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Abstract 28 

In the present study, a total of 25 novel ningalin B analogues were synthesized and 29 

evaluated for their P-gp modulating activity in a P-gp overexpressed breast cancer cell 30 

line LCC6MDR. Preliminary structure-activity study shows that A ring and its two 31 

methoxy groups are important pharmacophores for P-gp modulating activity. Among all 32 

derivatives, 23 is the most potent P-gp modulator with EC50 of 165 nM in reversing 33 

paclitaxel resistance. It is relatively safe to use with selective index greater than 606 as 34 

compared to verapamil. Mechanism study demonstrates that compound 23 reverses P-35 

gp mediated drug resistance by inhibiting transport activity of P-gp, thereby restoring 36 

intracellular drug accumulation. In summary, our study demonstrates that ningalin B 37 

analogue 23 is a non-cytotoxic and effective P-gp chemosensitizer that can be used in 38 

the future for reversing P-gp mediated clinical cancer drug resistance.   39 



 

3 

 

1. Introduction 40 

  P-glycoprotein (P-gp or ABCB1) belongs to the ATP-Binding Cassette (ABC) 41 

super-family of proteins[1]. Overexpression of P-gp in cancer patients has been 42 

correlated with chemoresistance and poor prognosis. It can pump various anticancer 43 

drugs out of cancer cells and reducing intracellular drug concentration below their 44 

therapeutic levels[2-5]. P-gp has also been found in highly drug resistant cancer stem 45 

cells[6]. Considerable effort has been spent on developing P-gp inhibitors[7-14]. 46 

However, only a few non-toxic and specific P-gp inhibitors have been found[15-20] and 47 

none of these inhibitors can be used clinically. Therefore, searching for novel P-gp 48 

inhibitors with low toxicity and high potency remains an important approach to reverse 49 

clinical multidrug resistance (MDR).  50 

   Although P-gp was the most characterized ABC family member in terms of its 51 

structure and mechanism of action [3, 21, 22], its exact binding sites of inhibitors 52 

remains elusive. Recently, non-toxic natural products including curcumin[23], 53 

kaempferol[24], quercetin[25], epigallocatechin gallate[26], lamallarine K, lamallarine 54 

I, lamallarine O[27]and their derivatives or analogues such as quercetin pentamethyl 55 

ether[28], permethyl lamallarine D, permethyl ningalin D and permethyl ningalin B 56 

(shown in Figure 1)[29-31] have been discovered as a novel source for providing new 57 

P-gp modulators[10]. Recently, we have synthesized and characterized analogues of 58 

natural marine product ningalin B for their P-gp inhibitory activity. We found that 4 59 

ningalin B analogues have potent P-gp inhibitory activity, were safe to use and specific 60 

to P-gp (compounds 1-4 in Figure 1)[32-34]. Structure-activity relationship study 61 

revealed that substituent at C-ring and the linkers between N atom of pyrroledione and 62 

C-ring were important. Compounds 3 and 4 were the most potent and non-cytotoxic lead 63 

compounds. In this report, we will study the effects of substituent in rings A and C on P-64 

gp modulating activity.  65 
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 66 

Figure 1. Ningalin B analogues as P-gp inhibitors. 67 

2. Results and Discussion 68 

2.1. Chemistry 69 

  As shown in Scheme 1, three N-substituted phthalimide derivatives and two N-70 

substituted 3-arylpyrroledione derivatives were synthesized. Phthalimide was reacted 71 

with 3,4,5-trimethoxybenzylmethanesulfonate,2-bromo-1-(4-methoxyphenyl)ethanone, 72 

and 2-bromo-1-(4-benzoloxy-3-methoxyphenyl)ethanone in the presence of K2CO3 in 73 

DMF to afford compounds 6, 7, and 8 respectively.Synthetic compound 9[35] was 74 

coupled with 2-bromo-1-(4-benzoloxy-3-methoxyphenyl)ethanone in the presence of 75 

K2CO3 in DMF to produce compound 11 which was then reduced to compound 12. 76 

Scheme 1. Synthetic route of compounds 6, 7, 8, 11, and 12. 77 

 78 

 79 

Synthetic route of compounds 15a-23 is shown in Scheme 2. The key intermediates 80 
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13a-13f and 14a-14f were prepared as previously described[33, 34]. 3,4,5-81 

Trimethoxybenzyl methanesulfonate was reacted with 14a, 14b, 14c, or 14d in the 82 

presence of K2CO3 in DMF to afford compounds 15a, 15d, 15c, or 15d, respectively. 83 

Similarly, reaction of 4-benzoloxybenzyl methanesulfonate or 3-methoxy-4-84 

benzoloxybenzyl methanesulfonate with 14e gave compounds 16e or 17e.  Catalyzed 85 

by K2CO3, coupling of 2-bromo-1-(4-methoxyphenyl)ethanone with 14a, 14b, 14c,or 86 

14d produced target compounds 18a, 18b, 18c, or 18d, respectively. Using the same 87 

procedure，compounds 19a, 19b, 19c, 19d, or 19f were obtained. 14e or 14f was coupled 88 

with 4-(methylsulfonyl)benzyl methanesulfonate, 2-bromo-1-(4-89 

(methylsulfonyl)phenyl)ethanone, or 2-bromo-1-(2-bromo-5-methoxy-4-((3,4,5-90 

trimethoxybenzyl)oxy)phenyl)ethanone (22) in the presence of K2CO3 in DMF to 91 

provide compounds 20e, 20f, 21e, 21f, or 23 , respectively.  92 

Scheme 2. Synthetic route of compounds 15a-23 . 93 

 94 
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 95 

2.2. P-gp-modulating activity of ningalin B analogues 96 

P-gp-transfected breast cancer cell line MDA435/LCC6MDR was 87.1-fold more 97 

resistant to paclitaxel (PTX) than its parental LCC6 cells (Table 1). Based on our lead 98 

compounds 1-3[32-34], twenty five new ningalin B analogues were synthesized and 99 

divided into 3 series according to their (1) type and number of substituent at rings A and 100 

C and (2) type of linker between C1 of ring C and N atom of pyrrole-2,5-dione (Table 101 

1).  102 

The importance of substitution at rings A and C of ningalin B analogues on P-gp 103 

modulating activity was studied. In series I, compound 1 (RF = 18.2) [34] with 104 

methylene linker and di-methoxy groups on rings A and B and tri-methoxy groups on 105 

ring C was the lead compound. Removal of phenyl rings A and B in compound 6 (RF = 106 

1.2) completely abolished P-gp modulating activity, indicating that methylated 107 

polyphenol structure is an important pharmacophore. Reducing the number of methoxy 108 

group at phenyl ring A gradually diminished the potency to reverse P-gp-mediated PTX 109 

resistance: di-methoxylated compound 1 (RF = 18.2) > mono-methoxylated 15a (RF = 110 

11.4) and 15b (RF = 5.1) and non-substituted 15d (RF = 7.1). Substitution position at 111 

ring A is also important because mono-methoxylation at meta-position (15a with RF = 112 

11.4) displayed 2-fold higher RF value than that at para-position (15b with RF = 5.1). 113 

Furthermore, the size of substituent is also important. Smaller para-methoxy group at 114 

ring A in compound 1 (RF = 18.2) results in a higher activity than the bulkier group of 115 

para-benzyloxy group in compound 15c (RF = 11.9). This result suggests that smaller 116 

substituent is preferred. This effect of substituent size was also observed in ring C among 117 

this series. At ring C when trimethoxy groups (compound 1 with RF = 18.2) were 118 

replaced by methoxybenzyloxy, benzyloxy and methylsulfonyl substituent, there was a 119 

reduction in P-gp modulating activity (compounds 16e, 17e, 20e and 20f with RF = 9.3, 120 

4.2, 3.4 and 3.0).   121 

     Compounds of series II are analogues of lead compound 2. They have longer 122 

carbonylmethylene linker than that of series I (methylene linker). They only have mono-123 
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substitution at ring C instead of tri-substitution as in series I. Compound 2 (RF = 9.9) 124 

displayed the weakest P-gp modulating activity compared to the other 2 lead compounds 125 

(1 with RF = 18.2 and 3 with RF = 42.7) [34]. Similar to series I, when rings A and B 126 

are removed in compound 7 (RF = 1.7) in series II, the P-gp modulating activity is 127 

completely lost. The influence of number and size of substituent on P-gp-modulating 128 

activity is investigated in series II. First, di-methoxylation at ring A (2 with RF = 9.9) 129 

displayed better activity than mono-methoxylation (18a and 18b with RF = 3.5 and 2.7) 130 

or non-methoxylation (18d with RF = 2.6). Second, when the substituent at ring A 131 

gradually increased in size from di-methoxy in 2 (RF = 9.9) to benzyloxy in 18c (RF = 132 

