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ABSTRACT

We report the synthesis of twelve indole derivatives bearing nitro or amide groups via Fischer indole
methodology followed by reduction/acetylation and amidation reactions. After thorough
characterization these indoles were subjected to a number of studies in order to evaluate their bioactive
potential as photosynthesis and plant growth inhibitors. Firstly, these molecular hybrids were evaluated
as photosystem II (PSII) mhibitors through chlorophyll @ (Chl a) fluorescence measurement. In this
study, 6-Chloro-8-nitro-2,3,4,9-tetrahydro-1H-carbazole (15a) and 5-chloro-2,3-dimethyl-7-nitro-1H-
indole (15b) showed the best results by reducing the phenomenological parameters of reaction centres
ABS/RC, TRy/RC and ET(/RC of PSII. Electron chain blockage by these compounds may lead to
diminished ATP synthesis and CO, fixation which interrupt the plant development. The compounds
15a and 15b both act as post-emergent herbicides, reducing the dry biomass of Ipomoea grandifolia
and Senna alata weeds average of 40% and 37%, respectively, corroborating the fluorescence results.
Additionally, the molecular docking study revealed that the presence of strong electron withdrawing
groups at the indole phenyl ring are important for the ligand’s interaction with the binding pocked of
protein D1 on PSII. The optimization of these molecular features is the goal of our research group in

further understanding and development of new potent herbicides.
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INTRODUCTION

Herbicides are a pesticide class that affect several plant physiological processes, including metabolic
energy transfer, which inhibit plant development and growth. Among the most common effects of
herbicides on plant physiology are the photosynthetic apparatus stress on photosystem II (PSII) and
plant growth inhibition (1-3). In last few years, weed control in agriculture has been carried out
principally via the use of herbicides. Continual and repetitive use of herbicides leads to increased
occurrence of herbicide-resistant weeds as well as continuous damage to the environment and to
human health, making the development of novel, environmentally benign herbicidal agents for the

replacement of currently commercialized herbicides an indispensable area of research (4-8).

Intensive efforts aimed at developing new herbicidal compounds or modifying existing ones are
ongoing (9-16). A wide variety of chemical compounds have demonstrated plant management activity
including the indole derivatives 1 and 2 (12) which demonstrate photosynthesis inhibitory activity as
well as compounds 3 (17) and 4 (18) which are plant growth inhibitors (Fig. 1).

<Figure 1>

In addition to privileged scaffolds such as indole, the presence of electron donating and/or withdrawing
groups may improve the herbicidal activity by modifying physicochemical properties such as molecular
size, hydrogen bonding, ionization state, lipophilicity and aqueous solubility (19, 20). In this context,
compounds bearing nitro or amide groups have demonstrated improved herbicidal activity compared to
unfunctionalized adducts. Compounds containing nitro groups have been studied as photosynthesis
inhibitors, for example compound 5, which is an inhibitor of carbon dioxide fixation (21) as well as
compound 6, which blocks electron transport at the quinone B level by interacting at the D1 protein
(22). In addition, the commercial herbicides pendimethalin (7) and trifluralin (8) inhibit root and shoot
growth (23, 24). Furthermore, herbicidal activity has been reported for a number of amide derivatives
as photosynthetic electron transport inhibitors (9-11) (25-27) as well as for naptalam (12) which
inhibits both basipetal auxin transport and root elongation (Fig. 1) (28).

This article is protected by copyright. All rights reserved



The development of new herbicides based on molecular hybridization is an important strategy,
particularly when the active hybrid molecules possess independent modes of action (29-32). Molecular
hybridization is a rational strategy to develop new prototypes based on the fusion of two bioactive
compounds and also the chemical modification of bioactive molecules. This method provides new
molecules which might present improved activity relative to the original molecule the activities of both

parent molecules expressed in a single hybrid structure (33-37).

Our aims in this work are the synthesis of an array of indole derivatives containing amide or nitro
groups (Fig. 1), evaluation and determination of the effects of these compounds on photosynthetic

apparatus and plant development through root and stems growth and dry biomass assays.

MATERIALS AND METHODS

General Information. Unless otherwise noted, all commercially available reagents were purchased
from Aldrich Chemical Co. and used without purification. Column chromatography was performed
using Merck Silica Gel (230-400 mesh). Thin layer chromatography (TLC) was performed using
Merck Silica Gel GF254, 0.25 mm thickness. For visualization, TLC plates were either placed stained
with iodine vapor or acidic vanillin. Nuclear magnetic resonance ('H NMR) spectra and ('*C NMR)
spectra were recorded on a Bruker 500 MHz Nuclear Magnetic Resonance. The coupling constants (J)
are given in hertz (Hz) and chemical shifts are denoted in parts per million (ppm) downfield from
internal standard, tetramethylsilane (TMS). The abbreviations s, bs, d, t, q, m, and dd refer to singlet,
broad singlet, doublet, triplet, quartet, multiplet, and doublet of doublets, respectively. All NMR
spectra were obtained with CDCl; or DMSO-d6. Fourier transform infrared spectroscopy (FTIR)
analysis was performed on Shimadzu Iraffinity-1 Spectrophotometer. KBr pellets were prepared
mixing the compounds (1 mg) with pure and anhydrous KBr (100 mg). The high resolution mass
spectra (HRMS) data were recorded on UFLC/DAD/MicroTOF.Melting points were recorded on a
PFM-II / MS Tecnopon melting point apparatus.
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General Method for the Synthesis of Compounds 14a-b. A solution of substituted phenyl amine
(13a-b) (0.16 mol) in HCI 37% (6.5 mL) was cooled to 0°C. To the resulting cooled solution was
added sodium nitrite (7.24 mmol in 4.0 mL water) dropwise under stirring at the same temperature and
stirred for 10 min. Subsequently, a solution of SnCl,.2H,0 (0.026 mol in 3.5 mL HCI 37%) was added
dropwise. Then, the resulting suspension was stirred at 0 °C for 30 min. The resulting residue was
filtered, washed with diethyl ether (2 x 10 mL) and dried under vacuum. The crude product was used

for further reactions without purification (38).

