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The absolute stereochemistry of the rutamycin antibiotics 2a,b has been established through asymmetric synthesis
of the known degradation product 4. One of the key steps in the assemblage process involves acylation of the
metalated hydrazone 6 with the N-methoxy-N-methyl amide 5. Both of these enantiomerically pure intermediates
have been prepared in good overall yield and high diastereoselectivity (de > 94%). All absolute stereochemical
relationships were established through alkylation and aldol bond constructions using N-acyloxazolidinone chiral
auxiliaries. Subjection of 17 to acid hydrolysis/deprotection resulted in loss of protecting groups and subsequent
spiroketalization to 19 (80%). Silylation of the secondary alcohol in 19 was followed by a samarium-catalyzed
Meerwein-Ponndorf-Verley reduction to provide the equatorial alcohol 20 in excellent yield and stereoselectivity
(de = 97%). Control experiments indicate that this surprisingly stereoselective reaction operates under kinetic
control and that the observed stereochemical outcome may be the result of coordination of the reactive reducing
agent to the axial spiroketal oxygen. Conversion of 20 to triol 4 afforded material that is identical with the rutamycin
degradation product in all respects. These results establish that the absolute stereochemistry of the rutamycins

is as shown (2a,b).
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The oligomycin/rutamycin/cytovaricin family of anti-
biotics 1-3 consists of highly functionalized spiroketals
bridged by a polypropionate-derived macrolactone chain.!
These macrolides have been of considerable value in bio-
chemical research as specific inhibitors of mitochondrial
ATPase. These studies have provided important contri-
butions to our understanding of the mechanism of oxida-
tive phosphorylation.2® To date, the structures of oligo-
mycin B, rutamycin A, and cytovaricin have been eluci-
dated by single-crystal X-ray analysis;!b** however, cyto-
varicin is the only member of the class for which the ab-

(1) (a) Thompson, R. Q.; Hoehn, M. M.; Higgens, C. E. Antimicrob.
Agents Chemother. 1961, 474-480. (b) von Glehn, M.; Norrestam, R.;
Kierkegaard, P.; Maron, L.; Ernster, L. FEBS Lett. 1972, 20, 267-269.
(c) Arnoux, B.; Garciaz-Alvarez, M. C.; Marazano, C.; Das, B. C.; Pascard,
C.; Merienne, C.; Staron, T. J. Chem. Soc., Chem. Commun. 1978,
318-319. (d) Kihara, T.; Kasukabe, H.; Nakamura, G.; Sakurai, T'.; Isono,
K. J. Antibiot. 1981, 34, 1073-1074. (e) Wuthier, D.; Keller-Schierlein,
W.; Wahl, B. Helv. Chim. Acta 1984, 67, 1208-1216. (f) Carter, G. T. J.
Org. Chem. 1986, 51, 4264-4271. (g) Kobayashi, K.; Nishino, C.; Ohya,
J.; Sato, S.; Mikawa, T.; Shoibara, Y.; Kodama, M.; Nishimoto, N. J.
Antibiot. 1987, 15, 1053-1057.

(2) (a) Lardy, H. A.; Johnson, D.; McMurray, W. C. Arch. Biochem.
Biophys. 1958, 78, 587-597. (b) Lardy, H. A.; Witoncky, P.; Johnson, D.
Biochemistry 1968, 4, 552-554,

(8) Tzagoloff, A.; Meagher, P. J. Biol. Chem. 1972, 274, 594-603.
2 (4%987&kurai' T.; Kihara, T.; Isono, K. Acta Crystallogr. 1983, C39,
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solute stereochemistry has been unequivocally determined.
This was achieved by degradation and characterization of
the deoxy sugar 3-D-cymarose® and was recently confirmed
by total synthesis.®
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¢ (a) n-Bu,BOTY, Et;N, crotonaldehyde; (b) LiOOH, THF-H,0; (c) LiAlH,; (d) Ts-Cl, Et,N; (e) I,, THF-H,0, KH,PO,; (f) n-BusSnH,

AIBN; (g) Me,C(OMe),y, H*; (h) Nal, acetone; (i) n-BuLi, THF.

We wish to report that, in conjunction with efforts di-
rected toward the development of a total synthesis of ru-
tamycins A and B, the absolute stereochemistry of the
rutamycins has now been determined. This has been ac-
complished through an independent asymmetric synthesis
of spiroketal 4, a known degradation product of rutamycins
A and B, via the amide and hydrazone subunits 5 and
6 illustrated below.

Me

Et

Synthesis of amide 5 (Scheme I) began with the acyl-
oxazolidinone 7, which was prepared in analogy with our
published procedure.” Alkylation® of the sodium enolate
derived from 7 (NaNTMS,, THF) with allyl iodide (3

(6) (a) Kaldor, S. W., Ph.D. Thesis, Harvard University, 1989. (h)
Evans, D. A,; Kaldor, S. W.; Jones, T. K. J. Am. Chem. Soc. In press.

(7) Gage, J. R.; Evans, D. A. Org. Synth. 1989, 68, 83-91.

(8) Evans, D. A.; Ennis, M. D.; Mathre, D. J. J. Am. Chem. Soc. 1982,
104, 1737-1739.

equiv, 78 °C, 3 h) afforded 8 (84 %, de = 96%), which was
subjected to saponification (LiOOH, 3:1 THF/H,0, 0 °C,
1 h)® and reduction (LiAlH,, Et,0, 25 °C, 4 h). Protection
of the resulting alcohol (PMBBr, NaH, 1:1 DMF/THF,
25 °C, 24 h) gave the p-methoxybenzyl ether 9 (74%
overall from 8). Hydroboration (9-BBN, THF; NaOOH,
97%) and Swern oxidation (92%)' provided aldehyde 10,
which was subsequently employed in a boron-mediated
aldol reaction!! with the N-propionyloxazolidinone 1112 to
afford the §-hydroxy imide 12 (100%, de >99%). Tran-
samination of 12 (AlMe; (3 equiv), MeONHMe-HCI (3
equiv), THF, 0 °C, 2.5 h)!3 and silylation of the resulting
B-hydroxy amide (TESC], imidazole, DMF) gave the de-
sired amide 5 in 81% overall yield from 11. As executed,
this route is efficient enough to readily deliver 20-g
quantities of § without difficulty.

Synthesis of fragment 6 (Scheme II) was initiated with
an asymmetric aldol addition!! of the boron enolate derived
from N-propionyloxazolidinone 11 to crotonaldehyde to
provide imide 13 (99%) with excellent stereoselectivity (de
> 99%). Subsequent saponification,® reduction (LiAlH,,
Et,0, 77% from 13), and monotosylation (TsCl, Et;N,
CH,Cl,, 90%) afforded allylic alcohol 14. At this point,
a method for the stereoselective hydration of 14 to produce
the requisite anti 1,3-diol was needed. After initial at-
tempts employing mercuric trifluoroacetate on related
systems had been proven to be unsuccessful,* it was found

(9) Evans, D. A,; Britton, T. C.; Ellman, J. A. Tetrahedron Lett. 1987,
28, 6141-6144.

(10) (a) Mancuso, A. J.; Huang, S.-L.; Swern, D. J. Org. Chem. 1978,
43, 2480-2483. (b) Omura, K.; Swern, D. Tetrahedron 1978, 34,
1651-1660.

(11) Evans, D. A,; Bartroli, J.; Shih, T. L. J. Am. Chem. Soc. 1981, 103,
2127-2129. See also ref 7.

(12) For a detailed procedure for the synthesis of the enantiomeric
chiral propionimide, see ref 7.

(13) Basha, A.; Lipton, M.; Weinreb, S. W. Tetrahedron Lett. 1977,
4171-4174.
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that the iodohydroxylation procedure of Chamberlin (I,
1:1 THF/pH 5 0.25 M aqueous phosphate buffer, 5~10 °C,
3 h)!® proceeded with excellent stereoselectivity to afford
a 97:3 ratio of iodo diol diastereomers wherein the anti
1,3-diol 15a was presumed to be the major product in
analogy to the Chamberlin precedent. Removal of the
iodide by treatment of the unpurified iodo diol mixture
with tri-n-butylstannane (cat. AIBN, C¢Hg, reflux, 1 h),
chromatographic separation of the minor diol diastereomer,
and ketalization (2,2-dimethoxypropane, cat. p-TsOH, 25
°C, 17 h) afforded the diastereomerically pure acetonide
16a in 59% overall yield from 14. At this juncture, the
stereochemistry of the iodo hydration reaction (14 — 15a)
was confirmed by ¥*C NMR spectroscopy on acetonide 16a.
The chemical shifts of the two acetonide methyl groups
were observed to be 24.9 and 24.8 ppm, in excellent
agreement with the values commonly observed for an anti
1,3-diol acetonide (25.0 ppm); no resonances were observed
in the regions expected for a syn 1,3—-diol acetonide (ca.
19 and 30 ppm).1¢

The synthesis of 6 was completed by conversion of to-
sylate 16a to the corresponding iodide (Nal, acetone, 25
°C, 40 h), which was treated with (-35 °C, 19 h) 2 equiv
of the lithiated (n-BuLi, THF, -78 °C, 30 min) acetone
dimethylhydrazone!” to provide the desired hydrazone 6
in excellent yield (97% from 16b). In the development of
this route, the iodo hydration step (14 — 15a) was viewed
to be one of the most problematic steps. We were con-

(14) These experiments were carried out on the allylic alcohol i. Re-
action of i (R; = R, = acetonide or TBS; R, = H, R, = TBS, TBDPS, Pv)
with Hg(OTFA), followed by demercuration with n-Bu;SnH resulted in
formation of ii in 40-62% yield and 34-80% de.

RO 8,0

RO RO  OH
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B T Et
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(15) (a) Chamberlin, A. R.; Mulholland, R. L. Tetrahedron 1984, 40,
2297-2302. (b) Kahn, S. D.; Hehre, W. J. J. Am. Chem. Soc. 1987, 109,
666-671. (c) Chamberlin, A. R.; Mulholland, R. L.; Kahn, S. D.; Hehre,
W. d. J. Am. Chem. Soc. 1987, 109, 672-6717.

o 5(15(3‘)“§2yc1'movsky, S. D,; Skalitzky, D. J. Tetrahedron Lett. 1990, 31,
45-948,
204(1%())7Wiley, R. H.; Slaymaker, S. C.; Kraus, H. J. Org. Chem. 1957, 22,

Evans et al.

cerned that, without adequate deactivation of the primary
alcohol function, this heteroatom was ideally positioned
to intervene during the olefin iodination. The successful
incorporation of the requisite primary tosylate ester into
the synthesis prior to olefin derivatization provided a
convenient solution to the problem of controlling this
undesired reaction.

