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37 Lukianol A (1a) and its six derivatives 1b–1g, in which each hydroxyl groups of 1a was 
38 individually modified, were synthesized via the common intermediate 7a, which was 
39 obtained by condensation of the styryl carbazate 10 with p-hydroxyphenylpyruvic acid 
40 and subsequent [3,3]-sigmatropic rearrangement. The synthesized lukianol derivatives 
41 were evaluated for their ability to inhibit human aldose reductase. 4′-O-methyl (1b) and 
42 4′-dehydroxy (1g) derivatives showed the same level of inhibitory activity as 1a (IC50 2.2 
43 M), indicating that the 4′-OH is irrelevant for the activity. In contrast, methylation of 
44 the hydroxyl group at the 4′′′-position (1d) resulted in loss of activity at a concentration 
45 of 10 M and masking the hydroxyl group at the 4′′-position (1e) caused 9-fold decrease 
46 in activity compared with that of 1b, suggesting that the 4′′-OH is an essential group, and 
47 the 4′′′-OH is required for higher activity.
48
49 Keywords: marine alkaloid, lukianol, aldose reductase inhibitor, total synthesis, SAR
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73 The polyol pathway consists of two enzymes, aldose reductase (ALR2, EC 1.1.1.21) and 
74 sorbitol dehydrogenase (SDH). The first enzyme ALR2 catalyzes the NADPH-dependent 
75 reduction of glucose to sorbitol, and the second enzyme SDH converts sorbitol to fructose 
76 using NAD+ as a co-factor. Under normoglycemic conditions, a small portion of glucose 
77 enters the polyol pathway because of the low substrate affinity of ALR2 for glucose. 
78 Instead, the majority of cellular glucose is converted to glucose 6-phosphate by 
79 hexokinase and metabolized through the glycolytic pathway. Under hyperglycemic 
80 conditions, especially in cells where glucose uptake is independent of insulin, such as 
81 nerves, lens, retina, and kidney, elevated intracellular glucose levels activate ALR2, 
82 resulting in the excess production of sorbitol. Since sorbitol has low membrane 
83 permeability, it accumulates in tissues, leading to diabetic complications such as 
84 neuropathy, nephropathy, and retinopathy (Yabe-Nishimura 1998; Niimi et al 2021). 
85 Therefore, many structurally diverse ALR2 inhibitors have been developed as potential 
86 drugs to prevent and treat diabetic complication (Kerru et al 2018; Kousaxidis et al 2020; 
87 Thakur et al 2021). 
88 Lukianol A (1a) and B (2) are unique marine 3,4-diaryl pyrrole alkaloids isolated 
89 from a tunicate collected in the lagoon of a palmyra atoll by Scheuer and coworkers in 
90 1992 (Yoshida et al 1992). Lukianol A was reported to have moderate cytotoxicity against 
91 KB cells (MIC 1 g/mL), whereas lukianol B was virtually inactive (MIC 100 g/mL). 
92 In 2006, Fruente and coworkers found that lukianol B displayed high ALR2 inhibitory 
93 activity, with an IC50 value of 0.6 M, which was six-fold higher than that of the known 
94 ALR2 inhibitor sorbinil (Manzanaro et al 2006). Thus, lukianols could be considered  
95 promising lead compounds for the development of new types of ALR2 inhibitors; 
96 however, to the best of our knowledge, no structure-activity relationship study of 
97 lukianols has been reported. 
98 Lukianols have a unique structure and interesting biological activities; therefore, 
99 these marine alkaloids have attracted considerable interest from synthetic chemists 

100 (Fürstner et al 1995; Banwell et al 1997; Boger et al 1999; Liu et al 2000; Kim et al 2001; 
101 Hinze et al 2007; Lu and Arndtsen 2009; Takamura et al 2013; Satyanarayama et al 2020; 
102 Morikawa et al 2020). Most syntheses utilize 3,4-diarylpyrrole-2-carboxylate (3) as the 
103 key intermediate, since it was used in the first total synthesis of lukianol A and lamellarin 
104 O by Fürstner’s group. Accordingly, several convenient methods for preparing the 
105 Fürstner intermediate have been developed (Gupton et al 1999; Bullington et al 2002; 
106 Mathew and Asokan 2005). Recently, Zhou and Ma described a novel synthesis of 3,4,5-
107 trisubstituted pyrrole-2-carboxylic acid 6 via the coupling reaction of N-protected N-
108 alkenylhydrazine 4 with -keto acid 5 and subsequent [3,3]-sigmatropic rearrangement 
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109 (Scheme 1) (Zhou et al 2014). Here, we describe a convergent synthesis of lukianol A 
110 utilizing this method for the preparation of MOM-protected 3,4-diarylpyrrole-2-
111 carboxylate (7a) as an alternative to the Fürstner intermediate. Moreover, to clarify the 
112 effect of the individual hydroxyl groups of 1a on the activity, six derivatives of 1a in 
113 which each hydroxyl group was individually modified were synthesized and evaluated 
114 for their ability to inhibit ALR2.
115
116 Results and Discussion
117 Synthesis
118 The N-styrenyl hydrazine 10 required for pyrrole synthesis was synthesized by a copper-
119 catalyzed coupling reaction (Zhou et al 2014) between t-butylcarbazate and vinyl bromide 
120 9, which was prepared by the bromodecarboxylation of O-benzyl coumaric acid (8, 
121 Ghafary et al 2018) using Oxone® and sodium bromide (You et al 2001). Acetic acid-
122 mediated condensation of 10 with 4-hydroxyphenylpyruvic acid (Billek 1963) following 
123 the protocol of Zhou and Ma (Zhou et al 2014) gave 3,4-diarylpyrrole-2-carboxylic acid 
124 11 in 89% yield. After the hydroxyl and carboxylic groups were protected with 
125 methoxymethyl groups, pyrrole 7a was alkylated with 4′-methoxyphenacyl bromide. 
126 When 1.5 equivalent of cesium carbonate was used as the base in the reaction, alkylated 
127 product 12a was obtained in 95% yield, whereas the use of an increased amount of the 
128 base (2.0 equivalent) under elevated reaction temperatures directly afforded the cyclized 
129 product 13 in 57% yield. This concomitant transesterification proceeded only for the 
130 methoxymethyl ester: use of methyl ester 7b gave non-cyclized product 12b as the sole 
131 product (data not shown). Alternatively, enol-lactone 13 was obtained in 51% yield by a 
132 cesium carbonate-catalyzed transesterification reaction of 12a. The complete 
133 deprotection of the hydroxyl protecting groups of 13 using boron tribromide afforded 
134 lukianol A (1a) in 98% yield, whereas partial deprotection under a milder condition using 
135 boron trifluoride etherate and dimethyl sulfide (Fuji et al 1980) gave 4′-O-methyl lukianol 
136 A (1b) in 85% yield. The methylation of 1b under standard conditions afforded tri-O-
137 methyl lukianol A (1c).
138 4′,4′′′-Bis-O-methyl lukianol A (1d) was synthesized via i) 
139 demethoxymethylation, ii) methylation, and iii) debenzylation of 13 (Scheme 3). The 
140 deprotection/methylation sequence in the reverse order gave 4′,4′′-bis-O-methyl lukianol 
141 A (1e). 4′′,4′′′-Bis-O-methyl lukianol A (1f) and 4′-dehydroxy lukianol A (1g) were 
142 synthesized by the same strategy using 4′-mesyloxyphenacyl bromide and phenacyl 
143 bromide, respectively, instead of 4′-methoxyphenacyl bromide (Scheme 4).
144
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145 Biological activity
146 The lukianol A derivatives 1a–1g were evaluated in vitro for their ability to inhibit 
147 recombinant human aldose reductase (h-ALR2). The enzyme activity was measured 
148 spectrophotometrically by determining the decrease in NADPH concentration at 340 nm. 
149 Epalrestat was used as a positive control. The inhibitory activity at 10 M and IC50 values 
150 of the compounds tested are shown in Table 1. Both the 4′-O-methyl (1b) and 4′-
151 dehydroxy (1g) derivatives of 1a maintained their inhibitory activity at the same level as 
152 1a, indicating that the 4′-OH is irrelevant for the activity. In contrast, compounds 1c, 1d, 
153 and 1f, in which the hydroxyl groups at the 4′′′-position were blocked as methyl ether, 
154 were almost inactive at a concentration of 10 M, indicating that the 4′′′-OH is necessary 
155 for the activity. Masking the hydroxyl group at the 4′′-position of 1b as 1e caused 9-fold 
156 decrease in activity, suggesting that, although not as significant as the 4′′′-OH, the 4′′-OH 
157 is also required for higher activity. Many phenolic compounds of diverse structure having 
158 ALR2 inhibitory activity have been isolated from natural source (de la Fuente et al 2003), 
159 most of which have two hydroxyphenyl moieties at both sides of the molecules. Among 
160 them, lukianols have close structural similarity to the pyrrolo[2,3-c]carbazole-type 
161 alkaloids, 22a, 22b, and 23a (Fig. 2), isolated from the dark green sponge Dictyodendrilla 
162 sp (Sato et al 1993). These alkaloids strongly inhibited bovine lens ALR2 with IC50 values 
163 of 49 (22a), 125 (22b), and 112 (23a) nM, respectively. Their chemically desulfated 
164 compounds 22c retained the same level of the inhibitory activity (IC50 120 nM), whereas 
165 the acetylated derivatives 22d was substantially inactive (IC50 >10 M), indicating the 
166 significance of the phenolic hydroxyl group(s) on the activity. Interestingly, sulfate group 
167 at 7-position of 23a (IC50 112 nM), potentiated the activity (23b: IC50 567 nM). Thus, 
168 increase of the inhibitory activity of lukianols may be expected by introducing a sulfate 

