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10 ABSTRACT

11 Strigolactones are natural products that are exuded by plants and stimulate parasitic weed 

12 germination. Their use in herbicides is limited since they are produced in small quantities but the 

13 synthesis of bioactive analogs provides an alternative source. In this work eleven analogs have 

14 been synthesized. Among them, nine compounds belong to a novel family named 

15 eudesmanestrigolactones. The procedure is short (3�6 steps), the starting materials are isolated 

16 on a multigram scale and global yields are up to 8%, which significantly enhances isolated yields. 

17 In bioassay the compounds germinated high percentages of Phelipanche ramosa, Orobanche 

18 cumana and Orobanche crenata seeds, even at nanogram doses (100 nM). Bioactivity was 

19 stereochemistry-dependent and it is discussed in terms of the presence and geometry of the enol 

20 ether, orientation of the butenolide and unsaturation of ring A. The reported compounds provide 

21 a set of readily obtained allelochemicals with potential applications as preventive herbicides.

22 Keywords: sesquiterpene lactone, eudesmanolide, costunolide, dehydrocostuslactone, 

23 strigolactone analog, parasitic weed, Orobanche, Phelipanche.
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24 INTRODUCTION

25 Phelipanche ramosa, Orobanche cumana and Orobanche crenata are holoparasitic 

26 broomrape species adapted to parasitize a broad range of cultivable plant species. P. ramosa can 

27 produce a significant decrease in the production of tomato, oilseed rape, buckwheat, tobacco and 

28 hemp crops. This weed is mainly located in Europe, North Africa and Western Asia but it has also 

29 been introduced in America and Australia and is the most widespread broomrape species.1 O. 

30 cumana is a specific parasitic species for sunflower (Helianthus annuus L.) and it can produce 

31 serious yield losses for this source of seeds and oil.2 O. crenata is the most damaging weed for 

32 temperate legumes around the Mediterranean basin and Middle East.3 Just one single broomrape 

33 plant can disseminate thousands of seeds through wind and agricultural machinery due to the 

34 small size and weight of the seeds. In addition, parasitic seeds can remain dormant in soil for 

35 almost 20 years.4 These parasitic species are a serious threat to agriculture and thus prevention is 

36 imperative.

37 The use of classical herbicides, based on compounds with long half-life, to control weed 

38 infestations raises severe issues with respect to the chemical properties. Some herbicides have 

39 proven to be effective, such as glyphosate or imidazolinones, but the new restrictions on their use 

40 in developed countries5 limit their potential as a control strategy. Another disadvantage of 

41 classical herbicides comes from the high adaptability of parasitic weeds, with increasingly 

42 resistant populations after the use of agrochemicals that have a limited range of modes of action,6 

43 which reduces their effectiveness in the next season. Authorized specific herbicides may cause 

44 additional issues, e.g., the accumulation of toxic and carcinogenic residues in the soil and 

45 harvested products destined for human consumption.7 The latter acquires special relevance as the 

46 demand for �bio� products increases with time. Furthermore, some chemicals have been proven 

47 to accumulate for decades in the soil, such as pesticides based on chlorinated hydrocarbons.8

48 The strategy known as �suicidal germination�, which is also called the �honeypot 

49 strategy�, enables the prevention of parasitic weed infestations. This strategy requires the use of 

50 specific compounds that are chemically recognizable by parasitic seeds and are applied to the soil 
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51 before sowing, thus triggering germination in the absence of host plants and ultimately leading to 

52 the death of obligate parasites by starvation after few days.9

53 Strigolactones are known as a family of natural products that stimulate the germination 

54 of parasitic Orobanche and Phelipanche seeds in nature, and they are exuded by host plants.10 

55 These compounds act as phytohormones and they are involved in the regulation of development 

56 processes like shoot branching, they act as phytohormones.11 The structure of strigolactones is 

57 related to that of strigol (figure 1).

58 However, natural strigolactones are not useful for the formulation of agrochemicals based 

59 on suicidal germination since their isolation from natural sources gives low yields (isolation of 

60 several micrograms requires thousands of plants)12 and their high degree of chirality requires a 

61 complex total synthesis with multiple steps. Strigolactone analogs are designed to simplify the 

62 synthesis of these germination elicitors and this approach is based on the semisynthesis from 

63 structurally related natural products that can be obtained on a multigram scale from natural 

64 sources. The search for new bioactive strigolactone analogs is a hot topic that is being investigated 

65 by numerous research groups around the world.13�16 The main aim of the study reported here was 

66 to achieve the efficient synthesis of strigolactone analogs.

67 Sesquiterpene lactones share structural similarities with strigolactones and can stimulate 

68 the germination of parasitic weed seeds. Lactones costunolide (1) and dehydrocostuslactone (5) 

69 (figure 2) can be isolated on a multigram scale from an extract of Saussurea costus and these were 

70 reported to be the main compounds responsible for parasitic recognition of sunflower by O. 

71 cumana.17 Since these compounds possess a lactone moiety (C-ring in strigolactones), the 

72 addition of an extra butenolide ring connected by an enol ether bond to 1 and 5 allows 

73 strigolactone analogs to be obtained.18 

74 The main objective of the work reported here was the preparation of new strigolactone 

75 analogs by the addition of the butenolide ring to the hydroxylated derivatives of 2, 3, 8 (figure 

76 2a) and 5 (figure 2c). This is the first time that strigolactone analogs based on eudesmanolides 
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77 have been reported. All of the strigolactone analogs were tested in a parasitic seed germination 

78 bioassay in order to evaluate their potential use as preventive agrochemicals for broomrape 

79 control. P. ramosa, O. cumana and O. crenata were the species chosen for testing to identify the 

80 most promising products for the preparation of pre-emergency herbicides through the honeypot 

81 strategy. The likely structure-activity relationships (SAR) are also discussed.

