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Thiourea and squaramide organocatalysts have become essential tools in asymmetric synthesis, offering
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Introduction

Organocatalysis has emerged over the past two decades as a
powerful and versatile approach in synthetic organic chem-
istry, offering an alternative to traditional metal-based cataly-
sis." The appeal of organocatalysts lies in their operational
simplicity, low toxicity, environmental friendliness and the
ability to promote highly stereoselective reactions. Moreover,
the compatibility of organocatalysts with a wide range of func-
tional groups and their efficacy under mild conditions have
contributed to the development of novel synthetic method-
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metal-free, highly selective methods for the efficient synthesis of complex natural products with impor-
tant biological activities. Through directional hydrogen bonding, these catalysts activate electrophilic sub-
strates with remarkable stereocontrol. This short review highlights recent advances demonstrating the
power of these catalysts in the enantioselective synthesis of intricate natural scaffolds.

ologies, including asymmetric transformations, cascade reac-
tions and organocatalytic polymerisations.>”

Thiourea-based organocatalysts have played a pivotal role in
the evolution of non-metal catalysis, establishing themselves
as a powerful class of hydrogen-bonding catalysts in organic
synthesis. The concept of using thioureas as organocatalysts
goes back to early studies on molecular recognition and anion
binding in the 1990s.*"® However, it was not until the ground-
breaking work of Schreiner®'® and Jacobsen''** that the cata-
Iytic potential of thioureas was first demonstrated in the pro-
motion of a wide range of synthetically valuable transform-
ations. Thiourea organocatalysts work primarily through non-
covalent dual hydrogen-bonding interactions, enabling the
activation of a wide range of electrophilic substrates.'"'*">
The central mode of activation involves the bifunctional hydro-
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gen-bond donation from the N-H groups of the thiourea
moiety to electron-deficient functional groups such as carbo-
nyls, imines, nitroalkenes and activated esters. This interaction
stabilises the developing negative charge in the transition state
and lowers the LUMO energy of the electrophile, thereby
enhancing its susceptibility to nucleophilic attack. Chiral
thiourea organocatalysts promote highly enantioselective reac-
tions through precise organisation of the transition state.

In some organocatalysts, thiourea units are combined with
basic or nucleophilic groups (amines or phosphines), enabling
bifunctional catalysis."®™"® In these cases, the thiourea acti-
vates the electrophile via hydrogen bonding, while the basic
site activates the nucleophile, leading to enhanced reactivity
and selectivity through concerted substrate activation.”*>*

Several recent reviews have already been dedicated to the
extraordinary role of thiourea-based catalysts in stereoselective
reactions and enantioselective total synthesis.>®"*

Squaramide-based organocatalysts have gained increasing
prominence in asymmetric catalysis due to their superior
hydrogen-bond-donating ability, structural rigidity and tunable
electronic properties. In many cases, squaramide analogues
exhibit higher catalytic activity and selectivity, attributed to
stronger and more directional hydrogen-bond interactions due
to the increased acidity of the N-H groups, when compared
with thiourea-based catalysts. The cyclic squaramide, being
rigid planar, provides a highly organised geometry, which
facilitates higher stereochemical control.

The synthesis of natural products with complex and densely
functionalised architectures remains a central challenge in
organic chemistry. Thiourea and squaramide organocatalysts
have emerged as powerful tools in addressing this challenge,
owing to their ability to activate electrophilic substrates
through precise and directional hydrogen-bonding inter-
actions. These organocatalysts are particularly effective in pro-
moting highly selective asymmetric transformations under
mild, metal-free conditions, making them well-suited for the
construction of stereochemically rich natural products. Their
bifunctional nature allows simultaneous activation of both
nucleophilic and electrophilic partners, enabling efficient
cascade reactions and stereoselective bond formations. As
such, thiourea and squaramide catalyses have become indis-
pensable strategies in the enantioselective total synthesis of
alkaloids, terpenes and other bioactive natural scaffolds.

In this non-comprehensive review, we illustrate the useful-
ness of thiourea and squaramide organocatalysts for the
elegant and efficient asymmetric synthesis of complex and very
challenging natural compounds, with selected recent examples.

Applications of thiourea and
squaramide organocatalysts in
asymmetric total syntheses

Aspidosperma alkaloids constitute a large and structurally
diverse family of monoterpenoid indole alkaloids predomi-
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nantly isolated from the Aspidosperma genus (family
Apocynaceae). These alkaloids are characterised by a pentacyc-
lic or tetracyclic core. The structural complexity of
Aspidosperma alkaloids, which includes numerous stereocen-
ters and challenging ring systems, makes them important
targets in synthetic organic chemistry. Biologically,
Aspidosperma alkaloids have attracted significant interest due
to their diverse pharmacological properties, including antitu-
mor, antimalarial, antihypertensive and CNS-modulating
activities.?* Members of this family of alkaloids have served as
scaffolds for drug discovery and as synthetic intermediates for
the synthesis of more complex natural products.

Tibor Sods and collaborators described the gram scale syn-
thesis of (—)-minovincine 1 and (-)-aspidofractinine 2 in eight
steps (Scheme 1).*° These two compounds belong to the
Aspidosperma alkaloid family,** monoterpene indole alkaloids
which present a complex structure with several quaternary
carbon stereocentres.

Due to its challenging structure, the enantioselective syn-
thesis of (—)-minovincine 1 has previously only been described
by David MacMillan in 2013,** and Atsushi Nishida in 2015.**
The first enantioselective total synthesis of 1 by MacMillan
and coworkers relied on an organocatalytic Diels-Alder/
B-elimination/conjugate addition cascade, catalysed by a
MacMillan imidazolidinone organocatalyst (iminium -cataly-
sis). The key asymmetric intermediate was obtained with 91%
ee, 72% yield and (—)-minovincine was obtained in 9 steps
from commercially available starting materials. Nishida’s cata-
Iytic enantioselective total synthesis of (—)-minovincine
involved an asymmetric Diels-Alder reaction catalysed by a
chiral holmium catalyst. Their key intermediate was obtained
with 94% ee.

The strategy developed by So6s was based on an organoca-
talytic Michael addition/aldol condensation catalysed by the
previously described quinine-squaramide organocatalyst 5
(Scheme 1).** This reaction was scaled up to 100 g, affording
enone 6 in 87% yield and 91% ee.

The key tricyclic intermediate 9 was constructed from
enone 6 via another cascade strategy involving a multistep
anionic Michael/SN, cascade reaction in 72% yield on a 50 g
scale (Scheme 1). From 9, (—)-minovincine 1 and (-)-aspido-
fractinine 2 were synthesised, both requiring only 4 additional
steps.*® In summary, four contiguous stereogenic centres were
generated with exceptional control over both absolute and rela-
tive stereochemistry. The strategic implementation of cascade
transformations, coupled with sterically governed chemo-
selectivity and regioselectivity, was instrumental in achieving a
concise synthetic route towards these challenging molecules.

