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Abstract: A synthetic method for R§-mevalonolactonely (8) was developed starting from deuterated
dimethoxyphenylacetone and trimethyl phosphonoacetate. The overall yigldas 33% in seven steps on

a multigram scale. Synthesized mevalonolactdneras applied to biosynthetic studies of the archaeal core
membrane lipid 2,3-dB-phytanylsnglycerol. Mevalonolactoney was highly incorporated into the phytanyl

chains of the archaeal lipid, and the total enrichment was approximated to be as high as 70%. The mevalonate
pathway is clearly responsible for the biosynthesis of the phytanyl chains of the core lipid in the archaeal
membrane. Further, saturation of the geranylgeranyl group to the phytanyl group was shown to take place
through the addition of hydrogen insgnmanner by analyzing the behavior of protium on the heavily deuterated
archaeal lipid by*H NMR spectroscopy.

Introduction /k/\)\/\/]\/\/‘\ﬂ  OH
Archaea (archaebacteria) have been attracting considerable O'j/‘
attention from both biochemical and evolutionary perspectives. )\/\)\/\/l\/\/l\/\o
It has been established that these bacteria are distinct from
prokaryotes and eukaryotes and are now classified in a third

independent domaih.We have been studying the biochemical
characteristics of archaea on a molecular and mechanistic level,,yigeranyl diphosphaté. The stereochemistry of the sites of
including the similarities to or differences from other categories methyl branching in the phytanyl group has been rigorously
of living organisms. The most characteristic feature of archaea getermined on the core lipids of an extreme halophildo-

is found in the chemical structure of its core membrane lipids, pacterium halobiumand a methanogeMethanobacterium

the fundamental structure which segregates and identifies theihermoautotrophicurh. However, the stereochemistry of hy-
bodies of these living cells from the environment. The lipid grogenation (or saturation) has not yet been elucidated. Com-
structure is the most crucial criterion for the classification of arative studies of the biochemistry with other systems such as
archaebacteria. The basic core structure of the archaeakne saturation of the isoprene moiety of vitamins and steroids
membrane is 2,3-dd-phytanylsnglycerol (Figure 1% We jq gifferent organisms are thus intriguing. The stereochemistry
have already looked at the biochemistry of the biosynthesis of of saturation in cholesterol biosynthésisd of enoyl reductase
the glycerol moiety and now have turned our attention to the i, fatty acid biosynthesishas already been elucidated.
hydrophobic group. The hydrophobic aliphatic group is a  The hydrophobic moiety of the core lipid molecule is known
saturated isoprenoid chain presumably derived from gera- 4 contain polyisoprenoids, which may be derived from meva-
lonate® Interestingly, however, Rohmer et al. recently deter-

Figure 1. Structure of 2,3-d@-phytanylsnglycerol, core lipid of the
archaeal membrane.
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the well-known mevalonate pathwéylt seemed worthwhile

to clearly address whether a mevalonate or non-mevalonate
pathway operates in the biosynthesis of archaeal membrane

lipids.

Although various isotopomers of mevalonolactone have been
prepared to dat&,a new approach was necessary for our study,
and an easy and convenient method for the synthesiB®f (
mevalonolactonely was developed. It was anticipated that, if
mevalonate is efficiently incorporated into the archaeal lipids,
the phytanyl group would be highly deuterated, since the
membrane is essential to the growth and proliferation of the
bacterial cells. Using the deuterated lipids, the fate of the
hydrogens could later be traced Byt NMR spectroscopy.

Tritium and/or deuterium as tracers are usually used in this
type of stereochemical analysis to follow the incoming hydro-
gens to a double bond. However, it is also conceivable that
protium can be utilized to track hydrogen, provided the
background protium can be significantly reduced. We show
here an example in which protium can be successfully used to
trace the incoming hydrogens. In faél NMR is used to
analyze the traceride infra. The essential prerequisite for such
studies is the availability of a highly deuterated target metabolite.

Described here are the synthesis Btmevalonolactone-

d, its supplementation to the culture Bifaloarcula japonica
JCM7785, andH NMR analysis of the biosynthesized lipids.
The core lipids ofH. japonicawere proved to be exclusively
composed of d@-phytanylglycerol!

Results and Discussion

Synthesis of Mevalonolactoneds. We recently described
the enantioselective synthesis 8){mevalonolactonely using
chirality control on a carbohydrate templateSince mavalonate
kinases are generally highly enantioselecti¥the deuterated
probe could be a racemate for these biochemical studies.
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Total yield 33%
(7 steps from 1b)

Reagents and conditions: a) 2Hy0, KoCO3,
70°C, quant.; b) 2H,0, KsCO4, 91%; ¢) NaH,
2b, THF, 80%, d) i) LiAIPHy, ether, ii) TBHP,
VO(acac)s, benzene, reflux, 76 %, e) LiA12H4,
THF, 79%, f) Ac0, DMAP, EtgN, CHaCly,
93%, g) RuCls, NalO4, CCly-CHaCN-Ho0, 87
%, h) KoCO3-MeOH, and then H3O*, 85%

smoothly to give esteB as a mixture of geometrical isomers

Therefore, a more convenient and easier synthesis was exploitedE/Z = 3) in 80% yield. The resulting est8was subsequently
for the preparation of such heavily deuterated molecules on areduced with LiAPH,. Under these reduction conditions, the

gram scale.

First, two precursors, (3,4-dimethoxyphenyl)acetdné€lb)
and the phosphonat&-2b,* were prepared by simple treatment
of the nondeuterated precursors wit,O in the presence of
K2CGO; as shown in Scheme 1. The WittigHorner reaction
between the two deuterated precursbbsand 2b proceeded

(8) (a) De Rosa, M.; De Rosa, S.; GambacortaPytochemistryL977,

16, 1909. (b) De Rosa, M.; Gambacorta, A.; NicolausPBytochemistry
198Q 19, 791. (c) Ekiel, I.; Smith, I. C. P.; Sprott, G. D. Bacteriol.1983
156, 316. (d) Ekiel, I.; Sprott, G. D.; Patel, G. B. Bacteriol.1985 162
905. (e) Ekiel, I.; Sprott, G. D.; Smith, I. C. B. Bacteriol. 1986 166,
559. (f) Moldoveanu, N.; Kates, MBiochim. Biophys. Actd 988 960,
164.

