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In this thesis the isolation, synthesis and biological evaluation of natural defense
compounds against herbivores or oxidative stress is discussed.
The first part concerns the metabolites of platyphylloside ((5S)-5-hydroxy-1,7-bis-(4-
hydroxyphenyl)-3-heptanone-5-O-β-D-glucopyranoside), a phenolic glucoside found in
birch (Betula pendula) that possess digestibility inhibiting activity in herbivores. The
structure-activity relationship of platyphylloside analogues were investigated regarding
to stereochemistry and substitution pattern on the aromatic rings. The metabolites
formed in vitro in rumen fluid were synthesized and the active metabolite determined as
(R)-centrolobol (1,7-bis-(4-hydroxyphenyl)-3-heptanol). Treatment of mice and rats
with rac-centrolobol did not effect either food intake or body weight. Effect of
platyphylloside in moose was also investigated, and the results indicate that there was
an in vivo digestibility reducing activity.
The second part concerns naturally occurring antioxidants. Avenanthramides is a class
of phenolic antioxidants found in oat (Avena sativa). Avenanthramides derived from
either anthranilic acid or 5-hydroxyanthranilic acid were evaluated for their
antioxidative capacity and quantified in oat extracts. Avenanthramides derived from 5-
hydroxyanthranilic acid possessed higher activity than those from anthranilic acid. The
order of reactivity depending on substitution pattern on the phenolic moiety was found
to be 4-hydroxy < 4-hydroxy-3-methoxy < 3,5-dimethoxy-4-hydroxy and 3,4-
dihydroxy. A synthesis towards antioxidative compounds such as 4-deoxycarbazomycin
was developed.
The third part concerns the isolation of compounds from Lodgepole pine (Pinus
contorta) with antifeedant activity against pine weevil (Hylobius abietis). Two
compounds possessing high activity were isolated and identified.
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1. INTRODUCTION

1.1 Natural Products

Man has used natural products since the dawn of time as remedies for diseases,

spices, narcotics, dyes, and poison for warfare and hunting. Most of these compounds

were used in their crude forms and the active components were mostly not isolated until

the nineteenth century. A number of these natural products are still in use today.

Morphine (1), first isolated from opium (Papaver somniferum and P. setigrum)1 in 1803

is a well-known example. It is one of the most powerful analgesics known, and it also

possesses strong narcotic effects.
HO

O

HO
H

NCH3

H

1

Another example is quinine (2) an anti-malaria agent isolated from the Cinchona

tree. As early as in the seventeenth century, Thomas Sydenman, a Bachelor of

Medicine, prescribed a mixture of powdered bark of the cinchona tree and syrup of

cloves as a remedy for malaria.1

N

MeO
HO

H
N

H

H

2

1.2 Primary and Secondary Metabolism

When discussing metabolism it is common to distinguish between primary and

secondary metabolism. Primary metabolism refers to the processes producing the

carboxylic acids of the Krebs cycle, α-amino acids, carbohydrates, fats, proteins and

nucleic acids, all essential for the survival and well-being of the organism.2 All

                                                
1    Mann, J. Secondary Metabolism. Clarendon Press, Oxford, 1987.
2    Torssell, K. B. G.  Natural Product Chemistry. A mechanistic, biosynthetic and ecological approach.

Apotekarsocieteten-Swedish Pharmaceutical Press, 1997.
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organisms possess the same metabolic pathways by which these compounds are

synthesized and utilized.

Secondary metabolites, on the other hand, are non-essential to life but contribute to

the species’ fitness for survival.2 Secondary metabolites are also produced using other

metabolic pathways than primary metabolites. These pathways are more characteristic

for the particular family or genus and are related to the mechanism of evolution of

species. In fact, the specific constituents in a certain species have been used to help with

systematic determination, groups of secondary metabolites being used as markers for

botanical classification (chemotaxonomy).2

The division between primary and secondary metabolism is not clear: and the two

types are linked together because primary metabolism provides the small molecules that

are the starting materials of the secondary metabolic pathways (Figure 1).

OPP
3,3-dimethyl pyrophosphate

ISOPRENOIDS
(TERPENES, STEROIDS, CAROTENOIDS)

POLYKETIDES, PHENOLS
FATTY ACIDS

Aliphatic amino acids

Aromatic amino acids

CO2H

OHH3C

OH
Mevalonic acid

-O2CCH2COSCoA
Malonyl-SCoA

PEPTIDES
PROTEINS
ALKALOIDS
PHENOLS

CH3COSCoA
Acetyl-SCoA

CO2 + H2O (photosynthesis)

hν

Monosaccharides POLYSACCHARIDES
GLYCOSIDES
NUCLEIC ACIDS

CINNAMIC ACID DERIVATIVES
OTHER AROMATIC COMPOUNDS
LIGNANS

CO2H

HO
OH

OH

Shikimic acidCH3COCO2H
Pyruvic acid

Figure 1. Primary metabolites and their links to secondary metabolism.
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Secondary metabolites in the preceding and following chapters are referred to as

natural products.

1.3 Chemical Defense in Plants

The immobility of plants in a diverse and changing physical environment, along

with the danger of attack by herbivores and pathogens, has led to the development of

numerous chemical and biochemical adaptations for protection and defense.3

Chemical Defense against Herbivores

Plants vary comparatively little in nutritional value since the primary metabolism in

the leaf is practically identical in all green plants. Thus, something else must explain the

different feeding preferences of herbivores. It is known that plants defend themselves

chemically against herbivores by production of a variety of secondary metabolites.4

Plants can, for example, produce highly toxic compounds or compounds mimicking

substances normally produced by a herbivore, for example growth hormones or

pheromones.5 It may be sufficient for the plant to produce compounds that are

unpleasant, odorous, or distasteful, or that possess digestibility reducing properties, i.e.

compounds that decrease the uptake of nutrients, thus preventing over-browsing of the

plant.

3

O
MeO2C

O

AcO
MeO2C O

OH

O

H

OH

OH
O

O
O

One example of a compound with strong antifeedant activity against numerous

insects is azadirachtin (3), produced by the Indian neem tree (Azadirachta indica). The

tree has been used for centuries to protect other plants and clothes from insects. The

                                                
3    Knox, J. P.; Dodge, A. D. Phytochemistry 1985, 24, 889.
4    Harborne, J. B. Introduction to Ecological Biochemistry. Academic Press, 1988.
5    Rosenthal G. A. Scientific American 1986, 254, 76.
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structure of the active compound is very complex and was not proven until 1985.6 Due

to its potency and selectivity against insects this compound has been commercialized as

an insect antifeedant.7

Other well-known insect repellents are the pyrethrins (4) that repel a broad

spectrum of insects (Figure 2), and synthetic analogues of these compounds are used

extensively as insecticides.

4

O

O
O

R

R = H or CHCH2 

Figure 2. Naturally occurring pyrethrins

Many plants do not keep permanent stores of their defensive compounds, but

manufacture them in response to predation. One example is the tobacco plant (Nicotiana

sylvestris) that produces nicotine (5), a compound that deters a wide variety of

herbivores. The level of nicotine produced by the plant is regulated by the extent to

which it is being attacked by herbivores and the wild tobacco plant can increase the

amount of nicotine produced by 3-4 times as a response to an attack.7

5

N

N Me

Antioxidants as chemical defense against oxidative stress.

A moralist, at least, may say that the air which nature has provided for us is as

good as we deserve.

Joseph Priestley (1775)8

All animals, except for anaerobic organisms, require oxygen for efficient production

of energy. In the body oxygen is present through respiration and is essential for

                                                
6    Kraus, W.; Bokel, M.; Klenk, A.; Pöhnl, H. Tetrahedron Lett. 1985, 26, 6435.
7    Mann, J. Chemical Aspects of Biosynthesis. Oxford University Press. 1994.
8    Gutteridge. J. M. C.; Halliwell, B. Antioxidants in Nutrition, Health, and Disease. Oxford University

Press. 1996.
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sustaining life, but it may also cause problems. As oxygen is an oxidizing agent, it can

react with organic molecules, for example several amino acids, cholesterol and

unsaturated fatty acids, at ambient temperature. This is generally referred to as

autoxidation. Autoxidation is a radical chain reaction, which can be divided into three

separate processes: initiation, propagation and termination (Figure 3).9

Production of       R initiation (1)

O2+ ROOR propagation (2)

+ R H ROOH +ROO R (3)

non radical productsradicals termination (4)

Figure 3. General mechanism of autoxidation

Initiation (1) is the formation of a carbon-centered radical. A large number of

radicals can abstract hydrogen from RH to form R•, radicals formed for example by UV-

light, irradiation, or by decomposition of hydrogen peroxide. The initiation is followed

by the propagation steps (2) and (3), also known as the radical chain reaction. The

termination step (4) is the formation of non radical products thereby ending the radical

chain reaction.

