibiotics, as it showed anti-cancerous activity in its ability to 

inhibit transcription in cells.5 

The aftermath of this discovery has been an increase in the focus on the anti-cancer 

effect of natural compounds, and many similar molecules with similar or other anti-

cancer effects have been found.3 

However, like the ongoing search for new antibiotics, there’s a similar search to find new 

compounds for new cancer treatments, and to optimize the current treatments.6 

 

Among the discoveries both in terrestrial and maritime environment are a group of cyclic 

depsipeptides (CDP) derived from fungi. These CDP’s have been reported to exhibit 

various biological activities, such as cytotoxic, antimicrobial and antitumoral activities.7 

 

Among these CDP’s a family of cyclohexadepsipeptides known as Scopularides has been 

discovered.8 
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Figure 1.1.1: Scopularide A (1a) and B (1b). 

The focus of this project are the Scopularides A (1a) and B (1b), which has been 

identified and isolated from the marine sponge-derived fungus Scopulariopsis brevicaulis 

as well as from the coral-derived fungus Penicillium chrysogenum.8, 9  

These scopularides have shown weak antibiotic activity against bacteria, but significant 

cytotoxic activity against colon- and pancreatic tumour cell lines.8 

Nevertheless, due to the small amounts isolated from the fungi, a synthetic route to 

acquire these compounds could prove significant. Synthesis on large scale would open 

for more elaborate testing of the molecules, as well as serve as a base for production if 

they should be applied in medicine. 
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1.2 Retrospective analysis 

 

The synthetic strategy for assembling Scopularide A (1a) and B (1b) were envisioned by 

completing the following main steps: 

1. Synthesizing the peptide fragment (either as tetra- or pentapeptide). 

2. Synthesizing the non-peptide fragment with different alkyl chain lengths. 

 

 

Figure 1.2.1: Retrosynthetic analysis of the Scopularides (1a/b). 
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These steps were broken down further into the following reactions: 

① Peptide couplings, to couple together the amino acids and peptides. 

② A macrolactamization, as one alternative for cyclization of the molecule or 

③ a macrolactonization, as the other alternative of cyclization of the molecule. 

④ A Negishi cross-coupling, to get the different length alkyl chains on the non-peptide 

fragment. 

⑤ An aldol addition, to create the necessary aldol molecule with hydroxyl-group for 

completing the macrolactonization/esterification. 

⑥ Alkylation, as an alternative path to the Negishi-reaction, as to add different lengths 

of alkyl chains to the non-peptide fragment. 

 

 

Figure 1.2.2: Retrosynthetic analysis of tetrapeptide (3). 

 

The tetrapeptide (3) consists of Gly (glycine), L-Val (valine), D-Leu (leucine) and L-Ala 

(alanine) in this respective order (figure 1.2.2). The commercially available amino acids 

used in the project were the salts of Boc-protected Gly (5a), Leu (8) and the esters of 

Val (6) and Ala (7) (and Phe (4)). 
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Figure 1.2.3: Retrosynthetic analysis of non-peptide fragment (2a/b). 

*This synthon was replaced with a chiral auxiliary 

 

The retrospective analysis (figure 1.2.3) of the non-peptide fragment (2a/b) yields 3 

synthons when analysed. Of these synthons, compound 10c were commercially available 

for a reasonable price, and was decided to be the starting point of the synthesis of the 

non-peptide fragment (2a/b). The two other synthons were decided based on this 

starting molecule, and to add the alkyl chain, it was decided to use a Negishi cross-

coupling reaction, making the ZnBr-compound (9a/b) necessary. To produce the chiral 

centre connected to the hydroxyl group of 2a/b, a stereoselectivity-inducing compound 

would have to be applied, and the decision to use a chiral auxiliary (60b) was made. 

 

 

Figure 1.2.4: Alternative retrosynthetic analysis of non-peptide fragment (2a/b). 

*This synthon was replaced with a chiral auxiliary  

 

A contingency plan was also made (figure 1.2.4), as an alternative way of synthesising 

the non-peptide fragment (2a/b). The same plan for achieving the chiral centre 

connected to the hydroxyl group of 2a/b, but an additional chiral auxiliary would have 

to be used to make the other chiral centre of the molecule. An asymmetric alkylation of 
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a chiral auxiliary was the reaction that was decided upon to produce this second chiral 

centre. 

 

  



 
15 
 

1.3 General plan 

 

This aim of the project was to synthesise Scopularide A and B, following the steps 

described in the retrospective analysis. The rough idea was to synthesise the peptide 

fragment (scheme 1.3.1 and 1.3.2), then synthesise the non-peptide fragment 

separately (scheme 1.3.3) before connecting the two fragments and finally cyclizing the 

molecule (scheme 1.3.4). As a general plan, it seemed reasonable to arrange the project 

chronologically along this line of though. 

 

 

Scheme 1.3.1: Plan for the synthesis of dipeptides. 

The strategy was to synthesise two dipeptides, using standard peptide coupling 

techniques and protecting groups (scheme 1.3.1). Then to use these two dipeptides to 

synthesise the tetrapeptide (scheme 1.3.2).  

 

 

Scheme 1.3.2: Plan for the synthesis of tetra- and pentapeptide. 
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The synthesis of the peptide fragment were left somewhat open at the last stages, as it 

was thought that the cyclization could either be tried with a lactonization technique or a 

lactamization technique. 

However, the same techniques would be applied for completing the tetra- and 

pentapeptides as were used to complete the dipeptides. 

 

 

Scheme 1.3.3: Plan for non-peptide fragment synthesis. 

The synthesis strategy for the non-peptide fragment of the scopularides was based on a 

sp3-sp3 Negishi cross-coupling reaction followed by a reduction of the ester, before finally 

using an aldol addition to complete the non-peptide fragment (scheme 1.3.3). The aldol 

addition is necessary to create the necessary alcohol and to inducing the right 

stereochemistry needed to perform the cyclization. 

 

 

Scheme 1.3.4: Coupling the fragments and cyclization. 

 

The last part of the plan was to couple the non-peptide fragment (19) together with 

either the pentapeptide (15), followed by a lactonization, or coupled to the tetrapeptide 

(14) and the Phe (4), followed by a lactamization. (scheme 1.3.4). 
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The layout of the general plan for the synthesis of Scopularides A and B are shown and 

described in these schemes, but a multitude of methods of completing each step were 

discussed. As some of the methods were tested and deemed unsuccessful, there were 

several additions and adjustments to the plan as the project moved forward. 

 

Scheme 1.3.5: Protection/deprotecting of hydroxyl group. 

 

An example of the necessity of adjusting the project was as the protection of the 

hydroxyl groups in the molecule became apparent, so an addition of a hydroxyl-

protection step was added (scheme 1.3.5). And as this hydroxyl group became 

protected to hinder the occurrence of unwanted side reactions to this group, and later to 

deprotect the same hydroxyl group as its deprotection was essential for the cyclization of 

the molecule in the final steps. 
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Scheme 1.3.6: Alternative path to the non-peptide fragment. 

Another big change in the plan was when the Negishi cross-coupling had to be replaced 

by another reaction designed to ultimately get the same non-peptide fragment. 
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Chapter 2: Background information and theory 

 

2.1 Peptide coupling 

 

There is predominantly two ways of synthesising peptides, which is either a solid phase 

or liquid phase peptide synthesis. Each of these techniques have their own advantages, 

but the focus of this project was the liquid phase synthesis. 

 

The plan was to synthesise two dipeptides, Gly-L-Val (12a) and D-Leu-L-Ala (13a) 

before coupling them together to from a tetrapeptide (14a). The final step of the peptide 

synthesis would be to either add the last amino acid, L-Phe (4) to form the complete 

pentapeptide fragment (15a) to use in a lactonization or to use the tetrapeptide (14a) 

and L-Phe (4) to complete a lactamization (scheme 1.3.4). The dipeptides and the tetra- 

and pentapeptide is depicted in figure 2.1.1. 

 

 

Figure 2.1.1: The peptides needed to complete the scopularides. 

 

The procedure was based on the work done by T.K Chakraborty, and the synthesis of 

dipeptides were carried out using commercially available amino acids, where one amino 

acid is protected on the N-terminus with a Boc-group and the other amino acid is an 

ester hydrochloride (figure 2.1.2).10  

 

 

Figure 2.1.2: General peptide coupling. 
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This reaction includes several intermediary products and one of these products, an 

amino acid-carbodiimide-ester, can rearrange itself and result in the formation of an 

unreactive N-acylurea (27, scheme 2.1.1).11, 12 

 

 

Scheme 2.1.1: Use of HOBt to avoid formation of N-acylurea (27). 

 

To avoid the formation of the N-acylurea by-product, the reaction included HOBt. 

When added, a secondary intermediary product with HOBt is made. This reaction is 

much faster reaction than the reaction that produces N-acylurea, and it results in an 

amino acid-HOBt-ester (scheme 2.1.1) which does not form unwanted by-products.12, 13 
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Scheme 2.1.2: Mechanism for forming peptides, using HOBt.13 

 

The mechanism of the peptide coupling (scheme 2.1.2) starts with a nucleophilic attack 

by the first amino acid (5a or 8), which has a free C-terminus, on the carbodiimide 

(24a, EDC) forming an ester with it (25a). This is followed by another nucleophilic 

attack by the hydroxyl group of HOBt (29a) on the carbonyl of newly formed amino 

acid-EDC-ester (25b). HOBt has now substituted EDC in the ester, and EDC results in a 

urea by-product (26). The second amino acid (6 or 7), which has a free N-terminus, 

initiates a nucleophilic attack on the same carbonyl of the ester as HOBt attacked, 

expelling HOBt and the result is a dipeptide (12a/13a).  

During the project, the reaction was also attempted without the use of HOBt (scheme 

2.1.3), reacting the amino acid-EDC-ester directly with the second amino acid to produce 

the dipeptide. 

This method was based on the work done by K. Luthman and co-workers. 14  

The thought behind it was that as one of the intermediary products were removed from 

the reaction, the workup of the product would be simplified.  
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Scheme 2.1.3: Mechanism for forming peptide, without the use of HOBt.12 

 

The mechanism for this reaction (scheme 2.1.3) was essentially same as with HOBt 

(scheme 2.1.2), but without the HOBt-intermediary ester, and where the reaction time 

was shortened to avoid the formation of N-acylurea.  

 

The amino acids used to synthesise the dipeptides were commercially available amino 

acids which were protected on one of their termini and therefor ready to be used in 

coupling reactions. However, the dipeptides and the tetrapeptide synthesized in the 

project were protected on both termini, and as such were not in any condition to react. 

(figure 2.1.3). 

 

 

Figure 2.1.3: The necessity of deprotecting peptides to use them in further synthesis. 
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The obvious solution to this problem was to deprotect one the termini of the peptide that 

was needed to react with another amino acid or peptide (figure 2.1.3). These reactions 

are quite elementary, where the peptide was either treated with acid or base depending 

on which terminus that should be deprotected (figure 2.1.4). 

 

 

Figure 2.1.4: Deprotection of the dipeptides. 

 

By combining the same deprotection methods and the peptide coupling methods 

described in this part, it is in theory possible to synthesize peptide chains of greater 

lengths. 
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2.2 Negishi cross-coupling 

 

The Negishi cross-coupling technique is frequently used in organic synthesis, along with 

several other techniques such as the Heck- and the Suzuki cross-coupling techniques.15 

These techniques all typically use palladium as a metal catalyst, but they are different in 

what conditions they can be performed and what kind of coupling reagents that are 

used.16  

The reactants used in a Negishi cross-coupling, which separates these reactions from  

each other, are organozinc compounds coupled with organohalides or pseudohalides, 

along with triflates, tosylates and mesylates.17 

While the mentioned cross-coupling reactions are similar in the way that they can couple 

together sp2-carbons, the Negishi technique also can couple sp- and sp3-hybridized 

carbons (figure 2.2.1), which made the technique ideal for this project. 

 

 

Figure 2.2.1: The Negishi cross-coupling reagents used for connecting the sp3-

hybridized carbons. 

 

Fortunately, as cross-coupling reactions are quite popular, they have also been 

developed quite a bit since when they were discovered more than a century ago. These 

developments include the gradual movement from nickel- to palladium catalysts, due to 

environmental and cost concerns, which is why palladium was the chosen catalyst used 

for this project.18 

The original plan for the cross-coupling was to synthesise compound 17, from 9 and 16, 

while later the plan changed somewhat to the synthesis of 25a and 25b from 25c and 9 

(Scheme 2.2.1). 
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Scheme 2.2.1: The different stages of the plan which included the Negishi cross-

coupling technique. 

 

 

Additionally, the synthesis of compound 35b was tried attempted as a test reaction 

(figure 2.2.2), but the method remained the same for all these reactions. 

 

 

Figure 2.2.2: Test reaction with benzyl bromide. 