(9) (@) Schwender, J.; Seemann, M.; Lichtenthaler, H. K.; Rohmer, M.
Biochem. J1996 316 73. (b) Rohmer, M.; Seemann, M.; Horbach, S.;
Bringer-Meyer, S.; Sahm, Hl. Am. Chem. S0d.996 118 2564.

(10) (a) Isler, O.; Regg, R.; Wusch, J.; Gey, K. F.; Pletscher, Nelv.
Chim. Actal957, 40, 2369. (b) Cornforth, J. W.; Conforth, R. H.; Pelter,
A.; Horning, M. G.; Poj&, G. Tetrahedron1959 5, 311. (c) Gray, W. F;
Deets, G. L.; Cohen, TJ. Org. Chem1968 33, 4532. (d) Scott, A. |;
Phillips, G. T.; Reichardt, P. B.; Sweeny, J. G. Chem. Soc., Chem.
Commun.197Q 1396. (e) Seiler, M.; Acklin, W.; Arigoni, DJ. Chem.
Soc., Chem. Commuib97Q 1394. (f) Cornforth, J. W.; Ross, F. £.Chem.
Soc., Chem. Commuib97Q 1395. (g) Floss, H. G.; Tcheng-Lin, M.; Chang,
C.; Naidoo, B.; Blair, G. E.; Abou-Chaar, C. |.; Cassady, JJVAm. Chem.
S0c.1974 96, 1898. (h) Cane D. E.; Levin, R. H. Am. Chem. S0d.976
98, 1183. (i) Scott A. |.; Shishido, KI. Chem. Soc., Chem. Comm@88Q
400. (j) Hawkins, D. R.; Calvin, MJ. Label. Comput1987, 24, 1229.

(11) Morita, M.; Yamauchi, N.; Eguchi, T.; Kakinuma, KBiosci.
Biotechnol. Biochem1998 62, 596.

(12) Kishida, M.; Yamauchi, N.; Sawada, K.; Ohashi, Y.; Eguchi, T.;
Kakinuma, K.J. Chem. Soc., Perkin Trans, 1997 891.

(13) Reey, J.; Robinson, J. A. IBtereospecificity in Organic Chemistry
and EnzymologyVerlag Chemie: Weinheim, 1982; p 209.

saturated alcoholic product derived from the 1,4-addition of
deuteride and reduction of the ester function was formed along
with the desired allylic alcohol; however, the product mixture
was immediately subjected without purification to the achiral
Sharpless epoxidatiéhwith tert-butyl hydroperoxide and VO-
(acetylacetonatg) The resulting epoxidel was purified to
homogeneity at this stage, and the yield was 76% in two steps.
Further reduction of with LiAl ?H, easily afforded the desired
diol 5. Throughout this method, the donors of deuterium were
the rather less expensivel,0 and LiARH;. Two hydroxyl
groups were then protected as acely standard conditions.
Ruthenium oxidatiotf of 6 proceeded smoothly, and the
carboxylic acid7 was obtained in good yield. Deprotection
and final extraction under acidic conditions afforded the desired
(R9-mevalonolactonely (8) in 33% overall yield in seven steps.
The deuterium contents were estimated'ByNMR to be 93,
96, 99, and 93% at C-2, C-4, C-5, and the methyl group,
respectively. The structure of mevalonolactaizgenas con-
firmed by spectroscopic data and by repetition of the synthesis
using nondeuterated substrate as well.

Feeding to the Culture of Haloarcula japonica and
Isolation of the Core Lipid. The culture ofH. japonica

(14) lyoda, M.; Ogura, F.; Akiyama, S.; Nakagawa, &hem. Lett1983
1883.

(15) (a) Sharpless, K. B.; Michaelson, R. £.Am. Chem. Sod.973
95, 6136. (b) Itoh, T.; Jitsukawa, K.; Kaneda, K.; Teranishi)SAm. Chem.
So0c.1979 101, 159.

(16) (a) Carlsen, P. H. J.; Katsuki, T.; Martin, V. S.; Sharpless, K1.B.
Org. Chem1981, 46, 3936. (b) NUez, M. T.; Matn, V. S.J. Org. Chem.
199Q 55, 1928.
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Figure 2. *H NMR spectra (300 MHz, CDG) of (A) authentic 2,3-
di-O-phytanylsnglycerol benzoaté and (B) multiply deuterated 2,3-
di-O-phytanylsn-glycerol benzoate frori. japonicawith mevalono-
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JCM7785 was carried out as already describéd. The
synthesized mevalonolactode-was aseptically added to the
culture to a final concentration of 1.0 g/L. After cultivation
for 9 days, the cells were harvested by centrifugation. The lipids
were purified according to the standard marhahrough
solvolysis of the polar headgroups. The neutral core lipid was
finally isolated by repeat chromatography to afford 18 mg of
homogeneous db-phytanylglycerol. The core lipid was ana-
lyzed by!H NMR and was further converted to the benzoate
(Scheme 2).

