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Phthalimide-derived strigolactone mimics as
germinating agents for seeds of parasitic
weeds
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Abstract

BACKGROUND: Broomrapes attack important crops, cause severe yield losses and are difficult to eliminate because their seed
bank is virtually indestructible. In the absence of a host, the induction of seed germination leads to inevitable death due to
nutrient starvation. Synthetic analogues of germination-inducing factors may constitute a cheap and feasible strategy to control
the seed bank. These compounds should be easy and cheap to synthesise, as this will allow their mass production. The aim of
this work is to obtain new synthethic germinating agents.

RESULTS: Nineteen N-substituted phthalimides containing a butenolide ring and different substituents in the aromatic ring were
synthesised. The synthesis started with commercially available phthalimides. The complete collection was assayed against the
parasitic weeds Orobanche minor, O. cumana, Phelipanche ramosa and P. aegyptiaca, with the synthetic strigolactone analogue
GR24 used as a positive control. These compounds offered low EC;, values: O. cumana 38.3 uM, O. minor 3.77 uM, P. aegyptiaca
1.35 uM and P. ramosa 1.49 uM.

CONCLUSIONS: The synthesis was carried out in a few steps and provided the target compounds in good yields. The compounds
tested showed great selectivity, and low EC, values were obtained for structures that were simpler than GR24.
© 2016 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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1 INTRODUCTION

been identified as having activity as germination-inducing fac-

Broomrapes (Orobanche and Phelipanche species) are obligate
holoparasitic plants that attack numerous important crops and
cause severe yield losses in the Mediterranean region, Central and
Eastern Europe and Asia.! Current control strategies have had little
effect in preventing crop damage from broomrapes. The main
obstacle for broomrape control is their highly persistent parasitic
seed bank. This seed bank resilience is due to long-term seed
viability, high fecundity and the fact that they only germinate in
the presence of host plants.

The broomrape seed bank can lie dormant in superficial soil for
many years in the absence of appropriate conditions for seedling
establishment. Parasite germination is only triggered in the pres-
ence of three signals (temperature, humidity and host growth,
which indicates nutrient availability). In order to recognise the
presence of a host, broomrape seeds require a period of warm
stratification called seed conditioning.2~* Seed conditioning in
this case involves germination inducers that can activate parasitic
seed receptors in the same way that host roots do. Broomrapes
germinate when they recognise germination-inducing factors
exuded by host roots;* thus, molecules that can induce seed
germination in the absence of the host plant represent a promis-
ing strategy for broomrape control. Several molecules have

tors for parasitic plants, e.g. strigolactones (Striga, Orobanche,
Phelipanche),>® dehydrocostuslactone (O. cumana),” isothio-
cyanates (P. ramosa),® peagol and peagoldione (O. foetida, P.
aegyptiaca),’ peapolyphenols A to C (Orobanche, Phelipanche),’
soyasapogenol B (O. minor) and trans-22-dehydrocampesterol
(Orobanche, Phelipanche)."

In general, weedy species of broomrape have a broader range
of hosts than wild species,'? although differences in the host
range do exist between species of broomrape weeds. For example,
P. aegyptiaca has a wide range of hosts, while others, such as
O. cumana,'® display a high degree of specialisation. For suc-
cessful parasitism to occur, there must be a compatible pair of
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Figure 1. Analogues of strigolactones GR24, Nijmegen-1 and Guaianestrigolactone that stimulate the germination of parasitic weeds (X =Br, I, CF3, CN).

crop—broomrape species in a given agricultural field. The first level
of compatibility in the species-specific parasitic process occurs
during germination, which is dependent on both the specific
induction potential of host root exudates and the capability of
broomrape seeds to recognise those chemical signals.'*'> As a
result of this germination strategy, the seed bank of parasitic
weeds synchronises the onset of their life cycle with the cultiva-
tion of susceptible crops. In the absence of such crops, the seeds
remain dormant and are viable for up to two decades, which pre-
cludes the cultivation of susceptible hosts in that particular area
for prolonged periods.’®

In the absence of hosts, broomrape seed germination is consid-
ered suicidal because the broomrape seedling is unable to sur-
vive longer than a few days in the absence of a host-derived
nutrient supply. Suicidal germination is an important strategy for
broomrape seed bank control,'”” and it has proven to be suc-
cessful for the almost complete eradication of Striga weed in
the United States."'® In the last year, the technical feasibility of
suicidal germination was proven for the treatment of sorghum
infested with Striga hermonthica. Soil application of formulated
T-010 reduced Striga emergence by 33% and increased sorghum
growth.'

Exogenous applications of hormones such as ethylene, cytokinin
(CK) and gibberellins (GA) have proven to be active in promoting
the germination of dormant seeds in many non-parasitic species.
However, such treatment does not induce broomrape germination
in the absence of strigolactones.?0~2*

N-Substituted phthalimides elicit GA-like germination activity in
dormant seeds of several species.?> ~2” Recent findings by McCourt
et al?*?8 on cotylimides suggest that these structurally unrelated
molecules to strigolactones may open up new alternatives to
strigolactone analogues.

N-Substituted phthalimides might also constitute a cheap alter-
native to natural bioregulators and analogues for weed seed bank
control.

In a previous study, Zwanenburg et al.?® synthesised an active
N-substituted phthalimide named Nijmegen-1 (Fig. 1). The struc-
ture of this compound is analogous to the typical ring structure of
a strigolactone. The authors stated that a C ring was not necessary,
but a D ring and an «,f-unsaturated carbonyl system were essen-
tial for activity. Furthermore, the aromatic ring could be modified
without the risk of a reduction in activity.

A later study on branching inhibition3® included simpler struc-
tures with activity and led to the idea that such structures could
be used to stimulate seed germination. Several compounds with
moderate activity have been proposed that lack the enol ether
unit, and these were called strigolactone mimics, such as the

Phthalimide-lactone

Figure 2. Numbered structure of phthalimide-lactone.

SL-mimic in Fig. 1,3" which differ from strigolactone analogues on
the assumption that their mode of action is also different.

