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Abstract 

Pyrrole-imidazole polyamides (PIPs) are nanomolecular compounds designed to fit in the 

tight space of DNA minor grooves. As analogs of Netropsin and Distamycin A, PIPs are specifi-

cally designed to recognize the base pairs of DNA sequences. PIPs have many biological applica-

tions, such as regulating gene expression, biochemistry pathway regulations, and suppressing the 

development of cancer cells. SETMAR gene is the chimeric fusion of the SET domain with the 

mariner transposase. Its protein (Metnase) has functions involving DNA repairs in the NHEJ path-

way, regulating gene expression, DNA decatenation, etc. Despite not having an active transposable 

element, SETMAR still has an unknown function in cancer development. Some reports show that 

SETMAR mRNA increases by 70 times in glioblastoma cancer cells, as well as in other types of 

cancer cells. Understanding the mechanism of SETMAR in the cancer cell is essential, and sup-

pressing the overexpression of SETMAR is a goal for anti-cancer development. 

Our goal in this project was to design new sequences of polyamides based on the previously 

discovered conserved SETMAR gene binding locations at the TIR (Terminal Inverted Repeat) se-

quence. We have tested the binding affinity of our polyamides with our collaborators' assistance 

through surface plasmon resonance, fluorescence anisotropy, and competitive DNA binding. We 

modified the polyamide sequence by substituting pyrrole with β-alanine to reduce the rigidity of 

the continuous chain of heterocycles and introduced an additional charge to the N-terminus of our 

polyamide sequences. 
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1.1. Pyrrole-Imidazole-Polyamides 

1.1.1 DNA 

DNA is the essential molecule that contains and encodes genetic information for all living 

beings. Its structure consists of two strands of nucleotides twisted around together to form a struc-

ture known as the double helix. The double helix is formed by hydrogen bonding between the 

Watson-Crick's base pairs linked to the sugar backbone of DNA. They pair with each other accord-

ingly to their structure; Adenine (A) pairs with Thymine (T), while Guanine (G) pairs with Cytosine 

(C). B-form DNA has a right-handed helix structure, which contains a wide major groove and a 

narrow minor groove. (Figure 1.1) The minor groove of DNA provides the opportunity for a hy-

drogen-bond donor and hydrogen-bond acceptors. This makes the minor grooves of DNA a good 

target for DNA binding. The DNA binding compounds vary from enzyme and protein binding to 

DNA for gene expression to regulate transcription and other biological functions of DNA.1,23  

 

Figure 1.1. The structure of DNA base pairs and the location of major and minor grooves provide 

an opportunity for minor groove DNA binding molecules. The arrows pointing toward the lone 

pair’s electron indicate the location of Hydrogen bond acceptors, while the arrows pointing away 

from H indicate the location of Hydrogen bond donors.  



3 
 

1.1.2. Pyrrole-imidazole polyamides 

Pyrrole-imidazole polyamides (PIPs) are nanomolecular compounds designed specifically 

to recognize and bind to the minor groove of DNA. They are a class of molecules that can be uptake 

by cellular and regulate gene expression to act as treatment and therapy for specific diseases such 

as cancer and other infectious diseases.4 PIPs are polymers consisting of small nitrogen-containing 

five-member heterocycle aromatic rings linked by amide bonds. This allows them to selectively 

recognize and bind to the specific molecule of DNA base pairs in the minor groove of DNA. 4,5 

They are analogs of Netropsin and Distamycin A, pyrrole-containing compounds that bind to the 

minor groove of DNA6,2,7. PIPs can be taken up by and permeate through the cell membrane to 

recognize and selectively bind to AT-rich regions of DNA without causing denaturation of the 

nucleic acid.8  

Based on the X-ray structure of netropsin and distamycin, these molecules fit in the tight 

space of the DNA minor groove. They were studied and found to widen the minor groove and form 

ligand: DNA complexes in the A/T-rich region of the DNA minor groove, as shown in Figure 1.2. 

Netropsin can only form a 1:1 complex with DNA, but distamycin A can be found to either form a 

1:1 complex or a 2:1 complex.2,9–11  

 

Figure 1.2 : (A) Structure of Netropsin binding to the minor groove of DNA in the complex of 1:1 

ratio, and right (B) is the structure of Distamycin A binding with the ratio of 2:1. It has indicated 

the NH group forming a hydrogen bond to the AT base pair of the minor groove.11,10 Reprinted with 

permission from {Alniss HY. Thermodynamics of DNA Minor Groove Binders. J Med Chem. 
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2019;62(2):385-402. doi:10.1021/acs.jmedchem.8b00233}. Copyright {2019} American Chemi-

cal Society. 

The study of Netropsin and Distamycin A shows that these molecules consist of two and 

three molecules of N-methylpyrrole, favorably forming hydrogen bonds to the minor groove of 

DNA, specifically in the AT-rich region of the DNA. In 1985, Dickerson and coworkers success-

fully solved the X-ray crystal structure of the Netropsin molecule binding to the DNA sequence 5’-

C-G-C-G-A-A-T-T-BrC-G-C-G-3'; they discovered that the binding of drug molecules Netropsin 

and Distamycin A to DNA is highly base-specific; Based on their observations, pyrroles on netrop-

sin can bind to the A/T base pairs, but it was not the case in the presence of G/C base pairs.9 How-

ever, in the absence of the NH2 group on the C-2 position of the purine ring, G/C can bind to 

netropsin just as they would with T/A or A/T base pair. They hypothesized that substituting imid-

azole for a pyrrole could allow the NH2 group of Guanine C2 to form a hydrogen bond and further 

stabilize the binding toward the DNA minor groove.9 In 1986, Lown and his coworkers proved that 

substituting imidazole for a pyrrole would allow the recognition and binding of guanine via hydro-

gen bonding.12  

Based on Dickerson and Lown's work of Pyrrole and Imidazole in the study of DNA minor 

groove binding, in 1986, Dervan and coworkers successfully designed and synthesized a sequence 

based on the netropsin structure that selectively recognized the DNA minor groove. With the suc-

cess of their studies, Dervan envisioned a new generation of sequence-specific DNA binding mol-

ecules that could surpass the low molecular weight natural products.13. In 1992, Dervan and his 

coworkers presented a Distamycin A analog, Im-Py-Py-Dp, specifically able to recognize the 5’-

TGTCA-3' and forming a 2:1 ligand: DNA complex. The study proposed and demonstrated the 

DNA recognition rule base on the interaction of molecule pyrrole and imidazole binding to the base 

pair of DNA previously hypothesized and proved by Dickerson and Lown.14–16 It can also be un-

derstood as the polyamide recognition rule: the Py/Py can recognize A/T and T/A without distin-

guishing them, Py/Im can recognize C/G base pairs, and Im/Py can recognize the G/C base pair. 

However, this recognition rule does not apply to large polyamides based on the result of our past 

collaboration with Dr. Dupureur's group, as the larger polyamides tend to provide high tolerance 

for mismatched pairs.17,18 

1.1.3. Hairpin polyamides. 

It is possible to link between the C-terminus of one linear polyamide and the N-terminus 

of another linear polyamide by, for example, gamma (γ)-butyric acid or GABA (known as γ-turn). 

Their role was to enhance the binding affinity and specificity of polyamides. After the successes of 
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simple multimer polyamides, Dervan and coworkers wished to increase the binding affinity of PIPs 

and the length of the target DNA sequence. With the new hairpin motif, a polyamide can be syn-

thesized with additional flexibility and still match the target sequence with a higher binding affinity 

than previous designs.19,20 In 1999, Dervan reported using the γ-turn and β-tail (Figure1.3). They 

observed that both β and γ expressed strong binding affinity toward A/T and T/A base pairs, and 

the connection between two strands of polyamides by the linker γ-turn enhanced the binding affin-

ity >100 fold. In addition, Sugiyama reported that substituting a β-alanine for a pyrrole can also 

increase the binding affinity of the PIPs and the specificity of the sequence and binding to mis-

matched DNA sequence.21 At the same time, the presence of β-alanine increased the binding affin-

ity and recognition and facilitated solid phase synthesis of polyamides. 

 

Figure 1.3. The DNA binding hairpin polyamides' model shows the recognition of base pairs with 

Py/Py recognize A/T or T/A, Py/Im recognize C/G, Im/Py recognized G/C, γ-turn, and β can rec-

ognize A/T or T/A.22 [Permission number 5416741158991] 
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1.1.4. Polyamides applications 

Despite having a large molecular weight, PIPs can permeate and be taken up by cells and 

delivered to the target sequence in the nucleus; designing drugs, and therapeutic agents to study 

and treat DNA-related diseases has been the goal of many PIPs researchers. Dervan and Gottesfeld's 

first approach to PIPs cell uptake was to study the regulation of gene expression, specifically in the 

effect of hairpin PIPs in inhibiting gene expression by blocking the transcription factor TFIIIA 

binding site.23 Using the information from this study, Dickinson showed that hairpin PIPs also tar-

get the DNA sequence adjacent to the binding site of transcription factors Ets-1 and LEF-1 (lym-

phoid enhancer-binding factor-1), along with TATA box binding protein, which inhibits the bind-

ing, prevents the transcription of HIV-1, and inhibits the replication of the virus.24 

Hairpin PIPs were also designed to inhibit the binding of hypoxia-inducible factor (HIF) 

toward hypoxia response element (HRE), which reduces the gene expression and the vascular en-

dothelial growth activity factor, an essential factor in tumor angiogenesis.25 Additional study with 

a tumor xenograft model showed that PIPs recognizes and binds to the HRE, reduce the expression 

of proangiogenic and prometastatic factor, inhibiting tumor growth by suppressing the development 

of tumor blood vessels. Additionally, PIPs also target the chemotherapy-resistant variant of mye-

loma cells, which provides a promising approach to developing anti-chemotherapy resistance drug 

candidates.26 PIPs have also been reported to target the androgen-response element (ARE) and in-

hibit the expression of androgen-induced genes. They are also able to bind to the glucocorticoid 

response element (GRE) to inhibit the interaction of DNA and the glucocorticoid receptor, which 

represses the gene expression.27. However, the effect of polyamides on ARE can also cause repli-

cation stress, which is one of the mechanisms of the PIPs anti-cancer side effects.28 

PIPs have also been found to target the genome of some viruses, such as the human papil-

lomavirus (HPV). Parekh and coworkers have reported that PIPs prevent the E2 protein responsible 

for transcription from binding to the HPV DNA sequence29. On the other hand, Bashkin and his 

coworkers had demonstrated significant antiviral activity against high-risk HPV16, 18, and 31. 

They studied large hairpin polyamides designed to target the A/T rich region near the binding site 

of the human papillomavirus (HPV) E1 or E2 protein, and the hairpin polyamides are shown to 

have good antiviral activity without any detectable cell, tissue, or animal toxicity.17,30 The polyam-

ides were later found to bind all over the HPV genome rather than to the originally designed sites. 

Aside from PIPs being able to regulate gene expression by interfering with protein-DNA 

interactions, it has been found that PIPs can regulate gene expression by sequence-specific DNA 
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alkylation. Sugiyama and his coworker reported conjugation of the pyrrole-imidazole polyamide 

sequences to an analog of natural products such as chlorambucil (Chl) or seco-1-chloromethyl-5-

hydroxy-1,2-dihydro-3H-benzeindole (CBI), allowing the conjugated polyamide to alkylate the 

specific sequence and silence the gene expression of that target.31,32 Dervan and coworkers showed 

that Chl-conjugated hairpin polyamides could also down-regulate the gene expression of the his-

tone H4c gene, thus inhibiting the growth of several cancer cells.33–35 

1.2 SETMAR 

1.2.1 Human DNA transposon 

DNA transposons are transposable elements that can be re-localized and integrated into 

target DNA sequences36. Since Watson and Crick's Model of DNA structures, knowledge of stud-

ying the characteristics of DNA has been studied and discovered continuously over the past dec-

ades. DNA contains multiple functions besides genetic information and is essential for all life. 

Around the 1950s, Barbara McClintock proposed transposable elements based on her re-

search on maize chromosome discovery, which later led to transposon's discovery in the 1970s37,38. 

Transposable elements or transposons are also known as jumping genes due to the distinct behavior 

of moving the DNA sequence from one location into another sequence36. In 1989, Finnegan clas-

sified transposable elements into 2 classes: Class I-RNA transposons or retrotransposons, and Class 

II-DNA transposons.36,39,40 

Retrotransposons transpose through an intermediate RNA sequence, which is later reverse-

transcribed back into a DNA sequence via retro-transcription. This type of transposable element is 

common in many eukaryotes. The new DNA sequence will be integrated into the target DNA. Its 

transposing mechanism is also called the "copy and paste" mechanism.36 DNA transposons, found 

in almost all eukaryotes, have a different transposing mechanism compared to the class I counter-

part that is mediated by a single transposase enzyme able to recognize the TIRs (Terminal Inverted 

Sequences) and excise the sequence from both ends.36 The mechanism of DNA transposons is 

known as the "cut and paste" mechanism.36 Two functional domains in DNA transposons: an N-

terminal DNA binding domain (DBD), able to recognize and bind to the TIR end, and a C-terminal 

catalytic domain that catalyzes the DNA cleavage and transferring the DNA strands during trans-

position(Figure 1.4).41,36  
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Figure 1.4: Self-replication mechanisms of 2 types of transposable elements, "copy and paste" with 

class I (retrotransposon) and "cut and paste" with class II (DNA transposon) (Figure is adapted 

from Ågren and Clark et al., 2018).42  

In the human genome, more than 380,000 DNA transposon copies have been identified and 

classified into 125 families.43,44 Thanks to the analysis of DNA transposons, transposons arose in 

primate evolution around 65-80 million years ago, after the divergence of the primate ancestor; 

during that time, about 74,000 transposable elements were inserted. About 40-65 million years ago, 

the number of DNA transposons integrated was around 23,000, with the emergence of the Prosim-

ian Primate. Since the emergence of the New World monkey, no new DNA transposons have been 

integrated, and no functional DNA transposons have been found.43,45  
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Figure 1.5: The evolution activity of DNA transposon through the evolution of primates; the bar 

graph indicates the copy number of active DNA Transposable elements. No new TEs were found to 

be active since the emergence of the new world monkeys.44 Copyright to Cold Spring Harbor La-

boratory Press. 

1.2.2. Hsmar1 

Since transposons can actively relocate their sequence in the genome, their cut-and-paste 

mechanism is the leading cause of animal mutation and evolution.46 The Tc1 element/mariner su-

perfamily of DNA transposon is found in many organisms, from fungi to humans40,47,48,49. In hu-

mans, Tc1/mariner is responsible for one-third of all human TEs. Within this superfamily of trans-

posons, there are two different families of Tc1/mariner, specifically in the human genome: 

Hsmar1(Homosapien mariner 1) and Hsmar2 (Homosapien mariner 2).40,48–53 Hsmar1 encoded for 

a single enzyme known as transposase, responsible for flanking its sequence at either end by the 30 

bp Terminal Inverted Region (TIR). It has two functional domains: a DNA binding domain (DBD) 

and a conserved catalytic domain. The DBD consists of two helix turn helix motif (HTH) sequences 

responsible for site-specific minor groove DNA binding, while the catalytic domain contains a 

DD34D motif that is important for Hsmar1 transposition (Figure 1.6).45,49,52 
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Figure 1.6: the representation of SETMAR consists of the SET domain and Hsmar1(MAR) do-

main.54 Figure adapted from Gouillou et al. 2022. 

Robertson and his peers also performed the analysis of the Hsmar1 genome; they discov-

ered that the evolutionary history of Hsmar1 was active during the early primate evolution around 

40-65 million years ago, and it was changing over the last 37 million years ago, alongside the 

evolutionary history of human DNA transposons, with the minimum of at least 200 Hsmar1 copies 

that were integrated into the original primate genome.52 Most of the current Hsmar1 copies have 

lost their transposition activity, except for one Hsmar1 copy. However, throughout the evolution 

of the human gene, one copy of Hsmar1 has been conserved with its entire transposase coding 

sequence and fused downstream to the SET region (Suppressor of variegation [Su(var)3-9, En-

hancer of zeste[E(z)], and Trithorax protein of Drosophila melanogaster), which is responsible for 

histone lysine H3 K79 methylation.55-56 The SET domain (SET) is responsible for histone H3 meth-

ylation and fused with the mariner Hsmar1 transposase domain (MAR), forming a chimeric gene 

known as SETMAR (Figure 1.6).45,57,58 This gene is only present in the lineage of anthropoid pri-

mates such as old and new world monkeys, apes, chimpanzees, and humans, but it is not found in 

non-primate mammals and prosimians.45,52 

1.2.3. SETMAR functions 

The fusion of the SET domain and MAR domain gave rise to the chimeric gene SETMAR 

and its counterpart SETMAR protein (Metnase); studies have shown that SETMAR functions do 

not stop at methylation of Histone H3 at lysines K4 and K36. SETMAR is also involved in nonho-

mologous end-joining DNA repair (NHEJ).54,58,59 In humans, the SETMAR gene can be found on 

the short arm of human chromosome 3p26.1, which is a region that is linked to multiple types of 

diseases: leukemia, non-Hodgkin’s lymphoma, prostate cancer, and glioblastoma60–62 Data showed 

that the MAR domain is essential for DNA repair and responsible for the repair of collapsed DNA 

replication forks. Although there are multiple variants of the SETMAR gene, only a single protein 

named Metnase, consisting of 671 amino acids, has been studied so far.63 As the fusion of SET and 

Hsmar1, SETMAR also has some functions of Hsmar1 transposase, such as specific binding to the 

Hsmar1 transposon end, DNA cleavage, and integration. SETMAR has multiple links to the devel-

opment of many types of cancer, and it is suggested to have an essential role in cancer progression. 
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The overexpression of SETMAR is found to suppress chromosome translocations, and an increased 

amount of SETMAR mRNA is located in multiple cancer cells.62,64 This proposes the relationship 

between the overexpression of SETMAR toward cancer development, and the SETMAR may be a 

good target for anti-cancer drugs.62 

1.2.4 SETMAR gene as DNA binding target 

SETMAR has correlations to multiple diseases, bringing up the need to study the mecha-

nism of SETMAR. However, the research on SETMAR in a normal cell is challenging since this 

protein is only present in simian primates and not in any other animal model due to the lack of 

Hsmar1 TIR in the genome. Georgiadis and Chen pointed out that the many ways of studying the 

function of SETMAR rely on gene knockdown or gene overexpression. They also pointed out the 

irony of SETMAR TIR in nonhomologous end joining as through the evolutionary history of con-

served human transposon Hsmar1. The DBD of Hsmar1 has lost the ability to perform TIR-specific 

DNA cleavage, even though SETMAR needs the TIR-specific DNA binding activity to function in 

NHEJ, chromosome decatenation, and restarting of stalled replication forks.65. Georgiadis and her 

coworker sought out to identify the function of SETMAR-TIR interactions. They investigated the 

crystal structure of SETMAR-DNA complexes and discovered the interaction of SETMAR-TIR 

(Figure 1.7).  

 

 

Figure 1.7. A) the interaction of 

SETMAR protein (green) binding 

with the SETMAR gene. B) the dia-

gram of the site-specific DNA bind-

ing position of HTH1 and HTH2. 

The red letters are the specific inter-

action site on the TIR sequence.65 

(Figure adapted from Georgiadis et 

al. 2022). 
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According to the structure (Figure 1.7A), the interaction of the SETMAR protein and the 

TIR DNA was mediated by the two domains on the Hsmar1 gene, HTH1 and HTH2. Five specific 

sites were also identified from this study, most of which are located in the HTH2 domain. Interest-

ingly, this TIR sequence is conserved throughout evolutionary history, as indicated by Georgiadis, 

and the sequence-specific recognition occurs within the 19bp TIR element (5’-GGTG-

CAAAAGTAATTGCGG-3').65,66 This sequence will be the target of this study, as we synthesize 

molecules designed to modulate protein-DNA binding interactions and control the expression of 

SETMAR. 
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Chapter 2: Design and Synthesis of novel DNA binding polyamides based on the SETMAR 

TIR crystal structure using Solid phase peptide synthesis. 
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2.1. Introduction 

The feature of site-specific selective of pyrrole-imidazole polyamides (PIPs) has been stud-

ied over decades, and their applications varied on the designed functions and characteristics of the 

researcher are far from reaching the limit. The hairpin shape of PIPs allows the compound to fit in 

the tight space of the DNA minor groove while the building blocks of polyamides recognize the 

site with good selectivity. Many PIPs were designed to target the DNA sequence responsible for 

certain diseases such as cancer, birth defects, and hormonal diseases. These research areas allow 

scientists to choose the combination of PIPs building blocks to design and study the binding affinity 

of the designed compound and the target DNA sequence. 2,9–11 

 

Figure 2.1 The DNA binding hairpin polyamides' model shows the recognition of base-pairs with 

Py/Py recognize A/T or T/A, Py/Im recognize C/G, Im/Py recognized G/C, γ-turn, and β can rec-

ognize A/T or T/A. 22 

Pyrrole-imidazole polyamides are polymers of multiple nitrogen-containing heterocycles, 

such as N-methylpyrrole (Py) and N-methylimidazole (Im), linked by amide bonds. PIPs are ana-

logs of natural products netropsin and distamycin A, known for their binding to the minor groove 

of the A/T-rich region. 2,9–11 Based on the polyamide pairing rules of Dervan and his coworkers, 

Py/Py recognizes T/A and A/T in a non-discriminating manner, Py/Im can recognize C/G, and 

Im/Py recognizes G/C (Figure 2.1). 6,1 β and γ-turn can also recognize T/A or A/T (Figure 2.1) 
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.67,68 Over thousands of polyamides have been designed and synthesized, and they have become 

important tools in minor groove DNA binding studies. 

 

Figure 2.2 A) the interaction of SETMAR protein (green) binding with the SETMAR gene. B) the 

diagram of the site-specific DNA binding position of HTH1 and HTH2. The red letters are the 

specific interaction site on the TIR sequence65 (Georgiadis et al. 2022). 

SETMAR is known as a chimeric gene due to the fusing of a human transposon domain 

and a SET histone methyltransferase gene.45,69 The chimeric gene encodes for a single protein 

known as Metnase. Despite SETMAR's role in the non-homologous end-joining pathway and gene 

regulation, many of its functions are still unclear. Understanding the role of SETMAR: TIR binding 

is a priority in developing an anticancer drug for diseases relating to this gene.62 Georgiadis and 

coworkers have solved the crystal structure of SETMAR and the SETMAR-TIR site-specific inter-

action location. They learned that the SETMAR protein bind to the conserved TIR regions mediated 

by the HTH2 domain of the Hsmar1 at the 5’-GGTGC-3’ sequence ( Figure 2.2).65,66 

The discovery of the SETMAR-TIR site-specific sequence intrigued us in synthesizing 

new PIP sequences specifically designed to bind to the 4 locations on the TIR sequence of the 

Hsmar1 domain. In this work, we designed PIPs to target and recognize the first ten conserved base 

pairs (G/C-G/C-T/A-G/C-C/G) on the TIR of Hsmar1(Figure 2.3). This study will expand what 
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we know about polyamides and their minor groove DNA binding effects on the sequence of 

SETMAR. 

