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33  ABSTRACT:
34  The interest on nitrogen-containing heterocycles has expanded rapidly in the synthetic
35 community since they are important motifs for new drugs. Traditionally, they were synthesized
36 through thermal cycloaddition reactions, whereas today, photocatalysis is preferred due to the
37 mild and efficient conditions. With this focus, a new photocatalytic method for the synthesis of
38 nitrogen—containing heterocycles is highly desired. Here, we report a protocol for the
39  biosynthesis of cercosporin, which could function as a metal-free photocatalyst. We then
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41  heterocycles 1,2,3-thiadiazoles through annulation of azoalkenes with KSCN, and synthesis of
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43  conditions, respectively. As a result, there is a new bridge between the microbial fermentation
44  method and organic synthesis in a mild, cost-effective, environmentally friendly and sustainable


mailto:iphitunga@gmail.com
mailto:6170201015@stu.jiangnan.edu.cn
mailto:7170201045@stu.jiangnan.edu.cn
mailto:tzc19931029@163.com
mailto:lijiahb@jiangnan.edu.cn
mailto:zhangyan@jiangnan.edu.cn
mailto:raoyijian@jiangnan.edu.cn
https://www.editorialmanager.com/jove/download.aspx?id=1139799&guid=fb7b8254-8fc9-43ad-b905-6c07d6347dfb&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1139799&guid=fb7b8254-8fc9-43ad-b905-6c07d6347dfb&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

manner.

INTRODUCTION:

Nitrogen-containing heterocycles have drawn much attention since they are not only important
skeletons for a wide range of natural products with bioactivities, but also the synthetic precursors
for agrochemicals and drug molecules!?. Among the various N-heterocycles, 1,2,3-thiadiazoles*
4 and 1,4,5,6-tetrahydropyridazines®>® are the most important molecules, which are utilized as
versatile intermediates in the synthetic chemistry (Figure 1). Since modification of their
functional groups always induces distinctive pharmacological activities, extensive efforts have
been devoted to developing effective strategies for the synthesis of nitrogen-containing
heterocycles and they were mostly synthesized through thermal cycloaddition reactions’%.
Nowadays, to meet the requirements of sustainable development and green chemistry,
photocatalysis has exerted great importance and advantages!''4, which includes effectiveness'*
1% and avoidance of stoichiometric reagents for the activation?’?1. The powerful and versatile
four-unit intermediates, azoalkenes (1,2-diaza-1,3-dienes)?>?°, have been employed as
precursors in metal-based Ru(bpy)sCl,-photocatalyzed reactions with high efficiency for the
annulation of halogeno hydrazine and ketocarbonyls3°. Furthermore, it was also used in the
metal-free Eosin Y photocatalyzed system, but affording the desired product in only 7% yield.
Since metal-free photocatalysts show great advantage over transition metal-based
photocatalysts, regarding to the environmental factor as well as the cheaper prices*®1?, it is highly
important to develop new metal-free photocatalytic systems for the synthesis of N-heterocycles.

Cercosporin33, hypocrellin3640, elsinochrome®' and phleichrome*** (Figure 2) belong to
perylenequinonoid pigments (PQPs) in nature and are produced by endophytic fungi, which have
been widely investigated regarding to their photophysical and photobiological properties, and
applied in photodynamic therapy and photophysical diagnosis, due to their strong absorption in
UV-vis region and unique properties of photosensitization3®44#’, Upon irradiation, those PQPs
can be prompted to excited state and then generate active species through energy transfer (EnT)
and electron transfer (ET)3>3844485% Thuys, we envisioned that these natural PQPs may be utilized

as “metal-free” photocatalysts to drive organic reactions, which have rarely been investigated>
59

Herein, we report the protocol for the biosynthesis of cercosporin from liquid fermentation and
then apply it as a metal-free photocatalyst for the [4+1] annulation reaction of azoalkenes and
KSCN, as well as the [4+2] cyclodimerization of azoalkenes, which supply 1,2,3-thiadiazoles and
1,4,5,6- tetrahydropyridazines with high efficiency under mild conditions, respectively (Figure 3).

PROTOCOL:

NOTE: a-Halo-N-acyl-hydrazones were prepared according to a published procedure®. All the
solvents and other chemical reagents were obtained from commercial sources without further
purification. We first described the synthesis of a-Halo-N-acyl-hydrazones and the biosynthesis
of cercosporin as a metal-free photocatalyst. Next, we illustrated the protocols of the
cercosporin-photocatalyzed reactions for the synthesis of 1,2,3-thiadiazoles and 1,4,5,6-
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tetrahydropyridazines.

