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1. Introduction

Macrocyclic natural products are isolated from a diverse
collection of sources including bacteria, fungi, plants, and
animals. Their prevalence in nature is proposed to be a result
of the macrocyclic core providing a beneficial and delicate
balance between conformational rigidity and flexibility, which
allows for optimal binding to biological targets.[1] In addition,
these architectures have good solubility in water and cell
permeability, and they are relatively stable to proteolytic and
metabolic activities.[2] All of these factors provide a basis for
the wide variety of biological activities exhibited by these
natural products including antitumor, antibiotic, antifungal,
and insecticidal properties. Despite this promising array of
activities, the application of macrocyclic natural products in
drug development continues to be a challenge owing to the
complex nature of this structural class. However, synthesis of
these molecules is crucial for structure confirmation, thor-
ough biological evaluation, and the generation of desired
analogue structures. In the development and employment of a

synthetic route toward a natural product macrocycle, one of
the most important and challenging tasks is the key macro-
cyclization step because of its associated entropic factors and
the potential for oligomerization. While a variety of strategies
have evolved to access large ring-containing, bioactive
molecules, innovative approaches are still needed to drive
this area of research forward.

1.1. Common Macrocyclization Strategies

Substrate compatibility, selectivity. and overall conver-
gence of the route all determine which macrocyclization
strategy is employed. The approaches that can be taken to
form a macrocycle from a linear precursor generally fall into
three basic categories: C�X, C=C, and C�C bond formation
(Figure 1).[3]

1.1.1. C�X Bond Formation

Macrocycles that contain lactones are important target
molecules because they often have significant biological or
medicinal properties. The prototypical ring closure for these
macrolides involves a macrolactonization with C�O bond
formation. These are traditionally performed under Mitsu-
nobu (Ph3P, diethylazodicarboxylate (DEAD)), Yamaguchi
(2,4,6-trichlorobenzoyl chloride, iPrNEt2, 4-dimethylamino-
pyridine (DMAP)), and Keck (1,3-dicyclohexylcarbodiimide
(DCC), DMAP, DMAP·HCl) conditions.[1] In addition to

Prins-type macrocyclizations have recently emerged as a successful
strategy in the synthesis of polyketide-derived natural products. This
reaction provides a concise and selective means to form tetrahy-
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these transformations are typically good to excellent. Since the initial
report of a Prins macrocyclization reaction in 1979, examples of this
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method in natural product synthesis has rapidly gained momentum in
the synthetic community, with multiple examples of this macro-
cyclization tactic reported in the recent literature.
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these standard approaches many other specialized conditions
have been employed.[4] A newer strategy involves a C�H
oxidative macrolactonization, which Stang and White utilized
in their recent synthesis of 6-deoxyerythronolide B.[5] If the
macrocycle contains an amide bond, classic Steglich condi-
tions (DCC/DMAP) can be used to form the C�N bond.
However, these reagents have been replaced in recent years
by more efficient peptide coupling agents such as the uronium
salt HATU, phosphonium salt PyBOP, and phosphinate
FDPP (HATU = O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetra-
methyluronium hexafluorophosphate, PyBOP = benzotri-
azol-1-yloxytripyrrolidinophosphonium hexafluorophos-
phate, FDPP = pentafluorophenyl diphenyl phosphinate).[1]

Unlike C�O bond formation in macrolactonizations, only
mild activation of the carboxylic acid is necessary since the
amine is much more nucleophilic than the corresponding
alcohol.

Macrocyclic natural products containing biaryl ethers
(e.g., vancomycin) have provided the impetus to develop new
C�X bond-forming approaches such as SNAr reactions.[1]

Prior to the late 1990s, the Ullman macrocyclization was the
most commonly used technique for the formation of aryl
ether bonds. However, the harsh conditions (heat and/or
strong base) associated with Ullman reactions are not
necessarily compatible with sensitive stereogenic centers
and peptide-containing precursors.[6] This liability was typi-
fied in synthetic studies of vancomycin by Boger et al.[7] in
which epimerization was observed in Ullman macrocycliza-
tions of vancomycin model systems. Zhu et al.[8] and Rao
et al.[9] circumvented this epimerization problem by utilizing
an SNAr coupling for the same macrocyclization and im-
proved the yields.

