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1. Introduction

Lignans, by convention, are a group of natural products that are formed by linking

two phenylpropanoid units (C6C3 units) by oxidative coupling. Most importantly, in

a lignan, two (C6C3 units) are bound through the central carbon of their side chains,

i.e. the 8 and 80 positions (1, 2). The occurrence of C6C3-dimers, linked at sites other

than the 8–80 positions, is also known and these compounds have been termed

neolignans (3, 4). As these two groups of compounds have close structural as well

as biosynthetic relationships, they are often associated together and incorporated

under the general term “lignan” (5). The diverse structural categorization of true

lignans and of a few neolignans is presented in Fig. 1. Through the years, several

review articles or books covering different facets of lignans, including their chem-

istry (6, 7), biogenesis (8), synthesis (9), and biological activities (10) have been

published.

Enduring research for the investigation of secondary metabolites of plants has

evidenced some compounds that are biogenetically related to true lignans or

neolignans but bear some features not discerned in conventional lignans. These

compounds or groups of compounds have been termed as “non-conventional

lignans”, and include coumarinolignans, flavonolignans, and stilbenolignans. The

non-conventional lignans, like the conventional ones, have two C6C3 units linked

together but have additional structural features to place them also under the

category of coumarins, flavonoids, or stilbenes. The basic skeletons of these non-

conventional lignans are shown in Fig. 2. Some authors have also used the term

“xanthonolignans” for xanthones linked with a phenylpropanoid unit, but on the
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Fig. 1. Structural patterns of some lignans and neolignans
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basis of the known biogenesis of xanthones (11), which do not incorporate any

phenylpropanoid unit, we prefer to exclude them from our discussion. Also

excluded are lignoflavonoids, in which a phenylpropanoid unit is linked to the

“A” ring of a flavonoid, because it is well known that this ring is derived from a

malonate rather than a cinnamate precursor (12). Several review articles (13, 14) on
these groups of lignans have appeared in literature but these are rather fragmentary

in nature and do not provide an overall picture of non-conventional lignans. Our

endeavor herein is to present a complete picture of these groups of compounds,

highlighting some recent findings.

2. Coumarinolignans

The first non-conventional lignan was a flavonolignan, silybin (1), isolated from the

fruits of Silybum marianum Gaertn. (15). However, in view of the fact that

coumarinolignans are closest to true lignans by being C6C3 dimers, this group of

compounds will be discussed first. Coumarins, known to be biosynthesized by

cyclization of cinnamic acid (16), a C6C3 unit, give rise to coumarinolignans by

appropriate union with a second C6C3 unit.

2.1. Occurrence of Coumarinolignans

Coumarinolignans are not restricted to any particular plant family or genus and, in

fact, are rather widely distributed. Some 44 plant species belonging to 19 different

plant families have so far been known to produce this group of phytochemicals.

The various sources known so far to yield coumarinolignans are listed in Table 1.
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Table 2 presents a list of coumarinolignans arranged alphabetically together with

their structure numbers, sources and references. The colored photographs of two

coumarinolignan-bearing plants, Cleome viscosa and Daphne oleoides are pre-

sented in Figs. 3 and 4.

Table 1. Sources of coumarinolignans

Plant family Plant species (references)

Aceraceae 1a. Acer nikoense (17, 18)
1b. Acer okamotoanum (19)

Asclepiadaceae 2a. Biondia hemsleyana (20)
2b. Hemidesma indicus (21, 22)
2c. Mondia whiteii (23)
2d. Stelmocrypton khasianum (24)

Bombacaceae 3a. Ochroma lagopus (25)
Burseraceae 4a. Protium heptaphyllum (26)

4b. Protium opacum (27)
4c. Protium unifoliolatum (28)

Capparaceae 5a. Cleome viscosa (29–33)
Chenopodiaceae 6a. Salsola laricifolia (34)

6b. Salsola tetrandra (35)
Ericaceae 7a. Rhododendron collettianum (36)
Euphorbiaceae 8a. Aleurites fordii (37)

8b. Aleurites moluccana (38)
8c. Antidesma pentandrum var. barbatum (39)
8d. Euphorbia esula (40)
8e. Euphorbia lunulata (40)
8f. Mallotus apelta (41)
8g. Jatropha glandulifera (42, 43)
8h. Jatropha gossypifolia (44–47)

Hippocastanaceae 9a. Aesculus turbinata (48)
Malvaceae 10a. Hibiscus syriacus (49)
Meliaceae 11a. Carapa guianensis (50)
Ranunculaceae 12a. Coptis japonica var. dissecta (51)
Rutaceae 13a. Zanthoxylum avicennae (52)
Sapindaceae 14a. Diatenopteryx sorbifolia (53)

14b. Dodonea viscosa (54, 55)
14c. Matayba arborescens (56)

Simaroubaceae 15a. Brucea javanica (57–59)
15b. Castela texana (60)
15c. Hannoa klaineana (61)
15d. Simaba multiflora (56, 62)
15e. Soulamea soulameoides (56)

Solanaceae 16a. Hyoscyamus niger (63)
Thymelaeaceae 17a. Aquilaria agallocha (64)

17b. Daphne mezereum (65)
17c. Daphne gnidium (66)
17d. Daphne oleoides (67)
17e. Daphne tangutica (68)

Tiliaceae 18a. Grewia bilamellata (69)
Verbenaceae 19a. Duranta repens (70)
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2.2. Classification of Coumarinolignans

All coumarinolignans known to date bear a 1,4-dioxane bridge and this group of

natural products may be broadly classified into linearly fused and angularly fused

coumarinolignans. Again, angular fusion between a coumarin moiety and a phenyl-

propanoid unit may take place in two different ways: by fusion at the 5 and 6 positions

or at the 7 and 8 positions of the coumarin nucleus. Further, fusion of a phenylpropan-

oid with two ortho-hydroxy groupsmay take place in two different ways giving rise to

regioisomers. In order to avoid this complexity, it is deemed proper to classify these

substances by pointing out the mode of linkage of the phenylpropanoid unit with the

Table 2. Coumarinolignans and their plant sources

Compound (see Chart 1) Plant Source(s) (see Table 1) References

Aleuritin (2) 8a (37)
Antidesmanin A (3) 8c (39)
Antidesmanin B (4) 8c (39)
Antidesmanin C (5) 8c (39)
Antidesmanin D (6) 8c (39)
Aquillochin (7) ¼ Cleomiscosin C 1a, 1b, 5a, 7a, 8f, 10a, 12a,

14b, 15b, 17a

(31, 64)

5-Chloropropacin (8) 2c (23)
Cleomiscosin A (9) ¼ Cleosandrin 1a, 1b, 2a, 2d, 3a, 5a, 7a, 8f,

8h, 9a, 10a, 12a, 14a-14c,

15a-15e, 16a, 19a

(29–31, 56, 71, 72)

Cleomiscosin B (10) 5a, 6a, 9a, 11a, 15c, 16a (30, 31, 72)
Cleomiscosin D (11) 5a, 6a, 6b, 10a, 13a, 18a (32)
Daphneticin (12) 17b-17e (67, 68)
Daphneticin glycoside (13) 18d (67)
50-Demethyl aquillochin (14) 8f (41)
Durantin B (15) 19a (70)
Durantin C (16) 19a (70)
80-Epi-cleomiscosin A (17) 7a (36)
Grewin (18) 18a (69)
Hemidesmin 1 (19) 2b (22)
Hemidesmin 2 (20) 2b (22)
Hemidesminin (21) 2b (21)
Hyosgerin (22) 16a (63)
Jatrocin A (23) 8h (44)
Jatrocin B (24) ¼

50-Methoxypropacin

2c, 8h (44, 49)

Jatrorin A (25) 8h (45)
Jatrorin B (26) 8h (45)
Maoyancaosu (27) 8d, 8e (40)
5-Methoxypropacin (28) 4c (28)
40-O-Methyl-cleomiscosin D (29) 13a (52)
Moluccanin (30) 8b (38)
Propacin (31) 2c, 4b (27, 72)
Propacin isomer (32) 8g (42)
Venkatasin (33) ¼ Durantin A 8h, 16a, 19a (46, 63, 70)
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coumarin nucleus. Thus, naturally occurring coumarinolignans may be classified into

six groups (A–F), having the linkages as shown below.

A: 8-O-80/7-O-70; B: 8-O-70/7-O-80; C: 7-O-80/6-O-70;
D: 7-O-70/6-O-80; E: 6-O-80/5-O-70; and F: 6-O-70/5-O-80.

Fig. 3. Cleome viscosa

Fig. 4. Daphne oleoides
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2.3. Structure Elucidation of Coumarinolignans

With the advent of modern spectroscopic methods, structure determination of

natural products largely depends upon careful interpretation of various spectro-

scopic data of the compounds and of their appropriate derivatives, and the coumar-

inolignans are no exceptions. Different spectroscopic methods used in the structure

clarification of coumarinolignans are discussed in the following paragraphs.

2.3.1. Ultraviolet Absorption Spectra and Infrared Spectra

A coumarinolignan has two distinct chromophores: a substituted coumarin and a

substituted benzene nucleus. As these two chromophores are not conjugated there

is only a summation effect and most coumarinolignans exhibit an absorption

maximum in the region of 315–325 nm with shoulders around 288 and 230–235

nm. Compounds exhibiting such ultraviolet spectroscopic features with a C18

skeleton, derivable by subtraction of the number of carbons due to methoxy or

other carbon-containing substituents from the number of carbons in the molecu-

lar formula, are likely to possess a coumarinolignan structure. This can be

verified by appropriate interpretation of other spectroscopic data. In the IR

spectrum, the lactone carbonyl of a coumarin nucleus exhibits strong absorption

bands at 1,715, 1,620, and 1,580 cm�1. The phenolic hydroxy groups absorb

around 3,500 cm�1.

2.3.2. 1H NMR Spectra

A coumarinolignan skeleton can be recognized easily through the detailed analy-

sis of its 1H NMR spectroscopic data (73). The coumarin C-3 and C-4 protons

appear as a pair of doublets generally at d 6.33 and 7.95 ppm (J � 9.5 Hz).

Antidesmanins (3–6), which are substituted at C-3 of the coumarin nucleus,

exhibit a singlet for the C-4 proton at d 7.5 (39). The C-5 and C-6 protons

generally appear around d 7.25 and 7.02 (AB pattern, J � 9.0 Hz) as doublets

[e.g. daphneticin (12)]. Most of the reported coumarinolignans are substituted at

C-6, either with a methoxy group [e.g. the cleomiscosins (9–11), propacin (31),
hyosgerin (22)] or a hydroxy group [e.g. jatrocin A (23) and the jatrorins (25, 26)].
The C-70 benzylic protons appear as an AB system between d 4.97 and 5.00 ppm

(J � 8.0 Hz). The chemical shift and splitting pattern of H-80 are largely dictated

by the substituent at C-90 (�CH3, �CH2OH, �CH2OAc) and the signal for H-80

generally appears between 4.30 and 4.50 ppm either as a ddd or a multiplet. A

large coupling constant (J � 8.0 Hz) between the two oxymethine protons H-70

and H-80 indicates a trans orientation of these two substituents. A nuclear Over-
hauser effect (NOE) correlation between H-70 and H2-9

0 further supports the
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trans relationship of H-70 and H-80. The chemical shifts of the remaining aromatic

protons differ depending on the oxygen substituents in the phenyl ring. The

chemical shifts of different hydrogens of some coumarinolignans are shown in

Tables 3 and 4.

2.3.3. 13C NMR Spectra

In their 13C NMR spectra, the regioisomeric coumarinolignans show almost similar

chemical shifts with slight differences in the shielding of C-70, C-80, and C-90, since
the mode of fusion of the two C6C3 units differs among these compounds. The

carbon resonances of some coumarinolignans are presented in Tables 5 and 6.

2.3.4. Additional NMR Observations

An intriguing problem in the structure elaboration of coumarinolignans is the

determination of the exact mode of linkage of the phenylpropanoid unit to the

coumarin nucleus or, in other words, to decide which of two possible regioisomers

the compound in question may be. This difficulty arises because no significant

differences in conventional 1H- and 13C NMR spectroscopic data are expected

between two isomers under consideration and hydrogenolysis of the benzyl ether

linkage has so far been unsuccessful. One of the earliest NMR methods used to

Table 3. 1H NMR spectroscopic data (d/ppm (J/Hz)) of compounds 9, 12, 19, and 33

Proton(s) Cleomiscosin A (9)a Daphneticin (12)a Hemidesmin 1 (19)a Venkatasin (33)b

H-3 6.33 d (9.5) 6.36 d (10.0) 6.29 d (9.5) 6.33 d (9.5)

H-4 7.95 d (9.5) 8.01 d (10.0) 7.91 d (9.5) 7.61 d (9.5)

H-5 6.90 s 7.25 d (9.0) 6.86 s 6.54 s

H-6 – 7.01 d (9.0) – –

H-20 7.02 d (1.8) 6.81 s 6.67 s 6.87 d (1.9)

H-50 6.82 d (8.1) – – 6.95 d (8.1)

H-60 6.89 dd (8.1, 1.8) 6.81 s 6.67 s 6.94 dd (8.1, 1.9)

H-70 4.98 d (7.9) 5.10 d (7.5) 4.90 d (7.7) 4.99 d (7.9)

H-80 4.31 ddd (7.9, 3.5) 4.34 m 4.30 m 4.38 ddd

(7.6, 4.5, 3.1)

H-90 3.40 ddd

(11.3, 4.3, 3.5)

3.59 m 3.60 m 4.06 dd

(12.1, 4.4)

3.67 ddd

(11.3, 4.3, 2.2)

4.35 dd

(12.1, 3.0)

OMe-6 3.78 s – 8.55 s (OH) 3.91 s

OMe-30 3.77 s 3.81 s 3.73 s 3.89 s

OMe-50 – 3.81 s 3.73 s –

OCOMe-90 – – – 2.08 s
aIn DMSO-d6
bIn CDCl3
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settle this issue for the coumarinolignans was heteronuclear decoupling, which was

used successfully in the structure determination of cleomiscosin A (9) (30). Irradia-
tion at the H-70 signal of cleomiscosin A diacetate (9b) sharpened the carbon signal
of C-7, and that of H-80 the resonance of C-8, indicating a 7-O-70/8-O-80 linkage in 9.
This method was also used in the structure elaboration of aquillochin (7) (31).

Arnoldi et al. however, observed a systematic difference in the chemical shift

values of C-7 and C-8 between two coumarinolignan regioisomers and proposed a

simple empirical rule to assign the correct structures (72). The selective INEPT

(SINEPT) NMR technique, which is independent of the assignments of C-7 and

C-8, may also be employed for characterization of regioisomers, even in the case of

the availability of only one isomer (56). This low-power, single frequency, selective
decoupling technique has been utilized successfully to distinguish the regioisomers

A and B, as shown in Fig. 5.

Irradiation at a certain hydrogen frequency has been observed to simplify the

carbon signal at its b-position due to decoupling. Thus, in isomer A, the same

carbon signal is simplified by irradiation of the aromatic hydrogen as well as of the

benzylic hydrogen attached to the dioxane bridge. In isomer B, however, two

Table 4. 1H NMR spectroscopic data (d/ppm (J/Hz)) of compounds 2, 4, 18, and 30

Proton(s) Aleuritin (2)a Antidesmanin B (4)b Grewin (18)c Moluccanin (30)a

H-3 6.13 d (9.5) – 6.36 d (9.5) 6.36 d (9.0)

H-4 7.92 d (9.5) 7.49 s 7.64 d (9.6) 7.99 d (9.0)

H-5 – 6.47 s 7.18 s 7.36 s

H-8 6.66 s – 7.08 s 7.04 s

H-12 – 6.19 dd (17.8, 10.4) – –

H-13a – 5.09 d (17.8) – –

H-13b – 5.10 d (10.4) – –

H-14 – 1.49 s – –

H-15 – 1.49 s – –

H-20 6.72 s 6.84 br s 7.01 d (1.9) 6.83 s

H-50 – 6.87 br s – –

H-60 6.72 s 6.87 br s 7.35 d (1.9) 6.83 s

H-70 5.02 d (7.0) 4.94 d (6.3) 5.50 d (8.0) 5.11 d (8.0)

H-80 4.28 m 4.06 d (6.3) 4.46 m 4.35 m

H-90 4.11 dd (12.1, 4.3) – 4.21 br d (12.3) 3.60 m

4.42 dd (12.1, 3.3) 3.98 br d (12.3)

H-100 – 5.78 dd (17.8, 10.4) – –

H-110a – 4.87 d (17.8) – –

H-110b – 4.88 d (10.4) – –

H-120 – 0.96 s – –

H-130 – 1.19 s – –

OH-40 – 5.72 s – –

OMe-6 – 3.84 s – –

OMe-7 3.98 s – – –

OMe-30 3.93 s 3.86 s 3.79 s 3.85 s

OMe-50 3.93 s – – 3.85 s
aIn DMSO-d6
bIn CHCl3
cIn C5D5N
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different carbon signals are simplified by irradiation of the aromatic and benzylic

hydrogens. This method has been utilized in the structure determination of cleo-

miscosin A (9) (56). Lin and Cordell have also shown the value of the SINEPT

pulse program in the structure elucidation of coumarinolignans (74). Observation of
the enhancements induced in the spectra through the irradiation of H-5 and H-70 or
H-6 and H-80 provides the unambiguous structure determination of the two isomers.

Utilizing this method, the structure of daphneticin was revised (68) as 12 and the

structures of propacin (31) and aquillochin (7) were established (73).

O
7 7

8 8
O

H

Ar

R

H
O

O

H

R

Ar
H

Isomer A Isomer B

Fig. 5. Differentiation of

regioisomers by selective

decoupling

Table 5. 13C NMR spectroscopic data (d/ppm) of compounds 9, 10, 12, 31, and 33

Carbon(s) Cleomiscosin

A (9)a
Cleomiscosin

B (10)a
Daphneticin

(12)a
Propacin

(31)b
Venkatasin

(33)b

C-2 160.2 160.2 160.4 160.8 160.1

C-3 113.4 113.4 113.6 114.0 114.2

C-4 144.9 144.4 144.3 145.8 144.0

C-5 101.0 101.1 119.8 99.9 100.7

C-6 145.4 145.4 113.2 143.7 145.7

C-7 137.2 137.1 147.6 137.6 137.1

C-8 131.8 132.1 138.4 132.3 132.0

C-9 138.2 138.3 149.2 138.7 140.1

C-10 111.4 111.3 113.6 111.5 111.9

C-10 126.8 126.9 126.4 127.7 130.9

C-20 112.2 112.1 106.3 109.7 111.9

C-30 147.8 147.9 149.2 146.9 151.1

C-40 147.5 147.5 132.2 146.9 148.6

C-50 115.5 115.6 149.2 114.6 116.3

C-60 120.9 121.0 106.3 121.2 121.8

C-70 78.0 78.5 77.8 81.4 77.3

C-80 76.4 76.2 79.9 74.3 76.6

C-90 60.0 60.1 60.7 17.1 62.5

�OCOMe – – – – 176.2

�OCOMe – – – – 23.2

OMe-6 55.9 55.9 – 56.0 56.4

OMe-30 56.0 56.1 56.4 56.0 56.8

OMe-40 – – – – –

OMe-50 – – 56.4 – –
aIn DMSO-d6
bIn CDCl3
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2.3.5. Mass Spectra

Useful information about the structure of a coumarinolignan can be secured from its

electron-impact mass spectrum (EIMS). The most important fragmentation of

a typical coumarinolignan, 34, is a retro-Diels-Alder (RDA) cleavage of the dioxane
bridge regardless of the sites of linkage. This fragmentation gives rise to a

substituted coumarin ion A and a typical phenylpropanoid ion B as shown in Fig. 6.

The substitution pattern of these two C6C3 units may be readily determined from

the major fragment peaks observed in the mass spectrum. Thus, daphneticin (12),

Table 6. 13C NMR spectroscopic data (d/ppm) of compounds 2a, 4, 18, and 30a

Carbon(s) Aleuritin acetate

(2a)a
Antidesmanin

B (4)a
Grewin (18)b Moluccanin

diacetate (30a)a

C-2 161.2 159.7 161.5 160.9

C-3 112.3 132.6 114.7 114.5

C-4 137.6 138.1 144.1 142.7

C-5 139.5 99.8 115.3 114.3

C-6 128.9 145.4 142.1 139.9

C-7 152.3 136.0 148.6 146.7

C-8 93.3 132.0 105.4 105.0

C-9 149.6 137.9 150.1 149.3

C-10 103.3 111.9 113.8 113.2

C-11 – 40.5 – –

C-12 – 145.6 – –

C-13 – 112.1 – –

C-14 – 26.0 – –

C-15 – 26.0 – –

C-10 133.0 128.8 127.6 132.9

C-20 104.0 110.9 104.2 103.7

C-30 152.7 146.6 150.2 152.1

C-40 129.1 146.5 137.5 129.5

C-50 152.7 114.4 148.9 152.1

C-60 104.0 121.8 110.7 103.7

C-70 77.4 77.3 78.6

C-80 75.2 82.6 80.2 77.2

C-90 62.6 40.9 61.9 62.3

C-100 – 142.7 – –

C-110 – 112.7 – –

C-120 – 25.1 – –

C-130 – 23.1 – –

�OCOMe 170.2 – – 170.1

�OCOMe 168.4 – – 168.2

�OCOMe 20.4 – – 20.5

�OCOMe 20.6 – – 20.3

OMe-6 – 56.0 – 56.1

OMe-7 56.6 – – –

OMe-30 56.3 56.3 56.7 56.1

OMe-50 56.3 – – –
aIn CDCl3
bIn C5D5N
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with no additional substituent in the coumarin moiety, shows a peak at m/z 178 (A),
which is incidentally the base peak (68). In turn, cleomiscosins A (9) and B (10),
which bear a methoxy group at the C-6 position of the coumarin moiety, exhibit this

coumarin ion peak at m/z 208 (ion A) (31). Antidesmanin C (5), bearing a methoxy

group at C-6 and an isopentenyl side chain at C-3, shows this peak at m/z 276 (39).
The phenylpropanoid unit with a hydroxy group at the C-90 position and without a

substituent in the aromatic ring exhibits a peak at m/z 134 (ion B).
However, the absence of an aromatic substituent is uncommon for this type of

compound and this peak is shifted by 76 mass units and is discernible at m/z 210 in
the mass spectra of aquillochin (7), cleomiscosin D (11), daphneticin (12), and
moluccanin (30), all of which bear two methoxy groups (þ60) and a hydroxy (þ16)

group in the aromatic ring (31, 32, 38). The genesis of the peak at m/z 137 in 9 may

occur through benzylic cleavage (ion C). The characteristic mass spectrometric

fragment ions (A, B, and C) of some coumarinolignans are shown in Table 7.

2.3.6. Optical Activity

Most of the coumarinolignans reported so far have been found to be racemic and

thus optically inactive [e.g. cleomiscosins A–D (7, 9–11), antidesmanins A–C

(3–5), durantins A-C (33, 15, 16), grewin (18), hemidesminin (21)]. However,
some optically active coumarinolignans are also known, including hyosgerin (22)
(63), 80-epi-cleomiscosin A (17) (3), the propacin isomer 32 (42), and 40-O-methyl-

cleomiscosin D (29) (52). The specific rotation values of these coumarinolignans

are shown in Table 8.

Interestingly, both enantiomers of 50-methoxypropacin (24) are known and these

were isolated from two different plant sources: the dextrorotatory compound was

OO

OHO

O

HO

O

OH

HO O

+ 2H

34
RDA cleavage of dioxane
bridge + capture of 2H

C (m/z 91) B (m/z 134) A (m/z 178)

Fig. 6. The mass

fragmentation pattern of a

typical coumarinolignan 34
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isolated from Jatropha gossypifolia (44), and the levorotatory one from Hibiscus
syriacus (49). Some apparent anomalies in optical properties of certain coumarino-

lignans were noticed but these were resolved by appropriate experimental studies.

Hyosgerin (22), isolated from the seeds of Hyoscyamus niger, was optically active

and identified as cleomiscosin B 90-acetate, but cleomiscosin B (10), isolated from

this same plant species as well as from other sources, was racemic. This rather

unusual finding was confirmed to be true by 1H NMR spectroscopic analysis of

the MTPA [40,90-bis-(S)-a-methoxy-a-(trifluoromethyl)phenylacetic acid] esters of

natural cleomiscosin B (10) and derived cleomiscosin B from 22 by deacetylation

with K2CO3 in MeOH/THF. While the 1H NMR spectrum of the MTPA ester of

natural 10 showed two sets of signals in a ratio of 1:1, ascertaining its racemic

nature, the MTPA ester of cleomiscosin B, derived from 22, showed only one set of
1H NMR signals, confirming the enantiomeric nature of hyosgerin (63). It is

speculated that enzymatic acylation of racemic cleomiscosin B is stereospecific,

giving rise to only one particular optical isomer. An almost similar observation was

made with venkatasin (33), the 90-O-acetyl derivative of cleomiscosin A, isolated

from Hyoscyamus niger (63). While 33 (¼ durantin A), purified from Jatropha
gossypifolia (46) and Duranta repens (70), was reported to be racemic, the form

from H. niger was optically active and 1H NMR spectroscopic analysis of its bis-

MTPA ester showed it to be a mixture of (þ)- and (�)-33, with a preponderance of

the former.

Table 7. Mass spectrometric data of some coumarinolignans

Coumarinolignan Mþ (m/z) Aþ (m/z) Bþ (m/z) Cþ (m/z)

Antidesmanin A (3) 468 276 194 167

Antidesmanin B (4) 492 276 204 137

5-Chloropropacin (8) 404 242 164 137

Cleomiscosin A (9) 386 208 180 137

Cleomiscosin C (7) 416 208 210 167

Daphneticin (12) 386 178 210 167

Hemidesmin 1 (19) 416 194 224 181

Hemidesmin 2 (20) 386 208 180 137

Hemidesminin (21) 426 178 249 181

Moluccanin (30) 386 178 210 157

Propacin (31) 370 208 164 137

Venkatasin (33) 428 208 222 137

Table 8. Specific rotations of

some coumarinolignans
Compound Specific rotation

[a]D/˚cm
2 g�1

80-epi-Cleomiscosin A (17) þ15.5 (c 0.18, C5D5N)

Hyosgerin (22) �65.4 (c 0.38, CHCl3)
40-O-Methyl-cleomiscosin D (29) �15.2 (c 0.11, CDCl3)
Propacin isomer 32 �56

Non-conventional Lignans: Coumarinolignans, Flavonolignans, and Stilbenolignans 13



2.4. Chemistry of Coumarinolignans

In this section, the structure determination and synthesis of some important cou-

marinolignans will be discussed.
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O
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7   R = CH2OH, R1 = OH, R2 = R3 = OCH3, X = H (aquillochin)
8   R = CH3, R1 = OH, R2 = H, R3 = OCH3, X = Cl (5-chloropropacin)
9   R = CH2OH, R1 = OH, R2 = H, R3 = OCH3, X = H (cleomiscosin A)

12 R = CH2OH, R1 = H, R2 = OCH3, R3 = X = H (daphneticin)
14 R = CH2OH, R1 = R2 = OH, R3 = OCH3, X = H (5'-demethylaquillochin)
15 R = CH2OAc, R1 = OCH3, R2 = H, R3 = OCH3, X = H (durantin B)
16 R = CH2OAc, R1 = OH, R2 = OCH3, R3 = OCH3, X = H (durantin C)
23 R = CH3, R1 = OH, R2 = H, R3 = OH, X = H (jatrocin A)
24 R = CH3, R1 = OH, R2 = R3 = OCH3, X = H (jatrocin B)
25 R = CH2OH, R1 = OH, R2 = H, R3 = OH, X = H (jatrorin A)
26 R = CH2OH, R1 = OCH3, R2 = H, R3 = OH, X = H (jatrorin B)
28 R = CH3, R1 = OH, R2 = H, R3 = OCH3, X = OCH3 (5-methoxypropacin)
31 R = CH3, R1 = OH, R2 = H, R3 = OCH3, X = H (propacin)
33 R = CH2OAc, R1 = OH, R2 = H, R3 = OCH3, X = H (venkatasin)

OH

Chart 1. Structure formulas of coumarinolignans

14 S.A. Begum et al.



2.4.1. Cleomiscosins

Cleomiscosins A (9) and B (10), the first regioisomeric pair of coumarinolignans,

were isolated from the seeds of Cleome viscosa (29, 30). Cleomiscosin A (9),
C20H18O8 (Mþ m/z 386.0992), mp 247�C, [a]D � 0�cm2 g�1, was recognized as

possessing a coumarin nucleus from its UV (lmax 327, 288 nm) and IR (nmax 1,710,
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20 R = H, R1 = OH, R2 = CH2OH, R3 = OCH3 (hemidesmin 2)
22 R = OH, R1 = H, R2 = CH2OAc, R3 = OCH3 (hyosgerin)
29 R = OCH3, R1 = OCH3, R2 = CH2OH, R3 = OCH3 (methyl clemiscosin D)
32 R = OH, R1 = H, R2 = CH3, R3 = OCH3 (propacin isomer)
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1,610 cm�1) spectroscopic data and from the characteristic doublets (J¼ 9.5 Hz) at

d 6.39 and 7.70 ppm in its 1H NMR spectrum. The coumarin moiety together with

two aromatic methoxy groups (d 3.70 and 3.78 ppm) accounted for 11 of 20 carbons

of the molecule, and the remaining nine carbons were considered to be due to a

phenylpropanoid unit (C6C3), from its 13C NMR spectrum (Table 5), which indi-

cated 12 aromatic carbons in the molecule. Cleomiscosin A is phenolic and thus it

provided the monomethyl ether 9a, C21H20O8, mp 214�C, on methylation with

diazomethane, and the diacetate 9b, C24H22O10, mp 175�C, on acetylation with

Ac2O/Et3N, indicating the presence of a phenolic and an alcoholic hydroxy group.

Of the eight oxygen atoms of the molecule, two are present as methoxy groups, one

as a phenol, one as an alcohol, and two as part of the coumarin nucleus. The

remaining two inert oxygen atoms were considered to constitute oxide linkages.

Based on this assumption and an examination of the 13C NMR spectrum of

cleomiscosin A, which showed in addition to signals for a coumarin nucleus,

signals for six additional aromatic carbons, two CH-O, and one CH2-O moieties,

the partial structure of cleomiscosin A was postulated as shown in Fig. 7.

The number of unsaturated sites of cleomiscosin A was calculated [(Cþ1) – H/2]

as 12, but this partial structure has only 11 unsaturated sites, and therefore an

additional ring by participation of the oxide functions was reasonable. Cleomisco-

sin A was thus considered to be a coumarin linked with a phenylpropanoid unit

through a dioxane bridge. As mentioned previously, such compounds are known to

undergo RDA cleavage on electron impact in a mass spectrometer (15) to give rise

to characteristic fragment ions for an olefin (F) and a substituted catechol (E), as
shown in Fig. 8.

The electron-impact mass spectrum of cleomiscosin A showed prominent frag-

ment peaks at m/z 208 and 180, corresponding to ions E0 and F0, which is explained
in Fig. 9.

The position of the methoxy group in the coumarin nucleus of cleomiscosin A

was concluded to be at C-6, from the recognition of one lone aromatic hydrogen

appearing as a singlet at d 6.55 ppm in the 1H NMR spectrum of cleomiscosin

diacetate (9b) as the coumarin C-5 hydrogen. This assignment was made from the

observed NOE between the coumarin H-4 signal at d 7.60 ppm and the H-5

resonance, as well as that discerned between this H-5 and the -OCH3 signal at d

O

O

O O

2 x Ar-OCH3
1 x Ar-OH
one ring

HO

Fig. 7. The partial structure
of cleomiscosin A (9)

O

O
capture of 2H

RDA cleavage
OH

OH

+

E FD
Fig. 8. RDA cleavage of

dioxane bridge D
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3.88 ppm. The position of the methoxy group in the coumarin nucleus was later

confirmed by isolation of fraxetin (35) and 6,7,8-trihydoxycoumarin after heating 9
with pyridine hydrochloride at 210�C for 5 min (32). The isolation of 35 from

cleomiscosin A not only clarified the position of the methoxy group in the coumarin

nucleus, but also confirmed that the dioxane bridge involved the coumarin 7 and

8 positions.

The substitution pattern of the aromatic nucleus of the phenylpropanoid moiety

was clarified from the isolation of veratric acid by permanganate oxidation of

cleomiscosin A methyl ether (9a) and a careful examination of the ABX pattern

of aromatic hydrogens in 9b. In the spectrum, the X proton appeared as a doublet at

a low field (d 7.08 ppm, J ¼ 8.5 Hz) and the near-equivalent protons appeared as a

doublet (J ¼ 2 Hz) and a double doublet (J ¼ 8.5, 2 Hz) at d 6.99 ppm, signifying

that the phenol acetate group is symmetrically disposed to the AB protons, which,

in other words, suggests that the acetoxy group is at the 40 position. Based on these

findings, the structure of cleomiscosin A was narrowed down to alternative struc-

tures 9 and 10 (31) as given in Fig. 10.

A choice between the two structures was possible by a heteronuclear decoupling

NMR experiment. Irradiation of H-70 (d 5.03 ppm) sharpened the signal for C-7

(d 136.9 ppm) and that of H-80 (d 4.4 ppm) had a similar effect on the signal for C-8

(d 131.7 ppm), indicating that cleomiscosin A is a coumarinolignan having 7-O-70

and 8-O-80 linkages. The coupling constants between H-70 and H-80 were found to

be 8 Hz, thus indicating that they were of trans configuration (56). In view of the

fact that cleomiscosin A is optically inactive, this isolate was concluded to be

racemic. The formula 9 shows the relative stereostructure of cleomiscosin A (see

Fig. 11), which was later confirmed by its synthesis (75).
The isomeric compound cleomiscosin B (10), C20H18O8 (M

þ m/z 386.1014), mp

274�C, [a]D�0�cm2 g�1, showed a striking resemblance to 9 in all its spectroscopic

O O

OH
OH
OCH3

E' (m/z 208) F' (m/z 180)

OH
OCH3

OHFig. 9. EIMS fragment ions

of cleomiscosin A (9)
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O

O

O

HO

O

OO

O

O

O
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O

9 10

OH

HO

Fig. 10. Alternative
regioisomeric structures of

cleomiscosin A
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properties, indicating a close structural similarity, which was confirmed from
1H- and 13C NMR spectroscopic comparison of their diacetate and ethyl ether

monoacetate derivatives (31). In view of these similarities, 10 was logically

assumed to be the positional isomer of 9, which was further verified by the
13C-1H spin couplings between the C-8 signal at d 132.1 ppm and the H-70 signal
at d 5.04 ppm, and between the C-7 signal at d 136.3 ppm and the H-80 signal at
d 4.40 ppm in the diacetate derivative (31).

Cleomiscosin C (7), C21H20O9 (Mþ m/z 416), mp 255�C, [a]D �0�cm2 g�1,

showed virtually identical UV and IR spectroscopic data to those of 9 and 10. The
1H NMR spectrum of cleomiscosin C exhibited signals for a 6,7,8-trisubstituted

coumarin nucleus, a phenylpropanoid moiety, and three methoxy groups [d 3.79

(s, 3H) and 3.77 (s, 6H) ppm] instead of two such groups as in its congeners.

Consistent with this observation, cleomiscosin C showed in its mass spectrum the

molecular ion peak at m/z 416 and a phenylpropanoid ion at m/z 210 (B), which are
30 mass units higher than the corresponding peaks for 9 and 10 (Table 7). The extra
methoxy group in cleomiscosin C was thus proved to be in its phenylpropanoid unit.

While a symmetrical substitution pattern of the aromatic ring of the phenylpropa-

noid unit was apparent from the 1H NMR spectrum, the 13C NMR resonances of

cleomiscosin C diacetate were found to be in good agreement with those of

cleomiscosin A diacetate (9b) rather than for cleomiscosin B diacetate, especially

in the chemical shifts of C-70, C-80, and C-90. Thus, cleomiscosin C was proved to

have the same structural framework (8-O-80/7-O-70) as cleomiscosin A and hence

was formulated as 7. The coumarinolignan, aquillochin, isolated from Aquilaria
agallocha (64) was also identified as cleomiscosin C (7) by direct comparison (31).

The regioisomer of 7 was also isolated and named cleomiscosin D (11). The
spectroscopic data (1H and 13C NMR) of 11, C21H20O9 (Mþ m/z 416), mp

243–246�C, showed a close resemblance to those of 10, but an additional methoxy

group was evident in the phenylpropanoid ring, like in 7 (32). (70S,80S)-40-O-
Methylcleomiscosin D (29) has been isolated from Zanthoxylum avicennae (52).

2.4.2. Venkatasin and Hyosgerin

Venkatasin (33) and hyosgerin (22) constitute the first natural regioisomeric pair

of acylated coumarinolignans, with both having the molecular formula C22H20O9.
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Fig. 11. Relative
stereostructure of

cleomiscosin A (9)
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The 1H and 13C NMR data of these compounds (Table 3 and 5) are markedly similar

and found to resemble those of 9 and 10, with the exception of also exhibiting

signals for an acetyl group. The acetoxy group was positioned at C-90 in both

compounds 33 and 22 on comparing the 1H NMR chemical shifts of H2–9
0 (d 4.07

(dd, J ¼ 13.2, 5.5 Hz) and 4.38 (dd, J ¼ 13.2, 3.1 Hz) ppm) with those for the same

protons of 9 and 10 (Table 3). The acetylated product of 33 showed identity with

cleomiscosin A diacetate (9b) from its physical and spectroscopic properties, thus

establishing it as 90-O-acetyl-cleomiscosin A (33) (46), which was confirmed by the

regioselective acetylation of the hydroxy group at C-90 of 9 with acetic anhydride in
the presence of NaHSO4, with silica gel acting as a heterogeneous catalyst (76).
Compound 33 can be synthesized directly from 9b utilizing ammonium acetate

catalyst (77), as shown in Scheme 1. This compound, 33, was also isolated from

Duranta repens and reported under the name durantin A (70).
The optically active hyosgerin (22) ([a]D �65.4�cm2 g�1), isolated from the

seeds of Hyoscyamus niger (63), showed a striking resemblance to cleomiscosin B

90-acetate in all its spectroscopic properties and a logical assumption of their

identity was verified by deacetylation of hyosgerin with K2CO3 in MeOH/THF to

cleomiscosin B (10). As all cleomiscosin derivatives are known to be racemic, it

was considered of interest to determine whether 10, derived from 22, is optically
active. To resolve this problem, 10 isolated from H. niger, and that derived from 22
were converted to their MTPA esters and their 1H NMR spectra were compared.

While the natural cleomiscosin B MTPA ester showed two sets of 1H NMR signals

in a ratio of 1:1, ascertaining its racemic nature, the MTPA ester of the deacetylated

product of 22 ([a]D –50�cm2 g�1) showed only one set of 1H NMR signals, thus

confirming the enantiomeric nature of hyosgerin (22) (63).
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2.4.3. Antidesmanins

The antidesmanins, isolated from the roots of Formosan Antidesma pentandrum
var. barbatum, are a series of coumarinolignans having an unusual 1,1-dimethylal-

lyl substituent, and are rather rare in Nature (39).
Antidesmanin A (3), C26H28O8 (M

þ m/z 468.1779), was obtained as a colorless

oil. The presence of a coumarin moiety was revealed from its UV [328, 235 (sh),

220 nm), IR (1,710, 1,615, 1,580 cm�1], and 13C NMR spectroscopic (d 159.5 ppm)

data. The 1H NMR spectrum confirmed the presence of a coumarinolignan skeleton.

However, the absence of the characteristic doublets for the coumarin H-3 and H-4

in the 1H NMR spectrum of 3 and the presence of a singlet at d 7.50 ppm (H-4)

suggested that H-3 is substituted. This substituent at C-3 was considered to be a 1,1-

dimethylallyl group [d 1.49 (6H s, 2 x quat-Me), d 5.09 (1H d, J¼ 17.4 Hz), d 5.10

(1H d, J ¼ 10.6 Hz), and d 6.12 (1H dd, J ¼ 17.4, 10.6 Hz, CH¼CH2) ppm], which

is consistent with coumarin ion A at m/z 276 in the mass spectrum (Table 7). The

phenylpropanoid unit of 3 was identified as 4-hydroxy-3,5-dimethoxyphenylpro-

pane with oxide functions at the 70 and 80 positions from its 1H NMR data. Their

assignments were based on COSY and NOESY NMR experiments (39). The two

oxide functions are involved as ether linkages to C-7 and C-8 of the coumarin

moiety. While the 8-O-70/7-O-80 linkages were confirmed through HMBC correla-

tions, the coupling constant (7.6 Hz) between the two oxymethine protons disclosed

their trans-relationship (39).
Antidesmanin B (4) and antidesmanin C (5) are regioisomers having the mole-

cular formula, C29H32O7 (M
þ m/z 492.2177). The UV and IR spectra were found to

be similar to those of antidesmanin A (3) but the 1H NMR spectrum showed signals

for an additional 1,1-dimethylallyl unit in place of CH3 at 90 and a 4-hydroxy-

3-methoxyphenyl group in place of a 4-hydroxy-3,5-dimethoxyphenyl group

(Table 3). Through HMBC correlations, the two ether linkages of 4 were identified

as 8-O-80/7-O-70. Based on 1D and 2D NMR analysis, the dioxane bridge of

antidesmanin C (5) was proved to have 8-O-70/7-O-80 linkages (39).

2.4.4. Grewin

Grewin (18), C19H16O8 [(MþNa)þ m/z 395.0814], is one of the four linearly fused

coumarinolignans known so far (69). The recognition of 18 as a coumarin deriva-

tive from UV and IR data was confirmed from its 1H NMR spectrum, which showed

characteristic doublets for coumarin protons (d 7.64 (J¼ 9.6 Hz, H-4) and 6.36 (J¼
9.6 Hz, H-3) ppm) and two singlets in the aromatic region (d 7.08 (H-8) and 7.18

(H-5) ppm] for a 6,7-dioxygenated coumarin moiety. The appearance of two

aromatic hydrogens as meta-coupled signals [d 7.35 (d, J ¼ 1.9 Hz, H-60) and
7.01 (d, J ¼ 1.9 Hz, H-20) ppm] and a methoxy singlet (d 3.79 ppm) indicated an

unsymmetrical 30-methoxy-40,50-dioxyphenyl group, extended with a three-carbon

sequence [d 5.50 (d, J ¼ 8.0 Hz, H-70), 4.46 (m, H-80), 3.98 and 4.21 (bd each,

J ¼ 12.3 Hz, H2–9
0) ppm]. The presence of a phenylpropanoid unit in 18 was also
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confirmed from the 13C (Table 6), 1H-1H COSY, and HMBC NMR spectroscopic

data. On the basis of these data and calculation of the double-bond equivalence,

grewin was postulated to be formed by linear fusion of a 6,7-dioxygenated

coumarin moiety with a C6C3 unit through a 1,4-dioxane bridge, with two pos-

sible structures, 18 and 18a, advanced for this coumarinolignan, as shown in

Fig. 12.

A comparison of the observed 1H and 13C NMR spectroscopic data with those of

the predicted values for structure 18a ruled out the possibility of this structure for

grewin, with the structure 18 assigned to this substance. A large coupling constant

(8 Hz) showed a trans relationship between H-70 and H-80. Structure 18 for grewin

was confirmed through selected HMBC spectroscopic correlations (69).

2.4.5. Synthesis of Coumarinolignans

Corroborative evidence for the structures of various coumarinolignans, deduced

almost exclusively from spectroscopic evidence, has been provided by their appro-

priate synthesis. The synthesis of this group of natural products has been achieved

mainly through oxidation (chemical or enzymatic) of appropriate coumarin and

phenylpropanoid derivatives, although other methods are also known.

The first synthesis of a coumarinolignan derivative was achieved byParthasarathy
and Pardhasaradhi (43), who prepared the methyl ether of the propacin isomer

39, through the condensation of fraxetin (35) with a-bromo-propioveratrone (36),
followed by reduction and cyclization (Scheme 2). The product obtained showed

identity with the authentic methyl ether of the natural propacin isomer, isolated

from Jatropha glandulifera (42).
A starting material for the synthesis of 9 is the 7-methoxymethyl ether of fraxetin

(41), which was prepared by different workers using alternative methods. Tanaka

et al. found it convenient to prepare it from fraxetin (35) by dropwise addition of a

solution of chloromethyl methyl ether to a solution of 35 in a suspension of sodium
hydride in THF. The reaction of this fraxetin derivative 41with ethyl 2-bromo-3-(4-

benzyloxy-3-methoxyphenyl)-3-oxopropionate (40) yielded an ether (42), which on
lithium borohydride reduction yielded a mixture of diastereomers with threo- and
erythro-diols, 43. Cyclization of this compound with sulphuric acid (5%) afforded

cleomiscosin A monoacetate (44), which gave cleomiscosin A (9) on mild alkaline
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hydrolysis (75). The synthesis steps for 9 are summarized in Scheme 3. Tanaka and
his colleagues also achieved the syntheses of cleomiscosin B (10) (78), daphneticin
(12) (79), a propacin isomer (32) (80), and cleomiscosins C (7) and D (11) (81).
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A biomimetic method was developed by Arnoldi and coworkers to synthesize

propacin (31). Oxidation of an equimolar mixture of 35 and isoeugenol in toluene/

methanol with Ag2O at room temperature provided 30% of 31. A similar reaction

has also been attempted with coniferyl alcohol (45) to synthesize 9 and 10 (72).
Lin and Cordell devised a method for the synthesis of coumarinolignans using

chemical and enzymatic approaches (73). Chemical oxidizing agents, like ferric

chloride, silver oxide, and dichlorodicyanoquinone (DDQ), and enzymes, like horse-

radish peroxidase, tyrosinase, and chloroperoxidase were used for oxidative coupling

of ortho-dihydroxycoumarin derivatives. Included were fraxetin, daphnetin, and

esculetin with phenylpropenoids like isoeugenol, coniferyl alcohol, and sinapyl

alcohol. Silver oxide was found to be superior to oxidizing agents like FeCl3 and

DDQ. Enzymatic oxidation processes afforded a single regioisomer of the resultant

coumarinolignans in higher yields than by chemical oxidation methods (73).
Use of Ph2SeO was soon recognized to be a more satisfactory method for such

oxidations (82). Oxidation of 35 and 45 in methanol and benzene using Ph2SeO

at room temperature followed by acetylation yielded cleomiscosin A diacetate

(9b) as the major product, along with three isomers, cleomiscosin B diacetate (46),
cis-cleomiscosin A diacetate (47), and cis-cleomiscosin B diacetate (48) as minor

products. Similarly, oxidative coupling of fraxetin and daphnetin with sinapyl alcohol

followed by acetylation yielded aquillochin diacetate and daphneticin diacetate,

respectively. In the presence of Ph2SeO, hydroxy groups in 7,8-dihydroxycoumarins

would oxidize rapidly to generate the corresponding ortho-quinones, in which the

oxygen atom at the C-8 position is immediately attacked by the double bond (C-80) of
phenylpropenes to afford the coumarinolignans. Among the methods discussed so

far, this procedure has shown high regio- and stereo-selectivity in the synthesis of

naturally occurring coumarinolignans. This is shown in Scheme 4.
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Enantioselective synthesis of coumarinolignans has also been achieved suc-

cessfully. Chiral daphneticin, (70S,80S)-58, was synthesized through a Mitsunobu
reaction between 8-acetoxy-7-hydroxycoumarin (49) and oxirane (1R,2R)-55, the
key intermediate in this synthesis (83). The sequence of steps involved in the

synthesis of 55 from 3,4,5-trimethoxybenzaldehyde (50) and its reaction with

the coumarin 49 is given in Scheme 5. Both chiral centers of this intermediate are

of (R)-configuration. However, these two centers, designated to form the 70 and
80 positions of 58, have the (S)-configuration, but the sequence of steps (Mitsunobu
reaction and intramolecular nucleophilic attack at the oxirane ring) involved in this

synthesis led to inversion of the absolute configuration at these two centers and

formation of (70S,80S)-57. Hydrogenolysis of (70S,80S)-57 yielded (70S,80S)-58 in
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16% yield (83). Recently, Ramesh et al. have reported the synthesis of venkatasin

(33) (yield 95%) directly from cleomiscosin A diacetate (9b), utilizing ammonium

acetate as the catalyst for the selective deprotection of aromatic acetates (77).

