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ABSTRACT

The exploitation of natural products and their analogues in the field of pharmacology has been regarded as of great importance. It can be attributed
to the fact that these scaffolds exhibit diverse chemical properties, distinct biological activities and zenith specificity in their biochemical processes,
enabling them to act as favorable structures for lead compounds. The synthesis of natural products has been a crafty and hard-to-achieve task.
Steglich esterification reaction has played a significant role in that area. It is a mild and efficient technique for constructing ester linkages. This
technique involves the establishment of ester moiety via a carbodiimide-based condensation of a carboxylic acid with an alcohol, thiol or an amine
catalyzed by dimethyl aminopyridine (DMAP). Specifically, labile reagents with multiple reactive sites are esterified efficiently with the classical
and modified Steglich esterification conditions, which accounts for their synthetic utility. This review encloses the performance of the Steglich
esterification reaction in forging the ester linkage for executing the total synthesis of natural products and their derivatives since 2018.

1. Introduction

Ester linkages are omnipresent in nature, constructed by the condensation of a carboxylic acid and an alcohol in the presence of acid
catalysts or coupling agents. It falls under the category of oleochemicals, which is defined as nature-acquired chemicals. The ester
moiety can be detected in numerous biological compounds except in proteins (functional biopolymers) and DNA/RNA (information
storing) because of their lability towards hydrolysis. The esters have been employed for a number of synthetic applications as well. To
mention a few esterification products having vast applications in modern life, including biofuels (biodiesel), varnishes, paints, solvents
(ethyl acetate/methyl acetate), coatings, plastics, pesticides, herbicides, fungicides and in pharmaceutical industries. The most
frequent utilization of esters is found in food preservatives, flavorings, perfume additives and fragrances in cosmetics and soaps [1-4].

Esterification reaction is generally performed in three ways i.e., either by reaction of acid anhydride and alcohol, alcohol and acid
chloride or alcohol and carboxylic acid. The ester linkage can be introduced via a number of methodologies including; Yamaguchi
esterification based on alcoholysis of heterogeneous anhydride; Mitsunobu coupling assisted by triphenylphosphines; Baeyer—Villiger
oxidation comprising of NADPH-mediated carbonyl conversion to lactones; Corey— Nicolaou reaction to convert hydroxy acids into
lactones; Trost, based on Ru chemistry; Fischer esterification involving acid catalysts and Steglich esterification comprising of coupling
agents [5-10]. All these esterification methodologies employ different activating reagents and reaction conditions. The appropriate
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Scheme 1. General Steglich esterification reaction.
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Scheme 2. Reaction mechanism of Steglich esterification.

selection of the esterification technique requires understanding the transformation sustainability of starting materials towards
required linkage under provided conditions.

Among these above-mentioned techniques, the Steglich esterification reaction is an efficient method to convert acid and alcohol
into esters under neutral and mild conditions. It was developed by Steglich and Neises in 1978 [11]. The reaction conditions employed
for this reaction include coupling agents i.e., N, N'-dicyclohexylcarbodiimide (DCC), N, N'-diisopropylcarbodimide (DIC) and N-eth-
yl-N’- (3-dimethylaminopropyl) carbodiimide (EDC) with or without the catalytic amount of dimethyl aminopyridine (DMAP) in a
suitable solvent (Scheme 1) [11]. The general Steglich esterification reaction is presented as follows.

The general mechanism of Steglich esterification is represented as.

The first step involves the reaction between carbodiimide and carboxylic acid mediated by ion pair interaction giving off O-acyl
urea as an intermediate. This intermediate then transfers the acyl group to dimethyl aminopyridine (DMAP) which reacts with an
alcohol to give corresponding esters. DMAP acts as an active reagent to transfer the acyl group. Without DMAP or active reagents for
acyl transfer, irreversible reactions occur generating side products i.e., N-acyl urea or possible anhydrides leading towards poor or
diminished yields of desired products (Scheme 2) [12].

Due to their biological significance, the Steglich esterification reaction has been extremely advantageous in synthesizing natural
products [13-15]. The derivatives and analogues of natural products have also been synthesized via Steglich esterification, possessing
striking medicinal properties i.e., anticancerous, antimicrobial, antiviral and antiinflammatory etc. [16-18]. Fig. 1 contains the
structures and biological significance of some important natural compounds and derivatives of natural compounds ((—)-Herdmanine D
1, Gallinamide A 2, Betulin derivative 3, Leoligin 4) [19-22].

This review aims to provide the significance of Steglich esterification in the synthesis of natural products and their derivatives
reported since 2018.
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Fig. 1. Structures of some biologically active compounds ((—)-Herdmanine D 1, Gallinamide A 2, Betulin derivative 3, Leoligin 4).
2. Literature review
2.1. Peptide-based natural product synthesis

Natural products containing peptides and cyclotides are important because of their medicinal and pharmacological significance
[23,24]. The increased resistance of bacterial strains against antibiotics has prompted researchers towards a number of trials to get
their hands on novel biologically active antibacterial compounds. [lamycin and its derivatives were obtained from Streptomyces in-
sulates (A-165-Z1) and were found active against Mycobacterium phlei and Mycobacterium 607 [25,26]. Greve et al., in 2022, proposed
the total synthesis of Ilamycin and its derivatives by employing asymmetric hydrogenation, Claisen rearrangement and Steglich
esterification as key steps [27]. The synthesis commenced from commercially available nitrotyrosine 5 which was converted to amino
acid building block 6 over a few steps. Further, commercially available (R)-Roche ester 7 was employed to obtain required
N-methylated-hydroxyleucine 8 over a few steps. Further, Alloc-protected glycine 9 underwent modified Steglich protocol to produce
compound 11 in the presence of N, N'-dicyclohexylcarbodiimide (DCC), dimethyl aminopyridine (DMAP), compound 10 and a solvent
ratio of DCM/DMF. In the next step, Lindlar hydrogenation was employed mediated by Lindlar catalyst followed by Claisen rear-
rangement in the presence of zinc chloride and lithium diisopropylamide (LDA) to obtain amino acid 12 in 87 % yield. The synthesis of
linear peptide started with the coupling of synthesized hydroxyleucine derivative 8 with Leu-OMe followed by deprotection of
Cbz-protecting group along with Alloc-Ala-OH coupling to furnish 78 % of tripeptide 13. The next step involved Pd-catalyzed Alloc
removal with TPPTS ligand along with nitrotyrosine followed by TBTU/DIPEA-assisted activation of 6 and coupling with N-MeLeu to
obtain 77 % of compound 14. Further, 87 % of linear heptapeptide 15 was obtained by ring-closing reaction along with
Alloc-protecting group cleavage. The heptapeptide 15 was converted to aldehyde 16 over a few steps. The aldehyde 16 was trans-
formed to hemiaminal 17 via oxidation in 40 % yield and carboxylic acid 18 in 39 % yield via Pinnick conditions of sodium chlorate,
sodium hydrogen phosphate and 2-methyl-2-butene as presented in Scheme 4. The synthesized derivatives were evaluated against
bacterial strains, among which the derivative with hemiaminal structure was found to exhibit an excellent MIC activity of 50 nM
against M. tuberculosis and 0.26 nM against M. marinum and M. smegmatis (Schemes 3 and 4).