1.1.2. C=C Bond Formation

The most broadly employed strategy for C=C macro-
cyclization is ring-closing metathesis (RCM).[10] In recent
years, this powerful approach has become one of the most
reliable and efficient methods in the formation of medium- to
large-ring systems. The general strategy to form alkene-
containing ring systems by RCM was pioneered by Fu and
Grubbs,[11] Martin et al. ,[12] and Pandit et al.[13] In addition,
one of the first successful applications of RCM in total
synthesis was accomplished by Hoveyda et al. in their syn-
thesis of fluvirucin B1.

[14] This process tolerates a wide variety
of functional groups and can fashion rings in various sizes in
good to excellent yields. However, RCM is also subject to
equilibrium ring-closing metathesis; in other words, there is a
competition between intramolecular ring-closure and inter-
molecular oligomerization. Extensive work by Fogg and
others[15] has demonstrated that this can be overcome by
utilizing more reactive (first-generation) catalysts, higher
temperatures, and lower concentrations. However, these
conditions can lead to catalyst decomposition, necessitating
higher catalyst loadings. In general, factors such as catalyst
structure, concentration, temperature, addition time, and
reaction time greatly influence the success of a ring-closing
metathesis. Even if the optimal conditions for a particular
transformation are determined, the reproducibility of the
reaction and the control of the olefin geometry can still be
challenging. In particular, the E/Z selectivity of these
processes can suffer during the actual metathesis pathway
or in subsequent isomerizations catalyzed by the metal
complex.

Other alkene-forming strategies in macrocyclic natural
product synthesis include the venerable Julia–Kocienski[16]

and Horner–Wadsworth–Emmons olefinations.[17] These an-
ion-based approaches have been highly successful but, similar
to RCM, the selectivity of the new olefin geometry can be
moderate and difficult to control. Another strategy for the
installation of a macrocyclic alkene is an aldol condensation.[1]

However, this reaction is rarely utilized owing to problems
with selective enolization, competing and equilibrating retro-
aldol reactions, and competition between inter- and intra-
molecular reactions. Given the popularity and success of
RCM to form macrocycles, reactions involving additions to
aldehydes to produce macrocyclic alkenes are utilized much
less often.
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Figure 1. Common bond formations in macrocyclizations.
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1.1.3. C�C Bond Formation

A majority of C�C bond-forming macrocyclizations over
the past two decades involve metal-mediated reactions.
Palladium-catalyzed cross-coupling reactions, such as the
Stille, Suzuki—Miyaura, and Heck reactions, have been
employed extensively to form C�C bonds in macrocycles.[1]

The conditions are typically mild and the reactions have good
functional-group tolerance, as demonstrated by Smith�s syn-
thesis of the 31-membered macrocycle of rapamycin by a
Stille coupling (Scheme 1).[18] However, the yields for the
macrocyclization variants can be lower than those of standard
cross-coupling reactions, and installation of the necessary
coupling components, such as vinyl tin or vinyl iodide groups,
can be difficult.

1.2. The Prins Reaction: Merged C�C and C�O Formation
1.2.1. Background

In 1919, Prins reported the condensation of formaldehyde
with styrene in the presence of an acid catalyst to form a diol
product.[19] The generally accepted mechanism of the Prins
reaction involves initial activation of an aldehyde with a
Brønsted or Lewis acid, followed by addition of an olefin to
form a cationic intermediate (Scheme 2).[20] Depending on the
reaction conditions, multiple products can be formed. If R2 is
a suitable leaving group, the cationic intermediate can then
undergo elimination to give an allylic alcohol. Additionally,
the intermediate can be trapped with a nucleophile to afford a
3-substituted alcohol. If the nucleophile is water, then a 1,3-
diol product results, which can then undergo elimination to
form an allylic alcohol if the reaction occurs under forcing
conditions. Furthermore, a second aldehyde equivalent could
add to the cationic intermediate, leading to a 1,3-dioxane
product through subsequent ring closure. Despite the syn-
thetic potential of the Prins reaction, the early development
of this process was hampered by the myriad of possible
products and harsh conditions necessary to initiate the
reaction.

