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Tamiflu, a neuraminidase inhibitor, is an antiviral medica-
tion used to treat influenza virus in patients who have had
symptoms for less than 2 days. The current key starting
material for the production of Tamiflu is (-)-shikimic acid
(1).' However, limited availability of 1 from natural Chinese
star anise has led to the development of synthetic pathways
to increase the supply of shikimic acid.” Besides its indus-
trial uses, (-)-shikimic acid is a pivotal intermediate in the
biogenetic synthesis pathway of a variety of aromatic natural
products in microorganisms and plants known as the
shikimate pathway.?

In 1983, Masamune and co-workers achieved the first
enantiospecific synthesis of (-)-shikimic acid* based on the
asymmetric Diels-Alder reaction. Since then, substantial syn-
thetic activity has been directed toward (-)-shikimic acid.’ In
2000, Ogasawara and co-workers reported the synthesis of
(-)-shikimic acid from lipase-resolved tricyclic alcohols
employing a palladium mediated elimination reaction as the
key step.® Furthermore, an efficient synthesis of (-)-shikimic
acid from D-ribose was accomplished by Vankar ef al. in
2009.7

In conjunction with our interest in enantioselective Diels-
Alder reactions with furans, we have found that the Diels-
Alder reaction of furans with cationic chiral oxazaborolidinium
catalyst 2 provides 7-oxabicyclo[2.2.1]hept-5-enes with high
endo-selectivity and excellent enantioselectivity (Scheme
1).8 In this paper, we report a method of efficient asymmetric
synthesis of (-)-shikimic acid (1) from a chiral Diels-Alder
adduct 3 between furan and acrylate.

Chiral oxazaborolidinium salts (2; Scheme 1) work as
powerful Lewis acids and have proven to be effective catalysts
for various enantioselective Diels-Alder,” cyanosilylation'%®
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Figure 1. Structure of (-)-Shikimic acid (1) and Tamiflu.

"This paper is dedicated to Professor Eun Lee on the occasion of his ho-
nourable retirement.

Michael addition'®, 1,3-dipolar cycloaddition,''* three com-
ponent coupling'!® and Mukayama aldol'' reactions.

With the readily available catalyst 2, the Diels-Alder
reaction of furan and 2,2,2-trifluoroethyl acrylate at —78 °C
provided chiral adduct 3 in 95% yield with a high endo/exo
ratio (91/9) and in more than 99% ee'? (endo).

After chromatographic separation of the exo isomer,
enantiomerically pure endo 3 was subjected to furan ring-
opening with various bases. However, ring opened alcohol
5a was obtained in very low yield (Scheme 2). Conversion
of the 2,2 2-trifluoroethyl ester to an ethyl ester with weakly
basic ethanolic solvent followed by ring-opening with
LiHMDS gave enantiomerically enriched diene Sb in 75%
overall yield from 3.

To introduce the diol with the correct stereochemistry, the
free hydroxyl group in S5b was protected with a bulky
TBDPS group to afford 6 in 88% yield. Catalytic dihydroxy-
lation of 6 provided the desired diol 7 in 80% yield with
complete stereoselectivity.'* Desilylation of 7 afforded ethyl
shikimate (8a) in 90% yield. Additionally, treatment of
allylic alcohol 5b with osmium tetroxide afforded triol 8 in
70% yield with good stereoselectivity (8a/8b=7/1).

Finally, saponification of 8a following a reported pro-
cedure furnished (-)-shikimic acid (1) in 97% yield. Identity
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Scheme 1. Highly enantioselective Diels-Alder reaction catalyzed
by oxazaborolidinium salt 2.
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Scheme 2. Reagents and conditions (a) K,COs, EtOH, 0°C, 2 h
(99%); (b) LIHMDS, THF -78 °C, 3 h (76%); (c) TBDPSCI, “ProNEt,
DMAP, CH,Cl,, 0°C, 18 h (88%); (d) OsO4 (5 mol %), NMO,
THF/H,0=2/1, 0°C, 4.5h (80%); (e) TBAF, THF, 0°C, 3.5h
(90%); (f) 0sO4 (5 mol %), NMO, THF/H,0=2/1, 0°C, 4.5h
(70%); (g) NaOH, THF/H,O=1/1, rt, 5 h, then Amberlite IR-120
ion-exchange (plus) resin (97%).

of the synthetic material was fully established through com-
parisons of the "H- and *C-NMR spectra and specific rota-
tions with literature data, [a]?’ =180.0 (¢ 1.3, H,0), (>
99% ee). [lit."* [a]2 =179.7 (c 4, H,0)].

In summary, the total synthesis of (-)-shikimic acid was
accomplished in 43.9% overall yield (via the TBDPS ether)
or 42.5% overall yield (via the allylic alcohol) from com-
mercially available furan and 2,2,2-trifluoroethyl acrylate.

