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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 Rouvé when they determined the approximate rate
constant for the lactonization ef-hydroxy alkanoic acids
HO—(CH,),—2CO;H (Table 1)* These values can be com-
pared with, for example, the yields obtained in these
macrolactonizations using the CoreMicolaou reagesf
(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 #.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$1:32

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

approaches to obtain macrocyclic lactones. Due to entropicthe seco-acid, or an activated intermediate, on a solid

and enthalpic factorsuvide infra), direct cyclization is

support33-3¢ On the other hand, acceleration of intramo-

generally not possible without activation of either the alcohol lecular processé%®” 42 has been demonstrated with “tem-
or the carboxylic acid terminal group. The aim of this review plate” syntheses using a metal ion. Selldjuid phase

is to describe all macrolactonization reactions involving the transfer catalysis, and reactions in microemulsions, in inverse
activation of one or the other extremity of the seco-acid. This micelles, and in zeolites, all of which are methods of
topic has been previously covered in part by several reviews simulating high dilution conditions, have also been described
at the end of the 1970s and in the mid 1990s; however, to for the synthesis of macrolacton®s*®

the best of our knowledge no recent coverage has appeared

in the literaturei*2% The literature is surveyed until mid-
2004.

2.2. Influence of Conformation and
Stereochemistry

After some general comments, this review will be ) o .
organized into two main parts. The first of these two AS previously shown by Illuminati and Mandolini, eight-
parts covers, broadly interpreted, activation of the acid membered cycles are probably about the most difficult
(Scheme 1, path a), while the second covers, in a similar- Substrates to cyclize, but once again this argument needs to
ly broad sense, activation of the alcohol (Scheme 1, pathPe counterbalanced by the influence of the substituents on
b). Biosynthetic pathwa§s25 and industrial proce- the seco-acid and their conformational effects. Indeed, in the
dures, particularly in the synthesis of macrocylic mu&ks, cypllzanolns of differently s_ubstltuted eight-membered seco-
are both beyond the scope of this review and have also bothacids derived from octalactins (Scheme 3), Andrus has shown

been recently reviewed. Those areas will thus not be coveredthat substituents play an essential role in the cyclization: a
here. pathway involving a chairboat conformation with the

substituents in a pseudoequatorial position has been advo-
cated to account for these resufft4?

The influence of stereochemistry on macrolactonization
was recognized early by Woodward in the synthesis of
erythronolides (see compourd). Among 17 differently
protected seco-acids, only one gives the 9-dihydroerythro-
alkanoic acids, B+(CH,),-.COH, have been studied in nolide in good yield: in particular, the ) configuration
detail by llluminati and Mandolini’?8and their results have  appears to be crucial. In the cyclizationfa (Scheme 4),
been interpreted in terms of activation energy, related to the Stork and RychnovsKy have shown that a favorable chair
strain energy in the ring being formed, and in terms of dioxane ring in the C9C11 positions plays an essential role
entropy, related to the probability of end-to-end encounters in the cyclization giving the dihydroerythronolide derivative
as required for reaction. In medium ring lactones the entropic in 64% yield, whereas in seco-acidslb and 11c no

2. Basics of Macrolactonization

2.1. Introduction

Factors controlling the macrolactonization @fbromo
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i e®
1 Exaltolide 2 Octalactin A 9
(perfumery (musk)) Cytotoxic MeS

OH OH OH

3 Quinolidomicin A OH

Cytotoxic [IC50= 8 nM (P388)]

OMe
OMe
4 Erythromycin A ~ 5FK228 6 Spinosyn A (R=H) and D (R=Me)
antibiotic Anti-cancer (Phase II) insecticidal
OH
OH OH OH OH OH HO A~
: : : . (o]
MeO' -
O 8 Apoptolidin
apoptosis promoter
OH

7 Roxaticine
antibiotic

9 Mycacolide A

O OH O
10 Epothilone A
anti-cancer
Figure 1. Some representative examples of natural macrocyclic lactones.
Scheme 1 in terms of whether the reactive conformation can be easily
r o 1 adopted®? Indeed, conformationally constrained seco-acids
"acid activation" /[Act] 3
o H \ o
CO)H (a) i T ’ 2
H r b n>70
% 'OO !
/ 0
"alcohol activation” AN
-1
-2
lactonization occurs due to an unfavorable twisbat
conformation (see also ref 50). However, more recently,
Martin®! in an abiotic strategy where one sugar moiety is 4
introduced before the macrolactonization step, has shown -5 : :
that more flexible seco-acids can also be considered as 345678 9101112131415161718192021222324

valuable substrates. _ . | fnesze .

. . . Figure 2. Reactivity profile for lactone formation. (Reproduced
~ From these observations, it appears that macrolactoniza-with permission from ref 27. Copyright 1981 American Chemical
tions should not be interpreted in terms of ring size but rather Society.)
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Table 1. Approximate Rate Constants for the Lactonization of synthesis of lankanolid&:55As a consequence of the above
g'b'?y.droé‘{j"ka”ct’r']‘: Ag'ds Hﬁ.*(ICHZ)Tq*?COO't" f&d Ytleclids'th considerations, ring selective macrolactonizations have been
ained Using the Corey-Nicolaou Reagent (Adapted wi observed, and thus, it is not always necessary to protect all
Permission from Ref 29) !
hydroxy groups. For example, Mulzer and White have

. approximate Witﬁxtﬁeerg)?g;?h%ifg?;oﬁbrf;%%%t described selective macrolactonization where three nonpro-
: Tos tected hydroxy groups are present on the seco-acid as
7 2.8% 10°3 71(7) illustrated in the syntheses of erythronofitland polycav-
8 nd ernoside respectively (Scheme 6).
9 8x 1076 8 (41)
10 1x 1075 nd Scheme 6
11 2.8x 10°° nd
4
12 1.4x 1(T4 47 (30) /\OH Yamaguchi HO. “OH
13 2.6x 107 66 (7) 2 Macrolactonization ., .
14 1.3x 1078 68 (6) g CRCOMEERN e 10
15 2.3x 1073 nd 85% . )(
16 3.8 10°3 80 (5) "'o)( 0
17 4.4x% 1073 nd
18 6.0x 102 nd COOH
19 49x 1073 nd
24 3.4x 1073 nd _ X Yamaguchi
o 2 Macrolactonizati
aDiolide yields in parentheses. HO' OH OH acroactonizaton
o 75%
Scheme 2 COOH
o 0
" 2/)\<,OH @o @:o OTIPS OTIPS
K — +to= + ... . . . - . .
\_©H OU Similar ring-size selectivities have been described in the
. o syntheses of bafilomyctf (16 vs 18), oleandolid@ (14 vs
olide diolide 12), bryostatiff (25 vs 26), apoptolidinorfé®2 (20 vs 21
Scheme 3 and 17), gloesporofig(14 vs 8), apicularen & (12 vs 10),
spongistatin/altohyrtiit (42 vs 44), and deoxytedanolf§e
E%‘P (18 on a primary alcohol vs 16 and an alternative 18-
TBSO... DMAP-HC| 1BSO membered lactone on secondary alcohols). Some other
CHOL65°C examples will be illustrated later in the text. When a mixture
: of two lactones is obtained, transesterifications can usuall
78% y
be performed by taking advantage of thermodynamic prefer-
EDCI o) ences using Ti(OiPj) as is illustrated in the total syntheses
DMAB-HCI o | of aplyronine &7%and scytophyciii? Size selectivities are
- : sometimes more surprising, as was illustrated by Porco in
CHgli/es C an approach to lobatamide C: The 8- rather than the 15-
° membered lactone was selectively obtained in a Boeckman
D type (vide infra) macrolactonization, and any efforts to
OH  DMAP-HCI translactonize were unsuccessful (Schem® A) selective
—_— no reaction
CHCl3 65 °C Scheme 7
H
Scheme 4 R\[rN
R3 Ra >< (0] |
- . -0 o~ o 1 NaH
HO o)
Va
-
7
—H R.=Ro=R,= 9 macrolactonization on a diacid has also been recentl
11a Ry=H, Ry=R,=R,=Me 64% X . . ently
11b R,=H, Ry=R,=R;=Me 0% described by Morken in the total synthesis of borrelidin
11c Ry=R,=Rz=R,;=Me 0% (Scheme 871
can be directly lactonized using PTSA as illustrated in Scheme 8
Scheme 53 : ¢ o Ss
A~ _OMOM P
Scheme 5 Yamaguchi OoH
COOH Macrolactonization o)
OH
F PTSA cat. P “OH 36% (after MOM
| Benzene reflux @ ° o NC WH deprotection)  NC
74 % COOH Borrelidin ~COOH
AN

COLH

Very interestingly, Paterson has shown in the total
More recently, computer-assisted design of “easily cy- syntheses of swinholide and hemiswinholide that the ring-
clizable” seco-acids has also been reported in the totalsize selectivity may be different depending on the macro-
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lactonization reagent and solvent (Schemé?9).

