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Chapter 1

General introduction

1.1 B ackground
Parasitic angiosperms have evolved independently into 20 plant families comprising 
some 3000-5000 species.1 The most important parasitic angiosperms, Striga and Alectra 
(Scrophulariaceae) and Orobanche (Orobanchaceae) are root parasite plants, which 
survive only when attached to the roots of an appropriate host plant. They cause 
devastating effects on their hosts, which in most cases are cereals and legumes, staple 
food for people in many parts of the semi-arid regions of the world, including Africa, 
Asia, and India. The daily life of hundreds millions of people in these regions is affected 
by the deleterious effects of the weeds Striga and Orobanche. Orobanche is a 
holoparasite, which lacks chlorophyll. Striga is an obligate parasite and can only partially 
assimilate nutrients. Both parasites entirely depend for their survival and development on 
the hosts.
Striga is the most important genus in the family Scrophulariaceae and include Striga 
hermonthica, Striga asiatica and Striga gesnerioides, which are serious pests in the semi
arid tropics. S. hermonthica is found mostly in Africa and causes extensive damage to 
cereals such as sorghum, millet, etc. S . asiatica also attacks sorghum and millet but 
causes greatest damage to maize. S. asiatica is most widely distributed across Africa, the 
India subcontinent, Indonesia and also in the Philippines. Unlike S . asiatica and S . 
hermonthica, S . gesnerioides attacks dicotyledonous plants, mostly cowpea, sweet 
potatoes and tobacco. S. orobanchoides also affects tobacco.
Certain Orobanche species also cause serious problems in hot, dry areas, particularly in 
the Middle East, the Mediterranean, Eastern Europe and India. In general, Orobanche 
species are parasitic only to dicotyledonous plants, mostly broad beans, tomato, 
sunflower, tobacco, cucumber, melon, cabbage, clover, carrot, egg plant, and pea. The 
most troublesome is O. crenata, which mainly affects broad bean, pea and carrot, O. 
ramosa which mainly parasitizes on cabbage, carrot, sunflower, tobacco and tomato, O. 
aegyptiaca which mainly affects egg plant, tobacco and tomato, O. lutea and O. minor 
both affect cloves. Among these species, perhaps the most serious is O. ramosa, which 
causes great loss in plant yield in the Eastern Mediterranean region where it is parasitic 
on tomato, potato, tobacco and some other crops.

1



Chapter 1

Striga is considered to be the most serious pest because it damages grain crops, especially 
sorghum and millet in regions where little else can be grown.

1.2 Life cycle of root parasitic  weeds
The biology and the life cycle of the root parasitic weeds Striga and Orobanche is 
particularly well adapted to that of their host plants, which does not only involve 
dependence for water, minerals and energy, but also the perception of several 
developmental signals at various stages in their life cycle which extends even to the 
molecular level. The Striga species, commonly known as witchweed, due to their
bewitching effects on the grain crops, are the best studied of the parasitic weed plants and

1 2 8several reviews have appeared in the literature. ’ " On the basis of their importance, 
Striga species will be taken as the main case study in this introductory chapter.
Most Striga species have a complex life cycle, which includes several discrete steps such 
as diaspore formation, after-ripening, conditioning, haustorial induction, attachment, 
penetration, seedling development, emergence and flowering. Striga seeds are minute 
(0.2 mm) and numerous (up to 100,000 per Striga plant and up to 100 Striga plants per 
host), are shed at the end of the growing season, thus at the end of the rains. Striga seeds 
have been found to be dormant in the soil for many years. They are usually dormant for 
several months before they are ready to respond to a chemical stimulus from the host 
roots, a period of time usually referred to as after-ripening. Their requirements for 
germination include an after-ripening period of several months, followed by pre
conditioning in moist conditions for one to three weeks, and finally exposure to a specific 
chemical signal produced by the host roots. Conditioning requires a suitable temperature 
and adequate moisture. Conditioning temperatures vary among species but are in the 
general range of 25-35°C, usually for one to three weeks. After this process, the seeds are 
able to respond to signals from a host. The host roots produce chemical stimulants, which 
trigger germination of the seeds. These roots must be in close vicinity to facilitate the 
second stage of haustorial induction. After germination has occurred, a second chemical 
signal from the host roots initiates haustorium formation. One such chemical is 2,6- 
dimethoxybenzoquinone, a degradation product of the host root lignin. This second host 
derived chemical signal induces the elongating radicle to differentiate into a specialized 
structure, the haustorium,9 by which the Striga seedling attaches and penetrate the host 
root. At this stage, the radicle tips begins to produce hairs superficially resembling root 
hairs. These hairs ‘glue’ the radicles to the host roots. It should be noted that haustorial 
induction in Striga, and possibly other root parasites, results from the conversion of host 
root surface components into active quinones. The perception of the host signal and the
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switch to haustorial initiation must be made within 4 days after germination because of 
limited and rapidly diminishing food reserves. During the 4-day period following 
germination, the radicle elongates chemotropically toward the host root surface. Radicle 
elongation stops abruptly when the haustorial-inducing factor is perceived and the seed 
energy reserves then become committed to the very rapid development of the haustorium. 
If the host is suitable, the haustorium penetrates forms a link (bridge) with the hosts 
vascular system, a process known as the penetration stage. At this stage, the parasite is 
entirely dependent on the host resources for growth. Approximately half of the Striga life 
cycle is subterranean, living completely parasitically on the host. Much of the damage to 
the host plant occurs at this stage, before the Striga plant emerges above the ground. The 
mechanism by which the damage occurs is not completely defined, but diversion of the 
host resources to the parasite accounts for only a small proportion of the damage. 
Emergence of the parasite seedling above the ground usually takes about 4-6 weeks after 
germination, which is then critical for the parasite. Once above the ground, the Striga 
plant develops chlorophyll and becomes green (except for S. gesnerioides) starting to 
initiate its own upkeep by photosynthesising some but not all of its own carbon 
requirements. The flowers, which are purple, red, pink, yellow or white depending upon 
the Striga species, develop rapidly and numerous seeds are produced completing the life 
cycle.10, 11

1.3 The Striga Problem

1.3.1 Extent of infestation and  crop losses
There are few accurate statistics on the extent of infestation of individual species. But 
current estimates suggest that 40 % of the arable land in sub-Saharan Africa and some 67
% of the 73 million hectares in cereal production in savannah zones, is infested by the

12, 13Striga. , The basic area of grain production, which is over 5 million hectares in six 
West African countries alone, has been affected by S. hermonthica, which is probably the 
most serious plant parasitic weed in the world.14
The majority of studies have concentrated on the cereal pests (Striga) in Africa. Estimates 
of S. hermonthica losses include millet yield losses of 0-3 % per emerged Striga plant per 
square metre and 1-10 % loss per Striga plant per square metre for sorghum.15 A 5 kg 
loss of sorghum grain per Striga plant per square metre16 and 20-35 % losses of sorghum

17from infestations of 3-5 % emerged parasites per square metre. Loss of grain yield due
to S . asiatica is also severe. It has been indicated by field trials that each Striga plant per

18square metre reduces sorghum yield by about 1 %. Many African countries including 
Tanzania, Kenya, Malawi, Madagascar, Zimbabwe, Sudan, Ethiopia, Benin, Cameroon,
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Ghana, Senegal, Gambia, Nigeria, Burkina Faso, Mali, Niger, and Togo are highly
13infested with Striga causing serious yield losses that are as high as 100 % at some sites. 

Results of a survey in Southern India suggest an average loss of sorghum yield of 21 % at 
infested sites.19 The extent of infestation by Orobanche species are not well documented 
and are liable to be underestimated due to farmers abandoning the growth of susceptible
crop species. There are no current figures from Russia but reports in the past have

20suggested that over a million hectares have been affected. More recent estimates
20indicate20 that at least 20,000 hectares each in Spain and China, 10,000 hectares in Greece 

and over 200,000 hectares in Turkey, also substantial areas in many other countries of 
southern Europe, have been affected. The area where tobacco is infested by O. cernua 
includes about 40,000 hectares in India. The areas of crops affected by O. ramosa and O. 
aegyptiaca are generally smaller, but includes some 30,000 hectares of tomatoes and 
tobacco in Greece, possibly 4000 hectares of these two crops in Cuba, 1500 hectares of 
tobacco in Bulgaria, 1000 hectares of tomatoes in Ethiopia and over 50,000 hectares of 
cucurbits in China.
Experimental evidence for this level of losses due to Orobanche infestation is available
for a number of crops. In the former USSR, yield losses from four stems of O. cumana

21per sunflower host plant were estimated at 20 %, and in Israel infestation of 6, 8 and 25
parasite shoots per sunflower plant have caused 52, 82 and 90 % yield reductions,

22respectively. Studies on O. cernua Loefl., a parasitic weed on tobacco in India
23estimated23 yield losses of 24-52 %. It is obvious that this is a serious agricultural 

problem that may extend further north into other European countries with increasing 
overall temperatures due to global warming.

1.4 C ontrol approaches
Parasitic plants have quite interesting modes of life. They are serious agricultural pests 
causing severe reductions of food yields in developing countries where cereals and 
legumes are staple food. The development of effective control strategies for parasitic 
weeds is one of the most difficult problems to solve. The control approaches are 
biologically challenging due to the complex relationship that exists between a parasite 
and its host. The difficulties in the control methods of the weeds are attributed by the vast 
numbers of seeds they produce, their longevity of dormancy period in the soil, and the 
damage they cause before they emerge above the ground. The practices that only control 
the emerged parasitic plants have, therefore, little effect in preventing serious damage to 
the host crop.
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The control of the parasitic weeds after emergence can prevent seed production and, 
thereby, provide a means to protect future crops. Nevertheless, it may take a period of at 
least three or more years before significant gains in the crop production are realized. This 
lack of benefit to current crops contributes to the low motivation by farmers to expend 
energy and resources to control the pests. However, the magnitude of the continuous 
devastation caused by the weeds warrants the foresight and extraordinary efforts 
necessary to cope with this devastating pest problem. Primary elements in a parasitic 
weed control strategy consist of preventing reproduction and the demise of viable seed 
banks in the soil.
Several agricultural practices have been evaluated as control methods for Striga

24-29species, ' including the use of herbicides and fertilizers, cultural methods, and resistant 
crop varieties, but none have been effective in eradicating or suppressing the problem 
when used alone.
The following are the control methods that are commonly employed to prevent 
reproduction and a brief discussion of each is given.

1.4.1 H and weeding
The removal of parasitic weeds by hand pulling prevents the increase of the seed banks. 
However, this method does little to reduce the damage to the host crop because that has 
already occurred before the parasite emerges from the soil. In poor agricultural areas, this 
control method is the only one available as more sophisticated techniques are financially 
not feasible.

1.4.2 C rop ro tation, the use of false hosts (trap  crops) and catch crops
Rotation with false host crops (non-hosts) can be an effective method to prevent 
reproduction of the parasite. False host crops are those that stimulate the germination of 
the parasite but which are not attacked by these weeds. The natural cycle of parasitic 
weed is to germinate, attach to the host, grow and reproduce. Parasitic weed seeds usually 
depend upon a period of suitable environmental circumstances for pre-conditioning or 
dormancy breaking and an exogenous chemical signal derived from a host or non-host for 
initiation of germination. Once germination has been initiated, attachment must soon 
occur or else the seedling will die. The planting of false host plants can be used to 
diminish the seed bank of the parasite in the soil. The disadvantage of this approach is 
that it has to be done long enough for the significant reduction of the seed bank is 
realized. A further disadvantage is the restriction placed on land use and the selection of 
crops that can be planted. Furthermore, with increasing population, subsequent
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limitations on the land availability, rotation to the non-infested land is rarely an 
alternative. The complexity of the situation is exacerbated by the long viability (up to 20

30years) of the parasitic weed seeds in the soil. Some researchers, have concluded that this 
method may take several years to reduce the seed population to a non-damaging level to 
crops. Examples of false hosts, also called trap crops, are cotton and soyabeans. Crop 
rotation with catch crops, which initiate germination and serve as hosts as well, has also 
been considered, but this method suffers from the same disadvantage as mentioned for 
trap crops. An example of a catch crop is Sudan grass.

1.4.3 Biological control
The use of natural enemies has been investigated as a means to suppress parasitic weeds. 
Initial studies on biological control which focussed on the use of insects to control Striga

31were performed three decades ago. Biological control has long been cited as a method 
to prevent the growth and reproduction of parasitic weeds. Sufficient data are available in 
the literature where insects and other organisms have been shown to have an adverse

32effect on the seed production of various parasites and pests. The effect of these 
biological agents may be to diminish the seed production of parasites.
In India, East Africa and Sudan, Smicronyx species appeared to be the most promising

32candidates for Striga control. In West Africa, Smicronyx species have been found that 
seem to reduce the seed production of Striga hermonthica by more than 80 %. Smicronyx

27 33species do so by forming galls ’ in the fruit of Striga. However, it was shown that the
32 34actual reductions are usually much lower. ’ It has been reported that for the 

achievement of a significant reduction of the Striga seed population, more than 95 % of 
the seed in the soil has to be destroyed. In this case, Smicronyx alone cannot bring about a

35full control of the parasitic weeds. A considerable success has been reported with the 
insect Phytomyza orbanchiae for the control of the related parasitic weed, Orobanche.36 
The fungal pathogen, Fusarium oxysporium, has been shown to reduce Orobanche

37 38infestation in field trials with tobacco as a host. ’ In addition, isolation of a Fusarium
39species from a diseased S. hermonthica and pathogenicity testing was also attempted. 

Recently, several projects have been initiated where other Fusarium species on parasitic 
weeds were collected and evaluated for their efficacy to control Orobanche species or S. 
hermonthica.
Soil inoculation of root pathogens, such as Fusarium, for the control of parasitic weeds 
has major advantages in the Sahelian climate. The main disadvantage of the use of 
Fusarium species as a biological control agent is their capability of producing 
mycotoxins, which also affect humans.40
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Generally, the success in the development of biological control of parasitic weeds has yet 
to be met with the desired results. The weeds have a tremendous propensity to produce 
seeds even after the host plants have been damaged, which is a serious setback for this 
approach as a control method.

1.4.4 R esistant varieties
The ultimate control method for parasitic weeds would depend on the development of 
acceptable resistant crop varieties. However, the development of resistant crops by the 
conventional selection techniques requires long-term experimentation. In addition, most 
of resistant crop varieties are not as high yielding as the original crops. There is also the 
predicament of deterioration of the resistance that may lead to these species being 
attacked by the parasitic weed in the same way as the susceptible crops after a certain 
period of time.41 Sporadic successes have been reported in the past three decades, but in 
general breeding of resistant crops is of little importance.

1.4.5 Fum igants
Fumigants are chemicals that have the ability to kill seeds and other life forms and some 
have proved to be very effective in the field. The fumigant with the broadest spectrum of

42activity and efficacy is methyl bromide. It is one of the world’s favourite fumigants 
used to control weeds, nematodes and pathogens in soil before planting. The chemical is 
being phased out, because it has been shown to be a contributory factor in the depletion 
of the ozone layer. This fumigant requires special skills in handling. It is a powerful 
alkylating agent causing serious DNA alteration. A gas tight cover must be used to retain 
the material. Specialized equipment and relatively large volumes of the product (300-400 
kg/ha) are required. It must be transported under pressure in cylinders, hence, on a per 
area basis; methyl bromide is expensive, and impractical for eradication of the weed 
seeds.
Vapam43 (sodium methyl dithiocarbamate) has also proved to be effective. This product is 
a liquid that can be stored and transported under atmospheric pressure. Its treatment is 
also expensive on a per area basis because 600-1000 L/ha are required for efficacy. 
Another effective fumigant is dazomet,44 (3,5-dimethyl-2H-1,3,5-thiadiazine-2-thione). 
Fumigants can be highly effective in killing parasitic weed seeds in soil, but they offer no 
solution to the general parasitic weed problem.
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1.4.6 Chem ical control
Herbicides may also be used to control and, thereby, prevent reproduction of parasitic

27 45 46weeds. ’ ’ S. asiatica, S. aspera, and S. hermonthica respond similarly to herbicides. 
Herbicides such as trifluralin, pendimethalin, dicamba, 2,4-D, oxyfluorfen and several 
others based on the timing and method of application were found to be very effective in 
controlling the weeds.
The major drawbacks of using herbicides are availability, high cost of manufacture, high 
standard of mechanization, skills required to use the equipment, the advanced technology 
necessary for proper handling, especially in developing countries where the pest problem 
is acute. Other serious drawbacks of the use of herbicides are the deleterious effect on the 
environment as well as the non-selectivity. In addition, resistance to herbicides has been 
reported when used for a longer period.

1.4.7 Suicidal germ ination using stim ulants

1.4.7.1 E thene
Parasitic weed seeds require a chemical signal for the initiation of germination, a crucial 
step in the life cycle of the parasite. A considerable number of research activities have 
been directed towards the introduction of natural or synthetic chemical stimulants into the 
soil in order to induce germination in absence of the host. It has been claimed that this is 
one of the promising control strategies for these weeds and is known as the suicidal 
germination approach. The parasitic weed will die within a few hours after failing to 
locate/find a host for attachment. The most noted success with this strategy has been the

47use of ethene gas to induce the germination of S. asiatica in the USA. When the seeds 
are pre-conditioned they are responsive to ethene (1.6 kg/ha) gas injected into the soil. 
The gas readily diffuses through the soil for more than one metre from the site of

48injection, causing suicidal germination of more than 90 % of the pre-conditioned seeds. 
Although ethene gas has proved to be highly effective on S . asiatica and S . 
hermonthica,49’ 50 it was not effective for S. gesnerioides. In addition, this approach is not 
affordable for farmers in developing countries as it is very expensive, requiring high 
mechanization, special techniques and skills.

1.4.7.2 N atu ral germ ination stim ulants
The root parasites of the genera Striga, Orobanche and Alectra have developed an 
interesting chemical ecology. The germination of the seeds of these weeds is initiated by 
chemical substances generally known as germination stimulants occurring in the root 
exudates of their respective host plants. The seeds of the parasitic weeds are able to
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recognize their actual hosts. In fact, this phenomenon constitutes the chemical 
communication between the parasite and the host.
The first naturally occurring germination stimulant was isolated from cotton (Gossypium 
hirsutum), a non-host plant which is not attacked by the parasitic plants.51 This 
sesquiterpene 1 was shown to be a potent germination stimulant for the seeds of parasitic 
weeds, especially Striga. Its activity as a seed germination stimulant towards Striga 
species is very high, half maximal effects at a concentration as low as 10"10M have been 
reported.52-54 It was given the trivial name, strigol. Its gross structure was elucidated in 
1972,55 and the absolute configuration was determined several years later by X-ray 
diffraction analysis.56 Strigol (1) was later isolated from genuine host plants of Striga,

57such as maize, prosso millet and sorghum. It is noteworthy that early attempts to 
isolate58-60 the germination stimulant from host plants failed because of the extremely 
small amounts being present.
Nearly three decades later, after strigol had been isolated from cotton, two other 
germination stimulants were isolated, namely sorgolactone (2) from Sorghum bicolor, a

53genuine host for S. asiatica and S. hermonthica, and alectrol (3) from Vigna 
unguiculata, a host plant for Alectra vogelii and S. gesnerioides.54 It should be noted that 
until strigol had been isolated from genuine host plants, its significance in the host- 
parasite interaction was considered doubtful because cotton is not a genuine host o f either 
Striga or Orobanche. This confusion was resolved when sorgolactone (2), a compound 
closely related to strigol (1), was isolated from a genuine host plant. It has been observed 
that root exudates of Striga hosts contain a mixture of strigol, sorgolactone and alectrol,

57albeit in different ratios or proportions. This class of sesquiterpenes was collectively 
named as strigolactones.61
Strigol, sorgolactone, and alectrol all stimulate the germination of Striga, Orobanche and 
Alectra.52-54 However, there seems to be a variation in germination stimulants since 
different host plants produce varying compositions o f different stimulants as 
demonstrated previously by chromatographic investigations.62-64

2, (+)-Sorgolactone 3, Alectrol (proposed 
structure)

9



Chapter 1

O
OH

Oh O
O

h3c o

OH

4, (+)-Orobanchol 5, Dihydrosorgoleone (SXSg) 

O
OH

H3CO
O

6, Sorgoleone

Recently,65 another natural germination stimulant was isolated from a genuine host plant
of Orobanche. Three germination stimulants from clover broomrape were isolated from

was named orobanchol (4), is structurally closely related to strigol (i.e. a positional 
isomer).
Prior to the identification of the strigolactones as major Striga germination stimulants,

actual stimulant. Only the reduced form of sorgoleone, viz. dihydrosorgoleone (5), 
stimulates the germination of Striga, but its activity is rapidly lost due to oxidation to

have no structural resemblance to strigolactones. Therefore, if compounds 5 and 6 play a 
role in the germination process, then they do so in a different manner as compared to 
stigolactones.

1.5 Strigolactones as n a tu ra l germ ination stim ulants
Strigol (1), the natural germination stimulant, has been the subject of many synthetic

71 89studies and several total and partial syntheses have been reported. ' Despite its high 
activity in inducing the germination of the parasitic weeds, this compound cannot be 
adapted as a candidate for weed control on a large scale basis. It has limited stability 
under soil conditions, and its complicated structure makes its syntheses lengthy, low 
yielding, laborious and, hence, uneconomical. The synthesis of strigol is a challenging 
task, which generally requires no less than ten steps depending on the synthetic pathways.

root exudates of its host, red clover (Trifoliumpratense)65 One of these stimulant, which

sorgoleone (6)66 was isolated from sorghum (Sorghum bicolor) and claimed to be the

sorgoleone (6). Sorgoleone (6) also exhibits herbicidal activity.67-70 Compounds 5 and 6
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The overall yields of these syntheses are rather disappointing and the starting materials 
are usually quite expensive. The final step in all the reported syntheses of strigol and its 
analogues is the most crucial one. It involves the coupling (alkylation) of the tricyclic 
hydroxymethylidenated lactone 7 with the D-ring precursor, which in most cases is a halo 
butenolide 8, (scheme 1). In Scheme 1, the stereochemistry of the respective stereogenic 
centres is not specified. Therefore, strigol is represented by structure 9.

Scheme 1

OH

7

O

OH

Base

X

8, X = Br, Cl

1 1 1 
H3C  /CH3

7,

6

O

|5
OH O

CH3
1

The resulting product has the E-geometry at the enol ether olefinic bond as indicated by 
1H-NMR analysis.71, 72
The strigol molecule contains three stereogenic centres, viz. C3a/C8b, C5 and C-2’. Thus, 
eight stereoisomeric forms are possible.
Several bioassay studies have revealed that the natural isomer (+)-strigol is the most 
active compound for inducing germination of Striga species52-54 and O. aegyptiaca52, 90 
seeds, while the (-)-strigol isomer is more active for Alectra vogelii seeds. This 
observation justifies the efforts toward the preparation of stereoisomers of germination 
stimulants. Enantiopure stereoisomers have been obtained by the resolution of racemic 
strigol,56 resolution of the ABC-portion of strigol,91 the chiral pool approach73 and 
recently92, 96, 97 by asymmetric synthesis. It was also demonstrated that the biological 
activities of strigol, its stereoisomers and its structural analogues depend on their 
structures including their relative and absolute stereochemistry.90, 93-95 
Two total syntheses of sorgolactone (2) have also been reported.96-100 The approaches 
used for the preparation of sorgolactone resembles those used for strigol. So far, alectrol 
(3) has not been accessible through synthesis and its structure has yet to be fully 
established. The data for the proposed structure of the synthesized compound, both 
physical and spectral, are not in accordance with those of the isolated natural
product.54,101
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1.6 Non-strigolactones as germ ination stim ulants
The fact that strigol was isolated from a non-host plant for Striga meant, as a 
consequence, that its significance in the host-parasite interaction was not recognized for 
several years. The germination stimulant for Striga that was first isolated from the root 
exudates of a genuine host (sorghum) was claimed to be the actual stimulant produced by 
the sorghum roots.66 This compound was identified as sorgoleone (6). Sorgoleone has 
been shown to be a selective natural herbicide, inhibiting photosynthetic electron 
transport, thus reducing the growth of broadleaf and grass weeds. It should be noted that
both dihydrosorgoleone and sorgoleone have never been detected in the root exudates of

102maize, which is highly susceptible to Striga.
Ethylene gas is a plant growth regulator and is capable of inducing the germination of a 
limited number of parasitic weed species, particularly S . asiatica and S . hermonthica in 
the absence of the host plants.103, 104
There have also been reports that plant growth regulators such as gibberellins, cytokinins, 
auxins, cotylenins and other natural compounds, e.g. fusicoccins, coumarin derivatives, 
scopoletin, dihydroparthenolide as well as jasmonates8, 105-109 induce the germination of 
seeds of the Striga and Orobanche species. However, these compounds exert their effect 
at concentrations much higher than the strigolactones and their analogues. Some 
oxidizing agents such as DMSO and sodium hypochlorite, and also sulphuric acid, seem 
to induce the germination of parasitic weeds.

O

.....

Cotylenin Fusicoccin deacetyl aglycone 11b,13-dihydroparthenolide

O

^ C O 2CH3 
methyl jasmonate
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1.7 Analogues of strigol
The fact that strigol is a rather complicated molecule has prompted considerable effort to 
search for analogues with simpler structures but with retention of an appreciable 
biological activity. A major contribution was made after the structure of strigol had been 
established, when various compounds with simpler structures were prepared.110, 111 These 
compounds were codenamed ‘GR’ analogues. The following analogues received the most 
attention: GR 24 (20), 18 (21), 7 (26), 28 (27), and 5 (28). There is a close structural 
similarity between these compounds and strigol, whereby the A- and B-rings have been 
modified whilst keeping C- and D-rings intact. Biological evaluation of these compounds 
indicated that most of them had appreciable activities, some of them comparable to that 
of strigol, e.g. GR 24 (20). Furthermore, through syntheses and evaluation of numerous 
analogues and precursors of strigol, many other compounds effective in the stimulation of 
germination of Striga and Orobanche seeds have been discovered. Structure-activity 
studies suggested that the active part in the strigol molecule responsible for the biological 
activity resides in the C/D-rings and the connecting enol ether linkage. 112-116 On the basis 
of these findings, a tentative molecular mechanism for the induction of germination for

117the strigolactones and its analogues was proposed. The very high biological activity of 
strigol and its analogues suggest that these relatively large and complex molecules are 
uniquely structured to initiate the biochemical reactions involved in stimulating the 
germination of the parasitic weeds. A considerable effort directed towards designing and 
synthesizing less costly and simple compounds derived from easily available and cheap 
starting materials is essential if suicidal germination as a control strategy has any validity 
to solve the parasitic weed problem.
Analogues that have been synthesized so far are still expensive to be produced on a large 
scale especially due to the long synthetic routes thus precluding their use as suitable 
candidates for controlling the parasitic weeds on a larger area basis. Several approaches 
have been used for the design and synthesis of strigol analogues. Most of the compounds 
analogous to strigol have been designed and synthesized based on the approaches 
outlined below. Relevant examples will be discussed briefly.

1.7.1 Simplification of the strigol molecule by leaving the m ainfram e w ork  

intact
The strigol molecule has four main ring systems, viz. the A-, B-, C-, and D-ring, where 
the C- and D-rings are lactones connected by an enol ether linkage. Analogues have been 
designed in such a way that the main framework of the ring systems of the strigol

13
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molecule was retained. In this design the stereogenic centres are not specified and 
therefore strigol is presented by structure 9.
The removal of the hydroxy group at C-5 of the strigol molecule gives compound 18, 
which is a 5-deoxy strigol analogue. This compound, which is a mixture of racemic 
diastereomers, was found to have a lower activity than strigol itself.90 Replacement of the 
cyclohexene ring of the strigol molecule by an aromatic ring and substituted aromatic 
ring, respectively leads110, 111 to the analogues 19, 20 and 21. Compound 20 (GR 24) is a
very potent germination stimulant, which is used as a standard positive control in bio-

118assay protocols of parasitic weeds. It is noteworthy that the substituted aromatic 
analogue 19 has a significantly lower activity than GR 24. Note that in the structures 9 
and 19-21, the stereochemistry of the stereogenic centres is not specified. Several studies 
have shown that GR 24 (20) has an activity comparable to that of strigol.53, 90, 93 In 
addition, the synthesis of this compound, which is depicted in Scheme 2, is considerably 
easier and shorter than that of strigol itself, but still not sufficiently easy and cheap to 
consider GR 24 as a candidate for control on a large scale basis. It has been found to be 
rather unstable under field conditions especially when there was relatively high moisture 
content in the soil with an alkaline pH.119a It is relevant to mention here that stability 
problems of stimulants in the soil can be overcome by an appropriate dispersion in an 
emulsifying agent. 119b
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Scheme 2
O O

1. (EtO)2CO, NaH, DMF, 65oC

2. BrCH2CO2Et, 65oC CO2Et

CO2Et
6N HCl (aq.), HOAc,

reflux

22 23

O O
c o 2h

2. p-TosOH, C6H6, 
reflux

1. NaBH4, 0.2N NaOH 1. KOBut, HCO2Me, THF

2. 8 (X = Br)

24 25

O

O

20 (GR 24) '

1.7.2 System atic excision of p arts  of the strigol skeleton
By systematically clipping parts of the strigol skeleton information is obtained as to 
which part of the strigol molecule is responsible for the biological activity. Removal of 
the A-ring leads to analogues 26 (GR 7) and 27 (GR 28), while omitting the A- and B
ring gives compound 28 (GR 5).110, 111 In the analogues 29 and 30 the five-membered C- 
ring is replaced by a six-membered ring. Despite their simplicity, the compounds 26-28 
have appreciable germination activities. Compound 27 (GR 28) was rather unstable and 
compounds 29 and 30 have significantly lower germination activity. Analogue 31, which 
has a five-membered lactam ring instead of a lactone C-ring is only marginally active. 
Several A- and A/B- analogues of strigol lacking the D-ring were also prepared and 
biologically evaluated.113, 114, 120 These include compounds 32, 33 and 34, all of which are 
completely inactive in inducing germination.114
By analysing the structure-activity data of the compounds 9, 18-21, and 26-34 the 
conclusion was drawn that the bio-actiphore of strigolactones resides in the C/D part of

117the molecule. It was also shown that the methyl substituent in the D-ring is essential for 
bio-activity, thus the D-ring as present in strigol must be retained. 116

15



Chapter 1

O

26 (GR 7)

O^ /O

27 (GR 28)

O

O ^ /O

29

O O

31 O

32

OH

33

OH

34

1.7.3 M odification based on a possible m olecular m echanism  for the 

induction of germ ination
Accepting that the bio-actiphore resides in the B/C part of the molecule leads to the 
proposition of the tentative molecular mechanism (as shown in Scheme 3).

Scheme 3

117
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The mechanism involves the addition of a nucleophilic species present at the receptor site 
in a Michael fashion to the stimulant followed by subsequent elimination of the D-ring 
unit. This leads to the covalent bonding of the ABC-portion of the stimulant to the 
receptor, a chemical change that is claimed to be responsible for initiating or triggering 
germination. It was then demonstrated that replacement of the carbon-carbon double

117bond by a single bond as in 35 leads to the complete loss of activity.

Replacement of the D-ring by other leaving groups, such as tosylate in compound 36 or

ring moiety is essential. Assuming that this molecular mechanism is indeed underlying 
the triggering of the germination, it can be used to design potential germination 
stimulants. One successful example of such a design is Nijmegen-1 (compound 38), 
which shows an appreciable bio-activity.

1.7.4 M odification using the concept o f bio-isosterism
It is well known that the biological activity of certain organic molecules is retained when 
various arrangements of atoms are replaced by others, a concept that is frequently used in 
designing drugs.121, 122
The instability of strigol and its analogues in (alkaline) soil may be attributed to the 
lability of the enol ether functionality present in these compounds. Isosteric replacement 
of the oxygen atoms of the enol ether functionality by sulfur or a methylene group could 
lead to more stable derivatives with retention of the biological activity. This concept of 
bio-isosterism has led to the design and synthesis of several analogues modified at the 
enol-ether functionality, viz. compounds 39 and 40 . 94, 123-126
These compounds are completely inactive toward stimulation of the germination of seeds 
of the parasitic weeds.94 Analogue 40 was scarcely soluble in water and therefore bio
assaying failed.

38 (Nijmegen-1)

117methoxy in compound 37 also led to complete loss of activity indicating that the D-
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The fact that carba GR 24 analogue (39) is inactive, substantiate the proposed molecular 
mechanism.94 The concept of bio-isosterism is probably not a useful lead to design cheap 
and effective germinating agents. It seems that the molecular mechanism offers much 
better opportunities in this respect and therefore deserves further elaboration.

1.8 O bjectives and outline of the thesis
The objectives of the research described in this thesis were:

(i) The design and synthesis of germinating agents with simple structures based 
on the molecular mechanism (Scheme 3). These agents should preferably be 
obtainable in an economically viable manner and possibly on a large scale.

(ii) The design and synthesis of compounds which do not fit into the proposed 
mechanistic concept shown in Scheme 3 but which have an appreciable 
germination activity.

(iii) To gain a better insight into other potential germination stimulants, which are 
structurally different from strigolactones, by a random screening technique.

(iv) To investigate explicitly the behaviour of synthesized compounds as 
germination stimulants in pot experiments and in the field. This is necessary 
for the future development of effective germination stimulants to be used in 
the combat of parasitic weeds.

(v) To investigate the validity of the tentative molecular mechanism (Scheme 3) 
for the induction of germination and to explore the possibility of other 
mechanisms that may be responsible for the initiation of germination of the 
parasitic weeds.

Chapter 1 describes the background of the research together with an overview of the 
relevant literature.
In chapter 2, the synthesis and biological evaluation of some simple cyclic ketone derived 
strigol analogues is described. Chapter 3 is devoted to the synthesis and biological 
evaluation of some novel compounds derived from simple alkyl substituted cyclic 
ketones.
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In chapter 4, the synthesis and bioassay of some potential germination stimulants derived 
from pyrones-, coumarins- and the related enolone derivatives is reported.
Chapter 5 deals with the synthesis and bioassay of some miscellaneous derivatives 
unrelated to the naturally occurring germination stimulants for Striga.
Chapter 6 is devoted to the synthesis and evaluation of potential stimulants based on 
ferulic acid and the search for structurally related potentially active derivatives using a 
random screening method.
In chapter 7, the synthesis and bio-activity of some potential stimulants based on vitamin 
C and some carbohydrate derivatives is described.
Chapter 8 deals with the synthesis and evaluation of some structurally modified 
strigolactones based on GR 24 and Nijmegen-1 containing modified D-ring entities. 
Chapter 9 gives a brief account on the attempt to the synthetic improvement of D-ring 
precursors of the germination stimulants of the strigol type.
In chapter 10, the results of some pot experiments with four different Striga species using 
some of the new germination stimulants is described.
Chapter 11 describes the results of the field test carried out in different Orobanche 
infested areas using the formulated dimethyl analogue of Nijmegen-1.
A summary in Dutch and English concludes this thesis.

1.9 References
1. Musselman, L.J., (Ed.) Parasitic Weeds in Agriculture. Vol. 1, Striga; CRC Press: 

Boca Raton, FL, 1987, 317.
2. Chang, M., Lynn, D.G., Plant-plant recognition, In Role in Agriculture and 

Forestry, Waller, G., (Ed.), American Chemical Society, Washington DC, 1987, 
551.

3. Chang, M., Lynn, D.G., Ann. Rev. Plant Physiol. Plant Mol. Biol., 1990, 41, 497.
4. Stewart, G.R., Press, M. C., Ann. Rev. Plant Physiol. Plant Mol. Biol., 1990, 41, 

127.
5. Logan, D.C., Stewart, G.R., SeedSci. Res., 1992, 2, 179.
6. Joel, D.M., Steffens, J.C., Mathews, D.E., In Seed Development and Germination, 

Kigel, J., Galili, G., (eds.), Marcel Dekker, Inc., New York, 1995, 567.
7. Musselman, L.J., Ann. Rev. Phytopath., 1980, 18, 463.
8. Worsham, A.D., In Parasitic Weeds in Agriculture. Vol. 1, Striga; Musselman, 

L.J., (Ed.), CRC Press: Boca Raton, FL, 1987, 45.
9. Kuijt, J., The Biology o f Parasitic Flowering Plants, University of California Press, 

Berkeley, 1969.
10. Sauerborn, J., Parasitic Flowering Plants. Ecology and Management, Verlag Josef 

Margraf, Weikersheim, 1991.
11. Ejeta, G., Butler, L.G., Babiker, A.G.T., New Approaches to the Control o f Striga, 

Purdue University Agricultural Experiment Station, West Lafayette, 1993.

19



Chapter 1

12. Mboob, S.S., In Proceedings, FAO/OAU All-Africa Government Consultation on 
Striga Control, 1986, Robson, T.O., Broad, H.R., (Eds.), Maroua, Cameroon, 1989, 
190.

13. Lagoke, S.T.O., Parkinson, V., Agunbiade, R.M., In Proceedings International 
Workshop, Kim, S.K., (Ed.), 1988, Ibadan, IITA, ICRISAT and IDRC, Nigeria, 
1991, 3.

14. Sauerborn, J., In Proceedings o f the 5th International Symposium on Parasitic 
Weeds, Ransom, J.K., Musselmann, L.J., Worsham, A.D., Parker, C., (Eds.), 
CIMMYT, Nairobi, 1991, 137.

15. Carson, A.G., Trop. PestManag., 1988, 34, 97.
16. Doggett, H., J. Agric. Sci., (Camb.) 1965, 65, 183.
17. Carson, A.G., In Proceedings FAO/OAU All-Africa Government Consultation on 

Striga Control, 1986, Robson, T.O., Broad, H.R., (Eds.), Maroua. FAO Plant 
production and Protection Paper 96, FAO, Rome, 1989, 100.

18. Agbobli, C.A., Huguenin, B., In Proceedings o f the Fourth International 
Symposium on Parasitic Flowering Plants, Weber, H.C., Forstreuter, W., (Eds.), 
Phillips-Univesitat, Marburg, Germany, 1987, 11.

19. Vasudeva Rao, M.J., Chidley, V.L., House, L.R., Agric., Ecosy., and Environ., 
1989, 25, 139.

20. Parker, C., In Proceedings o f the Third International Workshop on Orobanche and 
Related Striga Research; Piertese, A.H., Verkleij, J.A.C., ter Borg, S.J., (Eds.), 
Royal Tropical Institute, Amsterdam, The Netherlands, 1994, 17.

21. Malykhin, I.I., Zernovya IMaslichnye Kul’tury, 1974, 10, 36 (In Russian).
22. Shalom, N.G., Jacobsohn, R., Cohen, Y., Phytoparasitica, 1988, 16, 375.
23. Krishnamurthy, G.V.G., Nararajan, K., Ramji L., In Program and Abstract o f 

Papers, Weed Science Conference and Workshop in India, 1977, 113.
24. Berner, D.K., Kling, J.G., Singh, B.B., Plant Dis, 1995, 79, 652.
25. Foy, C.L., Jain, R., Jacobsohn, R., Rev. Weed Sci., 1989, 4, 123.
26. Berner, D., Carsky, R., Dashiell, K., Kling, J., Manyong, V.A., Outlook on Agric., 

1996, 25, 157.
27. Parker, C., Riches, C.R., Parasitic Weeds o f the World: Biology and Control; CAB 

International Press, Wallingford, Oxon, UK., 1993.
28. Eplee, R.E., Crop Prot, 1992, 11, 3.
29. Eplee, R.E., Norris, R., Control o f Parasitic Weeds. In Parasitic Plants, Press, M.C., 

Graves, J.D., (Eds.), Chapman & Hall, London, 1995, 256.
30. Ramaiah, K.V., Parker, C., In Proceedings o f the International Symposium on 

Sorghum, Patancheru, India, 1982, 291.
31. Girling, D.J., Greathead, D.J., Mohyuddin, A.I., Sankaran, T., Biocontrol News and 

Information, Sample issue, 1979, 7.
32. Bashir, M.O., Parasitic Weeds in Agriculture. Vol. 1, Striga; Musselman, L.J., 

(Ed.) CRC Press: Boca Raton, FL, 1987, 183.
33. Paré, J., Pronier, I., C.R. Soc. Biol., 1998, 192, 91.
34. Jost, A., KroschelJ., Sauerborn, J., In Advances in Parasitic Plant Research. 

Proceedings o f the sixth International Symposium on Parasitic Plants, Moreno, 
M.T., Cubero, J.I., (Eds.), Cordoba, Spain, 1996, 888.

35. Smith, M.C., Holt, J., Ebb, M., Crop Prot, 1993, 12, 470.

20



Introduction

36. Jacobsohn, R., In Proceedings o f a Workshop on the Biology and Control o f 
Orobanche, ter Borg, S.J., (Ed.), LH/VPO, Wageningen, 1986, 18.

37. Mazaheri, A., Moazami, N., Vaziri, M., Moayed-Zadeh, N., In Proceedings o f the 
5th International symposium on Parasitic Weeds, Ransom, J.K., Musselmann, L.J., 
Worsham, A.D., Parker, C., (Eds.), CIMMYT, Nairobi, 1991, 90.

38. Mazaheri, A., Vaziri, M., Moayed-Zadeh, N., . In Proceedings o f the 5th 
International symposium on Parasitic Weeds, Ransom, J.K., Musselmann, L.J., 
Worsham, A.D., Parker, C., (Eds.), CIMMYT, Nairobi, 1991, 93.

39. Zummo, N., PlantDis. Rep., 1977, 61, 428.
40. Kroschel, J., Hundt, A., Abbasher, A.A., Sauerborn, J., Weed Res., 1996, 36, 515.
41. Lane, J.A., Moore, T.H.M., Child, D.V., Cardwell, K.F., Singh, B.B., Bailey, J.A., 

Euphytica, 1994, 72, 183.
42. Eplee, R.E., Langston, M.A., In Proceedings o f the Southern Weed Science Society, 

Little Rock, Arkansas, 1971, 127.
43. Jacobsohn, R., Uriely, E., Dagan, J., In Proceedings o f the Fourth International 

Symposium on Parasitic Flowering Plants, Weber, H.C., Forstreuter, W., (Eds.), 
Phillips-Univesitat, Marbug, Germany, 1987, 421.

44. Norris, R.S., Langston, M.A., English, T., Eplee, R.E., In Proceedings o f the 
Southern Weed Science Society, Little Rock, Arkansas, 1971, 308.

45. Hoffman, G., Marnotte, P, Dembele, D., Agric. etDevelop., 1997, 13, 58.
46. Moreno, M.T., Cubero, J.I., (Eds.), In Advances in Parasitic Plant Research. 

Proceedings o f the sixth International Symposium on Parasitic Plants, Cordoba, 
Spain, 1996, 697.

47. Egley, G.H., Eplee, R.E., Norris, R.S., In Witchweed Control in the United States o f 
America, Sand, P.F., Eplee, R.E., Westbrooks, R.G., (Eds.), Weed Science Society 
of America, Champaign, USA, 1990, 56.

