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บทคัดย่อ 
 

 มีงานวิจัยรายงานว่าสารกลุ่มฟูโรฟิวมาริน (furocoumarin) เช่น bergamottin, 8-
hydroxypsoralen และ methoxsalen มีฤทธิ์ยับยั้งเซลลม์ะเร็งได้ดี ต่อมาพบว่าการดัดแปลงเติมหมูเ่อไมด์ที่
ตำแหน่งคาร์บอนตัวที่ 5 ของสาร methoxsalen สามารถทำให้ฤทธิ์ในการต้านมะเร็งเพ่ิมข้ึนอย่างมีนัยสำคัญ 
ในอีกทางหนึ่งพบว่าสารในกลุ่มฟูโรคูมารนิสามารถทำให้ DNA เกิดการเชื่อมโยง (crosslink) เมื่อถูกกระตุ้น
ด้วยแสง ดังนั้นสารในกลุ่มนี้จึงมีความเป็นพิษต่อเซลล์ปกติค่อนข้างมาก ดังนั้นในงานวิจัยนี้ได้มุ่งเน้นไปที่การ
สังเคราะห์อนุพันธุ์ของสาร methoxsalen ซึ่งเป็นอนุพันธุ์ของสารฟูโรคูมารินที่มีหมู่ฟังก์ชันต่าง ๆ โดยเฉพาะ
หมู่เอไมด์ เพ่ือพัฒนาสารประกอบที่มีฤทธิ์ในการต้านเซลล์มะเร็ง และการสังเคราะห์สร้าง tetracyclic 
furocoumarin เพ่ือลดผลข้างเคียงที่เกิดข้ึน ในงานวิจัยนี้ได้สังเคราะห์อนุพันธุ์ของสาร methoxsalen สาร
ใหม่จำนวน 22 ชนิด โดยสารประกอบทั้งหมดได้รับการพิสูจน์เอกลักษณ์โครงสร้างสารที่สังเคราะห์ได้ด้วย
เทคนิคนิวเคลียร์แมกเนติกเรโซแนนซ์สเปกโตรสโคปี (NMR), เทคนิคแมสสเปกโทรเมตรี (HRMS) และเทคนิคฟู
เรียร์ทรานส์ฟอร์มอินฟราเรดสเปกโตรสโคปี (FTIR) สาร 15 ชนิด (1, 2, 3a-3k, 3m และ methoxsalen) ถูก
นำไปทดสอบฤทธิ์ต้านเซลล์มะเร็งเต้านม (MDA-MB-231 และ T47-D), เซลล์มะเร็งตับ (HepG2 และ S102), 
เซลล์มะเร็งเม็ดเลือดขาว (HL-60 และ MOLT-3), เซลล์มะเร็งปอด (A549 และ H69AR), เซลล์มะเร็งท่อน้ำดี 
(HuCCA-1), เซลล์ HeLA และเซลล์ปกติจากปอด (MRC-5) โดยวิธี MTT และวิธี XTT จากสถาบันวิจัยจุฬา
ภรณ์ ผลการทดสอบพบว่าสารประกอบเอไมด์ที่มีโบรมีนบนวงเบนซีน (3d) มีฤทธิ์การยับยั้งเซลล์มะเร็งเต้านม
อย่างมีนัยสำคัญ จากผลการศึกษาความสัมพันธ์ระหว่างการออกฤทธิ์ และโครงสร้างของสารกลุ่มนี้ (SAR) 
พบว่าในเซลล์มะเร็งส่วนใหญ่ การแทนที่ด้วยหมู่ดึงอิเล็กตรอนมีประสิทธิภาพมากกว่าหมู่แทนที่ที่เป็นหมู่ให้
อิเล็กตรอน ทั้งนี้ข้อมูลที่ได้จากงานวิจัยนี้สามารถ นำไปใช้เป็นองค์ความรู้เบื้องต้นต่อการพัฒนาสารกลุ่มฟูโรคู
มารินสำหรับใช้เป็นยาในการยับยั้งเซลล์มะเร็งในอนาคตต่อไป 
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ABSTRACT 
  
 Furocoumarin derivatives such as bergamottin, 8-hydroxypsoralen, and methoxsalen 
are one of the interesting compounds which showed potential as a core structure for further 
development in the areas of anti-cancer agents. Literature shows that the anticancer activity 
especially the amide group at the C-5 position of methoxsalen. On the other hand, 
furocoumarin derivatives have been reported to cause DNA crosslink when stimulated by light, 
leading to high cytotoxicity towards normal cells. Therefore, in this work, we have synthesized 
various functional groups of furocoumarin derivatives especially the amide group to further 
enhance the anticancer activity. We also aim to reduce the side effects by synthesising the 
tetracyclic furocoumarin derivatives. Twenty-two novel of furocoumarin derivatives were 
successfully synthesized. All final products were characterized by nuclear magnetic resonance 
spectroscopy (NMR), high-resolution mass spectrometry (HRMS), and fourier-transform infrared 
spectroscopy (FTIR). The synthesized novel products (1, 2, 3a-3k and 3m) and methoxsalen 
were evaluated for anticancer activity; breast cancer (MDA-MB-231 cell and T47-D cell), liver 
cancer (HepG2 cell and S102), leukemia (HL-60 and MOLT-3), lung cancer (A549 and H69AR), 
cholangiocarcinoma (HuCCA-1), HeLA cell and normal embryonic lung cell (MRC-5) by MTT 
assay and XTT assay at Chulabhorn Research Institute. According to the results, bromophenyl 
containing compound 3d has significantly greater anticancer activity. For the structure-activity 
relationship (SAR), the compounds containing electron withdrawing group had better 
anticancer activity than electron donating group in most cancer cells. This information could 
become valuable for the drug discovery and the development of anticancer drug in the future. 
 
 
 
 
Keywords: furocoumarin, methoxsalen, anticancer, SAR 
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CHAPTER I 

INTRODUCTION 
 

1.1. Background and significance of research 
It is well known that cancer is a terrifying disease that causes a sore number of deaths each 

year. In 2019, there were 1,762,450 new cancer cases and 606,880 deaths from cancer are 
expected in the United States.1 Cancer develops due to the abnormal and uncontrolled cell 
division leading to mutation of cells in a greater rate than normal body cells.2,3 Cancer brings 
a lot of pain and suffering to people and it can highly spread if it is not inhibited.2,3 Therefore, 
doing research is very important for obtaining more treatment options and new knowledge. 
Nowadays, articles have introduced a variety of synthetic compounds as an anticancer 
potential drug. Furocoumarin derivatives such as bergamottin, 8-hydroxypsoralen, and 
methoxsalen are one of the interesting compounds which showed potential as a core 
structure for further development to become an anti-cancer agent.4 Furocoumarin or 
furanocoumarin is a class of heterocyclic compounds that have furan and coumarin. Some of 
their derivatives were found to have anticancer activity especially the one with modified amide 
group at the C-5 position of methoxsalen (Figure 1) that found significantly increased anti-
breast cancer effects (MCF-7).5 However, there was still not much research about the amide 
group in that position. Therefore, the synthesis of the amide group is an interesting functional 
group that uses as a lead compound to develop the anti-cancer effects. The modification of 
this lead compound is one of the most significant objectives of this work. 

Another aspect of drug development apart from the increasing efficacy is the reduction the 
side effect of the drug. In this regard, furocoumarin derivatives have been reported to cause 
DNA crosslink due to the double bonds at the edge of the molecule. When stimulated by 
light, the [2+2] cycloaddition occurs between the double bonds at both ends of furocoumarin 
and the thymine base of DNA leading to high cytotoxic towards normal cells.6,7 Hence, in this 
work, we also aim to block the double bonds at the furan edge by synthesising the tetracyclic 
furocoumarin derivatives, which might reduce the side effects and retain the anticancer 
activity.8 
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Figure 1 Methoxsalen4 

 
1.2. Literature review 
     1.2.1. Cancer 

Cancer is initiated by abnormalities in the cell-division cycle lead to the mutation of 
cells and then the abnormal cells distribute uncontrollably throughout the body. Cancer has 
come with a group of diseases affecting different organs and systems of the body. There are 
many types of cancer that are called following the organism that has the cancer cells or the 
tumor such as breast cancer, skin cancer, lung cancer, liver cancer, etc.2,3 Cancer patients may 
suffer from many symptoms resulting from the primary disease and the treatment process of 
diseases such as surgery with chemotherapy and radiation therapy. The symptoms from the 
side effects of the treatment process are nausea, diarrhea, fatigue, hair loss anxiety, and 
depression. All the symptoms can cause the patient unbearable and contribute to delay of 
the treatment process or lead to premature termination of treatment.9 

 
     1.2.2. SAR in drug discovery 

SAR stands for structure-activity relationship is the study of the relationship between 
the structure of the molecule and biological activity.10 It is easier to research and develop the 
compounds that had SAR data because studying with the structure-activity relationship helps 
creating some guidelines. SAR helps to establish the relationship, so the synthesis of the 
molecular structure is designed more effectively because it considers the bioactive ability. The 
SAR model can be done by observing the relationship of biological activity to the molecular 
structure.10 In addition, SAR information might sometimes help us to understand the 
mechanism of biological processes, which will allow us to take into account various factors of 
molecular structure, such as functional groups, the electron density, steric effects, 
hydrophilicity and lipophilicity of the compounds, thereby reducing development time and 
increasing development efficiency of biological activity as well.  
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     1.2.3. Furocoumarin derivatives 

Furocoumarins are groups of compounds that exist in a variety of natural products that 
has a variety of biological activities such as inhibitory effects of Alzheimer’s disease from the 
root of Angelica dahurica; (isoimperatorin, imperatorin), antioxidant activity from wampee or 
Clausena lansium; (8-hydroxypsoralen) and anticancer activity from kaffir lime or Citrus hystrix; 
(isoimperatorin, bergamottin). 4,11-13 There are two furanocoumarin isomers, psoralen and 
angelicin (Figure 2).11 This research will be focusing on psoralen isomer because it has a lot of 
SAR data and more potential to improve biological activity. 

  
Figure 2 Furanocoumarin isomers (IIa) psoralen and (IIb) angelicin 11 

 
1.2.3.1. Furocoumarin derivatives as anticancer 
Furocoumarin derivatives have been considered as bioactive agents for their potential 

anticancer effects. Therefore, in order to develop new anti-cancer drug based on this scaffold, 
scientists have attempted to study the structure-activity relationship of the furocoumarin 
derivatives as followings.  

1.2.3.1.1. Modification of the methoxy groups at the C-8 position  
Methoxsalen or xanthotoxin (Figure 1) is an important structure that has been 

developed in several research works. Xanthotoxin-triazole derivatives were designed and 
synthesized to study their antiproliferative properties focusing on anti-gastric cancer activity. 
The antiproliferative activity was evaluated by the in vitro test with in the AGS cancer cell line 
and the L02 normal cell line, whereby the result was obtained by flow cytometric analysis 
and MTT assay. The derivatives that were p-substituted by electron-withdrawing group have a 
better antitumor activity than p-substitution, electron-donating group or non-substituted 
analouges (Figure 3).14  
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Figure 3 Xanthotoxin-triazole derivatives and their anti-gastric cancer activity  

(AGS cell lines) and the normal cell (L02 cell lines) IC50 value in µM14 

Another compound that has been modified at the C-8 position of furocoumarins is 
imperatorin (Figure 4). Imperatorin has been studied to be likely able to control the 
proliferation and angiogenesis of human colon cancer cell (HCT116, HeLa, and Hep3B cells).15 
The results were received by promoter reporter gene assay, MTT assay, flow cytometric 
analysis, etc.15  

 
Figure 4 Imperatorin15 

While the anti-breast and anti-prostate cancer activity of furocoumarin derivatives 
were researched as well. The bioactivity was evaluated by the in vitro test with the breast 
cancer cell lines (MCF-7 and MDA-MB-231), prostate cancer cell lines (PC-3) and the normal 
cell line (MCF-10A) via the MTT assay (Figure 5, 6 and Table 1).5 The derivatives that contain 
alkyl substitution and benzyl substitution increased the activity. However, imperatorin, 
hydroxyl group, alkyl substitution that containing 1-naphthyl group and ester group at C-8 
have not been showed the anti-breast and anti-prostate cancer activity. 

