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RECENT ADVANCES IN THE CHEMISTRY OF LIGNANS 

R. S. WARD 

University of Wales Sw^ansea, Singleton Park, Swansea SA2 8PP 

Abstract: This chapter describes recent developments in the chemistry of an important 
group of natural products which have diverse structures and significant biological 
activity. The emphasis is placed on new methods which have been used for their 
synthesis and asymmetric synthesis, and on recent advances in our understanding of their 
biosynthesis. While brief mention is made of the wide range of biological activity which 
they exhibit, and the use of their derivatives in cancer chemotherapy, the main emphasis 
is on their organic chemistry, including the unique transformations they undergo which 
lead to the interconversion of different structural types. 

The treatment is not intended to be comprehensive, since this purpose is already served 
by other review publications, but it seeks to highlight important recent contributions and 
to identify important themes underlying the chemistry of these compounds. 

With these aims in mind the chapter is divided into the following sections:-

1 An introduction, including mention of their diversity of structure and biological 
activity 

2 Biosynthesis, describing recent studies on the biochemical pathways involved 

3 Synthesis and asymmetric synthesis, reviewing important synthetic routes to lignans 

4 Transformations, describing interconversions and specific transformations of particular 
lignan types 

1 INTRODUCTION 

Lignans and neolignans are natural products formed by the linking together 
of tŵ o C6C3 units (1), each of which are derived from the shikimic acid 
pathway. The term 'lignan' was introduced by Haworth to denote 
structures which are composed of two C6C3 units linked by a |3-P (8-8') 
bond [1]. The term 'neolignan' was introduced later by Gottlieb to 
distinguish compounds which contain two C6C3 units but which are not (3-
P linked [2]. Several different classes of lignans and neolignans can be 
identified depending upon the carbon skeletons which they possess [3]. 

Possibly as a result of their diverse structures, lignans show a wide 
range of biological activity. For example, there is growing evidence that 
the consumption of foods rich in lignans can decrease the risk of 
contracting certain forms of cancer [4-7]. The implication of these findings 
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is that the lignans ingested, or the compounds into which they are 
converted by intestinal microflora, can act as cancer-protective agents [8]. 
Thus the excretion of enterolactone and enterodiol in urine has been 
correlated with fibre intake, and it has been suggested that these hormone­
like substances may be responsible for the cancer-protective effect of a 
vegetarian diet [9,10]. Certainly the low incidence of breast cancer and 
prostate cancer in some countries can be correlated with adherence to a 
largely vegetarian diet[l 1]. 
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Derivatives of podophyllotoxin play an important role in cancer 
chemotherapy. As a result there is continuing interest in trying to find an 
efficient synthesis of podophyllotoxin and in seeking to prepare more 
active derivatives. Analogues continue to be investigated in an effort to 
improve upon the antitumour activity of the clinical drug etoposide 
[12,13]. For example, it has been found that compounds with a 
OCH2CH2NH2 or NHCH2CH2OH group in place of the glycosidic moiety 
of etoposide have a different spectrum of antitumour activity from 
etoposide itself and therefore may be useful when etoposide resistance 
occurs. 4-0-Butanoyl-4'-demethylpodophyllotoxin (2) is cytotoxic at 
concentrations 100-1000 times lower than conventional drugs and is active 
against several drug resistant tumour cell lines [14,15]. Similarly the 4-
arylamino derivatives (3) and (4) are up to 100 times more active than 
etoposide and show activity against etoposide resistant cells [16,17], 
while compounds such as (5) which can form water soluble salts have 
increased antitumour activity and improved drug resistance [18], and 
compounds such as (6) exhibit improved activity and are reported to have 
a novel mechanism of action [19]. 

Kadsurenone and related lignans are antagonists of the platelet 
activating factor receptor [20]. They inhibit PAF-induced platelet 
aggregation by blocking the receptor with which the agonist interacts. 
Several 2,6-diaryl-3,7-dioxabicyclo[3.3.0]octanes and dibenzyl-
butyrolactones also show high PAF antagonist activity [21]. For example, 
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syringaresinol and yangambin show antiplatelet aggregation activity 
[22,23]. Several other lighans inhibit the binding of platelet activating 
factor to blood platelets [24]. 
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Many other examples of potentially usefiil biological activity have been 
reported. Thus, the sodium and potassium salts of (7) and (8), which are 

CO2H CO2H 

Ar HO, 

Ar HO' 

CO2H CO2H 

(7) 

(AT = 3,4-dihydrox3rphenyl) 



742 R.S. WARD 

tetramers of caffeic acid, possess significant anti-HIV activity [25]. A 
number of other lignans, including 3-0-methylnordihydroguaiaretic acid, 
also display anti-HIV activity [26], (-)-Arctigenin and (-)-trachelogenin 
and related compounds strongly inhibit replication of the human 
immunodeficiency virus (HIV-1) in vitro [27,28]. It is thought that these 
compounds may prevent the increase of topoisomerase II activity 
involved in virus replication after infection of cells with HIV-1. Some 
aryltetralins are also potent anti-HIV agents [29]. 

2 BIOSYNTHESIS 

The principle pathways of lignan biosynthesis in Forsythia have been 
elucidated from studies using labelled precursors and cell free extracts. 
The sequence from coniferyl alcohol (9) to (+)-pinoresinol (10), (+)-
lariciresinol (11), (-)-secoisolariciresinol (12) and (-)-matairesinol (13) is 
now clearly established (scheme 1) [30-33]. Lewis et al have shown that 
(H-)-pinoresinol (10) is formed via direct stereoselective coupling of the 
two coniferyl alcohol molecules, a process which requires the 
complimentary action of a specific protein and an auxiliary oxidase or 
peroxidase [34,35]. (+)-Lariciresinol (11) and (-)-secoisolariciresinol (12) 
are then formed by consecutive enantiospecific reduction [36], and (-)-
secoisolariciresinol is further metabolised into (-)-matairesinol (13) via 
enantiospecific dehydrogenation, and into (-)-arctigenin (14) via 
regioselective 0-methylation [37]. 

(-)-(12) 

(Ar̂  = 4-hydroxy-3-methoxyphenyl. Ar^ = 3,4-dimethoxyphenyl) 

Scheme 1. 
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Considerable progress has also been made in elucidating the 
biosynthetic pathway leading to the podophyllotoxin series (scheme 2) 
[38,39]. Dewick et al. have shown that demethylyatein (15a) and yatein 
(15b) are prrecursors of demethylpodophyllotoxin (18a) and 
podophyllotoxin (18b) respectively. Furthermore, 4'-demethyl-
deoxypodophyllotoxin (16a) and deoxypodophyllotoxin (16b) undergo 
aromatic hydroxylation to yield a-peltatin (17a) and p-peltatin (17b) 
respectively. They have also shown that (-)-matairesinol (13) is 
efficiently incorporated into 4*-demethylpodophyllotoxin (18a), 
podophyllotoxin (18b), a-peltatin (17a) and P-peltatin (17b). These facts 
have been interpreted as indicating that matairesinol is a common 
precursor of both the 3,4,5-trimethoxyphenyl and 4-hydroxy-3,5-
dimethoxyphenyl series. 

MeO. 

HO •<»x-
MeO 

(13) 

OR 
(15a) R = H 
(15b) Rr=Me 

OMe 

Cfti 
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(18b) R=:Me 

Scheme 2. 

Biomimetic syntheses involving oxidative coupling are a source of 
constant fascination although they are rarely of synthetic use (cf. section 
4.1). Two recent examples are shown in scheme 3. Oxidative coupling of 
the 4-hydroxycinnamic acid esters (19a) and (19b) affords the dihydro-
naphthalenes (20a) and (20b) respectively as the major products [40]. 
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The 2-hydroxycinnamic acid esters (21a) and (21b) in contrast yield the 
enol acetate derivatives (22a) and (22b) respectively, after acetylation. 
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(21a) R» = OH, R 2 = H 

{21b) Ri = H. R2 = OH 

MOMO 

Reagents: i, oxidation; ii, acetylation 

Scheme 3. 

(22a) R̂  = OMOM. R2= H 
(22b) B} = H. R2 = OMOM 

3 SYNTHESIS AND ASYMMETRIC SYNTHESIS 

3.1 2,3-Dibenzylbutyrolactones 

rraw5'-2,3-dibenzylbutyrolactones constitute a large group of natural 
products in their own right and are also versatile intermediates for the 
synthesis of a wide variety of other lignans. The two most common 
approaches to dibenzylbutyrolactones are illustrated in scheme 4. The 
first involves conjugate addition by an acyl anion equivalent to butenolide 
(23), followed by alkylation. This route was pioneered by Ziegler [41] 
and Schlessinger [42] and has subsequently been utilised by other groups 
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[43,44]. Desulfurisation of the resulting adduct (24) gives the required 
^raf^^-dibenzylbutyrolactone (25). The second approach utilises a Stobbe 
condensation to generate the unsaturated ester (26), hydrogenation, 
selective reduction, and alkylation of which leads to the trans-
dibenzylbutyrolactone (25) [45-47]. 

RS. SR 

COoMe 
AT 

iv,v 

CO2H 

(26) 

Reagents: i. Ar̂ CCSWa: i* Ar^CHaX; iii Raney nickel: iv Ha/Pd-C; 
V, Ca(BH4)2: vi, LDA. Ar^CHaX 

Scheme 4. 

Other acyl anion equivalents and other electrophiles have been 
employed in the tandem conjugate addition reaction. In particular, the 
silylated cyanohydrin anion (28) represents a useful synthon for further 
elaboration of the lignan skeleton, and the use of an aromatic aldehyde or 
acyl derivative as the electrophile opens up further possibilities for 
subsequent cyclisation reactions. The versatility of this approach is 
illustrated by the stereoselective reduction of the liberated ketone (29) to 
give the diol (30), further reduction of which followed by cyclisation leads 
to the furofuran skeleton (31) (scheme 5) [48]. Similarly, a two-step 
synthesis of arylnaphthalene lignans (32), involving tandem conjugate 
addition followed by acid-catalysed cyclisation is illustrated in scheme 6 
[49]. By using more carefully controlled conditions for the acid-catalysed 
cyclisation step the aryltetralin intermediates (33) can be intercepted and 
further converted into aryltetralin lignans such as isopodophyllotoxone 
(34) [50]. 
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(28) (29) (30) (31) 

Reagents: 1. LDA, butenolide.il ZnBra, Ar^CHO, ill, TBAF; iv L-Selectrlde; 

V. UAIH4: vi. MsCl, pyr 

(Ar̂  = 3,4-methylenedioxyphenyl, Ai^ = 3,4-dlmetho3grphenyl 
Scheme 5. 

A third route to rra«5-2,3-dibenzylbutyrolactones involves oxidative 
dimerisation of the dianion of a dihydrocinnamic acid (scheme 7) [51,52]. 
Reduction of the anhydride to the lactone completes the sequence. This 
approach, which is ideally suited to the preparation of symmetrically 
substituted lignans, has also been extended to the preparation of 
unsymmetrically substituted compounds [53]. This is achieved by 
reacting an a-iodocarboxylate anion with an appropriate carboxamide 
dianion or carboxylic acid dianion. 

NC OTBS 

Reagents: 1. LDA. butenolide; 11. Ar̂ CHO; 111 TFA. refl; iv. TFA/CH2CI2 (1 : 1): v. NH4F 

(Ar̂  = 3,4-dimethoxyphenyl or 3,4-methylenedioxyphenyl, 
Ar̂  = 3.4-methylenediojgTphenyl or 3,4.5-trimethoxyphenyl) 

Scheme 6. 
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P iv.vii 
Ar̂  

. ^ ' » . . 

^ ^CHaOR 

(35) 

(R = Bn or CPha) 

Reagents i. Ar2c(SR)2; ii Ar^CH2Br; iii, Raney nickel, iv, LiAlH4 ; v, IO4-
vi, CrOs: vii, TsCl, pyr. 

