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ABSTRACT: A diverted total synthesis (DTS) approach to the total synthesis of pyridone alkaloids N-deoxymilitarinone A (8)
and torrubiellone B (10) has been developed. The common intermediate 14 was first assembled by a dual directed
orthometalation process using a methoxymethyl group as directed metalation group. Other crucial steps include the assembly of
polyenes under aldol condensation for DTS using general and concise strategy and diastereoselective synthesis of the syn-

dimethyl array by an Evans aldol reaction.

P yridone alkaloids, which comprise a small group of fungal
metabolites, possess an expansive repertoire of biological
activities intimately mirroring their structural diversity, ranging
from antifungal, antibacterial, insecticidal, and cytotoxic activity
to the induction of neurite outgrowth in different cell assays.'
From a general point of view, pyridone alkaloids are attractive
targets for total syntheses because of their unique 3,5-
disubstituted 4-hydroxypyridone structure, their various bio-
logical and chemical properties, and the difficulties in obtaining
them in pure forms from natural sources. More than 50
pyridone alkaloids with related structures are known, and
synthetic pathways to these molecules have been investigated
extensively.” Previous targets in this class of natural products,
lncludlng tenellin (1), bassianin (2),* farinosone A and B (3
and 4),% militarinone D (5),*" and pyridovericin (6)* (Figure
1), have focused on the construction of 4-hydroxy-S-phenyl-2-
pyridone skeletons via palladium-mediated C—C bond
formation at the C5-position. Based on the intriguing structural
relationships, several proposed biogenetic relationships con-
necting the above-mentioned militarinones were revealed in
some detail, showing how the biosynthetic sequence likely
proceeds.” Few examples focused on 4-hydroxy-$-alkyl-2-
pyridone skeletons such as those present in N-deoxy-
militarinone A (8),°* militarinone A (9),”" torrubiellones A
and B (11 and 10),> militarinones E and F (12 and 13)™
(Figure 1), and thus synthesis to this subclass of natural
products remains a challenge. Notably, the only example of
total synthesis of 4-hydroxy-5-alkyl-2-pyridones including
apiosporamide and YM-215343 to date was accomplished by
Williams and co-workers in 2005.°

-4 ACS Publications  © Xxxx American Chemical Society

O TOE s

OH tenellin (1) militarinone D (5)

%\QYM

pyndovencln (6)

\Q\(OHZO‘\/\/\/\(\

torrublellone c(

H bassianin (2)

\QM
R“
e

H: farinosone A (3)
= OH: farinosone B (4)

HO. OH O OH O
N O~ N ~NF
OH]| OH|
N o N0 OH
)
R! R'=H: N-deoxymilitarinone A (8) R'R'=H: torrubiellone B (10)
R = OH: militarinone A (9 R' = OH: torrubiellone A (11
HO. on o (9) OH O orrubiellone A (11)
NN B NANF
\
N 0 N (0]

h "
OH militarinone E (12) OH militarinone F (13)

Figure 1. Selected members of the pyridone alkaloids family.

N-Deoxymilitarinone A, a new pyridone alkaloid member of
the militarinone family, was initially isolated by bioassay-guided
fractionation from the mycelium of the entomogenous fungus
Paecilomyces farinosus RCEF 0097 by Hamburger and co-
workers in 2006. It displayed neurite sprouting in PC 12 cells
when tested at 33 and 100 M concentrations while a cytotoxic
effect was observed in human neurons (IMR-32) at a

Received: October 1, 2013

dx.doi.org/10.1021/0l402820d | Org. Lett. XXXX, XXX, XXX—XXX


pubs.acs.org/OrgLett

Organic Letters

concentration of 100 #M.>* Torrubiellones A and B (11 and
10), which are new pyridone alkaloids, were recently isolated
from the spider pathogenic fungus Torrubiella sp. BCC 2165 by
Isaka and co-workers. Torrubiellone A (11) exhibited
antimalarial activity with an ICs, value of 8.1 uM, while very
weak cytotoxic activity was shown.>* To date, no total synthesis
or synthetic approach to pyridone alkaloids 8—13 has been
reported.