 

The mechanistic approach to these reactions is quite similar, and they revolve around 

the catalytic cycle of a select few metals, of which metals such as palladium or nickel are 

typically used.19, 20 

The cycle involves three main steps: an oxidative addition of the catalyst followed by a 

transmetalation, and lastly a reductive elimination to restore the catalyst.21 

This cycle is illustrated in the following figure (figure 2.2.3). 



 
26 
 

 

Figure 2.2.3: Palladium catalysation cycle.  

 

The initiation of the reaction is done by an electrophilic addition to the electron-dense 

Pd-atom (figure 2.2.3). This produces a mono-organopalladium complex which then 

undergoes a transmetallation to produce a di-organopalladium complex. The final step is 

the C-C bond formation which results from a reductive elimination.22 

Nevertheless, there are several side reactions that may occur during a cross-coupling 

reaction, such as homo-couplings, β-hydride elimination, reduction of halides or loss of 

ligands (figure 2.2.4).23, 24 
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Figure 2.2.4: Map of the different reactions and side reactions that may occur during 

the catalytic cycle.25 

 

This will almost inevitably consume a part of the reagents, but steps can be made to 

decrease the portion of reagents that will vanish in these unwanted reactions. Examples 

of such steps would be to conduct the experiments in inert atmosphere, exercise 

temperature control or use specialized ligands. 

 

The specific palladium catalyst used in the project (figure 2.2.5) is a part of a family of 

palladium pre-catalysts developed by Organ and co-workers called Pd-PEPPSI (Pyridine-

Enhanced Pre-Catalyst Preparation Stabilization and Initiation).  

The benefit of using this family of pre-catalysts is firstly that there’s no need to attach 

ligands to the palladium-containing molecule while they are air stable in addition to 

maintaining a high reactivity to organozinc compounds.17 

It also has shown to resist the formation of unwanted side reactions such as the  

β-hydride elimination.26 

The PEPPSI pre-catalyst needs to be activated to function as a catalyst, and as a part of 

the design of this pre-catalyst both the pyridinium chloride and the chloride atoms 

coupled to Pd dissociates readily when solved.27 

This activated Pd-catalysator will however still be connected to the NHC (N-heterocyclic 

carbene) as shown in figure 2.2.5, as this NHC-part is what gives this catalyst its 

beneficial properties during the coupling reaction. 
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Figure 2.2.5: Activation of Pd-PEPPSI-IPr. 

 

Another essential part of the cross coupling is the addition of the LiBr salt, but the 

reasoning behind this is still discussed. However, what’s observed in this type of reaction 

is that there are none of the desired cross-coupled products in reactions absent of LiBr, 

while the desired cross-coupled products are present in the reactions which include 

LiBr.25 

 

The procedures for the coupling-reactions done during the project was derived from the 

work done by Organ and co-workers, who as a part of developing the PEPPSI-family, has 

done a great deal of work dealing with Pd-catalysts.17 

  

 

  



 
29 
 

2.3 Reduction of ester to aldehyde 

 

The original plan for making the non-peptide fragment includes the following reaction 

(figure 2.3.1), which is a reduction of an ester to an aldehyde. This was in order to 

couple the aldehyde to a chiral auxiliary, in which the latter is necessary for the 

stereoselectivity of the non-peptide fragment. 

 

 

Figure 2.3.1: General reduction of ester with LAH as reducing agent. 

The procedure used in this project is based on work done by H.F Olivo and co-workers, 

and the reaction is based upon DIBAL-H functioning as a reducing agent.28  

 

The reduction of esters and aldehydes is a well-known and used technique, and the 

reaction is described in many textbooks. 

The reaction is quite simple, and several reducing agents can be used to complete the 

reaction. The completion of the reaction however, does not necessary stop when the 

aldehyde is produced, but can continue to produce an alcohol.29 

 

However, the purpose of this step in the plan was to produce an aldehyde, which in most 

accounts are more reactive than esters, and this makes the reaction a bit more 

complicated. To stop the reduction at the aldehyde step and not continue towards the 

alcohol, DIBAL was used as a reducing agent at low temperature (figure 2.3.2), as it has 

been reported to be a method to control and stop the reduction at the wanted aldehyde 

stage, as opposed to other reagents such as lithium aluminium hydride.30, 31 

 

 

Figure 2.3.2: Reduction of ester with DIBAL as reducing agent in low temperature. 
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2.4 Aldol addition 

 

The aldol addition (figure 2.4.1) was another essential part of the synthesis of the non-

peptide fragment of the product molecule. The general aldol reaction has been 

continuously developed since its discovery in the 19th century, but there have been 

specific developments of this technique that has been important for this project.32  

D. Evans and co-workers developed a way of performing an stereoselective aldol 

reaction in the 1970’s and it has since then often been referred to as “Evans aldol 

reaction”.33 

 

 

Figure 2.4.1: General- and Evans aldol addition.  

 

The significance of his development to the aldol reactions for this project was his focus 

on the stereochemistry of the aldol-products. His research group used chiral auxiliaries 

of the oxazolidinone family to provide steric hinderance and DBBT as a chelation agent 

to direct the reaction towards stereoselectivity (figure 2.4.1).33  

About 20 years later, M. Crimmins in his work with asymmetric aldol additions used 

oxazolidinones along with thiazolidinethiones as chiral auxiliaries, and he additionally  

replaced DBBT with TiCl4 as a chelating agent (figure 2.4.2).34 

 

 

Figure 2.4.2: The aldol addition with TiCl4 and a thiazolidinethione (60b) as chiral 

auxiliary. 



 
31 
 

 

The fundamental procedure in this project was developed by M. Crimmins and co-

workers and the procedures used in the project were based on the refined ones 

developed by Olivio and co-workers and A. Phillips/N. Guz.28, 35, 36 

One of the results of Crimmins’ work with these reagents was the inverse products from 

the “Evans aldol products”, and they were aptly named “non-Evans aldol products”. 

With the reagents used by Crimmins, he reported that adjusting the equivalents of 

different reagents, one could also direct the stereoselectivity of the resulting products, 

which is a practical aspect when conducting this type of synthesis.34 

The chiral auxiliaries that were in focus during this project were of the 

thiazolidinethiones family used by Crimmins, and the resulting products were the non-

Evans products. 

 

The original plan for this project was to synthesise compound 60b from commercially 

available (R)-4-Benzylthiazolidine-2-thione (60a) and acetyl chloride (73a) to create a 

chiral auxiliary (60b) (figure 2.6.1, page 38). 

Next was to combine it with the aldehyde (18a/b) from the reduction of compound 

17a/b (figure 2.3.2) to create compound 19a/b (figure 2.4.2).  

 

 

One of the prominent theories of how this reaction takes place is through a chair-like 

intermediary state theorized by H. Zimmerman and M.D Traxler in 1957 called the 

Zimmerman-Traxler model (figure 2.4.3).37 

This model shows how a metal ion coordinates with the aldehyde and/or ketone 

reactants into a six membered, chair-like complex.38 

 

 

Figure 2.4.3: Zimmerman-Traxler chair-like complex. 

 

According to the Zimmerman-Traxler model the aldol addition typically yields anti 

products with E-enolates, whereas Z-enolates yield syn products (figure 2.4.4).33, 39, 40 

This is due to the stereochemistry in the six membered chair-like transition state, where 

the favoured state(s) with both isomers is a state where the R-groups of the aldehydes 

or ketones are found equatorial to their respective axial counterpart. This is most likely 

to avoid the steric hinderance of syn-pentane interactions.41 
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Figure 2.4.4: E-enolates yield anti products and Z-enolates yield syn products. 

 

The carbonyl oxygens will chelate to the metal ion and open up for rearrangement in the 

six-member-like ring, and when the metal ion is removed and the chair-like structure 

opened up, the product will be a racemic mixture of the aldol. However, the earlier 

mentioned steric hinderance provided by the chiral auxiliaries guides this reaction to 

towards stereoselectivity.33 
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However, an alternative yet similar model for the transition state has been suggested by 

W. Oppolzer, based on a chelation model made by Y. Nagao during his work with aldol-

type reactions (figure 2.4.5).42, 43 

This chelation complex has a tin atom in the centre, but the same model is applied by 

Crimmins to his titanium chelation complex, where the titanium and it’s bonded atoms 

makes and octahedral shape (figure 2.4.5). 

  

 

 

Figure 2.4.5: The alternative six membered chair-like complex, as proposed by 

Oppolzer and Crimmins.34 

 

This Crimmins-developed TiCl4-chelated aldol addition which was applied in this project 

uses this alternative chelation model to explain the resulting inverse non-Evans 

products. This is due to the chelation and coordination to the TiCl4-molecule by the 

reactants, which results in the mirrored six-membered chair-like conformation (figure 

2.4.6). Nevertheless, the axial/equatorial positions remain as they are in the traditional 

Zimmerman-Traxler model. 

 

Figure 2.4.6: The axial and equatorial positions are the same in both the Zimmerman-

Traxler model and the Nagao chelation model. 

 

As the chiral auxiliary used in this project also contains a chiral centre, of which the 

appended benzyl-group contributes steric hinderance (figure 2.4.7). The R-configuration 

of the chiral auxiliary is furthering the selectivity towards the non-Evans syn products.35 
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Figure 2.4.7: The steric hinderance of the chiral auxiliary depends on the 

stereochemistry of the substituent on the heterocyclic ring. 

 

 

With the use of oxazolidinethiones, the carbonyl is nucleophilic enough to displace the 

chloride ion of the TiCl4, but the addition of a second equivalent of TiCl4 to the mixture, a 

chloride ion is abstracted from the titanium, opening up another coordination site.38  

This results in Evans syn products with the use of 1 equivalent of TiCl4 and non-Evans 

syn products with the use of 2 equivalents of TiCl4, due to the mirrored transition states 

depicted in figure 2.4.6. 

However, when using thiozolidinethiones, the increased nucleophilicity of the results in 

an ordered chelated transition state where only 1 equivalent of TiCl4 is needed to 

produce the non-Evans syn products. In this system, the addition of a second equivalent 

of chiral ligands results in the reversal to Evans syn products. This is possibly because of 

the binding of these ligands to the titanium disfavours its coordination with the 

thiocarbonyl.34 
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2.5 Asymmetric alkylation 

 

The alkylation of carbonyl groups can be done with a multitude of reagents and in 

different conditions.44 

In this project the alkylation of the -carbon illustrated in the following figure were 

suggested as an alternate route to the original plan, as to produce compound 69a/b 

(figure 2.5.1).  

 

 

 

Figure 2.5.1: Asymmetric alkylation using chiral auxiliary. 

 

The method used was developed based on work done M. Kohler, who has done work with 

asymmetric -alkylation of carbonyls.45 

The starting molecule of this reaction was a prochiral molecule, which made the use of 

chiral auxiliaries essential, as to induce the right stereoseletivity.45, 46 

This reaction is similar to the aldol addition, though there are some slight differences 

which makes these reactions different. 

The metal chelation centre is the Na atom of the NaHMDS molecule, and the two 

carbonyls (or carbonyl and thiocarbonyl) of the chiral auxiliary will form bonds to it 

(figure 2.5.2).47, 48  

 

FIGURE 2.5.2: The chelated NaHMDS-complex. 

 

This enolate makes it possible for the nucleophilic attack on the iodine compound to 

occur (figure 2.5.3). 
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FIGURE 2.5.3: Proposed mechanism of the alkylation. 

 

Based on several articles and the work done with the aldol addition, it was theorized that 

the chiral auxiliaries with R-configuration would result in the second chiral centre would 

be S-configured (figure 2.5.3).45-48 

 

This due to the steric hinderance which would make the nucleophilic attack happen from 

the Re-face of the prochiral molecule (figure 2.5.4). The steric hinderance would be 

applied by the benzyl group of the chiral auxiliary, which is connected to the 5-

membered ring with a rotatable single bond. 

 

 

Figure 2.5.4: Due to steric hinderance, the alkylation takes place on the Re-face of the 

prochiral molecule. 

 

 

The chiral auxiliaries used for this alkylation was both an oxazolidine (58c) and a 

thiazolidinethione (60c) (figure 2.5.5), of which very similar chiral auxiliaries were used 

for the aldol reaction (60b). This reflects the similarity of these reactions and the 

importance of the chiral auxiliary used, as to achieve products with the desired 

stereochemistry.  



 
37 
 

 

 

Figure 2.5.5: The chiral auxiliaries used. 

After the ended alkylation, the chiral auxiliary used would need to be removed by a 

reduction reaction, as to produce aldehyde needed to complete the aldol addition  

(figure 2.5.6). 

 

 

Figure 2.5.6: Reduction of the molecule into an aldehyde to be used in the aldol 

addition. 
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2.6 Chiral auxiliaries 

 

As indicated in the previous sections, the chiral auxiliaries were of great importance for 

this project. The asymmetric alkylation and the aldol addition and were attempted to 

different molecules, and the stereoselectivity of these reactions was guided by the chiral 

auxiliaries. The function of these chiral auxiliaries is to induce a certain stereochemistry 

to a product then be removed, preferably under mild conditions.49 

 

 

Figure 2.6.1: Acylation of the chiral auxiliaries with different acylating agents. 