1.2.2. Synthesis of Tetrahydropyran Rings

In 1955, Hanschke was the first to report the selective
synthesis of tetrahydropyran (THP) rings through a Prins
reaction by combining 3-buten-1-ol with a variety of alde-
hydes or ketones in the presence of acid (Scheme 3).[21] When
sulfuric acid was used, 2,2’-disubstituted tetrahydropyran-4-ol
products were formed. However, when hydrochloric acid was
employed, 4-chlorotetrahydropyran products resulted.[20c]

The mechanism involves the condensation of the alcohol
onto the activated aldehyde to give an oxocarbenium
intermediate. This intermediate is then attacked by the olefin

Scheme 1. Stille macrocyclization and completion of the synthesis of
rapamycin by Smith et al. pyr = pyridine, TBS = tert-butyldimethylsilyl,
TES = triethylsilyl.

Scheme 2. The Prins reaction mechanism and possible reaction pathways. Nuc = nucleophile.
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to give a tetrahydropyranal carbocation, which exists in a
chair conformation with the hydrogen adjacent to the
carbocation in a pseudo-axial position. As a result, this
configuration predisposes the empty p orbital to the equato-
rial position, effecting attack at this site by the nucleophile to
afford the THP product. Alder et al. proposed that this chair
conformation allows for optimal orbital overlap of the
equatorial lone pair on the oxygen with the C2�C3 and C5�
C6 s and s* orbitals and the vacant p orbital of the
carbocation.[22] However, axial attack of a nucleophile can
occur under different reaction conditions. Rychnovsky and
co-workers have demonstrated that if a small counteranion is
employed in the reaction, it will associate with the carbocat-
ion of the intermediate pyran. Together, these form a contact
ion pair and axial attack of the anion will subsequently occur
by the principle of least motion.[23] However, if a large
counteranion is utilized in the reaction, it is not only less
nucleophillic, but it also forms a solvent-separated ion pair.
This consequently effects preferential axial attack by the
nucleophile.

1.2.3. Competitive Reaction Pathways in THP Cyclizations

Forming tetrahydropyran rings through a Prins cyclization
is typically a diastereoselective process that occurs with
excellent transfer of chirality from the starting material.
However, unusual and racemic products have been observed
that result from competing 2-oxonia-Cope rearrangements
(Scheme 4). As was just discussed in Section 1.2.2, the Prins
reaction proceeds through a chairlike transition state with the
C2 substituent located equatorially and the oxocarbenium in
an E configuration. Upon ring closure, a new stereocenter is
formed at the C6 position with chirality transfer from the C2
stereocenter. The transient C4 carbocation is then trapped by
a nucleophile, resulting in an equatorial orientation for the
substituent (pathway A). In the competing 2-oxonia-Cope
rearrangement, however, the oxocarbenium intermediate
undergoes a [3,3] sigmatropic rearrangement, destroying the
integrity of the stereocenter at C2. Therefore, upon 6-endo
ring closure, a tetrahydropyran product results with scram-
bling of the stereochemistry to afford a mixture of diastereo-
mers (pathway B). It is also possible for the achiral inter-
mediate to undergo a 5-endo ring closure to afford a
tetrahydrofuran product, as was first observed by Speckamp
et al. (pathway C).[24] A third pathway, which was elucidated
by Roush and Dilley in studies toward scytophycin C,[25]

involves hydrolysis of the achiral oxocarbenium ion to form
an epimeric allylic alcohol. This alcohol can then reversibly
react with aldehydes in solution and form exchange products
upon eventual 6-endo ring closure (pathway D). Elegant
studies from the Rychnovsky lab demonstrated that the
oxonia-Cope rearrangement occurs during Prins cyclizations
when the two possible oxocarbenium intermediates are
similar in energy, thus promoting thermodynamic control of
the process.[26] Fortunately, the Prins reaction can be kineti-
cally controlled by destabilizing the oxocarbenium intermedi-
ate or by stabilizing the resulting tetrahydropyranal carbo-
cation through substrate design.

