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Abstract
Lasonolide A is a novel polyketide displaying potent anticancer activity across a broad range of
cancer cell lines. Here, an enantioselective convergent total synthesis of the (–)-lasonolide A in 16
longest linear and 34 total steps is described. This approach significantly reduces the step count
compared to other known syntheses. The synthetic strategy utilizes alkyne-bearing substrates as
core building blocks and is highlighted by stitching together two similarly complex halves via a
key Ru-catalyzed alkene-alkyne coupling and macrolactonization.

Lasonolides are polyketides extracted from the Caribbean marine sponge, Forcepia sp. To
date, seven lasonolides (A-G) have been isolated from their natural source.1,2 In 1994,
lasonolide A was submitted to cytotoxicity testing and profiling in the National Cancer
Institute's (NCI) 60-cell panel screen. This screen confirmed that lasonolide A was highly
potent toward a broad range of cancer cell lines and that this cytotoxicity stemmed from a
unique mechanism of action,3 which still has not been fully elucidated.4 Due to its scarcity
from its natural source and its unique mechanism of action, numerous synthetic studies have
been directed towards the lasonolides.5-14 These efforts have led to four successful total
syntheses of lasonolide A.15-20 Despite these efforts, research into the molecule's
pharmacology has been hampered due to the extremely limited availability of the sponge
and difficulty in performing lengthy chemical syntheses.21 These aspects make a compelling
case for the evolution of a more step22 and atom economic23 synthesis of lasonolide.

Lasonolide A consists of a 20-membered macrolide that contains a skipped 1,4-diene, and
two highly substituted tetrahydropyran rings. The design of our synthetic plan (Scheme 1)
relied on the utilization of alkynes for the assembly of two challenging subunits within the
macrolide. The first was the formation of the C12-C13 trisubstituted olefin, and the second
was for the key alkene-alkyne coupling, which would join fragments 2 and 3 while
simultaneously forging the skipped 1,4-diene. One unique aspect of the proposed coupling is
its propensity to generate branched 1,4-diene products; whereas, for this application, a linear
diene is required. While use of this method to generate a linear diene has not been
demonstrated in a complex molecule synthesis, the prospect that such regioselectivity may
occur in some circumstances (vide infra),24,25 led us to pursue this thought for the
aforementioned target. This analysis identified alkyne 2 and alkene 3 as key building blocks,
both containing similar levels of complexity.

Alkyne 2 was prepared in a convergent manner (Scheme 2, A), and began with the
construction of the tetrahydropyran ring. The formation of each new stereocenter on the
tetrahydropyran ring was effected by utilizing the central C21 hydroxyl group as a stereo-
chemical handle. This stereocenter was formed by a direct Zn/prophenol-catalyzed aldol26
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addition between ynone 5 and aldehyde 4 to generate a β-hydroxyynone 6 in 78% yield and
99% ee. In a relay of stereochemical information, the C21 stereocenter directs the reduction
of β-hydroxyynone 6 with DIBAL-H to furnish a 17:1 mixture of diastereomers favoring the
syn 1,3-diol.27,28 The resulting propargylic alcohol can be selectively protected as a TBDPS
ether affording 7 in 90% yield over the 2 steps.

An efficient way to establish the C22 quaternary stereocenter utilizes the C21 hydroxyl
group in a diastereoselective transacetalization reaction.19 To achieve this objective,
acetonide 7 was treated with TFA and an excess of benzaldehyde in CHCl3 for an extended
period of time (18 h). As a result, the formation of the desired acetal occurred in good yield
with 5:1 chemoselectivity and 10:1 diastereoselectivity. Further, the undesired isomers could
be separated by column chromatography and recycled to provide additional product. After
two cycles, the desired acetal, containing the newly formed C22 quaternary stereocenter,
could be isolated in 93% yield.

Continuing with the synthesis of 2, oxidation of the primary neopentylic alcohol was
accomplished using TPAP/NMO29 to furnish aldehyde 8 in 76%. Removal of the silyl
groups with TBAF generated lactol 9 in excellent yield. Gratifyingly, Horner-Wadsworth-
Emmons olefination of lactol 9 spontaneously formed the desired tetrahydropyran ring as a
single diastereomer in 91% yield. The excellent diastereoselectivity of this transformation
reasonably arose from the reversible nature of the conjugate addition, which allowed for the
formation of the thermodynamic product, the cis-2,6-substituted tetrahydropyran. Direct
reduction of the tert-butyl ester with DIBAL-H delivered aldehyde 10 in 83% with no issues
of overreduction.