 

The different lengths of the R-group on the acid chlorides are due to the different 

applications of the auxiliaries, either to use for aldol additions or the iodine-asymmetric 

alkylation (figure 2.6.1). 

 

The mechanism of the reaction is an elementary acylation, where the amine of the chiral 

auxiliary works as a nucleophile which will attack the carbonyl of the acid chloride, 

expelling the chloride ion, which of course is an excellent leaving group. 29 

The procedures for the synthesis of both oxazolidinethiones and thiazolidinethiones were 

based on work by P. Romea and his research group, whose work includes preparation of 

thiozolidinethiones.50 

 

The stereoselective-inducing properties of the chiral auxiliary can could be attributed to 

the steric hinderance of the ring structure, but mainly due to the substituents on the 

ring, such as isopropyl or benzyl groups (figure 2.6.2).49  

This is due to the steric hinderance provided by these substituents, depicted in figure 

2.4.7 (page 34). 

 



 
39 
 

 

Figure 2.6.2: The placement of the substituents that induce selectivity in connected 

molecules.  

 

There are many chiral auxiliaries to choose from, and most published papers claim that 

their chiral auxiliaries are the best. However, it was decided to apply the procedures 

developed by M. Crimmins and H. Olivo and their respective research groups, as they 

applied reasonably similar reagents in their articles as the ones that were used in the 

aldol addition of this project (figure 2.6.3).28, 34 

 

 

Figure 2.6.3: Similarity of the chiral auxiliaries.  

 

As an alternative path to complete the non-peptide fragment was implemented to the 

project, it was decided to synthesise variants of the thiazolidinethiones and 

oxazolidinones, to test the success of the different auxiliaries in different reactions. The 

general reaction of synthesizing both thiazolidinethiones and oxazolidinones was the 

same, where the only difference was what acid chlorides were used to acylate the 

heterocyclic compounds (figure 2.6.1).  
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2.7 TBS-protection 

 

The protection of hydroxyl groups is a rather known method of ensuring that this 

functional group will not undergo any unwanted reactions, as it is quite reactive. The 

thought behind this reaction is to reduce the nucleophilic properties of the OH-group by 

substituting the hydrogen of the hydroxyl with a silyl-group, making a silyl ether (figure 

2.7.1). 

 

 

Figure 2.7.1: The TBS-protection reaction. 

 

The reagents used for the reaction is traditionally an amine base along with the 

hydroxyl-containing compound and the silyl chloride. As a solvent, DMF is used as it acts 

as a Lewis-basic solvent. This traditional approach was used in the project, where 

imidazole was used as a base and TBSCl as the silyl chloride (scheme 2.7.1). Different 

hydroxyl-containing compounds were also used, as several of the compounds needed 

protecting. 

 

Scheme 2.7.1: Proposed mechanism for TBS protection with imidazole as base. 

 

The procedure for this approach was developed were based on work done by E. Solum. 

Additionally, a protection method utilizing a Lewis base-catalyst system were used, 

based on work done by P. Patschinki and co-workers (scheme 2.7.2).51  

The advantage of using this method is that one is able to speed up the reaction time 

while using less polar solvents than DMF, such as DCM or chloroform. This would be 
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advantageous for the workup of the product, as DMF can be quite troublesome to 

remove from reaction mixtures. 

 

 

Scheme 2.7.2: Proposed mechanism of TBS protection, using DMAP as catalysator. 
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2.8 Nagao aminolysis 

 

 

Figure 2.8.1: Nagao aminolysis. 

Following the use of chiral auxiliaries, the removal of the chiral auxiliary was an 

inevitable step for finishing the non-peptide fragment of the project. This reaction is an 

aminolysis of the chiral auxiliary, and it should be carried out in mild conditions, utilizing 

the good leaving qualities of the heterocyclic thiocarbonyl group.52 

The reaction used in this project (figure 2.8.1) was developed by Y. Nagao and what 

made this reaction ideal for this project was that it is a method specifically developed to 

displace chiral auxiliaries. Also, because of said auxiliaries, the reaction mixtures often 

have a yellow colour which disappears after ended reaction. This makes the reaction 

easily monitorable.52 

 

This reaction requires a nucleophile to instigate a nucleophilic attack where it substitutes 

the heterocyclic ring of the chiral auxiliary part of the molecule (figure 2.8.2). 

 

 

Figure 2.8.2: Nagao’s proposed mechanism.52 

 

Since the base used for the reaction substitutes the chiral auxiliary, it is important that it 

either is a base that is easily displaceable while still nucleophilic enough to displace the 

chiral auxiliary. However, the more logical approach would be to use an amine that is not 

needed to be replaced, which for this project meant to use the C-terminus protected 

amino acid glycine (5b) or either the tetra-(14) or pentapeptide (15) of which both 

contains glycine on one end. 
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2.9 Cyclization 

 

The cyclization of the molecule is a step that can be achieved by using several different 

methods, but the principles are somewhat similar. 

The original plan for cyclizing the molecules were a macrolactonization (scheme 1.3.4, 

page 16). It would start by connecting the pentapeptide to the non-peptide fragment 

with an aminolysis, then using a macrolactonization technique to cyclize the molecule 

(scheme 2.9.1). 

As macrolactonization of cyclic peptides is well documented in literature, there were 

several reports that were considered as basis for the procedure. 53, 54 

 

 

Scheme 2.9.1: The proposed macrolactonization. 

 

The alternative way considered for cyclizing the molecules was a lactamization (scheme 

1.3.4, page 16). 

This would require the peptide fragments to be split up, where one part of the peptide 

would be connected to the hydroxyl group of the non-peptide fragment, while the other 

part of the peptide would be connected to the carbonyl. 

The last step would then be to form a bond between the N- and C termini of the peptides 

and thus, cyclizing the molecule. (scheme 2.9.2) 



 
44 
 

This could be completed in two ways. Either by coupling the C-terminus of Phe (4) and 

the N-terminus of the tetrapeptide (14) to the non-peptide fragment (19a/b) then 

connecting the peptide with the amino acid through a lactamization (scheme 2.9.2). The 

other way would be to couple the N-terminus of Gly (5b) and the C-terminus of the 

alternative tetrapeptide (84) to the non-peptide, and then connecting the peptide to the 

amino acid through lactamization (scheme 2.9.2). 

The macrolactamization of cyclic peptides is just as well documented as the 

macrolactonization, and input from several articles were used to form this procedure as 

well.55-57 

 

 

Scheme 2.9.2: The proposed macrolactamization. 

 

In the end, it was decided to go for the macrolactamization path, as there was reported 

problems completing a macrolactonization of a similar molecule (figure 2.9.1) to the 

scopularides in one of the articles.56 
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FIGURE 2.9.1: Side-by-side comparison of Scopularide and the similar molecule from 

the article. 

The fundamental thought for this pathway was to perform a Nagao-aminolysis of the 

heterocyclic ring of the chiral auxiliary where a t-Butyl protected glycine is replacing the 

auxiliary, before introducing the tetrapeptide on the hydroxyl group. The reason behind 

the aminolysis happening first was to reduce the chance of a reaction to occur on a 

different than intended part of the molecule, as the introduction of a multi-amide 

containing peptide chain on the molecule could provide additional sites for the reaction 

to happen (figure 2.9.2). These new points of attack are sterically hindered by the R-

groups of the peptide, but it was thought to minimize the risk of these side-reactions to 

happening in any way possible. 

 

 

Figure 2.9.2: Possible attack points during the aminolysis. 

 

Next is the deprotection of the Boc-group of the tetrapeptide, which conveniently also is 

the method for deprotecting t-butyl protected glycine, before finally connecting the 

termini of the opposing amino acids to a cyclic molecule, using FDPP as a coupling agent 

(scheme 2.9.3).  
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Scheme 2.9.3: The reagents and the sequence of reactions of the lactamization of the 

Scopularides (1a/b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
47 
 

Chapter 3: Results and discussion 

 

3.1 Synthesis of peptides 

 

The peptide synthesis was one of the reactions that were successful from the start, but 

which were developed to improve the yields during the project from the range of 42 % 

to 86 %. 

 

 

Figure 3.1.1: The synthesised peptides. 

Four different peptides were synthesised during this project (figure 3.1.1). 

A distinction has to be made between the reactions carried out with the amino acids 

which were acquired commercially, and the reactions done with dipeptides that were 

synthesised during the project. The reactions carried out with the commercially acquired 

reagents to produce dipeptides were generally the reactions with the best yields (figure 

3.1.2, table 3.1.1-3.1.3). 
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Figure 3.1.2: The commercially acquired amino acids generally gave better yields than 

when the synthesised peptides were used as reagents. 

 

A representative amount of NMR-analyses was made for each peptide and confirmed 

through NMR (spectras 1-4, page 100-103), and later the products were identified using 

TLC. 

The synthesis of dipeptides started with procedures based on the work done by T.K. 

Chakraborty and his research group, using standard conditions of peptide synthesis with 

EDC and HOBt as coupling reagents. This procedure eventually resulted good yields 

(table 3.1.1 and 3.1.2), and the products were which were confirmed with NMR. 

 

The yield of the dipeptide reactions started quite low, with around 40-50 % of theoretical 

output, but as the general lab-technique improved, so did the yield. By mainly improving 

technique, the yield increased to above 65 %, and several reactions yielded over 90 %. 

It was also shown that the lengthier experiments gave similar yields to the shorter ones, 

and if the right eluents were used, a short silica-filled column could be used for purifying 

the product instead of the longer columns used in flash chromatography. This means 

that the synthesis could be done with smaller amounts of time used, and less materials 

used for the work-up and purification. The scale of the reactions did not seem to affect 

the yields much either, so the synthesis could potentially be run at a large scale. The 

method for synthesising the dipeptide without the use of HOBt was also deemed a 

success, as the yield were high. However, the time needed for this experiment was 

relatively lengthy, and therefore the time aspect should be considered when using this 

method. 

  

The need for HOBt was considered, as this coupling reagents function was to inhibit the 

formation of N-acylurea (see chapter 2.1). It was theorized that if the reaction time 

could be reduced it could be conducted without the use of HOBt. A test reaction was then 

completed without the use of HOBt, based on work done by K. Luthman and her 

research group.14  

This test was a success, where the same dot (Rf-value and colour) appeared on the TLC-

plate as the earlier NMR-confirmed product, which served as a fundamental confirmation 
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of the product. As there were no observable by-products, it was decided that HOBt could 

be removed as a coupling reagent. 

As a result of this the workup became simpler which in turn increased the yield of the 

reactions and reduced the total time spent on the reaction. The yields were equal to 

yields provided by the reactions including HOBt, as shown in table 3.1.1 and 3.1.2. 

 

 

 

Figure 3.1.3: Synthesis of Gly-Val dipeptide 

 

 

Entry. 

no. 

Reagents Eq and mmol Solvents Duration 

(hours) 

Workup Yield 

(%) 

1 5a,  

6,  

EDC,  

HOBt, 

DIPEA 

1, 0.47 

1, 0.47 

3, 1.4 

3, 1.4 

3, 1.4 

DCM 18 Wash, 

flash 

46 

2 5a,  

6,  

EDC,  

HOBt, 

DIPEA 

1, 1.88 

1, 1.88 

1, 1.88 

1, 1.88 

2, 3.76 

DCM 18 Wash, 

flash 

52 

3 5a,  

6,  

EDC,  

HOBt, 

DIPEA 

1, 0.47 

1, 0.47 

1, 0.47 

1, 0.47 

2, 0.94 

DCM 18 Wash, 

flash 

89 

4 5a,  

6,  

EDC,  

HOBt, 

DIPEA 

1, 0.94 

1, 0.94 

1, 0.94 

1, 0.94 

2, 1.88 

DCM 2 Wash, 

short 

column 

86 

5 5a,  

6,  

EDC,  

HOBt, 

DIPEA 

1, 0.43 

1, 0.43  

1, 0.43 

1, 0.43 

2, 0.86 

DCM 2 Wash, 

short 

column 

88 

6 5a,  

6,  

EDC,  

1, 1.88 

1, 1.88 

1, 1.88 

DCM 2  Wash, 

short 

column 

97 
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HOBt, 

DIPEA 

1, 1.88 

2, 3.76 

7 5a,  

6,  

EDC,  

DIPEA 

1, 0.5 

1.27, 0.635 

1.27, 0.635 

1.27, 0.635 

DCM 18  Washed 89 

Table 3.1.1: Results of Gly-Val dipeptide syntheses. 

 

Comparing the experiments conducted making the Gly-Val dipeptide (figure 3.1.3), there 

were several factors that could be considered for optimizing the synthesis.  

