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ABSTRACT 19 

     A 300-member flavonoid dimer library of multidrug resistance-associated protein 1 (MRP1; 20 

ABCC1) modulators was rapidly assembled using “click chemistry”. Subsequent high-throughput 21 

screening has led to the discovery of highly potent (EC50 ranging from 53 to 298 nM) and safe 22 

(selective indexes ranging from >190 to >1887) MRP1 modulators. Some dimers have potency 23 

about 6.5- to 36-fold and 64- to 358-fold higher than the well-known MRP1 inhibitors, verapamil 24 

and MK571, respectively. They inhibited DOX efflux and restored intracellular DOX 25 

concentration. The most potent modulator, Ac3Az11, was predicted to bind to the bipartite 26 

substrate-binding site of MRP1 in a competitive manner. Moreover, it provided sufficient 27 

concentration to maintain its plasma level above its in vitro EC50 (53 nM for DOX) for about 90 28 

minutes. Overall, we demonstrate that “click chemistry” coupled with high throughput screening 29 

is a rapid, reliable and efficient tool in the discovery of compounds having potent MRP1-30 

modualting activity.  31 

 32 

Keywords: Click chemistry, CuAAC reaction, multidrug resistance, multidrug resistance-33 

associated protein 1, MRP1 modulators, flavonoids  34 

 35 

 36 

 37 

 38 

 39 
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1. INTRODUCTION  40 

     Multidrug resistance (MDR) is a major impediment to successful treatment of many forms of 41 

malignant cancers. MDR is often associated with overexpression of an ATP-binding cassette (ABC) 42 

transporter which can extrude a wide variety of structurally-unrelated anticancer drugs and 43 

decrease intracellular drug accumulation below toxic levels. P-gp/ABCB1, MRP1/ABCC1 and 44 

BCRP/ABCG2 are the three major ABC members that confer cancer MDR.  Multidrug resistance–45 

associated protein 1 (MRP1/ABCC1) was first identified in 1992 in a drug-selected human small 46 

lung cancer cell line H69AR.1, 2 It pumps out organic anions, glutathione-, glucuronate- or sulfate-47 

conjugated drugs, or unconjugated drugs in concert with free glutathione, including the 48 

chemotherapeutic agents, vincristine, doxorubicin and etoposide.3-8 Its elevated protein and 49 

mRNA levels have been reported in many tumors and is correlated with poor patient outcome 50 

including non-small-cell lung cancer, gastrointestinal carcinoma, melanoma, neuroblastoma and 51 

cancers of the breast, ovary and prostate.9-12  Similar to P-gp/ABCB1, MRP1 contains an internally 52 

duplicated structure of two transmembrane domains (TMD1 and TMD2) and two cytosolic 53 

nucleotide binding domains (NBD). However, MRP1 has an extra N-terminal transmembrane 54 

domain containing five membrane-spanning helices (TMD0). The functional role of this third 55 

TMD0 is currently unclear. 3, 4, 7, 8  56 

     Considerable efforts have been placed to overcome MDR by designing modulators which can 57 

inhibit the function of ABC transporter and restore intracellular accumulation of drugs.  A large 58 

number of modulators have been identified for P-gp/ABCB1 (verapamil, cyclosporine A, PSC-59 

833, biricodar, zosuquidar, tariquidar, elacridar and ontogen)13-15 and BCRP/ABCG2 (elacridar, 60 

ko143, pantoprazole, tariquidar and biricodar), 16-20 some with high potencies having low nM range 61 

of EC50 (effective concentration that can lower the IC50 of a drug to resistant cancer cells by 50%) 62 
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in vitro. In contrast, there are fewer MRP1 inhibitors including probenecid and MK-571.21, 22 These 63 

MRP1 inhibitors are far from satisfactory because of their relatively high EC50 which may cause 64 

toxicity and side effects in clinical trials. Therefore, development of modulators which are potent 65 

and safe against MRP1 is highly desirable.      66 

     We have previously synthesized some potent and safe P-gp and MRP1 modulators using 67 

flavonoid as the structural motif.23-28 Many natural flavonoids are known to be modest modulators 68 

of these ABC transporters.39 Flavonoids are commonly found in fruits, vegetables, and plant-69 

derived products of human diet and generally considered as safe compounds. Because of the 70 

pseudo-dimeric structure of many ABC transporters, we reasoned that a bivalent approach by 71 

combining two flavonoid moieties linked with different polyethylene glycol linkers would yield 72 

selective and potent modulators. Indeed, we discovered that some flavonoid dimers showed 73 

effectiveness to inhibit P-gp and MRP1 transporters with nanomolar EC50 values (<170 nM).23-28 74 

The flavonoid dimer FD-4e, with PEG linker length n=5, displayed a low EC50 value of 73 nM in 75 

reversing DOX resistance in a MRP1 overexpressing ovarian (2008/MRP1) cell line (Figure 1).27 76 

However, its relatively low aqueous solubility rendered it a poor candidate for further in vivo 77 

animal study.  78 
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 79 

Figure 1. Chemical structures of FD-4e, MK571 and verapamil used in this study. 80 

     Triazoles are amphoteric in nature, acting as both acids and bases. Such properties make them  81 

usually soluble in aqueous medium. In order to rapidly generate a large number of diverse and 82 

dimeric MRP1 modulators which may have better physiochemical properties as potential drug 83 

candidates, we employed the copper (I) catalyzed Huisgen 1,3-dipolar cycloaddition reaction 84 

between azides and alkynes to yield 1,4-disubstituted 1,2,3 triazoles (commonly known as CuAAC 85 

reaction).29 The reaction belongs to a class of reactions known as “click chemistry”. The features 86 

of these reactions include high efficiency (~100% reaction yield), chemoselectivity, and 87 

modularity. They have been found to be useful as a rapid method to assemble compound libraries 88 

and allow direct in vitro screening of the clicked products without the need of purification.30, 31  89 

Click-chemistry based high throughput screening platform has been developed in cases where the 90 

target enzyme is available as reported for the Ras palmitoylation32 and various other enzymes.33-36 91 

Click-chemistry has also been employed to synthesize bivalent ligands in the study of P-gp-92 
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mediated cellular efflux.37-39 Because whole cells, instead of a pure enzyme, have to be used for 93 

the bioassay of ABC transporter-mediated cellular efflux, no high throughput screening platform 94 

was developed and only a small library of pure click products was prepared and studied. Herein, 95 

we report a 300-member flavonoid dimer library synthesized using the “click chemistry” approach 96 

and coupled that with a high throughput screening platform to discover novel MRP1/ABCC1 97 

modulators with favorable physiochemical properties. 98 

2. RESULTS 99 

2.1 Library Generation by Click Chemistry  100 

     Previously, we synthesized a series of bivalent ligands by coupling two flavonoid moieties with 101 

PEG linkers. FD-4e was demonstrated to be a potent MPR1 inhibitor for reversing DOX resistance 102 

with EC50 of 73 nM.27 In terms of chemical structures, our previous dimers contain mainly 103 

symmetrical structures with two identical flavonoid moieties. Based on the previous synthetic 104 

routes, it was difficult to generate a large number of unsymmetrical dimers with two different 105 

flavonoids.  106 

        In this work, we take advantage of the appealing ease and chemo-selectivity of the Cu (I)-107 

catalyzed azide-alkyne cycloaddition as the key dimerizing approach for the construction of a 108 

library of triazole bridged flavonoid bearing molecules. At first, we designed twenty-five terminal 109 

alkynes comprising of mono-acetylenes (Ac1-13, Ac16, Ac19, Ac27, Ac33, Ac35, Ac42), 110 

diacetylenes (Ac15, Ac22, Ac23, Ac29, Ac31) and the triacetylene Ac17 (Figure 2) and twelve 111 

flavonoids bearing azido groups (Az1-5, Az7, Az10-13, Az17 and Az18) (Figure 3).  112 
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 113 

Figure 2. Structures of various alkynes.  114 
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 115 

Figure 3. Structures of various azides. 116 

2.1.1 Synthesis of alkynes 117 

      The flavonoids bearing alkynes Ac1-5, Ac12, Ac35 and Ac42 were prepared by treating 4’ or 118 

7-hydroxyflavones 1a-g with various haloalkynes in high yield (Scheme 1). Ac33 was easily 119 

prepared by treating p-hydroxybenzaldehyde 4d with 6-chloro-1-hexyne (Scheme 4). Base-120 

catalyzed aldol condensation of aldehyde Ac33 with various 2-hydroxyl acetophenones 3a-e 121 

afforded the chalcones Ac6-10 (Scheme 2). 2-Phenylquinazolin-4(3H)-one derivative Ac11 was 122 

prepared by treatment of 2-aminobenzamide with aldehyde 2a in the presence of catalytic amount 123 

of iodine (Scheme 2). Acetylene Ac13 was simply obtained in two steps: (1) alkylation of hydroxyl 124 

flavone 1e with bromoethanol; (2) alkylation of the hydroxyl group with propargyl bromide in the 125 

presence of sodium hydride (Scheme 3). Acetylenes bearing flavonoid Ac16 were easily prepared 126 
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through ligation of flavone 1e with 2-(benzyl(prop-2-yn-1-yl)amino)ethanol under Mitsunobu 127 

condition (Scheme 3). Treatment of aniline (4a), piperazine (4b) and N1, N2-dimethylethane-1,2-128 

diamine (4c) with propargyl bromide easily furnished mono-acetylene Ac27, diacetylene Ac29 129 

and Ac31 (Scheme 4). Acetylene Ac15, triacetylene Ac17, mono-acetylene Ac19, di-acetylene 130 

Ac22 and Ac23 are commercially available.  131 

Scheme 1. Synthesis of acetylenes Ac1-5, Ac12 and Ac42.a 132 

 133 

a Reagents and condition: (i) K2CO3, 6-chloro-1-hexyne or 5-chloro-1-pentyne, DMF, reflux;  134 

 135 

 136 

 137 
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Scheme 2. Synthesis of acetylenes Ac6-Ac11.a 138 

 139 

a Reagents and condition: (i) KOH, EtOH, rt; (ii) I2, DMSO, 150oC;  140 

 141 

Scheme 3. Synthesis of acetylenes Ac13 and Ac16.a 142 

 143 

 144 

a Reagents and condition: (i) (a) K2CO3, 2-bromoethanol, DMF, reflux; (b) NaH, propargyl 145 

bromide solution, THF; (ii) 2-(benzyl(prop-2-yn-1-yl)amino)ethanol, PPh3, DIAD, THF;  146 
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Scheme 4. Synthesis of acetylenes Ac27, Ac29, Ac31 and Ac33.a 147 

 148 

a Reagents and condition: (i) K2CO3, propargyl bromide, DMF, rt; (ii) K2CO3, propargyl bromide, 149 

acetone, rt; (iii) K2CO3, propargyl bromide, DMF, 10oC; (iv) K2CO3, 6-chloro-1-hexyne, KI, DMF, 150 

80oC; 151 

2.1.2 Synthesis of azides 152 

     The synthesis of the required azide bearing flavonoids is shown in Scheme 5. The azides Az1-153 

7, Az10-13, Az17 and Az18 were conveniently prepared from 4’ or 7-hydroxyflavones (1a, d, f, 154 

g, h, i) with high yield by the following three steps: (1) treatment of 4’ or 7-hydroxyflavones with 155 

various hydroxyl halides such as bromoethanol, 2-(2-chloroethoxy)ethanol and 2-(2-(2-156 
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chloroethoxy)ethoxy)ethanol in the presence of sodium carbonate; (2) conversion of hydroxyl to 157 

methanesulfonate group by methanesulfonyl chloride; and (3) treatment of  the mesylated flavones 158 

with excess sodium azide.   159 

Scheme 5. Synthesis of azides Az1-5, Az7-13, Az17 and Az18.a 160 

 161 
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a Reagents and condition: (i) K2CO3, 2-bromoethanol (n = 0) or 2-(2-chloroethoxy)ethanol (n = 1) 162 

or 2-(2-(2-chloroethoxy)ethoxy)ethanol (n = 2), DMF, reflux; (ii) (a) methanesulfonyl chloride, 163 

NEt3, DCM, 0oC; (b) NaN3, ACN; 164 

2.1.3 The click reaction  165 

     Using the CuAAC reactions, a 300-member “clicked” flavonoid dimers library was constructed 166 

in microtiter plates and in millimolar scale. In general, one millimolar of each acetylene (AcN) 167 

was mixed with each of 1 mM azides (AzM) in 100 L of THF solvent, followed by addition of 168 

catalytic amount of bromotris(triphenylphosphine)copper(I) to yield about 1 mM of triazole 169 

bridged products (AcN-AzM) without purification. For diacetylenes Ac15, Ac22, Ac23, Ac29, Ac 170 

31 and triacetylene Ac17, two millimolar and three millimolar of azides (AzM) were used 171 

respectively. The reactions were carried out overnight in microplate heater (70 oC).  We generated 172 

300 triazole compounds in such identical reaction condition. After overnight reaction, all THF 173 

solvent in each well was removed by evaporation and the 300 triazole compounds were then 174 

dissolved in DMSO. Without any further purification of the assembled products, they were directly 175 

screened for MRP1 modulating activity in 96-well plates containing 2008/MRP1 cells and 176 

anticancer drug, doxorubicin.  177 

2.2 Biological assay results 178 

2.2.1 Primary and secondary screening of MRP1-modulating activity of clicked flavonoid 179 

dimers 180 

     Each of the un-purified 300-member of the clicked homo- and hetero-flavonoid dimer library 181 

contained at least four components: (1) the alkyne AcN, (2) the azide AzM (3) the catalyst 182 

bromotris(triphenylphosphine)copper(I) and (4) the product AcN-AzM. This library was used for 183 
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primary screening (Table 1) at 2 µM of the product AcN-AzM by assuming a nearly 100% yield 184 

of the click reaction. A hundred nanomolar of DOX was employed for the assay, a concentration 185 

at which it showed no toxicity towards 2008/MRP1 cells (100% of survival, data not shown). The 186 

relative potency of MRP1-modulating activity of the clicked dimers was determined by MTS 187 

proliferation assay and presented as % of survival normalized to those with DOX but without un-188 

purified clicked dimer.    The active clicked dimers would result in a relatively lower % of cell 189 

survival. Controlled experiments with the pure alkyne, or with the pure azide, or with the catalyst 190 

were also performed (Table 2). At 2 µM, all pure alkynes, azides and catalyst showed no or low 191 

MRP1-modulating activity with % of survival ranged from 57% to 103% (Table 2).  192 

     In the primary screening, the relative MRP1-modulating activity of each clicked dimer was 193 

measured and presented as in Table 1. Out of the 300-member library, 53 members were 194 

considered as “hit” compounds with % of survival ranging from 20% to 49% (Table 1, bolded and 195 

underlined). Among these 53 flavonoid dimer “hits”, 18 of them exhibited cytotoxicity towards 196 

2008/MRP1 cells at 2 M with % of survival less than 70% (Table 3). Interestingly, 7 out of the 197 

12 dimers in the Ac19 sub-library showed cytotoxic effect, suggesting that Ac19 is a poor building 198 

block for making MRP1 modulators (Table 3). After excluding these 18 cytotoxic flavonoid 199 

dimers, the remaining 35 “hit” compounds were further differentiated by testing them at a lower 200 

concentration of 1 M. A total of 21 compounds consistently maintained promising activity with 201 

< 51% of survival (Table 4).  202 

 203 

 204 
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Table 1. Primary screening of clicked flavonoid dimers to reverse DOX resistance in 2008/MRP1 205 

cells.a 206 

 207 

Az1 Az7 Az12 Az11 Az4 Az3 Az2 Az18 Az5 Az10 Az13 Az17

Ac5 20 30 33 34 34 38 39 55 59 73 75 78

Ac3 21 55 52 41 42 45 44 45 37 60 77 61

Ac2 23 55 57 45 48 55 54 65 63 51 56 78

Ac16 26 36 51 46 44 53 45 73 65 49 80 79

Ac1 29 39 42 39 46 51 56 54 45 50 69 68

Ac12 30 52 61 53 47 51 57 62 63 79 60 86

Ac13 31 54 60 60 53 54 59 77 45 46 68 47

Ac19 37 39 41 51 28 81 28 62 34 57 37 75

Ac6 39 72 72 58 56 61 65 83 61 72 85 74

Ac4 39 63 76 54 58 53 66 74 89 88 81 79

Ac35 40 65 78 56 60 46 58 75 33 68 51 57

Ac7 40 80 79 68 67 63 60 85 77 69 86 76

Ac10 42 70 67 64 53 63 55 68 68 69 73 75

Ac15 49 70 74 76 54 52 29 87 87 62 96 80

Ac9 57 71 72 62 51 61 55 79 71 66 75 78

Ac11 58 76 60 49 51 72 76 67 68 64 67 67

Ac8 60 82 84 73 72 67 70 78 76 68 77 75

Ac33 75 78 81 82 74 72 70 82 75 59 83 76

Ac22 79 74 74 76 72 77 85 89 80 87 90 82

Ac23 81 77 88 79 83 74 83 82 86 82 87 88

Ac17 82 76 77 83 77 71 77 91 81 77 87 86

Ac31 87 73 88 99 79 76 71 83 84 76 90 64

Ac27 90 81 90 88 90 86 88 92 87 91 85 89

Ac42 93 74 40 111 76 82 79 79 75 97 89 86

Ac29 116 86 89 99 85 103 100 84 96 58 93 85  208 

 a A total of 300 clicked dimers was used to screen for the MRP1-modulating activity. 2008/MRP1 209 

cells were incubated with 100 nM DOX and 2 µM of crude clicked dimers together. The % of 210 

> 90 % survival  90 – 70% survival   69 – 50% survival   < 50% survival 
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survival was determined using MTS assay after 72 h incubation and normalized to the control 211 

containing no DOX and any clicked dimer. Each clicked dimer was tested in triplicate in each 212 

experiment. N = 3 independent experiment. The % of survivors was presented as mean here. 213 

Percentage survival less than 50% was bolded and underlined. These dimers displaying potential 214 

MRP1-modulating activity were picked up for further cytotoxicity test. 215 

216 
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Table 2. MRP1-modulating activity of pure alkyne, pure azide or Cu(I) catalyst in 2008/MRP1 217 

cells. a 218 

Compounds

Ac1 74 ± 3

Ac2 85 ± 1

Ac3 79 ± 3

Ac4 67 ± 5

Ac5 88 ± 8

Ac6 102 ± 2

Ac7 103 ± 4

Ac8 100 ± 1

Ac9 100 ± 2

Ac10 99 ± 0

Ac11 86 ± 3

Ac12 99 ± 2

Ac13 98 ± 4

Ac15 81 ± 2

Ac16 86 ± 2

Ac17 84 ± 3

Ac19 83 ± 2

Ac22 84 ± 3

Ac23 86 ± 2

Ac27 87 ± 2

Ac29 81 ± 3

Ac31 87 ± 1

Ac33 86 ± 1

Ac35 71 ± 3

Ac42 81 ± 3

Az1 78 ± 2

Az2 85 ± 7

Az3 84 ± 8

Az4 85 ± 6

Az5 74 ± 8

Az7 90 ± 5

Az10 72 ± 9

Az11 91 ± 7

Az12 90 ± 8

Az13 79 ± 4

Az17 57 ± 4

Az18 86 ± 2

Cu (I) catalyst 103 ± 3

% Survival

 219 
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a A total of 25 pure alkynes, 12 pure azides and Cu(I) catalyst were tested for their MRP1-220 

modulating activity. 2008/MRP1 cells were incubated with 100 nM DOX and 2 µM of each 221 

monomer or catalyst together. Percentage survival was determined using MTS assay after 5-day 222 

incubation and normalized to the control containing no DOX or monomers. Each monomer was 223 

tested in triplicate in each experiment. N = 3 independent experiment. Percentage survival was 224 

presented as mean ± SEM here.  Percentage survival below 50% indicates that the compound 225 

showed promising MRP1-modulating activity.  226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 
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Table 3. Cytotoxicity of 53 clicked dimers alone towards 2008/MRP1 cells. a 239 