Marine organisms have been a great source of bioactive compounds including cyanobacteria as part of this family. Hormoscilla sp. is
a green filamentous cyanobacteria which produces anaenamide natural products obtained from the reef system of Anae Island in Guam
[28]. Brumley et al. in 2020, have proposed the total synthesis of anaenamides A, B and biosynthetic intermediate anaenoic acid [24].
The synthesis was initiated from compound 19 which produced compound 20 over a few steps. The next step involved the Steglich
esterification between compound 20 and compound 21 in the presence of DCC, DMAP and DCM at 0 °C to rt followed by deprotection
in the presence of Pd/C in ethanol to forge anaenoic acid 22 in 48 % yield over 2 steps. Further, the anaenoic acid was reacted with
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Scheme 3. Synthesis of compound 15.

compounds 23 and 25 to construct anaenamide A 24 and B 26 respectively, each in 53 % yield. The synthesized compounds were
evaluated against HCT116 cancer cells and exhibited moderate cytotoxicity (Scheme 5).

2.2. Lactam-based natural product synthesis

Dysoxylum species has a folklore background due to its usage in malarial treatment in old Chinese times and production of
anticancerous agents, Hangkonoides [29]. One of the members of dysoxylum, Dysoxylum hongkongense produces biologically active
dysoxylactam A [30]. In 2020, Reddy et al. provided the total synthesis of dysoxylactam A in 17 linear steps with Steglich east-
erification, ring-closing metathesis and iterative aldol reactions as key steps to give a 9.5 % overall yield of the desired product [31].
The synthesis was actualized from dibutyl boron triflate-mediated aldol reaction of Evans propionate 27 and 4-pentene-1-al 28 to give
89 % aldol product 29. The aldol product 29 was transformed into polypropionate fragment 30 over a few steps. The EDCl-mediated
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Scheme 4. Synthesis of compounds 17 and 18.

Steglich esterification was employed as a next step in the presence of N-Boc-z-valine followed by treatment with 5-hexenoic acid and
Hunig’s base in the presence of HATU to give 79 % of bis-olefin amides 31. The macrolactam ring was completed with the final step of
ring-closing metathesis in the presence of Grubbs II catalyst and subsequent hydrogenation to furnish dysoxylactam A 32 in 72 % yield
over 2 steps (Scheme 6).

2.3. Antibiotic-based natural product synthesis

Among antibiotics, f-lactam antibiotics are considered more significant. Cephalosporin is one of the p-lactam antibiotics which
exhibit good potential as an antibacterial agent. Woodward et al. proposed a scheme for the total synthesis of cephalosporin C in 2021
[32]. The synthesis commenced from compound 34 which was converted to g-lactam 35 over a few steps. The next step involved
coupling of compounds 35 with 36 followed by the functionalization of f-lactam ring by employing the Michael reaction to give
compound 37. It was followed by Steglich esterification with 38 which took place in the presence of DCC and pyridine to furnish
compound 39. The obtained compound 39 underwent a series of deprotection steps assisted with acetic acid to furnish cephalosporin C
40 (Scheme 7).
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Scheme 5. Total synthesis of anaenamides A 24 and B 26.

Laterocidines and brevicidine are obtained from Brevibacillus laterosporus strains [33]. These are found to be potent antibiotics
against ESKAPE family of bacterial strains with considerable MIC values. Laboratory synthesis is preferred to avoid the laborious
fermentation process for the acquisition of these products. Ayed et al. provided the total synthesis of laterocidines and brevicidine in
2021 [34]. For the total synthesis of laterocidine, Fmoc-Asp-OAll 41 was employed as a commencing reagent. The Fmoc-Asp-OAll was
loaded with a rink amide resin in the presence of BOP/DIPEA to provide 42. In the next step, allyl ester cleavage was performed with
palladium tetrakis triphenylphosphine and PhSiHj3 followed by macrolactamization assisted with BOP/DIPEA to give macrocyclic
product 43. The next step was Steglich esterification, for which DIC and DMAP were employed to obtain the desired esterified product
44 with Alloc-Gly-OH. The required laterocidine 45 was obtained from compound 44 over a few steps in 2 % overall yield (Scheme 8).

In 2023, Ayed et al. employed a similar strategy to synthesize another member of laterocidine family, named as relacidine A. The
structure of relacidine A 46 is presented in Fig. 2 [35].

2.4. Terpenoid-based natural product synthesis

Terpenoids exist in the form of mono, di or triterpenoid, meroterpenoid, indole terpenoids and various others [36]. A mer-
oterpenoid consists of phenolic and quinone moieties combined with sesquiterpene i.e., yahazunol. Yahazunol and natural products
related to it consist of meroterpenoid skeleton. These are naturally occurring compounds extracted from Dictyopteris undulata and
Dysidea genus, occurring as sponges [37,38]. (—)-Yahazunol demonstrated antimicrobial activity and (+)-yahazunol exhibited anti-
cancerous activity against some human cancer cell lines i.e., A-549 and MDA-MB-231 [39]. Some of yahazunol related natural
products i.e., isozonarol, zonarol, isozonarone and zonarone also showed significant biological activity such as antifungal towards
Rhizoctonia solani, Sclerotinia sclerotiorum and Phytophthora cinnamomic [40]. In 2018, Zhang et al. provided the total synthesis of
(+)-yahazunol and relevant natural products by employing (—)-sclareol 47 as an inexpensive and commercially available starting
material [41]. The first step involved oxidative degradation of (—)-sclareol 47 into 8-O-acetylhomodrimanic acid 48 in 42 % yield.
Next, the Steglich esterification was employed to obtain thiohydroxamic ester 50 from 8-O-acetylhomodrimanic acid 48 and
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2-mercaptopyridine N-oxide 49 in the presence of EDC and DMAP. Over a few steps, (+)-8-O-acetylyahazunol 51 was obtained over a
few steps which was subjected to LiAlH4-mediated hydrolysis to give (+)-yahazunol 52 in 93 % yield. Treatment of (+)-yahazunol 52
with MnO, furnished 83 % of (+)-yahazunone 53. Exo- and endo-cyclic olefins 54a and 54b (86 %) were obtained by SOCly/EtsN
based oxidation. Further, (—)-zonarol (55a) and (—)-isozonarol (55b) were obtained in a combined yield of 50 % by reduction of
(—)-zonarone 54a and (—)-isozonarone 54b in the presence of sodium dithionite and DCM. Lastly, (+)-yahazunol 52 was also con-
verted to 94 % of (+)-chromazonarol 56 in the presence of trifluoro acetic acid and DCM. The synthesized compounds were subjected