General Method for the Synthesis of Compounds 15a-d. Using a modified literature procedure
(39), to a suspension of substituted phenylhydrazine hydrochloride (14a-b) (1.50 mmol) and
cyclohexanone or 2-butanone (1.50 mmol) in water (8 mL) was added H,SO,4 (0.7 mmol). The mixture
was heated at 100°C for 30 min. After completion of the reaction, the mixture was cooled to room
temperature and cold water (10 mL) was added. The precipitate was filtered, washed with water (3 x

10 mL) and dried under reduced pressure to provide the hydrazone intermediate.

To a suspension of hydrazone intermediate in acetic acid (8 mL) was added ZnCl, (0.01 mol, 1.36 g).
The mixture was heated at 118°C for 12 h. After completion of the reaction, the mixture was cooled to
0°C, the precipitate was filtered off, washed with cold water (10 mL) and dried under reduced pressure
to provide the crude product. Further purification was achieved by flash column chromatography on a

silica gel employing hexane:ethyl acetate (9:1) to give the desired products.

6-chloro-8-nitro-2,3,4,9-tetrahydro-1H-carbazole (15a). Yield: 32% (120 mg). Orange solid. Melting
point: 212 °C (lit.: 215 °C) (40). IR (KBr pellet, cm): 3417, 2931, 2846, 1512. NMR H (DMSO-d,
500 MHz) &: 1.76-1.85 (m, 4H), 2.62-2.64 (m, 2H), 2.76-2.78 (m, 2H), 7.88 (d, /= 1.8 Hz, 1H), 7.91
(d, J=1.91 Hz, 1H). NMR 3C (DMSO-d;, 125 MHz) &: 20.0, 22.3, 22.8, 110.0, 116.0, 121.8, 124.4,
126.8, 131.5, 132.7, 140.6.

5-chloro-2,3-dimethyl-7-nitro-1H-indole (15b). Yield: 30% (101 mg). Orange solid. Melting point:
201-205 °C (lit.: 202 °C) (40). IR (KBr pellet, cm!): 3387, 3093, 2924, 2854, 1512, 1365, 1307,
1296, 894. NMR 'H (DMSO-d,, 500 MHz) 8: 2.17 (s, 3H), 2.39 (s, 3H), 7.91 (d, J = 1.9 Hz, 1H),
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7.93 (d, J = 1.8 Hz, 1H), 11.67 (br s, 1H). NMR BC (DMSO-d,, 125 MHz) §: 8.40, 11.70, 107.82,
116.54, 122.34, 125.21, 126.92, 131.90, 134.86, 138.24.

8-chloro-6-nitro-2,3,4,9-tetrahydro-1H-carbazole (15¢). Yield: 44% (165 mg). Yellow solid. Melting
point: 220-225 °C (lit.: 218 °C) (40). IR (KBr pellet, cm!): 3348, 2931, 2854, 1512, 1481, 1327,
1296, 887. NMR 'H (DMSO-d;, 500 MHz) 6: 1.78-1.87 (m, 4H), 2.67-2.70 (m, 2H), 2.74-2.76 (m,
2H), 7.94 (d, J= 1.9 Hz, 1H), 8.30 (d, /= 1.9 Hz, 1H), 11.87 (br s, IH). NMR 13C (DMSO-d;, 125
MHz) 6: 20.70, 22.78, 22.84, 23.17, 113.14, 113.76, 115.19, 115.61, 128.16, 136.02, 140.66.

7-chloro-2,3-dimethyl-5-nitro-1H-indole (15d): Yield: 36% (121 mg) Yellow solid. Melting point:
245-248 °C (lit.: 230 °C) (40). IR (KBr pellet, cm!): 3348, 3093, 2924, 2854, 1519, 1481, 1327, 887.
NMR H (DMSO-dg, 500 MHz) &: 2.22 (s, 3H), 2.36 (s, 3H), 7.93 (d, /= 1.98 Hz, 1H), 8.33 (d, J =
1,98 Hz, 1H), 11.84 (br s, 1H). NMR 13C (DMSO-d,, 125 MHz) &: 8.14, 11.19, 109.88, 113.53,
114.59, 114.90, 129.24, 135.01, 137.26, 140.21.

General Method for the Synthesis of Compounds 16a-d: Using modified literature procedures (41,
42), to a solution of nitro derivative (15a-d) (0.20 mmol) in ethyl acetate (3 mL) was added
SnCl,.2H,0 (1.4 mmol, 0.316 g). The mixture was stirred at room temperature for 48 h. After
completion of the reaction, an NH,OH solution (2 mL) was added, and the precipitate was filtered and
washed with ethyl acetate (3 x 10 mL). The organic layers were combined and the solvent was

removed under reduced pressure to provide amine intermediate.

