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Stereodivergent and Protecting-Group-Free Synthesis of the
Helicascolide Family: A Rhodium-Catalyzed Atom-Economical

Lactonization Strategy

Alexander M. Haydl, Dino Berthold, Pierre A. Spreider, and Bernhard Breit*

Abstract: Natural products of polyketide origin, in particular
small-sized lactones often possess a very broad range of
impressive biological activities. An efficient way to demon-
strate the concise access to six-membered lactones was
emphasized as part of a stereodivergent and protecting-
group-free synthesis of all three representatives of the heli-
cascolide family. This strategy features an atom-economical
and highly diastereoselective rhodium-catalyzed “head-to-tail”
lactonization by an intramolecular addition of w-allenyl-
substituted carboxylic acids to terminal allenes, including the
selective construction of a new stereocenter in the newly formed
core structures. The excellent selectivities with which the
helicascolide precursors were obtained are remarkable, thus
resulting in an expeditious and highly efficient natural product
synthesis.

P olyketides prevail in a large variety of natural products and
have about a five times higher chance of possessing potential
biological activity compared to any other class of natural
products."? Among those, especially natural products hold-
ing five- or six-membered lactones in their often very complex
substituted scaffolds, exhibit a broad spectrum of biological
activity®l such as immunosuppressive,*! anticancer,*! anti-
fungal,* and cytotoxic properties,*!) as well as various others
(Figure 1).1%1

Strategic approaches for the synthesis of five- or six-
membered lactones, besides the classical lactonization con-
ditions by activation of the corresponding seco-acids,” have
been reported in the recent past to proceed in an asymmetric
and diastereoselective fashion, including transition metal
catalyzed addition reactions,® halo- and selenolactoniza-
tions,”! lactonizations by ring-closing metathesis,® and
others.”! However, in many cases these reactions suffer
from low selectivities, a lack of atom economy, the require-
ment of stoichiometric amounts of co-reagents, or the need
for a preinstalled stereocenter in the molecule prior to
lactonization. Our research group developed a rhodium-
catalyzed,!'”l atom-economical, and regioselective addition!"!
of carboxylic acids to allenes!'” and alkynes,™ a method
which could be seen as an alternative to metal-catalyzed
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Figure 1. Small selection of structurally diverse bioactive natural prod-
ucts bearing five- and six-membered lactones.

allylic substitution!" and oxidation!"™ to generate branched
allylic esters."!

In this respect, we recently described a highly atom-
economical dimerization strategy as a selective approach
towards the C,-symmetric macrodiolide clavosolide A.1*!
Driven by our curiosity as to whether this initial method
could be successfully carried over for the selective synthesis of
six-membered lactone-based natural products, we targeted
helicascolide C (3)!'""] and its two congeners helicascolide A
(1) and B (2; Figure 2),'™ which have already garnered
attention from organic chemists in the recent past.'¥! Espe-
cially 3 showed potent antifungal activity against Cladospo-
rium cucumerinum, thus pointing out a possible field in future
crop protection.

helicascolide A (1)

helicascolide B (2) helicascolide C (3)

antifungal activity

Figure 2. Configuration of all three representatives of the helicascolide
family.

Given the six-membered lactone core, we envisioned that
an intramolecular stereoselective hydrooxycarbonylation of
the w-allenyl-substituted carboxylic acids 6 and 8 might
provide straightforward access to obtain the scaffolds of 7 and
9, respectively (Scheme 1). At the same time, the structures 7
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Scheme 1. Retrosynthetic disconnection of the helicascolides A-C (1-
3) by utilizing a stereodivergent diastereoselective C—O bond-forming
addition of carboxylic acids to allenes as a key step.

and 9 should bring valuable allylester moieties into reach, and
they might then be further elaborated to 1 and 2, respectively.
This disconnection relies on a Wacker oxidation which
preserves diastereoelectivity,"! followed by an E-selective
olefination reaction® to efficiently deliver the trisubstituted
olefinic backbone. Subsequent oxidation of the hydroxy
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functionality might fuse both 1 and 2 with only little extra
synthetic effort to its superior structure analogue 3. To this
end, our synthetic plan to forge the two diastereomeric -
allenyl-substituted carboxylic acid precursors is predicated on
a simple stereodivergent aldol addition reaction as outlined in
Scheme 1.

Thus, our synthesis begins from the enolate of the ester 5
by treatment with the known a-chiral homoallenyl aldehyde
4, which had already been used by the group of Baran”"! and
could be readily prepared by us in an enantiopure way in gram
quantities within just a few steps (Scheme 2).”? The resulting
separable aldol adducts 10 and 12 were obtained in good yield
(80%) with an a d.r. value of 1:1, thus enabling the best
possible material supply for both pathways in the targeted
stereodivergent synthesis. At this point, cleavage of the fert-
butyl esters 10 and 12 by treatment with TFA paved the way
to the corresponding w-allenyl-substituted carboxylic acids 6
and 8, respectively, which were obtained in excellent yields.
Both served as the entry point to investigations on the
rhodium-catalyzed intramolecular hydrooxycarbonylation of
carboxylic acids to allenes.

