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1. Introduction

Ever since the first isolation of Exaltolide1 (Figure 1) in
1927 by Kerschbaum,1 interest in macrocyclic lactones,
defined as lactones with more than 8 atoms in the ring, has
been increasing. Indeed, natural macrocyclic lactones (the
term macrolide2 has been for years a synonym for “macro-
lactone glycoside antibiotics” and thus will not be used
herein) present a large spectrum of interesting properties from
perfumery, to phytotoxicity, to pheromone or insecticide
activity, to medicinal (antibiotic, cytotoxic, antiangiogenesis)
properties and a wide range of structures from 8-membered
ones such as octalactins3 2 to the 60-membered quinolido-
micins 3. From their first isolation in the 50s, macrolide
antibiotics, such as erythromycin (4),5 were widely used to
treat bacterial infections, and because of their safety and
efficacy, they are still the preferred therapeutic agents for
treatment of respiratory infections. Another important class
of macrolactones with a wide range of biological activities
is the cyclodepsipeptides6,7 such as, for example, FK228 (5),
which is currently in phase II clinical trials as an anticancer
drug and which acts as a prodrug that undergoes disulfide
reduction within the cell to release a zinc-binding thiol. The
biopesticide Spinosad, a mixture of Spinosyn A and D (6),
is currently marketed for use against a wide variety of insects.
Of the more than 200 polyene macrolactones known, some,
such as roxaticine (7), are currently used in the treatment of
systemic fungal infections.8 The 20-membered Apoptolidin
(8) selectively induces apoptosis in rat glia cells transformed
with adenovirus E1A oncogen in the presence of normal cells
and inhibits the mithochondrial F0F1-ATPase. Actin-binding
marine macrocyclic lactones (see for example mycalolide
9) are also a large class of natural products possessing potent
antitumor activity.9,10 Epothilones10, with a mode of action
similar to that of taxol and the potential to overcome known
mechanisms of drug resistance, are considered to be promis-
ing anticancer drugs.11 Macrocyclic glycolipids12 and ben-
zolactone enamides13 with antibiotic and cytotoxic activity
are also worthy of note. Even though many other efficient
macrocyclization methods such as the RCM, intramolecular
cross-coupling, Noxaki-Hiyama-Kishi, and HWE methods
have been developed over the years, the lactonization of seco-
acids still appears to be one of the more frequently used
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approaches to obtain macrocyclic lactones. Due to entropic
and enthalpic factors (Vide infra), direct cyclization is
generally not possible without activation of either the alcohol
or the carboxylic acid terminal group. The aim of this review
is to describe all macrolactonization reactions involving the
activation of one or the other extremity of the seco-acid. This
topic has been previously covered in part by several reviews
at the end of the 1970s and in the mid 1990s; however, to
the best of our knowledge no recent coverage has appeared
in the literature.14-20 The literature is surveyed until mid-
2004.

After some general comments, this review will be
organized into two main parts. The first of these two
parts covers, broadly interpreted, activation of the acid
(Scheme 1, path a), while the second covers, in a similar-
ly broad sense, activation of the alcohol (Scheme 1, path
b). Biosynthetic pathways21-25 and industrial proce-
dures, particularly in the synthesis of macrocylic musks,26

are both beyond the scope of this review and have also both
been recently reviewed. Those areas will thus not be covered
here.

2. Basics of Macrolactonization

2.1. Introduction

Factors controlling the macrolactonization ofω-bromo
alkanoic acids, Br-(CH2)n-2CO2H, have been studied in
detail by Illuminati and Mandolini,27,28and their results have
been interpreted in terms of activation energy, related to the
strain energy in the ring being formed, and in terms of
entropy, related to the probability of end-to-end encounters
as required for reaction. In medium ring lactones the entropic

factor is outweighed by the enthalpic factor from strain
energy in the ring being formed, but for the intramolecular
reaction in the large ring lactones the entropic factor is
increased while the enthalpic factor has decreased since the
rings formed are almost strain free. These results are
summarized in the reactivity profile described in Figure 2.
From these studies, cyclizations of medium ring lactones with
n ) 8-11 appear to be the more difficult cases due to both
enthalpic and entropic factors (Figure 2).

The same conclusions were drawn in 1935 by Stoll
and Rouve´29 when they determined the approximate rate
constant for the lactonization ofω-hydroxy alkanoic acids
HO-(CH2)n-2CO2H (Table 1).29 These values can be com-
pared with, for example, the yields obtained in these
macrolactonizations using the Corey-Nicolaou reagent30

(Vide infra).

As illustrated in Table 1, the main problem arising in the
macrolactonization is the competition between intra- and
intermolecular reactions leading to the formation of diolide
and oligomers (Scheme 2).31 The principal method for
favoring intramolecular reactions in this competition is to
use a “high dilution technique” first introduced by Ruggli
and Ziegler where the substrate is slowly added using a
syringe pump over many hours to a large volume of
solvent.31,32

To avoid high dilution techniques, alternatives for either
decreasing intermolecular processes or for increasing in-
tramolecular processes have been developed. The utility of
decreasing intermolecular processes has been demonstrated
using a “pseudo-high dilution technique” by immobilizing
the seco-acid, or an activated intermediate, on a solid
support.33-36 On the other hand, acceleration of intramo-
lecular processes12,37-42 has been demonstrated with “tem-
plate” syntheses using a metal ion. Solid-liquid phase
transfer catalysis, and reactions in microemulsions, in inverse
micelles, and in zeolites, all of which are methods of
simulating high dilution conditions, have also been described
for the synthesis of macrolactones.43-46

2.2. Influence of Conformation and
Stereochemistry

As previously shown by Illuminati and Mandolini, eight-
membered cycles are probably about the most difficult
substrates to cyclize, but once again this argument needs to
be counterbalanced by the influence of the substituents on
the seco-acid and their conformational effects. Indeed, in the
cyclizations of differently substituted eight-membered seco-
acids derived from octalactins (Scheme 3), Andrus has shown
that substituents play an essential role in the cyclization: a
pathway involving a chair-boat conformation with the
substituents in a pseudoequatorial position has been advo-
cated to account for these results.47,48

The influence of stereochemistry on macrolactonization
was recognized early by Woodward in the synthesis of
erythronolides (see compound4). Among 17 differently
protected seco-acids, only one gives the 9-dihydroerythro-
nolide in good yield: in particular, the 9-(S) configuration
appears to be crucial. In the cyclization of11a (Scheme 4),
Stork and Rychnovsky49 have shown that a favorable chair
dioxane ring in the C9-C11 positions plays an essential role
in the cyclization giving the dihydroerythronolide derivative
in 64% yield, whereas in seco-acids11b and 11c no
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lactonization occurs due to an unfavorable twist-boat
conformation (see also ref 50). However, more recently,
Martin,51 in an abiotic strategy where one sugar moiety is
introduced before the macrolactonization step, has shown
that more flexible seco-acids can also be considered as
valuable substrates.

From these observations, it appears that macrolactoniza-
tions should not be interpreted in terms of ring size but rather

in terms of whether the reactive conformation can be easily
adopted.52 Indeed, conformationally constrained seco-acids

Figure 1. Some representative examples of natural macrocyclic lactones.

Scheme 1

Figure 2. Reactivity profile for lactone formation. (Reproduced
with permission from ref 27. Copyright 1981 American Chemical
Society.)
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can be directly lactonized using PTSA as illustrated in
Scheme 5.53

More recently, computer-assisted design of “easily cy-
clizable” seco-acids has also been reported in the total

synthesis of lankanolide.54,55As a consequence of the above
considerations, ring selective macrolactonizations have been
observed, and thus, it is not always necessary to protect all
hydroxy groups. For example, Mulzer and White have
described selective macrolactonization where three nonpro-
tected hydroxy groups are present on the seco-acid as
illustrated in the syntheses of erythronolide56 and polycav-
ernoside,57 respectively (Scheme 6).

