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SUMMARY:  29 
New routes for the synthesis of nitrogen-containing heterocycles utilizing cercosporin as a metal-30 
free photocatalyst were developed. 31 
 32 
ABSTRACT:  33 
The interest on nitrogen-containing heterocycles has expanded rapidly in the synthetic 34 
community since they are important motifs for new drugs. Traditionally, they were synthesized 35 
through thermal cycloaddition reactions, whereas today, photocatalysis is preferred due to the 36 
mild and efficient conditions. With this focus, a new photocatalytic method for the synthesis of 37 
nitrogen–containing heterocycles is highly desired. Here, we report a protocol for the 38 
biosynthesis of cercosporin, which could function as a metal-free photocatalyst. We then 39 
illustrate cercosporin-photocatalyzed protocols for the synthesis of nitrogen–containing 40 
heterocycles 1,2,3-thiadiazoles through annulation of azoalkenes with KSCN, and synthesis of 41 
1,4,5,6-tetrahydropyridazines [4+2] through cyclodimerization of azoalkenes under mild 42 
conditions, respectively. As a result, there is a new bridge between the microbial fermentation 43 
method and organic synthesis in a mild, cost-effective, environmentally friendly and sustainable 44 
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manner. 45 
 46 
INTRODUCTION:  47 
Nitrogen-containing heterocycles have drawn much attention since they are not only important 48 
skeletons for a wide range of natural products with bioactivities, but also the synthetic precursors 49 
for agrochemicals and drug molecules1-2. Among the various N-heterocycles, 1,2,3-thiadiazoles3-50 
4 and 1,4,5,6-tetrahydropyridazines5-6 are the most important molecules, which are utilized as 51 
versatile intermediates in the synthetic chemistry (Figure 1). Since modification of their 52 
functional groups always induces distinctive pharmacological activities, extensive efforts have 53 
been devoted to developing effective strategies for the synthesis of nitrogen-containing 54 
heterocycles and they were mostly synthesized through thermal cycloaddition reactions7-10. 55 
Nowadays, to meet the requirements of sustainable development and green chemistry, 56 
photocatalysis has exerted great importance and advantages11-14, which includes effectiveness15-57 
19 and avoidance of stoichiometric reagents for the activation20-21. The powerful and versatile 58 
four-unit intermediates, azoalkenes (1,2-diaza-1,3-dienes)22-29, have been employed as 59 
precursors in metal-based Ru(bpy)3Cl2-photocatalyzed reactions with high efficiency for the 60 
annulation of halogeno hydrazine and ketocarbonyls30. Furthermore, it was also used in the 61 
metal-free Eosin Y photocatalyzed system, but affording the desired product in only 7% yield. 62 
Since metal-free photocatalysts show great advantage over transition metal-based 63 
photocatalysts, regarding to the environmental factor as well as the cheaper prices18-19, it is highly 64 
important to develop new metal-free photocatalytic systems for the synthesis of N-heterocycles.  65 
 66 
Cercosporin31-35, hypocrellin36-40, elsinochrome41 and phleichrome42-43 (Figure 2) belong to 67 
perylenequinonoid pigments (PQPs) in nature and are produced by endophytic fungi, which have 68 
been widely investigated regarding to their photophysical and photobiological properties, and 69 
applied in photodynamic therapy and photophysical diagnosis, due to their strong absorption in 70 
UV-vis region and unique properties of photosensitization36,44-47. Upon irradiation, those PQPs 71 
can be prompted to excited state and then generate active species through energy transfer (EnT) 72 
and electron transfer (ET)35,38,44,48-54. Thus, we envisioned that these natural PQPs may be utilized 73 
as “metal-free” photocatalysts to drive organic reactions, which have rarely been investigated55-74 
59. 75 
 76 
Herein, we report the protocol for the biosynthesis of cercosporin from liquid fermentation and 77 
then apply it as a metal-free photocatalyst for the [4+1] annulation reaction of azoalkenes and 78 
KSCN, as well as the [4+2] cyclodimerization of azoalkenes, which supply 1,2,3-thiadiazoles and 79 
1,4,5,6- tetrahydropyridazines with high efficiency under mild conditions, respectively (Figure 3). 80 
 81 
PROTOCOL:  82 
 83 
NOTE: α-Halo-N-acyl-hydrazones were prepared according to a published procedure60. All the 84 
solvents and other chemical reagents were obtained from commercial sources without further 85 
purification. We first described the synthesis of α-Halo-N-acyl-hydrazones and the biosynthesis 86 
of cercosporin as a metal-free photocatalyst. Next, we illustrated the protocols of the 87 
cercosporin-photocatalyzed reactions for the synthesis of 1,2,3-thiadiazoles and 1,4,5,6-88 