 

 
Figure 5, 6 The structure of furocoumarin derivatives5 
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Table 1 The structure of furocoumarin derivatives and their anti-breast, anti-prostate cancer 
activity and cytotoxicity (IC50 value in µM)5 

Compounds 
IC50 value (µM) 

MCF-7a MDA-MB-
231b PC-3c MCF-10d 

imperatorin 

 

100 100 100 ND 

Va >100 100 100 ND 

Methoxsalen 
Vb 

20 >30 25 ND 

Vc 12 10 15 100 

Vd 8.15 10 7 >100 

Ve 7.07 8.5 10 >100 

Vf >100 100 100 ND 

Via 100 100 100 ND 

Vib >100 100 100 ND 

  a Estrogenic breast cancer cell lines 
b Non-estrogenic breast cancer cell lines 
c Prostate cancer cell lines 
d Normal cell lines 

1.2.3.1.2. Modification of the functional groups at the C-5 position 
Methoxsalen derivatives with substituents at C-5 position were designed and 

synthesized to study their antitumor activity in a variety of functional groups such as amine, 
thiourea, thiazolidine, thiazolidine-one, imidione group, etc. However, there were only two 
functional groups (imine and thiourea group) that were active in inhibiting the growth of HeLa 
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cells and none of the compounds showed activity inhibiting the growth of breast cancer (MCF-
7) cells (Table 2).16  
Table 2 structure of compounds and their activity in inhibiting the growth of HeLa cells (IC50 
value in µM)16 

Compounds 
IC50 value (µM) 

HeLa cells 

methoxsalen 29.10 (7.6 µg/mL) 

 

22.15 (7.2 µg/mL) 

 

84.69 (40 µg/mL) 

 

19.72 (7.5 µg/mL) 

 

69.20 (23 µg/mL) 

 
 On the other hand, the activity inhibiting the growth of breast and prostate cancer 
cells of methoxsalen derivatives were discovered with amine, amide groups, bromo 
substitution and N,N-dialkyl analogs (Figure 7). The bioactivity was evaluated by the in vitro 
test with the breast cancer cell lines (MCF-7 and MDA-MB-231), prostate cancer cell lines (PC-
3) and the normal cell line (MCF-10A) via the MTT assay (Table 3).5  
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Figure 7, 8 The structure of methoxsalen derivatives5 

 
Table 3 The structure of methoxsalen derivatives and their anti-breast, anti-prostate cancer 
activity and cytotoxicity (IC50 value in µM)5 

Compounds 
IC50 value (µM) 

MCF-7a MDA-MB-
231b PC-3c MCF-10d 

 

5.69 6 8 >100 

 

>100 100 90 ND 

 

>100 100 75 ND 

VIIa 3.87 5 10 >100 
VIIb 1.09 3 5 >100 

VIIc 0.48 2 5 96 

VIId >100 100 100 ND 
VIIe 0.53 1 1 92 

VIIf 5 >15 1 >100 

 

>100 100 100 ND 

VIIIa >100 100 100 ND 
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Compounds 
IC50 value (µM) 

MCF-7a 
MDA-MB-

231b 
PC-3c MCF-10d 

VIIIb 100 100 100 ND 
VIIIc 100 100 100 ND 

VIIId >100 100 100 ND 
a Estrogenic breast cancer cell lines 
b Non-estrogenic breast cancer cell lines 
c Prostate cancer cell lines 
d Normal cell lines 

 
1.2.3.2. SAR of furocoumarin derivatives 
From the literature reviews mentioned above, the model of important structure-

activity relationship (SAR) can be summarized as a shown in Figure 9.5 The functional groups 
at C-5 position that have hardly showed the biological activity are sulfonamide, thiazolidine, 
thiazolidine-one, imidione group (Table 2).16 Furocoumarin derivatives that contain nitro 
group, primary amine or N-aryl sulphonamide substitution at C-5 position have no bioactivity.5 
Furocoumarin derivatives with amide group at C-5 position were synthesized to obtain two 
derivatives, VIIc and VIId. The compound that has the most potent activity is VIIc with the 
adamantoyl group, however another amide group (VIId) containing 1-naphthoyl group has no 
activity.5 For the modification at C-8 position, alkyl and benzyl substitution increased the 
activity.5 

 

Figure 9 The models of important structure-activity relationship (SAR)5 
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1.2.4. Cytotoxic of furocoumarin derivatives 
The furocoumarin derivatives possess modest cytotoxicity in the absence of light but 

it has the powerful cytotoxic effects upon photoactivation.6,17 Upon irradiation with UVA light, 
the 3,4- and 2’,3’-double bonds of furocoumarin derivatives are activated, leading to a 
photocatalyzed reaction through [2+2] cycloaddition between the double bonds and the 5,6-
double bond of pyrimidine bases of the DNA (Figure 10).6,18 This process can lead to DNA 
cross-linking (Figure XIa), which causes the synthesis of DNA cellular to be inhibited.6,7 Thereby 
cross-linking the DNA, has been invoked to explain the cytotoxicity,7 which causes serious side-
effects both short-term (erythema, hyperpigmentation) and long-term (premalignant 
keratoses, skin cancers).8 According to these previous results, the cytotoxicity was relieved by 
blocking the double bonds by designing and synthesizing a series of tetracyclic furocoumarin 
derivatives (Figure XIb).8 

    
Figure 10 (Xa) structure of pyrimidine bases, (Xb) Uracil; U,  

(Xc) Thymine; T and (Xd) Cytosine; C18 

 

 

Figure 11 (XIa) DNA cross-linking with furocoumarin derivatives and (XIb) tetracyclic 
furocoumarin derivatives, IC50 value of HeLa cell and skin phototoxicity8 

From all the literature reviews that are described, the modification at C-5 position of 
furocoumarin derivatives to give an amide group gave the highest anticancer activity. However, 
there were only 2 amide derivatives that have been explored. Therefore, this work will focus 
on the synthesis a novel amide derivatives and other functional groups at C-5 to further 
explore the structure-activity relationship of this promising scaffold to improve their anticancer 
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activity. Moreover, the reduction of side-effects will be attempted by synthesizing novel 
tetracyclic structures of furocoumarin derivatives. 

 
1.3. Objectives and Scope of research 

1.3.1. Objective 
1.3.1.1. To design, synthesize and characterize novel furocoumarin derivatives. 
1.3.1.2. To investigate the factors related to the structure of furocoumarin derivatives 
           that can increase the anticancer activity and establish the structure-activity  
           relationship (SAR). 
1.3.1.3. To investigate the structure of furocoumarin derivatives that can reduce the side  
           effects and retain the anticancer activity. 
 

1.3.2. Scope of research 
1.3.2.1. Synthesize various functional groups of furocoumarin derivatives such as amide  
           group, urea group, thiourea group, sulfonamide group, sulfinamide group,  
           carbamate group and benzyl-amino group at C-5 position. 
1.3.2.2. Synthesize the tetracyclic of furocoumarin derivatives to reduce the side effects  
           of anticancer activity. 
1.3.2.3. Evaluate the bioactivity of the synthesized furocoumarin derivatives. 
1.3.2.4. Establish the structure-activity relationship (SAR). 
 

Overview of research scope 

 
 

I = 1) Nitration, 2) Reduction, 3) Acylation and II = Cyclization 

Figure 12 Overview of research scope 

Anticancer test; breast 
cancer (MDA-MB-231 and 

T47-D), liver cancer 
(HepG2) and the 

cytotoxicity 
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Figure 13 Modification of the functional groups at the C-5 position and their reagent 

 
Figure 14 Synthesis the tetracyclic of furocoumarin derivatives 

 
 



 
CHAPTER II  

EXPERIMENTS 

 
2.1. Chemical synthesis 

2.1.1. Materials and instrument for chemical synthetic section 
All reagents and solvents were obtained from Sigma-Aldrich (St. Louis, MO, USA), TCI 

Chemicals (Tokyo, Japan), Fluorochem (Hadfield, Derbyshire, UK) and Merck (Darmstadt, 
Germany). All solvents for column chromatography from RCI Labscan (Samutsakorn, Thailand) 
were distilled before use. 

Proton, carbon, fluorine nuclear magnetic resonance (1H, 13C and 19F NMR) spectra were 
recorded on Bruker Avance (400 MHz) and Jeol Avance (500 MHz). Spectra were measured in 

DMSO-d6 and CDCl3 solvent and chemical shifts are reported as  values in parts per million 

(ppm) relative to tetramethylsilane ( 0.00) or the solvent residue in DMSO-d6 ( 2.50) or 

CDCl3 ( 7.26) as internal standard for 1H NMR spectra. Data are reported as follows; chemical 
shift (multiplicity, coupling constants in Hz, integrate intensity, assignment). Abbreviations of 
multiplicity were as follows; s: singlet, d; doublet, t: triplet, q: quartet, m: multiplet, br: broad. 

Chemical shifts for 13C NMR are reported as  values in parts per million (ppm) relative to 

DMSO-d6 ( 39.52) and CDCl3 ( 77.16) as internal standard. High-resolution mass spectra 
(HRMS) data were obtained with Micro-TOF mass spectrometer. IR spectra were recorded using 
the Thermo Scientific™ Nicolet™ iS50 FTIR spectrometer with ATR module and are reported 
in wave number (cm -1). Reactions were monitored by thin-layer chromatography (TLC) using 
aluminium Merck TLC plates coated with silica gel 60 F254. Normal phase column 
chromatography was performed using silica gel 60 (0.063-0.200 mm, 70-230 mesh ASTM, Merck, 
Darmstadt, Germany). Melting points were measured using a melting point apparatus (Griffin) 
and are uncorrected. 
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2.1.2. Experimental procedure for the synthesis  
2.1.2.1. General procedure A  

 
Compounds 3a-3m were synthesized using a modified procedure.5 To a solution of 

substituted aniline (2) (1.0 equiv.) in CH2Cl2 were added acid chloride (4.0 equiv.) and K2CO3 
(1.5 equiv.) at room temperature. The reaction mixture was refluxed overnight and monitored 
by TLC. Upon completion the reaction mixture was quenched with H2O. The resulting mixture 
was neutralized by sat. NaHCO3 and extracted with EtOAc. The combined organic layers were 
washed with brine, dried over anhydrous MgSO4, filtered, then concentrated in vacuo to give 
the amide product.  