(Ar̂  = 3,4-methylenedioxyphenyl, Ar̂  = 3,4,5-trimethoxyphenyl) 
Scheme 8. 
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Reagents: i. Ar̂ C(SP1̂ 2: " Ar2CH2Br; ill ArtHO 

Scheme 9. 
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All of the routes described so far can be readily adapted to provide 
asymmetric syntheses of lignans. Thus, Koga et al have synthesised (+)-
yatein (36) and (+)-/ra«5'-burseran (37) by conjugate addition to a chiral 
butenolide (35) (scheme 8) [54,55], The more readily available 
menthyloxybutenolide (38) has been utilised by other groups [56,57]. The 
products (39) and (40) after desulfurisation, serve as precursors for the 
synthesis of dibenzocyclooctadienes, fiirofurans and aryltetralins (scheme 
9). 

Lithiated a-amino nitriles derived from an enantiomerically pure 
secondary amine have been used to achieve the asymmetric synthesis of 
/raw^-dibenzylbutyrolactones (scheme 10) [58]. Enantiomeric excesses of 
greater than 96% were obtained after removing the chiral auxiliary. When 
aromatic aldehydes were used as electrophiles the benzylic alcohols were 
obtained as a mixture of the two epimers with a diastereomeric excess of 
60-75%. Addition of a chiral sulfoxide, prepared using a modified 
Sharpless oxidation, to butenolide has also been utilised as part of an 
expeditious synthesis of podophyllotoxin (scheme 11) [59]. 

Me Me ii 

I i \ o ^""^^^^^l p 

1 ^ CN A.̂  ^ 

Me 

Ar̂  CN V ^ 
(X = H or OH) 

O 

Reagents: i. LDA. butenolide, ii. t-BuU. Ar^CHaBr, iii. t-BuLi, ZnCla. Ar^CHO; iv AgNOg 

(Ar̂  = 3,4-methylenedi03Q^henyl) 

Scheme 10. 
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i.ii Ar̂  y ^ O iii. iv^ 

CM 

Ar2 O Ar2 ^ 

Reagents: i. BuLi. butenolide. ii. Ar^CHO. iii. TFA; iv. HgO. BFg.EtaO 

(Ar̂  = 3.4-methylenedioxyphenyl. Ar̂  = 3.4.5-trimethoxyphenyl) 

Scheme 11. 



RECENT ADVANCES IN THE CHEMISTRY OF LIGNANS 749 

Alternatively, the nonracemic monobenzylbutyrolactones can be 
prepared by resolution (or asymmetric hydrogenation) of carboxylic acids 
formed via the Stobbe condensation [60-62]. Alkylation of the 
appropriate monolactones leads to a wide range of lignans including 
(-)-hinokinin, (-)-yatein, (-)-dimethyl matairesinol, (-)-kusunokinin, 
(-)-arctigenin and (-)-enterolactone. For example, asymmetric 
hydrogenation of (26) affords (R)'(4l) which can be readily converted to 
the monobenzylbutyrolactone (42) (scheme 12) [63], Alkylation or 
acylation then affords the enantiomerically enriched 
dibenzylbutyrolactone derivatives. 
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Reagents: 1, H2/(4S.5^-MOD-DIOP; ii KOH, Ca(BH4)2; ill. H3O*; 

Iv, LDA, Ar^COX; v. LDA. Ar^CH2Br 

(AT* = 3,4-dimethoxyrphenyl or 3,4-methylenedioxyphenyl, 
Ar^ = 3,4,5-trlmethoxyphenyl, Ar̂  = 2,3,4-triiiiethoxyphenyl) 

Scheme 12. 

A third approach to asymmetric synthesis involving oxidative 
dimerisation of dihydrocinnamic acid derivatives is shown in scheme 13 
(cf. scheme 7) [64,65]. By choosing an appropriate chiral auxiliary, either 
(-)- or (-f)-hinokinin, for example, can be prepared. In either case removal 
of the chiral auxiliary leads to an anhydride having C2 symmetry which can 
be reduced to the lactone. 

A further versatile approach to enantiomerically enriched 2,3-
dibenzylbutyrolactones and 3,4-dibenzyl-tetrahydrofurans is based upon 
the use of the chiral dihydrofuran (43), which is readily available in both 
(R)' and (S)- forms by lithium bromide induced ring contraction of benzyl 
2,3-anhydro-D- and L-ribopyranoside (scheme 14) [66]. Reaction with an 
aryl Grignard reagent followed by oxidation gives the corresponding enone 
(44). Conjugate addition of an appropriate sulfur stabilised carbanion to 
(R)'(44) followed by treatment with Raney nickel and hydrogenolysis 
gives (-)-cubebin (45a), (-)-deoxycubebin (46a), (-ytrans-hmseran (46b), 
and, after oxidation, (-)-hinokinin (47a) and (-)-yatein (47b). 
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vi Hj/Pd-C. H* 

a. Ar^ = Ar^ = 3,4-methylenedioxyphenyl 
b, Ar^ = 3,4-methylenedioxyphenyl. Ar^ = 3.4.5-trimethoxyphenyl 

Scheme 14. 
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C/^-Disubstituted butyrolactones (50) have been investigated less 
extensively than their /raw5-counterparts. One attractive route to such 
compounds involves the diastereoselective opening of a cyclic meso-
anhydride (49) (scheme 15) [67]. The required anhydride was prepared 
by a route involving two consecutive Stobbe condensations, leading to the 
doubly unsaturated anhydride (48). Differentiation of the two acyl groups 
of (49) was achieved by reaction with an enantiomerically pure primary 
amine. The monoacid monoamide was then converted into the required 
lactone (50). 

AT 

AT, 

o o 

Ar ^ AT 

(48) (49) (50) 

Reagents: i a-phenylethylamine; li. ClC02Et. lii. NaBH4: Iv, H* 

(Ar=3,4-dimethojgrphenyl, R* = a-phenylethyl) 

Scheme 15. 

2-Hydroxy-2,3-dibenzylbutyrolactones, which are an important group 
of biologically active lignans, can be synthesised by hydroxylation of the 
enolates derived from the parent /ra«5-2,3-dibenzylbutyrolactones 
(scheme 16) [68]. Although a mixture of both possible diastereomers is 
obtained, the 2-hydroxy-/raw5-2,3-dibenzylbutyrolactone (51) usually 
predominates. However, 2-hydroxy-c/5'-2,3-dibenzylbutyrolactones, such 
as guayadequiol (52), can be selectively synthesised by hydroxylation of 
the enolate derived from the rearranged lactone (53), followed by 
hydrogenolysis of the hydroxylated product (54) (scheme 17) [69]. 

Reagents: i. LHMDS. ii. O2 

Scheme 16. 
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Reagents; i. LDA, butenolide, ii. Ar̂ CHaBr: iii. TBAF; iv. L-Selectride. v, NaH, DMF; 
vi. MOMCl. Pr*2NEt; vii. KHMDS. MoOPH; viii. Ha/Pd-C; ix, H3O+ 

(Ar̂  = 3,4-methylenedioxyphenyl, Ar̂  = 3.4-dimethoxyphenyl) 

Scheme 17. 

Meridinol (58) and epimeridinol (59) have been prepared from the 
unsaturated keto-lactone (56) (scheme 18) [70]. Reaction with a benzyl 
Grignard reagent gave (57) which on hydrogenation gave (58) and (59), 
while on heating it gave the aryldihydronaphthalene lactone (60). 

ArCOCHa 

o o^*— o 

Ar 
(3 : 1) (58) (57) (eo) 

Reagents: i, NaOMe. (COaEtJa, CH2O; ii. NaBH4; iii, ArCHaMgCl; iv. Ha/Pd-C; v, heat 
(AT = 3,4-methylenediox5rphenyl) 

Scheme 18. 
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Finally, several recent syntheses involve the preparation of a|3-
unsaturated lactones of the savinin or gadain type. Such compounds are 
readily prepared from the corresponding monobenzyl-butyrolactones by 
condensation (scheme 19). While elimination of the mesylate leads to the 
(Z)'isomQY [71], elimination of the acetate affords the (E)AsomQv [72]. 
The (Z)-isomer (61) can be converted into (-)-savinin (62) in high yield by 
treatment with tributyltin hydride. Hydrogenation of (61) or (62) affords 
the c/^-disubstituted lactones (63) (scheme 20) [73]. 

AT ^ ^ T ' ^ ^ iv 

O I o O 
(27) ^ (61) (62) 

Reagents: i. LDA. ArCHO; ii. MsCl. EtgN; iii. DBU; iv, BugSnH, AIBN 

(AT = 3,4-methylenedioxyphenyl) 

Scheme 19a. 

^ ^ ^ - v . . - ' - ^ 

(27) 

OQ° 
AT (62) 

Reagents: i. LDA. ArCHO; ii. AC2O. EtgN. DMAP; iii. NaH 

(Ar = 3,4-dimethoxyphenyl or 3,4,5-trimethoxyphenyl) 

Scheme 19b. 

O 

Ar 

(27) 

Reagents: i.ArCHO, NaH; ii. Hj/Pd-C 

(Ar = 3,4-dimethoxyphenyl or 3,4,5-trimethoxyphenyl) 

Ar 
(63) 

Scheme 20. 
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3.2 Tetrahydrofuran derivatives 

There are no universally adopted syntheses of lignans in this group but 
several ingeneous routes have been employed. Thus, deoxycubebin (46a) 
and burseran (46b) have been synthesised by a route involving 
cycloaddition of a nitrile oxide to 2,5-dihydrofuran (scheme 21) [74]. 
Reductive cleavage of the first formed adduct followed by introduction of 
the second benzyl substituent gives the /raw^-disubstituted 
tetrahydrofuran. Kinetic resolution of the intermediate alcohols (64) can 
be used to prepare the nonracemic lignans, Deoxycubebin (46a) and 
burseran (46b) have also been synthesised by exploiting a trimethyltin 
radical mediated cyclisation (scheme 22) [75]. Oxidation of the alkyl tin 
derivative (65) followed by equilibration with base gives the /raw5-3,4-
disubstituted tetrahydrofuran (66). Chemical resolution of the 
intermediate alcohols (67) in this case permits the nonracemic lignans to be 
prepared. 

G
O ^ ^ > ^ HO ^-Ar^ A r ^ ^ 

1 \ / ii,iii \ / iv,v,ii 

(64) 

Reagents: 1. Ar^CNO: ii. Raney Ni; iii. Ha/Pd-C; iv, TsCl v, Ar^CHSPh 

a, Ar̂  = Ar̂  = 3,4-methylenedioxyphenyl 
b, Ar̂  = 3,4-methylenedioxyphenyl, Ar̂  = 3,4,5-trimethoxyphenyl 

Scheme 21. 
Ai 

Ar̂  ^"^^ cf 
O 

(65) (2 : 1 cts : trans) 

. . vl.vii 
(46) ^ 

(67) (66) 
Reagents: i. NaH, CH2=CHCH2Br: ii, MegSnCl NaBHgCN, AIBN: ill, CAN, MeOH; 

Iv. DBU: V. Ar̂ Ll: vi, AcaO/EtaN; vi, Hj/Pd-C 

Scheme 22. 
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Compounds belonging to the 2-aryl-4-benzyltetrahydrofuran series, 
including dihydrosesamin (74), have been prepared by reduction of the 
corresponding 2-arylidene lactones (scheme 23) [76]. The starting 
materials are the cis and trans paraconic acid derivatives (68) and (72). 
These are silylated at C-2 and subjected to a Peterson reaction to give the 
unsaturated lactones (70) and (73). The stereochemistry at C-4 in (70) 
and (73) determines the outcome of the hydrogenation step leading to (71) 
and (74) respectively. 

. / ' ' - . -'Y5o-t**'^V^o jii^^ '̂Y^o 

RO - OH ^ 

(70) (71) 

lli-v_ AT 

OH ^ 
(74) 

Reagents: i, TMSOTf; li. LDA. ArCHO; lii, H2/Pd-C: Iv, LIAIH4; v, HaO*̂  

(R = TBDMS, AT, = 3.4-methylenedioxyphenyl) 

Scheme 23. 

Another simple synthesis of lignans of the lariciresinol type (11) 
involves a straightforward reduction of a functionalised 
dibenzylbutyrolactone such as (75) or (76) followed by acid-catalysed 
cyclisation (scheme 24) [77,78]. Cyclisation of the doubly functionalised 
precursor (77) affords access to the furofuran skeleton (78) (scheme 25). 
A second synthesis which has also been extended to the furofuran series 
involves a radical cyclisation step, which proceeds with high 
stereoselectivity (scheme 26) [79]. This route has been used to synthesise 
(79) which is a precursor for the synthesis of sesamin and eudesmin [80]. 

