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Abstract: Lignans comprise a family of secondary metabolites existing widely in plants and also
in human food sources. As important components, these compounds play remarkable roles in
plants” ecological functions as protection against herbivores and microorganisms. Meanwhile,
foods rich in lignans have revealed potential to decrease of risk of cancers. To date, a number of
promising bioactivities have been found for lignan natural products and their unnatural
analogues, including antibacterial, antiviral, antitumor, antiplatelet, phosphodiesterase inhibition,
5-lipoxygenase inhibition, HIV reverse transcription inhibition, cytotoxic activities, antioxidant
activities, immunosuppressive activities and antiasthmatic activities. Therefore, the synthesis of
this family and also their analogues have attracted widespread interest from the synthetic organic
chemistry community. Herein, we outline advances in the synthesis of lignan natural products in the
last decade.
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1. Introduction

Lignans are a family of secondary metabolites widely distributed in plants and human food
sources. The story of lignans can traced back to 1942, when Harworth introduced the term for the first time
to describe this family [1]. It is known that lignans have remarkable ecological functions in plants, providing
protection against herbivores and microorganisms [2-7]. The consumption of foods rich in lighans has
potential to decrease of risk of cancers [8-11]. During its long research history, this family has exhibited
attractive pharmacological activities [12-19], such as antibacterial [20], antiviral [21-24], antitumor [25-27],
antiplatelet [28,29], phosphodiesterase inhibition [30,31], 5-lipoxygenase inhibition [32-34], HIV
reverse transcription inhibition [35-37], cytotoxic [38], antioxidant [39], immunosuppressive [40]
and antiasthmatic properties [31].

Lignan compounds have dimeric structures formed through a B,3’-linkage between two
phenylpropane units with different degrees of oxidation on the side-chain and variable substitution
patterns on the phenyl ring. Traditionally, lignans are divided into two classes: classical lignans and
neolignans. It should be noted that the term lignan in the literature refers to classical lignans in most
cases. Regarding the classification of classical lignans, four different types are reported. The first one
arranged classical lignans into three subgroups: acyclic lignan derivatives, arylnaphthalene derivatives
and dibenzocyclooctadiene derivatives [41]. The second type includes six subgroups: dibenzylbutanes,
dibenzylbutyrolactones, arylnaphthalenes, dibenzocyclooctadienes, substituted tetrahydrofurans
and 2,6-diarylfurofurans [9,14]. The third one is comprised of eight subgroups: furofurans, furans,
dibenzylbutanes, dibenzylbutyrolactones, aryltetralins, arylnaphthalenes, dibenzocyclooctadienes
and dibenzylbutyrolactols [8,42—-45]. The fourth one includes seven subgroups of lignan scaffolds:
cyclobutanes, tetrahydrofurans, furofurans, dibenzylbutanes, aryltetralins, cycloheptenes and
dibenzocyclooctadienes [46].
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The synthesis of lignans and their analogues is an active field in the synthetic organic
chemistry community. Tremendous synthetic efforts on this family have been well documented by
reviews [9-14,41,47-51]. In recent years, several nice reviews have outlined progress of particular
topics related to the synthesis of furofuran lignans [48], arylnaphthalene lactone analogues [47] and
aryltetralin glycosides [49]. The present review will focus on the papers on the synthesis of lignans
published from 2008-2018. In order to avoid unnecessary duplication, we will not discuss works
already presented in previous reviews.

For the convenience of introduction of advances in the synthesis of lignans, we discuss three
subgroups in present review, namely, acyclic lignan derivatives, dibenzocyclooctadiene derivatives
and arylnaphthalene derivatives.

2. Advances in the Synthesis of Acyclic Lignan Derivatives

In the last decade, synthetic progress in acyclic lignan derivatives is related to lignans featuring
dibenzyl tetrahydrofuran, dibenzylbutyrolactone, and diphenyltetrahydrofuranfurofuran skeletons.

The synthesis of the acyclic lignan derivative (+)-paulownin (Scheme 1) was accomplished by
Angle and coworkers in 2008 [52]. The key step is a formal [3 + 2]-cycloaddition between silyl ether 1
and aldehyde 2 in the presence of BF3OEt; and 2,6-di-tert-butyl-4-methylphenol (DBMP), generating
aryl tetrahydrofuran 3. After oxidation and removal of the protecting group, the resulting product
4 was connected with imidate 5, generating lactone 6. The synthesis of (+)-paulownin was finished
through photocyclization under a medium-pressure Hanovia lamp [53].

“ TIPSO
oTIPS 1. DMP, CH,Cl
TESO._CHo —BFerOEt DEMP 1. DMP, CH,Cl,
oL * CH,Cly "2 HF-py, THF —py, THF
° 74% 74% (2 steps)

o\ <ﬁ e Q
?—L@ TMSOTY, CH,Cly o
63% o

(6] (+)-paulownin

4 6

Scheme 1. Synthesis of (+)-paulownin. Adapted from Angle et al. [52].

In 2011, Barker and coworkers reported the total synthesis of (+)-galbelgin (Scheme 2) [54].
A stereoselective aza-Claisen rearrangement developed in their lab [55] afforded a reliable access
to the original two stereocenters in chiral amide 8. The subsequent nucleophilic addition from 11,
reduction, hydroxyl protection and double bond oxidative cleavage led to the formation of aldehyde
10. The second nucleophilic addition from 11 afforded 12 with four adjacent stereocenters established.
Methoxymethyl (MOM) group deprotection and cyclization completed the synthesis of (+)-galbelgin.