4.5), P-gp modulating activity was reduced. Similar to series I, methylsulfonyl group in 133 

ring C was not preferred (21e with RF = 1.4 or 21f with RF = 2.0).  134 

In series III, either removal of both A and B rings or A ring alone consistently 135 

resulted in a complete loss of P-gp modulating activity (8, 11 and 12 with RF = 1.1, 1.4 136 

and 1.4 respectively), indicating that both rings A and B were important pharmacophores. 137 

Same as series I and II, di-substitution at ring A (3 with RF = 42.7) displayed stronger 138 

activity than mono- (19a, 19b and 19f with RF = 8.8, 22.1 and 8.6) and non-substituted 139 

analogues (19d with RF = 5.9). Contrary to series I, mono-methoxylation at para-140 

position (19b with RF = 22.1) yielded higher RF values than that at meta-position (19a 141 

with RF = 8.8). Replacing the para-methoxy group of compound 3 (RF = 42.7) at A ring 142 

by para-benzyloxy (19c with RF = 1.4) or replacing para-methoxy group of 19b (RF = 143 

22.1) at A ring by para-methyl group (19f with RF = 8.6) both caused a marked reduction 144 

in the P-gp modulating activity. Surprisingly, additional modification at C ring of 145 

compound 3 (RF = 42.7)with a 2-bromo, 3-methoxy and 4-(3,4,5-trimethoxybenzloxy) 146 

groups resulted in a highly potent P-gp modulator 23 (RF = 48.0). Further modification 147 

at C ring should be considered in the future.  148 
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Table 1. P-gp modulating activity, cLogP and PSA of ningalin B analogues 149 

R1 R2

Series I

1 OMe OMe 3,4,5-triOMe methylene 10.1 ± 0.6 18.2
a

6 No A ring No B ring 3,4,5-triOMe methylene 111.5 ± 11 1.2

15a H OMe 3,4,5-triOMe methylene 12.2 ± 0.5 11.4

15b OMe H 3,4,5-triOMe methylene 27.2 ± 2.3 5.1

15c OBn OMe 3,4,5-triOMe methylene 11.7 ± 1.2 11.9

15d H H 3,4,5-triOMe methylene 19.6 ± 0.9 7.1

16e OMe OMe 3-OMe, 4-OBn methylene 14.9 ± 6.7 9.3

17e OMe OMe 4-OBn methylene 33.0 ± 2.2 4.2

20e OMe OMe 4-CH3SO2 methylene 40.8 ± 3.9 3.4

20f Me H 4-CH3SO2 methylene 46.3 ± 2.8 3.0

Series II

2 OMe OMe OMe carbonylmethylene 18.4 ± 1.1 9.9
a

7 No A ring No B ring OMe carbonylmethylene 110.2 ± 14 1.3

18a H OMe OMe carbonylmethylene 39.6 ± 7.5 3.5

18b OMe H OMe carbonylmethylene 52.0 ± 2.3 2.7

18c OBn OMe OMe carbonylmethylene 31.3 ± 1.7 4.5

18d H H OMe carbonylmethylene 53.2 ± 7.1 2.6

21e OMe OMe CH3SO2 carbonylmethylene 98.0 ± 16 1.4

21f Me H CH3SO2 carbonylmethylene 68.9 ± 1.7 2.0

Series III

3 OMe OMe  3-OMe, 4-OBn carbonylmethylene 3.5 ± 0.3 42.7
a

8 No A ring No B ring 3-OMe, 4-OBn carbonylmethylene 129.0 ± 11 1.1

11 SMe (No A ring) 3-OMe, 4-OBn carbonylmethylene 102.0 ± 7.5 1.4

12 No A ring 3-OMe, 4-OBn carbonylmethylene 98.6 ± 12 1.4

19a H OMe 3-OMe, 4-OBn carbonylmethylene 15.9 ± 5.7 8.8

19b OMe H 3-OMe, 4-OBn carbonylmethylene 6.3 ± 0.5 22.1

19c OBn OMe 3-OMe, 4-OBn carbonylmethylene 101.7 ± 4.8 1.4

19d H H 3-OMe, 4-OBn carbonylmethylene 23.5 ± 6.2 5.9

19f Me H 3-OMe, 4-OBn carbonylmethylene 16.2 ± 2.6 8.6

23 OMe OMe

2-Bromo, 3-OMe, 4-

(3,4,5-triOMe)-OBn carbonylmethylene 2.9 ± 0.2 48.0

LCC6 1.6 ± 0.3 87.1

LCC6MDR 139.3 ± 7.5 1.0

Cpds RF
Mean IC50  Group at A ring

of PTX (nM)
Groups at C ring (R) Type of linker

N

R1

R2

OMe

OMe

O

OO

A

B

R

N

R1

R2

OMe

OMe

O

OO

R

A

B

N

R1

R2

OMe

OMe

O

O

R

C

A

B

 150 

Ningalin B analogues are divided into 3 series according to their R1 and R2 groups at ring A, R 151 
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group at ring C and types of linker used. Lead compounds 1, 2 and 3 of series I, II and III, 152 

respectively have been reported previously and they were used as starting points for 153 

modification[34].  P-gp-modulating activity was measured by determining IC50 towards PTX 154 

in LCC6MDR cells in the absence or presence of 1.0 µM of modulator. At 1.0 M, none of the 155 

modulators displayed any cytotoxicity towards LCC6MDR cells was found. Relative Fold (RF) 156 

reflects P-gp-modulating activity and is calculated as [IC50 of PTX without modulator / IC50 157 

with 1.0 µM modulator]. All modulators were dissolved in DMSO. Each experiment was done 158 

in triplicates and repeated at least three times. IC50 values are presented as mean  standard 159 

error of mean. aThese data have been reported previously[34]. 160 

 161 

 162 

2.3. EC50 (nM) and selective index values of ningalin B analog 23 163 

We have chosen one potent ningalin analogue 23 for further characterization in terms of 164 

its effective concentration (EC50) in reversing P-gp-mediated PTX resistance and its selective 165 

index (Table 2). Compound 23 was non-cytotoxic towards L929 normal fibroblasts with IC50 166 

greater than 100 M (Table 2). Its EC50 for reversing P-gp mediated resistance towards PTX 167 

was165 nM, which is about 2.7-fold more potent than verapamil (EC50 = 446 nM) (Table 2). 168 

After considering toxicity, selective index of 23 was greater than 606, which is about 3-fold 169 

higher than verapamil (selective index = 200). Overall, 23 is a non-cytotoxic and effective P-170 

gp chemosensitizer.  171 

Table 2. Effective concentration EC50 (nM) and selective index value of 23 in reversing PTX 172 

resistance of LCC6MDR. 173 

 174 

Cpds 
Cytotoxicity towards 

L929 (IC50, µM) 

Reversing PTX resistance 

in LCC6MDR (EC50, nM) 

 Selective 

index 

23 >100  165 ±10 > 606 

Verapamil  89±8 446 ± 41 200 

EC50 values were presented as mean  standard error of mean. N= 3-4 independent experiments.  175 

Each experiment was done in triplicate. Verapamil was used as positive control. Selective index 176 

value = (IC50 of modulators towards L929 fibroblasts) / (EC50 of modulators for reversing PTX 177 

resistance in LCC6MDR cells).  178 

 179 
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 185 

 186 

2.4. Ningalin B analogue 23 increases DOX and rhodamine 123 accumulation in LCC6MDR 187 

cells 188 

  Doxorubicin (DOX) and rhodamine 123 are known fluorescent P-gp substrates. We found 189 

that LCC6 cells accumulated about 2.6- and 8.0-fold more DOX and rhodamine 123 than 190 
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LCC6MDR cells (Figure 3A and 3B). Treatment of LCC6MDR cells with 2 µM of 23 or 191 

verapamil can inhibit P-gp and increase DOX accumulation by 2.4- or 2.3-fold to a level similar 192 

to that of LCC6 cells (Figure 3A). Treating LCC6MDR cells with 2 M of 23 or verapamil 193 

partially restored rhodamine 123 accumulation by 4.8- and 2.7-fold, respectively (Figure 3B). 194 

Compound 23 was 1.7-fold more potent than verapamil in inhibiting P-gp-mediated transport 195 

of rhodamine 123. 196 
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Rhodamine 123
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 198 

Figure 3. Effect of 23 on DOX and rhodamine 123 accumulation in LCC6MDR cells. 199 

Effect of compound 23 or verapamil on intracellular DOX and rhodamine 123 was studied. 200 

LCC6 or LCC6MDR cells were incubated with20 M DOX (A) with or without 2 µM of 201 
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modulators or 10 g/mL rhodamine 123 (B) with or without 2 M of modulator for 150 minutes 202 

at 37oC. 0.2% of DMSO was used as negative control. After the incubation period, cells were 203 

lysed and the DOX level in supernatant was measured by spectrofluorometry. N = 2-4 204 

independent experiments and values were presented as mean ± standard error of mean.  205 

 206 

3. Conclusion 207 

     In the present study, a total of 25 novel ningalin B analogs were synthesized and 208 

characterized for their P-gp modulating activity in a P-gp overexpressed breast cancer cell line 209 