In general, if the mevalonate pathway is involved in the
biosynthesis of the phytanyl moieties, these should be rather 4o
good incorporation of deuterium, since eight hydrogens of the
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mevalonolactone remain in each isoprene unit. If the alternative
non-mevalonate pathway were responsible for the biosynthesis
of the isoprene units, deuterium incorporation would be poor,
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if any, through catabolism of mevalonolactone and reconstruc- OJ W0 J . oo

tion tq c_)ther S”.‘a" molecules. The benzoate derlvatlv_e of the Figure 3. EI-MS spectra of (A) authentic 2,3-@-phytanylsn-glycerol
core lipid was first analyzed biH NMR spectroscopy (Figure  enzoate, (B) multiply deuterated 2,3@iphytanylsmglycerol ben-
2). One can immediately see extremely reduced signals zoate fromH. japonicawith mevalonolactonek, and (C) expansion
ascribable to the protons of the phytanyl groups. The signals of spectrum B.
due to the two oxymethylene groups (3.50 and 3.70 ppm) of oy \as observed atVz 756 in the EI-MS spectrum of the
the phytanyl groups were reduced significantly compared with ,5ndeyterated lipid benzodfethe signal intensity was not high
those (3.59, 3.78, 4.36, and 4.48 ppm) of the glycerol portion. enough to analyze the isotopomers. A relevant major fragment
The deuterium was so highly incorporated that the total jon was observed atvz 634 due to the loss of benzoic acid
enrichment was approximated to be some 70% based on theom the molecular ion. In the spectrum taken similarly with
intensities of the intramolecular reference signals of the non- {ha geuterated lipid benzoate, a series of signals was observed
deuterated benzoyl group. The mass spectrum of the benzoate ihe molecular ion as well as at the fragment ions. As already
was also significant as shown in Figure 3. While the molecular entioned above, eight hydrogens out of nine were expected
(17) (a) Takashina, T., Hamamoto, T.. Otozai, K., Grant, W. D.: to be incorporated into each isoprene unit. Since eight isoprene
Horikoshi, K. System. Appl. Microbioll99Q 13, 177. (b) Nakamura, S.; ~ UNits are incorporated into two phytanyl groups, one would
Aono, R.; Mizutani, S.; Takashina, T.; Grant, W. D.; Horikoshi,Blosci. expect the most highly deuterated isotopomer to give a parent
g'oéeCh”.O'- 3'01%h9em}1%9§195$ 996. (c) Horikoshi, K.; Aono, R.;Nakamura, jony which is 64 amu higher than the nonlabeled, and this is
-Experiential 993 49, 49¢. observed (see Figure 3C). Clearly, the ions derived from

(18) Minnikin, D. E.; Collins, M. D.; Goodfellow, MJ. Appl. Bacteriol. >C! 4 .
1979 47, 87. nonlabeled lipid molecules, one isoprene unit labeled molecules,
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and a series of lipid molecules with up to eight labeled isoprene ﬂ‘ w w

units were observed. The isotopomer content seemed to follow \ ‘ ! 4 ’\ I
a statistical distribution since the supplemented deuterated N / J k Mf} U/ \J \\ "

B o \ A,
mevalonolactone was not labeled evenly at each labeled site. @) ./ /AU A M M%L

As already described, the enrichment at each site was estimated
to be 93-99%. Therefore, the molecular masses of the multiply
labeled lipid molecules are in the statistical distribution, which

I M\A
J Wy
is shown in the mass spectrum in Figure 3. Interestingly, the M UUMWW ‘Wm/mwf \N

isotopomer composed of eight labeled isoprene units is the most

abundant and the relative abundance decreases according to the /\J\‘q

number of deuterated isoprene units incorporated. It now / M

appears _that the phytanyl groups of_the core membrane lipid of ®) g MJ/W

H. japonicaJCM7785 are, in fact, biosynthesized from meva- C3 . N

lonate in an extremely efficient manner. While the possibility C-15 M\}

of involvement of the so-called non-mevalonate pathway (or p%?ﬁ | P%?SA f h’\ \fﬂ% JWW,k

Rohmer pathway) cannot be excluctie mavalonate pathway 2l /Ubw Uk i ‘M ) WM M\ .

is the most likely for the isoprenoid anabolism in this organism. M : : ‘U‘j_” _— SR,

The possible effects of culture conditions upon the incorporation 1.6 1.4 1.2 1.0 ppm

of mevalonate are currently under investigation. Figure 4. Partial'H NMR spectra (500 MHz, CDG) of (A) authentic
Since the incorporation of mevalonolactosewas so ef-  Phytanyl acetate, (B) synthesized [213;]phytanyl acetate, (C) syn-

thesized [2,2H;]phytanyl acetate decoupled at the C-1 signal (4.10
ppm), and (D) multiply deuterated phytanyl acetate fidmjaponica
with mevalonolactonelk.

ficient, we turned our attention to the incorporation of protium
into the phytanyl groups. As geranylgeranyl diphosphate has
been believed to be the biosynthetic precursor to the phytanyl
group? it would be expected that two hydrogens must be
incorporated into each isoprene unit. The stereochemistry of
the saturation step in fatty acid biosynthesis (enoyl reductase
reaction) was known to vary depending on the spetigbile
the saturation reaction abse-Cos of desmosterol in cholesterol
biosynthesis was reported to take placesyw (cis) addition®
We anticipated that, by looking more closely at fife NMR
spectrum of the deuterated lipid or its derivatives, the mode
saturation of the geranylgeranyl group to produce the phytanol
group in archaeal lipid biosynthesis could be elucidated. It
should be emphasized here that archaea have biochemica
similarities to both bacteria and eukarya. Therefore, the

stereochemistry of the saturase reaction of the hydrophobic Chainphytanyl acetate prepared from the above-mentioned deuterated

biosynthesis ha; gvolutionary significance as weII.. . . lipid by supplementation culture with mevalonolactahe-a

To address this issue, the highly deuterated core lipid obtainedyy g4 doublet ] = 7 Hz) signal was observed at 1.61 ppm
above was subjected to degradation with aqueous hydroiodichich was of course shifted from 1.66 ppm by the isotope effect
acid to phytanyl iodide, which was subsequently converted into 45 ihe geminal deuterium. The shifted C-3 proton was also

deuterated phytanyl acetate in a standard manner (Schethe 2). gpserved at 1.49 ppm as a broad douklet (7 Hz). No proton
TheH NMR spectrum of authentic phytanyl acef&telearly signal was observed at 1.39 ppm.

