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Efficient syntheses of the non-mevalonate pathway intermediates 2-C-methylerythritol 4-phosphate (MEP)
and 2-C-methylerythritol 2,4-cyclodiphosphate (ME-2,4-cycloPP), as well as the parent tetrol 2-C-
methylerythritol, in enantiopure form from (2S,4R)-cis-2-phenyl-4-tert-butyldimethylsilyloxy-1,3-dioxan-
5-one are reported. The 2Sconfiguration of theC-methyl group was installed by highly axial-face selective
addition of CH3MgBr (20:1) to the chiral dioxanone carbonyl group. Primary selective mono-
phosphorylation and 2,4-bis-phosphorylation, followed by desilation and hydrogenolysis to the free mono-
and diphosphates, and, in the latter case, cyclization to form the eight-membered phosphoryl anhydride,
afforded MEP and ME-2,4-cycloPP in good yields. The C2 epimeric analogues, 2-C-methylthreitol and
its 4-phosphate, were accessed by LiAlH4 reduction of the cis,cis epoxide of (2S,4R)-4-tert-butyldim-
ethylsilyloxymethyl-5-methylene-2-phenyl-1,3-dioxane, primary-selective phosphorylation, and cleavage
of the silyl, benzylidene, and benzyl protecting groups. Regioselective cleavage of the acetal ring of
1,3-benzylidene 2-C-methylerythritol silyl ether by ozonolysis afforded a 1,2,3-triol 3-monobenzoate
intermediate that was converted to the novel amino sugar, 1-amino-1-deoxy-2-C-methylerythritol.

Introduction

The remarkable structural diversity of isoprenoid natural
products1 originates from the ubiquitous C5 precursors, isopen-
tenyl and dimethylallyl diphosphates (IPP and DMAPP), and
the processing of their downstream, oligomeric forms.2 The
biosynthesis of these isoprene equivalents had been attributed

to the exclusive operation of the acetate-derived mevalonate
pathway3 until definitive contradictions in the labeling patterns
of hopanoid triterpenes produced by bacteria and the ginkgolide
diterpenes elaborated byGinkgo bilobaembryos were inde-
pendently recognized and rationalized.4,5 Subsequent research
in many laboratories led rapidly to the identification of the
intermediates, enzymes, and genes associated with the meva-
lonate-independent or methylerythritol phosphate (MEP) path-
way (Scheme 1) to IPP and DMAPP (7 and8), and considerable
knowledge about their occurrence in different organisms is now

(1) (a)CRC Handbook of Terpenoids: Monoterpenoids; Dev, S., Ed.; Dev,
S.; Narula, A. P. S.; Yadav, J. S.Monoterpenoids; CRC Press: Boca Raton,
FL, 1981; Vols. I and II. Dev, S.; Misra, R.Diterpenoids; CRC Press: Boca
Raton, FL, 1985-1986; Vols. I-IV. Dev, S.; Nagasampagi, B. A.
Triterpenoids; CRC Press: Boca Raton, FL, 1989; Vols. I and II. (b)
Connolly, J. D.; Hill, R. A.Dictionary of Terpenoids; Chapman & Hall:
London, 1991; Vols. 1-3. (c) Glasby, J. S.Encyclopedia of the Terpenoids;
Wiley: Chichester, 1982; Vols. 1 and 2. (d) Buckingham, J.Dictionary of
Natural Products; Chapman and Hall: London, 1994. (e) Connolly, J. D.;
Hill, R. A. Nat. Prod. Rep.2007, 24, 465-486. Hanson, J. R.Nat. Prod.
Rep.2006, 23, 875-885. Fraga, B. M.Nat. Prod. Rep.2006, 23, 943-972
and preceding reviews. (f) Buckingham, J.Dictionary of Natural Products
(on-line web edition); Chapman & Hall/CRC Press: London, 2002.

(2) (a) Cane, D. E., Ed. Isoprenoids Including Carotenoids and Steroids.
In ComprehensiVe Natural Products Chemistry; Barton, D., Nakanishi, K.,
Meth-Cohn, O. Eds.; Elsevier: Amsterdam, 1999; Vol. 2. (b) Dewick, P.
M. Nat. Prod. Rep.2002, 19, 181-222.

(3) Bochar, D. A.; Friesen, J. A.; Staffaucher, C. V.; Rodwell, V. W.
Biosynthesis of Mevalonic Acid from Acetyl-CoA.Isoprenoids including
Carotenoids and Steroids. Cane, D. E., Ed. InComprehensiVe Natural
Products Chemistry; Barton, D., Nakanishi, K., Meth-Cohn, O., Eds.;
Elsevier: Amsterdam, 1999; Vol. 2,
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known.2b,6 The branched chain C5 structure (2) is generated by
the semi-benzilic acid rearrangement catalyzed by MEP synthase
(DXP reductoisomerase), the first committed step in the
pathway. While many of the individual reactions have relevant
chemical and biochemical precedents, the formation of the eight-
membered cyclic anhydride of ME-2,4-cycloPP (5) and its
reductive elimination to (E)-4-hydroxy-DMAPP (6) and the
deoxygenation of the latter to IPP and DMAPP are especially
novel features of the MEP pathway.7

While mammalian cells utilize the mevalonate pathway
exclusively to elaborate essential isoprenoid lipids, many
bacteria are wholly dependent upon the MEP route to generate
vital polyprenyl components. In higher plants, the diverse forms
of terpene natural products arise by concurrent operation of the
mevalonate and MEP routes segregated into cytosolic and
plastidial compartments.8 The realization that the majority of
bacterial human pathogens utilize the MEP pathway to biosyn-

thesize isoprenoid constituents has focused attention on these
unique enzymes as potential targets for novel therapeutic agents.9

A significant example is the malaria parasitePlasmodium
falciparum10 and its effective clinical treatment with fosmido-
mycin, an inhibitor of MEP synthase.11 Similarly the MEP
pathway enzymes are recognized as attractive targets for the
development of selective herbicides likely to be innocuous to
humans.9a,12 The final intermediate in the MEP pathway (E)-
4-hydroxy-3-methylbut-2-en-1-yl diphosphate (6) is the most
potent activator of human Vγ9/Vδ2 T cells known with an EC50

of 0.1 nM.13

Access to MEP pathway intermediates as well as their
structural analogues and labeled forms is clearly essential to
ongoing biochemical investigations and to the development of
new antibiotics and herbicides targeting the constituent enzymes.
While enzymatic methods facilitated by genetic techniques have
been utilized to generate the intermediates and numerous labeled
variants,14 chemical approaches are likely to provide more
general access to structural analogues. Chemical syntheses of
MEP and ME-2,4-cycloPP (3 and 5) have relied upon asym-
metric epoxidation and dihydroxylation methods, albeit with
moderate enantioselectivities,15 and upon carbohydrate deriva-

(4) (a) Rohmer, M.; Knani, M.; Simonin, P.; Sutter, B.; Sahm, H.
Biochem. J.1993, 295, 517-524. (b) Rohmer, M. A. Mevalonate-
independent Route to Isopentenyl Diphosphate. Isoprenoids Including
Carotenoids and Steroids. Cane, D. E., Ed. InComprehensiVe Natural
Products chemistry; Barton, D., Nakanishi, K., Meth-Cohn, O., Eds.;
Elsevier: Amsterdam, 1999; Vol. 2, Chapter 3, pp 45-67. (c) Rohmer, M.
Nat. Prod. Rep.1999, 16, 565-574.

(5) (a) Schwarz, M. K. Ph.D. Dissertation 10951, ETH, Zu¨rich, Swit-
zerland, 1994. (b) Eisenreich, W.; Schwartz, M.; Cartayrade, A.; Arigoni,
D.; Zenk, M. H.; Bacher, A.Chem. Biol.1998, 5, R221-R233. (c) Arigoni,
D.; Schwartz, M. K. Gingkolide Biosynthesis. InIsoprenoids Including
Carotenoids and Steroids. Cane, D. E., Ed. InComprehensiVe Natural
Products Chemistry; Barton, D., Nakanishi, K., Meth-Cohn, O., Eds.;
Elsevier: Amsterdam, 1999; Vol. 2, Chapter 14, pp 367-400.

(6) (a) Lichtenthaler, H. K.Biochem. Soc. Trans.2000, 28, 785-789.
(b) Rohmer, M.Pure Appl. Chem.2003, 75, 375-387.

(7) (a) Seemann, M.; Bui, B. T. S.; Wolff, M.; Tritsch, D.; Campos, N.;
Boronat, A.; Marquet, A.; Rohmer, M.Angew. Chem., Int. Ed.2002, 41,
4337-4339. (b) Rohdich, F.; Zepeck, F.; Adam, P.; Hecht, S.; Kaiser, J.;
Laupitz, R.; Gra¨wert, T.; Amslinger, S.; Eisenreich, W.; Bacher, A.; Arigoni,
D. Proc. Natl. Acad. Sci. U.S.A.2003, 100, 1586-1591. (c) Brandt, W.;
Dessoy, M. A.; Fulhorst, M.; Gao, W.; Zenk, M. H.; Wessjohann, L. A.
ChemBioChem2004, 5, 311-323. (d) Adedeji, D.; Hernandez, H.; Wiesner,
J.; Köhler, U.; Jomaa, H.; Duin, E. C.FEBS Lett.2007, 581, 279-283.