LCC6MDR. Several important pharmacophores for modulating P-gp were found including (1) 210 

phenyl rings A and B, (2) di-methoxylation at rings A and (3) tri-substitution at ring C with 211 

ortho-bromo, meta-methoxy and para-trimethoxybenzyloxy groups. Among all ningalin B 212 

derivatives, 23 with dimethoxy groups at rings A and B and tri-substitution at ring C with ortho-213 

bromo, meta-methoxy, and para-trimethoxybenzyloxy groups is the most potent P-gp inhibitor 214 

with EC50 of 165 nM in reversing PTX resistance (Table 2). It is safe with selective index 215 

greater than 606 compared to verapamil (Table 2). The mechanism of 23 in reversing P-gp 216 

mediated drug resistance is by virtue of inhibiting transport activity of P-gp and restoring 217 

intracellular drug accumulation (Figure 3). In summary, our study demonstrates that ningalin 218 

B analogue 23 is non-cytotoxic and effective P-gp chemosensitizer that can be used in future 219 

for reversing P-gp mediated clinical cancer drug resistance.  220 

 221 

4. Experimental Section 222 

General. All non-aqueous reactions were carried out under nitrogen atmosphere in freshly 223 

distilled anhydrous solvents. Starting materials and reagents were reagent-grade and were used 224 

without further purification unless otherwise stated. Solvents were dried according to standard 225 

procedures. Analytical thin-layer chromatography (TLC) was performed on pre-coated plates 226 

(silica gel 60 F254) purchased from Merck KGaA and they were visualized under short (254 nm) 227 

and long (365 nm) UV light. Column chromatography was carried out using silica gel (200–228 

300 mesh). Melting points were recorded on a micro melting point apparatus MP-500D and 229 

were uncorrected. All NMR measurements were carried out at room temperature and the 230 

chemical shifts are reported as parts per million (ppm) in δ units relative to the resonance of 231 
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CDCl3 (7.26 ppm in the 1H, 77.0 ppm for the central line of the triplet in the 13C modes). Melting 232 

points were recorded on a micro melting point apparatus MP-500D and were uncorrected. 233 

High-resolution (ESI) MS spectra were performed with a QTOF-2 Micromass spectrometer. 234 

2-(3,4,5-trimethoxybenzyl)isoindoline-1,3-dione (6) 235 

A mixture of compound 5 (100 mg, 0.68 mmol), 3,4,5-trimethoxybenzyl methanesulfonate 236 

(227 mg, 0.82 mmol) and K2CO3 (282 mg, 2.04 mmol) in anhydrous DMF (20 mL) was stirred 237 

at room temperature for 6 h. The resulting solution was poured into water (100 mL), extracted 238 

with CH2Cl2, washed with brine, dried over anhydrous MgSO4, and the solvent was removed 239 

under reduced pressure. The residue was purified by flash chromatography on silica gel 240 

(EtOAc/PE = 1/2, v/v) to afford the desired compounds 6 (161 mg, 73%) as white solid; mp114-241 

116°C; 1H NMR (CDCl3, 500 MHz) δ 7.84 (m, 2 H), 7.70 (m, 2 H), 6.70 (s, 2 H), 4.75 (s, 2 H), 242 

3.86 (s, 6 H), 3.79 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 168.0, 153.3, 134.0, 132.0, 128.4, 243 

106.0, 60.8, 56.1, 41.9; HRMS calcd for (C18H17O5N + H)+ 328.1179, found 328.1185. 244 

2-(2-(4-methoxyphenyl)-2-oxoethyl)isoindoline-1,3-dione (7) 245 

7 was prepared as described for the synthesis of 6 using 5 (100 mg, 0.68 mmol), 2-bromo-246 

1-(4-methoxyphenyl)ethanone (188 mg, 0.82 mmol) and K2CO3 (282 mg, 2.04 mmol). Yield 247 

78%; mp140-142°C; 1H NMR (CDCl3, 500 MHz) δ 7.98 (d, J = 8.6 Hz, 2 H), 7.86 (m, 2 H), 248 

7.74 (m, 2 H), 6.97 (d, J = 8.6 Hz, 2 H), 5.08 (s, 2 H), 3.88 (s, 3 H); 13C NMR (CDCl3, 126 249 

MHz) δ 189.3, 167.9, 164.2, 134.3, 134.1, 132.6, 132.3, 130.4, 127.4, 123.5, 114.1, 55.5, 43.9, 250 

29.7; HRMS calcd for (C17H13O4N + H)+ 296.0917, found 296.0925. 251 

2-(2-(4-(benzyloxy)-3-methoxyphenyl)-2-oxoethyl)isoindoline-1,3-dione (8) 252 

8 was prepared as described for the synthesis of 6 using 5 (100 mg, 0.68 mmol), 1-(4-253 

(benzyloxy)-3-methoxyphenyl)-2-bromoethanone (275 mg, 0.82 mmol) and K2CO3 (282 mg, 254 

2.04 mmol); Yield 71%; mp146-148°C; 1H NMR (CDCl3, 500 MHz) δ 7.90 (dd, J = 3.0, 5.0 255 

Hz, 2 H), 7.75 (dd, J = 3.0, 5.0 Hz, 2 H), 7.58 (d, J = 8.4 Hz, 1 H), 7.54 (s, 1 H), 7.44 (d, J = 256 

7.4 Hz, 2 H), 7.39 (t, J = 7.4 Hz, 2 H), 7.33 (t, J = 7.2 Hz, 1 H), 6.94 (d, J = 8.4 Hz, 1 H), 5.26 257 

(s, 2 H), 5.08 (s, 2 H), 3.93 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 189.5, 168.0, 153.1, 149.8, 258 

136.0, 134.1, 132.3, 128.7, 128.2, 127.8, 127.2, 123.5, 122.5, 112.3, 110.7, 70.9, 56.1, 43.9, 259 

29.7; HRMS calcd for (C24H19O5N + H)+ 402.1336, found 402.1342. 260 

1-(2-(4-(benzyloxy)-3-methoxyphenyl)-2-oxoethyl)-3-(3,4-dimethoxyphenyl)-4-261 

(methylthio)-1H-pyrrole-2,5-dione (11) 262 
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A mixture of compound 3-(3,4-dimethoxyphenyl)-4-(methylthio)-1H-pyrrole-2,5                                              263 

-dione 9 (300 mg, 1.07 mmol), 1-(4-(benzyloxy)-3-methoxyphenyl)-2-bromoethanone 10 (432 264 

mg, 1.28 mmol) and K2CO3 (443 mg, 3.21 mmol) in anhydrous DMF (40 mL) was stirred at 265 

room temperature overnight. The resulting solution was poured into water (200 mL), extracted 266 

with CH2Cl2, washed with brine, dried over anhydrous MgSO4, and the solvent was removed 267 

under reduced pressure. The residue was purified by flash chromatography on silica gel 268 

(DCM/EtOAc/PE = 1/1/2, v/v/v) to afford the desired compounds 11 (354 mg, 62% yield) as 269 

yellow solid; mp 125-127°C; 1H NMR (CDCl3, 500 MHz) δ 7.54 (m, 2H), 7.40 (m, 6H), 7.32 270 

(t, J = 7.2 Hz, 1H), 6.94 (dd, J = 12.7, 8.2 Hz, 2H), 5.24 (s, 2H), 4.95 (s, 2H), 3.93 (s, 3 H),3.92 271 

(s, 3 H), 3.91 (s, 3 H) 2.72 (s, 3H); 13C NMR (CDCl3, 126 MHz) δ189.8, 168.8, 167.8, 153.1, 272 

150.2, 149.7, 148.5, 135.9, 135.7, 133.6, 128.7, 128.2, 127.6, 127.1, 123.6, 122.5, 121.8, 112.5, 273 

112.2, 110.6, 110.5, 77.0, 76.7, 70.8, 56.0, 55.9, 55.8, 44.1, 15.8; HRMS calcd for 274 

(C29H27O7NS + H)+ 534.1581, found 534.1580. 275 

1-(2-(4-(benzyloxy)-3-methoxyphenyl)-2-oxoethyl)-3-(3,4-dimethoxyphenyl)-1H-pyrrole-276 

2,5-dione (12) 277 

To a solution of compounds 11 (300 mg, 0.56 mmol) in methanol (20 mL), acetic acid (20 278 

mL) and chloroform (5 mL) was added Zn (109 mg, 1.68 mmol). The reaction mixture was 279 

stirred for 8 h at room temperature, and then concentrated. Then, the residue was dissolved in 280 

ethanol (30 mL) and triethylamine (2 mL) was added, after stirred at room temperature for 10 281 

h, the reaction mixture was poured into water (100 mL), extracted with CH2Cl2, washed with 282 

brine, dried over anhydrous MgSO4, and the solvent was removed under reduced pressure. The 283 

residue was purified by flash chromatography on silica gel (EtOAc/PE = 1/2, v/v) to afford the 284 

desired compounds 12.Yield 38%; mp 148-150 °C; 1H NMR (CDCl3, 500 MHz) δ7.54 (m, 285 