 
2.1.2.2. Synthesis of compounds 1 and 2 

2.1.2.2.1. 9-methoxy-4-nitro-7H-furo[3,2-g]chromen-7-one (1) 

 
Compound 1 was synthesized using a modified procedure.19 Methoxsalen (2.2 g, 

10.0 mmol, 1.0 equiv.) was dissolved in glacial acetic acid (21ml). The resulting solution was 
stirred at room temperature, then conc. HNO3 (17.1 ml) was slowly added. The precipitate 
formed was filtered and washed with DI water. The solid was dried in vacuo to give the nitro 
compound 1 (2.262 g, 8.66 mmol, 85% yield) as a yellow solid. 
1H NMR (400 MHz, CDCl3)  8.78 (d, J = 10.2 Hz, 1H), 7.86 (d, J = 2.3 Hz, 1H), 7.42 (d, J = 2.3 

Hz, 1H), 6.63 (d, J = 10.2 Hz, 1H), 4.49 (s, 3H); 13C NMR (101 MHz, CDCl3)  149.58, 139.37, 
118.78, 107.58, 61.66; IR (neat): 3156 (C=C), 1736 (C=O), 1571 (C=C), 1497 (N=O), 1314 (N=O), 
1282 (C-O), 1265 (C-O) cm-1; HRMS (ESI+): m/z calcd for C12H6NO6Na [M-H+Na]+ 283.0093, found 
283.2629; Mp: not determined.  



14 
 

2.1.2.2.2. 4-amino-9-methoxy-7H-furo[3,2-g]chromen-7-one (2) 

 
Compound 2 was synthesized using a modified procedure.20 To a solution of 

compound 1 (2.09 g, 8.0 mmol, 1.0 equiv.) in methanol (15 mL) under nitrogen atmosphere, 
tin powder (3.80 g, 40.0 mmol, 5.0 equiv.) and conc. hydrochloric acid (40 mL) were added. 
The resulting mixture was stirred under a nitrogen atmosphere at reflux at 70 °C for 2 hrs. After 
being cooled to room temperature, the mixture was neutralized by 10% NaOH (250 mL) and 
the excess tin powder was filtered. The mother liquor was extracted with EtOAc (3 x 100 mL). 
The combined organic layers were washed with brine, dried with anhydrous MgSO4, filtered 
and concentrated in vacuo to give the amine compound 2 (1.298 g, 5.61 mmol, 70% yield) as 
a green solid. 
1H NMR 1H NMR (400 MHz, DMSO)  7.46 (d, J = 9.8 Hz, 1H), 6.99 (d, J = 2.2 Hz, 1H), 6.33 (d, J 
= 2.3 Hz, 1H), 5.63 (s, 2H), 5.25 (d, J = 9.8 Hz, 1H), 3.03 (s, 3H); 13C NMR: not determined; IR 
(neat): 3478 (N-H), 3383 (N-H), 3137 (C=C), 3107 (C=C), 2957 (C-H), 1701 (C=O), 1647 (N-H), 1587 
(C=C), 1480 (C=C), 1446 (C=C), 1050 (C-O) cm-1; HRMS (ESI+): m/z calcd for C12H9NO4Na+ [M+Na]+ 
254.0429, found 254.0428; Mp: not determined. 
 

2.1.2.3. Synthesis of 3a-3m 
2.1.2.3.1. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)benzamide (3a) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (24 mg, 0.1 mmol, 1.0 equiv.) in CH2Cl2 (2.0 mL), benzoyl chloride (56.0 
µL, 0.4 mmol, 4.0 equiv.) and K2CO3 (21 mg, 0.15 mmol, 1.5 equiv.). The crude product was 
purified by silica gel column chromatography (eluent: EtOAc/hexanes = 1:9-1:1) to provide the 
amide compound 3a (30 mg, 0.09 mmol, 86% yield) as an off-white solid. 
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1H NMR (400 MHz, DMSO)  10.60 (s, 1H), 8.09 – 7.99 (m, 4H), 7.61 (d, J = 7.5 Hz, 1H), 7.54 (t, 
J = 7.5 Hz, 2H), 6.92 (d, J = 2.3 Hz, 1H), 6.41 (d, J = 9.8 Hz, 1H), 4.16 (s, 3H); 13C NMR (101 MHz, 

DMSO)  166.44, 159.65, 147.44, 147.18, 142.87, 141.70, 133.90, 132.18, 130.85, 128.66, 128.16, 
123.84, 121.77, 113.92, 112.94, 106.53, 61.38; IR (neat): 3235 (N-H), 3060 (C=C), 2944 (C-H), 1726 
(C=O), 1647 (C=O), 1593 (C=C), 1145 (C-O) cm-1; HRMS (ESI+): m/z calcd for C19H13NO5Na+ 
[M+Na]+ 358.069, found 358.0681; Mp: not determined. 
 

2.1.2.3.2. 4-fluoro-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl) 
           benzamide (3b) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (24 mg, 0.1 mmol, 1.0 equiv.) in CH2Cl2 (2.0 mL), 4-fluorobenzoyl chloride 
(50.0 µL, 0.4 mmol, 4.0 equiv.) and K2CO3 (21 mg, 0.15 mmol, 1.5 equiv.) to provide the amide 
compound 3b (36 mg, 0.10 mmol, 98% yield) as a gray solid. 
1H NMR (400 MHz, DMSO)  10.60 (s, 1H), 8.11 (dd, J = 8.5, 5.4 Hz, 2H), 8.05 (d, J = 2.3 Hz, 1H), 
8.02 (d, J = 9.8 Hz, 1H), 7.36 (t, J = 8.6 Hz, 2H), 6.90 (d, J = 2.3 Hz, 1H), 6.39 (d, J = 9.7 Hz, 1H), 

4.14 (s, 3H); 13C NMR (101 MHz, DMSO)  166.01, 165.61, 159.86, 147.67, 147.38, 143.07, 141.90, 
131.16 (d, J = 9.3 Hz), 130.61 (d, J = 2.9 Hz), 124.06, 121.83, 115.93, 115.72, 114.16, 113.16, 

106.73, 61.59; 19F NMR (376 MHz, DMSO)  -108.18 (td, J = 9.2, 4.9 Hz); IR (neat): 3395 (N-H), 
3163 (C=C), 2950 (C-H), 1725 (C=O), 1674 (C=O), 1592 (C=C), 1475 (N-H), 1257 (C-O), 1168 (C-
O), 1139 (C-O), 748 (C-F) cm-1; HRMS (ESI+): m/z calcd for C19H12FNO5Na+ [M+Na]+ 376.0597, 
found 376.0590; Mp: not determined. 
 
  



16 
 

2.1.2.3.3. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)-4- 
           (trifluoromethyl)benzamide (3c) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (24 mg, 0.1 mmol, 1.0 equiv.) in CH2Cl2 (2.0 mL), 4-trifluoromethylbenzoyl 
chloride (60.0 µL, 0.4 mmol, 4.0 equiv.) and K2CO3 (21 mg, 0.15 mmol, 1.5 equiv.) to provide  
the amide compound 3c (40 mg, 0.992 mmol, 96% yield) as an off-white solid. 
1H NMR (400 MHz, DMSO)  10.78 (s, 1H), 8.20 (d, J = 8.0 Hz, 2H), 8.04 (dd, J = 6.0, 3.8 Hz, 2H), 
7.88 (d, J = 8.1 Hz, 2H), 6.90 (d, J = 2.3 Hz, 1H), 6.38 (d, J = 9.9 Hz, 1H), 4.12 (s, 3H); 13C NMR 

(101 MHz, DMSO)  165.43, 159.65, 147.57, 147.17, 142.88, 141.65, 137.82, 132.13, 131.82, 
131.05, 129.16, 125.66 (q, J = 3.6 Hz), 123.86, 121.23, 114.08, 112.96, 106.52, 61.41; 19F NMR 

(376 MHz, DMSO)  -61.34; IR (neat): 3230 (N-H), 3123 (C=C), 2945 (C-H), 1724 (C=O), 1652 
(C=O), 1590 (C=C), 1521 (N-H), 1145 (C-O), 1108 (C-O), 824 (C-F) cm-1; HRMS (ESI+): m/z calcd 
for C20H12F3NO5Na+ [M+Na]+ 426.0565, found 426.0570; Mp: not determined 
. 

 2.1.2.3.4. 4-bromo-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl) 
     benzamide (3d) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (24 mg, 0.1 mmol, 1.0 equiv.) in CH2Cl2 (2.0 mL), 4-bromobenzoyl chloride 
(88.0 mg, 0.4 mmol, 4.0 equiv.) and K2CO3 (21 mg, 0.15 mmol, 1.5 equiv.). The crude product 
was purified by silica gel column chromatography (eluent: 100% DCM - 3% MeOH in DCM) to 
provide the amide compound 3d (38 mg, 0.09 mmol, 88% yield) as a gray solid. 
1H NMR (400 MHz, DMSO)  10.66 (s, 1H), 8.07 – 7.95 (m, 4H), 7.76 (d, J = 8.1 Hz, 2H), 6.91 (s, 
1H), 6.40 (d, J = 9.8 Hz, 1H), 4.15 (s, 3H); 13C NMR not determined; IR (neat): 3211 (N-H), 3149 
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(C=C), 2924 (C-H), 1734 (C=O), 1647 (C=O), 1590 (N-H), 1142 (C-O), 1116 (C-O), 752 (C-Br) cm-1; 
HRMS (ESI+): m/z calcd for C19H12BrNO5Na+ [M+Na]+ 435.9797, found 437.9762; Mp: not 
determined. 
 

2.1.2.3.5. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)furan-2- 
                     carboxamide (3e) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), 2-furoyl chloride (120.0 
µL, 1.20 mmol, 4.0 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv.). The crude product was 
purified by silica gel column chromatography (eluent: 100% DCM - 1% MeOH in DCM) to 
provide the amide compound 3e (39 mg, 0.120 mmol, 39% yield) as a yellow-green solid. 
1H NMR (500 MHz, )  10.52 (s, 1H), 7.97 (d, J = 2.3 Hz, 1H), 7.93 – 7.85 (m, 2H), 7.28 (d, J = 3.4 
Hz, 1H), 6.79 (d, J = 2.3 Hz, 1H), 6.63 (dd, J = 3.6, 1.8 Hz, 1H), 6.32 (d, J = 9.8 Hz, 1H), 4.06 (s, 

1H); 13C NMR (126 MHz, DMSO-D6)  159.95, 157.54, 147.79, 147.40, 147.36, 146.49, 143.07, 
141.90, 131.19, 124.17, 120.99, 115.86, 114.25, 113.26, 112.73, 106.77, 61.64; IR (neat): 3257 (N-
H), 3142 (C=C), 3065 (C=C), 2955 (C-H), 1720 (C=O), 1653 (C=O), 1590 (C=C), 1466 (N-H), 1423 
(C=C), 1137 (C-O), 1170 (C-O) cm-1; HRMS (ESI+): m/z calcd for C17H11NO6Na+ [M+Na]+ 348.0484, 
found 348.0484; Mp: not determined. 
 

2.1.2.3.6. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl) thiophene-2- 
           carboxamide (3f) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), thiophene-2-carbonyl 
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chloride (130.0 µL, 1.20 mmol, 4.0 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv.). The crude 
product was purified by silica gel column chromatography (eluent: 100% hexanes - 
EtOAc/hexanes = 1:3). Then the solid was recrystallized in EtOH/water. After that the resulting 
solid was purified by short silica gel column chromatography (eluent: 5% MeOH in DCM) to 
provide the amide compound 3f (52 mg, 0.152 mmol, 49% yield) as a green solid. 
1H NMR (500 MHz, )  10.63 (s, 1H), 8.09 (d, J = 3.3 Hz, 1H), 8.08 (d, J = 2.2 Hz, 1H), 8.01 (d, J 
= 9.8 Hz, 1H), 7.88 (dd, J = 5.0, 0.9 Hz, 1H), 7.24 (dd, J = 4.9, 3.8 Hz, 1H), 6.90 (d, J = 2.2 Hz, 

1H), 6.42 (d, J = 9.9 Hz, 1H), 4.16 (s, 3H); 13C NMR (126 MHz, DMSO-D6)  161.08, 159.84, 147.77, 
147.31, 143.01, 141.79, 139.07, 132.64, 131.12, 130.37, 128.63, 124.03, 121.24, 114.27, 113.13, 
106.68, 61.56; IR (neat): 3236 (N-H), 3123 (C=C), 2921 (C-H), 1725 (C=O), 1635 (C=O), 1590 (C=C), 
1525 (N-H), 1414 (C=C), 1140 (C-O), 1098 (C-O), 718 (C-S) cm-1; HRMS (ESI+): m/z calcd for 
C17H11NO5SNa+ [M+Na]+ 364.0256, found 364.0261; Mp: not determined. 
 