showed the C-1 signal at 4.10 ppm as a multiplet, but the
geminal protons of the C-2 methylene group were well separated
at 1.43 and 1.66 ppm by the effect of the nearby stereogenic
center at C-3. The spin-coupling network of the C-1, -2, and
-3 regions correlated well with each other by the-'H COSY
technique. Unfortunately, the C-3 methine signal overlapped
with another signal, the C-15 methine proton at 1.52 ppm. Most
crucial in this study was the unequivocal stereospecific assign-
ment of the C-2 methylene signal since the stereochemistry at
C-3 was assigned to bein the literature® Phytol was treated
with deuterium gas?{,) in CH3O?H in the presence of PO

signal at C-2, since hydrogenation generally proceedsyoy
addition. As shown in théH NMR spectrum of the chemically
dideuterated phytanyl acetate (Figure 4), no signal was observed
at 1.66 ppm and a broad signal was observed at 1.39 ppm. The
latter was apparently shifted from 1.43 ppm by the isotope shift
caused by the introduction of deuterium into the geminal
of position. Similarly, the?H NMR spectrum of the chemically
deuterated phytanyl acetate clearly showed two peaks at 1.51
and 1.64 ppm (data not shown). Therefore, it appears that the
ignal at 1.66 ppm was ascribable to gve-Rhydrogen at C-2
n the natural diastereoisomer and the signal at 1.43 ppm to
pro-S In the 'H NMR spectrum of the multiply deuterated

It now appears that thero-Sposition of C-2 was deuterated
and thepro-R position was protonated. Since the stereochem-
istry at C-3 isR configuration in the natural phytanol structure,
the hydrogenation or saturase reaction upon C-2 and C-3 of
the geranylgeranyl group occurredsgn (or cis) fashion.

The stereochemical course of the saturation reaction for the
remaining double bonds was also analyzed. Fhel3C COSY
spectrum of the authentic phytanyl acetate showed the one-bond
IH—-13C connectivities at C-6 and C-10 as shown in Figure 5.
The methine protons at C-7 and C-11 appeared as an overlapped

under standard hydrogenation conditions to afford a mixture of si%nal %t 11'27 ppm. AItho”ugh tr|1e Zarboﬁgiﬁlﬁg atC-4, -6, -8,
diastereoisomeric phytanols deuterated at the C-2 and C-S'h » and - I were notfvx;]e cr:ego vg leé hvi spectrum,
positions, and the phytanol mixture was subsequently acetylatedt e geminal protons of the C-6 and C-10 methylene groups were

(Scheme 2). While the product was a mixture, the crutial well separated at'1.05 and 1.27 ppm dug to the effect of the
NMR signals were affected only by the nearest stereogenic nearest stereogenic centers. In the cat_alytlc deuteration of ph_ytol
to phytanol, the far remote stereogenic centers had essentially

center, so it was suitable for the assignment of each methylene ; ° -
g y no effect on the proton chemical shifts. Therefore, the chemical
(19) Kates, M.; Yengoyan, L. S.; Sastry, P.Bochim. Biophys. Acta shifts of each proton at C-6 and C-10 could be similar to those
1965 98, 252. of the C-2 methylene group. Thus, the signals at 1.05 ppm of

(20) Authentic phytanyl acetate was prepared by acetylation under ~_ _ ; _ ;
standard conditions (A©/py) from synthetic stereochemically defined C-6 and C-10 were assigned to fhre-R protons and the signals

phytanol. See: Eguchi, T.; Arakawa, K.; Terachi, T.; KakinumaJ]kOrg. at 1.27 ppm of C-6 anq C-10to thHOjs prqtonsz.l These
Chem.1997, 62, 1924. assignments were confirmed by manipulation of the above-
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(A

——C-15

Figure 5. (A) IH—13C COSY spectrum of authentic phytanyl acetate,
(B) partial'H NMR spectrum of authentic phytanyl acetate, (C) partial
IH NMR spectrum of multiply deuterated phytanyl acetate freim
japonicawith mevalonolactonel, and (D)H—'H COSY spectrum
of multiply deuterated phytanyl acetate.

mentioned chemically dideuterated phytanol to sesterterpenyl

acetaté?2 Although the latter was again a mixture of epimers
at C-6 and C-7, it#H NMR spectrum only showed signals at
1.26 (C-6,pro-§ and 1.33 ppm (C-7). No signal was observed
at 1.05 ppm. In the!'H NMR spectrum of the multiply
deuterated phytanyl acetate, a broad doulllet ¢ Hz) signal

due to the methine protons at C-7 and C-11 was clearly observed:1

J. Am. Chem. Soc., Vol. 120, No. 22, 199831

or
N X N X H
0.,
X \ x
"0
Haloarcula japonica
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Figure 6. Saturation reaction in the lipid biosynthesistbfjaponica

the multiply deuterated phytanyl acetate, as also shown in Figure
5, clearly showed a cross-peak between 1.33 (H-7 and H-11)
and 1.22 ppmgro-S H-6 andpro-S H-11). The latter was
shifted from 1.27 ppm by the isotope effect. It now appears
that thepro-Spositions of C-6 and C-10 were protonated and
thepro-R positions were deuterated. Since the stereochemistries
at C-7 and C-11 are al$®configuration in the natural phytanol
moietiesS the saturation reaction at C-6,7 and C-10,11 of the
geranylgeranyl groups also proceeds isya (or cis) fashion

as in the case of the C-2,3 position as illustrated in Figure 6.
Unfortunately, this present study cannot prove the saturation
reaction at C-14,15. Itis reasonable to assume the involvement
of the same reaction to the double bond.

It seems relevant to point out here that the saturation of the
geranylgeranyl group described above differs from the 1,4-
addition catalyzed by enoyl reductases in fatty acid biosynthe-
sis! Rather, it is quite similar to the saturation reaction of sterol
biosynthesi$. Enzymological, genetic, and evolutionary rela-
tionships between these reactions are quite intriguing. It should
also be pointed out that a more precise mechanism which might
include the involvement of any cofactors must await studies on
the enzyme level.