The equivalents used for the synthesis were reduced through the project. Table 3.1.1 

and 3.1.2 shows that the yields were just as good, or better when using the lower 

equivalents compared to the higher equivalents in the same conditions. 

 

 

 

Figure 3.1.4: Synthesis of Leu-Ala dipeptide. 

 

 

Entry. 

no. 

Reagents Eq and mmol Solvents Duration 

(hours) 

Workup Yield 

(%) 

1 8,  

7,  

EDC,  

HOBt,  

DIPEA 

1, 0.43 

1, 0.43 

3, 1.29 

3, 1.29 

3, 1.29 

DCM 18  Wash, 

flash 

43 

2 8,  

7,  

EDC,  

HOBt,  

DIPEA 

1, 0.43 

1, 0.43 

1, 0.43 

1, 0.43 

2, 0.86 

DCM and 

DMF 

18  Wash, 

flash 

87 

3 8,  

7,  

EDC,  

HOBt,  

DIPEA 

1, 1.72 

1, 1.72 

1, 1.72 

1, 1.72 

2, 3.44 

DCM and 

DMF 

18  Wash, 

short 

column 

55 

4 8,  

7,  

EDC,  

HOBt,  

1, 0.43 

1, 0.43 

1, 0.43 

1, 0.43 

DCM and 

DMF 

18  Wash, 

short 

column 

67 
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DIPEA 2, 0.86 

5 8,  

7,  

EDC,  

HOBt,  

DIPEA 

1, 0.43 

1, 0.43 

1, 0.43 

1, 0.43 

2, 0.86 

DCM and 

DMF 

2  Wash, 

short 

column 

96 

6 8,  

7,  

EDC,  

HOBt,  

DIPEA 

1, 1.88 

1, 1.88 

1, 1.88 

1, 1.88 

2, 3.76 

DCM and 

DMF 

18  Wash, 

short 

column 

74 

7 8,  

7,  

EDC,  

HOBt,  

DIPEA 

1, 0.43 

1, 0.43 

1, 0.43 

1, 0.43 

2, 0.86 

DCM 2  Wash, 

short 

column 

58 

8 8,  

7,  

EDC,  

HOBt,  

DIPEA 

1, 1.88 

1, 1.88 

1, 1.88 

1, 1.88 

2, 3.76 

DCM 2  Wash, 

short 

column 

77 

9 8,  

7,  

EDC,  

DIPEA 

1, 3 

1.3, 3.9 

1.3, 3.9 

1.3, 3.9  

DCM 2  Wash, 

short 

column 

68  

Table 3.1.2: Results of Leu-Ala dipeptide syntheses. 

 

The conclusions drawn for the synthesis of the Gly-Val-dipeptide (figure 3.1.4) could be 

applied to the synthesis of Leu-Ala-dipeptide, but there were some additional points that 

had to be addressed. The Gly-Val synthesis were completed using only DCM as solvent, 

but as the AlaOMe compound (7) was poorly soluble in DCM, some slight adjustments to 

the procedure had to be made. The first adjustment made was to add DMF as solvent to 

the reaction, and this gave an increased yield, though the work-up and purification of 

the product became slightly more difficult. As DMF has a high boiling point, it does not 

evaporate easily and had to be removed by several rounds of washing and in some 

experiments a couple of rounds through silica-gel filled columns.  

It was observed that some of the compounds that were not easily solved during the 

peptide synthesis seemed to dissolve after the addition of DIPEA to the reaction mixture. 

It was theorized that DIPEA as a proton scavenger would deprotonate the amino acid 

salts used in the synthesis, and that it could help dissolve compound 7. This turned out 

somewhat successful, as compound 7 (in its salt form: HCl-Ala-OMe) dissolved after it 

was added directly to the reaction in its dry form, followed by the addition of DIPEA. 

Despite this, the yield seemed to slightly decline in the experiments where this was 

done. 

The scale of the reactions conducted during the Leu-Ala-syntheses, as with the Gly-Val 

syntheses, seemed to be have no apparent effect on the yield, as the small scale 

experiments yielded about the same results as the large scale experiments.  
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When the dipeptides were coupled further, either when two dipeptides were coupled 

together to form tetrapeptides or the tetrapeptide with a single amino acid to form 

pentapeptide, the yields fell dramatically. (Table 3.1.3) 

The reason for this could be in the method used for removing the amine-protecting Boc-

group of the amino acid. 

This method includes TFA as the deprotecting agent, and in theory what is left after an 

ended reaction is a mixture of compounds: a trifluoracetate salt of the amino acid and 

by-products such as trifluoroacetate, excess trifluoracetic acid, carbon dioxide and 

possible either a free t-butyl cation or a t-butyl bound to trifluoroacetate as a salt 

(scheme 3.1.1). 

 

 

Scheme 3.1.1: Proposed mechanism for deprotection of the amine. 

 

The removal of the impurities from the reaction mixture turned out to be quite difficult, 

and the important impurity was perhaps the excess TFA as it made the mixture acidic. 

Even after 24 hours on a high-vacuum pump, pH-strips revealed that the mixture was 

acidic which indicated TFA in the mixture. As a result, the products were put for even 

longer periods of time on the vacuum pump, but it did not seem to have any significant 

effect. Basic extraction was also tried, but the amino acid was too soluble in water 

compared to organic solvents, and water could not be used as solvent in further 

reactions. However, a method was tried in the next step of the plan, when coupling the 

slightly acidic dipeptide with another amino acid/dipeptide, where it was tried to add 

higher equivalents of DIPEA. 
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Figure 3.1.5: DIPEA used to neutralize acid in addition to deprotonating amino acids. 

 

DIPEA was included in the reaction as a proton scavenger, but the amounts specified in 

the procedure was not measured to neutralize acid, but rather to deprotonate the amino 

acids. However, the basic property of DIPEA was used more extensively, as the 

equivalent was increased to neutralize the trace amounts of acid in the deprotected 

dipeptide mixtures (figure 3.1.5). The mixture was monitored with pH-strips as DIPEA 

was added to slightly basic conditions, and the observed yields increased to equal the 

dipeptide synthesis yields. However, this method was tried but once before the COVID-

19 shutdown and NMR showed that the coupling of the dipeptide (Gly-Phe) did not 

couple with the additional glycine. 

When the reaction mixture was analysed with TLC, a new spot appeared which indicates 

a new compound in the mixture. However, the NMR-spectrum of this mixture indicated 

that the Boc-protecting group no longer appeared in the molecules, so this new 

compound was not the wanted product. 

The pentapeptide (15a) synthesised in this project (table 3.1.3) was made with Val (6) 

as the final amino acid instead of with Phe (4), which is the last amino acid in the 

Scopularides. This was due to the availability of amino acids at the time, but the reaction 

should work just as well with Phe as with Val. 

However, generally the workup of the multi-peptides proved more difficult than the 

dipeptides, and the purification through flash chromatography did not yield an isolated 

product, but contained some impurities. 

The NMR-spectrum of the tetrapeptide (14a) showed that the sample did not contain the 

isolated tetrapeptide, however it was possible to identify the peaks corresponding to the 

R-groups of the amino acids. Both the patterns of the peaks, and if the integral values of 

these peaks are compared to each other, they match the different amino acids that 

should be found in the tetrapeptide. (spectrum 3, page 102) 

The NMR-spectrum of the pentapeptide (15a) was done of the crude product and like 

the tetrapeptide, it had contaminants which made the analysis of the spectrum more 

difficult. However, one can determine the corresponding peak patterns and the integral 

values to the different R-groups of the amino acids as to identify the pentapeptide 

(spectrum 4). 
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Figure 3.1.6: The synthesis of tetra- and pentapeptide. 

 

 

Entry. 

no. 

Reagents Eq and 

mmol 

Solvents Duration 

(hours) 

Workup Product Yield 

(%) 

1 12b, 

13b,  

EDC,  

HOBt,  

DIPEA 

1, 0.42 

1, 0.42 

1, 0.42 

1, 0.42 

2, 0.84 

DCM 8 Wash, 

flash 

14a 52 

2 14b, 

4,  

EDC,  

HOBt,  

DIPEA 

1, 0.22 

1, 0.22 

1, 0.22 

1, 0.22 

2, 0.44  

DCM 8 Wash, 

flash 

15a 15 

Table 3.1.3: Results of tetra- and pentapeptide syntheses. 
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3.2 Negishi cross-coupling 

 

The Negishi cross-coupling was a technique that seemed promising based on the success 

of several research groups, of which there were several articles to develop a procedure 

from.17, 25 

 

 

Figure 3.2.1: The desired products of the cross-coupling reactions. 

 

 

However, there was some trouble reproducing the successful results reported in the 

published work which the procedures were based on.  

Initially there was no easy way to monitor the reaction, as there were no visible changes 

in the reaction mixture and there was not found any TLC-stain that could show either 

reactants or products on the TLC-plate. 

 

 

 

Figure 3.2.2: Reactants and desired products for the initial cross-coupling. 

 

Due to the difficulties monitoring the reaction, the way used to decide if the reaction had 

been successful was to use instrumental analyses of the reaction mixture after the 

reaction had ended, such as GC-FID, GC-MS and NMR. 

GC-MS analysis of the mixtures produced by the first attempts at the cross-coupling 

showed that there were no fragments that matched the expected product, but instead a 

β-hydride elimination product. 

This alternative reaction path is summarized by McCann in his work on Negishi cross-

couplings (figure 2.2.4, page 27), but he also reports that the use of the catalyst family 

of PEPPSI that were used in this project shows a tendency to resist β-hydride elimination 

(BHE).25 
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A likely explanation to this is that the conjugated system that appears in the molecule 

after the BHE is so preferable that it precedes the BHE-resistant property of the catalyst. 

To work around this problem an alternative plan was made to remove the possibility for 

this conjugated system, by performing the cross-coupling at a later stage in the total 

synthesis. At the stage suggested, the molecule’s carbonyl would not be in a position to 

form a conjugated system with the coupled alkyl (figure 3.2.3). 

 

 

Figure 3.2.3: Cross coupling at an alternate stage in the project, from compound 19c 

instead of 16. 

 

However, as there were difficulties producing successful results of the cross-coupling 

reaction, a series experiments were set up where the bromo-ester (16) were replaced by 

another, cheaper bromo-reagent (34) to check the general reproducibility of the reaction 

in the conditions proposed by Organ and McCann (figure 3.2.4).17, 25 

 

 

 

Figure 3.2.4: Test reaction with benzyl bromide. 

 

 

This reaction was easier to monitor, as it was possible to use TLC due to the phenyl ring 

absorbing UV-light. The results from these tests did not show any products, but for one 



 
57 
 

reaction carried out in a pressure sealed test tube at 80 °C, where there were observed 

a new dot on the TLC-plate. This product was analysed with H-NMR, but it was not the 

desired product.  

Due to the Covid-19 shutdown, it was not possible to run the necessary detailed 

analyses of the reaction with the new compound to determine the identity of it. The 1H-

NMR-spectrum did however give enough information as to exclude the desired product 

as a possibility. 

In theory, the probability of success with the benzyl bromide (34) should be higher than 

with compound 16. This due to the increased reactivity of benzyl bromide (34), as the 

phenyl ring’s added stability to the molecule if the bromide were to act as a leaving 

group.  

 

 

Figure: 3.2.5: The cross-coupling reactions attempted with the bromo-ester (16). 

 

Entry. 

no. 

Reagents Eq Solvents Temperature 

(°C) 

Time 

(hours) 

1 16,  

9a, 

LiBr,  

Pd-PEPPSI-IPr 

1 

1.6 

3.2 

0.001 

NMP RT 4 

2 16,  

9a, 

LiBr,  

Pd-PEPPSI-IPr 

1 

1.6 

3.2 

0.001 

NMP 0 → RT 3 

3* 16,  

9a, 

LiBr,  

Pd-PEPPSI-IPr 

1 

1.3 

3 

0.04 

THF/NMP 0 → RT 4 

4 16,  

9a, 

LiBr,  

Pd-PEPPSI-IPr 

1 

1.3 

3 

0.04 

THF/NMP 0 → RT → 40 3 

5 16,  

9a, 

LiBr,  

Pd-PEPPSI-IPr 

1 

1.3 

3 

0.04 

THF/NMP 0 → RT → 55 3 

Table 3.2.1: Reagents and conditions used for the Negishi cross-coupling with 

compound 16 as reactant. None of the attempts yielded any desired products. 

*Procedure changed after two experiments, from Organ’s conditions to Lucas’ 

conditions.17, 25 



 
58 
 

 

As shown in the table, one of the main variables in the experiments conducted was the 

temperature. The experiments that ran for more than 3-4 hours did so after it had been 

determined that there were no new products and was then allowed to continue through 

the night. 

 

 

Figure 3.2.6: The cross-coupling reactions attempted with benzyl bromide (34). 