2H),7.40 (m, 6H), 7.32 (t, J = 7.1 Hz, 1H), 6.94 (m, 2 H), 6.72 (s, 1 H), 5.25 (s, 2 H), 4.95 (s, 286 

2 H), 3.94 (s, 3 H), 3.93 (s, 3 H), 3.92 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ189.8, 168.8, 287 

167.8, 153.1, 150.2, 149.7, 148.5, 135.9, 135.7, 133.6, 128.7, 128.2, 127.6, 127.1, 123.6, 122.5, 288 

121.8, 112.5, 112.2, 110.6, 110.5, 77.0, 76.7, 70.8, 56.0, 55.9, 55.8, 44.1; HRMS calcd for 289 

(C28H25O7N + H)+ 488.1704, found 488.1700. 290 

3-(3,4-dimethoxyphenyl)-4-(3-methoxyphenyl)-1H-pyrrole-2,5-dione (14a) 291 

Under a N2 atmosphere, t-BuOK (2452 mg, 21.84 mmol) was added to a stirring solution of 292 

compound 13a (2500 mg, 7.28 mmol) in t-BuOH (50 mL) at 0°C. Then the reaction was 293 
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allowed to slowly warm to room temperature. After 8-12 h, the reaction solution was exposed 294 

to air. After 2 h, the resulting reaction solution was poured into ice-cold water (300 mL), and 295 

then the pH was adjusted to 7 by adding 2 N hydrochloric acid to give a thick suspension. The 296 

above suspension was filtered and purified by flash chromatography on silica gel to afford 297 

compound 14a (963 mg, 2.84 mmol); mp 187-189 °C; ESI-MS m/z [M + H]+ 340.1; 1H NMR 298 

(CDCl3, 600 MHz) δ7.81 (s, 1H), 7.30 (d, J = 7.9 Hz, 1H), 7.28 (m, 1H), 7.04 (d, J = 8.1 Hz, 299 

1H), 7.03(m, 1H), 6.98 (d, J = 1.9 Hz, 1H), 6.93 (dd, J = 8.3, 2.6 Hz, 1H), 6.85 (d, J = 8.5 Hz, 300 

1H), 3.90 (s, 3H), 3.74 (s, 3H), 3.64 (s, 3H); 13C NMR (CDCl3, 150 MHz) δ170.7, 170.5, 159.6, 301 

150.8, 148.7, 136.8, 135.1, 130.1, 129.8, 124.0, 122.2, 120.8, 115.7, 115.0, 112.7, 111.0, 77.3, 302 

77.1, 76.9, 56.0, 55.7, 55.3. 303 

3-(3,4-dimethoxyphenyl)-4-(4-methoxyphenyl)-1H-pyrrole-2,5-dione (14b) 304 

Following the procedure for the preparation of compound 14a, but using compound 13b as 305 

the starting material, the desired compound 14b was obtained: yield 41%; mp 182-184 °C; ESI-306 

MS m/z [M + H]+ 340.1; 1H NMR (CDCl3, 600 MHz) δ8.11 (s, 1H), 7.48 (d, J = 9.0 Hz, 2H), 307 

7.21 (dd, J = 8.5, 2.0 Hz, 1H), 6.98 (d, J = 2.0 Hz, 1H), 6.88 (d, J = 9.0 Hz, 2H), 6.86 (d, J = 308 

8.5 Hz, 1H), 3.90 (s, 3H), 3.82 (s, 3H), 3.68 (s, 3H); 13C NMR (CDCl3, 150 MHz) δ171.0, 309 

160.7, 150.4, 148.7, 135.0, 134.8, 131.5, 123.5, 121.2, 121.0, 114.0, 112.4, 111.0, 55.7, 55.3.  310 

3-(4-(benzyloxy)-3-methoxyphenyl)-4-(3,4-dimethoxyphenyl)-1H-pyrrole-2,5-dione (14c) 311 

Following the procedure for the preparation of compound 14a, but using compound 13c as 312 

the starting material, the desired compound 14c was obtained: yield 44%; mp 188-190 °C; ESI-313 

MS m/z [M + H]+ 446.1; 1H NMR (CDCl3, 500 MHz)δ7.86 (s, 1H), 7.41 (d, J = 7.5 Hz, 2H), 314 

7.36 (t, J = 7.5 Hz, 2H), 7.30 (t, J = 7.2 Hz, 1H), 7.22 (dd, J = 8.4, 1.4 Hz, 1H), 7.12 (dd, J = 315 

8.4, 1.4 Hz, 1H), 7.06 (s, 1H), 6.99 (s, 1H), 6.86 (dd, J = 8.4, 5.3 Hz, 2H), 5.18 (s, 2H), 3.90 316 

(s, 3H), 3.73 (s, 3H), 3.65 (s, 3H); 13C NMR (CDCl3, 126 MHz) δ170.8, 150.4, 149.5, 149.2, 317 

148.6, 136.4, 135.0, 134.9, 128.6, 128.0, 127.1, 123.6, 123.3, 121.5, 121.1, 113.2, 113.0, 112.4, 318 

110.9, 70.7, 55.9, 55.7. 319 

3-(3,4-dimethoxyphenyl)-4-phenyl-1H-pyrrole-2,5-dione (14d) 320 

Following the procedure for the preparation of compound 14a, but using compound 13d as 321 

the starting material, the desired compound 14d was obtained: yield 42%; mp 207-209 °C; ESI-322 

MS m/z [M + H]+ 309.1; 1H NMR (CDCl3, 500 MHz) δ 7.89 (s, 1H), 7.51 (m, 2H), 7.38 (d, J 323 
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= 3.1 Hz, 3H), 7.27 (s, 1H), 6.94 (s, 1H), 6.85 (d, J = 8.5 Hz, 1H), 3.90 (s, 3H), 3.62 (s, 3H); 324 

13C NMR (CDCl3, 126 MHz) δ 170.7, 170.6, 150.7, 148.6, 136.6, 135.2, 129.8, 129.7, 128.8, 325 

128.6, 123.8, 120.8, 112.5, 110.9, 55.8, 55.5.  326 

3-(3,4-dimethoxyphenyl)-4-(p-tolyl)-1H-pyrrole-2,5-dione (14f)  327 

Following the procedure for the preparation of compound 14a, but using compound 13f as 328 

the starting material, the desired compound 14f was obtained: yield 40%; mp 205-207 °C; ESI-329 

MS m/z [M + H]+ 324.1; 1H NMR (CDCl3, 500 MHz) δ 7.65 (s, 1H), 7.39 (d, J = 8.0 Hz, 2H), 330 

7.23 (dd, J = 8.5, 1.9 Hz, 1H), 7.19 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 1.9 Hz, 1H), 6.85 (d, J = 331 

8.5 Hz, 1H), 3.90 (s, 3H), 3.66 (s, 3H), 2.37 (s, 3H); 13C NMR (CDCl3, 126 MHz) δ 170.7, 332 

170.6, 150.5, 148.6, 140.0, 135.8, 135.4, 129.7, 129.3, 125.8, 123.6, 121.0, 112.5, 110.9, 55.8, 333 

55.6, 29.6, 21.4.    334 

3-(3,4-dimethoxyphenyl)-4-(3-methoxyphenyl)-1-(3,4,5-trimethoxybenzyl)-1H-pyrrole-335 

2,5-dione (15a) 336 

To a solution of compound 14a (100mg, 0.29 mmol) and 3,4,5-trimethoxybenzyl 337 

methanesulfonate (96 mg, 0.35 mmol) in dry DMF (20 mL) was added K2CO3 (120 mg, 0.87 338 

mmol). The reaction mixture was heated to 40 °C for 5-6 h and then poured into water (100 339 

mL), extracted with CH2Cl2, washed with brine, dried over anhydrous MgSO4, and the solvent 340 

was removed under reduced pressure. The residue was purified by flash chromatography on 341 

silica gel (DCM/EtOAc/PE = 1/1/2, v/v/v) to afford the desired compounds 15a (108 mg, 72%); 342 

mp 115-117°C; 1H NMR (CDCl3, 500 MHz) δ 7.28 (m, 2 H), 7.04 (d, J = 7.8 Hz, 2 H), 6.99 (s, 343 

1 H), 6.92 (d, J = 7.8 Hz, 2 H), 6.84 (d, J = 8.4 Hz, 1 H), 6.72 (s, 2 H), 4.71 (s, 2 H), 3.89 (s, 3 344 

H), 3.87 (s, 3 H), 3.83 (s, 3 H), 3.73 (s, 3 H), 3.64 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 345 

170.6, 170.5, 159.6, 153.3, 150.7, 148.6, 137.7, 135.9, 134.2, 132.1, 130.3, 129.7, 123.8, 122.2, 346 