2.1.2.3.7. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)propionamide  
           (3g) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), propionyl chloride (105.0 
µL, 1.20 mmol, 4.0 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv.). The crude product was 
collected and washed with cool hexanes to provide the amide compound 3g (57 mg, 0.20 
mmol, 64% yield) as a gray solid. 
1H NMR (500 MHz, )  10.06 (s, 1H), 8.03 (s, 1H), 7.96 (d, J = 9.8 Hz, 1H), 6.83 (s, 1H), 6.40 (d, J 
= 9.8 Hz, 1H), 4.10 (s, 3H), 2.42 (d, J = 7.4 Hz, 2H), 1.12 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, 

DMSO-D6)  173.17, 159.77, 147.29, 147.20, 142.91, 141.73, 130.47, 123.11, 121.97, 113.68, 
112.20, 106.63, 61.40, 28.90, 10.01; IR (neat): 3243 (N-H), 3118 (C=C), 2980 (C-H), 1719 (C=O), 
1655 (C=O), 1591 (C=C), 1515 (N-H), 1425 (C=C), 1162 (C-O), 1135 (C-O)  cm-1; HRMS (ESI+): m/z 
calcd for C15H13NO5Na+ [M+Na]+ 310.0691, found 310.0683; Mp: not determined. 
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2.1.2.3.8. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)isobutyramide  
            (3h) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), isobutyryl chloride (130.0 
µL, 1.20 mmol, 4.0 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv.). The resulting solid was 
recrystallized in EtOH/water, then the solid was collected and washed with hexanes. The 
crude product was purified by silica gel column chromatography (eluent: EtOAc/hexanes = 
1:3-1:1) to provide the amide compound 3h (13 mg, 0.043 mmol, 14% yield) as a white solid. 
1H NMR (500 MHz, CHLOROFORM-D)  7.70 (d, J = 9.8 Hz, 1H), 7.62 (d, J = 2.2 Hz, 1H), 7.50 (s, 
1H), 6.64 (d, J = 2.2 Hz, 1H), 6.31 (d, J = 9.7 Hz, 1H), 4.25 (s, 3H), 2.79 – 2.67 (m, 1H), 1.35 (d, J 

= 6.9 Hz, 6H); 13C NMR (126 MHz, CHLOROFORM-D)  10.06 (s, 1H), 8.03 (s, 1H), 7.96 (d, J = 9.8 
Hz, 1H), 6.83 (s, 1H), 6.40 (d, J = 9.8 Hz, 1H), 4.10 (s, 3H), 2.42 (d, J = 7.4 Hz, 2H), 1.12 (t, J = 7.4 
Hz, 3H); IR (neat): 3248 (N-H), 3167 (C=C), 3129 (C=C), 2971 (C-H), 1732 (C=O), 1650 (C=O), 1588 
(C=C), 1518 (N-H), 1161 (C-O), 1142 (C-O), 1128 (C-O) cm-1; HRMS (ESI+): m/z calcd for 
C16H15NO5Na+ [M+Na]+ 324.0848, found 324.0843; Mp: not determined. 
 

2.1.2.3.9. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)pivalamide (3i) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), pivaloyl chloride (150.0 
µL, 1.20 mmol, 4.0 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv.). The crude product was 
recrystallized in EtOH/water to provide the amide compound 3i (31 mg, 0.098 mmol, 32% 
yield) as a yellow solid. 
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1H NMR (500 MHz, )  9.65 (s, 1H), 8.05 (s, 1H), 7.83 (d, J = 9.3 Hz, 1H), 6.74 (s, 1H), 6.42 (d, J 

= 9.3 Hz, 1H), 4.12 (s, 3H), 1.28 (s, 9H); 13C NMR (126 MHz, DMSO-D6)  178.00, 159.92, 147.59, 
147.26, 142.93, 141.65, 130.81, 124.07, 122.39, 114.10, 113.23, 106.49, 61.54, 31.08, 27.69;  IR 
(neat): 3215 (N-H), 3134 (C=C), 2984 (C-H), 1730 (C=O), 1640 (C=O), 1590 (C=C), 1505 (N-H), 
1475 (C=C), 1376 (C-C), 1154 (C-O), 1133 (C-O) cm-1; HRMS (ESI+): m/z calcd for C17H17NO5Na+ 
[M+Na]+ 338.1004, found 338.1004; Mp: not determined. 
 

2.1.2.3.10. 4-methoxy-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl) 
           benzamide (3j) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), 4-methoxybenzoyl 
chloride (165.0 µL, 1.20 mmol, 4.0 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv.). The 
resulting solid was recrystallized in EtOH/water. Then the crude product was purified by silica 
gel column chromatography (eluent: EtOAc/hexanes = 1:9-1:1) to provide the amide 
compound 3j (35 mg, 0.096 mmol, 31% yield) as a white solid. 

1H NMR (500 MHz, )  10.44 (s, 1H), 8.05 (d, J = 2.3 Hz, 1H), 8.03 (d, J = 8.8 Hz, 2H), 7.99 (d, J 
= 9.9 Hz, 1H), 7.06 (dd, J = 9.3, 2.3 Hz, 2H), 6.88 (d, J = 2.1 Hz, 1H), 6.40 (d, J = 9.8 Hz, 1H), 4.15 

(s, 3H), 3.82 (s, 3H); 13C NMR (126 MHz, DMSO-D6)  166.01, 162.66, 159.92, 147.60, 147.37, 
143.06, 142.01, 130.91, 130.35, 126.12, 124.02, 122.27, 114.10, 114.02, 113.11, 106.78, 61.57, 
55.90; IR (neat): 3214 (N-H), 3128 (C=C), 2950 (C-H), 1725 (C=O), 1644 (C=O), 1607 (C=C), 1592 
(N-H), 1498 (C=C), 1478 (C=C), 1254 (C-O), 1023 (C-O) cm-1; HRMS (ESI+): m/z calcd for 
C24H29NO6Na+ [M+Na]+ 388.0797, found 388.0804; Mp: not determined. 
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2.1.2.3.11. N-hexanoyl-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl) 
             hexanamide (3k) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), caproyl chloride (224.0 
µL, 1.20 mmol, 4.0 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv.). The crude product was 
purified by silica gel column chromatography (eluent: EtOAc/hexanes = 1:9-1:2). Then the 
resulting solid was collected and washed with cool hexanes to provide the amide compound 
3k (21 mg, 0.064 mmol, 21% yield) as a white solid. 
1H NMR (500 MHz, CHLOROFORM-D)  7.71 (d, J = 2.3 Hz, 1H), 7.54 (d, J = 9.8 Hz, 1H), 6.61 (d, 
J = 2.3 Hz, 1H), 6.44 (d, J = 9.9 Hz, 1H), 4.35 (s, 3H), 2.52 (t, 4H), 1.60 (p, J = 7.4 Hz, 4H), 1.31 – 

1.16 (m, 8H), 0.84 (t, J = 7.0 Hz, 6H); 13C NMR (126 MHz, CHLOROFORM-D)  175.66, 159.31, 
147.73, 147.04, 143.03, 137.87, 133.32, 125.49, 120.44, 116.62, 114.73, 103.82, 61.29, 37.99, 
31.06, 24.22, 22.26, 13.74; IR (neat): 3441 (N-H), 3126 (C=C), 2953 (C-H), 2926 (C-H), 2858 (C-H), 
1726 (C=O), 1685 (C=O), 1589 (C=C), 1480 (N-H), 1163 (C-O), 1135 (C-O) cm-1; HRMS (ESI+): m/z 
calcd for C24H31NO5Na+ [M+Na]+ 450.1893, found 450.1885; Mp: not determined. 
 

2.1.2.3.12. (3r,5r,7r)-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl) 
                   adamantane-1-carboxamide (3l) 

 
The title compound was synthesized following General procedure A using the 

amine compound 2 (116 mg, 0.5 mmol, 1.0 equiv.) in CH2Cl2 (6.0 mL), 1-adamantanecarbonyl 
chloride (200.0 µL, 2.0 mmol, 4.0 equiv., synthesized from reaction between 1-
adamantanecarboxylic acid (1.0 mmol, 1.0 equiv.), thionyl chloride (20.0 mmol, 20.0 equiv.) 
and a few drops of DMF in anhydrous toluene at 80 °C for 2 hrs, the crude mixture was 
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evaporated and used without further purification)) and K2CO3 (104 mg, 0.75 mmol, 1.5 equiv.). 
The crude product was purified by silica gel column chromatography (eluent: 100% hexanes 
- EtOAc/hexanes = 1:4) to provide the amide compound 3l (29 mg, 0.074 mmol, 15% yield) 
as an off-white solid. 
1H NMR (500 MHz, )  7.62 (s, 1H), 7.59 (d, J = 9.8 Hz, 1H), 7.58 (d, J = 2.2 Hz, 1H), 6.55 (d, J = 
2.2 Hz, 1H), 6.23 (d, J = 9.8 Hz, 1H), 4.22 (s, 3H), 2.13 (s, 3H), 2.04 (d, J = 2.5 Hz, 6H), 1.79 (q, J 

= 12.5 Hz, 6H); 13C NMR (126 MHz, CHLOROFORM-D)  177.59, 160.13, 147.40, 146.35, 143.00, 
139.76, 131.69, 123.79, 119.53, 114.38, 113.00, 105.18, 61.47, 41.62, 39.53, 36.47, 28.19; IR: 
cannot be retrieved; HRMS (ESI+): m/z calcd for not determined; Mp: not determined 
 

2.1.2.3.13. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)acetamide (3m) 

 
The title compound was synthesized using a modified procedure.21 The solution of 

amine compound 2 (24 mg, 0.1 mmol, 1.0 equiv.)  in CH2Cl2 (2.0 mL); acetic anhydride in DCM 
(200 µL, 0.2 mmol, 2.0 equiv.), pyridine (16 µL, 0.2 mmol, 2.0 equiv.) and DMAP (2.5 mg, 0.02 
mmol, 0.2 equiv.) were added at 0 °C. After being heated to room temperature, the reaction 
mixture was stirred under a nitrogen atmosphere for 21 hrs. and then acetic anhydride in DCM 
(800 µL, 0.8 mmol, 8.0 equiv.) and K2CO3 (27.6 mg, 0.2 mmol, 2.0 equiv.) were added. The 
reaction mixture was stirred overnight and monitored by TLC. Upon completion the reaction 
mixture was quenched with H2O. The resulting mixture was neutralized by sat. NaHCO3 and 
extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with brine, dried 
over anhydrous MgSO4, filtered, then concentrated in vacuo. The resulting solid was 
recrystallized in EtOH/water to provide the amide compound 3m (12 mg, 0.044 mmol, 42% 
yield) as a white solid. 
1H NMR (500 MHz, DMSO-D6)  10.06 (s, 1H), 7.95 (d, J = 2.2 Hz, 1H), 7.91 (d, J = 9.9 Hz, 1H), 
6.79 (d, J = 2.2 Hz, 1H), 6.32 (d, J = 9.8 Hz, 1H), 4.03 (s, 3H), 2.05 (s, 3H); 13C NMR (126 MHz, 

DMSO-D6)  169.53, 159.81, 147.32, 147.27, 142.93, 141.80, 130.55, 123.16, 121.95, 113.73, 
112.23, 106.67, 61.44, 23.20; IR (neat): 3324 (N-H), 3114 (C=C), 2955 (C-H), 1709 (C=O), 1687 
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(C=O), 1593 (C=C), 1506 (N-H), 1163 (C-O), 1134 (C-O), 1058 (C-O) cm1-; HRMS  (ESI+): m/z calcd 
for C14H11NO5Na+ [M+Na]+ 296.0535, found 296.0533; Mp: not determined. 
 