B o 1.MeO
B aza-Claisen ]@/ 1. MOMCI, ‘Pr,NEt
R = 2!
Ph/\NK)i/\ rearrangement )H/k/ :@/\‘/k/ 2. 00,4, NMO
=
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! 75% (2 steps) 70% (3 steps)

MOMO MOMO OMe
MeO T O MsCl, NEts
OMe  cH,cl,  MeO
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MeO 59%
12

71%

OMe

MeO OMe
(+)-galbelgin

Scheme 2. Synthesis of (+)-galbelgin. Adapted from Barker et al. [54].
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She and coworkers reported the total synthesis of beilschmin A and gymnothelignan N in
2014 (Scheme 3) [56]. Alcohol 14 was prepared by hydroxyl protection of chiral amide 13 and
subsequent reduction. Aldehyde 16 was obtained after homologation and reduction. The nucleophilic
addition of 17 and oxidation afforded ketone 18. Dibenzyl tetrahydrofurans 20 was obtained after a
highly stereoselective introduction of a methyl group, deprotection and reduction. The synthesis of
beilschmin A was finished after the methylation. Inspired by a biosynthetic proposal from She’s group,
the challenging seven-membered ring skeleton in gymnothelignan N was constructed by an oxidative
Friedel-Crafts reaction of compound 20 using phenyliodonium diacetate (PIDA) as the oxidant, finally
affording gymnothelignan N.

o) O OH OH OTBS CN OTBS OHC  OTBS

S o -26ludine o 1. EtsN, MsCI o .
o\/lN)K‘/'\@ > TBSOTf, CH,Cl, KH\Q: > CH,Cl, K‘/'\@ > DIBAL-H K('\(;L >
o 2. NaBH, d 2 NaCN, DMSO 0 CHuClh d
13 OMe 92% (2 steps) 14 OMe 94% (2 steps) 15 OMe 73% 16 OMe

OMe

OMe
BnO.
BnO. BnO.
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1'Meo]©\u17 _KHMDS, HMAP O QTBs
— - MeO T Mel.THF  MeO O>
2. PCC, CH,Cl, o i 5
53% (2 steps) °
19 OMe
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<23 T
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Scheme 3. Synthesis of beilschmin A and gymnothelignan N. Adapted from She et al. [56].

In 2015, Lump and coworkers reported a bioinspired total synthesis of (£)-tanegool and
(£)-pinoresinol (Scheme 4) using [2 + 2] photodimerization and oxidative ring-opening as key
steps [46]. The synthesis started with the esterification of ferulic acid. The resulting product 22
went through [2 + 2] photodimerization and reduction, generating diol 23 smoothly. The synthesis of
(£)-tanegool through the expected oxidative ring-opening of 23 was achieved under different oxidative
conditions. Moreover, synthesis of ()-pinoresinol was also accomplished. Using the same strategy,
trans-diester 26 was prepared from cis-diester 25. Reduced product 27 was submitted to an oxidative
ring-opening treatment using FeCl;-6H,O as the oxidant, finishing the synthesis of (+)-pinoresinol
through an oxidative ring opening and two 5-exo-trig cyclization pathway.

As powerful synthetic tools, photoredox-catalyzed tranformations have received considerable
attention in recent decades [57-59]. In 2015, MacMillian and coworkers developed an enantioselective
a-alkylation of aldehydes using a combination of photoredox catalysis and enamine catalysis
and achieved the asymmetric synthesis of (—)-bursehernin through this strategy (Scheme 5) [60].
Using Ru(bpy);Cly, chiral amine 33 and a compact fluorescent lamp (CFL) light source, the x-alkylation
of aldehyde 28 with bromonitrile 29 generated chiral aldehyde 30 in excellent yields and excellent
enantioselectivity. Subsequent reduction and cyclization afforded lactone 31. The synthesis of
(—)-bursehernin was achieved by a highly stereoselective alkylation between 31 and bromide 32.

In 2017, Soorukram and coworkers reported the asymmetric synthesis of ent-fragransin C;
(Scheme 6) [61]. Ketone 36 was produced by the nucleophilic addition of the aryllithium species generated
from 35 to chiral Weinreb amide 34. The following stereoselective reduction led to the formation of
alcohol 37. After hydroxyl protection, double bond oxidative cleavage and nucleophilic addition from
aryllithium 39, compound 40 was furnished in good diastereoselectivity. Followed by the deprotection
and cyclization treatments, the tetrahydrofuran ring in 41 was established. Finally, the synthesis of
ent-fragransin C; was accomplished through debenzylation under hydrogenation conditions.
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Scheme 4. Bioinspired synthesis of (£)-tanegool and (£)-pinoresinol. Adapted from Lump et al. [46].
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Scheme 5. Asymmetric synthesis of (—)-bursehernin. Adapted from MacMillian et al. [60].
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Scheme 6. Asymmetric synthesis of ent-fragransin C;. Adapted from Soorukram et al. [61].

Based on a tandem nucleophilic addition/Ru-catalyzed isomerization/SET oxidation/radical
dimerization strategy [62], Jahn and coworkers reported a bioinspired total synthesis of multiple
lignans in 2018 (Scheme 7) [63]. Using bromide 42 as the substrate, a smooth unprecedented tandem
1,2-nucleophilic addition/Ru-catalyzed isomerization/SET oxidation/radical dimerization afforded
1,4-diketone 43 with acceptable diastereoselectivity. After the reduction, three different treatments of
43 led to the formation of 44 and 45 in varied ratios. With the removal of double ¢t-butyldimethylsilyl
(TBS) protecting groups, the synthesis of (£)-fragransin A, and (+£)-odoratisol was achieved. Through
the same strategy, Jahn and coworkers completed the synthesis of (£)-galbelgin, (+)-grandisin,
(%)-galbacin, (£)-veraguensin, and (+£)-beilschmin B.
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Scheme 7. Bioinspired synthesis of seven acyclic lignans. Adapted from Jahn et al. [63].

A Ni-catalyzed cyclization/cross-coupling strategy was developed and applied for the synthesis
of (£)-kusunokinin, (£)-dimethylmetairesinol, (£)-bursehernin and (&)-yatein by Giri and coworkers
in 2018 (Scheme 8) [64]. Ligand 48 was used for the Ni-catalyzed cyclization/cross-coupling between
iodide 46 and aryl zinc reagent 47 followed by Jones oxidation, generating lactone 49 readily.
Compound 49 was then connected with bromide 50 in a good diastereoselective manner, completing
the synthesis of (£)-kusunokinin. The syntheses of (£)-dimethylmetairesinol, (+)-bursehernin and
(£)-yatein were accomplished using the same protocol.