The two spiroketal subunits were assembled according
to the acylation procedure outlined in Scheme III.18
Hydrazone 6 was metalated (LDA, THF, Et,0, 0 °C, 30
min), cooled to -78 °C, and then transfered by cannula to
a THF solution containing amide 5 (-55 — -45 °C, 21 h).
Under these conditions, a good yield (80%) of the unstable
vinylogous amide 17 was obtained. The choice of solvent
and base was found to be critical to the success of this
reaction; the LDA in this experiment was prepared by the
addition of a solution of MeLi in Et,0 to a solution of
diisopropylamine in THF (-30 °C — 0 °C). In contrast,
the use of LDA prepared from n-BuLi in hexane in closely
related systems resulted in incomplete deprotonation.
Additives such as hexamethylphosphoramide (HMPA)
facilitated proton abstraction but adversely affected the
desired acylation reaction. Similar results were obtained
when the lithium counterion was varied (KDA vs LDA).
Such effects have been independently observed in other
hydrazone deprotonation studies.’® It appears that a
hexane-free medium is essential for complete metalation.
The use of an ethereal solvent mixture (THF with either
2,6-dimethyltetrahydrofuran'® or Et,0 as cosolvent) is a
key component in achieving synthetically useful amounts
of hydrazone anions. Utilization of neat Et,O or THF/
hexane (1.6:1) solvent mixtures led to incomplete depro-
tonation. In our example, the reaction also displayed a
concentration dependence; under optimal conditions, the
reaction was performed at a substrate concentration of
>0.35 M.

Multiple deprotection of 17 and spiroketalization to 18
(80%) was carried out under carefully defined conditions
(MeCN/HF /H,0 (84:4:10), 25 °C, 18 h). The selection of
the appropriately labile secondary alcohol protecting group
(TES) in 17 proved to be important for this transforma-
tion. In related studies, an analogous spiroketalization
executed with the TBS-protected secondary alcohol re-
sulted in some epimerization at the methyl-bearing ster-
eocenter adjacent to the ketone functionality. Control
experiments indicate that epimerization occurs in this
system at an intermediate stage in the spiroketalization
process.?®

After silylation of ketone 18 (TBSC], Et;N, CH,Cl,, 25
°C, 94%), a number of reducing agents that might nor-
mally be expected to provide the desired equatorial alcohol
20 proved to be unsatisfactory. For example, LiAlH, re-
duction of 19 afforded an ~1:1 mixture of carbinol dia-
stereomers. Similar difficulties in related reductions in
the milbemycin area have been previously documented.?
A welcome solution to this stereochemical issue was found
in the application of the samarium(II)-catalyzed Meer-
wein-Ponndorf-Verley reduction?? to 19 (0.15 equiv of

(18) (a) Nahm, S.; Weinreb, 8. W. Tetrahedron Lett. 1981, 22,
3815-3818. (b) Turner, J. A.; Jacks, W. S. J. Org. Chem. 1989, 54,
4229-4231.

(19) Galiano-Roth, A. S.; Collum, D. D. J. Am. Chem. Soc. 1989, 111,
6772-6778.

(20) For a more detailed discussion of related cyclizations, see ref 6b.

(21) For leading references, see: (a) Crimmins, M. T., Bankaitis-Davis,
D. M.,; Hollis, W. G., Jr. J. Org. Chem. 1988, 53, 652-657. (b) Crimmins,
M. T.; Hollis, W. G.; Bankaitis-Davis, D. M. Tetrahedron Lett. 1987, 28,
3651-3654. (c) Williams, D. R.; Barner, B. A.; Nishitani, K.; Phillips, J.
C.dJ. Am. Chem. Soc. 1982, 104, 4708-4710. (d) Albizati, K. F.; Perron,
F. Chem. Rev. 1989, 89, 1617-1661.
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Scheme 1V*

9(a) DDQ, CH,Cl,-H,0; (b) LiOH, THF-MeOH-H,0; (c) HF,
MeCN—Cﬂzclg.

SmI,, 10 equiv of Me,CHOH, THF, 25 °C, 18 h), which
produced the desired equatorial alcohol 20 (98%), along
with the readily separable axial alcohol contaminant (1%).
Control experiments indicate that this surprisingly ste-
reoselective reaction operates under kinetic control and
that the observed stereochemical outcome may be the
result of coordination of the reactive reducing agent to
the axial spiroketal oxygen. Benzoylation of equatorial
alcohol 20 (BzCl, Et;N, CH,Cl,, 25 °C) gave the differen-
tially protected triol 21 in excellent yield. The choice of
protecting groups in this intermediate reflects our intention
to utilize this compound in the synthesis of the rutamycins.

Comparison of the absolute stereochemical relationships
in the spiroketal degradation product 4 with the protected
synthetic analogue 21 was accomplished as described in
Scheme IV. Removal of the PMB ether [DDQ,
CH,Cl,/H,0 (18:1), 95%]* afforded the primary alcohol
22, a key intermediate in our projected synthesis of ruta-
mycin. Further deprotection to the triol was performed
as shown [(1) LiOH, THF/MeOH/H,0 (2:2:1), 25 °C,
96%; (2) 47% aqueous HF /CH,Cl,/CH,CN (1:5:5), 25 °C,
92%]. The resulting synthetic 4 exhibits chromatographic
and spectral characteristics (IR, 500-MHz 'H NMR, 100-
MHz 13C NMR, MS) identical with material derived from
rutamycins A and B (2a,b). Additionally, the observed
optical rotation of the synthetic triol, [a]# -95.1° (¢ 0.225,
CHCl,), is in good agreement with the value reported for
4, [a]p —88.6° (¢ 1.10, CHCIl,).'¢ This comparison estab-
lishes that the absolute configuration of the rutamycins
is as shown (2a,b) and that there is a stereochemical
homology between the rutamycins and cytovaricin in the
spiroketal region. Further work in this area pertaining to
total syntheses of rutamycins A and B will be reported in
due course.

(22) (a) Namy, J.-L.; Souppe, J.; Collin, J.; Kagan, H. B. J. Org. Chem.
1984, 49, 2045-2049. (b) Collin, J.; Namy, J.-L.; Kagan, H. B. Nouv. J.
Chim. 1986, 10, 229-232. (c) See also ref 6b.

(23) Attempts to oxidize the axial alcohol to ketone 19 (excess acetone,
THF, 25 °C) or to equilibrate the axial alcohol to equatorial alcohol 20
(1 equiv of acetone, 10 equiv of Me,CHOH, THF, 25 °C) under samarium
catalysis were unsuccessful. Since the samarium-catalyzed Meerwein-
Ponndorf-Verley reduction of 4-tert-butylcyclohexanone has been re-
ported to give a 3:1 ratio of axial:equatorial alcohols,??> we believe the
axial spiroketal oxygen in our system must be playing a key role in
reduction of 19.

(24) For a review, see: Horita, K.; Yoshioka, T.; Tanaka, T.; Oikawa,
Y.; Yonemitsu, Q. Tetrahedron 1986, 42, 3021-3028.
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Experimental Section

General. Infrared spectra were recorded on a Perkin-Elmer
781 infrared spectrophotometer. 'H and 3C NMR spectra were
recorded on Bruker AM300, AM400, or AM500 spectrometers.
Chemical shifts are reported in ppm downfield from a tetra-
methylsilane internal standard. Optical rotations were measured
on a JASCO DIP-181 digital polarimeter. Ethereal solvents were
distilled from sodium benzophenone ketyl under N,. Dichloro-
methane, acetonitrile, 2-propanol, triethylamine, diisopropylamine,
crotonaldehyde, benzene, and diisopropylethylamine were distilled
from CaH, under N,. Butyryl chloride and oxalyl chloride were
distilled under N, prior to use. Dimethylformamide and dimethyl
sulfoxide were used as received and stored over 4-A molecular
sieves. Di-n-butylboryl trifluoromethanesulfonate® and samarium
diiodide (SmI;)® were prepared according to the literature pro-
cedures. The (S)- and (R)-4-(phenylmethyl)-1,3-oxazolidin-2-one
chiral auxiliaries were prepared as described.” All other reagents
were used as received. Flash chromatography?” was performed
on silica gel 60 (230-400 mesh, E.M. Science). Analytical HPLC
analyses were performed on a Hewlett-Packard HP1090 liquid
chromatograph (DuPont Zorbax column, 4.6 mm X 25 ¢m, 5 um
silica gel, 2 mL/min, 254 nm).

(S)-3-(1-Oxobut-1-yl)-4-(phenylmethyl)-1,3-oxazolidin-2-
one (7). The following acylation reaction was carried out in
analogy to the published procedure.” (S)-4-(Phenylmethyl)-1,3-
oxazolidin-2-one (17.7 g, 0.100 mol) and 5 mg of triphenylmethane
were dissolved in 300 mL of THF and cooled to -78 °C under
N, n-BuLi (41.4 mL of a 2.44 M hexane solution, 0.101 mol) was
added dropwise until a deep-orange color developed. Butyryl
chloride (11.7 g, 11.4 mL, 0.110 mol) was added in one portion,
and the light yellow solution was stirred at —78 °C for 30 min and
then warmed to ambient temperature. Saturated aqueous NH,Cl
(60 mL) was added, and the THF was removed in vacuo. The
residue was extracted twice with 80 mL of CH,Cl; the combined
organic extracts were washed successively with 75 mL of 1 N
aqueous NaOH and 75 mL of brine, dried (MgSO,), and evapo-
rated in vacuo. The residue was purified by flash chromatography
(27.5% EtOAc in hexane) to give 24.35 g (99%) of 7 as a light-
yellow oil: [«]®p +58.9° (¢ 1.68, CHCly); IR (neat) 2965, 1780,
1700, 1385, 1350, 1210, 1095, 760, 700 cm™’; 'H NMR (300 MHz,
CDCly) 6 6.94 (m, 5 H, ArH), 4.68 (m, 1 H, CHN), 4.18 (m, 2 H,
CH,0), 3.03 (AB of ABX, J,p = 13.3 Hz, Jyx = 9.6 Hz, Jpx =
3.3 Hz, Avsg = 160.6 Hz, 2 H, ArCH,), 2.92 (m, 2 H, CH,CO0), 1.73
(m, 2 H, CH,CH,), 1.02 (t, J = 7.4 Hz, 3 H, CH,CH_); 1*C NMR
(75.5 MHz, CDCly) 6 172.9, 153.2, 135.3, 129.2, 128.6, 127.0, 65.9,
54.8, 37.7, 37.1, 17.5, 13.4. Anal. Calcd for C;;H,;NOg: C, 68.00;
H, 6.93. Found: C, 67.88; H, 6.91.