 

 

Figure 2.3: Designed sequence of PIPs based on the polyamide binding rule and the discovered 

SETMAR: TIR binding study.  

Five polyamides were successfully designed and synthesized for this chapter study (Table 

2.1). Since β-alanine can also recognize and bind to A or T of DNA, similar to pyrrole, substituting 

β-alanine from a pyrrole will allow us to try various combinations of polyamide sequences.16,67,70 

Some polyamides were designed to have a single mismatch to act as control samples and compare 

their results with the tested polyamide sequences. All building blocks of PIPs can be obtained either 

from commercially available sources or by solution-phase synthesis. The building blocks were 

linked with the solid-phase peptide synthesis method. 

Compound N-terminus 1 2 3 4 5 6 7 8 9 10 11 C-terminus 

1094 desIm Im β  Im Py γ  Py Py Py Py Py β  Ta 

1110 desIm Im Py Im Py γ  Py Py Py Py Py β  Ta 

1123 desIm Im Py Im Py γ Im Py Py Py Py β Ta 

1131 desIm Im β  Im Py γ  Im Py Py β Py β Ta 

1132 desIm Im Py Im β γ Im Py Py Py Py β Ta 

 

Table 2.1. Sequences of polyamides designed to recognize and bind to SETMAR TIR DNA minor 

groove specifically. 
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Our collaborator, Dr. Millie Georgiadis, and her researchers carried out the biochemical 

part of this project, and the finished compounds were sent to their lab to test for competitive DNA 

binding via EMSA and binding effects with Fluorescence Anisotropy. Our second collaborator, Dr. 

W. David Wilson, and his group carried out the biophysical part of this project. They perform 

Surface Plasmon Resonance to study the binding affinity of the SETMAR TIR DNA with polyam-

ides. 

This study aimed to design and synthesize long-chain PIPs to recognize the discovered 

SETMAR TIR sequence using the solid phase peptide synthesis method. We synthesized hairpin 

polyamides by linking the building blocks starting with β-alanine PAM (phenyl-acetaminomethyl) 

resin. All building blocks have the -Boc (tert-butyloxycarbonyl) group to protect the N-terminus 

except for des-aminoimidazole (desIm). Each coupling step utilized either a monomer or, when 

possible, a dimer for better coupling efficiency.  

Solid-phase peptide synthesis 

 All polyamide sequences in this project have been prepared with the assistance of the pep-

tide synthesizer CSBio model CS136XT. In this project, all resin actions were carried out in a 20ml 

reaction vessel scale. The device is connected to a computer where the command program is set up 

and controls the action of the synthesizer. CSBio’s reaction vessel (RV) is also connected to a 

heating device that can keep the RV at a constant 35oC throughout the processes of the coupling 

program. Boc-β-alanine PAM resin (typically 1g, 0.23 meq/g) was transferred into the RV as the 

initial step, PyBOP in DMF is prepared as an important coupling reagent and usually kept in reagent 

bottle R4, and PyBOP/DMF is always renewed for every coupling sequencing program. All build-

ing blocks were added to an AA# vessel before the command programmed the CSBio to measure 

the solvent with MVA (Measuring vessel A), followed by transferring the solution to TVA (Trans-

fer vessel A). The building blocks were then activated with DMF solvents and PyBOP/DMF as the 

amide coupling reagents before transferring into RV for coupling. RV inverts continuously for a 

minimum of 180 min to ensure the coupling is completed. The process can be viewed as a coupling 

cycle (Figure 2.4). A continuous cycle starting with the Deprotection of the Boc group, followed 

by activation of building blocks and amide bond couplings, “cap,” prevents the formation of un-

wanted material, such as side products and unreacted amine that can react in the next coupling step. 

Upon completion of the couplings, the PIPs resin was cleaved from the PAM resin with an amine 

nucleophile to release the polyamides, and that would be the final step in the synthesis procedure 

of PIPs synthesis with solid phase peptide synthesis. 
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Figure 2.4 The solid-phase synthesis process cycle was used for this project. 

2.2 Method 

Material  

Boc- β-alanine-PAM resin was ordered from Peptides International (Louisville, KY), 3-

(dimethylamino)-1-propylamine, N-methyl-imidazole, N-methyl-pyrrole, piperidine, indole, am-

monium formate, 20% palladium/carbon (20% Pd/C), dimethyl sulfoxide, HCl, and NaOH were 

purchased from Sigma Aldrich (St. Louis, MO). 1-Methyl-4-nitro-imidazole-2-carboxylate (NO2-

Im-COOMe) was ordered from AC Pharmachem, Inc (Worcester, MA). 

4-tert-butoxycarbonylaminobutyric acid (Boc-γ-COOH), 1-ethyl-4-amino-β-alanine-car-

boxylate (H2N-β-COOEt), 4-tert-butoxy-β-alanine-carboxylic acid (Boc-β-COOH), trifluoroacetic 

acid (TFA), formic acid (FA), hexafluorophosphate azabenzotriazole tetramethyl uronium 

(HATU), benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), hy-

droxybenzotriazole (HOBT), dimethyl formamide (DMF), and methanol (MeOH) were acquired 

from Oakwood Chemical (Estill, SC). Triethylamine, N, N-diisopropylethylamine (DIPEA), for-

mic acid, and acetic anhydride were purchased from Fisher Scientific. 
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Instrumentation 

1H-NMR and 13C-NMR spectra were recorded in DMSO_d6 at 300_MHz, and 600_MHz, 

respectively. 1H-NMR peaks are referenced to DMSO at 2.5 ppm, and 13C-NMR spectra in DMSO 

at 39.5 ppm; coupling constants J are reported in Hz. The FID data were processed and analyzed 

with the software SpinWorks 4. High-resolution mass spectrometry was carried out on Bruker 

LC/MS instrument. HPLC was carried out in the ThermoFisher U-HPLC, and the data was pro-

cessed with Chromeleon7 and Agilent HPLC. ThermoFisher preparative HPLC carried out purifi-

cations of polyamides. 

2.2.1 Synthesis of precursor des-Im-COCCl3 (2, Scheme 2.1) 

A solution of N-methyl-imidazole (33.09 g, 182 mmol) in DCM (45mL) was added drop-

wise into a mixture solution of trifluoroacetic chloride (15 g, 182 mmol) in DCM (107 mL), stirred 

at 0 oC, and the solution was stirred under inert Nitrogen gas over 18 h to room temperature at 23oC. 

The reaction temperature was reduced to 0 oC then triethylamine (Et3N, 18.42 g, 182 mmol) in 

DCM was added drop-wise and stirred under nitrogen over 18 h. The compound was then checked 

for completion with TLC. The mixture was washed with chloroform, recrystallized in hot hexane, 

then obtained (33.12 g, 182 mmol,80% yield) off-white to yellow crystalline solid.71 

 

Scheme 2.1. Synthesis of desIm-COCCl3 2. 

2.2.2 Synthesis of precursor H2N-Im-COOMe (4, Scheme 2.2) 

A solution of NO2-Im-COOMe (20 g, 107.88 mmol) 3 was added to an ethyl acetate solu-

tion (206 mL) and stirred at room temperature for 30 min. Catalyst 20% Pd/C (1g) was added, 

followed by ammonium formate (10.20 g, 161.82 mmol) to the mixture, and the reaction refluxed 

at 70 oC for 1- 2 h. The progress of the reaction was monitored with TLC and by staining with 

KMnO4. All catalyst and side products were removed via filtration through Celite. The solution 

solvent was concentrated in vacuo to afford the product as a yellow-orange solid 4 (16.55 g, 107.88 

mmol, 99% yield).71 
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Scheme 2.2. Synthesis of Methyl-2-amino-1-H-imidazole 5-carboxylate 4.  

2.2.3 Synthesis of dimer building block desIm-Im-COOH (5, Scheme 2.3) 

A mixture of desIm-COCCl3 (3.627 g, 15.94 mmol) 2 and H2N-Im-COOMe (2.474 g, 15.94 

mmol) 4 were combined and added to EtOAc (67 mL), and the reaction was stirred under N2 at 

room temperature for 18 h. The reaction was monitored with TLC and HPLC until completion. The 

reaction was filtered by vacuum filtration to collect a yellow solid, and the filtrate solvent was later 

removed by vacuum to afford a yellow solid. The two solids were combined and dissolved in 2,4-

dioxane followed by the addition of 1N NaOH (74 mL); the reaction was stirred well under N2 for 

30 min at room temperature, later the temperature was increased to 45 oC; the reaction was checked 

for completion with HPLC, and the solvent was removed under vacuum, followed by adding 1M 

HCl until the pH reaches 4.25. The reaction was vacuum filtered to afford 3.37 g of yellow solid 5 

(15.94 mmol, 85% yield). 

 

  

Scheme 2.3. Synthesis of desIm-Im-COOH 5. 

2.2.4 Synthesis of dimer building block Boc-γ-Im-COOH (7, Scheme 2.4) 

In a 250 mL round bottom flask, Boc-γ-COOH 6 (4.98 g, 24.5 mmol) was dissolved in  

DMF (20 mL), followed by HOBT (5.0 g, 37 mmol), and DCC (8.32 g, 37 mmol) in DCM (66 

mL), and stirred well under nitrogen gas for 20 min. After 30 min at room temperature, the mixture 

formed DCU (dicyclohexylurea) and turned into a white solution; the reaction was run overnight 

at room temperature. After 12 h, H2N-Im-COOMe 4 (4.75 g, 30.6 mmol) was added in DCM (20 

mL), and the reaction was stirred well under nitrogen gas. The reaction was monitored by TLC and 

HPLC, and the reaction was completed after 18 h at room temperature. The mixture was filtered to 

remove the solid DCU, and a rotary evaporator was used to remove the DCM solvent. EtOAc (80 



29 
 

mL) was added to the flask after evaporation, and then the mixture was washed with H2O, aq Na-

HCO3, 4% HCl, and brine. The organic solvent was dried with anhydrous Na2SO4 and gravity fil-

tered to collect an orange solution. The solvent was removed by rotary evaporation to afford an 

oily solution. The oily mixture was immediately dissolved in 2,4-dioxane (40 mL) and stirred under 

N2 for 30 min before adding 1 N NaOH (40 mL). The reaction was heated in an oil bath with a 

temperature controlled at 45 oC for 1 to 2 h. The reaction was checked for completion with analyt-

ical HPLC. The reaction was removed from heat and cooled at room temperature for 10 min. Then 

the pH was reduced to around 3.5- 4.5 using 1N HCl to afford 6.7 g of off-white solid 7 (24.5mmol, 

85% yield).71 

 

Scheme 2.4 Synthesis of Boc-γ-Im-COOH 7. 

2.2.5 Synthesis of dimmer building block Boc-β-Im-COOH (9, Scheme 2.5) 

In a 250 mL round bottom flask, Boc-β-COOH 8 (5.42 g, 28.6 mmol) was dissolved in 

DMF (104 mL), followed by HOBT (5.7 g, 42.9 mmol), and DCC (8.8 g, 42.9 mmol) in DCM (66 

mL), stir well under nitrogen gas for 20 min. After 30 min at room temperature, the mixture formed 

DCU and turned to a white solution, let the reaction ran overnight at room temperature. After 12 h, 

H2N-Im-COOMe 4 (6.6 g, 42.9 mmol) was dissolved in DCM (20 mL), and the reaction was stirred 

well under nitrogen gas. The reaction was monitored by TLC and HPLC, and the reaction was 

completed after 18 h at room temperature. The mixture was filtered to remove the solid DCU, and 

the DCM solvent was removed by rotary evaporation. EtOAc (70 mL) was added to the flask after 

vacuo, and then the mixture was washed with H2O, aq NaHCO3, 4% HCL, and brine.  

The organic solvent was dried with anhydrous Na2SO4 and gravity filtered to collect a red 

solution. The solvent was removed by rotary evaporation to afford an oil solution. The oil mixture 

was immediately dissolved in 2,4-dioxane and stirred under N2 for 30 min before adding 1M NaOH. 

The reaction was heated in an oil bath with a temperature controlled at 45oC for 1 to 2 h and checked 

for completion with analytical HPLC. The reaction was removed from heat and settled at room 

temperature for 10 min, reducing the pH to around 3.5-4.2 to afford red solid 9 (7.15 g, 28.6 mmol, 

80% yield). 
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Scheme 2.5. Synthesis of Boc-β-Im-COOH 9. 

2.2.6 Synthesis of precursor H2N-Py-COOMe (11, Scheme 2.6) 

A solution of NO2-Py-COOMe 10 (20 g, 108 mmol) was added in a solution of 400 mL 

ethyl acetate, followed by 1g of 20%Pd/C was stirred at room temperature for 30 min. Catalyst 

Pd/C was added, followed by ammonium formate (10.53 g, 162 mmol) was added to the mixture, 

and the reaction was refluxed at 70oC for 45 min. Reaction completion was checked with TLC and 

stained with KmnO4. All catalyst and side products were removed via filtration through Celite. The 

solution was concentrated in vacuo to afford (16.55 g, 108 mmol, 99% yield) of off-white solid 17. 

(Scheme 2.6). 

 

Scheme 2.6. Synthesis of H2N-Py-COOMe 11. 

2.2.7 Synthesis of dimer building block Boc-β-Py-COOH (12, Scheme 2.7) 

In a 250 mL round bottom flask, Boc-β-COOH 8 (5.0 g, 20.6 mmol) as dissolved in  DMF 

(20mL), followed by HOBT (5.0 g, 37.0 mmol), and DCC (7.6 g, 37.0 mmol) in 66 mL DCM, stir 

well under nitrogen gas for 20 min. After 30 min at room temperature, the mixture formed DCU 

and turned white solution, let the reaction ran overnight at room temperature. After 12 H, add H2N-

Py-COOMe 11 (5.6 g, 37.0 mmol) in 20 mL DCM, and the reaction was stirred well under Nitrogen 

gas. The reaction was monitored by TLC and HPLC; the reaction was completed after 18 h at room 

temperature. The mixture was filtered to remove the solid DCU, and a rotary evaporator was used 

to remove the DCM solvent. EtOAc was added to the flask, and then the mixture was washed with 

H2O, aq NaHCO3, 4% HCL, and brine. The organic solvent was dried with anhydrous Na2SO4 and 

gravity filtered to collect a clear solution. A rotary evaporator was used to remove the solution’s 

solvent to afford an oil. The oil mixture was immediately dissolved in 2,4-dioxane and stirred under 
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N2 for 30 min before adding 1N NaOH. The reaction was heated in an oil bath with a temperature 

controlled at 45oC for 1 to 2 h and checked for completion with analytical HPLC. The reaction was 

removed from heat and settled at room temperature for 10 min, reducing the pH to around 3.75-4.5 

to afford an off-white solid 12 (8.1g, 20.6 mmol, 85% yield), (Scheme 2.7). 

 

Scheme 2.7 Synthesis of Boc-β-Py-COOH 12. 

2.2.8 Synthesis of desIm-Im-β-Im-Py-γ-Py-Py-β-Py-β-Ta. (PA1094) 

Synthesis of polyamide 1094 resin started by initiating the reaction sequences program 

with the CSBio program. The CSBio reaction vessel was set at a temperature of 35 oC throughout 

the whole process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (benzotri-

azole-1-yl-oxytripyrrolelidinophosphonium hexafluorophosphate (11 gram) was dissolved in DMF 

(40 mL) and filled in the R4 solvent bottle. After the program started the first resin wash and depro-

tection of the Boc group for 1 h, a solution of the monomer Boc-Py-Obt (508 mg,1.84 mmol) in 

DMF (6.5 mL) was stirred to dissolve and transferred into AA#3 fully. The coupling program di-

rected the synthesizer to transfer the solution from AA#3 to TVA and then MVA to begin the 

activation before transferring to RV for coupling for 180 min, followed by capping with acetic 

anhydride for 17 min to remove impurities such as an unreacted amine. After completing the first 

sequence, the program proceeded to “cap” to remove any nonreacted amine before moving on to 

the next sequence. Each sequence took around 6 h to complete. 

After completing the first sequence, the programmed system transferred a solution of mon-

omer Boc-β-COOH (358 mg, 1.84 mmol) in DMF (6.5 mL), was well dissolved by vortex and 

loaded in AA#4 to TVA and MVA for sequence coupling following up by capping. After sequence 

3 plus cap was completed, a solution of Boc-Py-Py-COOH (514 mg, 1.38 mmol) in DMF (6.5 mL) 

was well dissolved by vortex, loaded in AA#5, transferred to TVA, then MVA before transferred 

to RV for coupling reaction for 180 min following by capping with acetic anhydride for 17 min. 

After sequence 4 plus cap was completed, a solution of Boc-Py-OBt (508 mg, 1.84 mmol) in DMF 

(6.5 mL) was well dissolved by vortex; loaded in AA#6, transferred to TVA then MVA before 

transferred to RV for coupling reaction for 180 min following by capping with acetic anhydride for 

17 min. After sequence 5 was finished, the programed system was initiated and followed by 
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transferring a well-dissolved by vortex solution of Boc-Py-γ-COOH (462 mg, 1.38 mmol) in DMF 

(6.5 mL) from AA#6 to TVA, then MVA before transferred to RV for coupling reaction for 180 

min following by capping with acetic anhydride for 17 min. After sequence 6 was finished, the 

programed system was initiated and followed by transferring a well-dissolved, vortexed solution 

of dimer Boc-β-Im-COOH (444 mg, 1.38 mmol) in DMF (6.5 mL) and DIPEA (1mL) from AA#7 

to TVA then MVA before transferred to RV for coupling reaction for 180 min following by capping 

with acetic anhydride for 17 min. After sequence 7 was finished, the programed system was initi-

ated and followed by transferring a well dissolved by vortex solution of dimer desIm-Im-COOH 5 

(472mg, 1.38 mmol) and DIPEA (1ml) in DMF (6.5 mL) from AA#8 to TVA then MVA before 

transferred to RV for coupling reaction for 180 min following by capping with acetic anhydride for 

17 min. 

The sequence was finished after 37 h, 0.1 mg of resin was cleaved with 100 μL Ta (3,3-

diamino-N-methyldipropylamine) solution for 2h at 45oC (Scheme 2.8), then the heated solution 

was collected and filtered before being analyzed with a Bruker LC-MS instrument. The exact mass 

was determined to be [M+H]+, 1458.73 m/z, which confirmed the presence of the desired product. 

All the resin was carefully transferred from the RV into a beaker using a small spatula, and the 

resin was washed three-time with DCM and MeOH, then dried under vacuum for 30 min until 

reaching dryness. The resin was then collected in a 20mL scintillation vial and stored in the freezer 

before cleavage the next day.  
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Scheme 2.8 (caption on next page) 
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Scheme 2.8. Scheme of synthesis polyamide 1094 resin by applying solid-phase synthesis method. 

Started from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps 

from (i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 

0.5 M Indole, (iii) 25% piperidine/ DMF; (iv) building blocks with the structures shown on the 

scheme, (v) 0.5M PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step 

with acetic anhydride for 17 min. 

Synthesis of 1094 program sequence 

Polyamide 1094 was synthesized with 14 consecutive programs. The total coupling time was 37 h 

(Table 2.2). 
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Table 2.2. Program sequence of 1094 resin synthesis. 

Sequence 

step 

Building block(s) or type 

of sequence 

Additional Solvent 

mixture 

Applied program file 

1 Boc-Py-Obt (6.5 mL) DMF Add-DIPEA-180-min-DI-

PEA-Flows.CFN 

2 Capping None Cap-17-min-continues.CFN 

3 Boc-β-COOH (6.5 mL) DMF Add-DIPEA-180-min-DI-

PEA-Flows.CFN 

4 Capping None Cap-17-min-continues.CFN 

5 Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DI-

PEA-Flows.CFN 

6 Capping None Cap-17-min-continues.CFN 

7 Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DI-

PEA-Flows.CFN 

8 Capping None Cap-17-min-continues.CFN 

9 Boc Py-γ-COOH (6.5 mL) DMF Add-DIPEA-180-min-DI-

PEA-Flows.CFN 

10 Capping None Cap-17-min-continues.CFN 

11 Boc-β-Im-COOH (6.5 mL) DMF+DI-

PEA (1mL) 

Add-DIPEA-180-min-DI-

PEA-Flows.CFN 

12 Capping None Cap-17-min-continues.CFN 

13 desIm-Im-COOH (6.5 mL) DMF+DI-

PEA (1mL) 

Add-DIPEA-180-min-DI-

PEA-Flows.CFN 

14 14-Capping None Cap-17-min-continues.CFN 
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 Cleavage of PAM resin using Ta as a nucleophile.  

 The next day, the resin was cleaved with aminolysis in 2000 μL of Ta in a 5 mL centrifuge 

tube at 45oC in a heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides 

solution from the PAM resin support was performed in a 20 μM polyethylene frit placed inside a 

disposable polypropylene syringe by washing with MeOH and H2O. The polyamide solution was 

concentrated in a rotary evaporator to afford 1094 (31 mg, 29% yield) (Scheme 2.9).    

 

Scheme 2.9. Cleavage of PA 1094 resin using Ta as the nucleophile. 

Purification of the compound. 

 The polyamide solution was diluted with a mixture of 200 μL DMSO and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100 Å, C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ 

water and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed 

by a ramp rate to 90% Methanol over 35.6 min at a 20 mL/minute flow rate. All collected fractions 

were analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-
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UHPLC. High-purity fractions were collected for rotary evaporation to remove MeOH from the 

solution before lyophilization. 

Lyophilization of compound 1094 

 Compound 1094 was diluted with a 1:1 mixture of ACN (5 mL): and 0.1% HCOOH in 

H2O (5 mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by rubber bands. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamides sublimed as an off-white 

solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior to the 

lyophilization process, and the inside temperature was set at -83 to -85oC. 

Characterization of compound 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo column 

maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water(A) and HPLC grade 

ACN (B). The applied gradient consisted of 5%B for 0.75 min, followed by a ramp to 60% B over 

6.5 min at 2.0 mL/min. The retention was 3.357 min (Figure 2.13). 