:©/ OMe <
1 f
n-BuO 3 mol% NiBry, 4 mol% 48 LDA 86%

NMP, then
Jones oxidation 62% 9 (#)- kusunoklmn OMe
OMe OMe OMe | ___ ...
0 0 0 : A :
OMe OMe OMe | ! \ :
i =z :
d ] o | o oMe | 1T NN
OMe (o] O) 7777777777777777777777
(+)-dimethylmetairesinol (+)-bursehernin (+)-yatein

Scheme 8. Synthesis of four acyclic lignans. Adapted from Giri et al. [64].
3. Advances in Synthesis of Dibenzocyclooctadiene Serivatives

Dibenzocyclooctadiene derivative lignans feature a particular eight-membered ring containing a
chiral biaryl axis. Members of this subgroup possess various substitution patterns with two aryl rings
and different stereocenters on the aliphatic bridge.
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In 2010, an interesting Ni-catalyzed enantioselective Ullmann coupling of bis-ortho-substituted
arylhalides was developed and applied to the asymmetric synthesis of (+)-isoschizandrin by Lin and
coworkers (Scheme 9) [65]. With the application of chiral ligand 56, the Ni-catalyzed enantioselective
Ullmann coupling of bromide 51 gave the axial chiral biaryl dial 52 with acceptable enantioselectivity.
Aldehyde 55 was prepared after monoprotection, Wittig reaction and deprotection operations.
The synthesis of (+)-isoschizandrin was accomplished according to Molander’s cyclization protocol [66].

OMe OMe OMe
OMe MeO MeO MeO
MeO 10 mol% NiClo(PPhg), O o O Oj O Oj
5 mol% 56 MeO CHO HO MeO o Ph;P=CHCH; MeO o
MeO CHO  BugNl, Zn, DMA MeO CHO p-TsOH MeO CHO t-BuOK MeO N
Br 67%, 68% ee O toluene THF O
MeO 80% MeO 90% MeO
OMe OMe OMe
51 52, 98% ee (after recrystallization) 53 54

MeO
Molander's
p-TsOH MeO CHO  cyclization protocol
acetone/H,0O MeO O
98%
MeO
OMe

Scheme 9. Asymmetric synthesis of (+)-isoschizandrin. Adapted from Lin and Xu et al. [65].

(+)-isoschizandrin

Based on a double organocuprate oxidation strategy, Spring and coworkers reported the total
synthesis of (£)-deoxyschizandrin in 2012 (Scheme 10) [67]. Symmetrical 1,3-diene 58 was prepared by
the homo-coupling of alkenyl iodide 57 through a mild metalation, magnesio-cuprate transmetalation
and subsequent oxidation using 61 as the oxidant [68]. Subsequent hydrogenation afforded 59 as a
mixture of two diastereoisomers. After iodination, the expected iodide 60 was obtained. The synthesis
of (£)-deoxyschizandrin was completed by an intramolecular organocuprate oxidation process,
including metalation, magnesio-cuprate transmetalation and oxidation with 61.

MeO
MeQ I MeO MeO O Bry, CHCI; o
// i /PngCl LiCl MeO H2 Rh/C MeO I, CHCl,
MeO ii. CuBr SMe, MeO MeO m
iii. oxidant 61 3
Me© 63% 100%  MeO 61%
57 MeO 59 dr2:1
MeO |
MeO MeO—/ =\ T o 3
© O i. iPrMgCl, O ;
MeO ii. CuBr-SMe, MeO . N/\ 3
N LuBroVes ;
MeO iii. oxidant 61 MeO O @N\ !
MeO O 58% MeO NO, 61 1
MeO ! MeO T
60 (£)-deoxyschizandrin

Scheme 10. Synthesis of (£)-deoxyschizandrin. Adapted from Spring et al. [67].

In 2013, the RajanBabu group reported a general synthetic approach to multiple
dibenzocyclooctadienes lignans via an interesting borostannylative cyclization (Scheme 11) [69].
In the presence of PdCl,(PPhs), and [B-Sn] reagent 70, chiral diynyl precursor 62 was converted
into dibenzocyclooctadiene 64 through a borostannylative cyclization and a subsequent acidification
process [70].
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(-)-ananolignan D (-)-ananolignan B

Scheme 11. Synthesis of five dibenzocyclooctadienes lignans. Adapted from RajanBabu et al. [69].

The Subsequent hydrogenation afforded 65 as the major product. After the deprotection and
oxidation, the general intermediate 66 was prepared. The synthesis of (—)-ananolignan C was
achieved through two successive diastereoselective reductions of 66. Meanwhile, the synthesis of
(—)-ananolignan B was accomplished from the treatment of 66 with LiAl(O'Bu);H and subsequent
acetylation. The stereoselective hydrogenation of (—)-ananolignan B led to the formation of
(—)-ananolignan D. The following configuration inversion of the hydroxyl group and actylation
led to the synthesis of (—)-ananolignan F. In addition, (—)-interiotherin C can also be formed through
the esterification of 69 and angeloyl chloride 71.

Synthesis of other three lignans was reported by RajanBabu and coworkers in the same paper
(Scheme 12) [69]. Oxidative cleavage of the right-bottom double bond of 64 was applied for the
formation of ketone 72. Diol 74 was obtained from the debenzylation and methyllithium 1,2-addition
of 72. After hydroxyl oxidation, diastereoselective reduction and benzoyl protection steps, compound
76 was obtained. Starting from 76, synthesis of schizanrin F was achieved by TBS deprotection,
oxidation, diastereoselective reduction and acetylation process. Starting from diol 74 again, compound
78 can be prepared by TBS deprotection, oxidation and double diastereoselective reduction. Finally,
the synthesis of kadasuralignan B and tiegusanlin D was accomplished through acetylation and
benzoylation of 78, respectively.

1. 0sO,4, NMO
e bt
2. NalOg4

NaBH, MeO
-—t

82% dr 10:1 MeO
H

MeO

R = Ac, kadsuralignan B 98% 78 schizanrin F

R = Bz, tiegusanlin D 90%

Scheme 12. Synthesis of another three dibenzocyclooctadienes lignans. Adapted from RajanBabu et al. [69].
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In 2018, a mild and asymmetric synthetic route to (—)-gymnothelignan L was developed by She
and coworkers through a Suzuki-Miyaura coupling and a bioinspired desymmetric transannular
Friedel-Crafts cyclization strategy (Scheme 13) [71]. Iodide 80 was obtained from iodination of
compound 79. The Suzuki-Miyaura coupling of 80 and arylboronic acid 84 formed biphenyl compound
81, which was transformed into 82 using DIBAL-H as the reducing agent. Under acidic conditions,
a bioinspired desymmetric transannular Friedel-Crafts cyclization of 82 occurred readily, generating 83.
After removal of the benzyl protecting group, the synthesis of (—)-gymnothelignan L was completed.
At almost the same time, a similar strategy was applied in total synthesis (—)-gymnothelignan V by
Soorukram and coworkers [72].