In conclusion, the present study now clearly shows that the
mevalonate pathway is responsible for the biosynthesis of the
phytanyl chains of the core lipid in the archaeal membrane.
Saturation of a geranylgeranyl group to a phytanyl group was
shown to take place through the addition of hydrogenssypra
manner by closely observing the fate of protiumi{NMR
spectroscopy on the heavily deuterated archaeal lipid. The
present study also demonstrates that mevalonolaaeiea
useful tool for studying isoprene metabolism.

Experimental Section

General. IR spectra were taken on a Horiba FT-710 Fourier
transform infrared spectrometetH, 2H, and*3C NMR spectra were
recorded on JEOL LA-300, LA-400, and/or GSX-500 spectrometers.
Deuteriochloroform (99.8% atorH, Merck) was used as the solvent
for the'H and*3C NMR spectra.'H, ?H, and**C NMR chemical shifts
were reported i values based on internal TM8{ = 0) or a solvent
ignal (CDC} 6%4 = 7.26, CDC} ¢ = 77.0) as the referencel values
re given in hertz. Mass spectra were obtained by using a JEOL AX-

at 1.33 ppm, which was apparently shifted by an isotope effect 5o5pa mass spectrometer. Elemental analyses were performed with

of the neighboring deuterium. TRel—!H COSY spectrum of

(21) Definition of the C-6 and C-10 prochirality by tHeSconvention
is different from that of C-2.

(22) Synthesis of [6, 2H_]sesterterpenyl acetate from [282]phytanol
was carried out as follows. [2242]Phytanol () was treated with-PhP—
imidazole in benzene to give iodidiein 93% yield. The reaction between
the anion derived frorii 22 with butyllithium and iodidei in THF—HMPA
at —78 °C smoothly provided the coupling produdgt) in 37% yield.
Reduction with Na(Hg) in methanol, catalytic hydrogenation, followed by
acetylation afforded [6, ?H_]sesterterpenyl acetatgn 73% yield. Details
are described in the Experimental Section.

a Perkin-Elmer 2400 apparatus. Column chromatography was carried
out with Kieselgel 60 (76230 mesh, Merck). All reactions, except
catalytic hydrogenation, were carried out in an inert (Ar of) N
atmosphere. THF and ether were distilled from sodium/benzophenone
ketyl prior to use. Pyridine and GBI, were distilled from potassium
hydroxide and calcium hydride, respectively. Deuterium oxide (99.8%
atom?H) and LiAIPH, (99% atom?H) were purchased from Merck
and Isotec Inc., respectively.
(3,4-Dimethoxyphenyl)[1,1,3,3,3Hs]acetone (1b). To a biphasic
solution of 3,4-dimethoxyphenylacetonka( 8.12 g, 41.8 mmol) and
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deuterium oxide (6.3 g, 314 mol),.K0; (144 mg, 1.04 mmol) was trated to dryness. The residue was chromatographed over silica gel

added at room temperature. The mixture was stirred for 16 h at 70 with hexane-EtOAc (1:1) and then EtOAc to givb as a colorless

°C. After cooling to room temperature, the mixture was extracted twice powder (12.1 g, 79%). Mp 73:575 °C. *H NMR (300 MHz): 6

with CH,Cl,. The combined organic layer was dried over,8l@, 2.40 (br, 1H), 2.90 (br, 1H), 3.87 (s, 3H), 3.88 (s, 3H), 6834 (m,

filtered, and concentrated to dryness. This procedure was repeated five3H). 3C NMR (75 MHz): ¢ 25.46 (septet] = 18.5), 40.69 (quintet,

times to givelb (8.29 g, quant.).'H NMR (300 MHz): 6 3.87 (s, J=19.1), 47.48 (quintet) = 18.5), 55.83, 58.87 (quinted,= 21.6),

6H), 6.71-6.85 (m, 3H). 13C NMR (75 MHz): 6 28.04 (septet) = 73.23, 110.98, 113.76, 122.52, 129.39, 147.76, 148.56. IR (§HCI

19.1), 49.62 (quintet) = 19.1), 55.59, 111.17, 112.10, 121.29, 126.42, 1029, 1049, 1064, 1141, 1167, 1209, 1220, 1244, 1263, 1324, 1413,

147.87,148.83. IR (neat): 1028, 1141, 1161, 1246, 1326, 1415, 1465,1442, 1465, 1515, 1587, 1606, 2107, 2225, 2911, 2937, 2960, 3010,

1515, 1589, 1716, 2837, 2910, 2937, 2956, 3001cninal. Calcd 3023, 3492 cmt. Anal. Calcd for GsH112HoO4: C, 62.62; H+ 2H,

for Cy1He?HsOs: C, 66.31; H+ 2H, 7.08. Found: C, 66.26; H 2H, 8.08. Found: C, 62.43; H 2H, 8.08.

7.13. 1,3-Diacetoxy-5-(3,4-dimethoxyphenyl)-32H3]methyl[1,1,2,2,4,4-
Trimethyl Phosphono[2,22H;]acetate (2b)* To a mixture of 2HgJpentane (6). A solution of 5 (12.0 g, 48.1 mmol), BN (20.1

trimethyl phosphonoacetat@g, 15.4 g, 84.5 mmol) and deuterium  m|, 144 mmol), A¢O (18.1 mL, 192 mmol), and DMAP (1.50 g, 12.3

oxide (8.0 g, 40 mmol), BCO; (150 mg, 1.09 mmol) was added. The  mmol) in CHCl, (100 mL) was stirred for 44 h at room temperature.

solution was stirred for 1.5 h at room temperature and was then water was added, and the mixture was extracted withGTH The

extracted with CHCl,. The extract was dried over hB8O, and organic layer was dried over BB&QO;, filtered, and concentrated to

concentrated to dryness. This procedure was repeated twice to giVedryness. The residue was chromatographed over silica gel with