169 group at the hydroxyl group at 4”- or 4”’-position.

170
171 Conclusion
172 In summary, we accomplished the total synthesis of lukianol A in six steps in 33% overall 
173 yield using a pyrrole formation reaction by condensation of the styryl carbazate 10 and 
174 p-hydroxypyruvic acid and subsequent [3,3]-sigmatropic rearrangement as the key 
175 reaction. Less cytotoxic lukianol B (1b) could also be synthesized via regioselective 
176 iodination of 16 using N-iodosaccharin (Dolenc 2000; Takamura et al 2013). In a SAR 
177 study using seven lukianol A analogs, it was shown that the hydroxyl groups at 4′′- and 
178 4′′′-positions play an important role in the ALR2 inhibitory activity, whereas that at 4′-
179 position is not involved in the activity.

Page 5 of 61



6

180
181 Experimental
182 General procedures
183 NMR spectra were recorded on a Varian System 500PS SN spectrometer (500 MHz for 
184 1H and 125 MHz for 13C), a JEOL JNM-ECZ400R spectrometer (400 MHz for 1H and 
185 101 MHz for 13C) or a Varian Gemini 300 spectrometer (300 MHz for 1H and 75 MHz 
186 for 13C) in CDCl3 unless otherwise noted. Chemical shifts for 1H NMR were expressed 
187 in parts per million (ppm) relative to the following internal standards: CDCl3 
188 (tetramethylsilane, δ 0.00 ppm), acetone‑d6 (acetone, δ 2.04 ppm), and DMSO-d6 (DMSO, 
189 δ 2.50 ppm). Chemical shifts for 13C NMR are expressed in ppm relative to the following 
190 internal standards: CDCl3 (CDCl3, δ 77.00 ppm), acetone-d6 (acetone-d6, δ 29.92 ppm), 
191 and DMSO-d6 (DMSO-d6, δ 39.50 ppm). High-resolution mass spectra were recorded on 
192 a JEOL JMS-T100TD instrument (direct analysis in real-time (DART) or electron spray 
193 ionization (ESI) mode) or a JMS-700N instrument (FAB mode). IR spectra were recorded 
194 on a Thermo Nicolet Nexus 670 FT-IR spectrometer. Dry THF, DMF, and CH2Cl2 were 
195 purchased from commercial sources (Kanto Chemical or Wako Pure Chemical Industries).
196
197 1-Benzyloxy-4-[(1E)-3-bromoprop-1-en-1-yl]benzene (9)
198 To a stirred solution of 4-benzyloxycinnamic acid (4.23 g, 16.6 mmol) in CH3CN (170 
199 mL), were added a solution of NaBr (1.80 g, 17.5 mmol), Na2CO3 (1.76 g, 16.6 mmol) in 
200 water (110 mL). After 10 min, an aqueous (110 mL) solution of oxone® (10.23 g, 16.64 
201 mmol) was added dropwise over 10 min. After 10 min, the reaction was quenched by 
202 10% Na2S2O3 solution and the CH3CN was evaporated. The mixture was extracted twice 
203 with CH2Cl2 (100 mL × 2), dried (Na2SO4), and concentrated. The crude product was 
204 chromatographed on silica gel eluted with hexane-EtOAc (9:1) to give 9 (3.70 g, 12.8 
205 mmol, 77%) as white crystals, mp 91-92 °C. 1H NMR (300 MHz)  5.07 (2H, s), 5.37 
206 (1H, d, J = 7.3 Hz), 5.98 (1H, d, J = 7.3 Hz), 6.97 (2H, d, J = 8.4 Hz), 7.37-7.48 (7H, m). 
207 13C NMR (75 MHz) δ 70.0, 104.1, 115.1, 127.4, 127.4, 128.0, 128.6, 129.0, 136.5, 136.7, 
208 158.8. IR (KBr) 521, 533, 696, 735, 784, 834, 935, 956, 1026, 1036, 1192, 1265, 1285, 

209 1514, 1609 cm－1. Anal. Calcd for C15H13BrO: C, 62.30; H, 4.53. Found: C, 62.22; H, 

210 4.57.
211
212 1-(tert-Butoxycarbonyl)-1-[(E)-2-(4-benzyloxyphenyl)ethenyl]hydrazine (10)
213 A mixture of 9 (1.46 g, 5.06 mmol), tert-butyl carbazate (0.82 g, 6.2 mmol), CuI (0.19 g, 
214 1.0 mmol), and K2CO3 (spray dried, 0.98 g, 7.1 mmol) in dry DMSO (15 mL) was stirred 
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215 at 80 °C under Ar for 18 h. The mixture was cooled to room temperature, poured into 
216 water, and extracted 3 times with EtOAc. The combined organic layers were filtered 
217 through a pad of Celite, washed with brine, dried (Na2SO4), and concentrated. The crude 
218 product was purified by silica gel column chromatography eluted with hexane-EtOAc 
219 (5:1 to 2:1) to give 10 (1.64 g, 4.82 mmol, 95%) as pale yellow crystals, mp 116-117 °C. 
220 1H NMR (300 MHz, DMSO-d6)  1.48 (9H, s), 4.78 (2H, s), 5.07 (2H, s), 6.22 (1H, d, J 
221 = 14.0 Hz), 6.93 (2H, d, J = 8.5 Hz), 7.23 (2H, d, J = 8.5 Hz), 7.28-7.48 (6H, m). 13C 
222 NMR (75 MHz) δ 28.3, 70.0, 82.3, 109.0, 115.1, 125.9, 126.4, 127.4, 127.9, 128.5, 130.1, 
223 137.1, 153.3, 157.2. IR (KBr) 697, 750, 839, 941, 999, 1013, 1157, 1233, 1250, 1370, 