Autoxidation can lead to irreversible damage in biological systems. For example,

oxidation products from lipids and cholesterol are thought to be a contributing factor to

the cause of various diseases, including cancer, atherosclerosis and some age-related

diseases.8, 10 Lipid oxidation in food affects the quality, and a rancid flavor is one of the

main consequences. Also loss of vitamins, polyunsaturated fatty acids and other

essential compounds can occur.11

Antioxidants are compounds that can terminate the chain reaction of autoxidation at

an early stage by acting as radical scavengers (Figure 4) and thereby reducing the

damage caused by radicals.

                                                
9    (a) Scott, G. Chemistry in Britain 1985, 21, 648. (b) Chan, H. W.-S. Autoxidation of Unsaturated

Lipids. Academic Press. 1987.
10   Andersson, C.-M.; Hallberg, A.; Högberg, T. Advances in Drug Research 1996, 28, 65.
11   Eriksson, C. E. Food Chemistry 1982, 9, 3.
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Enviromental
stress

chain breaking
antioxidants

RO    +    OH
RHROOH

R ROO
Radical

chain reaction

O2

chain breaking
antioxidants

Enviromental
stress

RH

ROH
H2O

Figure 4. Mechanism of chain-breaking antioxidants.

In order to protect themselves from oxidative stress, plants in terrestrial ecosystems

have evolved different defense systems against radicals;

Enzymes: Some enzymes are part of the defense against radicals, for example

catalases, peroxidases such as glutathione peroxidase, and superoxide dismutase.12

Phenolic compounds: Many natural compounds possessing antioxidative effects are

phenols. Vitamin E, α-Tocopherol (6), is a well-known example of this family. Other

examples are the flavonoids, phenolic acids such as ferulic acid (7) and caffeic acid (8),

and other phenols like the diarylheptanoid curcumin (9).

O

CH3

HO

H3C
CH3

CH3 CH3

CH3

CH3

CH3

6

HO

CO2HCH3O

7

8HO

HO CO2H CH3O

HO

OCH3

OH

O O

9

                                                
12   Larson, R. A. Phytochemistry 1988, 27, 969.
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Nitrogen-containing compounds: Many basic nitrogen-containing compounds from

higher plants are inhibitors of oxidative stress. Several alkaloids with great structural

variety have been found to be potent, and indole alkaloids such as strychnine (10) and

carazostatin (11) seem to be particularly effective.

10

N

NH

O

H
H

H
O

11

N

OCH3

CH3

C7H15
H

Other compounds: Many compounds outside the groups described above also

possess antioxidative properties. Vitamin C, ascorbic acid (12), is one well-known

example.

12

O

OHHO

HO
OH

O

Ways of Studying Chemical Defense

The way plants protect themselves chemically is very complex, but an

understanding of these defense mechanisms is of great importance for plant breeding

and utilization, as well as for understanding of nature.

Antagonistic and synergistic effects in a more general sense are difficult to study

since many plants may protect themselves using several modes of action. Nevertheless,

it is possible to separate, purify, identify and synthesize active compounds and evaluate

their biological activity. With the advent of refined analytical techniques, especially

spectroscopic methods such as NMR, IR, MS and UV, the structural elucidation of the

isolated compounds has become easier.
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1.4 Natural Product Synthesis

In the late eighteenth century, the true properties of the extracts used by man for

various purposes began to interest scientists. Over the years this led to new methods for

separation, isolation and analysis of naturally produced compounds. Structural

elucidation was, normally, carried out by degradation of the compound to smaller

fragments with known structures, and a structure was not considered rigorously proven

until the compound had been synthesized. This led to discoveries of numerous new

reactions and rearrangements, initially restricted to starting materials similar to the

products, but as the synthetic challenge became greater, the synthetic methods had to

develop. Coincidental with this development, the theories of, for example, chemical

bonding, conformational analysis, transition states and stereoelectronic effects were

established.

In the middle of the twentieth century, the art of organic synthesis improved

immensely and a number of complex natural products were synthesized, e.g. quinine (2)

(Woodward and Doering, 1944), cortisone (13) (Woodward and Robinson, 1951),

strychnine (10) (Woodward, 1954), morphine (1) (Gates, 1956), and penicillin V (14)

(Sheehan, 1957).13 Along with this came the concept of retrosynthetic analysis

formalized by Corey in the mid-1960s and considered to be a major breakthrough in

organic synthesis.13

O

O OH

H H

H

OH
O

13

H
O

N

O N

S

O

H H

H
CO2H

14

Today, the principal aim with total synthesis of natural products is normally not

structural elucidation, but more often to respond to practical, environmental and/or

commercial interests. The challenge of synthesizing complex molecules can also be a

driving force. Natural products are today used as pharmaceuticals, polymers, pesticides,

perfumes and flavorings, to name only a few examples. Thus, large amounts of a great

                                                
13   (a) Corey, E. J.; Cheng, X. –M. The Logic of Chemical Synthesis. John Wiley & Sons, Inc. 1995.  (b)

Nicolaou, K. C.; Sorensen, E. J. Classics in Total Synthesis. Targets, Strategies, Methods. VCH, 1996.
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variety of compounds are needed and the most practical way of achieving this is most

often through synthesis.

1.5 This Thesis

This thesis consists of three different parts. The first deals with the metabolites of

the digestibility inhibiting phenol platyphylloside (15) found in birch, a compound

thought to be a part of the chemical defense in birch.

HO OH

O O_β_D_glucopyranose

15

The structure-activity relationship concerning the stereochemistry and phenolic moieties

on the aromatic rings were investigated. The structure of the active metabolite was also

investigated as well as the effects in vivo in moose and omnivores.

The second part concerns naturally occurring antioxidants. Avenanthramides

(Figure 5), compounds possessing an antioxidative activity in oats were synthesized,

and their antioxidative capacity investigated. Avenanthramides were also identified in

oat extracts.

NH
CO2H

R1

O
R3

R5
R4

R2

Figure 5. General structure for avenanthramides.

A synthetic route towards 3-oxygenated carbazole alkaloids with antioxidative

potential was developed (Figure 6).

N

OR

R1

R2H

Figure 6. General structure for 3-oxygenated carbazole alkaloids.
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The third part of this thesis concerns the isolation and synthesis of compounds with

antifeedant activity found in lodgepole pine (Pinus contorta). Two compounds (ethyl

trans-cinnmate and ethyl 2,3-dibromo-3-phenylpropanoate) were isolated and tested for

antifeedant activity.

O

O

O

OBr

Br
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2. METABOLITES OF PLATYPHYLLOSIDE: A DIGESTIBILITY

INHIBITING COMPOUND IN BIRCH (Betula pendula)I, II, III

2.1 Platyphylloside and its Metabolites

Platyphylloside (15), a phenolic glycoside found in birch (Betula pendula Roth.), is

known to reduce digestibility in vitro in rumen fluid from cows, goats, sheep and

moose, and in vivo in rabbits and hares.14

HO OH

O O_β_D_glucopyranose

15

Terasawa et al. first isolated 15 from Betula platyphylla,15 and it was later also

found in Betula pendula (Roth.).14a

Platyphylloside (15) belongs to a large family of natural products called

diarylheptanoids. Diarylheptanoids have been isolated from various species such as

Acer spp.,16 Alnus spp.,17 Curcuma xanthorrizha,18 Alpina blephaocalyx,19 and Zingiber

officiale,20 with the largest numbers occurring in Zingiberaceae and Betulaceae (Betula

spp. and Alnus spp.).21 The compounds belonging to this group have the structural

feature aryl-C7-aryl with varying functional groups on the aryl- and C7-moieties. Some

diarylheptanoids are linear and some are macrocycles. Many diarylheptanoids are

biologically active, for example some possess anti-inflammatory or anti-hepatotoxic

effects and others inhibit prostaglandin synthesis.21

                                                
14  (a) Sunnerheim, K.; Palo, R. T.; Theander, O.; Knutsson, P. -G. J. Chem. Ecol. 1988, 14, 549. (b)

Sunnerheim-Sjöberg, K. Chemical studies of secondary metabolites in Betula and Pinus., Ph.D.
Thesis, Swedish University of Agricultural Science. 1991. (c) Sunnerheim, K.; Rehbinder, C.;
Murphy, M. Digestibility Inhibition by Platyphylloside in Moose Rumen Liquor: A Pilot Study.
Manuscript.

15   Terazawa, M.; Miyake, M. Mokuzai Gakkaishi 1984, 30, 329.
16   (a) Nagai, M.; Matsuda, E.; Inoue, T.; Fujita, M.; Chi, H. J.; Ando, T. Chem. Pharm. Bull. 1990, 38,

1506. (b) Nagumo, S.; Ishizawa, S.; Nagai, M.; Inoue, T. Chem. Pharm. Bull. 1996, 44, 1086.
17   (a) Sasaya, T.; Izumiyama, K. Res. Bull. Coll. Exp. For. 1974, 31, 23. (b) Sasaya, T. Res. Bull. Coll.