% of survival

2 µM dimers alone

Ac Az 2008/MRP1

5 1 20 ± 1 85

3 1 21 ± 2 91

2 1 23 ± 3 92

16 1 26 ± 3 97

19 2 28 ± 19 4

19 4 28 ± 18 10

1 1 29 ± 0 81

15 2 29 ± 3 49

5 7 30 ± 2 99

12 1 30 ± 6 95

13 1 31 ± 1 97

35 5 33 ± 12 53

5 12 33 ± 1 89

19 5 34 ± 13 16

5 4 34 ± 1 100

5 11 34 ± 2 93

16 7 36 ± 17 87

3 5 37 ± 3 97

19 1 37 ± 15 18

19 13 37 ± 20 11

5 3 38 ± 2 100

1 7 39 ± 2 43

1 11 39 ± 2 39

19 7 39 ± 13 14

4 1 39 ± 4 95

6 1 39 ± 3 83

5 2 39 ± 3 68

7 1 40 ± 2 95

35 1 40 ± 13 63

42 12 40 ± 9 105

3 11 41 ± 3 93

19 12 41 ± 21 23

1 12 42 ± 3 49

3 4 42 ± 2 95

10 1 42 ± 2 90

3 2 44 ± 3 93

16 4 44 ± 7 72

1 5 45 ± 5 39

2 11 45 ± 5 98

3 3 45 ± 2 95

3 18 45 ± 3 99

16 2 45 ± 5 74

13 5 45 ± 6 95

1 4 46 ± 3 44

16 11 46 ± 6 80

35 3 46 ± 13 50

13 10 46 ± 5 85

13 17 47 ± 8 88

12 4 47 ± 3 92

2 4 48 ± 2 88

11 11 49 ± 5 65

16 10 49 ± 2 82

15 1 49 ± 1 92

Compounds

% of survival

2 µM dimers + 100 nM DOX

         2008/MRP1

 240 
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a After primary screening, a total of 53 promising clicked dimers were tested for their cytotoxicity 241 

towards 2008/MRP1 cells. The clicked dimers were ranked from highest to the lowest according 242 

to their MRP1-modulating activity from the primary screening. Each clicked dimer was tested in 243 

triplicates and performed in 3 independent experiments. In cytotoxicity towards 2008/MRP1 cells, 244 

the % of survival was presented as mean. The % of survival below 70% was highlighted in grey 245 

color, indicating that these dimers alone showed cytotoxicity towards 2008/MRP1 cells and were 246 

excluded from the secondary screening.  247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

260 
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Table 4. Secondary screening of 35 promising clicked dimers in reversing DOX resistance in 261 

2008/MRP1 cells. a 262 

Ac Az

5 1 25 ± 0

3 1 29 ± 2

16 1 29 ± 1

2 1 30 ± 3

5 7 38 ± 3

5 4 41 ± 1

12 1 42 ± 4

5 11 46 ± 1

13 1 46 ± 4

16 7 46 ± 14

3 4 48 ± 3

16 2 48 ± 2

13 5 48 ± 2

2 4 49 ± 2

2 11 49 ± 1

3 11 49 ± 2

3 3 50 ± 2

16 4 50 ± 2

5 3 50 ± 3

3 2 51 ± 2

1 1 51 ± 3

3 5 53 ± 8

16 10 53 ± 3

1 12 54 ± 14

16 11 54 ± 2

3 18 55 ± 6

6 1 56 ± 2

13 10 56 ± 3

12 4 59 ± 1

1 5 62 ± 7

16 2 63 ± 3

4 1 64 ± 7

5 12 65 ± 4

7 1 66 ± 4

10 1 66 ± 3

11 11 70 ± 4

13 17 71 ± 5

15 1 79 ± 3

 2008/MRP1

Compounds 1 µM dimers + 100 nM DOX

% of survival

 263 
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a A total of 35 dimers showing low cytotoxicity towards 2008/MRP1 cells was selected for 264 

secondary screening of MRP1-modulating activity. The cells were incubated with 100 nM DOX 265 

and 1 µM of clicked dimers together. These dimers were ranked from the highest to the lowest 266 

according to the MRP1-modulating activity as determined by % of survival. Each dimer was tested 267 

in triplicate and performed in 3 independent experiments. The % of survival was presented as mean 268 

here. In the presence of 100 nM DOX, the clicked dimers showing 25% to 51% of survival were 269 

selected for determining EC50 and cytotoxicity towards L929 cells.  270 

2.2.2 Effective concentration (EC50) and therapeutic indexes of potent clicked flavonoid dimers. 271 

     After the secondary screening, the top 21 “hit” compounds (% of survival < 51% at 1 µM) were 272 

re-synthesized, purified and tested for their MRP1-modulating activity. EC50 values were found to 273 

be in nanomolar range from 53 nM to 298 nM and did not show cytotoxicity towards L929 with 274 

IC50 > 50 M (Table 5). Among them, Ac3Az11 has the lowest EC50 in reversing DOX resistance 275 

in 2008/MRP1 cells (Figure 4). In contrast, under identical protocol, the EC50 of well-established 276 

MRP1 inhibitors verapamil (EC50 = 1925 nM) and MK571 (EC50 = 19000 nM) were in micromolar 277 

range (Table 5). The potencies of these clicked dimers were about 6.5- to 36-fold and 64- to 358-278 

fold higher than verapamil and MK571, respectively. Moreover, our compounds are relatively 279 

non-toxic towards L929 cells. Their selective indexes ranged from >190 to >1887.  Selective index 280 

was calculated by dividing the IC50 of modulators towards L929 cells by the EC50 of modulators 281 

in reversing DOX resistance. EC50 values of pure dimers are in general consistent with the data 282 

from the primary and secondary screening using un-purified clicked dimers, indicating that the 283 

CuAAC reaction coupled with the high throughput screening is a reliable platform for rapid 284 

discovery of MRP1 modulators.  285 
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Table 5. Effective concentrations (EC50) of 21 potent pure clicked dimers and their selective 286 

indexes. a  287 

Pure L929 Selective Linker conjugation No. of carbon 

clicked dimers  (IC50, µM)  indexes site atom in linker

Ac3Az11 >100 53 ± 2 >1887 A 9

Ac16Az1 >100 78 ± 17 >1282 A 9

Ac12Az1 >100 87 ± 17 >1149 A 10

Ac2Az4 >100 95 ± 5 >1053 A 11

Ac16Az2 >100 99 ± 18 >1010 A 11

Ac5Az1 >57 103 ± 15 >553 B 10

Ac3Az4 >100 103 ± 6 >971 B 11

Ac1Az1 60±16 113 ± 49 531 B 9

Ac3Az3 >100 121 ± 13 >826 B 11

Ac5Az3 >50 137 ± 12 >365 B 12

Ac3Az1 >100 140 ± 40 >714 B 9

Ac2Az1 >100 151 ± 14 >662 A 9

Ac16Az7 >100 155 ± 33 >645 A 9

Ac16Az4 >100 156 ± 27 >641 A 11

Ac5Az11 >100 175 ± 18 >571 A 10

Ac13Az5 >100 193 ± 13 >518 A 11

Ac3Az2 >100 208 ± 48 >481 B 11

Ac5Az4 >100 217 ± 25 >461 B 12

Ac5Az7 >100 250 ± 31 >400 B 10

Ac13Az1 >50 263 ± 7 >190 A 9

Ac2Az11 >100 298 ± 44 >336 C 9

FD-4e >100 73 ± 13 >1370 B 10

Verapamil 88±7 1925 ± 677 46 / /

MK571 >100 19000 ± 1000 >5 / /

EC50 (nM) for reversing

 Dox resistance in 2008/MRP1

 288 

a A total of 21 pure clicked dimers was re-synthesized and determined their EC50 values. EC50 289 

values were presented as mean  standard error of mean. N = 3-7 independent experiments. 290 

Selective index = (IC50 of modulators towards L929)/ (EC50 of modulators for reversing DOX 291 
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resistance). L929 is normal mouse fibroblast cell line. These pure clicked dimers can be divided 292 

into three classes according to the linker conjugation site: (A) linker conjugated at C7 of A-ring 293 

and C4’ of B-ring of flavones, (B) linker conjugated at C4’ of both B-rings of flavones and (C) 294 

linker conjugated at C7 of both A-rings of flavones. “/” means verapamil and MK571 do not 295 

contain linker. The chemical structures of these potent pure clicked dimers are shown in supporting 296 

information (Figure S7 – S27).   297 

 298 
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Figure 4. EC50 of Ac3Az11 for reversing DOX resistance in 2008/MRP1 cells 300 

2.2.3 Dimeric clicked alkyne-azide modulator is much more potent than monomeric alkyne or 301 

azide in reversing DOX resistance in 2008/MRP1 cells 302 

     To illustrate the effect of dimerization in improving the MRP1-modulating activity, we 303 

determine the potency of the dimers and monomers. One µM of clicked dimers Ac3Az11 and 304 

Ac12Az1 showed promising MRP1-modulating activity with RF = 13.5 and 12.2, respectively 305 

(Table 6). In contrary, their constituent monomers Ac3, Az11, Ac12 or Az1 were not active with 306 
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RF values below 1.8 even when they were used at double the concentration (Table 6). A 307 

combination of Ac3 and Az11 or Ac12 and Az1 also displayed no activity with RF = 1.3 and 1.5, 308 

respectively (Table 6). This observation of MRP1 being strongly inhibited by dimeric AcN-AzM 309 

modulator, but not by the constituent monomeric AcN or AzM highlights the importance of 310 

dimerization of constituent flavonoid monomers in modulating MRP1.  311 

Table 6. Comparing MRP1-modulating activity of pure Ac3Az11, Ac12Az1 and their respective 312 

monomers in 2008/MRP1 cells.a 313 

Compounds RF

1 µM Ac3Az11 31 ± 10 13.5

2 µM Ac3 541 ± 189 1.3

2 µM Az11 487 ± 108 1.1

1 µM Ac3 + 1 µM Az11 444 ± 101 1.3

1 µM Ac12Az1 51 ± 16 12.2

2 µM Ac12 566 ± 132 1.0

2 µM Az1 338 ± 87 1.8

1 µM Ac12 + 1 µM Az1 400 ± 105 1.5

0.1% DMSO 597 ± 165 1.0

0.1% DMSO 63 ± 5* 9.5

Mean IC50 of DOX (nM) in 2008/MRP1 cells

 314 

a 2008/MRP1 cells were incubated with either 1 µM of clicked dimer or 2 µM of alkyne or azide 315 

monomers or a mixture of 1 µM each of alkyne and azide monomers in the presence of DOX for 316 

5 days. After incubation, percentage survival was determined by MTS proliferation assay. Relative 317 

fold (RF) was determined by dividing the IC50 value without modulators / IC50 value with 318 

modulators. *2008 wild type ovarian cancer cells were used. 2008/MRP1 is MRP1 overexpressing 319 

ovarian cancer cell line. Each compound was tested in triplicate and performed in 3 independent 320 

experiments. 0.1% DMSO was used as a solvent control.  321 

 322 



26 

 

2.2.4 Effect on intracellular DOX accumulation in 2008/MRP1 cells 323 

     The above results showed that these triazole linked flavonoid dimers are effective MRP1 324 

modulators. DOX is a fluorescent MRP1substrate that can be used to monitor intracellular drug 325 

accumulation. We determined whether the modulation of MRP1-mediated drug resistance is 326 

associated with a concomitant increase in drug accumulation. Since Ac3Az11, Ac12Az1 and 327 

Ac16Az1 are effective MRP1 modulators according to their EC50 (Table 5), we selected these 328 

compounds for further characterization. As shown in Figure 5, treatment of 2008/MRP1 cells with 329 

2 M of compounds Ac3Az11, Ac12Az1 and Ac16Az1 resulted in 2.0-fold increase in 330 

intracellular DOX accumulation. Verapamil, being a less potent MRP1 modulator, only increased 331 

the DOX accumulation by about 1.6-fold (Figure 5). MK571, an even less potent modulator, did 332 

not increase DOX accumulation in 2008/MRP1 cells at 2 µM (Figure 5). The result suggests that 333 

these flavonoid dimers inhibit transport activity of MRP1 and restore the intracellular DOX 334 

concentration to a level similar to that of parental 2008/P cells.  335 
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Figure 5. Effect of pure clicked flavonoid dimers on intracellular DOX accumulation in 337 

2008/MRP1 cells. 2008/MRP1 cells were incubated with 5 M DOX for 120 minutes at 37 oC 338 

with or without 2 M of Ac3Az11, Ac12Az1, Ac16Az1, FD-4e, verapamil or MK571. 0.2% of 339 

DMSO was used as negative control. After incubation, cells were washed and intracellular 340 

accumulation of DOX was measured by flow cytometry.  Experiments were performed in duplicate 341 

and repeated thrice. The florescence level of each sample was normalized to the 0.2% DMSO 342 

negative control and presented as a fold-difference. The results were presented as mean ± standard 343 

error of mean. Student paired t test was conducted relative to 2008/MRP1 cells incubated with 344 

0.2% DMSO. * P <0.05. 345 

 346 

 347 
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2.2.5 Effect on MRP1 protein expression level 348 

         We characterized the effect of Ac3Az11 on MRP1 protein expression by flow cytometry 349 

(Figure 6A and 6B). 2008/MRP1 cells has 7.8-fold (P<0.001) higher levels of MRP1 than the 350 

parental 2008/P cells (Figure 6B). After incubating with 1, 2 or 5 µM of Ac3Az11 for 3 days, the 351 

high expression level of MRP1 in 2008/MRP1 cells remained unchanged, indicating that Ac3Az11 352 

does not affect the protein expression. After co-incubating with Ac3Az11, the increased DOX 353 

accumulation level observed in 2008/MRP1 cells (Figure 5) might be due to the loss of 354 

functionality of MRP1. 355 

 356 

 357 

 358 

 359 

 360 
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Figure 6. Effect of Ac3Az11 on MRP1 protein expression. The 2008/MRP1 cells were incubated 365 

with 1, 2 or 5 µM of Ac3Az11 for 3 days. Total MRP1 level was measured by flow cytometer at 366 

FL1 channel.  (A)  Flow cytometry result of total MRP1 protein expression in 2008/P or 367 

2008/MRP1 cells after incubating with 0.25% DMSO. (B) Total MRP1 protein level of 368 

2008/MRP1 cells after incubating with 1, 2 or 5 µM of Ac3Az11 for 3 days. N = 3 independent 369 

experiments. The fluorescence units were presented as mean ± standard error of mean. 0.25% 370 

DMSO was used as a solvent control. Student paired t test was conducted between 2008/P and 371 

2008/MRP1 cells after incubating with 0.25% of DMSO for 3 days. ** P<0.001. 372 

 373 

 374 

 375 
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2.2.6 Effect on DOX efflux and DOX influx 376 

         We studied if Ac3Ac11 increased DOX accumulation in 2008/MRP1 cells by increasing 377 

DOX influx or inhibiting DOX efflux. When influx was measured, both 2008/P and 2008/MRP1 378 

cells can influx DOX at almost identical rate with or without Ac3Az11 (Figure 7A). When efflux 379 

was measured, 2008/MRP1 cells showed significantly higher efflux rate of DOX than 2008/P cells, 380 

with DOX fluorescence dropped to 64% of original level in 105 minutes compared to 81% in 381 

2008/P (Figure 7B). Importantly, addition of Ac3Ac11 completely inhibited DOX efflux in 382 

2008/MRP1 cells (Figure 7B). This result demonstrates that reversal of DOX resistance by 383 

Ac3Az11 is due to an inhibition of MRP1-mediated drug efflux, leading to an increased drug 384 

accumulation and thus restoring the drug sensitivity.  385 
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Figure 7. Effect of Ac3Az11 on DOX influx and DOX efflux in 2008/MRP1 cells. In the influx 388 

experiments (A), cells were co-incubated with DOX (5 M) and Ac3Az11 (2 M) in supplemented 389 

RPMI1640 media at 37oC. 0.25% of DMSO was used as a negative control. The cells were 390 

harvested after 0, 15, 30, 45 and 60 min for determining the intracellular DOX concentration. To 391 

measure DOX efflux (B), cells were incubated in supplemented RPMI1640 containing 20 M 392 

DOX for 1 hr at 37oC. Cells were then washed and further incubated with or without compound 393 

Ac3Az11 (2 M). At 0, 15, 30, 45, 60, 75, 90 and 105 min, cells were harvested and intracellular 394 

DOX concentration was measured. The values were presented as mean ± standard error of mean. 395 

Student paired t test was conducted at each time point in 2008/MRP1 cells after incubating with 396 

or without Ac3Az11. ***P<0.0001 and * P<0.01. 397 

 398 
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2.2.7 Preliminary pharmacokinetics study of Ac3Az11 in mice 399 

     The previous generation of flavonoid dimer FD-4e has low solubility in many formulations, 400 

therefore hampering it from in vivo efficacy study despite its high potency. The present series of 401 

flavonoid dimers contain a basic triazole ring and their hydrochloride salts can be readily prepared. 402 

Here we have dissolved Ac3Az11.HCl in a formulation (NMP: Cremorphol: Tween 80: H2O = 5 : 403 

5 : 4.5 : 85.5) at  1.5 mg/mL and used it to study intravenous (i.v.) pharmacokinetics in Balb/c 404 

mice (Figure 8). Ac3Az11 was dosed at 10mg/kg and its plasma level in Balb/c mice was 405 

monitored up to 360 minutes post administration. Ac3Az11 could be detected in plasma and its 406 

plasma level was maintained above its in vitro EC50 (53 nM for DOX) for about 90 minutes 407 

(Figure 8). In contrast, FD-4e was completely insoluble in the same formulation.  When FD-4e 408 

was dissolved in DMSO and administered to mice by i.v. injection, it precipitated very quickly 409 

and the concentration of FD-4e in plasma was below the detection limit. Further in vivo efficacy 410 

studies of these compounds are in progress. 411 

 412 



33 

 

0 30 60 90 120 150 180 210 240 270 300 330 360
-500

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

EC50 of Ac3Az11 = 53 nM or 39 ng/mL

~ 40ng/mL

Time/min

C
o

n
c
e

n
tr

a
ti
o

n
 o

f
A

c
3
A

z
1
1

 i
n

 p
la

s
m

a
 (

n
g

/m
L

)

 413 

Figure 8. Pharmacokinetics study of Ac3Az11.HCl in Balb/c mice. Ac3Az11.2.HCl at 10 mg/kg 414 

was injected intravenously to the Balb/c mice. At each time point indicated (15, 30, 60, 120, 240 415 

and 360 minutes), 3 mice were sacrificed and blood was collected. The plasma level of Ac3Az11 416 

was quantified by LC-MS/MS. The data was presented as mean ± standard error of mean. In vitro 417 

EC50 (nM) for reversing DOX resistance was 53 nM. 418 

2.2.8 In silico docking studies 419 

The electron cryo-microscopy (cryo-EM) structure of bovine MRP1 in two different inward-420 

facing conformations, including an apo form at 3.5 Å resolution without any substrate and a 421 

complex form at 3.3 Å resolution with one substrate leukotriene C4 (LTC4), and an outward-facing 422 

conformation with an ATP-bound at 3.1 Å resolution have been determined recently. 40,41 These 423 

cryo-EM structures suggest that the bovine MRP1 recognizes a wide range of chemicals by 424 

forming a single bipartite substrate binding site of higher substrate-binding affinity and extrudes 425 
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them through reconfiguring substrate binding site to a lower substrate-binding affinity upon ATP 426 

binding. More importantly, both bovine MRP1 and human MRP1 share a high level of similarity 427 

not only in their physiological functions of xenobiotics extrusion but also in their amino acid 428 

sequence identities (91% identical, Figure S27). Therefore, these cryo-EM structures of bovine 429 

MRP1 are good homology models that can be employed to perform in silico docking studies for 430 

providing more insights into the potential molecular interactions between selected compounds and 431 

human MRP1. In the present docking studies, the bovine MRP1 in the inward-facing conformation 432 

with LTC4-bound (PDB ID: 5UJA) was selected as the docking model.  Flavonoid dimers 433 

Ac3Az11, FD-4e and DOX, a MRP1 substrate, were docked into this cryo-EM structure 434 

respectively. As shown in Figure 9A1, the highest docking scores of Ac3Az11, FD-4e and DOX 435 

predicted that they all bind to the bipartite binding site of MRP1 and occupy the central 436 

translocation pathway, in which they share similar interactions with bovine MRP1 as LTC4 does.  437 

The predicted binding poses for Ac3Az11, FD-4e and DOX are shown in Figure 9A2, 9A3 and 438 

9A4 respectively. Docking results suggested that extensive networks of hydrogen bonding 439 

interactions, π-π interactions and van der Waals contacts are formed inside the bipartite binding 440 

site between these ligands and several amino acid residues including His335, Lys332, Leu381, 441 

Phe385, Asn1244, Trp1245, Met1092, Ser1096, Thr550, Tyr1242, Trp553, Phe594, Arg1248 and 442 

Arg1196.  In particular, the “tryptophan sandwich” formed by Trp1245 and Trp553 in the bipartite 443 

binding site is potentially the major interacting amino acid residues as flavonoid dimers Ac3Az11, 444 

FD-4e and DOX were predicted to have strong π-π interactions between the aromatic moieties of 445 

these compounds and the indole moieties of Trp. Such π-π interactions were also predicted to occur 446 

between the aromatic moieties of these compounds and the phenyl rings of Phe385 and Phe594 447 

respectively.  Moreover, extensive networks of hydrogen bonding interactions were predicted to 448 
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exist between these compounds and the amino acid residues of bovine MRP1. For example, the 449 

carbonyl groups of flavonoid dimer Ac3Az11 formed hydrogen bonding interactions with Tyr1242 450 

and Ser1096 respectively (Figure 9A2); the carbonyl groups and oxygen atoms of flavonoid dimer 451 