48. Egley, G.H., Ann. Bot, 1972, 36, 755.
49. Egley, G.H., Dale, J.E., Weed Sci, 1970, 18, 586.
50. Chancellor, R.J., Parker, C., Teferedegn, T., Pestic. Sci., 1971, 2, 35.
51. Cook, C.E., Whichard, L.P., Wall, M E and Egley, G.H., Science, 1966, 154, 1189.
52. Hauck, C., and Schildknecht, H., J. Plant Physiol., 1990, 136, 126.
53. Hauck, C., Müller, S and Schildknecht, H., J. Plant Physiol., 1992, 139, 474.
54. Hauck, C., Müller, S and Schildknecht, H., J. Plant Growth Regul., 1992, 11, 77.
55. Cook, C.E., Whichard, L.P., Wall, M.E and Egley, G.H., Coggon, P., Luban, P.A., 

McPhail, A T., J. Am. Chem. Soc, 1972, 94, 6198.
56. Brooks, D.W., Bevinakatti, H.S., Powell, D.R., J. Org. Chem., 1985, 50, 3779.
57. Siame, B.K., Wood, K., Ejeta, G., Weerasuriya, Y and Butler L.G., J. Agric. Food 

Chem., 1993, 41, 1486.
58. Brown, R., Greenwood, A.D., Johnson, A.W., Long, A.G., Lansdowne, A.R., 

Sunderland, N., Biochemical J. 1952, 52, 571.
59. Brown, R., Johnson, A.W., Robinson, E., Tyler, G.J., Greenwood, A.D., Long, 

A.G., Biochemical J., 1951, 48, 564.
60. Saunders, A.R., Sci. Bull., 1933, 128, 1
61. Butler, L.G., ACS Symposium series, 1995, 582, 158.
62. Sunderland, N., J. Exp. Bot., 1960, 11, 236
63. Visser, J.H., Botha, P.J., J. Plant Physiol., 1974, 72, 352.

21



Chapter l

64. Visser, J.H., Herb, R., Schildknecht, H., J. Plant Physiol., l9B7, 129, 37S.
óS. Yokota, T., Sakai, H., Okuno, K., Yoneyama, K., Takeuchi, Y, Phytochemistry, 

l99B, 49, l967.
66. Chang, M., Netzly, D.H., Butler, L.G., Lynn, D.G., J. Am. Chem. Soc., l9Bó, 10S, 

7BSB.
67. Gonzalez, V.M., Kazimir, J., Nimbal, C.I., Weston, L.A., Cheniae, G.M., J. Agric. 

Food Chem., l997, 45, l4lS.
6B. Nimbal, C.I., Weston, L.A., Yerkes, C.N., Weller, S.C., Pestic. Biochem. Physiol.,

l996, 54, 73.
69. Nimbal, C.I., Weston, L.A., Yerkes, C.N., Weller, S.C., Pederson, J.F., J. Agric. 

Food Chem., l996, 44, l343.
70. Einhellig, F.A., Souza, I.F., J. Chem. Ecol., l992, 1S, l.
71. MacAlpine, G.A., Raphael, R.A., Shaw, A., Taylor, A.W and Wild, H.J., J. Chem. 

Soc. Perkin Trans 1, l976, 4l0.
72. Gerald, A., MacAlpine, G.A., Raphael, R.A., Shaw, A., Taylor, A.W and Wild, 

H.J., J. Chem. Soc. Chem. Commun., l974, B34.
73. Berlage, U., Schmidt, J., Milkova, Z., Welzel, P., Tetrahedron Lett., l9B7, 2S, 

309S.
74. Heather, J.B., Mittal, R.S.D., Sih, C.J., J. Am. Chem. Soc, l974, 9Ó, l976.
75. Heather, J.B., Mittal, R.S.D., Sih, C.J., J. Am. Chem. Soc, l976, 9S, 366l.
76. Brooks, D.W., Bevinakatti, H.S., Kennedy, E., Hathaway, J., J. Org. Chem., l9BS,

50, 62B.
77. Dailey, O.D., J. Org. Chem, l9B7, 52, l9B4.
7B. Samson, E., Frischmuth, K., Berlage, U., Heinz, U., Hobert, K., Welzel, P., 

Tetrahedron, l99l, 47, l4l l .
79. Dolby, L.J., Hanson, G., J. Org. Chem., l976, 41, S63.
B0. Cooper, G.K., Dolby, L.J., J. Org. Chem., l979, 44, 34l4.
Bl. Brooks, D.W., Kennedy, E., J. Org. Chem., l9B3, 4S, 277.
B2. Sierra, M.G., Spanevello, R.A., Ruveda, E.A., J. Org. Chem., l9B3, 4S, Sl l l .
B3. Pepperman, A.B., Dailey, O.D., Vail, S.L., In: Synthesis and Chemistry of 

Agrochemicals (Eds.) Baker, D.R., Fenyes, J.G., Moberg, W.K., Cross, B., ACS 
Symp. Ser., l9B7, 355, 409.

B4. Frischmuth, K., Wagner, U., Samson, E., Weigelt, D., Koll, P., Meuer, H., 
Sheldrick, W.S., Welzel, P., Tetrahedron Asymm, 1993, 4, 3Sl.

BS. Berlage, U., Schmidt, J., Milkova, Z., Welzel, P., Tetrahedron Lett., l9B7, 2S, 
309S.

B6. Frischmuth, K., Marx, A., Petrowitsch, T., Wagner, U., Koerner, K., Zimmermann,
S., Meuer, H., Sheldrick, W.S., Welzel, P., Tetrahedron Lett., l994, 35, 4973.

B7. Schroer, J., Welzel, P., Tetrahedron, l994, 50, 6B39.
BB. Kadas, I., Morvai, V., Arvai, G., Toke, L., Szollosy, A., Toth, G., Bihari, M., 

Monats. Chem., l99S, 126, l07.
B9. Kadas, I., Miklo, K., Arvai, G., Toke, L., Jaszberenyi, J.C., Tetrahedron Lett.,

l996, 37, 349l.
90. Bergmann, C., Wegmann, K., Frischmuth, K., Samson, E., Kranz, A., Weigelt, D., 

Koll, P., Welzel, P., J. Plant Physiol, l993, 142, 33B.

22



Introduction

91. Thuring, J.W.J.F., Nefkens, G.H.L and Zwanenburg, B., J. Agric. Food Chem.,
1997, 45, 227B.

92. Nefkens, G.H.L., Thuring, J.W.J.F., Beenakkers, M.F.M., Zwanenburg, B., J. 
Agric. Food Chem., 1997, 45, 2273; Thuring, J.W.J.F., Nefkens, G.H.L., 
Schaafstra, R., Zwanenburg, B., Tetrahedron 199S, 51, S047; Reizelman, A., 
Zwanenburg, B., Eur. J.Org. Chem. 2002, B10.

93. Mangnus, E.M.; Dommerholt, F.J.; de Jong, R.L.P.; Zwanenburg, B. J. Agric. Food 
Chem, 1992, 40, 1230.

94. Thuring, J.W.J.F., Nefkens, G.H.L and Zwanenburg, B., J. Agric. Food Chem.,
1997, 45, 1409.

95. Mangnus, E.M.; Zwanenburg, B. J. Agric. Food Chem., 1992, 40, 697.
96. Sugimoto, Y., Wigchert, S.C.M., Thuring, J.W.J.F., Zwanenburg, B., Tetrahedron 

Lett, 1997, 13, 2321.
97. Sugimoto, Y., Wigchert, S.C.M., Thuring, J.W.J.F., Zwanenburg, B., J. Org. 

Chem, 199B, Ó3, 12S9.
9B. Mori, K., Matsui, J., Bando, M., Kido, M., Takeuchi, Y., Tetrahedron Lett., 1997,

3S, 2S07.
99. Mori, K., Matsui, J., Tetrahedron Lett., 1997, 3S, 7B91.
100. Mori, K., Matsui, J., Bando, M., Kido, M., Takeuchi, Y., Eur. J. Org. Chem., 1999, 

21B3.
101. Mori, K., Matsui, J., Bando, M., Kido, M., Takeuchi, Y., Tetrahedron Lett., 199B,

39, 6023.
102. Housley, T.L., Ejeta, G., Cherif-Ari, O., Netzly, D.H., Butler, L.G., In Proceedings 

o f the Fourth International Symposium on Parasitic Flowering Plants, Weber, 
H.Ch., Forstreuter, W., (Eds.), Phillips-Univesitat, Marburg, Germany, 19B7, 411.

103. Logan, D.C., Stewart, G.R., Plant Physiol. 1991, 97, 143S.
104. Babiker, A.G.T., Ejeta, G., Butler, L.G., Woodson, W.R., Physiol. Plantarum, 

1993, SS, 3S9.
105. Fischer, N.H., Weidenhamer, J.D., Riopel, J.L., Quijano, L., Menelaou, M.A., 

Phytochemistry, 1990, 29, 2479.
106. Logan, D.C., Stewart, G.R., Seed Sci. Res., 199S, 5, 99.
107. Rugutt, J.K., Rugutt, K.J., J. Agric. Food Chem., 1997, 45, 4B4S.
10B. Yoneyama, K., Takeuchi, K., Ogasarawa, M., Konnai, M., Sugimoto, Y., Sassa, T.,

S., J. Agric. Food Chem., 199B, 46, 1SB3.
109. Yoneyama, K., Takeuchi, K., Konnai, M., Sugimoto, Y., Sato, H., Yoshida, S., 

Biosci. Biotechnol. Biochem., 199B, 62, 144B.
110. Johnson, A.W., Roseberry, G., Weed Res., 1976, 16, 223.
111. Johnson, A.W., Gowda, G., Hassanali, A., Knox, J., Monaco, S., Razavi, Z., 

Roseberry, G., J. Chem. Soc. Perkin Trans. 1, 19B1, 1734.
112. Hassanali, A., In: “Striga, Biology and Control,” Ayensu, E.S., Doggett, H., 

Keynes, K.D., Marton-Lefevre, J., Musselman, L.J., Parker, C., Peckering, A 
(Eds.), ICSU Press, Paris, 19B4, 12S.

113. Pepperman, A.B., Connick, (Jr.) W.J., Vail, S.L., Worsham, A.D., Pavlista, A.D., 
Moreland, D.E., Weed Sci., 19B2, 30, S61.

114. Zwanenburg, B., Mangnus, E.M., Recl. Trav. Chim. Pays-Bas, 1992, 111, 1SS.

23



Chapter 1

115. Mangnus, E.M., Van Vliet L.A., Vandenput, D.A.L., Zwanenburg, B., J. Agric. 
Food Chem, 1992, 40, 1222.

116. Zwanenburg, B., Mangnus, E.M., Thuring, J.W.J.F., Strigol Analogues: Design, 
Synthesis and Biological Activity: In Proceedings of the third International 
Workshop on Orobanche and Related Striga Research; Pieterse, A.H., Verkley, 
J.A.C., ter Borg, S.J., (Eds.), Royal Tropical Institute, Amsterdam, 1994, 1B7.

117. Mangnus, E.M and Zwanenburg, B., J. Agric. Food Chem., 1992, 40, 1066.
11B. Mangnus, E.M., Stommen, P.L.A., Zwanenburg, B., J. Plant Growth Regul, 1992,

11, 91.
119. (a) Babiker, A.G.T., Hamdoun, A.M., Rudwan, A., Mansi, N.G., Faki, H.H., Weed 

Res., 19B7, 27, 173. (b) Zwanenburg, B., Private communication.
120. Vail, S.L., Dailey, O.D., Blanchard, E.J., Pepperman, A.B., Riopel, J.L., J. Plant 

Growth Regul., 1990, 9, 77.
121. Thornber, C.W., Chem. Soc. Rev., 1979, S, S63.
122. Lipinski, C.A., Annu. Rep. Med. Chem., 19B6, 21, 2B3.
123. Mhehe, G.L., Thesis, University of Dar es Salaam, 19BS.
124. Mhehe, G.L., In Parasitic Flowering Plants, Weber, H.Ch., Forstreuter, W., (Eds.), 

Marburg, Germany, 19B7, S63.
125. Kishimba, M.A., Thesis, University of Dar es Salaam, 1991.
126. Kishimba, M.A and Zwanenburg, B., Recl. Trav. Chim. Pays-Bas, 1994, 113, 21.

24



Chapter 2

Design, synthesis and biological evaluation of some simple 
ketone derived strigol analogues as potential germination 

stimulants for seeds of the parasitic weeds Striga and 
Orobanche

2.1 Introduction

The parasitic weeds of the genera Striga and Orobanche are natives of the tropical and 
semi-tropical regions of the world. The parasites pose a serious threat to the lives of 
millions of people living in Africa, Asia, India, and the Middle East by causing 
significant crop yield reduction, mainly of cereals and legumes that are important staple
foods. Earlier studies revealed that the germination of the parasitic weed seeds is

1 2triggered by chemical exudates from the roots of hosts and some non-host plants. For 
the germination to occur, the seeds have to be subjected to warm and moist conditions (a 
process known as pre-conditioning), before they are activated by a stimulant. The 
germinated parasite must then attach itself to the roots of the host plant. It will die within 
few days if it cannot find an appropriate host due to exhaustion of food and water. 
Prolific seed production with prolonged longevity together with the special germination 
requirements make these parasites difficult to control. Induction of germination by 
synthetic germination stimulants in the absence of the host plant (suicidal germination)

3 5has been considered as a method to combat these parasites. ' This process can be used 
primarily to reduce the number of seeds remaining in the soil before the desired crop is 
planted. Several germination stimulants that are naturally occurring have been isolated 
and identified from the root exudates of host and some non-host plants,6-9 and many of

3 5 10 13their analogues have been synthesized. ’ ’ " The isolated germination stimulants 1-4, 6 
are structurally similar, each containing the A, B, C and D-ring system with the exception 
of 6. The C- and D-rings are five membered lactones connected by an enol ether entity. It 
is noteworthy that the D-ring is the same in all the so-called strigolactones. Strigol (1), 
the first known naturally occurring germination stimulant,6 is the most potent stimulant so 
far isolated. It has, however, never been utilized practically for the control of parasitic 
weeds because of its limited availability from natural sources, or from chemical syntheses 
due to its complex structure. Its identification, however, provided chemists with a lead
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molecule on the basis of which a number of simple analogues could be designed and 
synthesized. This includes the very potent analogue, GR 24 (5) (see chapter 1).

(+)-Orobanchol 4 GR 24 5

Bio-assay studies have revealed that strigol 1 and some of its earlier prepared analogues 
were susceptible to decomposition/degradation under conditions of high pH values and 
high temperature in the soil. The instability of these compounds as well as their 
unavailability by simple, economical synthetic procedures prompted the search for 
simpler analogues. Structure-activity studies revealed that the part of the strigol molecule 
that is primarily responsible for the biological activity lies in the C/D part and the vinyl 
ether moiety.13, 14 A tentative molecular mechanism based on the structural requirement 
for retaining stimulatory activity has been proposed14 (Scheme 1).

Scheme 1
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This mechanism accounts for the importance of the enol ether carbon-carbon double bond 
present in the C/D ring connecting the enol ether unit, which appears to be essential for 
the stimulatory activity of strigol and its analogues. It involves a Michael addition of a 
nucleophilic species present at the receptor site, with subsequent elimination of the D
ring. The replacement of the D-ring with other leaving groups leads to complete loss of 
the biological activity of the analogues. The presence of the D-ring in strigol and its

13analogues is critical for their biological activities. This suggests that the D-ring may be 
important for the spatial orientation of the germination stimulants in the receptor site 
necessary for exerting maximum germination stimulatory effect.
The main objective of the current study was to design and synthesize simple germination 
stimulants based on the molecular concept shown in scheme 1. These stimulants must be 
structurally simple, biologically potent and easy to prepare on a multigram scale. These 
are important criteria if the germination stimulants will be potential candidates for field 
application in developing countries where the parasitic weed problem is acute and 
requires an immediate solution.
In this study, a series of ketone-based analogues has been synthesized in which the ABC- 
part of the strigolactones is replaced by simple five- or six membered cyclic ketone units. 
These syntheses employed simple, cheap and readily available ketones, viz. 1-indanone
(7), 2-indanone (8), 1-tetralone (9), cyclopentanone (10) and cyclohexanone (11) as 
starting materials.

O

05 Co
7 8

O O

6 6
10 11

The synthesis of the ketone-based strigol analogues 12-16 and the evaluation of their 
germination stimulatory activity towards the seeds of S. hermonthica and O. crenata and 
O. cernua, are reported in this chapter.
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These compounds possess only one stereogenic centre, namely at C-5 of the D-ring. This 
has the advantage that their preparation does not require tedious chromatographic 
separation of diastereomeric mixtures, since only one racemic product is obtained. The 
syntheses of GR 24 (5) is complicated by the presence of two stereogenic centres. A 
mixture of diastereomers is always obtained, which are usually separated by laborious 
chromatography or crystallization. The newly designed strigol analogues lack either the 
B- and/or the AB-ring, but still contain the essential enol ether moiety connecting the 
ketone unit and the D-ring. It should be noted that the Michael acceptor entity, which is a 
characteristic feature of the strigolactones, is retained in the new analogues 12-16.

2.2 Results and Discussion
The projected synthetic route for this series of new strigol analogues was essentially the

3 15same as that used previously, ’ viz. hydroxymethylidenation of the y-lactone C-ring 
with methyl or ethyl formate, followed by the coupling of the resulting enolate with a 
suitable halobutenolide or halobutenolides. This method had been used to prepare GR 24

3, 15and similar analogues ’ (Scheme 2).
It is well documented that the coupling of the enolate with halo butenolide takes place 
with complete selectivity.16,17 In all strigol analogues prepared so far, the exclusive

13formation of the E-isomer of the enol ether was confirmed.
For the synthesis of the analogues 12-16, the first step is an a-hydroxymethylidenation of 
the readily available ketones 7-11. The next step is the most crucial one, namely the 
coupling with an appropriate D-ring precursor. Hydroxymethylene intermediates have
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18 2 2been explored extensively, - as building blocks in the synthesis of various natural 
products, pharmaceuticals, steroids, etc.

Scheme 2

The synthesis of analogues 12-16 can be achieved either by performing the 
hydroxymethylidenation of the respective ketones as a separate step, followed then by the 
coupling with a halo butenolide, or alternatively by conducting the 
hydroxymethylidenation and the coupling reaction sequentially in the same pot. After 
considerable experimentation employing both procedures, it was decided to use the one 
pot method with the chlorobutenolide 18 as the coupling reagent. In this manner, 1- 
indanone (7) was converted into strigol analogue 12 in 52 % yield. It was found 
convenient that the hydroxymethylidenation reaction is best performed using methyl 
formate and metallic sodium (Scheme 3). Alternatively, potassium tert-butoxide was used 
in the hydroxymethylidenation reaction. The yield of analogue 12 was 37 % in this case 
(Scheme 3). In the two-step procedures, the hydroxymethylidene compound 7a was 
obtained as a yellow crystalline solid in high yield (89 %) by treatment of 1-indanone 7 
with ethyl formate and potassium tert-butoxide in THF. Subsequent coupling of 7a with 
chloro butenolide 17 in the presence of potassium tert-butoxide in DMF also afforded 
compound 12 in 37 % yield (Scheme 3).
There was a remarkable difference in reactivity between 1-indanone (7) and 2-indanone
(8). Under all conditions, 2-indanone (8) did not react in the same manner as 7 when 
subjected to hydroxymethylidenation under a variety of reaction conditions. 2-Indanone

23is symmetrical and has two equal activated methylene positions. It had been reported 
earlier that application of the normal procedure for the hydroxymethylidenation of 8 gave 
the ¿is-formylated product 8a. Claisen condensation of 2-indanone with methyl formate

24had also been reported to afford only the a ,a ’-bisformylated product. When the
25procedure used for the formylation of cyclopentanone (KH, HCO2Et, Et2O) was applied 

to 8 , a mixture of the mono- (36 %) and ¿is-hydroxymethylidene-2-indanone 8a (64 %) 
were obtained in moderate yields.
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Scheme 3

KOBu
HCO2Et/THF
H3O+

In the current study, condensation o f  8  w ith  m ethyl form ate in the presence o f  potassium  

tert-butoxide resulted only in the form ation o f  a b lack tar. The required 

hydroxym ethylidene-2-indanone 23 can be obtained 2 6  via a three-step reaction route 

starting from  com m ercially available 1,4-epoxy-1, 4-dihydronaphthalene 21. This 

m aterial is rather expensive, bu t can be synthesized in a sim ple m anner. The D iels-A lder 

addition o f  furan to  benzyne, w hich w as generated from  anthranilic acid (20), gave 1,4- 

epoxy-1,4-dihydronaphthalene 21 in good yield. This product w as converted into the 

diepoxy com pound 22 by oxidation (M C PBA ) under biphasic conditions (CH 2 Cl2,
27aqueous N aH C O 3). W hen a solution o f  the di-epoxide 22 in toluene w as heated under

reflux in the presence o f  a catalytic quantity o f  lithium  perchlorate, a -
28hydroxym ethylidene-2-indanone 23 w as obtained in  57 %  yield. Com pound 23 w as also 

obtained in low  yield (10 % ) by the treatm ent o f  the di-epoxide 22 w ith B F 3 (O Et) 2  in 

benzene at 6 - 8 °C. The obtained product 23 w as coupled w ith the chlorobutenolide 18 in 

the presence o f  potassium  tert-butoxide to give the desired strigol analogue 13 as an 

am orphous solid (Schem e 4). The m aterial w as very difficult to  purify and attem pted 

crystallization w as unsuccessful. The m aterial obtained w as very  unstable and it 

decom posed at -1 8 °C  upon storage. A lthough this synthesis o f  analogue 13 does not 

fulfil the criterion o f  an easy synthesis, the com pound could be m ade available for 

biological testing.

The analogue 14 derived from  1-tetralone (9) w as obtained in a yield o f  34 %  by the 

sequential treatm ent o f  9 w ith ethyl form ate in the presence o f  tert-butoxide in D M E
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followed by addition of 18 in a one-pot sequence. The hydroxymethylidenation reaction 
of 9 gave compound 9a as a brownish oil in 84 % yield (Scheme 5).

Scheme 4
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O
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The preparation of compounds 15 also requires hydroxymethylidenation of the 
corresponding ketone before coupling with the suitable D-ring precursor. 2-
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Hydroxymethylidene-cyclopentanone 10a is an important and very useful building block.
Several procedures have been reported for its synthesis19, 25 all of which give low yields.
The compound has been noted to be the least accessible of the simple 2

29hydroxymethylidene cycloalkanones.29 The conventional hydroxymethylidenation of 
cyclopentanone (10) with ethyl formate utilizing potassium hydride as the base is

25reported to give 10a. Despite the low yield of this hydroxymethylidenation of 10 it was 
decided to use this conventional procedure as it would provide a sufficient amount of 15 
for preliminary biological evaluation. The synthesis of 15 was completed by coupling of 
the resultant ketone enolate, as its potassium salt, with the chlorobutenolide 18 in a one- 
pot sequence (Scheme 6). The desired product 15 was obtained in 29 % overall yield.

Scheme 6

O

10

HCO2Et/KOBut,THF
H3O+

O

¿ r
10a

OH

The synthesis of compound 16 was achieved in the same manner. The coupling of the 
potassium enolate salt obtained by the condensation of cyclohexanone with ethyl formate 
in the presence of potassium tert-butoxide, with the chlorobutenolide 18 afforded the 
desired crystalline compound 16, but in low yield (16 %, Scheme 7).

Scheme 7
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The syntheses of the ketone-based strigol analogues are relatively short, fairly easy and
potentially economical since only cheap starting materials and reagents were employed. 
The hydroxymethylidenation step and the subsequent coupling reactions can be carried 
out in a one-pot sequence. Unfortunately, the overall yields are modest and optimisation 
will be required if some of these derivatives are to be considered as stimulants for 
application on a large-scale basis. It should be noted that, if one of these strigol analogues 
would be selected, other coupling methods are also worth considering, e.g. the Pd-

30coupling which was recently developed in the Nijmegen laboratory.
It was also concluded that after performing several coupling experiments in DMF and 
DME that DME is preferred as a solvent for the hydroxymethylidenation reactions as 
well as for the coupling reactions of the ketone based strigol analogues. The purification 
of the products was readily accomplished by crystallization.

31A previous study demonstrated that compound 25, whose structure is closely related to 
that of Nijmegen-1 (24) possesses a significantly higher germination activity than 24. The 
only difference between 24 and 25 is an extra methyl group in the D-ring of the former. 
The fact that compound 25 has a higher biological activity than compound 24 was a 
reason to prepare compounds 26 and 27 having the same modified D-ring with the 
anticipation that the resulting stimulants could be more active than analogues 12 and 14 
which contain the natural D-ring unit.

Compounds 26 and 27 were synthesized in the same manner as described above, but 
using the modified D-ring precursor 28 (see chapter 9). Compound 26 was obtained as

24 (Nijmegen-1)
O

27
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white crystals in 22 % yield by treating a-hydroxymethylidene-1-indanone (7a) with 
butenolide 28 in the presence of potassium tert-butoxide (Scheme 8). Interestingly, 
hydroxymethylidenation of 7 using methyl formate in the presence of metallic sodium 
and subsequent coupling with chlorobutenolide 28 afforded the desired compound 26 in 
high yield (87 %, Scheme 8).

O 

26

KOBu‘, DMF
----------------► 26

28

For the preparation of stimulant 27 the formylation was carried out using the procedure of
32Schultz. 1-Tetralone 9 was condensed with methyl formate in the presence of sodium to 

give the sodium salt of the hydroxymethylidene derivative which was subsequently 
coupled in DMF with the chlorobutenolide 28 to give the desired compound 27 as white 
crystals in 46 % yield (Scheme 9).

Scheme 9

O

HCO2Me/Na
28, DMF

9

Scheme 8
O

HCO2Me, Na

Cl
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7
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2.3 Preparation of enantiopure ketone-derived stimulants
There is abundant evidence that the bio-activity  o f  m any chem ical substances is, in

33 35general, strongly dependent on their stereochem istry. ' The analgesic and anti

inflam m atory activity o f  ibuprofen for exam ple, resides in the ^-enantiom er w hilst its
33 34antipode is inactive. ’ It has been concluded from  appropriate bioassays, that the 

stereochem istry at the C -2’ o f  strigol (1) and its analogues is essential for expressing full
15 36 38germ ination stim ulatory activity. ’ " The germ ination stim ulant G R  24 (5) has tw o 

stereogenic centres, w hich im plies that there are four stereoisom ers. The preponderant 

activity will be associated w ith only one o f  these. It is im portant to  determ ine the b io 

activity for each stereoisom er in order to  establish structure-activity relationships. 

B iological studies o f  G R  7 (14) and G R  24 (5) have dem onstrated that the stereoisom ers 

w ith the sam e absolute stereochem istry as in naturally  occurring strigol ( 1 ), are the m ost 

active ones. The antipodal form s are the least active. Previously, enantiopure com pounds 

o f  the strigol type have been obtained by resolution , 3 9  or by the chiral pool approach.36, 4 0  

M ore recently, alternative approaches tow ards asym m etric synthesis o f structural 

analogues have been reported.36, 41, 4 2  A  recent report describes a new  synthesis o f
37 37enantiopure stereoisom ers o f  G R  24 (5). The first approach involved the separation o f 

the racem ic tricyclic lactone (A BC-part) into its enantiom ers, follow ed by form ylation 

and coupling o f  the individual enantiom ers w ith racem ic brom olactone 19. The A B C -part
37o f  G R  24 (5) w as resolved chrom atographically using cellulose triacetate (CTA ) as the 

chiral stationary phase. This m ethod w as thus far only successful for the ABC tricyclic 

lactone o f  G R  24. A  m ore general approach m akes use o f  a hom ochiral D -ring precursor, 

nam ely 29 and ent. 29 .37, 41, 4 3  C oupling o f  racem ic tricyclic lactone 17 (after 

hydroxym ethylidenation step) w ith the hom ochiral D -ring precursor 29 led to  a m ixture
37o f  diastereom ers w hich could be separated by flash chrom atography. In the final step 

either o f  these diastereom ers w as heated in o-dichlorobenzene to  rem ove the 

cyclopentadiene protecting unit and to  give enantiom erically pure diastereom ers o f  G R

24. C oupling w ith ent. 29 led sim ilarly to  the rem aining tw o enantiopure diastereom ers o f 

G R  24. This m ethod, using 29 (or ent. 29), w as considered attractive to  prepare 

enantiopure ketone-derived stimulants.

O

17 29 ent. 29
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Compounds 12-16 contain only one stereogenic centre and, therefore, two enantiomeric 
forms of each analogue will exist. The preparation of both pure enantiomers of each of 
the compounds 12, 14 and 16 was undertaken, whereby the enantiopure compounds 30 
and ent. 30, 31 and ent. 31, and 32 and ent. 32, respectively, were obtained.

O

O,\'v

O

3G
O

31

O O

O
O

jd~O

ent. 3G 
O

ent. 31

42It should be noted that this methodology had been used successfully for the preparation 
of both enantiomers of Nijmegen-1 (24), which also only contains one stereogenic centre. 
The D-ring precursors 29 and ent. 29 were prepared following reported procedures.41, 43 
Initially attempts were made to obtain compounds 30a and ent. 30a using a one-pot 
process, whereby 1-tetralone (9) was treated with ethyl formate in the presence of 
potassium tert-butoxide and followed by addition of D-ring precursor 29. In this manner, 
compound 30a was obtained in 29 % yield (Scheme 10).

Scheme 10

O

9
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H ow ever, it w as found convenient, especially for sm all-scale syntheses, to  isolate the 

enolate interm ediate prior to  coupling since it resulted in better yields. This alternative 

procedure w as used for the preparation o f  ent. 30a. Isolated hydroxym ethylidene-1- 

tetralone (9a) (see Schem e 5) w as coupled w ith the chloro lactone ent. 29 in the presence 

o f  potassium  tert-butoxide to  give enantiom erically pure ent. 30a in 32.5 % yield 

(Schem e 11).

Scheme 11

O

9a ent. 30a

B oth com pounds have the E -geom etry  at the vinyl ether function as w as shown by 1H- 

N M R  spectroscopy (400 M Hz). This im plies that the coupling reactions proceed w ith 

com plete E-selectivity. The deprotection o f  adducts 30a and ent. 30a w as then 

investigated em ploying therm olysis in solution. Cycloreversion in o-dichlorobenzene at 

180°C o f  30a and ent. 30a successfully yielded the enantiom erically  pure 30 and ent. 30 
in 55 %  and 30 %  yield, respectively (Schem e 12). N ote that stim ulant 30 has the natural 

configuration at C -2’ o f  the D-ring.

Scheme 12

180°C
o-dichlorobenzene

O

o-di
180°C

dichlorobenzene

ent. 30a

O
O

¿ d -O (R)

30

37



Chapter 2

The coupling of hydroxymethylidene derivative 7a of 1-indanone with the chloro lactone
29 and ent. 29, respectively, were attempted in the same manner in order to prepare 
enantiopure compounds 31a and ent. 31a, (Scheme 13).

However, the coupling reaction did not proceed as expected as the chloro lactone 29 was 
recovered (97 %). The use of various solvents such as DMF, DME, tetramethylurea, the 
addition of 18-crown-6-ether, increasing the reaction temperature (up to 60°C) or 
prolonging the reaction time did not meet with success. Coupling of the potassium salt 
resulting from the treatment of 1-indanone (7) with ethyl formate in the presence of 
potassium tert-butoxide with the chloro lactone 29 in a one-pot sequence, gave the 
desired product 31a, in a low yield as was deduced by 1H-NMR spectroscopy (see 
Scheme 14).

Scheme 13
O

Scheme 14
O O

HCO2Et
KOBu‘

297

(not isolated)

The preparation of 32a and ent. 32a was investigated next (Scheme 15).
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Scheme 15

ent. 32a 
(not isolated)

The coupling reaction of the enolate derived from 11 proceeded rather fast as was 
deduced from a 1H-NMR spectroscopic analysis indicating the presence of a signal due to 
the vinylic proton at 8 7.30. The expected products 32a and ent. 32a could not be isolated 
and purified, as they were unstable towards the conditions of chromatography. Attempts 
were made to carry out the cycloreversion of the impure products 32a and ent. 32a. 
Nonetheless, this was not successful, since uncontrolled decomposition occurred and 
starting materials were also present in the product mixtures. The results presented above 
clearly show that the asymmetric synthesis of enantiopure ketone-derived stimulants did 
not meet its promise, except for 30 and 30a.
Since only small amounts of stimulants are needed for biological tests, the separation of 
enantiomers using preparative chiral HPLC, with a column of cellulose carbamate, is an 
attractive and convenient alternative, especially when the asymmetric synthesis is not 
possible or highly troublesome.

2.4 Separation of enantiomers by chiral HPLC and determination of 

enantiomeric purity
The enantiomeric purity of the compounds 30 and ent. 30 was determined by 1H-NMR 
analysis using Eu(hfc)3 as a chiral shift reagent. The spectra obtained were compared with 
those of the corresponding racemic mixtures under the same conditions. Spectroscopic 
analysis (400 MHz) of the racemic mixture 14 using the optical shift reagent revealed a 
downfield shift for all resonances, with a prominent 1:1 splitting of the signal for the
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proton at C-2’ (OCHO) at 8 6.2. The analysis of compounds 30 and ent. 30 displayed 

comparable shifts. No splitting of the signal at 8 6.2 was observed for 30 indicating an 
enantiopurity of at least 92 %, whereas for ent. 30, a signal splitting was observed 
corresponding with an estimated ee value of 64 %.
The ee’s for the compounds 30-32, which were separated into their corresponding 
enantiomers by the preparative chiral HPLC, were determined by analytical HPLC using 
a chiral column (see experimental section) as the stationary phase. The ee for all of these 
compounds were shown to be >99 %.
The racemic compounds 12, 14 and 16 were subjected to preparative chiral HPLC as an 
alternative approach to obtain the enantiomers 31 and ent. 31, 30 and ent. 30, and 32 and 
ent. 32, respectively. A variety of stationary phases were tested for this purpose. The 
enantiomers of the racemate 12 were nicely separated using a Chiralcel OD column 
(cellulose carbamate as a stationary phase). The mixture did not separate well using 
cellulose triacetate (Chiralcel OB) as the stationary phase. Racemic 16 was well separated 
into its corresponding enantiomers using the Chiralcel OD column. Racemic 12, 14 and
16 were then subjected to chromatographic separation employing a semi-preparative 
cellulose carbamate (Chiralcel OD) HPLC column to give enantiomerically pure 
compounds 31 and ent. 31, 30 and ent. 30, and 32 and ent. 32 respectively. Compound 12 
was resolved into its enantiomers using hexane/2-propanol (3:2, v/v) as the eluent, while 
compound 16 required a mixture of hexane/2-propanol (4:1, v/v). Racemic 14 separated 
well using a Chiralcel OD column with hexane/2-propanol (1:1, v/v), whilst the semi
preparative process could not separate compound 15 satisfactorily in the same manner. 
The semi-preparative method allowed the separation of up to 1 mg of the racemate in 15
45 min. in a single run. Repetitive chromatography readily afforded sufficient material 
for analysis and biological testing (ca. 5 mg).
The absolute stereochemistry of strigol analogues containing the same chromophore as 
strigol (1) or sorgolactone (2) (i.e. the a, P-unsaturated system connecting the C- and D- 
moieties), but with no other chromophoric systems, can be determined by circular 
dichroism. This approach is possible only when reference data are available, otherwise X- 
ray diffraction is necessary. The correct absolute configurations of ketone-derived strigol 
analogues 30, 31 and 32 were determined by comparison of their circular dichroism (CD) 
spectra with those of the corresponding isomers of strigol (1).44 Previously, it had been 
shown that the stereochemistry at C-2’ could be determined from the sign of the Cotton 
effect at 270 nm .44 The stereoisomer with the negative sign has the 2’(R)-configuration. 
Using this approach the absolute stereochemistry of the compounds 30-32 was 
determined.
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The respective CD spectra are depicted in the F igures 1-3. In all cases, the spectra show 

the sam e features as the corresponding stereoisom ers o f  strigol4 4  and sorgolactone . 4 5

F ig u re  1: CD spectra for the enantiom ers 30 and ent. 30

F ig u re  2: CD spectra for the enantiom ers 31 and ent. 31
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Attempts were made to assign the stereochemistry of the prepared bio-active compounds 
on the basis of their CD spectra. It should be noted that these compounds possess cyclic 
ketone rings in place of the lactonyl C-ring of the strigol molecule. It was considered 
possible that direct comparison might be complicated due to the differences of UV 
absorptions of these two functionalities (ketone vs lactone). The analysis of the CD 
spectra of the homochiral ketone-based analogues 30 -  32 at C-5’ was compared with the 
CD curves of the stereoisomers of strigol. On the basis of the previous observations (vide 
supra), the enantiomer 30 with an optical rotation of [a]D = + 24.5° was assigned an R- 

configuration, whilst its mirror image, ent. 30 with an optical rotation of [a]D = - 20.7° 

had an ¿'-configuration. The enantiomer 31 with an optical rotation of [a]D = + 53.8° was 

assigned the R-configuration, and the mirror image, ent. 31 ([a]D = -48.4°) was assigned 
an ¿-configuration. The enantiomer 32 ([a]D = +18.03°) was assigned an R-configuration 

and its mirror image, the ent. 32 (with optical rotation of [a]D = -10.75°), the S- 
configuration. It is important to note that the assignment of the absolute configuration of

3730 and ent. 30 is in accordance with the expectation basis on the synthesis using the D
ring precursors 29 and ent. 29. Therefore, there is confidence in the CD methodology in 
assigning the absolute configuration of the other stimulants 31 and 32.

2.5 Germination activity

2.5.1 Germination activity of compounds 12-16, 26 and 27
The germination stimulatory activities of the racemic ketone-based strigol analogues 12
16, and the D-ring modified derivatives 26 and 27 were assayed using seeds of S.
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hermonthica (Del.) Benth. and O. crenata Forsk. A diastereomeric mixture of GR 24 (5) 
was used in each bioassay series as a positive control. This control facilitates a 
comparison of the results obtained in different test series, which is important since the 
response of the seeds of the parasitic weeds, especially S. hermonthica, varies 
considerably from test to test. Maximal germination percentages were obtained within the 
concentration range of 1 mg/L and 0.01 mg/L. An extensive review46 of the biological 
activity of strigol and its analogues on the germination of several parasitic weed species 
indicated a comparable activity of strigol to that of GR 24 (5). Its high activity makes it a 
preferred control standard. The germination test results are shown in Table 1 for S. 
hermonthica and Table 2 for O. crenata. Bar diagrams are shown in Figures 4 and 5.

Table 1: Germination stimulatory activity of ketone-derived strigol analogues 12-16, 26 
and 27 toward the seeds of S. hermonthica

% Germination i  SE at a concentration of

Entry Ketone Analogue 1 mg/L 0.1 mg/L 0.01 mg/L

1 1-indanone 12 70.4 i  5.4 63.9 i  1.8 20.2 i  2.6

2 1-tetralone 14 66.1 i  1.6 71.6 i  4.6 44.1 i  4.6

3 GR 24 (5)b 63.9 i  2.0 nd 64.8 i  1.9

4 2 -indanone 13 46.4 ±2.0 54.9 ±3.4 32.4 ± 14.2

5 GR 24 (5)b nd 25.4 i  6.9 56.3 i  3.8

6 cyclopentanone 15 65.0 ± 5.1 39.5 ±0.4 6.6 ±2.7

7 cyclohexanone 16 40.1 i  3.6 69.5 i  3.1 42.1 i  8.6

8 GR 24 (5)b 59.1 i  10.0 nd 59.9 i  1.4

9 1-indanone 26 3.9 ± 1.6 5.5 ±0.8 10.1 ± 1.6

10 1-tetralone 27 28.3 i  1.8 8.9 i  2.3 30.1 i  4.2

11 GR 24 (5)b 4.7 i  1.6 17.2 i  6.1 23.9 i  2.2

b

Activities are indicated as germination percentages obtained after treatment of the seeds with the 
stimulant solution. Germination percentages given are means ± SE of one representative experiment. 

Values are the mean germination percentages ± SE obtained by treatment o f the seeds with GR 24 (5) in 
the same bioassay.

c No activity. Values are not significantly different from germination percentages obtained in the aqueous 
control (i.e without stimulant)

d Equimolar mixture of two racemic diastereomers o f GR 24 (5) 
Not determined (nd).

e
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All the bio-assay tests were performed relative to GR 24. The tests were done in triplicate 
and thus no statistical analysis was carried out.
All procedures for previous bio-assays were as described in this thesis, as it gives a 
reliable indication about the relative activities.

Figure 4: Bar representation of the percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of 12 and 14 with GR 
24 (5) as the control
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Figure 5: Bar representation of the percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of 15 and 16 with GR 
24 (5) as the control
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The results obtained w ith analogues 12-16, 26 and 27 for the germ ination o f  seeds o f  O. 

crenata are shown in Table 2 and as a bar presentation in Figures 6  and 7.

T ab le  2: G erm ination stim ulatory activity o f  ketone-derived strigol analogues 12, 14-16 

tow ard the seeds o f  O. crenata and 13, 26 and 27 tow ard the seeds o f  O. 

cernua

%  G erm ination ± SE at a concentration o f

Entry K etone A nalogue 1 m g/L 0.1 m g/L 0.01 m g/L

1 1 -indanone 1 2 59.6 ± 4.1 52.5 ± 4.1 23.5 ± 2.6

2 1 -tetralone 14 54.4 ± 3.5 51.8 ± 3.4 32.1 ± 2.1

3 G R  24 (5)b 57.5 ± 3.6 nd 39.7 ± 3.2

4 2 -indanone 13 81.0 ± 3.7 21.5 ± 1.3 0.0 ± 0 .0 C

5 G R  24 (5)b nd 94.8 ± 1.2 84.5 ± 4.4

6 Cyclopentanone 15 3.3 ± 0 .6 C 2.2 ± 0.3° 0 . 6  ± 0 .6 °

7 Cyclohexanone 16 11.8 ± 3.4 5.6 ± 0.6c 9.5 ± 4.0

8 G R  24 (5)b 36.3 ± 0.3 nd 14.3 ± 5.6

9 1 -indanone 26 0.0 ± 0 .0 C 0.0 ± 0 .0 C 0.4 ± 0.4°

1 0 1 -tetralone 27 0 . 0  ± 0 .0 c 0 . 0  ± 0 .0 c 0.9 ± 0.9c

1 1 G R  24 (5)b 43.7 ± 23.0 92.8 ± 3.5 79.3 ± 0.6

Activities are indicated as germination percentages obtained after treatment of the seeds with the 

stimulant solution. Germination percentages given are means ± SE of one representative experiment. 

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (5) 

in the same bioassay.

No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control (i.e without stimulant)

Equimolar mixture of two racemic diastereomers of GR 24 (5)

Not determined (nd).

a

b

c

d

e
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Figure 6 : Bar representation of the percentages of the germinated seeds of O. crenata 
after exposure to various concentrations of 12 and 14 with GR 24 (5) as the 
positive control
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Figure 7: Bar representation of the percentages of the germinated seeds of O. crenata 
after exposure to various concentrations of 15 and 16 with GR 24 (5) as a 
positive control
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The results above show that analogues 12 and 14 have a high stimulatory effect on the 
germination of O. crenata seeds, at nearly all concentrations. Compound 13 has a high 
activity at a concentration of 1 mg/L. It can be concluded that analogues 12 and 14 have
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highest biological activity and are comparable to GR 24 (5). Compounds 15 
(cyclopentanone-derived) and 16 (cyclohexanone-derived) are less active with O. crenata 
seeds than in the case of Striga seeds. Analogues 26 and 27 are inactive on O. cernua.