2.1.2.4. Synthesis of 4-6 
2.1.2.4.1. 1-(5,9-dimethoxy-7-oxo-6,7-dihydro-5H-furo[3,2-g]chromen-4-yl)-3-    

                    phenylthiourea (4) 

 
The title compound was synthesized using a modified procedure.22 The solution of 

amine compound 2 (47 mg, 0.2 mmol, 1.0 equiv.)  in MeOH (1.0 mL); phenylisothiocyanate 
(90 µL, 2.22 mmol, 3.1 equiv.) was added. The reaction mixture was stirred under the Ar 
atmosphere at 65 °C overnight. After being cooled to room temperature, the reaction mixture 
was quenched with H2O. The resulting mixture was extracted with CH2Cl2 (3 x 20 mL). The 
combined organic layers were washed with brine, dried over anhydrous MgSO4, filtered, then 
concentrated in vacuo. The resulting solid was purified by preparative thin-layer 
chromatography (eluent: EtOAc/hexanes = 2:3) to provide the thiourea compound 4 (40 mg, 
0.100 mmol, 49% yield) as a dark green solid. 
1H NMR: (400 MHz, CDCl3)  8.82 (s, 1H), 7.52 (d, 1H), 7.48 – 7.42 (m, 4H), 7.41 (t, J = 18.7 Hz, 
1H), 6.88 (d, J = 2.3 Hz, 1H), 6.23 (s, 1H), 5.50 (t, 1H), 4.15 (s, 3H), 3.55 (s, 3H), 2.91 (dd, J = 14.8, 

4.9 Hz, 1H), 2.83 (dd, J = 14.8, 5.3 Hz, 1H); 13C NMR: (101 MHz, CDCl3)  176.38, 170.25, 145.99, 
143.97, 143.65, 140.35, 129.17, 128.59, 128.35, 128.08, 121.95, 108.60, 103.20, 102.95, 60.90, 
57.22, 51.87, 38.42; IR: cannot be retrieved; HRMS (ESI+): m/z calcd for C20H18N2O5SH+ [M+H]+ 
399.1015, found 399.1011; Mp: not determined. 
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2.1.2.4.2. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)benzene 
           sulfonamide (5) 

 
The title compound was synthesized using a modified procedure.23 The solution of 

amine compound 2 (47 mg, 0.2 mmol, 1.0 equiv.)  in pyridine (400 µL); benzenesulfonuyl 
chloride (30 µL, 0.22 mmol, 1.1 equiv.) and DMAP (2.5 mg, 0.02 mmol, 0.1 equiv.)  were added. 
The reaction mixture was stirred under the Ar atmosphere at room temperature for 2 hrs. 20 
mins. The reaction mixture was quenched with H2O. The resulting mixture was extracted with 
CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine, dried over anhydrous 
MgSO4, filtered, then concentrated in vacuo. The resulting solid was purified by preparative 
thin-layer chromatography (eluent: EtOAc/hexanes = 4:1) to provide the sulfonamide 
compound 5 (62.3 mg, 0.170 mmol, 82% yield) as a dark green solid. 
1H NMR: (300 MHz, Acetone)  9.07 (s, 1H), 8.05 (d, J = 9.9 Hz, 1H), 7.70 (d, J = 2.3 Hz, 1H), 
7.59 (d, J = 7.6 Hz, 4H), 7.45 (t, 2H), 6.35 (d, J = 2.3 Hz, 1H), 6.26 (d, J = 9.9 Hz, 1H), 4.18 (s, 4H); 

13C NMR: (75 MHz, Acetone)  160.24, 148.28, 148.02, 144.63, 142.03, 140.43, 134.30, 133.38, 
130.45, 128.41, 126.58, 120.12, 116.50, 115.11, 106.31, 61.89; IR (neat): 3201 (N-H), 3160 (C=C), 
2951 (C-H), 1697 (C=O), 1615 (C=O), 1588 (C=C), 1474 (C=C), 1338 (S=O), 1164 (C-O), 1130 (C-
O), 1053 (C-O), 724 (C-S) cm-1; HRMS (ESI+): m/z calcd for C18H13NO6SNa+ [M+Na]+ 394.0362, 
found 394.0365; Mp: not determined. 
 

2.1.2.4.3. N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)-N-  
          (phenylsulfonyl)benzenesulfonamide (6) 

 
The title compound was synthesized using a modified procedure.24 The solution of 

amine compound 2 (72 mg, 0.3 mmol, 1.0 equiv.)  in CH2Cl2 (2.0 mL); benzenesulfonyl chloride 
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(40 µL, 0.3 mmol, 1.0 equiv.), triphenylphosphine (120 mg, 0.45 mmol, 1.5 equiv.) and TEA (63 
µL, 0.6 mmol, 2.0 equiv.) were added. The reaction mixture was stirred under the Ar 
atmosphere at 0 °C for 2 hrs. and then heated to room temperature for another 2 hrs. The 
reaction mixture was quenched with H2O. The resulting mixture was extracted with CH2Cl2 (3 
x 20 mL). The combined organic layers were washed with brine, dried over anhydrous MgSO4, 
filtered, then concentrated in vacuo. The resulting solid was purified by silica gel column 
chromatography (eluent: 100% hexanes - EtOAc/hexanes = 1:1) to provide the sulfonamide 
compound 6 (<20 mg, %yield; not determined). 
1H NMR: cannot be retrieved; 13C NMR: cannot be retrieved; IR: cannot be retrieved; HRMS: 
cannot be retrieved; Mp: not determined. 
 

2.1.2.5. Synthesis of 7a-7b 
2.1.2.5.1. 4-(benzylamino)-9-methoxy-7H-furo[3,2-g]chromen-7-one (7a)  

                and 4-(dibenzylamino)-9-methoxy-7H-furo[3,2-g]chromen-7-one  
                         (7b) 

 
Compounds 7a and 7b were synthesized using a modified procedure.5 To a solution 

of substituted aniline (2) (72 mg, 0.3 mmol, 1.0 equiv.) in anhydrous acetone (1.5 mL) were 
added benzyl bromide (43 µL, 0.36 mmol, 1.2 equiv.) and K2CO3 (63 mg, 0.45 mmol, 1.5 equiv. 
The reaction mixture was stirred under the Ar atmosphere at reflux at 55 °C for 3 h. After 
cooling to room temperature, the reaction mixture was filtered and washed with acetone. The 
solvent was removed on a rotary evaporator, and the crude product was purified by 
preparative thin-layer chromatography (eluent: EtOAc/hexanes = 2:3) to give the benzylamino 
7a (21.1 mg, 0.066 mmol, 21% yield) as a yellow solid and 7b (70 mg, 0.17 mmol, 55% yield) 
as a yellow solid. 

(7a) 1H NMR: (400 MHz, CDCl3)  7.84 (d, J = 9.9 Hz, 1H), 7.53 (d, J = 2.3 Hz, 1H), 7.35 (q, J = 
8.5, 7.5 Hz, 5H), 6.82 (d, J = 2.3 Hz, 1H), 6.18 (d, J = 9.9 Hz, 1H), 4.65 (s, 2H), 4.11 (s, 3H); 13C 

NMR: (101 MHz, CDCl3)  160.60, 150.30, 144.72, 144.38, 138.81, 134.43, 128.98, 127.90, 127.49, 
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126.52, 114.34, 112.89, 111.19, 105.91, 104.61, 61.72, 52.49; IR: cannot be retrieved; HRMS 
(ESI+): m/z calcd for C19H15NO4H+ [M+H]+ 322.1080, found 322.1078; Mp: not determined. 

(7b) 1H NMR: (400 MHz, CDCl3)  8.22 (d, J = 9.7 Hz, 1H), 7.58 (d, J = 2.2 Hz, 1H), 7.33 – 7.19 
(m, 6H), 7.19 – 7.09 (m, 4H), 6.67 (d, J = 2.3 Hz, 1H), 6.24 (d, J = 9.8 Hz, 1H), 4.28 (s, 4H), 4.22 

(s, 3H); 13C NMR: (101 MHz, CDCl3)  160.33, 148.33, 145.02, 143.28, 141.21, 137.40, 135.45, 
130.11, 128.75, 128.16, 127.30, 123.10, 113.95, 112.99, 105.86, 61.28, 58.05; IR: cannot be 
retrieved; HRMS (ESI+): m/z calcd for C26H21NO4Na+ [M+Na]+ 434.1369, found 434.1365; Mp: 
not determined. 
 
2.2. Biological evaluation 

2.2.1. Anticancer activity 
 The biological evaluation was performed by Dr. Jutatip Boonsombat and Dr. Sanit 
Thongnest from Chulabhorn Research Institute. The synthesized novel products (1, 2, 3a-
3k and 3m) and methoxsalen were evaluated for anticancer activity. However, the 
synthesized novel products (3l, 4-6, 7a and 7b) were not evaluated due to the COVID-19 
situation. Approximately 7-8 mg of each solid product was packed in clean eppendorf tube 
for anticancer activity: breast cancer (MDA-MB-231 cell and T47-D cell), liver cancer (HepG2 
cell and S102), leukemia (HL-60 and MOLT-3), lung cancer (A549 and H69AR), 
cholangiocarcinoma (HuCCA-1), HeLa cell and normal embryonic lung cell (MRC-5). 
Approximately 4-5 mg of each solid product was packed in clean eppendorf tube for 
cytotoxicity of cancer cell lines. The results of anticancer activity were received as 
%cytotoxicity at 50 µg/mL and IC50 value (µM) obtained by MTT assay and XTT assay. 

 
 
 

 



 

CHAPTER III 
 RESULTS & DISCUSSIONS 

 
3.1. Synthesis of furocoumarin derivatives; amide group, thiourea group, sulfonamide 
group and benzyl-amino group at C-5 position. 

There are three steps for this synthesis; (a) the nitration at C-5 position of 
methoxsalens, (b) the reduction of nitro group to primary amine and (c) the functionalization 
at the primary amine such as acylation, synthesis of thiourea, sulfonation, or benzylation. The 
overview of the synthesis is illustrated in Figure 15. 

 

 
 

 

 
Figure 15 Synthesis the several functional group of furocoumarin derivatives 
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All the final compounds were characterized by 1H NMR spectroscopy, 13C NMR 
spectroscopy, high-resolution mass spectrometry (HRMS) and IR spectroscopy. The 
compounds 4-6, 7a, and 7b had characterized by the laboratory at Chulabhorn Research 
Institute. The results confirmed that compounds have the structure as illustrated. However, 
the data were unable to show because the data is in the laboratory at Chulalongkorn 
University due to the COVID-19 situation, the data are inaccessible.  

The first step (a) is the nitration19 (Figure 16). During the addition of conc. HNO3 to 
the mixture of methoxsalen and acetic acid, the solution of the reaction mixture rapidly 
changed to the yellow solid in a few seconds. Then, the precipitate formed was filtered, 
washed with DI water and concentrated in vacuo to obtain the nitro compound 1 in good 
yield (85%).  