Scheme 3. The first report and mechanism of the synthesis of THP
rings by the Prins reaction. [a] When H2SO4 was used. [b] When HCl
was used.

Scheme 4. Competing reaction mechanisms during Prins cyclizations to form tetrahydropyran rings.
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The loss of optical activity through other mechanisms has
also been reported. Willis et al. observed decreased enantio-
meric excess during Prins cyclizations of benzylic alcohols
through a direct ionization pathway (pathway E).[27] Another
mechanism of racemization was recently discovered by Jasti
and Rychnovsky while investigating a Grob fragmentation/
Prins cyclization sequence.[28] Extensive mechanistic studies
demonstrated that the complete loss of chirality in the
tetrahydropyran product was the result of successive 2-
oxonia-Cope rearrangements of the (Z)-oxocarbenium ion,
which was proposed to have isomerized from the (E)-
oxocarbenium through an addition–elimination pathway
(pathway F).

Thorough mechanistic studies have resulted in approaches
to suppress pathways that might lead to possible loss of
enantiomeric purity or potential competitive side reactions
during a Prins cyclization. Thus, the Prins reaction is not only
an efficient strategy to construct tetrahydropyran rings, but it
has also emerged as a powerful C�C and C�O bond-forming
macrocyclization technique in the synthesis of polyketide
natural products.

1.3. Early Prins Macrocyclizations

The clear first example of a Prins reaction being utilized in
a macrocyclization was the formal synthesis of (R,S)-muscone
(6) outlined by Schulte-Elte et al. (Scheme 5).[29] The ozonol-
ysis of (Z,E,E)-1,5,9-cyclododecatriene (1), monoprotection
of the resulting dialdehyde, and subsequent addition of a
Grignard reagent generated from methallylmagnesium chlo-
ride afforded the cyclization precursor 2 (Scheme 5). Macro-
cyclization of the 15-membered ring was facilitated with p-
toluenesulfonic acid (1 mol%) in refluxing toluene to afford
the bicyclic dihydropyran product 3 in a 75 % yield. Interest-
ingly, lower yields were observed when the saturated macro-
cyclization precursor or the pure E,E diene were used. This
early report underscored the strong impact of conformational
effects on the formation of macrocylic oxocarbenium ions.
Conversion of bicycle 3 to muscone (6) was accomplished by
heating to 135–270 8C in the presence of activated Pd/C in
xylenes under H2. The proposed mechanism for this process is
the initial reduction of the diene mixture in the macrocycle,

followed by a dehydration to give pyran 4. A 6p electrocyclic
ring opening of pyran 4, followed by hydrogenation of the
resulting diene provided muscone (6). Thus, this five-step
synthetic route afforded (R,S)-muscone in an overall 40%
yield, effectively demonstrating the power and efficiency of
the Prins macrocyclization. However, despite the obvious
synthetic utility of this strategy, it would not be thoroughly
capitalized on for another three decades.

2. Applications in Natural Product Synthesis

2.1. The Syntheses of Neopeltolide

Neopeltolide is a 14-membered macrolide[30] that was
isolated from a Daedalopelta Sollas related sponge off the
Jamaican coast (Scheme 6).[31] Contained within the 14-
membered macrolactone are six stereogenic centers, a 2,6-
cis-tetrahydropyran unit, and an appended oxazole and
carbamate-containing side chain also found in the natural
product leucascandrolide A. In 2007, Wright and co-workers
reported neopeltolide to inhibit tumor cell growth with
promising IC50 values against a variety of tumor cell lines.
In 2008, Kozmin, Kron, and co-workers established that

Scheme 5. Formal synthesis of (R,S)-muscone by Schulte-Elte et al. TsOH = p-toluenesulfonic acid.