82 MATERIALS AND METHODS

83 General Experimental Procedures. The purity of each compound was assessed by 1H 

84 NMR spectroscopy prior to the bioactivity tests. The structural determination of all compounds 

85 was carried out by combining 1D- (1H, 13C) and 2D-NMR (1H-1H COSY, NOESY, 1H-13C HSQC 

86 and HMBC) experiments along with specific rotation, UV, FTIR and, in particular, MS to 

87 determine the molecular formulae. 1H NMR and 13C NMR spectra were recorded on Agilent 

88 spectrometers at 400 and 500 MHz using CDCl3 (MagniSolv�, Merck) as solvent. The residual 

89 solvent peaks were used as internal reference -N 7.26 ppm in 1H and N 77.0 ppm in 13C NMR for 

90 CDCl3). COSY, HSQC, HMBC and NOESY experiments were performed using Varian vnmrj 

91 microprograms. Exact masses were measured on a UPLC-QTOF ESI (Waters Synapt G2, 

92 Manchester, UK) high-resolution mass spectrometer (HRTOFESIMS). Mass spectra were 

93 recorded in the negative- or positive-ion mode in the range m/z 100�2000, with a mass resolution 

94 of 20,000 and an acceleration voltage of 0.7 kV. FTIR spectra were obtained on Perkin�Elmer 

95 Spectrum TWO IR spectrophotometer. Major absorptions in the infrared are given as 

96 wavenumbers P in cm�1. Optical rotations were measured in CHCl3 on a JASCO P-2000 

97 polarimeter.

98 Column chromatography (CC) was performed on silica gel (Merck, Geduran® Si 60, 

99 0.063�0.200 mm). The reagents and HPLC quality solvents were supplied by either Sigma-

100 Aldrich Co. (St. Louis, Missouri), Merck (Darmstadt, Germany) or Alfa Aesar (Ward Hill, 

101 Massachusetts). HPLC was carried out on a Merck-Hitachi D-7000 system (Tokyo, Japan) with 

102 a refractive index detector (Elite LaChrom L-2490). A semipreparative LiChrospher 250�10 Si 
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103 60 (10 R�/ column (Merck) and an analytical LiChroCART 250-4 Si 60 (5 R�/ column (Merck) 

104 were employed with a flow rate of 3 mL/min and 1 mL/min, respectively.

105 Synthesis of derivatives. Strigolactone analogs were synthetized from eudesmanolides 

106 2, 3 and 8, and guaianolide 5 (figure 2). The starting materials 1 and 5 were isolated from a natural 

107 source, i.e., a Saussurea costus root extract, and eudesmanolides 2 and 3 were obtained by 

108 reaction of 1 under acidic conditions following the procedure reported in the literature,19 while 

109 eudesmanolide 8 was synthetized from compound 3 (figure 2a). The structures of eudesmanolides 

110 2�4 were confirmed by comparison of the experimental data with those reported in the 

111 literature.20, 21 The 1H and 13C NMR spectra for 2 were included in our previous study, and spectra 

112 and experimental NMR data for compounds 3 and 4 are included in the supporting information 

113 for completeness.

114 Synthesis of eudesmanolide 8. Following the procedure reported previously for 

115 santamarine,22 compound 3 (0.15 mmol) was treated with excess (0.75 mmol) 2,3-dichloro-5,6-

116 dicyano-1,4-benzoquinone (DDQ) in CH2Cl2 under reflux (24 h) to obtain 8 in 67% yield. The 

117 structure of 8 was confirmed by comparing the 1H and 13C NMR spectra with those reported for 

118 3-deoxybrachylaenolide23 and these are included in the supporting information for completeness.

119 Synthesis of alcohols 7, 12, 13 and 14. The two-step synthetic procedure reported to 

120 obtain alcohols 7 and 12 (figures 2a and 2c), i.e., Michael addition of 3-methoxybenzyl alcohol 

121 and subsequent oxidation with DDQ, was applied to obtain 7 and 12, and also to transform 3 and 

122 8 into the new ethers 10 (42%) and 11 (40%), respectively, and then into the new alcohols 13 

123 (86%) and 14 (87%), respectively. This procedure was applied in a previous study to obtain 12 

124 from 219 and the yield for the second step was improved from 62% to 75% by carrying out the 

125 reaction of 9 with DDQ without water. The spectra and experimental data for new compounds are 

126 provided in the supporting information.

127 Synthesis of aldehydes 15, 16 and 17. Compound 12 (47.5 mg, 0.19 mmol) was 

128 dissolved in CH2Cl2 (5 mL) and added to a round-bottomed flask containing Dess�Martin 
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129 periodinane (67.6 mg, 0.27 mmol). The mixture was stirred for 3 h at room temperature, quenched 

130 with saturated aqueous NaHCO3 (10 ml) and extracted with EtOAc (3 × 10 ml). The combined 

131 organic layers were washed with brine and dried over anhydrous Na2SO4. The solvent was 

132 evaporated under vacuum to obtain a crude product, which was purified by column 

133 chromatography with a gradient of 6T8U1TE n-hexane:EtOAc to give 30.1 mg of 15 (61% yield). 

134 The same procedure was carried out on 13 and 14 to obtain 16 and 17 in 62% and 55% yield, 

135 respectively. The spectra and experimental data for new compounds are provided in the 

136 supporting information.

