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Abstract: Lamellarins are natural products with a [3,4]-fused pyrrolocoumarin skeleton possessing
interesting biological properties. More than 70 members have been isolated from diverse marine
organisms, such as sponges, ascidians, mollusks, and tunicates. There is a continuous interest in the
synthesis of these compounds. In this review, the synthetic strategies for the synthesis of the title
compounds are presented along with their biological properties. Three routes are followed for the
synthesis of lamellarins. Initially, pyrrole derivatives are the starting or intermediate compounds,
and then they are fused to isoquinoline or a coumarin moiety. Second, isoquinoline is the starting
compound fused to an indole moiety. In the last route, coumarins are the starting compounds, which
are fused to a pyrrole moiety and an isoquinoline scaffold. The synthesis of isolamellarins, aza-
coumestans, isoazacoumestans, and analogues is also described. The above synthesis is achieved via
metal-catalyzed cross-coupling, [3 + 2] cycloaddition, substitution, and lactonization reactions. The
title compounds exhibit cytotoxic, multidrug resistance (MDR), topoisomerase I-targeted antitumor,
anti-HIV, antiproliferative, anti-neurodegenerative disease, and anti-inflammatory activities.

Keywords: lamellarins; azacoumestans; isolamellarins; isoazacoumestans; isoquinoline; coumarins;
cytotoxic activity; anti-HIV activity; anti-inflammatory activity

1. Introduction

Coumarin (2H-1-benzopyran-2-one) derivatives are widely distributed in nature as
secondary metabolites from plants, bacteria, fungi, and marine microorganisms [1-11].
Different derivatives of coumarins, natural or synthetic, possess diverse biological prop-
erties [12,13], such as anticancer [14,15], anti-inflammatory [16,17], anticoagulant [18,19],
anti-HIV [20,21], antidiabetic [22,23], antibiotic [24,25], antitubercular [26,27], neuropro-
tective [28,29], etc. Fused coumarins also possess biological activities, and many of them,
like furocoumarins [30,31], pyranocoumarins [32], pyridocoumarins [33,34], or pyrrolo-
coumarins [34-36], are isolated from nature. Fused pyrrolocoumarins present interesting
biological activities, such as cytotoxic [37,38], antioxidant [39], anti-inflammatory [39,40],
multidrug resistance (MDR) reversal [37], and act as benzodiazepine receptor (BZR) lig-
ands [41,42], angiogenesis inhibitors [43], DYRK1A inhibitors [37,44], Wnt signaling in-
hibitors [45], or fluorescent sensors for live cell imaging [46]. The classes of lamellarins
(Figure 1) and their related compounds (Figure 2) are the most important among [3,4]-
fused pyrrolocoumarins. Lamellarins have been isolated from diverse marine organisms,
such as sponges, ascidians, mollusks, and tunicates, and they are divided into two main
groups [47-51]. Type I contains a fused pyrrole ring, while type II has a non-fused pyrrole
ring (e.g., lamellarins Q and R). Type I lamellarins involve compounds with the fused
piperidine ring being saturated (type Ia) (e.g., lamellarins A, C, G, J, etc.) or with an
unsaturated piperidine ring (type Ib) (e.g., lamellarins B, W, D, H, etc.).
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Figure 1. Lamellarins found in nature.
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Figure 2. Lamellarin’s related compounds with biological interest.

More than 70 members of the family of lamellarins have now been isolated. In more
detail, lamellarins A-D (Figure 1) were isolated in 1985 from the methanol extracts of the
marine prosobranch mollusk, Lamellaria sp., by Faukner, Clardy, and coworkers [52]. Lamel-
larins E-H were identified in 1988 during the chemical investigation of the marine ascidian
Didemnum chartaceum from the Indian Ocean by Fenical, Clardy et al. [53]. Lamellarins I-M
and lamellarin N triacetate were isolated in 1993 by Caroll et al. from the marine ascidian
Didemnum sp. collected at Southwest Cay, off the North Queensland coast [54]. Lamellarins
Q and R were obtained in 1995 by Capon and coworkers from a specimen of Dendrila Cactos
collected near the coast of New South Wales [55]. In 1996, an Australian tunicate Didem-
num sp., collected near Duras, New South Wales, yielded the enantiomerically enriched
lamellarin S, as reported by Urban and Capon [56]. Lamellarins T-X along with lamellarin
Y 20-sulfate were isolated in 1997 by Faukner, Venkateswarlu, and coworkers from an
unidentified ascidian (collection # IIC-197) collected in the Arabian Sea [57]. The same
group presented the isolation of lamellarin E 20-sulfate and lamellarin « 20-sulfate from the
same source in 1999 [58]. In 1999 also, Davis et al. described the isolation of lamellarin Z
and lamellarins B 20-sulfate, C 20-sulfate, L 20-sulfate, and G 8-sulfate from the Australian
Great Barrier Reef ascidian, Didemnum chartaceum [59]. In 2002, lamellarin 3 was isolated
by Ham and Kang from a marine ascidian, Didemnum sp., collected in the Indian Ocean [60].
In 2004, Venkateswarlu and coworkers reported the isolation of lamellarins «, v, and e
from the Indian ascidian Didemnum obscurum [61]. Lamellarins (, , ¢, and x were also
isolated by the same group in 2005 from the Indian tunicate Didemnum obscurum [62]. In
2012, lamellarins A1, A2, A3, A4, and A5 were identified by Capon and coworkers during
the chemical analysis of Didemnum sp. (CMB-01656) collected near Wasp Island, New
South Wales, while lamellarin A6 was isolated from another Didemnum sp. (CMB-02127)
collected from the Northern Rottnest Shelf, Western Australia [63]. In 2019, Bracegirdle et al.
presented the isolation of lamellarins D 8-sulfate, E 20-sulfate, K 20-sulfate, A3 20-sulfate,
B1 20-sulfate, and B2 20-sulfate from the methanolic extract of Pacific tunicate Didemnum
ternerratum, collected from the Kingdom of Tonga [64].

Ningalins A and B (Figure 2) were isolated, in 1997, by Kang and Fenical from the
methanol/chloroform extracts of an ascidian of the genus Didemnum collected in West-
ern Australia near Ningaloo Reef [65]. Ningalins E and F were identified in 2012 by
Capon and coworkers as components of a Didemnum sp. (CMB-02127) collected from
the Northern Rottnest Shelf, Western Australia, after its chemical analysis [66]. Bac-
uliferin O was isolated along with other baculiferins, in 2010, by Fan et al. from the
Chinese marine sponge lotrochota baculifera [67]. The above-mentioned natural products,
lamellarins and ningalins, present interesting biological activities, such as cytotoxic, im-
munomodulatory, anti-HIV-1 virus, antioxidant, antibacterial, and multidrug resistance
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(MDR) reversal [52,54,57,58,60-64,66,67]. Furthermore, they present promising kinase in-
hibitory properties [66].