to antifungal screening which proved (+)-yahazunone 53 and (+)-chromazonarol 56 as potent antifungal agents with ECs values of
28.7 and 24.1 pM respectively (Scheme 9).
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Cembranoid is a family of furanobutenolide-derived polycyclic diterpenoid. The total synthesis of four members of this family have
been achieved. Havellockate is a member of this family obtained from Sinularia granosa in 1998 [42]. Hafemen et al., in 2022 aimed at
total synthesis of havellockate by engaging Julia—Kocienski olefination, propiolic acid mediated esterification, Zn-mediated Barbier
allylation, Cu-catalyzed aerobic oxidation and Steglich esterification as key steps [43]. The synthesis commenced with the acquisition
of aldehyde 58 from enone 57 and sulfone 60 from acyl oxazolidinone 59 over a few steps. These two fragments were made to couple
via Julia—Kocienski olefination in the presence of KHMDS in THF followed by desilylation to forge a diol 61 with >20:1 E:Z selectivity



S. Munawar et al. Heliyon 10 (2024) e23416

C oTBS H,C, OTBS
D Steps /E}_/(
TESO
O

CH3 t-BuO -"'/(

o}
\/\i’ J\/k steps s/o CH;

Bn N-NPh

59 0 60

propiolic acid,
Ot-Bu  pIC, DMAP

H5C
0O
58 + 60 1- KHMDS, THF 'I/ CH,Cl,, 0 °C
2- TBAF, THF CH Steglich
3 esterification
HO
61
57% vyield over two steps —
>20:1 E:Z

110 °C, xylene
- AR

51% yield over two steps Havellockate
>20:1 dr

Scheme 10. Total synthesis of havellockate 64.

in 57 % yield over two steps. Steglich esterification has opted for the next step in the presence of propiolic acid, DIC and DMAP in DCM
to furnish an ester 62. The ester 62 was subjected to heating in xylene to provide Diels-Alder product 63 by [4 + 2] cycloaddition in 51
% yield over two steps having dr > 20:1 which leads to the final product havellockate 64, over a couple of steps (Scheme 10).

(—)-Scabrolide A is a furanobutenolide-derived diterpenoid obtained from soft corals of Sinularia [44]. In 2020, Hafeman et al.
disclosed its first total synthesis by employing enone-olefin reactions, Diels-Alder reaction and Steglich esterification [45]. The syn-
thesis was commenced from enone 65 which was converted to dihydroxy vinyl cyclopentene 66 and a dialdehyde 67 which was
converted to ynoic acid 68. The next step involved Steglich esterification between dihydroxy vinyl cyclopentene 66 and ynoic acid 68
in the presence of DIC, DMAP and DCM to give ester 69 in 79 % yield. The Diels-Alder reaction was employed as a next step, followed
by vanadium-mediated epoxidation to give epoxide 70 in 94 % yield. The epoxide 70 was transformed to (—)-scabrolide A 71 over a
few steps. In 2023, Hafeman et al. provided an account of all the approaches and key advancements employed to accomplish the
synthesis of scabrolide A and its related natural product, inferring this class to be a relevant and substantial research area (Scheme 11)
[46].

(+)-Darwinolide is a diterpenoid extracted from marine sources. This natural product express activity against biofilm phase of
methicillin-resistant S. aureus. In 2019, Siemon and co-workers proposed the total synthesis of (4)-darwinolide by forging Steglich
esterification, an aldol fragment coupling, Ireland-Claisen rearrangement, ring-closing metathesis and organocatalytic meso-
desymmetrization as key steps [47]. The total synthesis was begotten with Steglich esterification between 72 and compound 73 in
the presence of 10 mol% of DMAP, DCC and dichloromethane accompanied with Ireland-Claisen rearrangement in the presence of
LiHMDS to give carboxylic acid 74 in 70 % yield with diastereomeric ratio of 14:1. The carboxylic acid functionality was converted to
aldehyde 77 through a two-step sequence to give 70 % of product. Furthermore, the compound 78 was converted to compound 79 over
a few steps. Aldol reaction of compound 79 with aldehyde 77 in the presence of NaHMDS accompanied by 5 steps gave compound 80
in 50 % yield. In the next step, ring-closing metathesis was performed to obtain 54 % of compound 82. Over a series of steps, the target
compound (+)-darwinolide 84 was furnished in 18 % yield (Scheme 12).

Kauranes are plant-based diterpenes possessing a number of pharmacological properties i.e., antibacterial, antiinflammatory and

10
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anticancerous. These are also considered active agents against leishmaniasis which is a group of zoonotic and anthroponotic diseases
caused by 20 protozoan parasite species of the genus Leishmania. The database of around 360 kauranes was generated and studied by
structure-based and ligand-based analysis to identify bioactive kauranes. Among these, only 7 kauranes were found potentially active.
Out of these seven kauranes, two are ranked best and are obtained from Wedelia chinensis [48]. In 2021, Herrera-Acevedo et al. re-
ported the synthesis of these biologically active kauranes [49]. For the synthesis of these kauranes, commercially available precursors
were envisaged from Xylopia frutescens, which produced kaurane-type diterpenoids. These kaurane-type diterpenoids were utilized as
synthetic precursors. The synthesis was materialized from (R)-(—)-carvone 85 which underwent chemoselective monohydroxylation in
the presence of Cu-Al Ox and tert-butoxide followed by selective hydrogenation in the presence of Wilkinsin’s catalyst to forge
2-oxo-menth-6-en-54-ol 86 in 91 % yield. For the next step, Steglich esterification was actualized to obtain ester adduct 88 with
coupling of compounds 86 and 87 in 79 % yield. A selective 1,2-reduction was employed to obtain 2p-hydroxy-menth-6-en-54-yl
ent-kaurenoate 89 in the presence of sodium borohydride and cerium chloride in 82 % yield (Scheme 13).

Further, 2 kauranes (92, 93) and their derivatives (92a, 93a) were envisioned by esterification of cinnamic acid derivatives 90a
and 90b with compound 91a and 92b in 78-79 % yield. The synthesized kauranes were evaluated for their potential against LmPTR1
enzyme inhibition which provided 89 and 93 most potent leishmaniasis inhibitor with ICs value of 10 pM against L. major (Scheme
14). [49].

2.5. Dihydropyrone-based natural product synthesis

Brevipolide M belongs to pyrone-based natural compounds which have been found to exhibit numerous biological activities. In
2022, Liu et al. aimed at total synthesis of Brevipolide M by employing ring-closing metathesis, Wittig olefination and Steglich
esterification in 17.8 % overall yield in 13 linear steps [50]. The synthesis was actualized from p-mannofuranose diacetonide 94 which
was transformed to compound 95 over a few steps. The compound 95 was esterified via Steglich conditions in the presence of
(E)-4-methoxy cinnamic acid, DMAP, DIC and anhydrous DCM to give ester 96 in 81 % yield. The next step involved acetyl
chloride-mediated isopropylidene removal to give 95 % of diol 97. The diol underwent another Steglich reaction with vinyl acetic acid,
DIC, DMAP and DCM to give 61 % of ester 98. Finally, Brevipolide M 99 was obtained by ring-closing metathesis followed by
DBU-assisted isomerization (Scheme 15).

