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Abstract—Mevalonic acid is a key intermediate in a broad spectrum of cellular biological processes and their regulation.
Availability of a rapid, sensitive and accurate method for its assay would be highly useful. Therefore, the feasibility of developing an
immunoassay for mevalonic acid in biological samples was explored. The strategy employed was to synthesize several racemic
haptens structurally resembling R-mevalonolactone, the cyclic form of mevalonic acid present at lower pH and presumed to be
more antigenic. Two of these haptens were coupled to keyhole limpet hemocyanin, and the resulting conjugates were used
successfully to generate antibodies in rabbits. The first antiserum bound to R,S-mevalonolactone much more effectively at pH 4.0
than at pH 6.0, consistent with the structural resemblance of the haptens to the lactone form. This antiserum also bound the free
hapten from which it was generated and two others of different structure with comparabie effectiveness, and slightly better than it
bound R,S-mevalonolactone at pH 4.0. Similar results were obtained with the antiserum to the second hapten. The binding of
either antiserum to the natural enantiomer, R-mevalonolactone, was 20 times weaker than to R,S-mevalonolactone, suggesting that
the nonbiological enantiomer was more antigenic. Nevertheless, the results demonstrate that an immunochemical approach to
accurate quantitation of mevalonic acid in biological samples is feasible. (; 1997 Elsevier Science Ltd.

Introduction density lipoprotein receptor,” cell cycle arrest,”’ or

- . , apoptosis.”* In the intact animal, including man, it
Mevalonic acid (MVA, 1, S'chenlls 1) is a key leads to lowering of plasma cholesterol.'™ HMG-CoA
intermediate in cellular biochemistry.'~ It is a precursor

. . . ook ° reductase inhibitors are used to treat hyperlipidemia,
for a number of biologically important lipids, including and they have been proposed as antineoplastic agents.
cholesterol, steroid hormones, bile acids, ubiquinone A variety of studies in cell culture™'* and in tumor-
and dolichols. In addition, mevalonate-derived isopre-

C 1 _ ) ¢ ¢ ¢ bearing animals" suggest they may be useful in the
noids are intermediates in the biosynthesis of isopreny- chemotherapy of some types of cancer. Plasma MVA

lated tRNAs, prenylated proteins involved in cell levels correlate with whole body rates of cholesterol
signaling and growth, and heme a, a prosthetic group synthesis in -both experimental animals and man.”
of cytochrome oxidase. Inhibition of cellular MVA Urinary MVA levels correlate with plasma levels,”
production leads to induction of 3-hydroxy-3-methyl- and have been used to study the mechanisms of

glutaryl coenzyme A (HMG-CoA) reductase’ and low hyperlipidemias,” the efficacy of treatment of hyperli-
pidemias,”®* and the efficacy of lovastatin as an
anticancer agent in phase I trials.”® Thus, development
of methods for the accurate and convenient quantita-
tion of MVA in biological samples is of considerable
importance, both as a research tool and for clinical use
in treatment of hyperlipidemias and, potentially,
malignancies.

A number of different approaches have been used to
develop assays for MVA. Several methods involving gas
chromatography-mass spectrometry (GC-MS) have
been reported, beginning with that of Hagenfeldt and
Hellstrom in 1972.”” Improved GC-MS methods were
developed by Del Puppo et al.** and by Scoppola et al.,”
and recently by Lindenthal and von Bergmann™ and by
Scheme 1. Structures of: R—rr_)evalonic acid (1); R-mevalonolactone Ishihama et al.¥! However, all these require complex
(2); two generalized prospective hapten types 3 and 4 for 2, with a and expensive instrumentation. Very recently, a proce-

spacer arm of unspecified length bearing an unspecified functional : -
group (FG) for attachment to a protein. dure for acid-catalyzed conversion of MVA to dehy-
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dromevalonolactone, HPLC separation and UV detec-
tion was described by Gondoh et al.* The most widely
used method has been the enzymatic phosphorylation
procedure of Popjak et al.”” Although this method is
specific and sensitive, it is lengthy, requiring a number
of steps and the use of [y**P]ATP.

We sought a method of analysis for MVA that would be
sensitive, specific, reliable and convenient to use. An
immunoassay seemed to be an attractive choice to
satisfy those aims. The fact that MVA (1) is in facile
equilibrium with R-mevalonolactone (MVL, 2), as
shown in Scheme 1, presented certain unusual con-
siderations with respect to the development of an
immunoassay. The cyclic lactone form 2 is an attractive
structure to mimic in a synthesized hapten because it is
more distinct and conformationally more rigid than the
open-chain structure 1, thus rendering it more likely to
be immunogenic.** On the other hand, at serum
physiologic pH, essentially all the MVA in any sample
would exist as the carboxylate anion of 1, rather than as
lactone 2, so that an immunoassay based on antibodies
to haptens resembling 2 might require that the assay be
conducted at pH<S5. Because such conditions should in
theory not pose a problem with respect to antigen-
antibody interactions, it was decided to use the lactone
form 2 as the model for a suitable hapten. Preparation
of the first haptens chosen, the 4-hemisuccinate esters
of cis- and trans-1-methylcyclohexane-1,4-diol, has been
described previously.” In this paper the synthesis of two
additional types of haptens, cyclohexane derivatives 3
and 4 (Scheme 1), and their use in assessing the
feasibility of creating an immunoassay for MVA are
described.

Results and Discussion

Hapten synthesis

For practical reasons, the syntheses were conducted in a
nonasymmetric manner to afford racemic samples of
haptens 3 and 4. These were then conjugated with a
suitable protein to develop antibodies. Screening for
antisera selective for R-mevalonolactone (2) was
accomplished by determining which antibodies recog-
nized separately synthesized samples of 2.*

ii*"’*

6 CO2CH2CHs 8

Haptens of type 3 were synthesized from known"
epoxyketone 5 by the series of reactions depicted in
Scheme 2. A modified Horner-Emmons-Wadsworth
reaction of 5 by a procedure of Baggiolini et al.*
afforded 90% of an approximately 1:1 mixture of 6
and 7. It was originally intended to separate the two
series of geometric isomers at a later stage in the
synthesis, but it eventually proved necessary to use
laborious silica gel chromatography to effect separation
of 6 and 7 in order to get pure samples of representa-
tives of both the Z and E series. Assignment of structure
to 6 vs. 7 was easily made on the basis of the deshielding
by the ester carbonyl group of the epoxide proton of 6
(8 4.53) relative to the epoxide proton of 7 (6 3.12 ppm),
exactly as had been observed in a pair of closely related
geometric isomers.” Pure 6 and 7 were then individually
reduced with lithium aluminium hydride to afford 65%
of diol 8 and 63% of diol 9, respectively. The primary
hydroxyl group of each diol was then selectively
esterified with succinic anhydride to afford haptens 10
and 11, with the hemisuccinate spacer arm ready for
attachment to a protein.

