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ABSTRACT: The tetrahydroisoquinoline (THIQ) natural products constitute one of the
largest families of alkaloids and exhibit a wide range of structural diversity and biological
activity. Ranging from simple THIQ natural products to complex trisTHIQ alkaloids such as
the ecteinascidins, the chemical syntheses of these alkaloids and their analogs have been
thoroughly investigated due to their intricate structural features and functionalities, as well
as their high therapeutic potential. This review describes the general structure and
biosynthesis of each family of THIQ alkaloids as well as recent advancements of the total
synthesis of these natural products from 2002 to 2020. Recent chemical syntheses that have
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emerged harnessing novel, creative synthetic design, and modern chemical methodology will
be highlighted. This review will hopefully serve as a guide for the unique strategies and tools used in the total synthesis of THIQ
alkaloids, as well as address the longstanding challenges in their chemical and biosynthesis.
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1. INTRODUCTION

The tetrahydroisoquinoline (THIQ) alkaloids make up one of
the largest groups of natural products with a wide range of
structural diversity and biological activity." From simple
tetrahydroisoquinolines such as salsolidine 1, to complex tris-
tetrahydroisoquinoline systems such as Ecteinsacidin 743 2,
there is a wide variety in structure and activity between the
families of isoquinoline alkaloids that possess the 1,2,3,4-
tetrahydroisoquinoline ring system (Figure 1). Thus, the

HO.

MeO.
NH
MeO : ;

(-)-Salsolidine (1)

Ecteinascidin 743 (2)

Figure 1. Tetrahydroisoquinoline alkaloids (—)-salsolidine 1 and
Ecteinascidin 743 2.

chemical syntheses of these alkaloids have been extensively
investigated toward the development of efficient total
syntheses and understanding of their biological activity.”

While several review articles on the total synthesis of
isoquinoline alkaloids have been published, including Williams’
seminal review on the THIQ antitumor antibiotics,” there has
been no comprehensive review of the chemical syntheses of
tetrahydroisoquinoline alkaloids over the past several decades.
Moreover, recent total syntheses have emerged by harnessing
modern chemical methods and novel technology. As these
synthetic strategies diverge from biomimetic approaches, they
often provide a highly efficient route toward complex THIQ
alkaloids compared to previous syntheses. This review will
cover literature from 2002 to 2020, highlighting the chemical
syntheses of a range of THIQ alkaloids that especially feature
creative, novel synthetic approaches (Chart 1).

2. TETRAHYDROISOQUINOLINE (THIQ) ALKALOIDS

2.1. General Structure and Biosynthesis

Most simple THIQ alkaloids come from the Cactaceae,
Chenopodiaceae, and Fabaceae cacti families.' These cactus
species contain f-phenylethylamine alkaloids as well as simple
tetrahydroisoquinolines that bear a stereogenic center at the
C1 carbon with various oxidation patterns on the arene ring

(Figure 2).
OO
NR?

R1
THIQ Alkaloids

R = OMe, OH
R! = Me, alkyl
R2=H, Me

Figure 2. General structure of simple THIQ alkaloids.
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The biosynthesis of these simple THIQs is generally
achieved from the condensation of the corresponding f-
phenylethylamine with a formaldehyde or acetaldehyde
equivalent, accessing the tetrahydroisoquinoline motif as a
single enantiomer.” These naturally require electron-rich
functional groups on the arene ring to undergo an electrophilic
aromatic substitution chemistry. Throughout this review, this
key heterocyclic motif serves as a fundamental scaffold in all
THIQ natural products that requires unique and creative
synthetic approaches to install.

3. SPIROCYCLIC TETRAHYDROISOQUINOLINE
ALKALOIDS

3.1. General Structure and Biosynthesis

From the Fabaceae family, the Erythrina genus consists of
about 143 alkaloids that are characterized by the spirocyclic
motif embedded in the tetracyclic scaffold (Figure 3)." There

R = OH, OMe H
R' = OH, OMe, =O | !
X=H,0

Erythrina

Dlenoid Alkenoid Lactonic

Figure 3. General structure of the Erythrina alkaloids.

are three main classes of Erythrina alkaloids referred to as the
dienoid, alkenoid, and lactonic alkaloids.” The dienoid
alkaloids feature a conjugated diene system, whereas the
alkenoids have a 1,6-double bond in the A-ring and the
lactonic alkaloids possess a lactone ring in ring D. These
alkaloids have been discovered to possess an array of biological
activity, including antiepileptic, anticonvulsant, and CNS
depressing properties.

The biosynthesis of the Erythrina alkaloids is proposed to
stem from norreticuline 3 as a key precursor (Figure 4).M%7
Oxidative phenol coupling occurs to generate intermediate 4,
followed by rearrangement and ring opening of the

OH
MeO MeO
@ 0]
HO .
= ( -~ — >
NH
® ™
OMe MeO
OH OH

Norreticuline 3

Norisosalutaridine 4

Erythraline 9

Figure 4. Proposed biosynthesis of Erythrina alkaloids.

tetrahydroisoquinoline ring to form dibenzazonine 6. Zenk
and co-workers utilized *C-labeling studies to suggest an
allylic cation intermediate 7 that undergoes subsequent ring
closure to access the natural product skeleton 8. However, the
specific enzymes that catalyze these transformations have not
yet been fully elucidated.

3.2. Total Synthesis of Erythrina Alkaloids

Approaches to the synthesis of the core spirocyclic system of
the Erythrina alkaloids are diverse, accessing several natural
product members of this family in both racemic and
enantioselective fashions. Three general strategies toward the
construction of the THIQ core have been described, either
through the disconnection of the C,—Cg,t ™" C,=N,B71
and/or the N—C; bond (Figure S). While electrophilic

Iminium lon
Cyclization c
— N
aza-Michael, N-alkylation
Oxidative
Amidation
C

Figure S. Synthetic approaches to Erythrina alkaloids.

aromatic substitution chemistry through iminium ion cycliza-
tion is most common to assemble the scaffold, other novel
disconnections have also been explored to build the A-, B-, and
C-rings.

In 2004, Matsumoto sought to construct the Erythrinan
scaffold utilizing substitution chemistry for the key spirocyc-
lization of ortho-quinone monoacetal 15 to establish the C-
ring."* Toward the synthesis of O-methylerysodienone 17,
Matsumoto and co-workers initially access the biphenyl
precursor 12 from a Suzuki—Miyaura coupling of arylboronic
acid 10 and aryl bromide 11 (Scheme 1A). Further oxidative
manipulations and substitution chemistry result in the
installation of the nucleophilic nitrogen functional group in
intermediate 14. The C-ring was then established through the
key spirocyclization step from ortho-quinone acetal 15, using
BF;-OEt, as the optimal Lewis acid compared with other metal
triflates. Finally, N-alkylation to furnish the B-ring in 16
occurred smoothly under a methanol and phosphate buffer.
Matsumoto and co-workers also demonstrated the enantiose-
lective synthesis of O-methylerysodienone 17 by installing an
additional ortho substituent on the A-ring, transmitting axial
chirality of the biphenyl intermediate from its hindered
rotation to the spirocyclic center of the natural product
(Scheme 1B). Adding a trimethylsilyl group ortho to the
biphenyl bond that was easily cleaved with Bu,NF allowed the
separation of both enantiomers and enabled the enantiose-
lective synthesis of (+)-O-methylerysodienone.

Alternatively, Padwa and co-workers sought to construct the
A-ring of the Erythrina alkaloids through an intramolecular
Diels—Alder reaction that could yield intermediate 19. The
oxabicyclic adduct could then undergo regioselective ring-
opening reactions with rhodium or tin to access building
blocks 20 and 21 (Scheme 2)."® A Rh(I)-catalyzed ring-
opening cascade as demonstrated in Pathway A delivered
intermediate 21 that underwent N-alkylation with alkyl

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 1. Matsumoto’s Total Synthesis of O-Methylerysodienone

A.

B(OH),

OMe
OSi(i-Pr);
MeO

CHO MeO.

Pd(PPh3)4 CHO

_ BaOHW, _ OSi(FPr); T >

93% yield

10
MeO

1) Hy, 5% Pd/C NHBoc BF3 OEt,
—_—
2) (AcO),IPh, MeOH 0Si(i-Pr); MS WS 4A, CH,Clp, 20°C CH,Cl,, -20 °C
99% yield (2 steps) Meo 84% yield

1) Ph3P_CH2

OMe
MeO.
O OH B I\NllasC:: pyridine
OSi(i- Pr)3 3) PNie,
O 4) (Boc)zo NEt;
MeO
80% yield (2 steps) OBn
13

MeO
O NBoc
MeO

2) (sia),BH;
H,0,, NaOH aq.

MeO

NHBoc
0Si(i-Pr);

" 14

MeO.
@
MeO ‘
MeO

[o]

82% yield (4 steps)

1) BuNF
OSi(i-Pr); 2) MsCl, pyridine
3) TMSOTY, CH,Cl,
then MeOH, pH 7
phosphate buffer

56% yield (3 steps)
O-methylerysodienone (17)

B. OMe OMe
MeO MeO
O 1) (Me;Si),NH O
OH D e OH
—_—
Br. g OSi(i-Pr);  3) 0.1 M HCI Me;Si g OSi(i-Pr);
HO 82% yield (3 steps) HO
OBn OBn
14a 14b
Scheme 2. Padwa’s Synthetic Strategy toward the
Erythrinan Alkaloids
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R = CO,Me ~CO,Me
BocN
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bromide to yield 22 (Scheme 3A). The bicyclic lactam then
underwent smooth cyclization to generate spirocyclic tetrahy-
droisoquinoline 23 with NBS in CH3;CN. Reduction of the
bromide and elimination of the alcohol then produce 24,
which underwent stereoselective allylic oxidation, subsequent
reduction, and O-methylation to synthesize erysotramidine 27.

Pathway B commenced with ring-opening by SnCl, followed
by the addition of acetone to access acetonide 20 (Scheme
3B). N-Alkylation and treatment of acetonide with trifluoro-
acetic acid led to tetrahydroindolinone 29. A Pictet—Spengler
reaction with PPA then established the Erythrinan scaffold 30,
which was then subjected to hydrolysis, Barton decarbox-
ylation, and reduction to access demethoxyerythratidinone 33.
This novel strategy toward the tetrahydroindolinone core
allows access to several natural products of the Erythrina
alkaloids based on an intramolecular Diels—Alder reaction of
2-imido-substituted furans.

Enantioselective approaches to the synthesis of demethox-
yerythratidinone 33 have been explored over the past two
decades.'”"® Simpkins and co-workers demonstrated an

9450

asymmetric total synthesis of 33 through a key N-acyliminium
ion cyclization using (S)-malic acid-derived lactams (Scheme
4)." Initially, the addition of butenyl magnesium bromide to
imide 34 resulted in hydroxylactam 35 with excellent
regiocontrol. Protection of the secondary alcohol followed by
exposure to BF;-OEt, formed an acyliminium intermediate
that allowed for cyclization to occur with diastereocontrol.
Wacker oxidation of 36 and subsequent reduction removed the
amide carbonyl, and aldol cyclization of the two oxidized
ketones yielded (+)-demethoxyerythratidinone 33 in 50%
yield, allowing access to both enantiomers of the natural
product in simply eight steps.

Distinct from classic electrophilic aromatic substitution
strategies to forge the THIQ core, Reisman and co-workers
utilized their developed method of installing enantioenriched
4-aminocyclohexadienones to access 33.”" Having optimized a
method for the diastereoselective 1,2-addition of organo-
metallic reagents to benzoquinone monoketal-derived sulfini-
mines, they established spirocyclic THIQ 41 through the
addition of aryllithium 40 to bromosulfinimine 39 to provide a
single diastereomer in 74% yield (Scheme $). Stille coupling
then furnished the corresponding enol ether, with sulfinamide
deprotection and in situ condensation accessing natural
product scaffold 43. Selective hydrogenation of triene 43
then completed the elegant and rapid total synthesis of
(—)-demethoxyerythratidinone in only six steps with 26%
overall yield.

Toward the total syntheses of (+)-demethoxyerythratidi-
none 33 and (+)-erysotramidine 27, Ciufolini and co-workers
employed an oxidative cyclization of a phenolic oxazoline,
establishing the stereogenic center of the spirocycle.”" Starting
from oxazoline 44 prepared in five steps, oxidative amidation
occurred smoothly to access 45 in 62% vyield (Scheme 6).
Upon treatment with TsOH, oxa-Michael addition then
proceeds to furnish enone 46 as a single diastereomer. After
several steps to remove the bridging serine moiety and further

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 3. Padwa’s Total Synthesis of Erysotramidine and Demethoxyerythratidinone
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Scheme 4. Simpkins’ Enantioselective Synthesis of acylation of 47 with (EtO),P(O)CH,COCI and subsequent
(+)-Demethoxyerythratidinone treatment with aqueous KOH established a mixture of lactams

49 and 50. Reduction of the mixture of products and acidic

MeO
U\N o P wger j©/\ hydrolysis then resulted in the total synthesis of (+)-33.
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0 Alternatively, silica gel chromatography of 47 and
A subsequent protection provided conversion to 51, which
34 61% yield underwent conjugate reduction with Li/NH; and elimination
B TIPSOTH MeO PACI,, CuC with t-BuOK to deliver 52 in a 64% overall yield. N-Acylation
2) BF;-OEt,, CH,Cly Meo%o % | and cyclization then established the natural product scaffold,
/) which was advanced to (+)-erysotramidine 27 in two
82% yield, 3:1 dr TIPSO’ subsequent steps. Overall, a unified approach to the Erythrina
(2 steps) 36 alkaloids was demonstrated through a key oxidative amidation

teo _ and cyclization strategy.
N 1) LiAlH,, AICI, , . . :
Meo%o 2 (cochy S0 Kaluza’s synthe.tllc strateg}{ .toward the asymmetric syr.lthésm
\(\ : —_— of (—)-erysotramidine 27 utilized a late-stage Heck cyclization
° T";s;o 32% yield (2 steps) to assemble the A-ring of the natural product scaffold.””
Meo. Starting from imide 53 prepared in two steps from L-tartaric

acid, addition of Grignard reagent 54, and Lewis acid-mediated
cyclization provided an epimeric mixture of diacetate 55
(Scheme 7). Silver-catalyzed cyclization then furnished
dihydrofuranyl derivative 56, with further reduction accessing
the key intermediate $7. Preparation of the (Z)-vinyl iodide for
the late-stage Heck cyclization was achieved through Swern
oxidation, then Wittig olefination of the crude aldehyde, and
protection of the hydroxyl group to provide $9. A Heck

20% KOH, MeOH MeO
—_—

(o]
50% yield (+)-Demethoxyerythratidinone (33)

Scheme 5. Reisman’s Enantioselective Synthesis of
(—)-Demethoxyerythratidinone

fs') "'°°j©\/\/c' Me°:©/\ By cyclization then established the A-ring of the natural product
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el o Meo L 40 MeO " N2 scaffold, providing 60 in a 62% yield as the sole product. A
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Et,0, 78 °C final methylation step of the alcohol furnished the unnatural
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THF, 0 °C g comprise one of the largest and most diverse groups of
75% yield (2 steps) 65% yield (-)-33 alkaloids. Despite the considerable variation in structure of
benzyl THIQ alkaloids, the biosynthesis of these natural
oxidative manipulations, late-stage intermediate 47 served as a products is proposed to share early precursors.’ Isoquinoline
universal precursor to access both natural products. First, N- biosynthesis stems from dopamine 61 and p-hydroxyphenyla-
9451 https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 6. Ciufolini’s Enantioselective Synthesis of (+)-Demethoxyerythratidinone and (+)-Erysotramidine

MeO MeO.
a
_PhI(OCOCFy), o MeO 0
5

CO,Me (o) (o]

HO 44 62% yield
o I 47
MeO o] MeO MeO.
(Et0),P(0)CH,COCI N N 1) Me,EtN-AlH; O N
NEt;, THF, 18 h MeO 2o MeO N 0°Ct023°C,1h MeO
o > _P(OEt), | —> — A L N AL
then 10% aq. KOH 0” 2) 1.5 M aq. HCI
acetone, reflux
o o o~ o 63% yield (2 steps) o
48 49 (+)-Demethoxyerythratidinone (33)
MeO MeO
MeO
WNH_ 1) silica gel NH 1) Li, NHz (), THF 1) (Et0),P(0)CH,COCI

MeO X o chromatography _ MeO < __O0 +-BuOH, 78 °C MeO “NH DCC, DMAP, NEt;

— = _FBuUR, =0 L o

2) TB_DPSCI, ‘ 2) +-BuOK 2) 10% aq. KOH

imidazole, DMF OTBDPS THF, 0 °C 3) Se0,, dioxane
o (o) AcOH, reflux
\/ 0\) 4) Mel, KOH, Bu;NBr
47 82% yield (2 steps) 51 59% yield (2 steps) 52 27% yield (4 steps) (+)-Erysotramidine (27)

Scheme 7. Kaluza’s Enantioselective Synthesis of “°

. MeO
(—)-Erysotramidine Ho O
TIPSO Dopamine (61) Ncs s OMT HO CNMT
MeO. \ MeO. + O
m o 1) THF, 54 MgBr HO
MeO I}

> 0% N
:Sj 2) Ac,0, DMAP Me0” 7 o Ho
-, 3) BF3-Et,0, =z p-hydroxy- .
‘0TMS CHZCI;,’ 0°C TIPSO AcO P phenylaceta;;iel1yyde (62)  (S)-norcoclaurine (63) (S)-coclaurine (64)
TMSO 0Ac
53 76% yield (3 steps) 55 MeO
MeO
1) Pd/C, H,, PhMe NMTC oMt
1) NaOMe, MeOH 2) TF,0, 2,6-lutidine
) NaOWe, Me o -
2) AgNO; (20 mol %) ~ MeO 3) Lil, CHsCN
NEts, THF, 55 °C o L 4) Pd/C, NaHCO; MeOH MeO
; TIPSO OH . (S)-3*-hydroxy- (S)-retlculme (67)
91% yield (2 steps) 56 67% yield (4 steps) (S)-N-methylcoclaurine (65) N-methylcoclaurine (66)
MeO MeO Figure 6. Early biosynthetic pathway to yield the central biosynthetic
1) TBAF, AcOH, THF intermediate (S)-reticuline 67.
MeO O ) (cocl),, DMSO MeO
NEtz, CH,Cly, 60 °C
TIPS 0/ N-methylcoclaurine 3’-hydroxylase (NMTC) followed by O-
57 58 methylation produces the key precursor (S)-reticuline 67.
MeO : . . . .
o, PA(PPhy) (25 mol %) From this key 1_ntermed1a_te, the biosynthetic pathways branch
1) PhsPCH,l, NaHMDS o N o Na,COj, TBABr to form a variety of different structural classes of THIQ
A e T S — T ) .
2) TESOTY, NEt, ¢ — DMF, 80 °C, 24 h alkaloids (Figure 7).
| OTES 4.1. Aporphine Alkaloids
37% yield (2 steps) 62% yield . .
I 59 4.1.1. General Structure and Biosynthesis. The

aporphine alkaloids are based on the 4H-dibenzo[deg]-
quinoline structure or its N-methyl derivative, with a tetracyclic
core as distinguished in Figure 8.** They contain a biphenyl
ring system and highly oxidized substitution patterns with
96% yield (-)-Erysotramidine (27) hydroxyl, methoxy, and methylenedioxy moieties situated over
all four rings.

The aporphine alkaloids have been isolated from a variety of

Mel, KOH, TBABr
THF, R.T,, 24 h

cetaldehyde 62 to yield the central biosynthetic intermediate plants, including the genera Glaucium flavum, Beilschmiedia
(S)-reticuline 67 (Figure 6).”’ elliptica, and Nandina domestica. They are known to be
Condensation of 61 and 62 is catalyzed by the enzyme promising agents in the prevention and treatment of metabolic
norcoclaurine synthase (NCS) to form (S)-norcoclaurine 63. syndrome due to their broad biological activity, including
Methylation then occurs by a S-adenosyl methionine-(SAM)- antihypertension, antidiabetes, antiobesity, antioxidation, and
dependent O-methyl transferase to access (S)-coclaurine 64. anti-inflammation.”® In particular, many of the aporphines
After N-methylation to yield intermediate 65, hydroxylation by show various levels of preventing insulin resistance and
9452 https://doi.org/10.1021/acs.chemrev.3c00054
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MeO
O NMe
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MeO

(S)-reticuline 67

Bisbenzylisoquinoline
Alkaloids
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Cularine Alkaloids

Aporphine Alkaloids

.

Pavine Alkaloids Isopavine Alkaloids

Figure 7. Diverging biosynthetic pathways from (S)-reticuline 67 that
access a wide variety of structural classes of THIQ alkaloids.

® Tetracyclic skeleton
® Biphenyl Ring System
® Highly Oxidized Functionalities

R = OMe, OH
R'=H, Me

Aporphine Alkaloids

Figure 8. General structure of the aporphine alkaloids.

regulation of glucose homeostasis. The methoxy and hydroxyl
substituents may be important for these biological activities.”

The aporphine alkaloids are presumably derived from
reticuline 67, which undergoes an intramolecular bis-phenol
coupling to construct the core.”® The CYP80G subfamily of
cytochrome P450 monooxygenases has been correlated with
aporphine biosynthesis in which CYP80G2 (corytuberine
synthase) catalyzes conversion of (S)-reticuline 67 to (S)-
corytuberine 68 via intramolecular C—C coupling (Figure 9).

MeO.

O NMe
HO
HO. I

MeO'
(S)-reticuline (67)

CYP80G

MeO'
(S)-Corytuberine (68)

(S)-Magnoflorine (69)

Figure 9. Proposed biosynthesis of aporphine alkaloid (S)-
magnoflorine 69.

N-Methylation of corytuberine 68 by the reticuline N-methyl
transferase (RNMT) enzyme then delivers one of the
aporphine natural products, magnoflorine 69. Other related
aporphine members of the family are proposed to arise from a
similar route, delivering either the N—H or N-methyl
aporphine or the quaternary aporphine salt.