2.5. Biological Activity of Coumarinolignans

Whenever a new compound is isolated from a plant, it is customary to explore its

biological activity to potentially enrich our medical armamentarium in terms of

new drugs, and coumarinolignans have been no exception. While coumarinolignans

have shown many interesting biological activities, the majority of these refer to

their cytotoxic and hepatoprotective potential. The different activities shown by this

group of compounds are summarized in Table 9.

Daphneticin (12), isolated from Daphne tangutica, showed cytotoxic activity

against Walker carcinosarcoma ascites cells (68) but was inactive against KB cells

(68). In vitro studies showed cleomiscosin A (9), isolated from the chloroform

extract of Brucea javanica, to be active against the murine P-388 lymphocytic

leukemia cell line (ED50 ¼ 0.4 mg ml�1), but inactive against the KB test system

(57). Luyengi et al. reported the lack of activity of the same compound when

evaluated against HL-60 human promyelocytic leukemia cells (59).
Antidesmanins A (3), B (4) and C (5), isolated from the roots of Antidesma

pentadrum, were evaluated for their in vitro effects on the growth of three human

Table 9. Biological activities of coumarinolignans

Coumarinolignan(s) Biological activitya References

Antidesmanins A (3), B (4), and C (5) Cytotoxic against MCF-7 (breast) and

SF-268 (CNS) cancer cell lines

(39)

Cleomiscosin A (9) Cytotoxic against P-388 (lymphocytic

leukemia) cell line

(57)

Cleomiscosins A (9), B (10), and C (7)
(Cliv 92)

Liver protective properties (31)

Cleomiscosins A (9), B (10), and C (7) Immunomodulatory activity (in vivo) (84, 85)
Cleomiscosins A (9) and C (7) Anti-HIV, vasorelaxant effect, lipid

peroxidation inhibitory activity

(18, 19, 41)

Cleomiscosin D (11) Anti-inflammatory activity (52)
Daphneticin (12) Antibacterial activity, cytotoxic

against Walker carcinosarcoma

ascites cells

(66, 68)

50-Demethyl-aquillochin (14) Anti- HIV activity (41)
Durantins A (33), B (15), and C (16) Phosphodiesterase inhibitory effect (70)
80-epi-Cleomiscosin A (17) Tyrosinase inhibitory activity (36)
Grewin (18) Antimalarial activity (69)
Jatrocin B (25) Lipid peroxidation inhibitory activity (49)
(70S,80S)-40-O-Methylcleomiscosin D (29) Anti-inflammatory activity (52)
aIn vitro activity unless otherwise stated
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cancer cell lines: MCF-7 (breast), NCI-H460 (lung) and SF-268 (CNS) by Chen

et al. (39). These compounds exhibited marginal cytotoxicity against the MCF-7

and SF-268 cancer cell lines, but, however, they were found to be ineffective

against NCI-H460 cells.

Ray and coworkers (31) studied the liver protective properties of cleomiscosins

A (9), B (10) and C (7), isolated from Cleome viscosa seeds, and found significant

activity against D-galactosamine-induced cytotoxicity in primary cultured rat hepa-

tocytes, with 10 being the most potent of these substances. Chattopadhyay et al.
(33) have patented a hepatoprotective pharmaceutical preparation (Cliv-92), com-

posed of a mixture of three coumarinolignans isolated from the seeds of C. viscosa,
in the optimized ratio of 3:5:2.

Cleomiscosin C (7) and 50-methoxypropacin (24) from Hibiscus syriacus (with
the latter compound also named jatrocin B, after being purified from Jatropha
gossypifolia), showed lipid peroxidation inhibitory activity, with IC50 values of 0.7

and 1.4 mg ml�1 comparable to vitamin E (IC50 0.8 mg ml�1), when tested using a

rat liver microsomal model (49).
Jin and collaborators reported the antioxidant activity of cleomiscosins A (9)

and C (7), isolated from the leaves and twigs of Acer okamotoatum (19). Com-

pound 7 inhibited LDL oxidation mediated by either catalytic copper ions or free

radicals generated with 2,20-azobis(2-amidinopropane) dihydrochloride, in a

dose-dependent manner. By means of electrophoretic analysis it was also observed

that 7 protected apolipoprotein B-100 against Cu2þ fragmentation. Also, fluores-

cence analysis clearly indicated that both 7 and 9 protect against the oxidative

modification of apoB-100, induced by either Cu2þ or HOCl. Compounds 7 and

9 could, therefore, be beneficial in preventing LDL oxidation in atherosclerotic

lesions.

Cleomiscosins A (9), B (10), and C (7), isolated from the seeds of Cleome
viscosa, were shown to have immunomodulatory activity in vivo by Bawankule
et al. (84). These coumarinolignans, at a dose of 10 mg kg�1 body weight, enhanced

the body immune function by significantly increasing the white blood cell count

and hemagglutination antibody titer responses, by reducing the delayed-type

hypersensitivity response towards rabbit red blood cells. The same group, led by

Chattopadhyay, filed a patent on an immunomodulatory pharmaceutical composi-

tion, comprised of cleomiscosins isolated from the seeds of C. viscosa (85).
Daphneticin (12), isolated from the leaves ofDaphne gnidium, has been reported

to possess moderate antibacterial activity against Staphylococcus aureus and

Bacillus cereus (66). Cheng and Chen demonstrated that the coumarinolignans,

aquillochin (7), cleomiscosin A (9), and 50-demethyl aquillochin (14) were active

against HIV (41).
Iqbal et al. studied the phosphodiesterase inhibitory effect of durantins A (33), B

(15), and C (16), isolated from Duranta repens (70). Compounds 16 and 33, along
with compound 9, showed moderate to strong inhibitory activity against snake

venom phosphodiesterase 1, using cysteine and EDTA as positive controls, while

15 showed weak activity.

26 S.A. Begum et al.



80-epi-Cleomiscosin A (17) was found to be a more potent tyrosinase inhibitor

(IC50 1.33 mM) than the standard tyrosinase inhibitors, kojic acid (IC50 16.67 mM)

and L-mimosine (IC50 3.68 mM). This coumarinolignan thus appears to be a

potential candidate for the treatment of hyperpigmentation associated with the

high production of melanocytes (36).
The antimalarial activity of the linear coumarinolignan, grewin (18), was eva-

luated on cultures of Plasmodium falciparum clones D6 and W2 and it displayed

weak antimalarial activity with no discernible cytotoxicity (69). Cleomiscosin A (9)
and aquillochin (7), isolated as major constitutents from the heartwood of Acer
nikoense, exhibited moderately potent vasorelaxant effects in the rat aorta using

nor-epinephrine-stimulated and high Kþ-depolarized preparations (18). (70S,80S)-
40-O-Methyl-cleomiscosin D (29) and cleomiscosin D (11), isolated from Zan-
thoxylum avicennae, were found to inhibit superoxide anion generation by human

neutrophils in response to formyl-L-methionyl-L-leucyl-L-phenylalanine/cytochlasin

B (52).
No major toxicity study of the coumarinolignans has appeared in scientific

literature to date.

2.6. Biogenesis of Coumarinolignans

The biogenesis in plants of coumarins, flavonoids, and stilbene derivatives is well

documented (16, 86) and it is known that these are all derived, fully or in part, from
a phenylpropanoid (C6C3) unit. However, it is still a subject of speculation as

to how these molecules connect with another C6C3 unit to elaborate these

“non-conventional” lignans. The characteristic feature of all coumarinolignans is

a dioxane bridge that links the coumarin moiety with a phenylpropanoid unit, and

this necessitates the presence of an ortho-dihydroxy group in the aromatic ring of

the coumarin moiety. It is believed that a coumarin with an ortho-dihydroxy group,
through one-electron oxidation, affords a radical (35a), which may combine with

the radical produced from a phenylpropanoid unit like coniferyl alcohol (45a) to
form an adduct (59). This adduct then cyclizes by attack of the phenol nucleophile
on the quinone methide structure provided by coniferyl alcohol and produces a

mixture of two trans diastereomers of the coumarinolignan, 9c and 9d, because of
the non-stereospecificity of the radical coupling. This is clarified from the proba-

ble biogenetic steps for elaboration of cleomiscosins A (9) and B (10), as shown
in Fig. 13. The antidesmanins (3–5) bear a 1,1-dimethylallyl substituent in place

of a methyl or hydroxymethyl group at the C-90 position. It is conjectured that

the initial product formed by radical coupling of coniferyl alcohol or its analog

with an ortho-dihydroxy coumarin generates a vinylogous b-hydroxyketone
(60), which undergoes deformylation and subsequent alkylation by a nucleo-

philic attack on dimethyl allyl pyrophosphate (62). The essential steps are shown
in Fig. 14.
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3. Flavonolignans

Flavonolignans are the most extensively studied group of non-conventional lignans,

particularly because of their diverse pharmacological activities. “Milk thistle”

(Silybum marianum), an ancient therapy for acute and chronic liver diseases, is

the first known source of this group of compounds (15). Flavonolignans, isolated
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from the fruits of milk thistle, have been characterized, evaluated for their medici-

nal properties, and commercialized in the pharmaceutical market as “Silymarin”

(87). The structural novelty and interesting biological activities elicited by flavo-

nolignans has led to a thorough chemical investigation on different plant parts of

S. marianum, and numerous compounds having similar structural features have

been isolated. Several review articles on flavonolignans (13, 88, 89, 90) and their

synthetic derivatives (91) have appeared since the isolation of silybin (1).

3.1. Occurrence of Flavonolignans

The distribution of flavonolignans is fairly widespread and these have so far been

isolated from plants belonging to seven different plant families. Silybum marianum
of the family Asteraceae is the richest source of this group of compounds found to

date and it has so far yielded 17 flavonolignans. Hydnocarpus wightiana has also

contributed in a major way as a source of flavonolignans. The various plant sources

so far known to produce this group of “non-conventional” lignans are listed in

Table 10, and the image of Sasa veitchii is shown in Fig. 15. Table 11 presents a list
of flavonolignans arranged alphabetically together with their structure numbers,

sources, and references.

3.2. Features of Flavonolignans and Their Classification

Flavonolignans are not merely products formed by oxidative coupling of a phenyl-

propanoid unit with a typical flavone, since this term embraces all such products

derived from other flavonoid types, viz. flavonols, chalcones, catechins, and others.
However, plant constituents like rhodiolinin (103) (125) and the iryantherins (104)
(126–129), in which a phenylpropanoid unit is linked with the A ring of the flavone

nucleus, would be more appropriately termed “lignoflavonoids” (126) rather than

Table 10. Sources of flavonolignans

Plant family Plant species

1. Asteraceae 1a. Onopordon corymbosum (109)
1b. Silybum marianum (15, 92–105)
1c. Silybum marianum subsp. anatolicum (106)

2. Berberidaceae 2a. Berberis fremontii (107)
3. Chenopodiaceae 3a. Salsola collina (108)
4. Flacourtiaceae 4a. Hydnocarpus wightiana (110–113)
5. Fabaceae 5a. Cassia absus (116)

5b. Hymenaea palustris (117)
6. Poaceae 6a. Aegilops ovata (114)

6b. Avena sativa (118)
6c. Hyparrhenia hirta (119)
6d. Sasa veitchii (115)

7. Scrophulariaceae 7a. Verbascum sinaiticum (120)
7b. Gratiola officinalis (121, 122)

Non-conventional Lignans: Coumarinolignans, Flavonolignans, and Stilbenolignans 29



“flavonolignans” (127–129). These compounds neither fulfill the classical definition

of lignans or neolignans nor our definition of “non-conventional” lignans, because the

“A rings” of the flavonoid components are not a part of the C6C3 units (86) (see
Fig. 16).

Unlike coumarinolignans, of which all bear a dioxane bridge, the linkages of

two phenylpropanoid units in the flavonolignans are rather varied in form. No

doubt there are compounds with a typical dioxane bridge linking the two C6C3

units, but flavonolignans with furan, cyclohexane, and simple ether linkages are

also known. This diversity originates mainly from the fact that besides a typical

ether linkage, union of two phenylpropanoid units in flavonolignans takes place

Fig. 15. Sasa veitchii
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Table 11. Flavonolignans and their plant sources

Compound (see Chart 2) Plant source(s)

(see Table 10)

References

Aegicin (64) 6a (114)
Compound 2 from Avena sativa (65) 6a (118)
Dehydrosilybin (66) 1b (94)
2,3-Dehyrosilychristin (67) 1b (96)
Hydnocarpin (68) 1a, 4a, 5a, 7a (110, 113, 116, 120)
Hydnocarpin D (69) 5b (117)
Hydnowightin (70) 4a (113)
Isohydnocarpin (71) 4a, 5a (111, 113, 116, 123)
Isolignoside (72) 7b (121, 122)
Isosilybin A (73) 1b, 1c (100, 102, 124)
Isosilybin B (74) 1b, 1c (102, 124)
Isosilychristin (75) 1b (102)
Lignoside (76) 7b (121, 122)
50-Methoxyhydnocarpin (77) 2a, 4a (112, 113)
500-Methoxyhydnocarpin (78) 1a (109)
50-Methoxyhydnocarpin D (79) 5b (107)
Neohydnocarpin (80) 5a (113)
Neosilyhermin A (81) 1b (101)
Neosilyhermin B (82) 1b (101)
Palstatin (83) 5b (117)
Salcolin A (84) 3a, 6b–6d (108, 115, 118, 119)
Salcolin A glycoside (85) 6c (119)
Salcolin B (86) 3a, 6b–6d (108, 115, 118, 119)
Salcolin B glycoside (87) 6c (119)
Silandrin (88) 1b (99)
Silybin A (89) 1b, 1c (14, 102, 124)
Silybin B (90) 1b, 1c (102, 124)
Silychristin A (91) 1b, 1c (97, 98, 102, 104)
Silychristin B (92) 1b (104)
Silydianin (93) 1b, 1c (92, 102)
Silyhermin (94) 1b (101)
Silymonin (95) 1b (99)
Sinaiticin (96) 7a (120)
Tricin 40-O-[erythro-b-guaiacyl-

(900-O-acetyl)-glyceryl] ether (97)
6d (115)

Tricin 40-O-[threo-b-guaiacyl-
(900-O-acetyl)-glyceryl] ether (98)

6d (115)

Tricin 40-O-[erythro-b-guaiacyl-
(700-O-methyl-900-O-acetyl)-glyceryl]
ether (99)

6d (115)

Tricin 40-O-[threo-b-guaiacyl-
(700-O-methyl-900-O-acetyl)-glyceryl]
ether (100)

6d (115)

Tricin 40-O-[erythro-b-guaiacyl-
(900-O-p-coumaroyl)-glyceryl]

ether (101)

6d (115)

Tricin 40-O-[threo-b-guaiacyl-
(900-O-p-coumaroyl)-glyceryl]

ether (102)

6d (115)
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through carbon-carbon linkages, which lead to furan and cyclohexane rings and

complex tricyclic ketones. It is interesting to note that in almost all the flavono-

lignans so far reported, the C6C3 units linking the flavonoids are coniferyl alcohol

or its analogs. The different modes of fusion of two C6C3 units in flavonolignans

are shown in Fig. 17. Hence, flavonolignans can be broadly classified into five

groups (A-E), as shown in Fig. 17.
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3.3. Structure Elucidation of Flavonolignans

In the early years after the discovery of silybin (1), the structure determination of

this compound class was mainly achieved through extensive chemical conversions

and degradative reactions (15, 95), which often led to structures that later needed

revision. Analysis of comprehensive spectroscopic data along with classical chem-

ical reactions and synthesis approaches has led to the unequivocal determination of

the absolute structures of flavonolignans (102, 135). The complete structure eluci-

dation of flavonolignans is summarized below.

3.3.1. Ultraviolet Absorption Spectra and Infrared Spectra

Generally, flavones and flavonols exhibit high intensity peaks in the regions

320–380 nm (Band I) and 240–270 nm (Band II) in the UV spectrum. Flavonones

absorb more strongly at 270–290 nm (Band II) with a slight low intensity inflection

in the 320–330 nm region. Substitutions (hydroxy or methoxy group) in either of

the “A” or “B” rings produce bathochromic shifts (130). The UV spectroscopic data

of some flavonolignans are detailed in Table 12. In the IR spectrum, the chromone

carbonyl exhibits a strong absorption band around 1,660 cm�1 and the aromatic

ether linkage around 1,160 cm�1. The phenolic hydroxy group shows an absorption

around 3,500 cm�1.

3.3.2. 1H NMR Spectra

The flavonoid skeleton present in flavonolignans can be readily identified from

their 1H NMR spectra. Silybin (1) and its congeners, practically all of which bear

a 3,5,7-trihydroxy-30,40-dioxygenated dihydroflavone moiety, exhibit signals for

Table 12. Ultraviolet absorption spectroscopic data of some flavonolignans

Compound lmax /nm (log e)a

Aegicin (64) 244, 269, 299, 314, 330

Compound 2 from A. sativa (65) 271, 365

2,3-Dehydrosilybin (66) 285 (4.4), 360 (4.0)

Hydnocarpin (68) 270, 335 sh

Isosilybin A (73) 212 (5.4), 230 (5.3), 288 (5.1)

Neosilyhermin A (81) 288 (4.0), 322 sh

Palstatin (83) 269 (4.0), 341 (4.1)

Salcolin A (87) 271, 285 sh, 305 sh, 335

Silybins A (89) 217 (5.2), 230 (5.2), 288 (5.1)

Silychristin A (91) 288 (4.3), 322 sh (3.7)

Silydianin (93) 216 (5.4), 231 sh (5.4), 289 (5.3)
aLog e data included where available
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Table 13. 1H NMR data (d/ppm (J/Hz)) of compounds 73 75, 89, 91a, and 93 in DMSO-d6

Proton(s) Isosilybin

A (73)
Isosilychristin (75) Silybin A (89) Silychristin

(91a)
Silydianin

(93)

H-2 5.08 d (11.2) 5.16 d (11.7) 5.06 d (11.3) 4.99 d (11.4) 4.84 d (10.4)

H-3 4.57 d (11.2) 4.63 dd (11.6, 5.5) 4.60 d (11.3) 4.51 dd (11.3,

4.8)

4.42 dd

(10.4, 5.2)

H-6 5.89 d (1.6) 5.92 d (1.9) 5.89 d (1.8) 5.90 d (1.9) 5.90 d (1.4)

H-8 5.85 d (1.6) 5.87 d (2.0) 5.84 d (1.8) 5.85 d (2.0) 5.88 d (1.8)

H-20 7.08 d (1.3) – 7.07 d (1.4) 6.83 br s 3.43 m

H-50 6.92 d (8.2) 6.74 d (8.1) 6.96 d (8.3) – 3.17 dd

H-60 6.99 br s 6.95 d (8.4) 7.01 d (1.6) 6.87 br s 6.01 d (6.6)

H-200 6.98 dd

(8.1, 1.4)

6.86 d (1.8) 6.99 dd (6.1,

1.5)

6.96 d (1.7) 6.74 d (1.3)

H-500 6.79 d (8.0) 6.70 d (8.1) 6.79 d (8.1) 6.76 d (8.1) 6.62 d (8.1)

H-600 6.84 dd

(9.2, 1.5)

6.76 dd (8.1, 1.8) 6.85 dd (8.1,

1.4)

6.78 dd (8.9,

2.2)

6.54 dd

(8.1, 1.3)

H-700 4.90 d (7.8) 5.57 m 4.89 d (7.9) 5.46 d (6.9) 3.29 m

H-800 4.15 m 3.67 dd (13.2, 6.3) 4.16 m 3.47 dd (12.5,

6.4)

2.71 m

H-900 3.52 d (10.6)

3.33 dd

(12.3, 4.5)

3.76 m 3.44 m 3.52 d (10.6)

3.33 d (7.6)

3.72 m 3.63 dd

(10.6, 6.8)

4.11 dd

(7.9, 3.0)

OH-5 11.83 s 11.93 s 11.89 s 11.92 s 10.57 s

OMe-300 3.77 s 3.69 s 3.76 s 3.76 s 3.72 s

Table 14. 1H NMR data (d/ppm (J/Hz)) of compounds 64, 65, 68, 84, and 96 in DMSO-d6

Proton(s) Aegicin (64) Compound

2 (65)
Hydnocarpin

(68)
Salcolin A

(84)a
Sinaiticin (96)

H-3 7.0 s – 6.87 s 6.93 s 6.81 s

H-6 6.18 d (2.2) 6.67 s 6.21 d (2.1) 6.73 d (1.6) 6.14 d (1.4)

H-8 6.51 d (2.0) 6.83 s 6.52 d (2.1) 6.81 d (1.6) 6.43 d (1.8)

H-20 7.27 s – 7.66 d (2.2) 7.29 s 7.63 d (1.9)

H-30 – – – – –

H-50 – – 7.08 d (8.7) – 7.06 d (8.6)

H-60 7.27 s 7.66 s 7.59 dd (8.5,

2.2)

7.29 s 7.57 dd (8.6,

1.9)

H-200 7.16 d (8.0) 7.24 s 7.03 d (1.8) 7.52 s 7.29 d (8.4)

H-300 6.65 d (8.0) – – – 6.83 d (8.4)

H-500 6.65 d (8.0) 7.01 d (7.3) 6.83 d (8.1) 7.24 d (8.1) 6.83 d (8.4)

H-600 7.16 d (8.0) 6.86 d (7.3) 6.91 dd (8.1,

1.8)

7.35 d (8.1) 7.29 d (8.4)

H-700 4.82 br s 5.70 s 5.02 d (8.0) 5.65 d (4.8) 5.04 d (7.8)

H-800 4.2 m 4.38 s 4.27 m 5.03 q (5.2, 3.7) 4.21 m

H-900 3.4 br m 3.84 s 4.37 s 3.38 dd (11.4,

3.7)

4.30 dd (12.3,

3.4)

3.36 dd (11.3,

4.0)

3.59 dd (11.4,

1.7)

4.59 dd (12.4,

5.1)

3.60 d (11.3)

OMe-30 3.85 s 3.91 s – 3.82 s –

OMe-50 3.85 s 3.84 s – 3.82 s –

OMe-300 – 3.57 s 3.80 s 3.75 s –
aIn pyridine-d5
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two meta-coupled aromatic AB systems at d 5.90 and 5.85 (J �1.8 Hz) ppm, a

singlet for a chelated hydroxy group at the C-5 position at d 11.8–12.0 ppm, two

doublets of an AB system at d 5.06 (J �11.0 Hz) and 4.60 (J �11.0 Hz) ppm,

along with the aromatic signals of an ABX pattern at d 6.95–7.10 ppm (103).
Hydnocarpin-type flavonolignans with a flavone nucleus show a singlet at d 6.87

ppm for H-3 (123). In turn, silyhermin (94), which is a flavanone, exhibits double

doublet signals for the protons at the same position at d 2.80 (J �17.0, 3.0 Hz, H-

3a) ppm, d 3.11 (J �17.0, 13.0 Hz, H-3b) ppm, and d 5.56 (J �13.0, 3.0 Hz, H-2)

ppm (101). The substitution in the B ring at C-30 and C-40 can be recognized from

the appearance of signals of an ABX pattern in the aromatic region. The oxy-

methine and oxymethylene protons of the propanol unit in compounds with a

dioxane bridge can be detected readily from their characteristic coupling con-

stants: H-700 generally appears between d 4.70–4.90 ppm as a doublet (J ¼ 8.0

Hz), H-800 as a doublet of double doublets around d �4.1 ppm, and the geminally

and vicinally coupled H2–9
00 between d �3.50 and 3.75 ppm (102). The H-700 and

H-800 protons, in the case of benzofurano-flavonolignans, show signals at d 5.46

(d) ppm and 3.47 (dd system) ppm. Tricyclic ketone-type flavonolignans, e.g.
silydianin (93) show H-700 and H-800 signals at about d 3.29 (m) and 2.71 (m) ppm.

The 1H NMR chemical shifts of the different protons of some flavonolignans are

given in Tables 13 and 14.

3.3.3. 13C NMR Spectra

The 13C NMR spectrum is a useful tool in the structure elucidation of flavonolignans,

particularly in distinguishing compounds with different modes of fusion. In the case

of typical dioxane-bridged flavonolignans, the C-700 and C-800 signals appear at d 75.9
ppm and d 78.1 ppm [e.g. silybin A (89)]. While the furan-bridged flavonolignans

exhibit C-700 and C-800 signals at d 87.0 ppm and d 53.3 ppm [e.g. silychristin A (91)],
the cyclohexane-bridged compounds display these signals at d 37.4 ppm and d 42.8

ppm, respectively [e.g. compound 2 (65)]. The tricyclic ketone group of flavono-

lignans, e.g. silydianin (93), shows a distinction in the chemical shift values (d 95.2

and 200.4 ppm) for C-30 and C-40 when compared to other compound classes. The

different 13C NMR resonances of some flavonolignans are presented in Table 15.

3.3.4. Mass Spectra

Like coumarinolignans, the dioxane bridge of flavonolignans undergoes mass

spectrometric RDA cleavage to give rise to a substituted flavonoid-quinone ion

(H) and a typical phenylpropanoid ion (I), as shown in Fig. 18.

The exact flavonoid nucleus and the substituted phenylpropanoid unit present in a

flavonolignan molecule can be predicted from these fragment ions. The fragment ion

at m/z 302 (H), observed in the silybin derivatives, indicates that these are
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5,7-dihydroxydihydroflavonol derivatives (95). Hydnocarpin (68), which possesses a
5,7-dihydroxyflavone nucleus, exhibits the ion H at m/z 284, while palstatin (83),
bearing an additional methoxy group at the 50 position, shows this peak at m/z 314
(118). The characteristic ion fragments H and I of some flavonolignans are shown in

Table 16. Silydianin (93), an isomer of 1, has a different ring systemwith a hemiacetal

function, but this molecule also undergoes RDA cleavage (92), as shown in Fig. 19.

3.3.5. Circular Dichroism Spectra

CD spectroscopic analysis has been used frequently in natural product chemistry

to determine the absolute configuration at the point of fusion of two rings.

Table 15. 13C NMR spectroscopic data (d/ppm) of compounds 65, 68, 84, 89, 91, and 93 in

DMSO-d6

Carbon Compound

2 (65)
Hydnocarpin

(68)
Salcolin A

(84)
Silybin A

(89)
Silychristin

A (91)
Silydianin

(93)

C-2 160.0 164.2 164.2 82.6 83.2 80.1

C-3 112.2 103.8 105.9 71.4 71.7 69.3

C-4 181.5 181.6 182.7 197.6 197.5 194.9

C-5 163.4 157.3 163.6 163.3 163.3 161.8

C-6 100.2 98.5 100.3 96.1 96.1 94.7

C-7 166.0 161.4 166.5 167.1 167.2 165.4

C-8 95.2 93.9 95.2 95.1 95.0 93.5

C-9 158.2 162.8 158.9 162.5 162.5 160.5

C-10 105.4 103.8 105.3 100.4 100.3 98.7

C-10 118.5 123.6 127.2 130.1 129.9 138.0

C-20 129.1 114.6 105.2 116.5 115.6 47.1

C-30 148.0 143.6 154.3 143.3 146.3 95.2

C-40 146.2 147.2 140.9 143.7 140.7 200.4

C-50 149.4 116.7 154.3 116.3 129.0 51.8

C-60 104.4 119.3 105.2 121.3 115.3 122.5

C-100 136.3 127.0 134.5 127.5 132.4 131.4

C-200 112.9 110.9 112.0 111.8 110.4 110.9

C-300 148.9 147.7 148.7 147.6 147.5 145.6

C-400 147.0 147.0 147.7 147.0 147.0 143.5

C-500 116.5 115.4 116.1 115.3 115.3 113.4

C-600 120.9 120.6 120.6 120.5 118.7 118.8

C-700 37.4 78.1 74.1 75.9 87.0 42.4

C-800 42.8 76.4 88.2 78.1 53.3 44.5

C-900 62.7 59.6 61.8 60.2 63.5 71.2

OMe-30, 50 60.5, 56.6 – 56.6 – – –

OMe-300 56.0 55.8 56.0 55.7 55.6 53.9

O

O Ar
RDA cleavage

O

O

+ Ar-CH=CCH2OH

G H I

OH

Fig. 18. RDA cleavage of dioxane bridge in flavonolignans
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In flavonolignans, the configurations of C-2, C-3, C-700, and C-800 have been studied
through CD spectra, using model compounds having flavonoid and benzodioxane

moieties for comparison (131–134). While the signs of Cotton effects at 326 and

292 nm have been used to determine the configuration at the 2 and 3 positions of the

dihydroflavonol unit, that at 236 nm gives evidence for the configuration at the 700

and 800 positions of the benzodioxane moiety. Based on CD spectroscopic analysis,

Kim et al. proposed the absolute stereostructures of silybins A and B as 89 and 90

Table 16. Mass spectrometric data of some flavonolignans having a 1,4-dioxane linkage

Flavonolignan Fragment ion H (m/z) Fragment ion I (m/z)

Dehydrosilybin (66) 300 180

Hydnocarpin (68) 284 180

50-Methoxyhydnocarpin (77) 314 180

500-Methoxyhydnocarpin (78) 286 210

Palstatin (83) 314 210

Silybin A (89) 302 180

O

O

OOH

HO

HO

O

O

OH

93 (M+ m/z 482)

OH

4'
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8''
9''

O

OOH

HO

OH

O

O

O OH

O

H

O

OOH

HO

OH

O

O

+

O

OH
HO

105

H' (m/z 302)

I' (m/z 180)

Fig. 19. Mass fragmentation of silydianin (93)

Table 17. CD spectroscopic data of some flavonolignans measured in MeOH

Compound lmax/nm (De/mol�1dm3cm�1)

Isosilybin A (73) 330 (þ2.9), 293 (�9.3), 236 (�1.9)

Isosilybin B (74) 328 (þ2.8), 292 (�12.6), 229 (þ9.0)

Isosilychristin (75) 326 (þ1.4), 298 (�2.3), 226 (þ44.3)

Silybin A (89) 326 (þ4.9), 292 (�22.4), 236 (�9.3)

Silybin B (90) 328 (þ2.1), 292 (�9.5), 230 (þ10.1)

Silychristin A (91) 328 (þ5.6), 298 (�5.2), 224 (þ18.5)

Silydianin (93) 345 (þ3.9), 295 (þ2.1), 282 (�5.6)
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(102). The flavonolignan 65, with a cyclohexane bridge, isolated from Avena
sativa, showed a negative Cotton effect at 260 nm ([y]260 – 918), corroborating

the absolute configurations at 700 and 800 as S (118). The CD data of some flavono-

lignans are presented in Table 17.

3.3.6. X-ray Crystallographic Analysis

The molecular structure and the stereochemistry of some flavonolignans deduced

through chemical and spectroscopic data have been confirmed by X-ray crys-

tallographic analysis. The structure of silydianin (93) was confirmed through

single-crystal X-ray analysis (92). The configurations of the diastereomers silybin

A (2R,3R,700R,800R) (89), silybin B (2R,3R,700S,800S) (90), isosilybinA (2R,3R,700R,800R)
(73), and isosilybin B (2R,3R,700S,800S) (74), were resolved unambiguously through

X-ray crystallography (124). Although identical stereostructures for these com-

pounds were also deduced from their CD spectroscopic analysis (102, 124), it is not
immediately obvious why 89 has been stated to have the (2R,3R,700S,800S) configura-
tion (102). A ball and stick model picture for the X-ray structure of 73, derived from
the Cambridge Crystallographic Data Centre file is presented in Fig. 20.

3.4. Chemistry of Flavonolignans

In this section of the chapter, the structure elucidation of some important flavono-

lignans and their syntheses will be discussed.

3.4.1. Silybins

The structure of silybin (1), C25H22O10, mp 158–160�C, [a]D þ12.6�cm2 g�1, the

principal biologically active constituent of S. marianum, was first settled by Pelter

Fig. 20. Ball and stick model of X-ray structure of isosilybin A (73)
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and H€ansel in 1975, from a comprehensive spectroscopic analysis of this com-

pound, its derivatives, and its various degradation products (95). The compound

bears an aromatic methoxy group and five acylable hydroxy groups, three of which

are phenolic. Degradation experiments clearly indicated silybin to have a dihydro-

flavonol moiety, and, consistent with this assumption, treatment of this compound

with iodine and potassium acetate yielded dehydrosilybin (66), C25H20O10, which

showed a quercetin-like UV spectrum. The presence of a quercetin unit in dehy-

drosilybin was confirmed by its degradation with boron tribromide. Silybin was

thus proved to contain a 2,3-dihydroquercetin (i.e. taxifolin) (106) moiety. A

comparison of the NMR spectrum of taxifolin methyl ether with that of the methyl

ether of silybin was carried out to confirm this deduction. The presence of unit 106
in silybin accounted for 15 of 25 carbon atoms and the remaining ten-carbon unit

was considered to be due to a coniferyl alcohol (45) moiety, on the basis of

spectroscopic evidence. Accordingly, silybin was formed by union of 45 with 106
through a dioxane bridge, and two alternative gross structures, 1 and 1a, were
advanced for this compound. A positive Cotton effect at 330 nm indicated a

(2R,3R)-configuration. A choice between the alternative structures, 1 and 1b, was
made through HMBC NMR spectroscopic analysis, and silybin was found to have a

30-O-700/40-O-800 linkage, which supported structure 1 (see Fig. 21).

The structure 1 proposed for silybin was supported from its mass spectrum,

which showed fragment ions at m/z 302 (H) and 180 (I), formed by RDA cleavage

of the dioxane bridge of the molecule (Table 16). The trans configurations of H-2,
H-3 and H-700, H-800 were resolved from their coupling constant values (J ¼ 11.3

and 7.9 Hz). Structure 1 assigned was finally confirmed by the synthesis of
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Fig. 21. Silybin (1) and its derivatives
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dehydrosilybin pentamethyl ether (66b) (135). A one-step biomimetic synthesis of

natural 1, by silver oxide-promoted oxidative coupling of 45with (2R,3R)-106, also
supported the structure proposed for silybin (1). However, this method yielded a

mixture of regioisomeric pairs, silybin (78%) and isosilybin (136). A regiospecific

total synthesis of (�)-1 from readily available starting materials, 107 and 108, via the
intermediate, 3-(4-hydroxy-3-methoxyphenyl)-2-hydroxymethyl-1,4-benzodioxan-

6-carbaldehyde (114), was reported by Tanaka et al. (137), and is summarized in

Scheme 6.

Isosilybin (1a) (mp 239–241�C) and silybin (1), isolated from the same source,

showed closely comparable NMR spectroscopic and mass spectrometric data and

similar TLC behavior. However, the TLC profiles of their dehydro derivatives were

different and this observation suggested that the two compounds are not diastero-

isomers but regioisomers. The structure of isosilybin was thus advanced as 1a.

OMOM

OH

OHC

107

Br

EtOOC O

OCH2Ph

O

OMOM

O

OCH2Ph

O

R

O

108 109 R = CHO

OMOM

O

OCH2Ph

O

(H3CO)2HC

OHHO

O

O
OH

OR

O
OHC

DMF-t-BuOK, r.t.

CH(OMe)3, (NH4)2Cl

NaBH4, EtOH, r.t.

5% H2SO4, AcOH, 70°C

H2-Pd C
111112 R = CH2Ph

O

O
OH

OMOM

O
OHC

114

Cl(CH2)2OCH3

R

R

R
+

O

O
OH

R

OR

R

R

O

115 R = OMOM

116 R = OMOM

O

O
OH

R

OR

R

R

O

O

117 R = OMOM

HCl, MeOH, 70°C

Alk. H2O2

(±) - silybin (1)

condensation
NaOH

110 R = CH(OCH3)2

113 R = H

+

EtOOC

O

Scheme 6. Outline of the synthesis of (�)-silybin

Non-conventional Lignans: Coumarinolignans, Flavonolignans, and Stilbenolignans 43



Both 1 and 1a exist as diastereomeric pairs (95) and these were named as silybin

A (89) and silybin B (90), and isosilybin A (73) and isosilybin B (74). All four
compounds have the same configurations at C-2 and C-3 (2R,3R) but differ at the
C-700 and C-800 positions. Compounds 89 and 90, having a 2,3-cis configuration, are
also known, and have been isolated from S. marianum and named as 2,3-cis-silybin
A and 2,3-cis-silybin B (105). Based on X-ray crystallographic analysis, the

absolute configurations of 89 and 90 were identified as (2R,3R,700R,800R) and

(2R,3R,700S,800S). Compounds 89 and 73were shown to have the same configuration

(2R,3R,700R,800R) (124). The purification of these diastereomers was achieved

through semi-preparative reversed-phase HPLC methods (102, 124) and various

analytical methods (especially HPLC) have also been developed to quantify the

ratio of isomers (138, 139).
Besides the regioisomer of 1, two other isomers, silychristin (91a) and silydianin

(93), having different modes of fusion between the dihydroflavonol and coniferyl

alcohol units, have been reported (92, 93). Silydianin (93), C25H22O10 (Mþm/z
482), mp 190–192�C, [a]D þ175�cm2 g�1, showed in its IR spectrum an additional

non-conjugated carbonyl group other than that present in 1, and the structure was

completely established as 93 through single-crystal X-ray analysis by Abraham
et al. (92). The natural occurrence of 3-deoxysilydianin and 3-deoxyisosilybin,

named silymonin (95) and silandrin (88), was also reported from a white-flowered

variety of milk thistle (99).
Silychristin (91a), C25H22O10 ([M-H]� m/z 481.1167), mp 174–176�C, was

recognized as being formed by fusion of taxifolin (106) with coniferyl alcohol

(45) through a furan ring (93). This was evidenced from selected 1H NMR signals,

which showed a benzyl methine and a benzyloxy hydrogen at vicinal positions at
d 5.46 (d, J ¼ 6.9 Hz) and 3.47 (dd, J ¼ 12.5, 6.4 Hz) ppm and from 13C NMR

(d 129.0 (C-50), 115.3 (C-60), 53.3 (C-800) ppm) spectroscopic data (98) (Tables 10
and 11). Two possible structures, 91a and 91b, differing in the positions of linkage

between the 106 nucleus and 45 nucleus were assumed (97) (see Fig. 22). Compar-

ison of the NMR signals of silychristin and its hexaacetate and anhydro derivatives

as well as the comparison of the chemical shift values of C-700, C-800, and C-900 with
those of model compounds like dihydrodiconiferyl alcohol and its anhydro deriva-

tive, was used to confirm the structure of 91a. The relative configuration of the

dihydrofuran ring was resolved as trans (97).
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Compound 91a was known previously as only one diastereomer, which was

shown to have a (700R,800S) configuration. In 2005, Smith et al. isolated two

silychristin-like compounds from the fruits of S. marianum using semi-preparative

HPLC and found them to be a diastereomeric pair, silychristin A (91) and sily-

christin B (92) (104). The compounds differed in their optical rotations ([a]D þ 66�

and þ 47�cm2 g�1).

Hydnocarpin (68) and hydnocarpin D (69) are regioisomers. While biomimetic

radical coupling of luteolin (118) with 45 in the presence of Ag2CO3 yielded 69 as a
major product, coupling in the presence of horseradish peroxidase/H2O2 produced a

good yield of hydnocarpin (68) (123) (Scheme 7).

She et al. reported the total synthesis of (�)-sinaiticin, i.e. 300-demethoxyhydnocarpin

(96). The major synthesis step involved the condensation of 2,4-dimethoxymethyl-

6-hydroxyacetophenone with 3-hydroxymethyl-2-(4-hydroxyphenyl)-2,3-dihydro-

benzo[1,4]dioxane-6-carbaldehyde to a chalcone, which, after cyclization with

DDQ in dry dioxane and subsequent deprotection with 3 N HCl under reflux,

yielded the desired product (141).

3.4.2. Aegicin and Related Flavonolignans

Aegicin (64), C26H24O10 ([M-H2O]
þ m/z 478), mp 235–236�C, isolated from

Aegilops ovata, is the first member of the flavonolignans in which the flavonoid

unit is linked with coniferyl alcohol (45) or its analog through a single ether bond

(114). The flavone component of 64 was readily recognized as 5,7,40-trihydroxy-
30,50-dimethoxyflavone, known by the trivial name tricin (119), from 1H- and 13C

NMR spectroscopic analysis, with supportive evidence from the observed base

peak at m/z 330 and other fragment ions seen in the mass spectrum. On acetylation,

64 yielded a pentaacetate, having three phenolic and two alcoholic O-acetyl groups.
All the proton signals present in the tricin triacetate (119a) were discernible in the

spectrum of aegicin pentaacetate, suggesting the union of a phenylpropanoid unit

with 119 through an ether linkage. The unchanged chemical shifts of H-6 (d 6.18 (d,
J¼ 2.0 Hz) ppm) and H-8 (d 6.51 (d, J¼ 2.0 Hz) ppm) in both 119 and 64 as well as
in their acetates, eliminated the possibility of linkages either at C-5-O or C-7-O.
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Scheme 7. Biomimetic synthesis of hydnocarpin (68) and hydnocarpin D (69)
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From the appearance of a singlet for two methoxy groups at d 3.85 ppm, ring B

was proved to be symmetrically substituted and hence the ether linkage was placed

at C-40. The remaining signals in the proton NMR spectrum (Table 10) corre-

sponded to structure 120 for the phenylpropanoid component (see Fig. 23).

A 40-O-800 linkage in 64, considered for biogenetic reasons, was supported by

D2O-exchange analysis and acetylation. The H-700 signal, appearing as a broad

doublet, sharpened upon addition of D2O and was deshielded on acetylation.

Similarly, the methylene protons at C-900 were deshielded on acetylation but no

such effect was observed for H-800 and hence a 40-O-800 linkage was proposed. The
configurations of the C-700 and C-800 substituents were confirmed as erythro, by
comparing the coupling constant (6.5 Hz) of H-700 and H-800 in aegicin pentaacetate
with model compounds like threo- and erythro 1-phenyl-1,2,3-propane triols.

Aegicin was, therefore, characterized as tricin 40-O-(b-para-hydroxyphenylglyceryl)
ether (64).

Salcolins A (84) and B (86), isolated from the aerial parts of Salsola collina, are
an epimeric pair of flavonolignans, structurally related to 64 and differ from the

latter only by the presence of an additional methoxy group at the C-300 position
(108). These two compounds were also isolated fromHyparrhenia hirta (119), Sasa
veitchii (117), and Avena sativa (118). Based on a method developed by Bouaziz
and coworkers to distinguish the threo and erythro forms on the basis of the

coupling constant values of H-700 and H-800, the structures of salcolins A and B

were determined as tricin 40-O-(erythro-b-guaiacylglyceryl) ether (84) and tricin

40-O-(threo-b-guaiacylglyceryl) ether (86) (119). The configurational assignments

made for 84 and 86 in the first report (108) was thus revised (see Fig. 24). The
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epimeric relationship between these two flavonolignans was also confirmed by

reduction of the benzylic hydroxy (OH-700) group of each compound using

Et3SiH/TFA as catalyst in CH2Cl2 at room temperature, with both these substances

yielding the same reduction product 84a (115).
Another three pairs of analogous flavonolignans have also been isolated from

Sasa veitchii (115). These include two pairs of naturally acylated derivatives

(97–100) and an epimeric flavonolignan pair (101, 102), constituting a tricin moiety

(119), a guaiacylglyceryl group, and a p-coumaroyl group (115). The linkage of the
p-coumaroyl group at the 900- hydroxy oxygen was confirmed from HMBC spectro-

scopic correlations observed between H2–9
00 of the guaiacylglyceryl group and

C-9000 of the p-coumaroyl group (115).
Natural acyl glycosides of this type of flavonolignans, viz. lignoside (76) and

isolignoside (72), containing 6-acetylglucose and 8-acetylglucose residues, were

reported from Gratiola officinalis (121, 122). Glycosides of 84 and 86 that were

isolated from Hyparrhenia hirta (119) showed similar UV spectra and an identical

molecular formula, C33H36O16, with [MþH]þ at m/z 689. This ion on MS-MS

analysis yielded a major product ion atm/z 527 [(MþH)-162]þ corresponding to the

loss of a hexose group, suggesting an O-glycosidic pair, characterized as tricin

40-O-(erythro-b-guaiacylglyceryl) ether 7-O-b-glucopyranoside (85) and 40-O-
(threo-b-guaiacylglyceryl) ether 7-O-b-glucopyranoside (87).

3.4.3. Cyclohexane Bridged Flavonolignans

There are just two reports on the isolation of flavonolignans in which C-60 and C-3

of the flavone unit are linked, respectively, to C-7 and C-8 of a phenylpropanoid

unit, to form a cyclohexane bridge. Neohydnocarpin (80), isolated from the seeds of

Hydnocarpus wightiana (113), and compound 2 (65), isolated from Avena sativa
(118), have such a C-C bond linkage between the flavone nucleus and the phenyl-

propanoid unit.

Neohydnocarpin (80), C24H20O9, showed a UV absorption spectrum typical of

a flavone. Detailed NMR spectroscopic analysis led to the proposal of the presence

of a luteolin (118) and a coniferyl alcohol moiety (45). Careful examination of the
13C NMR spectrum showed the absence of oxygen functions at C-700 and C-800,
which resonated at dC 35.2 and 40.9 ppm, compared to those in silybin A (89) at dC
75.9 and 78.1 ppm (Table 15). The downfield shift of C-3 and C-60 (dC 104.8 and

133.9 ppm) of the flavone moiety in comparison to those of silybin-related com-

pounds confirmed the involvement of these two carbons in the formation of a

cyclohexane ring. A relatively downfield shift of the hydroxymethylene carbon

(dC 69.2 ppm) was ascribed due to its proximity to the flavone carbonyl function.

This finding favorably eliminated the consideration of an alternative formulation

for neohydnocarpin (80).
Goyal and Parthasarathy have developed two different processes for the syn-

thesis of the neohydnocarpin skeleton, 125, through photocyclization (142). One
of these involved irradiation of 7,30,40-trimethoxy-3-b-phenylethylflavone (124),
prepared by condensation of resorcinol (121) and g-phenylbutyric acid (122) under
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Nencki reaction conditions, followed by partial methylation, phase-transfer cata-

lyzed Baker–Venkataraman reaction with veratroyl chloride, and photocyclization.
An outline of this method is depicted in Scheme 8.

The UV spectrum of compound 2 (65), isolated from A. sativa, suggested a

typical flavone chromophore and it showed a prominent peak at m/z 507.4, [M-H]�,
for C27H24O10. The presence of a neohydnocarpin-type skeleton (125) in 65 was

recognized from its 1H and 13C NMR spectra (Tables 14 and 15). All the proton and

carbon resonances, including the axial or equatorial orientation of H-700 and H-800,
were assigned using HSQC, HMBC, and NOESY correlations. CD measurement of

this compound showed a negative Cotton effect at 261 nm {[y]261�918}, and was

used to determine the absolute configuration at C-700 and C-800 as (S) (119).