(0] Me o} Me

I S T 25
O ~Me O Me g0

: I, AQNO3 | = ome %4 DIBAL-H

-_ = —_— = M EEEE——
CHCl, 10 mol% Pd(PPhg)s CH,Cl,

o OMe 48%  MeO o NaHCOs, DME 78%
o o~/ 92%

79 80

/—0 /9

WZ_S O, OMe O, OMe
. Me

HO ' . O Me O R

BF3+OEt,_ a Ha, PAIC a

a2 T )

MeO CHxCl, o MeOH 4
Me Me

68% 95%
MeO OMe MeO OMe

OBn OH
83 (-)-gymnothelignan L

Scheme 13. Bioinspired asymmetric synthesis of (-)-gymnothelignan L. Adapted from She et al. [71].

4. Advances in the Synthesis of Arylnaphthalene Derivatives

In the literature, the arylnaphthalene derivative lignan subgroup includes arylnaphthalenes and
aryltetralins. Structurally, these lignans have a substituted naphthalene core. It should be mentioned
that, due to their excellent biological characters, several clinically used antitumor drugs are derived
from the well-known member, podophyllotoxin, and its glycosides [49].

Ph
HOO O Me
>< BnO MeO
. e

MeO
CO,Et
2 o LCOEt BnO L coqet
4 mol% TfOH ClISi(Me),CH,Br Sl(Me)zCHzBr
0% |m|dazo|e
MeO OBn 94% brsm MeO OBn
OBn OBn
MeO. MeO MeO
Si(Me),OH
o 1. n-PrSNa, DMF
10 mol% Nl|2 BnO OHCOzEt H202 BnO COzEt ———> HO OHCOOH
Smlz NaHCOa 2. Hy, Pd/C, MeOH
o then Dowex-50
58% 90% brsm
MeO MeO OBn 72% MeO
OBn

(=) pllcatlc acid

(TADOOH 86)

LiOH, THF
83%, 98 ee%

Scheme 14. Asymmetric synthesis of (—)-plicatic acid. Adapted from Deng et al. [73].

In 2009, Deng and coworkers reported an asymmetric total synthesis of (—)-plicatic acid
(Scheme 14) [73]. The enantioselective epoxidation of trisubstitued olefin 85 was applied for the
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introduction of the original chiral stereocenters. Excellent enantioselectivity was obtained from the
application of chiral (S,5)-TADOOH 86. Intramolecular Friedel-Crafts reaction of 87 formed the
six-membered ring of 88 effectively. Subsequent silylation and intramolecular Barbier reaction under
Sml, /Nil, conditions afforded a diastereoselective access to diol 90. After Fleming-Tamao- Kumada
oxidation [74,75], 91 was furnished. The synthesis of (—)-plicatic acid was completed following
hydration and global debenzylation.

The stereoselective aza-Claisen rearrangement strategy developed by Barker and coworkers
was not only effective for asymmetric synthesis of (+)-galbelgin (Scheme 2), but also for asymmetric
synthesis of (—)-cyclogalgravin, and (—)-pycnanthulignenes A and B (Scheme 15) [54]. Through the
aza-Claisen rearrangement strategy, alcohol 9 (Scheme 2) was prepared and submitted to hydroxyl
protection and double bond oxidation, generating aldehyde 92. The addition from aryllithium 11 gave
compound 93. The synthesis of (—)-cyclogalgravin was achieved through cyclization. Employing same
protocol, Barker’s group also finished an asymmetric synthesis of (—)-pycnanthulignenes A and B.

i oM
HO Me ¢ TBSOT TBSQ Me  MeO L TBSO  Me O ©
MeO 7 2.050, NMO ]ij/\‘/k veo 194 MeO O oMo
290, NMO_
M . -
MeO e 3. NalO, MeO Me OH

61% (3 steps) 66%

9 92 93
MeOMe MeOMe MSOMe
MeO Y “Me MeO Y "Me MeO Y "Me

MsCl, NEt, : = >

—_—
OMe 0]
%
o5% OMe HO o/

(-)-cyclogalgravin (-)-pycnanthulignene A (-)-pycnanthulignene B

Scheme 15. Asymmetric synthesis of (—)-cyclogalgravin. Adapted from Barker et al. [54].

In 2012, Hong and coworkers reported the enantioselective total synthesis of (+)-galbulin using
an organocatalytic asymmetric Michael-Michael-aldol cascade (Scheme 16) [76]. Under the promotion
of Jergensen-Hayashi catalyst 96, ketoaldehyde 97 was readily prepared from the asymmetric
Michael-Michael-aldol cascade of 94 and 95. Compound 99 was produced by reduction, oxidation and
epoxidation treatments of 97. Following epoxide ring-opening and aromatization, compound 101 was
obtained. The synthesis of (+)-galbulin was finally accomplished through selective methylation and
dehydroxylation processes.

OMe OMe

Me Q Ph 96
He oA, " owe OMe OMe
o4 e 1.20 mol/o N OTMS 1. NaBH,, MeOH H0,
. AcOH, MeCN CeCI3 H,O I H _29. NaOH NaOH
MeO S_CHO 2. p-TsOH, MeCN \Olil 2.MnOy, CHCly m MeOH m
:©/V 82% (2 steps) Me™ o0  98% (2 steps) 80%
MeO H
95 97
OMe OMe OMe OMe

OMe OMe OMe OMe
heat Mel, K,CO 1. MsCl, Et3N, CH,Cl
H 44% (2 steps) s 208 sUL ST Vv

MeOH z - OMe acetone OMe 2. super hydride, THF o OMe
Me" OMe

(+)-galbulin

Scheme 16. Enantioselective synthesis of (+)-galbulin. Adapted from Hong et al. [76].
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Peng and coworkers reported in 2013 the synthesis of sacidumlignan A employing Ueno-Stork
radical cyclization and skeletal rearrangement strategy (Scheme 17) [77]. Alcohol 103 was connected
with ethyl propenyl ether in the presence of bromine, readily generating 104. The Ueno-Stork radical
cyclization of 104 was enabled by BuzSnH and AIBN.

