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With the ever-increasing scope of organocuprates, a well-established Gilman reagent has been considered

as an unprecedented synthetic tool in modern organic chemistry. The broad research profile of the Gilman

reagent (R2CuLi in THF or Et2O) is owing to its propensity to carry out three kinds of reactions, i.e., epoxide

ring opening reactions, 1,4-conjugate addition reactions, and SN2 reactions in a regioselective manner. This

review examines the applications of Gilman reagent in the total synthesis of both abundant and scarce

natural products of remarkable synthetic pharmaceutical profile reported since 2011. The presented

insights will be of a vital roadmap to general organic synthesis and it will contribute to the development

of new natural products and their analogues in future drug discovery.
Introduction

Carbon–carbon bond formation is a preliminary step for most
of the synthetic transformations in organic chemistry. In this
regard, the role of organocopper reagents is at the forefront.
These reagents are prepared by reacting organometallics
(RMgX, RLi, or RZnX) with copper salts (CuBr, CuI, or CuCN) in
the presence of solvents, such as THF, DMS, DCM, or dry ether.
The use of various additives, such as HMPA (hexamethyl
phosphoramide), TMSCl (trimethylsilyl chloride), and some
Lewis acids, along with these reagents has also been reported in
the literature.1–3 Gilman reagent (R2CuLi) is the rst organo-
cuprate compound, discovered by an American chemist, Henry
Gilman, in 1952, which was prepared by reacting 2 equivalents
of alkyl or aryl lithium with 1 equivalent of Cu salt in the
presence of TMS or diethyl ether as solvent (Fig. 1).4 On dis-
solving in diethyl ether, this lithium diorganocuprate reagent is
expected to exist in a dimeric, eight-membered ring form.7

Gilman reagent is usually employed in three kinds of reac-
tions. In the rst one (conjugate addition), it acts as an alky-
lating agent on treatment with a,b-unsaturated carbonyl
compound (enone) to give the 1,4-addition product.5 Secondly,
it is used in the regioselective epoxide (or aziridine) ring
opening reactions. Thirdly, Gilman reagent is a good
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nucleophile and undergoes SN2 reaction (cross-coupling) with
primary and secondary alkyl halides or alcohols and exhibits
applications in Corey House reactions.5,10

With an appreciation for the inscrutable synthetic chemistry
of Gilman reagent, Lipshutz et al. performed an extensive
methodological study by applying a series of Gilman tests (using
combinations of various alkyl or aryl halides along with copper
salt) and determined the exact composition of the Gilman
reagent.3 According to their spectroscopic observation, proper-
ties of the Gilman reagent are directly affected by the kind of
CuX (here X = Cl, Br, I, OTf, SCN, or CN).4–6 Following the
inventive study of the conjugate addition of Gilman reagent,
Bertz et al. studied the reactive prole of iodo-Gilman reagent
(R2CuLi

$LiI) and cyano-Gilman reagent (R2CuLi
$LiCN). The

phenyl Gilman reagent (Ph2CuLi & PhLi) in the presence of
ether or THF as a solvent has also been reported as a higher-
order catalyst.7–11 The mechanistic study of Gilman reagent in
THF at low temperatures has been conducted, and the forma-
tion of p complexes of Me2CuLi not only with a,b-unsaturated
carbonyl compounds but also with aldehydes and ketones has
Fig. 1 Preparation of Gilman reagent.

Fig. 2 1,6-Conjugate addition by using Gilman reagent.
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Fig. 3 Structures of callipeltoside-a 3 and liconadin A 4.
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been conrmed as a stable synthetic intermediate using spec-
troscopic analyses.12,13 The d orbital of copper in Gilman reagent
(acting as a base) interacts with the p* of the carbonyl carbons
(p acids) to form the d–p complexes. The optimum temperature
reported for the formation of these complexes is −78 °C.14,15

Moreover, Yamamoto et al. reported the synthesis of the 1,6-
addition product by reacting Bu2CuLi with methyl sorbate in
82% yield, concluding that the electronic properties of Gilman
reagent as a nucleophile greatly affect its regioselectivity
(Fig. 2).16,17

Gilman reagent has been extensively employed in the
synthesis of a number of architecturally unique natural prod-
ucts, such as the C1 to C9 framework of callipeltoside-a 3 (iso-
lated from a marine sponge Callipelta sp), which is an anti-HIV
agent, liconadin A 4 (a Lycopodium alkaloid) (Fig. 3)18,19 and
furosesquiterpenes i.e., isopallescensin-A 5, isopallescensin-1 6,
5-desmethyl-4,5-dehydromicrocionin-1 7, which are best known
for their diverse biological activities (Fig. 4).20

Inspired by the fact that methyl-substituted stereogenic
centers are present in various natural products possessing
a high pharmaceutical prole, Gilman reagent nds its appli-
cation as an effective methyl source via conjugate addition and
plays remarkable roles in the synthesis of these natural prod-
ucts. Further, Gilman reagent is used as a regioselective epoxide
ring opening agent to produce 1,2 diols or 1,3 diols. In total
Fig. 4 Structures of isopallescensin-A 5, isopallescensin-1 6, and 5-des

© 2023 The Author(s). Published by the Royal Society of Chemistry
synthesis, keeping control of the diastereomeric ratio of these
diols, this reagent has been found to be helpful in the devel-
opment of asymmetric centers with the desired stereochemistry
of natural products. Herein, the synthetic compilation based on
the employment of Gilman reagent in the synthesis of medici-
nally important natural products has been reported.

Review of literature
Synthesis of alkaloid-based natural products

Piperidine alkaloid. Piperidine ring-based natural products
are well-known for possessing glycosidase inhibitory effects as
well as anti-diabetic, anti-cancer, and anti-obesity activities.21

(+)-a-Conhydrine 15 is an example of a 2-(hydroxyalkyl)-
piperidine ring containing alkaloid.22 Considering the inter-
esting features of this class of natural products, various
synthetic methods have been designed regarding the synthesis
of (+)-a-conhydrine and its enantiomers. In continuation of this
work, Deshmukh et al. in 2012 performed the synthesis of (+)-b-
conhydrine 16 with a sequence of 8 steps in 26% overall yield
(Scheme 1).23 In their synthetic route, aldehyde 8, dibenzyl-
amine 9, and terminal alkyne 10 were allowed to react in the
presence of copper bromide as a catalyst and toluene as
a solvent, accompanied by deprotection of the TMS group in the
presence of THF to give terminal alkyne 11 in 93% yield (in 2
methyl-4,5-dehydromicrocionin-1 7.

RSC Adv., 2023, 13, 35172–35208 | 35173
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Scheme 1 Synthesis of b-(+) conhydrine 16.
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steps). The terminal alkyne 11 was then reacted with ethyl
diazoacetate in the presence of copper iodide as a catalyst to
acquire compound 12 (in 94% yield), which underwent further
Scheme 2 Total synthesis of arboridinine 24.

35174 | RSC Adv., 2023, 13, 35172–35208
hydrogenolysis and subsequent treatment with NaOEt, result-
ing in compound 13 in 81% yield. In the subsequent step, ketal
group deprotection and conversion of diol into epoxide gave
© 2023 The Author(s). Published by the Royal Society of Chemistry
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lactam 14 in 82% yield. Further, regioselective ring opening of
epoxide was performed via the application of a well-suited Gil-
man reagent in the presence of tetrahydrofuran and diethyl
ether at −35 °C that resulted in compound 15 in 73% yield. In
the last step, the reduction was performed by using LAH to
furnish the desired b-(+) conhydrine 16 in 78% yield.