The inclusion of a butenolide fragment can enhance pre-existing
activity. In a previous study3? we introduced the butenolide as a D
ring in dehydrocostuslactone to obtain a strigolactone analogue.
Dehydrocostuslactone is exuded by sunflower” and is a specific
germination factor of O. cumana. The resulting compound, which
is named guaianestrigolactone (Fig. 1), had enhanced activity in
stimulating the germination of both P. ramosa and O. cumana.

The objective of the work described here was to assess a collec-
tion of N-substituted phthalimides for their ability to induce suici-
dal germination. The criteria for the selection of target molecules
were the availability of the starting materials, the presence of
different functional groups in the aromatic ring, and the molec-
ular size. We present strigolactone mimics in which the D ring
is bonded to the phthalimide and one «,f-unsaturated system
has been removed, thus simplifying the system and the synthesis
(Figs 2 and 3).

Four of the most economically important broomrape weeds
were tested, namely O. cumana, O. minor, P. aegyptiaca and P.
ramosa. These species span the broomrape spectrum in terms of
taxonomic genera and the sensitivity of crop recognition at the
levels of whole root exudate and chemical class of germination
stimulants to which they are mainly sensitive.

2 EXPERIMENTAL METHODS
2.1 General experimental procedures
The purities of the compounds were determined by '"H NMR
spectroscopy. "H NMR and '*C NMR spectra were recorded using
CDCl; and acetone-d, (MagniSolv™; Merck) as solvents on Agilent™
400 and 500 MHz spectrometers. The residual peaks were used as
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Figure 3. Synthesis of phthalimide-lactones.

the internal reference. Compounds PLO1 to PLO3 and compounds
PL06 to PL13 were dissolved in CDCl;, and the resonance of
the residual chloroform was set to § 7.26 ppm in '"H NMR and
to § 77.0ppm in 3C NMR. Compounds PL0O4 and PLO5 and
compounds PL14 to PL19 were dissolved in acetone-d,, and the
residual acetone signal was set to § 2.04 ppm in '"H NMR and
to & 29.9ppm in 3C NMR. Mass spectra were recorded on a
Thermo QExactive™ spectrometer equipped with an ESI source
in positive mode with a resolution of 70000 and an ionisation
potential of 3500 V. UV-vis spectra were obtained using a Varian
Cary 50 BIO spectrophotometer with methanol as the solvent.
FTIR spectra were obtained on a Perkin-Elmer Spectrum Two IR
spectrophotometer. Frequency values are given as wave numbers
vinem™',

2.2 Preparation of derivatives

The starting materials were supplied by Alfa Aesar (Ward Hill, MA).
N-Bromosuccinimide (NBS), 3-methyl-2(5H)-furanone (technical
grade, 90%) and acyl chlorides were supplied by Sigma-Aldrich

ass

o
PLO0S-PL13
(44-88%)

Co. (St Louis, MO). a,a’-Azobisisobutyronitrile (AIBN) was sup-
plied by Merck (Darmstadt, Germany). Silica gel Geduran® Si 60
(0.063-0.200 mm) was used for column chromatography.

2.2.1 General procedure for phthalimide salt preparation (2)
Phthalimide 1 (1 g) was dissolved in 40 mL of ethanol at reflux with
stirring. When dissolution was complete, a solution of 716 mg of
KOH (11 mmol) in 10 mL of ethanol was added in several portions.
The salt precipitated and the reaction mixture was stirred until
further precipitation was not observed. The mixture was cooled in
an ice bath and the precipitate was filtered off and washed with
ethanol to give an approximate yield of 90% in all cases.

2.2.2  5-Bromo-3-methyl-2(5H)-furanone (4)

Freshly crystallised NBS (438 mg, 2.46 mmol) was added to 5mL
of CCl, and the mixture was heated under reflux with stirring for
several minutes to promote NBS dissolution. Quantities of 200 uL
of furanone 3 (2.05 mmol) and 3 mg of AIBN (0.02 mmol) were
added, and the mixture was heated under reflux for 12h. The
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mixture was cooled to 0 °C and the solid NBS was filtered off. CCl,
was evaporated under reduced pressure to afford a yellowish oil.
The brominated products are unstable and further purification was
not carried out prior to the next reaction.

2.2.3 Preparation of phthalimide-lactones (PL)
4-Nitrophthalimide salt 2 (300 mg, 1.30 mmol) was added to a solu-
tion of compound 4 (240 mg, 1.30 mmol) in 1 mL of dry DMF, and
the mixture was heated at 78 °C with stirring for 24 h. The prod-
uct N-(4-methyl-5-ox0-2,5-dihydrofuran-2-yl)-4-nitrophthalimide
(PLO4) was purified by column chromatography using a mixture
of hexane: acetone (4: 1) as eluent. Similar procedures were used
for compounds PLO1, PL02, PL06 and PLO7.

2.2.4  Preparation of amino-phthalimide-lactones (PL03, PLO5)
Two different procedures were employed to reduce the nitro
group: (a) Zn (powder) and (b) Fe (powder).3

(@) N-(4-Methyl-5-ox0-2,5-dihydrofuran-2-yl)-3-nitrophthalimide
PLO2 (35mg, 0.121 mmol) was dissolved in acetone (2 mL) with
sonication. Quantities of 50 mg of powdered Zn (0.765 mmol)
and 0.37 mL of aqueous NH,Cl (90gmL™") were added to the
solution. The mixture was sonicated for 10 min and the start-
ing material was completely consumed (TLC). The mixture was
filtered through Celite and the pad was washed with acetone
and water. The acetone was evaporated under reduced pressure
and the resulting aqueous product was extracted with ethyl
acetate (x3). The organic layers were combined and dried over
anhydrous MgSO,, and the solvent was evaporated. PLO3 was
isolated by column chromatography using a mixture of hexane:
acetone (3: 2) as eluent. The same procedure was followed with
N-(4-methyl-5-ox0-2,5-dihydrofuran-2-yl)-4-nitrophthalimide,
PLO4, to obtain PLO5.