CAUTION: All the manipulation should be conducted cautiously wearing gloves, lab-coat, and
goggles. It is highly recommended to carefully read the MSDS for each chemical and solvent used
in those reactions and purification process. Chemicals can be weighed out on a balance on the
bench. All the organic reactions should be set up in the fume hood and the purified process
should also be carried out in a fume hood.

1.1.

1.2.

1.3.

1.4.

1.5.

1.6.

1.7.

2.1.

2.2.

2.3.

2.4.

Preparation of a-Halo-N-acyl-hydrazones

Weigh out 10 mmol of ketone and 10 mmol of benzoyl hydrazine into a flask.
Add 20 mL of CH3OH to the flask.

Equip the flask with a rubber stopper and a stirring bar.

Inject 0.25 mL of HCl slowly into the mixture.

Incubate the flask in the air at room temperature for 4 h.

Collect the precipitate after reaction by filtration and wash with acetone.
Dry the product by vacuum and identify by NMR.

Preparation of cercosporin

Charge a 3 L shake flask with 1 L of S-7 medium.

Inoculate the cercosporin-producing strain®® into the shake flask.

Culture the mixture under light conditions at 135 R/min, 25 °C for 2 weeks.

Subject the fermentation broth to vacuum filtration using a vacuum pump to obtain the

supernatant and pellet.

2.5.

2.6.

2.7.

2.8.

2.9.

Collect the pellet and dry it in a freeze dryer.

Extract the pellet and the supernatant separately with 3 x 50 mL of dichloromethane.
Combine the organic phases and wash with water 2-3 times.

Concentrate the organic phase under vacuum.

Re-dissolve the residue with analytical methanol, and filter through a 0.18 um organic
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microfiltration membrane.

2.10. Purify the cercosporin with a Sephadex LH-20 column and identify by HPLC.

3. Preparation of 1,2,3-thiadiazoles

3.1.  Weigh out the a-Halo-N-acyl-hydrazone (0.2 mmol, 1.0 eq), 1 mg of cercosporin (0.002
mmol, 0.01 equiv.), 27 mg of ‘BuOK (1.2 equiv) and 39 mg of KSCN (2 equiv) into a 10 mL Schlenk
tub equipped with a rubber stopper and a stirring bar.

3.2.  Purge the Schlenk tube with O3 three times.

3.3.  Inject dry CH3CN (2 mL) to the Schlenk tube.

3.4. Subject the Schlenk tube to a 5 W blue LED from the bottom for 16 h.

3.5. Wash with 4 x 15 mL of saturated NaCl solution and combine the agueous phase.

3.6. Re-extract the aqueous phase with 4 x 15 mL of ethyl acetate.

3.7. Combine organic phase and dry with anhydrous Na;SOa.

3.8. Remove the solvent with vacuum evaporator.

3.9.  Purify the product 3 by silica gel column chromatography (eluent, petroleum: ethyl
acetate=10:1) and identify by NMR.

4, Preparation of 1,4,5,6-tetrahydropyridazine

4.1. Weigh out the a-Halo-N-acyl-hydrazone (0.5 mmol), 2.7 mg of cercosporin (0.01 equiv),
and 195 mg of Cs,C0O3 (1.2 equiv) into a 10 mL Schlenk tub equipped with a rubber stopper and a
stirring bar.

4.2.  Purge the Schlenk tube with N; three times.

4.3. Inject CH3CN/H20 (10:1, 2 mL) to the Schlenk tube.

4.4. Subject the Schlenk tube to a 5 W blue LED from the bottom for 16 h.

4,5.  Wash with 4 x 15 mL of saturated NaCl solution and combine the aqueous phase.

4.6. Re-extract the agueous phase with 4 x 15 mL of ethyl acetate.

4.7. Combine organic phase and dry with anhydrous Na;SOa.
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4.8. Remove the solvent with vacuum evaporator.

4.9. Purify the product 4 by silica gel column chromatography (eluent, petroleum: ethyl
acetate=10:1) and identify by NMR.

REPRESENTATIVE RESULTS:
Synthesis of a-Halo-N-acyl-hydrazones: They are synthesized according to Protocol 1.