137 Synthesis of eudesmanestrigolactones (EDSLs) 18�26. The addition of the butenolide 

138 fragment to aldehydes 15�17 was carried out using (±)-5-bromo-3-methyl-2(5H)-furanone, which 

139 was synthesized according to the previously described method.24 Compound 15 (50.0 mg, 0.2 

140 mmol) was added to a dry round-bottomed flask containing tetrahydrofuran (THF) (2 mL) under 

141 Ar and potassium tert-butoxide (0.2 mL of a 1.0 M solution in tert-butanol, 0.2 mmol) was 

142 introduced with cooling (ice bath) and the mixture was stirred for 10 min. Freshly synthesized 

143 (±)-5-bromo-3-methyl-2(5H)-furanone (0.8 mmol) was added and the reaction mixture was 

144 stirred for 1 h. Water (1 mL)  was added and the product was extracted (×3) with EtOAc (5 mL) 

145 and dried over anhydrous Mg2SO4. The solvent was evaporated under vacuum to give a crude 

146 product, which was purified by column chromatography with a gradient of 6T8U1TE n-

147 hexane:EtOAc. Mixtures of epimers 18�19 and 20�21 were collected and then purified by HPLC 

148 on a Merck Hitachi D-7000 HPLC system in isocratic mode equipped with a semipreparative 

149 LiChroCART 250-10 Si 60 (10 R�/ column, using n-hexane:EtOAc 3:2 as eluent. Yields for 

150 isolated epimers were 16% (18), 24% (19), 6% (20) and 5% (21). 

151 Aldehydes 16 and 17 were treated under the same conditions as aldehyde 15. The reaction 

152 of 16 let to obtain products 22 (mixture of epimers) and 23 in 38% and 9% yield, respectively; 

153 while reaction of 17 let to obtain products 24 and 25 in 6% and 10% yield, respectively. Evidence 

154 for the formation of the epimer of 23, 24 or 25 was not observed during the synthetic and 

155 chromatographic procedures. Once obtained the target EDSLs (18-25), the butenolide fragment 
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156 was added to the alcohol 12 by using the same conditions, to give dihydro-EDSL 26 (figure 2a) 

157 in 54% yield. Evidence for the formation of the epimer of 26 was not observed during the synthetic 

158 and chromatographic procedures. The spectra and experimental data for new compounds are 

159 provided in the supporting information.

160 Synthesis of dihydroguaianestrigolactones (27�28). Compound 7 (75 mg, 0.300 mmol) 

161 was dissolved in THF (1 mL) under an Ar atmosphere (figure 2c). The solution was added to a 

162 round-bottomed flask containing NaH (21.6 mg, 3 eq) under Ar with cooling (ice bath), The 

163 mixture was stirred for 10 min. A solution of freshly synthesized (±)-5-bromo-3-methyl-2(5H)-

164 furanone in dry THF (2 mL) was added (1.2 mmol) and the mixture was stirred for 64 h. The 

165 reaction was quenched with saturated aqueous NH4Cl (20 mL) and the aqueous layer was 

166 extracted with EtOAc (3 × 20 mL). The combined organic layers were dried over anhydrous 

167 Na2SO4 and the solvent was evaporated under vacuum to obtain a crude product, which was 

168 purified by column chromatography with a gradient of n-hexane/EtOAc 4:1�3:2 as eluent. Three 

169 major fractions were obtained as follows: 31 mg of the mixture of epimers 27 and 28 (30%), 28 

170 mg of recovered 7 (37%) and, unexpectedly, 29 mg of compound 29 (16%).

171 The epimeric mixture of 27 and 28 was separated on a Merck Hitachi D-7000 HPLC 

172 system in isocratic mode equipped with an analytical LiChroCART 250-4 Si 60 (5 R�/ column 

173 and a mixture of n-hexane:(CH3)2CO 85:15 as eluent. The dimer 29 was purified using the same 

174 HPLC system equipped with a semipreparative LiChroCART 250-10 Si 60 (10 R�/ column, 

175 using n-hexane:EtOAc 14:6 as eluent. Injections of 0.10�0.20 mg had to be carried out in order 

176 to avoid coelution of the compounds due to the similarity in the polarity of the two compounds. 

177 Spectra and experimental data for 27�29 are provided in the supporting information. 

178 Circular dichroism experiments. In order to identify the absolute stereochemistry of 

179 compounds 18�21 and 23�28, each compound was dissolved in MeOH and the spectra were 

180 obtained on a JASCO J-1500 instrument (figure 3). The theoretical ECD were obtained using 

181 Gaussian 16 with B3LYP/6-311g (d,p) optimized geometries. In each case, the polarizable 

182 continuum model with methanol was employed to obtain accurate theoretical CD spectra. The 
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183 conformers employed were minimum energy, also obtained with B3LYP/6-311g (d,p). The 

184 absolute configuration was determined by circular dichroism by comparison of the theoretical 

185 calculations with experimental data.

186 Bioassay. The strigolactone analogs 18�28, as well as the dimeric byproduct 29, were 

187 tested in the broomrape seed germination bioassay on three species, namely Orobanche cumana, 

188 Orobanche crenata and Phelipanche ramosa, in the concentration range 10-4�10-7 M. The most 

189 active compounds (19 and 24 for O. cumana and 20, 21, 23, 24, 28 and 29 for P. ramosa) were 

190 tested in the concentration range 10-4�10-12 M to obtain full inhibition curves. The synthetic 

191 compound GR24 was included as a positive control for the broomrape bioassay and deionized 

192 sterilized water with 1% v/v acetone was used as a negative control, where spontaneous 

193 germination was not observed. 

194 The procedure for the bioassay has been reported previously19 and it is included in the 

195 supporting information. Seeds of O. Cumana were provided by Dr. Leonardo Velasco (Instituto 

196 de Agricultura Sostenible, CSIC, University of Cordoba, Spain) and seeds of O. crenata and P. 