Scheme 9

22-vs. 24-
membered lactones

method

OH
Yamaguchi (PhMe) 82:18
Keck (CHCly) 5:95
Keck (PhMe) 40:60

3. Macrolactonizations through "Acid" Activation.

3.1. Macrolactonizations through Thioesters
3.1.1. Corey (Nicolaou, Brunelle) and Gerlach Reactions

macrolactonization

Chemical Reviews, 2006, Vol. 106, No. 3 915

recently, the CoreyNicolaou method has shown its great
potential in the total syntheses of an ene-diyne derivétive
(equation a, Scheme 12) and aplyolidé* Aequation b,

Scheme 12
MPMQ

MPMO TBSO,,.
TBSO,,
Q:& R
PPhg, THF
OMOM
OMOM 2) Toluene TmM

120 °C dropwise for 6h CI
then 6h. 57%

Cl O
OH
BocNH
BooNH' (as a 1:1 mixture
of the 2 atropisomers)
o o
N [¢]
HO NEts cat.
| B | ®
Toluene, A
_ 78% \ P

The macrolactonization of thioesters is the biosynthetic
pathway for the formation of macrolidé%:28 It is therefore
not surprising that this strategy has also been one of the most
popular chemical ways to obtain such macrolactones. TheS
most famous reaction involving a thioester is the “double
activation” method described in 1974 by Corey and Nico-
laou3® The mechanism involves the initial formation of a
2-pyridine thioester of the-hydroxy acid via a Mukaiyama
oxidation—reduction condensation with PySSPy and triphen-
ylphosphin€? Internal proton transfer then affords an
intermediate in which both the carbonyl and the hydroxy

Aplyolide

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

group have been activated, leading to the “electrostatically
driven” macrolactonization (Scheme 10). This “double

Scheme 10

o}
\ PyS-SPy O reflux
OH PPh3 d

I

‘NP2
N®|
A

activation” has been confirmed, and a mechanism involving
ketene formation was ruled out by deuterium labeling and

kinetic studieg*7s

The “classical” Corey-Nicolaou method has been used
in a large number of total syntheses and synthetic applica-

tions: zearalenon® brefeldin/¢ "8 tylonolide/*#tricolorin
A8 prostaglandin lactone®;83erythronolide$*#vertalin®
macrolactones derived from monenéid! pyrrolizidine
alkaloids® and oxa-crown ethers (Scheme #1)More

Scheme 11
)
4
><O o 0
o) PyS-SPy PPhj
Ph%o toluene reflux
HO
OH
HOOC O 69%

(+ 11% of 2"-OH macrolactone)

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/
PPh activation may be difficult in some circumstances,
Corey and Clar® developed a variant of this reaction in
which the thioester is synthesized first using thionylchloro-
formate (L3) (Figure 3).

x ,iPr
<ENJ\S>2>/PPh3 @S)OJ\ JI:/>—S [PPhy

Cl \mu
2

Corey-Nicolaou Corey-Brunelle
12 14

fI X
~> /PPh; |HoN As /PPhy
2

Schmidt
15

Corey-Clark
13

Wollenberg
16

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 A#3thromboxane A2# brefeldin?®
and erythronolidé%°7

After a survey of different sulfides, Corey and Brun&le
concluded that diimidazoylsulfidd.4) 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
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synthetic applications in the total syntheses of erythronolides
A and B?°101 hybridalacton®? (Scheme 13), enterobac-

Scheme 13

a)14 (5eq.)
toluene 0 °C, 30'

then dilution with toluene
reflux 12h; 83%

tin, 193104 and mycaminosyltylonolid&®®> Two other very
reactive disulfides,15 and 16, have been described by
Schmidt® and Wollenberd?”

A substantial increase in the rate of cyclization in the

presence of metal ions (Ag, Hg, Cu) has been described by

several groupg+198111 As jllustrated 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).

AN [e) 0
@\\(D R R\(S X
I e TN
@ M\ N~ .
0 M
H
A B (o]

M X H

Figure 4.

Several thioesters with different chelation modes have been
tested using mercury and other metal gaigSigure 5). The
rate of the macrolactonization is greatly enhanced using the
bidentate intermediatel7a thus suggesting a pathway
involving intermediateB.

MAO\N/,O
HO S HO.
Xy >>
\91/2\[( |
(o] N~
17a

Figure 5.

M

T
(6]

o)

T
s | X >>
N -~
17b

Gerlach’s modification introduced in 1974 is probably the
most popular one. It uses silver salts (AgGI@QAgBF,,
AgOTf) and allows some reactions to be carried out at room
temperaturé® Indeed tuckolidé}? various 12-membered
lactones with antiartherosclerosis activitypctalactint4115
and various eight-membered lacto&$musconé!” brefel-
din '8 phoracantholidé!® 1?2 |asiodiplodin'??-26 nonactint?”
and antimycin A,,'?® have been synthesized using Gerlach’s
conditions. One of the more recent examples is the total
synthesis of macrosphelide!®& (Scheme 14) where other

Scheme 14

.OMEM

(@)
1) PyS-SPy PPhg
MEMO,,, X Toluene rt
: 2) AgOTH, it
H
0 /Co o) o

HO™ ~O

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

Parenty et al.

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 CoreNicolaou, Casey
Brunelle, and Gerlach type macrolactonizations. As previ-
ously noted by Woodwafd and illustrated in the total
syntheses of ferrulactones | and Il (Figure®)!3? the
benefit of using silver salts depends strongly on the seco-
acid structure.

Ferrulactone |

Corey/Brunelle: up to 37%
Gerlach: 10.5%
Corey/Nicolaou: 7.6%

| Ferrulactone I

Corey-Brunelle: no reaction
Gerlach: 28-44%

Figure 6.

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

Scheme 15

(PyS)z, PPhg MeCN
then CuBrp, MeCN
n

62 %

pamamycif®® and in the synthesi& of macrocyclic oligo-
mers derived from enantiomerically pure 3-hydroxybutyric
acid. In the latter case, up to an= 128 macrolactone was
obtained in a 3% vyield for the macrolactonization step.

The use of DMAP has also been described by Yonemit-
sul¥5137 although, in some instances, the activated species
is too active and leads to the formation of the diofi€le.

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 reacfiare
most often carried out using independently prepared benzyl
or tert-butyl thioesters in the presence of a thiophilic metal
salt such as mercuy®* silver % or coppet® 143 salts.

For example, using silver trifluoroacetate in buffered ben-
zené**145(Scheme 16), this methodology was particularly
useful in the aplysiatoxiri* total synthesis, which involves

a sensitive substrate prone to crotonization under basic
conditions.

Several other syntheses have been reported: methynolide
with (CRCO,),Hg;138 carbomycin/josamycift;® cytochala-
sinsi®lactone antibiotic A26771B% and chlorothricolid&®
with CRCO:,Ag; deoxyerythronolid¥? and crobarbatine
acetat&® with CuOTf—benzene complex; and tylonolitié
with (CRCO,).Hg. Nonmetallic additives such as NBS52
and p-TsOH® proved to be useful in these reactions. The
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Scheme 16 18). An alternative pathway through an acyl chloride has
: : CF3CO,Ag 10 Eq. been ruled out by the same auth#s.
>fs : : Ar NapHPO, 40 Eq.
Scheme 18
O © O O OH OMe CgHgrt, 60% o
Ho, J © A
? Rey )
“/OBOM tOH EtoN . NJ\Cl
©
OH CH3CN or acetone oH
o}
|
o]
: OH
0 Cl

OBOM al

use ofp-TsOH (previously described by Mukaiyafan the NékNH . éo
macrolactonization of 6-phenyl-2-pyridyl esters) has been Cl)\\N/&O
described in the total synthesis of nonactin using disulfide

15153354t is worthy of note that the cyclization of polymer-

supported thioeste¥sand template-driven macrolactoniza- ~ Although CC (19) is a cheap commercially available

0]

