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Chelation-Controlled Enantioselective Synthesis of Key Intermediates for
the Preparation of Carbapenem Antibiotics PS-5 and 18-Methyl-PS-5
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Reaction of the E silyl ketene acetal derived from (1S,2R)-N-methylephedrine butyrate (7) with TiCl, and
B-alkoxy aldehyde 5 gave the aldol product in 75% yield as a 78:11:11 mixture of stereoisomers. In agreement
with a chelated transition structure model, the major isomer is syn (2R,3S). The condensation product was
transformed into 3, a key intermediate for the preparation of (+)-PS-5 [8:1 trans—cis; ee(trans) = 75%]. The
stereoselectivity of the aldol reaction was substantially improved by using a-methyl-3-alkoxy aldehyde 6, which
was synthesized in 91% enantiomeric excess and 50% overall yield starting from (15,2R)-N-methylephedrine
propionate E silyl ketene acetal 13. In this case the reaction of silyl ketene acetal 7 with TiCl, and aldehyde
6 gave the aldol product in 70% yield as a single isomer out of the eight possible isomers. The result is in agreement
with a chelated transition structure model and with a kinetic resolution-matched pair mechanism. The condensation
product was transformed into 4 and 18, key intermediates for the preparation of 13-methyl-PS-5 (ee > 99%).
Via a different approach, the reaction of enantiomerically pure aldehyde (S)-(+)-6, prepared from (R)-(-)-methyl
3-hydroxy-2-methylpropionate, with TiCl, and achiral E or Z silyl ketene acetals 19 or 20 gave the aldol product
in high yield respectively as a 99:1:0:0 or 96:3:1:0 mixture of stereoisomers. The major isomer 21, obtained in
agreement with a chelated transition structure model, was transformed into the key intermediate 18 via the same

reaction sequence.

In the synthesis of carbapenem antibiotics, the control
of the relative and absolute stereochemistry of the con-
tiguous chiral centers and the construction of the 8-lactam
ring remain difficult synthetic tasks.! Recently we re-
ported the asymmetric synthesis of various 8-lactams via
the TiCl,-mediated condensation of N-methylephedrine-
derived silyl ketene acetals with aldehydes and imines.22b
Herein we describe a straightforward enantio- and diast-
ereoselective synthesis of key intermediates 3 and 4 of
carbapenem antibiotics PS-5 (1)? and 18-methyl-PS-5 (2),
based on a highly selective TiCl,-mediated chelation-con-
trolled aldol reaction (Scheme I). The novelty of our
synthesis, compared with those already reported,? is the
double role played by the oxygen function at C-2% of 8 and
4, which is both necessary for the subsequent routine el-
aboration to PS-5%"f& and essential for controlling—
through chelation—the simple and relative diastereose-
lectivity of the aldol process.?

(1) For a recent review on the enantioselective synthesis of carbapen-
em antibiotics, see: Nagahara, T.; Kametani, T. Heterocycles 1987, 25,
729-806.

(2) (a) Gennari, C.; Venturini, I; Gislon, G.; Schimperna, G. Tetra-
hedron Lett. 1987, 28, 227. (b) Gennari, C.; Schimperna, G.; Venturini,
1. Tetrahedron, in press.

(8) For total syntheses of racemic PS-5, see: (a) Bateson, J. H.;
Hickling, R. I.; Roberts, P. M.; Smale, T. C.; Southgate, R. J. Chem. Soc.,
Chem. Commun. 1980, 1084. (b) Kametani, T.; Honda, T.; Nakayama,
A.; Sasaki, Y.; Mochizuchi, T.; Fukumoto, K. J. Chem. Soc., Perkin
Trans. 1 1981, 2228. (c) Hatanaka, M.; Nitta, H.; Ishimaru, T. Tetra-
hedron Lett. 1984, 25, 2387. (d) Wasserman, H. H.; Han, W. T. Tetra-
hedron Lett. 1984, 25, 3747. (e) Yamasaki, N.; Murakami, M.; Mukai-
yama, T. Chem. Lett. 1986, 1013. For total syntheses of (+)-PS-5, see:
(f) Favara, D.; Omodei-Sale, A.; Consonni, P.; Depaoli, A. Tetrahedron
Lett. 1982, 23, 3105. (g) Okano, K.; Izawa, T.; Ohno, M. Tetrahedron
Lett. 1983, 24, 217. (h) Hsiao, C.-N.; Ashburn, S. P.; Miller, M. J. Tet-
rahedron Lett. 1985, 26, 4855. (i) Evans, D. A.; Sjogren, E. B. Tetrahe-
dron Lett. 1986, 27, 3119. (j) Hart, D. J.; Lee, C.-S,; Pirkle, W. H.; Hyon,
M. H,; Tsipouras, A. J. Am. Chem. Soc. 1986, 108, 6054. (k) Hart, D. J.;
Ha, D.-C. J. Antibiot. 1987, 40, 309. (1) Shibasaki, M.; Ishida, Y.; Iwasaki,
G.; Iimori, T. J. Org. Chem. 1987, 52, 3488. (m) Kalish, V. J.; Miller, M.
J. Abstracts of Papers, 194th National Meeting of the American Chemical
Society, New Orleans; American Chemical Society: Washington, DC,
1987; ORG 149. (n) Georg, G. L; Kant, J. J. Org. Chem. 1988, 53, 692.
(o) Chiba, T.; Nakai, T. Chem. Lett. 1987, 2187.

(4) PS-5 numbering.

(5) For the effect of chelation on simple diastereoselectivity, see:
Reetz, M. T.; Kesseler, K.; Jung, A. Tetrahedron 1984, 40, 4327. Reetz,
M. T. Angew. Chem., Int. Ed. Engl. 1984, 23, 556.
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Results and Discussion

Reaction of the E silyl ketene acetal derived from
(1S,2R)-N-methylephedrine butyrate® 7 (0.75 molar equiv)
with aldehyde 5 (1.0 molar equiv) and TiCl, (1.0 molar
equiv) in methylene chloride at —78 °C gave the aldol
condensation product 8 in 75% yield” as a 78:11:11 mixture
of stereoisomers (Scheme II). In contrast with the usual
anti selectivity of reagent 7 with aldehydes,2#b¢ the major
isomer of this mixture is syn (2R,3S), in accord with the
chelated transition structure model A (Figure 1). The
crude condensation product was saponified (LiOH,
MeOH-H,0, room temperature, 5 days) to give acid 9
(90%),%° which was treated with methoxyamine hydro-
chloride and the water-soluble carbodiimide!® to give the
desired hydroxamate 10 cleanly (75%). Treatment of 10
with methanesulfonyl chloride (pyridine, 0 °C) gave the
mesylate, which was directly cyclized!! (K,CO,, acetone,
reflux) to give N-methoxyazetidinone 11 in 70% overall
yield from 10, as a 8:1 trans—cis mixture. The major by-
products {15-20%) of the cyclization reaction were iden-
tified as the E and Z «,8-unsaturated hydroxamates. The
enantiomeric excess of the major trans isomer was shown
to be 75% by 200-MHz 'H NMR spectroscopy in the
presence of the chiral shift reagent Eu(hfc);.*? Dissolving

(6) (a) Gennari, C.; Bernardi, A.; Colombo, L.; Scolastico, C. J. Am.
Chem. Soc. 1985, 107, 5812, (b) Palazzi, C.; Colombo, L.; Gennari, C.
Tetrahedron Lett. 1986, 27, 1735. (c) Gennari, C.; Bernardi, A.; Scolas-
tico, C.; Potenza, D. Tetrahedron Lett. 1985, 26, 4129. (d) Gennari, C.;
Colombo, L.; Bertolini, G. J. Am. Chem. Soc. 1986, 108, 6394. (e) Gen-
nari, C.; Colombo, L.; Bertolini, G.; Schimperna, G. J. Org, Chem. 1987,
52, 2754,

(7) The mass balance in this process was largely accounted for by
recovered aldehyde and (1S,2R)-N-methylephedrine butyrate.