 

Entry. no. Reagents Eq Solvents Temperature 

(°C) 

Time 

(hours) 

1 34, 

9b, 

LiBr,  

Pd-PEPPSI-

IPr 

1 

1.3 

3 

0.04 

THF/NMP 0 → RT 12 

2 34, 

9b, 

LiBr,  

Pd-PEPPSI-

IPr 

1 

1.3 

3 

0.04 

THF/NMP 0 → RT → 60 20 

3 34, 

9b, 

LiBr,  

Pd-PEPPSI-

IPr 

1 

1.3 

3 

0.1 

THF/NMP 0 → RT → 90 3  

4 34, 

9b, 

LiBr,  

Pd-PEPPSI-

IPr 

1 

1.3 

3 

0.1 

THF/NMP 0 → RT → 50 3  

5 34, 

9b, 

LiBr,  

Pd-PEPPSI-

IPr 

1 

1.3 

3 

0.1 

THF/NMP 0 to RT 12  

Table 3.2.2: Reagents and conditions used for the Negishi cross-coupling with 

compound 16 as reactant. None of the attempts yielded any desired products. 

 

The other big variable was the testing of compound benzyl bromide (34) instead of the 

bromo-ester (16), which underwent a similar temperature-variation sequence of 

experiments (table 3.2.2). 
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One of the possible reasons for the absence of success with this reaction, could be that 

the catalysator was more susceptible to air/moisture than has been reported.  

However, the reactions were carried out in inert atmosphere, and there were done a 

multitude of tests under various conditions, where the only constant was the catalysator, 

which makes this theory unlikely. 

Also, as illustrated in figure 2.2.4 (page 27), there is also several alternative by-products 

that could have been made. 

 

As none of the reactions either with the bromo-ester (16) or with benzyl bromide (34) 

showed any sign of success, the cross-coupling reaction was discontinued, and an 

alternative plan for producing the non-peptide fragment was developed (chapter 2.5 and 

3.5). 
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3.3 Reduction of ester to aldehyde 

 

The reduction of the theorized and actual bromo-esters to their corresponding aldehydes 

(figure 3.3.1) was a reaction that was included in the original plan to complete the non-

peptide fragment. However, as the Negishi cross-coupling technique was shelved, so was 

also the ester, which made this reaction unnecessary. 

 

 

Figure 3.3.1: The desired products of the reduction of different esters. 

 

As the Negishi cross-coupling (chapter 3.2) did not yield results, compound 10a/b could 

not be made, but the reduction of the bromo-ester (16) to the corresponding aldehyde 

was completed (figure 3.3.2). 

 

 

Figure 3.3.2: The reduction of bromo-ester (16) to its corresponding aldehyde (10c). 

 

This reaction was possible to monitor with TLC, but it became apparent that it was 

difficulties during the workup and when determining the yield. The NMR-spectrum of the 

10c-aldehyde (spectrum 5, page 104) was run on the crude product, as the aldehyde 

was unstable and could not undergo further workup without degradation. Nevertheless, 

one can identify the aldehyde quite easily by its singlet in the 1H-NMR-spectrum, which 

has a higher chemical shift-value than most protons, and which is clearly present in the 

spectrum. 

When another NMR-analysis were run on the same sample later, several singlets in the 

aldehyde area had appeared, indicating a possible decomposition of the product. 

Due to the apparent instability of the aldehyde, the remaining reactions involving the 

DIBAL-reduction were made into one-pot syntheses, as to improve the yield of the 

aldehyde and its following products. 
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3.4 Aldol addition 

 

The aldol addition would produce compounds 19a/b (figure 3.4.1), which for this project 

made it equivalent to the non-peptide fragment (2a/b, figure 1.2.1, page 11). In 

addition, compound 95 was synthesised as a test of the reaction’s conditions (figure 

3.4.1). 

 

 

Figure 3.4.1: The desired products of the aldol addition. 

 

As the Negishi cross-coupling reaction had been discontinued (chapter 3.2) when the 

aldol reaction really got into focus during the project. This meant that compound 16 was 

no longer to be used to make the non-peptide fragment (19a/b, figure 3.4.2), but 

rather compounds 69 and 72 which were produced by the asymmetric alkylation 

reaction discussed in the next chapter (chapter 3.5).  
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Figure 3.4.2: The alternative path to synthesise the 10a/b reagent needed for the 

aldol addition. 

 

While the reagents needed to attempt this alternative synthesis of compounds 19a/b 

was ordered, octanal (96) was used along with the chiral auxiliary (60b) to test the 

reaction (figure 3.4.3). This due to it being available at the time and having an alkyl 

chain of about the same length as 19a, in addition to octanals’ lack of chiral centre 

which made it less expensive. 

 

 

Figure 3.4.3: The aldol reaction with octanal and chiral auxiliary. 

 

Thus, most of reactions conducted, and all the product-yielding reactions, were the ones 

using octanal (96) as a reagent. 

 

The test reactions done with octanal were in part done to test different conditions for the 

reaction, as to optimize it for the actual products. The conditions are listed in the 

following table (table 3.4.1). 
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Entry. 

no. 

Reagents Eq and mmol Temperature 

(°C) 

Time 

(hours) 

Yield 

(%) 

1 96, 

60b,  

DIPEA,  

TiCl4 

0.86, 0.86. 

1, 1. 

0.44, 0.44. 

0.95, 0.95. 

-78 12  30 

2 96, 

60b,  

DIPEA,  

TiCl4 

1, 0.5. 

1, 0.5. 

1, 0.5. 

1.3, 0.65. 

0 → -78 2-3  46 

3 96, 

60b,  

DIPEA,  

TiCl4 

2, 1. 

1, 0.5. 

1, 0.5. 

1.1, 0.65. 

0 →-78 2-3  43 

4 96, 

60b,  

DIPEA,  

TiCl4 

1, 0.55. 

1, 0.55. 

1, 0.55. 

2, 1. 

0 2-3  19 

5 96, 

60b,  

DIPEA,  

TiCl4 

1, 1.7. 

1, 1.7. 

1, 1.7. 

1.3, 2.2. 

0 → -78 2-3  ? 

Table 3.4.1: Results and conditions from/for the aldol addition. 

 

Of the experiments completed towards the aldol addition in this project, entry no. 2 was 

the most promising, where the equivalents of the reagents were about the same with a 

slight excess of TiCl4. This reaction started at 0 °C and was kept at this temperature 

while the thiazolidinethione (60b), TiCl4 and DIPEA was mixed and giving the mixture a 

deep red colour, indicating the chelation of 60b-TiCl4. Following this, the temperature 

was lowered to -78 °C to counteract the heat being made when adding the last reagent, 

octanal (96). 

The results from reaction entry no. 3 were quite similar, and as the only difference 

between this and no. 2 was the equivalents used of 96 and TiCl4, it implies that the 

complex formation of these two reagents may be the limiting factor to the reaction.  

Entry 1 was conducted based on the conditions set by H. Olivo, and the remaining 

entries were conducted based on the conditions set by A. Phillips in an attempt to 

increase yield.28, 36 

However, the conditions of entry no. 3 and 4 were modified, based on reports by a 

multitude of reports by M. Crimmins concerning equivalents and temperatures used.34, 35, 

38, 58 

Entry no. 4, in which the temperature was kept at a constant 0 °C the yield was reduced 

considerably, indicating that the low, sub -70 °C temperature indeed is an important 

factor for the formation rate the wanted product. However, this reaction mixture was not 

analysed with any chromatographic or spectrographic method of detail, and it proved 

difficult to determine what by-products were formed during this experiment. 
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Entry no. 5 was done with the same equivalents and conditions as entry no. 2, as it was 

the experiment that had given the highest yield. However, the amounts used were 

increased, to check if this system would give the same yields when upscaled. Alas, due 

to the sudden Covid-19-pandemic shutdown, the product, which underwent the 

fundamental workup, was left for over a month before further analyses could be done. At 

that point, the product had decomposed, and only trace amounts of the desired product 

could be found in the NMR-spectrum. 

This one pot synthesis introduced impurities to the aldol reaction as the aldehyde 

product mixture was not purified. However, there should be most of the intended 

aldehyde product compared to the impurities.  

These impurities were trace amounts of compounds used in the DIBAL-reduction and 

perhaps some degenerated form of the aldehyde, as this was quite unstable. 

Nonetheless, even if the reaction mixture contained some impurities, the probability of 

the impurities destroying all the necessary reactants of the reaction was quite low, which 

in turn makes the probability of achieving the reaction with the intended reactants high. 

 

As for confirmation of this product, the peaks in the COSY spectrum of 95 (spectrum 13, 

page 112) confirms the coupling between the chiral hydrogen connecting the benzyl 

group and the sulphur containing heterocyclic ring. As this is a characteristic identifier of 

this chiral auxiliary, the spectrum could be used to identify the chiral auxiliary in other 

compounds containing the same chiral auxiliary. 

The CH2-group that connects the sulphur atom and the chiral centre of the heterocyclic 

ring does not behave entirely as expected, as only one of the protons are coupling with 

the chiral centre while the other only shows a geminal coupling. This is shown in the 

coupling patterns of the 1D 1H-NMR spectra, and in the COSY spectra of the molecules 

containing this chiral auxiliary molecule. It is possible that the CH2-group in question 

could be the other CH2-group connected to the chiral centre, in the benzyl-group. 

However, it is more likely that a neighbouring sulphur atom is inducing this coupling 

pattern than that a neighbouring benzene-group is inducing it. 

It was hoped that NOESY spectrum of compound 95 could confirm that the wanted R-

isomer of the molecule is produced, but the distance between the rotating benzyl group 

was too far away from anything in the molecule to register but its connecting CH-CH2-

chain.  

However, comparing the spectral data to the data of a similar molecule (97, figure 

3.4.3) found in an article from 2008, the chemical shift values are virtually identical, 

heavily implying that it is the R-isomer which is present in the mixture.59 

 

 

Figure 3.4.3: Comparison of the molecule from the project and the one from article. 
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Crimmins reports in his article from 2001 that this chiral centre’s (figure 3.4.4) different 

stereoisomers (98 and 99) have different shift values, which also serves to strengthen 

the claim that the product of the reaction was the R-isomer.38 

 

Figure 3.4.4: The two molecules in Crimmins’ article with reported different chemical 

shift values for the chiral centres. 
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3.5 Asymmetric alkylation 

 

This alkylation method (figure 3.5.2) was attempted as an alternate path to complete 

the non-peptide fragment of the molecule (scheme 3.5.1), as the Negishi cross-coupling 

had not turned out any successful/wanted products. 

 

 

Scheme 3.5.1: Alternative path to 19a/b, as presented in chapter 1.3. 

 

Following the original plan with the Negishi cross-coupling, the starting molecule (16) 

when had the correct stereochemistry. Following the alternative plan, the 

stereochemistry in the compounds (69 and 72) had to be obtained using chiral auxiliary 

compounds (figure 3.5.2). 

 

 

Figure 3.5.1: The desired products of the asymmetric alkylation. 
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The planned products of this alkylation are listed in figure 3.5.1, but only 69b and 72b 

were attempted to be synthesised. 

This due to that the alkylation was attempted using butyl iodide (11b) in all the 

attempts, but it was used two different chiral auxiliaries (58c and 60c) and the chelation 

agent also differed between the attempts (NaHMDS and TiCl4). 

 

 

Figure 3.5.2: The asymmetric alkylation. 

 

Entry. no. Reagents Eq Solvent Time (hours) 

1 58c, 

NaHMDS,  

11b 

1 

1.15 

5 

THF 2  

2 58c, 

NaHMDS,  

11b 

1 

1.15 

5 

THF 2  

Table 3.5.1: Conditions and reagents for the attempted alkyl addition to produce 69b. 

 

 

Entry. no. Reagents Eq Solvent Time (hours) 

1 60c, 

NaHMDS, 

11b 

1 

1.15 

5 

THF 2 

2 60c,  

TiCl4,  

DIPEA,  

11b 

1 

1.3 

1 

1 

DCM 12* 

Table 3.5.2: Conditions and reagents for the attempted alkyl addition to produce 72b. 

*1 hour at -78 °C, then 12 hours at RT 

 

All the reactions were monitored using TLC, and the entry no.1 with thiazolidine auxiliary 

(60c) revealed by that the propionylated chiral auxiliary molecule lost its propionyl chain 

and reverted to the fundamental molecule (60a) after the addition of NaHMDS. 

As shown in table 3.5.1 and 3.5.2, the only repeated reaction was done with the 

oxazolidine chiral auxiliary (58c), as it did not degenerate during the reaction. There 

difference between entry no. 1 and 2 (table 3.5.1) was that the latter reaction the inert 

atmosphere was kept with extreme care, where all the glass equipment was flame-dried, 

and the nitrogen gas were supplied/flushed quite generously. 
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The reactions where the oxazolidine chiral auxiliary (58c) were used seemed more 

promising based on TLC, where the decomposition of the chiral auxiliary did not seem to 

take place. However, when analysed with GC-FID and NMR, it was revealed that it was 

not the desired product. 