Since pyridone alkaloids possess a similar core structure and
differ only in their polyene chain structure and substitution
pattern, we implement a strategy that exploits diverted total
synthesis to focus on increasing structural and library diversity
in a more efficient manner, constructing future pyridone
analogue syntheses for biological studies. Indeed, these targets
are perfect for application of a unified approach as recently
demonstrated by Gademann and co-workers via a Horner—
Wadsworth—Emmons (HWE) reaction on a densely function-
alized pyridone p-ketophosphonate.” Herein we report the
successful development of a strategy that has enabled
completion of the first asymmetric total synthesis of N-
deoxymilitarinone A (8) and torrubiellone B (10), devising the
route for maximum flexibility of future forays into analogue
synthesis. The general concept and synthetic strategy for this
total synthesis is illustrated in Figure 2. With regard to the final
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Figure 2. Retrosynthetic strategy for 4-hydroxy-S-alkyl-2-pyridone
alkaloids.

construction of target molecules, the key step in this synthesis
involves aldol condensation of the key advanced intermediate
14 with appropriately functionalized conjugated aldehydes,
which is expected to give the desired E isomers in high yields.®
Importantly, an additional challenge is the stereoselective
construction of the core skeleton of 4-hydroxy-5-alkyl-2-
pyridone. We envisioned that the key advanced intermediate
would be constructed by a stereoselective alkylation at the 5-
position of the pyridone via a directed orthometalation (DoM)
process using methoxymethyl groups (MOM) as directed
metalation groups (DMGs).  To the best of our knowledge,
such an approach has never been applied in the numerous
reported total syntheses of pyridone alkaloids. Retrosynthetic
simplification of alcohol 16 based on a secondary DoM reaction
process for regioselective alkylation leads to precursor 17,
which is in turn obtainable by the protection of 4-hydroxy-2-
pyridone. The brevity of this synthetic approach coupled with
the simplicity of the precursors in terms of structure compelled
us to embark on its implementation.

In our synthesis, the first challenge was the choice of the
appropriate protecting group along with the DMGs for the
hydroxy group on the pyridone ring (Scheme 1). Standard silyl

Scheme 1. Synthesis of the Key Advanced Intermediate
Pyridone Unit 14
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protecting groups, such as TBS, as well as alkyl-containing
groups, such as Me, Bn, or PMB, tertiary amide, and carbamate
DMGs such as OPiv or OCONEt;, led to decomposition
during isolation or on their removal. Finally, we found that the
methoxymethyl group proved ideal for our purposes.
Ultimately, we were able to achieve regioselective ortho-
lithiation at the C3-position without affecting the CS-position
of 2,4-protected pyridone in the presence of MOM as directing
group followed by addition to acetaldehyde. We are pleased to
find that only C3-substituted alcohol 16 was observed with 45%
yield when the reaction mixture was treated with 1.9 equiv of t-
BuLi.'® The corresponding alcohol 16 provided another
challenge for stereoselective C—C bond formation at the CS-
position of 2,4-protected pyridone. Reaction with 4-(tert-
butyldimethylsilyloxy)cyclohexanone via secondary DoM strat-
egy and using MOM as DMGs is probably the most difficult
part in this proposed total synthesis protocol. First, we tried to
utilize the same strategy of DoM reaction using MOM as the
directing group for the C—C formation on C3 that we have
successfully developed in the initial DoM reactions. Not
surprisingly, only trace amount of the desired product 15 was
detected by treating with different lithium reagents such as n-
BuLi, s-BuLi, t-BuLi, PhLi, and MESLi, as well as organo-
magnesium reagents such as i-PrMgCl. To enhance the
reactivity and stereoselectivity of this reaction, TMEDA was
added as ligand in the presence of 4 equiv of n-BuLi. However,
the reaction proceeded to give poor yield (23%) of the desired
product. Further optimization revealed that 4 equiv of ligand
TMEDA coordinated with 4 equiv of s-BuLi at —60 °C as the
ideal condition for this transformation, giving a moderate yield
(44%) and good stereoselectivity (syn/anti = 10:1) as
determined by 2D NMR spectroscopy studies (Table 1)."!
Notably, around 40% of the starting material was recovered
from the reaction, which was subjected to the same reaction
again. The stereoselectivity can be explained by the steric
hindrance due to 1,3-diaxial interactions caused by the bulky
incoming nucleophile, resulting in a more preferable attack
from the equatorial position rather than axial position.
Subsequently, a final oxidation of the alcohol 15 provided the
desired key intermediate ketone 14.
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Table 1. Optimization of the DoM Reaction with 16 and
(tert-Butyldimethylsilyloxy)cyclohexanone