2b (14.1 g, 76.6 mol, 91%)."H NMR (300 MHz): 6 3.76 (s, 3H), hexane-EtOAc (3:1) to giveb as an oil (14.9 g, 93%)*H NMR (300

3.80 (s, 3H), 3.84 (s, 3H).*C NMR (75 MHz): ¢ 32.58 (double MHz): & 2.00 (s, 3H), 2.05 (s, 3H), 3.87 (s, 6H), 6:78.82 (m, 3H).

quintet,J = 134.5, 19.1), 52.57, 53.08 (d,= 6.8), 165.99 (dJ = 13C NMR (100 MHz): 6 20.84, 22.32, 22.87 (septet= 19.7), 35.53
6.2). IR (neat): 1259, 1736, 2139, 2187, 2243, 2854, 2958, 3001 cm (quintet,J = 18.3), 43.17 (quintet) = 17.5), 55.68, 59.72 (quintel,
Methyl 3-[?Hs]Methyl-4-(3,4-dimethoxyphenyl)[2,4,42H]but-2- = 16.6), 82.41, 110.74, 113.58, 122.53, 128.79, 147.69, 148.33, 170.41,

enoate (3). Sodium hydride (4.22 g, 60% in mineral oil, 105 mmol)  170.86. IR (neat): 1030, 1246, 1265, 1517, 1587, 1606, 1734, 2131,
was washed with hexane under Ar, and then THF (250 mL) was added. 2237, 2835, 2937 crd. Anal. Calcd for G/H12HsOs: C, 61.24; H
A solution of 2b (19.4 g, 105 mmol) in THF (100 mL) was added 4 24, 7.26. Found: C, 61.44; H 2H, 7.43.

dropwise at C°C, and the mixture was stirred by a mechanical stirrer 3,5-Diacetoxy-3fHamethyi[1,1,2,2,4,4HJpentanoic Acid (7). To

for 2.5 h at room temperature. The mixture was recooled@,Gand a mixture 0f6 (8.8 g, 26.5 mm0,I)7 (SCLI(iOO mL), CHCN (100 rﬁL)

a solu_tion o_flb (21.0 g, 1_05 mmol) in THF (100 mL) was added. The and phosphate buffer (pH 7.0, 120 mL), Nal(0.5 g, 423 mmol)
resulting mixture was stirred fal h at 0°C and fo_r 25 h at room and RuC}-3H,0 (500 mg) were added at’®C. The mixture was stirred
temperature. Water was then added, and the mixture was extractedat 0-20°C for 2 h, and then ether (100 mL) was added. The mixture
five t'fTes Vc\'"th eéher. The con;blngd organic Iﬁlyer WSS dried 0‘;?* Na \yas filtered and washed with GHl,. The organic layer of the filtrate
SQ, hl tgre ' an_l_ conc?ntr_ar:eh to gnoe;s. ;1‘35?15' ue was CI rs?mato-and washings were combined and concentrated to dryness. The residue
graphed over silica gel with hexan@tOAC (6:1-3:1) to give oily was chromatographed over silica gel with Cht@hethanol (10:1) to
(21.4 g, 80%) as a geometrical mixturB/Z = 3). *H NMR (300 0 7 55 an oil (5.55 g, 87%)H NMR (300 MHz): & 2.02 (s, 3H),
MHz): 6 3.68 (s,E isomer), 3.73 (sZ isomer), 3.85 (s, 3H), 3.86 (s, 2.05 (s, 3H), 10.25 (br, 1H)13C NMR (75 MHz): 6 20.86, 22.10,
3H), 6.65-6.82 (m, 3H). IR (neat): 1029, 1058, 1101, 1141, 1163, 55 1g (septet) = 19.1), 35.93 (quintet) = 19.7), 41.87 (quintet) =
1196, 1225, 1327, 1361, 1411, 1463, 1516, 1589, 1630, 1716, 2834,19 4), 59.44 (quintet) = 22.2), 79.47, 170.55, 171.11, 175.51. IR

2| . .
2908, 2948, 2099 o Ana_Caled for Gt HeOw C, 65600 H  (neay): 1248, 1373, 1734, 2135, 2241, 3170 emAnal. Caled for
> 5 Eoon 502‘3“4-(1, oo f) 32!4] thy[L.1,24,4%4 CioH2HqOs: C, 49.78; H+ 2H, 6.68. Found: C, 49.57; H 2H, 6.87.
,3-Epoxy-5-(3,4-dimethoxyphenyl)-33Hs]methyl[1,1,2,4,42Hs)- : ;
pentan-1-ol (4). To a solution of lithium aluminum deuteride (4.30 Mevalonolactoneds, (8). To a solution of7 (1.07 g, 4.42 mmol_) n
g, 103 mmol) in ether (250 mL), a solution 8f(21.0 g, 82.0 mmol) methanol (20 mL), KCOs; (1.20 g, 8.68 mmol) was added. The mixture
in’ ether (50 mL) was added at°(I’ The mixture was s’tirred atalo was stirred at room temperature for 5 h. Water was added, and then
§ . 2 N HCI was added until pH 2. The mixture was extracted several
°C for 10 h. Saturated aqueous solution was carefully added - . . )
u queous A solution w Y times with CHC}. The combined organic layer was concentrated to

at 0°C, followed by EtOAC. The insoluble matter was filtered and dryness. The residue was chromatographed over silica gel with ether
washed with EtOAc. The filtrate and washings were combined, dried 0 give 8 as an oil (520 mg, 85%)2H NMR (300 MH2): 6 3.1 (br).