Indole alkaloid. Arboridinine 24 belongs to the class of
indole alkaloids isolated from Kopsia plants (usually found in
Malaysia).24 Its unprecedented structure consists of a tetracyclic
indolenine cage, and it shares its structural features with many
other families of alkaloids, making it a unique and interesting
scaffold.25 As a part of the synthetic challenge for many
synthetic endeavors, Gan et al. in 2018 designed an efficient,
scalable, and enantioenriched synthetic scheme towards the
synthesis of arboridinine 24 based on a 16 steps sequence using
Boc protected tryptamine 17 as a starting material (Scheme 2).26
Scheme 3 Total synthesis of brevisamide 35.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Compound 17 was photo-irradiated in the presence of bromo-
malonate (under suitable conditions) to result in indole 18 in
54% yield. From indole 18, the aldehyde 20 was prepared by
using two routes. In the rst one, compound 18 was deprotected
by using TFA and potassium carbonate, followed by a sequence
of reduction and subsequent oxidation, which furnished alde-
hyde 20 in 58% yield over 3 steps. The second route, which was
more scalable, involved the treatment of compound 18 with
DIBAL-H, further reacting with 1,3-diol and ligand 19 in the
presence of CuCl2 to give the intermediate, which proceeded
further via a sequence of oxidation and reduction under suit-
able conditions. In the following step, the aldehyde 20 was
cyclized to afford the a,b-unsaturated ketone 21. In order to
prepare precursor 28 for aza-Prins cyclization, 1,4-conjugate
addition of compound 21 was performed by using Me2CuLi
(Gilman reagent) with the successful installation of methyl
RSC Adv., 2023, 13, 35172–35208 | 35175
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group and subsequent treatment with Wittig reagent, resulting
in alkene 22 in 93% yield (over 2 steps). The alkene 22 was
subjected to oxidation via selenium dioxide and subsequent 1,4-
addition of the TMS group to afford precursor 23. The last step
involved the aza-Prins cyclization and Boc deprotection,
concluding the total synthesis of arboridinine 24 (38% yield).

(−)-Brevisamide was isolated from Karenia brevis, a dinoa-
gellate, by Wright and colleagues for the rst time.27 It is a bre-
venal and exhibits antagonist effects against brevetoxins.
Brevetoxins are neurotoxic substances responsible for the death
of sh and other marine organisms.28 Owing to the impressive
biological prole of brevisamide, 5 groups of researchers have
reported its total synthesis. In the continuation of this study,
Scheme 4 Synthesis of precursor 41a–c and its cyclization.

35176 | RSC Adv., 2023, 13, 35172–35208
Yadav et al. in 2013, also presented a valuable and stereo-
selective approach towards its synthesis starting from an easily
available starting material, i.e., 2,3-O-isopropylidene glyceral-
dehyde 25 (Scheme 3).29 The key steps entail the Sharpless
epoxidation, ring opening of epoxide by using Gilman reagent,
intramolecular SN2 cyclization, Wittig olenation, and HWE
reaction. The compound 25 was modied (in a few steps) into
epoxide 26, which upon treatment with Gilman reagent, i.e.,
CuI, MeLi, and diethyl ether as a solvent, resulted in a regiose-
lective ring opening to give 27a and 27b in 86% combined yield.
The compound 27a was mesylated in the presence of MsCl, and
its acetonide group was removed by using PTSA to give the
intermediate, which was subjected further to an SN2 cyclization
© 2023 The Author(s). Published by the Royal Society of Chemistry
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in the presence of NaH and subsequent treatment with TBSOTf
in the presence of 2,6-lutidine to give compound 28 in 96%
yield. The benzyl group deprotection of compound 28, its che-
moselective oxidation, and Wittig olenation furnished
compound 29 with 86% yield. Then, compound 29 underwent
a series of protection and deprotection steps under the given
conditions to provide compound 31 (via intermediate 30) with
80% yield. In the following step, the HWE reaction of
compound 31 with compound 33 (obtained from compound 32)
using n-BuLi and THF afforded compound 34 with 76% yield.
Deprotection via treatment with DIBAL-H, TBAF, and MnO2 in
consecutive steps completed the total synthesis of brevisamide
35 with 72% yield.

Zoanthamine alkaloid. Zoanthamine alkaloids are marine
alkaloids, which contain a heptacyclic ring system. It exhibits
potent biological activities such as anti-inammatory, cytotoxic,
anti-bacterial, and anti-osteoporotic activities, thus having an
effective pharmacological prole.30,31 Many attempts have been
made towards the synthesis of its pentacyclic ring system (based
on 8 chiral centers including 3 carbon quaternary and 2 aminal
functionalities).32–34 To accomplish this challenging total
synthesis, Nakajam et al. in 2011 studied and disclosed the
stereochemical effects of a methyl group at the C-4 position
towards the bisaminal cyclization in zoanthamine alkaloids
Scheme 5 Synthesis of caprolactam 53 toward the synthesis of zoanthe

© 2023 The Author(s). Published by the Royal Society of Chemistry
(Scheme 4).35 In their strategy, the enone 36 (for 1,4-conjugate
addition) was treated with Gilman reagent, i.e., Me2CuLi, in the
presence of TESCl and hexamethyl phosphoramide to obtain
compound 37. Aer 1,4-conjugate addition, the compound 37
was immediately reduced in the presence of LiAlH4 and desily-
lated by using quaternary ammonium salt to synthesize ketone
38 (with 92% yield), which was modied over a few steps to
obtain aldehyde 39. In the next step, the HWE reaction of keto-
phosphonates 40a–c and aldehyde 39 by treating it with DMPU in
THF afforded precursors 41a–c in moderate to good yield. In the
last step of the synthesis, cyclization was performed with a slight
variation in conditions. The treatment of compounds 41a–c with
AcOH in water at T = 60 °C for 6 hours, accompanied by the
addition of sodium sulphate with 24 hours of stirring at room
temperature, provided a diastereomeric mixture of monoaminals
42a–c (10 to 58% yield) and spiroketals 43a–c (14 to 51% yield). In
another case, the treatment of compounds 41a–c with AcOH at T
= 100 °C for 12 hours, followed by the addition of sodium sulfate
affected the mode of cyclization and furnished the bisaminal
product 44a and 44c (in 95% and 74% yield, respectively), along
with a diastereomeric mixture (from 41b) of bisaminal product
44b and spiroketal 45b (with % yield = 62 : 27).

In continuation of synthetic studies on zoanthenol, Bag-
danoff et al. in 2016, performed an enantioselective and facile
nol.

RSC Adv., 2023, 13, 35172–35208 | 35177
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synthesis of caprolactam 53 (as a precursor for zoanthenol)
(Scheme 5).36 The synthesis commenced with the benzyl
protection of glycidol 46, accompanied by a reaction with ethyl
propiolate 47 under the given conditions, affording compound
48 with a 58% yield. In the next step, the reduction of
compound 48 followed by cyclization provided lactone 49 (in
90% yield), which was subjected to a 1,4-conjugate addition
reaction by employing the well-established Gilman reagent
(Me2CuLi) in diethyl ether at 0 °C to furnish compound 50 in
84% yield. The compound 51 (achieved aer the palladium-
catalyzed reduction of compound 50 and subsequent Mitsu-
nobu reaction)37 was subjected to Weinreb amide reaction,
Scheme 6 Synthesis of intermediate 62 towards the synthesis of halich

35178 | RSC Adv., 2023, 13, 35172–35208
accompanied by treatment with hydrazine hydrate and subse-
quently cyclized under given conditions to provide the targeted
caprolactam 53 (via intermediate 52) in 77% yield.

Quinolizidine alkaloid. Halichlorine 63 belongs to the class
of quinolizidine alkaloids. It was isolated by Uemura and
colleagues in 1966 from Halichondria okadai, a marine sponge
found in Japan.38 Halichlorine 63 is a suppressor of NF-kB
activation and inhibits the expression of vascular cell adhesion
molecule 1 (VCAM-1) (which is related to inammation and
tumor cell growth). Halichlorine is also a hypertensive agent as
it suppresses L-type calcium channels in smooth muscles.39

Owing to the biochemical potential of this heterocyclic scaffold,
lorine.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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various organic chemists have reported its total synthesis,
among which the Clive group presented a remarkable route in
2009. Pioneering this work, Gignoux et al. devised a concise and
two directional strategy for the synthesis of intermediate 62
Scheme 7 Synthesis of 71a–71d towards the synthesis of glyphaeaside

© 2023 The Author(s). Published by the Royal Society of Chemistry
towards the synthesis of halichlorine 63 in 2012 (Scheme 6).40

Their synthetic route was based on a 12-step sequence,
providing 13.2% overall yield and comprising easily available
starting materials (ethyl formate 54). The ketodiester 55 (aer
C.

RSC Adv., 2023, 13, 35172–35208 | 35179
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modication from bromide 54 in a few steps) was cyclized
under the given conditions to give isoxazolidine 56, which was
then selectively reduced by using NaBH4 in ethanol and
subsequently hydrogenated to give diol 57 in 90% yield. The
oxidation of diol 57 was followed by a reaction with phospho-
nate 58 in the presence of sodium hydride, which furnished
compound 59 with 58% yield. In the following step, compound
59 reacted with acetic acid in the presence of toluene to give
bicyclic lactam 60 in 89% yield. In order to install a methyl
group at the C14 position from the upper side, a well-suited
Gilman reagent was used. To accomplish this task, compound
60 was treated with methyl lithium, copper iodide, and TMSCl
in the presence of triethyl amine and tetrahydrofuran at −78 °C
for ve hours, resulting in compound 61 with the desired
stereochemistry in 95% yield. In the last step, oxidation was
performed in the presence of DIBAL-H and CH2Cl2 to furnish
aldehyde 62 (in 82% yield), a well-designed intermediate toward
the synthesis of halichlorine 63.