FD-4e formed hydrogen bonding interactions with Gln1238, Thr1241 and Tyr440 respectively 452 

(Figure 9A3); the amine group and hydroxyl group of DOX formed hydrogen bonding interactions 453 

with Tyr1242 and Tyr440 respectively (Figure 9A4).   In addition, the linker portion of both 454 

flavonoid dimers may form van der Waals contacts with amino acid residues including Tyr1242, 455 

Met1092, Glu1088, Thr550, Val554 and Trp553.  From the docking studies, the highest docking 456 

scores of Ac3Az11 (score -114) and FD4e (score -110) were more energetically favorable than 457 

that of DOX (score -82) or LTC4 (score - 95), implying that both flavonoid dimers may have 458 

stronger binding affinity to bovine MRP1 than that of the substrate DOX or LTC4, therefore 459 

capable of inhibiting their transportation. 460 

 461 

 462 

 463 

 464 
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 465 

Figure 9. In silico docking. (A1) Representation of bovine MRP1 with labeled TMD0, TMD1, 466 

TMD2, NBD1 and NBD2 (PDB ID: 5UJA). The red square indicates the bipartite binding site with 467 

zoomed in view of (A2) Ac3Az11 (violet color), (A3) FD-4e (blue color) and (A4) DOX (brown 468 

color) in the same binding site with important amino acids highlighted in black and hydrogen 469 

bonding interactions indicated as dotted blue lines  470 

2.2.9 Modulation activity of promising flavonoid dimers towards P-gp and BCRP transporters 471 

       Other than MRP1-modulating activity, we also examined the ability of promising clicked 472 

flavonoid dimers (listed in Table 5) to reverse P-gp and BCRP-mediated drug resistance. It was 473 

found that the P-gp-mediated paclitaxel resistance in LCC6MDR cells and BCRP-mediated 474 

topotecan resistance in HEK293/R2 cells were substantially reversed by the clicked dimers at 1 475 
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µM, respectively (Table 7).  Compared to cyclosporine A (RF = 79.4), Ac3Az11 (RF = 40.7) was 476 

about 2-fold lower in P-gp modulating activity (Table 7). On the other hand, the BCRP-477 

modulating activity of Ac3Az11 (RF = 18.2) was as potent as Ko143 (RF = 20.7) in reversing 478 

topotecan resistance in HEK293/R2 cells. It demonstrates that dimer Ac3Az11 can modulate 479 

MRP1-, P-gp- and BCRP-mediated drug resistance.  480 

Table 7. Modulating activity of promising clicked flavonoid dimers towards P-gp and BCRP 481 

transporters.a 482 

1 µM Ac3Az11 3.9 ± 1.3 40.7 27.3 ± 7.3 18.2

1 µM Ac16Az1 4.1 ± 0.8 38.7 39.9 ± 4.0 12.4

1 µM Ac12Az1 8.0 ± 2.1 19.8 25.8 ± 4.5 19.3

1 µM Ac2Az4 9.9 ± 0.7 16.0 32.6 ± 6.6 15.2

1 µM Ac16Az2 5.0 ± 0.4 31.7 47.9 ± 2.5 10.4

1 µM Ac5Az1 2.3 ± 0.2 69.0 47.9 ± 1.8 10.4

1 µM Ac3Az4 7.0 ± 1.4 22.7 27.0 ± 5.5 18.4

1 µM Ac1Az1 5.0 ± 1.1 31.7 23.1 ± 6.1 21.5

1 µM Ac3Az3 4.3 ± 1.1 36.9 30.6 ± 3.3 16.2

1 µM Ac5Az3 2.7 ± 0.7 58.8 41.5 ± 2.1 12.0

1 µM Ac3Az1 2.5 ± 0.5 63.5 24.1 ± 9.5 20.6

1 µM Ac2Az1 8.3 ± 1.1 19.1 32.0 ± 11.3 15.5

1 µM Ac16Az7 6.0 ± 1.0 26.5 40.0 ± 5.7 12.4

1 µM Ac16Az4 9.4 ± 2.5 16.9 32.8 ± 12.4 15.1

1 µM Ac5Az11 2.9 ± 0.2 54.7 20.3 ± 0.8 24.5

1 µM Ac13Az5 3.4 ± 0.3 46.7 18.4 ± 3.2 27.0

1 µM Ac3Az2 40.1 ± 5.7 4.0 39.3 ± 5.6 12.6

1 µM Ac5Az4 1.6 ± 0.3 99.2 28.8 ± 3.7 17.2

1 µM Ac5Az7 1.6 ± 0.2 99.2 32.0 ± 5.8 15.5

1 µM Ac13Az1 48.7 ± 9.8 3.3 47.9 ± 3.7 10.4

1 µM Ac2Az11 39.9 ± 3.5 4.0 42.6 ± 7.5 11.7

1 µM Cyclosporine A 2.0 ± 0.2 79.4 ND

1 µM Ko143 ND 24.0 ± 1.9 20.7

0.1% DMSO 158.7 ± 6.1 1.0 496.7 ± 31.1 1.0

LCC6 + 0.1 % DMSO 1.6 ± 0.3 99.2 ND

HEK293/pcDNA3.1 + 0.1% DMSO ND 15.8 ± 1.5 31.4

Mean IC50 of paclitaxel (nM) 

P-gp-expressing LCC6MDR

Mean IC50 of toptoecan (nM) 

BCRP-expressing HEK293/R2 
Compounds RF RF

 483 
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a All promising clicked flavonoid dimers were tested for their modulating activity towards P-gp 484 

and BCRP. LCC6MDR is a P-gp transfected breast cancer cell line and was incubated with 485 

different concentrations of paclitaxel (0, 1.6, 5, 15, 44, 133, 400 nM) and 1 µM of dimers or the 486 

known P-gp inhibitor cyclosporine A. HEK293/R2 is a BCRP-transfected human embryonic 487 

kidney cell line. It was co-incubated with different doses of topotecan (0, 12, 37, 111, 333, 1000, 488 

3000 nM) and 1 µM of dimers or known BCRP inhibitor Ko143.  After 5-day incubation, 489 

percentage of survivors was determined by MTS proliferation assay and the IC50 of drug was 490 

determined. Relative fold (RF) was determined by dividing the IC50 value without modulators / 491 

IC50 value with modulators. LCC6 and HEK293/pcDNA3.1 were parental cell line of LCC6MDR 492 

and HEK293/R2, respectively. Each compound was tested in triplicate and performed in 3 493 

independent experiments. 0.1% DMSO was used as a solvent control. ND = not determined.  494 

3. DISCUSSION and CONCLUSION 495 

     Overexpression of MRP1 transporter has been associated with tumor MDR and poor patient 496 

outcome. To circumvent MRP1-mediated MDR, combination of MRP1 modulator and anticancer 497 

drugs has been considered as a potential treatment. To date, no potent and safe MRP1 modulator 498 

has been developed. Herein, we have successfully applied “click chemistry” to construct a 300-499 

member homo- and hetero-flavonoid dimer library without the need for purification.  With the use 500 

of high throughput screening of the unpurified flavonoid dimer library, we were able to rapidly 501 

identify the active members of the library.  Of the 300 members, we only needed to synthesize and 502 

purify 21 members of the flavonoid dimers. The EC50 of and the selective index of these 21 pure 503 

dimers can be further characterized to confirm the validity of such high throughput platform. It is 504 

also possible to draw some information regarding the structure activity relation for MRP1 505 

modulation.   Our preliminary conclusion regarding the pharmacophore of active MRP1 modulator 506 
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is that it should have: (1) dimeric structure, (2) un-substitution or fluoro or methyl substitution at 507 

A-ring of flavone, (3) un-substitution at C-ring of flavone, (4) flavone phenyl A, B and C rings on 508 

both flavonoid moieties, (5) one triazole ring on the linker and (6) linker length of n = 4-9 atoms 509 

on either side of the triazole ring. 510 

     Among the 21 active pure clicked dimers, all of them possess above six criteria. The much 511 

higher potency of the dimer over the corresponding monomeric units (Table 6) is in conformity 512 

with the divalent approach of design of modulators due to the pseudo-dimeric structures of MRP1 513 

and ABC transporters in general.23-28   Previously, we found that the flavonoid dimer FD-4e, with 514 

PEG linker length n=5 having 15 atoms between the two flavonoid moieties, displayed a low EC50 515 

value of 73 nM in reversing DOX resistance in a MRP1 overexpressing ovarian (2008/MRP1) cell 516 

line, whereas flavonoid dimers with shorter (n≤4, ) or longer (n≥6) PEG linkers were less potent.27  517 

It is interesting to note that of the 21 active compounds discovered in here, all have linkers with 518 

13-17 atoms between the two flavonoid moieties. Linker conjugation site at the phenyl rings 519 

appears to influence the MRP1-modulating activity (Table 5). The top 5 “hit” compounds, 520 

Ac3Az11, Ac16Az1, Ac12Az1, Ac2Az4 and Ac16Az2 showed the highest potency (EC50 ranged 521 

from 53 – 99 nM). Their triazole-bridged linkers were conjugated at C7 position of A-ring of one 522 

flavonoid moiety and the C4’ position of B-ring of the other flavonoid moiety. Compounds with 523 

linkers conjugated at C4’ position of B-rings of both flavonoid moieties showed slightly weaker 524 

potency with EC50 ranged from 103 – 250 nM.  Compounds with linker conjugated at C7 position 525 

of both A-rings displayed the lowest potency with EC50 of 298 nM among the 21 compounds. On 526 

the other hand, the presence of the triazole group confers different physiochemical properties to 527 

the active compounds.  Thus, compound Ac3Az11 and its hydrochloride salt have much better 528 

aqueous solubility than FD-4e.  Preliminary pharmacokinetics study showed that Ac3Az11 can be 529 
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administered to mice with sufficient plasma concentration above its EC50 level (Figure 8).  In an 530 

effort to understand the mechanism of action of these compounds, we demonstrated that Ac3Az11 531 

did not affect the protein expression level of MRP1 when 2008/MRP1 cells were incubated with 532 

1, 2 and 5 µM of Ac3Az11 for 3 days (Figure 6).  On the other hand, Ac3Az11 was found to 533 

inhibit DOX efflux in 2008/MRP1 cells (Figure 7), leading to an increased drug accumulation 534 

(Figure 5) and thus restoring the drug sensitivity.  535 

        Recently, the electron cryo-microscopy structures of bovine MRP1 in the apo form, the 536 

substrate added form, and an ATP-bound outward facing form have been reported.40, 41 The high 537 

similarities in amino acid sequences and functional properties between bovine and human MRP1 538 

implied that the structure of bovine MRP1 would be a reasonable starting point for structural 539 

studies of human MRP1.  By comparing the two inward facing structures, it is possible to conclude 540 

that the substrate LTC4 binds to two pockets (H and P) of bMRP1, with one pocket in TMD1 and 541 

the other pocket in TMD2.40 Furthermore, large conformational change is induced by substrate 542 

binding, bringing the two halves of the transporter together. Such a bipartite substrate binding is 543 

consistent with the fact that MRP1 can recognize a spectrum of substrates with different chemical 544 

structures. 40 It is likely that our flavonoid dimer modulators bind to the same bipartite substrate 545 

binding site.   546 

         In our in silico study, the bovine MRP1 in complex with substrate LTC4 was used to perform 547 

the docking studies with flavonoid dimers Ac3Az11, FD-4e and DOX using CLC Drug Discovery 548 

Workbench software. The physiological substrate LTC4 was used as reference compound to 549 

compare the molecular interactions of flavonoid dimers with the bovine MRP1. Compound 550 

Ac3Az11, FD-4e, LTC4 and DOX interact with bovine MRP1 in the same binding site with a score 551 

of -114, -110, -89 and -82 respectively (Figure 9). Considering the scores, both flavonoid dimers 552 
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are expected to bind stronger than LTC4 or DOX and function as competitive inhibitor.  Previously, 553 

we demonstrated that FD-4e is a competitive inhibitor of DOX transport by MRP1, presumably 554 

by binding to the same binding site as the substrate.27   555 

     Other than MRP1-modulating activity, we also examined the ability of Ac3Az11 to reverse P-556 

gp and BCRP-mediated drug resistance.  It appeared that dimer Ac3Az11 can modulate MRP1- as 557 

well as P-gp- and BCRP-mediated drug resistance (Table 7).  In the literature, some modulators 558 

are known to have activity against two ABC transporters.  For example, Ko143 has been reported 559 

to have inhibitory effect on the transport activity of both P-gp and MRP1 at the concentrations of > 560 

1µM49 and HM30181 was reported to be potent inhibitors of both P-gp and the breast cancer 561 

resistance protein (BCRP/ABCG2).50 As far as we are aware, there are few compounds that can 562 

inhibit all three ABC transporters.  We will further investigate such pan-transporter activities and 563 

report in due course. 564 

     To our knowledge, this is the first click-chemistry derived library coupled with high throughput 565 

screening platform for transmembrane transporters. It appears that discovery of potent MRP1 566 

modulators can be achieved effectively and with much less synthetic effort required. The size of 567 

the library can be easily expanded by simply increasing the number of monomeric units.  We are 568 

cognizant of the possibility that such an approach could lead to false negatives, in that potentially 569 

active compounds may have been missed because the CuAAC reaction is inefficient for some 570 

specific alkynes or azides.  The platform however can be readily modified by changing the reaction 571 

conditions if necessary.  This approach can be easily applied to screen for active modulators of 572 

other membrane transporters and this will be pursued. 573 

 574 
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4. EXPERIMENTAL SECTION 575 

4.1 Materials and Methods  576 

All NMR spectra were recorded on a Bruker Advance-III 400 MHz spectrometer at 400 MHz for 577 

1H and 100 MHz for 13C, Varian Unity Inova 500 MHz NMR Spectrometer at 500 MHz for 1H 578 

and 125 MHz for 13C or Bruker Advance-III 600 MHz spectrometer at 600 MHz for 1H and 151 579 

MHz for 13C. All NMR measurements were carried out at room temperature and the chemical 580 

shifts are reported as parts per million (ppm) in unit relative to the resonance of CDCl3 (7.26 ppm 581 

in the 1H, 77.0 ppm for the central line of the triplet in the 13C modes, respectively). Low-resolution 582 

and high-resolution mass spectra were obtained on a Micromass Q-TOF-2 by electron spray 583 

ionization (ESI) mode or on Finnigan MAT95 ST by electron ionization (EI) mode. All reagents 584 

and solvents were reagent grade and were used without further purification unless otherwise stated. 585 

The plates used for thin-layer chromatography (TLC) were E. Merck Silica Gel 60F254 (0.25-mm 586 

thickness) and they were visualized under short (254-nm) and long (365-nm) UV light. 587 

Chromatographic purifications were carried out using MN silica gel 60 (230 – 400 mesh). 588 

Substituted 4’ or 7-hydroxyflavones 1a-i were prepared as reported previously.25 The purity of 589 

tested compounds was determined by HPLC, which was performed by using Agilent 1100 series 590 

installed with an analytic column of Agilent Prep-Sil Scalar column (4.6 mm x 250 mm, 5-µm) at 591 

UV detection of 320 nm (reference at 450 nm) with isocratic elution of hexane (50%)/ethyl acetate 592 

(25%)/methanol (25%) at a flow rate of 1.0 mL/min. All tested compounds were shown to 593 

have >95% purity according to HPLC. 594 

4.2 General procedure for the synthesis of Ac1-Ac5, Ac12, Ac35 and Ac42 (Scheme 1) 595 
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To a round-bottom flask was charged with corresponding 4’-hydroxyflavones or 7-596 

hydroxyflavones 1a-e (1 equiv.), 5-chloropent-1-yne or 6-chlorohex-1-yne (1.2 equiv.), K2CO3 597 

(1.5 equiv.) and DMF (3 mL per equiv (mmol)). The reaction mixture was stirred at refluxing 598 

temperature for 2 h. When TLC indicated complete consumption of starting material, the reaction 599 

mixture was poured into a separating funnel containing water. The mixture was continuously 600 

extracted with DCM. If the mixture could not be separated into two layers, small amount of 1M 601 

HCl was added. The combined organic layers were dried over MgSO4, filtered and evaporated to 602 

give a brown crude reaction mixture. Purification was performed by flash column chromatography 603 

on silica gel with acetone in DCM as eluent to furnish desired product. 604 

4.2.1 Synthesis of 2-(4-(Pent-4-yn-1-yloxy)phenyl)-4H-chromen-4-one (Ac1): This compound 605 

(0.53 g, 82%) was obtained from 2-(4-hydroxyphenyl)-4H-chromen-4-one (1a) and 5-chloropent-606 

1-yne according to the general procedure described above. 1H NMR (400 MHz, CDCl3) δ 8.21 (dd, 607 

J=7.60, 1.60 Hz, 1H), 7.85 (d, J=8.80 Hz, 2H), 7.65 (ddd, J=7.60, 7.20, 1.60 Hz, 1H), 7.52 (d, 608 

J=8.40 Hz, 1H), 7.38 (dd, J=7.60, 7.20 Hz, 1H), 7.00 (d, J=8.80 Hz, 2H), 6.71 (s, 1H), 4.13 (t, 609 

J=6.40 Hz, 2H), 2.40 - 2.44 (m, 2H), 1.98 - 2.06 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 178.3, 610 

163.3, 161.6, 156.1, 133.5, 127.9, 125.5, 125.0, 123.9, 123.8, 117.9, 114.8, 106.0, 83.1, 69.1, 66.3, 611 

27.9, 15.0; LRMS (ESI) m/z 305 [M+H]+; HRMS (ESI) calcd for C20H17O3 [M+H]+ 305.1178, 612 

found 305.1180. 613 

4.2.2 Synthesis of 7-(Pent-4-yn-1-yloxy)-2-phenyl-4H-chromen-4-one (Ac2): This compound 614 

(0.33 g, 79%) was obtained from 7-hydroxy-2-phenyl-4H-chromen-4-one (1e) and 5-chloropent-615 

1-yne according to the general procedure described above. 1H NMR (400 MHz, CDCl3) δ 8.09 (dd, 616 

J=7.20, 2.80 Hz, 1H), 7.84 - 7.86 (m, 2H), 7.47 - 7.49 (m, 3H), 6.93 - 6.95 (m, 2H), 6.71 (s, 1H), 617 

4.16 (t, J=6.40 Hz, 2H), 2.40 - 2.44 (m, 2H), 1.99 - 2.07 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 618 
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177.7, 163.3, 162.9, 157.8, 131.7, 131.3, 128.9, 126.9, 126.0, 117.7, 114.6, 107.3, 100.8, 82.9, 619 

69.2, 66.7, 27.7, 15.0; LRMS (ESI) m/z 305 [M+H]+; HRMS (ESI) calcd for C20H17O3 [M+H]+ 620 

305.1178, found 305.1181. 621 

4.2.3 Synthesis of 7-Fluoro-2-(4-(pent-4-yn-1-yloxy)phenyl)-4H-chromen-4-one (Ac3): This 622 

compound (0.31 g, 89%) was obtained from 7-fluoro-2-(4-hydroxyphenyl)-4H-chromen-4-one 623 

(1b) and 5-chloropent-1-yne according to the general procedure described above. 1H NMR (400 624 

MHz, CDCl3) δ 8.20 (dd, J=6.40, 6.40 Hz, 1H), 7.81 (t, J=8.80 Hz, 2H), 7.20 (dd, J=9.20, 2.40 625 

Hz, 1H), 7.08 - 7.13 (m, 1H), 6.99 (d, J=8.80 Hz, 2H), 6.68 (s, 1H), 4.14 (t, J=6.00 Hz, 2H), 2.40 626 

- 2.44 (m, 2H), 1.98 - 2.06 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 177.2, 166.7, 164.2, 163.6, 627 

161.8, 157.1, 156.9, 127.8, 123.5, 120.7, 114.9, 113.7, 113.5, 106.0, 104.7, 104.5, 83.0, 69.1, 66.3, 628 

27.9, 15.0; LRMS (ESI) m/z 323 [M+H]+; HRMS (ESI) calcd for C20H16FO3 [M+H]+ 323.1083, 629 

found 323.1086. 630 

4.2.4 Synthesis of 5-(Benzyloxy)-7-(methoxymethoxy)-2-(4-(pent-4-yn-1-yloxy)phenyl)-4H-631 

chromen-4-one (Ac4): This compound (0.11 g, 71%) was obtained from 5-(benzyloxy)-2-(4-632 

hydroxyphenyl)-7-(methoxymethoxy)-4H-chromen-4-one (1c) and 5-chloropent-1-yne according 633 

to the general procedure described above. 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J=8.40 Hz, 2H), 634 