 
Figure 16 The nitration at C-5 position of methoxsalen 

The nitration at C-5 position of methoxsalen occurs when lone pair of HNO3 was 
protonated by acetic acid, then the protonated form of HNO3 eliminated H2O to generate the 
nitronium ion that was been attacked by methoxsalen containing the electron-donating group 
at C-5 position (Figure 17).25  

 
Figure 17 the mechanism of nitration 

For the characterization, the 1H NMR peak of the proton at C-5 position disappeared 
as it is replaced by the NO2 group. Moreover, all of the peaks were deshielded because of the 
higher electronegativity of the NO2 group compared to the H atom. For the IR spectra, the N–
O stretching in an aromatic ring occurred at 1497 cm-1 and 1314 cm-1, which is slightly lower 
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than usual because of the delocalization. Therefore, it confirms that compound 1 has the 
structure as shown (Figure 16).  
 The second step (b) is the reduction of nitro group to amine group (Figure 18).20 
When Zn powder was used as the reagent, 2 was obtained in a moderate yield (50%) even 
when the reaction was stirred overnight. Next, the reagent was changed to Sn powder with a 
shorter reaction time gave the amine compound 2 in moderate to good yield (50-70%). The 
yields were lower than expected probably due to the poor solubility of those molecules and 
especially the loss of the product in the filtration step. In the filtration step, it has the mixture 
of SnCl2 as a white solid and the excess tin powder in the crude product, therefore, the filter 
paper was easily clogged.  

 
Figure 18 The reduction of nitro group to amine group 

The mechanism of reduction starts with Sn donated electron pair to the nitro group, 
then the negatively charged electron on oxygen atom was protonated, next, the Sn pushed 
off, later on, nitro group was protonated and eliminated H2O to give the nitroso group. Sn 
donated electron pair to nitroso (N=O) and then generate the hydroxylamine, that was 
donated electron pair by Sn, next eliminated H2O and finally, Sn pushed off to obtain the 
amine compound 2 (Figure 19).26 
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Figure 19 the mechanism of reduction 

For the characterization, 1H NMR spectrum showed a singlet peak of amine group 
at 5.63 ppm with the integration = 2. The other peaks were more shielded compared to those 
of the starting material because the higher electron density of NH2 than the nitro group due 
to lone pair of N atom of the amine group. For the IR spectra, the N–H stretching in primary 
amine occurred at 3478 cm-1 and 3383 cm-1. The mass spectra found peak at m/z = 254.0428, 
which is [M+Na]+ (254.0429). Therefore, the characterization data confirmed that compound 2 
has the structure as shown (Figure 18). 
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3.1.1. Amide synthesis by acylation 
The third step (c) is the acylation of the amine group to amide group. 5 Various acid 

chlorides were used as reagents and K2CO3 as a base for deprotonation. Compounds were 
synthesized following General procedure A to obtain the amide compounds 3a-3l in low to 
excellent yields (15-98%) (Table 4). The reaction was able to occur at room temperature 
because the chloride ion is a good leaving group and the carbon atom of carbonyl group is 
highly electrophilic. 

Table 4 The synthesis of amide group at C-5 position of methoxsalens and their percent yield 

 
Compounds R1 Yield (%) 

3a -C6H5 86 

3b -C6H5(p-F) 98 

3c -C6H5(p-CF3) 96 
3d -C6H5(p-Br) 88 

3e -C4H3O 39 

3f -C4H3S 46 
3g -CH2CH3 64 

3h -CH(CH3)2 25 
3i -C(CH3)3 32 

3j -C6H5(p-OCH3) 31 

3k -(CH2)4CH3 21 
3l -1-adamantyl 15 

3m -CH3 42 
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There are three groups of substituents. First, the compounds 3a-3d and 3j contain 
phenyl substituents; 3b-3d bearing phenyl substituents containing the electron-withdrawing 
groups, while 3j bearing the electron-donating group. Second, the furan and thiophene 
substituents are in 3e and 3f, respectively. Last, the alkyl substituents are in 3g-3i, 3k and 3m. 
For compound 3k, we initially intended to synthesize a secondary amide containing one alkyl 
long chain substituent, however, the acylation occurred twice to obtain the tertiary amide, 
maybe due to the excess of acid chloride and the higher reactivity of alkyl substituted acid 
chloride. 

Compound 3m was initially synthesized following General procedure A but was 
not successful, probably due to the decomposed of acetyl chloride. The crude reaction was 
monitored by TLC and there was no expected spot corresponding to the product. There are 
two spots on TLC plate; the spot of starting material and the thin spot in baseline that may 
belong to carboxylic acid that decomposed from acid chloride. Although the catalyst is 
present in the reaction mixture with increased the temperature and reaction time 
nevertheless, no reaction occurred. Therefore, the synthesis of 3m was instead achieved by 
using acetic anhydride as a reagent, DMAP as a catalyst and pyridine as a base to provide the 
amide compound 3m in a moderate yield (42%) (Table 4). 

Some products were relatively low yielded, probably due to the poor solubility of 
those molecules. Moreover, performing the reaction in a small scale could exaggerate the 
product loss, especially during the repeated purification step. However, the reaction without 
further purification has excellent yields (3b and 3c) and the reaction with benzoyl chloride 
analogues has better yields than alkyl chloride.  

Unfortunately, the synthesis of the p-NO2-benzoyl substrate as the electron-
donating group was unsuccessful despite several attempts, probably due to the high reactivity 
of p-nitrobenzoyl chloride, leading to reagent decomposition. Since we did not have the p-
nitrobenzoyl chloride reagent, it was synthesized from the reaction between p-nitrobenzoic 
acid and thionyl chloride or oxalyl chloride, hence the improvement of this synthesis maybe 
required (Figure 20). 
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Figure 20 The synthesis of the p-NO2-benzoyl substitution 

The mechanism of the acylation using acid chloride is as followed: the addition 
stage of the reaction involves a nucleophilic attack on the electrophilic carbon atom of 
carbonyl by the lone pair on the nitrogen atom of amine group. Then, the elimination stage, 
the carbon-oxygen double bond reforms and a chloride ion is pushed off. Next, the removal 
of a hydrogen ion from the nitrogen by a chloride ion to obtain amide group at C-5 position 
(Figure 21).  

 
Figure 21 The mechanism of acylation of amine 

The mechanism of 3m has DMAP as the catalyst.27 The lone pair on the nitrogen 
atom of DMAP attacked the electrophilic carbon atom of acid anhydride, and the acetate ion 
pushed off. Next, the nucleophilic addition occurred again. The lone pair on the nitrogen atom 
of amine group attacked the electrophilic carbon atom of carbonyl to generate the tetrahedral 
intermediate, then the intermediate was deprotonated by acetate ion to give the amide 
compound 3m (Figure 22). 
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Figure 22 The mechanism of acylation of amine (3m) 

The characterization of the compounds 3a-3m from 1H NMR spectrum, the singlet 
peak of amine group at 5.63 ppm disappeared. 1H peak of secondary amide was found near 
7.50-10.98 ppm but disappeared in the compound 3k because it is tertiary amide. All peaks 
were deshielded because N atom was less electron-donating due to the carbonyl in amide 
group affect the electron density of H atom to be decreased. The 19F NMR spectra of 3b 
showed the triplet of doublets (td) peak of 19F, which coupling with the hydrogen atom. For 
IR spectra, secondary amide occurred the N–H stretching near 3441-3211 cm-1,  C=O stretching 
near 1687-1635 cm-1, C-F stretching at 748 and 824 cm-1 (3b and 3c), C-Br stretching at 752 
cm-1 (3d) and C-S stretching at 718 cm-1 (3f). The mass spectra of each compound found m/z 
at [M+Na]+. Therefore, the characterization data confirmed that compounds 3a-3m have the 
structure as shown (Table 4). 
 

3.1.2. Synthesis of thiourea  
The addition of primary amine compound 2 to phenylisothiocyanate gave the 

thiourea group. The reaction used phenylisothiocyanate as the reagent and MeOH as a solvent. 
Unfortunately, the desired thiourea product was not obtained. However, the major product 
of this reaction is the by-product 4 in a moderate yield (49%) and the others are excess reagent 
and a little of impurity (Figure 23).22 

 
Figure 23 Synthesis of thiourea 4 
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The mechanism of this reaction could involve a nucleophilic attack of the primary 
amine compound 2 at the phenylisothiocyanate giving the thiourea. Nevertheless, all the 
characterizations can be confirmed that the product of this reaction was unexpected. 
Unfortunately, the characterization data were unable to show because the data are 
inaccessible due to the COVID-19 situation. The side product 4 was arise, probably due to the 
1,4-addition (conjugate addition or Michael addition). The solvent of this reaction which is 

MeOH, acts as a nucleophile by lone pair on oxygen atom, attacking the -carbon atom 
containing the double bond on the right ring of coumarin. The 1,4-addition occurred to give 
an enolate ion, and the protonation may occur on oxygen atom and then tautomerization 
occurs to obtain the compound 4 (Figure 24).28  

 
Figure 24 The mechanism of thiourea formation 

 
3.1.3. Sulfonation  

The sulfonation occurred between the amine compound 2 and benzenesulfonyl 
chloride by using DMAP as the catalyst to provide the sulfonamide compound 5 in a good 
yield (82%) (Figure 25).23 

 
Figure 25 Sulfonation of compound 5 
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The mechanism of sulfonation (4) could involve a nucleophilic attack of the primary 
amine compound 2. The electrophilic sulfur atom of benzenesulfonyl chloride followed by a 
proton transfer of H on N atom of amino to the negatively charged oxygen atom and HCl was 
eliminated from the intermediate generate to give the sulfonamide (5) (Figure 26). For the 
mechanism of the DMAP catalyst occurred in the same manner as that shown in Figure 22. 

 

Figure 26 Mechanism of sulfonation 

The reaction of the amine compound 2 with benzenesulfonyl chloride in 
triphenylphosphine by using TEA as the catalyst was performed, and we expected the 
formation of sulfinamide as our desired product.24 However, after purification by silica gel 
column chromatography, the sulfonamide compounds 5, together with the unexpected side-
product 6, were obtained (Figure 27). The structure of the products of this reaction can be 
confirmed by all the characterizations. Unfortunately, the data were unable to show because 
the data are inaccessible due to the COVID-19 situation. 

The major compound was 5 (22 %yield) because of the steric effects due to the 
sulfonation occurred only one side. The minor product 6 received in quantity of <20 mg and 
yield cannot be precisely presented, since the data is in the laboratory at Chulabhorn Research 
Institute, which is inaccessible due to the COVID-19 situation (Figure 27). The yields were 
relatively low, probably due to the poor solubility of those molecules and the steric effects 
of molecules. Moreover, performing the reaction in a small scale could exaggerate the product 
loss, especially during the repeated purification step. 
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Figure 27 Sulfonation  

 
3.1.4. Benzylation  

Benzylation of amine compound 2 with benzyl bromide in acetone using K2CO3 as 
a base to give the benzyl-amino 7a and 7b in moderate yields (21% and 55%, respectively) 
(Figure 28).5  

 
Figure 28 Benzylation of 7a and 7b 

The characterizations revealed that the products of this reaction are secondary 
amine 7a and tertiary amine 7b. The major product is tertiary amine 7b which occurred by 
nucleophilic substitution at both sides. From the structures, the secondary amine compound 
7a (HN-R) has more nucleophilicity than primary amine 2 (NH2) led to 7a can attack the 
electrophilic carbon atom of benzyl bromide to give 7b in the higher yield. In the facts that 
the effects of the alkyl group (benzyl group) act as an electron-donating group due to 
secondary amine 7a is the greater nucleophile compared tom compound 2 thus, secondary 
amine 7a is better starting material than compound 2. 

