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Small molecules-DNA interactions are responsible for many biological processes. The DNA 

present in normal and tumor cells are almost identical. Therefore, DNA targeting drugs are used 

only in serious and life-threatening conditions such as cancer. DNA alkylators represent the 

majority of antineoplastic drugs that are covalently attached to DNA and inhibit its replication. 

The lack of selectivity and targetability for the DNA of cancer cells resulted in severe adverse 

effects, such as bone marrow depression, hair loss, general weakness, and many other immense 

side effects. The discovery and the structure elucidation of the cyclopropylpyrroloindole (CPI) 

class of compounds that comprises duocarmycin SA and (+)-CC-1065 have attracted interest 

towards the generation of these compounds and many other structural analogs due to their immense 

potency and novel mechanism of action as DNA minor groove alkylators within AT rich regions. 

Similarly, anthramycin and its analogs of the pyrrolobenzodiazepine (PBD) class of compounds 

alkylate DNA in the minor groove but within the GC rich regions. Moreover, the drug 

hybridization approach represents an attractive opportunity in designing such dual inhibitors, 

which are capable of specifically targeting certain regions in the DNA, via  more than one mode 

of action as a means of avoiding the multidrug resistance problem linked to many 

chemotherapeutic drugs. Recently, increased research efforts have been focused in the design and 

synthesis of hybrid anticancer compounds that are effective and safe; however, limited attention 

has been devoted to combining the structural features of both the CPI and PBD classes in one 

compound as possible DNA sequence specific cross linkers. The current study addresses three 

synthetic pathways were designed. The first includes coupling the 4-(benzyloxy)-1-hydroxy-2-

naphthoic acid <= with the aniline analog <>. The second approach involves the coupling the 

triflate derivative ?@  with the tin methyl acetate derivative ?<. Additionally, the rational drug 
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design and synthesis of compounds that possess a blending of CPI and PBD structural scaffolds, 

with some DNA sequence specific targeting moieties such as lexitropsins and Dervan 

polypeptides. The initial target compounds were identified as 2-phenyl-1,2,10,10a-

tetrahydrobenzo[!]cyclopropa[" ]isoquinoline-3,5-dione AB and methyl 1-methyl-4-((5-oxo-

3,5,10,10a-tetrahydrobenzo[!]cyclopropa[" ]isoquinolin-2(1# )-yl)methyl)-1# -pyrrole-2 

carboxylate A? that were synthesized through an imine-anhydride condensation reaction as a key 

step to construct the benzoisoquinoline scaffold followed by reduction of the carboxylic acid 

functionality, debenzylation under  catalytic hydrogenolysis conditions and finally Winstein 

spirocyclization utilizing sodium hydride.  
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Globally, cancer is recognized as the second leading cause of mortality behind 

cardiovascular disease."  In 2020, cancer accounted for an estimated 10 million deaths, and 1 in 6 

deaths were due to cancer worldwide.# Moreover, there were 1,806,950 new cancer cases, and 

608,570 cancer deaths are expected to occur in the United States in 2021.$ Geographically, cancer 

doesn't distinguish between nations; however, it is more prevalent in developing counties.%  

Cancer is classified as a multifactorial disease in which cells are characterized by 

uncontrolled growth and division. Altered signal transduction pathways can cause tumor cells to 

spread and invade other parts of the human body through the blood and lymphatic systems by a 

process called metastasis, which is responsible for the death of 90% of cancer patients.& There are 

five major types of cancer: carcinoma, sarcoma, melanoma, lymphoma, and leukemia. Carcinoma 

is the most prevalent type; it initiates in the breast, lungs, pancreas, skin, and other organs and 

glands. Sarcomas originate in muscle, bone, fat, blood vessels, cartilage, or other body tissues. 

Melanomas are cancers that originate  in the cells that produce  the pigment in the skin. 

Lymphomas are cancers of the lymph system, and leukemia is cancer of white blood cells.  

Over the past decades, many cancer risks factors have been revealed, and this knowledge 

provided strategies for cancer control and treatment. General cancer risk factors are personal or 

family history of cancer, old age, tobacco use, obesity, alcohol, exposure to carcinogenic chemicals  

radiation, as well as some types of viral infections, like human papillomavirus (HPV).'   
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The eukaryotic cell cycle is a multifaceted process by which a cell proliferates and produces 

two daughter cells.(  This is an ordered and one-way directional series of events involving 

sequential phases, namely: the G1 phase, the DNA synthesis phase (S phase), the G2 phase, and 

the mitosis phase (M phase), during which the parent cell splits itself into two daughter cells. The 

typical cell cycle has two major phases: the interphase and the mitotic phase. The interphase is 

subdivided further into three phases: G1, S, and G2. The G1, or Gap 1 phase, is the period between 

the formation of the daughter cell and DNA synthesis. This is also when the cell may enter a 

dormant state during which the normal cellular activities are maintained (G0 phase) or continue to 

grow and differentiate. The S phase, or synthesis phase, is the period when the chromosomal DNA 

is duplicated. The G2, or Gap 2 phase, is when the cell refills its energy stores and produces 

proteins necessary for final preparations before mitosis. The M phase, or mitotic phase, is also a 

multistep process by which the cell divides into two daughters, also known as cytokinesis. 

However, most of the cell cycle period is spent in the interphase (M,.C@C@N.) *

@CA!L%$$!&1&$%!&3%&:5#,-20!

In most cells, cell cycle checkpoints are responsible for coordination between different 

phases of the cell cycle to ensure detecting and repairing genetic damage and to prevent 

uncontrolled cell proliferation. Thus, entry into the next phase of the cell cycle is not allowed until 

the previous phase is completed. Two main checkpoints are present in the cell cycle: the G1/S and 

the G2/M checkpoints. G1/S transition is a key phase in the cell cycle and is also known as a 

restriction point.(   

The cyclin-dependent kinases (CDK) and the cyclins regulate the cell cycle phase 

transitions during the cell cycle. The cyclins and cyclin-dependent kinases (CDKs) monitor a cell's 
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progress through the cell cycle. CDKs alone are inactive; thus they cannot drive the cell cycle 

forward without their partners, the cyclins. Once the CDKs are bound to the cyclins, a sensory 

system will detect abnormal DNA, and incomplete or uncontrolled cell cycle incidents. This will 

trigger a signal transduction pathway that will transport the signal to the effector and result in a 

cell cycle interruption until the problem has been resolved. The cyclins and cyclin-dependent 

kinases (CDKs) monitor a cell's progress through the cell cycle. M,.C@C@ shows the major cell cycle 

checkpoints.)   

 

The first checkpoint is a major sensor of DNA damage, and it is located at the G1/S phase. 

Damage to the DNA and incomplete DNA replication may lead to cell arrest at later stages of the 

S phase. The integrity of DNA replication is inspected by the G2/M checkpoint. Next comes the 

spindle checkpoint, which resolves any malfunction in mitosis if a functional mitotic spindle has 

not been formed properly. 

 

M,.')%!@C@F!L%$$!$,4%!&1&$%!(-+!&%$$'$()!&3%&:5#,-20C!
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Apoptosis is the mechanism that orchestrates programmed cell death when a cell cannot 

repair the damage due to insults from its environment, infection with a virus, or from stress 

conditions such as starvation due to lack of nutrients.+ Apoptosis is a multiphase process; that can 

be caused by various processes, including replacement of dead cells by new cells, proper 

development and functioning of the immune system, embryonic development, hormone-dependent 

atrophy, and chemical-induced cell death. It is controlled by extrinsic and intrinsic pathways; an 

extrinsic pathway is initiated when specific ligands ( also called death ligands) attach to death 

receptors on the cell surface; this will result in activation of caspases and ultimately cause cell 

death within hours. The three main specific cell death receptor/ligand complexes belong to the 

Tumor Necrosis Factor Receptor Superfamily (TNFRSF), which is present at the cell surface as 

pre-developed trimers: 1)TNFα and the TNF receptor (TNF-R1), 2) “Death receptors” (DR4 and 

DR5) and TNF-related apoptosis-inducing ligand (TRAIL), and 3) Fas and Fas ligand. 

Apoptosis is mediated by ligation of the death receptors via a common 

transcription/translation-independent pathway. The death-inducing signaling complex (DISC) 

production is induced by ligand binding, which subsequently splits and triggers the activator 

caspases (caspase 8 or 10), resulting in activating the second group of caspases, known as effector 

caspases, by peptidase cleavage at specific regions. Once the activation has started, the effector 

caspases conclude the apoptotic process via the breakdown of vital intracellular substrates. 

In contrast, the intrinsic pathway is a response initiated to signals from within the cell to 

induce apoptotic signaling through the liberation of the mitochondrial factor, such as damages 

caused by radiation, viral infection, nutrient deprivation, glucocorticoids, and various 

chemotherapeutic agents.+ The mitochondrial outer membrane permeabilization (MOMP) is 
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recognized as the hallmark of the mitochondrial apoptosis pathway in mammalian cells, and it is 

characterized by irreversible apoptosis induction. A sequence of caspase activation results from 

the liberation of specific proteins from the mitochondrial intermembrane space due to MOMP, 

which results in permanent events culminating in apoptosis. MOMP can be inhibited by anti-

apoptotic members of the Bcl-2 family. The Bcl-2 family is classified into three subgroups based 

on their function in apoptosis and their location at the BH regions: one anti-apoptotic group and 

two pro-apoptotic groups.",-""  The anti-apoptotic group constitutes Bcl-2, Bcl-xL, Bcl-w, Bcl-B, 

A1, and Mcl-1. The pro-apoptotic Bcl-2 family members, including Bax, Bak, Bcl-xs, Bok, and 

Bcl-GL. The other group contains the BH3-only proteins, including Bad, Bid, Bim, Bik, Puma, 

Noxa, Bcl-Gs, Blk, Bmf, and Hrk."#-"$*

Bax and Bak are key pro-apoptotic proteins that have been shown to trigger MOMP by 

creating pores of different sizes at the mitochondrial outer membrane and result in cell death."% In 

contrast, studies have demonstrated that cells become resistant to apoptosis via mitochondrial 

interference when both Bax and Bak are absent."%-"&  

Most cells contain inactive monomers of Bax and Bak in the cytosol, and around the 

mitochondria; once they are activated by direct or indirect stimulation of other proteins, like the 

BH3-only proteins, they form openings on the outer membrane of mitochondria, causing the 

liberation of pro-apoptotic factors such as cytochrome %. Bax and Bak are regulated by the 

antiapoptotic Bcl-2 family of proteins, which either block the apoptosis-activating BH3-only 

proteins or minimize access to Bax and Bak to prevent their activation. The action of the 

antiapoptotic Bcl-2 proteins is reversed by the BH3-only proteins and protein alterations (such as 

deamidation or phosphorylation) of the antiapoptotic proteins."'   
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Other pathways contribute to apoptosis, including the granzymes A and B, which both 

belong to the serine proteases family. Granzyme A triggers cell apoptosis through a caspase-

independent pathway by causing single-strand DNA nicks. It mainly aims at the SET complex 

leading to the breakdown of selected components, liberating the NM23-H1 DNase and resulting 

in single-stranded DNA nicks. Granzyme B relies on both caspase-dependent and -independent 

mechanisms for inducing cell death, including direct breakage of downstream caspase substrates. 

Caspase 3, caspase 8 and other substrates, including Bid and ICAD (inhibitor of caspase-activated 

deoxyribonuclease), are cleaved by Granzyme B, which causes an activation of the CAD 

endonuclease."(   

Another apoptotic pathway is via specific immune cells (T cells and natural killer cells), 

which eliminate tumor cells through the death-receptor pathway or the perforin/granzyme B 

pathway. Several tumor cells can avoid immune cells by minimizing the stimulation of the death 

receptor to FasL released by T cells. Evasion of immune destruction can involve different 

mechanisms, including expression of nonfunctioning Fas receptors, downregulation of the Fas 

receptor on tumor cells, and formation of large quantities of a soluble form of the Fas receptor. 

Therefore, these mechanisms will reduce the Fas ligand or expression of Fas ligand on the surface 

of tumor cells and diminish  activated tumor-infiltrating lymphocytes. 

DNA damage due to a chain of biochemical reactions can result in accumulation of the 

tumor-suppressor protein p53 and induce apoptosis. For example, alpha-interferon and beta-

interferon Interferons (IFNs) are secreted from host cells during viral infection and other stimuli, 

and enhance cancer cell-apoptosis by upregulating the transcription of p53 and increasing p53 

protein quantities. 
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The protein p53 prevents the cell from replicating by halting the cell cycle at G1, or 

interphase, to give the cell the chance to repair itself; however, if the destruction is irreparable, it 

will trigger apoptosis. Mutation of the p53 gene is commonly present in more than 50% of human 

cancers, and any alterations of the p53 gene can suppress the production of the tumor-suppressor 

protein p53. Therefore, it will result in dysregulation of the apoptosis pathway and lead to rare 

cancers in early childhood, such as Li–Fraumeni syndrome. Different factors that can cause 

damage to the p53 gene include toxic chemicals, ionizing radiation, and viruses such as 

papillomavirus in cervical cancer.") *

Metastasis, sometimes abbreviated as mets, is among the recognized hallmarks of cancer 

compared to benign tumors. Metastasis is controlled or inhibited by apoptosis via destroying 

abnormal cells. Hence, the apoptotic process is a necessary step for blocking metastasis. However, 

certain factors, like a genetic variation or environmental stimulus, may invoke tumor cells to 

escape apoptosis. Moreover, cancer metastasis may be triggered by major apoptotic factors such 

as caspase inhibitors and dysregulation of genetic markers in the intrinsic and extrinsic apoptotic 

pathways. Metastasis is a multifaceted process that can be split into five major stages: the first 

stage is invasion, which involves modifications in cell-cell and cell-extracellular matrix (ECM) 

interactions that result in enhanced cell motility. This is followed by intravasation, in which 

malignant cells travel into the circulating systems by leaving  the primary site. Next is 

dissemination, in which the malignant cells migrate to capillary beds via the  circulatory systems  

and attach to the walls of blood vessels. The fourth stage is extravasation, in which tumor cells 

migrate to their target organs through the vessels. The final stage is colonization, in which 

metastatic cells multiply and form different sizes of metastases."+*
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During early embryogenesis, the vascular network is originated in two ways, 

vasculogenesis and angiogenesis. In adults, blood vessels seldom branch out to form new blood 

vessels except in wound healing. While vasculogenesis pertains to the process whereby new blood 

vessels develop from endothelial progenitors, angiogenesis pertains to new blood vessels 

production from a pre-existing blood vessel.#,   

Under physiological circumstances, angiogenesis is vital for the human body because it 

delivers oxygen, nutrients, and blood cells to cell tissues in the body and removes carbon dioxide 

and metabolic wastes. However, pathological angiogenesis is one of the hallmarks of cancer 

progression, which is promoted by the overexpression of proangiogenic factors (PFs) such as 

vascular endothelial growth factor (VEGF), fibroblast growth factor-2 (FGF-2), platelet-derived 

growth factor (PDGF), platelet-derived endothelial cell growth factor/ thymidine phosphorylase 

(PD-ECGF/TP), angiopoietins (Ang), hepatocyte growth factor (HGF), insulin-like growth factors 

(IGFs), tumor necrosis factor (TNF), interleukin-6 (IL-6), stem cell factor (SCF), and tryptase and 

chymase. Moreover, angiogenesis in cancer results in proangiogenic and anti-angiogenic factors 

levels imbalance, which leads to the formation of a new vascular network, and tumor cells 

proliferation.#"  !

@C=!789 !02)'&2')%!(-+ !5)#5%)2,%0!

Deoxyribonucleic acid (DNA) is a genetic substance composed of two polynucleotide 

chains that encode the genetic instructions for all known organisms' development, growth, and 

function. DNA strands are coiled around each other to form a double helix carrying genetic 

information. DNA molecules are in the nucleus of each cell, which makes up the genome in the 

organism. Inside the nucleus within the cell, DNA substances are present in 23 pairs of 

chromosomes inherited from each parent and also in the relatively small mitochondrial genome. 
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Watson, Crick, and others characterized the DNA structure, which is made of a long 

chain of monomers known as nucleotides; each nucleotide is comprised of a deoxyribose, a 

nitrogenous base, including purine bases: adenine (A) and guanine (G); the pyrimidine bases, 

cytosine (C) and thymine (T), and one or more phosphate groups (M,.C!@CD). During DNA synthesis, 

two phosphate groups are lost; thus, each nucleotide contains one phosphate group in the DNA 

building block.##*
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These nitrogenous bases are attached by bonds linking the 5-phosphate group of a single 

nucleotide to the 3-hydroxy group on the sugar of the neighboring nucleotide to form a 3, 5-

phosphodiester bond.#$  

Structurally, each carbon in the deoxyribose ring is numbered from 1! to 5!. Carbon 5! 

forms a bond with the phosphate while carbon 1! forms a bond with the nitrogenous base, known 

as the N-glycosidic bond. The nucleotide is acidic due to the presence of the phosphate group. 

DNA molecules run in antiparallel sequence - that is, one strand extends in the opposite 

directions of one another. Each strand has a 5' end and a 3' end. Base pairing between adenine(A) 

and thymine(T), and guanine(G) and cytosine(C) are essential to shaping the double helix through 

hydrogen bonds; G and C base pairs are more stable than that of A and T because the former has 

three hydrogen bonds whereas the latter has only two hydrogen bonds. Purines occupy more space 

than pyrimidines because they have a bicyclic core. 

A single twist in the duplex DNA consists of 10 base pairs. There are two helical grooves 

within the DNA formed by the sugar-phosphate backbone attached to the heterocyclic bases. The 

major groove is located where the backbones are far from each other, whereas the minor groove is 

located where the backbones are near to each other.#%  

Some proteins can bind to DNA, either specifically or non-specifically, to modify its 

structure or influence transcription and replication. In terms of nonspecific interactions, a protein 

can bind to parts in the DNA, such as a histone-DNA interaction.#& In contrast, specific binding 

involves protein interaction with sequence nucleotides within the major groove of the DNA.#'  Due 

to the large molecular weight of proteins and the relative disproportions in the sizes of the grooves, 

proteins tend to fit better within the major groove leaving the minor groove more accessible to 

potential interaction with drugs.#(*
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In biological systems, the DNA duplex structure is present in different forms, namely: the 

A and B-forms of DNA, which adopt the right-handed twist, and the Z-form of DNA, which 

assumes the left-handed twist. The B-form DNA, is the Watson–Crick form and the most common 

conformation in vivo; it is characterized by a narrow and elongated helix, with a wide major groove 

easily accessible to macromolecules such as proteins; and a deep, narrow minor groove. The 

presence of high-water concentration in the minor groove influences the DNA to adopt the B-form. 

Furthermore, it consists of 10 base pairs within a single helix twist, which looks like a winding 

staircase. The conformation of sugar puckering represents a key difference between the A and B 

forms; the deoxyribose sugar assumes the C2'-endo in B-DNA whereas C3'-endo occurs in A-

DNA. Also, there is a relative discrepancy in distance between the phosphorus (P) at C3' and C5'.#)  

The Z-DNA contains 12 base pairs within a single twist, the helical bases alternate between the 

anti conformation and the syn conformation compared to the anti conformation of the bases in B-

DNA. Compared to the A or B form, it has a narrower and elongated helix. Also, it consists of a 

narrow minor groove but no presence of a major groove. Moreover, it is present under specific 

environments, for instance, alternation of purine and pyrimidines bases, high concentration of salt 

or cationic species like spermine, binding of Z-DNA specific proteins, a high degree of negative 

supercoiling of the DNA, and alkylation of C-5 of the deoxycytidine nucleotides. Chiral metal 

complexation is a technique that can be utilized to distinguish between the Z-DNA and the A and 

B types.#+*

@C>!789!(-+!J)(-0&),52,#-!M(&2#)0!(0!J().%20!4#)!L3%*#23%)(51 

Genetic mutations or gene expression defects are linked to diseases such as cancer.$,  

Regulatory gene proteins called transcription factors (TF) are one of the major classes of DNA 

binding proteins; they bind with their cognate DNA sequences, regulate gene expression (genetic 



 
 

12 
 

transcription and protein synthesis), and control the cell cycle. Any given gene has three regions, 

an enhancer or a silencer region, a promoter region, and a coding region.$"*

The transcriptional activity of a gene is regulated by two types of transcription factors that 

bind at the different sites within the gene, general transcription factors and specific transcription 

factors. Recruitment of RNA polymerase II (RNA pol II) to begin transcription is triggered by six 

different general transcription factors; they combine and produce a functional preinitiation 

complex. The six general transcription factors associate together and form a functional 

preinitiation complex that recruits RNA polymerase II (RNA pol II) to initiate transcription. 

Nevertheless, the general transcriptional process produces a low basal transcription level and it 

overcomes this limitation by increasing the rate of gene expression and attaching to specific 

regions in the gene and promoting (serving as an activator) or blocking (serving as a repressor) the 

recruitment of RNA polymerase through the multicomponent mediator protein complex. Targeting 

specific TF by selectively inhibiting it from binding to its cognate DNA sequence is a suitable 

approach because this will avoid the detrimental effect of either blocking common parts of the 

transcription machinery or impeding enzymes promoting upstream signaling.$#*

There are three approaches by which small molecules target/regulate transcription factors 

that include; (1) the TF DNA-binding domain, (2) the domain responsible for dimerization of two 

TFs, or one TF and its co-modulator (coactivator or mediator), or (3) the specific TF cognate DNA 

sequence (M,.C!@CA).$*

*

*

*

*
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*

*

General transcription process such as enzymatic activity is heavily regulated by all 

transcription factors. Thus, blocking any common part, such as upstream signaling, should be 

avoided because this could cause nonspecific outcomes. It is important to specifically target a 

single transcription factor, such as a direct interaction between a small molecule (a bioactive 

compound) and the selected transcription factor's DNA binding domain, thereby blocking the 

transcription factor from attaching to its DNA target sequence.$% As such, the DNA binding 

domain of the TF could be targeted by a small-molecule inhibitor and thus interrupt the 
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transcription factor from attaching to its DNA sequence. For instance, Rishi &'$(). reported that a 

small molecule inhibited specifically C/EBPa transcription factor via its DNA binding domain. 

One disadvantage of this mechanism is that some DNA binding domains on TFs are unfolded in 

the absence of their DNA target sequence, and this could destabilize a protein conformation and 

result in failure to inhibit the TF from binding to its DNA sequence.$& 

Another approach of TF regulation is by disruption of protein-protein interactions (PPIs). 

PPIs typically happen between either two TFs (forming homodimers or heterodimers) or one TF 

and its co-regulator. PPIs bind to DNA cooperatively, as either homodimer or heterodimer 

complexes and influence gene expression. For example, activation of the signal transducer and 

activator of transcription (STAT) family of transcription factors, specifically STAT3, by Janus 

kinases (JAKs) have shown to be upregulated in cancer. STAT3 consists of the Src homology 2 

(SH2) domain, which binds to the STAT3 counterpart and forms a homodimer complex.$'  Several  

studies have found that STAT3 blockage results in the apoptosis of cancer cells.  Another example 

of disruption of protein-protein interactions (PPIs) is by stabilizing the p53 tumor suppressor which 

is essential to prevent cancer cell growth by controlling cell-cycle, promoting apoptosis, or DNA 

repair. On the other hand, Mouse double minute 2 homolog (MDM2), also known as E3 ubiquitin-

protein ligase, is a master regulator enzyme, which degrades p53, results in loss of function of p53, 

and likely enhances tumor growth. Therefore, p53-MDM2 perturbation is a promising approach 

to potentially modifying tumor progression. In recent years, extensive work has led to the 

discovery of the first known p53-MDM2 binding inhibitors called Nutlins. This class of inhibitors 

acts by occupying the binding space of p53, preventing p53-MDM2 dimerization. 
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 An alternative way is to act on the  PPI domain on the TF by inhibiting the binding of 

coactivators through a small molecule because binding directly to the coactivator may disturb the 

expression processes of many TFs.$(   

Despite the great potential significance of modulating transcription factor dimerization or 

coactivator/mediator interactions by small molecules, the lack of specificity in the protein-protein 

interface structures and the absence of a well-defined binding pocket render them challenging drug 

targets for further development.$)     

The third approach blocks the specific TF cognate DNA sequence, which has shown some 

benefits over the above-mentioned approaches.$+ Small molecules interact with DNA via either 

intercalation or groove-binding interactions or a mixed mode.%, Sequence-specific DNA binders 

(major/minor groove DNA) such as polyamides have been shown to target specifically one DNA 

chain sequence and eventually block TF-DNA binding.$)  Furthermore, Raskatov et al.%"  

demonstrated that pyrrole–imidazole polyamide minor groove binders inhibited binding of NF-kB 

to their target DNA sequences, dubbed κB sites (GGGRNYYYCC, where R= purine, Y= 

pyrimidine, and N= any base), and minimize the expression of NF-κB–driven genes such as IL6 

and IL8. The increased specificity towards a certain DNA sequence is advantageous because 

specific enhancers are linked to the function of a TF in a specific cell type, and this has been 

considered an attractive strategy for cancer drug discovery.%# However, compounds binding 

directly to DNA are associated with unfavorable effects, such as conformational alterations in the 

human genome, potentially resulting in unpredictable effects.%,  

@C<!789!($:1$(2,-.!(.%-20  

The sulfur mustard was the first alkylating agent used in chemical warfare during World 

War I and II.%$ This finding was followed by its first use as an anticancer drug in an animal model 
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to destroy carcinogen-induced tumors, such as lymphomas.%% However, it was suspended from 

clinical use due to severe toxicity; this led to the discovery of less toxic nitrogen mustard 

candidates such as melphalan, chlorambucil, and cyclophosphamide, which are widely used in 

clinical practice to treat both hematological and solid cancers.%& Generally, alkylating agents kill 

cancer cells by targeting the DNA or proteins via replication blockage; they can form a covalent 

bond with an endogenous ligand under physiologic conditions.  