The synthesis of the side chain 15 (Scheme 2, B) commenced with the carbocupration of
propargyl alcohol and isoamylmagnesium bromide to generate allylic alcohol 12 in 78%
yield. In contrast to previous syntheses, which required multiple steps to access this same
compound, this approach demonstrates the benefits of alkyne building blocks.
Transesterification of known ester 13 with allylic alcohol 12 provided α-hydroxy allylic
ester 14.19 The secondary alcohol was subsequently converted to its TBS ether and the
phosphonium salt was obtained by nucleophilic substitution of the alkylbromide with
triphenylphosphine.

With phosphonium salt 15 in hand, the Wittig olefination with aldehyde 10 proceeded
uneventfully in high yield as a single geometric isomer. Interestingly, removal of the
benzylidene acetal turned out to be more difficult than anticipated. The acetal was resistant
to hydrolysis with a variety of Brønsted acids, which included HCl, CSA, and TsOH. On the
other hand, LiBF4 cleanly facilitated the removal of the benzylidene acetal,30 along with the
inconsequential cleavage of the TBS ether, providing the target fragment alkyne 2 in 80%
yield.

The synthesis of alkene 3 was pursued as illustrated in Scheme 3. Initial efforts were
dedicated to establishing the absolute stereochemistry of the fragment by an enzymatic
dynamic kinetic asymmetric reduction.31 After extensive screening it was found that β-
ketoester 18, readily available from a Blaise reaction between α-bromo ester 17 and allyl
cyanide 16, could be reduced to the corresponding β-hydroxyester (19) as a 4:1 mixture of
syn:anti diastereomers (75%). The enantiomeric excess of the major syn diastereomer was
measured to be >95% by chiral GC analysis. It is worth noting that careful control of the
reaction pH (4.5) proved to be essential in order to avoid the undesired olefin isomerization.

β-Hydroxyester 19 was converted to ynone 21 in three straightforward steps, which included
TIPS protection of the secondary alcohol, conversion of the ethyl ester into a Weinreb amide
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and formation of the ynone by addition of 1-propynylmagnesium bromide.32 (S)-CBS
catalyzed reduction of ynone 21 afforded the syn-syn-stereotriad (22) in 71% yield and in
>20:1 diastereoselectivity. The use of freshly distilled catecholborane in nitroethane as
solvent33 was critical to ensure high diastereoselectivity and yield for this transformation.
Additionally, at this stage, the all syn isomer could be isolated from the undesired
stereoisomers generated from the enzymatic reduction.

An equivalent of a trans hydro-alkylation under development in our laboratories was
envisioned to access the C12–C13 (Z)-trisubstituted alkene. The sequence began with a Ru-
catalyzed hydrosilylation34 of propargylic alcohol 22 to generate the desired trisubstituted
(Z)-vinylsilane 23 with high levels of geometric selectivity (>15:1), in 86% yield. Formation
of the substituted tetrahydropyran ring was effected through a simultaneous Hoveyda-
Grubbs 2nd generation catalyzed cross metathesis/oxa-Michael sequence between alkene 23
and crotonaldehyde.35 The reaction proceeded with high diastereoselectivity (dr >20:1) and
the desired cis-2,6-substituted tetrahydropyran (24) was isolated in 63% yield.36

Elaboration of the aldehyde into an (E, E)-dienoate moiety was envisioned using a Horner-
Wadsworth-Emmons olefination. Initial attempts using KHMDS as a base provided the
desired dienoate accompanied with extensive epimerization at C7 (dr=1:1), presumably
arising from a retro Michael/Michael reaction. Changing the base to LDA reduced the
epimerization and 25 was obtained as a 85:15 mixture of diastereomers at C7. Gratifyingly,
it was found that the use of LiOH and 4Å molecular sieves20 was superior in minimizing
substrate epimerization and the desired dienoate could be obtained as a 10:1 mixture of
diastereomers.37 The Pdcatalyzed sp2-sp3 Hiyama coupling38-40 between the vinyl silane 25
and allyl acetate delivered 1,4-diene 26 in 85% yield. Finally, saponification of the ethyl
ester with lithium hydroxide furnished the desired alkene fragment (3).