2.5.2 Germination activity of enantiopure stimulants 30-32
The bio-activity of the single enantiomers 30 and ent. 30, 31 and ent. 31 and 32 and ent. 
32 were assayed in a similar manner using GR 24 (5) as a standard positive control. Data 
are collected in Tables 3 and 4 and presented as bar diagrams in Figures 8 and 9.

Table 3: Germination stimulatory activity of strigol analogues 30-32 toward seeds of S. 
hermonthica

% Germination ± SE at a concentration of
Entry Compound Configuration 1 mg/L 0.1 mg/L 0.01 mg/L 0.001mg/L
1 30 R 0 .0±0 .0c 33.9±5.4 56.8±3.4 nd
2 Ent. 30 S 0 .0±0 .0c 19.6±0.8 43.2±11.6 nd
3 31 R 0 .0±0 .0c 25.2±1.5 59.4±2.4 nd
4 Ent. 31 S 0 .0±0 .0c 22.2±5.0 21.7±6.1 nd
5 32 R 6.0±1.7c 57.2±2.1 60.9±2.2 nd
6 Ent. 32 S 1.2±0 .8c 21.7±3.4 10.2±1.5 nd
7 5d diastereomer nd 43.0±3.3 50.8±2.3 54.8±1.3
8 control 1.4±1.0

Activities are indicated as germination percentages obtained after treatment of the seeds with

the stimulant solution. Germination percentages given are the means ± SE of one representative 

experiment.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (5) 

(0.1, 0.01 and 0.001 mg/L respectively) in the same bioassay.

No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control (i.e. without stimulant)

Equimolar mixture of two racemic diastereomers of GR 24 (5)

Not determined (nd).

a

b

c

d

e
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Figure 8 : Bar representation of the percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of enantiopure 
analogues 30-32 and GR 24 (5) as a positive control

01  mg/L 
■  0.1 mg/L 
H0.01 mg/L
■  0.001 mg/L

The data clearly reveal that there is a significant difference in the stimulatory effect 
between the two enantiomers of each of the compounds tested. The stereoisomers 30 and
31 exhibited high biological activity when tested against the seeds of S. hermonthica at 
lower concentration (0.01 mg/L). It is noteworthy that also 32 had strikingly high 
stimulatory activity towards Striga hermonthica seeds at concentration ranges of 0.1 
mg/L and 0.01 mg/L, respectively. It should also be noted that in some cases, a 
significant germination activity was displayed by both enantiomers (e.g. 30 and ent. 30 at
0.01 mg/L).

The stereoisomers 30-32 were tested using seeds of Orobanche cernua. The single 
stereoisomers 30 and 31 exhibit a consistently high biological activity at an optimal 
concentration of 0.1 mg/L. Stereoisomer 30 also showed a high activity at a lower 
concentration (0.01 mg/L). Isomers ent. 30 and ent. 31 were completely inactive over the 
whole concentration range. Analogue 32 exhibited a fairly good biological activity at 
higher concentrations (1 mg/L), but a rather low activity at a concentration of 0.1 mg/L, 
and practically no activity at a concentration of 0.01 mg/L. It was relevant to note that 
enantiomers 30-32, which were assigned the R-configuration, were more active in 
inducing germination than the corresponding antipodes ent. 30-32. This observation is in 
accordance with a previous study44 that claims that the stereoisomer with the natural 
absolute stereochemistry (2 ’R) is considerably more active than its optical antipode.
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Table 4: Germination stimulatory activity of enantiopure ketone-derived strigol 
analogue isomers 30-32 towards seeds of O. cernua

Entry Compound
% Germination ± SE at a concentration of 

Configuration 1 mg/L 0.1 mg/L 0.01 mg/L 0.001mg/L
1 30 R 2.9±1.2c 92.8±1.0 66.5±2.2 nd
2 Ent. 30 S 6.3±3.3 10.9±2.9 0 .0±0 .0c nd
3 31 R 1.4±0.7c 88.3±3.0 25.5±1.4 nd
4 Ent. 31 S 0 .0±0 .0c 1.2±0 .8c 9.1±8.4 nd
5 32 R 63.0±3.7 39.1±1.4 0.5±0.3c nd
6 Ent. 32 S 0 .0±0.0 c 0 .0±0 .0c 0 .0±0 .0c nd
7 5d diastereomer nd 94.9±1.0 74.0±2.9 23.7±2.5
8 control 0 .0±0 .0c

Activities are indicated as germination percentages obtained after treatment of the seeds with the 

stimulant solution. Germination percentages given are means ± SE of one representative experiment. 

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (5) 

(1 and 0.01 mg/L respectively) in the same bioassay.

No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control (i.e. without stimulant)

Equimolar mixture of two racemic diastereomers of GR 24 (5)

Not determined (nd).

Figure 9: Bar representation of the percentages of the germinated seeds of O. cernua 
after exposure to various concentrations of enantiopure analogues 30-32 and 
with GR 24 (5) as a positive control
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In regard to this finding, it is reasonable to suggest that the induction of germination by 
strigol and its analogues on the parasitic weed seeds probably proceeds via a receptor, 
which is very susceptible for the stereochemistry. The effect of most germination 
stimulants on the seeds is regarded as a consequence of physicochemical interactions 
between the germination stimulants and certain functionality within the seed (receptor

47sites). It is known that the strength of biological response elicited by a bio-active 
compound is dose dependent for most drugs and, therefore, considered to be related to the 
drug concentration in the direct environment of a receptor. This may also be the case with 
germination stimulants.

37Previous studies on the stimulatory effect of stereoisomers of GR 24 (5) concluded that 
it is not practical to attribute the configuration of one particular stereogenic centre as that 
solely responsible for the biological activity, whilst disregarding the entire, three 
dimensional structure. In this regard, it is shown that enantiopure analogues 30-32 simple 
as they are, are more active than their optical antipodes (with the S-configuration). These 
enantiopure analogues 30-32 possess the natural configuration (2’R) for strigolactones 
and thought to be the most active one.

2.6 Concluding Remarks
The results described in this chapter demonstrate that the ketone-derived strigol 
analogues 12-16 can be prepared from the corresponding ketones by a simple 
hydroxymethylidenation reaction followed by a reaction with chlorobutenolide 18. An 
exception is 2-indanone where mono-hydroxymethylidenation was not feasible. All 
newly prepared analogues 12-16 are fairly potent germination stimulants for seeds of the 
parasitic weeds S. hermonthica and O . crenata. The best activity performance is observed 
for the analogues derived from 1-tetralone, immediately followed by the 1-indanone 
analogue and that derived from cyclohexanone. However, the last mentioned one is less 
active toward seeds of Orobanche and 1-indanone is about five times as expensive as 
starting material, therefore, further elaboration of the tetralone analogue is most 
attractive. This analogue can be prepared on multigram scale in a rather simple process. It

30should be mentioned that the newly developed Pd-mediated coupling is worth 
considering in the optimization of the synthesis. For application of this stimulant in the 
field to reduce the seed banks of the parasitic weeds using the concept of suicidal 
germination, it is necessary to formulate the stimulant in an appropriate manner with a 
suitable emulsifying agent. Experiments in this direction are currently under 
investigation, using Nijmegen-1 as the model compound.
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It is of interest to compare the bio-activity of these ketone-derived stimulants with that of 
structurally related compounds, namely the lactone and lactam derived analogues 33-36.

O

O

O

35

O

O

O

U - O

36

Compound 33 (GR 5) has an appreciable activity, and that of 34 is considerably lower 
(see Chapter 1). These structures are bio-isosteric with cyclopentanone and 
cyclohexanone analogues 15 and 16, respectively. In this case, isosteric replacement of 
carbon for oxygen only has a relative effect on the bio-activity. However, in contrast 
analogues 35 and 36 are completely inactive, thus here the isosteric replacement of 
carbon for oxygen has a tremendous effect. It may be speculated that in the molecular 
mechanism (Scheme 1) the addition-elimination reaction takes a deviant course, namely 
that the elimination reaction does not lead to elimination of the D-ring but instead gives a 
ketene by cleavage of the C-O bond leading to a phenolate or aniline derivative. Such a 
deviant course is only possible for a lactone (lactam) with an annelated aromatic ring 
(Scheme 16).
Modification of the analogues derived from 1-indanone and 1-tetralone by introduction of 
an extra methyl group in the D-ring did not lead to the expected higher bio-activity, to the 
contrary, a loss in activity was observed.
Enantiopure single stereoisomers could be prepared by an asymmetric synthesis for the 
tetralone derived analogue. However, a preparative chiral HPLC separation of
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enantiomeric analogues was more convenient to obtain sufficient enantiopure material for 
the bio-evaluation.

2.7 Experimental Section 

2.7.1 General Procedures
The general conditions described here are applicable to all subsequent chapters.

IR spectra were recorded using a Perkin-Elmer 298 infrared spectrophotometer and a
Bio-Rad FTS-25 instrument. 1H-NMR spectra were recorded on a Bruker AC 100 
spectrometer (100 MHz), AC 300 (300 MHz), and a Bruker AM-400 (400 MHz), 
respectively, using Me4 Si (TMS) as the internal standard. 13C-NMR were recorded on a 
Bruker AC 300 (operating at 75 MHz) and AM 400 (operating at 100 MHz) 
spectrometers with CDCl3 (77.0 ppm), acetone-d6 (29.206 and 206 ppm) as standards. 
Optical rotations were measured using a Perkin-Elmer automatic polarimeter, model 241 
in the solvents indicated. Melting points were determined with a Reichert Thermopan 
microscope and are uncorrected. Elemental analyses were conducted on a Carlo-Erba 
instruments CHNSO EA 1108 elemental analyzer. Mass spectra were recorded using a 
double focussing VG 7070E mass spectrometer in the mode indicated, or a Varian Saturn 
2 GC-MS ion-trap system. GC-MS separations were carried out on a fused-silica 
capillary column (DB-5, 30 m x 0.25 mm) and helium was used as the carrier gas. GLC 
was conducted with a Hewlet-Packard HP 5890 gas chromatograph using a capillary 
column (25 m) HP-1 with nitrogen (2 ml/min, 0.5 atm) as the carrier gas. Thin layer 
chromatography (TLC) was carried out on Merck pre-coated silica gel 60 F254 plates 
(0.25 mm) using the eluents indicated. Spots were visualized using a UV lamp, or with a 
potassium dichromate spray (prepared from 7.5 g of K2Cr2O7 in 250 mL H2O containing
12.5 mL 1M H2SO4) followed by heating at 140°C. Column chromatography was 
performed on silica gel (Kieselgel, Merck) using eluents indicated. All solvents were 
dried under standard conditions. Preparative HPLC separation of racemates was carried 
out on a semi-preparative Chiralcel OD (10 |im) cellulose carbamate column (Daicel 
Chemical Industries Ltd., 1 x 25 cm) using mixtures of hexane and 2-propanol as eluents. 
Products were detected using a Merck-Hitachi L-4000 UV detector. Enantiomeric purities

Scheme 16
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and ee’s were determined by HPLC analysis using a Spectra Physics SP8700 HPLC 
apparatus with a Chiralcel OD (10 |im) cellulose carbamate column (Baker, 250 X 4.6 
mm) and an LKB 2138 Uvicord S UV/VIS detector at 254 nm. CD spectra were recorded 
using a Jasco J600 spectrophotometer.

Nomenclature
In the experimental section, IUPAC nomenclature has been used for all compounds. The 
systematic names were generated using the ACD/ Name programme provided by 
Advanced Chemistry Development Inc. (Toronto, Canada).
The halo butenolides 18 and 28 were prepared by previously described3, 16, 48-52 
procedures.

2-\(Z)-1-Hydroxymethylidene\-1-indanone (7a)
A solution of 1-indanone (7) (2.0 g, 150 mmol) in dry THF (50 mL) was added dropwise 
to a stirred, cooled (-10°C) suspension of potassium tert-butoxide (2.2 g, 20 mmol) in 
ethyl formate (10 mL, 125 mmol) and dry THF (20 mL), while maintained under 
nitrogen, and then set aside at room temperature for 2.5 h (with monitoring by GLC and 
TLC). The mixture was evaporated in vacuo and the residue was dissolved in a mixture 
of water (20 mL) and dichloromethane (20 mL). The mixture was acidified by addition of 
an aqueous solution of potassium hydrogen sulphate, then extracted with 
dichloromethane (3 x 10 mL). The combined organic layers were dried (MgSO4), 
filtered, and concentrated in vacuo. Unreacted starting materials were then removed by 
triturating the crude product with small amounts of cold ether (3 x 20 mL). The desired 
hydroxymethylidenated compound 7a was obtained as yellow crystals, 2.16 g, (89 %) 
which were sufficiently pure for further use. A sample was recrystallized (hexane), m.p. 
108-110°C; 1H-NMR (CDCl3, 100 MHz) 5 3.62 (s, 2H, -CH2-), 7.43- 7.67 (m, 4H, ArH 
+ =CHO), 11.10 (broad, s, 1H, CHO); Anal. Calc. for C 10H8O2: C, 74.99; H, 5.03. 
Found: C, 75.19; H, 4.94 %.

2-\(Z)-1-Hydroxymethylidene\-1,2,3,4-tetrahydro-1-naphthalenone (9a)
A solution of 1-tetralone (9) (2.2 g, 150 mmol) in dry THF (50 mL) was added dropwise 
to a stirred, cooled (-10°C) suspension of potassium tert-butoxide (2.3 g, 20 mmol) in 
ethyl formate (9.3 g, 125 mmol) and dry THF (30 mL) while maintained under nitrogen. 
The mixture was then processed as described above and the crude product was purified 
by column chromatography (EtO Ac/hexane, 1:1, v/v) to give 9a as pure brownish oil,
2.34 g, (84 %). 1H-NMR (CDCl3, 100 MHz) 5: 2.56 (m, 2H, -CH2CH2-), 2.91 (m, 2H, - 
CH2CH2-), 7.18- 8.25 (m, 4H, ArH + =CHO), 14.61 (d, 1H, J = 6 .6 , OH).

3-Methyl-5-\(1-oxo-2,3-dihydro-1H-2-indenyliden)methoxy\-2(5H)-furanone (12)
Method A
A solution of 1-indanone (7) (500 mg, 3.8 mmol) in dry THF (23 mL) was added 
dropwise to a stirred, cooled mixture of potassium tert-butoxide (468 mg, 4.2 mmol) and 
ethyl formate (2.52 g, 2.8 mL, 34.1 mmol) in dry THF (4 mL) at -60°C while maintained 
under nitrogen. The reaction mixture was then allowed to warm to room temperature and 
set aside for an additional 4 h after which it was concentrated in vacuo.
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A stirred, cooled (-60°C) solution of the resultant material in anhydrous DMF (23 mL), 
while maintained under nitrogen, was treated dropwise with a solution of compound 18 
(550 mg, 4.2 mmol) in anhydrous DMF (4 mL) over 0.5 h. The mixture was set aside at 
room temperature until analysis (TLC) indicated the total consumption of 
chlorobutenolide 18 (18 h), whereon acetic acid (0.5 mL) was added and the mixture 
concentrated in vacuo. The residue was dissolved in a mixture of water (10 mL) and ethyl 
acetate (15 mL), and the separated aqueous layer extracted with ethyl acetate (2 x 10 
mL). The combined organic extracts were washed with saturated aqueous NaHCO3 , 
water, dried (MgSO4), and then concentrated in vacuo. The resultant yellowish oil was

crystallized from di-isopropyl ether to give 12 (374.3 mg, 37 %), m.p. 99-101°C; 1H- 
NMR (CDCl3, 400 MHz): 5 2.04 (s, 3H, CH3), 3.67 (s, 2H, CH2), 6.21 (s, 1H, OCHO), 
6.97 (s, 1H, CH=C(CH3)-), 7.37-7.83 (m, 5H, 4ArH + =CHO). IR (KBr) v: 1780 (C=O, 
furanone), 1708 (C=O, ketone), 1657 (C=C, enol ether). MS (EI, m/z, rel. int. (%): 256 
(\M\+, 7.73), 227 (\C14Hn O3\+, 2.11), 160 (\C10H8O2 \+, 8.44), 131 (\C9H7O\+, 
7.74), 97 (\C5H5O2\+, 100). Anal. Calc. for C15H 12O4: C, 70.31; H, 4.72. Found: C, 
70.14; H, 4.75 %.
Method B
A stirred solution of 1-indanone (7) (300.0 mg, 2.27 mmol) in methyl formate (10 mL) 
was treated with small pieces of metallic sodium (57.4 mg, 2.50 mmol) under nitrogen at 
room temperature. The progress of the reaction was monitored by TLC. When all of 
compound 7 had reacted (after 2 h) methyl formate was removed in vacuo, anhydrous 
DMF (10 mL) was added to the residue, cooled (-60°C) and the resulting mixture treated 
dropwise with the solution of the chlorobutenolide 18 (311.0 mg, 2.35 mmol) in 
anhydrous DMF (5 mL). The mixture was allowed to attain room temperature and then 
set aside overnight. The mixture was processed in the same manner as described above. 
The resultant crude product was purified by column chromatography (hexane/ethyl 
acetate 2:1, v/v) to give pure 12 (304.3 mg, 52 %), m.p. 98-100°C.

3-Methyl-5-\(2-oxo-2,3-dihydro-1H-1-indenyliden)methoxy\-2(5H)-furanone (13)
A solution of hydroxymethylene-2-indanone 23 (1.58 g, 9.85 mmol) in DMF (10 mL) 
was added to a stirred, cooled (-40°C) suspension of potassium tert-butoxide (1.11 g, 
9.85 mmol) in anhydrous DMF (40 mL) maintained under nitrogen. The mixture was 
stirred for 15 min whereon it was cooled to -70°C and a solution of the chlorobutenolide 
18 (1.51 g, 9.85 mmol) in anhydrous DMF (10 mL) was added dropwise. The reaction 
mixture was then allowed to attain room temperature, set aside for 24 h, and then treated 
with a mixture of water (60 mL) and dichloromethane (30 mL). The separated aqueous 
layer was extracted with dichloromethane (2 x 20 mL). The combined organic layers 
were washed with water, dried (MgSO4) and then concentrated in vacuo. The resultant 
material was subjected to column chromatography (hexane/ ethyl acetate, 1:1, v/v) to 
afford compound 13 as a pure yellowish oil, 260.4 mg (10.3 %). Attempts to crystallize
this material were unsuccessful. 1H-NMR (CDCl3 , 100 MHz): 5 7.71-7.03 (m, 6H, ArH 
+ =CHO + =CH), 6.27 (s, 1H, OCHO), 3.52 (s, 2H, -CH2), 2.06 (s, 3H, CH3). MS \EI 
m/z, rel. intensity (%)\: 257 (\M+1\+, 8 .8); 229 (\M+-28/CO\, \C14H12O3f ,  20.2); 211 
(\M+-46/H 2O-CO\, \C14H11O2f ,  100.0); 159 (\M+-97\, \C10H7O2f ,  30.9); 160 (\M+-97\,
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[CioH7Ü2]+, 12.0); 97 ([M+-159], [C6H7Ü2]+, 10.3); HRMS/EI: m/z calc. for C15H12O4: 
256.0736. Found: 256.07391.

3-Methyl-5-[(1-oxo-1,2,3,4-tetrahydro-2-naphthalenyliden)methoxy]-2(5H)-furanone
(14)
A solution of 1-tetralone (9) (500 mg, 3.4 mmol) in dry THF (20 mL) was added to a 
stirred mixture of potassium tert-butoxide (420 mg, 3.8 mmol) and ethyl formate (2.28 g,
2.5 mL) and then treated with the chlorobutenolide 18, (498 mg, 3.8 mmol) in the manner 
described above to give pure 14 (di-isopropyl ether), (310.4 mg, 34 %), m.p. 122-124°C; 
1H-NMR (CDC13, 400 MHz): Ô 2.02 (s, 3H, CH3), 2.80 (m, 4H, 2 x CH2), 6.20 (s, 1H, 
OCHO), 6.95 (s, 1H, CH=C(CH3)-), 7.33 (t, 1H, J =7.5, =C0H), 7.22-8.06 (m, 4H, 
ArH); IR (KBr) v: 1780 (C=O, furanone), 1680 (C=O, ketone), 1620 (C=C, enol ether); 
MS (EI, m/z, rel. int. (%): 270 ([M]+, 6.08), 242 ([C15H 140 3]+, 28.59), 174

([C11H1o02]+, 13.14), 97 [C5H5Ü2 ]+, 100), 69 ([C4H5Ü]+, 24.59), 41 ([C3H5]+, 
45.84); Anal. calc. for C 16H 140 4: C, 71.10; H, 5.22. Found: C, 71.06; H, 5.13 %.

3-Methyl-5-[(2-oxocyclopentyliden)methoxy]-2(5H)-furanone (15)
Cyclopentanone (10) (229.1 mg, 2.72 mmol) was added to a stirred, cooled (-70°C) 
mixture of ethyl formate (1.811 g, 2.0 mL, 24.48 mmol) and potassium tert-butoxide 
(293.8 mg, 2.62 mmol). Then the mixture was set aside overnight at room temperature. 
The mixture was treated with the chlorobutenolide 18 (400 mg, 3.0 mmol) and processed 
as described above. The resultant product was purified by column chromatography 
(hexane/EtOAc, 2:1, v/v) followed by crystallization (di-isopropyl ether) to give 15 as 
pure white crystals, 89 mg (16 %), m.p. 85-86°C; 1H-NMR (CDCI3 , 400 MHz): 5 1.95 
(quintet, 2H, CH2-), 2.01 (s, 3H, CH3), 2.32 (m, 2H, CH2-), 2.60 (m, 2H, CH2-), 6.12 (s,
1H, OCHO), 6.91 (s, 1H, CH=C(CH3)-), 7.34 (t, 1H, J=2.5 Hz, =C0H); IR (KBr) v: 

1780 (C=O, furanone), 1700 (C=O, ketone), 1635 (C=C, enol ether) cm-1; GC-MS (EI, 
m/z, rel. int. (%): 209 (M++1, 1.88), 97 ([C5H50 2]+, 100), 69 ([C4H50]+, 13.46); Anal. 
calc. for C11H 120 4: C, 63.45; H, 5.81. Found: C, 63.42; H, 5.81 %.

3-Methyl-5-[(2-oxocyclohexyliden)methoxy]-2(5H)-furanone (16)
A solution of cyclohexanone (11) (500 mg, 5.1 mmol) and ethyl formate (3.4 g, 3.7 mL,
45.8 mmol) in dry DME (20 mL) was added dropwise to a stirred, cooled (-70°C) 
suspension of potassium tert-butoxide (630 mg, 5.61 mmol) in dry DME (5 mL) while 
maintained under nitrogen. The mixture was set aside overnight at room temperature, and 
then cooled to -70°C, and treated dropwise with a solution of the chlorobutenolide 18, 
(740 mg, 5.61 mmol) in dry DME (6 mL). The mixture was allowed to attain room 
temperature, set aside until all of compound 18 had been consumed (TLC) and then 
concentrated in vacuo. The residue was treated with a mixture of water (15 mL) and 
dichloromethane (15 mL), the separated aqueous layer extracted with dichloromethane (2 
x 10 mL) and the combined organic layers were washed with water, dried (MgSO4) and 
then concentrated in vacuo. The residue was recrystallized from di-isopropyl ether to 
afford 16 as white crystals, 328.9 mg (29 %), m.p. 80-82°C; 1H-NMR (CDCI3 , 400
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MHz): S 1.68 (m, 2H, CH2-), 1.81 (quintet, 2H, CH2-), 2.00 (s, 3H, CH3), 2.44 (m, 4H, - 
CH2-), 6.12 (s, 1H, OCHO), 6.91 (s, 1H, -CH=C(CH3)-), 7.38 (t, 1H, J = 2.0, =COH); IR 
(KBr) v: 1780 (C=O, furanone), 1670 (C=O, ketone), 1590 (C=C, enol ether); GC-MS 
(EI, m/z, rel. int. (%): 223 (M++1, 4.43), 97 (\C5H5O2\+, 100), 69 (\C4H5O\+, 13.21),

41 (\C3H5\+, 39.88); Anal. calc. for C 12H 14O4: C, 64.85; H, 6.35. Found: C, 64.91; H, 
6.35.

3.4-Dimethyl-5-\(1-oxo-2,3-dihydro-1H-2-indenyliden)methoxy\-2(5H)-furanone ( i6) 
Method A
Potassium tert-butoxide (213.1 mg, 2.06 mmol) was added to a stirred, cooled (0°C) 
solution of hydroxymethylidene-l-indanone Ta (300.0 mg, 1.88 mmol) in DMF (10 mL), 
while maintained under nitrogen. The mixture was allowed to attain room temperature 
gradually and stirred for 0.5 h. The mixture was then cooled (-40°C), treated dropwise 
with a solution of the chlorobutenolide iS  (302.1 mg, 2.28 mmol) in anhydrous DMF (5 
mL), set aside at room temperature for about 65 h, and then processed in the manner 
described above. Compound i 6 , (112.6 mg, 22 %), m.p. l62-l66°C was obtained on
trituration of the resultant residue with a mixture of heptane-ethyl acetate (1:1, v/v); 1H- 
NMR (CDCl3, 300 MHz): S 7.70-7.44 (m, 5H, ArH + =CHO), 6.13 (s, 1H, OCHO), 3.70 
(s, 2H, -CH2), 2.11 (s, 3H, CH3), 1.87 (s, 3H, CH3). MS \EI m/z, rel. intensity (%)\: 271 
(\M+l\+, 6.3); 270 (\M\+, 31.4); 253 (\M+-l8/H 2O\, \C16H12O3f ,  1.3); 252 (\M+-l8/H 
2O\, \Cl6Hl2O3\+, 9.0); 159 (\M +-lll\, \C10H7O2f ,  6.1); 111 (\M+-l59\, ^ H y O ^ ,  100); 
HRMS/EI: m/z cal. for C16H14O4: 270.0892. Found: 270.08930.
Method B
Small pieces of metallic sodium (52.7 mg, 2.29 mmol) were added gradually to a stirred 
solution of 1-indanone (T) (300.0 mg, 2.27 mmol) in methyl formate (10 mL) at room 
temperature while maintained under nitrogen. The mixture was stirred for a further 2 h, 
and then concentrated in vacuo. The resultant residue was dissolved in anhydrous DMF 
(10 mL), cooled (-40°C) then treated dropwise with a solution of the chlorobutenolide iS 
(332.5 mg, 2.27 mmol) in anhydrous DMF (5 mL) and processed in the manner described 
above. The resultant crude product was subjected to column chromatography (heptane/ 
ethyl acetate, 1:1, v/v) to afford the desired compound i 6 as a solid, 536.3 mg (87.4 %). 
Recrystallization from di-isopropyl ether gave colourless needles, 101.3 mg, m.p. 162- 
166°C with spectroscopic data the same as those reported above.

3.4-Dimethyl-5-\(1-oxo-1,2,3,4-tetrahydro-2-naphthalenyliden)methoxy\-2(5H)-furanone 
(iT)
Small pieces of metallic sodium (51.9 mg, 2.26 mmol) were added gradually to a stirred 
solution of 1-tetralone (9) (300.0 mg, 2.05 mmol) in methyl formate (10 mL) at room 
temperature while maintained under nitrogen. The mixture was stirred for 5 h, 
concentrated in vacuo, the resulting residue dissolved in anhydrous DMF (10 mL), cooled 
(-60°C), treated dropwise with a solution of the chlorobutenolide iS  (300.9 mg, 2.05 
mmol) in anhydrous DMF (5 mL) and then processed in the manner described above. The 
crude material was subjected to column chromatography (heptane/ ethyl acetate 1:1, v/v) 
to afford compound iT as a yellowish oil product (395.2 mg, 67.7 %). Crystallization
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from di-isopropyl ether gave white crystals, 45.1 mg (24.9 %), m.p. l32-l36°C; 1H- 
NMR (CDCl3, 300 MHz): S 10.1, 7.35 (m, 5H, Ar + =CHO), 6.18 (s, 1H, OCHO), 2.88
2.69 (m, 4H, 2 x CH2), 2.32 (s, 3H, CH3), 1.88 (s, 3H, CH3). MS \EI m/z, rel. intensity 
(%)\: 285 (\M+l\+, 5.6); 284 (\M\+, 23.8); 266 (\M+-l8/H 2O\, \C17H14O3f ,  1.3); 257 
(\M+-28/CO\, \Cl6Hl6O3\+, 4.7); 256 (\M+-28/CO\, \Ci6Hi6O3\+, 24.6); 173 (\M +-lll\, 
\CllH9O2\+, 15.7); 111 (\M+-l73\, \C6H7O2\+, 100); Anal. calc. for C17H16O4: C, 71.82;
H, 5.67. Found: C, 72.04; H, 5.52 %.

(1S,2S,5R,6R,7S)-2-Methyl-5-\(1-oxo-1,2,3,4-tetrahydro-2-naphthalenyliden)methoxy\-4- 
oxatricyclo\5.2.1.02,6 \ dec-8-en-3-one (3Oa)
A mixture of 1-tetralone (9) (200 mg, 1.37 mmol) and ethyl formate (913 mg, 1 mL,
12.34 mmol) in anhydrous THF (5 mL) was added dropwise to a stirred, cooled (-70°C) 
suspension of potassium tert-butoxide (168.9 mg, 1.51 mmol) in anhydrous THF (3 mL), 
while maintained under nitrogen, and then left to stand at room temperature for 4 h with 
monitoring by GLC and TLC. The mixture was concentrated in vacuo and the potassium 
salt obtained was dissolved in an anhydrous DMF (5 mL), treated dropwise with a 
solution of the exo-5(S)-chloro-lactone i9 41, 43 (272.6 mg, 1.37 mmol) in anhydrous DMF 
(6 mL), and then stirred at room temperature for 2 days. The mixture was treated with 
acetic acid (0.5 mL), concentrated in vacuo and the residue dissolved in a mixture of 
water (15 mL) and ethyl acetate (10 mL). The organic layer was separated and the 
aqueous layer was extracted with ethyl acetate (2 x 20 mL). The combined organic layers 
were washed with saturated aqueous NaHCO3 , water, dried (MgSO4), filtered, and 
concentrated in vacuo. Column chromatography (hexane/ethyl acetate 3:1, v/v) of the 
resultant material afforded a yellowish solid which was recrystallized (hexane-ethyl 
acetate) to give pure 3Oa as white crystals (133.4 mg, 29 %), m.p. l45-l48°C; \a\D -

76.43° (c 0.099, CHCl3); 1H-NMR (CDCl3 400 MHz): S 1.59 (s, 3H) 1.72 (s, 2H), 2.80 
(m, 6H), 3.22 (m, 1H), 5.27 (s, 1H, OCHO), 6.26 (m, 2H, CH=CH), 7.57 (s, 1H, =CHO), 
7.21-8.05 (m, 4H, ArH); Anal. Calc. for C21H20O4: C, 74.98; H, 5.99. Found: C, 74.93,
H, 5.84 %.

(1R,2R,5S, 6S, 7R)-2-Methyl-5-\(1-oxo-1,2,3,4-tetrahydro-2-naphthalenyliden)methoxy\-4- 
oxatricyclo\5.2.1.02,6 \ dec-8-en-3-one (ent. 3Oa)
Potassium tert-butoxide (141.9 mg, 1.26 mmol) was added to a stirred solution of 9a (200 
mg, 1.15 mmol) in anhydrous DMF (8 mL) maintained under nitrogen, and after ca. 15 
min a solution of exo-5(R)-chlorolactone ent. i9 41, 43 (228.3 mg, 1.15 mmol) in anhydrous 
DMF (6 mL) was added dropwise. The mixture was set aside for 4 days and then 
processed as described above to afford pure ent. 3Oa as yellowish crystals (125.4 mg,
32.5 %, m.p. l56-l59°C, \a\D +102.6° (c, 0.101, CHCl3); 1H-NMR (CDCl3, 400 MHz):
S 1.59 (s, 3H, CH3) 1.72 (s, 2H), 2.80 (m, 6H), 3.22 (m, 1H), 5.27 (s, 1H, OCHO), 6.26 
(m, 2H, CH=CH), 7.57 (s, 1H, =CHO), 7.21-8.05 (m, 4H, ArH); Anal. calc. for 
C21H20O4: C, 74.98; H, 5.99. Found: C, 74.86, H, 5.88 %.
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Cycloreversion of adduct 30a: (5R)-3-Methyl-5-\(1-oxo-1,2,3,4-tetrahydro-2- 
naphthalenyliden)methoxy)\-2(5H)-furanone (30)
A solution of the enantiopure cycloadduct 30a (30.7 mg, 0.091 mmol) in o- 
dichlorobenzene (20 mL) was heated at 180°C for 11 h. The solvent was removed in 
vacuo and the residue purified by column chromatography (hexane/ethyl acetate, 2 :1, v/v) 
to give 30 (13.3 mg, 55 %), \a\D +4.36° (c, 0.067, CHCl3); 1H-NMR (CDCl3, 400 
MHz): 5 2.02 (s, 3H, CH3), 2.80 (m, 4H, 2 x CH2), 6.20 (s, 1H, OCHO), 6.95 (s, 1H, 
CH=C(CH3), 7.22-8.06 (m, 5H, ArH + =CHO); IR (Neat) v: 1780 (C=O, furanone), 1680

(C=O, ketone), 1620 (C=C, enol ether) cm-1, together with some starting material 30a 
(8.5 mg) and a decomposition product which was not identified.

Cycloreversion of adduct ent. 30a: (5S)-3-methyl-5-\(1-oxo-1,2,3,4-tetrahydro-2- 
naphthalenyliden)methoxy)-2(5H)-furanone (ent. 30)
A solution of the enantiopure cycloadduct ent. 30a (105.2 mg, 0.313 mmol) in o- 
dichlorobenzene (40 mL) was heated at 180°C for 15 h, work-up in the manner described 
above gave ent. 30 (24.8 mg, 30 %), \a\D = -12.88° (c, 0.023, CHCl3); 1H-NMR 
(CDCl3, 400 MHz): 5 2.02 (s, 3H, CH3), 2.80 (m, 4H, 2 x CH2), 6.20 (s, 1H, OCHO), 
6.95 (s, 1H, CH=C(CH3)-), (7.22-8.06 (m, 5H, ArH+ =CHO); IR (Neat) v: 1780 (C=O,

furanone), 1680 (C=O, ketone), 1620 (C=C, enol ether) cm-1, some starting material ent. 
30a (21.7 mg) and an unidentified decomposition product were also obtained.

(1S,2S,5R,6R,7S)-2-Methyl-5-\(2-oxocyclohexyliden)methoxy\-4-oxatricyclo\5.2.1.02,6\ 
dec-8-en-3-one (32a)
A stirred solution of 11a (168.7 mg, 1.34 mmol) in anhydrous DMF (5 mL), while 
maintained under nitrogen, was treated with potassium tert-butoxide (165.3mg, 1.47 
mmol) and after ca. 15 min treated dropwise with a solution of exo-(5R)-chlorolactone 
ent. 2941, 43 (265.8 mg, 1.34 mmol) in anhydrous DMF (4 mL). The thus obtained mixture 
was set aside for ca. 10 h and then processed as described above. The crude product 
mixture was unstable to the conditions of column chromatography and efforts to 
crystallize were unsuccessful. 1H-NMR (CDQ3 400 MHz): 5 1.54-1.86 (m, 11H), 2.42 
(m, 5H), 5.20 (s, 1H, OCHO), 6.20 (m, 2H, CH=CH), 7.29 (t, 1H, J = 2.0 Hz, =CHO). 
Note: The NMR assignments presented are considered to be due to the product, the 
reaction mixture contained 35-40 % of the starting material ent. 29, which probably 
complicated chromatographic separation due to decomposition.

(5R)-3-Methyl-5-\(1-oxo-2,3-dihydro-1H-2-indenyliden)methoxy\-2(5H)-furanone (+)- 31 
and its enantiomer (5S)-3-methyl-5-\(1-oxo-2,3-dihydro-1H-2-indenyliden)methoxy\- 
2(5H)-furanone (-)-31
Analogue 12 was separated into its enantiomers (R)-31 and (S)-ent. 31 by a semi
preparative Chiralcel OD HPLC column using hexane/2-propanol (3:2, v/v) as the eluent. 
Flow: 1 mL/min. Evaporation of the solvent yielded (R)-31 and (S)-ent. 31. (+)-31: ee 
>99 % (determined by HPLC), \a\D = + 53.8°c = 4.95, CHO3). (-)-31: ee >90 % 
(determined by HPLC), \a\D = - 48.4° c = 5.1, CHCl3). All other analytical data were 
identical with those of the racemate 12 .
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(5R)-3-Methyl-5-\(1-oxo-1,2,3,4-tetrahydro-2-naphthalenyliden)methoxy\-2(5H)- 
furanone ((+)-30) and its enantiomer (5S)-3-methyl-5-\(1-oxo-1,2,3,4-tetrahydro-2- 
naphthalenylideri)methoxy\-2(5H)-furanone ((+)-30)
Analogue 14 was separated into its enantiomers (R)-30 and (S)-ent. 30 by a semi
preparative Chiralcel OD HPLC column using hexane/2-propanol (1:1, v/v) as the eluent. 
Flow: 3 mL/min. Evaporation of the solvent yielded (R)-30 and (S)-ent. 30. (+)-30: ee 
>99 % (determined by HPLC), \a\D = + 24.5°c = 6.9, CHCls). (-)-30: ee >90 % 
(determined by HPLC), \a\D = - 20.7° c = 7.35, CHCl3). All other analytical data were 
identical with those of the racemate 14.

(5R)-3-Methyl-5-\(2-oxocyclohexyliden)methoxy\-2(5H)-furanone (+)-32) and its 
enantiomer (5S)-3-methyl-5-\(2-oxocyclohexyliden)methoxy\-2(5H)-furanone (-)-32) 
Analogue 16 was separated into its enantiomers (R)-32 and (S)-ent. 32 by a semi
preparative Chiralcel OD HPLC column using hexane/2-propanol (4:1, v/v) as the eluent. 
Flow: 3 mL/min. Evaporation of the solvent yielded (R)-32 and (S)-ent. 32. (+)-32: ee 
>99 % (determined by HPLC), \a\D = + 18.03°c = 7.6, CHCh). (-)-32: ee >90 % 
(determined by HPLC), \a\D = - 10.75°c = 10.6, CHCl3). All other analytical data were 
identical with those of the racemate 16.

2.8 Biological activity53
Seeds

Seeds of Striga hermonthica (from Sorghum bicolor (L.) Moench) and Orobanche 
crenata (from Vicia faba L.) were harvested in the Sudan in 1987 and in Egypt in 1991, 
respectively. O. cernua seeds were harvested in Spain in 1994 and were stored in the dark 
at room temperature until required.
Preparation of test solutions

The compounds to be tested were weighed (ca. 1 or ca. 2 mg) very accurately with 
a 5 decimal balance, dissolved in analytical grade acetone (1 mL) and then diluted with 
distilled water to a volume of 50 mL. Aliquots of these analytical grade solutions were 
further diluted with distilled water to obtain test solutions containing 1, 0.1 and 0.01 
mg/L test compound and 0.01% (v/v) acetone, respectively. Distilled water was boiled for 
a minimum of 30 min and then cooled to room temperature before use.
Bio-assays

For surface sterilization, seeds of S. hermonthica and Orobanche crenata as well as
O. cernua were exposed to an aqueous solution of sodium hypochlorite (2 % active 
chlorine) for 5 min with agitation. The seeds were then rinsed thoroughly with 
demineralised water and dried on a blotting paper for ca. 30 min.

For conditioning, the sterilized seeds were spread on glass fibre filter paper disks 
(8-mm diameter; approximately 30-70 seeds per disk) in Petri dishes, wetted with 
demineralised water, stored in the dark for 14 days at 20°C for Orobanche seeds, at 30°C 
for Striga seeds. The conditioning water was then removed and replaced by 100 ^L of 
test solution per disk. After incubation for 24 h (Striga), and 5 days (Orobanche) in the 
dark at the temperatures indicated, the germination percentage was determined using a 
microscope. Seeds were considered to have germinated if the radical protruded through 
the seed coat.
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In each test series, aqueous solutions containing 0.01 % (v/v) acetone were used as 
negative controls. Test solutions of the stimulant GR 24 (5) (concentrations of 1 and 0.01 
and 0.001 mg/L in other test) were used as positive controls. In each test, the germination 
percentages were determined on 9 disks per treatment.
All bio-assays were compared with that of GR 24 in the same run, thus giving a reliable 
relative activity with respect to this positive control. All assays were carried out in 
triplicate; no statistical analyses were performed as for that more concentrations of the 
stimulants should have been investigated. In previous studies of the Nijmegen group this 
comparison was used. The bio-assay procedure described pertains to all subsequent 
chapters in this thesis.
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Chapter 3

Synthesis and biological evaluation of novel strigol 
analogues derived from simple substituted ketones as 

potential germination stimulants for seeds of the parasitic 
weeds Striga and Orobanche

3.1 Introduction
In the preceding chapter the synthesis of some simplified analogues of the natural 
germination stimulants based on cyclic ketones were prepared and bio-assayed to 
determine their germination inducing activity. The design of these compounds was based 
on the general structural features required for germination activity of strigolactones such 
as 1 and its analogues.1

It is assumed that the structural requirements are primarily dictated by the nature of the 
bio-actiphore. The proposed molecular mechanism for triggering the germination 
pictured in Scheme 1 .

The aim of the present study is to obtain simplified structures that can be prepared 
cheaply and in large quantities for suicidal germination trials in the field (see chapter 1). 
Bio-assay studies of the analogues derived from simple cyclic ketones revealed 
surprisingly high activities, especially against Orobanche cernua, considering the 
simplicity of their structures (Chapter 2).
Further elaboration of these structures might influence and hopefully improve the 
germination activity.

Scheme 1
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In this chapter, the synthesis and germination activity of some substituted cyclohexanone- 
based analogues using a similar approach will be discussed.

3.2 Results and discussion
The strigol analogues 9-15 were prepared from the appropriately substituted cyclic 
ketones 2-8  using the same simple approach of hydroxymethylidenation with ethyl or 
methyl formate in the presence of metallic sodium followed by coupling of the products 
with chlorobutenolide 16 under basic conditions as described in chapter 2. These 
reactions were performed in two ways, (i) a sequential one-pot hydroxymethylidenation- 
and coupling with 16, or (ii) intermediate isolation of the hydroxymethylidene product 
followed by reaction with 16 under basic conditions in a separate step.
Treatment of 1-methylcyclohexanone (2), 2,2-dimethylcyclohexanone (3), 4-tert- 
butylcyclohexanone (4), and the naturally occurring compounds (R)-(-)-carvone (7) and 
(R)-(+)-pulegone (8) in the usual manner with methyl formate in the presence of metallic 
sodium followed by addition of the butenolide 16 gave compounds 9, 10, 11, 14 and 15, 
respectively (Scheme 2).

O

4 5

O

7
(R)-(-)-Carvone

8

(R)-(+)-Pulegone
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As with the unsubstituted ketones (see previous chapter) the overall yields of these 
reactions were again modest, except for 14, which was low (22 %). Further studies could 
improve these yields but lack of time precluded this. It should also be mentioned that in 
this stage of the research the availability of the analogues for bio-evaluation is most 
important. The synthesis of the best performing analogue can then be optimised.