(8) Optically pure N-methylephedrine was recovered at this stage in
90% yield (see the Experimental Section).

(9) In order to be sure that no epimerization had occurred during the
LiOH treatment, compound 8 was hydrogenolyzed (H,, Pd—-C, MeOH, 3.5
h; see the Experimental Section) to give acid 9 in quantitative yield and
successively transformed into 8-lactam 11 with the same stereoisomeric
ratio [Eu(hfc);, 200-MHz 'H NMR)] as that obtained via LiOH.

(10) N-Ethyl-N"[3-(dimethylamino)propyl]carbodiimide; see: (a)
Miller, M. J.; Bajwa, J. S.; Mattingly, P. G.; Peterson, K. J. Org. Chem.
1982, 47, 4928. (b) Miller, M. J. Acc. Chem. Res. 1986, 19, 49.

(11) Floyd, D. M.; Fritz, A. W.; Pluscec, J.; Weaver, E. R.; Cimarusti,
C. M. J. Org. Chem. 1982, 47, 5160.
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¢Reagents and yields: (a) TiCl,, HC(OMe)s, CH,Cly, 78 °C (62%). (b) LAH, Et,0, room temperature (95%). (¢) NaH, PhCH,Br,
n-BuyNI cat., THF (90%). (d) AcOH-H;0 1:1, room temperature, 20 h (95%). (e) LiOH, MeOH-H,0, room temperature, 5 days (90%). (f)
MeONH,-HC], WSC (70%). (g) MsCl, Py, 0 °C (100%). (h) K,CO,, acetone, reflux (65%). (i) THF, NHj;, 6 equiv of Na, -78 °C, 1 h (70%).
(j) CH,Cl,, 2,2-dimethoxypropane, BF;.0Et, (85%).

metal reduction (THF, NH;, 6 equiv of Na, 78 °C, 1 h)!! Ticl,

cleanly effected both N-O and O—CH,Ph bond cleavage P N Y
to afford 3 in 70% yield (trans—cis 8:1). Finally, silylation
of 3 (TBDMS-OTf, CH,Cl,, lutidine)!® and flash chro-
matography gave 100% trans disilyl 3-lactam 12 in 85%
vield and 76% optical purity.'* Both 12 and a 7:3 trans—cis

; . H R .
mixture of 3 had previously been transformed into (+)- Me3S|O/\OR
PS-5 (1) by standard operations.?>fs

The selectivity of the aldol condensation was substan- A R=H
B R=Me

tially improved by a-methyl substitution on the aldehyde.
(S)-(+)-3-(Benzyloxy)-2-methylpropionaldehyde (6) was
synthesized in 91% enantiomeric excess and 50% overall

(12) Tris[3-][(heptafluoropropy)hydroxymethylene)-(+)-camphora-
to]europium(III) derivative.

(13) Corey, E. J.; Cho, H.; Rucker, C.; Hua, D. H. Tetrahedron Lett.
1981, 22, 3455.

(14) [a]?p ~30.1° (¢ 2.9, CHCly) [lit.%® [«]%p -39.59° (¢ 2.92, CHCl,)].

Figure 1.

yield, starting from (1S,2R)-N-methylephedrine propionate
E silyl ketene acetal 13 and trimethyl orthoformate®
(Scheme III). Reaction of aldehyde 6 (1.0 molar equiv)
and TiCl, (1.0 molar equiv) with E silyl ketene acetal 7 (0.9
molar equiv) in methylene chloride at —78 °C gave the aldol
condensation product 14 in 70% yield’ as a single isomer
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out of the eight possible isomers.

Our explanation for this excellent selectivity is the
following: both the (1S,2R)-N-methylephedrine derived
silyl ketone acetal 7 and (S)-6 have an intrinsic preference
for establishing a 2R,3S absolute configuration at C-2,C-3,
as is evident from the reaction of 7 with the achiral al-
dehyde 5 (see Scheme II) and from the reaction of (S)-6
with the achiral silyl ketene acetals 19, 20 (see Scheme IV).
As 7 and (S)-6 form a matched pair (they cooperate to
realize the same stereochemical result) while 7 and (R)-6
form a mismatched pair, only the S enantiomer of the
starting 95.5/4.5 S/R mixture of aldehyde 6 reacts with
7, and the condensation occurs with concomitant kinetic
resolution.’® The relative stereochemistry of the three
contiguous chiral centers is a result of chelation control!®
(C-8,C-4 anti) and syn simple stereoselection (C-2,C-3 syn)
in ?E’greement with the transition structure model B (Figure
1).

14 was transformed into 8-lactam 17 via the same re-
action sequence described above (41% overall). The en-
antiomeric excess of 17 was shown to be >99% by 200-
MH?:z 'H NMR spectroscopy in the presence of the chiral
shift reagent Eu(hfc);.!? Dissolving metal reduction gave
4 (70%), which was treated with 2,2-dimethoxypropane
in CH,Cl, in the presence of BF;OEt,7 to give the bicyclic
acetonide 18 (85%), characterized by the proton coupling

(15) For a discussion of this selectivity and an example of the mis-
matched pair, i.e. reaction of S aldehyde 6 (91% ee) with (1R,2S)-N-
methylephedrine derived silyl ketene acetal, see ref 6e.

(16) The 1:1 complex between titanium tetrachloride and aldehyde 6
was recently characterized by NMR spectroscopy and shown to be quite
rigid and essentially “conformationally locked”; see: Keck, G. E; Ca-
tellino, S. J. Am. Chem. Soc. 1986, 108, 3847; Tetrahedron Lett. 1987,
28, 281.

(17 (a) Fuentes, L. M.; Shinkai, 1.; King, A.; Purick, R.; Reamer, R.
A.; Schmitt, S. M.; Cama, L.; Christensen, B. G. J. Org. Chem. 1987, 52,
2563. (b) Shih, D. H.; Fayter, J. A.; Cama, L.; Christensen, B. G;
Hirshfield, J. Tetrahedron Lett. 1985, 26, 583. (c) Shih, D. H.; Cama, L,;
Christensen, B. G. Tetrahedron Lett. 1985, 26, 587. (d) Kawabata, T.;
Kimura, Y.; Ito, Y.; Terashima, S.; Sasaki, A.; Sunagawa, M. Tetrahedron
Lett. 1986, 27, 6241.