The mechanism benzylation occurred by nucleophilic substitution reaction (SN2). 
The nucleophile amine compound 2 attacked the electrophilic carbon atom, forcing the 
leaving group as Br atom to leave (Figure 29). 
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Figure 29 The mechanism benzylation 

 

3.2. Synthesis the tetracyclic-furocoumarin derivatives 

All the crude compounds were monitored by TLC and 1H NMR spectroscopy to confirm 
that the majority of the product is the starting material. However, the 1H NMR spectra are 
unable to be showed because the data is in the laboratory at Chulalongkorn University due 
to the COVID-19 situation, the data are inaccessible.  

 
3.2.1. Synthesis of cyclopentanone-furocoumarin 

The conditions were varied for reactions of cyclopentanone-furocoumarin by using 
acrylic acid or methacrylic acid as the reagents (Table 5).The reactions cannot be conducted 
in all the proposed conditions, probably due to the stability of the rings. 
Table 5 Conditions of synthesis cyclopentanone-furocoumarin 

 
Entry Conditions R1 Reagents Yields (%) 

1 
PPA, DCM 

70 °C 
-H 

 
0 

2 
PPA, DCE 

70 °C 
-H 

 
0 

3 
Eaton’s reagent 

60-80 °C 
-H 

 
0 

4 
Eaton’s reagent 

65 °C 
-CH3 

 
0 
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The reaction between methoxsalen and acrylic acid as a reagent and 
polyphosphoric acid (PPA) as a catalyst in DCM did not give the desired product (Entry 1).29,30 
DCM was used as the solvent and stirred at 70 °C causes some solvent loss due to the low 
boiling point of DCM (boiling point of DCM = 39.6 °C).31 For Entry 2, the solvent was changed 
to DCE, which has higher boiling point and the excess of reagent (6 equiv.) was used. 
Nevertheless, no reaction occurred, probably due to steric effects of the aromatic ring and the 
decomposition of the PPA catalyst. 

The Eaton’s reagent (which was synthesized from reaction between 
methanesulfonic acid and phosphoric oxide)32 was used as a catalyst in the reaction between 
methoxsalen and acrylic acid (Entry 3).33 The reaction mixture was stirred at 60-80 °C, but this 
reaction did not give the desired product. Next, the reagent was changed to methacrylic acid 
(Entry 4).34 The reaction time was increased from the methodology, but in the TLC plate, 
there was no candidate product spot. 

 
3.2.2. Synthesis of benzo-furocoumarin 

The conditions were varied for the reactions of benzo-furocoumarin by using 2,5-
dimethoxytetrahydrofuran as the reagent. All the reactions did not give the desired product 
(Table 6). 

 

Table 6 The condition of synthesis benzo-furocoumarin 

 
Entry Condition Reagent Yield (%) 

1 
ZnBr2, DCM 

0 °C, rt  
0 

2 
CH3SO3H, DCM 

0 °C, rt  
0 

3 
ZnBr2, DCE 

0 °C, reflux 60 °C  
0 

4 
CH3SO3H, DCE 

0 °C, reflux 60 °C  
0 
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The 2,5-dimethoxytetrahydrofuran was used in the reaction of methoxsalen in DCM. 
The ZnBr2 was used as a catalyst and stirred at room temperature, no reaction occurred (Entry 
1).35 Then in Entry 2, the catalyst was changed to CF3SO3H. The reaction mixture turned into 
a orange solution after adding CF3SO3H, but finally there was no reaction occurred. Although 
the reagent or solvent was changed, and the temperature and reaction time were increased 
(Entry 3 and Entry 4). The results were confirmed by using the TLC plate and 1H-MNR 
spectroscopy. There were starting material spot, the reagent spot and a thin spot of impurity. 
For 1H NMR spectra, methoxsalen was found as the major compound. 

 
All the synthesized of tetracyclic-furocoumarin were unsuccessful despite several 

attempts, probably due to the stability and stericity of the aromatic rings. Other possible 
reasons are the limitation of reagents or catalysts, air humidity in Thailand and the difference 
of starting material from the reference methodology. Thus, the synthesis of tetracyclic-
furocoumarin was required to further improve the procedure.  
 

3.3. The results of the anticancer activity  
The biological evaluation was performed by Dr. Jutatip Boonsombat and Dr. Sanit 

Thongnest from Chulabhorn Research Institute. The synthesized novel products (1, 2, 3a-3k 

and 3m) and methoxsalen were evaluated for anticancer activity; breast cancer (MDA-MB-231 

and T47-D), liver cancer (HepG2 and S102), leukemia (HL-60 and MOLT-3), lung cancer (A549 

and H69AR), cholangiocarcinoma (HuCCA-1), HeLa cell and normal embryonic lung cell (MRC-

5). However, some of the synthesized novel products (3l, 4-6, 7a and 7b) were not tested 

due to the COVID-19 situation. 

The primary screening for anticancer activity used the cytotoxicity percentage at 50 
µg/mL against breast cancer (MDA-MB-231 and T47-D), liver cancer (HepG2 and S102), leukemia 
(HL-60 and MOLT-3), lung cancer (A549 and H69AR), cholangiocarcinoma (HuCCA-1), HeLa cell 
and normal embryonic lung cell (MRC-5) obtained by MTT assay and XTT assay (Table 7). 
Cyto- mean “of the cell” so cytotoxicity means the quality of being toxic to cells. Thus, the 
better anticancer activity should have higher cytotoxicity percentage at 50 µg/mL. Secondary 
screening was further investigated when each compound passed the primary screening and 
classified as being active (cytotoxicity percentage more than 50% at 50 µg/mL). The 
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compounds were screened at various concentrations to determine its IC50 value. IC50 value 
stands for concentration of drug compound at 50% of inhibition, which indicate the potency 
of compound in inhibiting. The lower IC50 value refers to the higher activity of that compound 
due to the small quantity of compound being able to inhibit the bioactivity of interest. 
Nowadays, IC50 value of drug compounds are reported in very low in degree of µM or nM. In 
this work, the compounds receiving cytotoxicity percentage at 50 µg/mL refers to the 
compounds have lower anticancer activity because 50 µg/mL is the lowest concentration that 
can obtain the bioactivity.  
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Table 7 The anticancer activity; breast cancer (MDA-MB-231 and T47-D), liver cancer (HepG2 and S102), leukemia (HL-60 and MOLT-3), lung cancer (A549 and 
H69AR), cholangiocarcinoma (HuCCA-1), HeLa cell and normal embryonic lung cell (MRC-5) in %Cytotoxicity at 50 µg/ml and IC50 value (µM). 

Compounds 
IC50 [µM] (%Cytotoxicity at 50 µg/ml) 

MDA-MB-231a T47-Db HepG2c S102d HL-60e MOLT-3f A549g H69ARh HuCCA-1i HeLAj MRC-5k 

methoxsalen I (6.10) I (16) I (18.94) I (7.60) I (46) 177.44 ± 14.66 I (15) I (18) I (24) 180.95 ± 7.32 I (12.74) 

1 I (38.60) 161.72 ± 2.38 139.82 ± 18.91 I (42.11) I (17) I (29) 87.87 ± 7.60 81.01 ± 8.23 87.41 ± 9.39 84.61 ± 6.50 I (49.4) 

2 I (2.77) I (28) I (10.16) I (2.50) I (39) I (42) I (10) I (26) I (22) I (40) I (5.25) 

3a I (24.85) I (45) I (18.94) I (15.10) I (42) 56.54 ± 5.16 I (12) I (5) I (3) I (31) I (15.75) 

3b I (33.86) I (49) I (21.17) I (13.80) I (38) 68.07 ± 12.85 I (35) I (30) I (40) 133.85 ± 0.58 I (11.2) 

3c I (35.27) 13.64 ± 0.26 I (42.80) I (4.85) I (6) I (33) I (23) I (10) I (27) I (30) I (41.1) 

3d 91.33 ± 7.84 10.14 ± 0.53 71.68 ± 4.64 I (32.50) 98.62 ± 6.71 42.47 ± 7.80 31.92 ± 5.19 I (25) I (48) I (34) I (45.07) 

3e I (0.45) I (24) I (1.70) I (0.00) I (9) 127.50 ± 9.53 I (6) I (5) I (7) I (18) I (4.35) 

3f I (8.45) I (25) I (10.50) I (8.00) I (28) 77.87 ± 17.69 I (8) I (0) I (0) I (32) I (2.95) 

3g I (3.12) I (22) I (16.40) I (0.25) I (13) I (19) I (6) I (4) I (5) I (24) I (3.6) 

3h I (4.32) I (36) I (28.70) I (3.10) I (11) I (36) I (10) I (36) I (20) I (44) I (18.25) 

3i I (0.90) I (21) I (4.00) I (0.00) I (0) I (20) I (6) I (0) I (22) I (4) I (5.55) 

3j I (19.32) I (38) I (31.16) I (10.25) 123.72 ± 12.62 44.37 ± 2.09 I (9) I (6) I (33) 133.60 ± 3.31 I (5.55) 

3k I (5.15) I (15) I (6.97) I (17.95) I (0) I (11) I (16) I (0) I (30) I (12) I (10.05) 

3m I (6.30) I (20) I (8.25) I (7.95) I (19) I (15) I (4) I (4) I (6) I (27) I (11.5) 
doxorubicin 

hydrochloride 
2.59 ± 0.50 1.12 ± 0.12 0.43 ± 0.018 2.05 ± 0.08 0.14 ± 0.02 0.01 - 34.48 ± 2.44 1.18 ± 0.08 0.17 ± 0.01 2.26 ± 0.22 

etoposide - - 49.08 ± 3.79 - 1.34 ± 0.10 0.04 0.34 ± 0.01 - - - - 
a = Hormone-independent breast cancer; b = Hormone-dependent breast cancer; c = Human liver cancer cell line; d = Thai liver cancer; e = Promyeloblast; 
f = Acute lymphoblastic leukemia; g = Lung carcinoma; h = small cell lung cancer cell; i = Cholangiocarcinoma; j = Cervical Carcinoma; k = Normal embryonic  
lung cell; I = Inactive at 50 µg/ml 
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Figure 30 The structures and their anti-breast cancer activity (T47-D) 
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According to Table 7, most of the synthesized compounds unexpectedly had quite 
poor anticancer activity. Although the amide-containing compounds had been reported to 
possess significant anti-breast cancer effects.5 They were not quite effective in this study as 
the anticancer activity in breast cancer (MDA-MB-231 and T47-D), liver cancer (HepG2 and 
S102), leukemia (HL-60 and MOLT-3), lung cancer (A549 and H69AR), cholangiocarcinoma 
(HuCCA-1) and HeLa cell due to the activity was received in moderate to high of IC50 value 
and low of cytotoxicity percentage. Referring to Table 7 and Figure 30, compound 3d which 
containing p-bromine on phenol substitution has significantly the greatest anticancer activity 
against. To compare the activity, the cytotoxicity percentage at 50 µg/mL of each compound 
is plotted in bar graphs (Figure 31-35) (noted that some compounds that has higher anti-
cancer activity such as 3d are included in the graph with stars on the bar graph since the data 
that we have is in IC50 values, not the cytotoxicity percentage. Compounds had cytotoxicity 
percentage at 50 µM/mL of 0%, meaning that they showed no potent anticancer activity). 