The fused pyrrolo[3,2-cJcoumarin and pyrrolo[3,4-c]Jcoumarin are the core moieties
of biologically active isolamellarin A, azacoumestans, and isolamellarin B, respectively
(Figure 2) [36,68,69]. In the literature, lamellarins appear in a small number of specific
reviews [48,50,51,70-74] or as part of a few reviews [1,36,49,75]. Azacoumestans are also
presented in two reviews [36,69]. Herein, we present an overview of the advances demon-
strated in the literature on the synthesis and biological evaluation of lamellarins, isolamel-
larins, and azacoumestans. First, the design and synthesis of those derivatives will be
presented, followed by their biological properties.

2. Synthetic Strategies for the Preparation of Lamellarins and Related Compounds

The synthetic methods will be presented separately in three parts involving lamellar-
ins, isolamellarins, and azacoumestans, respectively. Similar reaction strategies are used to
build pyrrole, isoquinoline, or coumarin rings of those compounds, such as metal-catalyzed
cross-coupling, [3 + 2] cycloaddition, substitution, lactonization, cyclocondensation, multi-
component reactions, or N-ylide-mediated pyrrole ring formation.

2.1. Synthesis of Lamellarins

The synthesis of lamellarins was achieved mainly by pyrrole derivatives or isoquino-
line derivatives as starting or intermediate compounds. In a few cases, coumarin derivatives
were utilized as starting compounds.

2.1.1. Synthesis Using Pyrrole Derivatives

In 1997, the research group of Prof. Steglich synthesized lamellarin G trimethyl
ether (5) in 33% total yield in a biomimetic synthesis [76]. Oxidative coupling of two
molecules of 3-(3,4-dimethoxyphenyl) pyruvic acid (1) furnished intermediate A, which in
a cyclocondensation reaction with 2-phenylethylamine 2 furnished the pyrrole derivative 3
(Scheme 1). Treatment of 3 with Pb(OAc), afforded pyrrolo[2,3-c]coumarin derivative 4.
Intramolecular Pd-catalyzed Heck coupling reaction of the latter under elimination of CO,
resulted in the formation of isoquinoline moiety of lamellarin G trimethyl ether (5).

OMe
MeO
Br MeO OMe OMe
OMe
MeO 1nBuL| _70 °od MeO O O OMe 2 NH;
o]
2 . ~70 °C Molec. Sieves 4A HOC N CO,H
12 h, r.t.
HO,C o) HO,C 03 CO,H 62%
1 A Br
MeO
3 OMe

COZH Br
pb OAc), MeO Pd(OAc),, PPh;
EtOAc reflux Et3N, MeCN
71% MeO 74%

Scheme 1. Synthesis of lamellarin G trimethyl ether (5).
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In 1998, Banwell et al. reported the synthesis of lamellarin framework 15 [77]. The syn-
thesis started from the reaction of pyrrole (6) with trichloroacetyl chloride to trichloroacetyl
derivative 7, which reacted with iodine in the presence of CF3CO,Ag to provide 4-iodinated
adduct 8 (Scheme 2). Hydrolysis of the latter provided acid 9. The corresponding chloride
10 by reaction with o-bromophenol furnished ester 11. Alkylation at nitrogen of 11 with
tosylate 12 yielded tri-substituted pyrrole 13. A Negishi cross-coupling of the latter with
phenylzinc chloride chemoselectively afforded derivative 14 with 47% overall yield during
the above steps. Double Heck cross-coupling reactions of 14 in the presence of Pd(OAc),,
PPh3, and NaOAc as base at 135 °C resulted in the final product 15 in low yield, 16%.

j CIcoCly 7\ I, Ag* U K2COs U (COCI), / \
Q <—N}\cocb, COOH COClI
H

COCl; pMSO, N DMF

N N
3 H,O 9
HO
/El/ Br
TsCl
pyndmeTSO
cho3 DMF

6 7

Pd(OAC)2 N PthCl
O X NaOAc, PPh, o
135°C, 6 h Br
0" "0 6% Br
15
14

13

Scheme 2. Synthesis of lamellarin framework 15.

The next year, Boger et al., prepared ningalin A (22) using a heterocyclic azadiene Diels—
Alder strategy for the construction of pyrrole core [78]. Double Stille cross-coupling of 1-
bromo-4,5-dimethoxy-2-(methoxymethoxy)benzene (16) with bis-(tributylstannyl)acetylene
provided diarylacetylene 17 (Scheme 3). Diels—Alder cycloaddition reaction of 17 with
tetrazine derivative afforded diazine adduct 18. Reductive ring contraction of the latter
with zinc furnished pyrrole derivative 19. Deprotection of MOM ethers with HCl led to
monolactone 20, which with the more forcing conditions of DBU resulted in tetramethyl
ningalin A (21). Treatment with BBr completed the total synthesis of ningalin A (22) in 39%
total yield.

In cytotoxicity test against L1210 cytotoxic assay, ningalin A was found to be weakly
active.

In 2000, Boger et al. again used the heterocyclic azadiene Diels—Alder cycloaddition
reaction for the synthesis of ningalin B (34) [79]. Sonogashira cross-coupling of acetylene 23
with aldehyde 24 provided alkyne derivative 25, which by Baeyer-Villinger oxidation and
protection of the formed phenol with MOMCI afforded derivative 26 (Scheme 4). Diels—
Alder cycloaddition reaction with tetrazine derivative furnished diazine adduct 27. Reduc-
tive ring contraction of the latter with zinc provided pyrrole 28, which upon N-alkylation
with aryl ethyl bromide 29 resulted in 30. Lactonization of 30 led to coumarin derivative 31.
Selective hydrolysis afforded acid 32 and decarboxylation with CuyO in quinoline furnished
hexamethyl ningalin B (33). Demethylation with BBr; provided the product ningalin B
(34) in 16% total yield. Compounds 30, 31, and 33 reversed the multidrug-resistant (MDR)
phenotype, resensitizing a human colon cancer cell line (HCT116/VM46) to vinblastine
and doxorubicin.
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Scheme 3. Total synthesis of ningalin A (22).
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Scheme 4. Total synthesis of ningalin B (34).
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The same year, Peschko et al. again used aryl puruvic acid derivatives 35, 36, and
aryl ethyl amine 37 for the construction of pyrrole moiety 38 via cyclocondensation for the
synthesis of lamellarin L (43) in 38% total yield [80]. Selective hydrolysis of methyl ester
of 38 to derivative 39 was achieved by heating in a suspension of NaCN in 1,3-dimethyl-
3,4,5,6-tetrahydropyrimidin-2(1H)-one (DMPU) (Scheme 5). Oxidation of pyrrole 39 with
Pb(OAc), afforded pyrrolo[2,3-c]Jcoumarin derivative 40. Hydrolysis of the latter, to give
adduct 41, followed by intramolecular Pd-catalyzed Heck cross-coupling reaction, and
elimination of CO; furnished the isoquinoline moiety 42. Finally, treatment of 42 with
AlCl3 removed the isopropyl groups producing lamellarin L (43).

