
 

 

 

 

 

 

Ester Coupling Reactions– an Enduring Challenge in the 

Chemical Synthesis of Bioactive Natural Products 
 

 

Journal: Natural Product Reports 

Manuscript ID: NP-REV-08-2014-000106.R2 

Article Type: Review Article 

Date Submitted by the Author: 30-Nov-2014 

Complete List of Authors: Tsakos, Michail; Aarhus University, Chemistry 
Schaffert, Eva; Aarhus University, Chemistry 
Clement, Lise; Aarhus University, Chemistry 
Villadsen, Nikolaj; Aarhus University, Chemistry 
Poulsen, Thomas; Aarhus University, Chemistry 

  

 

 

Natural Product Reports



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Ester Coupling Reactions– an Enduring Challenge in the Chemical 

Synthesis of Bioactive Natural Products 

Michail Tsakos,
a
 Eva S. Schaffert,

a
 Lise L. Clement,

a
 Nikolaj L. Villadsen

a
 and Thomas B. Poulsen

a
* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

Covering: up to 2014 

In this review we investigate the use of complex ester fragment couplings within natural product total 
synthesis campaigns. We first outline the different biosynthetic and chemical strategies for performing 
complex ester couplings and on this mechanistic background we then present and discuss a collection of 
successful examples from the literature. 10 
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1.  Introduction 
For many, the first encounter with organic chemistry is in the 
teaching laboratories in high school or junior years at university, 
where one of the favorite experiments involves the formation of 50 

low molecular weight carboxylate‡ esters, compounds with a 
distinctive panel of smells. Albeit simple from a synthetic 
perspective, such experiments carry the potential for important 
molecular insights as concerns an understanding of how very 
small changes in structure can drastically impact the biology, i.e. 55 

our perception, of molecules. How do a few extra methyl groups 
change the smell of a compound from glue-like to strawberry or 
banana? 
Ester bonds are present in biological molecules, but they are 
notably absent from information-storing (DNA/RNA) and 60 

functional (proteins) biopolymers. The evolutionary logic may 
have favored, above all, stability in these biomolecules and thus 
weeded out the presence of ester functionalities as a consequence 
of their potential hydrolytic lability.1 The domain of biology 
dominated by ester bonds is the metabolites. In particular, esters 65 

are key linking groups in many primary lipid metabolites, but 
they also constitute a class-defining functionality in many 
secondary metabolites, notably macrocyclic lactones belonging to 
the cyclodepsipeptide and polyketide classes.  
In spite of the apparent simplicity, the construction of ester bonds 70 

often constitutes the most challenging synthetic operation in 
efforts aimed at preparing such complex natural products. Nature 
has developed her own synthetic logic for constructing 
ester/lactone linkages mainly as the final transformation along 
complex enzymatic assembly lines and this strategy has been 75 

mimicked by organic chemists in the form of macrolactonization 
reactions. This area has recently been reviewed.2 In the absence of 
Natures amazing small molecule factories, macrolactonization is 
unfortunately not a general synthetic solution. Nature also 
constructs ester bonds in complex settings through e.g. Bayer-80 

Villiger type oxidations of ketone functionalities and despite the 
alternative retrosynthetic disconnections enabled by the synthetic 
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version of this type of reaction, the applications in complex 
molecule synthesis remains relatively rare, especially in the case 
of macrocyclic targets. Whether the impetus being strategic 
considerations or a lack of alternative options, intermolecular 
ester coupling reactions remain a recurrent transformation within 5 

natural product total synthesis campaigns, however in the 
crowded and functionality-rich molecular environment of 
complex natural products, such couplings can present formidable 
challenges. In this review we will refer to these reactions as 
“complex ester couplings” in order to differentiate them from e.g. 10 

acetylations or other simple ester formations.3  
Our agenda is an analysis of the area of complex ester fragment 
coupling reactions. As most of the examples fall within the 
classes of macrocyclic lactones, a large part of the review is 
devoted to this class of molecules, but other examples will be 15 

included as appropriate. A key intention is to point out techniques 
and procedures (the small tricks) that allow for boosting 
reactivity within the classic modes of activation. Curiously, as the 
introduction of new synthetic methodology in many areas of 
organic chemistry has expanded dramatically, the methods 20 

employed for performing (complex) ester couplings have seen 
much less development. Considering the importance of this 
functionality, this testifies to a problem that is not easy to 
address. In the end of the review, we will present a number of 
new approaches to the synthesis of ester/lactone bonds that hold 25 

potential for further development into mechanistically novel and 
reliable methods for performing challenging ester fragment 
couplings. 

 

 Figure 1 Examples of ester-containing natural products. 30 

2. Biosynthesis of Esters 

As mentioned in the introduction, many classes of metabolites 
contain ester functionalities. These range from the volatile ester 

odorants of the teaching laboratories, important neurotransmitters 
such as acetylcholine, lipids of all kinds, to complex terpenoids 35 

(Taxol), polyketides (Erythromycin) and cyclodepsipeptides 
(FK228 and Rapamycin, Fig. 1). In this section we will outline 
the enzymatic mechanisms employed during biosyntheses of 
ester-containing metabolites and discuss the different activation 
strategies that Nature has developed. Focus will remain on the 40 

complex secondary metabolites. This section will also include a 
short introduction to the logic of assembly-line biosynthesis. 

2.1 Polyketide and non-Ribosomal Peptide Biosynthesis 

The biosyntheses of macrocyclic lactones are performed by 
polyketide synthase (PKS), non-ribosomal peptide synthase 45 

(NRPS), or PKS-NRPS-hybrid assembly lines, where a cluster of 
enzymes catalyze the connection of simple building blocks in a 
linear fashion.4 Recent authoritative reviews are available that 
cover this area in high detail.4,5,6 In short, for PKS the building 
blocks consist of malonyl, methylmalonyl and acetyl, activated 50 

via a thioester linkage to coenzyme A. Units are iteratively 
incorporated via a Claisen condensation followed by optional 
reduction(s) and elimination to give rise to a variety of different 
two-carbon extensions of the chain, as is exemplified by the 
macrocyclic precursor, 6-deoxyerythronolide B, of the antibiotic 55 

Erythromycin (Scheme 1). 
NRPS incorporate amino acids, both proteinogenic and non-
proteinogenic, and to a lesser extent other small carboxylic acids. 
Amino acids are activated by adenylation followed by chain 
extension through amide bond formation. Several modifications 60 

can then occur to the amino acid unit, giving rise to an enormous 
structural diversity from the shuffling of relatively few different 
types of enzymes ordered in a specific assembly line. Many 
natural product macrocyclic lactones are synthesized by PKS-
NRPS hybrid assembly lines (e.g. Rapamycin, Fig 1). Throughout 65 

the biosynthesis a thioester bond links the growing linear 
molecule to the assembly line until the last unit releases the chain 
(Scheme 1). 

 

2.2 Chain Release 70 

2.2.1 Condensation and Thioesterase Domains 

Three different termination strategies are known (Scheme 2).7,8 
Reductive cleavage through an NAD(P)H-coupled reaction 
results in formation of an aldehyde. The aldehyde will normally 
undergo further modification.8 A condensation domain can use a 75 

nucleophile, intra- or intermolecularly, to cleave the thioester 
bond, releasing the assembly product. Condensation reactions are 
most common in chain elongation, but can also function as chain 
termination. One role of the condensation enzymes is to position 
the thioester and the nucleophile in close proximity. A histidine 80 

residue is situated close to the reaction site and is believed to 
function as a proton acceptor/donor to promote the coupling 
reaction.9,10 
The most common releasing units are thioesterases (TEs) 
(Scheme 1-2), resulting in either macrocyclization or hydrolytic 85 

cleavage. The mechanism of hydrolysis and cyclization is the 
same, the essential deviation is the substrate binding pocket. A 
binding pocket that favors cyclization needs to be hydrophobic in 
order to exclude competing reactions from water. Simultaneously 
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it must stabilize the assembled chain in a cyclization-competent 
conformation that positions the two termini in close proximity 
(Scheme 1). This releases the macrocyclic lactone/lactam, which  
then may undergo further processing to yield the final natural 
product.11 A thioesterase domain mediates the cyclization 5 

reaction forming 6-deoxyerythronolide B (Scheme 1). 

 

Scheme 2 Three different types of enzymes can promote chain release 
from PKS and NRPS. The chain is connected via a thioester linkage to a 
thiolation unit (T), and can either be cleaved by a reductase (red.), a 10 

condensation (C), or a thioesterase (TE) unit. 
 

2.2.2 Thioesterase Catalytic Mechanism 

Thioesterases belong to the α/β hydrolase family, a large diverse 
group of enzymes.12,13 The active site contains a serine, a 15 

histidine, and an aspartate unit, all shown to be key to the 
enzymatic activity forming a catalytic triad.14,15 Stroud and co-
workers reported the first crystal structure of the thioesterase 
from 6-deoxyerythronolide B synthetase (DEBS), the complex 
which forms 6-deoxyerythronolide B (Scheme 1).14 Analysis of 20 

the crystal structure revealed that the catalytic triad was located 
within a channel passing through the entire TE and these 
observations led to a proposed structure for the bound substrate 
and the mechanism of cyclization (Scheme 1). Residues Asp-169, 
His-245, and Ser-142 form the catalytic triad that facilitates the 25 

cleavage of the thioester linkage between the thiolation unit of the 
assembly line and the linear polyketide product. In this process 
Serine-142 acts as a temporary carrier of the polyketide chain. 

Residues asparagine-180, glutamate-184, threonine-76, and 
alanine-77 are believed to be key in orchestrating the correct 30 

folding of the molecule within the cavity to favor cyclization. 
Transesterification to the terminal hydroxyl unit then results in 
the formation of the 14-membered lactone core of the 
erythromycin aglycon. In the crystal structure, the thioesterase 
exists as a dimer, leading to speculations that a dimer also 35 

constitutes the functional unit of the entire DEBS. A leucine-rich 
hydrophobic α-helix region connects the two monomers. A dimer 
moiety has also been observed in a recent structural study of the 
module responsible for assembling the macrocyclic precursor of 
Pikromycin, a polyketide closely related to Erythromycin.16,17 40 

The structure of the entire PKS module was analyzed via single-
particle electron cryo-microscopy, revealing a dimeric complex. 
 

2.3 Ester Fragment Couplings during Biosynthesis  

Although our discussion so far could imply that Nature only 45 

constructs ester bonds in complex molecular settings as the final 
macrolactonization step during assembly line biosynthesis, this is 
not the case. Several macrocyclic natural products (e.g. Didemnin 
B and Hectochlorin, Fig. 2) contain two or more ester bonds 
within the central ring system, which necessitates that some 50 

bonds are constructed as fragment couplings. Studies of the 
assembly lines that construct these natural products have 
demonstrated that specialized condensation domains facilitate 
hindered coupling reactions between relatively small alcohol-
containing fragments and the thioester-functionality terminating 55 

the growing chain. For instance, in the case of Didemnin B,18 
which contains two esters within the core ring system, ester 2 
originates partly from 2-oxoisovalerate, the keto-acid precursor of 
valine. The keto-acid is first activated via adenylation, then 
incorporated into the growing chain and finally reduced to the α-60 

hydroxy acid derivative. A condensation domain subsequently 
mediates the coupling reaction with the thioester terminus to form 
ester 2.18 Ester 1 is formed in the last step of the biosynthesis as 

 
Scheme 1 The release of 6-deoxyerythronolide B, the core of the aglycon of erythromycin. Thiolation unit (T) links the linear assembled chain. 
KS = ketosynthetase, AT = acyltransferase, KR = ketoreductase, TE = thioesterase. The TE cleaves the thioester via the activated serine in the catalytic 
triad. 
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part of the chain release through a canonical thioesterase-
cleavage as outlined above (section 2.2). Hectochlorin contains 
three ester bonds in the core ring, 4 and 5 originate from 
2-oxoisovalerate.19 Reduction of the ketone of 2-oxoisovalerate to 
an alcohol followed by oxidation of the β-carbon leads to the unit 5 

destined for ester coupling. Fragment couplings of the very 
hindered secondary and tertiary alcohols with the thioester are 
promoted by condensation domains. Ester 3 is formed as a 
lactonization in the termination step. 

 10 

Figure 2 Macrocyclic natural products that contain multiple ester 
functionalities. 

Examples of ester fragment couplings beyond assembly line 
biosynthesis are also known. A notable example is Taxol 
(Scheme 3) – a microtubule stabilizer originally isolated from the 15 

bark of the pacific yew tree and now approved for treatment of 
several malignancies – where attachment of the C13 side chain is 
biosynthetically installed as a fragment-type coupling as outlined 
in detail below. This example also precisely embodies the 
synthetic challenge that ester coupling reactions can turn out to 20 

be.20 
During the ongoing clinical development of Taxol in the late 
1980s, a difficult task turned out to be securing a sustainable 
supply route to the fully elaborated natural product.20 The 
breakthrough came with the realization that an advanced 25 

precursor, 10-deacetylbaccatin III, could be isolated in large 
quantities from leaves of the yew tree. In order to realize a semi-
synthesis of Taxol from Baccatin III (which can be readily 
accessed from 10-deacetylbaccatin III), an efficient method for 
constructing the ester functionality had to be developed. The 30 

steric bulk on both sides of the coupling junction combined with 
several additional functional groups constitutes a typical example 
of the type of ester bond that can prove very challenging as is 
analyzed in detail in the sections below. Indeed this turned out to 
be the case as was succinctly pointed out by Denis and co-35 

workers in 1988: “None of the various esterification procedures 

that are generally successful with hindered substrates was able to 

produce, even to a modest degree, the desired coupling”21 

Extensive experimentation resulted in the discovery that the key 
coupling reaction could be effected using a new reagent, di-2-40 

pyridyl carbonate (DPC), developed a few years earlier by Kim 
and co-workers,22 in combination with N,N’-
dimethylaminopyridine (DMAP). Although uniquely successful 
for this challenging transformation, it is curious to note that 
virtually no additional comparable examples of the use of DPC, 45 

or related carbonate reagents, can be found in the literature. The 
seminal work by Denis and co-workers21 that converged onto the 
detailed procedure depicted in Scheme 3 (left) was a milestone in 
the Taxol story, however viewed from a strictly synthetic 
perspective the method is in fact rather inefficient as well as quite 50 

wasteful. Key improvements to the semi-synthesis was 
subsequently made by Holton23 and Ojima24 who both reported 
that the chemical structure of the side chain (an α-hydroxy-β-
amino acid derivative) could be uniquely exploited to facilitate 
the coupling, as it could be tied up into a reactive β-lactam 55 

functionality that could deliver the coupled product in high yield 
through reaction with the C13-alkoxide of protected Baccatin III 
(Scheme 3, right). Employing the β-lactam as a direct side chain 
precursor had another advantage as it allowed for an improved 
stereoselective synthesis compared to the acyclic precursor used 60 

by Greene and co-workers. The β-lactam strategy for introduction 
of the side chain also featured in the seminal syntheses of Taxol 
by the Nicolaou,25 Holton,23 and Danishefsky26 groups. 

 
Scheme 3 Semi-synthetic and biosynthetic strategies for attachment of the 65 

C13-ester side chain of Taxol. 

Extensive studies of Taxol biosynthesis have revealed that the 
fully elaborated side chain is in fact not incorporated as a single 
entity (Scheme 3, middle).27 Rather, a relatively unhindered β-
phenylalanine side chain is introduced first onto Baccatin III 70 

followed by stereoselective P450-mediated hydroxylation of the 
α-carbon and final N-benzoylation (through the coupling of Bz-S-
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CoA). So, at least in the case of Taxol, a maximally convergent, 
but also sterically congested, ester fragment coupling is not the 
preferred biosynthetic option. 