3.3 2,6-Diaryl-3,7-dioxabicyclo[3.3.0]octanes 

The classical routes to this group of lignans, which are often referred to as 
fiirofurans, involve either oxidative dimerisation of a cinnamic acid or 
oxidative dimerisation of a p-keto-ester. However a number of other 
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syntheses have been reported, some of which allow two different aryl 
groups to be introduced. The first such approach to be reported involves 
trapping the dianion (80) with an aromatic aldehyde to give a pair of 
epimeric lactones (81) and (82) (scheme 27). One of the epimeric lactones 
was converted into the dilactone (83), which on further transformation 
gave methyl pluviatilol (84) [81]. A second route, which also allows two 
different aryl groups to be introduced, involves the preparation of the 
monolactones (85) and (86) by an intramolecular Mukaiyama cyclisation 
(scheme 28) [82]. Reduction of the major component, followed by 
treatment with acid gives pluviatilol (87). A third approach involves a 
Claisen rearrangement on the silyl enol ether derived from one of the 
lactones (88) or (89) (scheme 29) [83,84]. Despite the elegance of this 
approach, the synthesis of the medium ring lactones required for the ring 
contraction adds a number of steps to the overall synthesis. 

Ar 

HQ 

i ^ " \ ^ 

V-'^ 
1 

CHgOH 

Ar2 

CH2OH 

(76) 

Reagents: 1 LiAlH4; ii, BFg.EtaO. iii. NaBH4; iv. H* 

(Ar̂  = Ar̂  = 4-hydro3gr-3-methoxyphenyl) 

Scheme 24. 

..-O i-iii 

Reagents: i. LDA, butenolide, ii. Ar̂ CHO; iii, HgO/BFg.EtaO iv. NaBH4: v, LiAlH4: vi H+ 

Scheme 25. 
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Ar̂  

HO i HO—m f—Ar^ 

EtOgC 

A r 2 " ^ 0 ^ 

EtOjC 

Reagents: i. BugSnH, AIBN; ii. LiAlH4: iii. TBDMSCl. EtgN; iv, BaHg; 
V. (COCDa. DMSO; iv. TBAF 

(Ar̂  = 3.4-methylenedioxyphenyl or 4-benzylo3gr-3-methox3rphenyl 
Ar̂  = 3,4-methylenedioxyphenyl or 3,4-dimethoxyphenyl) 

Scheme 26. 

MeOjC 

MoS CO2 

MeSi 
CC>2Me SMe 

'••LI + MeOaQ I 

(80) (81) (82) 

1-

Reagents: i. Ar^CHO. LDA; ii. TFA. iii. Ar^CHO. LDA 
(Ar^ = 3,4-dimethoxyphenyl, Ar^ = 3,4-methylenedio:typhenyl) 

Scheme 27. 
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HO2C, 

(87) (85) (14 : 1) (86) 

Reagents: 1. BMS; ii. ArCHClOMe, EtgN, iil. LDA. TMSOTf. EtgN; iv. TiC^ 

(Ar̂  = 3,4-methylenedioxyphenyl, Ar^ = 4-hydroxy-3-metho3Qrphenyl) 

Scheme 28. 

C02Me 

Reagents: i LDA, TMSCl: ii. MeOH, iii, CH2N2: ivLiAlH4: v, OSO4. NaI04 
(AT = 3,4-methylenedioxyphenyl) 

Scheme 29. 

As already demonstrated ^raw5'-dibenzylbutyrolactones are valuable as 
precursors for the synthesis of a wide range of lignans. For example, the 
keto-lactones (90) and (91), which have both been prepared by tandem 
conjugate addition reactions, provide key intermediates for the synthesis 
and asymmetric synthesis respectively of lignans of the furofuran type 
(scheme 30) [85,86]. 



RECENT ADVANCES IN THE CHEMISTRY OF LIGNANS 759 

Ar2 

(90) 
(racemic) 

CH2OH 

\^*''^'CHoOH 

(±)-methyl piperitol 

(91) 
(R* = d-menthyl) 

Ar2 
(-)-eudesmln 

Reagents: i, L-Selectride, ii, LiAlH4 ; ill, MsCl, pyr., : BFa.EtaO 

(AT* = 3,4-methylenedloxyphenyl, Ar̂  = 3,4-methoxyphenyl) 

Scheme 30. 

A versatile divergent route to the four diastereomeric dilactones (95)-
(98) involves stereoselective reduction of the p-keto-ester (92) prepared 
by conjugate addition to dimethyl maleate (scheme 31) [87]. 
Stereoselective reduction followed by cyclisation to the anhydrides (93) 
and (94) sets up the configuration at one of the benzylic chiral centres. 
The second benzylic centre is defined in the reaction with an aromatic 
aldehyde leading ultimately to any one of the four possible stereoisomeric 
dilactones. 

None of the above routes can be directly applied to the synthesis of the 
l-hydroxy-2,6-diaryl-357-dioxabicyclo[3.3.0]octanes such as gmelinol and 
paulownin, and until recently there were no reported syntheses of this 
group. However paulownin (99a) and isogmelinol (99b) have now been 
synthesised using a novel photocyclisation reaction (scheme 32) [88,89]. 
Furthermore, neopaulownin (102) has been synthesised by a route 
involving an intramolecular ene reaction (scheme 33) [90]. Epoxidation of 
the monocyclic product (100) followed by ozonolysis and sodium 
borohydride reduction gave the epoxyalcohol (101) which, with PTSA, 
cyclised stereoselectively to generate (102). 
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COgMe 

CM 
OTBS 

.COaMe 

COaMe 

Reagents: i. LDA, dimethyl maleate; ii, TBAF; iii, L-Selectrlde; iv, Zn(BH4)2: 
V. TBDMSCl, imidazole; vi. NaOH; vll. AcaO 

(Ar̂  = 3,4-methylenedio3grphenyl, Ar^ = 3,4-metho:Qrphenyl) 

Scheme 31. 

•I OH 

Ar̂ ^" 

Reagents: i, LDA.CH2O. ii, NaH. ArCHaX; iii, hv; iv. BuaSnH, AIBN; 
V, LiAlH4: vi, O3 

(a, = 3,4-methylenedio^phenyl; b, = 3,4-methoxyphenyl) 

Scheme 32. 
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*CHO 

:S' 
Ar 

OH 

O 
(102) 

HO—y / T " ^ 
vii >> / ^ iv-vi 

Ar^ O 

(101) (100) 

Reagents: i. ArMgBr. ii. ArCsCCHaBr; iii,heat, PhMe. EtgN; 
iv, MCPBA, V O3: vi. NaBH4: vii TsOH 

(Ar = 3,4-methylenedioxypehnyl) 
Scheme 33. 

An asymmetric synthesis of (+)-paulownin (99a) starts from the 
hydroxybutanolide (103) which can be readily prepared from (+)-malic 
acid (scheme 34) [91]. Reaction with an aldehyde introduces the first 
hydroxybenzyl substituent which is transformed into the tetrahydrofuran 
derivatives (104). This could clearly be further manipulated as shown in 
Scheme 32 or indeed as shown in Scheme 34. The same approach has also 
been utilised to prepare (+)-phrymarolin I [92]. 

.OH ^OTBDPS 
CHo 

viii.ix 

,OTBDPS 

pno 
'"OH 

Reagents: i, LDA, Ar̂ CHO; ii. DHP. TsOH.iii, LiAlH4; iv, TsOH: 
V. TBDPSCl.EtsN, DMAP, vi. (COCDa, DMSO. EtgN; 
vii. Tebbe reagent; viii, OSO4. NMO; ix. DCCl.DMSO, TFA; 
X, ArgMgBr; xi TBAF; xii. AC2O. pyr.. DMAP; xiii. PPTS 

(Ar = 3.4-methylenedioxyphenyl) 
Scheme 34. 
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3.4 Arylnaphthalene derivatives 

Although several fully aromatic arylnaphthalene lignans display interesting 
biological activity, the main focus of attention has centred on the 
tetrahydronaphthalene series, which includes podophyllotoxin. The two 
most attractive approaches to ar>dtetralins involve either a Diels Alder 
reaction or an acid-catalysed cyclisation of a benzylic alcohol derived from 
a /ra«5'-2,3-dibenzylbutyrolactone. Thus, epiisopodophyllotoxin (106) 
has been prepared by trapping the photo-enol of aldehyde (105) with 
dimethyl fumarate (scheme 35) [93]. However, the diene component 
required for the Diels Alder reaction can be generated in many other ways. 
For example, pyrolysis of the sulfone (107) provides ready access to 
dienes which react with appropriate dienophiles to generate valuable 
intermediates for lignan synthesis (scheme 36) [94,95]. The reaction with 
dimethyl maleate is of particular interest in giving an all-c/5' adduct (108). 
In contrast, Charlton and Durst observed a different stereochemical 
outcome in the addition of dimethyl maleate to the diene generated 
thermally from the cyclic sulfmate (109) (scheme 37) [96]. More recent 
work by Jones et al. has probed the stereochemical aspects of this reaction 
[97], and provides strong evidence to suggest that the addition of an a-
aryl-o-quinodimethane to dimethyl maleate normally proceeds with exo 
selectivity [i.e. leading to (110)] although, not surprisingly, the 
stereochemical outcome is very dependent upon the precise reaction 
conditions. 

OH 

CHO 

(105) 

iii-vi / 

P^—< 

(106) 

Reagents: i, hv, dimethyl fumarate: ii LlBHEta: Hi, acetone.H*: 
iv KOH: V, H3O* : vi, DCCI 

(Ar = 3,4,5-trimethoxyphenyl) 

Scheme 35. 
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ii 

Ar 
(108) 

C02Me 

Ar 

Reagents: i, dimethyl maleate, heat: ii, dimethyl fumarate. heat 

Scheme 36. 

^''COaMe 

^^COaMe 
ii ^^ ^^ ^-^ 

COgMe 

Ar 

Reagents: i, dimethyl maleate, heat: ii. dimethyl fumarate, heat 

Scheme 37. 

The isolable quinonoid pyrone (111) gives tv̂ o stereoisomeric adducts 
with dimethyl fumarate, the major one of which (112) can be converted 
into podophyllotoxin (113) (scheme 38) [98]. The corresponding adduct 
from dimethyl maleate (114) loses CO2 on pyrolysis and undergoes a 1,5-
sigmatropic shift to yield the X.l-cis product (115) which has also been 
transformed into podophyllotoxin (scheme 39). 

In contrast, Rodrigo et al have used the isobenzofuran adduct (117) as 
the key intermediate in their synthesis of podophyllotoxin derivatives 
(scheme 40) [99]. Stereoselective reduction of the carbon-carbon double 
bond followed by hydrogenolysis affords access to the 
isopodophyllotoxin series,. whereas C-3 epimerisation prior to 
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COaMe 

COaMe 

.CHaOH 

COaMe 

(113) 

Reagents: i, dimethyl fumarate, heat, ii, H2, Pt 
(AT = 3,4,5-trlmetho3Qrphenyl) 

Scheme 38. 

(113) 

Reagents: i, dimethyl maleate; ii heat; iii, LiBHEtg 
(Ar = 3,4,5-trimethoxyphenyl) 

Scheme 39. 
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hydrogenolysis leads to the podophyllotoxin series. A more recent 
variation on this approach involves acid-catalysed cleavage of the oxygen 
bridge in (118), formed in this case by reaction of the isobenzofuran (116) 
w îth dimethyl maleate, to give the dihydronaphthalene (119). 
Stereoselective reduction of (119) affords access to either the 
isopodophyllotoxin or the isopicropodophyllin series (scheme 41) [100], 

<Xq 
Ar 

(116) (117) 

C02Me 

,,%C02Me 

COaMe 

..̂ CH^OH 

C02Me 

CH2OH 

COaMe 

Ar AT 

Reagents: i. dimethyl acetylenedJcarboxylate: il. H2/Pd-C; ili. NaOMe: 
iv, LiBHEta; v. Ha/Raney Ni 

(AT = 3,4,5-trimethox3rphenyl) 

Scheme 40. 
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OH 

COgMe 

Ar AT 

Reagents: i. TFA. ii, [Rh(nbd)(diphos-4)lBF4: iii. NiCla, NaBH4 

(Ar = 3,4,5-trimethoxyphenyl) 

Scheme 41. 