   

tetrahydropyridazines. 89 
 90 
CAUTION: All the manipulation should be conducted cautiously wearing gloves, lab-coat, and 91 
goggles. It is highly recommended to carefully read the MSDS for each chemical and solvent used 92 
in those reactions and purification process. Chemicals can be weighed out on a balance on the 93 
bench. All the organic reactions should be set up in the fume hood and the purified process 94 
should also be carried out in a fume hood.  95 
 96 
1. Preparation of α-Halo-N-acyl-hydrazones 97 
 98 
1.1. Weigh out 10 mmol of ketone and 10 mmol of benzoyl hydrazine into a flask. 99 
 100 
1.2. Add 20 mL of CH3OH to the flask. 101 
 102 
1.3. Equip the flask with a rubber stopper and a stirring bar.  103 
 104 
1.4. Inject 0.25 mL of HCl slowly into the mixture. 105 
 106 
1.5. Incubate the flask in the air at room temperature for 4 h.  107 
 108 
1.6. Collect the precipitate after reaction by filtration and wash with acetone. 109 
 110 
1.7. Dry the product by vacuum and identify by NMR. 111 
 112 
2. Preparation of cercosporin  113 
 114 
2.1. Charge a 3 L shake flask with 1 L of S-7 medium. 115 
 116 
2.2. Inoculate the cercosporin-producing strain56 into the shake flask. 117 
 118 
2.3. Culture the mixture under light conditions at 135 R/min, 25 °C for 2 weeks.  119 
 120 
2.4. Subject the fermentation broth to vacuum filtration using a vacuum pump to obtain the 121 
supernatant and pellet. 122 
 123 
2.5. Collect the pellet and dry it in a freeze dryer. 124 
 125 
2.6. Extract the pellet and the supernatant separately with 3 x 50 mL of dichloromethane. 126 
 127 
2.7. Combine the organic phases and wash with water 2-3 times. 128 
 129 
2.8. Concentrate the organic phase under vacuum. 130 
 131 
2.9. Re-dissolve the residue with analytical methanol, and filter through a 0.18 μm organic 132 



   