7.62 (d, J=7.20 Hz, 2H), 7.26 - 7.40 (m, 3H), 6.95 (d, J=8.80 Hz, 2H), 6.73 (d, J=1.60 Hz, 1H), 635 

6.54 (s, 1H), 6.47 (d, J=1.60 Hz, 1H), 5.21 (s, 2H), 5.20 (s, 2H), 4.09 (t, J=6.00 Hz, 2H), 3.47 (s, 636 

3H), 2.38 - 2.42 (m, 2H), 1.97 - 2.03 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 177.3, 161.3, 161.1, 637 

160.6, 159.5, 159.3, 136.4, 128.5, 127.5, 126.6, 123.7, 114.7, 110.1, 107.4, 98.6, 95.9, 94.2, 83.1, 638 

70.6, 69.1, 66.2, 56.3, 27.9, 15.0; LRMS (ESI) m/z 471 [M+H]+; HRMS (ESI) calcd for C29H27O6 639 

[M+H]+ 471.1808, found 471.1815. 640 
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4.2.5 Synthesis of 2-(4-(Hex-5-yn-1-yloxy)phenyl)-6-methyl-4H-chromen-4-one (Ac5): This 641 

compound (0.22 g, 73%) was obtained from 2-(4-hydroxyphenyl)-6-methyl-4H-chromen-4-one 642 

(1d) and 6-chloropent-1-yne according to the general procedure described above. 1H NMR (500 643 

MHz, CDCl3) δ 7.95 (s, 1 H), 7.80 (d, J=8.79 Hz, 2 H), 7.37 - 7.46 (m, 2 H), 6.95 (d, J=8.30 Hz, 644 

2 H), 6.67 (s, 1 H), 4.02 (t, J=6.10 Hz, 2 H), 2.41 (s, 3 H), 2.23 - 2.31 (m, 2 H), 1.97 (br. s., 1 H), 645 

1.86 - 1.96 (m, 2 H), 1.67 - 1.76 (m, 2 H); 13C NMR (126 MHz, CDCl3) δ 178.3, 163.1, 161.6, 646 

154.3, 134.8, 134.6, 127.8, 124.8, 123.8, 123.4, 117.6, 114.7, 105.8, 83.8, 68.7, 67.4, 28.0, 24.8, 647 

20.8, 18.0; LRMS (ESI) m/z 333 [M+H]+; HRMS (ESI) calcd for C22H21O3 [M+H]+ 333.1491, 648 

found 333.1495. 649 

4.2.6 Synthesis of 7-(Hex-5-yn-1-yloxy)-2-phenyl-4H-chromen-4-one (Ac12): This compound 650 

(0.13 g, 69%) was obtained from 7-hydroxy-2-phenyl-4H-chromen-4-one (1e) and 6-chloropent-651 

1-yne according to the general procedure described above. 1H NMR (500 MHz, CDCl3) δ 8.13 (d, 652 

J=8.79 Hz, 1 H), 7.89 - 7.94 (m, 2 H), 7.49 - 7.55 (m, 3 H), 6.95 - 7.01 (m, 2 H), 6.77 (s, 1 H), 653 

4.12 (t, J=6.34 Hz, 3 H), 2.31 (td, J=7.08, 2.44 Hz, 2 H), 1.95 - 2.04 (m, 3 H), 1.71 - 1.81 (m, 3 654 

H); 13C NMR (101 MHz, CDCl3) δ 177.63, 163.44, 162.78, 157.81, 131.72, 131.25, 128.86, 126.83, 655 

125.99, 117.63, 114.58, 107.34, 100.78, 83.71, 68.81, 67.91, 27.87, 24.79, 18.01; LRMS (ESI) 656 

m/z 319 [M+H]+; HRMS (ESI) calcd for C21H19O3 [M+H]+ 319.1334, found 319.1328. 657 

4.2.7 Synthesis of 2-(4-(Hex-5-yn-1-yloxy)phenyl)-3-((3-methoxybenzyl)oxy)-4H-chromen-4-658 

one (Ac35) : 659 

This compound (0.84 g, 54%) was obtained from 2-(4-hydroxyphenyl)-3-((3-660 

methoxybenzyl)oxy)-4H-chromen-4-one (1g) according to the general procedure described above. 661 

1H NMR (400 MHz, CDCl3) δ 8.27 (dd, J = 7.95, 1.35 Hz, 1 H), 7.99 - 8.06 (m, 2 H), 7.59 - 7.68 662 
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(m, 1 H), 7.49 (d, J = 8.56 Hz, 1 H), 7.38 (t, J = 7.58 Hz, 1 H), 7.13 - 7.21 (m, 1 H), 6.89 - 6.98 663 

(m, 4 H), 6.77 - 6.83 (m, 1 H), 5.10 (s, 2 H), 4.04 (t, J = 6.24 Hz, 2 H), 3.71 (s, 3 H), 2.29 (td, J = 664 

7.03, 2.57 Hz, 2 H), 2.00 (t, J = 2.69 Hz, 1 H), 1.90 - 1.98 (m, 2 H), 1.68 - 1.79 (m, 2 H); 13C NMR 665 

(126 MHz, CDCl3) δ 174.8, 160.8, 159.4, 156.2, 155.0, 139.1, 138.2, 133.1, 130.4, 129.1, 125.6, 666 

124.4, 124.1, 123.1, 120.9, 117.8, 114.2, 114.1, 113.5, 83.8, 73.7, 68.7, 67.3, 55.0, 28.1, 24.9,18.0; 667 

LRMS (ESI) m/z 455 [M+H]+; HRMS (ESI) calcd for C29H26O5 [M+H]+ 455.1858, found 668 

455.1853. 669 

4.2.8 Synthesis of 6-Fluoro-2-(4-(pent-4-yn-1-yloxy)phenyl)-4H-chromen-4-one (Ac42): This 670 

compound (0.11 g, 29%) was obtained from 6-fluoro-2-(4-hydroxyphenyl)-4H-chromen-4-one (1c) 671 

and 5-chlorohex-1-yne according to the general procedure described above. 1H NMR (400 MHz, 672 

CDCl3) δ 7.78 - 7.87 (m, 3H), 7.53 (dd, J = 4.16, 9.05 Hz, 1H), 7.33 - 7.43 (m, 1H), 7.00 (d, J = 673 

8.80 Hz, 2H), 6.70 (s, 1H), 4.14 (t, J = 6.11 Hz, 2H), 2.43 (dt, J = 2.45, 6.85 Hz, 2H), 2.01 - 2.07 674 

(m, 2H), 2.00 (d, J = 2.45 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 177.5, 177.4, 163.6, 161.8, 675 

160.7, 158.2, 152.4, 152.3, 128.0, 125.1, 125.0, 123.6, 121.7, 121.5, 120.0, 119.9, 114.9, 110.6, 676 

110.4, 105.4, 83.1, 69.1, 66.4, 27.9, 15.1; LRMS (ESI) m/z 323 [M+H]+; HRMS (ESI) calcd for 677 

C20H16FO3 [M+H]+ 323.1005, found 323.1007. 678 

4.3 General procedure for the synthesis of Ac6-Ac11 (Scheme 2) 679 

Excess KOH (3M solution in 96% EtOH, 3–4 equiv) was added to a mixture of 4-(hex-5-yn-1-680 

yloxy)benzaldehyde (Ac33) (1.0 equiv) and the substituted  2’-hydroxyacetophenone 3a-e (1.0 681 

equiv). The mixture was stirred at room temperature for 16 h. When TLC indicated complete 682 

consumption of starting material, the reaction mixture was acidified to pH 5 with 1M HCl at ice-683 

bath temperature. The yellow precipitate formed was collected by suction filtration. The yellow 684 
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solid was washed with n-hexane and subjected to crystallization from MeOH to afford the desired 685 

chalcones. If no precipitate was formed after the addition of 1M HCl, then the mixture was 686 

continuously extracted with DCM. The combined organic layers were dried over MgSO4, filtered, 687 

and evaporated under reduced pressure to give a crude mixture, which was subjected to flash 688 

column chromatography using 15% EtOAc in hexane as eluent to furnish the desired chalcones. 689 

4.3.1 Synthesis of (E)-3-(4-(Hex-5-yn-1-yloxy)phenyl)-1-(2-hydroxyphenyl)prop-2-en-1-one 690 

(Ac6): This compound (0.36 g, 75%) was obtained from 4-(hex-5-yn-1-yloxy)benzaldehyde (Ac33) 691 

and 2’-hydroxyacetophenone (3a) according to the general procedure described above. 1H NMR 692 

(400 MHz, CDCl3) δ 12.97 (s, 1H), 7.64 - 7.95 (m, 2H), 7.48 - 7.62 (m, 2H), 6.94 - 7.05 (m, 3H), 693 

4.09 (t, J=6.00 Hz, 2H), 2.31 - 2.35 (m, 2H), 1.93 - 2.01 (m, 3H), 1.82 - 1.85 (m, 2H); 13C NMR 694 

(100 MHz, CDCl3) δ 193.6, 163.5, 161.5, 145.4, 136.1, 131.9, 130.5, 129.5, 127.2, 120.1, 118.7, 695 

118.5, 117.5, 114.9, 114.7, 83.9, 68.8, 67.7, 28.1, 24.9, 18.1; LRMS (ESI) m/z 321 [M+H]+; 696 

HRMS (ESI) calcd for C21H21O3 [M+H]+ 321.1491, found 321.1492. 697 

4.3.2 Synthesis of (E)-1-(5-Ethyl-2-hydroxyphenyl)-3-(4-(hex-5-yn-1-yloxy)phenyl)prop-2-698 

en-1-one (Ac7): This compound (0.23 g, 61%) was obtained from 4-(hex-5-yn-1-699 

yloxy)benzaldehyde (Ac33) and 2’-hydroxy-5’-ethylacetophenone (3b) according to the general 700 

procedure described above. 1H NMR (400 MHz, CDCl3) δ 12.84 (s, 1H), 7.91 (d, J=7.20 Hz,1H), 701 

7.53 - 7.71 (m, 3H), 7.35 (dd, J=2.00, 7.20 Hz, 1H), 6.94 - 6.98 (m, 3H), 4.09 (t, J=6.00 Hz, 2H), 702 

2.63 - 2.69 (m, 2H), 1.93 - 2.01 (m, 3H), 1.74 - 1.78 (m, 2H), 1.26 (t, J=6.00 Hz, 3H); 13C NMR 703 

(100 MHz, CDCl3) δ 193.5, 161.6, 161.4, 145.1, 136.0, 134.3, 130.5, 128.1, 127.3, 119.8, 118.4, 704 

117.6, 114.9, 83.9, 68.8, 67.5, 28 .1, 24.9, 18.1, 15.9; LRMS (ESI) m/z 349 [M+H]+; HRMS (ESI) 705 

calcd for C23H25O3 [M+H]+ 349.1804, found 349.1806. 706 
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4.3.3 Synthesis of (E)-3-(4-(Hex-5-yn-1-yloxy)phenyl)-1-(2-hydroxy-5-methylphenyl)prop-2-707 

en-1-one (Ac8): This compound (0.25 g, 70%) was obtained from 4-(hex-5-yn-1-708 

yloxy)benzaldehyde (Ac33) and 2’-hydroxy-5’-methylacetophenone (3c) according to the general 709 

procedure described above. 1H NMR (400 MHz, CDCl3) δ 1.75 - 1.79 (m, 2H), 1.94 - 2.01 (m, 710 

3H), 2.29 (t, J=6.00 Hz, 2H), 2.43 (s, 3H), 4.08 (t, J=6.00 Hz, 2H), 6.95 (d, J=8.70 Hz, 2H), 7.46 711 

(d, J=15.40 Hz, 1H), 7.64 (d, J=8.70 Hz, 2H), 7.89 - 8.01 (m, 3H), 13.45 (s, 1H);13C NMR (100 712 

MHz, CDCl3) δ 192.3, 161.9, 154.7, 146.9, 137.2, 136.0, 131.0, 130.9, 128.0, 126.8, 124.2, 118.0, 713 

115.0, 83.9, 68.8, 67.5, 28.1, 24.9, 20.3, 18.1; LRMS (ESI) m/z 335 [M+H]+; HRMS (ESI) calcd 714 

for C22H23O3 [M+H]+ 335.1647, found 335.1649. 715 

4.3.4 Synthesis of (E)-3-(4-(Hex-5-yn-1-yloxy)phenyl)-1-(2-hydroxy-4-methylphenyl)prop-2-716 

en-1-one (Ac9): This compound (0.31 g, 65%) was obtained from 4-(hex-5-yn-1-717 

yloxy)benzaldehyde (Ac33) and 2’-hydroxy-4’-methylacetophenone (3d) according to the general 718 

procedure described above. 1H NMR (400 MHz, CDCl3) δ 13.02 (s, 1H), 7.92 (d, J=7.20 Hz, 2H), 719 

7.82 (d, J=7.20 Hz, 1H), 7.64 (d, J=8.00 Hz, 2H), 7.55 (d, J=7.20 Hz, 1H), 6.97 (d, J=8.00 Hz, 720 

2H), 6.85 (s, 1H), 6.78 (d, J=7.20 Hz, 1H), 4.08 (t, J=6.00 Hz, 2H), 2.39 (s, 3H), 2.30 - 2.34 (m, 721 

2H), 1.93 - 2.01 (m, 3H), 1.74 - 1.78 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 193.1, 163.7, 161.3, 722 

147.7, 144.8, 130.4, 129.4, 127.4, 120.0, 118.6, 117.9, 117.7, 114.9, 83.9, 68.7, 67.5, 28.1, 24.9, 723 

21.9, 18.1; LRMS (ESI) m/z 335 [M+H]+; HRMS (ESI) calcd for C22H23O3 [M+H]+ 335.1647, 724 

found 335.1650. 725 

4.3.5 Synthesis of (E)-1-(4-Fluoro-2-hydroxyphenyl)-3-(4-(hex-5-yn-1-yloxy)phenyl)prop-2-726 

en-1-one (Ac10): This compound (0.33 g, 69%) was obtained from 4-(hex-5-yn-1-727 

yloxy)benzaldehyde (Ac33) and 2’-hydroxy-5’-fluoroacetophenone (3e) according to the general 728 

procedure described above. 1H NMR (400 MHz, CDCl3) δ 13.37 (s, 1H), 7.89 - 7.96 (m, 2H), 7.63 729 
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(d, J=8.00 Hz, 2H), 7.47 (d, J=15.40 Hz, 1H), 6.94 (d, J=8.00 Hz, 2H), 6.64 - 6.73 (m, 4H), 4.07 730 

(t, J=6.00 Hz, 2H), 2.30 - 2.33 (m, 2H), 1.93 - 2.01 (m, 3H), 1.74 - 1.78 (m, 2H); 13C NMR (100 731 

MHz, CDCl3) δ 192.4, 166.2, 166.1, 166.0, 161.6, 145.7, 131.9, 131.7, 130.6, 127.1, 117.2, 115.0, 732 

114.7, 107.1, 106.9, 105.2, 105.0, 84.0, 68.8, 67.6, 28.1, 25.0, 18.2; LRMS (ESI) m/z 339 [M+H]+; 733 

HRMS (ESI) calcd for C21H20FO3 [M+H]+ 339.1396, found 339.1398. 734 

4.3.6 Synthesis of 2-(4-(Pent-4-yn-1-yloxy)phenyl)quinazolin-4(3H)-one (Ac11): To a well 735 

stirred solution of 4-(pent-4-yn-1-yloxy)benzaldehyde (2a) and 2-aminobenzamide (4) in DMSO 736 

at 150 oC, was added catalytic amount of iodine. The reaction mixture was further heated for 3 h. 737 

When TLC indicated complete consumption of starting material, the reaction mixture was poured 738 

into a beaker containing water ice-bath temperature. The white precipitate formed was collected 739 

by suction filtration. The white solid was washed with n-hexane and subjected to crystallization 740 

from MeOH to afford the desired compound Ac11 (0.33 g, 65%). 1H NMR (400 MHz, DMSO-d6) 741 

δ 12.38 (s, 1H), 8.10 - 8.17 (m, 3H), 7.78 (dd, J=7.60, 7.60Hz, 1H), 7.68 (d, J=7.60 Hz, 1H), 7.46 742 

(dd, J=7.60, 7.60Hz, 1H), 7.06 (d, J=8.80 Hz, 2H), 4.10 (t, J=6.00 Hz, 2H), 2.81 (s, 1H), 2.31 - 743 

2.35 (m, 2H), 1.87 - 1.93 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 162.8, 161.5, 152.3, 134.9, 744 

129.9, 127.6, 126.5, 126.2, 125.3, 121.1, 114.8, 84.0, 72.1, 66.7, 28.0, 14.9; LRMS (ESI) m/z 305 745 

[M+H]+; HRMS (ESI) calcd for C19H17N2O2 [M+H]+ 305.1290, found 305.1296. 746 

4.3.7 Synthesis of 2-Phenyl-7-(2-(prop-2-yn-1-yloxy)ethoxy)-4H-chromen-4-one (Ac13): To a 747 

round-bottom flask was charged with corresponding 7-hydroxyflavones 1e (0.021 mol, 5 g), 2-748 

bromoethanol (0.022 mol, 1.6 mL), K2CO3 (0.021 mol, 2.9 g) and anhydrous DMF (20 mL). The 749 

reaction mixture was stirred at refluxing temperature for 3 h. The reaction mixture was poured into 750 

a beaker containing ice water followed by filtration and washing (50 mL hexane). This (3.2 g, 54%) 751 

was used without further purification. The obtained compound (7.1 mmol, 2 g) was then dissolved 752 
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in anhydrous THF (10 mL). To this solution at room temperature, was added excess sodium 753 

hydride (8.5 mmol, 0.2 g) and propargyl bromide (80% in xylene) (7.1 mmol, 0.79 mL) solution 754 

successively at 0 oC for 1 hr. The reaction mixture was then stirred for 3 h at RT. When TLC 755 

indicated complete consumption of starting material, the reaction mixture was poured into a 756 

separating funnel containing water. The mixture was continuously extracted with DCM. The 757 

combined organic layers were dried over MgSO4, filtered and evaporated to give a brown crude 758 

reaction mixture. Purification was performed by flash column chromatography on silica gel with 759 

acetone in DCM (1:10) as eluent to furnish titled compound (1.7 g, 75%). 1H NMR (500 MHz, 760 

CDCl3) δ 8.15 (d, J=8.79 Hz, 1 H), 7.88 - 7.94 (m, 2 H), 7.49 - 7.57 (m, 3 H), 7.03 (dd, J=8.79, 761 

2.44 Hz, 1 H), 7.00 (d, J=2.44 Hz, 1 H), 6.78 (s, 1 H), 4.24 - 4.33 (m, 4 H), 3.97 - 3.99 (m, 2 H), 762 

2.49 (t, J=2.44 Hz, 1 H); 13C NMR (101 MHz, CDCl3) δ 177.5, 163.1, 162.8, 157.7, 131.6, 131.2, 763 

128.8, 126.8, 126.0, 117.8, 114.6, 107.3, 101.0, 79.1, 74.9, 67.7, 58.5; LRMS (ESI) m/z 321 764 

[M+H]+; HRMS (ESI) calcd for C20H17O4 [M+H]+ 321.1127, found 321.1121.  765 

4.3.8 N-Benzyl-N,N-di(prop-2-yn-1-yl)amine (Ac15): This compound was commercially 766 

available. 767 

4.3.9 Synthesis of 7-(2-(Benzyl(prop-2-yn-1-yl)amino)ethoxy)-2-phenyl-4H-chromen-4-one 768 

(Ac16): To a well stirred solution of 7-hydroxyflavones 1e (2.9 mmol, 0.7 g), 2-(benzyl(prop-2-769 

yn-1-yl)amino)ethanol (2.9 mmol, 0.56 g) and PPh3 (0.77 g, 1equiv.) in THF (10 mL) at room 770 

temperature, was added DIAD (0.58 mL, 1 equiv.) dropwise. The reaction mixture was then stirred 771 

for 12 h. The reaction mixture was evaporated to give a brown crude reaction mixture. Purification 772 

was performed by flash column chromatography on silica gel with acetone in DCM (1:50) as eluent 773 

to furnish titled compound (0.42g, 35%). 1H NMR (500 MHz, CDCl3) δ 8.13 (d, J=8.78 Hz, 1 H), 774 

7.88 - 7.93 (m, 2 H), 7.50 - 7.55 (m, 3 H), 7.37 - 7.40 (m, 2 H), 7.31 - 7.35 (m, 2 H), 7.27 - 7.29 775 
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(m, 1 H), 6.95 - 7.01 (m, 2 H), 6.77 (s, 1 H), 4.21 (t, J=5.61 Hz, 2 H), 3.79 (s, 2 H), 3.48 (d, J=2.44 776 