(S)-3-[(R)-2-Ethyl-1-0x0-4-penten-1-yl]-4-(phenyl-
methyl)-1,3-0xazolidin-2-one (8). Sodium hexamethyldisilazide
(46.0 mL of a 0.97 M THF solution, 0.0445 mol) was cooled to
-8 °C under N,, resulting in a thick suspension. A solution of
10.0 g (0.0405 mol) of the imide 7 in 35 mL of THF was added
dropwise at such a rate as to maintain the internal temperature
below —70 °C. After 30 min, 20.5 g (11.1 mL, 0.122 mol) of allyl
iodide (freshly filtered through neutral alumina into a dry,
N,-flushed flask) was added at such a rate as to maintain the
internal temperature below —70 °C. The resulting yellow solution
was stirred at ~78 °C for 3 h. Saturated aqueous NH,CI (20 mL)
was added and the THF was removed in vacuo. The residue was
diluted with 100 mL of Et,0 and washed successively with 30 mL
of Hy0, 30 mL of 1 N aqueous NaHSO,, 30 mL of H,0, 30 mL
of saturated aqueous NaHCOj3, and 30 mL of brine. The organic
phase was dried (MgSO,) and purified by flash chromatography
(20% EtOAc in hexane) to give 9.81 g (84%) of 8 as a very pale
yellow oil (diastereomer ratio 98:2 by analytical HPLC): [«]%
+55.0° (¢ 1.04, CHCly); IR (neat) 2975, 1785, 1700, 1390, 1350,
1235, 1210, 760, 705 cm™!; '"H NMR (300 MHz, CDCl,) § 7.28 (m,
5H, ArH), 5.83 (ddt,J = 17.1 Hz,J = 10.0 Hz,J = 7.1 Hz, 1 H,
CH=CH,), 5.08 (m, 2 H, CH=CH,), 4.70 (m, 1 H, CHN), 4.15

(25) Evans, D. A,; Nelson, J. V.; Vogel, E.; Taber, T. R. J. Am. Chem.
Soc. 1981, 103, 3099-3111.

(26) Girard, P.; Namy, J. L.; Kagan, H. B. J. Am. Chem. Soc. 1980,
102, 2693-2698.

(27) Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43,
2923-2925.
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(m, 2 H, CH,0), 3.86 (tt, J = 7.9 Hz, J = 5.8 Hz, 1 H, CHCO),
2.98 (AB of ABX, JAB =13.3 HZ, JAX = 10.0 HZ, JBX = 3.3 HZ,
Avap = 189.5 Hz, 2 H, ArCH,), 2.40 (m, 2 H, CH,CH=CH,), 1.66
{m, 2 H, CH,CH,), 0.92 (t, J = 7.4 Hz, 3 H, CH,CH,;); 3C NMR
(75.56 MHz, CDCl;) 6 175.7 153.0, 135.4, 135.3, 129.2, 128.7, 127.1,
116.7, 65.8, 55.2, 43.7, 38.0, 36.0, 24.4, 11.3. Anal. Calcd for
C;HyNO;: C, 71.06; H, 7.37. Found: C, 71.03; H, 7.46. This
isomeric mixture was carried forward and the minor isomer was
separated from compound 12.

(R)-4-[[(4-Methoxyphenyl)methoxy]methyl]-1-hexene (9).
A 30% aqueous hydrogen peroxide solution (16.8 mL, 148 mmol)
and a solution of 1.78 g (74.0 mmol) of LiOH in 23 mL of H,0
were added to a solution of 10.61 g (37.0 mmol) of imide 8 in 185
mL of THF/H,0 (3:1) at 0 °C under N,. After 1 h, 108 mL (163
mmol) of 1.5 N aqueous Na,SO; was added to quench the excess
H,0,, and the THF was removed in vacuo. The residue (pH =
13) was extracted with three 100-mL portions of CH,Cl,. The
aqueous phase was acidified (1 N HCI, pH = 1) and extracted
with three 100-mL portions of Et;0. The combined ethereal
extracts were dried (MgSO,) and evaporated in vacuo to give the
unpurified acid as a clear, colorless oil: IR (CCl,) 3600-2500, 2960,
1710, 1640, 1280, 1225, 915 cm™!; 'H NMR (300 MHz, CDCly) §
5.78 (ddt, J = 17.0 Hz, J = 10.2 Hz, J = 6.7 Hz, 1 H, CH=CH,),
5.06 (m, 2 H, CH=CH,), 2.40 (m, 2 H, CH,CH=CH,), 2.27 (m,
1 H, CHCO), 1.63, (m, 2 H, CH,CH,), 0.95 (t,J = 7.4 Hz, 3 H,
CH,CH;).

A solution of LiAlH, (47.8 mL, 1 M in Et,0, 47.8 mmol) was
added dropwise to a solution of the unpurified acid in 160 mL
of Et;0 at 0 °C under N,. The resulting milky mixture was stirred
at ambient temperature for 4 h and cooled to 0 °C, and 1.8 mL
of H,0, 1.8 mL of 15% aqueous NaOH, and 5.4 mL of HyO were
added sequentially to quench the excess hydride. Anhydrous
Na,S0, was added, and the mixture was stirred at ambient
temperature for 10 h to remove residual water. This mixture was
filtered through Celite (Et,O wash}, and the solvent was removed
from the filtrate by distillation at atmospheric pressure (Vigreaux
column) to give the unpurified alcohol as a clear liquid: IR (neat)
3330, 2960, 1640, 1460, 1440, 1035, 995, 910 cm™; 'H NMR (300
MHz, CDCl,) 6 5.83 (ddt, J = 17.1 Hz, J = 10.1 Hz, J = 7.2 He,
1 H, CH=CH,), 5.05 (m, 2 H, CH=CH,), 3.57 (AB of ABX, J,p
= 10.8 Hz, Jsx = 6.0 Hz, Jgx = 5.3 Hz, Avsg = 5.6 Hz, 2 H,
CH,0H), 2.12 (m, 2 H, CH,CH=CH,), 1.54 (m, 1 H, CH), 1.36
(m, 2 H, CH,CHjy), 0.92 (t, J = 7.4 Hz, 3 H, CH,CH,;).

Sodium hydride dispersion (60% in oil), 2.6 g (63.8 mmol), was
added in portions to a solution of the unpurified alcohol in 64
mL of THF/DMF (1:1) at 0 °C under N,. After 15 min, 12.8¢g
(7.4 mL, 63.8 mmol) of 4-methoxybenzyl bromide was added
dropwise, and the resulting mixture was stirred at ambient tem-
perature for 20 h. After cooling to 0 °C, 12.8 mL of H,0 was added
dropwise to quench the excess hydride. Diethylamine (4.7 g, 6.6
mL, 63.8 mmol) was added to destroy the excess 4-methoxybenzyl
bromide, and the mixture was stirred at 0 °C for 1 h. This mixture
was diluted with 250 mL of Et,O and washed successively with
125 mL of H,0, two 125-mL portions of saturated aqueous CuSO,,
and 125 mL of Hy0. The aqueous layers were extracted twice
with 125 mL of Et,0. The combined organic extracts were dried
(MgS0Q,) and purified by flash chromatography (5% EtOAc in
hexane) to give 6.39 g (74%) of ether 9 as a clear, colorless oil:
[a}®p +1.9° (c 2.01, CHCLy); IR (neat) 2965, 1615, 1515, 1245, 1170,
1090, 1035, 820 cm™; 'H NMR (300 MHz, CDCl;) 6 7.26 (m, 2
H, ArH), 6.88 (m, 2 H, ArH), 5.77 (ddt, J = 17.1 Hz, J = 10.0 Hz,
J =17.2 Hz, 1 H, CH=CH,), 5.00 (m, 2 H, CH=CH,), 4.42 (s, 2
H, ArCH,), 3.81 (s, 3 H, OCH,), 3.32 (d, J = 5.9 Hz, 2 H, CH,0),
2.11 (m, 2 H, CH,CH=CH,), 1.64 (m, 1 H, CH), 1.36 (m, 2 H,
CH,CH,), 0.88 (t, J = 7.4 Hz, 3 H, CH,CH,); *C NMR (75.5 MHz,
CDCl,) 6 159.2, 137.1, 131.1, 128.9, 115.6, 113.8, 72.7, 72.5, 55.2,
40.0, 35.5, 23.7, 11.1. Anal. Caled for C;sH,,0,: C, 76.88; H, 9.46.
Found: C, 76.91; H, 9.59.