Synthesis of a hapten of type 4 proved more challen-
ging. The initial and unsuccessful approach to introduc-
tion of the C6 spacer arm in 4 involved attempted
alkylation with an w-haloalkene of the dianion derived
from the known***!' 3-hydroxy-3-methylcyclohexanone.
Next, the trimethylsilyl enol ether*” of epoxyketone 5
was employed as an intermediate in attempted applica-
tion of Marino’s interesting S\2' cuprate substitution
reaction,” and as a precursor of the enolate anion
required for C6 alkylation,” but both of these strategies
likewise failed.

Success in preparing a type 4 hapten was finally
achieved via alkylation of 3-methylcyclohex-2-en-1-one
(12) (Scheme 3). Although the anion formed from 12
with lithium diisopropyl amide afforded only extremely
poor yields of desired C6 alkylation with w-haloalkenes,
the known reaction* with allyl bromide* afforded 80%
of 13. Epoxidation of 13 with basic hydrogen peroxide
then gave 86% of a 3:2 mixture of diastereomeric
epoxyketones 14 and 15. Reduction of this mixture with
lithtum aluminum hydride gave an approximately
1:2:1:1 mixture of all four possible diastereomeric diols
16-19 (listed in order of decreasing TLC R, values);

H
—C

CH20H 10 HZOZCCHchchZH

b, —C.
CO,CH,CH, CH;0H H202CCH2CH2CO2H

Scheme 2. Synthesis of haptens 10 and 11 of type 3. Reagents: (a) EtO.CCH,PO(OEt),, NaH, THF; (b) LiAIH,, Et,O; (c) succinic anhydride, Et,N, THF.
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from which about 85% of the major isomer 17 present
crystallized upon standing (Scheme 4). Assignment of
structures to the four isomeric 1-methyl-4-(2-propenyl)-
1,3-cyclohexanediols 16-19 was accomplished as sum-
marized in Scheme 4. First, each of pure 16 and 17 and
the inseparable mixture of 18 and 19 was oxidized by the
method of Griffith et al.** to the corresponding ketone,
20 or 21, which was then reduced back to diol with
LAH. These sets of conversions produced from each of
16 and 17 a 4:1 mixture of 16 and 17, and from the
mixture of 18 and 19 a 1:1 mixture of 18 and 19, thus
establishing that 16 and 17 (and therefore 18 and 19)
had the same stereochemistry at Cl. The exceptional
TLC mobility of 16 suggested that it was an intramo-
lecularly hydrogen-bonded 1,3-diaxial diol, and this was
confirmed by its conversion to cyclic carbonate deriva-
tive 22. The 'H NMR spectrum of diol isomer 17
showed the methane proton (band width 30 Hz) as a
doublet of triplets at d 3.62 in CDCIl,; with one axial-
equatorial coupling constant of about 4.1 Hz and two
axial-axial coupling constants of about 10.2 Hz.

These data are consistent only with the structural
assignments given in Scheme 4. If, for example, the
carbonate derivative assigned as 22 were instead in fact
derived from conformation b of isomer 19, then the
axial methine proton in 18b would show two axial-
equatorial couplings and one diaxial coupling. Further
confirmation of the correctness of the structural
assignments was obtained from the NMR behavior of
the mixture of 18 and 19. The methine protons signals
for 18 and 19 in CDCI,; at 8 4.00 and & 3.50 both had a
width of 21 Hz. When the solvent was switched to D,0O,
the methine proton signal at 6 4.00 broadened slightly,

OH | 17
e
\ PH H
_f>
OOH “oH COOH o
25 26

Scheme 3. Synthesis of hapten 26 of type 4. Reagents: (a) 1. LDA,
THF, 2. H,C=CHCH,Br; (b) H,0,, H,0, CH,0H, K,CO;; (c)
LiAlH,, Et,0; (d) O,, CH,Ci,, CH,OH; (¢) [Ph,P(CH,),CO,H]Br,
KN(SiMe,),, THF; (f) NMNO, tetra-n-propylammonium perruthe-
nate, CH,Cl,.

but the other now appeared at 4 3.32 with a band width
of 30 Hz as a doublet of triplets with / = 4.2, 10.4 and
10.4 Hz. These observations are consistent with a
solvent-dependent equilibrium between conformations
19a and 19b, with the intramolecularly hydrogen-
bonded 1,3-diaxial diol 19b dominating in CDCI,, and
19a, having an axial methine proton, dominating in
D,0. Closely parallel observations were made by Nader
et al."” in the case of the 1-methyl-cyclohexane-1,3-diols.
The fact that two chair conformations of similar
energies are observed for 19 is also consistent with the
stereochemical assignments to 18 and 19 vs. 16 and 17,
since 18 or 19 will have one alkyl group equatorial and
one axial in either conformer, whereas 16 and 17 have
both alkyl groups equatorial in the presumably domi-
nant conformers shown in Scheme 4.

Completion of synthesis of a type 4 hapten was
conducted with the crystalline diol isomer 17, as
depicted in Scheme 3. Ozonolysis of 17 afforded 87%
of aldehyde 23, which was obtained to the extent of 20%
in the isomeric hemiacetal form 24. This mixture of 23
and 24 was then subjected to a Wittig reaction with the
ylide from (4-carboxybutyl)triphenylphosphonium bro-
mide to afford 25, which was oxidized*® without
purification to afford prospective hapten 26. That 25
and 26 were, as expected,” the Z isomers was confirmed
by analysis of the 500-MHz '"H NMR spectrum of 26, as
described in the Experimental section, which showed
that the alkenyl protons have J = 10.6 Hz.

Immunoassay for mevalonolactone

The immunogenicity of haptens 10 and 11 was
determined by conjugation to keyhole limpet hemo-
cyanin (KLH), followed by immunization of rabbits as
described in the Experimental section to obtain the two
specific polyclonal antisera used in these studies. Both
antigens induced the production of high-titre antibo-
dies, which reacted with the immunogen in solid-phase
immunoassays at antisera dilutions of 107*~10°. Speci-
ficity of the antisera for free haptens was examined by
competitive immunoassay. These assays were per-
formed by measuring the capacity of the free haptens
in solution to interfere with the binding of a fixed and
limited amount of each antiserum to immobilized
hapten-KLH conjugates. As discussed above, both
hapten—-KLH immunogens had been based on the cyclic
MVL (2) rather than on the open-chain MVA (1);
therefore the likelithood that the antisera would
recognize MVA only at a pH at which the lactone form
2 would be present was examined by studying the effect
of pH on the ability of R,S-MVL to compete in the
immunoassay. No antibody binding of R,S-MVL was
observed at pH 3.0, but binding (ICs, = 1.10 mg/mL)
was obtained at pH 4.0. This binding at pH 4.0 was
significantly greater than that detected at pH 5.0 (ICs,
= 10.2 mg/mL) or at pH 6.0 or 7.0 (IC,;, > 50 mg/mL),
consistent with the idea that the lactone form was being
recognized.
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Scheme 4. Structural identification of the four isomeric diols produced by reduction of epoxyketone mixture 14 + 15. Reagents used: (a) LiAlH,,
Et,O; (b) NMNO, tetra-n-propylammonium perruthenate, CH,Cl.; (¢) N,N'-carbonyldiimidazole, benzene.