Hz, 2 H), 3.07 (t, J=5.61 Hz, 2 H), 2.30 (t, J=2.20 Hz, 1 H); 13C NMR (101 MHz, CDCl3) δ 177.8, 777 

163.2, 163.0, 157.9, 131.8, 131.3, 129.1, 128.9, 128.4, 127.4, 127.0, 126.1, 117.9, 114.7, 107.5, 778 

101.1, 70.0, 67.2, 58.5, 51.7, 42.6; LRMS (ESI) m/z 410 [M+H]+; HRMS (ESI) calcd for 779 

C27H24NO3 [M+H]+ 410.1756, found 410.1750. 780 

4.3.10 Tris(prop-2-yn-1-yl)amine (Ac17): This compound was commercially available. 781 

4.3.11 2-(But-3-yn-1-yl)isoindoline-1,3-dione (Ac19): This compound was commercially 782 

available. 783 

 4.3.12 1,3-Diethynylbenzene (Ac22): This compound was commercially available. 784 

4.3.13  1,4-Diethynylbenzene (Ac23): This compound was commercially available. 785 

4.3.14 N-(Prop-2-yn-1-yl)aniline (Ac27): This compound was obtained from aniline (4a) as 786 

described.42 787 

4.3.15 1,4-Di(prop-2-yn-1-yl)piperazine (Ac29): This compound was obtained from piperazine 788 

(4b) as described.43 789 

4.3.16 N1,N2-Dimethyl-N1,N2-di(prop-2-yn-1-yl)ethane-1,2-diamine (Ac31): This compound 790 

was obtained from N1,N2-dimethylethane-1,2-diamine (4c) as described.44 791 

4.3.17 4-(Hex-5-yn-1-yloxy)benzaldehyde (Ac33): This compound was obtained from 4-792 

hydroxybenzaldehyde (4d) as described.45 793 

4.4 General procedure for synthesis of Az1-Az5, Az7, Az10, Az11-Az13, Az17 and Az18 794 

(Scheme 5). 795 
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      To a round-bottom flask was charged with 4’-hydroxyflavones (1a, d, f, g, h, i) or 7-796 

hydroxyflavones (1e) (1 equiv.), 2-bromoethanol or 2-(2-chloroethoxy)ethanol or 2-(2-(2-797 

chloroethoxy)ethoxy)ethanol (1.2 equiv.), K2CO3 (1.5 equiv.) and DMF (3 mL per equiv.). The 798 

reaction mixture was stirred at refluxing temperature. When TLC indicated complete consumption 799 

of starting material, the reaction mixture was poured into a separating funnel containing water. 800 

The mixture was continuously extracted with DCM. If the mixture could not be separated into two 801 

layers, small amount of 1M HCl was added. The combined organic layers were dried over MgSO4, 802 

filtered and evaporated to give a brown crude reaction mixture. Purification was performed by 803 

flash column chromatography on silica gel with acetone in DCM as eluent to furnish desired 804 

product. 805 

      The hydroxylated flavone obtained from above was then dissolved in a solution of DCM (1 806 

mL per equiv.) and triethylamine (1 mL per equiv.) at 0 oC.  Methanesulfonyl chloride (1.2 equiv.) 807 

was then added dropwise and stirred for 1 hr at room temperature. When TLC indicated complete 808 

consumption of the starting material, the white precipitate formed was removed by passing through 809 

a short pad of silica gel to furnish the mesylated product which was sufficiently pure for the next 810 

step. To a solution of the mesylate in ACN (2 mL per equiv.) was added excess of sodium azide 811 

(3 equiv.). The solution was kept for reflux at 80 °C for 15 h. The resulting solution was treated 812 

with water and then extracted with DCM. The combined organic layer was dried over MgSO4 and 813 

concentrated at reduced pressure to give pale yellow viscous liquid. Purification was performed 814 

by flash column chromatography on silica gel with acetone in DCM as eluent to furnish desired 815 

product. 816 

4.4.1 Synthesis of 2-(4-(2-(2-Azidoethoxy)ethoxy)phenyl)-4H-chromen-4-one (Az1): This 817 

compound (0.62 g, 45%) was obtained from 2-(4-hydroxyphenyl)-4H-chromen-4-one (1a) and 2-818 
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(2-chloroethoxy)ethanol according to the general procedure (i) and (ii) described above. 1H NMR 819 

(400 MHz, CDCl3) δ 8.05 (dd, J=7.60, 1.60 Hz, 1H), 7.68 (d, J=8.80 Hz, 2H), 7.53 (ddd, J=7.60, 820 

7.20, 1.60 Hz, 1H), 7.37 (d, J=8.40 Hz, 1H), 7.26 (dd, J=7.60, 7.20 Hz, 1H), 6.86 (d, J=8.80 Hz, 821 

2H), 6.56 (s, 1H), 4.06 (t, J=4.80 Hz, 2H), 3.77 (t, J=4.80 Hz, 2H), 3.65 (t, J=4.80 Hz, 2H), 3.32 822 

(t, J=4.80 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 178.0, 163.0, 161.4, 155.9, 133.4, 127.7, 125.3, 823 

124.9, 123.8, 123.6, 117.8, 114.8, 105.8, 70.1, 69.3, 67.4, 50.5; LRMS (ESI) m/z 352 [M+H]+; 824 

HRMS (ESI) calcd for C19H18N3O4 [M+H]+ 352.1297, found 352.1295.  825 

4.4.2 Synthesis of 2-(4-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)phenyl)-4H-chromen-4-one 826 

(Az2): This compound (0.36 g, 41%) was obtained from 2-(4-hydroxyphenyl)-4H-chromen-4-one 827 

(1a) and 2-(2-(2-chloroethoxy)ethoxy)ethanol according to the general procedure (i) and (ii) 828 

described above. 1H NMR (500 MHz, CDCl3) δ 8.23 (d, J=7.81 Hz, 1 H), 7.88 (d, J=10 Hz, 2 H), 829 

7.66 - 7.71 (m, 1 H), 7.55 (d, J=8.30 Hz, 1 H), 7.41 (t, J=7.57 Hz, 1 H), 7.05 (d, J=10 Hz, 2 H), 830 

6.75 (s, 1 H), 4.20 - 4.25 (m, 2 H), 3.91-3.93 (m, 2 H), 3.74 - 3.78 (m, 2 H), 3.68 - 3.73 (m, 4 H), 831 

3.40 (t, J=5.12 Hz, 2 H); 13C NMR (126 MHz, CDCl3) δ 178.1, 163.2, 163.1, 161.5, 156.0, 133.4, 832 

127.8, 125.4, 124.9, 123.9, 123.7, 117.8, 114.9, 106.0, 70.7, 70.6, 69.9, 69.5, 67.5, 50.5; LRMS 833 

(ESI) m/z 396 [M+H]+, 418 [M+Na]+; HRMS (ESI) calcd for C21H22N3O5 [M+H]+ 396.1559, 834 

found 396.1544; calcd for C21H21N3O5Na [M+Na]+ 418.1379, found 418.1378. 835 

4.4.3 Synthesis of 2-(4-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)phenyl)-6-methyl-4H-chromen-836 

4-one (Az3): This compound (0.21 g, 36%) was obtained from 2-(4-hydroxyphenyl)-6-methyl-837 

4H-chromen-4-one (1d) and 2-(2-(2-chloroethoxy)ethoxy)ethanol according to the general 838 

procedure (i) and (ii) described above. 1H NMR (500 MHz, CDCl3) δ 7.85 (s, 1 H), 7.71 (d, J=10.0 839 

Hz, 2 H), 7.26 - 7.38 (m, 2 H), 6.90 (d, J=10.0 Hz, 2 H), 6.57 (s, 1 H), 4.09 (t, J=4.64 Hz, 2 H), 840 

3.80 (t, J=4.64 Hz, 2 H), 3.64 - 3.69 (m, 2 H), 3.58 - 3.64 (m, 4 H), 3.30 (t, J=4.88 Hz, 2 H), 2.33 841 
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(s, 3 H); 13C NMR (126 MHz, CDCl3) δ 177.9, 162.7, 161.2, 154.0, 134.6, 134.3, 127.5, 124.5, 842 

123.8, 123.1, 117.4, 114.6, 105.5, 77.2, 76.9, 76.7, 70.5, 70.4, 69.7, 69.3, 67.3, 50.3, 20.5; LRMS 843 

(ESI) m/z 410 [M+H]+, 432 [M+Na]+; HRMS (ESI) calcd for C22H24N3O5 [M+H]+ 410.1716, 844 

found 410.1709; calcd for C22H23N3O5Na [M+Na]+ 432.1535, found 432.1544.  845 

4.4.4 Synthesis of 2-(4-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)phenyl)-6-fluoro-4H-chromen-4-846 

one (Az4): This compound (0.23 g, 31%) was obtained from 6-fluoro-2-(4-hydroxyphenyl)-4H-847 

chromen-4-one (1f) and 2-(2-(2-chloroethoxy)ethoxy)ethanol according to the general procedure 848 

(i) and (ii) described above. 1H NMR (500 MHz, CDCl3) δ 7.84 - 7.89 (m, 3 H), 7.53 - 7.58 (m, 1 849 

H), 7.40 (ddd, J=9.03, 7.57, 2.93 Hz, 1 H), 7.05 (d, J=10.0 Hz, 2 H), 4.20 - 4.24 (m, 2 H), 6.73 (s, 850 

1 H), 3.90 - 3.93 (m, 2 H), 3.74 - 3.78 (m, 2 H), 3.67 - 3.72 (m, 4 H), 3.39 (t, J=4.88 Hz, 2 H); 13C 851 

NMR (126 MHz, CDCl3) δ 176.8 (d, J=2.50Hz, C4), 163.1, 161.4, 159.6 (d, J=244.88 Hz, C6), 852 

151.9 (d, J=1.25Hz, C9), 127.5, 124.7 (d, J=7.25Hz, C10), 123.2, 121.2 (d, J=25.63Hz, C7), 119.7 853 

(d, J=8.25Hz, C8), 114.7, 110.0 (d, J=23.25Hz, C5), 104.9, 70.5, 70.3, 69.7, 69.7, 69.2, 67.3, 50.3; 854 

LRMS (ESI) m/z 414 [M+H]+, 436 [M+Na]+; HRMS (ESI) calcd for C21H21N3O5F [M+H]+ 855 

414.1465, found 414.1472; calcd for C21H20N3O5FNa [M+Na]+ 436.1285, found 436.1299. 856 

4.4.5 Synthesis of 2-(4-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)phenyl)-3-(benzyloxy)-4H-857 

chromen-4-one (Az5): This compound (0.17 g, 32%) was obtained from 3-(benzyloxy)-2-(4-858 

hydroxyphenyl)-4H-chromen-4-one (1g) and 2-(2-(2-chloroethoxy)ethoxy)ethanol according to 859 

the general procedure (i) and (ii) described above. 1H NMR (500 MHz, CDCl3) δ 8.18 (d, J=10.0 860 

Hz, 1 H), 7.95 (d, J=10.0 Hz, 2 H), 7.50 - 7.55 (m, 1 H), 7.38 (d, J=8.30 Hz, 1 H), 7.32-7.34 (m, 861 

2 H), 7.28 (t, J=7.50 Hz, 1 H), 7.17 - 7.24 (m, 3 H), 6.89 (d, J=10.0 Hz, 2 H), 5.05 (s, 2 H), 4.06 - 862 

4.12 (m, 2 H), 3.77 - 3.83 (m, 2 H), 3.64 - 3.69 (m, 2 H), 3.56 - 3.64 (m, 4 H), 3.29 (t, J=4.88 Hz, 863 

2 H); 13C NMR (126 MHz, CDCl3) δ 174.3, 160.2, 155.6, 154.6, 138.8, 136.4, 132.7, 130.0, 128.3, 864 
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127.8, 127.6, 125.1, 124.1, 123.7, 122.9, 117.4, 113.9, 73.3, 70.4, 70.2, 69.6, 69.1, 67.1, 50.2; 865 

LRMS (ESI) m/z 502 [M+H]+, 524 [M+Na]+; HRMS (ESI) calcd for C28H28N3O6 [M+H]+ 866 

502.1978, found 502.1989; calcd for C28H27N3O6Na [M+Na]+ 524.1798, found 524.1797.  867 

4.4.6 Synthesis of 2-(4-(2-(2-Azidoethoxy)ethoxy)phenyl)-6-fluoro-4H-chromen-4-one (Az7): 868 

This compound (0.18 g, 37%) was obtained from 6-fluoro-2-(4-hydroxyphenyl)-4H-chromen-4-869 

one (1f) and 2-(2-chloroethoxy)ethanol according to the general procedure (i) and (ii) described 870 

above. 1H NMR (500 MHz, CDCl3) δ 7.81 - 7.88 (m, 3 H), 7.54 (dd, J=9.03, 4.15 Hz, 1 H), 7.35 871 

- 7.42 (m, 1 H), 7.03 (d, J=9.0, 2 H), 6.71 (s, 1 H), 4.19 - 4.24 (m, 2 H), 3.88 - 3.93 (m, 2 H), 3.73 872 

- 3.79 (m, 2 H), 3.42 (t, J=4.88 Hz, 2 H); 13C NMR (126 MHz, CDCl3) δ 177.1, 177.0, 163.2, 873 

161.4, 159.2 (d, J=244.88 Hz, C6), 152.0, 127.7, 124.8 (d, J=7.83Hz, C10), 123.5, 121.3 (d, 874 

J=25.13Hz, C7), 119.8 (d, J=8.25Hz, C8), 114.8, 110.2 (d, J=23.75Hz, C5), 105.1, 70.0, 69.3, 875 

67.4, 50.4; LRMS (ESI) m/z 370 [M+H]+; HRMS (ESI) calcd for C19H17N3O4F [M+H]+ 370.1203, 876 

found 370.1218.  877 

4.4.7 Synthesis of 2-(4-(2-(2-Azidoethoxy)ethoxy)phenyl)-3-(benzyloxy)-4H-chromen-4-one 878 

(Az10): This compound (0.23 g, 31%) was obtained from 3-(benzyloxy)-2-(4-hydroxyphenyl)-879 

4H-chromen-4-one (1g) and 2-(2-chloroethoxy)ethanol according to the general procedure (i) and 880 

(ii) described above. 1H NMR (500 MHz, CDCl3) δ 8.29 (d, J=7.81 Hz, 1 H), 8.04 (d, J=8.79 Hz, 881 

2 H), 7.67 (t, J=7.81 Hz, 1 H), 7.52 (d, J=8.30 Hz, 1 H), 7.34 - 7.44 (m, 3 H), 7.26-7.28 (m, 3 H), 882 

6.99 (d, J=8.79 Hz, 2 H), 5.12 (s, 2 H), 4.22-4.24 (m, 2 H), 3.91-3.93 (m, 2 H), 3.77-3.79 (m, 2 H), 883 

3.43-3.45 (m, 2 H); 13C NMR (126 MHz, CDCl3) δ 174.6, 160.3, 155.9, 154.9, 139.1, 136.6, 133.0, 884 

130.3, 128.6, 128.0, 127.8, 125.4, 124.3, 123.9, 123.3, 117.7, 114.1, 73.7, 70.0, 69.3, 67.3, 50.4; 885 

LRMS (ESI) m/z 458 [M+H]+, 480 [M+Na]+; HRMS (ESI) calcd for C26H24N3O5 [M+H]+ 886 

458.1716, found 458.1738; calcd for C26H23N3O5Na [M+Na]+ 480.1535, found 480.1527.  887 
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4.4.8 Synthesis of 7-(2-(2-Azidoethoxy)ethoxy)-2-phenyl-4H-chromen-4-one (Az11): This 888 

compound (0.12 g, 32%) was obtained from 7-hydroxy-2-phenyl-4H-chromen-4-one (1e) and 2-889 

(2-chloroethoxy)ethanol according to the general procedure (i) and (ii) described above. 1H NMR 890 

(500 MHz, CDCl3) δ 8.14 (d, J=8.30 Hz, 1 H), 7.88 - 7.93 (m, 2 H), 7.49 - 7.56 (m, 3 H), 6.99 - 891 

7.04 (m, 2 H), 6.79 (s, 1 H), 4.27 (t, J=5.0 Hz, 2 H), 3.93 (t, J=5.0 Hz, 2 H), 3.78 (t, J=5.0 Hz, 2 892 

H), 3.43 (t, J=5.0 Hz, 2 H); 13C NMR (101 MHz, CDCl3) δ 177.2, 162.8, 162.5, 157.3, 131.2, 893 

131.0, 128.6, 126.4, 125.6, 117.5, 114.3, 106.9, 100.7, 69.9, 69.0, 67.6, 50.3; LRMS (ESI) m/z 894 

352 [M+H]+; HRMS (ESI) calcd for C19H18N3O4 [M+H]+ 352.1297, found 352.1288.  895 

4.4.9 Synthesis of 7-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)-2-phenyl-4H-chromen-4-one 896 

(Az12): This compound (0.14 g, 38%) was obtained from 7-hydroxy-2-phenyl-4H-chromen-4-one 897 

(1e) and 2-(2-(2-chloroethoxy)ethoxy)ethanol according to the general procedure (i) and (ii) 898 

described above. 1H NMR (500 MHz, CDCl3) δ 8.13 (d, J=8.78 Hz, 1 H), 7.88 - 7.93 (m, 2 H), 899 

7.49 - 7.56 (m, 3 H), 6.98 - 7.04 (m, 2 H), 6.77 (s, 1 H), 4.26 (t, J=5.0 Hz, 2 H), 3.93 - 3.95 (m, 2 900 

H), 3.75 - 3.78 (m, 2 H), 3.67 - 3.72 (m, 4 H), 3.39 (t, J=4.88 Hz, 2 H); 13C NMR (101 MHz, 901 

CDCl3) δ 177.6, 163.2, 162.8, 157.7, 131.6, 131.2, 128.8, 126.8, 125.9, 117.7, 114.6, 107.2, 101.0, 902 

70.7, 70.5, 69.9, 69.3, 67.9, 50.5; LRMS (ESI) m/z 396 [M+H]+; HRMS (ESI) calcd for 903 

C21H22N3O5 [M+H]+ 396.1559, found 396.1544.  904 

4.4.10 Synthesis of 7-(2-Azidoethoxy)-2-phenyl-4H-chromen-4-one (Az13): This compound 905 

(0.11 g, 29%) was obtained from 7-hydroxy-2-phenyl-4H-chromen-4-one (1e) and 2-906 

bromoethanol according to the general procedure (i) and (ii) described above. 1H NMR (500 MHz, 907 

CDCl3) δ 8.11 - 8.19 (m, 1 H), 7.85 - 7.93 (m, 2 H), 7.47 - 7.56 (m, 3 H), 6.96 - 7.05 (m, 2 H), 908 

6.74 - 6.80 (m, 1 H), 4.26 (t, J=4.64 Hz, 2 H), 3.68 (t,  J=4.88 Hz, 2 H);  13C NMR (101 MHz, 909 

CDCl3) δ 177.7, 163.1, 162.6, 157.8, 131.7, 131.4, 129.0, 127.3, 126.1, 118.3, 114.3, 107.5, 101.3, 910 
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67.4, 49.9; LRMS (ESI) m/z 308 [M+H]+; HRMS (ESI) calcd for C17H14N3O3 [M+H]+ 308.1035, 911 

found 308.1037.  912 

4.4.11 Synthesis of 2-(4-(2-(2-Azidoethoxy)ethoxy)phenyl)-3-((3-methoxybenzyl)oxy)-4H-913 

chromen-4-one (Az17) : The titled compound (0.84 g, 54%) was obtained from 2-(4-914 

hydroxyphenyl)-3-((3-methoxybenzyl)oxy)-4H-chromen-4-one (1g) and 2-(2-915 

chloroethoxy)ethanol according to the general procedure (i) and (ii) described above. 1H NMR 916 

(500 MHz, CDCl3) δ 8.28 (dd, J = 1.71, 8.05 Hz, 1H), 8.00 - 8.06 (m, 2H), 7.66 (ddd, J = 1.95, 917 

7.08, 8.54 Hz, 1H), 7.51 (d, J = 8.79 Hz, 1H), 7.40 (ddd, J = 0.98, 7.08, 8.05 Hz, 1H), 7.18 (t, J = 918 

7.81 Hz, 1H), 6.99 - 7.01 (m, 1H), 6.97 - 6.99 (m, 1H), 6.90 - 6.94 (m, 2H), 6.78 - 6.83 (m, 1H), 919 

5.11 (s, 2H), 4.20 - 4.23 (m, 2H), 3.91 (dd, J = 4.15, 5.61 Hz, 2H), 3.75 - 3.79 (m, 2H), 3.72 (s, 920 

3H), 3.44 (t, J = 4.88 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 174.8, 160.4, 159.4, 156.1, 155.0, 921 