197 ramosa were provided by Dr. Maurizio Vurro (Institute of Sciences of Food Production, National 

198 Council of Research, Bari, Italy).

199 Calculation of EC50 values. The compounds that gave minimum activities of 50% and 

200 were active at more than one concentration were statistically analyzed for their EC50 value using 

201 the GraphPad Prism v.5.00 software package (GraphPad Software, Inc., San Diego, USA). The 

202 bioactivity data were fitted to a sigmoidal dose-response model with constant slope. The results 

203 of this analysis are shown in table 1. 

204 RESULTS AND DISCUSSION

205 Eudesmanolides 2, 3 and 8 (figure 2a) were chosen as targets for the synthesis of novel 

206 strigolactone analogs named eudesmanestrigolactones (EDSLs). Compounds 2 and 3 were 

207 obtained by cyclization of costunolide (1), a germacrane-type sesquiterpene lactone isolated 

208 together with compound 5 in gram scale from Saussurea costus roots. Compound 8 was also 
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209 considered as it is an affordable eudesmanolide obtained by reaction of 3 with excess DDQ. The 

210 method presented herein to obtain 8 from X��������	�����
�� (3) is reported for the first time. 

211 Our recent results demonstrated that compound 2 stimulates germination of O. cumana 

212 and P. ramosa seeds significantly (significance level of 0.05), with EC50 values of 7.31·10-6 M 

213 and <10-7 M, respectively,19 but other studies were not found in the literature regarding 

214 strigolactone analogs based on eudesmanolides. However, strigolactone analogs based on 5 were 

215 designed and tested previously and promising results were obtained.4 

216 Analogs were synthesized by adding a butenolide ring to the hydroxylated derivatives at 

217 C-13 of 2, 3, 8 (EDSLs, figure 2a) and 5 (dihydro-GELs, figure 2c). These alcohols (compounds 

218 12-14 and 7) were synthesized in two steps from the starting eudesmanolide (2, 3 or 

219 8)/guaianolide (5), and the procedure to add the butenolide ring required the prior formation of 

220 aldehydes at C-13 (15-17) to achieve strigolactones with an enol ether bond (18-25). 

221 A previous strategy involved hydroxylation at C-13 with the use of 

222 hexamethylphosphoramide (a highly toxic reagent), long reaction time (5 days) and high 

223 temperature (80 ºC), and it produced an undesired dihydroxylated byproduct.4 As reported 

224 recently, we succeeded in hydroxylating 2 and 5 in two steps by Michael addition of 4-

225 methoxybenzyl alcohol at C-13 followed by oxidation with DDQ, with high yields obtained for 

226 both target compounds 12 (71%) and 7 (54%).19 In the present study, this procedure was improved 

227 and applied to compounds 3 and 8 for the first time to obtain ethers 10 and 11, and then alcohols 

228 13 and 14, respectively. Furthermore, the yield for the formation of 12 was improved.

229 Synthesis of ethers and 13-hydroxy derivatives. The Michael addition of 4-

230 methoxybenzyl alcohol to C-13 of 3 and 8 was successfully proceeded to give ethers 10 and 11 

231 in 42% and 40% yield, respectively (figure 2a). Ethers 6 (63%) and 9 (46%) were synthesized in 

232 our previous work by following the same procedure and the spectroscopic data were consistent 

233 with literature data.19 In a similar way to compound 9, the 1H NMR spectra of products 10 and 11 

234 showed a new signal for H-11 at N 2.49 and N 2.53, respectively, and these correlated with C-11 
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235 at N 46.6 and N 46.9 in the 13C NMR spectra. These signals match with sp2 signals that are absent 

236 in compounds 3 and 8. Furthermore, signals for H-13 in the 1H NMR spectra in both cases were 

237 shifted from lower field to higher field when compared with 3 (from N 6.06 and N 5.38 to N 3.77 

238 and N 3.71) and 8 (from N 6.10 and N 5.42 to N 3.78 and N 3.72). The new 1H signals at N 7.24 and 

239 N 6.88 (corresponding to a benzyl ring disubstituted in the para-positions), as well as the new 

240 signal at N 3.80, confirmed the presence of the methoxybenzyl moiety in 10 and 11. Coupling 

241 constant value between 12.6 and 12.8 Hz between H-7 and H-11 confirmed the stereochemistry 

242 of the compounds. The 13C signals were assigned with each of their 1H signals and the position in 

243 the molecule was identified by correlations observed in the 2D NMR experiments.

244 Following the procedure reported to obtain alcohols 7 and 12, compounds 10 and 11 were 

245 subsequently oxidized using DDQ to give alcohols 13 and 14 in 86% and 87% yield, respectively 

246 (figure 2a). As in the case of the ethers, the NMR spectra of new products (13 and 14) were very 

247 similar to those of previously synthetized 12. The loss of the methoxybenzyl moiety was 

248 evidenced by the absence of aromatic and methoxy signals in the spectra of 13 and 14, when 

249 compared with the spectra of ethers 10 and 11. Furthermore, H-13 signals were shifted to lower 

250 field, from N 3.77 and N 3.71 to N 3.97 and N 3.78 in the case of 13, and from N 3.78 and N 3.72 to 

251 N 3.99 and N 3.80 in the case of 14. The FTIR spectra showed a broad band at 3450 cm�1 and this 

252 indicates the presence of a hydroxyl group in the molecule. Once again, coupling constant values 

253 between 12.8 and 13.0 Hz between H-7 and H-11 confirmed the stereochemistry of the 

254 compounds. 13C signals were assigned with related 1H signals and the positions in the molecule 

255 were identified by correlations observed in the 2D NMR experiments.