Intriguingly, nucleophilic or electrophilic species within an alkylating agent can initiate a 

chemical reaction to DNA and form a covalent bond; some nucleophiles, including hydrazine, 

hydroxylamine, and bisulfite, are known to undergo covalent adduct formation with DNA bases 

under physiological conditions. In contrast, either nitrogen or oxygen atoms in the nitrogenous 

bases of DNA can act as nucleophiles, excluding the nitrogen atoms involved in the nucleoside 

bond (N9 and N1 in purines or pyrimidines). Interactions between nucleophiles and electrophiles 

are governed independently by the molecular orbital overlap between the highest occupied 

molecular orbital (HOMO) of the nucleophile and the lowest unoccupied molecular orbital 

(LUMO) of the electrophile (orbital control), and electrostatic attraction between positive and 

negative charges (electrostatic control).  

Alkylating agents are "soft" electrophiles in nature; they react primarily with soft nitrogen 

atoms of DNA bases, in the following order: N7 of guanine > N1 of adenine > N3 of cytosine >N3 

of thymine. Diazonium salts, formed from nitrosoureas and other anticancer agents, are candidates 

of medicinally relevant "hard" electrophiles, which favorably alkylate oxygen atoms at phosphate 

residues and carbonyl oxygen atoms in DNA bases, especially O-6 of guanine. Factors that limit 

DNA alkylation are steric effects and nucleophilic sites placed inside the double helix, which are 
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less available for alkylation. On the contrary, other exposed sites, like the major and minor groove, 

are more susceptible to attack.%'*

Alkylating agents significantly affect the structure and dynamics of DNA, which results in 

numerous effects, including prevention of DNA replication and RNA transcription from the 

affected DNA.%( They are divided into monofunctional alkylating agents, indicating reactions with 

only one strand of DNA, and bifunctional alkylating agents, implying cross-linking between DNA 

and associated proteins or between two complementary DNA strands (interstrand cross-linkage). 

Despite the success of DNA damaging drugs in destroying cancerous cells, adverse toxicity to 

non-targeted tissues continues to challenge the healthcare community.%)*

@CB!9$:1$(2,-.!(-+!8#- P9$:1$(2,-.!9.%-20!G-2%)(&2,-.!I,23!23%!789!",-#)!Q)# #6% 

Compounds interact with the DNA minor groove reversibly by (1) binding specifically to 

the DNA groove, which does not involve conformational changes to  DNA, and (2) intercalation 

of planar or quasiplanar aromatic ring systems between adjacent base pairs in a non-sequence 

specific manner.  

There are four key differences between major and minor grooves in their molecular 

recognition pattern: electrostatic potential, hydration, hydrogen bonding ability, and steric 

hindrance. Molecular recognition in biology generally relies on an exact fit between the surfaces 

of two molecules, and the study of gene regulatory proteins has provided some of the clearest 

examples of this principle. Large biomolecules such as proteins and oligonucleotides typically 

bind to the major groove, while small molecules with a torsional degree of freedom bind the curved 

shape minor groove.&*

!

!
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@C?!8%2)#50,-/!7,02(*1&,-!(-+!)%$(2%+!&#*5#'-+0!

The prototypes of minor groove binders (MGBs), Netropsin @, and Distamycin A D (M,.C!

@CO) were the first naturally occurring antibiotics agents discovered to interact with the minor 

groove in a non-covalent manner via hydrophobic interactions and hydrogen bonding. Thus, these 

compounds inhibit DNA and RNA formation by preventing the corresponding polymerase 

reaction, which exhibited a remarkable sequence specificity and ignited interest.  

 

 

 

 

 

 

 

 

 

Despite the demonstration of sequence specificity, these compounds lack antitumor 

activity.%+ Furthermore, distamycin and its analogs were among the early compounds to be 

evaluated for their DNA sequence specificity, which displayed a high affinity for A-T rich 

regions.&, Hydrogen bonding interactions, comprising hydrogen acceptor groups in DNA bases 

(M,.C!@C=), mainly N3 and C2=O of the adenine-thymine or guanine-cytosine pairs, are the driving 

forces in ligand-DNA minor groove interaction. 
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Additionally, the primary determinant of hydrophobic interaction between the MGB and 

the minor groove is the high hydration properties of the minor groove, specifically the water 

molecules surrounding the AT-rich region, which are in a highly ordered state, and their exclusion 

by the MGB results in a greater contribution to the entropic binding energy (hydrophobic effect). 

A-T rich regions are more hydrated than G-C rich ones; consequently, they offer a greater 

entropic contribution to the binding entropy. Also, the AT-rich region displays a greater negative 

electrostatic potential than the GC-rich regions, thus forming more electrostatic interactions with 

positively charged moieties in the ligand. (M,.C!@C>). 
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Adding more N-methyl pyrrole-2- carboxamide constituents or substituting some pyrrole 

rings with imidazole and synthesizing hybrid structures have yielded promising compounds with 

increased antitumor properties, such as tallimustine A and brostallicin (PNU-166196, O) (M,.C!

@C<).&"*
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The distamycin A framework is conjugated with the benzoyl nitrogen mustard part in 

tallimustine that acts as an alkylating moiety. Due to severe myelotoxicity, a common issue in 

many minor groove binders, tallimustine was discontinued from clinical development.&# In contrast 

to tallimustine A, brostallicin (PNU-166196, O) exhibited an acceptable myelotoxicity and is now 

in phase II clinical trials.&$ Brostallicin is a synthetic a-bromoacrylamido derivative made of 

pyrrole rings, in which a guanidine moiety substitutes the ultimate amidine moiety. 

Another MGB, Hoechst 33258 or pibenzimol = (M,.C! @CB), was initially used as an 

antiparasitic agent, which showed antitumor activity by binding AT-rich sequences and reached 

Phase I clinical trials. However, it was halted due to hyperglycemia in some patients.&%*

According to X-ray diffraction reports, the DNA- Hoechst 33258 bound complex, display 

similar binding pattern to that with distamycin. Thus, the N–H groups of the benzimidazole rings 

can be considered as bioisosters of the amide N–H groups in distamycin.&&  
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@C@V!",2#*1&,-0! !

Mitomycin C > (M,.C! @C?) is a natural product that was isolated from Streptomyces 

caespitosus. Mitomycin C possesses antitumor properties and contains a quinone and aziridine 

ring. Mitomycin C has shown activity against several different types of cancer, such as bladder, 

breast, lung, esophagus, and stomach cancer. Its mechanism of cytotoxicity involves reductive 

activation followed by two N-alkylations of DNA.&'  The prototype of reductively activated 

alkylating agents are the mitomycins. The reductive activation of the quinone functionality 

represents the most important structural feature in these compounds because it mimics the 

substrates of reductases.&( Furthermore, these compounds are particularly beneficial in treating 

oxygen-deprived tumors because the bioreduction to hydroquinones is not reversed by oxygen in 

these locations.&) The mitomycin C derivative, called porfiromycin <!(M,.C!@C?), is also a naturally 

occurring compound, which has demonstrated antitumor activity in animal models and has 

advanced to Phase III clinical trials to treat head and neck cancer along with radiotherapy, and was 

less toxic and had promising activity.&(*
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The tertrahydroisoquinoline alkaloid antitumor agents typically alkylate DNA by binding 

to specific nucleotide sequences within the minor groove. The presence of quinone units allows 

these compounds to undergo reductive alkylation and generation of oxygen radicals through their 

one-electron reduction to a semiquinone species. This class of compounds forms an intermediate 

iminium species, which requires either a hydroxyl or a nitrile group on the pyrazine ring !  to the 

isoquinoline nitrogen, followed by DNA alkylation. The ecteinascidins are broad-spectrum 

antitumor agents, as exemplified by Ecteinascidin 743 (ET-743, trabectedin) B (M,.C!@C@V), which 

was separated from the marine tunicate Ecteinascidia turbinate, and has displayed several orders 

of magnitude more potency than other tetrahydroisoquinoline alkaloids.&+  
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ET-743 has advanced into Phase III clinical studies for several types of cancer, and it was 

approved as an orphan drug for soft tissue sarcoma and ovarian cancer.',  The presence of the 

iminium species generated at C-21 by loss of the hydroxyl group allows for nucleophilic attack by 

the guanine amino functionality (E&3%*%!@C@). 

 

 

@C@D!S1))#$#X@/OY;%-U#+,(U%5,-%0!

The pyrrolo[1,4]benzodiazepine (PBD) class of compounds are natural antitumor 

antibiotics, including anthramycin ?, tomaymycin @V, and sibiromycin @@!RM,.C!@C@@N. They react 

with the minor groove of DNA to form covalently bound adducts and demonstrate antitumor 

activity against several tumors; however, their clinical use was halted due to their cardiotoxicity 

and tissue necrosis. 
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X-ray diffraction has shown that these molecules form a covalent linkage with the 2-amino 

group of guanine via an intermediate iminium species.'"  The mechanism of activity of these 

compounds involves inhibiting the DNA-dependent RNA and DNA polymerase reactions by 

binding to the DNA template. The DNA alkylation selectively inhibits both the replication and 

transcription of DNA only.'# *

Based on X-ray diffraction, the amine N2 of guanine is the group responsible for the 

covalent bond formation, and the favored binding sequence is T-G-G. Alkylation of anthramycin 

occurs via the C11 position to the N2 amine of the penultimate guanine of the chain (E&3%*%!

@CD).'"   

M,.')%!@C@@F!L3%*,&($!02)'&2')%0!#4!S1))#$#X@/OY;%-U#+,(U%5,-%0!(-($#.0C!
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@C@A!L1&$#5)#51$,-+#$%!($:1$(2,-.!(.%-20!

Naturally occurring products, (+)-CC-1065 @D and the duocarmycinsA @A, and 

SA @O (M,.C!@C@D) were separated from the culture broth of Streptomyces species and have been 

shown to display remarkably antitumor activity in vitro and in vivo.'$  The first member of this 

class is (+)-CC-1065, it was isolated in small amounts from the culture of S. zelensis in 1978, and 

its structure was confirmed by X-ray crystallography in 1981. Although CC-1065 was initially 

selected for further profiling, deaths in animal models due to hepatotoxicity halted the 

advancement of this candidate.*'%*

More recently, (+)-yatakemycin @=, separated from Streptomyces species, has been shown 

to elicit antitumor activity.'&   
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These compounds have exhibited a characteristic and distinguishable sequence-selective 

alkylation of adenine N3 in AT-rich sites within the minor groove by the least substituted carbon 

of the activated cyclopropane.''  The apoptotic property of these compounds is thought to be due 

to minor groove binding as observed for the duocarmycins.'( *

The 4-spirocyclopropylhexadienone pharmacophore component is common among this 

class of compounds. The electrophilic feature of the cyclopropane ring renders them quite 

electrophilic for nucleophilic attack. This causes the electron of the cyclopropane ring to be 

released upon ring-opening and delocalized into the cyclohexadienone system with concomitant 

aromatization (E&3%*%!@CA). 

 The presence of the nitrogen atom in conjugation with the enone system in these natural 

products instills stability toward nucleophiles at neutral pH, thus severely reducing their 

electrophilicity. These compounds bind selectively to the narrower, deeper AT-rich regions in the 

minor groove because they adapt helical conformations. Accordingly, the degree of 

conformational change of these compounds results in a twist in their carbon-nitrogen bond out of 

M,.')%!@C@DF!L3%*,&($!02)'&2')%!#4!&1&$#5)#51$,-+#$%!(-($#.0C!
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conjugation with the enone system, thus diminishing the nitrogen stabilization of the enone system 

and hence, increasing the nucleophilic attack at the cyclopropane. This selective alkylation occurs 

most favorably in A-T-rich regions of the minor groove (E&3%*%!@CA).') *

 

Consequently, the stability of the spirocyclopropyl group is increased 100X at pH 7 due to 

the presence of the nitrogen atom of the vinylogous amide. Furthermore, it was observed that the 

reaction kinetics of DNA alkylation varies by less than a factor of 2 over a physiologically relevant 

range of 2 pH units demonstrating that the alkylation reaction is not acid-catalyzed supporting an 

S! 2-type reaction.'$ *

The high stability of the conjugated cyclopropane system in (+)-CC-1065 and 

duocarmycins allow these molecules to remain solvated in an aqueous medium at pH 3, as this 

stability is substantiated by an intrinsic property of the structure, the vinylogous amide at N12. It 

has been hypothesized that DNA alkylation catalysis results from the interruption of the cross-

conjugated vinylogous amide stabilization due to a DNA binding induced conformational change 

and triggering the agents for nucleophilic reaction. Following potent activity observed by the 

duocarmycins, continuous medicinal chemistry efforts have been invested in developing highly 

potent antitumor analogs with improved safety and tolerability profiles. Thus, highly diverse 

E&3%*%!@CAF!789!($:1$(2,#-!;1!RZNPLL P@V>=C!!
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structural modifications of the alkylating and the binding subunit led to the development of novel 

bifunctional alkylating agents.'+  Moreover, a hybridization-based approach was utilized by 

conjugating the alkylating subunit with lexitropsins, Dervan hairpin motif polypeptides, or 

attachment with other alkylating agents. This approach has been extended to include analogs 

containing the natural cyclopropylpyrroloindole (CPI) or modified  cycloindole (CI), 

cyclobenzoindoe (CBI), duocarmycin stable A (DSA), cyclobenzoquinoline (CBQ) alkylation 

subunits (M,.C!@C@A) joined to the same DNA binding subunits, which have been found to alkylate 

DNA at the same sites. The selectivity of these agents differs based on the chemical stability of 

the alkylating subunit in the order of (DSA > CBI > CPI > CBQ > CI).(, .(#*
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@C@O![,4'-&2,#-($!($:1$(2,-.!(.%-20 !

To increase the binding constant of bifunctional alkylating compounds, bifunctional or 

even polyfunctional compounds have been designed. A set of bifunctional alkylating agents 

containing the alkylating subunit DSA have been evaluated against the L1210 cell line and showed 

10-fold more potency (@>, @<) than the unnatural enantiomer (@B, @?) (M,.C!@C@O).($*

 

Racemic dimers of seco-CBI compounds (DV and D@) joined via either C7 or N3 by a 

flexible methylene linker (M,.C!@C@=), were assessed against a panel of NCI 60 human tumor cell 

line and the order of activity was found to be C7-C7 dimer (DV) < C7-N3 dimer < N3-N3 (D@) 

dimer, with GI&,*varying from 41.6 μM to 0.0120 μM.(% Interestingly, these compounds' antitumor 

activity and selectivity were based on the linker length, primarily seen in the C7- N3 series where 

n = 6 had potencies equal to those of the most active N3-N3 compounds. 
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@C@=!\1;),+!(.%-20 !

Molecular hybridization is a strategy used to address limitations related to therapies in 

many diseases, including cancer, such as intrinsic and acquired resistance to anticancer drugs and 

indiscrimination between normal cells and cancer cells. Thus, drugs acting on multiple 

intracellular signaling pathways in cancer were designed and developed by covalently linking two 

or more known bioactive pharmacophores from two or more drugs (naturally or synthetically) to 

form a novel single drug, a hybrid agent. These hybrids may improve or modify the pharmacologic 

properties of individual components or lead to entirely new features.(& This approach is commonly 

utilized nowadays. It has generated significant benefits over the conventional anticancer drugs, 

such as improved activity and selectivity and reduction of adverse drug effects and has led many 

anticancer hybrid agents to advance to clinical trials. 

Duocarmycin alkylating moiety mixed with other minor groove binders has generated 

novel hybrid compounds, which have been evaluated for cytotoxicity, and DNA alkylation, and 

cross-linking properties. Among the hybrids tested for cell viability assay, the CBI unit conjugated 

with the DNA-binding domain of bleomycin A2 (a glycopeptide antitumor antibiotic with the 

ability to cleave DNA) resulted in a significant reduction in cytotoxicity!DD (M,.C!@C@>).('   
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@C@>!^%_,2)#50,-!31;),+0!

Lexitropsin is a term coined by Lown et al., also known as minor groove binders (MGB), 

which refers to classes of small semi-synthetic DNA-binding oligopeptides molecules that are 

known to bind to specific DNA sequences with high selectivity.((-()  These compounds have 

potential advantages over current toxic chemotherapy because they can bind reversibly in the 

minor groove of DNA and regulate gene expression without causing permanent DNA damage. 

These molecules possess favorable structural features (flat due to aromaticity, curved shape 

(although this is not an essential requirement), and contain well-placed hydrogen bonding groups, 

cationic end groups, and well-positioned van der Waals contacts that allow them to fit well within 

the minor groove of DNA. The first two compounds discovered were Distamycin A and Netropsin, 

which are members of the polyamide class of minor groove binders that bind to AT-rich regions 

of DNA that regulate transcription in the genome. Initial findings from Distamycin A and 

Netropsin sparked interest in the design and development of compounds that bind not only to A-T 

sequences but also to G-C base pairs. This led to the generation of a series of lexitropsin analogs, 

which involved using other heterocycle rings such as thiazole, triazole, pyrazole, imidazole, or 

M,.')%!@C@>F!L3%*,&($!02)'&2')%!#4!;$%#*1&,-PL[G! 31;),+ !&#*5#'-+ /!DDC!
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oxazole as suitable replacement for the pyrrole ring. Among these analogs, the imidazole and 

pyrrole-lexitropsins DA, DO, D= (M,.C!@C@<), have shown higher affinity to G-C sequences compared 

to the thiazole and furan-lexitropsins D> and D< respectively (M,.C!@C@B).(+.)#   
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Cozzi et al. explored the area of MGBs by incorporating diverse alkyl moieties on the 

carbon and nitrogen atoms on the pyrrole ring and replacing the tail groups with dimethyl 

aminopropyl (DMAP) only, which generated an array of MGB analogs.)$  However, based on 

electrophoresis (CE) studies, analogs with a higher number of alkyl groups on the pyrrole ring 

exhibited weak binding or no binding at all to the sequence AAATTATATTAT.)%*

The helical conformation of CC-1065 allows its CPI moiety to bind selectively to the 

narrower minor groove, specifically at N-3 of adenine in A-T-rich regions in the minor groove.)& 

However, due to severe hepatotoxicity risks caused by CC-1065, new analogs consisting of CPI 

moieties have been generated with a favorable safety profile.)'  Also, a series of 

distamycin/lexitropsin hybrids were developed to address potency, water solubility, and toxicities 

of the pyrazole-CPI analogs.'% Notably, among developed hybrids tested against the L1210 cell 

line, tripyrrole hybrid)(  displayed 2- to 8-fold more cytotoxicity with stronger minor groove 

binding through multiple hydrogen-bonding and van der Waals interactions compared to the 

mono- and dipyrrole hybrids.))  Moreover, tripyrrole hybrid was shown to reduce the viability 

against T- and B lymphoblast cancer cells at subnanomolar concentrations. Another avenue to 

target G-C sequences is by joining connecting G-C-recognizing fragments with a netropsin-like 

compound.)+*

Studies have shown that traditional alkylating agents such as the nitrogen mustards 

chlorambucil preferentially bind to the major groove of DNA, specifically at the N-7 position of 

guanine. On the other hand, anthramycin and mitomycin C bind to the minor groove and form 

complexes with the exocyclic amino group guanine.)+*
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Driven by the promising results, a series of CPI hybrids were generated, showing in vitro 

activity (IC&,=0.76 fg/L) against KB tumor cells. These compounds were found to react covalently 

in the minor groove.+, *

Similarly, Dervan,+".+$ Sugiyama,+%.+( Lee,+)."""  Laemmli,""# .""% Kodadek""&-""'  and 

others""( .""+  have made extensive efforts to develop polyamides (PAs). These polyamides can 

recognize and bind the minor groove of DNA in a specific manner comparable to DNA-binding 

proteins. 

Dervan’s PAs pairing rules using three aromatic ring amino acids, hydroxypyrrole 

(Hp, DB), imidazole (Im, D?), and pyrrole (Py, AV)  (M,.C!@C@?); which have been developed to 

allow target prediction and rationally control the binding of the polyamides to specific sequences 

in the minor-groove of DNA. Also, they have shown favorable cell-permeability and competitive 

displacement of various transcription factors from cognate binding sites, resulting in 

downregulation of gene expression profiles."#,  Blockage of RNA pol II elongation was observed, 

as well as degradation of the large RNA pol II subunit and induction of the p53 stress response, 

without DNA impairment."#" *

 

 A set of hybrid compounds has been synthesized by linking the polyamide with alkylating 

subunits that can target a hairpin motif to specific nucleotide sequences with sub-nanomolar 

affinity in the minor groove dsDNA. Specific hydrogen bonds and shape complementarities in 
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Dervan's polyamides act as key controllers for ensuring stable interactions with the different edges 

of the four Watson- Crick base pairs. For example, the N atom located in the imidazole ring forms 

a hydrogen bond with the exocyclic NH# of guanine. Moreover, the 3-hydroxypyrrole Hp ring 

favors thymine over adenine due to steric factor, and the OH group present in Hp can form 

hydrogen bonds with the lone pair of electrons at O# of thymine."## The pairing rules have been 

useful to discriminate each of the Watson-Crick base pairs by joining two unsymmetrical pairs of 

five-membered rings, which appeared valuable by rationally controlling specificity in hundreds of 

DNA sequences. For instance, Im/Py is specific for G.C. and Hp/Py for T.A."#$ CPI and CBI 

analogs (A@ and ADN!(M,.C! @CDV) incorporating large imidazole/pyrrole polyamide chains for 

binding dsDNA, which can target G-C base pairs, have been synthesized and reported. 

DNA alkylation by A@ has been shown to inhibit gene transcription by the alkylation of a 

site in the gene coding region. The natural 12S enantiomer of CBI analog AD was shown to be an 

order of magnitude more cytotoxic than the unnatural enantiomer in the conjugate. 
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@C@<!S1))#$#;%-U#+,(U%5,-%!31;),+!(.%-20!

As mentioned previously, Pyrrolobenzodiazepine (PBD) analogs, specifically alkylate 

DNA on guanine, and the duocarmycins target adenine. Therefore, it has been postulated that 

combining the duocarmycins and PBD agents would generate hybrids with higher selectivity and 

potent cytotoxicity, capable of alkylating both AT and GC sequences, respectively to span several 

DNA base-pairs. To further support this hypothesis, the PBD–CPI hybrid UTA-6026 (AA)  (M,.C!

@CD@) was designed by Hurley and co-workers utilizing a molecular modeling strategy to extend 

the hybrid over six base pairs, alkylating guanine through the PB and adenine via the CPI unit."#% 

An indole moiety was incorporated as part of the central linking unit to strengthen the hybrid's 

interaction with functional groups in the minor groove via van der waals forces. Moreover, based 

M,.')%!@CDVF!L3%*,&($!02)'&2')%!#4!LSG!(-+!L[G!&#-2(,-,-.!,*,+(U#$%!(-+!
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on cell viability assays, it has shown enhanced cytotoxicity with nanomolar to sub-nanomolar 

activity toward human non-small cell breast tumor cell-line (MCF-7), colon tumor cell-line 

(SW480), and lung tumor cell-line (A549). By using non-denaturing gel electrophoresis, Hurley 

and co-workers found out that the number of methylene groups in the linker (n=3) between the 

C8-position of the PBD and the amide functionality (joining to the indole ring of the CPI) permitted 

an optimal orientation for the PBD and CPI units to fit in the correct position in the minor groove 

to alkylate DNA co-operatively. This initial finding was validated by thermal cleavage gel-based 

assay to locate adenine cleavage sites.  
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@C@?!b%0%()&3!#;a%&2,6%0!