(+)-vincadifformine 10 is another member of the
Aspidosperma alkaloid family (Fig. 1),** and its asymmetric
total synthesis based on a thiourea organocatalysed strategy
was described by Gang Zhao and co-workers.*°

Vincadifformine and its analogues exhibit potent cytotoxic
activity in vitro across a panel of 60 human tumor cell lines
representing nine distinct cancer types.?” Using an organocata-
lysed strategy, MacMillan previously described the synthesis of

This journal is © The Royal Society of Chemistry 2025
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a) Organocatalysed cascade Michael addition/Aldol condensation: 2 mol% 5, dioxane, rt, 87%.

c-f (-)-Minovincine 1
1.1g, 11% overall yield
HN b
6 + L —
8 gi (-)-Aspidofractinine 2

19% overall yield

b) KI, CH,Cly, rt, 80%. ) ag. H,SO4 (50 V/V%), dioxane, rt, 95%. d) PANHNH,, BF3-OEt,, MeOH, 70°C, 50%. €) iPr,NH, LDA,
CNCOOMe, THF, 78°C. f) AliBus, THF, 78°C to r.t. then TMSCH,Li, 52% in 2 steps. g) TMSCH,Li, THF, rt. h) aq. H,SO,4 (50 V/V%),
dioxane, rt, 80% (2 steps). i) PhANHNH, then BF3-OEt,, EtOH, 85°C, 55%. j) NoH,4-H,O, KOH, diethyleneglycol, 130 to 210°C, 89%.

Scheme 1 Synthesis of (—)-minovincine 1 and (-)-aspidofractinine 2.

vincadifformine 10 and structurally core related alkaloids by
means of organocascade catalysis involving a Diels-Alder/
f-elimination/amine conjugate addition sequence catalysed by
N an imidazolidinone organocatalyst, affording 83% yield and
H  COMe excellent enantioselectivity (97% ee).*®

(+)-Vincadifformine 10 Zhao and co-workers employed a chiral bifunctional
thiourea-phosphonium salt to catalyse the asymmetric
Mannich reaction between N-Boc indole aldimine 11 and
dimethyl ethylmalonate 12 to afford 13 (Scheme 2).
Organocatalyst 14 afforded the best results, 92% yield and
84% ee, from the six chiral thioureas screened (Scheme 2).

Fig. 1 Structure of (+)-vincadifformine 10.

BocN BOCHN}/ COo,Me
) ” 5 mol% Cat. y E?OzMe
Cs,CO;5
) * MeO c/koo M b
N €02 2lvie Toluene, -10°C N
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1 12 13
Bn R2 ®,R1 =S, ‘=R2=Bn, 85% yield, 81% ee

1= 3,5-bis-CF5-PhCH,, R2=Bn, 78% yield, 82% ee
=Me, R2=Bn, 83% yield, 63% ee

/©/NH FsC NH  Br :
19: X=S, R'=Bn, R2= : , 78% yield, 80% ee
O,N SN

92% yield, 84% ee CF3

15: X R
16: X=0, R'=R2=Bn, 75% vyield, 53% ee
17: X R
18: X R

Scheme 2 Screening of chiral catalysts.
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0°C—rt, 89%. e) DMP, NaHCO3, CH,Clj, rt. f) Trimethylphosphonoacetate, NaH, THF, 0°C—rt. g) K,CO3, MeOH, rt, 90%. h) DMP, NaHCO3,
CHyCly, rt, 75%. i) Trimethylphosphonoacetate, NaH, THF, 0°C—rt, 87%. j) TBAF, THF, 0°C—rt, 93%.
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24 (+)-Vincadifformine 10
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a) Pd/C, H,, THF, 95%. b) DMP, NaHCO3,CH,Cl,, rt, 85%; c) Trimethyl phosphonoacetate, NaH, THF, 0°C—rt, 92%. d) TFA, CH,Cl,, 0°C—rt,
80%. e) Lawesson’s Reagent, THF, reflux, 90%. f) Raney-Ni, THF, H,, 95%. g) Bromoacetyl chloride, EtzN, DCM, 90%. h) AgOTf, Et3N,
CH,Cly, 95%. i) PMe3, MeOH, 92%. j) Lawesson’s Reagent, THF, rt, 95%. k) Raney-Ni, THF, H,, 92%. I) DDQ, CH,Cl,, 75%.

Scheme 3 Synthesis of (+)-vincadifformine 10.

From the key intermediate 13, the synthesis of (+)-vinca-
difformine 10 was achieved (Scheme 3), with high stereocon-
trol in the construction of the additional two asymmetric
carbons.

The efficient construction of the D ring was achieved
through a TFA-promoted deprotection/amidation cascade
process, affording intermediate 23 in 5 steps. The absolute
configuration of 23 was confirmed by X-ray analysis.
Construction of the C ring was achieved by an intramolecular
alkylation, previously described by Heathcock and Toczko for
the synthesis of aspidospermidine.*® Finally, a phosphine-pro-
moted aza-Morita-Baylis-Hillman reaction was the key reac-
tion for the construction of the E ring (Scheme 3).

Very recently, Alakesh Bisai and co-workers reported the
total synthesis of (—)-calycanthine 25, (+)-chimonanthine 26
and (+)-folicanthine 27 (Fig. 2).%°

Calycanthaceae alkaloids are a distinctive class of indole-
based natural products predominantly isolated from plants of

the Calycanthaceae family, including genera such as
R
H,’ N
N H
R
. (+)-Chimonanthine 26, R=H
(-)-Calycanthine 25 (+)-Folicanthine 27, R=Me
Fig. 2 Structures of (-)-calycanthine 25, (+)-chimonanthine 26 and

(+)-folicanthine 27, members of the Calycanthaceae alkaloid family.
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Calycanthus and Chimonanthus.”* These alkaloids are charac-
terised by complex polycyclic structures and are biosyntheti-
cally derived from tryptamine and related amino acid precur-
sors through oxidative dimerisation pathways.’> The intricate
architectures of these alkaloids have posed substantial chal-
lenges for synthetic chemists, prompting the development of
various strategies to achieve their total synthesis.*®>*~>’

Pharmacologically, Calycanthaceae alkaloids have demon-
strated a broad spectrum of biological activities. Notably, they
exhibit anti-convulsant, anti-fungal, anti-viral, analgesic, anti-
tumour and melanogenesis inhibitory properties. These bioac-
tivities have spurred interest in their potential therapeutic
applications and have driven further research into their
mechanisms of action.’®

The synthetic strategy developed by Bisai and co-workers
was based on a thiourea catalysed sequential Michael addition
of bis-oxindole 28 to nitroethylene 29 (Scheme 4). Several
differently amine protected dimeric 2-oxindoles were screened;
however, the best results (enantioselectivity, diastereo-
selectivity and yield) were obtained with N-Boc protected 28.
Acetonitrile and dichloromethane were evaluated as solvents,
with acetonitrile affording the best results. Interestingly, using
different thiourea selected catalysts, each enantiomer of 30
was obtained in high yield, enantioselectivity and diastereo-
selectivity (Scheme 4). The authors proposed a mechanism of
action for this Michael addition.>

From (R,R)-30, the asymmetric syntheses of (—)-calycanthine
25, (+)-chimonanthine 26 and (+)-folicanthine 27 were completed,
6 steps/41% yield, 5 steps/68% yield and 6 steps/56% yield,
respectively. From the enantiomer (S,5)-30, the corresponding
enantiomers of these three compounds were also successfully syn-
thesised, as expected.