4.1.2. Total Synthesis of Aporphine Alkaloids.
Approaches toward the syntheses of the aporphine alkaloids
commonly feature EAS chemistry to establish the THIQ core,
followed by an intramolecular phenol arylation to achieve the
natural product scaffold. In 2004, Cuny described the synthesis
of aporphine 75 utilizing this synthetic strategy starting from

9453

N-tosyl tyramine 70 (Scheme 8).”” A Pictet—Spengler
cyclization with 2-bromophenylacetaldehyde 71 was effected

Scheme 8. Cuny’s Synthesis of Aporphine

Br
Me ©/\CHO O
NTs

iR @ ~Z 7, Ho

S TFA, 70 °C, 5 h

oo

HO
Br

70

72

55% yield

A
O‘

73

Pd(OAc), (20 mol %)
PCy; (40 mol %)
CsCO3

DMA, 110°C, 24 h

1) Tf,0, 2,6-lutidine
CH,Cl,, 0 °C

2) Pd(OAc); (10 mol %)
dppf (10 mol %), NEt;
HCO,H, DMF, 80 °C

3) Na, N H, DME, -56 °C

69% yield (3 steps)

56% yield

37% aq. CH,0

NH MeOH, 30 min. NMe
then NaBH,
O 84% yield O
74 Aporphine (75)

to afford THIQ 72 in 55% yield. A Pd-catalyzed intramolecular
phenol ortho-arylation then delivered the key aporphine
scaffold 73 in moderate yield. Finally, removal of the hydroxyl
group and the sulfonamide, followed by reductive amination
with 37% aqueous formaldehyde in the presence of NaBH,
afforded aporphine 75. Similar synthetic strategies have also
been utilized in subsequent reports to access different
aporphine natural products.”*™*’

Circumventing the need for prefunctionalization of the arene
before direct arylation, Vicario and co-workers reported the
total synthesis of (+)-glaucine using an oxidative biarzl
coupling to establish the aporphine scaffold (Scheme 9).*
From imine 76, addition of Grignard benzylic reagents
followed by hydrogenation to remove the chiral appendage

Scheme 9. Vicario’s Synthesis of (+)-Glaucine

“ry
®

OMe
77

MeO oH 1) ArCH,MgCl
. \) THF, 40 °C MeO
z 2) H,, Pd/C
Me H HCl, MeOH
Ph

74% yield (2 steps) meo
76

Br.

j\ MeO

Et0” “OEt
1)K,CO;, 78 NMe 1) NaBH,, TFA
CH3CN, reflux MeO CH,Cl,

2) HCHO, NaBH,CN 2) PIFA, BF4-OEt,

OH

CH4CN CH,Cl,, —20 °C
3) 1:1 HCl:acetone
67% yield (3 steps)  "°C 64% yield, 94% ee
OMe (2 steps)
79

MeO. I
MeO ‘

OMe
(+)-Glaucine (80)

NMe

MeO

https://doi.org/10.1021/acs.chemrev.3c00054
Chem. Rev. 2023, 123, 9447—-9496


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch9&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

delivered amine 77. N-Alkylation with bromoacetaldehyde
diethylacetal (BADA) allowed a Pomeranz—Fritsch cyclization
to construct THIQ 79. After reduction of the hydroxyl group,
the final C—C biaryl oxidative coupling was accomplished
using hypervalent iodine(III) reagent (bis(trifluoroacetoxy)-
iodo)benzene (PIFA) that allowed the synthesis of (+)-glau-
cine 80 cleanly with no racemization observed.

Alternatively, Firstner and co-workers constructed the
aporphine scaffold through a key In- medlated cycloisomeriza-
tion reaction from biphenyl derivatives.”® From enamide 81, a
Suzuki coupling with 2-formylbenzeneboronic acid yielded
functionalized biphenyl derivative 82, constructing the C—C
biphenyl bond early in the synthesis (Scheme 10). Conversion

Scheme 10. Fiirstner’s Synthesis of O-Methyl-
dehydroisopiline

OMe
OMe Pd(OAc), MeO NPhth
MeO. NPhth Cy,P(o-biphenyl)
2-formylbenzeneboronic acid
K3PO,, PhMe MeO
MeO s CHO
Br 94% yield O
81 82
OMe 1) InCly OMe
MeO NPhth PhMe 80 °C MeO
1) CBry, PPh, 2) hydrazine
CH,Cl,, 0 °C MeOH, reflux NH
2)DBU,DMSO _ MeO P Br  "3)cul, CsOAc MeO ‘
70% yield (2 steps) O 62% yield (3 steps) O
83 O-methyl-
dehydroisopiline (84)

of the aldehyde to alkyne 83 then set the stage for the key
carbocyclization, which was effected by using InCl; in toluene.
After removal of the phthalimide protecting group, intra-
molecular amination forged the THIQ ring and completed the
total synthesis of O-methyl-dehydroisopiline 84.

An unusual approach toward the synthesis of the aporphine
scaffold employs benzyne chemistry to construct two of the
four rings in a single transformation. Raminelli and co-workers
described the synthesis of aporphine 75 from amide 85, which
was converted to isoquinoline 86 through a Bischler—
Napieralski reaction (Scheme 11). ** Treatment with acetic
anhydride then yielded isoquinoline 87, which served as the
nonpolar diene for the [4+2] annulation. Thus, adding 87 and
benzyne precursor 88 in the presence of CsF delivered
aporphine core 89 from a [4+2] reaction followed by hydrogen

Scheme 11. Raminelli’s Synthesis of Aporphine

Ac,0
NHCOMe A pyridine
130 °C 30 min N 60°C,3h
C,3h
>99% yield Me 74% yield
T
NCOMe + CsF (3 equiv) NCOMe
oﬂ CchN 24h
77% yield
87 88
1) LiOH 1) (+)-DBTA
EtOH:H,0 N EtOAc, i-PrOH
MW, 180 °C “Me reflux
2) CH,0 (37%) H 2) chog, ,0
MeOH, 30 min
then NaBH
4;; ; i 41% yleld
% yiel . o
(2 steps) Aporphine (75) 81% ee ( )-75
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migration. Hydrolysis of 89 followed by reductive amination
delivered aporphine 75, which was then subjected to chiral
resolution using (+)-DBTA to provide the enantiomer of the
aporphine alkaloid. Raminelli and co-workers were further able
to demonstrate the syntheses of different aporphine alkaloids
using benzyne chemistry to couple isoquinoline derivatives and
various silylaryl triflates, allowing rapid access to functionalized
aporphine scaffolds.***

Beyond the syntheses of the classic aporphine natural
product scaffold, others have targeted unique members of the
aporphine alkaloids, which share the characteristic tetracyclic
nucleus but with varying oxygenation patterns and bond
connectivity. For instance, Nimgirawath and co-workers
completed the total synthesis of telisatin A 92 and other
members of the telisatin-type alkaloids that are distinguished
by an oxalyl moiety fused to the THIQ core (Scheme 12).*

Scheme 12. Nimgirawath’s Synthesis of Telisatin A

MeO. MeO.
O (cocly, SnBugH
_N_ NEty N. _o ACCN
MeO CHCl, | MeO I Phve . MeO
O 60% yield O O 33% yield
Br Br

90 91

Telisatin A (92)

From dihydroisoquinoline 90 that was established from a
Bischler—Napieralski reaction, treatment with oxalyl chloride
and NEt; afforded dione 91 (Scheme 12). A radical cyclization
using SnBu;H in the presence of 1,1’-azobis-
(cyclohexanecarbonitrile) (ACCN) then delivered telisatin A
92 and other telisatin alkaloids in 30—34% yields.

Cuny and co-workers described the syntheses of C7-
oxygenated aporphine alkaloids through a diastereoselective
reductive cyclization followed by a Pd-catalyzed ortho-arylation
to form the biaryl C—C bond (Scheme 13).*** From

Scheme 13. Cuny’s Synthesis of (—)-Artabonatine A

MeO. MeO.
m o 1) DIBAL, PhMe, ~78 °C
TBSO o

2) MeOH, -20 °C HO

7.0 3) BF3*OEt,, —20 °C
MeO ¢l 4) TBAF, CH,Cl,
94% yield, 6.7:1 dr
4 steps,
93 (4 steps) 9

[} XPhos precatalyst
Cs,CO;
—_—
DMA, 90 °C, 30 min

1) BBr3, CH,Cl,

2) CH,Br,, Cs,CO;
DMF, 60 °C

78% yield (2 steps)

86% yield

(-)-Artabonatine A (96)

carbamate 93, selective reduction of the methyl ester using
DIBAL, followed by an acid-mediated cyclization with BF;-
OEt, delivered oxazolidinone 94 of both anti- and syn-
diastereomers. Demethylation and formation of the dioxolane
moiety with CH,Br, provided 95, which underwent an ortho-
phenyl arylation with an XPhos precatalyst to afford
(—)-artabonatine A 96. This natural product has been revised
after observing that the specific rotation and 'H and *C NMR
spectral data for the natural product possessed the syn-
diastereomer rather than the reported structure of the trans-
diastereomer.

Lastly, the proaporphine alkaloids are recognized as
biosynthetic precursors of aporphine alkaloids that are

https://doi.org/10.1021/acs.chemrev.3c00054
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distinguished by the spirocyclohexadienone ring system.
Toward the construction of this unique spirocycle, Honda
and co-workers first reported the total synthesis of stepharinine
100 and pronuciferine 101 utilizing an intramolecular aromatic
oxidation of a common phenol intermediate (Scheme 14A).*

Scheme 14. (A) Honda’s Synthesis of Stepharine and
Pronuciferine; (B) Magnus’s Synthesis of Stepharine

MeO CHO MeO. NHAc
1)Pd(OH)2 H,
MeO' MeO 2) POCI3, MeCN
—_—
3) TFAA, NEt;
CH,Cl,, 0 °C
58% yield (3 steps)
0Bn

1) MeNO,, NH,0Ac
2) LiAlH,, THF, reflux

WACLNEG, NEI;
CH,Cl,, 0

71% yield (3 steps)

0Bn
97
MeO. MeO.
e e HCHO MeO.
|O NaBH,CN |O
N.__CF NH 3 NM
MeO U EPA  meo __ACOH __ meo . ¢
o TFE, 0 °C MeCN 0°C
O then NaBH,
90% yield 79% yield
OH o

99 Stepharme (100) Pronuciferine (101)
B.
MeO. MeO.
1) CsF
NCO,Et NMP, 150 °C NH
MeO MeO
2) KOH, ethylene glycol ‘
OMs H,0, 100 °C
66% yield (2 steps)
OTIPS (o}
102 Stepharine (100)

From aldehyde 97, condensation with nitromethane, followed
by reduction and acetylation, delivered amide 98. After
removal of the benzyl group, a Bischler—Napieralski reaction
with POCI; and then acylation with trifluoroacetic anhydride
yielded enamide 99 for the key aromatic oxidation. Ultimately,
the oxidation of 99 with iodobenzene diacetate (PIDA) was
successful in allowing cyclization to stepharine 100 in a 90%
yield. N-Methylation of 100 further delivered pronuciferine
101. Alternatively, Magnus and co-workers demonstrated that
the spirocyclization could be achieved through an intra-
molecular displacement of a mesylate derivative 102 using CsF
in NMP at 150 °C to deliver stepharine 100 as well (Scheme
14B)."

Takao and co-workers reported the enantioselective syn-
thesis of a distinct proaporphine alkaloid (—)-misramine 110
utilizing their previously developed enantioselective Friedel—
Crafts 1,4-addition of enones.*”*’ From phenethyl enone 103,
their key enantioselective intramolecular 1,4-addition was
accomplished by using epi-cinchonine amine C1 as a catalyst
(Scheme 15). With enantioenriched spiroindane 104, a
Rubottom oxidation followed by treatment with camphorsul-
fonic acid (CSA) and trimethyl orthoformate induced an
intramolecular hemiacetalization of the phenol and carbonyl to
deliver tetracycle 10S. After several protecting group
manipulations, benzylic oxidation with CrOj; furnished ketone
106. Next, to establish the THIQ core, the 2-oxoethyl group
was incorporated into the benzene ring via a Claisen
rearrangement to afford the C-allylated product 107, followed
by ozonolysis followed by deoxygenation to produce aldehyde
109. Finally, reductive amination and the removal of the TBS
group afforded (—)-misramine 110 as a single diastereomer.

Fagnou and co-workers further utilized the Pd-catalyzed
direct arylation of aryl halides for the preparation of aporphine
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Scheme 15. Takao’s Synthesis of (—)-Misramine

[o]

C1 (30 mol %)

H,0 (1 equiv)
p-bromophenol (1 equiv)
—_—

PhH, 65 °C

HO. I
MeO
OH

103 104

60% yield, 73% ee

1) MOMCI, i-Pr,NEt
DMAP, CH,Cl,

2) LDA, TMSCI, NEt,;
THF, -78 to 0 °C

3) DMDO, acetone
then1 M aq. HCI

4) CSA, HC(OMe);
MeOH

1) BzCl, K,CO,
acetone, reflux

2) TBSCI, imidazole
DMAP, CH,Cl,

3) CrO4
3,5-dimethylpyrazole
CH,Cly, reflux

65% yield (3 steps)

TBSO!

57% yield (4 steps)

Z 1) PhNT,, NaH
2) 03, CH,Cl,,

1) K,CO3, MeOH
2) allyl bromide

K,COj3, acetone then Me,S
3) N,N-diethylaniline 3) PPTS, HC(OEt);

230 °C TBSO EtOH, reflux TBSO
81% yield (3 steps) MeO 95% yield (3 steps) MeO

107 108

1) Pd/C, HCO,NH, 1) MeNH,, AcOH

MeOH, reflux NaBHZCN, MeOH
2) TFA, H,0 2) HF-Py

CH,Cl, TBSO Py:THF

. . MeO

63% yield (2 steps) 47% yield (2 steps) ©

109 (-)-Misramine (110)

analogues, including C2-substituted aporphines and the
syntheses of (R)-nornuciferine 122 and (R)-nuciferine 121
(Scheme 16).** First, a Bischler—Napieralski cyclization of
differentially substituted amides under either POCl; or
poly(phosphoric acid) yielded the dihydroisoquinoline inter-
mediate, which was immediately reduced to THIQ 112 using
NaBH, in MeOH. After protection of the secondary amine, the
key direct arylation step was explored for each substrate,
enabling the direct coupling of aryl bromides, chlorides, and
iodides as well as different N-protecting groups (Scheme 16A).
Fagnou also explored various C2-substitutents by coupling
aporphine derivative 115 with different nucleophilic coupling
partners, installing a range of functionalities such as morpho-
line, pyridine, and pyrazine N-oxides (Scheme 16B). This
strategy was also employed for the synthesis of (R)-
nornuciferine 122 and (R)-nuciferine 121 by utilizing a Ru-
catalyzed asymmetric transfer hydrogenation after Bischler—
Napieralski cyclization to provide THIQ 118 in 99% yield and
with 95% ee (Scheme 16C) Then, Pd-catalyzed arylation,
followed by reduction or deprotection of the Boc group,
delivered both natural products. Overall, these syntheses
highlight the utility of direct arylation methodology for both
target-oriented and diversity-oriented synthesis.

4.2. Bisbenzyl Thiq Alkaloids

4.2.1. General Structure and Biosynthesis. The
bisbenzyltetrahydroisoquinoline alkaloids consist of two
monomeric benzyl THIQ_ fragments linked through diphenyl
ether or biphenyl bonds (Figure 10). The substitution on the
arene mainly consists of hydroxyl, methoxy, or methylenedioxy
groups. Over hundreds of bisbenzyl THIQ alkaloids have been
isolated and characterized, with the diaryl ether linkage either
involved in “tail-to-tail” coupling of the benzyl unit or “head-
to-tail” coupling of the THIQ linked to the benzyl C-ring.

The bisbenzyl THIQ alkaloids have been isolated from an
array of plant species, including Chondrodendron tomentosum

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 16. Fagnou’s Synthesis of Aporphine Alkaloids

A.
R2 R2
Boc,0, DMAP
0. _NH 1) POCl,, CH,Cl, NH -ProNEt, CH,Cl,
R orPPA,150°C _ R! or TsCl, py., CH,Cl,
R3 2) NaBH,, MeOH R or Ac,0, DMAP
O ProNEt, CH,Cl,
54-99% yield
X 4 X
111 112
R', R%, R3=H, OMe, CI, F
X =Br,Cl, 1
R2 R2
O NPG Pd(OAc), (5 mol %)
R! ligand (10 mol %) R'

K,CO3, DMA, 130 °C
58-99% yield

O
Br

PG =Boc, Ac, Ts
113

Pd(OAc), (10 mol %) o X2
PCy,-2-BiPh (20 mol %) /\NH
NaOt-Bu, PhMe, 110 °

or Pd(OAc), (5-10 mol %) XS
P(t-Bu);-HBF, (15-30 mol %) [ j
K,COj3, PhMe, 110 °C @N/
X=CH,N o6
70-83% yield 116
X = morpholine, pyridine
N-oxide, pyrazine N-oxide

C.
MeO Ru catalyst (5 mol %) MeO 1) (ROC),0, DMAP
HCO,H/NEt, -Pr,NEt
N NH

MeO DMF, 1 h MeO ; 2) Pd(OAc),

= ligand 119
KOAc, DMA

Br 49-72% yield

~NRLiAH,, THF, 0 °C
or TFA, CH,Cl,

53-88% yield

MeO

120
R = CO,Me, CO,#-Bu

R = Me, (R)-Nuciferine (121)
R = H, (R)-Nornuciferine (122)

B Dimers of Benzyl THIQ Monomers
B “Head-to-Tail” or “Tail-to-Tail” Coupling
B Highly Oxidized Functionalities

o)
,«T/Fﬂ R = OMe, OH,
-OCH,0-

RN 8 \ 7 R = H, Me

\———Bisbenzyl THIQ Alkaloids ——

Figure 10. General structure of bisbenzyl THIQ alkaloids.

and opium poppy Papaver somniferum.”> They are widely
known for their dopaminergic, antitumor, and neuroprotectant
properties.”® This class of alkaloids is proposed to be formed
from the coupling of two monomer units derived from N-
methylcoclaurine (NMC) 65 in either the (R)- or (S)-
configuration, catalyzed by enzyme CYP80A1l (Figure 11).
First, epimerization of 65 is performed by dehydroreticuline
synthase-dehydroreticuline reductase (DRS-DRR) to yield
(R)-65, and then either (R)+(R) coupling or (R)+(S) coupling
delivers guattegaumerine 123 or berbamunine 124, respec-
tively. However, dimerization of benzyl THIQs can occur
either between both benzyl units or between the THIQ moiety
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MeO.

HO ‘ NMe  prs-DRR
_DRS-DRR

HO !

MeO.
Homm CYP8O0A1

[65 + (R)-65]
[(R)-65 + (R)-65]

(S)-N-methylicoclaurine (65) (R)-65
OH
OMe
(o} o,
. MeN
v HO e +
MeO
OH
Guattegaumerine (R,R product) (123)
OH
OMe

(o}
NMe O D/ ..
MeN
® "

H
Berbamunine (R,S product) (124)

Figure 11. Proposed biosynthesis of bisbenzyl THIQ alkaloids 123
and 124.

to a benzyl unit, and thus the structural diversity of these
alkaloids is extensive."’

4.2.2. Total Syntheses of Bisbenzyl THIQ Alkaloids. In
2011, Opatz and co-workers described the modular syntheses
of (+)-tetramethylmagnolamine 133 and (+)-O-methylthalibr-
ine 132 from a common intermediate THIQ 125 (Scheme
17).*7*% Alkylation of deprotonated aminonitrile 125 with
benzyl bromide 126 and subsequent reductive methylation
give THIQ monomer 127, while bromination of 128 followed
by formamide reduction yielded the other THIQ monomer
129. Finally, an Ullman coupling of 127 forged the biaryl ether
linkage with THIQ 130 to afford (+)-O-methylthalibrine
dimer 132, or alternatively with THIQ 129 and 131 to
synthesize (+)-tetramethylmagnolamine 133. Opatz and co-
workers utilized a similar synthetic strategy for the C—O
coupling of two benzyl THIQ monomers to access the
macrocyclic skeleton of the curare alkaloids as well.**

A similar synthetic approach was described by Bracher and
co-workers for the total synthesis of tetrandine 141 and
isotetrandine 142, featuring a Pictet—Spengler condensation to
construct the THIQ moieties followed by an Ullmann coupling
for biaryl ether formation (Scheme 18).* First, benzyl- THIQ
136 was constructed from a Pictet—Spengler cyclization of
carbamate 134 with enol ether 135, which further underwent
C—O coupling using a copper(I) bromide-dimethylsulfide
complex with Cs,CO; in pyridine to yield 138. After
deprotection, a second Pictet—Spengler reaction with enol
ether 139 delivered seco-bisbenzylisoquinoline 140 in 42—46%
overall yield. A second Ullmann coupling using the same
optimized conditions then afforded the macrocycle and
accessed natural products tetrandine 141 and isotetrandine
142 after reduction with LiAIH,.