(R)-4-[[(4-Methoxyphenyl)methoxy]lmethyl]-1-hexanol.
A solution of 4.41 g (18.8 mmol) of the alkene 9 in 19 mL of THF
was added dropwise to a solution of 4.59 g (37.6 mmol) of 9-
borabicyclo(3.3.1]nonane in 75 mL of THF at ambient temper-
ature under N,. After 30 min, the solution was cooled to 0 °C,
and 30 mL (113 mmol) of a 156% aqueous NaOH solution was
added dropwise to quench the excess 9-BBN. A 30% aqueous
hydrogen peroxide solution (30 mL) was added dropwise (exo-
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thermic!). After 15 min, the ice bath was removed and the mixture
was stirred at ambient temperature for 3 h. This mixture was
diluted with 95 mL of HyO and 190 mL of Et;0. The aqueous
layer was separated and the organic layer was washed with 95
mL of HyO and 45 mL of brine. The combined aqueous layers
were extracted twice with 50 mL of Et,0. The combined organic
extracts were dried (MgSO,) and purified by flash chromatography
(55% EtOAc in hexane) to give 4.58 g (97%) of the title compound
as a colorless oil: [a]®p +1.5° (c 1.42, CHCl,); IR (neat) 3390,
2940, 1615, 1465, 1250, 1175, 1090, 1040 cm™}; 'tH NMR (300 MHz,
CDCly) 6 7.26 (m, 2 H, ArH), 6.88 (m, 2 H, ArH), 442 (s, 2 H,
ArCH,), 3.81 (s, 3 H, OCHy), 3.63 (m, 2 H, CH,0H), 3.34 (AB of
ABX, Jag = 9.3 Hz, Jux = 6.2 Hz, Jgx = 5.7 Hz, Avsp = 12.0 Hz,
2 H, CH,0), 1.55 (m, 3 H, CH + CH,CH,0H), 1.38 (m, 4 H,
CHch3 + CHCHg), 0.87 (t, J=74 HZ, 3 CHcha); CHgCHa);
13C NMR (75.5 MHz, CDCl3) § 159.0, 130.7, 129.0, 113.6, 72.7, 72.6,
63.0, 55.1, 39.4, 29.9, 27.0, 23.9, 11.0. Anal. Caled for C;3H,y,0q:
C, 71.39; H, 9.59. Found: C, 71.11; H, 9.57.
(R)-4-[[(4-Methoxyphenyl)methoxylmethyllhexanal (10).
Dimethyl sulfoxide (10.8 g, 9.8 mL, 138 mmol) was added to a
solution of 8.8 g (6.0 mL, 69 mmol) of oxaly! chloride in 120 mL
of CH,Cl, at -78 °C under N,. After 20 min, 4.5 g (57.5 mmol)
of the precursor alcohol was added as a solution in 115 mL of
CH,Cl,, giving a white precipitate. After 15 min, 13.9 g (19.2 mL,
138 mmol) of triethylamine was added and the thick mixture was
warmed slowly to ambient temperature. Ether (250 mL) was
added and the mixture was washed twice with 100 mL of half-
saturated brine and once with 100 mL of brine. The combined
aqueous layers were extracted with 100 mL of Et,0. The com-
bined organic extracts were dried (MgSO,) and purified by flash
chromatography (256% EtOAc in hexane) to give 13.2 g (92%) of
aldehyde 10 as a clear colorless oil: [a]® +2.1° (¢ 1.82, CHCl,);
IR (neat) 2940, 1725, 1615, 1510, 1245, 1090, 1035 cm™!; 'H NMR
(300 MHz, CDCly) 6 9.74 (t,J = 1.8 Hz, 1 H, CHO), 7.25 (m, 2
H, ArH), 6.88 (m, 2 H, ArH), 4.40 (s, 2 H, ArCH,), 3.81 (s, 3 H,
OCHs), 3.32 (AB of ABX, JAB =94 HZ, JAX =6.2 HZ, JBX =49
Hz, Avpg = 22.4 Hz, 2 H, CH,0), 2.43 (m, 2 H, CH,CHO), 1.69
(m, 2 H, CH,CH,CHO), 1.57 {m, 1 H, CH), 1.35 (m, 2 H, CH,CHj),
0.88 (t, J = 7.4 Hz, 3 H, CH,CH,); *C NMR (75.5 MHz, CDCl;)
6 202.5, 159.1, 130.9, 129.0, 113.7, 72.7, 72.3, 55.2, 41.4, 39.4, 23.9,
23.6, 11.1. Anal. Calcd for C,Hy,05: C, 71.97; H, 8.86. Found:
C, 71.90; H, 8.73.
(R)-3-{(2R,3S,6R)-3-Hydroxy-6-[[(4-methoxyphenyl)-
methoxy]methyl]-2-methyl-1-0x0-1-0ctyl}-4-(phenyl-
methyl)-1,3-0xazolidin-2-one (12). Di-n-butylboryl trifluoro-
methanesulfonate (17.4 g, 16.0 mL, 63.5 mmol) was added to a
0 °C solution of 13.4 g (57.7 mmol) of (R)-3-(1-oxoprop-1-yl)-
4-(phenylmethyl)-1,3-oxazolidin-2-one (11) in 105 mL of CH,Cl,
under N, at such a rate to maintain the internal temperature below
+5 °C (thermocouple thermometer). Diisopropylethylamine (8.9
g, 12.0 mL, 69.1 mmol) was then added (internal temperature
below +5 °C), giving a light yellow solution. This solution was
cooled to ~78 °C, giving a yellow mixture, and 13.1 g (52.4 mmol)
of the aldehyde 10 was added as a solution in 26 mL of CH,Cl,
dropwise by cannula (internal temperature below -70 °C). After
20 min, the solution was warmed to 0 °C and stirred at that
temperature for 1 h. This solution was cooled to —10 °C (ice-
acetone bath) and the reaction was quenched by dropwise addition
of 50 mL of pH 7 phosphate buffer, 150 mL of MeOH, and 150
mL of MeOH/30% aqueous HyO, (2:1) (internal temperature
below +10 °C). The resulting mixture was stirred at 0 °C for 1
h and the volatiles were removed in vacuo. The residue was
extracted with three 150-mL portions of Et,0. The combined
organic extracts were washed with 100 mL of saturated aqueous
NaHCOj; and 100 mL of brine. The combined aqueous layers were
extracted with 50 mL of Et;0. The combined organic extracts
were dried (MgSO,) and purified by flash chromatography (55%
EtOAc in hexane) to give 25.30 g (100%) of the aldol 12 as a
colorless oil (de > 99% by analytical HPLC): {«]%p -40.9° (c
0.350, CHCIL,); IR (neat) 3530, 2940, 1785, 1700, 1515, 1385, 1245,
1210 cm™; 'H NMR (300 MHz, CDCl,) § 7.27 (m, 7 H, ArH), 6.87
(m, 2 H, ArH), 4.69 (m, 1 H, CHN), 4.42 (s, 2 H, ArCH,), 4.20
(m, 2 H, NCHCH,0), 3.91 (m, 1 H, CHOH), 3.80 (s, 3 H, OCH,),
3.74 (qd, J = 7.1 Hz, J = 2.6 Hz, 1 H, CHCH,), 3.33 (d, J = 5.5
Hz, 2 H, CH,0), 3.01 (AB of ABX, J,g = 13.4 Hz, J5x = 9.5 Hz,
Jax = 3.3 Hz, Avyg = 138.7 Hz, 2 H, CH,Ph), 2.89 (d, J = 3.0 Hz,
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1 H, OH), 1.66-1.29 (m, 7 H, CH,CHCH,CH,), 1.25 (d, J = 7.0
Hz, 3 H, CHCH,), 0.87 (t, J = 7.4 Hz, 3 H, CH,CH,); *C NMR
(125.8 MHz, CDCl,) 6 177.4, 158.9, 152.9, 135.0, 130.8, 129.3, 129.0,
128.9,127.3, 113.6, 72.6, 71.7, 66.0, 55.2, 55.1, 55.0, 42.0, 39.5, 37.7,
31.0, 27.2, 23.9, 11.0, 10.4. Anal. Calcd for CosH3NOg: C, 69.54;
H, 7.71. Found: C, 69.51; H, 7.75.

(2R,3S,6R)-N,2-Dimethyl-N-methoxy-6-[[ (4-methoxy-
phenyl)methoxy]methyl]-3-[(triethylsilyl)oxy]octanamide
(5). AlMe, (78.8 mL of a 2.0 M toluene solution, 158 mmol) was
added to a suspension of 15.2 g (156 mmol) of MeHNOMe-HCl
in 80 mL of THF at 0 °C under N, (gas evolution). The ice bath
was removed and the solution was stirred at ambient temperature
for 30 min. This solution was cooled to —15 °C and a solution
of 25.1 g (62.0 mmol) of the imide 12 in 80 mL of THF was added
by cannula. The resulting mixture was allowed to warm to 0 °C
and stirred at that temperature for 2.5 h. The resulting clear
solution was transferred by cannula to a well-stirred mixture of
400 mL of CH,Cl, and 800 mL of 0.5 N aqueous HCl at 0 °C. This
mixture was stirred at 0 °C for 1 h and the organic layer was
separated. The aqueous layer was extracted with three 250-mL
portions of CH,Cl,. The combined organic extracts were washed
with 250 mL of brine, dried (Na,SO,), and evaporated in vacuo
to give a mixture of the oxazolidinone and the hydroxy amide as
a pale yellow oil.

Chlorotriethylsilane (8.6 g, 9.6 mL, 57.3 mmol) and 7.1 g (104
mmol) of imidazole were added to a solution of the unpurified
hydroxy amide in 104 mL of DMF at ambient temperature under
N,. A mild exotherm developed. After 30 min, 200 mL of H,0
was added, and the mixture was extracted with three 200-mL
portions of Et,0. The combined organic extracts were washed
twice with 100 mL of saturated aqueous CuSO, and once each
with 100 mL of H,O and brine. The organic layer was dried
(MgSO,) and purified by flash chromatography (25% EtOAc in
hexane) to give 20.14 g (81%) of 5 as a very pale yellow oil: [«]%
~1.3° (¢ 1.10, CHCly); IR (neat) 2965, 1665, 1515, 1460, 1245, 1110,
1100, 1055, 1000 cm™; *H NMR (300 MHz, CDCl,) é 7.24 (m, 2
H, ArH), 6.86 (m, 2 H, ArH), 4.39 (s, 2 H, ArCH,), 3.93 (m, 1 H,
CHOTES), 3.80 (s, 3 H, OCH,), 3.62 (s, 3 H, NOCHS,), 3.29 (d,
J = 5.4 Hz, 2 H, CH,0), 3.13 (s, 3 H, NCH;), 295 (m, 1 H,
CHCHy,), 1.42 (m, 7 H, CH,CHCH,CH,), 1.16 (d, J = 6,9 Hz, 3
H, CHCH,), 0.96 (t, J = 7.6 Hz, 9 H, SiCH,CH,), 0.85 (t,J = 7.4
Hz, 3 H, CH,CH,), 0.62 (q, J = 7.6 Hz, 6 H, SiCH,CH3); 1*C NMR
(125.8 MHz, CDCl,) 6 176.5, 158.9, 130.9, 128.9, 113.5, 73.9, 72.7,
72.6,61.2, 55.1, 55.1, 40.6, 40.1, 33.1, 25.5, 24.0, 14.4, 11.0, 6.9, 5.1.
Anal. Caled for CxH,7NOSi: C, 64.82; H, 9.83. Found: C, 64.99;
H, 9.95.

(4R)-3-[(E)-(2R,3R)-3-Hydroxy-2-methyl-1-0x0-4-hexen-
1-yl1]-4-(phenylmethyl)-1,3-0xazolidin-2-one (13). Di-n-bu-
tylboryl trifluoromethanesulfonate (25.9 g, 23.8 mL, 94.4 mmol)
was added dropwise to a 0 °C solution of 20.0 g (85.8 mmol) of
(R)-3-(1-oxoprop-1-yl)-4-(phenylmethyl-1,3-oxazolidin-2-one (11)
in 172 mL of CH,Cl, under N, at such a rate to maintain the
internal temperature below 3 °C. To the resulting copper-colored
solution was added 10.4 g (14.3 mL, 103 mmol) of Et;N (internal
temperature below 3 °C). The resulting yellow solution was cooled
to ~78 °C, and 6.6 g (7.9 mL, 94.4 mmol) of crotonaldehyde was
added dropwise (internal temperature below —70 °C). After 20
min at -78 °C, the solution was warmed to 0 °C and stirred at
0 °C for 1 h. This tan solution was cooled to —10 °C and the
reaction was quenched by addition of 86 mL of pH 7 aqueous
phosphate buffer solution and 258 mL of MeOH (internal tem-
perature below 10 °C). A solution of MeOH/30% aqueous H;0,
(2:1, 259 mL) was added dropwise (internal temperature below
10°C), and the pale yellow solution was stirred at 0 °C for 1 h.
The resulting colorless solution was concentrated on a rotary
evaporator, and the residue was extracted with three 500-mL
portions of Et,0. The combined organic extracts were washed
with 500 mL of saturated aqueous NaHCO; and 500 mL of brine
and then dried over MgSO,. Purification by flash chromatography
(40% EtOAc in hexane) gave 25.74 g (99%) of 13 as a colorless
oil (de = >99% by analytical HPLC): [a]%, -58.1° (¢ 0.645,
CHCl,); IR (neat) 3520, 1780, 1700, 1455, 1380, 1210, 1110, 965,
700 cm™%; 'H NMR (300 MHz, CDCl,) é 7.37-7.18 (m, 5 H, ArH),
5.77 (dq, J = 15.3 Hz, J = 6.4 Hz, 1 H, CHCHCHy), 5.52 (ddq,
J = 15.3 Hz, J = 6.4 Hz, J = 1.5 Hz, 1 H, CHCHCHj,), 4.71 (m,
1 H, NCH), 4.43 (m, 1 H, CHOH), 4.20 (m, 2 H, CH,0), 3.86 (qd,

J. Org. Chem., Vol. 55, No. 26, 1990 6265

J =7.0Hz,J = 3.7 Hz, 1 H, CHCHjy), 3.02 (AB of ABX, Jg =
13.4 Hz, J,x = 9.5 Hz, Jgx = 3.3 Hz, Av,g = 140.7 Hz, 2 H,
CH,Ar), 172 (br d, J = 6.5 Hz, 3 H, CH=CHCH,), 1.26 d, J =
7.0 Hz, 3 H, CHCH,); 3C NMR (75.5 MHz, CDCl,) 6 176.2, 153.0,
135.0, 130.4, 129.2, 128.7, 127.8, 127.2, 72.7, 66.0, 55.0, 42.8, 37.6,
17.5,11.3. Anal. Calcd for C;H,NO,: C, 67.31; H, 6.98. Found:
C, 67.30; H, 7.04.

