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IMacrolactones play a critical role in pharmaceuticals and agrochemicals. Numerous efforts have been devoted to developing synthetic methods for

1em. We highlighted a recent progress for building macrocycles (= 12-membered) via bench-stable vinyl ester (VE) intermediates, which have been
underdeveloped for half century. These methods are mild and racemization-free and warrant wide recognition in macrocyclization as the key step in
complex molecule synthesis.
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aven more challenging when a protection strategy must be em-  Figure 1Selected a.ppmaChes for macrolactonization.
tloyed before selective macrolactonization due to the presence of ~R€trospective and Recent Advances

competitive functional groups in the substrate. In 1955, Arens first introduced methoxyacetylene (MW: 50) to

activate a carboxylic acid and further reacted it with an amine to
form an amide bond. This method was demonstrated in dipeptide
synthesis with excellent yield (Scheme 1a). 2 However, the pro-
posed alkoxyvinyl esters (AVEs) were not convincingly adapted to
organic synthesis until Kita and coworkers B! reported a mild and
practical ruthenium complex-catalyzed protocol for readily pre-
paring various AVEs (Scheme 1b) which was adapted by Trost and
Chisholm to prepare various large lactone rings in an intramolec-
ular manner (Scheme 1c)./! AVEs are generally isolable and useful
for esterification under mild conditions. The mild acid-catalyzed
conditions proved to be compatible with the epimerizable stere-
ogenic centers and reduced the tendency of the double bond to
isomerize when classical Yamaguchi esterification was applied.
The effectiveness of the Trost-Kita method has been validated in
the total syntheses of several complex bioactive macrolactones.[?!
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_cheme 1 AVE-based macrolactonization: (a) Initial discovery for the am-

ide bond formation; (b) Ru-catalyzed addition of ethoxyacetylene; (c)

development of macrolactonization and selected examples of macrolac-
nes.

The low boiling point of ethoxyacetylene (b.p. 50 °C) and the
use of a transition metal catalyst might lead to limitations for
some substrates with low reactivity toward the addition of an
aikyne. Therefore, a more reactive and facile operation for form-
ing an activated acid derivative is still in high demand. In parallel
with the exploration of alkoxyacetylenes in peptide synthesis,
,amines were also introduced to the community as a highly re-
2 tive species in organic synthesis. The history of their discovery
can be traced back to 1892 when several research groups tried to
synthesize ynamines. No success was achieved until Zaugg and
< .workers reported the first preparation of an ynamine.l®! Alt-
nough the report was questioned over the next five years, Viehe
davised a representative method for synthesizing ynamines and
revealed some fascinating properties, including a dehydration
nrocess toward the formation of amide bonds in the following
landmark paper (Scheme 2a).l”l Viehe’s seminal discovery has

sed a half century and inaugurated a golden era of ynamine
chemistry that has lasted to the present day.
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Scheme 2 Ynamines versus ynamides: : (a) Initial discovery for the amide
bond formation; (b) addition to ynamine; (c) resonance structure of yna-
mide.

Like alkoxyacetylenes and enamines, the B-carbon atom of
ynamines is also nucleophilic and capable of reacting with various
electrophiles, as indicated by the resonance structures shown in
Scheme 2b. However, ynamines are very sensitive to hydrolysis
and thus difficult to be handled in general, which, more detri-
mentally, hampers the development of ynamine chemistry. Gais
and coworkers proposed a “push-pull” approach via an introduc-
tion of acyl group on the terminal alkyne and the resulting yna-
mine was revealed to be valuable for the formation of macrolac-
tone ring.l® By introducing an electron-withdrawing group (such
as a carbonyl or sulfonyl) to the nitrogen atom, the ability to do-
nate the nitrogen lone pair to the alkynyl motif is greatly attenu-
ated through resonance delocalization into carbonyl oxygen
(Scheme 2c). After the electrophilic addition, the corresponding
keteniminium ion would be readily trapped by incoming nucleo-
philes. Therefore, these electron-deficient ynamides not only have
stability superior to traditional ynamines but also offer a good
balance between reactivity and stability.

The application of ynamides in the process of lactonization has
been underdeveloped until a recent exciting report contributed by
Zhao and coworkers (Scheme 3). [ In contrast to the reactivities
of the intermolecular variants, the reactivities of the acid and
alcohol should be differentiated by the addition of an ynamide. A
bench-stable ynamide reagent, namely, N-methyl ynetoluenesul-
fonamide (MYTsA, MW: 209), was derived by coupling tosylamide
with dichloroethylene on a decagram scale. Thankfully, the seco
acid preferentially reacted with the ynamide to form
a-acyloxyenamide at ambient temperature due to the acidity of
the carboxylic acid. The corresponding vinyl ester was stable for
isolation and characterization. Following acid treatment (i.e., pa-
ra-toluenesulfonic acid) in the same media, lactonization with the
alcohol at the other end of the linear chain proceeded smoothly
to give various medium and large rings in excellent yield. This
two-step procedure could be performed in one pot without ex-
tracting the intermediate. Notably, the concentration for lactoni-
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zation was generally 5100 mM, which is essentially beneficial for
synthetic usage, and the general concept of using an extremely
diluted solution (~*1 mM in most cases) was indispensable for
macrolactonization.
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Scheme 3 Substrate scope (selected examples; ds: diastereoselectivity).