This journal is © The Royal Society of Chemistry 2025
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10 mol% Catalyst

solvent, temp

Solvent: MeCN, CH,ClI, or CHCl3
Temperature: 0°C or 25°C.

33, R'=CF;, R2=R%=R*%=H, X=S

35, R'=CF;, R?=R3=R*=H, X=0

.

34, R'=CF;, R?=R3=H, R*=OMe, X=S
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\BOC
(R,R)-30

33: MeCN, 25°C, 72h,
92%, dr ~20:1, 93% ee

\BOC
(S,5)-30

32: MeCN, 25°C, 72h,
90%, dr ~20:1, 91% ee

41, R=-(CHy),4-
42, R=Ph

36, R'=CF;, R?=R“=H, R%=Me, X=S

37, R'=R%=R*=H, R?=CF3, X=S
38, R'=R%=R*=H, R?=NO,, X=S

Scheme 4 Catalyst screening for the sequential Michael addition of bis-oxindole 28 to nitroethylene 29.

The 30-step total synthesis of madangamine E 43, a
complex marine alkaloid with notable biological activity, was
recently described by Darren Dixon and Trevor Hamlin.*®

Madangamine E 43 (Fig. 3) is part of a family of polycyclic
alkaloids, the madangamine family isolated from marine sea
sponges belonging to the genus Xestospongia.>® '
Madangamines have been known for their cytotoxic and anti-
proliferative properties, making them valuable targets in med-
icinal chemistry.®»®® Their intricate structures, featuring a
pentacyclic fused ring system with multiple stereocentres and
macrocyclic rings, pose significant synthetic challenges.®*™®”

With the aim to synthesise enantiopure madangamine E
43, Dixon and Hamlin and coworkers developed a highly
enantioselective organocatalytic desymmetrisation reaction
(Scheme 5).°® The rigid bicyclic system was important to

Mandagamine E 43

Fig. 3 Structure of madangamine E 43.

This journal is © The Royal Society of Chemistry 2025

induce high stereoselectivity in subsequent key steps for the
synthesis of the target molecule 43. This reaction involved an
intramolecular Michael addition of a prochiral ketone to a
tethered f,p-disubstituted nitroolefin, catalysed by a primary
amine-thiourea catalyst. The enantioselective desymmetrisa-
tion Michael reaction was first optimised by screening eleven
organocatalysts using the 4-aminocyclohexanone 44. From the
eleven organocatalysts screened,®® only 47 and 48 afforded the

Ts Ts.
N N 20 mol% Cat., N
/\iNoz 5 mol% PhCO,H, NO,
o CH,Cly, 45°C, 72h o
44 45
\1/ S
X A
N A N
- . Bn N” N
NN NN
X NH; o NH,

46, X=H,, not detected 48, 70%, 99% ee

47, X=0, 51%, 96% ee

Scheme 5 Catalyst screening for the desymmetrisation intramolecular
Michael addition of nitroolefin 44.
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cyclised product 45 (Scheme 5), the best one being Jacobsen’s
thiourea catalyst 48 (70% yield, 99% ee).

Density functional theory (DFT) calculations provided
insight into the reaction’s enantioselectivity, revealing that
hydrogen bonding interactions between the catalyst and sub-
strate played a crucial role in stabilising the transition state.

This highly efficient, enantioselective and diastereoselective
organocatalytic desymmetrisation reaction was subsequently
applied to the total synthesis of madangamine E. For this,
nitroolefin 51 was synthesised in 9 steps starting from 1,4-
cyclohexanedione monoethylene acetal 49 (Scheme 6), on a
gram scale, affording the geometric isomers 51 and 52.°® The
enantioselective desymmetrisation reaction catalysed by
thiourea 48 using nitroolefin 51 as the starting material was
successfully performed on a more than 5 g scale. This organo-
catalysed reaction efficiently constructed the chiral bicyclic
core 53, establishing three stereogenic centers, including a
quaternary carbon, with near perfect enantio- and diastereo-
selectivity (>99% ee, only one diastereoisomer) and high yield
(95%) on a multigram scale (Scheme 6).

Following the establishment of the bicyclic core, this
elegant and remarkable total synthesis of madangamine E
incorporated several strategic transformations including a one-
pot oxidative lactamisation to form the B ring system; two-step
Z-selective olefination of a sterically hindered ketone; and
ring-closing metathesis (RCM) reactions to construct the
macrocyclic rings D and E.

Thiourea organocatalysts were equally important for the syn-
thesis of another highly complex natural product, capramazacyn
A 54 (Fig. 4), described by Yoshiji Takemoto and his team.*

Caprazamycins were isolated from Streptomyces sp.
MK730-62F2,”%”" and they belong to a unique class of nucleo-

Ts.
S N AN NO,
a-e f
62% (5 steps)
O O
/
49 50

-i
48% (4 steps)
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side antibiotics that inhibit bacterial cell wall biosynthesis,
specifically targeting MraY, an essential membrane-associated
enzyme involved in the early steps of peptidoglycan (cell wall)
formation. This mechanism is distinct from traditional anti-
biotics like f-lactams and glycopeptides. These molecules
possess an unusual and complex structure, with a liponucleo-
side core, 1,4-diazepanone ring and long fatty acid side chain.
Caprazol 55 is the core structure of caprazamycins (Fig. 4).

Takemoto and co-workers reported a new synthesis that
relied on a practical and scalable method to synthesise syn-
B-hydroxyamino acid derivatives. This was achieved through a
diastereoselective aldol reaction of uridine-derived aldehydes
with diethyl isocyanomalonate and phenylcarbamate, using
thiourea catalysts or bases (Table 1).

