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Figure 2. CD spectra recorded at 2 °C during a titration of rabbit liver
apo-MT 2 with Hg(ll) at pH 2.4. (A)0-7(0,1,2,3,4,5 7): (B) 7-11
(7,9, 113 (C) LI=18 (11,12, 13, 14,15, 17, 18) mol equiv of Hg at 2
°C, and the spectrum for 18 mol equiv measured at 37 °C; (D) 0~18 mol
¢quiv, the third axis in (D) is mol equiv of Hg.

reaction is not reversible, and the Hgg-MT CD spectrum remains
if the temperature is subsequently reduced to 2 °C. There is no
free Hg at either temperature.

The spectrum observed for Hg,-MT 2 in this wavelength region
arises from RS~ — Hg®* transitions. The high CD intensity
observed for Hgo-MT must arise from a strongly chiral envi-
ronment for the Hg—S bonds. It is not possible for such an
intensely dichroic signal to be generated if the structure of
Hg g-MT was a random coil. Because the CD spectrum is spe-
cifically sensitive (due to exciton coupling effects!?) to formation
of clustered species, like Cd-SR, . *'%171% 4 3.dimensional structure
is necessary in order to generate the CD spectrum observed when
18 Hg atoms are bound to the 20 thiolate groups in MT 2 below
pH 7. This is highly unexpected. There is no evidence of dimer
formation,'” and it is unlikely that Hg -MT adopts the Cd;S,,
2-domain structure, because HgS,; cannot form the necessary
Hg-S-Hg bridges. We suggest that the CD signal arises from
stacking of the Hg—S bonds in the protein either in a hairpin-like
structure or in one that involves extensive coiling of the peptide
chain. In the absence of aromatic amino acids, we only find

(18) Boulanger, Y.; Armitage, |. M. J. Inorg. Biochem. 1982, 17, 147-153.

{19} The evidence against dimer formation is as follows. There is no
change in Ae over a concentration range 1 X 107 to 2 X 107% M; Hg,o-MT
forms preferentially at higher temperatures rather than at lower temperatures;
the CD intensity arises from chiral S — Hg charge transfer transitions, not
aligned peptide groups; we do not expect dimerization to result in well-defined
chiral binding sites for the Hg; there is no free metal to induce dimerization;
no disulfide bonds are present; Hgo-MT elutes on the low mass side of
cytochrome ¢ on Sephadex 9-50.

0002-7863/88/1510-7873%01.50/0

exciton bands related to the Hg—S chromophore. Reports for both
Cd;-MT!'"" and Co;-MT? with EPR, CD, and MCD techniques
support the view that metal-related transitions are reliable markers
for the presence of well-defined, metal-thiolate structures.
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Calcium channel antagonistic 4-aryl-1,4-dihydropyridine-3,5-
carboxylic acid diesters® (1) are important cardiovascular drugs

OMe

which inhibit smooth and cardiac muscle contractions by blocking
the influx of calcium ions through plasma membrane channels.’
When the two ester groups are different, Cy of the dihydropyridine
ring becomes chiral, and stereoselectivity of antagonism is ob-
served.* Due to the many additional pitfalls which exist when
assessing the pharmacological properties of racemic drugs® and
the changing perception of this problem on the part of regulatory
agencies, the preparation and biological evaluation of single isomers
have become mandatory.

In the area of dihydropyridines (DHP), optically active isomers
have been produced either by classical resolution of a monoacid
or by separation of diastercomeric esters.” A potentially useful
asymmetric synthesis of DHP derivatives involving enantioselective
addition of organometallic reagents to the 4-position of a pyridine
has been demonstrated in a simple case.®

Since we had identified the racemic sulfonyl DHP, 2, as a
potent, orally bioavailable and long acting antihypertensive agent
in animal models, we decided to synthesize the corresponding

(1) Contribution No. 771 from the Institute of Organic Chemistry, Syntex
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367,
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Figure 1. Addition of crotonate to (S5)-5.
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d. I1-BuOOH, 18-crown-6,
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individual isomers. A successful strategy, which utilized an op-
tically active sulfoxide as a transient stereogenic center, is described
below (Scheme ).