 Multidrug resistance (MDR) and drug toxicity are the main factors leading to treatment 

failure with many chemotherapeutic agents, and this has sparked significant interest in designing 

and synthesizing new anticancer agents that are more effective towards the specific target with less 

toxicity. 

 As mentioned previously, Duocarmycin SA @O and anthramycin ? have demonstrated 

potent activity against several cancer cell lines with high sequence selectivity in the DNA minor 

groove in the A-T and G-C rich regions, respectively. Therefore, they possess potential benefits 

by targeting specific sites in the diseases associated with the modulation of certain genes. !Dual 

target inhibition in cancer therapy by a single agent is more effective than administering more than 

one drug in the treatment regimen. The purpose of developing dual-targeting agents is to overcome 

poor activity, MDR, and toxicity, which are frequently present when applying individual targeting 

agents. Consequently, dual inhibitors are expected to achieve favorable outcomes in cancer 

therapy. Dual inhibitors are linked by a covalent bond and are divided into two types, the first type 

of these inhibitors reach their targets at the same time and act on two different sites in the target 

receptor, and the second type act on two different sites or it has two different mechanisms of 

actions. Therefore, it has been anticipated that combining the structural features of two or more 

biologically active compounds such as duocarmycins and anthramycin scaffolds into one molecule 

may give rise to hybrid molecules with entirely new properties that are capable of improved dual 

sequence-specific recognition binding and provide favorable therapeutic outcomes.  

This project aims to design and synthesize hybrid molecules derived mainly from the 

natural product compounds, duocarmycin SA and anthramycin acting as highly sequence selective 

DNA minor groove alkylators in the A-T and G-C rich regions. Also, other chemical substituents 
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will be incorporated to improve selectivity using *+$,*)*%- approaches. Previous work from our 

laboratory has reported an innovative synthetic strategy, which was utilized to synthesize hybrid 

compounds AO (Venkatram et al),"#& A= !(Tinkleman et al),"#'  A> and A< (Sherif et al)"#(  (M,.C!@CDD)  

by incorporating several key structural features from Anthramycin (DV), Duocarmycin A (@A), 

Duocarmycin SA (@O), and (+)-CC-1065 (@D). Moreover, hybrid A=!demonstrated potential  

antineoplastic activity against NCI 60 panel of cancer cell lines."#' *

 

 

 

 

 

 

 

 

 

 

 

 

 

In the current study, substituents such as the phenyl ring and Dervan's pyrrole amide were 

incorporated into target compounds AB and A?!(M,.C!@CDA) to investigate the DNA-sequence 

selectivity.  
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The specific aims of this research are: 

1.Virtual screening and pharmacodynamic and pharmacokinetic prediction of the hybrid 

compounds using Schrödinger software. 

2. Synthesis of the target compounds. 

3. In vitro studies such as cell viability assay (MTT) to evaluate the activity of the compounds.  
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E%&2,#-!DF!"#$%&'$()!* #+%$,-./!+%0,.-/!(-+!01-23%0,0!#4!0#*%!5#2%-2,($!0%$%&2,6%!789!* ,-#)!

. )##6%!( $:1$(2#)0!

DC@!G-2)#+'&2,#-!

 Over the last decades, duocarmycins natural antibiotics and (+)-CC-1065 (M,.C!DC@) have 

been studied extensively by several groups."#)  These compounds were isolated from Streptomyces 

strains in the late 1980s. They are notable for their potent antitumor properties as demonstrated by 

their cytotoxicity across different cancer cell lines in the picomolar range.)&-"#+  

 

 

 

 

This class of compounds exerts their biological activity via dual mechanisms: binding to 

the minor groove of DNA and sequence selective alkylation of the N3 of adenine residues."$,  Once 

the compound is bound to the minor groove, the angle strain in the cyclopropane moiety enhances 

its reactivity being an electrophile for SN2 displacement reaction with the nucleophile adenine-N3 

region of the DNA, subsequently, inducing transcription factor (TF) inhibition and ultimately gene 

silencing."$" *

Extensive efforts led to the synthesis of duocarmycin and CC-1065 analogs, such as 

adozelesin, bizelesin, carzelesin, and KW2189, with activity at nanomolar and picomolar 

concentrations. However, they have been discontinued due to clinical toxicity. Subsequently, 
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newer analogs have been developed to consider several factors, including target selectivity, higher 

activity, and minimal systemic toxicity."$# Recently, DUBA, a duocarmycin analog, has been used 

in the latest drug delivery technology, the antibody-drug conjugate (ADC), and has progressed into 

clinical trials to target HER2-expressing breast cancers."$, *

PBDs from the Streptomyces species were discovered in the 1960s, which exemplified by 

anthramycin (M,.C!DCD), and recent efforts have focused attention on this group of compounds 

because of their potent cell-killing activity. Anthramycin has been shown to exhibit antitumor 

properties in vitro and in vivo."$$ Furthermore, it has been shown to bind the minor groove of 

DNA, specifically the G-C rich region, leading to transcription factor inhibition and ultimately 

resulting in gene silencing."$%-"$&  

 

Anthramycin possesses an electrophilic carbinolamine at N10-C11functionality,"$'  which 

can be attacked by the 2-amino group in guanine and forms a covalent bond. Although anthramycin 

is effective as an antitumor agent against various cancer types, its use was halted due to severe 

cardiotoxicity."$(   
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For the last 40 years, the tetrahydroisoquinoline core has been recognized as one of the 

most privileged scaffolds in many bioactive compounds and newly discovered drug candidates*

(M,.C!DCA).&+*

 

It has attracted much interest due to its promising biological profiles. As such, it is believed 

that this skeleton still represents an essential class of pharmacological molecules because it 

possesses a plethora of biological activities, acting as HCV NS3 protease inhibitors,"$)  aldosterone 

synthase inhibitors in cardiovascular and renal diseases,"$+ P2X7 receptor antagonists,"%, kinase 

(CDK7) inhibitors,"%" apoptosis inducers (Bcl-2/Mcl-1 inhibitors),"%# and non-lactone 

topoisomerase I inhibitors."%$*

Pyrrole-imidazole (Py-Im) polyamides are synthetic subunits designed based on the minor 

groove binder (MGB) distamycin (M,.C!DCO), which can recognize and bind non-covalently in the 

minor groove of DNA. Extensive efforts have been conducted in this area by many groups, 

including Dervan et al.,+".+$ Lee et al.,+)."""  Kodadek et al.,""& .""'  Laemmli et al.,""# .""% Sugiyama et 

al.,+%.+( and others.""( .""+  These aromatic oligomers are composed of unsymmetric ring pairs that 

can recognize and distinguish specific nucleotide base pairs in the DNA. The primary determinant 

of hydrophobic interaction between the MGB and the minor groove is the highly hydrated 

properties of the minor groove, specifically the water molecules surrounding the AT-rich region, 

M,.')%!DCAF!L3%*,&($!02)'&2')%!#4!2%2)(31+)#,0#W',-#$#-,&!(&,+0!

N

O

R

O OH

R



 
 

46 
 

which are in a highly ordered state, and their exclusion by the MGB results in a greater contribution 

to the entropic binding energy (hydrophobic effect).Once they are bound to the DNA, they cause 

widening of the minor groove and compression of the opposing major groove,"%%inhibiting 

transcription factor-DNA interactions, and leading to gene silencing."%&-"%'*

 

Together, combining specific structural features from duocarmycin SA, anthramycin, the 

tetrahydroisoquinoline core, and Dervan's amino acids would generate hybrid agents with higher 

sequence selectivity recognition in the DNA minor groove and fewer adverse effects. Previous 

work from our laboratory has generated some hybrid compounds based on anthramycin and (+)-

CC-1065, such as hybrid molecule A= mentioned earlier, which showed potential anticancer 

activity in the NCI 60 panel screen."#' *

In this study, a set of 29 hybrid compounds were designed that combine structural 

fragments from duocarmycin SA, anthramycin, the tetrahydroisoquinoline core, and Dervan's 

amino acids. Furthermore, the hybrids were docked using Schrodinger software into the DNA 

crystal structure. The docking scores showed comparable docking scores, and some were higher 

than the control ligands, duocarmycin SA, (+)-CC-1065, anthramycin, and distamycin. In addition, 

relative binding energies for the hybrids were exploited using prime MMGBSA. Some hybrids 

exhibited high molecular shape similarities using the shape screening approach. Also, the QikProp 
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module was used to determine predicted drug metabolism and pharmacokinetics (DMPK) 

characteristics. Among the set of 29 compounds, AB and A? were selected as target compounds, 

and synthesized using an imine-anhydride cyclization and Winstein spirocyclization as key 

reactions. 

DCD!b%0'$20!(-+!+,0&'00,#-!

DCDC@!b(2,#-($!+)'.!+%0,.-!#4!23%!31;),+!&#*5#'-+0 !

The template structure was used to design the 29 hybrid compounds (M,.C!DC=). Our rational 

drug design  was based on main structural features that could be summarized as described below: 

  

1- 4-Spirocyclopropylcyclohexadienone (Rings B&C) are essential for activity because it is the 

basic alkylating moiety responsible for alkylation of the DNA minor groove. 

M,.')%!DC=F!J%*5$(2%!02)'&2')%!'0%+!,-!23%!+%0,.-!#4!23%!D?!&#*5#'-+0C!
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2 & 3- Reports have shown that the cyclopropylbenzoindole (CBI)-based analogs are more stable 

than their cyclopropylpyrroloindole (CPI) counterparts and retain higher biological activity, and 

they are synthetically more accessible (M,.C!DC>)."%(."&"  Ring expansion from 5-member to six (Ring 

D) was rationalized to reduce the ring strain on the cyclopropane by increasing the flexibility of 

the fused ring. This would be expected to increase the stability of the resulting compounds to 

increase their potency, reduce their reactivity, and, therefore, reduce their toxicity. Also, it is 

expected that the stability is increased by conversion of the quinoline system of CBQ to 

isoquinoline system CBiQ, by allowing the amide carbonyl to be in direct conjugation with the 

cyclohexadieneone system (M,.C!DC>). 

 

4-Studies of Dervan et al. and others have shown that incorporation of more than pyrrole/imidazole 

polyamides are useful tools to improve the binding of compounds to the minor groove of DNA, 

and codes in a programmable manner for a specific, neighboring sequence of Watson–Crick base 

pairs."&# Also, incorporation a phenyl ring can improve binding and increase overall stability of 

the compound because the lone pair of the nitrogen amide are in direct conjugation with phenyl 
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ring. Based on the rational drug design mentioned above, 29 hybrid compounds were designed and 

divided into two series: 

The first series consists of pyrrole/imidazole/phenyl subunits attached directly to the 

template structure (M,.C!DC<).  
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The second series are similar to the first series except we incorporated a methyl linker 

between the nitrogen amide and the pyrrole/imidazole subunits (M,.C!DCB). The rationale in this 

case was to allow free rotation around the sp3 carbon and ultimately provide flexibility for the 

compound to bind in the minor groove of the DNA. 
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DCDCD!E3(5%P;(0%+!0&)%%-!(-($10,0!

Similarity scores of the set of 29 hybrid compounds were computed  based on their 

structural diversity. Pharmacophore features were taken into consideration and the phase similarity 

score was computed from the maximum overlapping pharmacophore features as mentioned in the 

experimental. The best 9 of the 29 compounds (M,.C!DC?) were kept for further in silico analysis, 

and the remaining 20 compounds were excluded from the study.  

 

 

Table 2.1 lists the 9 compounds among the 29 compounds that showed the highest 

structural similarity. The highest similarity value is one and  the lowest value is zero. Compounds 

@VV, @@>, and @@A showed similarity values of 0.388, 0.380, 0.379, respectively, relative to 

duocarmycin. Compounds @@>, A?, and @VA displayed similarity values of 0.370, 0.356, and 0.327, 

respectively, relative to anthramycin. Compounds AB, @@>, and A?!showed similarity values of 

0.252, 0.247, and 0.243, respectively, relative to CC-1065. Furthermore, compounds @VD, @V@, and 

@@= exhibited similarity values of 0.490, 0.477, and 0.476, respectively, to distamycin. We visually 

inspected the shape for!each compound compared to the control ligands.  
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!

Notably, compounds with more than one heterocyclic subunit such as pyrrole or 

imidazole, showed higher similarity and alignment to control ligands with similar number and 

orientation of heterocyclic subunits, such as distamycin aligned with compounds @V@, @VD, and 

@@= (M,.C!DC@V). 

 
 
 

 

L#*5#'-+ ! E3(5%!E&)%%-! !
! E3(5%!E,*,$(),21!RL#-2)#$]7'#&()*1&,-N !

@VV! 0.388 
!

@@>! 0.380 
!

@@A! 0.379 
!

! E3(5%!E,*,$(),21!RL#-2)#$]!9-23)(*1&,-N!
@@>! 0.370 

!
A?! 0.356 

!
@VA! 0.327!

! E3(5%!E,*,$(),21!RL#-2)#$]!LLP@V>=N!
AB! 0.252 

!
@@>! 0.247 

!
A?! 0.243!
! E3(5%!E,*,$(),21!RL#-2)#$]!7,02(*1&,-N!

@VD! 0.490 
!

@V@! 0.477 
!

@@=! 0.476!

c]!\,.3!6($'%0!,-+,&(2%!3,.3!0,*,$(),21!2#!23%!&#-2)#$!$,.(-+C!

J(;$%!DC@!E3(5%!0&)%%-,-.!)%0'$20!#4!23%!;%02!?!&#*5#'-+0!(*#-.!23%!0%2!#4!D?!&#*5#'-+0C!

!
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M,.')%!DC@VF!9C!9$,.-*%-2!#4!&#*5#'-+0! @V@/!@VD/!(-+!@@=!I,23!+,02(*1&,-C!
[C! J3%! 5)%0%-&%! #4! *#)%! 23(-! #-%! 51))#$%! *#,%2,%0! ,-! 23%! &#*5#'-+0!
,-&)%(0%+!23%,)!03(5%!0,*,$(),21!(-+!($,.-*%-2!2#!+,02(*1&,-C!
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 In contrast, compounds with only one pyrrole or imidazole subunit displayed higher 

similarity to duocarmycin, anthramycin, and CC-1065 because all possess similar conjugated 

tricyclic system (M,. C!DC@@). 

 

 

!

N

N O

O

116
O

N

ON

O

O

39
O

N

O N

N
O

O

103

O

N

O

O

N

HN
OH

O

NH2

HO

Anthramycin

9 !

[ !

M,.')%! DC@@F! 9C! 9$,.-*%-2! #4! &#*5#'-+0! A?/! @VA/! (-+! @@>! I,23!
(-23)(*1&,- C![C!J3%!5)%0%-&%!#4!23%!&#-a'.(2%+!2),&1&$,&!),-.0!,-!23%!
&#*5#'-+0! ,-&)%(0%+! 03(5%! 0,*,$(),21! (-+! ! ,*5)#6%+! ($,.-*%-2! 2#!
(-23)(*1&,-C !



 
 

55 
 

DCDCA!"#$%&'$()!+#&:,-. !(-+ !4)%%!;,-+,-. !%-%).1!

Molecular docking is a useful tool in drug design because it can predict the pose and the 

fitting of small molecules via the evaluation of their binding orientation in a protein target’s 

active site."&$ A docking score gives information about how well the ligand orients in the 

binding pocket based on various factors including H-bonding energy, van der Waals energy, 

and ligand torsion strain. The best binding poses of the compounds were identified through  

various docking scores, and free binding energies. Using ligand docking and MM/GBSA free 

binding energy protocols detailed in the experimental section, docking in the DNA minor 

groove was explored for the compounds listed in Table 2.2. For docking scores, scaffolds 

present in the 9 compounds possess a good fit in the DNA minor groove binding pocket (PDB 

ID 1JTL), as exemplified by compound @@=, which exhibits the best docking score within the 

set of compounds whereas compound @@> displayed the least favorable docking score. 

Interestingly, compounds with higher number of heterocyclic moieties exhibited higher docking 

scores, as rationalized by the better docking fit into the DNA minor groove, such as compound 

@@= (M,.C!DC@D). For free binding energy analysis, among the set of compounds, compound @@A!

displayed the highest binding affinity whereas compound AB!exhibited the lowest binding 

affinity. Also, a hybrid compound @D< that has  2,3-substituents at N2 and C3 (M,.C!DC@A) was 

docked to compare its docking score with  the hybrid compounds in Table 2.2. However, the 

docking score of @D< was -0.6194, which was lower than compounds in Table 2.2 and displayed 

poor fit in the DNA minor groove. This may be due to steric hindrance of the methyl group at 

N2, which restricted the flexibility of the pyrroles substituents at C3 and resulted in forcing the 

conjugated tricyclic system to be outside the minor groove of the DNA (M,.C!DC@A). Considering 

only docking score and predicted free binding energies will not guarantee bioactivity of the 9 
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compounds. Therefore, assessment of drug likeness and drug metabolism and pharmacokinetics 

(DMPK) properties of the 9 compounds are critical for maximizing the success in the drug 

discovery process."&%*
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!!!!!!!!!!!!!J(;$%!DCD!7#&:,-.!0&#)%0!(-+!4)%%!;,-+,-.!%-%).,%0!4#)!23%!?!&#*5#'-+0C!

 

 

 
 

 

 

 

 

 

 

 

 

L#*5#'-+ ! 789!RS7[]@dJ^N ! ! 
7#&:,-.!E&#)%! L($&'$(2%+!

[,-+,-.!944,-,21!
R:&($e*#$N!

9&2'($![,-+,-.!
944,-,21!

R:&($e*#$N!
7,02(*1&,- ! -12.483 -60.25 "#$!
LL P@V>=! -10.477 -29.61 !

9-23)(*1&,- ! -7.209 -30.08 !
7'#&()*1&,- ! -6.511 -57.71 "$$!

@@=! -9.330 -40.45 !
@@A! -8.566 -44.00 !
@VD! -8.515 -27.61 !
@VA! -8.158 -40.17 !
@VV! -7.418 -33.08 !
AB! -6.939 -25.86 !
@V@! -6.698 -36.57 !
A?! -5.716 -29.43 !
@@>! -4.815 -39.38 !
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M,.')%!DC@AF!7 #&:%+!5#0%!#4!&#*5#'-+!@D<!!,-2#!23%!*,-#)!.)##6%!#4!
789!&)102($!02)'&2')%!RS7[]@dJ ^NC!E2)'&2')($!3,-+)(-&%!&('0%+!;1!
23%!*%231$!.)#'5!(2!8D!)%0'$2%+!,-!5##)!4,22,-.!#4!@D<C!
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DCDCO!S3()*(&#:,-%2,&!5)%+,&2,#-!Rf,:S)#5N!

With the QikProp tool (QikProp, Schrodinger release 2021–3), drug likeness and drug 

metabolism and pharmacokinetics (DMPK) properties were predicted for the 9 compounds 

utilizing the QikProp module (QikProp, Schrodinger release 2021–3). 

According to ‘Lipinski rule of five’ and ‘Jorgensen rule of three’, any compound that meets 

the recommended criteria (Table 2.3) are more likely to be orally available.  Among the set of 9 

compounds, only AB, A?, @VV, @VA/!(-+!@@> are compliance to the ‘Lipinski rule of five’ and the 

‘Jorgensen rule of three’. However, compounds @VV, @VA, @@> were excluded from this campaign 

due lower percent human oral absorption compared to AB!and A?. Also, @VV, and @VA displayed 

low permeability scores based on predicted apparent Madin-Darby Canine Kidney cell 

permeability prediction (QPPMDCK) (Table 2.4). Therefore, compounds AB and A? were selected 

as target compounds in this study 

!

!!!!!!!J(;$%!DCA!7)'.!$,:%-%00!(-+!5)%+,&2%+!7"Sg!5)#5%)2,%0!#4!23%!?!&#*5#'-+0 C!

!

!

!

!

!!!

!

 
 

 
 
 
 

L#*5#'-+ ! ^,5,-0:,`0!)'$%!
#4!4,6%!

d#).%-0%-!)'$%!
#4!23)%%!

S%)&%-2!\'*(-!
H)($!

9;0#)52,#- !
@@=! 2 1 65.69 
@@A! 2 1 45.48 
@VD! 2 1 60.05 
@VA! 0 0 82.03 
@VV! 0 0 89.07 
A?! 0 0 93.07 
@V@! 0 1 89.63 
AB! 0 0 100 
@@>! 0 0 84.35 

Lipinski’s rule of five: Molecular weight: ≤500; Hydrogen bond donor: ≤5; Hydrogen 
bond acceptor: ≤10; cLogP: calculated lorgarithm of partition coefficient!≤5. Jorgensen 
rule of three: QPlogS: calculated lorgarithm of partition coefficient (-6.5 to 0.5); % 
Human oral absorption (> 80% is high, < 25% is poor). 
 !
!
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!!!!!!

J(;$%!DCO!S)%+,&2%+!5%)*%(;,$,21!(-+!*%2(;#$,0*!5)#5%)2,%0!#4!23%!?!&#*5#'-+0C!
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L#*5#'-+ ! fSS"7Lg ! fS$#.g30( ! h*%2(; !

@@=! 42.47 0.93 2!
@@A! 15.50 0.16 1!
@VD! 31.04 0.83 1!
@VA! 166.74 -0.48 1!
@VV! 217.81 -0.06 1!
A?! 250.40 0.06 2!
@V@! 89.69 0.55 1!
AB! 700.86 0.13 1!
@@>! 160.44 -0.36 2!

QPPMDCK: Predicted apparent MDCK cell permeability in nm/sec. MDCK cells are 
considered to be a good mimic for the blood-brain barrier (>500 is great, <25 is poor.; 
QPlogKhsa:! Prediction of binding to human serum albumin(–1.5 – 1.5). #metab: 
Primary metabolites (<7). 
 !
!
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DCDC=! E1-23%0,0!! #4! D/A! ! 2%2)(31+)#,0#W',-#$#-,&! (&,+0! @/D/A/OP2%2)(31+)#,0#W',-#$,-%0! ;1!

8'&$%#53,$,&!9&1$!E';02,2'2,#-!#4!\#*#5323($,&!9-31+),+%!I,23!9$+,*,-%0!

The discussion of this section will be focused on exploring reaction conditions of 2,3- 

substituted tetrahydroisoquinoline (Scheme 2.1) and 3-unsubstituted tetrahydroisoquinoline 

(Scheme 2.2), from simple analogs of functionalized N-protected imines, with homophthalic 

anhydride ==!(Scheme 2.3). It should be noted that this part of synthesis was investigated before 

the modeling work because the aim was to develop successful reaction conditions that may be used 

toward synthesis of  2,3 substituted compounds and more than 3 substituted compounds.   
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Condensation of homophthalic anhydride (HPA) with functionalized imines using utilizing 

the Castagnoli–Cushman reaction"&' or CCR have shown to hold tremendous potential in the 

synthesis of an array of functionalized tetrahydroisoquinolines with substituents in position 2 and 

3 (Scheme 2.1), with different biological activity such as antimalarial agents,"&(-"&)  kinase (CDK8) 

inhibitors,"&(  GPR40 antagonists,"&+ topoisomerase I inhibitors,"',  and apoptosis inducers,"'" . The 

stereochemistry of these functionalized tetrahydroisoquinolines depends largely on the reaction 

conditions, such as the solvent used, temperature, the catalyst being used, and the incorporated 

substituents. 