Synthesis of cercosporin: It was synthesized and purified according to Protocol 2. 'H NMR (400
MHz, CDCl3): & ppm 14.82 (s, 2H, ArH), 7.06 (s, 2H, ArH), 5.57 (s, 2H, CH3), 4.20 (s, 6H, 20CHs),
3.62-3.57 (m, 2H, CH>), 3.42-3.37 (m, 2H, CH,), 2.93-2.88 (m, 2H, CH;), 0.63 (d, 6H, J = 8 Hz, 2CH3)
(Figure 4). 13C NMR (101 MHz, CDCl3): 5 ppm 207.0, 181.8, 167.4, 163.4, 152.8, 135.4, 130.6,
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
C29H25010 [M - H]" 533.1448, found 533.1468.

Synthesis of 4-Phenyl-1,2,3-thiadiazole (3a): It was synthesized and purified using Protocol 3
with 88% yield. 'H NMR (400 MHz, CDCls): 6 ppm 8.66 (s, 1H), 8.07-8.05 (m, 2H), 7.55-7.44 (m,
3H) (Figure 5). 13C NMR (100 MHz, CDCls): 6 ppm 162.9, 130.8, 129.9, 129.4, 129.2, 127.4 (Figure
6). HRMS (ESI-Q-TOF) exact mass calcd for CgH7N32S [M+H]* 162.0330, found 163.0349.

Synthesis of 4-(4-Fluorophenyl)-1,2,3-thiadiazole (3b): It was synthesized and purified using
Protocol 3 with 72% yield. *H NMR (400 MHz, CDCl3): 6 ppm 8.60 (s, 1H), 8.09-8.02 (m, 2H), 7.19-
7.19 (m, 2H). 3C NMR (100 MHz, CDCls): & ppm 164.3-161.9 (d, Jc.r = 240 Hz), 161.3, 133.6, 129.8
(d, Jer = 9.0 Hz), 127.8 (d, J.r = 3.0 Hz), 116.7 (d, Je.r = 22.0 Hz). HRMS (ESI-Q-TOF) exact mass
calcd for CgHgFN,S [M+H]* 181.0196, found 181.0191.

Synthesis of 4-(4-Chlorophenyl)-1,2,3-thiadiazole (3c): It was synthesized and purified using
Protocol 3 with 87% yield. *H NMR (400 MHz, CDCl3): § ppm 8.65 (s, 1H), 8.00 (d, J = 8 Hz, 2H),
7.50 (d, J = 8 Hz, 2H). 3*C NMR (100 MHz, CDCls): 6 ppm 162.6, 135.5, 132.4, 129.4, 128.9, 128.7.
HRMS (ESI-Q-TOF) exact mass calcd for CgHeCIN,S [M+H]* 196.9940, found 196.9940.

Synthesis of 4-(4-Bromophenyl)-1,2,3-thiadiazole(3d): It was synthesized and purified using
Protocol 3 with 78% yield. *H NMR (400 MHz, CDCls): § ppm 8.66 (s, 1H), 7.94 (d, J = 8 Hz, 2H),
7.65 (d, J = 8 Hz, 2H). *3*C NMR (100 MHz, CDCls): 6 ppm 161.2, 134.3,132.7, 130.4, 129.6, 119.1.
HRMS (ESI-Q-TOF) exact mass calcd for CgHeBrN2S [M+H]* 240.9435, found 240.9429.

Synthesis of (3,6-Diphenyl-5,6-dihydropyridazin-1(4H)-yl)(phenyl)methanone (4a): It was
synthesized and purified using Protocol 4 with 80% yield. *H NMR (400 MHz, CDCls): 6 ppm 7.84-
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,
J=8Hz, 2H), 6.09 (s, 1H), 2.71-2.67 (m, 1H), 2.43-2.16 (m, 3H) (Figure 7).

Synthesis of (3,6-Bis(4-fluorophenyl)-5,6-dihydropyridazin-1(4H)-yl) (phenyl)methanone (4b):
It was synthesized and purified using Protocol 4 with 72% yield. *H NMR (400 MHz, CDCls): & ppm
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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
(s, 1H), 2.69-2.65 (m, 1H), 2.40-2.25 (m, 2H), 2.18-2.13 (m, 1H). 13C NMR (100 MHz, CDCls): § ppm
170.2, 163.4 (d, Ycr = 248.1 Hz), 162.0 (d, Ycr = 244.1 Hz), 146.0, 135.5 (d, “Jcr = 3.1 Hz), 135.1,
133.2 (d, ¥Jcr=3.2 Hz), 130.4, 129.9, 127.5, 127.2 (d, 3Jcr= 8.2 Hz), 127.1 (d, 3Jc.r = 8.0 Hz), 115.7
(d, Zer = 21.5 Hz), 115.4 (d, 2Jcr = 21.6 Hz), 50.9, 24.0, 18.7. 15F NMR (376 MHz, CDCl3) (ppm) -
111.7, -115.5. HRMS (ESI-Q-TOF) exact mass calcd for C3HigF2N,0 [M+H] * 377.1465, found
377.1482.