Apart from macrocyclic bisbenzyltetrahydroisoquinoline
alkaloids, several novel strategies to access seco-bisbenzylte-
trahydroisoquinolines have been explored. In 2002, Georghiou
and co-workers described the total synthesis of (—)-tejedine
154 from a key Bischler—Napieralski cyclization and diaryl
ether coupling (Scheme 19).°° One of the synthons for the key
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Scheme 17. Opatz’s Synthesis of
(+)-Tetramethylmagnolamine and (+)-O-Methylthalibrine

1) KHMDS MeO.
2) 126
NH ) Ru-TsDPEN cat, 3) Ru-TsDPEN cat. MeO
HCO,H, NEt, MeO
R
RD/\ MeO
126
R = OMe, H 1) HCO,Et
3 IfgsMDS R = OMe, Br 2) Br,, CH,Cl,
3) Ru-TsDPEN cat. 3) BH3*THF
HCOoH, NEt 54% yield (3 steps)
38% yield (3 steps)
MeO MeO.
O NMe O NMe
MeO MeO
O MeO. I
Br MeO Br O
127 129 NMe
N,N-dimethylglycine 131 O
Cul, Cs,CO3, DMF ;
microwave, 160 °C 50% yield
= OH, R2= OMe, 130
R‘ H, R? = OH, 131
MeO. MeO
O O NMe
MeO NMe MeO
! MeO I
MeO MeO (o]
o OMe
MeO.
MeO ; R
NMe
NMe
MeO

(+)-Tetramethyl

(+)-O-methylthalibrine (132) magnolamine (133)

Scheme 18. Bracher’s Synthesis of Tetrandine and
Isotetrandine

OMe OMe
=
) EtOZC OMe
_TFA
HN +
e0 CO,Et CHZCIZ, 0°C OBn
BnO
Br OMe 47% yield
OMe
134 135
~ : OMe OMe OMe
EtO, c’NH OH N 7
2 137 Et0,C OMe 1) PA/C, H,
CuBr, SMe,, Cs,CO3 MeOH
pyridine, 110 °C 2) TFA, 139
CH,Cl,, 0 °C
o s
41% yield MeO . MeO Ei0,c—NH Br 42-46% yield
138 139 1.1:1dr
OMe OMe
OMe
Et0,¢” OMe 1) CuBr, SMe, O Ol
OMe Cséco:og, py.

MeN
2) LiAlH,
THF, 80 °C

110 °C (¢] O
&oza

61-63% yield O O Ne
(¢}
MeO

Tetrandine (141) (R,R)/(S,S)
Isotetrandine (142) (S,R)/(R,S)

cyclization was synthesized from phenyl acetic acid 143, which
upon reaction with (S)-methylbenzylamine 144 delivered
amide 1485, and further reduction afforded synthon 146. The
diaryl ether coupling partner was then achieved from
Cu(OAc),-catalyzed C—O coupling of phenol 147 with
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Scheme 19. Georghiou’s Synthesis of (—)-Tejedine

OMe 1) (COCI), o OMe 1) B,Hg-THF
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L SN
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OMe 1) TBAF, THF, 0 °C
2)DMP, 1 h
O __N 3) NaCIO,, Na,HPO,
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HOBt, EDCI 0P Ph OBn 4) TMSCHN,, MeOH
DMF, 0 °C 5) POCly, PhH, reflux
i 6) NaBH,, MeOH, -78 °C
73% yield (o) 7) Hy, Pd/C, EtOH, EtOAc
OTBS 8) (Boc)z'O, NEts, -78 °C
150 19% yield (8 steps)
OMe
BocN
. OMe F. Me N _CO,C,H;
0i-Pr > OH + D\) _CsF
IS USSR
Me0,C o 90% yield
151 152
OMe 1) H,, Pd/C, MeOH
2) HBF,, i-amylONO, CH;CN;
BocN aq. Kl, —45 °C; i-PrMgCl;
Y OMe B(OMe);, —60 to —40 °C;
Oi-Pr 0 Me. _CO,C,Hs _ H20, 1M NaOH, -20°C
N 3) Mel, DMF, 0 °C; TFA, THF
4) aq. 37% CH,0, NaBH;CN
MeO,C (o) O,N 5) Tf,0, DMAP, CH,Cl,
6) AICI3, CH,Cl,
153 36% yield (6 steps)

QY
Me0,C (o]

(-)-Tejedine (154)

phenyl boronic acid 148, which was then hydrolyzed to
carboxylic acid 149. With the two partners in hand, a
diastereoselective Bischler—Napieralski reaction was per-
formed using chiral auxiliary-bearing synthon 146 condensed
with 149 to deliver amide 150, followed by cyclization using
POCI; and reduction to deliver THIQ 151 as a single
diastereomer. Finally, the dihydroisoquinolone unit was
installed from phenylethylamine 152 which underwent base-
mediated SyAr coupling with 151 to deliver 153. After the
nitro group was converted to a methoxy substituent, N-
methylation and cyclization afforded (—)-tejedine 154.
Toward the synthesis of (+)-O-methylthalibrine 161,
Nishiyama and co-workers employed an electrochemical
method to construct the diaryl ether core along with a
stereoselective Bischler—Napieralski reaction to establish the
THIQ moieties.”"” First, the electrochemical halogenation of
phenol 155 was optimized to deliver dichlorinated phenol 156
by using TBACI as the halogen source (Scheme 20). Then,
oxidative dimerization of 156 was performed to deliver 157 in
60% yield, followed by cathodic reduction to afford the desired
diaryl ether product 158. After methylation of the phenol,
catalytic hydrogenolysis delivered 159 in an 85% overall yield.
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Scheme 20. Nishiyama’s Electrochemical Synthesis of
(+)-O-Methylthalibrine

I
wl I o o T
CO,Me 1,02V vs. SCE COMe
4.5 F/mol anodic oxidation
—_—
HO TBACI, MeOH = HO HCIO,4 (0.1 M), MeOH
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CO,Me Me0,C—, OMe 4 co,Me CO,Me
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o o1 HCIO AcOH 2y, 5% PG 3
cl OH 2 Id (2
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Meo
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2) BOP, NEt;, CH;CN NMe
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MeO' HNYMe
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om 4) NaBH,, MeOH o
e 5) Hy, aq. CH,0, Pd(OH), O
N
52% yield (4 steps) Me
159 >20:1 dr (+)-O-methyithalibrine (161)

Alternatively, an electrochemical reductive dechlorination
reaction was also developed by passing a methanol solution
of 158 through a Pd tube (cathode) and a Pt wire (anode) in
an aqueous H,SO, solution outside the flow cell. Hydrogen,
which was generated by electrolysis, was absorbed into the Pd
tube and thus the success1ve reduction was conducted to give
159 in 76% yield>' After hydrolysis, the reaction of the
resulting diacid with phenylethylamine 160 provided the
corresponding bis-amide, which underwent a Bischler—
Napieralski cyclization followed by reduction to deliver bis-
THIQ in 75% overall yield. Finally, a one-pot conversion of
removing the chiral auxiliaries and N-methylation afforded
natural product 161.

Alternatively, Lumb and co-workers adopted a bioinspired
strategy for the synthesis of (S,S)- tetramethylmagnolamme
133 utilizing a catalytic aerobic desymmetrization of phenols.>®
From THIQ 162, which was established from a Bischler—
Napieralski cyclization followed by asymmetric reduction, a
Boc protection and subsequent aerobic oxidative coupling
using CuPF; and N,N’-di-tert-butylethylenediamine (DBED)
under 1 atm of O, formed oxygenated radical intermediate 163
(Scheme 21). Upon treatment of another THIQ molecule 164,
radical C—O coupling afforded the desymmetrized bis-THIQ
dimer 165 after reductive workup. Subsequent methylation
and reduction of the Boc groups furnished tetramethylmagnol-
amine 133 in 7 steps with a 21% overall yield. By taking
advantage of the natural product’s pseudosymmetry and
biosynthesis, this synthetic approach concisely assembles the
target by only preparing a single coupling partner.

4.3. Protoberberine Alkaloids

4.3.1. General Structure and Biosynthesis. The
protoberberine alkaloids constitute a tetracyclic ring system
with varied functionalities on the arene ring. These alkaloids
are derived from benzyl THIQs through phenolic oxidation
and coupling with the N-methyl group, which serves as the
“berberine bridge” carbon (Figure 12).>*

Primarily isolated from the Papaveraceae (e.g, Corydalis,
Papaver), Berberidaceae (e.g., Berberis, Mahonia), and
Menispermaceae families, the protoberberine alkaloids consist
of several variations of the tetracyclic ring system: the
protoberberines such as berberine 166, the tetrahydroproto-
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Scheme 21. Lumb’s Synthesis of Tetramethylmagnolamine

— @ —
OH o—Cul, oH
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. MeO. NB.
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Tetramethylmagnolamine (133)
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® N-Methyl Bridging Carbon

B Highly Oxidized Functionalities
R = OMe, OH

R'=H, Me

Berberine (166)

Tetrahydropalmatine (167)

Cryptopine (168)

Figure 12. General structure of the protoberberine THIQ alkaloids.

berberines like tetrahydropalmatine 167, and Cl4-oxo
derivatives, such as cryptopine 168. These three distinct
scaffolds are only several of the myriad number of skeleton
types identified.

Plants that contain the protoberberine alkaloids are known
to be used as analgesics, sedatives, and antiseptics in traditional
medicine. Both the quaternary alkaloid salts and their
tetrahydroderivatives have important biological and therapeu-
tic activity, and thus, their chemical syntheses have been
extensively explored. Their biosynthesis stems from oxidation
of reticuline 67 catalyzed by a berberine bridge enzyme (BBE)
to generate iminium 169, with the release of H,O, as a
byproduct (Figure 13).”° Electrophilic aromatic substitution
then delivers the protoberberine scaffold (S)-scoulerine 171,
which upon methylation by (S)-adenosyl methionine (SAM)
forms tetrahydroprotoberberine 172. Further oxidation of the
amine by a cytochrome P450-dependent enzyme and
formation of the dioxolane ring gives berberine 166.°

4.3.2. Total Syntheses of Protoberberine Alkaloids.
While there have been vast reports on the syntheses of the
protoberberine alkaloids, some feature distinct synthetic
strategies to access the natural product. In 2002, Davis and
co-workers reported the synthesis of protoberberine alkaloid
(—)-xylopinine 177 involving the addition of a lithiated ortho-
tolyl nitrile into an enantiopure sulfinimine.””*® Using
enantiopure sulfinimine 173, which was prepared from
condensation of the aldehyde with enantiopure sulfinamide,
reaction with lithiated ortho-tolyl nitrile 174 delivered
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Figure 13. Proposed biosynthesis of protoberberine alkaloids 166 and
172.

sulfinamide 175 as a mixture of diastereomers (Scheme 22A).
Treatment with DIBAL followed by hydrolysis reduced the

Scheme 22. A) Davis’ Synthesis of (—)-Xylopinine; B)
Ruano’s Synthesis of (—)-Xylopinine
A.

1) LDA, 78 °C

MeO. Me
MeO OTBDMS I:[
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MeO ? 2) then 173

p-Tolyl  3) NH,CI
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MeO. Me
MeO cl ]@[
MeO SO-p-Tolyl
————eeeeeeee
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88% yield
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1) TFA, MeOH_ MeO. CH,0 MeO
—_— —
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THF, 78 °C  Meo MeO
56% yield 66% yield
(2steps)  (-)-Norlaudanosine (181) (-)-Xylopinine (177)

nitrile and removed the sulfinyl group to allow cyclization to
afford dihydroisoquinoline 176. Reduction of the imine,
tosylation, and cyclization of the amine using NaH gave
(—)-xylopinine 177 in 73% yield.

Similarly, Ruano and co-workers harnessed a similar strategy
toward the synthesis of (—)-xylopinine 177, instead using
toluenesulfinamide 179 to add into N-sulfinylimine 178 that
produced benzyl THIQ 180 in 58% yield (Scheme 22B).>’
Treatment with TFA and ¢-BuLi removed both sulfinyl groups
to access (—)-norlaudanosine 181, and a Pictet—Spengler
cyclization with formaldehyde ultimately delivered (—)-xylo-
pinine 177. Both Yang® and Rozwadowska®' have also
harnessed this synthetic approach of the addition of
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nucleophiles to enantiopure sulfinimines to synthesize other
members of the protoberberine alkaloid family.

The convergent synthetic approach of the addition of
lithiated nucleophiles to dihydroisoquinolines or benzonitriles
has been well explored to quickly build the protoberberine
scaffold. Cho and co-workers demonstrated the convergent
coupling of benzonitrile 182 and lithiated ortho-toluamide 183
to access isoquinolone 184 in 32% yield (Scheme 23).” Then,
the removal of protecting groups and reaction with p-TsCl in
the presence of K,COj; delivered oxypalmatine 185.

Scheme 23. Cho’s Synthesis of Oxypalmatine

Me

NEt, MOMO OMe
MeO
MOMO. oM OMe O O
¢ 183 N OMe
n-BuLi NH
NC OMe THF > Meo
32% yield OMe ©

182 184

1) 10% HCI, THF
2) TsCl, K,CO;, DMF

59% yield (2 steps)

OMe O
Oxypalmatine (185)

Utilizing lithiated oxazoline or oxazolidine chiral auxiliaries
to add into dihydroisoquinolines, Iwao®® and Chrzanowska®"**
were able to synthesize both enantiomers of the proto-
berberine alkaloids. From enantioenriched oxazolidine 186,
treatment with n-BuLi generated the carbanion, followed by
addition to dihydroisoquinoline 187 directly afforded
oxoberbine 188 in 33% yield with 81% ee (Scheme 24A).

Scheme 24. Chrzanowska’s Synthesis of A) Oxoberberine
and B) (—)-Oxoxylopinine

A
0 o
PR GO«
o 2N o
S
n-BuLi
Me—7=0 —nBuli
Me THF
0
186 ryed (~)-Oxoberbine (188)
B.

B,

epme Me

OMe
(-)-Oxoxylopinine (191)

13% yield

189 84% ee

More recently, Chrzanowska and co-workers also applied the
same strategy toward the synthesis of (—)-oxoxylopinine 191
from the addition of lithiated oxazolidine 189 to dihydroiso-
quinoline 190 (Scheme 24B).

Finally, Enders and co-workers demonstrated the addition of
lithiated benzamides to enantioenriched hydrazones to
assemble dihydroisoquinolones toward the synthesis of
tetrahydropalmatine 167.°° Lithiated benzamide 192 was
reacted with hydrazone 193, which was prepared from
condensation of enantiopure “SAMP” hydrazines with 3,4-
dimethoxybenzaldehyde, to deliver isoquinolone 194 as a
single diastereomer (Scheme 25). Then, treatment of 194 with
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Scheme 2S. Ender’s Synthesis of (—)-Tetrahydropalmatine

OMe O OMe
MeO 193
NEt, TMEDA, s-BuLi
AlMe;, Et,0, —40 °C
Me €3, Ely
55% yield
192
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MeO
1) BHy-THF; 1 N HCI O N/\<0Et conc. HCI
2) bromoacetaldehyde acetone
diethyl acetal O
KI, K,CO3, DMF oMe 83% yield
52% yield (2 steps) OMe 1.3:1to 1.7:1 dr
195
OMe
MeO.
BF;+OEt,, Et;SiH
CH,Cl,, -78 °C
92% yield
OMe 98% ee

OMe

196 (-)-Tetrahydropalmatine (167)

BH; THF cleaved the N—N bond of the chiral auxiliary,
followed by the installation of the diethyl acetal moiety to
afford 195. A Pomeranz—Fritsch cyclization was then induced
by using concentrated HCI to obtain protoberberine scaffold
196 as a mixture of diastereomers. Removing the hydroxyl
group was achieved by using BF;-OEt, and Et;SiH to
ultimately synthesize (—)-tetrahydropalmatine 167 in 92%
yield with 98% ee.

More classic approaches to the protoberberine alkaloids
involve electrophilic aromatic substitution chemistry to
assemble the THIQ core. Both the Yang67 and Harding68
groups demonstrated a Bischler—Napieralski strategy toward
building the THIQ core, with a tethered methyl ester allowing
cyclization to the protoberberine scaffold. From amide 197,
treatment with POCI; followed by NaBH, reduction
established enantioenriched THIQ 198 induced from the
chiral auxiliary (Scheme 26A). Then, introduction of the
methyl ester through a lithium halogen exchange and
quenching with methyl chloroformate and intramolecular
cyclization of the amine delivered protoberberine scaffold
199. Yang was then able to achieve the synthesis of
(—)-stepholidine 200 after carbonyl reduction and protecting
group removal. Similarly, Harding utilized amide 201 with a
pendent methyl ester to undergo Bischler—Napieralski
cyclization and reduction to access protoberberine scaffold
202 directly (Scheme 26B). Methylation and reduction of the
carbonyl then delivered isocorypalmine 203.

Other electrophilic aromatic substitution strategies utilize
formaldehyde or aldehyde equivalents to close the C-ring and
access the natural product scaffold. In 2010, Georghiou and co-
workers harnessed a chiral auxiliary-assisted Bischler—Napier-
alski cyclization and reduction of amide 204 to achieve THIQ
205, upon which addition of formaldehyde followed by
NaBH;CN reduction delivered (—)-corytenchine 206
(Scheme 27).%°

Alternatively, Hiemstra’® and van Maarseveen’' and co-
workers demonstrated a regioselective ortho- or para-directed
Pictet—Spengler reaction to construct the THIQ core. First, a
chiral phosphoric acid-catalyzed Pictet—Spengler condensation

9460

Scheme 26. A) Yang’s Synthesis of (—)-Stepholidine; B)
Harding’s Synthesis of Isocorypalmine

A.
MeOD/\ MeO.
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1) LiAIH,
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CH,Cl, OMe
80% yield O
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(-)-Stepholidine (200)
B.
MeOD/\
Oy _NH
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2) NaBH,
~ 79% yield
Et0” ~O CO,Me (2 steps)
OMe

201

MeO
1) CHgl, K,CO5
DMF N
HO
l OMe
OMe

Isocorypalmine (203)

2) LiAlH,, THF
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MeOH

74% yield (3 steps)

Scheme 27. Georghiou’s Synthesis of (—)-Corytenchine
1) POCI;

Me0j©/\ MeO
MeO 0= "~P" " NaBH,, MeOH O NH

H MeO'
o 2) H,, Pd/C
Me E{OH
HO 3
64% yield, 95% ee
(2 steps)

1) CH,0, CH,CN
2) NaBH,CN, AcOH

95% yield

[o]
(-)-Corytenchine (206)

of protected amine 207 with aldehyde 208 afforded THIQ 209
in 85% yield with 90% ee (Scheme 28A). Then, a second
Pictet—Spengler reaction was effected with another equivalent
of aldehyde 208 to deliver either the para- or ortho-isomer
depending on the solvent.

Increasing the H-bonding character of solvents such as HFIP
and trifluoroethanol increased the ratio of para-substituted
product 212, while aprotic, apolar solvents such as toluene
gave the highest selectivity of ortho-isomer 211. Treatment
with BBr; led to the formation of para-isomer (+)-javaberine A
213 and (+)-javaberine B 214. van Maarseveen and co-workers
demonstrated an ortho-selective Pictet—Spengler reaction using
aldehyde 216 with equimolar amounts of 2185 in toluene as the
solvent to achieve the ortho-isomer 217 in good selectivity
(Scheme 28B). Debenzylation and cyclization of the C-ring
using formaldehyde under acidic conditions produced
(—)-govaniadine 218 in 61% yield, allowing access to several
other ortho-oxygenated alkaloids as well.

https://doi.org/10.1021/acs.chemrev.3c00054
Chem. Rev. 2023, 123, 9447—-9496


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch27&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch27&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Scheme 28. A) Hiemstra’s Synthesis of (+)-Javaberine A and
(+)-Javaberine B; B) van Maarseveen’s Synthesis of
(—)-Govaniadine
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EtOH
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60% yield (2 steps)

o—/
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Apart from the classical synthetic approaches to the
protoberberine alkaloids, Opatz and co-workers utilized a
Stevens rearrangement of ammonium ylides to synthesize the
protoberberine alkaloids.”” From common synthetic inter-
mediate THIQ 219,”® reaction with dibromide 220 delivered
spirocyclic ammonium salt 221, which upon deprotonation
induced a Stevens rearrangement followed by reduction with
NaCNBHj; to obtain xylopinine 177 (Scheme 29A). This was
further optimized to a one-pot cascade synthesis of
pseudopalmatine 222 from 219 and 220 using DIPEA as a
base, and aromatization under air to protoberberine alkaloid
222 (Scheme 29B).”*

Several transition-metal-catalyzed annulations have been
developed to apply toward the synthesis of the protoberberine
alkaloids. In 2014, Donohoe and co-workers described a Pd-
catalyzed enolate arylation of aryl bromides and ketones to
generate masked 1,5-dicarbonyl intermediates that could
readily cyclize with a source of NH; to an array of
isoquinolines.”” The coupling of ketone 223 and aryl bromide
224 was achieved using Pd(amphos),Cl, and Cs,CO; to
access ketone 225 in 93% yield (Scheme 30). Then, a one-pot
aromatization and cyclization using NH,CI in ethanol and
water delivered palmatine 226. This protocol was successfully

Scheme 29. A) Opatz’s Synthesis of Xylopinine and B)
Pseudopalmatine

A. eO
e
MeO Heo Br ® ar
Meo B MeO "
NH
MeO -2 N OoMe
cN DIPEA, THF
4% yiel OMe
219 94% yield 221
MeO
9@
KHMDS, THF MeO
then NaCNBH,
98% yield O
OMe
OMe
Xylopinine (177)
B.
220
MeO DIPEA
dioxane, air
MeO NH reflux
CN 54% yield
OMe
219 Pseudopalmatine (222)

Scheme 30. Donohoe’s Synthesis of Palmatine

OMe O
o OPiv MeO. /°> MeO o_ o OPiv
MeO.
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—_—
OMe Pd(amphos),Cl, O
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MeO.
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88% yield OMe
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utilized for a variety of substituted aryl bromides and ketones
for the rapid synthesis of protoberberine alkaloids.
Alternatively, Mhaske and co-workers employed a Pd-
catalyzed intramolecular tandem olefin amidation and C—H
activation method for the synthesis of the protoberberine
core.”® From amide 227, iodination and Stille coupling with
vinyl tributyltin afforded key precursor 228 (Scheme 31).
Using Pd(OAc), as a catalyst and Cu(OAc),-H,O and O, as
an oxidant, 228 first underwent amidation to assemble the
THIQ, followed by C—H activation of the arene to allow
cyclization to oxotetrahydropalmitine 229 in 55% yield.