OMe OMe Br OMe

BnO BnO BnO
O o 7 omt O OQM
MeO

MeO ~ Bry CHyCl, _ OBt pgysnH MO .ME_O

- - -
MeO O N,N-dimethylaniline MeO O AIBN, PhMe  MeO O 5§
e

90%
82%
BnO  OMe : BnO  OMe BnO

OEt

OMe
103 104 105

BnO.
MeO MeO
p-TsOH _HpPdC
Lhaaty
CH,Cl, EtOAc MeOH
65% MeO OMe 100% MeO OMe
Bn

samdumllgnan A

Scheme 17. Synthesis of sacidumlignan A. Adapted from Peng et al. [77].

The resulting 105 was submitted to a skeletal rearrangement, affording arylnaphthalene 106.
The synthesis of sacidumlignan A was achieved after benzyl deprotection.

The same year, Peng and coworkers also reported the total synthesis of (£)-cyclogalgravin and
(£)-galbulin (Scheme 18) [78]. Cyclic acetal 108 was obtained from Ueno-Stork radical cyclization
of 107. Diol 110 was prepared by an oxidation, methylation and reduction process. Subsequent
selective hydroxyl protection, dehydroxylation, deprotection and oxidation led to the generation
of aldehyde 111. Next an intramolecular Friedel-Crafts reaction was applied for the synthesis
of (£)-cyclogalgravin. The synthesis of (£)-galbulin was readily achieved by the stereoselective
hydrogenation of (£)-cyclogalgravin.

MeO
O 1 PBA MeO MeO M HO
MeO __ OEt mers Yoo LiAIH OH
_ BusSnH _ BF3 OEt, ‘ AR,
O AIBN, PhMe 2. LIHMDS,
90% MeOTf
MeO  OMe 75%
107
MeO,
e MeO:“: MeO. Me
1. TBDPSCI, imidazole O m
: MeO o}
2. Et,SiH, BFyOEt, ey  _PTOH meo M2 PAC - yieo " “Me
Bl Rl A B
3. TBAF, THF O f PhMe “Eohe
4.IBX, EtOAc e 9
MeO 60% (6 steps) OMe 97% OMe
OMe OMe OMe
11 (£)-cyclogalgravin (+)-galbulin

Scheme 18. Synthesis of (£)-cyclogalgravin and (+)-galbulin. Adapted from Peng et al. [78].

In 2013, Argade and coworkers reported a novel strategy to construct arylnaphthalene frameworks
via Pd-promoted [2 + 2 + 2] cyclization (Scheme 19), which enabled the synthesis of justicidin B and
retrojusticiding B [79]. Through a Pd-promoted [2 + 2 + 2] cyclization process, aryne precursor 112
was connected with diene 113, generating arylnaphthalene 114. After the regioselective hydrolysis of
the ester group, the synthesis of justicidin B was achieved through a chemoselective reduction of the
acid group using BH3-SMe; and subsequent lactonization. Meanwhile, the synthesis of retrojusticidin
B was achieved through the reduction of 115 and subsequent lactonization.
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MeO COMe MeO COH
MeO. SiMe; COMe 15 mol% Pd,(dba)s OO
:@: + I/C[o 30 mol% IMes-HCI MeO CO,Me Me3SiOK  MeO CO,Me
MeO oTf MeOC > CsF, MeCN THF
°© 87% O
\/

66%

112 113
BH3-SMe; NaH LiBH,
THE 76% 1 J4- d|oxane

MeO MeO
[y
MeO MeO
QL
o}
o—/

Retrqusﬂcndm B 67%

Justicidin B
(+ 28% justicidin B)

Scheme 19. Synthesis of justicidin B and retrojusticiding B. Adapted from Argade et al. [79].

Shia and coworkers reported in 2015 the synthesis of three arylnaphthalene derivative lignans
using a Mn(Ill)-mediated free radical cyclization cascade (Scheme 20) [80]. Knoevenagel condensation
of x-cyano ester 116 with aldehyde 117 and subsequent reduction was applied for the generation
of a-cyano ester 118. The following oxidative free radical cyclization cascade enabled by Mn(OAc)s
afforded access to compound 119. The synthesis of retrojusticidin B was accomplished after decyanation
and aromatization operations. Using the same strategy, the synthesis of justicidin E and helioxanthin

was completed.

o
CN
// O 20 mol% L-proline
OHC\@iOMe _Hantzsch ester Me  Mn(OAc);
* EtOH BT
PhH
OLO OMe 85%
116

Me 67%
117

[o] [o]
MeO MeO
Cp O
MeO Smlg THF MeO [e]
ihen EN, air Et3N air -0
QA Q)
o] o]
o—/ o\/ o—/
retrojusticidin B justicidin E helloxanthin

Scheme 20. Synthesis of arylnaphthalene derivative lignans. Adapted from Shia et al. 2015 [80].

In 2015, Narender and coworkers reported an interesting Ag-promoted radical addition/
cyclization process for the construction of highly substituted «-naphthol skeletons (Scheme 21) and the
synthesis of three arylnaphthalene lignans [81]. Through the Ag-promoted radical addition/cyclization
between ketoester 120 and aryl propiolate 121, polysubstituted arynaphthol 122 was readily prepared.
The synthesis of diphyllin was finished under known reductive-lactonization conditions [82].
The synthesis of justicidin A was then achieved through methylation of diphyllin. The synthesis
of taiwanin E was also accomplished.
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OH O

MeO OEt
o O 0 30 mol% AgOAc OEt
MeO = Na,$,05 MeO LiAiH,
OEt . 2 — ot 2928 Ie) o\l
H,0, 60 °C 80%
. : z ° -
120

56%

[¢]
121 o 122
OMe OH
MeO MeO o
SOSENIESS
MeO Mel, KzCO3  MeO 0
Tacetone 0
) 0
Q Qo
o -0
diphyllin justicidin A taiwanin E

Scheme 21. Synthesis of arylnaphthalene lignans. Adapted from Narender et al. [81].

In 2017 Ham and coworkers reported the synthesis of seven arylnaphthalene derivative
lignans based on a strategy involving Hauser-Kraus annulation and Suzuki-Miyaura cross-coupling
(Scheme 22) [83]. In the presence of LIHMDS, the Hauser-Kraus annulation between cyanophthalide
123 and vy-crotonolactone 124 and subsequent protection treatment gave arylnaphthalene 125.
The synthesis of diphllin was finished by the subsequent Suzuki-Miyaura cross-coupling of 126
and potassium aryltrifluoroborate 127. Justicidin A was produced by the methylation of diphllin.
The syntheses of taiwannin E, chinensinaphthol justicidin C, justicidin D and cilinaphthalide B were
also finished.