Toward this end, the reaction of compound =>(!or!; /!and homophthalic anhydride == have 

been explored to find the suitable reaction conditions (Scheme 2.4). Compound =>( !was formed 

following the procedure of Zhang et al,"'#  by reacting methylamine with an aldehyde at 0 °C   and 

allowing  the reaction to stir for 6 hours at room temperature to give the product N-methyl pyrrole 

methyl imine, =>( as pale orange syrup in 80% yield, which was used for the condensation reaction 

without further purification. It should be noted that placing the reaction vessel in an ice-bath was 

necessary to minimize methylamine evaporation. Also, TLC monitoring of the product against the 

methylamine was not possible because the methylamine boiling point is -6 °C. Also, the reaction 

color changed from light orange to dark brown during the reaction. Next, following the procedure 

of Venkatram!et al.,"#&!the homophthalic anhydride ==!was condensed with =>( in DCM at reflux 

to give the acid product =<( orange crystal, which was confirmed by NMR. Also, =<( was 

monitored by TLC, which had a lower Rf value than =>( when a few drops of triethylamine were 

added to the mobile phase of ethanol/ethyl acetate 1:1, suggesting acid ionization. Also, acid 

decarboxylation was observed in GC-MS, which commonly occurs in polar compounds containing 

carboxylic acid functionality. To overcome this issue, chemical derivatization was utilized to 
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convert the acid =<( to the ester utilizing a catalytic amount of sulfuric acid in MeOH as a solvent 

to furnish the ester product =B( in 85% yield (Scheme 2.4). M,.C!DC@O and DC@= show NMR and 

GC-MS spectra, respectively, of =B(.  
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 M,.')%!DC@OF!8"b!05%&2)(!#4!%02%)!=B(C!!
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To expand the versatility of these types of reactions, an allylic moiety was incorporated to 

the imine =>;  to serve as a protecting group that could eventually be removed to give a hydrogen 

at position 2 and increase the conformational flexibility around the C-3 position of the 

isoquinoline. Utilizing a protocol of Trost et al."'$  for the synthesis of the functionalized 

allylimines, the aldehyde was reacted with the allylamine in dry methylene chloride and MgSO% 

to form the product as a yellow residue =>; !in 70% yield!(Scheme 2.4). It should be noted that the 

imine streaked on the TLC plate, which could be an indication of imine hydrolysis due to the acidic 

nature of silica gel. Next, using the condensation method mentioned above, the allylimine =>;!was 

allowed to react with the homophthalic anhydride == in DCM to produce the acid =<; !as a mixture 
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of diastereomers. The GC-MS spectrum showed the product =<;! in the decarboxylated form, 

which was converted to the ester =B;! using cesium carbonate and methyl iodide in DMF"'% 

(Scheme 2.4). 

Reduction of the acid intermediate =<( to the alcohol was also explored, to find the optimal 

reaction condition that could be used in the synthesis of the target compound AB and A? mentioned 

previously M,.C!@CDA. Two reducing agents were investigated to accomplish this reaction. First, the 

acid intermediate was converted to the acid chloride using thionyl chloride and then reacted with 

NaBH%-*but this approach did not yield the desired product. Alternatively, B#H'  in THF was utilized 

and the reaction was left stirring for 12hours at room temperature to give the alcohol =?!(Scheme 

2.5). M,.C!DC@> and DC@< show the NMR and GC-MS spectra, respectively, of =?. 
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We then investigated the reaction of the furan moiety imine intermediate >V(  and ; !

(Scheme 2.6), reasoning that the furan substituent has similar reactivity as the pyrrole; therefore, 

it was of interest to determine whether the reactions mentioned earlier are suitable for synthesis of 

the furan intermediates. Following similar reaction conditions mentioned above,"'#  >V( ! was 

formed!as pale orange syrup in 82 % yield, which was used for the condensation reaction without 

further purification. Next, >V(!was reacted with homophthalic anhydride ==, to produce >@( . Next, 

>@(! was esterified using dicyclohexylcarbodiimie (DCC) in MeOH"'&  to form >D(! (Scheme 2.6).  

For the synthesis of >V;, the allylamine HCl was converted to the free base using aqueous 

sodium hydroxide and extracted with toluene and dried over Na#SO%. The toluene was evaporated 

under reduced pressure and the oily residue was resuspended in DCM and reacted with furfural to 

furnish >V;  in 65% yield. Next, >@;! was formed by condensing >V;  with the homophthalic 

anhydride, ==, to give >@; , which was esterified by Fischer esterification to furnish >D; !in 65% 

product yield (Scheme 2.6). 
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!

DCDC>!E1-23%0,0! #4! APT-0';02,2'2%+! 2%2)(31+)#,0#W',-#$#-,&! (&,+0! @/D/A/O!

J%2)(31+)#,0#W',-#$,-%0!!

Guranova et al."''  have reported for the first time an efficient and a straightforward strategy 

into 3-unsubstituted tetrahydroisoquinolonic acid analogs, arising from homophthalic anhydride 

and imine, via the CCR"'(  (Scheme 2.7). Furthermore, they reported a wide variation of the N-2 

substituent using this approach. However, some yields were low due to substituent effects and 

formation of by-products 

 

E&3%*%!DC>F!E1-23%0,0!#4!3#*#5323($,&!(-31+),+%!(-+!D/AP0';02,2'2%+!
4'-&2,#-($,U%+!4')(-!,*,-%0C!

O

O

O
+

55

R

N
RO

N

O
R

O OH

2
3 O

N

O
R

O O

2
3

H3C

O

CH3

-CH2CH=CH2

H2N
R+OO

H

N
RO

60 a, b

60
62 a, b61 a, b

a=

b=

O

O

O
+ N

R N

O

R

O OH

2
3H

H

E&3%*%!DC<F!Q')(-#6 (`0!.%-%)($!01-23%0,0!#4!AP'-0';02,2'2%+!
2%2)(31+)#,0#W',-#$#-,&!(&,+0C!



 
 

70 
 

 

To this end, three reaction conditions were attempted for the synthesis of the imine 

intermediates >A(,; ,&, and +!(Scheme 2.8). The first approach was attempted"')  by mixing the 

selected amine with formaldehyde and acetic acid in water for 2 hours, but the yield was low even 

after using a Dean Stark apparatus with longer reaction times. Instead, using acetic acid in a 

catalytic amount improved the yield but not appreciably. GC-MS and NMR spectra revealed some 

evidence of the amine starting material. The next approach was explored"''  by dissolving the 

selected amine with paraformaldehyde in DCM and MgSO% at room temperature with stirring 

overnight. Although the desired products were obtained, the overall yield of the transformations 

were still low. The poor yield may be related to either the substituent effects in the aromatic amine, 

the solvent, or the low temperature. Alternatively,"''  the selected amine and paraformaldehyde 

were dissolved in toluene at reflux for 2 hours to provide the desired products >A(,; , and & in high 

yield (Scheme 2.8), whereas >A+ did not form.  

The condensation reactions with the homophthalic anhydride == in 1,2-dichloroethane*at 

reflux for one hour yielded the desired acid intermediates >O(!in 80%, ; !in 85% (M,.C!DC@B shows 

NMR spectra of compound >O;),!and &!in 75 % yields!(Scheme 2.8).  
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Compound!>O(!was esterified using CsCO$ and methyl iodide to give two products based 

on GCMS, m/z= 281 which was >=(, and 295 arising as a result of an additional methylation (M,.C!

DC@?N. The additional methylation is likely occurred due to deprotonation at the !  carbon of the 

methyl ester. 
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Instead, >O(!was subjected to catalytic amounts of H#SO% in MeOH to give the desired 

product >=(! only in 85% overall yield. Compounds >O; and & were converted to the ester 

intermediates using Cs#CO$ and methyl iodide in DMF to form >=;  and & in 65% and 75% product 

yield, respectively (Scheme 2.8). 

 

An alternate strategy developed by Azizian et al.,"'+  utilizing a Lewis acid to accomplish 

imine-anhydride condensation was also investigated. This strategy is slightly different than the one 

mentioned previously, this reaction combines the aldehyde, the amine, and the anhydride in a 

single pot and uses KAl(SO%)#.12H#O (alum) as the Lewis acid. Typically, this method has been 

applied on un-functionalized imines, so it was of interest to determine if it offered any benefits 

over pre-forming the imine. To test the viability of this approach, aniline, paraformaldehyde, and 

homophthalic anhydride == were mixed in the presence of alum in acetonitrile (ACN). However, 

this approach yielded a different acid intermediate >>, which was esterified to give >< and 

confirmed by GC-MS analysis (Scheme 2.9). Failure to obtain the desired product led to attempts 
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to use trioxane to accomplish the cyclization reaction and furnish the acid intermediate. However, 

this approach failed to give the product. It is possible in this case that the amide is either non-

reactive or is not in close proximity to the !  carbon of the acid for the cyclization to occur (Scheme 

2.9).  

 

!
An alternate strategy developed by Geneste et al.,"(,   was explored to improve the yield of 

the acid >O;. The diester was reacted with  the dimethoxy diemthylamine using a catalytic amount 

of acetic acid  to produce the enamine intermediate >B, which was mixed with the selected amine 

and N,N-Diisopropylethylamine (DIPEA) in MeOH to form the desired product >?. The 

isoquinoline intermediate >? was subjected to catalytic hydrogenation to furnish the desired 

product <V!in 35% yield (Scheme 2.10). Unfortunately, we were not able to improve this yield 

further.  
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In summary, a short synthetic approach was used into synthesis of 2,3-substituted and 3-

unsubstituted tetrahydroisoquinolonic acids arising from condensing the homophthalic anhydride 

with the selected imine. The acids were esterified using different conditions. B#H'  in THF was 

utilized to convert acid =<( to alcohol =?. The incorporation of substituents at N2 and C3 of the 

isoquinolinic acid can be suitable for further extension with a wide variety of functionalities. An 

alternative route was explored to synthesize acid <V by reacting the enamine intermediate with the 

selected amine followed by catalytic hydrogenation.  
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DCDC<!b%2)#01-23%2,&!(-($10,0!!#4!*%231$!OPR;%-U1$#_1NP@PRDP%23#_1PDP#_#%231$NPDP-(5323#(2%!
R?DN!
!

 

One aim of this work was to develop a synthetic route into synthesis of intermediate ?D, 

which will be used in the synthesis of targets AB and A?. It was anticipated that the target benzylated 

diester ?D could be synthesized from the triflate ?@!and ethyl 2-(tributylstannyl) acetate ?V. It was 

envisioned that the triflate ?@!could come from the phenol ester <O. Compound ?V was thought to 

arise from tributyltin chloride and ethyl acetate (Scheme 2.11). 

The phenol ester <O was reacted with triflic anhydride in pyridine for 1 hour at room 

temperature to afford the triflate ?@ in 50% yield. To dismiss any possibility of catalysis by metal 

contamination, all glassware and stirring bars used were washed and rinsed with distilled water, 

soaked for a couple of hours with aqueous sodium hydroxide, and finally rinsed thoroughly with 

distilled water. Following a procedure of Zapata et al.," ("  tributyltin chloride and ethyl acetate were 

reacted in the presence of n-butyllithium and diisopropylamine at -75 º C; However, the product 
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?V!did not form!(Scheme 2.12). Thus, the coupling reaction between the triflate ?@ and the tin 

methyl acetate  ?V was not investigated further.  

 

An alternative synthesis of  ?D was attempted utilizing zinc as an alternative metal to tin in 

a Negishi coupling reaction. By following a protocol of Yamamura et al.," ( # the zinc was activated 

by stirring it vigorously with 2% HCl for 4 minutes until the zinc surface became bright, worked 

up, and was ready for use. Following a procedure of Greszler et al.," ( $ the zinc dust was refluxed 

with Br# and the commercially available ethyl 2-bromoacetate for 1 hour and left stirring for 4 

hours at room temperature under a continuous stream of nitrogen. However, the conditions used 

were ineffective in forming the desired product ?A!(Scheme 2.13). 
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DCDCB!E1-23%0,0!#4!*%231$!OPR;%-U1$#_1NP@PRAP*%23#_1PAP#_#5)#5P@P%-PDP1$NPDP-(5323#(2%!
R??N!
!

 An approach was explored to synthesize the vinyl diester ??! (Scheme 2.14)! as an 

alternative intermediate to compound ?D!mentioned earlier (Scheme 2.13N. Compound ?? was 

envisioned to arise from the triflate ?@ (synthesized in scheme 2.13) and the vinyl tin acetate ?<. 

Compound ?< was anticipated to come from esterification of the acid ?O to afford ?=, followed by 

reacting ?= with the tin hydride ?>. 
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Following a method developed by Yu et al., the acid ?O!was subjected to esterification 

conditions using methyl iodide and potassium carbonate in acetonitrile to afford the ester ?=!in 

80% yield. The ester ?=! was reacted! with! the tin hydride! ?>! in the presence of 

Bis(triphenylphosphine) palladium chloride in dry THF to furnish ?<, which was confirmed by 

NMR.  

An initial attempt was performed to react ?< with a simplified model 2-bromonaphthalene 

in the presence of Bis(triphenylphosphine) palladium chloride in dry dioxane to give the product 

?B! (Scheme 2.15). Compound ?<! was reacted with compound ?@ in the presence of 

Bis(triphenylphosphine) palladium chloride and lithium chloride in dry DMF; however, the 

reaction failed to afford the desired product ??!(Scheme 2.15). 
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A more convenient and a shorter synthesis was anticipated starting with the commercially 

available 1,4-dihydroxy naphthoic acid. In this route, it was envisioned that the target AB could 

come from the mesylate <? by debenzylation followed by base-catalyzed intramolecular 

cyclization reaction of the phenol mesylate moiety. The mesylate <? could be obtained from the 

vinyl phenyl compound <B by undergoing an oxidative cleavage reaction followed by mesylation 

of the resulting alcohol. Compound <B could be obtained via a simple condensation reaction 

between compound <=!and N-allyl aniline <>. Compound <= was envisioned to come from the 

methylation of 1,4-dihydroxy naphthoic acid <D followed by benzylation <O and a simple 

hydrolysis of the methyl ester under basic conditions. Compound!<>!was expected to come from 

aniline and crotonaldehyde (Scheme 2.16). 

Following a procedure of Bulman et al., the 1,4-dihydroxy naphthoic acid <D was used as 

the starting material (Scheme 2.17). The 1,4-dihydroxy naphthoic acid <D was esterified by methyl 

iodide and sodium bicarbonate in DMF for 14 hours at room temperature to afford the methylated 

intermediate <A in 94% yield."( % Compound <A was benzylated at C4 using BnBr and potassium 

carbonate in acetone"( & to give compound <O in 72% yield. Selective benzylation is most likely 

due to formation of hydrogen bonding between the hydroxyl group at C1 and the adjacent carbonyl 

at C2. Thus, allowing the benzylation to occur at C4 only. Subsequently, compound <O was 

subjected to basic  hydrolysis using 5 N sodium hydroxide in MeOH"( '  to give the acid <=!in!80% 

yield.  

The N-allyl aniline <>!was formed by reacting aniline with crotonaldehyde using sodium 

borohydride and sulfuric acid in THF."( (  Coupling of the N-allyl aniline <>!with the previously 

prepared benzylated acid <= using N,N′-dicyclohexylcarbodiimide (DCC)"( )  failed to afford 

compound <<. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) was used as an alternative 
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coupling agent with 4-Dimethylaminopyridine (DMAP) in DCM"( +; however, it failed to undergo 

the coupling reaction. This planar aromatic ring and the allylic side chain in <> are believed to 

hinder the attack of the amine at the  carboxylic acid 

 

DCDC@V!b%2)#01-23%2,&!(-($10,0!#4!DP53%-1$P@/D/@V/@V(P2%2)(31+)#;%-U#!X"Y&1&$#5)#5(X#Y!!

,0#W',-#$,-%PA/=P+,#-%!RABN/!0%&#-+!(55)#(&3 

The failure in the first approach to synthesize AB may be due to reactivity issues. Also, the 

successful development of reaction conditions in the synthesis of 2,3- substituted 

tetrahydroisoquinoline (Scheme 2.1) and 3-unsubstituted tetrahydroisoquinoline (Scheme 2.2) was 

then applied to the synthesis of target compound AB and A?.! The target compound AB was 
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anticipated to come from a base-catalyzed intramolecular cyclization also known as the Winstein 

spirocyclization reaction"&& of the phenol mesylate =A. Compound 53 should be available by 

hydrogenolysis of  benzyl ether =D which is derived by mesylation of alcohol =@. It was envisioned 

that the acid =V could be synthesized from the condensation of the anhydride OB with the imine  

O?. The synthetic route for the formation of the tricyclic anhydride!OB!had already been reported 

and it required six steps as displayed in the general retrosynthetic analysis in scheme 2.18. 

Therefore, the initial goal is to develop a synthetic route for the synthesis of target AB. 

 

 

Following the procedure of Tada &'$().,$the furan diester OA was formed by mixing 1,3 

diethylacetone dicarboxylate O@ with an aqueous solution of 40% chloroacetaldehyde OV in 

distilled pyridine for 24 hours. The furan OA was purified by distillation using a Kugelrohr 
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apparatus. Thus, large quantities were prepared without the necessity for column chromatography 

(Scheme 2.19)." ), **

*

 
Intermediate OO was synthesized via two routes using a Diels-Alder reaction. The first route 

involved reacting intermediate OA! with anthranilic acid OD in isoamyl nitrite at reflux for 45 

minutes. This resulted in the formation of the epoxy intermediate OO in 50% yield, followed by 

immediate separation using column chromatography to prevent product decomposition (Scheme 

2.20).  

 

 

The second route was developed by Logullo &'$()., which involved stirring the anthranilic 

acid OD with trichloroacetic acid in the presence of isoamyl nitrite for 2 hours at room temperature 

to form the benzyne intermediate!<@ in situ, which then was allowed to react with OA to yield 

intermediate OO in an 90% yield (Scheme 2.21).  
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Treatment of the epoxy intermediate OO with BF$!from routes 1 and 2 formed the phenol 

intermediate O=!in 100%, and 90 % yields, respectively. The phenol intermediate O= was protected 

by reaction with benzyl bromide and K#CO$*at reflux for 12 hours to yield the protected benzyl 

ether O> in 98% yield, followed by basic hydrolysis to produce the diacid O< in 95% yield. The 

diacid O< was dissolved in acetyl chloride and refluxed overnight to form the anhydride OB in 90% 

yield (Scheme 2.22).  
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Following the protocol of Guranova et al.,"''  aniline was reacted with paraformaldehyde 

in toluene at reflux for 2 hours to yield the imine O? in 90 % yield (Scheme 2.23). The imine was 

fully characterized by "H and "$C NMR as the trimer intermediate. 

 

  The condensation reaction was commenced by mixing the anhydride OB with the imine O? 

in 1,2-dichloroethane at reflux overnight to form the acid =V, which was recrystallized by diethyl 

ether to form the product in 87% yield (Scheme 2.24). M,.C!DCDV and DCD@ show NMR and high-

resolution mass spectrometry (HRMS) spectra, respectively, of =V. The improvement in yield 

product in =V!compared to!>O(!was likely due to the use of a different solvent and a higher reaction 

temperature. 
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The acid =V was selectively reduced with diborane in THF. However, upon inspection of 

the reaction vessel, the acid was poorly soluble; Instead, it was reduced with borane 

dimethylsulfide (BH$-DMS) in THF to yield the alcohol =@!in 96% yield, which was 

recrystallized by ethyl acetate/petroleum ether (Scheme 2.25). The acid was more soluble in BH$-

DMS in THF which may have improved the yield.  

 

 

The alcohol =@!was subsequently mesylated using methanesulfonyl chloride and 

triethylamine to form the mesylate =D in 71% yield (Scheme 2.26).  
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The mesylate =D was then activated for intramolecular cyclization by debenzylation using 

a catalytic amount of 10% Pd/C under hydrogenolysis conditions to furnish the phenol mesylate!

=A in 54% yield (Scheme 2.27). 

 

 

The final step for the synthesis of AB was accomplished by stirring =A with NaH in dry 

THF for 2 hours at room temperature and was protected from light, to furnish the desired product 

AB in 94% yield (Scheme 2.28). Compound AB was confirmed by "H and "$C NMR as well as high 

resolution MS. The cyclopropyl methylene protons appeared as quartet at 0.92 ppm in the "H 

NMR. In the "$C NMR, the signal at 34.10 for the methyl group of methanesulfonyl group was 

absent. The cyclopropyl methylene carbon appeared at 24.40 ppm. Additionally, the newly formed 

ketone appeared at 184.98 ppm. M,.C!DCDD and DCDA show NMR and high-resolution mass 
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spectrometry (HRMS) spectra, respectively, of AB. Anal. Calcd for C#, H"&NO#: C, 79.72; H, 5.02; 

N, 4.65. Found: C, 76.62; H, 5.40; N, 4.60. 
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!

DCDC@@!b%2)#01-23%0,0!#4!"%231$!@P*%231$POPRR=P#_#PA/=/@V/@V(!2%2)(31+)#;%-U#X"Y!

&1&$#5)#5(X#Y,0#W',-#$,-PDR@$ NP1$N*%231$NP@$ P51))#$%PDP&();#_1$(2%!RA?N!

The second target A? was synthesized following the same approach utilized for the 

generation of compound AB.  Retrosynthetic analysis of the N-pyrrole cyclopropyl compound A? 

was thought to arise from the anhydride OB and the pyrrole imine >A;!(Scheme 2.29).  
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The imine pyrrole >A; was envisioned coming from the amine B= and paraformaldehyde. 

Hydrolysis of the carbamate intermediate BO was thought to afford the amine B=. Catalytic transfer 

hydrogenation of the aldoxime BA, followed by amine protection using the BOC group, was 

anticipated to give the carbamate BO. The aldoxime BA!was anticipated to come from the aldehyde 

BD!by reaction with hydroxylamine. Compound BD  was envisioned arising from B@ by formylation 

of the C4 of the pyrrole. Compound B@ was expected to come from the commercially available 

methyl 1# -pyrrole-2-carboxylate BV!via!an alkylation reaction (Scheme 2.30) 

 

Following a procedure of Chakraborty et al.," )"  the 1# -pyrrole-2-carboxylate BV was!

methylated using methyl iodide under sodium hydride conditions and the obtained residue was 

purified by column chromatography to yield the methylated intermediate B@ in 100% overall yield 

(Scheme 2.31).  
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Compound B@!was subjected to a modified Rieche formylation reaction" )#  to afford the 

aldehyde intermediate BD!in!92% yield (Scheme 2.32). It should be noted that the reaction should 

be maintained at -30 º C until the reaction is complete, to avoid product decomposition and 

unwanted side reactions.  

 

Attempts to convert the aldehyde BD to the amine B= by reductive amination using NH$ in 

ethanol and NaBH%/*failed to afford the desired product. Alternatively,") $ the aldehyde BD was 

dissolved in MeOH, followed by the addition of hydroxylamine and sodium carbonate, to furnish 

the aldoxime intermediate BA in 90% yield as a mixture of E and Z oximes that could be separated 

by column chromatography (Scheme 2.33). Of note, MeOH was used as a solvent instead of 

ethanol  to avoid cross reactivity with the methyl ester substituent of compound BD. 
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!

An initial attempt was made to convert the aldoxime BA to the amine B= by reduction with 

NaBH%*in the presence of nickel chloride; however, the reaction failed to give the desired product. 

Instead, the aldoxime BA!was! converted to the carbamate intermediate BO using BOC as a 

protecting group under catalytic transfer hydrogenation conditions, followed by hydrolysis using 

HCl gas to furnish the amine intermediate B=!in 86% yield (Scheme 2.34).  
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Following a protocol developed by Guranova et al., the amine B=!was stirred with 

paraformaldehyde in toluene at reflux to yield the imine intermediate >A;!in 90% overall yield 

(Scheme 2.35). 

 

The imine >A; was condensed with the anhydride OB!in DCE at reflux for 24 hours to 

furnish the acid intermediate B> in 40% overall yield, which was reduced by borane 

dimethylsulfide in THF to yield the alcohol B<!in 90% yield.  The alcohol B< was mesylated using 

methanesulfonyl chloride and triethylamine, and the obtained residue was recrystallized was 

recrystallized from CH#C1#/diethyl ether to give BB 7 % yield. The mesylate BB!was activated for 

intramolecular cyclization by debenzylation, using a catalytic amount of 10% Pd/C under 

hydrogenolysis conditions to afford the phenol mesylate!B? in 54 % yield. M,.C!DCDO and DCD= show 

NMR and high-resolution mass spectrometry (HRMS) spectra, respectively, of phenol mesylate 

B?. 
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The final step for the synthesis of A? was accomplished by stirring B? with NaH in dry 

THF for 2 hours at room temperature and was protected from light, to furnish the desired product 

A? in 50% yield (Scheme 2.36). M,.C DCD> shows high-resolution mass spectrometry (HRMS) 

spectra of target A?. 

 

 

 

 

 

M,.')%!DCD=F!\b"E!05%&2)'*!#4! &#*5#'-+!B?C!!



 
 

100 
 

!

!

!

!

!

E&3%*%!DCA>F!E1-23%0,0!#4!2().%2!A?C!

O
N

O

HO O

DryTHF, 0¡C, , 30min

0¡C r.t. 2hr, N 2

S CH3Cl
O

O

,

N

H3C

CH3

CH3

Dry CH2Cl2, N2
24hr

Me
S

Me

BH3
O

O

O

O

+
ON

CH3

N O CH3

Dry.1,2-dichloroethane

45 ¡C, 24hr, N2 N
CH3

O

O
CH3

O
N

O

N CH3

O
O
CH3O

S OO
CH3

HO
N

O

N CH3

O
O
CH3O

S OO
CH3

O
N

O

N
CH3

O

O
CH3

O
N

O

HO

N
CH3

O

O
CH3

10% Pd/C, H2(g)

48

39

898887

86
63b

NaH

Dry THF,Dry DMF 2hr, N 2

M,.')%!DCD>F!\b"E!05%&2)'*!4#)!23%!2().%2!A?C!!