Scheme 6. The proposed and corrected structures of neopeltolide.
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neopeltolide targets the cytochrome bc1 complex, causing
inhibition of mitochondrial ATP synthesis.[32] In addition to
these biological studies, our laboratory, in collaboration with
the Crews group at Yale, demonstrated that both the C11/C13
and C3/C7 diastereomeric analogues retain most of the
biological activity of neopeltolide against human breast
adenocarcinoma (MCF-7) and murine leukemia (P-388) cell
lines.[33] Further analogue testing by us and by Maier and
Vintonyak independently demonstrated that both the entire
oxazole side chain and the macrocycle are necessary for full
anticancer activity.[34]

One of the first total syntheses and the structural revision
of neopeltolide, which came from our laboratory, employed
an aggressive Prins macrocyclization strategy to construct the
macrocycle and embedded pyran ring simultaneously.[35,36]

Shortly thereafter, Lee et al. also reported a total synthesis,[37]

followed by Yadav and Kumar�s formal synthesis,[38] both of
which utilized a Prins macrocyclization. The strong interest in
this molecule�s biological activity has called for efficient
methods to access this macrolide, and three of the 13 reported
formal and total syntheses utilized a Prins macrocyclization as
a key bond-forming step.

2.1.1. Total Synthesis of Neopeltolide by the Scheidt Group

In December 2007, our laboratory reported the total
synthesis and structural revision of neopeltolide.[35] Our
strategy relied on a Sc(OTf)3-catalyzed key step with
concomitant formation of the tetrahydropyran ring and the
macrocycle (Scheme 7). The macrocyclization precursor 11
was formed by Yamaguchi esterification of the alcohol
fragment 12 with the b-hydroxy dioxinone acid fragment 13.
For alcohol 12, the stereochemistry of C13 was installed by a
Noyori reduction and a pseudoephedrine-controlled alkyla-
tion established the R configuration at C9.[39] An Evans–
Tishchenko reduction effectively set the stereochemistry at
C11. Acid fragment 13 was constructed utilizing a titaniu-
m(IV)/(R)-binol-catalyzed vinylogous aldol reaction devel-
oped by Scettri et al.[40]

The macrocyclization strategy did in fact work but after
we had completed the synthesis to give macrolide 7, the 1H
and 13C NMR spectra did not agree with the reported spectra
of neopeltolide. As discussed in Section 1.2.3, a 2-oxonia-
Cope rearrangement is possible during Prins-type cycliza-

tions, which can lead to unexpected products. We postulated
that this might have occurred in our synthesis, causing
inversion at the C3, C5, and C7 stereocenters to give
diastereomer 15 (Scheme 8). To test this hypothesis, we

constructed this diastereomer directly by utilizing acid frag-
ment 14 (with the opposite configuration to that of the
previously used acid 13) but the spectra of macrolide 15 also
did not match the reported spectra of neopeltolide. After a
careful analysis of the spectral data, we proposed that the
stereochemistry was inverted at the C11 and C13 positions,
which corresponded to two of the stereocenters in the alcohol
fragment. To test this hypothesis, new diastereomeric alcohol
16 was synthesized and used to complete the synthesis of
macrolide 8, whose spectral data did finally match those of
neopeltolide.

This synthesis was the first example of a Prins-type
macrocyclization strategy in natural product synthesis in
nearly three decades. The convergency of this route facilitated
by the macrocyclization approach was particularly useful
when the stereochemistry of the reported structure of neo-
peltolide came into question.

Scheme 7. Our initial retrosynthesis of neopeltolide. OTf = trifluoromethanesulfonate.

Scheme 8. Our revised synthetic approaches to neopeltolide.
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2.1.2. Total Synthesis of Neopeltolide by the Lee Group

Lee and co-workers reported the total synthesis of
neopeltolide utilizing a Prins macrocyclization in March
2008.[37] While we closed the C6�C7 bond during the macro-
cyclization step in our synthesis, Lee developed two compli-
mentary Prins macrocyclization strategies for the formation
of the C3�C4 and C6�C7 bonds following C�O bond
formation in the THP ring (Scheme 9). The absolute stereo-
chemistry of common aldehyde fragments 19 was installed by
an asymmetric crotyl-transfer reaction, titanium(IV) chloride
mediated methallylation and substrate-directed hydroformy-
lation. The macrocyclization precursor 20 was accessed by an
asymmetric Brown allylation and Yamaguchi esterification
with 3,3-diethoxypropanoic acid to form the C3�C4 bond of
macrocycle 21 in 47% yield with diastereomeric ratio (d.r.) of
9:1. Macrocyclization through formation of the C6�C7 bond
was achieved in 68% yield and > 20:1 d.r. from precursor 23,
which was formed by a Yamaguchi esterification with alcohol
22.