Figure 2.

pattern typical of 18-methyl substitution.!”™ Both 4- and
18-type compounds had previously been transformed into
18-methylcarbapenem antibiotics!’d that possess im-
proved chemical stability at high concentrations and de-
creased susceptibility to renal dipeptidase-1 while retaining
an excellent antibacterial profile.®

The approach described above is based on the triple role
played by the chiral N-methylephedrine-derived silyl
ketene acetals: first they are used to synthesize aldehyde
6 in 91% enantiomeric excess, second to establish the
relative stereochemistry of the three contiguous chiral
centers of the aldol product 14 with >99% selectivity, and
third to upgrade the enantiomeric excess from 91 to >99%.

An alternative approach, based on the use of the achiral
thiolester derived silyl ketene acetals 19 and 20,% is shown
in Scheme IV. In this case aldehyde (S)-(+)-6 was pre-
pared in the enantiomerically pure form, starting from
R-(-)-methyl 3-hydroxy-2-methylpropionate.’®* E Silyl
ketene acetal 19 (E/Z = 95:5) and Z silyl ketene acetal 20
(Z/E) = 95:5) were prepared from tert-butyl thiobutyrate

(18) Shih, D. H.; Baker, F.; Cama, L.; Christensen, B. G. Heterocycles
1984, 21, 29.

(19) Meyers, A. L.; Babiak, K. A.; Campbell, A. L.; Comins, D. L.;
Fleming, M. P.; Henning, R.; Heuschmann, M.; Hudspeth, J. P.; Kane,

- J. M.; Reider, P. J.; Roland, D. M.; Shimizu, K.; Tomioka, K.; Walkup,

R. D. J. Am. Chem. Soc. 1983, 105, 5015.
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with LDA, THF-HMPA, ¢-BuMe,SiCl and LDA, THF,
t-BuMe,SiOTH, respectively, according to our published
methodology.?%?1 The condensation reaction established
the relative stereochemistry of the three contiguous chiral
centers with good selectivity: reaction of aldehyde 6 (1.0
molar equiv) and TiCl, (1.0 molar equiv) with silyl ketene
acetal 19 (1.5 molar equiv) in methylene chloride at —78
°C gave the aldol condensation product in 80% yield as
a 99:1:0:0 mixture of the four possible diastereoisomers
(200-MHz 'H and *C NMR). The major isomer 21 is the
result of chelation control'® (C-3,C-4 anti) and syn simple
stereoselection (C-2,C-3 syn) in agreement with the tran-
sition structure model C (Figure 2).52° Almost the same
ratio (96:3:1:0) and yield (75%) were obtained with the Z
silyl ketene acetal 20 (transition structure model D, Figure
2).8¢20 Adduct 21 was then treated with Hg(OCOCF;), in
acetonitrile-water? to give acid 15 in 70% yield, which was
transformed into 8-lactam 17 via the same reaction se-
quence described above. The diastereoisomeric ratios were
confirmed at this stage by 200-MHz !H NMR spectroscopy
in the presence of Eu(fod),;*® (299:<1 starting from 19 and
>96:<3:1 starting from 20). Unfortunately, but not
unexpectedly,® 'H NMR analysis with Eu(hfc),!? revealed
the presence of variable amounts of the enantiomer of
B-lactam 17 (up to 4% starting from 20 and up to 10%
starting from 19). This result, probably due to partial
racemization of aldehyde 6 during the TiCl,-mediated
condensation,’ points out very clearly the superiority of
the kinetic resolution—-matched pair process based on the
use of the chiral silyl ketene acetal 7.

In conclusion, these experiments provide a simple route
to optically active 8-lactams. Extensions of this metho-
dology to the preparation of other optically pure 13-
methylcarbapenam antibiotics (18-methylthienamycin and
analogues) are in progress.

Experimental Section

General Procedures. 'H and *C NMR spectra were recorded
with Varian XL-200 or Bruker WP-80 instruments in the FT
mode. Optical rotations were measured in 1-dm cells of 1I-mL
capacity on a Perkin-Elmer Model 241 polarimeter. IR spectra
were recorded with a Perkin-Elmer 681 spectrophotometer.
Elemental analyses were performed with a Perkin-Elmer Model
240 instrument. Silica gel 60 Fy4 plates (Merck) were used for
TLC; 273-400-mesh silica gel (Merck) was used for flash chro-
matography. Organic extracts were dried over Na,SO,. Dry
solvents were distilled under nitrogen immediately before use:
THF and ethyl ether from sodium/benzophenone, CH,Cl, and
diisopropylamine from CaH,. All reactions were run under ni-
trogen atmosphere (from liquid nitrogen).

Aldehyde 5. A suspension of NaH (80% in oil, 1.578 g, 52.56
mmol) in THF (100 mL) was treated dropwise with 1,3-
propanediol (3.846 mL, 52.56 mmol), and the mixture was stirred
at room temperature for 45 min. Benzyl bromide (5.638 mL, 47.31
mmol) and tetrabutylammonium iodide (0.6 g, 1.62 mmol) were
added, and the mixture was stirred at room temperature for 60
h and then refluxed for 2 h. The reaction was quenched with 10%
potassium carbonate (150 mL) and extracted with ethyl ether (4
X 200 mL). The organic extracts were washed with saturated brine
(150 mL), dried, and evaporated to give a crude product, which
was purified by flash chromatography (n-hexane-ethyl acetate
6:4) to give the monobenzyl-protected diol in 70% yield: 'H NMR

(20) Gennari, C.; Beretta, M. G.; Bernardi, A.; Moro, G.; Scolastico,
C.; Todeschini, R. Tetrahedron 1986, 42, 893.

(21) Note that silyl ketene acetals derived from thiolesters have the
opposite Z/E descriptors compared to esters due to change of sequence
rule priority associated with the sulfur atom.

(22) Masamune, S.; Kamata, S.; Schilling, W. J. Am. Chem. Soc. 1975,
97, 3515. Masamune, S.; Hayase, Y.; Schilling, W.; Kit Chan, W.; Bates,
G. 8. J. Am. Chem. Soc. 1977, 99, 6756.

(28) Tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionato)eu-
ropium.
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(CDCl;) 6 1.86 (2 H, quintet, J = 6.1 Hz), 2.0-2.4 (1 H, br s), 3.68
(2H,t,J =6.1 Hz), 3.80 (2 H, t,J = 6.1 Hz), 4.52 (2 H, s), 7.33
(5 H, s).

A solution of oxalyl chloride (0.558 mL, 6.62 mmol) in meth-
ylene chloride (15 mL) was treated with a solution of DMSO (1.02
mL, 11.4 mmol) in methylene chloride (3 mL) during 10 min, at
—-60 °C, under nitrogen, with stirring. After 15 min at —60 °C the
monoprotected diol (0.466 g, 3.66 mmol) was added in methylene
chloride (3 mL) during 5 min. After 15 min at —60 °C triethyl-
amine (4.18 mL, 30 mmol) was added during 15 min, and the
mixture was slowly warmed up to room temperature (during 1
h). The reaction was quenched with water (15 mL) and extracted
with methylene chloride. The organic extracts were concentrated
and flash chromatographed (n-hexane—ethyl acetate 85:15) to give
aldehyde 5 in 75% yield: 'H NMR (CDCl;) 6 2.68 (2 H, dt, J =
6.0, 2.0 Hz), 3.80 (2 H, t, J = 6.0 Hz), 4.50 (2 H, 8), 7.32 (5 H, 5),
9.78 (1 H, t, J = 2.0 Hz). Anal. Calcd for C;(H,,0,: C, 73.15;
H, 7.37. Found: C, 73.05; H, 7.42.