As for the thiazolidine auxiliary (60c), it was theorized that the chelating agent 

(NaHMDS) possibly could remove the propionyl chain from the thiazolidine chiral 

auxiliary. As an alternative, it was tried to substitute NaHMDS with TiCl4 as a chelating 

agent, as the two chelating agents had somewhat similar function. 

The first day during the experiment, a colour change to deep red while the reaction was 

cooled down to -78 °C indicated a complex formation with TiCl4. TLC-analysis did 

however show that there was no new product, so the temperature was gradually 

increased to room temperature and was continued through the night. 

The next day the deep red colour had been replaced by a brown colour, and TLC-analysis 

showed no change from the previous day. The reaction was then quenched, purified, and 

then analysed with NMR. The NMR-spectrum showed that there was nothing of the 

wanted product in the reaction mixture. 

Post-experiment research revealed articles that reported success with similar molecules, 

but where methyl iodide was used instead of iodides with longer alkyl chains, as were 

used in this project.60 

This could indicate that the iodides with longer alkyl chains exercises too much steric 

hinderance for the reaction to take place. 
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3.6 Chiral auxiliaries 

 

The method for synthesising the chiral auxiliaries (figure 3.6.1) were based on work by 

P. Romea and his research group.50  

 

Figure 3.6.1: The synthesis of the chiral auxiliaries. 

 

Although the reagents used in the project were not identical to the ones used in this 

publication, the differences were of such low significance that they did not matter for the 

reproducibility of the procedure. 

By most accounts, the synthesis of the chiral auxiliaries was the most successful 

reactions in the entire project with yields ranging from 89 %-97 %. (Table 3.6.1) 

When monitoring with TLC, the plates showed that the starting compounds disappeared 

either entirely or close to entirely during the reaction. The small percentages that were 

unaccounted for were probably lost during workup or due to transfer loss when 

transferring between reaction vessels etc. 

The thiazolidine products (60b/c) and 58c were confirmed using NMR-spectroscopy 

(spectra 8, 9 and 10), and its confirmation is discussed in chapter 3.4, as there was run 

a bigger array of spectrums on the aldol-products which contained the same heterocyclic 

chiral auxiliaries. As there were only reactant and wanted product spots on these TLC-

plates, it was thought of as a temporary confirmation of 58b as well when they showed 

the equivalent spots. The confirmation of 58b through NMR-analysis could unfortunately 

not be done, due to the COVID-19 pandemic-shutdown. 
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Figure 3.6.2: The individual reactions for the synthesis of the different chiral auxiliaries. 

Entry. 

no. 

Reagents Eq and mmol Workup Product Yield (%) 

1 60a,  

n-BuLi,  

73a 

1, 0.5 

1.1, 0.55 

1.3, 0.65  

Extracted, 

flashed 

60b 91 

2 60a,  

n-BuLi,  

73a 

1, 1.5 

1.1, 1.65 

1.3, 1.95 

Extracted, 

flashed 

60b 90 

3 60a,  

n-BuLi,  

73a 

1, 3 

1.1, 3.3 

1.3, 3.9 

Extracted, 

flashed 

60b 96 

4 58a,  

n-BuLi,  

73b 

1, 3 

1.1, 3.3 

1.3, 3.9 

Extracted, 

flashed 

58c 96 

5 60a,  

n-BuLi,  

73b 

1, 3 

1.1, 3.3 

1.3, 3.9 

Extracted, 

flashed 

60c 97 

Table 3.6.1: Results of chiral auxiliary syntheses. 
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As shown in the table (table 3.6.2), the same equivalents and procedures were used for 

all the experiments, and the only variables were the reactants and the amounts used. 

Neither of these variables seemed to have any impact on the yield. 
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3.7 TBS-protection 

 

The TBS-protection experiments were carried out by using 2-octanol as a substitute 

compound, in preparation of using the procedures on the molecules that eventually could 

become the end products. 

 

 

Figure 3.7.1: The general TBS-protection reaction. 

 

The reason for this choice was because of 2-octanol’s properties as a secondary alcohol, 

which was somewhat similar to the secondary alcohol in alkyl chain length and being a 

secondary alcohol compared to the molecules that were synthesised in the towards the 

goal of the project (figure 3.7.2). 

 

 

Figure 3.7.2: Comparison of the secondary alcohol produced during the project and 2-

octanol, used as a placeholder molecule. 

 

As these were brief test reactions, which were meant to give an inkling to as if the 

reactions could be successfully conducted in the reported conditions, not much time were 

spent on the purification of the product. NMR spectra were produced on crude product or 

on product that had a brief workup. 

However, all the reactions were monitorable by TLC, and the NMR-spectra of the 

different TBS-protected molecules showed that the protective reactions were successful. 

There were two procedures used in the project, as one method used a DMAP-

catalysation system and the other did not. The reaction without DMAP, did include DMF 

as solvent, as opposed to the DMAP catalysed which used DCM as solvent.  

The procedure developed featuring a DMAP-catalysation system with an auxiliary base 

was based on work by P. Patschinski.51  

 

The test reactions on 2-octanol (100) were successful, but TBS-protection of the 

hydroxyl group in compound 95 was not, and it was theorized that DMAP could react 

with the thiocarbonyl heterocyclic ring of the chiral auxiliary or the carbonyl group of the 

aldol, as illustrated in figure 3.7.3. 
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Also, during post-experimental research, an article written by Y. Wu in 2004 was found 

which substantiates this theory, as it is about the removal of thiazolidinethione 

auxiliaries mediated by DMAP.61 

 

 

Figure 3.7.3: DMAP has different possible attack points. 

 

Because of this unfortunate mechanism, the return to the traditional way of TBS-

protecting hydroxyl groups seemed logical, as it did not include DMAP. 

The test reactions for the traditional, DMAP-absent variation of the method were carried 

out on 2-octanol, as this reagent was plentiful while compound 95 was not abundant. 
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3.8 Nagao aminolysis 

 

The purpose of this reaction was to remove the heterocyclic part of the chiral auxiliary 

and substituting it with an amino acid, so it could be further used to cyclize the 

molecule. 

 

 

Figure 3.8.1: General aminolysis. 

 

This reaction was quite easily monitorable as the mixtures containing the chiral auxiliary 

compounds were yellow-coloured, and which lost its colour as the chiral auxiliary was 

replaced with the aminolysed product. This was an easily observable indicator, but the 

reactions were also monitored with TLC, which corresponded with the colour change in 

all the experiments.   

 

 

Figure 3.8.2: The aminolysis of the chiral auxiliaries. 
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Entry. no. Reagents Eq Colour 

change 

Desired 

product 

Yield (%) 

1 60b, 

6 

1 

1.1 

No 102 - 

2 60b, 

6,  

imidazole 

1 

1.1 

3 

Yes 102 78 

3 95, 

5b,  

imidazole 

1 

1.1 

2 

No 103 - 

4 95,  

5b,  

DIPEA 

1 

1.1 

1.1 

No 103 - 

Table 3.8.1: Results from the aminolysis reaction. 

 

A factor that played a role in the successful experiment of this reaction was the addition 

of imidazole. Its role is not entirely clear, but a theory is that it works as an auxiliary 

base which can deprotonate the nucleophilic base, making the latter base more reactive 

towards the carbonyl-carbon (figure 3.8.3). 

 

 

Figure 3.8.3: Proposed function of imidazole. 

 

The reactions that were unsuccessful could be due to differences in electronegativity of 

the amines of the amino acids used, as the successful reaction was done with Val (6), 

while the unsuccessful were carried out with Gly (5b). The obvious difference between 

these amino acids are the R-group, but there is also a difference in the protecting group 

of the C-terminus of the amino acids. In Val (6) it is ester-protected, while the Gly (5b) 

is protected by a t-butyl group (figure 3.8.2). This could possibly affect the reaction, but 

it could also be a result of the addition of the long alkyl chain of the chiral auxiliary 

molecule (95), which could apply steric hinderance. 

The NMR-spectrum of compound 102 (spectrum 11, page 110) contained traces of 

solvent, and the CH3-peak of the molecule is hidden within the singlet of ethyl acetate, 

which was used as a solvent in the reaction. However, except for this hidden peak the 

rest of the molecule is clearly visible with easily identifiable peaks in the spectrum. 
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3.9 Macrolactamization 

 

The macrolactamization of the molecule was one of the projects final obstacles to 

overcome, as to complete the final Scopularide molecules (figure 3.9.1). 

 

 

Figure 3.9.1: The macrolactamization, as presented in chapter 2.9. 

 

This plan was initiated with a test reaction, where an amino acid was appended to a 

hydroxyl group of octan-2-ol (100) with an acylation reaction (figure 3.9.2). The 

hydroxyl containing molecule used for the first experiments was 2-octanol (100) which 

acted as a placeholder molecule for compound 19a/b as both of these molecules contain 

an alkyl chain of similar length in addition to the hydroxyl (figure 3.7.2, page 72). 

 

 

Figure 3.9.2: The acylation test reaction. 
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The experiment using octan-2-ol (100) was carried out as a test to see if the acylation 

reaction could be completed, and NMR-analysis of the product solution showed that it 

was a successful reaction (spectrum 12, page 111). 

The other essential reaction was to connect the other end of the peptide chain to the 

non-peptide fragment through an aminolysis, as was discussed in the previous chapter 

(chapter 3.8). 

 

This reaction did not go as planned, and TLC-analysis showed a multitude of new 

products. This could be due to the same problem that was encountered during the TBS-

protection of the same molecule (chapter 3.7), and the suspected culprit is DMAP. 

Although unconfirmed, the several points of attack for the DMAP-base would account for 

the multitude of products. 

Unfortunately, before we could isolate and analyse any of these products the covid-19 

pandemic hit, and the lab was shut down. 
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Chapter 4: Conclusions and future outlook 

 

4.1 Conclusion 
The synthesis of the target molecules was not achieved during this project. The synthetic 

pathway must be altered to synthesise Scopularide. Nevertheless, several of the 

reactions/methods used were successful and could be used in future projects. 

The peptide fragment of four to five amino acids in length is very much obtainable, 

although the procedure for deprotection and purification needs to be optimized. Even so, 

several factors were optimized during the project, such as equivalents, solvents and 

reagents used along with the optimal time used for synthesising dipeptides. 

None of the plans for synthesising the complete non-peptide fragment were successful, 

but alterations or changes from reactions to similar reactions may well result in 

successful syntheses. 

The Negishi cross-coupling was unsuccessful, but using a cross-coupling technique 

should still be considered, as they in general are powerful tools of forming carbon-carbon 

bonds. The reactants and catalysator-system should be changed, as the absence of 

desired products using them indicates strongly that they are not ideal for this specific 

bond-formation. 

The aldol addition was successful, but it should be determined if the complex formation 

between chiral auxiliary and TiCl4 is the limiting factor of the aldol reaction, as to 

improve the yield of the reaction. This could be done by varying the equivalents used 

while the time- and temperature conditions are kept static, then systematically change 

single conditions.  

The formation of the aldehydes needed for the aldol addition were also successful, but 

the technique should be optimized, and the products should ideally be purified. 

 

The synthesis of the chiral auxiliaries during this project was easily reproduced from 

articles, and they are a powerful and necessary tool to achieve asymmetric syntheses 

such as in the aldol addition and the alkylation of a chiral auxiliary.  

The few attempts of cyclization of the scopularides during this project showed limited 

success. However, this could still turn out to be a viable path, and it could be attempted 

either through lactonization or lactamization, and possibly both. The focus should 

however be at finding a stable way of appending the N-terminus of the peptide-fragment 

to the non-peptide fragment, perhaps alternatives to the Nagao-aminolysis. 

Unfortunately, as the molecules were not finished, neither was there any possibility of 

any elaborate evaluation of the potential biological effect of the compounds. 
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4.2 Future Outlook 

 

In general, the different Scopularides still needs to be assessed, along with the A and B 

versions which was attempted to synthesise in this project. The development of a viable 

synthesis route is therefore essential for the large-scale synthesis, which is needed for 

such assessments as opposed to the tiny amounts isolated from natural sources.  

Several/most of the structures should be confirmed by more than 1H-NMR, using for 

instance either with more detailed NMR techniques (COSY, NOESY, HMBC/HSQC etc) or 

with HR-MS. 

The use of solid phase peptide synthesis should be considered, as it is generally viewed 

as a superior way of synthesising peptides. 

Isolation of the aldehyde of the DIBAL-reduction could be beneficial, as of to identify the 

molecule and to determine the yields of this reaction. 

Alternative routes of producing the non-peptide fragment should be explored. The 

alkylation method attempted in this project could potentially be tried with methyl iodide 

instead of hexyl-/butyl iodide, as articles indicates successful reactions using methyl 

iodide. 