Lee et al. realized an innovative strategy of generating
two different macrocyclization precursors (20 and 23) from a
common advanced intermediate (19). Each of these related
compounds were then processed separately to arrive at the
desired natural product, thereby providing an excellent
example of the powerful and versatile nature of the Prins
macrocyclization strategy.

2.1.3. Formal Synthesis of Neopeltolide by Yadav and Kumar

In November 2009, Yadav and Kumar reported a formal
synthesis of neopeltolide, in which the C6�C7 bond was
formed by a Prins macrocyclization in a similar manner to
Lee�s strategy.[38] The major difference was the manner in
which the stereochemistry of the macrocyclization precursor
23 was established (Scheme 10).

Aldehyde 24 was derived from (S)-citronellol and diol 25
was built by a Jacobsen hydrolytic kinetic resolution of (� )-
epichlorohydrin followed by a copper(I)-catalyzed regiose-
lective epoxide opening with vinyl magnesium bromide. A
Prins cyclization of these two fragments afforded the tetrahy-
dropyran 26 in moderate yield, setting the C11 and C13
stereocenters in a novel manner. Further manipulation of this
fragment gave alcohol 27, which was coupled to acid 22 (made
in a similar manner to diol 25) under Steglich conditions.
Submission of macrocyclization precursor 23 to Lee�s con-
ditions afforded macrocycle 21 in an expected 66 % yield.

2.2. Synthesis of Bryostatin Analogues by the Wender Group

The bryostatins are a large class of complex natural
products isolated starting in the late 1960s from the marine
bryozoan Bulgula neritina.[41] The bryostatins share a 26-
membered macrolide core, three highly substituted tetrahy-
dropyran rings with at least one appended exocyclic enoate,
and at least 11 stereogenic centers. The most extensively
studied member of the bryostatin family is bryostatin 1, (35 ;

Scheme 9. Synthetic strategies toward neopeltolide by Lee et al. Bn = benzyl, TMS= trimethylsilyl.

Scheme 10. Formal synthetic strategy toward neopeltolide by Yadav and Kumar. TFA = trifluoroacetic acid.
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see Scheme 12) which exhibits multiple potent biological
activities arising from its ability to modulate protein kinase C
(PKC).[42] It exhibits potent anticancer activity owing to its
ability to reverse drug resistance, stimulate the immune
system, and restore apoptotic function. It has also been shown
to enhance cognition and restore memory in mammals,[43]

suggesting its potential use to treat neurological disorders
such as depression and Alzheimer�s disease.[44] Despite the
remarkable biological activity of the bryostatins, only a few
clinical leads of these compounds are available because of
their natural scarcity and due to the paucity of facile and
scalable routes to these molecules.[45] In an effort to address
this problem, Wender and co-workers reported a Prins
macrocyclization strategy in May 2008 as an alternative to
the reportedly problematic Julia olefination/lactonization
sequence most commonly used in syntheses of the bryostatins
and their analogues.

Wender et al. utilized the previously synthesized inter-
mediates pyran acid 31 and pyran alcohol 32, with just a few
modifications of the acid to install the allyl silane moiety
(Scheme 11). They established the stereochemistry about
pyran acid 31 through a series of a Noyori asymmetric
diketone hydrogenations after the assembly of commercially
available acyl chloride 28, butanone 29, and ethyl acetoace-
tate.[46] Pyran alcohol 32 was accessed from commercially
available neopentylglycol 30 through a series of transforma-
tions including an asymmetric Keck allylation, a diastereose-
lective reduction, and a Sharpless asymmetric dihydroxyla-
tion.[47] The combination of the two pieces by a Yamaguchi
esterification, deprotection of the TES-protected alcohol, and
treatment with TMSOTf for global desilylation afforded the
bryostatin analogue 34.