Pyrone diterpenes are biologically active natural compounds obtained from fungal strains [51]. Merchant et al. utilized
radical-based inter- and intramolecular chemistry to provide access to the pyrone diterpenes, a class of natural products, in 2018 [52].
By employing the electrochemically mediated oxidative radical polycyclization and radical decarboxylative cross couplings, four
natural products i.e., higginsianin A, subglutinols A/B and sesquicillin A have been synthesized. The synthesis of higginsianin A
commenced from polyene 100 which underwent Mn-assisted radical polycyclization in the presence of Cu(sal),, potassium acetate,
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Scheme 12. Synthesis of (+)-darwinolide 84.

acetic acid and ethyl acetate followed by diastereoselective H-PHOX-mediated Tsuji-allylation to give compound 101. Next, compound
101 was treated with -selectride along with V-directed Sharpless epoxidation to produce a diastereomeric mixture of 102a and 102b
in 1.2:1 dr. The next step involved esterification by employing TPAP/NMO and DIC/MeOH-mediated Steglich esterification method
followed by allylic oxidation and TESOTf-assisted quenching along with hydroboration in the presence of BH3 and hydrolysis to
provide a mixture of epimers 103 in 1.3:1 diastereomeric ratio. The acid 103 was converted to higginsianin A 104 over a few steps
(Scheme 16). The divergent synthesis protocol employed by Merchant et al. was also utilized for the synthesis of a few other pyrone
diterpenes named as subglutinol B 105, subglutinol A 106 and sesquicillin A 107 as presented in Fig. 3.
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Scheme 14. Synthesis of diterpenoid ester adducts.

2.6. Lactone-based natural product synthesis

(+)-Longirabdiol, (—)-longirabdolactone, and (—)-effusin are ent-kaurane diterpenoids obtained from Isodon genus [53]. These are
structurally diverse and biologically active natural products exhibiting potent potential as antiinflammatory, antibacterial and anti-
neoplastic properties [53]. Zhang et al. have furnished the first total synthesis of these ent-kauranes by materializing tandem
decarboxylative alkenylation, Giese reaction, Steglich reaction and vinyl radical cyclization as key steps in 2019 [54]. The synthesis
was commenced from ethyl 2-cyclohexanonecarboxylate 108 which is commercially available as rac-20 and provided compound 109
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over a few steps. The compound 109 underwent the Steglich esterification in the presence of DIC, DMAP and N-hydroxyphthalimide
(NHPI) to provide ester 110 in 88 % yield over 2 steps. After optimization of radical alkenylation or cyclization step, the ester 110 was
converted to y-lactone 114 in the presence of 7 mol% CuCly, 7 mol% of 111, 7 mol% of 112 and 3 equivalents of 113 in 60 % yield. The
y-lactone 114 was transformed to (+)-longirabdiol 115 over a few steps which underwent DMP-mediated oxidation to furnish
(—)-longirabdolactone 116 in 76 % yield. Next, (+)-longirabdiol 115 was being proceeded through the Steglich esterification
accompanying Dess-Martin oxidation to establish (—)- effusin 117 in 65 % yield (Scheme 17).

Berkeleylactone A is a potent antibiotic, obtained from co-culturing of Penicillium camembertii and Penicillium fuscum [55]. In 2019,
Ferko et al. provided the total synthesis of berkeleylactone A by employing ring closing metathesis, Steglich esterification,
sulfa-Michael addition and chemoselective reduction to achieve target compound in 9.5 % overall yield consisting of 10 steps [56]. The
synthesis was initiated by weinreb amide 118 which underwent addition with cyclohexenyl magnesium bromide 119 followed by
reduction with borane dimethylsulfide in the presence of 10 mol% catalyst (R)-2-methyl-CBS-oxazaborolidine along with
TBS-mediated hydroxyl group protection to give 93 % of compound 120. The next step involved N-bromosuccinimide-assisted Ach-
matowicz oxidation together with pyridine catalyzed isomerization of double bond to give 69 % of aldehyde 121. Further, the
aldehyde 121 underwent oxidation with sodium chlorite and amylene followed by Steglich esterification with alcohol 122 in the
presence of DCC and DMAP to provide compound 123 in 67 % yield. Next, compound 124 was obtained in 89 % yield by
Grubbs-II-mediated ring closing metathesis followed by TBS deprotection with TFA. Further, Potassium (R)-oxirane-carboxylate 125
was employed to give acid 126 in 85 % yield by epoxide opening reaction in the presence of sodium hydride followed by triethyl silane.
The last step involved two-step coupling of compounds 124 and acid 126 to furnish target compound berkeleylactone A 127 in 92 %
yield with high diastereoselectivity of >20:1. The synthesized compound was screened for antibacterial activity and exhibited potency
against S. aureus MB17 (Scheme 18).

The synthesis of some new berkeleylactones have also been provided by Schriefer et al. in 2023 [57]. The synthesis was initiated
from halide 128 and epoxide 129 which were transformed into protected alcohol 130. The alcohol 130 underwent Steglich esteri-
fication in the presence of EDC'HCl, DMAP and dichloromethane to acquire quantitative yield of 132. Berkeleylactone E 133 and K 134
were obtained from ester 132 by TFA-mediated deprotection. Further, compound 130 underwent TBDPSP-assisted protection of OH
group and deprotection of MOM group to get ether 134. Next, Steglich esterification was employed in the presence of carboxylic acid
131 catalyzed with EDC'HCI along with hydrogenation to obtain macrolide 135 in 98 % yield over 2 steps. Berkeleylactone M 136 was
obtained from macrolide 135 by TBAF global deprotection in 66 % yield and Berkeley—lactone O 137 was obtained in 57 % yield. The
article also covers the synthesis of some other berkeleylactones by employing a similar strategy (Scheme 19).