224 1510, 1662, 1696 cm－ 1. HRESIMS m/z calcd for C20H24N2NaO3 (M+Na)+ 363.1685, 

225 found 363.1666. Anal. Calcd for C20H24N2O3: C, 70.57; H, 7.11; N, 8.23. Found: C, 
226 70.54; H, 6.98; N, 8.10.
227
228 4-(4-Benzyloxyphenyl)-3-(4-hydroxyphenyl)-1H-pyrrole-2-carboxylic acid (11)
229 A solution of 10 (1.50 g, 4.41 mmol), 4-hydroxyphenylpyruvic acid (Billek 1963) (0.79 
230 g, 4.4 mmol), AcOH (1.26 mL) in EtOH (35 mL) was heated at reflux for 4 h. The mixture 
231 was concentrated and the solid was recrystallized from 50% aqueous EtOH (40 mL) to 
232 give 11 (0.97 g, 2.5 mmol, 57%) as white crystals, mp 212-214 °C. The mother liquid 
233 was concentrated and chromatographed on silica gel eluted with hexane-EtOAc (2:3 to 
234 0:1) to give another crop of 11 (0.55 g, 1.4 mmol, 32%). 1H NMR (400 MHz, DMSO-d6) 
235 δ 5.01 (2H, s), 6.66 (2H, d, J = 8.8 Hz), 6.81 (2H, d, J = 8.8 Hz), 6.95 (2H, d, J = 8.8 Hz), 
236 6.97 (2H, d, J = 8.8 Hz), 7.09 (1H, d, J = 2.7 Hz), 7.28-7.42 (5H, m), 9.27 (1H, br), 11.73 
237 (1H, d, J = 2.7 Hz), 12.01 (1H, br). 13C NMR (101 MHz, DMSO-d6) δ 69.6, 114.89, 
238 114.91, 120.2, 121.0, 125.1, 126.1, 128.2, 128.3, 128.5, 128.9 (2C), 129.3, 132.2, 137.7, 
239 156.4, 156.9, 162.6. IR (KBr) 742, 839, 1181, 1249, 1271, 1356, 1485, 1512, 1670, 3275 

240 (br) cm－1. HRESIMS m/z calcd for C24H19NNaO4 (M+Na)+ 408.1212, found 408.1236.

241
242 Methoxymethyl 4-(4-benzyloxyphenyl)-3-(4-(methoxymethoxy)phenyl)-1H-pyrrole-
243 2-carboxylate (7a)
244 To a cooled (0 °C) and stirred suspension of t-BuOK (0.92 g, 8.2 mmol) in dry THF (20 
245 mL), was added dropwise a solution of 11 (1.54 g, 4.00 mmol) in THF (20 mL) under Ar 
246 atmosphere. After 15 min, chloromethyl methyl ether (0.63 mL, 8.4 mmol) dissolved in 
247 THF (10 mL) was dropwise added. The cooling bath was removed and the whole was 
248 stirred for 1.5 h before being quenched with 2% NH4OH solution. The mixture was 
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249 extracted twice with EtOAc, washed with brine, dried (Na2SO4), and concentrated. The 
250 residual solid was recrystallized from ether to give a first crop of 7a (0.53 g, 1.1 mmol, 
251 28%) as white crystals, mp 111-112 °C. The mother liquid was concentrated and 
252 chromatographed on silica gel eluted with hexane-EtOAc (3:2) to give a second crop of 
253 7a (1.01 g, 2.14 mmol, 54%). 1H NMR (300 MHz)  3.27 (3H, s), 3.48 (3H, s), 4.99 (2H, 
254 s), 5.17 (2H, s), 5.28 (2H, s), 6.81 (2H, d, J = 8.8 Hz), 6.97 (2H, d, J = 8.8 Hz), 7.03 (2H, 
255 d, J = 8.8 Hz), 7.04 (1H, d, J = 2.9 Hz), 7.21 (2H, d, J = 8.8 Hz), 7.29-7.44 (5H, m), 9.46 
256 (1H, br s). 13C NMR (75 MHz)  55.9, 57.4, 70.0, 90.1, 94.5, 114.5, 115.3 115.6, 119.2, 
257 120.7, 126.5, 127.1, 127.4, 127.8, 128.5, 129.3, 129.5, 131.8, 137.0, 156.2, 157.3, 160.5. 
258 IR (KBr) 736, 838, 907, 982, 1016, 1024, 1083, 1125, 1146, 1237, 1257, 1377, 1422, 

259 1539, 1688 cm － 1. HRESIMS m/z calcd for C28H27NNaO6 (M+Na)+ 496.1736, found 

260 496.1698.
261
262 Methoxymethyl 4-(4-benzyloxyphenyl)-3-(4-(methoxymethoxy)phenyl)-1-[2-(4-
263 methoxyphenyl)-2-oxoethyl]pyrrole-2-carboxylate (12a)
264 A mixture of 7a (278 mg, 0.587 mmol), 4′-methoxyphenacyl bromide (336 mg, 1.47 
265 mmol), and Cs2CO3 (287 mg, 0.881 mmol) in dry THF (10 mL) was heated under reflux 
266 for 7 hr. The mixture was then poured into 10% NH4Cl solution, extracted twice with 
267 EtOAc, dried over Na2SO4, and concentrated. The crude product was purified by medium 
268 pressure liquid chromatography on silica gel using toluene-EtOAc (19:1) as eluant to give 
269 12a (345 mg, 0.544 mmol, 95%) as a viscous oil. 1H NMR (400 MHz) δ 2.99 (3H, s), 
270 3.47 (3H, s), 3.88 (3H, s), 4.98 (2H, s), 5.03 (2H, s), 5.17 (2H, s), 5.75 (2H, s), 6.79 (2H, 
271 d, J = 8.9 Hz), 6.94-7.03 (7H, m), 7.21 (2H, d, J = 8.7 Hz), 7.28-7.42 (5H, m), 8.01 (2H, 
272 d, J = 8.9 Hz). 13C NMR (101 MHz) δ 55.48, 55.53, 55.9, 57.1, 69.9, 89.8, 94.5, 114.1, 
273 114.4, 115.3, 119.5, 124.8, 127.1, 127.5, 127.7, 127.8, 127.9, 128.5, 129.3, 129.5, 130.3, 
274 131.5, 131.9, 137.0, 156.0, 157.1, 161.0, 164.0, 191.7. IR (KBr) 834, 993, 1051, 1078, 

275 1171, 1237, 1601, 1693, 2926 cm－1. HRESIMS m/z calcd for C37H35NNaO8 (M+Na)+ 

276 644.2260, found 644.2234.
277
278 7-(4-Benzyloxyphenyl)-3-(4-methoxyphenyl)-8-[4-(methoxymethoxy)phenyl]-1H-
279 pyrrolo[2,1-c][1,4]oxazin-1-one (13)
280 Method A
281 A mixture of 12a (102 mg, 0.164 mmol), Cs2CO3 (60 mg, 0.19 mmol), and MS4A (1 g, 
282 beads, ca. 2 mm, Nakarai tesque) in dry THF (25 mL) was heated at reflux for 100 min. 