(b) N-(4-Methyl-5-oxo0-2,5-dihydrofuran-2-yl)-3-nitrophthalimide
PLO2 (33 mg, 0.115 mmol) was dissolved in 12mL of butanol at
60 °C. Quantities of 91 mg of powdered iron (1.63 mmol) and
3.4 mL of acetic acid (59.4 mmol) were added. The reaction mix-
ture was stirred for 16 h. The mixture was filtered through Celite,
and 100 mL of ethyl acetate and 100 mL of deionised water were
added. The organic layer was washed 3 times with deionised water
and twice with saturated aqueous NaHCO,. The organic layer was
dried over anhydrous MgSO, and the solvent was evaporated.
Isolation was carried out as described above. The same procedure
was followed with PLO4 to obtain PLO5.

2.2.5 Preparation of carbamoyl-phthalimide-lactones (PLO8

to PL19)3
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-aminophthalimide
PLO3 (40 mg, 0.155 mmol) was added to 250 ul of acetyl chloride
(3.5 mmol). The mixture was stirred until complete dissolution,
and 59 mg of iodine (0.233 mmol) was added. The mixture was
stirred overnight. The reaction was quenched with 10 mL of satu-
rated agueous Na,S,0,. Quantities of 40 mL of Na,S,0, and 50 mL
of ethyl acetate were added. The aqueous layer was extracted
with ethyl acetate (x3). The combined organic extracts were
washed with 100 mL of saturated aqueous NaHCO; (x5) and dried
over anhydrous MgSO,, and the solvent was evaporated under
reduced pressure. PLO8 was purified by column chromatography
using a mixture of hexane: acetone (4: 1). The same proce-
dure was followed with PLO3 to obtain PLO9 to PL13 and with
N-(4-methyl-5-ox0-2,5-dihydrofuran-2-yl)-4-aminophthalimide,
PLOS5, to obtain PL14 to PL19.

The structures of 19 N-substituted racemic phthalimides (Fig. 4)
were confirmed by spectroscopic analysis: "H NMR, '*C NMR, MS,
FTIR and UV-vis.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)phthalimide (PLO1). A
white solid was obtained in 43% yield from 2, mp 162-163°C.
Spectroscopic data: HRMS, m/z (M*) calcd for C,3;H,0,NNa
266.0424, found 266.0417; IR v, 3095, 2922, 1783, 1768, 1722,
1389, 1366cm™"; UV 4, (MeOH) 273 nm (¢ 5900), 219 nm (e
5000). The "H NMR and '*C NMR data are shown in Tables 1 and 2
respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-nitrophthalimide
(PLO2). A white solid was obtained in 54% yield from 2, mp
158-159°C. Spectroscopic data: HRMS, m/z (M*) calcd for
C;3HgOgN,Na 311.0275, found 311.0268; IR v, 3098, 2937,
1771,1733,1542,1385, 1361, 1321 cm~'; UV 4,,,, (MeOH) 216 nm
(e 26450). The "H NMR and '*C NMR data are shown in Tables 1
and 2 respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-aminophthalimide
(PLO3). A yellow solid was obtained from PL02 in 90% yield in
the reduction with Fe and 78% with Zn, mp 192-193 °C. Spectro-
scopic data: HRMS, m/z (M*) calcd for C,;H,,0,N,Na 281.0533,
found 281.0526; IR V,,,,, 3478, 3373, 2925, 1764, 1708, 1634, 1483,
1363cm™"; UV 4, (MeOH) 393nm (¢ 4350), 260 nm (¢ 8200),
237 nm (g 14100), 225 nm (e 22 100). The "H NMR and "*C NMR
data are shown in Tables 1 and 2 respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-nitrophthalimide
(PLO4). A white solid was obtained in 59% yield from 2, mp
186-187 °C. Spectroscopic data: HRMS, m/z (M%) calcd for
C,sHgO4N,Na 311.0275, found 311.0266; IR v, 3106, 2927,
1771, 1732, 1540, 1345, 772cm™'; UV 4, (MeOH) 233nm (e
39303), 204 nm (¢ 57 123). The "H NMR and 3C NMR data are
shown in Tables 1 and 2 respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-aminophthalimide
(PLO5). A yellow solid was obtained from PLO4 in 59% yield in
the reduction with Fe and 33% with Zn, mp 229-231 °C. Spectro-
scopic data: HRMS, m/z (M*) calcd for C,3H,,0,N,Na 281.0533,
found 281.0526; IR V,,,,, 3471, 3371, 2918, 1765, 1714, 1613, 1505,
1362cm™"; UV 4., (MeOH) 377 nm (e 3465), 314nm (e 4554),
259nm (¢ 17 820), 211 nm (¢ 19404). The 'H NMR and '3C NMR
data are shown in Tables 1 and 2 respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-2,3-naphthalenedicar-
boximide (PL06). A white solid was obtained in 21% yield from
2, mp 198-202 °C. Spectroscopic data: HRMS, m/z (M*) calcd for
C,,H,,0,NNa 316.0580, found 316.0574; IRV, 2926, 1771, 1725,
1715,765cm™"; UV 4,,,, (MeOH) 359 nm (¢ 4257), 293 nm (& 7029),
260 nm (¢ 63756), 217 nm (e 36531). The "H NMR and 3C NMR
data are shown in Tables 1 and 2 respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4,5-dichlorophthali-
mide (PLO7). A white solid was obtained in 53% yield from 2,
mp 193-197 °C. Spectroscopic data: HRMS, m/z (M*) calcd for
C,5H,0,NCI,Na 333.9644, found 333.9639; IR 7V, 3095, 2924,
1767, 1719, 1715, 1387, 1367, 808, 743cm™"; UV A, (MeOH)
283 nm (g 1250), 234 nm (€ 35 550), 213 nm (& 31 350). The "H NMR
and '*C NMR data are shown in Tables 1 and 2 respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-acetylaminophthali-
mide (PL0O8). A white solid was obtained from PL0O3 in 44% vyield,
mp 208-209 °C. Spectroscopic data: HRMS, m/z (M*) calcd for
C,sH,,0:N,Na 323.0638, found 323.0632; IR v, 3363, 2925,
2853, 1774, 1714, 1618, 1528, 1479, 1393, 1369, 1346cm™'; UV
Arax (MeOH) 342 nm (¢ 3350), 254 nm (¢ 10250), 228 (¢ 34850).
The 'H NMR and *C NMR data are shown in Tables 3 and 4
respectively.
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Figure 4. Structures of compounds PLO1 to PL19.
Table 1. 'H NMR assignments for compounds PLO1 to PLO7
PLO1 PLO2 PLO3 PLO4 PLO5 PLO6 PLO7