?CINJ\JN\
doxu Cl
%o

tions® have also been described. reagent, this methodology has not found wide synthetic use
and has been applied to only a few total syntheses: isoam-
Scheme 17 brettolide'®® exaltolidel®® phoracantholidé$>%¢ pentade-
Toluene Ph. N canolidet®® and patutolidé®’
reflux o \> )
Hothcoyn = e 3.3. Mukaiyama's Salt and Related Methods
Ph/'\j _N n The use of 1-methyl-2-chloropyridinium iodid2Q@) (Fig-
\s( ure 8) as an efficient agent for the macrolactonization of
o ‘ e .
N X X
4 () [T e
o @l}l Cl @N Cl
Ph
?\;0 20a 20b
n Mukaiyama's reagent
PyCl
3.1.3. Miscellaneous Reactions Figure 8.
Schmidt®® also has described formation of activated , , , .
thioesters usind8, which was madén situ by mixing tert- w-hydroxy acids was introduced by Mukaiyama in 197%.

butyl isocyanide and 1-phenyl-2-tetrazoline-5-thione, and The mechanism involves (Scheme 19) chloride substitution
which lead in good yield to the macrolactonization of

w-hydroxy acids (Scheme 17). Scheme 19

The use of phenyl and mesityl sulfonyl chloridé%,>8 9
SOCL,'%° SOCh-DMF,*€% and dithiocarbonaté® has also 0 o ~ 0
been reported. The use of a ketene dithioacetal as a latent ' 2 | ol e /
thioester has also been described in a pyrrolizidine alkaloid OH " 3CH on to Ul\l —_— *
synthesis in which the macrolactonization was performed in oy e %H © | N
the presence of silver acetdf@. o

3.2. Cyanuric Chloride

The use of cyanuric chloride (CQ9) (Figure 7) in by the carboxylate ion to give a highly activated acyloxy-

pyridinium species which then undergoes macrolactonizaton.

cl Mukaiyama has described further development of this
N)§N reagent to suppress under the cyclization conditions the
PN decomposition of the pyridinium salts by attack of triethyl-
ClI” °N” ~Cl amine either on the 1-methyl group to form 2-chloropyridine
19 or on the pyridinium ring to form ammoniopyridinium salts.
Cyanuric Chloride The same group®® synthesized a new pyridinium salt,
(c.c) 2-chloro-6-methyl-1,3-diphenylpyridinium tetrafluoroborate
Figure 7. (20b), to avoid these side reactions. Indeed, in the presence
of benzyltriethylammonium chloride and a hindered non-
macrolactonizations was introduced by Venkatardiitan nucleophilic base such as a 2,6-disubstituted pyridine, this

1980. The mechanism of this reaction, closely related to the reagent gave better yields in the macrolactonization of
mechanism invoked in the CoreWicolaou macrolacton-  unsubstituted seco-acids with lower diolide formation. (For
izations, involves a double-activation mechanism (Scheme example, 12 and 14 membered lactones were obtained in 85
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and 99% vyields, respectively, while the original reageda addition of the hydroxy acid into a refluxing acetonitrile

gave macrolactone yields of 69 and 84%, respectively.) This solution containing an excess of the pyridinium salt and

new reagent was further applied by the same authors in thetriethylamine. The use of DMAP was also described by

total syntheses of prostaglandin.f,15 and ricinelaidic =~ Armstrong in the total synthesis of the cyclodepsipeptide

lactones. Another drawback pointed out by Funk is the hapalosin?#1% and very recently, a polymer-supported

possible decomposition of the acyloxypyridinium intermedi- reagent®® was developed by Tye.

ate to form the corresponding ketene which can undergo — .

various side reactions such asH2] cycloadditions.70.17: 3.4. Macrolactonization through the Formation of

Nevertheless, this reagent has been successfully used in & Mixed Anhydride Intermediate

number of total and formal syntheses and various other syn- From the seminal use of acetic and trifluoroacetic anhy-

thetic applications. This methodology has proved to be par- drides, macrolactonizations through the formation of mixed

ticularly useful in the synthesis of various unsaturated carbo, anhydride intermediates have been increasingly used either

aza, and oxo macrocyclic lactones (Scheme 20) used in 2-under traditional basic conditions or, more recently, under
acidic conditions.

Scheme 20

o o 3.4.1. Mixed Anhydrides and Basic Activation

Mukaiyama's o 3.4.1.1. Yamaguchi-Yonemitsu Conditions.With more
o reagent j . Oj than 200 papers using this methodology, the Yamaguchi
X X reagent, 2,4,6-trichlorobenzoyl chlorid2ly, is probably the

n most popular method for performing macrolactonizatitffs.

X<O.N. G l In the classical procedure (Scheme 22), the mixed anhydride

Scheme 22
Oj o} cocl
X RO cl cl

\>2“ o \©/ 90 c

lx:c 4 /
OH 21
H
@ of
X 1) NEt3-HCl filtration

2) slow addition to a
refluxing sltn of DMAP

O
(“(/®
OH \=
/

is preformed in THF in the presence of triethylamine. After
filtration of the NE§-HCI salt and evaporation, the mixed
anhydride is diluted in toluene and slowly added by syringe
pump to a highly diluted solution of DMAP (25 equiv) at
high temperature (80C 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 hygrolidiff Generally,
filtration of the NEg-HCI salt is not crucial, but Evans has
Scheme 21 shown in the synthesis of roxaticin that it was essential to
20a 4 Eq. prevent the acid-promoted decomposition of the polyene unit
NEts 7.5 Eq. of roxaticin® The use of the 2,6-dichloro derivative with
COOH ¢=5x10°M no alteration in the reactivity was also described before the
Teflux. CHyCN Yamaguc_hi reagen®() was commer_ci_ally a\_/ailable.

62% Regarding DMAP, the use of pyrolidinopyridi#té2°° has
also been described (for an excellent highlight of these

n

and 4-ring contractions mediated by Claisen rearrange-
mentst’?"174 the total syntheses of benzoylmeroquinéhe
and kainic acidy* formal synthesis, through an eight-mem- °
bered lactone, of«)-quadronéy® and approaches to the o)
syntheses of the (BC—D)-rings of ingenok’” of (&)-

samint’® and of the cembranoids skeletbf.

Meinwald has also described the efficient synthesis of
various aza (such asSfepilachnene) and polyaza macro-
cyclic lactones, obtaining, for example, a 98-membered ring
in an impressive 48% vyield for the lactonization sté}pi8°
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 Whit&1182 gloeosporonés3184 in
which the 14-membered macrolactone is formed (Scheme
21) rather than the eight-membered ring alternatividg

A

“OHHO

4

supra) various aggregation pheromonéz®” and nine- additives, see ref 210). More recently, a polymer-supported
membered ascidiatrienoli&f and jatrophone analogu&s. DMAP reagent has been report&ldn the total synthesis of
Also worthy of note is Villemin’s work®®in which in 1980- epothilone C using a multistep application of immobilized

(1 the unsaturated seco-acid was constructed using a crossreagents and scavengers.

metathesis and finally lactonized using Mukaiyama’s reagent. There have been many variations and modifications of the

This methodology has also been used to obtain bridged andoriginal Yamaguchi procedure. Two major modifications

constrained analogues of tax8l,sandostatin?? and thia- have been developed by Yonemitsu in several pafyé& 157

zolinium salts!% dedicated to the total synthesis of erythonolide derivatives.
The Mukaiyama macrolactonization is usually carried out In the first of these two modifications, known as the “modi-

under high dilution conditionsc(= 10°2 M) with the slow fied Yamaguchi conditions”, Yonemitsu identified the ben-
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eficial effect of the direct addition of a large amount of DM- best conditions to realize a Yamaguchi macrolactonization
AP to the preformed mixed anhydride, generally at room on a particular substrate. The general trend, however, seems
temperature and without the need for slow dilution. See, for to be use of the Yonemitsu conditions on rather large macro-
example, the syntheses of oleandditd&’and bryostatin 23 cycles (for example, the Yonemitsu conditions failed in the
(Scheme 23). synthesis of the callipeltoside agly@M 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?*® and verbalacton&® 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

Scheme 23

25)220
Scheme 25
1) 21, iPrNEty, PhH OTIPS OTIPS
then cannulation
81% Et, Et,, OTES
DMAP (15 eq,) ’ - OTES
_103
Ciina=102 M OH 1) 21, iPNEt, THF ©
HO,C 2) DMAP, various
w~.  conditions o X
SnBug SnBuy
T addntime lactone destannylated dimer
(°C) (h) (%) S.M. (%) (%)
25 0.5 13 -- 33
70 05 63 7 10
110 10 10 63 1
110 1 78 3 3

In the second of Yonemitsu’'s two modifications, known In the total synthesis of leucascandrolide, Carfétlaas
as the "Yonemitsu conditions”, the mixed anhydride is not shown that the lactonization of the seco-acid (Scheme 26)
preformed and DMAP is directly introduced at room tem-
perature from the beginning. These less basic conditions have>cheme 26
proved to be highly efficient in, for example, the total syn- TBSO,

thesis of rutamycin B* where the Keck, Mukaiyama, and
Corey procedures gave mainly the deconjug#tedactone

as the major product and the classical Yamaguchi procedure

gave a 1:1 mixture of th@g/y and a/f lactones (Scheme
24).