Page 8 of 61



9

283 More of Cs2CO3 (54 mg, 0.16 mmol), and MS4A (0.8 g) were added and the heating was 
284 continued for additional 80 min. The mixture was then diluted with EtOAc and filtered. 
285 The filtrate was washed with 10% NH4Cl solution, and the aqueous layer was extracted 
286 twice with EtOAc. After drying (Na2SO4) and removing the solvent, the crude product 
287 was chromatographed on silica gel eluted with toluene-EtOAc (9:1) to give 13 (46 mg, 
288 0.083 mmol, 51%) as pale yellow crystals, mp 178-181 °C.
289 Method B
290 A mixture of 7a (104 mg, 0.220 mmol), Cs2CO3 (145 mg, 0.444 mmol), 4′-
291 methoxyphenacyl bromide (126 mg, 0.550 mmol) in dry DME (2 mL) was heated at 90 °C 
292 (bath temp.) in a screw-sealed tube under Ar atmosphere for 6 h. The mixture was then 
293 diluted with EtOAc (20 mL), filtered through a short column of silica gel, and 
294 concentrated. The crude product was purified by silica gel column chromatography eluted 
295 with toluene-EtOAc (9:1) to give 13 (70 mg, 0.13 mmol, 57%) as pale yellow crystals. 
296 1H NMR (400 MHz) δ 3.50 (3H, s), 3.84 (3H, s), 5.03 (2H, s), 5.19 (2H, s), 6.87 (2H, d, 
297 J = 8.8 Hz), 6.94 (2H, d, J = 8.8 Hz), 6.99 (2H, d, J = 9.0 Hz), 7.08 (2H, d, J = 8.8 Hz), 
298 7.18 (1H, s), 7.28 (2H, d, J = 8.8 Hz), 7.30 (1H, s), 7.38-7.41 (5H, m), 7.64 (2H, d, J = 
299 9.0 Hz). 13C NMR (101 MHz) δ 55.4, 56.1, 70.0, 94.5, 102.7, 112.9, 114.2, 114.8, 115.5, 
300 119.0, 123.0, 125.8, 126.0, 127.5, 128.0, 128.1, 128.6, 129.5, 129.8, 132.0, 136.9, 142.0, 
301 154.3, 156.7, 157.8, 160.5 (one quaternary carbon signal is overlapping). IR (KBr) 799, 

302 836, 1005, 1039, 1177, 1248, 1429, 1536, 1608, 1720 cm－1. HRESIMS m/z calcd for 

303 C35H29NNaO6 (M+Na)+ 582.1893, found 582.1910.
304
305 3,7,8-Tris(4-hydroxyphenyl)-1H-pyrrolo[2,1-c][1,4]oxazin-1-one (lukianol A, 1a)
306 To a solution of 13 (50.5 mg, 0.0902 mmol) in dry CH2Cl2 (5.5 mL) was added 1M hexane 

307 solution of BBr3 (0.63 mL, 0.63 mmol) at －78 °C under Ar atmosphere. The mixture 

308 was stirred at －78 °C (1 h), 0 °C (3 h), and room temperature (30 min), before being 

309 quenched with saturated aqueous NaHCO3 (4 mL). The mixture was vigorously stirred 
310 for 45 min and extracted twice with EtOAc. The combined organic layers were washed 
311 with brine, dried over Na2SO4, and concentrated. The crude product was 
312 chromatographed on silica gel eluted with hexane-EtOAc (2:3~0:1) to give 1a (36.2 mg, 
313 0.0880 mmol, 98%) as pale yellow crystals. Recrystallization from EtOH-ether gave light 
314 gray crystals, mp 211-214 °C. 1H NMR (400 MHz, acetone-d6) δ 6.73 (2H, d, J = 8.6 Hz), 
315 6.78 (2H, d, J = 8.6 Hz), 6.94 (2H, d, J = 8.8 Hz), 7.03 (2H, d, J = 8.6 Hz), 7.16 (2H, d, J 
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316 = 8.6 Hz), 7.52 (1H, s), 7.63 (2H, d, J = 8.8 Hz), 7.90 (1H, s), 8.35 (1H, s), 8.37 (1H, s), 
317 8.77 (1H, s). 13C NMR (101 MHz, acetone-d6) δ103.7, 113.4, 115.3, 116.0, 116.6, 120.5, 
318 123.2, 125.0, 125.8, 126.5, 128.8, 130.2, 130.6, 132.9, 142.5, 154.4, 157.2, 157.5, 159.3. 

319 IR (KBr) 791, 836, 1041, 1173, 1204, 1240, 1420, 1506, 1518, 1610, 1696, 3330 cm－1. 

320 HRESIMS m/z calcd for C25H17NNaO5 (M+Na)+ 434.1004, found 434.0998.
321
322 7,8-Bis(4-hydroxyphenyl)-3-(4-methoxyphenyl)-1H-pyrrolo[2,1-c][1,4]oxazin-1-one 
323 (1b)
324 To a solution of 13 (39.6 mg, 0.0659 mmol) and Me2S (0.24 mL, 3.2 mmol) in dry CH2Cl2 
325 (1 mL), was added BF3·OEt2 (0.176 mL, 1.35 mmol) at room temperature. After the 
326 mixture had been stirred for 5 h, the reaction was quenched with water and the whole was 
327 extracted twice with a mixture of EtOAc and THF (1:1). The organic layers were 
328 combined, washed with 5% NaHCO3, dried over Na2SO4, and concentrated. The residue 
329 was triturated with EtOAc to give 1b (23.7 mg, 0.0558 mmol, 85%) as pale yellow 
330 crystals, mp >300 °C. 1H NMR (400 MHz, DMSO-d6)  3.81 (3H, s), 6.66 (2H, d, J = 8.6 
331 Hz), 6.70 (2H, d, J = 8.6 Hz), 6.95 (2H, d, J = 8.6 Hz), 7.05 (2H, d, J = 8.6 Hz), 7.06 (2H, 
332 d, J = 8.8 Hz), 7.59 (1H, s), 7.66 (2H, d, J = 8.8 Hz), 8.15 (1H, s), 9.43 (1H, s, OH), 9.48 
333 (1H, s, OH). 13C NMR (101 MHz, DMSO-d6)  55.4, 103.7, 112.0, 114.5, 114.6, 115.3, 
334 119.6, 122.9, 123.1, 123.9, 125.4, 127.5, 128.5, 129.5, 131.8, 140.4, 153.6, 156.4, 156.6, 
335 159.9. IR (KBr) 763, 837, 1024, 1041, 1184, 1120. 1231, 1255, 1413, 1430, 1516, 1611, 

336 1691, 3240, 3448 cm － 1. HRESIMS m/z calcd for C26H19NNaO5 (M+Na)+ 448.1161, 

337 found 448.1151.
338
339 3,7,8-Tris(4-methoxyphenyl)-1H-pyrrolo[2,1-c][1,4]oxazin-1-one (1c)
340 A mixture of 1b (5.3 mg, 0.12 mmol) and powdered K2CO3 (55.0 mg, 0.399 mmol) in 
341 dry DMF (1 mL) was stirred for 10 min. MeI (25 L, 0.40 mmol) was then added and the 
342 whole was stirred at room temperature for 16 h. The mixture was diluted with EtOAc (5 
343 mL), filtered, and the filtrate was concentrated. The crude product was purified by a silica 
344 gel chromatography eluted with hexane-EtOAc (1:1) to give 1c (5.5 mg, 0.012 mmol, 
345 100%) as yellow crystals, mp 181-183 °C. 1H NMR (400 MHz)  3.80 (3H, s), 3.84 (3H, 
346 s), 3.86 (3H, s), 6.82 (2H, d, J = 8.9 Hz), 6.88 (2H, d, J = 8.9 Hz), 6.97 (2H, d, J = 8.9 
347 Hz), 7.10 (2H, d, J = 8.9 Hz), 7.22 (1H, s), 7.30 (2H, d, J = 8.9 Hz), 7.34 (1H, s), 7.67 
348 (2H, d, J = 8.9 Hz). 13C NMR (101 MHz)  55.1, 55.2, 55.4, 102.7, 113.0, 113.3, 113.9, 
349 114.3, 118.9, 123.0, 123.1, 124.7, 125.9, 128.2, 129.7, 129.8, 132.0, 142.0, 154.3, 158.6, 
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350 158.9, 160.5. IR (KBr) 795, 836, 1034, 1179, 1251, 1430, 1506, 1516, 1609, 1733, 2922 

351 cm－1. HRESIMS m/z calcd for C28H23NNaO5 (M+Na)+ 476.1474, found 476.1511.