OMe
i-Pri
Br
Oi-Pr OI-Pr
i-PrO NaH _12°Cto -5°C MeO O O Qi-Pr| 37 NH2
e
[e]
DCM -5°CTO25°C Molec. Sieves 4A
5 h, reflux
EtO,C CO,M 53%
E0,C7Y,  MeO,C™ Y ?¥ 0o ¥P2YE
A
oiPr Qi-Pr
-
MeO Qi-Pr Qi-PrOMe OI Pr
O Q COzEt Br
NaCN,DMPU Pb(OA°)4 _PbOAC) _ \1eo -
X
CgHe, reflux OMe
Etozc ”’ “5 10 115°C EtO,C N COH 97% O
Qi-Pr
Br MeO
Me oH OH
i-PrO i-PrO
Me OMe
39 \—/ AlCl; 0to25°C,
MeO O X DCM, 4 h
=
H o)
i-| A eO i
Meo, P 43 Meo, QP Oi-Pr
O COzH gy
KOH, 3 h, 150 °C MeO o one _PA(OA, PPhs MeO N
—_— e ——  ~— —»
p-TSOH (cat), O Et:N, MeCN O
touene, 30 min. j-PrO o "0 Oi-Pr 80 min, 150°C  i-PrO 0]
120 °C a1 97% 42

80%

Scheme 5. Total synthesis of lamellarin L (43).

Bullington et al. prepared ningalin B (34) in excellent yield, 90%, starting from pyrrole
derivative 45 [81]. Pyrrole 45 is analogous to Furstner intermediate 47 [82], prepared by a
[3 + 2] cycloaddition reaction of methyl isocyanoacetate with o, 3-unsaturated nitrile 44
(Scheme 6).

In 2003, Gupton et al. provided an alternative pathway for the synthesis of ningalin B
hexamethyl ether (33) in 18% overall yield, acting as multidrug reversal (MDR) agent [83].
The trisubstituted pyrrole derivative 52, analogous to Furstner intermediate 47, was pre-
pared regioselectively starting from desoxyveratroin (48) (Scheme 7). The latter after
reaction with N,N-dimethyl formamide dimethyl acetal furnished enamine 49, which upon
chlorination with POCl3 to 50 and hydrolysis afforded (3-chloroenal 51. Reaction of 51
with glycine methyl ester hydrochloride resulted in pyrrole 52 via the vinylogous iminium
salt intermediate A and internal 1,3-dipolar cycloaddition reaction to dihydro pyrrole B.
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Alkylation of pyrrole 52 with mesylate ester 53 provided N-aryl ethyl pyrrole 54, which
upon basic hydrolysis led to acid 55. Oxidation of the latter with lead tetraacetate, as in
Scheme 1, resulted in ningalin B hexamethyl ether (33).

MeQ OMe
NC O OMe /R
MeO N~ ~CO.Me
44 OMe H

47
NCCH,CO,Me
57% | tBuOK
MeO OMe
MeO  OMe OMe,, MeO  OMe OMe,, HO  OH HO oy
Cs,CO3 PBr; DCM
/\ OMe * —_— 7\ OMe —— = 7\ 0
COM DMF CoMe ~78°Ct25°C
N 2Me Br 92% N 2Mie 98% N %
29
45
MeO HO
OMe OH
46 34

Scheme 6. Total synthesis of ningalin B (34).

OMe OMe
o OMe OMe
O ‘ Me,NCH(OMe), POCI;,DCM
> reflux
MeO DMF, reflux a0 MeO
OMe OMe
48 49
OMe
OMe o OMe
H,0 CI"H3N*CH,CO,Me O
— X —_—
THF DABCO. O @
reflux MeO toluene, reflux MeO NH
OMe &5-COMe
MeQ
OMe OMe OMe
Ve OMe MeO, OMe
Q= Q=
- cl O 53 OMs
an /R NaH, DMF, 80 °C
HN 71%
COMe H COoMe o
52
MeO  OMe OMe . MeQ ~ OMe OMe . MeOo_  OMe OMe .
/A NaOH, EtOH ;/ \S Pb(OAc), I\ 0
N~ "COMe  H,0, reflux N~ "COxH EtOAc, N
90% reflux 0
52%
MeO MeO MeO
OMe OMe OMe
54 55 33

Scheme 7. Synthesis of ningalin B hexamethyl ether (33).
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The same year, Iwao et al. achieved the synthesis of ningalin B hexamethyl ether (33) in
13.1% overall yield and lamellarin G trimethyl ether (5) in 11.3% overall yield using as key
reactions the Hinsberg-type pyrrole 58 synthesis and the palladium-catalyzed Suzuki cross-
coupling of 3,4-dihydroxypyrrole bis-triflate derivative 59 [84]. The Hinsberg-type cyclo-
condensation of aminodiacetate 57 with methyl oxalate provided the 3,4-dihydroxypyrrole
derivative 58, which afforded 3,4-bis-triflate adduct 59 (Scheme 8). Pd-catalyzed Suzuki
cross-coupling of the latter with arylboronic acid 60 furnished 4-arylpyrrole derivative
61, which with a second Suzuki coupling with arylboronic acid 62 led to 3,4-diarylpyrrole
compound 30 and coumarin derivative 31. Derivative 30 by treatment with hydrochloric
acid resulted also in coumarin compound 31. Hydrolysis of 31 to 32 followed by decarboxy-
lation led to ningalin B hexamethyl ether (33). Treatment of the latter with phenyliodine
bis(trifluoroacetate) (PIFA) provided lamellarin G trimethyl ether (5).