Exp. For. 1985, 42, 191. (c) Nomura, M.; Tokoroyama, T.; Kubota, T. Phytochemistry 1981, 20,
1097. (d) Ohta, S.; Aoki, T.; Hirata, T.; Suga, T. J. Chem. Soc., Perkin Trans. 1 1984, 1635.

18  Claeson, P.; Pongprayoon, U.; Sematong, T.; Tuchinda, P.; Reutrakul, V.; Soontornsaratune, P.;
Taylor, W. C. Planta Med. 1996, 62, 236.

19   Kadota, S.; Prasain, J. K.; Li, J. X.; Basnet, P.; Dong, H.; Tani, T.; Namba, T. Tetrahedron Lett. 1996,
37, 7283.

20   Kikuzaki, H.; Nakatani, N. Phytochemistry 1996, 43, 273.
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In Vitro Metabolism of Platyphylloside in Rumen Fluid

The in vitro metabolism of 15 in rumen fluid has been deduced to occur in four

steps (Figure 7).22 First the glucosidic bond is cleaved to give a keto alcohol (5-

hydroxy-3-platyphyllone, 16). This is followed by reduction of the alcohol to form the

ketone 3-platyphyllone (17), which is then further reduced to the alcohol centrolobol

(18).

HO OH

O O_β_D_glucopyranose

Platyphylloside (15)

HO OH

O OH

5-Hydroxy-3-platphyllone (16)

3-Platyphyllone (17)
HO OH

O

Centrolobol (18)
HO OH

OH

Figure 7. In vitro metabolism of Platyphylloside (15) in cow rumen fluid.

Platyphyllane (19) isolated from feces from goat and moose and from urine from

hare and rabbit fed on birch is probably the last metabolite formed from platyphylloside

in the animal.14b

HO OH19

                                                                                                                                              
21   Claeson, P.; Tuchinda, P.; Reutrakul, V. J. Indian Chem. Soc. 1994, 71, 509.
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Centrolobol (18) is a known natural product possessing antileishmanial activity. (-)-

Centrolobol has been isolated from Centrolobium robustum23 and Centrolobium

sclerophyllum24, and (+)- centrolobol from Centrolobium tomentosum.23 3-

Platyphyllone (17) has been found as its glucoside in Acer griseum and Acer

triflorum.16a Platyphyllane (19) has to the author’s knowledge never been isolated from

any plant species. Neither 3-platyphyllone (17) or platyphyllane (19) have been shown

to possess any biological activity.

2.2 Structure-Activity RelationshipI

Two questions of interest about the structure-activity relationship were whether the

phenolic moieties of platyphylloside (15) and the stereochemistry in 5-position were of

importance for the biological activity. In a previous study the hydrolysis of 15 to 16 was

shown to be very fast.22 It was therefore assumed that the activity of the glucoside and

the aglycone would be the same, and in order to confirm this both 15 and 16 had to be

tested for digestibility inhibiting activity. To evaluate the influence on activity of the

phenolic moieties and stereochemistry in 5-position, 16 was chosen as the target

molecule. Four racemic analogues (16, and 20-22, Figure 8) were synthesized and their

digestibility reducing properties were determined.

R R'

O OH

R R’ Substance
16 OH OH 5-hydroxy-1,7-bis-(4’-hydroxyphenyl)-3-heptanone

20 OH H 5-hydroxy-1-(4’-hydroxyphenyl)-7-phenyl-3-heptanone

21 H OH 5-hydroxy-7-(4’-hydroxyphenyl)-1-phenyl-3-heptanone

22 H H 5-hydroxy-1,7-bis-phenyl-3-heptanone

Figure 8. Synthesized analogues of (5S)-5-hydroxy-3-platyphyllone.

                                                                                                                                              
22   Sunnerheim-Sjöberg, K.; Knutsson, P. -G. J. Chem. Ecol. 1995, 21, 1339.
23   Craviero, A. A.; Da Costa Prado, A.; Gottlieb, O. R.; Welerson de Albuquerque, P. C. Phytochemistry

1970, 9, 1869.
24   Araujo, C. A. C.; Alegrio, L. V.; Leon, L. L. Phytochemistry 1998, 49, 751.
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Synthesis

Compounds 16 and 20-22 were obtained by an aldol condensation of ketones 23

and 24 and the aldehydes 25 and 26 (Scheme 1 and Figure 9).

27 : R=OTHP, R'=OTHP
28 : R=OTHP, R'=H
29 : R=H, R'=OTHP
22 : R=H, R'=H

23 : R=OTHP
24 : R=H

R

O

R'

OH

R

O

a

R

O

b

R

O

R'

OH

16 : R=OH, R'=OH
20 : R=OH, R'=H
21 : R=H, R'=OH

Scheme 1. (a) i. LDA. ii. 25 or 26. iii. H+, 27:71%, 28:67%, 29:72%, 22:63%. (b) HOAc:THF:H2O

(2:2:1), 91-94%.

25 : R=OTHP
26 : R=H

R

O

R

H

Figure 9. Aldehydes used in the aldol condensation.

Ketone 23 (as the free phenol), 24 and aldehyde 26 were commercially available,

but the aldehyde 25 had to be synthesized. The commercially available ester 30 was

protected using DHP, and the resulting ester 31 was reduced to alcohol 32. Oxidation

using PCC25 gave the aldehyde 25 (Scheme 2). The alternative direct reduction of ester

31 to aldehyde 25 using DIBAL was attempted without success.

323130

a b c 25

HO

OCH3

O

THPO

OCH3

O

THPO

OH

Scheme 2. (a) DHP, TsOH, CH2Cl2, 93%. (b) LAH, Et2O, 97%. (c) PCC, NaO2CCH3, CH2Cl2, 67%.

                                                
25  Corey, E. J.; Suggs, J. W. Tetrahedron Lett. 1975, 31, 2647.
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In order to investigate the influence of the chirality of the hydroxy group in 5-

position, one of the enantiomers was needed. To obtain this, an asymmetric aldol

condensation using the chiral auxiliary developed by Furuta et al (Figure 10) was

attempted.26

O

O

O

CO2H

O B
O

O

O
H

(CAB)

Figure 10. Chiral (acyloxy) borane (CAB) complex developed by Furuta et

al. used in the asymmetric aldol condensation.

The kinetic enolate of ketone 23 was trapped as the corresponding silyl enol ether

and was subsequently added to a solution of the chiral auxiliary (20-mol%). Addition of

the aldehyde 25 gave the aldol product 27 (Scheme 3).27

273323 THPO

OTMS

a

THPO

O

THPO OTHP

O OH

b

Scheme 3. (a) i. LDA, -78°C. ii. TMSCl. iii. Et3N, 83%. (b) i. 20% CAB. ii. 25. iii. NH4Cl (aq),

58%, 53% ee.28

This asymmetric aldol condensation gave rather poor results regarding

enantioselectivity. Instead, chiral platyphylloside (15) isolated from birch and (5S)-5-

hydroxy-3-platyphyllone ((S)-16) obtained by hydrolysis of the isolated platyphylloside

were used as references in the in vitro studies.

In Vitro Studies and Results

Compounds 15, 16 (Figure 7, page 12) and 20-22 (Figure 8, page 13) were

subjected to digestibility reducing tests. The reduction of digestibility was determined as

                                                
26  (a) Furuta, K.; Miwa, Y.; Iwanaga, K.; Yamamoto, H. J. Am. Chem. Soc. 1988, 110, 6254. (b) Furuta,

K.; Shimizu, S.; Miwa, Y.; Yamamoto, H. J. Org. Chem. 1989, 54, 1483.
27   Furuta, K.; Maruyama, T.; Yamamoto, H. J. Am. Chem. Soc. 1991, 113, 1041.
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in vitro organic matter digestibility (IVOMD) by standard methods originally described

by Lindgren.29 The results of the test can be seen in Figure 11.
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Figure 11.  Digestibility inhibition in vitro after incubation in rumen fluid for

96 h. Standard deviations: 3.26, 1.07, 1.03, 0.46, 0.90, and 0.95.

All compounds tested possessed digestibility reducing activity. The aglycone 16

possessed almost the same activity as platyphylloside (15). Chiral (S)-5-hydroxy-3-

platyphyllone ((S)-16) showed a higher activity than the racemic analogue, rac-16. An

HPLC analysis revealed that (S)-16 added to the hay and rumen fluid was completely

reduced after 96 hours of incubation whereas rac-16 was not. If the active metabolite is

either platyphyllone (17) or centrolobol (18), these results suggest a faster reduction of

the (S)-enantiomer compared to the (R)-enantiomer. This would explain the lower

activity of the racemic compound compared with the optically active one (Figure 12).

fast slow

HO OH

O OH

HO OH

O OH

(S)-16 (R)-16

17HO OH

O

Figure 12. Proposed in vitro metabolism of (S)-16 and (R)-16 in rumen fluid.