Scheme 31. Mhaske’s Synthesis of Oxotetrahydropalmitine

MeO:@/\ MeO
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HN (o] P —— HN (o]
MeO 2) Pd,(dba)y MeO
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47% yield
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Oxotetrahydropalmitine (229)
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In 2016, Cheng and co-workers developed a general Rh-
catalyzed C—H activation and annulation method to afford
various natural and unnatural protoberberine alkaloids.”” An
array of substituted benzaldehydes, such as 230, were coupled
with alkyne 231 using [RhCp*(CH;CN);][SbF], as a catalyst
with Cu(BF,),6H,0 and O, as an oxidant to deliver
protoberberine alkaloid corysamine 232 in 92% yield (Scheme
32). This one-pot transformation was successfully employed

Scheme 32. Cheng’s Synthesis of Corysamine

H,N o

(<]

/= FZ
o CHO Me 231
[RhCp*(CH3CN);][SbF¢], (2.5 mol %)
Cu(BF,),6 H,0 (60 mol %)

0,, MeOH, 60 °C

230 92% yield Corysamine (232)

for a variety of benzaldehydes and alkyne amines to provide a
library of protoberberine salts in good yield and selectivity.
Glorius and co-workers also reported a C—H activation
annulation approach of substituted benzamides to install the
oxyprotoberberine core.”® Using Cp*Co(CO)I, as a catalyst,
benzamide 233 underwent alkyne insertion, reductive C—N
bond formation, and N—O bond cleavage to achieve
isoquinolone 234 in a single transformation (Scheme 33). A

Scheme 33. Glorius’ General Synthesis of Protoberberine
Alkaloids

o) o OH
Cp*Co(CO)l, (10 mol %)
MeO. n-° AgSbF, (20 mol %) MeO NH
H CsOPiv, HOPiv
MeO TFE, 100 °C MeO Z O
o
% 77% yield
233 234
o

DIAD MeO

PPh, 0 N
R ———

THF, 0 °C e =

Oxyprotoberberine (235)

80% yield

Mitsunobu reaction then constructed the oxyprotoberberine
scaffold 235 in 80% yield, which could be further elaborated
into protoberberine or tetrahydroprotoberberine alkaloids.

Harnessing a Cu-catalyzed three component coupling
reaction of an amine, aldehyde, and alkyne, Tong and co-
workers optimized a general annulation strategy that enabled
the syntheses of over 30 natural protoberberine alkaloids.”**’
To this end, THIQ 236, benzaldehyde 237, and trimethylsi-
lylacetylene were employed in a three component condensa-
tion reaction to afford THIQ 238 in 81% yield (Scheme 34).
Then, a Pd-catalyzed reductive carbocyclization reaction
successfully provided the desired tetracycle 239 of the
protoberberine core. Hydrogenation of the exo-olefin delivered
natural product thalictricavine 240 as a single diastereomer. A
Rh-catalyzed isomerization of 239 with concomitant oxidation
under air also provided the protoberberine salt dehydrothalic-
tricavine 241 in 65% yield. With this highly efficient synthetic
route, a variety of 13-methyl-protoberberine alkaloids were
synthesized for the first time, including their analogues in
excellent overall yields.

Finally, Ward and co-workers employed a novel chemo-
enzymatic cascade toward the synthesis of the tetrahydropro-
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Scheme 34. Tong’s Synthesis of Thalictricavine and
Dehydrothalictricavine
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toberberine alkaloids.”’ From dopamine 61, first a Pictet—
Spengler condensation using a transaminase enzyme (TAm)
from CV2025 Chromobacterium violaceum and a norcoclaurine
synthase enzyme (NCS) delivered THIQ 242 in 87% yield
with 99% ee (Scheme 35). Then, the addition of formaldehyde
induced a second Pictet—Spengler reaction to deliver
tetrahydroprotoberberine alkaloid 243 in 64% yield.

Scheme 35. Ward’s Chemoenzymatic Synthesis of
Tetrahydroprotoberberine Alkaloid

HO.

HO O NH

HOm

NH.

HO 2 ! OH
OH
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pyruvate

87% conversion
99% ee

CH,0
1 M sodium phosphate

64% yield

4.4. Morphinan Alkaloids

4.4.1. General Structure and Biosynthesis. The
morphinan alkaloids are distinguished by their phenanthrene
core with a bridging piperidine ring and a fused benzodihy-
drofuran moiety. They are famous THIQ-derived natural
products well-known for their analgesic and anesthetic
bioactivity. Morphine 244 is commonly used to treat severe
pain, while other members such as naltrexone 245 and
naloxone 246 are commercially produced for treatment of
opiate overdoses and alcohol addiction (Figure 14).*” Isolated
primarily from opium poppy Papaver somniferum, the global
production of opium poppy concentrate is estimated to be
around 8700 tons per year, of which morphine and codeine are
the principal ingredients.*

The biosynthesis of morphine and its related congeners
stems from key intermediate reticuline 67, which is converted
to the (R)-enantiomer by 1,2-dehydroreticuline reductase
(Figure 15).%” Then, an oxidative phenol coupling catalyzed by
salutaridine synthase (CYP719B1) establishes the morphinan
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Figure 14. General structure of the morphinan THIQ alkaloids.
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Figure 15. Proposed biosynthesis of morphine 244 and related
members of the morphinan alkaloids.

skeleton in salutaridine 247. Tetracycle 247 is then reduced by
salutaridine reductase and acetylated by salutaridinol acetyl-
transferase to deliver salutaridinol-7-O-acetate 248. An S\2'-
type cyclization then occurs to establish the dihydrobenzofuran
moiety in thebaine 249. Thebaine-6-O-demethylase
(T60DM) cleaves off the methyl group to give neopinone
250, which can undergo isomerization and reduction of the
carbonyl by codeinone reductase (COR) to yield codeine
251.°* Finally, demethylation catalyzed by codeine O-
demethylase (CODM) produces morphine 244.

4.4.2. Total Syntheses of Morphinan Alkaloids. Since
Gates’ first synthesis of morphine in 1952, many others have
pursued the synthesis of this alkaloid and other related natural
products from this family.”> The continuing interest in the
morphinan alkaloids as synthetic targets has resulted in
numerous reviews in the total synthesis of these alkaloids,
and thus this section will only cover the most recent syntheses
from the past decade.**™*

A myriad of strategies for the synthesis of morphine have
been well explored in the past several decades. In particular,
Fukuyama and co-workers have disclosed several syntheses of
morphine featuring an intramolecular Mannich cyclization to
construct the THIQ_ core. %0792 However, their most recent
synthesis of (—)-morphine utilizes chiral substrate 252 to
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construct the morphine skeleton via a Friedel—Crafts
cyclization and dehydration to deliver 253 (Scheme 36).”

Scheme 36. Fukuyama’s Synthesis of (—)-Morphine
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Hydroxyselenenylation of the resulting olefin followed by
oxidation and elimination generates allylic alcohol 254, which
undergoes a retro-aldol/aldol sequence to furnish enone 255.
Construction of the dihydrofuran ring commenced with
Baeyer—Villiger oxidation and methanolysis of the lactone to
afford dienone 256. Luche reduction of the enone followed by
treatment with HCI then caused the formation of a dienyl
cation and interception with the phenol to furnish the
dihydrofuran ring 257. With the tetracyclic scaffold in place,
functional manipulations with the pendent methyl ester moiety
to the protected tertiary amine 258 were set up for oxidation
with singlet oxygen to give endoperoxide 259. Treatment with
triethylamine induced cleavage of the O—O bond to afford
hydroxyenone 260, with dehydration of the alcohol and
removal of the DNs group facilitating 1,6-addition to access
natural products neopinone 250 and codeinone 261, with
further reduction to deliver codeine 251 and morphine 244.

In an alternative fashion, Chida and co-workers sought to
access (—)-morphine 244 through an elegant sequential
Claisen rearrangement of an allylic vicinal diol, resulting in
the stereoselective formation of two C—C bonds and two
contiguous stereocenters in a single operation (Scheme 37).94
Starting from allylic vicinal diol 262, a Johnson-type Claisen
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Scheme 37. Chida’s Formal Synthesis of (—)-Morphine
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rearrangement with MeC(OEt); in the presence of 2-
nitrophenol initiated the sequential Claisen/Claisen rearrange-
ment to provide 263. In this transformation, both the vicinal
quaternary and tertiary stereocenters were installed in a single
transformation. Construction of the benzofuran moiety then
was accomplished by treatment of 263 with mCPBA, inducing
demethylative etherification of the epoxide to deliver 264.
Further oxidative manipulations afforded enone 265, and
following reduction, protection of the resulting alcohol, global
reduction, and Swern oxidation, dialdehyde 266 was accessed
to construct the tetracyclic scaffold. A Friedel—Crafts
cyclization using p-TsOH-H,O allowed for the installation of
the tetracycle 267 with concomitant removal of the TBS
group. Finally, reductive amination and protection of the
secondary amine generated late-stage intermediate 268, which
was only two steps away from the natural product syn-
thesis.*>”*

Toward the synthesis of (4)-morphine, Smith and co-
workers utilized a diastereoselective light-mediated cyclization
to establish the benzofuran moiety, and a cascade ene-yne-ene
ring closing metathesis to forge the tetracyclic scaffold
(Scheme 38).”° First, a challenging sp>-sp? Suzuki—Miyaura
cross-coupling of vinyl bromide 269 with S-amino borane
derivative 270 was accomplished using Pd(dppf)Cl,-CH,Cl, as
a catalyst. Photocyclization of 271 then proceeded smoothly to
deliver cis-fused 272 as the sole product. After subsequent
functional group manipulations to install the terminal alkyne
and vinyl ketone in 273, the cascade ene-yne-ene metathesis
was accomplished using the Hoveyda—Grubbs II catalyst (C3).
It is proposed that the transformation proceeded via the
reaction of the ruthenium catalyst with the allyl component of
273 first, followed by an intramolecular reaction with the
alkyne to generate alkylidene intermediate 274. Ring closing
metathesis with the vinyl ketone then afforded tetracycle 275,
which was subjected further to deprotection of the amine and
1,6-addition to afford the morphine scaffold 276. Diaster-
eoselective reduction of the ketone delivered codeine 251 as a
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Scheme 38. Smith’s Total Synthesis of (+)-Morphine
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MeO.
HG Il cat. C3 o
. H
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single diastereomer as well as morphine 244 after demethy-
lation.

Most recently, Tu and co-workers disclosed an enantiose-
lective synthesis of (—)-morphine harnessing a catalytic
enantioselective Robinson annulation to ra;)idly construct the
benzofuran moiety of the natural product.”” From enone 277,
which was prepared in four steps from commercially available
materials, an intramolecular Michael addition, followed by
Robinson annulation, was thoroughly investigated and
optimized. Ultimately, spiropyrrolidine catalyst C4 with
triisopropylbenzoic acid as an additive proved to be the most
effective in delivering tricycle 279 in 66% yield with 94% ee
(Scheme 39). This key transformation performed well on up to
a S g scale to rapidly build stereochemical complexity toward
the morphine scaffold.

With large amounts of 279 in hand, prenylation followed by
ozonolysis and treatment with a catalytic amount of poly-
(phosphoric acid) induced a Friedel—Crafts cyclization to
afford tetracycle 281. After selective epoxidation and the
Wharton reaction to achieve allylic alcohol 282, cleavage of the
benzyl group and an intermolecular Mitsunobu reaction deliver
amine 283. Inversion of the allylic alcohol stereocenter and
deprotection of the tosyl group promoted the hydroamination
reaction to access (—)-codeine 251, and subsequent
demethylation was used to synthesize (—)-morphine 244.

Toward the synthesis of other related morphine alkaloids,
Fukuyama and co-workers disclosed the synthesis of oxy-
codone 295, which is distinguished from morphine by the
ketone and additional hydroxyl functionality.”® Their synthetic
approach commenced with the alkylation of arene 284 with the
enolate derived from imide 285 to furnish 286 as a single
diastereomer (Scheme 40).

Removal of the chiral auxiliary and subsequent methylation
of the acid delivered 287 to set up for direct arylation. Thus,
treatment of 287 with Pd(OAc), resulted in arylation to
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Scheme 39. Tu’s Total Synthesis of (—)-Morphine
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Scheme 40. Fukuyama’s Total Synthesis of (—)-Oxycodone
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293 69% yield (5 steps) 294 46% yield (2 steps)

establish the tricycle, which upon reduction of the ester,
acetylation, and debenzylation gave phenol 289. Next, a key
oxidative dearomatization was attempted to install the hydroxyl
group. Reaction of 289 with PhI(OAc), afforded the desired
intermediate 290 in 69% yield, followed by selective
hydrogenation and acylation to deliver enone 291. Upon
treatment with Cs,COs;, an intramolecular Michael addition
proceeded to deliver the desired lactone 292 after two
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additional manipulations. Selective a-bromination of the
ketone allowed the formation of benzofuran moiety 293 by
displacement with the phenol. Functionalization of the acetate
to the amide set up for a Hofmann rearrangement, followed by
hydrolysis of the resulting isocyanate to the primary amine and
amidation to form the desired lactam 294. Finally, reduction of
the lactam, N-methylation, and oxidation of the secondary
alcohol furnished (—)-oxycodone 295.

Other approaches toward the synthesis of oxycodone
include a desymmetrization-based strategy reported by Chen
and co-workers.”” To this end, an oxidative dearomatization of
phenol 296 under hypervalent iodine conditions afforded
hydroxy dienone 297 that could rapidly build tricycle 298 by
using an intramolecular Heck cyclization (Scheme 41).

Scheme 41. Chen’s Total Synthesis of (+)-Oxycodone
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Installation of the all-carbon quaternary stereocenters was
accomplished through a radical cyclization of iodoacetal 299 to
deliver lactol 300, which could then be further oxidized to
deliver the morphinan scaffold 301. Protection of the ketone,
followed by amidation and reduction, led to the formation of
amine 302, which furnished oxycodone 295 after desaturation
and deprotection steps. This developed sequence demon-
strated a shorter step-count in comparison to the original
Fukuyama synthesis.

Chen and co-workers’ alternative synthetic approach to the
morphinan family of natural products was developed from
their method of oxidative dearomatization of atropisomerically
pure biaryl phenols to achieve complex intramolecular Diels—
Alder products such as 303."%° To demonstrate the synthetic
utility of these intermediates, 303 was elaborated into lactam
305 via Beckmann rearrangement of oxime 304 (Scheme 42).
Reduction of the amide, followed by Hoffmann elimination,
induced further cleavage of the bridgehead C—N bond to
furnish amine 306. Selective reduction, deoxygenation, and
demethylation were sequentially performed to deliver the key
intermediate 308. Then, phenolic demethylation followed by
treatment with pyridinium tribromide established dihydroben-
zofuran ring 309, with subsequent olefin isomerization and
detosylation to synthesize dihydrocodeinone 310. 310 serves
as a valuable intermediate to access a variety of morphinan
alkaloids including codeine, morphine, thebaine, and oxy-
codone.
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Scheme 42. Chen’s Total Synthesis of
(+)-Dihydrocodeinone
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In 2014, Opatz and co-workers have also disclosed a general
strategy toward the enantioselective synthesis of (—)-dihy-
drocodeine 318 and other related morphinan alkaloids
(Scheme 43).""" Their key intermediate is prepared from

Scheme 43. Opatz’s Total Synthesis of (—)-Dihydrocodeine
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aminonitrile 311, which upon deprotonation with KHMDS
furnished a stabilized a-aminocarbanion, which was alkylated
with benzyl bromide 312 to deliver 313 upon spontaneous
dehydrocyanation.

Enantioselective reduction of 313 using Noyori’s asym-
metric hydrogenation catalyst CS delivered THIQ 314 with
95% ee. With the C1 stereocenter established, the secondary
amine was protected, followed by Birch reduction furnishing
carbamate 315, which was immediately set up for a Grewe
cyclization to establish two new stereogenic centers of the
tetracycle 316. a-Bromination and treatment with NaOH
closed the dihydrobenzofuran ring, with subsequent triflation
and Pd-catalyzed detriflation furnishing 317 in 80% yield.
Treatment with DIBAL ultimately reduced both the ketone
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and carbamate, accessing dihydrocodeine 318 in 81% yield.
Intermediate 318 also constitutes the formal synthesis of
thebaine 249, while 317 served as a precursor for the synthesis
of codeine and morphine.

This synthetic strategy toward the morphinan alkaloids as
well as their biosynthesis also further inspired the development
of an electrochemical oxidative coupling of benzyl
THIQs.' """ Toward the synthesis of thebaine 249, Opatz
and co-workers optimized an electrochemical oxidative
coupling of THIQ 319 using Pt electrodes in an undivided
cell, achieving tetracycle 320 regio- and diastereoselectively
(Scheme 44A). With this developed methodology, they

Scheme 44. A) Opatz’s Optimized Electrochemical
Oxidative Coupling; B) Application Toward the Total
Synthesis of (—)-Thebaine
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322 (-)-Thebaine (249)

demonstrated the synthesis of both racemic and (—)-thebaine
249 through several functional group manipulations and a
biomimetic Sy2', involving activation of the allylic alcohol 322
with N,N-dimethylformamide dineopentyl acetal to close the
dihydrobenzofuran ring (Scheme 44B). This electrochemical
coupling strategy has also been applied toward the total
synthesis of (—)-oxycodone 295 from tetracycle 320.'%

The synthesis of the morphinan alkaloids, and in particular
oxycodone, has been extensively explored by Hudlicky and co-
workers for more than 25 years. Several generations of the
chemoenzymatic synthesis of ent-oxycodone have been
reported, featuring a key Heck cyclization to achieve the
dihydrobenzofuran ring and ultimately a keto-nitrone coupling
to establish the natural product scaffold.'”* The final synthetic
route began with the enzymatic dihydroxylation of phenethyl
acetate by whole-cell fermentation with E. coli JM109
(pDTG601A) to produce cis-diol 324, which was subsequently
reduced and protected as a silyl ether to deliver 325 (Scheme
45). A Mitsunobu coupling of the allylic alcohol with phenol
326 then afforded intermediate 327, which upon an intra-
molecular Heck reaction constructed dihydrobenzofuran ring
328. Dihydroxylation of the olefin, followed by DBU-mediated
elimination via formation of an intermediate lactol furnished
ketone 329 in 63% yield. Oxidative manipulations to transform
the acetate to a methyl ester delivered intermediate 330, and

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 45. Hudlicky’s Total Synthesis of (+)-Oxycodone
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then deprotection of the acetal afforded an aldehyde
intermediate, which was treated with N-methyl hydroxylamine
to provide nitrone 331. Treatment with Sml, then induced
cyclization to the lactone with the desired stereochemistry,
which upon Raney nickel reduction furnished lactam 332.
Finally, further reduction of the amide carbonyl and oxidation
of the alcohol delivered ent-oxycodone 295. Overall, the
fourth-generation synthesis of oxycodone was accomplished in
11 steps from phenethyl acetate via a key nitrone intermediate
to achieve the correct stereochemistry.

More recent synthetic approaches to the morphinan
alkaloids harness C—H activation strategies to efficiently
establish the natural product scaffold. For instance, Zhang
and co-workers report the total synthesis of codeine and
morphine featuring a cascade cyclization to construct the
dihydrofuran ring, and an intramolecular Pd-catalyzed C—H
olefination of an unactivated alkene to install the morphinan
skeleton (Scheme 46).'% Starting from phenol 333, which was
quickly accessed by Suzuki coupling, treatment with ethyl vinyl
ether followed by Michael addition with vinyl magnesium
bromide in the presence of copper(I) bromide delivered
ketone 334 in 1.8:1 dr relative to the ketal center. The
undesired diastereomer could be converted to 334 upon
treatment with 2 N HCL Treatment of 334 with NaH afforded
spiroketone 335 as a single diastereomer, with subsequent
manipulations of the ketone to give epoxide 336. Then, the key
cascade cyclization was accomplished using MeOH in the
presence of NaOH by opening the lactone ring and attacking
the epoxide to deliver 337. Next, an intramolecular Pd-
catalyzed C—H alkenylation was performed to deliver 338 with
high regioselectivity. With the tetracycle established, 338 was
eventually converted to the natural product using oxidative
manipulations to achieve enone 339, DIBAL reduction, and
reductive amination to furnish amine 340, and a radical
cyclization to synthesize codeine 251.
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Scheme 46. Zhang’s Total Synthesis of Codeine
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Ellman and co-workers alternatively devised a Rh-catalyzed
C—H alkenylation and electrocyclization cascade strategy to
synthesize the THIQ framework toward the total synthesis of
(=)-naltrexone 245 (Scheme 47).'°° From imine 341, which
was prepared in 8 steps from commercial starting materials, a
Rh(I)-catalyzed C—H activation of the olefin was initiated,
followed by alkyne insertion to deliver an azatriene
intermediate 342. Triene 342 undergoes rapid electrocycliza-
tion in situ to access dihydropyridine 343, which was
subsequently reduced to deliver THIQ 344. Treatment of
344 with dilute H;PO, then afforded morphinan scaffold 346
in a 66% vyield. They propose that this transformation likely
proceeded through removal of the silyl and acetonide
protecting groups, followed by allylic alcohol ionization and
a hydride shift to provide ketone 345. A Grewe cyclization
then established the desired morphinan skeleton. Treatment of
346 with Br, then afforded a dibrominated intermediate due to
facile bromination of the electron-rich aromatic ring, followed
by nucleophilic displacement to establish the dihydrofuran
ring. Triflation of the phenol followed by dehydrogenation of
the ketone using Pd(TFA), installed enone 347. Finally, a late-
stage C—H hydroxylation of enone 347 was performed to
access the natural product. Using pyridine as the solvent and
ketoglutaric acid to reduce the peroxide intermediate, treat-
ment of 347 with CuSO, and O, successfully installed the
hydroxyl group with the correct stereochemistry to yield 348.
Removing the bromide and triflate groups, reduction of the
enone, and demethylation with BBr; ultimately afforded
(—)-naltrexone 245.