reagents T (°C) yield® (%) syn/ anti®
n-BuLi or s-BuLi —78 to rt trace nd
s-BuLi or ¢t-BuLi —78 to rt trace nd
MESLi or i-PrMgCl —78 to rt trace nd
n-Buli + TMEDA —78 to rt 23 6:1
n-BulLi + HMPA —78 to rt 11 S:1
s-BuLi + TMEDA —78 to rt 34 9:1
t-BuLi + TMEDA —78 to rt 18 10:1
s-Buli + TMEDA —30 to rt complex nd
s-BuLi + TMEDA —60 to rt 44 10:1

“Isolated yield. “Ratio was determined by crude 'H NMR.

Next, we focused on the synthesis of aldehyde 18 with all-
trans polyene backbones via an efficient reaction sequence of an
Evans aldol reaction, Wittig olefination, ester reduction, and
Swern oxidation according to the reported procedures (Scheme
2).!* The described protocols provided the required R-
configured all-E unsaturated aldehyde efficiently and stereo-
selectively and were very reproducible on different scales.

Scheme 2. Completion of the Total Synthesis of N-
Deoxymilitarinone A (8)
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With the key advanced intermediate pyridone unit 14 and all
corresponding aldehyde side chains 18 and 20 successfully
prepared, the first step in the late stage of the synthesis focused
on the construction of the C=C via aldol condensation of the
pyridone core structures with a polyene aldehyde chain, which
constitutes the key step in the synthetic route (Scheme 2). We
found that the aldol condensation step is prone to a range of
side reactions. After careful optimization of the reaction
parameters, the formation of byproducts is almost completely
suppressed. The optimum condition required the use of 3 equiv
of NaH in degassed THF at 0 °C with a 1:1.2 ratio of ketone 14
to aldehyde. The targeted protected natural product 20 was
finally obtained after a few hours with moderate yield and good
E/Z selectivity (10:1). Notably, this pyridone intermediate has
the provision to react with other side chain aldehydes to access
4-hydroxy-5-alkyl-2-pyridone analogues under a similar proto-
col. Finally, subsequent cleavage of protecting groups was
effected using TsOH to generate the synthetic product N-
deoxymilitarinone A (8). The analytical data of the synthetic
material were found to be identical in all respects in comparison
with the published values,** except for the inverted [a]p, value.
The absolute configuration of the side chain portion therefore
could not be confirmed unambiguously. However, we assumed
the absolute configuration of N-deoxymilitarinone A to be
(14S,16S), considering the proposed syn relative configuration
of C14 and C16.™

The synthesis established for N-deoxymilitarinone A, but
using a different side chain aldehyde 20, was also utilized for the

synthesis of torrubiellone B. The same approach (diaster-
eoselective alkylation, Wittig olefination, ester reduction, and
Swern oxidation) was applied to prepare aldehyde 20,"* which
was subjected to aldol condensation. Coupling the side chain
with MOM-protected pyridone 14 delivered, after deprotec-
tion, the expected natural product torrubiellone B (10)
(Scheme 3). All spectroscopic data were in good agreement
with those obtained from the authentic sample.>

