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Protecting Group Free Total Syntheses of Rubrolide R and S

M. Schacht,”™ G. J. Boehlich,? J. de Vries,® S. Bertram,™ G. Gabriel,” P. Zimmermann,”” P. Heisig™

and N. Schiutzenmeister*®

Dedicated to Professor Dr. Dr. h.c. Lutz F. Tietze in occasion to his 75" birthday

Abstract: The two marine natural products rubrolide R 1 and S 2
were synthesised in only three linear steps starting from
commercially available tetronic acid without using protecting group
chemistry. Key steps in the syntheses were the Pd-catalysed
Suzuki-Miyaura cross coupling followed by a vinylogous Aldol
condensation. Both compounds have been tested for their antibiotic
and antiviral activities. At concentration of 10 uM rubrolide R 1 and S
2 a 2-log and 1.5-log reduction in virus titre has been detected for a
seasonal influenza virus (H3N2) and the pandemic swine influenza
virus (pH1N1), respectively.

Introduction

Rubrolides are a marine natural product class that were first
isolated from the tunicate Ritterella rubra in 1990.™ Since then
more than 19 different rubrolides have been isolated from
marine organisms.?” Rubrolides are furanone derivatives,
which are substituted with two aromatic, mostly highly
brominated, substituents. Their biological activities range from
anti-bacterial®®*®,  anti-inflammatory® to aldose-reductase
inhibition® with a so far unknown mode of action. In 2014, two
new antiviral rubrolides, R1 and S 2, have been isolated from
the marine-derived fungus Aspergillus terreus OUCMDZ-1925,
which was obtained from barracuda intestines, showing superior

activity against influenza A (H1N1) compared to ribavirin. "
HO

Rubrolide R 1 Rubrolide S 2

Figure 1. Rubrolide R (1) and S (2).
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Recently, the first total syntheses of rubrolide R 1 and S 2 have
been reported showing that beside the antiviral activity both
rubrolides show significant inhibition of the NO production.®
Herein, we describe the more efficient syntheses of both
rubrolides R 1 and S 2 using a Suzuki-Miyaura cross coupling
and a vinylogous aldol condensation as key steps starting from
tetronic acid (Scheme 1). Due to the lack of protecting groups in
this synthetic' route™® the total syntheses were dramatically
shortened to only three linear steps starting from commercially
available tetronic acid. This route is, compared to earlier total
syntheses of rubrolides,™ highly flexible and can be used to
easily synthesise further rubrolides and analogues to contribute
to structure activity relationship studies for the determination of
the unknown molecular target.
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Scheme 1. Retrosynthesis of rubrolide R 1 and S 2.

Results and Discussion

The retrosynthetic analysis of the two rubrolides 1 and 2 shows
the four required building blocks 3a, 3b, 4 and 5. The
benzaldehyde derivatives 3a*? and 3b™*® as well as the required
triflate 4%4 can be synthesised using literature known protocols.
The commercially available tetronic acid 4% was transferred
into triflate 6 in 90% yield (Scheme 2).
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Scheme 2. Synthesis of furanone 7: a) NEt; (1.2 equiv.), Tf,0 (1.2 equiv.),
CH,Cl,, 0 °C—r.t., 2 h 90%; b) 5 (1.2 equiv.), Pd(PPhs)s (0.5 mol%), Na,CO3
(3.0 equiv.), dioxane, 70 °C, 16 h, 95%.

The introduction of the first aromatic moiety can be achieved via
a Pd-catalysed Suzuki-Miyaura cross coupling using
commercially available boronic acid 5. In contrast to earlier
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rubrolide syntheses using this strategy *® a protecting group free

boronic acid has been chosen to avoid additional deprotection
steps. For the optimisation of the Suzuki-Miyaura cross coupling
two different catalysts, Pd(PPhs)s and PdCl(PPhs)z, have been
investigated. Both catalysts yielded Suzuki-product 7 at 70 °C
using Na,COs as base.