                                                                                                                                              
28   Determined by formation of the Mosher ester. Appendix VII.
29  Lindgren, E. The Nutritional Value of Roughages Determined In Vivo and by Laboratory Methods.

Swedish University of Agricultural Science, Department of Animal Nutrition and Management,
Report 45, 1979, Uppsala, 60 pp.
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The compounds containing one phenolic moiety possessed the highest activity,

much higher than the naturally occurring compound. It seems that the position of the

hydroxyl group (1-(4’hydroxy) or 7-(4’-hydroxy)) was less important (compare the

activity of 20 and 21, 45 and 43% respectively). This might be due to solubility rather

than structural reasons.

2.3 Determination of the Active Metabolite from PlatyphyllosideII

To determine the active metabolite formed from platyphylloside (15) in vitro in

rumen fluid all remaining metabolites, i.e. 3-platyphyllone (17), centrolobol (18) and

platyphyllane (19) were tested for digestibility inhibiting activity.

A previous study of the in vitro digestibility inhibition of 15 with identification and

quantification of the metabolites revealed a linear correlation between the concentration

of 18, formed in the rumen fluid from 15, and reduction of digestibility.22 This indicates

that 18 might be the active metabolite formed from platyphylloside (15). The absolute

configuration of 18 was not determined in that study. It was therefore of interest to

prepare and test both enantiomers to investigate whether 18 is the active metabolite, and

if so, if the stereochemistry is of importance. Thus, if 18 is the active metabolite 15, 16,

and 17 would possess the same activity since 18 is the only metabolite remaining in the

rumen fluid after 96 hours of incubation.

Platyphyllane (19) was also included in the study even though it has not been

isolated from rumen fluid but only from feces and urine.

Synthesis

p-Bromophenol (34) was protected as the corresponding THP ether (35) and

subsequently transformed to 36 via copper-catalyzed coupling of the corresponding

Grignard reagent and 1,4-dibromobutane (Scheme 4).30 After treating the Grignard

reagent of 36 with aldehyde 25 (page 14) the protecting groups were removed to give

rac-centrolobol (18).

                                                
30    Andringa, H.; Hanekamp, J.; Brandsma, L. Synth. Commun. 1990, 20, 2349.
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c

HO OH

OH

THPO

Br
b

RO

Br

34 R=H

35 R=THP
a

36 18

Scheme 4.  (a) i. DHP, TsOH, CH2Cl2, 98%. (b) i. Mg, THF. ii. LiCuBr2, Br(CH2)4Br, 63%. (c) i. Mg,

THF. ii. 25. iii. HCl 2M in methanol, 74%.

The two enantiomeric forms of centrolobol, (R)-18 and (S)-18, were obtained by

resolution of racemic centrolobol (18) using the Pirkle reagent (Scheme 5).31 Protected

rac-centrolobol (37) was treated with (R)-(-)-(1-naphtyl)ethyl isocyanate and boron

trifluoroetherate, and the resulting carbamates were separated by flash column

chromatography. The carbamates 38a and b were subsequently reduced to give the

corresponding alcohols (R)-18 and (S)-18.32 The absolute stereochemistry was assigned

according to Ohta et al, i.e. (-)-centrolobol corresponding to the (R)-enantiomer.33

b

a

(R)-18: R=
(S)-18: R=

OH
OH

HO OH

R

THPO OTHP

OH

37

O NH

O CH3

H
Np38a: R=

O NH

O CH3

H
Np38b: R=

Scheme 5. (a) i. (R)-(-)-(1-naphtyl)ethyl isocyanate (Pirkle reagent), BF3×Et2O. iii. separation by flash

column chromatography, 65%. (b) i. LAH, THF, reflux. ii. HCl (2M), (S)-18: 82%, (R)-18:

77%.

                                                
31   Pirkle, W. H.; Adams, P. E. J. Org. Chem. 1979, 44, 2169.
32  Matsushita, M.; Yoshida, M.; Zhang, Y.; Miyashita, M.; Irie, H.; Ueno, T.; Tsurushima, T. Chem.

Pharm. Bull. 1992, 40, 524.
33   Ohta, S.; Koyama, M.; Aoki, T.; Suga, T. Bull. Chem. Soc. Jpn. 1985, 58, 2423.
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Platyphyllone (17) was obtained by oxidation of the protected rac-centrolobol (37)

using PCC (Scheme 6).25

HO OH

O

THPO OTHP

OH

a

37 17

Scheme 6. (a) i. PCC, CH2Cl2. ii. HCl 2M in methanol, 83%.

Platyphyllane (19) was synthesized using the same protocol as for bromide 36 but

with a large excess of bromophenol 35 (Scheme 7).

1935
THPO

Br
a

HO OH

Scheme 7. (a) i. Mg, THF. ii. LiCuBr2, Br(CH2)7Br. iii. HOAc, 67%

In Vitro Studies

Compounds 15, 17, (R)-18, (S)-18, rac-18 and 19 were subjected to digestibility

reducing tests. The reduction of digestibility was determined as in vitro organic matter

digestibility (IVOMD),29 and the results are summarized in Figure 13. Compound 15

was used as reference.
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Figure 13. Digestibility reduction in vitro after incubation in rumen fluid

for 96 h. Standard deviations: 1.8, 1.6, 5.8, 13.2, 0.4 and 0.3

respectively.
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Platyphylloside (15), platyphyllone (17) and (R)-centrolobol ((R)-18) all possessed

equal digestibility reducing activity (23, 25 and 23% respectively).

Active Metabolite

In a previous study investigating the concentration of 15 and its metabolites over

time, it was shown that after 96 hours of incubation the remaining metabolite in rumen

fluid was 18.22 This indicates that the active metabolite formed in rumen fluid should be

(R)-18 because it possesses the same activity as platyphylloside (15), 5-hydroxy-3-

platyphyllone (16), and platyphyllone (17) (Figure 11 and 13). The activity of (S)-18 is

much higher than that of platyphylloside (15) and platyphyllone (17) (Figure 13) and

therefore, it is not assumed to be the active metabolite. The activity of the racemic

compound was found to correspond to an average of the (R)- and (S)- isomers.

Platyphyllane (19) possessed the highest activity, but since it has only been isolated

from feces and urine14b it is probably not the active metabolite formed in the rumen

fluid.

In Vivo Studies

Subcutaneous treatment of mice and rats with rac-centrolobol (18) at a dose of 30

mg/kg and 85 mg/kg respectively over 7 days did not effect either food intake or body

weight.34 This might be due to a lack of pharmacological effects from the compound,

but could also be due to sub-optimal dosage, or an inappropriate method of

administration.

2.4 Digestibility Inhibiting Effects of Platyphylloside in Moose (Alces alces)III

In some areas of Sweden, moose (Alces alces L.) suffer from a wasting syndrome of

unknown origin. The animals suffering from this disease are in very poor condition.

Many hypotheses have been postulated about the cause of this disease and one

explanation might be overpopulation in some areas.35 Overpopulation would lead to

over-browsing that might force the animals to choose low priority plants containing

digestibility reducing compounds, leading to malnutrition.

                                                
34  Unpublished results. VII Appendix.
35   Lundvik, B. Svensk Jakt 1997, 6, 6.
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Earlier results indicate that platyphylloside (15) reduces the in vitro organic matter

digestibility (IVOMD)29 in moose.14c In order to find out if the consumption of birch

(Betula pendula Roth.) would affect the in vivo metabolism of organic matter in moose,

a pilot study was undertaken. A young moose bull was fed brushwood from birch

during four consecutive days and the amount of fodder intake, fecal production and

water intake were recorded. The fecal material was also analyzed for platyphyllane (19)

and synthetic 19 (Scheme 7, page 19) was used as reference.

An obvious reduction of fecal material was evident two days after the birch diet was

introduced, even though the moose seemed to adapt to the change of fodder and accept

the taste of the brushwood, since it increased its fodder consumption. Two days after the

normal diet was resumed the fecal production was back to initial amounts (Figure 14).
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Days

Fodder intake / kg

Fodder intake. Betula
pendula / kg

Water consumption /
L

Fecal production / kg

Figure 14. Amount of fodder intake, fecal production and water intake.

The reduction of fecal production indicates that the food stayed longer in the rumen

and never reached the gastrointestinal tract, probably due to a lower rate of digestion of

the organic matter. Even though only one animal was included in the study, these results

indicate that platyphylloside (15) inhibits digestion in the moose rumen in vivo as well

as in vitro. The higher than expected in vivo effect of birch brushwood might be due to

synergistic effects or the presence of additional digestibility reducing compounds in

birch.
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2.5 Platyphylloside: Conclusions

The active metabolite of platyphylloside 15 has been identified as centrolobol ((R)-

(18)).