(18,2R)-(+)-N-Methylephedrine Butyrate. This compound
was prepared via the general procedure described in ref 6e: [«]%p
+42.2° (CHCl;, ¢ 1.2); 'H NMR (CDCl3) 6 0.93 (t, 3H, J = 7.7
Hz), 1.06 (d, 3 H, J = 6.6 Hz), 1.4-1.9 (m, 2 H), 2.2-2.5 (m, 2 H),
2.3(s,6H),287(dq,1 H,J=54,66Hz),595(d,1H,J =54
Hz), 7.30 (s, 5 H); *C NMR (CDCly) 5 9.47, 13.67, 18.37, 36.56,
41.30, 63.67, 75.17, 126.31, 127.38, 128.18, 140.34, 172.50; IR (liquid
film) » 1740, 1495, 1455, 1175, 740, 695 cm™ (selected values). Anal.
Caled for C;;Hy3NOy: C, 72.28; H, 9.23; N, 5.62. Found: C, 72.20;
H, 9.30; N, 5.58.

(1S,2R)-N-Methylephedrine Butyrate Derived E Silyl
Ketene Acetal 7. A solution of diisopropylamine (1.45 mL, 10.2
mmol) in THF (20.5 mL) was treated with n-BuLi (1.5 N in
n-hexane, 6.8 mL, 10.2 mmol) at 0 °C, under nitrogen, with
stirring. After 30 min at 0 °C, the solution was cooled to -78 °C,
and a solution of (+)-N-methylephedrine butryate (8.5 mmol) in
THF (17.0 mL) was slowly added. After 1 h at -78 °C, TMSCI
(1.29 mL, 10.2 mmol) was slowly added. After 1 h at -78 °C the
mixture was slowly warmed up to room temperature (during 1
h). The mixture was then evaporated and pumped. The residue
(THF free!) was taken up in methylene chloride (8.5 mL), and
the 0.8 M solution so obtained could be stored at —20 °C for several
weeks and used as stock solution: 'H NMR (CDCl,) é 0.00 (s,
9 H), 090 (t,3 H,J =6.9 Hz), 1.09 (d, 3 H, J = 6.7 Hz), 2.05 (m,
2 H), 2.30 (s, 6 H), 2.80 (m, 1 H), 3.48 (t, 1 H, J = 6.9 Hz), 5.25
(d,1 H, J = 4.0 Hz), 7.25 (s, 5 H); spectroscopic yield (H NMR)
>95%; E-Z ratio *H NMR) >95:5, based on an authentic E-Z
mixture obtained with LiN(SiMej), as base instead of LDA.

Aldol Condensation Product 8. A solution of aldehyde 5 (2.4
mmol) in methylene chloride (7.3 mL) was treated witha 1.0 M
solution of TiCl, in methylene chloride (2.4 mL), at =78 °C, under
nitrogen, with stirring. Immediately after, a 0.8 M solution of
silyl ketene acetal 7 in methylene chloride (2.24 mL) was slowly
added at 78 °C. After 3 h at =78 °C, the reaction was quenched
with 10% K,;COj3 and 2 NaOH aqueous solution and filtered
through Celite. The aqueous phase was extracted with methylene
chloride, and the combined organic extracts were dried and
evaporated. The crude product was then filtered through silica
gel (CH,Cl,-MeOH 95:5) to give the aldol condensation product
in 75% yield as a 78(major):11(minor):11(minor) mixture of
sterecisomers: 'H NMR (CDCl,) 6 0.95 (t, 3 H, J = 7.5 Hz), 1.03
(d, 3 H, J = 6.8 Hz), 1.58-1.96 (m, 4 H), 2.27 (s, 6 H), 2.38-2.48
(m, 1 H), 2.71 (dq, 1 H, J = 6.8, 5.0 Hz, major), 3.5-3.8 (m, 2 H),
3.9-4.02 (m, 1 H), 4.48 (s, 2 H, major), 4.52 (s, 2 H, minor), 4.53
(s, 2 H, minor), 6.07 (d, 1 H, J = 5.0 Hz, major), 6.16 (d,1 H, J
= 4.4 Hz, minor), 6.31 (d, 1 H, J = 3.1 Hz, minor), 7.2-7.4 (m,
10 H).

Acid 9. A solution of the aldol condensation product 8 (0.4
g, 0.969 mmol) in 4:1 MeOH-H,0 (9.7 mL) was treated with LiOH
(0.203 g, 4.85 mmol) at room temperature with stirring. After
5 days at room temperature, the mixture was diluted with water
(1.5 mL), and methanol was evaporated in vacuo. The resulting
aqueous mixture was treated with 1 N HCI (10 mL) and extracted
with CH,Cl,. The combined organic extracts were dried and
evaporated to give the crude acid. The aqueous phase containing
N-methylephedrine hydrochloride was treated with NaOH and
extracted with CH,Cl,: the combined organic extracts were dried
and evaporated to give optically pure N-methylephedrine (90%
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recovery). The crude acid was purified by flash chromatography
(CH,Cl,-MeOH 94:6) to give acid 9 in 90% yield: IR (CHCly)
v 3500, 2960, 2860, 1750, 1710, 1085 cm™ (selected values); 'H
NMR (CDCl,) 6 0.98 (t, 3 H, J = 7.2 Hz), 1.5-1.9 (m, 4 H), 2.3-2.6
(m, 1 H), 3.6-3.8 (m, 2 H), 3.85-4.15 (m, 1 H), 4.50 (s, 2 H), 6.40
(brs, 1 H), 7.32 (s, 5 H). Anal. Caled for C;,Hy0,: C, 66.65;
H, 7.99. Found: C, 66.55; H, 8.03. Alternatively the aldol con-
densation product 8 (2.18 mmol) was dissolved in methanol (21.8
ml) and hydrogenated in the presence of 10% Pd-C (0.231 g).
After 3.5 h at room temperature, the catalyst was filtered off and
washed with methanol. The solvent was evaporated and the crude
product flash chromatographed (CH,Cl,-MeOH 94:6) to give acid
9 in quantitative yield.