Table 1. Optimisation of the Pd-catalysed Suzuki-Miyaura cross coupling (6

(1.0 equiv.), 5 (1.2 equiv.), Na,CO; (3.0 equiv.), 70°C); catalyst A:

PdCIl,(PPhs),; catalyst B: Pd(PPhg)s.

entry time catalyst L((;la;jlic;])g solvent yield
1 66 h A 5.0 1,4-dioxane 72%
2 66 h A 25 1,4-dioxane 54%
3 66 h A 1.0 1,4-dioxane 33%
4 16 h A 5.0 1,4-dioxane 21%
5 16 h A 25 1,4-dioxane 29%
6 16 h A 1.0 1,4-dioxane 29%
7 66 h B 5.0 1,4-dioxane 72%
8 66 h B 25 1,4-dioxane 54%
9 66 h B 1.0 1,4-dioxane 33%
10 16 h B 5.0 1,4-dioxane 45%
11 16 h B 25 1,4-dioxane 68%
12 16 h B 1.0 1,4-dioxane 81%
13 16 h B 0.5 1,4-dioxane 95%
14 16 h B 1.0 toluene 81%
15 16 h B 1.0 2-MeTHF 69%

In case of the use of PdCl,(PPhs), (A) the best yield of promising
72% (entry 1) has been achieved with relatively long stirring
times of 66 h and a catalyst loading of 5.0 mol%. Reduction of
the catalyst loading (entry 2 and 3) or stirring time (entry 4-6)
gave lower yields. Using Pd(PPhs)s (B) as Pd-source yielded
after 66 h and 5.0 mol% of the catalyst the same vyield of 72%.
Reduction of the amount of catalyst led to decreasing yields
(entry 8 and 9) as observed in case of the previously used
catalyst A. A different trend occurred while reducing the catalyst
loading at the reduced stirring time of 16 h (entry 10-13) and
reached its maximum at 0.5 mol% giving the Suzuki-Miyaura
product in 95% vyield after purification by crystallisation. Change
of the solvent to toluene (entry 14) gave similar results, while
use of 2-MeTHF (entry 15) led to decreasing yields. The key
intermediate 7 can be used to synthesise further rubrolide
analogues without using protecting group chemistry.

The benzaldehyde derivative 3a was synthesised following a
slightly optimised procedure® for the Claisen rearrangement
using microwave irradiation in DMF at 180 °C to give aldehyde

10.1002/ejoc.201700158

WILEY-VCH

in 88% vyield. Building block 3b was synthesised in one step from
4-hydroxybenzaldehyde 8 *¥ (Scheme 3).
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Scheme 3. Syntheses of building blocks 3a and 3b: a) tert-butyl (2-methylbut-
3-en-2-yl) carbonate, Pd(PPhs)s (1.0 mol%), THF, 4 °C, 16 h, 80% (79%"%); b)
DMF, microwave, 180 °C, 45 min, 88%; c) isoprene, H3PO,4, PE, r.t., 16 h,
52% (51.3%).

As last step we employed a vinylogous aldol condensation
between our key intermediate 7 and the benzaldehyde
derivatives 3aand 3b. The condensation led to an E/Z-mixture of
the products of approximately 1:10 for rubrolide R 1 and 1:4 for
rubrolide S 2. Unfortunately, it was not possible to separate the
isomers by crystallisation or standard silica gel column
chromatography since the Z-products are prone to isomerisation
to the corresponding E-isomer after longer exposure to silica gel.
Subsequent, reversed-phase column chromatography yielded
rubrolide R 1 in 63% and rubrolide S 2 in 66% as pure Z-isomers

HO,

Scheme 4. Vinylogous aldol condensation of 1 and 2: a) TBSOTf, DIPEA,
DMF, r.t., 1 h, then 3a or 3b in DMF, 2 h then DBU, 120 °C, 5 h, then H,0,
DBU, r.t. 16 h, 63% (1) 66% (2)
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The double bond configuration of 1 and 2 was analysed by
NOESY experiments confirming the Z-configuration (see
supporting information).

In addition, the structure of rubrolide S 2 was unambiguously
determined by single crystal X-ray crystallography (Figure 2).%7"

Figure 2. X-ray single crystal structure of rubrolide S 2. Thermal ellipsoids are
shown at 50% probability level. Hydrogen atoms are omitted for clarity.

Biological evaluation

Rubrolide R1 and S2 as pure Z-configurated and as E/Z-

mixtures, were tested for their antibacterial and antiviral activities.