Diels Alder reactions have been used in several asymmetric syntheses 
of podophyllotoxin and its stereoisomers. Thus, Choy used the 
benzocyclobutene (120) as the diene precursor and a non-racemic 
butenolide as the dienophile in his synthesis of (-)-epiisopodophyllotoxin 
(106) (scheme 42) [101]. However, the unfortunate regioselectivity of the 
Diels Alder reaction makes the overall synthesis unnecessarily lengthy. In 
contrast, Charlton et ah used the aldehyde (105) as the diene precursor and 
a non-racemic fumarate as the dienophile in their synthesis of 
podophyllotoxin (113) (scheme 43) [102,103]. 

Ar 

(120) 

Reagents: i, BuLi 
(Ar = 3,4,5-trimethoxyphenyl) 

{^00; 
CHoOCOBû  

U 

A 
C 

/ • • • • < 

(106) 

Ar 
CHaOCOBû  

Scheme 42. 
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.CO2R* O 

OH 

COaR* 

''CO2R* 

(113) 

AT 

Reagents: i, hv 

(R* = (SJ-CHMeCOaMe, Ar = 3.4,5-triniethoxyphenyl) 

Scheme 43. 

An asymmetric synthesis of (-)-podophyllotoxin from the o-quinonoid 
pyrone (111) involving endo addition to the menthyloxybutenolide (38) 
has been reported (scheme 44a) [104], An ahemative synthesis involving 
endo addition of the isobenzofiiran (116) to the same dienophile leads to 
(-)-isopodophyllotoxin (scheme 44b) [105]. Meanwhile Charlton et al 
have synthesised (-)-deoxypodophyllotoxin by reacting the a-hydroxy-a-
aryl-o-quinodimethane (121) v̂ ith the fumarate of methyl mandelate (122), 
which proceeds endo to the adjacent aryl group (scheme 44c) [106], in 
contrast to the situation which prevails in the absence of the hydroxyl 
group (see above). (-)-Isolariciresinol dimethyl ether and (-)-
deoxysikkimotoxin have also been synthesised in this way [107]. 

^menthyl 

^menthyl 

P + II O .^- (-HsoopodophyUotoxin 

(111) (38) 

(116) AT (38) 

COgMe 

(-)-deoxypodophyllotcHdn 

COaR* 

Scheme 44. 
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Charlton and Alauddin have also reported an asymmetric synthesis of 
(+)-isolariciresinol dimethyl ether by using a chiral sulfone in an 
asymmetric Diels Alder reaction (scheme 45) [108]. The key step here 
involves elimination of sulfur dioxide from the sulfone (123) to yield the o-
quinonedimethane which undergoes cycloaddition with dimethyl fumarate 
to give mainly (124). They have further extended this work to include the 
synthesis of a series of retrodendrin derivatives [109]. 

MeO^ / MeO^ ^ , , ^ JL ^COoMe ^ ^ s ^ ^ ^ T s ^ ^X^V. ^ ^ " 2 ^ " 

'ir M e O - ^ ^ ^ ^ ^ ^ ^ M e O ^ ^ ' ^ ^ ^ Y " "COaMe MeO ^ ^ ^ 'CH2OH 

(123) ^ (124) Ar Ar 

Reagents: i dimethyl fumarate. heat; li, Ha/Pd-C, ill. IJAIH4 

(AT = 3,4-dimethoxyphenyl) 

Scheme 45. 

Intramolecular Diels Alder reactions have also been employed. 
Macdonald and Durst used a urethane linkage to attach the dienophile to a 
benzocyclobutene in (125), leading ultimately to podophyllotoxin (113) 
(scheme 46) [110]. Another synthesis of podophyllotoxin by Kraus and 
Wu involves a Diels Alder reaction of a photo-enol to which the 
dienophile is attached by an acetal linkage (scheme 47) [111]. 
Unfortunately, the later steps proceed in low yield and involve 
epimerisation at C-2 to give picropodophyllone (126). 

< 

HN—-X 

CO2R 

(125) Ar 

1^ 
OH 

Reagents: i, heat 
(Ar = 3,4.5-trimethoxyphenyI) 

Scheme 46. 
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O ^ O C ^ ^ < 

COgEt COaEt 

Reagents: i, hv 

(AT = 3,4,5-trimethoxyphenyl) 

Scheme 47. 

Harrowven has utilised a bimolecular conjugate addition/cyclisation 
sequence to prepare fully aromatic arylnaphthalene lactones (scheme 48) 
[112,113]. Similar Michael initiated ring closure reactions have been used 
to prepare a range of isopicropodophyllone analogues [114], and a similar 
strategy has been applied to the synthesis of dihydronaphthalene 
derivatives such as collinusin (127b), which on dehydrogenation is 
converted into justicidin B (128b) (scheme 49) [115]. 

Reagents: 1, LHDMS, butenolide; 11 HgCla/HaO; ill. TsOH; iv, Bufer. DMSO; 
V, Raney nickel 

(AT = 3,4-methylenedlo3Qrphenyl) 

Scheme 48. 
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MeO MeO, 

MeO 

MeO 

MeO 

Reagents: i, LDA. butenolide; ii SOCI2, pyridine 

a, Ar = 3,4-dimethoxyphenyl 
b. AT = 3,4-methylenedioxyphenyl 

Scheme 49. 

MeO, 

(127) 

Several aryltetralin lignans including isodeoxypodophyllotoxin and 
isopeltatin have been prepared by the acid-catalysed cyclisation route 

OMe Ar̂  
(129) 

(R* = l-menthyl) 

I 
(130) 

(racemic) 

Ar3 

CM 

Reagents: i, NaBH4; ii, TFA, iii, L-Selectride. iv. TMSCl, imidazole, v. KHMDS. MoOPH: 
vi, LiAlH4: vii. Hj. Pd-C 

(Ar̂  = 3,4-niethylenedioxyphenyl. Ar̂  = 3,4,5-trimetho3QTphenyl, 
Ar̂  = 4-hydroxy-3-methoxyphenyl) 

Scheme 50. 
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[116]. For example, the keto-lactones (129) and (130) which have both 
been prepared by tandem conjugate addition reactions provide key 
intermediates for tihe synthesis of lignans of the aryltetralin type, including 
cycloolivil (scheme 50) [117,118]. Scheme 51 shows an interesting 
variation on this theme which gives rise to (-)-epipodophyllotoxin [119]. 
The outcome of the cyclisation step is controlled by the use of a silylene 
ether group which plays a crucial role in holding the two reacting centres in 
the required alignment during the cyclisation step. This device is avoided 
in the more direct (racemic) synthesis reported by Medarde et al which 
relies upon the controlled epimerisation of isopodophyllotoxone (131) to 
afford picropodophyllone (132) which can then be transformed into 
podophyllotoxin (113) using known methods (scheme 52) [120]. 

Achiwa et al have prepared the homochiral unsaturated lactone (134) 
by cyclisation of the p-keto lactone (133), itself prepared by acylation of 
the monobenzylbutyrolactone (27) (scheme 53) [121]. Reduction of the 
corresponding hydroxy-acid (135), followed by relactonisation, gave (-)-
deoxypodophyllotoxin (136) as the major product. 

Reagents: i, KOH/NaBH4; ii LDA/TilNEtalaCl: iii. Ar̂ CHO; iv. aq. HgCla/CaCOa 

(Ar̂  = 3,4-methylenedioxyphenyl, Ar̂  = 3,4,5-trimethoxyphenyl) 

Scheme 51. 
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Ar' 

(113) 

n 

Ar2 

I. 

< 

(132) 
Reagents: i. SnCU; li. HgO, BFa.EtaO: lii, HOAc 
(AT* = 3,4-methylenedioxyphenyl. Ar̂  = 3.4,5-trimethoxyphenyl) 

Scheme 52. 

(131) 

Reagents: i, LDA, Ar̂ COCl; ii. HCl/MeOH; iii. KOH; iv. Ha/Pd-C: v, H"̂ : vi.DCCl 

(Ar = 3,4,5-trimethoxyphenyl) 

Scheme 53. 

Brown et al have carried out asymmetric syntheses of (-)-a-
conidendrin and an analogue as shown in scheme 54 [122]. Thus, 
bromination at the benzylic position of the appropriate 
monobenzylbutyrolactone (137) X=H followed by introduction of a 
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benzyloxy substituent and alkylation afforded the dibenzylbutyrolactone 
(138) X=OBn. Cyclisation of this compound using a Lewis acid gave the 
corresponding retro-lactone (139). 

Ar2 
(137) (138) 

X = H X = OBn 
Reagents: i. LHDMS, Ar^CHaBr; ii. BFa.EtaO 
(X=OBn, Ar̂  = Ar̂  = 4-hydroxy-3-methox5rphenyl or 3,4-methylenedioxyphenyl) 

Scheme 54. 

A simple route to symmetrically substituted aryltetralins involves non-
oxidative, Lewis acid catalysed dimerisation of cinnamate esters (scheme 
55) [123]. Two stereoisomeric products are obtained of which the l.^-cis 
compound (140) predominates. 

îCOaMe ^^ 

COaMe RQ 

Ar ( 3 : 1 ) 

COaMe 

COgMe 

(140) (141) 
Reagents: 1, BFg.EtaO 
(AT = 3,4-dimetho>Qrphenyl or 3,4-methylenedioxyphenyl) 

Scheme 55. 

There have been many elegant approaches to podophyllotoxin and its 
derivatives, some of which have already been highlighted. In the approach 
of Kaneko and Wong the advanced precursor (143) was prepared by a 
stereoselective Mukaiyama reaction of the key intermediate (142). The 
product (143) was then converted into podophyllotoxin (113) (scheme 56) 
[124]. Epipodophyllotoxin has been prepared from the tetralone (144) 
[125]. Functional group transformation and epimerisation at C-2 gave 
(145) and the C-3 and C-4 substituents were then introduced by way of a 
1,3-dipolar cycloaddition reaction (scheme 57). 
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OIMS 

(142) ^ 

Reagents: i, CHaCOBnJa. TMSOTf 

(Ar = 3,4,5-trimethoxyphenyl) 

Scheme 56. 

Ar 

CHaOBn 

COgEt 

(113) 

CO2R o-"^:.A^-vco^R < 
A T Ar 

(144) (145) 

CO2R 

Ar 

\ 
OH 

Reagents: i, B i — C ^ N — O 

(Ar = 3,4.5-triinethoxyphenyl) 

Scheme 57. 

Kutney et al have studied the production of podophyllotoxin 
derivatives using cuUures of Podophyllum peltatum and Catharanthus 
roseus [126-128]. In particular they have established procedures for the 
biotransformation of readily prepared dibenzylbutyrolactones into 
podophyllotoxin derivatives using a semi-continuous fermentation process 
(scheme 58). However, even here the major products obtained belong to 
the \,2'tranS' (isopodophyllotoxin) series. 

OH 

Pi^O' 

Reagents: i, Catharanthus roseus or Podophyllum peltatum 
(Ar = 4-hydroxy-3,5-dimetho5Qrphenyl) 

Scheme 58. 
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Finally, Meyers et al have carried out an asymmetric synthesis of 
(-)-podophyllotoxin involving conjugate addition to an aryl oxazoline 
(scheme 59) [129]. The penultimate step involves C-2 epimerisation 
favouring the cw-^l-geometry. 

OTBDMS 

COaMe 

Reagents: i. ArLi; ii PDC; iii. CH2O; iv. TsOH 

(Ar = 3,4,5-trimethoxyphenyl) 

Scheme 59. 