In 2020, Metz and co-workers described the total synthesis
of thebainone A 357, harnessing an intramolecular nitrone
cycloaddition and a Heck cyclization to construct the natural
product scaffold (Scheme 48).""7 From ester 349, which was
accessed in 4 steps from isovanillin, a Heck cyclization using
Pd,(dba); and Ag,CO; induced formation of spirolactone 350
in 83% vyield. Deprotection of the ketone and aldehyde,
followed by treatment with N-methylhydroxylamine induced a
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Scheme 47. Ellman’s Total Synthesis of (—)-Naltrexone
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diastereoselective nitrone cycloaddition to achieve isoxazoli-
dine 351.

Since this ketolactone was rather unstable, subsequent
reduction with LiAlH, delivered 352, and conversion of the
primary alcohol to a tosylate was then followed by reductive
cleavage of the heterocycle with concomitant nucleophilic
substitution to generate 353. To install the enone moiety, the
cis-diol was reductively eliminated by formamide acetal
pyrolysis with subsequent acetylation and ethyl carbamate
formation to give 354. Allylic oxidation followed by DMP
oxidation then successfully installed enone 355 in 21% yield
over two steps. Finally, protection of the ketone was required
to reduce the carbamate and acetate groups, and deprotection
with 1 N HCI ultimately provided thebainone A 357.

4.5. Pavine and Isopavine Alkaloids

4.5.1. General Structure and Biosynthesis. The pavine
and isopavine alkaloids contain a characteristic tetracyclic
tetrahydroisoquinoline core structure consisting of a dibenzo-
9-azabicyclo[3.3.1]nonane and dibenzo-9-azabicyclo[3.2.2]-
nonane, respectively (Figure 16).'"® They are mainly found

AN AR
Ny AgaTle\oy
D R =ABN
= \R‘

Isopavine Alkaloids

R = OMe, OH, -OCH,0-
R' = H, Me

Pavine Alkaloids

B Benzannulated Azabicyclononane Core ® Highly Oxidized Functionalities

Figure 16. General structure of the pavine and isopavine THIQ
alkaloids.

in four plant families, the Papaveraceae, Berberidaceae,
Lauraceae, and Ranunculaceae families.'”® These alkaloids
have been shown to possess interesting bioactivity for the
treatment of nerve system disorders such as Alzheimer’s,
Parkinson’s disease, and Huntington’s chorea.'”

Although the complete biosynthesis of the pavine and
isopavine alkaloids has not been entirely elucidated, there are
some speculations about their biogenetic precursors. It is likely
that they are derived from benzyl THIQ reticuline 67 or a
similar analog thereof, which undergoes cyclization at either
the C3 or C4 position of the THIQrin% to achieve the pavine
or isopavine scaffold, respectively.''” For the isopavine
alkaloids, a 4-hydroxybenzyl THIQ_is postulated as a precursor
that could undergo dehydration and cyclization to achieve the
azabicyclo[3.2.2]nonane core.''' Alternatively, it has been
suggested that pavine alkaloids are derived from a similar
intermediate such as 4-hydroxynorlaudanosoline, from which a
dehydration reaction and cgclization at the C3 position would
yield the pavine skeleton."'” More recently, Ng and co-workers
elucidated the structure of an N-methyltransferase enzyme
(pavine NMT) that is involved in the N-methylation of the
pavine alkaloids." "

4.5.2. Total Syntheses of Pavine and Isopavine
Alkaloids. In 2004, Marazano reported the synthesis of
(—)-argemonine 363, enabled by a key enantioselective
transformation of isoquinolinium salt 358 to 1-benzyl
isoquinoline derivative 361 (Scheme 49).'" Isoquinolinium
salt 360 was prepared in two steps from salt 358, and the
reduction of 360 with LiAlH, formed tertiary amine 361.
Cyclization of 361 in the presence of formic acid and H;PO,
supplied benzylamine 362 with a 93:7 dr. Hydrogenolysis with
Pd/C (10 mol %) and H, cleaved the chiral auxiliary, which
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Scheme 49. Marazano’s Enantioselective Synthesis of
(—)-Argemonine

MeO
X K;Fe(CN)s, KOH MO X
| Oy Me MeOH, 0 °C N Me
MeO CIe\r-Ph H,0:PhMe, 45 °C MeO \l'—Ph
H o v H
358 62% yield 359
MeO X
I ®, Me
CeCl,, (MeO),PhCH,MgClI MeO PANE Ph LiAlH,
PhMe, THF MeO S THF, —78 °C
then HBr, H,0 O Br 779 vield
. % yie
92% yield
4 MeO 360
MeO X Ph Me
n Ve e MeO 7’H oM
M Zaph 370 e ©
0 hn ’
Meo O H 77% yield .0 OMe
MeO 361 362
1) Pd/C, H, MeO OMe
HCI, AcOEt, EtOH O O
2) HCO,H, HCHO, H,0 MeO OMe

50% yield (2 steps) (-)-Argemonine (363)

was dissolved in formic acid and aqueous formaldehyde to
furnish the methylated natural product (—)-argemonine 363.

Nishigaichi and co-workers also developed a modular
synthesis of argemonine 363 and eschscholtzidine 371 from
the coupling of isoquinolines and electron-rich potassium
trifluoroborate reagents (Scheme 50). "% After the synthesis of

Scheme 50. Nishigaichi’s Synthesis of Argemonine and
Eschscholtzidine
Me Me 1) Pd(PPhy),, K,CO
Me— -0~ O~{-Me dioxane
/B_B\
Me [0} o] Me
Me Me
65

P

2) KHF,, MeOH/H,0

jg/\
jg/\BFa

37% yield (2 steps)
Ry A HC(OMe),
+oa N MeCN
2 400 nm light
367: R', R? = -OCH,0-
366
368: R' = R? = OMe
OMe OMe
OMe OMe
I 371: R', R? = -OCH,0-
369: R', R = -OCH,0- (-)-Eschscholtzidine
74% yield 64% yield
370: Ry = Rz. = OMe 363: R; = R, = OMe
>99% yield (-)-Argemonine
41% yield

potassium trifluoroborate reagent 366 from benzyl chloride
364, treatment of 366 with isoquinolines 367 and 368 under
thermal or photochemical conditions followed by reduction
with LiAlH, resulted in the concise syntheses of argemonine
363 and eschscholtzidine 371.

Jiang and co-workers reported a general approach to access
isopavines, including (—)-amurensinine, (—)-reframidine,
(—)-reframine, and other non-natural isopavine derivatives
within five or six steps with >95% ee.''® Their retrosynthetic
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strategy began with the formation of bridging C—N and C—C
bonds through the Pictet—Spengler reaction of an amino
dimethyl acetal 375 (Scheme S1). From aldehyde 372, a

Scheme $51. Jiang’s Enantioselective Synthesis of
(=)-Amurensinine

MeO OMe MeO OMe
1) CH3NO,, KOH
MeO. MeOH/H,0, 0 °C MeO
H 2) CH;S0,Cl, NEt, P
MeO CH,Cly, 0 °C MeO NO,
o 72% yield (2
372 % yield (2 steps) 373
1) Pd(TFA)zh-Pr -IsoQuinox OMe
OH, 40 °C
2) NaBH,, NiCle 6H,0 <
373+ < 3) i-PrOCOCI, EtzN
B(OH), " _5°Cto23°C Me
Me HN
65% yield (3 steps) oM
e
95% ee Me 0~ ~o
375 OMe
_PTSOH < O OMe '-'A""“ 0 O O Ol
CH,Cly, 40 °C 0, Pr THEOC o Lo
94% yield 76% yield

(-)-Amurensinine (377)

Henry reaction with nitromethane, followed by dehydration
with methanesulfonyl chloride and excess trimethylamine,
delivered p-nitrostyrene 373. A Pd-catalyzed asymmetric
addition of 373 with aryl boronic acid 374, followed by
reduction and conversion to the carbamate, yielded 375. The
Pictet—Spengler reaction of carbamate 375, followed by
reduction of carbamate 376, formed (—)-amurensinine 377.

In 2006, Stoltz and co-workers reported the enantioselective
total synthesis of amurensinine 377."'*""” They envisioned to
apply their developed Pd-catalyzed oxidative kinetic resolution
methodology to rapidly access the isopavine core in a modular
fashion (Scheme 52).""” To this end, (3,4-dimethoxyphenyl)-
acetic acid 378 was treated to form a diazoester compound and
then subjected to a Rh,(OAc),-catalyzed C—H insertion to
produce p-ketoester 379 in 91% yield over 6 steps. Coupling of
P-ketoester 379 and aryne precursor 380 in the presence of
CsF afforded a net C—C insertion to form the central
carbocyclic ring of ketoester 381. Diastereoselective reduction
of ketoester 381 and protection of the primary alcohol
provided 382. Oxidative kinetic resolution using Pd-
(sparteine)Cl, and (—)-sparteine as the chiral ligand provided
enantioenriched (—)-382 with 99% ee. Conversion of the
alcohol to the azide with inversion using (PhO),P(O)N,
(DPPA) produced azido alcohol (—)-383 with no loss of
optical purity. After oxidation of the alcohol, reduction of the
azide delivered the desired lactam (+)-384. Reductive
methylation produced (+)-amurensinine 377 with 99% ee.

In 2007, Martin utilized a four-component reaction to
rapidly access roelactamine 389 in a racemic fashion from
piperonal 385.''® The condensation of piperonal with
methylamine provided an imine in situ that was then reacted
sequentially with benzyl Grignard 387 and acid chloride 386 to
furnish amide 388 (Scheme 53). Treatment of 388 with a
concentrated 2:1 mixture of HCl:MeOH allowed the amide to
undergo sequential cyclizations to produce roelactamine 389.

Finally, the first synthesis of a pavine alkaloid with C7
functionalization was reported by Nakagawa-Goto.''” From
amine 390, which was prepared in three steps, amidation with
carboxylic acid 391 using carbonyldiimidazole (CDI) provided
amide 392 (Scheme 54). A Bischler—Napieralski reaction with
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Scheme 52. Stoltz’s Enantioselective Synthesis of (+)-Amurensinine

o OEt Et0,C OMe
0 ome OMe 0 o CSF (2.5 equiv) 0 O OMe 1) LiAIH,, THF, 0 °C
S, O * < CH4CN, 80 °C < imi
HO OMe —_— OMe (o) OTMS 3CN, o 2) TIPSCI, imidazole
57% yield o 86% yield (2 steps)
378 379 380 (+)-381
TIPSO OMe TIPSO OMe HO OMe
Pd(sparteine)Cl, 1) DMP, CH,Cl,, 0 °C
o] O OMe (-)-sparteine [o] O OMe 1) (PhO),P(O)N; [o] O oMe 2) NaClO,, 2-methyl-2-butene
< —_— < DBU, PhCH3, 0 °C < NaH,PO,e H,0
Cs,CO3, 0, —_—
o N 2-methyl-2-butene o _, 2) TBAF, THF o 3) Hy, Pd/C, EtOAC
HO CHCly HO . Ny )
(2)-382 47% yield, >99% ee ()-382 62% yield (2 steps) ()-383 49% yield (3 steps)
OMe OMe
<o O @O OMe 1) LiAH,, THF <00Me
—_—
2) CH,0, NaBH3;CN A
° CHICN o Me
(+)-384 52% yield (2 steps) (+)-Amurensinine (377)

Scheme 53. Martin’s Synthesis of (+)-Roelactamine

o
|
o MgCl
OAc
0 + MeNH, + © + g
\—o
385

OAc \—o
386 387
o
Me N JH/OAC
THF, 3 A MS OAc conc HCl/MeOH
0°C to 66 °C O
then -78 °C o 71% yield
51% yield o
0
388 o—/
e :
o ~Me
(¢)-Roelactamine (389)
Scheme 54. Nakagawa-Goto’s Synthesis of
(#)-Neocaryachine
NH
2 Br
BnO
<° ome COLH co
o MeO CH,Cly, 25 °C
91% yield
390 391
OMe
H
0 N POCI,
< o CH4CN, 50 °C
o Br OMe ;
60% yield
392 OBn
0 S 0 X 91
< Mel < @,
o) ~N —_— o ~NMe
80°C
O 77% yield O
Br OMe Br OMe
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393 394
H OH
7
1) NaBH,, MeOH, —78 °C <° OMe
2) BuzSnH, AIBN, PhMe o
3) Hy, Pd/C (5 mol %), EtOH, 20 °C
H

14% yield (3 steps) (2)-Neocaryachine (395)
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POCI; formed benzylisoquinoline 393. Treatment of 393 with
methyl iodide delivered the isoquinolinium salt 394.
Subsequent reduction with NaBH, to the enamine, followed
by radical cyclization and removal of the benzyl group, yielded
(£)-neocaryachine 395.

5. THIQ ALKALOIDS FROM THE SAFRAMYCIN
FAMILY

The saframycin family is the largest subclass of tetrahydroiso-
quinoline alkaloids consisting of saframycins, safracins,
ranieramycins, and ecteinascidins. The core structure of
natural products in this family features the intricate pentacyclic
skeleton, having five six-membered rings condensed into the
core scaffold (Figure 17). Well known for their potent
anticancer/antitumor activities, natural products in this family
have been popular targets in numerous synthetic endeavors.

B Pentacyclic skeleton
B Central piperazine subunit
B A and E rings are quinone/hydroquinone

Figure 17. Core skeleton of THIQ alkaloids in the saframycin family.

5.1. Saframycin Alkaloids

5.1.1. General Structure and Biosynthesis. The very
first set of saframycins, namely, saframycins A—E, were isolated
in 1977 from bacteria Streptomyces lavendulae.”* In the
ensuing studies, four additional saframycins (F, G, H, and R)
were isolated from the same species of bacteria,"*""'** and later
in 1988, it was disclosed that myxobacteria Myxococcus xanthus
strain Mx x48 produced saframycins MX1 and MX2.'”’ In
addition to the “natural” saframycins, six new saframycins (Y3,
Yd-1, Yd-2, Ad-1, Y2b, and Y2b-d) were obtained by a directed
biosynthesis through the supplementation of different amino
acids.'**

Among the currently known saframycin alkaloids, the shared
structural motif is the amide side chain, which is appended to
the B-ring at the C1 position (Figure 18). Additionally, the A-
ring of all saframycins is in the quinone oxidation state, while
the E-ring can be in various oxidation levels, in the range of
phenol, hydroquinone, and quinone. The amino nitrile or
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Mx2 (401) : R' = Yd-1(403) : R' = NH,, R? = Et

Figure 18. General structure and representative examples of
saframycin alkaloids.

carbinol amine functionality on the central piperazine subunit
functions as a latent electrophilic iminium species, which can
alkylate DNA, and is largely responmble for saframycins’ potent
antitumor/antimicrobial activity.'”> Saframycins voided of a
leaving group at C21 typically exhibit significantly lower
biological activities."

Early biochemical studies of saframycins were conducted via
feeding/isotope-labeling experiments, and the results suggest
that one alanine, one glycine, and two tyrosme derivatives
constitute the backbone of saframycin A.">® By exploiting the
cloned biosynthetic gene cluster and its sequence analysis, it
was later proposed that the pentacyclic backbone is assembled
by a nonribosomal peptide synthetase (NRPS)."*” Specifically
for saframycin A, the NRPS comprises three modules (SfmA,
SfmB, and SfmC) in which the first two are responsible for the
production of dipeptidyl intermediate A from alanine and
glycine (Scheme SSA). As for the last module, intriguing
multistep transformations catalyzed by SfmC were discovered
by Oikawa and co-workers in 2010.'”*'*’ The notable
domains in this module are a) the Pictet—Spengler reaction
domain (PS), which catalyzes two successive Pictet—Spengler
reactions to construct the bis-tetrahydroisoquinoline (bis-
THIQ) intermediate, and b) the reduction domain (Red),
which reduces the thioester intermediates and releases
aldehyde precursors (B, E, and F) for the following reactions.

Interestingly, they also noted that the relatively less strict
substrate specificity of the PS domain might allow for the
incorporation of synthetic aldehydes into the core skeleton.
Once the pentacycle is constructed, late-stage tailoring
modifications, including hydroquinone oxidation, N-methyl-
ation, and hydrolysis of the fatty acid chain, proceed to afford
saframycin A."*’ This thorough understanding of the
biosynthetic mechanism serves as a foundation for future
developments of a chemoenzymatic total synthesis of
saframycin alkaloids and their related analogs (vide infra).
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Scheme 55. A) Domain Organization of Saframycin A
NRPS; B) Proposed Biosynthetic Mechanism for the
Construction of Saframycin A’s Pentacyclic Skeleton

a) Saframycin A nonribosomal peptide synthetase (NRPS):
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occoce
|— SfmA QI—Sme JI— Sfmcq

AL - acyl-coA ligase, ACP - acyl carrier protein, C - condensation, A - adenylation,
PCP - peptidyl carrier protein, PS - Pictet-Spengler, Red - Reduction

b) Proposed biosynthesis of saframycin A’s core
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5.1.2. Total Syntheses of Saframycin Alkaloids. After
the publication of a comprehensive review by William in
2002,” there have been only three reports detailing the
synthesis of saframycin alkaloids, all of which targeted
saframycin A.

In 2011, Liu employed L-tyrosine as a chiral building block
in the preparation of (—)-saframycin A (Scheme 56)."”" They
commenced their synthetic studies by converting L-tyrosine
methyl ester into the desired amino acid 405 in 12 steps and
tetrahydroisoquinoline 404 in 11 steps, which served as the
eastern and western portions of the natural product,
respectively. Although the regioselectivity issue for mono-
hydroxy phenol substrate is a common problem in the Pictet—
Spengler cyclization reaction,'* they noted that the selectivity,
in this case, can be controlled by carefully maintaining the
reaction temperature at 0 °C with a slow addition of the
aldehyde starting material, furnishing THIQ 404 in 86% yield.

With both halves in hand, they coupled them together to
give amide intermediate 406. Subsequent functional group
manipulations and an intramolecular Pictet—Spengler cycliza-
tion with triflic acid (TfOH) afforded pentacycle 407. It is
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Scheme 56. Liu’s Total Synthesis of (—)-Saframycin A

Me
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CH,Cl,, 23 °C Me 7 steps e
—_— —_—
3) TBAF, THF, 0 °C E——
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Scheme 57. Saito’s Total Synthesis of (+)-Saframycin A
Me
MeO OMe
HO_ OH
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eO
75% yield (3 steps) 781‘%1y£1d MeO R' R? o
OMe OMe
Me Me
1) (COCI),, DMSO
CH,Cl,, 78 °C; Pd(PPhj),
Et;N, -78 °C Me OMe p-tolylSO,Na Me 7, OMe 6 steps
—_— N—|—Me —————» (+)-Saframycin A (396)
2 '.II:m;Q‘/(C:n’ (Z:|nCI225 °C MeO R' = CO,Et THF, 25 °C MeO > ]
e AN R2=CO,Allyl  83% yield H 8% yield (6 steps)
82% yield (2 steps) Meo RTR™ CN 412 MeO [ PNoetN 413
worth noting here that the second Pictet—Spengler cyclization install the stereochemistry at the C1 position of the western
requires a bromine atom on the eastern half of the molecule to THIQ (413). In the final stage, the ethyl ester in 413 was
function as a blocking group and provide the correct converted to the pyruvamide through a four-step sequence,
regiochemical outcome for the cyclization. They further consisting of a) LiBH, reduction, b) Mitsunobu reaction with
advanced this intermediate to the targeted natural product phthalimide, c) removal of phthalimide to reveal the free
via a seven-step peripheral modification, concluding a 24-step amine, and d) acylation of amine with pyruvic acid. Finally,
total synthesis of (—)-saframycin A 396 in an overall 9.7% selective demethylation and ceric ammonium nitrate (CAN)
yield. Of note, the key synthetic strategy in this report is oxidation were performed to deliver (+)-saframycin A 396 in
reminiscent of Corey’s approach to prepare the pentacyclic an overall 27 steps for the longest linear sequence.
core of ecteinascidin and phthalascidin where an amide The most recent total synthesis of saframycin A is a merger
coupling is used to merge the western and eastern halves of of chemical and biosynthesis."”” Based on the proposed
the molecule.'* nonribosomal peptide synthetase (NRPS) responsible for the
In 2018, Saito and co-workers published a racemic synthesis construction of the pentacyclic skeleton (vide supra), Oikawa
of saframycin A 396 (Scheme 57), which is a follow-up study and Oguri specifically designed substrates that successfully
to correct the stereochemistry at the C1 position of the participated in the SfmC-catalyzed multistep enzymatic
western THIQ."™ The tricyclic lactam 408, which was conversion (Scheme 55). Once the core skeleton was obtained,
prepared in 14 steps from commercially available materi- they exploited chemical synthesis to further manipulate
al,"**'* first underwent reductive cleavage and Boc removal to functional groups and finally deliver not only saframycin A,
provide hydroxymethyl isoquinoline 409. This compound but also jorunnamycin A and N-Fmoc saframycin Y3. This
served as a Pictet—Spengler substrate, and cyclization with allyl hybrid strategy is highly efficient and allows for rapid access to

ethyl oxomalonate ester (410) delivered bis-THIQ 411. From the elaborated pentacyclic scaffolds only in a single day.
this intermediate, the pentacyclic core 412 was constructed via . .
5.2. Safracin Alkaloids

Swern oxidation of the primary alcohol to afford the aldehyde,

which underwent ring-closure to generate the hemiaminal C- 5.2.1. General Structure and Biosynthesis. Isolated
ring. By subjecting TMSCN to the same pot, the amino nitrile from Pseudomonas fluorescens,'>" safracins are structurally
formation proceeded to furnish the desired product 412 in similar to the saframycins, except for having a phenol E-ring
82% vyield over 2 steps. They subsequently performed instead of a quinone/hydroquinone (Figure 19). Optimization
decarboxylation and stereoselective protonation to correctly of the fermentation process of this bacteria resulted in a
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R
NH.
OJ\( 2
Me

Safracin A (414) : R'=H
B (415) : R' = OH

\——— Safracin Alkaloids ———

Figure 19. General structure and structure of safracin alkaloids.

multikilogram isolation of cyanosafracin B, having a nitrile
moiety at the C21 position, which served as an inexpensive
precursor to prepare ecteinascidin 743 (Et-743), an anticancer
drug.’%®

Biosynthetically, the pentacyclic core of safracins is believed
to be assembled from one alanine, one glycine, and two
functionalized tyrosine via the nonribosomal peptide synthe-
tase (NRPS), resembling the mechanism reported for the
saframycins.'** In the most recent study, Tang and co-workers
essentially established the entire safracin biosynthetic pathway
by investigating post-NRPS modifications. These include the
A-ring oxidation, N-methylation, and removal of the fatty acyl
chain.'*’

5.2.2. Total Syntheses of Safracin Alkaloids. Despite
extensive research in the area of safracin biosyntheses, to the
best of our knowledge, there is still no report of a chemical

total synthesis of any safracin alkaloid. Since the initial
disclosure of efforts toward safracin A by Kubo and co-
workers in 1995,"** not much progress has been reported. This
could perhaps be attributed to the ample quantities of safracins
obtained from the isolation process.