(-)-Cleistenolide is a naturally occurring a,f-unsaturated §-lactone derived from Cleistochlamys kirkii [58]. The (-)-cleistenolide and
its analogues possess antiproliferative potential against a number of human cancer cell lines [59]. The purpose of analogue synthesis of
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Fig. 3. Structures of pyrone diterpenes subglutinol B 105, subglutinol A 106 and sesquicillin A 107.

natural products is to enhance their potential as antiproliferative agents which is achieved by introducing a number of functionalities.
The synthesis of (-)-cleistenolide analogues was reported by Benedekovic et al. in 2021 which commenced from triol 138 [60]. The
triol 138 was converted to secondary alcohol 139 over a few steps. The secondary alcohol 139 was made to couple with carboxylic acid
140 under Steglich conditions of DCC and DMAP to facilitate ester 141 in 88 % yield. The synthesized esters 141 were acylated in the
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presence of acetic anhydride and ferric chloride to afford mono-O-acetylated derivative 142 in 95 % yield. For the synthesis of
di-O-acetylated derivatives, acetyl bromide with zinc triflate as a catalyst were employed along with cinnamic acid derivative, acetic
anhydride and ferric chloride to furnish the target analogue 143 in 63 % yield. By employing different acid derivatives, a number of
analogues can be synthesized. The synthesized analogues were studied for antiproliferative activities against seven human cancer cell
lines in comparison with cleistenolide. The best activity was exhibited by flouro-cinnamic acid derivative against HeLa cell lines with
ICsp value of 0.04 pM (Scheme 20).

2.7. Chromanone-based natural product synthesis

Violacin A and its analogues are naturally occurring chromanones obtained from fermentation broth of Equus burchelli [61]. These
are effective antiinflammatory agents and have been analyzed by antiinflammatory mechanism. The inhibitory effects of these
compounds have been estimated by using Raw 264.7 macrophage of lipopolysaccharide (LPS). The synthesis of violacin and its an-
alogues have been provided by Liu et al. in 2019 [62]. The key steps for achieving the synthesis involve Baker-Venkatamaran rear-
rangement promoted by NaH, regioselective etherification and Friedel-Crafts acylation. The construction of violacin skeleton was
actualized from commercially available orcinol 144 which provided 2,4-dihydroxy-6-methyl-acetophenone 145. Next, etherification
of dihydric phenol 146 was achieved by treating it with acetic acid and BF30Et; to achieve compound 147. Further, compound 147
underwent O-benzylation with potassium carbonate, benzyl chloride and sodium iodide to obtain compound 148. Compound 148
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underwent the Steglich esterification with ketone 145 in the presence of DCC, DMAP and DCM to give compound 149. The ester
underwent cyclization with sodium hydride along with deprotection by employing soft Lewis acid PdCla(CH3CN), in acetone
accompanying the hydrogenolysis in the presence of Pd-C and hydrogen gas to furnish the target compound violacin A 150.
Furthermore, the compound 152 was synthesized from dihydric phenol 151 by treating it with an alkyl halide, sodium iodide and
potassium carbonate accompanied by the Steglich esterification and NaH-mediated cyclization to get 152 in 92 % yield. Next,
compound 152 was treated with KoCO3 in methanol to obtain 153 in 75 % yield. The compound 152 gave 82 % of analogue 154 by
trimethylsilyl treatment and 92 % of analogue 155 was obtained by treatment with PdCly(CH3CN); in acetone. The same strategy was
employed to synthesize various other analogues as well. The synthesized analogues were subjected to analyze the production of NO in
macrophages. Some of the synthesized compounds exhibited potent anti-inflammatory activity, even better than violacin A (Scheme
21).

2.8. Alkaloid-based natural product synthesis

Rauvolfia serpentina is a flower that belongs to Apocynaceae family. It is a potent source of a drug, named reserpine, which is used for
hypertension treatment. Owing to its medicinal properties, many research groups have undertaken this structure to accomplish its total
synthesis. Its first total synthesis was achieved by Woodward and co-workers, in 2022, by forging Meerwein— Ponndorf-Verley
reduction, Jones oxidation, Bischler-Napieralski reaction and Steglich esterification as key steps [63]. The reaction of quinone 156 and
diene 157 comprised the first step to provide compound 158 in 27 % yield. Over a few steps, the compound 158 was converted to
(159) which underwent the Steglich esterification in the presence of DCC, PvOH and pyridine to provide esterified product 160 in 50 %
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yield. The next step involved coupling with 3,4,5-trimethoxybenzoyl chloride 161 in the presence of sodium methoxide in methanol to
furnish target compound (+)-reserpine 162 in 45 % yield (Scheme 22).

Schwarzinicines A and B are isolated from Ficus schwarzii. These are 1,4-diarylbutanoid—phenethylamine alkaloids attributed with
ethnopharmacological and vasorelaxant properties [64]. Lee et al. provided the total synthesis of schwarzinicines A and B by
employing Claisen condensation and reductive amination to envisage the core skeleton of target compounds with overall yield of 9.1 %
and 3.5 % respectively [65]. The synthesis commenced from commercially available (3,4-dimethoxyphenyl) propionic acid 163 which
underwent Steglich esterification with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) in the presence of DMAP
and DCM to yield 82 % of esterified product 164. Further, the Claisen condensation of 3,4-dimethoxyphenyl) acetonitrile 165 and ester
164 in the presence of organolithium reagent followed by nitrile hydrolysis in acetic acid with subsequent reductive amination in the
presence of NaBH(OAc)3 with 3,4-dimethoxyphenethylamine 166 to forge schwarzinicines A 167 in 79 % yield. Schwarzinicines B 168
was obtained by N-methylation with Mel from 167 in 38 % yield. The synthesized alkaloids underwent for evaluation of vasorelaxant
effects on phenylephrine-precontracted aortic rings of rat and exhibited ECsg value in the range of 1.19-2.98 pM (Scheme 23).
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A cis-fused decahydroquinoline (DHQ) containing marine alkaloids, known as lepadins, are obtained from flatworms and tunicates
[66]. Lepadins exhibit a wide range of biological activities such as lepadins A and B are anticancerous, lepadin B is active against
receptor blocking of neuronal nicotinic acetylcholine, lepadins D-F exhibit antimalarial activity and lepadin I inhibit the action of
butyrylcholine esterase. The significance of lepadins has led towards strivings on achieving the total synthesis of DHQ core [67,68]. In
2021, Ma et al. provided the synthetic methodology comprised of five steps to achieve the DHQ core by intramolecular [3 + 2]
cycloaddition and aza-Achmatowicz rearrangement [69]. The synthesis was initiated by furfuryl amide 169 which furnished DHQ core
structure 170 over a few steps. The next step involved one carbon homologation by Wittig reaction in the presence of Ph3PCH,OCH3Cl
and NaHMDS along with subsequent hydrolysis with trichloroacetic acid to produce a mixture of diastereomeric products (55)-171a
and (5R)-171b in 1:1.9 ratio with a combined yield of 72 %. The next step involved Julia— Kocienski olefination in the presence of
NaHMDS and tetrazole sulfone 172 with subsequent hydrolysis to give alcohol 173. The ent-lepadin I 175 was obtained in 34 % yield
by employing the Steglich esterification with acid 174 followed by deprotection in the presence of TFA. Next, phosphonate-mediated
olefination was utilized to give 177a and 177b. The lepadin B 178 was obtained from 177a by TBAF-assisted deprotection in 96 %
yield. The 177a was converted to lepadin A 180 in 70 % yield over two steps by deprotection and BF30Et; treatment. Further, 177b
underwent TBAF-mediated acylation with 179 to give 47 % of lepadin C 181 (Scheme 24).