3.5. Biological Activity of Flavonolignans

Several flavonolignans have been proved to be excellent hepatoprotectants and are

also potential cancer chemopreventive agents. “Silymarin”, a standardized seed

extract of S. marianum, is a mixture of silychristin (91a), silydianin (93), and
silybin (1) in a ratio of 1:1:3 and is used for its liver protective action (139).
Silymarin has shown no adverse side effects or harmful drug interactions, when

tested pharmacologically and used clinically (140). It is considered as an alternative
medicine, and, in 1969, silymarin was formally launched as hepatoprotective drug

(Flavobion™, Legalon™). Since then, it has become commercially available in

more than 100 countries, for the treatment of liver diseases (90, 143).
The liver-protective effect of silymarin is multifactorial and this may be due to

its antidote, antifibrogenic, membrane stabilizing, protein synthesis inducing, and

signal-evoking properties (90). Silymarin and silybin (1) have also shown potential
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anticancer activity owing to their chemoprotective effect (88). Cardioprotective,
chemopreventive, hypocholesterolemic, neuroactive, and neuroprotective activities

of these compounds have been demonstrated (88). The fact that 2,3-dehydrosilybin
(66) is 25 times more active than silybin as an antioxidant and as a free-radical

scavenger indicates the importance of the presence of a double bond in the C-ring of

the flavonolignan molecule for maximal biological efficacy of this type. Compound

66 is also a more potent (10 times) inhibitor of lipid peroxidation (144).
In order to increase the oral bioavailability of silybin (1) and its congeners,

different formulations have been prepared using phosphatidyl choline (Siliphos™)

and liposomes containing variable amounts of cholesterol and phospholipids, lipid

microspheres, or surfactants (89). New series of analogs like silybin bis-hemisuc-

cinate (Legalon-SIL™), silybin carboxylates (144), silybin glycosides (145, 146),
and silybin 23-O-phosphate (145) have shown improved water solubility and

consequent better therapeutic efficiency. O-Alkyl (methyl and benzyl) and

C-alkyl (prenyl and geranyl) analogs of silybin (1) and of 2,3-dehydrosilybin (66)
were found to be significant inhibitors of P-glycoprotein (91, 145, 147, 148).

In addition to silymarin, hydnocarpin (68) and sinaiticin (96) isolated from

Verbascum sinaiticum exhibited cytotoxicity against cultured P-388 (murine lym-

phocytic leukemia) cells (120). 50-Methoxyhydnocarpin-D (79) and silybin (1) have
been identified as bacterial MDR pump inhibitors (107).

3.6. Biogenesis of Flavonolignans

The biogenesis of flavonoids in plants is well documented and known to take place

by chain extension of 4-hydroxycinnamoyl-CoA (126) with malonyl CoA through

the acetate pathway involving enzymes like chalcone synthase (86). Here, the
initially formed polyketide 127 may undergo a Claisen-type condensation to form

a chalcone and subsequently other flavonoids, as shown in Fig. 25. It is pertinent to
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mention here that the A ring of flavonoids is malonyl-derived and therefore not a

part of a C6C3 unit. For this reason, compounds formed by union of a C6C3 unit with

the A ring of a flavonoid cannot be regarded as “non-conventional” lignans.

The biogenesis of silybins can be visualized by oxidative coupling of a 30,40-
dihydroxy group of a dihydroflavonol B-ring of taxifolin (106), with coniferyl

alcohol (45) (Fig. 26). The free-radical coupling of 106a and 45a may form an

adduct (131), which undergoes cyclization through nucleophilic attack of phenol on
the quinone methide nucleus, creating two trans diastereomeric flavonolignan

molecules, named silybins A (89) and B (90) (86). Similar radical coupling could

also result in the formation of regioisomers, e.g. isosilybin A (73) and isosilybin B

(74) isolated from the same plant, S. marianum.
The biogenesis of the furan-bridged flavonolignan, silychristin (91a), may occur

through coupling of radicals 45a with 106a, holding an unpaired electron localized

on C-50 (Fig. 27). In the case of the formation of silydianin (93), the first radical

coupling takes place between the C-8 position of the incoming 45a and C-20 of the
flavonoid 106a. The product (133) then cyclizes intramolecularly and undergoes

hemiketal formation (Fig. 28). In the case of neohydnocarpin (80), radical coupling
takes place between the C-8 position of 45 with the C-3 position of the flavonoid,

134, which is followed up by bond formation between C-60 and C-700 (Fig. 29).

4. Stilbenolignans

4.1. Occurrence and Features of Stilbenolignans

Stilbenolignans are a third interesting group of “non-conventional” lignans pro-

duced by plants. Stilbenes, like flavonoids, are believed to be metabolites of mixed

biosynthetic origin and derived from a cinnamoyl CoA and three malonate units
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(86). Therefore, compounds formed by union of a C6C3 unit with the cinnamoyl

part of stilbenes may be regarded as “stilbenolignans”. It may be argued that in

stilbenes two aromatic rings are symmetrically disposed across the double bond and

it is difficult to discern which one comes from the cinnamoyl unit and which one

from malonate. The oxygen functionalities in malonate-derived aromatic rings are

meta-oriented but those in cinnamoyl-derived aromatic rings are ortho-oriented.
Based on this argument, only six true stilbenolignans are known so far. These have
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been formed by union of a substituted stilbene with a C6C3-unit through three

different modes of fusion. Like coumarinolignans and flavonolignans, stilbeno-

lignans may also exist as regioisomeric pairs but no such literarture report has yet

appeared, although such compounds have been obtained during the synthesis of

natural stilbenolignans.

Plants from three different families, viz. Arecaceae, Fabaceae, and Gnetaceae,

have so far been found to elaborate stilbenolignans. The individual plants known to

yield stibenolignans are listed in Table 18. Fig. 30 shows an image of Maackia
amurensis.

4.2. Structure Elucidation and Synthesis of Stilbenolignans

The structures of stilbenolignans, elucidated almost exclusively by spectroscopic

analysis, have often been confirmed through synthesis. The structure determination

of a few important stilbenolignans together with their syntheses will be discussed in

this section. It is pertinent to mention in this connection that different numbering
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systems have been used by different workers, but only a numbering based on

biogenesis will be used here and it will start from the aromatic ring derived from

cinnamoyl unit as shown in Fig. 31.

4.2.1. Aiphanol

Kinghorn and coworkers reported the isolation and characterization of aiphanol

(138), the only stilbenolignan having a dioxane bridge (149). Aiphanol (138),

Table 18. Stilbenolignans and their sources

Compound (see Chart 3) Source (Family) References

Aiphanol (138) Aiphanes aculeata (Arecaceae) (151)
Gnetifolin F (139) Gnetum parvifolium (Gnetaceae) (150)

Gnetum klossii (Gnetaceae) (150)
Gnetum cleistostachyum (Gnetaceae) (152)

Gnetofuran A (140) Gnetum klossii (Gnetaceae) (151)
Gnetum cleistostachyum (Gnetaceae) (152)

Gnetucleistol F (141) Gnetum cleistostachyum (Gnetaceae) (152)
Lehmbachol D (142) Gnetum cleistostachyum (Gnetaceae) (152)
Maackolin (143) Maackia amurensis (Fabaceae) (153)

Fig. 30. Maackia amurensis
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C25H24O8, [a]D �21.8�cm2 g�1 showed in its 1H NMR spectrum eight aromatic

proton signals, of which six occurred in AMX and AX2 patterns (Table 19), along

with the signals of a trans double bond at d 6.94 (d, J¼ 16.4 Hz) and d 7.02 (d, J¼
16.3 Hz) ppm, corroborating the presence of a stilbene moiety. The 13C NMR

spectrum (Table 20) supported by a HMQC experiment showed carbon resonances

for two methoxy groups (dC 56.7 ppm) and a phenylpropanoid unit, in addition to

the stilbene nucleus. This was further ascertained from the presence in the proton

NMR spectrum of an aromatic singlet at d 6.84 (2H) ppm, two trans-coupled
oxymethine signals at d 4.97 (d, J ¼ 8.1 Hz) and 4.14 (m) ppm, oxymethylene

signals at d 3.53 (dd, J ¼ 4.1, 12.3 Hz) and 3.74 (dd, J ¼ 2.3, 12.4) ppm, and two

methoxy singlets at d 3.84 ppm. From the coupling between the two deshielded

oxymethine signals (d 4.97 and 4.14 ppm) in the HMBC spectrum, the linkage

of the stilbene moiety with the phenylpropanoid unit was assigned through a

1,4-dioxane ring. The exact structure of aiphanol (3-O-70/4-O-80 linkages) among

the regioisomeric alternative formulations (3-O-70/4-O-80 or 3-O-80/4-O-70) was

deduced through long-range NMR correlation studies. The large coupling constant

O

O

OH

O

OOH

HO

OH

7'

8'

3
7

4

4'

13

11

138 (aiphanol)

OH

HO

7'

8'

3

7
5

9'

9

12

140 (gnetofuran A)

O

OH

O
O

1

3'

O

OH

O

OH

HO

O

HO

HH

139 (gnetifolin F)

7'

8'

9'
7

8

1014

2
4

3'

4'

OH

HO

7'

8'

3

7
5

9'

9

12

141 (gnetucleistol F)

O

OH

O
O

1

3'

O

OH

O

OH

HO

O

HO

HH

142 (lehmbachol D)

7'

8'

9'
7

8

1014

2
4

3'

4'

O

O

OH

O

OH

HO

OH

HO

HH

143 (maackolin)

7'

8'

9'
7

8

1014

2
4

4'

O

OHOH

Chart 3. Structural formulas of stilbenolignans

54 S.A. Begum et al.



Table 20. 13C NMR spectroscopic data (d/ppm) of compounds 138, 139, and 140 in Me2CO-d6

Carbon Aiphanol (138) Gnetifolin F (139) Gnetofuran A (140)

C-1 131.8 135.5 132.0

C-2 115.4 110.5 111.9

C-3 145.1 148.3 145.3

C-4 144.5 146.7 149.3

C-5 117.8 115.5 130.5

C-6 120.9 119.6 116.4

C-7 128.1 88.3 129.5

C-8 128.7 59.7 127.2

C-9 140.6 148.3 140.8

C-10 105.8 122.8 105.6

C-11 159.6 155.8 159.6

C-12 102.8 102.7 102.7

C-13 159.6 159.8 159.6

C-14 105.8 103.3 105.6

C-10 128.1 138.0 134.3

C-20 106.1 111.9 110.5

C-30 148.8 148.0 148.4

C-40 137.3 145.5 147.3

C-50 148.8 115.4 115.7

C-60 106.1 120.3 119.6

C-70 77.5 51.0 88.6

C-80 79.7 55.9 54.7

C-90 61.9 74.5 64.6

OCH3–3 – 56.2 56.4

OCH3–3
0 56.7 56.1 56.2

OCH3–5
0 56.7 – 56.2

Table 19. 1H NMR spectroscopic data (d/ppm (J/Hz)) of compounds 138, 139, and 140 in

Me2CO-d6

Proton(s) Aiphanol (138) Gnetifolin F (139) Gnetofuran A (140)

H-2 7.13 d (1.9) 7.03 d (2.0) 6.98 br s

H-5 6.90 d (8.3) 6.82 d (8.0) –

H-6 7.08 dd (8.4, 1.9) 6.89 dd (8.0, 2.0) 7.00 br s

H-7 6.94 d (16.4) 4.71 d (4.0) 6.89 d (16.4)

H-8 7.02 d (16.3) 3.81 dd (8.8, 4.0) 6.78 d (16.4)

H-10 6.56 d (2.0) – 6.41 d (2.1)

H-12 6.28 brt (1.9) 6.27 d (2.0) 6.14 t (2.1)

H-14 6.56 d (2.0) 6.35 d (2.0) 6.41 d (2.1)

H-20 6.84 s 6.73 d (2.0) 6.92 d (2.1)

H-50 – 6.66 d (8.0) 6.67 d (8.1)

H-60 6.84 s 6.50 dd (8.0, 2.0) 6.75 dd (8.1, 2.1)

H-70 4.97 d (8.1) 4.18 s 5.45 d (5.4)

H-80 4.14 m 3.03 q (8.8) 3.41 dt (12.2, 5.4)

H-90 3.53 dd (12.3, 4.1) 4.46 t (8.8) 3.74 m

3.74 dd (12.4, 2.3) 3.51 t (8.8)

OCH3–3 – 3.86 s 3.73 s

OCH3–3
0 3.86 s – –

OCH3–5
0 3.86 s 3.86 s 3.73 s
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(JH-70,H-80 ¼ 8.1 Hz) and the NOE correlation between H-80 and H-20, clearly
showed the trans configuration of the chiral centers of the dioxane bridge. Thus,

structure 138 was finalized for aiphanol (149), which was later confirmed through

synthesis.

The structural novelty and various biological activities elicited by this com-

pound prompted the synthesis of 138 by different workers following different

strategies. Some of the successful reports are described here. Banwell et al. reported
the synthesis of (�)-aiphanol (154) based on the standard procedures of Stermitz’s
modification (124). A mixture of (�)-138, its regioisomer (157), and their stereo-

isomers 158 and 159 was obtained by treatment of the stilbene, piceatannol (144),
and 4-hydroxy-3,5-dimethoxycinnamyl alcohol (156) with silver carbonate in ace-

tone-benzene (155). The reaction steps for the synthesis of starting materials 144
and 156, and their oxidative coupling steps are shown in Schemes 9a, 9b, and 9c.

Kuboki and colleagues (156) reported a total synthesis of (�)-138 following a

strategy developed by Pan et al. (141) for the synthesis of (�)-sinaiticin (96).

OH

OH

OHC
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OTBDMS
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Ac2O, Py, C6H6, 18°C, 16 h

i. PPh3, C6H6, 80°C, 3 h
148 149 150 R = Ac, R1

 = Br 

ii. MeOH, p-TsOH

147 + 152
Wittig coupling

BuLi, THF, 0 - 18°C, 18 h
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OH

HO

153 R = TBDMS
144 R = H

Tetra-n-butylammonium fluoride
THF, 0°C, 5 min

152 R = H, R1
 = PPh3Br
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Br R1OH

Scheme 9a. Synthesis of piceatannol (144)
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Scheme 9b. Synthesis of sinapic alcohol (156)
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The key intermediate for this synthesis was an aromatic aldehyde, linked with

sinapyl alcohol (156) through a dioxane bridge. The aldehyde 166, on treatment

with the appropriate phosphonium salt, yielded the desired stilbene. The essential

steps of the preparation of the intermediate are summarized below.

1. Preparation of the ortho-quinone 162 from p-hydroxyacetophenone (160). This
involved silylation of acetophenone, ketal protection, desilylation, and regiose-

lective oxidation of phenol to o-quinone 162 using o-iodoxybenzoic acid (IBX)

(Scheme 10a).

2. [4þ2] Cycloaddition of ortho-quinone 162 with tert-butyldimethylsilyl ether of

sinapyl alcohol (163) yielded the 1,4-dioxane-linked adduct 164, as shown in

Scheme 10b, but no regioisomer was detected. The ketal group in 164 was

removed under acidic conditions and the derived ketone, a trans-cis mixture in

the ratio of 2:1, on treatment with alkali, yielded the trans-isomer, 165, in a good
yield. The ketone 165 was converted to the key intermediate aldehyde 166
through the iodoform reaction, esterification, LAH reduction, and oxidation

with Dess-Martin periodinane after protection of the hydroxy groups by MOM

groups (Scheme 10b).

3. The stilbene skeleton of 138 was constructed by Wittig olefination between the

key aldehyde (166) and phosphonium salt, 167, as shown in Scheme 10c. The

(Z)-isomer from the (E)/(Z) mixture (7:1), formed by the reaction, was separated

by HPLC to give pure (�)-aiphanol (138).

An enantioselective total synthesis of (�)-138 was also achieved using (1R,2R)-
1-(30,50-dimethoxy-40-methoxymethoxyphenyl)-2,3-dihydroxypropanol, the absolute

stereochemistry of which was confirmed by single-crystal X-ray analysis of a

readily available bromo- derivative. It was proved to have the (S)-configuration at

both the 70 and 80 positions (157).

144 + 156
Ag2CO3, Me2CO-C6H6, 60°C, 18 h
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Scheme 9c. Coupling reaction involved in the synthesis of (�) - aiphanol (138)
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4.2.2. Gnetofuran A and Gnetucleistol F

Gnetofuran A (140) and gnetucleistol F (141) are stilbenolignans formed through a

dihydrofuran bridge (151, 152). Gnetofuran A (140), C25H24O7 [(M-H)� m/z 435],
[a]D �7�cm2 g�1, showed the presence of a conjugated system (lmax 308, 288, 220

nm) in the UV spectrum. The 1H NMR and 1H-1H COSY spectra revealed the

presence of three substituted aromatic rings, with the protons appearing as AB,

A2B, and ABX systems (Table 19) and two methoxy groups at d 3.73 and 3.69 (s)

ppm. The presence of a pair of trans-coupled olefinic proton signals at d 6.89 (d, J¼
16.4 Hz) ppm and d 6.78 (d, J ¼ 16.4 Hz) ppm, taken together with the AB, A2B

aromatic proton systems and its UV spectrum, suggested the compound to be a

stilbene derivative. The existence of a spin system of four aliphatic protons (ben-

zylic methine at d 5.45 (d, J ¼ 5.4 Hz, 1H) ppm and 3.41 (dt, J ¼ 12.2, 5.4 Hz, 1H)

ppm and oxymethylene at d 3.74 (m, 2H) ppm) and an aromatic ABX system

indicated the presence of a phenylpropanoid unit in gnetofuran A. By considering

the degrees of unsaturation, deshielding of the benzylic proton doublet (d 5.45 ppm)

and the HMBC correlation of H-70 (d 5.45 ppm) with C-4 (d 149.3 ppm), the linkage

of the stilbene moiety with the phenylpropanoid unit through the dihydrofuran ring

was confirmed. Based on findings from the COSY and HMBC NMR spectra, which

revealed the linkages between C-7/C-1, C-8/C-9, C-80/C-5, and C-70/C-10, the
structure of gnetofuran A was proposed as 140. The interaction between H-70 and
H-90 in the NOESY spectrum disclosed the relative configuration at the dihydro-

furan ring as trans.
The congener, gnetucleistol F (141), C26H26O8 [Mþ m/z 466.160], showed

absorption bands for hydroxy (3,350 cm�1) and aromatic moieties (1,608, 1,518,

1,464 cm�1) in the IR spectrum. Strong absorption bands at 310 (4.24) and 327 nm

(4.29) in its UV spectrum indicated the presence of a stilbene-like conjugated

system. The 1H and 13C NMR spectroscopic data of 141 were comparable to

those of 140, but revealed the presence of an additional methoxy group, which

was positioned at C-50 based on the HMBC spectrum. The structures determined for

gnetucleistol F (141) and gnetofuran A (140) were eventually confirmed through

their biomimetic synthesis (152). Oxidative coupling of 4-hydroxy-3,5-dimethoxy-

phenylpropenol (156), derived from sinapinic acid (154) through esterification and

subsequent LAH reduction, with isorhapontigenin (169) in the presence of silver

oxide as the catalyst, yielded two stilbenolignans, gnetucleistol F (141) and lehmba-

chol D (142), along with shegansu B (170), a dimer of 169 (Scheme 11). A similar

reaction between ferulyl alcohol (45) and 169 yielded 140, gnetifolin F (139) and the
same dimer of isorhapontigenin, 170, which is summarized in Scheme 12.

4.2.3. Gnetifolin F and Related Stilbenolignans

Gnetifolin F (139), C25H24O7 [M
þm/z 436 (FDMS)]; [a]D 0�cm2 g�1, isolated from

the lianas of Gnetum parvifolium, is a novel stilbenolignan, the structure of which
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was deduced mainly by the application of 1H-1H COSY, 13C-1H COSY, 13C-1H

COLOC, and NOE difference experiments (150). Compound 139 formed a tetra-

acetate, for which the mass spectrum showed the molecular ion peak at m/z 604 and
fragment ions at m/z 562, 520, 368, 326, 284, and 137, with this fragmentation

pattern comparable to that of compounds of the 2,6-diaryl-3,7-dioxabicyclo[3.3.0]-

octane series. The presence of the 3-oxabicyclo[3.3.0]-octane system in gnetifolin

F was supported by its 1H NMR spectrum, which showed signals for eight aromatic

hydrogens [d 7.05 – 6.62 (2 x ABX systems, 2meta-coupled Ar-H) ppm], six proton

signals comprised of two methylene protons [d 4.41 (dd, J ¼ 9.0, 7.0 Hz, 1H] and

3.93 [dd, J ¼ 9.0, 5.5 Hz, 1H) ppm], two benzylic protons [d 4.81 (d, J ¼ 6.5 Hz,

1H) and 4.30 (d, J ¼ 5.5 Hz, 1H) ppm], and the bridgehead protons at d 3.33 (m)

ppm and d 3.86 (m) ppm. The assignments made using the 1H-1H COSY spectrum

were supported by the 13C- and other NMR spectra. The positions of the methoxy

groups (d 3.86 and 3.74 ppm, s) at C-3 and C-30, and the arrangement of the

aromatic rings were ascertained through 2D NMR spectroscopic analysis. The

NOE spectrum showed a cis relationship between the bridgehead hydrogens

(H-8 and H-80). The structure 139 deduced for gnetifolin F on the basis of the

spectroscopic data of gnetifolin F tetraacetate was confirmed through single-crystal

X-ray analysis (150). The biomimetic synthesis (152) of the compound is shown in

Scheme 12. The 1H and 13C NMR data of gnetifolin F (151) are presented in

Tables 19 and 20.

Maackolin, C25H24O8, isolated from Maackia amurensis, was identified as

8-epi-80-epi-3-de-O-methyl-50-methoxygnetifolin F (143), based on the spectro-

scopic comparison between maackolin pentacacetate and gnetifolin F tetraacetate,

and NOE difference NMR experiments on maackolin (153). Lehmbachol D (142),
isolated from G. cleistostachyum, is structurally similar to 143 and it possesses a

methoxy group in place of the hydroxy group at the C-3 position. The NOE
correlation of H-8 and H-80 indicated their mutual cis orientation. The biomimetic

synthesis of 142 has also been described (152) (Scheme 11).

4.3. Biological Activity of Stilbenolignans

Stilbenolignans have been proposed as anti-inflammatory lead compounds. Aipha-

nol (138) showed inhibitory activities against cyclooxygenases-1 and -2 (COX-1

and COX-2) with IC50 values of 1.9 and 9.9 mM, (149). Banwell and coworkers

determined the anti-angiogenic properties of (�)-138 and its isomers through an

in vitro angiogenesis assay using the rat aorta. Racemic aiphanol completely

inhibited blood vessel growth at 100 mg ml�1 and, its isomers 157 and 159 also

behaved similarly (154).
Yao et al. (153) reported the moderate anti-inflammatory potency of the stilbe-

nolignans, gnetucleistol F (141), gnetofuran A (140), lehmbachol D (142), and
gnetifolin F (139), as demonstrated in an inhibition bioassay on TNF-a production.
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Compound 141 also exhibited inhibition of malondialdehyde and thereby qualified

as a potent antioxidant.

4.4. Biogenesis of Stilbenolignans

The extension of a cinnamoyl-CoA chain (126) with malonate leads to the polyke-

tide 127, which may be folded differently, depending on the enzymes present in the

plant (Fig. 32). Stilbene synthase, for example, converts the polyketide into a

stilbene (171) through an aldol-type condensation (86).
Like the coumarinolignans, the dioxane-bridged stilbenolignan, aiphanol (138),

may be derived biogenetically through oxidative radical coupling of the stilbene,

piceatannol (144), with sinapic alcohol (156) (Fig. 33). During the biogenesis of

gnetofuran A (140), the isorhapontigenin radical (169a) couples with the coniferyl

alcohol radical (45a) to form intermediate 172, which undergoes intramolecular

cyclization to build the dihydrofuran bridge (151), as outlined in Fig. 34. In the case
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of gnetifolin F (139) (152), radical coupling occurs between the 8 and 80 positions
of the cinnamyl moieties of 169a and 45a (Fig. 35).
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1. Introduction

Shortly after Sert€urner’s isolation of morphine in 1806, which signified the start of

plant secondary products research, picrotoxin was isolated by the French scientist

Boullay (1811) from the dried fruits of a liana growing in India and Southeast

Asia (1). Although the plant had no value as therapeutic in Western medicine,

picrotoxin was isolated even prior to such therapeutically most important plant

constituents as emetine (1816) and quinine (1820). Its high toxicity and the ease

of isolation by crystallization from water were responsible for the very early

discovery of this first member of the picrotoxanes or tutinanolides. Picrotoxanes

are a group of sesquiterpenes, sesquiterpene alkaloids, and “norditerpenes” with

highly complex, mostly tetra- or pentacyclic structures and up to 12 stereogenic

centers. Thus, it is not surprising that it took 70 years to learn that the crystalline

substance picrotoxin is a molecular compound consisting of equal amounts of

picrotoxinin (1), one of the most potent plant toxins, comparable in lethality with

strychnine, and the less active hydrated derivative picrotin (2). An additional 80

years were to pass until the advent of modern spectroscopy allowed Conroy to

complete his pioneering elucidation of the structure of picrotoxinin and picrotin.

In the meantime more than ten new structural relatives had been isolated from

very diverse plant families. In 1866, coriamyrtin (9) was isolated from the toxic

berries of the tanner’s brush, the only European plant known to contain picro-

toxanes. Around the turn of the last century, loss of cattle in New Zealand prom-

pted the investigation of the active principle of a shrub with succulent leaves

called “tutu” or “toitoi” by the Maoris. The main toxin found was accordingly

named tutin (11). Later, toxic honey from the same area was analyzed and found

to contain a similar sesquiterpene the authors called “mellitoxin” (15). This

represents a very early discovered example of a toxin passed through the food

chain with a sap-sucking insect, with its honeydew and honeybees as intermed-

aries. In the first half of the twentieth century, Chinese and Japanese researchers

looked at the active compounds of concoctions from orchids of the genus

Dendrobium widely used in China and also in Japan as tonic and treatment for

a variety of ailments. Thus, dendrobine (82), the first of the picrotoxane-type

alkaloids, was detected. A highly toxic South African tree was the next source of

picrotoxanes, when in 1920, hyenanchin (15) was isolated. When re-examined in

the 1960s, this turned out to be identical with mellitoxin. Not only the existence

of identical compounds in evolutionary distant plant families was remarkable but

also the co-occurrence of picrotoxanes with analogs with an extended carbon

skeleton, the so-called “norditerpene” picrotoxanes. Most picrotoxanes have

shown a similar physiological activity. These neurotoxins are antagonists of

neurotransmitters of various ligand gated chloride channels in the central nervous

system and as such have played an important role as research tools in neurobiology.

In two reviews (2, 3) knowledge gained on the picrotoxanes has been summarized
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up to 1968. Despite the many interesting aspects of this group of sesquiterpenes,

pseudoalkaloids, and “norditerpenes,” no comprehensive review has appeared since.

Meanwhile the number of picrotoxanes has grown from 15 to 102, and 27 syntheses

have been reported, and some of these have become classics of total synthesis.

Publications of their biological activity have increased tremendously. In contrast,

the number of species examined for picrotoxanes has only increased modestly,

despite the fact that picrotoxanes are found in several angiosperm plant families

growing world-wide in tropical and subtropical latitudes. The expectation of many

more structures to be found among this compound class as well as the riddle of their

occurrence in evolutionary distant plant families and the scant knowledge of the

advantage gained by the plants that produce them are additional reasons for the

present review. This chapter covers information discovered on the picrotoxanes

since Porter and Coscia completed their reviews in 1967 and 1969, respectively.

2. Tabular Overview of the Picrotoxanes

The following five tables show the structures of all naturally occurring picrotoxanes

(¼ tutinanolids), with their names, synonyms, and formulae in the first column, and

the structures in the second column. Within the third column follow the plant

(animal) source (family and name of species), and the geographical distribution.

In the fourth column, the part of the plant and the solvent used for extraction are

given and the yields of the purified substances complete the column. Analytical data

collected and additional methods used for structure determination are included in

the fifth column. The references in the sixth column are provided in detail only for

structures determined after 1968. Earlier structure determinations were admirably

covered by Porter and Cosca (2, 3). Table 1 lists the dilactone picrotoxanes, and, as
in subsequent tables, the compounds are listed roughly according to their date of

discovery. Table 2 records the monolactone picrotoxanes and is followed by a short

table recording sesquiterpene picrotoxanes (Table 3) deviating from the structures

of those presented in Tables 1 and 2. In Table 4, the “norditerpene” picrotoxanes

(C18- and C19-picrotoxanes) are presented and the dendrobines are shown in

Table 5. The structures are shown in their most stable conformation and they

deviate from earlier attempts to represent stereostructures, which often presented

the cylohexane moiety of the picrotoxanes in the boat conformation with the methyl

group and the isoprop(en)yl group in the flag pole position! In contrast to earlier

drawings, the structures are presented with the convex face above. Thus, prefixes a
and b are avoided and substituted by exo and endo. Numbering of the picrotoxane

skeleton has been unified; therefore this sometimes differs from that given in the

original papers.
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74 E. Gössinger



A
d
u
n
ci
n
(4
)

O

O
O

O

O
H

O
O

H

4

O
rc
h
id
ac
ea
e:

D
en
dr
ob

iu
m

ad
un

cu
m
,
n
u
rs
er
y
in

W
es
t
B
en
g
al
,
In
d
ia

F
re
sh

p
la
n
ts
ex
tr
ac
te
d
w
it
h

C
H
3
O
H
y
ie
ld
ed

af
te
r
fu
rt
h
er

p
ar
ti
ti
o
n
in
g
an
d
cr
y
st
al
li
za
ti
o
n

4
�

1
0
�3
%

M
p
;
M
S
;
IR
;
1
H
-N

M
R
;

1
3
C
-N

M
R
;
[a
] D
;
C
D

(1
3
–
15

)

C
1
5
H
1
8
O
7

A
m
o
ti
n
(5
)

O

O
H

O

O

O
O

H

5

O
rc
h
id
ac
ea
e:

D
en
dr
ob

iu
m

am
oe
nu

m
,
n
u
rs
er
y
in

W
es
t
B
en
g
al
,
In
d
ia

F
re
sh

p
la
n
ts
ex
tr
ac
te
d
w
it
h

C
H
3
O
H
y
ie
ld
ed

af
te
r
re
p
ea
te
d

ch
ro
m
at
o
g
ra
p
h
y
5
�

1
0
�
3
%
;

d
ri
ed

p
la
n
ts
ex
tr
ac
te
d
w
it
h

C
H
3
O
H
y
ie
ld
ed

af
te
r

ch
ro
m
at
o
g
ra
p
h
y
4
�

1
0
�
3
%

M
p
;
M
S
;
IR
;
1
H
-N

M
R
;

1
3
C
-N

M
R
;
[a
] D
;
C
D
;

ad
u
n
ci
n
w
as

co
n
v
er
te
d

in
to

am
o
ti
n
b
y

h
y
d
ro
g
en
o
ly
si
s

(1
5
,
16
)

C
1
5
H
2
0
O
6

D
en
d
ro
b
iu
m
an
e
E

(6
)

O

O
H

O
O

O
H

O

O 6

O
rc
h
id
ac
ea
e:

D
.
m
on

il
if
or
m
e,

Y
u
n
n
an

(C
h
in
a)

D
ri
ed

st
em

s
ex
tr
ac
te
d
w
it
h

C
2
H
5
O
H
y
ie
ld
ed

af
te
r
re
p
ea
te
d

ch
ro
m
at
o
g
ra
p
h
y
2
.6

�
1
0
�
4
%

A
m
o
rp
h
o
u
s;
M
S
;
IR
;
1
H
-

N
M
R
;
1
3
C
-N

M
R
;
2
D
-

N
M
R
;
[a
] D

(1
1
)

C
1
5
H
1
8
O
7

(c
on

ti
nu

ed
)

Picrotoxanes 75



T
a
b
le

1
.
(c
o
n
ti
n
u
ed
)

T
ri
v
ia
l
n
am

e

fo
rm

u
la

S
tr
u
ct
u
re

N
at
u
ra
l
so
u
rc
e

Is
o
la
ti
o
n

S
tr
u
ct
u
re

d
et
er
m
in
at
io
n

R
ef
er
en
ce
s

F
la
k
in
in

A
(7
)

O

H
O

O

O

O 7

O
rc
h
id
ac
ea
e:

D
en
dr
ob

iu
m

no
bi
le
,

cu
lt
iv
ar

D
.
Sn

ow
fla

ke
“R

ed
S
ta
r”

W
h
o
le

p
la
n
ts
ex
tr
ac
te
d
w
it
h

C
H
3
O
H
y
ie
ld
ed

af
te
r

re
p
ea
te
d
ch
ro
m
at
o
g
ra
p
h
y

2
�

1
0
�4
%

A
m
o
rp
h
o
u
s;
E
S
IM

S
;
IR
;

1
H
-N

M
R
;
1
3
C
-N

M
R
;

2
D
-N

M
R
;
[a
] D

(1
7
)

C
1
5
H
2
0
O
5

a-
D
ih
y
d
ro
-

p
ic
ro
to
x
in
in

(8
)

O

O

O
O

O
H

O

8

O
rc
h
id
ac
ea
e:

D
.
m
on

il
if
or
m
e,

Y
u
n
n
an

(C
h
in
a)

D
ri
ed

st
em

s
ex
tr
ac
te
d
w
it
h

C
2
H
5
O
H
y
ie
ld
ed

af
te
r

p
ar
ti
ti
o
n
in
g
an
d
re
p
ea
te
d

ch
ro
m
at
o
g
ra
p
h
y
2
�

1
0
�
4
%

A
m
o
rp
h
o
u
s;
M
S
;
IR
;

1
H
-N

M
R
;
1
3
C
-N

M
R
;

2
D
-N

M
R
;
[a
] D
;

co
m
p
ar
is
o
n
w
it
h

p
ic
ro
to
x
in
in

re
d
u
ce
d

w
it
h
H
2
/P
t

(2
,
3
,
11
,

12
,
15
)

C
1
5
H
2
0
O
5

76 E. Gössinger
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3. Occurrence

3.1. Systematic and Geographic Occurrence
of Picrotoxane-Containing Plants

When Porter published his comprehensive review in 1967, fifteen picrotoxanes

were known (2). Even then, the strangely scattered occurrence of these sesquiter-

pene lactones within the families of the angiosperms was noticed. Since this time,

due to modern cladistics, especially through DNA sequencing, families and orders

of the angiosperms have been regrouped (91–93) emphasizing the evolutionary

distance of these plant families containing picrotoxanes. In this review, I shall

follow the classification as demonstrated in AGP II (92). Thus, in several cases, the
family and even the order can differ from that given in the original papers, or in

Porter’s and Coscia’s accounts (2, 3) as well as inHegnauer’s “Chemotaxonomy of

Plants” (94). Since Porter’s account (2) nearly 90 new picrotoxanes have been

reported, with most of these isolated from plants within families, in which picro-

toxanes were detected already.

3.1.1. Menispermaceae

The first picrotoxanes discovered were isolated from the dried seeds ofMenispermum
cocculus (Anamirta cocculus) (1). Their characteristic features are two g-lactones
and an oxirane.M. cocculus belongs to the Menispermaceae (“moon seed” family),

which is in the order Ranunculales, and thus part of the primitive eudicots. So far,

M. cocculus is the only species of the primitive eudicots recorded to contain

picrotoxanes, and this species can be found in India, Sri Lanka, and southeast Asia.

3.1.2. Coriariaceae

Within the core eudicots two orders belonging to the rosids are known to accumulate

picrotoxanes. The Coriariaceae are a family with only one genus, allocated to the

order Cucurbitales (subclass eurosids II). The characteristic features of their picro-

toxanes are the monolactone picrotoxanes containing one or two oxiranes. According

to Yokoyama et al., Coriaria sp. have one of the most disjunct distributions within the

families of angiosperm (95). Despite this fact, the picrotoxanes isolated from species

found in the Mediterranean countries, South and Middle America, South Africa, New

Zealand, Nepal, China, Tibet, Taiwan, and Japan are tutin (11) and/or coriamyrtin (9),

as the main toxic sesquiterpenes, accompanied by a few very similar structures. Of all

the species investigated so far: Coriaria myrtifolia (southern Europe, North Africa),

C. ruscifolia (South Africa, Chile), C. sinica, C. nepalensis (China), C. microphylla
(¼ C. thymifolia) (high altitudes of Central America and northern South

America), C. intermedia (Taiwan), C. japonica (Japan), C. arborea, C. sarmentosa,
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C. angustissima, C. pteroides, C. plumosa (New Zealand), and C. terminalis (Tibet),
only C. nepalensis contains structurally deviant picrotoxanes, coriatone (53) and

corianlactone (54) (69). Evidence of diurnal or seasonal fluctuation of picrotoxanes

in plants has never been sought intentionally, but Jommi et al. (96) mentioned

variable concentration levels of coriamyrtin and tutin in C. japonica. Thus the main

picrotoxane, coriamyrtin, disappears in the autumn, when tutin (2-hydroxycoriamyr-

tin) becomes the main picrotoxane.

3.1.3. Picrodendraceae and Phyllanthaceae (Formerly Euphorbiaceae)

Within the subclass eurosids I, two closely related families of the order Malpighi-

ales have been found to contain picrotoxanes. In turn, within the Picrodendraceae,

(Euphorbiaceae s.l.), three genera (Hyenanche, Picrodendron and Celaenoden-
dron) are known to contain monolactone picrotoxanes and the structurally related

“norditerpene” picrotoxanes. Their most characteristic picrotoxanes are the “nor-

diterpene” picrotoxanes. So far this structural variant of the picrotoxanes is

restricted to this family. In the sister clade, the Phyllanthaceae (formerly Euphor-

biaceae) one species of the genusMaesobotrya is known to produce a sesquiterpene
picrotoxane. Only one species each in South Africa (Cape region), West Africa

(south and east Cameroon to the Congo basin, and southern Nigeria), Mexico

(Pacific Ocean coast), and the West Indies has been found to contain picrotoxanes.

Different parts of these plants have been examined. Whereas dried fruits were

extracted fromHyenanche andMaesobotrya, in Picrodendron and Celaenodendron
mainly the stem bark was examined.

3.1.4. Orchidaceae

The structurally most diverse picrotoxanes occur within one large genus, Dendro-
bium (1,100 species), of the Orchidaceae (order: Asparagales) belonging to the

monocot(yledon)s. The most characteristic structures are the sesquiterpene alka-

loids, the dendrobines. Next to these pseudoalkaloids, Dendrobium species bio-

synthesize monolactone as well as dilactone picrotoxanes, and additionally

picrotoxanes, in which the lactone functionalities are reduced formally to alcohols

and in some cases glucosylated. Remarkably no picrotoxanes with an extended

carbon skeleton (norditerpenes) have been isolated so far from this genus, although

two examples of sesquiterpene alkaloids with an extended carbon skeleton were

found. Dendrobium species grow in Asia, Australia, and Oceania (with over 500

species in New Guinea). They are very popular ornamental plants and thus many

cultivars are grown industrially mainly in India, Japan, and especially in Hawaii.

According to Wang et al., Dendrobium nobile cultivated on trees may contain one

to three unknown alkaloids not found in wild D. nobile. The overall content of

alkaloids is lower than in wild D. nobile (3.2% in stems, 0.8% in leaves and 0.08%

in roots) (97). So far, the following Dendrobium species have been examined and
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found to contain picrotoxanes: D. aduncum,D. amoenum, D. densiflorum,D. nobile
and cultivars, D. linawianum, D. findlayanum, D. hildebrandii, D. friedricksianum,
D. moniliforme, and D. wardianum.

3.2. Parasitic Plants

3.2.1. Convolvulaceae

Guo et al. reported the isolation of picrotoxanes from Cuscuta japonica (Japanese

dodder), a parasitic vine of many shrubs, growing in China, Korea, and Japan (41).
This was the first report of a picrotoxane detected within the Asterid subclass of the

core eudicots. The picrotoxanes of this member of the Convolvulaceae are also

found as constituents of Coriaria species. As this plant is a parasite, it is possible

that the picrotoxanes present were received from the sap of its host.

3.2.2. Loranthaceae

That such a transfer as hypothesized in section 3.2.1 above does occur within

Coriaria species and their parasites, plants, or animals, has been proven. Lorantha-

ceae, relatives of the mistletoe (order: Santalales; core eudicots) grow on the twigs

of Coriaria species. With the help of their haustorias they participate in the sap of

their host. The picrotoxanes were extracted from the leaves of this parasitic plant.

3.3. Picrotoxanes Found in Animals and Animal Products

The Australian passion vine hopper, Scolypopa australis, a sap-sucking insect

(homoptera) indigenous to eastern Australia, was accidentally introduced to

New Zealand around 1870. Being a generalist, it was able to adapt to New

Zealand’s native plants, and it has developed into a veritable pest, especially in

kiwi fruit orchards. In years of limited nectar sources (mostly in conditions of

drought), it can be found on New Zealand’s most toxic plant Coriaria arborea.
Honeydew excreted by this plant hopper when feeding on C. arboreawas examined

and found to contain picrotoxanes (32, 98). In addition to the main toxic constituent

of C. arborea, tutin (11), its oxidation product hyenanchin (15) was detected.

Honeybees collect the honeydew these insects excrete only under unfavorably dry

conditions storing it as toxic honey(10, 99, 100). Nowadays, New Zealand honey

from hazardous areas is strictly controlled. This very early-discovered example of

the transfer of toxins via the food chain demonstrates the rapid adaptability of

insects and the possible danger of insect immigrants.

Unfortunately, the next isolation of a picrotoxane from a sap-sucking insect,

Asterococcus muratae (Homoptera), has only been presented at two scientific

110 E. Gössinger



conferences. Thus, knowledge about the plant-host of this scale insect is as yet

preliminary in nature (50, 51).
The strangest report so far is the isolation of the three main picrotoxanes of

M. cocculus in the haplosclerid marine sponge Spirastrella inconstans (¼ Cliona
inconstans) (7). Aware of the fact thatM. cocculus was formerly used to stun fish, a

practice nowadays forbidden, the authors tried to ascertain that the sponge could not

have harvested those toxins from the surrounding sea water. Therefore, the seawater

was tested too, but no trace of picrotoxinin was detected in the water samples (7).
There still remains some doubt as to how the sponge could biosynthesize identical

picrotoxanes to those of M. cocculus. Also, nothing is known about how long the

sponge is able to store such toxins unharmed.1

3.4. The Riddle of the Scattered Taxonomic Occurrence
of Picrotoxanes

How can this scattered taxonomic occurrence of the picrotoxanes be explained?

Many of the apparent chemical convergences in animal toxins have been explained

as toxins received via the food chain (e.g. brevetoxin, pederin, saxitoxin, tetrodo-
toxin, and the toxins of the arrow-poison frogs). This may explain the occurrence of

picrotoxanes in both parasitic animals and plants, but further research will be

necessary for a better understanding of this phenomenon.

Since the biosyntheses of secondary metabolites in plants needs a range of

enzymes (usually 10–20), thus the corresponding genes including those for regula-

tion, makes the occurrence of identical or very similar highly complex structures in

evolutionary distant clades by independent biosynthesis pathways (chemical con-

vergence) rather unlikely. However, scattered secondary metabolite distribution in

distant clades is not unknown (e.g. camptothecin (101) and the cardiac glycosides

(102)). Explanations other than chemical convergence are slowly emerging, such as

transfer of secondary metabolism by ecto- or endophytic microorganisms (103,
104), general (dormant) biosynthetic pathways (102, 105), and horizontal gene

transfer by intracellular bacteria and viruses. So far no evidence for any of these

possibilities has emerged for the picrotoxanes.

4. Isolation of Picrotoxanes

The isolation procedures for the picrotoxanes have been mostly quite conven-

tional. Plant material has been extracted with alcohols, and in few cases with

chloroform. On concentration, water was added in many cases with subsequent

1For other unexplained occurrences of secondary metabolites in marine sponges and phylogeneti-

cally very distant species see references (282, 283).
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partitioning with hexane, a halogenated solvent, and butanol. Successful chro-

matographic separation on silica gel or alumina has not been easily achieved in

most cases, with rechromatography necessary for final compound purification.

A few of the more recent isolation protocols are given as examples in the

paragraphs below.

4.1. Examples of Recent Isolation Procedures

4.1.1. Isolation from M. cocculus (A. cocculus)

Picrotoxin, a cristalline compound mixture consisting of picrotoxinin (1) and

picrotin (2) in equal amounts, is commercially available. Separation of these two

substances is possible by chromatography, crystallization in organic solvents, and

obviously most easily by bromination, chromatography, and debromination. The

last-recorded isolation from A. cocculus (8) started with air-dried seeds that were

extracted with methanol at room temperature. The filtered solution was evaporated

below 60�C. Separation was carried out by chromatography on silica gel with

hexane/ethyl acetate mixtures of increasing polarity. The fractions cut were rechro-

matographed yielding 0.017% picrotoxinin (1), 0.0034% methyl picrotoxate (42),

0.073% picrotin (2), and two new picrotoxanes, 0.0022% dihydroxypicrotoxinin

(3), and 0.0014% picrotoxic acid (44).

4.1.2. Isolation from the Sponge S. inconstans (C. inconstans)

The shade-dried sponges were extracted first with n-hexane and then with ethyl

acetate. The latter extract was evaporated to dryness and chomatographed on silica

gel with benzene/ethyl acetate mixtures yielding 0.025% picrotoxinin (1), 0.003%

methyl picrotoxate (42), and 0.017% picrotin (2) (7).

4.1.3. Isolation from Coriaria Species

As mentioned in the last section, Coriaria species accumulate few but similar

picrotoxanes. When the separation of ethanol extracts of the fruits of Coriaria
species has been afforded by crystallization, a third compound, “pseudotutin,” in

addition to tutin (11) and coriamyrtin (9) was isolated by crystallization from water.

Okuda et al. (21, 40) revealed that pseudotutin is a molecular compound compara-

ble to picrotoxin. These authors extracted Coriaria japonica and recrystallized

pseudotutin from chloroform. Interestingly, in this organic solvent with marginal

hydrogen-binding propensities this highly oxygenated molecular compound dis-

sociates and tutin (11) crystallizes. Repeated recrystallization from the mother

liquor yielded corianin (21). The most recent investigation of C. japonica was
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reported by Kinoshita et al. (28). These researchers proved that the flesh (sarcocarp)
of the berries (pseudocarps) of C. japonica is free of the toxic picrotoxanes and only
the achenes (seeds) contain the toxins. These authors suggested that this may be true

for other Coriaria species also, because human usage of their sarcocarp is recorded.

The dried and crushed achenes (seeds) were extracted with acetone at room

temperature. After evaporation of the solvent, the residue was suspended in metha-

nol and percolated with benzene. The aqueous methanol solution was evaporated

and chromatographed on silica gel with n-hexane, n-hexane/acetone mixtures, and

methanol as eluents. The n-hexane/acetone (2:1) fraction was recrystallized from

n-hexane/dimethyl ether and then chromatographed on octadecyl silica gel (ODS)

with water/acetonitrile mixtures. This afforded after crystallization and rechroma-

tography of the mother liquors on ODS 0.0084% tutin (11), 0.001% corianin (21),

and 0.000045% dihydrotutin (12). Another fraction from this separation yielded the

then unknown coriarin (14) in 0.00015% yield.