Synthesis of (3,6-Bis(4-chlorophenyl)-5,6-dihydropyridazin-1(4H)-yl)(phenyl)methanone (4c): It
was synthesized and purified using Protocol 4 with 70% yield. *H NMR (400 MHz, CDCls): § ppm
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-
2.63 (m, 1H), 2.39-2.26 (m, 2H), 2.20-2.11 (m, 1H). 13C NMR (100 MHz, CDCl3): § ppm 170.2, 145.8,
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,
18.6. HRMS (ESI-Q-TOF) exact mass calcd for C23H19CI2N20 [M+H] * 409.0874, found 409.0864.

Synthesis of (3,6-Bis(4-bromophenyl)-5,6-dihydropyridazin-1(4H)-yl)(phenyl)methanone (4d):
It was synthesized and purified using Protocol 4 with 82% yield. *H NMR (400 MHz, CDCl3): § ppm
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-
2.25 (m, 2H), 2.20-2.11 (m, 1H). 13C NMR (100 MHz, CDCls): & ppm 170.2, 145.9, 138.9, 135.8,
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
(ESI-Q-TOF) exact mass calcd for Ca3H19BroN,0 [M+H] * 498.9845, found 498.9799.

These representative results demonstrate how 4-aryl-1,2,3-thiadiazoles and 1,4,5,6-
tetrahydropyridazines can be conveniently synthesized by cercosporin-catalyzed photocatalytic
reactions from «-Halo-N-acyl-hydrazone (Figure 8).

4-aryl-1,2,3-thiadiazoles were obtained with those conditions: 1 (0.2 mmol), KSCN (0.4 mmol),
tBuOK (0.24 mmol), CH3CN (2.0 mL), cercosporin (1 mol%), 5 W blue LEDs, 16 h, at room
temperature under O, atmosphere (Figure 3 and Figure 8). The procedure was suitable for
substrates bearing both electron-donating and electron-accepting groups on the phenyl ring,
providing the desired products with moderate to good yields.

1,4,5,6-tetrahydropyridazines were obtained with those conditions: 1 (0.5 mmol), Cs,COs (1.2
equiv) and cercosporin (1 mol%) in the mixture of MeCN and H,0 (10:1) under N, atmosphere
(Figure 3 and Figure 8). The desired products were obtained in good to excellent yields.

Figure 1. Bioactive molecules with N-heterocycles motifs. Adapted with permission from Zhang
Y,CaoY., LulL.S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-Catalyzed [4+
1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-Thiadiazole/1, 4, 5, 6-
Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12), 7711-7721, (2019).
Copyright (2019) American Chemical Society.

Figure 2. Representative perylenequinonoid pigments in nature. Adapted with permission from
Zhang Y., Cao Y., Lu L. S.,, Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-
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Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12),
7711-7721, (2019). Copyright (2019) American Chemical Society.

Figure 3. Cercosporin-Catalyzed Synthesis of 1,2,3-Thiadiazoles and 1,4,5,6-
Tetrahydropyridazines. Adapted with permission from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao
W. H., Huang S. P.,, Rao Y. J. Perylenequinonoid-Catalyzed [4+ 1]-and [4+ 2]-Annulations of
Azoalkenes: Photocatalytic Access to 1, 2, 3-Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine
Derivatives, Journal of Organic. Chemistry. 84 (12), 7711-7721, (2019). Copyright (2019)
American Chemical Society.

Figure 4. *H-NMR spectrum of cercosporin (400 MHz, CDCls). Reprinted with permission from
Zhang Y., Cao Y., Lu L. S, Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12),
7711-7721, (2019). Copyright (2019) American Chemical Society.

Figure 5. Representative 'H-NMR spectrum of 3a (400 MHz, CDCls). Reprinted with permission
from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12),
7711-7721, (2019). Copyright (2019) American Chemical Society.