3.5 Dibenzocyclooctadiene derivatives 

Syntheses of tetrahydrodibenzocyclooctadienes invariably focus on 
methods for forming the biaryl linkage, usually at a late stage in the 
synthesis. The use of iron(III)perchlorate [130], ruthenium(IV)dioxide 
[131], vanadium oxyhalides [132] and thallium(III)trifluoroacetate [133] 
have all been reported to be the methods of choice for obtaining high yields 
in this reaction (scheme 60). Such reactions have been used as key steps 
in the asymmetric synthesis of (+)-schizandrin, (+)-isoschizandrin and 
(+)-gomisin A [134,135]. The same methodology has also been used for 
the asymmetric synthesis of (-)-azaisopicrostegane (149) by oxidative 
coupling of the oxazolidinone (146) (scheme 61) [136]. In a similar way 
the racemic azapicrosteganols (150) and (151) have been prepared starting 
from (147) and (148). Oxidation of (150) and (151) with pyridinium 
chlorochromate (PCC) gives the ketone (152) which undergoes 
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epimerisation with DBU to give (153). Reduction of (153) with sodium 
borohydride gives a mixture of the azapicrosteganols (154) and (155). 

MeO 

OMe 
( R = H or Me) 

Reagents: i, RuOa. TFA. TFAA. BFg.EtaO, ii. FeCCIOJa. TFA. CH2CI2 

Scheme 60. 

Radical-cation coupling with vanadium oxyfluoride has been exploited 
by Stevenson et al to prepare wuweizisu C (158) (scheme 62) [137]. 
Ruthenium tetra(trifluoroacetate) generated in situ (from RUO2.2H2O in 
TFA-TFAA/BF3-Et20) has also been shown to be an extremely effective 
reagent for non-phenolic oxidative coupling [137-140]. High yields can 
often be obtained using the ruthenium reagent system, although the 
reaction fails when methylenedioxy or benzyloxy groups are present 
[142]. Since many biologically active lignans contain the methylenedioxy 
group this is a serious limitation and highlights the advantage of having a 
range of alternative reagents available for this procedure. The ruthenium 
reagent system gives good yields (80-85%) in some cases when phenolic 
OH groups are present and can be adapted in all cases to give shorter 
reaction times by using triflic acid and its anhydride in place of 
TFA/TFAA or by using ultrasound. Somewhat surprisingly, oxidative 
coupling of the cis lactone (159) gave the "normal" stegane atropisomer 
(160) rather than the "iso" series usually obtained from the corresponding 
/ra«5-dibenzylbutyrolactone (scheme 63). This product has been 
converted into (±)-deoxyschizandrin. 
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(146) Ri = R2 = H 
(147) R* = H. R2 = OBn 
(148) Ri = OBn. R^ = H 

MeO 

(149) R̂  = R2 = H 
(150) Ri = H. R2 = OH 
(151) R̂  = OH, R2 = H 
(152) R\ R2 = O 

MeO 

(153) R^ R2 = 0 

(154) R̂  = H. R2 = OH 
(155) R* = OH, R2 = H 

Reagents: 1. VOF3. TFA, CH2CI2 : 11, PCC, 111, DBU 

(Ar̂  = 3,4-methylenediox3rphenyl, Ar^ = 3,4,5-tiimetho3Qrphenyl) 

Scheme 61. 

Although the oxidative coupling of phenolic and non-phenolic trans-
dibenzylbutyrolactones to dibenzocyclooctadiene derivatives can be 
brought about by a wide variety of reagents, a more detailed mechanistic 
insight is provided by oxidative phenolic coupling using hypervalent 
iodine reagents (scheme 64) [143-145] This reaction generates for the first 
time the spirodienones (164-167), previously postulated as intermediates 
in the synthesis and biosynthesis of stegane and isostegane derivatives. 
Treatment with acid brings about a stereoselective dienone-phenol 
rearrangement to give the isostegane compounds (168-170). In all cases 
examined so far an aryl migration has been observed, in contrast to the 
results on the eupodienones which in the majority of cases rearrange by an 
alkyl migration (see below). While (164), (166) and (167) give 
predominantly the isostegane derivatives (168), (169) and (170), 

Me Me 

Kr AT o AT AT 

(156) (157) 

Reagents: i, Raney nickel; 11, VOF3 

Scheme 62. 
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rearrangement of (165) occurs less readily and leads to the stegane 
diastereomer of (169). Reaction of the meta-hydroxy dibenzyl-
butyrolactone (171) under the same conditions leads directly to the eight 
membered ring product (172). 

Me 

MeO 

Ar2 O 

(159) 

Reagents: 1, RUO2.2H2O. TFA-TFAA. BF3.Et20 

(Ar* = Ar^ = 3,4,5-trimethoj^phenyl) 

Scheme 6 3 : 

MeO' 

MeO 
(160) 

J -
(161-163) 

R 
(161) Ar* = 4-hydro3qrphenyl 
(162) Ar^ = 4-hydroxy-3-methox3rphenyl 
(163) Ar^ = 4-hydroxy-3.5-dimethoxyphenyl 
(171) Ar^ = 3-hydroxy-4-methoxyphenyl 

MeO' 

MeO. 

i 

(164) R* = R 2 s H 

(165) R^ = OMe, R^ =H 

(166) Rl = H. R2 = OMe 

(167) R' = R2 a OMe 

MeO. 

HO' 

HO (172) 

Reagents: 1. PIFA. TFE. ii. H* 

(Ar^ = 3,4-dimetho3qrphenyl) 

Scheme 64. 

(168) R* = R2 = H 
(169) Ri = OMe. R2 =H 

(170) R* = R2 = OMe 
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Koga and co-workers have synthesised natural (-)-steganacin and (+)-
steganacin via (+)- and (-)-isostegane (scheme 65) [146]. Thermally 
induced epimerisation of the biaryl unit of (+)-isostegane (173) gave (-)-
stegane (174) which was acetoxylated to (-)-steganacin (175) using either 
2,6-dichloro-3,5-dicyano-l,4-benzoquinone (DDQ) in acetic acid or N-
bromosuccinimide (NBS) in aqueous tetrahydrofuran, followed by 
acetylation. Wakamatsu et al have used direct oxidative coupling of the 
unsaturated lactones (176) to give precursors for the asymmetric synthesis 
of a wide variety of dibenzocyclooctadiene derivatives (scheme 66) [147-
152]. 

A small number of syntheses involve forming the biaryl link before 
attempting to close the eight membered ring. Thus, Brown et al have 
designed alternative syntheses of steganone and isostegane involving an 
UUmann reaction followed by an intramolecular aldol condensation to form 
the eight membered ring (scheme 67) [153]. An alternative synthesis of 
deoxyschizandrin (178) involves reductive coupling of the diketone (177) 

MeO' 

MeO 
(175) 

MeO (174) 

Reagents: i, VOF3: ii. heat to 200°C, iii. DDQ. HOAc; iv, NBS/H2O then AcgO 

(Ar̂  = 3.4-methylenedioxyphenyl, Ar^ = 3,4,5-trimethoxyphenyl) 

Scheme 65. 
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according to the McMurry protocol, followed by hydrogenation of the 
carbon-carbon double bond produced to give the dibenzocyclooctadiene 
(scheme 68) [154]. 

Meyers et al have reported an asymmetric synthesis of (-)-steganone 
(179) in which formation of the biaryl bond represents the first stage in 
the synthesis of the eight membered ring (scheme 69) [155]. They have 
also used their oxazoline-mediated coupling approach to carry out 
asymmetric syntheses of (-)-schizandrin and (-)-isoschizandrin [156]. 

R*Q 

(176) 

(-)-kadsurvln 

R» = R2 = R3 = R4 := Me (-)-deoxyschizandrin 
R^R2 = R3, R4 = CH2 (-)-wuweizisu C 
R*=: R2 = Me. R3, R*= CH2 (-)-gomisln N 
R^R2 = CH2. R^ = R* = Me (+/-)-Y-schizandrin 

Reagents: 1, FeCCIOJg, TFA, CH2CI2 
Scheme 66. 

OMe 
Reagents: 1, Ar^CHO, Cu 

(Ar* = 2-iodo-4.5-methylenedio:Qrphenyl. Ar̂  = 2-bromo-3.4,5-trlmethoxyphenyl) 

Scheme 67. 
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OMe 
MeO MeO 

OMe 

MeO 

MeO COaMe 

C02Me 

Reagents: i, ArMgBr: ii. base 

Scheme 69. 

MeO (179) MeO 

4 TRANSFORMATIONS AND INTERCONVERSIONS 

4.1 Dibenzylbutane and Dibenzylbutyrolactone Derivatives 

Dibenzylbutane derivatives and dibenzylbutyrolactones undergo a wide 
range of interesting reactions, frequently leading to other lignan types. For 
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example, when dihydrocubebin (180) is treated with DDQ in acetic acid 
the tetrahydrofuran (181) is obtained [157]. However, when DDQ in 
trifluoroacetic acid is used the dibenzocyclooctadiene (182) is produced 
(scheme 70). 

CH2OH 

••''CH2OH 

Reagents: i. DDQ. HOAc: ii, DDQ, TFA 

(AT = 3,4-methylenedioxyphenyl) (182) 

Scheme 70. 

DDQ in trifluoroacetic acid (TFA) converts (-)-matairesinol dimethyl 
ether (183a) and (-)-kusunokinin (183b) into the dibenzocyclooctadienes 
(184a) and (184b) respectively [56]. However, DDQ in dioxane converts 
(-)-yatein (185) into the arylnaphthalene lactone (186) and the 
tetrahydronaphthalene lactone (187) [158] (scheme 71). 

Treatment (188) and (189) with DDQ in TFA gives (190) and 
deoxyschizandrin (191) respectively (scheme 72) [159]. Oxidation with 
ruthenium dioxide or thallium(III) oxide in a mixture of TFA, TFAA and 
B F 3 etherate on the other hand gives a mixture of the 
dibenzocyclooctadienes (190) or (191) and the aryltetralin (192) or (193) 
[160]. 

Oxidation of the phenolic dibenzylbutane (194) using the ruthenium or 
thallium reagent gives mainly the para-coupled product (195) with a minor 
amount of the corresponding ortho isomer (196) (scheme 73) [161]. 
Oxidation of (197a) and (197b) using iron(III) perchlorate affords 
schizandrin (198a) and gomisin A (198b) respectively, along with minor 
amounts (20%) of the corresponding stereoisomer (199) (scheme 74) 
[162]. Similarly (200a) affords isoschizandrin (201a) along with the 
stereoisomer (202a), while (200b) gives (201b) and (202b) [163]. 
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MeO 

MeO. 

(183a) Ar̂  = 3,4-dimethoxyphenyl 
(183b) Ar̂  = 3,4-methylenedioxyphenyl ^ 

(184a) R = R = OMe 
(184b) R,R = OCH2O 

Reagents: 1, DDQ, TFA; ii, DDQ, dloxane 

(AT* = 3,4-dimethoxyphenyl, Ar̂  = 3,4-methyIenedio:qrphenyl, Ar"̂  = 3,4,5-trimethox3rphenyl) 

Scheme 71. 

MeO 

MeO 

MeO 

MeO 

MeO 

MeO 

Reagents: i. DDQ/TFA; li RuOj or TI2O3 in TFA/TFAA/BF3.Et20 

(AT = 3,4,5-trimetho;Qrphenyl) 

Scheme 72. 
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MeO 

•••"I 

MeO 

MeO 

•.#„ 
(195) R̂  = Me. R2 = H 
(196) R̂  = H. R2 = Me 

Reagents: i. TI2O3 or RuOg. CH2CI2, TFA, TFAA. BF3.Et20 

(Ar̂  = 3,4,5-trimethoxyphenyl, Ar^ = 3-hydroxy-4,5-dimethoxyphenyl) 

Scheme 73. 
RO 

{198a) R = R = Me 
MeO {198b) R, R = CH2 

(197a) Ar̂  = 3,4,5-trimethoxyphenyl 
(197b) AT* = 3-metho>Qr-4,5-methylenedioxyphenyl 

RO 

MeO 

(201a) R = R = Me 
MeO (201b) R. R = CH2 

(200a) AT* = 3,4,5-trimethoxyphenyl 
(200b) Ar^ = 3-methoxy-4,5-methylenediojQ^henyl 

Reagents: i, Fe(C104)3: ii. KOH 

(Ar̂  = 3.4,5-triimetho2Qrphenyl) 

(199a) R = R = Me 
MeO (199b) R, R = CH2 

MeO 
(202a) R = R = Me 

MeO (202b) R. R = CH2 

Scheme 74. 
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4.2 Tetrahydrofurans 

Treatment of the 3,4-dibenzyltetrahydrofuran (203), derived by 
cyclisation of dihydrocubebin, with DDQ in acetic acid causes 
dehydrogenation to the aryltetralin (204), presumeably via the acetoxy 
compound (205), which is obtained as a second product from the reaction. 
However the same reaction carried out in TFA affords the 
dibenzocyclooctadiene (206) (scheme 75) [157]. 