Glyphaeaside alkaloids. Glyphaeaside alkaloids were iso-
lated from Glyphaea brevis.41 Structurally, these classes of alka-
loids are based on a piperidine iminosugar along with
a polyhydroxylated alkyl side chain that ends at the phenyl
group and are classied into three types, i.e., A, B, and C. Among
these, glyphaeaside C exhibits maximum potential as an
inhibitor of snail b-mannosidase and b-glucosidase. It also
shows a slight inhibitory effect for a-glucosidase.42 In 2021,
Byatt et al. attempted the synthesis and structural elucidation of
glyphaeaside C by employing well-suited Gilman reagent43

starting from compound 64, which was modied over a few
steps to give vinyl pyrrolidine 65 (Scheme 7). The epoxidation of
compound 65 in the presence of m-CPBA and Na2HPO4

provided epoxide (66a and 66b) in 57% and 29% yield, respec-
tively. The epoxide 66a proceeded for ring opening reaction via
Gilman reagent (in situ generated from compound 67) in THF at
Scheme 8 Total synthesis of (+)-epiquinamide 77.

35180 | RSC Adv., 2023, 13, 35172–35208
−40 °C for 24 hours to furnish compound 68 in 84% yield. In
the next step, compound 68 was made to react with compound
69 in the presence of Grubb's rst-generation catalyst, which
resulted in a stereoisomeric pair of compounds 70 in 76% yield
(E/Z = 4.8 : 1). The compound 70 was rst treated with an AD
mixture and MeSO2NH2 and then underwent hydrogenolysis.
Aer chromatographic separation, compounds 71a to 71d were
achieved in quantitative yield. In a structural analysis of the
synthesized derivatives, the compound 71a was found to be the
enantiomer of glyphaeaside C.

Quinolizidine alkaloid. (+)-Epiquinamide 77, a quinolizidine
alkaloid, was isolated for the rst time in 2003 from Epi-
pedobates tricolor (a poisonous frog).44 This naturally scarce
natural product is renowned as a nicotinic agonist.45 Owing to
this fact, Yadav et al. in 2019 disclosed an efficient methodology
for the synthesis of (+)-epiquinamide 7 by employing Gilman
reagent-induced aziridinium ion ring opening reaction as the
key step (Scheme 8).46,47 In their methodology, compound 73
(modied from aziridine carboxylate 72) was treated with
methyl cyanide to provide aziridinium intermediate 74, which
underwent ring opening reaction via treatment with reagent 75
in the presence of copper iodide and 1,4-dioxane as a solvent
(for the in situ generation of Gilman reagent). The temperature
was adjusted to 0 °C and the synthesis of compound 76 was
achieved in 57% yield. It took a few steps for the modication of
compound 76 into the desired natural product 77.
Synthesis of terpenoid-based natural products

Diterpenoids. Peditithins B–H belongs to the class of
Euphorbiaceae diterpenoids, isolated from Pedilanthus tithy-
maloides. These are P-glycoprotein (Pgp) inhibitors and effective
anti-cancer agents.48,49 Methylcyclopentane is a fascinating
heterocycle and is incorporated in many diterpenoid-based
© 2023 The Author(s). Published by the Royal Society of Chemistry
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natural products. Structurally, peditithins H constitute
substituted methylcyclopentane as a core, having 5 continuous
stereocenters.50 Various synthetic strategies for the synthesis of
methylcyclopentane constituting 3 or 4 stereocenters have been
reported. Nonetheless, a synthetic strategy for the synthesis of 5
stereocenters based methylcyclopentane was reported recently.
Ni et al. in 2020 performed this challenging task and presented
an efficient and facile route for the synthesis of methyl-
cyclopentane 87 (containing ve stereocenters) as a building
block for the synthesis of peditithins H (Scheme 9).51 In their
synthetic procedure with 14 steps, the easily available lactone 78
was transformed into a,b-unsaturated compound 79 under
Scheme 9 Synthesis of intermediate 87 towards the synthesis of peditit

© 2023 The Author(s). Published by the Royal Society of Chemistry
given conditions. Next, the installation of a methyl group with
the desired stereochemistry was accomplished via 1,4-conjugate
addition using a well-suited Gilman reagent. Thus, the treat-
ment of compound 79 with lithium dimethyl cuprate in the
presence of diethyl ether at −30 °C resulted in lactone 80 with
a 92% yield. In the next step, hydroxylation of lactone 80 by
using Vedejs reagent gave a diastereomeric mixture, i.e.,
compound 81a and 81b in 75% yield with dr = 5 : 1. Aer
chromatographic separation, 81a was reduced to give hemi-
acetal 82, which was subjected to Wittig olenation to furnish
compound 83 in 72% yield. Upon TBDPS protection of
compound 83, compound 84 was subjected further to TBS
hin H 88.

RSC Adv., 2023, 13, 35172–35208 | 35181
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group removal and subsequent oxidation, accompanied by
intramolecular carbonyl ene reaction by raising the temperature
to 180 °C in toluene, which afforded compound 85 in 47% yield.
Aer mesylation of homoallyl alcohol 85, the diene 86 was
subjected to benzoyl group deprotection and subsequent
epoxidation by using a suitable reagent to complete the
synthesis of methylcyclopentane 87 with 85% yield.

Sesquiterpenes. (−)-Englerin A 99 belongs to the class of
guaiane sesquiterpene, isolated from Phyllanthus engleri. It
activates the TRPC channel and exhibits potential anti-cancer
activities against renal tumor cells.52 Owing to its impressive
biological potential, Ma and colleagues reported the chiral pool
approach for the synthesis of (−)-englerin A 99. Echavarren and
colleagues reported the synthesis of an intermediate towards
the synthesis of (−)-englerin A based on the Sharpless epoxi-
dation.53 Pioneering this work, Nelson et al. in 2016 reported the
most rapid and efficient methodology for the synthesis of this
natural product, overcoming all the drawbacks of previous
approaches (Scheme 10).54 Their synthetic scheme was based on
a 17-step sequence and 11% overall yield starting from easily
available starting materials by employing the Gilman reagent in
the key step. In the rst step, dimethyl malonate 89 and dienyl
bromide 90 were allowed to react in the presence of sodium
hydride to give diester 91 (in 88% yield), which underwent
Scheme 10 Total synthesis of englerin A 99.

35182 | RSC Adv., 2023, 13, 35172–35208
decarboxylation to result in amide 92 with 77% yield. The
compound 92 was then treated with butyl lithium and aer
subsequent treatment with LiAlH4 and silyl protection, afforded
allenediene 94 (99% yield). In the following step, allenediene 94
was treated with PtCl4 and P(C6F5)3 in the presence of o-xylene
to give a diastereomeric mixture and 95a as a major product in
71% yield. Over a few steps, compound 96 was obtained, which
was treated with Gilman reagent, i.e., Me2CuLi$LiBrSMe2, and
further addition of methyl lithium furnished compound 97a (as
a major product with 76% yield) and 97b (9% yield). The
esterication of compound 97a using 98 under given conditions
and further modication over two steps completed the total
synthesis of our desired (−)-englerin A 99 in 99% yield.

Pethybrene 108 is a sesquiterpene isolated from plants of
Petasites hybridus. Its structural framework is based on fused
triquinanes with a unique substitutional pattern.55 This
heterocycle exists in various isomeric forms and rapidly
undergoes rearrangement under acidic conditions, which
makes it a continuing source of attraction for many synthetic
endeavors.56 Jee & Lee in 2021 presented its total synthesis in 13
steps by employing the Pauson–Khand reaction, 1,4-conjugate
addition by Gilman reagent, and Wittig olenation as key steps
(Scheme 11).57 Their synthesis commenced with the NHTK
coupling reaction of iodocyclopentene 100 and aldehyde 101 in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the presence of CrCl2 to give compound 102 with a 64% yield.
The silyl group deprotection of compound 102 and further
treatment with TBSCl resulted in silyl ether 103 in 90% yield.
Scheme 12 Total synthesis of (1Z)-deacylcnicin 115.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The Pauson–Khand reaction of silyl ether 103 and subsequent
oxidation provided diketone 104 (with 85% yield), which was
subjected to Wittig olenation and methylenation to obtain
RSC Adv., 2023, 13, 35172–35208 | 35183
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enone 105. In the next step, 1,4-conjugate addition of
compound 105 was performed by employing a well-suited Gil-
man reagent, i.e., lithium dimethyl cuprate in diethyl ether, to
give compound 106 with 88% yield. The hydrogenation of
compound 106 resulted in a separable, diastereomeric mixture
of compound 107 (93% yield), which was (aer separation)
subjected to Wittig olenation to furnish our desired pethy-
brene 108.