Scheme 24

21, DMAP, Et3N

benzene, rt 86%

. 1)21, Et;N THF
10 CO,H 2) then slow adn. to
DMAP/DMF rt

49%

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% vyield 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
asol/f to Bly isomerization of conjugated double bor{dile
supra) epimerization of sensitive chiral centéf8andz/E
isomerization of conjugated double bori@s2?” 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 laulimaiide.

To date, the Yamaguchi protocol and variations have been
used in more than 200 synthetic applications, including eight-
membered lactones?2>°nine-membered halicholactciig?3!
and a nine-membered intermediate to laureAEA0-mem-
bered didemninlactori& decarestriciné* mueggelon@s3>2%
hebarumir?3” and ascidiatrienolidé® epothilones A, B, D,

Since macrolactonizations are usually carried out on very E, and F and congenets;23%268 macrolactin A2%° erythro-
advanced substrates and consequently methodological studiesolides and analogu&k6.135.136.157.27274 gleandolide? 212270275
are rather difficult and rare, there is still no rule about the lankanolide’® deoxytedanolid& mycinolide?’® brefeldin?’"-282
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=

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

Scheme 27

1) Yamaguchi 55%

—_—

2) Hy Lindlar cat.
91%

mycotycin?83 roxaticin;!99-284.285olletol;?86.287 colletallol ;294
cladospolide’®289 patulolides?i?3224.29%829 various insect
pheromonesg?*2%antiobiotic A26771B%% spiruchostatirf®’
formamicinone?®® callipeltoside?'>2*°horrelidin;1-39030djc-
tyostatin92-3%4 rutamycin?'#4 spongisating®305-31! |epici-
din;?2° halichondrin®2313jasmine ketolacton& entHater-
umalide methyl estet®> myxovirescine®'® grahamimy-
cin;37318auriside®® bryostating?!2320-321gpicularerf* madu-
mycin?? mycacolide??® hydroxybutanoic acid, hydroxylenic

4 HO
Halicholactone

Parenty et al.

Mycalolide A

madumycin

acid, dihydropyrans (up to a 72-membered macrocycle), and
quinine oligomers2+-328 pamamycin 6072232°:33%horboxa-
zole??¢recifeiolide®3! amphidinolides®2 334 cineromycin3®
tartrolon B236:337 spinosyn A% leucascandrolidé?! 339341
cyclodepsipeptides such as geodiamofittgllobomycin3+3
and stevastelift* nonactif*>-348 aspicilin 293349352 44-mem-
bered swhinholidé?3533% acutiphycin?®357 scytophy-
Cin;89:358.359gplyronine A%7:360-362 gplyolide?63364 hygroli-
din;**® nargenicin and dinemycin A precursof8;3%¢bafilo-
mycin, where the Mukaiyama, Keck, and Palomo protocols
failed 257 apoptolidinone’!62:368.36%conglobatin;®® and mac-
rocyclic glycolipids!? such as tricoloring’®3"*macrosphel-
ides?72-37 concanolidé’ polycavernoside A!-81383aulimal-

ide 208.227.383388 the clonostachydiol epimé&#? and epilach-
nene and congenet¥.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®®* The 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
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aleuritic acid lactone3! octalactiri®?3°3 (Scheme 28), and

Scheme 28
OH 0Bn
TBDPSO™ ™ COOH
: 0

MNBA 1.3 eq. 22

DMAP 6 eq. 84% 0

toluene 2 mM, rt
NO,

MNBA 22

patutolide G®**and in an atropselective macrolactonizatfén
in the synthesis of the C-1027 chromophore. (See also eq
in Scheme 12.)

3.4.1.3. Miscellaneous Mixed AnhydridesSeveral other
mixed anhydrides, obtained from pivaloyl chlorit#é3°”
trifluoroacetic anhydridé?®3%acetic anhydrid&°4°1(Scheme
29), and BogD*%?-40*have also been described, but with only

Scheme 29

Ac,0 / pyridine
0°C,53%

o

limited synthetic development.

Macrolactonizations through the formation of mixed
carbon-phosphorus and carbeisulfur 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

w-siloxycarboxylates at room temperature in the presence

of p-trifluoromethylbenzoic anhydride (TFBA&3) and 0.10
equiv of a Ti(IV) catalyst mad@n situ by mixing TiCl, and
AgCIO, (Scheme 303%

Scheme 30

o)
(TiCl, + 2 AgCIO,) 10%
TMSO\ﬁ)J\OTMS
n

(4o
(FscOCO)Zo n

o O
TMSO%O)K©\
n

~>—o0

CF3

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

a
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precaution, the same authors have described direct macro-
lactonizations of seco-acids in the presence of TMSCI (3
equiv) and TiCJ(OTf), (1-5%) in refluxing dichloromethane

in good yields for macrolactones from 13 to 17 members.
This procedure was further applied to the synthese&pf (
ricinelaidic and R)~icinoleic acid lactones (Scheme 345.

Scheme 31
23 1.1 Eq.
— TiCl,(OTf), 5% —
4 TMSCI3 Eg. 4
OH 0
CH2C|2, I't
COOH o2 S

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

Scheme 32

(@]
/
o H\,Si 4&
"o o * i, @ —— (k9
n-2 Si n-2
VRN

RhCl(PPhSN o AeZSi(OTf)Z
80 °C \SI/ 80 °C

o D

“si

AN

n=8, 85% (diolide 4%)
n=9, 87% (diolide 8%)
n=10, 88% (diolide 8%)
n=11, 83% (diolide 10%)

3.4.2.2. Yamamoto Catalyst.The use of Lewis acid
catalysts in the macrolactonization of mixed anhydrides has
been independently investigated by Yamamoto éalsing
a catalytic amount (1:620%) of Sc(OTf}, w-hydroxycar-
boxylic acids are lactonized in the presenc@-oitrobenzoic
anhydride 24) to give the correponding lactones in high
yield. Results are particularly impressive for medium ring
lactones f = 8—10; Scheme 33), which usually provide the

(OZNOCO)ZO

24
Sc(OTf)3 10-20%

o (0]
"oy on o
n CH3CN : THF reflux n

Scheme 33

H
v
SclLn o
7N n=6, 71% (diolide <1%)
o o n=7, 52% (diolide 3%)

n=8, 87% (diolide <1%)
n=14, 99% (diolide <1%)

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
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cephalosporolide D, Shiina has described the use of Hf¢OTf)
to give the eight-membered lactone in 67% yield. The yield
in the presence of Sc(Otf)was 44%, and the original
procedure with TMSCI and Ti(lV) catalysts was unsuccessful
(Scheme 34).

Scheme 34
TFBA 23 1.1 Eq.
H(OTf), 20%
CH3CN 2 mM
slow addtn 15h
fl
A% COOH reflux 6o o
OH OBn 67 %

(+ 17% diolide) o)

3.5. Phosphorus-Based Reagents

Phosphorus-based reagents (Figure 10), widely used in the

0 0
0 0
Il c O/QN IF1 N»\o
(PhO),-P-ClI -P-
l\/ o] -
25 BOP-CI
26
©)
Br—P Nij N, 3
3 N
6 g
PFq N PFg
PyBrOP PyBOP
27 28

Figure 10.

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

Masamun&® and Core§'° were the first to recognize the
potential of mixed carbonAphosphorus anhydrides in the
synthesis of macrolactones. Masamiihéaced 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-
ylchlorophosphate2b) as the activating agent. The same
methodology was applied in the syntheses of vertdfine,
nonactin{!* and a zearlenone derivatit®,as well as in the
dimerization-lactonization to form the diolide vermicu-
line.*2 Because mixed carbetphosphorus anhydrides tend
to give symmetrical anhydrides under heatffigete 15413

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

Scheme 35
i
0 R-P—Cl 29 R
OH R o <R
H NEt, H

o O

macrolactonizations at a temperature below80In 1982,

Parenty et al.

