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Two key intermediates of the newly discovered mevalonate-independent pathway for isoprenoid biosynthesis were prepared. Optically pure
2-C-methyl-p-erythritol 4-phosphate and 2,4-cyclodiphosphate were chemically synthesized from p-arabitol using a convenient benzylidene
and tert-butyldimethylsilyl protection of polyhydroxylated intermediates. The new scheme offers a straightforward route to analogues and
labeled forms.

Terpenes, one of the largest groups of natural products, areerythritol 4-phosphate (MERY), the first pathway-specific
assembled from two precursors, dimethylallyl diphosphate intermediate. MEP is then coupled with cytidine triphosphate
(DMAPP) and isopentenyl diphosphate (IPP) by electrophilic (CTP) to produce 4-diphosphocytidyl@methylo-erythritol
elongations, cyclizations, and rearrangements. Since the firs{ CDP-ME,5), which is subsequently phosphorylated to give
identification of the acetate-replacement factor in 1956, the 4-diphosphocytidyl-2=-methylD-erythritol 2-phosphates.
mevalonate pathway was considered to be the universalCyclization of 6 leads to 2c-methylo-erythritol 2,4-
source of these biosynthetic isoprene uhikdowever, the  cyclodiphosphate (MECDFY), previously identified as an
recent discovery of the mevalonate-independent (methyl- Oxidative stress metabolite of gram-negative bacterial para-
erythrlt.ol phosphate, MEP) pathway for |sopren0|d b'F’Syn' (1) Bochar, D. A.; Friesen, J. A.; Stauffacher, C. V.; Rodwell, V. W. In
thesis in bacteria, plant chloroplasts, and algae has triggeredcomprehensie Natural Products Chemistry. Isoprenoids Including Caro-
an intense burst of research actiAtgince the MEP pathway tenoids and Steroid<Cane, D. E., Ed.; Elsevier: Amsterdam, 1999; Vol.
. . . .. 2, pp 15-44.
is absent in animal cells, new opportunities have become (2) (a) Kuzuyama, T.; Seto, Hat. Prod. Rep2003 20, 171-183. (b)
available to develop herbicides and drugs against pathogenidewick, P. M.Nat. Prod. Rep2002 19, 181-222. (c) Sponsel, V. MJ.

. . . Plant Growth Regul2001, 20, 332-345. (d) Rohdich, F.; Kis, K.; Bacher,
bacteria and the malaria parasitélthough many details of A" Eisenreich, W.Curr. Opin. Chem. Biol.2001 5, 535-540. (e)

this novel route are unknown, some intermediates, mecha-(Ef;senrﬁich.aNl.; Rohdich, F.;rIIBacher, Arends Plant Sci2001, 6, 78—8(4.)
. . e Lichtenthaler, H. K.Biochem. Soc. Tran200Q 28, 785-789. (g
nisms, er_12ymes, and genes have been identified (Scheme JRohmer, M.Pure Appl. Chem1999 71, 2279-2284. (h) Lichtenthaler,
Cy = cytidyl).2* H. K. Annu. Re. Plant Physiol. Plant Mol. Biol 1999 50, 47—65. (i)

The initial ketol lik d . b Rohmer, M. InComprehensie Natural Products Chemistry. Isoprenoids
e Initial transketolase-like condensation between Including Carotenoids and SteroidSane, D. E., Ed.; Elsevier: Amsterdam,

glyceraldehyde 3-phosphat&)(and pyruvate Z) forming 1999;( IXol- 2, pp 4h567- 0] Féohmer, MNat. Prodd- Rep1999 16, 565- ’

_ _ _ ; i 574. Eisenreich, W.; Schwarz, M.; Cartayrade, A.; Arigoni, D.; Zenk,
1 de<_))_<y+3 xylulose 5-phosphate3y is _followed by semi M. H.; Bacher, A.Chem. Biol.1998 5, R221-R233. (I) Lichtenthaler, H.
benzilic rearrangement and reduction toCanethyld- K. Fett/Lipid 1998 100, 128-138.
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sites® The last reductive steps leading to IPPdnd DMAPP
(20) via (E)-4-hydroxy-DMAPP B) involving thegcpEand
IytB genes are still a matter of investigation.