To a solution of the amine intermediate in acetic acid (3.0 mL) was added acetic anhydride (10.6
mmol, 1.00 mL) and 10% aqueous solution of sodium acetate (6.0 mL). The mixture was stirred at
room temperature for 4 h. After completion of the reaction, water (10 mL) was added to the mixture
and extracted with dichloromethane (2 x 5.0 mL). The organic layers were combined, washed with
saturated aqueous solution of NaHCOs, brine and solvent was removed under reduced pressure.
Further purification was achieved by flash column chromatography on a silica gel employing

hexane:ethyl acetate (1:2) to give the desired products.
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N-(6-chloro-2,3,4,9-tetrahydro-1H-carbazol-8-yl)acetamide (16a): Yield: 24% (12 mg). Purple solid.
Melting point: 230 °C. IR (KBr pellet cm™): 3317, 2931, 2854, 1651, 1535, 1481, 1411, 725. NMR
'H (DMSO-ds, 500 MHz) 6: 1.75-1.85 (m, 4H), 2.12 (s, 3H), 2.56-2.58 (m, 2H), 2.71-2.73 (m, 2H),
7.13 (d, J= 1.7 Hz, 1H), 7.47 (d, J = 1.8 Hz, 1H), 9.64 (s, 1H), 10.49 (s, 1H). NMR 13C (DMSO-dj,
125 MHz) &: 20.39, 22.64, 22.73, 23.73, 108.75, 112.10, 112.58, 122.39, 123.74, 125.81, 129.09,
135.80, 168.41. HR-ESI-MS: C;;,H4,CIN,O [M+H]* m/z found 263.0958, calculated 263.0951.

N-(5-chloro-2,3-dimethyl-1H-indol-7-yl)acetamide (16b): Yield: 35% (18 mg). Green solid. Melting
point: 254-260 °C. IR (KBr pellet, cm!): 3294, 2924, 2854, 1658, 1535, 1465, 1373, 894. NMR 'H
(DMSO-d;, 500 MHz) 6: 2.10 (s, 3H), 2.11 (s, 3H), 2.31 (s, 3H), 7.14 (d, /= 1.84 Hz, 1H), 7.46 (d, J
= 1.83 Hz, 1H), 9.62 (br s, 1H), 10.47 (br s, 1H). NMR 3C (DMSO-ds, 125 MHz) 3: 8.21, 11.24,
23.76, 105.83, 111.93, 112.75, 122.39, 123.51, 125.30, 130.73, 132.74, 168.44. HR-ESI-MS:
C1,H14CIN,O [M+H]* m/z found 237.0799, calculated: 237.0795.

N-(8-chloro-2,3,4,9-tetrahydro-1H-carbazol-6-yl)acetamide (16¢): Yield: 38% (20 mg). Grey solid.
Melting point: 290-295 °C. IR (KBr pellet, cm): 3294, 3116, 2931, 2854, 1658, 1558, 1450, 1381,
864. NMR 'H (DMSO-ds, 500 MHz) &: 1.76-1.81 (m, 4H), 2.00 (s, 3H), 2.54-2.56 (m, 2H), 2.67-
2.69 (m, 2H), 7.33 (d, J = 1.68 Hz, 1H), 7.48 (d, J = 1.52 Hz, 1H), 9.78 (br s, 1H), 10.84 (br s, 1H).
NMR B3C (DMSO-d4, 125 MHz) &: 20.59, 22.63, 22.77, 22.81, 23.88, 106.64, 109.30, 112.64,
114.25, 128.66, 129.13, 131.54, 136.98, 167.71. HR-ESI-MS: C;H(CIN,O [M+H]" m/z found
263.0968, calculated 263.0951.

N-(7-chloro-2,3-dimethyl-1H-indol-5-yl) acetamide (16d): Yield: 26% (17 mg). Blue solid. Melting
point: 210 °C. IR (KBr pellet, cm): 3209, 3078, 2924, 2854, 1627, 1581, 1489, 894, 717. NMR 'H
(DMSO-d;, 500 MHz) 8: 2.01 (s, 3H), 2.09 (s, 3H), 2.30 (s, 3H), 7.32 (d, /= 1.54 Hz, 1H), 7.50 (d, J
= 1.32 Hz, 1H), 9.79 (br s, 1H), 10.84 (br s, 1H). NMR 13C (DMSO-d;, 125 MHz) 6: 8.41, 11.15,
23.88, 106.30, 106.83, 112.58, 113.97, 128.64, 130.20, 131.50, 133.93, 167.69. HR-ESI-MS:
Ci,H;3CIN;NaO [M+Na]* m/z found 259.0662, calculated 259.0614.
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General Method for the Synthesis of Compounds 20a-b. Using a modified literature procedure
(43), to a solution of compounds 19a or 19b (0.7 mmol) in ethanol (5 mL) was added dropwise H,SO,
(5.72 mmol, 0.305 mL). The mixture was refluxed for 16 h. After completion of the reaction, water
(10 mL) was added to the mixture and extracted with diethyl ether (3 x 10 mL). The organic layers
were combined, washed with saturated aqueous solution of NaHCO; (3 x 10 mL), brine and the
solvent removed under reduced pressure. Further purification was achieved by flash column

chromatography on a silica gel employing hexane:ethyl acetate (9:1) to give the desired products.

Ethyl 2,3,4,9-tetrahydro-1H-carbazole-8-carboxylate (20a): Yield: 70%. White solid. Melting point:
84-85 °C (lit.: 76 °C).(43) IR (KBr pellet, cm!): 3402, 2985, 1674, 1265. NMR 'H (DMSO-d;, 500
MHz) &: 1.42 (t, J=7.17 Hz, 3H), 1.84-1.94 (m, 4H), 2.69-2.71 (m, 2H), 2.75-2.77 (m, 2H), 4.42(q,
J=7.17 Hz, 2H), 7.07 (t, J=7.63 Hz, 1H), 7.63 (d, /= 7.63 Hz, 1H), 7.78 (d, /= 7.63 Hz, 1H), 9.39
(br s, 1H). NMR 13C (DMSO-ds, 125 MHz) 3: 14.46, 20.80, 23.11, 23.19, 23.20, 60.59, 109.97,
111.81, 118.18, 122.94, 123.10, 129.02, 135.37, 135.80, 167.80.