We addressed whether rubrolide treatment would reduce
replication of various influenza virus subtypes. Therefore, MDCK
cells were infected with H3N2 or pH1N1 influenza viruses and
co-treated with ribavirin or rubrolids R 1 and 'S 2 (supporting
information)."*® The viral titer of infected and PBS (Ctrl) or
DMSO (Ctr2) treated cells served as a negative control.
Rubrolide R 1 and S 2 as E/Z-mixtures (rubrolide R 1: 1:9 E/Z;
rubrolide S 2: 1:4 E/Z) showed weaker inhibition of H3N2 and no
inhibition of pH1N1 virus replication compared to controls
(Figure 3A and C). In contrast, the pure Z-isomers of rubrolide R
1 and S 2 displayed significant inhibition of H3N2 and pH1N1
virus replication in a concentration dependent manner compared
to controls (Figure 3B and D). Furthermore, the pure Z-isomers
of rubrolide R 1 and S 2 were most effective against H3N2
(Figure 3A and B) compared to pHIN1 (Figure 3C and D) virus
replication. Treatment of virus and cells with ribavirin, which is a
guanosine analogue and inhibits viral RNA synthesis, resulted in
no significant inhibition on influenza virus replication (Figure 3).
These data demonstrate that the pure Z-isomers of rubrolids R 1
and S 2 are able to inhibit the influenza virus replication of H3
and H1 subtypes more efficiently than the E/Z-mixtures.
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Figure 3. Antiviral effect of rubrolide R 1 and S 2 on influenza virus replication.
MDCK cells were infected with either H3N2 (A and B) or pH1IN1 (C and D)
influenza viruses and co-treated with either an E/Z-mixture (rubrolide R 1: 1:9
E/Z; rubrolide S 2: 1:4 E/Z) (A and C) or the pure Z-isomer (B and D) of
rubrolide R 1 and S 2.

Furthermore, the pure rubrolide R 1 and S 2 were tested for their
antibacterial activity against type strains of Escherichia coli,
Pseudomonas aeruginosa, Enterococcus faecalis and
Staphylococcus aureus. The preliminary test showed growth
inhibition for rubrolide S 2 for the gram-negative E. coli and in
weaker form for P. aeruginosa. This effect could not be
confirmed by agar diffusion nor by serial dilution tests.

Conclusions

The dramatically short and protecting group free syntheses of
the two most recent isolated rubrolides R 1 and S 2 are reported
Over three steps, rubrolide R 1 was obtained in 54% and
rubrolide S 2 in 56% total yield as single Z-isomers starting from
commercially available tetronic acid. Both rubrolides showed
inhibition of virus replication of a seasonal influenza virus
(H3N2) and the pandemic swine influenza (pH1N1) from 2009.

Acknowledgements

We thank Stefanie Thanisch for excellent technical assistance in
generating the virus inhibition experiments.

Keywords: total synthesis ¢ cross coupling * antiviral
compounds ¢ natural products ¢ aldol reaction

[1] S. Miao, R.J. Andersen, J. Org. Chem. 1991, 56, 6275-6280.

[2] M. J. Ortega, E. Zubia, J. M. Ocafia, S. Naranjo, J. Salva, Tetrahedron
2000, 56, 3963—-3967.

[3] A. N. Pearce, E. W. Chia, M. V. Berridge, E. W. Maas, M. J. Page, V. L.
Webb, J. L. Harper, B. R. Copp, J. Nat. Prod. 2007, 70, 111-113.

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry

4

(3]

el

[

8l

[0
[20]

[11]

W. Wang, H. Kim, S.-J. Nam, B. J. Rho, H. Kang, J. Nat. Prod. 2012,
75, 2049-2054.

D. Smitha, M. M. Kumar, H. Ramana, D. V. Rao, Nat. Prod. Res. 2014,
28, 12-17.

J. Sikorska, S. Parker-Nance, M. T. Davies-Coleman, O. B. Vining, A. E.
Sikora, K. L. McPhail, J. Nat. Prod., 2012, 75, 1824-1827.

T. Zhu, Z. Chen, P. Liu, Y. Wang, Z. Xin, W. Zhu, J. Antibiot. 2014, 67,
315-318.

S. Manzanaro, J. Salva, J. A. de la Fuente, J. Nat. Prod. 2006, 69,
1485-1487.

K. Damodar, J.-K. Kim, J.-G. Jun, Tetrahedron Lett. 2017, 58, 50-53.
a) R. W. Hoffmann, Synthesis 2006, 21, 3531-3541; b) I. S. Young, P.
S. Baran, Nat. Chem. 2009, 1, 193-205.