Table 1 presents a summary of the best yields and diaster-
eomeric ratios (dr) achieved under various reaction conditions.
In entries 1 to 4, where aldehyde 56 was used in combination
with organocatalyst (S,S)-61, varying the catalyst loading had a
clear impact on both yield and stereoselectivity. At 10 mol%
catalyst loading (entry 1), the reaction afforded 77% yield with
a diastereomeric ratio of 6.5:1. When the catalyst loading was
decreased to 7 mol% and 5 mol% (entries 2 and 3), the yield
dropped slightly to 81% and 68%, respectively, accompanied
by a gradual decline in diastereoselectivity to 5:1 and 4.2:1.
The amount of organocatalyst also influenced the obtention of
a byproduct (not represented).®® This trend suggests that
higher catalyst loadings favour both higher yields and better
stereocontrol. Notably, switching the enantiomer of the cata-
lyst to (R,R)-61 (entry 4) reversed the stereochemical outcome
dramatically, yielding a product with a diastereomeric ratio
greater than 1:20, confirming the strong influence of catalyst
chirality on the reaction selectivity.

NO,
Ts.
S N Z N0, Ts\N =
+
A X
0] o

51 3.8:1 e

a) Allylamine, NaBH(OAc),, DCE. b) TsCl, EtzN, THF, 86% (2 steps). ¢) RuCls, NalO4, DCE, MeCN, H,0. d) MeNO,,
EtsN, CH,Cl,, 80% (2 steps). e) MsCl, EtzN, CH,Cl,, 90%. f) But-3-en-1-ylmagnesium bromide, ZnCl,, CuCN, LiCl,
THF, 90%. g) PhSeBr, n-BuLi, THF, 78%. h) H,0,, Et,O, CH,Cl, i) 3M HCI, THF, 68% (2 steps).

X
——
TS\N/\Q/\ 20 mol% 48, O.N
NO, 20 mol% PhCO,H, H
0 CH,Cl,, rt o
51
> 5¢g

950/0, 99% ee

N
—~Ts
H 20 steps

_ >

(Ref. 68)

53

Mandagamine E 43

only one diastereomer

Scheme 6 Synthesis of madangamine E 43.
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OMe Me oH 3 Me oH
HO OH HO OH
Caprazamycin A 54 Caprazol 55
Fig. 4 Structures of caprazamycin A 54 and caprazol 55.
Table 1 Optimisation of the diastereoselective aldol reaction of aldehydes 56—59 with thiourea catalysts or bases
CFq
L 2L
BOM HJLH o, TS o} o)
o) )
N N BOM BOM
o NYNCo R'=Me, (S,5)-60 Yo 0\\1/N o o OyN o
" O _N _ R’ = nCgHy4, (S,S)-61 HN : o j HN o
n EtOZCWN — + EtogcmN _
RS OR 6 o Et0,C H \/ EtO,Cc H \/
56 R = OM Etouoa RO OR RO OR
57 R = BON R’ 64a, R = CMe, 64b, R = CMe,
58: R=TIPS R” = NCO. 62 65a, R =BOM 65b, R = BOM
59, R = TBS R” = NHC‘O Ph. 63 66a, R =TIPS 66b, R =TIPS
= 2PN, 67a, R=TBS 67b, R=TBS
Entry Aldehyde Nucleophile Catalyst or base Yield (%) dr
1 56 62 (8,5)-61 (10 mol%) 77 6.5:1
2 56 62 (S,5)-61 (7 mol%) 81 5:1
3 56 62 (8,5)-61 (5 mol%) 68 4.2:1
4 56 62 (R,R)-61 (10 mol%) 80 >1:20
5 57 62 (5,5)-60 (60 mol%)“ 55 9:1
6 57 62 K,COj; (60 mol%)* 68 9:1
7 58 62 (i-Pr),NEt (10 mol%) 71 13:1
8 59 63 K,CO; (100 mol%)® 84 >20:1
90 °C to t. ? 0 °C.

With aldehyde 57, the use of organocatalyst (S,5)-60 (entry
5) gave 55% yield and 9:1 dr, while switching to the inorganic
base K,CO; (entry 6) improved the yield to 68% without com-
promising the diastereoselectivity, which remained at 9:1.
This suggests that under certain conditions, a simple base can
match the efficiency and selectivity of an organocatalyst. For
aldehyde 58 (entry 7), the use of diisopropylethylamine as the
base provided a good yield (71%) and high diastereoselectivity
(13:1), indicating strong substrate-driven control over the reac-
tion outcome. Finally, the best results were observed with alde-
hyde 59 (entry 8), where K,CO; as the base and nucleophile 63
afforded 84% yield and exceptional diastereoselectivity
(>20:1). The thiourea catalyst enantiomer and loading criti-
cally influenced both the yield and stereochemical reaction
outcome. Lower catalyst loadings tended to decrease both yield
and dr. However, for certain substrates, base-mediated reac-
tions could achieve comparable or even superior results com-
pared to organocatalysis. The nature of the protecting group
also played a significant role, with bulkier groups like TBS
leading to higher diastereoselectivities. The authors performed

This journal is © The Royal Society of Chemistry 2025

computational studies of the thiourea catalysed aldol reactions
to rationalise the diastereoselectivity outcome of these
reactions.

The synthesis of syn-f-hydroxyamino acid derivatives 71, 72
and 73, key intermediate compounds for the total synthesis of
54, was accomplished from intermediates 64a, 65a and 67a, in
5 steps (Scheme 7). The selective monohydrolysis of 64a, 65a
and 67a was followed by decarboxylation to afford the thermo-
dynamically more stable t¢rans-oxazolidinones 68-70.
Transesterification to the corresponding methyl esters was
necessary for the oxazolidinone ring-opening. The syn-
B-hydroxyamino acid derivatives 71, 72 and 73 were obtained
after amine protection with the p-nitrobenzenesulfonyl (pNs)
group, followed by treatment with NaOMe in methanol for the
ring opening (Scheme 7).

Compounds 71-73 were key intermediates for the synthesis
of liponucleoside antibiotics.

The central 1,4-diazepanone ring, a distinctive feature of
caprazol 55 and caprazamycin A 54, was constructed starting
from readily available 1-(+)-diethyl tartrate in 15 or 16 synthetic

Org. Biomol. Chem., 2025, 23, 7521-7537 | 7527
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Scheme 7 Synthesis of syn-p-hydroxyamino acid derivatives 71a, 72a and 73a. (a) KOH or LiOH, aq. THF. (b) DBU, THF, 70 °C. (c) Zn4(OCOCF5)¢O,

MeOH, 50 °C. (d) pNsCI, NaH, DMF. () NaOMe, MeOH.

steps, using a key Mitsunobu reaction, facilitating the for-
mation of this challenging seven-membered ring. A stepwise
sequence was employed to introduce the fatty acid side chain,
a crucial component for the antibiotic’s biological activity. A
notable aspect of the synthesis was the global deprotection
step, which utilised palladium black and formic acid. This
method effectively removed protecting groups without hydro-
genating the olefin present in the uridine moiety, completing
the first total synthesis of caprazamycin A.®® This comprehen-
sive synthesis not only provides access to caprazamycin A for
further biological studies but also offers a framework for the
synthesis of related nucleoside antibiotics, potentially aiding
in the development of new antimicrobial agents.