 

2.4 Baeyer-Villiger Monooxygenases 5 

In an unrelated mechanistic fashion Nature also makes 
esters/lactones via enzymes belonging to the Baeyer-Villiger 
monooxygenase (BVMO) family, which was first documented by 
Turfitt in 1948.28 The BVMO family has since been divided into 
sub-classes but all share the following essential features; a flavin 10 

based prosthetic group (flavin mononucleotide – FMN; flavin 
adenine dinucleotide – FAD), O2 as oxidant, and NAD(P)H as 
reducing agent.29 BVMOs are involved in a variety of different 
processes, both in synthesis of secondary metabolites and in 
catabolism, allowing certain bacteria to utilize ketones as 15 

nutrients.29,30 Often BVMOs catalyze oxidations other than ester 
formation (e.g. carbamate formation,31 carbonate formation,32 and 
sulphur oxidation29), and sometimes the ester formed is only 
present in precursor intermediates, but not in the final natural 
product.33 Natural BVMOs and derived mutant enzymes have 20 

also been central in recent studies regarding the use of enzymes 
in organic synthesis to form esters with high stereo- and 
regioselectivity.34,35,36,37 It remains difficult, however, to predict 
activity and selectivity for different substrates, and the method is 
not yet used regularly. Some examples of ester-containing natural 25 

products synthesized by BVMOs are shown in Figure 3. 

 
Figure 3 Natural product esters/lactones formed by BVMO. 

DTX-4 is an okadaic acid derivative that originates from 
dinoflagellate cells.38 It contains two esters, and by feeding 30 

experiments it has been shown that one ester derives from a 
ketone followed by oxidation by a BVMO. The other ester in 
DTX-4 is synthesized via the canonical thioester method. Also 
belonging to this family of natural products are DTX-5b and 
DTX-5c that both contain an ester synthesized by a BVMO.39 35 

The sesquiterpenoid antibiotic Pentalenolactone is a known 
electrophile, alkylating the active site cysteine of glyceraldehyde-
3-phosphate dehydrogenase in bacteria.40 The lactone moiety is 
installed from the ketone as part of a series of oxidation reactions 

late in the biosynthesis. Hygrocin A is a lactone polyketide which 40 

is formed by BVMO-mediated oxidation following 
macrolactamization.41  
The BVMO catalytic mechanism has been studied in detail using 
simple substrates like cyclohexanone and phenylacetone (Scheme 
4).37,42,43 The flavin ring reacts with NADPH and O2 to generate a 45 

peroxide-intermediate. An arginine residue close to the flavin 
binding site is believed to stabilize the negatively charged 
peroxide.42  

 
Scheme 4 Proposed mechanism of BVMO phenylacetone 50 

monooxygenase.42 

Nucleophilic attack on the ketone substrate leads to the 
intermediate originally suggested by Criegee during his studies 
on the Baeyer-Villiger reaction mechanism.44 The arginine-
residue in the active site is thought to maintain a key role in also 55 

stabilizing this intermediate. Last, the ester is formed via carbon 
migration followed by dehydration to reform the flavin. In total, a 
ketone, a molecule of O2, a proton, and NADPH are transformed 
into an ester, a molecule of H2O, and NADP+.  

3. Classic Activation Modes 60 

The enzymes involved in making Nature’s ester bonds thus rely 
upon a few fundamental mechanisms, and in the vast majority of 
cases, save the BVMOs outlined above, the ester is constructed as 
a redox-neutral coupling reaction between an alcohol and the 
acid/ester functionality. Viewed from a strictly chemical 65 

perspective, the transformation happens either as a simple (and 
energy-neutral) O-O-transesterification or as an S-O transfer from 
the slightly more activated thioesters. In most cases it remains 
poorly understood how the activation is achieved at the level of 
individual functional groups, but most enzymes are likely to 70 
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utilize dual catalytic mechanisms to activate both substrates and 
collectively facilitate the transformation. Pre-organization of the 
linear chain, or substrate proximity in the intermolecular case, are 
critical elements in the catalysis.  
In the absence of similar strong organizational principles, the 5 

chemical solution to the synthesis of complex ester bonds relies 
upon generation of species that are far more reactive. It should be 
noted that biomimetic strategies such as those reported by Corey, 
Nicolaou, Clark, Gerlach and others involving thioester 
intermediates has had significant success in (macro)lactonization 10 

chemistry,45 but these methods are generally not employed for 
effecting ester fragment couplings. Fundamentally, all of the 
established chemical methods seek to generate the ester bond by 
the (in)direct dehydrative merger of a carboxylic acid and an 
alcohol, which on the practical level is achieved mainly through 15 

activation of the carboxylate functionality and to a lesser extent 
the alcohol functionality. In the end of the review, we will present 
a series of new methods that challenge this general dogma. In this 
section, we will briefly outline the fundamentals of the five 
chemical activation principles and reagents that currently 20 

comprise the core methodology for ester coupling reactions. We 
will keep focus on the known propensities for undesired 
reactivity that can complicate the application in complex 
molecules. 

 25 

3.1 Acyl Halides 

Due to the strong electrophilicity acyl chlorides would appear as 
appealing intermediates for constructing highly hindered ester 
bonds. This strategy, however, suffers from severe limitations.46 
Firstly, all the conventional methods for acid chloride formation47 30 

require the use of reagents like thionyl chloride, oxalyl chloride 
or phosphorus chlorides that generate hydrochloric acid as a 
byproduct, thus rendering these procedures irreconcilable with 
acid-labile substrates. Various protocols for the synthesis of acid 
chlorides under mild or acid-free conditions have been reported,48 35 

however, to the best of our knowledge, they have only seen 
scarce application in natural product synthesis.49 Moreover, once 
formed, acid chlorides are prone to hydrolysis as well as 
racemization under basic conditions through the standard ketene 
intermediate (Scheme 5). Consequently, the use of acid chlorides 40 

in total synthesis has been confined either to the coupling of 
functionalized, orthogonally N-protected, single amino acids,50,51 
or to early stage coupling of small fragments that are stable under 
the acidic environment generated during the formation of the acyl 
chloride. 52 45 

  
Scheme 5 Racemization through the ketene intermediate is a common 
problem associated with the use of acyl chlorides as reagents in ester (and 
amide) coupling reactions. 

An efficient way to circumvent the aforementioned problems is 50 

the activation of the carboxylic acid via acid fluoride formation.53 
These species can be generated in situ and are less sensitive 

towards moisture and, more importantly, compatible with acid-
labile functional groups, like t-Bu esters or N-trityl side chain 
protection, as their formation requires mild conditions.  55 

A broad spectrum of activating reagents such as cyanuric 
fluoride, fluoroformamidinium salts (TFFH, BTFFH, DFIH), 
diethylaminosulphur trifluoride (DAST) and deoxofluor (Scheme 
6) are available. Mechanistically, the acyl fluoride is formed 
following an initial attack of the carboxylate group onto the 60 

fluoroformamidinium salt and then the fluoride ion released can 
re-attack the activated acyl group to afford the acyl fluoride and 
tetramethylurea (in the case of TFFH, Scheme 6). Racemization 
problems as well as other undesired reactivity are decreased with 
acyl fluorides which in many respects bear high resemblance to 65 

other types of in situ generated active esters.54 

 
Scheme 6 Fluorinating agents and formation of an acyl fluoride using 
TFFH. 

3.2 Carbodiimides 70 

One of the most commonly used set of conditions for the 
formation of an ester bond was developed in 1978 by Neises and 
Steglich and employs N,N’-dicyclehexylcarbodiimide (DCC) and 
DMAP.55 Before the development of the Steglich conditons, DCC 
was rarely used in the formation of ester bonds due to a high 75 

tendency to form the undesirable N-acylurea (Scheme 7).55 
During a coupling reaction with DCC dicyclohexylurea (DCU) is 
formed as a byproduct (Scheme 7). DCU is insoluble in most 
organic solvents and can thus be filtered off after the reaction, 
however traces of DCU can persist which may complicate the 80 

subsequent chromatographic purification.56 In such cases, the use 
of alternative carbodiimides, such as N-ethyl-N’-(3-
dimethylaminopropyl)carbodiimide (EDC) or N,N’-
diisopropylcarbodimide (DIC), can be more advantageous. EDC 
and its urea byproduct are water-soluble and hence can be 85 

removed during aqueous workup.57 DIC is more soluble in 
organic solvents, such as dichloromethane, than DCC.58 This is 
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particularly useful in solid-phase synthesis, and DIC/DMAP has 
been used on several occasions for the solid-phase synthesis of 
depsipeptides.59,60,61,62,63 
The initial step of the reaction mechanism is the reaction between 
the carboxylic acid and the carbodiimide, most likely via an ion 5 

pair, to form the O-acylisourea (Scheme 7).64 This intermediate 
can now either react with another equivalent of the carboxylate to 
form the symmetric anhydride, with the alcohol to form the ester, 
or undergo intramolecular rearrangement to form the N-acylurea 
byproduct. The intramolecular rearrangement occurs via a four-10 

centered transition state from the E-isomer of the imide, where 
the lone pair on the nitrogen atom and the carbonyl are on the 
same side of the double bond. Isomerization of the Z-isomer to 
the E isomer is acid catalyzed at pH 3-6, but can still occur 
slowly and uncatalyzed at pH above 7. At pH below 2 the 15 

rearrangement cannot occur due to the O-acylisourea existing 
primarily in its protonated form.65 In the case of acids possessing 
strong electron-withdrawing groups at the α-position, formation 
of a ketene intermediate is also possible. Reaction of the ketene 
with the alcohol can also result in formation of the desired ester, 20 

although eventual stereochemistry in the acid component would 
be compromised.66  

 
Scheme 7 Mechanism of carbodiimide/DMAP mediated ester coupling. 

Reaction between the symmetrical anhydride and the alcohol will 25 

lead to the formation of the desired ester, while formation of the 
N-acylurea is, as already mentioned, undesirable since it leads to 
consumption of the carboxylate with no further formation of the 

desired ester. Alcohols are in general much poorer nucleophiles 
than amines, and hence the degree of N-acylurea formation is 30 

greater in carbodiimide mediated esterification reactions than in 
amide formations. Addition of DMAP in catalytic amounts can, 
however, compensate for this tendency by rapid reaction between 
DMAP and the O-acylisourea to form an acyl pyridinium species 
incapable of intramolecular byproduct formation, and which can 35 

react with the alcohol to form the ester. As we will see below, 
very subtle changes in reaction conditions can be critical for 
carrying out successful complex Steglich-type ester couplings. 
In case of EDC the mechanism is more complex than depicted 
above, since this carbodiimide exists in a pH-dependent 40 

equilibrium of the open-chain carbodiimide and the ringclosed 
structural isomer.67 
Other very commonly used N-acylurea suppressing additives for 
carbodiimide mediated couplings are the benzotriazole 
derivatives, including 1-hydroxybenzotriazole (HOBt, Scheme 7) 45 

and 1-hydroxy-7-azabenzotriazole (HOAt, Scheme 7). HOBt was 
described for the first time in 1970 by König and Geiger as an 
additive with the ability to decrease racemization and to hinder 
the formation of N-acylurea during peptide couplings with 
DCC.68 Recently, Morales-Serna et al. have demonstrated the use 50 

of HOBt as an additive in EDC mediated ester formation with 
sterically hindered substrates.69 HOAt was first described in 1993 
by Carpino as an additive with enhanced reactivity in peptide 
couplings compared to HOBt. This is believed to be due to the 
neighboring group effect of the 7-aza derivative making 55 

proximity of the amine and the benzotriale coupled carboxylate 
possible. The amount of racemization in HOAt mediated 
couplings does not seem to decrease compared to HOBt mediated 
couplings.70 Whether this neighboring group effect of HOAt is 
applicable to esterification reactions is not clear from the research 60 

literature. In fact, Xu and Miller report that ester formation, as a 
byproduct of an attempted amide formation with CbzSerOH and 
CbzThrOH, is diminished when DCC/HOAt is used instead of 
DCC/DMAP.71 
 65 

3.3 Yamaguchi Anhydrides 

The canonical Yamaguchi coupling, developed in 1979 by 
Yamaguchi and co-workers,72 is the formation of an ester via 
alcoholysis of a mixed anhydride formed by reaction of 2,4,6-
trichlorobenzoyl chloride (TCBC, Scheme 8) with the carboxylic 70 

acid of interest. In the original procedure the mixed anhydride is 
preformed using triethylamine (TEA) in THF, and isolated via 
filtration to remove the formed triethylamine hydrochloride salt, 
followed by simple concentration. The mixed anhydride can then 
be redissolved in benzene or toluene and subjected to the alcohol 75 

of interest in the presence of DMAP, to form the desired ester in 
high yields and short reaction times.72 The original procedure has, 
however, been modified by Yonemitsu and co-workers to 
accomplish direct one-pot esterification without the need of 
isolation of the mixed anhydride.73 Yamaguchi and co-workers 80 

report the method to be useful to form esters from both primary, 
secondary and tertiary alcohols, however the very sterically 
hindered tert-butyl pivalate ester could not be formed via this 
method.72 The reaction can be run at room temperature, but is 
faster at higher temperatures, however higher temperatures also 85 

led to some extent of racemization in the case of chiral 

Dialkylurea

R1 OH

O

N C NR2 R3+

N C
R2

O

NH

R3

R1

O

R1 O

O

R4

R1 O

O

R1 O

O

R1

O

R4OH

N

O

N
H

R2

R1O

N-Acylurea O-Acylisourea

Ester
Anhydride

N
H

O

N
H

R2 R3

+

R4OH

N N

Me

Me

R4OH

DCC: R2 = R3 = Cyclohexyl

DIC: R2 = R3 = iso-Propyl

EDC: R2 = Ethyl, 

R3 = 3-Dimethylaminopropyl

R3

N

R1
O

N Me

Me

N

N

N

OH
HOBt

N N

N

N

OH
HOAt

Page 7 of 25 Natural Product Reports



 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

compounds.72 The Yamaguchi reaction has been extensively 
employed for performing macrolactonization reactions.2 

According to Yamaguchi and co-workers, the reaction is based on 
the formation and following alcoholysis of the mixed anhydride 
(A, Scheme 8), thus leading to the conclusion that the choice of 5 

aryl acid chloride should be focused on a compound that is 
sterically hindered so the alcoholysis of the mixed anhydride 
takes place selectively at the position of the carbonyl group of 
interest. Furthermore, the corresponding carboxylate formed from 
the alcoholysis should be a good leaving group.72 However, a 10 

somewhat different mechanism was postulated by Dhimitruka 
and SantaLucia based on the observation that in the reaction 
between 2,4,6-trichlorobenzoyl chloride and propionic acid in the 
presence of triethylamine in THF, the symmetric aliphatic 
anhydride, and not the mixed anhydride, was isolated as the only 15 

product.74 Similarly, Yonemitsu and co-workers also report in the 
key macrolactonization reaction in the synthesis of the macrolide 
Hygrolidin, that reaction with the Yamaguchi reagent in THF in 
the presence of triethylamine gives a 6:4 mixture of the mixed 
and symmetrical anhydride.75 20 

The reaction mechanism proposed by Dhimitruka and 
SantaLucia74 is initiated by nucleohilic attack of the carboxylate 
onto the aryl acid chloride to initially form the mixed anhydride 
(A, Scheme 8). The mixed anhydride then reacts with another 
equivalent of the carboxylate to form the symmetrical anhydride 25 

(B, Scheme 8) and the aryl carboxylate. Nucleophilic attack from 
the alcohol on the symmetrical anhydride forms the desired ester 
and reforms the carboxylate. The postulated mechanism is based 

on the assumption that the aliphatic carboxylate is a better 
nucleophile than both the alcohol and the aromatic carboxylate. 30 

Furthermore, the selectivity of the reaction towards the aliphatic 
carbonyl would depend on this being a better electrophile than the 
aromatic carbonyl, rather than solely on steric effects.74 Hence, 
depending on the substrate, the use of the unhindered benzoyl 
chloride (Scheme 8), instead of TCBC, is possible, which was 35 

also demonstrated recently by Hung et al. in the synthesis of 
Xnematide.74,76 With the proposed mechanism, Dhimitruka and 
Santalucia also indicate that a two-step procedure and the use of 
excess DMAP is unnecessary.74 DMAP acts as a nucleophilic 
catalyst accelerating the reaction by forming an acyl pyridinum 40 

salt prone to nucleophilic attack by the alcohol. 
Recently, Okuno et al. have reported the synthesis and use of 
2’,4’,6’-trichlorobenzoyl-4-dimethyaminopyridinium chloride 
(TCB-DMAP, Scheme 8) as a modified Yamaguchi reagent. 
TCB-DMAP is synthesized in one step from TCBC and has the 45 

apparent advantage of a lowered reactivity, giving a more 
controllable reaction.77 
In 2002 and 2004 Shiina et al. reported the use of 2-methyl-6-
nitro-benzoic anhydride (MNBA, Scheme 8) as a very effective 
reagent for ester formation and macrolactonization.78 MNBA 50 

gave the desired ester in high yield at room temperature 
employing only slight excess of MNBA and carboxylic acid, in 
combination with 10 mol % of DMAP under basic conditions. In 
macrolactonization reactions DMAP was used in stoichiometric 
amounts and no additional base was added. In most of the 55 

esterification reactions examined, MNBA had a much higher 

 
Scheme 8 Proposed mechanism of the Yamaguchi coupling along with structure and characteristics of alternative reagents. 
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chemoselectivity than TCBC, i.e. low formation of the byproduct 
formed from alcoholysis at the benzoic carbonyl of the mixed 
anhydride. Furthermore, MNBA was been reported to be both 
higher yielding and to give a higher ratio of monomer to dimer in 
macrolactonization reactions than TCBC under similar reaction 5 

conditions. The yield of the TCBC mediated reaction was 
improved when the reaction temperature was significantly 
increased, however this also lowered the monomer to dimer 
ratio.78 