(E)-(28,3R)-2-Methyl-4-hexene-1,3-diol. A 30% aqueous
H,0, solution (38.8 mL, 380 mmol) and a solution of 4.56 g (190
mmol) of LiOH in 51 mL of HyO were added to a solution of 28.78
g (95.0 mmol) of the imide 13 in 475 mL of THF /H,0 (3:1) at
0 °C under N,. The resulting solution was stirred at 0 °C for 1
h, and then 279 mL (418 mmol) of 1.5 N aqueous Na,SO; was
added to quench the excess H;0;. The solvent was removed in
vacuo and the residue (pH = 12) was extracted with three 100-mL
portions of CH,Cl,. The combined CH,Cl, extracts were extracted
with 100 mL of 3:1 H,O/saturated aqueous NaHCO;. The com-
bined aqueous layers were acidified with 6 N aqueous HC] (pH
= 1), saturated with NaCl, and extracted with five 100-mL portions
of EtOAc. The combined EtOAc extracts were dried (Na,SO,)
and evaporated in vacuo to give 13.24 g (97%) of the unpurified
acid as a clear oil: IR (neat) 3700-2300, 1720, 1460, 1380, 1240,
1010, 965 cm™!; 'H NMR (300 MHz, CDCly) 6 5.78 (dqd, J = 15.3
Hz, J = 6.5 Hz, J = 0.9 Hz, 1 H, CHCHCHj,), 5.51 (ddq, J = 15.3
Hz, J = 7.0 Hz, J = 1.7 Hz, 1 H, CHCHCHj), 4.37 (m, 1 H,
CHOH), 2.69 (qd, J = 7.1 Hz, J = 4.2 Hz, 1 H, CHCHj,), 1.73 (dd,
J =6.5Hz,J = 1.7 Hz, 3 H, CH=CHCH,), 1.19 (d, J = 7.1 Hz,
3 H, CHCH,).

A solution of LiAlH, (184 mL, 1 M in Et,0, 184 mmol) was
added dropwise to a solution of the unpurified hydroxy acid in
194 mL of Et,0 at 0 °C under Ny. The resulting mixture was
stirred at ambient temperature for 4 h. After recooling to 0 °C,
184 mL of saturated aqueous sodium potassium tartrate was added
dropwise to quench the excess hydride. This mixture was diluted
with 184 mL of H,0 and stirred vigorously for 21 h. The organic
layer was separated and the aqueous layer was extracted with five
100-mL portions of EtOAc. The combined organic extracts were
dried (Na,SO,) and purified by flash chromatography (90%
EtOAc in hexane) to give 9.19 g (77%) of the title compound as
a colorless oil: )% —0.35° (c 0.865, CHCl,); IR (neat) 3360, 2920,
1450, 1380, 1100, 1030, 965, 925 cm™; 'TH NMR (300 MHz, CDCl,)
$5.70 (dq, J = 15.3 Hz, J = 6.2 Hz, 1 H, CHCHCHy,), 5.58 (ddq,
J =15.3 Hz, J = 6.8 Hz, J = 1.3 Hz, 1 H, CHCHCH,), 4.23 (dd,
J = 6.8 Hz, J = 3.9 Hz, 1 H, CHOH), 3.67 (AB of ABX, Jg =
10.8 Hz, Jsx = 7.6 Hz, Jpx = 4.2 Hz, Avsg = 17.0 Hz, 2 H, CH,OH),
2.33 (s,2 H, OH), 1.95 (m, 1 H, CHCHy), 1.74 (br d, J = 6.2 Hz,
3 H, CH=CHCH,), 0.87 (d, J = 7.1 Hz, 3 H, CHCH,); 1)C NMR
(75.5 MHz, CDCly) 4 131.1, 127.0, 75.1, 65.4, 39.8, 17.5, 11.3. Anal.
Caled for C;H,,O5: C, 64.58; H, 10.84. Found: C, 64.35; H, 10.69.

(E)-(28,3R)-2-Methyl-1-[[(4-methylphenyl)sulfonyl]-
oxy]-4-hexen-3-ol (14). Triethylamine (14.3 g, 19.7 mL, 141
mmol), 20.2 g (106 mmol) of 4-(methylphenyl)sulfonyl chloride,
and a catalytic amount of 4-(dimethylamino)pyridine were added
to a solution of 9.19 g (70.7 mmol) of the precursor diol in 141
mL of CH,Cl, at ambient temperature under N,. After being
stirred for 16 h, the mixture was diluted with 300 mL of Et,0
and washed twice with 150 mL of H,O and once with 150 mL of
brine. The combined aqueous layers were extracted with 150 mL
of Et;0. The combined organic extracts were dried (MgSO,) and
purified by flash chromatography (30% EtOAc in hexane) to give
18.01 g (90%) of 14 as a colorless oil: [a]®y —6.2° (c 1.36, CHCly);
IR (neat) 3550, 1365, 1190, 1175, 1100, 965, 835, 815, 665 cm™!;
'H NMR (300 MHz, CDCl,) 6 7.79 (m, 2 H, ArH), 7.35 (m, 2 H,
ArH), 5.64 (dqd, J = 15.3 Hz, J = 6.3 Hz, J = 0.9 Hz, 1 H,
CHCHCHy), 5.40 (ddq, J = 156.3 Hz, J = 6.8 Hz, J = 1.5 Hz, 1
H, CHCHCHy;), 4.08 (m, 1 H, CHOH), 3.98 (AB of ABX, Jg =
9.6 HZ, JA.X =6.7 HZ, JBX =6.1 HZ, AVAB = 554 HZ, 2 H, CH20),
2.45 (s, 3 H, ArCHjy), 1.93 (m, 1 H, CHCH,), 1.67 (dd, J = 6.3 Hz,
J = 1.5 Hz, 3 H, CH=CHCH,), 0.90 (d, J = 6.9 Hz, 3 H, CHCH,),
13C NMR (75.5 MHz, CDCl,) 6 144.6, 133.1, 131.3, 129.7, 127.8,
127.7,74.0, 72.4, 38.5, 21.4, 17.4, 10.9. Anal. Calcd for C;Hgq0,S:
C, 59.13; H, 7.09. Found: C, 59.25; H, 7.21.

(48,6R)-2,2-Dimethyl-6-methyl-4-[(S)-1-[[(4-methyl-
phenyl)sulfonyl]oxy]-2-propanyl)-1,3-dioxane (16a). A so-
lution of 48.3 g (190 mmol) of I; in 297 mL of THF was added
dropwise to a rapidly stirred mixture of 18.01 g (63.4 mmol) of
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the allylic alcohol 14 in 99 mL of THF and 396 mL of 0.25 M
aqueous KH,PO, at 5 °C. The mixture was maintained between
5°C and 10 °C for 3 h and then at ambient temperature for 1
h. Saturated aqueous Na,SO; was added to quench the excess
I,, and the mixture was extracted with four 400-mL portions of
EtOAc. The combined organic extracts were dried (Na,SO,) and
evaporated in vacuo to give a mixture of iodo diols 15a as a yellow,
highly viscous oil.

Benzene (127 mL), AIBN (cat.), and tri-n-butylstannane (22.1
g, 20.5 mL, 76.1 mmol) were added to the unpurified iodo diols
15a, and the resulting mixture was heated under reflux for 1 h,
After cooling to ambient temperature, the solvent was removed
in vacuo. The residue was diluted with 600 mL of hexane and
extracted with three 150-mL portions of CH;CN. The combined
CH,CN extracts were dried (Na,SO,) and the minor syn diol was
separated by flash chromatography (50% EtOAc in hexane) to
give the pure anti diol 15b containing some tri-n-butyliodo-
stannane (approximately 10%).

A catalytic amount of p-toluenesulfonic acid was added to a
solution of the unpurified diol 15b in 158 mL of 2,2-dimethoxy-
propane at ambient temperature under N,. After 17 h, the so-
lution was diluted with 450 mL of Et,0 and washed with 150 mL
of saturated aqueous NaHCO; and 150 mL of brine. The com-
bined aqueous layers were extracted with 150 mL of Et,0. The
combined organic extracts were dried (MgSO,) and purified by
flash chromatography (25% EtOAc in hexane) to give 12.83 g
(59%) of 16a as a colorless oil: [a]?®, -18.9° (¢ 1.205, CH,Cl,);
IR (neat) 2990, 1365, 1225, 1190, 1175, 970, 945, 835, 815, 665 cm™;
'H NMR (500 MHz, C;D¢) 6 7.71 (m, 2 H, ArH), 6.85 (m, 2 H,
AI'H), 3.96 (AB of ABX, JAB = 8.5 HZ, JAX =6.5 HZ, JBX =59
Hz, Avyp = 69.8 Hz, 2 H, CH,0), 3.72 (m, 1 H, one of CHO), 3.65
(m, 1 H, one of CHO), 1.80 (s, 3 H, ArCH3), 1.63 (m, 1 H, CHCHj,),
1.32 (m, 1 H, one of CHCH,CH), 1.23 (s, 6 H, C(CHj;),), 1.02 (m,
1 H, one of CHCH,CH), 1.02 (d, J = 6.2 Hz, 3 H, OCHCH,), 0.80
(d, J = 6.9 Hz, 3 H, CHCH,); 1*C NMR (75.5 MHz, CgHe) & 144.5,
134.2, 129.9, 128.1, 100.1, 71.9, 66.0, 62.9, 37.5, 37.0, 24.9, 24.8,
21.8,21.2, 11.3. Anal. Caled for C;;H,05S: C, 59.63; H, 7.65.
Found: C, 59.47; H, 7.57.

(568)-5-[(4S,6R)-2,2-Dimethyl-6-methyl-1,3-dioxan-4-yl]-
2-hexanone Dimethylhydrazone (6). Sodium iodide (27.4 g,
183 mmol) was added to a solution of 12.5 g (36.5 mmol) of the
tosylate 16a in 73 mL of acetone at ambient temperature under
N,. After being stirred for 40 h, the mixture was diluted with
140 mL of Et,O and washed with three 140-mL portions of H,0.
The combined aqueous layers were extracted twice with 140 mL
of Et;,0. The combined organic extracts were dried (MgS0,) and
evaporated in vacuo to give the iodide 16b as a brown oil.