Characteristic results of 1094 

PA1094- desIm-Im-Py-Im-β-γ-Im-Py-Py-Py-Py-β-Ta (HCOO-)6 

1H-NMR (600 MHz, DMSO-d6) δ=10.37 (s, 1H), 9.94 (s, 6H), 8.47 (br, 4H), 8.22 (s, 1H), 

8.08- 8.03 (t, J= 31.4 Hz, 3H), 7.95-7.93 (d, J=4.48 Hz, 1H), 7.50 (s, 1H), 7.45 (s, 1H), 7.42 (s, 

1H), 7.21 (s, 1H), 7.19 (s, 1H), 7.18 (s, 1H), 7.15 (s, 1H), 7.11 (s, 1H), 7.03 (s, 1H), 7.02 (s, 1H), 

6.95 (s, 1H), 6.85 (s, 1H), 6.82 (s, 1H), 6.62 (s, 1H), 3.96 (s, 1H), 3.93 (s, 1H), 3.92 (s, 2H), 3.81 

(s, 2H), 3.80 (s, 2H), 3.78 (s, 3H), 3.49-3.46 (q, J= 20.67 Hz, 3H), 3.41-3.38 (q, J= 19.56 Hz, 3H), 

3.33- 3.29 (q, J= 18.99 Hz, 2H), 3.20-3.16 (q, J= 19.56 Hz, 2H), 3.03-.3.01 (q, J=18.99 Hz, 2H), 

2.76 (br, 6H), 2.59-2.51 (t, J= 12.85 Hz, 2H), 2.32- 2.29 (m, J= 43.02Hz, 4H), 2.21-2.19 (t, J= 12.85 

Hz, 6H), 2.07 (s, 1H), 2.05 (s, 1H), 1.77 (s, 1H), 1.65 (s, 2H), 1.49 (s, 1H). 

13C-NMR (151 MHz, DMSO-d6) δ= 165.56, 165.53, 158.30, 155.85, 137.85, 13.64, 

127.63, 127.0, 126.94, 126.11, 117.62, 113.89, 54.49, 54.32, 53.94, 41.29, 41.24, 39.93, 39.79, 

39.65, 39.51, 39.37, 39.23, 39.10, 39.06, 37.56, 37.14, 36.60, 35.09, 34.91, 34.85, 26,67, 24.57. 

HRMS (ESI) was calculated for 1094-C26C86N26O12, [M+H]+,1459.69 m/z found 1458.73 m/z. 

HPLC purity: 94% 
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Figure 2.5: Analytical HPLC purity of compound 1094 with λ monitored at 300nm. Compound 

purity 94%, retention time 3.357 min. 

 

2.2.9 Synthesis of desIm-Im-Py-Im-Py-γ-Py-Py-Py-Py-β-Ta. (PA1110) 

Synthesis of 1110 resin. 

Synthesis of polyamides 1110 resin started by initiating the reaction sequences program with the 

CSBio program. The CSBio reaction vessel was set at a temperature of 35oC throughout the whole 

process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 g) was dissolved 

in DMF (40 mL) and filled in the R4 solvent bottle. After the program started the first wash and 

deprotection reaction for 1 h, a solution of a monomer Boc-Py-Obt (630 mg, 1.84 mmol) in DMF 

(6.5 mL) was stirred to dissolve and transferred into AA#3 fully. The coupling program directed 

the synthesizer to transfer the solution from AA#3 to TVA and then MVA to begin the activation 

before transferring to RV for 180 min, followed by capping with acetic anhydride for 17 min to 

remove impurities such as unreacted amines.  

After completing the first sequence, the “cap” program removed any nonreacted amine before mov-

ing on to the following sequence. Each sequence took around 6 h total since it took around 3 h to 

wash the resin and deprotect the protection group before the coupling new building blocks 
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After completing the first sequence, the programmed system transferred a solution of dimer Boc-

Py-Py-COOH (480 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in 

AA#4 to TVA and MVA for sequence coupling following up by capping. After sequence 3 plus 

cap was completed, a solution of Boc-Py-Py-COOH (480 mg, 1.38 mmol) in DMF was well dis-

solved by vortex; loaded in AA#5 transfer to TVA then MVA before transferred to RV for coupling 

reaction for 180 min followed by capping with acetic anhydride for 17 min. After sequence 3 plus 

cap was completed, a solution of Boc-Py-γ-COOH (430 mg, 1.38 mmol) in DMF (6.5mL) was well 

dissolved by vortex; loaded in AA#6 transfer to TVA then MVA before transferred to RV for cou-

pling reaction for 180 min following by capping with acetic anhydride for 17 min.  

After sequence 4 was finished, the programed system was initiated and followed by trans-

ferring a well dissolved by vortex solution of Boc-Py-Im-COOH (481 mg, 1.38 mmol) in DMF 

(6.5 mL) and DIPEA (1 mL) from AA#6 to TVA then MVA before transferred to RV for coupling 

reaction for 180 min following by capping with acetic anhydride for 17 min. After sequence 5 was 

finished, the programed system was initiated and followed by transferring a well-dissolved by vor-

tex solution of dimer desIm-Im-COOH 5 (330 mg, 1.38 mmol) and DIPEA (1ml) in DMF (6.5 mL) 

from AA#7 to TVA then MVA before transferred to RV for coupling reaction for 180 min follow-

ing by capping with acetic anhydride for 17 min. 

 The sequence was finished after 35 h. 0,1 mg of resin was cleaved with 100 μL Ta solution 

for 2 h at 45oC, and the heated solution was collected and filtered before being analyzed with a 

Bruker LC-MS instrument. The exact mass was determined to be [M+H]+ 1510.21 m/z, which 

confirmed the presence of the desired product. All the resin was carefully transferred from the RV 

into a beaker using a small spatula, and the resin was washed three-time with DCM and MeOH, 

then dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20 

mL scintillation vial and stored in the freezer before cleavage. (Scheme 2.10) 
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Scheme 2.10 Scheme of synthesis polyamide 1110 resin with solid-phase synthesis method. It 

started from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps 

from (i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 

0.5 M Indole, (iii) 25% piperidine/ DMF; (iv) building blocks with the structures shown on the 

scheme,(v) 0.5M PyBOP/DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step 

with acetic anhydride for 17 min. 

Synthesis of 1110 program sequence 

Polyamide 110 was synthesized with 12 consecutive programs. The total coupling time was 37 h 

(Table 2.3). 

Table 2.3. Program sequence of 1110 resin synthesis. 
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Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-Py-Obt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-γ-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc Py-Im-COOH  (6.5 mL) DMF+ DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH (6.5 mL) DMF+ DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 

 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 380 mg resin was cleaved by aminolysis with 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

in a rotary evaporator to afford 28 mg PA 1110 (87.4 mmol, 21% yield) (Scheme 2.11).  
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Figure 2.6 Cleavage of 1110 from PAM resin via Ta as the nucleophile. 

Purification of the compound. 

The polyamides solution was diluted with a mixture of 200 μL DMSO and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100Å, C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ water 

and 100% HPLC grade MeOH.  

The applied gradient was 10% MeOH for 10 min, followed by a ramp rate to 90% Methanol 

over 35.6 min at a 20 mL/min flow rate. All collected fractions were analyzed and selected for 95% 

or higher purity with analytical HPLC using ThermoFisher-UHPLC; analysis was processed and 

analyzed with the program Chromeleon7. High-purity fractions were collected for rotary evapora-

tion to remove MeOH before lyophilization. 
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Lyophilization of compound 

Compound 1110 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamides sublimed as an off-white 

solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior to the 

lyophilization process, and the inside temperature was set at -73 to -75oC. 

Characterization of compound 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp 

to 60% B over 6.5 min at 2.0 mL/min. The retention was 2.68 min. 

Characterization result of PA1110 

PA 1110, desImImPyImPyγPyPyPyPyPyβTa (HCOO-)6 

1H-NMR (600 MHz, DMSO-d6) δ= 10.31 (s, 1H), 9.96 (s, 4H), 8.52 (s, 6H), 8.01- 7.98 (d, J= 17.18 

Hz, 2H), 7.55- 7.52 (d, J= 18.02Hz, 2H), 7.44- 7.40 (d, J=26.0 Hz, 2H), 7.23 (s, 3H), 7.17-7.13 (t, 

J=20.4 Hz, 3H), 7.06- 7.03 (d, J=9.13 Hz, 3H), 6.97 (s, 1H), 6.88 (s, 1H), 6.83 (s, 1H), 3.99 (s, 4H), 

3.96 (s, 2H), 3.85 (s, 2H), 3.83-3.81 (t, J=11.57 Hz, 6H), 3.79- 3.78 (d, J=10.96 Hz, 4H), 3.36- 3.32 

(q, J= 19.49 Hz, 2H), 3.22-3.18 (q, J= 20.09 Hz, 2H), 3.05-3.01 (q, J= 20.71 Hz, 2H), 2.77 (s, 6H), 

2.47 (s, 4H), 2.33 (br, 9H), 2.29- 2.25 (t, J= 14.61 Hz, 3H), 2.24- 2.21 (t, J= 14.01 Hz, 2H), 2.07 -

2.05 (d, J= 6.09 Hz, 6H), 1.79- 1.75 (q, J= 28.02 Hz, 2H), 1.67- 1.63 (q, J= 21.32 Hz, 6H), 1.51- 

1.47 (t, J= 28.62 Hz, 2H). 

13C-NMR (151 MHz, DMSO-d6) δ= 170.9, 169.7, 166.6, 165.8, 161.7, 161.7, 159.2, 159.0, 158.9, 

158.9, 156.2, 156.2, 156.1, 138.3, 136.5, 135.2, 134.8, 134.6, 128.2, 127.5, 123.8, 123.2, 123.2, 

123.2, 123.2, 122.7, 122.6, 122.6, 122.5, 121.8, 121.6, 120.5, 119.9, 118.9, 118.9, 118.9, 118.6, 

118.4, 115.2, 114.5, 106.2, 105.3, 105.2, 105.2, 104.7, 104.7, 104.5, 55.0, 54.8, 54.4, 41.8, 41.7, 

40.5, 40.4, 40.2, 40.1, 40.0, 39.8, 39.7, 39.5, 36.7, 36.5, 36.4, 36.0, 35.9, 35.6, 35.5, 35.4, 33.8 25.2, 

26.18, 27.2. 
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HRMS (ESI) was calculated for 1110, C71H87N27O12, [M+H]+ 1510.71 m/z, and found 1510.21 m/z. 

HPLC purity: 94% (Figure 2.6) 

 

Figure 2.6: Analytical HPLC purity of compound 1110 with λ monitored. Compound purity 94%, 

retention time 2.680 min. 

2.2.10 Synthesis of desIm-Im-Py-Im-Py-γ-Im-Py-Py-Py-Py-β-Ta (1123) 

Synthesis of 1123 resin 

Synthesis of polyamide 1123 resin started by initiating the reaction sequences program with the 

CSBio program. The CSBio reaction vessel was set at a temperature of 35oC throughout the whole 

process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 g) was dissolved 

in DMF (40 mL) and filled in the R4 solvent bottle. After the program started the first wash and 

deprotection reaction for 1 h, a solution of Boc-Py-Py-COOH (500 mg, 1.38 mmol) in DMF (6.5 

mL) was stirred to dissolve and transferred into AA#3 entirely. The coupling program directed the 

synthesizer to transfer the solution from AA#3 to TVA and then MVA to begin the activation before 
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transferring to RV for coupling for 180 min, followed by capping with acetic anhydride for 17 min 

to remove impurities such as unreacted amines. After completing the first sequence, the program 

proceeded to “cap” to remove any nonreacted amine before moving on to the next sequence. Each 

sequence took around 6 h to complete, following by another 17 min of capping. 

After completing the first sequence, the programmed system transferred a solution of Boc-Py-Py-

COOH (501 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in AA#4 

to TVA and MVA for sequence coupling followed up by capping. After sequence 3 plus cap was 

completed, a solution of Boc-γ-Im-COOH (450 mg, 1.38 mmol) in DMF (6.5 mL) and DIPEA (1 

mL) was well dissolved by vortex; loaded in AA#5 transferred to TVA then MVA before trans-

ferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 17 

min. After sequence 4 plus cap was completed, a solution of Boc-Py-OBt (660 mg, 1.84 mmol) in 

DMF (6.5 mL) was well dissolved by vortex; loaded in AA#6 transferred to TVA then MVA before 

transferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 

17 min. After sequence 5 was finished, the programed system was initiated and followed by trans-

ferring a well dissolved by vortex solution of Boc-Py-Im-COOH (500 mg, 1.38 mmol) in DMF 

(6.5 mL) and DIPEA (1 mL) from AA#6 to TVA, then MVA before transferred to RV for coupling 

reaction for 180 min following by capping with acetic anhydride for 17 min. After sequence 6 was 

finished, the programed system was initiated and followed by transferring a well dissolved by vor-

tex solution of dimer desIm-Im-COOH 5 (345 mg, 1.38 mmol) and DIPEA (1ml) in DMF (6.5 mL) 

from AA#7 to TVA, then MVA before transferred to RV for coupling reaction for 180 min follow-

ing by capping with acetic anhydride for 17 min. (Scheme 2.12)  

The sequence was finished after 30 h. 0,1 mg of resin was cleaved with 100 μL Ta solution for 2h 

at 45oC, then the heated solution was collected and filtered before being analyzed with a Bruker 

LC-MS instrument. The exact mass was determined to be [M+H]+ as 1511.76 m/z, which confirmed 

the presence of the desired product. All the resin was carefully transferred from the RV into a 

beaker using a small spatula, and the resin was washed three-time with DCM and MeOH, then 

dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20 mL 

scintillation vial and stored in the freezer before cleavage the next day. 
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Scheme 2.12 Scheme of synthesis polyamide 1123 resin by applying solid-phase synthesis method. 

Started from a commercially acquired Boc-β-PAM resin, each sequence containing multiple steps 

from (i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 

0.5 M Indole, (iii) 25% piperidine/ DMF; (iv) building blocks with the structures shown on the 

scheme, (v) 0.5M PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step 

with acetic anhydride for 17 min. 

Polyamide 1123 resin was synthesized with 12 consecutive programs. The total coupling time was 

30 h (Table 2.4). 

Table 2.4. Program sequences of 1123 resin synthesis. 

Building block(s) and step(s) Additional Solvent mix-

ture 

Applied program 

1-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 
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3-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH DMF (6.5 mL) + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc Py-Im-COOH  6.5 mL DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH 6.5 mL DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 

 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, the 383 mg resin was cleaved via aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

in the rotary evaporator to afford a white solid of 1123 (33 mg, 0.087 mmol, 25% yield) (Scheme 

2.13).  
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Scheme 2.13 Cleavage of 1123 from PAM resin using Ta as the nucleophile. 

Purification of compound 

The polyamides solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% HCOOH 

(200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 μM, 100Å, 

C18 column maintained at 25oC. The organic phase was 0.2% HCOOH in MilliQ water and 

100%HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a ramp 

rate to 90% Methanol over 35.6 min at a 20 mL/ min flow rate. All collected fractions were ana-

lyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher -UHPLC; 

analysis was processed and analyzed with the program Chromeleon 3.0. High-purity fractions were 

collected for rotary evaporation to remove MeOH before the lyophilization. 

Lyophilization of compound 

Compound 1123 was diluted with a 1:1 mixture of ACN (5mL): and 0.2% HCOOH in H2O(5mL). 

The samples were frozen before the lyophilization process with ground dry ice until an even coated 

of frozen material results at an acute angle in the vial. The frozen sample was covered with porous 

Kimwipe paper and secured by a rubber band. The sample was settled in a lyophilizer glass vessel 
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and connected to a vacuum port. The frozen polyamide solutions sublimed as an off-white solid 

powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior to the lyophi-

lization process, and the inside temperature was set at -83 to -85oC 

Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo column 

maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and HPLC grade 

ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp to 60% B over 

6.5 min at 2.0 mL/min. The retention was 3.17 min. 

Characterization result of PA 1123 

PA-1123, desImImPyImPyγImPyPyPyPyβTa (HCOO-)6 

1H-NMR (600 MHz, DMSO-d6) δ= 10.28 (s, 1H), 10.24 (s, 1H), 9.96- 9.93 (J= 18.3 Hz, t, 4H), 

8.36 (s, 8H), 8.07- 8.04 (t, J= 13.15 Hz, 1H), 8.01- 7.99 (t, J= 13.15 Hz, 2H), 7.96-7.94 (t, J=11.34 

Hz, 2H), 7.56 (s, 1H), 7.53 (s, 1H), 7.44 (s, 1H), 7.39 (s, 1H), 7.26 (s, 1H), 7.21-7.17 (d, J= 9.55 

Hz, 3H), 7.11 (s, 1H), 7.14 (s, 1H), 7.06 (s, 1H), 7.04 (s, 1H), 6.97 (s, 1H), 6.83 (s, 1H), 3.98 (s, 

2H), 3.93 (s, 1H), 3.84 (s, 1H), 3.83- 3.82 (d, J= 4.69 Hz, 3H), 3.78-3.77 (d, J= 7.38 Hz, 3H), 3.35-

3.32 (q, J=19.73 Hz, 3H), 3.20- 3.16 (q, J= 21.05 Hz, 3H), 3.05- 3.01 (q, J= 19.73 Hz, 3H), 2.82- 

2.78 (q, J=19.73 Hz, 6H), 2.77- 2.75 (t, J= 14.02 Hz, 9H), 2.40 (s, 2H), 2.33 (s, 4H), 2.32- 2.31 (t, 

J= 12.84 Hz, 8H), 2.07 (s, 8H), 1.68- 1.64 (q, J=26.48 Hz, 10 H). 

13C-NMR (151 MHz, DMSO-d6) δ= 170.9, 169.7, 166.6 161.7, 161.7, 159.2, 159.0, 158.9, 158.9, 

156.2, 156.2, 156.1, 138.3, 136.5, 135.2, 134.8, 134.6, 128.2, 128.1, 127.5, 123.8, 123.2, 123.2, 

122.7, 122.7, 122.7, 122.7, 122.6, ,122.6, 122.6, 121.8, 121.6, 118.9, 117.4, 118.4, 115.1, 114.5, 

106.2, 105.2, 105.3, 105.2, 105.2, 104.7, 104.7, 104.6, 104.5, 54.9, 54.8, 54.4, 41.8, 41.7, 40.5, 

40.4, 40.2, 40.1, 39.9, 39.8, 39.7, 39.5, 39.4, 39.4, 39.3, 39.3, 39.3, 39.3, 38.7, 38.0, 37.6, 37.1, 

36.6, 36.5, 37.0, 35.9, 35.9, 35.6, 35.6, 35.4, 27.2, 26.2, 25.2. 

HRMS (ESI) was calculated for 1123, [M+H]+, 1511.71 m/z, and found to be 1511.76 m/z. 

HPLC purity: 94% 
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Figure 2.7 Analytical HPLC purity of compound 1123 with λ monitored. Compound purity 94%, 

retention time 2.697 min. 

2.2.11 Synthesis of desIm-Im-β-Im-Py-γ-Im-Py-Py-β-Py-β-Ta (1131) 

Synthesis of 1131 resin 

Synthesis of polyamides 1131 resin started by initiating the reaction sequences program 

with the CSBio program. The CSBio reaction vessel was set at a temperature of 35 oC throughout 

the whole process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 g) 

was dissolved in DMF (40 mL) and filled in the R4 solvent bottle. 

 After the program started the first wash and deprotection reaction for 1h, a solution of a 

monomer Boc-β-Py-COOH (430 mg, 1.38 mmol) in DMF (6.5 mL) was stirred to fully dissolved 

and transferred into AA#3. The coupling program directed the synthesizer to transfer the solution 

from AA#3 to TVA and then MVA to begin the activation before transferring to RV for coupling 

for 180 min, followed by capping with acetic anhydride for 17 min to remove impurities such as 

unreacted amines. After completing the first sequence, the program proceeded to “cap” to remove 

any nonreacted amine before moving on to the next sequence. Each sequence took around 6h to 

complete. 
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After completing the first sequence, the programmed system transferred a solution of Boc-Py-Py-

COOH (500 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in AA#4 

to TVA and MVA for sequence coupling followed up by capping. After sequence 2 plus cap was 

completed, a solution of Boc-γ-Im-COOH (450 mg, 1.38 mmol) in DMF (6.5 mL) and DIPEA 

(1mL) was well dissolved by vortex; loaded in AA#5 transferred to TVA then MVA before trans-

ferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 17 

min.  

After sequence 3 plus cap was completed, a solution of Boc-Py-Obt (657 mg, 1.84 mmol) 

in 6.5mL DMF was well dissolved by vortex; loaded in AA#6, transferred to TVA then MVA 

before transferred to RV for coupling reaction for 180 min followed by capping with acetic anhy-

dride for 17 min. After sequence 4 was finished, the programed system was initiated and followed 

by transferring a well-dissolved by vortex solution of Boc-β-Im-COOH (432 mg, 1.38 mmol) in 

DMF (6.5 mL) and DIPEA (1mL) from AA#6 to TVA then MVA before transferred to RV for 

coupling reaction for 180 min following by capping with acetic anhydride for 17 min. After se-

quence 5 was finished, the programed system was initiated and followed by transferring a well-

dissolved by vortex solution of dimer desIm-Im-COOH (345 mg, 1.38 mmol) in DMF (6.5 mL) 

and DIPEA (1mL) from AA#7 to TVA then MVA before transferred to RV for coupling reaction 

for 180 min following by capping with acetic anhydride for 17 min. (Scheme 2.14) 

The sequence was finished after 30 h. 0,1 mg of resin was cleaved with 100 μL Ta solution 

for 2 h at 45oC, then the heated solution was collected and filtered before being analyzed with a 

Bruker LC-MS instrument. The exact mass was determined to be [M+H]+, 1460.73 m/z, which 

confirmed the presence of the desired product. All the resin was carefully transferred from the RV 

into a beaker using a small spatula, and the resin was washed three-time with DCM and MeOH, 

then dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20 

mL scintillation vial and stored in the freezer before cleavage the next day. 
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Scheme 2.14 Scheme of synthesis polyamide 1131 resin with solid-phase synthesis method. It 

started from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps 

from (i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 

0.5 M Indole, (iii) 25% piperidine/ DMF; (iv) building blocks with the structures shown on the 

scheme, (v) 0.5M PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step 

with acetic anhydride for 17 min. 

Polyamide 1131 resin was synthesized with 12 consecutive programs. The total coupling time was 

30 h (Table 2.5). 

Table 2.5. Programmed sequence of 1131 resin synthesis. 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-β-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc β-Im-COOH  (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 275 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45 oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 
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the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

in the rotor evaporator before purification with preparative HPLC to afford an off-white solid of 

1131 (34 mg, 0.63 mmol, 37% yield) (Scheme 2.15). 