Hydroxamate 10. A solution of acid 9 (0.64 g, 2.54 mmol) in
6:1 THF-H,0 (24 mL) was treated with methoxyamine hydro-
chloride (0.382 g, 4.572 mmol) and the pH was adjusted to 4.5
with 2 N aqueous HCI. A solution of WSC? (1.217 g, 6.35 mmol)
in water (21 mL) was then added. After being stirred for 5 h at
room temperature, the mixture was acidified with 2 N HCI to pH
2 and extracted with ethyl acetate. The combined organic extracts
were dried and evaporated to give a crude product, which was

purified by flash chromatography (CH;Cl,-MeOH 94:6) to give

hydroxamate 10 in 75% yield: IR (CHCl,) » 3480, 3400, 2890,
1690, 1460, 1090 cm™ (selected values); H NMR (CDCl;) 6 0.9
(t,3 H,J = 7.2 Hz), 1.5-1.9 (m, 4 H), 1.9-2.25 (m, 1 H), 3.6-3.8
(m, 2 H), 8.7 (s, 3 H), 3.80-4.05 (m, 1 H), 4.47 (s, 2H), 7.3 (s, 5
H), 8.95 (br s, 1 H). Anal. Caled for C;;Hy3sNO,: C, 64.04; H,
8.24; N, 4.98. Found: C, 64.00; H, 8.34; N, 4.89.

N-Methoxyazetidinone 11. A solution of hydroxamate 10
(0.334 g, 1.19 mmol) in dry pyridine (1.19 mL) at 0 °C was treated
with methanesulfonyl chloride (2.38 mmol). The mixture was
stirred at 0 °C for 3 h, then diluted with ethyl acetate (24 mL),
and treated with 1 N aqueous HCL. The organic extracts were
washed with 1 N HCI (until acidic), followed by saturated NaHCO,
and finally brine. The extracts were dried and evaporated to give
the crude mesylate in quantitative yield. A solution of the crude
mesylate (0.416 g, 1.19 mmol) in dry acetone (24 mL) was heated
at reflux temperature and treated with powdered potassium
carbonate (0.82 g, 5.95 mmol) with vigorous stirring. After re-
fluxing for 1 h, the mixture was cooled, diluted with ethyl acetate
(50 mL), and filtered through Celite (washing with ethyl acetate).
The solvent was evaporated to give a crude product, which was
purified by flash chromatography (n-hexane-acetone 80:20) to
give N-methoxyazetidinone 11 in 70% yield as a 8:1 trans—cis
mixture: IR (CHCl;) » 2960, 2940, 2860, 1760, 1450, 1380, 1360,
1100 cm™ (selected values); 'H NMR (CDCly) 6 0.99 (t, 3 H, J
= 7.4 Hz, trans), 1.06 (t, 3 H, J = 7.4 Hz, cis), 1.5-1.8 (m, 2 H),
1.8-2.0 (m, 1 H), 2.05-2.22 (m, 1 H), 2.56 (ddd, 1 H, J = 2.0, 6.25,
8.12 Hz, trans), 2.76-2.87 (ddd, 1 H, cis), 3.60 (t, 2 H, J = 6.5 Hz),
3.64-3.74 (ddd, 1 H, trans), 3.71 (s, 3 H, cis), 3.74 (s, 3 H, trans),
4.02-4.14 (ddd, 1 H, cis), 4.50 (s, 2 H, trans), 4.52 (s, 2 H, cis),
7.25-7.40 (m, 5 H); 'H NMR [CDCIl; + Eu(hfc),] racemic § 6.27
(50%, MeO, s, trans), 6.31 (50%, MeO, s, trans), optically active
6.27 (12.5%, MeQ, s, trans), 6.31 (87.5%, MeO, s, trans). Anal.
Caled for C;;Hy NOg: C, 68.42; H, 8.04; N, 5.32. Found: C, 68.33;
H, 8.11; N, 5.30.

B-Lactam 3. To a solution of Na (26.2 mg, 1.14 mmol) in 10:1
NH;-THF (2.7 mL) at —78 °C a solution of N-methoxyazetidinone
11 (50 mg, 0.19 mmol) in THF (0.430 mL) was added. The
resulting blue solution was stirred at —78 °C for 1 h, then solid
NH,CI (137 mg, 2.565 mmol) was added, and the resulting colorless
solution was diluted with ethyl ether (3.0 mL). The ammonia
was then allowed to distill off, while the solution was heated to
room temperature, and 5 mL of ethyl ether was added to the white
slurry. After filtration and washing of the solids with additional
ethyl ether, the organic phase was concentrated to give a crude
product, which was purified by flash chromatography
(CH,Cl,-MeOH 89:11) to give lactam 3 in 70% yield as a 8:1
trans—cis mixture: IR (CHCly) » 3620, 3420, 2960, 2940, 1750, 1380,
1050 cm™ (selected values); 'TH NMR (CDCl,) 6 1.02 (t, 3 H, J
= 7.4 Hz, trans), 1.05 (t, 3 H, J = 7.4 Hz, cis), 1.55-1.95 (m, 4 H),
2.77 (ddd, 1 H, J = 2.0, 6.0, 8.0 Hz, trans), 3.06-3.16 (m, 1 H, cis),
3.45 (ddd, 1 H, J = 2.0, 5.80, 7.75 Hz, trans), 3.65~3.86 (m, 2 H),
6.25 (br s, 1 H). Anal. Caled for C;H3NO,: C, 58.72; H, 9.15;
N, 9.78. Found: C, 58.63; H, 9.22; N, 9.69.

Disilyl 8-Lactam 12. A solution of 3 (26 mg, 0.182 mmol) in
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methylene chloride (3.6 mL) was treated with lutidine (0.22 mL,
1.93 mmol) and then with TBDMS-OTT (0.166 mL, 0.726 mmol)
at 0 °C, under nitrogen, with stirring. After 1 h at 0 °C, the
reaction was quenched with methanol (0.5 mL) and the mixture
was evaporated. The crude product was purified by flash chro-
matography (n-hexane—ethyl acetate 92:8) to give disilyl 8-lactam
12 (100% trans) in 85% yield: IR (CHCly) » 2960, 2920, 2860,
1720, 1470, 1460, 1250, 1100, 830 cm™! (selected values); 'TH NMR
(CDCl,) 6 0.03 (s, 6 H), 0.19 (s, 3 H), 0.23 (s, 3 H), 0.88 (s, 9 H),
0.94 (s, 9 H), 1.0 (t, 3 H, J = 7.5 Hz), 1.48-1.83 (m, 3 H), 1.98-2.15
(m, 1 H), 2.78 (ddd, 1 H, J = 2.5, 6.3, 8.25 Hz), 3.36 (ddd, 1 H,
J =25, 2.5, 10.5 Hz), 3.54-3.74 (m, 2 H); [«]?*p —-30.1° (c 2.9,
CHCI,) [lit.%8 [«]®p -89.59° (¢ 2.92, CHCl,)]. Anal. Caled for
ClgH“NOgsigZ C, 6139, H, 1112, N, 3.77. Found: C, 6130; H,
11.20; N, 3.70.

(18,2R)-N-Methylephedrine Propionate. This compound
was prepared via the general procedure described in ref 6e: [a]%p
+46.3° (CHCl,, ¢ 1.2); 'H NMR (CDCly) 6 1.05 (d, 3 H, J = 6.7
Hz), 1.15 (t, 3 H, J = 7.7 Hz), 2.25 (s, 6 H), 2.38 (q, 2 H, J = 7.7
Hz), 2.88 (dq, 1 H, J = 5.4, 6.7 Hz), 594 (d, 1 H, J = 5.4 Hz), 7.25
(s, 5 H); 13C NMR (CDCl;) 6 9.02, 9.36, 27.95, 41.11, 63.73, 75.00,
126.13, 127.27, 128.07, 140.12, 172.81; IR (CHClg) » 2980, 2940,
1735, 1460, 1450, 1375, 1185 cm™! (selected values). Anal. Caled
for C;,H, NO,: C, 71.45; H, 9.00; N, 5.95. Found: C, 71.30; H,
9.11; N, 5.87.

