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Short practical syntheses for five deuterium-labeled deriva-
tives of dimethylallyl diphosphate (DMAPP) useful for

enzymological studies are reported. These include the

preparation of the C1-labeled derivativéy-(1-°H]3-meth-
ylbut-2-enyl diphosphatéR)-[1-°H]1-OPP) and §)-[1-2H]3-
methylbut-2-enyl diphosphaté¢S)-[1°H]1-OPP), the C2-
labeled derivative [2H]3-methylbut-2-enyl diphosphatf2(
2H]1-OPP), and the methyl-labeled derivativel){[4,4,4-
2H3]3-methylbut-2-enyl diphosphatéH)-[4,4,4°H3]1-OPP)
and (2)-[4,4,42H3]3-methyl-but-2-enyl diphosphate(Z)-
[4,4,4°H3]1-OPP).

SCHEME 1. Synthesis of R)- and (S)-[14H]1-OPP2
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(S)-[1-2H]1-OPP (S)-[1-H]1-OH

aKey: (a) LIAIDg, rt, 2 h, 86%; (b) PCC, CkCly, rt, 3 h, 78%; (c)
S-BITIP, BySnH, EtO, —20 °C, 24 h, 70%,; (d) bis-triethylammonium
phosphate (TEAP), CE@CN, CHCN, rt, 15 min, 30%; (e)R-BITIP,
BusSnH, EO, —20 °C, 24 h, 69%.

stereochemistries of these reactions are best studied with
isotopically labeled derivatives of the normal substrates. We
now report short practical routes for the stereoselective synthesis
of deuterated derivatives of DMAPP, which collectively place
labels at each of the carbons bearing hydrogen atoms.

The syntheses oR)-[1-2H]3-methyl-2-butenyl diphosphate
((R)-[1-2H]1-OPP) and (S)-[12H]3-methyl-2-butenyl diphos-
phate ((S)-[12H]1-OPP) are outlined in Scheme 1. BH]3-
Methyl-2-butenal ([12H]3)° was reduced with BITIP catalysts
derived from (S)- and (R)-BINOL and B8&nH to give (R)-
[1-°H]1-OH and(S)-[1°H]1-OPP, respectively. ThéH NMR
spectra of R)- and(S)-[1-2H]1-OH were similar to that reported
for the S enantiomer obtained by a fermenting yeast reduction

Isoprenoid compounds constitute a large diverse class of of [1-2H]3.7 A portion of each alcohol was converted to the

“small molecule” natural products with over 35 000 individual

corresponding Mosher este?.The C1 protons in théH NMR

known metabolites. The vast majority of these compounds are spectra of the diastereomeric esters fri@) and(S)-[1-2H]1-

ultimately derived from two fundamental isoprenoid building
blocks, isopentenyl diphosphate (IPP) and dimethylallyl diphos-
phate (DMAPP,1-OPP). DMAPP is the electrophilic primer
required to initiate the 1'—4 (head-to-tail) chain elongation
reactions for the biosynthesis of polyisoprenoid compounds,

OH and (R)-(—)-Mosher’s chloride were cleanly resolved,
giving peaks at 4.77 and 4.82 ppm, respectively. A comparison
of peak intensities indicated that the enantiomeric ratio§Rpr

and (S)-[12H]1-OH were 96/4 and 94.5/5.5, respectively.
Diphosphate¢R)- and(S)-[1-2H]1-OPP were synthesized from

which are generated by successive alkylations of IPP by a corresponding chiral alcohols by treatment with trichloroaceto-

growing allylic diphosphate cha#® DMAPP is also the

substrate for biosynthesis of monoterpenes with non-head-to-

tail skeleton$and a variety of metabolites where the dimethyl-
allyl moiety is attached to nonisoprenoid fragmehts.

The prenyl-transfer enzymes that catalyze electrophilic alky-
lation reactions with DMAPP are typically highly stereoselec-

nitrile and inorganic phosphatea procedure that does not alter
the absolute stereochemistry of C1.
[2-2H]3-methyl-2-butenyl diphosphate (EM]1-OPP) was
prepared from ethyl acetoaceta® @s shown in Scheme 2.
Deuterium was introduced at the C2 position of fhketoester
by two exchanges with D to give ~96% exchange of the

tive. Because many enzymes do not tolerate substitutions thatywo methylene hydrogens. The labeled keto ester was then