3.4 Mitsunobu Coupling 10 

The Mitsunobu reaction, developed by Mitsunobu and Yamada in 
1967,79 allows for converting alcohol groups into a variety of 
functionalities, including esters. Contrary to the most widely used 
coupling reagents which activate the carboxylic acid for 
nucleophilic attack by the alcohol, in the Mitsunobu reaction the 15 

alcohol is activated towards nucleophilic attack from the 
carboxylic acid. This is achieved by reacting with a phosphine, 
typically triphenyl phosphine, and a dialkyl azodicarboxylate, 
usually diisopropyl azodicarboxylate (DIAD) or diethyl 
azodicarboxylate (DEAD). A number of reports have focused on 20 

developing other azodicarboxylates such as DMEAD,80 ADDM,81 
DNAD82 and 5,5’-Dimethyl-3,3’-azoisoxazole83 to solve the not 
uncommon problems with chromatographic purification. These 
reagents can be removed from the reaction mixture by alternative 
means, such as aqueous workup or filtration, and show similar 25 

reactivity and scope as DIAD and DEAD. However, 5,5’-
Dimethyl-3,3’-azoisoxazole does show selectivity towards 
esterification of benzylic over aliphatic alcohols.83  
The mechanism of the Mitsunobu reaction has been extensively 
studied, however, there are still aspects of the reaction that are 30 

not fully understood.84,85,86,87,88 The first step of the reaction 
mechanism is the formation of the Morrison-Bruun-Huisgen 
intermediate betaine formed by nucleophilic attack of the 
phosphine on the azodicarboxylate (Scheme 9).84,89 
Abstraction of a proton from the carboxylic acid then gives the 35 

protonated betaine, which in turn can react with the alcohol to 

form the alkoxyphosphonium salt. The alcohol can also undergo 
nucleophilic attack onto the betaine to form the pentavalent 
phosphorane species, which is in equilibrium with the 
alkoxyphosphonium salt in presence of the acid.84,87,90 40 

The equilibrium between the phosphorane and the 
alkoxyphosphonium salt depends on the polarity of the solvent, as 
well as the stoichiometry and pKa of the carboxylic acid.87 
Nucleophilic attack of the carboxylic acid onto the 
alkoxyphosphonium salt then leads to the formation of the ester 45 

and triarylphosphine oxide.87,89 In case of chiral alcohols the 
reaction will proceed with inversion of the stereochemistry of the 
alcohol, unless very sterically hindered alcohols are employed.90 
Complete retention of stereochemistry of the alcohol was for 
instance observed in the total synthesis of (+)-Zampanolide.91 50 

The most likely explanation of this unusual observation was 
accounted to be failure of the Mitsunobu reagents to activate the 
alcohol due to sterics. Instead, formation of an 
acyloxyphosphonium ion and subsequent nucleophilic attack of 
the alcohol gave the ester with retention of configuration 55 

(Scheme 9).91 Mechanistic studies of the Mitsunobu reaction by 
DeShong and co-workers also support this mechanism.86 

3.5 Ketene intermediates 

Ketenes are highly reactive intermediates that are usually 
generated in situ and get trapped immediately by a suitable 60 

trapping agent to provide a plethora of interesting compounds and 
important building blocks. Ketene chemistry traces back to the 
outset of the 20th century with the pioneering work by 
Staudinger92 and Wilsmore93. The rich and diverse chemistry of 
ketene intermediates has been the subject of numerous 65 

comprehensive reviews over the years.94 Therefore, for the 
purposes of this review we will focus solely on examples of 
ketene-mediated ester/lactone formation en route to the total 
synthesis of natural products. 
By far, the most commonly used ketene intermediate in total 70 

synthesis campaigns has been the acylketene species (or α-
oxoketene), which gives rise to β-keto esters in the case of 

 
Scheme 9 Mechanism of Mitsunobu esterification reaction and structures of activating agents. 

Ph3P N N

R1O2C

CO2R
1

N N

R1O2C

CO2R1Ph3P

+

N NH

R1O2C

CO2R
1Ph3P

2 R3OH

P

+

OR3
Ph

Ph

Ph
OR3

PPh3 OR3

R2 O

O

Betaine

Phosphorane Alkoxyphosphonium salt

Protonated betaine

SN2

Inversion

Acyloxyphosphonium ion

R2 O

O

PPh3

Retention

R2 O

O

R3

R3

Ph3P O

HN NH

R1O2C

CO2R
1

Ph3P O

DEAD: R1 = Ethyl

DIAD: R1  = iso-Propyl

DMEAD: R1  = 2-Methoxyethyl

ADDM: R1  = Morpholyl

DNAD: R1 = p-nitrobenzyl

N
N

O N

ON
Me

Me

5,5'-Dimethyl-3,3'-azoisoxazole

R2COO

R2COOH R2COO

R2COOH R3OH

R3OH

Page 9 of 25 Natural Product Reports



 

10  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

intermolecular couplings, or β-keto lactones when the acylketene-
trapping occurs intramolecularly by a pendant hydroxyl group.94g 
The transient acylketene intermediate (A) is generated in situ by 
thermolysis or photolysis of a variety of precursors (Scheme 10).  

 5 

Scheme 10 Formation of the highly reactive acylketene intermediate from 
various precursors. 

The first example of intermolecular capture of an acylketene 
intermediate was reported in 1990 by Sato et al in the total 
synthesis of the fungal metabolite (-)-carlosic acid (Scheme 11).95 10 

Thermolysis of 1,3-dioxin-4-one A in the presence of alcohol C 
as the nucleophile, initiates a retro-hetero-Diels-Alder reaction 
forming the acylketene species B which immediately gets trapped 
by alcohol C to produce the desired β-keto ester D. A recent 
example of a similar transformation can be found in the synthesis 15 

of the macrocyclic core of Lyngbyaloside B96 (Table S1, entry 
40, see Supplementary Information). The equivalent 
intramolecular version of this reaction has found many 
applications in the construction of complex medium- and large-
ring macrolides, e.g. in the synthesis of Amphidinolide P,97 20 

Callipeltoside A,98 and Lyngbouilloside aglycon99. 

 
Scheme 11 A facile synthesis of (-)-carlosic acid through an 
intermolecular trapping of acylketene. 

In 1989, Funk and co-workers100 reported a novel ketene 25 

mediated macrolactonization approach through a thermal retro-
ene reaction of an alkyl alkynyl ether as the macrolactone 
precursor. The first application of this elegant protocol in total 
synthesis was reported by Jamison and co-workers in 2006 for the 
synthesis of Acutiphycin.101 As depicted in Scheme 12, 30 

thermolysis of alkynyl ether A in the presence of a base effected a 
retro-ene reaction (B) to generate ethylene and ketene C that 
underwent a intramolecular coupling with the least hindered 

pendant hydroxyl group to form the macrocycle in an excellent 
yield of 90%. This method has been studied further as a 35 

mechanistic probe102 however, to the best of our knowledge, an 
intermolecular variant has yet to be reported. 

 
Scheme 12 Alkynyl ether as a ketene precursor in the total synthesis of 
Acutiphycin. 40 

4. Representative Complex Ester Couplings in 
Total Synthesis of Natural Products 

In this section we provide a number of examples of complex ester 
couplings from literature. The examples are selected from all of 
the canonical modes of activation and illustrate either very 45 

difficult couplings or alternative reagents/conditions in order to 
boost reactivity or suppress side reactions. In section 4.6 below 
and in Table S1 we provide, a more comprehensive collection of 
examples.  

4.1 Steglich Variants  50 

4.1.1 Ramoplanin A2 

Ramoplanin is a lipoglycodepsipeptide antibiotic isolated from 
the fermentation broths of Actinoplanes sp. ATCC 33076 as a 
mixture of three closely related compounds, A1–A3, that differ 
only in the structure of the lipid side chain.103 From this complex, 55 

Ramoplanin A2 (Fig. 4) is the most abundant and was therefore 
selected as the first target for total synthesis as the aglycon 
analogue. The Ramoplanin complex is 2–10 times more potent 
against Gram-positive bacteria than Vancomycin and is currently 
in Phase III clinical trials for the oral treatment of infections from 60 

Gram-positive pathogens.104  
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Figure 4 The chemical structure of Ramoplanin A2. 

The chemical structure of Ramoplanin A2 was established in 
1989 and was found to consist of a 49-membered ring containing 
17 amino acid residues, 13 of which are non-proteinogenic and 7 5 

bear the D-configuration. Boger and co-workers reported the first 
total synthesis of the Ramoplanin A2 aglycon in 2002,105 
followed by the total syntheses106 of the two minor components 
of the Ramoplanin complex, A1 and A3, two years later. 
Towards the synthesis of the Ramoplanin A2 aglycon, Boger and 10 

co-workers encountered one of the most recalcitrant ester bond 
formations ever reported (Scheme 13, Table S1, entry 7).104 A 
wide range of esterification protocols, namely acyl fluoride 
activation, unhindered mixed anhydride activations, Mitsunobu 
esterification, Yamaguchi esterification, Corey-Nicolaou45a 15 

esterification, all failed to deliver the product in acceptable levels 
of conversion and diastereomeric ratios, or suffered from 
competitive β-elimination. 
Benchmark protocols like DCC/DMAP or EDC/DMAP were able 
to facilitate the intended coupling but required extensive fine-20 

tuning of the reaction conditions, with higher temperatures (23 vs 
0 oC) or prolonged reaction time leading to unsatisfactory 
conversions. Also, the amount of DMAP used had a huge impact 
on the reaction’s outcome with higher amounts (0.5-2 equiv. vs 
0.15-0.3 equiv.) leading to epimerization products. Even though, 25 

at first sight, it may seem counterintuitive to lower the 
temperature or the equivalents of a catalyst in a reaction that is 
not working, it would appear that there is a delicate balance, 
when these highly reactive intermediates are generated in such 
complex settings, that can lead either to the formation of the 30 

desired product, or to intramolecular side-reactions causing 
racemization or degradation. Finally, the key esterification of 1 
and 2 was accomplished via activation with EDC in the presence 
of a catalytic amount of DMAP (0.3 equiv.) at 0 oC, furnishing 
the desired ester 3 in excellent yield (87%) and 35 

diastereoselectivity (>10:1 dr). 

 
Scheme 13 Ester bond formation conditions towards the synthesis of 
Ramoplanin A2 aglycon. 

4.1.2 Pipecolidepsin A 40 

Pipecolidepsin A is a “head-to-side-chain”107 cyclodepsipeptide 
isolated from the marine sponge Homophymia lamellosa 
collected off the coast of Madagascar (Fig. 5).108 It displays 
cytotoxicity against three human tumor cell lines, namely A549 
(lung), HT-29 (colon) and MDA-MB-231 (breast) in the 45 

nanomolar range.109 Pipecolidepsin A is characterized by a 
complex architecture containing a 25-membered macrolactone 
scaffold which incorporates several rare non-proteinogenic amino 
acid residues, with the D-allo-(2R,3R,4R)-2-amino-3-hydroxy-
4,5-dimethyl hexanoic acid and the L-threo-β-EtO-Asn residues 50 

being unprecedented in natural peptides.110 The total synthesis 
and structural validation of this cyclodepsipeptide was reported 
by Pelay-Gimeno et al. in 2013.109 

 
Figure 5 The chemical structure of Pipecolidepsin A. 55 

The total synthesis of Pipecolidepsin A was performed on solid 
phase thus allowing rapid access to, potentially medicinally 
important, analogues. In regard to the formation of the key ester 
bond, the researchers had to overcome several pitfalls, mainly 
due to the significant steric hindrance of the secondary alcohol 4 60 

(Scheme 14, Table S1, entry 10).  
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Scheme 14 Ester bond formation conditions towards the synthesis of 
Pipecolidepsin A. 

Low conversions, loss of the Fmoc protecting group on the 
adjacent Fmoc-diMeGln residue, cleavage of the peptide from the 5 

resin at large scales and competitive epimerization were some of 
the synthetic challenges encountered during this esterification 
step. Various activation modes failed to deliver the product 
(Table 1, entries 1 and 2), while formation of the ester bond on a 
longer fragment could not be achieved even under extreme 10 

conditions, such as high temperatures or strong heating under 
microwave irradiation. Finally, only the modified Steglich 
esterification protocol using DIC/DMAP furnished the desired 
intermediate 6 (Table 1, entries 3–6) but, nonetheless, elevated 
temperature and huge excess of acid 5 and carbodiimide were 15 

necessary in order to achieve high yields with reasonable purity 
(Table 1, entries 5 and 6). 

Table 1 Esterification optimization studies. 

Entry Coupling system T 
(oC) 

Time 
(h) 

Yield 
(%)α 

1b 5 (5 equiv.), MSNT (5 equiv.), NMI (4 
equiv.) 

25 2 0 

2c Alloc-pipecolic-F (10 equiv.), DIPEA (25 
equiv.) 

25 4 0 

3 b 5 (8 equiv.), DIC (8 equiv.), DMAP (1 equiv.) 25 20 27 
4 b 5 (16 equiv.), DIC (10 equiv.), DMAP (1 

equiv.) 
25 4 15 

5 b 5 (16 equiv.), DIC (10 equiv.), DMAP (0.5 
equiv.) 

45 30 84 

6 b 5 (15 equiv.), DIC (15 equiv.), DMAP (0.5 
equiv.) 

45 2.5 98 

a With respect to alcohol 4. b dry CH2Cl2/dry DMF 9:1. c dry CH2Cl2. 
MSNT: 1-(2-mesitylenesulfonyl)-3-nitro-1H-1,2,4-triazole. NMI: N-20 

methyl imidazole. 

4.1.3 Iriomoteolide-3a 

Iriomoteolide-3a is a 15-membered macrolide isolated from a 
marine benthic dinoflagellate Amphidinium strain, and is the first 
member of an unprecedented class of 15-membered macrolides, 25 

possessing four stereocentres in allylic positions, including an 
allyl epoxide moiety (Fig. 6).111 Iriomoteloide-3a exhibits potent 
cytotoxicity against human B lymphocyte DG-75 and Raji cells 
in the low nanomolar range. The first total synthesis and 
structural validation of this macrolide was disclosed in 2009 by 30 

Nevado and co-workers.112 

 
 Figure 6 The chemical structure of Iriomoteolide-3a. 

Towards the synthesis of Iriomoteolide-3a the key esterification 
reaction was accomplished through an intermolecular coupling of 35 

fragments 7 and 8 (Scheme 15, Table S1, entry 13), using EDC as 
the activating agent in the presence of an excess of 4-pyrrolidino-
pyridine (PPY, C, Fig. 7). Despite the presence of a fairly 
hindered secondary alcohol, the esterification reaction proceeded 
smoothly delivering ester 9 in high yield (79%) without any 40 

difficulties reported.  

 
Scheme 15 Ester bond formation conditions towards the synthesis of 
Iriomoteolide-3a. 

