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A facile carbohydrate-based highly stereoselective synthetic
route has been developed for the cytospolide P (1) from D-
ribose for the first time. Key steps of the synthesis include,

o Wittig homologation, regioselective epoxide ring opening,
Sharpless asymmetric epoxidation, Evans aldol reaction, and
Yamaguchi macrolactonization.

The pharmaceutical industry has been continuously searching for
new biologically active compounds. The main goal of research is
to synthesize the compounds with potential biological
applications particularly for cancer. Macrolides, particularly
lactones with medium-sized rings (8-10 membered) are scarce,
and continued to attract the attention of chemists due to
interesting biological ~properties.! Zhang et al. isolated
o cytospolides A-E,” cytospolides F-Q and decytospolides A-B?
from the endophytic fungus Cytospora sp.. Cytospolides (A-E)
has unprecedented 15-carbon skeleton with unique C-2 methyl
group. These structures were elucidated by spectroscopic
analysis, chemical inter conversion, and X-ray single crystal
diffraction studies. Cytospolide P (Fig. 1) with (2S) configuration
was cytotoxic against A549, QGY, and U973 cell lines. It is
interesting to note that the cytospolide P has different functional
groups (keto at C-3, acetate at C-5 and hydroxy at C-8) when
compared to other cytospolides. The design and synthesis of any
o molecule is sensible by implementing important protocols and
suitable protecting groups to accomplish the target molecule in an
efficient manner. Though, cytospolide P is an interesting
molecule, there has been no report of its successful total
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Fig. 1 Structures of cytopsolide A-D, E, and P (1).
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synthesis. We have long term interest in total synthesis of natural
products® and biologically active heterocyclic compounds,’

40 herein, we report the first stereoselective total synthesis of
cytospolide P starting from D-ribose.

The hypothesized retrosynthetic analysis indicated that
cytospolide P (1) can arise via the Yamaguchi lactonization of
seco acid 3 followed by selective deprotection and oxidation.

45 Seco acid 3 in turn could be accessed from chiral primary alcohol
4 by means of Evans aldol reaction. The chiral primary alcohol 4
could be synthesized by six step sequence from olefin 5 using
Sharpless epoxidation protocol, which in turn could easily be
accessed from commercially available D-ribose. Accordingly, a

so retrosynthetic analysis is delineated in Scheme 1.
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Scheme 1 Retrosynthetic analysis of cytospolide P (1).

Synthesis of olefin 5 (Scheme 2) having two stereo centres

was accomplished from D-ribose in an efficient manner.
ss Acetonide protection of D-ribose followed by reduction with
NaBH,; and oxidation wusing NalO; to furnish 2,3-O-
isopropylidene-L-erythrose 6 in 79% yield. Four carbon Wittig
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homologation of 6 and subsequent hydrogenation with Pd/C led OPMB o) OPMB
to primary alcohol 7.7 The alcohol was treated with TsCl in Ia 2. \M/'\/\/\/U\OB _b, W N"oH
presence of DMAP to yield tosylated compound and subsequent 4 Svom OMOM

acetonide deprotection with p-TsOH in methanol to obtain diol 8 " 12
s in 82% yield. Compound 8 was treated with K,CO;/MeOH?® to
give epoxy alcohol and protection of the secondary alcohol with Ph
PMB-Br led to 9. Initially, we opened the terminal epoxide with OPMB O OPMB O}\O
ally magnesium bromide in the presence of Cul resulted in lower _c_ \M/'\/\A/\ oH 4
yields of product 10. However, on further optimization, we 4 éMOM 4 é)MOM
10 observed the formation of product 10 with CuBr in good yield
(87%).% The resulting secondary alcohol was then protected with 13 14
MOMCI to obtain S.
OPMB  OBn OPMB  OBn
e _f, CHO
Ho' Y S~ —_— Dt OMOM OMOM
OH &<5 0, O 4 15
D-ribose 6 7 Scheme 3 Reagents and conditions: (a) (1) Os, CH,Cl,, =78 °C;
(2) PhsP=CHCO,C,Hs, benzene, r.t, 2 h, 85% over two steps; (b)
150 - DIBAL-H, CH,Cl,, 0 °C-rt, 3 h, 78%; (c) (-)-DIPT, Ti(OiPr),,
c w d W . 4s TBHP, CH,Cl,, —20 °C, 3 h, 87%; (d) (1) Red-Al, THF, 0 °C to
— My — A — r.t, 2 h; (2) PhCH(OMe),, PPTS, CH,CL,, 0 °C, 3 h, 85% over
HO  OH 4 two steps (e) DIBAL-H, CH,Cl,, 20 °C, 2 h, 86%; (f) Dess-
8 9 Martin periodinane, CH,Cl,, 0 °C to r.t., 1 h.
OPMB qPmB iy - ~
f N Initially, the Evans aldol reactions with boron enolate afforded
4% T 4 (.)M oM so aldol adduct 16 in moderate yield (25%, Scheme 4). However,
OH over the past few years it has been reported,' that TiCl, has
10 5 replaced Bu,BOTf. After switching from boron to titanium
- (TiCly) mediated aldol reaction under crimmins conditions'
Scheme 2 Reagents and conditions: (a) (1) Acetone, conc. resulted in the formation of two products 16 (58% yield) and 17