256 Synthesis of aldehydes. The eudesmanolide alcohols 12�14 were oxidized to the 

257 corresponding aldehydes prior to the addition of the butenolide ring to obtain the strigolactone 

258 analogs (figure 2a). Primary alcohols are typically oxidized to aldehydes under mild conditions 

259 with Dess�Martin periodinane.25 The aldehydes resulting from the oxidation of the eudesmane 

260 alcohols (12, 13, 14) are reported herein for the first time, with yields of 61%, 62% and 55% 

261 obtained for 15, 16 and 17, respectively. 
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262 Success in the synthesis of 15�17 was verified by the 1H NMR spectra after observing a 

263 new signal centered at N 9.87, which is typical of an aldehyde and was assigned to H-13. A new 

264 signal at N 196.0 in the 13C NMR spectra, assigned to C-13 by correlations observed in the 2D 

265 NMR experiments, confirmed the presence of an aldehyde group. 

266 Synthesis of strigolactone analogs. A total of nine EDSLs were synthesized from the 

267 aldehydes 15�17 (EDSLs 18�25) and alcohol 12 (EDSL 26) (figure 2b). This last step required 

268 the formation of the enolate of the starting aldehyde/alcohol by reaction with potassium tert-

269 butoxide. Then, four equivalents of brominated furanone (a compound with low stability that was 

270 obtained immediately prior to use)24 were added (figure 2a). A nucleophilic substitution was 

271 carried out in which the nucleophlilc oxygen of the enolate bonds with the furanone, forming 

272 EDSLs 18-26 and KBr precipitated as consequence. 

273 Reaction of aldehyde 15 gave four isolated EDSLs (18�21) after column chromatography 

274 and HPLC purification of the crude products. Confirmation of the isolation of pure epimers was 

275 evidenced by NMR spectroscopy, since prior to HPLC separation, the spectra showed duplicated 

276 signals. When these fractions were purified, two different peaks were collected from each 

277 fraction, and NMR spectra of each peak showed that signals were not duplicated. Since the 

278 starting material (1) was enantiomerically pure, these compounds should also be pure 

279 enantiomers. The yields obtained were 15% (18), 23% (19) and 5% (20 and 21). The molecular 

280 formulae determined by MS (C20H24O5) were consistent with the target compounds. The 1H and 

281 13C NMR spectra of the compounds showed the signals corresponding to the newly introduced 

282 butenolide ring: H-2' -N 6.08), H-3' (between N 6.90 and N 6.87) and H-1" (between N 2.00 and N 

283 1.95). The presence of the C-11�C-13 double bond that forms the enol ether was evidenced in the 

284 1H NMR by the absence of a signal for H-11 and by the new shift of H-13, which changed from 

285 N 9.86 to N 7.36 (18), N 7.35 (19), N 6.50 (20) and N 6.51 (21). NOESY1D experiments were used 

286 to assign the geometry of the double bond, where H-13 of 18�19 showed an NOE effect with H-

287 7, thus evidencing their proximity in space and, therefore, the 11Z geometry (figure 3). 
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288 Compounds 20�21 were identified as 11E stereoisomers. The yields for 11Z products (38%) were 

289 higher than those for 11E products (10%). 

290 Absolute configuration was determined by experimental and theoretical ECD spectra for 

291 EDSLs (figure 4a) and the stereochemistry of  �E^ and C-11 was determined by comparison with 

292 the experimental values. 

293 EDSL 19 showed two bands at 210 nm and 225 nm with a sign change in the rotation 

294 angle � in contrast to 18, which showed the same two bands at positive angles, albeit with a 

295 bathochromic effect. According to the differences between 18 and 19, the R and S configuration 

296 at  �E^ is excited in the range 225�240 nm. In this case, the total configurations can be assigned 

297 as �4,15-(11Z/�-E^R)-eudesmanestrigolactone (18) and �4,15-(11Z/�-E^S)-eudesmanestrigolactone 

298 (19). Epimers 20 and 21 showed the same maximum absorption band as their Z counterparts (18 

299 and 19), but differences between their ECD were more pronounced. Changes from positive to 

300 negative angles are displayed in 21 but just one positive band at 225 nm was observed for 20, 

301 with this curve having the best fit in theoretical calculations. According to the calculated spectra, 

302 assignment becomes easy between these epimers, where �4,15-11E�E^R- eudesmanestrigolactone 

303 corresponds to 20 and �4,15-11E�E^S-eudesmanestrigolactone corresponds to 21.

304 Reaction of aldehydes 16 and 17 let to obtain two EDSLs from each aldehyde, namely 

305 compounds 22�23 and 24�25, respectively. Authors suggest that all possible epimers were 

306 synthetized, but those with lowest yields could not be detected during the chromatographic 

307 purification procedures. Similar structural elucidation was carried out as in the cases of 18�21.

308 Compound 22 was obtained in 38% yield as a mixture of epimers at C-2' (evidenced by 

309 the duplicity of signals at NMR spectra) but the purification of these epimers by HPLC was 

310 proved to be difficult. However, this compound was considered to be 11Z due to the NOE effect 

311 observed between H-13 and H-7 (figure 3). Compound 23 was obtained in 9% yield and was 

312 assigned as the 11E counterpart. It is noteworthy that the higher yield obtained in the synthesis of 

313 11Z compounds (22) also occurred with EDSLs 18�21. Regarding the absolute configuration of 
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314 23, the experimental circular dichroism spectrum showed a negative band at 230 nm after the rise 

315 of a positive band at 210 nm. This fingerprint is consistent with (11E)-(C-2'R)-EDSL as it is 

316 opposite to the calculated ECD spectrum of (11E)-(C-2'S)-EDSL (figure 4a). 

317 EDSLs 24 and 25, both obtained by reaction of 17 in 5% and 9% yield, respectively, were 

318 submitted to theoretical ECD. The results show that the R-epimers were selectively synthesized. 

319 The experimental spectrum of 24 showed two maximum positive absorption bands at 205 nm and 

320 230 nm and these are consistent with the calculated spectrum for �1,2,�4,15-(11Z)-(2'R)-EDSL. In 

321 the case of 25, only one high positive band appeared at 235 nm, similar to that found in the 

322 calculated spectrum of �1,2,�4,15-(11E)-(2'R)-EDSL with a bathochromic effect.