However, the use of PPY as the nucleophilic catalyst (in this case 45 

used in excess and not in a catalytic amount) in lieu of DMAP, 
was considered intriguing and prompted us to explore further the 
use of such nucleophilic catalysts in ester fragment couplings. 
Undoubtedly, the discovery by the groups of Litvinenko113 and 
Steglich114 almost half a century ago, that DMAP (B, Fig. 7) is a 50 

very efficient catalyst in acylation reactions enabling even the 
esterification of tertiary alcohols, sparked a revolution in the 
synthesis of ester bonds and has found various applications in 
terpene, nucleoside, steroid and carbohydrate chemistry.115 
Preceding this important discovery, pyridine (A, Fig. 7) was the 55 

only catalyst used in acylation reactions116 and it represented a 
reliable, yet limiting, method for acylation of alcohols. In 1970, 
three years after the discovery of DMAP, Steglich and Höfle 
pushed the envelope further with their report of an even more 
effective acylation catalyst, PPY.117 For many years, the notion 60 

that PPY had reached the limit of reactivity had been implicitly 
earning reputation,118 and even Steglich himself in 1978 stated 
that ‘it is unlikely that a better acyl transfer reagent than PPY 

will be found’.115 Nevertheless, almost three decades later, the 

O

OH Me

Me
O

HO

HO
H

Me

H

O

Page 12 of 25Natural Product Reports



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  13 

same scientist nullified his own sentence by demonstrating that 
conformational lock of the 4-amino group in a ring fused to the 
pyridine ring (D, Fig. 7) can enhance the catalytic activity of 4-
(dialkylamino)pyridines.119 At present, a plethora of nitrogen-
based nucleophilic catalysts have been developed,120 from the so 5 

called ‘super-DMAP’ analogues,121,122 (E, Fig. 7) with increased 
reactivity in comparison to PPY, and 9-azajulolidine, to chiral 
DMAP derivatives123 used as organocatalysts in enantioselective 
synthesis. 

 10 

Figure 7 Nitrogen-based nucleophilic catalysts employed in acylation 
reactions. 

However, in spite of the spectacular advances made in enhancing 
the reactivity of nucleophilic catalysts, these highly reactive 
species have yet to replace DMAP or PPY in esterification 15 

methodologies. Specifically within total synthesis projects, 
DMAP claims the lion share, as it is the first, and in most of the 
cases the only, activating agent examined for activation of the 
carboxylic acid. PPY has been applied to a much lesser extent, 
albeit in some cases it has been proven superior to DMAP, like in 20 

the total syntheses of Iriomoteolide-3a,112 Iejimalide B (Table S1, 
entry 12)124 and 506BD (Table S1, entry 14).125 
Another interesting modification of the Steglich esterification 
protocol, with respect to the nucleophilic catalyst, is the Keck 
esterification. In 1985 Boden and Keck126 reported that the usage 25 

of the hydrochloric salt of DMAP as an additive in combination 
with the coupling system DCC/DMAP plays a crucial role in 
preserving the active intermediates that are required for ester 
bond formation. According to the authors, DMAP�HCl acts as a 
proton source diminishing the formation of the undesired N-30 

acylurea (Scheme 7). Camphorsulfonic acid (CSA) salts of 
DMAP have been employed in similar manner. Even though this 
methodology was originally designed for macrolactonization 
under high dilution conditions, it has found many applications in 
ester fragment couplings, like in the total syntheses of 35 

Lyngbyabellin A (Table S1, entry 5),127 Aplyronine C128 and 
Citrafungin A (Table S1, entry 4).129  
 

4.2 Acyl Halide Approach 

4.2.1 Halipeptin A 40 

Halipeptin A is a cyclic lipodepsipeptide isolated from the marine 
sponge Haliclona collected in the waters off the Vanuatu 
Islands.130,131 The initial, misassigned, structure was reported in 
2001 by Gomez-Paloma and co-workers,130 only to be revised by 
the same group one year later (Fig. 8).131 Halipeptin A was found 45 

to possess very potent anti-inflammatory activity in vivo, a 
somewhat unexpected feature considering the peptidic nature of 
this molecule. In particular, preliminary pharmacological tests 

revealed a dose-dependent inhibition of mouse paw edema with a 
potency 40 and 130 times that of the classical anti-inflammatory 50 

drugs indomethacin and naproxen, respectively.130 The first total 
synthesis of this natural product was reported in 2005 by Ma and 
co-workers.132 

 
Figure 8 The chemical structure of Halipeptin A. 55 

Towards the total synthesis of Halipeptin A, Ma and co-workers 
experienced significant difficulties constructing the depsipeptidic 
ester bond, mainly because of the steric hindrance arising from 
the extensive methylation around the secondary alcohol (10, 

Table 2).132,133 The Yamaguchi method (Table 2, entry 1), the p-60 

nitro-phenol activated ester procedure (Table 2, entry 2) and other 
activated esters, such as imidazolyl or succinimdyl (data not 
reported) were tried in vain. Moreover, under the classical 
EDC/DMAP activation mode the desired ester 11 was either not 
detected (Table 2, entries 3 and 4) or isolated with complete 65 

racemization at the alanine’s chiral center (Table 2, entry 5). The 
latter was attributed to the slow rate of the reaction in the 
presence of a large excess of the coupling reagents.133  

Table 2 Esterification optimization studies. 

 70 

Entry Conditions Yield 11 (%)a 
1 N-Boc-Ala (2 equiv.), 2,4,6-TCBC (2 equiv.), 

DMAP (2 equiv.), DIPEA (2.5 equiv.), PhMe, 
reflux 

- 

2 N-Boc-Ala-ONp (1.5 equiv.), HOBt (1.5 
equiv.), NMM, DMF, r.t. 

- 

3 N-Boc-Ala (3 equiv.), EDC (3 equiv.), DMAP 
(1 equiv.), CH2Cl2, r.t. 

- 

4 N-Trt-Ala (3 equiv.), EDC (5 equiv.), DMAP (5 
equiv.), CH2Cl2, r.t. 

- 

5 N-Boc-Ala (3 equiv.), EDC (5 equiv.), DMAP 
(5 equiv.), CH2Cl2, r.t., 24 hours 

95b 

a With respect to starting alcohol. b 1:1 mixture of 11 and its epimer. Trt: 
Trityl. Np: p-Nitrophenol. 

Finally, the key esterification step was achieved by converting N-
Fmoc-Ala-OH to the more reactive N-Fmoc-Ala-Cl counterpart 
(12) and coupling with alcohol 10 in the presence of DIPEA and 75 

DMAP catalyst at low temperature (Scheme 16, Table S1, entry 
16).132 Similar to the findings of Boger and co-workers for the 
synthesis of the Ramoplanin A2 aglycon, this reaction also 
required carefully controlled conditions with higher temperature 
(0 vs -15 oC) or higher amount of DMAP (1 equiv. vs 0.5 equiv.) 80 

leading to extensive epimerization at the α-carbon atom of the 
alanine residue. Under this optimized protocol, ester 11 was 
attained without racemization in excellent yield (86%). 
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Scheme 16 Ester bond formation conditions towards the synthesis of 
Halipeptin A. 

4.2.2 Cruentaren A 

Cruentaren A is a benzolactone-containing polyketide isolated 5 

from the fermentation broth of the myxobacterium Byssovorax 

cruenta (Fig. 9).134 It exhibits antifungal activity and strong 
cytotoxicity against a panel of human cancer cell lines,135,136 
including the multi-drug resistant KB-V1 cell line (IC50 = 0.6 
ng/mL) and the L929 cell line with an impressive IC50 value of 10 

1.2 ng/mL. Moreover, Cruentaren A displays a, for this class of 
benzolactones, remarkable inhibitory activity against eukaryotic 
F-ATPases (IC50 = 15-30 nM), rendering it one of the most potent 
inhibitors of F1-ATPase of yeast and mammals known to date.135 
The total synthesis of this biologically important benzolactone 15 

was reported independently by the groups of Maier137 and 
Fürstner138 in 2007 within just a few months. 

 
Figure 9 The chemical structure of Cruentaren A. 

Towards the synthesis of Cruentaren A, both groups reported 20 

significant difficulties forming the ester bond.138, 139 Fürstner and 
co-workers attempted to couple aromatic acid 13 with alcohol 14 
(Scheme 17A). All the activating agents commonly employed in 
peptide synthesis, like carbodiimide-based reagents, 
Mukaiyama’s140 reagent, BOP46 reagents, the formation of 25 

activated thioesters, but also benchmark protocols such as the 
Yamaguchi esterification, the Mitsunobu esterification and the 
Trost141 esterification using Ru chemistry, led to unsatisfactory 
conversions or degradation of the starting materials. Moreover, 
functionalization of the acid via the acyl chloride intermediate 30 

under mild conditions48f and subsequent reaction with the 
alcohol, resulted in an intramolecular lactone formation (15) in 
quantitative yield (Scheme 17A). 

Eventually, Fürstner and co-workers accomplished this difficult 
esterification reaction (Scheme 17B) by converting the acid to its 35 

acid fluoride counterpart (16) by treatment with cyanuric fluoride 
and pyridine, followed by addition of alcohol 14. Under this 
protocol the desired ester (17) was formed in excellent yield 
(91%) in a straightforward and highly reproducible manner. 

 40 

Scheme 17 A) Formation of the lactone byproduct. B) Ester bond 
formation conditions towards the synthesis of Cruentaren A, according to 
the method by Fürstner and co-workers. 

4.3 Alternative Coupling Reagents 

4.3.1 MA026 45 

MA026 is a lipocyclodepsipeptide isolated from the fermentation 
broth of Pseudomonas sp. RtIB026 found in the digestive tract of 
the rainbow trout (Fig. 10).142 It exhibits anti-hepatitis C virus 
(HCV) activity by means of suppressing HCV infection into host 
hepatocytes by inhibiting the entry process with an IC50 value of 50 

4.68 µM.143 The structure of MA026 was established in 2002 and 
was found to comprise a 25-membered cyclodepsipeptidic core, a 
chain peptide composed of six amino acid residues and the 
lipophilic terminating moiety (R)-3-hydroxydecanoic acid.142 The 
total synthesis of MA026 was described by Sugawara and co-55 

workers in 2013.143 

 
Figure 10 The chemical structure of MA026. 

The esterification site for this difficult transformation was 
between the primary hydroxyl group of a serine residue (18) and 60 

the free carboxylic group of an isoleucine residue (19) (Scheme 
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18, Table S1, entry 20). The authors reported several failed 
attempts ascribed to the steric hindrance of both fragments.  

  
Scheme 18 Ester bond formation conditions towards the synthesis of 
MA026. 5 

Reactive mixed anhydride activations, EDC activation, the 
Mukaiyama reagent, the Shiina reagent, Yamaguchi esterification 
and the EDC/HOBt/NMM coupling system were proven 
unsuccessful.  
Notably, the esterification step was achieved in the presence of 10 

HBTU, HOBt and NMM, which is a system usually applied to 
peptide bond formation rather than ester couplings. Nevertheless, 
with these conditions ester 20 was formed in reasonable yield 
(40%) with concomitant recovery of the starting alcohol and with 
minimal epimerization after prolonged reaction time. 15 

4.3.2 Daptomycin 

Daptomycin is a lipodepsipeptide antibiotic that belongs to the 
non-ribosomal peptide family and was isolated from the bacteria 
Streptomyces roseoporus obtained from a soil sample from 
Mount Ararat in Turkey (Fig. 11).144 The chemical structure of 20 

Daptomycin was established in 1986 by Debono et al.,145 and was 
found to contain a 10-amino acid ring, a 3-amino acid side chain 
and a decanoyl lipid side chain at the N-terminus.  

  
Figure 11 The chemical structure of Daptomycin. 25 

Within the sequence there are two unnatural amino acid residues 
present, namely kynurenine (Kyn) and 3-methyl glutamic acid (3-
mGlu), as well as three amino acid residues bearing the D-
configuration. Daptomycin is approved by the FDA for treatment 
of skin and skin structure infections caused by Gram-positive 30 

pathogens and for treatment of bacteremia and right-sided 
endocarditis caused by Staphylococcus aureus including strains 
resistant to methicillin.146 The first total synthesis of this 

cyclodepsipeptide was reported by Li and co-workers in 2013.144 
One of the highlights of the synthesis was undoubtedly the key 35 

macrocyclization step, which was achieved via a spectacular 
chemoselective serine ligation.  

 

  
Scheme 19 Failed ester couplings towards Daptomycin 40 

The formation of the depsipeptidic ester bond en route to 
Daptomycin proved to be the bottleneck of the synthesis, as the 
researchers had to revise their strategy twice before they finally 
achieved the key esterification reaction (Scheme 19-20, Table S1, 
entry 21).144 

45 

The first approach included the coupling of Fmoc-
Kyn(Boc,CHO)-OH 23 with the free hydroxyl group of a resin-
supported threonine residue 21 to form ester 24 (Scheme 19). The 
authors reported numerous fruitless attempts, including 
carbodiimide chemistry, Mukaiyama esterification and 50 

Yamaguchi esterification, which were attributed to the low 
reactivity of the Kyn residue in combination with the highly 
congested system induced by the large on-resin peptide fragment. 
To overcome this pitfall, a hybrid synthesis strategy was adopted, 
where the ester fragment coupling between alcohol 22 and acid 55 

23 would be performed via solution-phase synthesis and then the 
generated ester 25 would be linked on a solid-phase pentapeptide. 
However, again, all efforts proved futile (Scheme 19). At that 
point, it became clear that the Kyn building block was not 
suitable for this difficult transformation and yet another strategy 60 

had to be designed where the threonine residue of a smaller 
peptide fragment (26) would be coupled with a tryptophan 
residue (27) using standard solution-phase conditions (Scheme 
20). 
After the esterification, Trp would be converted to Kyn in a 65 

single operation via ozonolysis of the indole moiety. Indeed, 
alcohol 26 was successfully coupled with Fmoc-Trp(Boc)-OH 
(27) in the presence of PyBOP and DIPEA, delivering the desired 
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ester 28 in excellent yield (87%) and without any epimerization. 
The choice of PyBOP as the coupling reagent is somewhat 
unexpected, as this type of phosphonium reagent is commonly 
used for peptide couplings rather than ester couplings. 
Subsequently, compound 28 was effectively transformed to the 5 

Kyn residue in two steps, via cleavage of the allyl-protecting 
group and ozonolysis of the generated acid, giving rise to 
intermediate 29 in excellent overall yield (81%). 

 
Scheme 20 Ester bond formation conditions towards the synthesis of 10 

Daptomycin. 

4.3.3 FK228 

FK228, formerly known as FR-901228, (Fig. 12) is a bicyclic 
depsipeptide isolated in 1994 from the fermentation broth of 
Chromobacterium violaceum.147 The structural complexity of 15 

FK228 and the remarkable antitumor activity against a range of 
solid tumor cells immediately established it as a “hot target” for 
total synthesis. FK228 showed potent inhibitory activity against 
histone deacetylase (HDAC1) and it was the first natural product 
HDAC inhibitor advanced to clinical trials as a potential 20 

anticancer therapy, before it was terminated at phase II due to 
adverse cardiotoxicity in patients with neuroendocrine 
tumors.148,149 The first total synthesis and structural confirmation 
of this cyclodepsipeptide was disclosed in 1996 by Simon and co-
workers. 150  25 

 
Figure 12 The chemical structure of FK228. 

Towards the first total synthesis of FK228 Simon and co-workers 
employed the Mitsunobu macrolactonization conditions to 
construct the depsipeptidic ester bond, giving rise to the desired 30 

macrolactone in a reported 62% yield. However, when Williams 
and co-workers151 adopted the same procedure in an effort to 
improve and scale up the synthesis, they were unable to 
reproduce the same result, isolating the same macrolactone in the 
much lower yield of 24%. Therefore, an alternative and more 35 

reliable cyclization protocol was imperative for a streamlined 
synthesis of the natural product or other unnatural synthetic 
analogues. Towards this end, Ganesan and co-workers152 
disclosed a strategically different approach in which the ester 
bond would be formed via an intermolecular fragment coupling 40 

and the key cyclization step would be achieved by means of 
macrolactamization. Nonetheless, the intermolecular coupling of 
acid 30 with alcohol 31 (Scheme 21, Table S1, entry 22) proved 
to be as challenging as the intramolecular macrolactonization. 
After several failed attempts, the authors reported epimerization 45 

problems when long reaction times were employed, the best 
result was obtained with MSNT in the presence of N-
methylimidazole, which delivered ester 32 in mediocre yield 
(34%) and concomitant recovery of 42% of unreacted alcohol. 

 50 

Scheme 21 Ester bond formation conditions towards the synthesis of 
FK228. 