Both the phenolic groups and the stereochemistry in the 5-position are of importance

for the activity of 5-hydroxy-3-platyphyllone (16). The stereochemistry seems to affect

the rate of the reduction of 5-hydroxy-3-platyphyllone (16), ((S)-16 being the most

active enantiomer), to platyphyllone (17) and eventually to centrolobol (18), thereby

affecting the digestibility reducing activity in rumen fluid (Figure 12).

The optimum for digestibility reducing activity is the presence of one phenolic

moiety, with the position 1-(4´-hydroxy) or 7-(4´-hydroxy) being of less importance.

This might be due to a conformational or solubility effect.

No in vivo digestibility reducing effect by subcutaneous administration of rac-18 to

mice and rats could be detected, nor any reduction in either food intake or body weight.

This might be due to lack of pharmacological effect, sub-optimal dosage or an

inappropriate administration route.

It has been indicated in a pilot study that intake of platyphylloside (15) leads to

digestibility inhibition in moose in vivo.
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3. NATURALLY OCCURING ANTIOXIDANTSIV, V

The interest in the various aspects of antioxidants is immense. It has been

suggested, from the medicinal viewpoint, that diseases such as atherosclerosis, chronic

inflammation, autoimmune diseases, ischaemia and cancer, as well as biological aging,

all involve radicals.8 In everyday terms, the presence of antioxidants in food reduce

damage such as rancidity, loss of essential nutrients and discoloration.11 The additives

commonly used today are synthetic antioxidants like BHT (39) and BHA (40) but a

growing concern about the safety of unnatural food additives has led to an increased

interest in finding alternative antioxidants naturally existing in living organisms.

39

OH

OCH3

OH

40

3.1 Avenanthramides, Phenolic Antioxidants from Oats (Avena sativa)IV

Introduction

In foods containing oats, a connection between various quality factors such as

aroma, color and nutritional value, and oxidative degradation has been observed. Oats

have a high content of unsaturated fatty acids, and as a protection against their oxidative

degradation, oats contain various compounds with antioxidative properties.36 Some

examples of phenolic compounds with antioxidative capacity that can be found in oats

are tocopherols (see for example 6, page 6), various hydroxycinnamic esters, and a

group of compounds that has received attention lately: the avenanthramides.36

Avenanthramides (Figure 15) are N-substituted cinnamoylanthranilic acid alkaloids.

In addition to being antioxidants, they are also known to be phytoalexins, i.e.

compounds produced by plants as a defense against microorganisms.36, 37

The avenanthramides possess intermediate lipophilicity and seem to be rather stable

regarding heat and acidic as well as basic conditions. An exception is compounds

                                                
36   Häll Dimberg, L.; Theander, O.; Lingnert, H. Cereal chem. 1993, 70, 637.
37  (a) Crombie, L.; Mistry, J. Tetrahedron Lett. 1990, 31, 2647. (b) Miyagawa, H.; Ishihara, A.;

Kuwahara, Y.; Ueno, T.; Mayama, S. Phytochemistry 1996, 41, 1473. (c) Ishihara, A.; Migyagawa,
H.; Matsukawa, T.; Ueno, T.; Mayama, S.; Iwamura, H. Phytochemistry 1998, 47, 969.
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derived from caffeic acid (8, page 6), which have been observed to degrade under

aqueous basic conditions.38

NH
CO2H

R1

O
R3

R5
R4

R2

Figure 15. General scheme for avenanthramides.

Collins has reported about 30 cinnamoylanthranilic acid derivatives in the groats

and hulls of oat (Avena sativa L. cult. Sentinel).39 Out of these, only 5 were isolated and

identified (Ap (41), Af (43), Bp (45), Bc (46), and Bf (47) (Figure 16)).39

Avenanthramide R1 R2 R3

NH
CO2H

R1

O
R2

R3
OH

Ap (41)
Ac (42)
Af (43)
As (44)
Bp (45)
Bc (46)
Bf (47)
Bs (48)

H
H
H
H

OH
OH
OH
OH

H
OH

OCH3

OCH3

H
OH

OCH3

OCH3

H
H
H

OCH3

H
H
H

OCH3

Figure 16. Avenanthramides included in the study.

We have focused on the avenanthramides 41-48 containing structural units from

either anthranilic acid (49, A) or 5-hydroxyanthranilic acid (50, B), and p-

hydroxycinnamic acid (51, p), caffeic acid (8, c), ferulic acid (7, f) or sinapinic acid (52,

s).

                                                
38  Collins, F. W.; Mullin, W. J. J. Chromatogr. 1988, 445, 363.
39  Collins, F. W. J. Agric. Food Chem. 1989, 37, 60.
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50
CO2H

NH2

HO

49
CO2H

NH2

51HO

CO2H

52

HO

H3CO CO2H

OCH3

The object of this study was twofold: first to synthesize and test the antioxidative

activity of compounds 41-48 and compare them to the activity of the corresponding

commercially available cinnamic and benzoic acids (Figure 17). The order of

antioxidative activity of the cinnamic and benzoic acids have been evaluated by several

research groups in different systems but the results are not conclusive.40 The second

objective was to use them as reference substances for identification in oat extracts.

HO

R1

R2

OH

O

Cinnamic acid derivatives

HO

R1

R2

OH

O

Benzoic acid derivatives

R1= H,  R2= H  (p)
R1= OH,  R

2= H  (c)
R1= OCH3,  R2= H  (f)
R1= OCH3,  R2= OCH3 (s) 

Figure 17.  Cinnamic and benzoic acid derivatives.

Synthesis

The avenanthramides were prepared using a modified version of the method

described by Mayama et al. (Scheme 8).41 The benzoxazinones 53 and 54 from

anthranilic acid (49) and p-hydroxyanthranilic acid (50) were obtained by treatment

                                                
40   (a) Marinova, E. M.; Yanishlieva, N. Fat Sci. Technol. 1992, 11, 428. (b) Chen, J. H.; Ho, C.-T. J.

Agric. Food Chem. 1997, 45, 2347. (c) Natella, F.; Nardini, M.; Di Felice, M.; Scaccini, C. J. Agric.
Food Chem. 1999, 47, 1453.

41   Mayama, S.; Tani, T.; Ueno, T.; Hirabayashi, K.; Nakashima, T.; Fukami, H.; Mizuno, Y.; Irie, H.
Tetrahedron Lett. 1981, 22, 2103.
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with refluxing acetic anhydride.42 Subsequent acid catalyzed reaction with aldehydes

55-58 followed by base promoted hydrolysis gave the avenanthramides 41-48 as

crystals with colors ranging from pale yellow to brown.

NH2

R CO2H
a O

N

O
R

49: R = H 
50: R = OH

53: R = H
54: R = OAc

NH
CO2H

R
O

OH

R1

R2

bO

N

O
R

+
H

OAc
R2

R1
O

55: R1= H, R2= H
56: R1= OCH3, R2= H
57: R1= OCH3, R2= OCH3

58: R1= OH, R2= H

53: R = H
54: R = OAc

41: R1= H, R2= H, R3= H
42: R1= H, R2= OH, R3= H
43: R1= H, R2= OCH3, R3= H
44: R1= H, R2= OCH3, R3= OCH3

45: R1= OH, R2= H, R3= H
46: R1= OH, R2= OH, R3= H
47: R1= OH, R2= OCH3, R3= H
48: R1= OH, R2= OCH3, R3= OCH3

Scheme 8. (a) (Ac)2O, reflux (b) i. TsOH, toluene, reflux. ii. Na3PO4 (aq).

We only observed the E-isomers of the synthesized avenanthramides even though

Collins and Mullin have reported that avenanthramides in daylight and UV-light easily

undergo Z-E rearrangement.39

Antioxidative Activity

Relative antioxidative activity was determined by DPPH-measurements (using a

stable radical, DPPH (2,2-diphenyl-1-picrylhydrazyl) (59)).43 This is one of the most

common methods to measure antioxidative capacity in both natural products and in

plant extracts. Hydrogen atoms or electron donors reduce the strongly colored radical

(λmax= 517 nm) (59) to the less absorbing hydrazine (60) (eq. 1), which can be

monitored by UV-spectroscopy.

                                                
42   Eckroth, D. R. J. Chem. Education 1972, 49, 66.
43   Blois, M. S. Nature 1958, 26, 1199.
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H  or H++ e-
N N

O2N

O2N

NO2
Ph

Ph
N N

O2N

O2N

NO2
Ph

Ph H
(eq. 1)

59 60

This method only illustrates one side of the antioxidative capacity, the radical

scavenging, i.e. the donation of a hydrogen atom or an electron by the antioxidant, and

only gives a relative value of the reaction with DPPH measured after 240 s. The results

from the antioxidative activity measurements are summarized in Figure 18.