1s HSO,, 1t 2.5 1(1)§ (2) NaBH,, MeOH, 0 °C, 1 h then NalO,, - (22% yield). The required aldol product 16 was confirmed by
BuOH, H,0, 25 OC, 79% over two steps; (b) (1) n-BuPhsPBr, n- spectral analysis and the other product confirmed as 17
BuLi, THF, =78 'C to r.t,, 3 h; (2) Pd/C, H,, EtOH, r.t., 4 h5083% (benzyloxy eliminated product). Next, series of experiments were
over two steps; (c) (1) TsCl, E(ESNs cat. DMAP, CH,Cly, 0 °C to carried out selectively to obtain 16 from 15. We found that the
r.t., 4 h; (2) p-TsOH, MeOOH, 0°Ctor.t,2h, 82% over two steps; mole ratio of TiCl, and reaction time play major role to form
(d)o(l) K,CO3, MeOH, 0 °C, 2 h; (2) PMB-Br, NaH, TBAL THF, (itanium enolate complex to get the desired compound 16 (83%
0 °C to r.t., 4 h, 80% over two steps; (¢) Allyl magnesium yield, >20:1 d.r, see supporting information).

bromide, CuBr, THF, 0 °C, 3 h, 87%; (f) MOMCI, DIPEA,

o
a

2

S

CH,Cl,, 0°Ctor.t., 8 h, 85%. OPMB OB OH O o
a
After successful synthesis of compound S, we focused on " 4 Svom LO

25 creating two other stereo centres (at C-5 and C-2) to obtain seco Br"

acid 3 (Scheme 3-5). Accordingly, ozonolysis’ of terminal olefin 16 25%

5 afforded the corresponding aldehyde and subsequent two OPMB OBnOH O o OPMB OH O o

carbon Wittig homologation lead to o,B-unsaturated ester 11 (E- 15—~ N A, N N

isomer, 85% yield), which was subjected to DIBAL-H reduction 4 (i)M oM ‘.\\/0 4 Smom ‘x\/o
30 resulting allylic alcohol 12. Sharpless asymmetric epoxidation of Bn" Bn"

12 in presence of (—)-diisopropyl tartrate, Ti(OiPr), and TBHP at 16 58% 1722%

—20 °C gave epoxy alcohol 13 in 87% yield.'” Regioselective ring

opening of epoxide 13 in presence of Red-Al obtained 15— 16(83%) + 17 (race)

corresponding 1,3-diol'' and on subsequent protection with Scheme 4 Reagents and conditions: (a) propionyloxazolidinone,

3

&

benzyl dimethoxyl acetal in presence of catalytic amount of PPTS Bu,BOTf, DIPEA, CH,Cl,, -78 °C, 25% yield; (b)
furnished cyclic phenyl acetal 14. The regioselective reductive propionyloxazolidinone (1.0 mmol), TiCl, (1.2 mmol), 5 min., 0
ring opening of the cyclic phenyl acetal 14 with DIBAL-H C, DIPEA, 30 min., NMP, CH,Cl,, —78 °C to 0 °C, 1 h; ()
afforded alcohol 4 in 86% yield.12 In order to generate seco acid propionyloxazolidinone (1.0 mmol), TiCl, (1.0 mmol), 25 min., 0
3, primary alcohol 4 was converted to aldehyde 15 by employing °C, DIPEA, 45 min., NMP, CH,Cl,, —78 °C t0 0 °C, 1 h.

0 Dess-Martin conditions (Scheme 3)."

o

TBS protection of secondary alcohol 16 with TBSOT{/2,6-

70 lutidine afforded 18 (Scheme 5). The PMB protected hydroxyl

derivative 18 was freed by DDQ,'® and the Evans chiral auxiliary

was removed under basic conditions'” (LiOH, H,0,, THF-H,O
(4:1)) to get the seco acid 3 (87% yield over two steps).
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OPMB OBn OTBD O OH OBn OTBS

16 LMN OLMCOQH
4 Smom L 4

Bn\c. OMOM

18 3

Scheme 5 Reagents and conditions: (a) TBSOT{/2,6-lutidine,
CH,Cl,, -78 °C, 2 h, 92%; (b) (1) DDQ, CH,Cl,, 0 °C, 30 min;
(2) LiOH, H,0,, THF/H,0 (4:1), 0 °C, 5 h, 87% over two steps.