MSNT (Scheme 22) is a relatively uncommon reagent for 
activation of carboxylic acids and is still not frequently 
encountered in amide/ester bond formation reactions.  55 
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Scheme 22 Chemical structure of MSNT and proposed mechanism for 
the formation of the ester bond. 

Originally, it was applied to phosphorylation reactions in the 
synthesis of oligonucleotides, in terms of activating the 5 

phosphoric acid of a phosphodiester intermediate to form a 
phosphotriester with the primary hydroxyl group of a 
nucleoside.153  
Nevertheless, its full potential as a coupling reagent is starting to 
be acknowledged with its successful use in peptide bond 10 

formation,154 as well as in esterification reactions.155 The reagent 
has better activating properties than DCC or DIC in some cases, 
leading to high yields with lower levels of epimerization.156 In the 
proposed mechanism for the MSNT mediated esterification 
reaction (Scheme 22), the generated ‘active species’ is the 15 

acyltriazole intermediate which undergoes nucleophilic attack by 
the hydroxyl group to yield the desired ester. 

4.4 Yamaguchi Method 

4.4.1 (+)-Migrastatin 

(+)-Migrastatin (Fig. 13) is a 14-membered ring macrolide 20 

isolated from two different strains of Streptomyces sp., MK929-
43F1157 and NRRL 18993.158 Migrastatin was found to inhibit 
anchorage-independent growth and migration of human tumor 
cells in vitro.146,159  

 25 

Figure 13 The chemical structure of (+)-Migrastatin. 

The absolute stereochemistry of this macrolide was determined in 
2002160 and the first total synthesis was described in 2003 by 

Danishefsky and co-workers.161  

 30 

Scheme 23 Ester bond formation conditions towards the synthesis of (+)-
Migrastatin. 

Towards the first total synthesis of (+)-Migrastatin, the 
condensation of α,β-unsaturated acid 34 with alcohol 33 turned 
out to be much more challenging than originally expected 35 

(Scheme 23, Table S1, entry 23).161,162  
Numerous ester formation protocols, namely acid chloride 
functionalization, DCC or EDC activation, the Mukaiyama 
reagent and the Keck modification of the Steglich esterification, 
either led to decomposition of the starting materials or provided 40 

an inseparable mixture of the desired ester 35 with the 
corresponding β,γ-unsaturated ester. 
To account for the latter, the authors invoked the formation of the 
vinylketene intermediate during acid activation, and following 
condensation with the secondary alcohol. Ultimately, the key 45 

ester bond was constructed via a modified Yamaguchi acylation 
protocol, using the less nucleophilic pyridine in lieu of DMAP to 
avoid the formation of the intermediate ketene. Under this 
optimized protocol, ester 35 was obtained in high yield (66%) 
without isomerization of the conjugated double bond. 50 

4.4.2 (-)-Laulimalide 

(-)-Laulimalide (Fig. 14) is a 20-membered marine macrolide 
isolated from two different marine sponges, the Indonesian 
Hyattella sp.163 and the Cacospongia mycofijiensis164 collected 
from Vanuatu. Initially, Laulimalide was found to exhibit potent 55 

cytotoxicity against a panel of drug-sensitive cancer cell 
lines163,165 in the low nanomolar range. However, the interest of 
the synthetic chemistry community culminated when it was 
recognized as a microtubule-stabilizing antitumor agent, i.e. 
similar to the anticancer drugs Taxol and Taxotere.166 The 60 

absolute configuration of this macrolide was confirmed through 
X-ray diffraction studies in 1996167 and the first total synthesis 
was disclosed by Ghosh and Wang in 2000.168 Subsequently, due 
to the unique structural architecture and the extraordinary 
biological activity of Laulimalide, several total syntheses of both 65 

the natural product and non-natural analogues have been 
reported.169,170  
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Figure 14 The chemical structure of (-)-Laulimalide. 

In an effort to develop a new methodology for the synthesis of 
complex natural products, Trost and co-workers reported a route 
towards the total synthesis of Laulimalide wherein the key 5 

macrocyclization step was achieved through a novel ruthenium-
catalyzed alkene-alkyne coupling.170e,171 Prior to the cyclization 
step, a seemingly trivial, according to the authors, ester coupling 
between fragments 36 and 37 (Scheme 24, Table S1, entry 28) 
would set the stage to test the closing of the macrocycle. 10 

However, yet again, the esterification reaction posed formidable 
challenges. The Steglich and Kita172 esterification protocols, 
conversion of the carboxylic acid to the corresponding acid 
chloride or fluoride, the use of Shiina’s mixed anhydride 
procedure78 or the transesterification of the methyl ester of 37 in 15 

the presence of the Otera’s catalyst173 failed to deliver the desired 
ester 38 in acceptable yields. Only the Yonemitsu modification73 
of the Yamaguchi protocol delivered the desired product, albeit in 
very low yield (18%). 

 20 

Scheme 24 Unsatisfactory attempts on the esterification reaction 

The disappointing results of the ester fragment coupling forced 
the authors to revise their strategy and attempt to couple alcohol 
36 to acid 39 (Scheme 25, Table S1, entry 28). This coupling 
proceeded smoothly under the conventional Yamaguchi 25 

esterification protocol, delivering the desired β-ketophosphonate 
40 in excellent yield. To account for this result, the authors 
proposed that the presence of the electron withdrawing 
substituents on the phosphonate group facilitates the in situ 
formation of the more reactive ketene intermediate that drives the 30 

reaction to completion. 

 
Scheme 25 Ester bond formation conditions towards the synthesis of (-)-
Laulimalide. 

4.5 Mitsunobu Method 35 

4.5.1 Leucascandrolide A 

Leucascandrolide A (Fig. 15) is an 18-membered marine 
macrolide isolated in 1996 from the sponge Leucascandra 

caveolata.174 The natural product possesses a unique structure 
comprising two trisubstituted tetrahydropyran rings, with one of 40 

them having an appending oxazole-containing side chain. 
Leucascandrolide A exhibits antifungal activity and potent 
cytotoxicity in vitro against KB carcinoma and P388 leukaemia 
cancer cell lines (IC50 values: 71 nM and 357 nM, respectively). 
The first total synthesis of this macrolide was reported in 2000 by 45 

Leighton175 and co-workers, followed by several next generation 
syntheses.176  

 
Figure 15 The chemical structure of Leucascandrolide A 

In a second generation total synthesis of this complex macrolide, 50 

Paterson and Tudge176c-d attached the oxazole-containing side 
chain on the macrocycle via an intermolecular ester coupling 
between alcohol 41a and acid 42 (Scheme 26, Table S1, entry 
34).  
 55 
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Scheme 26 Ester bond formation conditions towards the synthesis of 
Leucascandrolide A. 

Despite an ostensibly unproblematic coupling setup, the 
esterification reaction proved challenging from the onset. 5 

Numerous acid activation protocols, including acid chloride 
functionalization, failed to deliver any product and resulted in the 
complete recovery of the starting macrocyle 41a. The authors 
attributed these fruitless attempts to the configuration of the 
secondary alcohol, being in the axial position of the 10 

tetrahydropyran ring. Therefore, an alternative pathway was 
designed, wherein the secondary alcohol was placed in the 
equatorial position (41b), by means of an oxidation/reduction 
sequence, and the coupling was achieved by employing the 
Mitsunobu esterification method, resulting in inversion of the 15 

stereochemistry of the ester to the desired axial position. This 
coupling proceeded without any difficulties, using an excess of 
DEAD and PPh3, to afford ester 43 in excellent yield (90%). 

 

4.5.2 Pochonin C 20 

Pochonin C (Fig. 16) belongs to a family of closely related 
resorcyclic macrolides, Pochonins A-F, isolated in 2003 from the 
fermentation of Pochonia chlamydosporia.177 From these natural 
products, Pochonin C stood out by exhibiting potent inhibitory 
activity in a cellular replication assay against the herpes simplex 25 

virus (HSV). Pochonin C is also closely related to another natural 
product named Radicicol (also known as Monorden) which is a 
potent HSP90 inhibitor.178 The first total synthesis and structural 
elucidation of Pochonin C was disclosed in 2004 by Winssinger 
and co-workers.179 30 

 
Figure 16 The chemical structure of Pochonin C. 

Towards the total synthesis of Pochonin C, Winssinger and co-
workers179,180 chose to perform the esterification reaction between 
the commercially available unprotected dihydroxytoluic acid (44) 35 

and the secondary β-epoxy alcohol 45 (Scheme 27, Table S1, 
entry 32). Notably, the authors claimed that under carbodiimide 
or Mitsunobu conditions, the reaction worked best when the 2-
OH group on the phenyl ring of compound 44 was unprotected. 
Thorough optimization of the Mitsunobu esterification reaction 40 

revealed that under the classical conditions (PPh3, DIAD in a 
panel of different solvents, like CH2Cl2, THF or toluene) poor 
selectivity was obtained between the desired ester 46 and a p-
phenol alkylated byproduct. However, the use of tris(3-
chlorophenyl)phosphine181 instead of the conventional 45 

triphenylphosphine gave rise to the desired ester 46 in high yield 
and with greater than 95:5 selectivity. 

  
Scheme 27 Ester bond formation conditions towards the synthesis of 
Pochonin C. 50 

4.6 Overview and Analysis 

In Table S1, we have compiled a more comprehensive overview 
of representative complex ester coupling reactions in total 
synthesis182-220 including those that have already been mentioned 
in the text. The table is organized after mode of activation and 55 

contains information about key reaction parameters, results, and 
reported unsuccessful strategies. In order to maintain a relatively 
concise layout, the list is intentionally not fully comprehensive, 
but we believe it contains sufficient examples to cover significant 
structure and reaction space. We of course apologize to those 60 

authors whose work has not been referenced in this table or 
elsewhere in the text. A birds-eye analysis of the couplings 
collected in Table S1 reveals that, not surprisingly, most of the 
difficulties reported could be related to sterical congestion and 
electronical factors, which result in poor reactivity of one or two 65 

reaction partners. Examples include couplings en route to the 
natural products Viequeamide A187, Halipeptin A132, 
Grassypeptolide195 Rhizopodin199,200,201,202,203, Filipin III204, and 
Lyngbyaloside B96 – to name only a few (Table S1, entries 8, 16, 
17, 25, 26, and 40, respectively). Though the desired products 70 

could be isolated in good to excellent yields after optimization of 
the reaction conditions, it does not seem that there is one strategy 
that stands out as being superior when it comes to sterically or 
electronically unfavored fragment couplings. 
Poor reactivity does not only result in low conversion of the 75 

reaction partners, but can also lead to further problems. A typical 
problem associated with prolonged reaction times is 
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epimerization, as e.g. observed in the key esterification step 
towards the synthesis of FK228152 (Table S1, entry 22). Other 
examples for unwanted racemization at the α-carbon can, for 
example, be found in the synthesis of A83586C,183 and in the 
synthetic route towards Ramoplanin A2104 and Halipeptin A132 5 

(Table S1, entries 2, 7 and 16, respectively). By appropriate 
choice of the reaction conditions, the authors were able to 
optimize the diastereomeric ratio obtained, but the epimerization 
could not be suppressed completely. By contrast, Ye et al. 
succeeded in their total synthesis of LL15G256γ196 in avoiding 10 

epimerization at the α-carbon of a serine-unit by a change in the 
protective group strategy (Table S1, entry 18).   
While epimerization as mentioned above is a typical problem in 
the synthesis of depsipeptides, due to competing azlactone 
formation during coupling of carbamate protected amino acids, 15 

isomerizable double bonds constitute a structural feature that has 
caused problems in several macrolide syntheses. As mentioned, 
this was a significant obstacle in the synthesis of (+)-Migrastatin 
(Table S1, entry 23).161,162 Likewise, extensive isomerization of 
the triene was observed in the coupling of the key fragments of 20 

Amphidinolide A. As this side reaction is base mediated, 
isomerization could effectively be suppressed by using Kita’s 1-
ethoxyvinyl ester conditions (Table S1, entry 36).209,210,211,212 A 
change of the esterification protocol could, however, not prevent 
isomerization of the diene system in a fragment of the macrolide 25 

Amphidinolide E. Though the authors tested a plethora of 
different coupling conditions, protection of the diene moiety by 
complexation with (CO)3Fe was necessary to avoid isomerization 
of the diene to the fully conjugated species. Interestingly, the 
product isolated was later identified as the C2 inverted 30 

stereoisomer. As for the formation of the byproduct observed in 
the (+)-Migrastatin synthesis (vide supra), a ketene intermediate 
is discussed as being the cause for this epimerization (Table S1, 
entry 27).205 
While it is, for example, often possible to anticipate problems 35 

arising from sterical or electronical factors, there are also quite a 
few reports of seemingly trivial ester couplings that turned out to 
be problematic. The fragment coupling in the synthesis of 
Cruentaren A, as outlined above, is a good example where good 
yields were only obtained after extensive experimentation (Table 40 

S1, entry 19).138 Also the ester coupling in the synthesis of 
Aspercyclide C is described as being more difficult than expected 
(Table S1, entry 39).217 It is notable that both these examples 
involve couplings of phenolic carboxylic acids.  

A trend emerging from our literature survey is that the successful 45 

execution of complex ester couplings for two large fragments are 
quite rare; the typical conditions encountered involve the 
coupling of a relatively small acid fragment with a large alcohol 
fragment. Such a setup allows for tolerating the use of the acid 
fragment (and coupling reagent) in large excess in order to 50 

achieve sufficient reactivity, however as the acid fragment can 
typically not be recovered again, this is admittedly sub-optimal. 
The foundation of these short-comings is not entirely clear. It is, 
however, typical to observe that seemingly benign changes to the 
acid component, e.g. by peptide chain-extension from a monomer 55 

to a trimer, can drastically reduce reactivity under otherwise 
identical reaction conditions.  

 

5 Emerging Methods 

Despite of the application of metal-complexes as successful 60 

catalysts for numerous organic reactions, such reagents are only 
rarely used for esterification reactions. The ability of a metal 
center to organize two reactants, however, would appear as a 
promising strategy for effecting complex ester couplings. In this 
section we provide three recent examples demonstrating the use 65 

of metal complexes to facilitate the formation of ester bonds of a 
complexity relevant to natural product synthesis.  
A recent report from Dong and co-workers on a new catalytic 
enantioselective method for performing intermolecular 
hydroacylations is noteworthy in the present context.221 The 70 

authors developed a new class of Josiphos-ligands that in 
combination with rhodium(I) was able to catalyze the coupling 
between aldehydes (47) and aromatic α-ketoamides (48) (Scheme 
28). The system reported effectively shut down competing 
aldehyde dimerization and remained effective even for highly 75 

congested substrate combinations. Mechanistically the reaction 
involves oxidative addition of the aldehyde to form an octahedral 
Rh(III)-complex (I, Scheme 28) followed by enantioselective 
insertion of the carbonyl group into the rhodium-hydride bond 
(II, Scheme 28). The ester (50) is then generated through a 80 

reductive elimination which also regenerates the Rh(I)-catalyst.  

 
Scheme 28 Coupling of aldehydes with α-ketoamides and proposed 
transition states. 

White and co-workers have reported an efficient catalytic system 85 

based on a Pd(II)-sulfoxide complex to perform allylic 
carboxylations using quinones as oxidants.222 The method can 
effectively couple (stereochemically) complex carboxylic acids 
(52) with terminal olefins (51) under mild reaction conditions to 
give linear allylic esters such as 53 (Scheme 29). The internal 90 

double bond can be employed as a synthetic handle for further 
elaboration, allowing the efficient construction of complex 
structure surrounding the ester linkages. The importance of this 
methodology is highlighted by the efficient syntheses of 
compounds 54 and 55 which are intermediates in the total 95 

syntheses of the natural products Lepadiformine and Laulimalide, 
respectively. Within the structural constraints that are compatible 
with this method it constitutes a novel retrosynthetic option for 
certain ester-containing structures. The method has also been 
employed for macrolactonization.223 100 
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Scheme 29 Linear C-H allylic oxidation for the construction of allylic 
esters. 

Recently, Dai and co-workers reported a palladium-catalyzed 
cascade alkoxycarbonylative macrolactonization to construct 5 

tetrahydropyran/tetrahydrofuran-containing macrolactones.224 
This structural motif has been found in many natural products 
with interesting biological activities. Starting from relatively 
easily synthesized alkenediols (56) and using Pd(OAc)2 as 
catalyst and CuCl2 as oxidant under a carbon monoxide 10 

atmosphere, a variety of THP/THF-containing macrolactones 
(57) with different ring sizes and substituents were synthesized in 
one step (Scheme 30).  