Position 6 (J,Hz) 6 (J, Hz) 6 (J,Hz) & (J, Hz) & (J, Hz) & (J, Hz) 5 (J,Hz)
3 7.88,dd (5.5,3) - - 8.61,dd (2,0.6)  7.06,dd (2.1,0.4) 8.39,s 7.97,s
4 7.80,dd (5.5,3) 8.17,dd (7.5,0.9) 6.89,dd (8.3,0.6) - - 8.08,dd (6.2,3.2) -
5 7.80,dd (5.5,3) 7.99,dd(7.9,7.5) 7.46,dd (8.3,7.2) 8.74,dd (8.2, 2) 6.99,dd (8.3,2.1) 7.74,dd (6.2,3.2) -
6 7.88,dd (5.5,3) 8.18,dd(7.9,09) 7.17,dd(7.2,0.6) 8.21,dd(8.2,0.6) 7.55,dd(83,04) 7.74,dd(6.2,3.2) 7.97,s
7 - - - - - 8.08,dd (6.2,3.2) -
8 - B . . . 8.39,s .
2 6.67, m 6.67,dq(1.8,19) 6.62,dq(1.8,1.9) 6.75dq(1.8,1.9) 6.61,dq(1.8,1.9) 6.75,dq(1.8,1.9) 6.64,dq(1.8,1.9)
3/ 7.04, m 7.03,dq(1.8,1.7) 7.03dq(1.8,1.7) 7.35,dq(1.8,1.7) 7.31,dq(1.8,1.7) 7.09,dq(1.8,1.7) 7.01,dq(1.8,1.7)
1" 2.06, m 2.06,dd (1.7,1.9) 2.06,dd (1.7,1.9) 1.98,dd(1.7,1.9) 1.94,dd(1.7,1.9) 2.09,dd(1.7,1.9) 2.07,dd (1.7,1.9)
NH - - 5.28, bs - 6.1, bs - -

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-propanoylamino-
phthalimide (PL09). A white solid was obtained from PL03 in 86%
yield, mp 151-154 °C. Spectroscopic data: HRMS, m/z (M*) calcd
for C;¢H,,05sN,Na 337.0795, found 337.0787; IR V,,,, 3361, 2924,
2852, 1775, 1714, 1618, 1528, 1480, 1393, 1367, 1346 cm™"; UV
Amax (MeOH) 344 nm (e 3350), 254 nm (e 10700), 228 (¢ 25 500).
The 'H NMR and C NMR data are shown in Tables 3 and 4
respectively.

N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-butanoylamino-
phthalimide (PL10). A white solid was obtained from PLO3 in 88%
yield, mp 117-122°C. Spectroscopic data: HRMS, m/z (M*) calcd
for C,,H,,0sN,Na 351.0951, found 351.0943; IR ¥, 3361, 2964,

2930, 2876, 1775, 1714, 1618, 1526, 1479, 1393, 1368, 1346 cm™';
UV A« (MeOH) 344 nm (e 5300), 255 nm (¢ 17300), 228 (£ 41 100).

The "H NMR and '*C NMR data are shown in Tables 3 and 4
respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-pentanoylamino-
phthalimide (PL11). A white solid was obtained from PLO3 in 58%
yield, mp 127-129°C. Spectroscopic data: HRMS, m/z (M*) calcd
for C,5H,50sN,Na 365.1108, found 365.1103; IR ¥, 3360, 2958,
2929, 2872, 1775, 1715, 1618, 1526, 1479, 1393, 1368, 1345cm™';
UV Aax (MeOH) 344 nm (e 4300), 255 nm (e 14 500), 228 (& 34 850).
The 'H NMR and *C NMR data are shown in Tables 3 and 4
respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-hexanoylamino-
phthalimide (PL12). A white solid was obtained from PL0O3 in 73%
yield, mp 143-145 °C. Spectroscopic data: HRMS, m/z (M*) calcd
for C,oH,,0sN,Na 379.1264, found 379.1259; IR ¥, 3361, 2957,

max
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Table 2. '3C NMR assignments for compounds PLO1 to PLO7

Position PLO1 6 PLO2 6 PLO3 6 PLO4 $ PLO5 6 PLO6 52 PLO7 6

2 166.3 161.0 166.6 165.5 167.1 166.1 164.4

2a 131.4 - 145.9 - 156.3 126.8 130.4

3 134.8 123.2 110.5 119.5 108.3 125.8 126.0

3a - - - - - 135.7 -

4 124.0 127.7 1133 1371 118.6 130.4 140.1

5 124.0 136.2 136.0 1333 119.0 129.7 140.1

6 134.8 129.4 121.5 126.1 126.3 129.7 126.0

6a 131.4 134.1 1333 137.1 135.4 - 130.4

7 166.3 163.9 168.1 165.7 167.7 130.4 164.4

7a - - - - - 135.7 -

8 - - - - - 125.8 -

8a - - - - - 126.8 -

9 - - - - - 166.1 -

2 77.7 77.8 77.6 79.1 789 77.8 77.7

3/ 141.9 141.2 142.2 144.1 144.9 142.0 141.3

4 133.5 133.4 132.0 134.1 132.6 133.5 133.9

5! 171.7 171.3 171.9 172.5 172.8 171.8 171.4

1 10.8 10.8 10.8 10.7 10.7 10.8 10.8
2929, 2872, 1776, 1715, 1618, 1527, 1479, 1393, 1367, 1346 cm™';  for C;4H,30sN,Na 365.1108, found 365.1106; IR V.., 3330, 2958,