Notably, a complex cyclic peptide bearing a lactone motif was
constructed in a highly efficient manner via this innovative meth-
od. Despite seven secondary amides, the free acid at the
C-terminus of a hexapeptide was first reacted with an ynamide
MYTsA) to produce an isolable N,0-ketene (vinyl ester) in 97%
vield (Scheme 4). The following acid-catalyzed lactonization was

OH 0 Y~ OB“ Ts -Me
N\)LN‘ /\g, |||
CbzHN R~

‘n’ Me ™ ch,cly 1t
TrtHN 97% yield

PTSA (5 mol%)

HO, CH,Cl, (2.5 mM)

) rt, 15 min
] 12 95% yield, ds >99:1
o NH

, NJ\ BOCNJ\NHZ \NJ\

HO HN/\g (@) PAIC, Hy tBuo HN
MeOH, rt, 12 h
: DR Y
HN N o RHN
“NH (b) A HATU,
NH HN 'ProNEt, DMF NH HN
(¢) TFAICH,Cly/H,0
NH (90/5/5)
HN 60% for 2 steps
dehydroxy LI-FO4a NH; R= Cbz)

40% overall yje|q (5 steps)

Scheme 4 Synthesis of dihydroxy LI-FO4a via ynamide-based macrolac-
“Hnization.
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extremely successful, giving the requisite cyclodepsipeptide in
excellent yield (95%) without appreciable epimerization (ds >99/1)
of the C-terminal amino acid. Additionally, the Zhao group em-
ployed other conventional condensation methods to reproduce
the desired macrocycle, and all conditions resulted in low yields
along with severe epimerization and diolide contaminants. The
LI-F family of macrolides produced by Bacillus (Paenibacillus) spe-
cies exhibits significant antifungal activity. This mild and racemiza-
tion-free protocol was also applied to peptide synthesis and a
broad substrate scope was demonstrated (see the Supporting
Materials for detailed citations). Ynamide-mediated macrocycliza-
tion to produce these complex substances paves an avenue for
future structure-activity relationship studies of antimicrobial cy-
clopeptides.

Potential and Challenges

The renaissance of two half-century-old acyl donors to ad-
dress current challenging problems reminds us that the reactivi-
ties of specific functional groups are still waiting to be explored.
Today, novel reactions always rely on uncovering new reactivities
to serve new objectives. Since the first discovery and initial
demonstration of the potential of these vinyl esters-based meth-
ods in organic synthesis in the 1950s, their unique features have
been discovered and used to address some of the most challeng-
ing problems. Interestingly, the original synthesis method of het-
eroatom-substituted acetylenes was invented for amide bond
formation in peptide synthesis, demonstrating the long-term ob-
jective of organic synthesis even today. Efficient syntheses of pep-
tides with increasingly higher molecular weights (i.e., >100 amino
acid residues) and proteins are still in high demand. It must be
considered that the potential by-product alkyl ester (RCH,CO,Et)
derived from an alkoxyacetylene may induce the acylation of any
alcohol or amine that is designed to only couple with reactive
vinyl esters. Therefore, the low reactivity of an amide
(RCH,CO2NR’;) derived from an ynamine (ynamide) may be bene-
ficial for inhibiting this type of side reaction.

Macrocyclization via vinyl ester intermediates is apparently
advantageous because a low molecular weight ester or amide is
the only remnant of the coupling reagent and is easy to deplete.
In the past two decades, the VE-based methodology has occa-
sionally been adapted and has sometimes been the last resort for
complex molecule synthesis.¥! The neutral conditions for the ad-
dition of acetylene in the first step and the mild acid promotor
used in the second step of the cyclization are particularly valuable
for substrates bearing acid- or base-sensitive functional groups.
On the other hand, macrocyclization is always designed for late
stage of synthesis and is thus essential for the efficiency of the
overall synthetic sequence. The Trost-Kita and Zhao methods are
complementary to other macrolactonization methods and thus
have great potential for future applications. However, their utility
in macrolactonization must be exhaustively pursued to define the
scope and functional tolerance as well as the limitations. The vast
applications of macrolactones in various disciplines, such as mate-
rials science, chemical biology, and medicines, require that the
enforced reactivities of functional groups be revealed to further
establish new parameters for improving the current methods.
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