 
 

 
Figure 31 The anti-breast cancer activity as cytotoxicity percentage at 50 µg/mL  

(MDA-MB-231 and T47-D) 
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Figure 32 The anti-breast cancer activity as cytotoxicity percentage at 50 µg/mL  

(HepG2 and S102)  
 

 

Figure 33 The anti-leukemia cancer activity as cytotoxicity percentage at 50 µg/mL  

(HL-60 and MOLT-3) 

0.00 0.25 0.00
0.00

10.00

20.00

30.00

40.00

50.00

60.00

m
et

ho
xs

al
en 1 2 3a 3b 3c 3d 3e 3f 3g 3h 3i 3j 3k 3m

The anti-liver cancer activity as cytotoxicity percentage at 50 µg/ml

HepG2 S102

0 0
0

10

20

30

40

50

60

m
et

ho
xs

al
en 1 2 3a 3b 3c 3d 3e 3f 3g 3h 3i 3j 3k 3m

The anti-liver cancer activity as cytotoxicity percentage at 50 µg/ml

HL-60 MOLT-3



46 
 

 

Figure 34 The anti-lung cancer activity as cytotoxicity percentage at 50 µg/mL  

(A549 and H69AR) 

 

Figure 35 The anticancer activity and toxicity as cytotoxicity percentage at 50 µg/mL  

; cholangiocarcinoma (HuCCA-1), HeLa cell and normal embryonic lung cell (MRC-5) 
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From the results above, it could be concluded that there are four types of substitution 
at C-5 position of methoxsalen that affect to the anticancer activity. 

 
3.3.1. Effect of substituent group at C-5 position 

Compound 1 bearing nitro substituent, showed the improvement in anticancer 
activity compared to methoxsalen and compound 2. For breast cancer (MDA-MB-231), liver 
cancer (HepG2 and S102), lung cancer (A549), cholangiocarcinoma (HuCCA-1) and HeLa cell 
could be concluded that the ability of anticancer activity of nitro substituent (1) is the best, 
followed by methoxsalen, then the electron-donating group substituent (2). The results from 
MTT assay revealed that the substitution of nitro group (1) containing the electron-withdrawing 
group had the better activity compared to 2, which contains the electron-donating group and 
the non-substitution methoxsalen. In breast cancer type T47-D, the amine substituent (2) had 
a better activity than methoxsalen. However, methoxsalen showed the best anticancer activity 
followed by compound 2, next the electron-withdrawing group substituent (1) in leukemia 
cells (HL-60 and MOLT-3). The results also found that the non-substitution methoxsalen, 
compound 2 were quite ineffective against cancer cells; MDA-MB-231, T47-D, HepG2, S102 and 
A549 cell. 

 

3.3.2. Effect of phenyl substituent and type of substituent group on aromatic ring 

According to Table 7 and Figure 30-35, the phenyl substituent 3a-3d and 3j had a 
better tend of activity than methoxsalen, compounds 1 and 2. Mostly, the phenyl substituent 
containing the electron-withdrawing group (3b, 3c and 3d) were found to show a greater 
activity than phenyl substituent and phenyl substituent containing the electron-donating 
group like 3j in breast cancer (MDA-MB-231 and T47-D), liver cancer (HepG2), lung cancer (A549 
and H69AR) and cholangiocarcinoma (HuCCA-1). It could be concluded that the ability of 
anticancer activity of bromo substituent on benzene ring (3d) is the best, followed by other 
electron-withdrawing group substituents (3b and 3c), then the electron-donating group 
substituent (3j). On the other hand, phenyl substituent containing the electron-donating group 
like 3j showed the best anticancer activity followed by 3b and 3d that containing the electron-
withdrawing groups in HeLa cells. Compound 3d with the bromo substituent on benzene ring 
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showed the most potent activity against breast cancer (T47-D cell line) with IC50 value of 10.14 
± 0.53 µM compared to other compounds in this work. 

 

3.3.3. Effect of furan and thiophene substituent 

Referring to the bioactivity, compound 3e had no anticancer activity against liver 
cancer type S102 cell. Besides, compound 3f had no anticancer activity against lung cancer 
(H69AR cell) and cholangiocarcinoma (HuCCA-1), due to compound 3e and 3f bearing 0% 
cytotoxicity at 50 µM/mL. Compounds 3e and 3f were quite ineffective in most cancer cells, 
probably due to both furan and thiophene substituent are electron-donating groups. 
Nevertheless, compounds 3e and 3f were quite effective in leukemia cell type MOLT-3 with 
IC50 value of 127.50 ± 7.80 and 77.87 ± 17.69 µM, respectively. 

 

3.3.4. Effect of alkyl substituent 

Effect of alkyl substituent on amide compounds (3g-3i, 3k and 3m) are similar to 
the effect of furan and thiophene substituent, the anticancer activities were quite ineffective 
in all of cancer cells. Compounds 3i and 3k had cytotoxicity percentage at 50 µM/mL of 0% 
in leukemia cell type HL-60 and lung cancer type H69AR cell. Moreover, 3i also had no 
anticancer activity against liver cancer type S102 cell. On a final note, all of the alkyl 
substituents (3g-3i, 3k and 3m) showed quite poor potent anticancer activity, maybe because 
they are all electron-donating groups.  

In consonance with the effects of substituent, the compounds containing electron-
withdrawing groups have better significance in anticancer activity for breast cancer type T47-
D cell, leukemia type MOLT-3 and lung cancer type A549. Unfortunately, the compounds 3l, 
7a and 7b which have the same structure from the literature5 and the compounds 4-6 were 
not evaluated due to the COVID-19 situation. If there had evaluated, we would have had more 
data to discuss the factors of the structures that cause activity.  

Nevertheless, the anticancer activity received in moderate to high of IC50 value and 
low cytotoxicity percentage, therefore the furocoumarin derivatives required the further 
synthesis to improve the activity.  
 



 

 
CHAPTER IV 

CONCLUSION 
 

In conclusion, twenty-two novel of furocoumarin derivatives were successfully 
synthesized over three steps with yields ranging from 15% to 98%. All final products were 
characterized by proton, carbon-13 and fluorine-19 nuclear magnetic resonance spectroscopy 
(1H, 13C and 19F NMR), high-resolution mass spectrometry (HRMS), and fourier-transform infrared 
spectroscopy (FTIR). The synthesized novel products (1, 2, 3a-3k and 3m) and methoxsalen 
were evaluated for anticancer activity; breast cancer (MDA-MB-231 and T47-D), liver cancer 
(HepG2 and S102), leukemia (HL-60 and MOLT-3), lung cancer (A549 and H69AR), 
cholangiocarcinoma (HuCCA-1), HeLa cell and normal embryonic lung cell (MRC-5) from 
Chulabhorn Research Institute. According to the results, phenyl substituent containing bromine 
atom on benzene ring compound 3d has significantly greater anticancer activity against, 
following by another synthesized compounds. With the structure-activity relationship (SAR), 
the compounds containing electron-withdrawing groups have better activity especially on the 
phenyl substituent as 3d. The furan, thiophene and alkyl substituent at secondary amide were 
not quite effective as the anticancer activity in most cancer cells. Unfortunately, some of the 
compounds (3l, 4-6, 7a and 7b) were not evaluated the anticancer activity and synthesis of 
tetracyclic-furocoumarins to reduce the side effects were unsuccessfully, even though several 
conditions were varied. Therefore, the furocoumarin derivatives require the further synthesis 
to improve the activity. 
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APPENDIX A 
NMR and HRMS spectra of 1-2 and 3a-3m 
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9-methoxy-4-nitro-7H-furo[3,2-g]chromen-7-one (1) 

 
Figure 36 1H NMR spectrum of 1 

 
Figure 37 13C NMR spectrum of 1 
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Figure 38 HRMS spectrum of 1 
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4-amino-9-methoxy-7H-furo[3,2-g]chromen-7-one (2) 

 
Figure 39 1H NMR spectrum of 2 
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Figure 40 HRMS spectrum of 2 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)benzamide (3a) 

 
Figure 41 1H NMR spectrum of 3a 

 
Figure 42 13C NMR spectrum of 3a 
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Figure 43 HRMS spectrum of 3a 
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4-fluoro-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)benzamide (3b) 

 
Figure 44 1H NMR spectrum of 3b 

 
Figure 45 13C NMR spectrum of 3b 
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Figure 46 19F NMR spectrum of 3b 
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Figure 47 HRMS spectrum of 3b 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)-4-(trifluoromethyl)benzamide (3c) 

 
Figure 48 1H NMR spectrum of 3c 

 
Figure 49 13C NMR spectrum of 3c 
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Figure 50 19F NMR spectrum of 3c 
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Figure 51 HRMS spectrum of 3c 
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4-bromo-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)benzamide (3d) 

 
Figure 52 1H NMR spectrum of 3d 
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Figure 53 HRMS spectrum of 3d 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)furan-2-carboxamide (3e) 

 
Figure 54 1H NMR spectrum of 3e 

 
Figure 55 13C NMR spectrum of 3e 
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Figure 56 HRMS spectrum of 3e 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl) thiophene-2-carboxamide (3f) 

 
Figure 57 1H NMR spectrum of 3f 

 
Figure 58 13C NMR spectrum of 3f 
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Figure 59 HRMS spectrum of 3f 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)propionamide (3g) 

 
Figure 60 1H NMR spectrum of 3g 

 
Figure 61 13C NMR spectrum of 3g 
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Figure 62 HRMS spectrum of 3g 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)isobutyramide(3h) 

 
Figure 63 1H NMR spectrum of 3h 

 
Figure 64 13C NMR spectrum of 3h 
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Figure 65 HRMS spectrum of 3h 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)pivalamide (3i) 

 
Figure 66 1H NMR spectrum of 3i 

 
Figure 67 13C NMR spectrum of 3i 
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Figure 68 HRMS spectrum of 3i 

 
  



79 
 
4-methoxy-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)benzamide (3j) 

 
Figure 69 1H NMR spectrum of 3j 

 
Figure 70 13C NMR spectrum of 3j 
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Figure 71 HRMS spectrum of 3j 
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N-hexanoyl-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)hexanamide (3k) 

 
Figure 72 1H NMR spectrum of 3k 

 
Figure 73 13C NMR spectrum of 3k 
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Figure 74 HRMS spectrum of 3k 
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(3r,5r,7r)-N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)adamantane-1-carboxamide 
(3l) 

 
Figure 75 1H NMR spectrum of 3l 

 
Figure 76 13C NMR spectrum of 3l 
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Figure 77 HRMS spectrum of 3l 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)acetamide (3m) 

 
Figure 78 1H NMR spectrum of 3m 

 
Figure 79 13C NMR spectrum of 3m 
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Figure 80 HRMS spectrum of 3m 
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APPENDIX B 
NMR and HRMS spectra of 4-5 and 7a-7b 
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1-(5,9-dimethoxy-7-oxo-6,7-dihydro-5H-furo[3,2-g]chromen-4-yl)-3-phenylthiourea (4) 

 

Figure 81 1H NMR spectrum of 4 

 

Figure 82 13C NMR spectrum of 4 
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Figure 83 HRMS spectrum of 4 
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N-(9-methoxy-7-oxo-7H-furo[3,2-g]chromen-4-yl)benzenesulfonamide (5) 

 

Figure 84 1H NMR spectrum of 5 

 

Figure 85 13C NMR spectrum of 5 
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Figure 86 HRMS spectrum of 5 
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4-(benzylamino)-9-methoxy-7H-furo[3,2-g]chromen-7-one (7a)  

 

Figure 87 1H NMR spectrum of 7a 

 

Figure 88 13C NMR spectrum of 7a 
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Figure 89 HRMS spectrum of 7a 
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4-(dibenzylamino)-9-methoxy-7H-furo[3,2-g]chromen-7-one (7b) 

 

Figure 90 1H NMR spectrum of 7b 

 

Figure 91 13C NMR spectrum of 7b 
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Figure 92 HRMS spectrum of 7b 
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