Tetracyclic indole alkaloids form an important class of
natural compounds, known for their significant biological
activities, with many being used as medicinal drugs.”> As a
result, tetracyclic indole alkaloids have attracted considerable
synthetic interest, leading to numerous sophisticated total
syntheses and several domino catalysis approaches.”> *°

(+)-Peganumine A 74 (Fig. 5) is a natural dimeric tetrahy-
dro-p-carboline alkaloid, with a unique 3,9-diazatetracyclo-
[6.5.2.0"°.0*®]pentadec-2-one scaffold, playing a significant
role in biological applications.®" Its important bioactivity and
low isolation yield make the synthesis of (+)-peganumine A
highly attractive.

Zhu and coworkers developed a seven-step, gram-scale,
enantioselective total synthesis of (+)-peganumine A 74 in 33%
overall yield, featuring three key steps: a Liebeskind-Srogl
cross-coupling; a one-pot construction of the tetracyclic skel-
eton from an w-isocyano-y-oxoaldehyde via an unprecedented
C-C bond-forming lactamisation followed by transannular
condensation; and a one-pot organocatalytic process that
merges two achiral building blocks into an octacyclic structure

(+)-Peganumine A 74

Fig. 5 Structure of (+)-peganumine A 74.

7528 | Org. Biomol. Chem., 2025, 23, 7521-7537

via an enantioselective Pictet-Spengler reaction, followed by
transannular cyclisation.®”

For the synthesis of building blocks 84 and 85, a
Liebeskind-Srogl cross-coupling reaction was necessary; this
reaction proved to be challenging but after optimising the reac-
tion parameters, the authors obtained the desired compounds
78 and 79 (4 step yield: 54% and 54% respectively, Scheme 8)
followed by the obtention of the dehydration compounds 80
and 81 in 89% and 92% yields, respectively. The reaction of 80
or 81 with TFA in dichloromethane yielded tetracycle 82 or 83
(85% yield). Oxidation under Corey-Kim conditions afforded
building blocks a-ketolactam 84 and 85 (Scheme 8).%

To obtain (+)-peganumine A 74, the next step was the con-
densation of the synthesised compound 85 with 6-methoxy-
tryptamine 86 (Scheme 9). For chiral induction, the authors
chose to use chiral organocatalysts in the Pictet-Spengler reac-
tion.*® Chiral phosphoric acids are commonly used in this
transformatlon,84 87 however, when the authors applied this
method, the target compound was obtained in a very low yield
(7%) with poor enantioselectivity (er 64.5:35.5). To improve
the outcome, Jacobsen’s thiourea 87 was used as the
catalyst,**°' and employing benzoic acid as the co-catalyst
proved to be fundamental for the enantioselective outcome of
the reaction.

After optimising the reaction conditions, (+)-peganumine A
74 was successfully obtained in 69% yield with high enantio-
selectivity (er 96:4) (Scheme 9). From intermediate 84, using
the same strategy, (+)-9-demethoxy-peganumine A 88 was
obtained in 67% yield and er 96 : 4. This remarkable organoca-
talysed reaction allowed the obtention of an octacyclic com-
pound via a domino process involving first an enantioselective
Pictet-Spengler reaction followed by a TFA catalysed transan-
nular cyclisation, leading to the first asymmetric total syn-
thesis of (+)-peganumine A 74.%®

(+)-Arborisidine 89 is a natural pentacyclic monoterpene
indole alkaloid with potential biological activities and extre-
mely low natural abundance (Fig. 6). It was isolated from
Malayan K. arborea Blume.®” For this reason, several synthetic
strategies have been developed, more specifically the total syn-
thesis of (+)-arborisidine,” and several synthesis of related
arboridinine 90.7*%°

Zhuw’s group established a five-step asymmetric synthesis
for the preparation of (—)-arborisidine (—)-89 (Scheme 10) fea-

This journal is © The Royal Society of Chemistry 2025
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Scheme 8 Synthesis of tetracyclic a-ketoamides 84 and 85. (a) HCOOEt, 55 °C. (b) Boc,O, DMAP, DMF, rt. (e) i. TMPLi, THF, —=78 °C and ii. BuzSnCL.
(d) 77, Pdpdbas, CuDDP, AsPhs, hexane/THF 3/1, rt. (e) POCls, EtsN, CH,Cl,, —78 °C. (f) TFA, Pyr, CH,CL,, rt. (g) i. NCS, Me,S and ii. EtsN, CH,Cl,,

-78 °C.

NH,
84 R=H

85 R= OMe
MeO

EZ

86

88 (+)-9’-Demethoxy-peganumine A
R =H, 67%, er 96:4

74 (+)-Peganumine A

R = OMe, 69%, er 96:4

Scheme 9 Synthesis of (+)-peganumine A 74 and (+)-9'-demethoxy-peganumine A 88. (a) i. Toluene, 4 A MS, reflux, 24 h, ii. (5)-87 (0.2 equiv.),
PhCOOH (0.2 equiv.,), CH,Cl, (10% by volume), 35 °C, 4 days, and iii. TFA (0.2 equiv.), reflux, 2 days.

V™ 'Me
Arboridinine 90

N""Me
(+)-Arborisidine (+)-89

Fig. 6 Structures of (+)-arborisidine (+)-89 and arboridinine 90.

turing three key steps: a regioselective Pictet-Spengler reaction,
a chemo- and stereo-selective intramolecular oxidative cyclisa-
tion; and an aza-Cope/Mannich cascade followed by in situ oxi-
dation and epimerisation.®

The first step was the enantioselective Pictet-Spengler reac-
tion between tryptamine 75 and 2,3-pentanedione 91. For this
reaction, based on the authors’ previous work®® and the results
obtained by Jacobsen,’®®” several thio, urea and squaramide
organocatalysts were evaluated. The screening showed that the

This journal is © The Royal Society of Chemistry 2025

best organocatalyst for this transformation was the squaramide
organocatalyst 92 (20 mol%), combined with p-nitrobenzoic
acid (15 mol%) in toluene (0.04 M) at 5 °C for 12 days.

The next step involved protecting the amine with a Boc
group, yielding (S)93, in 53% yield, 86% ee, 2 g scale
(Scheme 10). The subsequent intramolecular oxidative coupling
of this compound, followed by reduction of the imine and
removal of the amine-protecting group afforded 94, alsoona2 g
scale. The nucleophilic addition of vinylmagnesium bromide to
the ketone in the presence of CeCl; afforded 95 in a 32% iso-
lated yield with >99% ee. The starting material was recovered.
The increase of the enantiopurity, from 88% ee to >99% ee, was
hypothesised to be derived from the fact that the heterochiral
magnesium or cerium amide complex of 94 was less soluble
than the homochiral counterpart and therefore precipitated out
of the reaction mixture. Interestingly, backing up this expla-
nation the ee of the recovered 94 decreased from 89% to 84%.