(8) (a) Lichtenthaler, H. K.Fett/Lipid 1998, 100, 128-138. (b) Eisen-
reich, W.; Rohdich, F.; Bacher, A.Trends Plant Sci.2001, 6, 78-84. (c)
Sponcel, V. M.J. Plant Growth Regul. 2002, 20, 332-345.

(9) (a) Rohmer, M.Prog. Drug Res.1998, 50, 135-154. (b) Testa, C.
A.; Brown, M. J. Curr. Pharm. Biotechnol.2003, 4, 248-259. (c)
Rodrı́guez-Concepcio´n, M. Curr. Pharm. Des.2004, 10, 2391-2400. (d)
Rohdich, F.; Bacher, A.; Eisenreich, W.Bioorg. Chem.2004, 32, 292-
308. (e) Rohdich, F.; Bacher, A.; Eisenreich, W.Biochem. Soc. Trans.2005,
33, 785-791.

(10) (a) Cassera, M. B.; Gozzo, F. C.; D’Alexandri, F. L.; Merino, E.
F.; del Portillo, H. A.; Peres, V. J.; Almeida, I. C.; Eberlin, M. N.;
Wunderlich, G.; Wiesner, J.; Jomaa, H.; Kimura, E. A.; Katzin, A. J.J.
Biol. Chem. 2004, 279, 51749-51759. (b) Jomaa, H.; Wiesner, J.;
Sanderbrand, S.; Altincicek, B.; Weidemeyer, C.; Hintz, M.; Tu¨rbachova,
I.; Eberl, M.; Zeidler, J.; Lichtenthaler, H.; Soldati, D.; Beck, E.Science
1999, 285, 1573-1576. (c) Zeidler, J.; Schwender, J.; Mueller, C.;
Lichtenthaler, H. K.Biochem. Soc. Trans.2000, 28, 796-798.

(11) Missinou, M. A.; Borrmann, S.; Schindler, A.; Issifou, S.; Adegnika,
A. A.; Matsiegui, P.-B.; Binder, R.; Lell, B.; Wiesner, J.; Baranek, T.; Jomaa,
H.; Kremsner, P. G.Lancet2002, 360, 1941-1942.

(12) Lichtenthaler, H. K.; Zeidler, J.; Schwender, J.; Muller, C.Z.
Naturforsch.2000, 55c, 305-313.

(13) Eberl, M.; Hintz, M.; Reichenberg, A.; Kollas, A.-K.; Wiesner, J.;
Jomaa, H.FEBS Lett.2003, 544, 4-10.

(14) (a) Illarinova, V.; Kaiser, J.; Ostrozhenkova, E.; Bacher, A.; Fischer,
M.; Eisenreich, W.; Rohdich, F.J. Org. Chem.2006, 71, 8824-8834. (b)
Gao, W.; Raschke, M.; Alpermann, H.; Zenk, M. H.HelV. Chim. Acta2003,
86, 3568-3577. (c) Schuhr, C. A.; Hecht, S.; Kis, K.; Eisenreich, W.;
Wungsintaweekul, J.; Bacher, A.; Rohdich, F.Eur. J. Org. Chem. 2001,
3221-3226.

(15) (a) Koppisch, A. T.; Blagg, B. S. J.; Poulter, C. D.Org. Lett.2000,
2, 215-217. (b) Fontana, A.J. Org. Chem.2001, 66, 2506-2508. (c)
Koppisch, A. T.; Poulter, C. D.J. Org. Chem.2002, 67, 5416-5418. (d)
Giner, J.-L.; Ferris, W. V., Jr.; Mullins, J. J.J. Org. Chem.2002, 67, 4856-
4859. (e) Giner, J.-L.; Ferris, W. V., Jr.Org. Lett.2002, 4, 1225-1226.
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tives to obtain the correct absolute configuration.16,17Although
homo-DXP,18 several fluoro derivatives,19 and one phosphonate
variant20 of deoxyxylulose phosphate (1) have been reported,
to our knowledge the only MEP analogues reported are homo-
MEP,18b the corresponding phosphonate isostere,21 and trifluo-
romethyl stereoisomers.22

This Article presents a general synthetic approach to enan-
tiopure MEP (2), ME-2,4-cycloPP (5), and various analogues
including homo, nor, epimeric, and deoxy-amino variants from
the chiral dioxanone12.17 2-Phenyl and other 2-substituted
dioxan-5-ones are potentially useful protected forms of 1,3-
dihydroxyacetone. They can be accessed by cyclo-condensation
of tris(hydroxymethyl)methylamine with aldehydes or the
corresponding dimethyl acetals, followed by periodate cleavage
of the resulting 5-(aminomethyl)dioxan-5-ols.23 Dioxanones
have also been prepared by oxidation of the dioxanols with
RuO4

-1/OCl- and the Dess-Martin periodinane.24 The pro-
nounced tendency of these highly reactive cyclic ketones to
undergo addition of Grignard reagents and hydride on the axial
face of the CdO group24b,25 has been attributed to a stereo-
electronic interaction of the incipient C-C bond with theσ*
orbital of the adjacent axial C-H bonds,26 to minimization of
torsional strain,27 and to exterior frontier orbital extension
effects.28 threo-Selective aldol condensations of dioxanone
enolates have been accomplished, despite competing self-
condensation and reduction via hydride transfer from amide
bases.29 Asymmetric alkylations of dioxanones have been
achieved through the corresponding (R)- and (S)-prolinol ether
hydrazones.30

Results and Discussion

Enantiopure (2S,4R)-dioxanone12, a key intermediate in the
present work, was readily prepared from commercially available
D-arabitol in five steps and 50% overall yield (Scheme 2).
Formation of the known 1,3-benzylidene derivative (9) of
D-arabitol was accomplished by direct condensation with
benzaldehyde and anhyd HCl according to a literature proce-
dure.31 Oxidative cleavage of the vicinal diol with NaIO4 in aq
methanol (0°C, 30 min),32,33 filtration of the precipitated salts,
and immediate reduction of the resulting unstable aldehyde in
the filtrate with NaBH4 (0 °C, 1 h) afforded the known 1,3-O-
benzylidene-D-threitol in 76% yield as a crystalline solid having
1H NMR data and mp in accord with the literature.34 Substan-
tially lower yields were observed in similar reductions carried
out in the same way, but without the filtration step.

The primary hydroxyl group of10 was selectively protected
as thet-butyldimethylsilyl (TBS) ether by reaction with 1.25
equiv of the silyl chloride reagent (imidazole, CH2Cl2, 25 °C,
8 h, 92%). Attempts to oxidize dioxanol11 to the dioxanone
by the Swern procedure24b and with pyridinium chlorochromate
and pyridinium dichromate oxidants either failed completely
or afforded unacceptably low yields. Fortunately, oxidation with
10 mol % of tetrapropylammonium perruthenate in the presence
of N-methylmorpholineN-oxide (CH2Cl2, 25 °C, molecular
sieves)35 gave the unstable silyl-protected dioxanone12 in 88%
yield after chromatography on silica gel. Similar oxidation of
cis-1,3-benzylideneglycerol to 2-phenyldioxanone with hy-
pochlorite in the presence of catalytic perruthenate or RuO4 has
been reported.24a The dioxanone could be stored for limited
times in pentane solution at-20 °C. Perhaps the instability of
the dioxanone is associated withâ-elimination of silanol and
dimerization of theR-methylene dioxanone in a manner similar
to the facile Diels-Alder dimerization ofR-methylenecyclo-
hexanone,36 or with facile self-condensation.29

Reaction of the silyl-protected dioxanone12 with CH3MgBr
in ether at-78 °C gave rise to a 20:1 mixture of tertiary alcohol
adducts according to1H NMR integrations of the acetal protons
(Scheme 3). The predominant and more polar isomer obtained
in pure form (80%) by chromatography on silica gel was
assigned to have the axial methyl configuration based on similar

(16) (a) Hoeffler, J.-F.; Pale-Grosdemange, C.; Rohmer, M.Tetrahedron
2000, 56, 1485-1489. (b) Kis, K.; Wungsintaweekul, J.; Eisenreich, W.;
Zenk, M. H.; Bacher, A.J. Org. Chem.2000, 65, 587-592.

(17) Urbansky, M.; Davis, C. E.; Surjan, J. D.; Coates, R. M.Org. Lett.
2004, 6, 135-138.

(18) (a) Phaosiri, C.; Proteau, P. J.Bioorg. Med. Chem. Lett.2004, 14,
5309-5312. (b) Fernandes, R. P. M.; Phaosiri, C.; Proteau, P. J.Arch.
Biochem. Biophys.2005, 444, 159-164.

(19) (a) Bouvet, D.; O’Hagan, D.Tetrahedron1999, 55, 10481-10486.
(b) Wong, A.; Munos, J. W.; Devasthali, V.; Johnson, K. A.; Liu, H.-W.
Org. Lett.2004, 6, 3625-3628. (c) Fox, D. T.; Poulter, C. D.J. Org. Chem.
2005, 70, 1979-1985.

(20) Meyer, O.; Grosdemange-Billard, C.; Tritsch, D.; Rohmer, M.Org.
Biomol. Chem.2003, 1, 4367-4372.

(21) Hirsch, G.; Grosdemange-Billiard, C.; Tritsch, D.; Rohmer, M.
Tetrahedron Lett.2004, 45, 519-521.