The structures of lepadin D 184, lepadin E 183 and lepadin H 182 are presented in Fig. 4, whose synthesis was also achieved from
139a by employing Julia—Kocienski olefination, Pd-catalyzed hydrogenation, Mitsunobu reaction and cesium acetate-mediated
mesylate substitution (Fig. 4).

2.9. Macrolide-based natural product synthesis

Macrocyclic scaffolds are omnipresent in naturally occurring compounds [70] whose synthesis can be achieved by employing
ring-closing metathesis and Steglich esterification [71,72]. Thiacladospolide is a sulfur containing natural product obtained from
marine sources. These are biologically important as they act against plant pathogen named Colletotrichum glecosporioides with 1-2
pg/ml MIC value and gram-negative and gram-positive bacteria [73]. The total synthesis of thiocladospolide A and its C2-epimer was
designed by Swami et al. in 2022 [74]. They employed sulfa-michael addition, ring-closing metathesis and Steglich esterification
reaction as key steps to achieve 12 % overall yield in straightforward nine steps. The synthesis commenced from TBS protection of
cis-but-2-ene-1,4-diol 185 followed by Swern oxidation in the presence of (COCl)2, DMSO and triethylamine to furnish secondary
alcohol 187 in 83 % yield over 2 steps. TBS deprotection of alcohol 187 in the presence of TBAF followed by Jones oxidation in acetone
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provided 74 % of acid 188. The Steglich esterification of acid 188 with a known alcohol 187 in the presence of DCC, DMAP and
dichloromethane furnished compound 190. Further, r-serine 191 was converted to alcohol 192 over a few steps. Finally, a
Sulfa-Michael addition was proceeded between the compound 190 and alcohol 192 in the presence of triethylamine in DCM followed
by Grubbs-II mediated ring-closing metathesis along with hydrogenation forging the final compounds thiocladospolide A 193 and its

C2-epimer 193a in 76 % and 78 % respective yields (Scheme 25).

The total synthesis of a queen specific compound has been reported by Machara et al., in 2018 [75]. This compound is specifically
present in the bodies of Silvestritermes minutus that regulate a number of female body functions i.e., fertility signals to nestmates and
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supporting the dominance of reproduction etc. [76]. The synthesis begets with the (S)-glycidyl tosylate 194, an optically pure sub-
stance, which underwent allyl magnesium bromide-mediated epoxide opening with LioCuCls in a catalytic amount along with
Grignard reaction in the presence of butyl magnesium bromide and copper catalyst to give 78 % of secondary alcohol 195. Next, the
Steglich esterification reaction was utilized with alcohol 195 in the presence of DCC, DMAP and hex-5-enoic acid followed by synthesis
of macrolide in the presence of HG-II catalyst to furnish mixture of 3-E 196 and 4-Z 197 macrolides in 41 % yield. Furthermore, the
synthesis of 6-E and 7-Z macrolides also commenced from (S)-glycidyl tosylate 194 which underwent butyl magnesium
bromide-mediated epoxide opening with LioCuCly in a catalytic amount along with Grignard reaction in the presence of allyl mag-
nesium bromide and copper catalyst to give 40 % of secondary alcohol 198. The Steglich protocol in the presence of DCC, DMAP and
hex-5-enoic acid along with HG-II mediated metathesis and morpholinoethyl isocyanide-mediated quenching was employed with
alcohol 166 to give target compounds 199 and 200. The synthesized compounds were characterized by CIMS fragmentation and FTIR
spectra (Scheme 26).

Nonenolide is a ten-membered macrolide, also known as decanolide, obtained from Cordyceps militaries BCC2816, which is an
entomopathogenic fungus [77]. Nonenolide has been proven to be a potent antimalarial agent against Plasmodium falciparum K1, a
multidrug-resistant bacterium. Sudina et al. proposed the total synthesis of nonenolide in 10.4 % overall yield constituting 12 linear
steps by employing MacMillan a-hydroxylation, the Steglich esterification and ring-closing metathesis in 2018 [78]. The synthesis
commenced from the construction of fragment 202 and 204 from 201 and 203 over a few steps. Next, the fragment 202 and 204 were
coupled via the Steglich esterification mediated by DCC and DMAP to obtain 84 % of ester 205. Further, lactone ring of nonenolide was
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Scheme 25. Synthesis of thiocladospolide A 193 and its C2-epimer 193a.

constructed by TBAF-mediated silyl group deprotection along with ring-closing metathesis with Grubbs catalyst followed by
DDQ-based PMB group removal to furnish 93 % of nonenolide 206 (Scheme 27).

Oxacyclododecindione, 14-deoxyoxacyclododecindione and 13-hydroxy isomer are twelve-membered macrolactones. Exserohilum
rostratum is a fungal source of these secondary metabolites [79]. The oxacyclododecindiones are exceptionally good antiinflammatory
agents and can prove to be a scaffold in the field of pharmacology [80]. But, exhaustive procedure and low yield of fermentation make
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Scheme 27. Synthesis of nonenolide 206.

it less applicable for medicinal field. To provide a back-up for this problem, seven new analogues of oxacyclododecindione-type
macrolactones have been synthesized and evaluated for their antiinflammatory activities. Weber et al. forged the synthesis of seven
new analogues of oxacyclododecindione-type macrolactones in 2020 [81]. The synthesis was actualized from §-valerolactone 207
which gave 94 % of lactol (£)-208 via double methylation in the presence of methyl iodide followed by subsequent reduction with
DIBAL-H. Trityl-protected alcohol (+)-209 was obtained from lactol (+)-208 by ring-opening in the presence of a methyl lithium
reagent. The next step involved selective Steglich esterification of secondary alcohol (+)-209 in the presence of DCC, DMAP, acid 210

24



S. Munawar et al. Heliyon 10 (2024) e23416

OH oH
1- Mel, LIHMDS, THF, 89% ;o Me 1- Mel, THF, 98%
? n ? 2- TrCl, NEts, CH,ClI Me OTr
2- DIBAL-H, "Hex/CH,Cl, » NEts, CH,Cl, Me” Me
207 (£)-208, 94% (+)-209, 93%
DCC, DMAP, CH,Cls, BnO CIO MO me
210, 0 °C-rt Me™ e steps HO ° °
" . Me
Steglich esterification > .
oTr R
OH O

(£)-211, 83%
o) (£)-212: R = H, 75%
OH (£)-213: R=CI, 17%

BnO OBn
210
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Scheme 29. Synthesis of oxacyclododecindione-type macrolactone (+)-218.

and DCM to give ester (+)-211 in 83 % yield. The analogues (+)-212 and (+)-213 were obtained from ester (+)-211 over a few steps
(Scheme 28).