merically pure MEP and MECDP, which appears to be read-

ily adaptable to access the cytidine intermediates, to prepara-

tion of various analogues, and to stereoselective labéling.
Literature proceduré%'® were used to prepare 1,3-ben-

zylidenep-threitol (12) from commercially available-arabi-

tol (Scheme 2). The primary hydroxyl group of the diol
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was protected with &rt-butyldimethylsilyl group (TBSCI,
DMAP, EtN, DMF) to give monoethed3. TPAP/NMO
oxidatiort® afforded the key intermediatit. Alternatively,
phase-transfer-promoted Ry@xidation (Ru@/NalO,, CCly,
H.O, BnEgNCI)?! proved to be of similar efficiency with
the advantage of lower cost for the oxidant. The re-
quired & configuration for 2€-methylo-erythritol was
expected to be obtained by nucleophilic additions to the

Efficient synthesis of MEP pathway intermediates, their protectec-erythrulosel4 since highly selective axial attack
labeled forms, and their derivatives is important in the mech- in the reactions of complex metal hydridésnd various

anistic study of these unusual enzymes and for discovery of
specific inhibitors and therapeutic agents. Enzymatic prepa-

rations of phosphatd®” and cyclodiphosphat&®~1° have

(7) Hecht, S.; Wungsintaweekul, J.; Rohdich, F.; Kis, K.; Radykewicz,
T.; Schuhr, C. A,; Eisenreich, W.; Richter, G.; Bacher,JAOrg. Chem.
2001, 66, 7770-7775.

been reported Known chemical Syntheses are either based (8) Ostrovskii, D.; Kharatyan, E.; Malarova, |.; Shipanova, |.; Sibel'dina,

on asymmetric oxidation methods of suitably functionalized "

3-methylbut-2-enyl-1,4-diold 4 or utilize carbohydrate pre-

cursorst>1%\We report a new, versatile approach to enantio-

(3) (a) Dubey, V. S.Curr. Sci. 2002 83, 685-688. (b) Zeidler, J.;
Schwender, J.; Mueller, C.; Lichtenthaler, H.Biochem. Soc. Tran200Q
28, 796-798. (c) Lichtenthaler, H. K.; Zeidler, J.; Schwender, J.; Muller,
C.Z. Naturforsch., C: BioscR00Q 55, 305-313. (d) Jomaa, H.; Wiesner,
J.; Sanderbrand, S.; Altincicek, B.; Weidemeyer, C.; Hintz, Mrpaghova,
I.; Eberl, M.; Zeidler, J.; Lichtenhalter, H. K.; Soldatl, D.; Beck,%&tience
1999 285 1573-1576. (e) Rohmer, MProg. Drug Res1998 50, 135~
154.

(4) (a) Seemann, M.; Tse Sum Bui, B.; Wolff, M.; Tritsch, D.; Campos,
N.; Boronat, A.; Marquet, A.; Rohmer, MAngew. Chem., Int. EQR002
41, 4337-4339. (b) Wolff, M.; Seemann, M.; Grosdemange-Billiard, C.;

Tritsch, D.; Campos, N.; Rodriguez-Concepcion, M.; Boronat, A.; Rohmer,

M. Tetrahedron Lett2002 43, 2555-2559. (c) Hecht, S.; Amslinger, S.;
Jauch, J.; Kis, K.; Trentinaglia, V.; Adam, P.; Eisenreich, W.; Bacher, A,;
Rohdich, FTetrahedron Lett2002 43, 8929-8933. (d) Fox, D. T.; Poulter,
C. D. J. Org. Chem2002 67, 5009-5010. (e) Amslinger, S.; Kis, K.;
Hecht, S.; Adam, P.; Rohdich, F.; Arigoni, D.; Bacher, A.; Eisenreich, W.
J. Org. Chem.2002 67, 4590-4594. (f) Richard, S. B.; Ferrer, J.-L.;
Bowman, M. E.; Lillo, A. M.; Tetzlaff, C. N.; Cane, D. E.; Noel, J. .
Biol. Chem 2002 277, 8667-8672. (g) Querol, J.; Grosdemange-Billiard,
C.; Rohmer, M.; Boronat, A.; Imperial, STetrahedron Lett2002 43,
8265-8268.

(5) (a) Ostrovsky, D.; Diomina, G.; Lysak, E.; Matveeva, E.; Ogrel, O.;
Trutko, S.Arch. Microbiol. 1998 171, 69—72. (b) Ogrel, O. D.; Fegeding,
K. V.; Kharatian, E. F.; Sudarikov, A. B.; Ostrovsky, D. Surr. Microbiol.

1996 32, 225-228. (c) Turner, D.;Santos, H.; Fareleira, P.; Pacheco, P.;

LeGall, Y.; Xavier, A. V.Biochem. J1992 285 387—390.
(6) Kuzuyama, T.; Takahashi, S.; Watanabe, H.; Setoléirahedron
Lett. 1998 39, 4509-4512.