4.3 2,6-Diaryl-3,7-dioxabicyclo[3.3.0]octanes 

Some interesting rearrangement reactions are exhibited by lignans in this 
group. Thus, arboreol (208) undergoes an unusual pinacol rearrangement 
with acid to yield gmelanone (209) which represents a biomimetic 
synthesis of this compound (scheme 76) [164]. Paulownin (210) 
rearranges when oxidised with DDQ in benzene to yield the 4-pyrone 
(211) [165], and the same reagent converts gummadiol (212) into the enol 
lactone (213). 

•o 
Reagents: i, DDQ. HOAc; ii DDQ. TFA 

(Ar = 3.4-methylenedioxyphenyl) 

Scheme 75. 

The reaction of these compounds with triethylsilane and boron 
trifluoride-etherate is also of interest. Thus, gmelinol (214) gives two 
products, the major one being (215) (scheme 77) [166]. It is formed by 
reductive rearrangement of the 2,6-diaryl-3,7-dioxabicyclo[3.3.0]octane 
skeleton. The minor product is a 2-aryl-4-benzyltetrahydrofuran (216) in 
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which a methoxy group has been removed from one of the aromatic 
groups. 

(212) (213) 

Scheme 76. 

Reagents: i. H"̂ ; ii. DDQ 

(Ar̂  = 3,4-methylenedioxyphenyl) 

CH^fiH 

""CH2CH 
Oti 

(216) 

Reagents: i, EtaSiH, BFa.EtaO 

(Ar̂  = 3,4-dimethoxyphenyl, Ar^ = S-metho^Qrphenyl) 

Scheme 77. 

Treatment of either arboreol (217) or gummadiol (218) with 
triethylsilane and BF3-etherate yields initially a mixture of paulownin 
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(210) and isopaulownin (219). However treatment of paulownin itself 
(210) ŵ ith the same reagent gives the aryhetralin (220), similar to the 
reaction of gmelinol (see above). Furthermore, wodeshiol (221) reacts 
under the same conditions to give a mixture of two stereoisomeric 
tetrahydropyran derivatives (222) and (223) (scheme 78) [167]. 

Oti 

(221) 

Reagents: i, EtaSiH. BF3.Et20 

(Ar = 3,4-methlenedioxyphenyl) 

Scheme 78. 

Reaction of gmelinol (214) with BFs-etherate and iV,A -̂dimethylaniline 
gives a product (224) in which one tetrahydrofuran ring is retained [168]. 
Reduction of (224) with BF3-etherate and triethylsilane produced (225) 
(scheme 79). 
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4.4 Arylnaphthalene derivatives 

The interest in novel podophyllotoxin derivatives has lead to the 
preparation of several analogues having structures closely related to the 
quinonoid intermediates believed to be involved in their mode of action. 
One of these is the quinone monoketal (227) (R = H) obtained by reacting 
4'-demethylepipodophyllotoxin (226) (R = H) with phenyliodonium 
diacetate (PIDA) or DDQ in methanol (scheme 80) [169]. The quinone-
methide monoketal (227) (R = Et), prepared in the same way, undergoes 
transketalisation by ethylene glycol to give (228). Alternatively, 
hydrolysis of the dimethyl ketal with aqueous acid gives the 
corresponding ortho-quinonQ (229) [170]. 

MeO I f O 

o o 
(229) (228) 

Reagents: i, PIDA or DDQ in MeOH, li, HOCH2CH2OH. BFg.EtaO: ill. HgO*-

Scheme 80. 
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(22^ AT 

Reagents: I, BFa.EtaO. PhNMea; li BFg.EtaO, EtgSiH 

(Ar = 3,4-dimethoxyphenyl) 

Scheme 79. 

OH 
f^CHjOH 

CH2OH 

(225) Ar 

Treatment of podophyllotoxone (230) with base converts it initially 
into picropodophyllone (231) which on further base treatment yields 
thuriferic acid (232) [171-173]. Indeed it has subsequently been shown 
that whereas treatment of (230) with base gives (231) and (232), under 
acidic conditions epimerisation occurs at C-3 to give isopicropodo-
phyllone (233) which on treatment with base is converted into 
epithuriferic acid (234) (scheme 81) [174]. 

CO2H 

CO2H 

Reagents: i. base; ii, H* 

(Ar = 3.4,5-trlmethoxyphenyl) 

Ar 

(234) 

Scheme 81. 
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4.5 Dibenzocyclooctadiene derivatives 

Eupodienones-8 and -9 are representative examples of a series of 
compounds isolated from the flowers of Eupomatia laurina which have 
been assigned structures (235) and (236) respectively [175]. They 
rearrange on exposure to HCl in dioxan to (237) and (238) respectively, 
the former involving aryl group migration the latter alkyl group migration 
(scheme 82). These reactions should be compared with those involved in 
the biomimetic synthesis of isostegane derivatives described in section 3.5. 

R2O 

(237) R̂  = H, R2 = Me 
(238) R* = Me. R̂  = H 

OMe 

^^^^ Reagents: i. H* 
Scheme 82. 

MeO 

MeO 

MeO-

MeO (239) 

Reagents: i. H2SO4, MeCN 

Scheme 83. 

MeO 

MeO 

OMe 
(240) 
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Finally, reaction of schizandrin (239) and related compounds under 
Ritter conditions gives the tetracyclic dienone (240) (scheme 83) 
[176,177]. 

ABBREVIATIONS 

AIBN 

BMS 

Bn 

CAN 

DBU 

DCCI 

DDQ 

DHP 

diphos-4 

DMAP 

DMF 

DMSO 

imid 

KHMDS 

LDA 

LHDMS 

L-Selectride 

MOD-DIOP 

MOM 

MoOPH 

Ms 

NADP+/NADF 

nbd 

NMO 

= 2,2'-Azobisisobutyronitrile 

= Borane-dimethyl sulfide 

= Benzyl 

= Ceric ammonium nitrate 

= 1,8-Diazabicyclo[5.4.0]undec-7-ene 

= Â, A -̂Dicy clohexy Icarbodiimide 

= 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

= 3,4-Dihydro-2//-py ran 

= 1,4-bis(Diphenylphosphino)butane 

= 4-(N, A -̂Dimethy lamino)py ridine 

= A',A^-Dimethylformamide 

= Dimethylsulfoxide 

= Imidazole 

= Potassium hexamethyldisilazide 

= Lithium di-/^o-propylamide 

= Lithium hexamethyldisilazide 

= Lithium tri-^-ec-butylborohydride 

= 4,5-bis[bis(4'-Methoxy-3'5'-dimethylphenyl) 
phosphinomethyr]-2,2-dimethyl-1,3-dioxolane 

= Methoxymethyl 

= Oxodiperoxymolybdenum(pyridine) 
hexamethylphosphoramide 

= Methanesulfonyl 

Ĥ+ = Nicotinamide adenine dinucleotide phosphate 

= Norbomadiene 

= N-Methylmorpholine-N-oxide 
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PCC 

PDC 
PIDA 
PIFA 
PPTS 
pyr 
refl 
TBAF 
TBDMS/TBS 
TBDPS 
Tebbe reagent 

Tf 

TFA 
TFAA 
TFE 

IMS 
Ts 

Pyridinium chlorochromate 

Pyridinium dichromate 

Phenyl iodonium diacetate 

Phenyl iodonium bis(trifluoroacetate) 
Pyridinium /7-toluenesulfonate 
Pyridine 
Reflux 
Tetrabutylammonium fluoride 
^er^Butyldimethylsilyl 
rer/-Butyldiphenylsilyl 

Cp2TiCH2.Me2AlCl 

Trifluoromethanesulfonyl 
Trifluoroacetic acid 
Trifluoroacetic anhydride 
2,2,2-Trifluoroethanol 
Trimethylsilyl 
p-Toluenesulfonyl 

REFERENCES 

[I] Haworth, R.D. Nature, 1941, 147, 225 and J. Chem. Soc, 1942, 448. 
[2] Gottlieb, O.R. Phytochemistry, 1972, / / , 1537. 
[3] See Ward, R.S. Natural Product Reports, 1997, 14, 43, and earlier reports in 

this series. 
[4] Lampe, J.W.; Martini, M.C.; Kurzer, M.S.; Adlercreutz, H.; Slavin, J.L. Am. J. 

Clin. Nutr,, 1994, 60, 122. 
[5] Wang, C ; Makela, T.; Hase, T.; Adlercreutz, H.; Kurzer, M.S. J. Steroid 

Biochem. Molec. Biol, 1994, 50, 205. 
[6] Kirkman, L.M.; Lampe, J.W.; Campbell, D.R.; Martini, M.C.; Slavin, J.L. 

Nutr. Cancer, 1995, 24, 1. 
[7] Makela, S.I.; Pylkkanen, L.H.; Santti, R.S.S.; Adlercreutz, H. J. Nutr, 1995, 

125, 437. 
[8] Adlercreutz, H.; Honjo, H.; Higashi, A.; Fotsis, T.; Hamalainen, E.; Hasegawa, 

T.; Okada, H. Am. J. Clin. Nutr., 1991, 54, 1093. 
[9] Thompson, L.U.; Robb, P.; Serraino, M.; Cheung, F. Nutr. Cancer, 1991,16, 

43. 
[10] Serraino, M.; Thompson, L.U. Cancer Lett., 1991, 60, 135. 
[II] Adlercreutz, H.; Mousavi, Y.; Clark, J.; Hockerstedt, K.; Hamalainen, E.; 



RECENT ADVANCES IN THE CHEMISTRY OF LIGNANS 793 

Wahala, K.; Makela, T.; Hase, T. J. Steroid Biochem, Molec. Biol., 1992, 41, 
331. 

[12] Hu, H.; Wang, Z-Q.; Liu, S-Y.; Cheng, Y-C; Lee, K-H. J. Med Chem., 1992, 
35. 866. 

[13] Wang, Z-Q.; Hu, H.; Chen, H-X.; Cheng, Y-C; Lee, K-H. J. Med Chem,, 
1992, i5, 871. 

[14] Morimoto, H.; Principe, P.; Robin, J-P.; Broquet, C ; Mencia-Huerta, J.M.; 
Braquet, P.; Bonavida, B. Cancer Chemother, Pharmacol., 1993, 32, 293. 

[15] Gan, X-H.; Robin, J.P.; Mencia-Huerta, J.M.; Braquet, P.; Bonavida, B. J. Clin. 
Immun., 1994, 14, 280. 

[16] Zhou, X-M.; Lee, K.J-H.; Cheng, J.; Wu, S-S.; Chen, H-X.; Guo, X.; Cheng, 
Y-C; Lee, K-H. J. Med Chem., 1994, 37, 287. 

[17] Zhang, Y-L.; Tropsha, A.; McPhail, A-T.; Lee, K-H. J. Med Chem., 1994, 37, 
1460. 

[18] Zhang, Y-L.; Guo, X.; 18. Cheng, Y-C; Lee, K-H. J. Med Chem., 1994, 37, 
446. 

[19] Cho, S-J.; Kashiwada, Y.; Bastow, K.F.; Cheng, Y-C; Lee, K-H. J. Med. 
Chem., 1996, 39, 1396. 

[20] Shen, T.Y.; Hussaini, I.M. Methods Enzymol, 1990,187, 446. 
[21] Iwakami, S.; Ebizuka, Y.; Sankawa, U. Heterocycles, 1990, 30, 795. 
[22] Wu, Y-C; Chang, K-Y.; Ko, F-N.; Teng, C-M. Planta Med., 1995, 61, 146. 
[23] Castro-Faria-Neto, H.C; Bozza, P.T.; Cruz, H.N.; Silva, C.L.M.; Violante, 

F.A.; Barbosa-Filho, J.M.; Thomas, G.; Martins, M.A.; Tibirica, E.V.; Noel, 
F.; Cordeiro, R.S.B. Planta Med., 1995, tf/, 101. 