The chiral auxiliaries were produced with success, and both synthesis and use of these 

compounds were confirmed during the project. In further work, chiral auxiliaries with 

different R-groups on the ring structure could be tested. 

The Nagao-aminolysis should be explored further, and what reactants that can be used 

for successful reactions should be mapped. Also, the function of imidazole should be 

elaborated. 
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Chapter 5: Experimental section 

 

5.1.1 Peptide couplings 

 

With HOBt,  

 

General procedure: 

A dry round-bottomed flask with magnetic stirring bar was flushed with nitrogen gas. 

The BOC-protected amino acid (1 eq) was solved in DCM, then the solution was cooled 

down to 0 °C°C before HOBt (1 eq) and EDC (1 eq) was added to the mixture and stirred 

for 15 minutes. The methyl ester amino acid (1 eq) was dissolved in a separate, pear-

shaped flask and sealed with a septum before this mixture was transferred dropwise to 

the reaction mixture through a teflon tube. DIPEA (2 eq) was added to the mixture along 

with the second amino acid. The reaction then continued in room temperature. 

The reaction was monitored with TLC, treating the plates with ninhydrin to develop the 

spots made by peptides. 

After the reaction ended the mixture was diluted with EtOAc and then washed with 

aqueous, saturated NH4Cl-solution and brine before the organic phase was dried over 

MgSO4. The MgSO4 was then filtered away and the product was purified through various 

silica-gel filled columns. 

  



 
81 
 

5.1.2 Synthesis of compound 12a, methyl (tert-butoxycarbonyl)glycyl-L-valinate. 

 

 

 

0,335 g Boc-Glycine-OH (1 eq) was added to a flask and solved in 6 mL dry DCM. The 

solution was cooled down to about 0 °C before 0,259 g HOBt (1 eq) and 0,367 g EDC  

(1 eq) was added to the mixture. 0,325 g L-valine methyl ester hydrochloride (1 eq) was 

added to a dry pear-shaped flask and dissolved in 6 mL dry DCM. After 15 minutes the 

Valine/DCM-solution and 0,72 mL DIPEA (2 eq) was added to the reaction mixture.  

The reaction then continued through the night before it underwent workup. The product 

was concentrated in vacuo and purified through a short silica-gel filled column under 

reduced pressure, using EtOAc as eluent. 

Yield: 97 % 

Spectral data for compound 12a: 
1H NMR (400MHz, CDCl3): δ 0.81 (dd, J 7.5 Hz and 2J 6.8 Hz, 6H, CH(CH3)2), 1.34 (s, 

9H, OC(CH3)3), 2.05 (dsept, J 6.8 Hz and J 6.6 Hz and J 6 Hz, 1H, NCCH), 3.62 (s, 3H, 

OCH3), 3.72 (m, 2H, NCH2), 4.42 (dd, J 6.6 Hz and J 6.0 Hz, 1H, NCH), 5.54 (s, 1H, 

NH), 6.88 (s, 1H, NH). 
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5.1.3 Synthesis of compound 13a, methyl (tert-butoxycarbonyl)-D-leucyl-L-alaninate. 

 

 

 

0,100 g Boc-D-Leucine-OH (1 eq) was added to the flask and 1,8 mL dry DCM was used 

as solvent. The solution was cooled down to about 0 °C before 0,056 g HOBt (1 eq) and 

0,082 g EDC (1 eq) was added to the mixture. 0,060 g L-alanine methyl ester 

hydrochloride (1 eq) was added to a 5 mL dry pear-shaped flask and dissolved in 1,2 mL 

DMF. After 15 minutes the Valine/DMF-solution and 0,13 mL DIPEA (2 eq) was added to 

the reaction mixture.  

The reaction then continued through the night before it underwent workup. After the 

general workup, the product was concentrated in vacuo and purified with flash 

chromatography, using hexane:EtOAc (2:1) as eluent. 

Yield: 96 %. 

 

Spectral data for compound 13a: 
1H NMR (400MHz, CDCl3): δ 0.15 (dd, J 3.5 Hz and J 2.9 Hz and J 3.4 Hz (2J 5.0 or 2.2 

Hz 6H, CH(CH3)2), 0.61 (d, J 7.3 Hz, 3H, CHCH3), 0.66 (s, 9H, OC(CH3)3, 0.70-0.89 (m, 

3H, CH-CH2-CH-(CH3)2 and CH-CH2-CH-(CH3)2, 2.94 (s, 3H, OCH3), 3.42 (s, 1H, CHCH3), 

3.77 (quint, J 7.3 Hz, 1H, N-CH-CH2), 4.69 (s, 1H, NH), 6.50 (s, 1H, NH). 
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5.1.4 Synthesis of compound 14a, methyl (tert-butoxycarbonyl)glycyl-L-valyl-D-leucyl-

L-alaninate. 

 

 

 

0,091 g Boc-Leu-Ala-OMe (1 eq) was added to a flask and was solved in DCM, before the 

solution was put on a cooling bath and cooled down to 0 °C. An excess of TFA (1 mL) 

was added to the mixture via syringe, and the reaction was stirred for 30 minutes. 

The product, TFA-Leu-Ala-OMe, was then concentrated in vacuo. 

0,116 g Boc-Gly-Val-OMe (1 eq) was added to a flask and solved in a solvent-

combination of THF, MeOH and water (3:1:1). 

The reaction was put on a cooling bath and cooled down to 0 °C, before 0,032 g LiOH  

(3 eq) was added.  The reaction stood for 60 minutes before the pH of the reaction was 

adjusted to 2, using 1M HCl solution. The reaction was diluted with EtOAc and washed 

with brine before the organic phase was dried over MgSO4. 

The reaction was filtered, and the filtrate was concentrated in vacuo in which the 

resulting product was Boc-Gly-Val-OH. 

Approximately 0,422 mmol of the Boc-Gly-Val-OH was dissolved in DCM. The solution 

was cooled down to about 0 °C before 0,057 g HOBt (1 eq) and 0,081 g EDC (1 eq) was 

added to the mixture. Approximately 0,421 mmol Leucine-Alanine methyl ester 

trifluoracetate (1 eq) was dissolved in DCM, and after 15 minutes of stirring the reaction, 

this second peptide was added dropwise to the reaction mixture along with 0,16 mL 

DIPEA (2 eq). After the reaction ended reaction and general workup, the product was 

concentrated in vacuo and purified through a short silica-gel filled column under reduced 

pressure, using EtOAc as eluent. 

The NMR-spectrum for this product contains contaminants. 

Yield: 52 %. 

Spectral data for compound 14a: 
1H NMR (400MHz, CDCl3): δ 0.84-0.93 (m, 12H, CH-CH(CH3)2 and CH2CH(CH3)2), 1.34 

(d, J 7.2 Hz, 3H, NCHCH3), 1.40 (s, 9H, OC(CH3)3), 1.51-1-68 (m, 4H, CH-CH2CH-(CH3)2 

and CH-CH-(CH3)2), 3.67 (s, 3H, OCH3). 
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5.1.5 Synthesis of compound 15a, methyl (tert-butoxycarbonyl)glycyl-L-valyl-D-leucyl-

L-alanyl-L-valinate. 

 

 

 

0,103 g Boc-Gly-Val-Leu-Ala-OMe (1 eq) was added to a flask and solved in a solvent-

combination of THF, MeOH and water (3:1:1). 

The reaction was put on a cooling bath and cooled down to 0 °C, before 0,032 g LiOH  

(3 eq) was added. The reaction stood for 60 minutes before the pH of the reaction was 

adjusted to 2, using 1M HCl solution. The reaction was diluted with EtOAc and washed 

with brine before the organic phase was dried over MgSO4. 

The reaction was filtered, and the filtrate was concentrated in vacuo in which the result 

was the deprotected peptide. 

0,101 g Boc-Gly-Val-Leu-Ala-OH was then dissolved in 1,5 mL DCM. The solution was 

cooled down to about 0 °C before 0,0300 g HOBt (1 eq) and 0,042 g EDC (1 eq) was 

added to the mixture. 0,037 g L-valine methyl ester hydrochloride (1 eq) was added to a 

5 mL dry pear-shaped flask and dissolved in 1,5 mL dry DCM. After 15 minutes the 

Valine/DCM-solution and 0,084 mL DIPEA (2 eq) was added to the reaction mixture.  

After the reaction ended reaction the product underwent general workup and no further 

purification. 

The NMR-spectrum for this product contains contaminants. 

Yield: 15 %. 

Spectral data for compound 15a: 
1H NMR (400MHz, CDCl3): δ 0.84-0.94 (m, 18H, 2x CH(CH3)2 and CH2CH(CH3)2), 1.37 

(d, J 6.9 Hz, 3H, CHCH3), 1.42 (s, 9H, OCCH3), 3.69 (s, 3H, OCH3). 
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Without HOBt 

 

General procedure: 

A dry round bottomed flask with magnetic stirring bar was flushed with nitrogen gas. The 

esterified amino acid (1 eq) was solved in DCM and cooled down to 0 °C, before DIPEA 

(1,27 eq) was added.  

The reaction was stirred at 0 °C for 40minutes before EDC and the Boc-protected amino 

acid were added. The reaction was stirred for another 3 hours at 0 °C, before the cooling 

bath was removed, and the reaction kept going through the night. 

The following day the reaction mixture was diluted with DCM and washed with 10% 

aqueous citric acid solution, before the organic phase was dried over MgSO4. 

MgSO4 was filtered away and the filtrate was concentrated in vacuo. 

 

5.1.6 Alternative synthesis of compound 12a, methyl (tert-butoxycarbonyl)glycyl-L-

valinate. 

 

 

 

0,106 g HCl-Gly-OMe(1,27 eq) was dissolved in 5 mL dry DCM. The solution was cooled 

down to about 0 °C before 0,12 mL DIPEA (1,27 eq) was added. The mixture was stirred 

for 40 min at 0 °C before 0,088 g Boc-Glycine-OH (1 eq) and 0,122 g EDC (1,27 eq) was 

added to the mixture. The general procedure was used to complete the reaction, and 

after the workup, TLC showed that the product was isolated, and no further purification 

was needed. 

Yield: 89 %. 
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5.1.7 Alternative synthesis of compound 13a, methyl (tert-butoxycarbonyl)-D-leucyl-L-

alaninate. 

 

 

 

0,544 g HCl-Ala-OMe (1,27 eq) was dissolved in 9 mL dry DCM. The solution was cooled 

down to about 0 °C before 0,75 mL DIPEA (1,27 eq) was added. The amino acid did not 

completely dissolve until the addition of DIPEA.  

The mixture was stirred for 40 min at 0 °C before 0,694 g Boc-Leucine-OH (1 eq) and 

0,748 g EDC (1,27 eq) was added to the mixture. The general procedure was used to 

complete the reaction, and after the workup, TLC showed that the product was isolated, 

and no further purification was needed. 

Yield: 68 %. 
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5.2.1 Reduction 

 

5.2.2 Synthesis of compound 10c, (R)-3-bromo-2-methylpropanal 

 

 

A dry round bottomed flask was prepared with a magnetic stirring rod, flushed with 

nitrogen gas, and fitted with a septum. 0,7mL methyl (R)-(+)-3-bromo-2-methyl 

propionate (1 eq) was added to the flask, followed by 30 mL dry DCM. The solution was 

put on a cooling bath (acetone/dry ice), and cooled down to -78 °C, before 0,58 mL 

DIBAL (1,05 eq) was added dropwise. The reaction was stirred at -78 °C for 15 minutes 

before it was quenched with 0,4 mL methanol and stirred for another 5 minutes. 15 mL 

of aqueous solution of saturated Rochelle’s salt was added to the mixture before it was 

warmed to room temperature and stirred for another 30 minutes. 

The mixture was then extracted with DCM and the organic layer was dried with MgSO4 

before it was filtered away. 

The then attempted to purify the product through a short silica-gel filled column, using 

DCM as eluent. 

Yield: 41 %. 

Spectral data for compound 10c: 
1H NMR (400MHz, CDCl3): δ 1.24 (d, J 7.1 Hz, 3H, CHCH3), 9.6 (s, 1H, CHO). 
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5.3.1 Aldol 

 

5.3.2 Synthesis of compound 95, 1-((R)-4-benzyl-2-thioxothiazolidin-3-yl)-3-

hydroxynonan-1-one. 
 

 
 

A dry round-bottomed flask was prepared with a magnetic stirring rod and flushed with 

nitrogen gas. 0,128 g R-1-(4-phenyl-2-thioxothiazolidine-3-yl-)ethan-1-one (1 eq) was 

added to the flask and solved with 2 mL dry DCM, then fitted with a septum before the 

solution was put on a cooling bath (water/ice) and cooled down to 0 °C. 