substantially increase the steric bulk of the substrates, the
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SCHEME 2. Synthesis of [22H]1-OH2 SCHEME 3. Synthesis of E)- and (2)-[4,4,4?H3]1-OPP?2
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aKey: (a) DO, rt, 24 h, two times, 92%; (b) NaH, CIPO(OEtELO, ) i OH
0°C, 2 h, 89%; (c) MgCuLi, EtO, —47 °C, 2 h, 93%; (d) DIBAL, E:O, (2)-8 (2)-144,4°H;]4  (2)-14,4,4-7H,]1-OH
—70 0 °C, 3 h, 84%; (e) PBs EtO, 2 h, 81%; (f) tris(tetras-
butylammonium) hydrogen diphosphate, CH, 34%. d
converted to enol phosphd2H]5 followed by treatment with
lithium dimethyl cuprate to giv§2-2H]211 with a?H content of CDy e CD;
93%. The allylic ester was treated with DIBAL to gif@&2H]1- /\/\Opp )\/\CI
OH. The allylic alcohol was converted into the corresponding (E)-[4,4,4-2H;]1-OPP  (Z)-[4,4,4-2H,]7

diphosphate by the well-established two-step halogenation/

phosphorylation procedure for synthesis of allylic diphos-  #Key: (a) PhSH, NaOH, EtOH, rt, 4 h; (b) GBIgBr, Cul, THF, —65
phatesi? °C, 3 h, 81%/87%; (c) LiAlH, EtO, 0°C, 2.5 h, 82%/75%; (d) NCS,

. H.Cl,, DMS, 78%/82%: Tr -buty! ium) h
Syntheses of H)-[4-2Hs]3-methyl-2-butenyl diphosphate (Cj:ip?\%szbhates(’:hc?\ldgo%o/’&%(g. ris(tetra-butylammonium) hydrogen

((E)-[4,4,42H3]1-OPP) and (3-[4-?H3]3-methyl-2-buteny! diphos-

phate((Z)-[4,4,4?H3]1-OPP) are shown in Scheme 3. Although  and oven-dried 4 A molecular sieves (8 g) in ether was heated at
both compounds have been prepared previotfsiythe route reflux for 1 h. The solution was cooled to room temperature, and
we report is an efficient divergent synthesis that yields both [1-?H]3 (1.02 g, 12 mmol) was added. The mixture was stirred for
stereoisomers. Benzenethiol was added to acetyleniczgper 5 min and cooled to-78 °C before BySnH (4.19 g, 14.4 mmol)
give a 95% yield of a~3:1 mixture of(E)- and ()-8, which was added. The mixture was stirred for 10 min and then placed in

; _a —20 °C freezer for 24 h. The usual workup and flash
were readily separated by column chromatography. The geom chromatography on silica gel with 3% ether in pentane g#je

etries of(E)- and (Z)-8were assigned from the chemical shift P o 04000 211\ 1

of the methyi® and olefinic proton4® In the'H NMR spectrum E%:Dl-gé)%H1%S7a(goI§JS)e 515_'7?'(50';,3_'? (47.2(? ‘(9d9£ 2 )é :zNg/IHFi
of the major isome(E)-8, the olefinic proton and methyl protons 5 49 (d,J = 7.2 Hz, 1H):33C NMR (CDCk) 6 18.0, 25.9, 59.2,
gave peaks at 5.26 and 2.43 ppm, respectively.(Ep8, the 123.7, 136.7; mass spectrumiz (rel intensity) 87 (28), 72 (100),
corresponding resonances were observed at 5.85 and 1.81 ppng4 (20), 49 (25), 42 (23); HRMS (El) calcd forsBs?HO (M*)
respectively. Treatment of the isomeric thioenol ethers with-CD  87.0793, found 87.0796.

MgBr in the presence of Cul gave the corresponding- Following the same procedure witR)BINOL gave(S)-[1-*H]1-
unsaturated esters. Treatmen{Bf- and(Z)-[4,4,42H3]4 with OH7 as a colorless oil: 0.72 g (69% yiel&;99% *H); 'H NMR
LAH gave allylic alcohols(E)- and (2)-[4,4,42H3]1-OH, (C,O%C('é) Jé _1§72 (ni’z 3;‘&)%-122 Sm%“?&éé& (ad';; 8-925H31 ég')i
respectively. The corresponding diphosphates were prepared b){rl’23.7’ i36.6; mass speétruniz(rel intensity) 87 (2’9)’ 75 (100)”

halogenation/phosphorylaticf. . 54 (18), 42 (23); HRMS (EI) calcd for 12HO (M*) 87.0793,
In summary, we report short practical syntheses for five ¢,,nq4 87.0799.