[24] Iwakami, S.; Wu, J-B.; Ebizuka, Y.; Sakawa, U. Chem. Pharm. Bull, 1992, 40, 
1196. 

[25] Kashiwada, Y.; Nishizawa, M.; Yamagishi, T.; Tanaka, T.; Nonaka, G.; 
Cosentino, L.M.; Snider, J.V.; Lee, K-H. J. Nat. Prod., 1995, 58, 392. 

[26] Gnabre, J.; Huang, R.C.C; Bates, R.B.; Bums, J.J.; Caldera, S.; Malcomson, 
M.E.; McClure, K.J. Tetrahedron, 1995, 51, 12203. 

[27] Eich, E.; Pertz, H.; Kaloga, M.; Schulz, J.; Fesen, M.R.; Mazumder, A.; 
Pommier, Y. J. Med. Chem., 1996, 39, 86. 

[28] Yang, L-M.; Lin, S-J.; Yang, T-S.; Lee, K-H. Biorg. Medm. Chem. Lett., 1996, 
6,941. 

[29] Hara, H.; Fujihashi, T.; Sakata, T.; Kaji, A.; Kaji, H. Aids Res. and Human 
Retroviruses, 1997, 13, 695. 

[30] Para, P.W.; Wang, H-B.; Davin, L.B.; Lewis, N.G. Tetrahedron Lett., 1994, 
55. 4731. 

[31 ] Umezawa, T. Mokuzai Gakkaishi, 1996, 42,9\\. 
[32] Umezawa, T. In Biochemistry and Molecular Biology of Wood; Higuchi, T., Ed.; 

Springer-Verlag: Berlin Heidelberg, 1997; pp. 181-194. 
[33] Gang, D.R.; Dinkova-Kostova, A.T.; Davin, L.B.; Lewis, N.G. ACS Symposium 

Series, 1997, 658, 58. 
[34] Davin, L.B.; Lewis, N.G. An. Acad. Bras. Ci., 1995, 67, 363. 
[35] Davin, L.B.; Wang, H-B.; Crowell, A.L.; Bedgar, D.L.; Martin, D.M.; 

Sarkanen, S.; Lewis, N.G. Science, 1997,275, 362. 
[36] Dinkova-Kostova, A.T.; Gang, D.R.; Davin, L.B.; Bedgar, D.L.; Chu, A.; 

Lewis, N.G. J. Biol. Chem., 1996, 37. 271, 29473. 
[37] Katayama, T.; Davin, L.B.; Chu, A.; Lewis, N.G. Phytochem., 1993, 33, 581. 
[38] Dewick, P.M. In Studies in Natural Product Chemistry; Atta-ur-Rahman, Ed.; 



794 R.S. WARD 

Elsevier Science B. V.: Amsterdam, 1989; Vol. 5, pp. 459. 
[39] Broomhead, A.J.; Rahman, M.M.A.; Dewick, P.M.; Jackson, D.E.; Lucas, J.A. 

Phytochemistry, 1991, 30, 1489. 
[40] Maeda, S.; Masuda, H.; Tokoroyama, T. Chem. Pharm. Bully 1994, 42, 2506 

and 1995, ^5, 84 and 935. 
[41] Ziegler, F.E.; Schwartz, iAJetrahedron Lett,, 1975, 16, 4643 and J. Org, 

Chem,, 1978,^5,985. 
[42] Damon, R.E.; Schlessinger, R.H.; Blount, J.F. J, Org. Chem,, 1976, 41, 3772. 
[43] Pelter, A.; Ward, R.S.; Satyanarayana, P.; Collins, P. J, Chem, Soc, Perkin 

Trans. 1, 1983, 643. 
[44] Pelter, A.; Ward, R.S.; Pritchard, M.C.; Kay, I.T. J. Chem, Soc, Perkin Trans, 

1, 1988, 1603 and 1615. 
[45] Brown, E.; Robin, J-P.; Dhal, R. J, Chem. Soc, Chem. Commun., 1978, 556. 
[46] Ganeshpure, P.A.; Stevenson, R. Austral, J, Chem., 1982, 35, 2175. 
[47] Loriot, M.; Robin, J-P.; Brown, E. Tetrahedron, 1984, 40, 2529. 
[48] Ogiku, T.; Yoshida, S.; Takahashi, M.; Kuroda, T.; Ohmizu, H.; Iwasaki, T. 

Tetrahedron Lett., 1992, 33, 4473. 
[49] Ogiku, T.; Seki, M.; Takahashi, M.; Ohmizu, H.; Iwasaki, T. Tetrahedron 

Lett., 1990, 31, 5487. 
[50] Ogiku, T.; Yoshida, S.; Takahashi, M.; Kuroda, T.; Ohmizu, H.; Iwasaki, T. 

Bull, Chem, Soc Jpn„ 1992, 65, 3495. 
[51] Belletire, J.L.; Fremont, S.L. Tetrahedron Lett,, 1986, 27, 127. 
[52] Belletire, J.L.; Fry, D.F. J, Org Chem,, 1987, 52, 2549 and 1988, 53, 4724. 
[53] Belletire, J.L.; Fry, D.F.; Fremont, S.L. J, Nat, Prod, 1992, 55, 184. 
[54] Tomioka, K.; Ishiguro, T.; litaka, Y.; Koga.K. Tetrahedron, 1984, 40, 1303. 
[55] Tomioka, K.; Ishiguro, T.; Koga, K. J, Chem. Soc, Chem, Commun,, 1979, 

652 and Tetrahedron Lett,, 1980, 21, 2973. 
[56] Pelter, A.; Ward, R.S.; Jones, D.M.; Maddocks, P. J. Chem. Soc, Perkin 

Trans. 1, 1993, 2621 and 2631. 
[57] Jansen, J.F.G.A.; Jansen, C; Feringa, B.L. Tetrahedron Asymmetry, 1991,2, 

109 and Jansen, J.F.G.A.; Feringa, B.L. Tetrahedron Lett,, 1991, 32, 3239. 
[58] Enders. D.; Kirchhoff, J.; Lausberg, V. Liebigs Ann., 1996, 1361. 
[59] Hadimani, S.B.; Tanpure, R.P.; Bhat, S.V. Tetrahedron Lett., 1996, 37, 4791. 
[60] Brown, E.; Daugan, A. Tetrahedron Lett., 1985, 26, 3997 and 1986, 27, 3719, 

Heterocycles, 1987, 2d, 1169, Tetrahedron, 1989,^5, 141, and J. Nat. Prod, 
199\, 54, 110. 

[61] Lalami, K.; Dhal, R.; Brown, E. J, Nat, Prod, 1991, 54, 119 and Org, Prep, 
Procedint,, 1989,2/, 109. 

[62] Brown, E. Trends in Organic Chemistry, 1991, 2, 59. 
[63] Morimoto, T.; Chiba, M.; Achiwa, K. Heterocycles, 1992,55, 435 and 

Tetrahedron, 1993,49, 1793. 
[64] Kise, N.; Tokioka, K.; Aoyama, Y.; Matsumura, Y. J. Org, Chem,, 1995, 60, 

1100. 
[65] Langer, T.; Illich, M.; Helmchen, G. Synlett, 1996, 1137. 
[66] Rehnberg, N.; Magnusson, G. J, Org Chem,, 1990, 55, 4340. 
[67] Ward, R.S.; Pelter, A.; Edwards, M.I.; Gilmore, J. Tetrahedron Asymmetry, 

1995, 6, 843. 
[68] Khamlach, M.K.; Dhal, R.; Brown, E. Tetrahedron, 1992, 48, 10115. 
[69] Moritani, Y.; Fukushima, C; Ukita, T.; Miyagishima, T.; Ohmizu, H.; Iwasaki, 

T. J, Org Chem,, 1996, 61, 6922. 



RECENT ADVANCES IN THE CHEMISTRY OF LIGNANS 795 

[70] Amer, A.; Bauer, F.; Zimmer, H. J. Nat. Prod., 1993, 56, 600. 
[71] Honda, T.; Kimura, N.; Sato, S.; Kato, D.; Tobinaga, H. J. Chem. Soc, Perkin 

Tram. / , 1994, 1043. 
[72] Moritani, Y.; Fukushima, C ; Miyagishima, T.; Ohmlzu, H.; Iwasaki, T. Bull 

Chem. Soc. Jpn., 1996, 69, 2281. 
[73] Dhal, R.; Landais, Y.; Lebrun, A.; Lenain, V.; Robin, J-P. Tetrahedron, 1994, 

50, 1153. 
[74] Sibi, M.P.; Gaboury, J.A. Synlett, 1992, 83 and J. Org. Chem., 1993, 58, 2173. 
[75] Hanessian, S.; Leger, R. Synlett, 1992, 402. 
[76] Stevens, D.R.; Whiting, D.A. J. Chem. Soc, Perkin Trans. I, 1990, 425 and 

1992, 633. 
[77] Umezawa, T.; Shimada, M. Mokuzai Gakkaishi, 1994, 40, 231. 
[78] Mitra, J.; Mitra, A.K. J. Chem. Soc., Perkin Trans. J, 1992, 1285. 
[79] Maiti, G.; Adhikari, S.; Roy, S.C. Tetrahedron Lett., 1994, 35, 3985 and J. 

Chem. Soc, Perkin Trans. 7, 1995, 927. 
[80] Maiti, G.; Adhikari, S.; Roy, S.C. Tetrahedron Lett., 1994,55, 6731 and 

Tetrahedron, 1995, 51, 8389. 
[81] Pelter, A.; Ward, R.S.; Collins, P.; Venkateswarlu, R.; Kay, I.T. J. Chem. Soc, 

Perkin Trans. I, 1985, 587. 
[82] Stevens, D.R.; Till, C.P.; Whiting, D.A. J. Chem. Soc, Perkin Trans. 1, 1992, 

185. 
[83] Hull, H.M.; Knight, D.W. J. Chem. Soc, Perkin Trans. 1, 1997, 857. 
[84] Bradley, H.M.; Jones, R.G.; Knight, D.W. Synlett, 1992, 479. 
[85] Ogiku, T.; Yoshida, S.; Ohmizu, H.; Iwasaki, T. J. Org. Chem,, 1995, 60, 

1148. 
[86] van Oeveren, A.; Jansen, J.F.G.A.; Feringa, B.L. J. Org. Chem., 1994, 5P, 

5999. 
[87] Yoshida, S-I.; Ogiku, T.; Ohmizu, H.; Iwasaki, T. J. Org. Chem., 1997, 62, 

1310. 
[88] Kraus, G.A.; Chen, L. J. Am. Chem. Soc, 1990,112, 3464. 
[89] Adhikari, S.; Roy, S. Tetrahedron, 1993, 49, 8415. 
[90] Mikami, K.; Matsueda, H.; Nakai, T. Synlett, 1993, 235. 
[91] Okazaki, M.; Ishibashi, F.; Shuto, Y.; Taniguchi, E. Biosci. Biotech. Biochem., 

1997, 61, 743. 
[92] Okazaki, M.; Ishibashi, F.; Shuto, Y.; Taniguchi, E. Biosci. Biotech. Biochem., 

1997, 61, 660 
[93] Glinski, M.B.; Durst, T. Canad. J. Chem., 1983, 61, 573. 
[94] Mann, J.; Piper, S.E.; Yeung, L.K.P. J. Chem. Soc, Perkin Trans. 1, 1984, 

2081 and 1985, 1249. 
[95] Beard, A.R.; Drew, M.G.B.; Mann, J.; Wong, L.T.F.;. Tetrahedron, 1987, 43, 

4207. 
[96] Charlton, J.L.; Durst, T. Tetrahedron Lett., 1984, 25, 5287. 
[97] Jones, D.W. J. Chem. Soc, Perkin Trans. 1, 1994, 399. 
[98] Jones, D.W.; Thompson, A.M. J. Chem. Soc, Perkin Trans. 1, 1993, 2533 and 

2541. 
[99] Forsey, S.P.; Rajapaksa, D.; Taylor, N.J.; Rodrigo, R. J. Org. Chem., 1989, 54, 

4280. 
[100] Kuroda, T.; Takahashi, M.; Kondo, K.; Iwasaki, T. J. Org. Chem., 1996, 61, 

9560. 
[101] Choy, W. Tetrahedron, 1990, 46, 2281. 