 
Scheme 30 Pd-catalyzed cascade alkoxycarbonylative 15 

macrolactonization. 

Mechanistically, the reaction proceeds through a Wacker-type 
oxypalladation and CO migratory insertion sequence, giving rise 
to a reactive acyl-palladium species, which subsequently gets 

trapped by the remote hydroxyl group to afford the bridged 20 

macrolactones. To account for the, in most of the cases, excellent 
cis-selectivity of the reaction, the authors proposed a trans-
oxypalladation process via a chair-like transition state (TS, 
Scheme 30). With this protocol, diol 58 gave rise to cis-only 
THP-containing macrolactone 59, which was converted in three 25 

steps to 9-Demethylneopeltolide,225 a known macrolide inhibitor 
of P388 murine leukemia cells. A potential future extension of 
this or related methodologies to also perform intermolecular 
couplings would be a significant new tool for synthesis. 
  30 

6 Conclusions 

The inspiration for this review stems from our own endeavor to 
construct a depsipeptidic ester bond226 en route to the total 
synthesis of a natural product.227 Canvassing the literature in an 
effort to identify the best strategy for the formation of the ester 35 

bond, it became clear to us that an ester fragment coupling, in 
spite of the apparent synthetic challenges, would likely constitute 
a more reliable tool and bypass at least some of the inherent 
difficulties encountered in macrolactonization approaches, 
notably the presence of hard-to-predict conformational biases in 40 

the cyclization precursors. Moreover, for cyclodepsipeptides 
specifically, the notion that macrolactamization is preferred over 
macrolactonization has been documented.228 We also noted that 
with regard to macrolides, the literature reports are divided fairly 
equally between macrolactonization and fragment coupling 45 

strategies.  
As already mentioned, the successful coupling of large complex 
fragments through ester bonds remains challenging and in many 
cases it will be advisable to settle for a compromise with reduced 
convergency during synthetic planning. This may end up saving 50 

time and resources. It is clear that new reaction methodology that 
can address this challenge would be valuable.     
As of current there is no general methodological solution to the 
“complex ester coupling problem” and therefore scouting 
reactivity space is likely to be part of any future efforts directed 55 

towards the synthesis of complex ester-containing natural 
products. In this review we have tried to provide an overview of 
this reactivity space that we missed going in to our own studies, 
as well as to provide some guidelines that may facilitate its 
successful navigation. It is our hope that other researchers may 60 

use this overview as a reference and inspiration when planning 
synthetic sequences involving the formation of complex ester 
bonds. 
 
The work was carried out through financial support from the 65 

Lundbeck Foundation, the Danish Cancer Society and the 
Carlsberg Foundation, which is gratefully acknowledged. 
 

 

 70 

 

 

 

 

 75 

R1 +
HO R2

O

R1 O R2

O
Pd[MeCN]4(BF4)2 (10 mol%)

DMSO (1.4 equiv.)
DIPEA 70%

4Å MS, PhBQ (2 equiv.)

CH2Cl2 (2.0 M), air, 41 
oC, 72 h51 52 53

R1  = aromatic, alkyl

R2 = alkyl

12 examples

23-72% yield

>10:1 E:Z selectivity

TBDPSO
2

O

O

BocN

OBn

(-)-Lepadiformine

(-)-54
(52% yield, 15:1 E:Z)

H

TBSO

OPMB

O Ph

O

(-)-Laulimalide

(-)-55
(63% yield, >20:1 E:Z)

X OH

HO

m n

X O

O

m n

O

*Pd(OAc)2 (0.1 equiv.)
CO (balloon)

CuCl2 (3.0 equiv.)
4Å MS, ClCH2CH2Cl, r.t.

X = O, CH2, CHPh, CR2

m, n = 13- to 23-membered ring
16 examples
cis/trans ratio: from 1.1:1 up to cis only

O

Pd

HO

OC

L

OAc

H

Me

TS

Me

OH

OO

OH

MeO

Pd(OAc)2
CO (balloon)

Me

O

OO

O

MeO

Oconditions

9-Demethylneopeltolide

56 57

58 59

Page 21 of 25 Natural Product Reports



 

22  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Notes and References 

a Chemical Biology Laboratory, Department of Chemistry, Aarhus 

University, DK-8000, Aarhus C, Denmark. 
‡ In the context of this review the word ester is synonomous with 
carboxylate ester. 5 
1  W. Mabey and T. Mill, J. Phys. Chem. Ref. Data, 1978, 7, 383-

415. 
2  A. Parenty, X. Moreau, G. Niel and J. M. Campagne, Chem. Rev. 

2013, 113, PR1–PR40. 
3  For a comprehensive ressource on ester coupling methods, see: J. 10 

Otera and J. Nishikido in Esterification: Methods, Reactions, and 

Applications, Wiley-VCH: Weinheim, 2nd edn., 2010. 
4  M. A Fischbach and C. T. Walsh, Chem. Rev., 2006, 106, 3468–

3496. 
5  C. T. Walsh and M. A. Fischbach, J. Am. Chem. Soc., 2010, 132, 15 

2469–2493. 
6  E. S. Sattely, M. A. Fischbach and C. T. Walsh, Nat. Prod. Rep., 

2008, 25, 757–793. 
7  T. A. Keating, D. E. Ehmann, R. M. Kohli, C. G. Marshall, J. W. 

Trauger and C. T. Walsh, Chembiochem, 2001, 2, 99–107. 20 
8  L. Du and L. Lou, Nat. Prod. Rep., 2010, 27, 255–278. 
9  K. Bloudoff, D. Rodionov and T. M. Schmeing, J. Mol. Biol., 

2013, 425, 3137–3150. 
10  T. Stachelhaus, H. D. Mootz, V. Bergendahl and M. A. Marahiel, 

J. Biol. Chem., 1998, 273, 22773–22781. 25 
11  C. Olano, C. Méndez and J. A. Salas, Nat. Prod. Rep., 2010, 27, 

571-616. 
12  P. Heikinheimo, A. Goldman, C. Jeffries and D. L. Ollis, 

Structure, 1999, 7, R141–R146. 
13  D. C. Cantu, Y. Chen and P. J. Reilly, Protein Sci., 2010, 19, 30 

1281–1295. 
14  S. C. Tsai, L. J. Miercke, J. Krucinski, R. Gokhale, J. C. Chen, P. 

G. Foster, D. E. Cane, C. Khosla and R. M. Stroud, Proc. Natl. 

Acad. Sci. U. S. A., 2001, 98, 14808–14813. 
15  A. Schneider and M. A. Marahiel, Arch. Microbiol., 1998, 169, 35 

404–410 
16  R. Whicher, S. Dutta, D. A. Hansen, W. A. Hale, J. A. Chemler, A. 

M. Dosey, A. R. H. Narayan, K. Håkansson, D. H. Sherman, J. L. 
Smith and G. Skiniotis, Nature, 2014, 510, 560–564. 

17  S. Dutta, J. R. Whicher, D. A. Hansen, W. A. Hale, J. A. Chemler, 40 

G. R. Congdon, A. R. H. Narayan, K. Håkansson, D. H. Sherman, 
J. L. Smith and G. Skiniotis, Nature, 2014, 510, 512–517. 

18  Y. Xu, R. D. Kersten, S.-J. Nam, L. Lu, A. M. Al-Suwailem, H. 
Zheng, W. Fenical, P. C. Dorrestein, B. S. Moore and P.-Y. Qian, 
J. Am. Chem. Soc., 2012, 134, 8625–8632. 45 

19  A. V. Ramaswamy, C. M. Sorrels and W. H. Gerwick, J. Nat. 

Prod. 2007, 70, 1977-1986. 
20  K. C. Nicolaou, W.-M. Dai and R. K. Guy, Angew. Chem. Int. Ed. 

Engl. 1994, 33, 15-44. 
21  J.-N. Denis, A. E. Greene, D. Guenard, F. Gueritte-Voegelein, L. 50 

Mangatal and P. Potier, J. Am. Chem. Soc. 1988, 110, 5917-5919. 
22  S. Kim, J. I. Lee and Y. K. Ko, Tetrahedron Lett.,1984, 25, 4943–

4946.     
23  R. A. Holton, H.-B. Kim, C. Somoza, F. Liang, R. J. Biediger, P. 

D. Boatman, M. Shindo, C. C. Smith, S. Kim, H. Nadizadeh, Y.  55 

Suzuki, C. Tao, P. Vu, S. Tang, P. Zhang, K. K. Murthi, L. N. 
Gentile and J. H. Liu, J. Am. Chem. Soc. 1994, 116, 1599-1600 

24  I. Ojima, C. M. Sun, M. Zucco, Y. H. Park, O. Duclos, S. Kuduk, 
Tetrahedron Lett. 1993, 34, 4149-4152. 

25  K. C. Nicolaou, Z. Yang, J. J. Liu, H. Ueno, P. G. Nantermet, R. 60 

K. Guy, C. F. Claiborne, J. Renaud, E. A. Couladouros, 
K. Paulvannan and E. J. Sorensen, Nature, 1994, 367, 630-634. 

26  S. J. Danishefsky, J. J. Masters, W. B. Young, J. T. Link, L. B. 
Snyder, T. V. Magee, D. K. Jung, R. C. A. Isaacs, W. G. 
Bornmann, C. A. Alaimo, C. A. Coburn and M. J. Di Grandi, J. 65 

Am. Chem. Soc. 1996, 118, 2843-2859. 
27  R. Croteau,  R. E. B. Ketchum,  R. M. Long,  R. Kaspera and M. 

R. Wildung, Phytochem. Rev. 2006, 5, 75-97 
28  G. E. Turfitt, Biochem. J., 1948, 42, 376–383. 

29  H. Leisch, K. Morley and P. C. K. Lau, Chem. Rev., 2011, 111, 70 

4165–4222. 
30  G. de Gonzalo, M. D. Mihovilovic and M. W. Fraaije, 

Chembiochem, 2010, 11, 2208–2231. 
31  Y. Schmidt, M. van der Voort, M. Crüsemann, J. Piel, M. Josten, 

H.-G. Sahl, H. Miess, J. M. Raaijmakers and H. Gross, 75 

Chembiochem, 2014, 15, 259–266. 
32  Y. Hu, D. Dietrich, W. Xu, A. Patel, J. A. J. Thuss, J. Wang, W.-B. 

Yin, K. Qiao, K. N. Houk, J. C. Vederas and Y. Tang, Nat. Chem. 

Biol., 2014, 10, 552–554. 
33  C. A. Townsend, S. B. Christensen and S. G. Davis, J. Am. Chem. 80 

Soc., 1982, 104, 6154–6155. 
34  H. M. Dudek, M. J. Fink, A. V Shivange, A. Dennig, M. D. 

Mihovilovic, U. Schwaneberg and M. W. Fraaije, Appl. Microbiol. 

Biotechnol., 2014, 98, 4009–4020. 
35  N. M. Kamerbeek, D. B. Janssen, W. J. H. van Berkel and M. W. 85 

Fraaije, Adv. Synth. Catal., 2003, 345, 667–678. 
36  M. D. Mihovilovic, B. Müller and P. Stanetty, Eur. J. Org. Chem. 

2002, 3711–3730. 
37  S. M. Roberts and P. W. H. Wan, J. Mol. Catal. B Enzym., 1998, 4, 

111–136. 90 
38  J. Wright, T. Hu, J. L. McLachlan, J. Neddham and J. A. Walter, J. 

Am. Chem. Soc., 1996, 7863, 8757–8758. 
39  G. R. Macpherson, I. W. Burton, P. LeBlanc, J. A. Walter and J. L. 

C. Wright, J. Org. Chem., 2003, 68, 1659–1664. 
40  J. Jiang, C. N. Tetzlaff, S. Takamatsu, M. Iwatsuki, M. Komatsu, 95 

H. Ikeda and D. E. Cane, Biochemistry, 2009, 48, 6431–6440. 
41  S. Li, H. Wang, Y. Li, J. Deng, C. Lu, Y. Shen and Y. Shen, 

ChemBioChem, 2014, 15, 94–102. 
42  E. Malito, A. Alfieri, M. W. Fraaije and A. Mattevi, Proc. Natl. 

Acad. Sci. U. S. A., 2004, 101, 13157–13162. 100 
43  D. E. Torres Pazmiño, B.-J. Baas, D. B. Janssen and M. W. 

Fraaije, Biochemistry, 2008, 47, 4082–4093. 
44  R. Criegee, Justus Liebigs Ann. Chem. 1947, 722, 127–135. 
45  (a) E. J. Corey and K. C. Nicolaou, J. Am. Chem. Soc., 1974, 96, 

5614-5616; (b) H. Gerlach, A. Thalman, Helv. Chim. Acta., 1974, 105 

57, 293-294; (c) E. J. Corey and D. J. Brunelle, Tetrahedron Lett., 
1976, 3409-3412; (d) E. J. Corey, D. S. Clark, Tetrahedron Lett., 
1979, 2875-2878. 

46  For recent reviews on coupling reagents including the use of acid 
halides and BOP reagents, see: (a) S.-Y. Han and Y.-A. Kim, 110 

Tetrahedron, 2004, 60, 2447-2467; (b) C. A. G. N. Montalbetti and 
V. Falque, Tetrahedron, 2005, 61, 10827-10852. 

47  M. F. Antell, In The Chemistry of Acyl Halides; S. Patai, Ed.; 
Interscience: London, 1972; pp 35-68. 

48  (a) M. Zaoral and Z. Arnold, Tetrahedron Lett., 1960, 1, 9-12; (b) 115 

J. B. Lee, J. Am. Chem. Soc., 1966, 88, 3440-3441; (c) L. E. 
Barstow and V. J. Hruby, J. Org. Chem., 1971, 36, 1305-1306; (d) 
A. Wissner and C. V. Grudzinskas, J. Org. Chem., 1978, 43, 3972-
3974; (e) K. Venkataraman and D. R. Wagle, Tetrahedron Lett., 
1979, 20, 3037-3040; (f) A. Devos, J. Remion, A. M. Frisque-120 

Hesbain, A. Colens and L. Ghosez, J. Chem. Soc., Chem. Comm., 
1979, 1180-1181; (g) B. Haveaux, A. Dekoker, M. Rens, A. R. 
Sidani, J. Toye and L. Ghosez, Org. Synth., 1979, 59, 26-34; (h) G. 
B. Villeneuve and T. H. Chan, Tetrahedron Lett., 1997, 38, 6489-
6492; (i) D. O. Jang, D. J. Park and J. Kim, Tetrahedron Lett., 125 

1999, 40, 5323-5326; (j) D. J. Hardee, L. Kovalchuke and T. H. 
Lambert, J. Am. Chem. Soc., 2010, 132, 5002-5003. 

49  (a) A. Fürstner and H. Weintritt, J. Am. Chem. Soc., 1998, 120, 
2817-2825; (b) E. Moulin, S. Barluenga and N. Winssinger, Org. 

Lett., 2005, 7, 5637–5639. 130 
50  A. Oku, Y. Yamaura and T. Harada, J. Org. Chem., 1986, 51, 

3732-3734. 
51  For examples, see: (a) S. Li, S. Liang, Z. Xu and T. Ye, Synlett, 

2008, 4, 569-574; (b) T. Conroy, J. T. Guo, R. G. Linington, N. H. 
Hunt and R. J. Payne, Chem. Eur. J., 2011, 17, 13544-13552. 135 

52  For examples, see: (a) H. Liu, Y. Liu, X. Xing, Z. Xu and T. Ye, 
Chem. Commun., 2010, 46, 7486-7488; (b) R. Beveridge and R. A. 
Batey, Org. Lett., 2014, 16, 2322-2325. 

53  L. A. Carpino, M. Beyermann, H. Wenschuh and M. Bienert, Acc. 

Chem. Res., 1996, 29, 268-274. 140 

Page 22 of 25Natural Product Reports



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  23 

54  M. Jedrzejczak, R. E. Motie, D. P. N. Satchell, R. S. Satchell and 
W. N. Wassef, J. Chem. Soc., Perkin Trans. 2, 1994, 1471-1479. 