One of the germacranolide sesquiterpene, cnicin, is a 10-
membered lactone isolated for the rst time from the leaves of
Cnicus benedictus (in 1959) by Sorm and colleagues.58 It exhibits
a wide range of biological activities such as anti-bacterial, anti-
myeloma, and cytostatic activities with allelopathic effects.
Cnicin also shows inhibitory effects against Trypanosoma brucei
with IC50 = 0.4 mM.59,60 Since the inception of this natural
product, many synthetic pathways have been devised and re-
ported in the literature. In 2022, Kimura and Usuki reported the
synthetic procedure towards (1Z)-deacylcnicin 115, which was
based on a 15-step sequence with 3.3% overall yield by
consuming the easily available starting material, i.e., 2-propyn-
1-ol 109 (Scheme 12).61 In the rst step of their synthesis,
compound 109 (aer PMB group protection) was subjected to
esterication under given conditions to afford compound 110
(in 84% yield). In order to perform the conjugate addition
reaction of ester 110, it was reacted with compound 111, in the
presence of Mg and CuBr$SMe2 (for in situ generation of Gilman
Scheme 13 Synthesis of analogue 124.

35184 | RSC Adv., 2023, 13, 35172–35208
reagent) in THF to furnish compound 112 in 87% yield. The
sequence of DIBAL-induced reduction and DMP-induced
oxidation of compound 112 provided compound 113 (in 90%
yield), which underwent further reaction with compound 114
and took several steps for accomplishing the synthesis of (1Z)-
deacylcnicin 115.

Norsesquiterpene. A tricyclic norsesquiterpene, (−)-khusi-
mone 125 was rstly isolated from Vetiveria zizanoides L. (vetiver
oil) by Umrani and colleagues.62 Due to its aromatic nature, it is
widely used as a perfume, and its unique structural features
have grasped the attention of many researchers.63 In 2013, Kra
and Denizot performed the facile synthesis of the analogue 124
in 10 steps by utilizing the easily available cyclopent-2-en-1-one
119 (Scheme 13).64 To accomplish this task, compound 119 was
treated with Gilman reagent for nucleophilic substitution
reaction in the presence of compound 120, tertiary butyl
lithium, and copper iodide, aer which silylation was carried
out to provide compound 121 in 60% yield. For aldol conden-
sation, the compound 121 reacted with the compound 118
(from isovaleric acid 116 and allyl alcohol 117) in the presence
of BF3

.$OEt2 and DCM and the subsequent treatment with
aqueous sodium bicarbonate provided enone 122 in 61% yield.
The palladium catalyzed reduction of enone 122 under given
conditions accompanied by LDA induced cyclization (of
compound 123) in THF/DMPU furnished the target compound
124 in 56% yield.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of macrolide-based natural products

Iriomoteolide-1a 132a and Iriomoteolide 132b are twenty-
membered cytotoxic macrolides. These were isolated indepen-
dently by Tsuda and colleagues from the dinoagellate of
Amphidinium sp. found in Japan.65 Both heterocyclic scaffolds
are structurally similar with slight differences. In iriomoteolide-
1b 132a, there is a six-membered hemiketal ring with a methy-
lene group at the eleventh carbon. Iriomoteolide-1a is specied
for effective cytotoxic effects against human lymphocyte DG-75
cell line (with IC50 = 2 ng mL−1) and EBV-infected human
lymphocyte (with IC50 = 3 ng mL−1).66 The unique molecular
architecture of medicinally important iriomoteolide 1a has
Scheme 14 Synthesis elucidated structure of iriomoteolide-1a 132a.

© 2023 The Author(s). Published by the Royal Society of Chemistry
always been the target of many synthetic chemists. In this effort,
Huang et al. in 2012 performed its total synthesis and eluci-
dated its stereochemistry (Scheme 14).67 Their synthesis
commenced with the reaction between chloroformate 126 and
compound 127 in the presence of butyl lithium and HMPA to
get compound 128 with 88% yield. The compound 128 was
subjected to conjugate addition by using Gilman reagent, i.e.,
Me2CuLi in the presence of TMSCl and THF. The temperature
was adjusted between−78 °C to 0 °C, and it took almost 3 hours
to achieve compound 129 in 99% yield. In the next step, the
selective deprotection of compound 129 and the subsequent
Mitsunobu reaction37 in the presence of chiral compound 130
furnished compound 131 with a 60% yield. Over a few steps,
RSC Adv., 2023, 13, 35172–35208 | 35185
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compound 131 was converted into the desired iriomoteolide-1a
132a with required stereochemistry.

Iriomoteolide-1b 132b constitutes a cis double bond between
the eleventh and twelh carbons in conjugation with a ketone
Scheme 15 Synthesis of proposed structures of iriomoteolide-1a 132a a

35186 | RSC Adv., 2023, 13, 35172–35208
group at the thirteenth carbon. Iriomoteolide-1b 132b is also
effective against the human lymphocyte DG-75 cell line (with
IC50 = 900 ng mL−1).68 The interesting biological prole of
iriomoteolide-1a 132a and Iriomoteolide-1b 132b urged Gosh
nd iriomoteolide-1b 132b.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and Yuan to perform their total synthesis and structural eluci-
dation by employing the Gilman reagent, Julia Kocienski ole-
nation, and Yamaguchi macrolactonization in key steps
(Scheme 15).69 However, these synthesized structures did not
show cytotoxic activity in biological evaluation. Their method-
ology involved the synthesis of fragment 137 and fragment 139,
which later reacted together and were modied to compound
141. The synthesis of fragment 137 commenced with the treat-
ment of racemic alcohol 133 with lipase PS-30 catalyst in the
Scheme 16 Synthesis of the C20–C27 fragment 148 of phorboxazole A

© 2023 The Author(s). Published by the Royal Society of Chemistry
presence of vinyl acetate to obtain the enantioenriched product,
which underwent reaction with lithium diisopropylamide and
methyl iodide, accompanied by MOM protection and the
subsequent reduction of the ether group in the presence of
lithium aluminium hydride, furnished alcohol 134 with 31%
yield. Further, the Swern oxidation of compound 134, followed
by Corey Fuchs homologation and the subsequent reaction with
methyl chloroformate and butyl lithium in THF, resulted in
alkynyl ester 135 in 78% yield. In order to perform
.

RSC Adv., 2023, 13, 35172–35208 | 35187
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carbocupration, a well-suited Gilman reagent (CuI and MeLi in
THF) was added to achieve the single isomer of olen 136 in
excellent yield (96%). In the next step, compound 136 was
reduced by using DIBAL-H, accompanied by silyl protection and
Scheme 17 Synthesis of intermediate 157 towards the total synthesis of

35188 | RSC Adv., 2023, 13, 35172–35208
oxidative cleavage in the subsequent step to get the desired
fragment 137 in 63% yield. The Julia Kocienski reaction of
fragment 137 and sulfone 139 (modied from compound 138)
resulted in compound 140 with an 83% yield. Aer a few steps,
caylobolide A 158.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the compound 141 was oxidized by treating with DMP in DCM,
and subsequently, deprotection was performed to get our
desired mixture of iriomoteolide-1a 132a and iriomoteolide-1b
132b, which were latter on separated by column chromatog-
raphy in 56% and 17% yields, respectively.