Corey also described the use of Palomo’s reagent BOP-CI
(26) in the synthesis of aplasmomyditf.This methodology
was then used in a synthetic approach to enetetrdjpreasl

in the total synthesis of <)-chlorothricolide by Roush
(Scheme 36), where Yamaguehfonemitsu and Boden

Scheme 36

BOP-CI 26 1.9 eq.
EtzN 3.9 eq.

(0]
toluene 100 °C
50%

(+ 31% recovered
seco-acid)

TMS OMOM TMS OMOM
Keck protocols gave very low yields?

Peptide-coupling reagents PyBrféP(27) and PyBOP!8
(28) have also been successfully used in the synthesis of
macrolactones. The enediyne-bridged tricyclic core of dyne-
micin A*° was obtained in 51% vyield 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 et)- (

Scheme 37
OYOMG
H N PyBrOP 27
VER NS EtgN
HO CH.Cly, 1t
HO,C \  ome 51%
% Y
RhamO. _—
CO,H
TBSO | OH
Br NG
Mukaiyama 33%
Yonemitsu 38%
Pygﬁigs 70% Mitsunobu 48-54% (b)
CH,Cly, rt PyBrOP/ DMAP 37%,
RhamO P> o
TBSO | o
Br NF

spinosyn A?° (eq b in Scheme 37) and for the synthesis of
eight-membered bicyclic peptidomimetitd, of the 11-
residue peptide lactone gelatinase biosynthesis-activating
pheromone GBAP?? and of kahalalide B2 Although no
mechanistic details are given in these studies, macrolacton-
izations probably proceed initially through the formation of
an acyl-oxy-phosphonium intermedidté.

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

Dicyclohexylcarbodiimide (DCC294a) (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 reserpifté.
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c-Hex c-Hex
N=C=N SN NN=C=N
c-Hex [@j
DCC 29a
(DCCl) O
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esterification reactions has also been previously described
in 1979 by Holmberd3!

Keck et al. have applied this procedure in the syntheses
of (—)-colletodiol®? and colletot®® (Scheme 40). The

<:> Q
\ SO3
N Scheme 40
/ ‘\—\ 0o
N=C=N cticzsh /\/\)k DCC, DVMAP : T
¥ HO A fo) ’ OWJ\O

Et DMAP-HCI

EDC 20¢ HOAC - PP
(EDCI) 7Y 57 CHCle2% 0T N YT
Figure 11. 07‘\ 07\

Steglich and Litivenko have independently demonstrated ) ,
the superior reactivity of 4,N-dimethylaminopyridine  Potential of this so-called BoderKeck procedure was
(DMAP) and pyrrolidinopyridine in these reactions. For an rapidly recognized and used in a great number of total
excellent highlight on these additives, see ref 210, and for Syntheses, including those of cytovaritiiiwhere Mukaiya-
some examples, see the syntheses of benzolactod®yB, ~ Ma's reagent failed) (Scheme 41), aplysiatdXfswhinolide
renin peptidomimetics inhibitor®; of milbemycin E¥?2and
of sanglifehrin??® Nevertheless, this DGEDMAP protocol
has been used rarely in macrolactonizations, mostly because
of formation of an unreactivid-acyl urea byproduct (Scheme
38).

Scheme 41

Me

Me™ Y
DEIPSO

Scheme 38
o TBSO

o Q DCC-DMAP g K ", X
0 02 ores OOl
h-2 n-2 OTES OTES

‘ DCC DCC, DMAP
DMAP-HCI | 92%
H o CHClg, 61 °C

N
c-Hex/Nj// “c-Hex DMAP @
o\ﬂ/bk —_ Nl A Me
nOH \ n PN o
© H'" H | Me OTES

DEIPSO

O-AcylUrea ¢ pigy ™ hig N c-Hex

© C') tBu
\ DCU TBSO S
“. H tBu
c-Hex - ’b%
OTES OTES

H i
N_N OH
c-Hex \ﬂ/ \"/Hn‘z
A IL? _O , and hemiswhinolide:{de suprg,"*colletodiol, colletol, and
cyl Urea: unreactive grahamimycin A% epothilone derivative$’ and various
olfactive alkynolideg?28formal synthesis of apicularéiiand
diazonamidé?® and synthetic studies of ingenatfé This
procedure has also been used in the trimerization of a seco-
acid to obtain the triolide arthrobacilf¥?
Several other proton sources have been used in Beden
Keck type macrolactonizations, such as DMAHFA,*9:443-450
TsOH{! and camphorsulfonic acid (CSAY 45

Indeed, the major product in the macrolactonization of 15-
hydroxypentadecanoic acid is theacyl urea byproduct, and
the hexadecanolide is only isolated in 4% yi&#l.In
synthetic studies toward the synthesis of colletodiol, Keck
and Boden have shown the crucial role of the proton-transfer
step, using DMAP-HCI and other amine hydrochloride salts
to prevent the formation Qf the undes_ired byproduct and The main drawback associated with DCC, which is usually
obtaining the hexadecanolide in 95% y#f{Scheme 39). used in excess and “quenched” by methanol in acetic acid,
Scheme 39 is the tricky removal by flash chromatography of the
corresponding urea byproduct, DCU. Several modifications

o] of the esterification reagent have therefore appeared, being
Hoﬁ)f\ oH 2ce/owAz C-HeX”N\n/N\n/o\f’):“OH mainly water soluble ureas and supported reagents. Kocienski
14 0 © has used CMCN-cyclohexyliN'-(b-[N-methylmorpholino]-

ethyl)carbodiimidep-toluenesulfonate?9b) in the presence
of DMAP—TFA in the total synthesis of the cyclodepsipep-
tide jaspamidé®® However, 1-(3-dimethylaminopropyl)-3-

cl:-Hex

95% | DCC / DMAP-HCI

o] ethylcarbodiimide (EDC290), which is usually sold as its
}i hydrochloride salt, is more widely used in, for example, the
o] )1 . syntheses of bridged cyclosporit¥éepothilones B and B¢

sialyl Lewis X mimics?*” bafilomycin58 octalactin?’ san-
The beneficial use of a catalytic amount pfTSA in glifehrin,**® various oligopeptides macrocycl&8yancomy-



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

cin fragment®® nine-membered obtusenyffd,and an FK- Scheme 43

506 analogué®? o} c oy
More recently, Keck has described the use of a supported \N)LN/ (COCN, >:N\® o

DCC reagent with no loss in the macrolactonization yield. - ClCHpp-Cl '\

(The supported DCU is easily eliminated by a simple 65 °C

. . 31
filtration.*63) _
1) evaporation and

The highly basic DMAP is sometimes detrimental to the dilution with CHyCN .
macrolactonization. For example, in the total synthesis of 2) collidine a0
bryostatin 7° the use of DMAP led to an intractable mixture CHsCN / Ether, t n=11 54%
whereas the use of pyridine in the presence of PEPF& 465 HO’Q;COzH
led to the macrolactone in good yield. In the synthesis of
pamamycin 607, this DCEpyridine—PPTS protocol was Q
the only one to give the macrodiolide in good yield (Scheme (\\}fo
42):. Corey-Nicolaou—Gerlach, Mukaiyama, and Yamagu- n
Scheme 42 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#’t47 The use of an added metal cation (potassi-
unm*73-477 or sodiunt’ is crucial for the selectivity, and in
this case the macrodilactonization is believed to proceed in
a template-directed manner (Scheme 44).