Following on from prior studies,'>!* we carried out initial
reactivity assays with 6 in the presence of [{Rh(cod)Cl},]
(2.5 mol%) and DPEphos (5.0 mol%) in DCE at slightly
elevated temperatures (60°C). We were pleased to discover
that the reaction of 6, bearing an unprotected hydroxy
functionality in the vicinity of the allenyl moiety, furnished
the desired 7, a precursor to 1, both in good yield and with an
extraordinarily high diastereoselectivity (d.r. >95:5; Table 1,
entry 1). Notably, the newly generated stereocenter was
selectively installed without the aid of a chiral ligand, just

ORTEP of 2

Scheme 2. Total syntheses of 1-3. Reagents and conditions: a) 4,5, LDA, THF, —78°C, then RT, 80% (d.r. 1:1); b) TFA, CH,Cl, at 0°C then room
temperature, 96 %; c) [{Rh(cod)Cl},] (2.5 mol%), DPEphos (5.0 mol %), DCE, 60°C, 24 h, 78% (d.r. >95:5); d) PdCl, (10 mol %), 1,4-
benzoquinone, DMF/H,O (7:1), RT, 24 h, 92% (d.r. >95:5); e) EtPPh;Br, KHMDS, THF at —78°C, then RT, 18 h, 70% (>5:95 E:Z); f) PhSH,
AIBN, toluene, 85°C, 72 h, 88% (6:1 E:2); g) DMP, CH,Cl, at 0°C, then RT, 24 h, 93%; h) TFA, CH,Cl, at 0°C, then RT, 98%; i) [{Rh(cod)Cl},]

(5.0 mol %), (S,S)-diop (10 mol %), DCE, 60°C, 24 h, 54% (d.r. 89:11); j) PdCl, (10 mol %), 1,4-benzoquinone, DMF/H,O (7:1), RT, 24 h, 78% (d.r.
>95:5); k) EtPPh;Br, LIHMDS, toluene at —78°C, then RT, 18 h, 71% (13:1 E:Z); I) DMP, CH,Cl, at 0°C, then RT, 24 h, 93 %.

AIBN =azobis(isobutyronitril), cod =1,5-cyclooctadiene, DCE = 1,2-dichloroethane, DMF = N, N-dimethylformamide, DMP = Dess—Martin period-
inane, KHMDS = potassium bis (trimethylsilyl)amide, LDA = lithium diisopropylamide, TFA =trifluoroacetic acid.
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Table 1: Diastereoselective rhodium-catalyzed intramolecular hydrooxy
carbonylation of the w-allenyl-substituted carboxylic acids 6 and 8.7

[{Rh(cod)Cl},] (2.5 mol%)
Ligand (5.0 mol%)
DCE (0.25 M)
60°C,24h

R'=H, R%=0H (7)
R'=OH, R?=H (9)

R'=H, R%=0H (6)
R'=OH, R?=H (8)

thp/\[o
0 PhyP_ 0><

Ph,P PPh,

DPEphos (L1) (S.S)-diop (L2)

Entry  Substrate  Product  Ligand  Yield [%]®  d.r
1 6 7 L1 78 >95:5
2 8 9 L1 20 90:10
3 8 9 L1 28 90:10
44 8 9 L2 54 89:11

[a] Reaction conditions: allene (0.54 mmol), [{Rh(cod)Cl},] (2.5 mol %)
and DPEphos (5.0 mol %) in 2.2 mL of DCE at 60°C, 24 h. [b] Yields are
those of diastereomeric mixtures isolated after silica gel chromatog-
raphy. [c] Diastereoselectivity determined by '"H-NMR analysis of the
crude reaction mixture. [d] The reaction was performed with allene
(0.54 mmol), [{Rh(cod)Cl},] (5.0 mol %), and ligand (10 mol %) in

2.2 mL of DCE at 60°C, 24 h. cod =1,5-cyclooctadiene, DCE =
1,2-dichloroethane.

by substrate control. Additionally, the required relative
configuration could be confirmed by single-crystal X-ray
analysis, which was in agreement with previous conformation
analysis using NOE experiments of 7 (Scheme 2).”*! To our
surprise, when subjecting the helicascolide B precursor 8 to
the indicated reaction conditions used earlier for the synthesis
of 7, we were pleased to discover that the reaction worked
well and furnished the desired allylester moiety 9 in high
diastereoselectivity (d.r. 90:10), albeit in poor yields, irre-
spective of the amount of catalyst used (entries 2 and 3). To
circumvent this detrimental effect of the hydroxy group
within the vicinity of the allenylic moiety, a substitution of the
ligand was attempted. Finally, high diastereoselectivities
along with improvements in terms of the obtained yield of 9
could be achieved when using elevated loadings of a Rh/(S.S)-
diop system (entry 4). Furthermore, the structure of 9 could
be secured at this point by X-ray crystallographic analysis in
addition to NOE experiments (Scheme 2).??!