 
 

101 
 

E'**()1!(-+!L#-&$'0,#-!#4! E%&2,#-!D!

The main objective of this project was to develop novel synthetic strategies for the 

generation of hybrid compounds that are analogous to the natural products duocarmycin SA and 

anthramycin that could potentially bind and alkylate DNA in the minor groove at the A-T and G-

C rich regions.  

Target compound AB and A? were designed with a modified alkylating moiety CBiQ that 

is expected to demonstrate improved stability over the naturally occurring CBQ alkylating moiety. 

Additionally, they were designed to investigate the effect of removal of substituents at C3 that are 

present in hybrid compounds previously synthesized. The phenyl ring will allow AB to fit well 

within the minor groove of DNA and it is anticipated to improve the overall binding in the minor 

groove of DNA.  

Attempts  were made to synthesize the diester ?D intermediate using two approaches. The 

first route involved the generation of a tertiary butyl tin ethyl acetate ?V or zinc bromo ethyl acetate 

?A to undergo coupling reaction with the triflate derivative ?@! to afford! ?D. However, the 

generation of ?V!or!?A!were unsuccessful.  

 A synthetic approach was attempted to synthesize AB, which involved methylation of the 

acid <D!to afford the ester <A, followed by benzylation to afford <O, which was hydrolyzed to form 

the acid <=. However, all efforts to couple the acid <= to the N-allyl aniline <> using DCC and 

EDCI coupling reagents were unsuccessful. 

An alternative approach into the synthesis of target AB was investigated. Condensation the 

imine >A(  with the anhydride OB resulted in the formation of the acid =V, which was subsequently 

reduced to the corresponding alcohol =@, and protected by mesylation reaction =A, followed by 
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debenzylation under catalytic hydrogenation conditions and finally Winstein spirocyclization 

utilizing sodium hydride furnished the target AB.  

The presence of the Dervan’s pyrrole in A? will allow for further subunit attachments, such 

as hydroxypyrrole (Hp), imidazole (Im), and pyrrole (Py), and it is expected to control rationally 

the DNA sequence specificity. A cycloaddition reaction between the imine >A; and the anhydride 

OB afforded the acid B>. The rest of the syntheses were carried out in a manner similar to target AB 

to furnish!A?. The alternative routes in this dissertation are still under investigation and the in vitro 

studies of targets AB and A? are forthcoming. 
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ACA!K_5%),*%-2($!E%&2,#-!

ACAC@!"#$%&'$()!*#+%$$,-.!

Molecular modeling studies will be carried out using Schrodinger software (release 2021-

3, LLC, New York, NY, USA). 

!

ACACD!8'&$%,&!(&,+!&)102($!02)'&2')%!5)%5()(2,#-!

The crystal structure was used in this study, DNA d(GGCCAATTGG), complexed with 

distamycin (PDB=1JTL, resolution 1.85 Å ). The nucleic acid was structurally prepared using the 

protein preparation wizard from Schrodinger. Suitable modifications were made, such as adding 

missing hydrogen atoms to optimize H-bonding interactions, missing atoms were added and 

charged, and missing side chains and loops were filled. Some residues were only flipped to 

improve H-bonding and avoid H-H clashes. Also, waters with less than 3 H-bonds to non-waters 

were excluded. All necessary modification, refinement, optimization, and minimization energy for 

the target DNA was completed by utilizing the OPLS3e Force field.  

 

ACACA!S)%5()(2,#-!#4!^,.(-+0 !

The twenty-nine hybrid analogues and the positive controls duocarmycin SA, (+)-CC-

1065, anthramycin, distamycin, tallimustine, and brostallicin were sketched in the 2D sketcher and 

converted into a 3D structure. Then, energy minimization was performed using LigPrep with 

OPLS3e Force field. 

ACACO!9&2,6%!0,2%!,+%-2,4,&(2,#-!

The 3D coordinates of the active site for the DNA were determined based on distamycin 

interaction with the nucleotides in the minor groove using grid generation. This tool was used to 
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highlight the DNA active site for suitable interaction with the compounds in this study. Since the 

active site of the DNA was in complex with distamycin, the grid was generated based on the 

ligand interaction with the key nucleotides residues. 

ACAC=!E3(5%P;(0%+!6,)2'($!0&)%%-,-.!

Ligand-based shape screening was carried out using duocarmycin SA, (+)-CC-1065, 

anthramycin, distamycin, and tallimustineas the query structures. The pharmacophore volume 

scoring setting was applied, which treats each compound as a collection of pharmacophore 

descriptions. These descriptions include hydrogen bond acceptor groups (HBA), hydrogen bond 

donor groups (HBD), positive and negative charge groups, hydrophobic groups, and aromatic 

groups. One hundred conformers were produced for each compound, and the best 5% of the 

conformers were kept for matching pharmacophore features similarity. Phase similarity score 

(phase sim score) was calculated based on the top aligned features for these conformers. 

ACAC>!"#$%&'$()!+#&:,-.  

Glide docking protocols were applied; in this docking program, the flexibility of the 

ligands was considered while the DNA was considered a rigid structure. Standard precision (SP) 

was selected, and all other parameters were left at the default settings. 

ACAC<!b%$(2,6%!;,-+,-. !4)%%!%-%).1!Rb[MKN!

The hybrids were subjected to binding free energies analysis (ΔGbind in kcal/mol) using 

MM-GBSA. The pose view file for each ligand−protein complex was retrieved from glide docking 

output results and subjected to the binding free energy prediction. 
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ACACB!S3()*(&#:,-%2,&!5)%+,&2,#-!Rf,:S)#5N!

ADME/ Tox (absorption, distribution, metabolism, excretion, and toxicity) descriptors 

from the QikProp package were utilized in this study. The QikProp tool from Schrödinger was 

used to calculate a number of the pharmacokinetic properties for each compound, including, 

Lipinski’s rule of five, Jorgensen’s rule of three, and % human oral absorption, Predicted apparent 

MDCK cell permeability in nm/sec. Madin-Darby Canine Kidney (MDCK) cells are considered 

to be a good mimic for the blood-brain barrier (QPPMDCK), and Prediction of binding to human 

serum albumin (QPlogKhsa). 

ACAC?!"(2%),($0!(-+!"%23#+0F!

All reagents and solvents were used as received from the following suppliers: Alfa Aesar, 

Acros, Sigma-Aldrich, Ark Pharm, Combi-Blocks, Fisher Scientific Oakwood, and Matrix. All 

solvents were purified by fractional distillation using the appropriate drying agent and stored over 

4A molecular sieve. Reactions were stirred magnetically using Teflon-coated, magnetic stir bars. 

All reactions were accomplished under room temperature unless stated otherwise and monitored 

by thin layer chromatography (TLC), on glass-backed silica gel plates (pH = 7.0), which were 

visualized by either shortwave UV light or iodine vapor stain. All solvents used for 

chromatographic separations were HPLC grade (hexanes, ethyl acetate, and petroleum ether). 

Flash column chromatography separations were performed on silica gel 60 (particle size 43−60 

μm), and all column conditions have been reported as diameter × height in centimeters. Spinning 

Band Chromatography was performed on a Chromatotron 8900 using Merck silica gel 7749 with 

gypsum binder and fluorescent indicator.  All nuclear magnetic resonance (NMR) spectra ("H, and 

"$C) were recorded in deuterated solvents (CDCl$ or DMSO-d' ) on a Varian 400 MR, a Bruker 

500 MHZ spectrometer with a broadband nitrogen cooled Prodigy probe and a sample case, and 
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Bruker 600 MHz spectrometer with a triple resonance cryoprobe and a sample case. Chemical 

shifts are reported in parts per million (ppm) and were calibrated using the residual undeuterated 

solvents (CDCl$: 7.26 ppm for "H NMR, 77.2 ppm for "$C NMR; DMSO-d' : 2.50 ppm for "H 

NMR, 39.5 ppm for "$C NMR) as an internal reference. Coupling constants are reported in Hertz 

(Hz), chemical shifts are reported in parts per million (ppm, δ), and peak multiplicities as either a 

singlet (s), doublet (d), triplet (t), doublet of doublets(dd), doublet of doublet of triplets (ddt), 

multiplet (m), or complex, and br (broad). Melting points were determined in open capillary tubes 

with a Thomas-Hoover melting point apparatus and are uncorrected. Atlantic Microlabs, Norcross, 

Georgia, performed elemental analyses. 

ACAC@V!^Le"E!(-($10,0 !

All Analyses were performed on an ultra-performance LC system (ACQUITY, Waters 

Corp., USA), coupled with a quadrupole time-of-flight mass spectrometer (Q-Tof Premier, 

Waters). The electrospray ionization (ESI) in positive mode using (Masslynx software, V4.1). The 

capillary voltage was set at 3.1 kV. The sample cone voltage was 30 V, and the extraction cone 

was 4.3 V.  The source and desolvation temperature were maintained at 105 and 300 °C, 

respectively; and the desolvation gas flow at 600 L/h. The Time-of-Flight Mass Spectrometry 

(TOF/MS) scan was 0.4 s long from 100 to 1300 m/z with a 0.1 s inter-scan delay using the centroid 

data format. The lock mass was used to correct instrument accuracy with a 0.1 µM solution of HP 

1221 (Agilent part number G1969-85003). 
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ACAC@@!K_5%),*%-2($!5)#&%+')%0!

@PQ%-%)($! 5)#&%+')%! 4#)! 23%! 01-23%0,0! #4!23%! ,*,-%0! %P*%231$P@PR@P*%231$P@$ P51))#$PDP

1$N*%23(-,*,-%!R=>(N!(-+!@PR4')(- PDP1$NP%P*%231$*%23(-,*,-%!R>V( NF!

To a stirred solution of the methyl amine! (30 mmol, 3 equivalents) (44% in aqueous 

solution), the appropriate aldehyde (10 mmol, 1 equivalent) was added slowly in ice-bath for 15 

minutes then left stirring for 6 hours at room temperature. The mixture was extracted with DCM 

(3 x 35mL) and washed with distilled H#O (3 x 20mL). The organic layer was separated and dried 

over Na#SO%, filtered, and concentrated under reduce pressure to afford the corresponding imine 

=>( and >V(! in 80% and 82% product yield, respectively, which were used in the next step without 

further purification.  

8 P*%231$P@PR@P*%231$P@\P51))#$PDP1$N*%23(-,*,-%R=>(NF!!

This compound was obtained as an orange solid, "H NMR (400 MHz, CDCl$): δ 8.1 (s, 1H), 7.07 

(dd, 1H, J=2.80, J=0.96 Hz), 6.30 (dd, 1H, J=3.44, J=2.80 Hz), 6.20 (dd, 1H, J=3.44, J=0.96 Hz), 

3.47 (s, 3H), 3.45 (s, 3H). "$C NMR (100 MHz, CD155.1 (CH), 128.7 (CH), 126.3 (C), 108.7 

(CH), 107.1 (CH), 48.1 (CH$), 36.0 (CH$). MS (EI): 122 (m/z). 

@PRM')(- PDP1$NP%P*%231$*%23(-,*,-%!R>V(NF 

This compound was obtained as an orange pale syrup;*"H NMR (400 MHz, CDCl$): δ 8.09 (s, 1H), 

7.50 (s, 1H), 6.72 (s, 1H), 6.52-6.42 (m, 1H), 3.50 (s, 3H). "$C NMR (100 MHz, CDCl$): δ 151.66, 

151.03, 144.53, 113.30, 111.51, 48.26. MS (EI): 109 (m/z). 

DPQ%-%)($! 5)#&%+')%! 4#)! 23%! 01-23%0,0! #4!23%!,*,-%0! 8 P($$1$P@PR@P*%231$P@\P51))#$PDP

1$N*%23(-,*,-%!R=>;N!(-+!8 P($$1$P@PR4')(- PDP1$N*%23(-,*,-%!R>V;NF!

To a stirred solution of the appropriate aldehyde (10 mmol, 1 equivalent) in 15 mL DCM 

and Mg#SO%, the allyl amine!(30 mmol, 3 equivalents) was added slowly in ice-bath for 10 minutes, 
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then left stirring overnight at room temperature. The mixture was extracted with DCM (3 X 35mL) 

and washed with distilled H#O (3 X 20mL). The organic layer was separated and dried over 

Na#SO%, filtered and concentrated under reduce pressure to afford the corresponding imine =>;  

and >V; !in 70% and 65% product yield, respectively, which were used in the next step without 

further purification.  

8 P9 $$1$P@PR@P*%231$P@\P51))#$PDP1$N*%23(-,*,-%!R=>;NF!

This compound was obtained as a yellow oil;*"H NMR (400 MHz, CDCl$): δ 8.14 (d, J = 1.3 Hz, 

1H, H6), 6.71 (t, J = 2.2 Hz, 1H, H2), 6.50 (dd, J = 3.9, 1.8 Hz, 1H, H4), 6.14 (dd, J = 3.8, 2.5 Hz, 

1H, H3), 6.05 (ddt, J = 17.1, 10.6, 5.4 Hz, 1H, H8), 5.21 (dd, J = 17.2, 1.8 Hz, 1H, H9a), 5.12 (dd, 

J = 10.3, 1.7 Hz, 1H, H9b), 4.15 (dt, J = 5.5, 1.6 Hz, 2H, H7), 3.96 (s, 3H, H1)!"$C NMR (100 

MHz, CDCl$):  δ 36.0, 63.3, 107.1, 108.7, 117.7, 126.3, 128.7, 135.7, 155.1. MS (EI): 148 (m/z). 

8 P9 $$1$P@PR4')(- PDP1$N*%23(-,*,-%!R>V;NF  

This compound was obtained as a light yellow oil; "H NMR (500 MHz; CDCl$): δ 7.68 (s, 1H), 

7.50 (dd, J = 7.4, 1.5 Hz, 1H), 6.51 (dd, J = 7.5, 1.6 Hz, 1H), 6.46 (t, J = 7.4 Hz, 1H), 1.85 (s, 2H); 

"$C NMR (100 MHz, CDCl$): δ 151.47, 150.78, 144.20, 112.98, 111.27, 47.87. MS (EI): 135 

(m/z). 

APQ%-%)($!5)#&%+')%!4#)!23%!01-23%0,0!#4!23%!D/AP0';02,2'2+!(&,+0F!DP*%231$PAPR@P*%231$P@$ P

51))#$PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&! (&,+! R=<(N/! DP($$1$PAPR@P

*%231$P@$ P51))#$PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&! (&,+! R=<;N/! AP

R4')(- PDP1$NPDP*%231$P@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&! (&,+R>@(N/! (-+! DP

($$1$PAPR4')(- PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!(&,+R>@;NF!

The appropriate imine (50 mmol, 2 equivalents) was reacted with the homophthalic 

anhydride == (20 mmol, 1 equivalent) in 5 mL DCM at reflux for 1 hour, then another  5mL of 
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DCM*were added, and the resulting solution was allowed to stir for 1 hour at room temperature. 

The solvent was evaporated under reduced pressure and the formed residue was recrystallized by 

diethyl ether to give the corresponding acids as yellowish-brown powder =<(!or ;  and >@( or!; .  

DP" %231$PAPR@P*%231$P@$ P51))#$PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!

(&,+!R=<(NF!

This compound was obtained as a light-yellow solid; "H NMR (400 MHz; DMSO-" ' ): δ 13.03 (s, 

1H), 7.89 (d, J = 7.5 Hz, 1H), 7.46 – 7.32 (m, 2H), 7.24 (d, J = 7.5 Hz, 1H), 6.62 (t, J = 2.4 Hz, 

1H), 5.69 (q, J = 2.6 Hz, 1H), 5.30 (s, 1H), 5.21 (s, 1H), 4.07 (d, J = 2.7 Hz, 1H), 3.64 (t, J = 2.2 

Hz, 3H), 2.94 (t, J = 2.1 Hz, 3H); "$C NMR (100 MHz, DMSO-" ' ): δ 172.45, 163.50, 134.42, 

131.92, 130.23, 129.56, 128.95, 128.03, 127.03, 123.50, 106.64, 106.54, 57.03, 48.98, 34.48, 

33.80. MS (EI): 240 decarboxylated from (m/z). 

DP9 $$1$PAPR@P*%231$P@$ P51))#$PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&! (&,+!

R=<;NF!

This compound was obtained as a yellow solid; "H NMR (400 MHz; DMSO-" ' ) δ 12.95 (s, 1H), 

8.00 – 7.93 (m, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.58 – 7.49 (m, 1H), 7.43 (t, J = 7.9 Hz, 1H), 6.55 

(q, J = 2.2 Hz, 1H), 5.69 (s, 2H), 5.21 (dt, J = 4.3, 1.9 Hz, 1H), 5.22 – 5.04 (m, 3H), 4.66 – 4.60 

(m, 1H), 4.53 – 4.43 (m, 1H), 3.52 (t, J = 2.0 Hz, 3H), 3.47 (dd, J = 15.8, 6.5 Hz, 1H), 3.30 (s, 2H). 

"$C NMR (100 MHz, DMSO-" ' ): δ 170.87, 163.09, 134.93, 134.29, 132.18, 129.45, 128.80, 

128.07, 127.84, 127.76, 122.80, 117.26, 107.81, 106.96, 52.26, 48.15, 47.43, 33.97. MS (EI): 266 

decarboxylated from (m/z). 

!

!

!
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APRM')(- PDP1$NPDP*%231$P@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!(&,+R>@(NF!

This compound was obtained as an orange solid; "H NMR (500 MHz, CDCl$) δ 8.25 (dd, J = 7.5, 

2.0 Hz, 1H), 7.71 (td, J = 7.5, 2.0 Hz, 1H), 7.60 (ddd, J = 7.5, 2.0, 1.0 Hz, 1H), 7.52 – 7.44 (m, 

2H), 6.49 – 6.39 (m, 2H), 5.84 (d, J = 11.7 Hz, 1H), 4.65 (dd, J = 11.8, 1.0 Hz, 1H), 3.11 (s, 2H). 

"$C NMR (100 MHz, CDCl$): δ 174.01, 163.99, 151.58, 142.39, 133.55, 132.18, 132.03, 129.19, 

128.24, 128.12, 127.84, 127.36, 127.12, 110.25, 107.18, 58.07, 48.13, 34.78. MS (EI): 227 

decarboxylated from (m/z).!

DP9 $$1$PAPR4')(- PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!(&,+R>@;NF!

This compound was obtained as a yellow solid. "H NMR (400 MHz; CDCl$): δ 3.91-4.04 (2H, 

3.98 (d, /  = 9.7 Hz), 3.98 (d, /  = 9.7 Hz)), 4.15 (1H, d, /  = 3.7 Hz), 4.90-5.06 (2H, 4.97 (dd, /  = 

16.5, 1.4 Hz), 4.99 (dd, /  = 10.7, 1.4 Hz)), 5.33 (1H, d, /  = 3.7 Hz), 6.05-6.27 (2H, 6.15 (ddt, /  = 

16.5, 10.7, 9.7 Hz), 6.22 (dd, /  = 1.8, 1.1 Hz)), 7.09 (1H, dd, /  = 1.1, 0.9 Hz), 7.22 (1H, ddd, /  = 

7.7, 1.4, 0.5 Hz), 7.34 (1H, dd, /  = 1.8, 0.9 Hz), 7.40-7.55 (2H, 7.47 (ddd, /  = 8.1, 7.3, 1.4 Hz), 

7.48 (ddd, /  = 7.7, 7.3, 1.3 Hz)), 7.83 (1H, ddd, /  = 8.1, 1.3, 0.5 Hz).*"$C NMR (100 MHz, CDCl$): 

δ 40.7, 49.0, 56.6, 109.2, 117.7, 121.3, 124.1, 126.9, 128.3-128.5, 128.4, 128.4, 129.2, 132.8, 

138.4, 140.3, 143.0, 160.6, 175.7. MS (EI): 253 decarboxylated from (m/z). 

AP!Q%-%)($!5)#&%+')%!4#)!23%!01-23%0,0!#4!23%!D/AP0';02,2'2%+!%02%)0F!*%231$!DP*%231$PAPR@P

*%231$P@$ P51))#$PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$(2%! R=B(N! (-+!

*%231$!DP($$1$PAPR4')(- PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$(2%!R>D;NC  

To a MeOH solution (20 mL) of the acid =<( or >@;!(30mmol), was added sulfuric acid in 

catalytic amounts and the mixture was allowed to stir at reflux overnight. The solvent was 

evaporated, the product was extracted with ethyl acetate (3 X 10 mL), washed with a saturated 

solution of NaHCO$ (2 X 40mL), washed with brine (2 X 40mL), dried over Na#SO%, and 
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concentrated under reduce pressure to afford the corresponding esters =B( and >D;,!in 85%, and 

65% overall yields, respectively.  

"%231$!DP*%231$PAPR@P*%231$P@$ P51))#$PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP

&();#_1$(2%!R=B(NF!

This compound was obtained as a white solid.!"H NMR (400 MHz; DMSO-" ' ): δ 7.96 – 7.84 (dd, 

J = 7.5, 2.0 Hz, 1H), 7.53 (td, J = 7.5, 2.0 Hz, 1H), 7.57 – 7.45 (ddd, J = 7.5, 2.1, 1.0 Hz, 1H), 7.45 

– 7.30 (td, J = 7.5, 2.1 Hz, 1H), 7.23 (dd, J = 7.2, 1.7 Hz, 1H), 6.63 – 6.55 (m, 2H), 5.69 (d, J = 

11.9 Hz, 1H), 5.28 (dd, J = 11.8, 1.0 Hz, 1H), 5.22 – 5.14 (m, 2H), 4.54 (d, J = 5.4 Hz, 1H), 3.63 

(s, 3H), 3.57 (s, 3H), 2.93 (s, 3H). MS (EI): 298 (m/z). 

!"%231$!DP($$1$PAPR4')(- PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$(2%!R>D;NF!

This compound was obtained as a grey powder.!"H NMR (400 MHz; CDCl$): δ 8.24 (dd, J = 7.5, 

2.0 Hz, 1H), 7.71 (td, J = 7.5, 2.0 Hz, 1H), 7.57 (ddd, J = 7.5, 2.0, 0.9 Hz, 1H), 7.53 – 7.44 (m, 

2H), 6.51 (dd, J = 7.5, 1.6 Hz, 1H), 6.45 (t, J = 7.4 Hz, 1H), 6.06 – 5.91 (m, 2H), 5.52 (ddt, J = 

13.7, 9.9, 0.9 Hz, 1H), 5.15 – 5.03 (m, 2H), 4.61 (dd, J = 11.9, 1.1 Hz, 1H), 3.85 (ddt, J = 12.3, 

6.2, 0.9 Hz, 1H), 3.78 (s, 2H); "$C NMR (100 MHz, CDCl$): δ 170.17, 165.91, 153.94, 141.27, 

133.97, 129.84, 128.94, 128.19, 125.29, 118.66, 110.42, 107.12, 56.19, 51.73, 51.17, 47.51.        

MS (EI): 311 (m/z).!

" %231$!DP($$1$PAPR@P*%231$P@$ P51))#$PDP1$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP

&();#_1$(2%!R=B;NC!

To a stirred solution of the acid =<;! (0.14gm, 0.45mmol), was added cesium carbonate 

(0.11g, 0.33 mmol) in 5mL DMF and the formed suspension was allowed to react at room 

temperature for 15 minutes. Methyl iodide (0.05 g, 0.33 mmol) was added to the mixture and 

stirring was sustained for an additional 15 minutes. DMF was evaporated under reduced pressure, 
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and diluted with ethyl acetate (5 mL), filtered, and washed with brine (8X10mL). The organic 

layer was separated, dried over Na#SO%, and concentrated under reduce pressure to afford the 

corresponding ester =B;! in!65% yield. This compound was obtained as a white solid.! "H NMR 

(400 MHz; CDCl$): δ 8.21 (dd, J = 7.5, 2.0 Hz, 1H), 7.79 – 7.67 (m, 2H), 7.48 (td, J = 7.5, 2.1 Hz, 

1H), 6.54 (dd, J = 7.5, 1.5 Hz, 1H), 6.07 – 5.94 (m, 2H), 5.92 (dd, J = 7.5, 1.6 Hz, 1H), 5.63 (d, J 

= 0.7 Hz, 1H), 5.47 (ddt, J = 13.7, 9.9, 1.0 Hz, 1H), 5.08 (ddt, J = 16.8, 13.9, 1.0 Hz, 1H), 4.88 

(ddt, J = 12.3, 6.0, 0.9 Hz, 1H), 4.61 (t, J = 0.8 Hz, 1H), 3.78 (s, 2H), 3.61 (s, 2H), 3.54 (ddt, J = 

12.4, 6.2, 0.9 Hz, 1H)."$C NMR (100 MHz, CDCl$): δ 170.17, 165.91, 133.97, 129.84, 128.94, 

128.20, 125.29, 118.66, 110.13, 107.98, 59.39, 51.95, 51.73, 47.51, 34.25. MS (EI): 334 (m/z). 