4.1.4. Isolation from the Parasitic Plant Loranthus parasiticus

The dried leaves (32 kg) of L. parasiticus parasiting on C. japonica were extracted

with ethanol, concentrated, filtered, treated with chloroform, and chromatographed

on polyamide. The crystalline eluate was recrystallized yielding 0.02% coriatin

(13), 0.035% tutin (11), 0.0085% coriamyrtin (9), and 0.0014% corianin (21) (21).
Note the high amount of toxins of the host plant in the parasite! A comparison of the

main picrotoxanes of L. parasiticus and its host plant Coriaria sinica by TLC-

densiometry revealed that the parasite contained 0.012% coriamyrtin (9),�0.075%

tutin (11), and �0.05% coriatin (13), and the seeds of the host plant no coriamyrtin,

0.063% tutin (11), and 0.023% coriatin (13) (106). It is known that leaves, stems,

and roots of Coriaria spp. contain picrotoxanes in even higher concentration than

found for achenes. Thus, it would be desirable to compare the picrotoxane content

of the stems and leaves with that of the picrotoxanes of the parasitic plant harvested

at the same time.

4.1.5. Isolation from Toxic Honey and Quantitative Analysis

of its Main Picrotoxanes

Via a plant hopper and honeybees, partly metabolized picrotoxanes from Coriaria
spp. growing in New Zealand are found in toxic honey. The rather difficult isolation

of picrotoxanes from honey has been described several times (2, 3, 10, 99, 100) and
even now the procedure seems not entirely satisfactory (100). Originally, the
isolation of picrotoxanes was achieved by extraction of honey with acetone.

Later, ethyl acetate was the preferred solvent. In the late 1960s, the two main

picrotoxanes were identified as tutin (11) and hyenanchin (15). Originally, the

detection was governed by the physical properties of crystals obtained, color

reactions, and bromoether formation. Palmer–Jones then developed a method
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using guinea pigs as assay animals, because most other laboratory animals were not

sensitive enough. Later intercerebral injections into mice were used to detect

picrotoxanes in honey. Eventually, a TLC method was introduced that allowed

qualitative detection of the two main picrotoxanes. By-products with very similar

Rf values prevented the utilization of this method to quantify the amount of tutin

(11) and hyenanchin (15). The by-products were identified, although not totally

purified, by Blunt et al. (10) as dihydrotutin (12) and dihydrohyenanchin (17). The

attempt to use GLC for detection and quantification to avoid animal experiments

was only partly successful as tutin (11) could reliably be quantified but hyenanchin

(15) gave erratic results (10). Finally, HPLC was used, but these picrotoxanes have

no chromophores for reliable quantification. Usually, UV radiation at 210 nm is

employed for detection when a C18 column with water/methanol mixtures as eluent

is used for elution. However, this method is unsatisfactory for samples with a small

picrotoxane content. In this instance, each toxin is separately examined by HPLC.

This allows reliable control of honey in hazardous areas, but, as Sutherland pointed
out (100), the honey after extraction with organic solvents still contains some

toxicity. This is understandable because detoxification in animals usually occurs

by conjugation to highly water-soluble sulfates, glucosides, or glucuronides.

4.1.6. Isolation from Hyenanche globosa

In 1858, Henkel first examined an alcoholic extract of the fruits of the gift bom

(H. globosa) (Picrodendraceae; Euphorbiaceae s.l.), the most toxic shrub of the

Cape area of South Africa and found that it contained toxic substances (107). Henry
then isolated the picrotoxanes hyenanchin (15) and isohyenanchin (18) in crystal-

line form in very small quantities from the leaves and stems, but in nearly 0.2% w/w,

yield from the fruits of this species (108). Jommi et al. (76 and the references cited

therein) and Arigoni et al. (42, 75, 109) succeeded in isolating and elucidating the

structures of these two compounds 15 and 18 and the sesquiterpenes O-methylhye-

nanchin (16), dihydrohyenanchin (globosin) (17), and, for the first time substances

with the “norditerpene” picrotoxane skeleton, capenicin (57), pretoxin (59), den-

drotoxin (60), codendrin (61), and lambicin (62) (3).

4.1.7. Isolation from Picrodendron baccatum

The most thorough examination of a species in the Picrodendraceae was conducted

by Koike, Ohmoto, and coworkers on P. baccatum (36, 46, 53–56, 77, 78). This tree
is endemic to theWest Indies. The plants investigated by the authors were harvested

in the Botanical Garden of Bogor, Indonesia in 1986. In the next 15–20 years this

Japanese group isolated 9 monolactone sesquiterpenes and 19 “norditerpene”

picrotoxanes from this plant material. At first, these researchers examined a rela-

tively small sample of the bark of the tree to determine the structural type of the

toxins. Thus, 1.2 kg of dried bark were extracted successively with n-hexane,
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chloroform, and methanol. The evaporated chloroform extract (18 g) was chroma-

tographed on silica gel with chloroform containing increasing amounts of metha-

nol. The fraction eluted with chloroform–methanol (9:1) yielded after further

purification on silica gel 0.009% picrodendrin A (63). The fraction eluted with

chloroform–methanol (9:1 to 5:1) yielded after a second chromatography on silica

gel 0.0095% of the known isohyenanchin (18), 0.0014% picrodendrin C (dihydro-

hyenanchin; 17) (a compound identical with globosin (17) from H. globosa), and
0.009% picrodendrin D (23). After this successful preliminary experiment, 8 kg of

dried bark were extracted with methanol at room temperature. To the dried extract

was added water and the aqueous solution was partitioned with chloroform, ethyl

acetate, and n-butanol. The dried chloroform extract (80 g) was chromatographed

on silica gel, using chloroform containing increasing amounts of methanol for

elution. The fraction eluted with chloroform–methanol (9:1) was rechromato-

graphed on silica gel CQ-3, with benzene–ethyl acetate (9:1) as eluent, yielding

0.00025% picrodendrin B (64) and 0.0025% picrodendrin G (67). The dried ethyl

acetate extract (260 g) was chromatographed on the polymeric resin Diaion HP-20,

with water containing increasing amounts of methanol. Fractions eluted with

water–methanol (9:1), (5:1), (7:3), (1:1), and (3:7) were purified separately. The

5:1 fraction yielded after medium-pressure chromatography (MPLC) on silica gel

CQ-3, using benzene–ethyl acetate (9:1) for elution, 0.002% picrodendrin E (65),

0.0005% picrodendrin F (66), 0.0004% picrodendrin I (24), and 0.0004% picro-

dendrin J (25). In turn the 7:1 fraction yielded after MPLC with benzene/ethyl

acetate 0.00004% picrodendrin S (75). Finally, the 1:1 fraction yielded after MPLC

with benzene–ethyl acetate 0.000045% picrodendrin T (76) and 0.00015% dihy-

drotutin (12).

The n-butanol extract (302 g) of P. baccatum was treated in a similar manner.

After reversed-phase chromatography with Diaion HP-20, fractions eluted with

water, water–methanol (8:2), (6:4), (4:6), (2:8), and methanol were collected. The

8:2 fraction after MPLC on silica gel with chloroform–methanol (20:1) furnished

0.00015% picrodendrin U (77) and 0.00006% picrodendrin W (79). The fraction

eluted with chloroform–methanol (10:1) was further purified by high pressure LC

(Capcell pack C18 SG120) with water–methanol (2:1) yielding 0.00006% picroden-

drin X (80). The water eluent of this HPLC chromatography was chromatographed

on silica gel with methylene chloride–methanol (9:1), leading to a pure fraction of

picrodendrin Z (27) (0.0005%). The residue of the 9:1 eluate was further purified by

MPLC with benzene–ethyl acetate (4:1) yielding 0.002% picrodendrin Y (81). The

4:6 fraction of the reversed-phase LC was purified by TLC affording 0.000025%

picrotoxin V (78).

The work-up of the stems of P. baccatum corresponds with that of the bark and

yielded 0.0007% picrodendrin K (68), 0.00003% picrodendrin L (69), 0.00003%

picrodendrin M (70), 0.00007% picrodendrin N (71), 0.00004% picrodendrin O

(72), 0.00015% picrodendrin P (73), and 0.00004% picrodendrin Q (74). The dried

leaves, when treated in a corresponding manner, yielded additional picrotoxanes

(0.0003% picrodendrin a (28), 0.0006% picrodendrin b (29), and 0.00014% of the

picrotoxane glucoside, picrodendrioside A (30)).
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4.1.8. Isolation from Dendrobium Species

The most intensely studied species of the genus Dendrobium is D. nobile due to its

use as a major component of the traditional Chinese medicine “Chin-Shih-Hu”. The

first reports of alkaloids in this ornamental orchid in the 1930s by Suzuki et al. and
Chen et al. (110–112) were followed by numerous attempts to isolate further

picrotoxane-type compounds. Even now the search seems not to have been com-

pleted, although no less than 30 picrotoxanes have been isolated. Of these 17 are

pseudoalkaloids and 13 sesquiterpenes. According to Wang et al. (113), the

amounts of picrotoxanes are equally distributed in the roots, stems, and leaves of

D. nobile. Several detection methods, mainly TLC and colorimetric evaluation,

have been developed by Chinese researchers due to the popular use of this species

as a tonic. A detailed flow chart for the isolation and purification of the main

alkaloids, dendrobines and dendrobinium salts, was published by Inubushi et al. in
1966 (114). As examples of recent isolation and purification procedures, Kobayashi’s
et al. examination of a D. nobile cultivar, Dendrobium Snowflake “Red Star” (17),
and the recent study on D. nobile by Yao et al. (67), have been chosen. The fresh

plants of the cultivar “Red Star” were crushed and extracted with methanol. This

extract was acidified with aqueous tartaric acid (3%) and partitioned with

ethyl acetate. The aqueous layer was adjusted to pH 10 and extracted with chloro-

form. Successive column chromatography on silica gel with chloroform–ethyl

acetate–methanol mixtures as eluents, on a C18-column, using methanol–0.1%

trifluoracetic acid, and on C18 HPLC, with nitromethane–0.1% trifluoroacetic acid

as eluent yielded small amounts of two picrotoxane sesquiterpenes: 0.0002%

flakinin A (7) and 0.0002% flakinin B (35), and of seven sesquiterpene alkaloids:

0.0007% mubironine B (98), 0.00007% mubironine C (99), 0.0001% mubironine A

(97), 0.02% dendrobine (82), 0.001% dendramine (86), 0.0002% 6-hydroxyden-

droxine (94), and 0.006% nobilonine (90). In 2007, Yao et al. reported the isolation
of several new picrotoxanes from D. nobile. They extracted the powdered air-dried

stems with 60% aqueous ethanol at reflux. After evaporation of ethanol, the

aqueous solution was partitioned with ethyl acetate and then with n-butanol. The
ethyl acetate fraction was chromatographed on silica gel with chloroform and

increasing amounts of methanol. Several fractions were separately chromato-

graphed on Sephadex LH-20 with chloroform–methanol (1:1). These purification

steps were followed by MPLC (silica gel: cyclohexane with increasing amounts of

acetone as solvents), chromatography on ODS (methanol with increasing amounts

of water) and HPLC (water/methanol mixtures as solvents). This resulted in five

new picrotoxanes: 0.00008% dendronobilin B (46), 0.0001% dendronobilin C (47),

0.0002% dendronobilin D (48), 0.0003% dendronobilin E (49), and 0.003% of the

structural variant, dendronobilin F (50), having a cyclopropane moiety. Other

fractions revealed that the picrotoxanes are accompanied by several other structural

types of sesquiterpenes (e.g. copacamphanes, cyclocopacamphanes, cadinanes,

cyclocadinanes (60), alloaromadendranes) (67).
So far, Dendrobium species have yielded 21 pseudoalkaloids of the picro-

toxane type and 27 sesquiterpene picrotoxanes (5 dilactones, 20 monolactones,
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and 2 picrotoxanes having lower oxidation levels). As mentioned above, the first

dendrobines were isolated in 1932, while the first sesquiterpene of the genus

Dendrobium, the dilactone aduncin (4), was detected by Leander et al. more than

40 years later (13).

5. Structure Determination of Picrotoxanes

The most important and difficult part of elucidating the basic structure of picrotox-

anes was achieved prior to introduction of modern spectroscopic methods. More-

over, work on the picrotoxanes was pioneering in introducing spectroscopic

methods to complete the structure determination of natural products. It is a pleasure

to follow the description of Coscia of these early efforts (3), as he was able to

encapsulate in an elegant manner the enormous amount of knowledge on the

chemistry of these highly compact and constrained compounds gained by transfor-

mation and degradation. It will be indicated later, how important this knowledge,

especially the anchimeric effects and thus neighboring-group directed reactions,

has been for planning their syntheses. In view of this very clearly written account

(3) the work done up to 1968 shall only be mentioned briefly herein.

5.1. Main Picrotoxanes of the Menispermaceae

5.1.1. Picrotoxinin

One of the anchimeric effects that hampered the structure elucidation of picrotox-

inin (1) considerably was the high stability of its oxirane (Scheme 1). When

combined with the fact that this functionality seemed highly unusual for a naturally

occurring compound at the time, tests to confirm the presence of this funcionality

failed. For example, even gaseous hydrochloric acid in acetic acid did not cleave

this epoxide, but led to anhydropicrotoxinin (103) by intramolecular ether forma-

tion (Scheme 2). Under strongly basic condition the many functionalities of the
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compound led to retroaldol-type fragmentation. Conroy, who eventually deter-

mined the structure of picrotoxinin (1) (115), used IR and UV spectroscopy in his

efforts to characterize the functionalities of this compound. Coscia (3) stated that

these efforts marked “the end of diagnostic derivatives. As attendant structural
difficulties multiplied, the necessity of the more powerful spectroscopic methods of
analysis were emphasized. In a brilliant treatise, Conroy conveyed organic chem-
istry into its modern form.” In the early 1960s, Craven confirmed Conroy’s struc-
ture determination of compound 1 by X-ray analysis of a1-bromopicrotoxinin (104)

(Scheme 2).

The use of Cu Ka radiation permitted the absolute configuration of this picrotox-

inin derivative to be established (116, 117). Since then, picrotoxinin (1) has been

synthesized four times (118–122). Picrotoxinin itself was examined by X-ray

analysis, especially to gain information about its conformation and to compare

these data with those gained by NMR spectroscopy and theoretical calculations.

The ultimate aim was to determine structure–activity correlations (5, 6). The

conformation found by X-ray analysis, NMR spectroscopy, and calculations

shows the cyclohexane in a distorted chair conformation with C(2), C(3), C(5),

C(6) coplanar, with C(1) only slightly out of the plane spanned by these atoms

(0.17 Å), whereas C(4) deviates from this plane by 0.89 Å. This requires the five-

membered rings to be in an envelope conformation. According to these calcula-

tions, two low energy conformations with respect to the isopropenyl group exist.

More refined calculations and NOESY experiments by Perry et al. (Scheme 1)

revealed that the main conformation in solution and the conformation in the crystal

are the same, with the methyl moiety C(10) of the isopropenyl group syn to C(4)–C
(5) and the methylene syn to C(4)–C(3) (9). An electrostatic potential map of

picrotoxinin (1) was contributed by Schmidt et al. (123).

5.1.2. Picrotin

The structure of picrotin (2) was determined by the chemical transformation of this

compound as well as of picrotoxinin (1) into identical structures. Later, a method was

developed to convert picrotoxinin (1) into picrotin (2) in three steps (Scheme 38)

(124). Thus, the absolute configuration of picrotin (2) was also confirmed. Specialized

NMR techniques and calculations revealed hydrogen bonding between the hydroxy

groups at C(6) and C(8), which Schmidt et al. assumed to be the reason for the low

physiological activity of picrotin (2) (9, 123).

O

O

O

O

OH
O O

O

O

O

O
OHCl gas

CH3CO2H

O

O

O

O

O

O

Br

Br2, H2O

1104 103

Scheme 2

118 E. Gössinger



5.2. Main Picrotoxanes of the Coriariaceae

5.2.1. Coriamyrtin and Tutin

Comparison with the structure and chemistry of picrotoxinin (1) facilitated the

structure elucidations of all the other picrotoxanes. Thus, Riban who isolated

coriamyrtin from C. myrtifolia (tanner’s brush) in 1864 (18a), concluded that its

structure had to be similar to that of picrotoxin due to its analogous reversible

halogenation reaction (18b). Okuda and Yoshida proposed the correct formula of

coriamyrtin (9) (125, 126). This was confirmed by correlation with the structure

of tutin (11) (37), which had been determined by X-ray analysis of its derivatives,

a1-bromotutin (¼ a-bromoisotutin) (105) (25, 127) and a-bromoisotutinone (106)

(26) (Scheme 3).

The structures and absolute configurations of both natural products 9 and 11

were confirmed by synthesis (52, 119, 128–130). To gain better knowledge of the

conformation of these two monolactones for structure–activity correlation, X-ray

spectra of the compounds themselves and calculations (AM1 and MacroModel)

were evaluated (22). The conformations of the two compounds are very similar and

close to that of picrotoxinin (1). When compared with picrotoxinin (1) they are

slightly less strained and lack the second g-lactone, which leads to a more regular

chair conformation of the cyclohexane unit. Thus, C(1) is 0.47 Å out of the plane

spanned by C(2), C(3), C(5), and C(6) and C(4) is 0.89 Å out of plane. The

cyclopentane unit exhibits an envelope form. Calculations provided an electrostatic

potential energy surface. The conformation of tutin (11) was reexamined using

NOESY and more refined calculation techniques (9). The earlier finding that the

isopropenyl group has the same main conformation in all three compounds was

confirmed. Newer calculations of their electrostatic potential energy surface appeared

in 1999 (123).

5.2.2. Corianin

The propensity of tutin (11) to form a molecular compound with corianin (21),

pseudotutin, which crystallizes from water, was mentioned earlier in this chapter.
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The isolation and structure determination of corianin (21) represent a fine example

on the melding of the fields of crystallization and chemical transformations to

modern methods of separation and structure elucidation of natural products (21, 40).
By repeated crystallization starting with pseudotutin in halogenated solvents as well

as by chromatography of alcoholic extracts of L. parasiticus, pure corianin (21) was
obtained. Its structure determination was based on comparison with the spectra of

tutin (11). As with tutin (11), the IR spectrum showed absorption bands of hydroxy

groups (3,450 cm�1), g-lactones (1,760 cm�1, 1,740 cm�1), and double bonds

(1,640 cm�1). Diagnostic 13C-NMR data in the sp2-region were only one lactone

carbonyl (d ¼ 175.7 ppm) and the terminal methylene group signal (112.4 ppm) of

the isopropenyl group. Two D2O-exchangeable protons in the 1H-NMR spetrum

indicated two hydroxy groups. Differences from the 1H-NMR spectrum of tutin

(11) were found in the region of the methylene protons at C(14). The spectroscopic

data were supplemented by the chemical transformations shown in Scheme 4.

Hydrogenation over Adams’ catalyst afforded dihydrocorianin (107), which

showed a typical isopropyl pattern in its 1H-NMR spectrum. Treatment with

bromine/water, one of the most useful reactions to detect and classify picrotoxanes

prior to the advent of modern spectroscopy, led to the cyclic b-bromoether, 108,

revealing the proximity of one of the two hydroxy groups to the isopropenyl group,

as found in tutin (11). Base treatment of this bromoether demonstrated a further

neighboring group-directed reaction, which ascertained the configuration of the

endocyclic epoxy group. Attack of HO� at the g-lactone led to hemiorthoester

formation via substitution at the epoxide. This unstable intermediate is stabilized by

formation of the isomeric g-lactone (109). The position of the second hydroxy

group of corianin (21) was revealed by a quaternary carbon atom and the fact that

under normal conditions no acetylation occurred and treatment with Jones reagent
formed no ketone. By acetylation at elevated temperatures, a monoacetate was

formed revealing the less hindered position of this hydroxy group. The combination

of these data with the signal pattern in the 1H-NMR spectrum permitted the

assignment of the position and relative configuration of the second hydroxy
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group. Thus, corianin (21) is formally generated from tutin (11) by intramolecular

substitution at the spiro-oxirane. Enantiomerically pure compound (EPC) synthesis

of corianin (21) confirmed its structure and absolute configuration (131, 132).

5.3. Picrotoxanes Isolated from Toxic Honey

Tutin (11) is metabolized to “mellitoxin” (15) in the plant hopper S. australis, thus
making it plausible that mellitoxin is an oxidation product of tutin (11). The IR

spectrum and especially the fragmentation pattern in the mass spectrum suggested

hydroxylation at C(4) (133). Later it was recognized that mellitoxin is identical with

hyenanchin (15), isolated from seeds of the highly toxic South African tree,

H. globosa (Sect. 4.1.6) (2, 3, 44). The spectroscopic data obtained were later

supplemented by the 13C-NMR spectrum (10). NOESY spectra and supporting

calculations were used to determine the relative configuration and conformation

of this compound (9). Neither X-ray structure analysis nor total synthesis as

ultimate structure confirmation for 15 have been performed, however.

As mentioned above, tutin (11) and hyenanchin (15) are accompanied by small

amounts of very difficult to separate satellites. Their structure determination con-

sisted mainly of the interpretation of NMR difference spectra, and comparison with
13C-NMR spectroscopy series of similar picrotoxanes. This allowed the assignment

of structure 12 to dihydrotutin and structure 17 to dihydrohyenanchin (10).

5.4. Picrotoxanes of the Picrodendraceae

5.4.1. Picrotoxanes of H. globosa

Along with hyenanchin (15), isohyenanchin (¼ isodihydrohyenanchin) (18), and

tutin (11) several other picrotoxanes were isolated from the South African “gift

bom” H. globosa (¼ Toxidendron capense). In the 1960s, degradation and spectro-

scopic analysis by Jommi et al. revealed the structures of hyenanchin (15) (44) and
isodihydrohyenanchin (18) (45). In the years following the groups of Jommi and
Arigoni isolated and determined the structures of the 2-O-methyl ether of iso-

hyenanchin capensin (19), as well as the 2-O-methyl ether of hyenanchin (16),

dihydrohyenanchin (¼globosin) (17) and most interestingly capenicin (57) (2, 3).
Scolastico presented a thorough correlation of the 1H-NMR spectra of these picro-

toxanes (134). With capenicin (57), a new type of picrotoxane derivative was

discovered, with an additional short side chain attached at C(14) of the sesquiter-

pene picrotoxane, which is cyclized to a spirodihydrofurane.2 Continued work on

the constituents of H. globosa by Arigoni’s group led to the structure elucidation of

2Note that the structures of capenicin and its derivatives are incorrectly depicted in (2).
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dendrotoxin (60)3 and codendrin (61), two further “norditerpene” picrotoxanes (3).
M€uller determined (75) the sesquiterpene part of those two structures mainly by

comparison of their spectra with those of hyenanchin (15), tutin (11), and capenicin

(57). The absolute configuration was determined by degradation to known sesqui-

terpene picrotoxane derivatives. The relative configuration of the short side chain at

the spiro-g-lactone of dendrotoxin (60) was determined by the shift difference of

the geminal protons at C(14) and their coupling constants with the proton at C(17).

(The comparable geminal protons HA and HB of pretoxin (59) are shown in

Scheme 5) (3, 75).
In 1969, Jommi et al. reported isolation and structure determination of two further

picrotoxanes (76). Elemental analysis showed them to be “norditerpene” picrotox-

anes. Neither pretoxin (59) nor lambicin (62) were found to possess a chromophore.

Their IR spectra revealed signals for hydroxy groups, g-lactones, and olefins. The
1H-NMR spectrum of pretoxin (59) established the presence of an isopropenyl group

and an angular methyl group. Comparison with the spectra of tutin (11), capenicin

(57), and dendrotoxin (60) allowed structure 59 to be proposed. Acetylation led

to a diacetate still containing the signal of one O–H stretch band in the IR spectrum,

indicating a tertiary alcohol. Oxidation of pretoxin (59) led to diketone 110

(Scheme 5). One of the ketones could be identified as a methyl ketone by 1H-NMR

spectroscopy. This methyl ketone is part of a b-dicarbonyl unit, confirmed by its UV

absorption, which shifted bathochromically when treated with base, and by its color

OO

O

O

HO OH

O

OH

OO

O

O

HO OH

HO

OO

O

HO

O
OH

OH
O

OO

O

O

O
OH

OO

OO

O

O

O
OH

O

O

CrO3 CH3OH/HCl

OO

O

O

HO OH

OO

Jones reagent

Pretoxin (59)
Capenicin (57)

Lambicin (62)

OO

O

O

HO OH

H3CO

FeCl3

CH3OH

OO

O

O

O
OH

H3CO

OO

O

HO

O
OH

O

O

H2O/HCl

OO

O

O

O
OH

HO
FeCl3
CH3OH

Jones
reagent

110 111

113

112

HA

HB

Scheme 5

3Unfortunately this name has also been given to a peptide toxin.

122 E. Gössinger



reaction with FeCl3. The second keto group is positioned at C(2). When this diketone

was treated with methanolic hydrochloric acid methanolysis led to the instable

b-ketoester, which by cyclization to the hemiketal and dehydration was transformed

to the spirodihydrofurane 111, identical to the oxidation product of capenicin (57).

Thus, the absolute configuration was ascertained for compound 59 (76).
The determination of the relative configuration at C(16) of pretoxin (59) followed

Scolastico’s reasoning (134) which corresponds with the argumentation M€uller used
in the structure determination of dendrotoxin (60) (75). Due to deshielding by the C(2)
hydroxy group, proton HB of the geminal protons at C(14) was shifted downfield. The

coupling constants of the geminal protons with the proton at C(16) were used to

establish the relative configuration of C(16). Lambicin (62) exhibited a similar 1H-

NMR spectrum to those of tutin (11) and pretoxin (59). Moreover compound 62,

showed mutarotation, and treatment with methanol catalyzed by FeCl3 transformed it

into two epimeric cyclic methyl ketals 113. Hence the hemiketal moiety of lambicin

(62) was confirmed (Scheme 5). Correlation with pretoxin (59) was achieved by

oxidation of the epimeric methyl ketals 113 and treatment of oxidized pretoxin 110

with aqueous acid, and consequently with methanol and catalytic amounts of FeCl3.

This reaction sequence converted the oxidized pretoxin via the b-keto acid and

immediate decarboxylation into the methyl ketone, which using acidic methanol

yielded the identical derivative 112 as was derived from lambicin (62). These trans-

formations not only allowed the structure determinations of pretoxin (59), lambicin

(62), and picrodendrin B (64) but also revealed their biogenetic interrelationship.

5.4.2. Picrotoxanes of P. baccatum and Three Related Structures

Picrodendron A and its One-Dimensional NMR Spectra

When looking for the toxic principle of P. baccatum, another species of the

Picrodendraceae, Ohmoto, Koike et al. discovered a wealth of picrotoxanes,

which they painstakingly isolated and characterized within the next 15–20 years

(36, 46, 53–56, 77, 78). The most abundant of these toxic compounds was picro-

dendrin A (63) a “norditerpene” picrotoxane according to its high-resolution mass

spectrum (77). Its IR spectrum revealed the occurrence of hydroxy groups and

g-lactones. A UV absorption maximum (l ¼ 258 nm) indicated that one of the

lactones is unsaturated. The 1H-NMR spectrum revealed the presence of an isopro-

pyl group. Its methine proton signal was split into a septet, indicating that one of the

hydroxy groups is attached to C(4). One of the two isolated methylene groups

showed chemical shift values equivalent to a primary allylic alcohol in the 1H-NMR

spectrum. Indeed, D2O exchange simplified its signal pattern to an AB-system. The

second methylene signal corresponded with the C(14)-H signals of capenicin (57).

Three singlets accounted for two methoxy groups and one angular methyl group.

The typical signals of the oxirane fused to the cyclopentyl group were found at

4.18 ppm and 3.66 ppm with small coupling constants (J ¼ 2.9 Hz). The low-field

signal at 5.15 ppm showed the typical W-long-range coupling of the C(3)-H.
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The 13C-NMR spectrum showed six quaternary carbon signals, four of them in the

range of sp2-hybridized carbon atoms, which accounted for the two carbonyl

functions and the double bond. The upfield shift to 104.3 ppm of one of the olefinic

carbons revealed an enol ether. The two low-field sp3 signals belonged to the

carbons of the tertiary alcohols. As an example of the NMR spectra of a picrotoxane

the chemical shift values and, in the case of the 1H-NMR spectrum the coupling

constants of picrodendrin A (63) are shown in Scheme 6.

These data were supplemented by 2D-NMR (1H-13C-COSY and two- and three-

bond correlations). Picrodendrin A (63) crystallized as colorless prisms. Its X-ray

diffraction analysis confirmed the proposed structure and allowed the configuration

of the double bond to be determined.

Picrodendrins B, C, D, I, J, and G and the Use of NOE in the Structure

Determination of Picrotoxanes

The structures of picrodendrins C (17) and D (23) were determined by analysis of

their spectra, which strongly resembled those of tutin (11) and coriamyrtin (9) (46).
Picrodendrin C (17) has been isolated previously as globosin from H. globosa (3, 42)
and was identified as a constituent of toxic honey in New Zealand (10). Additional
2D-NMR (e.g. the NOESY spectrum) data allowed the assignment of their struc-

tures as dihydrohyenanchin and 4-hydroxydihydrocoriamyrtin.
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Picrodendrin B (64) deviates from other picrotoxanes in containing an aldehyde

group. The usual spectra were supplemented by complete, partial, and non-

decoupled 13C-NMR spectra, NOE-difference spectra, and long-range 1H-13C-

correlation (54). The same techniques were used to determine the structures of

picrodendrin J (25), which turned out to be 4,8-dihydroxydihydrotutin (54), picro-
dendrin I (24), the first picrotoxane found with an oxidized angular methyl group

(53), and picrodendrin G (67) (54). The stereocenters of C(13), C(16), C(17) of

picrodendrin G (67) were established by NOE of the high-field signal of one of the

geminal protons at C(14) with the proton signals at C(12) and the methoxy group.

As an example of the use of the nuclear Overhauser effect in the structure

determination of picrotoxanes, the more significant correlations of this type for

picrodendrines G (67), P (73), and S (75) are shown in Scheme 7.

Picrodendrins E, F, L-T, and Celaenodendrolide I

Picrodendrins E (65) and F (66) more closely resemble pretoxin (59) and dendro-

toxin (60) (53). X-ray analysis of the monobromobenzoate of picrodendrin F (66)

was impeded by the fact that the two molecules of the asymmetric unit have

different conformations. However, it was possible to determine the relative config-

uration of the stereogenic centers.4 The CD exciton chirality method conducted on

the 16,18-bisbromobenzoate of picrodendrin F (66) revealed its absolute configu-

ration. Comparison of the spectra of picrodendrin F (66) and of pretoxin (59) with

those of picrodendrin E (65) allowed the determination of its structure. Shifts and
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without comment.

Picrotoxanes 125



coupling constants of the C(14) and C(16) proton signals in the 1H-NMR spectrum

showed that the side chain at C(16) is epimeric to that of pretoxin (59). It is worth

mentioning that another picrotoxane, celaenodendrolide I (58), strongly resembles

the above-mentioned picrotoxanes. The structure of 58 was determined by compar-

ison of its spectra with those of picrodendrin E (65) (48). Compound 58 differed

from compound 65 by the configuration at C(16), thus corresponding with the

configuration of C(16) found in the H. globosa “norditerpene” picrotoxanes. Fur-

ther deviations from picrodendrin E (65) were a hydroxy group at C(4), and an

isopropenyl group instead of a 2-hydroxyisopropyl group.

Spectroscopic analysis and comparison with the closely related spectra of

picrodendrins A (63), E (65), and F (66) sufficed to propose the structure of

picrodendrin L (69) as 6-desoxypicrodendrin F, picrodendrin Q (74) as

4,19-didesoxypicrodendrin A, picrodendrin M (70) as 4,19-didesoxy-8-hydroxypi-

crodendrin A, and picrodendrin N (71) as the gallic acid ester of picrodendrin A

(63) (55). To complete the structure determination of picrodendrin N (71) the

molecular peak was obtained by FAB mass spectrometry and methanolysis of the

ester afforded picrodendrin A (63), while COLOC experiments allowed the galloate

ester unit to be located at C(19). Picrodendrin O (72) is 8-desoxypicrodendrin E. In

picrodendrin K (68), the spiro-g-lactone of picrodendrin F (66) is replaced by a

spiro-tetrahydrofuranone (compare with the rearrangement of pretoxin (59) to

lambicin (62)). The structure of the sesquiterpene picrodendrin R (26) was resolved

by comparison of its spectroscopic data with those of the 2-O-methyl derivative of

picrodendrin D (23) (55). The structures of the next batch of isolates from the bark

of P. baccatum were presented two years later (36). Picrodendrin P (73) can be

viewed as the anhydride of picrodendrin E (65), and picrodendrin S (75) as 16-

hydroxypicrodendrin P. In fact, it was the structure of picrodendrin S, elucidated by

spectroscopic data analysis including 2D-NMR spectra that led to revision of the

structure of picrodendrin P (73) by comparison (36, 55). Force–field calculations

(COSMIC, Nemesis program) were applied to clarify the conformation.

Picrodendrin T (76) differs only in the configuration of the double bond from

picrodendrin A (63).

Picrodendrins with Fused g-Lactones

Picrodendrins with rearranged fused g-lactones were elucidated next (56, 78).
Formally, hydrolysis of the bridged g-lactone of picrodendrin A (63) is followed

by inversion of the conformation. The hydroxy group is now axially positioned, so

that dehydration is facilitated and attack of the carboxyl group at the newly formed

allylic epoxide completes the rearrangement to picrodendrin V (78). The same

formal retrograde reaction sequence would lead from picrodendrin W (79) to a so

far unknown picrodendrin derivative. In similar reaction sequences, starting with

the hydrolysis of the bridged g-lactone of picrodendrin E (65), picrodendrin U (77)

and picrodendrin X (80) may be formed. The pentacyclic picrodendrin Y (81) might

correlate with 2-desmethyl picrodendrin E, whereas the sesquiterpene picrodendrin
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Z (27) can be traced back formally to isodihydrohyenanchin (18). These structures

were determined by spectroscopic and X-ray diffraction data analyses. For picro-

dendrin U, V, and W, the absolute configurations of the stereocenters were deter-

mined from non-empirical exciton circular dichroism spectroscopy.

Picrodendrins from the Leaves of P. baccatum, Picrotoximaesin and Asteromurin A

The leaves of P. baccatum have been found to contain only sesquiterpene picrotox-

anes (56). None of these picrodendrins possesses the characteristic oxirane fused to
the cyclopentane. They are less highly oxidized than the picrotoxanes of the stem

and bark of P. baccatum as is easily recognized from their IR and NMR spectro-

scopic data. The structure determination of the amorphous picrodendrins a (28)

and b (29) relied on their NMR spectra, including 2D-NMR methods. These are

cis-hydrindenes with a bridging g-lactone and a primary allylic alcohol and a

saturated isopropyl group at C(4). The structure of crystalline picrodendrioside A

(30), the only picrotoxane glycoside found in the family Picrodendraceae so far,

was ascertained by X-ray diffraction analysis, and its aglycon and glucose were

released by enzymatic hydrolysis. A special feature of this aglycon is the keto group

at C(2). This same feature was found in the structure of picrotoximaesin (43),

a constituent of a further member of the former family of Euphorbiaceae (64, 65).
In this case, the keto group is transformed by the primary alcohol at C(14) to a

cyclic hemiketal. Its structure was determined by X-ray diffraction analysis. Inter-

estingly, the only other sesquiterpene picrotoxane with this cyclic hemiketal is

asteromurin A (22), isolated from a scale insect. Its structure was determined by

spectroscopic analysis (50) and by X-ray diffraction analysis of its bromobenzoate

derivative (51). Total synthesis confirmed its structure (135).

5.5. Picrotoxanes from Dendrobium Species

5.5.1. Dilactones

Many of the structural features found in the sesquiterpene picrotoxanes of the plant

families mentioned so far can be seen again within only a few species of the genus

Dendrobium. The first picrotoxane sesquiterpene, aduncin (4), was isolated from

D. aduncum (13). Its spectra showed strong similarities with those of a-dihydropi-
crotoxinin (8) obtained from picrotoxinin (1) by hydrogenation over Adams’ cata-
lyst. The molecular mass is the same as that of picrotin (2) thus only the position of

one of the hydroxy groups of this dilactone sesquiterpene had to be determined.

This was easily concluded from the patterns of proton-NMR signals at C(2) and C(8)

of aduncin (4) and dihydropicrotoxinin, respectively. The configuration of C(4) was

assigned by comparison of the CD curves of several picrotoxinin derivatives,

especially a- and b-dihydropicrotoxinin, epimers at C(4) with the CD curve of
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aduncin (4) (13). Later, the Swedish researchers involved described amotin (5), a

closely related dilactone from D. amoenum (15). They determined by spectroscopic

analysis that amotin (5) is dihydroaduncin, and, instead of the epoxy group [C(12),

C(13)] only the tertiary alcohol at C(13) remained. The only dilactone with an

isomerized g-lactone found among the Dendrobium species is flakinin A (7) (17).
The structure of this amorphous compound had to be determined by spectroscopic

data analysis: The molecular formula was obtained by HRESIMS. IR spectra

revealed the hydroxy group and the g-lactones. The 13C-NMR spectrum showed

signals of three methyl groups, eight sp3-methines (three in the range of alcohols),

one sp3 methylene, and two carboxy groups and one quaternary carbon atom. The
1H–1H COSY, HOHAHA, HMBC, and NOESY NMR-spectra allowed the com-

plete structural assignment of flakinin A (7). D. moniliforme yielded two dilactone

picrotoxanes, of which one of them turned out to be identical with a-dihydropicro-
toxinin (8) (11). Thus, its absolute configuration was confirmed also. The other,

dendrobiumane E (6), was elucidated by detailed spectroscopic analysis including

2D-NMR methods.

5.5.2. Monolactones and Structurally Deviant Picrotoxanes

The dilactones described thus far were accompanied by several monolactone

picrotoxanes with a low oxidation level, but their small amounts isolated prevented

crystallization. Thus, the structures of dendrobiumanes B-D (31–33) were deter-

mined by spectroscopic analysis. Their structures resemble those of the picroden-

drins from the leaves of P. baccatum, with even lower oxidation levels. In turn, the

structure of crystalline dendromonisilide B (36), isolated from D. moniliforme (58),
was resolved by X-ray diffraction analysis. The structures of dendromonilisides C

(37) and D (38) were assigned by comparison of their spectra and the spectra of

their aglycons with those of dendromoniliside B (36) and its aglycon. The structure

of amoenin (41) was determined by spectroscopic data analysis and confirmed by

oxidation with molecular oxygen over platinum yielding a-dihydropicrotoxinin (8)

(15). As before, the most intensely investigated species is D. nobile and its

cultivars. Spectroscopic analysis including COSY, HOHAHA and HMBC, and

NOESY NMR spectra allowed a determination of the structure of flakinin B (35).

Its absolute configuration was determined according to the Mosher ester method.

Esterifying the C(2)–OH with Mosher’s reagent allowed by means of a chemical

shift difference the assignment of the (S)-configuration to C(2) (17). Two of the

compounds found in D. moniliforme were also identified in D. nobile. The first of
these was dendroside F (39) (58, 60), which is the C(14)O-b-glucoside of dendro-
biumane B (31). The second one is most likely dendromoniliside D (39) (58, 59),
although the spectra were run in different solvents and the IR spectrum in KBr

showed very small differences, so that identity of the two compounds was tentative

but not conclusive. Dendroside F was accompanied by a second glucoside, dendro-

side G (40) (60), which differs from dendroside F by having a hydroxy group at C(4).

Recently, the aglycon of dendroside G was isolated from D. nobile and named
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dendronobilin B (46) (67). The relative configuration of C(13) between the methy-

lene protons of the primary alcohol and the protons of the angular methyl group was

proven by NOE observations. The same relative configuration at C(13) was found

in dendronobilins D (48) and E (49). Since the dendronobilins were isolated in

small amounts as amorphous powders or oils, their structure determination is

incomplete because the spectroscopic data obtained did not warrant the definitive

assignment of relative configuration at C(8), which was only presented tentatively.

Dendronobilins D and E are epimers at C(8). Dendronobilin C (47) is a cyclic

hemiacetal and the angular methyl group at C(1) is converted into the methylene

unit of a cyclopropane in dendronobilin F (50). Again, the configuration of C(8) is

tentatively given. Most recently, Yao et al. added two further dendronobilins, L (51)

and M (52), to an expanding list of sesquiterpene picrotoxanes from D. nobile (68).
HR-TOF-MS, 13C-NMR, DEPT, 1H–1H COSY, HSQC, HMBC, and NOESY
spectra were used to determine their structures. Dendronobilin M (52) is either

9-hydroxydendronobilin D or E. An even lower oxidation level is exhibited by two

glucosides, dendronobilosides A (55) and B (56), which are dihydroxy and trihy-

droxy cis-perhydroindane derivatives (71). In the case of dendronobiloside A (55),

both hydroxy groups are etherified toO-b-D-glucopyranosides. Dendronobiloside B
(56) is a monoglucoside. The glucosides as well as their aglycones, obtained by

enzymatic hydrolysis, were investigated by spectroscopic analysis including

COSY, TOCSY, HMQC, and HMBC. The position of the attachment of the glucose

units was revealed according to the correlation of their HMBC spectra. Although

nobilomethylene (45) was isolated and characterized as long ago as 1972, it is still

not clear if this compound is a constituent ofD. nobile or an artefact generated from
dendrobine-N-oxide (83) by the method of solvent extraction used (66).

5.5.3. The Dendrobines, Sesquiterpene Alkaloids

Porter (2) and Coscia (3) described the structures of six dendrobine alkaloids and

one dendrobium salt. Although the structures of the dendrobines are less complex

than those of most other picrotoxanes, their structure determination became feasible

only after spectroscopic methods became generally available in the 1960s. Thus, in

1964, no less than three Japanese research groups completed independently the

structure determination of dendrobine (82), the main alkaloid of D. nobile, using a

combination of degradation reactions and spectroscopic data analysis (136–138).
Inubushi et al. and Huang (139, 140), using the lactone rule and the octant rule,

found that the absolute configuration of dendrobine (82) correlated with that of

picrotoxinin (1), which had been established by X-ray diffraction analysis using Cu

Ka radiation. An X-ray analysis of nobilonine methiodide seemed to contradict

these results (141), which motivated Leander et al. to attempt a renewed correlation

between a degradation product of nobilonine (90), d-nobilonine (119), and of

picrotoxinin (1), ketopicrotoxininic acid (116) (79). The structure and configuration
of nobilonine itself had been correlated to dendrobine by converting dendrobine

into nobilonine (142).
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Picrotoxinin (1) was converted into a1-bromopicrotoxinin (104), which by base

treatment rearranged to 114 (Scheme 8). Reductive cleavage of the a-bromo ether

with zinc was followed by hydrogenation of the isopropenyl group. The secondary

alcohol of the resulting d-lactone 115 was oxidized with Jones reagent that trig-
gered immediate epimerization at C(4) leading to 116. Nobilonine (90) was reduced

with sodium borohydride to 117. With aqueous hydrogen chloride the g-lactone
rearranged to the more stable d-lactone 118. Jones oxidation yielded d-nobilinone
(119). The similarity of the circular dichroism curve of both derivatives confirmed

Inubushi’s and Huang’s designation. Since then, two EPC-syntheses of dendrobine
(82) have completely removed any remaining doubts about the absolute configura-

tion of dendrobine (82) (143, 144). Of the dendrobines described in the 1960s,

dendrine was assigned structure 88, but the configuration at C(13) was still

unknown. Leander et al. solved this problem by correlating dendrine (88) with

dendrobine (82), so not only the relative but also the absolute configuration of

dendrine (88) was revealed (85).
Dendrobine was oxidized with NBS to the imminium salt 120 (Scheme 9).

A Reformatsky reaction then converted the imminium salt into dendrine (88) and
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130 E. Gössinger



in small amounts to its epimer 121. Leander argued that the attack from the convex

face must be much favored. Since dendrine (88) was identical with the main

product, its side chain had to be exo-positioned. This reaction sequence constitutes

a partial synthesis of dendrine (88). With dendrine the first sequiterpene alkaloid

with extended carbon skeleton was discovered. Zhao et al. have isolated a further

dendrobine alkaloid with an extended carbon skeleton, dendronobiline A (89) (43,
86). Its structure was determined from the high-resolution mass spectrum and its

NMR spectra, including a set of several 2D-NMR data. An identical molecular

formula and very similar IR and 1H-NMR spectra to those of dendramine (86)

(¼ 6-hydroxydendrobine) guided Leander et al. in the structure determination of

2-hydroxydendrobine (87). The most diagnostic differences in the 1H-NMR spec-

trum were the simplified pattern of the C(3)-H signal and the lack of a geminal

proton to nitrogen at C-2 in the newly found compound. These data convinced the

authors that they had isolated 2-hydroxydendrobine (87) (83). Indeed, hydrogeno-
lysis in acetic acid transformed 2-hydroxydendrobine (87) into dendrobine (82),

thus confirming the absolute configuration of 2-hydroxydendrobine (87) as well.

In the same year, Leander et al. (87) determined the structure of 6-hydroxynobiline

(91) by comparison of its spectroscopic data with those of nobilonine and conver-

sion of 6-hydroxynobiline (91) into dendramine (86).

After several trials, successful conversion was achieved by treating 6-hydroxy-

nobiline (91) with cyanobromide (Scheme 10). The resulting aminocyanide, 122,

hydrolyzed with hydrogen peroxide to the urea derivative 123, which was treated

with excess sodium nitrite in dilute aqueous hydrogen chloride and subsequently

hydrogenated via 2,6-dihydroxydendrobine to dendramine (86). The absolute con-

figuration of dendramine (86) was correlated with that of dendrobine (82) by

comparison of their very similar CD curves. Thus, the absolute configuration of

6-hydroxynobiline (91) was also ascertained. 6-Hydroxynobiline (91) was isolated

also from D. moniliforme together with moniline (102) (88). Its structure was

determined by spectroscopic means. The elemental formula was obtained from the

molecular ion peak in the mass spectrum. The IR spectrum revealed a hydroxy group

and carbonyl groups that were not compatible with a g-lactone and a double bond.

The UV spectrum corresponded with the presence of an a,b-unsaturated ketone, and
the 1H- and 13C-NMR spectra aided the completion of the structure determination of

the bicyclic methyl ester 102. NOESY spectra were used to ascertain the relative

configuration of the ester group at C(5) and the dimethylaminomethyl group at C(14).

Its close structural relationship with 6-hydroxynobiline (91) allowed its absolute
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configuration to be ascertained.Okamoto, Shimizu and their groups, who determined

the structures of dendrobine (82), nobilonine (90), dendroxine (92), dendramine

(86), and 6-hydroxydendroxine (94) (2, 3), reported the structure elucidation of

4-hydroxydendroxine (96) and the controversial nobilomethylene (45) in 1972 (66).
Both structures were postulated by comparison of spectroscopic data. In the case of

4-hydroxydendroxine (96), the very similar spectra of dendroxine (92) and 6-hydro-

xydendroxine (94) facilitated its structure determination. 4-Hydroxydendroxine

(96) has the same molecular formula as 6-hydroxydendroxine (94) and it differs

by exhibiting a singlet for the proton at C(3) in its 1H-NMR spectrum from the

doublets evident in the respective 1H-NMR spectra of dendroxine (92) and 6-hydro-

xydendroxine (94). This was indicative that a hydroxy group is attached at C(4). The

relative configuration was assigned tentatively. Nobilomethylene (45) was found

exclusively in the alkaloid fraction and not in the neutral fraction and so is thought to

have been generated from nobilonine-N-oxide.With 13-hydroxy-14-oxodendrobine

(100), the first g-lactam was characterized (89). The molecular peak and the resem-

blance with the spectra of dendrobine (82) established that the compound belongs to

the picrotoxanes. The double peak at 1,676 cm�1 and 1,693 cm�1 in the IR spectrum

and a singlet at 2.88 ppm in the 1H-NMR spectrum, which constitutes a 0.33 ppm

downfield shift compared with dendrobine (82), indicated the presence of the lactam

moiety. Furthermore, the stretching bands of the hydroxy group were visible in the

IR spectrum. The signal of a quaternary carbon at 86.0 ppm in the 13C-NMR

spectrum indicated a tertiary alcohol. The position of this tertiary hydroxy group

at C(13) was established by the signal pattern of C(5)H, which was consistent with

two vicinal protons, thus neither C(4) nor C(6) were attached to a hydroxy group.