Ethyl 2,3-dimethyl-1H-indole-7-carboxylate (20b): Yield: 62%. White solid. Melting point: 144-146
°C (lit.: 104-106 °C).(44) IR (KBr pellet, cm™): 3402, 2978, 1674, 1265. NMR 'H (DMSO-d;, 500
MHz) §: 1.43(t, J = 7.15 Hz, 3H), 2.23 (s, 3H), 2.39 (s, 3H), 4.43 (q, J = 7.15 Hz, 2H), 7.08 (t, J =
7.61 Hz, 1H), 7.85 (d, 7.77 Hz, 1H), 7.78 (dd, J = 7.61 and 0.9 Hz, 1H), 9.39 (s, IH). NMR 13C
(DMSO-d;, 125 MHz) &: 8.36, 11.54, 14.45, 60.57, 106.92, 111.55, 118.10, 122.88, 123.30, 130.62,
131.94, 135.32, 167.77.

General Method for the Synthesis of Compounds 21a-b. Modified literature procedure (45), a
suspension of 20a or 20b (0.206 mmol), 40% aqueous CH3;NH, (0.600 mL) in ethanol (1 mL) was
stirred at r.t. for 5 days. After completion of the reaction, the mixture was extracted with ethyl acetate
(3 x 10 mL). The organic layers were combined, washed with brine and the solvent removed under
reduced pressure. Further purification was achieved by flash column chromatography on a silica gel

employing dichloromethane:methanol (95:5) to give the desired products 21a or 21b.
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N-methyl-2,3,4,9-tetrahydro-1H-carbazole-8-carboxamide (21a): Yield: 19%. White solid. Melting
point: 224-225 °C. IR (KBr pellet, cm!): 3394, 3309, 3055, 1643. NMR 'H (DMSO-d,;, 500 MHz) 6:
1.84-1.93 (m, 4H), 2.69-2.71 (m, 2H), 2.74-2.77 (m, 2H), 3.04 (s, 3H), 6.36 (br s, 1H), 7.03 (t, J =
7.63 Hz, 1H), 7.23 (dd, J = 0.6 and 7.48 Hz, 1H), 7.58 (dd, J = 0.6 and 7.79 Hz, 1H), 9.83 (s, 1H).
NMR B3C (DMSO-d4, 125 MHz) &: 20.96, 23.24, 23.32, 23.39, 26.60, 109.56, 115.07, 117.69,
118.03, 121.66, 129.57, 135.39, 136.10. 168.97. HR-ESI-MS: C;;H;7;N,O [M+H]" m/z found
229.1347, calculated 229.1341.

N,2,3-trimethyl-1H-indole-7-carboxamide (21b): Yield: 21%. White solid. Melting point: 190-193
°C. IR (KBr pellet, cm™): 3441, 3325, 2954, 1620. NMR H (DMSO-d;, 500 MHz) 6: 2.22 (s, 3H),
2.37 (s, 3H), 3.04 (s, 3H), 6.33 (br s, 1H), 7.04 (t, J = 7.63 Hz, 1H), 7.22 (dd, J = 0.46 and 7.48 Hz,
1H), 7.59 (d, J = 7.48 Hz, 1H), 9.82 (br s, 1H). NMR 13C (DMSO-d,;, 125 MHz) &: 8.50, 11.67,
26.57, 106.53, 114.81, 117.64, 117.96, 121.87, 131.20, 132.73, 134.93, 168.96. HR-ESI-MS:
Ci,H5sN,O [M+H]" m/z found 203.1186, calculated 203.1184.

Chlorophyll a fluorescence measurements (semi in vivo assay). According to a modified
literature procedure (12), ten spinach leaves were cut into 1.0 cm diameter discs and placed with 20
mL of modified Krebs solution into a Petri dish (9 cm diameter), the solution consisted of NaCl (115
mM), KCI (5.9 mM), MgCl, (1.2 mM), KH,PO,4 (1.2 mM), Na,SO, (1.2 mM), CaCl, (25 mM), and
NaHCOj; (25 mM, pH = 7.4). After 12 h of incubation at room temperature, compounds 15a-d, 16a-d,
20a-b and 21a-b were added in dimethyl sulfoxide (DMSO) solutions at 100 uM for each Petri dish
and incubated for 6 additional hours. Then, the discs were adapted in the dark for 30 min. Finally,
chlorophyll a (Chl a) fluorescence transients were measured using a Hansatech Handy- Plant Efficient
Analyzer; a three LEDs array allowed for illumination with 650 nm continuous light. DMSO was used
as negative control in order to consider the solvent effect. OJIP transients were analysed according to
the JIP test (see Supporting Information). The experiment was performed in triplicate and the results

were expressed as mean and standard error.