The binding of racemic haptens 10, 11 and 26 at pH 4.0
to the antiserum generated by immunization with
hapten 11-KLH was next evaluated, and the results
are shown in Figure 1. Each of these three free haptens
showed indistinguishable binding, with an 1C, value of
152 pg/mL. This result strongly suggests that this
antiserum includes antibodies that recognize the
common ring structure element present in these three
haptens. Also shown in Figure 1 is the previously
mentioned finding that racemic mevalonolactone (R,S-
MVL) binds at pH 4.0 to this antiserum.

Next, experiments were conducted to determine
whether the antisera would bind the natural enantio-
mer, R-MVL (2). The antiserum generated by immu-
nization with the racemic 10-KLH conjugate was
compared with that from the racemic 11-KLH con-
jugate in binding competition with the corresponding
free hapten (10 or 11, respectively), R,S-MVL, and R-
MVL (2). The results are shown in Figure 2. The ICs,
values for these competitors with the antiserum to 10-
KLH were 160, 690 and 13,400 ng/mL, respectively.
With the antiserum to 11-KLH, they were 140, 690 and
15,000 (an extrapolated value) pg/mL, respectively,
further supporting the conclusion that these antisera
include antibodies that recognize the common ring
structure element.

The binding of R-MVL (2) was considerably weaker
than that of R,§-MVL, suggesting that the § enantiomer
of the racemic haptens 10 and 11 was more antigenic in
the rabbits. This result perhaps can be explained as an
example of an unnatural enantiomer being inherently
more immunogenic than the biologically relevant
enantiomer, a phenomenon which has been noted in
the case of enantiomeric amino acids.*

The present study has shown that antibodies recogniz-
ing R-MVL at lowered pH can be generated by use of a
hapten structurally resembling R-MVL, thus demon-
strating that an immunochemical approach to the
accurate quantitation of mevalonic acid in biological

1.0
0.8 +
—&— 10 R,S-MVL
—h— 11
0.6 - —w— 26
QO
[
0.4 4
0.2
00 T T T T
10 100 1000 10000
Competitor (pg/mL)

Figure 1. Competitive immunoassay for haptens 10, 11 and 26 and
R.S-mevalonolactone. Solutions of 10, 11 and 26 and R,S-mevalono-
lactone compete with immobilized hapten 11-KLH for binding at pH
4.0 to antibodies generated by immunization of rabbits with hapten
11-KLH. Binding was measured as described in the Experimental
section with a solid phase immunossay. ICs, for each hapten is defined
as the amount of hapten required to inhibit the binding of a fixed
amount of antibody by 50%.
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Figure 2. Competitive immunoassays with antisera generated by
immunization with 10-KLH (c10-KLH) and 11-KLH (o11-KLH).
Solutions of haptens 10 (or 11), R,S-mevalonolactone and R-
mevalonolactone (2) compete with immobilized hapten 10-KLH or
hapten 11-KLH for binding to both rabbit antisera. Experimental
details as described in the legend to Figure 1.

samples should be feasible. Further investigations will
be required to generate antibodies with much higher
affinity for the natural R enantiomer of mevalonolac-
tone, ones which can detect the small, physiologically
relevant concentrations in biological fluids (e.g., 100
200 nM in plasma). Strategies to generate such
antibodies could include use of only R rather than
racemic haptens for immunization, preparation of R-
specific monoclonal antibodies, immunization of ani-
mals with very low concentrations of hapten conjugates,
careful selection for antibodies of the highest affinity
and improvement in sensitivity of detection of the
antigen—antibody interaction.

Experimental

Chemical syntheses

General. All melting points and boiling points are
uncorrected. Melting points were determined in a
Thomas-Hoover capillary melting point apparatus using
an Omega digital thermometer. Infrared (IR) spectra
were recorded on a Perkin-Elmer 599 spectrometer
and referenced to the 1601 cm™' band of polystyrene.
Liquid samples were analyzed as thin films on NaCl
plates and solid samples were analyzed as transparent
KBr disks. The 'H and "*C Nuclear Magnetic Resonance
(NMR) spectra were recorded on a Varian XL-300 (300
MHz) spectrometer using CDCIl; as solvent, with

exception of one 'H NMR spectrum of 26 run on a
Varian UNITYplus 500 MHz NMR spectrometer in
benzene. Chemical shifts are reported in ppm downfield
from tetramethylsilane. Elemental analyses were car-
ried out by Atlantic Microlab, Inc., Atlanta, GA.
Analytical thin-layer chromatography (TLC) was per-
formed on EM silica gel 60 F254 plates from EM
Science and visualization was accomplished with 254-
nm light or by spraying with p-anisaldehyde—sulfuric
acid-ethanol.” Flash chromatography was performed in
the manner of Still>> with EM Science silica gel 60 (230-
400 mesh). The relative ratios in mixed chromatography
solvents refers to the volume:volume ratio. High-
resolution mass spectra (HRMS) were determined by
Dr Gary Siuzdak at the Scripps Research Institute. Low
resolution mass spectra were determined by Joanne
Purdy at Dartmouth College on a Finnegan 4023
instrument at 35 eV using a solid probe.

Reactions requiring anhydrous conditions were per-
formed in glassware that had been flame-dried and then
allowed to cool in a desiccator. The term “under N,”
refers to maintenance of a positive pressure of nitrogen
gas over the reaction mixture. Solvents were purified as
follows: reagent grade hexane was distilled; tetrahydro-
furan (THF) was distilled from sodium with
benzophenone indicator; triethylamine was distilled
and stored over KOH; methylene chloride and ether
were distilled from LiAlH,. All other commercially
available reagents were obtained as reagent grade from
Aldrich and used without further purification. Brine
refers to a saturated aqueous NaCl solution.