Since the methyl groups of the isopropyl moiety were doublets, the hydroxy group

had to be at C(13). An examination of the constituents of a cultivar of D. nobile
increased the number of dendrobine alkaloids by three (17). Their structures showed
significant similarities with dendrobine (82) and spectroscopic analysis including

several 2D-NMR spectra revealed that mubironine A (97) is 14-oxodendrobine,

which was synthesized from dendrobine (82) by oxidation with KMnO4. Mubiro-

nine B (98) is nordendrobine, a compound Leander et al. had synthesized previously
(Scheme 11) (81). Mubironine C (99) showed an additional methoxy group and no

g-lactone signals. Its structure was proven by its identity with methanolyzed den-

drobine. Since all three alkaloids were connected with dendrobine (82) by synthesis,

their absolute configuration is in accord with that of dendrobine (82).

5.5.4. Dendrobinium Salts, Quaternary Sesquiterpene Alkaloids

N-Methyldendrobinium chloride (84) was the first quaternary picrotoxane alkaloid

isolated and characterized by Inubushi (114). The next dendrobinium salt isolated

was N-isopentenyldendrobinium chloride (85) (81). Its structure was determined by

pyrolysis to dendrobine (82). The configuration of its quaternary nitrogen was

determined by synthesis (81).
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When dendrobine (82) was alkylated with 1-bromo-3-methyl-2-butene, the

resulting compound 124 was not identical with the isolated N-isopentenyldendro-
binium salt (Scheme 11). To prove that 124 indeed is the epimer of N-isopentenyl-
dendrobinium chloride (85) dendrobine (82) was demethylated using Inubushi’s
method (136). The resulting nordendrobine (mubironine B) (98) was diallylated

with 1-bromo-3-methyl-2-butene. Pyrolysis yielded N-isopentenylnordendrobine
(126), which was methylated yielding the ammonium salt, 86, identical with that

isolated from D. nobile (81). N-Isopentenyldendrobinium chloride (85), first

isolated by Inubushi et al. (82) in the 1960s, belongs to the small group of

N-prenylated alkaloids and it may have been quite possibly the first one isolated

from a plant (145). The structure of dendrobine-N-oxide (83) was proven by

treatment of dendrobine (82) with m-chloroperbenzoic acid. Because the synthetic
product was identical with the natural product, the oxygen at the nitrogen is on the

convex face of the compound. The structures of N-isopentenyldendroxinium salt

(93) and N-isopentenyl-6-hydroxydendroxinium salt (95) were determined by

pyrolysis of their chlorides at 160�C for 15–20 min, yielding compounds indistin-

guishable from dendroxine (92) and 6-hydroxydendroxine (94) (80). Allylation of

dendroxine (92) and 6-hydroxydendroxine (94) with 1-bromo-3-methyl-2-butene

led to the naturally occurring products, 93 and 95. Since attack from the convex

face should be favored and because cis-diquinanes are more stable than trans-
diquinanes and hence also their aza analogs, the configuration of the quaternary

nitrogen is established. When dendrowardine (101) in its hydroxy form was pyr-

olyzed, Leander et al. isolated N,N-dimethylethanolamine. Treatment of dendro-

wardine (101) with lithium hydride in DMF resulted in an unsaturated tertiary

amine. Hydrogenation over Adams’ catalyst then led to a product identical with

dihydronobilonine gained by reduction of nobilonine (90) with sodium borohy-

dride. The relative configuration of C(14) was assigned tentatively due to the

coupling constants of its proton with C(13)H in the 1H-NMR spectrum (90).
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6. Total Syntheses of Picrotoxanes

6.1. Overview

When Porter and Coscia published their reviews (2, 3) no total synthesis of a

picrotoxane had come forth. Even the partial syntheses were not well developed, as

mubironine A (97), an oxidation product of dendrobine (82), was not known as

natural product at that time. The same is true for nordendrobine, the demethylation

product of dendrobine (82), now known as mubironine B (98). Partial syntheses in

the 1970s were made to determine the structure or absolute configuration of new

picrotoxanes and are described earlier in this chapter.

When the first picrotoxane syntheses were published Corey’s rules for synthesis
planning and the Woodward–Hoffmann rules had just become common knowledge

as well as the necessity to prepare physiologically active products in an enan-

tiomerically pure form.

Due to their more simple structures, the syntheses of the sesquiterpene alkaloids,

the dendrobines, were mastered first.

6.1.1. Syntheses of Dendrobines

Eight years after the structure elucidation of dendrobine (82) was completed, two

total syntheses of this highly crowded tetracyclic compound with its seven

stereogenic centers were published. To date, seven total syntheses and five

formal syntheses have been reported. Those synthesis efforts nicely reflect trends

in total synthesis over the last decades, which shall be demonstrated by the

stereoselective construction of the quaternary center, a formidable task even

today.

The first syntheses relied on Michael addition and aldol-like reactions. Yamada
et al., who presented their synthesis as full paper in 1972, used the intramolecular

Robinson annulation (Johnson’s tandem reaction) as a key step (146). This allowed
the stereoselective construction of the crucial quaternary center in a reaction gen-

erating three stereogenic centers in the correct relative configuration. Their starting

material was a cheap arene, and although it is a first synthesis the stereoselectivity of

its steps was with one exception remarkably high. Yamada demonstrated the versa-

tility of his synthetic strategy by also synthesizing nobilonine (90) and 2-hydro-

xydendrobine (87) (84). Inubushi, who had spearheaded the structure determination

of dendrobine (82), published a short communication in the same year, which was

followed by a full paper 2 years later (147, 148). This synthesis started with a

hydrindenone, which was prepared by Robinson annulation, including the construc-
tion of the quaternary center. Subsequent hydrogenation led stereoselectively to the

cis-hydridanone. The further pathway suffers from several steps with no or incorrect

stereoselectivity. Both syntheses need more than 20 steps to reach the target.

A further attempt to use a Michael reaction to construct the quaternary center of
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dendrobine (82), starting with the monoterpene carvotanacetone (dihydrocarvone)

was reported by Heathcock et al., but was abandoned later on (149).
The predictability of the stereochemistry of concerted reactions made the

Diels–Alder reaction a very attractive key step, especially in the 1970s and

1980s. Several authors used this reaction to advantage in their dendrobine synth-

eses. In 1970, Kaneko had used the monoterpene carvone as dienophile and

butadiene in a Lewis acid-catalyzed intermolecular Diels–Alder reaction to con-

struct the quaternary center (150). By oxidative fragmentation of the newly

formed cyclohexene and renewed cyclization, ring contraction was achieved.

Kaneko et al. concluded their synthesis efforts after constructing the tricyclic

skeleton of dendrobine (82). A similar concept was used by Kende and Bentley
(151). They started with the cheap thymol. Using a quinone for the intermolecular

Diels–Alder reaction with butadiene allowed high yields, despite the trisubstituted
dienophile. Ring contraction was analogous to that of Kaneko. The choice of the
starting material shortened the synthesis pathway considerably, compared with

the above-mentioned syntheses (146, 147), so that Kende’s synthesis with its

cheap starting material is still one of the most economic dendrobine syntheses.

This was emphasized when Corey et al. demonstrated how easily and without loss

of material, Kende’s racemic synthesis can be transformed into an asymmetric

synthesis (152).
In the early 1970s, intramolecularDiels–Alder reactions (IMDA) had emerged as

powerful method in natural product synthesis, but little was known about the steric

requirements. At this early stage, Borch and Roush chose IMDA as a key step of

their synthesis efforts toward dendrobine (82). Both constructed an open-chained

triene. Borch used a trisubstituted (Z)-double bond as part of the diene moiety to

ascertain the stereochemistry of the quaternary center (153, 154). Despite the

expected advantages of IMDA, lower temperature and higher selectivity, the author

needed high temperatures that led to isomerization and in consequence to

4-epi-dendrobine. Roush avoided Borch’s problems by using only disubstituted

double bonds for the IMDA reaction (155–157). The missing methyl group of the

quaternary center was introduced by alkylation; thereby relying on the thermody-

namic preference of cis-hydrindanes for the stereoselectivity. This enabled Roush
to synthesize dendrobine (82) but this was disadvantageous in including a higher

number of steps. Ten years later, Martin et al. presented their formal dendrobine

synthesis (158, 159). Their IMDA precursor is formed in a convergent synthesis

with a preformed methylcyclopentene derivative as dienophile tethered to the diene

by an amide moiety. Cyclization afforded the substituted tricyclic skeleton of

dendrobine (82), which then was transformed into an intermediate of Inubushi’s
synthesis. Cascade reactions, reactions with multiple bond changes, have become

an important component of modern total synthesis. This is reflected in the latest

attempt toward dendrobine (82), Padwa’s formal synthesis (160, 161). Again, the
key step is an IMDA reaction. With an isopropyl-substituted furan as diene, a

preformed methylcyclopentene moiety as dienophile, and an amine as tether, the

quaternary center is constructed stereospecifically. The cyclization initiates succes-

sive isomerization, so that no less than ten bonds are changed in one step. Padwa
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ends his synthetic efforts with an intermediate of Kende’s synthesis. Despite the

many variations of the Diels Alder reaction as key step, all of those syntheses

needed more than 15 steps to reach the target, dendrobine (82), starting from

commercially available compounds. Also, when compared with the first synthesis

of dendrobine the yields were not improved.

Heathcock used as concerted cycloaddition intramolecular photochemical (2þ 2)

addition to create the quaternary center in his projected synthesis. A cationic rear-

rangement (Wagner–Meerwein rearrangement) was intended as further key step but

failed (162).
Cationic olefin cyclization as a key step led to the shortest racemic dendrobine

synthesis reported so far (163, 164). Livinghouse et al. used an intramolecular

acylnitrilium attack on a preformed methylcyclopentene moiety to construct the

quaternary center and a reductive radical cyclization as second key step in a

convergent synthesis to construct the fully substituted skeleton of dendrobine.

A few additional steps led then to dendrobine (82). In most of the syntheses

following Livinghouse’s efforts the intention was less focused on strategy

(economy) of the synthesis of dendrobine (82) than on demonstrating the versatility

of the (newly developed) key step.

After the intense use of concerted reactions for natural product synthesis, the

related metal-catalyzed cyclizations gained ground in the 1980s and 1990s. Several

authors demonstrated the effectiveness of these reaction types for the synthesis of

dendrobine (82). Takano et al. and Zard et al. used the Pauson–Khand reaction as a
key step for their EPC-synthesis efforts (144, 165, 166). Mori et al. relied on the

more stable zirkonacycle in a related key step (167–169), while Trost et al.
employed a palladium-catalyzed alkylation as well as a palladium-catalyzed ene

reaction as key steps (170). Takano’s efforts ended with the tricyclic skeleton of

dendrobine, whereas Mori and Trost finished their formal EPC-syntheses with

intermediates of Kende’s and Roush’s racemic syntheses, respectively. Both com-

pleted dendrobine synthesis would have necessitated more than 20 steps.

Knowledge of polar and stereoelectronic effects of radical reactions became

more transparent and the toxic stannanes could be used catalytically or be replaced

by more convenient propagators, which led to a renaissance of radical reactions in

total synthesis. Livinghouse made use of a reductive radical cyclization. Two

enantiomerically pure syntheses of dendrobine (82) also reflect this trend. The

above-mentioned EPC-synthesis by Zard contains one radical reaction that

changed four bonds. However, the construction of the quaternary center originally

planned as a radical reaction was changed to the Pauson–Khand reaction.

Although the demand for enantiomerically pure syntheses became ever more

pressing starting with the late 1960s, the first complete EPC-synthesis of dendro-

bine (82) was published by Sha et al. in 1997 (143). Their key step generating the
quaternary center was an intramolecular radical addition reaction. Both Zard’s and
Sha’s linear EPC-syntheses need more than 15 steps. Sha’s synthesis includes

EPC-syntheses of nobilomethylene (45), mubironine B (98), and dendrobine (82),

and it has the second highest overall yield. The four earliest dendrobine syntheses

have been reviewed previously (171).
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6.1.2. Syntheses of Sesquiterpene Picrotoxanes

Due to the more complex structures of most sesquiterpene picrotoxanes compared

with the dendrobines, fewer syntheses have been reported. Their structures with up

to nine stereogenic centers were too complex to be used as test molecules for newly

developed reactions. Three of the syntheses reported beginning with 1979 followed

new strategies (two picrotoxinin syntheses and one coriamyrtin synthesis). The

other syntheses of picrotoxinin (1), picrotin (2), coriamyrtin (9), tutin (11), corianin

(21), methyl picrotoxate (42), and asteromurin A (22) were extensions either of

successful dendrobine syntheses or partial syntheses. Remarkably, with one excep-

tion, all the syntheses are EPC-syntheses.

The first picrotoxinin synthesis developed by Corey and Pearce is still the short-
est EPC-synthesis of picrotoxinin (1) (118). The starting material was (�)-carvone.

The construction of the quaternary center was achieved regio- but not stereoselec-

tively by alkylation in an a-position to a N,N-dimethylhydrazone. The following

cyclizations were based on aldol reactions. The most surprising step of this 20-step

synthesis was the quantitative double lactone formation with lead tetraacetate. The

authors extended their synthesis by converting picrotoxinin in four steps into

picrotin (2) (124). Inubushi et al. were the next to publish a sesquiterpene picrotox-
ane synthesis (128). These authors refrained from using the strategy they developed

for dendrobine (82). Their protocol for racemic coriamyrtin (9) started with

5-methylenebutanolide. Then, 1,6-addition of the 2-methyl-1,3-cyclopentadione

anion generated the quaternary center unselectively. Introducing the isopropenyl

group by 1,4-addition initiated intramolecular Claisen condensation. Several nonse-
lective steps counterbalance the advantage of this relatively short racemic synthesis.

Yamada extended the strategy used for his dendrobine synthesis to synthesize

picrotoxinin (1), coriamyrtin (9), tutin (11), and asteromurin A (22) (52, 119). The
common starting material was a substituted tetralone, the first key step the Johnson’s
tandem reaction, which generated the quaternary center. Optical resolution at a

rather late step led to enantiomerically pure products. These syntheses of 1, 9, 11,

and 22 necessitated approximately 40 steps. The next EPC-synthesis of picrotoxinin

(1) started with a derivative of (�)-carvone (120). The quaternary center was

stereospecifically constructed via a Claisen rearrangement by Yoshikoshi et al.
Altogether, 31 steps were necessary to afford picrotoxinin (1). These authors

improved the partial synthesis of picrotin (2) from picrotoxinin (1) considerably.

Once again, (�)-carvone was used as starting material in Trost’s EPC-synthesis of
picrotoxinin (1) (122), employing the strategy developed for the synthesis of den-

drobine (82).With newly developed palladium catalysts an ene reaction afforded the

quaternary center, and the synthesis was completed after 29 steps. An intermediate

of this synthesis was the starting point for the first EPC-synthesis of corianin (21),

and a variant of this syntheis was published 3 years later. The number of steps and

consequently the low yields of these two syntheses inspired Trost to look for a partial
synthesis of this potential therapeutic starting with commercially available picro-

toxin. Here corianin (21) was obtained within nine steps in good yield. A further

intermediate of this picrotoxinin synthesis was the starting point for the first
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EPC-synthesis of methyl picrotoxate (42). Trost’s syntheses were the last attempts

toward sesquiterpene picrotoxanes. No efforts to synthesize C-18-or C-19-picrotox-

anes (“norditerpene” picrotoxanes) have been reported so far.

The sequence in which the ensuing syntheses are described is according to their

publication date, because this seems to be the best way to evaluate the novelty of the

strategies and reactions and how much each author benefited from the experiences

of earlier work in the field.

6.2. Description of the Syntheses

6.2.1. Syntheses of Dendrobine

Synthesis of the Skeleton of Dendrobine by Kaneko et al.

In 1970, the first attempt toward dendrobine was reported by Kaneko et al. (150).
These authors synthesized the tricyclic skeleton of dendrobine (82) as an isomeric

mixture.

The starting material was dihydrocarvone (carvotanacetone (127)), which is

easily prepared from carvone (Scheme 12) (172). Thus, this strategy bears the

prerequisite for an EPC-synthesis. The key step was the Lewis acid-catalyzed
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intermolecular Diels–Alder reaction of butadiene and dihydrocarvone (127). The

relative configuration of two of the stereogenic centers of dendrobine (82) was

secured with this step. No data of the face selectivity of the reaction were given.

Ring contraction of the newly formed cyclohexene of 128 was achieved by dihy-

droxylation to the isomeric mixture, 129, periodate cleavage to the dial, and aldol

reaction catalyzed by pyrrolidinium acetate. The desired regioisomer, 130, was

isolated in 20–25% overall yield. Hydrogenation over Adams’ catalyst was fol-

lowed by oxidation to the epimeric acids and esterification with diazomethane. The

isomeric mixture of ketoesters 131 was separated by GLC. The endo-ketoester was
protected as a cyclic ketal prior to conversion into the amide 132 with methylamine

in ethanol in a sealed tube. Reduction to the amine was followed by deprotection of

the ketone. The resulting aminoketone 133 was cyclized to the tricyclic amine 134

using hydrogen over platinum oxide at 200�C and 50 atm. Compound 134 turned

out to be a mixture of two diastereomers (134a and 134b).

Total Synthesis of (�)-Dendrobine by Yamada et al.

In 1971, Yamada et al. published their preliminary studies toward dendrobine (82)

(173). Their starting material was the cheap, commercially available arene thymol,

and the key step was an intramolecular Robinson annulation also known as Johnson’s
tandem reaction. After unexpected rearrangements within an ozonization, their pro-

tocol was modified and in 1972 Yamada et al. were able to present the first synthesis
of (�)-dendrobine (82) (146).

The authors had changed the starting material to the substituted tetralone 135

(174), which was converted into the enol acetate 136 when treated with acetic

anhydride and acid (Scheme 13). Subsequent ozonization afforded aldehyde 137.

Chain elongation was achieved by Wittig condensation using Corey–Chaykovsky
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conditions. The resulting enol ether 138 was hydrolyzed with aqueous oxalic acid

yielding the methyl ketone in 49% overall yield. After protection of the ketone as

cyclic ketal 139, the arene was reduced by Birch reaction and the resulting unsatu-

rated enol ether 140 was hydrolyzed to the cyclohexenone. In a second step, the

cyclic ketal was hydrolyzed with concomitant double bond shift to the conjugated

enone attaining intermediate 141, necessary for the key step of Yamada’s synthesis
(175). Johnson’s tandem reaction afforded the tricyclic keto acid 142 in very high

yield. After esterification with diazomethane, peracetylation under harsh conditions

yielded the enol acetate 143 quantitatively. The following critical ozonization,

which had forced the modification of the original synthesis plan, proceeded with

this less crowded molecule (the isopropyl group is missing) in acceptable yield

(60%) to the expected keto ester 144. Then, the acid was converted into the

secondary amide via the imidazolide and treatment with aqueous methylamine.

This amide immediately cyclized to the tricyclic hydroxylactam 145. The two

missing substituents at the cyclohexane moiety were introduced starting with

a-bromination using pyridinium hydrobromide perbromide. A possible explanation

for the regioselectivity of this reaction is initial attack of bromine on the nitrogen of

the lactam/amide and intramolecular transfer of bromine to the enol.

The monobromide(s) 146 were treated under strong basic conditions at elevated

temperature, slowly generating the g-lactone 147 by ring opening, and consecutive

SN2 reaction in 87% yield (Scheme 14). The isopropyl group was introduced in a

four-step sequence. Claisen condensation with methyl formate led to a mixture of

the enol and the enol ether, which by treatment with diazomethane, yielded in 80%

the enol ether, 148. To introduce the methyl groups, the enol ether was converted

into the thioenol ether. 1,4-Addition of dimethyl copper lithium afforded the
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epimeric mixture of the isopropyl-substituted ketone 149 in 87% yield. Base

treatment at elevated temperature isomerized this mixture to a 1:1 mixture of cis
and trans disubstituted ketoesters 150 and 151. After separation, ketone 151 was

stereoselectively reduced by sodium borohydride and immediately cyclized to

14-oxodendrobine (97) in 35% yield from 149. 14-Oxodendrobine (97) was first

characterized as an oxidation product of dendrobine (82) and much later isolated as

constituent of a cultivar of D. nobile and named mubironine A. Thus, this dendro-

bine synthesis is also a racemic synthesis of mubironine A (97). Transformation of

14-oxodendrobine (97) followed Borch’s protocol (176). The intermediate lactim

ether, which was produced with Meerwein’s salt, was reduced with sodium boro-

hydride affording racemic dendrobine (82) in 61% yield. Starting with substituted

tetralone 135 Yamada et al. needed 23 steps to afford racemic dendrobine (82) in

1.2% total yield without recycling.

Synthesis of 2-Hydroxydendrobine and Nobilonine by Yamada et al.

To demonstrate the versatility of his synthesis strategy Yamada used ketoester 151

as relais substance to synthesize two further picrotoxane alkaloids isolated from

Dendrobium species, nobilonine (90) and 2-hydroxydendrobine (87) (Scheme 14)

(84). Monobromination of 151 with bromine in dioxane and subsequent treatment

with water resulted in hydroxy-g-lactam 152, whereas attempts to hydroxylate 151

by Barton oxidation led to rearrangements. Chemo- and stereoselective reduction

with zinc borohydride converted 152 into the endo-alcohol. To counterbalance the

unfavorable conformational equilibrium this alcohol had to be converted into the

alcoholate to achieve lactonization. Chemoselective reduction of the hydroxylac-

tam moiety of lactone 153 again followed Borch’s protocol, which led in this case

to boron complexed amino compounds necessitating successive acid treatment to

obtain racemic 2-hydroxydendrobine (87) in low yield accompanied by dendrobine

(82). 2-Hydroxydendrobine (87) was converted into nobilonine (90) by Eschweiler–
Clark methylation.

Total Synthesis of (�)-Dendrobine by Inubushi et al.

Inubushi announced the successful synthesis of dendrobine (82) in a short commu-

nication in the same year as Yamada et al. (147). In 1974, a full description of these
efforts followed (148).

The synthesis started with the known hydrindenone derivative, 154 (Scheme 15)

(177). Surprisingly, the group transformation of the secondary alcohol to the

cyanide 155 via the tosylate occurred under retention of configuration in 64%

yield. The authors were able to exclude a retroaldol–aldol reaction sequence as

the reason for the unusual stereochemistry but did not further elaborate. To form the

annelated pyrrolidinone, the enone was chemo- and stereoselectively reduced by
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hydrogenation with palladium on strontium carbonate leading in high yields to the

cis-hydrindanone, 156. Several methods were tested to introduce the unsaturation at

D2,3 (picrotoxane numbering). The authors had to settle for bromination with one

equivalent of bromine and elimination with lithium bromide and lithium carbonate

in DMF at elevated temperatures. Even then, bromination at C(5) was preferred.

Only 20% of the desired enone 157 were obtained next to 68% of the isomeric

enone 155. After protection of the keto group of 157, the cyanide was hydrolyzed

by strong aqueous base. Treatment with strong acid at elevated temperature led via

carboxylic acid 158 to ketolactone 159. After renewed protection of the keto group,

harsh conditions were necessary to convert the lactone into the desired lactam 160.

Under these conditions, aqueous methylamine, methylammonium chloride at

185�C for 2 days, not only the amide was formed but the ketone was regenerated,

which initiated dehydration to the conjugated enone and subsequent 1,4-addition of

the amide afforded 160 in 80% yield. The introduction of the isopropyl group

proved laborious. Addition of isopropyl magnesium bromide at room temperature

to 160 led mainly to enolization. Since this work was done prior to Luche’s
discovery of the benefit of cerium trichloride, the authors had to be content to add

the Grignard reagent at low temperatures and separate the starting material from

17% of adduct. Recycling of the recovered starting material multiple times led to

good yields. After several trials, dehydration of the tertiary alcohol succeeded with

powdered potassium hydrogen sulfate at elevated temperatures yielding quantita-

tively a 1:1:1 mixture of olefins 161.

These olefins were transformed into unsaturated acetates by Woodward’s proto-
col with iodine, silver acetate, and acetic acid. Saponification and subsequent

oxidation of the liberated alcohols with Collin’s reagent resulted in a 2:1 mixture

of conjugated enones, 162 and 163, in mediocre yields (Scheme 16). The minor

enone 163 was transformed into the cyanoketone 164 by 1,4-addition using
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Nagata’s method. Reduction of the ketone with sodium borohydride stereoselec-

tively led to the endo-alcohol, which on repeated chromatography on basic alumina

cyclized to the iminoether, 165. Its conversion into 14-oxodendrobine (97) was

achieved by tosylation to the tosylamide and subsequent basic hydrolysis. The

authors developed an alternative route from cyanoketone 164 to 14-oxodendrobine

(97) by hydrolyzing the nitrile under acidic conditions. The acid formed was

esterified with diazomethane and the ketone 166 was reduced stereoselectively

with sodium borohydride. Subsequent saponification and acidic lactonization led

to 14-oxodendrobine (97). Inubushi et al. also used Borch’s method to convert

14-oxodendrobine (97) into dendrobine (82) via the lactimether 167 and reduction.

Yamada’s and Inubushi’s pioneering total syntheses proved that this complex,

crowded molecule could be synthesized by means available in the late 1960s and

early 1970s. Although the number of steps is high and selectivity and yields are low

in Inubushi’s synthesis, the knowledge gained by these authors was indispensable

for the development of more economic synthesis planning.

A Simple Total Synthesis of (�)-Dendrobine by Kende et al.

Kende’s elegant racemic synthesis is still one of the shortest total synthesis

of dendrobine (82), although no less than eight syntheses and four additional synthe-

sis attempts followed (151). As Yamada in his first attempt, Kende et al. started
with cheap, commercially available thymol, which was converted via thymoquinone

and Thiele–Winter-acetoxylation into the known 1,2,4-triacetoxy-3-isopropyl-6-

methylbenzene (168) (Scheme 17) (178).
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After saponification, the triol was oxidized to hydroxyquinone 169 with ferric

chloride. Intermolecular Diels–Alder reaction of a quinone with butadiene secured

not only the relative configuration of the two newly generated stereogenic centers

but also quantitive yields even with the trisubstituted double bond (compare with

Kaneko’s key step). After methylation of enol 170 with methyl iodide to enolether

171, ring contraction was achieved by dihydroxylation to 172, periodate cleavage,

and consecutive aldol reaction. As in Kaneko’s case, the aldol reaction showed no

regioselectivity even when calalyst, solvent, and temperature were varied. Thus, the

authors had to be content with a 33% yield of the desired aldehyde, 173. Nitrogen

was introduced by reductive amination of 173 with methylamine and sodium

cyanoborohydride under mild acidic conditions. Although sodium cyanoborohy-

dride is known to reduce imines faster than aldehydes, the neighboring quaternary

center decreased the rate of imine formation of the unsaturated aldehyde in this

instance, so that reduction of the aldehyde to allyl alcohol 174 competed with

iminium formation. The iminium generated was immediately reduced to the unsta-

ble saturated amine 175 by 1,4-addition of hydride, acidic enamine–iminium

isomerization with protonation of the double bond from the convex face, and

subsequent 1,2-addition of hydride. The saturated amine 175 spontaneously

cyclized with the keto group of the enedione unit to the iminium salt, which was

reduced to the tricyclic skeleton 176 of dendrobine (82). The mediocre yield of 176

was increased to 45% by one time recycling of allylic alcohol 174. To introduce the

missing carboxylic acid, the methoxy enone 176 was reduced to the enone 177 with

lithium aluminum hydride. 1,4-Addition of divinylcopper lithium at �20�C was

followed by oxidative fragmentation with ruthenium tetroxide. Esterification com-

pleted this reaction sequence in 42% overall yield. Ketoester 178 was epimerized

with sodium methanolate yielding a mixture of starting material and epimer 179,

which was stereoselectively reduced to the endo-alcohol, which is identical with

mubironine C (99). By prolonged reaction time the alcohol cyclized to racemic

OAc

OAc

OAc

O

OH

O

O

OH
O

H

1) HO-

2) FeCl3

100%

, EtOH

100°C, 24 h
     95%

1) CH3I, K2CO3,
    acetone, rt,
      100%

2) OsO4 (cat) 
Ba(ClO3)2,dioxane,
  H2O, 79% (7 : 6) O

O

O

H

HO

HO

1) H5IO6,
    THF

2)
NH2

AcO-, PhH,
50°C, 33%

O

O
O

H

O

O

O

O

H

HO

O

O

O

H

HN

+

CH3NH3
+ Cl-

NaBH3CN,

pH = 5, CH3OH
 20°C,  65%

5    :    6

N
O

O

N

O

1) LiAlH4, 
 Et2O, 25°C

2) 2N H2SO4
  10°C, 80% 
   (2 steps)

1) (CH2CH)2CuLi
Et2O, -20°C, 86%

2) RuO4, AcOH, rt
3) CH2N2, ether,
  49% (2 steps)

N

O
0.3M NaOCH3,
CH3OH, 3 d, rfl

N

O N

O

O
82

(±)-Dendrobine

NaBH4, iPrOH
  rt, 3 d, 46%

168 169 170 172

173 174 175 176

177 178 179

43%

O

O

O

O

Scheme 17

144 E. Gössinger



dendrobine (82) in 46% yield. This 15-step synthesis (with 0.6% overall yield

including recycling, 16–18 steps from commercially available starting materials

(178)) inspired two research groups (Trost, Mori) to plan their EPC-syntheses of

dendrobine (82) with enone 177 as relais substance and Corey et al. proved the easy
conversion of Kende’s racemic synthesis into an asymmetric synthesis (152). To
demonstrate the versatility and power of chiral oxazaborolidinium cations as

catalysts, Corey et al. chose key steps of racemic “classical syntheses of the

twentieth century” and converted them into asymmetric reactions with very high

enantiomeric excess. One of the chosen examples was Kende’s intermolecular

Diels–Alder reaction.
Starting with quinone 180, which was obtained by methylation of hydroxyqui-

none 169, the oxazaborolidine-catalyzed intermolecular Diels–Alder reaction with

butadiene was conducted at�50�C in toluene. Within 48 hours, 99% of the starting

material was converted into adduct 171 in 99% optical purity (Scheme 18).

Synthesis of 4-Epi-Dendrobine by Borch et al.

The first synthesis using an intramolecularDiels–Alder reaction (IMDA) as key step
was Borch’s intended (�)-dendrobine synthesis, which culminated in the synthesis

of (�)-4-epi-dendrobine (193) (153, 154).
The convergent synthesis of the open chained precursor 188 started with a

directed aldol condensation of 2-methylpropanal with tert-butyl(vinyl)amine

(Scheme 19). In a one-pot reaction according to Corey, the generated enal 181 was

transformed to dienol 183 (179). Wittig condensation of 181 with ethyl(triphenyl)

phosphonium bromide and butyllithium as base formed diene 182, which was

deprotonated by a second equivalent of butyllithium. At low temperature the least-

hindered vinyl proton was abstracted. Bubbling gaseous formaldehyde through this

solution afforded the primary allylic alcohol 182 in high stereoselectivity ((Z):(E) ¼
16:1). This high stereoselectivity is obviously restricted to the more reactive gaseous

formaldehyde as paraformaldehyde yielded a 1:1mixture under identical conditions.

The primary alcohol was substituted by cyanide via the mesylate and subsequent

addition of lithium iodide and copper cyanide under highly polar conditions. Com-

bining the resulting cyanide 184 with iodide 185, prepared from O-protected pro-

pargyl alcohol in four steps and 40% overall yield, proved difficult. After many trials

the following protocol met with success. Intermediate 184 was deprotonated by

O

O

O

O

O

O

H

, PhCH3,
  cat

-50°C, 48 h
99% (99% ee)

180 171

N B
O

H

H

Ph Ph

cat:

Tf2N

Scheme 18

Picrotoxanes 145



lithium isopropylcyclohexylamide. To this anion at �25�C was added precooled

iodide 185 in HMTA/THF as solvent. The resulting dodecatriene 186 was depro-

tected with aqueous acid and the primary allylic alcohol was oxidized with a variant

of Collin’s reagent. The aldehyde 187 was converted into methyl ester 188 via the

a-hydroxynitrile, oxidation to the acylnitrile and methanolysis to the ester (180).
The resulting mixture of cis and trans conjugated unsaturated esters ((Z):(E)¼ 6:1)

was separated. Unexpected for an IMDA reaction, methyl (Z,Z,E)-6-cyano-7,11-
dimethyl-2,7,9-dodecatrienoate (188) had to be heated to 170�C for 3 days to obtain

a cyclized product. As it turned out, even those harsh conditions were not sufficient

for cyclization, due to extreme steric hindrance. However, at 170�C the conjugated

(Z,E)-dienyl cyanide unit became unstable. Monitoring the reaction by HPLC and

NMR spectroscopy revealed isomerization to the (Z,E,E)-dodecatrienoate 189 in

approximately 10%. The higher population of the cisoid diene conformation in 189

and the possibility of support by second order interactions (endo addition) permitted

cyclization to the bicyclic nitriles, 190. At the temperature necessary for the cycli-

zation no face selectivity could be observed. Thus, the 1:1 mixture of endo nitrile

190a and exo nitrile 190b was separated and two synthesis pathways for 190a to

4-epi-dendrobine (193) were designed.
Within the first pathway, reduction of the nitrile was facilitated by preliminary

methylation with dimethylbromonium hexafluoroantimonate in liquid sulfur dioxide

and subsequent methanolysis to the iminoether, which was treated with sodium

cyanoborohydride (Scheme 20). The secondary amine 191 was chlorinated with

sodium hypochlorite to the corresponding N-chloroamine to enable titanium
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trichloride-catalyzed radical addition to the double bond. Lithium iodide in lutidine

at elevated temperature liberated the carboxylate of ester 192, which formed the

desired lactone, 4-epi-dendrobine (193), by substituting the chloride in 25% overall

yield from 190a. Although this first route is one step shorter than the second, the

latter pathway achieved higher yields. Here, the alkyl saponification started the

reaction sequence, which was continued by epoxidation with m-chloroperbenzoic
acid. The resulting epoxide was attacked intramolecularly by the carboxylic acid

affording lactone 194. Jones oxidation yielded ketone 195. Attempted reduction of

the nitrile according to Stephen unexpectedly formed lactim ether 196 by Lewis
acid catalysis. N-Methylation of 196 by methyl fluorosulfonate was followed by

reduction with sodium cyanoborohydride affording 4-epi-dendrobine (193) in 36%
overall yield from 190a. The overall yield of route 1 (14 steps) is 0.18% and that of

route 2 (15 steps) 0.26%.

Total Synthesis of (�)-Dendrobine by Roush

Roush single-handedly succeeded in synthesizing racemic dendrobine (82) with

IMDA as key step (155, 156). He diminished the steric hindrance of the key step by

avoiding trisubstituted double bonds, thereby accepting a higher number of steps.

An advantage of the belated introduction of the angular methyl group was that an

(E,E)-diene could be used, thus raising the population of the cisoid conformation

and enabling positive second order effects by endo addition.

COOCH3

CN CN

O

O

OH

CN

O

O

O

N

O

O

OH

O

N

O

O

1) LiI, lutidine
     rfl, 12 h

2) MCPBA,
CH2Cl2, 40 h,
90% (2 steps)

Jones  reagent
acetone, 10°C, 

30´, 77%

SnCl2•2pyr, 30´,
130°C; Et2O, 

0°C, HCl (gas);

195, CHCl3/EtOH,
rt, 2 h, 68%

1)CH3OSO2F 
CHCl3, rt, 2 h;

2) NaBH3CN,
H+, CH3OH, 
rt, 23 h, 77%

1) (CH3)2Br+ SbF6
-

 SO2, -78° to -8°C; 
       CH3OH;

(2 steps 55%)

2) NaBH3CN, H+,
CH3OH, 16 h, rtCN NH

1) NaOCl, H2O, 
CH2Cl2, rt, 75´,

2) TiCl3, AcOH,
H2O, -8°C, 1 h

N
Cl

N

O

O

LiI, lutidine,

rfl, 11 h
45% (3 steps)

190a 191 192

(±)-4-epi-dendrobine (193)
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The necessary triene for the IMDA reaction was prepared starting with methyl

4-(diethylphosphono)crotonate (197) in 25% overall yield (181). Using a lithium

base in the Horner–Emmons reaction of 197 with 2-methylpropanal increased the

(E)-selectivity of the diene formation considerably (Scheme 21). After separation,

methyl (E,E)-6-methylhepta-2,4-dienoate (198) was reduced to the primary alcohol

and reoxidized to aldehyde 200. Chain extension with Grignard reagent 201

was succeeded by hydrolysis leading to spontaneous cyclization to hemiacetal

202. A second chain extension was achieved by Wittig reaction affording the

(E,E,E)-2,7,9-triene 203 next to 5% of the corresponding (Z,E,E)-diene 211.

Protection of the secondary allyl alcohol of 203 as a silyl ether improved the

yield of the IMDA reaction. Thus, bistrimethylsilylacetamide (BSA) and 203

were heated in toluene to reflux for 3.5 days affording a mixture of endo adducts,

205, and exo adducts, 206 (�6:1) in 79% yield. Although partial separation of the

mixture of adducts was possible, the author proceeded with the whole mixture.

After deprotection, the alcohols 205 and 206 were oxidized to the mixture of cis-
and trans-hydrindenones. The unstable trans-hydrindenones immediately epimer-

ized, and the mixture of cis-hydrindenones with ketone 207 as the main component

was treated with exactly one equivalent of base, followed by an excess of methyl

iodide. Now, separation was possible and pure ketone 208 was transformed into

nitriles 209. After several methods had failed, the nitrile was introduced by means

of tolylsulfonylmethylisocyanide. The 1:1 mixture of nitriles attained was treated

with base, thereby epimerizing the carboxylic group and partially the nitrile group,

leading to the tricyclic nitriloester 210. The remaining exo-nitriloester was

RO

P(OEt)2

O

+

CHO
O

OH

O

O

Xendo exo

+

LHMDS,
THF, -78°C;

O

-40°C, 84%

93 :         7

1) DIBAH, Et2O, 
0°C, 30´, 88%

2) DMSO, (COCl)2, 
CH2Cl2, -60°C, 1 h; 

Et3N, 93%

BrMg

O

O
1)

THF, 0°C, 1 h

2) aq HCl,
THF, rt, 58%

(2 steps)

Ph3P=CHCO2CH3
CH2Cl2, 8 h, rt, 82%

1) BSA, CH3Ph
23°C, 7 h; 

CH3Ph, rfl, 85 h
 

2) aq HCl, CH3OH
23°C, 15´, 83%

(3 steps)
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205b:  X =          30%

O
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H
H

OR
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TFAA, DMSO,
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         95%

O

O

O

1) CH3I, tBuOK,
tBuOH, DME,

15´, 90%

2) TosMIC, DME,
tBuOK, 0°C, 30´,

rt, 8 h, (4:1), 54.5%
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recycled, accounting for 70% overall yield of 210. To improve the yield of this

reaction sequence, Roush examined the above-mentioned methyl (Z,E,E)-6-
hydroxy-11-methyl-2,7,9-dodecatrienoate (211) for its use in an IMDA reaction.

When he discovered that cyclization occurred mainly in the exo mode, he designed

a shorter, higher yielding route to 210 (157) (Scheme 22).

Pent-4-ynoyl chloride (212) was transformed to the imidazolyl derivative 213 to

facilitate the introduction of triphenylphosphane methylene ylide. Refluxing the

a-ketophosphane ylide 214 with (E)-4-methylpent-2-enal provided (E,E)-dieny-
none 215 in 75% yield. After protection of the keto group as 1,3-dioxane, abstrac-

tion of the alkyne proton permitted addition to methyl chlorocarbonate. The

resulting ester 216 was reduced with hydrogen and Lindlar’s catalyst to the

conjugated unsaturated (Z)-ester 217, the precursor of the IMDA reaction. Cycliza-

tion was achieved at 180�C in toluene with catalytic amounts of a radical scavenger

within 30 min. Treatment of the resulting reaction mixture with sodium hydroxide

in methanol selectively saponified the unchanged starting material 217. Workup

yielded an inseparable mixture of exo-adduct 218 and the endo-adduct (83:17). The
adducts were deprotected with aqueous acid. Under these conditions the originally

formed trans-hydrindenone isomerized to the cis-hydrindenone 219 in 75% yield.

a-Methylation to 220 and transformation of the ketone to the nitriles 221 and 210 in

a 1:4 ratio followed the former approach as did epimerization of 221 to 210. This

improved route yielded 12% of 210 within 12 steps starting with 4-pentinoic acid.

The next aim was the preparation of the secondary amine 225 (Scheme 23).

Reduction of the nitrile as well as of the nitrilium salt led only to mediocre yields.

Therefore, the author saponified the nitrile 210 chemoselectively to the amide 222

X

O

212: X = Cl
213: X = imidazolyl

N

H
N

2) Ph3PCH3
+ Br-

PhLi, PhH; rt, 15 h,
213, rt, 1 h, 81%

O
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O

PhH, rfl, 15 h
      75%

O
O O

O

1)        , HO(CH2)3OH,
H+, THF, rt, 68%

2) BuLi, THF, 
-78°C; CH3OCOCl, 

-78°C to rt, 97%

1)        , THF

30´, 98%

H2, CH3Ph,

O

O

O

O
CH3Ph, DBMP,

180°C, 30´;

NaOH, CH3OH,
rt, 3 h, 90%

O O

O

O

HCl, DME/H2O,
rt, 12 h, 75%

OO O

O

O
O

CH3I, tBuOK,
tBuOH, DME,
15´, 88% O

O
O

TosMIC, DME,
tBuOK, 0°C, 30´,

rt, 8h, 54.5%
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O
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NaOH, CH3OH, 85°C, 20 h
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+
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with basic hydrogen peroxide. Bromolactonization to 223 was achieved with

N-bromosuccinimide. Subsequent reductive elimination with zinc restored the

double bond setting the carboxylic acid free. This acid was reduced to the primary

alcohol 224 via the acid chloride and chemoselective reduction with lithium tri(tert-
butoxy)aluminum hydride in excellent yield. Finally, the primary alcohol was

esterified and the mesylate was substituted by methylamine. Several routes to the

desired tricyclic amine 228 were examined with amine 225. The best of these

efforts was to protect the amine as trichloroethylcarbamate and subsequently

oxidize the double bond to a mixture of exo- and endo-epoxides, 227 and 226,

respectively, with very low stereoselectivity. The endo-epoxide, 226, was recycled
to an amine, 225, by epoxide cleavage with hydrogen bromide and successive

reduction with zinc. The carbamate moiety of exo-epoxide, 227, was removed

with zinc and the liberated amine immediately cyclized to pyrrolidine 228. Oxida-

tion with Jones reagent formed ketone 179, an intermediate of Kende’s dendrobine
synthesis, which yielded racemic dendrobine (82) by selective reduction with

sodium borohydride and chromatography on silica gel. The overall yield of the

first version (26 steps) was 1.1% with recycling of 226, whereas the improved

version (24 steps) led with recycling of 226 to 1.7% overall yield.

Two of the Attempted Syntheses of (�)-Dendrobine by Heathcock et al.

In 1975, Heathcock and Brattesani presented failed attempts toward the basic

skeleton of dendrobine (82) (149). From their efforts to achieve this task via two

1,4-additions, the more advanced is reported.

O

OO

1) Zn, HOAc, rfl,
5 h, 100%

2) (COCl)2, rt, 3 h

3) Li(tBuO)3AlH,
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0°C, 1.5 h, 91%
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O

O
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(þ)-Carvotanacetone (dihydrocarvone) was the chiral starting material. When

added to but-4-enylmagnesium bromide and copper iodide, axial attack led stereo-

selectively to the desired ketone (Scheme 24). To extend the newly introduced

unsaturated side chain, the cyclic ketone was protected as ketal 229. Now, ozoni-

zation afforded aldehyde 230. Horner–Emmons reaction with diethyl (cyano-

methyl)phosphonate led unselectively to the (E):(Z) mixture of the unsaturated

nitriles 231. The protecting group was removed by aqueous acid and subsequent

base treatment led to the second 1,4-addition in very good yield. As expected, the

single stereoisomer 232 was the cis-hydrindanone, whereas the configuration of the
second new stereocenter could not be determined at this stage. Thus, the ketone was

protected again and the nitrile 233 was hydrolyzed under basic conditions to amide

234. Hofmann degradation then led to the amine 235. However, no cyclization

occurred when the ketone was deprotected with aqueous acid. This fact revealed

that the side chain at the cyclopentane moiety of 232 as well as of 235 was exo-
positioned. The authors proved that epimerization of the side chain was possible by

dehydrogenation and hydrogenation. Dehydrogenation was accomplished via sele-

nation, oxidation, cis elimination, and hydrogenation with hydrogen over palladium

on charcoal. The yields achieved for this reaction sequence to the desired nitrile 237

convinced the authors to abandon this synthesis plan.

A quite different, ambitious strategy for the synthesis of dendrobine (82) pre-

sented byHeathcock et al. in 1985 (162). The key step was a cationic rearrangement

of the tricyclic acyliminium ion 247 containing a four-, a five-, and a six-membered

ring to the less strained system containing three five-membered rings, analogous to

the cyclobutanecarbinyl rearrangement (Cargill rearrangement) (182). However,
the synthesis pathway to 246 is quite lengthy.

tert-Butyl acetoacetate was alkylated twice, first with but-3-enyl bromide and

then with ethyl a-bromoacetate, yielding the a,a-disubstituted acetoacetate 238 in

O
BrMg

O

X O

230: X = O
231: X = CH=CHCN
     (E ) : (Z ) ~ 1:1
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        70°C, 2 h, 75%

1) Br2, NaOH,
(CH2OCH3)2,
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O
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2) (PhSe)2,
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      3) 30% H2O2,
            EtOAc, THF,  
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83% yield (Scheme 25). Acid treatment removed the tert-butyl group and initiated

the decarboxylation. The resulting ketoester was converted into the ketal 239 to

permit addition of the anion of phosphonate 240 to the ester group. After hydrolysis

of the ketal 241, cyclization by intramolecular Horner–Emmons reaction afforded

the tetrasubstituted double bond of the cyclopentenone 242 in good yield. Irradia-

tion of 242 led to intramolecular (2 þ 2) addition in very good yield. Of the two

regiochemical possibilities, the less-strained tricycle 243 was formed exclusively.

Ring expansion of the cyclopentanone 243 to the piperideinium 247 required ring

cleavage by Beckmann fragmentation. To achieve this aim, the deprotonated ketone

was treated with isoamyl nitrite, which led to the oxime via the nitroso compound.

After reduction to alcohol 244, mild conditions permitted selective mesylation of

the oxime that immediately fragmented to the bicyclic nitriloaldehyde. The alde-

hyde was protected as dimethyl acetal 245. Now, reduction of the nitrile preceded

acylation to the formamide 246. When the ketal was hydrolyzed, cyclization to the

unstable acyl iminium 247 occurred. Strong acidic conditions initiated the rear-

rangement. It should be mentioned that the acylation is essential because the

iminium ion itself is too stable to rearrange. The outcome of the rearrangement

was by no means clear. Models predicted maximum continuous orbital overlap for

pathway b whereas force–field calculations predicted less strain for the intermediate

carbocation of pathway a. The experiment showed that the better alignment of

orbitals influenced the activation energy more than the difference in sterical hin-

drance. Thus, the products 248 and 249 were formed exclusively by pathway b

thwarting the synthesis plan.