Phorboxazole A 149 is a 21-membered macrolide, which was
isolated for the rst time by Searl and Molinski from an Indian
marine sponge.70 It exhibits cytotoxic activity against 60 human
cancer cell lines, i.e., GI50 = 1.58 nM. It also shows anti-cancer
activity against Candida albicans and anti-fungal activity against
Saccharomyces carlsbergensis.71 Raju et al. in 2015 performed the
facile and well-organized synthesis of C20–C27 and C31–C39
fragments of phorboxazole A by using an inexpensive and easily
available starting material, i.e., D-mannitol (Scheme 16).72 The
synthesis of the C31–C39 fragment 148 entailed aldol conden-
sation, Sharpless asymmetric epoxidation, and Gilman reagent-
promoted epoxide ring opening reaction as key steps. The D-
mannitol was transformed into compound 143 (in a few steps),
which was subjected to silyllation in the presence of TBSOTf
and 2,6-lutidine to furnish compound 144 in 92% yield. The
reduction of compound 144 by using DIBAL-H in DCM resulted
in alcohol 145 in 89% yield. In the next step, the Sharpless
asymmetric epoxidation of alcohol 145 by using diisopro-
pyltartrate, titanium isopropoxide, and 2-phenylpropan-2-yl
hydroperoxide in DCM yielded compound 146 in 85% yield.
In order to conduct a regioselective epoxide ring opening, Gil-
man reagent was used, and the reacting compound 146 was
made to react with methyl lithium and copper iodide in dry
diethyl ether by maintaining the temperature up to −20 °C.
Aer 6 hours, compound 147 was achieved with a 62% yield.
The compound 147 was modied over a few steps to furnish
fragment 148 successfully in quantitative yield.

Caylobolide A 158 is a 36-membered, lactone-based macro-
lide. It was isolated for the rst time from Lyngbya majuscule,
a marine cayanobacteria, by MacMillan and Molinski.73 Caylo-
bolide A 158 has 256 possible diastereomeric structural
congurations due to its eight undetermined stereocenters. It
exhibited cytotoxic activities against the human colon cancer
cell line (HCT 116) with IC50 = 9.9 mM.74 These features make
the synthesis of this fascinating heterocycle a challenging task
to achieve. In 2013, Joarder et al. performed the enantioselective
synthesis of a 24-carbon-containing intermediate 157 towards
the total synthesis of caylobolide A 158 (Scheme 17).75 The key
steps in their synthetic path employed Gilman reagent-induced
conjugate addition reaction, ruthenium-catalyzed cross
metathesis, and boron-catalyzed allylation reactions. In the rst
step of their synthesis, the compound 150 was treated with
(+)-Ipc2BOMe, allylMgBr, and Et2O, followed by the subsequent
oxidation under basic conditions, resulting in the intermediate
(in 89% yield), which was subjected to esterication with
acryloyl chloride, providing compound 151 in 81% yield.
Further, the cross metathesis reaction of compound 151 in the
presence of catalyst 152 furnished lactenone 153 with 82%
yield. In order to perform the regioselective conjugate addition
reaction, a well-suited Gilman reagent (CuI and MeLi) was used
in the presence of diethyl ether, resulting in lactone 154 in 85%
yield. In the following step, desilylation of lactone 154 and
© 2023 The Author(s). Published by the Royal Society of Chemistry
subsequent oxidation by using TEMPO and PhI(OAc2) in DCM
provided aldehyde 155 in 81% yield. The reaction of aldehyde
155 with (−)-Ipc2BOMe, allylMgBr, and Et2O with a subsequent
cross metathesis reaction by using catalyst 152 resulted in
aldehyde 156 (70% yield), which aer modication over a few
steps, furnished the desired intermediate 157, leading towards
the synthesis of caylobolide A 158.

Sekothrixide 165 belongs to the class of macrolide, and it is
renowned for its cytocidal activity against KB-C2 cells (that are
usually colchicine resistant) with IC50 of 6.5 mg mL−1.76 It was
isolated by Seto and colleagues from Saccharothrixide sp. and its
structure is based on a fourteen-membered ketolide, having
a lengthy side chain, along with seven consecutive chiral
centers.77 The interesting pharmacological prole of sekothrix-
ide 165 prompted Terayama et al. to perform its rst total
synthesis in 2014 by employing Gilman reagent induced-
epoxide ring opening reaction (Scheme 18).78 In their method-
ology, the compound 160 (obtained from the modication of
epoxy alcohol 159 over a few steps) was allowed to react with
Me2CuLi in Et2O by keeping the temperature at −20 °C,
accompanied by treatment with NaIO4 to furnish diol 161 in
83% yield. Next, compound 162 (from compound 161) and
compound 164 (from compound 163) were reacted and modi-
ed over a series of steps to complete the total synthesis of
sekothrixide 165.

Katsumi et al. performed the total synthesis of sekothrixide
two times, as their rst synthetic route contained an extensive
number of steps and resulted in a low yield of the target
molecule. So, they moved towards a more practical and quick
method.79,80 In 2019, they performed its total synthesis again, in
26 steps, by using 3-silyloxy-2-methylaldehyde 166 (optically
active) as the starting material (Scheme 19).81 The key reaction
in their synthetic scheme for the synthesis of the C11 to C21
fragment 174 of sekothrixide, entailed a regioselective ring
opening reaction of the TBS-protected epoxy secondary alcohol
by employing Gilman reagent. Initially, compound 166 and
compound 167 were reacted in the presence of THF to give
compound 168 (in 93% yield), which was modied into
compound 169 over a few steps. The treatment of epoxide 169
with dimethyl copper lithium in diethyl ether (Gilman reagent)
by maintaining the temperature between −30 to 0 °C and the
subsequent acid-prompted deprotection resulted in 1,3 diol 170
in 80% yield. Aer this, benzylidene acetal protection of diol
170 provided compound 171 (in 97% yield and dr = 1 : 2.4),
which over a few steps was transformed into intermediate 172.
Further, in order to perform regioselective epoxide ring
opening, the Gilman reagent protocol was used, which was
assisted by THF deprotection, thus accomplishing the synthesis
of diol 173. The synthesis of the C11 to C21 fragment 174 of
sekothrixide 165 was completed by the treatment of compound
173 with DMP and TsOH, affording compound 174 in a 65%
yield. Over a few steps, the compound 174 was modied into
sekothrixide 165.

Amphidinolide G 183 and amphidinolide H 184 were iso-
lated from Amphiscolops sp. of Okinawan atworm.82 The
molecular framework of both these compounds constitutes cis
diene units, allyl epoxide, 5 hydroxyl groups along with 9
RSC Adv., 2023, 13, 35172–35208 | 35189
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Scheme 18 Total synthesis of sekothrixide 165.
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asymmetric centers.83 Amphidinolide G 183 is a potential drug
candidate against L1210 murine lymphoma (IC50 = 5.4 ng
mL−1) and KB human epidermoid (IC50 = 5.9 ng mL−1).
Amphidinolide H 184 also shows cytotoxic activity against both
L1210 murine lymphoma (IC50 = 0.48 ng mL−1) and KB human
epidermoid (IC50 = 0.52 ng mL−1).84 The fascinating molecular
architecture and biological potential of both these compounds
made them a challenging synthetic target. In this effort, Hara
et al., in 2011 developed a new approach towards the synthesis
of the C7–C26 fragment of both amphidinolide G 183 and
amphidinolide H 184 (Scheme 20).85 The key steps entailed
Sharpless asymmetric dihydroxylation, conjugate addition
reaction by Gilman reagent, and aldol coupling reaction. In
their methodology, the ketone 177 (obtained from the starting
oxazolidinone 175 and allyl iodide 176) was treated with copper
cyanide and methyl lithium (Gilman reagent) in THF at −78 °C
35190 | RSC Adv., 2023, 13, 35172–35208
for 1 hour to give an isomeric mixture of compounds 178a and
178b in 98% yield and dr = 1 : 2.5. Aer chromatographic
separation, the compound 178b was subjected to Wittig ole-
nation, followed by TES group deprotection and subsequent IBX
oxidation affording aldehyde 179 in 98% yield. Lastly, the aldol
coupling reaction of aldehyde 179 and ketone 181 (prepared
from 180) in the presence of LHMDS at −20 °C furnished
fragment 182 in a 74% yield (S/R = 1 : 1.5).