CO,Me
STV ~ S
e MeO,C COMe  MeO,C CO,Me

N

BrCHZCOZMe (COzMe), (CF3S0,),0 .
NaHCO3 MeCN, MeONa, MeOH, pyridine,
© reflux, 2.5 h OMe reflux, 18 h €0°C, 2h OMe
OMe 91% OMe 49% OMe 87% OMe
57
HCI, MeOH,
OTf OMe MeO O Q reflux, 1 h
J o\ MOMO OMOM 90%
MeO,C CO,Me MeO,C CO,Me
B(OH)2 2C7 N 2 B(OH) 2 2 l
4, —
Pd(PPhs),, THF, Pd(PPhs),, THF,
Na,COs3, Na,COs3,
reflux, 4 h reflux, 20 h
78% OMe 559,
OMe
61
Meo, OMe Meo ~ OMe
O Cu,0,
COzMe COZH quinoline,
1. 40% KOHreflux, 3 h 220°C, 7 min
MeO MeO ”
OMe 2. cat.p-TsOH, Me 93/o
toluene, reflux, 30 min
MeO 76% MeO
MeO OMe
O PhI(OCOCFs),,
BF3.0Et,, DCM,
—40 °C, 1.5h
MeO \/\Q\ 86%

MeO

Scheme 8. Synthesis of ningalin B hexamethyl ether (33) and lamellarin G trimethyl ether (5).

Handy et al. reported the synthesis of lamellarin G trimethyl ether (5) in 11 steps and
9% total yield using three sequential halogenation/Suzuki cross-coupling reactions [85].
Protection of bromopyrrole derivative 63 with (Boc),O and cross-coupling of the adduct 64
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with excess of boronic acid 60 furnished arylpyrrole compound 65 (Scheme 9). Bromination
with NBS regioselectively to bromopyrrole 66 followed by Suzuki coupling with boronic
acid 67, without the protection of hydroxy group, afforded 4,5-diarylpyrrole derivative
68. Intramolecular alkylatioin through the corresponding tosylate led to isoquinoline
derivative 69. Bromination of the latter to 70 and Suzuki coupling with excess of boronic
acid 71, added in two portions, resulted in lamellarin G trimethyl ether (5).

MeO MeQ ~ OMe
. o MeOOB(OH)Z
.
60 NBS
O = D
N7 COLEt AP N~ CO,Et Pd(PPha)., DMF, N~ CO,Et DMF, 0<Ctort,
N MeCN 1h  Boc Na,CO3, 110 °C, 15 h N 16 h
63 0500 64 70% 65 100%
MeO OMe MeO OH MeO OMe MeO OMe
MeO:C(\/ O 1, TsCl, O
67 B(OH)ZM o pyridine MeO
— — > e E—— e e
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Scheme 9. Synthesis of lamellarin G trimethyl ether (5).

Pla et al. [86] synthesized the cytotoxic lamellarin D (84) in 8 steps and 18% overall
yield from methyl pyrrole-2-carboxylate (72) using sequential bromination/Suzuki cross-
coupling reactions like the above-mentioned procedure by Handy [85]. N-alkylation of 72
with tosylate 73 followed by Heck cross-coupling and cyclization furnished dihydroiso-
quinoline framework 74 (Scheme 10). Regioselective bromination with NBS provided
bromopyrrole 75, which under Suzuki cross-coupling with boronic ester 76 afforded 4-
arylpyrrole adduct 77. Protection of phenol 77 to provide 78 and bromination to 79 followed
by Suzuki coupling with boronate 80 led to 3,4-diarylpyrrole derivative 81. Oxidation with
DDQ produced isoquinoline derivative 82, which by deprotection to 83 and cyclization
resulted in the formation of coumarin moiety of lamellarin D (84).

Lamellarin D (84) was earlier reported to have good cytotoxic activity against different
human tumor cell lines and to be a lead candidate for the development of topoisomerase
I-targeted antitumor agents [87].

Fujikawa et al. presented [88] the synthesis of lamellarins D (84), L (43), and N (100) in
54, 58, and 50% yields, respectively, from their common precursor 85 using the procedure
utilized earlier (Scheme 8) from their group [84]. Pyrrole derivative 85 was prepared by
Hinsberg-type pyrrole synthesis [88], and Suzuki cross-coupling with boronic acids 86 or 87
provided monoaryl pyrrole derivatives 88 or 89, respectively (Scheme 11). A second Suzuki
coupling with boronic acid 90 followed by treatment with HCl afforded coumarin adducts
91 or 92, which by hydrolysis furnished acids 93 or 94. Decarboxylation of 95 or 96 followed
by oxidative cyclization by PIFA led to 97 or 42. Oxidation by DDQ provided isoquinoline
products 98 or 99 and by deprotection of isopropoxy group by BCl3 resulted in lamellarin
D (84) or lamellarin N (100). The corresponding deprotection of 42 produced lamellarin
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L (43). Treatment of 93 or 94 with palladium acetate also provided dihydroisoquinoline
derivatives 97 or 42.

-Pr oTs
MeO
1. 73 Br Br
@ NaH, DMF MeO / NBS  MeO / .
N~ “CO;Me 2. PdCI,(PPhs),, PPhs, N~ “COMe THF N~ COMe
H KZCO3 i-PrO i-PrO

72

HO:©\ "
MeO E'sfﬁ MeO O
MeO
i /Y

COMe ————>=
Pd(PPhs)s, DMF,  jpro O N 2% K,CO5, DMF . prg
7

74 75

NBS
CO,Me THF
84%

Na,COs

Oi-Pr  DDQ, CHCI3

CO,Me MW
82%

Scheme 10. Synthesis of lamellarin D (84).

The same group also reported the synthesis of lamellarin « 20-sulfate (112), selective
inhibitor of HIV-1 integrase, in 24% total yield in a process similar to that mentioned above
using as starting compound pyrrole derivative 59 [89]. Suzuki cross-coupling with boronic
acid 87 provided 4-arylpyrrole adduct 101 and a second cross-coupling with boronic acid
102 led to 3,4-diarylpyrrole derivative 103 (Scheme 12). Treatment of the latter with con-
centrated HCl afforded coumarin derivative 104, which upon hydrolysis to 105 followed
by decarboxylation to 106 and oxidative cyclization furnished dihydroisoquinoline deriva-
tive 107. Oxidation by DDQ produced isoquinoline adduct 108. Sequential deprotection
of benzyl group upon hydrogenolysis under Pd-C to 109, reaction with trichloroethyl
chlorosulfate to 110, selective deprotection of isopropyl group with BCl3 to 111, and finally
reductive deprotection of trichloroethyl ester with Zn/HCO,NH, followed by ion exchange
under Amberlite resulted in lamellarin « 20-sulfate (112).