Collins and Mullin writes that some avenanthramides tend to be extremely

susceptible to autoxidation, giving rise to complex di -and polymeric byproducts.38 This

may complicate the interpretation of the results since the products formed in this

process also might absorb light at about 517 nm.
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Figure 18. UV-absorbance after 240 s incubation with DPPH. 1:1.4 molar ratio (sample:DPPH).

Only DPPH gave an absorbance of 0.78 (one unit equals change in absorbance of 0.01).

R equals either avenanthramide (Figure 16, page 24), cinnamic acids or benzoic acids

(Figure 17, page 25).

The antioxidative activity increase in the sequence p (4-hydroxy) < f (4-hydroxy-3-

methoxy) < s (3,5-dimethoxy-4-hydroxy) = c (3,4-dihydroxy). The difference between s

and c is not statistically valid. The compound with a 3,5-dimethoxy-4-hydroxy (s)

substitution pattern should initially form the most stable radical due to stabilization by

two electron-donating groups in ortho-position, while 3,4-dihydroxy (c) should form a
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more stable product over time due to formation of the quinone44 (Figure 19). This could

explain the small difference in activity.

R

O
OCH3

OCH3 R

O
OCH3

OCH3 R

O
OCH3

OCH3 OCH3

O
OCH3

R

R

O

OH R

O

O
- H

Figure 19.  Resonance stabilisation of a radical formed from s (3,5-dimethoxy-4-

hydroxy) and formation of quinone from c (3,4-dihydroxy).

The cinnamic acids tend to be more active than their corresponding

avenanthramides and benzoic acids (Figure 18). The higher activity of the cinnamic

acids compared to the benzoic acids is due to the elongated π-system giving a more

conjugated and hence, more stable radical. Also, the electron-withdrawing carboxylic

acid in para position in benzoic acid will lower the stability of the radical formed.

The difference in antioxidative activity between the cinnamic acids and

avenanthramides is probably due to absorption of the avenanthramides and their

byproducts in the range of 517 nm. Another method to measure the antioxidative

capacity is thus needed.

Avenanthramides derived from p-hydroxyanthranilic acid (50) possess a higher

activity than the corresponding avenanthramides derived from anthranilic acid (49).

This may be due to the extra phenolic moiety allowing hydrogen abstraction from both

sides of the molecule and the possibility to from a quinoid structure.

Avenanthramides in Oat Extracts

In this investigation, no avenanthramides derived from the unsubstituted anthranilic

acid (49) could be detected in the oat extracts. Neither Ap (41) nor Af (43) were present

in the extract, even though Collins had earlier reported their presence.38 Cultivar

diffrences could possibly explain this difference. HPLC-analysis of the oat extracts

showed Bp (45), Bc (46) and Bf (47), but whether Bs (48) exists could not be

                                                
44   Sawai, Y.; Sakata, K. J. Agric. Food Chem. 1998, 46, 111.
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determined since both retention time and UV-spectrum resembles that of Bf (47)

(Figure 20). However, other compounds with UV-spectra characteristic for

avenanthramides were also present in the HPLC-chromatogram. These, still

unidentified, compounds could possibly be derived from other anthranilic acids.

Figure 20. HPLC-chromatogram from oat extract and reference compounds. The peak from the oat

extract with the same retention time as Ac has a different UV-spectrum than Ac.

3.2 Synthetic Studies Towards Synthesis of 3-Oxygenated Carbazole AlkaloidsV

Introduction

Carbazole alkaloids with oxygen in the 3-position have been isolated from a variety

of natural sources and have been found to possess various biological activities.

Some examples are the marine alkaloid hyellazole (61) isolated from the blue green

algae Hyella caespitosa in 1979 by Moore et al.45, carazostatin (62), possessing

antioxidative activity, isolated from Streptomyces chromofuscus by Kato in 1989,46 and

the carbazomycins (63-65) isolated from Streptoverticillum ehimense,47 where 64

possesses antibiotic activity.

                                                
45  Cardellina II, J. H.;  Kirkup, M. P.;  Moore, R. E.;  Mynderse, J. S.;  Seff, K.; Simmons, C. J.

Tetrahedron Lett. 1979, 51, 4915.
46   Kato, S.; Kawai, H.; Kawasaki, T.; Toda, Y.; Urata, T.; Hayakawa, Y. J. Antibiot. 1989, 42, 1879.
47   Tanaka, M.; Shin-ya, K.; Furihata, K.; Seto, H. J. Antibiot. 1995, 48, 326.
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N

OR

R1

R2H
N

OCH3

CH3

CH3H

R

Hyellazole R=Me, R1=Ph, R2=Me (61)

Carazostatin R=H, R1=C7H15, R2=Me (62)

Carbazomycin A (R=OMe) (63)

Carbazomycin B (R=OH) (64)

4-Deoxycarbazomycin (R=H) (65)

Due to their potent biological activities several research groups have designed

syntheses for these kinds of substances over the years.48

Since carazostatin (62) is a very potent radical scavenger, even more active than

BHT (39, page 23), and since it is known that indole alkaloids normally possess strong

antioxidative effects, we were interested in compounds with this general structure. The

aim was to find a general synthetic route to make these compounds, with the possibility

to vary the substituents R, R1 and R2. With these compounds in hand, our plan was to

evaluate them for antioxidative activity to find good radical scavengers.

Synthetic Outline

H
N

R2
R1

OH

H
N

O

R2
R1

H
N

SO2Ph

R2
R1

N

SO2Ph

R2H
N
MgI

R2

SO2Ph

+

Scheme 9. Retrosynthetic analysis

                                                
48   For recent reviews, see: (a) Bergman, J.; Pelcman, B. Pure & Appl. Chem. 1990, 62, 1967. (b) Pindur,

U. Chimia 1990, 44, 406. (c) Knölker, H. -J. Synlett 1992, 371. (d) Kawasaki, T.; Sakamoto, M. J.
Indian Chem. Soc. 1994, 71, 443. (e) Moody, C. J. Synlett 1994, 681.
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The retrosynthetic analysis is outlined in Scheme 9. The key step in the synthesis is

a [4+2] cycloaddition of 2-phenylsulfonyl-1,3-pentadienes to the magnesium salt of

indole to form the tetrahydrocarbazole product (eq. 2).49

+
N

R
SO2Ph

R2H

SO2Ph

R2

R

N
MgI

(eq. 2)

This route has previously been used for the syntheses of the anti-tumor alkaloids

ellipticine (66) and olivacine (67).49

N

N

Me

Me

H

66

N

N

Me

Me

H

67

Results and Discussion

When developing the synthesis we choose 4-deoxycarbazomycin (65) as the target

molecule since it is the least substituted analogue of 62. Tetrahydrocarbazole (68) was

prepared according to known procedures.49, 50 Our idea was to introduce the methyl

group in 2-position via a copper mediated Michael addition (Scheme 10). However, all

attempts using several different copper reagents, additives and solvents failed. If free

methyl lithium was present in the reaction an isomerization of the double bond was

observed and if not, starting material was recovered.

H
N

SO2Ph

N

SO2Ph

H
N
MgI

a

68

Scheme 10.

                                                
49   Bäckvall, J. -E.; Plobeck, N. A. J. Org. Chem. 1990, 55, 4528.
50   Bäckvall, J. -E.; Plobeck, N. A.; Juntunen, S. K. Tetrahedron Lett. 1989, 30, 2589.
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A second route to introduce the methyl in 2-position of tetrahydrocarbazole (68)

was tried. The idea was to form the epoxide from the protected form of compound 68

and to open the epoxide using a methyl cuprate to obtain the addition of methyl in 2-

position. Our hope was that the sulfone group would act as a leaving group, thereby

allowing the introduction of oxygen in 3-position and removal of the sulfone in one step

(Scheme 11). The epoxide (70) was formed using lithium tert-butyl hydroperoxide

(easily generated by addition of alkyl lithium to anhydrous tert-butyl hydroperoxide

(TBHP) in THF) in 78 % yield.51 The opening of the epoxide with various copper

reagents, however, failed.

70

a

N

SO2Ph

Bz
N

SO2Ph
O

Bz
N

O

H
69

Scheme 11. (a) i. BuLi, THF, -78°C. ii. TBHP. iii. 69, 78%.

Due to the failure to introduce the methyl in 3-position via Michael addition or via

the epoxide, we choose to introduce the 2-methyl in the preceding cyclization step by

the use of 3-substituted 2-sulfonyl-1,3-pentadiene.52 The starting material was only

commercially available as a mixture of cis- trans- dienes, resulting in a mixture of

sulfonyl dienes (Scheme 12). (The mercury adduct was obtained as a mixture of three

compounds in a 59:26:14 (a:b:c) ratio).

b

SO2Ph

+

+

SO2Ph

++ HgCl
SO2Ph SO2Ph

HgClHgCl
SO2Ph

a

a b c

Scheme 12. a) HgCl2, PhSO2Na, H2O:DMSO (8:2), (a:b:c, 59:26:14). b) NaOH (1M), Et2O:DMSO (6:4).