(1S,2R)-N-Methylephedrine Propionate Derived E Silyl
Ketene Acetal 13. The reaction was run under the same ex-
perimental conditions described for the preparation of 7. 13: 'H
NMR (CDCly) 6 0.00 (s, 9 H), 1.10 (d, 3 H, J = 6.7), 1.55 (d, 3
H,J = 6.7 Hz), 2.30 (s, 6 H), 2.80 (dq, 1 H, J = 4.0, 6.7 Hz), 3.48
(q, L H, J = 6.7 Hz), 529 (d, 1 H, J = 4.0 Hz), 7.27 (s, 5 H);
spectroscopic yield ({H NMR) >95%; E-Z ratio (*H NMR) >95:5,
based on an authentic E~Z mixture obtained with LiN(SiMey),
as base instead of LDA.

(S)-(+)-3-(Benzyloxy)-2-methylpropionaldehyde (6)
(Scheme IIT) (91% ee). A solution of trimethyl orthoformate
(0.875 mL, 8.0 mmol) in methylene chloride (24 mL) was treated
with a 1 M solution of TiCl, in methylene chloride (8.0 mL, 8.0
mmol), at =78 °C, under nitrogen, with stirring. Immediatley after,
a 0.8 M solution of silyl ketene acetal 13 in methylene chloride
(10.0 mL, 8.0 mmol) was slowly added at ~78 °C. After 2 h at
-78 °C, the reaction was quenched with 10% K,CO; and 2 N
NaOH aqueous solution and filtered through Celite. The aqueous
phase was extracted with methylene chloride and the combined
organic extracts were dried and evaporated. The crude product
was filtered through silica gel (CH,Cl,-MeOH 95:5) to give the
condensation product in 62% yield as a 21:1 mixture of stereo-
isomers (the mass balance in this process was largely accounted
for by recovered (1S,2R)-N-methylephedrine propionate): 'H
NMR (CDCl,, 300 MHz) 6 1.08 (d, 3 H, J = 6.7 Hz), 1.20 (d, 3
H, J = 7.5 Hz), 2.38 (s, 6 H), 2.6-3.0 (dq, 1 H), 2.6-3.0 (dq, 1 H),
3.30 (s, 3 H), 3.33 (s, 3 H), 4.48 (d, 0.955 H, J = 7.5 Hz), 4.50 (d,
0.045H, J = 7.5 Hz), 5.98 (d, 1 H, J = 5.0 Hz), 7.27 (s, 5 H). A
solution of the condensation product described above (2 g, 6.27
mmol) in ethyl ether (31 mL) was treated with LiAIH, (0.476 g,
12.53 mmol) at 0 °C under nitrogen, with stirring. The mixture
was stirred at room temperature for 2 h and then quenched with
water (0.48 mL), 15% NaOH (0.48 mL), and water (0.96 mL).
After 30 min the mixture was treated with Na,SO, and filtered
and the organic phase was evaporated in vacuo. The crude
product was distilled at reduced pressure (16 mmHg) to give
(18,2R)-N-methylephedrine (120-125 °C) (95%) and the desired
alcohol (105-110 °C) (95%): 'H NMR (CDClg) 6 0.91 (d, 3 H,
J = 7.2 Hz), 1.75-2.25 (m, 1 H), 2.50 (br s, 1 H), 3.37 (s, 3 H),
3.45 (s, 3 H), 3.55(d, 2 H, J = 5.30 Hz), 4.20 (d, 1 H, J = 6.50
Hz).

A suspension of NaH (80% in oil, 0.359 g, 14.9 mmol) in THF
(20 mL) was treated at 0 °C with a solution of the alcohol de-
scribed above (1 g, 7.46 mmol) in THF (17.8 mL). After 30 min
a catalytic amount of n-BuyNI (0.137 g, 0.37 mmol) and benzyl
bromide (1.774 mL, 14.93 mmol) were added. The mixture was
stirred at room temperature for 2 h, then quenched with NH,Cl
saturated solution, and worked up as usual. The crude product
was purified by flash chromatography (n-hexane—ethyl acetate
9:1) to give the benzyl ether in 90% yield: IR (CHClj) » 2920,
1445, 1350, 1060 cm™ (selected values); 'H NMR (CDCl;) 6 0.98
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(d, 3H, J = 6.9 Hz), 1.9-2.3 (m, 1 H), 3.38 (s, 6 H), 3.25-3.60 (m,
2 H), 4.25(d, 1 H, J = 6.13 Hz), 4.50 (s, 2 H), 7.27 (s, 5 H); [a]®p
-7.6° (¢ 1.25, CHCl,).

A solution of the dimethyl acetal described above (1.0 g, 4.46
mmol) in 1:1 AcOH-H,0 (4.46 mL) was stirred under nitrogen
at room temperature (with vigorous stirring) for 20 h. Then the
mixture was treated with solid NaHCOj; and extracted with ethyl
ether. The organic extracts were washed with saturated NaHCO,
solution and saturated brine, dried, and evaporated. The crude
aldehyde 6 (95% vyield) was used without further purification:
'H NMR (CDCly) 6 1.15 (d, 3H, J = 7.2 Hz), 2.45-2.85 (m, 1 H),
3.6-3.7(m,2H),4.53 (s,2 H), 7.27 (5,5 H),9.71 (d, 1 H,J = 1.7
Hz); IR (film) » 2740, 1730 em™; [2]%p, +25.8° (¢ 1.0, CHCly) [lit.%
[@]®p +28.4° (¢ 1.56, CHCl)]. Anal. Caled for C;;H,,0,: C, 74.13;
H, 7.92. Found: C, 74.06; H, 7.99.

Aldol Condensation Product 14. A solution of aldehyde 6
(2.4 mmol) in methylene chloride (7.3 mL) was treated with a 1.0
M solution of TiCl, in methylene chloride (2.4 mL), at =78 °C,
under nitrogen, with stirring. Immediately after, a 0.8 M solution
of silyl ketene acetal 7 in methylene chloride (2.7 mL, 2.16 mmol)
was slowly added at -78 °C. The aldol condensation product 14
was obtained in 70% yield, as a single stereoisomeér, following the
work-up procedure described above for the preparation of 8: 'H
NMR (CDCl;) 6 0.95 (t,3H,J = 7.5 Hz), 099 (d, 3H, J = 6.5
Hz), 1.02 (d, 3 H, J = 6.25 Hz), 1.68-1.95 (m, 3 H), 2.26 (s, 6 H),
2.46 (ddd, 1 H, J = 8.75, 5.34, 10.0 Hz), 2.72 (dq, 1 H, J = 5.22,
6.25 Hz), 3.48 (A part of an ABX system, 1 H, J = 9.16, 3.66 Hz),
3.64 (B part of an ABX system, 1 H, J = 9.16, 5.20 Hz), 3.65 (dd,
1H,J=5.34,6.44 Hz), 4.47, 4.52 (AB system, 2 H, J = 12.06 Hz),
6.05 (d, 1 H, J = 5.22 Hz), 7.20-7.40 (m, 10 H).