Plant material for in vivo assays. Commercially available seeds of Ipomoea grandifolia, Senna

alata and Sida rhombifolia weeds were placed in plastic pots (top diameter, 10.5 cm; bottom diameter,
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7.5 cm; height, 7.0 cm) filled with approximately 100 g of a mixture of 80:20 w/w soil/vermiculite
(plant growth medium). All pots were watered every day, maintained in a greenhouse at 25-30°C and
under normal day/night illumination. Plants were selected by uniformity size after 20 days of growth S.
rhombifolia and 4 days for I. grandifolia and S. alata. Plants of similar size were separated in three
groups: negative control (DMSO), positive control (DCMU) and experimental treated with
compounds 15a-b and 21b at 50 and 100 uM

Determination of Chl a fluorescence in intact leaves. Chl a fluorescence was measured in leaves
of the control plant and those treated with compounds 15a-b and 21b at 50 and 100 uM. After 1 h and
72 h of treatment, the plants adapted in the dark for 30 min were excited by light from an array of three
light-emitting diodes delivering 3000 pmol m2 s~! of red light (650 nm). The Chl a fluorescence
induction curves were measured at room temperature with a portable Hansatech Fluorescence Handy

PEA (plant efficiency analyser) apparatus.

Plant growth assay. To evaluate the effect of 15a-b and 21b in I. grandifolia, S. alata and S.
rhombifolia plant growth, the plant length and dry biomass was measured after 10 days of treatment.
Dry biomass was determined by drying all components in an oven at 60°C for 15 days. Negative and
positive controls were performed using DMSO and DCMU, respectively. PDW was measured using an

analytical balance (2).

Molecular docking. Molecular docking simulations were performed to analyse interactions of the
compounds 15a-d, 16a-d, 20a-b and 21a-b with the active site of spinach photosystem II (PDB
deposited code: 3JCU) using the AutoDock 4.2 software (46). Chemical structures of the ligands were

drawn in the ChemDraw Professional 15.0 software followed by MM2 energy minimization.

According to a modified procedure (47), the target enzyme was prepared for molecular docking using
the chain A of the protein, followed by removal of all water molecules, addition of all hydrogens,
Gasteiger charges calculations, and lastly, all nonpolar hydrogens were merged to carbon atoms. A grid
box size of 40 x 40 x 40 points in X, y and z directions and -41.788, 3.115, -18.728 grid centre was set
for the enzyme. The box was centred based on the cognate ligand with a spacing of 0.486 A. Cluster
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analysis was performed on the docked results using a root mean square deviation (RMSD) tolerance of
2 A (48). The genetic algorithm with local search (GALS) was used to find the best conformers. The
Lamarckian genetic algorithm with default settings was used as well. Each docking experiment was
iterated 100 times, yielding 100 docked conformations. Best docking pose was selected on the basis of

key interacting residues: cluster RMS, number of hydrogen bonds and minimum binding energy.

PyMOL software (PyMOL Molecular Graphics System, Version 1.8 Schrodinger, LLC) was employed

to show binding pose of indole derivatives in protein D1 (see Supporting Information).

Statistical analysis. Chl a fluorescence measurement (PI,,s parameter) and plant growth assays were
performed in a completely randomized design. Data were analysed by means of analysis of variance
(ANOVA), and treatment means were compared by Tukey test (Honestly significant differences, HSD)

(5 and 1 %) was used to estimate least significant range between means (12).

RESULTS AND DISCUSSION

Indole derivative synthesis

The synthesis of nitro-indole derivatives 15a-d was based on Fischer indole methodology.
Substituted anilines (13a-b) were diazotized employing sodium nitrite in hydrochloric acid followed by
the reduction of the resultant diazonium chloride salts using stannous chloride in hydrochloric acid to
furnish 14a-b in a good yields (38). Aqueous solutions of phenyl hydrazine hydrochlorides 14a-b were
refluxed with cyclohexanone or 2-butanone in the presence of sulfuric acid to provide the hydrazone
intermediates, which were reacted with ZnCl, in acetic acid to afford indoles 15a-d (39). Then, the
nitro groups were reduced employing SnCl,.2H,O and thereafter acetylation reaction with acetic

anhydride provides the amide derivatives 16a-d (Scheme 1) (41, 42).

<Scheme 1>
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To obtain compounds 21a-b, the carboxylic acid derivatives 19a-b (12) were refluxed in
ethanol using sulfuric acid as catalyst providing the ester derivatives 20a-b in moderate to good
chemical yields (43). Thus, compounds 20a-b were reacted with methylamine aqueous solution to

furnish the amide derivatives 21a-b (Scheme 2) (45).

<Scheme 2>

Effect of indole derivatives on Chl a fluorescence transient

Semi in vivo assays. The performance index per absorption (PIL,s) has been considered the most
sensitive parameter for plant stress detection on PSII (49), relating the efficiency of excitation energy
absorption, electron capture and transfer by PSII, providing valuable information about environmental
stress on the photosynthetic apparatus (50-52). Almost all of the investigated hybrid molecules showed

appreciable activity decreasing PI,,s parameter on Chl a fluorescence (Fig. 2).

<Figure 2>

The lowest values for PI,,s were obtained when the leaf discs were exposed to 15a-b and 21b
(p < 0.01). Nitro-indole derivatives 15a-d reduced Pl,,s parameter from 40% to 56%, however the
conversion of the nitro to an amide group (16a-d) decreased the inhibitory activity and there was no
statistically significant difference among them compared to the control (p > 0.05). The amides 21a-b
showed better inhibitory activity than the corresponding esters 20a-b, which increased Pl,,s by 13%
and 16%, respectively.