121.2, 121.0, 115.6, 114.9, 112.7, 110.9, 106.2, 60.8, 56.2, 55.9, 55.6, 55.3, 42.3, 29.7; HRMS 347 

calcd for (C29H29O8N + H)+ 520.1966, found 520.1981. 348 

3-(3,4-dimethoxyphenyl)-4-(4-methoxyphenyl)-1-(3,4,5-trimethoxybenzyl)-1H-pyrrole-349 

2,5-dione (15b) 350 

Following the procedure for the preparation of compound 15a, but using compound 14b as 351 

the starting material, the desired compound 15b was obtained: yield 69%; mp 59-61°C; 1H 352 

NMR (CDCl3, 500 MHz) δ 7.48 (d, J = 8.5 Hz, 2 H), 7.20 (d, J = 8.4 Hz, 1 H), 6.99 (s, 1 H), 353 
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6.88 (d, J = 8.5 Hz, 2 H), 6.85 (d, J = 8.4 Hz, 1 H), 6.72 (s, 2 H), 4.69 (s, 2 H), 3.88 (s, 3 H), 354 

3.86 (s, 6 H), 3.83 (s, 6 H), 3.67 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 170.9, 160.7, 153.3, 355 

150.4, 148.7, 134.3, 134.1, 132.2, 131.5, 123.5, 121.4, 121.2, 114.0, 112.5, 111.0, 106.2, 60.8, 356 

56.2, 55.8, 55.3, 42.2, 29.7; HRMS calcd for (C29H29O8N + H)+ 520.1966, found 520.1972. 357 

3-(4-(benzyloxy)-3-methoxyphenyl)-4-(3,4-dimethoxyphenyl)-1-(3,4,5-tri 358 

methoxybenzyl)-1H-pyrrole-2,5-dione(15c) 359 

Following the procedure for the preparation of compound 15a, but using compound 14c as 360 

the starting material, the desired compound 15c was obtained: yield 70%; mp 59-61°C; 1H 361 

NMR (CDCl3, 500 MHz) δ 7.41 (d, J = 7.3 Hz, 2 H), 7.35 (t, J = 7.4 Hz, 2 H), 7.29 (t, J = 7.2 362 

Hz, 1 H),  7.22 (dd, J = 1.8, 8.4 Hz, 1 H), 7.12 (dd, J = 1.8, 8.4 Hz, 1 H), 7.06 (d, J = 1.8 Hz, 363 

1 H), 7.00 (d, J = 1.8 Hz, 1 H), 6.85 (dd, J = 5.6, 8.4 Hz, 2 H), 6.71 (s, 2 H), 5.17 (s, 2 H), 4.69 364 

(s, 2 H), 3.89 (s, 3 H), 3.85 (s, 6 H), 3.82 (s, 3 H), 3.72 (s, 3 H), 3.64 (s, 3 H); 13C NMR (CDCl3, 365 

126 MHz) δ 170.8, 153.3, 150.4, 149.5, 149.2, 148.6, 137.6, 136.5, 134.2, 132.2, 128.6, 128.1, 366 

127.2, 123.6, 123.3, 121.7, 121.3, 113.3, 113.1, 112.5, 110.9, 106.1, 70.7, 60.8, 56.2, 55.8, 42.2; 367 

HRMS calcd for (C36H35O9N + Na)+ 648.2204, found 648.2215.  368 

3-(3,4-dimethoxyphenyl)-4-phenyl-1-(3,4,5-trimethoxybenzyl)-1H-pyrrole-2,5-dione 369 

(15d) 370 

Following the procedure for the preparation of compound 15a, but using compound 14d as 371 

the starting material, the desired compound 15d was obtained: yield 69%; mp 65-66°C; 1H 372 

NMR (CDCl3, 500 MHz) δ 7.46 (s, 2 H), 7.36 (s, 3 H), 7.24 (s, 1 H), 6.95 (s, 1 H), 6.83 (d, J = 373 

8.5 Hz, 1 H), 6.72 (s, 2 H), 4.70 (s, 2 H), 3.88 (s, 3 H), 3.86 (s, 6 H), 3.82 (s, 3 H), 3.60 (s, 3 374 

H); 13C NMR (CDCl3, 126 MHz) δ 170.6, 153.3, 150.7, 148.6, 137.6, 135.8, 134.4, 132.1, 375 

129.7, 129.1, 128.6, 123.8, 121.0, 112.6, 110.9, 106.2, 60.8, 56.2, 55.9, 55.6, 42.3; HRMS calcd 376 

for (C28H27O7N + H)+ 490.1860, found 490.1870. 377 

1-(4-(benzyloxy)-3-methoxybenzyl)-3,4-bis(3,4-dimethoxyphenyl)-1H-pyrrole- 378 

2,5-dione (16e) 379 

To a solution of compound 14e (100mg, 0.27 mmol) and 4-(benzyloxy)-3-methoxybenzyl 380 

methanesulfonate (105 mg, 0.32 mmol) in dry DMF (20 mL) was added K2CO3 (112 mg, 0.81 381 

mmol). The reaction mixture was heated to 40 °C for 5-6 h and then poured into water (100mL), 382 

extracted with CH2Cl2, washed with brine, dried over anhydrous MgSO4, and the solvent was 383 
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removed under reduced pressure. The residue was purified by flash chromatography on silica 384 

gel (DCM/EtOAc/PE = 1/1/3, v/v/v) to afford the desired compounds 16e (125 mg, 78%); mp 385 

116-118°C; 1H NMR (CDCl3, 500 MHz) δ 7.41 (d, J = 7.2 Hz, 2 H), 7.34 (t, J = 7.2 Hz, 2 H), 386 

7.29 (d, J = 7.0 Hz, 1 H), 7.19 (d, J = 8.4 Hz, 2 H), 7.03 (s, 3 H), 6.95 (d, J = 8.1 Hz, 1 H),6.83 387 

(t, J = 8.9 Hz, 3 H), 5.13 (s, 2 H), 4.70 (s, 2 H), 3.89 (s, 9 H), 3.70 (s, 6 H); 13C NMR (CDCl3, 388 

126 MHz) δ 170.8, 150.4, 149.6, 148.7, 137.1, 134.1, 129.7, 128.5, 127.8, 127.2, 123.6, 121.4, 389 

113.8, 112.8, 112.6, 110.9, 70.9, 56.1, 55.8, 41.7, 29.7; HRMS calcd for (C35H33O8N + H)+ 390 

596.2279, found 596.2296. 391 

1-(4-(benzyloxy)benzyl)-3,4-bis(3,4-dimethoxyphenyl)-1H-pyrrole-2,5-dione (17e) 392 

Following the procedure for the preparation of compound 16e, but using compound 4-393 

(benzyloxy)benzyl methanesulfonate as the starting material, the desired compound 17e was 394 

obtained: yield 66%; mp 131-133°C; 1H NMR (CDCl3, 500 MHz) δ7.40 (m, 5H), 7.30 (m, 1H), 395 

7.19 (d, J = 8.4 Hz, 2H), 7.04 (s, 2H), 6.93 (d, J = 8.4 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 5.04 396 

(s, 2H), 4.72 (s, 2H), 3.89 (s, 6H), 3.70 (s, 6H); 13C NMR (CDCl3, 126 MHz) δ170.8, 158.4, 397 

150.3, 148.6, 136.8, 134.1, 130.2, 129.1, 128.5, 127.9, 127.4, 123.5, 121.4, 114.8, 112.5, 110.9, 398 

77.2, 77.0, 76.7, 69.9, 55.8, 55.7, 41.2; HRMS calcd for (C34H31O7N + H)+ 566.2173, found 399 

566.2189. 400 

3-(3,4-dimethoxyphenyl)-4-(3-methoxyphenyl)-1-(2-(4-methoxyphenyl)-2-oxoethyl)-1H-401 

pyrrole-2,5-dione (18a) 402 

To a solution of compound 14a (100mg, 0.29 mmol) and 2-bromo-1-(4-403 

methoxyphenyl)ethanone (80 mg, 0.35 mmol) in dry DMF (20 mL) was added K2CO3 (120 404 

mg, 0.87 mmol). The reaction mixture was heated to 40 °C for 5-6 h and then poured into water 405 

(100 mL), extracted with CH2Cl2, washed with brine, dried over anhydrous MgSO4, and the 406 

solvent was removed under reduced pressure. The residue was purified by flash chromatography 407 

on silica gel (DCM/EtOAc/PE = 1/1/3, v/v/v) to afford the desired compounds 18a (102 mg, 408 

72%); mp 130-132°C; 1H NMR (CDCl3, 500 MHz) δ 7.98 (d, J = 8.6 Hz, 2 H), 7.29 (d, J = 6.8 409 

Hz, 2 H), 7.08 (m, 3 H), 6.97 (d, J = 8.6 Hz, 2 H), 6.92 (d, J = 8.1 Hz, 1 H), 6.84 (d, J = 8.4 410 