Scheme 2

O
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When 2- and 4- phenylcyclohexanones 5 and 6 were treated in a similar manner, mixtures 
were obtained that were difficult to purify (Scheme 3). Reaction of 5 and 6 with ethyl 
formate in the presence of potassium tert-butoxide, followed by reaction with 16 at -70°C 
gave the required compounds 12 and 13 but in 27 and 25 % yields, respectively. The 
reason for rather low yields is not known at present. Further studies would be required to 
devise optimum conditions for these reactions.

Scheme 3

O

Although 2,2-dimethylcyclohexanone (3) yielded the derivative 10 in acceptable yield 
(50 %), there is a problem with the starting material. This ketone 3 is commercially 
available but at an exorbitant price (Euro 245 per gram). It can be prepared2 from the 
much cheaper 2-methylcyclohexanone (2). Treatment of 2 with ethyl formate in the 
presence of sodium methoxide gave the hydroxymethylidene derivative 2a after 
hydrolysis, which on protection (O-alkylation) with isopropyl iodide in the presence of

3
potassium carbonate gave the derivative 2b. Methylation of 2b was effected with methyl 
iodide in the presence of potassium tert-butoxide in tert-butyl alcohol, and the resultant 
compound 3a was subjected to hydrolysis with cold dilute alcoholic hydrochloric acid to 
give 3b. The hydrolysis of 3b in aqueous alkali gave the ketone 3 in 87 % (Scheme 4). 
Compounds 9 and 11-15 were all obtained as mixtures of diastereomers. Compounds 9 
and 11-13 have two stereogenic centres, which in principle can be controlled during the 
synthesis. Thus, mixtures of two racemic diastereomers were to be expected. The 
analogues 14 and 15 were derived from enantiopure naturally occurring starting 
materials. Consequently, two diastereomers were obtained in each case, in which the

13stereochemistry at the cyclohexanone ring is the same. The C-NMR spectra revealed the 
presence of short or echoed signals for each resonance indication of such mixtures. The 
1H-NMR spectra were complicated by the spectra of diastereomeric mixtures and also by 
the conformation flexibility of the cyclohexanone rings. Compound 10 should be a 
racemic mixture as it contains only one stereogenic centre. For the initial biological

6
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evaluation, there was no need to separate the above mixtures. The synthesis of single 
isomers might be considered, when the compound exhibits high activity.

Scheme 4

3.3 Germination activity
The germination stimulatory activity of the substituted ketone-based strigol analogues 9
15 was assayed using seeds of S. hermonthica and O. cernua. A diastereomeric mixture 
of GR 24 was used as a positive control in each bio-assay. Maximal germination 
percentages were obtained within the concentration range of 1 mg/L and 0.01 mg/L. The 
results for the germination activity for the seeds of Striga hermonthica are shown in 
Table 1 and a bar representation is given in Figure 1.
The data in Table 1 for S. hermonthica revealed that all newly prepared analogues exhibit 
an appreciable biological activity at a concentration of 0.01 mg/L, while they are least 
active at the concentration of 1 mg/L. Although that the difference in activity in this 
series are not very large, compounds 14 and 15 seem to exhibit the highest potency for 
stimulating the germination of seeds of S. hermonthica. Compounds 10 and 13 are in the 
same range, but direct comparison with 14 and 15 is hampered by the fact that they have 
been tested in a different run of bio-assays. It is noteworthy that all these compounds in 
this series also had a strikingly high effect on the germination stimulation of the O . 
cernua seeds, namely about 90% at the concentration of 0.1 mg/L. Analogues 13 and 15 
stimulated the germination of the O. cernua seeds to about 90% at the concentration of 1

67



Chapter 3

mg/L, whilst others were much less active. Compounds 11 and 14 showed remarkably 
high activities at a concentration of 0.01 mg/L.

Table 1: Germination stimulatory activity of ketone-derived strigol analogues 9-15 
toward seeds of S. hermonthica

% Germination ± SE at a concentration of

Entry Ketone Analogue 1 mg/L 0.1 mg/L /Lgm01
oo'Lg/m
oo'

1 Methyl cy cl ohexanone 9 1.2 ± 0.4 13.8 ± 4.4

o
3±2 nd

2 2,2-Dimethyl cyclohex 10 1.6 ± 0.5 18.9 ± 4.8

VO5±
I/o4 nd

3 4-tert-Butylcyclohex 11 2.4 ± 1.0 13.0 ± 3.3 35.1 ± 7.9 nd

4 4-Phenyl cy cl ohex 12 3.5 ± 0.9 11.6 ± 3.2 4±
(N3 nd

5 2-Phenyl cy cl ohex 13 4.1 ± 0.9 21.1 ± 2.8

<N7±
004 nd

6 GR 24b’d nd 22.8 ± 8.9 21.4 ± 6.6 8.4 ± 1.5

7 Carvone 14 5.5 ±0.9 27.5 ± 5.7 55.1 ±3.5 nd

8 Pulegone 15

oo'-Hoo' l>±
<NO

4 49.1 ± 5.1 nd

9 GR 24b’d nd 25.4 ± 6.9 56.3 ± 3.8 49.2 ± 6.4

b

Activities are indicated as germination percentages obtained after treatment of the seeds with the 

stimulant solution. Germination percentages given are means ± SE of one representative experiment. 

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (0.1, 

0.01 and 0.001 mg/L, respectively) in the same bio-assay. 

c No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control.

Equimolar mixture of two racemic diastereomers of GR 24 (5).

Not determined (nd).

d
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Figure 1: Bar representation of the percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of analogues 9-15 and 
GR 24 as the positive control

The presence of a phenyl group at different positions of the cyclohexanone ring, viz. 
comparing 12 and 13, has a considerable influence on the induction of germination of 
Orobanche seeds, in particular. Although a detailed analysis of the bio-assays is not 
possible at this stage, the dose-response of the seeds towards the respective stimulants 
may be different. In other words, the concentration for optimal germination may be 
different for these analogues. Earlier studies showed that the dose-response curves are 
bell shaped with a clear optimum.4 Nevertheless, the results described in this chapter 
show that substituted cyclohexanone-derived strigol analogues have an appreciable bio
activity. The best candidate(s) for further evaluation is difficult to extract from the data. 
A notable complicating factor is that seeds of parasitic weeds do not always respond in 
the same manner to stimulants as is evident from the activity data obtained for the 
positive control, GR 24. Low activities of GR 24 lead to less reliable activities of the 
newly prepared analogues. It seems however, that the analogue 14 derived from R-(-)- 
carvone is the most promising candidate, closely followed by those derived from R-(+)- 
pulegone and 2-phenylcyclohexanone. It should be noted that carvone is about a factor 10 
less expensive than pulegone. An additional advantage of the analogue 14, derived from 
carvone is that it is very active on both Striga and Orobanche seeds.
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The results for the germination activity of seeds of O. cernua are shown in Table 2 and in 
bar form in Figure 2.

Table 2: Germination stimulatory activity of ketone-derived analogues 9-15 toward 
seeds of O. cernua

% Germination ± SE at a concentration of

Entry Ketone Analogue 1 mg/L 0.1 mg/L 0.01 mg/L 0.001mg/L

1 Methyl cy cl ohexanone 9 6.3 ± 0.5 78.1 ± 6.2 14.6 ±14.0 nd

2 2,2-Dimethyl cyclohex 10 8.8 ± 2.0 91.7 ± 3.5 7.3 ± 6.2 nd

3 4-tert-Butylcyclohex 11 18.5 ± 8.4 90.0 ± 1.9 56.3 ± 6.1 nd

4 4-Phenyl cy cl ohex 12 38.8 ±12.1 92.6 ± 3.5 29.8 ± 2.5 nd

5 2-Phenyl cy cl ohex 13 92.9 ± 0.8 94.7 ± 1.3 0 .0± 0.0 nd

6 GR 24b’d nd 72.7 ± 6.2 20.8 ± 6.4 0.0 ± 0.0

7 Carvone 14 39.5 ±7.6 81.8 ± 2.2 75.6 ±2.2 nd

8 Pulegone 15 87.5 ± 1.3 75.3 ± 6.3 1.3 ± 1.3 nd

9 GR 24b’d nd 94.8 ± 1.2 84.5 ± 4.4 11.5 ± 4.0

b

Activities are indicated as germination percentages obtained after treatment of the seeds with the 

stimulant solution. Germination percentages given are means ± SE of one representative experiment. 

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (0.1, 

0.01 and 0.001 mg/L, respectively) in the same bioassay. 

c No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control.

Equimolar mixture of two racemic diastereomers of GR 24 (5).

Not determined (nd).

d
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Figure 2: Bar representation of the percentages of the germinated seeds of O. cernua 
after exposure to various concentrations of analogues 9-15 and GR 24 as the 
positive control

3.4 Experimental Section
General experimental remarks: see chapter 2.

3-Methyl-5-\(3-methyl-2-oxocyclohexyliden)methoxy\-2(5H)-furanone (9)
A stirred solution of 2-methylcyclohexanone (2), (300.0 mg, 2.67 mmol) in methyl 
formate (20 mL) while maintained under nitrogen, was treated with small pieces of 
metallic sodium (61.5 mg, 2.67 mmol). When all of the ketone had reacted (TLC), the 
mixture was concentrated in vacuo, dry DME (10 mL) was added to the residue. The thus 
obtained suspension was cooled (-40°C) and treated dropwise with a solution of 
chlorobutenolide 16 (257.7 mg, 1.94 mmol) in dry DME (5 mL). The mixture was 
allowed to attain room temperature, set aside overnight, treated with ice water (40 mL) 
and dichloromethane (20 mL). Then the separated aqueous layer was extracted with 
dichloromethane (2 x 15 mL). The combined organic layers were washed with brine, 
dried (Na2SO4), filtered and concentrated in vacuo. The crude material obtained was 
purified by column chromatography (hexane/ethyl acetate, 3:1, v/v) to afford the desired 
compound 9, 276.2 mg, (47.8 %). Recrystallization from di-isopropyl ether gave white 
crystals, m.p. 65-74°C; 1H-NMR (CDCl3, 400 MHz): 5 7.32 (m, 1H, =CHO), 6.91 (m, 
1H, =CH), 6.11 (m, 1H, OCHO), 2.62 (m, 1H, -CHCO), 2.31 (m, 2H, -CH2), 2.00 (s, 3H, 
CH3), 1.98-1.81 (2 x m, each 2H, 2 x CH2), 1.63-1.47 (2 x m, each 1H, -CH2), 1.14 (d, 
3H, J = 6.9 Hz). 13C-NMR, (CDCh, 100 MHz): 5 203.0 (C=O), 170.6 (C=O), 149.3,
141.3, 135.4, 119.3, 100.5, 43.8, 31.5, 23.9, 21.6, 16.2, 10.6. MS \EI m/z, rel. intensity
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(%)]: 237 (\M+1]+, 0.3); 236 (\M]+, 5.3); 140 (\M+-97], \C8HUO2]+, 2.0); 139 (\M+-97], 
\C8Hn O2]+, 0.8); 97 (\M+-139], \C5H5O2]+, 100); Anal. calc. for C13H16O4: C, 66.09; H, 
6.83. Found: C, 66.38; H, 6.67 %.

5-\(3,3-Dimethyl-2-oxocyclohexyliden)methoxy]-3-methyl-2(5H)-furanone (10) 
2,2-Dimethylcyclohexanone (3) (300.0 mg, 2.38 mmol) in methyl formate (20 mL), while 
maintained under nitrogen, was treated with metallic sodium (57.5 mg, 2.50 mmol) 
followed by chlorobutenolide 16 (315.5 mg, 2.38 mmol) in the manner described above. 
The resultant crude product was purified by column chromatography (hexane/ethyl
acetate, 3:1, v/v) to give 10 as pure white crystals, 299.1 mg (50 %), m.p. 84-85°C; 1H- 
NMR (CDCl3, 400 MHz): 5 7.29 (m, 1H, =CHO), 6.90 (m, 1H, =CH), 6.10 (m, 1H, 
OCHO), 2.52-2.38 (m, 2H, -CH2), 2.00 (s, 3H, CH3), 1.72-1.67 (m, 4H, 2 x CH2), 1.11 (s, 
6H, 2 x CH3). 13C-NMR, (CDCl3, 100 MHz) 5 205.7 (C=O), 170.6 (C=O), 149.7, 141.3,
135.4, 118.4, 100.5, 76.7, 43.2, 38.0, 26.2, 24.2, 18.7, 10.7. MS \EI m/z, rel. intensity 
(%)]: 251 (\M+1]+, 0.5); 250 (\M]+, 5.1); 223(\M+-28/CO], \C13H18O3]+, 4.6); 154 (\M+- 
97], \C9H13O2] , 2.0); 153 (\M+-97], \C9H13O2]+, 1.0); 97 (\M+-153], \C5H5O2]+, 100); 
HRMS/EI: m/z: calc. for C14H18O4: 250.1205. Found: 250.12042

5-{\5-(tert-Butyl)-2-oxocyclohexyliden]methoxy}-3-methyl-2(5H)-furanone (11)
4-tert-Butylcyclohexanone (4) (300.0 mg, 1.94 mmol) in methyl formate (15 mL), while 
maintained under nitrogen, was treated with metallic sodium (47.0 mg, 2.04 mmol) 
followed by the chlorobutenolide 16 (315.5 mg, 2.38 mmol), as described above. The 
resultant crude product was purified by column chromatography (hexane/ethyl acetate, 
2:1, v/v) to give 11 as pure white crystals, 128.7 mg (63 %), m.p. 127-130°C; 1H-NMR 
(CDCl3, 400 MHz): 5 7.40 (m, 1H, =CHO), 6.92 (t, 1H, J = 1.5 Hz, =CH), 6.13 (t, 1H, J 
= 1.3 Hz, OCHO), 2.74-2.50 (2 x m, each 1H, -CH2), 2.32-2.23 (m, 1H, -CH), 2.01 (t, 
3H, J = 1.3 Hz, CH3), 1.98-1.36 (2 x m, each 2H, 2 x CH2), 0.97 (s, 9H, CH3). 13C-NMR 
(CDCl3, 100 MHz): 5 200.6 (C=O), 170.5 (C=O), 150.4, 141.3, 135.5, 118.8, 100.6, 44.3, 
40.0, 32.6, 27.2, 24.6, 24.0, 10.7. MS \EI m/z, rel. intensity (%)]: 279 (\M+1]+, 0.9); 278 
(\M]+, 5.2); 182 (\M+-97], \C11H17O2f ,  3.4); 181 (\M+-97], \Cn H17O2]+, 1.3); 97 (\M+- 
181], \C5H5O2] ,  100); Anal. calc. for C16H12O4: C, 69.04; H, 7.97. Found: C, 69.17; H, 
7.63 %.

3-Methyl-5-\(2-oxo-5-phenylcyclohexyliden)methoxy]- 2(5H)-furanone (12)
A mixture of 4-phenyl cyclohexanone (6) (400 mg, 2.30 mmol) and ethyl formate (1.7 
mL, 20.7 mmol) in dry DME (15 mL) was added gradually to a stirred, cooled (-50°C) 
suspension of potassium tert-butoxide (283.4 mg, 2.53 mmol) in dry DME (10 mL), 
while maintained under nitrogen. The reaction mixture was allowed to attain room 
temperature, set aside overnight, cooled (-70°C), treated dropwise with the solution of the 
chlorobutenolide 16 (334.6 mg, 2.53 mmol) in dry DME (5 mL) and then processed in 
the manner described above. Column chromatography (hexane/ethyl acetate, 1:1, v/v) of 
the resultant crude material, followed by recrystallization (di-isopropyl ether) of the 
product (171.2 mg) gave 12, (130.1 mg, 19 %) as white crystals, m.p. 127-131°C; 1H- 
NMR (CDCl3, 400 MHz): 5 7.46 (t, 1H, J = 1.9 Hz, =CHO), 7.35-7.21 (m, 5H, Ar), 6.88 
(s, 1H, =CH), 6.13 (s, 1H, OCHO), 2.93 (m, 2H, -CH2CO), 2.61 (m, 1H, Ar-CH), 2.47-
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2.06 (2 x m, 4H, each 2H, 2 x CH2), 1.98 (s, 3H, CH3). 13C-NMR (CDCI3, 100 MHz): S
199.5 (C=O), 170.5 (C=O), 150.6, 145.0, 141.2, 135.5, 128.6, 126.6, 118.4, 100.5, 40.1,
39.4, 31.5, 29.9,10.6. MS [EI m/z, rel. intensity (%)]: 299 ([M+1]+, 0.7); 298 ([M]+, 4.5); 
280 ([M+-18/H 2O], [C18H17O3] , 0.2); 201 ([M+-97], [C13H12O2]+, 5.0); 97 ([M+-201], 
[C5H5O2] ,  100); Anal. calc. for C18H18O4: C, 72.47; H, 6.08. Found: C, 72.42; H, 5.98 
%.

3-Methyl-5-[2-oxo-3-phenylcyclohexyUden)methoxy\- 2(5H)-furanone (13)
A mixture of 2-phenyl cyclohexanone (5) (400 mg, 2.30 mmol) and ethyl formate (1.7 
mL, 20.7 mmol) in dry DME (10 mL) was added gradually to a stirred, cooled (-50°C) 
suspension of potassium tert-butoxide (283.4 mg, 2.53 mmol) in dry DME (5 mL), while 
maintained under nitrogen. The mixture was allowed to attain room temperature, set aside 
for 18 h, cooled (-70°C), treated dropwise with the solution of chlorobutenolide 16 (334.6 
mg, 2.53 mmol) in dry DME (5 mL) and then set aside at room temperature for 18 h. A 
mixture of ice water (40 mL) and dichloromethane (20 mL) was then added, the separated 
aqueous layer extracted with dichloromethane (2 x 15 mL). The combined organic layers 
were washed with brine, dried (Na2SO4), filtered and concentrated in vacuo. The residue 
was recrystallized from di-isopropyl ether to afford 13 as white crystals, 182.2 mg (27 
%), m.p. 152-156°C; 1H-NMR (CDCl3, 400 MHz): S 7.44-7.12 (m, 6H, Ar + =CHO),
6.90 (s, 1H, =CH), 6.13 (s, 1H, OCHO), 3.50 (m, 1H, Ar-CH-CO), 2.74, 2.40 (2 x m, 
each 1H, -CH2), 2.21, 2.06-1.92, 1.72 (3 x m, 4H + 3H, each 1H, 2 x CH2 + CH3). 13C- 
NMR (CDCl3, 100 MHz): S 200.4 (C=O), 170.6 (C=O), 150.6, 141.1, 135.4, 128.4, 
126.6, 119.4, 100.6, 55.7, 31.8, 23.8, 21.5,10.6. MS [EI m/z, rel. intensity (%)]: 298 
([M+1]+, 3.8), 270 ([M+-28/CO], [ C ^ O s f ,  7.1); 201 ([M+-97], [ C ^ H ^ f ,  19.1); 97 
([M+-201], [C5H5O2] , 100.0); Anal. calc. for C18H18O4: C, 72.47; H, 6.08. Found: C, 
72.23; H, 5.75 %.

5-{[(6S)-6-Isopropenyl-3-methyl-2-oxo-3-cyclohexenyliden]methoxy}-3-methyl-2(5H)- 
furanone (14)
Small pieces of metallic sodium (50.5 mg, 2.20 mmol) were added gradually to a stirred 
solution of ̂ -(-)-carvone (7) (300.0 mg, 2.00 mmol) in methyl formate (10 mL) at room 
temperature, while maintained under nitrogen. The mixture was stirred for 3 h, 
concentrated in vacuo, and the resultant residue dissolved in anhydrous DMF (10 mL), 
cooled (-40°C), treated dropwise with a solution of chlorobutenolide 16 (282.9 mg, 2.14 
mmol) in DMF (5 mL), and then processed in the manner described above. Column 
chromatography (hexane/ethyl acetate, 2 :1, v/v) of the crude product afforded a pure oil 
yellow, 122.2 mg (22 %), which crystallized from di-isopropyl ether to give colourless 
needles, 21.5 mg, m.p. 92-96°C; 1H-NMR (CDCl3, 400 MHz): S 7.45 (s, 1H, =CHO),
6.91 (q, 1H, J = 1.5 Hz, =CH), 6.61 (m, 1H, -C=CH), 6.15 (t, 1H, J = 1.4 Hz, OCHO), 
4.75 (t, 1H, J = 1.2 Hz, C=CH-), 4.62 (s, 1H, C=CH), 3.72 (d, 1H, J = 6.5 Hz, -CH-), 
2.60-2.49 (m, 2H, CH2), 2.01 (s, 3H, CH3), 1.81 (s, 3H, CH3), 1.69 (s, 3H, CH3). 13C- 
NMR (CDCl3, 100 MHz): S 187.9 (C=O), 170.5 (C=O), 148.5, 145.1, 141.8, 141.3, 
136.2, 135.7, 120.2, 111.9, 100.4, 39.3, 28.4, 21.4, 16.1,10.7. MS [EI m/z, rel. intensity 
(%)]: 274 ([M+], 1.9); 177 ([M+-97], [ C n H ^ f ,  45.6); 97 ([M+-177], [C5H5Od+, 
100.0); Anal. calc. for C16H18O4: C, 70.06; H, 6.61. Found: C, 69.55; H, 6.49 %.
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3-Methyl-5-{\(6S)-6-methyl-3-(1-methylethylidene)-2-oxocyclohexyliden]methoxy}- 
2(5H)-furanone (15)
Treatment of R-(+)-pulegone (8) (300.0 mg, 1.97 mmol) in the same manner as above 
gave after column chromatography (hexane/ethyl acetate, 2:1, v/v) compound 15 as a 
pure yellowish oil, 286.8 mg (52.6 %). Attempts to crystallize this material were 
unsuccessful. 1H-NMR (CDCl3, 300 MHz): 5 7.32 (m, 1H, =CHO), 6.94 (m, 1H, =CH), 
6.15 (m, 1H, OCHO), 2.99 (m, 1H, -CH-), 2.57-2.40 (m, 2H, CH2), 2.14 (s, 3H, CH3),
2.00 (s, 3H, CH3), 1.83 (s, 3H, CH3), 1.82-1.52 (m, 2H, CH2), 1.08 (d, 3H, J = 7.0, CH3). 
13C-NMR (CDCl3, 100 MHz): 5 191.6 (C=O), 170.7 (C=O), 149.5, 147.3, 145.6, 135.2, 
130.1, 126.4, 100.6, 28.2, 23.8, 18.5,10.6. MS \EI m/z, rel. intensity (%)]: 277 (\M+1]+, 
7.7); 276 (\M]+, 36.1); 179 (\M+-97], \C11H11O2f ,  100); 97 (\M+-179], \C5H5O2]+, 55.9); 
HRMS/EI: m/z calc. for C16H20O4: 276.1362. Found: 276.13603.

3.5 References
1. Mangnus, E.M., Zwanenburg, B., J. Agric. Food Chem., 1992, 40, 1066.
2. Rosenberger, M., Neukom, C., J. Org. Chem., 1982, 47, 1783 and references cited 

therein.
3. Johnson, W.S., Posvic, H., J. Am. Chem. Soc., 1947, 69, 1361.
4. Wigchert, S.C.M., Kuiper, E., Boelhouwer, G.J., Nefkens, G.H.L., Verkleij, J.A.C., 

Zwanenburg, B., J. Agric. Food Chem., 1999, 47, 1705.
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Chapter 4

Synthesis and activity of germination stimulants for seeds of 
parasitic weeds derived from pyrones-, coumarins- and the 

related enolone derivatives

4.1 Introduction
The germination of the parasitic weed seeds of the species Striga and Orobanche is 
induced by chemicals exuded by their host roots. It has been shown that strigolactones1 

are the active germination stimulants for species of Striga, strigol (1) being the most 
potent naturally occurring germination stimulant isolated (see chapter 1). Considerable

2 7attention has been given to structure-activity studies aimed at identifying the parts in 
the strigol molecule that are responsible for the actual biological activity, the so-called 
bio-actiphore. These studies have provided evidence that the biological activity in the 
strigol molecule resides in the CD-ring portion and the connecting enol ether moiety. A 
tentative molecular mechanism has been postulated on the basis of these observations, as 
depicted in Scheme 1. This mechanism involves the addition of a nucleophilic species 
present in a receptor site in a Michael type reaction, followed by the elimination of the D
ring. The process leads to covalent bond formation between the ABC-portion of the 
stimulant and the receptor site. This chemical reaction is considered to be responsible for 
the triggering of germination. The details of this process are unknown.

The parasitic weeds are a real plague in tropical and semi-tropical areas of the Eastern 
hemisphere as they cause severe damage to many important food crops (see Chapter 1).

Scheme 1
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One control method of parasitic weeds with considerable promise is the so-called suicidal 
germination approach, which involves the treatment of the soil with stimulant prior to 
planting of the desired crop. In absence of a host plant, the germination seeds will die and

has a complicated structure and its synthesis is too costly and lengthy to allow the 
preparation of this stimulant for the suicidal approach on a commercially feasible scale. 
Several compounds containing only parts of the strigol molecule are also active as 
germination stimulant, 2 3 5 7 8 9 e.g. GR 24 (2)2 and GR 7 (3).2

Although these compounds have better prospects, their synthesis is still too difficult for 
large-scale production. Therefore, there is a need for a continuous search for stimulants 
with simpler structures, which will allow production on a large scale. The new stimulants 
must however contain the bio-actiphore of which the enol ether moiety, the enone unit 
and the D-ring are the essential constituents. It was shown that reduction of the enol ether

3 10olefinic bond or the isosteric replacement of the enol ether oxygen by carbon leads to 
loss of bio-activity. Despite the structural requirements of the bio-actiphore, there is still a 
considerable degree of freedom in designing new germination agents. Examples are 
presented in chapters 2  and 3 .
It is relevant to mention that fungal metabolites, cotylenins and fusicoccins have been

11, 12reported to induce germination of S. hermonthica and O. minor Smith. ’

accordingly, the seed bank can be reduced considerably. The natural stimulant strigol (1)

1 (+)-Strigol 2 (GR 24) 3 (GR 7)

OH

Cotylenin Fusicoccin deacetyl aglycone
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In this chapter, the design and synthesis of new potential germination stimulants will be 
reported with special focus on compounds derived from enolones, i.e. stimulants with a

13modified enol ether moiety. It has been demonstrated that compound 4 which is a D
ring derivative derived from tetronic acid and which contains the essential element of the 
bio-actiphore, has an appreciable bio-activity. The same holds true for compound 5 (GR
5). It should be noted that compound 4 has an endocyclic enol ether unit, while 5 just 
like strigol has an exocyclic enol ether unit. The geometry of the olefinic part of the enol

13ether has only little influence on the bio-actiphore, as was shown for both isomers of 
Nijmegen-1, 6 and 7, respectively.

V )
O

4

O O

O

O O

O
5 (GR 5)

O O

N

O OOV H

l ^ O

6 (Nijmegen-1)

O O

7 Nijmegen-1 
(Z-isomer)

O

The newly designed stimulants are derived from various endocyclic enols, viz. the 
substrates 8-17, all containing an enolone unit (in 12 and 13 in a vinylogous manner). 
Coupling with the D-ring then leads to the new target molecules 18 -  26.

4.2 Results and Discussion

4.2.1 D-ring derivatives of pyrones
The first three substrates 8-10 are substituted pyrones.14, 15 Kojic acid (8), 5-hydroxy-2- 
(hydroxymethyl)-4H-pyran-4-one is a y-pyrone which is produced when various moulds, 
especially of the Aspergillus type are grown on D-glucose or D-xylose.16 Under optimal
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conditions, as much as 60 % of the sugars consumed are converted to 8 . Kojic acid shows 
a broad spectrum of biological activities.16

HO
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O O
OH J -L  ^ )H

O ^ O
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O

O

24

O

x i -

26

27

This compound is commercially available for a reasonable price. Kojic acid is a 3- 
hydroxypyrone; its OH group is unusually acidic (pka = 7.9) and therefore has a phenolic 
character, whilst the hydroxymethyl side chain behaves like a primary alcohol. 
Methylation with dimethyl sulfate in the presence of alkali preferentially leads to the 
formation of the methoxy pyrone derivative. The reaction of 8 with the bromobutenolide
29 in the usual manner using potassium carbonate in DMF, gave the D-ring derivative 18 
in 37 % yield (Scheme 2). Product 18 was the only one that could be isolated, confirming 
that the phenolic hydroxyl group is the most reactive functionality in alkylation reactions.

Scheme 2
O O

HO.
O

18

28, X=Cl
29, X=Br

The second pyrone that was selected for this study is maltol (9), which is also a y-pyrone. 
This compound, 3-hydroxy-2-methyl-4H-pyran-4-one, is naturally occurring and can be

17isolated from pine needles and larch bark. It is cheap and is industrially available. It is
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of special interest in brewing, as it is one of the flavouring agents produced when barley 
is roasted in the production of malt.
The coupling of maltol (9) with bromobutenolide 29 in the presence of potassium 
carbonate as the base resulted in the desired crystalline compound 19 in 65 % yield 
(Scheme 3).

Scheme 3
O O

O'

9

k2c o 3, dm f

29

O

18The a-pyrone 10, 4-hydroxy-6-methyl-2H-pyran-2-one, is a natural polyketide and is 
commercially available. Compound 10, also called triacetic acid lactone, can readily be 
alkylated at the 4-hydroxy group under mild conditions. This enolone does exclusively 
react in the tautomeric form 10 and not as 10a, in spite of the fact that, according to 
spectral data,19 the tautomeric form 10a preponderates in solution.

OH O

10 10a

Treatment of 10 with bromobutenolide 29 in DMF in the presence of potassium carbonate 
afforded the desired product 20 in 59 % yield (Scheme 4).

Scheme 4

OH

10
O
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4.2.2 D-ring derivatives of coumarins
The second group of enolone substrates contains the benzo-a-pyrone unit. 4-Hydroxy
coumarin can readily be alkylated, e.g. under phase-transfer conditions with benzyl

20bromide. It should be noted that in solution this coumarin is predominantly present in its
21tautomeric form 11 .

OH

11

O

11a

Treatment of hydroxy coumarin 11, which is commercially available, with 
chlorobutenolide 28 in DMF in the presence of potassium carbonate resulted in the 
formation of D-ring derivative 21 in 50 % yield by direct crystallization (Scheme 5).

Scheme 5

û Ç r °

OH

11

The 7-hydroxy coumarins 12 and 13 have a regular phenolic hydroxy group. For the 
reaction of 12 (also called umbelliferone) with chlorobutenolide 28, the preferred base is 
sodium hydride in DMF (0°C), afforded the D-ring derivative 22 in low yield (Scheme
6).

Scheme 6

k 2c o 3, d m f  

28
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In the same manner compound 23 was prepared in 28 % (Scheme 7).

Scheme 7

HO O
NaH, DMF t O 

28

13 23

4.2.3 D-ring derivatives of 1,3-diketones
The enolone tautomer 14a of cyclohexa-1,3-dione 14 is also a suitable substrate for the
present study. 1,3-Diketones 14 and 15 (dimedone) are in solution present as a mixture of

22the keto and enol forms. Alkylation with alkyl halide may lead to C- and O-alkylation
23as well, depending on the conditions. Treatment of 14 with chlorobutenolide 28 in DMF 

in the presence of potassium carbonate gave three products, one of which was the desired 
product 24 (yield 16 % only). However, sufficient material was obtained for an initial 
bio-assay studies. Dimedone (15) was similarly converted into D-ring derivative 25 in 15 
% yield (Schemes 8 and 9). The use of other bases, such as DBU and CsF, did not 
improve the yields of products 24 and 25.

Scheme 8

14

O

OH
14a

O

O
24

Scheme 9

15

15a 25

An unusual 1,3-diketone is tricyclic substrate 16a which exists almost completely in the
24enol form 16. This 1,3-diketone was prepared from cyclopentadiene as depicted in 

Scheme 10. Singlet oxygen and cyclopentadiene first give endo-peroxide 31 which on
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treatment with thiourea gives diol 32. Subsequent oxidation with Jones’ reagent affords 
dione 33 which in a Diels-Alder reaction with cyclopentadiene produces a 1,3-dione 16.

Scheme 10

O0 2, hv, MeOH, -25oC 
Rose Bengal

30

O
O

thiourea HO^ / \ > OH
in situ w

16 16a

Reaction of 16 with chlorobutenolide 28 in the presence of potassium carbonate resulted 
in a low yield (18 %) of the desired D-ring derivative 26. No attempts were made to 
improve this yield.

Scheme 11

4.2.4 D-ring derivatives of squaric acid
The enolone structural unit in squaric acid was also considered for the present study.

25Squaric acid is an unusually strong acid, that behaves as an acid in many reactions 
(esterification, formation of amines). The formation of the D-ring derivatives 27 was 
attempted by treatment of squaric acid 17 with chlorobutenolide 28 in the presence of 
potassium tert-butoxide in DMF as the solvent. After three days at ambient temperature, 

no reaction had taken place. Heating at 80°C for 18 h resulted in a product, which clearly
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was not the desired 27, but as shown by spectral analysis, the product was compound 34 
(yield 16 %). It is evident that dimethylamine present in DMF had taken part in the 
reaction as well (Scheme 12). In the 1H-NMR spectrum, the N-methyl protons were 

present at 8 3.31 and 3.36. Further attempts to prepare 27 were not undertaken.

Scheme 12

34

4.3 Germination activity of the newly prepared D-ring derivatives
The germination stimulatory activities of the newly prepared D-ring derivatives were 
assayed using seeds of S. hermonthica and O. cernua in the prescribed manner. An 
aqueous solution of acetone (0.1 % v/v) was used as a negative control, and the 
diastereomeric mixture of GR 24 (2) as a positive control, in the same manner as 
described in chapter 2 .
The results of the bioassays with S. hermonthica are collected in Tables 1 and 2. Bar 
representations of these data are given in Figures 1 and 2. The germination activities 
toward O. cernua seeds are presented in Tables 3 and 4 and as bar diagrams in Figures 3 
and 4.
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Table 1: Germination stimulatory activity of D-ring derivatives 18-26 and 34 toward the 
seeds of S. hermonthica

Entry Starting material

% Germination ± SE at a concentration of

D-ring 1 mg/L 0.1 mg/L 0.01 mg/L 

derivative

1 Kojic acid 18 53.2 ± 2.0 19.9 ± 3.9 21.9 ± 19.7

2 Maltol 19 51.6 ± 2.4 20.2 ± 3.3 27.0 ± 2.3

3 Triacetic acid lactone 20 8.7 ± 0.5 56.7 ± 5.5 46.0 ± 3.6

4 4-Hydroxycoumarin 21 0.9 ± 0.5 37.3 ± 2.5 62.5 ± 6.5

5 GR 24 (2)c nd 15.2 ± 1.4 43.9 ± 5.9

6 Umbelliferone 22 6.5 ±0.9 9.2 ± 1.2 13.2 ± 2.0

7 4-Methyl umbelliferone 23 9.3 ± 0.5 28.2 ± 3.2 16.0 ± 3.4

8 GR 24 (2)c 1.4 ± 0.8 9.2 ± 2.7 15.1 ± 1.4

9 1, 3 -cy cl ohexadi one 24 20.2  ± 2.2 47.3 ±0.5 47.2 ±4.5

10 Dimedone 25 6.5 ± 2.1 61.5 ± 2.3 57.8 ± 4.8

11 Tricyclic keto-enol 26 10.3 ± 2.6 54.1 ± 3.2 56.6 ± 4.2

12 Squaric acid 34 58.5 ± 3.3 9.3 ± 0.6 2.6 ± 1.1

13 GR 24 (2)c nd 33.9 ± 3.7 56.2 ± 2.6

Activities are indicated as germination percentages obtained after treatment of the seeds with the 

stimulant solution. Germination percentages given are means ± SE of one representative experiment. 

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (2) 

in the same bioassay.

Equimolar mixture of two racemic diastereomers of GR 24 (2).

Not determined (nd).

The germination percentage of GR 24 (2) at 0.0001 mg/L were 60.0 ± 4.4 and 66.4 ± 1.9 respectively.

a

b

c
d
e
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Figure 1: Bar graph representation of percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of analogues 18-21 with 
GR 24 (2) as a positive control

Figure 2: Bar graph representation of percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of analogues 24-26 and 
34 with GR 24 (2) as a positive control
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Table 2: Germination stimulatory activity of newly prepared D-ring derivatives 18-26 
and 34 toward the seeds of O. cernua

Entry Startingmaterial

% Germination ±

D-ring 1 mg/L 

derivative

SE at a concentration of 

0.1 mg/L 0.01 mg/L

1 Kojic acid 18 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.2

2 Maltol 19 4.4± 2.1 3.3 ± 1.0 0.7 ± 0.4

3 Triacetic acid lactone 20 79.0 ± 1.9 78.6 ± 6.6 68.3 ± 1.3

4 4-Hydroxycoumarin 21 37.8 ± 1.9 80.3 ± 8.1 74.8 ± 1.3

5 GR 24 (2)c nd 77.0 ± 4.7 64.5 ± 8.5

6 Umbelliferone 22 35.0 ±7.2 8.0 ±3.7 1.1 ± 1.1

7 4-Methyl umbelliferone 23 24.2 ± 5.2 5.8 ± 2.4 0.0 ± 0.0

8 GR 24 (2)c 23.5 ± 1.3 78.4 ± 4.4 73.3 ± 3.3

9 1,3-cyclohexadione 24 68.2 ±0.7 60.0 ± 13.1 10.6 ±9.7

10 Dimedone 25 76.2 ± 3.5 75.8 ± 2.4 40.7 ± 6.0

11 Tricyclic keto-enol 26 83.6 ± 0.9 57.4 ± 8.2 0.6 ± 0.3

12 Squaric acid 34 25.3 ± 9.2 54.2 ± 6.5 0.0 ± 0.0

13 GR 24 (2)c nd 92.0 ± 1.4 68.3 ± 4.3

Activities are indicated as germination percentages obtained after treatment of the seeds with the 

stimulant solution. Germination percentages given are the means ± SE of one representative 
experiment.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (2) 

in the same bioassay.

Equimolar mixture of two racemic diastereomers of GR 24 (2)

Not determined (nd).

The germination percentages of GR 24 (2) at 0.0001 mg/L were 37.9 ± 7.7, 71.6 ± 0.6 and 17.0 ± 7.6 

% respectively.

a

b

c
d
e
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Figure 3: Bar representation of the percentages of the germinated seeds of O. cernua 
after exposure to various concentrations of analogues 18-21 with GR 24 (2) as 
a positive control

Bioactivity toward Orobanche cernua
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Figure 4: Bar representation of the percentages of the germinated seeds of O. cernua 
after exposure to various concentrations of analogues 24-26 and 34 with GR 24 
(2) as a positive control
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The bio-assays of the newly prepared D-ring derivatives 18-21 obtained from the pyrones 
8-10 and 1 1 , respectively, reveal that all these compounds have an appreciable activity 
towards stimulating the germination of Striga seeds, with derivative 20 prepared from 
triacetic acid lactone 10 and derivative 21 from 4-hydroxycoumarin 11 having the best 
performance. This series of derivatives 18-21, showed a different activity profile towards 
Orobanche seeds, viz. 18 and 19 were practically inactive while 20 and 21 showed a very 
high activity. For both seeds, derivative 20 was the most active one in the first set (entry
1-5), closely followed by 21. In the second set of bio-assays (entry 6-8) the derivatives 22 
and 23 showed almost no activity. in the third test series (entry 9-13) the derivative 25 
derived from dimedone 15 showed the best activity at the three concentrations; the 
compounds 24 and 26 behaved very similar, albeit at the higher concnetrations 1 and 0.1 
mg/L.
For both seed types the derivative 34 derived from squaric acid 17 showed a low activity. 
The same holds for 22 and 23, at least for Orobanche seeds, but probably also for Striga 
seeds. The compunds with the best performance are 25 (from dimedone) and 20 (from 
triacetic acid lactone), closely followed by 21 (from 4-hydroxycoumarin). It must be 
emphasized that the dose-response curve of the best performing newly prepared 
stimulants may have an optimum that is considerably different from that of GR 24.
In summary, the most promising stimulants that came out of this series of experiments are 
the compounds 25, 20 and 21. The starting materials for the synthesis of these 
compounds, viz. dimedone, triacetic acid lactone 10 and 4-hydroxycoumarin 11, are all 
commercially available. The synthesis of 25 from dimedone was rather difficult. 
Synthetically the stimulant 20 is somewhat easier to obtain than 21. Therefore, there is 
some preference for the new stimulant 20 derived from 10 for further elaboration.

4.4 Concluding remarks
The target molecules 18-26 were all prepared by coupling of the selected enolones with 
halobutenolide in the presence of a base. The reaction with squaric acid took a deviant 
course. In some cases the yields of the coupling reactions were low. However, these can 
possibly be improved on further elaboration. In the series of newly prepared stimulants 
derived from the pyrones 8-10 and 4-hydroxycoumarin 11, the most promising activity 
were observed for compound 20 prepared from triacetic acid lactone 10 and compound 
21 obtained from 4-hydroxycoumarin11. The derivatives 20 and 21 both obey the rules 
underlying the molecular mechanism of Scheme 1, which is not the case for the much 
less active compounds 18 and 19. The D-ring derivatives prepared from 1,3-diketones 24
26 all showed a rather high activity profile for both seed types. The best performance was
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observed from the new stimulant obtained from dimedone 15. The activity toward 
Orobanche seeds was remarkably high. The D-ring derivatives 24-26 comply with the 
prerequisites of the molecular mechanism shown in Scheme 1.
The overall conclusion, thereby also taking into account the synthetic accessibility, is that 
the D-ring derivative 20 obtained from triacetic acid lactone 10, is a highly active 
germination stimulant, that deserves further elaboration, evaluation and optimisation. It 
could be a candidate for use in field applications to eradicate the seeds from the soil 
following the concept of suicidal germination.

4.5 Experimental section
General remarks: see chapter 2.

2-(Hydroxymethyl)-5-\(4-methyl-5-oxo-2,5-dihydro-2-furanyl)oxy\-4H-pyran-4-one (18) 
A stirred mixture of 5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one (8) (400.0 mg, 2.82 
mmol), anhydrous potassium carbonate (428.2 mg, 3.10 mmol) and bromobutenolide 29 
(548.3 mg, 3.10 mmol) in dry DMF (4 mL), while maintained under nitrogen, was set 
aside at room temperature for 18 h until analysis (TLC) indicated the total consumption 
of 29. The mixture was treated with a mixture of water (50 mL) and dichloromethane (25 
mL), the separated aqueous layer was extracted with dichloromethane (2 x 15 mL), the 
combined organic layers were washed with brine, dried (Na2SO4), filtered and then 
concentrated in vacuo. The resultant crude product was purified by column 
chromatography (hexane/ethyl acetate, 1:1, v/v) to give 18, 245.7 mg (36.6 %) as a white 
solid. An analytical sample was obtained by recrystallization from di-isopropyl ether, 
m.p. 91-94°C; 1H-NMR (CDCl3, 300 MHz): 5 7.93 (s, 1H, OCH=CO), 7.09 (s, 1H, 
=CH), 6.58 (s, 1H, =CH), 6.37 (s, 1H, OCHO), 4.51 (s, 2H, CH2), 3.10 (s, 1H, OH), 1.97 
(s, 3H, CH3). 13C-NMR, (CDCl3, 100 MHz): 5 174.6 (C=O), 171.2 (C=O), 167.8, 147.5,
144.0, 142.4, 134.6, 113.3, 99.3, 60.7, 10.6; MS \EIm/z, rel. intensity (%)\: 239 (\M+1\+,
1.1); 238 (\M\+, 6 .6); 97 (\M+-141\, \C5H5O2f ,  100); Anal. calc. for C11H10O6: C, 55.47;
H, 4.23. Found: C, 55.35; H, 4.17 %.