The reaction of compound 95 with paraformaldehyde in
degassed toluene/MeCN in the presence of TFA led to the for-
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Scheme 10 Synthesis of (—)-arborisidine (-)-89. (a) i. Organocatalyst 92 (20 mol%), p-nitrobenzoic acid (15 mol%), toluene (0.04 M), 5 °C, 12 days
and ii. BocyO, EtzN, 53%. (b) LHMDS, PIDA, THF, —78 °C to rt, 58%. (c) i. NaBHsCN, AcOH, MeOH, rt and ii. 4 N HCI, dioxane, 0 °C to rt, 73%. (d)
VinylMgBr, CeCls, THF, —78 °C, 32%. (e) i. TFA, paraformaldehyde, toluene/MeCN (3: 1), rt, ii. PhlO, rt, and iii. 2 N aqueous KOH, rt, 61%.

mation of pentacycle 96, which was treated with iodosoben-
zene followed by KOH treatment to afford (—)-arborisidine
(—)-89 in 61% yield (Scheme 10). This compound is the enan-
tiomer of the natural substance; however, the authors hypoth-
esised that preparing the ent-catalyst 92 would likely enable
the synthesis of (+)-arborisidine. The squaramide catalyst 92
was synthesised from N-Boc-pyrrolidine in 5 steps as described
by Jacobsen.’® (—)-Sparteine was used as a ligand to promote
the enantioselective synthesis of an (R)-N-Boc-pyrenylpyrroli-
dine intermediate, which underwent peptide coupling with (S)-
N-Boc-Leu to introduce the second asymmetric centre of the
catalyst. Since both (+)-sparteine and (R)-Leu are commercially
available, ent-Cat 92 could eventually be prepared and used to
synthesise natural (+)-arborisidine.

Zhu and collaborators observed that when the entire aza-
Cope/Mannich/oxidation sequence was performed at 0 °C,
(=)-19-epi-arborisidine (—)-96 was obtained in 87% yield from
compound 95 but epimerised to (—)-arborisidine (—)-89 under

o}
HO a H
N - -
s s
HN N
N
H

95, ee > 99%

(-)-19-epi-Arborisidine
(-)-96

basic conditions (Scheme 11). The authors speculated that 19-
epi-arborisidine might be also an isolable natural product if
the isolation process was not performed under basic
conditions.

(+)-Arborescidine C 97 (Fig. 7) is a naturally occurring tetra-
cyclic indole alkaloid of biological interest, with antibacterial,
antinematode, antiviral and antidepressant activity.”® It was
isolated from Pseudodistoma arborescens, a marine tunicate,
and from the sponge Verongula rigida. Due to its biological sig-
nificance, many synthetic = approaches have been
explored.®®'%°1%% (+)-Arborescidine B 98 is closely structurally
related to (+)-arborescidine C 97, and part of the brominated
marine alkaloid family with a tetracyclic indole core (Fig. 7).

Hong and collaborators described the enantioselective syn-
thesis of these natural compounds using the Pictet-Spengler
reaction catalysed by asymmetric organocatalysts.'®® The best
results were obtained for the acyl-Pictet-Spengler reaction with
tryptamine 75 and aldehyde 99 using thiourea 100, in diethyl

(-)-Arborisidine
(-)-89

Scheme 11 Synthesis of (-)-19-epi-arborisidine (-)-96 and (-)-arborisidine (-)-89. (a) i. TFA, paraformaldehyde, toluene/MeCN 3:1 and ii. PhIO,

0 °C, 87%. (b) Toluene/MeCN 3:1, 2 N aqueous KOH, rt, 57%.
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Fig. 7 Structures of (+)-arborescidine C 97 and (+)-arborescidine B 98.

ether at —60 °C for 37 hours, affording product 101 in 74%
yield and 95% ee (Scheme 12).

For the synthesis of desbromoarborescidine C 103 two
approaches were tested.'® The first strategy was based on
the one-pot acyl-Pictet-Spengler reaction of tryptamine 75 with
aldehyde 99, catalysed by thiourea 100, giving amide 101
in 63% yield and 93% ee followed by an amide reduction with
LiH,NBH; to afford 102. The reductive amination of 102 in
the presence of formaldehyde and NaBH3;CN, followed by
hydrolysis of the acetal and cyclisation afforded desbromoar-
borescidine C 103 in 97% ee (Scheme 12). Treatment of
103 with MsCl and Et;N afforded desbromoarborescidine B
104 in very good yield (72%, Scheme 12). The other
synthetic approach was based on the methylformyl-Pictet-
Spengler reaction; however, the enantiomeric excess was lower
(74% ee).'”

The synthesis of (+)-arborescidine C 97 was accomplished
using the one-pot thiourea 100 catalysed acyl-Pictet-Spengler
reaction approach and compound 106 was obtained in 54%
yield and 83% enantiomeric excess (Scheme 13). This amide
was reduced to the corresponding amine 107 in 67% yield.
The reductive amination of 107 followed by acetal hydrolysis
and cyclisation gave (+)-arborescidine C 97 in 76% yield and

103, 97% ee

View Article Online

Review

86% ee. Arborescidine B 98 was easily synthesised by dehydra-
tion of 97 (Scheme 13).

The asymmetric Pictet-Spengler reaction using a Jacobsen-
type thiourea organocatalyst led to a highly enantioselective
and efficient synthesis of (+)-arborescidine C and related tetra-
cyclic indole alkaloids."®?

This reaction type was once more used for the challenging
enantioselective synthesis of another member of the large
indole alkaloid, proving its wide applicability. Zhu et al
described the synthesis of (+)-alstratine A 108 (Scheme 14), a
hexacyclic cage-like monoterpene indole alkaloid, via an orga-
nocatalytic enantioselective Pictet-Spengler reaction of
o-ketoesters.'™® (+)-Alstratine A is a structurally complex
natural product isolated from members of the Alstonia genus
(family Apocynaceae), which are known for their rich alkaloid
content. (+)-Alstratine A 108 possesses a 1,1-disubstituted tetra-
hydro-p-carboline (THBC) core, which is found in many bio-
active natural products.'®*%°

The authors developed a squaramide-catalysed asymmetric
Pictet-Spengler reaction between tryptamines and methyl
2-oxoalkanoates, which afforded 1-alkyl-1-methoxycarbonyl tet-
rahydro-p-carbolines (THBCs) with high yields and enantio-
meric excess values. The reaction showed a wide application
scope, tolerating various functional groups including hetero-
cycles, ethers, esters, acetals, alkenes and azides.''° High
yields were obtained (63% to 95%) and the products presented
high ee (79%-99%). This methodology was applied to syn-
thesise (+)-alstratine A (Scheme 14).