CN OBoc OBoc
MeO. o LIHMDS, THF MeO OO - T+,0, pyridine MeO. OO
—— 7
- CH,Cl
MeO &O 124 MeO 22 MeO
0 o OH © 98% oTf

then Boc,O 83% 125

10 mol% Pd(OAc), MeO MeO
20 mol% PCy3
Cs,CO3, aq. 1,4-dioxane MeO % Mel, K,COs MeO
—— e
<0]©/ BF3K O acetone O
88%
e} (o]
h—
97%
diphyllin justicidin A
OH OH OMe o OMe o OH
0 o MeO 0
G e | (I OO I
o} 0 MeO o
e} (0] (0]
o] l l OMe l OMe
jSe) OMe OMe
taiwanin E chinensinaphthol justicidin C justicidin D cilinaphthalide B

Scheme 22. Synthesis of seven arylnaphthalene lignans. Adapted from Ham et al. [83].

Hajra and coworkers reported the enantioselective total synthesis of (—)-podophyllotoxin and
natural analogues in 2017 (Scheme 23) [84]. The L-proline-catalyzed asymmetric cross aldol reaction
between 6-bromopiperonal 128 and aldehyde 129 introduced original stereocenters with excellent
diastereoselectivity and excellent stereoselectivity at gram scale. Lactone 130 was obtained after reduction,
lactonization and TBS protection operations. Z-Benzylidene lactone 132 was prepared through an
aldol reaction between 130 and aldehyde 131, and subsequent elimination. The intramolecular Heck
reaction between trisubstituted Z-alkene motif and the bulky bromoarene motif in 132 happened
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smoothly, generating compound 133 in good yields. Notably, under different hydrogenation conditions,
three stereoselective pathways of 133 led to the synthesis of (—)-podophyllotoxin, (—)-picropodophyllin,
(+)-isopicropodophyllin, respectively. Meanwhile, the synthesis of (+)-isopicropodophyllone was
achieved through the oxidation of (+)-isopicropodophyllin. The synthesis of (—)-isopodophyllotoxin
can be accomplished through a TBS deprotection and reductive Heck reaction process from 132.

MeQO
1. 30 mol% L-proline, DMF
CHO QoTBS MeO CHO 131
CHO MeOZC/\/ 129 o <
< D[ _then NaBH,, MeOH < mo MeO LiHMDS, THF
2. pTSA, toluene o Br MsCl, EtsN
dr=133:1, 99% ee ° then DBU 84%
128 3. TBSOTf, THF 130
70% (3 steps) 5 mol% Pdydbagz
10 mol% ArzP
84%
OTBS DIPEA o QH
0 ~ O
< ) 1. Pd/C, HCO,Na { O‘ o) 1. Pd/C, HCO,Na <o O
’ H,0, 1-pentanol o H,0, 1-pentanol H Y
PR Rttt o} :
2. TBAF, AcOH/THF O 2. TBAF, THF
9 52%
MeO OMe 54% MeO OMe ° MeO OMe
OMe OMe OMe
(-)-podophyllotoxin 133 (-)-picropodophyllin
1. Pd/C, Hp, MeOH o
2. TBAF, THF l 88%
PDC, CHzC|z _1. TBAF, THF, 89% _
6% 2. 10 mol% Pdydbag
HCO,Na
MeO’ OMe MeO OMe 3 DMF, 64%
OMe
(+)- |sop|cropodophyllone (+)—|sop|cropodophyl||n ; (-)-isopodophyllotoxi

Scheme 23. Synthesis of (—)-podophyllotoxin and three natural analogues. Adapted from Hajra et al. [84].

Czarnocki and coworkers reported in 2018 the total synthesis of (+)-epigalcatin using a
photocyclization process under continuous flow UV irradiation conditions (Scheme 24) [85]. Diester
134 was condensed with aldehyde 120 at basic conditions, affording E,E-bisbenzylidenesuccinic acid
135. Through an amidation process, L-prolinol was introduced in amide 136 as a chiral auxiliary.
Eight-membered ring compound 137 was prepared via following hydrolysis and macrolactonization.
Under continuous flow irradiation with UV light, the photocyclization of 137 furnished 138
smoothly [86]. Remove of the chiral auxiliary, hydrogenation of the double bond and simultaneous
reduction of formyl group led to the formation of ester 139. The synthesis of (+)-epigalcatin was
achieved through subsequent reductive transformations of the methyl ester of 139 into a methyl group
via three steps.

<o]©A\[002ME ]@/ _tBUOK _ Q N\ ~COOH 1. 1. (COCI,, CHyCly. Q \ 1. K2CO;, MeOH
o] CO,Me PhMe MeO Q 7/ >CO,Me 2 NEt, L-prolinol MeO Q 7/ >COo,Me z BOP, TEA
79% 91% (2 steps) 65% (2 steps)
134

O, o) \Me
r 0 o Me ¢ ]@O
° Q N N continuous flow < O‘ <O o 1. LiAlH,, THE - O 7 "Me
__imadiation “COMe  1.CpaZi(H)Cl : 2Vle 2. Tf0, DIPEA A
wo{ o
[¢]
MeO

-
then HCI, MeOH T2 H, PAC 3. LiAlH,, THF
OMe
65% overall 49% (2 st 52% (3 steps
OMe @ steps) OMe 63 steps) OMe
138 OMe 139 OMe (+)-epigalcatin

Scheme 24. Synthesis of (+)-epigalcatin. Adapted from Czarnocki et al. [85].
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Peng and coworkers reported the total synthesis of (—)-podophyllotoxin and four natural
analogues using a Ni-catalyzed reductive cascade in 2018 (Scheme 25) [87]. The asymmetric
conjugated addition of 141 to chiral «,f3-unsaturated amide 140 introduced the first stereocenter.
Enol ether 144 was obtained after subsequent reduction, oxidation, acetal formation and elimination.
-Bromoacetal 145 was produced using 2,4,4,6-tetrabromo-2,5-cyclohexadienone (TBCD). With the
application of the Ni-catalyzed reductive cascade [88], both 146 and 147 were produced in moderate
yields. After the hydration and oxidation of 146, the synthesis of (+)-deoxypicropodophyllin
was accomplished. (+)-Isodeocypodophyllotoxin can be synthesized from the epimerization at
C9a of (+)-deoxypicropodophyllin under basic conditions. With the radical bromination under
visible-light irradiation [89], and further oxidation treatments, the synthesis of (—)-epipodophyllotoxin
and (—)-podophyllotoxone was achieved in a stepwise fashion. The stereoselective reduction of
(—)-podophyllotoxone using L-Selectride gave (—)-podophyllotoxin. Additionally, compound 147
can be transformed into Meyer’s 150 intermediate for synthesis of (—)-picropodophyllin and
(—)-picropodophyllone through three regular operations [90].