microfiltration membrane. 133 
 134 
2.10. Purify the cercosporin with a Sephadex LH-20 column and identify by HPLC. 135 
 136 
3. Preparation of 1,2,3-thiadiazoles 137 
 138 
3.1. Weigh out the α-Halo-N-acyl-hydrazone (0.2 mmol, 1.0 eq), 1 mg of cercosporin (0.002 139 
mmol, 0.01 equiv.), 27 mg of tBuOK (1.2 equiv) and 39 mg of KSCN (2 equiv) into a 10 mL Schlenk 140 
tub equipped with a rubber stopper and a stirring bar.  141 
 142 
3.2. Purge the Schlenk tube with O2 three times. 143 
 144 
3.3. Inject dry CH3CN (2 mL) to the Schlenk tube. 145 
 146 
3.4. Subject the Schlenk tube to a 5 W blue LED from the bottom for 16 h.  147 
 148 
3.5. Wash with 4 x 15 mL of saturated NaCl solution and combine the aqueous phase. 149 
 150 
3.6. Re-extract the aqueous phase with 4 x 15 mL of ethyl acetate. 151 
 152 
3.7. Combine organic phase and dry with anhydrous Na2SO4. 153 
 154 
3.8. Remove the solvent with vacuum evaporator. 155 
 156 
3.9. Purify the product 3 by silica gel column chromatography (eluent, petroleum: ethyl 157 
acetate=10:1) and identify by NMR. 158 
 159 
4. Preparation of 1,4,5,6-tetrahydropyridazine 160 
 161 
4.1. Weigh out the α-Halo-N-acyl-hydrazone (0.5 mmol), 2.7 mg of cercosporin (0.01 equiv), 162 
and 195 mg of Cs2CO3 (1.2 equiv) into a 10 mL Schlenk tub equipped with a rubber stopper and a 163 
stirring bar. 164 
 165 
4.2. Purge the Schlenk tube with N2 three times. 166 
 167 
4.3. Inject CH3CN/H2O (10:1, 2 mL) to the Schlenk tube. 168 
 169 
4.4. Subject the Schlenk tube to a 5 W blue LED from the bottom for 16 h.  170 
 171 
4.5. Wash with 4 x 15 mL of saturated NaCl solution and combine the aqueous phase. 172 
 173 
4.6. Re-extract the aqueous phase with 4 x 15 mL of ethyl acetate. 174 
 175 
4.7. Combine organic phase and dry with anhydrous Na2SO4. 176 



   

 177 
4.8. Remove the solvent with vacuum evaporator. 178 
 179 
4.9. Purify the product 4 by silica gel column chromatography (eluent, petroleum: ethyl 180 
acetate=10:1) and identify by NMR. 181 
 182 
REPRESENTATIVE RESULTS:  183 
Synthesis of α-Halo-N-acyl-hydrazones: They are synthesized according to Protocol 1. 184 
 185 
Synthesis of cercosporin: It was synthesized and purified according to Protocol 2. 1H NMR (400 186 
MHz, CDCl3):  ppm 14.82 (s, 2H, ArH), 7.06 (s, 2H, ArH), 5.57 (s, 2H, CH2), 4.20 (s, 6H, 2OCH3), 187 
3.62-3.57 (m, 2H, CH2), 3.42-3.37 (m, 2H, CH2), 2.93-2.88 (m, 2H, CH2), 0.63 (d, 6H, J = 8 Hz, 2CH3) 188 