796 R.S. WARD 

[102] Charlton, J.L.; Plourde, G.L.; Koh, K.; Secco, A.S. Can. J. Chem,, 1989, 67, 
574 and 1990, 68, 2022. 

[103] Charlton, J.L.; Koh, K. Synlett, 1990, 333 and J. Org, Chem., 1992, 57, 1514. 
[104] Bush, E.J.; Jones, D.W. J. Chem. Soc, Perkin Trans 7, 1996, 51. 
[105] Pelter, A.; Ward, R.S.; Li, Q-R.; Pis, J. Tetrahedron Asymmetry, 1994, 5, 909. 
[106] Bogucki, D.E.; Charlton, J.L. J, Org. Chem,, 1995, 60, 588. 
[107] Colhart, D.M.; Charlton, J.L. Canad. J. Chem., 1996, 74, 88. 
[108] Charlton, J.L.; Alauddin, M.M. J. Org Chem., 1986, 51, 3490. 
[109] Maddaford, S.P.; Charlton, J.L. J. Org. Chem., 1993, 58, 4132. 
[110] Macdonald, D.I.; Durst, T. J. Org Chem., 1986, 51, 4749 and 1988, 53, 3663. 
[ I l l ] Kraus, G.A.; Wu, Y. J. Org Chem., 1992, 57, 2922. 
[112] Harrowven, "D.C. Tetrahedron, 1993, 49, 9039. 
[113] Harrowven, D.C.; Dennison, S.T. Tetrahedron Lett., 1993, 34, 3323. 
[114] Kamal, A.; Daneshtalab, M.; Atchison, K.; Micetich, R,C. Biorg. Med. Chem. 

Lett,, 1994, 4, 1513. 
[115] Kobayashi, K.; Tokimatsu, J.; Maeda, K.; Morikawa, O.; Konishi, H. J. Chem. 

Soc, Perkin Trans. 1,1995, 3013. 
[116] Dhal, R.; Nabi, Y.; Brown, E. Tetrahedron. 1986, 42, 2005. 
[117] Pelter, A.; Ward, R.S.; Storer, N.P. Tetrahedron, 1994, 50, 10829. 
[118] Moritani, Y.; Ukita, T.; Hiramatsu, H.; Okamura, K.; Ohmizu, H.; Iwasaki, T. 

J. Chem. Soc., Perkin Trans,1, 1996, 2747. 
[119] Speybroeck, R.V.; Guo, H.; Van der Eycken, J.; Vandewalle, M. Tetrahedron, 

1991, 47, 4675. 
[120] Medarde, M.; Ramos, A.C.; Caballero, E.; Lopez, J.L.; Pelaez, R.; San 

Feliciano, A. Tetrahedron Lett., 1996, 37, 2663. 
[121] Morimoto, T.; Chiba, M.; Achiwa, K. Heterocycles, 1992, i i , 435 and 

Tetrahedron, 1993, ^P, 1793. 
[122] Boissin, P.; Dhal, R.; Brown, E. Tetrahedron Lett., 1989, ift 4371 and 

Tetrahedron, 1992, 48, 687. 
[123] Botta, B.; lacomacci. P.; Vinciguerra, V.; Monache, G.D.; Gacs-Baitz, E.; Botta, 

M.; Misiti, D. Chem. Pharm. Bull, 1990, 38, 3238. 
[124] Kaneko, T.; Wong, H. Tetrahedron Lett., 1987, 28, 517. 
[125] Vyas, D.M.; Skonezny, P.M.; Jenks, T.A.; Doyle, T.W. Tetrahedron Lett., 

1986, 27, 3099. 
[126] Kutney, J.P.; Arimoto, M.; Hewitt, G.M.; Jarvis, T.C.; Sakata, K. Heterocycles, 

1991, 32, 2305. 
[127] Kutney, J.P.; Chen, Y.P.; Gao, S.; Hewitt, G.M.; Kuri-Brena, F.; Milanova, 

R.K.; Stoynov, N.M. Heterocycles, 1993, 36, 13. 
[128] Kutney, J.P.; Hewitt, G.M.; Jarvis, T.C.; Palaty, J.; Rettig, S.J. Canad. J. 

Chem., 1992,70,2115. 
[129] Andrews, R.C.; league, S.J.; Meyers, A.I. J. Am. Chem. Soc, 1988, 110, 7854. 
[130] Tanaka, M.; Mitsuhashi, H.; Wakamatsu, T. Tetrahedron Lett., 1992, 33, 4161. 
[131] Planchenault, D.; Dhal, R.; Robin, J-P. Tetrahedron, 1993, 49, 5823. 
[132] Petasis, N.A.; Patane, M.A. Tetrahedron, 1992, 48, 5775. 
[133] Morimoto, T.; Chiba, M.; Achiwa, K. Heterocycles, 1990, 30, 363. 
[134] Tanaka, M.; Mukaiyama, C ; Mitsuhashi, H.; Wakamatsu, T. Tetrahedron Lett, 

1992,55,4165. 
[135] Tanaka, M.; Itoh, H.; Mitsuhashi, H,; Maruno, M.; Wakamatsu, T. Tetrahedron 

Asymm., 1993, 4, 605. 
[136] Kubota, Y.; Kawasaki, H.; Tomioka, K.; Koga, K. Tetrahedron, 1993, 49, 



RECENT ADVANCES IN TFIE CHEMISTRY OF LIGNANS 797 

3081. 
137] Schneiders, G.E.; Stevenson, R. J. Org. Chem., 1981, 46, 2969. 
138] Landais, Y.; Robin, J-P. teirahedron Lett, 1986, 27, 1785. 
139] Landais, Y.; Lebrun, A.; Lenain, V.; Robin, J-P. Tetrahedron Lett, 1987, 28, 

5161. 
140] Landais, Y.; Lebrun, A.; Robin, J-P. Tetrahedron Lett., 1986, 27, 5377. 
141] Taafrout, M.; Landais, Y.; Robin, J-P.; Davoust, D. Tetrahedron Lett., 1986, 

27, \ni. 
142] Landais, Y.; Robin, J-P.; Lebrun, A. Tetrahedron, 1991, 47, 3787 and 1992, 48, 

819. 
143] Pelter A.; Ward, R.S.; Abdelghani, A. J. Chem. Soc, Perkin Trans. I, 1992, 

2249. 
144] Pelter, A.; Ward, R.S.; Abd-el-Ghani, A. Tetrahedron Asymmetry, 1994, 5, 329. 
145] Pelter, A.; Satchwell, P.; Ward, R.S.; Blake, K. J. Chem. Soc., Perkin Trans. 7, 

1995,2201. 
146] Tomioka, K.; Mizuguchi, H.; Ishiguro, T.; Koga, K. Chem. Pharm. Bull, 1985, 

33, 121 and 609. 
147] Tanaka, M.; Ohshima, T.; Mitsuhashi, H.; Maruno, M.; Wakamatsu, T. 

Heterocycles, 1994, 37, 739. 
148] Tanaka, M.; Mitsuhashi, H.; Maruno, M.; Wakamatsu, T. Tetrahedron Lett., 

1994, 35, 3733. 
149] Ohshima, T.; Tanaka, M.; Mitsuhashi, H.; Maruno, M.; Wakamatsu, T. 

Tetrahedron Asymmetry, 1995, 6, 139. 
150] Tanaka, M.; Ohshima, T.; Mitsuhashi, H.; Maruno, M.; Wakamatsu, T. 

Tetrahedron, 1995, 51, 11693. 
151] Tanaka, M.; Ikeya, Y.; Mitsuhashi, H.; Maruno, M.; Wakamatsu, T. 

Tetrahedron, 1995, 51, 11703. 
152] Tanaka, M.; Mukaiyama, C ; Mitsuhashi, H.; Maruno, M.; Wakamatsu, T. J. 

Org. Chem., 1995, 60, 4339. 
153] Brown, E.; Robin, J-P.; Dhal, R. Tetrahedron, 1982, 38, 2569 and 1983, 39, 

2787 and 1984, ^ft 3509. 
154] Carroll, A.R.; Read, R.W.; Taylor, W.C. Aust. J. Chem., 1994, 47, 1579. 
155] Meyers, A.I.; Flisak, J.R.; Aitken, RA. J. Am. Chem. Soc., 1987, 109, 5446. 
156] Warshawsky, A.M.; Meyers, A.I. J. Am. Chem. Soc, 1990, 112, 8090. 
157] Pelter, A.; Ward, R.S.; Venkateswarlu, R.; Kamakshi, C. Tetrahedron, 1991, 

47, 1275. 
158] Feliciano, A.S.; Medarde, M.; Pelaez, R.; Lopez, J.L.; Puebla, P.; Gravalos, 

M.D.G.; Lazaro, P.R.; de Quesada, M.T.G. Arch Pharm.(Weinheim), 1993, 
526,421. 

159] Carroll, A.R.; Taylor, W.C. Aust. J. Chem., 1994, 47, 937. 
160] Dhal, R.; Landais, Y.; Lebrun, A.; Lenain, V.; Robin, J-P. Tetrahedron, 1994, 

50, 1153. 
161] Planchenault, D.; Dhal, R.; Robin, J-P. Tetrahedron, 1995, 51, 1395. 
162] Takeya, T.; Ohguchi, A.; Ara, Y.; Tobinaga, S. Chem. Pharm. Bull, 1994, 42, 

430. 
163] Takeya, T.; Ohguchi, A.; Tobinaga, S. Chem. Pharm. Bull, 1994, 42, 438. 
164] Row, L.R.; Venkateswarlu, R.; Pelter, A.; Ward, R.S. Tetrahedron Lett., 1980, 

21, 2919. 
[165] Ward, R.S.; Pelter, A.; Jack, I.R.; Satyanarayana, P.; Rao, B.V.G.; 

Subrahmanyam, P. Tetrahedron Lett., 1981, 22, 4\l\. 



798 R.S. WARD 

[166] Pelter, A.; Ward, R.S.; Venkateswarlu, R.; Kamakshi, C. Tetrahedron, 1989, 
45, 3451. 

[167] Pelter, A.; Ward, R.S.; Venkateswarlu, R.; Kamakshi, C. Tetrahedron, 1992, 
48, 7209. 

[168] Ward, R.S.; Pelter, A.; Venkateswarlu, R.; Kamakshi, C; Lakshmi, A. 
Tetrahedron, 1996,52, 14349. 

[169] Pelter, A.; Ward, R.S.; Li, Q-R. J. Nat. Prod, 1993, 56, 2204. 
[170] Pelter, A.; Ward, R.S.; Ma, W-Y. J. Nat, Prod,, 1994, 57, 1598. 
[171] Hofert, P.H.; Matusch, R. Helv, Chim, Acta, 1994, 77, 111, 
[172] Miguel del Corral, J.M.; Gordaliza, M.; Lopez, J-L.; del Olmo, E.; Castro, 

M.A.; Lopez, M.L. Helv, Chim. Acta, 1995, 78, 1793. 
[173] Lopez-Perez, J-L.; del Olmo, E.; de Pascual-Teresa, B.; Merino, M,; Martin, S.; 

San Feliciano, A. Tetrahedron, 1995, 51, 6343. 
[174] Lopez-Perez, J-L.; del Olmo, E.; de Pascual-Teresa, B.; Merino, M.; San 

Feliciano, A. Tetrahedron, 1996, 52, 4903. 
[175] Carroll, A.R.; Taylor, W.C. Austral, J. Chem., 1990, 43, 1871. 
[176] Tan, R.; Zheng, Q.T.; He, C.H.; Liang, X.T. Chin, Chem, Lett,, 1990, /, 47 

and Chin. J. Chem,, 1991, 9, 279. 
[177] Tan, R.; Liang, X.T. Chin. Chem, Lett,, 1990, /, 49 and Chin, J. Chem., 1991, 

9, 284. 