DCC / Pyr/ PPTS

CI(CH,),CI 0.001M | 56% Scheme 44

Reflux C 02H
DMC 30
KH, DMAP | 54%
CH,Cl,

chi—Yonemistu procedures yielded no lactone, whereas the

“regular” Yamaguchi protocol resulted in complete epimer-

ization at the C2 carbot??4¢5As previously mentioned for B”O
Yamaguchi macrolactonizations, the use of DMAP may also

result in epimerizations of sensitive chiral cent&$>= as

well asZ/E isomerizationg>*

The peptide coupling reagent DEEIOBt—NETt; has also \@,o

been described in rather rare examples of macrolactoniza-
tions #66-468

3.7. Chloroimidazolinium and
Chloroformamidinium Chlorides

The dehydrating reagents 1,3-dimethyl-2-chloroimidazo-
lium chloride (DMC#647030) and N,N,N',N'-tetramethyl- The use of tin reagents in macrolactonizations stems from
chloroformamidinium® chloride @1) have been used in the use of tin oxides to cleave estéfs.In the 1980s,
macrolactonizations (Figure 12). These reagents are usuallyHanessian and Steli6i-*89showed that this reaction is an
equilibrium, and they developed a macrolactonization (and

3.8. Tin-Based Reagents

Cl o esterification) method by elimination of the water produced.
\%)\N/ Cl@ Y=N® CI@ The use of BuSNO and (BuSn)O has been described,
/ =N \ involving, however, two different pathways (Scheme 45),

each with a double activation.The same authors have used
this method, i.e., 10% BSnO in refluxing mesitylene (165
°C) with a Dean-Stark apparatus, in the syntheses of several
13- to 17-membered macrolactorfés.

DMC 30 31
Figure 12.

synthesizedn situ by heating a 1,2-dichloroethane solution
of the corresponding urea with oxalyl chloride (Scheme 43).  The use of distannoxan82 (X = Cl) and33 (X = NCS)
After evaporation of the solvent and of excess oxalyl has been described by Ot#t§Scheme 46). Interestingly,
chloride, the residue is dissolved in acetonitrile and an in contrast to BpSnO-catalyzed reactions, the process is
acetonitrile-ether solution of collidine and seco-acid is Vvirtually irreversible so that a DeatStark apparatus is not
slowly added at room temperature to give the correspondingrequired® and the reaction can be carried out under moderate
lactone. dilution conditions.
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Scheme 45 syntheses of the 10-membered diploalide A and the 14-
o membered kromacyn, which was obtained with excellent
<\O‘H \ o regio- and diastereoselectivities (Scheme 48).
Q. *snB
Q\\s/no \ /SN2 Scheme 48
BU2 HZO (o)

,- Toluene
’ BuzSn0O \_A Hc‘).y - 404 M

70%
o}

n O O/{

‘ (BugSn)20 /y This methodology has found synthetic applications in the

syntheses of various eight-membered lactéitesd of de-
schlorocallipeltoside A/callipeltoside &% 488 However, in
Cfo\ SnBu further synthetic studies, Kurth et &.4°have shown that,
O/‘ 3

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
Scheme 46 independently decribed by De Brabané®ri®?and Rizza-
32 (X=C)20% O cas&®4%in the synthesis of benzolactone apicularens. This
HO.,, CO,H decane reflux \d>o methodology has also been used in the synthesis of salicyl-
\@:4 81% 3 ihalamides A and B° (Scheme 49). During the synthesis
Bu X Bu Bu Scheme 49

u, 1 ;
cat= Buvsln_(?_sln_q Bu 32 (X=Cl),
O-Sn-O—sn,_ 33 (X=NCS)
BU Bu x BuY

O\A
%o

H NaH
) THF rt
n-Bu 33 (X=NCS) 20% O, “'OPMB 64%
CO,H  decane reflux
HO TE——
10 63% 10 n-Bu

of lobotamide, a surprising size-selectivity (8- rather than
Tin oxides have also been described as efficient transes-15-membered lactone) has been observed in a Boeckman
terification reagent§! and used in a number of macrolac- type macrolactonization (no lactonization occurs under
tonizations (see section 3.10.34). various conditions (basic or photochemical) with a TBS-
protected alcohol) (Scheme 7).
3.9. Boeckman’'s Method

Dioxolenone thermolysis is a known process for obtaining WAt W . e
pB-acetylketene derivatives under relatively mild conditions '?'fra%]gl aACE[;(t)Ir\:iit:t(ijonElf/'I[gtrh Og;anseSterlflcatlon and
(refluxing toluene)® The ketene intermediate can also be
trapped intramolecularly by oxygen and nitrogen nucleophiles = Transesterification methods are well-known processes in
to give the corresponding macrolactone or macrolactam the modern organic synthesis tool b§%*°¢and numerous
through a cycloreversion/macrocyclization process (Schemeindustrial applications of them have been developed, par-

3.10. Macrolactonizations through the Formation

47). ticularly in musk synthesi&
Scheme 47 3.10.1. Translactonizations
Acid-catalyzed thermodynamically driven translactoniza-
T revene 7 .o tions were studied by Corey and Nicolaou in 19¥7These
XN =* translactonizations proceed in high yields fer 1, 2, and
reflux 3, as illustrated in Scheme 50. The interconversion rate
H H
Scheme 50
o
p-TSA 1%
o CH,Cl, ® )
o'o ® OH HO

n=3
n 97%
usually decreases within increasingbecause larger ring

sizes are formed in the transition state. A+73” strategy
This methodology has been used by Boeckman to develophas been successfully applied in the total syntheses of
an efficient macrolactonization method illustrated in the erythronolides A and B20.4%
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A related process which proceeds through a thiolactone Scheme 53
also affords various 8-, 9-, and 10-membered lactffé@s o

good vyields. This process was used in the synthesis of :N%/( Oxy-Me

horacantholid®® and of methynolid&?50! (Scheme 51). 34 Me

P y ( ) HO’Q:COZH Hojdnj(ojj

Scheme 51 O N
o :

.OBn csA

benzene 70 °C
63%

HO

o) . O Me
H*or LA HO
(0] ‘T (O
n

n o' o 07 N7
. . . . . -
Lewis acid-mediated translactonizations have also been )I\/U\’T‘
used in a number of total syntheses in which macrolacton-

izations without size selectivity have been observed. By Scheme 54

Et

taking advantage of the thermodynamic preferences, the o o
undesired lactones can usually be isomerized as illustrated ~coon N o6 ~__O
in Scheme 52.1t is also worthy of note that there is one MEmo , — . MEMO )

’ OH 2) CSA 1% =

“\A/‘\ toluene 80 °C 74% /WJ\

Scheme 52 3

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 reactid®>°% of the carboxylic acid with com-
mercialy available ethoxyacetylen85] (Scheme 55). The

Scheme 55
=—OEt 35 o)
Ho’@\oozH Hojdn\f( b
n [RuCly(p-cymene)], 2% O OFt
toluene
CSA 10%
Toluene 0.005M
Yonemitsu reflux
PhMe 90%
o]
o
C21 lactone + C23lactone 42 : 58
\_/ "
Ti(OiPr), CH,Cly vinylic ester, which can be isolated by chromatography, can
91% (C21:C23 70:30) then be lactonized under acidic conditions (CSA 16%).

This methodology has been used in the macrolactoniza-
example where an eight-membered lactone could not betions of various 14-, 15-, 16-, 17-, and 22-membered
isomerized, under various conditions, to the corresponding macrolactones, and it has more recently been illustrated by
15-membered lactorté. Maier in the size-selective synthesis of apicularen A (Scheme

Basic and acidic translactonizations have also been56)5%

observed in several ring contractions of natural prodiéts.
Scheme 56

3.10.2. Macrolactonizations through the Formation of a MeO
Vinylic Ester COOH

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 Estersin the Gais methodology, 1) [RuCly(p-cymene)l, 2%
the vinylic ester is formed in a very elegant pugiull Ethoxyacetylene 63%
reaction of the carboxylic acid with 4-(dimethylamino)but- ) GaR lvane 80 °C
3-yn-2-one 84). The vinylic ester is then treated in the
presence of CSA (25%) to give the corresponding lactone
(Scheme 533% A mercury salt or magnesium bromide is MeO O
sometimes used in place of the CSA. WOH
This methodology has been used in the syntheses of
various 13-, 14-, and 16-membered lactones and brefeldin A/
A (Scheme 543%35%4The main drawback of the reaction, OBn

OBn OH OH

OBn

OBn
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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 exartf§es:51°
of macrolactonizations (see, for an example, Scheme 57).

Scheme 57

OMe

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

3.10.3.1. Narasaka’'s EsterNarasaka has described the
use of (methylthio)methyl ester in macrolactonizations. The
ester is “activated” by oxidation, and then the alcohol is

Chemical Reviews, 2006, Vol. 106, No. 3 927

described the transesterification of tribromomethyl esters in

the presence of phosphines with, however, limited success

in macrolactonization¥'?