Similar ring-size selectivities have been described in the
syntheses of bafilomycin58 (16 vs 18), oleandolide59 (14 vs
12), bryostatin60 (25 vs 26), apoptolidinone61,62 (20 vs 21
and 17), gloesporone63 (14 vs 8), apicularen A64 (12 vs 10),
spongistatin/altohyrtin65 (42 vs 44), and deoxytedanolide66

(18 on a primary alcohol vs 16 and an alternative 18-
membered lactone on secondary alcohols). Some other
examples will be illustrated later in the text. When a mixture
of two lactones is obtained, transesterifications can usually
be performed by taking advantage of thermodynamic prefer-
ences using Ti(OiPr)4, as is illustrated in the total syntheses
of aplyronine A67,68and scytophycin.69 Size selectivities are
sometimes more surprising, as was illustrated by Porco in
an approach to lobatamide C: The 8- rather than the 15-
membered lactone was selectively obtained in a Boeckman
type (Vide infra) macrolactonization, and any efforts to
translactonize were unsuccessful (Scheme 7).70 A selective

macrolactonization on a diacid has also been recently
described by Morken in the total synthesis of borrelidin
(Scheme 8).71

Very interestingly, Paterson has shown in the total
syntheses of swinholide and hemiswinholide that the ring-
size selectivity may be different depending on the macro-

Table 1. Approximate Rate Constants for the Lactonization of
ω-Hydroxyalkanoic Acids HO-(CH2)n-2COOH and Yields
Obtained Using the Corey-Nicolaou Reagent (Adapted with
Permission from Ref 29)

n
approximate
rate constants

experimental yields obtained
with the Corey-Nicolaou reagenta

5 >0.5
7 2.8× 10-3 71 (7)
8 nd
9 8× 10-6 8 (41)
10 1× 10-5 nd
11 2.8× 10-5 nd
12 1.4× 10-4 47 (30)
13 2.6× 10-4 66 (7)
14 1.3× 10-3 68 (6)
15 2.3× 10-3 nd
16 3.8× 10-3 80 (5)
17 4.4× 10-3 nd
18 6.0× 10-3 nd
19 4.9× 10-3 nd
24 3.4× 10-3 nd

a Diolide yields in parentheses.

Scheme 2

Scheme 3

Scheme 4

Scheme 5

Scheme 6

Scheme 7

Scheme 8
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lactonization reagent and solvent (Scheme 9).72

3. Macrolactonizations through "Acid" Activation.
3.1. Macrolactonizations through Thioesters
3.1.1. Corey (Nicolaou, Brunelle) and Gerlach Reactions

The macrolactonization of thioesters is the biosynthetic
pathway for the formation of macrolides.22-26 It is therefore
not surprising that this strategy has also been one of the most
popular chemical ways to obtain such macrolactones. The
most famous reaction involving a thioester is the “double
activation” method described in 1974 by Corey and Nico-
laou.30 The mechanism involves the initial formation of a
2-pyridine thioester of theω-hydroxy acid via a Mukaiyama
oxidation-reduction condensation with PySSPy and triphen-
ylphosphine.73 Internal proton transfer then affords an
intermediate in which both the carbonyl and the hydroxy
group have been activated, leading to the “electrostatically
driven” macrolactonization (Scheme 10). This “double

activation” has been confirmed, and a mechanism involving
ketene formation was ruled out by deuterium labeling and
kinetic studies.74,75

The “classical” Corey-Nicolaou method has been used
in a large number of total syntheses and synthetic applica-
tions: zearalenone,30 brefeldin,76-78 tylonolide,79,80tricolorin
A,81 prostaglandin lactones,,82,83erythronolides,84,85vertalin,86

macrolactones derived from monensin,42,87 pyrrolizidine
alkaloids,88 and oxa-crown ethers (Scheme 11).89 More

recently, the Corey-Nicolaou method has shown its great
potential in the total syntheses of an ene-diyne derivative90

(equation a, Scheme 12) and aplyolide A91 (equation b,

Scheme 12) where other methods failed. It is worthy of note
that, in the total synthesis of aplyolide A, addition of a
catalytic amount of triethylamine to decrease the amount of
diolide and polymeric byproducts was found to be essential
and led to aplyolide in a 78% yield.

To avoid dimer formation, the reaction is usually carried
out in a one-pot, two-step process: the thioester is first
formed at room temperature overnight, then diluted, and
finally slowly added by syringe pump to a large amount of
refluxing solution of xylene or toluene.

Since the elimination of the thiopyridone and triphen-
ylphosphine oxide byproducts resulting from the PySSPy/
PPh3 activation may be difficult in some circumstances,
Corey and Clark92 developed a variant of this reaction in
which the thioester is synthesized first using thionylchloro-
formate (13) (Figure 3).

After a classical workup and drying, the thioester is then
pure enough to be used in the thermolysis step. This
modification has been used in some synthetic applications
including grahamimycin A1,93 thromboxane A2,94 brefeldin,95

and erythronolide.96,97

After a survey of different sulfides, Corey and Brunelle98

concluded that diimidazoylsulfide (14) gives macrolactones
under milder conditions and in better yields: the presence
of thetert-butyl group on the 4 position is essential to prevent
the formation of the undesired N-acyl intermediate. The
Corey-Brunelle conditions have also found numerous

Scheme 9

Scheme 10

Scheme 11

Scheme 12

Figure 3.
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synthetic applications in the total syntheses of erythronolides
A and B,99-101 hybridalactone102 (Scheme 13), enterobac-

tin,103,104 and mycaminosyltylonolide.105 Two other very
reactive disulfides,15 and 16, have been described by
Schmidt106 and Wollenberg.107

A substantial increase in the rate of cyclization in the
presence of metal ions (Ag, Hg, Cu) has been described by
several groups.74,108-111 As illustrated in Figure 4, several
explanations have been proposed to account for the role of
these metals in increasing the thioester electrophilicity.
Among these are chelation of the metal to the pyridine
(structure A), chelation of the metal to the sulfur (structure
B), and, finally, formation of a chelated complex containing
a six-membered ring (structure C).

Several thioesters with different chelation modes have been
tested using mercury and other metal salts74 (Figure 5). The
rate of the macrolactonization is greatly enhanced using the
bidentate intermediate17a, thus suggesting a pathway
involving intermediateB.

Gerlach’s modification introduced in 1974 is probably the
most popular one. It uses silver salts (AgClO4, AgBF4,
AgOTf) and allows some reactions to be carried out at room
temperature.108 Indeed tuckolide,112 various 12-membered
lactones with antiartherosclerosis activity,113 octalactin,114,115

and various eight-membered lactones,48,116muscone,117 brefel-
din,118phoracantholide,119-122 lasiodiplodin,122-126nonactin,127

and antimycin A3b,128 have been synthesized using Gerlach’s
conditions. One of the more recent examples is the total
synthesis of macrosphelide A129 (Scheme 14) where other

classical methods (Yamaguchi, Keck, and Mitsunobu reac-
tions) had failed due toâ-elimination. Using the classical
Mukaiyama-Corey protocol, the lactone was obtained in low

yield, but that was increased to 40% by adding AgOTf at
room temperature.

Is it true then that Gerlach’s modification is the ”universal
” method for performing such macrolactonizations? It is quite
difficult to draw any such clear conclusion about the best
conditions to realize these Corey-Nicolaou, Casey-
Brunelle, and Gerlach type macrolactonizations. As previ-
ously noted by Woodward84 and illustrated in the total
syntheses of ferrulactones I and II (Figure 6),130-132 the
benefit of using silver salts depends strongly on the seco-
acid structure.

The use of copper salts (CuBr2, CuCl2) has also been
shown to be beneficial in these reactions. CuBr2 was
successfully used in the total synthesis (Scheme 15) of

pamamycin133 and in the synthesis134 of macrocyclic oligo-
mers derived from enantiomerically pure 3-hydroxybutyric
acid. In the latter case, up to ann ) 128 macrolactone was
obtained in a 3% yield for the macrolactonization step.