Next on the route to 1 and 2 was the Tsuji-Wacker-type
oxidation reaction to install the required ketones in 11 and 13,
as they were necessary for construction of the E-selective
trisubstituted double bond present in all representatives of
this natural product family. To prevent erosion of the
stereochemistry of 7 and 9, by m-allyl-palladium insertion as
in the opening sequence of the Tsuji-Trost reaction,!'* the
Wacker-type oxidation conditions developed by Sigman and
co-workers®¥ were used to circumvent this issue. However,
the reactions conditions proved to be incompatible with 7 and
9, thus resulting in poor yields of the obtained products.
Gratifyingly 7 and 9, in contrast, were smoothly oxidized to
the corresponding ketones 11 and 13 in presence of PdCl,
(10 mol %) and benzoquinone to furnish good (78 % for 13)

Angew. Chem. 2016, 128, 58595863

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to excellent yields (92% for 11) with even an enhanced
diastereoselectivity after the reaction leading to 13 (d.r.
>95:5).13]

Next, the setup of the trisubstituted E-configured double
bond, derived from tiglinic aldehyde in all previous synthe-
ses,®l proved to be a challenging exercise. Initial experiments
were conducted by subjecting the phosphonium salt
EtPPh;Br in the presence of LIHMDS to 13, which granted
an acceleration of the stereochemical drift,* thus resulting in
a slight excess of the E-configured 2 (Table 2, entry 1).

Table 2: Reaction conditions for the stereoselective Wittig reaction of 13
(see Scheme 2).F

EtPPh3Br (3.0 equiv.)
o LiHMDS (3.0 equiv.)
- e

solvent
-78°Cthen RT, 18 h helicascolide B
13 2
Entry Solvent cM] Yield [%]®! E/Zd
1 THF 0.1 42 2.5:1
toluene 0.1 64 9:1
3 toluene 0.05 71 13:1

[a] Reaction conditions: A mixture of phosphonium salt (3.0 equiv) and
LiIHMDS (3.0 equiv) was subjected to 13 (0.20 mmol) diluted in the
indicated solvent. [b] Yields are those of isomeric E/Z mixtures isolated
after silica gel chromatography. [c] E/Z selectivity determined by

"H NMR spectroscopy of the crude reaction mixture. LIHMDS = lithium
bis (trimethylsilyl)amide, THF =tetrahydrofuran.

Replacement of the solvent and lowering of the concentration
(entries 2 and 3) paved the way to obtaining 2 in good yield
(71%), along with an excellent E selectivity (13:1 E/Z) as
confirmed by single-crystal X-ray analysis for the first time
(Scheme 2).”2 Attempts to carry over these reaction con-
ditions for the synthesis of 1 resulted did not succeed despite
an intense screening of different olefination conditions. The
difficulty resulted from the decomposition of 11 into a com-
plex product mixture. Therefore one extra synthetic step was
needed for the selective transformation of 11 under lithium-
salt-free conditions in good yield (70 % ) and with an excellent
Z selectivity (>5:95 E/Z) to (Z)-helicascolide A [(Z)-1], thus
confirming its structure by X-ray analysis. Next, after isomer-
ization of its Z-substituted olefinic backbone by a mild,
radical-mediated equilibration,” 1 was obtained in excellent
yield (88 %) with a good overall selectivity (6:1 E/Z). At this
point, the lower selectivity underscores the small drawback of
our synthetic approach, given the necessity of the correct
installation of the double bond at the very end of the
synthesis. To this end, 3 was obtained in excellent yield, by
a convergent oxidation with DMP,"®! by starting from either
1 or 2. The synthetic 3 exhibited spectral properties identical
in all respects to those reported for the natural product.!'”
Furthermore its structural configuration was secured by X-ray
crystallographic analysis.””

Overall, we have accomplished a highly atom-economical
diastereoselective rhodium-catalyzed direct lactonization
strategy involving the construction of a new stereocenter in
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just one step. This methodology was readily employed in
a stereodivergent, robust, and concise total synthesis of all
three representatives of the helicascolde family in five, six,
and seven steps (for 1, 2, and 3, respectively) in the absence of
protecting groups, premetalated C-nucleophiles, or chiral
auxiliaries. It illustrates the ease of lactone synthesis and
reveals the concept of transition metal catalyzed C—O bond-
forming cyclizations in small-molecule synthesis. Further
studies regarding the elaboration of this strategic approach
to access small-, medium-, and large-membered lactones in an
enantioselective fashion, as well as its application in target-
orientated synthesis are ongoing in our laboratory.
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