Acknowledgments. This work was supported by grants
NRF-2010-0029698 (Priority Research Centers Program),
NRF-20090076108 (Basic Science Research Program) and
2009-2-012 (Undergraduate Research Program).

12.

14.

Communications to the Editor

References

. (@) Kim, C. U.; Lew, W.; Williams, M. A.; Liu, H.; Zhang, L.;

Swaminathan, S.; Bischofberger, N.; Chen, M. S.; Mendel, D. B.;
Tai, C. Y.; Laver, W. G;; Stevens, R. C. J. Am. Chem. Soc. 1997,
119, 681. (b) Rohloff, J. C.; Kent, K. M.; Postich, M. J.; Becker,
M. W.; Chapman, H. H.; Kelly, D. E.; Lew, W.; Louie, M. S.;
McGee, L. R.; Prisbe, E. J.; Schultze, L. M.; Yu, R. H.; Zhang, L.
J. Org. Chem. 1998, 63, 4545. (c) Abrecht, S.; Harrington, P.;
Iding, H.; Karpf, M.; Trussardi, R.; Wirz, B.; Zutter, U. Chimia
2004, 58, 621.

. Farina, V.; Brow, J. D. Angew. Chem. Int. Ed. 2006, 45, 7330.
. (a) U.S. Environmental Protection Agency. Technical Factsheet

on: GLYPHOSATE, 2006. (b) Sikorski, J. Acc. Chem. Res. 1997,
30, 2. (c) Roberts, F.; Roberts, C. W.; Johnson, J. J.; Kyle, D. E.;
Krell, T.; Coggins, J. R.; Coombs, G. H.; Milhous, W. K.; Tzipori,
S.; Ferguson, D. J. P.; Chakrabarti, D.; McLeod, R. Nature 1998,
393, 801.

. Masamune, S.; Reed III, L. A.; Davis, J. T.; Choy, W. J. Org.

Chem. 1983, 48, 4441.

. For pertinent reviews on the synthesis of shikimic acid, see: (a)

Campbell, M. M.; Sainsbury, M.; Searle, P. A. Synthesis 1993,
179. (b) Jiang, S.; Singh, G. Tetrahedron 1998, 54, 4697 and
references therein.

. (a) Takeuchi, M.; Taniguchi, T.; Ogasawara, K. Synthesis 2000,

10, 1375. (b) Yoshida, N.; Ogasawara, K. Org. Lett. 2000, 2, 1461.

. Kancharla, P. K.; Doddi, V. R.; Kokatla, H.; Vankar, Y. D.

Tetrahedron Lett. 2009, 50, 6951.

. Ryu, D. H.; Kim, K. H.; Sim, J. Y.; Corey, E. J. Tetrahedron Lett.

2007, 48, 5735.

. () Ryu, D. H.; Corey, E. . J. Am. Chem. Soc. 2003, 125, 6388. (b)

Sim, J. Y.; Hwang, G-S.; Kim, K. H.; Ko, E. M.; Ryu, D. H.
Chem. Commun. 2007, 5064. (c) Lee, M. Y.; Kim, K. H.; Jiang,
S.; Jung, Y. H.; Sim, J. Y.; Hwang, G-S. Ryu, D. H. Tetrahedron
Lett. 2008, 49, 1965. (d) Jin, M. Y.; Hwang, G.-S.; Chae, H. L;
Jung, S. H.; Ryu, D. H. Bull. Korean Chem. Soc. 2010, 31, 727.
(e) Chae, H. I.; Hwang, G.-S.; Jing, M. Y.; Ryu, D. H. Bull. Korean
Chem. Soc. 2010, 31, 1047.

. (@) Ryu, D. H.; Corey, E. J.; J. Am. Chem. Soc. 2004, 126, 8106.

(b) Ryu, D. H.; Corey, E. J. J. Am. Chem. Soc. 2005, 127, 5384. (c)
Liu, D.; Hong, S.; Corey, E. J. J. Am. Chem. Soc. 2006, 128, 8160.

. (a) Gao, L.; Hwang, G--S.; Lee, M. Y.; Ryu, D. H. Chem Commun.

2009, 5460. (b) Senapati, B. K.; Hwang, G.-S.; Lee, S.; Ryu, D. H.
Angew. Chem. Int. Ed. 2009, 48, 4398. (c) Senapati, B. K.; Gao,
L.; Lee, S.; Hwang, G-S.; Ryu, D. H. Org. Lett. 2010, 12, 5088.
The enantioselectivity was determined after hydrogenation with
H, in the presence of 10% Pd/C and GC analysis.

. Other protecting groups such as TBS or Bz groups provided lower

regioselectivities compared to TBDPS group.
Bestmann, H. J.; Heid, H. A. Angew. Chem. Int. Ed. 1971, 10, 336.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