(Figure 4). 13C NMR (101 MHz, CDCl3):  ppm 207.0, 181.8, 167.4, 163.4, 152.8, 135.4, 130.6, 189 
127.9, 112.9, 109.3, 108.2, 92.6, 68.1, 61.2, 42.2, 19.3. HRMS (ESI-Q-TOF) exact mass calcd for 190 
C29H25O10 [M - H]- 533.1448, found 533.1468.  191 
 192 
Synthesis of 4-Phenyl-1,2,3-thiadiazole (3a): It was synthesized and purified using Protocol 3 193 
with 88% yield. 1H NMR (400 MHz, CDCl3): δ ppm 8.66 (s, 1H), 8.07-8.05 (m, 2H), 7.55-7.44 (m, 194 
3H) (Figure 5). 13C NMR (100 MHz, CDCl3): δ ppm 162.9, 130.8, 129.9, 129.4, 129.2, 127.4 (Figure 195 
6). HRMS (ESI-Q-TOF) exact mass calcd for C8H7N2S [M+H]+ 162.0330, found 163.0349. 196 
 197 
Synthesis of 4-(4-Fluorophenyl)-1,2,3-thiadiazole (3b): It was synthesized and purified using 198 
Protocol 3 with 72% yield. 1H NMR (400 MHz, CDCl3): δ ppm 8.60 (s, 1H), 8.09-8.02 (m, 2H), 7.19-199 
7.19 (m, 2H). 13C NMR (100 MHz, CDCl3): δ ppm 164.3-161.9 (d, JC-F = 240 Hz), 161.3, 133.6, 129.8 200 
(d, JC-F = 9.0 Hz), 127.8 (d, JC-F = 3.0 Hz), 116.7 (d, JC-F = 22.0 Hz). HRMS (ESI-Q-TOF) exact mass 201 
calcd for C8H6FN2S [M+H]+ 181.0196, found 181.0191. 202 
 203 
Synthesis of 4-(4-Chlorophenyl)-1,2,3-thiadiazole (3c): It was synthesized and purified using 204 
Protocol 3 with 87% yield. 1H NMR (400 MHz, CDCl3): δ ppm 8.65 (s, 1H), 8.00 (d, J = 8 Hz, 2H), 205 
7.50 (d, J = 8 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ ppm 162.6, 135.5, 132.4, 129.4, 128.9, 128.7. 206 
HRMS (ESI-Q-TOF) exact mass calcd for C8H6ClN2S [M+H]+ 196.9940, found 196.9940. 207 
 208 
Synthesis of 4-(4-Bromophenyl)-1,2,3-thiadiazole(3d): It was synthesized and purified using 209 
Protocol 3 with 78% yield. 1H NMR (400 MHz, CDCl3): δ ppm 8.66 (s, 1H), 7.94 (d, J = 8 Hz, 2H), 210 
7.65 (d, J = 8 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ ppm 161.2, 134.3, 132.7, 130.4, 129.6, 119.1. 211 
HRMS (ESI-Q-TOF) exact mass calcd for C8H6BrN2S [M+H]+ 240.9435, found 240.9429. 212 
 213 
Synthesis of (3,6-Diphenyl-5,6-dihydropyridazin-1(4H)-yl)(phenyl)methanone (4a): It was 214 
synthesized and purified using Protocol 4 with 80% yield. 1H NMR (400 MHz, CDCl3): δ ppm 7.84-215 
7.82 (m, 2H), 7.60-7.58 (m, 2H), 7.49-7.44 (m, 3H), 7.33-7.30 (m, 5H), 7.26-7.24 (m, 1H), 7.18 (d, 216 
J = 8 Hz, 2H), 6.09 (s, 1H), 2.71-2.67 (m, 1H), 2.43-2.16 (m, 3H) (Figure 7). 217 
 218 
Synthesis of (3,6-Bis(4-fluorophenyl)-5,6-dihydropyridazin-1(4H)-yl) (phenyl)methanone (4b): 219 
It was synthesized and purified using Protocol 4 with 72% yield. 1H NMR (400 MHz, CDCl3): δ ppm 220 