Br Phw/\
o) Br
(0]
MgB N
r Phﬁ/\ 4@ 95" O H W{ <ODE/YOM9
14 ~_ 0 ©O NaBH :
% 2BH, i bue TMsOTE, DIPEA
0
CuBrSMe,, THF MeO OMe then PCC, CH(OMe)3 CH,Cl,, 85%
80% OMe 88% MeO OMe
140 142 oMe
143
Br H H
\\\/\ O z O
< < o $ 0
N TBCD 30 mol% NiCl,DME o it
B allyl alcohol Br OMe ethyl crotonate, Zn OMe + = H OMe
- . - s
CH,Cl,, 76% pyridine, DMF
MeO OMe
OMe
146 41% 147 35%
HCI, PCCI 68% HCI, PCCl 62%
o]
NBS, 1,4~ dloxane hv
o 1
then silica gel then AcOH
0
81% 93% brsm
OMe
(-)-epipodophyllotoxin (+)- deOXYP'CFOPOdOPhY'|°t°X"" (+)-deoxypicropodophyllin
eo%l PDC H,SO, | then
CH,Cl, MeOH | TBSCI

93%

o
H
o] S
OTBS OTBS
<oji:©;«\o L-selectride m m\
- >
Y B O
THOY THF H CO,Me CrO3 ,5-DMP COzMe
87% CHZCIQ
57% brsm
MeO OMe MeO OMe MeO OMe
OMe

OMe
{-)-podophyllotoxone {-)- podophyllotoxm 150 149

Scheme 25. Synthesis of (—)-podophyllotoxin and four natural analogues. Adapted from Peng et al. [87].

The Ni-catalyzed cyclization/cross-coupling has been verified as a suitable strategy for not
only the synthesis of multiple acyclic lignan derivatives (Scheme 8) but also the synthesis of
()-dimethylretrodendrin and (=£)-collinusin (Scheme 26) by Giri and coworker [64]. Lactone 49
was obtanied from the Ni-catalyzed cyclization/cross-coupling process (Scheme 8). The stereoselective
aldol reaction between 49 and aldehyde 117 and following intramolecular Friedel-Crafts reaction led
to the formation of (£)-dimethylretrodendrin.
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OMe MeO:©/CHO LDA
MeO
o MeO 117
. o
W workup, then TFA

49 73% dr 19:1

OMe
(£)-dimethylretrodendrin

OMe
| oM 3 mol% NiBrs
IS UQ gL L
+
nBuO™ "0 o e
then Jones oxidation 0
[¢] Znl

70%

46 151
MeO -~~~ Tmmmmmmmmmmommmoeeeeeoo
O‘ o B
LDA, THF MeO Y LN N o
O ‘ _N N~
65% 0 3 153
° O\/ L
(%)-collinusin

Scheme 26. Synthesis of (£)-dimethylretrodendrin and (4)-collinusin. Adapted from Giri et al. [64].

In the presence of 153, the Ni-catalyzed cyclization/cross-coupling of 46 and 151 and
following oxidation gave lactone 152. The synthesis of (£)-collinusin was completed by subsequent
intramolecular nucleophilic addition and dehydration.

In 2018, Belozerova and coworkers reported the synthesis of sevanol via an oxidative dimerization
strategy (Scheme 27) [91]. Chiral ester 156 was prepared by esterification of acid 154 and chiral alcohol
155. After the removal of two MOM protecting groups of 156, compound 157 was submitted to
FeCls-promoted oxidative dimerization, affording sevanol after the hydrolysis of all three ester groups.

BUOOC_ .
BUOOC . “coomu
MOMO X COOH BuOOC—,  COO?Bu
]@N — DIC, DMAP 0" >Co0MBu
+ e ——
MOMO BuoOoC  OH Et;N, CH,Cl, MOMO A
87%
154 155 ’ MOMO 156
Hooc]:\COOH
tBUOOCI\\COOtBu o coom
TFA HO
M, 0" >CoO0tBu . O  COOH
CHCN, H:0  ho Ay 1. FeCly, CHaCN, H;0, 41% HOO%_’///COOH
2. TFA, H,0, 39% ;
5% Bt . O COOH
HO
187 HO sevanol
OH

Scheme 27. Synthesis of sevanol. Adapted from Belozerova et al. [91].

Aria and coworkers reported total synthesis of ()-isolariciresinol using a tandem Michael-aldol
reaction in 2018 (Scheme 28) [92]. Alcohol 160 was obtained as a diastereomeric mixture from the
tandem Michael-aldol reaction of dithiane 158, lactone 124 and aldehyde 159 under basic conditions.
After the cleavage of the dithiane substituent and TBS, the following cyclization furnished 162 as the
major product.

Ester 163 was prepared from methanolysis of the lactone ring and TBS protection operations.
The synthesis of (&)-isolariciresinol was achieved through the subsequent reduction and
deprotection treatments.
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nBuLi, THF MeO.

m 124
S & TBSO

0 1. NaBHj, NiBry
A\ MeOH/THF

:@X 2. TFA, CH,Cl,
TBSO
then j@/ OMe OMe
BnO 159 160 OBn 162 (73%)
65% dr 1.8:1 OH
1. EtzN, MeOH 81%
2. TBSCL EtsN | (2 steps)
DMAP, CH,Cl,
OTBS OTBS
MeO MeO.
TBAF TBSO ., ~OH DIBAL-H TBSO
THF
quant.
77%
OMe
OTBS
()-isolariciresinol 164

Scheme 28. Synthesis of (£)-isolariciresinol. Adapted from Aria et al. [92].