2-Methyl-3-\(4-methyl-5-oxo-2,5-dihydro-2-furanyl)oxy\-4H-pyran-4-one (19)
A stirred mixture of 3-hydroxy-2-methyl-4H-pyran-4-one (9) (200.0 mg, 1.59 mmol), 
anhydrous potassium carbonate (241.3 mg, 1.75 mmol) and bromobutenolide 29 (309.0 
mg, 2.33 mmol) in dry DMF (2 mL) was maintained under nitrogen at room temperature 
for 5 h and then processed in the manner described above. The crude product was 
purified by column chromatography (hexane/ethyl acetate, 1:1, v/v) (306.7 mg (65 %) 
and then recrystallized (di-isopropyl ether) to give 19 as white crystals, 207.8 mg, m.p. 
104°C; 1H-NMR (CDCl3, 300 MHz): 5 7.68 (d, 1H, J = 5.7 Hz, CH=), 7.14 (m, 1H, 
CH=), 6.48 (m, 1H, OCHO), 6.41 (d, 1H, J = 5.7 Hz, =CH), 2.35 (s, 3H, CH3), 1.99 (s, 
3H, CH3). 13C-NMR (CDCl3, 100 MHz): 5 173.9 (C=O), 171.5 (c=O), 161.3, 154.1,
143.0, 141.8, 134.1, 117.3, 100.3, 15.2, 10.6; MS \EI m/z, rel. intensity (%)\: 222 (\M\+), 
8.9; 223 (\M\+ + 1), 0.1; 126 (\M\+ - 97, \C6H5O3f ) ,  44.5; 97 (\M+-125\, \C5H5O2f ) ,  
100); Anal. calc. for C11H 10O5: C, 59.46; H, 4.54. Found: C, 59.22; H, 4.41 %.
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6-Methyl-4-\(4-methyl-5-oxo-2,5-dihydro-2-furanyT)oxy\-2H-pyran-2-one (20)
Treatment of 4-hydroxy-6-methyl-2H-pyran-2-one (10) (200.0 mg, 1.59 mmol) with 
anhydrous potassium carbonate (241.3 mg, 1.75 mmol) and bromobutenolide 29 (309.0 
mg, 2.33 mmol) in dry DMF (4 mL) in the manner described above, followed by column 
chromatography (hexane/ethyl acetate, 2:1, v/v) gave 20 (121.4 mg, 58.8 %). 
Recrystallization (di-isopropyl ether) gave an analytically pure sample (107.9 mg) as 
white crystals, m.p. 125-127°C; 1H-NMR (CDCl3, 400 MHz): 5 6.97 (s, 1H, CH=), 6.31 
(s, 1H, OCHO), 5.84 (s, 1H, CH=CO), 5.77 (s, 1H, CH=C), 2.24 (s, 3H, CH3), 2.02 (s, 
3H, CH3). 13C-NMR (cDC13, 100 MHz): 5 170.1 (C=O), 167.7 (c=O), 163.8, 163.4,
140.8, 135.3, 99.4, 96.2, 91.5, 20.0, 10.6; MS \EIm/z, rel. intensity (%)\: 222 (\M\+, 7.6); 
193 (\M+-29\, 2 .8, \C10H 10O4f ) ;  97 (\M+-125\, \C5H5O2f ,  100); Anal. calc. for 
C11H 10O5: C, 59.46; H, 4.54. Found: C, 59.42; H, 4.29 %.

4-\(4-Methyl-5-oxo-2,5-dihydro-2-furanyl)oxy\-2H-chromen-2-one (21)
The reaction of 4-hydroxy-coumarin (11) (400.0 mg, 2.47 mmol) with anhydrous 
potassium carbonate (412.5 mg, 2.71 mmol) and chlorobutenolide 28 (359.6 mg, 2.71 
mmol) in dry DMF (4 mL) was conducted in the manner described above, followed by 
recrystallization from di-isopropyl ether to give 21, 315.4 mg (49.5 %) as pure yellowish
crystals, m.p. 177-182°C; 1H-NMR (CDCl3, 400 MHz): 5 7.74-7.27 (m, 4H, ArH 
protons), 7.11 (m, 1H, CH=), 6.49 (s, 1H, =CHCO), 6.11 (s, 1H, OCHO), 2.09 (s, 3H, 
CH3). 13C-NMR, (CDCl3, 100 MHz): 5 170.0 (C=O), 163.0 (C=O), 161.7, 153.4, 140.7,
135.6, 132.9, 124.1, 122.8, 116.9, 114.7, 96.6, 94.2, 10.6; MS \EI m/z, rel. intensity (%)\: 
258 (\M\+), 12.9; 259 (\M\+ + 1), 1.9; 97 (\M+-161\, \C5H5O2f ,  100); Anal. calc. for 
C14H 10O5: C, 65.11; H, 3.90. Found: C, 64.74; H, 3.83 %.

7-\(4-Methyl-5-oxo-2,5-dihydro-2-furanyl)oxy\-2H-chromen-2-one (22)
A solution of umbelliferone (12) (500.0 mg, 3.09 mmol) in dry DMF (10 mL) was added 
to a stirred, cooled (0°C) slurry of sodium hydride (148.0 mg, 6.17 mmol) in dry DMF (5 
mL) whilst kept under nitrogen. The reaction mixture was stirred for 1 h at 0°C, whereon 
a solution of chlorobutenolide 28 (652.9 mg, 4.93 mmol) in dry DMF (5mL) was 
gradually added. The mixture was allowed to attain room temperature, then set aside for 
ca. 72 h and concentrated in vacuo. The resultant mixture was treated with a mixture of 
water (50 mL) and ethyl acetate (30 mL), the separated aqueous layer extracted with ethyl 
acetate (2 x 20 mL), the combined organic layers washed with brine, dried (MgSO4) and 
concentrated in vacuo. The resultant crude material was purified by column 
chromatography (heptane/ethyl acetate, 1:1, v/v) to afford compound 22, 177.3 mg (22.3 
%), m.p. 230-233°C; 1H-NMR (CDCl3, 300 MHz): 5 7.68 (d, 1H, J = 9.5 Hz, 
CH=CCO), 7.46 (d, 1H, J = 8.5 Hz, C=CHCO), 7.09-7.02 (m, 3H, ArH protons), 6.37 (s,
1H, =CH), 6.32 (s, 1H, OCHO), 2.04 (s, 3H, CH3). 13C-NMR (CDCI3, 100 MHz): 5 170.8 
(C=O), 160.6 (C=O), 159.0, 155.3, 143.0, 141.6, 134.9, 129.1, 114 .7, 113.4, 104.7, 98. 1, 
10.6; MS \EI m/z, rel. intensity (%)\: 258 (\M\+), 13.7; 259 (\M\+ + 1), 2.7; 162 (\M+ + 
1)-97\, \C9H6O3f ,  15.9); 97 (\M+-162\, \C5H5O2f ,  100); HRMS/EI: m/z calc. for 
C14H 10O5: 258.0528. Found: 258.05260.
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4-Methyl-7-[(4-methyl-5-oxo-2,5-dihydro-2-furanyl)oxy\-2H-chromen-2-one (23)
A solution of 4-methyl umbelliferone (13) (540.0 mg, 3.07 mmol) in dry DMF (10 mL) 
was added to a stirred, cooled (0°C) slurry of sodium hydride (147.2 mg, 6.13 mmol) in 
dry DMF (5 mL) while maintained under nitrogen. The reaction mixture was treated in 
the same manner as described for 22. The resultant crude material was purified by 
column chromatography (heptane/ethyl acetate, 1:1, v/v) to afford compound 23, 245.8 
mg (28 %) which was recrystallized from di-isopropyl ether to give 23 as a pure 
crystalline product, 221.2 mg, m.p. 179°C; 1H-NMR (CDCl3, 100 MHz): Ô 7.67- 7.20 
(m, 4H, 3H, ArH protons + CH=), 6.48 (s, 1H, =CHCO), 6.29 (s, 1H, OCHO), 2.46 (s, 
6H, 2 x CH3). MS [EI m/z, rel. intensity (%)\: 272 ([M\+), 25.2; 273 ([M\+ + 1), 4.4; 175 
([M+-97], [C10H7O3\+, 1.9); 176 ([M+ + 1)-97\, [CmHgOsf, 49.3); 97 ([M+-176], 
[C5H5O2\+, 100); HRMS/EI: m/z calc. for C15H 12O5: 272.0685. Found: 272.06848.

3-Methyl-5-[(3-oxo-1-cyclohexenyl)oxy\-2(5H)-furanone (24)
The treatment of 1,3-cyclohexanedione (14) (300.0 mg, 2.68 mmol) with potassium 
carbonate (407.2 mg, 2.95 mmol) and chlorobutenolide 28 (390.3 mg, 2.95 mmol) in dry 
DMF (3 mL) was conducted in the manner as described above for 22, to give the desired 
compound 24 as white crystals, 90.9 mg (16.3 %) after column chromatography 
(hexane/ethyl acetate, 1:1, v/v). An analytical sample was obtained by recrystallization 
from di-isopropyl ether, m.p. 120-124°C; 1H-NMR (CDCl3, 400 MHz): Ô 6.94 (s, 1H, 
CH=), 6.24 (s, 1H, OCHO), 5.73 (s, 1H, =CH), 2.46-2.28 (m, 6H, 2 x CH2), 2.01 (s, 3H, 
CH3). 13C-NMR (CDCl3, 100 MHz) Ô 199.0 (C=O), 174.1 (C=O), 170.5, 141.2, 134.9,
106.3, 95.8, 36.6, 28.2, 20.9, 10.6; MS [EI m/z, rel. intensity (%)\: 209 ([M+1\+, 2.9); 
208 ([M\+, 21.7); 97 ([M+-111\, [C5H5O2\+, 100); Anal. calc. for C11H 12O4: C, 63.45; H, 
5.81. Found: C, 63.26; H, 5.65 %.

5-[(5,5-Dimethyl-3-oxo-1-cyclohexenyl)oxy\-3-methyl-2(5H)-furanone (25)
Method A
5,5-Dimethyl-1,3-cyclohexanedione (15) (300.0 mg, 2.14 mmol) was treated with 
potassium carbonate (325.8 mg, 2.36 mmol) and chlorobutenolide 28 (312.3 mg, 2.36 
mmol) in dry DMF (3 mL) in the manner described above. The crude product was 
purified by column chromatography (hexane/ethyl acetate, 1:1, v/v) to give compound 25 
as white crystals, 78.5 mg (14.5 %). An analytical sample was obtained by
recrystallization from di-isopropyl ether, m.p. 96-99°C; 1H-NMR (CDCl3 , 400 MHz): 5
6.94 (s, 1H, CH=), 6.24 (s, 1H, OCHO), 5.73 (s, 1H, =CH), 2.30 (s, 2H, CH2), 2.26 (s, 
2H, CH2), 2.02 (s, 3H, CH3), 1.09 (s, 6H, 2 x CH3). 13C-NMR (CDO3, 100 MHz): 5
199.0 (C=O), 172.4 (C=O), 170.5, 141.2, 134.9, 105.1, 95.9, 50.6, 42.1, 32.5, 28.5, 27.9, 
10.6; MS [EI m/z, rel. intensity (%)\: 237 ([M+1\+, 1.0); 236 ([M\+, 8.9); 97 ([M+-139\, 
[C5H5O2\+, 100); Anal. calc. for C13H 16O4: C, 66.09; H, 6.83 Found: C, 66.11; H, 6.71 %. 
Method B
A stirred mixture of 5,5-dimethyl-1,3-cyclohexanedione (15) (300.0 mg, 2.14 mmol), 
DBU (358.8 mg, 2.36 mmol) and chlorobutenolide 28 (283.9 mg, 2.14 mmol) in 
dichloromethane (15 mL) while maintained under nitrogen was set aside at room 
temperature for 5 h, until analysis (TLC) indicated the total consumption of the 
chlorobutenolide 28. The mixture was processed in the manner described above. Column
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chromatography (hexane/ethyl acetate, 2:1, v/v) gave compound 25 as white crystals,
73.3 mg (14 %), m.p. 98-100°C; 1H-NMR (CDCl3, 400 MHz): 5 6.94 (s, 1H, CH=), 6.24 
(s, 1H, OCHO), 5.73 (s, 1H, =CH), 2.30 (s, 2H, CH2), 2.26 (s, 2H, CH2), 2.02 (s, 3H, 
CH3), 1.09 (s, 6H, 2 x CH3). 13C-NMR (CDCI3, 100 MHz): 5 199.0 (C=O), 172.4 (C=O), 
170.5, 141.2, 134.9, 105.1, 95.9, 50.6, 42.1, 32.5, 28.5, 27.9, 10.6; MS \EI m/z, rel. 
intensity (%)\: 237 (\M+1\+, 1.0); 236 (\M\+, 8.9); 97 (\M+-139\, \C5H5O2\+, 100); Anal. 
calc. for C13H 16O4: C, 66.09; H, 6.83. Found: C, 66.12; H, 6.73 %.

3-Methyl-5-\(5-oxotricyclo\5.2.1.02,6\deca-3,8-dien-3-yl)oxy\-2(5H)-furanone (26)
The tricyclic keto-enol 16 (400.0 mg, 2.47 mmol) was treated with potassium carbonate 
(375.4 mg, 2.72 mmol) and chlorobutenolide 28 (359.9 mg, 2.72 mmol) in dry DMF (4 
mL) at room temperature for 18 h. When analysis (TLC) indicated total consumption of 
chlorobutenolide 28, the mixture was treated with ice water (50 mL) and dichloromethane 
(20 mL), the separated aqueous layer was extracted with dichloromethane (2 x 15 mL), 
the combined organic layers washed with brine, dried (Na2SO4) and concentrated in 
vacuo. Column chromatography (hexane/ethyl acetate, 1:1, v/v) of the resultant material, 
followed by recrystallization from diisopropyl ether gave 26 (112.6 mg, 18 %) as white 
crystals, m.p. 168-171°C; 1H-NMR (CDCl3, 400 MHz): 5 6.93 (s, 1H, =CH), 6.13 (s,
1H, OCHO), 6.03 (s, 1H), 5.89 (s, 1H), 5.36 (s, 1H), 3.27 (m, 1H), 3.22 (bs, 1H), 3.02 
(bs, 1H), 2.97 (m, 1H), 2.03 (s, 3H, CH3), 1.75 (d, J = 8.5 Hz, 1H), 1.5 (d, J = 8.5 Hz, 
1H). 13C-NMR (CDCl3, 100 MHz): 5 205.4 (C=O), 186.1 (C=O), 170.4, 140.8, 135.2,
133.8, 131.9, 110.3, 97.7, 52.0, 51.3, 46.2, 44.1, 43.6, 10.6; MS \EI m/z, rel. intensity 
(%)\: 259 (\M+1\+, 2.0); 258 (\M\+, 13.3); 230 (\M+-28\, \C14H 14O3\+, 3.9); 161 (\M+- 
97\, \C10H9O2f ,  63.3); 97 (\M+-161\, \C5H5O2f ,  100); Anal. calc. for C15H 14O4: C, 
69.76; H, 5.46. Found: C, 69.87; H, 5.28 %.

3-(Dimethylamino)-4-\(4-methyl-5-oxo-2,5-dihydro-2-furanyl)oxy\-3-cyclobutene-1,2- 
dione (34)
A stirred cooled (0°C) solution of 3,4-dihydroxy-3-cyclobuten-1,2-dione (17) (300.0 mg, 
2.63 mmol) in DMF (5 mL) was treated in small portions with potassium tert-butoxide, 
(649.4 mg, 5.79 mmol) and stirred at that temperature, whilst kept under nitrogen, for 30 
min. The mixture was treated dropwise with a solution of chlorobutenolide 28 (697.0 mg, 
5.26 mmol) in anhydrous DMF (5 mL) over 30 min and then set aside at room 
temperature for ca. 9 days. Analysis (TLC) still indicated the presence of unreacted 
starting materials. The temperature of the reaction mixture was then raised to 80°C and 
set aside at that temperature for a further 18 h. Then analysis (TLC) indicated the total 
consumption of chlorobutenolide 28. The mixture was concentrated in vacuo, treated with 
a mixture of water (60 mL) and ethyl acetate (25 mL), the separated aqueous layer was 
extracted with ethyl acetate (2 x 20 mL) and the combined organic layers were washed 
with a brine solution, dried (Na2SO4) and concentrated in vacuo. The resultant crude 
material was purified by column chromatography (hexane/ethyl acetate, 1 :1, v/v) to give 
compound 34 as a white solid (99.8 mg) and an unidentified product (57.5 mg). 
Recrystallization of the material from di-isopropyl ether gave 34, (60.3 mg, 9.7 %), m.p.
140-141°C; 1H-NMR (CDCl3, 400 MHz): 5 7.28 (s, 1H, CH=), 7.07 (s, 1H, OCHO),
3.36 (s, 3H, CH3), 3.31 (s, 3H, CH3), 2.03 (s, 3H, CH3). 13C-NMR (CDCI3, 100 MHz): 5
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188.5 (C=O), 181.0 (C=O), 172.1, 170.2, 141.1, 135.6, 98.4, 39.6, 38.9, 10.6; MS \EI
m/z, rel. intensity (%)\: 238 (\M+1\+, 2.3); 237 (\M\+, 21.4); 141 (\M+1\+ -97), 15.5,
\C6HtO3N\+); 97 (\M+-140\, \C5H5O2\+, 100); Anal. calc. for C11H 11O5N: C, 55.70; H,
4.67; N, 5.90. Found: C, 55.38; H, 4.60, N, 5.86 %.
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Chapter 5

Synthesis and biological evaluation of new potential 
germination stimulating agents derived from benzoic acids, 

phenols, phthalimides, saccharin and 1,3-dicarbonyl 
compounds

5.1 Introduction
The natural life cycle of the parasitic weeds, Striga and Orobanche spp, involves the 
germination of the seeds of the parasites induced by a chemical signal exuded by the 
roots of the host plant, formation of a radicle and its subsequent attachment to the host 
roots, formation of the haustorium and growth of the parasitic plant using nutrient from 
the host plant, flowering of the parasitic plants and production of seeds (see also Chapter 
1). In this thesis, the focus is entirely on the germination stimulants. Up to now four 
natural germination stimulants have been isolated, viz. (+)-strigol (1), (+)-sorgolactone, 
alectrol and (+)-orobanchol (for the structures, see Chapter 1). A variety of synthetic 
analogues1-6 of these natural strigolactones has been developed, such as the GR series, 
exemplified by GR 24 (2).
Structure-activity studies of these stimulants revealed that the bio-actiphore for

7 8germination activity resides in the CD-part of the stimulant molecules. ’ It was found 
that the presence of the D-ring is a prerequisite for activity. A molecular mechanism has 
been proposed for the triggering of the germination (Scheme 1), see Chapter 1 for details.

In this chapter, the design, synthesis and biological evaluation of some new potential 
stimulants is described. The molecular mechanism and the presence of the D-ring are the 
guiding elements.
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Scheme 1

The molecular mechanism is essentially an SAE reaction in which the D-ring serves as a 
leaving group. A simple D-ring analogue that would allow an Sae reaction to occur is an 
ester of 5-hydroxy-3-methyl-2(5H)-furanone (3). For this study, benzoate 8 and salicylate 
9 were selected as examples. The aromatic substituents are mimicking the ABC-unit in 
the strigolactones. For curiosity reasons also the phenolic D-ring derivative 10 of 
hydroxyacetophenone 5 was included in this study, although this compound does not 
comply with the molecular mechanism. In previous studies,9 Sheehan aldehyde derived 
from #-phthaloglycine methyl ester was used as the ABC-ring mimic which led to 
Nijmegen-1 (see chapter 1). In this chapter, an ester substituted Nijmegen-1 derivative 14 
was considered as a stimulant. It was hypothesized that the polar substituent at the 
aromatic ring would enhance the solubility in water and, after saponification, this could 
even be much better.

Saccharin (4), a widely used sweetener is isosteric with phthalimide in which a -SO2- 
group replaces one carbonyl group. Therefore, the Nijmegen-1 equivalent 13 would be a 
logical choice for inclusion in this study. For curiosity reasons also D-ring derivative 12 
was considered, although a reaction with a nucleophile would not strictly follow the 
molecular mechanism as the D-ring can not be liberated.
Two 1,3-dicarbonyl compounds were included in this study. The potential stimulants can 
be derived from the corresponding enolones as shown in structures 15 and 16. All the 
ABC-ring mimics for the analogues mentioned above are readily available, either

4 5 6 7
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commercially or by a simple synthesis. Thus, these potential stimulating agents 8-16 
fulfil an important requirement namely, that they all will be obtainable from inexpensive 
ABC-ring mimics as the starting materials. This study will also shed light on the scope of 
the use of the molecular mechanism for the design of new stimulating agents.

O

O

5.2 Results and discussion
The preparation of the benzoate of hydroxy-butenolide 8 was readily accomplished by 
treating sodium benzoate with chlorobutenolide 18, which has proven its value as a D
ring precursor (Scheme 2). The yield amounted to 59 %.
The salicylate 9 was prepared similarly from sodium salicylate and chlorobutenolide 18 
in 42 % yield (Scheme 3). The 1H-NMR spectrum of product 9 showed a signal at 8 10.3 
attributable to the phenolic proton. The positive ferric chloride test confirmed the 
presence of this free phenolic OH group.
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Scheme 2

18, X = Cl
19, X = Br

O

Scheme 3

OH O

ONa DMF

18
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The coupling reaction of 2-hydroxyacetophenone 5 with the chlorobutenolide 18 in the 
presence of sodium hydride as a base, was expected to produce compound 10 (Scheme 
4). This reaction gave a pure crystalline product in 27 % yield. The analytical data (IR,

1 13MS, elemental analysis, H- and C-NMR spectroscopy) of this product were not in 
agreement with the expected structure 10. The 1H- NMR spectrum of the product was 
relatively simple. The overall integration of observable protons (16) was higher than the

13value (12) calculated for compound 10. The C-NMR spectrum shows signals at 5. 
198.7, 171.7 and 171.3, respectively, could be assigned to C=O groups. The one at 198.7 
ppm can be assigned to the keto group of the acetophenone moiety, whereas the 
remaining two signals indicate the possible presence of two butenolide (D-ring) entities. 
The elemental analysis (C18H 16O6) was in agreement with the presence of two furanone 
groups. The structure of the product was solved by X-ray diffraction analysis, which 
showed it to be the entirely unexpected cyclopropane derivative 11 (Figure 1). The 
crystal data and structural refinements for this structure are given in the experimental 
section. The mass spectral data were in agreement with the structure 11.
The formation of compound 11 is highly remarkable, as it has not been reported 
previously for the many reactions described 1-3, 5 6 10-18 of 18 or its bromo analogue with a 
wide variety of substrates.
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Scheme 4

It seems that addition of 18 to the double bond of another molecule of 18 had occurred 
during the reaction, either before or after condensation of 18 with 5 to form the expected
10. The base-catalysed addition of suitably activated halogeno derivatives to certain
unsaturated compounds is known19-21 to yield cyclopropane derivatives. A solvent

20 21effect ’ are observed in these reactions. The reactions are thought to occur via a 
Michael type addition of an intermediate carbanion, followed by a ring closure as shown 
in Scheme 5. The alternative mode of formation involving the generation of a carbene 

intermediate by a dehydrohalogenation (a-elimination) process of 18 seems most 
unlikely under the employed reaction conditions.
When the reaction of 5 with 18 was conducted in the presence of sodium ethoxide in 
ethanol at room temperature only unchanged starting materials were recovered. Elevation 

of the temperature of the reaction to 120°C yielded unchanged 5 and the hydroxy 
butenolide 3. The formation of compound 3 is probably attributed to the hydrolysis of 18 
during the work-up procedure.
The formation of the spiro compound 11 was also observed when the reaction of 5 with 
18 was performed with potassium carbonate as the base, although the yield was low. It is
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not clear why this unusual formation takes place during the attempted alkylation of 5 with 
chlorobutenolide 18. Further attempts to prepare 10 were not undertaken.

Scheme 5

Figure 1
22PL UTON generated drawing o f the crystal structure o f 11

Next, attention was given to the synthesis of aromatically substituted Nijmegen-1, 
starting by the treatment of trimellitic anhydride (2 1) with glycine and subsequent 
esterification of both carboxylic acid groups in 22 using dimethoxypropane and methanol 
(Scheme 6). Hydroxymethylidenation of thus obtained 23 with methyl formate using 
metallic sodium, failed to give the expected hydroxymethylene compound 24, but 
resulted in recovery of starting 23 only. Then, the expected hydroxymethylene compound
24, which is present as its sodium enolate, was treated in situ with chlorobutenolide 18 
using the one-pot procedure and the desired product 14 was indeed obtained, albeit in the 
modest yield of 26 % (Scheme 6). Apparently, the enol 24 is rather unstable, not allowing 
its isolation.
The synthesis of saccharin derived potential stimulants was initially conducted in a 
similar manner as that of Nijmegen-1 (Scheme 7). Reaction of the potassium salt of 
saccharin with methyl chloroacetate gave compound 25 in 79 % yield. However, the 
hydroxymethylidenation of 25 did not proceed smoothly. The usual treatment of 25 with
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methyl formate and metallic sodium did not give the expected enol 26, but recovered 
saccharin only. The use of potassium tert-butoxide in the hydroxymethylidenation led to 
the same disappointing results. Using a one-pot procedure in the preparation of 13a by a 
reaction of the in situ formed sodium enolate of 25 with chlorobutenolide 18 did not meet 
with success. The reason for this failure remains unclear.

Scheme 6

O
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Nitrobenzene HO.

O
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O Na, HCO2CH3

/ ■
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O
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O

O

H
O
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O O /
O

OHO
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A slightly modified saccharin derivative was considered next, namely target molecule 
13b. The reaction of potasium saccharinate (4a) with chloroacetone gave product 27 in 
86 % yield. The subsequent hydroxymethylidenation with methyl formate and metallic 
sodium gave crystalline enol in 34 % yield. In addition, an oily, unidentified by-product 
was obtained. Coupling of enol 28 with chlorobutenolide 18 gave the desired product 13b 
in 43 % yield (Scheme 8).
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Scheme 7
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For the sake of comparison and curiosity, the saccharin derivative (12) in which the D
ring is coupled directly to saccharin, was also prepared. The coupling, see Scheme 9, took 
place in the presence of potassium tert-butoxide, although the yield was modest (29 %).
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Scheme 9
O

NH

O O
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The preparation of D-ring containing derivatives of the two selected 1,3-dicarbonyl 
compounds took the normal course. Formyl acetone was readily obtained from acetone

23and methyl formate as described previously. The subsequent coupling with 18 gave the 
potential stimulant 15 in 24 % yield (Scheme 10). The coupling of commercially 
available arylmalondialdehyde (6) with chlorobutenolide 18 in DMF using potassium 
tert-butoxide as the base afforded the desired product 16 in 52 % yield (Scheme 11).

Scheme 10

O O
O

NaOCH3) 
dry Et2O

CH3CN

ONa
18

Scheme 11
O

5.3 Germination activity of the new potential germinating agents
The stimulatory germination activity of D-ring analogues 8-16, were assayed using seeds 
of Striga hermonthica and Orobanche cernua. The germination results are collected in 
Tables 1 and 2 and in bar diagrams shown in Figures 2 and 3.
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Table 1: Germination stimulatory activity of D-ring analogues 8-16 toward the seeds of 
S . hermonthica

% Germination ± SE at a concentration of

Entry Starting material D-ring

derivative

1 mg/L 0.1 mg/L 0.01 mg/L

1 Sodium benzoate 8 2.7 ± 1.1c 8.7 ± 2.7 6.7 ± 2.4

2 Sodium salicylate 9 2.6 ± 0 .8c 6.9 ± 1.1 21.3 ± 3.5

3 Hydroxyacetophenone 11 27.6 ± 7.7 6.0 ± 1.8 2.9 ± 0.5c

4 Saccharin 12 0.0 ± 0 .0c 18.5 ± 2.3 11.1 ± 2.1

5 Ketonyl saccharin 13b 64.2 ± 6.9 68.4 ± 1.7 55.9 ± 4.6

6 Phthalimido ester 14 17.6 ± 3.6 35.4 ± 7.3 6.4 ± 1.4

7 Acetoacetaldehyde 15 4.0 ± 1.9c 25.6 ± 2.3 28.8 ± 3.0

8 Arylmalondialdehyde 16 0.0 ± 0 .0c 9.6 ± 2.7 34.4 ± 3.5

9 GR 24 (2)d,f edn 19.7 ± 1.4 43.2 ± 4.4

Activities are given as germination percentages obtained after treatment of the seeds with the stimulant 

solution. Germination percentages given are means ± SE of one representative experiment.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (2) 
in the same bioassay.

No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control.

Equimolar mixture of two racemic diastereomers of GR 24 (2).

Not determined (nd).
The germination percentage of GR 24 (2) at 0.001 mg/L was 64.3 ± 7.5.

There is a considerable difference in the induction of germination for both seed types. It 
should be noted however, that the positive control, i.e. the activity of GR 24, is different 
for both test runs, but the conclusions will be influenced only marginally by this 
difference. For S. hermonthica, the saccharin derivative 13b shows a high activity. The 
ester substituted Nijmegen-1 14 is only moderately active. The other compounds hardly 
show any activity. In contrast, the Orobanche seeds respond much better to the newly 
prepared stimulants. Compound 13b derived from saccharin seems to be the most active 
one, closely followed by the derivative 16 obtained from tolylmalonaldehyde, the 
benzoate 8 and salicylate 9 and modified Nijmegen-1 14. These four stimulating agents 
show a very similar activity profile. The best performing stimulant for both seed types,

a

b

c

d
e
f
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i.e. saccharin derived compound 13b, is active over a wide concentration range and 
therefore, this agent is an interesting candidate for the use in the suicidal approach with 
the aim to reduce the devastating effect of the parasitic weeds. A drawback of this 
compound 13b is that its synthesis is rather low yielding. However, improvements may 
be possible by optimising the reaction conditions. The simple benzoate 8 and salicylate 9 
are of particular interest for eradicating the Orobanche parasites, the latter being the best. 
The same holds for the derivative 16 obtained from p-tolylmalondialdehyde.

Table 2: Germination stimulatory activity of D-ring analogues 8-16 toward the seeds of 
O. cernua

% Germination ± SE at a concentration of

Entry Starting material D-ring

derivative

1 mg/L 0.1 mg/L 0.01 mg/L

1 Sodium benzoate 8 87.3 ± 1.7 77.7 ± 5.9 20.6 ± 4.2

2 Sodium salicylate 9 51.9 ± 10.6 81.7 ± 8.3 72.4 ± 4.0

3 Hydroxyacetophenone 11 0.0 ± 0 .0c 0.0 ± 0 .0c 0.0 ± 0 .0c

4 Saccharin 12 70.2 ± 2.9 31.0 ± 5.3 3.7 ± 1.0c

5 Ketonyl saccharin 13b 84.9 ± 3.2 79.0 ± 3.5 54.5 ± 3.8

6 Phthalimido ester 14 74.5 ± 4.4 68.7 ± 13.0 6.9 ± 0.5

7 Acetoacetal dehy de 15 0.0 ± 0 .0c 14.5 ± 9.9 0.0 ± 0 .0c

8 Arylmalondialdehyde 16 63.4 ± 5.1 89.0 ± 3.5 87.1 ± 5.0

9 GR 24 (2)d,f nde 85.7 ± 1.7 81.6 ± 3.5

Activities are given as germination percentages obtained after treatment of the seeds with the stimulant 

solution. Germination percentages given are means ± SE of one representative experiment.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (2) 

in the same bioassay.

No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control.

Equimolar mixture of two racemic diastereomers of GR 24 (2).

Not determined (nd).
The germination percentage of GR 24 (2) at 0.001 mg/L was 55.9 ± 5.1.

a

b

c

107



Chapter 5

Figure 2: Bar graphs of percentages of germinated seeds of S. hermonthica after 
exposure to various concentrations of compounds 8-16 with GR 24 (2) as a 
positive control

Figure 3: Bar graphs of percentages of germinated seeds of O. cernua after exposure to 
various concentrations of compounds 8-16 with GR 24 (2) as a positive control
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The compound that does not obey the principle of the molecular mechanism shown in 
Scheme 1, namely 12, is not active, except for Orobanche seeds at high concentration.
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This activity at higher concnetration may point to an alternative mode of interaction with 
the receptor. More information is needed to draw conclusions.

5.4 Concluding remarks
The synthesis of a series of new potential germination stimulating agents designed on the 
basis of the molecular mechanism has been accomplished. In attempts to prepare a D-ring 
derivative from o-hydroxyacetophenone, an unexpected product 11 was obtained. The 
biological evaluation revealed that the saccharin derived stimulating agent 13b had the 
best response for both seed types. For Orobanche, several of the new agents showed an 
appreciable to high activity, viz. benzoate 8, and salicylate 9 and the modified Nijmegen- 
1 14. Especially, the simple esters 8 and 9 may be of interest for Orobanche control.

5.5 Experimental section
General remarks: see chapter 2.

4-Methyl-5-oxo-2,5-dihydro-2-furanyl benzoate (8)
A stirred mixture of sodium benzoate 17 (429.2 mg, 3.0 mmol) and the chlorobutenolide 
18 (470.2 mg, 3.55 mmol) in an anhydrous DMF (15 mL), whilst maintained under 
nitrogen was set aside at room temperature for 18 h. Then TLC analysis indicated the 
total consumption of 18. The mixture was concentrated in vacuo, the residue treated with 
a mixture of water (50 mL) and ethyl acetate (30 mL), the separated aqueous layer was 
extracted with ethyl acetate (2 x 20 mL), and the combined organic layers were washed 
with water, then dried (MgSO4), and concentrated in vacuo. The resultant crude product 
was crystallized from di-isopropyl ether to give 8 as pure white crystals, 387.8 mg (59.3 
%), m.p. 96-102°C; *H-NMR (cDC13, 400 MHz): 8 8.06-7.47 (m, 5H, ArH), 7.13 (m,
1H, CH=), 7.04 (m, 1H, OCHO), 2.04 (s, 3H, CH3). 13C-NMR, (CDCI3, 400 MHz): 8
171.0 (C=O), 164.7 (C=O), 142.1, 134.6, 134.0, 130.1, 128.6, 128.4, 93.0, 10.7; MS [EI 
m/z, rel. intensity (%)]: 219 ([M11]1, 8 .4); 218 ([M]1, 61.3); 189 [M+-29], 54.1, 105 [M1- 
113], 100, 97 ([M+-121], [C5H5O2]1, 90.6); Anal. calc. for C12H 10O4: C, 66.05; H, 4.62. 
Found: C, 65.51; H, 4.59 %.

4-Methyl-5-oxo-2,5-dihydro-2-furanyl salicylate (9)
A stirred mixture of sodium salicylate 20 (600.0 mg, 3.75 mmol) and compound 18 
(541.6 mg, 4.09 mmol) in anhydrous DMF (15 mL), whilst maintained under nitrogen 
was set-aside at room temperature for ~65 h. Then the mixture was processed in the same 
manner as described above. The resultant solid was crystallized from di-isopropyl ether to 
give 9 as pure white crystals, 365.4 mg (41.6 %), m.p. 80-81°C; !H-NMR (CDCI3, 400 
MHz): 8 10.28 [s, 1H, OH (hydrogen bonding)], 7.81-7.00 (m, 4H, ArH 1  =CH 1  
OCHO), 2.04 (m, 3H, CH3); 13C-NMR, (CDCI3, 100 MHz), 8 170.8 (C=O), 168.4 (C=O), 
162.2, 141.6, 136.9, 135.0, 130.1, 119.5, 117.9, 110.9, 92.8, 10.7; MS [EI m/z, rel. 
intensity (%)]: 235 ([M11]1, 11.2); 234 ([M]1, 73.9); 138 ([M1 1  1] -97, [C7H5O3]1, 91.2);
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97 ([M1 -137, [C5H5O2]1, 100); HRMS/EI: m/z calc. for C12H10 O5: 234.0528. Found: 
234.05289.

4-(2-Acetylphenoxy)-1,9-dimethyl-3,7-dioxatricyclospiro[3.1.0]dec-9-en-2,8-dione (11)
A stirred cooled, (0°C) slurry of NaH (74.0 mg, 3.08 mmol) in an anhydrous DMF (5 
mL), whilst maintained under nitrogen was treated dropwise with a solution of 2- 
hydroxyacetophenone 5 (203.3 mg, 1.54 mmol) in dry DMF (10 mL). The mixture was 
stirred at 0°C for 1 h and followed by gradual addition of a solution of the 
chlorobutenolide 18 (448.3 mg, 3.38 mmol) in dry DMF (5 mL). The mixture was 
allowed to attain room temperature, set aside for 24 h and then processed in the same 
manner described above to give compound 11 as a white solid (135.4 mg, 26.8 %), after 
column chromatography (heptane/ethyl acetate, 2 :1, v/v) which was recrystallized from 
di-isopropyl ether (67.4 mg), m.p. 152-154°C; *H-NMR (CDCl3, 400 MHz): 8 7.73-7.23 
(m, 5H, ArH), 6.96 (s, 1H, CH=), 5.91 (s, 1H, OCHO), 3.20 (s, 1H, CH), 2.61 (s, 3H, 
COCH3), 2.01 (s, 3H, CH3). 13C-NMR (CDCI3, 100 MHz): 8 198.7 (C=O), 171.7 (C=O),
171.3 (C=O), 153.9, 141.3, 133.5, 130.5, 124.5, 118.7, 99.0, 70.8, 36.2, 34.0, 31.0, 11.1, 
9.2; MS [EI m/z, rel. intensity (%)]: 329 ([M11]1, 0.3); 328 ([M]1, 0.6); 313 ([M1-15], 
[C17H13O6]1, 0.7), 231 ([M1-97], [C13H 11O4]1, 30.7), 192 ([M1-136], 97.2), 97 ([M1-231], 
[C5H5O2]1, 37.8); Anal. calc. for C ^ H ^ :  C, 65.91; H, 4.92. Found: C, 65.80; H, 4.88 
%.

X-Ray diffraction analysis of compound 11
Crystals of 11, suitable for X-ray diffraction studies, were obtained by slow cooling of a 
solution of 11 in di-isopropyl ether. A single crystal was mounted in air on a glass fibre. 
Intensity data were collected at room temperature. Crystal data are given in Table 3 
below.
An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka radiation, 0-20 
scan mode. Unit cell dimensions were determined from the angular setting of 25 
reflections. Intensity data were corrected for Lorentz and polarization effects. Semi-

24empirical absorption correction (y-scans) was applied. The structure was determined
25using the program CRUNCH and was refined with standard methods (refinement 

against F2 of all reflections with SHELXL9726 with anisotropic parameters for the non
hydrogen atoms. The hydrogen atoms of the methyl groups were refined as rigid rotors to 
match maximum electron density in a difference Fourier map. All other hydrogens were 
placed at calculated positions and were freely refined subsequently.
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Table 3: Crystal data and structure refinement for compound 11

Crystal colour
Crystal shape 
Crystal size 
Empirical formula 
Formula weight 
Temperature 
Radiation / Wavelength 
Crystal system, space group 
Unit cell dimensions 
(25 reflections 
10.315 < 0 < 12.215)
Volume
Z, Calculated density 
Absorption coefficient 
Diffractometer / scan
F(000)
0 range for data collection 
Index ranges
Reflections collected / unique 
Reflections observed 
Absorption correction 
Range of relat. transm. factors 
Refinement method 
Computing
Data / restraints / parameters 
Goodness-of-fit on F2 
SHELXL-97 weight parameters 
Final R indices [I>2o(I)]
R indices (all data)
Largest diff. peak and hole

colourless transparent 
rough irregular lump 
0.42 x 0.37 x 0.28 mm
C 18 H 16 O 6 

328.31 
293(2) K
MoKa (graphite mon.)/ 0.71073 A 
Monoclinic, P21/n
a, a  = 13.1472(10) A, 90°
b, P = 8.6364(11) A, 101.483(8)°
c, Y = 14.2998(15) A, 90°
1591.2(3) A3
4, 1.370 Mg/m3 
0.104 mm-1
Enraf-Nonius CAD4 / 0-20 
688
2.77 to 27.49°
0< h < 17, -11 < k < 0, -18 < l < 18 
3807 / 3651 [R(int) = 0.0913]
2580 ([Io>2o(Io)])
Semi-empirical from ¥-scans 

1.267 and 0.867 
Full-matrix least-squares on F2 
SHELXL-97 (Sheldrick, 1997) 
3651 / 0 /248  
1.048
0.124300 0.254100 
R1 = 0.0661, wR2 = 0.1726 
R1 = 0.0904, wR2 = 0. 1953 
0.354 and -0.302 e.A -3

Reaction o f 2-hydroxyacetophenone 5 with compound 18 in the presence o f potassium 
carbonate
A mixture of 2-hydroxyacetophenone 5 (300.0 mg, 2.27 mmol), potassium carbonate 
(345.5 mg, 2.5 mmol) and chlorobutenolide 18 (331.3 mg, 2.5 mmol) in DMF (8 mL), 
whilst maintained under nitrogen, was set aside at room temperature for ~ 71 h. The 
mixture was processed in a similar manner as that described above to give the starting 
compound 7 (153.5 mg) and a mixture of compounds 10 and 11 (67.0 mg), which was 
difficult to purify. 1H-NMR (CDCl3, 100 MHz): 5 7.76-6.70 (m, 4H, ArH + CH=), 6.35 
(s, 1H, OCHO), 2.59 (s, 3H, COCH3), 2.05 (s, 3H, CH3). MS [EI m/z, rel. intensity (%)]: 
Fragmentation patterns corresponding to compound 10: 233 ([M+1]+, 2.3); 232 ([M]+,
11.9), 217 ([M+-15], [C12H9O4] ]  0.4), 189 ([M+-43], [C n H O T , 0.3), 135 ([M+-97], 
[C8H7O2]+, 0.8), 97 ([M+-135], [C5H5O2]+, 100); Fragmentation patterns corresponding to 
compound 11: 328 ([M]+, 0 .5), 231 ([M+-97], [ C ^ H ^ f ,  11.9), 192 ([M+-136], 50.4), 
164 ([M+-164], 100).
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2-(4-Methyl-5-oxo-2,5-dihydro-2-furanyl)-2,3-dihydro-1H-1X6-benzo[d]isothiazole-1,1,3- 
trione (12)
A stirred solution of saccharin 4 (250.0 mg, 1.34 mmol) in anhydrous DMF (10 mL) was 
treated with potassium tert-butoxide (153.3 mg, 1.34 mmol), followed by the 
chlorobutenolide 18 (252.8 mg, 1.91 mmol), whilst being maintained under nitrogen. The 
mixture was set-aside at room temperature for ~67 h and then processed in a manner 
similar to that described above. The resultant crude material was triturated with a mixture 
of heptane/ethyl acetate (1:1, v/v) to give pure 12 as a white solid, 111.5 mg (29.3 %), 
m.p. 173-176°C; *H-NMR (CDCl3, 300 MHz): 8 8.09-7.77 (m, 4H, ArH + =CH), 6.82 
(m, 1H, OCHO), 2.09 (m, 3H, CH3); MS [EI m/z, rel. intensity (%)]: 280 ([M+1]+, 2.8); 
279 ([M]+, 16.1); 250 ([M+-29], 81.3); 183 ([M+ + 1]-97, [C7H4 NO3 S]+, 32.9); 97 ([M+ + 
1]-183, [C5H5O2] , 100); HRMS/EI: m/z calc. for C12H9NO5 S: 279.0201. Found: 
279.02006.