   

7.80-7.78 (m, 2H), 7.57-7.55 (m, 2H), 7.52-7.43 (m, 3H), 7.16-7.12 (m, 2H), 7.03-6.97 (m, 4H), 6.05 221 
(s, 1H), 2.69-2.65 (m, 1H), 2.40-2.25 (m, 2H), 2.18-2.13 (m, 1H). 13C NMR (100 MHz, CDCl3): δ ppm 222 
170.2, 163.4 (d, 1JC-F = 248.1 Hz), 162.0 (d, 1JC-F = 244.1 Hz), 146.0, 135.5 (d, 4JC-F = 3.1 Hz), 135.1, 223 
133.2 (d, 4JC-F = 3.2 Hz), 130.4, 129.9, 127.5, 127.2 (d, 3JC-F = 8.2 Hz), 127.1 (d, 3JC-F = 8.0 Hz), 115.7 224 
(d, 2JC-F = 21.5 Hz), 115.4 (d, 2JC-F = 21.6 Hz), 50.9, 24.0, 18.7. 19F NMR (376 MHz, CDCl3) (ppm) -225 
111.7, -115.5. HRMS (ESI-Q-TOF) exact mass calcd for C23H19F2N2O [M+H] + 377.1465, found 226 
377.1482. 227 
 228 
Synthesis of (3,6-Bis(4-chlorophenyl)-5,6-dihydropyridazin-1(4H)-yl)(phenyl)methanone (4c): It 229 
was synthesized and purified using Protocol 4 with 70% yield. 1H NMR (400 MHz, CDCl3): δ ppm 230 
7.78 (d, J = 4 Hz, 2H), 7.50-7.43 (m, 5H), 7.30-7.26 (m, 5H), 7.10 (d, J = 8 Hz, 2H), 6.03 (s, 1H), 2.68-231 
2.63 (m, 1H), 2.39-2.26 (m, 2H), 2.20-2.11 (m, 1H). 13C NMR (100 MHz, CDCl3): δ ppm 170.2, 145.8, 232 
138.3, 135.4, 135.3, 134.9, 133.2, 130.5, 129.9, 129.0, 128.6, 127.5, 126.9, 126.6, 51.2, 29.7, 19.8, 233 
18.6. HRMS (ESI-Q-TOF) exact mass calcd for C23H19Cl2N2O [M+H] + 409.0874, found 409.0864. 234 
 235 
Synthesis of (3,6-Bis(4-bromophenyl)-5,6-dihydropyridazin-1(4H)-yl)(phenyl)methanone (4d): 236 
It was synthesized and purified using Protocol 4 with 82% yield. 1H NMR (400 MHz, CDCl3): δ ppm 237 
7.78 (d, J = 8 Hz, 2H), 7.52-7.40 (m, 9H), 7.04 (d, J = 8 Hz, 2H), 6.01 (s, 1H), 2.67-2.62 (m, 1H), 2.39-238 
2.25 (m, 2H), 2.20-2.11 (m, 1H). 13C NMR (100 MHz, CDCl3): δ ppm 170.2, 145.9, 138.9, 135.8, 239 
134.8, 132.0, 131.6, 130.5, 129.9, 127.5, 127.2, 126.9, 119.6, 121.2, 51.3, 29.7, 19.8, 18.5. HRMS 240 
(ESI-Q-TOF) exact mass calcd for C23H19Br2N2O [M+H] + 498.9845, found 498.9799. 241 
 242 
These representative results demonstrate how 4-aryl-1,2,3-thiadiazoles and 1,4,5,6-243 
tetrahydropyridazines can be conveniently synthesized by cercosporin-catalyzed photocatalytic 244 

reactions fromα-Halo-N-acyl-hydrazone (Figure 8).  245 
 246 
4-aryl-1,2,3-thiadiazoles were obtained with those conditions: 1 (0.2 mmol), KSCN (0.4 mmol), 247 
tBuOK (0.24 mmol), CH3CN (2.0 mL), cercosporin (1 mol%), 5 W blue LEDs, 16 h, at room 248 
temperature under O2 atmosphere (Figure 3 and Figure 8). The procedure was suitable for 249 
substrates bearing both electron-donating and electron-accepting groups on the phenyl ring, 250 
providing the desired products with moderate to good yields.  251 
 252 
1,4,5,6-tetrahydropyridazines were obtained with those conditions: 1 (0.5 mmol), Cs2CO3 (1.2 253 
equiv) and cercosporin (1 mol%) in the mixture of MeCN and H2O (10:1) under N2 atmosphere 254 
(Figure 3 and Figure 8). The desired products were obtained in good to excellent yields. 255 
 256 
Figure 1. Bioactive molecules with N-heterocycles motifs. Adapted with permission from Zhang 257 
Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-Catalyzed [4+ 258 
1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-Thiadiazole/1, 4, 5, 6-259 
Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12), 7711-7721, (2019). 260 
Copyright (2019) American Chemical Society. 261 
 262 
Figure 2. Representative perylenequinonoid pigments in nature. Adapted with permission from 263 
Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-264 



   

Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-265 
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12), 266 
7711-7721, (2019). Copyright (2019) American Chemical Society. 267 
 268 
Figure 3. Cercosporin-Catalyzed Synthesis of 1,2,3-Thiadiazoles and 1,4,5,6- 269 
Tetrahydropyridazines. Adapted with permission from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao 270 
W. H., Huang S. P., Rao Y. J. Perylenequinonoid-Catalyzed [4+ 1]-and [4+ 2]-Annulations of 271 
Azoalkenes: Photocatalytic Access to 1, 2, 3-Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine 272 
Derivatives, Journal of Organic. Chemistry. 84 (12), 7711-7721, (2019). Copyright (2019) 273 
American Chemical Society. 274 
 275 
Figure 4. 1H-NMR spectrum of cercosporin (400 MHz, CDCl3). Reprinted with permission from 276 
Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-277 
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-278 
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12), 279 
7711-7721, (2019). Copyright (2019) American Chemical Society. 280 
 281 
Figure 5. Representative 1H-NMR spectrum of 3a (400 MHz, CDCl3). Reprinted with permission 282 
from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-283 
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-284 
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12), 285 
7711-7721, (2019). Copyright (2019) American Chemical Society. 286 
 287 
Figure 6. Representative 13C-NMR spectrum of 3a (400 MHz, CDCl3). Reprinted with permission 288 
from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-289 
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-290 
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12), 291 
7711-7721, (2019). Copyright (2019) American Chemical Society. 292 
 293 
Figure 7. Representative 1H-NMR spectrum of 4a (400 MHz, CDCl3). Reprinted with permission 294 
from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-295 
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-296 
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12), 297 
7711-7721, (2019). Copyright (2019) American Chemical Society. 298 
 299 
Figure 8. Cercosporin-Catalyzed Synthesis of 4-aryl-1,2,3-thiadiazoles and 1,4,5,6-300 
tetrahydropyridazines. Adapted with permission from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao 301 
W. H., Huang S. P., Rao Y. J. Perylenequinonoid-Catalyzed [4+ 1]-and [4+ 2]-Annulations of 302 
Azoalkenes: Photocatalytic Access to 1, 2, 3-Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine 303 
Derivatives, Journal of Organic. Chemistry. 84 (12), 7711-7721, (2019). Copyright (2019) 304 
American Chemical Society. 305 
 306 
DISCUSSION: 307 
Nitrogen-containing heterocycles are important motifs for many new drugs and were 308 



   

traditionally synthesized through thermal cycloaddition reactions. Due to great interest, a new 309 
photocatalytic method for the synthesis of these compounds is highly desired. To take advantage 310 
of the excellent photosensitization properties of cercosporin, we applied cercosporin as a metal-311 
free photocatalyst in two categories of annulation reactions to synthesize nitrogen–containing 312 
heterocycles.  313 
 314 
First, we reported the protocol of cercosporin-photocatalyzed [4+1] annulation of azoalkenes 315 
with KSCN under standard conditions: α-halo-Nacyl-hydrazone 1 (0.2 mmol), tBuOK (1.2 equiv), 316 
KSCN 2 (2 equiv), cercosporin (0.01 equiv), dry CH3CN (2 mL), and the resulting mixtures were 317 
subjected to 5 W blue LED for 16 h under an O2 atmosphere. KSCN functionalized as an ambident 318 
nucleophilic unit here. Cercosporin, tBuOK, blue light and O2 were all prerequisites for this 319 
reaction. CH3CN supplied the best yield of product and 0.01 equiv. of cercosporin was the 320 
optimized ratio. 321 
 322 
Second, we reported the protocol of cercosporin-photocatalyzed [4+2] annulation of azoalkenes 323 
under standard conditions: α-halo-N-acyl-hydrazone 1 (0.5 mmol), Cs2CO3 (1.2 equiv), 324 
cercosporin (0.01 equiv) (CH3CN/H2O = 10:1) 2 mL, and the resulting mixtures were subjected to 325 
a 5 W blue LED for 16 h under a N2 atmosphere. The control experiments have been done for the 326 
[4+2] reaction as it was for the [4+1] reaction. In this protocol, the addition of water and Cs2CO3 327 
was critical for the self-condensation of α-halo-N-acyl-hydrazone. The ratios of water and Cs2CO3 328 
were also critical to provide best yield for the product. 329 
 330 
In summary, we have reported the biosynthesis protocol for cercosporin and then applied it as a 331 
metal-free photocatalyst for the synthesis of N-heterocycles 4-aryl-1,2,3-thiadiazoles and 332 
1,4,5,6-tetrahydropyridazines under mild conditions, through [4+1] annulation of azoalkenes 333 
with KSCN and [4+2] annulation of azoalkenes, respectively. Those reactions made use of cost-334 
effective 5 W LED and could be processed easily, which supplied a new application in synthesis. 335 
Most importantly, we built a bridge between biosynthesis and organic synthesis for the design of 336 
N-heterocycles in a mild, cost-effective, environmentally friendly and sustainable manner.  337 
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2-Bromo-4'-fluoroacetophenone ENERGY A050037-5g