UV 4.« (MeOH) 344 nm (e 4400), 255 nm (e 14 150), 228 (¢ 32 250).
The 'H NMR and *C NMR data are shown in Tables 3 and 4
respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-3-benzoylamino-
phthalimide (PL13). A white solid was obtained from PLO3 in
58% yield, mp 138-142 °C. Spectroscopic data: HRMS, m/z (M*)
caled for C,H,,0sN,Na 385.0795, found 385.0789; IR v, 3361,
3091, 3028, 2925, 2854, 1774, 1714, 1688, 1620, 1538, 1494, 1479,
1393, 1367, 1347 cm™'; UV A,,,, (MeOH) 344 nm (e 4800), 269 nm
(e 17 850), 231 (¢ 35 200). The "H NMR and "*C NMR data are shown
in Tables 3 and 4 respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-acetylaminophtha-
limide (PL14). A white solid was obtained from PLO5 in 70% yield,
mp 222-224°C. Spectroscopic data: HRMS, m/z (M*) calcd for
C,5H,,0,N,Na 323.0638, found 323.0631; IR V,,,,, 3333, 2924, 1777,
1723, 1615, 1548, 1491, 1435, 1364 cm~'; UV 4,,,, (MeOH) 327 nm
(€ 4950), 254 nm (£ 4500), 228 (£ 29 700). The "H NMR and ">3C NMR
data are shown in Tables 3 and 4 respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-propanoylamino-
phthalimide (PL15). A white solid was obtained from PLO5 in 58%
yield, mp 209-213 °C. Spectroscopic data: HRMS, m/z (M*) calcd
for C,¢H,,0sN,Na 337.0795, found 337.0788; IR v, 3335, 2925,
2853, 1775, 1777,1723, 1614, 1546, 1491, 1435, 1361, 1323 cm™';
UV A (MeOH) 327 nm (e 5050), 290 nm (e 4800), 249 (e 29 350).
The 'H NMR and *C NMR data are shown in Tables 3 and 4
respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-butanoylamino-
phthalimide (PL16). A white solid was obtained from PLO5 in 84%
yield, mp 195-198 °C. Spectroscopic data: HRMS, m/z (M*) calcd
for C,,H,s0sN,Na 351.0951, found 351.0947; IR v, 3348, 2963,
2928, 1777, 1723, 1679, 1614, 1543, 1492, 1434, 1361, 1324cm™';
UV A (MeOH) 327 nm (e 4800), 290 nm (e 4450), 249 (e 27 900),
210 (¢ 23 800). The "H NMR and '*C NMR data are shown in Tables 3
and 4 respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-pentanoylamino-
phthalimide (PL17). A white solid was obtained from PLO5 in 86%
yield, mp 209-213 °C. Spectroscopic data: HRMS, m/z (M*) calcd

2927, 2872, 1778, 1724, 1614, 1544, 1491, 1434, 1360, 1323 cm™7;
UV 4.« (MeOH) 327 nm (e 5100), 290 nm (€ 4950), 249 (¢ 29 100),
207 (£ 26 200). The "H NMR and '*C NMR data are shown in Tables 3
and 4 respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-hexanoylamino-
phthalimide (PL18). A white solid was obtained from PLO5 in 89%
yield, mp 199-202 °C. Spectroscopic data: HRMS, m/z (M*) calcd
for C,oH,,0sN,Na 379.1264, found 379.1257; IR ¥, 3327, 2956,
2926, 2855, 1779, 1724, 1614, 1546, 1492, 1434, 1361, 1323 cm™';
UV 4.« (MeOH) 327 nm (e 5550), 290 nm (e 5350), 249 (e 31 650),
207 (€ 29 050). The "H NMR and '*C NMR data are shown in Tables 3
and 4 respectively.
N-(4-Methyl-5-oxo-2,5-dihydrofuran-2-yl)-4-benzoylamino-

phthalimide (PL19). A white solid was obtained from PLO5 in
58% vyield, mp 246-250 °C. Spectroscopic data: HRMS, m/z (M*)
caled for C,H;,05N,Na 385.0795, found 385.0791; IR V.., 3346,
3064, 2923, 2851, 1778, 1724, 1682, 1614, 1541, 1493, 1448, 1432,
1360, 1348, 1324cm™"; UV A, (MeOH) 327 nm (e 6900), 293 nm
(e 7350), 258 (£ 24 000), 229 (¢ 20400). The "H NMR and '3C NMR
data are shown in Tables 3 and 4 respectively.

2.3 Broomrape germination bioassays

Seeds of four broomrape species, Orobanche cumana, O. minor,
Phelipanche ramosa and P. aegyptiaca, were surface sterilised by
immersion in 0.5% (w/v) NaOCl and 0.02% (v/v) Tween 20 with son-
ication for 2 min. The samples were rinsed thoroughly with sterile
distilled water and dried in a laminar air flow cabinet. Approxi-
mately 100 seeds of each broomrape species were placed sepa-
rately on 9 mm diameter glass fibre filter paper (GFFP) discs moist-
ened with 50 uL of sterile distilled water and conditioned in a
10 cm sterile petri dish in the dark at 20 °C for 10 days. GFFP discs
were transferred in a laminar flow cabinet onto sterile filter paper
to remove excess water, and they were then transferred to a new
10 cm sterile petri dish. The test samples were dissolved in acetone
and diluted with sterilised MQ water to a concentration range of
100-0.17 uM. The final concentration of acetone was adjusted to
1% (v/v). Discs containing conditioned seeds were treated with a
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Table 4. '3C NMR assignments for compounds PLO8 to PL19