Ethyl-(6-methyl-7-oxabicyclo[4.1.0]hept-2E-ylidene)-acet-
ate (6) and ethyl-(6-methyl-7-oxabicyclo[4.1.0]hept-2Z-
ylidene)-acetate (7). According to a modification of the
procedure of Baggiolini et al.,™ to a suspension of 3.3 g
(0.14 mol) of sodium hydride (60% oil dispersion,
washed with pentane) in dry THF (150 mL}) at 0 °C
under N, was added 30.9 g (0.14 mol) of triethyl
phosphonoacetate dropwise. After the initial hydrogen
evolution subsided, the resulting mixture was allowed to
warm to room temperature, stirred for 1 h, and 14.5 g
(0.15 mol) of 5, prepared by the procedure of Wasson
and House" from 3-methylcyclohex-2-en-1-one (12)
prepared by the procedure of Cronyn and Riesser,™ was
added dropwise. The resulting mixture was stirred for
an additional 12 h, then concentrated under reduced
pressure, and the residual liquid was partitioned
between 200 mL of ether and 200 mL of saturated
aqueous sodium bicarbonate. The aqueous layer was
washed with ether (3 x200 mL) and the combined
organic layers were washed with brine (50 mL), dried
(MgSO0,), filtered and evaporated to afford a clear oil,
which was distilled to afford 20.2 g (90%) of a mixture
of 6 and 7, (bp 90-92 °C (0.5 mmHg)), which '"H NMR
analysis indicated to be a 1:1 mixture of 6 and 7. These
were separated by repeated chromatography on silica
gel (19:1, hexane:ether). For 6, R, = 022 (91,
hexane:ether), an analytical sample was prepared by
Kugelrohr distillation: bp 90-95 °C (0.45 mm Hg); IR
(film) 3000, 2960, 1730, 1655, 1390, 1260, 1170, 1050,
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890, 840 cm™';'H NMR 1.28 (3H, t,J = 7 Hz), 1.40 (3H,
s), 1.30-1.78 (3H, m), 1.93-2.05 (1H, m), 2.30-2.45 (1H,
m), 2.90-3.04 (1H, m), 3.12 (1H, s), 4.16 (2H, q,J = 7
Hz), 5.97 (1H, s); "C NMR & 14.1, 17.7, 22.5, 25.0, 28.8,
59.6, 59.8, 62.4, 120.4, 154.7, 165.3. Anal. calcd for
C,H,,O;: C, 67.31; H, 8.22. Found: C, 67.38; H, 8.26.
For 7, R, = 0.20 (9:1, hexane:ether), an analytical
sample was prepared by Kugelrohr distillation: bp 90—
95 °C (0.45 mm Hg); IR (film) 3005, 2970, 2900, 1730,
1660, 1390, 1260, 1210, 1170, 935, 895 cm™'; '"H NMR &
1.26 (3H, t,J = 7 Hz), 1.38 (3H, s), 1.30-1.79 (3H, m),
1.96-2.05 (2H, m), 2.27-2.39 (1H, m), 4.16 (2H, q,J = 7
Hz), 4.53 (1H, s), 5.90 (1H, s); *C NMR & 14.2, 20.1,
23.5, 29.0, 30.5, 56.5, 60.0, 120.8, 155.1, 165.9. Anal.
calcd for C,;H,,O,: C, 67.31; H, 8.22. Found: C, 67.23;
H, 8.23.

(1-Hydroxy-1-methylcyclohexyl-3E-ylidene)-ethanol (8).
To a suspension of 140 mg (3.67 mmol) of LiAIH, in dry
ether (30 mL) was added dropwise a solution of 300 mg
(1.53 mmol) of 6 in dry ether (5 mL). The resulting
mixture was stirred for 12 h and quenched initially with
1 g of sodium sulfate decahydrate and then 0.5 mL of
water. The mixture was filtered and the salts were
washed with ethyl acetate (50 mL). The combined
organic layers were dried (MgSQ,), filtered, and
evaporated to afford 287 mg of a white semisolid,
which was recrystallized twice from ether to afford 156
mg (65%) of 8, mp 59.0-60.5 °C, as a white solid.
Repeated recrystallization from ether gave an analytical
sample: mp 62.0-63.0 °C; IR (KBr) 3350, 2990, 2950,
2900, 2850, 1685, 1460, 1280, 1010, 995 cm™';'H NMR
1.23 (3H, s), 1.35-1.70 (6H, m), 1.82-1.95 (1H, m), 2.13
(1H, d,J = 13 Hz), 2.21 (1H, d, J = 13 Hz), 2.37-2.46
(1H, m), 4.17 (2H, d,J = 7 Hz), 5.44 (1H, t,J = 7 Hz);
“C NMR 3§ 23.1, 27.8, 29.2, 38.9, 50.0, 58.4, 71.4, 124.1,
140.4. Anal. caled for C,H,,0,: C, 69.19; H, 10.32.
Found: C, 69.15; H, 10.37.

(1-Hydroxy-1-methylcyclohexyl-3Z-ylidene)-ethanol (9).
To a suspension of 70.0 mg (1.84 mmotl) of LiAlH, in
dry ether (20 mL) was added dropwise a solution of 150
mg (0.76 mmol) of 7 in dry ether (5.0 mL). The
resulting mixture was stirred for 12 h and quenched
initially with 0.5 g of sodium sulfate decahydrate and
then 0.25 mL of water. The same workup as for 8 gave
134 mg of white semisolid, which was recrystallized
twice from ether to afford 75.0 mg (63%) of 9, mp 52.0-
53.0 °C. Repeated recrystallization from ether gave an
analytical sample: mp 52.5-53.5 °C; IR (KBr) 3320,
2950, 2900, 2840, 1680, 1450, 1280, 1010, 995 cm '; 'H
NMR § 1.27 (3H, s), 1.46-1.75 (5H, m), 1.90-2.22 (4H,
m), 2.47-2.54 (1H, m), 3.95-4.23 (2H, m), 5.70 (1H, m);
BC NMR 8 23.9, 29.7, 35.9, 39.0, 42.0, 57.7, 71.4, 123.7,
141.9. Anal. caled for CH,,0,: C, 69.19; H, 10.32.
Found C, 69.09; H, 10.38.