Peschko et al. developed the synthesis of marine alkaloids ningalin B (34), lamellarin G
(123), and lamellarin K (124) in 52%, 56%, and 37% overall yields, respectively, utilizing as
key step their earlier-applied method for the formation of 3,4-diarylpyrrole-2,5-dicarboxylic
acids 113, 117, and 118 by cyclocondensation from arylpuruvic acids 1, 114, and 115 and
2-arylethylamines 56, 37, and 116, respectively [90]. Oxidation of acids 113, 117, and 118 by
lead tetraacetate led to coumarin derivatives 32, 119, and 120 (Scheme 13). Decarboxylation
of 32 with copper chromite to 33 and deprotection with BBrj3 resulted in ningalin B (34).
Palladium-catalyzed Heck reaction and cyclization of 119 and 120 afforded the pentacyclic
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lamellarin derivatives 121 and 122, respectively. Selective deprotection of isopropyl group of
compounds 121 and 122 under treatment with aluminum trichloride resulted in lamellarin
G (123) and lamellarin K (124), respectively.

In 2009, Gupton et al. presented an alternative procedure for the synthesis of Steglich
synthon 3 (Scheme 1), intermediate for the formation of lamellarin G trimethyl ether (5) [91].
The reaction of 3-chloroenal 51 with alkyl glycine ester 125 to tetra-substituted pyrrole 126
was the key step for the construction of Steglish synthon 3 (Scheme 14). Vilsmeyer-Haack-
Arnold formylation under microwave irradiation provided pyrrole derivative 127, which
by oxidation with sodium chlorite to 128 and hydrolysis afforded 3. Ningalin B hexamethyl
ether (33) was also synthesized by the reaction of aldehyde 51 with glycine ester 129 to
pyrrole derivative 130, followed by hydrolysis to pyrrole-2-carbocylic acid 55, which by
oxidation with lead tetraacetate resulted in product 33.
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eV N ovie OTf % B(OH),
1
B(OH), B(OH), MeO,C /N COMe Pd(PPh3),, THF,
86 87 2 N 2 reflux, 18 h
Pd(PPhg)s, THF, reflux, 4 h 2. HCI, MeOH,
Oi-Pr 76% or 77% reflux, 1 h
OMe 98% or 95%
85 .
I Oi-Pr 97,42
e
88,89 Pd(OAC)z
2
Rlo, R MeCN,

reflux, 12 h

1. 40% KOH,reflux, 3 h -

OMe 2. cat.p-TsOH, OMe
. toluene, reflux, 30 min
i-PrO Qi-Pr 90% or 91% i-Pr Qi-Pr
Oi-Pr
Cu,0, O PhI(OCOCFs),
quinoline, BF3.0OEt,, DCM,
220°C,7 min -40°C, 1.5h DDQ
—_— —_— _—
94% or 99% OMe 88% or 90% toluene,
reflux, 18 h

i-PrO Oi-Pr 97% or 96%

BCl3, DCM
. 2M 4
Oi-Pr Rio ORZMeQ  on -78°C,05h,
for42 \rt, 3h
98%
oo R Mg on

-78°C, 0.5 h,MeO
rt.,3h
quant. or 88% HQ

98,99 84,100 MeO ‘ X
88,91,93,95,97,98 (R'=i-Pr, R2=Me) 84 (lamellarin D) (R'=H, R2=Me)
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Scheme 11. Synthesis of lamellarins D (84), L (43), and N (100).

The same year, Ohta et al. designed and synthesized the analogues of lamellarin D
140 and 144a-h as inhibitors of topoisomerase I [92]. The key pentacycle intermediate 138
was obtained by intramolecular Heck reaction of pyrrolo[2,3-cJcoumarin derivative 137
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(Scheme 15). The synthesis started from bromination of pyrrole 131 to 132 followed by
selective lithiation and reaction with methyl chloroformate to provide pyrrole derivative
133. Palladium-catalyzed Suzuki cross-coupling reaction with 90 afforded 134, which
by hydrolysis and cyclization provided the coumarin derivative 135. N-alkylation led
to the intermediate compound 137. Oxidation of 138 to isoquinoline derivative 139 and
selective deprotection of isopropoxy group with BCl; resulted in the non-substituted
lamellarin D analogue 140. Reaction with electrophiles of 139 provided derivatives 141a—e
in 53-99% yields. Suzuki cross-coupling of bromo derivative 141a with boronic acids
142a-e furnished derivatives 98 and 143a—d in 69-82% yields. Selective deprotection of
intermediates 141a—e and 143a,c,d resulted in the lamellarin D analogues 144a-h.
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Scheme 12. Synthesis of lamellarin « 20-sulfate (112).
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Scheme 13. Synthesis of ningalin B (34), lamellarin G (123), and lamellarin K (124).

Derivatives 140 and 144a—e,h were tested for their antiproliferative activity and found
to be as potent as parent compound lamellarin D (84) against 39 different human cancer
cell lines [93].

Fukuda et al. presented the synthesis of lamellarin « (158) and lamellarin o 13-sulfate
(155), 20-sulfate (112), and 13,20-disulfate (159) using as common intermediate compound
151 with two different protecting groups, benzyl for 7-hydroxy coumarin moiety and
methoxymethyl for 3-hydroxyphenyl moiety [94]. The reaction sequence started from penta-
substituted pyrrole 59, which by Suzuki cross-coupling with boronic acid 102 provided
arylpyrrole derivative 145. Hydrolysis and cyclization of 145 led to pyrrolo[2,3-c]Jcoumarin
146. A new Suzuki reaction with MOM-protected boronic acid afforded derivative 147.
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Hydrolysis of the latter followed by decarboxylation, oxidation—cyclization with PIFA, and
aromatization by DDQ resulted in the common intermediate 151 (Scheme 16).
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Scheme 14. Synthesis of lamellarin G trimethyl ether (5) and ningalin B hexamethyl ether (33).

Deprotection of MOM group of 151 with hydrochloric acid to 3-hydroxyaryl deriva-
tive 152 and reaction with 2,2,2-trichloroethyl chlorosulfate furnished sulfate 153, which
by hydrogenolysis and reductive deprotection of 2,2,2-trichloroethyl ester 154 with Zn-
HCO,;NHj4 followed by ion exchange with Amberlite and Sephadex purification resulted
in lamellarin & 13-sulfate (155) in 6% overall yield from 59. Intermediate 151 under hy-
drogenolysis to hydroxycoumarin derivative 156 and reaction with 2,2,2-trichloroethyl
chlorosulfate provided ester 157, which by MOM deprotection led to 3-hydroxyaryl com-
pound 111 (Scheme 16). Treatment, in analogy to the above-mentioned transformation of
154 to 155, afforded lamellarin « 20-sulfate (112) in 8% total yield from 59. Deprotection
of MOM group of 156 with hydrochloric acid resulted in lamellarin o (158) in 12% overall
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yield from 59, which by the reaction with pyridine-SO3; complex and ion exchange with
Amberlite and purification by Sephadex led to lamellarin & 13,20-disulfate (159) in 8% total
yield from 59.
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Scheme 15. Synthesis of 140 and 144a-h, analogues of lamellarin D.