Antascomicins belong to the class of macrolides and show
structural resemblance with rapamycin and ascomycin and
were isolated rstly from Micromonospora by Fehr and
colleagues in 1996.86 This class of natural products can bind
with FKBP12 and stimulate neuronal growth. For this reason,
antascomicins are expected to be used as potential drug
candidates for the treatment of neurodegenerative disorders.87

Vakiti et al. reported the facile synthesis of the C17–C34
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 19 Synthesis of the C11 to C21 fragment of sekothrixide 165.
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fragment 191 of antascomicins A 192 in 2014 (Scheme 21).88 The
main steps in their synthetic scheme involved Sharpless asym-
metric epoxidation, regioselective epoxide opening reaction via
Gilman reagent, and Julia olenation reaction. In the rst step,
the epoxy alcohol 185 (aer TBSOTf protection) was allowed to
react with vinyl magnesium bromide and copper iodide in THF
to acquire homoallylic alcohol 186 in 94% yield. The treatment
of compound 186 with acryloyl chloride and triethyl amine in
DCM and further reaction with Grubb's rst-generation catalyst
in the subsequent step provided ether 187 in 88% yield. The
compound 187 (over a few steps) was converted into compound
188, which proceeded further for Sharpless asymmetric epoxi-
dation and subsequent protection of the alcoholic group,
resulting in compound 189 in 85% yield (dr = 95 : 5). For the
ring opening reaction of compound 189, well-suited Gilman
© 2023 The Author(s). Published by the Royal Society of Chemistry
reagent was used by reaction with lithium dimethyl cuprate in
the presence of THF and catalytic amount of BF3$ Et2O. The
temperature was adjusted at −78 °C, and aer completion of
the ring-opening reaction, hydrogenation was performed with
tosyl group deprotection, which resulted in diol 190 in 89%
yield. A few steps later, the diol 190 was converted into the
desired fragment 191, which completed the synthetic process.

(−)-Melearoride A 200a is a thirteen-membered macrolide,
which was rst isolated from Penicillum meleagrinum (in 2016)
and exhibits anti-fungal activities (particularly against Candida
albicans).89,90 Reed et al. in 2019 accomplished the total
synthesis of (−)-melearoride A 200a and its non-natural isomer
(+)-melearoride A 200b based on a 13-step sequence in 4.3% and
1% overall yield (Scheme 22).91 The key steps entailed Evans
alkylation, Gilman reagent-induced epoxide ring-opening
RSC Adv., 2023, 13, 35172–35208 | 35191
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Scheme 20 Synthesis of the C7–C26 fragment 182 of amphidinolide G 183 and H 184.
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reaction, ring-closing metathesis, and Mitsunobu reaction.37

Their synthetic scheme commenced with the in situ generation
of Gilman reagent via the treatment of epichlorohydrin 193 with
35192 | RSC Adv., 2023, 13, 35172–35208
butyl magnesium chloride and copper iodide in tetrahydro-
furan to achieve compound 194 (in 66 to 77% yield), which
underwent treatment with sodium hydroxide and diethyl ether
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 21 Synthesis of the C17–C34 fragment 191 towards the synthesis of antascomicin A 192.
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to provide compound 195 in 70–86% yield. Compound 197
(prepared from compound 196) was subjected to Evans alkyl-
ation, accompanied by the reaction with compound 195 in the
presence of tertiary butyl lithium, lithium 2-thienylcyanocup-
rate (Gilman reagent) in a mixture of diethyl ether and tetra-
hydrofuran at −78 °C to room temperature. It took 5 hours to
© 2023 The Author(s). Published by the Royal Society of Chemistry
obtain alcohol 198, which was then proceeded for esterication
with acid 198a in the presence of 2,4,6-trichlorobenzoyl chlo-
ride, DMAP, Et3N in toluene, which resulted in ester 199 in 31 to
47% yield (in 3 steps). A few steps latter, the ester 199 was
utilized for the successful synthesis of (−)-melearoride A 200a
and its non-natural isomer 200b.
RSC Adv., 2023, 13, 35172–35208 | 35193
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Scheme 22 Total synthesis of (−)-melearoride A 200a.
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Synthesis of polyketide-based natural products

Nhatrangin A 207 belongs to the polyketide class of natural
products. In 2010, it was isolated for the rst time from
a marine cyanobacterium, i.e., Lyngbya majuscula, found in
Vietnam.92 The purication of nhatrangin A 207 aer its isola-
tion from its natural source did not result in productive yield.
Aplysiatoxin is also a natural compound, well-known for its
potassium channel inhibition and anti-viral and anti-cancer
activities.93 Nhatrangin A 207 and aplysiatoxin have the same
biosynthetic origin and have structural similarities with each
other. Owing to these facts, nhatrangin A 1 is supposed to be
a potential drug candidate and its total synthesis has been
35194 | RSC Adv., 2023, 13, 35172–35208
previously reported by Kamal, Yadav, and Dias research
groups.94 In continuation of this work, Feuillastre et al. reported
the enantioselective synthesis of the C1–C7 fragment 206 of
nhatrangin A 207 in 2020 (Scheme 23).95 It was a 14-step
sequenced methodology, starting from the easily available
achiral 3-hydroxybenzaldehyde, and the overall yield was 13%.
The main steps in their scheme were Sharpless asymmetric
epoxidation and Gilman reagent-induced regioselective epoxide
ring opening reaction. In their synthetic path, the 3-hydrox-
ybenzaldehyde 201 was converted into allylic alcohol 202 in
a number of steps. The allylic alcohol 202 was subjected to
Sharpless asymmetric epoxidation under given conditions,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 23 Synthesis of C1–C7 fragment 9 of nhatrangin A 207.
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which resulted in compound 203 in 88% yield (dr > 90/10). In
order to perform the epoxide ring-opening reaction, the
compound 203 was allowed to react with lithium dimethyl
© 2023 The Author(s). Published by the Royal Society of Chemistry
cuprate in diethyl ether by maintaining the temperature
between −40 °C to room temperature, which furnished a dia-
stereomeric mixture of diol 204 (with dr= 82/18). Subsequently,
RSC Adv., 2023, 13, 35172–35208 | 35195
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the treatment of this mixture with NaIO4 in a suitable solvent
afforded diol 204 (with 79% yield), which was subjected to
selective oxidation and suitable deprotection under given
conditions to complete the synthesis of fragment 206 in 91%
yield.

One of the linear polyketides, prorocentin-4 215, was isolated
from Prorocentrum sp. of dinoagellates, which are found in
tropical oceans all over the world.96 It is a potential cytotoxic
agent and is present in okadic acid-synthesizing organisms. Its
structure contains two tetrahydrofuran rings and seven asym-
metric centers.97 By focusing on these features, AnkiReddy et al.
disclosed the synthesis of the C1–C23 fragment of prorocentin-4
215 in 2018 (Scheme 24).98 The synthetic path that they adopted
Scheme 24 Synthesis of the C7–C16 fragment of prorocentin-4 215.

35196 | RSC Adv., 2023, 13, 35172–35208
is based on the synthesis of three main fragments (C1–C6, C7–
C16, and C17–C23). However, the synthesis of the middle frag-
ment C7–C16 214 entailed the employment of the Wittig reac-
tion, Sharpless asymmetric epoxidation, and epoxide ring
opening reaction by Gilman reagent as key steps. Their
synthesis of this fragment 214 commenced with the easily
available starting alcohol 208 that was oxidized by using IBX
and then subjected to Wittig reaction to result in the interme-
diate in 80% yield. The DIBAL-H induced reduction of the
intermediate and Sharpless asymmetric epoxidation in
sequence, providing the epoxy alcohol 209 in 93% yield. The
synthesis of the tetrahydrofuran ring in compound 210 (in 95%
yield) was achieved by DIBAL-H-induced reduction of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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compound 209 followed by the treatment with tosyl imidazole
and NaH in THF and subsequent reaction with PTSA in DCM. In
the next step, IBX oxidation of compound 210 and subsequent
HWE reaction provided ester 211 in 80% yield. Again, DIBAL-H
induced reduction and Sharpless asymmetric epoxidation in
sequence were employed for ester 211 to furnish diol 212 in 90%
yield. Further, in order to carry out the epoxide ring-opening
reaction, a well-suited Gilman reagent was employed. Thus,
the compound 211 was treated with methyl lithium and copper
iodide in diethyl ether, followed by the addition of NaIO4 to get
ether 213 (in 80% yield), which was then converted into the
desired fragment 214 over a few steps.
Scheme 25 Total synthesis of (+)-attenol B 224 and (−)-attenol A 225.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The synthesis of scarce natural products has engaged the
attention of many organic chemists. One of the Chinese natural
products, i.e., attenol A and attenol B were isolated from Pinna
attenuate by Uemura and colleagues.99 These are novel ethereal
compounds having rare natural existence. Attenol A is made up
of a [5,6]-spiroketal ring embellished with three OH groups on
two unsaturated anking chains. (+)-Attenol B is a minor isomer
of attenol A and exists under acidic conditions. These two pol-
yketides are cytotoxic. The IC50 values of (−)-attenol A 225 and
(+)-attenol B 224 against P388 cell lines are 24 mg mL−1 and 12
mg mL−1 respectively.100 Owing to the distinctive structural
features with a great pharmacological prole, many synthetic
RSC Adv., 2023, 13, 35172–35208 | 35197
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approaches toward the synthesis of these two compounds have
been reported in the literature. In continuation of this effort,
Ren et al. in 2015 disclosed a novel synthetic route towards the
synthesis of (+)-attenol B 224 and its isomer 225 as well by
employing Gilman reagent (Scheme 25).101 Their synthesis
commenced with the Julia–Kocienski reaction of aldehyde 216
and sulfone 217 in the presence of KHMDS to afford eyne 218 in
87% yield (with E/Z = 10 : 1). Aer a few steps, triate 219 (ob-
tained from compound 218) was subjected to a bimolecular
nucleophilic substitution reaction (SN2) by reacting with methyl
lithium and copper iodide (Gilman reagent) in the presence of
Tf2O. The temperature was maintained between−10 °C to room
temperature. Aer 4 hours, the alkyne 220 was obtained with
a 64% yield. The compound 220 was converted into compound
221 over a few steps. The treatment of amide 221 with Grignard
reagent, accompanied by the desilylation and Evans Tish-
chenko reaction in sequence, provided the diol derivative 223 in
86% yield. In the following two steps, the deacetylation (in the
presence of potassium carbonate and methanol) and
Scheme 26 Synthesis of jomthonic acid A 233.