Hz, 1 H), 5.03 (m, 2 H), 3.90 (m, 3 H), 3.88 (m, 3 H), 3.74 (m, 3 H), 3.66 (m, 3 H); 13C NMR 411 

(CDCl3, 126 MHz) δ 189.8, 170.7, 170.4, 164.2, 159.5, 150.6, 148.6, 136.4, 134.7, 130.4, 129.6, 412 

127.4, 123.9, 122.3, 121.1, 115.8, 114.8, 114.1, 112.8, 110.9, 55.9, 55.6, 55.3, 44.2, 29.7; 413 

HRMS calcd for (C28H25O7N + H)+ 488.1704, found 488.1716. 414 
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3-(3,4-dimethoxyphenyl)-4-(4-methoxyphenyl)-1-(2-(4-methoxyphenyl)-2-oxoethyl)-1H-415 

pyrrole-2,5-dione (18b) 416 

Following the procedure for the preparation of compound 18a, but using compound 14b as 417 

the starting material, the desired compound 18b was obtained: yield 77%; mp 99-101°C; 1H 418 

NMR (CDCl3, 500 MHz) δ 7.97 (d, J = 8.6 Hz, 2 H), 7.53 (d, J = 8.6 Hz, 2 H), 7.23 (d, J = 8.4 419 

Hz, 1 H), 7.06 (s, 1 H), 6.96 (d, J = 8.6 Hz, 2 H), 6.88 (d, J = 8.6 Hz, 2 H), 6.85 (d, J = 8.4 Hz, 420 

1 H), 5.02 (s, 2 H), 3.89 (s, 3 H), 3.87 (s, 3 H), 3.82 (s, 3 H), 3.69 (s, 3 H); 13C NMR (CDCl3, 421 

126 MHz) δ 189.9, 170.9, 164.1, 160.7, 150.4, 148.7, 134.7, 134.5, 131.6, 130.4, 127.5, 123.5, 422 

121.5, 114.0, 112.6, 111.0, 55.8, 55.5, 55.3, 44.1; HRMS calcd for (C28H25O7N + H)+ 488.1704, 423 

found 488.1717.  424 

3-(4-(benzyloxy)-3-methoxyphenyl)-4-(3,4-dimethoxyphenyl)-1-(2-(4-methoxy- phenyl)-425 

2-oxoethyl)-1H-pyrrole-2,5-dione (18c) 426 

Following the procedure for the preparation of compound 18a, but using compound 14c as 427 

the starting material, the desired compound 18c was obtained: yield 71%; mp 66-68°C; 1H 428 

NMR (CDCl3, 500 MHz) δ 7.98 (d, J = 8.9 Hz, 2 H), 7.42 (d, J = 7.3 Hz, 2 H), 7.36 (t, J = 7.4 429 

Hz, 2 H), 7.30 (t, J = 7.3 Hz, 1 H), 7.25 (m, 1 H), 7.15 (dd, J = 2.0, 8.4 Hz, 1 H), 7.12 (d, J = 430 

1.9 Hz, 1 H), 7.06 (d, J = 1.9 Hz, 1 H), 6.97 (d, J = 8.9 Hz, 2 H), 6.86 (dd, J = 4.7, 8.4 Hz, 2 431 

H), 5.18 (s, 2 H), 5.02 (s, 2 H), 3.89 (s, 3 H), 3.74 (s, 3 H), 3.66 (s, 3 H); 13C NMR (CDCl3, 432 

126 MHz) δ 189.8, 170.8, 164.1, 150.3, 149.4, 149.2, 148.6, 136.6, 134.6, 130.4, 128.6, 128.0, 433 

127.4, 127.2, 123.7, 123.4, 121.8, 121.4, 114.1, 113.2, 112.6, 110.9, 70.7, 55.8, 55.6, 44.1; 434 

HRMS calcd for (C35H31O8N + H)+ 594.2122, found 594.2132.  435 

3-(3,4-dimethoxyphenyl)-1-(2-(4-methoxyphenyl)-2-oxoethyl)-4-phenyl-1H- 436 

pyrrole-2,5-dione (18d) 437 

Following the procedure for the preparation of compound 18a, but using compound 14d as 438 

the starting material, the desired compound 18d was obtained: yield 80%; mp 167-169°C; 1H 439 

NMR (CDCl3, 500 MHz) δ 7.99 (d, J = 8.6 Hz, 2 H), 7.53 (d, J = 3.4 Hz, 2 H), 7.38 (s, 3 H), 440 

7.29 (d, J = 8.4 Hz, 1 H), 7.02 (s, 1 H), 6.98 (d, J = 8.6 Hz, 2 H), 6.85 (d, J = 8.4 Hz, 1 H), 5.04 441 

(s, 2 H), 3.89 (s, 6 H), 3.63 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 189.8, 170.7, 170.5, 164.1, 442 

150.6, 148.6, 136.2, 134.8, 130.4, 129.9, 129.6, 129.1, 128.5, 127.5, 123.8, 121.1, 114.1, 112.7, 443 

110.9, 55.9, 55.6, 44.2; HRMS calcd for (C27H23O6N + H)+ 458.1598, found 458.1609.  444 
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1-(2-(4-(benzyloxy)-3-methoxyphenyl)-2-oxoethyl)-3-(3,4-dimethoxyphenyl)-4-(3-445 

methoxyphenyl)-1H-pyrrole-2,5-dione (19a) 446 

To a solution of compound 14a (100mg, 0.29 mmol) and 1-(4-(benzyloxy)-3-447 

methoxyphenyl)-2-bromoethanone (117 mg, 0.35 mmol) in dry DMF (20 mL) was added 448 

K2CO3 (120 mg, 0.87 mmol). The reaction mixture was heated to 40 °C for 5-6 h and then 449 

poured into water (100 mL), extracted with CH2Cl2, washed with brine, dried over anhydrous 450 

MgSO4, and the solvent was removed under reduced pressure. The residue was purified by flash 451 

chromatography on silica gel (DCM/EtOAc/PE = 1/1/3, v/v/v) to afford the desired compounds 452 

18a (143 mg, 83%); mp 130-132°C; 1H NMR (CDCl3, 500 MHz) δ 7.56 (m, 2 H), 7.44 (d, J = 453 

7.5 Hz, 2 H), 7.39 (t, J = 7.4 Hz, 2 H), 7.34 (d, J = 7.2 Hz, 1 H), 7.29 (m, 2 H), 7.09 (m, 2 H), 454 

7.05 (s, 1 H), 6.93 (m, 2 H), 6.85 (d, J = 8.5 Hz, 1 H), 5.25 (s, 2 H), 5.03 (s, 2 H), 3.94 (s, 3 H), 455 

3.90 (s, 3 H), 3.74 (s, 3 H), 3.66 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 189.9, 170.7, 170.4, 456 

159.5, 153.1, 150.7, 149.8, 148.6, 136.4, 136.0, 134.7, 130.3, 129.6, 128.7, 128.2, 127.8, 127.2, 457 

123.9, 122.5, 122.3, 121.1, 115.8, 114.8, 112.8, 112.3, 110.9, 110.7, 70.8, 56.1, 55.9, 55.6, 55.3, 458 

44.2; HRMS calcd for (C35H31O8N + H)+ 594.2122, found 594.2137. 459 

1-(2-(4-(benzyloxy)-3-methoxyphenyl)-2-oxoethyl)-3-(3,4-dimethoxyphenyl)-4-(4-460 

methoxyphenyl)-1H-pyrrole-2,5-dione (19b) 461 

Following the procedure for the preparation of compound 19a, but using compound 14b as 462 

the starting material, the desired compound 19b was obtained: yield 80%; mp 67-69°C; 1H 463 

NMR (CDCl3, 500 MHz) δ 7.54 (m, 4 H), 7.43 (d, J = 7.3 Hz, 2 H), 7.38 (t, J = 7.4 Hz, 2 H), 464 

7.32 (t, J = 7.2 Hz, 1 H), 7.23 (dd, J = 8.4, 1.8 Hz, 2 H), 7.05 (d, J = 1.6 Hz, 1 H), 6.93 (d, J = 465 

8.4 Hz, 1 H), 6.88 (d, J = 8.8 Hz, 2 H), 6.84 (d, J = 8.4 Hz, 1 H), 5.24 (s, 2 H), 5.01 (s, 2 H), 466 

3.92 (s, 3 H), 3.89 (s, 3 H), 3.82 (s, 3 H), 3.68 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 190.1, 467 

170.9, 160.7, 153.1, 150.4, 149.7, 148.7, 136.0, 134.7, 134.5, 131.6, 128.7, 128.2, 127.9, 123.5, 468 