The use of DMAP has also been described by Yonemit-
su,135-137 although, in some instances, the activated species
is too active and leads to the formation of the diolide.90

3.1.2. Masamune Reaction
Although it is not within the scope of this review (i.e.,

the cyclization of seco-acids), it appears necessary to add in
this section a discussion of the reactivity of various “isolated”
thioesters which are independently synthesized and then play
successively the role of a carboxylic-protecting group during
the synthesis followed by the role of the activating group
during the macrolactonization step. Such macrolactonization
reactions, usually known as the Masamune reaction,18 are
most often carried out using independently prepared benzyl
or tert-butyl thioesters in the presence of a thiophilic metal
salt such as mercury,138,139 silver,109 or copper140-143 salts.
For example, using silver trifluoroacetate in buffered ben-
zene144,145 (Scheme 16), this methodology was particularly
useful in the aplysiatoxin144 total synthesis, which involves
a sensitive substrate prone to crotonization under basic
conditions.

Several other syntheses have been reported: methynolide
with (CF3CO2)2Hg;138 carbomycin/josamycin,146 cytochala-
sins,109 lactone antibiotic A26771B,147 and chlorothricolide148

with CF3CO2Ag; deoxyerythronolide142 and crobarbatine
acetate149 with CuOTf-benzene complex; and tylonolide150

with (CF3CO2)2Hg. Nonmetallic additives such as NBS151,152

and p-TsOH73 proved to be useful in these reactions. The

Scheme 13

Figure 4.

Figure 5.

Scheme 14

Figure 6.

Scheme 15
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use ofp-TsOH (previously described by Mukaiyama73 in the
macrolactonization of 6-phenyl-2-pyridyl esters) has been
described in the total synthesis of nonactin using disulfide
15.153,154It is worthy of note that the cyclization of polymer-
supported thioesters35 and template-driven macrolactoniza-
tions39 have also been described.

3.1.3. Miscellaneous Reactions
Schmidt155 also has described formation of activated

thioesters using18, which was madein situ by mixing tert-
butyl isocyanide and 1-phenyl-2-tetrazoline-5-thione, and
which lead in good yield to the macrolactonization of
ω-hydroxy acids (Scheme 17).

The use of phenyl and mesityl sulfonyl chlorides,156-158

SOCl2,159 SOCl2-DMF,160 and dithiocarbonates161 has also
been reported. The use of a ketene dithioacetal as a latent
thioester has also been described in a pyrrolizidine alkaloid
synthesis in which the macrolactonization was performed in
the presence of silver acetate.162

3.2. Cyanuric Chloride
The use of cyanuric chloride (CC,19) (Figure 7) in

macrolactonizations was introduced by Venkataraman163 in
1980. The mechanism of this reaction, closely related to the
mechanism invoked in the Corey-Nicolaou macrolacton-
izations, involves a double-activation mechanism (Scheme

18). An alternative pathway through an acyl chloride has
been ruled out by the same authors.164

Although CC (19) is a cheap commercially available
reagent, this methodology has not found wide synthetic use
and has been applied to only a few total syntheses: isoam-
brettolide,163 exaltolide,165 phoracantholide,165,166 pentade-
canolide,166 and patutolide.167

3.3. Mukaiyama’s Salt and Related Methods
The use of 1-methyl-2-chloropyridinium iodide (20a) (Fig-

ure 8) as an efficient agent for the macrolactonization of

ω-hydroxy acids was introduced by Mukaiyama in 1976.168

The mechanism involves (Scheme 19) chloride substitution

by the carboxylate ion to give a highly activated acyloxy-
pyridinium species which then undergoes macrolactonizaton.

Mukaiyama has described further development of this
reagent to suppress under the cyclization conditions the
decomposition of the pyridinium salts by attack of triethyl-
amine either on the 1-methyl group to form 2-chloropyridine
or on the pyridinium ring to form ammoniopyridinium salts.
The same group73,169 synthesized a new pyridinium salt,
2-chloro-6-methyl-1,3-diphenylpyridinium tetrafluoroborate
(20b), to avoid these side reactions. Indeed, in the presence
of benzyltriethylammonium chloride and a hindered non-
nucleophilic base such as a 2,6-disubstituted pyridine, this
reagent gave better yields in the macrolactonization of
unsubstituted seco-acids with lower diolide formation. (For
example, 12 and 14 membered lactones were obtained in 85

Scheme 16

Scheme 17

Figure 7.

Scheme 18

Figure 8.

Scheme 19
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and 99% yields, respectively, while the original reagent20a
gave macrolactone yields of 69 and 84%, respectively.) This
new reagent was further applied by the same authors in the
total syntheses of prostaglandin F2R-1,15 and ricinelaidic
lactones. Another drawback pointed out by Funk is the
possible decomposition of the acyloxypyridinium intermedi-
ate to form the corresponding ketene which can undergo
various side reactions such as [2+2] cycloadditions.170,171

Nevertheless, this reagent has been successfully used in a
number of total and formal syntheses and various other syn-
thetic applications. This methodology has proved to be par-
ticularly useful in the synthesis of various unsaturated carbo,
aza, and oxo macrocyclic lactones (Scheme 20) used in 2-

and 4-ring contractions mediated by Claisen rearrange-
ments;172-174 the total syntheses of benzoylmeroquinene175

and kainic acid;171 formal synthesis, through an eight-mem-
bered lactone, of (()-quadrone;176 and approaches to the
syntheses of the (B-C-D)-rings of ingenol,177 of (()-
samin,178 and of the cembranoids skeleton.172

Meinwald has also described the efficient synthesis of
various aza (such as (S)-epilachnene) and polyaza macro-
cyclic lactones, obtaining, for example, a 98-membered ring
in an impressive 48% yield for the lactonization step.179,180

Syntheses using this methodology of various other macro-
lactones have also been described. Among them are the 34-
membered ionophoric antibiotics aplasmomycin and boro-
mycin synthesized by White,181,182 gloeosporone,183,184 in
which the 14-membered macrolactone is formed (Scheme
21) rather than the eight-membered ring alternative (Vide

supra), various aggregation pheromones,185-187 and nine-
membered ascidiatrienolide188 and jatrophone analogues.189

Also worthy of note is Villemin’s work,190 in which in 1980-
(!) the unsaturated seco-acid was constructed using a cross-
metathesis and finally lactonized using Mukaiyama’s reagent.
This methodology has also been used to obtain bridged and
constrained analogues of taxol,191 sandostatin,192 and thia-
zolinium salts.193

The Mukaiyama macrolactonization is usually carried out
under high dilution conditions (c ) 10-3 M) with the slow

addition of the hydroxy acid into a refluxing acetonitrile
solution containing an excess of the pyridinium salt and
triethylamine. The use of DMAP was also described by
Armstrong in the total synthesis of the cyclodepsipeptide
hapalosin,194,195 and very recently, a polymer-supported
reagent196 was developed by Tye.

3.4. Macrolactonization through the Formation of
a Mixed Anhydride Intermediate

From the seminal use of acetic and trifluoroacetic anhy-
drides, macrolactonizations through the formation of mixed
anhydride intermediates have been increasingly used either
under traditional basic conditions or, more recently, under
acidic conditions.