5.3. Renieramycin Alkaloids

5.3.1. General Structure and Biosynthesis. The general
structure of renieramycins is highly similar to that of the
saframycin alkaloids. The main difference is at the C1 position,
where renieramycins possess an ester or alcohol functionality
instead of an amide side chain found in the saframycins (Figure
20).

Renieramycin alkaloids are typically isolated from marine
organisms, such as different species of blue sponges and
nudibranchs, collected in various parts of the world. Before
2002, only the structures of renieramycins A—G and I,
cribrostatin 4 (or renieramycin H), and jorumycin were
disclosed. However, in the past 20 years, more than 20 new
renieramycins were reported.'*’ These new compounds are
mostly artifacts resulting from attempts to improve the stability
of renieramycin alkaloids.

In 2003—2004, the structures of renieramycins J—O, and
Q-—S were isolated from the Thai sponge Xestospongia sp.
pretreated with potassium czfanide (KCN) by Saito,
Suwanborirux, and co-workers.!**71%¢ They found that the
addition of KCN helps stabilize the labile amino alcohol
moiety via the conversion to a more stable amino nitrile and
improves the isolated yields of renieramycins by approximately
100-fold. This developed isolation protocol also allowed for
the discovery of minor components of renieramycins in

OMe

Renieramycin Alkaloids

OMe

Renieramycin A (416) :

G (418) : R',R?=0,X=H

Me Me

OMe

Renieramycin W (431)

Renieramycin X (432)

Figure 20. General structure

R',R2=H, X =OH
E (417): R'=0H,R?=H,X=H

J (419) : R'= CH,COCH,, X, R2=H

M (420) : R'=CN,R2=H,X=H
O (421) : R'=CN,R2=H, X = OH
R (422) : R'=CN, R2=H, X = OMe

Fennebricin A (433)

OMe OMe

Me

Renieramycin H (423)

Renieramycin N (424) : R' = CN, R?, X'= H, X2 = OH
(or Cribrostatin 4)

OMe Q (425) : R'=CN,R2=H, X', X2=0

OMe

Me Jorunnamycin A (429) : R=H
Renieramycin T (427) : X =H C (430) : R = COEt
U (428) : X =OH

OMe

Jorumycin (434) Jorunnamycin B (435)

and representative examples of renieramycin alkaloids.
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Xestospongia sp., including renieramycins T—U, which possess
an ecteinascidin-renieramycin hybrid structure,"*” as well as
renieramycin V, which contains a sterol unit appended to the
Cl14 position."** Additionally, jorunnamycins A—C were
isolated from the aqueous KCN-pretreated Jorunna funebris
collected in Thailand.'*’

The Saito and Concepcion groups later reported three novel
renieramycin-type alkaloids, namely, renieramycins W-Y,
which were isolated from the KCN -pretreated Xestospongia
sp. collected in the Philippines.*” Structurally, renieramycins
W and X are the first to have tiglic acid ester functionality
instead of the angelate ester or the alcohol. Most recently, Guo
and co-workers successfully isolated and disclosed the
structures of fennebricins A—D from the South China Sea
nudibranch J. funebris.">"">*

Biosynthetically, the core pentacyclic skeletons of renier-
amycins were also reported to be assembled through a
nonribosomal peptide synthetase (NRPS) pathway, similar to
the NRPS system of saframycin A.">” Donia and co-workers
recently discovered that there are three NRPS modules,
namely, RenE, RenF, and RenK, which are responsible for the
production of the renieramycin E core structure (Scheme
58A). The first two modules (RenK and RenE) promote the

Scheme $8. A) Domain Organization of Renieramycins
NRPS; B) Proposed Biosynthetic Mechanism for the
Construction of Renieramycin E’s Pentacyclic Skeleton

a) Renieramycins nonribosomal peptide synthetase (NRPS):

: YOI
I— RenK 4‘— RenE JI— RenF

AL - acyl-coA ligase, ACP - acyl carrier protein, C - condensation, A - adenylation,
PCP - peptidyl carrier protein, PS - Pictet-Spengler, Red - Reduction

b) Proposed biosynthesis of renieramycin E’s core

4
HOJH) RenK °
Me RenE RenF
angelic acid ;
derivative of
/. tyrosine
“0\)1\ 436
Me
Me
OMe MeO Me

formation of aldehyde building block 436, while RenF
catalyzes multistep transformations to ultimately deliver
pentacycle 438 (Scheme S8B). Of note, the RenK module is
missing an adenylation domain (A) consistent with the fact
that renieramycin E is one amino acid shorter than saframycin
A.

5.3.2. Total Syntheses of Renieramycin Alkaloids. In
the past 20 years, chemical syntheses of renieramycins have
been an active research area, with a number of synthetic studies
toward these molecules and >10 reports successfully preparing
naturally occurring renieramycin alkaloids. The first total
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synthesis of (—)-cribrostatin 4 (423, aka renieramycin H) was
disclosed by Danishefsky and co-workers in 2005 utilizing
asymmetric reductions as key transformations to prepare both
western and eastern halves of the molecule (Scheme 59).'**
With the two enantioenriched fragments in hand, they
convergently coupled them together through an amide
coupling, followed by a “lynchpin Mannich” cyclization to
deliver pentacycle 442. Of note, the stereochemistry at the C3
position is opposite to that existing in the saframycin-like
backbone. Nonetheless, this is inconsequential because the
targeted natural product has a C3=C4 benzylic olefin.
Accordingly, the ketone functionality at the C4 position was
reduced and subsequently eliminated, affording intermediate
443.

Finally, the last steps of the total synthesis involve the
adjustment of oxidation levels of the A- and E-rings, the
installation of the ketone at C14, and the introduction of the
angeloyl group. By first converting intermediate 443 to
monoquinone 444, regioselective benzylic oxidation with
SeO, proceeded smoothly, followed by DMP oxidation and
quinone reduction to generate bis-hydroquinone 445. Despite
the difficulty encountered in their initial attempts to perform
analogueation on a similar substrate, they adjusted the A-ring
oxidation state and were able to perform esterification on this
specific intermediate using analogue chloride 446, followed by
TBS deprotection to prepare 447. Selective air oxidation of the
ring A hydroquinone eventually provided cribrostatin 4 (423)
in 34 steps for the longest linear sequence from commercially
available 2,3-dimethoxytoluene. They additionally noted that
the high stability of the E-ring hydroquinone can be attributed
to the presence of the C14 ketone, while the resting state of the
A-ring is at the quinone oxidation level.

With a longstanding interest in the chemistry and biology of
the THIQ antitumor antibiotics, the Williams laboratory also
developed an asymmetric total synthesis of (—)-cribrostatin 4
(423) (Scheme 60)."*° By exploiting a sequential asymmetric
Staudinger/Pictet—Spengler cychzatlon reaction, which was
first developed in a separate study,*® the A-lactam-fused
THIQ 448 was prepared to serve as the western portion of the
molecule. On the other hand, the enantioenriched tyrosine
derivative 449 was synthesized using a chiral glycine template
as a chiral auxiliary. The assembly of these two molecules was
then performed through an acid chloride intermediate to
provide amide 450 without detectable epimerization at the
C13 position. Treatment of 450 with TBAF resulted in the
removal of both the TBS and Fmoc protecting groups to give
451.

Following this, the LiEt;BH reduction of f-lactam 451
initiated a cyclization/elimination cascade, which established
the pentacyclic skeleton of cribrostatin 4. Although there are
two possible pathways for this transformation, the authors
postulated that the formation of an o-quinone methide
intermediate to be operative. Finally, the advancement of
pentacycle 452 to cribostatin 4 consists of a) debenzylation
with PdCl,, b) oxidation of both phenols to bisquinone 453
with PIFA, c) esterification to generate the angelated
intermediate, and d) double oxidation to install a ketone
functionality at the C14 position. It is worth noting here that
the order of this sequence proves critical to the success of this
synthesis, as Danishefsky previously found that the pentacyclic
alcohol (deangelated cribrostatin 4) was highly unstable, and
attempts to perform esterification on this particular inter-
mediate all led to decomposition of the starting material.">*

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 59. Danishefsky’s Total Synthesis of (—)-Cribrostatin 4
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PMBO 2) DDQ, CH,Cly/buffer (pH 7)= Ve HCO,H Ve
BocMeN 3) DMP, 2,6-lutidine, CH,Cl, 100 °C
HO,C” % 67% yield (3 steps) ~ Me0 59% yield ~ MeO
OMe (o} “lynchpin Mannich”
439 440 OBn cyclization
14 steps from 11 steps from 441
2,3-dimethoxytoluene 3-methylcatechol

1) NaBH,4, THF/H,0
2) AcOH, BuzSnH
(Ph3P),PdCl,, CH,CI, Me

1) Se0,, dioxane
100 °C
2) DMP, CH,Cl,

1) TBSOTY, Et3N, CH,Cl,
2) 5% Pd/C, H,, EtOAc

3) Fremy salt, KH,PO,
CH;CN/H,0

68% yield (3 steps)

3) CSA, benzene, 80 °C 3) 10% Pd/C, H,

MeOH
77% yield (3 steps)

MeO
78% yield (3 steps)

o}
1 M
Ve € 1) PIFA
Me N=Tom OH  CH,CN/H,0 Me
446 me” > CHoCl e 2) Zn, AcOH

2) AcOH, TBAF, THF

—»
MeO 3) air, DMF MeO

75% yield (2 steps) 65% yield (3 steps)
O)\% o =
Me 447 Me
Cribrostatin 4 (423)
Scheme 60. Williams® Total Synthesis of (—)-Cribrostatin 4
OMe OMe
Olle TBSO Me
TBSO Me ome BN
(COCl),, DMF M
ome  26-utidine Me MeN—|-Fmoc - __TBAF ¢
_—
FmocMeN ‘ CH,Cl, Meo N THF MeO
HOC™ 3 79% yield oBn .0 92% yield
448 449
17 steps from 15 steps from 450
2,6-dimethoxytoluene 2,6-dimethoxytoluene
o)
OMe 1) Me
Me Cl I
; 1) PdCl,, H, CH,CI Me
LiEt;BH 446 me”” » CH:Cl
THEO°C  Me ome _(13tm), EtOH PN =
B e0,, dioxane, 85 °C  \eo
then NH,CI A N0 3) DMP, CH,Cly; ©
MeO 3 2 MeO then aq. Na,;S,03, THF
62% yield 40% yield (2 steps) 34% yield (3 steps) o P>
Me
Cribrostatin 4 (423)
Overall, Williams and co-workers completed a 25-step (longest pentacycle 460 and its constitutional isomer, arising from the
linear sequence) asymmetric total synthesis of (—)-cribostatin undesired regioselectivity, in 51% and 15% yield, respectively.
4 (423), starting from commercially available 2,6-dimethox- The desired isomer (460) was transformed into cribrostatin 4
ytoluene. (423) following a strategy similar to that for previous
Within the same year, Zhu and co-workers described the syntheses, providing the natural product in the longest linear
third asymmetric total synthesis of (—)-cribrostatin 4 (423)."” sequence of 26 steps from commercially available starting
The key synthetic strategy to access the pentacyclic skeleton material.
(460) features a domino sequence involving the formation of More recently, Saito reported a racemic total synthesis of
iminium jon 457, followed by J-elimination and Pictet— cribrostatin 4 from commercial material.'>* Instead of building
Spengler cyclization, which greatly resembles Williams’ strategy the pentacyclic core from an amide coupling to join the two
(Scheme 61). In Zhu’s case, the thiol group at the C4 position halves of the molecule, they completed the synthesis by
acts as a leaving group to unveil a,f-unsaturated iminium ion employing diketopiperazine as a central building block and
459. This intermediate then underwent cyclization to form consequently constructing the B- and D-rings to generate the
9475 https://doi.org/10.1021/acs.chemrev.3c00054

Chem. Rev. 2023, 123, 9447-9496


https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch60&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00054?fig=sch60&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs

.acs.org/CR

REVIEY

Scheme 61. Zhu’s Strategy to Prepare the Pentacyclic Skeleton of (—)-Cribrostatin 4
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Scheme 62. Williams® Total Synthesis of (—)-Renieramycin G, (—

)-Jorumycin, 3-epi-Renieramycin G, and 3-epi-Jorumycin
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y
(3 steps) 27% yield
469 (5 steps)

pentacyclic framework. The endgame of this synthesis follows
the sequence reported by Williams.">> The Saito group also
realized an alternative synthetic plan to cribrostatin 4 in
2015,""” where they slightly modified the order of trans-
formations in the early stage to prepare the pentacyclic
skeleton. With this improved strategy, they were able to
perform reactions on a larger scale and prepared 81 mg of
cribrostatin 4 with 8.3% overall yield in addition to
renieramycin I, which contains a methoxy substituent at the
C14 position.

Apart from cribrostatin 4 (or renieramycin H), renieramycin
G (418) has also been a popular target, attracting interest from
the groups of Williams, Magnus, Zhu, Saito, and Yang to
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complete its total synthesis. In 2005, Williams and co-workers
disclosed the first asymmetric total synthesis of renieramycin G
along with another structurally similar natural product,
jorumycin (434) (Scheme 62).'°° They elegantly took
advantage of the intrinsic symmetry of the molecule to prepare
only one building block (461) that can be employed as both
western and eastern fragments. The use of chiral glycine
template 462 as a chiral auxiliary allows for the preparation of
benzylated oxazinone 463, which can be further transformed
into enantioenriched 1,3-cis-THIQ 464 over 10 steps and
tyrosine derivative 465 over S steps.

The coupling of these two molecules via an acid chloride
intermediate proceeded smoothly to deliver amide 466 in a

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 63. Magnus’ Total Synthesis of (+)-Renieramycin G

OMe OMe
OMe OH OMe SPh Me ¢l TrO Me
H
H om PhS
e NHBoc Me i NNBoc M ¢ 1) +BuLi, THF, =78 °C;
N 1) Swern oxidation o 473 Me then BHT/THF
N —_—
MeO 2) HSPh, p-TSA MeO \n) 18-crown-6, KHMDS 2) HCI/Et,0, 0 °C
OBn OBO CH,Cl,, -5to 5 °C OBn o THF, -78 °C MeO
n . OBn fi
84% yield 9 vi 73% yield
471 (2 steps) 472 98% yield (2 steps)
> (%)-lemonomycinone amide
9 steps OMe
OMe
1) NaBH;CN, HCOH
AcOH, MeOH Me
Me 2) Pd(OH),, MeOH, H, o
3) CAN, 6:1 CH;CN/H,0, -5°C ~ MeO
MeO 4) angeloyl chloride, CH,Cl,
25% yield
(5 steps)

Scheme 64.

- 1) TFA, CH,Cl, MeO OMe 100
OMe 2 BocN
Mg, LiCl, THF BocO Me CHO BnO MgBr
BocO Me DIBAL, —10 °C; 480 BocN 482
om then CuBr, OMe gPhOOJZILOzgo CuBr
e CcOR, Nay = °
Br eocnﬁ\co . BocN 3) BnBr, K,CO;5 | 781023°C
> Nal, DMF, 0 to 23 ° .
478 CO,tBu a . 0t023°C CO,t-Bu 83% yield
477 % vi 479 48% yield 481
80% yield (3 steps)
OMe 2 steps
— (-)-Jorunnamycin A (429)
1) Pd(OH),, HCHO 1) LAH, THF
MeOH, H, 2) Swern oxid. Me 3 steps
—_— . .
2) TFA, CH,Cl, CO,#-Bu 3) TMSCN, ZnCl, —T——> (-)-Renieramycin M (420)
o CH,Cl,
I oen MeO 4 steps
H 484 62% yield ———>  (=)-Jorumycin (434)
(3 steps)
52% yield OMe
(2 steps) OMe Me

1) TFA, reflux
2) HATU, HOAt

Me 1) Pd(OH)y, H,
MeOH
2) angelic acid

oMe EtsN, PhMe

DIPEA, DMF 2,4,6-trichloro- MeO
0to23°C benzoyl chloride 0
3) DDQ, 9:1
Qg%tyield )acetone/Hzo O Me ) Renieramycin G
steps, )41
(2 steps) 187 50% yield 0)\% (cre1
(3 steps) Me

93% yield. Fmoc removal with piperidine, reprotection of the
free amine with a Boc protecting group, and selective removal
of the TBS group were followed to provide alcohol 467. The
pentacycle was then obtained after the oxidation of the primary
alcohol, formation of the carbinol amine, and Pictet—Spengler
cyclization to construct the D-ring. Reductive amination
afforded intermediate 468 that is a precursor to both
(=)-renieramycin G (418) and (—)-jorumycin (434).
Interestingly, the use of different protecting groups on the
eastern nitrogen atom, which require basic conditions for
deprotection, resulted in the generation of the C3-epi variant
(470) through epimerization. They, nonetheless, successfully
advanced this unexpected epimer to 3-epi-renieramycin G and
3-epi-jorumycin for further biological evaluation studies.

At the same time, Magnus independently developed racemic
total syntheses of renieramycin G (418) and a lemon-
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omycinone analog (Scheme 63).'°"'°* The A- and B-rings of
both molecules were initially prepared through a modified
Larock isoquinoline synthesis, followed by an addition at the
C1 position, a reduction of the C3=C4 olefin, and silyl-
activated amide coupling to deliver 1,3-cis-THIQ 471. This
THIQ intermediate (471) then underwent cyclization and
functional group interconversion to thioaminal 472. At this
stage, thioaminal 472 serves as a diverging point to access
renieramycin G or lemonomycinone amide, where a lactam
enolate alkylation with benzyl chloride 473 was performed for
the synthesis of renieramycin G. This provided the undesired
epimer of tetracycle 474 at the C13 position as a single
diastereomer, which they were able to correct via a
diastereoselective reprotonation with in situ trityl removal to
deliver 475. Treatment of this intermediate (475) with AgBF,
then triggered cyclization to generate the D-ring in pentacycle

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 65. Saito’s Total Synthesis of (+)-Renieramycin G
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476. Finally, reductive amination, hydrogenolysis, ceric
ammonium nitrate (CAN) oxidation, and esterification
afforded racemic renieramycin G (418). In this same report,
lemonomycinone amide was also prepared by adapting this
synthetic strategy.

Zhu and co-workers disclosed the asymmetric total
syntheses of (—)-reinieramycins G, M, (—)-jorunnamycin A,
and (—)-jorumycin in 2009 (Scheme 64).'”> By employing
aziridine as a lynchpin, they took a different approach to
constructing the pentacyclic skeleton. Instead of relying on the
amide coupling to merge the western and eastern parts of the
molecule, they exploited aziridine ring-opening to forge the
desired pentacycle. Starting with a CuBr-mediated ring-
opening of enantioenriched aziridine 478, which was prepared
from a chiral pool starting material (N-trityl-L-serine methyl
ester), the Boc-protected amino ester 479 was formed in 80%
yield. Following Boc removal, the Pictet—Spengler cyclization
of the free amine with formyl aziridine 480 and global
benzylation were performed to afford the eastern THIQ
building block (481). From here, another CuBr-promoted
aziridine ring-opening was utilized, and a sequence consisting
of a debenzylation with in situ methylation and tandem Boc
removal/Pictet—Spengler reaction delivered the key bis-THIQ
(485). This intermediate was then subjected to two different
synthetic sequences to prepare a variety of renieramycin
alkaloids. First, conversion of the ester to the aldehyde and a
Strecker reaction provided pentacycle 486. This intermediate
can be further advanced to jorunnamycin A (429),
renieramycin M (420), and jorumycin (434) over 2, 3, and
4 steps, respectively. On the other hand, renieramycin G (418)
was obtained via a) an amide coupling to form pentacycle 487,
b) hydrogenolysis with Pearlman’s catalyst, c) angelation of the
primary alcohol, and ¢) DDQ_oxidation of the bis-phenols.

9478

By exploiting the common strategy in the construction of the
bis-THIQ_pentacyclic scaffold, i.e., the amide coupling with
subsequent elaboration of the C—E rings through Pictet—
Spengler cyclization, the Liu group reported an asymmetric
total synthesis of (—)-renieramycin G (418).'°* The use of 1-
tyrosine methyl ester as a chiral pool starting material, similar
to their total synthesis of saframycin A (vide supra), allows for
diastereocontrol in ensuing transformations, which ultimately
resulted in the successful preparation of enantiopure
(—)-renieramycin G in 21 steps for the longest linear sequence.
After the disclosure of this report, the group extended this
synthetic strategy to prepare 15 analoé%s of renieramycin G with
varying groups at the angelate ester,'” 15 analo()gs of jorumycin
with varying groups at the primary alcohol,'™ as well as 3
additional stereoisomers of renieramycin G.'®” These analogs
were biologically evaluated for their cytotoxic activities against
multiple cancer cell lines.