OP!Q%-%)($!5)#&%+')%!4#)!23%!01-23%0,0!#4!23%!D/AP0';02,2'2%+!%02%)F!*%231$!APR4')(- PDP1$NPDP

*%231$P@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$(2%!R>D(NC!

To a stirred solution of the acid >@(!(0.1gm, 0.36mmol) in 20mL MeOH at 0°C, was added 

dicyclohexylcarbodiimide (DCC) (0.076g, 0.36 mmol) over 5 minutes and this was allowed to stir 

for 3 hours. The dicyclohexylurea (DCU) was removed by vacuum filtration, the filtrate was 

evaporated under reduced pressure, and the residue was resuspended in 15 mL ethyl acetate, dried 

over Na#SO%, and concentrated under reduce pressure to afford the corresponding ester >D(!in 80% 

yield. This compound was obtained as a light brown solid.!"H NMR (400 MHz; CDCl$): δ 8.24 

(dd, J = 7.5, 2.0 Hz, 1H), 7.71 (td, J = 7.5, 2.0 Hz, 1H), 7.58 (ddd, J = 7.5, 2.0, 1.0 Hz, 1H), 7.52 

– 7.44 (m, 2H), 6.48 – 6.38 (m, 2H), 5.88 (d, J = 11.9 Hz, 1H), 4.61 (dd, J = 11.9, 1.1 Hz, 1H), 

3.78 (s, 2H), 3.10 (s, 2H). "$C NMR (100 MHz, CDCl$): δ 170.17, 165.19, 153.73, 141.27, 134.30, 

133.82, 129.55, 128.92, 128.17, 125.10, 110.42, 107.15, 57.80, 51.73, 50.94, 31.37. MS (EI): 285 

(m/z). 
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OPR" %23#_1*%231$NPDP*%231$PAPR@P*%231$PD/AP+,31+)#P@$ P51))#$PDP1$NPA/O!

+,31+)#,0#W',-#$,-P@RD$ NP#-%!R=?NC!

To a stirred solution of the acid =<(!(0.05gm, 0.17mmol) in 15mL anhydrous THF at 0°C, 

was added B#H'  (0.283g, 10.22 mmol) over 5 minutes and this was allowed to stir for 12 hours at 

room temperature. The reaction was quenched with distilled H#O (50mL), extracted by EtOAc 

(3X25mL), dried over Na#SO%, and concentrated under reduce pressure to afford the alcohol =?, 

which recrystallized from Et#O as a light yellow solid in 80% overall yield. This compound was 

obtained as brown crystals.!"H NMR (400 MHz; CDCl$): δ 7.92 (d, J = 1.4 Hz, 0H), 7.41 (td, J = 

7.4, 1.5 Hz, 1H), 7.33 (td, J = 7.5, 1.3 Hz, 1H), 7.21 – 7.11 (m, 1H), 6.60 (dd, J = 2.7, 1.9 Hz, 1H), 

5.70 (dd, J = 3.6, 2.7 Hz, 1H), 5.36 (t, J = 5.6 Hz, 1H), 5.26 – 5.19 (m, 1H), 5.09 (s, 1H), 3.61 (s, 

3H), 3.53 – 3.47 (m, 1H), 3.12 – 3.05 (m, 1H), 2.98 (s, 3H)."$C NMR (100 MHz, CDCl$): δ 163.48, 

137.18, 132.13, 130.97, 129.32, 128.74, 127.59, 127.26, 123.07, 106.66, 105.86, 64.17, 55.12, 

47.36, 36.22, 34.73.!MS (EI): 270 (m/z). 

!

=PQ%-%)($!5)#&%+')%!4#)!23%!01-23%0,0!#4!,*,-%0F!@/A/=P2),53%-1$P@/A/=P2),(U,-(-%!R>A(N/!(-+!

%PRR@P*%231$P@$ P51))#$PAP1$N*%231$N*%23(-,*,-%R>A&NF!

To a stirred solution of the appropriate amine!(9 mmol, 1 equivalent) in toluene (50 mL), 

paraformaldehyde (9 mmol, 1 equivalent) was added, and the resulting mixture was stirred at 

reflux. After 2 hours, the solvent was evaporated under reduced pressure to afford the imine >A(!

or >A& in quantitative yields, which were used in the next step without further purification. 

!

!

!
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@/A/=PJ ),53%-1$P@/A/=P2),(U,-(-%!R>A(NF!

This compound was obtained as a yellow powder.!"H NMR (400 MHz, CDCl$): δ = 7.25–7.17 (m, 

6 H), 7.05–6.98 (m, 6 H), 6.89–6.85 (m, 3 H), 4.90 (s, 6 H); "$C NMR (100 MHz, CDCl$): δ 145.1, 

128.2, 127.8, 124.5, and 67.2. 

8 PRR@P*%231$P@\P51))#$PAP1$N*%231$N*%23(-,*,-%R>A&NF!

This compound was obtained as yellow crystals.*"H NMR (400 MHz, CDCl$): δ 3.33 (3H, s), 4.87 

(2H, s), 6.00 (1H, dd, /  = 3.5, 2.4 Hz), 6.58-6.72 (2H, 6.64 (d, /  = 9.0 Hz), 6.66 (d, /  = 9.0 Hz)), 

6.83-7.01 (2H, 6.89 (dd, /  = 2.4, 1.1 Hz), 6.95 (dd, /  = 3.5, 1.1 Hz)); "$C NMR (100 MHz, CDCl$): 

δ 37.1, 49.6, 108.3, 113.3, 123.5, 127.3, 131.7. LC-HRMS: calculated for C( H"" N# (M+H): 

123.0916, found: 123.0916. 

"%231$!@P*%231$POPRR*%231$%-%(*,-#N*%231$NP@$ P51))#$%PDP&();#_1$(2%!R>A;NF!

To a 150 mL round-bottom flask, a solution of the appropriate amine (0.4 g, 3.63 mmol) 

and paraformaldehyde (0.17 g, 5.9 mmol) were added simultaneously in dry DCM (10 mL) and 

MgSO%, and the resulting mixture was stirred at room temperature for 2 hours. After the reaction 

was complete, the solvent was concentrated under reduced pressure to afford >A; ( 0.33 g, 82%) 

as a yellow oil.!"H NMR (400 MHz, CDCl$): δ 3.60 (3H, s), 3.83 (3H, s), 5.07 (2H, s), 6.33 (1H, 

d, /  = 1.3 Hz), 6.58-6.72 (2H, 6.64 (d, /  = 9.0 Hz), 6.66 (d, /  = 9.0 Hz)), 6.98 (1H, d, /  = 1.3 Hz); 

"$C NMR (100 MHz, CDCl$): δ 67.2, 124.5, 127.8, 128.2, 145.1. 

>PQ%-%)($!5)#&%+')%!4#)!23%!01-23%0,0!#4!23%!AP'-0';2,2'2%+ !(&,+0F!@P#_#PDP53%-1$P@/D/A/OP

2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&! (&,+! R>O(N/! DPRR=PR*%23#_1&();#-1$NP@P*%231$P@$ P

51))#$PAP1$N*%231$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!(&,+!R>O;N/!(-+!DPRR@P

*%231$P@$ P51))#$PAP1$N*%231$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&! (&,+!

R>O&NF!
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The imine intermediate >A( or! ;  or & (50 mmol, 1 equivalent) was mixed with 

homophthalic anhydride == (20 mmol, 3 equivalent) in 5 mL 1,2-dichloroethane at reflux 

overnight. The solvent was evaporated under reduced pressure and the formed residue was 

recrystallized from diethyl ether to give the corresponding acids >O( !in 80% or ;  in 85% or &!in 

75 % yields.  

@PH_#PDP53%-1$P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!(&,+!R>O(NF!

This compound was obtained as yellow crystals. "H NMR (400 MHz, CDCl$): δ 8.44 (dd, J = 9.6, 

7.1 Hz, 2H), 8.19 (s, 1H), 8.10 (d, J = 6.8 Hz, 1H), 7.70 (s, 2H), 7.64 – 7.58 (m, 3H), 7.62 – 7.48 

(m, 4H), 7.50 – 7.32 (m, 11H), 7.36 – 7.18 (m, 2H), 4.28 – 4.19 (m, 2H), 3.92 (s, 2H), 3.77 (s, 

3H), 3.67 (s, 1H)."$C NMR (100 MHz, CDCl$): δ 169.10, 163.99, 142.03, 136.33, 130.01, 129.95, 

129.00, 128.50, 126.78, 124.94, 124.36, 121.07, 50.37, 48.88. MS (EI): 223 decarboxylated from 

(m/z). 

DPRR=PR" %23#_1&();#-1$NP@P*%231$P@$ P51))#$PAP1$N*%231$NP@P#_#P@/D/A/O!

2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!(&,+!R>O;NF!

This compound was obtained as yellow crystals. "H NMR (400 MHz, CDCl$): δ 8.10 (dd, J = 7.7, 

1.5 Hz, 1H), 7.49 – 7.35 (m, 2H), 7.35 – 7.25 (m, 1H), 6.87 (d, J = 1.9 Hz, 1H), 6.79 (d, J = 2.0 

Hz, 1H), 4.81 (d, J = 14.6 Hz, 1H), 4.29 (d, J = 14.6 Hz, 1H), 3.89 – 3.73 (m, 2H), 3.81 (s, 3H), 

3.74 (s, 2H), 3.77 – 3.67 (m, 2H). "$C NMR (100 MHz, CDCl$): δ 175.01, 163.59, 161.56, 134.35, 

132.16, 131.76, 129.08, 129.01, 128.56, 127.70, 122.18, 118.58, 118.14, 117.03, 50.87, 47.14, 

43.46, 43.24, 36.80. LC-HRMS: calculated for C") H") N#O& (M+H): 343.1288, found: 343.1288. 

!

!DPRR@P" %231$P@$ P51))#$PAP1$N*%231$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$,&!

(&,+!R>O&NF!



 
 

116 
 

This compound was obtained as a brown solid. "H NMR (400 MHz; DMSO-" ' ): δ 8.21 (dt, J = 

7.9, 1.7 Hz, 1H), 7.94 – 7.80 (m, 1H), 7.70 (ddd, J = 7.5, 5.2, 1.6 Hz, 1H), 7.64 – 7.57 (m, 1H), 

7.45 – 7.38 (m, 1H), 6.70 (s, 1H), 6.26 (s, 1H), 4.26 – 4.19 (m, 2H), 4.05 (dd, J = 7.0, 3.9 Hz, 1H), 

3.87 (s, 3H), 3.65 (t, J = 5.1 Hz, 1H), 3.54 – 3.40 (m, 1H)."$C NMR (100 MHz, DMSO-" ' ): δ 

174.04, 161.28, 146.79, 137.05, 134.60, 133.62, 128.70, 128.13, 122.30, 120.65, 109.03, 108.79, 

45.53, 40.07, 39.85, 39.64, 39.44. LC-HRMS: calculated for C"' H"( N#O$ (M+H): 285.1233, 

found: 285.1232. 

" %231$!@P#_#PDP53%-1$P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP&();#_1$(2%!R>=(NF!

To a stirred solution of the acid >O(!(0.1gm, 0.37 mmol) in MeOH (20mL), sulfuric acid 

in catalytic amounts was added, and the mixture was allowed to stir at reflux overnight. The MeOH 

was concentrated under reduced pressure, the resulting residue was extracted with ethyl acetate (3 

X 10 mL), washed with a saturated solution of NaHCO$ (2 X 40mL), washed with brine (2 X 

40mL), and dried over Na#SO%, and concentrated under reduce pressure to afford the 

corresponding esters >=( in 85% overall yields. This compound was obtained as brown crystals.!

"H NMR (400 MHz, CDCl$): δ 7.61 – 7.37 (m, 2H), 7.40 – 7.22 (m, 1H), 4.38 – 4.14 (m, 1H), 

3.97(s, 3H), 4.01 – 3.93 (m, 1H). "$C NMR (100 MHz, CDCl$): δ 171.06, 163.26, 142.64, 134.96, 

132.19, 130.90, 129.07, 128.94, 128.80, 128.41, 127.97, 126.71, 125.85, 123.74, 51.05, 44.04, 

43.33. MS (EI): 281 (m/z). 

!"%231$!DPRR=PR*%23#_1&();#-1$NP@P*%231$P@$ P51))#$PAP1$N*%231$NP@P#_#P@/D/A/O!

2%2)(31+)#,0#W',-#$,-%POP&();#_1$(2%R>=;NF!

To a stirred solution of the acid >O;!(0.3 mmol), was added cesium carbonate (0.3 mmol) 

in 5mL DMF and the formed suspension was allowed to react at room temperature for 15 minutes. 

Methyl iodide (0.3 mmol) was added to the mixture and stirring was continued for an additional 
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15 minutes. DMF was evaporated under reduced pressure, and diluted with ethyl acetate (5 mL), 

filtered, and washed with brine (8X10mL). The organic layer was separated, dried over Na#SO%, 

and concentrated under reduce pressure to afford the corresponding ester >=;! in!65% overall yield. 

This compound was obtained as light brown solid.*"H NMR (400 MHz, CDCl$): δ 8.45 – 7.80 (m, 

1H), 7.57 – 7.28 (m, 1H), 7.26 – 7.12 (m, 1H), 6.86 (d, J = 2.0 Hz, 1H), 6.80 (d, J = 2.0 Hz, 1H), 

4.69 (dt, J = 14.7, 0.6 Hz, 1H), 4.40 (dt, J = 14.6, 0.5 Hz, 1H), 3.84 (s, 1H), 3.87 – 3.82 (m, 1H), 

3.81 – 3.78 (m, 1H), 3.75 (s, 1H), 3.72 – 3.65 (m, 2H), 3.63 – 3.54 (m, 2H), 3.59 (s, 1H)."$C NMR 

(100 MHz, CDCl$): δ 171.21, 163.40, 161.49, 134.70, 131.95, 129.19, 128.99, 128.48, 127.86, 

122.19, 118.44, 117.77, 117.62, 52.56, 50.83, 47.26, 43.58, 36.58, 30.80; MS (EI): 356 (m/z); LC-

HRMS: calculated for C"+H#"N#O& (M+H): 357.1445, found: 357.1445. 

" %231$!DPRR@P*%231$P@$ P51))#$PAP1$N*%231$NP@P#_#P@/D/A/OP2%2)(31+)#,0#W',-#$,-%POP

&();#_1$(2%!R>=&NF!

To a stirred solution of the acid >O&!(0.3 mmol), was added cesium carbonate (0.3 mmol) 

in 5mL DMF and the formed suspension was allowed to react at room temperature for 15 minutes. 

Methyl iodide (0.3 mmol) was added to the mixture and stirring was continued for an additional 

15 minutes. DMF was evaporated under reduced pressure, and diluted with ethyl acetate (5 mL), 

filtered, and washed with brine (8X10mL). The organic layer was separated, dried over Na#SO%, 

and concentrated under reduce pressure to afford the corresponding ester >=&!in!75% overall yield. 

This compound was obtained as dark red solid. LC-HRMS: calculated for C"( H"+N#O$ (M+H): 

299.1390, found: 299.1390. 

DPRDPRS3%-1$&();(*#1$N53%-1$N(&%2,&!(&,+!R>>NF 

A mixture of the aniline (0.45 g, 4.8 mmol), paraformaldehyde (0.17 gm, 5.6 mmol), 

homophthalic anhydride (0.8 g, 4.8 mmol), and alum (0.5 g, 2.46 mmol) in DCM (10 mL) in a 50 
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mL flask was allowed to stir at room temperature overnight. The solvent was evaporated under 

reduced pressure, water (10 mL) was added to the residue and the organic material was extracted 

with ethyl acetate (3X10 mL) and the combined organic extracts were dried under Na#SO%*and 

concentrated under vacuum to afford >> in 74% yield. This compound was obtained as a white 

solid; "H NMR (400 MHz, CDCl$): δ 7.07 (1H, tt, /  = 7.8, 1.2 Hz), 7.27 (2H, dddd, /  = 8.2, 7.8, 

1.4, 0.5 Hz), 7.42-7.70 (5H, 7.48 (dddd, /  = 8.2, 1.5, 1.2, 0.5 Hz), 7.59 (ddd, /  = 7.8, 1.3, 0.5 Hz), 

7.63 (ddd, /  = 7.8, 7.7, 1.3 Hz), 7.63 (td, /  = 7.7, 1.3 Hz)), 7.81 (1H, ddd, /  = 7.8, 1.3, 0.5 Hz); "$C 

NMR (100 MHz, CDCl$): δ 119.9, 126.9 , 127.8, 128.2, 128.3-128.5, 128.4, 128.4, 129.3, 130.2, 

134.0, 137.4, 167.5-167.6, 167.5, 167.5. 

" %231$!DPRDPRS3%-1$&();(*#1$N53%-1$N(&%2(2%!R><NF!

To a stirred solution of the acid >> (0.09, 0.3 mmol), was added NaHCO$ (0.2gm, 0.3 

mmol) in 8mL of DMF and the formed suspension was allowed to react at room temperature for 

15 minutes. Methyl iodide (20!μL, 0.3 mmol) was added to the mixture and stirring was sustained 

for an additional 20 minutes. DMF was evaporated under reduced pressure, and diluted with ethyl 

acetate (5 mL), filtered, and washed with brine (8X10mL). The organic layer was separated, dried 

over Na#SO%, and concentrated under reduce pressure to afford the corresponding ester ><!in 63% 

overall yield. This compound was obtained as a brown solid. "H NMR (400 MHz, CDCl$): δ 3.83 

(3H, s), 7.07 (1H, tt, /  = 7.8, 1.2 Hz), 7.27 (2H, dddd, /  = 8.2, 7.8, 1.4, 0.5 Hz), 7.42-7.70 (5H, 

7.48 (dddd, /  = 8.2, 1.5, 1.2, 0.5 Hz), 7.59 (ddd, /  = 7.8, 1.3, 0.5 Hz), 7.63 (ddd, /  = 7.8, 7.7, 1.3 

Hz), 7.63 (td, /  = 7.7, 1.3 Hz)), 7.81 (1H, ddd, /  = 7.8, 1.3, 0.5 Hz). "$C NMR (100 MHz, CDCl$): δ 

52.2, 119.9, 123.9, 126.9, 127.8, 128.2, 128.3-128.5, 128.4, 128.4, 129.3, 134.0, 137.4, 167.1, 

167.5; MS (EI): 269 (m/z). 

!
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!

" %231$PDPR@PR7 ,*%231$(*,-#NPAP*%23#_1PAP#_#5)#5P@P%-PDP1$N;%-U#(2%!R>BNF!

To a stirred solution of the diester! (0.7 gm, 3.3 mmol), was added dimethoxy 

diemthylamine (15 mL, 112 mmol), and acetic acid (0.5 mL, 8.74 mmol) and the reaction was 

allowed to react at 90°C for 12 hours.  The reaction was washed with a saturated solution of 

NaHCO$ (2 X 40mL), brine (2 X 40mL), and dried over Na#SO%, and concentrated under reduce 

pressure to afford the corresponding enamine >B in 88% overall yields. This compound was 

obtained as a white solid. "H NMR (400 MHz, CDCl$): δ 2.94 (6H, s), 3.65-3.80 (6H, 3.69 (s), 

3.75 (s)), 7.42-7.75 (4H, 7.49 (ddd, /  = 7.9, 7.4, 1.5 Hz), 7.49 (ddd, /  = 7.8, 1.5, 0.4 Hz), 7.56 

(ddd, /  = 7.8, 7.4, 1.4 Hz), 7.69 (ddd, /  = 7.9, 1.4, 0.4 Hz)), 7.87 (1H, s). "$C NMR (100 MHz, 

CDCl$): δ 41.3, 52.2-52.3, 52.2, 52.2, 104.7, 123.9, 125.2, 128.3-128.5, 128.4, 128.4, 129.3, 138.0, 

139.1, 165.4, 167.1. MS (EI): 263 (m/z). 

" %231$!DPRR=PR" %23#_1&();#-1$NP@P*%231$P@$ P51))#$PAP1$N*%231$NP@P#_#P@/DP

+,31+)#,0#W',-#$,-%POP&();#_1$(2%R>?NF!

To a stirred solution of the of the enamine >B!(0.5gm, 1.9 mmol) in MeOH (15mL), the 

amine pyrrole (0.3 gm, 1.9 mmol) and Diisopropylethylamine (1.5 mL, 8 mmol)  were added, and 

the mixture was allowed to stir at 65°C for 12 hours. The MeOH was concentrated under reduced 

pressure, the resulting residue was extracted with ethyl acetate (3 X 10 mL), washed with 1N HCl 

(2 X 40mL), a saturated solution of NaHCO$ (2 X 40mL), brine (2 X 40mL), and dried over 

Na#SO%, and concentrated under reduced pressure to afford the corresponding product >? in 70% 

overall yields. This compound was obtained as light-yellow crystals. "H NMR (400 MHz, CDCl$): 

δ 3.62 (3H, s), 3.73 (3H, s), 3.83 (3H, s), 5.37 (2H, s), 6.12 (1H, d, /  = 1.2 Hz), 7.04 (1H, d, /  = 

1.2 Hz), 7.41-7.62 (2H, 7.48 (ddd, /  = 7.9, 7.5, 1.5 Hz), 7.55 (ddd, /  = 7.8, 1.5, 0.5 Hz)), 7.70 (1H, 
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ddd, /  = 7.8, 7.5, 1.4 Hz), 7.93 (1H, ddd, /  = 7.9, 1.4, 0.5 Hz), 8.45 (1H, s). "$C NMR (100 MHz, 

CDCl$): δ 36.0, 52.2-52.3, 52.2, 52.2, 52.3, 106.2, 107.8, 113.3, 121.9, 124.5, 125.2, 126.9, 127.3, 

128.3-128.5, 128.4, 128.4, 134.4, 139.1, 160.7, 161.1, 165.4. MS (EI): 354 (m/z). 

" %231$!DPRR=PR" %23#_1&();#-1$NP@P*%231$P@$ P51))#$PAP1$N*%231$NP@P#_#P@/D/A/OP

2%2)(31+)#,0#W',-#$,-%POP&();#_1$(2%R<VNF!

In a glove box under a nitrogen atmosphere, the isoquinoline intermediate >? (0.03g, 0.08 

mmol) was placed in a Parr flask and dissolved in an anhydrous THF (5 mL) and 10% Pd/C (20 

mg) was added. The suspension was shaken under H# (g) overnight at room temperature. The 

suspension was filtered through a celite plug and the filtrate was then concentrated under reduced 

pressure to yield the product <V as light brown crystals in 35% yield."H NMR (400 MHz, CDCl$): 

δ 3.57-3.69 (6H, 3.62 (s), 3.64 (s)), 3.70-3.91 (5H, 3.77 (dd, /  = 14.4, 2.0 Hz), 3.84 (dd, /  = 14.4, 

3.8 Hz), 3.83 (s)), 4.05 (1H, dd, /  = 3.8, 2.0 Hz), 4.47-4.57 (2H, 4.52 (s), 4.52 (s)), 6.10 (1H, d, /  = 

1.2 Hz), 7.01 (1H, d, /  = 1.2 Hz), 7.21 (1H, ddd, /  = 7.7, 1.4, 0.5 Hz), 7.32-7.54 (2H, 7.39 (ddd, /  = 

8.1, 7.3, 1.4 Hz), 7.47 (ddd, /  = 7.7, 7.3, 1.3 Hz)), 7.89 (1H, ddd, /  = 8.1, 1.3, 0.5 Hz)."$C NMR 

(100 MHz, CDCl$): δ 36.0, 40.7, 52.2-52.3, 52.2, 52.2, 52.3, 53.3, 107.8, 113.3, 121.3, 121.9, 

124.1, 126.9, 127.3, 128.3-128.5, 128.4, 128.4, 140.3, 160.7, 164.9, 172.4; MS (EI): 356 (m/z); 

LC-HRMS: calculated for C"+H#"N#O& (M+H): 357.1445, found: 357.1445. 

"%231$!OPR;%-U1$#_1NP@PRRR2),4$'#)#*%231$N0'$4#-1$N#_1NPDP-(5323#(2%!R?@N!