 

Scheme 2.15 Cleavage of PA1131 from PAM resin using Ta as the nucleophile. 

Purification of compound 

The polyamides solution was diluted with a mixture of 200 μL DMSO and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100 Å, C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ 

water and 100%HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by 

a ramp rate to 90% Methanol over 35.6 min at a 20 mL/ min flow rate. All collected fractions were 

analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher -

UHPLC; analysis was processed and analyzed with the program Chromeleon 3.0. High-purity 
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fractions were collected for rotary evaporation to remove MeOH from the solution before the ly-

ophilization process. 

Lyophilization of compound 

Compound 1131 was diluted with a 1:1 mixture of ACN (5 mL) and 0.2% HCOOH in H2O 

(5 mL). The samples were frozen before the lyophilization process with ground dry ice until an 

even coated of frozen material results at an acute angle in the vial. The frozen sample was covered 

with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyophilizer 

glass vessel and connected to a vacuum port. The frozen polyamide solutions sublimed as an off-

white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior to 

the lyophilization process, and the inside temperature was set at -83 to -85oC. 

 Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp 

to 60% B over 6.5 min at 2.0 mL/min. The retention was 3.17 min. (Figure 2.8) 

Characterization result of PA 1131 

PA-1131, desImImβImPyγImPyPyPyPyβTa (HCOO-)6  

1H-NMR (600 MHz, DMSO-d6) δ= 10.74 (s, 1H), 10.37 (s, 1H), 9.97- 9.88 (t, J= 18.97 Hz, 3H), 

8.37 (s, 9H), 8.22 (s, 1H), 8.04 (s, 1H), 7.96 (s, 1H), 7.67 (s, 1H), 7.57 (s, 1H), 7.49 (s, 1H), 7.44 

(s, 1H), 7.43 (s, 1H), 7.41(s, 2H), 7.37 (s, 1H), 7.29 (s, 1H), 7.19 (s, 1H), 7.10 (s, 1H), 7.03 (s, 1H), 

6.93 (s, 1H), 6.85 (s, 2H), 6.62 (s, 1H), 3.96 (s, 3H), 3.93- 3.91 (d, J= 8.17 Hz, 2H), 3.89 (s, 1H), 

3.87 (s, 2H), 3.77 (s, 2H), 3.75 (s, 2H), 3.51 (s, 1H), 3.48 (br, 2H), 3.03 (s, 3H), 2.88 (s, 3H), 2.84-

2.80 (t, J= 7.87 Hz, 2H), 2.77-2.76 (d, J= 4.92 Hz, 7H), 2.47 (s, 4H), 2.32- 2.30 (d, J= 7.87 Hz, 

4H), 2.25 (br, 4H), 2.07 (s, 8H), 1.66-1.63 (q, J= 21.65 Hz, 8H), 1.51-1.47 (q, J= 23.62 Hz, 2H). 

13C-HNMR (151 MHz, DMSO-d6) δ= 170.4, 169.9, 168.7, 165.6, 165.5, 165.5, 165.5, 165.5, 165.5, 

165.5, 161.2, 158.3, 155.8, 137.5, 134.6, 134.2, 133.7, 127.6, 127.0, 126.9, 126.1, 115.4, 118.8, 

117.6, 113.8, 113.9, 104.4, 103.3, 67.3, 54.5, 54.3, 53.9, 53.9, 53.9, 53.4, 41.4, 41.2, 41.3, 41.2, 

40.0, 39.9, 39.8, 39.6, 39.5, 39.4, 39. 2, 39.1, 37.5, 37.4, 37.3, 37.1, 36.7, 36.6, 36.1, 35.9, 35.9, 

35.6, 35.5, 35.1, 34.9, 34.8, 34.6, 32.9, 32.8, 32.7, 26.7, 24.6, 26.5, 24.6, 24.6, 24.5, 24.4.  

HRMS (ESI) was calculated for 1131, [M+H]+ found 1460.73 m/z. 
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HPLC purity: 93% 

 

 

Figure 2.8 Analytical HPLC purity of compound 1131 with λ monitored. Compound purity 93%, 

retention time 3.147 min. 

2.2.12 Synthesis of desIm-Im-Py-Im-β-γ-Im-Py-Py-Py-Py-β-Ta  

Synthesis of 1132 

Synthesis of polyamides 1132 resin started by initiating the reaction sequences program 

with the CSBio program. The CSBio reaction vessel was set at a temperature of 35oC throughout 

the whole process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (benzotri-

azole-1-yl-oxytripyrrolelidinophosphonium hexafluorophosphate (11 g) was dissolved in DMF (40 

mL) and filled in the R4 solvent bottle.  

After the program started the first wash and deprotection reaction for 1h, a solution of Boc-

Py-Py-COOH (502 mg, 1.38 mmol) in DMF (6.5 mL) was stirred to dissolve and transferred into 

AA#3 fully. The coupling program directed the synthesizer to transfer the solution from AA#3 to 

TVA and then MVA to begin the activation before transferring to RV for 180 min, followed by 

capping with acetic anhydride for 17 min to remove impurities such as unreacted amine. After 

completing the first sequence, the program proceeded to “cap” to remove any nonreacted amine 

before moving on to the next sequence. Each sequence took around 6 h to complete. 
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After completing the first sequence, the programmed system transferred a solution of Boc-

Py-Py-COOH (499 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in 

AA#4 to TVA and MVA for sequence coupling followed up by capping. After sequence 3 plus cap 

was completed, a solution of Boc-γ-Im-COOH (453 mg, 1.38 mmol) in DMF and DIPEA (1 mL) 

was well dissolved by vortex; loaded in AA#5 transferred to TVA then MVA before transferred to 

RV for coupling reaction for 180 min followed by capping with acetic anhydride for 17 min.  

After the third sequence plus cap was completed, a solution of Boc-β-COOH (350 mg, 1.84 

mmol) in DMF (6.5 mL) was well dissolved by vortex; loaded in AA#6, transferred to TVA then 

MVA before transferred to RV for coupling reaction for 180 min followed by capping with acetic 

anhydride for 17 min. 

 After the fourth sequence was finished, the programed system was initiated and followed 

by transferring a well dissolved by vortex solution of Boc-Py-Im-COOH (505 mg, 1.38 mmol) in 

DMF (6.5 mL) and DIPEA (1mL) from AA#6 to TVA then MVA before transferred to RV for 

coupling reaction for 180 min following by capping with acetic anhydride for 17 min. After the 

fifth sequence finished, the programed system initiated and followed by transferring a well-dis-

solved by vortex solution of dimer desIm-Im-COOH (345 mg, 1.38 mmol) and DIPEA (1ml) in 

DMF (6.5 mL) from AA#7 to TVA then MVA before transferred to RV for coupling reaction for 

180 min following by capping with acetic anhydride for 17 min. (Scheme 2.16) 

The sequence was finished after 30 h. 0,1 mg of resin was cleaved with 100 μL Ta solution 

for 2h at 45oC, and the heated solution was collected and filtered before being analyzed with a 

Bruker LC-MS instrument. The exact mass was determined to be [M+H]+ as 1460.73 m/z, which 

confirmed the presence of the desired product. All the resin was carefully transferred from the RV 

into a beaker using a small spatula, and the resin was washed three-time with DCM and MeOH, 

then dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20mL 

scintillation vial and stored in the freezer before cleavage the next day. 
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Scheme 2.16 Scheme of synthesis polyamide 1132 applying a solid-phase synthesis method. It 

started from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps 

from (i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 

0.5 M Indole, (iii) 25% piperidine/DMF; (iv) building blocks with the structures shown on the 

scheme, (v) 0.5M PyBOP/DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step 

with acetic anhydride for 17 min. 

Polyamide 1132 resin was synthesized with 12 consecutive programs. The total coupling time was 

30 h (Table 2.6). 

Table 2.6. Programmed sequence of 1132 resin synthesis. 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-β-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc Py-Im-COOH  (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 
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Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 334 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a heating 

device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from the PAM 

resin support was performed in a 20 μM polyethylene frit placed inside a disposable polypropylene 

syringe by washing with MeOH and H2O. The polyamide solution was concentrated in the rotor 

evaporator before purification with preparative HPLC to afford the final mass of 1132 (26 mg, 

0.768 mmol, 23% yield) (Scheme 2.17) 

 

Figure 2.17 Cleavage of PA1132 from PAM resin using Ta as the nucleophile. 

Purification of compound 

The polyamides solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100 Å C18 column maintained at 25oC. The organic phase was 0.2% HCOOH in MilliQ water 
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and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp rate to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were 

analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher -

UHPLC; analysis was processed and analyzed with the program Chromeleon 3.0. High-purity frac-

tions were collected for rotary evaporation to remove MeOH before the lyophilization. 

Lyophilization of compound 

Compound 1132 was diluted with a 1:1 mixture of ACN (5 mL) and 0.2% HCOOH in H2O 

(5 mL). The samples were frozen before the lyophilization process with ground dry ice until an 

even coated of frozen material results at an acute angle in the vial. The frozen sample was covered 

with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyophilizer 

glass vessel and connected to a vacuum port. The frozen polyamide solution was sublimed as an 

off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior 

to the lyophilization process, and the inside temperature was set at -83 to -85oC 

Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5%B for 0.75 min, followed by a ramp to 

60% B over 6.5 min at 2.0 mL/min. The retention was 3.030 min. 

PA1132, desImImPyImβγImPyPyPyPyβTa (HCOO-)6
 

1H-NMR (600 MHz, DMSO-d6) δ= 10.38 (s, 1H),10.28 (s, 1H), 9.98 (s, 2H), 9.04 (s, 1H), 8.350 

(9H), 8.01 (s, 2H), 7.56 (s, 1H),7.49 (s,1H), 7.428 (s, 1H), 7.37 (s, 1H), 7.25 (s, 1H), 7.23 (s, 1H), 

7.18 (s, 1H), 7.15 (s, 1H), 6.83 (s, 1H), 4.03-4.01 (q, J= 20.6 Hz, 3H), 3.98 (s, 2H), 3.97 (s, 1H), 

3.92 (s, 1H), 3.90 (s, 1H), 3.83 (s,1H), 3.78 (s, 1H), 3.71 (s, 1H), 3.55 (s, 1H), 3.44- 3.41 (q, J= 

6.76 Hz, 2H), 3.35- 3.32 (q, J= 19.7 Hz, 2H), 3.04 (s, 2H), 2.77 (s, 4H), 2.73 (s, 2H), 2.63 (s, 2H), 

2.48 (s, 7H), 2.26- 2.23 (q, J=20.8 Hz, 3H), 2.19 (s, 1H), 2.09 (s, 12H), 1.67 (s, 4H), 1.42 (s, 5H), 

1.16 (s, 4H), 1.21 (s, 1H). 

13C-NMR (151 MHz, DMSO-d6) δ=171.4, 170.6, 170.5, 170.5, 169.9, 165.4, 161.3, 161.2, 158.7, 

158.5, 158.5, 158.5, 158.4, 155.8, 155.6, 152.8, 137.8, 136.2, 136.1, 137.7, 134.4, 133.7, 127.7, 

127.7, 127.6, 127.1, 127.0, 127.0, 126.9, 126.9, 126.1, 123.1, 122.8, 122.8, 122.3, 122.2, 122.2, 

122.1, 121.3, 121.2, 119.5, 118.5, 118.4, 117.9, 116.5, 114.3, 114.0, 113.9, 113.9, 113.9, 105.8, 
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104.6, 104.8, 104.7, 104.2, 104.2, 103.4, 59.6, 54.5, 54.3, 53.9, 41.3, 41.2, 39.9, 39.8, 39.7, 39.5, 

39.4, 39.2, 39.0, 37.2, 35.9, 35.1, 34.9, 34.9, 34.8, 34.0, 28.2, 25.3, 24.5, 14.1. 

HRMS (ESI) was calculated for 1132, C67H85N27O12, [M+H]+,1460.70 m/z, found 1460.73 m/z 

HPLC purity:92% 

 

Figure 2.9 analytical HPLC purity of compound 1132 with λ monitored. Compound purity 92%, 

retention time 3.030 min. 

2.3 Results. 

As described in this chapter, all polyamides were synthesized with the solid-phase peptide 

synthesis method. Some building blocks include Boc-Py-Obt, Boc-Py-Im-COOH, NO2-Im-

COOMe, Boc-γ-COOH, Boc-β-COOH, Boc-Py-Py-COOH are commercially available and inex-

pensive, so most of them can be utilized directly for coupling synthesis. The other building blocks, 

such as desIm-Im-COOH, Boc-γ-Im-COOH, and Boc-β-Im-COOH, are expensive and require 

careful synthesis and workup to afford high purity without using column chromatography. 
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Figure 2.10 The result of the Fluorescence Anisotropy study on SETMAR-TIR interaction. A) the 

effect of SETMAR-TIR binding at various concentrations of unlabeled TIR-DNA. B) The effect of 

increasing concentration of Polyamides on SETMAR-TIR interactions. 

Our collaborator performed the following study of competitive binding using Fluorescence 

Anisotropy (FA) to study the effect of Polyamides on SETMAR-TIR binding. We sent compounds 

1094, 1110, 1123, and 1131 to test for their effects. As shown in Figure 2.10 B, at lower concen-

trations, PAs appeared to increase the binding of SETMAR to the labeled TIR-DNA.  

The presence of 1131 appeared to increase the FA values more significantly than the other 

PAs. It was unclear whether the presence of the polyamides increased the binding effects of 

SETMAR-TIR or if the binding of polyamides caused the binding effect to be increased. Our col-

laborator also showed us the original values of the competitive binding study before subtracting the 

signal of the labeled TIR-DNA (Figure 2.11), and it gave us a better look at the effect of polyam-

ides on SETMAR-TIR binding.  
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Figure 2.11: The effect of polyamides with the variant of SETMAR(VarA) and labeled DNA(FAM). 

Compared to the result between a single mismatch PA1094 to the test polyamide 1131, we 

observed that the addition of a SETMAR variant (VarA) at a higher concentration, PA131 had no 

change to the response signal of FA while there is a rapid increase with the mismatch PA1094. The 

more rigid polyamides like 1110 and 1123 have a similar effect in increasing the binding of 

SETMAR-TIR. The presence of continuous cyclic rings appeared to cause a rapid increment in FA 

responses. Our collaborator also tests the binding effects of polyamides at much higher concentra-

tions to seek more information. (Figure 2.12) 
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Figure 2.12 The effects of polyamides toward SETMAR-TIR DNA binding at higher Polyamides 

concentration. 

At higher concentrations (Figure 2.12), we were able to confirm that the presence of pol-

yamides alone can increase the FA signals, while at lower concentrations (Figure 2.11), we do not 

see much effect on SETMAR-TIR binding. At higher concentrations, the effect of PA 1131 does 

not seem to change the FA signals. The mismatched polyamides 1094 and 1110 slightly decreased 

the FA signals at very high concentrations. This showed us that the presence of our polyamides 

alone could increase the SETMAR-TIR binding instead of decreasing it, and at the higher concen-

tration, there is not much difference in the effects of polyamides on SETMAR-TIR binding. 

We reached out to the assistance of our second collaborator, Dr. Wilson, and his researchers 

to study the binding affinity of our polyamides on the SETMAR-TIR binding. They applied Surface 

Plasmon Resonance (SPR) to allow us to study our polyamides' binding affinity, which should give 

us some hints about our research approach. At first, they discovered that they could not read any 

signal with PA1123. The rigid structure of the 1123 aggregate appeared to result in poor signal 

from the SPR. However, we received some new discoveries after another SPR study with PA1131 

and its mismatch counterpart 1094. (Figure 2.13) 
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Figure 2.13: Binding affinity study of PA131 and PA1094.  

As shown in Figure 2.13, both polyamides were shown to have very good results. The 

polyamides with a single β-alanine substitution in their structures appear to keep them from 

aggregation due to the continuous heterocyclic rings. PA1131 and PA1094 were shown to have a 

good binding affinity (Figure 2.13 top graphs). We observed rapid associations and a decent 

dissociation rate from both polyamide binding. It is noticeable that the matched sequence 

polyamide 1131 has a better binding affinity than its mismatched counterpart PA1094. 

Additionally, the bottom figures showed that the equilibrium analysis of PA1131 shows 

that the graph has not reached equilibrium, and this indicates that polyamide 1131 binds tightly to 

the TIR of DNA, and the complex has not been completely released. Future compounds can be 

designed based on the initial results. The additional study of PA 1132 binding affinity provided us 

with further information about the PA: TIR binding; despite having some aggregation in binding 

with either a short sequence of SETMAR or a more extended sequence, 1132 seems to have a 

similar binding affinity with them. However, the compound showed a much stronger binding 

affinity to a mismatch sequence (Figure 2.14), showing that the linkage β-alanine might be 
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responsible for the compound's affinity. This information can provide us to modify and study more 

about the binding of SETMAR TIR. 

 

Figure 2.14 SPR study results of PA1132. 

2.4 Conclusion 

In summary, we designed and synthesized polyamides sequence to recognize and bind to 

the conserved target TIR DNA of the SETMAR gene. We used the solid phase peptide synthesis 

method to successfully synthesize the polyamides by linking them with amide bonds starting with 

a Boc-β-alanine-PAM resin.72 

The result from DNA competitive binding showed us that the presence of polyamides sig-

nificantly increases the binding of SETMAR-TIR DNA. At higher concentrations, that effect was 

not that much different than at lower concentrations. The results from SPR to study for binding 

affinity showed that sequences with rigid structures like 1110 and 1123 aggregated and heavily 

affected the binding affinity of the polyamides. However, a single β-alanine substitution and the 

location of β-alanine within the sequence can relax the sequence and increase the binding affin-

ity.68,73 

Therefore, substituting more than one β-alanine in the polyamide sequences and introduc-

ing cationic charges to the N-terminus of the designed sequence is needed to investigate more about 

SETMAR-Polyamide binding capabilities. In addition, new sequences should have a more flexible 

structure in order to avoid the rigidity of the sequence.  
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Chapter 3: Substitution of β-Alanine to study and improve SETMAR DNA binding affinity. 
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3.1 Introduction 

Pyrrole-Imidazole Polyamides (PIPs) are nanomolecular, and they are well known for their 

feature of binding to the specific minor groove of DNA. PIPs also permeate through the cell and 

be taken up by living cells.1,74 PIPs consist of N-methylpyrrole (Py) polymers and N-methylimid-

azole (Im) linking through various amide linkages. They are analogs of the naturally derived com-

pounds netropsin and distamycin A, known for binding to the minor groove of A/T-rich DNA.2,19,75 

Polyamides possess the features allowing them to recognize and form hydrogen bonding 

with DNA base pairs within a double strand. Dervan and his coworkers reported the polyamide 

pairing rules where Py/Py recognized A/T or T/A base pairs. Additionally, Py/β and β/Py can rec-

ognize A/T and T/A as well. While Py/Im pair distinguishes C/G from G/C. Additionally, it’s been 

reported that substituting β-alanine linkage can reduce the rigidity and increase the binding affinity 

of Polyamide-DNA binding. Hairpin polyamides have multiple potentials in biomedical applica-

tions since they can recognize the DNA sequence and bind to two opposite strands of DNA at the 

minor groove.1,21,72,73 

SETMAR is a chimeric gene created by the fusion of the SET methyltransferase domain 

and the Homosapien mariner one transposase (Hsmar1).45,61 SETMAR gene is located on chromo-

some 3p26.1, and it is reportedly linked to a variety of diseases.60 Although its mechanism is still 

unclear and SETMAR no longer have active transpose functionality, many reports discovered the 

presence of SETMAR mRNA in various type of cancer such as glioblastoma, gliomas, colorectal 

cancer, non-Hodgkin’s lymphoma, and acute leukemia, etc.54,62 

The TIRs(Terminal Inverted Repeats) sequence of Hsmar1 has been conserved since 40 

million years ago in the evolution history of primates, and the discovery of SETMAR-TIR binding 

location by Georgiadis and her colleagues.65,66 It’s been shown that the potential of introducing a 

DNA minor groove compound binding to that specific SETMAR-TIR binding location in the minor 

groove can investigate and suppress the overexpression of the SETMAR gene to study and prevent 

cancer development. 

Most modern PIPs are prepared with a solid-phase peptide synthesizer; this technique 

allows researchers to synthesize polyamide from a short chain of 5 to 6 building blocks to a more 

extensive sequence of possibly longer than 20 building blocks. It was first developed by the Nobel 

Prize winner Bruce Merrifield in the early 1960s, with the proposal of the use of polystyrene-base 

solid support to synthesize peptides from the C-terminus to the N-terminus direction.76 Boc-β-PAM 

resin (Figure 3.1) is one of the most frequent methods we utilized in our group to design and 
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synthesize polyamides due to its accessibility and a milder condition in Boc deprotection 

methodology. In addition, PAM resin can be readily cleaved by using either Dp or Ta as 

nucleophiles for the completion of polyamide synthesis.70,77,78 

 

Figure 3.1 Structure of Boc-β-Alanine PAM resin. 

In this chapter, we substitute pyrrole for β-alanine in the polyamide sequences. Our goal is 

to modify the polyamide sequence to increase the binding affinity and decrease the rigidity of the 

sequence by substituting pyrrole for β-alanine at some specific locations, as shown in Table 3.1. 

We will have a β-alanine after two or three heterocyclic rings of imidazole or pyrrole. All the 

sequences are synthesized starting with a β-alanine-PAM resin and coupling the building blocks 

linking by amide bonds.  

Table 3.1 Polyamides designed to investigate improving the binding affinity of polyamides. 

Compound N-terminus 1 2 3 4 5 6 7 8 9 10 11 C-Terminus 

1134 desIm Im Py Im Py γ Im β  Py Py Py β  Ta 

1161 desIm Im β Im Py γ Im Py β Py Py β Ta 

1162 desIm Im β  Im Py γ Im β Py Py Py β Ta 

1166 desIm Im β Im Py γ Im Py Py β Py β Ta 

1171 desIm Im β Im β γ Im Py β Py Py β Ta 

 

3.2 Methods 

3.2.1 Material and Instrumentation 

Boc- β-alanine-PAM resin was ordered from Peptides International (Louisville, KY), 3-

(dimethylamino)-1-propylamine, N-methyl-imidazole, N-methyl-pyrrole, piperidine, indole, am-

monium formate, 20% Pd/C, dimethyl sulfoxide, HCl, and NaOH were purchased from Sigma Al-

drich (St. Louis, MO). 1-methyl-4-nitro-imidazole-2-carboxylate (NO2-Im-COOMe) was ordered 
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from AC Pharmachem, Inc (Worcester, MA). 4-tert-butoxycarbonylaminobutyric acid (Boc-γ-

COOH), 1-ethyl-4-amino-β-alanine-carboxylate (H2N-β-COOEt), 4-tert-butoxy-β-alanine-carbox-

ylic acid (Boc-β-COOH), trifluoroacetic acid (TFA), formic acid (FA), hexafluorophosphate 

azabenzotriazole tetramethyl uronium (HATU), benzotriazol-1-yloxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP), hydroxybenzotriazole (HOBT), dimethyl formamide (DMF), and 

methanol (MeOH) was acquired from Oakwood Chemical. Triethylamine, N, N-diisopropylethyl-

amine (DIPEA), formic acid, and acetic anhydride were purchased from Fisher Scientific. 