323 In order to complete the study and compare the effect of the absence of C-11�C-13 double 

324 on the activity, the 11,13-dihydro-EDSL 26 was synthesized by directly adding the butenolide 

325 fragment to alcohol 12. The reaction conditions were the same as those used for the synthesis of 

326 EDSLs 18�25 (figure 2a). Thus, 12 was treated with potassium tert-butoxide and brominated 

327 furanone to give 26 in 54% yield.

328 The NMR spectra of 26 were very similar to those of previous EDSLs, with the same 

329 pattern for the butenolide fragment and changes specifically for H-13 and C-13. In the absence of 

330 the double bond, the H-13 signal shifted to higher field and was observed as two dd at N 3.96 and 

331 N 3.79 � in contrast with EDSLs, where it appeared between N 7.39 and N 6.49. The lack of a 

332 double bond is also evidenced by the additional signal for H-11 -N 2.53), which is absent for 

333 EDSLs 18�25. An NOE effect between H-11 and H-6 confirmed the 11R stereochemistry of 26 

334 (figure 3), while the absolute stereochemistry at  �E^ was analyzed by ECD. The experimental 

335 spectrum showed a positive band at 220 nm and a negative band at 280 nm, which are consistent 

336 with the C-2'R epimer rather than the C-2'S epimer, which showed opposite degrees (figure 4b). 

337 The epimer at  �E^ was not observed in this reaction. This result suggests that the C-2^S addition 

338 of the butenolide ring is highly impeded by steric effects. 
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339 In addition to EDSLs, in this study the butenolide ring was added to compound 7 and the 

340 epimers were purified and evaluated separately for the first time (figure 2c), since the epimers at 

341 C-2', i.e., mixture of 27+28, obtained from 7 were previously found to be bioactive.4 A solution 

342 of 7 in dry THF was added to a dry round-bottomed flask with cooling (ice bath) and the 

343 brominated furanone (4 equivalents) was added. The base NaH (3 equivalents) was added. 

344 Compounds 27+28 were obtained (30%) along with the unexpected byproduct 29 (16%) and 

345 unreacted starting material 7 (37%).

346 In an effort to improve the yields of 27�28, the use of other bases than NaH was evaluated 

347 but none of them showed to be more favorable. On using KH a yield of 13% was obtained for the 

348 mixture 27+28, 4% for the mixture of their epimers at C-11 and 60% recovered starting material. 

349 On using the aforementioned conditions and treating 7 with BuLi, dimer 29 was obtained in 6% 

350 yield and 27 or 28 were not observed. Since only NaH provided the target compounds in good 

351 yields, the authors suggest that the size of the counterion (K+ > Na+>Li+) could hinder the reaction, 

352 and the size of Na+ encourage the reaction pathway. 

353 The 1H and 13C NMR spectra of each epimer were similar to those of the mixture reported 

354 in the literature, with the exception of H-13, which gave a multiplet at N 4.10 for 27 and two well-

355 resolved dd at N 3.98 and N 3.86 for 28. The bonding of the butenolide ring was evidenced by the 

356 presence of signals for H-2' -N 5.84 for 27 and N 5.89 for 28), H-3' -N 6.81 for 27 and N 6.86 for 

357 28) and H-1" -N 1.95 for 27 and N 1.97 for 28), which are similar to those in the 1H NMR spectra 

358 of 18�26 but are absent from the spectrum of 7.

359 The absolute configuration of C-2' was determined by electronic circular dichroism. The 

360 experimental ECD spectrum of 27 showed a negative minimum at 243 nm and a positive 

361 maximum at 212 nm, while 28 gave a positive maximum at 245 nm and a negative minimum at 

362 205 nm. These experimental results are in agreement with the theoretical spectra and 27 was 

363 assigned as C-2'S while 28 corresponded to the C-2'R epimer (figure 4b). 
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364 Finally, spectroscopic analysis of the unexpected product 29 confirmed that this was an 

365 ester of 7, which might be formed by the opening of the butenolide ring after the nucleophilic 

366 substitution due to the strongly basic conditions used. The molecular formula determined by MS 

367 was C35H42O8 and this corresponds to the dimeric compound 29. In the 1H NMR spectrum, a 

368 quartet at N 5.88 (vinyl proton, H-17) and a doublet at N 2.08 (H-20) indicated the formation of a 

369 dimer. Two major clues were obtained on analyzing the 13C spectrum: there were two extra signals 

370 for carbonyl groups when compared with 7 -N 164.4 and N 168.4) and almost all of the signals 

371 were duplicated when compared with the original compound, with the exception of the following: 

372 N 164.4 (C-16), N 120.2 (C-17), N 146.3 (C-18), N 168.4 (C-19), N 20.7 (C-20), all of which were 

373 new signals. All of these signals corresponded to the new linear chain connected to C-13. After a 

374 careful analysis of the 1H NMR signals, it was found that most of them were two overlapping 

375 signals that integrated for double the value of the similar signals of 7. Finally, an NOE effect was 

376 observed between H-17 -N 5.87) and H-20 -N 2.07), which evidenced their proximity in space and 

377 confirmed the Z configuration of the C-17�C-18 double bond (figure 3), thus confirming the 

378 structure of compound 29.

379 Broomrape seed germination bioassay. The synthesized strigolactone analogs (18�28) 

380 and the dimer 29 were tested in the broomrape seed germination bioassay, which evaluates the 

381 ability of compounds to stimulate the germination of parasitic plant seeds. The species tested were 

382 P. ramosa, O. cumana and O. crenata. Synthetic strigolactone GR24 (figure 1) was used as a 

383 positive control and deionized sterile water with 1% v/v acetone was used as a negative control. 