Figure 6. Representative >*C-NMR spectrum of 3a (400 MHz, CDCls). Reprinted with permission
from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao W. H., Huang S. P, Rao Y. J. Perylenequinonoid-
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12),
7711-7721, (2019). Copyright (2019) American Chemical Society.

Figure 7. Representative 'H-NMR spectrum of 4a (400 MHz, CDCls). Reprinted with permission
from Zhang Y., Cao VY., Lu L. S., Zhang S. W., Bao W. H., Huang S. P., Rao Y. J. Perylenequinonoid-
Catalyzed [4+ 1]-and [4+ 2]-Annulations of Azoalkenes: Photocatalytic Access to 1, 2, 3-
Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine Derivatives, Journal of Organic. Chemistry. 84 (12),
7711-7721, (2019). Copyright (2019) American Chemical Society.

Figure 8. Cercosporin-Catalyzed Synthesis of 4-aryl-1,2,3-thiadiazoles and 1,4,5,6-
tetrahydropyridazines. Adapted with permission from Zhang Y., Cao Y., Lu L. S., Zhang S. W., Bao
W. H., Huang S. P., Rao Y. J. Perylenequinonoid-Catalyzed [4+ 1]-and [4+ 2]-Annulations of
Azoalkenes: Photocatalytic Access to 1, 2, 3-Thiadiazole/1, 4, 5, 6-Tetrahydropyridazine
Derivatives, Journal of Organic. Chemistry. 84 (12), 7711-7721, (2019). Copyright (2019)
American Chemical Society.

DISCUSSION:
Nitrogen-containing heterocycles are important motifs for many new drugs and were
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traditionally synthesized through thermal cycloaddition reactions. Due to great interest, a new
photocatalytic method for the synthesis of these compounds is highly desired. To take advantage
of the excellent photosensitization properties of cercosporin, we applied cercosporin as a metal-
free photocatalyst in two categories of annulation reactions to synthesize nitrogen—containing
heterocycles.

First, we reported the protocol of cercosporin-photocatalyzed [4+1] annulation of azoalkenes
with KSCN under standard conditions: a-halo-Nacyl-hydrazone 1 (0.2 mmol), ‘BuOK (1.2 equiv),
KSCN 2 (2 equiv), cercosporin (0.01 equiv), dry CH3CN (2 mL), and the resulting mixtures were
subjected to 5 W blue LED for 16 h under an Oz atmosphere. KSCN functionalized as an ambident
nucleophilic unit here. Cercosporin, ‘BuOK, blue light and O, were all prerequisites for this
reaction. CHsCN supplied the best yield of product and 0.01 equiv. of cercosporin was the
optimized ratio.

Second, we reported the protocol of cercosporin-photocatalyzed [4+2] annulation of azoalkenes
under standard conditions: a-halo-N-acyl-hydrazone 1 (0.5 mmol), Cs,CO3 (1.2 equiv),
cercosporin (0.01 equiv) (CH3CN/H20 = 10:1) 2 mL, and the resulting mixtures were subjected to
a5 W blue LED for 16 h under a N; atmosphere. The control experiments have been done for the
[4+2] reaction as it was for the [4+1] reaction. In this protocol, the addition of water and Cs,CO3
was critical for the self-condensation of a-halo-N-acyl-hydrazone. The ratios of water and Cs,COs3
were also critical to provide best yield for the product.

In summary, we have reported the biosynthesis protocol for cercosporin and then applied it as a
metal-free photocatalyst for the synthesis of N-heterocycles 4-aryl-1,2,3-thiadiazoles and
1,4,5,6-tetrahydropyridazines under mild conditions, through [4+1] annulation of azoalkenes
with KSCN and [4+2] annulation of azoalkenes, respectively. Those reactions made use of cost-
effective 5 W LED and could be processed easily, which supplied a new application in synthesis.
Most importantly, we built a bridge between biosynthesis and organic synthesis for the design of
N-heterocycles in a mild, cost-effective, environmentally friendly and sustainable manner.
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Name of Material/Equipment
2,4'-Dibromoacetophenone
2'-bromo-4-chloroacetophenone
2-Bromo-4'-fluoroacetophenone
2-Bromoacetophenone
4-Bromobenzhydrazide
4-Chlorobenzhydrazide
4-Fluorobenzhydrazide
5 W blue LED
Benzoyl hydrazine
CH,CI,