139.1, 138.1, 133.1, 130.4, 129.0, 125.5, 124.4, 124.0, 123.4, 120.9, 117.8, 114.2, 114.1, 113.6, 922 

73.7, 70.2, 69.5, 67.4, 55.0, 50.6; LRMS (ESI) m/z 488 [M+H]+; HRMS (ESI) calcd for 923 

C27H26N3O6 [M+H]+ 488.1822, found 488.1819. 924 

4.4.12 Synthesis of 2-(3-(2-(2-Azidoethoxy)ethoxy)phenyl)-3-(benzyloxy)-4H-chromen-4-one 925 

(Az18): This compound (0.26 g, 26%) was obtained from 3-(benzyloxy)-2-(3-hydroxyphenyl)-926 

4H-chromen-4-one (1i) and 2-(2-chloroethoxy)ethanol according to the general procedure (i) and 927 

(ii) described above. 1H NMR (500 MHz, CDCl3) δ 8.29 (dd, J = 7.81, 1.46 Hz, 1 H), 7.66 - 7.72 928 

(m, 1 H), 7.63 (dt, J = 8.05, 1.10 Hz, 1 H), 7.60 (dd, J = 2.44, 1.46 Hz, 1 H), 7.53 (d, J = 7.81 Hz, 929 

1 H), 7.39 - 7.45 (m, 1 H), 7.36 - 7.39 (m, 1 H), 7.31 - 7.36 (m, 2 H), 7.24 - 7.28 (m, 4 H), 7.06 930 

(dt, J = 8.30, 1.46 Hz, 1 H), 5.14 (s, 2 H), 4.03 - 4.06 (m, 2 H), 3.82 - 3.85 (m, 2 H), 3.73 - 3.76 931 

(m, 2 H), 3.40 - 3.44 (m, 2 H); 13C NMR (101 MHz, CDCl3) δ 175.0, 158.4, 155.8, 155.1, 140.0, 932 

136.6, 133.3, 132.0, 129.2, 128.7, 128.1, 128.0, 128.0, 125.6, 124.6, 124.0, 121.3, 117.9, 117.5, 933 
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114.5, 74.1, 70.1, 69.5, 67.4, 50.6; LRMS (ESI) m/z 458 [M+H]+; HRMS (ESI) calcd for 934 

C26H24N3O5 [M+H]+ 458.1716, found 458.1731. 935 

4.5 General procedure for the synthesis of triazole bridged flavonoid dimers catalyzed by 936 

Cu(I). The Cu(PPh3)3Br catalyst (MW=929) (0.05 mmol), prepared according to literature,46 was 937 

added to a THF solution (2 mL) containing the azide (Az, 0.1 mmol) and the alkyne (Ac, 0.1 mmol). 938 

The reaction mixture was stirred overnight under reflux condition. The crude residue was purified 939 

by flash chromatography on silica gel using gradient of 10-50% of acetone with CH2Cl2 to afford 940 

the desired compound. 941 

4.5.1 Synthesis of 2-(4-(3-(1-(2-(2-(4-(4-Oxo-4H-chromen-2-yl)phenoxy)ethoxy)ethyl)-1H-942 

1,2,3-triazol-4-yl)propoxy)phenyl)-4H-chromen-4-one (Ac1Az1): This compound (90 mg) was 943 

obtained from Ac1 and Az1 in 81% yield according to the general procedure described above. 1H 944 

NMR (400 MHz, CDCl3) δ 8.08 (dd, J=7.20, 7.20 Hz, 2H), 7.74 (d, J=8.40 Hz, 2H), 7.69 (d, 945 

J=8.40 Hz, 2H), 7.55 - 7.56 (m, 2H), 7.48 (s, 1H), 7.39 (dd, J=7.20, 7.20 Hz, 2H), 7.25 - 7.28 (m, 946 

2H), 6.89 (d, J=8.40 Hz, 2H), 6.85 (d, J=8.40 Hz, 2H), 6.60 (s, 1H), 6.57 (s, 1H), 4.50 (t, J=6.40 947 

Hz, 2H), 4.04 (t, J=6.40 Hz, 2H), 3.87 - 3.96 (m, 4H), 3.75 (t, J=6.40 Hz, 2H), 2.82 (t, J=6.40 Hz, 948 

2H), 2.08 (t, J=6.40 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 178.1, 178.0, 163.1, 162.9, 161.6, 949 

161.2, 155.9, 146.8, 133.4, 127.8, 127.8, 125.3, 124.9, 124.0, 123.7, 123.5, 122.1, 117.8, 117.8, 950 

114.8, 114.7, 105.9, 105.8, 69.7, 69.4, 67.3, 67.0, 50.0, 28.6, 21.9; LRMS (ESI) m/z 656 [M+H]+; 951 

HRMS (ESI) calcd for C39H34N3O7 [M+H]+ 656.2397, found 656.2394. 952 

4.5.2 Synthesis of 7-(3-(1-(2-(2-(4-(4-Oxo-4H-chromen-2-yl)phenoxy)ethoxy)ethyl)-1H-1,2,3-953 

triazol-4-yl)propoxy)-2-phenyl-4H-chromen-4-one (Ac2Az1): This compound (82 mg) was 954 

obtained from Ac2 and Az1 in 85% yield according to the general procedure described above. 1H 955 
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NMR (400 MHz, CDCl3) δ 8.01 (d, J=7.20 Hz, 1H), 7.99 (d, J=7.20 Hz, 1H), 7.74 - 7.79 (m, 4H), 956 

7.50 (dd, J=7.20, 7.20 Hz, 1H), 7.49 (s, 1H), 7.38 - 7.42 (m, 4H), 7.28 (dd, J=7.20, 7.20 Hz, 1H), 957 

6.81 - 6.91 (m, 4H), 6.63 (s, 1H), 6.61 (s, 1H), 4.51 (t, J=6.40 Hz, 2H), 3.99 - 4.06 (m, 4H), 3.89 958 

(t, J=6.40 Hz, 2H), 3.76 (t, J=6.40 Hz, 2H), 2.84 (t, J=6.40 Hz, 2H), 2.13 (t, J=6.40 Hz, 2H); 13C 959 

NMR (100 MHz, CDCl3) δ 178.1, 177.6, 163.3, 162.9, 162.8, 161.2, 157.7, 155.9, 146.6, 133.5, 960 

131.5, 131.3, 128.9, 127.8, 126.7, 125.9, 125.3, 125.0, 124.1, 123.7, 122.1, 117.8, 117.5, 114.8, 961 

114.5, 107.2, 106.0, 100.8, 69.7, 69.4, 67.5, 67.3, 50.0, 28.5, 21.9; LRMS (ESI) m/z 656 [M+H]+; 962 

HRMS (ESI) calcd for C39H34N3O7 [M+H]+ 656.2397, found 656.2401. 963 

4.5.3 Synthesis of 6-Fluoro-2-(4-(2-(2-(2-(4-(3-((4-oxo-2-phenyl-4H-chromen-7-964 

yl)oxy)propyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)phenyl)-4H-chromen-4-one 965 

(Ac2Az4): This compound (64 mg) was obtained from Ac2 and Az4 in 72% yield according to 966 

the general procedure described above. 1H NMR (600 MHz, CDCl3) δ 8.11 (d, J = 8.80 Hz, 1H), 967 

7.88 (d, J = 5.87 Hz, 2H), 7.80 - 7.85 (m, 3H), 7.49 - 7.56 (m, 5H), 7.36 - 7.42 (m, 1H), 7.01 (d, J 968 

= 8.80 Hz, 2H), 6.90 - 6.98 (m, 2H), 6.75 (s, 1H), 6.70 (s, 1H), 4.57 (br. s., 2H), 4.18 (br. s., 2H), 969 

4.11 (br. s., 2H), 3.92 (br. s., 2H), 3.82 - 3.87 (m, 2H), 3.68 - 3.72 (m, 2H), 3.62 - 3.68 (m, 3H), 970 

2.94 (br. s., 2H), 2.27 (br. s., 2H); 13C NMR (151 MHz, CDCl3) δ 177.7, 177.4, 163.4, 163.4, 162.9, 971 

161.5, 160.3, 158.6, 157.9, 152.2, 131.6, 131.4, 128.9, 128.0, 126.9, 126.1, 125.0, 125.0, 123.8, 972 

121.7, 121.5, 120.0, 119.9, 117.7, 114.9, 114.7, 110.6, 110.4, 107.3, 105.4, 100.8, 70.7, 70.4, 69.4, 973 

67.5, 53.7, 31.7, 30.9, 29.2, 21.9; LRMS (ESI) m/z 740 [M+Na]+; HRMS (ESI) calcd for 974 

C41H37N3O8F [M+H]+ 718.2559, found 718.2556; calcd for C41H36N3O8Na [M+Na]+ 740.2379, 975 

found 740.2381. 976 

4.5.4 Synthesis of 7-(3-(1-(2-(2-((4-oxo-2-phenyl-4H-chromen-7-yl)oxy)ethoxy)ethyl)-1H-977 

1,2,3-triazol-4-yl)propoxy)-2-phenyl-4H-chromen-4-one (Ac2Az11): This compound (50 mg) 978 
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was obtained from Ac2 and Az11 in 69% yield according to the general procedure described above. 979 

1H NMR (600 MHz, CDCl3) δ 8.17 (d, J = 7.34 Hz, 1H), 8.11 (d, J = 8.80 Hz, 1H), 7.89 (d, J = 980 

7.34 Hz, 4H), 7.49 - 7.66 (m, 7H), 7.00 (d, J = 7.34 Hz, 1H), 6.94 (s, 1H), 6.96 (s, 2H), 6.75 - 6.82 981 

(m, 2H), 4.63 (br. s., 2H), 4.21 (br. s., 2H), 4.14 (br. s., 2H), 4.02 (br. s., 2H), 3.89 (br. s., 2H), 982 

3.00 (br. s., 2H), 2.28 (br. s., 2H);13C NMR (151 MHz, CDCl3) δ 177.8, 177.7, 163.4, 163.1, 163.1, 983 

163.0, 157.9, 157.8, 131.7, 131.7, 131.6, 131.6, 131.5, 131.5, 129.0, 127.3, 127.0, 126.2, 126.2, 984 

126.1, 118.1, 117.7, 114.8, 114.8, 114.5, 107.5, 107.4, 101.2, 101.0, 101.0, 69.7, 69.5, 67.8, 67.6, 985 

28.5, 21.8; LRMS (ESI) m/z 678 [M+Na]+; HRMS (ESI) calcd for C39H34N3O7 [M+H]+ 656.2390, 986 

found 656.2412; calcd for C39H33N3O7Na [M+Na]+ 678.2216, found 678.2238. 987 

4.5.5 Synthesis of 7-Fluoro-2-(4-(3-(1-(2-(2-(4-(4-oxo-4H-chromen-2-yl)phenoxy)ethoxy)-988 

ethyl)-1H-1,2,3-triazol-4-yl)propoxy)phenyl)-4H-chromen-4-one (Ac3Az1): This compound 989 

(92 mg) was obtained from Ac3 and Az1 in 91% yield according to the general procedure described 990 

above. 1H NMR (400 MHz, CDCl3) δ 8.06 - 8.09 (m, 2H), 7.74 (d, J=8.20 Hz, 2H), 7.65 (d, J=8.20 991 

Hz, 2H), 7.55 (dd, J=7.20, 7.20 Hz, 1H), 7.48 (s, 1H), 7.48 (d, J=7.40 Hz, 1H), 7.25 - 7.27 (m, 992 

2H), 6.98 - 7.02 (m, 2H), 6.89 (d, J=8.20 Hz, 2H), 6.84 (d, J=8.20 Hz, 2H), 6.59 (s, 1H), 6.53 (s, 993 

1H), 4.51 (t, J=6.40 Hz, 2H), 4.05 (t, J=6.40 Hz, 2H), 3.95 (t, J=6.40 Hz, 2H), 3.89 (t, J=4.80 Hz, 994 

2H), 3.76 (t, J=4.80 Hz, 2H), 2.82 (t, J=6.40 Hz, 2H), 2.09 (t, J=6.40 Hz, 2H); 13C NMR (100 995 

MHz, CDCl3) δ 178.0, 177.1, 166.6, 164.1, 163.4, 162.9, 161.7, 161.2, 156.9, 156.8, 155.9, 146.8, 996 

133.5, 127.8, 127.7, 125.3, 124.9, 124.0, 123.7, 123.1, 122.1, 120.5, 117.8, 114.8, 114.7, 105.9, 997 

105.7, 69.7, 69.4, 67.3, 67.1, 50.0, 28.6, 21.9; LRMS (ESI) m/z 674 [M+H]+; HRMS (ESI) calcd 998 

for C39H33N3O7 [M+H]+ 674.2303, found 674.2309. 999 

4.5.6 Synthesis of 7-Fluoro-2-(4-(3-(1-(2-(2-(2-(4-(4-oxo-4H-chromen-2-yl)phenoxy)ethoxy)-1000 

ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)propoxy)phenyl)-4H-chromen-4-one (Ac3Az2): This 1001 
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compound (70 mg) was obtained from Ac3 and Az2 in 90% yield according to the general 1002 

procedure described above. 1H NMR (600 MHz, CDCl3) δ 8.22 (dd, J = 6.23, 8.72 Hz, 1H), 8.18 1003 

(d, J = 9.96 Hz, 1H), 7.86 (d, J = 8.72 Hz, 2H), 7.79 (d, J = 8.72 Hz, 3H), 7.65 - 7.69 (m, 1H), 7.53 1004 

(d, J = 8.72 Hz, 1H), 7.39 (t, J = 7.47 Hz, 1H), 7.23 (dd, J = 2.49, 8.72 Hz, 1H), 7.12 - 7.16 (m, 1005 

1H), 7.01 - 7.06 (m, J = 8.72 Hz, 2H), 6.94 - 6.98 (m, J = 8.72 Hz, 2H), 6.75 (s, 1H), 6.68 (s, 1H), 1006 

4.62 (br. s., 2H), 4.19 - 4.24 (m, 2H), 4.03 - 4.07 (m, 2H), 3.94 (br. s., 2H), 3.85 - 3.88 (m, 2H), 1007 

3.72 (d, J = 4.98 Hz, 2H), 3.69 (d, J = 4.98 Hz, 2H), 3.01 (br. s., 2H), 2.26 (br. s., 2H); 13C NMR 1008 

(151 MHz, CDCl3) δ 178.3, 177.3, 166.4, 164.7, 163.5, 163.2, 161.7, 161.4, 157.0, 157.0, 156.0, 1009 

133.7, 129.5, 128.0, 127.9, 125.5, 125.1, 124.2, 123.7, 123.4, 120.6, 117.9, 115.4, 114.9, 114.9, 1010 

114.8, 113.8, 113.7, 106.1, 105.9, 104.8, 104.6, 70.6, 70.5, 69.5, 69.0, 67.6, 66.9, 61.8, 28.4, 21.4; 1011 

LRMS (ESI) m/z 718 [M+H]+, 740 [M+Na]+; HRMS (ESI) calcd for C41H37N2O8F [M+H]+ 1012 

718.2565, found 718.2588; calcd for C41H36N3O8FNa [M+Na]+ 740.2384, found 740.2397. 1013 

4.5.7 Synthesis of 7-Fluoro-2-(4-(3-(1-(2-(2-(2-(4-(6-methyl-4-oxo-4H-chromen-2-1014 

yl)phenoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)propoxy)phenyl)-4H-chromen-4-one 1015 

(Ac3Az3): This compound (55 mg) was obtained from Ac3 and Az3 in 79% yield according to 1016 

the general procedure described above. 1H NMR (600 MHz, CDCl3) δ 8.15 (dd, J = 6.23, 8.72 Hz, 1017 

1H), 7.88 (s, 1H), 7.77 (d, J = 8.72 Hz, 2H), 7.68 - 7.73 (m, J = 8.72 Hz, 2H), 7.37 - 7.42 (m, 1H), 1018 

7.34 (d, J = 8.72 Hz, 1H), 7.15 (d, J = 7.47 Hz, 1H), 7.05 - 7.11 (m, 1H), 6.93 - 6.99 (m, J = 8.72 1019 

Hz, 2H), 6.89 (d, J = 8.72 Hz, 2H), 6.63 (s, 1H), 6.59 (s, 1H), 4.54 (br. s., 2H), 4.12 - 4.16 (m, 2H), 1020 

3.97 (br. s., 2H), 3.88 (br. s., 2H), 3.82 (t, J = 4.36 Hz, 2H), 3.66 - 3.70 (m, 2H), 3.61 - 3.66 (m, 1021 

2H), 2.88 (br. s., 2H), 2.36 (s, 3H), 2.15 - 2.21 (m, 2H); 13C NMR (151 MHz, CDCl3) δ 178.1, 1022 

177.1, 166.2, 164.5, 163.3, 162.8, 161.6, 161.2, 156.8, 156.7, 154.1, 134.8, 134.6, 127.8, 127.7, 1023 

127.7, 127.6, 124.7, 124.0, 123.2, 123.0, 120.5, 117.5, 114.7, 114.7, 113.6, 113.4, 105.7, 105.6, 1024 



62 

 

104.6, 104.4, 70.5, 70.3, 69.3, 69.3, 67.4, 67.0, 53.7, 29.1, 28.5, 20.7; LRMS (ESI) m/z 732 1025 

[M+H]+, 754 [M+Na]+; HRMS (ESI) calcd for C42H39N3O8F [M+H]+ 732.2721, found 732.2744; 1026 

calcd for C42H38N3O8FNa [M+Na]+ 754.2541, found 754.2554. 1027 

4.5.8 Synthesis of 7-Fluoro-2-(4-(3-(1-(2-(2-(2-(4-(6-fluoro-4-oxo-4H-chromen-2-1028 

yl)phenoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)propoxy)phenyl)-4H-chromen-4-one 1029 

(Ac3Az4): This compound (60 mg) was obtained from Ac3 and Az4 in 86% yield according to 1030 

the general procedure described above. 1H NMR (600 MHz, CDCl3) δ 8.21 (dd, J = 6.23, 8.72 Hz, 1031 

1H), 7.83 (d, J = 8.72 Hz, 2H), 7.77 - 7.82 (m, 4H), 7.53 (dd, J = 3.74, 8.72 Hz, 1H), 7.38 (dt, J = 1032 

3.11, 8.41 Hz, 1H), 7.19 - 7.24 (m, 1H), 7.14 (dt, J = 2.49, 8.72 Hz, 1H), 7.02 (d, J = 7.47 Hz, 2H), 1033 

6.96 (d, J = 8.72 Hz, 2H), 6.70 (s, 1H), 6.68 (s, 1H), 4.63 (br. s., 2H), 4.20 (br. s., 2H), 4.05 (br. s., 1034 

2H), 3.94 (br. s., 2H), 3.83 - 3.90 (m, 2H), 3.70 (dd, J = 4.36, 14.32 Hz, 4H), 3.01 (br. s., 2H), 2.27 1035 

(br. s., 2H); 13C NMR (151 MHz, CDCl3) δ 177.4, 177.4, 177.3, 166.4, 164.7, 163.5, 163.4, 161.6, 1036 

161.5, 160.2, 158.6, 157.0, 156.9, 152.2, 131.1, 131.0, 128.0, 128.0, 128.0, 127.9, 125.0, 124.9, 1037 

123.9, 123.4, 121.8, 121.6, 120.6, 120.6, 120.0, 119.9, 114.9, 114.8, 113.8, 113.7, 110.5, 110.4, 1038 

105.9, 105.4, 104.7, 104.6, 70.6, 70.4, 69.5, 68.9, 67.6, 66.9, 28.4, 21.4; LRMS (ESI) m/z 736 1039 

[M+H]+, 758 [M+Na]+; HRMS (ESI) calcd for C41H34N3O8F2 [M+H]+ 736.2392, found 736.2380; 1040 

calcd for C41H35N3O8F2Na [M+Na]+ 758.2290, found 758.2313. 1041 

4.5.9 Synthesis of 7-Fluoro-2-(4-(3-(1-(2-(2-((4-oxo-2-phenyl-4H-chromen-7-1042 

yl)oxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)propoxy)phenyl)-4H-chromen-4-one (Ac3Az11): 1043 

This compound (70 mg) was obtained from Ac3 and Az11 in 81% yield according to the general 1044 

procedure described above. 1H NMR (400 MHz, CDCl3) δ 8.21 (dd, J = 6.85, 8.80 Hz, 1H), 8.13 1045 

(d, J = 8.80 Hz, 1H), 7.88 (d, J = 6.85 Hz, 2H), 7.79 (d, J = 8.80 Hz, 2H), 7.40 - 7.69 (m, 4H), 7.17 1046 