Position  PLO8 PL0O9 6 PL10 6 PL116 PL126 PL13 6 PL14 6 PL156 PL16 6 PL17 6 PL18 6 PL196
2 168.3 168.3 168.3 168.3 168.3 168.6 167.1 167.1 167.0 167.1 167.1 167.1
2a 138.1 138.2 138.1 138.1 138.1 138.3 146.6 146.7 147.0 146.6 146.7 146.6
3 114.9 114.9 114.9 114.9 114.9 115.5 114.1 114.1 114.0 114.2 114.2 115.2
4 125.4 125.4 125.4 125.4 125.4 125.4 126.3 127.7 126.1 126.2 126.2 126.8
5 136.8 136.8 136.7 137.0 136.7 136.9 124.8 125.6 124.7 124.8 124.9 125.9
6 118.6 118.4 118.4 118.4 118.4 118.7 125.6 126.2 125.5 125.6 125.6 125.5
6a 130.8 130.8 130.7 130.7 130.7 130.8 134.2 134.2 134.1 134.2 134.2 134.1
7 165.6 165.7 165.6 165.6 165.7 168.6 166.8 166.8 166.7 166.8 166.8 166.8
2! 77.5 77.5 77.5 77.5 77.5 77.6 78.9 789 78.8 789 78.9 79.0
3/ 141.6 141.6 141.7 141.7 141.7 141.7 144.7 144.6 144.5 144.6 144.6 144.6
4 133.7 133.7 133.6 133.6 133.6 133.7 1329 1329 132.8 1329 132.9 1329
5/ 171.5 171.6 171.5 171.6 171.5 171.6 172.6 172.6 172.5 172.6 172.6 172.6
1" 10.8 10.8 10.7 10.7 10.7 10.8 10.7 10.7 10.6 10.7 10.7 10.7
1" 169.2 173.0 172.2 172.4 172.5 165.6 169.9 173.7 172.8 173.0 173.0 167.0
21 24.9 31.0 39.8 37.6 37.9 133.1 24.5 30.9 39.6 37.6 37.8 135.4
3 - 9.2 18.6 27.2 24.8 127.3 - 9.6 19.3 28.1 25.7 128.6
4" - - 13.6 22.2 31.2 129.0 - - 13.9 23.0 322 129.5
5 - - - 13.7 223 132.8 - - - 14.2 23.2 133.1
6" - - - - 13.8 129.0 - - - - 14.3 129.5
7' - - - - - 127.3 - - - - - 128.6

50 uL aliquot of the respective test solution. Each treatment was
replicated 3 times. Seeds treated with MQ water (containing 1%
acetone) or the synthetic strigolactone GR24 at a concentration of
100-0.1 uM were included as controls. The seeds were incubated
in the dark at 20 °C for 7 days prior to examination for germination.
Seeds with an emerged radicle through the seed coat were scored
as germinated, as observed using a stereoscopic microscope at
30x magnification, and the percentage of germination was estab-
lished for each dish.

2.4 Statistical analysis

Germination bioassays were performed twice with at least three
replicates. Percentage data were approximated to a normal
frequency distribution by means of angular transformation
{180/x x arcsin[sqrt(%/100)1} and subjected to analysis of vari-
ance (ANOVA) using SPSS software for Windows, v. 21.0 (SPSS
Inc., Chicago, IL). The significance of mean differences between
each treatment against negative control was evaluated by the
two-sided Dunnett’s test. Null hypothesis was rejected at the level
of 0.05.

2.5 Calculation of EC;, and log P

The bioactivity data were fitted to a sigmoidal dose-response
model (constant slope) by employing the GraphPad Prism v.5.00
software package (GraphPad Software Inc.).3> The mlog P values
were estimated using the OSIRIS property explorer (ChemExper
Inc.).2® This software uses the Chou and Jurs algorithm, which is
based on computed atom contributions.>’

3 RESULTS AND DISCUSSION

3.1 Synthesis

Phthalimide salts were prepared using solutions of KOH in ethanol.
A large excess of base was required to guarantee complete ioni-
sation of the phthalimide. A strong base, i.e. KOH, was needed to

remove the proton from the secondary amide. The precipitate was
washed several times with ethanol in order to remove non-ionised
phthalimide.

Bromination was carried out in CCl, with AIBN and NBS that had
been freshly crystallised. AIBN was employed because the use of
benzoyl peroxide as the radical initiator led to lower yields. The
use of NBS that had not been recrystallised led to a significant
increase in secondary products and lower yields in the subsequent
step. It was important to remove traces of remaining NBS after
the bromination by precipitation at 0°C and subsequent filtra-
tion, as residual NBS could compete with the phthalimide salt in
the nucleophilic substitution of the brominated lactone. The 'H
NMR spectrum of the filtered reaction mixture showed that NBS
had been almost totally removed, and the peak area ratios for
brominated/non-brominated lactones were higher than 9: 1. The
"H NMR spectrum of the reaction mixture after 24 h showed that
the starting material had been completely consumed, whereas
after only 12 h this was not the case.

The yields obtained in the reduction of compounds PLO1 and
PLO3 were higher on using Fe/acetic acid than with Zn/NH,CI,
although in both cases Zn/NH,Cl did produce the desired prod-
ucts. The low solubility of these compounds in a range of alcohols
led us to use a large volume of butanol for the reduction with
Fe, and long reaction times were also required. The synthesis of
amides PLO8 to PL19 led to varying results. In some cases, espe-
cially for the shortest chain lengths, the yields were particularly
low (44%), but in other cases high yields were obtained (90%). It
was found that an increase in the amount of acyl chloride and
longer reaction times led to an increase in the yield. Thus, the yields
obtained in the synthesis of PL15 and PL18 were improved from
the initial 15 and 17% to 58 and 89% respectively.

3.2 General bioactivity profiles

The effects of structural modifications in the N-substituted
phthalimides and the concentrations tested (range 100-0.1 uM)
on conditioned seeds of broomrape species belonging to the
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Figure 5. Orobanche cumana and O. minor seed germination induced by phthalimide-lactones. For each concentration, * indicates differences of each
metabolite compared with the negative control (water) assesed by Dunnett’s test at the 0.05 level.

genera Orobanche (O. cumana and O. minor) and Phelipanche
(P. aegyptiaca and P. ramosa) are represented in Figs 5 and 6
respectively. In all cases, zero germination was observed when
broomrape seeds were treated with the negative control (1%
acetone in distilled water). Significant effects were observed for
the phthalimides tested in the germination of Orobanche and Phe-
lipanche (ANOVA, P <0.001 in both cases), and germination was
significantly affected by the phthalimide concentration (ANOVA,
P<0.001 in both cases). Concentration was positively related
to the broomrape germination rate for all of the phthalimides
tested. Interactions between the compound tested x broomrape
species, concentration tested X broomrape species and com-
pound tested X concentration tested were found to be significant
(ANOVA, P <0.001 in all cases).