N fil . Th i
Chromatographed over siloa gel ith hexaiBOAS (A1 L6:1) to |~ “C NMR (75 MH2): 0 28.38 (septet) = 19.7), 34,52 (quintet) =
. : - 19.8), 43.71 (quintet] = 19.8), 65.49 (quinte] = 19.8), 67.39, 171.38.
give a crude product (16.2 g), which was used for the next step without
further purification. A mixture of the crude product (15.9 g) and VO- ?H NMR (61 MHz, CHCH): 4.59 (1%H), 4.30 (12H), 2.60 (1°H),
2.48 (12H), 1.82 (22H), 1.30 (32H). IR (neat): 1064, 1300, 1714,

(acac) (366 mg, 1.38 mmol) in benzene (300 mL) was stirred under ) !
reflux. A solution oftert-butyl hydroperoxide (56 M solution in 2121, 2227, 3419 cm. Anal. Caled for GHi*HeOs: C, 51.77; H+
°H, 7.24. Found: C, 51.66; H- 2H, 7.47.

decane, 13.8 mL) was carefully added. Refluxing was continued for ] a ] ) ]
2.5 h. After the mixture was cooled to room temperature, aqueous Bacterial Culture and Lipid Extraction. Haloarcula japonica
NaSOs; was added and the mixture was extracted with EtOAc. The JCM7785 was obtained from RIKEN, and the cultivation was carried
organic layer was washed with brine, dried over$@;, filtered, and out for 9 days at 37C in a medium containing 10 g of yeast extract,
concentrated to dryness. The residue was chromatographed over silic -5 g of casamino acid, 200 g of NaCl, 20 g of MgSTH;0, 3 g of

gel with hexane-EtOAc (2.5:1-1:1) to give4 as an oil (15.3 g, 76%).  trisodium citrate2H,0, 2 g ofKCI, 50 mg of FeS@7H,0, and 1.0 g

1H NMR (300 MHz): 6 2.27 (br, 1H), 3.86 (s, 3H), 3.87 (s, 3H), 6:72 of mevalonolactonely in 1 L of water (pH 7.4). Cells were harvested
6.82 (m, 3H). IR (neat): 1025, 1250, 1589, 2102, 2220, 2588, 2837, by centrifugation (60069000 rpm, 30 min) and were washed with

2937, 3465 cmt. Anal. Calcd for GsH12HgO.: C, 63.39; H+ 2H, water (wet cells, 6.0 g). Lipids were extracted from the wet organism

7.37. Found: C, 63.11; H 2H, 7.43. by the procedure of Collins et #. The polar lipids were separated
5-(3,4-Dimethoxyphenyl)-3-fHz]methyl[1,1,2,2,4,42H¢]pentane- from nonpolar lipids by precipitation in cold acetone to give 32 mg of

1,3-diol (5). To a mixture of lithium aluminum deuteride (2.26 g, 46.3 @ polar lipids fraction.

mmol) in THF (200 mL), a solution o (15.2 g, 61.7 mmol) in THF Methanolysis of the Polar Lipids Fraction. Methanolic HCI (3%,

(50 mL) was added. The mixture was stirred at room temperature for 10 mL) was added to the polar lipids fraction (32 mg), and the mixture
2.5 h and then at 58C for 3 h. After the mixture was cooled to room  was refluxed for 13 h. After cooling to room temperature, the solution
temperature, saturated aqueous,8Hsolution was carefully added,  was evaporated and the residue was extracted with hexane (five times).
followed by EtOAc. The insoluble matter was filtered and washed The combined hexane layer was dried over,®@, filtered, and

with EtOAc. The filtrate and washings were combined and concen- concentrated to dryness. The residue was chromatographed over silica
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gel with hexane-EtOAc (10:1) to give multiply deuteratesh-2,3-di- 2y - 2
O-phytanylglycerol (18 mg). )v\é)\/WOH 2 )\/W‘
Multiply Deuterated 2,3-Di-O-phytanyl-sn-glycerol Benzoate. To AN iidazole > [,
a solution of multiply deuteratesh-2,3-di-O-phytanylglycerol (18 mg) i t i
in pyridine (5 mL), benzoyl chloride (8 drops) was added &€0The
solution was stirred at @C for 1 h. Water was then added, and the 2/{(\%
aqueous layer was extracted with hexane (four times). The combined H 2H ;; :a/’g(?_ o
organic layer was successively washedw@tN HCI, saturated aqueous Pho?s\(‘_\/\oan 24 3) Agzo, EtzN
NaHCQ; solution, and brine, dried over BgQ, filtered, and concen- v N opn —MAP
trated. The residue was chromatographed over silica gel with hexane THF?;LI—\;IPA 2 1%, Soppn
EtOAc (50:1) to give multiply deuterated 2,3-@Hphytanylsn-glycerol
benzoate (15 mg). 2
Multiply Deuterated Phytanyl Acetate. Hydroiodic acid (3.0 mL, M\)\/\DM
57%) was added to multiply deuterated 2,3adphytanylsn-glycerol 2 "-ZH
benzoate (15 mg), and the mixture was refluxed for 24 h. After the v ot
mixture was cooled to room temperature, water was added and aqueous *
solution was extracted with hexane (four times). The combined organic § /{(\ i
layer was successively washed with saturated aqueous NaHCO H 24
solution, agueous NaS; solution, and brine, dried (N&8Qy), filtered, ) L .
and concentrated to give a crude iodide (17 mg). Silver acetate (130 “Hzphytanyliodide (99.6 mg, 0.24 mmol) in THF (1.5 mL) were added.
mg) was added to a solution of the iodide (17 mg) in acetic anhydride, After 30 min, saturated aqueous Ml solution was carefully added
and the mixture was refluxed for 20 h. After the mixture was cooled and the mixture was extracted four times with EtOAc. The combined
to room temperature, water was added and the mixture was extractedorganic layer was washed with brine, dried over81@, filtered, and
with ether. The organic layer was washed with saturated aqueousconct_entrated to dryness. The re5|du¢ was chrom.atographed over silica
NaHCGQ; solution and brine, dried over MN&Q,, filtered, and concen- gel with hexane-EtOAc (20:1-3:1) to giveiv as an oil (54.3 mg, 37%).
trated. The residue was chromatographed over silica gel with hexane H NMR (300 MHz): 6 0.7-1.1 (m, 18H), 0.9-2.0 (m, 26H), 1.5-
ether (200:3) to give multiply deuterated phytanyl acetate (9 mg). 24 (M, 2H), 2.2-2.5 (m, 1H), 2.873.07 (m, 1H), 3.36:3.62 (m, 2H),
[2,32H,]Phytanyl Acetate. A mixture of phytol (990 mg, 3.34 440 (dd,J = 11.9, 13.6, 1H), 4.49 (dd] = 11.3, 20.7, 1H), 7.23
mmol) and Pt@ (15 mg, 0.07 mmol) in CED?H (3 mL) was stirred at 7.38 (m, 5H), 7.447.65 (m, 3H), 7.847.86 (m, 2H). IR (neat): 1028,
room temperature for 13 h under an atmospheric pressure of deuterium:086, 1101, 1146, 1205, 1304, 1365, 1377, 1446, 1462, 1585, 2143,
gas. The catalyst was filtered and washed with methanol. The filtrate 2866, 2925, 2952 cnt. )
and washings were combined and concentrated to give dideuterated 6,7 °Hz]Sesterterpenyl Acetate (v). To a solution ofv (54.3 mg,
phytanol (1.0 g), which was used for the next step without further 0-90 mmol) in THF-MeOH (1:1, 15 mL), 5% sodium amalgam (4.1
purification. Acetic anhydride (0.2 mL) was added to a solution of 9) Was added. After the solution was stirred for 2.5 h at room
dideuterated phytanol (100 mg) in pyridine (3 mL) &® The mixture temperature, saturated aqueo_usASlequUon was cargfully added
was stirred at room temperature for 2 h. Water was added, and the@nd the insoluble matter was filtered off and washed with EtOAc. The