Additionally, the reduction of the parameters related to the reaction centre (RC) such as
energy fluxes for absorption (ABS/RC), electron trapping (TR(/RC), electron transport (ET/RC) and
energy dissipation (DIy/RC) as well as the quantum yield parameters (PHI(P,), PSI, and PHI(E,))
corroborate the inhibitory activity on PSII (Fig. 3) (49).
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<Figure 3>

The plant physiological vitality can be evaluated through the variation of Plys and V;
fluorescence parameters, which can corroborate the compound activity on active site of PSII.(52) The
J-level increase (2 ms) is characteristic of the transient OJIP fluorescence curve that describes the
effects of compounds by blocking the electron transport chain on PSII beyond the Q4 site. The indole
derivatives 15a-b and 21b at 50 pM and 100 uM increased the V; parameter by 100% to 150%,
confirming the blockage of electron passage in the quinone pool, which corresponds to the Q, re-

oxidation kinetics by electron transfer to Qg (53).

Compound 15a reduced ET(/RC, PSI, and PHI(E) by 30%, 20% and 25%, respectively, at 50
uM and 100 uM (Fig. 3(A)). This variation shows the electron flow blockage through the transport
chain, indicating that PSII active reaction centres become heat sinks or silent reaction centres because
the energy is not employed to reduce Qa (54). Compound 15b demonstrated better results at 50 uM
reducing TR/RC, ETy/RC and PHI(E,) parameters by 20%, 34% and 22%, respectively (Fig. 3 (B)).
This decrease shows the absorbed energy was trapped, reducing the electron flow in active reaction
centres. Additionally, the PsbS protein of the photosystem II increases the thermal dissipation of the
energy absorbed by the photosystem (52).

Compound 21b demonstrated the best result by blocking the electron flow. The ABS, TRy,
ETy, and DI, parameters by RC were reduced by 38%, 38%, 52% and 37% respectively, at 100 uM
(Fig.3 (C)). The energy absorption reduction by the antenna complex directly influences the electron
transport and system energy dissipation, resulting in the photosynthesis Z-scheme not occurring
properly (55). The decrease of PSI, and PHI(E,) parameters by 30% and 35%, respectively
corroborating the reduction of PSII quantum efficiency by these compounds, suggesting a decrease in

electron excitation and transfer by the electron transport chain after Qx~.

In vivo assays. Compounds 15a-b and 21b which showed the best activity in semi in vitro assays were

evaluated in in vivo experiments employing Ipomoea grandifolia, Senna alata and Sida rhombifolia
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weeds at 50 uM and 100 pM. The effects of 15a-b and 21b on PI,, parameter were evaluated after 1
and 72 hours after treatment with the active compounds (Fig. 4 (A-C)).

<Figure 4>

All compounds impacted the photosynthetic apparatus over the course of the experiment. The
effects of indole derivatives on 1. grandifolia and S. alata plants were observed only after 72 hours of
treatment, potentially due to aspects of the plant’s physiology which increase the time taken by the
bioactive compounds to reach the PSII on the thylakoid membrane. The best results against 1.
grandifolia were observed with compounds 15b and 21b at 50 uM, which decreased the Pl
parameter by 20% and 11%, respectively. In the S. alata assay, compounds 15a-b at 50 uM reduced
Pl,,s parameter by 18% and 19%, respectively. The improved activity observed of compounds 15b
(ClogP 3.954) and 21b and (ClogP 1.991) compared to 15a (ClogP 4.577) at low concentration can be
rationalized by the reduced lipophilicity coefficient (ClogP), as the ClogP increases, water solubility of

the compound is decreased, which affects the biological activity.

The PI,,s parameter was decreased by an average of 77% to 87% by compounds 15a-b and 21b
at both concentrations after 1 hour of treatment for S. rhombifolia plant. However, after 72 hours of
treatment, PI,,, parameter increased by an average of 44% to 136% compared to control. These results
are related to the low photosynthetic capacity and initial stress adaptation caused by the indole
derivatives, indicating the efficiency of the photosynthetic process in the plant is impacted by reversible

stress effects on PSII (16).

The effects of 15a-b and 21b on photosynthetic quantum parameters in 1. grandifolia, S. alata
and S. rhombifolia plants are displayed in Fig. 5. In 1. grandifolia plants (Fig. 5 (A)), compounds 15b
and 21b reduced ET/RC, PHI(E,), PSI, and (PHI(P,) parameters by an average of 10%. The electron
transport and quantum yield reductions suggest an interruption of the photosynthesis process.
Additionally, the lower maximum quantum yield of the primary photochemistry and the electron

transport chain after Q4 indicates that the effect was at the quinone pool on the acceptor side of PSII.
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The increase of DIy/RC and V; parameters by 15% and 20% respectively, corroborate the electron
flow blockage described previously, due to an excess of energy being dissipated in a non-
photochemical way and that the detrimental effect was at the polyphasic level J (2 ms) in the quinone

redox process.

<Figure 5>

Compounds 15a-b showed the best results against S. alata plants (Fig. 5 (B)), at 50 uM after 72
hours of treatment. Compounds 15a and 15b decreased the phenomenological parameters by reaction
centre ABS/RC, TRy/RC and ET(/RC by an average of 25% and 10%, respectively. The electron
transport chain blockage on PSII was confirmed by the action site location through an increase of V;

parameter by 28% (15a) and 18% (15b).

Compounds 15a-b and 21b showed appreciable results on S. rhombifolia plants after 1 hour of
contact and completely lost their activity after 72 h, potentially due to a self-protection mechanism of
the S. rhombifolia weed by the stressed conditions induced by the compound (Fig. 5 (C)). The indole
derivatives showed similar activity on PSII, increasing ABS/RC, TRy/RC and DIy/RC parameters by an
average of 17% to 31%, 10% to 18% and 32% to 56%, respectively, demonstrating that the
compounds lead to inhibition of the Q4 redox process via energy accumulation in reaction centres. The
reduction of quantum parameters PHI(E;), PSI, and PHI(Py) by 22%-40%, 17%-34% and 10%,
respectively, confirm the electron transport chain was affected in the primary photochemical process

leading to an accumulation of Q4 at PSII.