3.4.1. Mixed Anhydrides and Basic Activation
3.4.1.1. Yamaguchi-Yonemitsu Conditions.With more

than 200 papers using this methodology, the Yamaguchi
reagent, 2,4,6-trichlorobenzoyl chloride (21), is probably the
most popular method for performing macrolactonizations.197

In the classical procedure (Scheme 22), the mixed anhydride

is preformed in THF in the presence of triethylamine. After
filtration of the NEt3-HCl salt and evaporation, the mixed
anhydride is diluted in toluene and slowly added by syringe
pump to a highly diluted solution of DMAP (2-5 equiv) at
high temperature (80°C or reflux). To the best of our
knowledge, the formation of a symmetric anhydride in these
reactions has been observed only in a single instance, that
being in the total synthesis of hygrolidin.198 Generally,
filtration of the NEt3-HCl salt is not crucial, but Evans has
shown in the synthesis of roxaticin that it was essential to
prevent the acid-promoted decomposition of the polyene unit
of roxaticin.199 The use of the 2,6-dichloro derivative with
no alteration in the reactivity was also described before the
Yamaguchi reagent (21) was commercially available.

Regarding DMAP, the use of pyrolidinopyridine207-209 has
also been described (for an excellent highlight of these
additives, see ref 210). More recently, a polymer-supported
DMAP reagent has been reported211 in the total synthesis of
epothilone C using a multistep application of immobilized
reagents and scavengers.

There have been many variations and modifications of the
original Yamaguchi procedure. Two major modifications
have been developed by Yonemitsu in several papers135,136,157

dedicated to the total synthesis of erythonolide derivatives.
In the first of these two modifications, known as the “modi-
fied Yamaguchi conditions”, Yonemitsu identified the ben-

Scheme 20

Scheme 21

Scheme 22
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eficial effect of the direct addition of a large amount of DM-
AP to the preformed mixed anhydride, generally at room
temperature and without the need for slow dilution. See, for
example, the syntheses of oleandolide59,212and bryostatin 2213

(Scheme 23).

In the second of Yonemitsu’s two modifications, known
as the ”Yonemitsu conditions”, the mixed anhydride is not
preformed and DMAP is directly introduced at room tem-
perature from the beginning. These less basic conditions have
proved to be highly efficient in, for example, the total syn-
thesis of rutamycin B,214 where the Keck, Mukaiyama, and
Corey procedures gave mainly the deconjugatedâ/γ lactone
as the major product and the classical Yamaguchi procedure
gave a 1:1 mixture of theâ/γ and R/â lactones (Scheme
24).

Since macrolactonizations are usually carried out on very
advanced substrates and consequently methodological studies
are rather difficult and rare, there is still no rule about the

best conditions to realize a Yamaguchi macrolactonization
on a particular substrate. The general trend, however, seems
to be use of the Yonemitsu conditions on rather large macro-
cycles (for example, the Yonemitsu conditions failed in the
synthesis of the callipeltoside aglycon215) and classical condi-
tions on medium ring lactones (to prevent the formation of
diolides and oligomers). Indeed, the Yamaguchi reagent has
also been used in the dimerization of seco-acids to form nat-
ural diolides, as illustrated in the syntheses of elaiophyl-
in,207,216,217 colletodiol,218 and verbalactone.219 Evans has
shown the influence of the temperature and rate of addition
in reducing diolide formation and destannylation in the
macrolactonization of a sensitive lepicidin precursor (Scheme
25).220

In the total synthesis of leucascandrolide, Carreira221 has
shown that the lactonization of the seco-acid (Scheme 26)

under the usual conditions leads mainly to oligomerization,
probably due to unfavorable hydrogen bonds. To disrupt
these interactions, the reaction was carried out in DMF,
giving the 14-membered lactone in 49% yield and none of
the 8-membered lactone.

The main drawback of the Yamaguchi procedure is the
use of the highly basic DMAP and high temperature. These
factors sometimes lead to undesireable side reactions such
asR/â to â/γ isomerization of conjugated double bonds(Vide
supra), epimerization of sensitive chiral centers,222 andZ/E
isomerization of conjugated double bonds.223-227 The latter
problem is usually solved (Scheme 27) by performing the
macrolactonization on the ynoic seco-acid and then reducing
the triple bond, as illustrated in the synthesis of laulimalide.227

To date, the Yamaguchi protocol and variations have been
used in more than 200 synthetic applications, including eight-
membered lactones;228,229nine-membered halicholactone230,231

and a nine-membered intermediate to laurencin;232 10-mem-
bered didemninlactone,233decarestricine,234mueggelone,235,236

hebarumin,237 and ascidiatrienolide;238 epothilones A, B, D,
E, and F and congeners;211,239-268 macrolactin A;269 erythro-
nolides and analogues;51,56,135,136,157,270-274 oleandolide;59,212,270,275

lankanolide;55 deoxytedanolide;66 mycinolide;276brefeldin;277-282

Scheme 23

Scheme 24

Scheme 25

Scheme 26
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mycotycin;283 roxaticin;199,284,285colletol;286,287colletallol;204

cladospolide;288,289 patulolides;223,224,290-293 various insect
pheromones;294,295antiobiotic A26771B;296 spiruchostatin;297

formamicinone;298 callipeltoside;215,299borrelidin;71,300,301dic-
tyostatin;302-304 rutamycin;214 spongisatins;65,305-311 lepici-
din;220 halichondrin;312,313jasmine ketolactone;314 ent-Hater-
umalide methyl ester;315 myxovirescine;316 grahamimy-
cin;317,318auriside;319 bryostatins;213,320,321apicularen;64 madu-
mycin;322 mycacolide;323 hydroxybutanoic acid, hydroxylenic

acid, dihydropyrans (up to a 72-membered macrocycle), and
quinine oligomers;324-328 pamamycin 607;222,329,330phorboxa-
zole;226 recifeiolide;331 amphidinolides;332-334 cineromycin;335

tartrolon B;336,337spinosyn A;338 leucascandrolide;221,339-341

cyclodepsipeptides such as geodiamolide,342 globomycin,343

and stevastelin;344 nonactin345-348 aspicilin;293,349-352 44-mem-
bered swhinholide;72,353-355 acutiphycin;356,357 scytophy-
cin;69,358,359aplyronine A;67,360-362 aplyolide;363,364 hygroli-
din;198 nargenicin and dinemycin A precursors;365,366bafilo-
mycin, where the Mukaiyama, Keck, and Palomo protocols
failed;367 apoptolidinone;61,62,368,369conglobatin;209 and mac-
rocyclic glycolipids,12 such as tricolorins,370,371macrosphel-
ides,372-379 concanolide,380 polycavernoside A,57,381,382laulimal-
ide,208,227,383-388 the clonostachydiol epimer,389 and epilach-
nene and congeners.390 Some of these applications are illus-
trated in Figure 9.

3.4.1.2. MNBA. The use of 2-methyl-6-nitrobenzoic
anhydride (MNBA, 22) has been described recently by
Shiina.391The reaction can be carried out at room temperature
in dichloromethane with limited diolide formation in the
presence of an excess of DMAP. It can also be done in the
presence of triethylamine with 20% of (dimethylamino)-
pyridine oxide. These are illustrated in the syntheses of

Figure 9. Representative examples of natural product syntheses using the Yamaguchi macrolactonization.

Scheme 27
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aleuritic acid lactone,391 octalactin392,393 (Scheme 28), and

patutolide C394 and in an atropselective macrolactonization395

in the synthesis of the C-1027 chromophore. (See also eq a
in Scheme 12.)

3.4.1.3. Miscellaneous Mixed Anhydrides.Several other
mixed anhydrides, obtained from pivaloyl chloride,396,397

trifluoroacetic anhydride,398,399acetic anhydride400,401(Scheme
29), and Boc2O402-404 have also been described, but with only

limited synthetic development.
Macrolactonizations through the formation of mixed

carbon-phosphorus and carbon-sulfur anhydrides are dis-
cussed in sections 3.5 and 3.1.3.