Having both alkene 3 and alkyne 2 in hand, the key alkene-alkyne coupling was explored.
Insights from model studies, employing the [CpRu(MeCN)3]PF6 catalyst, suggested that
there was a significant solvent effect associated with both reactivity and the linear to
branched selectivity. Reactions run in chlorinated solvents (CH2Cl2 and dichloroethane)
typically showed little to no evidence of alkene-alkyne coupling. When DMF was used as
solvent the desired coupling reaction proceeded, however poor linear to branched product
ratios were observed. Acetone was found to be the optimal solvent generally delivering the
products in good yield with reasonable linear to branched ratios. In this way, an
approximately 2:1 linear:branched product was obtained as an acetonide between the C21
and C30 hydroxyl groups in 69% yield (82% brsm). Formation of the acetonide was
determined to precede the alkenealkyne coupling event and most likely results from the
Lewis acidity of the cationic ruthenium catalyst. The excellent chemoselectivity of this
process is illustrated by the tolerance of the dense array of functionality on alkyne 2 and
alkene 3 under the reaction conditions, which is a testament to the mildness of the
Rucatalyzed alkene-alkyne coupling reaction.

Efforts to increase the linear to branched selectivity24,25 by varying the reaction conditions
proved ineffective. However, a positive effect was observed by incorporating a TBS
protecting group on the C9 hydroxyl group, which increased the linear to branched
selectivity to 3:1 in 43% yield.

Completion of lasonolide A was accomplished from both 28 and 30 and each reaction
sequence is presented in Scheme 4.41,42 Hydrolysis of the acetonide with CSA in methanol
afforded the corresponding triol 32 and tetraol 33. Unfortunately, lasonolide A was never
observed from the direct macrolactionization of tetraol 32 utilizing several
macrolactonization reagents (i.e. Yamaguchi and Mukaiyama) under various reaction
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conditions. These reactions generally resulted in the decomposition of the starting seco acid.
Interestingly, use of the Shiina reagent led to the selective formation of a macrolide,43

arising from a cyclization of the carboxylic acid onto the C28 hydroxyl group, albeit in a
low unoptimized 10% yield.44 The identity of this macro-lactone was verified by an
independent synthesis.

To circumvent this difficulty, a different macrolactonization precursor was designed.
Protection of the least sterically hindered alcohols of both 32 and 33 as their TBS ethers, and
in situ hydrolysis of the resulting TBS ester with HCl, delivered seco acid 34 in good yield.
To our delight, when seco acid 34 was subjected to the Yamaguchi macrolactonization
protocol, TBS protected lasonolide A (35) was generated in 40-62%.42 At this stage, the
linear and branched isomers, generated from the alkene-alkyne coupling, were separable by
column chromatography allowing for the isolation of pure TBS protected lasonolide A (35).
Finally, global deprotection of the silyl groups with HF • Pyr15,16 furnished the target
molecule (–)-lasonolide A (1) in 75% yield.

The synthetic (–)-lasonolide A along with the isomeric macrolactone analog, generated from
this work, were screened against a variety of cancer cell lines.45 IC50 values for the DU145,
HCT116 and MCF7 cell lines with our synthetic lasonolide A were consistent with the
values previously reported from the NCI 60-cell panel screen. Biological testing also
revealed that lasonolide A inhibits A2058, Adr-Res, BXPC3, H460, SK-BR-3, and KPL-4
cell lines at nM concentrations. The isomeric lasonolide analog A43 was significantly less
active than lasonolide A in terms of its application to a broad range of cancer cell lines.
Interestingly, it did exhibit nM activity against the HCT116 cell line with IC50 values equal
to that of lasonolide A.

In conclusion, a concise synthesis of (–)-lasonolide A was completed in only 16 linear steps
and 34 total steps (1.6% overall yield from allyl cyanide (16)) from commercially available
starting materials, drastically reducing the step count compared to the previously known
routes. This atom and step economical approach stems from the key role of alkynes as
building blocks and intermediates. Furthermore, it features a key ruthenium catalyzed
alkene-alkyne coupling leading to the less common linear product as the major isomer,
which is the first demonstration of an intermolecular transformation of this type that favors
the linear product in such a complex setting.
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Scheme 1.
Synthesis Plan for Lasonolide A
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Scheme 2.
Preparation of Alkyne Fragment
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Scheme 3.
Synthesis of Alkene Fragment
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Scheme 4.
Completion of the Synthesis of (–)-Lasonolide A

Trost et al. Page 10

J Am Chem Soc. Author manuscript; available in PMC 2015 January 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