3.10.3.3. PanekPorco’'s Ester. A cyanomethyl ester
previously described in intermolecular transesterificafitns
has been used by Panek in the synthesis of apicularen
Scheme 60

(Scheme 605
OBn OBn
NaH
0 0" " THF reflux g
e 63% ]
NC” O HO o
N
MOMO oMOM

3.10.3.4. Palomo’s Reagentln 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 reage!§tThe di-2-pyridyl
ketone oxime ester is prepared from the seco-acid by
treatment with di-2-pyridyl ketone oxim&6 and EDC in

illustrated in the synthesis of integerrimine (Scheme®5B).

Scheme 58
MOMO O
S_
o o at
OH ) BuLi

40%

3.10.3.2. Burke’s EsterBurke 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 59More recently, Burke has also

Scheme 59
PN
BocNH™ "
0.0
(o}
X
BocNH ™~
K>CO3 (no reaction with
THF 0.002M | Na,COj or Li,COg !)

88%

DMAP (Scheme 613}1*

Scheme 61

Ho’@\cozH
n EDC - DMAP

Cu(OTf),
CH3CN 0.001 M
reflux

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%:

Scheme 62
1) 36 EDC / DMAP o
“,, _COH CH,Cl,, rt, 93%
[ OH 2) Cu(OTh)p, CHCN .. N o
\6)\.- 0TBSO O. reflux .
6 N 3) HF-Pyr \(L O OH
o ~ 54% o N
Ph o

3.10.3.5. Tin-Mediated TransesterificationsAs previ-
ously stated (see section 3.8), tin oxides are efficient
transesterification reagefts*®2 and have been applied
intramolecularly to perform macrolactonizations. In 1992,
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Shimizu described the transesterification of an ethyl ester to Scheme 65
obtain a 13-membered lactone in a route to jasmine keto-

lactone>'® Shortly after, White described the efficient trans-
esterifications of trifluoroethyl esters in the presence of
BusSnOMe®!’ This reaction is thermodynamically driven by

the elimination of trifluoroethanol and has been used by

Yamada in a total synthesis of otenicin (Scheme®53ylore

Scheme 63

Et4NCN 9 eq. _G80
DCM 0.002M | >9-68%

BuzSnOMe

toluene reflux
46%

. . BocHN! -
recently, Porco and Pan@k have described the selective

cyclodimerizations (including heterodimerizations) of hy-
droxyesters using distannoxan&2and 33.

3.10.3.6. Kinoshita ReagentThe peptide-coupling re-
agent BID-Npy 87) has also been used in macrolactonization yje|ds533 Direct conversion of seco-acids to macrolactones
of various w-hydroxy acids in good yields through the ysingLucor miehilipase has been describ®4A monoclonal
formation of an activated ester (Scheme &4). antibody raised against a macrocyclic phosphonate transition
state has been reported to catalyze an intramolecular trans-

Scheme 64 esterification of g-nitrophenyl ester to give the correspond-
02"‘\[1 ing 14-membered lactorfé
o 3.11. Carbonylative Macrolactonizations
\
@N NO; Despite the extensive development of palladium-catalyzed
0, 37 o = | carbonylations, this strategy has rarely been used in mac-
HO’@TZ’OZH Ho\ﬁ)ko SN rolactonizations. In 1995, the carbonylative macrolactoniza-
™ NEts n-2 tion of terminal acetylenes in moderate yields was de-
scribed?3® More recently, a 122-member macrosphelide
1217 library was produced based on a polymer-supported pal-
68-88% ladium-catalyzed cyclocarbonylation (Scheme 6).
o Scheme 66
o]
\(1>0 O/‘/W
n-2 O | \H\
anne () o
3.10.3.7. Macrolactones frompj-Lactams. f-Lactam g J_ Br
alcoholysis is known to yield the correspondifigami- 0 \;‘OH
noesters, as illustrated, for example, in the taxol side-chain
synthesi$?2! This strategy has been used intramolecularly by Roaldba)s | et / DMAP
Romo in the total synthesis of the 25-membered pateam- CO (30 Atm) | PMF80°C
ine 522523 The original conditions, NaHMDS in THF, were
too basic and thus were changed to Palomo’s milder o
conditions??* DCM with E4NCN as a soluble cyanide sl
source, to give the corresponding macrolactone ir @6 O“‘""'O 2
yield through an acyl-cyanide intermediate (Scheme 65). Ji| =
Georg?>5?thas recently applied the same strategy in the total '\O)J\,\»\O .
synthesis of arenastatin. z
3.10.3.8. Activated AmidesMacrolactonizations through a 122-member library

the formation of activated amides have been described in
several total syntheses using Staab’s carbonyldiimidazole
methodologyt>6527-529 and a diacyl-activated amide has been
used by Wasserm&Hiin a total synthesis of antimycin A3.
3.10.3.9. Enzymatic ReactionsUsing a Pseudomonas
lipase at 40°C in apolar solvents, the transesterification of ;
HO(CHy),COMe for n = 12, 13, 14, and 15 with yields of o2 Photochemistry
38, 64, 78, and 80%, respectively, has been accom- Quinkertand collaborators have described an original way
plished®3%532An irreversible reaction starting from a vinylic  to obtain macrolactones in good yield by using photolac-
ester has also been shown to improve the transesterificatiortonization ofo-quinol acetates, which passes through a diene

Two examples of ruthenium-catalyzed cyclocarbonylation
of allenyl alcohols to give eight-membered lactones in good
yield have been publishéd’



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

ketene intermediate. This method is illustrated in the total of natural products such as-J-amphidinolide K55 (eq a in

synthesis of {)-aspicilin (Scheme 67p8542 Scheme 69), 19-epi-avermectin,B® (+)-brefeldin C57
Scheme 67 Scheme 69
Oe_80,Ph
hv *. 2
PhSO ? oac A> 340 nm PPhy/ DIAD
2 “'OH NN PhH rt
9 N-Me-imidazole 65%
ccl, “IOH
69% 9
OTBDPS OTBDPS
o
S PPhy/ DIAD
OTBS  OH Z
OH COH  PhHH
WOH 70%
| “OH
HO
0 : 0 :
0
o) ﬁfzj .~ PPns/ DEAD t S
L. . e S Toluene / THF BocNH™ Z
4. Macrolactonizations by “Alcohol” Activation BocNH reflux s

50%

4.1. Mitsunobu Reactions citreofuran3®® antibiotics derived from erythromycf§;-560

In 1976 Mitsunobu described a macrolactonization pro- (+)-gloeosporon&®-563 hypothemycirté cyclothialidines6s
tocol to obtain medium and large macrolactones. This |asiodiplodin?? lobotamide C25135% |atrunculins A and
methodology is based on the activation of the seco-acid B 567571 |aqulimalide572-574 where Yamaguchi and Keck
alcohol using diethyl azodicarboxylate (DEAD) and triphenyl- methodologies result i/ E isomerization of the conjugated
phosphineé?*-5%nitially, diolides were usually obtained as  double bond (eq b in Scheme 69), leucascandrolid&A?”
the major products for medium ring lactoriés>4754° and (+)-milbemycins,578579(+)-patulolide3®® suspensolides’ 52
the Mitsunobu reaction has long been considered as adiolides UK-2A and UK-3A883584 yerrucarin A58 zear-
selective method to obtain diolides. A modification was alane3®¢and aplyronine A analogué&.in the total synthesis
introduced by Steglich in 1991 during the synthesis of of griseoviridin®®’ and in several approaches to its thiolactone
combrestatin analogué®. Using the classical Mitsunobu  core®%8592 where, in particular, a highly strained nine-
protocol, the diolide was obtained as the major product membered lactone has been obtained by Partétgzee eq
(diolide 40%, macrolactone 2%), but with slow addition of ¢ in Scheme 69). This methodology has also been success-
the seco-acid to DEABtriphenylphosphine, the macrolac-  fully used in the syntheses of various cyclodepsipeptides as
tone was the major product (macrolactone 59% yield, diolide jllustrated in Scheme 74§7:565593597
trace yield) (Scheme 68). In the reaction mechanism, the key  Classical conditions (i.e., PRPRDEAD in benzene, tolu-

ene, or THF at room temperature) may, however, suffer from

Scheme 68 some drawbacks such as the formation of hydrazide byprod-
ucts>®Evans encountered this problem in the total synthesis