(22) Wang, H.; Zhao, X.; Li, Y.; Lu, L.J. Org. Chem.2006, 71, 3278-
3281.

(23) (a) Marei, A. A.; Raphael, R. A.J. Chem. Soc.1960, 886-887. (b)
Vorbrüggen, H.Acta Chem. Scand.1982, B36, 420. (c) Forbes, D. C.; Ene,
D. G.; Doyle, M. P.Synthesis1998, 879-882.

(24) (a) Carlsen, P. H. J.; Sørbye, K.; Ulven, T.; Aasbø, K.Acta Chem.
Scand.1996, 50, 185-187. (b) Carda, M.; Casabo´, P.; Gonza´lez, F.;
Rodrı́guez, S.; Domingo, L. R.; Marco, J. A.Tetrahedron: Asymmetry1997,
8, 559-577.

(25) (a) Kobayashi, Y. M.; Lambrecht, J.; Jochims, J. C.; Burkert, U.
Chem. Ber.1978, 111, 3442-3459. (b) Senda, Y.; Sakurai, H.; Itoh, H.
Bull. Chem. Soc. Jpn.1999, 72, 285-288.

(26) Cieplak, A. S.J. Am. Chem. Soc.1981, 103, 4540-4552.
(27) (a) Cherest, M.; Felkin, H.; Prudent, N.Tetrahedron Lett.1968, 9,

2199-2204. (b) Cherest, M.; Felkin, H.Tetrahedron Lett.1968, 9, 2205-
2208. (c) Anh, N. T.; Eisenstein, O.NouV. J. Chim.1977, 1, 61-70. (d)
Wu, Y.-D.; Houk, K. N.J. Am. Chem. Soc.1987, 109, 908-910.

(28) Kaneno, D.; Zhang, J.; Iwaoka, M.; Tomoda, S.Heteroat. Chem.
2001, 12, 358-368.

(29) Majewski, M.; Gleave, D. M.; Nowak, P.Can. J. Chem.1995, 73,
1616-1626.

(30) (a) Enders, D.; Bockstiegel, B.Synthesis1989, 493-496. (b) Enders,
D.; Jegelka, U.Tetrahedron Lett.1993, 34, 2453-2456.

(31) Haskins, W. T.; Hann, R. M.; Hudson, C. S.J. Am. Chem. Soc.
1943, 65, 1663-1667.

(32) Foster, A. B.; Haines, A. H.; Homer, J.; Lehmann, J.; Thomas, L.
F. J. Chem. Soc.1961, 5005-5011.

(33) Ueno, Y.; Tadano, K.; Ogawa, S.; McLaughlin, J. L.; Alkofahi, A.
Bull. Chem. Soc. Jpn. 1989, 62, 2328-2337.

(34) Lehmann, J.; Wagenknecht, H.-A.Carbohydr. Res.1995, 276, 215-
218.

(35) Griffith, W. P.; Ley, S. V.Aldrichimica Acta1990, 23, 13-19.
(36) Warnhoff, E. W.; Johnson, W. S.J. Am. Chem. Soc. 1953, 75, 496-

497.
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stereoselectivities in addition of alkyl Grignard reagents and
metal hydrides to 2-substituted dioxanones,24b,25,28including ones
bearing silyloxymethyl groups in theR position.24b The con-
sistent bias toward nucleophilic attack on the axial CdO face
of dioxanones in addition of alkyl Grignard reagents provides
a general approach toC-alkylerythritols. Cleavage of the silyl
group in 13 using n-Bu4NF in THF at 0 °C afforded 1,3-
benzylidene 2-C-methylerythritol (15) in 96% yield as a white
solid. Subsequent hydrogenation with 20% Pd(OH)2/C and a
catalytic amount of HCOOH in ethanol under an H2 atmosphere
pressure provided the parent C5 tetrol, 2-C-methylerythritol (16,
ME), in 67% yield, which had physical and spectroscopic
properties in agreement with those reported by Kis et al.16b

Regioselective monophosphorylation37 of 15 (Scheme 4) was
accomplished in 79% yield by lithiation of the primary hydroxyl
with 1.5 equiv ofn-BuLi (hexane-THF, -75 °C) and reaction
with dibenzyl chlorophosphate (prepared from dibenzylphosphite
and N-chlorosuccinamide in benzene). Simultaneous hydro-
genolysis of the primary dibenzyl phosphate and the benzylidene
ring of 17 with 20% Pd(OH)2/C in ethanol under hydrogen at
atmospheric pressure followed by basification with ammonia
in methanol at 0°C provided the ammonium salt of 2-C-
methylerythritol 4-phosphate (2) as a white solid in 75% yield.
The spectral data were identical to those reported in the
literature.16a

The cyclic diphosphate (5) of 2-C-methylerythritol was
obtained by bisphosphosphorylation using the phosphoramidite

method38 and subsequent ring closure to the bicyclic phosphoryl
anhydride (Scheme 4). Reaction of 1,3-diol15 with 3 equiv of
dibenzylN,N-diisopropyl-phosphoramidite (tetrazole, CH3CN,
25 °C, 4 h) followed by in situ oxidation withm-chloroper-
oxybenzoic acid (0°C) provided the corresponding tetrabenzyl
diphosphate (18, 91%). Selective hydrogenolysis of the four
benzyl phosphates in the presence of the benzylidene protecting
group was achieved by exposure to hydrogen and 10% Pd/C in
methanol (1 atm,-10 °C, 1 h), followed by immediate
neutralization (NH3, MeOH) to form the benzylidene-protected
ammonium salt of the 2,4-diphosphate intermediate.

Cyclization of the bis-phosphoric acid form from hydro-
genolysis of18 was effected with 1,1′-carbonyldiimidazole in
anhydrous DMSO (rt, 4 h).39 The resulting imidazole salt of
the cyclic diphosphate was immediately passed through an ion
exchange column (NH4+ form) to convert to the ammonium
salt. Purification by chromatography on silica gel yielded the
diammonium salt of cyclic diphosphate19 in 68% yield over
three steps. The formation of the cyclic phosphoryl anhydride
was evident from the31P NMR spectrum that showed direct
coupling of the nonequivalent phosphorus nuclei. Finally,
hydrogenolysis of the benzylidene group (H2, 20% Pd(OH)2/C,
MeOH, 1 atm, 48 h) in the presence of formic acid generated
the diammonium salt of 2-C-methyl-D-erythritol 2,4-cyclo-
diphosphate (5, ME-2,4-cycloPP) in 97% yield as a white salt,
[R]25

D +1.8° (c ) 1.00).
It seems likely that the rigidifying effect of the benzylidene

ring facilitates formation of the eight-membered ring by
restricting rotation about the C2-C3 bond in the ring and fixing
the exocyclic CH-CH2 and C(CH3)-O bonds in diequatorial
orientations. Furthermore, the mildly acidic conditions of the
final deprotection step and neutral conditions maintained during
purification avoid rearrangement to the 1,2-cyclic monophos-
phate isomer promoted by basic conditions.15e,40It is noteworthy
that the benzylidene ring of19 underwent slow acid-catalyzed
hydrolysis (0.1 and 0.2 M HCO2H in D2O, 25°C, 7.4 days) to
ME-2,4-cycloPP with the phosphoryl anhydride intact, according
to 1H NMR spectra.17 The known acyclicC-methylerythritol
2,4-diphosphate15e was similarly generated for comparison by
hydrolysis of the benzylidene ring of the 2,4-diphosphate
intermediate from hydrogenolysis of18. Thus, the final depro-
tection step could presumably be accomplished by this hydroly-
sis procedure.

The vicinal coupling interactions between the axial H3 proton
(δ 4.59 ppm,J3,4 ) 3.7, 10.1 Hz) and the pseudoaxial and
pseudo-equatorial protons H4a and H4e observed in the1H
NMR spectrum of cyclic diphosphate19 provide evidence for
the anti-periplanar orientation of H3 and H4a, and the existence

(37) Inage, M.; Chaki, H.; Kusumoto, S.; Shiba, T.Chem. Lett.1982,
1281-1284

(38) Yu, K.-L.; Fraser-Reid, B.Tetrahedron Lett.1988, 29, 979-982.
(39) Schaller, H.; Staab, H. A.; Cramer, F.Chem. Ber.1961, 94, 1621-

1633.
(40) Ostrovsky, D. N.; Dyomina, G. R.; Deryabina, Y. I.; Goncharenko,

A. V.; Eberl, M.; Shumaev, K. B.; Shashkov, A. S.Appl. Biochem.
Microbiol. 2003, 39, 497-502.

SCHEME 3

SCHEME 4

FIGURE 1. Depictions of 1,3-benzylidene-2-C-methylerythritol and
2-C-methylerythritol 2,4-cyclodiphosphates in crown conformations (20
and21).
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of the eight-membered ring in a crown conformation (Figure
1, 20). Variable-temperature1H NMR spectra (MeOH:-10,
-30,-50, and-70°C) showed no evidence of line-broadening,
indicating the likelihood that19 exists as a single conformer.
A similar crown conformation (21) of ME-2,4-cycloPP (5) with
pseudoaxial methyl and pseudo-equatorial hydroxyl groups at
C2 and C3 was proposed on the basis of coupling interactions
in the 1H NMR spectrum (4.22,J3,4 ) 3.6, 7.7 Hz) and MM2
calculations.41 The resulting approximate anti-periplanar align-
ment of C2-OPO3 and C3 OH in5 would be favorable for an
anti reductive elimination to form the E double of6.7