0,65 mL TiCl4 (1,3 eq) was added dropwise to the solution and a colour change to orange 

was observed. The reaction was stirred for 10 minutes before 0,1 mL DIPEA (1 eq) was 

mixed with 1 mL dry DCM and added dropwise to the reaction mixture. A colour change 

from orange to deep red was observed at this point. The reaction mixture was stirred for 

20 minutes before it was put on another cooling bath (acetone/dry ice) and cooled down 

to -78 °C. A solution of 0,064 g octanal (1 eq) in 2 mL dry DCM was then added 

dropwise to the reaction mixture, while the temperature was kept below -70 °C. 

The reaction mixture was then stirred for 1 hour before the cooling bath was removed 

and the reaction mixture allowed to reach room temperature. It was then quenched with 

aqueous, half-saturated NH4Cl-solution. 

The phases of the reaction mixture were separated, and the water phase was extracted 

with DCM. The combined organic phases were dried over MgSO4, before it was filtered 

and concentrated in vacuo. 

The product was then purified through a short silica-gel filled column under reduced 

pressure, using hexane:EtOAc (1:1) as eluent. 

Yield: 46 %. 

Spectral data for compound 95: 
1H NMR (400MHz, CDCl3): δ 0.85 (t, J 7.1 Hz, 3H, CH3), 1.22-1.59 (m, 10H, CH3(CH2)5), 

2.86 (d, J 11.6 Hz, 1H, SCH2), 3.01 (dd, J 13.2 Hz and 2J 10.5 Hz, 1H, ArCH2), 3.08 (dd, 

J 17.8 Hz and 2J 9.5 Hz, 1H, OCCH2), 3.19 (dd, J 13.2 Hz and 2J 3.9 Hz, 1H, ArCH2), 3.36 

(dd, J 11.6 Hz and 2J 7.2 Hz, 1H, SCH2), 3.61 (dd, J 17.8 Hz and 2J 2.4 Hz, 1H, OCCH2), 

4.11 (m, 1H, HOCH), 5.36 (ddd, J 4.0 Hz and J 3.7 Hz and J 3.0 Hz, 1H, SCH2-CH), 

7.22-7.33 (m, 5H, ArH). 
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5.4.1 TBS-protection 

 

5.4.2 Synthesis of compound 101, tert-butyldimethyl(octan-2-yloxy)silane. 

 

With DMAP 

 

 

 

A round bottomed flask was prepared with a magnetic stirring rod. 0,16mL octan-2-ol (1 

eq) and 0,166 g TBSCl (1,1 eq) was added to the flask and solved in 2 mL DCM.  

0,22 mL DIPEA (1,2 eq) was added before 0,037g DMAP (0,3 eq) was added to the 

mixture and the reaction was stirred through the night. 

The products were then concentrated in vacuo and purified through a short silica-gel 

filled column under reduced pressure, using hexane:etOAc (1:1) as eluent. 

The NMR-spectrum for this product was from the crude product and contained 

contaminants. 

Spectral data for compound 101: 
1H NMR (600MHz, CDCl3): δ 0.03 (s, 6H, Si(CH3)2), 0.87 (s, 9H, CH3C-Si), 1.10 (d, J 6.1 

Hz, 3H, CH3CH), 1.25-1.43 (m, 10H, 5x CH2), 3.75 (sext, J 6.1 Hz and J 6.0 Hz and J 5.7 

Hz, 1H, CH).  

 

Without DMAP 

 

 

 

A dry round bottomed flask was prepared with a magnetic stirring rod. Octa-2-nol  

(1 mmol, 1 eq) was added to the flask and solved in dimethylformamide (5 mL). 

TBSCl (1,05 mmol, 1,05 eq) and imidazole (1,2 mmol, 1,2 eq) was added. The reaction 

was stirred in room temperature for 48 hours under nitrogen atmosphere. 

Brine was added, and the mixture was extracted with ethyl acetate. The combined 

organic extract was washed with brine, aqueous AcOH (10 %) and aqueous NaHCO3 

before it was dried over MgSO4 and evaporated in vacuo.  

The product mixture was compared to the one conducted with DMAP with TLC-analysis, 

and they resulted in the same product spots. 
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5.5.1 Chiral auxiliaries 

 

5.5.2 Synthesis of compound 60b, (R)-1-(4-benzyl-2-thioxothiazolidin-3-

yl)ethan-1-one.  

(General procedure) 

 

 

 

A dry two-necked round bottomed flask was prepared with a magnetic stirring rod and a 

thermometer. 0,626 g 4-benzyl thiazolidine (1 eq) was added to the flask and solved in 

10 mL dry THF and the flask was fitted with a septum. The solution was put on a cooling 

bath (acetone/dry ice) and cooled to -78 °C before 2,05 mL n-BuLi (1,1 eq) was added 

dropwise to the mixture, while the temperature was kept below -70 °C. The reaction was 

stirred for 15 minutes before 0,28 mL acetyl chloride (1,3 eq) was added dropwise, while 

the temperature still was being monitored. 

The mixture was stirred for 5 minutes before the cooling bath was removed, and the 

reaction was stirred for another 1,5 hours in room temperature. The reaction was then 

put on another cooling bath (ice) and quenched with aqueous saturated NH4Cl solution 

before it was extracted with DCM and the organic layer dried over MgSO4. 

The mixture was filtered, concentrated in vacuo and purified through flash 

chromatography, using DCM as eluent.  

Yield: 96 %. 

Spectral data for compound 60b: 
1H NMR (400MHz, CDCl3): δ 2.77 (s, 3H, CH3), 2,86 (d, J 11.5 Hz, 1H, ArCH2), 3.01 (dd, 

J 13.1 Hz and 2J 10.4 Hz, 1H, SCH2), 3.19 (dd, J 13.1 Hz and 2J 3.8 Hz, 1H, SCH2), 3.36 

(dd, J 11.5 Hz and 2J 7.2 Hz, 1H, ArCH2), 5.35 (ddd, J 3.8 Hz and J 7.2Hz and J 10.8 

Hz,1H, CH), 7.24-7.34 (m, 5H, ArH). 
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5.5.3 Synthesis of compound 60c, (R)-1-(4-benzyl-2-thioxothiazolidin-3-

yl)propan-1-one. 

 

 

This reaction was performed following the general procedure with same equivalents. 

0,627 g 4-benzyl thiazolidine was used along with 2 mL n-BuLi and 0,34 mL propionyl 

chloride, which replaced acetyl chloride. 

Yield: 97 % 

Spectral data for compound 60c: 
1H NMR (400MHz, CDCl3): δ 1.17 (t, J 7.2 Hz, 3H, CH2CH3), 2.86 (d, J 11.5Hz, 1H, 

SCH2), 3.03 (dd, J 13.1 Hz and 2J 10.5 Hz, 1H, ArCH2), 3.11 (dq, J 7.2 Hz and 2J 18 Hz, 

1H, CH3CH2), 3.19 (dd, J 13.1 Hz and 2J 3.7 Hz, 1H, ArCH2), 3.37 (dd, J 11.7 Hz and 2J 

7.3 Hz, 1H, SCH2), 3.40 (dq, J 7.3 Hz, 1H, CH3CH2), 5.37 (ddd, J 3.8 Hz and J 6.8 Hz 

and J 10.6 Hz, 1H, CH), 7.25-7.34 (m, 5H, ArH) 
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5.5.4 Synthesis of compound 58c, (R)-4-benzyl-3-propionyloxazolidin-2-one. 

 

 

 

This reaction was performed following the general procedure with same equivalents. 

0,532 g (R)-4-benzyl-2-oxazolidinone was used instead of 4-benzyl thiazolidine along 

with 2 mL n-BuLi and 0,34 mL propionyl chloride, which replaced acetyl chloride. 

Yield: 96 %. 

 

Spectral data for compound 58c: 
1H NMR (400MHz, CDCl3): δ 1.24 (t, J 7.3 Hz, 3H, CH3), 2.81 (dd, J 13.4 Hz and 2J 9.6 

Hz, 1H, ), 2.91-3.08 (m, 1H, ), 3.00 (dd, J 9.7 Hz and 2J 7.4 Hz, 1H, CH3CH2), 3.34 (dd, 

J 13.4 and 2J 3.3, 1H, ), 4.19-4.26 (m, 2H, ), 4.71 (dddd, J 3.3 Hz and J 3.6 Hz J 3.7 Hz 

and J 2.3 Hz, 1H, CH), 7.24-7.40 (m, 5H, ArH). 
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5.6.1 Aminolysis 

 

5.6.2 Synthesis of compound 102, methyl acetyl-L-valinate. 

 

 

 

A dry round bottomed flask was prepared with a magnetic stirring rod. 0,050 g (R)-1-(4-

benzyl-2-thioxothiazolidin-3-yl)ethan-1-one (1 eq) was added to the flask and solved in 

1 mL dry DCM. A dry pear-shaped flask was prepared and 0,395 g Val-OMe (1,1 eq) was 

added and solved in 1 mL dry DCM. The content of the pear-shaped flask was 

transferred to the round bottomed flask, before 0,042 g imidazole (3 eq) was added. 

The reaction mixture was stirred in room temperature through the night, and a colour 

change from yellow to clear was observed. 

The mixture was then diluted with DCM and washed with saturated aqueous NH4Cl-

solution before the organic phase was dried over MgSO4. 

The solution was then filtered and concentrated in vacuo, before it was purified through 

a short silica-gel filled column under reduced pressure, using a gradient eluent system. 

This gradient system comprised of hexane:EtOAc (1:1) and DCM:MeOH (10:1). 

Yield: 78 %. 

 

Spectral data for compound 102: 
1H NMR (600MHz, CDCl3): δ 0.87 (dd, J 6.9 Hz and 2J 18.9 Hz, 6H, CH(CH3)2), 1.99 (s, 

3H, OCCH3), (oct, J 6.5 Hz, 1H, CH(CH3)2), 3.69 (s, 3H, OCH3), 4.51 (m, 1H, NCH), 6.08 

(s, 1H, NH). 
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5.7.1 Cyclization 

 

5.7.2 Synthesis of 104, octan-2-yl (tert-butoxycarbonyl)glycinate.  
 

 

 

 

A dry round bottomed flask was prepared with a magnetic stirring rod. Boc-protected 

amino acid (1,5 eq) was added to the flask and solved in dry DCM. The secondary 

alcohol (1 eq) was added to the solution and the mixture was cooled down to 0 °C on a 

cooling bath (ice). * 

EDC was added (3 eq) before DMAP (0,135 eq) was added to the reaction mixture and 

the cooling bath was then removed and the reaction was stirred for 4 hours in room 

temperature. 

The products were filtered through 0,5cm celite in a short column before it was washed 

with aqueous saturated NH4Cl-solution and brine and dried over MgSO4. 

The mixture was then filtered and concentrated in vacuo. 

The NMR-spectrum for this product was from the crude product and contains 

contaminants. 

 

Spectral data for compound 104: 
1H NMR (600MHz, CDCl3): δ 0.75 (t, J 7 Hz, 3H, CH2CH3), 1.10 (d, J 6.3 Hz, 3 Hz, 

CHCH3), 1.11-1.22 (m, 5x CH2), 1.32 (s, 9H, OC(CH3)3), 3.74 (d, J 5.5 Hz, 2H, NCH2), 

4.83 (sext, J 6.3 Hz, 1H, CH), 5.12(s, 1H, NH). 
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Appendices 

 

NMR-Spectra 

 

1H-NMR: 
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Spectrum 1, of compound 12a: Methyl (tert-butoxycarbonyl)glycyl-L-valinate. 
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Spectrum 2, of compound 13a: Methyl (tert-butoxycarbonyl)-D-leucyl-L-alaninate. 
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Spectrum 3, of compound 14a: Methyl (tert-butoxycarbonyl)glycyl-L-valyl-D-leucyl-L-

alaninate.  
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Spectrum 4, of compound 15a: Methyl (tert-butoxycarbonyl)glycyl-L-valyl-D-leucyl-L-

alanyl-L-valinate. 
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Spectrum 5, of compound 10c: (R)-3-bromo-2-methylpropanal. 
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Spectrum 6, of compound 95: 1-((R)-4-benzyl-2-thioxothiazolidin-3-yl)-3-

hydroxynonan-1-one. 
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Spectrum 7, of compound 101: Tert-butyldimethyl(octan-2-yloxy)silane. 
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Spectrum 8, of compound 60b: (R)-1-(4-benzyl-2-thioxothiazolidin-3-yl)ethan-1-one. 
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Spectrum 9, of compound 60c: (R)-1-(4-benzyl-2-thioxothiazolidin-3-yl)propan-1-one. 
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Spectrum 10, of compound 58c: (R)-4-benzyl-3-propionyloxazolidin-2-one. 
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Spectrum 11, of compound 102: Methyl acetyl-L-valinate. 
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Spectrum 12, of compound 104: Octan-2-yl (tert-butoxycarbonyl)glycinate. 
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COSY 

 

Spectrum 13, COSY-spectrum of compound 95: 1-((R)-4-benzyl-2-thioxothiazolidin-3-

yl)-3-hydroxynonan-1-one. 
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