- 7.25 (m, 1H), 7.13 (t, J = 8.31 Hz, 1H), 6.92 - 7.00 (m, 4H), 6.75 (s, 1H), 6.68 (s, 1H), 4.60 (br. 1047 
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s., 2H), 4.20 (br. s., 2H), 4.07 (br. s., 2H), 3.99 (br. s., 2H), 3.87 (br. s., 2H), 2.18 - 2.27 (m, 2H), 1048 

1.97 (br. s., 2H);13C NMR (151 MHz, CDCl3) δ 177.7, 177.3, 166.9, 164.3, 163.7, 163.1, 161.9, 1049 

157.9, 131.7, 131.5, 129.0, 128.1, 128.0, 127.9, 127.2, 126.1, 123.5, 115.0, 114.5, 113.9, 113.6 1050 

107.5, 106.0, 104.8, 104.6, 101.2, 77.4, 77.1, 76.7, 69.8, 69.4, 67.8, 67.2, 28.4, 22.0; LRMS (ESI) 1051 

m/z 674 [M+H]+, 696 [M+Na]+; HRMS (ESI) calcd for C39H33N3O7F [M+H]+ 674.6936, found 1052 

674.6842; calcd for C39H32N3O7FNa [M+Na]+ 696.2122, found 696.2258. Compound 1053 

Ac3Az11.HCl was prepared by adding excess conc. hydrochloric acid to a solution of Ac3Az11 1054 

in chloroform at room temperature and stirred for 30 mins. The solvents were then evaporated to 1055 

dryness under high vacuum to obtain Ac3Az11.HCl for PK study.  1056 

4.5.10 Synthesis of 6-Methyl-2-(4-(4-(1-(2-(2-(4-(4-oxo-4H-chromen-2-yl)phenoxy)-1057 

ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)butoxy)phenyl)-4H-chromen-4-one (Ac5Az1): This 1058 

compound (52 mg) was obtained from Ac5 and Az1 in 76% yield according to the general 1059 

procedure described above. 1H NMR (500 MHz, CDCl3) δ 8.11 (dd, J=5.0 Hz, 1 H), 7.91 (s, 1 H), 1060 

7.78 (d, J=10.0 Hz, 2 H), 7.73 (d, J=10.0 Hz, 2 H), 7.59 (t, J=7.5 Hz, 1 H), 7.47 (s, 1 H), 7.44 (d, 1061 

J=8.30 Hz, 1 H), 7.41 (dd, J=8.54, 2.20 Hz, 1 H), 7.35 (d, J=8.79 Hz, 1 H), 7.31 (t, J=10.0 Hz,1 1062 

H), 6.94 (d, J=10.0 Hz, 2 H), 6.87 (d, J=10.0 Hz, 2 H), 6.65 (s, 1 H), 6.61 (s, 1 H), 4.52 (t, J=5.12 1063 

Hz, 2 H), 4.08 - 4.14 (m, 2 H), 3.89 - 3.97 (m, 4 H), 3.77 - 3.82 (m, 2 H), 2.71 - 2.77 (m, 2 H), 1064 

2.39 (s, 3 H), 1.82 (br. s., 4 H); 13C NMR (126 MHz, CDCl3) δ 178.1, 178.0, 163.0, 162.9, 161.6, 1065 

161.2, 155.9, 154.2, 147.4, 134.7, 134.5, 133.4, 127.8, 127.7, 125.4, 124.9, 124.7, 124.1, 123.7, 1066 

123.3, 121.8, 117.7, 117.5, 114.8, 114.6, 106.0, 105.7, 69.7, 69.4, 67.6, 67.3, 49.9, 28.5, 25.7, 25.2, 1067 

20.7; LRMS (ESI) m/z 684 [M+H]+; HRMS (ESI) calcd for C41H38N3O7 [M+H]+ 684.2710, found 1068 

684.2727. 1069 



64 

 

4.5.11 Synthesis of 6-Methyl-2-(4-(2-(2-(2-(4-(4-(4-(6-methyl-4-oxo-4H-chromen-2-1070 

yl)phenoxy)butyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)phenyl)-4H-chromen-4-one 1071 

(Ac5Az3): This compound (68 mg) was obtained from Ac5 and Az3 in 92% yield according to the 1072 

general procedure described above. 1H NMR (500 MHz, CDCl3) δ 7.97 (s, 1 H), 7.97 (s, 1 H), 7.81 1073 

(d, J=8.79 Hz, 2 H), 7.84 (d, J=8.79 Hz, 2 H), 7.51 (s, 1 H), 7.47 (t, J=8.79 Hz, 2 H), 7.41 (t, 1074 

J=9.03 Hz, 2 H), 7.00 (m, J=7.81 Hz, 2 H), 6.94 (d, J=8.79 Hz, 2 H), 6.70(s, 1 H), 6.69 (s, 1 H), 1075 

4.52 (t, J=4.88 Hz, 2 H), 4.17 (t, J=4.64 Hz, 2 H), 3.99 - 4.03 (m, 2 H), 3.88 (t, J=4.88 Hz, 2 H), 1076 

3.85 (t, J=4.39 Hz, 2 H), 3.67 - 3.72 (m, 2 H), 3.63 - 3.67 (m, 2 H), 2.77 – 2.79 (m, 2 H), 2.43 (s, 1077 

3 H), 2.45 (s, 3 H), 1.85 – 1.87 (m, 4 H); 13C NMR (101 MHz, CDCl3) δ 163.1, 162.9, 161.6, 161.3, 1078 

154.3, 134.9, 134.9, 134.7, 134.66, 127.8, 127.8, 124.9, 124.3, 123.8, 123.5, 121.8, 117.7, 117.6, 1079 

114.8, 114.7, 106.0, 105.8, 70.6, 70.5, 69.6, 69.5, 67.7, 67.5, 50.0, 29.2, 28.6, 25.9, 25.3, 20.8; 1080 

LRMS (ESI) m/z 742 [M+H]+; HRMS (ESI) calcd for C44H44N3O8 [M+H]+ 742.3128, found 1081 

742.3103. 1082 

4.5.12 Synthesis of 6-Fluoro-2-(4-(2-(2-(2-(4-(4-(4-(6-methyl-4-oxo-4H-chromen-2-1083 

yl)phenoxy)butyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)phenyl)-4H-chromen-4-one 1084 

(Ac5Az4): This compound (59 mg) was obtained from Ac5 and Az4 in 79% yield according to the 1085 

general procedure described above. 1H NMR (500 MHz, CDCl3) δ 7.97 (s, 1 H), 7.78 - 7.85 (m, 5 1086 

H), 7.49 - 7.53 (m, 2 H), 7.47 (dd, J=8.54, 2.20 Hz, 1 H), 7.41 (d, J=8.30 Hz, 1 H), 7.37 (ddd, 1087 

J=9.15, 7.69, 3.17 Hz, 1 H), 6.70 (d, J=10 Hz, 2 H), 6.94 (d, J=10 Hz, 2 H), 6.69 (s, 1 H), 6.69 (s, 1088 

1 H), 4.52 (t, J=5.12 Hz, 2 H), 4.13 - 4.18 (m, 2 H), 3.99 - 4.04 (m, 2 H), 3.88 (t, J=5.12 Hz, 2 H), 1089 

3.82 - 3.86 (m, 2 H), 3.67 - 3.72 (m, 2 H), 3.62 - 3.67 (m, 2 H), 2.75 - 2.81 (m, 2 H), 2.44 (s, 3 H), 1090 

1.84 - 1.89 (m, 4 H); 13C NMR (126 MHz, CDCl3) δ178.1, 177.1, 163.2, 162.9, 161.5, 161.4, 159.3 1091 

(d, J=244.88 Hz, C6), 154.1, 152.0, 147.3, 134.7, 134.5, 127.7, 127.6, 124.8 (d, J=7.38Hz, C10), 1092 
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124.7, 123.6, 123.3, 121.7, 121.4 (d, J=25.63Hz, C7), 119.8 (d, J=7.75Hz, C8), 117.5, 114.8, 114.6, 1093 

110.2 (d, J=23.38Hz, C5), 105.6, 105.2, 70.5, 70.3, 69.4, 69.3, 67.6, 67.4, 49.9, 28.4, 25.7, 25.2, 1094 

20.7; LRMS (ESI) m/z 746 [M+H]+, 768 [M+Na]+; HRMS (ESI) calcd for C43H41N3O8F [M+H]+ 1095 

746.2878, found 746.2845; calcd for C43H40N3O8FNa [M+Na]+ 768.2697, found 768.2685. 1096 

4.5.13 Synthesis of 6-Fluoro-2-(4-(2-(2-(4-(4-(4-(6-methyl-4-oxo-4H-chromen-2-yl)phenoxy)-1097 

butyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)phenyl)-4H-chromen-4-one (Ac5Az7): This 1098 

compound (61 mg) was obtained from Ac5 and Az7 in 87% yield according to the general 1099 

procedure described above. 1H NMR (500 MHz, CDCl3) δ 7.95 (s, 1 H), 7.74 - 7.82 (m, 5 H), 7.43 1100 

- 7.50 (m, 3 H), 7.37 - 7.41 (m, 1 H), 7.30 - 7.36 (m, 1 H), 6.97 (d, J=8.79 Hz, 2 H), 6.91 (d, J=8.79 1101 

Hz, 2 H), 6.67 (s, 1 H), 6.65 (s, 1 H), 4.54 (t, J=4.88 Hz, 2 H), 4.11 - 4.16 (m, 2 H), 3.99 (br. s., 2 1102 

H), 3.94 (t, J=4.88 Hz, 2 H), 3.81 - 3.85 (m, 2 H), 2.77 (br. s., 2 H), 2.43 (s, 3 H), 1.85 (br. s., 4 1103 

H); 13C NMR (126 MHz, CDCl3) δ 178.3, 177.2, 163.3, 163.0, 161.6, 161.4, 159.4 (d, J=245.25 1104 

Hz, C6), 154.3, 152.2, 152.2, 147.6, 134.9, 134.6, 127.9, 127.8, 125.0 (d, J=7.38Hz, C10), 124.9, 1105 

124.0, 123.8, 123.4, 121.8, 121.5 (d, J=25.75Hz, C7), 119.8 (d, J=7.75Hz, C8), 117.6, 114.9, 114.7, 1106 

110.5 (d, J=23.75Hz, C5), 105.8, 105.4, 69.8, 69.4, 67.7, 67.4, 50.0, 28.5, 25.8, 25.2, 20.8; LRMS 1107 

(ESI) m/z 702 [M+H]+; HRMS (ESI) calcd for C42H37N3O8F [M+H]+ 702.2503, found 702.2534.  1108 

4.5.14 Synthesis of 6-Methyl-2-(4-(4-(1-(2-(2-((4-oxo-2-phenyl-4H-chromen-7-1109 

yl)oxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)butoxy)phenyl)-4H-chromen-4-one (Ac5Az11): 1110 

This compound (40 mg) was obtained from Ac5 and Az11 in 59% yield according to the general 1111 

procedure described above. 1H NMR (500 MHz, CDCl3) δ 8.13 (d, J=8.79 Hz, 1 H), 7.97 - 8.00 1112 

(m, 1 H), 7.83 - 7.90 (m, 2 H), 7.81 (d, J=9.0 Hz, 2 H), 7.40 - 7.54 (m, 6 H), 6.90 - 7.00 (m, 4 H), 1113 

6.75 (s, 1 H), 6.69 (s, 1 H), 4.55 - 4.75 (m, 2 H), 4.17 - 4.21 (m, 2 H), 3.95 - 4.01 (m, 4 H), 3.84 - 1114 

3.88 (m, 2 H), 2.78 (br. s., 2 H), 2.45 (s, 3 H), 1.85 (br. s., 4 H); 13C NMR (101 MHz, CDCl3) δ 1115 
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178.3, 177.5, 163.1, 163.0, 162.9, 161.6, 157.7, 154.3, 134.8, 134.6, 131.5, 131.4, 128.9, 127.8, 1116 

127.0, 126.0, 124.8, 123.8, 123.4, 118.0, 117.6, 114.7, 114.4, 107.4, 105.7, 101.1, 69.7, 69.3, 67.8, 1117 

67.7, 50.1, 28.5, 25.7, 25.2, 20.8; LRMS (ESI) m/z 684 [M+H]+; HRMS (ESI) calcd for 1118 

C41H38N3O7 [M+H]+ 684.2710, found 684.2692. 1119 

4.5.15 Synthesis of 7-(4-(1-(2-(2-(4-(4-Oxo-4H-chromen-2-yl)phenoxy)ethoxy)ethyl)-1H-1120 

1,2,3-triazol-4-yl)butoxy)-2-phenyl-4H-chromen-4-one (Ac12Az1): This compound (63 mg) 1121 

was obtained from Ac12 and Az1 in 91% yield according to the general procedure described above. 1122 

1H NMR (500 MHz, CDCl3) δ ppm 1.79 - 1.91 (m, 4 H), 2.74 – 2.77 (m, 2 H), 3.77 - 3.83 (m, 2 1123 

H), 3.92 (t, J=4.88 Hz, 2 H), 3.98 - 4.04 (m, 2 H), 4.08 - 4.15 (m, 2 H), 4.52 (t, J=4.88 Hz, 2 H), 1124 

6.66 (s, 1 H), 6.67 (s, 1 H), 6.82 - 6.89 (m, 2 H), 6.92 - 6.98 (m, 2 H), 7.33 (t, J=7.32 Hz, 1 H), 1125 

7.41 - 7.50 (m, 5 H), 7.59 – 7.62 (m, 1 H), 7.77 - 7.85 (m, 4 H), 8.03 (d, J=8.75 Hz, 1 H), 8.13 (dd, 1126 

J=7.75, 1.45 Hz, 1 H); 13C NMR (101 MHz, CDCl3) δ 25.17, 25.74, 28.36, 50.00, 67.36, 68.17, 1127 

69.43, 69.73, 100.70, 106.08, 107.29, 114.58, 114.84, 117.57, 117.78, 121.84, 123.74, 124.23, 1128 

124.96, 125.45, 125.97, 126.76, 127.83, 128.84, 131.25, 131.66, 133.45, 147.41, 155.96, 157.79, 1129 

161.25, 162.77, 162.93, 163.42, 177.58, 178.04; LRMS (ESI) m/z 670 [M+H]+, 692 [M+Na]+; 1130 

HRMS (ESI) calcd for C40H36N3O7 [M+H]+ 670.2553, found 670.2525; calcd for C40H35N3O7Na 1131 

[M+Na]+ 692.2373, found 692.2357. 1132 

4.5.16 Synthesis of 7-(2-((1-(2-(2-(4-(4-Oxo-4H-chromen-2-yl)phenoxy)ethoxy)ethyl)-1H-1133 

1,2,3-triazol-4-yl)methoxy)ethoxy)-2-phenyl-4H-chromen-4-one (Ac13Az1): This compound 1134 

(56 mg) was obtained from Ac13 and Az1 in 84% yield according to the general procedure 1135 

described above. 1H NMR (500 MHz, CDCl3) δ 8.17 (dd, J=7.81, 1.46 Hz, 1 H), 8.07 (d, J=8.79 1136 

Hz, 1 H), 7.80 - 7.87 (m, 4 H), 7.76 (s, 1 H), 7.64 (ddd, J=8.42, 6.95, 1.71 Hz, 1 H), 7.44 - 7.53 1137 

(m, 4 H), 7.35 - 7.40 (m, 1 H), 6.96 - 7.00 (m, 2 H), 6.94 (dd, J=8.79, 2.44 Hz, 1 H), 6.91 (d, 1138 



67 

 

J=2.44 Hz, 1 H), 6.70 (d, J=3.90 Hz, 2 H), 4.74 (s, 2 H), 4.57 (t, J=4.88 Hz, 2 H), 4.18 - 4.23 (m, 1139 

2 H), 4.11 - 4.16 (m, 2 H), 3.92 – 3.96 (m, 4 H), 3.82 – 3.84 (m, 2 H); 13C NMR (101 MHz, CDCl3) 1140 

δ 178.2, 177.6, 163.2, 163.0, 162.9, 161.3, 157.8, 156.1, 144.7, 133.5, 131.7, 131.3, 128.9, 127.9, 1141 

126.9, 126.0, 125.6, 125.0, 124.4, 123.8, 123.8, 117.9, 117.8, 114.9, 114.7, 107.4, 106.2, 101.0, 1142 

69.6, 69.5, 68.4, 67.9, 67.4, 64.8, 50.2; LRMS (ESI) m/z 672 [M+H]+; HRMS (ESI) calcd for 1143 

C39H34N3O8 [M+H]+ 672.2346, found 672.2334. 1144 

4.5.17 Synthesis of 3-(Benzyloxy)-2-(4-(2-(2-(2-(4-((2-((4-oxo-2-phenyl-4H-chromen-7-1145 

yl)oxy)ethoxy)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)phenyl)-4H-chromen-4-1146 

one (Ac13Az5): This compound (54 mg) was obtained from Ac13 and Az5 in 66% yield according 1147 

to the general procedure described above. 1H NMR (500 MHz, CDCl3) δ 8.25 (dd, J=8.30, 1.46 1148 

Hz, 1 H), 8.09 (d, J=8.79 Hz, 1 H), 7.99 - 8.03 (m, 2 H), 7.83 - 7.88 (m, 2 H), 7.78 (s, 1 H), 7.63 1149 

(ddd, J=8.54, 7.08, 1.95 Hz, 1 H), 7.45 - 7.51 (m, 4 H), 7.34 - 7.40 (m, 3 H), 7.23 - 7.30 (m, 3 H), 1150 

6.91 - 6.99 (m, 4 H), 6.72 (s, 1 H), 5.10 (s, 2 H), 4.74 (s, 2 H), 4.54 (t, J=5.12 Hz, 2 H), 4.18 - 4.24 1151 

(m, 2 H), 4.13 - 4.18 (m, 2 H), 3.90 - 3.95 (m, 2 H), 3.88 (t, J=5.12 Hz, 2 H), 3.80 - 3.85 (m, 2 H), 1152 

3.61 - 3.71 (m, 4 H); 13C NMR (101 MHz, CDCl3) δ 177.6, 174.8, 163.2, 162.9, 160.5, 157.8, 1153 

155.9, 155.1, 144.5, 139.2, 136.7, 133.1, 131.7, 131.3, 130.4, 128.9, 128.7, 128.1, 128.0, 126.9, 1154 

126.0, 125.7, 124.5, 124.1, 123.7, 123.5, 117.9, 117.8, 114.6, 114.2, 107.4, 101.1, 73.8, 70.7, 70.5, 1155 

69.5, 69.4, 68.4, 67.9, 67.4, 64.7, 50.2; LRMS (ESI) m/z 822 [M+H]+, 844 [M+Na]+; HRMS (ESI) 1156 

calcd for C48H44N3O10 [M+H]+ 822.3027, found 822.3003; calcd for C48H44N3O10Na [M+Na]+ 1157 

844.2846, found 844.2825.  1158 

4.5.18 Synthesis of 7-(2-(Benzyl((1-(2-(2-(4-(4-oxo-4H-chromen-2-yl)phenoxy)ethoxy)ethyl)-1159 

1H-1,2,3-triazol-4-yl)methyl)amino)ethoxy)-2-phenyl-4H-chromen-4-one (Ac16Az1): This 1160 

compound (69 mg) was obtained from Ac16 and Az1 in 90% yield according to the general 1161 
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procedure described above. 1H NMR (500 MHz, CDCl3) δ 8.14 - 8.20 (m, 1 H), 8.06 (d, J=8.79, 1 1162 

H), 7.82 - 7.87 (m, 2 H), 7.75 - 7.81 (m, 2 H), 7.71 (br. s., 1 H), 7.62 - 7.67 (m, 1 H), 7.43 - 7.52 1163 

(m, 4 H), 7.36 - 7.39 (m, 3 H), 7.29 (t, J=7.32 Hz, 2 H), 7.20 - 7.25 (m, 1 H), 6.83 - 6.95 (m, 4 H), 1164 

6.71 (s, 1 H), 6.67 (s, 1 H), 4.57 (t, J=5.12 Hz, 2 H), 4.14 (br. s., 2 H), 4.06 - 4.12 (m, 2 H), 3.95 1165 

(t, J=5.12 Hz, 4 H), 3.71 - 3.85 (m, 4 H), 2.98 (br. s., 2 H); 13C NMR (101 MHz, CDCl3) δ 178.1, 1166 

177.6, 163.2, 163.0, 162.8, 161.2, 157.8, 156.0, 133.5, 131.6, 131.3, 128.9, 128.7, 128.3, 127.8, 1167 

127.2, 126.9, 126.0, 125.5, 125.0, 124.3, 123.8, 117.8, 117.7, 114.8, 114.6, 107.3, 106.1, 100.9, 1168 

69.7, 69.5, 67.4, 67.1, 58.8, 51.6, 50.2, 49.3; LRMS (ESI) m/z 761 [M+H]+, 783 [M+Na]+; HRMS 1169 

(ESI) calcd for C46H41N4O7 [M+H]+ 761.2975, found 761.2980; calcd for C46H40N4O7Na [M+Na]+ 1170 