Scheme 3. Completion of the Total Synthesis of
Torrubiellone B (10)
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In conclusion, we have reported a modular assembly for the
efficient synthesis of a family of sensitive polyene pyridone
alkaloids N-deoxymilitarinone A (8) and torrubiellone B (10).
Notable elements in this divergent synthetic route include the
following: (1) common intermediate 14 assembled by a dual
directed orthometalation process using MOM as directed
metalation groups, (2) assembly of the polyenes under aldol
condensation for DTS in a few general steps, and (3)
diastereoselectctive synthesis of the syn-dimethyl array in 18
by an Evans aldol reaction. With this synthetic approach in
hand, future work will concentrate on an extension toward the
total synthesis of other structurally similar natural products
such as militarinone E and militarinone F.>! We believe that
this work could be used to generate a library of pyridone
alkaloid analogues and set the stage for in-depth structure—
activity relationship studies.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedures and compound characterization data.
This material is available free of charge via the Internet at

http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: xuewei@ntu.edu.sg.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge Nanyang Technological University
(RGS0/08) and the Ministry of Education, Singapore (MOE
2009-T2-1-030), for the financial support of this research.

B REFERENCES

(1) Review: Jessen, H. J.; Gademann, K. Nat. Prod. Rep. 2010, 27,
1168—1185.

(2) Selected examples for total synthesis of pyridone alkaloids:
(a) Williams, D. R;; Sit, S.-Y. J. Org. Chem. 1982, 47, 2846—2851.
(b) Rigby, J. H; Qabar, M. J. Org. Chem. 1989, 54, 5852—5853.

dx.doi.org/10.1021/01402820d | Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org
mailto:xuewei@ntu.edu.sg

Organic Letters

(c) Williams, D. R; Turske, R. A. Org. Lett. 2000, 2, 3217—3220.
(d) Zhang, Q; Rivkin, A.; Curran, D. P. J. Am. Chem. Soc. 2002, 124,
5774—5781. (e) Furstner, A; Feyen, F.; Prinz, H; Waldmann, H.
Angew. Chem.,, Int. Ed. 2003, 42, 5361—5364. (f) Williams, D. R;
Kammler, D. C.; Donnell, A. F,; Goundry, W. R. F. Angew. Chem., Int.
Ed. 2005, 44, 6715—6718. (g) Jessen, H. J.; Barbaras, D.; Hamburger,
M.; Gademann, K. Org. Lett. 2009, 11, 3446—3449. (h) Jessen, H. J;
Schumacher, A.; Schmid, F.; Pfaltz, A.; Gademann, K. Org. Lett. 2011,
13, 4368—4370.

(3) (a) Basyouni, S. H. E.; Brewer, D.; Vining, L. C. Can. J. Bot. 1968,
46, 441—448. (b) McInnes, A. G.; Smith, D. G.; Wat, C. K; Vining, L.
C.; Wright, J. L. C. J. Chem. Soc, Chem. Commun. 1974, 281—-282.
(c) Cheng, Y,; Schneider, B; Riese, U; Schubert, B, Li, Z;
Hamburger, M. J. Nat. Prod. 2004, 67, 1854—1858. (d) Schmidt, K;
Riese, U,; Li, Z,; Hamburger, M. J. Nat. Prod. 2003, 66, 378—383.
(e) Takahashi, S.; Kakinuma, N.; Uchida, K; Hashimoto, R;
Yanagisawa, T.; Nakagawa, A. J. Antibiot. 1998, 51, 596—598.

(4) (a) Halo, L. M; Heneghan, M. N.; Yakasai, A. A; Song, Z;
Williams, K; Bailey, A .M.; Cox, R. J.; Lazarus, C. M.; Simpson, T. J. J.
Am. Chem. Soc. 2008, 130, 17988—17996. (b) Yakasai, A. A.; Davison,
J.; Vasil, Z.; Halo, L. M.; Butts, C. P.; Bailey, A. M.; Simpson, J.; Cox,
R.J. J. Am. Chem. Soc. 2011, 133, 10990—10998. (c) Weber, T.; Laiple,
K. J.; Pross, E. K; Textor, A.; Grond, S.; Welzel, K; Pelzer, S.; Vente,
A. A.; Wohlleben, W. Chem. Biol. 2008, 15, 175—188.