384 GR24 has a high germinating activity on seeds of these three species and it is widely used as a 

385 reference control in this area of research.26 The main goal of this bioassay was to obtain 

386 information in order to select the best candidates for the design of agrochemicals to treat 

387 broomrape infestations on crops through the honeypot strategy. The results are represented in 

388 figure 5 for a range of concentrations from 10-4 M to the minimum significant dose of each 

389 compound (up to 10-10 M), as the mean percentage of seeds that germinated in each plate. The 

390 negative control did not cause significant spontaneous germination. 
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391 All of the compounds tested were active on P. ramosa and O. cumana and the EDSLs 

392 18�20 and 22�25 were also significantly active on O. crenata.

393 The profiles of all of the tested compounds showed significant activity at all 

394 concentrations tested on P. ramosa (figure 5). At the highest concentration, 20, 21, 23�26, 28 and 

395 29 stimulated the germination of more than 80% of seeds, with percentages of 100% achieved in 

396 some cases. Compounds 20, 21, 23, 24, 28 and 29 are noteworthy since the activity levels were 

397 retained at the lowest concentrations and were even higher than that of the positive control GR24. 

398 Calculation of the EC50 gave values of less than 10-7 M (table 1). Thus, these last readily obtained 

399 compounds could be great agrochemicals to prevent P. ramosa pests, being a better option than 

400 GR24 in terms of obtaining or activity levels.

401 From a structural point of view regarding Z/E configuration, better stimulation was 

402 provided by 11E-EDSLs (20, 21 and 23) when compared with 11Z-EDSLs (18, 19 and 22) on P. 

403 ramosa seeds, with differences as great as 60% of seed germination. In the case of EDSLs with 

404 two double bonds at ring A (24 and 25), the 11E stereoisomer (25) had slightly lower activity at 

405 the two lowest concentrations, while 24 retained a high 77% activity at 10-7 M. 

406 On comparing stereochemistry at C-2', compound 28 (C-2'R), which has the same 

407 stereochemistry as strigol, was more active than its epimer 27 (C-2'S). Significant differences 

408 were not observed in the cases of EDSLs 18�21. Regarding the presence of an enol ether bond, 

409 the absence of a double bond between C-11 and C-13 did not seem to have a significant effect 

410 (see 18�21 vs 26), as 26 reached 98% germination at the highest concentration, although this 

411 percentage decreased rapidly at lower concentrations.  

412 All of the compounds stimulated the germination of O. cumana seeds. In particular, 

413 EDSLs 18�26 were highly effective in stimulating seeds of this problematic species, with 

414 stimulation values over 90% for most of the higher concentrations. At 10-5 M, all EDSL analogs 

415 (18�26) reached at least 70% germination. Their profiles are similar or even better than that of 

416 GR24, so these readily obtained strigolactone analogs could be great agrochemicals to prevent O. 
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417 cumana pests, being a better option than GR24 in terms of obtaining or activity levels. Especially, 

418 compounds 19 and 24 retained stimulatory activity even at lower doses, with 78% and 85% 

419 germinated seeds respectively at 10-7 M and significant activity at 10-8 M, so both could be the 

420 most suitable agrochemical compounds, as they can be applied at lower doses, reducing the 

421 environmental impact. Germination was not detected for 25 at the highest concentration, while 

422 values over 90% were observed at 10-5 M. This phenomenom has been observed previously19 and 

423 can be explained by the phytotoxicicity of 25 on O. cumana at high doses (figures 5 and 6). 

424 Dihydro-GELs (27�28) and, in particular, the dimer 29 also showed significant activity at the two 

425 highest concentrations.

426 Regarding the stereochemistry of the enol ether bond, the opposite trend to P. ramosa 

427 was found in O. cumana, with the 11Z-EDSLs (18, 19, 22, 24) being more active than the 11E-

428 EDSL (20, 21, 23, 25) stereoisomers, especially at lower concentrations. As far as the orientation 

429 of C-2' is concerned, the profiles for 18�21 show that the C-2'S orientation (19 and 21) is better 

430 than R (18 and 20), especially at the lowest concentrations. In fact, compound 19 retained a value 

431 of 78% activity at 10-7 M, while its epimer 18 gave a value of only 43%. Significant differences 

432 were not observed between the two dihydro-GEL epimers (27�28), although their activity levels 

433 were lower than those of the EDSLs tested. Regarding the enol ether bond, the absence of a double 

434 bond (26) did not lead to a significant activity decrease when compared with compounds 18�21.

435 Seeds of O. crenata have proven to be highly selective to compounds that stimulate their 

436 germination, as null or very low percentages of germinated seeds were obtained in previous 

437 studies.22,24,27 

438 The results presented in figure 5 show that nearly all EDSLs (18�26) stimulated 

439 germination of O. crenata significantly at the highest concentration. It is worth highlighting 

440 compounds 22 and 25 as these are the only examples that showed significant activity at 10-5 M 

441 (47 and 45%, respectively). Compounds 26�29, which lack the C-11�C-13 double bond, 

442 presented null germination for this species, thus demonstrating the critical role of the enol ether 

443 system in the mechanisms involved in this parasite recognition for germination. The Z/E 
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444 conformation of the enol ether bond, as well as the R/S orientation of C-2', did not appear to be 

445 critical factors to generate significant differences in activity profiles, whereas unsaturation of ring 

446 A led to an improvement in activity in the cases of 22 and 25, which are derivatives of 3 and 8, 

447 respectively, when compared with 18�21, which are derivatives of 2.