The total synthesis was accomplished in seven steps with
only four purifications of synthetic intermediates. Key steps in
the synthesis included the enantioselective Pictet-Spengler
reaction catalysed by squaramide 110, giving the desired
product 111 in 98% yield and 92% ee. The chemoselective

o (0]
L0
101, 74%, 95% ee
one-pot 63%, 93% ee

102

104

Scheme 12 Synthesis of the cyclic indole system 104. (a) i. 99, NaySO,4, CH,Cl,-Et,0 (3:1), rt, 2 h and ii. 100, 2,6-lutidine, AcCl, Et,O, —78 °C to
—60 °C, 37 h. (b) LiH,NBHz, THF, 0 °C to 60 °C, 4 h, 69%. (c) i. NaBHsCN, 37% HCHO, MeOH, 0 °C to rt, 12 h and ii. ag. 2 N HCI, THF, 3 h, 72%. (d)

MsCI, EtzN, CH,Cly, 2 h, 72%.

This journal is © The Royal Society of Chemistry 2025
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Scheme 13 Synthesis of (+)-arborescidine B 98. (a) i. 99, Na,SO4, CH,Cl,: Et,O (3:1), rt, 2 h and ii. 100, 2,6-lutidine, AcCl, Et,O-CH,Cl, (9:1),
—78 °C to —60 °C, 26 h, 54%. (b) LiH,NBH3z, THF, 0 °C to 60 °C, 4 h, 67%. (c) i. NaBHsCN, 37% HCHO, MeOH, 0 °C to rt, 12 h and ii. ag. 2 N HCI, THF,

3 h, 76%. (d) MsClI, EtzN, CH,Cly, 2 h, 79%.
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Scheme 14 Synthesis of (+)-alstratine A 108. (a) 110 (0.2 equiv.), salicylic acid, 5 A MS, toluene (c 0.04 M), 0 °C, 3 days, 98%. (b) (E)-Crotyl bromide,
K>COs3, MeCN, 50 °C, 91%. (c) PhCOCI, EtsN, DMAP, CH,Cl,, rt, 85%. (d) HCl 3 N/acetone (1:1), O °C to rt. (e) IBX, DMSO, 65 °C. (f) Mesitylene, reflux.

(g) i. K,CO3, MeOH, rt, ii. HCI 6 N, rt: 108 obtained in 24% yield over 4 steps, 117 obtained in 22% yield over 4 steps.

N-crotylation afforded compound 112 in 91% yield
(Scheme 14). N-Benzoylation, hydrolysis of the dioxolane and
oxidation of the resulting aldehyde with IBX afforded the
a,p-unsaturated aldehyde 113. A subsequent intramolecular
hetero-Diels-Alder reaction afforded the two diastereomers
114 and 115 (1:1) and byproduct 116 (less than 5%). The
Diels-Alder adducts 114 and 115 were treated with potassium

7532 | Org. Biomol. Chem., 2025, 23, 7521-7537

carbonate in methanol, followed by 6 N HCI, affording
(+)-alstratine A 108 (24% overall yield in last 4 steps).'*°

The absolute configuration of the synthesised (+)-alstratine
A was confirmed by X-ray diffraction analysis. An interesting
insight from this work was the correction of a previously
reported property of (+)-alstratine A. While the absolute con-
figuration determined for (+)-alstratine A was correct, the

This journal is © The Royal Society of Chemistry 2025
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natural product is dextrorotatory, rather than levorotatory as
initially reported in the isolation paper.'® This highlights the
importance of synthetic studies for confirming and sometimes
correcting the reported properties of isolated natural products.
Additionally, this work confirmed the potential of organocata-
lytic methods in the synthesis of complex natural products,
offering an efficient and enantioselective approach to con-
struct challenging molecular structures.

5,22-Dioxokopsane 118, kopsinidine C 119 and demethoxy-
carbonylkopsin 120 (Fig. 8) are also indole alkaloids derived
from plants of the Apocynaceae family, particularly from
species within the genus Kopsia. Kopsia species are known for
producing structurally complex monoterpenoid indole alka-
loids, which have attracted attention due to their pharmaco-
logical properties.'* 12

3,3-Disubstituted carbazolones are valuable
blocks for assembling Aspidosperma and Kopsia
alkaloids."*™'"” Dawei Ma and collaborators described the use
of asymmetric Michael addition of carbazolones to 2-chloroa-
crylonitrile, catalysed by a modified Takemoto thiourea catalyst.

building
indole

View Article Online

Review

A highly enantioselective method for synthesising the desired
3,3-disubstituted  carbazolones thus  developed
(Scheme 15).''®

The catalyst structure, substrate scope and reaction con-
ditions were evaluated.'® Ma and collaborators systematically
modified the Takemoto thiourea catalyst to improve its
efficiency for the specific substrates in their study. They
found that fine-tuning the amine part of the catalyst, par-
ticularly using an N-cyclopentyl-N-n-pentyl-amino-substituted
thiourea, provided the best results in terms of yield and
enantioselectivity. The N-n-pentyl group, a bulky group,
afforded excellent yield and enantioselectivity (>95% yield
and 95% ee) compared to thioureas with shorter N-alkyl sub-
stituents (methyl to n-butyl). However, replacing the cyclopen-
tyl group in an amine with a cyclohexyl group led to a
decrease in both yield and enantioselectivity (62% yield and
65% ee). The best organocatalyst was applied to various sub-
stituted carbazolones and related heterocycles, demonstrat-
ing a broad substrate scope with excellent yields and
enantioselectivities.

was

0.0 ON
J OH
N
N H
5,22-dioxokopsane Kopsinidine C Demethoxycarbonylkopsin
118 119 120

Fig. 8 Structures of 5,22-dioxokopsane 118, kopsinidine C 119 and demethoxycarbonylkopsin 120.
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| ' |

Scheme 15 Synthesis of intermediates 127 and 128. (a) i. 10 mol% 122, toluene, —10 °C and ii. Zn, AcOH, THF, rt, >95%. (b) RANEY® Ni, H,, MeOH,
75%. (c) (Boc),O, DMAP, THF, 94%. (d) DIBAL-H, —78 °C to 0 °C, 65%. (e) Pd/C, H,, EtOAc, 82%. (f) SO3-Py, DMSO, EtzN, CH,Cl, 81%, 98% ee. (g)
PPhs*CH,OMeCl", t-BuOK, THF, 0 °C to rt, 79%. (h) i. CICH,COCI, ag. NaCOs3, THF and ii. 1 N HCL, 79%. (i) Sml,, THF. (j) Dess—Martin periodinane,

NaHCOs, CH,Cl,, 0 °C, 53% over 2 steps. (k) Mn(OAc)s,
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Scheme 16 Synthesis of 5,22-dioxokopsane 118, kopsinidine C 119, demethoxycarbonylkopsin 120 and 22-epi-kopsinidine C 129.