352
353 7-(4-Benzyloxyphenyl)-3,8-bis(4-methoxyphenyl)-1H-pyrrolo[2,1-c][1,4]oxazin-1-
354 one (14)
355 A solution of 13 (39.3 mg, 0.0703 mmol) in EtOH (20 mL) containing one drop of conc. 
356 HCl was heated at reflux for 45 min. The mixture was then cooled to room temperature, 
357 neutralized with one drop of Et3N, and concentrated. The crude product was purified by 
358 silica gel column chromatography eluted with hexane-EtOAc (1:1) to give 14 (34.2 mg, 
359 0.0663 mmol, 94%) as pale yellow crystals, mp 247-249 °C. 1H NMR (500 MHz, DMSO-
360 d6-acetone-d6)  3.81 (3H, s), 5.06 (2H, s), 6.72 (2H, d, J = 8.8 Hz), 6.93 (2H, d, J = 8.8 
361 Hz), 7.04-7.11 (6H, m), 7.31-7.35 (1H, m), 7.37-7.41 (2H, m), 7.42-7.46 (2H, m), 7.65 
362 (1H, s), 7.68 (2H, d, J = 8.9 Hz), 8.17 (1H, s), 9.49 (1H, s). 13C NMR (125 MHz, DMSO-
363 d6-acetone-d6)  55.3, 69.2, 103.7, 112.1, 114.5, 114.69, 114.71, 120.2, 122.9, 123.0, 
364 125.4, 125.8, 127.0, 127.8, 127.9, 128.4, 129.0, 129.4, 131.7, 137.0, 140.5, 153.5, 156.7, 
365 157.3, 160.0. IR (KBr) 785, 831, 1046, 1181, 1251, 1417, 1430, 1506, 1518, 1615, 1700 

366 cm－1. HRESIMS m/z calcd for C33H25NNaO5 (M+Na)+ 538.1630, found 538.1649.

367
368 7-(4-Hydroxyphenyl)-3,8-bis(4-methoxyphenyl)-1H-pyrrolo[2,1-c][1,4]oxazin-1-one 
369 (1d)
370 A mixture of 14 (48.6 mg, 0.0942 mmol), K2CO3 (130.0 mg, 0.942 mmol), and MeI 
371 (0.050 mL, 0.80 mmol) in dry acetone (5 mL) was heated at 50 °C. The progress of the 
372 reaction was monitored by TLC and some additional 0.050 mL portions of MeI were 
373 added until the TLC indicated complete consumption of the starting material. The mixture 
374 was then cooled to room temperature, diluted with EtOAc (10 mL), filtered through a pad 
375 of Celite, and concentrated to give crude 15 (66.1 mg).
376 The crude product was dissolved in CH2Cl2 (2 mL) and Me2S (0.350 mL, 4.73 
377 mmol) and BF3·OEt2 (0.232 mL, 1.88 mmol) were added. After 4 h at room temperature, 
378 the reaction was quenched by addition of 5% NaHCO3 solution and the volatiles were 
379 evaporated by a current of N2. The mixture was then extracted twice with EtOAc, washed 
380 with brine, dried (Na2SO4), and concentrated. The crude product was purified by silica 
381 gel chromatography eluted with hexane-EtOAc (2:1~1:1) to first afford 15 (8.1 mg, 0.015 
382 mmol, 16%), followed by 1d (14.7 mg, 0.0334 mmol, 36%).
383 15: pale yellow crystals, mp 208-210 °C. 1H NMR (400 MHz) δ 3.83 (3H, s), 
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384 3.85 (3H, s), 5.03 (2H, s), 6.87 (4H, d, J = 8.8 Hz), 6.95 (2H, d, J = 9.0 Hz), 7.08 (2H, d, 
385 J = 8.8 Hz), 7.20 (1H, s), 7.28 (2H, d, J = 8.8 Hz), 7.32 (1H, s), 7.32-7.44 (5H, m), 7.65 
386 (2H, d, J = 8.8 Hz). 13C NMR (101 MHz) δ 55.1, 55.4, 70.0, 102.7, 112.9, 113.3, 114.3, 
387 114.8, 118.9, 123.1, 124.3, 124.6, 125.8, 126.1, 127.5, 128.0, 128.1, 128.6, 129.8, 132.0, 
388 136.9, 140.9, 154.3, 157.8, 158.9, 160.5. IR (KBr) 787, 839, 1032, 1176, 1249, 1431, 

389 1506, 1517, 1609, 1728 cm－1. HRESIMS m/z calcd for C34H27NNaO5 (M+Na)+ 552.1787, 

390 found 552.1820.
391 1d: pale yellow crystals, mp >300 °C. 1H NMR (400 MHz, DMSO-d6) δ 3.77 
392 (3H, s), 3.80 (3H, s), 6.65 (2H, d, J = 8.7 Hz), 6.88 (2H, d, J = 8.8 Hz), 6.94 (2H, d, J = 
393 8.7 Hz), 7.05 (2H, d, J = 8.9 Hz), 7.17 (2H, d, J = 8.8 Hz), 7.60 (1H, s), 7.66 (2H, d, J = 
394 8.9 Hz), 8.16 (1H, s), 9.43 (1H, s). 13C NMR (101 MHz, DMSO-d6) δ55.0, 55.3, 103.7, 
395 112.1, 113.1, 114.5, 115.3, 120.1, 122.9, 123.8, 124.8, 125.4, 127.6, 128.4, 129.5, 131.8, 
396 140.5, 153.5, 156.4, 158.4, 160.0. IR (KBr) 797, 825, 1029, 1178, 1257, 1428, 1508, 1516, 

397 1611, 1698, 3441 (br) cm－1. HRESIMS m/z calcd for C27H21NNaO5 (M+Na)+ 462.1317, 

398 found 462.1325.
399
400 7-(4-Hydroxyphenyl)-3-(4-methoxyphenyl)-8-[4-(methoxymethoxy)phenyl]-1H-
401 pyrrolo[2,1-c][1,4]oxazin-1-one (16)
402 Compound 13 (151 mg, 0.270 mmol) was hydrogenated over 10% Pd(OH)2/C (27 mg) in 
403 THF (10 mL) at 13 °C under H2 balloon atmosphere for 25 min. The mixture was then 
404 filtered, concentrated, and chromatographed on silica gel eluted with CH2Cl2-acetone 
405 (19:1) to afford 16 (110 mg, 0.235 mmol, 87%) as pale yellow crystals, mp 234-235 °C. 
406 1H NMR (500 MHz, DMSO-d6) δ 3.42 (3H, s), 3.81 (3H, s), 5.19 (2H, s), 6.65 (2H, d, J 
407 = 8.7 Hz), 6.94 (4H, d, J = 8.7 Hz), 7.03 (2H, d, J = 8.8 Hz), 7.18 (2H, d, J = 8.7 Hz), 7.57 
408 (1H, s), 7.66 (2H, d, J = 8.8 Hz), 8.08 (1H, s), 9.26 (1H, s). 13C NMR (101 MHz, CDCl3-
409 DMSO-d6) δ 53.3, 53.8, 91.9, 101.7, 110.2, 112.4, 113.3, 113.4, 118.2, 120.9, 121.8, 
410 123.5, 124.1, 125.8, 126.3, 127.6, 129.8, 138.6, 151.6, 154.1, 154.5, 158.0. IR (KBr) 844, 