The conformationally defined dioxanone12 and its reactive
carbonyl function opened the way to direct synthesis of 5-homo,
5-nor, and 3-epi analogues of MEP as shown in Schemes 5-7.
5-Homo-MEP (22) was obtained in 64% overall yield by the
same four-step reaction sequence used for MEP:42 (a) axial-
face addition of EtMgBr (ether,-78 °C), (b) desilation (Bu4-
NF, THF), (c) primary-selective phosphorylation (n-BuLi,

THF-hexane,-78 °C; ClPO3Bn2 -78 to 25 °C), and (d)
catalytic hydrogenolysis (H2, 10% Pd/C, MeOH, 1 atm,
-10°C, 30 min; H2, 20% Pd(OH)2, MeOH, 1 atm, 24 h). Homo-
MEP was previously generated enzymatically by the action of
a DXP reductoisomerase mutant on homo-DXP, but the
compound was not characterized.18b Homo-MEP is analogous
to homo-mevalonate, the biosynthetic precursor to the Cecropia
juvenile hormones.43 Nor-MEP (D-erythritol-4-phosphate,23)44

was prepared in four steps (11% overall) by analogous reac-
tions: hydride reduction (NaBH4, MeOH, 0°C), desilation (Bu4-
NF, THF), regioselective phosphorylation (ClPO3Bn2, pyr, ca.
19% after partial conversion), and hydrogenolysis (H2, Pd(OH)2/
C, EtOH).

The next target was the C2 epimer of MEP, that is, the
previously unknown 2-C-methyl-D-threitol 4-phosphate (MTP,
30) from the exocyclic cis,cis epoxide (25) as depicted in
Schemes 6 and 7. Wittig methylenation of dioxanone12 with
1 equiv of methylenetriphenylphosphorane (n-BuLi, Ph3PCH3-
Br, THF, -75 °C; rt, -75 °C)45 provided 5-methylene-1,3-
dioxane24 in 82% yield. Epoxidation withm-chloroperoxy-
benzoic acid (4 equiv, CH2Cl2, 4 h, 0°C; 12 h, 25°C) in the
presence of solid NaHCO346 yielded a 2:1 mixture of cis,cis
and cis,trans diastereomers (25 and26) in 73% yield. The two
isomers were readily separated by silica-gel chromatography,
and both were characterized by1H and 13C NMR spectra.
Because epoxidation of the parent 5-methylene-2-phenyl-1,3-
dioxane under similar conditions (m-CPBA, CHCl3) proceeded
with only slight bias (54:46) for oxygen transfer to the axial
face,47 the somewhat enhanced ratio in the case of24 probably
reflects a small torsional interaction between the methylene and
CH2OSi substituents in the transition state leading to the minor
cis,trans epoxide26.

Reduction of the predominant and more polar cis,cis epoxide
25 with LiAlH 4 in THF (1 h, 0°C, 90%) was accompanied by
desilation to give benzylideneC-methylthreitol (27), presumably
as a result of precedented intramolecular hydride transfer from
an oxyaluminum hydride intermediate to silicon.48 The diol
product was clearly different from the major adduct15 formed
in the Grignard reaction with dioxanone12 after desilation
(Scheme 3). A direct correlation was accomplished by LiAlH4

reduction of the minor epoxide to benzylidene 2-C-methyl-
erythritol 15. The 1H NMR spectra of epimers27 and 15 in
benzene-d6 show significant differences. The resonances for the
equatorial CH3 (s, 0.65 ppm) and the adjacent CH2 (ABdd, 3.06
and 3.48,JAB ) 11.3 Hz) and CH (app dd, 3.21) in the former
appear at higher field (∆δ -0.22 to-0.61 ppm) as compared
to the CH3 (s, 1.26), CH2 (ABdd, 3.41 and 3.70,JAB ) 10.5
Hz), and CH (m, 3.67) in the latter.

Hydrogenolysis of the benzylidene ring in27 (H2, 20% Pd-
(OH)2, HCO2H, EtOH, 1 atm, 12 h, 25°C, 98%) gave the known

(41) Turner, D. J.; Santos, H.; Fareleira, P.; Pacheco, I.; LeGall, J.;
Xavier, A. V. Biochem. J.1992, 285, 387-390.

(42) Urbansky, M.; Lagisetti, C.; Poulter, C. D.; Coates, R. M., in
preparation.

(43) Morgan, E. D.Biosynthesis in Insects; Royal Society of Chemis-
try: Oxford, 2004; pp 99-102.

(44) (a) MacDonald, D. L.; Fischer, H. O. L.; Ballou, C. E.J. Am. Chem.
Soc.1956, 78, 3720-3722. (b) Lillo, A. M.; Tetzlaff, C. N.; Sangari, F. J.;
Cane, D. E.Bioorg. Med. Chem. Lett.2003, 13, 737-739.

(45) Acton, E. M.; Goerner, R. N.; Uh, H. S.; Ryan, K. J.; Henry, D.
W.; Cass, C. E.; LePage, G. A.J. Med. Chem.1979, 22, 518-525.

(46) Schneider, A.; Se´quin, U. Tetrahedron1985, 41, 949-953.
(47) Hudec, J.; Huke, J.; Liebeschuetz, J. W.J. Chem. Soc., Perkin Trans.

2 1998, 1129-1138.
(48) (a) Paquette, L. A.; Underiner, T. L.; Gallucci, J. C.J. Org. Chem.

1992, 57, 86-96. (b) de Vries, E. F. J.; Brussee, J.; van der Gen, A.J.
Org. Chem.1994, 59, 7133-7137.
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2-C-methylthreitol28 (Scheme 6).49 Selective mono-phospho-
rylation of the diol was effected by lithiation of27 with 1.2
equiv of n-BuLi and reaction with dibenzyl chlorophosphate
yielding the corresponding mono dibenzyl phosphate29 in 79%
yield (Scheme 7). Hydrogenation (20 mol % Pd(OH)2/C, H2, 1
atm, 12 h, 25°C) followed by treatment with gaseous NH3 gave
2-C-methylthreitol 4-phosphate ammonium salt (30) in 91%
yield as a white powder. 2-C-Methylthreitol (28) has been
previously synthesized both as a single enantiomer49,50aand in
racemic form.50b

Preliminary experiments were carried out to determine
whether the 2,4-cyclic diphosphate of 2-C-methylthreitol could
be prepared by the methods given above for synthesis of ME-
2,4-cycloPP (5). However, reaction of the benzylidene-protected
derivative27with dibenzylN,N-diisopropylphosphoramidite (3
equiv, CH3CN, 0 °C, 5 h) followed by peracid oxidation
afforded the cyclic phosphate31as the major product (ca. 35%),
accompanied by small amounts (ca. 3.5:1 ratio) of the expected
diphosphate32 (eq 1). Interestingly, cyclic phosphate31 was
formed as a single isomer of unknown configuration at
phosphorus. Ring formation seems likely to have occurred by
tetrazole-catalyzed cyclization of the primary phosphite inter-
mediate by displacement of one prochiral benzyloxy substituent.15e

Because peroxide oxidations of phosphites to phosphates are
known to take place with retention,51 the cyclization evidently
produces only one of the two cyclic phosphite stereoisomers
33aor 33b. Although isomer33awith an equatorial benzyloxy
group appears to be sterically less hindered than33b (1,3 diaxial
benzyloxy and methyl groups), the latter would benefit from
anomeric stabilization.52 Hence, there seems to be no basis for
further conjecture about the stereochemistry of cyclic phosphate
31. Also puzzling is the absence of cyclic phosphate in the
reaction of the erythritol isomer15 with the same phosphora-
midite reagent (Scheme 4).

Regioselective cleavage of the benzylidene acetal ofC-
methylerythritol derivatives would open the way to prepare
analogues bearing different substituents at C1 or C3. Access to
a suitable derivative for effecting substitutions at the primary
C1 position was achieved by ozonolysis (eq 2). Deslongchamps
and co-workers originally reported that ozonolysis of bicyclic

4,6-benzylidene derivatives of methylR-D-glucopyranoside 2,3-
dimethyl ether and 2,3-diacetate in CCl4 or acetic acid provided
predominantly the primary 4,6-diol monobenzoates (60:40 and
85:15), whereas the corresponding 2,3-ditosylate gave solely
the secondary 4,6-diol monobenzoate.53

Ozonolysis of the benzylidene ring of13 in ethyl acetate at
-78 °C for 30 min gave rise to a 4:1 mixture favoring the
secondary benzoate isomer34 (eq 2). Other solvents (CCl4, CH2-
Cl2, MeOH) gave lower yields and/or lower selectivities than
ethyl acetate. The isomers were readily separated by chroma-
tography on silica gel (TLCRf ) 0.22 and 0.35, 1:4 EtOAc-
hexane), and the predominant and more polar benzoate (34,
75%) was identified by the appearance of an AB doublet of
doublets for the CH2OH group (δH 3.39 and 3.55,JAB ) 12
Hz) in the1H NMR spectrum. In contrast, the NMR spectrum
of the less polar mono benzoate (35, 20%) exhibited a similar
AB doublet of doublets at much lower field (δH 4.27 and 4.33,
JAB ) 11.7 Hz) for the C1 CH2 bearing the benzoyloxy
substituent.