3.4.2. Macrolactonizations Using Mixed Anhydrides under
Lewis Acid Activation

3.4.2.1. Mukaiyama-Shiina Catalysts. In 1993 Shiina
and Mukaiyama described the macrolactonization of silyl
ω-siloxycarboxylates at room temperature in the presence
of p-trifluoromethylbenzoic anhydride (TFBA,23) and 0.10
equiv of a Ti(IV) catalyst madein situ by mixing TiCl4 and
AgClO4 (Scheme 30).405

The use of silyl derivatives of seco-acids is required to
prevent deactivation of the titanium catalysts. With that

precaution, the same authors have described direct macro-
lactonizations of seco-acids in the presence of TMSCl (3
equiv) and TiCl2(OTf)2 (1-5%) in refluxing dichloromethane
in good yields for macrolactones from 13 to 17 members.
This procedure was further applied to the syntheses of (R)-
ricinelaidic and (R)-ricinoleic acid lactones (Scheme 31).406

Since the yields for medium ring macrolactones are usually
low, Shiina and Mukaiyama have developed an alternative
strategy407 based on the Rh-catalyzed formation of a cyclic
silyl siloxycarboxylate intermediate which is, in turn, treated
with Me2Si(OTf)2 to give the corresponding lactones in high
yields (Scheme 32).

3.4.2.2. Yamamoto Catalyst.The use of Lewis acid
catalysts in the macrolactonization of mixed anhydrides has
been independently investigated by Yamamoto et al.408 Using
a catalytic amount (10-20%) of Sc(OTf)3, ω-hydroxycar-
boxylic acids are lactonized in the presence ofp-nitrobenzoic
anhydride (24) to give the correponding lactones in high
yield. Results are particularly impressive for medium ring
lactones (n ) 8-10; Scheme 33), which usually provide the

diolide as the major product. An intermediate in which
scandium is coordinated with the mixed anhydride and with
the hydroxyl group has been postulated by Yamamoto.

As far as we know, this promising methodology has not
been widely used yet in total syntheses. In the synthesis of

Scheme 28

Scheme 29

Scheme 30

Scheme 31

Scheme 32

Scheme 33
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cephalosporolide D, Shiina has described the use of Hf(OTf)4

to give the eight-membered lactone in 67% yield. The yield
in the presence of Sc(Otf)3 was 44%, and the original
procedure with TMSCl and Ti(IV) catalysts was unsuccessful
(Scheme 34).

3.5. Phosphorus-Based Reagents
Phosphorus-based reagents (Figure 10), widely used in the

synthesis of peptides, cyclodepsipeptides, and peptidomi-
metics, have also found some applications in macrolacton-
izations.

Masamune409 and Corey410 were the first to recognize the
potential of mixed carbon-phosphorus anhydrides in the
synthesis of macrolactones. Masamune409 faced some dif-
ficulties in the thiophilic metal cation assisted cyclization
of a thiol ester during the total synthesis of narbonolide (see
section 3.1.2) and thus described the macrolactonization as
done by the formation of a mixed anhydride using diphen-
ylchlorophosphate (25) as the activating agent. The same
methodology was applied in the syntheses of vertaline,86

nonactin,411 and a zearlenone derivative,409 as well as in the
dimerization-lactonization to form the diolide vermicu-
line.412 Because mixed carbon-phosphorus anhydrides tend
to give symmetrical anhydrides under heating409(note 15),413

(Scheme 35), Masamune recognized the need to perform the

macrolactonizations at a temperature below 80°C. In 1982,

Corey also described the use of Palomo’s reagent BOP-Cl414

(26) in the synthesis of aplasmomycin.410 This methodology
was then used in a synthetic approach to enetetraynes415 and
in the total synthesis of (-)-chlorothricolide by Roush
(Scheme 36), where Yamaguchi-Yonemitsu and Boden-

Keck protocols gave very low yields.416

Peptide-coupling reagents PyBroP417 (27) and PyBOP418

(28) have also been successfully used in the synthesis of
macrolactones. The enediyne-bridged tricyclic core of dyne-
micin A419 was obtained in 51% yield using a PyBroP-
mediated macrolactonization followed by a transannular
Diels-Alder reaction at room temperature (eq a in Scheme
37). PyBOP was used during synthetic studies on (-)-

spinosyn A420 (eq b in Scheme 37) and for the synthesis of
eight-membered bicyclic peptidomimetics,421 of the 11-
residue peptide lactone gelatinase biosynthesis-activating
pheromone GBAP,422 and of kahalalide B.423 Although no
mechanistic details are given in these studies, macrolacton-
izations probably proceed initially through the formation of
an acyl-oxy-phosphonium intermediate.424

3.6. Carbodiimides and Related Reagents
(Steglich and Boden −Keck)

Dicyclohexylcarbodiimide (DCC,29a) (Figure 11) in the
presence of pyridine, though long known as an esterification
reagent, was first used in a lactonization reaction by
Woodward en route to reserpine.425

Scheme 34

Figure 10.

Scheme 35

Scheme 36

Scheme 37
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Steglich and Litivenko have independently demonstrated
the superior reactivity of 4-N,N-dimethylaminopyridine
(DMAP) and pyrrolidinopyridine in these reactions. For an
excellent highlight on these additives, see ref 210, and for
some examples, see the syntheses of benzolactone V8,426 of
renin peptidomimetics inhibitors,427 of milbemycin E,428 and
of sanglifehrin.429 Nevertheless, this DCC-DMAP protocol
has been used rarely in macrolactonizations, mostly because
of formation of an unreactiveN-acyl urea byproduct (Scheme
38).

Indeed, the major product in the macrolactonization of 15-
hydroxypentadecanoic acid is theN-acyl urea byproduct, and
the hexadecanolide is only isolated in 4% yield.430 In
synthetic studies toward the synthesis of colletodiol, Keck
and Boden have shown the crucial role of the proton-transfer
step, using DMAP-HCl and other amine hydrochloride salts
to prevent the formation of the undesired byproduct and
obtaining the hexadecanolide in 95% yield430 (Scheme 39).

The beneficial use of a catalytic amount ofp-TSA in

esterification reactions has also been previously described
in 1979 by Holmberg.431

Keck et al. have applied this procedure in the syntheses
of (-)-colletodiol432 and colletol433 (Scheme 40). The

potential of this so-called Boden-Keck procedure was
rapidly recognized and used in a great number of total
syntheses, including those of cytovaricin434 (where Mukaiya-
ma’s reagent failed) (Scheme 41), aplysiatoxin,435 swhinolide

and hemiswhinolide (Vide supra),72colletodiol, colletol, and
grahamimycin A,436 epothilone derivatives,437 and various
olfactive alkynolides,438 formal synthesis of apicularen439 and
diazonamide,440 and synthetic studies of ingenane.441 This
procedure has also been used in the trimerization of a seco-
acid to obtain the triolide arthrobacilin.442

Several other proton sources have been used in Boden-
Keck type macrolactonizations, such as DMAP-TFA,49,443-450

TsOH,451 and camphorsulfonic acid (CSA).452-454

The main drawback associated with DCC, which is usually
used in excess and “quenched” by methanol in acetic acid,
is the tricky removal by flash chromatography of the
corresponding urea byproduct, DCU. Several modifications
of the esterification reagent have therefore appeared, being
mainly water soluble ureas and supported reagents. Kocienski
has used CMC (N-cyclohexyl-N′-(b-[N-methylmorpholino]-
ethyl)carbodiimidep-toluenesulfonate,29b) in the presence
of DMAP-TFA in the total synthesis of the cyclodepsipep-
tide jaspamide.450 However, 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC,29c), which is usually sold as its
hydrochloride salt, is more widely used in, for example, the
syntheses of bridged cyclosporins,455 epothilones B and D,456

sialyl Lewis X mimics,457 bafilomycin,458 octalactin,47 san-
glifehrin,429 various oligopeptides macrocycles,459 vancomy-

Figure 11.