Hasse et al. synthesized lamellarin G trimethyl ether (5) and lamellarin S (175) in
7% and 15% overall yields, respectively, starting from the iodopyrrole derivative 160 [95].
Suzuki cross-coupling reaction of 160 with boronic acid 161 followed by spontaneous lac-
tonization afforded pyrrolo[2,3-c]Jcoumarin derivative 162, which by selective bromination
with NBS provided bromide 163 (Scheme 17). N-alkylation of the latter under Mitsunobu
conditions furnished derivative 165, which by a new Suzuki coupling with boronic acid 60
generated compound 31. Compound 31, following the former method by Iwao [84], led
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to acid 32, which by decarboxylative Heck cross-coupling reaction resulted in lamellarin
G trimethyl ether (5). Lamellarin S pentamethyl ether (174) was formed under a similar
procedure starting from iodopyrrole derivative 160 and using boronic acids 166 and 171 and
2-arylethanol 169. Selective deprotection of isopropoxy group of 174 with BCl; produced
lamellarin S (175).

TfO oTf
HCI,
MOMO MOOH. COzMe
MeOzC COyMe » MOMO reflux
102 MeOZC N COzMe . OMe
Pd(PPh3)4, p-TSOH o
N82003, Hzo, DCM
THF, reflux reflux,
749 2h
o OMe 939,
OMe
145
OMOM OMOM
OMe MeO
0 QU con
_[LoMe 1. 40% KOH, (T
EtOH, reflux, MeO N
2h e —_—
SRS e Ny S e SR e
2. PPTS,
Pd(PPh),, 0 OMe  DCM, reflux, B"©O o0 OMe
Nach3, Hzo 24 h 148
THF, reflux, 61%
8h
95% OMOM
Cu,0, O PhI(OCOCF3),,
quinoline, BF3.0OEt,, DCM,
220°C  MeO A N —40°C, 1.5h
—_— OMe — =
10 min O 62%
83%  BnO o "0 OMe
149
DDQ
DCM,

HCI,MeOH-DCM, 45°C, 2 h E

reflux, 30 h
—_—
87%

151 (R'=Bn, R>=MOM)
152 (R'=Bn, R2=H) 99%

CISO3CH,CCl, EtsN, DMAP, DCM, rt., 5h [, 453 (R1=Bn, R2=S04CH,CCl;) 89%

H,, 10% Pd/C, EtOAc, r.t., 4 h

[ 154 (R'=H, R2=S0,CH,CCl;) 61%

1.Zn (powder),HCO,NHy, THF-MeOH, 2h [ 455 (R'=H
2.Amberlite IRC-50 (Na* FORM), MeOH

3.Sephadex LH-20,MeOH-DCM (1:1)

Scheme 16. Cont.
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Scheme 16. Synthesis of lamellarin « (158) and lamellarin « 13-sulfate (155), 20-sulfate (112), and
13,20-disulfate (159).

Li et al. reported the total synthesis of lamellarins D (84) in 16.6% and H (181) in
16.1% and ningalin B (34) in 15% overall yields from 2-(4-isopropoxy-3-methoxyphenyl)
acetaldehyde (176) and 2-(3-isopropoxy-4-methoxyphenyl) ethylamine (177) [96]. The
key step for this procedure is at first AgOAc-mediative oxidative coupling of 176 and
cyclocondensation with 177 to form pyrrole derivative 178 followed by a microwave-
accelerated Vilsmaier—-Haack reaction to aldehyde 179, which by Lindgren oxidation at
10 °C led to acid 180 (Scheme 18). A second oxidative cyclization of the latter with Pb(OAc),
provided pyrrolo[2,3-c]Jcoumarin compound 95. Deprotection of 95 afforded ningalin B
(34). The third oxidative cyclization of 95 upon treatment with PIFA afforded dihydro
isoquinoline adduct 97, which by oxidation with DDQ furnished isoquinoline product 98.
Selective deprotection led to lamellarin D (84), while deprotection with BBr3 resulted in
lamellarin H (181).

In 2014, Komatsubara et al., presented the synthesis of lamellarins L (43) and N (100)
using as starting compound 3,4,5-differentially triarylated pyrrole-2-carboxylate as the
188 [97]. The 5-bromopyrrole-2-carboxylate 183 was synthesized from 2,5-dibromo-N-
Bocpyrrole (182) through Br-Li exchange and methoxycarbonylation. This compound then
underwent Suzuki cross-coupling reaction with boronic acid 86 to yield the 5-arylpyrrole-2-
carboxylate derivative 184 (Scheme 19). Bromination with NBS to 185 and a second cross-
coupling reaction with boronic acid 87 provided 4,5-diaryl pyrrole adduct 186. Bromination
of the latter with NBS furnished 3-pyrrole derivative 187, which was followed by a new
Suzuki coupling with 90 to 3,4,5-triaryl pyrrole compound 188. Treatment with p-TsOH
led to pyrrolo[2,3-cJcoumarin compound 189. N-thioalkylation with bromoethyl phenyl
sulfide provided thioether 190. Oxidation of the latter to 191 and Pummerer cyclization led
to dihydroisoquinoline derivative 192. Radical desulfurization of 192 with BuzSnH/AIBN
provided lamellarin L triisopropyl ether (42), which by treatment with BCl; resulted in
lamellarin L (43) in 29% total yield. Treatment of 192 with m-CPBA furnished the lamellarin
N triisopropyl ether (99) and by selective hydrolysis with BCl3 generated lamellarin N (100)
in 34% total yield. In an alternative procedure for the synthesis of lamellarin N (100) in 42%
overall yield, coumarin intermediate 189 was treated with bromoacetaldehyde dimethyl
acetal to provide derivative 193, which was cyclized in the presence of TfOH to provide
triisopropyl ether of lamellarin N 99.