Ma et al. described the application of this method to the
total syntheses of three Kopsia alkaloids: 5,22-dioxokopsane
118, kopsinidine C 119 and demethoxycarbonylkopsin 120
(Schemes 15 and 16). The optimised Michael addition of
f-ketoamide 121 to chloroacrylonitrile, catalysed by thiourea
122, afforded 123 in excellent yield (>95%) and enantiomeric
excess (96%). This reaction was successfully scaled up to 9 g,
using 5 mol% of 122. RANEY® nickel reductive cyclisation of
123 afforded tetracyclic imine 124 in 75% yield. A key step of
the synthetic strategy involved the SmlI,-mediated
Reformatsky-type cyclisation of 125, yielding an alcohol that
was directly oxidised, using Dess-Martin periodinane, to
afford B-ketoamide 126 in 53% yield (2 steps).

The synthetic route involved a Mn""-mediated oxidative
cyclisation to create the caged ring system, giving two cyclisa-
tion products, 127 and 128, in yields of 76% and 10%, respect-
ively. p-Ketoamide 127 was transformed under acidic con-
ditions into hemiacetal 128 in 94% yield (Scheme 15). These
two compounds were important intermediates in the synthesis
of the Kopsia alkaloids (Scheme 16).

These syntheses demonstrated the utility of the developed
Michael addition method in complex alkaloid synthesis. This
work presented several unique and interesting insights. First,
it showcases the power of fine-tuning organocatalyst structures
to achieve high efficiency and selectivity in challenging reac-
tions. The success in modifying the Takemoto catalyst for this
specific transformation may inspire further organocatalyst
development. Second, the Mn™)-mediated oxidative cyclisa-
tion provides a novel and reliable strategy for constructing the
indole C3 quaternary stereocentre, a common structural
feature in many indole alkaloids. Lastly, the research addresses
a long-standing challenge in synthesising 3,3-disubstituted
carbazolones, offering an alternative approach to the pre-
viously reported palladium-catalysed decarboxylative allylation
method. This new method’s high enantioselectivity and

7534 | Org. Biomol. Chem., 2025, 23, 7521-7537

efficiency, even on larger scales, make it a valuable tool for the
synthesis of complex alkaloids and potentially other natural
products.

Conclusion

This review highlights the transformative impact of thiourea
and squaramide organocatalysts in the asymmetric total syn-
thesis of complex natural products. Several landmark achieve-
ments in the total synthesis of natural products using these
catalysts were described. Notably, the enantioselective synth-
eses of Aspidosperma alkaloids such as (—)-minovincine,
(-)-aspidofractinine and (+)-vincadifformine were accom-
plished through innovative cascade strategies and the use of
bifunctional organocatalysts, demonstrating both scalability
and exceptional stereochemical control.

The review also details the thiourea-catalysed sequential
Michael addition that enabled the synthesis of Calycanthaceae
alkaloids, including (—)-calycanthine, (+)-chimonanthine and
(+)-folicanthine, with high yields and enantioselectivities, and
the ability to access both enantiomers. A notable achievement
was the highly enantioselective organocatalytic desymmetrisa-
tion that facilitated the efficient, multigram-scale synthesis of
the marine alkaloid madangamine E, introducing multiple
stereocentres with very high selectivity. Additionally, the suc-
cessful application of thiourea catalysis in the synthesis of
other architecturally complex natural products, such as capra-
zamycin A, was discussed.

In summary, all the works described in this review
highlight the importance and versatility of thiourea- and
squaramide-mediated organocatalysis to construct complex
synthetic intermediates with high enantioselectivity and
efficiency.

This journal is © The Royal Society of Chemistry 2025
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For synthetic chemists, the practical advantages of thiourea
and squaramide catalysts, including ease of handling, broad
substrate compatibility and tunability, make them indispens-
able tools for tackling the stereoselective synthesis of structu-
rally challenging targets, with broad implications for both fun-
damental research and pharmaceutical innovation.
Applications in cascade reactions, late-stage functionalisation
and total synthesis of densely functionalised natural products
will continue to drive the evolution of hydrogen-bond-
mediated organocatalysis as a highly valuable strategy in
advanced asymmetric synthesis.

Future outlook

The field of organocatalysis, particularly using thiourea and
squaramide catalysts, has immense potential for further inno-
vation and impact. As demonstrated in this review, these cata-
lysts have already enabled the highly selective and efficient syn-
thesis of some structurally complex and biologically significant
natural products.

The continued development of new catalyst architectures,
especially those that combine the best features of thioureas,
squaramides and other hydrogen-bonding motifs, will lead to
even greater catalytic efficiency, broader substrate scope and
improved stereocontrol. Advances in computational chemistry
and mechanistic understanding will further inform the rational
design of next-generation organocatalysts, allowing chemists to
tailor catalysts for specific synthetic challenges and to predict
and optimise reaction outcomes with increasing precision.

The application of organocatalysis to even more complex
and diverse natural product targets is expected to expand. As
new families of bioactive compounds are discovered, the mild,
metal-free and highly selective nature of thiourea and squara-
mide catalysts will make them particularly valuable for con-
structing challenging molecular architectures and for the func-
tionalisation of advanced intermediates. The integration of
organocatalytic methods with other synthetic strategies, such
as photoredox catalysis, biocatalysis and flow chemistry, also
holds promise for multi-step syntheses and improving overall
efficiency and sustainability.

The scalability and operational simplicity of organocatalytic
processes position them as attractive tools for industrial appli-
cations, including pharmaceutical drug synthesis. Industry is
favouring greener and more sustainable chemistry; thus the
adoption of organocatalytic methodologies is likely to acceler-
ate, especially for the synthesis of active pharmaceutical ingre-
dients and complex drug candidates.

Finally, the ongoing exploration of new reactivity modes and
activation strategies, such as cooperative catalysis, dual catalysis
and the use of organocatalysts in tandem or cascade reactions,
will allow chemists to achieve levels of complexity and efficiency
in synthesis that were previously out of reach. The ability to con-
struct multiple stereocentres in a single operation, or to achieve
challenging transformations under exceptionally mild con-
ditions, will remain a driving force for innovation.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

In summary, the prospects for thiourea and squaramide
organocatalysis remain highly promising. As the field con-
tinues to evolve, ongoing advances in catalyst design, mechan-
istic understanding and synthetic methodology are expected to
further expand the scope, efficiency and selectivity of these
catalytic systems to provide practical solutions to some of the
most pressing challenges in natural product synthesis, drug
discovery and sustainable chemistry.
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