55  B. Neises and W. Steglich, Angew. Chem. Int. Ed. Engl., 1978, 17, 
522–524. 

56  A. El-Faham and F. Albericio, Chem. Rev., 2011, 111, 6557–6602. 5 
57  J. C. Sheehan, P. A. Cruickshank and G. L. Boshart, J. Org. 

Chem., 1961, 26, 2525–2528. 
58  S.-Y. Han and Y.-A. Kim, Tetrahedron, 2004, 60, 2447–2467. 
59  L. Bourel-Bonnet, K. V Rao, M. T. Hamann and A. Ganesan, J. 

Med. Chem., 2005, 48, 1330–1335. 10 
60  O. Kuisle, E. Quiñoá and R. Riguera, J. Org. Chem., 1999, 64, 

8063–8075. 
61  M. Stawikowski and P. Cudic, Tetrahedron Lett., 2006, 47, 8587–

8590. 
62  Á. López-Maciá, J. C. Jiménez, M. Royo, E. Giralt and F. 15 

Albericio, Tetrahedron Lett., 2000, 41, 9765–9769. 
63  H. Seo and D. Lim, J. Org. Chem., 2009, 74, 906–909 
64  D. F. DeTar and R. Silverstein, J. Am. Chem. Soc., 1966, 88, 

1020–1023.  
65  (a) A. F. Hegarty and M. T. McCormack, J. Am. Chem. Soc., 1977, 20 

99, 2015–2016. (b) A. F. Hegarty, M. T. McCormack, K. Brady, 
G. Ferguson and P. J. Roberts, J. Chem. Soc. Perkin Trans. 2, 
1980, 867–875. (c) K. Yamada, K. Kishikawa and S. Kohmoto, 
Chem. Lett., 1988, 17, 351–352. 

66  R. Shelkov, M. Nahmany and A. Melman, Org. Biomol. Chem., 25 

2004, 2, 397–401. 
67  A. Williams and I. T. Ibrahim, J. Am. Chem. Soc., 1981, 103, 

7090–7095. 
68  W. König and R. Geiger, Chem. Ber., 1970, 103, 788–798. 
69  J. Morales-Serna, A. Vera, E. Paleo, E. García-Ríos, R. Gaviño, G. 30 

García de la Mora and J. Cárdenas, Synthesis (Stuttg)., 2010, 4261–
4267. 

70  L. A. Carpino, J. Am. Chem. Soc., 1993, 115, 4397–4398. 
71  Y. Xu and M. J. Miller, J. Org. Chem., 1998, 63, 4314–4322. 
72  J. Inanaga, K. Hirata, H. Saeki, T. Katsuki and M. Yamaguchi, 35 

Bull. Chem. Soc. Jpn., 1979, 52, 1989–1993. 
73  M. Hikota, Y. Sakurai, K. Horita and O. Yonemitsu, Tetrahedron 

Lett., 1990, 31, 6367–6370. 
74  I. Dhimitruka and J. SantaLucia, Org. Lett., 2006, 8, 47–50. 
75  K. Makino, N. Nakajima, S. Hashimoto and O. Yonemitsu, 40 

Tetrahedron Lett., 1996, 37, 9077–9080. 
76  K. Hung, P. W. R. Harris, A. M. Heapy and M. A. Brimble, Org. 

Biomol. Chem., 2011, 9, 236–242. 
77  Y. Okuno, S. Isomura, A. Nishibayashi, A. Hosoi, K. Fukuyama, 

M. Ohba and K. Takeda, Synth. Commun., 2014, 1–7. 45 
78  (a) I. Shiina, R. Ibuka and M.  Kubota, Chem. Lett., 2002, 

286−287; (b) I. Shiina, M. Kubota and R.  Ibuka, Tetrahedron 

Lett., 2002, 43, 7535-7539; (c) I. Shiina, M. Kubota, H. Oshiumi 
and M. Hashizume, J. Org. Chem., 2004, 69, 1822–1830. 

79  O. Mitsunobu and M. Yamada, Bull. Chem. Soc. Jpn., 1967, 40, 50 

2380–2382. 
80  K. Hagiya, N. Muramoto, T. Misaki and T. Sugimura, 

Tetrahedron, 2009, 65, 6109–6114. 
81  M. E. Lanning and S. Fletcher, Tetrahedron Lett., 2013, 54, 4624–

4628. 55 
82  J. Yang, L. Dai, X. Wang and Y. Chen, Tetrahedron, 2011, 67, 

1456–1462. 
83  N. Iranpoor, H. Firouzabadi and D. Khalili, Org. Biomol. Chem., 

2010, 8, 4436–4443. 
84  K. C. K. Swamy, K. P. Kumar and N. N. B. Kumar, J. Org. Chem., 60 

2006, 71, 1002–8. 
85  D. L. Hughes, R. A. Reamer, J. J. Bergan, and E. J. J. Grabowski, 

J. Am. Chem. Soc., 1988, 110, 6487–6491. 
86  C. Ahn, R. Correia and P. DeShong, J. Org. Chem., 2002, 67, 

1751-1753. 65 
87  D. Camp and I. D. Jenkins, J. Org. Chem., 1989, 54, 3045–3049. 
88  D. Camp and I. D. Jenkins, J. Org. Chem., 1989, 54, 3049–3054. 
89  E. Grochowski, B. D. Hilton, R. J. Kupper and C. J. Michejda, J. 

Am. Chem. Soc., 1982, 104, 6876–6877. 
90  K. C. K. Swamy, N. N. B. Kumar, E. Balaraman and K. V. P. P. 70 

Kumar, Chem. Rev., 2009, 109, 2551–651. 

91  A. B. Smith, I. G. Safonov and R. M. Corbett, J. Am. Chem. Soc., 
2002, 124, 11102–11113. 

92  (a) H. Staudinger, Ber. Dtsch. Chem. Ges., 1905, 38, 1735; (b) H. 
Staudinger, Die Ketene, F. Enke: Stuttgart, 1912. 75 

93  (a) N. T. M. Wilsmore and A. W. Stewart, Nature, 1907, 75, 510; 
(b) N. T. M. Wilsmore, J. Chem. Soc., Trans., 1907, 91, 1938-
1941. 

94  For some representative reviews, see: (a) W. Reichen, Chem. Rev., 
1978, 78, 569-588; (b) S. Patai, The Chemistry of Ketenes, Allenes 80 

and Related Compounds, Wiley: New York, 1980; (c) H. R. 
Seikaly and T. T. Tidwell, Tetrahedron, 1986, 42, 2587-2613; (d) 
T. T. Tidwell, Acc. Chem. Res., 1990, 23, 273-279; (e) C. Wentrup, 
W. Heilmayer and G. Kollenz, Synthesis, 1994, 1219-1248; (f) T. 
T. Tidwell, Angew. Chem. Int. Ed., 2005, 44, 5778-5785; (g) K. P. 85 

Reber, S. T. Tilley and E. J. Sorensen, Chem. Soc. Rev., 2009, 38, 
3022-3034; (h) A. D. Allen and T. T. Tidwell, Chem. Rev., 2013, 
113, 7287-7342. 

95  M. Sato, J. Sakaki, K. Takayama, S. Kobayashi, M. Suzuki and C. 
Kaneko, Chem. Pharm. Bull., 1990, 38, 94-98. 90 

96  J. S. Yadav, A. Haldar and T. Maity, Eur. J. Org. Chem., 2013, 15, 
3076–3085. 

97  D. R. Williams, B. J. Myers and L. Mi, Org. Lett., 2000, 2, 945-
948. 

98  B. M. Trost, J. L. Gunzner, O. Dirat and Y. H. Rhee, J. Am. Chem. 95 

Soc., 2002, 124, 10396-10415. 
99  A. E. Marrouni, R. Lebeuf, J. Gebauer, M. Heras, S. Arseniyadis 

and J. Cossy, Org. Lett., 2012, 14, 314-317. 
100  R. L. Funk, M. M. Abelman and K. M. Jellison, Synlett, 1989, 36-

37. 100 
101  (a) R. M. Moslin and T. F. Jamison, J. Am. Chem. Soc., 2006, 128, 

15106-15107; (b) R. M. Moslin and T. F. Jamison, J. Org. Chem., 
2007, 72, 9736-9745. 

102  L. Liang, M. Ramaseshan and D. I. MaGee, Tetrahedron, 1993, 
49, 2159-2168. 105 

103  S. Walker, L. Chen, Y. Hu, Y. Rew, D. Shin and D. L. Boger, 
Chem. Rev., 2005, 105, 449–476. 

104  W. Jiang, J. Wanner, R. J. Lee, P.-Y. Bounaud and D. L. Boger, J. 

Am. Chem. Soc., 2003, 125, 1877–1887. 
105  W. Jiang, J. Wanner, R. J. Lee, P.-Y. Bounaud and D. L. Boger, J. 110 

Am. Chem. Soc., 2002, 124, 5288–5290. 
106  D. Shin, Y. Rew and D. L. Boger, Proc. Natl. Acad. Sci. U. S. A., 

2004, 101, 11977–11979. 
107  M. Pelay-Gimeno, J. Tylla-Puche and F. Albericio, Mar. Drugs, 

2013, 11, 1693-1717. 115 
108  L. Coello, R. Fernandez, J. F. Reyes, A. Francesch and M. D. C. 

Cuevas, Anticancer pipecolidepsins from marine organisms. Int. 
Appl. Pat. WO 2010/070078 A1, 2010. 

109  M. Pelay-Gimeno, Y. Garcia-Ramos, M. J. Martin, J. Spengler, J. 
M. Molina-Guijarro, S. Munt, A. M. Francesch, C. Cuevas, J. 120 

Tulla-Puche and F. Albericio, Nat. Commun., 2013, 4, 2352. 
110  L. Coello, F. Reyes, M. J. Martin, C. Cuevas and R. Fernandez, J. 

Nat. Prod., 2014, 77, 298-303. 
111  K. Oguchi, M. Tsuda, R. Iwamoto, Y. Okamoto, J. Kobayashi, E. 

Fukushi, J. Kawabata, T. Ozawa, A. Masuda, Y. Kitaya and K. 125 

Omasa, J. Org. Chem., 2008, 73, 1567-1570. 
112  R. Cribiu, C. Jäger and C. Nevado, Angew. Chem. Int. Ed., 2009, 

48, 8780-8783. 
113  L. M. Litvinenko and A. I. Kirichenko, Dokl. Akad. Nauk SSSR, 

Ser. Khim., 1967, 176, 97-100. 130 
114  W. Steglich and G. Höfle, Angew. Chem. Int. Ed., 1969, 8, 981. 
115  G. Höfle, W. Steglich and H. Vorbruggen, Angew. Chem. Int. Ed., 

1978, 17, 569-583. 
116  (a) A. Einhorn and F. Hollandt, Justus Liebigs Ann. Chemie, 1898, 

301, 95-115; (b) A. Verley and F. Bçlsing, Ber. Dtsch. Chem. Ges., 135 

1901, 34, 3354-3358. 
117  W. Steglich and G. Höfle, Tetrahedron Lett., 1970, 11, 4727-4730. 
118  (a) A. Hassner, L. R. Krepski and V. Alexanian, Tetrahedron, 

1978, 34, 2069-2076; (b) E. F. V. Scriven, Chem. Soc. Rev., 1983, 
12, 129-161. 140 

119  M. R. Heinrich, H. S. Klisa, H. Mayr, W. Steglich and H. Zipse, 
Angew. Chem. Int. Ed., 2003, 42, 4826-4828. 

Page 23 of 25 Natural Product Reports



 

24  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

120  For reviews on 4-dialkylaminopyridines, see: (a) A. C. Spivey and 
S. Arseniyadis, Angew. Chem. Int. Ed., 2004, 43, 5436-5441; (b) 
N. De Rycke, F. Couty and O. R. P. David, Chem. Eur. J., 2011, 
17, 12852-12871. 

121  S. Singh, G. Das, O. V. Singh and H. Han, Org. Lett., 2007, 9, 5 

401-404. 
122  N. De Rycke, G. Berionni, F. Couty, H. Mayr, R. Goumont and O. 

R. P. David, Org. Lett., 2011, 13, 530-533. 
123  R. P. Wurz, Chem. Rev., 2007, 107, 5570-5595. 
124  J. Gagnepain, E. Moulin and A. Fürstner, Chem. Eur. J., 2011, 17, 10 

6964-6972. 
125  P. K. Somers, T. J. Wandless and S. L. Schreiber, J. Am. Chem. 

Soc., 1991, 113, 8045-8056. 
126  E. P. Boden and G. E. Keck, J. Org. Chem., 1985, 50, 2394-2395. 
127  F. Yokokawa, H. Sameshima and T. Shioiri, Tetrahedron Lett., 15 

2001, 42, 4171-4174. 
128  I. Paterson, S. J. Fink, L. Y. W. Lee, S. J. Atkinson and S. B. 

Blakey, Org. Lett., 2013, 15, 3118-3121. 
129  (a) M. F. A. Amer, K. Takahashi, J. Ishihara and S. Hatakeyama, 

Heterocycles, 2007, 72, 181–185; (b) F. Calo, J. Richardson and A. 20 

G. M. Barrett, J. Org. Chem., 2008, 73, 9692–9697. 
130  A. Randazzo, G. Bifulco, C. Giannini, M. Bucci, C. Debitus, G. 

Cirino and L. Gomez-Paloma, J. Am. Chem. Soc., 2001, 123, 
10870–10876. 

131  C. D. Monica, A. Randazzo, G. Bifulco, P. Cimino, M. Aquino, I. 25 

Izzo, F. De Riccardis and L. Gomez-Paloma, Tetrahedron Lett., 
2002, 43, 5707-5710. 

132  S. Yu, X. Pan, X. Lin and D. Ma, Angew. Chem. Int. Ed., 2005, 44, 
135-138. 

133  S. Yu, X. Pan and D. Ma, Chem. Eur. J., 2006, 12, 6572-6584. 30 
134  L. Jundt, H. Steinmetz, P. Luger, M. Weber, B. Kunze, H. 

Reichenbach and G. Hofle, Eur. J. Org. Chem., 2006, 5036-5044. 
135  B. Kunze, H. Steinmetz, G. Höfle, M. Huss, H. Wieczorek and H. 

Reichenbach, J. Antibiot., 2006, 59, 664-668. 
136  B. Kunze, F. Sasse, H. Wieczorek and M. Huss, FEBS Lett., 2007, 35 

581, 3523-3527. 
137  V. V. Vintonyak and M. E. Maier, Angew. Chem. Int. Ed., 2007, 

46, 5209-5211. 
138  (a) A. Fürstner, M. Bindl and L. Jean, Angew. Chem. Int. Ed., 

2007, 46, 9275-9278. (b) M. Bindl, L. Jean, J. Herrmann, R. 40 

Müller and A. Fürstner, Chem. Eur. J., 2009, 15, 12310–12319. 
139  V. V. Vintonyak and M. E. Maier, Org. Lett., 2007, 9, 655-658. 
140  T. Mukaiyama, M. Usui, E. Shimada and K. Saigo, Chem. Lett., 

1975, 1045-1048. 
141  B. M. Trost and J. D. Chisholm, Org. Lett., 2002, 4, 3743-3745. 45 
142  M. Ishima, T. Yoshida, T. Yamazaki, F. Sugawara, K. Hatta, M. 

Shimojoe and K. Masaki, PCT WO 02/062831, 2002. 
143  S. Shimura, M. Ishima, S. Nakajima, T. Fujii, N. Himeno, K. 

Ikeda, J. Izaguirre-Carbonell, H. Murata, T. Takeuchi, S. 
Kamisuki, T. Suzuki, K. Kuramochi, K. Watashi, S. Kobayashi 50 

and F. Sugawara, J. Am. Chem. Soc., 2013, 135, 18949-18956. 
144  H. Y. Lam, Y. Zhang, H. Liu, J. Xu, C. T. T. Wong, C. Xu and X. 

Li, J. Am. Chem. Soc., 2013, 135, 6272-6279. 
145  M. Debono, M. Barnhart, C. B. Carrell, J. A. Hoffmann, J. L. 