411 987, 1155, 1175, 1201, 1255, 1413, 1431, 1505, 1517, 1610, 1700, 1711, 3344 (br) cm－

412 1. HRESIMS m/z calcd for C28H23NNaO6 (M+Na)+ 492.1432, found 492.1384.
413
414 8-(4-Hydroxyphenyl)-3,7-bis(4-methoxyphenyl)-1H-pyrrolo[2,1-c][1,4]oxazin-1-one 
415 (1e)
416 Title compound was synthesized by subsequent methylation and demethoxymethylation 
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417 of 16 in 81% yield as described in the synthesis of 15 and 14. 1e: pale yellow crystals, 
418 mp 289-290 °C. 1H NMR (300 MHz, acetone-d6) δ 3.76 (3H, s), 3.85 (3H, s), 6.78 (2H, 
419 d, J = 8.7 Hz), 6.82 (2H, d, J = 8.7 Hz), 7.03 (2H, d, J = 9.0 Hz),7.12 (2H, d, J = 8.7 Hz), 
420 7.15 (2H, d, J = 8.7 Hz), 7.56 (1H, s), 7.72 (2H, d, J = 9.0 Hz), 7.97 (1H, s), 7.98 (1H, s). 
421 13C-NMR (101 MHz, DMSO-d6) δ 55.0, 55.3, 103.7, 112.1, 113.9, 114.5, 114.7, 120.2, 
422 122.9, 123.0, 125.4, 125.6, 127.0, 129.0, 129.4, 131.7, 140.5, 153.5, 156.7, 158.1, 160.0. 
423 IR (KBr) 794, 838, 1033, 1047, 1178, 1249, 1431, 1519, 1613. 1701, 2963, 3271 (br) 

424 cm－1. HRESIMS m/z calcd for C27H21NNaO5 (M+Na)+ 462.1317, found 462.1327.

425
426 7-(4-Benzyloxyphenyl)-3-(4-methanefulfonyloxyphenyl)-8-[4-
427 (methoxymethoxy)phenyl]-1H-pyrrolo[2,1-c][1,4]oxazin-1-one (18)
428 The title compound was synthesized in 39% yield by the same manner as Method B in 
429 the synthesis of 13 using DMF instead of DME. 18: pale yellow crystals, mp 208-209 °C. 
430 1H NMR (300 MHz) δ 3.17 (3H, s), 3.50 (3H, s), 5.03 (2H, s), 5.19 (2H, s), 6.88 (2H, d, 
431 J = 8.8 Hz), 6.99 (2H, d, J = 8.8 Hz), 7.08 (2H, d, J = 8.8 Hz), 7.22 (1H, s), 7.27 (2H, d, 
432 J = 8.8 Hz), 7.33-7.43 (8H, m), 7.75 (2H, d, J = 8.8 Hz). 13C NMR (101 MHz) δ 37.6, 
433 56.1, 70.0, 94.4, 104.6, 112.9, 114.8, 115.5, 119.4, 122.5, 125.5, 125.7, 125.9, 127.5, 
434 128.0, 128.6, 128.7, 129.8, 130.2, 132.0, 136.8, 140.4, 149.4, 153.8, 156.8, 157.9 (one 
435 quaternary carbon signal is overlapping). IR (KBr) 845, 887, 1003, 1048, 1158, 1177, 

436 1199, 1234, 1342, 1429, 1507, 1741 cm － 1. HRESIMS m/z calcd for C35H29NNaO8S 

437 (M+Na)+ 646.1512, found 646.1545.
438
439 7,8-Bis(4-hydroxyphenyl)-3-(4-methanefulfonyloxyphenyl)-1H-pyrrolo[2,1-
440 c][1,4]oxazin-1-one (20)
441 The title compound was synthesized from 18 in 52% yield in the same manner as 
442 described for the synthesis of 1b. 20: pale yellow crystals, mp 164-165 °C. 1H NMR (400 
443 MHz, acetone-d6) δ 3.32 (3H, s), 6.73 (2H, d, J = 8.6 Hz), 6.79 (2H, d, J = 8.6 Hz), 7.03 
444 (2H, d, J = 8.6 Hz), 7.17 (2H, d, J = 8.6 Hz), 7.46 (2H, d, J = 8.9 Hz), 7.56 (1H, s), 7.89 
445 (2H, d, J = 8.9 Hz), 8.15 (1H, s), 8.34 (1H, s), 8.37 (1H, s). 13C NMR (101 MHz, DMSO-
446 d6) δ 37.5, 105.8, 112.1, 114.6, 115.3, 120.3, 122.9, 123.7, 125.5, 127.8, 129.4, 129.5, 
447 129.7, 131.7, 139.1, 149.2, 153.2, 156.4, 156.7 (one quaternary carbon signal is 
448 overlapping). IR (KBr) 869, 1051, 1151, 1176, 1219, 1358, 1427, 1508, 1541, 1509, 

449 1541,1653, 1729, 3406 (br) cm－ 1. HRESIMS m/z calcd for C26H19NNaO7S (M+Na)+ 
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450 512.0780, found 512.0805.
451
452 3-(4-Methanefulfonyloxyphenyl)-7,8-bis(4-methoxyphenyl)-1H-pyrrolo[2,1-
453 c][1,4]oxazin-1-one (21)
454 The title compound was synthesized from 20 in 83% yield in the same manner as 
455 described for the synthesis of 15. 20: pale yellow crystals, mp 207-208 °C. 1H NMR (300 
456 MHz) δ 3.18 (3H, d, J = 0.5 Hz), 3.79 (3H, s), 3.82 (3H, s), 6.80 (2H, d, J = 8.5 Hz), 6.87 
457 (2H, d, J = 8.5 Hz), 7.08 (2H, d, J = 8.5 Hz), 7.22 (1H, s), 7.28 (2H, d, J = 8.5 Hz), 7.35 
458 (2H, d, J = 8.8 Hz), 7.44 (1H, s), 7.75 (2H, d, J = 8.8 Hz). 13C NMR (101 MHz) δ37.6, 
459 55.1, 55.2, 104.6, 112.9, 113.4, 113.9, 119.3, 122.6, 124.3, 125.5, 125.9, 128.7, 129.8, 
460 129.9, 130.4, 132.0, 140.5, 149.4, 153.8, 158.7, 159.0. IR (KBr) 845, 867, 1034, 1158, 

461 1181, 1251, 1366, 1435, 1509, 1738 cm － 1. HRESIMS m/z calcd for C28H23NNaO7S 