3.Ethoxycarbonyl-(1-hydroxy-1-methylcyclohexyl-3E-
ylidene)-propanoic acid (10). To a solution of 143 mg
(0.91 mmol) of 8 and 308 mg (3.09 mmol) of succinic
anhydride in dry THF (60 mL) was added 4.7 mL of dry
triethylamine rapidly. The resulting mixture was heated

at reflux for 5 days, allowed to cool to room
temperature, then concentrated under reduced pres-
sure, and the residual yellow oil was partitioned
between 30 mL of ethyl acetate and 3 mL of 3 N
aqueous HCI which had been saturated with NaCl. The
aqueous layer was washed with ethyl acetate (3 x 15
mL) and the combined organic layers were washed with
water (5 mL), brine (5§ mL), dried (MgSO,), filtered,
and evaporated to afford 400 mg of yellow semisolid to
which dry methylene chloride (20 mL) was added. The
mixture was filtered and the filtrate was evaporated to
atford 296 mg of pale-yellow oil, which was partitioned
between 3 mL of methylene chloride and 3 mL of water.
The resulting mixture was basified with solid sodium
bicarbonate to pH 8. The aqueous layer was separated
and added to 3 mL of methylene chloride. The resulting
mixture was acidified to pH 4 with 3 N aqueous HCI
which had been saturated with NaCl. The aqueous layer
was washed with methylene chloride (7 x 2 mL) and the
organic layers were combined, dried (MgSO,), filtered,
and evaporated to afford 235 mg of clear oil, which was
dissolved in ethyl acetate (10 mL) and filtered through a
florisil pad. The filtrate was evaporated to afford 174
mg (75%) of 10 as a clear oil: IR (film) 3000 (b), 2930,
1740, 1720, 1380, 1175, 1125, 975, 925 cm™'; '"H NMR &
1.20 (3H, s), 1.45-1.90 (3H, m), 2.10-2.20 (2H, m),
2.40-2.67 (5H, m), 4.52 (1H, dd, J = 7, 12 Hz), 4.69
(1H, dd,J = 8, 12 Hz), 5.30-5.37 (1H, m), 6.71 (2H, bs);
“C NMR d 22.9, 28.0, 28.7, 29.0, 29.1, 36.8, 49.8, 60.5,
72.0, 118.8,143.2, 172.2, 176.5. Anal. calcd for C;H,,0,:
C, 60.92; H, 7.87. Found: C, 60.65; H, 7.94.

3-Ethoxycarbonyl-(1-hydroxy-1-methylcyclohexyl-3Z-
ylidene)-propanoic acid (11). To a solution of 85 mg
(0.54 mmol) of 9 and 184 mg (1.84 mmol) of succinic
anhydride in dry THF (40 mL) was added 2.8 mL of dry
triethylamine rapidly. The resulting mixture was heated
at reflux for 5 days, and then processed as in the
preparation of 10 to afford 119 mg of yellow semisolid
to which 20 mL of dry methylene chloride was added.
The mixture was filtered and the filtrate was evaporated
to afford 115 mg of pale-yellow oil, which was
partitioned between 2 mL of methylene chloride and
2 mL of water. The resulting mixture was processed as
in the preparation of 10 to afford 100 mg of clear oil,
which was dissolved in ethyl acetate (10 mL) and
filtered through a florisil pad. The filtrate was
evaporated to afford 70 mg (50%) of 11 as a clear oil:
IR (film) 3000 (b), 2930, 1740, 1720, 1330, 1160, 915
cm™'; '"H NMR 8 1.25 (3H, s), 1.43-1.73 (4H, m), 1.94-
2.21 (3H, m), 2.48-2.69 (5H, m), 4.47 (1H, dd,/ = 7,12
Hz), 4.73 (1H, dd,J = 8, 12 Hz), 5.47 (1H, m); "C NMR
823.4,29.0,29.1, 29.4, 35.7, 38.7, 42.6, 60.7, 71.5, 118.5,
143.9, 172.5, 176.8. Anal. calcd for C;H,,0,: C, 60.92;
H, 7.87. Found: C, 60.70; H, 7.90.

3-Methyl-6-(2-propenyl)-2-cyciochexen-1-one (13). To a
solution of 5.6 mL (39.9 mmol) of dry diisopropylamine
in dry THF (150 mL}) at 0 °C under N, was added 25.0
mL (39.9 mmol) of n-butyllithium (1.60 M in hexane)
dropwise via syringe. The resulting suspension was
stirred for 15 min at 0 °C and then cooled to —78 °C
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and stirred an additional 15 min. A solution of 4.00 g
(36.3 mmol) of 12 (15) in dry THF (20 mL) was added
dropwise via syringe. The mixture was stirred at —78 °C
for 30 min and then 7.00 g (57.9 mmol) of allyl bromide
was added dropwise via syringe. The resulting mixture
warmed to room temperature overnight while being
stirred. The light-yellow solution was concentrated
under reduced pressure to afford 14.8 g of yellow oil,
which was diluted with ether (200 mL), washed with
water (2 x 25 mL) and brine (25 mL), dried (MgSO,),
filtered, and evaporated to afford 5.99 g of light-yellow
oil, which was distilled to afford 4.38 g (80%) of 13 as a
clear oil: bp 53-55 °C (0.25 mm Hg); IR (film) 2900,
1670, 1425, 1380, 910 cm ™' (lit.* IR (CCl,) 2980, 2920,
2860, 1680, 1640, 1546, 1250, 1220, 1000, 980, 912, 810,
745 cm™'); '"H NMR § 1.55-1.70 (1H, m), 1.88 (3H, s),
1.95-2.30 (§H, m), 2.60-2.70 (1H, m), 4.95-5.05 (2H,
m), 5.63-5.80 (1H, m), 5.78 (1H, s) (lit.* '"H NMR (90
MHz, CDCl,) 6 1.33-2.87 (10H, m), 4.80-5.16 (2H, m),
5.50-6.03 (2H, m)); *C NMR § 24.0, 27.1, 30.2, 33.6,
44.8, 116.4, 126.1, 136.2, 161.6, 201.5. Anal. calcd for
C,H;0: C, 79.96; H, 9.39. Found: C, 79.78; H, 9.36.

6-Methyl-3-(2-propenyl)-2-oxo0-7-oxabicyclo[4.1.0] hept-
ane (14) and 6o-methyl-33-(2-propenyl)-2-oxo0-7-oxabi-
cyclo[4.1.0]heptane (15). According to a modification
of the procedure of Solladie,* a solution of 4.80 g (31.9
mmol) of 13 and 6.5 mL of 30% hydrogen peroxide in
methanol (120 mL) and water (60 mL) was cooled to 0
°C and 2.5 mL of saturated aqueous potassium
carbonate was added dropwise. The resulting mixture
was stirred at 0 °C for 2 h and then at room temperature
for 1 h, poured into water (100 mL), and the aqueous
layer was washed with methylene chloride (8 x 50 mL).
The combined organic layers were dried (MgSO,),
filtered, and evaporated to afford 5.22 g of clear oil.
Purification of a 1.29-g portion of this crude product by
chromatography on silica gel (1:1, hexane:ethyl acetate)
afforded 1.11 g (88%) of 14 and 15, in a 3:2 ratio as
indicated by "C NMR, as a clear viscous oil: IR (film)
2920, 1710, 1440, 1400, 1200, 910 cm™'; '"H NMR § 1.34
(3H, s), 1.36 (3H, s), 1.50-2.65 (14H, m), 2.97 (1H, s),
3.02 (1H, s), 4.85-5.00 (4H, m), 5.50-5.70 (2H, m); *C
NMR & 21.2, 21.6, 22.9, 26.8, 26.8, 28.5, 33.3, 34.8, 41.7,
45.6, 61.0, 61.4, 62.1, 65.5, 116.6, 116.8, 135.2, 135.6,
206.6, 208.8. Anal. caled for C,,H,,0,: C, 72.26; H, 8.42.
Found: C, 72.03; H, 8.44.