(S) (a) Cheng, Y.; Schneider, B.; Riese, U.; Schubert, B; Li, Z.;
Hamburger, M. J. Nat. Prod. 2006, 69, 436—438. (b) Schmidt, K;
Gunther, W.; Stoyanova, S.; Schubert, B.; Li, Z.; Hamburger, M. Org.
Lett. 2002, 4, 197—199. (c) Isaka, M.; Chinthanom, P.; Supothina, S.;
Tobwor, P.; Hywel-Jones, N. L. J. Nat. Prod. 2010, 73, 2057—2060.
(d) Ma, C; Li, Y,; Niu, S; Zhang, H;; Liu, X; Che, Y. J. Nat. Prod.
2011, 74, 32—37.

(6) Williams, D. R,; Kammler, D. C.; Donnell, A. F.; Goundry, W. R.
F. Angew. Chem., Int. Ed. 2008, 44, 6715—6718.

(7) Jessen, H. J.; Schumacher, A.; Shaw, T.; Pfaltz, A.; Gademann, K.
Angew. Chem., Int. Ed. 2011, 50, 4222—4226.

(8) (a) Williams, D. R.; Bremmer, M. L.; Brown, D. L.; D’Antuono, J.
J. Org. Chem. 1988, 50, 2809—2810. (b) Nielsen, A. T.; Houlihan, W. J.
Org. React. 1968, 16, 1—438. (c) Mukaiyama, T. Org. React. 1982, 28,
203—331. (d) Mahrwald, R. Modern Aldol Reactions; Wiley-VCH:
Weinheim, Germany, 2004.

(9) Review: (a) Snieckus, V. Chem. Rev. 1990, 90, 879—933.
(b) Whisler, M. C.; MacNeil, S.; Snieckus, V.; Beak, P. Angew. Chem,
Int. Ed. 2004, 43, 2206—2225.

(10) CS-substituted alcohol 16a was observed when the reaction was
treated with 3.0 equiv of t-BuLi.

OH OH OH OH

OH )
Hﬁ” t-BuLi (3 equiv) H | N | e
- . .
|N/ o acetaldenyde N~ “omom NZ Somom
17 16:16a = 5:1 16 16a

(11) We also performed the DoM reaction with 16 using CeCly
protocol during the optimization stage for this reaction under various
conditions. Unfortunately, only a trace amount of desired product was
obtained and the deprotection of one of the MOM groups resulted in
the formation of major side product. (a) Yamashita, S.; Iso, K;
Kitajima, K;; Himuro, M.; Hirama, M. Tetrahedron Lett. 2009, S0,
3277-3279. (b) Yamashita, S.; Kitajima, K.; Iso, K.; Hirama, M. J. Org.
Chem. 2011, 76, 2408—2425.

(12) For synthetic routes and procedures, see the Supporting
Information. Selected examples for synthesis of aldehyde (2R,4R)-18:
(a) Organ, M. G,; Bilokin, Y. V.; Bratovanov, S. J. Org. Chem. 2002, 67,
5176—5183. (b) Leonard, W. R;; Belyk, K. M.; Bender, D. R.; Conlon,
D. A; Hughes, D. L; Reider, P. J. Org Lett. 2002, 4, 4201—4204.
(c) Negishi, E. I; Tan, Z,; Liang, B.; Novak, T. Proc. Natl. Acad. Sci.
US.A. 2004, 101, 5782—5787.

(13) For synthetic routes and procedures, see the Supporting
Information. Selected examples for synthesis of alcohol (2R)-20:
(a) Panek, J. S; Jain, N. F. J. Org. Chem. 2001, 66, 2747—2756.
(b) Komatsu, K; Tanino, K.; Miyashita, M. Angew. Chem., Int. Ed.

2004, 43, 4341—4345. (c) Miyashita, K.; Tsunemi, T.; Hosokawa, T.;
Ikejiri, M.; Imanishi, T. J. Org. Chem. 2008, 73, 5360—5370.

dx.doi.org/10.1021/01402820d | Org. Lett. XXXX, XXX, XXX—XXX