Occolowitz, B. J. Abbott, D. S. Fukuda, R. L. Hamill, K. Biemann 55 

and W. C. Herlihy, J. Antibiot. 1987, 40, 761−777. 
146  R. H. Baltz, Curr. Opin. Chem. Biol., 2009, 13, 144-151. 
147  H. Ueda, H. Nakajima, Y. Hori, T. Fujita, M. Nishimura, T. Goto 

and M. Okuhara, J. Antibiot., 1994, 47, 301-310. 
148  R. Furumai, A. Matsuyama, N. Kobashi, K.-H. Lee, M. Nishiyama, 60 

H. Nakajima, A. Tanaka, Y. Komatsu, N. Nishino, M. Yoshida and 
S. Horinouchi, Cancer Res., 2002, 62, 4916-4921. 

149  M. H. Shah, P. Binkley, K. Chan, J. Xiao, D. Arbogast, M. 
Collamore, Y. Farra, D. Young and M. Grever, Clin. Cancer Res., 
2006, 12, 3997-4003. 65 

150  K. W. Li, W. Xing and J. A. Simon, J. Am. Chem. Soc., 1996, 118, 
7237-7238. 

151  T. J. Greshock, D. M. Johns, Y. Noguchi and R. M. Williams, Org. 

Lett., 2008, 10, 613-616. 
152  S. Wen, G. Packham and A. Ganesan, J. Org. Chem., 2008, 73, 70 

9353-9361. 

153  (a) C. B. Reese, R. C. Titmas and L. Yau, Tetrahedron Lett., 1978, 
19, 2727-2730; (b) S. S. Jones, B. Rayner, C. B. Reese, A. 
Ubasawa and M. Ubasawa, Tetrahedron, 1980, 36, 3075-3085; (c) 
R. Frank, W. Heikens, G. Heisterberg-Moutsis and H. Blocker, 75 

Nucleic Acids Res., 1983, 11, 4365-4377; 
154  (a) W. Bannwarth, Chimia, 1987, 41, 302-317; (b) X. Jorba, F. 

Albericio, A. Grandas, W. Bannwarth and E. Giralt, Tetrahedron 

Lett., 1990, 31, 1915-1918. 
155  (a) R. Frank and R. Doring, Tetrahedron, 1988, 44, 6031-6040; (b) 80 

B. Blankemeyer-Menge, M. Nimtz and R. Frank, Tetrahedron 

Lett., 1990, 31, 1701-1704. 
156  R. Petersen, J. F. Jensen and T. E. Nielsen, Org. Prep. Proced. Int., 

2014, 46, 267-271. 
157  K. Nakae, Y. Yoshimoto, T. Sawa, Y. Homma, M. Hamada, T. 85 

Takeuchi and M. Imoto, J. Antibiot., 2000, 53, 1130-1136. 
158  E. J. Woo, C. M. Starks, J. R. Carney, R. Arslanian, L. Cadapan, S. 

Zavala and P. Licari, J. Antibiot., 2002, 55, 141-146. 
159  Y. Takemoto, K. Nakae, M. Kawatani, Y. Takahashi, H. 

Naganawa and M. Imoto, J. Antibiot., 2001, 54, 1104-1107. 90 
160  H. Nakamura, Y. Takahashi, H. Naganawa, K. Nakae, M. Imoto, 

M. Shiro, K. Matsumura, H. Watanabe and T. Kitahara, J. 

Antibiot., 2002, 55, 442-444. 
161  C. Gaul, J. Njardarson and S. J. Danishefsky, J. Am. Chem. Soc., 

2003, 125, 6042-6043. 95 
162  C. Gaul, J. T. Njardarson, D. Shan, D. C. Dorn, K.-D. Wu, W. P. 

Tong, X.-Y. Huang, M. A. S. Moore and S. J. Danishefsky, J. Am. 

Chem. Soc., 2004, 126, 11326-11337. 
163  D. G. Corley, R. Herb, R. E. Moore, P. J. Scheuer and V. J. Paul, J. 

Org. Chem., 1988, 53, 3644-3646. 100 
164  E. Quinoa, Y. Kakou and P. Crews, J. Org. Chem., 1988, 53, 3642-

3644. 
165  J.-i. Tanaka, T. Higa, G. Bernardinelli and C. W. Jefford, Chem. 

Lett., 1996, 25, 255-256. 
166  (a) S. L. Mooberry, G. Tien, A. H. Hernandez, A. Plubrukarn and 105 

B. S. Davidson, Cancer Res., 1999, 59, 653-660; (b) D. E. Pryor, 
A. O’Brate, G. Bilcer, J. F. Diaz, Y. Wang, Y. Wang, M. Kabaki, 
M. K. Jung, J. M. Andreu, A. K. Ghosh, P. Giannakakou and E. 
Hamel, Biochemistry, 2002, 41, 9109-9115; (c) B. M. Gallagher, 
Jr., Curr. Med. Chem., 2007, 14, 2959-2967. 110 

167  C. W. Jefford, G. Bernardinelli, J. I. Tanaka and T. Higa, 
Tetrahedron Lett., 1996, 37, 159-162. 

168  A. K. Ghosh and Y. Wang, J. Am. Chem. Soc., 2000, 122, 11027-
1028. 

169  For early total syntheses see: J. Mulzer and E. Ohler, Chem. Rev., 115 

2003, 103, 3753-3786. 
170  (a) B. M. Gallagher, F. G. Fang, C. W. Johannes, M. Pesant, M. R. 

Tremblay, H. Zhao, K. Akasaka, X. Y. Li, J. Liu and B. A. 
Littlefield, Bioorg. Med. Chem. Lett., 2004, 14, 575-579; (b) J. 
Uenishi and M. Ohmi, Angew. Chem. Int. Ed., 2005, 44, 2756-120 

2760; (c) A. Gollner, K-H. Altmann, J. Gertsch and J. Mulzer, 
Chem. Eur. J., 2009, 15, 5979-5997; (d) A. Gollner, K-H. 
Altmann, J. Gertsch and J. Mulzer, Tetrahedron Lett., 2009, 50, 
5790-5792; (e) B. M. Trost, D. Amans, W. M. Seganish and C. K. 
Chung, Chem. Eur. J., 2012, 18, 2961-2971. 125 

171  B. M. Trost, W. M. Seganish, C. K. Chung and D. Amans, Chem. 

Eur. J., 2012, 18, 2948-2960. 
172  Y. Kita, H. Maeda, K. Omori, T. Okuno and Y. Tamura, Synlett, 

1993, 273-274. 
173  (a) J. Otera, S. Ioka and H. Nozaki, J. Org. Chem., 1989, 54, 4013-130 

4014; (b) J. Otera, N. Danoh and H. Nozaki, J. Org. Chem., 1991, 
56, 5307-5311. 

174  M. D’Ambrosio, A. Guerriero, C. Debitus, and F. Pietra, Helv. 

Chim. Acta, 1996, 79, 51-60. 
175  K. R. Hornberger, C. L. Hamblett, and J. L. Leighton, J. Am. 135 

Chem. Soc., 2000, 122, 12894-12895. 
176  (a) A. Fettes and E. M. Carreira, Angew. Chem. Int. Ed., 2002, 41, 

4098-4101; (b) Y. Wang, J. Janjic, and S. A. Kozmin, J. Am. 

Chem. Soc., 2002, 124, 13670-13671; (c) I. Paterson and M. 
Tudge, Angew. Chem. Int. Ed., 2003, 42, 343-347; (d) I. Paterson 140 

and M. Tudge, Tetrahedron, 2003, 59, 6833-6849; (e) M. T. 
Crimmins and P. Siliphaaivanh, Org. Lett., 2003, 5, 4641-4644; (f) 

Page 24 of 25Natural Product Reports



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  25 

A. Fettes and E. M. Carreira, J. Org. Chem., 2003, 68, 9274-9283; 
(g) Q. Su and J. S. Panek, Angew. Chem. Int. Ed., 2005, 44, 1223-
1225; (h) Y. Wang, J. Janjic and S. A. Kozmin, Pure Appl. Chem., 
2005, 77, 1161-1169; (i) L. J. Van Orden, B. D. Patterson and S. 
D. Rychnovsky, J. Org. Chem., 2007, 72, 5784-5793. 5 

177  V. Hellwig, A. Mayer-Bartschmid, H. Mueller, G. Greif, G. 
Kleymann, W. Zitzmann, H.-V. Tichy and M. Stadler, J. Nat. 

Prod., 2003, 66, 829-837. 
178  S. M. Roe, C. Prodromou, R. O’Brien, J. E. Ladbury, P.W. Piper 

and L. H. Pearl, J. Med. Chem., 1999, 42, 260-266. 10 
179  S. Barluenga, P. Lopez, E. Moulin and N. Winssinger, Angew. 

Chem. Int. Ed., 2004, 43, 3467-3470. 
180  S. Barluenga, E. Moulin, P. Lopez and N. Winssinger, Chem. Eur. 

J., 2005, 11, 4935-4952. 
181  D. L. Hughes, R. A. Reamer, J. J. Bergan and E. J. J. Grabowski, J. 15 

Am. Chem. Soc., 1988, 110, 6487-6491. 
182  R. H. Schlessinger and Y.-J. Li, J. Am. Chem. Soc. 1996, 118, 

3301–3302. 
183  K. J. Hale and J. Cai, Chem. Commun., 1997, 23, 2319–2320. 
184  K. J. Hale, S. Manaviazar, J. H. George, M. A. Walters, and S. M. 20 

Dalby, Org. Lett., 2009, 11, 733–736. 
185  I. Paterson and J. Man, Tetrahedron Lett., 1997, 38, 695–698. 
186  F. Yokokawa, H. Sameshima, D. Katagiri, T. Aoyama, and T. 

Shioiri, Tetrahedron, 2002, 58, 9445–9458. 
187  D. Wang, S. Song, Y. Tian, Y. Xu, Z. Miao, and A. Zhang, J. Nat. 25 

Prod., 2013, 76, 974–978. 
188  A. Wohlrab, R. Lamer and M. S. VanNieuwenzhe, J. Am. Chem. 

Soc. 2007, 129, 4175-4177 
189  S. C. Stolze, M. Meltzer, M. Ehrmann and M. Kaiser, Chem. 

Commun. 2010, 46, 8857–8859. 30 
190  Q. Chen, D. Schweitzer, J. Kane, V. J. Davisson and P. Helquist, J. 

Org. Chem., 2011, 76, 5157–5169. 
191  A. Fürstner, C. Nevado, M. Waser, M. Tremblay, C. Chevrier, F. 

Teplý, C. Aïssa, E. Moulin and O. Müller, J. Am. Chem. Soc., 
2007, 129, 9150–9161. 35 

192  A. Fürstner, C. Aïssa, C. Chevrier, F. Teplý, C. Nevado and M. 
Tremblay, Angew. Chem. Int. Ed., 2006, 45, 5832–5837. 

193  C. R. Reddy, G. Dharmapuri and N. N. Rao, Org. Lett., 2009, 11, 
5730–5733. 

194  D. Wang, X. Jia and A. Zhang, Org. Biomol. Chem. 2012, 10, 40 

7027–7030. 
195  H. Liu, Y. Liu, X. Xing, Z. Xu and T. Ye, Chem. Commun., 2010, 

46, 7486–7488. 
196  S. Li, S. Liang, Z. Xu and T. Ye, Synlett, 2008, 4, 569–574. 
197  S. Reymond and J. Cossy, Tetrahedron 2007, 63, 5918–5929. 45 
198  T. Haack, S. Kurtkaya, J. P. Snyder and G. I. Georg, Org. Lett., 

2003, 5, 5019–5022. 
199  M. Dieckmann, S. Rudolph, S. Dreisigacker and D. Menche, J. 

Org. Chem., 2012, 77, 10782−10788. 
200  M. Dieckmann, M. Kretschmer, P. Li, S. Rudolph, D. Herkommer 50 

and D. Menche, Angew. Chem. Int. Ed., 2012, 51, 5667–5670. 
201  M. Kretschmer, M. Dieckmann, P. Li, S. Rudolph, D. Herkommer, 

J. Troendlin and D. Menche, Chem. Eur. J., 2013, 19, 15993–
16018. 

202  L. Song, J. Liu, H. Gui, C. Hui, J. Zhou, Y. Guo, P. Zhang, Z. Xu 55 

and T. Ye, Chem. Asian J., 2013, 8, 2955–2959. 
203  S. M. Dalby, J. Goodwin-Tindall and I. Paterson, Angew. Chem. 

Int. Ed., 2013, 52, 6517–6521. 
204  T. I. Richardson and S. D. Rychnovsky, Tetrahedron, 1999, 55, 

8977–8996. 60 
205  P. Va and W. R. Roush, Tetrahedron, 2007, 63, 5768–5796. 
206  T. Tanaka, Y. Oikawa, T. Hamada and O. Yonemitsu, Tetrahedron 

Lett., 1986, 27, 3647–3650. 
207  M. Kita, H. Watanabe, T. Ishitsuka, Y. Mogi and H. Kigoshi, 

Tetrahedron Lett., 2010, 51, 4882–4885. 65 
208  R. E. Beveridge and R. A. Batey, Org. Lett., 2014, 16, 2322–2325. 
209  B. M. Trost, J. D. Chisholm, S. T. Wrobleski and M. Jung, J. Am. 

Chem. Soc., 2002, 124, 12420–12421. 
210  B. M. Trost and P. E. Harrington, J. Am. Chem. Soc., 2004, 126, 

5028–5029. 70 

211  B. M. Trost, P. E. Harrington, J. D. Chisholm and S. T. Wrobleski, 
J. Am. Chem. Soc., 2005, 127, 13598–13610 

212  H. Ishiyama, Y. Nakamura and J. Kobayashi, Tetrahedron, 2006, 
62, 166–170. 

213  R. Krishnamoorthy, L. D. Vazquez-Serrano, J. A. Turk, J. A. 75 

Kowalski, A. G. Benson, N. T. Breaux and M. A. Lipton, J. Am. 

Chem. Soc., 2006, 128, 15392–15393. 
214  W.-R. Li, W. R. Ewing, B. D. Harris and M. M. Joullié, J. Am. 

Chem. Soc., 1990, 112, 7659–7672. 
215  B. Liang, P. Portonovo, M. D. Vera, D. Xiao and M. M. Joullié, 80 

Org. Lett., 1999, 1, 1319–1322. 
216  P. Jouin, B. Castro, C. Zeggaf, A. Pantaloni, J.P. Senet, S. Lecolier 

and G. Sennyey, Tetrahedron Lett., 1987, 28, 1661–1664. 
217  A. Fürstner and C. Müller, Chem. Commun., 2005, 44, 5583–5585. 
218  R. Shen, C. T. Lin and J. A. Porco, Jr., J. Am. Chem.. Soc., 2002, 85 

124, 5650–5651. 
219  A. Fürstner, D. De Souza, L. Turet, M. D. B. Fenster, L. Parra-

Rapado, C. Wirtz, R. Mynott and C. W. Lehmann, Chem. Eur. J., 
2007, 13, 115–134. 

220  R. Matsui, K. Seto, Y. Sato, T. Suzuki, A. Nakazaki and S. 90 

Kobayashi, Angew. Chem. Int. Ed., 2011, 50, 680–683. 
221  K. G. M. Kou, D. N. Le and V. M. Dong, J. Am. Chem. Soc., 2014, 

136, 9471-9476. 
222  N. A. Vermeulen, J. H. Delcamp and M. C. White, J. Am. Chem. 

Soc., 2010, 132, 11323-11328. 95 
223  (a) K. J. Fraunhoffer, N. Prabagaran, L. E. Sirois and M. C. White, 

J. Am. Chem. Soc., 2006, 128, 9032-9033; (b) E. M. Stang and M. 
C. White, Nat. Chem., 2009, 1, 547-551; (c) E. M. Stang and M. C. 
White, Angew. Chem. Int. Ed., 2011, 50, 2094-2097. 

224  Y. Bai, D. C. Davis and M. Dai, Angew. Chem. Int. Ed., 2014, 53, 100 

6519-6522. 
225  H. Fuwa, A. Saito, S. Naito, K. Konoki, M. Yotsu-Yamashita and 

M. Sasaki, Chem. Eur. J., 2009, 15, 12807-12818. 
226  Manuscript under preparation. 
227  T. B. Poulsen, Chem. Commun., 2011, 47, 12837-12839. 105 
228  (a) J. S. Davies, J. Peptide Sci., 2003, 9, 471-501; (b) M. 

Stawikowski and P. Cudic, Methods Mol. Biol., 2007, 386, 321-
339. 

Page 25 of 25 Natural Product Reports