1H-NMR and 13C-NMR spectra were recorded in DMSO-d6 at 300mHz, and 600MHz respectively. 

1H-NMR is referenced to DMSO at 2.5 ppm, and 13C-NMR in DMSO at 39.52 ppm. Coupling 

constant J is reported in Hz. The PIPs are synthesized using the automated solid-phase peptide 

synthesizer device CS336S/CS336X. High-resolution mass spectrometry was carried out on a 

Bruker maXis II TOF-MS spectrometer. HPLC was carried out in the ThermoFisher U-HPLC, and 

the data were processed with the program Chromeleon7. Purifications of Polyamides were carried 

out in ThermoFisher preparative HPLC. 

3.2.2 Synthesis of dimer building block Boc-Py-β-COOH (15, Scheme 3.1) 

  

Scheme 3.1 Synthesis of Boc-Py-β-COOH 15. 

In an RBF, Boc-Py-COOH 13 (5.0 g, 20.78 mmol) was dissolved in DMF (104 mL), fol-

lowed by HOBT (4.38 g, 31.7mmol) and DCC (6.54 g, 31.7 mmol) in DCM (66 mL), stirred well 

under inert nitrogen gas for 20 min. After 30 min at room temperature, the mixture formed DCU 

and turned white solution, let the reaction ran overnight at room temperature. After 12 h, add H2N-

β-COOMe (3.27 g, 31.7 mmol) in DCM (20mL), and the reaction was stirred well under Nitrogen 

gas. The reaction’s completion was confirmed by TLC and HPLC, and the reaction was completed 

after 18 h at room temperature. The mixture was filtered to remove the solid DCU; the mixture was 

washed with DCM and followed by solvent removal by vacuum evaporation to afford an oily so-

lution. The oil mixture was immediately dissolved in 2,4-dioxane and stirred under N2 for 30 min 

before adding 1N NaOH. The reaction was heated in an oil bath at a controlled temperature of 45oC 

for 1 to 2 h, and the reaction was checked for completion with analytical HPLC. The reaction was 

removed from heat and settled at room temperature for 10 min, and 1 N HCl was added dropwise 
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to reduce the solution pH to around 4.35 to afford off-white to off-gray solid 15 (5.85 g, 20.78 

mmol, 90% yield). 

3.2.3 Synthesis of desIm-Im-Py-Im-Py-γ-Im-β-Py-Py-Py-β-Ta (1134) 

Synthesis of 1134 resin 

Synthesis of polyamides 1134 resin started by initiating the reaction sequences program 

with the CSBio program. The CSBio reaction vessel was set at a temperature of 35oC throughout 

the whole process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 g) 

was dissolved in DMF (40 mL) and filled in the R4 solvent bottle.  

After the program started the first wash and deprotection reaction for 1 h, a solution of 

dimer Boc-Py-Py-COOH (503 mg, 1.38 mmol) in DMF (6.5 mL) was stirred to fully dissolved and 

transferred into AA#3. The coupling program directed the synthesizer to transfer the solution from 

AA#3 to TVA and then MVA to begin the activation before transferring to RV for coupling for 

180 min, followed by capping with acetic anhydride for 17 min to remove impurities such as an 

unreacted amine. After completing the first sequence, the program proceeded to “cap” to remove 

any nonreacted amine before moving on to the next sequence. Each sequence took around 6 h to 

complete. 

After completing the first sequence, the programmed system transferred a solution of Boc-

β-PyCOOH (420 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in 

AA#4 to TVA and MVA for sequence coupling followed up by capping. After sequence 3 plus cap 

was completed, a solution of Boc-γ-Im-COOH (450 mg, 1.38 mmol) in DMF (6.5 mL) and DIPEA 

(1mL) was well dissolved by vortex; loaded in AA#5 transferred to TVA, then MVA before trans-

ferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 17 

min.  

After sequence 4 plus cap was completed, a solution of Boc-Py-OBt (660 mg, 1.84 mmol) 

in DMF (6.5 mL) was well dissolved by vortex; loaded in AA#6 transferred to TVA then MVA 

before transferred to RV for coupling reaction for 180 min followed by capping with acetic anhy-

dride for 17 min. After sequence 5 was finished, the programed system was initiated and followed 

by transferring a well dissolved by vortex solution of Boc-Py-Im-COOH (502 mg, 1.38 mmol) in 

DMF (6.5 mL) and DIPEA (1mL) from AA#6 to TVA then MVA before being transferred to RV 

for coupling reaction for 180 min following by capping with acetic anhydride for 17 min.  
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After sequence 6 was finished, the programed system was initiated and followed by trans-

ferring a well-dissolved by vortex solution of dimer desIm-Im-COOH (345 mg, 1.38 mmol) and 

DIPEA (1ml) in DMF (6.5 mL) from AA#8 to TVA then MVA before transferred to RV for cou-

pling reaction for 180 min following by capping with acetic anhydride for 17 min. (Scheme 3.2)  

The sequence was finished after 30 h. 0,1 mg of resin was cleaved with 100 μL Ta solution 

for 2 h at 45oC, then the heated solution was collected and filtered before being analyzed with a 

Bruker LC-MS instrument. The exact mass was determined to be [M+H]+ at 1460.62 m/z, confirm-

ing the mass of the desired product. All the resin was carefully transferred from the RV into a 

beaker using a small spatula, and the resin was washed three-time with DCM and MeOH, then 

dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20mL 

scintillation vial and stored in the freezer before cleavage in the next step. 

Table 3.2. Programmed sequences of 1134 resin synthesis 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1. Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2. Capping None Cap-17-min-continues.CFN 

3. Boc-β-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4. Capping None Cap-17-min-continues.CFN 

5. Boc-γ-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6. Capping None Cap-17-min-continues.CFN 

7. Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8. Capping None Cap-17-min-continues.CFN 

9. Boc Py-Im-COOH  (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10. Capping None Cap-17-min-continues.CFN 

11. desIm-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12. Capping None Cap-17-min-continues.CFN 
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Scheme 3.2: Scheme of synthesis polyamide 1134 resin using solid-phase synthesis method. Started 

from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps from 

(i) to(viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/DCM/0.5 M 
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Indole,(iii) 25% piperidine/DMF; (iv) building blocks with the structures shown on the scheme,(v) 

0.5M PyBOP/DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with acetic 

anhydride for 17 min. 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 350 g resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a heating 

device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from the PAM 

resin support was performed in a 20 μM polyethylene frit placed inside a disposable polypropylene 

syringe by washing with MeOH and H2O. The polyamide solution was concentrated in a rotary 

evaporator to afford off-white solid 1134 (22 mg, 0.0805 mmol, 18.7% yield) (Scheme 3.3). 

 

Scheme 3.3 Cleavage PA 1134 from PAM resin via Ta as the nucleophile. 

 Purification of compound 

The polyamides solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100Å, C18 column maintained at 25oC. The organic phase was 0.2% HCOOH in MilliQ water 



90 
 

and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp rate to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were 

analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher U-

HPLC; analysis was processed and analyzed with the program Chromeleon 3.0. High-purity frac-

tions were collected for rotary evaporation to remove MeOH from the solution before lyophiliza-

tion. 

 Lyophilization of compound 

Compound 1134 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5 mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamide solutions sublimed as an 

off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior 

to the lyophilization process, and the inside temperature was set at -83 to -85oC. 

Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp 

to 60% B over 6.5 min at 2.0 mL/min. The retention was 3.050 min. 

PA 1134, desIm-Im-Py-Im-Py-γ-Im-β-Py-Py-Py-β-Ta (HCOO-)6 

1H-NMR (600 MHz, DMSO-d6) δ= 10.355 (s, 1H), 10.32-10.25 (d, J= 22.9 Hz, 2H), 10.04 (s, 1H), 

9.97- 9.90 (t, J= 43.1 Hz, 3H), 8.37 (s, 4H), 8.05 (s, 1H),8.01-7.97 (d, J= 20.12 Hz, 2H), 7.90 (s,1H), 

7.57- 7.53 (d, J=21.55 Hz, 2H), 7.44 (s, 1H), 7.39(s, 2H), 7.05 (s, 1H), 7.20-7.18 (d, J= 12.94 Hz, 

2H), 7.16-7.13 (d, J= 20.21 Hz, 2H), 6.96 (s, 1H), 6.86 (s, 1H), 6.82 (s, 1H), 3.99 (s, 3H), 3.94 (s, 

2H), 3.89 (s, 2H), 3.83 (s, 2H), 3.808 (s, 2H), 3.77 (s, 2H), 3.72 (s, 1H), 3.53 -3.49 (d, J=30.1Hz,, 

3H), 3.17 (s, 1H), 3.03 (s, 1H), 2.886 (s, 1H), 2.77 (s, 3H), 2.48 (s, 9H), 2.31- 2.30 (d, J= 7.19Hz, 

6H), 2.24 (s, 4H), 2.125 (s, 2H), 2.07 (s, 5H), 1.75-1.73 (t, J= 17.2 Hz, 2H), 1.66 (s, 5H), 1.50-1.48 

(t, J=10.06 Hz, 2H), 1.410 (s, 2H), 1.205 (s, 1H), 1.15-1.13 (t, J= 8.6 Hz, 2H). 

13C-NMR (151 MHz, DMSO-d6) δ= 169.89, 167.98, 165.64, 165.62, 161.25, 161.17, 158.72, 

158.48, 158.42, 155.78, 155.73, 155.61, 137.81, 136.15, 136.05, 134.72, 134.37, 134.17, 127.71, 

127.10, 127.10, 123.33, 122.81, 122.77, 122.23, 122.18, 121.82, 121.39, 119.51, 118.48, 118.20, 
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117.92, 117.88, 114.70, 114.07, 113.60, 105.74, 104.74, 104.20, 103.96, 54.52, 54.36, 53.97, 41.32, 

41.28, 41.24, 40.07, 39.95, 39.81, 39.67, 39.53, 39.39, 39.25, 39.11, 38.14, 37.53, 37.15, 36.62, 

36.22,36.02, 35.93, 35.54, 35.48, 35.17, 35.11, 34.91, 34.78, 34.01, 33.32, 32.84, 29.28, 28.19, 

26.70, 25.50, 25.33, 24.72, 24.63, 24.50, 24.46. 

HRMS (ESI) was calculated for 1134, C67H85N27O12, [M+H]+, 1460.69 m/z, and found to be 

1460.73 m/z. 

HPLC purity: 99% 

 

Figure 3.2. Analytical HPLC purity of compound 1134 with λ monitored. Compound purity 98%, 

retention time 3.050 min. 

3.2.4 Synthesis of desIm-Im-β-Im-Py-γ-Im-Py-β-Py-Py-β-Ta (1161) 

Synthesis of 1161 resin 

Synthesis of polyamides 1161 resin started by initiating the reaction sequences program 

with the CSBio program. The CSBio reaction vessel was set at a temperature of 35oC throughout 

the whole process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 g) 

was dissolved in DMF (40 mL) and filled in the R4 solvent bottle.  

After the program started the first wash and deprotection reaction for 1 h, a solution of 

dimer Boc-Py-Py-COOH (506 mg, 1.38 mmol) in DMF (6.5 mL) was stirred to fully dissolved and 
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transferred into AA#3. The coupling program directed the synthesizer to transfer the solution from 

AA#3 to TVA and then MVA to begin the activation before transferring to RV for coupling for 

180 min, followed by capping with acetic anhydride for 17 min to remove impurities such as an 

unreacted amine. After completing the first sequence, the program proceeded to “cap” to remove 

any nonreacted amine before moving on to the following sequence. Each sequence took around 6 

h to complete. 

After completing the first sequence, the programmed system transferred a solution of dimer 

Boc-Py-β-COOH (433 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded 

in AA#4 to TVA and MVA for sequence coupling followed up by capping. After sequence 3 plus 

cap was completed, a solution of Boc-γ-Im-COOH (450 mg, 1.38 mmol) in DMF (6.5 mL) and 

DIPEA (1mL) was well dissolved by vortex; loaded in AA#5 transferred to TVA, then MVA before 

transferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 

17 min. After sequence 4 plus cap was completed, a solution of Boc-Py-OBt (660 mg, 1840 mmol) 

in DMF(6.5mL) was well dissolved by vortex; loaded in AA#6, transferred to TVA then MVA 

before transferred to RV for coupling reaction for 180 min followed by capping with acetic anhy-

dride for 17 min.  

After sequence 5 was finished, the programed system was initiated and followed by trans-

ferring a well dissolved by vortex solution of Boc-β-Im-COOH (433 mg, 1.38 mmol) in DMF (6.5 

mL) and DIPEA (1mL) from AA#6 to TVA then MVA before being transferred to RV for coupling 

reaction for 180 min following by capping with acetic anhydride for 17 min. After sequence 6 was 

finished, the programed system was initiated and followed by transferring a well-dissolved by vor-

tex solution of dimer desIm-Im-COOH (346mg, 1.38 mmol) and DIPEA (1ml) in DMF (6.5 mL) 

from AA#7 to TVA then MVA before transferred to RV for coupling reaction for 180 min follow-

ing by capping with acetic anhydride for 17 min.  

The sequence was finished after 30 h. 0,1 mg of resin was cleaved with 100 μL Ta solution 

for 2 h at 45oC, and then the heated solution was collected and filtered before being analyzed with 

a Bruker LC-MS instrument. The exact mass was determined to be [M+H]+ 1409.73 m/z, which 

confirmed the presence of the desired product. All the resin was carefully transferred from the RV 

into a beaker using a small spatula, and the resin was washed three-time with DCM and MeOH, 

then dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20mL 

scintillation vial and stored in the freezer before cleavage the next day. 
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Table 3.3. Programmed sequence of 1161 resin synthesis 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-Py-β-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc β-Im-COOH  (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 
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Scheme 3.4 Scheme of synthesis polyamide 1161 resin by utilizing solid-phase synthesis method. 

It started from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple 

steps from (i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ 

DCM/ 0.5 M Indole, (iii) 25% piperidine/ DMF; (iv) building blocks with the structures shown on 

the scheme,(v) 0.5M PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping 

step with acetic anhydride for 17 min. 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 270 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

in a rotary evaporator to afford off-white solid 1161 (35 mg, 62.1 mmol, 38.6% yield) off-white 

solid. (Scheme 3.5). 
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Scheme 3.5 Cleavage PA1161 from PAM resin using Ta as the nucleophile. 

 

 Purification of compound 

The polyamide solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% 

HCOOH (200 μL), then it was purified by preparative HPLC using a Phenomenex Luna 250x30 

mm, 5 μM, 100Å C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ 

water and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed 

by a ramp rate to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions 

were analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-

UHPLC; analysis was processed and analyzed with the program Chromeleon 3.0. High-purity frac-

tions were collected for rotary evaporation to remove MeOH before the lyophilization. 
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Lyophilization of the compound. 

The compound 1161 was diluted with a 1:1 mixture of ACN (5 mL) and 0.2% HCOOH in 

H2O (5 mL) after the rotary evaporator. The samples were frozen before the lyophilization process 

with ground dry ice until an even coated of frozen material results at an acute angle in the vial. The 

frozen sample was covered with porous Kimwipe paper and secured by a rubber band. The sample 

was settled in a lyophilizer glass vessel and connected to a vacuum port. The frozen polyamide 

solutions sublimed as an off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 

torr within 30 min prior to the lyophilization process, and the inside temperature was set at -83 to -

85oC. 

Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water(A) and HPLC 

grade ACN (B). The applied gradient consisted of 5%B for 0.75 min, followed by a ramp to 60% 

B over 6.5 min at 2.0 mL/min. The retention was 2.527 min. 

1161: desIm-Im-β-Im-Py-γ-Im-Py-β-Py-Py-β-Ta (HCOO-)6 

1H-NMR (600 MHz, DMSO-d6) δ= 10.32 (s, 1H), 10.22 (s,1H), 9.88- 9.81 (t, J= 31.9 Hz, 4H), 9.73 

(s,1H), 8.198 (s, 2H), 8.13 (s, 1H), 8.05-8.04 (d, J=5.71Hz, 2H), 8.01-7.98 (t, J=14.2 Hz, 4H), 7.50 

(s, 1H), 7.44 (s, 1H), 7.41 (s, 2H), 7.20-7.14 (d, J= 11.4 Hz, 2H), 7.13 (d, 1H), 7.03 (s, 1H), 6.94-

6.90 (d, J=16.2 Hz, 2H), 6.85-6.81(d, J=17.1 Hz, 2H), 3.97 (s, 3H), 3.93-3.90 (t, J=17.1 Hz,10H), 

3.79- 3.77 (d, J= 11.4 Hz, 12H), 3.57 (s, 1H), 3.50- 3.48 (q, J= 7.62 Hz, 3H), 3.44- 3.39 (q, J= 20.9 

Hz, 4H), 3.38- 3.72 (q, J= 22.8 Hz, 4H), 3.19-3.15 (q, J= 19.1 Hz, 3H), 3.11- 3.05 (q, J= 20.0 Hz, 

4H), 3.02 (s, 2H), 2.95- 2.92(d, J= 6.7 Hz, 2H), 2.84- 2.81(t, J= 15.2Hz, 8H), 2.64 (s, 2H), 2.61- 

2.57 (t, J= 12.4 Hz, 3H), 2.54 (s, 1H), 2.34- 2.30 (t, J= 16.2 Hz, 3H), 1.84 (s, 3H), 1.74 (s, 2H), 

1.43(s, 1H), 1.2(s, 1H), 1.16-1.13 (t, J=16.1 Hz, 2H). 

13C-NMR (151 MHz, DMSO-d6) δ= 174.0, 173.1, 171.7, 170.9, 164.4, 164.3, 164.3, 161.5, 161.41, 

161.3, 159.0, 158.9, 158.8, 140.9, 139.2, 139.0, 137.8, 137.3, 137.2, 137.1, 130.7, 130.1, 126.4, 

126.2 ,125.9, 125.8, 125.2, 125.0, 124.2, 124.2, 121.3, 121.2, 121.1, 121.1, 121.1, 117.2, 117.1, 

117.0, 107.4, 107.4, 107.1, 56.5, 56.0, 55.4, 48.4, 48.8, 41.2, 39.8, 39.5, 39.2, 39.2, 39.1, 39.1, 39.0, 

38.9, 38.8, 38.7, 38.6, 38.5, 38.2, 38.2, 38.0, 38.0, 37.9, 35.9, 35.5, 28.6, 27.4, 25.9, 25.2. 

HRMS (ESI) was calculated for 1161, [M+H]+ 1409.68 m/z, found to be 1409.73 m/z. 
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HPLC purity of 1161:97% 

 

Figure 3.3 Analytical HPLC purity of compound 1161 with λ monitored. Compound purity 97%, 

retention time 2.527 min. 

3.2.5 Synthesis of desIm-Im-β-Im-Py-γ-Im-β-Py-Py-Py-β-Ta (1162) 

Synthesis of 1162. 

Synthesis of polyamides 1162 resin started by initiating the reaction sequences program 

with the CSBio program. (Table 3.4) The CSBio reaction vessel was set at a temperature of 35oC 

throughout the process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 

g) was dissolved in DMF (40 mL) and filled in the R4 solvent bottle. After the program started the 

first wash and deprotection reaction for 1 h, a solution of Boc-Py-Py-COOH (500 mg, 1.38 mmol) 

in DMF (6.5 mL) was stirred to fully dissolved and transferred into AA#3. 

 The coupling program directed the synthesizer to transfer the solution from AA#3 to TVA 

and then MVA to begin the activation before transferring to RV for coupling for 180 min, followed 

by capping with acetic anhydride for 17 min to remove impurities such as an unreacted amine. 

After completing the first sequence, the “capping” program removed any nonreacted amine before 

moving on to the next sequence. Each sequence took around 6 h to complete. 
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Table 3.4. Programmed sequence of 1162 resin synthesis. 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-β-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc β-Im-COOH  (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 

 

After completing the first sequence, the programmed system transferred a solution of Boc-

β-Py-COOH (432 g, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in 

AA#4 to TVA and MVA for sequence coupling followed up by capping. After sequence 3 plus cap 

was completed, a solution of Boc-γ-Im-COOH (452 g, 1.38 mmol) and 1mL in DMF (6.5 mL) was 

well dissolved by vortex; loaded in AA#5 transferred to TVA then MVA before transferred to RV 

for coupling reaction for 180 min followed by capping with acetic anhydride for 17 min. After 

sequence 4 plus cap was completed, a solution of Boc-Py-Obt (660 mg, 1.38 mmol) in DMF (6.5 

mL) was well dissolved by vortex; loaded in AA#6 transferred to TVA then MVA before trans-

ferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 17 

min.  

After sequence 5 was finished, the programed system was initiated and followed by trans-

ferring a well dissolved by vortex solution of Boc-β-Im-COOH (432 mg, 1.38 mmol) and DIPEA 

(1mL) in DMF(6.5mL) from AA#6 to TVA, then MVA before being transferred to RV for coupling 

reaction for 180 min following by capping with acetic anhydride for 17 min. After sequence 6 was 

finished, the programed system was initiated and followed by transferring a well dissolved by vor-

tex solution of dimer desIm-Im-COOH (345 mg, 1.38 mmol) and DIPEA (1ml) in DMF (6.5 mL) 

from AA#8 to TVA then MVA before transferred to RV for coupling reaction for 180 min 
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following by capping with acetic anhydride for 17 min. (Scheme 2.6) The sequence was finished 

after 32 h total (The sequence paused due to sensor issues). 0,1 mg of resin was cleaved with 100 

μL Ta solution for 2 H at 45oC; then, the heated solution was collected and filtered before being 

analyzed with a Bruker LC-MS instrument. The exact mass was determined to be [M+H]+ at 

1409.53 m/z, confirming the mass of the desired product. All the resin was carefully transferred 

from the RV into a beaker using a small spatula, and the resin was washed three-time with DCM 

and MeOH, then dried under vacuum for 30 min until reaching dryness. The resin was then col-

lected in a 20 mL scintillation vial and stored in the freezer before cleavage in the next day. 
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Figure 3.9: Scheme of synthesis polyamide 1162 resin with solid-phase synthesis method. It started 

from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps from 

(i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 0.5 M 

Indole, (iii) 25% piperidine/DMF; (iv) building blocks with the structures shown on the scheme,(v) 

0.5M PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with acetic 

anhydride for 17 min. 