The regioselective ring opening of the benzylidene acetal to
the presumably more sterically crowded and less stable second-
ary mono-benzoate indicates kinetic control. NMR spectra of
solutions generated by ozonolysis of cyclic acetals, including
one 2-phenyl-1,3-dioxane, in various solvents provided evidence
for hydrotrioxide and hemiortho ester intermediates that de-
composed independently to the corresponding half esters.54

Several similar mechanisms for the ring-opening step in the
acetal oxidations were considered including favorable intramo-
lecular proton transfers from the hydrotrioxide OOOH to the
acetal oxygens and from the hemiortho esters through a water-
bridged cyclic array. Accordingly, it seems reasonable to
propose that the hydrotrioxide and hemiortho ester intermediates
(36 and 37) from benzylidene acetal13 would undergo ring
opening via similar intramolecular proton transfers predomi-
nantly directed to the less sterically hindered acetal oxygen as
illustrated in Scheme 8, thus giving rise mainly to the presum-
ably less stable secondary benzoate34.

(49) Fontana, A.; Messina, R.; Spinella, A.; Cimino, G.Tetrahedron Lett.
2000, 41, 7559-7562.

(50) (a) Sakamoto, I.; Ichimura, K.; Ohrui, H.Biosci. Biotechnol.
Biochem. 2000, 64, 1915-1922. (b) Anthonsen, T.; Hagen, S.; Sallam, M.
A. E. Phytochemistry1980, 19, 2375-2377.

(51) Bentrude, W. G.; Sopchik, A. E.; Gajda, T.J. Am. Chem. Soc.1989,
111, 3981-3987.

(52) Bentrude, W. G.; Hargis, J. H.J. Am. Chem. Soc.1970, 92, 7136-
7144.

(53) Deslongchamps, P.; Moreau, C.; Fre´hel, D.; Chênevert, R.Can. J.
Chem.1975, 53, 1204-1211.

(54) Tuttle, T.; Cerkovnik, J.; Plesnicˇar, B.; Cremer, D.J. Am. Chem.
Soc.2004, 126, 16093-16104.
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Amino sugars and aminocyclitols are important components
of many antibiotics and other biologically active natural
products,55 and considerable literature exists on the synthesis,
reactions, and properties of these carbohydrate derivatives.56 We
decided to undertake the synthesis of the 1-amino analogue of
2-C-methylerythritol by means of silyl benzoate34 (Scheme
9).

Silyl benzoate34 was converted to the primary tosylate.
Subsequent displacement with azide anion (NaN3, DMF, 75°C)
gave azido alcohol38 in 79% yield over two steps. Cleavage
of the silyl protecting group withn-Bu4NF in THF furnished
azido triol mono-benzoate39 resulting from benzoyl migration
to the adjacent primary position. Methanolysis of39 with BaO
in methanol57 at 25 °C gave the azido triol40 (92%), which
was reduced by catalytic hydrogenation (H2, Pd/C, EtOH) to
1-amino-1-deoxy-2-C-methylerythritol (41, 70%).58

Conclusion

Axial-face additions of alkyl Grignard and hydride nucleo-
philes to the chiral dioxanone12 allow for efficient, stereose-
lective syntheses of 2-C-methylerythritol, and the derived
4-phosphate and 2,4-cyclodiphosphate, and their analogues, in
enantiopure form. The versatility of the dioxanone approach is
demonstrated by conversion of12 to the epimeric 2-C-
methylthreitol and its 4-phosphate, and to 1-deoxy-1-amino-2-
C-methylerythritol via SN2 displacement of a C1 tosylate
intermediate. These schemes can be readily adapted to the
synthesis of labeled variants of the MEP pathway intermediates
as well as other functional or structural analogues.

Experimental Section

1,3-Benzylidene-D-erythrulose, 4-(t-Butyldimethylsilyl) Ether
(12). The oxidation procedure reported by Griffith and Ley35 was
followed with some modifications. A suspension of 4 Å molecular

sieves powder (250 mg) in dry CH2Cl2 (25 mL) containing alcohol
11 (500 mg, 1.5 mmol) was stirred and cooled at 0°C. Tetrapro-
pylammonium perruthenate (27 mg, 0.07 mmol) and 4-methylmor-
pholine N-oxide (216 mg, 1.8 mmol) were added as solids. The
suspension was allowed to stir for 30 min at 25°C at which time
TLC indicated the oxidation was complete. The reaction mixture
was diluted with ether (50 mL), and the supernatant liquid was
passed through a silica gel plug (25 g). Elution with ether (50 mL)
and evaporation of the solvent under reduced pressure gave 490
mg of crude oil, purity ca. 96% by NMR analysis. Purification by
chromatography afforded 435 mg (88%) of keto silyl ether12 as
an unstable liquid that was best used soon after purification.
Characterization data: TLCRf 0.45 (20:80 EtOAc:hexane); [R]25

D

-4.75° (c ) 0.99, MeOH);1H NMR (500 MHz, benzene-d6) δ
0.04 (s, 3H), 0.06 (s, 3H), 0.94 (s, 9H), 3.87 (dd, 1H,J ) 17.6, 0.9
Hz), 3.94 (υB ABX, 1H, JAB ) 11.1 Hz,JBX ) 2.6 Hz), 4.00 (υA

ABX, 1H, JAB ) 11.1 Hz,JAX ) 4.3 Hz), 4.05 (m, 1H), 4.20 (dd,
1H, J ) 17.5, 1.3 Hz), 5.42 (s, 1H), 7.11 (app t, 1H,Japp ) 7.7
Hz), 71.9 (app t, 2H,J ) 7.7 Hz), 7.57 (app d, 2H,Japp ) 7.7 Hz);
13C NMR (125 MHz, benzene-d6) δ -5.3, -5.2, 18.5, 26.0, 63.0,
72.7, 84.3, 99.1, 126.7, 129.2, 138.1, 203.9; IRν (neat film) 3360,
3262, 3197, 3080, 3036, 2954, 2930, 2885, 2857, 1726, 1591, 1440,
1255, 1112, 837 cm-1; MS m/z 323.01. Anal. Calcd for C17H26O4-
Si (MW 322.48): C, 63.32; H, 8.13; O, 9.84; Si, 8.71; Found: C,
60.96; H, 8.15.

1,3-Benzylidene-2-C-methyl-D-erythritol, 4-( t-Butyldimethyl-
silyl) Ether (13). A solution of keto silyl ether12 (480 mg, 1.4
mmol) in dry Et2O (25 mL) was stirred and cooled at-78 °C as
MeMgBr (0.59 mL, 1.7 mmol, 3 M in Et2O) was added dropwise
over 2 min. After 45 min, MeOH (1 mL) was added, and the
mixture was stirred for an additional 5 min, after which satd aqueous
NH4Cl (20 mL) was added. The product was extracted with ether
(3 × 40 mL). The combined organic layers were washed with brine
and dried over MgSO4. Evaporation of the solvent under reduced
pressure gave the crude product as a pale yellow oil that was a
∼20:1 mixture of equatorial and axial alcohol isomers based on
the integration values of the acetal protons in the1H NMR spectrum
of the crude product. Purification by flash chromatography (30:70
Et2O:hexane) afforded silyl ether13 (400 mg, 80%) as a colorless
oil: TLC Rf 0.50 (20:80 EtOAc:hexane); [R]25

D +37.8° (c ) 1.0,
MeOH); 1H NMR (500 MHz, benzene-d6) δ -0.04 (s, 3H),-0.03
(s, 3H), 0.87 (s, 9H), 1.46 (s, 3H), 3.02 (s, 1H), 3.65 (d, 1H,J )
10.9 Hz), 3.80 (m, 3H), 3.93 (d, 1H,J ) 10.5 Hz), 5.37 (s, 1H),
7.13 (app t, 1H,Japp ) 7.0 Hz), 7.20 (app t, 2H,Japp ) 7.5 Hz),
7.61 (m, 2H);13C NMR (125 MHz, benzene-d6) δ -5.9, -5.7,
18.0, 20.1, 25.7, 63.3, 66.4, 77.1, 81.4, 101.7, 126.6, 128.2, 128.7,
138.7; IR (neat film)ν 3514, 2954, 2929, 285, 1463, 1385, 1255
cm-1; HRMS (FAB)m/zcalcd for C18H30O4Si (M + 1)+, 339.1993;
found, 339.1991. Data for the minor isomer (14): yield, ca. 20 mg
(ca. 4%); TLCRf 0.54 (20:80 EtOAc:hexane); [R]25

D +8.0° (c )
1.67, MeOH);1H NMR (500 MHz, benzene-d6) δ 0.07 (s, 3H),
0.07 (s, 3H), 0.91 (s, 3H), 0.97 (s, 9H), 3.24 and 3.64 (ABdd, 2H,
J ) 11.4 Hz), 3.54 (dd, 1H,J ) 4.7, 5.7 Hz), 3.83 (app dd, 1H,
Japp ) 5.4, 11.3 Hz), 4.06 (app dd, 1H,Japp ) 4.6, 11.0 Hz), 5.26
(s, 1H), 7.13 (m, 1H), 7.21 (app t, 2H,Japp ) 7.4 Hz), 7.61
(m, 2H); 13C NMR (125 MHz, benzene-d6) δ -5.4, -5.3,
18.3, 19.2, 25.9, 62.6, 66.3, 76.7, 84.5, 101.3, 126.4, 128.2, 128.8,
138.6.