Scheme 38

Scheme 39

Scheme 40

Scheme 41
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cin fragment,460 nine-membered obtusenyne,461 and an FK-
506 analogue.462

More recently, Keck has described the use of a supported
DCC reagent with no loss in the macrolactonization yield.
(The supported DCU is easily eliminated by a simple
filtration.463)

The highly basic DMAP is sometimes detrimental to the
macrolactonization. For example, in the total synthesis of
bryostatin 7,60 the use of DMAP led to an intractable mixture
whereas the use of pyridine in the presence of PPTS222,464,465

led to the macrolactone in good yield. In the synthesis of
pamamycin 607, this DCC-pyridine-PPTS protocol was
the only one to give the macrodiolide in good yield (Scheme
42): Corey-Nicolaou-Gerlach, Mukaiyama, and Yamagu-

chi-Yonemistu procedures yielded no lactone, whereas the
“regular” Yamaguchi protocol resulted in complete epimer-
ization at the C2 carbon.222,465As previously mentioned for
Yamaguchi macrolactonizations, the use of DMAP may also
result in epimerizations of sensitive chiral centers446,453 as
well asZ/E isomerizations.454

The peptide coupling reagent DCC-HOBt-NEt3 has also
been described in rather rare examples of macrolactoniza-
tions.466-468

3.7. Chloroimidazolinium and
Chloroformamidinium Chlorides

The dehydrating reagents 1,3-dimethyl-2-chloroimidazo-
lium chloride (DMC,469,470 30) and N,N,N′,N′-tetramethyl-
chloroformamidinium469 chloride (31) have been used in
macrolactonizations (Figure 12). These reagents are usually

synthesizedin situ by heating a 1,2-dichloroethane solution
of the corresponding urea with oxalyl chloride (Scheme 43).
After evaporation of the solvent and of excess oxalyl
chloride, the residue is dissolved in acetonitrile and an
acetonitrile-ether solution of collidine and seco-acid is
slowly added at room temperature to give the corresponding
lactone.

DMC (30) has found application in the selective dimer-
ization of seco-acids in the synthesis of cyclic glycolipids
such as cycloviracins, fattivaricins, glucolipsins, and macro-
viracins.471-476 The use of an added metal cation (potassi-
um473-477 or sodium471) is crucial for the selectivity, and in
this case the macrodilactonization is believed to proceed in
a template-directed manner (Scheme 44).

3.8. Tin-Based Reagents

The use of tin reagents in macrolactonizations stems from
the use of tin oxides to cleave esters.478 In the 1980s,
Hanessian and Steliou479,480showed that this reaction is an
equilibrium, and they developed a macrolactonization (and
esterification) method by elimination of the water produced.
The use of Bu2SnO and (Bu3Sn)2O has been described,
involving, however, two different pathways (Scheme 45),
each with a double activation.The same authors have used
this method, i.e., 10% Bu2SnO in refluxing mesitylene (165
°C) with a Dean-Stark apparatus, in the syntheses of several
13- to 17-membered macrolactones.480

The use of distannoxanes32 (X ) Cl) and33 (X ) NCS)
has been described by Otera40 (Scheme 46). Interestingly,
in contrast to Bu2SnO-catalyzed reactions, the process is
virtually irreversible so that a Dean-Stark apparatus is not
required40 and the reaction can be carried out under moderate
dilution conditions.

Scheme 42

Figure 12.

Scheme 43

Scheme 44

924 Chemical Reviews, 2006, Vol. 106, No. 3 Parenty et al.



Tin oxides have also been described as efficient transes-
terification reagents481 and used in a number of macrolac-
tonizations (see section 3.10.3.5).482

3.9. Boeckman’s Method
Dioxolenone thermolysis is a known process for obtaining

â-acetylketene derivatives under relatively mild conditions
(refluxing toluene).483 The ketene intermediate can also be
trapped intramolecularly by oxygen and nitrogen nucleophiles
to give the corresponding macrolactone or macrolactam
through a cycloreversion/macrocyclization process (Scheme
47).

This methodology has been used by Boeckman to develop
an efficient macrolactonization method illustrated in the

syntheses of the 10-membered diploalide A and the 14-
membered kromacyn, which was obtained with excellent
regio- and diastereoselectivities (Scheme 48).484

This methodology has found synthetic applications in the
syntheses of various eight-membered lactones485 and of de-
schlorocallipeltoside A/callipeltoside A.486-488 However, in
further synthetic studies, Kurth et al.489,490have shown that,
using unsubstituted chains, oligomeric products are obtained.
It is also worthy of note that the acyl-ketene intermediate
can be generated photochemically (see section 3.12).

A related but mechanistically different process has been
independently decribed by De Brabander,491,492 and Rizza-
casa,493,494in the synthesis of benzolactone apicularens. This
methodology has also been used in the synthesis of salicyl-
ihalamides A and B495 (Scheme 49). During the synthesis

of lobotamide, a surprising size-selectivity (8- rather than
15-membered lactone) has been observed in a Boeckman
type macrolactonization (no lactonization occurs under
various conditions (basic or photochemical) with a TBS-
protected alcohol) (Scheme 7).70

3.10. Macrolactonizations through the Formation
of an “Activated” Ester: Transesterification and
Translactonization Methods

Transesterification methods are well-known processes in
the modern organic synthesis tool box,482,496and numerous
industrial applications of them have been developed, par-
ticularly in musk synthesis.21

3.10.1. Translactonizations
Acid-catalyzed thermodynamically driven translactoniza-

tions were studied by Corey and Nicolaou in 1977.497 These
translactonizations proceed in high yields forn) 1, 2, and
3, as illustrated in Scheme 50. The interconversion rate

usually decreases within increasingn because larger ring
sizes are formed in the transition state. A “7+ 3” strategy
has been successfully applied in the total syntheses of
erythronolides A and B.100,498

Scheme 45

Scheme 46

Scheme 47

Scheme 48

Scheme 49

Scheme 50
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A related process which proceeds through a thiolactone
also affords various 8-, 9-, and 10-membered lactones499 in
good yields. This process was used in the synthesis of
phoracantholide499 and of methynolide500,501 (Scheme 51).

Lewis acid-mediated translactonizations have also been
used in a number of total syntheses in which macrolacton-
izations without size selectivity have been observed. By
taking advantage of the thermodynamic preferences, the
undesired lactones can usually be isomerized as illustrated
in Scheme 52.9 It is also worthy of note that there is one

example where an eight-membered lactone could not be
isomerized, under various conditions, to the corresponding
15-membered lactone.70

Basic and acidic translactonizations have also been
observed in several ring contractions of natural products.502

3.10.2. Macrolactonizations through the Formation of a
Vinylic Ester

The Gais and Trost methodologies are two-step processes
based on the synthesis of a vinylic ester followed by an acid-
catalyzed macrolactonization.

3.10.2.1. Gais Vinylic Esters.In the Gais methodology,
the vinylic ester is formed in a very elegant push-pull
reaction of the carboxylic acid with 4-(dimethylamino)but-
3-yn-2-one (34). The vinylic ester is then treated in the
presence of CSA (1-5%) to give the corresponding lactone
(Scheme 53).503 A mercury salt or magnesium bromide is
sometimes used in place of the CSA.

This methodology has been used in the syntheses of
various 13-, 14-, and 16-membered lactones and brefeldin
A (Scheme 54).503,504 The main drawback of the reaction,

which is catalytic in CSA and very mild, is the synthesis of
the sensitive 4-(dimethylamino)but-3-yn-2-one.

3.10.2.2. Trost Vinylic Esters.In the Trost macrolacton-
ization, the vinylic ester is formed through a ruthenium-
catalyzed reaction505,506 of the carboxylic acid with com-
mercialy available ethoxyacetylene (35) (Scheme 55). The

vinylic ester, which can be isolated by chromatography, can
then be lactonized under acidic conditions (CSA 10%).507

This methodology has been used in the macrolactoniza-
tions of various 14-, 15-, 16-, 17-, and 22-membered
macrolactones, and it has more recently been illustrated by
Maier in the size-selective synthesis of apicularen A (Scheme
56).508

Scheme 51
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3.10.3. Transesterifications of “Activated” Esters and
Amides

The use of “unactivated” alkyl esters in basic transesteri-
fications has been described in rather rare examples166,509,510

of macrolactonizations (see, for an example, Scheme 57).