Cleavage of PAM resin using Ta as a nucleophile. 

The day after, 315 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

in a rotary evaporator to afford off-white solid 1162 (27 mg,72.45 mmol, 25.53% yield). (Scheme 

3.7). 
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Scheme 3.7 Cleavage of PA1162 from PAM resin via Ta as the nucleophile. 

Purification of the compound. 

The polyamides solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100Å C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ water 

and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp rate to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were 

analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher -

UHPLC; analysis was processed and analyzed with the program Chromeleon 3.0. High-purity frac-

tions were collected for rotary evaporation to remove MeOH from the solution before lyophiliza-

tion. 

Lyophilization of the compound. 
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Compound 1162 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5 mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamides sublimed as an off-white 

solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior to the 

lyophilization process, and the inside temperature was set at -83 to -85oC. 

Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water(A) and HPLC 

grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp to 60% 

B over 6.5 min at 2.0 mL/min. The retention was 2.563 min. 

1162, desIm-Im-β-Im-Py-γ-Im-β-Py-Py-Py-β-Ta (HCOO-)6. 

1H-NMR (600 MHz, DMSO-d6) δ= 10.32 (s, 1H), 10.29 (s, 1H), 9.952(s, 1H), 9.89 (s, 1H), 9.86-

9.83 (d, J= 18.7 Hz, 2H), 9.75 (s, 1H), 8.20 (s, 1H), 8.08 (s, 1H), 7.98 (br, 6H), 7.90 (s, 1H), 7.50 

(s, 1H), 7.42- 7.40 (d, J= 17.1 Hz, 2H), 7.38 (s, 1H), 7.20 (s, 1H), 7.17-7.13 (t, J=17.12 Hz, 2H), 

7.03 (d, 1H), 6.92 (s, 1H), 6.85 (s, 2H), 3.96 (s, 3H), 3.92- 3.91 (d, J=10.35 Hz, 3H), 3.89 (s, 3H), 

3.81 (s, 3H), 3.76- 3.75 (d, J= 9.05 Hz, 6H), 3.49 (s, 3H), 3.36 (s, 3H), 3.15- 3.13 (d, J=4.50 Hz, 

4H), 3.09 (s, 2H), 2.94 (s, 1H), 2.86 (br, 6H) 2.73 (s, 4H), 2.71 (s, 4H), 2.60-2.57 (t, J= 15.4 Hz, 

2H), 2.48 (s, 6H), 2.34- 2.31 (t, J= 14.7 Hz, 2H), 2.29* 2.27(t, J=14.2 Hz, 2H), 2.52 (br, 2H), 1.93- 

1.91 (t, J= 12.8 Hz, 4H), 1.21 (s, 1H), 1.15 (s, 1H), 1.75 (s, 3H). 

13C-NMR (151 MHz, DMSO-d6) δ= 174.12, 172.97, 171.70, 171.08, 164.38, 161.62, 161.52, 

161.41,158.92,158.82, 140.93, 139.23, 138.95,137.76, 137.26, 137.16, 136.62, 130.69, 130.10, 

126.41, 125.92, 125.91, 125.87, 125.27, 125.20, 124.90, 124.18, 121.60, 121.31, 121.06, 119.20, 

117.21, 117.20, 117.01, 116.70, 107.43, 107.36, 56.38, 55.3606, 55.3605, 55.3603, 55.20, 48.43, 

43.05, 42.91, 42.77, 42.49, 42.35, 42.2, 41.23, 39.29, 39.23, 39.17, 39.16, 39.09, 39.03, 38.69, 

38.52, 38.20, 38.17, 38.05, 38.04, 37.99, 35.92, 35.53, 28.58, 27.06, 26.73, 24.89. 

HRMS(ESI) calculated for 1162, C64H84N26O12, [M+H]+,1409.68 m/z, found 1409.53 m/z. 
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HPLC purity:99% 

 

Figure 3.4 Analytical HPLC purity of compound 1162 with λ monitored. Compound purity 99%, 

retention time 2.563 min. 

3.2.6 Synthesis of desIm-Im-β-Im-Py-γ-Im-Py-Py-β-Py-β-Ta  

Synthesis of 1166. 

Synthesis of polyamides 1166 resin started by initiating the reaction sequences program 

with the CSBio program (Table 3.5). The CSBio reaction vessel was set at a temperature of 35oC 

throughout the whole process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. Py-

BOP (11 g) was dissolved in DMF (40 mL) and filled in the R4 solvent bottle.  

After the program started the first wash and deprotection reaction for 1 h, a solution of a 

monomer Boc-β-Py-COOH (430 mg, 1.38 mmol) in DMF (6.5 mL) was stirred to fully dissolved 

and transferred into AA#3. The coupling program directed the synthesizer to transfer the solution 

from AA#3 to TVA and then MVA to begin the activation before transferring to RV for coupling 

for 180 min, followed by capping with acetic anhydride for 17 min to remove impurities such as 

an unreacted amine. After completing the first sequence, the program proceeded to “cap” to remove 

any nonreacted amine before moving on to the next sequence. Each sequence took around 6 h to 

complete. 

After completing the first sequence, the programmed system transferred a solution of Boc-

Py-Py-COOH (503 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in 

AA#4 to TVA and MVA for sequence coupling followed up by capping. After sequence 3 plus cap 

was completed, a solution of Boc-γ-Im-COOH (450 mg, 1.38 mmol) and DIPEA (1 mL) in DMF 
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(6.5 mL) was well dissolved by vortex; loaded in AA#5 transferred to TVA then MVA before 

transferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 

17 min. After sequence 4 plus cap was completed, a solution of Boc-Py-OBt (659 mg, 1.840 mmol) 

in DMF (6.5 mL) was well dissolved by vortex; loaded in AA#6, transferred to TVA then MVA 

before transferred to RV for coupling reaction for 180 min followed by capping with acetic anhy-

dride for 17 min. After sequence 5 was finished, the programed system was initiated and followed 

by transferring a well dissolved by vortex solution of Boc-β-Im-COOH (432 mg, 1.38 mmol) and 

DIPEA (1mL) in DMF (6.5 mL) from AA#6 to TVA, then MVA before being transferred to RV 

for coupling reaction for 180 min following by capping with acetic anhydride for 17 min.  

After sequence 6 was finished, the programed system was initiated and followed by trans-

ferring a well dissolved by vortex solution of dimer desIm-Im-COOH (345 mg, 1.38 mmol) and 

DIPEA (1ml) in DMF (6.5 mL) from AA#8 to TVA then MVA before transferred to RV for cou-

pling reaction for 180 min following by capping with acetic anhydride for 17 min. The sequence 

was finished after 35 h. (Scheme 3.8) 0,1 mg of resin was cleaved with 100 μL Ta solution for 2 H 

at 45oC, and then the heated solution was collected and filtered before being analyzed with a Bruker 

LC-MS instrument. The exact mass was determined to be [M+H]+ as 1408.73 m/z, which confirmed 

the presence of the desired product. All the resin was carefully transferred from the RV into a 

beaker using a small spatula, and the resin was washed three-time with DCM and MeOH, then 

dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20mL 

scintillation vial and stored in the freezer before cleavage in the next day. 
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Scheme 3.8: Scheme of synthesis polyamide 1166 resin with solid phase synthesis. It started from 

a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps from (i) to 

(viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 0.5 M 

Indole,(iii) 25% piperidine/ DMF; (iv) building blocks with the structures shown on the scheme, 

(v) 0.5M PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with 

acetic anhydride for 17 min. 

Table 3.5. Programmed sequence of 1166 resin synthesis 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-β-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc β-Im-COOH  (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH (6.5 mL) DMF+DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 
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Cleavage of PAM resin using Ta as a nucleophile 

The next day, 395 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. A rotary evaporator concentrated the pol-

yamide solution to afford a white solid 1166 (40 mg, 0.0908 mmol, 31.2% yield) (Scheme 3.9). 

 

Scheme 3.9 Cleavage PA1166 using Ta as the nucleophile. 
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Purification of the compound. 

The polyamides solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100 Å C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ water 

and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were ana-

lyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-UHPLC; 

analysis was processed and analyzed with the program Chromeleon 3.0. High-purity fractions were 

collected for rotary evaporation to remove MeOH before the lyophilization. 

Lyophilization of the compound. 

Compound 1166 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5 mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamide solution was sublimed as 

an off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min 

prior to the lyophilization process, and the inside temperature was set at -83 to -85oC. 

Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp 

to 60% B over 6.5 min at 2.0 mL/min. The retention was 2.530 min. 

1166, desIm-Im-β-Im-Py-γ-Im-Py-Py-β-Py-β-Ta (HCOO-)6 

1H-NMR (600 MHz, DMSO-d6) δ= 10.34 (s, 1H), 10.24 (s, 1H), 9.95 (s, 1H), 9.85 (s, 1H), 9.78 (s, 

1H), 8.21- 8.18(t, J=12.77 Hz, 1H), 8.13-8.11 (d, 5.95 Hz, 1H), 8.04- 7.99 (d, J= 17.7 Hz, 4H), 7.50 

(s, 1H), 7.44-7.40 (t, J= 17.7 Hz, 3H), 7.24 (s, 1H), 7.19 (s, 1H), 7.16 (s, 1H), 7.02 (s, 1H), 6.94 (s, 

1H), 6.83 (s, 1H), 6.64 (s, 3H), 3.96 (s, 3H), 3.93 (s, 3H), 3.92 (s, 3H), 3.82 (s, 3H), 3.78 (s, 3H), 

3.75 (s, 3H), 3.57 (s, 3H), 3.18- 3.15 (d, J= 8.23 Hz, 4H), 3.09 (s, 4H), 2.95- 2.92 (t, J= 13.7 Hz, 

4H), 2.83 (br, 6H), 2.63 (s, 4H), 2.59-5.57 (t, J=13.07 Hz, 3H), 2.53 (s, 2H), 2.51-2.49 (s, J= 11.9 

Hz, 2H), 2.37-2.28 (q, J=20.38 Hz, 3H), 1.841(br, 5H), 1.730(s, 5H), 1.23- 1.17 (t, J= 22.07, 2H), 

1.03- 0.97 (q, J= 35.55 Hz, 1H). 
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13C-NMR (151 MHz, DMSO-d6) δ= 174.0, 173.1, 171.4, 170.9, 166.2, 164.4, 164.3, 161.6, 161.5, 

161.4, 161.4, 161.4, 158.9, 158.9, 158.8, 140.9, 139.2, 138.9, 137.8, 137.2, 137.2, 137.1, 130.7, 

130.1, 126.4, 126.2, 125.9, 125.2, 124.9, 124.3, 124.2, 121.7, 121.3, 121.1, 120.8, 119.3, 117.2, 

117.1, 117.0, 107.9, 106.6, 56.5, 56.1, 56.0, 55.9, 55.9, 55.9, 55.4, 50.6, 50.6, 48.4, 43.5, 43.1, 43.1, 

43.1, 43.0, 42.8, 42.7, 42.6, 42.5, 42.3, 42.2, 41.2, 39.7, 39.4, 39.3, 39.2, 39.1, 39.0, 38.9, 38.8, 

38.7, 38.6, 38.5, 38.2, 38.2, 38.0, 37.9, 36.4, 35.9, 35.5, 28.6, 28.4, 27.6, 27.3, 27.3, 27.3, 26.7, 

25.6, 25.2, 25.1.  

HRMS (ESI) was calculated for 1166, C64H84N26O12 [M+H]+ as 1408.68 m/z, found to be 1408.73 

m/z. 

HPLC purity: 93% 

 

Figure 3.5 Analytical HPLC purity of compound 1166 with λ monitored. Compound purity 93%, 

retention time 2.530 min. 

3.2.7 Synthesis of desIm-Im-β-Im-β-γ-Im-Py-β-Py-Py-β-Ta (1171) 

Synthesis of 1171. 

Synthesis of polyamides 1171 resin started by initiating the reaction sequences program 

with the CSBio program (Table 3.6). The CSBio reaction vessel was set at a temperature of 35oC 

throughout the process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 

g) was dissolved in DMF (40 mL) and filled in the R4 solvent bottle. After the program started the 
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first wash and deprotection reaction for 1 h, a solution of a monomer Boc-β-Py-COOH (431 mg, 

1.38 mmol) in DMF (6.5 mL) was stirred to fully dissolved and transferred into AA#3. The cou-

pling program directed the synthesizer to transfer the solution from AA#3 to TVA and then MVA 

to begin the activation before transferring to RV for coupling for 180 min, followed by capping 

with acetic anhydride for 17 min to remove impurities such as unreacted amines. After completing 

the first sequence, the program proceeded to “cap” to remove any nonreacted amine before moving 

on to the next sequence. Each sequence took around 6 h to complete. 

After completing the first sequence, the programmed system transferred a solution of Boc-

Py-Py-COOH (500 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in 

AA#4 to TVA and MVA for sequence coupling followed up by capping. After sequence 2 plus cap 

was completed, a solution of Boc-γ-Im-COOH (452 mg, 1.38 mmol) and DIPEA (1mL) in 6.5mL 

DMF was well dissolved by vortex; loaded in AA#5 transferred to TVA, then MVA before trans-

ferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 17 

min. After sequence 3 plus cap was completed, a solution of Boc-Py-Obt (659 mg, 1840 mmol) in 

DMF (6.5 mL) was well dissolved by vortex; loaded in AA#6 transferred to TVA then MVA before 

transferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 

17 min. After sequence 4 was finished, the programed system was initiated and followed by trans-

ferring a well dissolved by vortex solution of Boc-β-Im-COOH (430 mg, 1.38 mmol) and DIPEA 

(1 mL) in DMF (6.5 mL) from AA#6 to TVA, then MVA before transferred to RV for coupling 

reaction for 180 min following by capping with acetic anhydride for 17 min. After sequence 5 was 

finished, the programed system was initiated and followed by transferring a well-dissolved by vor-

tex solution of dimer desIm-Im-COOH (343 mg, 1.38 mmol) and DIPEA (1 mL) in DMF (6.5 mL) 

from AA#8 to TVA then MVA before transferred to RV for coupling reaction for 180 min follow-

ing by capping with acetic anhydride for 17 min. The sequence was finished after 30 h (Scheme 

3.10). 0,1 mg of resin was cleaved with 100 μL Ta solution for 2 h at 45oC; then, the heated solution 

was collected and filtered before being analyzed with a Bruker LC-MS instrument.  

The exact mass was determined to be [M+H]+ as 1358.76 m/z, which confirmed the pres-

ence of the desired product. All the resin was carefully transferred from the RV into a beaker using 

a small spatula, and the resin was washed three times with DCM and MeOH, then dried under 

vacuum for 30 min until reaching dryness. The resin was then collected in a 20 mL scintillation 

vial and stored in the freezer before cleavage the next day. 
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 Table 3.6. Programmed sequence of 1171 resin synthesis 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-Py-β-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-β-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc β-Im-COOH  (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-desIm-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 
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Scheme 3.10 Scheme of synthesis polyamide 1171 resin with solid-phase synthesis method. It 

started from a commercially acquired Boc-β-PAM resin, and each sequence contains multiple steps 

from (i) to (viii). (i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 

0.5 M Indole, (iii) 25% piperidine/DMF; (iv) building blocks with the structures shown on the 

scheme,(v) 0.5M PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step 

with acetic anhydride for 17 min. 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 365 mg resin was cleaved with Ta (2000 μL) via aminolysis at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

in a rotary evaporator to afford off-white 1171(31 mg, 0.836 mmol, 27.1% yield) (Scheme 3.11). 
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Scheme 3.11 Cleavage of PIPs 1171 from PAM resin using Ta as the nucleophile. 

Purification of the compound. 

The polyamide solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% 

HCOOH (200 μL), then it was purified by preparative HPLC using a Phenomenex Luna 250x30 

mm, 5 μM, 100 Å C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ 

water and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed 

by a ramp to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were 

analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-UHPLC; 
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analysis was processed and analyzed with the program Chromeleon 3.0. High-purity fractions were 

collected for rotary evaporation to remove MeOH before the lyophilization. 

Lyophilization of compound 

Compound 1171 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamide solution was sublimed 

into an off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min 

prior to the lyophilization process, and the inside temperature was set at -83 to -85oC. 

Characterization of the compound. 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp 

to 60% B over 6.5 min at 2.0 mL/ min. The retention was 3.17 min. 

PA 1171, dIm-Im-β-Im- β-γ-Im-Py-β-Py-Py-β-Ta (HCOO-)6 

1H-NMR (600 MHz, DMSO-d6) δ= 10.48 (s, 1H), 10.28 (s, 1H), 10.04 (s, 1H), 9.91 (s, 1H), 8.41 

(s, 9H), 8.21- 8.18 (t, J= 12.92 Hz, 1H), 8.14- 8.10 (t, J=12.92, 1H), 8.01-7.96 (d, J= 11.07, 4H), 

7.49 (s, 1H), 7.41-7.37 (t, J=5.54 Hz, 3H), 7.21 (s, 1H), 7.16 (s, 1H), 7.04 (s, 1H), 6.90 (s, 1H), 

3.84 (s, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 3.90 (s, 3H), 3.89 (s, 3H), 3.79 (s, 4H), 3.76 (s, 2H), 3.46- 

3.44 (q, J= 16.61 Hz, 2H), 3.41- 3.37 (q, J= 16.61 Hz, 2H), 3.03 (br, 3H), 2.76 (br, 5H), 2.56-5.23 

(t, J=12.46 Hz, 3H), 2.47 (br, 3H), 2.23 (br ,2H), 2.07 (s, 4H), 2.05 (s, 2H), 1.66 (br, 9H), 1.49- 

1.47(t, J= 13.36 Hz, 1H), 1.21 (s, 1H), 1.16 (s, 2H). 

13C-NMR (151 MHz, DMSO-d6) δ= 173.7, 173.6, 172.9, 171.6, 170.9, 169.3, 164.3, 164.3, 164.5, 

161.5, 161.4, 161.4, 161.3, 158.9, 158.8, 140.9, 139.2, 139.0, 137.8, 137.2, 137.0, 136.7, 130.7, 

130.7, 130.1, 130.1, 126.2, 125.9, 125.2, 125.1, 24.2, 121.3, 121.2, 116.9, 116.9, 116.9, 116.9, 

116.7, 116.7, 116.7, 107.4, 107.2, 107.0, 57.6, 57.5, 57.1, 44.5, 44.4, 44.2, 43.0, 42.2, 42.3, 42.5, 

42.6, 42.7, 42.9, 40.6, 40.2, 39.7, 39.2, 38.6, 38.6, 38.2, 38.2, 38.1, 38.0, 37.9, 37.9, 37.8, 35.8, 

29.8, 28.4, 27.9.  

HRMS (ESI) was calculated for 1171, C61H83N25O12 with predicted [M+H]+, 1358.68 m/z, found 

1358.76 m/z. 
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HPLC purity of 1171: 94% 

 

Figure 3.6 Analytical HPLC purity of compound 1171 with λ monitored. Compound purity 94%, 

retention time 2.463 min. 

3.3. Results and Discussion. 

 In this chapter, we have redesigned and modified our polyamides based on the result of the 

previous project. We included PA1143 to compare its binding affinity with the new PIPs to observe 

the role of β-alanine in the binding complex. As expected, PA 1134 became aggregated and unable 

to bind to the SETMAR DNA sequence, which appeared to happen to compound 1162 as well.  

Both 1134 and 1162 will require further investigation in the modification of the compounds 

and the SPR study model for the study of the binding affinities. However, the binding affinity of 

the other PIPs gave us interesting and puzzling results. While 1161 has been shown to bind strongly 

with the SETMAR sequence and even the mismatch SETMAR sequence, it’s been noted to us by 

our collaborators that the compound has very low to almost no selectivity in binding (Figure 3.7). 
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Figure 3.7: Binding affinity study of PA 1161. 

PA 1166 seems to have the most interesting result; despite the aggregation when introduced 

with a longer sequence of SETMAR, 1166 is shown to bind strongly with the promoter of the 

shorter SETMAR-16 sequence. The structure of PA 1166 ensures the compound has a much lesser 

rigidity by substituting β-alanines for two pyrrole molecules in the PIP sequence. Additionally, the 

SPR result was reported to have a high selectivity toward binding the promoter sequence of 

SETMAR (Figure 3.8).  

 

Figure 3.8: Binding affinity study of 1166. 
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In this project, we also attempted to increase the flexibility of the PIPs by designing a 

polyamide compound with two β-alanine in between an imidazole. Hence the structure of PA 1171: 

desIm-Im-β-Im-β-γ-Im-Py-β-Py-Py-β-Ta, as we aimed to increase the flexibility and increase the 

binding affinity and selectivity of the designed PIPs. As expected, the compound was highly flex-

ible, and the compound provided clean sensorgram reading of the SPR study. However, this PIP 

has no sequence selectivity. It was assumed that more than three β-alanines in the sequence might 

have caused this problem. (Figure 3.9) 

 

Figure 3.9. Binding affinity study of PA 1171. 

3.4. Conclusion. 

 In this chapter, we synthesized several compounds with one or two β-alanines substituting 

for pyrroles to investigate the binding affinity of PIPs and the TIR DNA of the SETMAR gene. In 

addition, we also discovered that the relaxation of the sequence rigidity increases the yield of the 

solid phase synthesis post-isolation and purification, as mentioned in our lab’s previous works.79,80. 

The binding affinity study results provided us with a deeper understanding of SETMAR TIR DNA: 

polyamide binding.  