The effects caused by 15a-b and 21b in the in vivo studies are not significant compared to the
semi in vivo assay. Compound penetration into the living plant is impeded by several factors, including
membrane permeability, compound solubility, subcellular compartmentalization, and a number of
complicating physiological process. These can completely overturn in vivo inhibitory activity for a

given compound (56).
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Effect of indole derivatives on plant growth

The phytotoxic activity of 15a-b and 21b was evaluated through plant growth assays
employing [. grandifolia, S. alata and S. rhombifolia weeds. Plant length and dry biomass were
evaluated after 6 days of treatment with 15a-b and 21b at 50 uM and 100 uM. DMSO was used as
negative control and DCMU was employed as positive control at 50 uM (Fig. 6).

<Figure 6>

All active compounds showed same behaviour; decreasing plant length and dry biomass, except

for the S. rhombifolia weed which showed no variation in plant growth (Fig. 6 (C)).

On the 1. grandifolia weed (Fig. 6 (A)), indole derivative 15a showed the best results at 100
uM reducing the plant length and dry biomass by 24% and 40%, respectively. Compound 21b
decreased plant length by 30% and dry biomass by 31% at 50 uM and 100 pM, respectively.
Compound 15b affected the plant growth by reducing the plant length by 30% at 100 uM; however,

the dry biomass was not reduced.

These results suggest that the photosynthesis inhibitory activity diminishes the synthesis of ATP
and CO, fixation which disturbs plant development. The best result was achieved for 15b in S. alata at
50 uM which demonstrated a similar activity to commercial herbicide DCMU, reducing the dry
biomass by 37% at 50 uM compared to the control (Fig.6 (B)). These results corroborate the PSII
inhibitory activities demonstrated by the Chl a fluorescence assay, indicating that 15a and 15b have a
selective action as a post-emergent herbicide, blocking the electron transfer process at PSII in the
plants. These compounds appear to be potential herbicides with similar symptoms such as chlorosis and

necrosis of the plant tissue exhibited by the photosynthesis inhibitor as with DCMU.

Molecular docking
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The docking was carried out for all synthesized compounds employing the protein D1 of the
PSII reaction centre from Spinacia oleracea (PDB ID: 3JCU). In addition, herbicides that inhibit PSII
prefer the position near the loop made by Ser264 and Phe265 at protein D1. The same orientation for
indole derivatives and DCMU in the binding site was observed (57-59). Figure 7 exhibits the best
docking pose of compounds 15a and 15b including hydrogen bonding interactions, with binding

energies of -8.47 kcalmol! and -7.39 kcalmol!, respectively.

<Figure 7>

The nitro group of 15a-d forms strong hydrogen bond interactions with the OH group of
Ser264 and the NH group of His252 with an individual bond-length range of 1.799-1.971A. These
hydrogen-bonding interactions play a key role in determining the 3D space position of the nitro
derivatives in the binding pocket of protein D1. Additionally, hydrophobic interactions were observed
with Phe211, Met214, His215, Leu218, Val219 and Leu271. For compounds 15¢ and 15d, the
exchange of a nitro for a chlorine group on the indole scaffold disfavours hydrogen bonds and
hydrophobic interactions at the protein D1 active site, reducing their binding energies to -7.62 kcalmol

'and -6.82 kcalmol!, respectively.

In this pocket, the amide group of compounds 16a-d acts as hydrogen bond acceptor with the
backbone OH of Ser264 and the imidazole NH of His252. Furthermore, the amide group acts as an
electron donating group, increasing the indole ring’s electron density, disfavouring Pi-sigma
interactions with the residues Leu218 and Leu271, decreasing the affinity with the binding site. The
difference observed between the binding mode of the ester derivatives 20a-b and amide derivatives
21a-b is associated to the strong hydrogen-bonding interaction that the amide group of 21a-b forms in

the site pocket with His252, with a distance bond of 1.888 A for 21b.

These results suggest that hydrogen bond acceptors and electron withdrawing groups on the

indole phenyl ring are important for ligand interactions via hydrogen bond formation with Ser264 and
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His252 as well as the hydrophobic interactions with Leu218 and Leu271, potentially leading to an
inhibition of protein D1 on PSII.

CONCLUSION

This work demonstrates the synthesis of indole derivatives based on the principle of molecular
hybridization and their evaluation as photosynthesis and plant growth inhibitors. The best results were
obtained for the compounds 6-chloro-8-nitro-2,3,4,9-tetrahydro-1H-carbazole (15a) and 5-chloro-2,3-
dimethyl-7-nitro-1H-indole (15b), which decreased the phenomenological parameters ABS/RC,
TR¢/RC and ETy/RC of PSII. The compound 15a and 15b act as the post-emergent herbicide
prototype since the dry biomass was reduced through plant growth assays employing /. grandifolia, S.
alata and S. rhombifolia weeds. The best result was achieved for 15b in S. alata at 50 uM which
demonstrated similar activity to commercial herbicide DCMU reducing the dry biomass by 37% at 50

UM compared to the control, corroborating the fluorescence results.

The nitro indole derivatives showed better results than amide indole derivatives indicating the
presence of strong electron withdrawing groups at indole phenyl ring is important for the ligand’s
interaction with the binding pocked of protein D1 on PSII as showed by molecular docking studies.
Moreover, optimization of these molecular features is a goal of our group in further understanding and

development of new herbicides.