2-Bromoacetophenone ENERGY A0500870050

4-Bromobenzhydrazide ENERGY B0103390010

4-Chlorobenzhydrazide ENERGY D0511130050

4-Fluorobenzhydrazide ENERGY B010461-5g

5 W blue LED PHILIPS 29237328756

Benzoyl hydrazine ENERGY D0500610250

CH2Cl2
SINOPHARM 80047360

CH3CN SINOPHARM S3485101

CH3OH SINOPHARM 100141190

Cs2CO3
ENERGY E060058-25g

Ethyl acetate SINOPHARM 40065986

freeze dryer LABCONCO 7934074

HPLC Agilent 1260 Infinity II

KSCN ENERGY E0104021000

Na2SO4
SINOPHARM 51024461

organic microfiltration membrane SINOPHARM 92412511

S-7 medium

Schlenk tub Synthware F891910

sephadex LH-20 column GE 17009001

shaker Lab Tools BSH00847

silica gel ENERGY E011242-1kg
t
BuOK ENERGY E0610551000

vacuum bump Greatwall SHB-III

vacuum evaporator
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Comments/Description

                                                                S-7 medium                                                                                

Gluose 1g; Fructose 3g; Sucrose 6g; Sodium acetate 1g; Soytone 1g; Phenylalanine 5mg; Sodium 

benzoate 100mg; 1M KH2P04 buffer ph6.8;Biotin 1mg; Ca(NO3)2 6.5mg; Pyridoxal 1mg; 

Calcium pantothenate 1mg; Thiamine 1mg; MnCl2 5mg; FeCl3 2mg; Cu(NO3)2 1mg; MgSO4 

3.6mg; ZnSO4 2.5mg
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transfer based probably based in the reported photophysical and photochemical behaviour of the 

cercosporin. 

 

Major Concerns: 

 



Page 1: There is not reference in the work to cercosporin-producing strain and the access to it. 

Response: Reference for the cercosporin-producing strain has been added as Ref. 56. 

 

Page 3: There is a big problem with identity of compounds 4. All HRMS exact mass calcd are wrong 

and not correspond to the compounds synthesized. Besides the numbers of C in 13C NMR does 

not corresponde to the symetry and/or rotational behaviour of all compounds. 

Response: Thanks the reviewer for pointing this out. We have checked the HRMS and CNMR for 

compounds 4 and they are correct. Actually, the formula for each compounds 4 are incorrect and 

have been revised. 

 

Minor Concerns: 

 

I agree with the author in respect to the advantages of the method but I should mention the 

discussion is a little biased in respect to green chemistry because nothing is mention about toxic -

CN formed or atom economy with respect to other methodologies cited. 

Response: The green description of the method is mainly derived from photocatalysis. We did not 

consider the environmental impact of the introduction of CN. According to the opinion of the 

reviewer, we deleted the description about green. 

 

PROTOCOL 

As a general comment to this section, I believe the synthesis of α-Halo-N-acyl-hydrazone should be 

included since they are not commercial available and its precursors are listed in the "Table of 

Material". 

Response: A protocol for the synthesis of α-Halo-N-acyl-hydrazone has been added as suggested. 

 

Page 1 

There is not reference in the work to cercosporin-producing strain and the access to it. 