Derivatives of “activated” esters and amides have been
developed by several groups.

3.10.3.1. Narasaka’s Ester.Narasaka has described the
use of (methylthio)methyl ester in macrolactonizations. The
ester is “activated” by oxidation, and then the alcohol is
deprotonated to yield the corresponding macrolactone, as
illustrated in the synthesis of integerrimine (Scheme 58).511

3.10.3.2. Burke’s Ester.Burke has developed the use of
trichloroethyl esters in the presence of a base in the synthesis
of hydropyranic macrolactones. The use of potassium salts
is, however, essential to promote the macrolactonization; in
the presence of sodium carbonate or lithium carbonate, no
reaction occurs (Scheme 59).37 More recently, Burke has also

described the transesterification of tribromomethyl esters in
the presence of phosphines with, however, limited success
in macrolactonizations.512

3.10.3.3. Panek-Porco’s Ester. A cyanomethyl ester
previously described in intermolecular transesterifications513

has been used by Panek in the synthesis of apicularen
(Scheme 60).514

3.10.3.4. Palomo’s Reagent.In the synthesis of the
cyclodepsipeptide hapalosin, Palomo et al. used a di-2-
pyridyl ketone oxime ester which was previously described
by them as a peptide coupling reagent.515 The di-2-pyridyl
ketone oxime ester is prepared from the seco-acid by
treatment with di-2-pyridyl ketone oxime36 and EDC in
dichloromethane in the presence of a catalytic amount of
DMAP (Scheme 61).111

This ester is stable, and no lactonization occurs without
activation. The oxime ester cleanly converts into the lactone
through a double activation in the presence of a copper salt
(see also section 3.1.1), as is illustrated in the synthesis of
hapalosin (Scheme 62).111

3.10.3.5. Tin-Mediated Transesterifications.As previ-
ously stated (see section 3.8), tin oxides are efficient
transesterification reagents481,482 and have been applied
intramolecularly to perform macrolactonizations. In 1992,

Scheme 60
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Scheme 62
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Shimizu described the transesterification of an ethyl ester to
obtain a 13-membered lactone in a route to jasmine keto-
lactone.516 Shortly after, White described the efficient trans-
esterifications of trifluoroethyl esters in the presence of
Bu3SnOMe.517 This reaction is thermodynamically driven by
the elimination of trifluoroethanol and has been used by
Yamada in a total synthesis of otenicin (Scheme 63).518 More

recently, Porco and Panek519 have described the selective
cyclodimerizations (including heterodimerizations) of hy-
droxyesters using distannoxanes32 and33.

3.10.3.6. Kinoshita Reagent.The peptide-coupling re-
agent BID-Npy (37) has also been used in macrolactonization
of various ω-hydroxy acids in good yields through the
formation of an activated ester (Scheme 64).520

3.10.3.7. Macrolactones fromâ-Lactams. â-Lactam
alcoholysis is known to yield the correspondingâ-ami-
noesters, as illustrated, for example, in the taxol side-chain
synthesis.521 This strategy has been used intramolecularly by
Romo in the total synthesis of the 25-membered pateam-
ine.522,523The original conditions, NaHMDS in THF, were
too basic and thus were changed to Palomo’s milder
conditions,524 DCM with Et4NCN as a soluble cyanide
source, to give the corresponding macrolactone in 59-68%
yield through an acyl-cyanide intermediate (Scheme 65).
Georg525,526has recently applied the same strategy in the total
synthesis of arenastatin.

3.10.3.8. Activated Amides.Macrolactonizations through
the formation of activated amides have been described in
several total syntheses using Staab’s carbonyldiimidazole
methodology,156,527-529 and a diacyl-activated amide has been
used by Wasserman530 in a total synthesis of antimycin A3.

3.10.3.9. Enzymatic Reactions.Using a Pseudomonas
lipase at 40°C in apolar solvents, the transesterification of
ΗÃ(CH2)nCO2Me for n ) 12, 13, 14, and 15 with yields of
38, 64, 78, and 80%, respectively, has been accom-
plished.531,532An irreversible reaction starting from a vinylic
ester has also been shown to improve the transesterification

yields.533 Direct conversion of seco-acids to macrolactones
usingLucor miehilipase has been described.534A monoclonal
antibody raised against a macrocyclic phosphonate transition
state has been reported to catalyze an intramolecular trans-
esterification of ap-nitrophenyl ester to give the correspond-
ing 14-membered lactone.535

3.11. Carbonylative Macrolactonizations
Despite the extensive development of palladium-catalyzed

carbonylations, this strategy has rarely been used in mac-
rolactonizations. In 1995, the carbonylative macrolactoniza-
tion of terminal acetylenes in moderate yields was de-
scribed.536 More recently, a 122-member macrosphelide
library was produced based on a polymer-supported pal-
ladium-catalyzed cyclocarbonylation (Scheme 66).36

Two examples of ruthenium-catalyzed cyclocarbonylation
of allenyl alcohols to give eight-membered lactones in good
yield have been published.537

3.12. Photochemistry
Quinkert and collaborators have described an original way

to obtain macrolactones in good yield by using photolac-
tonization ofo-quinol acetates, which passes through a diene

Scheme 63

Scheme 64

Scheme 65

Scheme 66
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ketene intermediate. This method is illustrated in the total
synthesis of (+)-aspicilin (Scheme 67).538-542

4. Macrolactonizations by “Alcohol” Activation

4.1. Mitsunobu Reactions
In 1976 Mitsunobu described a macrolactonization pro-

tocol to obtain medium and large macrolactones. This
methodology is based on the activation of the seco-acid
alcohol using diethyl azodicarboxylate (DEAD) and triphenyl-
phosphine.543-546 Initially, diolides were usually obtained as
the major products for medium ring lactones,317,547-549 and
the Mitsunobu reaction has long been considered as a
selective method to obtain diolides. A modification was
introduced by Steglich in 1991 during the synthesis of
combrestatin analogues.550 Using the classical Mitsunobu
protocol, the diolide was obtained as the major product
(diolide 40%, macrolactone 2%), but with slow addition of
the seco-acid to DEAD-triphenylphosphine, the macrolac-
tone was the major product (macrolactone 59% yield, diolide
trace yield) (Scheme 68). In the reaction mechanism, the key

intermediate is an alkoxyphosphonium salt producedin situ,
and the macrolactonization proceeds via an intramolecular
SN

2 reaction and with inversion of the alcohol configuration.
This reaction has been used in a number of 11- to 16-

membered macrolactones,186,225,551-554 in the total syntheses

of natural products such as (+)-amphidinolide K555 (eq a in
Scheme 69), 19-epi-avermectin B1,556 (+)-brefeldin C,557

citreofuran,558 antibiotics derived from erythromycin,559,560

(+)-gloeosporone,561-563 hypothemycin,564 cyclothialidine,565

lasiodiplodin,123 lobotamide C,70,513,566 latrunculins A and
B,567-571 laulimalide,572-574 where Yamaguchi and Keck
methodologies result inZ/E isomerization of the conjugated
double bond (eq b in Scheme 69), leucascandrolide A,575-577

(+)-milbemycinâ3,578,579(+)-patulolide,580 suspensolide,581,582

diolides UK-2A and UK-3A,583,584 verrucarin A,585 zear-
alane,586 and aplyronine A analogues,361 in the total synthesis
of griseoviridin,587and in several approaches to its thiolactone
core,588-592 where, in particular, a highly strained nine-
membered lactone has been obtained by Pancrazi588 (see eq
c in Scheme 69). This methodology has also been success-
fully used in the syntheses of various cyclodepsipeptides as
illustrated in Scheme 70.457,565,593-597