a) M. Kotora, E.-I. Negishi, Synthesis 1997, 121-128; b) D. Prim, A.
Fuss, G. Kirsch, A. M. S. Silva, J. Chem. Soc., Perkin Trans. 2 1999,
1175-1180; c) A. Kar, N. P. Argade, Synthesis 2005, 14, 2284-2286;
d) S. P. Chavan, A. B. Pathak, A. Pandey, U. R. Kalkote, Synth.
Commun. 2007, 37, 4253-4263; e) S. Cacchi, G. Fabrizi, A.
Goggiamani, A. Sferrazza, Synlett 2009, 8, 1277-1280; f) J.
Boukouvalas, L. C. McCann, Tetrahedron Letters 2010, 51, 4636—4639;
g) N. P. Tale, A. V. Shelke, G. B. Tiwari, P. B. Thorat, N. N. Karade,
Helv. Chim. Acta 2012, 95, 852-857; h) J. Wu, Q. Zhu, L. Wang, R.
Fathi, Z. Yang, J. Org. Chem. 2003, 68, 670-673; i) J. Boukouvalas, L.
C. McCann, Tetrahedron Lett. 2010, 51, 4636—-4639.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

10.1002/ejoc.201700158

WILEY-VCH

B. Schmidt, M. Riemer, U. Schilde, Eur. J. Org. Chem. 2015, 7602—
7611.

R. P. Tripathi, S. S. Bisht, V. P. Pandey, S. K. Pandey, S. Singh, S. K.
Sinha, V. Chaturvedi, Med. Chem. Res. 2011, 20, 1515-1522.

R. Grigg, V. Savic, M. Thronton-Pett, Tetrahedron 1997, 53, 10633—
10642.

For synthetic ways towards tetronic acid see: a) T. Momose, N.
Toyooka, Y. Takeuchi, Heterocycles 1986, 24, 1429-1431; b) E.
Wenkert, A. J. Marsaioli, P. D. R Moeller, J. Chromatogr. 1988, 440,
449-453.

a) J. Boukouvalas, N. Lachance, M. Ouellet, M. Trudeau, Tetrahedron
Lett. 1998, 39, 7665-7668; b) F. Bellina, C. Anselmi, R. Rossi,
Tetrahedron Lett. 2002, 43, 2023-2027; c) F. Bellina, C. Anselmi, F.
Martina, R. Rossi, Eur. J. Org. Chem. 2003, 2290-2302; d) M. Karak, J.
A. M. Acosta, L. C. A. Barbosa, J. Boukouvalas, Eur. J. Org. Chem.
2016, 3780-3787.

These data are deposited at The Cambridge Crystallographic Data
Centre and can be obtained via www.ccdc.cam.ac.uk/data_request/cif
(CCDC 1530345).

G. Gabriel, K. Klingel, A. Otte, S. Thiele, B. Hudjetz, G. Arman-Kalcek,
M. Sauter, T. Shmidt, F. Rother, S. Baumgarte, B. Keiner, E. Hartmann,
M. Bader, G. G. Brownlee, E. Fodor, H.-D. Klenk, Nat. Comm. 2011,
18(2):156.

This article is protected by copyright. All rights reserved.


http://www.nature.com/articles/ncomms1158#auth-1
http://www.nature.com/articles/ncomms1158#auth-2
http://www.nature.com/articles/ncomms1158#auth-3
http://www.nature.com/articles/ncomms1158#auth-4
http://www.nature.com/articles/ncomms1158#auth-5
http://www.nature.com/articles/ncomms1158#auth-6
http://www.nature.com/articles/ncomms1158#auth-7
http://www.nature.com/articles/ncomms1158#auth-8
http://www.nature.com/articles/ncomms1158#auth-9
http://www.nature.com/articles/ncomms1158#auth-10
http://www.nature.com/articles/ncomms1158#auth-11
http://www.nature.com/articles/ncomms1158#auth-12
http://www.nature.com/articles/ncomms1158#auth-13
http://www.nature.com/articles/ncomms1158#auth-14
http://www.nature.com/articles/ncomms1158#auth-15

European Journal of Organic Chemistry 10.1002/ejoc.201700158

WILEY-VCH
Entry for the Table of Contents
Layout 1:
COMMUNICATION
Rubrolide R and S are two new Zj)% Natural Product Synthesis
e o . S, 6.3, Bt 3.t
P 9 y B(OH), Vries, S. Bertram, G. Gabriel, P.

against the influenza viruses HIN1
and H3N2. Both natural products
have been synthesised via a
concise, protecting group free, three
step synthesis. The key steps
involve a Suzuki-Miyaura cross-
coupling and a vinylogous Aldol
condensation. Rubrolide S Rubrolide R

Zimmermann, P. Heisig and N.
Schitzenmeister*

Page No. — Page No.

Protecting Group Free Total
Synthesis of Rubrolide R and S

This article is protected by copyright. All rights reserved.