Chemoselective, oxidative cleavage of the exocylic olefin
of macrocycle 34 and olefination afforded E and Z enoate
analogues, 36 and 37. All three bryostatin analogues were
shown to have potent binding affinity for protein kinase C
(Scheme 12) and, when tested further for antileukemia

activity, exhibited nanomolar and subnanomolar EC50 values
against K562 human erythroleukemia and MV411 B-myelo-
monocytic leukemia cell lines. Wender et al. noted in their
conclusions that the remarkable functional-group tolerance
and efficiency of their Prins-driven macrocyclization ap-
proach allowed them to produce bryostatin analogues that
were the most active compounds at that time; their biological
activity exceeded that of their previously synthesized, most
potent analogues by two orders of magnitude.

2.3. Formal Synthesis of Kendomycin by Rychnovsky and Bahnck

In 1996, kendomycin (43 ; Scheme 13) was isolated from
various Streptomyces bacteria and was shown to exhibit
broad-spectrum antibacterial activity again MRSA and
VRSA (MRSA: methicillin-resistant Staphylcoccus aureus,
VRSA: vancomycin-resistant Staphylcoccus aureus) strains
and had potent cytotoxicity against carcinoma cells lines with
GI50 values < 100 nm.[48] The all-carbon 18-membered poly-
ketide macrocycle, p-quinone methide moiety, and fully

Scheme 11. Synthetic strategy toward bryostatin analogues by Wender
et al. TBDPS= tert-butyldiphenylsilyl.

Scheme 12. Comparison of PKC Ki values for bryostatin 1 and bryosta-
tin analogues.

Scheme 13. Formal synthetic strategy toward kendomycin by Rychnov-
sky and Bahnck.
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substituted tetrahydropyran ring proved particularly chal-
lenging. Prior syntheses by the Mulzer,[49] Smith,[50] and
Arimoto groups[51] had utilized a late-stage ring-closing
metathesis macrocyclization strategy that proved problematic
in both closing the macrocycle and generating the trisubsti-
tuted olefin of the macrocycle with good control of the
resulting alkene geometry. To avoid this issue, Bahnck and
Rychnovsky took a Prins macrocyclization approach in their
formal synthesis of kendomycin, which was reported in
September 2008.[52]

A Suzuki–Miyaura coupling of homoallylic alcohol 38 and
the boronic acid generated from alkyl iodide 39 assembled the
main core of the macrocyclization precursor, which was
further manipulated to install the C5 aldehyde function. A
selective sulfonylation of the C4 phenol group then gave
precursor 40 (Scheme 13). They found that the benzenesul-
fonyl group was essential for the Prins cyclization to proceed
efficiently, which afforded both the acetate and fluorine
products, 41 and 42, in yields of 33% and 48%, respectively.
The addition of this unusual phenol protecting group
presumably enhances the electron-deficient nature of the
aldehyde and promotes formation of the macrocyclic oxocar-
benium ion. Without the sulfonyl unit, various exchanged-
type products were observed (see Scheme 4). Macrocycles 41
and 42 were then transformed by ethanolysis into the same
advanced intermediate utilized in Lee�s synthesis,[53] which
could then be easily made into (�)-kendomycin (43) in just
three steps. The strength in Bahnck and Rychnovsky�s Prins
macrocyclization strategy is that it greatly simplified the
construction of kendomycin by simultaneously forming the
THP ring, three stereocenters, and the macrocycle in high
yield, thereby avoiding intermediates prone to C5–C4a
atropisomerism.