122.5, 121.5, 121.3, 114.0, 112.6, 112.3, 111.0, 110.7, 70.9, 56.1, 55.8, 55.3, 44.1; HRMS calcd 469 

for (C35H31O8N + H)+ 594.2122, found 594.2133.  470 

3-(4-(benzyloxy)-3-methoxyphenyl)-1-(2-(4-(benzyloxy)-3-methoxyphenyl)-2 471 

-oxoethyl)-4-(3,4-dimethoxyphenyl)-1H-pyrrole-2,5-dione (19c) 472 

Following the procedure for the preparation of compound 19a, but using compound 14c as 473 

the starting material, the desired compound 19c was obtained: yield 77%; mp 140-142°C; 1H 474 
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NMR (CDCl3, 500 MHz) δ 7.55 (m, 2 H), 7.36 (m, 10 H), 7.24 (s, 1 H), 7.15 (d, J = 8.5 Hz, 1 475 

H), 7.12 (s, 1 H), 7.06 (s, 1 H), 6.93 (d, J = 8.3 Hz, 1 H), 6.86 (m, 2 H), 5.24 (s, 2 H), 5.18 (s, 476 

2 H), 5.01 (s, 2 H), 3.93 (s, 3 H), 3.89 (s, 3 H), 3.73 (s, 3 H), 3.66 (s, 3 H); 13C NMR (CDCl3, 477 

126 MHz) δ 190.0, 170.8, 153.1, 150.4, 149.7, 149.5, 149.2, 148.6, 136.6, 136.0, 134.6, 128.7, 478 

128.2, 128.0, 127.8, 127.2, 123.7, 123.4, 122.5, 121.8, 121.4, 113.2, 112.6, 112.3, 110.9, 110.6, 479 

70.8, 56.1, 55.8, 44.1; HRMS calcd for (C42H37O9N + Na)+ 722.2361, found 722.2376.  480 

1-(2-(4-(benzyloxy)-3-methoxyphenyl)-2-oxoethyl)-3-(3,4-dimethoxyphenyl)-4-phenyl-481 

1H-pyrrole-2,5-dione (19d) 482 

Following the procedure for the preparation of compound 19a, but using compound 14d as 483 

the starting material, the desired compound 19d was obtained: yield 82%; mp 116-118°C; 1H 484 

NMR (CDCl3, 500 MHz) δ 7.54 (m, 4 H), 7.43 (d, J = 7.4 Hz, 2 H), 7.38 (m, 5 H), 7.32 (t, J = 485 

7.2 Hz, 1 H), 7.28 (dd, J = 1.5, 8.4 Hz, 1 H), 7.01 (d, J = 1.3 Hz, 1 H), 6.93 (d, J = 8.4 Hz, 1 486 

H), 6.84 (d, J = 8.4 Hz, 1 H), 5.25 (s, 2 H), 5.03 (s, 2 H), 3.93 (s, 3 H), 3.89 (s, 3 H), 3.62 (s, 3 487 

H); 13C NMR (CDCl3, 126 MHz) δ 189.9, 170.7, 153.1, 150.6, 149.7, 148.6, 136.0, 134.8, 488 

129.9, 129.6, 128.7, 128.3, 127.8, 127.2, 123.8, 122.5, 121.1, 112.7, 112.3,110.8, 70.8, 55.9, 489 

55.8, 55.6, 44.2; HRMS calcd for (C34H29O7N + H)+ 564.2017, found 564.2023.  490 

1-(2-(4-(benzyloxy)-3-methoxyphenyl)-2-oxoethyl)-3-(3,4-dimethoxyphenyl)-4-(p-tolyl)-491 

1H-pyrrole-2,5-dione (19f) 492 

Following the procedure for the preparation of compound 19a, but using compound 14f as 493 

the starting material, the desired compound 19f was obtained: yield 81%; mp 71-73°C; 1H 494 

NMR (CDCl3, 500 MHz) δ 7.54 (m, 2 H), 7.43 (d, J = 8.0 Hz, 4 H), 7.37 (t, J = 7.5 Hz, 2 H), 495 

7.31 (t, J = 7.2 Hz, 1 H), 7.24 (d, J = 1.5 Hz, 1 H), 7.17 (d, J = 8.0 Hz, 2 H), 7.05 (s, 1 H), 6.92 496 

(d, J = 8.3 Hz, 1 H), 6.83 (d, J = 8.5 Hz, 1 H), 5.23 (s, 2 H), 5.01 (s, 2 H), 3.91 (s, 3 H), 3.88 497 

(s, 3 H), 3.71 (s, 3 H), 2.35 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 190.1, 170.8, 153.1, 150.5, 498 

149.7, 148.6, 139.9, 136.0, 135.5, 135.0, 129.8, 129.3, 128.7, 128.2, 127.8, 127.2, 126.1, 123.7, 499 

122.5, 121.3, 112.7, 112.2, 110.9, 110.5, 70.8, 56.0, 55.9, 55.7, 44.1, 21.5; HRMS calcd for 500 

(C35H31O7N + H)+ 578.2173, found 578.2190. 501 

3,4-bis(3,4-dimethoxyphenyl)-1-(4-(methylsulfonyl)benzyl)-1H-pyrrole-2,5-dione (20e) 502 

To a solution of compound 14e (100mg, 0.27 mmol) and 4-(methylsulfonyl)benzyl 503 

methanesulfonate (85 mg, 0.32 mmol) in dry DMF (20 mL) was added K2CO3 (112 mg, 0.81 504 
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mmol). The reaction mixture was heated to 40 °C for 5-6 h and then poured into water (100 505 

mL), extracted with CH2Cl2, washed with brine, dried over anhydrous MgSO4, and the solvent 506 

was removed under reduced pressure. The residue was purified by flash chromatography on 507 

silica gel (DCM/EtOAc/PE = 1/1/3, v/v/v) to afford the desired compounds 20e (100 mg, 69%); 508 

mp 158-160°C; 1H NMR (CDCl3, 500 MHz) δ 7.91 (d, J = 8.2 Hz, 2 H), 7.63 (d, J = 8.2 Hz, 2 509 

H), 7.21 (dd, J = 1.7, 8.4 Hz, 2 H), 7.04 (d, J = 1.6 Hz, 2 H), 6.85 (d, J = 8.4 Hz, 2 H), 4.86 (s, 510 

2 H), 3.90 (s, 6 H), 3.70 (s, 6 H), 3.03 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 170.6, 150.6, 511 

148.7, 142.5, 140.0, 134.1, 129.5, 127.9, 123.6, 121.1, 112.5, 110.9, 55.9, 44.5, 41.3; HRMS 512 

calcd for (C28H27O8NS + H)+ 538.1530, found 538.1530. 513 

3-(3,4-dimethoxyphenyl)-1-(4-(methylsulfonyl)benzyl)-4-(p-tolyl)-1H-pyrrole-2,5-dione 514 

(20f) 515 

Following the procedure for the preparation of compound 20e, but using compound 14f as 516 

the starting material, the desired compound 20f was obtained: yield 73%; mp 166-168°C; 1H 517 

NMR (CDCl3, 500 MHz) δ 7.91 (d, J = 8.2 Hz, 2 H), 7.63 (d, J = 8.2 Hz, 2 H), 7.39 (d, J = 8.0 518 

Hz, 2 H), 7.23 (dd, J = 1.5, 8.4 Hz, 1 H), 7.18 (d, J = 8.0 Hz, 2 H), 7.01 (d, J = 1.4 Hz, 1 H), 519 

6.83 (d, J = 8.4 Hz, 1 H), 4.86 (s, 2 H), 3.89 (s, 3 H), 3.65 (s, 3 H), 3.03 (s, 3 H), 2.36 (s, 3 H); 520 

13C NMR (CDCl3, 126 MHz) δ 170.6, 150.7, 148.7, 142.5, 140.2, 140.0, 135.1, 134.5, 129.7, 521 

129.5, 129.3, 127.9, 125.8, 123.6, 120.9, 112.5, 110.9, 55.9, 55.7, 44.5, 41.3, 21.5; HRMS calcd 522 

for (C27H25O6NS + Na)+ 514.1295, found 514.1301. 523 

 524 

3,4-bis(3,4-dimethoxyphenyl)-1-(2-(4-(methylsulfonyl)phenyl)-2-oxoethyl)-1H-pyrrole-525 

2,5-dione (21e) 526 

To a solution of compound 14e (100mg, 0.27 mmol) and 2-bromo-1-(4-527 

(methylsulfonyl)phenyl)ethanone (89 mg, 0.32 mmol) in dry DMF (20 mL) was added K2CO3 528 

(112 mg, 0.81 mmol). The reaction mixture was heated to 40 °C for 5-6 h and then poured into 529 

water (100 mL), extracted with CH2Cl2, washed with brine, dried over anhydrous MgSO4, and 530 

the solvent was removed under reduced pressure. The residue was purified by flash 531 

chromatography on silica gel (DCM/EtOAc/PE = 1/1/3, v/v/v) to afford the desired compounds 532 

21e (119 mg, 78%); mp151-153°C; 1H NMR (CDCl3, 500 MHz) δ 8.18 (d, J = 8.0 Hz, 2 H), 533 