Barker and coworkers reported in 2017 the first total synthesis of (£)-ovafolinins A and B through
the acyl-Claisen rearrangement developed in their lab and a cascade cyclization enabled by bulky
protecting groups (Scheme 29) [93]. Notably, (+)-ovafolinins A and B have polycyclic skeletons rarely
found in lignans. The acyl-Claisen rearrangement between acid chloride 165 and allylic morpholine
166 afforded amide 167 as a single diastereoisomer and in excellent yields. Alcohol 168 was prepared
by hydration and reduction. Phenol 169 was introduced through a Mitsunobu reaction. Alcohol 170
was obtained after the oxidative cleavage of the double bond and following reduction. The subsequent
t-butyldiphenylsilyl (TBDPS) protection, debenzylation and oxidation led to the formation of compounds
171 and 172 through a cascade cyclization enabled by the TBDPS group. The synthesis of (+)-ovafolinins
A and B was achieved after subsequent hydrogenation and deprotection.

1. PhsP, DIAD

OBn OH
iPro 1. I, THF/H,0
’ _TiCly2THF ﬁN 7 270, ACOH _ 'PrO "
T opn PraNEt, /Pr,NEL, DCM. OMe 3. LiAlH,, THF LiAH,, THF _ ome ™
ﬁ NN 99% 89% (3 steps) 2. 0s0,, NMO
0 166 167 OPr O'Pr 3. NalO,
OMe 4. NaBH,, MeOH

69% (4 steps)

| OMe
Pro OBn
1. TBDPSCI, O O OPr 1. HCO,NH,, P/C OH
OH imidazole OMe 2. AICl; DCM_
2.Hp PAIC A OMe i
OMe 3. DMP. DOM " 3.TBAF, THF  H-\T SH OMe * HGXT XH oOMme

TBDPSO

OMe

171 (X=Br, 61%) ()-ovafolinin B (25%) (+)-ovafolinin A (19%)
172 (X=H, 28%)

Scheme 29. Synthesis of (£)-ovafolinins A and B. Adapted from Barker et al. [93].

Taking advantage of the above achievement, Barker and coworkers reported the first asymmetric
total synthesis of (+)-ovafolinins A and B (Scheme 30). Starting from acid chloride 165 again, chiral
amide 174 was first prepared. Stereoselective allylation and dihydroxylation of the double bond
led to the generation of lactone 176. After the reduction and oxidative cleavage of the 1,2-diol motif,
lactone 177 was formed by Fétizon oxidation. The introduction of the benzyloxymethyl group and the
following reduction led to the formation of 179. After TBDPS protection, Mitsunobu reaction with 181
and debenzylation, alcohol 180 was obtained. Chiral 172 was formed through a cascade cyclization
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under oxidative conditions. Finally, the first asymmetric synthesis of (+)-ovafolinins A and B was
achieved after deprotection operations. Based on optical rotation comparisons between the synthetic
samples and the natural compounds, Barker’s group demonstrated that natural ovafolinins A and
B were both isolated in scalemic mixtures. And the original stereochemical assignment of natural
ovafolinin B was corrected.

Li o O [¢]
° . o © MeO
N OMe
MeO O~ J’B” My OMe | imps o)L NT Y 0s0, _ o
o Y/ @ L _ N o Prof
Pro' S Bn oPr o~ Br Bn w o " 86% MeO 3
OMe o OMe 78% © HO
165 174 175 176
OMe
HO OH
1) LiAH,  MeO MeO. % 1) TBDPSCI 0 Opr
2) Nalo, o) LiAIH —OBn
- LDA, BOMCI o _LiAH 2)PhP, DIAD, 181 1 OMe
T i 5 H ) OMe
3 Fetizon's ol ( —'47% PrO . o OMe 3) H,, PdIC
reagent MeO oBn © » 20% 3 — O'Pr
61% 3 steps Meo  OPr 3 steps OMe
177 178 179 180
OMe
o O o MeO. OH
DMP AICl; 79%
H OMe + Proi
87%  H-\J OMe TBAF r
% OMe
TBDPSO/ o
OMe OMe OMe 181

(+)-ovafolinin B (17%) (+)-ovafolinin A (17%)

172

Scheme 30. Asymmetric synthesis of (+)-ovafolinins A and B. Adapted from Barker et al. [93].

Recently, we developed a new asymmetric synthetic route to (+)-ovafolinins A and B
(Scheme 31) [94]. Starting from benzyl syringaldehyde 182, bromide 183 was prepared after reduction
and bromination. The diastereoselective alkylation of (S)-Taniguchi lactone 184 introduced two adjacent
stereogenic centers in excellent stereoselectivity, affording lactone 185. Subsequent double benzyl
protection opened the lactone ring and generated ester 186. Compound 189 was obtained from the
reduction and connected with 188 through Mitsunobu reaction. After oxidative cleavage of double
bond, aldehyde 190 was obtained. The polycyclic skeleton in 191 was constructed through a double
Friedel-Crafts reaction of 190. The synthesis of (+)-ovafolinin B was accomplished through the global
debenzylation. And the synthesis of (+)-ovafolinin A was achieved through subsequent benzylic
oxidation cyclization enabled by Cu(OAc)s,.

o}
MeO cHO ¥ E/é o
e
MeO. 0o
1. NaBH,, MeOH o 184 MeO KOH, BnBr
—_— . o ————~
BnO 2.PBrs, CH,Cly BnO GAVDS, THF . 8o PhMe
OMe 72% (2 steps) OMe 71% v | 78%
182 183 185
MeQO OMe
BnO OH
MeO OH Q OQOBH 1. K0804+2H,0, NMO
L ogn _Meo 188 H OMe THF/H,O/t-BuOH
3 T OM
BnO DEAD, PPh, © 2. NalO,, acetone/H,0
PhMe/Et,0. BnC OBn 77% (2 steps)
94% OMe
189
Pd/C, H, Cu(OAc),
ok
H EtOH/EtOAC MeCN

quant.

91%

(+)-ovafolinin B

(+)-ovafolinin A

Scheme 31. Asymmetric synthesis of (+)-ovafolinins A and B. Adapted from Hu et al. 2018 [94].
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5. Conclusions

In this review, we have summarized the advances in the synthesis of lignan natural products
reported from 2008 to 2018. Synthetic progress in three areas was outlined: acyclic lignan derivatives,
dibenzocycooctadiene derivative and arylnaphthalene derivatives. Novel synthetic methodologies
had been applied for construction of challenging structures existing in lignan natural products. As the
result, many elegant synthetic approaches to lignans had been developed. However, as a long term
program, the promising biological features and development of concise synthetic approaches to
lignan natural products and their analogues are continuing to attract more and more interest from the
pharmaceutical industry and the organic synthesis community.
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