2.4. Studies towards Clavosolide A by the Rychnovsky Group

Clavosolide A (44 ; Scheme 14) was isolated in 2002 from
the marine sponge Myriastra clavosa off the coast of the
Philippines and was originally shown to be noncytotoxic.
However, the limited natural availability of the compound
prevented further biological studies.[54] This 20-membered

diolide contains two disubstituted cyclopropane rings, two
substituted tetrahydropyran rings, and two permethylated d-
xylose moieties. In general, common synthetic approaches to
macrodiolides involve tandem dimerization/macrocyclization
reactions, including double esterification or Suzuki coupling
followed by olefin metathesis. Rychnovsky and co-workers
set out to develop an elegant strategy based on a Prins
cyclization/macrocyclization sequence to enable facile access
to natural products such as clavosolide A.[55] In October 2009,
they reported a successful Prins dimerization and macro-
cyclization of model system 46 by utilizing the reliable
macrocyclization conditions of TESOTf in acetic acid to
afford the desired dimer 27 in a 43 % yield (Scheme 14). They
found that the dimethyl acetal was essential in this process
because of the instability of the aldehyde precursor. Thus,
Rychnovsky et al. successfully developed a powerful Prins
macrocyclization strategy and applied it toward a novel
dimerization/macrocyclization route for the synthesis of
macrodiolide natural products.

2.5. Total Synthesis of Polycavernoside A by Lee and Woo

The most recent application of a Prins-driven macro-
cyclization is Woo and Lee�s total synthesis of polycaverno-
side A (54 ; Scheme 15), reported in March 2010.[56] In Guam
during 1991, thirteen people fell ill and three died after
experiencing symptoms of intoxication subsequent to ingest-
ing the red alga Polycavernosa tsudai.[57] In 1993, polycaver-
noside A was extracted from the red alga and confirmed as
the toxin that caused the illness. A combination of the limited
natural availability, an incomplete structural assignment, and
the puzzling but potent bioactivity of the marine macrolide
called for efficient total syntheses so that it could be further
studied.

This 16-membered macrolide contains a tetrahydropyran
ring with an attached fucosyl–xylosyl disaccharide moiety, as
well as a triene side chain appended to the macrolide. Prior
syntheses by the Murai,[58] Paquette[59] and White groups[60]

had utilized a macrolactonization strategy, while Woo and
Lee sought to take a Prins macrocyclization approach. The
macrocyclization precursor 52 was assembled swiftly in 12
steps from four basic fragments and submitted to the already
proven macrocyclization conditions to afford macrolide 53 in
69% yield and 5.5:1 d.r. (Scheme 15). This was actually a
secondary strategy, as the original approach had an acetate
protecting group on the alcohol at C13. Under the same
macrocyclization conditions with this protected substrate,
they achieved an 85% yield and a 6:1 d.r. of the desired
macrocyclic product. This serves as another example of how
the convergency of this Prins macrocyclization strategy is
particularly useful in polyketide natural product synthesis
when the synthetic route needs to be altered.

3. Summary and Outlook

The Prins cyclization has emerged as a powerful merged
C�O and C�C bond-forming macrocyclization technique in

Scheme 14. Synthetic studies toward clavosolide A by Rychnovsky et al.
Cy = cyclohexyl.
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the synthesis of polyketide natural products. This process has
been successful in closing 12- to 20-membered macrocycles
with the simultaneous formation of a tetrahydropyran ring
with various substitution patterns. Even though unexpected
side products and loss of stereochemical information have
been observed during the Prins cyclization, extensive studies
have resulted in an arsenal of conditions and approaches to
suppress such pathways. This strategy overcomes inherent
reactivity issues along with the challenges associated with
creating macrocyclic oxocarbenium ions, and has been
successfully applied to multiple natural products with more
undoubtedly to come. The examples reported herein docu-
ment the expanding versatility and breadth of functional-
group tolerance for the overall process. Additionally, the
various ring sizes that have formed thuso far clearly indicate
that smaller and larger macrocycles are possible. Overall, the
resurgence of the Prins macrocyclization in the past two years
reflects the capacity of this approach to construct a tetrahy-
dropyran ring simultaneously with a macrocycle in a con-
vergent, selective, and high-yielding manner. The application
of this strategy toward the synthesis of bioactive macrocycles
will undoubtedly continue, thereby firmly establishing it as a
powerful method to form these important small molecules.
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