A solution of n-BuLi (22 mL, 2.40 M in hexane, 52.8 mmol)
was added dropwise to a solution of 7.0 g (8.9 mL, 70.4 mmol)
of acetone dimethylhydrazone in 70 mL of THF at -78 °C under
N,. After 30 min, a solution of the unpurified iodide 16b in 140
mL of THF was added by cannula, and the resulting mixture was
stirred at -35 °C overnight (22 h). Saturated aqueous NH,Cl (140
mL) was added to quench and the mixture was warmed to ambient
temperature. This mixture was diluted with 280 mL of Et,0 and
washed with three 100-mL portions of HyO and once with 100
mL of brine. The combined aqueous layers were extracted twice
with 100 mL of Et;0. The combined organic extracts were dried
(Nay,S0,) and evaporated in vacuo to give 9.57 g (97%) of 6 as
a very pale yellow oil (E:Z = 4.2:1.0 by 'H NMR): bp 87-91 °C
(16 mTorr); [«]% ~45.4° (c 0.815, CH,Cly); IR (neat) 2990, 1380,
1225, 1180, 1150, 1135, 1010 cm™!; 'H NMR (major isomer, 300
MHz, CgDy) 6 3.81 (m, 1 H, CH;CH(0O)CH,), 3.60 (dt, J = 9.5 Hz,
J =6.1 Hz, 1 H, CH,CH(O)CH), 2.42 (s, 6 H, N(CH;),), 2.17 (m,
2 H, CH,CN), 1.80 (s, 3 H, CH,CN), 1.74 (m, 1 H, CHCHj,), 1.52
(m, 2 H, CH,CH,CN), 1.36 (s, 6 H, C(CHg),), 1.29 (m, 2 H,
CH,CH,CH), 1.10 (d, J = 6.3 Hz, 3 H, OCHCH,), 0.97 (d, J =
6.6 Hz, 3 H, CHCH,); minor isomer shows 6 2.43 (s, N(CH,),),
1.82 (s, CH4CN), 1.37 (s, C(CHj)y), 0.98 (d, J = 6.6 Hz, CHCH,);
13C NMR (major isomer, 75.5 MHz, C;Dg) 5 166.2, 100.0, 69.8, 63.0,
47.7,47.2, 38.0, 37.6, 36.6, 29.2, 25.2, 24.9, 22.0, 16.5, 15.0; minor
isomer shows 6 168.2, 69.4, 63.1, 48.2, 37.9, 37.5, 29.1, 22.4, 14.8.
Anal. Calcd for CisHyoN,Oy: C, 66.63; H, 11.18. Found: C, 66.56;
H, 10.97.

(Z)-(2S,8R,95,12R)-5-(2,2-Dimethylhydrazino)-12-{[(4-
methoxyphenyl)methoxy]methyl]-8-methyl-9-[(triethyl-
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silyl)oxy]-2-[(4R,6S)-2,2,4-trimethyl-1,3-dioxan-6-yl]-5-tet-
radecen-7-one (17). A solution of methyllithium (35.4 mL, 1.4
M in Et,0, 49.6 mmol) was added to a solution of 5.6 g (7.8 mL,
55.8 mmol) of diisopropylamine in 22 mL of THF at ~30 °C under
N,. The solution was stirred at 0 °C for 10 min and then cooled
to 10 °C. A solution of 11.96 g (44.3 mmol) of hydrazone 6 in
11 mL of THF was added by cannula, and the resulting yellow
solution was stirred at 0 °C for 30 min and then cooled to -78
°C. This solution was then added by cannula to a cold (-55 °C)
solution of 20.0 g (41.6 mmol) of amide § in 29 mL of THF. The
resulting yellow-orange solution was stirred at -45 °C for 18 h.
This solution was cooled to ~78 °C and transferred by cannula
to a cool (0 °C), rapidly stirred mixture of 120 mL of Et,O and
120 mL of saturated aqueous NH,Cl. After 10 min, the organic
layer was separated and the aqueous layer was extracted with three
120-mL portions of EtOAc. The combined organic extracts were
dried (Na,SO,) and purified by flash chromatography (20%
EtOAc in hexane) to give 22.95 g (80%) of the unstable vinylogous
amide 17 as a colorless oil: 'H NMR (500 MHz, C¢Dg) 6 11.73
(s, 1 H, NH), 7.27 (m, 2 H, ArH), 6.83 (m, 2 H, ArH), 5.15 (s, 1
H, CHCO), 4.36 (s, 2 H, ArCH,), 4.32 (m, 1 H, CHOTES), 3.85
(m, 1 H, CH;CH(O)CH,), 3.67 (dt, J = 9.6 Hz, J = 6.0 Hz, 1 H,
CH,CH(0Q)CH), 3.35 (d, J = 5.4 Hz, 2 H, CH,0), 3.31 (s, 3 H,
OCHj,), 2.72 (m, 1 H, CH;CHCO), 2.37 (AB of ABXY, 2 H,
CH,CN), 2.10 (s, 6 H, N(CH;),), 1.87-1.32 (m, 12 H), 1.43 (d, J
= 7.0 Hz, 3 H, CH;CHCO), 1.38 (s, 3 H, one of C(CHy),), 1.37 (s,
3 H, one of C(CHj),), 1.14 (d, J = 6.2 Hz, 3 H, OCHCHj;), 1.09
(t,J = 8.0 Hz, 9 H, SiCH,CH,), 1.00 (d, J = 6.7 Hz, 3 H, CHCH,),
092 (t, J = 74 He, 3 H, CH,CHj), 0.73 (g, J = 8.0 Hz, 6 H,
SiCH,CHjy).

(28,3R,6R,85,99)-3,9-Dimethyl-8-[ (R )-2-hydroxy-1-
propyl]-2-{(R)-3-[[(4-methoxyphenyl)methoxy]methyl]-1-
pentyl}-1,7-dioxaspiro{5.5]undecan-4-one (18). The vinylogous
amide 17 (223.3 mg, 0.324 mmol) was dissolved in 2 mL of 9:1
[95:5 CHyCN/47% aqueous HF]/H,0, and the solution was
stirred at ambient temperature for 18 h. Saturated aqueous
NaHCO; (2 mL) and 10 mL of H,0 were added, and the mixture
was extracted with one 10-mL portion of EtOAc and three 10-mL
portions of Et,0. The combined organic extracts were washed
with 10 mL of brine, dried (MgSO,), and purified by flash
chromatography (35% EtOAc in hexane) to give 123.5 mg (80%)
of 18 as a colorless oil: [a]?, -79.7° (¢ 1.25, CHCl,); IR (neat)
3480, 2960, 1720, 1305, 1245, 1095, 1055, 1040, 975 cm™!; 'H NMR
(400 MHz, CDCly), 6 7.26 (m, 2 H, ArH), 6.88 (m, 2 H, ArH), 4.42
(s, 2 H, ArCH,), 4.00 (m, 2 H, two of CHO), 3.85 (m, 1 H, CHOH),
3.81 (s, 3 H, OCHj), 3.33 (AB of ABX, J45 = 9.1 Hz, Jsx = 6.3
HZ, JBX =58 HZ, A”AB = 57.3 HZ, 2 H, CHzo), 2.41 (AB, JAB =
14.4 Hz, Avgg = 107.4 Hz, 2 H, CH,CO), 2.32 (m, 1 H, CHCO),
2.14 (m, 1 H, 0,CCH,CH,,), 1.67-1.14 (m, 14 H), 1.09 (d, J = 6.2
Hz, 3 H, CH,CHOH), 1.08 (d, J = 7.0 Hz, 3 H, CH,CHC==0),
0.90 (d, J = 6.9 Hz, 3 H, CH,CHCH,CHj,), 0.87 (t, J = 7.5 Hz,
3 H, CH,CHy); 1°C NMR (125.8 MHz, CDCl,) 6 210.8, 159.0, 130.6,
129.1, 113.6, 98.9, 72.6, 72.6, 70.6, 67.9, 63.9, 55.1, 48.3, 48.0, 42.2,
39.7, 30.1, 29.4, 28.3, 26.8, 26.5, 24.6, 23.7, 11.1, 10.5, 0.7. Anal.
Caled for CogHyOg: C, 70.56; H, 9.30. Found: C, 70.65; H, 9.28.

(25,3R,6R ,85,95)-3,9-Dimethyl-8-[(R)-2-[(tert-butyldi-
methylsilyl)oxy]-1-propyl}-2-{(R)-3-[[(4-methoxyphenyl)-
methoxy]methyl}-1-pentylj-1,7-dioxaspiro[5.5]Jundecan-4-one
(19). Imidazole (2.2 g, 32.1 mmol) and 4.0 g (26.9 mmol) of
tert-butylchlorodimethylsilane were added to a solution of 10.2
g (21.4 mmol) of alcohol 18 in 40 mL of CH,Cl, at ambient
temperature under N,. After 5 h, the mixture was diluted with
40 mL of H,0 and 80 mL of Et,0. The aqueous layer was sep-
arated and the organic layer was washed with 40 mL of H,O and
40 mL of brine. The combined aqueous layers were extracted
twice with 40 mL of Et,0. The combined organic extracts were
dried (MgSO,) and purified by flash chromatography (15% EtOAc
in hexane) to give 11.89 g (94%) of 19 as a colorless oil: [2]?,
-55.0° (¢ 1.05, CHCly); IR (neat) 2950, 1725, 1515, 1245, 1090, 1040,
980, 835, 775 cm™}; 'H NMR (500 MHz, CDCl,) 6 7.25 (m, 2 H,
ArH), 6.86 (m, 2 H, ArH), 442 (s, 2 H, ArCH,), 3.82 (m, 1 H,
CHOTBS), 3.80 (s, 3 H, OCHj;), 3.74 (m, 2 H, two of CHO), 3.33
(AB of ABX, JAB =9.2 HZ, JAX =5.8 HZ, JBX =55 HZ, AVAB =
15.8 HZ, 2 H, CHQO), 2.40 (AB, JAB = 14.5 HZ, AVAB = 1149 HZ,
2 H, CH,CO), 2.30 (m, 1 H, CHCO), 2.10 {(m, 1 H, O,CCH,CH,,),
1.68-1.25 (m, 13 H), 1.11 (d, J = 6.0 Hz, 3 H, CH,CHOTBS), 1.07
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(d, J = 7.1 Hz, 3 H, CH;CHC=0), 0.92 (d, J = 6.9 Hz, 3 H,
CH,CHCH,CH,), 0.87 (t, J = 7.5 Hz, 3 H, CH,CHj3), 0.85 (s, 9
H, SiC(CH3)), 0.02 (s, 3 H, SiCHy), 0.02 (s, 3 H, SiCHy); C NMR
(100 MHz, CDCl,) 6 210.3, 159.0, 130.7, 129.0, 113.6, 99.0, 72.6,
72.4, 70.6, 70.0, 67.1, 55.1, 48.2, 48.0, 42.9, 39.8, 29.4, 29.1, 28.7,
217.5, 26.4, 25.8, 24.3, 23.5, 18.0, 11.0, 10.9, 10.6, -4.4, -4.6. Anal.
Caled for C3H50,Si: C, 69.11; H, 9.89. Found: C, 69.19; H, 9.93.