ACKNOWLEDGEMENTS- This work has been supported in part by FAPEMAT (grant
0217830/2017 and 0250685/2017), CNPq (grant 430089/2016-3) and UFMT for financial support and

fellowships. This study was financed in part by the Coordenagdo de Aperfeicoamento de Pessoal de

Nivel Superior - Brasil (CAPES) - Finance Code 001.

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at the

end of the article:

This article is protected by copyright. All rights reserved



Table S1. Formulae and explanation of the technical data of the OJIP curves and the selected JIP-test

parameters used in this work.

Table S2. Binding interaction of indole derivatives (15a-d, 16a-d, 20a-b and 21a-b) and DCMU with
the pocket site of PSII of Spinacia oleracea L., and ClogP.

Figure S1. Models of the binding interaction of 15a with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S2. Models of the binding interaction of 15b with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S3. Models of the binding interaction of 15¢ with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S4. Models of the binding interaction of 15d with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S5. Models of the binding interaction of 16a with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S6. Models of the binding interaction of 16b with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S7. Models of the binding interaction of 16¢ with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S8. Models of the binding interaction of 16d with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S9. Models of the binding interaction of 20a with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S10. Models of the binding interaction of 20b with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S11. Models of the binding interaction of 21a with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).

Figure S12. Models of the binding interaction of 21b with the pocket site of PSII of Spinacia oleracea
(PDB ID: 3JCU).
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Figure S13.

Models of the binding interaction of DCMU with the pocket site of PSII of Spinacia

oleracea (PDB ID: 3JCU).

Figure S14.
Figure S15.
Figure S16.
Figure S17.
Figure S18.
Figure S19.

'"H NMR spectrum of compound 15a (DMSO-4, 500 MHz).
I3C NMR spectrum of compound 15a (DMSO-44, 125 MHz).
'H NMR spectrum of compound 15b (DMSO-44, 500 MHz).
13C NMR spectrum of compound 15b (DMSO-44, 125 MHz).
'H NMR spectrum of compound 15¢ (DMSO-,44, 500 MHz).
13C NMR spectrum of compound 15¢ (DMSO-4, 125 MHz).

Figure S20. "H NMR spectrum of compound 15d (DMSO-44, 500 MHz).

Figure S21.
Figure S22.
Figure S23.
Figure S24.
Figure S25.
Figure S26.
Figure S27.
Figure S28.
Figure S29.
Figure S30.
Figure S31.
Figure S32.
Figure S33.
Figure S34.
Figure S35.
Figure S36.
Figure S37.

I3C NMR spectrum of compound 15d (DMSO-44, 125 MHz).
'"H NMR spectrum of compound 16a (DMSO-4, 500 MHz).

I3C NMR spectrum of compound 16a (DMSO-44, 125 MHz).
'H NMR spectrum of compound 16b (DMSO-44, 500 MHz).

13C NMR spectrum of compound 16b (DMSO-44, 125 MHz).
'"H NMR spectrum of compound 16¢ (DMSO-,44, 500 MHz).

13C NMR spectrum of compound 16¢ (DMSO-4, 125 MHz).
'H NMR spectrum of compound 16d (DMSO-44, 500 MHz).

13C NMR spectrum of compound 16d (DMSO-,4, 125 MHz).
"H NMR spectrum of compound 20a (CDCl;, 500 MHz).

I3C NMR spectrum of compound 20a (CDCl;, 125 MHz).

"H NMR spectrum of compound 20b (CDCl;, 500 MHz).

13C NMR spectrum of compound 20b (CDCl;, 125 MHz).

"H NMR spectrum of compound 21a (CDCl;, 500 MHz).

13C NMR spectrum of compound 21a (CDCl;, 125 MHz).

"H NMR spectrum of compound 21b (CDCl;, 500 MHz).

13C NMR spectrum of compound 21b (CDCl;, 125 MHz).
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FIGURE CAPTIONS
Figure 1. Design of amide or nitro indole derivatives from known herbicidal activity compounds.

Figure 2. Performance Index (Pl,,s) of spinach leaf discs subjected to 15a-d, 16a-d, 20a-b and 21a-b
(100 uM). (*) and (**) indicate significant difference from control (DMSO) with p < 0.05 and p <
0.01, respectively.

Figure 3. Radar plots of the effects of (A) 15a, (B) 15b and (C) 21b on Chl a fluorescence
parameters calculated from the OJIP curve in spinach sheet discs at 50 uM and 100 pM.

Figure 4. Performance Index (Pl,,s) of (A) . grandifolia at 72 hours, (B) S. alata at 72 hours and (C)
S. rhombifolia at 1 hour treated with 15a-b and 21b (50 uM and 100 pM). (*) and (**) indicate
significant difference from control (DMSO) with p < 0.05 and p < 0.01, respectively.

Figure 5. Radar plots of the effects of 15a-b and 21b on (A) 1. grandifolia at 72 hours, (B) S. alata
at 72 hours and (C) S. rhombifolia at 1 hour on Chl a fluorescence parameters calculated from the

OJIP curve at 50 puM.

Figure 6. Plant length and dry biomass of (A) 1. grandifolia, (B) S. alata and (C) S. rhombifolia after
10 days of treatment with 15a-b and 21b at 50 and 100 uM. (*) and (**) indicate significant difference
from control (DMSO) with p < 0.05 and p < 0.01, respectively.

Figure 7. Binding models of 15a (A) and 15b (B) with the pocket site of PSII from S. oleracea (PDB
code: 3JCU).
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SCHEME CAPTIONS

Scheme 1. Synthesis of compounds 15a-d and 16a-d.

Scheme 2. Synthesis of compounds 21a-b.
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