Hydroxamate 16 (Scheme III). The aldol condensation
product 14 was transformed into acid 15 (90% yield) and hy-
droxamate 16 (70% yield) as previously described for the prep-
aration of 9 and 10. 16: 'H NMR (CDCly) 60.86 (d,3 H, J =
7.0 Hz), 0.93 (t, 3 H, J = 7.4 Hz), 1.54-1.80 (m, 2 H), 1.90-2.10
(m, 1 H), 2.18-2.30 (m, 1 H), 3.50-3.76 (m, 4 H), 3.66 (s, 3 H),
4.48, 4.52 (AB system, 2 H, J = 11.5 Hz), 7.25-7.40 (m, 5 H), 9.12
(s, 1 H); IR (CHCl;) v 3480, 3400, 2890, 1690, 1460, 1090 cm™
(selected values). Anal. Caled for C,gHyNO,: C, 65.06; H, 8.53;
N, 4.74. Found: C, 65.00; H, 8.60; N, 4.67.

N-Methoxyazetidinone 17 (Scheme III). Hydroxamate 16
was transformed into N-methoxyazetidinone 17 as previously
described for the preparation of 11. Flash chromatography (n-
hexane—ethyl acetate 75:25) gave 17 in 65% yield: 'H NMR
(CDCl3) 6 0.99 (t, 3 H, J = 7.5 Hz), 1.06 (d, 3 H, J = 6.3 Hz),
1.48-1.80 (m, 2 H), 2.08 (m, 1 H, J = 6.3 Hz), 2.66 (ddd, 1 H, J
=2.2,6.3,7.5Hz),340(d,2H,J =6.3Hz),3.63(dd,1H,J =
2.2, 6.3 Hz), 3.72 (s, 3 H), 4.48, 4.49 (AB system, 2 H, J = 12.2
Hz), 7.25-7.40 (m, 5 H); 'H NMR (CDCl; + Euf(hfc);), a single
isomer was observed 8 5.44 (100%, MeO, s); [«]®p +20.2° (c 1.4,
CHCly); IR (CHCl,) » 2960, 2940, 2860, 1760, 1450, 1380, 1360,
1100 cm™ (selected values). Anal. Caled for CiqHyNOg: C, 69.29;
H, 8.36; N, 5.05. Found: C, 69.19; H, 8.43; N, 4.99.

B-Lactam 4 (Scheme III). N-Methoxyazetidinone 17 was
transformed into 8-lactam 4 (70% yield) as previously described
for the preparation of 3: 'H NMR (CDCI;) §0.96 (d, 3 H, J =
7.0 Hz), 1.01 (t, 3 H, J = 7.5 Hz), 1.54-1.92 (m, 3 H), 2.1 (br s,
1 H),2.87 (ddd,1 H,J = 2.1, 6.5,8.0 Hz2),3.29 (dd, 1 H, J = 2.1,
6.5 Hz), 3.58 (d, 2 H, J = 5.5 Hz), 6.25 (br s, 1 H); [a]®; +8.5°
(c 1.4, CHCl,); IR (CHCly) » 3620, 3420, 2960, 2940, 1750, 1380,
1050 cm™! (selected values). Anal. Caled for CgH,;NO,: C, 61.12;
H, 9.62; N, 8.91. Found: C, 61.03; H, 9.69; N, 8.88.

Acetonide 18 (Scheme III). A solution of 3-lactam 4 (140
mg, 0.8917 mmol) in methylene chloride (8.9 mL) was treated with
2,2-dimethoxypropane (1.78 mmol) and with BF;-OEt, (0.134
mmol) at room temperature, under nitrogen. After 1 h the reaction
was quenched with Et;N (1 drop), the mixture was evaporated,
and the crude product was purified by flash chromatography
(n-hexane-ethyl acetate 6:4) to give acetonide 18 in 85% yield:
'H NMR (CDClg) 6 0.98 (t,3H,J = 7.5 Hz), 1.08 (d,3 H, J =
7.25 Hz), 1.38 (s, 3 H), 1.71 (s, 3 H), 1.50-2.00 (m, 3 H), 2.93 (ddd,
1H,J=1.83,6.10, 8.25 Hz), 3.42 (dd, 1 H, J = 1.83, 4.89 Hz),
3.55 (dd, 1 H, axial, J = 3.05, 12.05 Hz), 3.91 (dd, 1 H, equatorial,
J = 2.52, 12.05 Hz); [«]®p +26.0° (c 0.6, CHCly); IR (CHCly) »
2960, 1735, 1370, 1090, 900 cm™ (selected values). Anal. Calcd
for C;;H;4NO,: C, 66.97; H, 9.71; N, 7.10. Found: C, 66.88; H,
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9.80; N, 7.01.

(S)-(+)-3-(Benzyloxy)-2-methylpropionaldehyde (6)
(Scheme IV) (100% ee). Enantiomerically pure aldehyde 6 was
prepared from (R)-(-)-methyl 3-hydroxy-2-methylpropionate
(Aldrich) according to the procedure reported in ref 19 and used
without further purification: [«]®p +28.4° (¢ 1.0, CHCly) [lit.5
[@]®p +28.4° (c 1.56, CHCly)].

tert-Butyl Thiobutyrate. A solution of pyridine (22 mL)
in chloroform (100 mL) at 0 °C was treated dropwise with butyryl
chloride (28.78 mL) during 1 h. Then tert-butyl thicalcohol (26.7
mL) was slowly added at 0 °C during 3 h, and the mixture was
stirred at room temperature for 3 days. The mixture was then
quenched with water, and the organic phase was washed with 5%
HCl, 5% NaHCOj;, water, dried, and evaporated. The crude
product was distilled at reduced pressure (65 °C/20 mmHg) to
give the desired compound in 71% yield: 'H NMR (CDCly) 6 0.9
(t, 3 H, J = 7.3 Hz), 1.45 (s, 9 H), 1.30-1.85 (m, 2 H), 2.40 (t, 2
H, J = 7.3 Hz). Anal. Caled for CgH,0S: C, 59.95; H, 10.06.
Found: C, 59.87; H, 10.10.

E and Z Silyl Ketene Acetals 19 and 20. These compounds
were prepared from tert-butyl thiobutyrate according to the
general procedure reported in ref 20. 19: 'H NMR (E/Z = 95:5)%
60.19 (s, 6 H), 0.95 (s, 9 H), 0.95 (t, 3 H, J = 7.3 Hz), 1.32 (s, 9
H), 2.08 (quint, 2 H, J = 7.3 Hz), 5.18 (t, 1 H, J = 7.3 Hz). 20:
'H NMR (Z/E 2 95:5)% 6 0.16 (s, 6 H), 0.95 (s, 9 H), 0.95 (t, 3
H, J = 7.3 Hz), 1.38 (s, 9 H), 2.20 (quint, 2 H, J = 7.3 Hz), 5.27
(t, 1 H, J = 7.3 Hz).