The levels of O. minor and O. cumana seed germination induced
by the N-substituted phthalimides were much lower than those
observed for Phelipanche species. PL14 and PL16 induced the
highest germination rates in O. minor, followed by PLO1, PL02,
PLO3, PLO4, PLO5, PL06, PL15 and PL17. The rest of the phthal-
imides induced very low or zero O. minor germination. The
capacity for germination of these seeds was demonstrated by
the germination values promoted by the positive control GR24
(Fig. 5). Low or zero O. cumana seed germination was observed
for the N-substituted phthalimide collection, except for PLO1,

PLO4, PL06, PLO7, PL15, PL18 and PL19 tested at 100 uM
(Fig. 5).

P. aegyptiaca was the most sensitive broomrape species to
phthalimide lactones, and all of the N-substituted phthalimides
induced significant germination rates on seeds of P. aegyptiaca
at 100 uM. The activity levels of PLO1, PLO4, PL0O6, PLO7 and
PLO8 remained high on P. aegyptiaca seeds at lower concentra-
tions. Previous studies have identified P. aegyptiaca as one of
the broomrape species with the broadest recognition spectra for
germination-inducing factors.'*!*

PLO1, PLO3, PLO4, PLO7, PLO8, PL09, PL10 and PL13 displayed
the strongest activity on P. ramosa germination, while the phthal-
imides that caused the lowest induction of this species were PLO5,
PL14,PL16,PL17,PL18 and PL19.

3.3 Analysis of EC;, and log P

ECs, and mlogP values are shown in Table 5. The calculated
mlog P values are in the range 1-3 for all compounds, including
GR24. These results are consistent with Lipinski’s rule for bioac-
tive compounds.3® However, for each species, neither PLO8-PL13
nor PL14-PL19 fitted a parabolic curve, so a clear relation-
ship between EC, and log P could not be established. Thus, the
activity is not conditioned to transport phenomena and it must
be linked to other electronic and steric interactions at the site

Pest Manag Sci 2016; 72: 2069-2081
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Table 5. ECs, values and calculated mlog P values (n.a. = not active)
O.cumana O. minor P. aegyptiaca P.ramosa
ECso (uM) R? ECsp (uM) R? ECso (uM) R? ECsp (uM) R? mlog P

GR24 0.0317 0.9948 0.816 0.9936 0.00214 0.9990 0.0129 0.9920 2.39
PLO1 60.7 0.9957 109 0.9980 1.72 0.9933 11.9 0.9959 1.91
PLO2 536 0.9964 275 0.9915 6.31 0.9998 58.7 0.9998 2.00
PLO3 4383 1.000 61.6 0.9490 5.77 0.9984 11.9 0.9874 1.92
PLO4 126 0.995 68.5 0.9811 1.35 0.9923 36.1 0.9976 2.00
PLO5 391 0.9981 359 0.9975 13.7 0.9948 251 0.9938 141
PLO6 123 0.9968 106 0.9951 1.78 0.9901 315 0.9984 277
PLO7 58.4 0.9786 399 0.9737 2.52 0.9969 6.15 0.9795 297
PLO8 2425 1.000 446 0.9996 3.09 0.9950 1.49 0.9802 1.50
PLO9 n.a. - 1287 0.9999 5.59 0.9952 7.45 0.9885 1.75
PL10 n.a. - 1019 0.9999 6.01 0.9991 11.0 0.9831 1.99
PL11 n.a. - 425 1.000 12.9 0.9990 78.5 0.9874 2.23
PL12 n.a. - 1067 0.9996 44.2 0.9996 553 0.9964 2.46
PL13 n.a. - n.a. - 1.7 0.9998 6.68 0.9421 2.73
PL14 6073 1.000 9.69 0.9981 47.5 0.9996 494 0.9998 1.50
PL15 152 0.9965 262 0.9765 11.8 0.9911 199 0.9987 1.75
PL16 647 0.9998 3.77 0.9188 20.3 0.9911 418 0.9960 1.99
PL17 605 1.000 277 0.9971 56.3 0.9988 634 0.9990 2.23
PL18 383 0.9869 446 0.9996 77.0 0.9957 618 0.9891 2.46
PL19 42.8 0.9814 2302 1.000 154 0.9969 545 0.9997 273

of action. Nevertheless, some trends were apparent from these
results.

PLO1, PLO7, PL18 and PL19 have the best EC, values for O.
cumana, with mlog P > 1.91. The highest activity was found for
PL18, with mlog P =2.46, i.e. very similar to that of the reference
GR24 (mlog P 2.39). The compounds with the lowest mlog P values
were PLO5, PLO8 and PL14 (mlog P 1.41, 1.50, 1.50 respectively).
Of these compounds, PL14 (EC,, 6073 M) was the least active,
although the activity of PL03 was of the same order of magnitude
(ECsq 4383 uM, mlog P 1.92). In conclusion, for good activity, the
mlog P value should be >1.9, but other interactions must also be
considered.

PLO5, PL14 and PL16 were the most active on O. minor (mlog P
1.41, 1.50 and 1.75 respectively), and these compounds all had
mlog P <2. PL09, PL10, PL12 and PL19 were the least active
compounds in this case. Of these compounds, PL19 had the
highest mlog P (2.73), but the activity of PLO9 was of the same
order of magnitude, despite it having a lower mlog P (1.75). The
volume of the molecule may be an important factor for activity;
PL19 has an amide at C-4 with an aromatic ring and PL0O9 has
an amide at C-3 with a propanoyl chain. In conclusion, a value of
mlog P <2.00 is preferred, but once again other interactions may
contribute significantly to the activity.

A clear trend was observed on P. aegyptiaca in that PLO8
and PL15 were the most active amides. These compounds have
substituents at C-3 and C-4 respectively. The activity in each group
decreased with mlog P, although there were some exceptions.
PL13 has the highest mlog P in group C-3 and it was more active
than PL12, whereas PL14 has the lowest mlog P of the compounds
with a substituent at C-4 and was less active than PL15. Similar
behaviour was observed for the other compounds in the series.
For example, PLO7 has the highest mlog P and also has one of the
lowest EC,, values (2.97, 2.52 uM), but PLO6, with a lower mlog P,
has a lower ECy, (2.77, 1.78 uM). Once again it is apparent that
consideration of the transport phenomena alone is not sufficient
to explain the results.