(28,38,48,6R,85,95)-3,9-Dimethyl-8-[ (R )-2-[(tert-bu-
tyldimethylsilyl)oxy]-1-propyl]-2-{(R)-3-[[(4-methoxy-
phenyl)methoxy]methyl]-1-pentyl}-1,7-dioxaspiro[5.5]un-
decan-4-0l (20) and (25,35 4R ,6R,85,95)-3,9-Dimethyl-8-
[(R)-2-[(tert-butyldimethylsilyl)oxy]-1-propyl]-2-{(R)-3-
[[(4-methoxyphenyl)methoxy]methyl]-1-pentyl}-1,7-dioxas-
piro[5.5]Jundecan-4-0l. Method A. A solution of LiAlH, (1.01
mL, 1.0 M in THF, 1.01 mmol) was added to a solution of 596
mg (1.01 mmol) of the ketone 19 in 6.0 mL of THF at ~78 °C under
N,. After 1 h, 6 mL of saturated aqueous sodium potassium
tartrate was added carefully, and the mixture was stirred rapidly
at ambient temperature for 1 h. The resulting mixture was diluted
with 6 mL of H,O and extracted with three 25-mL portions of
Et,0. The combined organic extracts were dried (MgSO,) and
purified by flash chromatography (20% EtOAc in hexane, then
50% EtOAc in hexane) to give 330.5 mg (55%) of the equatorial
alcohol 20 and 266.1 mg (45%) of the axial alcohol as colorless
oils.

Method B. To a solution of 10.73 g (18.2 mmol) of the ketone
19 in 62 mL of THF at ambient temperature under N, were added
10.9 g (13.9 mL, 182 mmol) of degassed 2-propanol and 27.3 mL
(2.73 mmol) of a 0.1 M solution of Sml, in THF. The resulting
deep blue-green solution was stirred at ambient temperature for
18 h. Saturated aqueous NaHCOj; (60 mL) was added to quench.
This mixture was diluted with 120 mL of Et,O and the layers were
separated. The organic layer was washed with 60 mL of saturated
aqueous NaHCO;. The combined aqueous layers were extracted
twice with 60 mL of Et;0. The combined organic extracts were
washed with 60 mL of 1.5 N aqueous Na,SO; and 60 mL of brine.
After drying over MgSQ,, the organic layer was purified by flash
chromatography (18% EtOAc in hexane, then 50% EtOAc in
hexane) to give 10.56 g (98%) of the equatorial alcohol 20 and
0.14 g (1%) of the axial alcohol as colorless oils. The equatori-
al:axial ratio was 98.5:1.5.

Data for the equatorial alcohol 20: [«]'8 -42.2° (c 0.495,
CHCly); IR (neat) 3420, 2940, 1515, 1245, 1090, 1040, 1180, 835
cm™!; 'TH NMR (500 MHz, CDCl;) 6 7.25 (m, 2 H, ArH), 6.86 (m,
2 H, ArH), 4.42 (s, 2 H, ArCH,), 4.18 (dt,JJ = 11.8 Hz, J = 4.8
Hz, 1 H, CHOH), 3.80 (s, 3 H, OCH,), 3.78 (m, 1 H, one of CHO),
3.74 (m, 1 H, one of CHO), 3.54 (m, 1 H, CHOTBS), 3.33 (4, J
= 5.7 Hz, 2 H, CH,0), 2.07 (tt, J = 13.5 Hz, J = 4.3 Hz, 1 H,
0,CCH,CH,,), 1.84-1.23 (m, 16 H), 1.16 (d, J = 6.0 Hz, 3 H,
CH,CHOTBS), 0.93 (d, J = 7.0 Hz, 3 H, CH;CHCH,CH),), 0.87
(s, 9 H, SiC(CH;);), 0.87 (t, J = 7.4 Hz, 3 H, CH,CH,), 0.82 (d,
J = 6.9 Hz, 3 H, CH;CHCHOH), 0.04 (s, 3 H, SiCH3), 0.04 (s, 3
H, SiCH;); 13C NMR (125.8 MHz, CDCl,) § 159.0, 130.9, 129.0,
113.6,97.4, 72.7, 72.6, 71.2, 69.2, 67.3, 67.2, 55.2, 43.2, 39.8, 39.0,
37.9, 29.8, 29.7, 29.6, 27.8, 26.4, 25.8, 24.4, 23.6, 18.0, 11.0, 10.9,
4.0, -4.4, -4.6. Anal. Calcd for Cy3,H,0¢Si: C, 68.87; H, 10.20.
Found: C, 68.97; H, 10.39.

Data for the axial alcohol: [a]'®; -31.0° (¢ 0.345, CHCLy);
IR (neat) 3520, 2940, 1515, 1245, 1120, 1090, 1045, 975, 835 cm™;
'H NMR (500 MHz, CDCly) § 7.25 (m, 2 H, ArH), 6.86 (m, 2 H,
ArH), 4.42 (s, 2 H, ArCH,), 3.91 (m, 1 H, CHOH), 3.84 (m, 1 H,
one of CHO), 3.80 (m, 1 H, one of CHO), 3.80 (s, 3 H, OCHj;), 3.71
(m, 1 H, CHOTBS), 3.33 (d, J = 5.6 Hz, 2 H, CH,0), 2.05 (m,
1 H, 0,CCH,CH,,), 1.76-1.24 (m, 16 H), 1.68 (d, J = 3.0 Hz, 1
H,OH),1.13d,J = 6.1 Hz, 3H, CH,CHOTBS), 0.94 (d,J = 7.0
Hz, 3 H, CH,CHCH,CH,), 0.87 (s, 9 H, SiC(CHj3);), 0.87 (t, J =
7.4 Hz, 3 H, CH,CH,), 0.83 (d, J = 7.2 Hz, 3 H, CH;CHCHOH),
0.04 (s, 3 H, SiCH,), 0.04 (s, 3 H, SiCH;); '*C NMR (125.8 MHz,
CDCl;) 6 159.0, 130.9, 128.9, 113.6, 98.3, 72.7, 72.6, 71.3, 69.6, 66.4,
66.2, 55.1, 43.1, 39.9, 37.6, 35.8, 29.7, 29.7, 29.1, 27.6, 25.8, 24.0,
23.5,17.9, 10.9, 10.8, 10.6, -4.4, -4.6. Anal. Calcd for C3,Hg,O4Si:
C, 68.87; H, 10.20. Found: C, 68.82; H, 10.35.

(2S§,3R,4S,6R,85,95)-4-(Benzoyloxy)-3,9-dimethyl-8-
[(R)-2-[(tert-butyldimethylsilyl)oxy]-1-propyl]-2-{(R)-3-
[[(4-methoxyphenyl)methoxy]lmethyl]-1-pentyl}-1,7-dioxa-
spiro[5.5]undecane (21). Triethylamine (7.2 g, 10.0 mL, 71.2
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mmol), 7.5 g (6.2 mL, 53.4 mmol) of benzoyl chloride, and a
catalytic amount of 4-(dimethylamino)pyridine were added to a
solution of 10.56 g (17.8 mmol) of the equatorial alcohol 20 in 45
mL of CH,Cl, at ambient temperature under N,. After being
stirred for 36 h, the mixture was diluted with 45 mL of Et,0 and
75 mL of saturated aqueous Na,CO;. This mixture was vigorously
stirred for 13 h to hydrolyze the excess benzoyl chloride. Water
(75 mL) was added and the mixture was extracted with four
100-mL portions of Et;0. The combined organic extracts were
dried (MgSO,) and purified by flash chromatography (10% EtOAc
in hexane) to give 11.71 g (95%) of 21 as a colorless oil: []%p
-56.2° (¢ 0.240, CHCl,); IR (neat) 2950, 1720, 1515, 1270, 1245,
1110, 1095, 830, 710 cm™; 'H NMR (500 MHz, CDCl,) é 8.02 (d,
J =1.6 Hz, 2 H, ArH), 7.55 (t,J = 7.3 Hz, 1 H, ArH), 743 (t, J
=177 Hz, 2 H, ArH), 7.25 (m, 2 H, ArH), 6.86 (m, 2 H, ArH), 5.50
(dt,J = 12.2 Hz, J = 5.0 Hz, 1 H, CHOBz), 4.42 (s, 2 H, ArCH,),
3.83 (m, 1 H, one of CHO), 3.79 (s, 3 H, OCH,), 3.78 (m, 1 H, one
of CHO), 3.72 (m, 1 H, CHOTBS), 3.32 (d, J = 4.4 Hz, 2 H, CH,0),
2.19 (m, 1 H, CHCHOBz), 2.09 (m, 1 H, 0,CCH,CH,,), 1.89 (dd,
J =126 Hz, J = 5.0 Hz, 1 H, B2ZOCHCH,), 1.74 (t, J = 12.4 Hz,
1 H, B20CHCH,,), 1.69-1.24 (m, 13 H), 1.20 (d, J/ = 5.9 Hz, 3
H, CH;CHOTBS), 0.94 (d, J = 7.0 Hz, 3 H, CH;CHCH,CHj,), 0.91
(d, J = 6.9 Hz, 3 H, CH;CHCHOBz), 0.88 (s, 9 H, SiC(CHy)3),
0.87 (t,J = 7.5 Hz, 3 H, CH,CH}), 0.05 (s, 6 H, Si(CHj),); *C NMR
(125.8 MHz, CDCl,) § 165.4, 158.9, 132.6, 130.8, 130.6, 129.3, 128.9,
128.1, 113.5, 97.3, 72.5, 71.2, 70.6, 69.3, 69.3, 67.2, 55.0, 54.9, 43.2,
39.8, 35.7, 35.1, 29.6, 29.6, 27.7, 26.3, 25.8, 24.4, 23.5, 17.9, 10.9,
10.9, 5.0, -4.4, ~4.6. Anal. Caled for C,;Hg,0,Si: C, 70.65; H,
9.25. Found: C, 70.49; H, 9.30.
(28,38,49,6R,88,95)-4-(Benzoyloxy)-3,9-dimethyl-8-
[(R)-2-[(tert-butyldimethylsilyl)oxy]-1-propyl]-2-[(R)-3-
(hydroxymethyl)-1-pentyl]-1,7-dioxaspiro[5.5]Jundecane (22).
DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) (53 mg, 0.234
mmol) was added to a mixture of 125 mg (0.180 mmol) of the PMB
ether 21 in 1.5 mL of CH,Cly/H,0 (18:1) at 5 °C with vigorous
stirring. The initially green mixture became brown with orange
water droplets after 5 min. After stirring for 1.5 h, 5 mL of
saturated aqueous NaHCO; and 10 mL of H,0 were added, and
the mixture was extracted with three 15-mL portions of CH,Cl,.
The combined organic extracts were dried (MgSO,) and purified
by flash chromatography (1% Et,0O in CH,Cl,, then 10% Et,O
in CH,Cl,) to give 98.2 mg (95%) of 22 as a colorless oil: [«]%p
-60.3° (¢ 0.310, CHCIly); IR (neat) 3460, 2960, 1725, 1275, 1115,
1095, 1070, 965, 835, 755, 715 cm™; 'H NMR (500 MHz, CDCl;)
6 8.02 (m, 2 H, ArH), 7.55 (m, 1 H, ArH), 7.43 (m, 2 H, ArH), 5.50
(dt, J = 12.1 Hz, J = 4.9 Hz, 1 H, BzOCH), 3.85 (m, 1 H, one of
CHO), 3.79 (m, 1 H, one of CHO), 3.75 (m, 1 H, CHOTBS), 3.57
(AB of ABX, JAB =10.7 HZ, JAX =55 HZ, JBX = 5.0 HZ, A"’AB
= 11.8 Hz, 2 H, CH,0H), 2.21 (m, 1 H, BzOCH), 2.08 (m, 1 H,
0,CCH,CH,,), 1.90 (dd, J = 126 Hz, J = 5.0 Hz, 1 H,
BzOCHCH,,), 1.75, (t,J = 12.3 Hz, 1 H, BZOCHCH,,), 1.69-1.28
(m, 13 H), 1.22 (d, J = 6.0 Hz, 3 H, CH;CHOTBS), 0.94 (d, J =
6.9 Hz, 3 H, CH;CHCH,CH,), 0.93 (d, J = 6.7 Hz, 3 H,
CH,CHCHOBz), 0.91 (t,J = 7.4 Hz, 3 H, CH,CH,;), 0.89 (s, 9 H,
SiC(CH,)3), 0.06 (s, 6 H, Si(CHs),); 1°C NMR (125.8 MHz, CDCly)
8 165.6, 132.7, 130.5, 129.4, 128.2, 97.4, 71.2, 70.7, 69.4, 67.2, 64.9,
43.2, 42.1, 35.7, 35.2, 29.7, 29.6, 29.5, 27.2, 26.3, 25.8, 24.4, 23.2,
18.0, 10.9, 10.9, 5.0, ~4.4, -4.6. Anal. Caled for C33Hs606Si: C,
68.75; H, 9.79. Found: C, 68.90; H, 9.63.
(28,35,45,6R,85,95)-3,9-Dimethyl-8-[(R)-2-[(tert -bu-
tyldimethylsilyl)oxy]-1-propyl]-2-[(R)-3-(hydroxy-
methyl)-1-pentyl]-1,7-dioxaspiro[5.5]Jundecan-4-01 (23).
Lithium hydroxide (8 mg, 0.334 mmol) was added to a solution
of 96 mg (0.167 mmol) of benzoate 22 in 900 uL of THF/
MeOH/H,0 (2:2:1) at ambient temperature. The resulting yellow
solution was stirred at ambient temperature for 17 h. This solution
was diluted with 20 mL of Et,0 and washed with 10 mL of
saturated aqueous NaHCO; and 10 mL of brine. The combined
aqueous layers were extracted with 10 mL of Et,0. The combined
organic extracts were dried (MgSO,) and purified by flash
chromatography (65% EtOAc in hexane) to give 75.5 mg (96%)
of 23 as a colorless oil: []*p —59.4° (¢ 2.59, CHCly); IR (neat)
3390, 2950, 2920, 1090, 1035, 1005, 970, 830, 755 cm™!; 'H NMR
(500 MHz, CDCly) 6 4.19 (dt, J = 11.9 Hz, J = 4.8 Hz, 1 H,
CHOH), 3.80 (m, 1 H, one of CHO), 3.75 (td, J = 7.0 Hz, J = 2.4
Hz, 1 H, one of CHO), 3.57 (AB of ABX, J,g = 10.8 Hz, J,x =
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5.3 Hz, Jgx = 5.3 Hz, Avap = 14.2 Hz, 2 H, CH,0H), 3.57 (m, 1
H, CHOTBS), 2.05 (m, 1 H, 0,CCH,CH,;,), 1.85-1.25 (m, 16 H),
1.18 (d, J = 6.0 Hz, 3 H, CH,CHOTBS), 0.93 (d, J = 7.2 Hz, 3
H, CH;CHCH,CH,), 0.91 (t, J = 7.4 Hz, 3 H, CH,CH};), 0.88 (s,
9 H, SiC(CH,;),), 0.84 (d, J = 6.9 Hz, 3 H, CH,CHCHOH), 0.05
(s, 6 H, Si(CH,),); ¥C NMR (125.8 MHz, CDCl,) 6 97.5, 71.2, 69.2,
67.1, 67.1, 64.7, 43.2, 42.1, 38.9, 38.0, 29.8, 29.7, 29.5, 27 4, 26.3,
25.8, 24.3, 23.3, 18.0, 11.0, 10.9, 4.0, 4.5, -4.6. Anal. Calcd for
CqyH5505Si: C, 66.05; H, 11.09. Found: C, 66.04; H, 10.95.