                                                
51   Meth-Cohn, O.; Moore, C.; Taljaard, H. C. J. Chem. Soc., Perkin Trans. 1 1998, 2663.
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Due to the mixture of dienes, the [4+2] cycloaddition reaction was rather slow (18

h), but the tetrahydrocarbazole (70) was obtained in 64% yield from the diene (Scheme

13). Isomerization of the double bond, to give a proton α to the sulfone group necessary

for oxidation, was achieved using potassium tert-butoxide in THF. Subsequent

protection with benzoyl chloride to the corresponding benzamide gave 71 in 93% yield

over two steps (Scheme 13).

727170

N

OH

Bz
N

SO2Ph

Bz
N

SO2Ph

H

a b

Scheme 13. (a) i. tBuOK, THF, 0°C, 98%. ii. Benzoyl chloride, NaOH (2M), CH2Cl2,

95%. (b) i. BuLi, THF, -78°C. ii. BTSP, reflux, 56%.

The sulfone group can be oxidatively removed in several ways, for example by

BTSP (bis(trimethylsilyl)peroxide)53 or MoOPH (oxodiperoxymolybdenium-(pyridine)-

(hexamethylphosphoric triamide)).54 Both methods were tried, but the use of BTSP gave

the best and most reproducible results, even though the yield was rather low (56 %).

This reagent is also less expensive and less toxic than MoOPH. Surprisingly, the

product observed in this reaction was the aromatized compound 72 and not the expected

ketone (Scheme 14).

SO2Ph

R1

R2 H

 

a b
SO2Ph

R1

R2 Li R1 R2

O

Scheme 14. (a) BuLi, THF (b) BTSP

The target molecule was not reached in this study and more work has to be done to

improve the synthesis. The oxidative removal of the sulfone group has to be optimized,

and the benzoyl-protecting group hydrolyzed.

                                                                                                                                              
52   (a) Andell, O. S.; Bäckvall, J. -E. Tetrahedron Lett. 1985, 26, 4555. (b) Bäckvall, J. -E.; Juntunen, S.

K.; Andell, O. S. Org. Synth. Coll.Vol. VIII, 1993, 540.
53   (a) Hwu, J. R. J. Org. Chem. 1983, 48, 4432. (b) Taddei, M.; Ricci, A. Synth. Commun. 1986, 633.
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3.3 Antioxidants: Conclusions and outlook

The cinnamic acids were found to possess the highest antioxidative capacity

compared to the corresponding avenanthramides and benzoic acids. The order of

reactivity of the different substitution patterns was found to be p < f < s and c (Figure

18, page 27). Of the avenanthramides, those derived from p-hydroxy anthranilic acid

(50) were, as expected, found to possess a higher activity than those derived from

anthranilic acid (49), with the exception of Ac (42) and Bc (46) (Figure 16, page 24).

Three avenanthramides were identified in the oat extracts: Bp (45), Bc (46) and Bf

(47) (Figure 20, page 29). The other compounds found in oats with characteristic UV-

spectra for avenanthramides remain to be identified and tested for antioxidative

capacity.

A route towards 3-oxygenated carbazole alkaloids (Scheme 13, page 33) was

developed. The target molecule was not reached and more work to improve the

synthesis has to be performed.

                                                                                                                                              
54   (a) Little, R. D.; Myong, S. O. Tetrahedron Lett. 1980, 21, 3339. (b) Vedejs, E.; Larsen, S. Org. Synth.

Coll. vol. VII, 1990, 277.
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4. PINE WEEVIL (Hylobius abietis) ANTIFEEDANTS FROM PINE

(Pinus contorta)VI

4.1 Introduction

Seedling mortality due to stem gnawing by pine weevil, Hylobius abietis (L.) (Col.

Curculionidae), is a major problem when replanting conifers after clear felling. Pine

weevils are polyphagous but prefer to feed on conifers like pine and spruce, favoring

pine to spruce under comparable conditions.55 When adult weevils feed on the inner

bark of the seedlings they girdle and subsequently kill the plant. This seedling mortality

is the main forest entomological problem in Sweden and all temperate regions in the

Northern Hemisphere, and the economic consequences are considerable.

The damage caused by pine weevil was controlled first by DDT (73) and later by

the synthetic pyretroid Permethrin (74). Since Permethrin is about to be banned on the

Swedish market, alternative ways to control or at least to reduce the damage are

desperately needed. It would be sufficient to use compounds possessing antifeedant

activity since the pine weevils will have alternative host sources to feed on in the

replanted areas.

CCl3

Cl Cl
73

O

Cl

Cl
O

O

74

It is known that plants have evolved a chemical defense system against herbivores

primarily based on production of secondary metabolites.2, 4, 5, 56

Different natural plant-produced compounds such as limonin (75), curcubitacin

(76), coumarin (77), and carvone (78), have been shown to possess antifeedant effects

against Hylobius.57, 58 It is also known that the host-produced monoterpene, limonene

(79), inhibits the pine weevils’ attraction to α-pinene (80) and other attractive host

                                                
55  Långström, B. Commun. Inst. For. Fenn. 1982, 106, 23 p.
56  Suga, T.; Ohta, S.; Munesada, K.; Ide, N.; Kurokawa, M.; Shimizu, M.; Ohta, E. Phytochemistry 1993,

33, 1395.
57   For Hylobius abietis: Klepzig, K. D.; Schlyter, F. J. Econ. Entomol. 1999, 92, 644.
58  For Hylobius pales: (a) Salom, S. M.; Carlson, J. A.; Ang, B. N.; Grosman, D. M.; Day, E. R. J.

Entomol. Sci. 1994, 29, 407. (b) Salom, S. M.; Gray, J. A.; Alford, A. R.; Mulesky, M.; Fettig, C. J.;
Woods, S. A. J. Entomol. Sci. 1996, 31, 453.
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volatiles, and that verberone (81) possesses a feeding-deterrent activity.59 This

encouraged us to investigate host plants for endogenous substances, or compounds

spontaneously modified during isolation - compounds that may be used to reduce

seedling attractiveness or to reduce the feeding activity of the weevils.
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HH OH OAc
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The two species of pine in Sweden, Lodgepole pine, Pinus contorta, and Scots pine,

Pinus sylvestris, were investigated. P. sylvestris is the most abundant native pine

species, while P. contorta has been introduced from North America and planted in large

areas in the northern part of Sweden.

4.2 Results and Discussion

Test of Host Preference

Feeding preference for P. sylvestris compared to P. contorta was studied in a two-

choice laboratory test. In each of twenty boxes one pine weevil was placed together

with a fresh twig of each pine species. After 3 days the feeding area on the twigs was

measured with the aid of 1-mm-grid graph paper. The results showed that the pine

weevils fed twice as much on P. sylvestris than on P. contorta.

                                                
59   (a) Nordlander, G. J. Chem. Ecol. 1990, 16, 1307. (b) Nordlander, G. Entomol. exp. appl. 1991, 59,

229. (c) Lindgren, B. S.; Nordlander, G.; Birgersson, G. J. Appl. Ent. 1996, 120, 397.
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Bioassay

Extracts, fractions thereof, and solutions of single compounds were presented to

single pine weevils in a two-choice laboratory tests with a treated and a control area.

Fresh pieces of P. contorta twigs (length 50 mm, diameter ca. 15 mm) were split and

each half (test twig) was wrapped in aluminum foil. In each test twig, two metal rings (5

mm in diameter) were punched through the foil and into the bark 25 mm apart. After

removal of the aluminum foil inside the ring, the extract or compound to be tested was

applied on the bark in one of the two rings. In the other ring the same amount of the

solvent was applied (control). After the solvent had evaporated the metal rings were

removed. Each test twig was placed on moist filter paper in a 142-mm diameter Petri

dish with one weevil in each dish. Forty replicates were used, 20 with females and 20

with males. Generally, there was no significant difference in response between the

sexes, and therefore the data presented are pooled. The feeding on the treated and

control area of each test twig was recorded after 6 and 24 hours as presence or absence

of feeding scars. Each weevil was used only once. The weevils used were all in the

reproductive phase of their life cycle and they were starved for 24 h before the test

period. The bioassays were conducted at room temperature (ca. 22oC).

The effect of the various treatments on the initiation of feeding is described by the

index:

(C-T) •100
(C+T)

C is the number of control surfaces with feeding scars and T the number of treated

surfaces with feeding scars. Thus, an antifeedant effect gives positive values up to a

maximum of 100.

The extracts were tested in concentrations slightly higher than the natural concentration,

calculated using the index below unless other is indicated.