8.11 (d, J = 8.0 Hz, 2 H), 7.24 (s, 2 H), 7.08 (s, 2 H),6.87 (d, J = 8.4 Hz, 2 H), 5.08 (s, 2 H), 534 
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3.91 (s, 6 H), 3.71 (s, 6 H), 3.10 (s, 3 H); 13C NMR (CDCl3, 126 MHz) δ 190.8, 170.5, 150.5, 535 

148.7, 145.0, 138.3, 134.6, 129.0, 128.1, 123.7, 121.2, 112.6, 110.9, 55.9, 44.7, 44.3, 29.7; 536 

HRMS calcd for (C29H27O9NS + H)+ 566.1479, found 566.1485. 537 

3-(3,4-dimethoxyphenyl)-1-(2-(4-(methylsulfonyl)phenyl)-2-oxoethyl)-4-(p-tolyl)-1H-538 

pyrrole-2,5-dione (21f) 539 

Following the procedure for the preparation of compound 21e, but using compound 14f as 540 

the starting material, the desired compound 21f was obtained: yield 81%; mp 143-145°C; 1H 541 

NMR (CDCl3, 500 MHz) δ 8.19 (d, J = 8.2 Hz, 2 H), 8.11 (d, J = 8.2 Hz, 2 H), 7.43 (d, J = 7.9 542 

Hz, 2 H), 7.27 (s, 1 H), 7.19 (d, J = 7.9 Hz, 2 H), 7.04 (s, 1 H), 6.85 (d, J = 8.4 Hz, 1 H), 5.09 543 

(s, 2 H), 3.91 (s, 3 H), 3.67 (s, 3 H),3.10 (s, 3 H), 2.37 (s, 3 H); 13C NMR (CDCl3, 126 MHz) 544 

δ 190.7, 170.5, 150.6, 148.6, 145.0, 140.1, 138.4, 135.6, 135.0, 129.8, 129.4, 129.0, 128.1, 545 

125.9, 123.7, 121.1, 112.6, 110.9, 55.9, 55.7, 44.7, 44.3, 29.7, 21.5; HRMS calcd for 546 

(C28H25O7NS + H)+ 520.1424, found 520.1429. 547 

2-bromo-1-(4-((2-bromo-3,4,5-trimethoxybenzyl)oxy)-3-methoxyphenyl) ethanone (22) 548 

To a stirred solution of 1-(3-methoxy-4-((3,4,5-trimethoxybenzyl)oxy)phenyl)ethanone (200 549 

mg, 0.57 mmol) in chloroform (30 mL) at 0 ℃, a solution of bromine (182 mg, 1.14 mmol) in 550 

chloroform (5 mL) was added slowly. After 5 h, the resulting reaction solution was poured into 551 

ice-cold water (100 mL), extracted with CH2Cl2, washed with brine, dried over anhydrous 552 

MgSO4, and the solvent was removed under reduced pressure. The residue was purified by 553 

flash chromatography on silica gel (EtOAc/PE = 1/3, v/v) to afford the desired compounds 22 554 

(92 mg, 32% yield) as white solid; mp 140-142 °C; ESI-MS m/z [M + H]+ 505.1; 1H NMR 555 

(CDCl3, 500 MHz) δ 7.56 (s, 1 H), 7.52 (d, J = 8.4 Hz, 1 H), 6.94 (s, 1 H), 6.88 (d, J = 8.4 Hz, 556 

1 H), 5.23 (s, 2 H), 5.03 (s, 2 H), 3.95 (s, 3 H), 3.91 (s, 3 H), 3.87 (s, 3 H), 3.80 (d, 3 H); 13C 557 

NMR (CDCl3, 126 MHz) δ 196.7, 153.1, 152.0, 150.8, 149.4, 142.7, 131.0, 123.1, 112.4, 110.6, 558 

108.1, 107.4, 70.3, 61.0, 61.0, 56.1. 559 

1-(2-(2-bromo-5-methoxy-4-((3,4,5-trimethoxybenzyl)oxy)phenyl)-2-oxoethyl)-3,4-560 

bis(3,4-dimethoxyphenyl)-1H-pyrrole-2,5-dione (23) 561 

To a solution of compound 14e (100mg, 0.27 mmol) and 22 (161 mg, 0.32 mmol) in dry 562 

DMF (20 mL) was added K2CO3 (112 mg, 0.81 mmol). The reaction mixture was heated to 563 

40 °C for 6 h and then poured into water (100 mL), extracted with CH2Cl2, washed with brine, 564 
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dried over anhydrous MgSO4, and the solvent was removed under reduced pressure. The residue 565 

was purified by flash chromatography on silica gel (DCM/EtOAc/PE = 1/1/3, v/v/v) to afford 566 

the desired compounds 23 (141 mg, 66%); mp 158-160 °C; 1H NMR (CDCl3, 500 MHz) δ 7.61 567 

(dd, J = 8.4, 1.9 Hz, 1H), 7.57 (d, J = 1.9 Hz, 1H), 7.24 (dd, J = 8.4, 1.9 Hz, 2H), 7.09 (d, J = 568 

1.9 Hz, 2H), 6.93 (t, J = 4.2 Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 5.26 (s, 2H), 5.04 (s, 2H), 3.95 569 

(s, 3H), 3.92 (s, 3H), 3.90 (s, 6H), 3.88 (s, 3H), 3.82 (s, 3H), 3.72 (s, 6H); 13C NMR (CDCl3, 570 

126 MHz) δ 190.0, 170.8, 153.1, 152.7, 150.8, 150.3, 149.7, 148.6, 142.7, 134.6, 130.8, 128.1, 571 

123.6, 122.6, 121.4, 112.6, 112.5, 110.9, 110.7, 108.1, 107.3, 70.3, 61.1, 61.0, 56.1, 56.1, 55.8, 572 

55.7, 44.1, 29.6; HRMS calcd for (C39H38O12NBr + H)+ 794.1630, found 794.1652. 573 

4.2. Materials for biological studies.  574 

DMSO, verapamil, doxorubicin (DOX), paclitaxel (PTX) and rhodamine 123 were 575 

purchased from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium (DMEM), trypsin-576 

ethylenediaminetetracetic acid (EDTA), and penicillin/streptomycin were from Gibco BRL. 577 

Fetal bovine serum (FBS) was from Hyclone Laboratories. 2-(4,5-Dimethylthiazol-2-yl-)-5-[3-578 

(carboxymethoxy) phenyl]- 2-(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine 579 

methosulfate (PMS) were purchased from Promega. Human breast cancer cell lines 580 

MDA435/LCC6 and MDA435/LCC6MDR were kindly provided by Dr. Robert Clarke 581 

(Georgetown University, Washington, DC).  582 

4.3. Cell culture.  583 

MDA435/LCC6, MDA435/LCC6MDR and L929 cell lines were cultured in 584 

supplemented DMEM media with 10% heat inactivated FBS and 100 U/mL penicillin and 100 585 

μg/mL of streptomycin. They were maintained at 37oC in a humidified atmosphere with 5% 586 

CO2. The cells were split constantly after a confluent monolayer has been formed. To split cells, 587 

the plate was washed briefly with phosphate-buffered saline (PBS), treated with 0.05% trypsin-588 

EDTA and harvested by centrifugation. 589 

4.4. Cell proliferation assay.  590 

6,000 cells of LCC6 or LCC6MDR were mixed with PTX (400, 133, 44, 15, 5, 1.6 or 0 591 
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nM) with or without modulators to a final volume of 200 μL in each well of a 96-well plate. 592 

The plates were then incubated for 5 days at 37 oC. The cell viability was determined using the 593 

Cell Titer 96 A Queous Assay (Promega) as reported previously[36-38].  IC50values of 594 

LCC6MDR was determined using non-linear regression dose-response curve analysis of Prism 595 

software.  596 

4.5. Cytotoxicity assay.  597 

10,000 cells of L929 were mixed with different concentrations (100, 33.3, 11.1, 3.7, 1.2, 598 

0.4 and 0 µM) of modulators to a final volume of 100 μL in each well of a 96-well plate. The 599 

plates were then incubated for 3 days at 37 oC. The percentage of survival was determined 600 

using MTS assay. IC50 of modulators was determined using non-linear regression dose-601 

response curve analysis of Prism software. 602 

4.6. Intracellular DOX and rhodamine 123 accumulation.  603 

1 x 106 cells of LCC6 or LCC6MDR cells were mixed with 20 µM DOX or 10 g/mL 604 

rhodamine 123 in the presence of 2 µM of modulator or0.2 % DMSO (as a negative control). 605 

Cells were incubated at 37oC for 150 min. Cells were spinned down and washed with cold PBS, 606 

pH7.4 and lysed with lysis buffer. Supernatant was saved and kept in a 96-well black plate with 607 

flat bottom. Fluorescence level of DOX was determined by fluorescence spectrophotometer 608 

(BMG Technologies) using an excitation and an emission wavelength of 460 nm and 610 nm. 609 

Rhodamine 123 level was determined at wavelength of 480 nm for excitation and 520 nm for 610 

emission[33, 37, 38]. 611 
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