Having established all the required four stereogenic centres,
Yamaguchi macrolactonization'® of seco acid 3 resulted 2 in 76%
yield (Scheme 6). With three protecting groups on 2 (benzyl, silyl
and methoxymethyl ether), sequential and selective functional
group interconversions play a major role to obtain the target
molecule. To deprotect these groups delicately, we have planned
for selective debenzylation and desilylation procedures. Using
Pd/C hydrogenolysis method, compound 2 was converted to 19
followed by acylation'® using acetic anhydride to obtain 20. Silyl
ether on 20 was removed by TBAF to obtain the corresponding
alcohol 21. Oxidation of secondary alcohol 21 under Dess Martin
conditions obtained ketone 22, which was purified by

crystallization. Finally, MOM deprotection with BF;Et,0* was
adopted to get the target molecule cytospolide P (1). Physical and
spectral data of compound 1 are identical to those reported in the
literature.’

Scheme 6 Reagents and conditions: (a) 2,4,6-trichlorobenzoyl
chloride, Et;N, THF, 0 °C, 1 h, DMAP, Toluene, 80 °C, 8 h, 76%;
(b) 10% Pd/C, H,, EtOAc, 4 h, 97%; (c) Ac,0, Et;N, CH,Cl,, cat.
DMAP, 0 °C, 2 h, 93%; (d) TBAF, THF, 0 °C to r.t., 5 h, 95%;
(e) Dess-Martin periodinane, CH,Cl,, 0 °C to r.t,, 2 h, 89%; 63)
SMe,, BF5-Et,0, —10 °C, 30 min, 82%.

In summary, the first stereoselective total synthesis of
cytospolide P (1) was accomplished from commercially available
D-ribose. Four stereogenic centres were created by employing
Wittig homologation, regioselective epoxide ring opening,
Sharpless asymmetric epoxidation and Evans aldol reaction.
Finally, Yamaguchi macrolactonization was adopted to
accomplish the target molecule. The obtained product 17 having a
unique C2-C5 carbon skeleton of cytospolide A-E family with
appropriate chirality and functional groups for further studies
towards the synthesis of cytospolides are under investigation.
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TElectronic Supplementary Information (ESI) available: [Experimental
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from the author]. See DOI: 10.1039/6000000x/

+s Acknowledgements

We thank Director, CSIR-IICT and Head, NPC division for their constant
encouragement. We thank Dr. Anthony Addlagatta and Mr. G. Saidachary
CSIR-IICT for useful discussions. BCR thank CSIR, New Delhi for
so financial support as part of XII Five Year plan programme (ORIGIN,
CSC-0108). P.S. thank CSIR, New Delhi, India for research fellowship.

Notes and references

1 (a) G. Driger, A. Kirschning, R. Thiericke and M. Zerlin, Nat. Prod.
Rep., 1996, 13, 365; (b) A. Parenty, X. Moreau, G. Niel and J.-M.
Campagne, Chem. Rev., 2013, 113, 1; (c) L. Shiina, Chem. Rev., 2007,
107, 239; (d) A. Parenty, X. Moreau, and J.-M. Campagne, Chem.
Rev., 2006, 106, 911.

2 (a) S. Lu, T. Kurtan, Y. Genjin, P. Sun, A. Mandi, K. Krohn, S.
Draeger, B. Schulz, Y. Yi, L. Li and W. Zhang, Eur. J. Org. Chem.,
2011, 5452.

3 S. Lu, P. Sun, T. Li, T. Kurtan, A. Mandi, S. Antus, K. Krohn, S.
Draeger, B. Schulz, Y. Yi, L. Li and W. Zhang, J. Org. Chem., 2011,
76, 9699.

4 (a) B. C. Raju, P. Neelakantan and U. T. Bhalerao, Tetrahedron Lett.,
2004, 45, 7487; (b) C. Srinivas, C. N. S. Sai Pavan Kumar, B. C. Raju,
V.J. Rao, V. G. M. Naidu, S. Ramakrishna and P. V. Diwan, Bioorg.
Med. Chem. Lett., 2009, 19, 5915; (c) C. Srinivas, C. N. S. Sai Pavan
Kumar, B. C. Raju and V. J. Rao, Helv. Chim. Acta., 2011, 94, 669.

5 (a) B. C. Raju, G. Saidachary and J. A. Kumar, Tetrahedron, 2012, 68,
6289; (b) B. C. Raju, K. V. Prasad, G. Saidachary and B. Sridhar, Org.
Lett., 2014, 16, 420; (c) J. A. Kumar, G. Saidachary, G. Mallesham, B.
Sridhar, J. Nishant, S. V. Kalivendi, V. J. Rao and B. C. Raju, Eur. J.