lo-Methyl-4p-(2-propenyl)-13,33-cyclohexanediol (16),
lo-methyl-43-(2-propenyl)-13,3a~cyclohexanediol (17),
1B-methyl-4p-(2-propenyl)-10,38-cyclohexanediol (18),
and 1p-methyl-43-(2-propenyl)-1a,3a-cyclohexanediol
(19). To a suspension of 255 mg (6.74 mmol) of LiAlH,
in dry ether (50 mL) was added dropwise a solution of
450 mg (2.79 mmol) of the mixture of 14 and 15 in dry
ether (10 mL). The resulting mixture was stirred for 3 h
and quenched initially with 0.5 g of sodium sulfate
decahydrate and then with 1.0 mL of water. The
mixture was filtered and the salts were washed with
ethyl acetate (25 mL). The combined organic layers
were dried (MgSQO,), filtered and evaporated to afford
464 mg of an approximately 1:2:1:1 mixture of 16, 17, 18

and 19, as indicated by "C NMR. This mixture was
partially separated and purified by chromatography on
silica gel (ethyl acetate), to afford 57 mg (12%) of 16 as
a clear oil, 63 mg (13%) of 17, mp 113.5-114.5 °C, and
81 mg (17%) of a 1:1 mixture of 18 and 19 as a clear oil.
In subsequent experiments on a larger scale, approxi-
mately 85% of the total amount of 17 present crystal-
lized from the crude product upon standing.

For 16, TLC R; = 0.49 (ethyl acetate); IR (film) 3350
(b), 2940, 1650, 1450, 1160, 910 cm™'; '"H NMR § 1.21
(3H, s), 1.20-1.40 (4H, m), 1.50-1.71 (2H, m), 1.85-2.21
(3H, m), 3.85-3.90 (1H, m), 3.95 (1H, s), 4,00 (1H, s),
4.90-5.07 (2H, m), 5.69-5.83 (1H, m); '"H NMR (CDCl,
+ 2 drops D,0) 8 1.21 (3H, s), 1.20-1.40 (4H, m), 1.50-
1.71 (2H, m), 1.85-2.21 (3H, m), 3.85-3.90 (1H, m),
4.90-5.07 (2H, m), 5.69-5.83 (1H, m); *C NMR § 21.9
(u), 30.7 (d), 37.1 (u), 38.7 (u), 41.0 (d), 43.0 (u), 69.6
(d), 70.6 (u), 115.8 (u), 137.1 (d). Anal. caled for
C,yH;0,: C, 70.55; H, 10.66. Found: C. 70.43; H, 10.56.

For 17, TLC R, = 0.33 (ethyl acetate); recrystallization
from ether gave an analytical sample: mp 114.0-114.5
°C; IR (KBr) 3340 (b), 2920, 1650, 1440, 1360, 1350,
1250, 1030, 900 cm™'; 'H NMR § 1.24 (3H, s), 1.25-1.28
(3H, m), 1.50-1.67 (2H, m), 1.80-2.05 (5H, m), 2.42-
2.55 (1H, m), 3.57-3.76 (1H, dt,J = 4.1, 10.2 Hz), 4.98-
5.05 (1H, dd, J = 1.3, 11.1 Hz), 5.02-5.11 (1H, dd, J =
1.3, 18.9), 5.78-5.93 (1H, ddt,J = 7.0, 10.0, 17.1 Hz); 'H
NMR (CDCl, + 2 drops D,0) 6 1.24 (3H, s), 1.25-1.28
(3H, m), 1.50-1.67 (2H, m), 1.80-2.05 (5H, m), 2.42-
2.55 (1H, m), 3.57-3.76 (1H, t,J = 4.1, 10.2 Hz), 4.98-
5.05 (1H, dd, J = 1.3, 11.1 Hz), 5.02-5.11 (1H, dd, J =
1.3,18.9), 5.78-5.93 (1H, ddt,J = 7.0, 10.0, 17.1 Hz); °C
NMR & 25.6 (u), 31.5 (d), 37.1 (u), 38.1 (u), 44.3 (d),
47.5 (u), 71.1 (u), 71.5 (u), 116.2 (u), 137.4 (d). Anal.
caled for C,(H,,0,: C, 70.55; H, 10.66. Found: C, 70.63;
H, 10.68.

For 18 and 19, TLC R, = 0.31 (ethyl acetate); '"H NMR
8 1.13 (3H, s), 1.23 (3H, s), 1.30-1.95 (m), 2.12-2.25
(1H, m), 3.47-3.56 (1H, m), 3.98-4.06 (1H, m), 4.90-
5.03 (4H, m), 5.60-5.80 (2H, m); '"H NMR (CDCl; + 2
drops D,0) 3 1.13 (3H, s), 1.23 (3H, s), 1.30-1.95 (m),
2.12-2.25 (1H, m), 3.41-3.49 (1H, m), 3.96-4.04 (1H, m),
4.90-5.03 (4H, m), 5.60-5.80 (2H, m); 'H NMR (D,0) §
1.15 (3H, s), 1.23 (3H, s), 1.30-1.95 (1H, m), 2.12-2.25
(1H, m), 2.35-2.48 (1H, m), 3.28-3.38 (1H, dt, J = 4.2,
10.4 H), 3.99-4.06 (1H, m), 4.90-5.03 (2H, m), 5.60-
5.80 (1H, m); "C NMR § 22.6, 22.9, 28.7, 30.6, 34.5,
35.5, 35.5, 35.9, 39.3, 41.3, 43.1, 43.4, 68.5, 71.0, 71.0,
71.3,115.6,116.0, 137.0, 137.8. Anal. calcd for C,;H ;0,:
C, 70.55; H, 10.66. Found: C, 69.05; H, 10.64. FAB
HRMS caled for CjH;;O,Na (M + Na*) 193.1205,
found 193.1205.

Oxidation of 17 to So-methyl-2[3-(2-propenyl)-5p-hy-
droxycyclohexan-1-one (20). In the manner of Griffith
et al.,* to a mixture of 100 mg (0.59 mmol) of 17, 45 mg
(0.34 mmol) of N-methylmorpholine N-oxide monohy-
drate (NMNO) and 60 mg of crushed 4 A molecular
sieves in dry methylene chloride (10 mL), which had
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been stirred for 15 min, was added 10 mg (0.03 mmol)
of tetra-n-propylammonium perruthenate in one por-
tion. The resulting mixture was stirred for 12 h, filtered
through a plug of silica gel with ethyl acetate, and
concentrated to afford 100 mg of 20 as a clear oil,
contaminated by ca. 15% NMNO. This mixture was not
further purified. For 20,'H NMR § 1.27 (3H, s), 1.61—
1.95 (5H, m), 2.15-2.50 (4H, m), 4.85-4.98 (2H, m),
5.60-5.78 (1H, m); “C NMR § 27.7, 30.5, 33.0, 37.2,
48.8, 54.3, 74.4, 115.9, 136.1, 211.2.