462 (M+Na)+ 540.1093, found 540.1054.
463
464 3-(4-Hydroxyphenyl)-7,8-bis(4-methoxyphenyl)-1H-pyrrolo[2,1-c][1,4]oxazin-1-one 
465 (1f)
466 To a solution of 21 (25.0 mg, 0.0483 mmol) in dry THF (1.5 mL), was added a 1M THF 
467 solution of TBAF (0.193 mL, 0.193 mmol) at room temperature under Ar atmosphere 
468 (Fox 2002). After 4.5 h, additional portion (0.193 mL) portion of TBAF (0.193 mmol) 
469 was added and the mixture was stirred for another 2 h. The reaction was then quenched 
470 by 10% NH4Cl solution, extracted 3 times with EtOAc, dried over Na2SO4, and 
471 concentrated. The crude product was purified by silica gel column chromatography eluted 
472 with CH2Cl2-acetone (19:1) to give 1f (13.5 mg, 0.0307 mmol, 64%) as pale yellow 
473 crystals, mp 215-216 °C. 1H NMR (400 MHz, DMSO-d6) δ 3.71 (3H, s), 3.76 (3H, s), 
474 6.83 (2H, d, J = 8.8 Hz), 6.87 (2H, d, J = 8.8 Hz), 6.88 (2H, d, J = 8.8 Hz), 7.06 (2H, d, J 
475 = 8.8 Hz), 7.17 (2H, d, J = 8.8 Hz), 7.55 (2H, d, J = 8.8 Hz), 7.64 (1H, s), 8.08 (1H, s), 
476 9.90 (1H, br). 13C NMR (101 MHz, DMSO-d6) δ 55.0, 55.1, 103.1, 112.2, 113.2, 114.0, 
477 115.8, 120.2, 121.2, 124.8, 125.5, 125.6, 127.0, 128.3, 129.5, 131.8, 141.0, 153.6, 158.2, 
478 158.5 (2C). IR (KBr) 835, 1038, 1176, 1247, 1423, 1505, 1519, 1541, 1611, 1717, 2925, 

479 3321 (br) cm － 1. HRESIMS m/z calcd for C27H21NNaO5 (M+Na)+ 462.1317, found 

480 462.1320.
481
482 7-(4-Benzyloxyphenyl)-8-[4-(methoxymethoxy)phenyl]-3-phenyl-1H-pyrrolo[2,1-
483 c][1,4]oxazin-1-one (19)
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484 The title compound was synthesized by the same procedure as Method B described in the 
485 synthesis of 13 using phenacyl bromide instead of 4’-methoxyphenacyl bromide in 65% 
486 yield. 19: white crystals, mp 163-164 °C. 1H NMR (500 MHz) δ 3.52 (3H, s), 5.05 (2H, 
487 s), 5.21 (2H, s), 6.89 (2H, d, J = 8.8 Hz), 7.01 (2H, d, J = 8.8 Hz), 7.10 (2H, d, J = 8.8 
488 Hz), 7.22 (1H, s), 7.30 (2H, d, J = 8.8 Hz), 7.38-7.45 (9H, m), 7.73 (2H, dd, J = 7.1, 1.4 
489 Hz). 13C NMR (125 MHz) δ 56.1, 69.9, 94.4, 103.9, 113.0, 114.7, 115.5, 119.1, 124.2, 
490 125.6, 125.9, 127.5, 127.9, 128.3, 128.5, 128.8, 129.2, 129.8, 130.5, 130.5, 132.0, 136.8, 
491 141.8, 154.1, 156.7, 157.8. IR (KBr) 758, 844, 997, 1033, 1078, 1153, 1175, 1198, 1235, 

492 1426, 1450, 1503. 1536, 1610, 1717 cm － 1. HRESIMS m/z calcd for C34H27NNaO5 

493 (M+Na)+ 552.1787, found 552.1775.
494
495 7,8-Bis(4-hydroxyphenyl)-3-phenyl-1H-pyrrolo[2,1-c][1,4]oxazin-1-one (1g)
496 The title compound was synthesized from 19 by the same procedure used for the synthesis 
497 of 1b in 73% yield. 1g: pale yellow crystals, mp >300 °C. 1H NMR (400 MHz, DMSO-
498 d6) δ 6.66 (2H, d, J = 8.7 Hz), 6.70 (2H, d, J = 8.7 Hz), 6.95 (2H, d, J = 8.7 Hz), 7.06 (2H, 
499 d, J = 8.7 Hz), 7.41-7.43 (1H, m), 7.47-7.51 (2H, m), 7.62 (1H, s), 7.72-7.74 (2H, m), 
500 8.29 (1H, s), 9.44 (1H, s), 9.48 (1H, s). 13C NMR (101 MHz, DMSO-d6) δ 105.2, 112.1, 
501 114.6, 115.3, 120.3, 123.0, 123.7, 123.8, 127.7, 129.0, 129.2, 129.5, 130.6, 131.8, 140.1, 
502 153.4, 156.4, 156.7 (one quaternary carbon signal is overlapping). IR (KBr) 760, 829, 
503 845, 1059, 1172, 1199, 1235, 1256, 1274, 1371, 1420, 1507, 1552, 1613, 1697, 3196, 

504 3403 (br) cm － 1. HRESIMS m/z calcd for C25H17NNaO4 (M+Na)+ 418.1055, found 

505 418.1069.
506
507 In vitro Aldose Reductase Inhibition Assay
508 The ALR2 activity assay was performed in a 96-well plate following standard protocols 
509 (Nishimura et al 1991; Mylari et al 2003; Saito et al 2009). In brief, a reaction mixture 
510 containing 25 L of sample solution in MeOH containing DMSO (<10% v/v), 25 L of 
511 1.25 mM -NADPH (Oriental Yeast, Osaka, Japan), 20 L of 50 mg/mL human 
512 recombinant aldose reductase (ATGen, Seongnam, South Korea) in 155 L of 100 mM 
513 pottasium phosphate buffer (pH 6.2) was preincubated at 37 °C for 5 min. The reaction 
514 was initiated by adding 25 L of 20 mM DL-glyceraldehyde (Wako Pure Chemical, 
515 Osaka, Japan). The rate of decrease in optical density at 340 nm after 30 min at 37 °C was 
516 recorded using a BioTek Cytation 3 microplate reader (BioTek Instruments Inc., USA). 
517 To correct for non-enzymatic oxidation of NADPH, a reference blank assay was 
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518 performed using the buffer solution instead of the sample and enzyme solutions. The 
519 inhibitory activity of the test compound was calculated using following equation: 

520 Inhibitory activity (%) = ((ODcontol－ODsample)/ (ODcontrol－ODblank))×100

521 The experiment was performed at least in triplicates. The IC50 values of the test 
522 compounds were calculated using log linear regression analysis of the log dose-inhibition 
523 curves. 
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636 Figure caption/legend
637
638 Fig. 1. Structure of lukianol A (1), B (2), and Fürstner interemediate (3).
639
640 Scheme 1. Zhou and Ma's polysubstituted pyrrole synthesis
641
642 Scheme 2. Synthesis of lukianol A (1a), 4′-O-methyl lukianol A (1b), and tri-O-methyl 
643 lukianol A (1c).  (a) NaBr, Na2CO3, Oxone®, aq. CH3CN (77%); (b) BocNHNH2, CuI, 
644 K2CO3, DMSO, 80 °C (95%); (c) AcOH, EtOH, reflux (89%); (d) MOMCl, t-BuOK, 
645 THF (82%); (e) Cs2CO3, THF, reflux (95%); (f) Cs2CO3, THF, reflux (51%); (g) BBr3, 
646 CH2Cl2, -78 °C (1 h), 0 °C (3 h), and rt (30 min), (1a: 98%); (h) BF3·OEt2, Me2S, CH2Cl2 
647 (1b: 85%); (i) MeI, K2CO3, DMF (100%).
648
649 Scheme 3. Synthesis of 4′′-O-methyl lukianol A (1d) and 4′′′-O-methyl lukianol A (1e). 
650 (a) HCl, EtOH, reflux, (14: 94%, 1e: 81% (2 steps)); (b) MeI, K2CO3, acetone, reflux; (c) 
651 BF3·OEt2, Me2S, CH2Cl2, 36% (1c, 2 steps); (d) H2, Pd(OH)2-C, THF, 87%.
652
653 Scheme 4. Synthesis of 4′,4′′′-bis-O-methyl lukianol A (1f) and 4′-dehydroxy lukianol A 
654 (1g).  (a)  Cs2CO3 (18: in DMF, 39%, 19: in DME, 69%); (b) BF3·OEt2, Me2S, CH2Cl2, 
655 (20: 52%, 1g: 73%); (c) MeI, K2CO3, acetone, reflux (83%); (d) Bu4NF, THF (64%) (Fox 
656 2002).
657
658 Fig. 2. Aldose reductase inhibitors isolated from a marine sponge, Dictyodendrilla sp.
659
660
661
662
663
664
665
666
667
668
669
670
671
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672
673 Graphical abstract caption
674
675 Lukianol A (1a) and its derivatives 1b–1g were synthesized and evaluated for their ability 
676 to inhibit human aldose reductase (Table 1).
677
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678

679 Table 1. In vitro human ALR2 inhibitory activity of lukianol A derivatives 1a-1g and 

680 epalrestat.