2-{(Z)-1-Acetyl-2-[(4-methyl-5-oxo-2,5-dihydro-2-furanyl)oxy]-1-ethenyl}-2,3-dihydro- 
1H-X6-benzo[d]isothiazole-1,1,3-trione (13b)
Compound 28 (300.0 mg, 1.12 mmol) was added to a stirred, cooled (-40°C) solution of 
potassium tert-butoxide (126.1 mg, 1.12 mmol) in dry DMF (8 mL), whilst maintained 
under nitrogen. The mixture was stirred for 0.5 h at room temperature, cooled to -60°C 
and then treated dropwise with a solution of the chlorobutenolide 18 (156.3 mg, 1.18 
mmol) in DMF (4 mL). The mixture was allowed to warm to room temperature and set 
aside for 24 h, after which it was processed in a similar manner to that described above to 
give 13b as a yellow solid (423.0 mg). Recrystallization from di-isopropyl ether gave 
product 13b as yellowish crystals (176.5 mg, 43.3 %), m.p. 245-253°C; !H-NMR 
(CDCl3, 300 MHz): 8 7.87- 7.77 (m, 4H, ArH + =CHO), 6.88 (m, 1H, CH=), 6.58 (s, 1H, 
OCHO), 2.33 (s, 3H, COCH3), 1.93 (s, 3H, CH3). 13C-NMR, (CDCI3, 100 MHz): 8 194.1 
(C=O), 174.7 (C=O), 171.4 (C=O), 165.6 (C=O), 140.0, 138.5, 135.9, 134.5, 133.9,
129.4, 128.2, 123.6, 89.9, 88.0, 22.4, 10.8; MS [EI, m/z, rel. intensity (%)]: 335 ([M+1]+, 
2.4); 335 ([M]+, 6.1); 335 ([M+-18], 7.7), 211 ([M+-152], 3.2), 97 ([M+-266], 60.2), 98 
([M+-265], 100); Anal. calc. for C16H 13NO7S: C, 52.89; H, 3.61; N, 3.85; S, 8.85. Found: 
C, 53.45; H, 3.87; N, 4.20; S, 9.02 %. HRMS/EI: m/z calc. for C15H 13NO6S: 335.0464. 
Found: 335.04631.

Methyl 2-{(Z)-1-(methoxycarbonyl)-2-[(4-methyl-5-oxo-2,5-dihydro-2-furanyl)oxy]-1- 
ethenyl}-1,3-dioxo-5-isoindolinecarboxylate (14)
A stirred solution of the phthalimido ester 23 (600.0 mg, 2.17 mmol) in methyl formate 
(15 mL), whilst maintained under nitrogen was treated with small pieces of metallic 
sodium (61.0 mg). The mixture was set aside for 24 h and then concentrated in vacuo. 
The residue was dissolved in anhydrous DMF (15 mL), cooled (-50°C) and then treated 
dropwise with the solution of chlorobutenolide 18 (378.8 mg, 2.86 mmol) in DMF (5 
mL). The mixture was allowed to warm to room temperature, set aside for 5 days and 
then processed in the same manner described above to give compound 14 as a white foam 
(228.8 mg, 26.3 %), after column chromatography (hexane/ethyl acetate, 1:1, v/v). !H- 
NMR (CDCl3, 400 MHz): 8 8.53- 7.93 (m, 4H, ArH + =CHO), 6.91 (s, 1H, CH=), 6.20 
(s, 1H, OCHO), 4.00 (s, 3H, CH3OCO), 3.79 (s, 3H, OCH3) 1.98 (s, 3H, CH3). 13C-NMR,
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(CDCI3, 100 MHz): 8 169.9, 165.2, 162.9, 153.7, 140.9, 135.7, 132.3, 124.9, 123.9,
106.0, 100.1, 60.4-, 52.9, 52.4, 31.8, 22.6, 14.2, 14.1, 10.7; MS [EI, m/z, rel. intensity 
(%)]: 402 ([M+1]+, 0.8); 401 ([M]+, 3.4); 370 ([M+-31], [C18H12NO8]+, 10.4), 304 ([M+- 
97], [C14H10NOt]+, 100), 97 ([M+-304], [C5̂ O 2]+, 82.3); HRMS/EI: m/z calc. for 
C19H 15NO9: 401.0746. Found: 401.0745.

3-Methyl-5 {[(E)-3-oxo-1-butenyl]oxy}-2,5-dihydro-2-furanone (15)
A solution of chlorobutenolide 18 (333.9 mg, 2.52 mmol) in an anhydrous acetonitrile (3 
mL) was added gradually to a stirred, cooled, (-10°C) suspension of sodium formyl 
acetone (260.0 mg, 2.40 mmol) in anhydrous acetonitrile (10 mL), whilst maintained 
under nitrogen. The mixture was allowed to warm to room temperature and then set aside 
for 24 h. The mixture was treated with a mixture of ice water (30 mL) and 
dichloromethane (20 mL), the separated aqueous layer was extracted with 
dichloromethane (2 x 10 mL), and the combined organic layers washed with water, then 
dried (MgSO4) and concentrated in vacuo. The resultant crude material was purified by 
column chromatography (hexane/ethyl acetate, 1:1, v/v) to give compound 15 as pure 
white crystals (104.3 mg, 23.8 %) m.p. 91-92°C; *H-NMR (CDCl3, 400 MHz): 8 7.51 (d,
1H, J = 12.6 Hz, =CH), 6.93 (m, 1H, CH=), 6.12 (m, 1H, OCHO), 5.93 (d, 1H, J = 12.6 
Hz), 2.22 (s, 3H, CH3CO), 2.01 (s, 3H, CH3). 13C-NMR (CDCI3, 100 MHz): 8 195.8 
(C=O), 170.3 (C=O), 157.3, 141.0, 135.4, 111.7, 99.1, 28.5, 10.7; MS [EI, m/z, rel. 
intensity (%)]: 183 ([M+1]+, 2.4); 182 ([M]+, 6.1); 167 ([M+-18], [C8H7O4]+, 2.6), 85 
([M+-97], [C4H5O2] , 8.9), 97 ([M+-85], [C5̂ O 2]+, 100); Anal. calc. for C9H 10O4: C, 
59.34; H, 5.53. Found: C, 59.49; H, 5.50 %.

(E)-3-[(4-Methyl-5-oxo-2,5-dihydro-2-furanyl)oxy]-2-(4-methylphenyl)-2-propenal (16)
A stirred mixture of p-tolylmalondialdehyde 6 (200.0 mg, 1.23 mmol), DBU (206.5 mg,
1.36 mmol) and the chlorobutenolide 18 (163.4 mg, 1.23 mmol) in dry dichloromethane 
(10 mL), whilst maintained under nitrogen was set aside at room temperature for 24 h, 
after which the mixture was processed in the manner described above to give compound 
16 as white crystals (165.0 mg, 51.8%), m.p. 119-121°C, after column chromatography 
(heptane/ethyl acetate, 1:1, v/v), *H-NMR (CDCl3, 400 MHz): 8 9.48 (s, 1H, COH 
(aldehydic proton), 7.30-7.18 (m, 4H, ArH + CH=), 6.94 (s, 1H, CH=), 6.23 (s, 1H, 
OCHO), 2.35 (s, 3H, Ar-CH3), 2.01 (s, 3H, CH3). 13C-NMR (CDCI3, 100 MHz): 8 190.4 
(C=O), 170.1 (C=O), 161.4, 141.0, 138.1, 135.9, 129.2, 128.9, 126.2, 125.7, 100.5, 21.3, 
10.7; MS [CI, m/z, rel. intensity (%)]: 259 ([M+1]+, 77.4); 258 ([M]+, 15.5); 241 ([M++
1 ]-18, [C15H 12O3] , 58.2), 161 ([M+-97], [ C ^ H ^ f ,  18.6), 97 ([M+-161], [C5H5O2]+, 
100); Anal. calc. for C15H 14O4: C, 69.76; H, 5.46. Found: C, 69.83; H, 5.37 %.

27Methyl 2-(2-methoxy-2-oxoethyl)-1,3-dioxo-5-isoindolinecarboxylate (23) 
Carboxyphthalimidoacetic acid 22 (7.0 g, 28 mmol) dissolved in a mixture of methanol 
(70 mL) and 2,2-dimethoxypropane (80 mL) containing p-toluenesulfonic acid (500 mg) 
was stirred at room temperature for 1 h. The temperature of the reaction mixture was then 
elevated to 60°C and set aside for 18 h. The mixture was cooled to room temperature, 
concentrated in vacuo, and the resultant solid material was recrystallized from 2-propanol 
to give 23 as a pure white solid, 2.1 g, (27 %), m.p. 125-130°C. The spectroscopic data
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were in complete agreement with the assigned structure. !H-NMR (CDCI3, 100 MHz): 8 
8.54-7.94 (m, 3H, ArH), 4.48 (s, 2H, NCH2CO), 4.00 (s, 3H, CH3O), 3.78 (s, 3H, OCH3).

2-(2-Oxopropyl)-2,3-dihydro-1H-1 X6-benzo[d]isothiazole-1,1,3-trione (27)28 
A stirred solution of saccharin 4 (10.0 g, 54.64 mmol) in DMF (80mL), whilst maintained 
under nitrogen was treated with potassium tert-butoxide (6.13 g, 54.64 mmol) followed 
by chloroacetone (6.1 g, 65.6 mmol). The mixture was set aside for 15 min at room 
temperature and then heated at 125°C for 2 h. The cooled mixture was concentrated in 
vacuo, the residue was dissolved in dichloromethane (80 mL) and washed with water 
(100 mL). The dichloromethane layer was dried (MgSO4) and concentrated in vacuo. The 
residue was crystallized from hot methanol to give 27 (11.2 g, 86 %) as a white solid, 
which was sufficiently pure for the subsequent step (m.p.143-144°C). !H-NMR (CDCI3, 
100 MHz): 8 8.14-7.86 (m, 4H, ArH.), 4.48 (s, 2H, NCH2CO), 2.29 (s, 3H, COCH3).

2-[(Z)-1-Acetyl-2-hydroxy-1-ethenyI]-2,3-dihydro-1H-1^-benzo[d]isothiazole-1,1,3- 
trione (28)
A stirred, cooled (-10°C) solution of acetonyl saccharin 27 (5.0 g, 20.9 mmol) in methyl 
formate (30 mL), whilst maintained under nitrogen was treated with small pieces of 
metallic sodium (481.2 mg, 20.9 mmol). The mixture was allowed to attain room 
temperature, set aside for 14 h, and then concentrated in vacuo. The residue was treated 
with a mixture of glacial acetic acid (2 mL) and 1M HCl (5 mL), and extracted with ethyl 
acetate (50 mL), and the separated aqueous layer extracted with ethyl acetate (2 x 50 
mL). The combined organic layers were washed with water, dried (MgSO4) and 
concentrated in vacuo. The resultant crude material was purified by column 
chromatography (hexane/ethyl acetate, 2:1, v/v) to give compound 28 (1.92 g in 34.3 %) 
as a yellow solid and an unidentified compound (1.50 g, 26.9 %) as oil. Recrystallization 
of 28 from di-isopropyl ether gave pure material, mp 150-151°C; !H-NMR (CDCI3, 100 
MHz): 8 14.93 (s, 1H, OH (hydrogen bonding), 8.19-7.69 (m, 4H, ArH), 6.07 (bs, 1H, 
OH), 2.44 (s, 3H, CH3). MS [EI, m/z, rel. intensity (%)]: 267 ([M]+, 0.2); 239 ([M+-28], 
[C10H9NO4s]+, 100); HRMS/EI: m/z calc. for C11H9NO5S: 267.0201. Found: 267.01993.
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Chapter 6

The search for potential germination stimulants using the 
random screening approach: The synthesis and biological 

evaluation of ferulic acid and some derivatives as 
germination stimulating agents

6.1 Introduction
As it has been outlined in the introductory chapter 1, the naturally occurring 
strigolactones 1-4 and synthetic analogues 5-7 are potent germination stimulants of seeds 
of the parasitic weeds, Striga and Orobanche species.1-3
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On the basis of structure activity studies,4-6 a molecular mechanism7 was proposed, which 
accounts for the biological activity of strigolactones and their synthetic analogues. 
According to this mechanism, which involves only the bio-actiphoric CD-part, the enol 
ether unit plays a crucial role as a Michael acceptor, as it initiates the reaction with a 
nucleophilic site on the receptor, and in the final step, elimination of the D-ring takes 
place (Scheme 1).

Scheme 1

Several other compounds have been reported to be active in stimulating the germination 
of Striga and Orobanche species, albeit in higher concentrations than those reported for 
the natural germination stimulants. These compounds include natural and synthetic 
cytokinins, scopoletin, inositol, methionine, ethylene, kinetin, cotylenins, gibberellins, 
jasmonates, fusiccoccins and zeatin.8-16 Although a variety of compounds can substitute 
the host-derived signal, the specificity and mechanism through which these compounds

8, 17act, remain unclear. ’ Information on the mode of action of germination stimulants and 
the nature of the biochemical and physiological changes occurring within the seed prior 
to and after inception of the stimuli is still lacking. Such information could contribute to 
the development of control measures aiming at the depletion of Striga seed banks in the 
soil.
Suicidal germination is one of the Striga control approaches with considerable promise.

18Seed dormancy is broken by many substances including weak acids, alcohols,
aldehydes, nitriles and ketones,19 plant growth regulators,20 oxidizing agents such as

21 22 hydrogen peroxide and the fungal toxin fusicoccin. The relationship between chemical
structure of dormancy-breaking compounds and physiological activity at the molecular

23level remains unclear. It has been suggested, however, that at low pH conditions, certain 
substances e.g. cyanide, nitrate, salicylhydroxamic acid, and aliphatic monocarboxylic

23 24 25acids are physiologically active as dormancy-breaking compounds. ’ ’ The positive 
relationship between lipophilicity and dormancy-breaking capacity of compounds, such
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23as alcohols, aldehydes, esters and ketones has also been demonstrated. It has also been 
suggested that dormancy is due to decreased oxygen diffusion to embryos and activation 
of the oxidative pentose phosphate pathway has been proposed to be the main step 
leading to germination.26 Convincing evidence supporting this hypothesis is still

27lacking. It has also been suggested that there are related or common receptors for 
dormancy-breaking agents within the plasma membrane of the responsive embryonic 
cells. When triggered, these receptors then initiate signal transduction cascade reactions,
perhaps involving synthesis of, or sensitisation to, germination-promoting gibberellins

28(GAs) that leads to the completion of germination. Changes in the phosphorylating
2+activity of membrane-associated Ca -dependent protein kinases that lead to dormancy

29or germination have been proposed as well.
Many of these hypotheses concerning dormancy-breaking and germination are rather 
speculative, nevertheless, the above information suggests that other compounds with 
chemistry different from that of natural germination stimulants could also induce 
germination and accordingly they may be considered as control agents to combat these 
pests in the field.
For the selection of compounds one criterion was added as restriction, namely that the 
selected compound should have a biological activity in the plant domain, e.g. as a 
hormone, growth regulator, enzyme, etc. The random screening approach is widely used 
for the search of new herbicides. If a hit is found new information becomes available for 
the validity of the proposed molecular mechanism for the initiation of the germination of 
seeds of parasitic weeds. Furthermore, compounds with a positive outcome in the 
screening process can be modified in a chemical manner with the aim to optimise the 
structure with regard to the germination activity.
Compounds 8-16 were selected for this random screening.
Ferulic acid, vanillin and salicylic acid belong to the group of plant phenolics. They play 
an essential role in the regulation of plant growth, development and interaction with other

30organisms. Several phenolics serve as allelopathic compounds influencing germination
31and the growth of neighbouring plants. Phenolic compounds produced by plant roots are 

considered essential for germination, haustoria formation and attachment of germinated
32parasitic Striga seeds to host roots.

For the sake of comparison, the dimethoxy analogue of ferulic acid, viz. compound 11, 
was also included in the screening. Sinapinic acid (11) occurs in many plants and seeds of 
the Cruciferae species.
Abscicic acid (ABA) is a plant hormone responsible for growth regulation. There is 
considerable evidence available that indicates that ABA plays a major role in adaptation
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33in abiotic environmental stress, seed development and germination. Several other 
functions of ABA have been claimed as well.34

35Glutathione (GSH) (14) is a tripeptide that forms part of a redox system, whereby the 
oxidized form has a disulfide bond (GSSG). Certain plants also contain homologues of 
GSH.36, 37 It has been demonstrated that GSH regulates the sulfur uptake at the root

38level. For comparison cystine and cysteine were also included in this study.
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6.2 Results and discussion
The selected compounds 8-16 were all bioassayed for the seeds of Striga hermonthica

39and Orobanche cernua using the standard bioassay procedure, which were also used in 
chapters 2-5. The results are collected in Tables 1 and 2 (see section 6.3). The data shown 
in Table 1, entries 1-9, reveal that ferulic acid has an appreciable germination activity 
toward Striga seeds. The compounds 9-16 are slightly active or not active at all. The 
same holds for the induction of germination of Orobanche seeds see Table 2, entries 1-9. 
Only ferulic acid is active.

2

2

2
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It should be noted that ferulic acid does not contain a D-ring unit, which was shown to be 
an essential structural element in strigolactones and their analogues. Thus, the idea was 
born out to attach a D-ring unit to ferulic acid with the aim to further improve its bio
activity. For this purpose ferulic acid was treated with chlorobutenolide 17 in the 
presence of base, see Scheme 2. However, this procedure led to the introduction of two 
D-ring units, viz. at the carboxylic acid function and at the phenolic hydroxyl group, 
resulting in compound 18 in a yield of 33 %. Some of the butenolide 17 was recovered.

The introduction of the D-ring at only the phenolic site is conceivable by starting with the 
ester 8a. However, treatment of this ester 8a with chlorobutenolide 17 in the usual 
manner led to product 19a in the modest yield of 25% (Scheme 3). The formation of theis 
product suggests that during the treatment of 8a with the base, the ester moiety has been 
hydrolyzed to an acid, which in the presence of excess K2CO3 reacted with the

Scheme 2

18

Scheme 3

OH

8a

k2c o 3, dm f

17

19 (Not isolated)
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chlorobutenolide 17 to give compound 19a. The spectral data were in full accordance 
with this structure 19a.

6.3 Germination activities
The germination activity of compounds 8-18 and 19a was assayed using seeds of S. 
hermonthica and O. cernua. The germination results are collected in Tables 1 and 2 and 
represented as bar diagrams in Figures 1 and 2.

Table 1: Germination stimulatory activity of analogues 8-18 and 19a toward the seeds of 
S . hermonthica

% Germination ± SE at a concentration of

Entry Compound 1 mg/L 0.1 mg/L 0.01 mg/L

1 Ferulic acid 8 59.6 ± 1.6 38.4 ± 4.2 22.5 ± 2.2

2 Abscisic acid 9 6.0 ± 1.9 0.9 ± 0.4 10.2 ± 7.3

3 Vanillin 10 14.8 ± 11.1 4.9 ± 2.9 6.5 ± 3.1

4 Sinasipic acid 11 0.0 ± 0 .0c 0.0 ± 0 .0c 0.0 ± 0 .0c

5 Salicylic acid 12 26.2 ± 7.6 2.9 ± 0.5 0.9 ± 0.5

6 Glutathione-oxidized 13 25.6 ± 1.6 39.2 ± 13.7 4.8 ± 3.4

7 Glutathione-reduced 14 29.6 ± 4.3 4.4 ± 1.2 1.8 ± 0.9

8 Cystine 15 14.6 ± 7.0 7.5 ± 1.5 5.5 ± 1.9

9 Cysteine 16 12.1 ± 1.7 28.0 ± 8.6 7.3 ± 3.4

10 Ferulic acid derived 18 14.5 ± 2.1 58.3 ± 3.1 48.8 ± 6.4

11 Ferulic acid derived 19a 21.5 ± 8.3 62.7 ± 6.0 35.3 ± 8.8

12 GR 24d,f 5 nde 22.6 ± 0.7 54.4 ± 10.4

Activities are indicated as germination percentages obtained after treatment of the seeds with the 
stimulant solution. Germination percentages given are means ± SE of one representative experiment. 
Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (5) 
in the same bioassay.
No activity. Values are not significantly different from germination percentages obtained in the 
aqueous control (i.e. without stimulant)
Equimolar mixture of two racemic diastereomers of GR 24 (5)

Not determined (nd).
The germination percentage of GR 24 (5) at 0.0001 mg/L was 66.3 ± 8.8.

a

b

c
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Table 2: Germination stimulatory activity of compounds 8-18 and 19a toward the seeds 
of O. cernua

Entry Compound

% Germination ± SE at a concentration of 

1 mg/L 0.1 mg/L 0.01 mg/L

1 Ferulic acid 8 69.8 ± 3.2 37.7 ± 4.6 8.8 ± 6.7

2 Abscisic acid 9 1.6 ± 0 .8c 1.3 ± 0.7c 2.1 ± 0.9c

3 Vanillin 10 0.0 ± 0 .0c 0.0 ± 0 .0c 0.4 ± 0.4c

4 Sinasipic acid 11 0.0 ± 0 .0c 0.0 ± 0 .0c 0.0 ± 0 .0c

5 Salicylic acid 12 26.4 ± 2.8 8.9 ± 4.6 0.0 ± 0 .0c

6 Glutathione-oxidized 13 2.3 ± 1.5c 0.3 ± 0.3c 2.3 ± 2.3c

7 Glutathione-reduced 14 1.7 ± 1.0c 0.0 ± 0 .0c 0.0 ± 0 .0c

8 Cystine 15 0.6 ± 0 .6c 0.0 ± 0 .0c 18.8 ± 18.8

9 Cysteine 16 0.0 ± 0 .0c 3.7 ± 2.9c 0.0 ± 0 .0c

10 Ferulic acid derived 18 30.4 ± 11.7 33.3 ± 30.5 3.1 ± 1.6

11 Ferulic acid derived 19a 86.2 ± 2.5 55.2 ± 10.2 0.6 ± 0 .6c

12 GR 24d,f 5 nde 93.7 ± 2.1 81.5 ± 3.7

Activities are indicated as germination percentages obtained after treatment of the seeds with
the stimulant solution. Germination percentages given are means ± SE of one representative 
experiment.

b Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (5) 
in the same bioassay.

c No activity. Values are not significantly different from germination percentages obtained in the 
aqueous control (i.e. without stimulant) 

d Equimolar mixture of two racemic diastereomers of GR 24 (5) 
e Not determined (nd).
f The germination percentage of GR 24 (5) at 0.0001 mg/L was 67.5 ± 8.8.
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Figure 1: Bar graph representation of percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of compounds 8-18 and 
19a with GR 24 (5) as a positive control
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Figure 2: Bar graph representation of percentages of the germinated seeds of O. cernua 
after exposure to various concentrations of compounds 8-18 and 19a and GR 
24 (5) as a positive control
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The bio-assays allow a very interesting conclusion, namely that this random screening led 
to the identification of the very active compound 8 (ferulic acid). Thus, the random 
screening method has been met with success. High stimulatory activities of ferulic acid 
were observed at the concentration of 1 mg/L for both seed types.
Attachment of D-ring to the ferulic acid as in compounds 18 and 19a leads to an 
appreciable activity for the Striga seeds. For Orobanche a lower activity was observed 
for 18 when compared with 8 (the standard error in the bio-assay of 18 in Table 2 is 
unusually high). Ferulic acid containing a D-ring at the carboxylic position, as in 
compound 19a, shows a high activity for Orobanche seeds. However, this activity is not a 
great deal different from that observed for ferulic acid 8 itself. All other compounds 
tested have no activity of interest, they are either completely inactive or only show a low 
activity. It may be concluded, that ferulic acid performed best in the series of compounds 
described in this chapter.

6.4 Concluding remarks
The remarkable and rewarding outcome of the study described in this chapter is that a 
new highly active germination agent for the seeds of Striga and Orobanche has been 
identified. Ferulic acid has no structural relationship with the strigolactones and does not 
contain a D-ring, which has otherwise always been considered as an essential element for 
germination activity. Introduction of a D-ring at the phenolic position does not really 
improve the stimulating activity towards S. hermonthica. Compound 18 is somewhat 
more active at lower concentration than ferulic acid 8 . The activity of compound 19a is in 
the same range as that of 18. It should be noted that ferulic acid is appreciably active 
toward Orobanche seeds. The D-ring containing derivative 18 is moderately and 
derivative 19b is appreciably active towards Orobanche seeds. The mode of action of 
ferulic acid must be very different from that of strigolactones. The compound does not 
comply with the proposed molecular mechanism, but is very active. It is suggested that 
ferulic acid may act as a quasi-hormone that makes the seed coat of parasitic weeds more 
easily penetrable by water and oxygen. In addition, there must be a specific function for 
the acid 8, otherwise the activity would not have been that high. Compounds 8-10 and 12 
have also been tested for stimulation or inhibition of germination with other plant 
species.40 The underlying processes is unknown. Ferulic acid is a substituted cinnamic 
acid that is present in many plants.41-45 The widespread occurrence and distribution of 
ferulic acid suggests that it may have important biological functions. It is important in 
supporting the overall structure of the cell wall in plants by forming polymeric cross
links. It also provides protection to plants from oxidative damage caused by free radicles.
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It has been suggested that ferulic acid acts as a natural germination inhibitor40, 45, 46 and
47that it induces haustoria formation in the attachment of S. hermonthica to host roots. In 

view of these literature reports it is even more remarkable that ferulic acid exhibits such a 
high germination activity towards Striga and Orobanche seeds. The favourable bio
activity of ferulic acid makes it an interesting compound for use in the combat of the 
parasitic weeds Striga and Orobanche species. Its widespread natural occurrence may 
make this compound environmentally acceptable for use in the field. There is no mention 
of any toxic property of ferulic acid and therefore, authorities may be willing to accept 
this compound in the suicidal approach to reduce the seed banks of parasitic weeds.

6.5 Experimental section
General remarks: see chapter 2.
Prof. Titi Mariani, Department of Experimental Botany, University of Nijmegen 
generously donated abscisic acid. Compound 8a was prepared according to a previously 
published procedure.48

4-Methyl-5-oxo-2,5-dihydro-2-furanyl (E)-3-{3-methoxy-4-[(4-methyl-5-oxo-2,5-dihydro- 
2-furanyl)oxy]phenyl}-2-propenoate (18)
A stirred solution of ferulic acid 8 (485.0 mg, 2.5 mmol) in anhydrous acetone (8 mL) 
while maintained under nitrogen was treated with potassium carbonate (3.25 g, 23.6 
mmol) and after 30 min with a solution of chlorobutenolide 17 (695.6 mg, 5.25 mmol) in 
anhydrous acetone (8 mL). The mixture was set-aside at room temperature for ~ 72 h, 
after which it was treated with a mixture of water (60 mL) and ethyl acetate (25 mL). The 
separated aqueous layer was extracted with ethyl acetate (2 x 20 mL), the combined 
organic layers were washed with water, then dried (MgSO4) and concentrated in vacuo. 
The crude material was purified by column chromatography (heptane/ethyl acetate, 1:1, 
v/v) to afford unchanged compound 17 (401.0 mg) and compound 18 as a yellow 
crystalline product (321.7 mg, 33 %), m.p.143°C (sublim.); !H-NMR (CDO3, 400 MHz): 
8 7.74 (d, 1H, J = 16 Hz, COC=CH), 7.24-6.94 (m, 6H, 3 x ArH + 2 x =CH, COCH), 
6.31 (m, 2H, OCHO), 3.91 (s, 3H, OCH3), 1.99 (s, 6H, 2 x CH3). 13C-NMR (CDCh, 100 
MHz): 8 171.1, 164.8, 150.2, 147.6, 146.8, 142.1, 130.2, 122.4, 118.3, 115.3, 111.1, 99.1,
92.6, 55.9, 10.7; MS [EI, m/z, rel. intensity (%)]: 387 ([M+1]+, 2.8); 386 ([M]+, 12.4); 
289 ([M+-97], [C15H 15O6]+, 57.3), 97 ([M+-289], [C5H5O2]+, 100); HRMS/EI: m/z calc. 
for C20H 18O8: 386.1002. Found: 386.10018.

4-methyl-5-oxo-2,5-dihydro-2-furanyl(E)-3-(4-hydroxy-3-Methoxyphenyl)-2-propenoate
(19a)
A solution of methyl ferulate 8a (500.0 mg, 2.4 mmol) in anhydrous DMF (8 mL), while 
maintained under nitrogen, was treated with potassium carbonate (662.4 mg, 4.8 mmol) 
and after 30 min. with a solution of chlorobutenolide 17 (396.3 mg, 2.99 mmol) in 
anhydrous DMF (5 mL). The mixture was handled in the same manner as described 
above. The obtained crude material was purified by column chromatography (ethyl
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acetate/heptane, 1:1, v/v) to give 19a as a yellow crystalline compound (171.6 mg, 25 %), 
m.p. 168-169°C; *H-NMR (CDCl3, 400 MHz): S 7.71 (m, 1H, COC=CH), 7.28-6.99 (m, 
5H, 3 x ArH + ArCH= + OCHO), 6.25 (d, 1H, J = 16 Hz, =CHCO), 5.91 (s, 1H, OH),
3.95 (s, 3H, OCH3), 2.00 (s, 3H, CH3). 13C-NMR (CDCh, 100 MHz): S 171.2, 165.1,
148.6, 147.6, 146.8, 142.3, 134.3, 126.4, 123.6, 114.8, 113.1, 109.5, 92.6, 55.9, 10.7; MS 
[EI, m/z, rel. intensity (%)]: 291 ([M+1]+,15.2); 290 ([M]+, 87.7); 193 (+M+-97], 
[C10H9O4]+, 28.8), 177 ([M+-113], [C n ^ O sf , 100), 97 ([M+-193], [C5H5O2]+, 59.3); 
HRMS/EI: m/z calc. for C15H 14O6: 290.0790. Found: 290.0790.
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Chapter 7

Synthesis and biological evaluation of vitamin C-based 
strigol analogues and carbohydrate derivatives as potential 

germination stimulants

7.1 Introduction
The seeds of Striga and Orobanche species of the family Scrophulariaceae and 
Orobanchaceae have complex germination requirements, such as the need for an 
exogenous stimulant. This is normally provided by exudates of the root of various hosts 
and non-host plants.1-8 The germination stimulants in these plants have been identified as 
the strigolactones9 1-3 and their related synthetic strigol analogues, such as 4. These 
stimulants have similar chemical structures, i.e. they all possess closely related A, B, C 
and D-ring systems, whereby the C- and D-rings are five membered lactones connected 
by the vinyl ether linkage.

1, (+)-Strigol 2, (+)-Sorgolactone

Structure-activity studies of strigolactones and their analogues led to the conclusion that 
the bio-actiphore (the part of the molecule that is responsible for the biological activity)
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resides in the C/D-rings and the connecting enol ether linkage.10-12 A molecular
12mechanism has been proposed (Scheme 1 ) which accounts for the onset of the cascade

of biochemical reactions leading to germination. This mechanism has been used as the 
lead in designing new potential germination stimulants. Typical examples have been 
described in the chapters 2-4. There is considerable evidence that the presence of the D-

This chapter describes attempts to synthesize some Vitamin C-based analogues of strigol 
derived from ascorbic acid 5, and some other carbohydrate derived compounds. The 
evaluation of their germination stimulatory activity toward the seeds of S. hermonthica 
and O. cernua is also reported.

7.2 Vitamin C-based strigol analogues
Having in mind the molecular mechanism as the lead for designing new strigol analogues 
with germination activity implies that an addition-elimination reaction initiated by a 
nucleophile must be possible. Two conceivable structures can be derived from vitamin C, 
viz. 6 and 7, as shown in Scheme 2.
For both compounds, the SAE mechanism leading to elimination of the D-ring, is feasible. 
Vitamin C (L-ascorbic acid) is an attractive scaffold to the preparation of strigol 
analogues as it is abundantly available, cheap and non-toxic. Vitamin C has numerous

ring in the stimulant molecules is a prerequisite. 10-12

Scheme 1

5
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13biological functions, e.g. it is an antioxidant, a vitamin and preventing agent for many 
chronic diseases.14

Scheme 2

Nu

—OH
—OH 

O O

KRO O 
+

H
Ascorbic acid has a unique 2,3-enediol moiety contained in a five-membered lactone 
ring. The first ionization of ascorbic acid takes place at the C3-OH group (pKa 4.25).15 
Whilst readily ionized, the delocalisation of the electron density into the enonelactone 
ring results in low reactivity towards alkylating and acylating reagents, except reaction 
with diazom ethane,16 benzyl chloride,17 trimethyl silyl chloride18 and acid chlorides.19 

Moreover, the resulting vinyl ethers or esters are rather unstable. Consequently, there are 
only few reports of selective C3-OH derivatization.19 Under more basic conditions, the 
C2-OH can also be deprotonated (pKa 11.79) to give a dianion. The reaction of this 
dianion with electrophiles preferentially leads to C2-OH derived products.19, 20 In fact, 
selective functionalization of the C2-OH can be achieved in the presence of free hydroxyl 
groups at C3, C5 and C6 . In spite of the fact that ascorbic acid finds extensive use as a 
food additive and as a medicine, its chemistry is relatively unexplored. This situation was 
a major obstacle in preparing vitamin C-derived strigol analogues.
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In order to prepare either the compound type 6 or 7, the simple protected ascorbic acid 
derivatives 8-10 were prepared first.

Treatment of ascorbic acid with acetone in the presence of acetyl chloride (as a source of
21acid), using a previously described procedure , resulted in 5,6-O-isopropylidene 

derivative 8 in high yield (81 %). The regioselective alkylation at C3-OH can be achieved 
by reaction with primary alkyl halides in a variety of solvents in the presence of mild 
bases.21-26 Compound 9 was obtained as a syrup by the reaction of 8 with methyl iodide in 
the presence of KHCO3 in 33 % yield. Similarly, benzyl derivative 10 was prepared in a 
low yield (27 % ) 26 The dibenzyl ether 11 was similarly prepared in 39 % yield.
Direct alkylation of 8 with chlorobutenolide 14 in DMSO, DMF, or a mixture of THF and 
DMSO using a variety of bases, e.g. NaHCO3, K2CO3 and KHCO3 did not meet with 
success. Only decomposition products were obtained as was apparent from a TLC 
analysis. No product 12 was detected. A double alkylation of 8 at the C2-OH and C3-OH 
with chlorobutenolide 14 failed to give compound 13. The use of iso-vitamin C derivative 
was unsuccessful as well. Better prospects were expected from the ethers 9 and 10. 
However, direct coupling of either 9 or 10 with chlorobutenolide 14 also failed. 
Activation with a catalytic amount of 18-Crown-6-ether led to a successful reaction of 8 

with chlorobutenolide 14 in the presence of KHCO3, as is shown in Scheme 3. The D
ring derived ascorbic acid product 15 was obtained in 47 % yield as an oily material.
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Scheme 3

H3C-

In a similar manner, also using 18-Crown-6-ether, the introduction of the D-ring into 
benzyl ether 10 was achieved to give derivative 16 (Scheme 3) in 57 % yield as an oily 
material. Strigol analogues of the type 6 (Scheme 2) have not been prepared in this study.

Scheme 4

7.3 Carbohydrate derived strigol analogues
Analysis of the molecular mechanism and the nature of the bio-actiphore, leads to the 
structural element 17 as a prerequisite for activity. Some carbohydrate derivatives fulfil 
this structural requirement and therefore, a biological evaluation of such derivatives is in 
place. Four examples were selected for this study, namely compounds 19, 20, 23 and 24. 
These compounds were prepared following literature procedures.

Structural element required for activity

° 'L
L = Leaving group 

17
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Treatment of D-glucono-1,5-lactone 18 with a mixture of acetic anhydride-pyridine at 80

room temperature for 24 h, followed by column chromatography of the product mixture, 
2,4,6-tri-O-acetyl-3-deoxy-hex-2-eno-1,5-lactone (20, 11 %) was obtained, in addition to 
compound 19.

Similarly, treatment of per-acetylated D-ribono-1,4-lactone 24 in THF with DBU gave
30crystalline 3-acetoxy-5-methylen-2(5H)-furanone (25).

7.4 Germination activities
The germination stimulation activities for compounds 5, 10, 11, 15, 16, 19, 20, 23 and 25 
were assayed using seeds of S. hermonthica and O. cernua in the usual manner. The 
results are collated in Tables 1 and 2 and in bar graph form in Figures 1 and 2.

27°C for 1 h gave the a-pyrone derivative 19 (89 %). When the reaction was conducted at

O O
.OH ii ii

OH ii
O

n
O

18 19 20

28Acetylation of D-glucono-1,4-lactone 21 followed by treatment of the product 22 with
29triethylamine in dichloromethane gave 23 as a mixture of E  and Z isomers.

CH2OR

OAc

21 R = H
22 R = Ac

23 24 25
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Table 1: Germination stimulation activity of analogues 5, 10, 11, 15, 16, 19, 20, 23 and 
25 toward seeds of S. hermonthica with GR 24 (4) as a positive control

% Germinationa,b ± SE at a concentration of

Entry Compound 1 mg/L 0.1 mg/L 0.01 mg/L

1 Ascorbic acid 5 25.5 ± 11.0 4.9 ± 0.2 29.1 ± 16.4

2 C3-Benzyl ether 10 47.8 ± 8.9 27.4 ± 3.0 6.4 ± 0.2

3 C2, C3-Dibenzyl ether 11 47.1 ± 4.2 13.4 ± 3.8 47.0± 17.8

4 GR24df 4 nde 20.0± 4.3 52.6 ± 3.0

5 C3-Methyl ether deriv. 15 35.1 ± 6.4 25.4 ± 2.6 0 .0± 0.0

6 C3-benzyl ether deriv. 16 27.0 ± 8.8 55.2 ± 5.5 28.1 ± 4.4

7 Pyrone 19 8.8 ± 1.7 14.2 ± 4.7 2.5 ± 1.4

8 Tri-acetyl lactone 20 42.4 ± 3.2 2.7 ± 1.7 2.1 ± 0.6

9 Furanone 23 45.9 ± 4.5 2.1 ± 1.1 1.7 ± 1.1

10 Furanone 25 5.6 ± 1.7 5.6 ± 1.8 3.5 ± 1.5

11 GR 24d,f 4 n 36.4 ± 4.7 54.6 ± 0.8

Activities are given as germination percentages obtained after treatment of the seeds with the stimulant 
solution. Germination percentages given are means ± SE of one representative experiment.
Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (4) 
in the same bioassay.
No activity. Values are not significantly different from germination percentages obtained in the 
aqueous control.
Equimolar mixture of two racemic diastereomers of GR 24 (4).
Not determined (nd).
The germination percentage of GR 24 (4) at 0.0001 mg/L was 58.9 ± 3.5 and 60.4 ± 6.4 respectively.

a

b

c

d
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Table 2: Germination stimulation activity for compounds 5, 10, 11, 15, 16, 19, 20, 23 
and 25 toward the seeds of O. cernua with GR 24 (4) as a positive control

% Germination ± SE at a concentration of

Entry Compound 1 mg/L 0.1 mg/L 0.01 mg/L

1 Ascorbic acid 5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

2 C 3-Benzyl ether 10 2.4 ± 1.4 0.0 ± 0.0 24.3 ± 24.3

3 C2, C3-Dibenzyl ether 11 0.0 ± 0.0 4.2 ± 4.2 0.0 ± 0.0

4 GR24d,f 4 nde 90.6± 3.4 79.8 ± 6.0

5 C3-Methyl ether deriv. 15 58.5 ± 25.0 11.1 ± 6.0 0.4 ± 0.4

6 C3-benzyl ether deriv. 16 86.7 ± 3.8 89.8 ± 2.6 44.9 ± 15.4

7 Pyrone 19 0.4 ± 0.4 0.8 ± 0.8 0.4 ± 0.4

8 Tri-acetyl lactone 20 0.3 ± 0.3 0.0 ± 0.0 0.0 ± 0.0

9 Furanone 23 0.0 ± 0.0 0.8 ± 0.4 0.8 ± 0.4

10 Furanone 25 0.8 ± 0.8 0.4 ± 0.4 0.0 ± 0.0

11 GR 24d,f 4 nde 96.7 ± 2.1 83.5 ± 4.3

Activities are given as germination percentages obtained after treatment of the seeds with the stimulant 
solution. Germination percentages given are means ± SE of one representative experiment.
Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (4) 
in the same bioassay.
No activity. Values are not significantly different from germination percentages obtained in the 
aqueous control.
Equimolar mixture of two racemic diastereomers of GR 24 (4).
Not determined (nd).
The germination percentage of GR 24 (4) at 0.0001 mg/L was 34.9 ± 1.9 and 45.7 ± 10.9 respectively.

a

b

c

d
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Figure 1: Bar graph representation of percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of analogues 5, 10, 11, 
15, 16, 19, 20, 23 and 25 with GR 24 (4) as a positive control

Figure 2: Bar graph representation of percentages of the germinated seeds of O. cernua 
after exposure to various concentrations of compounds 5, 10, 11, 15, 16, 19,
20, 23 and 25 with GR 24 (4) as a positive control

Bioactivity toward Orobanche cernua

11 mg/L
10.1 mg/L
10.01 mg/L 
0.001 mg/L
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The bio-assays revealed that vitamin C itself shows some activity towards Striga seeds at 
lowest and the highest concentrations tested, but is completely inactive in case of 
Orobanche seeds. The C3 benzyl ether 10 and the dibenzyl ether 11 showed a moderate 
activity towards Striga seeds. However, the bio-assays were not carried out at optimal 
seed conditions and therefore, these conclusions are not fully reliable (note that the 
activity towards GR 24 is low). These benzyl ethers are inactive towards Orobanche 
seeds. The D-ring derivative 15 with the C3 methyl ether is moderately active towards 
both seed types at higher concentrations. The best performing analogue is compound 16 
with a D-ring at C2 and benzyl ether at C3. Especially the activity towards Orobanche 
seeds is noteworthy. This result is reliable as here the bio-assays were carried out at 
optimal seed conditions. The four carbohydrate derivatives are inactive towards 
Orobanche seeds, while for Striga seeds some activity was observed only at the highest 
concentration.

7.5 Concluding remarks
The results described in this chapter allow the conclusion that only one vitamin C derived 
strigol analogue has an appreciable bio-activity towards both Striga and Orobanche 
seeds, viz. the derivative 16 with an acetonide at C5-C6, a D-ring at C2 and a benzyl ether 
at C3. This compound is rather difficult to prepare. Although its activity is appreciable 
for Striga and high for Orobanche, it is not a good candidate for use in the suicidal 
germination approach because of its difficult accessibility. Moreover, analogues 
described in other chapters have much better promise. Nevertheless, the results confirm 
that the molecular mechanism as shown in Scheme 1 is a useful lead in designing active 
germination stimulants.

7.6 Experimental section
For general remarks: see chapter 2.

27 29 30Compounds 19/20, 23 and 25 were obtained using the known procedures indicated.