Acylation (LDA, EtOAc, THF, -10 °C) of (R)-(+)-4-meth-
oxymethyl methyl sulfoxide® (R)-3 [>98% ee, [a]p + 118°] gave
the (R)-sulfinylpropanone (R)-4 [mp 56-58 °C, [a]p +168°
(MeOH, ¢ = 1), 76% yield],'® which was condensed with 2-
chlorobenzaldehyde under modified Knoevenagel conditions!!
(catalytic piperidine, CH;CN, 60 °C) to provide exclusively the
(E)-benzylidene (S5)-5 [mp 49-51 °C, [a]p +184° (MeOH, ¢ =
1), 74% yield]. Stereochemistry was established on the basis of
TH NMR, literature precedence,!! and the expectation that the
(E)-benzylidene would be the more abundant isomer.!? Hantzsch
reaction (methyl 3-aminocrotonate, MeOH, reflux) of (S)-5 gave
the single diastereomer (S,5)-6 [mp 175-177 °C, [a]p +298°
(MeOH, ¢ = 1), 48% yield] as the result of an asymmetrically
induced Michael addition, followed by dehydrative cyclization.
Keto sulfoxide (R)-3, corresponding to 50% recovery (the result
of H,0O-induced retro-Knoevenagel reaction), was the only other
sulfoxide-containing material in the crude reaction mixture. In
accordance with several literature precedents,!* we propose that
the addition of the crotonate occurs from the opposite side of the
bulky methoxyphenylsulfinyl group to the preferred conformation
of the sulfinylbenzylidene, in which the lone pair on sulfur and
the chlorophenyl group are in an antiperiplanar arrangement
(Figure 1). Such a conformation might also be favored by an
electrostatic interaction between the lone pair on sulfur and the

(9) (a) Pitchen, P.; Dunach, E.; Deshmukh, M. N.; Kagan, H. B. J. Am.
Chem. Soc. 1984, 106, 8188. (b) Zhao, S. H.; Samuel, C.; Kagan, H. B. C.
R. Acad. Sci. Ser. I1 1987, 304, 273. We thank Prof. Kagan for alerting us
to the fact that cumene hydroperoxide is superior to zerr-butyl hydroperoxide
as the oxidizing agent.

(10) All new compounds have been fully characterized spectrally, and
elemental composition was established by combustion analysis.

(11) Tanikaga, R.; Konya, N.; Tamura, T.; Kaji, A. J. Chem. Soc., Perkin
Trans. 1 1987, 825.

(12) March, J. Advanced Organic Chemistry: Reactions, Mechanisms,
and Structure; McGraw-Hill: New York, 1968; Chapter 16.

(13) (a) Solladie, G. Synthesis 1981, 185. (b) Posner, G. H. Asymmetric
Synthesis; Morrison, J. D., Ed.; Academic Press: New York, 1983; Vol. 2,
Chapter 8. (c) Posner, G. H.; Hulce, M. Tetrahedron Lett. 1984, 379. (d)
Pyne, S. G.; Chapman, S. L. J. Chem. Soc., Chem. Commun. 1986, 1688. (e)
Saengchantara, S. T.; Wallace, T. W. J. Chem. Soc., Chem. Commun. 1986,
1592. (f) Iwata, C.; Moritani, Y.; Sugiyama, K.; Fujita, M.; Imanishi, T
Tetrahedron Lett. 1987, 2255. (g) Yamazaki, T.; Ishikawa, N.; Iwatsubo,
H.; Kitazume, T. J. Chem. Soc., Chem. Commun. 1987, 1340.
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Figure 2. X-ray of (S5,5)-6.

Scheme II
OMe

(R)-2 H

carbonyl group. Proof of the absolute stereochemistry of (S,5)-6
was obtained by X-ray crystallography!4 (Figure 2).

Having served its purpose as a stereogenic center, the sulfinyl
function of (S,S)-6 was oxidized'® to the sulfone (--BuOOH,
18-crown-6, KOH, EtOH) to give the target compound (S)-2 [mp
197-200 °C, [a]p +132° (MeOH, ¢ = 1), 87% yield]. The optical
purity of this material was determined to be 94.5% ee by shift
reagent 'H NMR!6 and chiral HPLC."

The opposite isomer, (R)-2, was obtained similarly from
(S)-(-)-4-methoxyphenyl methy! sulfoxide,’ (S)-3 (Scheme 1I),
via (S)-4 {mp 56-58 °C, [a]p —169° (MeOH, ¢ = 1] which was
condensed with 2-chlorophenylbenzaldehyde by using traditional
Knoevenagel conditions (NH4,OAc, PhH, Dean-Stark water
separator). The resulting benzylidene (R)-S, as an E/Z mixture
(~9:1), was directly subjected to the Hantzsch reaction (methyl
3-aminocrotonate, MeOH, reflux). The resulting diastereomer,
(R,R)-6 [mp 188-190 °C, [a]p —297° (MeOH, ¢ = 1), 37% yield]
was readily separated chromatographically from the accompanying
minor isomer derived from ((Z)-5). Oxidation of the sulfinyl
function of (R,R)-6 as described before furnished the desired
sulfone (R)-2 [mp 200-202 °C, [a]p —137° (MeOH, ¢ = 1), 98%
ee, 89% yield].

In spontaneously hypertensive rats, (S)-2 was about ten times
as potent'® in lowering blood pressure as (R)-2.
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