H
ROL=N"N-COR of lonomycin A (Scheme 71) and solved it by using the more

OH PPhs * PP hindered DIAD in the nonpolar solvent toluetfé.
RJ\gCOOH ~ i The same problem was recently faced by Roush in the
n ROC—N=N-CO.R OH _ total synthesis of spinosyn, but unfortunately in this case
Tty R1J\anoo the amount of byproduct could not be minimized using
DIAD. However, the lactonization was finally carried out
using PyBOP (Scheme 37
ROZC_H_H_COZR Another drawback in Mitsunobu reactions is the tedious
DEAD-H, or DIAD-H, removal of DEAD-H or DIAD-H; and PRPO byproducts
by flash chromatography. In the synthesis of the nine-
o ;Ph membered thio-lactone core of griseoviridin, BPhand di-
c‘j o e tert-butyldiazodicarboxylate (DTBAD) were used: fpy)-
7 )n / RJ\MCOO PO is water-soluble and can be eliminated by an acidic
R n workup, and DTBAD-H decomposes spontaneously into
O=PPhg isoprene and C9O(Scheme 725%°
The use of polymer-supported reagents which provide
intermediate is an alkoxyphosphonium salt produoesitu, pseudo-high dilution conditions and the easy removal of

and the macrolactonization proceeds via an intramolecularbyproducts by filtration has also been described. A supported

S\? reaction and with inversion of the alcohol configuration. alkyl diazocarboxylate has been reported in a total synthesis
This reaction has been used in a number of 11- to 16- of Zeralenone with a 42% vyield for the lactonization key

membered macrolacton&$;?2555+554 in the total syntheses step as compared to an 8% vyield for lactonization under
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Scheme 70
ogH : 9
tBu002 L
N
\
o PhsP / DEAD
67/" Tquene1mM
N
O N
tBuco2
Scheme 71
CO,Et
Et <. .NH
0,0+,
PPhs, DEAD
3 s OBn
THF, 25°C Me Me
Me
85%
CO.H
Me Me
x
OBn
OBN bph,, DEAD
OH
| Benzene, 25°C
Me CO.H 47%

PPhj, DIAD OBn

Toluene, -10°C
15m|n

95% Me

classical condition&® 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)801

Parenty et al.

Scheme 72

O COH “OH

Ph N S\

H CO,Et

PPh,Py, DTBAD

Benzene, r. t.
48h

CO,Et

I
Q @ water solube
i phosphine oxide

+
(DTBAD-H2 —»>: +COy + N2H4>

Scheme 73

68% DTAB= t'BUOzC_N:N‘COQT‘BU

OMe

COH MOMO  OH

A

DEAD
Resin-PPh;

DIAD
PPh,

Resin-DEAD
PPhg

OPMB

43%

25%

NR

OMe O

o OMOM

N\

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).

7D T

(-)-Combretastatin D-2
Figure 13.

(-)-Combretastatin D-1

These problems were initially thought to be related to the
highly strained structure of the seco-aci#s¢% but Rych-

novsky?” has suggested as an alternative explanation the
possibility of Si* 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

Many other phosphine/diazo pairs and solutions to puri- been observed in the syntheses of cyclodepsipeptides FR-
fication problems have been used in intermolecular reactions901228% (Scheme 74) and the related R-9013%5yhere

(for recent reviews, see refs 602 and 603).

addition of TsOH was crucial to prevent the elimination of
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Scheme 74
o] o]
X N o /\HI\N 0}
o« _NH M oOH NH T
T PPhg, DIAD o
R TSOH.H,0
R NHO OH 2 ;

THF
62%

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.510 The authors explained the retention of configuration
by the formation of an acyloxyphosphonium derivafitie®'3
because of conformational constraints preventing the forma-
tion of the C15 epimeric lactone (Scheme 75).

Scheme 75
TESQ OH OH TESQ OH OH
MeO,, / : MeO., / :
and/ or
MeO MeO

40% PPhj, DIAD
retention THF Or'tOOSM

TESQO OH OH
MeO,,, / 2

69%
Inversion

MeO

oTBSO /

4.2. Eschenmoser Reagent

The use of the Eschenmoser esterification reagent, DMF
dineopentylacetal3g),%'* has been described in the macro-

Chemical Reviews, 2006, Vol. 106, No. 3 931

Scheme 76
j/ OMe
OMe MeO
o)
MeO Me.
\N O/X Z>o
Z 0 Me 38 :
: N
N Toluene, o
on 110°C, 12h H
H COH 0

Decaline 10%

1
by ocHo NMe,

O
28%

tions#3In the presence of cesium carbonate, a “cesium effect”
was advocated to explain the selectivity in the macrolacton-
ization/oligomerization proce$sbut was then ruled out by
Galli and Mandolini?® who demonstrated that there is no
particular difference between cesium and other alkaline
cations in this application. Quaternary ammonium salts
derived from 2-pyrrolidone are also effective in obtaining
12- to 16-membered lactones in-684% yields??! The usual
conditions for these reactions are cesium or potassium
carbonates in DMF or DMSO. This methodology has been
applied to various syntheses of fluorolactof@silalac-
tones5?® keto-lactone$§2462513—15-membered olfactive lac-
tonest?® cyclodepsipeptide®; exaltolide and ambret-
tolide £2862%taxanes A-B cyclest® and the hemisynthe$id
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

Br

CO,H

lactone model (Scheme 7%}
Ay e
7
0

Activation of alcohols as mesylates and macrolactonization

Scheme 77

K,COj 10 Eq.
DMSO 80°C

55%
(10% dimer)

lactonizations of twow-hydroxy acids to give the corre- N the presence of cesium carbonate was first developed by
sponding 13- and 17-membered lactones in moderate yields<€llogg and illustrated in the syntheses of ricinelaidic acid
of 49% and 40%, respectively. To our knowledge, only one lactone and zearalenone with a clearf Bversion®” This
synthetic application in the total synthesis of a quinolizidine Methodology has recently been applied successfully in a
gave low yield (10%) in those cases in which the Kellogg Callipeltoside A total synthesis in which a Mitsunobu reaction

and Mitsunobu reactions failed. (Scheme F&).° failed (Scheme 78}
Scheme 78
oTBS

4.3. Macrolactonizations through Alkylhalides,
Mesylates, and Sulfoniums

Macrolactonizations of bromocarboxylic acidsBCH,),—
COH in the presence of potassium carbonate were first
described in 1947 by Hunsdiecker and Erlifdgand 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 $17:618including several kinetic studié&%°Several bases
have been tested, including potassium hydroxide in a water
isopropanot-toluene microemulsicth and under PTC condi-

OTBS

Me,,‘ Me,,l

Cs,CO;4

Me 18-crown-6 Me

Toluene
66%

MeO MeO

Me

OPMB OPMB

A related approach has been illustrated by Vedejs in the
syntheses of fulvine and crispatine where deprotection of
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the ester in the presence of TBAF is followed in the same of (—)-dactylolide®*” When carried out according to the
pot by the macrolactonization on a mesylate (Schemé®?9). intermolecular Sharpless methodoldyy,the Ti(OiPr)-
Scheme 79 mediated regioselective epoxide ring-opening is observed to
give the corresponding macrolactone in 40% yield (Scheme
82).

° N N O
OWCOz(CHQ)zTMS OM
<OR < OR

Qo M 1) MsCl, NEt, Qy r© Scheme 82

N 2) TBAF excess N
N acetonitrile 30 °C N
73-80%

However, White has shown in the same approach to
integerrimine and usaramitiéthat 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 acetoR&.

Ti(OiPr)4 40% '
. . CH.Cl, | * 30% starting material
4.4. lodo- (Bromo- and Seleno-) Lactonizations

Although it is not strictly within the scope of this review HO
(the macrolactonization of seco-acids), a discussion is given .
in the next two sections of iodo-, bromo-, and selenolacton- HO'
izations as well as epoxide ring-opening.

lodolactonization reactions are well-known processes for
obtaining small cycle®’ but because of their slower reaction
rate$§3® 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 competitiveenddexocyclization modes (Scheme 8964 5. Conclusion

Scheme 80 The objective of this review has been to present an
o) o) overview of the macrolactonization of seco-acids in the total
COOH E* o o synthesis of natural products. The need for macrolactoniza-
R R andlor R tions has inspired many clever solutions either by activation
~ of the alcohol or activation of the acid moiety. Among future
n E" E Enf;oE challenges will be further developments of enantio-, atrop-
X0

and diastereoselective macrolactonizations and the develop-
Eight- to twenty-membered macrolactones have, however, ment of a truly atom-economic macrolactonization method

been obtained in moderate to excellent yields using bis-col- under moderate dilution conditions.

lidine-iodine(l) hexafluorophosphat8dq) (Scheme 81542644
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