To a solution of the phenol ester <O (0.3 g, 0.97 mmol) in anhydrous pyridine (2mL), was 

added trifluoromethanesulfonic anhydride (0.5mL, 2.9mmol) at 0ºC, and the resulting solution was 

stirred at room temperature overnight. Distilled water was added, extracted with ethyl acetate 

(3X10mL), washed with 10% HCl (3X10mL), brine (3X10mL), and the solvent was evaporated 

under reduced vacuum. The resulting residue was crystallized with petroleum ether to give ?@!(0.2 



 
 

121 
 

g, 50%) as a light-yellow solid. ; "H NMR (400 MHz, CDCl$): 8.376-8.374 (m, 1H), 8.123-8.103 

(m, 1H), 7.707-7.689 (m, 2H), 7.536-7.532 (m, 2H), 7.463-7.427 (m, 4H), 5.282 (s, 2H), 4.011 (s, 

3H). "$C NMR (100 MHz, CDCl$): 165.66, 153.92, 138.67, 136.10, 128.93, 128.83, 128.67, 

128.59, 128.57, 127.86, 127.31, 126.95, 122.87, 122.21, 121.65, 118.5, 104.76, 70.69, 53.04; 

HRMS (ESI) calculated for C#, H"' F$O' S ([M + H]+) m/z = 441.0620, found 441.0624. 

"%231$!5)#5,#$(2%!R?=N!

Methyl iodide (0.17 mL, 2.8 mmol) and K#CO$(0.4 g,2.8 mmol)! were dissolved in a 

solution of propiolic acid!?O (0.17 mL, 2.8 mmol) in acetonitrile (7 mL) and stirred for 4 hours. 

The solution was extracted with Et#O (3 X 20 mL), dried over Na#SO%, and the solvent was 

concentrated under reduced pressure to give the product as yellow crystal ?=!in 50% yield; "H 

NMR (400 MHz, CDCl$): δ 3.11 (1H, s), 3.78 (3H, s); "$C NMR (100 MHz, CDCl$):  δ 52.2, 74.1, 

75.6, 153.4. 

"%231$!DPR2),;'21$02(--1$N(&)1$(2%!R?<N!

A Schlenk tube was charged with ester ?= (0.5g, 5.9 mmol) in dry THF(25mL). The 

resulting solution was transferred into a glove box, and bis(triphenylphosphine)-

palladium(II)chloride (0.026 g, 0.037mmol) was added at 0ºC. The resulting reaction was allowed 

to stir for 25 minutes, then Bu$SnH ?> (1.8mL, 6.4mmol) was added gradually via a syringe and 

the resulting solution was allowed to stir for 15 minutes at room temperature. The  solvent  was  

evaporated under reduced pressure.  The obtained residue  was dissolved in pentane (15mL) and 

washed with acetonitrile (2X 20mL), and  brine  (2X20 mL).  The organic layer was separated, 

dried over MgSO%,filtered and evaporated to give ?< in 68% yield as a red-brown oil. "H NMR 

(400 MHz, CDCl$): δ 0.46 (6H, t, /  = 6.6 Hz), 0.87 (9H, t, /  = 6.5 Hz), 1.24-1.41 (12H, 1.30 (h, /  = 



 
 

122 
 

6.5 Hz), 1.34 (tt, /  = 6.6, 6.5 Hz)), 3.79 (3H, s), 5.93 (1H, d, /  = 3.0 Hz), 6.46 (1H, d, /  = 3.0 Hz). 

"$C NMR (100 MHz, CDCl$):  δ 11.1, 14.0, 27.2, 29.0, 52.2, 114.6, 158.8, 169.8. 

!

"%231$!DPR-(5323($%-PDP1$N(&)1$(2%!R?BN!

A Schlenk tube was charged with 2-bromonaphthalene (0.15g, 0.72 mmol) in dry 

dioxane(5mL). The resulting solution was transferred into a glove box, and 

bis(triphenylphosphine)-palladium(II)chloride (0.05g) was added at 0ºC. The resulting reaction 

was allowed to stir for 25 minutes, then ?< (0.3 g, 0.8mmol) was added gradually via a syringe 

and the solution was allowed to stir for 15 minutes at room temperature. The  solvent  was  

evaporated under reduced pressure.  The obtained residue  was dissolved in pentane (15mL) and 

washed with acetonitrile (2X 20mL), and  brine  (2X20 mL).  The organic layer was separated, 

dried over MgSO%, filtered and evaporated to give ?B in 53% yield as a dark brown solid.  "H 

NMR: δ 3.82 (3H, s), 6.21 (1H, d, /  = 5.5 Hz), 6.35 (1H, d, /  = 5.5 Hz), 7.40-7.57 (2H, 7.47 

(dddd, /  = 7.9, 6.9, 2.0, 0.5 Hz), 7.50 (dddd, /  = 7.9, 6.9, 1.9, 0.5 Hz)), 7.57-7.71 (2H, 7.64 

(ddq, /  = 8.5, 2.6, 0.5 Hz), 7.65 (ddd, /  = 8.5, 1.8, 0.5 Hz)), 7.81-7.99 (3H, 7.88 (dddq, /  = 7.9, 

2.6, 1.9, 0.5 Hz), 7.91 (dddt, /  = 7.9, 2.1, 2.0, 0.5 Hz), 7.94 (ddq, /  = 2.1, 1.8, 0.5 Hz)). "$C NMR: 

δ 52.2, 113.4, 123.9, 124.2, 126.4-126.5, 126.4, 126.4, 127.1, 127.3, 127.7-127.8, 127.7, 127.7, 

130.9, 131.6-131.9, 131.7, 131.8 , 165.7. MS (EI): 212 (m/z). 

"%231$!@/OP+,31+)#_1PDP-(5323#(2%!R<AN!

To a solution of 1,4-Dihydroxy-2-naphthoic acid <D (5 g, 24 mmol) in anhydrous DMF (50 

mL), NaHCO$ (2.46 g, 29 mmol) was added, and the resulting mixture was stirred for 10 minutes 

at room temperature under a stream of nitrogen. The suspension was cooled to room temperature 

and MeI (2.28 mL, 36 mmol) was added, and the reaction was allowed to stir at room temperature 
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for 12 hours. The reaction was quenched with brine (40 mL), diluted with 2N HCl (40 mL), and 

extracted with Et#O (3 X 40 mL). The combined organic layers were dried over MgSO% and 

concentrated in vacuo. The resulting residue was crystallized from MeOH-water to give <A as a 

light colored solid in 94 % yield; "H NMR (400 MHz, CDCl$):11.4 (s, 1H), 8.35-8.32 (m, 1H), 

8.21-8.18 (m, 1H), 7.60-7.52 (m, 2H), 7.14 (s, 1H), 3.95 (s, 3H). "$C NMR (100 MHz, CDCl$): 

171.1, 154.1, 144.8, 129.5, 128.3, 125.8, 125.2, 123.4, 122.1, 104.5, 52.0. LC-HRMS: calculated 

for C"#H+O% (M-H); 217.0506, Found m/z: 217.0496. 

"%231$!OPR;%-U1$#_1NP@P31+)#_1PDP-(5323#(2%!R<ON!

To a solution of the ester <A (3 g, 13.7 mmol) in acetone (40 mL), K#CO$ (1.9 g, 13.7 

mmol) and benzyl bromide (1.6 mL, 13.7 mmol) were added, and the resulting solution was stirred 

at room temperature for 48 hours. The reaction mixture was diluted with 2N HCl (40 mL), washed 

with saturated NaHCO$ (3 X 40 mL), brine (3 X 40 mL), and filtered. The combined organic layers 

were dried over Na#SO%, and concentrated under reduced pressure to afford the product, which 

was crystallized from cold CHCl$ to give <O in 72% yield as a yellow solid; "H NMR (400 MHz, 

CDCl$):11.64 (s, 1H), 8.37-8.35 (m, 1H), 8.25-8.21 (m, 1H), 7.60-7.55 (m, 4H), 7.52-7.43 (m, 

3H), 7.11 (s, 1H), 5.16 (s, 2H), 3.98 (s, 3H). "$C NMR (100 MHz, CDCl$): 170.8, 155.1, 146.2, 

136.6, 129.5, 128.7, 128.2, 127.6, 127.1, 126.1, 125.0, 123.3, 121.6, 103.9, 69.9, 52.0. LC-HRMS: 

calculated for C"+H"( O%*(M+H); 309.1121, Found: m/z: 309.1124. 

OPR[ %-U1$#_1NP@P31+)#_1PDP-(5323#,&!(&,+!R<=N!

A solution of the benzyl ester <O (1 g, 3.2 mmol) in 5 N methanolic NaOH (25 mL, 9.7 

mmol) was stirred at room temperature for 3 hours. The MeOH was evaporated under reduced 

vacuum, the residue taken up in water, acidified with 3N HCl (40 mL), extracted with DCM (3 X 

40 mL). The separated organic layers were dried over Na#SO%*and concentrated under vacuum, 
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which was recrystallized ethyl acetate and petroleum ether to give <=!in 66.6% yield as dark purple 

crystals. "H NMR (400 MHz, CDCl$): δ 5.22 (2H, s), 6.88-7.01 (3H, 6.94 (tt, /  = 7.9, 1.3 Hz), 6.95 

(dddd, /  = 8.2, 1.5, 1.3, 0.5 Hz)), 7.26 (2H, dddd, /  = 8.2, 7.9, 1.4, 0.5 Hz), 7.52-7.73 (3H, 7.57 

(d, /  = 0.5 Hz), 7.64 (ddd, /  = 8.6, 6.9, 1.8 Hz), 7.66 (ddd, /  = 8.0, 6.9, 1.3 Hz)), 7.83 (1H, ddt, /  = 

8.6, 1.3, 0.5 Hz), 8.00 (1H, ddd, /  = 8.0, 1.8, 0.5 Hz); "$C NMR (100 MHz, CDCl$): δ 68.6, 113.4, 

116.7, 122.2, 123.7, 124.7, 126.4-126.5, 126.4, 126.4, 127.4, 127.8, 129.4, 130.6, 134.2, 158.5, 

159.3, 170.3. 

 

8 PR[ '2 PDP%-P@P1$N(-,$,-%!R<>N!

The aniline (1 g, 10 mmol) was added to crotonaldehyde (1.5 g, 20 mmol) in anhydrous 

THF (10 mL) and EtOH (8 mL) in the presence of Na#BH%(0.72 g, 19 mmol) and H#SO% (0.8 g, 

8.6 mmol) at 0º C. The resulting solution was stirred at room temperature for 2 hours. The solvents 

were evaporated under reduced pressure, and the residue taken up in water (30 mL), acidified with 

1N HCl (20 mL), extracted with DCM (3 X 40 mL). The separated organic layers were dried over 

Na#SO% and concentrated under vacuum to give a dark red oil, which was purified by spinning 

band chromatography to afford <> as a yellow oil in 40% yield. "H NMR (400 MHz, CDCl$): δ 

1.54 (3H, d, /  = 7.2 Hz), 3.76 (2H, d, /  = 7.3 Hz), 5.23-5.49 (2H, 5.31 (dt, /  = 15.7, 7.3 Hz), 5.41 

(dq, /  = 15.7, 7.2 Hz)), 6.71-6.93 (3H, 6.77 (dtd, /  = 8.3, 1.2, 0.5 Hz), 6.87 (tt, /  = 8.1, 1.2 Hz)), 

7.24 (2H, dddd, /  = 8.3, 8.1, 1.4, 0.5 Hz). "$C NMR (100 MHz, CDCl$): δ 18.2, 43.3, 119.9, 127.4, 

127.8, 128.2, 128.7, 148.4. MS (EI): 148 (m/z). 

DPL();#_1*%231$PAP&();#_1 P4')(-!+,%231$%02%)!RODN!

To a 600 mL round-bottom flask was added simultaneously diethyl-1,3-acetone 

dicarboxylate O@ (50 g, 240 mmol) and chloroacetaldehyde OV (50%) (42.7 g, 270 mmol) at equal 
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rates to anhydrous pyridine (100 mL) under nitrogen (color changed from light orange to dark red). 

The reaction was stirred at 50 °C and was monitored by GC-MS for consumption of starting 

material. Upon completion, the reaction mixture was diluted with distilled H#O (200 mL) and 

extracted with diethyl ether (3 X 50 mL). The organic layers were combined and washed with 2N 

HCl (3 X 50 mL), 10% NaHCO$ (3 X 50 mL), 10% NaOH (3 X 50 mL), brine (3 X 50 mL), dried 

over Na#SO%, and concentrated under reduced pressure to give a dark colored oil. The oil was 

subjected to kugelrohr distillation (86-90 °C at 0.2 mmHg) to give OD in 64% yield as a light, 

yellow-colored oil. "H NMR (400 MHz, CDCl$):  δ 7.32 (d, 1H, J=1.9 Hz), 6.69 (d, 1H, J=1.9 Hz), 

4.28 (q, 2H, J=7.5 Hz), 4.16 (q, 2H, J=7.5 Hz), 4.05 (s, 2H), 1.33 (t, 3H, J=7.5 Hz), 1.25 (t, 3H, 

J=7.5 Hz). "$C NMR (100 MHz, CDCl$): δ 168.6 (C), 163.4 (C), 154.2 (C), 141.7 (CH), 115.7 (C), 

110.8 (CH), 61.3 (CH#), 60.4 (CH#), 33.8 (CH#), 14.2 (CH$), 14.1 (CH$). MS (EI):  226 (m/z). 

@PL();#_1*%231$PDP&();#_1 P@/OP+,31+)#P@/OP%5#_1-(5323($%-%!+,%231$%02%)!ROONC!!

To a solution of isoamyl nitrite (7 mL, 53 mmol) and anthranilic acid OA(6.06 g, 44 mmol) 

in 20 mL of anhydrous THF, the furan OD (10 g, 44 mmol) was added to the solution at reflux over 

a period of ca. 45 minutes. After complete addition, the solution was allowed to stir for an 

additional ca. 45 min at reflux, and then THF was removed under vacuum. The dark brown oil was 

purified by flash chromatography (12 cm x 60 cm; silica gel 66% pet ether-ether) to afford pure 

OO in 50% yield as an oil which was used immediately in the subsequent reaction; 1H NMR (400 

MHz, CDCl$): d 7.6 (s, 1H), 7.26 (m, 2H), 7.03 (m, 2H), 5.7 (d, 1H, J=1.9Hz), 4.15 (dq, 4H), 3.9 

(d, 2H, J=16.3Hz), 3.25 (dd, 1H, J=16.5, 0.78Hz), 1.25 (dt, 6H); MS (EI): 302 (m/z). 

APL();#_1 POP&();#_1*%231$P$P-(5323#$!+,%231$%02%)!RO=N!

S)#&%+')%!9F!

In a 250 mL round-bottom flask OO (3 g, 9.9 mmol) was dissolved in 25 mL of chloroform 
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and treated dropwise with boron trifluoride etherate (5.6 g, 39 mmol) and stirred for 30 minutes at 

ambient temperature. The reaction mixture was washed with distilled water, dried over Na#SO%, 

and concentrated under vacuum to give an oil which solidified upon standing and recrystallized 

from ether-pet ether to give pure O=!in 100% yield as a brown solid; 1H NMR (400 MHz, CDCl$): 

7.95 (m, 2H), 7.5 (m, 2H), 6.9 (s, 1H), 4.46 (s, 2H), 4.3 (dq, 4H) , 1.3 (dt, 6H); 13C NMR (100 

MHz, CDCl$):  172.9, 167.8, 151.2, 133.6, 128.3, 127.2, 126.6, 126.4, 124.5, 124.41, 122.6, 108.7, 

61.2 (2 C) , 34.3, 14.2, 14.1; MS (EI): 302 (m/z). 

APL();#_ 1POP&();#_1*%231$P$P-(5323#$!+,%231$%02%)!RO=N!

S)#&%+')%![F!

To a solution of anthranilic acid OA (6.06 g, 74 mmol) in anhydrous THF (100 mL) was 

added trichloroacetic acid (0.86 gm, 5.2 mmol) and isoamyl nitrite (6 mL, 74 mmol). The reaction 

mixture was allowed to stir at room temperature for 2 hours. The reddish precipitate was 

subsequently filtered and washed with cold 1,2-dichloroethane and THF. The precipitate was kept 

wet to avoid explosion. The solid was resuspended in fresh 1,2- dichloroethane (70 mL) to which 

a solution of OD (6.6 g, 29 mmol) in 1,2-dichloroethane (15 mL) was added dropwise over 20 min. 

The reaction was stirred  at reflux for 1 hour. The organic solvent was removed under reduced 

pressure and the residue was resuspended in CHCl$ (50 mL), and boron trifluoride etherate (20 

mL, 296 mmol) was added. The reaction was allowed to stir at room temperature for 30 min. The 

reaction was quenched with distilled water, extracted with CHCl$ (3 X 25 mL), dried over Na#SO%, 

and concentrated under reduced pressure. The dark colored gum was purified by flash 

chromatography (12 cm x 60 cm; silica gel 66% pet ether-ether) to afford pure O= in 90% yield as 

a white solid. 

@P[%-U1$#_1PAP&();#_1 POP&();#_1*%231$!-(5323($%-%!+,%231$%02%)!RO>N!
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A 250 mL round-bottom flask with a stir bar was charged with O= (2.9 g, 9.9 mmol) and 

K#CO$ (1.32 g, 9.9 mmol) in acetone (10 mL) followed by addition of benzyl bromide (1.17 mL, 

9.9 mmol). The reaction was left to stir at reflux overnight. The suspension was filtered via vacuum 

filtration and the filtrate was concentrated under reduced pressure to give a dark colored oil, which 

was crystallized from diethyl ether/petroleum ether to form O> in 98% yield as a light brown solid; 

"H NMR (400 MHz, CDCl$): δ 8.42-8.38 (m, 1H), 8.05-8.02 (m, 1H), 7.56-7.53 (m, 4H), 7.39-

7.37 (m, 3H), 5.23 (s, 2H), 4.46 (s, 2H), 4.39 (q, 2H, J=7.5 Hz), 4.15 (q, 2H, J=7.5 Hz), 1.4 (t, 3H, 

J=7.5 Hz), 1.21 (t, 3H, J=7.5 Hz). "$C NMR (100 MHz, CDCl$): δ 171.4 (C), 167.8 (C), 153.4 (C), 

136.6 (C), 133.5 (C), 128.4 (CH), 128.3 (CH), 128.2 (C), 128.1 (C), 127.9 (CH), 127.8 (CH), 127.4 

(C), 126.8 (2CH), 125.8 (2CH), 124.6 (CH), 122.5 (CH), 105.1 (CH), 69.9 (CH#), 61.1 (CH#), 60.6 

(CH#), 34.3 (CH#), 14.1 (CH$), 14.0 (CH$). MS (EI): 392 (m/z).  

@P[%-U1$#_1PAP&();#_1 POP&();#_1*%231$!-(523($%-% RO<N!

Compound O> (2.1 g, 5.4 mmol) was refluxed for 6 h in a solution of 3N methanolic KOH 

(15 mL). The MeOH was evaporated under reduced pressure and the residue was poured into water 

and washed with diethyl ether (3 X 50 mL). The aqueous layer was made acidic with 1N HCl and 

cooled to 0 ¡C. The precipitate was filtered via vacuum filtration, washed with cold water, and 

dried to give O< in 95% yield as a light brown solid; "H NMR (400 MHz, CDCl$/DMSO-" ' ): δ 

8.39-8.36 (m, 1H), 8.15-8.12 (m, 1H), 7.61-7.52 (m, 4H), 7.48 (s, 1H), 7.45-7.38 (m, 3H), 5.08 (s, 

2H), 4.3 (s, 2H). "$C NMR (100 MHz, CDCl$/DMSO-" ' ):  δ 172.6 (C), 169.8 (C), 152.6 (C), 136.0 

(C), 132.9 (C), 128.4 (C), 128.3 (CH), 127.9 (CH), 127.3 (C), 126.8 (C), 126.7 (2CH), 126.2 

(2CH), 125.5 (CH), 124.4 (CH), 121.8 (CH), 104.8 (CH), 69.4 (CH#), 34.0 (CH#). MS (EI):  336 

(m/z). 

@P[%-U1$#_1PAP&();#_1 POP&();#_1*%231$!-(5323($%-%!(-31+),+%!ROBN!
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A solution of O< (1.92 g, 5.7 mmol) in acetyl chloride (30 mL) was refluxed for 3 h. Acetyl 

chloride was removed under vacuum and the residue was washed with benzene (3 X 10 mL). The 

residue was crystallized from benzene/petroleum ether to give OB in 90% yield as a light green 

solid, m.p. 204-206 ¡C; "H NMR (400 MHz, CDCl$): δ 8.43-8.40 (m, 1H), 7.99-7.98 (m, 1H), 

7.76-7.71 (m, 2H), 7.57-7.54 (m, 2H), 7.49-7.37 (m, 4H), 5.34 (s, 2H), 4.50 (s, 2H). 13C NMR 

(100 MHz, CDCl$): started with low number 31.55, 69.65, 102.11, 118.49, 122.25, 125.12, 127.35, 

127.87, 127.99, 128,22, 128.46, 128.71, 129.29, 129.91, 136.51, 153.15, 161.91 and 165.65. 

@/A/=PJ ),53%-1$P@/A/=P2),(U,-(-%!RO?N!

To a 250 mL round-bottom flask, a solution of freshly distilled aniline (10 g, 107.5 mmol) 

and paraformaldehyde (3.2 g, 107.5 mmol) were added simultaneously in dry toluene (100 mL), 

and the resulting mixture was stirred at reflux for 4 h. The solvent was concentrated under reduced 

pressure, and filtered to afford O? in 90% yield as a yellow solid. The product was washed with 

cold petroleum ether (3 X 50 mL), dried under a gentle stream of nitrogen, and used in the next 

step without additional purification; "H NMR (400 MHz, CDCl$): δ 8.43-8.40 (m, 1H), 7.99-7.98 

(m, 1H), 7.76-7.71 (m, 2H), 7.57-7.54 (m, 2H), 7.49-7.37 (m, 4H), 5.34 (s, 2H), 4.50 (s, 2H). 13C 

NMR (100 MHz, CDCl$): 31.55, 69.65, 102.11, 118.49, 122.25, 125.12, 127.35, 127.87, 127.99, 

128,22, 128.46, 128.71, 129.29, 129.91, 136.51, 153.15, 161.91 and 165.65; MS (EI): 105 (m/z). 

!

>PR[ %-U1$#_1NPOP#_#PAP53%-1$P@/D/A/OP2%2)(31+)#;%-U#X"Y,0#W',-#$,-%P@P&();#_1$,&! (&,+!

R=VN!

A 150 mL round-bottom flask was charged with anhydride OB (1.97g, 6.19 mmol) and 

triazine O? (0.65g, 2.06 mmol) in anhydrous 1,2-dichloroethane (40 mL), and the resulting 

solution was stirred  at reflux for 12 h (color changed from green to brown). Progress of the 
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reaction was checked by TLC, and upon completion, the reaction mixture was diluted with cold 

diethyl ether and the precipitate was filtered, and dried over Na#SO%*to afford =V in 87% yield as 

a yellow solid; "H NMR (400 MHz, CDCl$): δ 8.32-8.28 (m, 1H), 8.21-8.16 (m, 1H), 7.70-7.63 

(m, 2H), 7.56-7.53 (m, 2H), 7.52 (s, 1H), 7.44-7.37 (m, 2H), 7.36-7.34 (m, 2H), 7.35-7.32 (m, 

2H), 7.35-7.30 (m, 1H), 7.23-7.19 (m, 1H), 5.35 (s, 2H), 4.72-4.71 (dd, 1H), 4.40-4.36 (dd, 1H), 

), 4.22-4.18 (dd, 1H), 13C NMR (100 MHz, CDCl$): 39.67, 51.81, 70.04, 103.38, 126.01, 126.06, 

126.56, 127.36, 127.43, 127.83, 127.88, 127.98, 128.34, 129.00, 129.21, 131.96, 137.39, 143.37, 

153.79, 163.19 and 172.92; HRMS (ESI) calculated for C#(H##NO% ([M + H]0) m/z = 424.1549, 

found 424.1568. 

>PR[ %-U1$#_1NP@PR31+)#_1*%231$NPAP53%-1$PD/AP+,31+)#;%-U#X4Y,0#W',-#$,-POR@\NP#-%!R=@N!
 