O O
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A Formal Synthesis of (�)-Dendrobine by Martin et al.

The next attempt was Martin’s formal synthesis of racemic dendrobine (82) (158,
159, 183). Again, IMDA was used as the key step.Martin et al. replaced the usually
lengthy linear synthesis of the IMDA precursor by a more convenient, convergent

synthesis. After testing the feasibility of their key step, the intramolecular addition

of a dieneamide to an unactivated trisubstituted olefin, with model compounds, the

authors started with the synthesis of the diene unit (Scheme 26).

In a short known reaction sequence, enal 250 was obtained from com-

mercially available material (184). With methylamine and magnesium sulfate

imine 251 was formed and combined with acyl chloride 252 (185) (�4 steps).

The use of low temperatures for this acylation led exclusively to the less

substituted dienamide 253. The desired basic skeleton of dendrobine 254 was

obtained by cyclizing 253 at 180�C in an acceptable 50% yield. endo-Adduct
254 was accompanied by small amounts of the exo-adduct. Epoxidation led

exclusively to exo-epoxide 255, which by means of trimethylsilyltriflate was

converted into the allylic silyl ether. Acid treatment liberated the hydroxy group

and subsequent oxidation of alcohol 256 led to enone 163, an intermediate of

Inubushi’s dendrobine synthesis and thus concluded this formal synthesis. The

intermediate 163 was obtained from commercially not available materials in

seven steps in 22.5% overall yield. To reach (�)-dendrobine according to

Inubushi et al. would afford six additional steps, reducing the overall yield to

0.4% without including the preparation of the starting materials from commer-

cially available compounds.

An Efficient Total Synthesis of (�)-Dendrobine by Livinghouse et al.

In 1987, Livinghouse and Westling published a general method to prepare

2-acylpyrrolines via acylnitrilium alkyne cyclization (163). In 1992, they presented

N
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O CH3NH2, MgSO4,
ether, 0°C, 2 h

N Cl

O

PhNEt2, -78°C
to rt, 10 h, 67%
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the advantageous use of their method in a short convergent synthesis of racemic

dendrobine (82) (164).
Methylisonitrile lithium was added to commercially available 2-methylcyclo-

pent-2-enone 257 (Scheme 27). The enolate formed by this 1,4-addition was

silylated in situ. Note that, despite the low temperatures and the use of lithium

ions, addition of HMPA to the reaction mixture sufficed to largely suppress the

product of 1,2-addition. Fumaric acid was converted into 2-isopropylfumaric acid

(259) in a known four-step sequence (186). This diacid was converted into the

desired monoacyl chloride monomethyl ester 260 via its bisacyl chloride and

selective methanolysis. At slightly elevated temperature, acid chloride 260

formed the chloroimine acyl adduct 261 with isonitrile 258. Silver ion abstracted

the chloride of 261 and the highly reactive acylnitrilium salt attacked the electron

rich enol ether double bond forming bicyclic pyrroline 262 in very good yield.

Methylation with methyl triflate led to the N-methyl iminium salt. Its reduction to

the tertiary amine 263 proved difficult. Finally, a highly stereoselective reduction

to 263 was achieved with voluminous potassium tri(tert-butoxy)borohydride.
The following cyclization to the tricyclic ketoester was originally planned by

1,4-addition of alkyl phosphite and successive intramolecular Horner–Emmons
reaction but failed. Thus, one electron reduction with samarium diiodide was

examined. Whereas reaction at low temperature led to 5-exo-trig-cylization and

subsequent lactonization, reaction at room temperature gave tricycle 264 via the

desired 6-endo-trig-cyclization accompanied by up to 10% of the saturated

bicyclic compound. This result does not permit one to decide between ketyl
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radical 1,4-addition or reduction of the double bond and subsequent aldol-like

reaction. The stereochemistry of the reaction was verified by X-ray diffraction

analysis of 264. Dehydration with thionyl chloride was followed by double bond

isomerization with strong base yielding tricyclic compound 265. Hydrogenation

over Adams’ catalyst in acetic acid occurred from the convex side of the molecule.

Subsequent acid assisted epimerization led to keto ester 179, an intermediate of

Kende’s synthesis. Following Kende’s reduction led to racemic dendrobine (82).

This short convergent synthesis is the most economic synthesis (10 steps from 259

(or 14 steps from fumaric acid), 7% overall yield) of racemic dendrobine (82)

published so far.

A Facile EPC-Approach to the Dendrobine Skeleton by Takano et al.

With the EPC-synthesis of the tricyclic skeleton of dendrobine, 134a, Takano et al.
intended to demonstrate the effectiveness of the Pauson–Khand reaction (165).

(S)-Carvone was stereoselectively reduced to allylic alcohol 266 according to

Luche (Scheme 28). Mitsunobu reaction with phthalimide and successive hydrazi-

nolysis transformed 266 into the allylic amine 267. The authors examined the

optical purity of 267 and found a slight decrease (3% racemization) compared to

the starting material that they explained with modest participation of SN2
0 reaction

in the Mitsunobu reaction. After the amine 267 was converted into its carbamate,

subsequent substitution of propargyl bromide under strongly basic conditions set the

stage for the Pauson–Khand reaction. The tricyclic carbamate 269 was produced in

71% yield via the enyne cobalt complex, cyclization with insertion of carbon

monoxide, and removal of the heavy metal by oxidation with N-methylmorpholine

N-oxide. The double bonds were reduced by hydrogenation with Adam’s catalyst to
avoid epimerization of the isopropyl group. Subsequently, the ketone was removed
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via dithioketal formation and successive treatment with Raney nickel. Reduction

of carbamate 270 with lithium aluminum hydride yielded the tricyclic skeleton of

(�)-dendrobine 134a.

Formal Total Synthesis of (�)-Dendrobine by Trost et al.

Trost and Krische reported the first formal synthesis of (�)-dendrobine (82) (170,
187). Their intention was to demonstrate the versatility and broad range of palla-

dium catalyzed reactions (188). Two different types of palladium-catalyzed cycli-

zations mark the central part of this EPC-synthesis.

The starting material was the easily available, (�)-dihydrocarvone, which was

epoxidized with basic hydrogen peroxide prior to introduction of a C-1 unit

(Scheme 29). Formaldehyde was added to the lithium enolate of ketoepoxide 271

at low temperatures and the carbinol generated was protected as silyl ether 272.

Note the high stereoselectivity of this aldol reaction, which suggests that the enolate

of 271 is attacked as conformer with the isopropyl group in the pseudoaxial

position. Chemo- and stereoselective reduction of the ketone was achieved with

L-selectride at low temperatures and the axial alcohol formed was esterified to

mesylate 273. Reductive elimination by sodium naphthalide proceeded via one

electron attack of the mesylate and cleavage of the epoxide. The allylic alcohol was

protected as methyl carbonate 274. To obtain high yields and stereoselectivity, the

projected palladium-catalyzed allyl alkylation was conducted intramolecularly.

Therefore, silyl ether 274 was deprotected and the resulting primary alcohol was

esterified with 2-(phenylsulfonyl)pent-4-ynoic acid and N,N0-dicyclohexyl carbo-
diimide. This nine step sequence led in 36% overall yield to the enyne, 275, the

precursor of the first palladium-catalyzed cyclization. Palladium diacetate and

triisopropyl phosphite as ligand led in high stereoselectivity to lactone 276. Trost
et al. discovered an interesting effect when experimenting with this allyl alkylation.
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Their original option was to use isomer i, because less sterical hindrance for the

complexation of the double bond with the palladium was expected (Scheme 30).

When no reaction occurred with several ligands, 275 was chosen, which produces

the same (allyl)palladium complex. Trost assumed that preliminary complexation of

the palladium to the alkyne and intramolecular transposition to the double bond

as the reason for this surprising result. Indeed, when ii, where the alkyne is absent,

was treated under identical conditions as 275, no reaction occurred (Scheme 30).

Palladium-catalyzed cycloisomerization of lactone 276 produced the tricyclic

lactone 277 (Scheme 31). The lactone was saponified and the generated acid was

decarboxylated to the bicyclic sulfone 278. Oxidation of the primary alcohol to the

acid with Jones reagent was followed by esterification yielding 279. Now, the
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methylene group was selectively hydrated to the undesired exo-carbinol 280 by

hydroboration with voluminous dimethylsulfide complexed thexyl borohydride and

oxidative removal of the borane. Note that the angular methyl and the phenylsulfo-

nyl group prevented attack from the convex face of the molecule. To epimerize the

carbinol, it was oxidized to the aldehyde, which epimerized under basic conditions to

endo-aldehyde 281. After reduction of the aldehyde with sodium borohydride, the

obsolete sulfone was removed with sodium amalgam yielding 224, an intermediate in

Roush’s racemic dendrobine synthesis. Thus, Trost et al. achieved a formal total EPC-

synthesis of dendrobine (82) in 20 steps and 8% overall yield. To reach dendrobine

(82) following Roush’s synthesis from 224 on would increase the number of steps to

27 and decrease the overall yield to 1.5% (without recycling).

Formal Total Synthesis of (�)-Dendrobine by Mori et al.

Whereas Trost and Takano established the usefulness of late transition metals and

their complexes for the construction of the dendrobine skeleton,Mori et al. demon-

strated the advantage of the more stable early transition-metal complexes in the

synthesis of dendrobine (82) (167–169). They presented their formal EPC-synthesis

centered on Negishi’s (Taber’s) zirconium-assisted cyclization in several publica-

tions (189, 190).Mori et al. tried to test their key step with a model synthesis (191).
Dibutylbis(cyclopentadienyl)zirconium was added to N-allyl-N-(benzyl)cyclo-

hex-2-enylamine (282) and the generated zirkonacycle was treated with carbon

monoxide (Scheme 32). The metal was removed with acid and the tricyclic

ketone 285 was isolated in excellent yield. The relative configuration of the

newly formed stereogenic centers could not be determined at this point, which

turned out to be advantageous. The authors assumed according to kinetic preference

that the tricycle 286 with all cis stereochemistry had been formed and started the
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actual EPC-synthesis. However, it was known that 1,6-heptadiene and 1,7-octa-

diene formed cis-fused zirkonacycles, which equilibrated to the trans-fused ones.

Taber’s semiempiric ZINDO calculation predicted equilibration and thus structure

285 (192). Eventually, an X-ray diffraction analysis confirmed this structure.

Meanwhile, Mori et al. had succeeded with their formal dendrobine synthesis,

because the additional substituents in the actual zirkonacycle 289 changed the

equilibrium or prevented equilibration (Scheme 33). This is a nice reminder of

the ambiguity of model reactions.

The EPC-synthesis started with (þ)-carvone, which was reduced according to

Luche (Scheme 33). The equatorial hydroxyl group was substituted by benzylsul-

fonamide via Mitsunobu reaction. The now obsolete sulfonate of 287 was removed

by one-electron reduction with sodium naphthalide and the liberated amine was

allylated with allyl bromide under basic conditions yielding the precursor 288 of the

zirconium-assisted cyclization. After addition of dibutylbis(cyclopentadienyl)zir-

conium, the atmosphere was changed to carbon monoxide. Addition of acid com-

pleted the reaction sequence toward the tricyclic dendrobine skeleton 290 in 47%

yield. This structure was verified by X-ray analysis. Deoxygenation of the keto

group proceeded by reduction with sodium borohydride, esterification of the alco-

hol, and reduction of the thionocarbonic ester with tributylstannane. Strong acid

isomerized the double bond of unsaturated amine 291 to the mixture of unsaturated

amines with 292, the isomer with the double bond in the desired D3,4 position, as the

main isomer in 46% yield. The preference of the trisubstituted double bond is

presumably due to s*�p interaction with the highly polar C–Nþ bond. Recycling

also transformed the residual isomers to 292. Hydroboration and subsequent
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oxidation afforded alcohol 293. Now, the benzyl substituent at nitrogen was

exchanged against methyl by hydrogenolysis, transformation to the carbamate,

and reduction with lithium aluminum hydride. To introduce the missing carboxylic

group, alcohol 294 was converted into the enone 177 by oxidation to the ketone, a-
selenation, oxidation to the selenoxide, and spontaneous cis elimination. With 177,

an intermediate of Kende’s racemic synthesis was obtained. Mori et al. then

followed Kende’s synthesis to ketoester 178. This formal synthesis required 17

steps in 4% overall yield. If supplemented with five steps according to Kende, this
dendrobine synthesis needs 22 steps in 0.75% overall yield.

First Total EPC-Synthesis of (�)-Dendrobine by Sha et al.

The first total synthesis of (�)-dendrobine (82) was presented by Sha et al. (143).
The key step of their synthesis was a newly developed radical cyclization (193, 194).

The authors used (S)-carvotanacetone (dihydrocarvone) as starting material

(Scheme 34). To prepare the linearly conjugated silylenol ether, they used the

Kharash protocol and attained g-alkylation by Mukaiyama aldol reaction with

trimethylorthoformate (195). The ketoacetal 295 was a-hydroxylated according

to Rubottom by silylenol ether formation followed by epoxidation and silyl migra-

tion. Acid treatment transformed 296 to the epimeric cyclic acetals 297 and 298.

endo-Acetal 297 was equilibrated thereby increasing the amount of exo-acetal
298. The necessary unsaturated side chain for the prospected radical cyclization

was introduced by 1,4-addition of a (trimethylsilyl)butynylcopper compound.
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Subsequent silylation of the enolate led to silylenol ether 299. a-Iodoketone 300,

the precursor of the radical cyclization, was formed by a variation of the Rubottom
reaction with peracid and sodium iodide in 30% overall yield from carvotanacetone

(dihydrocarvone). Tributylstannane with AIBN as starter abstracted the iodide and

the a-ketoradical added to the alkyne. Consecutively, the vinyl radical abstracted

hydrogen from the stannane. The tricyclic vinyltrimethylsilane 301 was desilylated

with trifluoracetic acid. Acetal 302 was converted into nobilomethylene (45) by

Lewis acid-catalyzed SN1 reaction to the peroxyacylal and subsequent base treat-

ment. Hydration with borane and successive oxidation afforded endo-carbinol and
simultaneously reduced the ketone, yielding 303, the C(13)-epimer of naturally

occurring dendrobiumane B (31). Selective esterification of the primary alcohol of

303 with mesyl chloride permitted exchange against azide anion. To overcome the

steric hindrance, the reaction was run at 100�C in a polar solvent with added crown

ether. The secondary alcohol of azide 304 was reoxidized with Jones reagent to

ketone 305. Staudinger reaction led via azaphosphorane to the cyclic imine, which

was reduced to the tetracyclic amine, 98, a compound isolated as mubironine B

from a cultivar of D. nobile. Eschweiler–Clark reaction led to (�)-dendrobine (82).

Starting with (S)-dihydrocarvone, the first EPC-synthesis of dendrobine (82) was

achieved within 17 steps in 3.3% overall yield. This EPC synthesis is the second

highest yielding synthesis of dendrobine but is also the first EPC synthesis of

nobilomethylene (45) and mubironine B (98).

Formal Total Synthesis of (�)-Dendrobine by Zard et al.

This EPC-synthesis of dendrobine (82) is based on (þ)-trans-verbenol (307) as
starting material and Pauson–Khand reaction as the key step (144, 166).

Commercially available (þ)-a-pinene (306) was converted by a known reaction

sequence into 307 (Scheme 35) (284, 166). The hydroxy group of this monoterpene

was transformed to the N-hydroxycarbamate 308 via the imidazylcarbamate and

treatment with N-methylhydroxylamine. After O-benzoylation to 309, the cyclic

carbamate was formed by homolysis of the N–O bond with tributylstannane and

addition of the nitrogen-centered radical to the double bond (196). The tertiary carbon
radical attacked the strained single bond of the cyclobutane moiety and the reaction

cascade was completed by saturation of the isopropyl radical. The generated oxazo-

lidinone 310 was saponified to the vicinal cis-hydroxyamine 311. Zard originally

planned to use a nickel mediated radical cyclization of a-chloroacylamides formed

from 311. After this plan failed, the authors turned to the Pauson–Khand reaction,

which Takano had employed successfully in his synthesis of the tricyclic skeleton of

dendrobine (82). Thus, the secondary amine 311 was converted into the tertiary

propargylamine with propargyl bromide. Subsequently, the secondary alcohol was

protected as acetate 312. Whereas Takano had used the neutral amide, Zard et al.
wanted to examine the Pauson–Khand reaction in the presence of an amine. When

they used cobaltoctacarbonyl and N-methylmorpholine-N-oxide in methylene chlo-

ride, the desired tricyclic product, 313, was obtained in low yield accompanied by an
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unexpected bicyclic compound. Employing solvents with increasing complexation

power increased the yield of the regular Pauson–Khand reaction product. Acetoni-

trile as solvent suppressed the by-product and yielded the unstable tricyclic enone

313 in acceptable yield. After hydrogenation over palladium on charcoal as catalyst,

the saturated ketone was regioselectively transformed into the higher substituted

silylenol ether 314 with trimethylsilyl iodide and hexamethyldisilazane as base.

Crude 314 was treated with phenylselenyl bromide resulting in the unstable a-
selenyl ketone. Oxidation to the selenoxide led to spontaneous cis-elimination.

The enone 315 was transformed to ketonitrile 316 by 1,4-addition with Nagata’s
reagent. Despite the neighboring alkyl groups, the reagent attacked from the convex

face of the molecule. The now obsolete ketone was removed by reduction to the

endo-alcohol, which was esterified to the thionocarbonate and reductively removed

with tributylstannane and ACCN as starter. The acetate of 317 was transesterified

with methanolate yielding the alcohol and partially epimerizing the nitrile. The

mixture of hydroxynitriles 318 and 319 was heated with acid in dioxane/water.

Hydroxynitrile 319 led via the lactimether to (�)-dendrobine (82), whereas 318was

inert under these conditions but could be recycled. Starting with a-pinene, (�)-

dendrobine (82) was reached in 21 steps and 0.5% overall yield. Starting with

verbenol, the target was accomplished in 18 steps and 1% overall yield.

Formal Total Synthesis of (�)-Dendrobine by Padwa et al.

The most recent attempt toward a synthesis of dendrobine (82) was reported by

Padwa et al. (160, 161). Their formal racemic synthesis of dendrobine is a typical
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example of probing the versatility of a newly developed key step by constructing a

highly complex molecule. Their key step was an IMDA reaction that triggered a

cascade of consecutive reactions (197, 198). The precursor of the key step was

prepared in a convergent manner.

Ethyl 3-methylbut-2-enoate (320) was a-alkylated by but-4-enyl bromide

(Scheme 36). Ring-closing metathesis of diene 321 with an excess of first genera-

tion Grubbs’ catalyst afforded the trisubstituted double bond of racemic cyclopen-

tenyl ester 322. The ester was converted into methyl bromide 323 by reduction to

the primary alcohol, mesylation, and substitution by lithium bromide. Then, the

bromide was substituted by carbamate 325, under basic conditions assisted by a

phase transfer catalyst, yielding the desired precursor 326 of the key step. The

heteroaromatic carbamate 325 was prepared starting with furfural. Friedel–Crafts
alkylation introduced the isopropyl group in b-position of the furan in mediocre

yield. The aldehyde was now oxidized by silver nitrate yielding acid 324. Curtius
rearrangement was achieved by Shiori’s protocol leading to carbamate 325

(199). With 326 in hand, the stage was set for the cascade reaction by heating

the compound in toluene to 165�C over 15 h. Under these conditions, IMDA
reaction produced tetracycle 327, which rearranged to the conjugated unsatu-

rated acyliminium alcohol. Double bond isomerization to the conjugated hydro-

xydieneamide and subsequent ketone formation completed the cascade yielding

the tricyclic skeleton 328 of dendrobine (82) as 2:1 mixture of epimers at C(4).

Eight further steps were necessary to reach Kende’s intermediate, 179. At first,

the keto group of 328 was selectively reduced with sodium borohydride and
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protected as benzyl ether 329. Now, anti-Markovnikov hydration with borane

and successive oxidation yielded the secondary alcohol, which was oxidized to

ketone 330. After removal of the protective benzyl group by hydrogenolysis,

dehydration to the enone 331 was achieved via mesylation and E1cB reaction.

The carbamate was removed with strong acid and reaction with methyl iodide

led to the tertiary amine, 179. Thus, the authors needed 18 steps in an overall

yield 2.6% to reach Kende’s intermediate 179 starting from commercially avail-

able materials. Supplemented by five additional steps according to Kende, this
synthesis of (�)-dendrobine (82) would need 23 steps in 0.5% overall yield.

These figures belittle Padwa’s synthetic efforts, as starting as most other authors

did with literature known compounds (323 and 324) would have reduced the

number of steps to Kende’s intermediate to 11 steps and thus increased the

overall yield considerably to 10%.

6.2.2. Syntheses of Sesquiterpene Picrotoxanes

Total EPC-Synthesis of Picrotoxinin and Picrotin by Corey et al.

The first synthesis of this group of sesquiterpenes was Corey’s and Pearce’s EPC-
synthesis of picrotoxinin (1), which, due to the originality of its steps and relative

shortness, has become a classic (118, 200, 201). To form the quaternary center they

used a method partly developed for this synthesis.

To achieve this goal, (�)-carvone was transformed into the dimethylhydrazone,

and the unsaturated hydrazone was deprotonated by LDA (Scheme 37). Due to

complexation of the lithium ion with nitrogen, 3,3-dimethoxypropyl bromide was

used to alkylate the a-position (202). A 3:2 mixture of the two possible stereo-

isomers 332 and 333 was obtained. The authors claimed that the ketone was

O
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recovered from the hydrazone by buffered acidic hydrolysis and that stronger acid

was necessary to hydrolyze the acetal. The mixture of the ketoaldehydes generated

cyclized spontaneously under these conditions. Although the reaction was carried

out at room temperature, the endo-alcohol 335 was formed stereoselectively. After

benzoylation, the mixture of aldols was separated and lithium acetylide was added

to the O-protected 335 at �78�C over a short period, affording exclusively the

tertiary alcohol, 336. To differentiate between the unsaturated bonds, bromoether-

ification protected the exocyclic double bond as well as the tertiary alcohol and

shielded the endocyclic double bond. Now, the triple bond of 337 was converted

into the unstable aldehyde 338 via hydroboration and subsequent oxidation with

basic hydrogen peroxide. The aldehyde was protected as cyclic dithioacetal 339 and

transesterification with methanolate yielded the secondary alcohol, which was

oxidized with pyridinium dichromate to ketone 340.

Barton oxidation was the key to form the 1,2-diketone 341 in surprisingly high

yield, in order to close the five-membered ring (Scheme 38). The conditions chosen

for the deprotection of the aldehyde, mercuric oxide and boron trifluoride etherate,

at room temperature, immediately led to aldol 342. After protection of the newly

formed secondary alcohol as a benzoate, the diketone was fragmented quantita-

tively with excess sodium hypochlorite. Cyclization of the generated diacid 343 to

the desired dilactone 344 proved very difficult. After a variety of methods failed,

the use of lead tetraacetate (203), precedented by work performed within the structure

determination of picrotoxinin (1), was spectacularly successful (204). In 99% yield,

the simultaneous formation of both lactones was achieved. E1cB reaction with an

excess of tertiary amine removed the benzoate of 344 and the double bond formed

was epoxidized with peracid affording b-oxirane 104 stereoselectively. Treatment of
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the bromoether with zinc under mild conditions afforded picrotoxinin (1) quantita-

tively. Thus, the first EPC-synthesis of picrotoxinin (1) was achieved within 20 steps

in an unbelievable 5.2% overall yield.

Conversion of synthetic picrotoxinin (1) to picrotin (2) was achieved by Corey
and Pearce in four steps and 30% overall yield (124). To prevent intramolecular

oxymercuration, the tertiary alcohol of picrotoxinin (1) was protected as trifluor-

oacetate 346 prior to addition of mercury trifluoroacetate in a benzene/THF mixture

as solvent. Demercuration with sodium borohydride failed, thus the covalent C–Hg

bond was cleaved by tributylstannane in ethanol. Mild hydrolysis of the bistrifluor-

oacetate 347 afforded picrotin (2) in 30% overall yield (75% corrected for recov-

ered 1) from picrotoxinin (1).

Total Synthesis of (�)-Coriamyrtin by Inubushi et al.

The first synthesis of racemic coriamyrtin (9) was presented by Inubushi et al. (128,
129, 205, 206). To achieve this aim, the authors developed a new protocol for the

preparation of highly substituted cis-hydrindanones.
1,6-Addition of the anion of 2-methyl-1,3-cyclopentadione (348) to protoane-

monin (349), easily prepared from levulinic acid in four steps (207), led to adduct

350 in low yield due to ready self-condensation (Scheme 39). Transesterification

with acidic methanol set the alcohol free, which cyclized spontaneously to the 1:1

mixture of ketals 351 and 352. To enhance the yield of the ketal 352, ketal 351 was

recycled by equilibration in acidic methanol. Under Kharash–Grignard conditions,
the isopropenyl group added unselectively in 1,4-mode and the ester enolate 353
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generated attacked the ketone. The mixture of the tricyclic esters 354 and 355 was

converted into the desired cis-hydrindanone, 356. Whereas 355 hydrolyzed quanti-

tatively to 356, the conversion of 354 necessitated several steps. After hydrolysis to

the cis-hydrindanone 357, the secondary alcohol was inverted by oxidation and

subsequent unselective reduction with sodium borohydride. After separation and

recycling, the secondary alcohol of 358 was protected as silyl ether 359. Treatment

with a strong voluminous base led to an interesting rearrangement. Retro–Claisen
condensation was followed by attack of the ester enolate at the original keto group

forming the isomer of 359. The small differences in steric hindrance between the

two isomeric silyl ethers point to the unfavorable orbital overlap for retro-Claisen
reaction in the main conformation of the silyl ether of 356 as the reason for the

surprisingly high yields of this isomerization. The high population of this conformer

explains the lack of lactonization under the desilylation conditions. The removal of

the silyl group completed the laborious detour to cis-hydrindanone 356.
Both hydroxy groups of 356 were protected as tetrahydrofuranyl ethers to gain

high yield in the subsequent methylenation by Wittig condensation (Scheme 40).

After the protecting groups of 360 were removed with aqueous oxalic acid, the

methyl ester was saponified to enable lactonization with Yamaguchi’s reagent.

Unfortunately, the reaction conditions chosen for this reaction sequence destabilized

the newly introduced methylene group, leading up to 20% to the endocyclic double

bond. To differentiate between the double bonds of 361 and 362, the double bond

of the respective isopropenyl groups were protected as cyclic bromoethers 363

and 364. The methylene group of the main product 363 was a-hydroxylated
with selenium dioxide and tert-butyl hydroperoxide, whereas the endocyclic double
bond of the minor product 364 underwent allylic oxidation with singlet oxygen
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and subsequent reduction of the hydrogen peroxide with sulfite. The allylic alcohol

365 attained with both isomers was epoxidized. To ascertain attack from the convex

face of 365, despite the vicinity of the angular methyl group, neighboring group

assisted Sharpless oxidation was chosen. Dehydration of epoxide 366 via mesyla-

tion and base treatment led to the unstable allylic epoxide, 367. Epoxidation with

peracid in deplorably low yield afforded bisepoxide, 368 and reductive elimination

with a zinc/copper couple completed the synthesis of racemic coriamyrtin (9).

Inubushi’s synthesis of (�)-coriamyrtin (9) is the shortest sesquiterpene picrotox-

ane synthesis (16 steps) published so far. Unfortunately, non-selective and

low yielding steps lessen this accomplishment. With recovery of the side products,

thus increasing the number of steps to at least 21, the overall yield remains

at �0.01%.

Total Synthesis of (�)-Picrotoxinin and (+)-Coriamyrtin by Yamada et al.

As described above, Yamada et al. have published the first racemic synthesis of

dendrobine (82). They demonstrated the versatility of this synthesis strategy by

synthesizing two further Dendrobium alkaloids. Experience gained in their execu-

tion and variation of the synthetic strategy enabled Yamada et al. to design

syntheses of the more complex sesquiterpene picrotoxanes. Again, the authors

proved the flexibility of this synthetic protocol by synthesizing not only picrotox-

inin (1) and transforming the synthesis to an EPC-synthesis by separation of a

racemic intermediate but also by synthesizing coriamyrtin (9) (119), tutin (11)

(130), and a constituent of a scale insect, asteromurin A (22) (52, 135, 208).
Their picrotoxinin synthesis started with cheap aromatic compounds and fol-

lowed the pathway elaborated for dendrobine (82) to the tetrasubstituted aromatic

aldehyde 137 (Scheme 41). Chain elongation with phosphanemethoxymethylide to

the methyl enolether, ketalization, Birch reduction, and selective hydrolysis of the

endocyclic enolether are analogous to the dendrobine synthesis. The b,g-unsaturated
keto acid 369 was converted into the methyl ester before the tetrasubstituted double

bond was oxidized with peracid yielding a 3:1 mixture of exo- to endo-epoxide, then
E1cB reaction led to g-hydroxyenones 370. Deprotection of the aldehyde with

aqueous acid afforded the precursor of the key step, Johnson’s tandem reaction,

which led, assisted by diethylamine, in near quantitative yield to a 5:6 mixture of the

epimeric tricyclic esters, 371. After protection of the keto group as cyclic ketal to

prevent retroaldol reactions, base treatment epimerized the endo-ester, affording
exclusively exo-ester 372 in 51% yield. Now, the ester was reduced to the primary

alcohol, which was selectively protected by tert-butyl(dimethyl)silyl chloride.

The secondary alcohol of 373 was oxidized and the tertiary alcohol protected as a

methyl ether. Ketone 374 was a-hydroxylated according to Vedejs (209). Note that
despite the anti-Bredt conditions the reaction proceeded in 87% yield to hydroxy-

ketone 375. This oxidation preceded the fragmentation to the cis-hydrindanone, 377.
To achieve this goal, methyllithium was added to the ketone affording the tertiary

alcohol 376 with high stereoselectivity. Lead tetraacetate fragmented the vicinal
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diol and base treatment epimerized the newly formed methyl ketone. The equato-

rial acetyl group of 377 was converted into the isopropenyl group by means

of [(N-methyl)phenylsulfimidoyl]methyllithium and successive reduction with

aluminum amalgam according to Johnson (210).
The sterically more hindered ketone of 378was transformed also to the methylene

group. Here,Wittig condensation met with success. Attempts to shorten the synthesis

by methylenation of both ketones of 376 simultaneously led to a very low yield,

whereas the three-step variant achieved 58% overall yield of cis-hydrindane 379. Its
ketal was hydrolyzed and reduced subsequently to the secondary alcohol. All attempts

to effect this reduction with hydrides led to the undesired axial alcohol. Thus, the

authors turned to one-electron reduction with sodium in wet ether, which indeed gave

stereoselectively the equatorial alcohol, and acidic workup cleaved the silyl ether.

Optical resolution of the racemic diol 380 followed Mosher’s protocol (211). Thus,
excess MPTA Cl with DMAP as catalyst led to the diastereomeric diesters, which

were separated by preparative TLC. The less polar product was then reduced with

lithium aluminum hydride yielding pure (þ)-380. The enantiomerically pure diol was

cyclized to the tricyclic ether 381 via esterification with camphorsulfonyl chloride

and successive base treatment. Differentiation of the two double bonds and simulta-

neous cleavage of the tertiary methyl ether was achieved by cyclic bromoether

formation with N-bromosuccinimide at low temperatures in a polar solvent. Surpris-

ingly, in contrast to other reports of bromoether formation of picrotoxanes, very low

stereoselectivity was observed in the bromoether formation of 381. The 4:3mixture of

epimers 382 was separated and both epimers could be converted into picrotoxinin (1).

However, the authors reported only the experimental data of the epimer depicted in

Scheme 42. Allylbromination with N-bromosuccinimide of 382 led to a 3:4 mixture

of the primary and secondary bromide, 383 and 384. Aqueous base substituted both
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bromides, yielding by SN2, and SN2
0 respectively, the primary allylic alcohol.

Epoxidation with peracid occurred at the convex face leading to the exo-epoxide
385. Functionalization of the unactivated methylene group with lead tetraacetate

afforded the tetrahydrofuran subunit of 386. The cyclic ethers were converted into

the bislactone 104 with in situ-produced ruthenium tetroxide in 36% yield (212).
Reductive elimination with zinc under mild conditions afforded (�)-picrotoxinin

(1). This synthesis needed 37 steps with 0.004% overall yield.

Allylic bromides 383 and 384 were the relais substances for the synthesis of

coriamyrtin (9) (Scheme 43). The allylic bromides were eliminated with potassium

tert-butoxide in toluene affording diene 387. 1,4-Addition with N-bromosuccini-

mide in polar solvent at room temperature yielded the unsaturated a-bromo-d-
hydroxy unit of 388, which formed the unsaturated epoxide 389 by base treatment.

Epoxidation with peracid occurred as expected from the convex face. The cyclic

ether moiety of bisepoxide 390 was oxidized to the lactone 368 with ruthenium
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tetroxide. Reductive elimination with zinc completed the total synthesis of (þ)-

coriamyrtin (9) in 38 steps and 0.007% overall yield.

First Total Synthesis of (+)-Tutin and (+)-Asteromurin A by Yamada et al.

An intermediate of the coriamyrtin synthesis (119) was chosen to synthesize a

further main picrotoxane sesquiterpene of Coriaria species, (þ)-tutin (11).

Allyl alcohol 388 was protected as silyl ether and the allylic primary bromide

was substituted according to Corey et al. (213) affording primary allyl alcohol 392

(Scheme 44). Functionalization through space with lead tetraacetate led to cyclic

ether 393 and considerable amounts of the unsaturated aldehyde (�29%), which

could be recycled via reduction to alcohol 392. The cyclic ether 393 was cleaved

with acetyl bromide affording the acetoxy bromide, 394. Note that addition of CaH2

was crucial for the success of this reaction. Deprotection of the silyl ether led via

intramolecular SN2
0 reaction to the allylic epoxide, 395. The protective group of the

secondary alcohol at C(2) was exchanged to the more easily removable trichlor-

oethyl carbonate prior to epoxidation of the exocyclic double bond with peracid.

A mixture of the exo-oxirane 396 and the endo-oxirane was isolated in a 2.4:1 ratio.
Ruthenium tetroxide oxidized the tetrahydrofuran to the g-lactone. Finally,

reductive cleavage of the bromoether and the trichloroethylcarbonate with zinc

gave (þ)-tutin (11) in 45 steps and 0.001% overall yield starting with tetralone 135.

(þ)-Asteromurin A (22), a compound isolated from a scale insect was the next

target of Yamada’s picrotoxane synthesis project. An intermediate of the synthesis

of tutin (11), the unsaturated epoxide 395, was the relais substance.

Hydration with boranes proved difficult due to extensive reductive cleavage of

the epoxide (Scheme 45). The best results (54%) were achieved with borane in

THF. The subsequent oxidation with basic hydrogen peroxide led to the primary

alcohol as well as to saponification of the acetate. Selective protection of the

primary alcohol 397 as trichloroethyl carbonate was followed by oxidation with

RuCl3/NaIO4, thereby producing not only the g-lactone but also the cyclic ketone.
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Zinc removed the protective group of the primary alcohol and cleaved the bro-

moether of 398 reductively under mild conditions. The ketoalcohol thus formed

spontaneously cyclized to asteromurin A (22) in 45 steps and 0.001% overall yield.

Total EPC-Synthesis of Picrotoxinin and Picrotin by Yoshikoshi et al.

The third new strategy for the construction of picrotoxinin (1) was presented by

Yoshikoshi et al. (120). The chiral starting material, 399, of the EPC-synthesis of

picrotoxinin (1) and picrotin (2), was derived from (�)-carvone in four steps (214).
The quaternary center was constructed stereospecifically by Claisen rearrange-

ment (Scheme 46). The necessary enol ether was obtained by reaction of the

secondary alcohol of 399 with ethyl vinyl ether and mercuric acetate. To change

the polarity of the endocyclic double bond, the unsaturated ketone was reduced with

lithium aluminum hydride to the allylic alcohol, 400, at low temperature. Then,

prolonged heating with xylene led to the aldehyde, 401. Protection of the secondary

alcohol was achieved by bromoether formation with N-bromosuccinimide in aceto-

nitrile before the aldehyde of 402 was reacted with methyllithium. The epimeric

mixture of secondary alcohols was protected as acetates 403. Then, the cyclic ketone
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O
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O

Br

O

HO

HO

1) B2H6, THF
rt, 4 h

  2) NaOH, H2O2
  EtOH, 55°C, 

  1 h;  54%

1) TrocCl, pyr
-25°C,1.5 h, 59%

2)  RuCl3, NaIO4
CCl4/CH3CN,

buffer pH=6.9, 72%

O

O

Br

O

O

TrocO
O

Zn, NH4Cl, EtOH
rfl, 1 h, 94%

asteromurin A
395 397 398

22

Scheme 45

O

OH
OH

O

OH

O

O

O

Br

O

AcO

Br

O
AcO

O
AcO

O O

O

O

O

O

O

O

O O OAc

O

1) O

Hg(OAc)2,
rfl, 4 d, 92%

2) LAH, ether,
-78°C to 0°C
>1.5 h, 100%

xylene, rfl

36 h

1) NBS, CH3CN
0°C, 1 h

89% (2 steps)

1) CH3Li, Et2O
0°C, 1 h, 91%

2) Ac2O, DMAP,
pyr, CH2Cl2, rt,

3.5 h, 100%
(1:1)

1) Zn/Cu, NH4Cl,
EtOH/H2O, rfl, 50´,

100%

2) Jones reagent,
acetone, 0°C, 30´,

88%

1) LHMDS, Et2O,
-70°C, 2 h; CO2 

(gas), 2.5 h

2) CH2N2, 0°C,
64% (+ 28% 404) 

(2 steps)

99:1

3:2

1) NaH, THF, 2 h,
rt; CH3OH,1 h, rt;

DMF, 2 h, rt

2) Jones reagent
acetone, 0°C, 15´,

92% (2 steps)

1) PhCO2H,
pyrrolidine, PhH,

rfl, 9 h

2) AcOH, AcONa,
H2O, CHCl3, 60°C

14 h, 85%

1) LAH, Et2O,
0°C, 20´

2) MnO2, CHCl3,
4 d, rt,  85% (2 steps)

3) H2O2, NaOH, 
CH3OH, 0°C, 15´

4) Ac2O, DMAP, pyr
2 h, rt, 88% (2 steps)

399 400 401 402

403 404 405

406 407 408

Scheme 46

172 E. Gössinger



was prepared by reductive elimination with a zinc/copper couple and successive

oxidation. This allowed the stereoselective introduction of the carboxylic group by

enolate formation and addition of gaseous carbon dioxide. The corresponding ester

405 was formed with diazomethane. The next task was the construction of the

cyclopentenone 407 by intramolecular aldol reaction. Saponification led to sponta-

neous cyclic hemiketal formation preventing the oxidation to diketone 406. There-

fore, the following protocol was designed. The enolate of the b-ketoester was

formed with sodium hydride before addition of methanol set the secondary alcohol

free by transesterification. Inverse addition to Jones reagent afforded methyl ketone

406, which cyclized to the conjugated dienamine with pyrrolidinium benzoate.

Hydrolysis with aqueous acid led to a 4.5:1 mixture of the unsaturated a,b-ketone
407 and the b,g-ketone. The latter could be converted into the a,b-ketone 407 by

treatment with Al2O3 in benzene. To allow selective epoxidation with basic hydro-

gen peroxide, the ester was reduced by lithium aluminum hydride. The concomitant

reduction of the ketone necessitated selective reoxidation with active manganese

dioxide. Then, basic hydrogen peroxide converted the enone in surprisingly high

stereoselectivity into the exo-ketoepoxide, which the authors explained by the

favored cis-hydrindanone formation. After acetylation, the ketone 408 was methy-

lenated according to Gras with formaldehyde under phase-transfer catalysis

(Scheme 47) (215).
This reaction was followed by a reductive epoxide cleavage the authors had

developed (216). Sodium phenylselenyl triethoxyboronate in acidic methanol

cleaved the epoxide within 5 min in high yield. The resulting tertiary alcohol 409

was once more simultaneously protected with the isopropenyl double bond as

O OAc
O
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bromoether prior to reduction of the unsaturated ketone according to Luche. The
endo-alcohol formed was esterified with mesyl chloride. Selective dihydroxylation

of the methylene group of 410 was achieved with the voluminous osmium tetrox-

ide. Base treatment of the diol led to epoxide 411. The primary alcohol was now

oxidized to the acid via the aldehyde with Collin’s reagent and subsequent Pinnick
oxidation. After methyl ester formation, the hindered double bond of 412 was

stereoselectively oxidized to lactone 413 within 1 week when using equivalent

amounts of osmium tetroxide in pyridine. Methanolysis of the acetate allowed

oxidation of the carbinol at C(5) with pyridinium chlorochromate to the aldehyde

and after spontaneous hemiacetal formation to the known a1-bromopicrotoxinin

(104). Reductive elimination of 104 afforded (�)-picrotoxinin (1) in 31 steps and

5% overall yield (þ4 steps from (�)-carvone).

Starting with picrotoxinin (1) Yoshikoshi developed an improved synthesis of

(�)-picrotin (2). Epoxidation of picrotoxinin (1) with peracid at room temperature

led to a 5:2 mixture of the epimeric epoxides. Regioselective cleavage of the

epoxide was achieved with sodium phenylselenyl triethoxy boronate. Radical

reduction of the phenyl selenides 414 with stannane completed this three-step

sequence to picrotin (2) in 87% overall yield.

Total EPC-Synthesis of Picrotoxinin and Corianin by Trost et al.

The most recent EPC-syntheses of picrotoxane sesquiterpenes were reported by

Trost and his coworkers (63, 121, 122, 131, 132). In the 1980s of the last century,

Trost developed an efficient palladium(II)-catalyzed ene reaction (217). To demon-

strate the broad range and mild reaction conditions of their new method, they chose

the picrotoxanes due to their high structural complexity. As in Trost’s dendrobine
synthesis, the ene reaction has to generate the quaternary center in anti-Markovnikov
mode at a densely substituted molecule without the assistance of strong electron-

donating and electron-accepting substituents at the reaction centers. In 1987, Trost
et al. reported the successful EPC-synthesis of the highly substituted cis-hydrindene
system and, in consequence, the EPC-synthesis of dendrobine (82). After consider-

able research to improve the capacity of the catalyst by varying the ligands (218),
Trost et al. were able to use this key step for the syntheses of picrotoxinin (1),

corianin (21), and methyl picrotoxate (42). These synthetic efforts included several

structurally analogs for physiological tests and a partial synthesis of corianin (21)

starting with picrotoxin.

Once again, (�)-carvone was chosen as starting material (Scheme 48) (121).
Aldol reaction with formaldehyde led to 6-hydroxymethylcarvone. The primary

alcohol was protected as silylether 415 to permit addition of (cyanomethyl)lithium.

The 5:1 mixture of epimeric tertiary alcohols was separated and the main product,

416, the alcohol generated by axial attack, was protected stereoselectively as

bromoether 417 utilizing pyridinium hydrobromide perbromide. To introduce the

necessary alkyne, the nitrile was reduced to the aldehyde with diisobutylaluminum

hydride and subsequent hydrolysis. Addition of the alkyne led to a 2:1 mixture of
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propargylic alcohols. The minor alcohol was converted into the main alcohol 418

viaMitsunobu reaction and hydrolysis. After the propargylic alcohol was protected
as silylether 419, the palladium-assisted ene reaction afforded tricyclic compound

420. The ligand 1,3-bis(dibenzophosphoryl)propane was chosen due to its small

volume compared to other ligands and its stronger p-acceptor and lesser s-donor
properties and 2-(diphenylphosphino)benzoic acid as internal proton source. Desi-

lylation with tetrabutylammonium fluoride afforded allyl alcohol 421. 1,3-Hydroxyl

shift was achieved within three steps. Excess thionyl chloride transformed the

secondary allyl alcohol into the primary allyl chloride, which was substituted by

acetate with cesium acetate. Saponification completed the reaction sequence. Diol

422 was oxidized to the diacid by Swern oxidation followed by Pinnick oxidation.
The attempt to use Corey’s protocol to convert the unsaturated diacid with lead

tetraacetate into the bislactone failed. Thus, the following much longer route was

designed. After ester formation with diazomethane, the electron rich double bond of

diester 423 was stereoselectively epoxidized.

The epoxide 424 was treated with strong acid that led most probably via

neighboring group assistance of the bromide to cleavage of the oxirane and

immediate attack of the ester group to d-lactone 425 (Scheme 49). Dihydroxylation

with osmium tetroxide led to diol 426. Reductive cleavage of the bromoether did

not initiate the desired lactonization to the bislactone. Thus, the vicinal diol was
protected as acetonide 427. Now, potassium hydroxide in methanol formed the

g-lactone. The newly generated acid was converted into the methyl ester 428. The

fact that the second lactone was not formed indicated that the acetonide preferred

the conformation with the acid and the alcohol in equatorial position. Therefore, the
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secondary alcohol was protected as an acetate prior to removal of the acetonide.

Renewed protection of the vicinal diol as silyl ethers and cyanide-assisted selective
removal of the acetate led to ester lactone 430. Drastic basic conditions afforded the

bislactone, and hydrogen fluoride removed the silyl groups. Relais substance 431

led to picrotoxinin (1) in two steps. The vicinal diol was converted into the double

bond according to Eastwood (219) and epoxidation with basic tert-butyl peroxide
completed the EPC-synthesis in 29 steps and 0.3% overall yield.

When relais substance 431 was selectively dehydrated via the triflate of the

secondary alcohol the path toward corianin (21) was opened (Scheme 50). The

authors used the fact that neighboring hydroxy groups enhance the reducing power

of borohydrides to selectively reduce one of the lactones to the hemiacetal 434.

Reduction to tetrahydrofuran 435 was achieved by thioacetal formation with
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176 E. Gössinger



phenylthiol catalyzed by trimethylsilyl chloride and subsequent radical reduction

with triphenyl stannane. Epoxidation with peracid afforded the first total synthesis

of corianin (21) in 32 steps and 0.27% overall yield.

Partial Synthesis of Corianin by Trost et al.

The possible therapeutic use of corianin (21) in the treatment of schizophrenia and

the general influence of picrotoxanes on the central nervous system make more

economic pathways desirable. Trost and Krische have shown that relais substance

431 can be easily prepared from commercially available picrotoxin (131). This
constitutes a partial synthesis of corianin (21) in nine steps (Scheme 51).

The molecular compound, picrotoxin, was treated with bromine in water,

thereby not only permitting easy separation from unchanged picrotin (2) but also

protecting the double bond of the isopropenyl group as a bromoether. Then, low-

valent tungsten (220) was used to transformed the oxirane of 104 into the double

bond without affecting the bromoether. The double bond of 432was dihydroxylated

by osmium tetroxide in pyridine resulting in relais substance 431. Five steps,

already described above, completed the partial synthesis of corianin in 14.5%

overall yield starting with picrotoxinin (1).

Total Synthesis of Methyl Picrotoxate by Trost et al.