CH,CN

CH;OH

Cs,CO,

Ethyl acetate

freeze dryer

HPLC

KSCN

Na,SO,

organic microfiltration membrane

S-7 medium

Schlenk tub

sephadex LH-20 column
shaker

silica gel

‘BuOK

vacuum bump

vacuum evaporator
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Lab Tools
ENERGY

ENERGY
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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 KH,P0, buffer ph6.8;Biotin 1mg; Ca(NO;), 6.5mg; Pyridoxal 1mg;
Calcium pantothenate 1mg; Thiamine 1mg; MnCl, 5mg; FeCl; 2mg; Cu(NO3), 1mg; MgSO,
3.6mg; ZnSO, 2.5mg
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Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial
policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has
been modified from [citation].”

Response: We have obtained the copyright permission.

3. Please provide at least 6 keywords or phrases. There are only 5 in the manuscript.
Response: One keyword has added as suggested.

4. For in-text referencing, please insert the superscripted reference numbers before a comma or
period.
Response: All reference numbers have been revised as suggested.

5. Please add a one-line space between each of your protocol steps.
Response: One-line space has been added between each of the protocol steps.

6. Please make scheme 1 as a figure and renumber all figures in the order of their appearance in
the manuscript.
Response: Scheme 1 has been revised as Figure 3 and all other figures have been renumbered.

7. Please cite only one article per each reference number.
Response: Only one article is cited in each reference and the reference numbers in the manuscript
have been revised accordingly.

8. Please revise the Discussion to explicitly cover the following in detail in 3-6 paragraphs with
citations:

a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

c) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

Response: The Discussion part has been revised as: Nitrogen-containing heterocycles are
important motifs for lots of new drugs and were traditionally synthesized through thermal
cycloaddition reactions. Due to their great importance, it is still highly desired to develop a new
photocatalytic method for the synthesis of these compounds. To take advantage of excellent
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photosensitization properties of cercosporin, we applied cercosporin as a metal-free photocatalyst
in two categories of annulation reactions to synthesize nitrogen—containing heterocycles.

9. Representative results: Please describe all data in complete sentences instead of just listing the
data.

Response: All data has been revised as complete sentences.

Reviewers' comments:
Reviewer #1:

Manuscript Summary:

In this work, Rao and coworkers developed a method for the synthesis of 1,2,3-thiadiazole/ 1,4,5,6-
tetrahydropyridazine derivatives mediated by cercosporin under visible light conditions. It's worth
noting that this photoredox process exhibited good regioselectivity and broad functional-group
with moderate yields for the construction of nitrogen-containing heterocycles. However, there are
some doubts in the text that need to be further resolved.

Minor Concerns:

1. For the synthesis of 1,2,3-thiadiazole process, what's the byproduct?
Response: During the synthesis of 1,2,3-thiadiazole, 5% yield of 1,4,5,6- tetrahydropyridazine 4a
derived from [4+2] cyclodimerization of azoalkene was detected with LC-MS during the

optimization process as the byproduct.

2. The English need to be improved.
Response: We have revised the entire manuscript.

Reviewer #2:

Manuscript Summary:

The manuscript describe the synthesis of interesting heterocycles compounds through a
photocatalyctic approach. The work starts with the biosynthesis of the photocatalyst which is good
for the approach looking at the complexity of the Cercosporin catalyst used. However, the protocol
for synthesis of this photocatalyts could not be reproduced with the information provided. Starting
from a-Halo-N-acyl-hydrazone, 1,2,3-thiadiazoles are prepared by [4+1] annulation reaction with
KSCN as source of sulphur in the presence of 02 and blue light irradiation. On the other hand,
1,4,5,6-tetrahydropyridazines are obtained by [4+2] reactions from the same substrates and light
but in the absence of N2. In addition both protocols required the use of a base. Although the
mechanisms was not discuss or analysed, the authors indicate an energy transfer vs an electron
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:

| agree with the author in respect to the advantages of the method but | 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, | believe the synthesis of a-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 a-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" | 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 "02" should be changed for "N2"
Response: "02" has been revised as "N2".

3.4idem 2.4

Response: This protocol has been revised as "Subject the Schlenk tube under 5 W blue LED from
the bottom for 16 h."

3.5idem 2.5
Response: This protocol has been revised as "Wash with 4x 15 mL of saturated NaCl solution and
combine the aqueous phase."

3.6idem 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,)3~8,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, 02 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: N, 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 4¢ has been corrected.
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