Oxidation of 16 to 5c-methyl-23-(2-propenyl)-5(3-
hydroxycyclohexan-1-one (20). By the same procedure,
215 mg (1.26 mmol) of 16, 234 mg (1.73 mmol) of
NMNO, 90 mg of crushed 4 A molecular sieves in dry
methylene chloride (20 mL), and 10 mg (0.03 mmol) of
tetra-n-propylammonium perruthenate afforded 156
mg of a clear, oily 3:1 mixture of 20 and 16, as indicated
by “C NMR.

Oxidation of 18 and 19 to 53-methyl-23-(2-propenyl)-
5p-hydroxycyclohexan-1-one (21). By the same proce-
dure, 187 mg (1.10 mmol) of the mixture of 18 and 19,
204 mg (1.51 mmol) of NMNO, 70 mg of crushed 4 A
molecular sieves in dry methylene chloride (10 mL),
and 20 mg (0.06 mmol) of tetra-n-propylammonium
perruthenate afforded 274 mg of 21 as a clear oil, which
was contaminated with ca. 50% NMNO. For 21, “C
NMR & 26.5, 27.1, 33.3, 37.2, 48.2, 54.8, 73.0, 116.1,
135.5, 210.2.

Reduction of 20 derived from 17 to a mixture of 16 and
17. To a suspension of 56 mg (1.5 mmol) of LiAIH, in
dry ether (10 mL) was added dropwise a solution of 100
mg (0.59 mmol) of crude 20 prepared from 17 as
described above, in dry ether (3 mL). The resulting
mixture was stirred for 1 h and quenched initially with
1.0 g of sodium sulfate decahydrate and then with 0.5
mL of water. The mixture was filtered and the salts were
washed with chloroform (15 mL). The combined
organic layers were dried (MgSO,), filtered, and
evaporated to afford 100 mg of a 4:1 mixture of 16
and 17, as indicated by “C NMR, as a cloudy viscous oil:
"“C NMR 6 21.9, 25.6, 305 312 36.7, 37.0, 38.1, 38.6,
40.9, 42.9, 44.0, 47.4, 69.4, 70.6, 70.6, 71.2, 115.6, 115.8,
137.1, 137.2.

Reduction of 20 derived from 16 to a mixture of 16 and
17. In exactly the same manner, 155 mg (0.92 mmol) of
crude 20, prepared from 16 as described above,
afforded 150 mg of a 4:1 mixture of 16 and 17, as
indicated by *C NMR, as a cloudy viscous oil: "C NMR
5 21.9, 254, 30.7, 31.3, 36.8, 37.1, 37.9, 38.7, 40.9, 43.0,
441, 475, 69.5, 70.7, 70.8, 71. 2 115.7, 115.9, 137.2,
137.3.

Reduction of 21 derived from 18 and 19 to a mixture of
18 and 19. In exactly the same manner, 180 mg (1.07
mmol) of 21, prepared as described above afforded 171
mg of a 1:1 mixture of 18 and 19, as indicated by *C
NMR, as a cloudy viscous oil: *C NMR § 22.6, 22.9,

28.6, 30.6, 34.5, 35.5, 35.5, 35.8, 39.3, 41.2, 43.3, 43.4,
68.4, 70.8, 71.1, 71.3, 115.6, 115.9, 136.9, 137.8.

lo-Methyl-4§3-(2-propenyl)-1p3,33-cyclohexanecarbonate
(22). In the manner of Kutney and Ratdliffe,”” to a
solution of 150 mg (0.88 mmol) of 16 in dry benzene (20
mL) was added 100 mg (0.62 mmol) of N,N'-carbonyl-
diimidazole in one portion. The resulting solution was
heated at reflux for 1 h, after which an additional 100 mg
(0.62 mmol) of N,N'-carbonyldiimidazole was added,
followed by a further addition of 371 mg (2.90 mmol) of
N,N'-carbonyldiimidazole in small portions to the
refluxing reaction mixture over 5 h. The resulting
mixture was heated at reflux for an additional 12 h
and concentrated under reduced pressure to afford an
oily white solid. The residue was dissolved in chloroform
(30 mL) and washed with water (20 mL). The aqueous
layer was washed with chloroform (4 x 25 mL) and the
combined organic layers were dried (MgSO,), filtered,
and evaporated to afford 833 mg of clear oil, which was
purified by chromatography on silica gel (7:3, ethyl
acetate:hexane) to afford 25 mg (14%) of 22, mp 91.0-
93.5 °C. Recrystallization from ether gave an analytical
sample: mp 95.5-96.0 °C; TLC R, = 0.50 (7:3, ethyl
acetate:hexane) IR (KBr) 2750, 17()0 1390, 1220, 1140,
1090 em™'; '"H NMR § 1.41 (3H, s), 1.45-1.65 (3H, m),
1.70-1.80 (2H, m), 1.99-2.31 (4H, m), 4.57-4.62 (1H,
m), 5.03-5.15 (2H, m), 5.68-5.82 (1H, m); "C NMR &
23.1,27.7,35.1, 36.5, 36.5, 40.2, 80.5, 117.5, 135.2, 150.1.
Anal. caled for C,,H,(O;: C, 67.32; H, 8.22. Found: C,
67.10; H, 8.18.

1a-Methyl-43-(2-propanal)-15,3o-cyclohexanediol (23)
and la-methylcyclohexan-13-0l-3y-lactol (24). Through
a solution of 150 mg (1.00 mmol) of 17 in dry methylene
chloride (10 mL) and dry methanol (1 mL), cooled to
—78 °C, was bubbled ozone until a blue color formed
after 10 min. The ozone was replaced with argon and
after 5 min 300 mg (1.15 mmol) of triphenylphosphine
was added in one portion. The resulting mixture was
warmed to room temperature while being stirred
overnight, and then concentrated under reduced
pressure to afford 480 mg of clear oil which was
purified by chromatography on silica gel (5:60:35, acetic
acid:ethyl acetate:ether). Acetic acid was removed
azeotropically with heptane from appropriate fractions
to afford 131 mg (86%) of a 5:1 mixture of 23 and 24, as
indicated by "C NMR, as a clear oil: IR (film) 3300 (b),
2900, 1713, 1450, 1373, 1039 cm™":'"H NMR & 1.22 (3H,
s), 1.26 (3H, s), 1.20-2.40 (m), 2.65-2.75 (m), 3.50-3.60
(m), 3.76-3.90 (m), 5.40-5.55 (m), 9.75 (1H, s); for 23,
BC NMR 6 26.8, 31.4, 37.7, 39.9, 47.7, 48.0, 70.7, 71.5,
203.7. FAB HRMS calcd for C;H,;O;Na (M + Na*)
195.0997, found 195.0993.