In general, the EC,, values were higher on P. ramosa than on P.
aegyptiaca. Amides PLO8 to PL13 showed two trends. Compounds
PLO8 to PL10 showed a decrease in EC;, with mlog P, whereas
ECs, increased with mlog P for PL11 to PL13. A clear trend with
mlog P was not observed for the other amides and the remaining
compounds, and this parameter alone is therefore not responsible
for the observed bioactivity.

3.4 Structure-activity relationships

It can be seen from the results in Table 5 that the compounds were
not equally effective on all of the species based on the EC;, value.
In particular, for Phelipanche spp., substitution at position 3 (PLO8
to PL13) was preferred over position 4 (PL14 to PL19), and for
Orobanche spp. the opposite trend was found. This behaviour was
found in both nitro- and amino-derivatives (PL02 to PLO5), with
the exception of compound PLO4 on Phelipanche, for which the
EC,, was lower than that of PLO2. Furthermore, compounds PLO1,
PLO4, PL06 and PL0O7 showed good EC;, values for all the species
tested.

O. cumana was selectively stimulated by amides at C-4 and long
chain lengths were preferred (PL18 and PL19). Amines (PLO3 and
PLO5) were less active than the corresponding nitro compounds
(PLO2 and PL04). High EC,, values for PL02, PLO3 and amides
PLO8 to PL13 showed that substitution at C-3 had a negative effect
on activity. PLO1, which has an unsubstituted aromatic ring, had
a low ECg, value. The effect of substitution at C-4 and C-5 can be
seen for PL0O6, with the inclusion of an additional aromatic ring,
and PLO7, with a chlorinated aromatic ring, when compared with
PLO1. PLO7 had similar activity to PLO1, but the activity of PL0O6
was lower. In any case, this decrease was only slight compared with
the changes observed for other compounds, and the associated
mlog P, a factor that has a marked effect on solubility, was much
higher in both PL06 and PLO7.

O. minor was less selective to PL stimulation and substitution
at C-3 had a greater effect (PLO8 to PL13). Of the compounds
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Figure 6. Phelipanche aegyptiaca and P. ramosa seed germination induced by phthalimide-lactones. For each concentration, * indicates differences of
each metabolite compared with the negative control (water) assesed by Dunnett’s test at the 0.05 level.

with amide groups at C-4 (PL14 to PL19), PL16 had the highest
activity, followed by PL14. The medium and shorter chain lengths
seem to be preferred in this case, which is in contrast to the trend
for O. cumana. Selectivity was also found for amino (PLO3 and
PLO5) versus nitro (PLO2 and PL04) groups — also in contrast to
the behaviour observed for O. cumana. Comparison of PLOT with
PLO7 showed that chlorination at C-4 and C-5 had a negative effect
on activity. The inclusion of an additional aromatic ring in PLO6 did
not have a significant effect on activity, but it did lead to a higher
mlog P.

In general, Phelipanche spp. were less structure specific than
Orobanche spp., and P. aegyptiaca were more sensitive to PL
stimulation than P.ramosa. In the case of P. aegyptiaca, substitution
at C-3 was better in terms of EC;, but the results for compounds
with a C-4 substituent are still remarkable. In contrast, P. ramosa
showed more specificity for C-3-substituted compounds, with
far lower ECs, values than the C-4-substituted compounds. Both
Phelipanche spp. were stimulated more by the amine PLO3 than
the nitro compound PLO2.

PLO4, which contains a nitro group at C-4, was the most active
compound on P. aegyptiaca, followed by PLO1, PLO6 and PLO7.
Substitution at C-4 led to a decrease in activity for the amides
(PL14 to PL19), but it did not have a significant effect on the most
active compounds. In fact, the presence of a nitro group at C-4

led to a slightly higher activity than for PLO1. Further research is
required to explain this behaviour.

Finally, on P.ramosa the most active compounds were those with
an amide at C-3 (PLO8 to PL13), followed by the compound with
an amino group at C-3 (PL03), which showed the same activity as
PLO1.

A preliminary hypothesis is that the substituent on the aromatic
ring could play an important role in the selectivity of these species.
For example, the unsubstituted compound PLO1 is active on all of
the species tested, but the presence of substituents at C-3 and C-4
had a marked effect on the activity. The volume of the molecule
seems to play a key role, but the lack of a correlation between the
ECs,, mlog P and chain size precluded any firm conclusions on this
matter.

In general, the different responses to PL could indicate that the
least specific species, P. aegyptiaca, is adapted to different types
of molecules exuded by the hosts. Thus, the stimulation is similar
upon exposure to different structures. The opposite behaviour
was observed when the more specific O. cumana was exposed to
different structures. The results offer clues to the structural require-
ments for the design of specific or multitarget stimulants. However,
a larger collection of compounds with substituents in other posi-
tions and other functional groups is required to clarify this
matter.
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In summary, PLO1, PLO6 and PLO7 can be selected for the
stimulation of different species of Orobanche and Phelipanche,
but specificity towards a genus or a species can be achieved by
modifying the chain length or the substitution pattern in the
aromatic ring. It was found that compounds with a substituent at
C-3 are preferred for Phelipanche germination, and those at C-4 for
Orobanche.

4 CONCLUSIONS

The synthesis of a diverse range of PLs was carried out in a few
steps and with few changes to the experimental conditions to pro-
vide the target compounds in good yields. Further work is planned
to select the most active examples as leads for new target com-
pounds with different modifications in an effort to increase the
activity and to design systems with the widest possible range
of applications. Phthalimide derivatives have previously been
described as germination inducers, but also as anti-inflamatory3®
and cytotoxic compounds.*® Our ultimate aim is the design of eas-
ily synthesised and cheap multipurpose structures.

Studies into the stability of these compounds in soils, their
bioavailability, cost and toxicological assays in animals and
humans are required. The solubility of these materials in water is
low, but it is high enough that they show activity. Further work will
be carried out in order to evaluate their stability and to increase
their solubility.

Synthetic phthalimides may constitute a cheap alternative for
weed control,?” and their potent effect in inducing broomrape ger-
mination suggests that this class of compounds is a good can-
didate for the promotion of bioregulator-induced suicidal germi-
nation of broomrape. These phthalimides can therefore aid the
design of new ecofriendly broomrape-specific herbicides.
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