A further intermediate of the above-described synthesis of picrotoxinin (1), diester

423, inspired the authors to attempt the first EPC-synthesis of methyl picrotoxate

(42) (63). Originally, this compound was found as a degradation product of

picrotoxinin (1) (2, 3). It was reported later as a minor constituent in both the

plant M. cocculus and in the sponge S. inconstans.
Starting with (�)-carvone, the diester 423 was reached in 15 steps (see Scheme

48). Interestingly, the conjugated double bond of 423 was inert against nucleophilic
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epoxidation but dihydroxylation by osmium tetroxide occurred exclusively at this

electron deficient double bond (Scheme 52). The dihydroxylated product 436 was

converted into the desired oxirane 437 by treatment with trifluoroacetic anhydride.

Avoiding nucleophilic solvents, the methoxy carbonyl group at C(5) attacks and is

substituted by the tertiary hydroxy group, forming the epoxide by double inversion.

The small steric as well as electronic differences between the relais substance 423

and epoxide 437 were sufficient to permit dihydroxylation of the cyclohexene

double bond at higher temperatures and longer reaction times. Spontaneous lacto-

nization afforded d-lactone 438. The obsolete bromoether was cleaved by zinc

under carefully chosen conditions to avoid attack of the a-carbonyl epoxide.

Sodium cyanide-catalyzed methanolysis of the lactone 439 was followed by intra-

molecular nucleophilic attack at the epoxide 440 by the alkoxylate generated

with potassium hydride. This six-step sequence completed the first EPC-synthesis

of methyl picrotoxate (42) in 21 steps and 1.6% overall yield starting with

(�)-carvone.

A Variant of the Total Syntheses of Corianin by Trost et al.

To date, the last total synthesis of a sesquiterpene picrotoxane (132) is a variant of
the above-described picrotoxinin/corianin synthesis by Trost et al. Again, the

synthesis started with (�)-carvone and the introduction of the C-1 unit corresponds

with the earlier syntheses. The choice of the protective group was governed by the

discovery that the oxygen(s) of alkoxymethyl ethers had a directing effect in

the following addition of (cyanomethyl)lithium.
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Thus, the primary alcohol was converted quantitatively into (p-methoxybenzyl)

methyl ether 441 (Scheme 53). Indeed, high stereoselectivity was observed in the

following aldol-like reaction. The tertiary alcohol formed was protected as silyl

ether 442. Extension of the side chain was achieved by reduction of the nitrile

with diisobutylaluminum hydride, hydrolysis to the aldehyde 443 and subsequent

addition of acetylide. The latter reaction was accompanied by partial silyl group

transfer to the newly generated propargylic alcohol. Thus, deprotection with fluoride

led to the diols, 444. The propargylic alcohol was protected as tert-butyl(dimethyl)

silyl ether followed by a trimethylsilylation of the tertiary alcohol. The epimeric

mixture (1:1) of dienyne 445 underwent the palladium-assisted intramolecular ene

reaction in good yield. The silyl ethers of the cis-hydrindenes 446were cleaved with
fluoride and separated. The undesired endo-alcohol was inverted by Mitsunobu
reaction and subsequent saponification. Diol 447, when oxidized to the ketone,

would allow proceeding along Yoshikoshi’s pathway to picrotoxinin (1). To proceed
with the corianin synthesis, the methylene group of 447 was selectively epoxidized

following Sharpless’ protocol. The epoxide 448 was cleaved with titanium tetra-

benzylate in benzyl alcohol. Subsequently the vicinal diol was protected as acet-

onide 449. Then, oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ) removed the (p-methoxybenzyl)methyl group. The liberated primary alco-

hol was oxidized to the acid by Swern oxidation followed by Pinnick oxidation.
Bromolactonization of 450 enabled stereoselective attack of peracid at the

endocyclic double bond of 451 (Scheme 54). Assistence of the benzyl ether led to

tetrahydrofuran formation, debenzylation, and the secondary alcohol at C(3). Sub-

sequently, the pentacyclic bromolactone 452 was reductively cleaved with zinc and

the resulting acid was protected as methylester 453. Since lactonization by

O O
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Mitsunobu reaction as well as by mesylation and subsequent base treatment failed,

the secondary alcohol was inverted by oxidation with pyridinium dichromate and

successive reduction with sodium borohydride. The inverted alcohol 454 was

protected as an acetate and the acetonide was removed by acid treatment to enable

conformational flexibility. Persilylation of triol 455 was succeeded by acetate

cleavage with guanidine. Alcohol 456 was deprotonated to assist lactonization.

Mild and short treatment with aqueous hydrogen fluoride allowed selective cleav-

age of the secondary silyl ether. Dehydration of the alcohol 457 was achieved by

Tshugaeff reaction. The final steps toward corianin (21) were deprotection of the

tertiary alcohols of 458 and epoxidation with peracid. This alternative corianin

synthesis needed 34 steps in 0.13% overall yield.

7. Biosynthesis of Picrotoxanes

Picrotoxanes belong to the largest group of plant secondary metabolites, the

isoprenoids, with over 30,000 members. Experiments to clarify the biosynthetic

pathway of the picrotoxanes have been confined to the 1960s and early 1970s,

however. This is long before increasing discrepancies between experimental results

obtained and theory using mevalonic acid as starting unit led to the discovery

of alternative biosynthetic pathways to isopentenyl diphosphate and dimethylallyl

diphosphate, the central units of isoprenoid biosynthesis, by Rohmer (221) and

Arigoni (222). Thus, the authors investigating the biosynthetic pathways of the

picrotoxanes did not question mevalonic acid as a starting material. Indeed, all of

them found incorporation of radioactively marked mevalonic acid in the chosen

picrotoxanes. This is in accord with Rohmer’s finding that most sesquiterpenes (and

triterpenes), which were compounds with farnesyl diphosphate as starting material,
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are formed in higher plants from mevalonic acid in the cytosol. Picrotoxanes cannot

be formed by simple ionic olefin cyclization. Additional rearrangement is necessary

to arrive at the complex structures in evidence. Early hypotheses of this pathway are

summarized in several reviews (2, 3, 223).

7.1. Investigations on the Biosynthesis of Dendrobines

The first report of the incorporation of radioactively labelled mevalonic acid into

dendrobine (82) was by Yamazaki et al. (224). Sodium [2�14C]mevalonate [(�)-

463*] was administered to stems of D. nobile by the cotton-wick method. After 12

days, the plants were extracted and radioactive dendrobine (82) was isolated

by column chromatography. The total incorporation was 0.012%. Subsequent

Kuhn–Roth oxidation led to acetic acid that showed the expected activity assuming

the biosynthesis pathway a leading to the picrotoxanes via a cadalene as precursor

(Scheme 55, pathway c).

Edwards et al. verified the incorporation of [2�14C]mevalonate [(�)-463*] in

D. nobile, recording a higher incorporation (225). To decide between two possible

pathways (Scheme 55 pathway a and b) toward the cis-bicyclodecadiene, they
chose [4�14C]mevalonate [(�)-463*] for incorporation into dendrobine (82).

Again using the cotton-wick method, 0.95% incorporation in dendrobine (82*)

and 0.71% incorporation in nobilonine (90*) were found (225). Labelling of the
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lactone carbonyl was expected in only one of the two alternative pathways

(Scheme 55, pathway a). Thus, isolation of this carbonyl of 82* was attempted in

various ways.

Decarboxylation methods failed. After several trials, excess phenylmagnesium

bromide was used to form the tertiary alcohol, 459*, which was treated with acetic

anhydride containing a trace of sulfuric acid yielding the tetrasubstituted olefin,

460* (Scheme 56). This olefin was cleaved with ruthenium tetroxide and periodate.

The resulting benzophenone was radioactive, thus the pathway to muurolene

proceeds via cyclodecadiene as intermediate.

To confirm the 1,3-hydrogen shift, the prerequisite for the cyclization of the

cyclodecadienyl cation to the bicyclodecenyl cation (pathway a, Scheme 55),

Jommi et al. used [2�14C, 5�3H2]-mevalonate [(�)-463*]. The ratio of 14C to 3H

in dendrobine (82) and its derivatives was expected to determine the correctness of

the hypothesis (226).
Feeding plants with the labelled mevalonate (�)-463* led to radioactive den-

drobine [(�)-82*] (incorporation 1.4%) which showed the loss of one tritium atom

due to hydroxylation (Scheme 57). To determine the position of the remaining

tritium atoms labelled dendrobine [(�)-82*] was converted into known derivatives.

Using Edwards method (225) yielded the tetrasubstituted olefin 460*, with loss of

one tritium, ascertaining the position of tritium at C(5) of dendrobine (82). Trans-

forming dendrobine (82) to the known derivative 465* (136) allowed etherification
to the tetrahydrofuran 466* with lead tetraacetate. The functionalization of the

methine group was accompanied by the loss of one tritium atom, thus ascertaining

the 1,3-hydrogen shift within the biosynthetic pathway and disproving the alterna-

tive double 1,2-hydrogen shift as well as any intermediate cyclopropane formation.

The question of the stereochemistry of these cyclization reactions was addressed

independently by the groups of Jommi and Arigoni. Jommi tried to solve the

questions of how and when the D2-double bond of (E,E)-farnesol is isomerized to

permit the cyclization to the muurolene (227). Since both tritium atoms at position

C(1) of the farnesol generated from the labelled mevalonate [(�)-463*] were

accounted for in the labelled dendrobine [(�)-82*], isomerization by oxidation to

farnesyl aldehyde and successive trans-cis-isomerization could not be involved.
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Feeding labelled (2Z,5E)-farnesol to plants of D. nobile failed to produce labelled

dendrobine (82*) whereas labelled (2E,5E)-farnesol was incorporated (227). There-
fore, Jommi concluded that isomerization of the double bond would most likely

occur with the highly strained allylic (E,E)-cyclodecadienyl cation. Arigoni pointed
out that a more likely explanation would be a sigmatropic rearrangement of (E,E)-
farnesyl diphosphate to nerolidyl diphosphate, rotation around the single bound and

sigmatropic rearrangement to (2Z,5E)-farnesyl diphosphate (228) (Scheme 58).
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The stereochemistry of the 1,3-hydrogen shift and the cyclizations involved

were examined with optically pure (3R,5S)-5-[3H]-mevalonate and (3R,5R)-
5-[3H]-mevalonate (228) and (1S,2E,6E)-1-[3H]-farnesol, respectively (227).
These experiments revealed stereospecific trans-cyclizations as well as a 1,3-syn-
hydrogen shift. Although more recent research supports the ionic syn-facial rear-
rangement of farnesyl diphosphate to nerolidyl diphosphate, and, after the rotation

around the newly formed single bond, trans cyclization of the allylic cation to the

distal double bond (229), it remains to the credit of Arigoni as to having elucidated

the stereochemistry of the enzymatic farnesyl cyclization (228) and thus having

solved the first of the many questions the sesquiterpene cyclases pose (229b).

7.2. Investigations on the Biosynthesis of Sesquiterpene
Picrotoxanes

Earlier, Jommi et al. and Arigoni et al. also investigated the biosynthesis of coriamyr-

tin (9) and tutin (11) (96, 230–232). Again, racemic sodium [2�14C]-mevalonate

[(�)-463*]was used to obtain a general idea of the biosynthesis of coriamyrtin (9) and

tutin (11) in C. japonica. The isolated radioactive coriamyrtin (9) was degraded in

various ways to ascertain the position of the radioactive atoms. As Yamazaki did for

dendrobine (82), the authors assumed a pathway via farnesyl diphosphate, muurolenyl

cation, and copaborneol (Scheme 54) for coriamyrtin (9) and tutin (11). This meant

that labelling at C(2), C(9) or C(10), and C(16) was expected.

Twigs of C. japonica were inserted in water containing the labelled [2�14C]-

mevalonate [(�)-463*] (230). Coriamyrtin (9*) and tutin (11*) were isolated albeit

with low incorporation (230). Ozonization of coriamyrtin (9*) revealed the unex-

pected fact that the label was equally distributed between the methyl and the

methylene carbon of the isopropenyl group [C(9) and C(10)] (Scheme 59). Thus,

the generated formaldehyde contained 10% of the total activity and Kuhn–Roth
oxidation of methyl ketone 467* yielded labelled acetic acid with 10% of the

original activity. A double bond shift of acetylated coriamyrtin over palladium

and subsequent ozonization led to a ketolactone (469*) and acetone with slightly

less than 20% of the total activity. More rigorous degradation bymethods developed

earlier for the structure determination (2, 3) of these picrotoxanes led to aromatiza-

tion of the cyclohexane moiety and oxidative cleavage of the cyclopentane. Succes-

sive decarboxylation yielded radioactive carbon dioxide, ascertaining that C(12) of

coriamyrtin (9*) was labelled as expected. An interesting detail in Biollaz’s and

Arigoni’s report (230) is the fact that incorporation of labelled mevalonic acid is

uneven. The isopropenyl group contains 20% of the total activity and carbon dioxide

derived from C(12) contained 60% of the total activity. This effect was not found by

Jommi et al., who used the more effective cotton-wick method to incorporate labelled

mevalonic acid. Labelled tutin (11) yielded very similar results. Further confirmation

of the proposed biosynthesis pathway was achieved by using sodium (�)-[4�14C]

mevalonate [(�)-463*]. With this compound, labelling at C(4), C(6) and C(15) could
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be expected. Indeed, when radioactive coriamyrtin (9*) was decarboxylated with

copper chromite, evolving carbon dioxide contained 27% of the total activity (230)
(Scheme 59). Jommi’s simultaneous research (96) confirmed Arigoni’s results.

A mixture of potassium (�)-[2�14C]-mevalonate [(�)-463*] and potassium

(�)-[2�3H2]-mevalonate [(�)-463*] was administered to whole plants of C. japon-
ica by the cotton-wick method (96). After extraction and dilution with carrier

material, chromatography on silver nitrate laden silica gel, and crystallization,

0.03% incorporation into tutin (11*) was recorded (Scheme 60). Oxidation of

labelled tutin (11*) led to 473* with 25% loss of tritium. Acetylation and successive

ozonization yielded 470* and radioactive formaldehyde (16% 14C, 18.5% T). Base

treatment of the methyl ketone 470* led to 471* by the known rearrangement of the

lactone moiety. (Experiments showed that the methyl group of the acetyl moiety is

only marginally deprotonated with base!) The newly formed hydroxy group at C

(12) of 471* was oxidized to 472* with the loss of tritium (21%). These data were in

good agreement with the biosynthetic hypothesis as was the following reaction

sequence: acetylation of labelled tutin (11*), followed by palladium catalyzed

double bond isomerization, and ozonization.

At this time, the postulated precursor copaborneol (474) was isolated as the main

sesquiterpene from Pinus sylvestris and thus became available.

The naturally occurring copaborneol (474) was oxidized to ketone 475 and then

labelled with tritium at the bridgehead by heating with strong base and tritiated

alcohol at high temperatures (Scheme 61) (231a). Reduction with sodium in ethanol

yielded labelled copaborneol (474*), which was administered toC. japonica (231b).
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The labelled tutin (11*) isolated thereafter was ozonolyzed and subsequently epi-

merized at C(4) by chromatography on silica gel yielding 476* without loss of

activity. This compound was treated with methanolate in methanol, which led to the

fused lactone 477* by rearrangement of the lactonemoiety. Consecutively, tritium at

C(5) of the fused lactone was abstracted by base yielding unlabelled 477. To prove

that the loss of tritium in the described reaction sequence is due to its position at C(5),

the inactive compound 477 was treated with a mixture of D2O and pyridine, which

led to immediate exchange of the proton at C(5) against deuterium. Alternatively,

labelled tutin (11*) was transformed into the a-bromotutinone (106*). Careful

treatment with zinc led to rearrangement of the lactone starting with reductive

cleavage of the a-keto ester, which triggered the fused lactone formation by cleav-

age of the epoxide at C(11). A second reductive elimination led to recovery of the

isopropenyl group, and subsequent isomerization of the b,g-enone to the conjugated
enone. No activity was lost in this reaction sequence to 478*. The corresponding

acetate 479* lost most of its activity when treated with wet pyridine at room

temperature. These experiments proved copaborneol (474) as precursor of the

picrotoxanes. Decades later, muurolanes and copacamphanes (copabornanes) and

picrotoxane-type sesquiterpenes with low oxidation level were found to accompany

the picrotoxanes and dendrobines in Dendrobium species (58, 67, 68, 70, 71).
Finally, Jommi et al. addressed the question of the hydrogen shift following the

ring closure of farnesyl diphosphate to the cyclodecadiene within the biosynthesis

of tutin (11) (232).
A mixture of (3S,4S)-[4�3H]-mevalonate and (3R,4R)-[4�3H]-mevalonate and

(�)-[2�14C]-mevalonate [(�)-463*] was fed to whole plants of C. japonica by the

cotton-wick method (Scheme 62). The ratio of 14C to T of the labelled tutin (11*)

showed that one of the three tritium atoms survived the biosynthetic pathway, with

the other two tritium atoms lost to oxidation. For the tritium at position C(4) it is

only possible for it to remain if the hydrogen transfer occurs in a one-step reaction.

In the case of a double 1,2-hydrogen transfer, the tritium atom would be

incorporated in the isopropyl group and vanish with the dehydrogenation to the
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isopropenyl group. To confirm the position of tritium at C(4), the palladium-

catalyzed double bond shift was accompanied with 85% loss of tritium activity.

Although investigations of biosynthesis have become considerably more conve-

nient by shifting to stable isotopes and nondestructive spectroscopic methods, the

pioneering work was never continued. Thus, the pathway from copaborneol (474)

to dendrobine (82), mono- and dilactone picrotoxanes, and norditerpene picrotox-

anes is still unknown and no enzymes of this biosynthetic pathway have been

defined or isolated. There is mention of genes of the dendrobine biosynthesis

isolated and expressed in Escherichia coli (233).
The biosynthesis of the “norditerpene” picrotoxanes has never been investigated.

Jommi and coauthors (96) suggested that the biosynthesis of this group of com-

pounds in H. globosa follows the pathway to tutin (11)/coriamyrtin (9). Attack of

two units of activated acetic acid or alternatively of acetoacetic acid at the spiro-
epoxide of tutin (11)/coriamyrtin (9) permits two different ring closures. Ring

closure to the spiro-g-lactone would lead to pretoxin (59) and dendrotoxin (60) or

to hemiacetal formation. Hemiacetal formation, dehydration, and esterification

would yield capenicin (57), and decarboxylation prior or after hemiacetal formation

would yield codendrin (61) and lambicin (62). This plausible hypothesis also

accommodates the biosynthesis of the “norditerpene” picrotoxanes of P. baccatum.
The expression “norditerpene” picrotoxanes was coined prior to the knowledge of

two different pathways for isoprenoids and thus the products could have been

viewed as degradation products of diterpenes. Since Romer’s and Arigoni’s discov-
ery, this name is misleading, suggesting a different biosynthetic pathway as well as

a different plant compartment for its biosynthesis. The names C-18 picrotoxanes

and C-19 picrotoxanes, respectively would be more appropriate.

8. Physiological Activity of Picrotoxanes

Just five years after the isolation ofmorphine, themolecular compound picrotoxinwas

isolated from the fruits of A. cocculus (M. cocculus), imported from South Asia.

Although no direct beneficial effects to humans were known, the fruits were used in

Europe since the sixteenth century to catch fish by stunning them and to kill body lice

(2). Thus, the most characteristic property of picrotoxin was and is its high toxicity.

8.1. Toxicity

8.1.1. Picrotoxanes Toxic for Humans and Other Mammals

Picrotoxin is described as irritating the respiratory center, exciting the vomiting

center, rendering the pain center(s) more sensitive, and causing convulsions resem-

bling epileptic seizures and death. The early findings were reviewed by Porter (2).
It was Porter who found that the two components of the molecular compound
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picrotoxin, picrotoxinin (1) and picrotin (2), differ widely in their degree of toxicity

although their structures are very similar; only the isopropenyl side chain at C(4) of

picrotoxinin (1) is formally hydrated to picrotin (2). Thus, picrotoxinin (1) is one of

the most potent toxins of plant origin (LD50 ¼ 3 mg/kg ip), whereas picrotin (2) is

45 times less toxic (LD50 ¼ 135 mg/kg ip). This fact inspired Porter et al. to
investigate the structural features necessary for the toxicity. By comparing several

natural picrotoxanes and some derivatives, they found that the g-lactone spanning
the cyclohexane [C(3) to C(5)] is essential, as is the hydroxy group at C(6).

Whereas the second g-lactone has no significant effect, the epoxide does. The

saturation of the isopropenyl group at C(4) has but a small effect (a-dihydropicro-
toxinin (8) LD50 ¼ 14 mg/kg ip] whereas the anti position of the g-lactone is

essential because the epimeric b-dihydropicrotoxinin is inactive up to 400 mg/kg

(234)). The strong toxicity as well as the ease of isolation has made picrotoxin a

very early but still invaluable research tool in neurobiology.

The only European plant containing picrotoxanes, C. myrtifolia (tanner’s brush,

mealy tree, curriers sumac) shows very similar characteristics of intoxication to

picrotoxinin. The berries of this shrub are sometimes confused with edible berries

(for instance, blackberries) especially by children. A recent case concerned an

8-year-old boy from southern France who developed vomiting and convulsions.

His life was saved by administering diazepam repeatedly over a period of 1 day

(235). Usually, the symptoms appear within two and a half hours after uptake and

are mainly contributable to coriamyrtin (9) (LD50 ¼ 1–3 mg/kg ip).

In 1906, Marshall reported that New Zealandean Coriaria species seriously

hindered the raising of cattle. The animals, in not being indigenous, were drawn

to the succulent leaves of these shrubs. It was found that their heart rate dropped, the

body temperature fell, breathing became quicker, and the animals died of convul-

sions or exhaustion after feeding from shrubs the Maoris called “tutu” or “toitoi”

(236). The compound mainly accountable for these effects was tutin (11) (LD50¼ 3

mg/kg mouse, ip). As mentioned above, another animal immigrant, the Australian

leaf hopper, visits these same shrubs, which was able to tolerate tutin (11) by partly

oxidizing it to hyenanchin (15). These toxins are excreted unchanged within their

honeydew. In years of drought, honeybees collect this honeydew without experien-

cing signs of intoxication themselves, but their honey is toxic to humans.

Although there are accounts of intoxications by Coriaria species of East Asia

(28), these plants are better known for their use in traditional medicine.

Powdered fruits of Coriaria ruscifolia were used as poison against field rodents

in Chile and serious intoxications with hepatic and gastrointestinal effects with fatal

consequences were reported (38, 49). The toxicity of tutin (11), isolated from this

Chilean Coriaria species, was investigated recently (237). Rats treated with dis-

solved tutin (11) showed the following effects with increasing tutin concentration:

immobility, muscle spasm, seizures, and death by cardio-respiratory collapse. The

main reasons for this toxicity were found by electrophysiological recordings to

be antagonism against GABA and glycine in inhibitory receptors in the central

nervous system (CNS) (237). Coriaria microphylla, growing in high altitudes

of Central America and the northern part of the Andes was described as being
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toxic to humans and animals. Taken in small quantities, this has hallucinogenic

effects (23).
The most poisonous plant in the Cape area of South Africa is H. globosa

(giftbom). Its scientific name is said to be connected with the use of this tree to

poison wild animals, especially hyenas, and Smith claims that it may have been

used as arrow poison (238).
Like H. globosa the Jamaica walnut or blackwood or bitter plum (P. baccatum)

contains sesquiterpenes as well as “norditerpenes” of the picrotoxane type. Picro-

dendrin Q (74), the most toxic picrotoxane for mammals, is found in the bark of this

tree. In the Dominican Republic, the tree is also called mata becerro (calf killer) and

its bark is used to kill lice and bed bugs (239).
Although Dendrobium species are much better known as ornamental plants and

for their use in traditional medicine, their alkaloids, the dendrobines, are also

convulsants (2). The effects of dendrobinium chloride intoxication resemble more

those of strychnine intoxication than those of picrotoxinin intoxication (240). The
minimal lethal dose (intravenous) in rats and mice is 20 mg/kg. The toxicity of the

picrotoxanes is attributable to their ability to overcome the blood–brain barrier and

to bind to inhibitory Cys-loop receptors of the postsynapses of the CNS.

8.1.2. Picrotoxanes Toxic for Invertebrates

As mentioned above, several of the picrotoxane-containing plants are used as

insecticides in folklore (2, 78, 239, 241). Li et al. described the antifeedant and

insecticidal properties of crude extracts of C. sinica (29). Insects share very similar

inhibitory Cys-loop receptors with humans. However in the case of insects, GABA

and glycine receptors are also distributed in the peripheral nervous system.

Researchers looking for differences in the inhibitory Cys-loop receptors of verte-

brates versus insects found that the combination of the five subunits of these

heteropentameric membrane proteins varies from vertebrates to insects (242).
Picrotoxanes had a pioneering role in these investigations and in efforts to develop

more selective insecticides (e.g. (243–247). The use of picrotoxanes themselves as

insecticides is restricted because they pass through the mammalian blood–brain

barrier. However picrotoxanes are very useful as tools in discovering differences

between mammalian and insect inhibitory Cys-loop chloride channels.

Picrotoxanes also have been reported as being toxic to nematodes and

Maesobotrya floribunda is used in Cameroon against filarial disorders (248).
The nematocidal activity of 20 picrodendrins was tested against a species of the

Diplogastridae (249). The researchers found that of all test compounds picrodendrin

P (73) was the most potent toxin against this invertebrate being sixfold more potent

than picrotoxinin (1). Functional groups that enhanced the toxicity were the

g-lactone bridging C(3) and C(5), and the ether bridging C(6) to C(8), whereas

hydroxy groups at C(4) and C(8) decrease activity (249). In comparison with the

avermectins, a structural group intensely investigated for use as insecticides,

acaricides and helminticides, even picrodendrin P (73) is less potent than

190 E. Gössinger



avermectin, which has the additional advantage not being able to penetrate the

human blood–brain barrier and to be easily degraded by soil organisms (250).

8.2. Picrotoxanes as Therapeutics

In Western medicine, picrotoxanes have played but a marginal role therapeutically.

Picrotoxin was described as analeptic. Porter recorded that picrotoxin was found to
be an antidote against chloral hydrate and in consequence it was used also as an

antidote against barbiturate intoxication (2). It was this activity that made biomedi-

cal researchers aware of its potential as research tool in neurochemistry. Due to its

high toxicity, even its use as antidote is restricted, however. Picrotoxin is employed

to treat vertigo and nausea in homeopathic preparations (251).
Several picrotoxane-containing plants are used in traditional medicines. Cor-

iaria species play an important role in Chinese traditional medicine, notably against

mental diseases. Coriaria nepalensis is used against numbness, toothache, trau-

matic injury, and conjunctivitis (252). In the traditional medicine of Taiwan,

gastrointestinal disturbances, rheumatism, and uterine cancer are treated with

extracts of Coriaria intermedia (253). C. sinica is used for treatment of schizophre-

nia (29), and extracts of the parasitic plant on C. nepalensis, L. parasiticus, were
used as shock therapy in schizophrenia (21). Okuda et al. point to corianin (21) as

the main active component (21).
Nearly half of China’s 74 Dendrobium species are used in Chinese traditional

medicine as tonics and remedies. The main ingredient of “Jin Shi Hu” is D. nobile
(“Chin Chai Shi Hu”), which is used to “nourish the stomach, promote the produc-

tion of body fluids and reduce fever” (254, 255). Its pharmacological properties

were first described by Chen and Chen as analgetic, hypertensive, and hypothermic

(112). Dendrobium chloride itself exhibits slight analgesic and antipyretic action as

well as moderate hyperglycemia (254). How much the glucosides of the picrotox-

anes of D. nobile contribute to the beneficial effects of “Jin Shi Hu” is unknown.

In vitro they exhibit immunomodulatory effects by stimulating the proliferation of

murine T and B lymphocytes (60, 67, 71). Dendrobium densiflorum is the main

component of the Chinese patent medicine “Mai Luo Ning” used against cerebral

thrombosis and obliterate thromboangitis (57). Dendrobium moniliforme reduces

fever and increases flow of saliva (256).
The only mention of a Picrodendraceae species as a remedy in folk medicine is

the use of Celaenodendron mexicanum as antiseptic (48, 257). The only known

Phyllanthaceae species containing picrotoxanes, M. floribunda, is used in Camer-

oon against filarial and stomach disorders (248) and its bark is used in Congo

(Brazzaville) as remedy against leprosy (258).
Since most of these traditional medicines are concoctions of plant extracts that

contain biologically active substances of several structural classes, the effects of the

picrotoxanes are somewhat obscure.
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The indirect influence that the picrotoxanes have on medicine as research tools

in neurology far surpasses their therapeutic use.

8.3. Picrotoxanes as Epileptogenic Compounds

Picrotoxin and coriaria lactone (mainly a mixture of tutin (11) and coriamyrtin (9))

as well as many other picrotoxanes, are epileptogenic compounds and they are used

to induce epilepsy in laboratory animals to test newly developed antiepileptic

compounds (259). Their importance may be seen from the fact that recent estima-

tions show that 0.4–1% of the population suffers from epileptic seizures, with one-

third of the sufferers being younger than 16-years-old, and that the average duration

of the disease is 12.5 to 25 years (260).

8.4. Picrotoxanes as Tools in Neurobiological Research

The main influence of the picrotoxanes on medicine has been their use as research

tools in neurophysiology. Porter summarized the discoveries connected with the

use of picrotoxin in neurobiology up to 1967 and noted as principal features in the

action of picrotoxin its ability to produce a general and extreme central nervous

system (CNS) excitation and experiments with invertebrates especially suggested

“inhibition of GABA, a suspected agonist, or transmitter at inhibitory nerve
synapses” (2). Shortly afterwards, Takeuchi and Takeuchi found by analyzing

quantitative measurements with microelectrodes at the neuromuscular junction

of crayfish (Cambarus clarkii) that two molecules of the neurotransmitter GABA

are necessary to increase membrane conductance substantially and that picrotoxin

non-competitively inhibits this conductance (261). Kudo et al. tested the effects

of picrotoxinin (1), picrotin (2), tutin (11), coriamyrtin (9), 6-acetylpicrotoxinin,

anhydropicrotin (103) (33), and dendrobine (82) (240) on the frog spinal cord. They
found very similar effects for those compounds that possess a hydroxy group at C

(6) (1, 2, 9, 11), with two semisynthetic derivatives lacking activity. Dendrobine

(82) much more closely resembled strychnine than picrotoxinin (1) in its activity. In

the meantime, thanks to the availability of picrotoxin and an increasingly more

diverse array of antagonists (243, 247) and the enormous progress in structural

biology of membrane proteins (262) as well as achievements in neuropharmacology

and neurochemistry (263–266), a much more differentiated picture of the effects of

the picrotoxanes has emerged. Picrotoxinin (1) is a non-competitive antagonist of

GABA at the GABAA receptor. This ligand gated ionotropic receptor belongs to the

inhibitory Cys-loop receptors (267). They consist of five protein subunits (usually

closely related but not identical), which are covalently connected by disulfide bonds

via oxidation of cysteines of different subunits that form loops situated between the

binding and the channel domain. The extracellular domain forms b-sheets and

contains the GABA binding sites (at least two). Each protein subunit forms four
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a-helices (TM1–TM4) within the membrane. TM2 lines the channel, whereas TM1,

TM3, and TM4 surround TM2 and shield it against the lipophilic membrane. It is

thought that one of the lipophilic amino acid residues, most likely of leucine, of

each TM2 helix protrudes especially deep in the channel lumen thus gating the

channel (resting gate). When two GABA units, or GABA and another agonist (e.g.
muscimol) combine with the two binding sites at the receptor, the channel of�50 Å

distance opens allosterically most likely by the motion of TM2 and permits chloride

ion influx into the nerve cell. Charged residues flanking TM2 at both extra- and

intracellular ends and in the TM3–TM4 cytoplasmatic domain achieve the ion

selectivity. Chloride ion influx initiates hyperpolarization and thus decreases exci-

tory impulses. Picrotoxin(in) binds, strongly facilitated by ligand (GABA) binding,

to a site of the receptor, which differs from that of GABA and also from that of the

agonistic diazepines. The binding of 1 prevents the influx of chloride ions and leads

to undiminished excitory impulses and thus epileptogenic effects. Although our

knowledge has much expanded since Porter’s review, many questions remain. As a

result of site-directed mutagenesis, the binding site(s) of 1 is (are) thought to be

located in the cytoplasmatic half of the channel-forming domain of TM2 of the

pentameric GABAA receptor proteins. However, picrotoxinin (1) not only blocks

the channel and thus prevents influx of chloride ions, it inhibits the influx allosteri-

cally also and possibly has a further binding site at TM2 (268–271). As mentioned

above, structurally quite diverse antagonists (at least 100) seem to have similar

effects as 1 on the GABAA receptor and they appear to bind to the same site (272).
This is surprising when compared with the fact that quite small differences in the

structures of picrotoxanes (e.g. between picrotoxinin (1) and picrotin (2)) lead to

loss of activity. Several attempts have been published to explain the common

structural, topological, and electrostatic features necessary to generate an antago-

nist binding at the same site as picrotoxinin (1) (123, 243, 244, 272, 285, 286).
As described in these reports, 16 picrotoxanes (picrotoxinin (1), tutin (11), dihy-

drotutin (12), corianin (21), and the picrodendrins A (63), B (64), C (17), E (65),

F (66), G (67), L (69), M (70), O (72), Q (74), T (76)) were examined and

quantitative structure–activity relationships (QSAR) were investigated. Differences

in the receptor-binding of the picrotoxanes in mammal and insect GABAA receptor

bindings were also investigated.

All ligand gated Cys loop receptors are closely related and have large conserved

domains. Thus it is not surprising that picrotoxinin (1) also affects all other ligand

gated chloride channels. Picrotoxin inhibits GABAC receptors (270, 273). Most

important, picrotoxinin (1) is an antagonist of glycine at the mature ionotropic

glycine receptors, which are mostly located in the spinal cord and the brain stem

(274). Depending on the combination of very slightly differing subunits 1 can act as

competitive or as non-competitive antagonist. The effect of 1 is smaller with the

glycine receptor when compared with the GABA receptor and picrotin (2) and

dendrobine (82) are often more effective antagonists than 1. Comparison of the

action of picrotoxinin (1) and picrotin (2) on GABAA and diverse glycine receptors

has led researchers to question the location of the binding site (275, 276). Contrary
to the GABAA receptor, where picrotoxin was the earliest important research tool,
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the location of the glycine receptors was mainly determined with the help of its

specific antagonist, strychnine (274, 277). However, Lynch has indicated that

picrotoxin is best able to distinguish between homopentameric and heteropenta-

meric mature glycine receptors (277). Picrotoxanes not only are very useful

research tools in mammalian neurophysiology but have been and will continue to

be used extensively in investigating the neurobiology of invertebrates, especially

that of insects. Not only do the GABA and glycine receptors differ very slightly

from those of the vertebrates, where they are restricted to the central nervous

system, in invertebrates these receptors are part of the peripheral nervous system

too. Next to inhibition of these receptors, 1 also effectively inhibits invertebrate

chloride currents gated by glutamate (278, 279), acetylcholine (280), and dopamine

(281) receptors not found in vertebrates. Thus, in 2002, Dibas et al. reported that

picrotoxin inhibits all known ligand-gated chloride channels (269). Picrotoxanes,
especially picrotoxin(in), have had and most likely will have in the future an

important part in clarifying the mode of action and distribution of inhibitory Cys-

loop receptors. Moreover, they will contribute in allocating the information the

numerous subgroups of the inhibitory Cys-loop receptors are processing.

Abbreviations

Ac Acetyl

acac acetyacetone

ACCN 1,10-Azobis(cyclohexanecarbonitrile)
AIBN 2,20-Azobisisobutyronitrile
aq aqueous

Bn Benzyl

BSA Bistrimethylsilylacetamide

brsm Based on recovered starting material

Bu n-butyl
Bz Benzoyl

cat catalytic

CD Circular dichroism

COLOC Correlation spectroscopy of long range coupling

COSMIC Force field calculation

COSY Correlation spectroscopy

Cp Cyclopentadienyl

CSA Camphorsulfonic acid

Cy Cyclohexyl

d day(s)

dba dibenzylidene acetone

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene

DCC 1,3-Dicyclohexylcarbodiimide

194 E. Gössinger



DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

DEAD Diethylazodicarboxylate

DEPT Distortionless enhanced polarization transfer

DHF 4,5-Dihydrofuran

DIBAH Diisobutylaluminum hydride

dicot dicotyledon (flowering plant with two seed leafs)

diglyme Bis-b-Hydroxyethyl ether
dil diluted

DMAP 4-dimethylaminopyridine

DME 1,2-Dimethoxyethane

DMF N,N-Dimethylformamide

DMSO Dimethylsulfoxide

2D-NMR Two-dimensional nuclear magnetic resonance

% ee enantiomeric excess

EPC Enantiomerically pure compound

ESIMS Electron spray ionization mass spectrum

Et ethyl

exc excess

FAB Fast atom bombardment

FVP Flash vacuum pyrolysis

GABA g-Aminobutyric acid

GLC Gas–liquid chromatography

glyme 1,2-Dihydroxyethane

h hours

hn Irradiation with light

HMBC Heteronuclear multiple bond correlation

HMDS Hexamethyldisilazane

HMPA Hexamethylphosphoramide

HMQC Heteronuclear multiple quantum correlation

HOHAHA Homonuclear single quantum correlation

HPLC High pressure liquid chromatography

HR-TOF-MS High resolution time of flight-mass spectrum

HSQC Heteronuclear single quantum correlation

IMDA Intramolecular Diels–Alder reaction
iPr Isopropyl

IR infrared (spectroscopy)

LAH Lithium aluminum hydride

LDA Lithium diisopropylamide

LHMDS Lithium hexamethyldisilazide

MCPBA meta-chloroperbenzoic acid
Me Methyl

MOM Methoxymethyl

monocot monocotyledon (flowering plant with only one seed leaf)

Mp Melting point
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Ms Methansulfonyl

MS Molecular sieve

MS Mass spectrum

MPTA Cl (+)-a-Methoxy-a-(trifluoromethyl)phenylacetyl chloride

NBS N-Bromosuccinimide

NMO Morpholine-N-oxide
NMR Nuclear magnetic resonance (spectroscopy)

NOE Nuclear Overhauser effect
ODS Octadecyl silica gel

ORD Optical rotation dispersion (spectroscopy)

PCC Pyridinium chlorochromate

PDC Pyridinium dichromate

Ph Phenyl

PhH Benzene

PhCH3 Toluene

PMB p-Methoxybenzyl

PMBOM p-Methoxybenzyloxymethyl

PP Diphosphate

PPTS Pyridinium p-toluenesulfonate
pyr pyridine

quant quantitative yield

rfl reflux

rt room temperature

s.l. sensu lato
t-Am tert-amyl ¼ 2-methylbut-2-yl

t-Bu tert-butyl
TBAF Tetrabutylammonium fluoride

TBS tert-butyldimethylsilyl

TFA Trifluoroacetic acid

TFAA Trifluoroacetic anhydride

Tf (OTf) triflate=trifluoromethanesulfonate

thexyl 2,3-dimethyl-2-butyl

THF Tetrahydrofuran, tetrahydrofuranyl

TLC Thin-layer chromatography

TMS Trimethylsilyl

TosMIC Tosylmethylisocyanide ¼ p-toluenesulfonylmethylisonitrile

Troc Trichloroethoxycarbonyl

Ts Tosyl ¼ p-Toluenesulfonyl
UV ultraviolet (spectroscopy)

Z Benzyloxycarbonyl

D High temperature

´ Minutes

´´ Seconds

[a]D Optical rotation at l ¼ 589 nm
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1. Introduction

Bioactive microbial metabolites represent powerful tools against both acute and

degenerative diseases (96). One of the most significant fractions within these

physiological active compounds is represented by the polyketides. Their pharma-

ceutical use takes place in a variety of applications including antibacterials, immu-

nosuppressants, anticancer agents, antifungal drugs, cholesterol-lowering agents,

and products against animal diseases. It is difficult to estimate the magnitude of

their advantages, but the utility of natural products as sources of novel structures

still possesses great potential. Thus, in the area of cancer, in the time frame from

around the 1940s to 2006, over 155 small molecules were introduced, of which 73%

were other than “synthetics”, with 47% being either natural products or directly

derived there from (28). The overuse of antibiotics has caused bacteria to become

resistant to common drugs. Multiple antibiotic-resistance has emerged as one of the

top public health issues worldwide in the last few decades and has focused atten-

tion on the need of new antibiotics (116). Many natural products isolated from
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microorganisms or plants are growing in environmental niches (41, 54). Also
marine niches have been explored and revealed new bioactive compounds (13). It
seems that natural products are finely tuned for interacting with biological systems

and receptor molecules. They are the result of billions of years of evolution and far

surpass anything yet created by humans. For this reason they represent a superior

source of drug candidates or biologically active lead compounds. However, natural

products have not been optimized in evolution as clinical drugs, but rather for their

biological functions useful to the producing organism (36). Due to their variable

structures, natural products or derived compounds can fulfill chemical and genetic

approaches for deciphering cellular processes that need not necessarily be a target

for therapeutic intervention (125). One great obstacle for the discovery of new

bioactive natural products includes the rediscovery of known compounds at a high

frequency. Technical challenges associated with purification and structure elucida-

tion of the metabolites from microbial fermentations are tricky and engage micro-

biologists and chemists. Nevertheless, due to an explosive growth of the sequenced

genome number, the potential of molecular genetics tools together with high-

throughput screening systems and other technical advances, natural-product drug

discovery has received new support.

The advent of combinatorial chemistry as well as combinatorial biosynthesis has

promised to provide a wealth of new compounds to screen for biological activity

(20). However, the ability to design new target-directed structures is still not

possible. The molecular-biological properties of natural products are dictated by

their structures in ways that are not understood well enough. In this review we

describe some of the newest highlights achieved in the area of natural product

research mainly based on the application of combinatorial biosynthesis approaches.

In addition, present the first results in the new field “synthetic biosynthesis”, in which

synthetic genes are used for the biosynthesis, of pharmaceutically relevant compounds.

2. Combinatorial Biosynthesis and Synthetic Biosynthesis

Due to the complex structure of most natural compounds their synthesis or semi-

synthesis can be quite laborious. The modification of some classes of natural

products in a rational chemical manner is often associated with the practice of

several protecting groups, thus the handling is strictly limited. In contrast, the

ability to alter natural product structures through genetic modification of their

biosynthetic machinery represents virtually endless opportunities and often might

be a potential solution for avoiding problems arising using raw chemistry (126).
The technology is mainly based on the genetic manipulation of genes governing

secondary metabolic pathways in bacteria and other microorganisms. Polyketide

synthases (PKSs), the related nonribosomal peptide synthases (NRPSs) together

with post tailoring, resistance conferring and regulatory enzymes represent the

players, and thus the platform of producing natural products (57, 107, 120). One
remarkable feature is that, so far, 99% of all known genes involved in natural
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product biosynthesis that exist are organized in gene clusters. Many gene clusters

encoding natural products have been cloned and characterized. A vast amount of

information has been generated by the completion of almost 700 bacterial genome

sequences (www.genomesonline.org), whereof more than 20 complete genomes

of prolific Actinomycetes genera (www.broadinstitute.org/annotation/genome/

streptomyces_group) are included. With the online presence of the first fully

sequenced genome in the genus Streptomyces a milestone in the area of natural

product biosynthesis was gained (10). Knowledge of gene cluster regulation,

pathway interactions, and metabolic flux was enhanced, which directly had a

great impact on improving production and fermentation processes for the

achievement of higher metabolite titers and for the selective production of a

desired molecule. In this context, it is interesting to point out that in at least

two industrially utilized high-producer strains, Saccharopolyspora erythrae (eryth-

romycin) and Streptomyces fradiae (tylosin), the overproduction characteristics are

mainly caused by mutations in non-PKS genes (25). Future work will show

whether it will be possible to rationally design overproducer strains (52, 72, 96).
Moreover, the ability to produce molecules of interest by recombinant organisms

with improved large-scale fermentation probability has the positive side effect of

lowering production costs and reduces environmental pollution. This is a rele-

vant benefit compared to some conventional chemical synthesis efforts (102).
Various genetic approaches have been used for the generation of several natural

product-derived bioactive compounds. In the following chapter strategies in the

field of combinatorial biosynthesis and metabolic engineering are listed. Addi-

tionally we want to focus attention on existing reviews presenting specific

approaches in detail (9, 63, 67, 73, 74, 83, 84, 118, 121).

2.1. Achievements in Combinatorial Biosynthesis

As described above genetic methods to alter the structure of natural products have

been developed in the last 10 years. Many new compounds have been generated,

some of them with improved characteristics. The genetic approaches to generate

novel molecules can be divided into the following categories.

1. Targeted gene disruption, involving the inactivation of selected genes, thus

generating mutants that accumulate new compounds (50, 70) (Fig. 1A).
2. Over-expression of a specific gene, followed from unbalancing pathways in

order to generate new metabolites (137) (Fig. 1B).
3. Heterologous gene expression (48) (Fig. 1B, C).
4. Heterologous co-expression, which involves the expression of two or several

genes (55, 98) (Fig. 1B, C).
5. Tailoring modification, known as metabolic engineering, biotransformation or

precursor-directed biosynthesis, involving the feeding of building blocks which

are subsequently modified by a specific enzyme involved in the biosynthesis of

a structurally related drug (132) (Fig. 1F).
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6. Mutasynthesis, also called mutational biosynthesis, involving precursor-

directed biosynthesis using a mutant strain blocked in a crucial biosynthetic

step, which then incorporates the alternative substrate to produce an analog of

the wild-type compound (119, 122) (Fig. 1A, F).
7. Heterologous expression of a partial gene cluster, followed by the production

of biosynthesized unnatural metabolites with altered substituents or a modified

core structure (90, 97) (Fig. 1D).
8. Heterologous expression of a entire gene cluster to make use of the host

properties like a fully sequenced genome, the with potential to influence

production, improved growth properties, and well developed fermentation

processes (31, 56, 77) (Fig. 1D).
9. Heterologous gene expression combined with targeted gene disruption

(69, 112) (Fig. 1A, B).
10. Altering the nature of the gene via genetic engineering, known as directed

evolution, site-directed mutagenesis, domain swapping or gene shuffling.

This relatively new option leads to the possibility of improving an enzyme

characteristics like thermostability, solvent tolerance, enantioselectivity, and

substrate or catalytic specificity (113, 127) (Fig. 1G).
11. Heterologous expression of synthesized genes, involving codon optimization

of the external genetic information to achieve an adequate translational quan-

tity of the recombinant protein (91) (Fig. 1H).
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Fig. 1. Genetic approaches in the field of engineering natural products (see text for explanation)

214 M. Luzhetska et al.



12. Heterologous expression of pathways to enable in a host organism the produc-

tion of additional precursors, and the conservation of its own metabolites or the

possibility to produce new products (95) (Fig. 1D).
13. Generating synthetic organisms, involving the synthesis of a fully artificial

genome and its incorporation into a bacterial coat. This procedure is still not

feasible but might in future be a straightforward way of producing the products

of interest (39) (Fig. 1H).