We learned that reducing the rigidity of the PIP sequence can increase the binding affinity 

and selectivity with SETMAR binding; despite some aggregation of the polyamide with longer 

SETMAR DNA sequences. For every two to three aromatic rings of imidazoles or pyrroles, a β-

alanine linkage can reduce the rigidity can increase the binding affinity and selectivity of the 

SETMAR promoter sequence. However, the presence of more than three β-alanines linkages can 

be too flexible for binding selectivity. Further studies will be needed to improve and discover 

SETMAR TIR binding. 
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Chapter 4: Insertion of the Cationic groups into the N-terminal of the Novel Polyamides Se-
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4.1. Introduction 

Pyrrole-Imidazole polyamides (PIPs) are heterocyclic polymers that consist of aromatic 

heterocycles N-methylpyrrole(Py) and N-methylimidazole(Im) linked by amide bonds.13 Many 

useful biomedical applications of polyamides include inhibiting protein-DNA interaction, gene ex-

pression, and anti-cancer drugs.5,25 PIPs are derived from the natural DNA minor groove binding 

compounds such as netropsin and distamycin. Similar to Netropsin and Distamycin, polyamides 

can fit through the tight space of the DNA minor groove, recognize the specific sequence of 

dsDNA, and form hydrogen bonds with the DNA base pair in the minor groove.2,81 

Since the late 1980s, the works of Dickerson, Lown, and Dervan have introduced us to the 

binding rule of polyamides, allowing more polyamide sequences to be synthesized to bind the de-

sired DNA sequence.2,9,12,13 DNA base pairs allow position for Hydrogen donors and acceptors for 

the building blocks. As mentioned by the “binding rules,” A, T, and C can be recognized by pyrrole 

indifferently and β-alanine; meanwhile, G is selectively recognized by imidazole.1,82 In addition, 

substituting β-alanine for pyrrole has been shown to improve the binding affinity and the binding 

kinetics of polyamide sequences.17,70,79 Reports showed that the cationic charge of the polyamide 

sequences improves the PIP’s solubility and affinity to the anionic DNA sequences. 

SETMAR is a chimeric fusion of a SET methyltransferase domain and a mariner trans-

poson domain, and this chimeric Transposable element has lost its active transposon activity since 

the rise of the primate transposon around 40 million years ago.45,57,60 Despite having an inactive 

transposon function, SETMAR still has an unknown role that involves the development of cancer 

cells.64,83,84 With the discovery of SETMAR-TIR specific binding location in the minor groove at 

the 19bp conserved sequence 5’-GGTGCAAAAGTAATTGCGG-3’ by Georgiadis and col-

leagues.65,66 This provides an opportunity to design DNA minor groove compounds to study the 

mechanism of the SETMAR function and prevent the overexpression of SETMAR.62 

In this study, we modified the polyamides to have an additional cationic charge at the N-

terminus, and all the polyamides are synthesized with the solid phase peptide synthesis method, 

starting with a Boc-β-PAM resin linking the building blocks with amide bonds. We introduced 

additional charges, such as Guan and TMG groups, to the N-terminal of the sequence.68 Due to the 

presence of two nitrogens on the imidazole heterocycle combining with the weak nucleophile NH2 

group making a stronger electron-withdrawing effect of the imidazole, and it is very unstable cou-

pling to NH2-Im-Im dimers in the polyamides sequences.78 To solve this problem, we add an addi-

tional Boc-Pyrrole prior to the Imidazole-imidazole dimer to ensure the success of the coupling 
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reactions and ensure the sequence stabilizes for the addition of the Guan and TMG group (Table 

4.1). 

Table 4.1: Designed polyamides sequences used for this study. 

Compound 

N-termi-

nus 1 2 3 4 5 6 7 8 9 10 11 12 

C-termi-

nus 

1176 TMG-Py Im Im β Im Py γ Im Py β Py Py β Ta 

1178 Guan-Py Im Im β Im Py γ Im Py β Py Py β Ta 

1181 TMG-Py Im Im β Im Py γ Im β Py Py Py β Ta 

1182 Guan-Py Im Im β Im Py γ Im β Py Py Py β Ta 

 

4.2 Method 

4.2.1 Material and Instrumentation 

Boc- β-alanine-PAM resin was ordered from Peptides International (Louisville, KY), 3-

(dimethylamino)-1-propylamine, N-methyl-imidazole, N-methyl-pyrrole, piperidine, indole, am-

monium formate, 20% Pd/C, dimethyl sulfoxide, HCl, and NaOH were purchased from Sigma Al-

drich (St. Louis, MO). 1-methyl-4-nitro-imidazole-2-carboxylate (NO2-Im-COOMe) was ordered 

from AC Pharmachem, Inc (Worcester, MA). 4-tert-butoxycarbonylaminobutyric acid (Boc-γ-

COOH), 1-ethyl-4-amino-β-alanine-carboxylate (H2N-β-COOEt),4-tert-butoxy-β-alanine-carbox-

ylic acid (Boc-β-COOH), trifluoroacetic acid (TFA), formic acid (FA), hexafluorophosphate 

azabenzotriazole tetramethyl uronium (HATU), benzotriazol-1-yloxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP), hydroxybenzotriazole (HOBT), dimethyl formamide (DMF), and 

methanol (MeOH) were acquired from Oakwood Chemical. Triethylamine, N, N-diisopropylethyl-

amine (DIPEA), formic acid, and acetic anhydride were purchased from Fisher Scientific. 

1H-NMR and 13C-NMR spectra were recorded in DMSO-d6 at 300 MHz and 600 MHz, 

respectively. 1H-NMR is referenced to DMSO at 2.5 ppm, and 13C-NMR in DMSO at 39.5 ppm. 

Coupling constants J are reported in Hz. High-resolution mass spectrometry was carried out on a 

Bruker Maxis II spectrometer. Analytical HPLC data was analyzed by Agilent HPLC. Purifications 

of Polyamides were carried out in ThermoFisher preparative HPLC.  

4.2.2. Synthesis of Boc-Py-Im-COOH 16 (Scheme 4.1) 
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Scheme 4.1. Synthesis of Boc-Py-Im-COOH 16. 

In a 250 mL round bottom flask, Boc-Py-COOH 13 (8 g, 33.3 mmol) was dissolved in 

DMF (16 mL), followed by HOBT (6.7 g, 49.9 mmol) and DCC (10.3 g, 49.9 mmol) in DCM (40 

mL), stir well under nitrogen gas for 20 min. After 30 min at room temperature, the mixture formed 

DCU and turned white solution, let the reaction ran overnight at room temperature. After 12 h, add 

H2N-Im-COOMe 4 (7.75 g, 49.9 mmol) in DCM (20 mL), and the reaction was stirred well under 

Nitrogen gas. The reaction was monitored by TLC and HPLC, and the reaction was completed after 

18 h at room temperature. The mixture was filtered to remove the solid DCU, and the DCM solvent 

was removed by rotary evaporator. EtOAc was added to the flask in vacuo, and then the mixture 

was washed with H2O, aq NaHCO3, 4% HCl, and brine. The organic solvent was dried with anhy-

drous Na2SO4 and gravity filtered to collect a red solution. The solution’s solvent is removed by 

rotor evaporator to afford an oil solution. The oil mixture was immediately dissolved in 1,4-Diox-

ane (40 mL) and stirred until dissolved under N2 for 30 min before adding 1N NaOH (40 mL). The 

reaction was heated in an oil bath with a temperature controlled at 45oC for 1 to 2 h and checked 

for completion with analytical HPLC. The reaction was removed from heat and settled at room 

temperature for 10 min, reducing the pH to around 4.25 to afford off red-brow solid 16 (8.76 g, 

33.3 mmol, 69.7% yield). 

4.2.2 Synthesis of dimer building blocks Boc-Py-Im-Im-COOH. (17, Scheme 4.2) 

 

 

Scheme 4.2. Synthesis of Boc-Py-Im-Im-COOH 17. 

In a 250 mL round bottom flask, Boc-Py-Im-COOH 16 (5 g, 13.7 mmol) was dissolved in 

DMF (13mL), followed by HOBT (2.77 g, 20.55 mmol), and DCC (4.24 g, 20.55 mmol) in 40mL 

DCM, stir well with a stir bar until dissolved nitrogen gas for 30 min. After 5 minutes, there was 
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still undissolved solid; the RBF was ultrasonicated until all solids had dissolved after 10 minutes. 

After 30 min at room temperature, the mixture formed DCU and turned white solution, let the 

reaction ran overnight at room temperature. 

 After 12 h, add H2N-Im-COOMe 4 (3.2 g, 20.55 mmol) in DCM (20 mL), and the reaction 

was stirred well under Nitrogen gas. The reaction was monitored by TLC and HPLC, and the reac-

tion was completed after 18 h at room temperature. The mixture was filtered to remove the solid 

DCU, and the DCM solvent was removed in a rotary evaporator. EtOAc was added to the flask, 

and then the mixture was washed with H2O, aq NaHCO3, 4% HCL, and brine. The organic solvent 

was dried with anhydrous Na2SO4 and gravity filtered to collect an orange-red solution. The solu-

tion’s solvent is removed by rotor evaporator to afford an oil solution. The oil mixture was imme-

diately dissolved in 2,4-dioxane (40 mL) and stirred under N2 for 30 min before adding 1N NaOH 

(40 mL). The reaction was heated in an oil bath with a temperature controlled at 45 oC for 1 to 2 h 

and checked for completion with analytical HPLC. The reaction was removed from heat and settled 

at room temperature for 10 min, reducing the pH to around 3.75 to afford a solid of light pink color 

17 (2.97 g, 13.7 mmol, 44.6% yield). 

4.2.4 Synthesis of Boc-Py-Im-Im-β-Im-Py-γ-Im-Py-β-Py-Py-β-PAM resin.  

Synthesis of 1174. 

Synthesis of polyamides 1174 resin started by initiating the reaction sequences program 

with the CSBio program (Table 4.2). The CSBio reaction vessel was set at a temperature of 35oC 

throughout the whole process. Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. Py-

BOP (11 g) was dissolved in DMF (40 mL) and filled in the R4 solvent bottle. After the program 

started the first wash and deprotection reaction for 1 h, a solution of a monomer Boc-Py-Py-COOH 

(505 mg, 1.38 mmol) in DMF (6.5 mL) was stirred to fully dissolved and transferred into AA#3.  

The coupling program directed the synthesizer to transfer the solution from AA#3 to TVA 

and then MVA to begin the activation before transferring to RV for 180 min, followed by capping 

with acetic anhydride for 17 min to remove impurities such as an unreacted amine. After complet-

ing the first sequence, the program proceeded to “cap” to remove any nonreacted amine before 

moving on to the next sequence. Each sequence took around 6 h to complete. 

After completing the first sequence, the programmed system transferred a solution of Boc-Py-β-

COOH (433 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in AA#4 

to TVA and MVA for sequence coupling followed up by capping. After sequence 2 plus cap was 

completed, a solution of Boc-γ-Im-COOH (452mg, 1.38 mmol) and DIPEA (1mL) in DMF 
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(6.5mL) was well dissolved by vortex; loaded in AA#5 transferred to TVA then MVA before trans-

ferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 17 

min.  

After sequence 3 plus cap was completed, a solution of Boc-Py-OBt (656 mg, 1.84 mmol) 

in DMF (6.5 mL) was well dissolved by vortex; loaded in AA#6, transferred to TVA then MVA 

before transferred to RV for coupling reaction for 180 min followed by capping with acetic anhy-

dride for 17 min. After sequence 4 was finished, the programed system was initiated and followed 

by transferring a well-dissolved by vortex solution of Boc-β-Im-COOH (432 mg, 1.38 mmol) in 

DMF (6.5 mL) and DIPEA (1mL) from AA#7 to TVA, then MVA before transferred to RV for 

coupling reaction for 180 min following by capping with acetic anhydride for 17 min.  

After sequence 5 was finished, the programed system was initiated and followed by trans-

ferring a well-dissolved by vortex solution of trimer Boc-Py-Im-Im-COOH (672 mg, 1.38 mmol) 

in DMF(6.5 mL) and DIPEA (1mL) from AA#8 to TVA, then MVA before transferred to RV for 

coupling reaction for 180 min following by capping with acetic anhydride for 17 min (Figure 4.3).  

The sequence was finished after 30 h. 0,1 mg of resin was cleaved with 100 μL Ta solution 

for 2 h at 45oC, and the heated solution was collected and filtered before being analyzed with a 

Bruker LC-MS instrument. The exact mass was determined to be [M+H]+ as 1646.82 m/z, confirm-

ing the coupling reaction's completion. All the resin was carefully transferred from the RV into a 

beaker using a small spatula, and the resin was washed three times with DCM and MeOH, then 

dried under vacuum for 30 min until reaching dryness. The resin was then collected in a 20mL 

scintillation vial and stored in the freezer. 

 

Table 4.2 Program sequence of 1174 resin synthesis. 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-Boc-Py-β-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 
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6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc β-Im-COOH  (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-Boc-Py-Im-Im-

COOH 

(6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 
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Figure 4.3: Scheme of synthesis polyamide 1174 resin. It started from a commercially acquired 

Boc-β-PAM resin, and each sequence contains multiple steps from (i) to (viii). (i) wash the resin 

with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 0.5 M Indole, (iii) 25% piperidine/ 

DMF; (iv) building blocks with the structures shown on the scheme,(v) 0.5M PyBOP/ DMF as 

coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with acetic anhydride for 17 min. 

4.2.5. Synthesis of Guan-Py-Im-Im-β-Im-Py-γ-Im-Py-β-Py-Py-β-PAM resin.  

Synthesis of polyamides 1176 resin started by initiating the reaction sequences program 

with the CSBio program (Table 4.3). The CSBio reaction vessel was set at a temperature of 35oC 

throughout the whole process. Resin from the previous step, 1174 (0.512 mg), was loaded into the 

RV. The first step was washing the resin with DMF, followed by capping to remove any extra 

impurities. 

 A solution of Bis-Boc-Pyrazolocarboxamidine (1.09 g, 3.48 mmol) in DIPEA (1 mL) and 

of DMF (6.5 mL) was added into the RV 3h after step 3 began. After 26 h, the program started the 
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deprotection step using TFA to deprotect the Boc group from Boc2Guan to introduce the Guan 

group in the N-terminus of the polyamide 1176. After the program finished, 0.1 mg of resin was 

cleaved with Ta as a nucleophile for four h at 45oC, and the sample was analyzed with a Bruker 

LC-MS instrument. The exact mass was determined to be [M+H]+ as 1588.78 m/z, confirming the 

presence of the desired product. 

 All the resin was carefully transferred from the RV into a beaker using a small spatula, 

and the resin was washed three times with DCM and MeOH, then dried under vacuum for 30 min 

until reaching dryness. The resin was then collected in a 20 mL scintillation vial and stored in the 

freezer before cleavage the next day. 

Synthesis of 1176. 

Table 4.3 Program sequence of 1176 synthesis. 

Building block(s) and 

step(s) 

Additional Solvent mix-

ture 

Applied program 

1 Wash None DMF washes. CFN 

2-Capping None Cap_17min_continue. CFN 

3-Boc2Guan (6.5 mL) DMF + DIPEA 

(1mL) 

1 gram-pause-24h-DMF-Flows-Benedit. 

CFN 

4-Deprotection None DMF-DCM-TFA-DCM-Flows. CFN 
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Figure 4.4: Scheme of synthesis polyamide 1176 resin synthesis. It started from a previously 

synthesized 1174 resin, and each sequence contains multiple steps from (i) to (viii). (i) wash the 

resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM /0.5 M Indole, (iii) 25% 

piperidine /DMF; (iv) building blocks with the structures shown on the scheme,(v) 0.5M PyBOP 

/DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with acetic anhydride for 

17 min. 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 453 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

by a rotary evaporator to afford 37 mg (0.104 mmol, 22.35% yield) of yellow solid (Figure 4.5). 

 

 

Figure 4.5 Cleavage of PA 1176 using Ta as the nucleophile. 

 

Purification of the compound. 



145 
 

The polyamide solution was diluted with a mixture of DMSO (200 μL) and H2O/ 0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100 Å C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ water 

and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp rate to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were 

analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-UHPLC; 

analyses were processed and analyzed with the program Chromeleon 3.0. High-purity fractions 

were collected for rotary evaporation to remove MeOH before the lyophilization. 

Lyophilization of the compound. 

Compound 1176 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamide solution was sublimed as 

an off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min 

prior to the lyophilization process, and the inside temperature was set at -83 to -85 oC. 

Characterization of compound 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5%B for 0.75 min, followed by a ramp to 

60% B over 6.5 min at 2.0 mL/ min. The retention was 2.518 min. 

1176, Guan-Py-Im-Im-β-Im-Py-γ-Im-Py-β-Py-Py-β-Ta (HCOO-)8 

1H-NMR (600 MHz, DMSO-d6) δ= 8.42 (br, 8H), 8.18 (s,1H), 8.13 (s, 3H), 8.03 (s, 3H), 7.59 (s, 

1H), 7.50 (s, 1H), 7.42 (s, 2H), 7.18 (s, 1H), 7.16-7.12 (d, J= 14.0 Hz, 4H), 7.00 (s. 2H), 6.95-6.93 

(d, J= 15.73 Hz, 4H), 6.84 (s, 2H), 6.79(s, 2H), 3.96 (s, 2H), 3.93- 3.92 (d, J= 4.35 Hz, 3H), 3.91 

(s, 2H), 3.83(s, 2H), 3.78- 3.77 (d, J= 3.28 Hz, 3H), 3.76- 3.75 (d, J= 3.98 Hz,4H), 3.53- 3.52 (t, J= 

10.22 Hz, 2H), 3.48- 3.46 (t, J= 11.78 Hz, 2H), 3.34-3.30 (q, J= 20.43 Hz, 3H), 3.17- 3.15 (t, J= 

14.15 Hz, 3H), 3.03- 3.00 (q, J= 19.65 Hz, 2H), 2.75- 2.73 (t, J= 12.57 Hz, 8H), 2.60- 2.57 (T, J= 

14.15 Hz, 3H), 2.47- 2.46 (q, J= 7.34 Hz, 4H), 2.31-2.29 (t, J= 12.86 Hz, 10H), 2.06 (s, 2H), 2.04 

(s, 1H), 1.77-1.72 (q, J= 27.51 Hz, 4H), 1.66-1.62 (q, J= 27.35 Hz, 11H), 1.49-1.47 (q, J= 20.64 

Hz, 3H) . 
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13C-HNMR (151 MHz, DMSO-d6) δ= 173.1, 172.4, 171.8, 169.5, 164.3, 164.3, 161.5, 161.3, 161.3, 

160.6, 158.8, 158.8, 158.3, 139.6, 139.2, 138.9, 137.7, 137.3, 137.2, 137.1, 135.9, 126.9, 126.4, 

126.4, 125.9, 125.8, 125.2, 124.2, 121.2, 121.2, 121.1, 121.0, 117.9, 117.1, 117.0, 116.4, 113.1, 

107.4, 107.2, 107.0, 57.6, 57.5, 57.1, 44.5,44.5, 44.4, 43.1, 43.0, 42.9, 42.7, 42.6, 42.5, 42.3, 42.2, 

41.3, 41.2, 40.6, 40.5, 40.2, 40.1, 39.7, 39.2, 39.1, 39.0, 38.6, 38.3, 38.1, 38.0, 37.9, 7.9, 36.4, 35.9, 

29.8, 28.8, 28.7, 27.9.   

HRMS (ESI) was calculated for 1176, C71H93N31O13, [M+H]+,1588.77 m/z, found 1588.78 m/z 

HPLC purity 97.7% 

 

Figure 4.6: Analytical HPLC purity of compound 1176 with λ monitored at 300nm. Compound 

purity 97%, retention time 2.518 min. 

 

4.2.6 Synthesis of TMG-Py-Im-Im-β-Im-Py-γ-Im-Py-β-Py-Py-β-Ta  

Synthesis of 1178. 

Synthesis of polyamides 1178 resin started by initiating the reaction sequences program 

with the CSBio program (Table 4.4). The CSBio reaction vessel was set at a temperature of 35oC 

throughout the whole process. The previously synthesized 1174 resin (0.520 mg) was loaded into 

the RV. The first step was washing the resin with DMF, followed by capping to remove any extra 

impurities.  
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The third program sequence is coupling HATU (hexafluorophosphate azabenzotriazole tet-

ramethyl uronium) to the PIP synthesis sequence; after 3 h since the sequence began, HATU (380 

mg,1.38 mmol). After the program finished, 0.1 mg of resin was cleaved with Ta as a nucleophile 

for 4 h at 45oC; the sample was analyzed with a Bruker LC-MS instrument. The exact mass was 

determined to be [M+H]+ as 1588.78 m/z, confirming the coupling reaction's completion. All the 

resin was carefully transferred from the RV into a beaker using a small spatula, and the resin was 

washed three times with DCM and MeOH, then dried under vacuum for 30 min until reaching 

dryness. The resin was then collected in a 20 mL scintillation vial and stored in the freezer before 

cleavage in the next day. 

Table 4.4 Programmed sequence of 1178 PAM resin synthesis. 

Building block(s) and 

step(s) 

Additional Solvent 

mixture 

Applied program 

1-Wash resin None DMF washes. CFN 

2-Capping None Cap-17-min-continues. CFN 

3-HATU solution (6.5 mL) DMF AddTMG_DIEA_180_DMSO_DIEA_flows. 

CFN 
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Figure 4.7. Synthesis of 1178 PAM resin synthesis. 

 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 386 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 12 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. A rotary evaporator concentrated the 
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polyamides solution to afford an off-white solid 1178 (37 mg, 0.088 mmol, 25.33% yield) (Figure 

4.8). 

 

Figure 4.8 Cleavage of 1178 from PAM resin using Ta as the nucleophile. 

Purification of the compound. 

The polyamide solution was diluted with a mixture of DMSO (200 μL) and H2O/ 0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100 Å C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ water 

and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were 
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analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-UHPLC; 

analyses were processed and analyzed with the program Chromeleon 3.0. High-purity fractions 

were collected for rotary evaporation to remove MeOH before the lyophilization. 

 Lyophilization of the compound. 

Compound 1178 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5 mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamide solution was sublimed as 

an off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min 

prior to the lyophilization process, and the inside temperature was set at -83 to -85 oC. 

Characterization of compound 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water(A) and HPLC 

grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp to 60% 

B over 6.5 min at 2.0 mL/min. The retention was 2.669 min. 