1,3-Benzylidene-2-C-methyl-D-erythritol (15). This desilation
procedure was based on that reported by Fujii et al.59 To a solution
of silyl ether13 (900 mg, 2.1 mmol) in dry THF (5.0 mL) at 0°C
was added Bu4NF (2.9 mL, 2.9 mmol, 1 M in THF). After 15 min,
water (12 mL) was added, and the product was extracted with ether
(3 × 60 mL). The ethereal extracts were combined and dried over
MgSO4. Evaporation of the solvents under reduced pressure and
purification of the crude oil by flash chromatography (70:30 EtOAc:

(55) (a) Weymouth-Wilson, A. C.Nat. Prod. Rep.1997, 14, 99-110.
(b) Bezouska, K.Glycoscience2001, 2, 1325-1431. (c) Nicolaou, K. C.;
Mitchell, H. J.Angew. Chem., Int. Ed.2001, 40, 1576-1624.

(56) (a) Ferrier, R. J. Amino-sugars.Carbohydrate Chemistry Vol. 34;
Specialist Periodical Report; Royal Society of Chemistry: London, 2003;
pp 118-135. (b) Ferrier, R. J.; Blattner, R.; Field, R. A.; Furneaux, R. H.;
Gardiner, J. M.; Hoberg, J. O.; Kartha, K. P. R.; Tilbrook, D. M. G.; Tyler,
P. C.; Wightman, R. H. Alditols and Cyclitols.Carbohydrate Chemistry
Vol. 33; Specialist Periodical Report; Royal Society of Chemistry: London,
2002; pp 223-256 and preceding reviews in this series.

(57) Hsu, D.-S.; Matsumoto, T.; Suzuki, K.Synlett2005, 801-804.
(58) The parent 1-amino-1-deoxy erythritol and the relatedγ-amino acid,

(2R,3S)-4-amino-2,3-dihydroxy-2-methylbutanoic acid, are known. See: (a)
Nechev, L. V.; Zhang, M.; Tsarouhtsis, D.; Tamura, P. J.; Wilkinson, A.
S.; Harris, C. M.; Harris, T. M.Chem. Res. Toxicol. 2001, 14, 379-388.
(b) Garner, P.; Park, J. M.; Rotello, V.Tetrahedron Lett.1985, 26, 3299-
3302.

(59) Fujii, N.; Nakai, K.; Habashita, H.; Hotta, Y.; Tamamura, H.; Otaka,
A.; Ibuka, T.Chem. Pharm. Bull.1994, 42, 2241-2250.
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hexane) afforded 470 mg (80%) of diol15 as a white solid: mp
99-100 °C; TLC Rf 0.42 (100% EtOAc);1H NMR (500 MHz,
pyridine-d5) δ 1.67 (s, 3H), 4.02 (d, 1H,J ) 10.5 Hz), 4.14 (d,
1H, J ) 10.5 Hz), 4.23 (dd, 1H,J ) 11.8, 7.9 Hz), 4.40 (dd, 1H,
J ) 7.8, 2.5 Hz), 4.56 (dd, 1H,J ) 11.8, 1.9 Hz), 5.83 (s, 1H),
6.74 (br s, 2H, OH, exch. D2O), 7.38 (m, 3H), 7.73 (app dd, 2H,
Japp) 7.9, 1.7 Hz);13C NMR (125 MHz, pyridine-d5) δ 20.4, 61.2,
65.3, 78.6, 87.1, 102.3, 127.2, 128.4, 129.0, 139.5;1H NMR (500
MHz, benzene-d6) δ 1.26 (s, 3H, CH3), 1.59 (bs, 1H, OH, D2O
exchange), 1.92 (bs, 1H, OH, exch. D2O), 3.41 and 3.70 (ABdd,
2H, JAB ) 10.5 Hz), 3.53-3.61 (m, 2H), 3.67 (m, 1H), 5.29 (s,
1H), 7.10-7.19 (m, 3H), 7.54 (d, 2H,J ) 7.5 Hz);13C NMR (125
MHz, benzene-d6) δ 19.8, 61.7, 65.9, 77.2, 82.7, 101.8, 126.6, 127.4,
128.9, 138.5; IR (neat film)ν 3356, 2940, 2870, 1456, 1400, 1382,
1264, 1215 cm-1; HRMS (FAB)m/zcalcd for C12H16O4 (M + 1)+,
225.1127; found, 227.1126.

2-C-Methyl-D-erythritol (16). Deprotection of benzylidene acetal
15 (30 mg, 0.13 mmol) was accomplished by hydrogenation (200
psi of H2 for 12 h) using 20% Pd(OH)2/C (15 mg) suspended in
EtOH (0.4 mL) containing HCO2H (2 drops). The heterogeneous
reaction mixture was diluted with MeOH (6 mL) and filtered.
Removal of the solvent under reduced pressure gave 12 mg (67%)
of 16 as a colorless oil: [R]25

D +13.3° (c ) 0.30, H2O, l 0.5 dm);
lit.15 [R]21

D +6.0° (c ) 0.05, H2O), [R]22
D +9.0° (c ) 1.0, H2O),

[R]22
D +7.2° (c ) 0.4, MeOH), [R]22

D +11.2° (c ) 0.57, MeOH);
1H NMR (500 MHz, D2O) δ 1.07 (s, 3H), 3.42 (νB of ABq, 1H, J
) 11.8 Hz), 3.53 (νA of ABq, 1H, J ) 11.8 Hz), 3.54 (d, 1H,J )
11.6 Hz), 3.61 (dd, 1H,J ) 8.7, 2.5 Hz), 3.78 (dd, 1H,J ) 11.5,
2.5 Hz);13C NMR (125 MHz, D2O) δ 20.8, 64.5, 68.8, 76.7, 77.5;
MS CI (methane, 12.1 V ionizing voltage): 137.1 (M+ 1, 3.5%),
102.1 (56%), 101.1 (100%, M- (H2O + OH)), 85.1 (45%), 83.1
(37%), 71.1 (74%), 69.1 (43%), 67.1 (28%). The spectral data
agreed with those reported by Kis et al.16b

1,3-Benzylidene-2-C-methyl-D-erythritol, 4-Dibenzylphos-
phate (17). This phosphorylation was based on the procedure
described by Inage et al.37 A solution of diol15 (135 mg, 0.6 mmol)
in dry THF (5.0 mL) was stirred and cooled at-75 °C as a solution
of 1.6 M n-BuLi in hexane (0.56 mL, 0.9 mmol) was added
dropwise. After 10 min, dibenzyl phosphorochloridate [prepared
from dibenzyl phosphite (236 mg, 0.9 mmol) andN-chlorosucci-
namide (120 mg, 0.5 mmol) in benzene (1.5 mL)]60 was added via
syringe. The resultant suspension was stirred for 10 min at
-75 °C and 15 min at rt. Water (2 mL) and ether (15 mL) were
added, and the organic layer was dried over MgSO4. The solvent
was removed under reduced pressure, and the crude product was
purified by flash chromatography (50:50 EtOAc:hexane). The
monophosphate (17, 230 mg, 79%) was obtained as a white solid:
mp 86-87 °C; TLC Rf 0.55 (70:30 EtOAc:hexane); [R]25

D +27.2°
(c ) 1.0, MeOH);1H NMR (400 MHz, acetone-d6) δ 1.33 (s, 3H),
3.71 and 3.79 (ABdd, 2H,JAB ) 10.7 Hz), 4.0 (dd,J ) 8.6, 1.5
Hz), 4.13 (ddd, 1H,J ) 11.0, 8.2, 1.3 Hz), 4.37 (s, 1H, OH, exch.
D2O), 4.45 (ddd, 1H,J ) 10.9, 6.7, 1.8), 5.03 (app t, 4H,J ) 8.0
Hz), 5.59 (s, 1H), 7.34 (m, 13H), 7.50 (m, 2H);13C NMR (100
MHz, acetone-d6) δ 19.8, 65.1, 67.0, 69.5, 69.6, 78.0, 83.9, 102.1,
127.1, 128.5, 128.7, 129.0, 129.4, 136.9, 137.0, 139.0;31P NMR
(161.9 MHz, acetone-d6) δ 0.39 (s); IR (CCl4) ν 3378, 2971, 1456,
1382, 1260, 1107, 1018. HRMS (FAB) calcd for M+ H of
C26H29O7P, 485.1729; found, 485.1729.

2-C-Methyl-D-erythritol, 4-Phosphate, Diammonium Salt (2).
To a solution of dibenzyl phosphate17 (210 mg, 0.4 mmol) in
ethanol (5.0 mL) was added 20% Pd(OH)2/C (50 mg) under N2.
The resulting heterogeneous mixture was stirred under an H2

atmosphere at rt. After 12 h, the mixture was diluted with MeOH
(12 mL) and filtered, and the filtrate was cooled to 0°C. A slow
stream of NH3 gas was bubbled through the solution for∼2 min.