(25,35,4S,6R ,85,95)-3,9-Dimethyl-8-[(R)-2-hydroxy-1-
propyl]-2-[(R)-3-(hydroxymethyl)-1-pentyl]-1,7-dioxaspiro-
[5.5]Jundecan-4-0l (4). A 48% aqueous solution of hydrofluoric
acid (157 uL) was added to a solution of 74 mg (0.157 mmol) of
silyl ether 23 in 1.57 mL of CH,Cl,/CH3;CN (1:1) at ambient
temperature. After stirring for 7 h, 2 mL of saturated aqueous
NaHCO, was added. The resulting mixture was diluted with 10
mL of HyO and extracted with three 15-mL portions of EtOAc.
The combined organic extracts were dried (Na,SO,) and purified
by flash chromatography (19:1 CHCl;/MeOH) to give 51.6 mg
(92%) of 4 as a white foam: [a]?p -95.1° (¢ 0.225, CHCly) {lit.'e
[a]p -88.6° (¢ 1.10, CHCly)}; IR (neat) 3360, 2970, 1460, 1385, 1100,

1080, 1055, 1030, 970 em™}; 'H NMR (500 MHz, CDCl,) 4 4.17
(dt,J = 11.8 Hz, J = 4.8 Hz, 1 H, CHCHOH), 4.07 (br d, J = 10.8
Hz, 1 H, one of CHO), 4.00 (m, 1 H, one of CHO), 3.71 (m, 1 H,
one of CHO), 3.55 (AB of ABX, J,5 = 10.8 Hz, J,x = 5.8 Hz, Jpx
= 4.7 Hz, Avpg = 46.7 Hz, 2 H, CH,0OH), 2.25 (br s, 3 H, OH),
2.13 (m, 1 H, 0,CCH,CH,,), 1.84~1.21 (m, 16 H), 1.21 (d, J = 6.2
Hz, 3 H, CH,CHOH), 0.92 (d, J = 7.0 Hz, 3 H, CH;,CHCH,CH,),
091 (t, J = 7.4 Hz, 3 H, CH,CH,), 0.84 (d, J = 6.9 Hz, 3 H,
CH;CHCHOH); *C NMR (100.6 MHz, CDCl,) 4 97.5, 71.3, 67.4,
67.4,64.7, 64.7, 42,5, 42.1, 39.1, 37.8, 30.8, 29.8, 29.2, 26.8, 26.6,
24.5, 23.5, 11.3, 11.2, 3.9. Anal. Calcd for CoqH3305: C, 67.00;
H, 10.68. Found: C, 66.83; H, 10.57.

Acknowledgment. Support has been provided by the
National Institutes of Health, Eli Lilly, and Merck. The
NIH BRS Shared Instrumentation Grant Program 1 S10
RR01748-01A1 is acknowledged for providing NMR fa-
cilities. D.L.R. and T.K.J. acknowledge support as Am-
erican Cancer Society and NIH postdoctoral fellows, re-
spectively.

Potent Inhibition of Pepsin and Penicillopepsin by Phosphorus-Containing
Peptide Analogues

Paul A. Bartlett,* John E. Hanson, and Peter P. Giannousis
Department of Chemistry, University of California, Berkeley, California 94720
Received March 7, 1990

Phosphinic and phosphonic acid peptide derivatives have been evaluated as inhibitors of the aspartic proteases
pepsin and penicillopepsin. The most potent of those studied is isovaleryl-Val-Val-LeuP-(O)Phe-Ala-Ala-OMe
(4) (LeuP represents the phosphonic acid analogue of leucine; (O)Phe represents L-3-phenyllactic acid, the alcohol
analogue of phenylalanine), for which the K; values for pepsin and penicillopepsin are 0.26 and 0.19 nM, respectively.
While this compound binds to penicillopepsin with an association rate constant, k,,, of (6.5 + 1.5) X 10° M!
s7}, it does not show slow- or two-step binding with pepsin. The binding of Cbz-Ala-Ala-LeuP-(0)Phe-OMe (1)
to penicillopepsin is strongly dependent on pH: in comparison to pH 4.5, the affinity at pH 3.5 is increased 10-fold
and at pH 5.5 it is decreased 40-fold. The two diastereomers of a nonionic phosphinamide analogue (10A, 10B)
of a statine-containing inhibitor were prepared; however, both are significantly weaker inhibitors of pepsin than

the phosphinic acid itself (7).

Introduction

Although the zinc proteases and the aspartic proteases
differ in many respects, they are related by mechanism:
both catalyze the direct addition of water to the amide
linkage, with formation of tetrahedral intermediate as the
critical step in hydrolysis of an oligopeptide substrate
(Scheme I).

Both mechanisms involve basic catalysis from a car-
boxylate side chain and acidic or Lewis acidic catalysis
from another functional group in the active site. Moreover,
both types of enzymes are inhibited by electrophilic keto
analogues of substrates'? because of the ability of these
compounds to undergo hydration to form a mimic of the
tetrahedral intermediate.®*  X-ray crystallographic

(1) Aspartic proteases: (a) Holladay, M. W.; Salituro, F. G.; Rich, D.
H. J. Med. Chem. 1987, 30, 374-383. (b) Rich, D. H.; Boparai, A. S,;
Bernatowicz, M. S. Biochem. Biophys. Res. Commun, 1982, 104,
1127-1133. (c) Szelke, M. In Aspartic Proteases and Their Inhibitors;
Kostka, V., Ed.; de Gruyter: Berlin, 1985; pp 421-441. (d) Gelb, M. H.;
Svaren, J. P.; Abeles, R. H. Biochemistry 1985, 24, 1813-1817. (e) Tarnus,
C.; Jung, M. J.; Rémy, J.-M.; Baltzer, S.; Schirlin, D. G. FEBS Lett. 1989,
249, 47-50.

(2) Zinc proteases: (a) Galardy, R. E.; Kortylewicz, Z. P. Biochemistry
1985, 24, 7607-7612. (b) Grobelny, D.; Goli, U. B.; Galardy, R. E. Ibid.
1985, 24, 7612-7617. (c) Galardy, R. E.; Kortylewicz, Z. P. Ibid. 1984, 23,
2083-2087.

(3) Maibaum, J.; Dhaon, M. K,; Schmidt, P. G.; Oka, M.; Rich, D. H.
Proc. Am. Pept. Symp. 1988, 10, 338-340. Rich, D. H.; Bernatowicz, M.
S.; Schmidt, P. G. J. Am. Chem. Soc. 1982, 104, 3535-3536.
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Scheme I
zinc protease mechanism
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analysis of representative enzymes from both classes
provides support for these mechanistic interpretations, as
well as detailed pictures of the configurations of the active
sites and the orientation of substrates and analogues when

(4) (a) Christianson, D. W.; Lipscomb, W. N. Proc. Natl. Acad. Sci.,
U.S.A. 1985, 82, 6840-6844; (b) J. Am. Chem. Soc. 1986, 108, 4998-5003.
(c) Christianson, D. W.; David, P. R.; Lipscomb, W. N. Proc. Natl. Acad.
Sci., U.S.A. 1987, 84, 1512-1515.

© 1990 American Chemical Society