681

Compound R1 R2 R3
Concentration

(M)
Inhibition 

(%)a IC50 (M)b R2

1a H H OH 50 79.4±8.1 2.2 0.981
10 62.3±7.4
2 47.0±7.9

0.83 43.9±6.2
1b H H OMe 50 79.8±10.7 5.3 0.989

10 46.1±8.7
2 36.8±8.7

0.83 25.6±6.7
1c Me Me OMe 10 6.1±4.9 ndc

1d H Me OMe 10 1.7±0.6 ndc

1e Me H OMe 50 55.5±3.4 47.8 0.937
10 22.4±4.1
2 10.7±0.5

0.83 3.0±2.1
1f Me Me OH 10 1.3±1.0 ndc

N

R1O OR2

O

O

R3

1a~1g

S
N

S

O

COOH

epalrestat
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1g H H H 50 85.9±5.6 3.2 0.999
10 64.3±13.7
2 44.1±9.9

0.83 32.0±6.6
epalrestat 　 　 　 10 67.2±6.0 0.8 0.981

682 aEach value represents the mean±SEM (n=3).
683 bIC50 values were calculated from the least-square regression line of the logarithmic 
684 concentration plotted against inhibitory activity.
685 cnot determined
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Fig. 1. Structure of lukianol A (1), B (2), and Fürstner interemediate (3). 
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Scheme 1. Zhou and Ma's polysubstituted pyrrole synthesis. 
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Scheme 2. Synthesis of lukianol A (1a), 4′-O-methyl lukianol A (1b), and tri-O-methyl lukianol A (1c).  (a) 
NaBr, Na2CO3, Oxone®, aq. CH3CN (77%); (b) BocNHNH2, CuI, K2CO3, DMSO, 80 °C (95%); (c) AcOH, 
EtOH, reflux (89%); (d) MOMCl, t-BuOK, THF (82%); (e) Cs2CO3, THF, reflux (95%); (f) Cs2CO3, THF, 

reflux (51%); (g) BBr3, CH2Cl2, -78 °C (1 h), 0 °C (3 h), and rt (30 min), (1a: 98%); (h) BF3·OEt2, Me2S, 
CH2Cl2 (1b: 85%); (i) MeI, K2CO3, DMF (100%). 
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Scheme 3. Synthesis of 4′′-O-methyl lukianol A (1d) and 4′′′-O-methyl lukianol A (1e). (a) HCl, EtOH, 
reflux, (14: 94%, 1e: 81% (2 steps)); (b) MeI, K2CO3, acetone, reflux; (c) BF3·OEt2, Me2S, CH2Cl2, 36% 

(1c, 2 steps); (d) H2, Pd(OH)2-C, THF, 87%. 
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Scheme 4. Synthesis of 4′,4′′′-bis-O-methyl lukianol A (1f) and 4′-dehydroxy lukianol A (1g).  (a)  Cs2CO3 
(18: in DMF, 39%, 19: in DME, 69%); (b) BF3·OEt2, Me2S, CH2Cl2, (20: 52%, 1g: 73%); (c) MeI, K2CO3, 

acetone, reflux (83%); (d) Bu4NF, THF (64%) (Fox 2002). 
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Fig. 2. Aldose reductase inhibitors isolated from a marine sponge, Dictyodendrilla sp. 
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Table1. h-ALR2 inhibitory activity of 1a-1g

comp. R
1

R
2

R
3 IC50 (mM)

1a H H OH 2.2

1b H H OMe 5.3

1c Me Me OMe na*

1d H Me OMe na*

1e Me H OMe 48

1f Me Me OH na*

1g H H H 3.2

*no activity at 10 mM.
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13C NMR spectrum of compound 9 (75 MHz, CDCl3)

Fig. 2. NMR spectra of compound 10

1H NMR spectrum of compound 10 (300 MHz, DMSO-d6) 

BnO

Br

9
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13C NMR spectrum of compound 10 (75 MHz, CDCl3)

Fig. 3. NMR spectra of compound 11

BnO

N
NH2

Boc

10
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1H NMR spectrum of compound 11 (300 MHz, DMSO-d6) 

13C NMR spectrum of compound 11 (101 MHz, DMSO-d6) 
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1H NMR spectrum of compound 7a (300 MHz, CDCl3) 

13C NMR spectrum of compound 7a (75 MHz, CDCl3) 

N
H
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BnO OMOM

7a
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Fig. 5. NMR spectra of compound 12a

1H NMR spectrum of compound 12a (400 MHz, CDCl3) 
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Fig. 6. NMR spectra of compound 13

1H NMR spectrum of compound 13 (400 MHz, CDCl3) 
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Fig. 7. NMR spectra of compound 1a

1H NMR spectrum of compound 1a (400 MHz, acetone-d6) 
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1H NMR spectrum of compound 1b (400 MHz, DMSO-d6) 
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Fig. 9. NMR spectra of compound 1c

1H NMR spectrum of compound 1b (400 MHz, CDCl3) 
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1H NMR spectrum of compound 14 (300 MHz, DMSO-d6) 
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Fig. 11. NMR spectra of compound 15

1H NMR spectrum of compound 15 (400 MHz, CDCl3) 
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13C NMR spectrum of compound 15 (101 MHz, CDCl3) 
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Fig. 12. NMR spectra of compound 1d

1H NMR spectrum of compound 1d (400 MHz, DMSO-d6) 
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13C NMR spectrum of compound 1d (101 MHz, DMSO-d6)
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Fig. 13. NMR spectra of compound 16

1H NMR spectrum of compound 16 (500 MHz, DMSO-d6) 
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13C NMR spectrum of compound 16 (101 MHz, DMSO-d6)
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1H NMR spectrum of compound 1e (400 MHz, DMSO-d6) 
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1H NMR spectrum of compound 18 (400 MHz, CDCl3) 
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Fig. 16. NMR spectra of compound 20

1H NMR spectrum of compound 20 (400 MHz, acetone-d6) 
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Fig. 17. NMR spectra of compound 21

1H NMR spectrum of compound 21 (300 MHz, CDCl3) 
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13C NMR spectrum of compound 21 (101 MHz, CDCl3)
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Fig. 18. NMR spectra of compound 1f

1H NMR spectrum of compound 1f (300 MHz, CDCl3) 
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13C NMR spectrum of compound 1f (75 MHz, CDCl3)
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Fig. 19. NMR spectra of compound 19

1H NMR spectrum of compound 19 (300 MHz, CDCl3) 
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13C NMR spectrum of compound 19 (75 MHz, CDCl3)

Fig. 20. NMR spectra of compound 1g
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1H NMR spectrum of compound 1g (400 MHz, DMSO-d6) 
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Table 1. Concentration-response curves for inhibitory effect (%) of compounds 1a (A), 1b (B), 1e (C), and 1g (D) 
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