mixture was extracted with hexane (three times). The combined organic filtrate and washings were combined, dried over3@, filtered, and
layer was successively washed lwi2 N HCI, saturated aqueous concentrated to dryness. The residue was dissolved in EtOAc (5 mL),

NaHCQ; solution, and brine, dried over MO, filtered, and concen- ~ and 10% PeC (95 mg) was added. The mixture was stirred under
trated. The residue was chromatographed over silica gel with hexane @n atmosphere of hydrogen. After 1.5 h, the catalyst was filtered off
ether (200:3) to give [2,3H.]phytanyl acetate (105 mg, 92%):H and washed with EtOAc. The filtrate and washings were combined
NMR (400 MHz): 6 0.84-0.89 (m, 15H), 1.6-1.4 (m, 21H), 1.52 and concentrated to dryness. The residue was dissolved iGICE3
(m,J = 6.7, 1H), 2.05 (s, 3H), 4.09 (m, 2H)130 NMR (75 MHz): 6 mL). Acetic anhydride (20 drops), # (20 drops), and DMAP (5
19.31, 19.38, 19.68, 19.73, 21.01, 22.60, 22.70, 24.24, 24.46, 2478,mg) were added. The mixture was stirred foh atroom temprature.
27.96, 29.25 (tJ = 19.1), 32.77, 34.97 () = 19.1), 35.03 (tJ = Water was added, and the mixture was extracted withQIH The

191)' 37.08, 37.11, 37.22, 37.27, 37.37, 37.42, 37.46, 39.36, 6302’organ|c Iayer was washed with brine, dried overB8ia, filtered, and
171.19. 2H NMR (61 MHz, CHCE): 6 1.51 (br), 1.64 (br). Anal. concentrated to dryness. The residue was chromatographed over silica

Calcd for GoHa?H,05: C, 77.13; H+ 2H, 12.94. Found: C, 77.35;  9€l with hexane-ether (200:3) to give [6,7H]sesterterpenyl acetate

H + 2H, 13.14. (v) as an oil (27 mg, 73%)H NMR (300 MHz): 6 0.83-0.91 (m,
[2,32H;]Phytany! lodide (ii). To a solution of [2,3H;]phytanol 18H), 0.95-1.72 (m, 29H), 2.05 (s, 3H), 4.631.16 (m, 2H). **C NMR

(200 mg, 0.67 mmol), PRK436 mg, 1.7 mmol), and imidazole (113 (75 MHz): ¢ 19.46, 19.53, 19.60, 19.73, 19.78, 21.06, 22.62, 22.72,

mg, 1.7 mmol) in benzene (25 mL) was adde@38 mg, 1.3 mmol). 24.15, 24.44, 24.79, 27.96, 29.69, 29.80, 29.81, 32.14 #,18.5),

The mixture was stirred for 30 min at room temperature. Agueous 32.78, 35.42, 35.51, 36.69 (1,= 19.1), 36.75 (tJ = 18.5), 37.18,

NaS,0; was added, and the mixture was extracted with EtOAc. The ;37.21, 37.27, 37.30, 37.33, 37.38, 37.43, 37.48, 39.38, 63.09, 171.25.

organic layer was washed with brine, dried over$(@;, filtered, and H NMR (61 MHz): 6 1.26, 1.33. IR (neat): 1036, 1053, 1238, 1365,

concentrated to dryness. The residue was chromatographed over silicat377, 1462, 1743, 2139, 2867, 2925, 2954-emAnal. Calcd for

gel with hexane-EtOAc (50:1) to give [2,3H,]phytanyl iodideii as CorHs?H,0;: C, 78.57; H+ 2H, 13.19. Found: C, 78.47; H- ?H,

an oil (255 mg, 93%)."H NMR (300 MHz): & 0.83-0.88 (m, 15H), 13.27.
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Phenyl Sulfone (iv). To a solution of sulfonéii?® (94.7 mg, 0.30 Supporting Information Available: H, 2H, 3C NMR, and

mmol) in degassed THF (1.5 mL) was added BuLi (1.61 M hexane |R spectra oB (4 pages, print/PDF). See any current masthead

solution, 0.37 mL, 0.59 mmol) at78 °C. The mixture was stired 446 for ordering information and Web access instructions.
for 30 min at—78 °C and then at-20 °C for 30 min. The solution

was recooled te-78 °C, and HMPA (0.3 mL) and a solution of [2,3-  JA974387Q