Ueda et al. completed the synthesis of lamellarins I (199a) and C (199b) using the
Rh-catalyzed -selective cross-coupling arylation of pyrroles [98]. Pyrrole derivative 194
reacted with aryl iodides 195a,b and selectively provided 3-arylpyrrole adducts 196a,b un-
der Rh-catalysis (Scheme 20). Reactions of the latter with trichloroacetyl chloride followed
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by hydrolysis and esterification with 3-isopropoxy-4-methoxyphenol afforded pyrrole-
2-carboxylates 197a,b, which by oxidative coupling and double C-C bond formation in
the presence of stoichiometric Pd(OAc),, Cu(OAc),, and K,COs furnished the isopropyl
ethers of lamellarins I and C 198a,b. Finally, deprotection of isopropoxy group resulted in
lamellarins I (199a) and C (199b).
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y oc/d\com MeO oNH ﬁMeO NoVH
ey Me ——M
Pd(PPhg3)s, KoCO3, DI\/LF
60 TBAB, MW, 160 W, MeO 1620 [0} 59% MeO 1630 (0}
60°C,1h
90%
COzMe MeO COzMe

Br
HO
164
DIAD, PPhg, THF,

18°C 14 h,50°C, 1 h
62%
MeO,

MeO O Co2

1.KOH, MeO

HCI Me _Pd(OAc),

2.p-TsOH, Meo MeCN

toluene 18°C, 14 h 5

57%

48%

HO Oi-Pr
O‘B: : :Oi Pr COMe Br

OMe
) coe /\/©[
|
(e} i - HO Oi-Pr
KF 166 I-Proj@i'\l H nBs_FPrO NV H 169
60 DMF
PA(PPh3)s, KoCOs,  j-pro 0 No DIAD. PPhs, THF,

94% i-PrO

TBAB, MW, 160 W, 167 168 18°C,1h
Me 96%
60°C, 1h
92% Oi-Pr - PrO Qi-Pr
Oi-Pr
Br. COzMe COzMe
O b
PPh ),
-Pro Oi-Pr e
TBAB Mw
67%
i-Pro Oi-Pr LPrO MeO OI-Pr
O COZH i-Pro O Q
HPro N Pd(OAc), -PrO BCl,
OMe —— %
MeCN, DCM
+Pro OF-Pr g3 ¢ 14 HPrO 0" "0 _78°C,0.66 h,
56% 174 18°C, 0.5h

(lamellarin S)

97%

Scheme 17. Synthesis of lamellarin G trimethyl ether (5) and lamellarin S (175).

Gupton et al. used the formyl group activation strategy of 5-formylpyrrole-2-carboxylates
for the regioselective introduction of different building blocks through Suzuki cross-
coupling reactions. This method was used to synthesize lamellarin G trimethyl ether
(5) and other natural products [99]. Suzuki coupling of ethyl 4-bromo-5-formylpyrrole-2-
carboxylate (200) with boron compound 201 provided 4-aryl pyrrole derivative 202, which
by iodination afforded 3-iodopyrrole compound 203 (Scheme 21). New Suzuki reaction
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with 201 generated 3,4-diarylpyrrole adduct 204, which was the intermediate for the syn-
thesis of derivatives 127, 128, and 3 (Scheme 14) and finally the formation of lamellarin G
trimethyl ether (5).
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Oi-Pr POCI5 O Q
MeO. AgOAc NaOAc DMF
+

OiPr TR e0C

83"/
\  Ome 41% ’
(e} 177
176
Oi-Pr Oi-Pr

178
i-PrO, OMe OMe

o, Pr i~Pro,
NaCIO,, O
NaH2P04 PIFA,
Pb(OAC); = _BFSELO
COoM EtOAc O A Toom
O O/ Pr

THF/t BuOH/HZO

o
(3/311),10°C, 24 h 68% 86%
87% 9
Oi-Pr

Pro OMeMeO o, Pr ipro.  OMeMeQ  oppy Ho OR RQ  oH
O BCl3,
_ - DCM for 84 98% _
toluene
MeO. BBr;, DCM RO.
O S 98% O S for 181 95% O =
i-PrO Y PrO o~ 70 HO SN
97 98 84 (lamellarin D), R=Me
181 (lamellarin H), R=H
HO  OH

i PrO
_ BBrs, DCM =\
MeO T a1 HO O N J\Q\OH
i-PrO O/ Pr HO o” "0 OH

34

Scheme 18. Synthesis of lamellarins D (84) and H (181) and ningalin B (34).

Fukuda et al. synthesized lamellarin L (43) and lamellarin N (100) through the Paal-
Knorr synthesis of pyrrole derivative 206 by the reaction of aryl ethyl amine hydrobromide
37 and one equivalent of 2,5-dimethoxyfuran (205) (Scheme 22). Pd-catalyzed direct in-
tramolecular arylation of the latter provided 5,6-dihydropyrrolo[2,1-«]isoquinoline scaffold
207 [100]. Vilsmeier-Haack formylation to 208 followed by bromination with NBS afforded
aldehyde 209, which by Suzuki cross-coupling with boronic acid 87 furnished arylpyrrole
compound 210. A new bromination to 211 and a next cross-coupling with boronic acid 90
led to diarylpyrrole derivative 212. Hydrolysis with HCI followed by cyclization of the
resulted phenolic aldehyde 213 upon treatment with Pd(OAc),, bromobenzene, PPh3, and
K,COj3 generated lamellarin L triisopropyl ether (42) in 14% overall yield. This was the
intermediate (Scheme 11) for the former synthesis of lamellarin L (43) and lamellarin N
(100) [87].

Pyrrole core 215 was the key step for the synthesis of lamellarin D trimethyl ether (218)
and lamellarin H (181) presented by Dialer et al. [101]. The electrocyclic ring closure of the
adduct generated in situ from the chalcone 214 and glycine ethyl ester hydrochloride in
the presence of Cu(OAc), and NIS afforded pyrrole 215. Suzuki cross-coupling reaction
of 215 with boronic acid 60 afforded 3,4,5-triaryl substituted pyrrole-2-carboxylate 216
(Scheme 23). N-alkylation of the latter with bromoacetaldehyde dimethyl acetal followed
by intramolecular cyclization in the presence of triflic acid in a Pomeranz—Fritsch one-pot
reaction led to isoquinoline product 217. After saponification and cyclization of sodium salt
with copper (I) thiophene-2-carboxylate under microwave irradiation in an Ullmann-type
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reaction, the lamellarin D trimethyl ether (218) was obtained in 54% yield from chalcone.
Deprotection with BBr3 resulted in lamellarin H (181) in 53% yield from chalcone.
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Scheme 19. Synthesis of lamellarins L (43) and N (100).