Removal of the solvent under reduced pressure gave 110 mg (75%)
of the ammonium phosphate (2) as a white solid: [R]25

D +11.3°
(c ) 1.6, H2O); published data for the acid form, lit.61 for enzymatic
product, [R]21

D +6.4 ° (c ) 0.1, H2O); lit.15a for 78% ee, [R]25
D

+6.8° (c ) 0.05, H2O), lit.15b for 72% ee, [R]20
D +13.4° (c ) 0.8,

H2O); lit.15c for 50% ee, [R]20
D + 6.1° (c ) 0.02); 1H NMR (500

MHz, D2O) δ 1.12 (s, 3H), 3.32 and 3.37 (ABdd, 2H,JAB ) 11.8
Hz), 3.74 (dd, 1H,J ) 7.5, 2.1 Hz), 3.8 (m, 1H), 3.98 (m, 1H);
13C NMR (125 MHz, D2O) δ 20.9, 67.6, 76.3, 76.7 (d,J ) 6.8
Hz), 74.0;31P NMR (161.9 MHz, acetone-d6) δ 4.95 (s); negative
ion FAB MS (3:1 DTT-DTE), m/z 215.1 (39%, C5H12O7

P- H). The NMR data agree with the published data for the sodium
salt.16a

1,3-Benzylidene-2-C-methyl-D-erythritol 2,4-Bis(dibenzylphos-
phate) (18). This phosphorylation procedure was based on that
described by Yu and Fraser-Reid.38 A solution of dibenzylN,N-
diisopropylphosphoramidite62 (460 mg, 1.3 mmol) and tetrazole
(140 mg, 2.0 mmol) in CH3CN (4 mL) was allowed to stir for 30
min at rt. A solution of diol15 (100 mg, 0.44 mmol) in CH3CN (2
mL) was added dropwise over 1 min. After 4 h, the reaction mixture
was cooled to 0°C andm-chloroperoxybenzoic acid (solid, 340
mg, 2.0 mmol) was added. The cooling bath was removed, and the
reaction mixture was allowed to stir at rt. After 30 min, the mixture
was diluted with Et2O (40 mL). The ethereal layer was washed
with 10% Na2S2O5 (2 × 15 mL), satd NaHCO3 (15 mL), and brine
(15 mL); dried (MgSO4); and evaporated to give 0.51 g of the crude
phosphate as a white solid. Purification by flash chromatography
(35:65, EtOAc:hexane) gave 300 mg (91%) of diphosphate18 as
a colorless oil: TLCRf 0.55 (50:50 EtOAc:hexane); [R]25

D +16.9°
(c ) 1.0 in MeOH);1H NMR (500 MHz, acetone-d6) δ 1.63 (s,
3H), 4.00 (d, 1H,J ) 10.7 Hz), 4.10 (dt, 1H,J ) 11.1, 8.4 Hz),
4.16 (app dd, 1H,J ) 8.3, 1.6 Hz), 4.27 (d, 1H,J ) 10.5 Hz),
4.40 (ddd, 1H,J ) 11.1, 6.9, 1.7 Hz), 5.00-5.12 (m, 8H), 5.60 (s,
1H), 7.30-7.50 (m, 25H);13C NMR (125 MHz, acetone-d6) δ 18.0,
66.3 (m), 69.62 (m), 69.9 (app d,J ) 4.6 Hz), 75.6 (m), 75.9 (app
d, J ) 6.4 Hz), 81.9 (m), 102.4 (app d,J ) 7.4 Hz), 127.2, 128.7,
128.7, 128.8, 128.9, 129.1,129.1, 129.2, 129.2, 129.3, 129.3, 129.3,
129.8, 137.1 (d,J ) 2.8 Hz), 137.2 (d,J ) 1.8 Hz), 137.2 (d,J )
1.8 Hz), 137.2 (br s), 138.4;31P NMR (202 MHz, acetone-d6) δ
-3.31, 0.83; MS (FAB, 70 eV)m/z (rel intensity %): 745 (100),
655 (17), 467 (20), 361 (23), 279 (17), 181 (62), 133 (22); IR (CCl4)
ν 3037, 2959, 1456, 1284, 1016 cm-1. Anal. Calcd for C40H42O10P2

(744.68): C, 64.51; H, 5.69. Found: C, 64.47; H, 5.67.
1,3-Benzylidene-2-C-methyl-D-erythritol 2,4-Diphosphate,

Ammonium Salt. A suspension of 2,4-bis(dibenzyl) phosphate18
(100 mg, 0.13 mmol) and 10% Pd/C (22 mg) in MeOH (8.5 mL)
was stirred at-10 °C under H2 (1 atm, 0.52 mmol) for 20 min.
The H2 uptake was monitored with a gas burette. The catalyst was
filtered off (celite), and the filtrate was neutralized with satd NH3/
MeOH solution (2 mL) at 0°C. The resultant precipitate was
collected and dissolved in 0.2% NH4HCO3 (5 mL). Lyophilization
afforded the ammonium diphosphate intermediate (59 mg, 97%)
as a flocculent, amorphous solid:1H NMR (500 MHz, D2O) δ
1.62 (s, 3H), 3.84 (m, 1H), 4.09 and 4.30 (ABdd, 2H,JAB ) 10.8
Hz), 4.17 (d, 1H,J ) 8.4 Hz), 4.24 (ddd, 1H,J ) 1.5, 5.8, 11.4
Hz), 5.75 (s, 1H), 7.46-7.48 (m, 3H), 7.55-7.57 (m, 2H);13C
NMR (125 MHz, D2O) δ 19.8, 65.6 (d,J ) 4.6 Hz), 73.1 (d,J )
6.4 Hz), 78.3, 85.6 (dd,J ) 8.1, 10.5 Hz), 104.6, 129.1, 131.4,
132.6, 139.0;31P NMR (202 MHz, D2O) δ -1.43, 3.33; MS (FAB)
m/z 385 (M + 1 - 4NH3).

1,3-Benzylidene-2-C-methyl-D-erythritol 2,4-Cyclodiphos-
phate, Ammonium Salt (19).The 2,4-bis(dibenzyl) phosphate18

(60) Buck, I. M.; Reese, C. B.J. Chem. Soc., Perkin Trans. 11990,
2937-2942.

(61) Kuzuyama, T.; Takahashi, S.; Watanabe, H.; Seto, H.Tetrahedron
Lett. 1998, 39, 4509-4512.

(62) (a) Tanaka, T.; Tamatsukuri, S.; Ikehara, M.Tetrahedron Lett.1986,
27, 199-202. (b) Dreef, C. E.; Tulnman, R. J.; Lefeber, A. W. M.; Elle, C.
J. J.; van der Marel, G. A.; van Boom, J. H.Tetrahedron1991, 47, 4709-
4722.
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(300 mg, 0.4 mmol) in MeOH (22 mL) was hydrogenated (H2, 1
atm,-10 °C, 1 h) using 10% Pd/C catalyst (66 mg). The reaction
mixture was filtered, the filtrate was evaporated under reduced
pressure, and the residue was coevaporated three times with dry
THF (2× 5 mL) to give 1,3-O-benzylidene-2-C-methyl-D-erythritol
2,4-bis(phosphoric acid, mono-ester) as a colorless oil:1H NMR
(500 MHz, THF-d8) δ 1.65 (s, 3H), 3.99 (dd, 1H,J ) 8.1, 10.4
Hz), 4.08 and 4.16 (ABdd, 2H,JAB ) 10.4 Hz), 4.29 (d, 1H,J )
8.1 Hz), 4.60 (dd, 1H,J ) 7.8, 10.4 Hz), 5.59 (s, 1H), 7.28-7.32
(m, 3H), 7.46-7.48 (m, 2H), 8.91 (br, 4H);13C NMR (125 MHz,
THF-d8) δ 18.1, 65.7, 74.9, 76.2, 82.8, 102.5, 117.2, 128.6, 129.3,
139.1;31P NMR (202 MHz, THF-d8) δ -1.44, 2.51. A solution of
the crude bis(monophosphate) in anhydrous DMSO (3 mL) was
added dropwise over 5 min at rt to a stirred solution of 1,1′-
carbonyldiimidazole (81 mg, 0.49 mmol) in DMSO (10 mL).39

Stirring was continued for an additional 4 h after which DMSO
was removed under reduced pressure (0.1 Torr, 40°C). The
yellowish oily residue was dissolved in 0.2% NH4HCO3 (5 mL)
and loaded onto a column of Dowex 50WX8-200 (35 mL,
ammonium form). Elution with 0.2% NH4HCO3 followed by silica
gel chromatography (MeCN:i-PrOH:10%NH4OH 3:3:1, 2:2:1) and
lyophilization afforded 86 mg (62%) of cyclic phosphate19 as a
flocculent white solid: mp 220-222°C (dec); TLCRf 0.2 (MeCN:
i-PrOH:10%NH4OH 2:2:1);1H NMR (500 MHz, D2O) δ 1.75 (s,
3H), 3.98 (νB of ABq, 1H, J ) 10.9 Hz), 4.07 (ddd, 1H,J ) 3.7,
10.1, 11.0 Hz), 4.15-4.22 (m, 2H), 4.59 (dd, 1H,J ) 3.7, 10.1
Hz), 5.76 (s, 1H), 7.45-7.47 (m, 3H), 7.52-7.53 (m, 2H);13C
NMR and DEPT (126 MHz, D2O) δ 19.3 (d,J ) 6.4 Hz), 66.2 (d,
J ) 6.4 Hz, CH2), 76.2 (d,J ) 8.3 Hz, CH2), 77.3 (d,J ) 5.5 Hz,
quat C), 80.5 (CH), 104.7 (CH), 129.0, 131.4, 132.7, 138.7;31P
NMR (202 MHz, D2O) δ -15.80 (d,J ) 25 Hz),-11.09 (d,J )
25 Hz); MS (FAB)m/z384 (M+ 1 - NH3), 367 (M+ 1 - 2NH3).
Anal. Calcd for C12H22N2O9P2‚1.5H2O: C, 33.73; H, 5.90; N, 6.56.
Found: C, 33.63; H, 5.14; N, 6.40.