Furthermore, the synthesis of analogue (+)-218 commenced from 2-bromobutyric acid (+)-214 which underwent the Steglich
esterification in the presence of allyl bromide and DCC followed by treatment with triphenylphosphine to give salt (+)-215 in 94 %
yield. The next step involved deprotonation of salt (+)-215 together with Wittig olefination in the presence of aldehyde (+)-216 to
provide 67 % of unsaturated ester (+)-217. The analogue (+)-218 was obtained from unsaturated ester (+)-217 over a few steps
(Scheme 29). In 2023, Seipp et al. disclosed a stereoselective synthesis of (13R,14S,15R)-13-hydroxy-14-deoxyoxacyclododecindione
by employing Steglich esterification and confirmed its structure by analytical techniques [82].

Isolated from a soil sample of a volcanic island, (+)-prunustatin is an anticancer agent produced by Streptomyces violaceoniger
specie. It exhibits anticancerous activity by downregulation of molecular chaperone, GRP78, that helps tumors to survive against
chemotherapy [83]. Chojnacka et al. (2018) provided the total synthesis of (+)-prunustatin by employing Steglich esterification,
MNBA Shiina couplings, organoboron-mediated prenylation and carbonyldiimidazole-based coupling [84]. The synthesis commenced
by r-lactic acid 219 which underwent acetylation in the presence of acyl halide and acetic acid to give compound 220 in 92 % yield.
Next, modified Steglich esterification was employed to protect tertiary butyl group mediated by EDCl, DMAP and DCM to provide 84 %
of ester 221. Further, the northern fragment 222 was synthesized from ester 221 over a few steps. The southern fragment 224 was
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Scheme 30. Synthesis of (+)-prunustatin A 227.

prepared from p-phenylalanine 223 over a few steps. A MNBA-mediated Shiina coupling was employed for coupling the northern
fragment 222 and southern fragment 224 followed by MOM and t-butyl group deprotection in the presence of TFA and Cbz removal to
provide a quantitative yield of macrocycle 225. Next, 3-nitrosalicylic acid 226 in an unprotected form, activated by CDI followed by
coupling with macrocycle 225 along with reduction of nitro group mediated by 30 wt% Pd/C and Cossy’s protocol based on N-formyl
saccharin to furnish (+)-prunustatin A (4)-227 in 70 % yield (Scheme 30).

2.10. Carbasugar-based natural product synthesis

Carbasugars are a subclass of carbohydrates having a minor difference of ring oxygen replaced with a methylene group and thus
being more stable than carbohydrates. Pericosines (A-E) and Gabosines are carbasugars obtained from a fungus Perconia byssoides
(OUPS-N133) and culture broth of Streptomyces filipensis respectively [85,86]. These compounds are considered significant in me-
dicinal field owing to their applications. Bidus et al. provided the total synthesis of these carbasugars in 2020 [87]. The synthesis begun
from p-ribose 228 which was converted to 229 over a few steps. Next, the anti-229 was consumed by employing mild conditions of Mel
and Ag,0 and recovered syn-229 was methylated followed by deprotection in the presence of BClg in DCM to achieve 85 % of
(+)-Pericosine C 230 and 54 % of (+)-Pericosine B 231. Further, carbocyclic intermediate 229 was employed for the synthesis of COTC
234 and 7-chloro-analogue of (+)-Gabosine C 235. For that purpose, carbocyclic intermediate 229 was first reduced with DIBAL-H to
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obtain mixture of 232. In the next step, Steglich esterification was employed for esterification of 232 in the presence of crotonic acid,
DCC and DMAP to obtain 52 % of ester 233 with 9 % of the unreacted substrate. Finally, 26 % of (+)-COTC 234 and 40 % of
7-chloro-7-deoxy-(+)-gabosine C 235 were obtained by Swern oxidation followed by deprotection with BClz in DCM (Scheme 31).

2.11. Fatty acid-based natural product synthesis

Chatenaytrienin-2 is annonaceous acetogenins, obtained from Annonaceae family, which exhibits growth inhibitory and anti-
cancerous effects [88]. In 2019, Kunkalkar et al. executed the total synthesis of chatenaytrienin-2247 by implementation of Sono-
gashira cross coupling reaction and ring closing metathesis to achieve 36.5 % overall yield of final product [89]. The total synthesis
started off from Styryl methyl ketone 236 which underwent a few steps to give alcohol 237. The bromo decanol 238 was subjected to
DMP-mediated oxidation along with Mannich reaction together with Pinnick oxidation to give 73 % of a-methelenic acid 239. Next,
the Steglich esterification was performed with alcohol 237 and a-methelenic acid 239 in the presence of DCC, DMAP and DCM to give
91 % of ester 240. Further, Hoveyda-Grubbs-assisted ring closing metathesis was carried out to yield 93 % of the cyclic product 241.
The next step involved the synthesis of ene-diyne fragment 245 in 76 % yield by alkylation of compound 242 with the help of 1-bro-
mododecane 243 followed by DMP-interceded oxidation and treatment with Wittig salt 244. The final step involved coupling of
compounds 241 and ene-diyne 245 in the presence of 5 mol% of ligand 246 and 2.5 mol% of [PdCl(allyl)], catalyst, Cul and cesium
carbonate followed by Lindlar reduction to furnish target compound chatenaytrienin-2247 in 59 % yield over two steps (Scheme 32).

2.12. Glycolipid-based natural product synthesis
An immunity booster glycolipid, diphosphatidyltrehalose (diPT), is obtained from a fever-causing Salmonella Typhi gram-negative
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Scheme 32. Synthesis of chatenaytrienin-2247.

bacterium [90]. Mishra et al. proposed total synthesis of diphosphatidyltrehalose (diPT) in 2019 [91]. The synthesis started from «a,
a-trehalose 248 which was converted to bisphosphoramidite 249 over a few steps in good yield. Next, acyl glycerol 251 was syn-
thesized over a few steps from octyne 250. A Steglich protocol with (R, $)-252 was employed in the presence of DCC, DMAP and DCM
to give diglyceride 253 in 97 % yield. The intermediate 254 was obtained in quantitative yield by BF3-CH3CN-mediated deprotection
of diglyceride 253. Subsequently, coupling of intermediate 254 and bisphosphoramidite 249 was performed in the presence of DCI in
DCM followed by clean deprotection with DBU along with hydrogenolysis in the presence of Pd/C and Pd(OH),/C (2:3) in a
CHyCly/MeOH/water mixture furnished target compound diPT 255 in 67 % yield (Scheme 33).
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Scheme 33. Synthesis of glycolipid 255.