Classical conditions (i.e., PPh3-DEAD in benzene, tolu-
ene, or THF at room temperature) may, however, suffer from
some drawbacks such as the formation of hydrazide byprod-
ucts.545 Evans encountered this problem in the total synthesis
of lonomycin A (Scheme 71) and solved it by using the more
hindered DIAD in the nonpolar solvent toluene.598

The same problem was recently faced by Roush in the
total synthesis of spinosyn, but unfortunately in this case
the amount of byproduct could not be minimized using
DIAD. However, the lactonization was finally carried out
using PyBOP (Scheme 37).420

Another drawback in Mitsunobu reactions is the tedious
removal of DEAD-H2 or DIAD-H2 and Ph3PO byproducts
by flash chromatography. In the synthesis of the nine-
membered thio-lactone core of griseoviridin, PPh2Py and di-
tert-butyldiazodicarboxylate (DTBAD) were used: Ph2(Py)-
PO is water-soluble and can be eliminated by an acidic
workup, and DTBAD-H2 decomposes spontaneously into
isoprene and CO2 (Scheme 72).599

The use of polymer-supported reagents which provide
pseudo-high dilution conditions and the easy removal of
byproducts by filtration has also been described. A supported
alkyl diazocarboxylate has been reported in a total synthesis
of Zeralenone with a 42% yield for the lactonization key
step as compared to an 8% yield for lactonization under

Scheme 67

Scheme 68

Scheme 69

Macrolactonizations in Synthesis of Natural Products Chemical Reviews, 2006, Vol. 106, No. 3 929



classical conditions.600 Supported triphenylphosphine has
been reported to effect the closure of a 13-membered lactone
in a low yield (10%) but was recently more successful in
the formal synthesis of salicylihalamides A and B (Scheme
73).601

Many other phosphine/diazo pairs and solutions to puri-
fication problems have been used in intermolecular reactions
(for recent reviews, see refs 602 and 603).

The use of allylic alcohols in Mitsunobu macrolactoniza-
tions is tricky and deserves some comments. Problems with
allylic alcohols were first observed in the syntheses of
combretastatin D1 and D2 (Figure 13).

These problems were initially thought to be related to the
highly strained structure of the seco-acids,604-606 but Rych-
novsky607 has suggested as an alternative explanation the
possibility of SN

1 side reactions. Indeed, starting from the
saturated seco-acid, the macrolactone is obtained in good
yield. The same type of problem with allylic alcohols has
been observed in the syntheses of cyclodepsipeptides FR-
901228608 (Scheme 74) and the related R-901375,609 where
addition of TsOH was crucial to prevent the elimination of

Scheme 70

Scheme 71

Scheme 72

Scheme 73

Figure 13.
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the activated allylic alcohol (a 5% yield was obtained using
the Boden-Keck methodology).

De Brabander obtained the same macrolactone from two
epimers of a seco-acid during the total synthesis of peloruside
A.610 The authors explained the retention of configuration
by the formation of an acyloxyphosphonium derivative,611-613

because of conformational constraints preventing the forma-
tion of the C15 epimeric lactone (Scheme 75).

4.2. Eschenmoser Reagent
The use of the Eschenmoser esterification reagent, DMF

dineopentylacetal (38),614 has been described in the macro-
lactonizations of twoω-hydroxy acids to give the corre-
sponding 13- and 17-membered lactones in moderate yields
of 49% and 40%, respectively. To our knowledge, only one
synthetic application in the total synthesis of a quinolizidine
gave low yield (10%) in those cases in which the Kellogg
and Mitsunobu reactions failed. (Scheme 76).86,615

4.3. Macrolactonizations through Alkylhalides,
Mesylates, and Sulfoniums

Macrolactonizations of bromocarboxylic acids Br-(CH2)n-
CO2H in the presence of potassium carbonate were first
described in 1947 by Hunsdiecker and Erlbach616 and gave
good yields for 9- to 17-membered macrolactones. This
methodology using chloro- and iodocarboxylic acids as well
as the bromo-acids has subsequently been widely stud-
ied,617,618including several kinetic studies.28,619Several bases
have been tested, including potassium hydroxide in a water-
isopropanol-toluene microemulsion44 and under PTC condi-

tions.43 In the presence of cesium carbonate, a “cesium effect”
was advocated to explain the selectivity in the macrolacton-
ization/oligomerization process44 but was then ruled out by
Galli and Mandolini,620 who demonstrated that there is no
particular difference between cesium and other alkaline
cations in this application. Quaternary ammonium salts
derived from 2-pyrrolidone are also effective in obtaining
12- to 16-membered lactones in 66-84% yields.621 The usual
conditions for these reactions are cesium or potassium
carbonates in DMF or DMSO. This methodology has been
applied to various syntheses of fluorolactones,622 ilalac-
tones,623 keto-lactones,624,62513-15-membered olfactive lac-
tones,626 cyclodepsipeptides,627 exaltolide and ambret-
tolide,628,629taxanes A-B cycles,630 and the hemisynthesis631

of myxovirescine. It is also worthy of note that this procedure
(potassium carbonate in DMSO) was found in a comparative
study with other alcohol and acid activation methods to be
the most efficient methodology to obtain a 10-membered
lactone model (Scheme 77).632

Activation of alcohols as mesylates and macrolactonization
in the presence of cesium carbonate was first developed by
Kellogg and illustrated in the syntheses of ricinelaidic acid
lactone and zearalenone with a clean SN

2 inversion.617 This
methodology has recently been applied successfully in a
callipeltoside A total synthesis in which a Mitsunobu reaction
failed (Scheme 78).633

A related approach has been illustrated by Vedejs in the
syntheses of fulvine and crispatine where deprotection of

Scheme 74

Scheme 75

Scheme 76

Scheme 77

Scheme 78
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the ester in the presence of TBAF is followed in the same
pot by the macrolactonization on a mesylate (Scheme 79).634

However, White has shown in the same approach to
integerrimine and usaramine635 that the activated intermediate
is the allylic chloride and not the mesylate. In addition,
sulfonium salts obtained from the corresponding halides or
alcohols can be efficiently lactonized using potassium
carbonate in refluxing acetone.636

4.4. Iodo- (Bromo- and Seleno-) Lactonizations
Although it is not strictly within the scope of this review

(the macrolactonization of seco-acids), a discussion is given
in the next two sections of iodo-, bromo-, and selenolacton-
izations as well as epoxide ring-opening.

Iodolactonization reactions are well-known processes for
obtaining small cycles,637 but because of their slower reaction
rates638 they have rarely been used for medium and large
macrolactones. Moreover, a lack of regioselectivity depend-
ent on the chain size and substituents is also observed due
to competitiveendo/exocyclization modes (Scheme 80).639-641

Eight- to twenty-membered macrolactones have, however,
been obtained in moderate to excellent yields using bis-col-
lidine-iodine(I) hexafluorophosphate (39) (Scheme 81).642-644

Bromolactonizations using the corresponding bromide
reagent have also been described with lower regioselectivi-
ties.643 Finally, other electrophiles such asN-phenylsele-
nophthalimide have also been used in the syntheses of 14-
to 16-membered macrolactones.645,646

4.5. Epoxide Ring-Opening
A clever example of an epoxide ring-opening macrolac-

tonization has been reported by Hoye in the total synthesis

of (-)-dactylolide.647 When carried out according to the
intermolecular Sharpless methodology,648 the Ti(OiPr)4-
mediated regioselective epoxide ring-opening is observed to
give the corresponding macrolactone in 40% yield (Scheme
82).

5. Conclusion
The objective of this review has been to present an

overview of the macrolactonization of seco-acids in the total
synthesis of natural products. The need for macrolactoniza-
tions has inspired many clever solutions either by activation
of the alcohol or activation of the acid moiety. Among future
challenges will be further developments of enantio-, atrop-
and diastereoselective macrolactonizations and the develop-
ment of a truly atom-economic macrolactonization method
under moderate dilution conditions.
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