2-C-Methyl-D-erythritol 2,4-Cyclodiphosphate, Ammonium
Salt (5, ME-2,4-cycloPP).Deprotection of the benzylidene acetal
(19, 160 mg, 0.40 mmol) was accomplished by hydrogenation (H2,
1 atm, 48 h, rt) using 20% Pd(OH)2/C (70 mg) in absolute MeOH
(10 mL) and HCOOH (0.3 mL). The mixture was filtered to remove
the catalyst, the solvent was evaporated under reduced pressure,
and the residue was purified by flash chromatography on silica gel
(MeCN:i-PrOH:1% NH4HCO3 4:2:1). Lyophilization afforded 121
mg (97%) of the ammonium salt of cyclodiphosphate5: TLC Rf

0.14 (MeCN:i-PrOH:1%NH4HCO3 4:2:1); [R]25
D +1.8° (c ) 1.00,

H2O, l ) 0.5 dm);1H NMR (500 MHz, D2O) δ 1.23 (s, 3H), 3.43
and 3.58 (ABq, 2H,J ) 12.4 Hz), 3.91-4.03 (m, 3H);13C NMR
(125 MHz, D2O) δ 18.9, 68.4 (d,J ) 6.4), 69.6, 71.1, 86.6 (d,J )
8.6 Hz); 31P NMR (202 MHz, D2O) δ -14.30 (d,J ) 23 Hz),
-10.22 (d,J ) 23 Hz); MS (FAB)m/z 296 (M + 1 - NH3), 279
(M + 1 - 2NH3). The NMR data are similar to those reported in
the literature.15e,41,63The somewhat greater chemical shifts of the
13C NMR signals above (∆δ +2 to +3 ppm) are attributable to
differences in reference standards and concentrations.

1,3-Benzylidene-2-C-methylthreitol (27). A solution of cis,cis
epoxide25 (250 mg, 0.74 mmol) in dry THF (3.0 mL) was stirred
and cooled at 0°C as LiAlH4 (28 mg, 0.74 mmol) was added in
portions. After 1 h at 0°C, the reaction was quenched with cold
water (2 mL). The resulting solids were filtered through celite, and
the filter cake was washed with ethyl acetate (3× 10 mL). The
filtrate was dried over MgSO4 and evaporated to give the crude

product as oil. Purification by flash chromatography (60:40 ethyl
acetate:hexane) gave 150 mg (90%) of pure 1,3-benzylidene 2-C-
methylthreitol (27) as a white solid: mp 137-138°C; TLC Rf 0.15
(30:70 ethyl acetate:hexane); [R]25

D +16.9° (c ) 1.20, MeOH);
1H NMR (400 MHz, benzene-d6) δ 0.65 (bs, 3H), 1.81 (app dd,
1H, J ) 8.5, 2.5 Hz), 2.94 (s, 1H), 3.06 and 3.48 (ABdd, 2H,J )
11.3 Hz), 3.21 (dd, 1H,J ) 6.6, 3.4 Hz), 3.65-3.77 (m, 2H), 5.15
(s, 1H), 7.12-7.18 (m, 3H), 7.14-7.18 (m, 2H);13C NMR (100
MHz, benzene-d6) δ 18.6, 61.4, 66.5, 76.6, 83.7, 101.5, 126.4, 127.7,
128.8, 128.9; IR (neat film)ν 3477, 2977, 2961, 2875, 1449, 1405,
1376, 1290, 1130 cm-1; HRMS (FAB) m/z calcd for C12H16O4 (M
+ 1)+, 225.1128; found, 225.1126.

1,3-Benzylidene-2-C-methylthreitol, 4-Dibenzylphosphate (29).
A solution of diol 27 (75 mg, 0.33 mmol) in dry THF (3.0 mL)
was stirred and cooled at-75 °C, as 0.31 mL ofn-BuLi (1.6 M in
hexane, 0.5 mmol) was added dropwise. After 10 min, the dibenzyl
phosphorochloridate [prepared from dibenzyl phosphite (131 mg,
0.5 mmol) and N-chlorosuccinamide (67 mg, 0.5 mmol) in
benzene]60 in benzene was added. The resulting solution was stirred
for 10 min at-75 °C and 15 min at 25°C. Water (1 mL) and
ether (25 mL) were added, and the organic layer was dried over
MgSO4. Evaporation of the solvent and purification by flash
chromatography (50:50 EtOAc:hexane) provided 130 mg (80%)
of monodibenzyl phosphate29 as a white solid: mp 99-100 °C;
TLC Rf 0.5 (70:30 ethyl acetate:hexane); [R]25

D +18.7° (c ) 0.8,
MeOH); 1H NMR (500 MHz, benzene-d6) δ 0.68 (bd, 3H,J ) 2.3
Hz), 3.08 (dd, 1H,J ) 11.2, 3.2 Hz), 3.45 (dd, 1H,J ) 11.4, 3.6
Hz), 3.65 (m, 1H), 4.33 (m, 2H), 4.89-4.96 (m, 4H), 5.15 (bs,
1H), 6.97-7.02 (m, 5H), 7.07-7.16 (m, 8H), 7.52 (m, 2H);13C
NMR (125 MHz, benzene-d6) δ 18.6, 65.8, 66.5 (d,J ) 5.5 Hz),
69.1 (d,J ) 5.5 Hz), 69.2 (d,J ) 1.8 Hz), 76.4, 82.4 (d,J ) 6.4
Hz), 101.2, 126.4, 128.1, 128.2, 128.4, 128.6, 128.9, 136.5, 136.6,
138.2;31P NMR (202 MHz, benzene-d6) δ 1.4 (s); IR (neat film)
ν 3414, 3034, 2966, 1497, 1455, 1382, 1275, 1215 cm-1; HRMS
(FAB) m/z calcd for C26H29O7P (M + 1)+, 485.1729; found,
485.1729.

2-C-Methylthreitol 4-Phosphate, Ammonium Salt (30).To a
solution of the dibenzyl phosphate (29, 45 mg, 0.09 mmol) in
ethanol (2 mL) containing HCO2H (1 drop) was added 20% Pd-
(OH)2/C (20 mg). The resulting heterogeneous mixture was allowed
to stir under an H2 atmosphere for 12 h. The mixture was diluted
with MeOH (5 mL) and filtered, and the filtrate was cooled to
0 °C. A slow stream of NH3 gas was bubbled through the solution
for ∼2 min. Evaporation of the solvent under reduced pressure gave
21 mg (91%) of ammonium phosphate30 as a white solid:1H
NMR (500 MHz, D2O) δ 0.96 (s, 3H), 3.35 (s, 2H), 3.56-3.62
(m, 2H), 3.73-3.77 (m, 2H);13C NMR (125 MHz, D2O) δ 19.3,
64.8 (d,J ) 4.6 Hz), 66.3, 74.1 (d,J ) 7.3 Hz), 74.3;31P NMR
(202 MHz, D2O) δ 4.76; negative ion FAB MS:m/z 215.1
(C5H12O7P-H); HRMS (ESI) m/z calcd for (C5H13O7P + H)+,
217.0477; found, 217.0483.

(2R,3S)-4-Amino-3-methylbutane-1,2,3-triol (41).A solution
of azido triol 40 (12.0 mg, 0.07 mmol) in ethanol (1.5 mL)
was stirred under nitrogen as 10% Pd/C (5 mg) was added.
The suspension was allowed to stir under hydrogen for 12 h
at rt. Methanol was added, the solids were removed by filtration
through Celite, and the filter cake was washed thoroughly with
methanol (3× 5 mL). Concentration of the filtrate under reduced
pressure gave 7.1 mg (70%) of amino triol41 as viscous oil:1H
NMR (400 MHz, D2O) δ 1.07 (s, 3H), 2.57 and 2.68 (Abdd, 2H,
JAB ) 13.4 Hz), 3.48-3.56 (m, 2H), 3.76 (dd, 1H,J ) 1.5, 10.5
Hz); 13C NMR (125 MHz, D2O) δ 19.2, 46.6, 61.7, 74.8, 76.4;
HRMS (CI) m/z calcd for C5H13NO3 (M + 1)+, 136.0975; found,
136.0937.

(63) (a) Herz, S.; Wungsintaweekul, J.; Schuhr, C. A.; Hecht, S.; Lu¨ttgen,
H.; Sagner, S.; Fellermeier, M.; Eisenreich, W.; Zenk, M. H.; Bacher, A.;
Rohdich, F. Proc. Natl. Acad. Sci. U.S.A.2000, 97, 2486-2490. (b)
Fellermeier, M.; Raschke, M.; Sagner, S.; Wungsintaweekul, J.; Schuhr,
C. A.; Hecht, S.; Kis, K.; Radykewicz, T.; Adam, P.; Rohdich, F.;
Eisenreich, W.; Bacher, A.; Arigoni, D.; Zenk, M. H.Eur. J. Biochem.
2001, 268, 6302-6310.
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