E • Bt • 4
Be

E is the dry weight of the extract, Bt the dry weight of extracted bark, Be the estimated

dry weight of test bark, and the factor 4 compensates for losses during fractionation and

dilution.
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Extraction and Isolation of Antifeedants

Preliminary biotests indicated that the weevils fed twice as much on twigs from P.

sylvestris than on twigs from P. contorta. This was confirmed when methanol extracts

of bark of P. contorta were found to be more deterrent in feeding trials than extracts of

P. sylvestris. The extraction of P. contorta is outlined in Figure 21.

Silica

Bark of Pinus contorta.

                      Methanol extract 

Pentane

Ethyl acetate

Sephadex LH-20
         fr. 2.

Basic

Neutral

Acidic

Water  

Figure 21. Extraction of compounds possessing antifeedant activity from P. contorta.

The methanol extracts of P. contorta and P. sylvestris were suspended in water and

extracted with pentane followed by ethyl acetate. The resulting water extracts possessed

a strong attraction effect, probably due to the content of low-molecular carbohydrates in

those phases.60 The pentane extracts were slightly deterrent but the effect was not

significantly valid. In the ethyl acetate extracts of P. contorta, a significant antifeedant

effect could be seen while there was no significant effect in the extract of P. sylvestris

(Figure 22).

                                                
60   Theander, O. Svensk Papperstidning 1982, 85, 64.
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Figure 22. 61  Results from feeding trials of water, ethyl acetate, and pentane extracts of P.

contorta and P. sylvestris.

The ethyl acetate fraction was subsequently subjected to Sephadex LH-20 column

chromatography using water with increasing concentrations of ethanol as eluent. Seven

fractions were collected. None of the fractions obtained possessed the same high

antifeedant effect as the original ethyl acetate extract, but fraction two, the only fraction

with a significant effect was chosen for further fractionation (Figure 23).

Interestingly, fraction five seems to have contained an oviposition deterrent since

five times more eggs were found under the aluminum foil by the control than by the

extract (bioassays, page 37). This was, however, not investigated further.
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Figure 23.61 Results from feeding trials after fractionation on Sephadex LH-20.

                                                
61  100 corresponds to 100% deterrent effect and –100 to 100% attraction effect. The figure shows the

results after 6 hours unless otherwise indicated. Statistical differences between treatment and control

was tested with a chi square test of a 2x2 table (not continuity corrected): * = p < 0,05, ** = p < 0,001,

*** = p < 0,001 (null hypothesis: no difference).
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Fraction two was subsequently extracted with acid (0.1 M HCl) followed by base

(Na2CO3 (aq)) giving an acidic, a basic and a neutral fraction. The feeding trials showed

a strong antifeedant activity from the neutral extract while the acidic and basic extracts

were much less active (Figure 24).
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Figure 24.61 Results from feeding trials of

the acidic, basic and neutral

fractions.

The neutral fraction was further fractionated by flash column chromatography.

When these fractions were subjected to feeding trials the activity was completely lost,

but when combined again the activity was regained. Synergistic effects or dilution of the

active compounds might be an explanation to these results.

The neutral fraction consisted of two major and some minor constituents. Two

compounds were isolated and identified as ethyl trans-cinnamate (82) and ethyl 2,3-

dibromo-3-phenylpropanoate (83).

O

O

O

OBr

Br

82 83

Ethyl trans-cinnamate (82) has been isolated from several plant species but to our

knowledge not from pine. Cinnamic acid however have been found in pine. 82 is known

to possess both insecticidal62 and larvacidical63 activities.

                                                
62   Pandji, C.; Grimm, C.; Wray, V.; Witte, L.; Proksch, P. Phytochemistry 1993, 34, 415.
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Feeding Trials of 82 and 83

Compounds 82 and 83 were subjected to feeding trials and both were found to

possess high antifeedant activities. After 6 hours none of the weevils fed on bark treated

with 82 and only one on bark treated with 83. Even after 24 hours, the effect was still

significant for both compounds (Figure 25).
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Figure 25.61   Results from feeding trials of 82 (c=50

mM) and 83 (c=50 mM) after 6 and 24

hours.

The occurrence of ethyl 2,3-dibromo-3-phenylpropanoate (83) was rather surprising

and at first thought to be an artifact of the isolation. It has to our knowledge not been

isolated from any natural sources. However, it has been synthesized and shown to

possess antibacterial and antifungal activities.64

It is known that organobromine compounds are produced primarily by marine

creatures and plants, but also by bacteria, algae, fungi, lichen and some mammals and

that many of these compounds are chemical defense substances.65

To verify that 83 was not an artifact a new methanol extract of fresh P. contorta

bark was made. The extract was analyzed with HPLC using a diode-array detector and

synthetic 83 was used as reference. A peak with identical retention time and UV-

spectrum as the reference was observed and therefore we conclude that 83 is present in

the methanol extract of P. contorta. It has not been established whether this compound

originates from the tree itself, from lichen or fungus growing on the bark or from an

                                                                                                                                              
63   Kiuchi, F.; Nakamura, N.; Tsuda, Y.; Kondo, K.; Yoshimura, H. Chem. Pharm. Bull. 1988, 36, 412.
64   Engelhart, J. E.; Angeles, M. R.; D’Errico, M. J. Patent US 4,397,851.
65   Gribble, G. W. Environ. Sci. & Pollut. Res. 2000, 7, 37.
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external source such as pesticides. In HPLC analysis of fresh extracts of P. sylvestris,

treated in the same way, 83 could not be detected. Thus, the occurrence of 83 could play

a part in the greater preference for P. sylvestris compared to P. contorta in the initial

feeding trials. Several other factors than the two compounds isolated (82 and 83) may of

course explain this preference. There might be several compounds possessing

antifeedant activities in the bark and some of the fractions not used in the isolation of

compounds 82 and 83 could well contain such compounds. Also, factors like synergistic

effects and the occurrence of attracting compounds could play an important role.

Field trials of 83

In order to evaluate the potential of compounds like 82 and 83 for protection of

seedlings against pine weevils a field test of 83 was conducted. 83 was chosen even

though 82 possessed a higher antifeedant activity in the feeding trials. The reason for

this was because the initial feeding trials indicated that 83 possessed a higher activity

than 82. In that test, however, the pine weevils fed less than normal so a new test was

conducted giving the results seen in Figure 25. Also, the physical properties of 82 and

83 differs, 83 is solid while 82 is an oil at ambient temperature. On the areas replanted

with seedlings the temperature on a sunny day can reach up to 50°C and a compound

less prone to evaporate would improve the results.

The antifeedant effect of 83 applied on stems of Norway spruce seedlings (Picea

abies Karst.) was assessed in a field test. The active substance was dissolved in

methanol and to this solution a liquid wax (AGS) was added (methanol:AGS, 3:1),

giving 0,056 g active substance per mL of the final mixture. About 2 mL of this mixture

was applied to each seedling so that it completely covered the lower half of the stem.

The treated seedlings were compared to seedlings similarly treated with the same

methanol/AGS mixture without the active substance, and untreated seedlings. A

randomized block design was used with each of 80 blocks containing one seedling from

each of the three treatments. The distance between seedlings within a block was about

0.5 m and the distance between blocks about 2 m. The seedlings were planted on a fresh

clear-cutting 13 km NNE Uppsala, Sweden, on 11 June 1999. The amount of pine

weevil feeding was recorded for each seedling after 19 and 36 days.

Application of 83 on spruce seedlings significantly reduced the amount of pine

weevil feeding on the steams (Table 1). After five weeks the damage was four times
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higher on the control seedlings treated with only methanol/AGS and three times higher

on untreated seedlings. The methanol/AGS alone tend to increase the damage, but this

effect was made up for when 83 was added.

Table 1. Pine weevil feeding in the field on seedlings treated with ethyl 2,3-dibromo-3-phenylpropanoate
(83) and on control seedlings of two different types. Column means followed by the same letter are not
significantly different at the 5% level (ANOVA (GLM Proc., SAS) of log-transformed data followed by
Tukey’s HSD test).
_________________________________________________________________________________________________________________________________

No. of attacked Mean (SE) debarked area
Seedlings (n=80) per attacked seedling (cm2)

Treatment of ______________________ _________________________________

Seedlings 19 days     36 days 19 days 36 days

______________________________________________________________________

83 + MeOH + AGS 27      63 0.62 (0.14) a 1.63 (0.22) a

MeOH + AGS 58      71 4.66 (0.46) b 6.53 (0.41) b

Untreated 47      69 3.28 (0.40) c 5.09 (0.38) b

______________________________________________________________________

4.4 Antifeedants: Conclusions and Outlook

Two compounds, 82 and 83, possessing strong antifeedant activity against pine

weevil have been isolated from P. contorta bark. The activity of 83 was also evident

after field tests, where it reduced the damage caused by the weevils fourfold after five

weeks in the field.

Structure activity studies are underway to find more active antifeedants as well as

compounds more suitable for protection of seedlings against pine weevils.
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