136

.; Shashkov, A.; Tant5|rev CBloFactorleQZ 3 261-264.

(9) Takagi, M.; Kuzuyama, T.; Kaneda, K.; Watanabe, H.; Dairi, T.;
Seto, H.Tetrahedron Lett200Q 41, 3395-3398.

(10) Schuhr, C. A.; Hecht, S; Kis, K.; Eisenreich, W.; Wungsintaweekul,
J.; Bacher, A.; Rohdich, Feur. J. Org. Chem2001, 3221-3226.

(11) Koppisch, A. T.; Blagg, B. S. J.; Poulter, C. Org. Lett.200Q 2,
215-217.

(12) Koppisch, A. T.; Poulter, C. DJ. Org. Chem2002 67, 5416—
5418.

(13) Fontana, AJ. Org. Chem2001, 66, 2506-2508.

(14) Giner, J.-L.; Ferris, W. V., JOrg. Lett.2002 4, 1225-1226.

(15) Kis, K.; Wungsintaweekul, J.; Eisenreich, W.; Zenk, M. H.; Bacher,
A. J. Org. Chem200Q 65, 587-592.

(16) Hoeffler, J.-F.; Pale-Grosdemange, C.; Rohmer,Tiétrahedron
200Q 56, 1485-1489.

(17) A number of singly and multiply labeled forms of MEP and MECDP
(4 and 7) bearing deuterium, tritium, carbon-13, or carbon-14 have been
prepared, mostly by enzymatic methods. See refs 5e, 7, and 10 and the
following: (a) Fellermeier, M.; Kis, K.; Sagner, S.; Maier, U.; Bacher, A.;
Zenk, M. H. Tetrahedron Lett1999 40, 2743-2746. (b) Rohdich, F.;
Schuhr, C. A.; Hecht, S.; Herz, S.; Wungsintaweekul, J.; Eisenreich, W.;
Zenk, M.; Bacher, A.J. Am. Chem. So200Q 122 9571-9574. (c)
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.; Meinhart, H.; Zenk, M. Heur. J. Biochem.
2001, 268 6302-6310.

(18) (a) Haskins, W. T.; Hann, R. M.; Hudson, C.JSAm. Chem. Soc.
1943 65, 1663-1667. (b) Foster, A. B.; Haines, A. H.; Homer, J.; Lehmann,
J.; Thomas, L. FJ. Chem. Soc1961 5005-5011.

(19) Lehmann, J.; Wagenknecht, H.-Barbohydr. Res1995 276 215-

218.

(20) Griffith, W. P.; Ley, S. V.Aldrichimica Actal99Q 23, 13—19.

(21) Morris, P. E. J.; Kiely, D. EJ. Org. Chem1987 52, 1149-1152.

(22) Senda, Y.; Sakurai, H.; Itoh, HBull. Chem. Soc. Jpri999 72,
285-288.
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organometallic reagents with 1,3-dioxan-5-ones is well diammonium salt of MEP4), [a]p +11.3 (c 1.6, HO),
established® 2% In agreement with this precedent, reduction with dry gaseous ammonia.

of 14 with NaBH/MeOH yielded exclusively equatorial Double phosphorylatidi of 18 by the phosphoramidite
alcohol 15. Cleavage of the primary silyl ether gave 1,3- method led to the benzyl-protected diphosplZité¢Scheme
benzylidenes-erythritol (16), the physical data of which  5). Selective debenzylation ¢HPd/C, MeOH—10°C) gave
are similar to those reported for the knownenantio-

mer?8 In like manner, Grignard addition (MeMgBr, 8, _

—78 °C) was accomplished ir=20:1 selectivity, and

silica gel chromatography afforded pure tertiary alcohol Scheme 5
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Cleavage of the TBS protecting group @BlF, THF)

afforded 1,3-benzylidene derivatii® mp 99-100°C, and
subsequent hydrogenolysisAF200 psi, Pd(OHJC, EtOH,  phis-phosphomonoest@?2, which was characterized as its
HCOOH) gave the parents@etrol, 2-C-methyl-b-erythritol tetraammonium saR3. 13C NMR spectra (126 MHz, fD)
(19), that had spectroscopic properties in agreement with of 23 show three-bon#C—31pP coupling at the C-3 methine
those reported by Kis et &. (85.6 ppm, dd3Jec = 10.5,3Jpc = 8.1 Hz). Additional