In 2011, Saito and co-workers reported the total synthesis of
(+)-renieramycin G (Scheme 65),"%'” in which the synthetic
strategy closely followed their previously reported pathway for
the synthesis of saframycin B.'”” From tricyclic lactam 488,
they performed a Pictet—Spengler cyclization with diethox-
yacetate, delivering pentacycle 489 in 76% yield, albeit with the
opposite stereochemistry at the C1 position. By converting the
pendent ester to the aldehyde 490, they were able to correct
this stereochemical problem via base-mediated epimerization
over a total of 6 steps. Finally, the racemic renieramycin G
(418) was obtained by performing a reduction of the aldehyde
to the alcohol, followed by debenzylation, CAN oxidation, and
angelation.

Most recently, Yang and co-workers accomplished the total
syntheses of the renieramycin alkaloids by a unified strategy
(Scheme 66).'”" The key transformations to construct the
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Scheme 67. Yokoya’s and Williams” Total Synthesis of (—)-Renieramycin T
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Scheme 68. Chen’s Total Synthesis of (—)-Renieramycin T
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-78°C 70% yield o c 56% yield (2 steps)

80% yield (2 steps) oH P

(3 steps) 511 T
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pentacycle are not significantly different from those of previous The recently isolated renieramycin T (427), which features
reports (i.e., the amide coupling with subsequent formation of a hybrid structure of ecteinascidin—renieramycin, was also a
the C- and D-rings); however, they were able to expediently target for a total synthetic endeavor by Yokoya and
prepare tyrosine derivatives 493 and 494 through the Wﬂliams.173 By adapting the Strategy used in their total
utilization of a C—H functionalization methodology. Inspired synthetic studies of Et-743,"”%'” they completed the synthesis
by Yu’s C—H arylation, they performed the coupling of alanine of (—)-renieramycin T through the use of L-tyrosine as a chiral

o . o 172 ; :
derivative 492 with aryl iodide 491. This reaction pool starting material (Scheme 67). Amide coupling of highly

proceeded smoothly to provide a 76% combined yield of decorated THIQ 500 and Fmoc-protected amino acid chloride
arylated products 493 and 494, which were transformed into

the same amino ester 495 via the removal of the CONHArg
directing group and phthalimide protecting group, respectively.
Amino ester 495 was used to prepare both the western (496)
and eastern (497) fragments of the renieramycin alkaloids.
Treatment of 1,3-cis-THIQ 496 and Boc-protected amino ; ) ) :
acid 497 with BOPCI and EGN provided the amide product sev.eral func.tlonal group manipulations to obtain phe.nol 504.
498 in 90% yield. With 498 in hand, pentacycle 499 was This phenolic hydroxyl group was benzyl protected prior to the
obtained from DMP oxidation, removal of the phenolic TBS partial reduction of the central amide, cyanation of the in situ
protecting groups, acid-promoted intramolecular Pictet— generated iminium ion, and oxidation of the eastern phenol to

501, followed by swapping of amine protecting groups,
provided amide 502 in 89% overall yield. Removal of the
acetonide, then Dess—Martin oxidation, and intramolecular
Pictet—Spengler cyclization delivered pentacycle 503 in 75%
yield over 4 steps. From this key intermediate, they performed

Spengler cyclization, and reductive amination. Subsequently, afford monoquinone $0S. Finally, debenzylation with BCl; and
enantioenriched (—)-renieramycins G, M, J, (—)-jorunnamycin subsequent esterification with angeloyl chloride completed the
A, and (—)-fennebricin A were prepared from this same total synthesis of renieramycin T (427). This natural product
pentacycle 499. Of note, this research represents the first along with other compounds in this synthetic sequence was
asymmetric total syntheses of renieramycin J and fennebricin evaluated for their cytotoxicities and revealed to exhibit
A. moderate activities against human cancer cell lines.
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Scheme 69. Stoltz’s Total Syntheses of (—)-Jorunnamycin A and (—)-Jorumycin
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Seeking to develop an alternative strategy for the production
of renieramycin T, Saito and co-workers applied the stereo-
selective decarboxylative reprotonation strategy previously
discovered in the synthesis of saframycin A (Scheme 57, vide
supra) in the context of this natural product.176 To this end,
the group completed a formal synthesis of renieramycin T by
concluding at intermediate 505 as reported by Yokoya and
Williams.

The Chen group also achieved a total synthesis of
(=)-renieramycin T in 2016."”” By mimicking the reported
biosynthesis of Et-743,'”" they performed a Pictet—Spengler
cyclization under a unique ternary solvent system (PhMe,
CH,Cl,, and 2,2,2-trifluoroethanol) to construct the D-ring of
bis-THIQ intermediate 508 (Scheme 68). Protection/
deprotection chemistry was followed, and then a Swern
oxidation with a subsequent ZnCl,-promoted Strecker reaction
eventually closed the C-ring, forming pentacycle 509 in 78%
yield over S steps. With this intermediate in hand, they
discovered that the chloroacetyl protecting group needed to be
chemo- and regioselectively installed on the A-ring phenol
(511) prior to oxidation and installation of the angeloyl group.
Accordingly, they successfully prepared (—)-renieramycin T
(427) in an additional 4 steps with 39% yield. Overall, this
asymmetric total synthesis consists of 22 steps for the longest
linear sequence with a 6.2% overall yield from known starting
materials. Apart from (—)-renieramycin T, the Chen group
successfully prepared three other renieramycin-type alkaloids:
(=)-jorunnamycin A, (—)-jorunnamycin C, and (—)-jorumy-
cin through this similar synthetic strategy.'””

Aiming to devise a complementary synthetic route to
prepare bis-THIQ alkaloids that specifically avoids the Pictet—
Spengler reaction, the Stoltz group completed a synthetic study
toward jorumycin (434) via a two-part strategy, consisting of a
cross-coupling reaction for the convergent construction of the
requisite carbon-based skeleton and an enantioselective
hydr0§enation to install all of the key stereochemistry (Scheme
69)."*" Specifically, we successfully exploited the N-oxide C—H
functionalization developed by Fagnou and co-workers in the
coupling of the eastern (5§13) and western (512) isoquinoline
fragments. With the coupled product 514 in hand, the
advancement of this intermediate to the bis-isoquinoline
hydrogenation precursor (515) was performed through
isoquinoline oxidation/mono-N-oxide rearrangement, followed
by N—O bond cleavage and oxyl-mediated oxidation.

9480

Another key transformation in this synthetic strategy is the
sequential stereoselective hydrogenation to construct the
pentacyclic scaffold of bis-THIQ molecules. The use of
[Ir(cod)Cl], in conjunction with an electron-poor Josiphos
BTFM-xyliphos ligand was found to promote the desired
hydrogenation-lactamization cascade, providing the pentacycle
(516) as a single diastereomer in 83% yield and with 88% ee.
Furthermore, this intermediate was recrystallized from a slowly
evaporating acetonitrile solution to enantiopurity. The relative
and absolute stereochemistry of the product was confirmed via
X-ray crystallographic analysis.

The final stage of the synthesis consists of a 5-step sequence.
First, reductive amination was employed to methylate the
piperazinone N—H. Bis-chlorination of the A- and E-rings with
N-chlorosaccharin (NCS) was then followed, and the
subsequent C—O bond coupling provided a dihydroxylated
compound. Lastly, partial reduction of the central lactam with
cyanide trapping and DDQ_oxidation delivered jorunnamycin
A (429). Conversion of jorunnamycin A (429) into jorumycin
(434) was achieved in one additional step, concluding the 16-
step total synthesis. As a result of this unique approach, access
to electronically modulated aromatic substitution patterns is
readily attainable.

5.4. Ecteinascidin Alkaloids

5.4.1. General Structure and Isolation. The ecteinasci-
din alkaloids are known to be extremely potent antitumor
agents, with Et-743 2 (Yondelis) approved for clinical use for
the treatment of advanced soft tissue sarcoma.'®" Apart from
other THIQ alkaloids, these agents are unique in their
structure, with the pentacyclic skeleton linked to a 10-
membered lactone bridge through a benzylic sulfide linkage
(Figure 21). Most ecteinascidin alkaloids contain an additional
THIQ ring attached to the lactone bridge as a spirocycle,
which is a key distinguishing feature from other THIQ natural
product families.

Early biosynthetic studies of the ecteinascidins revealed that
tyrosine and cysteine are the two amino acid building blocks
specifically for the synthesis of Et-743."*> More recently, with
the advancement of next-generation sequencing technology,
Sherman and co-workers exploited a meta-omic approach to
identify the biosynthetic gene cluster responsible for the
production of Et-743."*? In this study, three putative modules
of nonribosomal peptide synthetase (NRPS) are reported to

https://doi.org/10.1021/acs.chemrev.3c00054
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Et 736 (521) : R = Me, X = OH

722 (522) : R=H, X = OH

Ecteinascidin 743 (2) : R = Me, X = OH
729 (517) : R=H,X=0OH
745 (518) : R=Me, X=H
759B (519) : R = Me, X = OH, S-oxide
770 (520) : R =Me, X =CN

OMe

OH

Et 583 (525):R=H, X = OH
597 (526) : R = Me, X = OH

Et 594 (523) : R' = R2 = -OCH,0-

596 (524) : R = OMe, R?= OH

Figure 21. Ecteinascidin natural products.

promote transformations for the construction of the
pentacyclic core (Scheme 70). Similar to the NRPS system
of saframycin A (vide supra), EtuA2 is a homologue of SfmC
that iteratively incorporates two molecules of tyrosine
derivatives into the core structure. After the reductive release,
also through the EtuA2 module, the aldehyde intermediate
undergoes cyclization to generate the C-ring. Hydrolysis of the
pendent N-acyl moiety subsequently proceeds, and the 10-
membered lactone bridge is proposed to be assembled via the
tailoring EtuO module. This produces Et-583 (525) as a late-
stage intermediate, leading to other isolable ecteinascidins (Et-
597, Et-596, and Et-594) and finally Et-743.

5.4.2. Total Synthesis of Ecteinascidin Alkaloids.
Approaches to the chemical syntheses of these natural
products generally utilize electrophilic aromatic substitution
strategies for the construction of the THIQ motifs. After
Corey’s seminal total synthesis of Et-743 (2) in 1996, scientists
at Pharma Mar disclosed a semisynthetic approach to prepare
Et-743 and phthalascidin Pt-650 from cyanosafracin B in 2000.
Despite being highly efficient and scalable, the structural
diversity of analogs prepared using this semisynthetic tactic is
inherently limited by the structure of the isolated compound.
As a result, other groups have attempted to target this molecule
and its congeners with distinct disconnections, resulting in six
additional total syntheses of ecteinascidin alkaloids reported
between 2002 and 2020.'%*'*°

In 2002, Fukuyama and co-workers reported the second
total synthesis of 2.'*® With two functionalized fragments $33
and 534, a Ugi four-component condensation reaction
assembled intermediate $36 in high yield, which formed the
diketopiperazine C-ring of the core in four subsequent steps
(Scheme 71). After protection of the phenol and lactam
nitrogen of 537, partial reduction of the carbonyl with NaBH,,
and dehydration of the hemiaminal intermediate afforded the
desired intermediate 538 for Heck cyclization. Using 5 mol %
of Pd,(dba); and 20 mol % of the P(o-tol); ligand, an
intramolecular Heck reaction proceeded smoothly to install the
D-ring of the natural product scaffold 539 in 83% yield.

After several functional group manipulations, the key
aldehyde intermediate 540 then underwent hydrogenolysis of

9481

Scheme 70. A) Domain Organization of Et-743 NRPS; B)
Proposed Biosynthetic Mechanism for the Construction of
Et-743’s Pentacyclic Skeleton
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the benzyl ether to induce spontaneous cyclization and deliver
the desired pentacycle 541. With the desired oxidation already
in place at the C4 position, condensation of the alcohol with L-
cysteine derivative 542 furnished ester 543, which smoothly
formed the lactone bridge 544 under acidic conditions. A
biomimetic transamination reaction afforded a-ketolactone
545 to undergo a subsequent Pictet—Spengler reaction with
546 to install the third THIQ moiety. Generating the labile
hemiaminal last with AgNO; in CH;CN and H,0 completed
natural product 2 in 93% yield.

Since their completed total synthesis of 2 in 2002, Fukuyama
and co-workers have revised their strategy to render its
synthesis more efficient and practical.'®’ They instead
envisioned accessing intermediate 549 from dihydropyrrole
548, assembled via a Heck reaction between amine 547 and
enamide 548 (Scheme 72). Construction of the B-ring and the
10-membered lactone bridge proceeded according to their
initial synthetic strategy. With the functionalized fragments in
hand, treatment of 547 with tert-butyl nitrite and BF;-OEt,
generated the diazonium salt in situ to undergo the key
intermolecular Heck reaction with 548 in the presence of a
palladium catalyst. Dihydroxylation of 549 and oxidative
cleavage of the resulting 1,2-diol with HIO¢ formed

https://doi.org/10.1021/acs.chemrev.3c00054
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Scheme 71. Fukuyama’s Total Synthesis of Ecteinascidin 743
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dialdehyde intermediate $50, which could then be liberated by
heating in m-xylene and trapped intramolecularly by the
electron-rich arene to establish the THIQ B-ring and deliver
551. Substitution at the C1 position of 552 was then
elaborated to construct the 10-membered cyclic sulfide and
access the natural product based on the previous synthetic
strategy. Overall, the synthetic route to 2 was successfully
shortened to 28 steps (as compared to 45 steps in their
previous study) and 1.1% overall yield by efficiently
constructing the B-ring.

Other synthetic strategies to construct the THIQ B-ring of
Et-743 (2) were reported in 2006, wherein Danishefsky and
co-workers demonstrated a novel vinylogous Pictet—Spengler
cyclization from an ortho-hydroxystyrene intermediate $54
(Scheme 73).""® Treatment of 5§56 with DMDO then oxidized
the C4 position, which produced alcohol 558 as the major
product through either a concerted rearrangement or a 1,2-
hydride migration from epoxide 557. After installation of the
nitrile functionality, the MOM group was cleaved to reveal the
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Scheme 73. Danishefsky’s Formal Total Synthesis of Ecteinascidin 743
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e
2) DIBAL, BuLi, THF, 0 °C 3) TFA, CH,Cl,, —20 °C
60% yield 47% yield (3 steps) 28% yield (3 steps)

Scheme 74. Zhu’s Total Synthesis of Ecteinascidin 770 and Ecteinascidin 743

OMe OMe
HO. Me
1) Alloc-Cl, NaHCO.
CHO AcOH 1Cly ¢
o 3AMS 2) Allyl-Br, Cs,CO3, DMF NEt;
>rNHBoc + —_—
we”l H,N 7:1 CH,Cl,:TFE 3) ACzZO, zpvr-, DMAP CH3CN, 0 °C
84% yield 4) TFA, CH,Cl, 91% yield
HO o -
561 562 563 50% yield (4 steps)

OMe

Me Me
mMomo MOMO  OH MOMO 1) LiBH WeOk
Me Me 1) TBSCI, imidazole, DMF Me 2) Ac,0, pyr. Me
N—|-Alloc  3) K,C0O;, MeOH DMAP, CH,Cl, N—|-Alloc
3) DMP 3) HF-H,0, CH,CN
o Y 0\‘_ then TMSCN, ZnCl, 0\__ H 4) DMP o) Y
\-0  Co.Eto0Ac O COEtOAc 71% yield (3 steps) OE0,C CN 62% yield (4 steps) O oncN
566 (23% yield) 567 (68% yield) 568 569
OMe NHTroc o
Me
Ve o HO. Me
1) TFA, TFE 0
then Ac,0, pyr. OAcH S
TFA _ Me N_T-Alloe 1) KzCOs, MeOH DMAP, CH,Cl, Me 1) ACOH, Zn
CH,Cl, 2) EDCI, DMAP, CH,Cl, 2) n-BuySnH, PACI,(PPhy), 2) DBU
) o . (?:OOH AcOH, CH,CI, aq. o_xalic acid
95% yield o én TrocHN <~ SCAT3 571 3) NaBHQ(.:N, AcOH, HCHO oLo éN D'\é':[-JCHzCh
OAc 91% vield (2 st 64% yield (3 steps) c
270 % yield (2 steps) 573 | N
0
Me ©S04
574
49% yield (2 steps)
MeO.
HO 576 AgNO,
NaOAc, EtOH CH,CN:H,0
97% yield 92% yield _
o oH
575 Et-770 (520) Et-743 (2)
final intermediate 560, which constituted a formal total through a zinc-chloride-catalyzed Strecker reaction that
synthesis of Et-743 (2). provided amino nitrile 568 as a single diastereomer. After
On the other hand, Zhu and co-workers reported the total several oxidative manipulations to deliver aldehyde 569,
synthesis of Et-743 (2) by retrosynthetically disconnecting the cyclization under acidic conditions afforded 570 with the
molecule into four building blocks of similar size (Scheme concomitant removal of the MOM-protecting group. After the
74).'" Synthesis of the D- and E-rings of 2 commenced with installation of the side chain at the C1 position to deliver 572,
condensation of aldehyde 561 with phenylalanol 562, the 10-membered lactone bridge was installed from dissolving
providing access to THIQ 563 in 84% yield as a single 572 in TFE containing 1% TFA through in situ generation of
diastereomer. Masking the secondary amine as the N- an ortho-quinone methide, followed by an intramolecular
allyloxycarbamate, followed by chemoselective protection of Michael addition to access the key C—S bond in 573.
the alcohol and removal of the masked amino alcohol, Following Corey’s protocol, installation of the final THIQ was
delivered 564. Assembly of this key intermediate with benzyl accomplished via oxidation to the ketoester 575 and Pictet—

bromide 565 under CH;CN in the presence of triethylamine Spengler cyclization with 575 to provide Et-770 (520) in 97%
delivered two coupled products, 566 and 567 that were yield."®* Treatment of Et-770 with AgNO; in a mixture of
isolated in 23 and 68% yield, respectively. The desired CH;CN and H,O provided Et-743 (2) in 92% yield. Within
diastereomer 567 was carried forward to access the C-ring the same year, Zhu and co-workers reported a similar synthetic
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Scheme 75. Zhu’s Total Synthesis of Ecteinascidin 597 and Ecteinascidin 583

OMe
OMe
OH e
Me
o MeMgCl, 577
. o) THF
MeO N-=|-Alloc. e 578
BocHN CH,Cl o OA
Me~5i'° Zre Me~g;’ °
+Bu” \_ye OAc 74% yield  tBu" \_yo
577 578 579

OMe

OH OH

Et-583 (525) Et-597 (526)

Scheme 76. Ma’s Total Synthesis of Ecteinascidin 743 and Lurbinectedin
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Me o 581 Me :_CH,OH
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OH 22 OH oBn 85% yield
580 83% yield (2 steps) 582
Me 1) HCHO, NaBH;CN
AcOH, CH,Cl,
2) Allyl-Br, K,CO3
580, AcOH Me. acetone, 65 °C
2.7:1:1 3) (COCI),, DMSO
PhMe:CH,Cl,:TFE DIPEA. CH,Cl,
. 4) TFA, CH,Cl,
67% yield then TMSCN
585 76% yield (4 steps)

NHAlloc

1) (R)-N-Alloc-S-Fm-Cys

1) Pd(PPhy),, n-BuSnH

EDCI, DMAP, CH,Cl, AcOH, CH,Cl,
2) Tf,0, DMSO, —40 °C 2) CHO
then DIPEA, then t-BuOH, 0 °C
then (Me,N),C=N-t-Bu i N
then Ac,0 NZ
1
43% yield (2 steps) M°57 48 80
then DBU, 0 °C
then (CO,H),
44% yield (2 steps)

1) K,CO3, BnBr

blue LED acetone, 65 °C
THF 2) (COCI),, DMSO
DIPEA, CH,CI
83% yield o8 22
584 " 87% yield (2 steps)
1) BCly, CH,Cl,
then TMSCN, —80 °C _ Me
2) (PhSe0),0
CH,Cl,, ~10 °C
C 79% yield (2 steps)
OBn
587
1) MeO. %H (3
I j R
HO
546
NaOAc, EtOH
o e Et-743 (2)
2) AgNO,
OMe CH3CN:H,0
86% yield (2 steps) MeO,
1) MeO, \ NH OMe
NG/ =
\ Nl |
v ®e OAc\ S
590 H "
NaOAc, EtOH e
2) AgNO;
CH4CN:H,0 o .
77% yield (2 steps) \—o OH
Lurbinectedin (591)

strategy for the total syntheses of Et-597 (526) and Et-583
(525), instead using phenol 577 to build the natural product
scaffold through a sequence of aldol condensations followed by
a Pictet—Spengler reaction (Scheme 75).""

More recently, Ma and co-workers described the total
synthesis of Et-743 and lurbinectedin through a convergent
Pictet—Spengler coupling event of an elaborated tetrahydroi-
soquinoline and tyrosine derivative 580 (Scheme 76)."”" Using
the same intermediate 580 to construct both the western and
eastern fragments of Et-743, a Pictet—Spengler reaction with
benzyloxyacetaldehyde 581 and subsequent Boc-protection
provided western THIQ 582 in 83% overall yield. After
oxidation of phenol 582 to quinone 583, a light-mediated C—
H bond functionalization using blue LED light in THF allowed
cyclization to deliver benzo[1,3]dioxole 584 in 83% yield. The
formation of 584 could be scaled up to a multidecagram scale
without compromising the yield.

After protection of the phenol and oxidation of 584 to
aldehyde 585, an intermolecular Pictet—Spengler reaction with
amino alcohol 580 provided cyclization product 586 as the
major isomer in 67% yield. This key coupling event allowed
efficient construction of the natural product scaffold to install
four of the six rings in a single step. Oxidation of the
hydroxymethyl group then prepared for a subsequent Strecker
reaction to construct amino nitrile 587. With decagram
quantities of the hexacyclic intermediate 587, oxidation of

9484

the phenol with benzeneseleninic anhydride provided dihy-
droxy dienone 588, which underwent elimination and
macrocyclization according to Corey’s one-pot procedure to
obtain lactone 589."** Finally, oxidation to the keto ester 575
and Pictet—Spengler reaction with phenethylamine 546 or
tryptamine 590 followed by hydrolysis delivered either Et-743
(2) or lurbinectedin (591), respectively.