PA 1178, TMG-Py-Im-Im-β-Im-Py-γ-Im-Py-β-Py-Py-β-Ta (HCOO-)7 

1H-NMR (600MHz, DMSO-d6) δ= 8.41 (s, 8H), 8.15(s, 1H), 8.08- 8.05 (d, J= 16.73 Hz, 2H), 8.00-

7.96 (d, J= 22.81 Hz, 2H), 7.60 (s, 1H), 7.50 (s, 1H), 7.43-7.40 (d, J= 15.21 Hz, 2H), 7.20 (s, 2H), 

7.16- 7.13 (d, J= 12.79 Hz, 2H), 6.95- 6.92 (d, J= 11.29 Hz, 2H), 6.88 (s, 1H), 6.82 (s, 1H), 6.79- 

6.76 (d, J= 16.56 Hz, 2H), 3.97 (s, 3H), 3.93-3.92 (d, J= 6.77 Hz, 4H), 3.91(s, 3H), 3.84 (s, 3H), 

3.78- 3.77 (d, J= 5.27 Hz, 5H), 3.76- 3.75 (d, J= 5.27 Hz, 5H), 3.55 (s, 1H), 3.50- 3.47 (q, J= 19.57 

Hz, 3H), 3.33- 3.30 (q, J= 21.83 Hz, 3H), 3.18- 3.14 (q, J= 22.58 Hz, 3H), 2.76-2.73 (t, J= 16.56 

Hz, 6H), 2.60- 2.57 (t, J= 15.81 Hz, 2H), 2.48 (s, 15H), 2.32- 2.27 (q, J= 23.33 Hz, 9H), 2.23- 2.20 

(q, J= 20.32 Hz, 4H), 2.07(s, 4H), 2.05 (s, 3H), 1.76- 1.73 (t, J= 15.05 Hz, 3H), 1.64- 1.63 (d, J= 

9.03 Hz, 3H), 1.49- 1.47 (t, J= 15.81 Hz, 3H), 1.21 (s, 1H),  

13C-NMR (151 MHz, DMSO-d6) δ= 173.5, 173.1, 172.4, 171.9,168.9, 168.9, 168.8, 168.8, 168.7, 

168.7, 164.3, 164.2, 161.5, 161.3, 161.2, 160.9, 158.8, 158.2, 139.6, 138.9, 137.7, 137.3, 137.2, 

137.1, 135.9, 126.6, 126.6, 126.4, 126.2, 126.1, 125.9, 125.8, 125.2, 125.2, 124.2, 124.2, 123.4, 

121.9, 121.2, 121.2, 121.2, 121.0, 121.0, 120.9, 118.1, 118.0, 117.3, 117.2, 117.0, 116.4, 109.3, 

107.4, 107.2, 107.0, 57.6, 57.5, 57.1, 44.5.44.4, 43.1, 43.0, 42.9, 42.7,42.6, 42.5, 42.3, 42.2, 41.3, 
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41.3, 41.2, 40.7, 40.3, 39.7, 39.6, 39.2, 39.1, 38.6, 38.6, 38.3, 38.1, 38.0, 37.9, 37.9, 36.4, 35.9, 

29.8, 28.8, 28.7, 27.9. 

HRMS (ESI) was calculated for 1178,C75H101N31O13, [M+H]+ , 1645.84 found 1645.93. 

HPLC purity 99.5% 

 

 

Figure 4.9. Analytical HPLC purity of compound 1178 with λ monitored at 300nm. Compound 

purity is 99.5%, retention time 3.357 min. 

4.2.7 Synthesis of Boc-Py-Im-Im-β-Im-Py-γ-Im-β-Py-Py-Py-β-PAM resin  

Synthesis of 1180. 

Synthesis of polyamides 1180 was started by initiating the reaction sequences program 

with the CSBio program (Table 4.5). 

Table 4.5 Programmed sequence of 1180 PAM resin synthesis. 

Building block(s) and 

step(s) 

Additional Solvent mixture Applied program 

1-Boc-Py-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

2-Capping None Cap-17-min-continues.CFN 
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3-Boc-β-Py-COOH (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

4-Capping None Cap-17-min-continues.CFN 

5-Boc-γ-Im-COOH (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

6-Capping None Cap-17-min-continues.CFN 

7-Boc-Py-OBt (6.5 mL) DMF Add-DIPEA-180-min-DIPEA-

Flows.CFN 

8-Capping None Cap-17-min-continues.CFN 

9-Boc β-Im-COOH  (6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

10-Capping None Cap-17-min-continues.CFN 

11-Boc-Py-Im-Im-

COOH 

(6.5 mL) DMF + DIPEA 

(1mL) 

Add-DIPEA-180-min-DIPEA-

Flows.CFN 

12-Capping None Cap-17-min-continues.CFN 

 

 The CSBio reaction vessel was set at a temperature of 35oC throughout the whole process. 

Boc-β-alanine-PAM resin (1000 mg) was loaded into the RV. PyBOP (11 g) was dissolved in DMF 

(40 mL) and filled in the R4 solvent bottle. After the program started the first wash and deprotection 

reaction for 1 h, a solution of Boc-Py-Py-COOH (503 mg, 1.38 mmol) in DMF (6.5 mL) was stirred 

to fully dissolved and transferred into AA#3. The coupling program directed the synthesizer to 

transfer the solution from AA#3 to TVA and then MVA to begin the activation before transferring 

to RV for 180 min, followed by capping with acetic anhydride for 17 min to remove impurities 

such as an unreacted amine. After completing the first sequence, the program proceeded to “cap” 

to remove any nonreacted amine before moving on to the next sequence. Each sequence took 

around 6 h to complete. 

After completing the first sequence, the programmed system transferred a solution of Boc-

β-Py-COOH (431 mg, 1.38 mmol) in DMF (6.5 mL), was well dissolved by vortex and loaded in 

AA#4 to TVA and MVA for sequence coupling followed up by capping. After sequence 3 plus cap 

was completed, a solution of Boc-γ-Im-COOH (452 mg, 1.38 mmol) and DIPEA (1 mL) in DMF 

(6.5 mL) was well dissolved by vortex; loaded in AA#5 transferred to TVA then MVA before 

transferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 

17 min.  
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After sequence 4 plus cap was completed, a solution of Boc-Py-Obt (658 mg, 1.84 mmol) 

in DMF was well dissolved by vortex; loaded in AA#6, transferred to TVA, then MVA before 

transferred to RV for coupling reaction for 180 min followed by capping with acetic anhydride for 

17 min. After sequence 5 was finished, the programed system was initiated and followed by trans-

ferring a well-dissolved by vortex solution of Boc-β-Im-COOH (432 mg, 13.8 mmol) and DIPEA 

(1 mL) in DMF (6.5 mL) from AA#6 to TVA then MVA before transferred to RV for. After se-

quence 6 was finished, the programed system was initiated and followed by transferring a well-

dissolved vortex solution of BocPy-Im-Im-COOH (671 mg, 1.38 mmol) and DIPEA (1 ml) in DMF 

(6.5 mL) from AA#8 to TVA then MVA before transferred to RV for coupling reaction for 180 

min following by capping with acetic anhydride for 17 min. The sequence was finished after 31 h 

(Figure 4.10) 0,1 mg of resin was cleaved with 100 μL Ta solution for 2 h at 45oC, and the heated 

solution was collected and filtered before being analyzed with a Bruker LC-MS instrument.  

The exact mass was determined to be [M+H]+ 1645.79 m/z, which confirmed the presence 

of the desired product. All the resin was carefully transferred from the RV into a beaker using a 

small spatula, and the resin was washed three times with DCM and MeOH, then dried under vac-

uum for 30 min until reaching dryness. The resin was then collected in a 20 mL scintillation vial 

and stored in the freezer. 
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Figure 4.10: Scheme of synthesis polyamide 1180 PAM resin synthesis. Started from a 

commercially acquired Boc-β-PAM resin, each sequence containing multiple steps from (i) to (viii). 

(i) wash the resin with DCM and DMF, (ii) deprotection with 60% TFA/ DCM /0.5 M Indole, (iii) 

25% piperidine/ DMF; (iv) building blocks with the structures shown on the scheme, (v) 0.5M 

PyBOP/ DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with acetic 

anhydride for 17 min. 

4.2.8 Synthesis of 1181. 

Synthesis of polyamides 1181 resin started by initiating the reaction sequences program with the 

CSBio program (Table 4.3). 

Table 4.6 Programmed sequence of 1181 PAM resin synthesis. 

Building block(s) and 

step(s) 

Additional Solvent mix-

ture 

Applied program 

1 Wash None DMF washes. CFN 

2-Capping None Cap_17min_continue.CFN 
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3-Boc2Guan (6.5 mL) DMF+DIPEA 

(1mL) 

1 gram-pause-24h-DMF-Flows-Ben-

edit.CFN 

4-Deprotection None DMF-DCM-TFA-DCM-Flows. CFN 

  

The CSBio reaction vessel was set at a temperature of 35oC throughout the whole process. 

Resin from the previous sequence, 1180 resin (516 mg), was loaded into the RV. The first step was 

washing the resin with DMF, followed by capping to remove any extra impurities. A solution of 

Bis-Boc-Pyrazolocarboxamidine (1.09g, 3.48 mmol) in DIPEA (1mL) and 6.5 mL of DMF was 

added into the RV 3h after step 3 began (Table 4.6).  

After 26 h, the program started the deprotection step using TFA to deprotect the Boc group 

from Boc2Guan to introduce the Guan group in the N-terminus of the polyamide 1181. (Figure 

4.11) After the program finished, 0.1 mg of resin was cleaved with Ta as the nucleophile for 4h at 

45oC; the sample was analyzed with a Bruker LC-MS instrument. The exact mass was determined 

to be [M+H]+ as 1588.79 m/z, confirming the coupling reaction's completion. All the resin was 

carefully transferred from the RV into a beaker using a small spatula, and the resin was washed 

three times with DCM and MeOH, then dried under vacuum for 30 min until reaching dryness. The 

resin was then collected in a 20mL scintillation vial and stored in the freezer before cleavage in the 

next day. 

 

Figure 4.11. figure and description continue in the next pages. 
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Figure 4.11: Scheme of synthesis polyamide 1181 PAM resin synthesis. Started from a previously 

synthesized resin 1180, each sequence containing multiple steps from (i) to (viii). (i) wash the resin 

with DCM and DMF, (ii) deprotection with 60% TFA/ DCM/ 0.5 M Indole,(iii) 25% piperidine/ 

DMF; (iv) building blocks with the structures shown on the scheme, (v) 0.5M PyBOP/ DMF as 

coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with acetic anhydride for 17 min 

included during the procedure. 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 417 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 4 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH. The polyamide solution was concentrated by the 

rotary evaporator to afford off-white solid 1181 (47 mg, 0.096 mmol, 30.9% yield) (Figure 4.10). 
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Figure 4.12 Cleavage of 1181 from PAM resin using Ta as the nucleophile. 

Purification of the compound. 

The polyamides solution was diluted with a mixture of DMSO (200 μL) and H2O/0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100Å C18 column maintained at 25oC. The organic phase was 0.2% HCOOH in MilliQ water 

and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp rate to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were 

analyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-UHPLC; 

analysis was processed and analyzed with the program Chromeleon 3.0. High-purity fractions were 

collected for rotary evaporation to remove MeOH before the lyophilization. 
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Lyophilization of the compound. 

Compound 1181 was diluted with a 1:1 mixture of ACN (5 mL): and 0.2% HCOOH in 

H2O (5 mL). The samples were frozen before the lyophilization process with ground dry ice until 

an even coated of frozen material results at an acute angle in the vial. The frozen sample was cov-

ered with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyoph-

ilizer glass vessel and connected to a vacuum port. The frozen polyamide solutions sublimed as an 

off-white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior 

to the lyophilization process, and the inside temperature was set at -83 to -85oC. 

Characterization of compound 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by the ramp 

to 60% B over 6.5 min at 1.2 mL/min. The retention was 2.533 min. 

1181, Guan-Py-Im-Im-β-Im-Py- γ-Im-β-Py-Py-Py-β-Ta (HCOO-)7 

1H-NMR (600 MHz, DMSO d6) δ= 8.46 (s,7H), 8.22 (s, 1H), 8.08( S,1H), 8.05 (s,1H), 8.01 (s, 1H), 

7.95 (s, 1H), 7.64 (s, 1H), 7.54(s, 1H), 7.46 (s, 1H), 7.41 (s, 1H), 7.25 (s, 1H), 7.20 (s, 3H), 7.04-

7.02 (s, J= 10.01 Hz, 2H), 7.01 (s, 1H), 6.95 (s, 1H), 6.88 (s, 1H), 6.85 (s, 1H), 4.01 (s, 3H), 3.96- 

3.95 (d, J= 6.20 Hz, 6H), 3.92 (s, 3H), 3.87 (s, 3H), 3.84 (s, 6H), 3.80- 3.79 (s, J= 9.29 Hz, 6H), 

3.52-3.51 (d, J= 5.68 Hz, 4H), 3.38-3.36 (d, J= 5.25 Hz, 3H), 3.17-3.16 (d, J= 6.42 Hz, 2H), 3.06-

3.05 (d, J= 5.83 Hz, 2H), 2.79 (s, 6H), 2.63 - 2.60 (t, J= 13.41 Hz, 2H), 2.55- 2.53 (t, J= 13.41 Hz, 

2H), 2.37- 2.31 (q, J= 30.91 Hz, 10H), 2.26- 2.24 (t, J=14.0 Hz, 3H), 2.11 (s, 4H), 2.09 (s, 3H), 

1.78 -1.75 (q, J= 19.24 Hz, 2H), 1.67- 1.66 (d, J= 6.99 Hz, 6H), 1.53- 1.51 (t, J= 13.41 Hz, 2H), 

1.24 (s, 1H), 1.19 (s, 2H). 

13C-HNMR (151 MHz, DMSO d6) δ= 173.6, 172.9, 171.8, 171.1, 169.5, 169.4, 169.4, 169.4, 169.3, 

169.3, 164.3, 164.2, 161.6, 161.5, 161.3, 161.3, 160.5, 158.8, 158.3, 139.6, 139.2, 138.9, 137.7, 

137.3, 136.6, 135.9, 127.1, 126.5, 126.3, 125.9, 125.8, 125.3, 125.2, 124.9, 124.2, 121.6, 121.3, 

121.1, 121.0, 120.9, 118.0, 117.1, 116.7, 116.5, 116.4, 113.2, 107.8, 107.4, 107.3, 107.0, 57.6, 57.5, 

57.1, 44.5, 44.4, 43.1, 43.0, 42.9, 42.7, 42.6, 42.5, 42.3, 42.2, 41.2, 40.7, 40.3, 39.7, 39.6, 39.2, 

39.2, 39.1, 39.1, 38.6, 38.6, 38.2, 38.1, 38.0, 38.0, 37.9, 35.9, 29.8, 28.6, 27.9.  

HRMS (ESI) was calculated for 1181, C71H93N31O13 [M+H]+ 1588.77 found, 1588.79 m/z 

HPLC purity 95.7% 
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Figure 4.13. Analytical HPLC purity of compound 1181 with λ monitored at 300nm. Compound 

purity 95.7%, retention time 2.533 min. 

4.2.7 Synthesis of TMG-Py-Im-Im-β-Im-Py-γ-Im-β-Py-Py-Py-β-Ta  

Synthesis of 1182 
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Figure 4.14: Scheme of synthesis polyamide 1182 PAM resin synthesis. Started from a 

commercially acquired Boc-β-PAM resin, and each sequence contain multiple step from (i) to(viii). 

(i) wash resin with DCM and DMF, (ii) deprotection with 60% TFA/DCM/0.5 M Indole,(iii) 25% 

piperidine/DMF; (iv) building blocks with the structures shown on the scheme,(v) 0.5M 

PyBOP/DMF as coupling reagents, (vi) DIPEA, (vii) DMSO, (viii) capping step with acetic 

anhydride for 17 min. 

Synthesis of polyamides 1182 resin started by initiating the reaction sequences program 

with the CSBio program (Table 4.7). The CSBio reaction vessel was set at a temperature of 35oC 
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throughout the whole process. The previously synthesized 1180 resin (0.562 mg) was loaded into 

the RV. The first step was washing the resin with DMF, followed by capping to remove any extra 

impurities. The third program sequence is coupling HATU (Hexafluorophosphate Azabenzotria-

zole Tetramethyl Uronium) to the PIP sequence; after 3h since the sequence began, HATU (380 

mg,1.38 mmol). After the program finished, 0.1 mg of resin was cleaved with Ta as the nucleophile 

for 4h at 45oC; the sample was analyzed with a Bruker LC-MS instrument. The exact mass was 

determined to be [M+H]+ as 1588.78 m/z, confirming the coupling reaction's completion. All the 

resin was carefully transferred from the RV into a beaker using a small spatula, and the resin was 

washed three times with DCM and MeOH, then dried under vacuum for 30 min until reaching 

dryness. The resin was then collected in a 20 mL scintillation vial and stored in the freezer before 

cleavage the next day. 

Table 4.7 Program sequence of 1182 PAM resin synthesis. 

Building block(s) 

and step(s) 

Additional Solvent 

mixture 

Applied program 

1-Wash resin None DMF washes.CFN 

2-Capping None Cap-17-min-continues.CFN 

3-HATU solution (6.5 mL) DMF AddTMG_DIEA_180_DMSO_DIEA_flows.CFN 

 

Cleavage of PAM resin using Ta as a nucleophile. 

The next day, 441 mg resin was cleaved with aminolysis in 2000 μL of Ta at 45oC in a 

heating device Isotemp Fisher Scientific for 12 h, and the separation of polyamides solution from 

the PAM resin support was performed in a 20 μM polyethylene frit placed inside a disposable 

polypropylene syringe by washing with MeOH and H2O. The polyamide solution was concentrated 

by rotary evaporator to afford off-white solid of 1182 (57 mg, 0.101 mmol, 34.2% yield) (Figure 

4.13). 
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Figure 4.15 Cleavage of 1182 from PAM resin using Ta as the nucleophile. 

 Purification of the compound. 

The polyamides solution was diluted with a mixture of DMSO (200 μL) and H2O/ 0.2% 

HCOOH (200 μL), then purified by preparative HPLC using a Phenomenex Luna 250x30 mm, 5 

μM, 100Å C18 column maintained at 25 oC. The organic phase was 0.2% HCOOH in MilliQ water 

and 100% HPLC grade MeOH. The applied gradient was 10% MeOH for 8 min, followed by a 

ramp to 90% Methanol over 35.6 min at a 20 mL/min flow rate. All collected fractions were ana-

lyzed and selected for 95% or higher purity with analytical HPLC using ThermoFisher-UHPLC; 

analysis was processed and analyzed with the program Chromeleon 3.0. High-purity fractions were 

collected for rotary evaporation to remove MeOH before lyophilization. 
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 Lyophilization of compound 

Compound 1182 was diluted with a 1:1 mixture of ACN (5 mL) and 0.2% HCOOH in H2O 

(5 mL). The samples were frozen before the lyophilization process with ground dry ice until an 

even coated of frozen material results at an acute angle in the vial. The frozen sample was covered 

with porous Kimwipe paper and secured by a rubber band. The sample was settled in a lyophilizer 

glass vessel and connected to a vacuum port. The frozen polyamide solution sublimed as an off-

white solid powder after 48 h. The lyophilizer vacuum was set at 300 torr within 30 min prior to 

the lyophilization process, and the inside temperature was set at -83 to -85oC. 

Characterization of compound 

Analytical HPLC characterization was performed with a C12 Phenomenex Juniper Proteo 

column maintained at 40oC. The mobile phase consisted of 0.1% formic acid in water (A) and 

HPLC grade ACN (B). The applied gradient consisted of 5% B for 0.75 min, followed by a ramp 

to 60% B over 6.5 min at 2.0 mL/min. The retention was 2.684 min. 

1182 with ionized data 

1H-NMR (600MHz, DMSO d6) δ= 8.47 (s, 5H), 8.18 (s, 1H), 8.08 (s, 1H), 8.05 (s, 1H), 8.01 (s, 

1H), 7.95 (s, 1H), 7.65 (s, 1H), 7.54 (s, 1H), 7.46 (s, 1H), 7.41 (s, 1H), 7.25 (s, 1H), 7.20- 7. 19(d, 

J= 7.12 Hz, 4H), 7.05(s, 1H), 6.96 (s, 1H), 6.89 (s, 2H), 6.85 (s, 1H), 6.80 (s, 1H), 3.99 (s, 3H), 

3.96-3.96 (d, J= 4.25 Hz, 3H), 3.92 (s, 3H), 3.87 (s, 3H), 3.84- 3.83 (d, J= 2.73 Hz, 6H), 3.79- 3.78 

(d, J= 7.78 Hz, 6H), 3.52- 3.51(d, J= 5.45 Hz, 4H), 3.38- 3.34 (q, J= 22.19 Hz, 3H), 3.18- 3.15 (q, 

J= 20.63 Hz, 3H), 3.07-3.03 (q, J= 22.18 Hz, 3H), 2.92 (br, 8H), 2.79 (s, 6H), 2.64-2.61 (t, J= 13.99 

Hz, 3H), 2.56- 2.52 (t, J= 13.57 Hz, 3H), 2.33-2.32 (d, J= 7.31 Hz, 10H), 2.26-2.24 (t, J= 12.53 Hz, 

3H), 2.09 (s, 3H), 2.08 (s, 3H) 1.77-1.74 (t, J= 13.57 Hz, 2H), 1.66 (br, 6H), 1.54- 1.50 (t, J= 14.62 

Hz, 3H), 1.24 (s, 1H). 

13C-NMR (151 MHz, DMSO d6) δ= 170.5, 169.9, 168.9, 168.0, 165.8, 165.7, 165.7, 161.3,161.2, 

158.5, 158.4, 158.2, 158.2, 157.9, 155.7, 155.2, 136.6, 136.2, 135.8, 134.6, 134.2, 134.1, 133.5, 

132.8, 123.3, 123.3, 123.1, 122.7, 122.6, 122.2, 122.1, 121.8, 121.7, 121.1, 120.4, 118.5, 118.4, 

118.2, 118.0, 117.9, 117.6, 115.0, 114.2, 113.6, 113.6, 113.3, 113.3, 106.2, 104.7, 104.3, 104.2, 

103.9, 54.6, 54.4, 54.0, 41.4, 41.3, 40.1, 39.9, 39.8, 39.6, 39.5, 39.4, 39.2, 39.1, 38.1, 37.6, 37.2, 

36.6, 36.5, 36.1, 36.1, 36.1, 35.9, 35.5, 35.5, 35.2, 35.1, 35.0, 34.9, 34.8, 32.8, 30.6, 26.8, 25.5, 

24.9.  

HRMS (ESI) was calculated for 1182, C75H101N31O13, [M+H]+ 1644.82 found 1644. 78. 
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HPLC purity. 99.1% 

 

Figure 4.16. Analytical HPLC purity of compound 1182 with λ monitored at 300nm. Compound 

purity 99.1%, retention time 2.68 min. 

4.3 Conclusion 

 We successfully modified and introduced the additional cationic groups to the PIP se-

quences in this chapter. Based on the previous results of our compounds, we expected to learn more 

about the binding affinity and selectivity of SETMAR TIR: PIPs binding complexes. The additional 

charges to the PIP sequence can further improve the selectivity of the compounds and hopefully 

avoid the aggregation of the compounds. We also improved the success of our PIP’s coupling and 

avoided the strong electron-withdrawing effect of the N-terminus imidazoles by adding a pyrrole 

into the N-terminus of our polyamides. 
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1094 C-NMR: 

 

 



177 
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1110 C-NMR: 
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1134 C-NMR: 
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1161 C-NMR: 
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1162 C-NMR: 
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