labeled derivatives of DMAPP where deuterium is stereospe-  Ethy| [2-2H]3-Methyl-2-butenoate ([22H]2). To a solution of
cifically incorporated at specific protonated carbons in the |ithjum dimethylcuprate (40 mmol, 2 equiv) in ether, coolecHé7

molecule. °C, was added enol phosphd2e?H]5 (5.3 g, 20.0 mmol), and the
mixture was stirred at-47 °C. After 2 h, the mixture was poured
Experimental Section into an ice-cold mixture of 50% aqueous {E and concd Niz
OH (5:1) and the aqueous phase was extracted with ethyl ether.
(R)- and (S)- [1#H]3-Methyl-2-buten-1-ol ((R)- and (S)-[1- The combined ether extracts were washed with brine, dried over

2H]1-OH). A mixture of (S)-BINOL (1.14 g, 4.0 mmol), Ti(O-  MgSQ,, and concentrated. Flash chromatography on silica ge}{CH
'Pr), (1.2 mL, 1.2 mmol), CECOOH (1.2 mL of 0.5 M in CHCI,),
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Cl,) gave 2.13 g (93% yield, 93%) of a colorless oil:'"H NMR Following the same procedure, 3.00 g (0.014 molj2)f8 gave
(CDCls) 6 1.27 (t,J = 7.2 Hz, 3H,), 1.88 (s, 3H), 2.16 (s, 3H),  (Z)-[4,4,42H3]4 as a colorless oil: 1.54 g (87% yield 99%2Hy);
4.13 (2H, q,J = 7.2 Hz); 3C NMR (CDCk) 6 14.5, 20.3, 27.5, 14 NMR415(CDCl) 6 1.28 (t,J = 7.2 Hz, 3H), 1.89 (dJ = 1.0
59.6, 116.3, 156.5, 166.9; mass spectmniz (rel intensity) 129 Hz, 3H), 4.15 (tJ = 7.2 Hz, 2H), 5.68 (dJ = 1 Hz, 1H);13C
(4), 72 (18), 57 (16), 43 (100); HRMS (EI) caled forid,?HO; NMR (CDCl) 8 14.5, 27.5, 59.6, 116.4, 156.7, 166.9: HRMS (CI)

(M*) 129.0899, found 129.0920. N 2
Ethyl (E)- and (2)-[4-*H<]3-Methyl-2-butenoate (€)- and (2)- [M + 1]* calcd for GHs?H30, 132.1100, found 132.1107.

[4,4,42H3]4). To a stirred suspension of Cul (5.1 g, 0.03 mol) in
i‘:]rye-trh"é'; e}At\ngth% Vﬁiﬂ?ﬁ%ﬁ%ﬁ:égwigf #] i'r\:l A %gzg‘og Acknowledgment. This study was supported by NIH Grant

S : ; No. GM 21328.
solution of E-8 (3.00 g, 0.014 mol) in dry THF was added, and
stirring was continued for 3 h. The mixture was then poured into
satd NHCI gnd stirred for 15 m_in at rt. Th_e aqueous layer was
\?V)i(ttf:agg/idN\zlng'IL e\t\r/];tgr-rgr? dct?rmzlnggegrgsgllrcwllgé%lste\?:c;eavr\:SShEd details, characterization data for all compounds (ex¢Bpt and

3 ) ) 1 12 _ _2 - - 2 1

concentrated in vacuo. The residue was chromatographed over silicd>) [11 H]1310H, [2-*H]2, and (E)- and (? [4.4,47H4]4) and 'H
(9:1 hexane/ether) to give 1.43 g (81% yiekl99% 2Hs) of a antzj °C or 1P spgctra fo(;?)- and(ZS)-[l H]l-OI;L (R)- and(S)-
colorless oil: *H NMR (CDCl) 6 1.27 (t,J = 7.2 Hz, 3H), 2.17  [1-*HI1-OPP, [2-2H]S, [2-2H]2, [2-°H]1-OH, [2-*H]1-OPP, (E)-
(d,J=1.2 Hz, 3H), 4.15 (@) = 7.2 Hz, 2H), 5.67 (dJ = 1.2 Hz, 8, (2)-8, and(E)-[4,4,42H3]4. This material is available free of
1H); 13C NMR (CDCk) ¢ 14.5, 20.3, 59.6, 116.3, 156.6, 166.9; charge via the Internet at http:/pubs.acs.org.
HRMS (CI) [M + 1] caled for GHg?H3;0, 132.1100, found
132.1108. JO052384N
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