2.2. Challenges for Combinatorial Biosynthesis

2.2.1. Cloning of Biosynthetic Gene Clusters

One potential obstacle, which must be mentioned in connection with heterologous

expression techniques, is that natural product biosynthetic gene clusters are often

large (<100 kb) and can include repetitive pieces of DNA. From fact that the size

of a DNA fragment for inserting into a cosmid is strictly limited (<40 kb), the use

of bacterial artificial chromosomes (BACs) with their great loading potential

(<300 kb) is more convenient. Certainly BACs are tricky to handle not just because

of their genetic instability. Thus, to isolate an entire gene cluster in a single vector

is still not trivial. The use of multiple, mutually compatible expression vectors, is

one way to solve this problem. A few examples are: the successful cloning and

adjacent heterologous expression of a 90 kb large gene cluster, encoding enzymes

for the biosynthesis of the 27-membered macrolide meridamycin (1), deserves to be

mentioned. It was cloned on a high copy replication BAC shuttling genes between

E. coli and Streptomyces (65). In other attempts, entire gene clusters have been

reconstructed using the Red/ET recombineering technology (12, 42, 123).
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 1 (Meridamycin)

Technologies based on the site specific recombinases Cre and Flp recently were

adapted for use in the Actinomycetes (32, 33). Here it was shown that these

enzymes allow precise excisions of DNA between two distinct recognition target

sites in the Actinomycetes. It is worthy of mention that scientists working on this

group of organisms also developed a high-efficient in vivo random Tn5 transposon

mutagenesis system allowing the identification of ORFs involved in natural product

biosynthesis (91).

Combinatorial and Synthetic Biosynthesis in Actinomycetes 215



2.2.2. Heterologous Expression of Biosynthetic Gene Clusters

The use of E. coli as a host for the heterologous expression is due not only to its

short cell-doubling time practicable, but offers other great advantages. Well-suited

and established protocols for genetic engineering as well as efficient fermentation

methods make the use of this bacterium for generating secondary metabolites more

and more popular. In the interim, several natural products were generated in E. coli,
for instance the potent antibacterial polyketide erythromycin (2) (89), and echino-

mycin (3), a nonribosomal peptide with antitumor activity (117), and the patella-

mides (4), which are ribosomally encoded peptides (101). However, due to genetic

incompatibility, the presence of metabolic background, and the limited production

amount, E. coli is not the universal solution and therefore alternative hosts, which

are more amenable for heterologous expression of secondary metabolites, are

desired. One alternative candidate might be Pseudomonas, a genus for which a

comprehensive set of genetic tools exists. Pseudomonas grows rapidly and has been
validated as an exceptional protein-production host. Recently, the heterologous

expression of the myxochromide biosynthetic gene from Stigmatella aurantiaca
was achieved. Genes necessary for the production of myxochromide S (5) were
reassembled in E. coli by combining the >50 kbp DNA molecule out of multiple

cosmids. After specific promoter exchanges, the rapid production of 5was observed
in a significantly greater amount than it was observed in the wt-strain (123).
Since many of the polyketide-derived secondary metabolites require methylmalo-

nyl-CoA for their biosynthesis, preliminary work was carried out in the genetics of

Pseodomonas putida. A mutant containing the tan operon, encoding enzymes for

methylmalonyl-CoA biosynthesis, can now be used for formation of complex

polyketides (40).
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2.2.3. In Silico Techniques to Investigate Natural Products

In comparison with the conventional procedure in which gene clusters are cloned

using a specific gene probe, genome mining is a novel procedure in natural product

research and is becoming more popular (20, 103). Using genome mining, a gene

sufficient for germicidin (6) production in Streptomycetes was identified. The gene

was expressed in Streptomyces venezuelae, which was able to produce finally all

five native germicidin derivatives 6a–6e (21).

O

Germicidin a: R1 = H   R2 = R3 = R4 = CH3

Germicidin b: R1 = R2 = R4 = CH3   R3 = H
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2.2.4. Investigation of Cryptic Secondary Metabolite Gene Clusters Using

Computational Analysis and Combinatorial Biosynthesis

Due to whole genome sequencing projects the presence of several cryptic second-

ary metabolic pathways became evident. The data indicated that as much as 90% of

the “chemical potential” of many organisms remained undiscovered. Amann et al.
suggests that even less than 1% of microbial diversity has so far been sampled

through laboratory-cultured organisms (4). Thus, natural product research is in the

beginning of a new age as most natural products have to be detected (87). Hopwood
and coworkers clearly demonstrated an ability to uncover genetic potential as they

sequenced the whole genome of S. coelicolor A3. They recognized that there are

many more gene clusters encoding natural product-like biosynthetic pathways than

there are known natural products of this organism (10). Similar observations have

now been reported for several diverse sequenced microorganisms (14, 53, 82, 85,
86, 114). Partially because of the lack of some chemical or environmental signals

that might be required for the expression of the cryptic clusters, dozens of com-

pounds are not produced under laboratory conditions, even though the biosynthetic

machinery appears functional (125). Genetic methods offer a promising possibility

for revealing these so-called ‘orphan’ natural product biosynthetic gene clusters

(26).

2.2.5. Comparative Metabolic Profiling

The profile of metabolites in a culture containing or lacking a cryptic biosynthetic

gene cluster can be compared using appropriate analytical techniques. CBS40 (7) is
a novel metabolite that has been identified by such an approach (51).
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2.2.6. Preliminary Bioinformatic Analysis

To gain primary insights about structural features of a metabolic product encoded

by a biosynthetic assembly line, bioinformatics analysis can be very helpful (8, 24).
The procedure can allow the prediction of putative physico-chemical properties of

the putative metabolic product encoded, for example, by a cryptic biosynthetic gene

cluster (138). The prediction assists in choosing adequate fermentation conditions
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and techniques for compound isolation and characterization. Several new metabolic

products of cryptic biosynthetic gene clusters have been discovered recently fol-

lowing this bioinformatic approach (7, 60).

2.2.7. In Vitro Reconstitution

Another possibility to gain the product encoded by a silent gene cluster can be

achieved by a method called the “in vitro reconstitution” approach. A necessity is

that the substrates of the pathway are predictable. The in vitro reconstitution of an

entire biosynthetic pathway usually involves the separate overexpression of each

gene, the purification of the resulting protein and the performance of enzymatic

studies. Thus, the discovery of a fully elaborated metabolic product by this approach

is likely to be very laborious. For example, after discovering a cryptic sesquiterpene

synthase in the genome of S. coelicolor (64), the new epi-isozaene (8) could be

produced successfully. This metabolite was shown to be an intermediate in the

assembly line of the known Streptomyces sesquiterpene albaflavenone (9) (135).

H

8 (Epi-isozaene)

H

O

9 (Albaflavenone)

2.2.8. Comparative Profiling after Genetic Modification

A further approach for discovering new metabolic products encoded by cryptic

biosynthetic pathways involves their comparative profiling. This was performed

using the regulatory gene laeA, from Aspergillus nidulans. After expressing laeA, a
few cryptic gene clusters were overexpressed (17) compared to the wild-type strain.

2.2.9. Expression by Incorporation of a Controllable Promoter

A further possibility in revealing products of silent gene clusters is the expression of

putative pathway-specific activator genes upstream or within the putative cryptic

biosynthetic gene clusters. This approach is based on the incorporation of an
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inducible promoter. Upon addition of the inducer this strategy has been shown to

cause expression of a normally silent gene cluster in A. nidulans. The product

aspyridones (10) had not been described before (11). Interestingly the presence of a
pyridone moiety in the aspyridone structure was not predicted via primary sequence

analysis. This indicates that genetic techniques are required to accomplish the

“in silico” approaches.

N
H

OH
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Aspyridone A: R = H
Aspyridone B: R = OH

10 (Aspyridone)

HO

R

2.2.10. Metagenomics

The approach of quasi-blind cloning and expressing DNA fragments from specific

environmental niches profits greatly from fast sequencing technologies. Together

with optimized cultivation methods and smartly applied molecular techniques, meta-

genomics will reveal new insights into actinobacterial biodiversity (15, 16, 106). It
has to be mentioned that this approach requires the set up for cultivation and analysis

of a huge number of clones for which the complexity should not be underestimated.

2.2.11. Rational Design of PKS and NRPS Derived Natural Products

Many microbial natural products, in particular complex polyketides and nonribo-

somal peptides, are assembled by biosynthetic assembly lines involving modular

mega-synthases and -synthetases (35). In many cases the number of modules in the

assembly line directly corresponds exactly to the number of metabolic building

blocks incorporated into the final product. Hence, the ability to correlate primary

genetic information with protein function and chemical structure is now relatively

straightforward. Several exceptions to this paradigm have emerged in recent years

(45). However, studies concerning molecular interactions should provide additional

insights into structure-functional relations within the multidomain enzymes (6).
Despite the complexity of these catalysts, relatively early successes in exchanging

or replacing modules within PKS and NRPS systems offered great promise for the

biosynthesis of new natural products (27, 30, 105). Typical efforts to engineer

these biosynthetic assembly lines are based on sequence alignments and the com-

parison of the putative secondary and tertiary structures (125). Also helpful are

models that predict the stereochemical outcome due to tailoring reactions, like

ketoreduction (18, 93) or adenylation as well as the transfer of each acyl-building

block of the NRPS or PKS assembly line (8, 22, 44, 104). Moreover, such models
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allow estimating the value of the desired compound in advance. In addition, it is

necessary to take into account the complex kinetic and molecular-recognition

mechanisms of multimodular PKSs. This was recognized after the failed attempt

to insert additional extension modules into existing PKS frameworks (80). The
specificity of domains within modular assembly lines can prevent the extension of

noncognate substrates and is followed by a premature hydrolytic release of the

intermediates (115). This obstacle, a “misfolding”-protective mechanism within

both PKS and NRPS assembly lines, can hydrolyze misprimed carrier proteins and

thus reduces or blocks production of engineered multienzymes (23, 46, 130).
Recently, two thioesterases, FscTE and TylO, involved in the biosynthesis of

FR-008/candicidin and tylosin, were characterized biochemically. These enzymes

demonstrated a remarkable hydrolytic activity with the non-elongatable acetyl and

propionyl extender units but very low activity for the native substrates malonyl and

methylmalonyl thioester, respectively. Thus, these enzymes selectively remove

non-elongatable residues bound to the acyl-carrier protein and so support the

biosynthesis of the native polyketides (136).

2.2.12. Glycodiversification of Natural Products

Many natural products are decorated with carbohydrates essential for targeting such

molecules to their biological receptors. Unglycosylated natural products are very

often inactive and obtain their biological activity only after their sugar decoration.

The possibility of addressing an initially detected weapon to a new target has

motivated several working groups to develop in vivo and in vitro glycotechnologies

for altering sugar patterns on physiologically secondarymetabolites (68, 128). Adding
or changing sugars can dramatically improve the parent compound’s pharmacological

properties, specificity and or even the molecular mechanism of action (2, 111). The
chemical synthesis of natural product sugar units, due to their reactive substituents is

not trivial and therefore pathways for their biosynthesis have become of great interest.

This led to the development of powerful methods for manipulating sugar biosynthesis

both in vitro and particularly in vivo, where the utility of sugar biosynthetic gene

cassettes for NDP-deoxysugar production could be clearly demonstrated (97, 110).
Thus, sugar biosynthesis plasmid-containing strains can be used together with either

native or heterologously expressed glycosylransferases (GTs) for the production of

novel derivatives. Perhaps the main limitation of this approach is the substrate

specificity ofmost of all GTs. However someGTs exhibit a broad substrate specificity

and therefore are valuable for structural diversification (43).
Well-known examples are novel glycosylated elloramycins (11), staurosporines

(12), mithramycins (13), and steffimycins (14) generated by the group of J. Salas, in
Oviedo, Spain (73, 99). One additional example concerns the formation of a

macrolide in a mutant strain of Saccharopolyspora erythraea. This mutant strain

lacks the erythromycin polyketide synthase gene as well as both GT genes required

for the transfer of L-mycarose (eryBV) and D-desosamine (eryCII) moieties during

the erythromycin biosynthesis, but still it provides the TDP-activated forms of the
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two deoxy sugars. When this strain was used as host after expression of the

spinosine gene cluster, several insecticide-like active spinosine analogs (15) were
produced (38). Another mutant, also lacking the native sugar biosynthetic genes

but equipped with several sugar gene cassettes for the co-expression of either

eryCIII, tylMII, and angMII, led to novel derivatives (100). One further experiment

is especially worthy of being mentioned. Here a strain able to generate dTDP-

L-olivose (16), successfully converted with the aid of glycosyltransferase SpnP, the

pseudoaglycone of spinosyn (15) to a new compound named 17-des-b-O-D-forosa-
mine-17-a-O-L-olivosylspinosyn A (15) (37). Surprisingly, SpnP adopted the

L-configuration instead of that of its natural D-configured sugar (38). Nevertheless,
as indicated above, most GTs have very narrow substrate specificity or can tolerate

only minor altered substrates (examples are NovM and GtfA) and this is a greatly

limiting factor for product diversification (3, 66). None of the GTs studied to date

are sufficiently promiscuous for use in a truly combinatorial capacity particularly

because of their co-dependence of donor/acceptor specificity (128). In 2005, useful
knowledge was conveyed by Minami and Eguchi as they described the reversible

catalytic activity of GT-B glycosyltransferases for the first time (78) (Fig. 2b). This
newly explored feature was used for transglycosylation reactions, orienting struc-

tural diversification into a new direction (Fig. 2c, d). Moreover, this approach offers

a straightforward and direct route for generating unusual NDP-deoxy sugars from

readily available natural product sources (133). With the production of over 70

calicheamicin (17) analogs, the transglycosyation reaction has been presented as a

powerful and exciting tool (134).
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2.3. Synthetic Biosynthesis

The speed of gene synthesis, coupled with its decreasing cost, has made

synthetic genes an invaluable resource in biosynthetic engineering (94). The
convenient ability to introduce restriction sites, to optimize codon usage for

the efficient expression in a host organism or to engineer an enzyme towards

new characteristics makes this technology irreplaceable. Although the construc-

tion of large gene clusters is still time-consuming and expensive, the first highly

interesting results can be summarized. The most prominent example resulted

in the synthesis of the entire set of erythromycin PKS genes (DEBS1–3),

a remarkable contiguous sequence of 32 kbp, and their adjacent expression

in E. coli (58). No less spectacular is the work, described by Menzella and

colleagues, as they expressed heterologously 14 genes encoding type I PKS

modules with differing N- and C-terminal linker variations, allowing them to be

assembled into 154 possible bimodular combinations (75). After expression in

E. coli, 72 of the 154 combinations produced the anticipated polyketide prod-

uct, of which the majority were gained in the range of 0.02–10 mg dm�3

(Fig. 3).

Exciting results in the area of NRPS were achieved by Baltz and coworkers in

generating novel lipopeptide derivatives like 18 (76, 81). One almost provocative

alternative to re-engineering existing NRPSs is the de novo design of a new catalyst
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that mimics them. In this respect, a supramolecular approach based upon coiled-coil

peptide mimicking NRPS active sites was recently introduced, an idea which

soon might lead to great diversity in the production of unnatural natural products

(62, 124).
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Fig. 2. GT catalyzed reactions. (a) The classical GT-catalyzed reaction in which a sugar

is transferred from a NDP-activated donor to an aglycone acceptor, forming a glycosidic bond.

(b) NDP sugar synthesis via reverse glycosyl transfer. (c) GT-catalyzed sugar/exchange reaction.

(d) The aglycone/exchange strategy where GT (A) catalyzes the synthesis of a NDP sugar that gets

incorporated subsequently into a second aglycone by catalysis of GT (B)
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Fig. 3. Combinatorial assembly of PKS modules. (a) Redesign of polyketide synthase genes.

Building blocks consisting of intrapeptide linker (LI), ketoreductase (KR), and the three obligate

domains: ketosynthase (KS), acyl transferase (AT), and the acyl carrier protein (ACP).

(b) Insertion of the extender modules to create the donor and acceptor plasmids. The donor

plasmid provides the first PKS module flanking from the loading module (LM) and a C-terminal

interpeptide linker (LC). The acceptor plasmid carries the second module flanked from the

N-terminal interpeptide linker (LN) and the thioesterase (TE). The plasmids exhibit a compatible

origin of replication (ori a and b) and different resistance selection marker genes (resistance A and

B). (c) Heterologous production of the triketide lactone in E. coli
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2.3.1. Structural Information for Protein Engineering

Knowledge concerning the structure of multienzyme complexes will have a strong

impact on combinatorial biosynthesis in the future. The recent X-ray crystallographic

structures of the modular type I mammalian and fungal FAS (71) as well as the

high-resolution structure of a modular PKS didomain, comprising the ketosynthase

and acyltransferase domains, offer a look at the PKS and NRPS assembly lines (108,
109) (Fig. 4). Unfortunately, the key acyl carrier protein (ACP) is absent in these

structures, which is probably due to its high mobility caused by a propensity to

“shuttle” significant distances, which is necessary to engage the other catalytic

domains (61). For both the modular and non-modular multienzyme assembly lines,

an understanding of the molecular recognition process, which guides the “shuttling”

carrier proteins, will provide important input for engineering functional complexes.

2.3.2. Directed Evolution and High-Throughput Screening

The advent of directed evolution of proteins has allowed the selection of redesigned

enzymes with improved properties, altered substrate specificity, and in some cases a

new catalytic function (5). The identification of amino acid motifs responsible for

the selectivity also within domains of multifunctional enzyme complexes is pro-

ceeding (29, 92), and might provide the ability to use site-directed mutagenesis

rather than domain replacements to generate engineered PKSs for the production of

new products. Fischbach and coworkers used both directed evolution as well as the
recombining of native genes for compound diversification. After generating chime-

ric NRPS, the often-evident presence of impaired functionality due to reassembly

was restored by directed evolution. After a few rounds of screening they were able

to improve the product yields and additionally found variants that produce new

derivatives (34). However, in general, the difficulties of designing assays capable of
screening the variants required for the directed evolution are in most cases very

laborious (Fig. 5e). An alternative and illuminating approach is the method named

“homology modeling”, which is based on the solved crystal structure of a closely

related protein (Fig. 5d). An example for this strategy was realized for the direct

evolution of the terpene cyclase g-humulene synthase (131). It was suggested that,

through the mutation of a few key “plasticity residues” located in and around the

active site, the enzyme’s promiscuity could be increased. Nineteen potential plas-

ticity residues were identified, changed and each derivative was systematically

checked for valuable combinations of amino acid substitutions using a mathemati-

cal model. Finally, seven highly active synthases were identified, targeted for

investigation, and subsequently shown to operate through distinct reaction path-

ways to give specific products. This required the screening of 2,500 mutants, a

number that can be quite adequately addressed through the applied assay. Thus, the

application of an in silico approach to evaluate the enzyme’s “fitness” with adjacent

preselecting combinations of mutations may lead to the desired outcomes (Fig. 5a).

Combinatorial and Synthetic Biosynthesis in Actinomycetes 227



Fig. 4. X-ray determined protein crystal structures of multienzyme ensembly lines. (a) Mamma-

lian fatty acid synthase at 4.5 Å resolution (PDB 2cf2). Domain organization: A starter substrate,

acetyl-CoA or malonyl-CoA, gets loaded onto the acyl-carrier protein (ACP/absent in the struc-

ture) via the malonyl-CoA-/acetyl-CoA-ACP transacylase (MAT). Then, the ketoacyl synthase

(KS) catalyzes a decarboxylative condensation reaction and forms the ß-ketoacyl-ACP. This is

followed from a reduction reaction catalyzed by the ß-ketoacyl reductase (KR). Subsequently, the

intermediate gets dehydrated by a dehydratase (DH) and additionally reduced by a ß-enoyl

reductase (ER). The product gets released from the ACP by a thioesterase (absent in the structure).

(b) Module 3 of 6-deoxyerthronolide B synthase at 2.6 Å resolution (PDB 2qo3) bound to the

inhibitor cerulin. The ketosynthase (KS) – acyltransferase (AT) di-domain is part of the large

homodimeric polypeptide involved in biosynthesis of erythromycin from Saccharopolyspora
erythraea

b c d

sequence alignments homolgy
modeling

high-throughput
screening

sequence and structure
guided rational mutagenesis

random mutagenesis 

improved enzyme characteristics

substrate a signal
+ substrate b

engineered
enzyme

e

structure
guieded

a Domain
swapping

Fig. 5. Protein engineering via rational- and randomly directed strategies to alter the characteristic

of an enzyme. (a) Structure-guided protein engineering based on the presence of a X-ray resolved

crystal structure that utilizes in silicomodeling. (b) Genetic engineering of a specificity-conferring
region on the basis of information gained by sequence alignments. (c) Domain swapping experi-

ments for combining desired N- and C-terminal characteristics. (d) Homology modeling, resuming

structural knowledge of a closely related protein for the rational design of the enzyme of interest.

(e) Randomly protein engineering aided by high-throughput screening
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2.3.3. Engineering Enzyme Function

One dream of natural product scientists is to create new enzyme functions. The first

successful attempts have been described in the glycosyltransferase field. Since nearly

all GTs in natural product biosynthesis belong to the GT-B structural superfamily and

possess biglobal architecture with two facing Rossmann-like domains, attempts to

shuffle heterologous domains to create functional chimeras were performed. One of

the earliest examples in producing functional hybrid GTs was presented byHoffmeister
et al. who engineered GTs involved in the biosynthesis of the aromatic polyketide

urdamycin A (19) (47). In this study GTs were created with only one parental

activity, with both parent activities, and, most interestingly, with a new activity

capable of forming a branched saccharide chain (49). A more recent example was

described by Spencer et al., who successfully constructed active hybrids from the

GTs, GtfA, GtfB, Orf1, and Orf10 involved in the biosynthesis of different glyco-

peptides. This study resulted in the conclusion that the N-terminal domain controls

acceptor binding entirely (19, 59, 88); accordingly, the C-terminal domain appears

to be responsible for the sugar specificity. However, in some cases this strict rule

could not be confirmed, and thus additional regions within the GT-Bs can influence

the acceptor and donor specificity.
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OHO
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O
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O
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OH

19 (Urdamycin A)

To imply directed evolution coupled with a high-throughput screening for

expanding promiscuity of natural product GTs, Aharoni and colleagues developed

a screen based on a fluorescent surrogate acceptor substrate. This was successfully

applied and resulted in generating among others a glycosyltransferase of the GT-A

superfamily with 400-fold higher catalytic efficiency (1). Additionally, a very

similar fluorescent based screening strategy was used for generating macrolide

GT derivatives of OleD able to modify a range of therapeutically important

compounds (129).
The change of the acceptor affinity of a GT was demonstrated by the group of

X. Wang. The catalytic efficiency of the GT UGT85H2 from Medicago truncatula
towards the natural acceptor kaempferol (20) was increased 37-fold based on only

one amino acid substitution. Another substitution dramatically improved (54-fold)

the turnover rate and catalytic efficiency for biochanin A (21), the second natural

acceptor (79). This work impressively presents how site-directed mutagenesis

could lead to radical improvement of the catalytic efficiency.
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Eustáquio, AS., 232

Evans, AJ., 203

F
Fang, JM., 69

Farman, M., 234

Farnet, CM., 230

Farnsworth, NR., 66

Farooq, U., 65

Farrugia, LJ., 199

Fastre, RV., 66

Fatima, A., 66

Fatima, I., 66

Fatima, N., 66

Fedorenko, V., 234

Fedorova, N., 234

Fedoryshyn, M., 232–234

Feldblyum, TV., 234

Feng, X., 233

Fenical, W., 236

Fernandez, MJ., 235

Ferreira, D., 69

Ferrin, TE., 237

Feuerstein, TJ., 209

Fiebig, M., 68

Filimonov, DA., 237

Fischbach, MA., 232

Fischer, HD., 197

Fischer, NH., 197

Fischer, P., 201

Fischer, R., 234

Fitzgeraldo, MK., 230

Fleming, MP., 205

Flett, F., 236

Flood, TC., 207

Floris, C., 66

Floss, HG., 232

Fong, HHS., 66, 70

Ford, R., 234

Förstermann, U., 209

Fosker, N., 234

Foster, GM., 201, 232

Fowler, K., 232

Fozdar, BI., 65

Francotte, 205

Fraser, A., 230, 234

Fraser, C., 234

French-Constant, RH., 208

Frenkel, DA., 208

Frerich, A., 233

Frey, G., 236

Frick, C., 233

Fronczek, FR., 202
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Gössinger, E., 71

Gottlieb, HE., 68, 69

Gottlieb, OR., 64, 65, 69

Gottschalk, D., 232

Gould, SJ., 207

Goyal, S., 70

Graf, TN., 68

Graham, JG., 70

Graham, SL., 204, 206

Gramajo, H., 235

Granelli, I., 200

Gras, JL., 206

Graupner, PR., 232

Grayer, RJ., 69

Graziani, E., 233

Griffith, BR., 237

Griffith-Jones, S., 234

Grolle, F., 235

Gross, AW., 206

Gross, F., 232, 237

Grothaus, PG., 231

Grundmann, C., 206

Gu, JQ., 234

Guha, S., 197

Gulbis, JM., 197

Gullo, VP., 232

Gunatilaka, AAL., 201, 237

Guo, HZ., 198

Guo, SX., 199

Guo, XR., 198

Gupta, A., 65

Gupta, AK., 67

Gurrath, M., 208

Gust, B., 232

Gustafsson, C., 234

Gutierrez, A., 199

Guz, NR., 69

Guzman, L., 207

Gwilliam, R., 234

H
Haas, B., 234

Haas, H., 234

Haffner, CD., 203

Hajduch, M., 70

Hakala, J., 233

Halada, P., 70

Halaweish, F., 199

Hall, N., 234

Haltli, B., 233

Han, HY., 200

Han, QB., 200

Hanamoto, A., 233, 235

Handa, SS., 66

Handelsman, J., 231

Hansel, R., 64, 68, 69

Hao, YL., 210

Harayama, T., 202

Härle, J., 211, 232

Haro de, L., 207

Harper, D., 230

Harrington, KJ., 207

Harris, DE., 230, 234

Harvey, RJ., 209

Hasanloo, T., 68

Hasebe, M., 201

Hattori, M., 233, 235

Hauser, G., 233

Hautala, A., 233

Haworth, RD., 64

Hayakawa, Y., 203, 204

244 Author Index



Hayashi, K., 205

Hayashi, N., 66

Hayden, WJ., 208

Haydock, SF., 232, 235

Hayek-Lanthois, M., 207

Haygood, MG., 235

Haynes, SW., 232

He, M., 233

Head, K., 67

Hearon, WM., 64

Heathcock, CH., 203, 204, 206

Heathcote, ML., 232

Hedman, K., 200

Hegnauer, R., 201

Hehn, A., 64

Heide, L., 232, 233

Heitmann, B., 233

Hellwig, S., 201

Hemlata, 66

Henkel, JB., 202

Henry, TA., 202

Hernandez, BE., 208

Herron, DK., 205

Hertweck, C., 231

Hida, T., 202

Hidalgo, J., 230

Hiermann, A., 69

Higata, T., 208

Higuchi, T., 199

Hikino, H., 65

Hikita, M., 198

Hill, DS., 236

Hirata, Y., 200, 203, 204

Hirotsu, K., 199

Hitozuyanagi, Y., 198

Hixon, RM., 205

Ho, LK., 198

Hodges, R., 198, 203

Hoffmann, FM., 230

Hoffmeister, D., 232, 234, 236

Hofmann, C., 233, 234

Hofmann, F., 209

Holzenkampfer, M., 233

Hoofnagle, JH., 70

Hopson, R., 233

Hopwood, DA., 231, 234

Horhammer, L., 68

Horikawa, H., 235

Horiuchi, H., 234

Hornsby, T., 230

Hornung, A., 233

Hoshino, M., 206

Hosie, AM., 208

Hotta, K., 236

Howarth, OW., 65

Howarth, S., 230

Hu, QY., 203

Hu, WP., 231

Hua, YF., 201

Huang, CH., 230

Huang, J., 234

Huang, SC., 198

Huang (Hwang), WK., 203

Huang, ZZ., 233, 237

Hucho, F., 209

Humphray, S., 234

Hung, NV., 66

Hussain, J., 65

Hutchinson, CR., 233, 235

Hutchinson, J., 208

Hutchison, CA., III 232

Hwang, TL., 66

I
Ibrahim, A., 230

Ibuka, T., 203

Ichino, K., 66, 67

Ichinose, K., 232

Iinuma, M., 66, 70

Iizuka, T., 64

Ikeda, H., 233, 235

Ikeda, I., 208

Ikeda, T., 206

Ikegawa, S., 68

Iliya, I., 70

Incarnato, GP., 70

Ingram, J., 201

Inomata, K., 204

Inoue, T., 64

Inubushi, Y., 200, 202, 203, 206

Iqbal, K., 66

Ireland, RE., 204

Ishihara, M., 67

Ishii, H., 202

Ishikawa, J., 233, 235

Author Index 245



Ishikawa, T., 65

Ishmael, N., 201

Itaki, N., 198

Ito, K., 66, 67, 69, 70, 202

Itokawa, H., 233

Iwatsuki, K., 201

Iyengar, R., 207

J
Jackson, TE., 205

James, KD., 230

Jang, HD., 69

Jarboe, CH., 207

Jaun, B., 207

Jean, TS., 205

Jebaratnam, DJ., 203, 205

Jegorov, A., 70

Jenke-Kodama, H., 232

Jenni, S., 233, 234

Jensen, PR., 236

Jiang, H., 200, 233

Jiang, J., 230

Jiang, RL., 198

Jimenez, J., 234

Jin, WY., 64

Jing, X., 70

Johnson, CR., 206

Johnson, WS., 204

Johnston GAR 209

Jommi, G., 198, 200, 201, 207

Jorg, M., 236

Josan, JS., 207

Joshi, PC., 64

Ju, HY., 200

Ju, XL., 210

Juan, CM., 69

Juichi, M., 66

Jungmann, V., 236

K
Kadali, SS., 64

Kagei, K., 198, 200

Kahne, D., 233

Kahol, AP., 67

Kaja, AL., 235

Kakinuma, K., 234

Kale, SP., 231

Kalidhar, SB., 66

Kaloga, M., 68

Kamata, S., 203

Kaneko, T., 203

Kang, SS., 64

Kantola, J., 233

Kao, CM., 231

Kapur, S., 233

Kashinatham, A., 65

Katarao, E., 200, 203

Kato, I., 66

Katsuki, T., 206

Katz, L., 231

Kau, D., 234

Kaur, T., 67

Kawai, T., 199, 200

Kawasaki, I., 203

Kawazoe, Y., 203

Keasling, JD., 235, 237

Keimatsu, I., 202

Kelleher, NL., 231

Keller, NP., 231, 234

Kellner, S., 64

Kelly, SL., 237

Kende, AS., 203

Kendrew, SG., 231

Kerr, DS., 197

Khalili, P., 209

Khan, SA., 65

Khanuja, SPS., 65, 67

Khavari-Nejab, RA., 68

Khaw, LE., 232

Khosla, C., 231, 233, 236

Khouri, H., 234

Kidd, P., 67

Kiefer, W., 70, 208

Kieser, H., 230

Kieser, T., 230, 232

Kigoshi, H., 199, 202, 203

Kikuchi, H., 233, 235

Kikuchi, T., 203

Kim, BG., 235

Kim, CY., 236

Kim, HP., 64

Kim, HS., 234

Kim, NC., 68

Kim, YH., 69

246 Author Index



Kimura, R., 66

Kinghorn, AD., 66, 69, 70, 200

Kinoshita, T., 198

Kintzinger, JP., 65

Kirat, KL., 70

Kirchhoff, RA., 206

Kirnberger, EJ., 67

Kirsch, J., 209

Kiso, Y., 65

Kitamoto, K., 234

Kleanthous, C., 231

Klimowicz, AK., 231

Kluska, M., 209

Knight, JC., 69

Knoop, V., 201

Kobayashi, J., 197

Kobayashi, T., 234

Kober, E., 206

Kodumal, SJ., 233

Koehn, F., 233

Kogami, K., 205

Kohli, RM., 237

Koike, K., 198–200, 208

Kojima, H., 66

Koketsu, K., 236

Konig, A., 232

Konita, T., 202, 203

Konno, C., 65

Konzack, S., 234

Kostova, I., 69

Koumaglo, KH., 64

Krauth, C., 233

Kreher, B., 66

Kremer, T., 209

Kremers, E., 205

Kren, V., 67, 70

Krische, MJ., 199, 202, 203

Kubisch, J., 70

Kuboki, A., 70

Kudo, Y., 198, 207

Kuhse, J., 209

Kulesh, NI., 70

Kulkarni, R., 234

Kulowski, K., 233

Kumagai, T., 234

Kumar, N., 201

Kumar, S., 65, 197

Kunert, O., 69

Kunnari, T., 233

Kuntz, E., 70

Kunugi, A., 69

Künzel, E., 236

Kurinnaya, NV., 69

Kurkin, VA., 64

Kusari, S., 201

L
Lafon, A., 234

Lai, JR., 232

Lairson, LL., 230

Lake, RJ., 197

Lam, KS., 232

Lamb, DC., 237

Lange, C., 231

Lange, OK., 67

Lankin, DC., 66

Lapidus, A., 236

Larbat, R., 64

Larke, L., 230

Larsson, S., 201

Latge, JP., 234

Lauren, DR., 68

Lautru, S., 233

Lavie, D., 68

Leach, MT., 197

Leadlay, PF., 230–232, 235, 236

Leander, K., 197, 200

Lecorronc, H., 209

Lee, CH., 204

Lee, CK., 69

Lee, D., 70

Lee, DC., 206

Lee, DYW., 68, 69

Lee, EJ., 69

Lee, HC., 235

Lee, IK., 66, 237

Lee, KH., 66, 233

Lee, MW., 69

Lee, SJ., 65

Lee, YA., 69

Legendre, P., 209

Lei, L., 237

Leibundgut, M., 233

Leimkuhler, C., 233

Leistner, E., 201

Author Index 247



Leman, LJ., 233, 237

Lemos, RPL., 65

Lesniak, J., 230

Lester, JB., 235

Lewis, K., 68

Li, HH., 202

Li, HS., 208

Li, JB., 70

Li, JS., 198

Li, L., 237

Li, ML., 198

Li, RT., 200

Li, SH., 200

Li, SM., 232, 233

Li, W., 204, 205, 234

Li, X., 200

Liang, L., 200

Liang, X., 65

Liao, FL., 203

Liao, X., 64

Ligon, JM., 236

Liliana, GN., 69

Lill, RE., 231, 232, 235

Lim, EK., 231

Lin, LJ., 67

Lin, M., 70

Lin, MS., 198

Lin, X., 233, 237

Lin-Gen, Z., 66

Liou, K., 235

Lipata, F., 236

Litvinenko, VI., 69

Liu, B., 204

Liu, DR., 232

Liu, H., 233

Liu, HW., 200, 236

Liu, KK., 209

Liu, QF., 199, 200

Liu, WH., 201

Liu, X., 65

Liu, Y., 68, 69

Livinghouse, T., 204

Locksley, HD., 64

Loike, JD., 64

Lombo, F., 234, 235

Lord, A., 234

Lorence, A., 201

Lorenz, P., 68

Louey, JP., 205

Love, JL., 201

Low, L., 231, 235

Lowe, MD., 198

Loy, G., 66

Lu, C., 234

Lu, MY., 197

Lu, W., 233

Lu, Y., 198, 200

Ludwig, W., 230

Luis, EC., 69

Lum, AM., 231

Luniak, N., 232
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Rüther, G., 204

Rutherford, K., 231

Rutter, S., 231, 234

Ruzicka, L., 204

Rycroft, DS., 199

Ryoo, IJ., 66

S
Sánchez, C., 235

Sadek, M., 197

Sahai, M., 1, 66

Saika, T., 199

Saitoh, F., 204, 205

Saji, I., 203

Sakaki, Y., 233, 235

Sakamoto, K., 202

Salas, AP., 235

Salas, JA., 233– 236

Salzberg, SL., 234

Samborskyy, M., 235

Sanchez, M., 234

Sanchez-Ferrero, JC., 234

Santi, DV., 233–235

Sarma, NS., 197

Sasaki, Y., 203

Sato, T., 199, 200

Satou, T., 208

Sattelle, DB., 208

Saunders, D., 231, 234

Saunders, MR., 198

Savage, GP., 70

Saxena, K., 67

Schaeffer, JM., 209

Scheinmann, F., 64

Schell, U., 232, 235

Scherlach, K., 231

Schleberger, C., 233

Schleifer, KH., 230

Schmid, M., 69

Schmidt, EW., 235

Schmidt, G., 205

Schmidt, JM., 69

Schmidt, TJ., 202, 208, 210

Schmitt, L., 209

Schmitz, RA., 236

Schneider, A., 236

Schneider, K., 233

Schneider, S., 206

Schnell, HJ., 231

Schopen, RD., 67

Schroeckh, V., 231

Schuemann, J., 231

Schuhly, W., 69

Schuhmacher, S., 209

Schulz, J., 69

252 Author Index



Schumann, J., 231

Schunke Vigo, J., 70

Schwecke, T., 232

Scolastico, C., 198, 200, 201, 203

Scott, IA., 204

Scott, N., 235

Sedmera, P., 67, 70

Seeger, K., 231, 234

Seibl, J., 200

Seitz, M., 68

Seligmann, O., 66, 68

Semenov, AA., 68

Sen, S., 197

Sergeyko, AP., 237

Seshadri, TR., 68

Severini 203

Sha, CK., 203, 205

Shamsuddin, KM., 65

Shamsuddin, T., 65

Shao, BP., 199

Sharma, DK., 68

Sharp, S., 231

Sharpless, KB., 206, 207

Shcherbakov, VV., 68

She, X., 70

Sheehan, LS., 235

Shen, B., 235

Shen, YH., 200

Shepard, J., 201

Sheridan, RM., 232, 235

Shiao, MS., 207

Shiba, T., 233, 235

Shibasaki, M., 204–206

Shibata, M., 69

Shimizu, M., 200, 203

Shiner, CS., 206

Shino, R., 68

Shinose, M., 233, 235

Shioiri, T., 206

Shiomi, K., 230

Shu, Y., 199

Shulman, S., 204

Siani, AC., 65

Sidebottom, PJ., 232

Silva, CJ., 234

Silva, DHS., 69

Silva, M., 207

Simanek, V., 67, 70

Simmonds, MSJ., 69

Sindelar, RD., 66

Sine, SM., 209

Singan, V., 236

Singh, SS., 197

Sinisterra, JF., 68

Sipahimalani, AT., 199

Siskos, AP., 230

Sisti, M., 207

Sivakumar, NM., 64

Skottova, N., 70

Slatko, BE., 201

Slaughter, MM., 209

Smith, AB., 207

Smith, CP., 236

Smith, HO., 232

Smith, WA., 68

Smits, SHJ., 209

Sobolev, BN., 237

Soejarto, DD., 66

Sohng, JK., 235

Son, KH., 64

Song, L., 236

Song, XQ., 202

Sorensen, D., 230

Soriano, A., 230

Spangenberg, P., 236

Sparacino, CM., 68

Sparks, TC., 232

Spencer, JB., 230

Spiro, DJ., 201

Spiteller, D., 230

Spiteller, M., 201

Squares, R., 231, 234

Squares, S., 231, 234

Srinivas, KVNS., 65

Srivastava, A., 67

Srivastava, S., 65

Stachelhaus, T., 236

Starke, K., 209

Stassi, D., 235

Staunton, J., 231, 232

Staver, MJ., 231

Steele, J., 234

Stefan, H., 208

Stege, JT., 236

Steiner, U., 201

Stepanchikova, AV., 237

Author Index 253



Stermitz, FR., 68, 69

Sternbach, L., 204

Stevenson, CA., 69

Stevenson, R., 64

Stewart, AF., 237

Stockwell, TB., 232

Stone, DE., 208

Streit, WR., 236

Strynadka, NC., 230

Su, ND., 64

Sudek, S., 235

Suessmuth, R., 66

Suh, N., 66

Summers, M., 233

Sun, HD., 200

Sussmuth, RD., 233, 236

Sutherland, MD., 201

Suzuki, H., 202

Suzuki, M., 200–204

Suzuki, T., 202, 206

Suzuki, Y., 198, 199

Svobodova, A., 70

Swallow, WH., 197

Swanson, SJ., 231

Syrchina, AI., 68

Szilagyi, I., 68

T
Taber, DF., 205

Taguchi, T., 233

Takagi, S., 68

Takahashi, C., 235

Takahashi, Y., 235

Takano, S., 204

Takazawa, O., 205

Takemoto, T., 68

Takeuchi, A., 209

Takeuchi, M., 234

Takeuchi, N., 209

Takeya, K., 198

Tamura, H., 205

Tan, GT., 66

Tan, X., 200

Tan, XG., 64

Tanaka, A., 198, 207

Tanaka, H., 66, 67, 69

Tanaka, K., 202, 203, 206

Tanaka, T., 66, 70

Tandon, S., 67

Tane, P., 199

Tang, J., 199

Tang, L., 236

Tang, RJ., 197

Tang, W., 208

Tang, Y., 236

Tang, YH., 208

Tao, J., 233

Tasker, AS., 204

Taylor, K., 231

Teigo, A., 66

Tekaia, F., 234

Telschow, JE., 206

Templeton, W., 197

Terracciano, M., 70

Tetenyi, P., 68

Tettelin, H., 201

Thamchaipenet, A., 234

Thibodeaux, CJ., 236

Thieme, K., 230

Thirupathi, P., 67

Thomas, AP., 203

Thomas, DW., 232

Thomas, MG., 231

Thomson, NR., 230

Thorson, JS., 230, 236, 237

Thoung, PT., 64

Tichadou, L., 207

Tillequin, F., 199

Toh, SH., 69

Tokane, K., 203

Tokuyama, T., 199

Tomiie, Y., 203

Tomioka, K., 205

Tomkins, J., 201

Tomozawa, M., 209

Torres, BA., 208

Trauner, D., 209

Trefzer, A., 235, 236

Tripathi, AK., 67

Trost, BM., 199, 202–206

Tsai, IL., 65

Tseng, WH., 203

Tsuda, Y., 200, 203

Tu, FJ., 200

Turnbull, KW., 207

Turner, G., 234

254 Author Index



U
Uchida, R., 234

Uchimaro, F., 200, 203

Uchiyama, F., 202, 206

Udwary, DW., 236

Uesaka, N., 204, 205

Uguru, GC., 236

Uhrin, D., 65

Ulbrich, H., 70

Ullah, F., 65

Ullah, N., 66

Ulrichova, J., 70

Umbreit, MA., 207

V
Valencia, E., 199

Valenzuela, E., 199

van Soest, RWM., 210

Vanhaelen, M., 66

Vassilatis, DK., 209

Vazquez de Aldana, CR., 234

Vedejs, E., 206

Veitch, NC., 69

Veloso, DP., 65

Venkataiah, B., 65

Vente, A., 233, 236

Venter, JC., 232

Vereshchagin, AL., 68

Verma, S., 197

Vinter, JG., 198

Viswanathan, N., 235

Vollmer, H., 230

Vondracek, J., 67

Vroom, JA., 231

W
Wade, JJ., 203

Wagner, H., 66, 68

Wakamatsu, K., 199, 202, 203

Wakarchuk, WW., 230

Wakeman, N., 205

Waldron, C., 232

Walker, LA., 66

Wall, MA., 236

Wall, ME., 68

Walsh, CT., 232, 233, 236, 237

Walterova, D., 67, 70

Wang, B., 208

Wang, CCC., 236

Wang, D., 65

Wang, DC., 205

Wang, DS., 209

Wang, H., 201

Wang, L., 70

Wang, M., 201

Wang, NL., 200

Wang, PY., 209

Wang, S., 201

Wang, SL., 203

Wang, SY., 202

Wang, TY., 66

Wang, X., 234

Wang, XK., 201

Wang, Y., 205, 208

Wang, Z., 200

Wang, ZT., 197, 208

Wani, MC., 68

Ward, RS., 64

Warren, T., 231

Watanabe, I., 208

Watanabe, K., 236

Waterman, MR., 237

Waterson, AG., 205

Watson, JA., 230

Weber, M., 232

Weber, T., 236

Webster, GL., 208

Wei, H., 197

Wei, XY., 207

Weidman, J., 234

Weinberger, DA., 233, 237

Weissman, KJ., 236

Weist, S., 236

Weitnauer, G., 233, 234

Welch, M., 233

Welle, E., 232

Welzel, K., 233, 236

Wenzel, SC., 231, 237

Wenzig, E., 69

Werren, JH., 201

Westling, M., 204

Weston, AJ., 232

Wheelan, SJ., 235

White, CT., 204, 206

White, EP., 198, 203

White, O., 234

Author Index 255



Whitehurst, JC., 204

Whitham, GH., 210

Whiting, A., 234

Wiesmann, KE., 231

Wietzorrek, A., 231

Wilcoxen, KM., 233, 237

Wilkinson, B., 231, 232, 234, 235, 237

Williams, AC., 204

Williams, GJ., 237

Williams, MG., 230

Williamson, KL., 204

Wink, M., 201

Winkler, DA., 197

Withers, SG., 230

Witte, L., 201

Wohlert, SE., 233

Wohlleben, W., 236

Wong, MG., 197

Woodward, J., 231, 234

Wortman, JR., 234

Wrigley, SK., 234

Wu, B., 70

Wu, CY., 202

Wu, D., 66

Wu, HM., 200

Wu, N., 198

Wu, T., 204, 205

Wyatt, JA., 208

X
Xia, YM., 67

Xiang, L., 236

Xie, JX., 197

Xie, XG., 67

Xu, GJ., 208

Xu, LS., 197, 208

Y
Yadav, NP., 67

Yadav, S., 67

Yamada, K., 198, 199, 200, 202, 203, 204,

206, 207

Yamada, M., 202

Yamada, S., 206

Yamamoto, H., 205

Yamamoto, K., 203

Yamamoto, T., 70

Yamamura, S., 203

Yamazaki, M., 207

Yang, CF., 203

Yang, SW., 66

Yang, TK., 70

Yang, Z., 209

Yao, C., 70

Yao, NT., 203

Yao, XS., 200

Yarowsky, J., 209

Yarrington, RM., 235

Yasui, B., 202, 203

Ye, QH., 197, 199, 200

Ye, YQ., 199

Yeh, E., 237

Ylihonko, K., 233

Ylihonkoa, K., 233

Yokoyama, J., 201

Yoo, ID., 66

Yoon, YJ., 235

Yoshida, M., 69

Yoshida, N., 197

Yoshida, T., 197, 198, 202

Yoshikoshi, A., 202, 206

Yoshikuni, Y., 237

Yotsumoto, H., 64

You DLi, J., 237

Young, JJ., 205

Young, L., 232

Young, M., 233

Yu, JH., 234

Yun, BS., 66

Yun, YS., 69

Z
Zaikov, KL., 68

Zanarotti, A., 68, 69

Zapesochnaya, GG., 64

Zard, S., 203, 204

Zard, SZ., 205

Zaveri, J., 232

Zazopoulos, E., 230

Zdero, C., 205

Zeigler, L., 236

Zenewicz, L., 68

Zeng, FJ., 197

Zhan, J., 237

256 Author Index



Zhang, C., 237

Zhang, DM., 199

Zhang, G., 202

Zhang, GN., 208

Zhang, HJ., 66

Zhang, N., 65

Zhang, Q., 65

Zhang, SF., 208

Zhang, W., 198

Zhang, X., 200

Zhang, XR., 64

Zhang, Y., 237

Zhang, YB., 198

Zhang, W 205

Zhao, B., 237

Zhao, CS., 199

Zhao, QS., 200

Zhao, T., 201

Zhao, TF., 201

Zhao, WM., 197, 198, 199, 200

Zhao, Y., 65

Zheng, QT., 70, 198, 200

Zheng, Y., 208

Zhi-Da, M., 66

Zhou, D., 208

Zhou, G., 203

Zhou, H., 208, 237

Zhou, Q., 208

Zhou, X., 237

Zhou, Y., 237

Zhu, JP., 197

Zhu, L., 197, 234, 235, 237

Zhu, YJ., 209

Ziegler, FE., 205

Zinchenko, SV., 68

Zirkle, R., 236

Zoghbi, MDGB., 65

Zotchev, SB., 237

Zubair, M., 65
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