5-(2,2-Dimethyl-1,3-dioxolan-4-yl)-4-methoxy-3-[(4-methyl-5-oxo-2,5-dihydro-2- 
furanyl)oxy]-2(5H)- furanone (15)
A stirred mixture of compound 923 (500.0 mg, 2.17 mmol), chlorobutenolide 14 (160.0 
mg, 1.21 mmol) and 18-crown-6-ether (60 mg) in anhydrous DMF (10 mL) was treated 
with potassium hydrogen carbonate (133.8 mg, 1.34 mmol). The mixture was set-aside at 
room temperature for 48 h, after which it was treated with water (100 mL) and extracted 
with ethyl acetate (3 x 50 mL). The combined organic layers were washed with brine (70 
mL), then dried (MgSO4) and concentrated in vacuo. The crude material was purified by 
column chromatography (heptane/ethyl acetate, 1:1, v/v) to afford compound 15 as an oil,
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(330.1 mg, 47 %), [a]o +27.66°. 1H-NMR (CDCl3, 400 MHz): S 7.09 (m, 1H, CH=),
6.37 (m, 1H, OCHO), 4.17 (s, 3H, OCH3), 3.85-4.58 (m, 4H, CH2CHCH), 1.98 (s, 3H, 
CH3), 1.38 (s, 6H, 2 x CH3); MS [EI, m/z, rel. intensity (%)]: 327 ([M+1]+, 2.4); 326 
([M]+, 3.5); 311 ([M+-15], [C14H 15O8]1, 0.7), 229 ([M+-97], [C10H 13O6]1, 9.7), 101 ([M+- 
225], 100), 97 ([M+-229], [C5H5O2]1, 73); HRMS/EI: m/z calc. for C15H 18O8: 326.1002. 
Found: 326.10013.

4-(Benzyloxy)-5-(2,2-dimethyl-1,3-dioxolan-4-yl)-3-[(4-methyl-5-oxo-2,5-dihydro-2- 
furanyl)oxy]- 2(5H)- furanone (16)
Treatment of compound 1026 in the same manner described above afforded compound 16 
as an oil, (375.6 mg, 57 %), after column chromatography (heptane/ethyl acetate, 1:1, 
v/v), [a]D +44.8°. !H-NMR (CDCl3, 400 MHz): S 7.22 (m, 5H, ArH.), 7.17 (m, 1H, 
CH=), 6.28 (m, 1H, OCHO), 5.26 (s, 2H, CH2), 4.65-4.0 (m, 4H, CH2CHCH), 2.00 (s, 
3H, CH3), 1.17 (s, 6H, 2 x CH3); MS [EI, m/z, rel. intensity (%)]: 403 ([M+1]+, 1.2); 402 
([M]+, 1.3); 311 ([M+-91], [C14H 15O8]1, 2.6), 305 ([M+-97], [ C ^ H ^ ] 1, 5.1), 97 ([M+- 
305], [C5H5O2] , 65.3), 91 ([M+-311], [CtHt]+, 100); HRMS/EI: m/z calc. for C21H22O8: 
402.1315. Found: 402.1316.
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Chapter 8

Synthesis and germination activity of GR 24 and Nijmegen-1 
containing modified D-ring entities

8.1 Introduction
The germination of the seeds of the parasitic weeds, Striga and Orobanche species is 
stimulated by compounds exudated by the roots of the host plant(s) (see Chapter 1). The 
naturally occurring stimulants that have been isolated thus far, namely (+)-strigol, (+)-
sorgolactone, (+)-alectrol and (+)-orobanchol, all contain the same D-ring substituent.

1 2Some studies ’ have revealed that replacement of the D-ring moiety by other substituents 
lead to complete loss of activity. It was concluded, therefore, that the structure of the 
2(5H)-furanone of the D-ring was essential to retain full biological activity.3, 4 In 
establishing the structure-activity relationship of the germination stimulants, much 
attention has been devoted to structural variation in ABC-part of the stimulant molecules. 
Examples are described in the introductory Chapter 1 and in Chapters 2-6. It has been 
demonstrated that structural changes in the D-ring substituent are only allowed to a minor 
extent.5 The presence of the 4'-methyl group is strictly necessary. The earlier variations in 
the D-ring moiety of the germination stimulants are listed in Table 1. In these D-ring 
variants, the ABC-part is that of GR 24 (2) and Nijmegen-1 (3).

2, GR 24
For other natural stimulants, 
see Chapter 1

O O /

N- '

O O

O O

3, Nijmegen-1

These earlier studies revealed that only 4'-methyl, 4'-ethyl and 3', 4'-dimethyl substituted 
compounds show a high bio-activity, implying that the 4'-methyl is a true prerequisite.
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The aim of the present investigation was to extend this D-ring structure-activity study to 
variants having a 2'-methyl group, again using the ABC-scaffold of GR 24 and 
Nijmegen-1. The structures included in this investigation are 4, 5, 6 and 7.

It should be noted that it is proposed, according to the molecular mechanism1 for the 
triggering of the germination (see chapter 1), that the D-ring serves as a leaving group. 
Introduction of a 2'-methyl group in the D-ring is not expected to alter this principal 
function. GR 24 having the natural D-ring will be used as a reference compound.
The synthesis of GR 24 from the ABC tricyclic lactone involved two steps, viz. first the 
hydroxymethylidenation with methyl formate and then coupling with the D-ring 
precursor using the chlorobutenolide 9a (Scheme 1).6, 7

Scheme 1
1
O

9a, R1=CH3, R2=H, R3=H 
9b, R1=CH3, R2=H, R3=CH3 
9c, R1=CH3, R2=CH3, R3=CH3

5
4

R1

O

4, R1=CH3, R2=H, R3=CH3
5, R1=CH3, R2=CH3, R3=CH3
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Scheme 2

6 , R1=CH3, R2=H, R3=CH3
7, R1=CH3, R2=CH3, R3=CH3

8.2 Results and discussion
The target molecules 4-7 were synthesized following the coupling strategy shown in 
Schemes 1 and 2. The required chlorobutenolides 9b and 9c were prepared by a

o
previously described procedure, involving the condensation of pyruvic acid with acetone 

and butan-2-one, respectively, at 80°C in the presence of 85 % H3PO4, followed by a 
reaction with thionyl chloride (Scheme 3).

Scheme 3

R = H 
R = Me

The synthesis of the new analogues of GR 24 is depicted in Scheme 4. For the sake of 
completeness, the preparation of the ABC-lactone 8 is also included in Scheme 4. 
Reaction of 8 with ethyl formate and metallic sodium, followed by reaction with 
chlorobutenolide 9b resulted in analogue 4 in a moderate yield of 51 %. In the crude 
product, also some unreacted ABC-lactone 8, and chlorobutenolide 9b (13 %), as well as 
the intermediate hydroxymethylidene derivative of 8 (4 %) was presented. The analogue 
5 was prepared similarly, using the chlorobutenolide 9c in the coupling reaction (48 % 
yield); again, some unreacted starting materials were isolated as well.
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The synthesis of the new analogues of Nijmegen-1 is depicted in Scheme 5. The Sheehan 
aldehyde 119 (shown in the enol form) was conveniently obtained by the reaction of 10 

with methyl formate and metallic sodium. The coupling with the new D-ring was 
performed by the reaction of the chlorobutenolide 9b and 9c, respectively, using 
potassium tert-butoxide as the base in DMF as solvent. The analogues 6 and 7 were 
obtained in 50 and 34 % yield, respectively. In none of the coupling reactions described 
above were attempts made to optimise the yields.

Scheme 4
O O

Glyoxylic acid /CO2H ^ /P d , C
Anisole, A

O

(i) NaBH4

12

(ii) p-TOs-OH, 
benzene, A

O

1. Na, HCO2Et
2 . 9b

8

1. Na, HCO2Et
2. 9c

O

5

CO2H

13

O O O

The structure of product 7 could not be deduced unambiguously by spectroscopic means, 
especially the geometrical configurational about the enol ether double bond could not be 
secured. Therefore, an X-ray diffraction analysis of analogue 7 was undertaken. The 
result of this analysis is shown in Figure 1, revealing that the Z-isomer of 7 had been 
obtained (note that the spatial relationship of the D-ring with respect to the ester unit is 
the same as that in GR 24 with respect to the lactone carbonyl group in the C-ring; 
furthermore, the geometry, is the same as in Nijmegen-1.
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Scheme 5

O c h 3/ 3
o  h c o 2c h 3

Na

I ,
O DMF, KOBu1

9b

Figure 1: PLUTON10 generated drawing of X-ray crystal structure of compound 7

3

8.3 Germination activity
The stimulatory germination activities of compounds 4-7 were assayed using seeds of S. 
hermonthica and O. cernua. The results are collected in Tables 2, 3, and shown as bar 
graphs in Figures 2 and 3.
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5>
4'
Ri

-O

4, R1=CH3, R2=H, R3=CH3
5, R1=CH3, R2=CH3, R3=CH3

Ri
6 , R1=CH3, R2=H, R3=CH3
7, R1=CH3, R2=CH3, R3=CH3

Table 1: Germination stimulatory activity of analogues 4-7 toward the seeds of S. 
hermonthica

Entry Compound

% Germinationa,b ± SE at a concentration of 

1 mg/L 0.1 mg/L 0.01 mg/L

1 GR 24 2'-Me 4 29.2 ± 9.7 48.7 ± 6.6 44.5 ± 5.9

2 GR 24 2',3'-diMe 5 30.7 ± 3.8 19.0 ± 1.3 17.5 ± 2.4

3 Nijm-1 2'-Me 6 8.0 ± 3.0 53.4 ± 4.2 41.0 ± 13.2

4 Nijm-1 2',3'-diMe 7 25.7 ± 8.5 20.2 ± 3.8 5.5 ± 1.8

5 GR 24d,f 2 dn 19.7 ± 1.4 43.2 ± 4.4

Activities are given as germination percentages obtained after treatment of the seeds with the stimulant 

solution. Germination percentages given are means ± SE of one representative experiment.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (2) 

in the same bioassay.

No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control.

Equimolar mixture of two racemic diastereomers of GR 24 (2).

Not determined (nd).

The germination percentage of GR 24 (2) at 0.0001 mg/L was 64.3 ± 7.5.

a

b

c

d
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Table 2: Germination stimulatory activity of compounds 4-7 toward the seeds of O. 
cernua

Entry Compound

% Germinationa,b ± SE at a concentration of 

1 mg/L 0.1 mg/L 0.01 mg/L

1 GR 24 2'-Me 4 21.6 ± 10.1 46.1 ± 9.8 12.6 ± 8.2

2 GR 24 2',3'-diMe 5 35.2 ± 2.2 32.2 ± 2.8 16.0 ± 10.1

3 Nijm-1 2'-Me 6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

4 Nijm-1 2',3'-diMe 7 40.8 ± 18.8 45.9 ± 3.6 47.6 ± 5.4

5 GR 24d,f 2 nde 85.7 ± 1.7 81.6 ± 3.5

Activities are given as germination percentages obtained after treatment of the seeds with the stimulant 

solution. Germination percentages given are means ± SE of one representative experiment.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with GR 24 (2) 

in the same bioassay.

No activity. Values are not significantly different from germination percentages obtained in the 

aqueous control.

Equimolar mixture of two racemic diastereomers of GR 24 (2).

Not determined (nd).
The germination percentage of GR 24 (2) at 0.0001 mg/L was 55.9 ± 5.1.

a

b

c

The bio-data revealed that for Striga seeds the 2'-Me analogues 4 and 6 showed a high 
activity, slightly higher than that of the positive control, GR 24. Unfortunately, the Striga 
seeds were only moderately active in this assay. The 2',3'-dimethyl analogues 5 and 7 
were considerably less active towards Striga seeds than GR 24. This observation 
demonstrates the sensitivity for structural changes in the D-ring moiety of GR 24 and 
Nijmegen-1. For Orobanche seeds, all four analogues were much less active than GR 24. 
The test with analogue 6 is not a reliable one and should have been repeated. 
Nevertheless, these results suggest that for Orobanche seeds, the natural D-ring gives the 
best activity and that structural changes in the D-ring lower the activity.
It should be emphasized that the new GR 24 analogues are mixtures of two racemic 
diastereoisomers. More detailed conclusion can only be drawn when the respective 
enantiopure single diastereomers would have been assayed. In the case of the new 
Nijmegen-1 analogues, racemates were prepared and tested. Again, bio-assays of the 
respective enantiomers are needed for detailed conclusion of the influence of the 2'- 
methyl group in the D-ring on the germination stimulating activity.
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Figure 2: Bar graph representation of percentages of the germinated seeds of S.
hermonthica after exposure to various concentrations of compounds 4-7 and 
GR 24 (2) as a positive control

Figure 3: Bar graph representation of percentages of the germinated seeds of O. cernua 
after exposure to various concentrations of compounds 4-7 and GR 24 (2) as a 
positive control

E1 mg/L 
^0.1  mg/L 
■  0.01 mg/L 
00.001 mg/L
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8.4 Concluding remarks
The synthesis of four new analogues of GR 24 and Nijmegen-1 with a 2'-methyl group in 
the D-ring moiety has been accomplished. The bio-assays of these new analogues 
revealed that for analogues of GR 24 and Nijmegen-1, the introduction of a 2'-methyl 
group in the natural D-ring has a slight enhancing effect on the bio-activity in the case of 
Striga seeds. However, an additional methyl group at the 3' position lowers the bio
activity compared with the standard GR 24. For Orobanche seeds, the extra methyl 
groups (2' and 2',3') have a lowering effect on the stimulatory capacity of all four 
analogues, when compared with GR 24. It may be concluded that the bio-activity is very 
sensitive to structural changes in the D-ring.
The Nijmegen-1 analogue 6 having only one extra methyl group at 2' may be of interest 
for the use in the suicidal germination approach to combat the devastating effect of Striga 
seeds. Apart from the bio-activity, the synthetic accessibility of the D-ring precursor also 
needs to be taken into account. It could be that the preparation of chlorobutenolide 9b 
from acetone and pyruvic acid is more attractive than that of chlorobutenolide 9a (giving 
the natural D-ring analogues) from citraconic anhydride, as it may be simpler for larger 
scale production. In this context, it should also be noted that the palladium mediated 
coupling of the D-ring11 using a derivative of hydroxy butenolide is worthy investigating 
as an alternative for the synthesis of the most promising analogue 6 of Nijmegen-1 that 
came out of this study. A final remark concerns the use of the new Nijmegen-1 analogues 
in the reduction of seed banks of Orobanche seeds employing the suicidal germination 
approach. The bio-assays of 6 and 7 should be repeated and compared with Nijmegen-1 
having the natural D-ring moiety. With these results in hand, the prospects of these 
analogues can be estimated better.
An overall conclusion from the study described in this chapter is that analogues with an 
extra methyl group at 2' position of the D-ring are also worthy of consideration as strigol 
analogues with other ABC-scaffolds.

8.5 Experimental section
General remarks: see chapter 2.
The compounds 9b and 9c were prepared by previously described procedures.

3-{(E)-1-\(2,4-Dimethyl-5-oxo-2,5-dihydro-2-furanyl)oxy\methylidene }-3,3a,4,8b- 
tetrahydro-2H-indeno\1,2-b\^uran-2-one (4)
A stirred solution of the tricyclic lactone 87, 12 (562. 2 mg, 3.23 mmol) in ethyl formate 
(20 mL) was treated with small pieces of metallic sodium (81.7 mg, 3.55 mmol) whilst 
being maintained under a stream of nitrogen. After 1.5 h the mixture was concentrated in
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vacuo and anhydrous DMF (10 mL) was added to the residue. Then the DMF solution 
was cooled (0°C) and treated dropwise with a solution of the chlorobutenolide 9b (710.0 
mg, 4.85 mmol) in anhydrous DMF (5 mL). The mixture was allowed to reach room 
temperature and then set aside for 24 h. The mixture was concentrated in vacuo, the 
residue was treated with water (50 mL) and ethyl acetate (30 mL), the separated aqueous 
layer was extracted with ethyl acetate (2 x 20 mL), the combined organic layers were 
washed with water, dried (MgSO4) and then concentrated in vacuo. The resultant crude 
material was purified by column chromatography (hexane/ethyl acetate, 1:1, v/v) to give 
a mixture of unchanged compounds 8 and 9b (125.8 mg) and the desired compound 4 
(514.8 mg, 51 %), m.p. 200-202°C; *H-NMR (CDCl3, 400 MHz): 8 7.51-7.27 (m, 4H, 
ArH + =CHO), 6.88 (s, 1H, CH=), 5.96 (d, 1H, J = 7.9 Hz, H8b), 3.96-3.91 (m, 1H, H3a), 
3.45 (dd, 1H, J4,3a,trans = 9.3 Hz, 2J = 16.9 Hz, H4), 3.18 (dd, 1H, J^ c is  = 3.1 Hz, 2J = 16.9 
Hz, H4), 2.02 (s, 3H, CH3), 1.82 (s, 3H, CH3). 13C-NMR (CDCh, 100 MHz): 8 171.4, 
169.7, 147.6, 144.9, 142.6, 138.8, 134.9, 130.0, 127.4, 126.4, 125.2, 113.1, 106.3, 85.8,
38.8, 37.3, 23.8, 10.6; MS \EI m/z, rel. intensity (%)\: 313 (\M+1\+, 0.4); 312 (\M\+, 0.4); 
202 (\M++1-111\, \C12H9O3f ,  39.6); 111 (\M+-201\, \C6H7O2f ,  100); HRMS/EI: m/z 
calc. for C18H16O5: Exact mass found : 312.099773 (100 % abundance). It should be 
noted that the product obtained consists of a mixture of two racemic diastereoisomers.

3-{(E)-1-\(2,3,4-Trimethyl-5-oxo-2,5-dihydro-2-furanyl)oxy\methylidene } -3,3a,4,8b- 
tetrahydro-2H-indeno\1,2-bYuran-2-one (5)
A stirred solution of tricyclic lactone 8 (417.0 mg, 2.40 mmol) in ethyl formate (20 mL), 
while maintained under nitrogen, was treated with small pieces of metallic sodium (60.6 
mg, 2.64 mmol) and then set aside for 2 h. The mixture was concentrated in vacuo and 
anhydrous DMF (10 mL) added to the residue. The thus obtained solution was cooled (- 
40°C) and treated dropwise with a solution of chlorobutenolide 9c (512.1 mg, 3.12 mmol) 
in anhydrous DMF (5 mL). The mixture was then processed in the manner described 
above to afford a mixture of unchanged compounds 8 and 9c (66.4 mg) and the desired 
compound 5 (377.4 mg, 48 %) after column chromatography (hexane/ethyl acetate, 1:1, 
v/v), m.p. 213-217°C; *H-NMR (CDCl3, 400 MHz): 8 7.50-7.16 (m, 4H, ArH + =CHO), 
5.96 (d, 1H, J = 7.9 Hz, H8b), 3.95-3.92 (m, 1H, H3a), 3.42 (dd, 1H, J4,3a,trans = 9.3 Hz, 2J 
= 16.9 Hz, H4), 3.20 (dd, 1H, J4,3a,cis = 3.1 Hz, 2J = 16.9 Hz, H4), 1.98 (s, 3H, CH3), 1.90 
(s, 3H, CH3), 1.59 (s, 3H, CH3). 13C-NMR (CDCh, 100 MHz): 8 171.3, 169.8, 155.3, 
147.4, 142.6, 138.8, 130.0, 127.9, 126.4, 125.2, 113.3, 107.5, 85.8, 38.8, 37.3, 22.5, 10.6, 
8.7; MS \FAB m/z, rel. intensity (%)\: 349 (\M+ + Na+\, 23.0), 327 (\M+1\+, 62.5); 203 
(\M+ -123\, 38.1); 201 (\M+-125\, \C12H9O3f ,  4.9); 125 (\M+-201 \, \C7H9O2f ,  100); 
Anal. calc. for C19H18O5: C, 69.93; H, 5.56. Found: C, 69.64; H, 5.59 %. Note that 
product 5 is a mixture of racemic diastereoisomers.

Methyl (Z)-3-\(2,4-dimethyl-5-oxo-2,5-dihydro-2-furanyl)oxy\-2-(1,3-dioxo-1H-2- 
isoindolyl)-2-propenoate (6) (2'-Me-Nijmegen-1)
A stirred and cooled (-60°C) solution of Sheehan aldehyde 11 (400.0 mg, 1.62 mmol) in 
anhydrous DMF (10 mL), while maintained under nitrogen, was treated with potassium 
tert-butoxide (199.7 mg, 1.78 mmol), followed by a solution of chlorobutenolide 9b 
(261.0 mg, 1.78 mmol) in anhydrous DMF (5 mL). The mixture was allowed to attain 
room temperature and set aside for 24 h, and processed in the same manner as described
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above to afford compound 6 (286.7 mg, 50 %) after column chromatography 
(hexane/ethyl acetate, 1:1, v/v), m.p. 182-184°C; *H-NMR (CDCl3, 300 MHz): 8 7.90
7.70 (m, 4H, ArH + =CHO), 6.93 (s, 1H, CH=), 3.76 (s, 3H, OCH3), 2.00 (s, 3H, CH3),
1.73 (s, 3H, CH3). 13C-NMR (CDCl3, 100 MHz): 8 169.9, 166.1, 163.3, 150.5, 145.8, 
134.2, 133.7, 132.2, 123.8, 106.6, 106.3, 52.3, 23.5, 10.5; MS/CI \m/z, rel. intensity (%)\: 
375 (\M++NH4+\, 39.3); MS/EI \m/z, rel. intensity (%)\: 247 (\M++1-111\, \C12H8NO5f ,  
97.3); 246 (\M+-111\, \C12H7NO5f ,  14.6); 111 (\M+-246\, \C6H7O2f ,  100); Anal. calc. 
for C18H15NO7: C, 60.51; H, 4.23, N, 3.92. Found: C, 60.47; H, 4.21, N, 3.93 %.

Methyl (Z)-2-(1,3-dioxo-2,3-dihydro-1H-2-isoindolyl)-3-\(2,3,4-trimethyl-5-oxo-2,5- 
dihydro-2-furanyl)oxy\-2-propenoate (7) (2',3'-Me2-Nijmegen-1)
A stirred and cooled (-40°C) solution of Sheehan aldehyde 11 (716.9 mg, 2.90 mmol) in 
anhydrous DMF (10 mL), while maintained under nitrogen, was treated with potassium 
tert-butoxide (358.2 mg, 3.20 mmol), followed by a solution of chlorobutenolide 9c 
(261.0 mg, 1.78 mmol) in anhydrous DMF (8 mL). The mixture was allowed to attain 
room temperature, set aside for 72 h, and processed as described above to afford the 
desired compound 7 (360.2 mg, 34 %) after column chromatography (hexane/ethyl 
acetate, 1:1, v/v), m.p. 175-176°C; *H-NMR (CDCl3, 400 MHz): 8 7.91-7.60 (m, 4H, 
ArH + =CHO), 3.75 (s, 3H, OCH3), 1.97 (s, 3H, CH3), 1.89(s, 3H, CH3), 1.67 (s, 3H, 
CH3). 13C-NMR (CDCl3, 100 MHz): 8 170.2, 166.1, 163.3, 156.9, 150.2, 134.2, 132.2,
126.8, 123.8, 107.7, 105.9, 52.3, 22.2, 10.5, 8 .6 ; IMS/FAB \m/z, rel. intensity (%)\: 394 
(\M+ + Na+\, 61.6), 372 (\M++1\, 60.3), 371 (\M\+, 13.2), 246 (\M+-125\, \C12H8NO5f ,  
17.1); 125 (\M+-246\, \C7H9O2f ,  100); Anal. calc. for C19H17NO7: C, 61.45; H, 4.61, N, 
3.77. Found: C, 61.17; H, 4.47, N, 3.71 %.

X-Ray diffraction analysis of compound 7
Crystals of 7 suitable for X-ray diffraction studies were obtained by slow cooling of the 
solvent (isopropyl ether). A single crystal was mounted in air on a glass fibre. Intensity 
data were collected at room temperature. Crystal data are given in Table 1.

An Enraf-Nonius CAD4 single-crystal diffractometer was used, Mo-Ka radiation, 0-20 
scan mode. Unit cell dimensions were determined from the angular setting of 25 
reflections. Intensity data were corrected for Lorentz and polarization effects. Semi-

13empirical absorption correction (y-scans) was applied. The structure was determined 
using the program CRUNCH14 and was refined with standard methods (refinement 
against F2 of all reflections with SHELXL9715 with anisotropic parameters for the non
hydrogen atoms. The hydrogen atoms of the methyl groups were refined as rigid rotors to 
match maximum electron density in a difference Fourier map. All other hydrogens were 
placed at calculated positions and were freely refined subsequently.
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Table 1. Crystal data and structure refinement for compound 7

Crystal colour
Crystal shape
Crystal size
Empirical formula
Formula weight
Temperature
Radiation / Wavelength
Crystal system, space group
Unit cell dimensions
(25 reflections
10.378 < □ < 12.634 )
Volume
Z, Calculated density 
Absorption coefficient 
Diffractometer / scan
F(000)
□ range for data collection 
Index ranges
Reflections collected / unique 
Reflections observed 
Absorption correction 
Range of relat. transm. factors 
Refinement method 
Computing
Data / restraints / parameters 
Goodness-of-fit on F2 
SHELXL-97 weight parameters 
Final R indices \I>2^ (I)\
R indices (all data)
Largest diff. peak and hole

colourless transparent 
rough irregular lump 
0.39 x 0.36 x 0.29 mm 
Cj9 Hn N O7 
371.34 
293(2) K
MoKD (graphite mon.)/ 0.71073 Â 
Monoclinic, C 2/c
a, □= 24.385(3) Â, 90°.
b, □= 11.2867(12) Â, 124.377(7)°.
c, □= 16.1606(15) Â, 90°.
3671.0(7) A3
8, 1.344 Mg/m3 
0.104 mm-1
Enraf-Nonius CAD4 / D-2D 
1552
2.54 to 27.48°.
-31<=h<=26, 0<=k<=14, 0<=l<=20 
4361 / 4212 [R(int) = 0.0102]
2281 ([Io>2D (Io)])
Semi-empirical from ¥-scans 
1.010 and 0.989 
Full-matrix least-squares on F2 
SHELXL-97 (Sheldrick, 1997)
4212 / 0 / 312  
1.039
0.037500 2.620400 
R1 = 0.0512, wR2 = 0.0986 
R1 = 0.1160, wR2 = 0.1219 
0.194 and -0.151 e. Â-3
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Chapter 9

Attempted improvements in the synthesis of D-ring 
precursors

9.1 Introduction
As it has been outlined in the introductory chapter 1 and also in the preceding chapter 8, 
the 3-methyl-2(5H)-furanone 1 is a structural unit encountered in all naturally occurring 
germination stimulating agents.1-5 It has been demonstrated6-12 that this structural unit is 
essential for the biological activity of these strigolactones and their analogues. Other 
studies dealing with the structural modification of the ABC-part of strigolactones, suggest
that there is a great deal of structural freedom in this part of the stimulant molecules

11, 12whilst retaining practically full biological activity. It has been shown that the
replacement of the D-ring by other substituents leads to a complete loss of bio-activity.

12Simple D-ring derivatives are completely inactive in the induction of germination. i.e. 
hydroxy butenolide and its O-alkyl congeners. Structure-activity studies of strigolactones 
and their synthetic analogues revealed that the bio-actiphore of these stimulating agents

9 12resides in the C/D part of the molecules. ’

1 2 3 4

A crucial step in the synthesis of strigolactones and their analogues is the coupling of 
ABC-lactone unit with suitably activated D-ring precursors, which are usually the chloro- 
(3) and bromo derivatives 4. These coupling reactions proceed by a nucleophilic 
substitution of the halo substituent by an enolate anion (Scheme 1).
The halo derivatives 3 and 4 are rather unstable and their preparation is experimentally 
often troublesome. Several procedures for the synthesis 1 and 2 have been reported,6, 13-20 
all of which have at least one problematic step, which causes difficulties in the scaling- 
up.
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In view of the objectives of the present study to devise simple and economically feasible 
synthesis of active strigol analogues as potential control agents in the field, a convenient 
and efficient procedure for the preparation of D-ring entities is required.

Scheme 1

O
HCO2Et, 

base

O

OH

3 or 4
base

In this chapter, some attempts are described to develop such a synthesis for D-ring 
precursors. The hydroxy butenolide 2 is an excellent starting material for the preparation 
of the chloro compound 3. A synthetic route to this hydroxy butenolide 2 is depicted in 
Scheme 2.

Scheme 2 
HaCv

O O
h3̂ 0 - jv . A . Cl O NaOCHaCH3 ----------------

O

O

O

O

O CH3

160 oC

+

66

HO^ V O MeOH, O2 ( V C°2 H i) NaOH / ^ CO2CH3

Rose Bengal ^  ii) HCl

3 8 7

The Darzen’s condensation reaction of the acetal 5 with methyl chloroacetate in the 

presence of sodium methoxide affords compound 6 , which on pyrolysis (160°C) yields 3- 
methyl-2-furoate (7). The photo-oxidation of 3-methyl-2-furoic acid (8), obtained upon 
saponification of 7, using singlet oxygen generated by irradiation of a methanolic solution 
containing oxygen in the presence of Rose Bengal as the sensitizer, produces the desired
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hydroxy butenolide 2 in quantitative yield (Scheme 1).19, 20 Inspite of the high yield of the 
photo-oxidation step, it is not a realistic route for the preparation of 2 on a multigram 
scale, because of the irradiation process.
The chlorobutenolide 3 can be obtained by reaction of hydroxy butenolide 2 with thionyl 
chloride.6 This seemingly simple reaction is always accompanied by the formation of the 
dimeric compound 9 as an unwanted by-product.6 It has been claimed21 that the chloro 
compound 3 is the best agent in the coupling reactions to give strigol analogues as it is 
more stable, easier to handle and easier to prepare than the corresponding bromo
derivative 4. Therefore, attempts were made to improve the yield of the reaction of 
hydroxy butenolide 2 with thionyl chloride. These attempts will be reported in the 
experimental section.

9 10

There are a few reports on the synthesis of 3-methyl-2(5H)-furanone (1).6, 14-16 The 
convenient procedure6 involves the bromination and dehydrobromination of 
commercially available a-methyl-y-butyrolactone (10) to give bromo product 4 in 53 % 
yield. Unfortunately, this starting material is very expensive, thus this route does not 
comply with the criteria for a large-scale production of 4. An attractive direct route to 
either 1 or 2 would be the selective reduction of the appropriate carbonyl group in 
citraconic anhydride (11), which is commercially available for an acceptable price. 
Unfortunately, reduction of citraconic anhydride preferentially takes place at the wrong
sterically most hindered carbonyl group to give the wrong isomer, namely 4 -methyl-

222(5H)-furanone (12). This problem of the unwanted regiochemistry of the reduction has 
been elegantly solved by making first the Diels-Alder adduct 13 of citraconic anhydride 
and then carry out the reduction with the desired regiochemistry (Scheme 3).14 The 
furanone 1 is subsequently liberated by flash vacuum thermolysis of 14. This final step 
can be performed only at a 10 gram-scale at most and consequently, this synthesis of 1 is 
not suitable for scaling up.

Recently, the preparation of butenolide 1 from citraconic anhydride has been improved
23considerably (Scheme 4). Opening of the anhydride 11 with methanol in the presence of 

dicyclohexylamine (DCA) gives compound 15 in 80 % yield with a high regioselectivity
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(>90 %). Treatment of the DCA salt 15 with isobutyl chloroformate gives compound 16, 
which on reduction with sodium borohydride results in the desired butenolide 1 in a high 
overall yield (> 80 %). This furanone 1 can be converted into the bromo derivative 4 by

24an allylic bromination reaction using N-bromo succinimide. The last-mentioned 
reaction is the only convenient procedure for this type of molecule.

Scheme 3

NaBH4
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Scheme 4
O c o 2c h 3 o  o  c o 2c h 3
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As has been discussed in detail in the preceding chapter, the substitution pattern of the D
ring is very critical. It has been shown that an extra methyl group at the 3'-position 
somewhat improves the bio-activity of some analogues. In the preparation of precursors 
for the coupling to a D-ring with that extra methyl group at C3', hydroxy butenolide 18 is 
needed. A straightforward approach would be the reduction of dimethylmaleic anhydride 
(Scheme 5), which however is very expensive (25 g for Euro 125). This high price is 
prohibitive for multigram production of hydroxy butenolide 18 as is also the reduction 
itself, which only can be successfully conducted with the expensive lithium tri-tert- 

butoxyaluminium hydride at -20°C (Scheme 5).25, 26 Consequently, it is desirable to 
consider alternative reductions of dimethylmaleic anhydride or an alternative synthesis of 
hydroxy butenolide 18.

9.2 Results and Discussion
Improvements for the reaction of hydroxy butenolide 2 with thionyl chloride to produce 
chlorobutenolide 3 were considered first. The unwanted formation of the dimeric

chloride as follows: Addition of the solid hydroxy butenolide 2 to a gently boiling thionyl 
chloride (temperature 67-70°C) containing a small amount of DMF (volume ratio 80:1) 
while monitoring the progress of the reaction with TLC. In this manner, a gratifying yield 
of 88 % of chlorobutenolide 3 was obtained. The same procedure was used for the 
preparation of 5-chloro-3,4-dimethyl-2(5H)-furanone (20) from the corresponding 
hydroxy butenolide 18 (yield 85 %). At a multigram scale (50 g), the yield was even 
higher (95 %).
Efforts to improve the synthesis of the hydroxy butenolide 18 using reducing agents other 
than LiAl(Ot-Bu)3H, namely sodium tri-acetoxyborohydride, sodium borohydride did not 
meet with the desired success (Scheme 5). An alternative approach to the preparation of 
hydroxy butenolide 18 involves the condensation of methyl pyruvate (19) with propanal, 
as depicted in Scheme 6 .

Scheme 5

17 18

compound 9, could be effectively prevented by conducting the reaction of 2 with thionyl
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27 28This method had been described earlier by Canevet et al. and Schreiber et al. 
Repeating the reported procedure caused severe problems, mainly due to the formation of 
a considerable amount of black tar, which complicates the purification and crystallization 
of the product 18 (Scheme 6).

Scheme 6
O

O . X H 3 +

O

19

O
H3C H

Ck O  ^O

20

H OO 
Diethylamine ^ - - OEt

HCl, AcOH
A

so c i2 Hoy y o  

18

29It was claimed, however, that product 18 could be obtained by direct crystallization 
from the crude mixture still containing the black tarry material. This may be true for 
small scale preparations on a larger scale, the impurities precluded the crystallization. It 
was attempted next to modify the experimental conditions, viz. to use different acids in 
the second step. However, the use of mixtures of acetic acid with phosphoric, trifluoro 
acetic and p-toluenesulfonic acid did not improve the preparation of hydroxy butenolide
18.
It is of interest to note that the condensation of pyruvic acid with acetone or butanone in 
the presence of 85 % phosphoric acid to give 5-hydroxy-4,5-dimethyl-2(5H)-furanone 
and 3,4,5-trimethyl-2(5H)-furanone proceeds without many difficulties. Possibly acidic 
conditions are an alternative for the condensation with propanal as well.

9.3 Concluding remarks
The results described in this chapter clearly indicate that for the synthesis of the essential 
D-ring precursors, hydroxy butenolides 2 and 18, there is a need for improvement of the 
experimental procedures.
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9.4 Experimental section
For general remarks, see chapter 2.

5-Chloro-3-methyl-2(5H)-furanone (3)
5-Hydroxy-3-methyl-2(5H)-furanone (2, 5 g, 43.9 mmol) was added gradually to a 
stirred, boiling mixture of thionyl chloride (40 mL) and DMF (0.5 mL). After the addition 
was complete, analysis (TLC) indicated the total consumption of the starting material. 
The mixture was allowed to cool to room temperature, diluted with dichloromethane (20 
mL), neutralized by addition of an ice-cold solution of saturated NaHCO3, followed by 
the addition of hexane (20 mL). The aqueous layer was extracted with a mixture of 
dichloromethane/hexane 4:16 (3 x 20 mL). The combined organic layers were washed 
(brine), dried (MgSO4) and concentrated in vacuo to give 3 as a yellowish oil (5.1 g, 88 
%). The material was sufficiently pure to use in subsequent reactions. The spectroscopic 
data were in complete agreement with those reported in the literature.6

5-Chloro-3,4-dimethyl-2(5H)-furanone (20)
5-Hydroxy-3,4-dimethyl-2(5H)-furanone (18, 1 g, 7.8 mmol) was treated, as described 
above, to give 21 as a yellowish oil (976.0 mg, 85 %). The spectroscopic data were in

27 28complete agreement with those reported in the literature. ’ On a larger scale (50 g of 18 
in 100 mL of thionyl chloride containing 1.5 mL of DMF), a yield of 95 % was obtained.
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Chapter 10

Pot experiments with Striga seeds using synthetic 
germination stimulants

10.1 Introduction
In the chapters 2-8, a series of new highly active germination stimulants for the seeds of 
Striga and Orobanche spp have been described. The ultimate goal of the search for highly 
active stimulating agents is to apply them in the field in order to eradicate the parasites 
and to reduce the damage to many important food crops, and hence to improve the food 
supply in the countries that currently suffer from the devastating effect of parasitic weeds 
(see also Chapter 1). In this chapter, the results of some pot experiments with Striga seeds 
using synthetic stimulants described in this thesis, are reported. These results were 
obtained during a collaborative programme with the Department of Agriculture, 
University of Reading, “Early Gate”, Reading, United Kingdom. The post-graduate study 
was carried out by Rebecca L. Kgosi under the supervision of Dr. A.J. Murdoch. The aim 
was to establish the efficacy of a number of new synthetic germination stimulants, which 
differ from the known strigolactones and synthetic GR analogues, on Striga seed 
germination under soil conditions.
The compounds 1-5 were supplied for this test programme. The synthesis of these 
compounds is described in Chapters 2 and 4. The results presented here are taken from 
the MSc. thesis of R.L. Kgosi, which was kindly supplied by Dr. A.J. Murdoch.

O

1 2
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6 7

There have been few reports on in vivo studies with Striga seed and synthetic germination 
stimulants. Babiker et a l x “showed that germination of S. hermonthica (Del.) Benth. in 
response to GR 24 (6) was strongly influenced by soil moisture content prior to, at, or 
after stimulation”. Excessive soil moisture (±70 %, w/w) resulted in a low response to 
GR 24 (6). Transfer of the seeds to soil with a lower moisture content (47 %), improved 
the response. Optimum moisture content of 45-47 % was established for soil from the 
Wad Medani region of the Sudan. In sandier soils the optimal moisture value was ~22 %. 
The residual persistence (activity) was similar in both soil types, but decrease was rapid 
with increasing moisture content. In a subsequent study, GR 7 (7), and an extract of 
Euphorbia aegyptiaca Boiss containing natural Striga germination stimulants, were 
investigated using soils of varying types, collected from five different locations in Sudan. 
Adequate persistence (6-8 days) of GR 24 was observed in acidic soils (pH 5.0-6.3), 
whereas it was short (1-3 days) in alkaline soils. This was also dependent on the nature of 
alkaline soils. The germination activity was lost quicker in a clay soil (pH 7.8) than in a 
sandy equivalent (pH 8.1). The pH value had little influence on initial activity in solution, 
but the decrease in residual activity was greater under alkaline conditions at higher 
temperatures. An earlier3 pot experiment led to the conclusion that the intensity of 
watering did not inhibit the emergence of S . hermonthica.
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10.2 Results and Discussion
In order to consider possible field application of compounds 1-5, it was first necessary to 
investigate their efficacy under soil conditions, and to test whether the germination 
activities were different from that deduced from simple in vitro assays.
Four types of Striga seeds were used in the study: S. hermonthica (Sudan 1992, ex 
sorghum), S. asiatica (Tanzania 1997, ex sorghum), S. asiatica (Botswana 1997, ex 
sorghum), S. asiatica (Malawi 1993, ex sorghum); all seeds had been stored at room 
temperature. They were subjected to an in vitro bio-assay protocol similar to that used in 
this thesis.4
As expected all test compounds induced germination after the standard conditioning. This 
was a blind trial since the names and structures of the derivatives were not supplied, 
merely code numbers. Data handling and graphics were performed using Microsoft Excel 
and data analysis was performed using Genstat. The results were expressed as angles5 and 
were difficult to compare directly with the bio-assays described in this thesis. The results 
can be re-interpreted using the equation:
Angles = 1/sine Vp/100, wherein p is the percentage of germination.
The response of S. asiatica (Tanzanian strain) and S. hermonthica (Sudan) were higher 
than for S . asiatica (Malawi). The highest germination response was observed for S . 
hermonthica with a germination percentage of ca. 90 %. There was a uniform response 
across all concentrations of the supplied test compound. However, there was also induced 
germination in the water controls for all species during laboratory bio-assays. This was 
ascribed to the enclosed environment of the tests and to the fact that the petri dishes were 
stacked which could have led to cross contamination between treatments. Sometimes bio
assays are disturbed by small concentration of ethene (C2H4, also a germination 
stimulant) in the air, thus leading to erroneous results. The germination studies reported 
in this thesis, and those of others, indicate that no germination occurred in the water 
controls, thus the observed positive blanks must be artifacts. The Malawi strain gave the 
lowest germination response. This is possibly due to the presence of considerable 
amounts of trash being present, which introduced errors in determining the extent of 
germination. The results of these germination assays require no further comments since 
they confirm the activities of the derivatives as described earlier in this thesis.
The next aspect of the project was to test whether the activities of the germination 
stimulants change when introduced into the soil containing seeds of Striga. The 
experiments were conducted in the Nematology glasshouse of the University of Reading, 
UK, at daily temperatures ranging between 21 and 39°C during the period July 5th-27th, 
2000.
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The seeds of S. hermonthica (Sudan) and S. asiatica (Tanzania) with a minimum of 100 
seeds per experiment were placed in a 3 x 5 cm packet made of 80 micron precision mesh 
and the open end secured with a stapler. Each packet was placed in a one litre pot (10 x 
10 x 10 cm ) half filled with a 1:1 mixture of sand and steam sterilized loam, then 
covered with 5 cm of the soil mix,1 watered and kept moist during a 14 day conditioning 
period. After this period the seed packets were removed from the conditioning pots and 
replaced into similar sized pots half-filled with the same type of soil mixture, covered 
with 5 cm of the mix and then treated with 200 mL of solutions of varying concentrations 
of each of the stimulants 1-5, starting with the lowest concentration. A formulated version 
of Nijmegen-1 (4) was also included in these tests, which is designated as NE 1. In this 
formulation, Nijmegen-1 is contained in an emulsion. Control pots were similarly set up 
using only water (200 mL). A crop treatment was also included in the assays. Sorghum 
(variety segaolane) and pearl millet (variety serere 6A) seeds, four of each were planted 
in pots and after 3 days, the seedlings were thinned to one per pot.
The germination experiments were conducted using four concentrations of compounds 1
5. The first three were 10-6, 10-5, and 10-4 M, respectively while the remaining one

3 3 5corresponded to the maximum solubility namely, 10- M for NE 1, 10- ' M for 
compounds 1, 2 and 3, and 10-36 for derivatives 4 and 5.
The seed packets were removed from the pots after the treatment with chemical 
stimulants for 7 days, and after 17 days in the case of the crop treatment experiments. The 
packets were cleansed from adhering soil particles and opened. Then seeds were placed 
carefully onto filter paper and counted for germinated seeds using a binocular 
microscope. The results re-calculated from germination angle measurements are given in 
Tables 1 and 2.