448 Finally, the activity of EDSLs (figures 2b) will be compared with three of the most 

449 relevant natural strigolactones that are germination stimulants, namely strigol, orobanchol and 

450 sorgolactone.28 The enol ether bond in these molecules has an E geometry and the configuration 

451 of C-2' is R. Thus, it is reasonable to consider that the most active compounds would have these 

452 isomeric features. The molecules studied in the bioassay reported herein allowed us to evaluate 

453 whether different isomerism to that of natural strigolactones would provide a higher stimulation 

454 activity on seed germination. EDSLs 20 and 25 have the same stereochemistry as natural 

455 strigolactones. For P. ramosa, compound 20 was the most active of the EDSLs synthesized from 

456 a��������	�����
�� (18�21), which verifies the aforementioned hypothesis. However, 

457 unsaturation at ring-A seems to play a key role, as compound 24 shows higher activity than its 

458 stereoisomer 25. EDSLs 20 and 25 are the most active compounds for O. cumana at the highest 

459 concentration tested when compared with the molecules with which they share the same ring-A, 

460 with the additional advantage that 25 shows a phytotoxic effect. It is remarkable that 19, which 

461 has the opposite stereochemistry to the natural strigolactones, is one of the most active compounds 

462 tested. In the case of O. crenata, compound 25 has an improved profile when compared to its 

463 analog 24. However, compound 20 showed very similar results to 18 and 19. Thus, it has been 

464 shown that alternative stereochemical features when compared to natural strigolactones are also 

465 capable of generating similar profiles for O. crenata germination.

466 The activity profiles from the bioassay led us to conclude that different structural features 

467 can give better results depending on the parasitic species: on P. ramosa and O. cumana the 

468 stereochemistry of the enol ether bond explains differences in activity, while O. cumana profiles 

469 were also affected by the presence of eudesmanolide or guaianolide structures, with better profiles 

470 obtained for eudesmanolide derivatives. In the case of O. crenata, the lack of an enol ether bond 
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471 in the strigolactone analogs led to the total absence of activity. The unsaturation at ring A of 

472 EDSLs affected the activity for the three species tested. The best compounds to stimulate the 

473 germination of P. ramosa are 20, 21, 23, 24, 28 and 29; in the case of O. cumana they are 19 and 

474 24; while the best for O. crenata are 22 and 25.

475 In conclusion, the hypothesis on which this work was based has been verified. New 

476 strigolactone analogs based on natural products were synthesized and the method to obtain the 

477 strigolactones is much more efficient than isolation from plant material, which requires thousands 

478 of plants to obtain several micrograms of strigolactones such as strigol or sorgolactone.12 Our 

479 method allows the synthesis of strigolactones with global yields up to 8%, the starting material 

480 can be isolated on a multigram scale and only 3�6 facile steps are required. The new compounds 

481 stimulate the germination of parasitic weeds and they are very active and convenient for use as 

482 leads in preventive herbicides for the honeypot strategy. The achievement of high activity profiles 

483 at the lowest concentrations affirmed that only small doses of compounds would be required in 

484 herbicide formulations. Compounds with different stereochemical features to the natural 

485 strigolactones showed better activity profiles in some cases than those with the same 

486 stereochemistry. Thus, structural features must be considered to select the best candidates for each 

487 parasitic species tested.
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601 Figure Captions

602 Figure 1. Natural strigolactone strigol and synthetic strigolactone GR24, the latter is commonly 

603 used as a positive control in bioassays as racemate.

604 Figure 2. (a) Synthetic procedure to obtain eudesmanestrigolactones (EDSLs, 18�26) from 

605 costunolide (1). (b) Structure of synthetized EDSLs. (c) Synthetic procedure to obtain 

606 dihydroguaianestrigolactones (dihydro-GELs, 27, 28) and ester dimer (29).

607 Figure 3. NOE effects observed to confirm the 11Z configuration of EDSLs 18, 19 and 22, C-11R 

608 orientation of 26 and 17Z configuration of 29.

609 Figure 4. (a) Experimental and theoretical ECD spectra of EDSLs 18�22 and 23�26. (b) 

610 Experimental and theoretical ECD spectra of dihydroguaianestrigolactones 27 and 28.

611 Figure 5. Results of parasitic weed bioassay for compounds 18�29 and the positive control GR24. 

612 Values with statistical significance have been included for most active compounds. For each 

613 concentration in the broomrape bioassay, * indicates differences of each compound compared 

614 with the negative control (1% v/v acetone in water), as assessed by )������k	 test at the 0.05 level.

615 Figure 6. Left, sample of O. cumana with application of 25 at 10-4 M at the end of the bioassay, 

616 where germinated seeds were not observed. Right, sample of O. cumana with application of 25 at 

617 10-5 M, where more than 90% of germinated seeds were observed.
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619 Figures and artwork
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638

639 Figure 6
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640 Table 1. EC50 values of compounds 18�29 in M. Only those compounds with activities higher 

641 than 50% and active at more than one concentration were analyzed for their EC50 (< or >: value 

642 out of tested range, n.a.: not active, *: value at which the inhibitory or stimulatory activity was 

643 approximately 50%).

O. crenata O. cumana P. ramosa

EC50 (M) EC50 (M) EC50 (M)

18 10-4* 9.33·10-7 <10-7

19 10-4* 2.41·10-8 8.03·10-7

20 >10-4 3.94·10-6 8.98·10-9

21 n.a. 2.22·10-6 8.91·10-9

22 10-4* 1.24·10-7 <10-7

23 >10-4 4.48·10-7 8.43·10-8

24 >10-4 1.21·10-8 2.90·10-8

25 10-4* 1.10·10-6 1.38·10-7

26 n.a. 1.91·10-6 1.65·10-5

27 n.a. 10-4* 1.78·10-6

28 n.a. 10-4* 5.27·10-8

29 n.a. <10-6 3.70·10-8

GR24 5.77·10-6 1.34·10-7 2.27·10-8

644

645
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