Med. Chem., 2013, 65, 389; (d) B. C. Raju, R. N. Rao, P. Suman, P.
Yogeeswari, D. Sriram, T. B. Shaik and S. V. Kalivendi, Bioorg. Med.
Chem. Lett., 2011, 21, 2855; (e) B. C. Raju, A. K. Tiwari, J. A. Kumar,
A.Z. Ali, S. B. Agawane, G. Saidachary and K. Madhusudana,
Bioorg. Med. Chem., 2010, 18, 358; (f) P. Suman, R. N. Rao, B. C.
Raju, D. Sriram, and P. V. Koushik, Med. Chem. Res., 2014, 23, 199.

so 6 (a) B. Kaskar, G. L. Heise, R. S. Michalak and B. R. Vishnuvajjala,

Synthesis, 1990, 1031; (b) T. Hudlicky, H. Luna, J. D. Price, and
F. Rulin, J. Org. Chem., 1990, 55, 4683; (c) T. V. Rajan Babu, W. A.
Nugent, D. F. Taber, and P. J. Fagan, J. 4m. Chem. Soc., 1988, 110,
7128.

7 A. A. Sabino and R. A. Pilli, Tetrahedron Lett., 2002, 43, 2819.

8 (a) Z.-J. Yao and Y.-L. Wu, J. Org. Chem., 1995, 60, 1170; (b) F.
Leon, 1. Brouard, A. Rivera, F. Torres, S. Rubio, J. Quintana, F.
Estevez and J. Bermejo, J. Med. Chem., 2006, 49, 5830.

9 S. Hoppen, S. Baurle and U. Koert, Chem. Eur. J., 2000, 6, 2382.

90 10 (a) T. Katsuki and K. B. Sharpless, J. Am. Chem. Soc., 1980, 102,
5974; (b) Y. Gao, R. M. Hanson, J. M. Klunder, S. Y. Ko, H.
Masamune and K. B. Sharpless, J. Am. Chem. Soc., 1987, 109, 5765.

11 (a) J. M. Finan and Y. Kishi, Tetrahedron Lett., 1982, 23,2719; (b) P.
Ma, V. S. Martin, S. Masamune, K. B. Sharpless and S. M. Viti, J.
Org. Chem., 1982, 47, 1378.

12 (a) S. Takano, M. Akiyama, S. Sato and K. Ogasawara, Chem. Lett.,
1983, 12, 1593; (b) S. L. Schreiber, Z. Wang and G. Schulte,
Tetrahedron Lett., 1988, 29, 4085.

13 (a) D. B. Dess and J. C. Martin, J. Org. Chem., 1983, 48, 4155; (b) D.
B. Dess and J. C. Martin, J. Am. Chem. Soc., 1991, 113, 7277.

14 (a) D. A. Evans, D. L. Rieger, M. T. Bilodeau and F. Urpi, J. Am.
Chem. Soc., 1990, 113, 1047; (b) M. T. Crimmins and A. L. Choy, J.
Am. Chem. Soc., 1999, 121, 5653; (¢) M. T. Crimmins and K.
Chaudhary, Org. Lett., 2000, 2, 775.

15 (a) M. T. Crimmins and J. She, Synlett, 2004, 8, 1371; (b) M. T.

55

60

65

70

75

100

105

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 3



Organic & Biomolecular Chemistry

Crimmins, B. W. King, E. A. Tabet and K. Chaudhary, J. Org. Chem.,
2001, 66, 894; (c) M. T. Crimmins and P. J. McDougall, Org. Lett.,
2003, 5, 591.
16 (a) Y. Oikawa, T. Yoshioka and O. Yonemitsu, Tetrahedron Lett.,
5 1982, 23, 885; (b) T. Lister and M. V. Perkins, Angew. Chem. Int. Ed.,
2006, 45, 2560.
17 K. C. Nicolaou, W. E. Brenzovich, P. G. Bulger and T. M. Francis,
Org. Biomol. Chem., 2006, 4, 2119.
18 J. Inanaga, K. Hirata, H. Saeki, T. Katsuki and M. Yamaguchi, Bull.
10 Chem. Soc. Jpn., 1979, 52, 1989.
19 C.J. Hollowood, S. V. Ley and S. Yamanoi, Chem. Commun., 2002,
1624.
20 (a) H. Naito, E. Kawahara, K. Maruta, M. Maeda and S. Sasaki, J.
Org. Chem., 1995, 60, 4419; (b) K. Fuji, T. Kawabata and E. Fujita,
15 Chem. Pharm. Bull., 1980, 28, 3662.

4 | Journal Name, [year], [vol], oo—oo This journal is © The Royal Society of Chemistry [year]

Page 4 of 4