43-(Carboxy-2Z-hexylidene)-1a-methyl-1B3,3a-cyclohex-
anediol (25). In the manner of Maryanoff,® to a
suspension of 2.06 g (4.64 mmol) of (4-carboxybutyl)-
triphenylphosphonium bromide in dry THF (20 mL)
was added 18.6 mL (9.29 mmol) of potassium bis(tri-
methylsilyl)amide (0.50 M in toluene) dropwise. The
resulting mixture was stirred for 15 min and then a
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solution of 200 mg (1.16 mmol) of the mixture of 23 and
24 in dry THF (10 ml.) was added dropwise to the
bright orange solution. The resulting tan mixture was
stirred for 2 h at room temperature. The reaction
mixture was partitioned between water (50 mL) and
ether (50 mL) and the organic layer was washed with
water (30 mL). The combined aqueous layers were
washed with ethyl acetate (50 mL), acidified with 1 M
aqueous H.SO,, and washed with ethyl acetate (4 x 50
mL). The combined organic layers were washed with
water (20 mL), brine (20 mL), dried (MgSO,), filtered,
and evaporated to afford 832 mg of a light-yellow oily
mixture of triphenylphosphine oxide, (4-carboxybutyl)-
triphenylphosphonium bromide and 25. For 25: “C
NMR 3 25.7, 26.2, 28.6, 29.4, 128.2, 128.3, 128.5, 128.6,
130.3, 130.5, 130.6, 131.7, 131.8, 131.9, 176.0. FAB
HRMS caled for C,H,,0, (M-H™) 255.1596, found
255.1586.

2-(Carboxy-2Z-hexylidene)-50.-methyl-13-hydroxycyclo-
hexan-1-one (26). In the manner of Griffith et al.,* to a
mixture of 1.086 g of a crude product containing 25 as
described above, 274 mg _(1.76 mmol) of NMNO, and
0.050 g of crushed 4 A molecular sieves in dry
methylene chloride (15 mL) which had been stirred
for 15 min, was added 0.025 g (0.07 mmol) of tetra-n-
propylammonium perruthenate in one portion. The
resulting mixture was stirred for 12 h, filtered through a
plug of silica gel (chloroform), and concentrated to
afford 1.10 g of dark-purple oil, which was purified by
chromatography (3 times) on silica gel (95:5, ethyl
acetate:acetic acid) to afford 0.058 g (20%) of 26, mp
74.0-75.5 °C. Recyrstallization from ether gave an
analytical sample: mp 78.5-79.5 °C; IR (KBr) 3420,
1706, 1691, 1234, 1164 cm™'; '"H NMR § 1.32 (3H, s),
1.60-2.50 (15, m), 5.30-5.40 (2H, m), 6.90 (2H, bs); 'H
NMR (500 MHz, benzene) 5.32 (1H, m), 5.40 (1H, m).
Simulation of this region of the spectrum with the
gNMR program® using the experimental data file and
initial coupling constants estimated from a DQCOSY
spectrum indicated that the alkenyl protons have J =
10.6 Hz. “C NMR § 24.4, 26.4, 26.5, 28.0, 30.6, 33.3,
37.3, 49.5, 54.5, 75.1, 128.1, 130.1, 178.7, 211.8. FAB
HRMS caled for C H,,O,Na (M+Na*) 277.1416,
Found 277.1421. Anal. calced for C,,H,,0,: C, 66.12;
H, 8.72. Found: C, 64.55; H, 8.65.

Immunologic procedures

Preparation of hapten—-KLH conjugates. Haptens 10
and 11 were coupled to keyhole limpet hemocyanin
(KLH) (Pierce, 77100) according to the method of
Cianciolo.”™ The haptens were dissolved in 1.84 mL of
H,O, pH 5.5, to 1 mM and added to 40 mg of 1-ethyl-
3(3-diethylamine propyl)carbodiimide hydrochloride
(Pierce, 22980). After 1.0 min, 0.16 mL of KLH in
H,O (25 mg/mL) was added dropwise with stirring. The
reaction was allowed to continue for 6 h at room
temperature and maintained at a pH of 5.0 with the
addition of dilute HCL. The samples were adjusted to
1.0 M glycine by the addition of 150 mg of solid reagent,

mixed and rotated for 17 h at 4 °C. The samples were
dialyzed exhaustively against H,O, then phosphate
buffered saline (PBS) and stored at —70 °C.

Preparation of antibodies. New Zealand white rabbits
were injected subcutaneously at multiple sites with a
total of 135 mg of hapten 10- or hapten 11-KLH
conjugate in the presence of complete Freund’s
adjuvant. Equal amounts of hapten conjugates were
given as secondary injections in the presence of in-
complete Freund’s adjuvant on days 21 and 45. The sera
were collected on day 60 and stored frozen at —20 °C.

Immunoassays. Assays were performed in triplicate in
polystyrene 96-well microtiter plates (Dynatech Immu-
lon 4). All incubations were performed at 24 °C on a
rotating platform and the buffers and solutions used
were obtained in a Pierce #91320 ELISA kit. The plates
were coated with 0.05 mL of a hapten—-KLLH conjugate
at 50 mg/mL in coating buffer, which contained 6.2 M
NaCO,/NaHCO,, pH 9.4. They were blocked with
bovine serum albumin {BSA) in Dulbecco’s Modified
PBS and washed with Dulbecco’s PBS containing 0.2%
Tween 20. Competitors (haptens 10, 11 and 26, and R,S-
MVL from Sigma) and antibodies (0.025 mL of each in
2 mM NaPO,, pH 4.0) were incubated together in the
microtiter plate for 16 h. After washing, binding of the
rabbit antibodies was detected by a 1-h incubation with
0.05 mL of alkaline phosphase-conjugated goat anti-
rabbit heavy- and light-chain IgG. Development of
color from the 4-nitrophenyl phosphate chromogenic
substrate was recorded after 1 h at an absorbance of 405
mM on a Thermo Max Microplate Reader {Molecular
Devices). Nonspecific binding was determined by
replacing specific rabbit antisera with a normal rabbit
serum. Data were expressed as the ratio B/Bo, where
Bo is the absorbance of wells containing no competitor
minus nonspecific binding and B is the absorbance of
wells containing competitor minus nonspecific binding.
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