783.2795, found 783.2794. 1171 

4.5.19 Synthesis of 7-(2-(Benzyl((1-(2-(2-(2-(4-(4-oxo-4H-chromen-2-1172 

yl)phenoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)ethoxy)-2-phenyl-4H-1173 

chromen-4-one (Ac16Az2): This compound (19 mg) was obtained from Ac16 and Az2 in 24% 1174 

yield according to the general procedure described above. 1H NMR (500 MHz, CDCl3) δ 8.19 (dd, 1175 

J=7.81, 1.46 Hz, 1 H), 8.08 (d, J=8.79 Hz, 1 H), 7.85 - 7.90 (m, 2 H), 7.81 (d, J=9.25 Hz, 2 H), 1176 

7.74 (br. s., 1 H), 7.66 (ddd, J=8.66, 6.95, 1.46 Hz, 1 H), 7.45 - 7.54 (m, 4 H), 7.35 - 7.44 (m, 3 1177 

H), 7.32 (t, J=7.57 Hz, 2 H), 7.22 - 7.28 (m, 1 H), 6.88 - 6.98 (m, 4 H), 6.73 (s, 1 H), 6.70 (s, 1 H), 1178 

4.54 (t, J=5.12 Hz, 2 H), 4.19 (br. s., 2 H), 4.07 - 4.14 (m, 2 H), 3.96 (br. s., 2 H), 3.88 (t, J=5.0 1179 

Hz, 2 H), 3.73 - 3.84 (m, 4 H), 3.59 - 3.69 (m, 4 H), 3.02 (br. s., 2 H); 13C NMR (101 MHz, CDCl3) 1180 

δ 178.2, 177.7, 163.2, 163.1, 162.9, 161.4, 157.8, 156.1, 133.5, 131.7, 131.3, 128.9, 128.8, 128.3, 1181 

127.9, 127.2, 126.9, 126.1, 125.6, 125.0, 124.2, 123.8, 117.8, 117.8, 114.9, 114.6, 107.4, 106.1, 1182 

100.9, 70.7, 70.5, 69.5, 69.5, 67.5, 67.2, 58.8, 51.6, 50.2, 49.2; LRMS (ESI) m/z 805 [M+H]+, 827 1183 
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[M+Na]+; HRMS (ESI) calcd for C48H45N4O8 [M+H]+ 805.3237, found 805.3260; calcd for 1184 

C48H44N4O8Na [M+Na]+ 827.3057, found 827.3070. 1185 

4.5.20 Synthesis of 7-(2-(Benzyl((1-(2-(2-(2-(4-(6-fluoro-4-oxo-4H-chromen-2-1186 

yl)phenoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)ethoxy)-2-phenyl-4H-1187 

chromen-4-one (Ac16Az4): This compound (57 mg) was obtained from Ac16 and Az4 in 75% 1188 

yield according to the general procedure described above. 1H NMR (600 MHz, CDCl3) δ 8.10 (d, 1189 

J = 8.80 Hz, 1H), 7.89 (d, J = 8.80 Hz, 2H), 7.81 - 7.85 (m, 3H), 7.50 - 7.55 (m, 5H), 7.42 (t, J = 1190 

8.80 Hz, 3H), 7.34 (t, J = 8.07 Hz, 2H), 7.25 - 7.28 (m, 1H), 6.90 - 7.00 (m, 5H), 6.76 (s, 1H), 6.71 1191 

(s, 1H), 4.57 (t, J = 5.14 Hz, 2H), 4.18 - 4.25 (m, 2H), 4.11 - 4.16 (m, 2H), 3.99 (br. s., 2H), 3.91 1192 

(t, J = 5.14 Hz, 2H), 3.82 (br. s., 2H), 3.67 - 3.71 (m, 3H), 3.64 - 3.67 (m, 2H), 3.04 (br. s., 2H); 1193 

13C NMR (151 MHz, CDCl3) δ 177.8, 177.4, 163.4, 163.0, 161.5, 160.3, 158.6, 157.8, 152.2, 131.6, 1194 

131.4, 128.9, 128.4, 127.9, 126.9, 126.1, 125.0, 124.9, 123.8, 121.7, 121.5, 120.0, 119.9, 114.9, 1195 

114.7, 110.6, 110.4, 107.3, 105.4, 100.9, 70.7, 70.5, 69.5, 69.4, 67.5, 58.7, 53.7, 51.5, 50.2, 49.1; 1196 

LRMS (ESI) m/z 823 [M+H]+, 845 [M+Na]+; HRMS (ESI) calcd for C48H44N4O8F [M+H]+ 1197 

823.3143, found 823.3166; calcd for C48H43N4O8FNa [M+Na]+ 845.2963, found 845.2976. 1198 

4.5.21 Synthesis of 7-(2-(Benzyl((1-(2-(2-(4-(6-fluoro-4-oxo-4H-chromen-2-1199 

yl)phenoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)ethoxy)-2-phenyl-4H-1200 

chromen-4-one (Ac16Az7): This compound (20 mg) was obtained from Ac16 and Az7 in 25% 1201 

yield according to the general procedure described above. 1H NMR (500 MHz, CDCl3) δ 8.07 (d, 1202 

J=8.79 Hz, 1 H), 7.82 - 7.88 (m, 2 H), 7.80 (dd, J=8.05, 3.17 Hz, 1 H), 7.77 (d, J=8.79 Hz, 2 H), 1203 

7.45 - 7.53 (m, 4 H), 7.21 - 7.44 (m, 7 H), 6.85 - 6.96 (m, 4 H), 6.72 (s, 1 H), 6.66 (s, 1 H), 4.58 1204 

(br. s., 2 H), 4.08 - 4.27 (m, 4 H), 3.92 - 4.05 (m, 4 H), 3.68 - 3.92 (m, 4 H), 2.99 (br. s., 2 H); 13C 1205 

NMR (101 MHz, CDCl3) δ 177.6, 177.3, 163.3, 162.9, 161.4, 159.5 (d, J=247.45 Hz, C6), 157.8, 1206 
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152.2, 152.2, 131.6, 131.4, 128.9, 127.9, 127.0, 126.0, 124.0, 121.6 (d, J=25.25Hz, C7), 119.9 (d, 1207 

J=8.08Hz, C8), 114.9, 114.6, 110.5 (d, J=24.24Hz, C5), 107.4, 105.5, 101.0, 69.7, 69.5, 67.5; 1208 

LRMS (ESI) m/z 779 [M+H]+, 801 [M+Na]+; HRMS (ESI) calcd for C46H40N4O7F [M+H]+ 1209 

799.2881, found 799.2916; calcd for C46H39N4O7FNa [M+Na]+ 801.2700, found 801.2738. 1210 

 4.6 Purity determination by HPLC. HPLC equipped with an Agilent Prep-Sil Scalar column 1211 

4.6 × 250 mm, 5-micron; flow rate, 1 mL/min; detection: 254 or 365 nm with reference at 450 nm. 1212 

The compounds were weighted and dissolved in DCM solution. 5 µL of the samples were injected 1213 

into the HPLC system. The chromatographic separation was performed using a linear gradient (1% 1214 

dichloromethane +99% methanol changed to 10% dichloromethane +90% methanol in 20 min). 1215 

4.7 Construction of clicked flavonoid dimers library. In a 96-well PCR-plate, 1 mM alkyne  1216 

monomer, 1 mM azide (AzM) monomer and 1 mM Cu(I) catalyst were added into each well. For 1217 

diacetylenes Ac15, Ac22, Ac23, Ac29, Ac 31 and triacetylene Ac17, two millimolar and three 1218 

millimolar of azides (AzM) were used respectively. Each reaction was topped up with THF to a 1219 

final volume of 100 µL. The plate was capped and an ice pad was placed on the top of the plate in 1220 

order to reduce evaporation of reagents. The plate was placed over 96-well hot plate and heated 1221 

for overnight at 70 oC. In the next morning, the lid of 96-well plate was removed and the reagents 1222 

inside the well were completely removed by incubating at 70 oC for 1 hr. After drying up, each 1223 

clicked product in each well was dissolved in 100 µL of 100% DMSO. The concentration of 1224 

clicked product was around 1 mM because the clicked reaction has been reported to be highly 1225 

efficient (~ 100% reaction yield).  1226 

 4.8 Materials for Biological Studies. Dimethyl sulfoxide (DMSO), paclitaxel, topotecan, DOX, 1227 

verapamil, MK571, cyclosporine A, Ko143 and phenazine methosulfate (PMS) were purchased 1228 
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from Sigma-Aldrich. Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin-1229 

ethylenediaminetetraacetic acid (EDTA) and penicillin/streptomycin were purchased from Gibco 1230 

BRL. Roswell Park Memorial Institute (RPMI) 1640 medium and fetal bovine serum (FBS) was 1231 

purchased from HyClone Laboratories. 3-(4,5-Dimethylthiazol-2-yl)-5-[3-1232 

(carboxymethoxy)phenyl]-2-(4-sulfo-phenyl)-2H-tetrazolium (MTS) was purchased from 1233 

Promega. The human breast cancer cell lines LCC6 and P-gp transfectant LCC6MDR were kindly 1234 

provided by Prof. R. Clarke (Georgetown University Medical School, USA). The human ovarian 1235 

carcinoma cell lines 2008 and 2008/MRP1 were generous gift from Prof. P. Borst (The 1236 

Netherlands Cancer Institute, Amsterdam, Netherlands). The human embryonic kidney cell lines 1237 

HEK293/pcDNA3.1 and BCRP-transfectant HEK293/R2 were generously provided by Dr. 1238 

Kenneth To (The Chinese University of Hong Kong, Hong Kong). L929 was purchased from 1239 

ATCC.  1240 

4.9 Cell Culture. 2008/MRP1 was the stable MRP1 transfectant generated by retroviral 1241 

transduction using pCMV-Neo-MRP1.47 pCMV-Neo-MRP1 was constructed by inserting a SalI-1242 

NotI DNA fragment containing the complete human MRP1 cDNA as a blunt-end fragment in 1243 

pCMVneo.47 2008/MRP1 and 2008/P, HEK293/R2 and HEK293/pcDNA3.1 cells were cultured 1244 

in RPMI 1640 medium with 10% FBS and 100 U/mL penicillin and 100 μg/mL of streptomycin 1245 

and maintained at 37 oC in a humidified atmosphere with 5% CO2. The LCC6 and LCC6MDR 1246 

cells were cultured in DMEM supplemented with 10% FBS and 100 U/mL penicillin and 100 1247 

μg/mL of streptomycin and maintained at 37 oC in a humidified atmosphere with 5% CO2. The 1248 

cells were split constantly after a confluent monolayer has been formed. To split cells, the plate 1249 

was washed briefly with phosphate-buffered saline (PBS), treated with 0.05% trypsin-EDTA and 1250 

harvested by centrifugation. 1251 
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4.10   High throughput screening of MRP1 modulating activity. 4,000 cells of 2008/MRP1 and 1252 

100 nM doxorubicin (DOX) were mixed with 2 M (primary screening) or 1 µM (secondary 1253 

screening) of crude clicked products to a final volume of 200 μL in each well of 96-well plates. 1254 

The plates were then incubated for 5 days at 37 oC. Three controls were involved in which (1) 1255 

cancer cells incubated with 2 µM of each pure alkyne and DOX, (2) cancer cells incubated with 2 1256 

µM of each pure azide and DOX and (3) cancer cells incubated with Cu(I) catalyst and DOX.      1257 

The CellTiter 96 AQueous Assay (Promega) was used to measure the cell proliferation according to 1258 

the manufacturer’s instructions. MTS (2 mg/mL) and PMS (0.92 mg/mL) were mixed in a ratio of 1259 

20:1. An aliquot (10 μL) of the freshly prepared MTS/PMS mixture was added into each well, and 1260 

the plate was incubated for 2 hours at 37 oC. Optical absorbance at 490 nm was recorded with 1261 

microplate absorbance reader (Bio-Rad). The % of survivors was calculated: (OD490nm in the 1262 

presence of DOX and dimers)/ (OD490nm in the absence of DOX and dimers) x 100%. All 1263 

experiments were performed in triplicate and repeated at least thrice and the results were 1264 

represented as mean ± standard error of mean. 1265 

4.11 Cell proliferation assay of LCC6MDR and HEK293/R2. 6500 cells of LCC6MDR or 5000 1266 

cells of HEK293/R2 were seeded into each well of 96-well plate in a total volume of 200 µL. 1267 

LCC6MDR cells were incubated with a range of paclitaxel (0, 4.1, 12, 37, 111, 333 and 400 nM) 1268 

and 1 µM of modulator. HEK293/R2 cells were incubated with different concentration of 1269 

topotecan (0, 12, 37, 111, 333, 1000, 3000 nM) and 1 µM of modulator. The plates were incubated 1270 

at 37oC with 5 % CO2 for 5 days. After incubation, the cell survival in each well was determined 1271 

by MTS assay as described above.  1272 

4.12   DOX accumulation assay. DOX accumulation assay was done in 1 mL volume. A 5x105 1273 

cells of 2008/MRP1 cells were added in an Eppendorf tube and incubated with 5 M DOX and 2 1274 
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M of modulators (Ac3Az11, Ac12Az1, Ac16Az1, verapamil and MK571) at 37 oC for 120 min. 1275 

A 0.2% DMSO was used as a negative control. After incubation, the cells were spinned down and 1276 

washed with cold PBS, pH7.4 for 2 times and finally resuspended with 300 L of cold PBS, pH7.4. 1277 

The intracellular DOX level was analyzed by BD C6 Accuri flow cytometer using FL2 channel 1278 

at EX 480 nm and EM 590 nm. For each sample, a total of 20,000 events was collected.  1279 

4.13 Determination of MRP1 protein expression. 20,000 cells of 2008/P and 2008/MRP1 1280 

cells were seeded in a 6-well plate and incubated with 0, 1, 2, 5 µM of Ac3Az11 for 3 days, 1281 

respectively. After 3 days, the cells were trypsinized and washed once with 1X PBS. After 1282 

spinning down the cells, they were fixed with 4% paraformaldehyde at room temperature for 1283 

15 min and then permeabilized with 0.5% Tween 20 at room temperature for 15 min. The cells 1284 

were resuspended in 100 µL FACS buffer (1% BSA, 1 mM EDTA, 0.1% Tween 20 in PBS) 1285 

and stained with 2.5 µL FITC mouse anti-human MRP1 antibody (BD bioscience) at 4oC for 1286 

45 min. After staining, the cells were washed once with 500 µL cold FACS buffer and 1287 

resuspended in 200 µL FACS buffer. The MRP1-FITC level was analyzed by BD C6 Accuri 1288 

flow cytometer using FL1 channel at EX 480 nm and EM 533/30 nm. For each sample, a total 1289 

of 20,000 events was collected.  1290 

4.14 Dox influx and efflux studies.  To measure the DOX influx, 2008/P and 2008/MRP1 cells 1291 

were co-incubated with DOX (5 M) and Ac3Az11 (2 M) in the supplemented RPMI1640 1292 

media at 37oC. 0.25% of DMSO acted as a negative control. The cells were harvested after 0, 1293 

15, 30, 45 and 60 min for determining the intracellular DOX concentration as described 1294 

previously. The DOX level was determined by C6 Accuri flow cytometer as described 1295 

previously. The % of DOX increase was calculated = [(DOX level at final time point – DOX 1296 
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level at 0 min) / DOX level at 0 min * 100%]. To measure DOX efflux, 2008/P and 2008/MRP1 1297 

cells were incubated in supplemented RPMI1640 containing 20 M DOX for 1 hr at 37oC. Then 1298 

the cells were washed and further incubated with or without compound Ac3Az11 (2 M). At 0, 1299 

15, 30, 45, 60, 75, 90 and 105 min, the cells were harvested for measuring the intracellular DOX 1300 

concentration. The % of DOX reduction was calculated = [(DOX level at final time point / DOX 1301 

level at 0 min) * 100%]. 1302 

4.15   Pharmacokinetic studies. This animal study was conducted in full compliance with the 1303 

standard protocol approved by the Animal Subjects Ethics Sub-committee (ASESC) of The Hong 1304 

Kong Polytechnic University (ASESC Case No. 14-15/02-ABCT-R-GRF). Female Balb/c mice of 1305 

weight 18 to 23 grams were obtained from the Centralised Animal Facilities of The Hong Kong 1306 

Polytechnic University. They were kept in a temperature and humidity controlled environment 1307 

with 12-hour light-dark cycle with the provision of standard diet and water throughout the 1308 

experiment. A Ac3Az11.HCl solution was prepared in a formulation (NMP: Cremorphol: 1309 

Tween80: H2O = 5 : 5 : 4.5 : 85.5). Ac3Az11.HCl at dosage of 10 mg/kg was administered to 1310 

female Balb/c mice through the intravenous (i.v.) injection by using a 25G needle. Blood samples 1311 

were collected in heparinized tubes by cardiac puncture after deep anesthesia by ethyl ether at 15, 1312 

30, 60, 90, 120, 240, and 360 min post-administration of Ac3Az11.HCl. Blood samples were 1313 

centrifuged at 16,000 g for 10 minutes immediately after collection to obtain blood plasma. Blood 1314 

plasma was stored at -20 °C until analysis.      1315 

4.16 Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS). Plasma samples 1316 

collected were thawed in room temperature. Ten microliter of internal standard ([13C6] paclitaxel, 1317 

10 μg/mL) was spiked into 90 μL of each plasma samples.48 Three hundred microliter of methanol 1318 
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was added, followed by strong vortex for 30 seconds. After a centrifugation at 7500 rpm for 10 1319 

minutes at 4°C, supernatant of each tube was collected and filtered. Filtered supernatants were 1320 

transferred into glass vials with micro-volume inserts for LC-MS/MS analysis.  1321 

     The concentration of Ac3Az11 was determined by LC-MS/MS. Ten microliter of each sample 1322 

was injected into liquid chromatography system (AcQuity, Waters) by auto-sampler (4oC), 1323 

separated by a BEH C18 column (2.1 X 50 mm, 1.7µm; AcQuity UPLC, Waters) fitted with a 1324 

BEH C18 guard column (2.1 X 5 mm, 1.7µm; VanGuard, AcQuity UPLC, Waters). The mobile 1325 

phase was composed of MilliQ water (containing 0.1% formic acid) (A) and methanol (containing 1326 

0.1% formic acid) (B). The flow rate of mobile phase was 0.3 mL/min. And the gradient elution 1327 

program is: at 0 min 90% A / 10% B, at 1 min 90% A / 10% B, at 6 min 15% A / 85% B, at 7 min 1328 

15% A / 85% B, at 8 min 90% A / 10% B, at 9 min 90% A / 10% B. Effluent was detected by a 1329 

triple-quadrupole mass spectrometer (Waters Quattro Ultima). For data acquisition, the capillary 1330 

voltage was set as 3.0 kV, and the cone voltage was set at 30 V. After the electrospray ionization 1331 

(ESI), Ac3Az11 was ionized to a precursor ion with positive charge ([Ac3Az11.H]+). 1332 

[Ac3Az11.H]+ (m/z 674) was allowed to pass the first quadrupole (Q1) to get into the collision 1333 

cell (Q2). Precursor ions were derived into many fragment ions under a collision energy of 34 eV. 1334 

Only desired product ion (m/z 418) were detected and recorded through third quadrupole (Q3). 1335 

The analysis of quantification was processed by Mass Lynx Mass Spectrometry Software (Waters). 1336 

4.17 In silico docking study 1337 

CLC Drug Discovery Workbench (Version 2.5, QIAGEN) software was used to predict how a 1338 

ligand binds to its target protein of bMRP1. The ligands were flavonoid dimers Ac3Az11and FD-1339 

4e as well as MRP1 substrates LTC4 and DOX. The 2D structures of these ligands were generated 1340 
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from SIMLES and imported into the software for docking study. The electron cryo-microscopy 1341 

structure of bMRP1 (PDB ID: 5UJA) bound to LTC4 was downloaded from Protein Data Bank 1342 

(https://www.rcsb.org/) and used directly for docking without any changes. Using the software 1343 

function of “Find Binding Pockets”, the software was able to identify the central translocation 1344 

pathway of MRP1 as one of the potential binding pockets. The identification of ligand binding 1345 

modes was done iteratively by evaluating 10,000 ligand conformations and estimating the binding 1346 

energy of their interactions with the binding pocket. The binding pose with the top 5% highest 1347 

scores were returned for further visual inspection. The highest scores positioned the ligand 1348 

Ac3Az11, FD-4e and DOX into the binding site of LTC4. Amino acid residues involved in the 1349 

interaction with ligands are shown in Figure 9. All ligands are surrounded by the similar residues 1350 

in the central translocation pathway of MRP1, therefore it can be concluded that these residues 1351 

play an important functional role.     1352 
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