To a solution of carboxylic acid =V (2.17g, 5.13 mmol) in dry THF (50 mL) at 0°C was 

added borane dimethylsulfide (1mL, 10.2 mmol) and the resulting mixture was stirred at room 

temperature overnight. The reaction was diluted with distilled H#O (50mL) and extracted with 

ethyl acetate (90mL), dried over Na#SO%, and solvent was evaporated under reduced pressure, and 

the residue was recrystallized from ethyl acetate/petroleum ether to give =@ in 96 % yield as a 

light-yellow solid; "H NMR (400 MHz, CDCl$): δ 8.47-8.40 (m, 1H), 8.11-8.07 (m, 1H), 7.64-

7.58 (m, 2H), 7.55-7.51 (m, 1H), 7.54-7.50 (m, 1H), 7.47-7.40 (m, 2H),7.40 (s, 1H), 7.38-7.32 

(m, 2H), 7.37-7.34 (m, 2H), 7.33-7.28 (m, 1H), 7.26-7.21 (m, 1H), 5.34-5.24 (m, 2H), 4.28-4.21 

(m, 2H), 3.94-3.86 (m, 2H), 3.77-3.72 (m, 1H). 13C NMR (100 MHz, CDCl$): 36.68, 49.79, 

70.24, 103.22, 123.19, 123.78, 125.57, 126.37, 127.16, 127.49, 127.56, 127.89, 127.90, 128.03, 

128.54, 128.60, 128.99, 131.07, 136.77, 143.01, 154.08, and 163.99; HRMS (ESI) calculated for 

C#(H#%NO$ ([M + H]0) m/z = 410.1756, found 410.1782.  
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R>PR[ %-U1$#_1NPOP#_#PAP53%-1$P@/D/A/OP2%2)(31+)#;%-U#X"Y,0#W',-#$,-P@P1$N*%231$!

"%23(-%0'$4#-(2%!R=DN!

A solution of alcohol =@ (2.01g, 4.91 mmol) and triethylamine (1.3mL, 8.8mmol) in dry 

CH#C1#*(50mL) was treated with methane sulfonyl chloride (0.6mL, 7.33mmol). The resulting 

solution was stirred at room temperature for 24 hours. The reaction mixture was diluted with 

CH#C1#, washed with 1N HCl (50mL), saturated NaHCO$ solution (3 X 50 mL), distilled water 

(50mL), dried over Na#SO% and concentrated under vacuum, which was recrystallized from 

CH#C1#/diethyl ether to give =D in 71 % yield as a dark-yellow solid; "H NMR (400 MHz, CDCl$): 

δ 8.47-8.45 (m, 1H), 8.15-8.12 (m, 1H), 7.64-7.60 (m, 2H), 7.55-7.52 (m, 1H), 7.53-7.50 (m, 1H), 

7.42-7.40 (m, 2H), 7.39-7.35 (m, 2H), 7.38-7.34 (m, 2H), 7.33-7.27 (m, 1H), 7.33-7.27 (m, 1H), 

7.24 (s, 1H), 5.33-5.27 (m, 1H), 4.52-4.43 (m, 1H), 4.34-4.15 (m, 1H), 4.09-4.04 (m, 1H), 2.94 (s, 

1H). 13C NMR (100 MHz, CDCl$): 34.49, 37.50, 49.43, 67.46, 70.42, 103.30, 123.49, , 125.47, 

126.70, 127.56, 127.95, 128.01, 128.22, 128.28, 128.57, 128.64, 128.68, 129.15, 129.22, 130.81, 

136.54, 142.59, 154.76, and 163.70; HRMS (ESI) calculated for C#)H#' NO&SNa ([M + Na]) m/z 

= 510.1351, found 510.1349. 

R>P\ 1+)#_1POP#_#PAP53%-1$P@/D/A/OP2%2)(31+)#;%-U#X"Y,0#W',-#$,-P@P1$N*%231$!

*%23(-%0'$4#-(2%!R=AN!

In a glove box under a gentle stream of nitrogen, mesylate =D (1.70g, 3.50mmol) was added 

into a Parr flask and charged with 10% Pd/C (0.9g, 8.45mmol) in dry THF (60mL). The solution 

was shaken under H# (g) for 24 h. The mixture was filtered through a celite plug and the filtrate 

was then concentrated under reduced pressure. The resulting residue was crystallized upon 

addition of diethyl ether to afford =A!as a grey solid in 54% yield; "H NMR (400 MHz, CDCl$): 

8.34- 8.31 (m, 1H), 8.08- 8.06 (m, 1H), 7.65- 7.61 (dd, 1H), 7.64 - 7.60 (m, 2H),  δ 7.59-7.55 (m, 
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1H), 7.42 (s, 1H), 7.39 -7.36 (m, 2H), 7.30-7.26 (m, 1H), 4.31- 4.11 (dd, 2H), 4.45- 4.05 (dd, 2H), 

3.71- 3.68 (m, 1H), 2.95 (s, 3H). 13C NMR (100 MHz, CDCl$): 34.10, 37.07, 49.76, 67.53, 105.37, 

123.24, 123.36, 124.10, 125.67, 126,98, 127.46, 127.49, 127.95, 129.16, 130.92, 142.36, 153.87 

and 164.58; HRMS (ESI) calculated for C#"H"+NO&SNa ([M + Na]) m/z = 420.0882, found 

420.0886. 

DPS3%-1$P@/D/@V/@V(P2%2)(31+)#;%-U#X"Y&1&$#5)#5(X#Y,0#W',-#$,-%PA/=P+,#-%!RABN!

A 150 mL round-bottom flask was charged with sodium hydride (0.2g of 60% in mineral 

oil, 8.3mmol) was washed with petroleum ether (3 X 5mL) and suspended in dry THF (2mL). A 

solution of =A!(0.7g, 1.7 mmol) in THF (5mL) and DMF (1mL) was added to the suspension of 

sodium hydride. The resulting mixture was protected from light using aluminum foil and stirred 

for 2 hours at room temperature. The solution was poured into phosphate buffer (pH 7, 20mL). 

The mixture was extracted with ethyl acetate (3 X 20 mL). The separated organic layers were dried 

over Na#SO% and concentrated under vacuum. The resulting residue was crystallized from ether to 

give pure  AB in 94% yield as a light yellow solid; "H NMR (400 MHz, CDCl$): δ 8.32-8.29 (m, 

1H), 7.65-7.61 (m, 1H), 7.49-7.47 (m, 2H), 7.47-7.45 (m, 1H), 7.44 -7.42 (m, 1H), 7.35 (s, 

1H),7.34-7.31 (m, 2H), 7.30-7.29 (m, 1H), 4.38-4.34 (dd, 1H), 4.05-4.01 (dd, 1H), 2.67-2.62 (m, 

1H),2.32-2.27 (q,1H) ,2.09-2.05 (q, 1H). "$C NMR (100 MHz, CDCl$): 24.31, 26.74, 27.19, 48.12, 

120.99, 125.34, 127.06, 129.39, 130.69, 130.87, 132.77, 133.08, 133.22, 141.68, 143.23, 148.40, 

163.01, 184.98; HRMS (ESI) calculated for C#, H"' NO# ([M + H]+) m/z = 302.1181, found 

302.1183.  
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"%231$!@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RB@N!

A 150 mL round-bottom flask was charged with sodium hydride (2.71g of 60% in mineral 

oil, 67.9mmol), which was washed with petroleum ether (3 X 5mL) and suspended in dry DMF 

(65 mL) at 0º C. BV!(5 g, 39.9 mmol) and methyl iodide were added to the suspension of sodium 

hydride and the resulting mixture was allowed to stir overnight at room temperature. After reaction 

completion, the reaction was quenched with water (150 mL), and extracted with extracted with 

ethyl acetate (3 X 50 mL), washed with brine (3 X 50 mL), and dried over Na#SO%. The resulting 

residue was purified by flash chromatography (12 cm x 60 cm; silica gel 90% pet ether- EtOAc) 

to afford pure B@ in 100 % yield as a yellow oil. "H NMR (400 MHz, CDCl$): δ 6.93 (dd, J = 4.0, 

1.8 Hz, 1H), 6.78 (dd, J = 1,8, 2.5 Hz, 1H), 6.11 (dd, J = 4.0, 2.5 Hz, 1H), 3.93 (s, 3H), 3.81 (s, 

3H); "$C NMR (100 MHz, CDCl$): δ 36.0, 52.2, 108.7, 119.0, 120.3, 128.7, 160.7. MS (EI): 139 

(m/z). 

"%231$!OP4#)*1$P@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RBDN!

To a solution of ethyl 1-methyl-1H-pyrrole-2-carboxylate (3.69 g, 28.24 mmol) in 

nitromethane (40 mL), and 1,2-dichloroethane (40 mL) at -30 C, dichloromethylmethylether (2.5 

mL, 28 mmol) in 1,2-dichloroethane (10 mL), aluminum trichloride (8.02 g, 60.11 mmol) was 

added and the resulting suspension was allowed to stir at - 30ºC for 2 hours. The suspension was 

then poured onto ice (30 g) and the layers were separated. The aqueous layer was extracted with 

ether (3X30 mL). The organic layers were combined and dried over MgSO4, filtered and the 

solvent removed under reduced pressure, to yield the desired product BD as dark red crystals in 

92% yield. "H NMR (400 MHz, CDCl$): δ 3.70-3.88 (6H, 3.75 (s), 3.83 (s)), 6.49 (1H, d, /  = 1.6 
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Hz), 8.14 (1H, d, /  = 1.6 Hz), 9.96 (1H, s); "$C NMR (100 MHz, CDCl$): δ 36.0, 52.2, 107.8, 

113.3, 121.9, 125.9, 160.7, 180.3. MS (EI): 167 (m/z). 

"%231$POPRR31+)#_1,*,-#N*%231$NP@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RBAN!

To a solution of BD (1 g, 5.9 mmol) in MeOH (15 mL), a solution mixture of hydroxylamine 

hydrochloride (0.8 g, 11.9 mmol) and Na#CO$ (1.3 g, 11.9 mmol) in distilled water (15 mL) was 

added dropwise. The mixture was stirred and refluxed at 90ºC for 2 hours. After reaction was 

complete as determined by TLC, the solvents were evaporated under reduced pressure and the 

residue was partitioned between DCM (3 X 50 mL) and H2O (3 X 50 mL). The aqueous layer was 

extracted with DCM (3X30mL). The combined organic layers were washed with brine (1 X 

20mL), dried over anhydrous Na#SO%, filtered, and evaporated under reduced pressure. The 

resulting dark brown residue was purified by flash chromatography (2.5 cm x 25 cm; silica gel 

60% pet ether- EtOAc) and afforded pure BA!as a yellow solid in 90 % yield as a mixture of 

diastereomers. "H NMR (400 MHz, CDCl$): δ 3.67 (3H, s), 3.83 (3H, s), 6.44 (1H, d, /  = 1.5 Hz), 

7.70 (1H, d, /  = 1.5 Hz), 8.00 (1H, s). "$C NMR (100 MHz, CDCl$): δ 36.0, 52.2, 107.8, 113.3, 

121.9, 127.3, 141.0, 160.7. HRMS (ESI) calculated for C) H"" N#O$ ([M + H]+) m/z = 183.0770, 

found 183.0771. MS (EI): 183 (m/z). 

"%231$!OPRRR&'(&P;'2#_1&();#-1$N(*,-#N*%231$NP@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RBON!

In a glove box under a nitrogen atmosphere, oxime BA (1.90 g, 10.4 mmol) was placed in 

a Parr flask and dissolved in ethyl acetate (40 mL) in the presence of 10% Pd/C (4.4 g, 41.7) and 

Boc#O (5 g, 22.9 mmol). The suspension was shaken under H# (g) overnight at room temperature. 

The suspension was filtered through a celite plug and the filtrate was then concentrated under 

reduced pressure to yield the carbamate BO as a light green oil in 88 % yield. "H NMR (400 MHz, 

CDCl$): δ 1.43 (9H, s), 3.61 (3H, s), 3.83 (3H, s), 4.61 (2H, s), 6.33 (1H, d, /  = 1.2 Hz), 7.00 (1H, 
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d, /  = 1.2 Hz). "$C NMR (100 MHz, CDCl$): δ 28.2, 36.0, 42.9, 52.2, 80.4, 107.8, 113.3, 121.9, 

127.3, 156.0, 160.7. MS (EI): 268 (m/z). 

"%231$!OPR(*,-#*%231$NP@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RB=N!

Gaseous HCl (g) was bubbled into MeOH (70 mL) for 5 minutes. The carbamate!BO (3.6 

g, 13.4 mmol) was added into the solution, and the solution was allowed to stir for 30 minutes. 

The solvent was then evaporated under reduced pressure to form the amine salt, which was 

resuspended in aqueous NaOH (0.86, 21.6mmol), and immediately extracted with DCM 

(3X25mL), dried over Na#SO%, filtered, and evaporated under reduced pressure to give the amine 

B= as yellow oil, which was crystallized as a yellow solid upon cooling in 86% yield, "H NMR 

(400 MHz, CDCl$): δ 3.60 (3H, s), 3.78-3.95 (5H, 3.83 (s), 3.90 (s)), 6.29 (1H, d, /  = 1.3 Hz), 6.93 

(1H, d, /  = 1.3 Hz); "$C NMR (100 MHz, CDCl$): δ 36.0, 36.9, 52.2, 107.8, 113.3, 121.9, 127.3, 

160.7. MS (CI) ([M + H]+): 169 (m/z).  

>PR[ %-U1$#_1NPAPRR=PR*%23#_1&();#-1$NP@P*%231$P@$ P51))#$PAP1$N*%231$NPOP#_#P@/D/A/OP

2%2)(31+)#;%-U#X"Y,0#W',-#$,-%P@P&();#_1$,&!(&,+!RB>N!

A 150 mL round-bottom flask was charged with anhydride OB (1g, 3.11 mmol) and imine 

>A; (0.56g, 3.11 mmol) in anhydrous 1,2-dichloroethane (35 mL), and the resulting solution was 

left stirring at reflux for 2 hours. Progress of the reaction was checked by TLC, and upon 

completion, the solvent was evaporated under reduced pressure, and the resulting residue was 

crystallized with EtOAc/Et#O to afford the acid B> 40% yield as a yellow solid; "H NMR (600 

MHz, CDCl$): δ 3.57-3.77 (4H, 3.62 (s), 3.70 (dd, /  = 14.1, 3.8 Hz)), 3.78-3.92 (4H, 3.83 (s), 3.85 

(dd, /  = 14.1, 2.0 Hz)), 4.00 (1H, dd, /  = 3.8, 2.0 Hz), 4.46-4.56 (2H, 4.51 (s), 4.51 (s)), 5.13-5.23 

(2H, 5.18 (s), 5.18 (s)), 6.10 (1H, d, /  = 1.2 Hz), 7.01 (1H, d, /  = 1.2 Hz), 7.29-7.79 (8H, 7.35 

(tt, /  = 7.7, 1.3 Hz), 7.41 (dddd, /  = 7.9, 7.7, 1.7, 0.5 Hz), 7.45 (dddd, /  = 7.9, 1.3, 1.0, 0.5 Hz), 
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7.54 (ddd, /  = 8.0, 6.9, 1.3 Hz), 7.64 (ddd, /  = 8.6, 6.9, 1.7 Hz), 7.74 (d, /  = 0.5 Hz)), 7.91 (1H, 

ddd, /  = 8.6, 1.3, 0.5 Hz), 8.15 (1H, ddt, /  = 8.0, 1.7, 0.5 Hz);"$C NMR (151 MHz, CDCl$): δ 36.0, 

40.7, 52.2-52.3, 52.2, 52.3, 53.3, 70.2, 107.8, 110.6, 113.3, 121.9, 122.2, 124.7, 125.2, 126.4-

126.5, 126.4, 126.4, 127.3, 127.7-127.8, 127.7, 127.7, 127.8, 128.4, 128.7, 130.6, 136.5, 155.7, 

160.7, 164.9, 175.7. HRMS (ESI) calculated for C#+H#(N#O'  ([M + H]+) m/z = 499.1863, found 

499.1862. 

"%231$!OPRR>PR;%-U1$#_1NP@PR31+)#_1*%231$NPOP#_#P@/OP+,31+)#;%-U#X"Y,0#W',-#$,-PARD$ NP

1$N*%231$NP@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RB<N!

To a solution of B> (0.47g, 0.94 mmol) in dry THF (50 mL) at 0°C was added borane 

dimethylsulfide (1.8mL, 18.8 mmol) and the resulting mixture was stirred at room temperature 

overnight. The reaction was diluted with distilled H#O (50mL) and extracted with ethyl acetate 

(3X30mL), dried over Na#SO%, and the solvent was evaporated under reduced pressure. The 

residue was recrystallized from ethyl acetate/petroleum ether to give the alcohol B< 100% yield as 

a light-yellow solid; "H NMR (600 MHz, CDCl$): δ 3.25 (1H, tdd, /  = 5.5, 3.8, 2.0 Hz), 3.56-3.88 

(8H, 3.63 (dd, /  = 12.8, 3.8 Hz), 3.62 (s), 3.77 (dd, /  = 12.8, 2.0 Hz), 3.83 (s)), 4.01-4.12 (2H, 4.07 

(d, /  = 5.5 Hz), 4.07 (d, /  = 5.5 Hz)), 4.47-4.57 (2H, 4.52 (s), 4.52 (s)), 5.13-5.23 (2H, 5.18 (s), 

5.18 (s)), 6.10 (1H, d, /  = 1.2 Hz), 7.01 (1H, d, /  = 1.2 Hz), 7.29-7.78 (8H, 7.35 (tt, /  = 7.7, 1.3 

Hz), 7.41 (dddd, /  = 7.9, 7.7, 1.7, 0.5 Hz), 7.43 (dddd, /  = 7.9, 1.3, 1.0, 0.5 Hz), 7.52 (ddd, /  = 8.0, 

6.9, 1.4 Hz), 7.64 (ddd, /  = 8.6, 6.9, 1.7 Hz), 7.73 (d, /  = 0.5 Hz)), 7.85 (1H, ddd, /  = 8.6, 1.4, 0.5 

Hz), 8.15 (1H, ddt, /  = 8.0, 1.7, 0.5 Hz); "$C NMR (151 MHz, CDCl$): δ 36.0, 40.7 , 52.2-52.3, 

52.2, 52.3, 53.3, 64.4, 70.2, 107.8, 110.6, 113.3, 121.9, 122.2, 124.7, 125.2, 126.4-126.5, 126.4, 

126.4, 127.3, 127.7-127.8, 127.7, 127.7, 127.8, 128.4, 128.7, 130.6, 136.5, 155.7, 160.7, 164.9; 

HRMS (ESI) calculated for C#+H#+N#O& ([M + H]+) m/z = 485.2071, found 485.2069. 
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"%231$!OPRR>PR;%-U1$#_1NP@PRRR*%231$0'$4#-1$N#_1N*%231$NPOP#_#P@/OP

+,31+)#;%-U#X"Y,0#W',-#$,-PARD$ NP1$N*%231$NP@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RBBN!

A solution of B< (0.45g, 0.94 mmol) and triethylamine (0.27mL, 1.8mmol) in dry CH#C1#*

(15mL) was treated with methane sulfonyl chloride (0.11mL, 1.39mmol). The resulting solution 

was stirred at room temperature for 24 hours. The reaction mixture was diluted with CH#C1#, 

washed with 1N HCl (10mL), saturated NaHCO$ solution (10mL), distilled water (10mL), dried 

over Na#SO% and concentrated under vacuum. The resulting residue was recrystallized from 

CH#C1#/diethyl ether to give BB 7 % yield as a grey solid; "H NMR (600 MHz, CDCl$): δ 3.01 

(3H, s), 3.50 (1H, dtd, /  = 3.8, 3.1, 2.0 Hz), 3.57-3.88 (8H, 3.62 (s), 3.71 (dd, /  = 10.8, 3.8 Hz), 

3.76 (dd, /  = 10.8, 2.0 Hz), 3.83 (s)), 4.47-4.57 (2H, 4.52 (s), 4.52 (s)), 4.66-4.77 (2H, 4.71 (d, /  = 

3.1 Hz), 4.71 (d, /  = 3.1 Hz)), 5.13-5.23 (2H, 5.18 (s), 5.18 (s)), 6.10 (1H, d, /  = 1.2 Hz), 7.02 (1H, 

d, /  = 1.2 Hz), 7.29-7.78 (8H, 7.35 (tt, /  = 7.7, 1.3 Hz), 7.40 (dddd, /  = 7.9, 1.3, 1.0, 0.5 Hz), 7.41 

(dddd, /  = 7.9, 7.7, 1.7, 0.5 Hz), 7.52 (ddd, /  = 8.0, 6.9, 1.4 Hz), 7.64 (ddd, /  = 8.6, 6.9, 1.7 Hz), 

7.73 (d, /  = 0.5 Hz)), 7.85 (1H, ddd, /  = 8.6, 1.4, 0.5 Hz), 8.15 (1H, ddt, /  = 8.0, 1.7, 0.5 Hz); "$C 

NMR (151 MHz, CDCl$): δ 36.0, 37.9, 40.7, 52.2-52.3, 52.2, 52.3, 53.3, 70., 70.2, 107.8, 110.6, 

113.3, 121.9, 122.2, 124.7, 125.2, 126.4-126.5, 126.4, 126.4, 127.3, 127.7-127.8, 127.7, 127.7, 

127.8, 128.4, 128.7, 130.6, 136.5, 155.7, 160.7, 164.9; HRMS (ESI) calculated for C$, H$"N#O( S 

([M + H]+) m/z = 563.1846, found 563.1841. Anal. Calcd for C$, H$, N#O( S: C, 64.04; H, 5.37; N, 

4.98. Found: C, 64.10; H, 5.43; N, 4.90. 

"%231$!OPRR>P31+)#_1P@PRRR*%231$0'$4#-1$N#_1N*%231$NPOP#_#P@/OP

+,31+)#;%-U#X"Y,0#W',-#$,-PARD$ NP1$N*%231$NP@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RB?N!
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In a glove box under a gentle stream of nitrogen , BB (0.05g, 0.08mmol) was added into a 

parr flask and charged with 10% Pd/C (0.018g, 0.21mmol) in dry THF (5mL). The solution was 

shaken under H# (g) for 24 h. The mixture was filtered through a celite plug and the filtrate was 

then concentrated under reduced pressure. The resulting residue was crystallized upon addition of 

diethyl ether to afford B?!as a light-yellow solid (0.03g, 54%); "H NMR (400 MHz, CDCl$): δ 8.43 

– 8.33 (m, 1H), 8.26 (m, 1H), 8.04 – 7.89 (m, 2H), 7.99 (s, 1H), 7.59 (d, J = 1.4 Hz, 1H), 7.24 (s, 

1H), 7.01 – 6.84 (d, J = 1.6 Hz, 1H), 5.02 – 4.97 (m, 1H), 4.63 (d, J = 29.1 Hz, 1H), 4.24 (dd, J = 

10.5, 3.9 Hz, 2H), 4.12 – 3.99 (m, 1H), 3.98 – 3.89 (m, 3H), 3.86 (s, 3H), 3.72 (s, 3H), 3.66 (m, 

2H), 2.89 (s, 3H). "$C NMR (100 MHz, CDCl$): δ 164.33, 161.50, 153.70, 135.50, 130.92, 130.24, 

127.90, 127.52, 127.17, 126.84, 124.54, 123.57, 122.43, 117.90, 112.23, 106.84, 70.58, 51.07, 

45.73, 43.52, 37.19, 34.20, 30.28; HRMS (ESI) calculated for C#$H#&N#O( S ([M + H]+) m/z = 

473.1377, found 473.1374. 

"%231$!OPRRA/=P+,#_#PA/=/@V/@V(P2%2)(31+)#;%-U#X"Y&1&$#5)#5(X#Y,0#W',-#$,-PDR@$ NP

1$N*%231$NP@P*%231$P@$ P51))#$%PDP&();#_1$(2%!RA?N!

A 150 mL round-bottom flask was charged with sodium hydride (0.01g of 60% in mineral 

oil, 0.5mmol), which was washed with petroleum ether (3 X 3mL), and suspended in dry THF 

(2mL). A solution of phenol B?!(0.03g, 0.06 mmol) in THF (1mL) of DMF (1mL) was added to 

the suspension of sodium hydride. The resulting mixture was protected from light using aluminum 

foil and stirred for 30 minutes at room temperature. After reaction completion based on TLC, the 

solution was poured into phosphate buffer (pH 7, 5mL). The mixture was extracted with ethyl 

acetate (3 X 10 mL). The separated organic layers were dried over Na#SO% and concentrated under 

vacuum. The resulting residue was crystallized from Et#O to give pure  A? 50% yield as a white 

solid; HRMS (ESI) calculated for C##H#"N#O% ([M + H]+) m/z = 377.1496, found 377.1495. 
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