Selective phosphorylation of the primary hydroxyl group signals indicate the presence of one methyl (C1®.82
of benzylidene dioll8 was effected by lithiation with BuLi  pnpm), five benzylidene (104.68, 129.18, 131.47, 132.68,
(1.2 equiv, THF,—78 °C) and reaction with dibenzyl 139,04 ppm), and one quatermary and two methylene (65.60,
chlorophosphoridate (Scheme 4). The resulting monophos-73 15 78.35 ppm) carbons. TheCmethylerythritol part

of the molecule is represented in th& NMR spectrum (500

I \VHz, D;0) by a singlet (2CHj, 1.45 ppm), an AB pattern

Scheme 4 for the endocyclic methylene (3.92 and 4.13 pphi =
Me OH Me OH 10.8 Hz), and three clearly resolved signals (3.67, 4.00, 4.07
NCH s NOPoanz ! ppm) indicating the POCKCH fragment.
o. 0 (Bm | 00 Pm We found that bisphospha®? is smoothly converted to
E 5 12% L (EtO,Zf cyclic diphosphat@4 under the influence of 1'4&carbonyl-
18 2 diimidazole (anhyd DMSO, room temperature, #hYhe
crude imidazolium salt was exchanged to the ammonium
Me, OH form (Dowex 50WX8-200) and purified by silica gel
NH, X OPOLNH,), chromatography. Thé'P NMR spectrum of the product
83%  On OH displays signals at 15.80 and-11.09 ppm as doublets with
4 81p—31p coupling § = 25 Hz), confirming the presence of

the phosphoryl anhydride linkage. TR NMR spectrum
reflects changes of the FO—C—C dihedral angles by
phate20, mp 86-87 °C, underwent simultaneous hydro- splitting of the C-2 methyl (19.30 ppm, diJpc = 6.4 Hz)
genolysis of the benzyl and benzylidene protecting groups and by disappearance of the strdfig—*'P coupling at C-3
to form the phosphomonoester that was converted to the(80.50 ppm). Final hydrogenolytic removal of the ben-

(23) Kobayashi, Y. M.; Lambrecht, J.; Jochims, J. C.; BurkertCbem. (26) Ghavami, A.; Johnston, B. D.; Pinto, B. M. Org. Chem2001,
Ber. 1978 111, 3442-3459. 66, 2312-2317.

(24) Wu, Y.-D.; Houk, K. N.J. Am. Chem. S0d.987, 109, 908-910. (27) Yu, K.-L.; Fraser-Reid, BTetrahedron Lett1988 29, 979-982.

(25) Carda, M.; Casabo, P.; Gonzales, F.; Rodrigues, S.; Domingo, L.  (28) Schaller, H.; Staab, H. A.; Cramer,Ehem. Ber1961, 94, 1621-
R.; Marco, J. A.Tetrahedron: Asymmetr{997 8, 559-577. 1633.
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zylidene group provided &-methylp-erythritol 2,4-cyclo- tural analogues and labeled forthsf 4, 7, and19 can be

diphosphate®) as the diammonium salt, mp 22222 °C readily devised. These compounds and labeled variants, like

(dec), p]p®® + 1.8 (c 1.00). their mevalonate counterpaffsare certain to find useful
Benzylidene acetaf®3 and24 were also evaluated under applications in research on MEP pathway enzymes and

conditions of acid-catalyzed hydrolysidd NMR kinetic terpene biosynthesis.

experiments in HCOOH/ED demonstrated that cleavage of ]

the benzylidene moiety a23 is approximately two times Acknowledgment. The authors thank R. B. Miles for

faster than that oR4. The diphosphate anhydride @# assistance in obtaining optical rotations and mass spectral

proved to be hydrolytically stable, and besides formation of data and the National Institutes of Health (GM 13956) for
7, no other products were observedfihand3P NMR spec-  financial support.
tra. Thus, the hydrolytic lability of the benzylidene acetals
can be utilized as an alternative method of deprotection.
In conclusion, this straightforward synthesis affords opti-
cally pure phosphate$ and 7 in substantial amounts and
satisfactory yields. The benzylidene protecting group proved
to be stable to nucleophilic and basic conditions; its rigid OL0362562
structure favors cyclic diphosphate formation, and depro- . — . :
tectipns under neutral or weakly acidic conditions avoid facile anézé’%ﬁ?{n%?égx,iﬁ; té'ﬂiﬂ?i;?‘\ﬁﬁfh‘)éf’n‘fcfé‘:s'tzy. I(nb)okr|ga?1r;|gn(,: Gilrlsftry
cyclic phosphate rearrangemett§&chemes to access struc-  Steroid Biochem. Pharmacdl97Q 1, 51-72.

Supporting Information Available: Details of experi-
mental procedures, characterization data, and reproductions
of NMR spectra. This material is available free of charge
via the Internet at http://pubs.acs.org.
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