In 2017, Fukuda et al. synthesized lamellarins ) (224a) and D (84) and 5,6-dehydrolamellarin
Y (224b) via a different method started from 7-isopropyl-8-methoxy-[1]benzopyranol3,4-
blpyrrol-4(3H)-one (135), prepared from N-benzenesufonyl-1H-pyrrole (131) [92]. Bromi-
nation of 135 with excess NBS led to dibromo-derivative 219, while, with one equiva-
lent of NBS in DCM/AcOH (4:1), the monobromo-derivative 220 formed (Scheme 24).
Suzuki cross-coupling reaction of 219 with boronic acids 60, 86, and 87 provided 2,3-diaryl-
derivatives 221a—c, which, upon N-alkylation with bromo-acetaldehyde dimethyl acetal,
furnished compounds 222a—c, respectively. TfOH-mediated cyclization of the latter af-
forded ethers 98 and 223a,b. Selective deprotection of isopropyl group by BCl; resulted
in lamellarins D (84) and 1 (224a) and 5,6-dehydrolamellarin Y (224b) in 48%, 40%, and
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56% overall yields, respectively [102]. Suzuki cross-coupling of 220 with boronic acid 87
provided 3-aryl derivative 225, which upon bromination with NBS furnished bromo com-
pound 226. New Suzuki coupling with boronic acids 60 and 86 afforded ethers 227 and 99,
respectively. Compound 99 is the precursor for the synthesis of lamellarin N (100) [88]. Fol-
lowing the above-mentioned sequence by the N-alkylation of 227 with bromo-acetaldehyde
dimethyl acetal, cyclization of 228 with TfOH, and selective hydrolysis of isopropyl group
of 229 with BCl3, the lamellarin « (158) was isolated in 47% total yield.

Ackermann and his colleagues presented the synthesis of lamellarins using the Ru-
catalyzed C-H/N-H activation in an oxidation alkyne annulation process. So, the synthesis
of pyrrole 232 was achieved from diaryl acetylene 230 and 2-aminoacrylate 231. Pd-
catalyzed annulated formation of lactone 221b was obtained from 232 and boronate 233 in
a one-pot bromination/Suzuki cross-coupling reaction procedure [103]. N-alkylation of
compound 221b with bromo-acetaldehyde dimethyl acetal followed by cyclization led to
ether 98, which by selective hydrolysis of isopropyl ether by BCl3 resulted in lamellarin D
(84) in 55% total yield (Scheme 25). Deprotection of all ether groups in 98 by BBr3 afforded
lamellarin H (181) in 54% overall yield. In this work, the lamellarin analogues 236 and 239
have been also prepared.
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Scheme 20. Synthesis of lamellarins I (199a) and C (199b).
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Scheme 21. Synthesis of lamellarin G trimethyl ether (5).
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Scheme 22. Synthesis of lamellarin L (43) and lamellarin N (100).
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Scheme 23. Synthesis of lamellarin D trimethyl ether (218) and lamellarin H (181).
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Scheme 24. Synthesis of lamellarins 1 (224a), D (84), N (100), and « (158) and 5,6-dehydrolamellarin
Y (224b).

In 2019, Kumar et al., prepared 1,2,4-trisubstituted pyrrole as key precursor for the
total synthesis of lamellarins [104]. Aziridine ester 240 reacted with 3-bromo-f-nitrostyrene
(241) in a one-pot [3 + 2] cycloaddition/elimination/aromatization reaction sequence to
provide pyrrole ester 242, which upon hydrolysis to 243 and esterification with phenol
244 led to the precursor 1,2,4-trisubstituted indole derivative 245 (Scheme 26). Double
C-H oxidative coupling of the latter under Pd(OAc); catalysis in the presence of Cu(OAc),
afforded lamellarin G trimethyl ether (5) in 22% total yield. Hydrolysis of 5 with BBr3
provided tris-desmethyl lamellarin G (246) in 18% total yield, while oxidation with DDQ
furnished lamellarin D trimethyl ether (218) in 20% overall yield. Hydrolysis of 218 with
BBr; provided lamellarin H (181) in 14% total yield. Under analogous process, ester 248
led to dihydrolamellarin n (250) and lamellarin n (224a) in 14% and 11% total yields,
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respectively. By using 3-nitrostyrene 251, the above-mentioned reaction sequence resulted
in the synthesis of lamellarin U (256) in 12% overall yield in five steps (Scheme 27).

The same year, Shirley et al. demonstrated the synthesis of lamellarin D (84) in
seven steps and 22% total yield from puruvic acid utilizing the puruvic acid orthoester
257 as building block for the synthesis of 1,4-dicarbonyl adduct 260, by Pd-catalyzed
arylation of 257 with bromoaryl derivative 258, followed by enolate alkylation with «-
bromoacetophenone 259 (Scheme 28). Treatment of 260 with amino acetaldehyde diethyl
acetal (261) under reflux afforded the pyrrolisoquinoline compound 262, which under
transfer hydrogenation and lactonization furnished the fused pyrrolocoumarin product
139. Pd-catalyzed C-H arylation of the latter with aryl bromide 263 led to triisopropyl
lamelarine D (98), and finally selective deprotection with BCl; resulted in lamellarin D
(84) [105].
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Scheme 25. Synthesis of lamellarin D (84), lamellarin H (181), and lamellarin analogues 236 and 239.

Morikawa et al. reported the synthesis of ningalin B (34) and lamellarins S (175) and Z
(277) using dibromopyrrolo derivative 266 as starting material [106]. Compound 266 was
prepared by bromination of ethyl 1H-pyrrole-3-carboxylate (264) followed by protection of
nitrogen with 2-(trimethylsilyl)ethoxymethyl (SEM) to provide 265 and subsequent treat-
ment with LDA for the “halogen dance” via unstable intermediates A and B (Scheme 29).
Suzuki-Miyaura cross-coupling reaction of 266 with boronate 267 afforded diarylated
pyrrole ester 268, which upon hydrolysis and Pb(OAc)s-mediated lactonization furnished
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pyrrolocoumarin derivative 269. N-alkylation with 270 of the latter under Mitsunobu
conditions resulted in ningalin B (34) in 10% yield over six steps from 266. When the
N-alkylation with arylethanol 271 was performed, compound 272 was formed, which
under treatment with PIFA upon oxidative C-C formation and benzyl deprotection by
Pd-catalyzed hydrogenation led to lamellarin S (175) in 6% yield and 7 steps from 266.
Regioselective Suzuki-Miyaura coupling of 266 with boronate 273 was provided under
monoarylation pyrrole derivative 274. Second Pd-catalyzed arylation of the latter with
boronate 267 afforded diarylated pyrrole 275. Similar treatment of the latter, like the above-
mentioned compound 268, resulted in the formation of lamellarin Z (277) in 6% yield over
8 steps from 266.
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