6. THIQ ALKALOIDS FROM THE
NAPHTHYRIDINOMYCIN FAMILY

6.1. General Structure and Biosynthesis

Most alkaloids from the naphthyridinomycin family possess a
hexacyclic skeleton, including four six-membered rings, a five-
membered bridged ring, and an oxazolidine fragment (Figure
22). The A-ring can be in either the quinone or hydroquinone
oxidation state. Members of this family are the naphthyr-
idinomycin (592), cyanocyclines (593, 594, 597), bioxalomy-
cins (598, 596), aclidinomycins (598, 599), and dnacins (600,
601).

The biosynthesis of cyanocycline A was studied by
Zmijewski and co-workers, where they discovered through
feeding experiments that the core structure was assembled
from tyrosine, methionine, glycine or serine, and orni-
thine."””'”> Later in 2013, the Tang group analyzed the
naphthyridinomycin gene cluster and proposed a pathway for
the core formation via nonribosomal peptide synthetase

https://doi.org/10.1021/acs.chemrev.3c00054
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Figure 22. Core skeleton of THIQ alkaloids in the naphthyridino-
mycin family and representative examples.

(NRPS) NapL and Nap] modules.'”* The completed
biosynthetic pathway, especially how the five-membered
bridged ring is formed in the core structure, however, still
has not been fully elucidated in this study.

6.2. Total Syntheses of Naphthyridinomycin Alkaloids

Although no recent total synthesis of the naphthyridinomycin
alkaloids has been reported, several approaches for the formal
synthesis of these natural products have been explored.'” In
2007, Garner and co-workers disclosed an efficient synthetic
approach toward the cyanocycline and bioxalomycin alkaloids
harnessmg their developed silver-catalyzed coupling reac-

196197 This key [C+NC+CC] coupling reaction provided
rapld access to highly functionalized pyrrolidines, which could
be converted to the target in one-third of the total number of
steps compared to previously reported total syntheses.

The key coupling reaction was achieved by combining
aldehyde 602 and Oppolzer’s camphorsultam 603 in a methyl
acrylate solvent with 10 mol % AgOAc (Scheme 77). The
[3+2] cycloaddition was proposed to proceed through a pre-
TS model such as 604, in which the acrylate dipolarophile

approaches the ylide from the least hindered endosi face
approach. The endo-selective asymmetric coupling allowed the
construction of pyrrolidine 60S as a single diastereomer.

To construct the rest of the natural product scaffold, 605
was subjected to hydrogenolysis to construct the lactam, and
removal of the Boc group followed by a Pictet—pengler
reaction with benzyloxyacetaldehyde produced THIQ 606.
After protection of the phenol, reduction with LiAlH, released
the chiral auxiliary and converted the carbamate to the
required N-methyl group. Ozxidation of the primary alcohol
607 allowed construction of the diazobicyclo[3.2.1]octane
core, followed by cyanide addition to deliver 608. Finally, the
oxazolidine ring was constructed from reduction of 608 to the
imine that was reacted with hot ethylene oxide in MeOH to
afford the late-stage intermediate 609, a late-stage Fukuyama
intermediate that was two steps away from the synthesis of
cyanocycline A §93."” Bioxalomycin 32 610 was known to be
convertible from 593, demonstrating a formal synthesis of this
natural product, as well. Overall, the successful application of
the asymmetric Ag-catalyzed coupling reaction to install
functionalized pyrrolidines allowed a rapid approach to this
family of natural products.

7. THIQ ALKALOIDS FROM THE QUINOCARCIN
FAMILY

7.1. General Structure and Biosynthesis

The quinocarcin family of THIQ alkaloids comprise
quinocarcin 611, quinocarcinol 612, tetrazomine 613, lemon-
omycin 614, and aclidinomycins J and K (615 and 616)."”
These compounds are structurally similar, sharing a piper-
izinohydroisoquinoline motif as well as a 3,8-
diazobicyclo[3.2.1]octane core (Figure 23). Quinocarcin and
tetrazomine possess an additional oxazolidine ring, while
lemonomycin contains a 2,6-dideoxy-4-amino sugar (lemon-
ose) that is rarely found in nature. Compounds within the
quinocarcin family display varying levels of antitumor and
antibiotic properties. In particular, quinocarcin has exhibited
potent antitumor activity against a variety of tumor cell lines
and its citrate salt (KW2152) had been in clinical trials in
_]apan.zoo

In 2013, Oikawa and co-workers identified and analyzed the
biosynthetic gene cluster (BGC) of quinocarcin and proposed
its core assembly mechanism.””" There are five modules
(Qenl2, 13, 15, 17, and 19) for quinocarcin nonribosomal
peptide synthetase (NRPS). Of these five modules, Qcn 17
and Qcn 19 are the two responsible for key C—C bond

Scheme 77. Garner’s Formal Synthesis of Cyanocycline A and Bioxalomycin 2

e Me
“NBnCbz N AgOAc (10 mol %) Bno.
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o 0o 74% yield MeO
>20:1 dr
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N -
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N~ng’ 1)s idati
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I N® 2) TMSCN, ZnCl,
0 0 3)[_ _nHBoc
53% yield (2 steps) MeO
604 CbzBnN

coxt
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1) H,, Pd/C, MeOH
2) CbzCl, DIPEA

1) BnBr, K,CO3,
DMF, 60 °C

3) TFA, CH,Cl, 2) LiAIH,
4) BnOCH,CHO, AcOH THF, 0 °C
4 A NS, CH,Cl, 40% yield (2 steps)

42% yield (4 steps)

1) Lawesson’s reagent
PhH, reflux
2) Raney-Ni

acetone Cyanocycline A (593)

3) ethylene oxide Bloxalomycin B2 (610)
MeOH, 60 °C
4) BCly, CH,Cl,
608 19% yield (4 steps) We 609 X\ = Oppolzer’s L-camphorsultam
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B Tetracyclic system

® 3,8-diazobicyclo[3.2.1]octane core Quinocarcin (611)  Quinocarcinol (612)

Aclidinomycin J (615): R = CO,H
Aclidinomycin K (616): R = CH,0H

Figure 23. Skeleton of THIQ alkaloid members of the quinocarcin
family.

formations. Particularly for Qcnl7 which contains Pictet—
Spengler (PS) and reduction (RE) domains, this module is
SfmC-like and promotes successive Pictet—Spengler/Mannich
cyclizations to generate pyrrolidine-substituted tetrahydroiso-
quinoline intermediate 621 (Scheme 78). The reductive

Scheme 78. Proposed Biosynthetic Mechanism for the
Construction of Quinocarcin Core Scaffold

D )

Qcn13, Qeni2

Qcn15 (o) S
e Qcn17(Red) Qcn17
e
OH T lo) /
NH, Me. m-tyrosine 618 07 “CysHy
(o] NH
Y 617 OR
OH
CisHy
O, H I
NH
Qcn17 Qcn17
OR 4,5-de_hydro-
OH arginine

release of this species affords an aldehyde, which sponta-
neously undergoes an intramolecular cyclization to furnish the
C-ring of the quinocarcin scaffold (622). In addition to the
quinocarcin biosynthetic core assembly mechanism, this study
also investigated the biosynthetic pathway for SF-1739, which
is a member of the naphthyridinomycin family of THIQ
alkaloids. The authors concluded that the mechanisms for the
core assembly of these THIQ-pyrrolidine alkaloids are
essentially the same but start from amino acids with different
substitution patterns on the aromatic portion.
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7.2. Total Syntheses of Quinocarcin

Toward the synthesis of (—)-quinocarcin (611), Myers and co-
workers designed an extended approach of a previous strategy
used by their lab to prepare (—)-saframycin A, involving a
directed condensation of C- and N-protected @-amino
aldehydes (Scheme 79).°> N-protected a-amino aldehyde

Scheme 79. Myers” Total Synthesis of (—)-Quinocarcin

| ™S ™S

CN 1) Na,SO,, CH,Cl,

NFmoc , H,N

2) DBU N
N then HCN/MeOH j
(o]:]
" [ ] 91% yield o
o (2 steps)
623 624
ZnCl,, TMSCN 1) Cs,CO03, Me,SO,
—_—
TFE, 60 °C 2) NalO,, 0sO,
3) Jones Reagent
46% yield j
64% yield (3 steps)
626
Oy-oH
wh
z .Me
BCly AgNO, Y
MeOH, H,0
70% yield (2 steps) OMe o

(-)-Quinocarcin (611)

623, comprising the A- and B-rings of the target, and C-
protected a-amino aldehyde 624 were subjected to con-
densation. Without isolation, the product was treated with
DBU to cleave the Fmoc group, and then the addition of
methanolic HCN provided Strecker addition product 62S.
Treatment of 625 with trimethylsilyl cyanide and ZnCl, in
TFE resulted in the cyclization of the C-ring via intramolecular
amino nitrile exchange and subsequent closure of the D-ring
through an allyl silane-imine addition reaction, forming
tetracyclic core 626. Bismethylation, followed by oxidative
cleavage of the olefinic side chain and Jones oxidation,
furnished acid 627. Debenzylation in BCl; produced
quinocarcin and its uncyclized precursor (DX-52-1) 628, and
treatment with silver nitrate in aqueous methanol converted
the mixture entirely to yield (—)-quinocarcin (611).

In 2008, Zhu and co-workers reported the synthesis of
(—)-quinocarcin through sequential ring cyclizations, and
construction of the bridged bicycle by an intramolecular
Mannich reaction using AgBF, (Scheme 80).% Selected as the
A-ring scaffold, 3-hydroxybenzaldehyde 629 was converted to
benzyl bromide 630. In the presence of Corey—Lygo’s phase-
transfer catalyst (O-(9)-ally-N-(9’-anthracenylmethyl) cincho-
nidium bromide C6, 630 was used to alkylate N-(diphenyl-
methylene) glycine tert-butyl ester to produce 631 with >95%
ee. A Pictet—Spengler reaction of ester 631 with benzox-
yacetaldehyde 632 provided tetrahydroisoquinoline 633,
comprising the A- and B-rings. Amine 634 was subsequently
acylated with 635 to form THIQ 636. The ester moiety was
selectively reduced before Swern oxidation to afford tricyclic
hemiaminal 637 as a mixture of diastereomers. 637 was then
converted to amino thioether 638 in the presence of EtSH and
Hf(OTf),. The undesired diastereomer was recycled in the
presence of PhSH and Hf(OTf), before subjecting the
resulting compound to the previous thioether-forming
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Scheme 80. Zhu’s Total Synthesis of (—)-Quinocarcin
CHO
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Scheme 81. Stoltz’s Total Synthesis of (—)-Quinocarcin
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Scheme 82. Ohno’s Total Synthesis of (—)-Quinocarcin
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AcO 95% yield OH CO,Me
651 652 (2 steps) 653 654
MeO,C,,
| MeO,C,,
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Pd(PPhg),, CuSO, 2) C7 (20 mol %) N ® o
> > sodium ascorbate 1,2-DCE Me (+Bu),P—Au-CN SbFg
CHO NHBoc 4 NH
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92% yield MeOH, 0 °C o58
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CO;Me
H 3 1) AgNO3, Et;N
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PhMe, 80 °C then CsCl, 60 °C 2) LiOH-H,0
THF/H,0 (2:1)
2) Me,S0,, Cs,CO;4 HF/Hy
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conditions again. A chemoselective Swern oxidation, silyl enol
ether formation, and intramolecular Mannich reaction in the
presence of silver tetrafluoroborate, an activator of the
electrophile and nucleophile, led to a S-endo-trig cyclization
to furnish the tetracyclic compound 639 with an exo-oriented
aldehyde moiety. Jones oxidation of 639 followed by global
deprotection, N-methylation, partial lactam reduction, and ring
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closure under acidic conditions produced (—)-quinocarcin
(611).

Harnessing a different approach toward the synthesis of
(—)-quinocarcin, Stoltz and co-workers demonstrate the use of
an aryne annulation reaction to assemble an isoquinoline
precursor toward the THIQ moiety (Scheme 81).** Drawing
from the synthetic strategy used by their group to synthesize
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Scheme 83. William’s Total Synthesis of (—)-Tetrazomine
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(—)-lemonomycin (vide infra), Stoltz and co-workers began
with the cyclization of a deprotonated oxidopyrazinium
bromide 641 with the acrylamide of Oppolzer’s sultam 642
to deliver 643 with 99% ee. Basic methanolysis on the desired
diastereomeric product followed by acylation with benzylox-
yacetyl chloride 644 produced imide 645. Regioselective
methanolysis at the lactam carbonyl was conducted with
yttrium (III) triflate to produce enamine 646. The enamine and
aryne precursors 647 were combined in the presence of tetra-
n-butylammonium difluorotriphenylsilicate (TBAT) to gen-
erate isoquinoline 648. Two consecutive reductions produced
separable THIQs, with the desired diastereomer 649 as the
major product obtained in 55% vyield over two steps. After
condensation to form the lactam, Pearlman’s catalyst was used
to remove the two benzyl groups and methylation of the
unmasked amine afforded 650. Saponification of methyl ester
650, followed by partial reduction of the lactam and treatment
of the resulting hemiaminal with a protic source, resulted in
ring closure to form the oxazolidine ring and afford
(—)-quinocarcin (611).

In a convergent approach toward the quinocarcin core,
Ohno and co-workers employed a Sonogashira coupling and
Au(I)-catalyzed intramolecular alkyne hydroamination to
construct the scaffold of the THIQ core (Scheme 82).29%2%
Bromoallene 652 was constructed from y-butyrolactone 651
and treated with NaH to provide 2,5-cis-pyrrolidine 653.
Further transformation produced pyrrolidine 654. Enantioen-
riched dihydrobenzofuran 656 was prepared from aryl iodide
655. A Sonogashira reaction was then utilized to couple
building blocks 654 and 656 to produce the coupled product
657. The Boc group was removed prior to Au(I)-catalyzed 6-
endo-dig hydroamination using gold catalyst C7 to form the B-
ring of the THIQ. Due to the instability of the enamine
generated, the product was directly reduced with NaBH;CN
without isolation to form secondary amine 658. Upon heating
amine 658 in AcOH, condensation of the amine with one of
the esters formed the diazobicyclo[3.2.1]octane core of
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intermediate 659. Treatment of 659 with CsCl enabled ring-
opening of the dihydrobenzofuran moiety and subsequent
methylation of the phenol generated compound 660. The alkyl
halide was finally converted to the alcohol before cyclization to
achieve (—)-611.

7.3. Total Syntheses of Tetrazomine

In 2002, Williams and co-workers utilized a [1,3]-dipolar
cycloaddition in the synthesis of antitumor antibiotic
(—)-tetrazomine 613 and its analogues (Scheme 83).2%7
Starting with the ring-opening of aryl epoxide 661 using
sodium azide, the resulting alcohol was protected, and the
azide was hydrogenated to afford amine 662. A nitro group was
then installed ortho to the pre-existing methoxy group, and
subsequent hydrolysis of the trifluoroacetamide furnished
primary amine 663. Alkylation of the amine with bromoace-
taldehyde diethylacetal 664 provided secondary amine 665,
which was acylated with 666 to produce amide 667. The nitro
group was hydrogenated using PtO,, and the resulting aniline
underwent acid-promoted cyclization to yield dihydroisoqui-
noline 668.

Cyclization of amine 668 then proceeded by treatment with
Ag(Dtrifluoroacetate in the presence of TFA and TFAA to
deliver allylic amine 669 through a speculated 6-exo-tet process.
The amine 669 was then refluxed in chloroform with NBS to
yield an iminium species that was treated with triethylamine
and tert-butyl acrylate, producing ester 670 with a S:1 dr.
Hydrogenation afforded 671, while the undesired diastereomer
was epimerized at the C3 position and hydrogenated to
produce the same product. Swern oxidation and treatment
with DBU produced epimerized compound 672. Subsequent
reduction followed by trapping of the resulting carbinolamine
afforded the aminonitrile moiety. TIPS protection of the two
primary alcohols followed by hydrolysis of the methyl
carbamate afforded aniline 673.

Acid chloride 674 was prepared in three steps and coupled
with aniline 673 in the presence of DMAP. Subsequent
cleavage of the Fmoc group with DBU afforded 675 with a 1:1
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Scheme 84. Synthesis of Tetrazomine Analogues
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dr, which was isolable and carried on separately. Treatment of
aminonitrile 675 with silver trifluoroacetate induced cycliza-
tion to form the oxazolidine ring, and addition of Amberlyst
ion-exchange resin (Cl~ form), followed by filtration and
lyophilization, afforded tetrazomine 613. The other diaster-
eomer of 675 was treated with the same steps to afford ent, epi-
tetrazomine 613.
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In attempts to probe the biological activity of tetrazomine
and its analogues, several novel analogues were prepared, as
shown in Scheme 84.° Late-stage intermediate 676 was
coupled to N-Fmoc-L-pipecolic acid chloride 677 followed by
cleavage of the Fmoc and TIPS groups to afford both
diastereomers 678 and 679 with a 1:1 dr. Treatment of both
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isomers with AGOCOCF; and TFA afforded two deoxyte-
trazomine analogs, 680 and 681.

To examine the interaction of tetrazomine 613 and
analogues 680 and 681 with DNA cleavage, these compounds
were incubated with a synthetic **P-5’-end-labeled 45 bp
duplex at pH 7 in phosphate buffer. While some analogues did
not exhibit any DNA damage, tetrazomine 613 did display
DNA cleavage in a nonsequence-specific manner. Additionally,
all four oxazolidine and aminonitrile analogues were assayed
against Gram-(+) bacteria (Staphylococcus aureus) and Gram-
(=) bacteria (Klebsiella pneumoniae) via the disk diffusion
method. Interestingly, deoxy compounds 680 and 681
displayed slightly better activity than either tetrazomine 613
or ent, epi-tetrazomine.

7.4. Total Syntheses of Lemonomycin

While there have been reports toward the formal synthesis of
lemonomycin,”*® Stoltz and co-workers demonstrated a total
synthesis of (—)-lemonomycin employing a stereoselective
dipolar cycloaddition and diastereoselective Pictet—Spengler
cyclization to form the tetracyclic compound (Scheme 85).*"
Cyclization of deprotonated bromide salt 682 with Oppolzer’s
sultam-derived acrylamide 683 provided bicycle 684 with a
high ee. Enamide 684 was then converted to silyl ether and
treated with ICI to produce Z-iodoenamide 68S5. Suzuki
coupling with aryl boronic ester 686 provided aryl enamide
687 and subsequent hydrogenation and protection of the
amine and phenol deprotection produced amide 688. Amino-
triol 689 was accessed in three steps with an 81% overall yield
from simultaneous activation of the amide and protection of
the phenol with Boc,O, reduction with NaBH,, and cleavage of
the Boc and TIPS moieties using methanolic HCI. Aldehyde
690 was separately prepared in eight steps (not shown) for the
Pictet—Spengler reaction with aminotriol 689 to deliver THIQ
691. Hydrogenolytic cleavage of the Cbz group, Swern
oxidation, and treatment with CAN ultimately provided
(—)-lemonomycin 614.

Toward the synthesis of (—)-lemonomycin, Fukuyama and
Kan and co-workers chose to couple the lemonose unit with
the tetracyclic aglycon alkaloid subunit through a glycosidation
reaction (Scheme 86).”'" Oppolzer’s chiral auxiliary 692 was
transformed to diketopiperazine 693 in four steps. Diketopi-
perazine 693 was subjected to a Perkin condensation reaction
with 694 to give Z-enamide 695, which was reduced and
treated with TFA to produce the cyclized product 696.
Following several functional group transformations, the B-ring
was constructed through a Pictet—Spengler reaction of 697
with cinnamaldehyde in the presence of CSA and TMSCN at
100 °C to deliver THIQ 698. A one-pot conversion of 698 to
aglycon alkaloid 699 was achieved through acetylation of the
phenol group, ozonolysis, and subsequent reduction. Key
intermediate 699 was coupled with functionalized lemonose
700 by treatment with TMSOTS and Drierite at —40 °C to
deliver 701. After several functional group manipulations,
exposure of primary alcohol 702 to Swern oxidation produced
the geminal diol and hemiaminal installation, followed by
CAN-mediated oxidation of the A-ring to produce (—)-lemon-
omycin 614.

8. CONCLUSION

The THIQ natural products are one of the most prominent
families of alkaloids that exhibit a diverse range of biological
activity as well as structural complexity. It is noteworthy that
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from simple benzyl THIQ_alkaloids to complex ecteinascidin
THIQ natural products, all possess interesting biological
properties and reactivity that are of great interest to synthetic,
biological, and medicinal chemists. From 2002 to 2020,
research in the total synthesis of THIQ alkaloids has advanced
greatly, especially in the development of novel methodologies
such as photochemical and electrochemical pathways to
facilitate creative disconnections. Not only do these modern
chemical methods allow efficient chemical syntheses but they
also provide access to a library of natural product analogues to
uncover more of their biological activity.

Their challenging molecular architecture and their important
therapeutic effects will surely continue to drive research to
develop novel reactions toward their chemical syntheses and
uncover new biosynthetic pathways. As of yet, there are still
several families of natural products of which their biosynthesis
is not fully understood, and the chemical syntheses of some
THIQ_alkaloids (e.g., safracin alkaloids) have not yet been
explored. In addition, we foresee that the development of
complementary strategies to access the THIQ natural product
motif, which differs from biomimetic approaches, could open
up exciting research avenues through the preparation of a
wider range of analogues that deviate substantially from
previous ones. The exploration of a more diverse chemical
space, the identification of structural components required for
the observed biological activity, and the structural simplifica-
tion of efficacious analogues should have a profound impact on
new drug development. Overall, we hope that this review will
serve as a guide for future development in THIQ alkaloid
chemistry and further medicinal and biological advancement.
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