35198 | RSC Adv., 2023, 13, 35172–35208
debenzylation (in the presence of lithium and naphthalene)
furnished the desired (+)-attenol B 224 in 86% yield. The
synthesis of (−)-attenol A 225 was achieved in 91% yield (A/B =

10 : 1) by isomerizing (+)-attenol B 224 in the presence of CDCl3.
Synthesis of amino acid-based natural products

Jomthonic acid A 233 belongs to the class of amino acids iso-
lated from Streptomyces sp. of soil antinomycete.102 Its sophis-
ticated structure is based on fragment 230 and fragment 232,
having 4 stereogenic centers. It shows antiatherogenic and
antidiabetic activities against St-13 mice and exhibits pre-
adipocyte differentiation inhibition with IC50 = 2–50 mM. Their
fascinating structure and medicinally important pharmaceu-
tical prole make them a valuable synthetic target.103,104

Dumpala et al. in 2020 presented a concise and efficient
synthetic route towards the rst total synthesis of this hetero-
cyclic scaffold 233, with 8.0% overall yield (Scheme 26).105 The
main steps entailed Sharpless epoxidation, regioselective
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 27 Synthetic approach towards (+)-a-allokainic acid 240.

Scheme 28 Synthesis of substituted b2,3-proline 246 and b3-homoproline 247.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 35172–35208 | 35199
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epoxide ring opening by Gilman reagent, Mitsunobu reaction,37

Yamaguchi esterication, and amide coupling reaction. To
accomplish this task, the easily available cinnamyl alcohol 226
was converted into epoxide 227 via Sharpless asymmetric
epoxidation under given conditions with 97% yield. To perform
the epoxide ring opening, the well-suited Gilman reagent was
applied by reacting epoxide 227 with methyl lithium and copper
iodide in diethyl ether as solvent at −20 °C to 0 °C in 10 hours,
which resulted in diol 228, with 68% yield. The compound 228,
aer silyl protection, was subjected to Mitsunobu conditions to
afford compound 229 with 85% yield. Aer this, silyl depro-
tection of silyl ether 229 and subsequent oxidation in the
presence of PhI(OAc)2 and TEMPO provided compound 230
with 93% yield. Later on, fragment 230 and fragment 232 (ob-
tained from compound 231) were reacted together and (aer
some modication) in a few steps, which completed the total
synthesis by providing jomthonic acid A 233.

Kainic acid is a kainoid based natural product (having 3
stereocenters) with a propenyl group attached at the C4 posi-
tion. This remarkable naturally occurring amino acid is
a glutamate receptor neurotransmitter, therefore, it is an
intriguing synthetic target.106,107 In 2019, Chogii et al. proposed
an efficient and simple synthetic route towards the synthesis of
(+)-a-allokainic acid 240 (Scheme 27).108 In their synthetic
scheme, the imine 234 and compound 235 were made to react
in the presence of LDA and THF to provide pyrrolidine 236 (in
74% yield), which underwent further reaction with Gilman
reagent via treatment with compound 237 in the presence of
diethyl ether and TMSCl at −78 °C to furnish a mixture of
compound 238 (in 79% yield) and compound 239 (dr = 1.5 : 1).
Scheme 29 Synthesis of intermediate 252 towards the synthesis of vert

35200 | RSC Adv., 2023, 13, 35172–35208
The compound 238 was modied in a few steps to complete the
synthesis of (+)-a-allokainic acid 240.

b-Proline and b-homoproline have the ability to form inter-
actions with collagen and are expected to exhibit anti-
thrombotic activity.109,110 This concept prompted Basu et al. in
2014 to synthesize substituted b2,3-proline 246 and b3-homo-
proline 247 monomers as well as their dimers via the Gilman
reagent synthetic protocol and investigating their conforma-
tional studies (Scheme 28).111 In the rst step, the epoxide 241
was subjected to a ring-opening reaction via treatment with allyl
magnesium chloride 242 and copper iodide in THF (for in situ
generation of Gilman reagent). In order to avoid the unwanted
1,2-diol, NaIO4 was added, which resulted in diol 243 (in 62%
yield) and was then transformed into alcohol 244 over a few
steps. The mesylation of alcohol 244, subsequent reduction
(with PPh3 in THF), and Boc group protection provided the
precursor 245 in 62% yield. Later on, compound 245 was
utilized for the synthesis of compound 246 and compound 247
over a few steps.
Synthesis of peptide-based natural products

Verticilide 253, a cyclic depsipeptide, was isolated from Acre-
monium variecolor (a fungus).112 It is a novel insecticide and
a selective inhibitor of ryanodine binding and is structurally
based on a 24-membered macromolecular ring consisting of
two types of repeating units, i.e., N-methyl alanine and 2-
hydroxyheptanoic acid.113 The rst total synthesis of verticilide
253 was reported by Watanabe et al. in 2020. The same group
presented its total synthesis by adopting two different
icilide 253.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(economical and safe) approaches for the macrocyclization of
fragment 252 (Scheme 29).114 The names of these two tech-
niques are hydrophobic anchor molecule process and solid
phase peptide synthesis. In their synthetic scheme, fragment
252 was synthesized by employing Gilman reagent. Their
synthesis was initiated with the ring opening of epoxy benzyl
ester 248 (easily available starting material) by treating it with
butyl magnesium bromide, copper bromide, and dimethyl
sulphide in diethyl ether as a solvent at −78 °C to give N-methyl
alanine 249 in quantitative yield. Esterication of compound
249 with compound 250 in the presence of EDCl, DMAP, and
DCM furnished compound 251 (in 92% yield), which was sub-
jected to hydrogenation to acquire fragment 252 in 85% yield.
Further steps involving the macrocyclization of fragment 252 by
two different approaches completed the synthesis of verticilide
253.