10.3 Conclusions of the pot experiments
The most rewarding outcome of these experiments is that moderate to high germination 
of seeds was observed. The fear that the germination agents would decompose untimely 
in the soil appeared not to be real. This means that an essential requirement for a 
successful application of synthetic stimulants as agents in the suicidal germination 
approach has been met.
The response of the two seed types is considerably different. In this context, it is 
important to note that dose-response has a bell shape wherein the maximal activity is seed 
and stimulant dependent.6 Part of the difference in seed response can be explained by 
taking into account the difference of viability. A viability test showed values of 70 and 90
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Table 1: Germination percentages ± SE for S. asiatica (Tanzanian strain) seeds after 
exposure to four concentrations of compounds 1-5 in the glasshouse
experiment10

% Germinationb,d ± SE at a concentration (mol/L) of
Entry Compound 10-a 10 10-5 10-6

1 1 33.9 ±10.9 31.4 ± 3.69 4.0 ± 1.63 0.4 ± 0.56
2 2 6.8 ± 0.62 38.5 ± 8.55 35.7 ±10.3 55.3 ±4.64
3 3 81.5 ± 6.23 76.2 ± 1.88 80.0 ±1.61 74.5 ±2.09
4 4 46.7 ± 2.76 50.5 ± 7.92 8.6 ±4.02 0.8 ±1.75
5 5 2.3 ± 1.88 19.6 ± 5.10 24.2 ±3.52 1.0 ±2.59
6 NE1c 1.1 ± 1.21 17.6 ± 6.19 0.3 ±0.04 1.3 ±2.34
Represent the concentration of 10-3 M for NE 1, 10"3'5 M for 1, 2, and 3, 10"3'6 M for 4 and 5.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with the 

stimulants.

NE 1= Nijmegen 1 (4) was especially formulated as an easily dispersed emulsion. The actual 
composition must remain confidential at present.

The water control did not induce any germination.

a
b

c

d

Table 2: Germination percentages ± SE for S. hermonthica (Sudan strain) seeds after 
exposure to four concentrations of compounds 1-5 in the glasshouse 
experiment

% Germinationb,d ± SE at a concentration (mol/L) of
Entry Compound 10-a 10 10-5 10-6

1 1 79.2 ± 7.08 91.0 ± 0.76 73.0 ±4.20 13.4 ±4.20
2 2 78.4 ± 2.25 88.0 ± 2.28 80.8 ±2.16 61.7 ±5.64
3 3 97.4 ± 1.56 98.0 ± 2.00 93.9 ±3.93 76.9 ±2.19
4 4 91.9 ± 3.00 82.5 ± 4.44 26.3 ±4.18 0.8 ±1.70
5 5 32.7 ± 0.90 73.0 ± 4.29 57.4 ±3.67 10.0 ±4.78
6 NE1 4.6 ± 1.67 71.5 ± 2.83 12.4 ±4.65 2.1 ±3.27

Represent the concentration of 10-3 M for NE 1, 10"3'5 M for 1, 2, and 3, 10"3'6 M for 4 and 5.

Values are the mean germination percentages ± SE obtained by treatment of the seeds with the 

stimulants.

NE 1= Nijmegen 1 (4) was especially formulated as an easily dispersed emulsion. The actual 

composition must remain confidential at present.

The water control did not induce any germination.

a
b

c

d
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% for S. asiatica and S. hermonthica, respectively. The hydroxy-a-pyrone derived 
stimulant 1 performs better for S. hermonthica than for S. asiatica, which only exhibited 
moderate germination. The results for the hydroxy-coumarin derived stimulant 2 are 
similar in that S . hermonthica responded much better than S . asiatica. The performance 
of 2 with regard to S . hermonthica is such that it would be the candidate for use in the 
field. By far the best response was observed for the a-tetralone derived stimulant 3. For 
both seed types, excellent germination has been achieved at all concentrations, thus 
making this stimulant a superb candidate for use in the field. Nijmegen-1 (4) shows high 
response at higher concentrations in the case of S . hermonthica, while S . asiatica 
germinates only moderately at these concentrations. It is known from in vitro studies, 
that for Nijmegen-1, the maximum germination is achieved at a concentration of ca. 2.5 x 
10-5 M. The induction of germination by Nijmegen-1 having an extra methyl group at C- 
3' (compound 5) is disappointingly low for S. asiatica, but quite acceptable for S. 
hermonthica at a concentration of 10-4 M. Formulated Nijmegen-1 is considerably lower 
in activity than an aqueous solution of this stimulant. It is suggested that the formulated 
stimulant may need an adjusted watering regime in order to transport the emulsion- 
containing stimulant to the seed packets. An aqueous solution of the stimulant allows a 
more even distribution. For field applications, however, formulated stimulants will be the 
best choice, especially to ensure a slow transport of stimulant through the soil top layer. 
Soil treatment with formulated stimulants, therefore deserves much attention in future 
research in this area (see also Chapter 11).
The experiments with sorghum and millet showed a rather low germination for both seed 
types considerably lower than with synthetic stimulants. It should be noted that sorghum

8 9roots exude sorgolactone as the stimulant, whereas millet root produce strigol. This 
difference in natural stimulants and possibly the difference in concentration of the 
exudate, account in part for the different germination percentages for these host plants. In 
addition, the root exudates are not evenly distributed on the seed packets or even may not 
reach the seeds. The experiments with the synthetic stimulants show that, when the seeds 
are having contact with the stimulants, induction of germination can occur to a great 
extent. The overall conclusion of the experiments described in this chapter, is that 
synthetic stimulants have excellent prospects for use in the field in combating the 
parasitic plagues. The stimulant 3 derived from a-tetralone is of particular interest 
because of its excellent performance at different concentration for both seed types.
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Pot experiments using synthetic germination stimulants

Figure 1: Bar graph of the percentages of germinated seeds of S. asiatica (Tanzania 
strain) after exposure to various concentrations of 1-5 in the glasshouse 
experiment

Figure 2: Bar graph of the percentages of germinated seeds of S. hermonthica (Sudan 
strain) after exposure to various concentrations of 1-5 in the glasshouse 
experiment
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Chapter 11
Control of parasitic weeds in the field using a synthetic 

germination stimulant

11.1 Introduction
The root parasitic weeds Striga (witchweed) and Orobanche (broomrape) are serious 
pests in agriculture, especially in tropical an sub-tropical areas in Africa and Asia. Striga 
mainly infects cereals, such as sorghum, maize and millet. S. hermonthica is probably the
most important parasitic weed species on a world scale. The area of crops affected is over

1 25 million hectare in six countries of West Africa alone ’ and may be over 10 million 
hectare in Africa as a whole. Orobanche parasitizes dicotyledonous crops, such as faba 
bean, tomato and sunflower, and predominantly occurs in the Mediterranean region and 
areas around the Black Sea. Also the tobacco culture suffers from severe yield losses due 
to Orobanche infection. The lives of millions of people in Africa, India and the Middle 
East are directly affected by the severe harvest reductions due to the parasitic weed

2 3 2 3pests. ’ The lifecycle of the parasitic weeds is fully adapted to that of their host plants. ’ 
An essential feature is that seeds of these weeds only can germinate when exposed to a 
specific chemical signal, i.e. a germination stimulant, usually exuded by the roots of the 
host plants. A variety of control methods for these parasitic weeds has been discussed in 
Chapter 1 (see also ref. 2 and 3). Hand weeding is very labour intensive and not very 
effective as much of the damage already has occurred before the parasite emerges from

2 3the soil. ’ Crop rotation, the use of false hosts (trap crops) and catch crops can be 
effective to some extent, but requires a strict agricultural regime.2,3 Biological control, 
using insects or phytopathogenic fungi, was successful in some cases, but it is not a

2,3general method. Breading of resistant crops requires long-lasting selection techniques
2,3and, in addition, the resistance disappears after a period of ca. five years. ’ Fumigation 

has been applied with success in some cases, however, it requires expensive chemicals 
which are toxic as well.2,3 Chemical control by herbicides can be effective in controlling 
the weeds, however, host plants are affected as well and the method is criticized for its 
environmental effects, especially when non-selective and highly toxic chemicals are 
used.2,3

It had long been realized4 that if a germination stimulant would be applied to the soil in a 
suitable form before the host crop is planted, the parasitic seeds would germinate in the 
absence of a host and the germinated seeds would not survive as the necessary attachment
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to the host plant is not possible. This method is commonly referred to as the “suicidal 
germination approach”. The most noted success with this approach is the use of ethene, 
which is injected into the soil under high pressure. Ethene, which is a known plant 
hormone, does play a role in the germination cascade of the parasitic weed Striga. The 
mode of action of the injected exogenous ethane is probably very much different from 
that of endogenous ethene for which the role has been established. The ethene application 
equipment is rather complicated, although a backpack unit has also been developed.5 
Ethene injection was reported to be effective in reducing the viable seed population of S. 
asiatica in the soil. This approach is not affordable for most farmers in developing

2 3 5countries. ’ ’
The use of strigol analogues as suicidal germinating agent has also been reported.4,5,6 The 
active compounds used for this purpose are GR24 and GR7. Research conducted in the 
USA on S. asiatica showed that up to 50% reduction of the Striga seed population in the 
soil could be achieved by applying GR24. A strigol analogue, viz. GR7, has also been

o
used for the control of S. hermonthica in field trials. In spite of the initial success the 
potential control of Striga pests by strigol analogues, the developed was stopped, partly 
because the results were not fully satisfactory5 and partly because of the great concern 
about the stability of these strigol analogues under soil conditions.9 The suicidal 
germination was considered not to be feasible because of the (possible) untimely
decomposition of the stimulants when applied to the soil.9,10,11 Indeed, the strigolactones

12are intrinsically susceptible to hydrolysis, whereby water acts as a nucleophile in the
12molecular mechanism shown in scheme 3 in Chapter 1. However, this susceptibility to 

hydrolysis should not preclude their use as suicidal germinating agents. It is important to 
note here that many herbicides have a limited stability under soil conditions. However, 
when they are applied in a formulated form this stability problem can be overcome in 
most cases. For a formulation of a herbicide dispersion in an appropriate emulsifier is 
used most frequently. Characteristics of a good formulation are that i. the contact with 
decomposing ingredients (such as water, acid, clay, etc.) and destructive micro-organisms 
is minimized during the application period, ii. the contact with the target, here the seed of 
the parasitic weeds, is optimized, iii. the stability and shelf life at room temperature is 
guaranteed, iv. the application to the field can be achieved using simple techniques, v. the 
herbicide can be safely used by the workers in the field.
On the basis of the considerations given above, it was decided to use a suitable 
strigolactone in a formulated form in field trials. It should be noted that the findings 
reported in Chapter 9 (pot experiments) are encouraging for these field trials.
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1 (Nijm-1 Me)

11.2 Results and Discussion
The field trials were set up to control Orobanche weeds on tobacco. The strigolactone 
selected for this study is a congener of Nijmegen-1, namely compound 1 (denoted as

13Nijm-1 Me). This compound was formulated with an appropriate emulsifier. The 
concentration of the stimulant in the diluted emulsion, that was applied to the field is of 
utmost importance. The optimal concentration of Nijm-1 Me was estimated from the 
dose-response curve14 for Nijmegen-1. In these laboratory bio-assays the concentration 
with optimum germination is 10-6 mol/L14 For the field trials the stock solutions 
contained 50,1 g of stimulant per liter, in cyclohexanone as the solvent, which 
corresponds with 0.140 mol/L of Nijm-1 Me (MW=357). This stock solution also 
contained the emulsifying agent. The concentrated stock solution was diluted with water 
as follows: 25 mL of concentrate was dissolved in 50L of water and then applied to the 
field by spraying on an area of 2000 m2. After that a 100-fold amount of water was 
distributed by irrigation. The actual concentration of the stimulant is estimated to be

7 27.10" mol/L. In other words, 25 mL of concentrate was sufficient to treat 2000 m , 
corresponding with 6.25 g of stimulant per hectare. This spraying and subsequent 
irrigation will result in a penetration of the active ingredient into the soil to a depth of at 
least 10 cm. Although this spraying and subsequent irrigation does not allow to adjust the 
concentration of the stimulant very accurately, it will be in the optimal range.
The pre-conditioning of the seeds of the parasitic weeds is very important for a successful 
trial. For that purpose a wet conditioning period of approximately one week was included 
in the treatment. If there had not been rain for quite some time, the field had to be 
irrigated for one week prior to the application of the stimulant. Planting of the tobacco 
should be not earlier than about two weeks after the stimulant treatment. This interval is 
also important as in that period the germinated parasitic seeds should die in the absence 
of any host plant.
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The trials were evaluated as follows: the number of spikes of the emerged parasites were 
counted per area unit and compared with untreated plots of the same size. The field trials 
were carried out by members of the CORESTA study group “Orobanche” and some 
researchers in international centers. The project was supervised by Prof. dr.dr.h.c. K. 
Wegmann (University of Tübingen). The results are collected in Table 1. In Figure 1 the 
picture shows the results obtained with the trials in Southern Germany in a tobacco field 
between Karlsruhe and Germersheim. In three locations there was (almost) no Orobanche 
in the year of the trials (entry 5,6,8). Three locations reported very positive results (entry 
3,7,10) and one had a moderate result (entry 2). There were two negative reports (entry
1,4) in spite of the fact that on those locations the problems with Orobanche were serious 
that year. Possibly the reduction of the seed bank was only marginal in comparison to the 
total number of seeds present in the soil. Suppose there were millions of seeds of which 
90% was eliminated, then still hundred thousand viable seeds remain that can be 
activated by the host plant.

Table 1 : Field trials with Nijm-1 Me in the control of Orobanche on Tobacco (2001)

Entry Country Station Results
1 Bulgaria Tobacco Products Institute, Plovdiv negative
2 France ANITTA, Bergerac partly positive
3 Germany Several tobacco farmers Sth Baden & 

Palatinate
positive

4 Greece Tobacco Inst. Greece, Drama negative
5 Hungary Agrotab KFT, Debrecen negativea
6 India Central Tobacco Res. Inst., Rajahmundry positive
7 Italy Dept. Agronomy, Univ. of Pisa positive
8 Macedonia Tobacco Inst., Prilep negativeb
9 Syria General Organisation for Tobacco, 

Damascus
unclear

10 Texas Dimon International Inc. positive
a almost no Orobanche in this year 

b no Orobanche problem in this year

The trial in Syria gave unclear results (entry 9) for unknown reasons. The overall result is 
highly rewarding as it demonstrates that control of Orobanche using the suicidal 
germination approach is indeed possible.
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The investigations carried out by Dr Benvenuti (under supervision of Prof. Miele) at the 
University of Pisa are of special interest. The number of Orobanche seeds remaining in 
the soil after the treatment with stimulant was determined. The results are presented in 
Figure 2. A high seed bank reduction of 75% was observed at a depth of 0-10 cm.

Figure 1: Field trials in a tobacco field in Southern Germany using Nijm-1 Me 

Tobacco field treated with Nijm-1 Me Untreated tobacco field
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Figure 2: Seedbank reduction after treatment with formulated Nijm-1 Me
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At a depth of 10-20 cm this reduction was much lower, namely 35% and at greater depth 
(20-30 cm) almost no effect was observed.

11.3 Concluding remarks
These field trials with Nijm-1 Me in the control of Orobanche on tobacco demonstrate 
the feasibility of the suicidal germination approach. These results are very encouraging 
for the reduction of seed banks of parasitic weeds. The amount of stimulant per hectare is 
very low which is attractive from economic point of view, but also for the impact of the 
stimulant on the environment. Furthermore, it is relevant to note that these stimulants are 
specific herbicides that have a natural mode of action. Another advantage is that the 
stimulants are applied before planting the actual crop meaning that the herbicide will be 
deteriorated by the action of micro-organisms in the soil during the interval after 
application. Hence, the crops have little chance to come into contact with the stimulant. 
The results also suggest that the timing of the three events, viz. the wet conditioning 
period, the actual application of the stimulant and planting of the crop, is very essential. 
Further research is needed to improve the application technology, to optimize the 
emulsifier, to study other stimulating strigolactones and especially to study other types of 
parasitic weeds and host plants. The overall conclusion is justified that the results 
presented in this chapter are a great step forward in the control of parasitic weed pests.
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Summary

This thesis deals with the synthesis and biological evaluation of new germinating agents 
for seeds of the parasitic angiosperms Striga and Orobanche spp. These parasitic weeds 
can only survive when attached to the roots of appropriate host plants, which in most 
cases are important food crops, such as cereals and legumes. In tropical and sub-tropical 
regions in Africa and Asia (especially India) the occurrence of these parasitic weeds 
directly affects the lives of millions of people due to the enormous reduction in crop 
yields by these parasites. The seeds of these weeds only germinate when exposed to a 
stimulant, which usually is exuded by the roots of a potential host plant. So far, only four 
naturally occurring germination stimulants (1-4), named strigolactones, have been 
isolated.

O
Alectrol 3 ^

(proposed structure)

(+)-Orobanchol 4

These compounds have three structural rings in common, namely the C-ring, the 
connecting enol ether moiety and the D-ring. Structure-activity studies have revealed that 
this common part of these molecules is primarily responsible for the biological activity. 
This so-called bio-actiphore resides in this CD-part including the enol ether linkage. A 
molecular mechanism has been proposed that explains the triggering of the germination 
at the receptor side (Scheme 1).
The control of these weed pests is extremely difficult. In this thesis the focus is on control 
methods using the suicidal germination approach. This involves the germination of the 
seeds by a stimulant in the absence of a host plant. When synthetic strigolactones, or 
mimics thereof, can be designed which are readily available on a multigram scale, they
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can serve as potential specific herbicids in eradicating parasitic weed infestations, using 
the suicidal germination approach. The molecular mechanism and the structural features 
of the bio-actiphore can serve as leads for this design. In this thesis a series of structurally 
simple strigolactone analogues has been designed, prepared and biologically evaluated. 
Some of them meet the criteria for application in the control of the parasitic weeds Striga 
and Orobanche in the field.

Scheme 1

In Chapter 1, a brief overview is given on the biology of the parasitic weeds, their 
interaction with the host plant, the problem of the parasitic weed pests, the control 
strategies of these weed pests, the approaches for the design of strigolactone analogues 
and the structure-activity relationship of strigol and its analogues.

Chapter 2 is devoted to the synthesis of ketone-derived strigol analogues 7-11. These 
compounds were prepared from the corresponding ketones by a simple 
hydroxymethylidenation reaction followed by a coupling with chlorobutenolide 6 
(Scheme 2). An exception was 2-indanone where mono-hydroxymethylidenation was not 
possible. All newly prepared analogues 7-11 are considerably active germination 
stimulants for seeds of the parasitic weeds S. hermonthica and O. crenata.

Scheme 2
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The best activity performance was observed for the analogue 9 derived from 1-tetralone, 
immediately followed by the 1-indanone analogue 7 and that derived from cyclohexanone 
(11). However, analogue 11 is less active toward seeds of Orobanche. 1-Indanone is 
about five times as expensive as starting material, therefore, further elaboration of the 
tetralone analogue is most attractive. This analogue can be prepared on multigram scale 
in a rather simple manner.
Modification of the analogues derived from 1-indanone and 1-tetralone by introduction of 
an extra methyl group in the D-ring at the 3’-position did not lead to the expected higher 
bio-activity, to the contrary, some loss in activity was observed.
Enantiopure single stereoisomers could be prepared by an asymmetric synthesis for the 
tetralone derived analogue 9. However, a preparative chiral HPLC separation of the 
enantiomers was more convenient in the case of analogues 7 and 11 to obtain sufficient 
enantiopure material for the bio-evaluation. It was found that the enantiomers with the 
natural configuration at C2’ of the D-ring are more active than their antipodes.

Chapter 3 deals with the synthesis of some simple substituted cyclohexanone-based 
strigolactone analogues using the same hydroxymethylidenation with ethyl or methyl 
formate in the presence of metallic sodium, followed by coupling with chlorobutenolide 6 

as the D-ring precursor, as described in Chapter 2.
The analogues 12-15 are the most interesting ones out of the total of 7 compounds that 
was prepared.
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O

(derived from R-(-)-carvone) (derived from R-(+)-pulegone)

Compounds 12-15 exhibited the highest activity in stimulating the germination of seeds 
of S. hermonthica, the activity range is about the same. It is noteworthy that these 
compounds 12-15 also had a remarkably high activity in the germination of seeds of the
O. cernua, namely about 90 % at the concentration of 0.1 mg/L. Analogues 13 and 15 
stimulated the germination of O. cernua seeds to about 90 % at the concentration of 1 
mg/L, whilst the other two were much less active. Compounds 12 and 14 showed 
remarkably high activities at a concentration of 0.01 mg/L. Overall, analogue 14 derived 
from carvone gave the best performance, followed by the analogues 13 and 15.

Chapter 4 deals with the synthesis and biological evaluation of newly designed stimulants 
derived from various endocyclic enols, all containing an enolone unit. A total of 10 
potential stimulants was prepared.
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The target molecules could all be prepared by coupling of the selected enolones with halo
butenolide in the presence of a base. In some cases the yields of the coupling reactions 
were low, however, these can be improved on further elaboration. The analogues with the 
best performance in stimulating the germination of seeds of parasitic weeds are the 
compounds 16-20. In this series of newly prepared stimulants, the most promising 
activity was observed for the compounds 18 and 19, for both types of seeds. The 
derivatives 18 and 19 obey the rules underlying the molecular mechanism of Scheme 1, 
which is not the case for the less active compounds 16 and 17. A good performance was 
observed for the new stimulant 20 obtained from dimedone. The activity of 18-20 toward 
Orobanche seeds was remarkably high, especially that of analogue 20.
Strigolactone analogue 18, derived from commercially available triacetic acid lactone, is 
a highly potent germination stimulant for both seed types that deserves further 
elaboration, evaluation and optimisation. It could be a candidate for the use in field 
application to reduce the seed banks in the soil following the concept of suicidal 
germination.

Chapter 5 deals with the synthesis and biological evaluation of some new potential 
stimulants derived from benzoic acid, phenol, phthalimides, saccharin and 1,3-dicarbonyl 
compounds. The compounds with the most interesting biological properties are 21-23 
(out of a total of eight).

The syntheses of compounds 21 and 22 were readily accomplished by treating sodium 
benzoate and sodium salicylate, respectively, with chlorobutenolide 6 . The synthesis of 
saccharin-derived stimulant 23 was conducted in a similar manner as that of Nijmegen-1. 
In attempts to prepare a D-ring derivative from o-hydroxyacetophenone, an unexpected 
product was obtained.
The biological evaluation revealed that the saccharin-derived agent 23 shows the best 
response for both seed types. For Orobanche, the new agents 21 and 22 showed an 
appreciable to high activity. These simple esters 21 and 22 may be of interest for the 
control of Orobanche pests.
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In Chapter 6 the search for potential stimulating agents for seeds of the parasitic weed, 
Striga and Orobanche, using the random screening technique, is described. A total of 
eleven compounds was selected for this random approach, of which three are included in 
this summary, namely 24-26.

The remarkable and rewarding outcome of the study described in this chapter is that 
ferulic acid 24 has been identified as a new highly active germination agent for the seeds 
of Striga and Orobanche. Ferulic acid has no structural relationship with the 
strigolactones and does not contain a D-ring, which otherwise always has been 
considered as an essential element for germination activity. Introduction of a D-ring at 
the phenolic position of 24, i.e. compound 25, did improve the stimulating activity 
somewhat. It should also be noted that ferulic acid is very active toward Orobanche 
seeds. The mode of action of ferulic acid must be very different from that of 
strigolactones, as it can not comply with the proposed molecular mechanism. The 
favourable bio-activity of ferulic acid makes it an interesting compound for use in the 
control of the parasitic weeds Striga and Orobanche species. Its widespread natural 
occurrence may make this compound environmentally acceptable for use in the field. 
There is no mention of any toxic property of ferulic acid and therefore, authorities may be 
willing to accept this compound in the suicidal germination approach to reduce the seed 
banks of parasitic weeds.

In chapter 7 the synthesis and biological evaluation of the vitamin C-based strigolactone 
analogues 28 and 30, and some carbohydrate-derived compounds, are described. The 
synthesis of compounds 28 and 30 by direct alkylation of ascorbic acid with 
chlorobutenolide 6 was not met with success. Stimulants 28 and 30 were obtained by the 
reaction of 27 and 29 with chlorobutenolide 6 in the presence of KHCO3 and a catalytic 

amount of 18-Crown-6-ether, in 47 % and 57 % yield, respectively.
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Scheme 3
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The analogue 30 with an acetonide at C5-C6, a D-ring at C2 and a benzyl ether at C3 had 
an appreciable bio-activity towards both Striga and Orobanche. This compound was 
rather difficult to prepare. Although its activity was appreciable, it is not a good candidate 
for the use in the suicidal germination approach, because of its difficult accessibility. 
Moreover, analogues described in other chapters show much better promise.

In Chapter 8, the synthesis of four new analogues 31-34, derived from GR 24 and 
Nijmegen-1, with a 2'-m ethyl group in the D-ring moiety has been described. The bio
assays of these new analogues revealed that the introduction of a 2'-methyl group in the 
natural D-ring had an enhancing effect on the stimilatory activity in the case of Striga 
seeds. However, an additional methyl group at the 3' position lowered the bio-activity, 
compared with the standard GR 24. For Orobanche seeds, extra methyl groups at 2' and 
2’+3' (see structures 31-34) in all four cases had a lowering effect on the stimulatory 
capacity, compared with GR 24.
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The Nijmegen-1 analogue 33 having only one extra methyl group at C2' may be of 
interest for the use in the suicidal germination approach to control the devastating effect 
of the Striga parasites. Apart from the bio-activity, the synthetic accessibility of the D
ring precursor also needs to be taken into account. The preparation of chlorobutenolide 
35 from acetone and pyruvic acid may be more attractive on a multigram scale than that 
of chlorobutenolide 36 (giving the natural D-ring analogues) from citraconic anhydride. 
The study described in this chapter suggests that analogues with an extra methyl group at 
the 2' position are worthy considering also for strigolactone analogues with other ABC- 
scaffolds.

Chapter 9 deals with an attempted synthesis of D-ring precursors using economically 
affordable procedures. The results indicate that the synthesis of the essential D-ring 
precursors, viz. the hydroxy butenolides 37 and 38, needs further improvement.

C K / V O

K
36

H O ^ X ^ O

37

H O ^ \^ O

38

In chapter 10, the pot experiments are described using different strains of Striga to test 
the efficacy of the synthetic germination stimulants 9, 18, 19, 39 and 40 under soil 
conditions. The results of these pot experiments were highly rewarding, as moderate to 
high germination of seeds was observed. From these experiments may be concluded that 
synthetic stimulants have excellent prospects for controlling the parasitic weed plagues in 
the field.
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(Nijmegen-1) (Nijmegen-1 Me)

Chapter 11 deals with the first successful field test using the formulated dimethyl 
analogue 40 of Nijmegen-1 in controlling the infestation of Orobanche on tobacco plants. 
This study allows the conclusion that the suicidal germination approach can be 
successfully applied as a control method for the reduction of seed banks of parasitic 
weeds in the soil. The results described in this chapter are a great step forward in the 
control of parasitic weed pests. However, the successful use of synthetic germination 
stimulants in the suicidal germination approach is dependent on the appropriate timing of 
application of the stimulant and the condition of the soil.
Further research on the use of synthetic germination stimulants in the control of the 
parasitic weeds Striga and Orobanche is strongly recommended.
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Dit proefschrift handelt over de synthese en biologische evaluatie van nieuwe 
kiemstimulanten voor zaden van de parasitaire angiospermen Striga en Orobanche spp. 
Deze parasitaire onkruiden kunnen alleen overleven als ze gehecht zijn aan de wortels 
van geschikte waardplanten. In de meeste gevallen zijn dat belangrijke voedselgewassen, 
zoals granen en groenten. In tropische en subtropische gebieden van Afrika en Azië 
(vooral India) heeft het voorkomen van deze parasitaire onkruiden een directe invloed op 
het leven van miljoenen mensen, als gevolg van de enorme reductie in de opbrengst van 
voedselgewassen door deze onkruiden. De zaden van deze onkruiden kunnen alleen 
ontkiemen wanneer zij in contact komen met een stimulant, dat (meestal) wordt 
afgescheiden door de wortels van een potentiële waardplant. Tot dusver zijn er slechts 
vier natuurlijke kiemstimulanten, nl. 1-4, geïsoleerd en geïdentificeerd.

Deze verbindingen, die ook wel strigolactonen worden genoemd, hebben drie 
gemeenschappelijke structuurelementen, nl. de C-ring, de verbindende enol-ethereenheid 
en de D-ring. Structuur-activiteitsstudies hebben aangetoond dat dit gemeenschappelijke 
deel van deze strigolactonen primair verantwoordelijk is voor de biologische activiteit. 
Deze zogenaamde bio-actifoor bevindt zich in het CD-deel (inclusief de enol- 
etherfunctie). Er is een moleculair mechanisme ontwikkeld waarmee verklaard kan 
worden hoe de initiatie van de ontkieming op het niveau van de receptor plaats vindt 
(Schema 1).
De bestrijding van deze onkruidplagen is buitengewoon moeilijk. In dit proefschrift is de

O

(+)-Orobanchol 4
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Schema 1

aandacht vooral gericht op de bestrijding gebruikmakend van het beginsel van suïcidale 
kieming. Hierbij vindt de kieming door een stimulant plaats in de afwezigheid van een 
waardplant. Wanneer synthetische strigolactonen, of mimics daarvan, ontworpen kunnen 
worden, die tevens goed toegankelijk zijn op multigramschaal, dan kunnen deze worden 
gebruikt als specifieke herbiciden voor het uitroeien van de parasitaire onkruiden door 
middel van suïcidale kieming. Het moleculaire mechanisme en de structuurkenmerken 
van de bio-actifoor fungeren als leidraad bij dit ontwerpen. In dit proefschrift wordt de 
synthese van een groot aantal strigolactonen met een relatief eenvoudige structuur 
beschreven. Deze nieuwe verbindingen zijn allemaal getest op hun kiemactiviteit. Enkele 
van deze nieuwe kiemstimulanten voldoen aan de criteria voor de bestrijding van Striga 
en Orobanche in het veld.

In Hoofdstuk 1 wordt een kort overzicht gegeven van de biologie van de parasitaire 
onkruiden, hun interactie met de waardplant, het immense probleem van de plagen 
veroorzaakt door deze parasitaire onkruiden, de bestrijdingsstrategieën voor deze plagen, 
de mogelijke benaderingen voor het ontwerpen van nieuwe strigolactonen, en de 
structuur-activiteitsrelaties van strigol en analoga.

Schema 2

Hoofdstuk 2 is gewijd aan de synthese van strigol analoga 7-11, afgeleid van ketonen. 
Deze verbindingen werden bereid uit de overeenkomstige ketonen door een eenvoudige 
hydroxymethylideneringsreactie, gevolgd door een koppeling met chloorbutenolide 6 
(Schema 2). Een uitzondering was 2-indanon, waar mono-hydroxymethylidenering niet
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mogelijk bleek te zijn. Alle nieuw gemaakte analoga 7-11 zijn behoorlijk actieve 
kiemstimulanten voor zaden van de parasitaire onkruiden S. hermonthica en O. crenata.

Het beste activiteitsprofiel werd waargenomen voor het analoog 9 afgeleid van 1-tetralon, 
direct gevolgd door het 1-indanon analoog 7 en het cyclohexanon analoog 11. Echter, 
analoog 11 is het minst actief voor Orobanche-zaden. 1-Indanon is ongeveer vijf maal zo 
duur als uitgangsstof en daarom is het verder ontwikkelen van het tetralon-analoog het 
meest aantrekkelijk. Dit analoog kan op relatief eenvoudige wijze op multigram schaal 
worden gemaakt.
De modificatie van de analoga van 1-tretralon en 1-indanon, door een extra methylgroep 
te introduceren op de 3’-positie in de D-ring, leidde niet tot de verwachte hogere bio- 
activiteit, integendeel, er werd enig verlies aan activiteit waargenomen. 
Enantiomeerzuivere enkelvoudige stereoi som eren konden worden bereid door een 
asymmetrische synthese in het geval van het van tetralon afgeleide analoog 9. Echter, een 
preparatieve chirale HPLC-scheiding van de enantiomeren was in het geval van de 
analoga 7 en 11 gemakkelijker om voldoende enantiomeerzuiver materiaal te verkrijgen 
voor de bio-evaluatie. Vastgesteld werd de enantiomeren met de natuurlijke configuratie 
op C2’-ring van de D-ring (aanzienlijk) actiever zijn dan hun antipoden.

Hoofdstuk 3 handelt over de synthese van enige van eenvoudige gesubstitueerde 
cyclohexanonen afgeleide strigolacton-analoga, gebruikmakend van dezelfde 
hydroxymethylidenering met ethyl of methyl formiaat in de aanwezigheid van metallisch 
natrium, gevolgd door koppeling met chloorbutenolide 6 als de D-ring precursor zoals 
beschreven in Hoofdstuk 2 (zie Schema 2). De analoga 12-15 zijn het meest interessant 
uit het totaal van zeven verbindingen dat werd gemaakt.

193



Samenvatting

O

1514
(afgeleid van R-(-)-carvon) (afgeleid van R-(+)-pulegon)

De verbindingen 12-15 vertoonden de hoogste activiteit in de stimulering van de kieming 
van de zaden van S. hermonthica, het niveau aan activiteit was ongeveer gelijk. 
Opgemerkt moet worden dat deze verbindingen 12-15 ook een opmerkelijk hoge 
activiteit in de kieming van de zaden van O. cernua vertoonden, nl. ongeveer 90% bij een 
concentratie van 0.1 mg/L. De analoga 13 en 15 stimuleerden de kieming van de zaden 
van O. cernua voor ongeveer 90% bij een concentratie van 1 mg/L, terwijl de andere 
twee aanzienlijk minder actief waren. De verbindingen 12 en 14 hadden opmerkelijke 
hoge activiteiten bij een concentratie van 0.01 mg/L. Alles te samen genomen liet het 
analoog 14, afgeleid van carvon, het beste activiteitsprofiel zien, direct gevolgd door de 
analoga 13 en 15.

Hoofdstuk 4 handelt over de synthese en biologische evaluatie van nieuw ontworpen 
stimulanten afgeleid van diverse endocyclische enolen, die allen een enolon-eenheid 
bevatten. Een totaal van tien potentiële stimulanten werd bereid.
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Deze doelmoleculen konden alle worden gemaakt voor de koppeling van de geselecteerde 
enolonen met halobutenolide 6 in de aanwezigheid van een base. In een aantal gevallen 
was de opbrengst van de koppelingsreacties laag, echter, dit kan worden verbeterd bij 
nadere uitwerking. De analoga met het beste profiel in de stimulering van de kieming van 
zaden van parasitaire onkruiden, zijn de verbindingen 16-20. In deze serie van nieuw 
bereide stimulanten werd de meest belovende activiteit waargenomen voor de 
verbindingen 18 en 19 voor beide zaadtypes. De derivaten 18 en 19 volgen de regels die 
ten grondslag liggen aan het moleculaire mechanisme (Schema 1), hetgeen niet het geval 
is voor de minder actieve verbindingen 16 en 17. Een goede activiteit werd waargenomen 
voor de nieuwe stimulant 20, verkregen uit dimedon. De activiteit van 18-20 voor 
Orobanche zaden was opmerkelijk hoog, vooral die van het analoog 20. Strigolacton 
analoog 18, afgeleid van het commerciëel verkrijgbare triazijnzuur lacton, is een erg 
potent kiemstimulant, dat interessant is voor verdere ontwikkeling, evaluatie en 
optimalisatie. Het zou een kandidaat kunnen zijn voor het gebruik in het veld om de 
zaadbanken in de grond te reduceren door middel van suïcidale kieming.

Hoofdstuk 5 handelt over de synthese en biologische evaluatie van een aantal nieuwe 

potentiële stimulanten afgeleid van benzoëzuur, fenol, ftaalimines, saccharine en 1,3- 

dicarbonyl verbindingen. De verbindingen met de meest interessante biologische 

eigenschappen, uit het totaal van acht bereide stoffen, zijn 21-23.

De synthese van de verbindingen 21 en 22 kon eenvoudig worden gerealiseerd door 

behandeling van respectievelijk natriumbenzoaat en natriumsalicylaat met 

chloorbutenolide 6. De synthese van de van saccharine afgeleide stimulant 23 verliep op 

een wijze vergelijkbaar met die van Nijmegen-1. In pogingen om een D-ring derivaat te 

maken van o-hydroxyacetofenon, werd een onverwacht product verkregen. De 

biologische evaluatie liet zien dat het van saccharine afgeleide agens 23 de beste
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resultaten gaf voor beide zaadtypes. Voor Orobanche vertoonden de nieuwe agentia 21 

en 22 een aanzienlijke tot hoge activiteit. Deze simpele esters 21 en 22 kunnen van 

belang zijn voor de controle van Orobanche plagen.

In hoofdstuk 6 wordt de “random screening” techniek beschreven, voor het zoeken naar 
potentiële stimulerende agentia voor het kiemen van zaden van de parasitaire onkruiden 
Striga en Orobanche. Totaal elf verbindingen, waarvan er drie zijn opgenomen in deze 
samenvatting, nl. 24-26, werden geselecteerd voor deze “random” benadering.

Het opmerkelijke en tot tevredenheid stemmende resultaat van deze studie, is dat 

ferulinezuur 24 werd geïdentificeerd als een nieuw hoogactieve kiemstimulant voor 

zaden van Striga en Orobanche. Ferulinezuur is qua structuur niet gerelateerd aan die van 

de strigolactonen en bevat geen D-ring, die anderszins altijd als een essentiëel element 

werd beschouwd voor kiemstimulerende activiteit. De introductie van een D-ring op de 

fenolische positie van 24, d.w.z. verbinding 25, verhoogde de stimulerende activiteit 

enigszins. Het moet worden opgemerkt dat ferulinezuur zeer actief is voor Orobanche 

zaden. Het werkingsmechanisme van ferulinezuur moet heel anders zijn dan dat van de 

strigolactonen, omdat er geen verband is met het moleculaire mechanisme weergegeven 

in Schema 1. De gunstige bio-activiteit van ferulinezuur brengt met zich mee dat het een 

interessante verbinding is om te gebruiken bij de bestrijding van de parasitaire onkruiden 

Striga en Orobanche spp. Het zuur komt wijdverbreid in de natuur voor en is daarom uit 

het oogpunt van het milieu aanvaardbaar voor gebruik in het veld. Er is geen sprake van 

enige toxische eigenschap van ferulinezuur en daarom zullen de autoriteiten bereid zijn 

deze verbinding te accepteren in de suïcidale kiemingsstrategie om de zaadbanken van 

parasitaire onkruiden te reduceren.
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In hoofdstuk 7 worden de synthese en biologische evaluatie van de strigolacton-analoga

28 en 30, afgeleid van vitamine C, beschreven, alsmede enige van koolhydraten afgeleide 

verbindingen. De synthese van de verbindingen 28 en 30 door directe alkylering van 

ascorbinezuur met chloorbutenolide 6 lukte niet. De stimulanten 28 en 30 werden 

verkregen door de reactie van 27 en 29 met chloorbutenolide 6 in de aanwezigheid van 

18-kroon-6-ether in respectievelijk 47 en 57% opbrengst.

Schema 3

Schema 4

Het analoog 30 met een acetonide op C5-C6, een D-ring op C2 en een benzylether op C3 

had een aanzienlijke bio-activiteit voor zaden van Striga en Orobanche. Deze verbinding 

30 was nogal moeilijk te bereiden. Ofschoon de activiteit aanzienlijk was, is 30 toch niet 

een goede kandidaat voor het gebruik in de suïcidale kiemingsstrategie, omdat de 

bereiding te lastig is. Voorts hebben analoga die in andere hoofdstukken staan beschreven 

betere perspectieven.

In hoofdstuk 8 wordt de synthese beschreven van vier nieuwe analoga 31-34 afgeleid van 
GR 24 en Nijmegen-1, met een 2’-methyl groep in de D-ring. De bio-analyse van deze 
nieuwe analoga liet zien, dat de introductie van een 2’-methylgroep in de natuurlijke D
ring een verhogend effect heeft op de stimulerende activiteit in het geval van Striga 
zaden. Echter, een extra methylgroep op de 3’-positie verlaagt de bio-activiteit in
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vergelijking met de standaard GR 24. Voor Orobanche zaden had een extra methylgroep 
op 2’ en 2’ + 3’ (zie structuur 31-34) in alle vier gevallen een verlagend effect op de 
stimulerende activiteit, vergeleken met GR 24.

Het Nijmegen-1 analoog 33 met alleen een extra methylgroep op 2’ kan van interesse zijn 

voor gebruik in de suïcidale kiemingsstrategie voor de controle van het verwoestend 

effect van de Striga parasiet. Naast de bio-activiteit moet ook de synthetische 

toegankelijkheid van de D-ring precursor in ogenschouw worden genomen. De bereiding 

van chloorbutenolide 35 uit aceton en pyrodruivenzuur kan aantrekkelijker zijn op een 

multigram schaal, dan die van chloorbutenolide 6 (deze geeft de natuurlijke D-ring 

analoga) uit citraconzuuranhydride. Uit de studie, die in dit hoofdstuk staat beschreven, 

komt de suggestie naar voren dat het de moeite waard is om ook analoga met een extra 

2’-methylgroep in beschouwing te nemen voor strigolactonen met een ander ABC 

fragment.

Hoofdstuk 9 handelt over een poging tot de synthese van D-ring precursors volgens 
economisch verantwoorde procedures. De resultaten laten zien, dat voor de synthese van 
de essentiële D-ring precursors, nl. de hydroxybutenoliden 37 en 38, nog verdere 
verbeteringen nodig zijn.

35 36 37 38
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In hoofdstuk 10 worden pot-experimenten beschreven met verschillende soorten Striga- 
zaden om de efficiëntie van de synthetische kiemstimulanten 9, 18, 19, 39 (Nijmegen-1) 
en 40 (Nijmegen-1 Me) te testen onder omstandigheden, zoals die in de grond 
voorkomen. De resultaten van deze pot-experimenten zijn zeer bemoedigend, omdat er 
een matige tot hoge kieming van de zaden werd waargenomen. Uit deze experimenten 
mag worden geconcludeerd, dat synthetische stimulanten voortreffelijke mogelijkheden 
bieden voor de controle van parasitaire onkruidplagen.

(Nijmegen-1) (Nijmegen-1 Me)

Hoofdstuk 11 handelt over de eerste succesvolle veldproeven voor de controle van de 
aantasting van tabaksplanten door Orobanche, gebruikmakend van het geformuleerde 
analoog 40 van Nijmgen-1. Uit deze studie kan worden geconcludeerd dat de suïcidale 
kiemingsstrategie met succes kan worden toegepast als een methode om de reductie van 
zaadbanken van parasitaire onkruiden in de grond te bewerkstelligen. Dit resultaat is een 
grote stap voorwaarts in de bestrijding van de parasitaire onkruiden Striga en Orobanche. 
Echter, het succes van het gebruik van synthetische kiemstimulanten in de suïcidale 
kiemingsstrategie is afhankelijk van het juiste moment van toepassing en de condities in 
de grond. Verder onderzoek aan synthetische kiemstimulanten voor de bestrijding van de 
parasitaire onkruiden Striga en Orobanche kan van harte worden aanbevolen.
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