2.13. Sterol-based natural product synthesis

Steroids are a peremptory class of naturally occurring organic compounds possessing a wide range of biological properties. These
steroids are also known as mesogens because of their occurrence as liquid crystals. The liquid crystals exhibit a number of applications
in different fields [92]. Bhat et al. proposed the synthesis of target compounds by employing Steglich esterification as a key step in
2020 [93]. The first step involved coupling of Stigmasterol 256 with 4-bromo benzoic acid 257 via Steglich esterification in the
presence of DCC, DMAP and dichloromethane to obtain sterol 4-bromo benzoates 258. The mercapto alkanes were nucleophilically
substituted with sterol 4-bromo benzoates 258 to realize 4-mercapto alkyl benzoate 259. Just like the synthesis of Stigmasterol
mesogens, Cholesterol and Ergosterol mesogens were also synthesized by employing same strategy. The synthesized mesogens were
subjected for mesomorphic studies which revealed that stigmasterol and ergosterol derivatives (259a-259f) were smectogenic. Further
the cholesterol derivatives exhibited cholesteric, smectic and blue phase with brief temperature range. The studies further revealed
that replacement of sulfur with oxygen in cholesterol derivatives provides a low clearing temperature (Scheme 34).
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2.13.1. Miscellanous

Nelliella nelliiformis is a Pacific bryozoan, known for the source of secondary metabolites nelliellosides A and B. These bioactive
natural compounds belong to nucleoside family which have been recognized as potent antibacterial, antiviral and anticancerous drugs
[94]. Bracegirdle et al. reported the synthesis of nelliellosides A and B by utilizing the Steglich esterification in 2019 [95]. The syn-
thesis commenced from adenosine 260 which underwent OH group protection in the presence of 2,2-dimethoxypropane, p-TsOH and
acetic acid to give compound 261. The next step involved the Steglich esterification with pyrrole-2-carboxylic acid 263 and
pyrrole-3-carboxylic acid 262 in the presence of DCC, DMAP and DCM accompanied by deprotection to give nelliellosides A 265 and
nelliellosides B 264. To synthesize the derivatives of hypoxanthine and guanine nucleoside, an exact similar strategy was employed
(Scheme 35).

The (indole-N-isoprenyl)-tryptophan-valine diketopiperazine is a natural product possessing antifungal properties which was
obtained from Ascomycota phylum. This natural product exhibits a variety of medicinal properties depending upon amino acid de-
rivative attached to it i.e., tryptophan causes it to be herbicide and insecticide active in addition to antiviral, anticancerous and
antioxidant [96]. In 2019, Bai et al. reported its first total synthesis along with the synthesis of stereoisomers [97]. The synthesis was
initiated from tryptophan 266, which underwent NH protection in the presence of (Boc), to give intermediate 267. The next step
involved condensation reaction with valine methyl ester via the Steglich protocol to provide compound 268. Next, Boc deprotection
was being performed in the presence of TFA in dichloromethane followed by cyclization in the presence of ammonium hydroxide to
furnish target compound 269. Depending upon the configuration of starting compound, configuration of final compound is obtained.
On a similar note, four stereoisomers of target compound were also obtained by employing an analogous pathway as employed for its
total synthesis. The synthesized compounds exhibited a broad spectrum of antifungal properties with a rate of 15 % at 50 mg/L
(Scheme 36).

In 2019, Zaghouani et al. provided a total synthesis scheme to obtain 11.6 % overall yield of (£)-fumimycin in concise seven steps
[98]. The key steps of this synthesis were Steglich esterification, intramolecular aza Friedel-Crafts reaction, regioselective chlorination
and Suzuki-Miyaura cross coupling reaction. The synthesis commenced from Steglich esterification of 3,4-dimethoxy phenyl 271 and
pyruvic acid 270 in the presence of 1.5 equivalents of DCC, DMAP and dichloromethane to give 82 % of pyruvate 272. The next step
involved intramolecular aza Friedel-Crafts reaction followed by regioselective chlorination in the presence of 5 mol% of Palau’ Chlor
catalyst to furnish 87 % of product 273. The Suzuki-Miyaura cross coupling reaction was employed for next step along with Cbz
deprotection and fumaryl coupling to forge 274. The final step involved the hydrolysis to furnish target compound (+)-fumimycin 275
in 42 % yield. By altering the substitution of starting compounds, the analogues of (+)-fumimycin can also be obtained with the same
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scheme (Scheme 37).

Bryostatin is a natural product obtained from a marine source named, Bugula Neritina. It is known for its pharmacological and
medicinal properties and has undergone for trials for a number of diseases like ischemic stroke, Niemann-Pick, multiple sclerosis,
fragile X disorder and Charcot-Marie-Tooth syndrome. Due to its indispensable potential in medicinal field, researchers have
approached this compound to achieve its total synthesis. But they have achieved only the synthesis of bryostatin analogues so far which
behave similar to bryostatin and are more active biologically. The synthesis of bryostatin analogue, reported by Wender et al. in 2020,
commenced from neopentyl glycol 276 which was converted to compound 277 over a few steps [99]. Next, the compound 277 un-
derwent deprotection followed by Steglich esterification with monobenzyl glutarate in the presence of DCC and DMAP to give ester
278. The next step included Sharpless asymmetric dihydroxylation to introduce a diastereoselective mixture of diols 279 with a 1.5:1
diastereomeric ratio. Further, mixtures of diastereomers were separated by treating the mixture with aq. HF in acetonitrile followed by
hydroxyl group protection with TBSCl in the presence of DMAP and DCM to obtain 280 in 38 % yield over three steps. Further, the
compound 280 underwent hydrogenolysis followed by Yamguchi lactonization with 2,4,6-trichlorobenzoyl chloride in the presence of
triethylamine and DMAP along with deprotection of silyl group to furnish bryostatin analogue 281 in 75 % yield (Scheme 38).

In 2020, Wood et al. aimed at [2 + 2+2] cycloaddition of benzoquinones and diynes catalyzed by rhodium and exemplified it with a
short total synthesis of justicidone [100]. The synthesis was initialized with a Sonogashira coupling of aryl iodide 282 and propargyl
alcohol 283 to give 89 % of compound 284. Further, the Steglich esterification of compound 284 with propiolic acid in the presence of
DCC, DMAP and dichloromethane furnished ester 285 in 99 % yield. The final step involved Rh-catalyzed optimized protocol to
provide target compound 287 in 42 % yield (Scheme 39).

3. Conclusion

The synthesis of natural products which include alkaloids, peptides, lactams, terpenoids, chromanones, macrolides, glycolipids,
pyrones, fatty acids and carbasugars has been a tedious task since the advancement of synthetic chemistry. A number of key steps and
procedures play vital part in achieving this task. Steglich reaction is one of those procedures. To conclude, this review article has
provided an efficacious role of the Steglich reaction towards the total synthesis of simple to complex natural products. The key points of
this reaction are mild reaction conditions, best yields, facile procedure for esterification of complex compounds with difficult sepa-
ration procedures, requiring further research to be done in that area. The synthesis of representative classes of natural products with
necessary conditions has been mentioned in this article. This review will prove to be helpful for the selection of Steglich esterification
conditions to achieve the total synthesis of natural products and synthetically important compounds.
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