Response: A reference regarding the cercosporin-producing strain and the access to it has been 

added as suggested. 

 

Page 2 

 

Protocol 2 

2.4 Setup of irradiation should be specified, Is it one LED from the bottom used? Or Are many LED 

in another array used? From the comment on page 7 "household light" I believe the source of 

irradiation should be clearly specified since "5 W LED" usually refer to high power LED but 

"household light" could correspond to many different sources. 

Response: This protocol has been revised as "Subject the Schlenk tube under 5 W blue LED from 

the bottom for 16 h." 

 

2.5 which is the organic solvent for the extraction? 

Response: This protocol has been revised as "Wash with 4x 15 mL of saturated NaCl solution and 

combine the aqueous phase." 

 



2.6 how many times and with which volume? 

Response: This protocol has been revised as "Re-extract the aqueous phase with 4x 15 ml of ethyl 

acetate." 

 

2.9 eluent?  

Response: The eluent was: petroleum: ethyl acetate=10:1 

 

Protocol 3 

3.2 according to scheme 1 and discussion this should "O2" should be changed for "N2" 

Response: "O2" has been revised as "N2". 

 

3.4 idem 2.4 

Response: This protocol has been revised as "Subject the Schlenk tube under 5 W blue LED from 

the bottom for 16 h." 

 

3.5 idem 2.5 

Response: This protocol has been revised as "Wash with 4x 15 mL of saturated NaCl solution and 

combine the aqueous phase." 

 

3.6 idem 2.6 

Response: This protocol has been revised as "Re-extract the aqueous phase with 4x 15 ml of ethyl 

acetate." 

 

3.9 eluent? 

Response: The eluent was: petroleum: ethyl acetate=10:1. 

 

Page 3 

13C NMR for compound 3c should be corrected: typical JC-F are J1 ~ 245 Hz, J2 ~ 21, J3 ~ 8, J4 ~ 3 

and 7 carbons are reported which is strange according to the compounds 3a, 3b, 3d and 3e and 

the expected rotational behaviour of this compounds. 

Response: We have checked the CNMR for compound 3c. Since there is no F atom in this compound, 

JC-F should not be included here. Since 3b is the only compound which contains F atom, we have 

checked and revised its CNMR data. 

 

There is a big problem with identity of compounds 4. All HRMS exact mass calcd are wrong and not 

correspond to the compounds synthesized. Besides the numbers of C in 13C NMR does not 

corresponde to the symetry and/or rotational behaviour of all compounds. 

Response: Thanks the reviewer for pointing this out. We have checked the HRMS and CNMR for 

compounds 4 and they are correct. Actually, the formula for each compounds 4 are incorrect and 

have been revised. 

 

Page 4 

Discussion 

In the second paragraph it should be mention that control experiment have been done for the 



formation 4+2 as it was for the 4+1 reactions. 

Response: As suggested, we have added "The control experiments have been done for the [4+2] 

reaction as it was for the [4+1] reaction" in the Discussion part of the manuscript. 

 

Scheme 1 

Solvent must be specified in the "blue" approach 

Response: Solvent has been added in the "blue" approach as suggested. 

 

From the PROTOCOL in page 4, O2 is not a difference in the two approach in which case should not 

be missing in the "red" approach and should not in bold in the "blue" approach. 

Response: N2 has been added in the "red" approach. 

 

Figure 3, 4 and 5 

Please identify the impurities present in the spectra. 

Response: These peaks are coming from solvents and water. 

 

Table of Materials 

"4-Chloro-2'-bromoacetophenone" should be change by "2'-bromo-4-chloroacetophenone" 

Response: "4-Chloro-2'-bromoacetophenone" has been revised as "2'-bromo-4-

chloroacetophenone" 

 

Comments/Description 

Is this "S-7 medium"? Please add a title 

Response: "S-7 medium" has been added as a title in the Comments/Description. 

 

Citation 

Citation 4c should be corrected. 

Response: Citation 4c has been corrected. 
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