Peptides are medicinally and biologically important hetero-
cyclic compounds. Owing to the rare bioavailability, synthetic
chemists are working on replacing the amide group of peptides
with alkene-based structures, which resemble peptides with
improved biomimetic properties.115,116 Among these, chlor-
oalkenes are considered the best synthetic intermediate as
these are the core motifs of many natural products.117 In
continuation of this work, Kobayakawa and Tamamura per-
formed the synthesis of (Z)-chloroalkene-based dipeptide iso-
steres 256 in 2016 by employing the Gilman reagent (Scheme
30).118 To perform this task, the compound 254 was allowed to
react with lithium dimethyl cuprate, lithium iodide, and
lithium bromide in THF at −78 °C, which provided compound
255 in 99% yield (E/Z > 20 : 1). The compound 255 was further
converted into compound 256 via selective protection and
deprotection steps.
Scheme 30 Synthesis of L-Val-Gly based chloroalkene dipeptide 256.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Synthesis of nucleoside-based natural products

Nucleoside analogues are considered a cornerstone of the
preventive strategies against cancer and various viral diseases
(including COVID-19). Among these analogues, the role of
carbocyclic nucleosides as naturally existing cytotoxic agents is
predominant.119,120 In 2022, Benckendorff et al. presented
a scalable and efficient synthesis of monouorinated and
diuorinated carbocyclic nucleoside analogues 265–274 and
evaluated their cellular viability against PANC-1 and cancer cell
lines U87-MG (Scheme 31).121 Their synthesis began with the
readily available cyclopentenone 257, which was subjected to
a conjugate addition reaction by employing the corresponding
Gilman reagent. Thus, the treatment of cyclopentenone 257
with vinyl magnesium chloride and copper iodide in THF, with
the adjustment of temperature at −78 °C furnished the
compound 258 with a 78% yield. The compound 258 was sily-
lated and subsequently treated with Selectuor® in DMF to give
compound 259 (with successful installation of uorine) with
a 73% yield. In order to install the second uorine, a sequence
of silyation and reaction with Selectuor® was repeated, this
time for compound 259, which resulted in compound 260 in
66% yield. In the next steps, the reduction of compound 260 by
using NaBH4 in MeOH gave compound 261 with a 79% yield.
The reduction of compound 259 provided a mixture of
compounds 262, 263, and 264 in 3%, 70%, and 3% yield,
respectively. Later on, compound 263 and compound 261 were
used as precursors for the synthesis of compound 265 and
compound 266, respectively, which proceeded further for the
synthesis of analogues 267 to 274. All the synthesized analogues
267 to 274 were evaluated against cancer and PANC-1 cell lines.
Among these, the compound 267 exhibited mild cytotoxic
activity against U87-MG cells.
RSC Adv., 2023, 13, 35172–35208 | 35201
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Scheme 31 Synthesis of fluorinated carbocyclic nucleosides 265–274.
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One of the carbocyclic nucleosides, (−)-aristeromycin, was
isolated from a Gram-positive bacteria, Streptomyces citricolor. It
is a strong anti-viral agent and adenosylhomocysteine hydrolase
(AdoHcy) inhibitor.122 Its remarkable pharmacological prole
35202 | RSC Adv., 2023, 13, 35172–35208
prompted endeavors to synthesize this natural product as well
as its analogues.123 In continuation of this effort, Kim et al. in
2017 disclosed the synthesis of (−)-6/-b-uoro-aristeromycin
281a and (+)-5/-b-uoro-isoaristeromycin 281b (Scheme 32).124
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 32 Synthesis of (−)-6/-b-fluoro-aristeromycin 281a and (+)-5/-b-fluoro-isoaristeromycin 281b.
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The key steps in their procedure entailed a regioselective
conjugate addition reaction by employing Gilman reagent and
electrophilic uorination. In their methodology, compound 276
(modied from D-ribose), was treated with CuBr$SMe2, sec-BuLi,
KOtBu, LiBr, [(CH3)2CH]2S, and (CH3)3COCH3 (Gilman reagent)
in THF to achieve compound 277 in 70% yield. Aer this, the
electrophilic uorination of compound 278 (from the silylation
of compound 277), by using Selectuor® in DMF, compounds
279a and 279b were achieved in 90% yield (dr = 1 : 5.2). The
compound 279b underwent reduction in the presence of NaBH4
© 2023 The Author(s). Published by the Royal Society of Chemistry
in MeOH to generate the compound 280 in 71% yield. Later on,
compound 280 was used as a well-suited intermediate for the
synthesis of compounds 281a and 281b.
Synthesis of miscellaneous natural products

Tricholoma matsutake is an edible and expensive mushroom
usually found in China, Korea, and Japan.125 It exhibits
a number of health benets, such as lowering of blood choles-
terol and improvement of blood circulation. It is also an
RSC Adv., 2023, 13, 35172–35208 | 35203
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important preventive agent for cancer, diabetes, and certain
heart diseases.126 Matsutakeol is an aromatic alcohol consisting
of eight carbons (having a chiral carbon at the C-3 position) and
a component (60 to 70%) of matsutake mushroom. In 2016, Lee
et al. performed the facile and efficient synthesis of (S)-
(+)-matsutakeol (S)-286 (in 32% overall yield) in just 10 steps
involving the employment of Gilman reagent by using inex-
pensive and easily available starting material, i.e., L-tartaric acid
(Scheme 33).127 Their synthesis started with the esterication of
compound 282 accompanied by acetal protection to give
compound 283 in 89% yield. A few steps later, the compound
284 was subjected to nucleophilic substitution reaction via
treatment with (C4H9)2CuLi and Et2O (Gilman reagent) to
furnish alcohol 285 in 78% yield. In the next step, the
compound 285 was subjected to tosylation, iodine substitution,
and acetal cleavage (in the presence of zinc in ethanol) in
sequence to acquire compound (S)-286 in 97% yield. To get
matsutakeol (R)-286, Mitsunobu inversion37 reaction of
compound (S)-286 and further treatment with potassium
carbonate in methanol provided the desired compound in 59%
yield.

Tetrahydropyran is an intriguing heterocyclic scaffold
present inmanymedicinally important natural products.128One
of the tetrahydropyran based natural products is phomonol 295,
which was isolated from Phomopsis sp. of endophytic fungus. Its
structure constitutes 2,3,4,6 tetrasubstituted pyran, having four
asymmetric centers.129,130 Dada and Yaragorla reported an
Scheme 33 Total synthesis of matsutakeol (S)-286 and (R)-286.

35204 | RSC Adv., 2023, 13, 35172–35208
efficient and straightforward approach toward the total
synthesis of phomonol 295 in 2022 (Scheme 34).131 Their
synthesis commenced with the easily available chiral starting
material, i.e., D-aspartic acid 287, which was modied in
a number of steps to provide acetonide 288. In order to carry out
the nucleophilic substitution reaction, a well-suited Gilman
reagent was employed. For this purpose, compound 288 was
treated with MeMgBr and Li2CuCl4 in THF at room tempera-
ture. Aer four hours, alkene 289 was obtained (in 74% yield),
which was subjected to oxidation via PdCl2, CuCl in DMF/H2O
to furnish compound 295 in 82% yield.

Cancer is a fatal disease and about 400 000 children may
develop cancer each year. With the increase in carcinogens in
the environment in recent years, the demand for pharmaceutics
(as effective anti-cancer agents) has also increased47,48 5-
hydroxy-3-methyl-4-propylsulfanyl-5H furan-2-one 295 is an
effective chemopreventive agent, which was isolated rst in
2007 from Allium cepa (onions), by Parkin and Xiao.132,133 In
2011, Borikar et al. presented an efficient and facile method-
ology for the synthesis of this unique natural product 295
(Scheme 35).134 To accomplish this task, bromomaleimide 291
was allowed to react with propane-1-thiol (in DMF) and Br2 (in
the presence of Et3N in DCM) in sequence to provide bromide
292 in 92% yield. In order to perform the nucleophilic substi-
tution reaction, a well-suited Gilman reagent was employed by
treating the bromide 292 with lithium dimethyl cuprate in THF
at−78 °C to acquire compound 293 in 63% yield. The hydrolysis
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 34 Total synthesis of phomonol 290.

Scheme 35 Total synthesis of 5-hydroxy-3-methyl-4-propylsulfanyl-5H furan-2-one 295.
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of thiomaleimde 293 under basic conditions, followed by
treatment with NaBH4 in MeOH, resulted in a mixture of
compound 295 (64%) and compound 294 (28%), which was
separated by column chromatography to get our desired
compound 295.

Conclusion

Gilman reagent is mainly based on RLi and CuX or R2CuLi with
THF or Et2O as solvent. In general, the temperature range for
the Gilman reaction is between −78 °C to 0 °C. The electronic
and steric effects of the R group directly affect the regiose-
lectivity of the products formed as a result of the Gilman reac-
tion. With these salient features, the Gilman reagent seems to
© 2023 The Author(s). Published by the Royal Society of Chemistry
have opened up new routes in modern total synthesis via
conjugate addition reaction, bimolecular nucleophilic substi-
tution reaction, and ring-opening reaction of both epoxide and
aziridine. This review article is an updated compilation of Gil-
man reagent-induced synthetic approaches for the synthesis of
intriguing natural products with signicant biological activities.
These natural products entail alkaloids, terpenoids, poly-
ketides, macrolides, amino acids, nucleoside analogues, and
some drugs. Further, this review will urge many organic
chemists to employ their efforts on the methodological studies
of the Gilman reagent so that more efficient synthetic pathways
can be developed for future progress in medicinally important
natural products.
RSC Adv., 2023, 13, 35172–35208 | 35205
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