Aldol Condensation Product 21. A solution of enantiom-
erically pure aldehyde 6 (0.946 g, 5.28 mmol) in methylene chloride
(12 mL) at =78 °C, under nitrogen, with stirring, was treated
during 10 min with a 1.0 M solution of TiCl, in methylene chloride
(5.28 mL). Immediately after, the silyl ketene acetal 19 (2.17 g,
7.92 mmol) was added dropwise during 10 min and the mixture
was stirred at —78/-80 °C for 1.5 h. The reaction was then
quenched with 1 N KOH and filtered through Celite. The aqueous
phase was extracted with methylene chloride, and the combined
organic extracts were dried and evaporated. The crude product
was analyzed by 'H and *C NMR spectroscopy and flash chro-
matographed twice (n-hexane-ethyl acetate 85:15 and benzene—
ethyl ether 95:5) to give the pure aldol condensation product as
a 99:1 mixture of stereoisomers (80% yield): IR (CHCly) » 3480,
2960, 1665, 1450, 1360, 1080, 970 cm™! (selected values); "H NMR
(CDCly) 6094 (t,3 H,J = 7.5 Hz), 1.06 (d, 3 H, J = 7.0 Hz), 1.445
and 1.457 (s, 8.91 H and s, 0.09 H), 1.76 (quint, 2 H, J = 7.5 Hz),
1.80-1.95 (m, 1 H), 2.50 (q, 1 H, J = 7.0 Hz),3.26 (d, 1 H, J =
6.0 Hz, exchangeable with D,0), 3.54 (A part of an ABX system,
1H,J=4.0,95Hz), 367 (q,1 H, J = 6.0 Hz), 3.78 (B part of
an ABX system, 1 H, J = 4.5, 9.5 Hz), 4.51 (s, 2 H), 7.25-7.40 (m,
5 H); 3C NMR (CDCly) 6 [10.78 (1%), 11.92 (99%)], 15.24, 21.17,
29.69, 35.81, [46.80 (1%), 48.25 (99%)], 59.86, 73.13, 73.47, 75.95,
127.67, 127.73, 128.42, 137.91, 203.73. Anal. Caled for CjgHg05S:
C,67.42; H, 8.93. Found: C, 67.39; H, 8.99. Analogously, reaction
with silyl ketene acetal 20 gave the aldol condensation product
as a 96:3:1 mixture of stereoisomers (75% yield): 'H NMR (CDCl,,
selected values) 6 1.445 (s, 8.64 H), 1.457 (s, 0.27 H), 1.470 (s, 0.09
H).

N-Methoxyazetidinone 17 (Scheme IV). A solution of the
aldol condensation product 21 (1.10 g, 3.33 mmol) in 4:1 aceto-
nitrile-water (17.7 mL) was treated with Hg(OCOCF};), (1.563 g,
3.663 mmol). The mixture was stirred at 60—65 °C for 3 h. More
Hg(OCOCF5), (0.426 g, 1.0 mmol) was added and the mixture was
stirred at 80-65 °C for additional 3 h. Then the mixture was
cooled to room temperature, diluted with ethyl acetate (50 mL),
and filtered through Celite, washing the Celite cake with ethyl
acetate (80 mL). The solution was then treated with H,S (10 min
bubbling) and filtered again through Celite. The resulting solution
was evaporated to give a crude compound, which was purified
by flash chromatography (CH,Cl)-MeOH from 93:7 to 70:30) to
give acid 15 (70-85% yield) contaminated by variable amounts
(0-15%) of Hg-containing byproducts. Via the procedure de-
scribed for the preparation of 10, this compound was transformed
into hydroxamate 16 (70% yield) contaminated by variable
amounts of Hg-containing byproducts. Hydroxamate 16 was then
transformed into N-methoxyazetidinone 17 via the procedure
described for the preparation of 11; flash chromatography (n-
hexane—ethyl acetate 75:25) gave pure 17 in 60-65% yield: 'H
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NMR (CDClj) 6 099 (t, 3 H,J = 7.5 Hz), 1.06 (d, 3 H, J = 6.3
Hz), 1.48-1.80 (m, 2 H), 2.08 (m, 1 H, J = 6.3 Hz), 2.66 (ddd, 1
H,J=2.2,63,7.5Hz),340(d,2H,J = 6.3 Hz),3.63 (dd, 1 H,
J =22,6.3 Hz), 3.72 (s, 3 H), 4.48, 4.49 (AB system, 2 H, J =
12.2 Hz), 7.25-7.40 (m, 5 H); 'H NMR [CDCl; + Eu(hfc)s] of 17
obtained from silyl ketene acetal 20, § 5.62 (296%, MeO, s), 5.68

(4%, Me0, s); 'H NMR [CDCI; + Eu(fod);] of 17 obtained from
silyl ketene acetal 20, § 5.56 (=96%, MeO, s), 5.45 (1%, MeO, s),
5.33 (3%, MeO, s); 'H NMR [CDC]; + Eu(hfc)s] of 17 obtained
from silyl ketene acetal 19, § 6.37 (290%, MeO, s), 6.45 (<10%,
MeOQ, s); 'TH NMR [CDC]; + Eu(fod);] of 17 obtained from silyl
ketene acetal 19, § 6.10 (>99%, MeO, s).

Synthesis of Benzobicyclo[3.2.1]octanes Involving Inversion of
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Two conformationally defined analogues of phenylethanolamine, 8-amino-6,7,8,9-tetrahydro-5,8-methano-
5H-benzocyclohepten-endo-9-ol (5) and 8-amino-6,7,8,9-tetrahydro-5,8-methano-5H-benzocyclohepten-exo-9-ol
(6), have been synthesized. The benzobicyclo[3.2.1]octane skeleton was constructed by an intramolecular cyclization

of 3-phenylcyclopentane-1,1-dicarboxylic acid (10).

The sodium borohydride reduction of 8-amino-9-oxo-

6,7,8,9-tetrahydro-5,8-methano-5H-benzocycloheptene (12) gave the endo alcohol 5. The greater stability of the
exo alcohol 6 compared to § was confirmed by AM1 calculations. The exo alcohol 6 was obtained from 5 by an
N to O acetyl migration. A possible mechanism for this migration in the inversion of the stereochemistry at
C-9is discussed. Structural assignments using 2-D NMR spectra and an NOE difference spectrum are presented.

Epinephrine (1) is synthesized by phenylethanolamine
N-methyltransferase (PNMT) from norepinephrine (2).
As part of a continuing study to explore the binding re-
quirements at the active site of PNMT for both substrates
and inhibitors,?® we had need of compounds 5 and 6 with
the benzobicyclo[3.2.1]octane skeleton. These amines were
designed as conformationally defined analogues of phe-
nylethanolamine (3), a good substrate of PNMT.

OH R
I R=Me R =0OH 4 R=R=H ()
l R=H. R =0H § R=H. R =0H (£)endo
} R=R=H 6 R=0H, R=H (%) exo

Although several synthetic approaches to benzo-
bicyclo[3.2.1]octanes are available, only a few compounds
with substitution at bridgehead position 8 in this ring
system were known.*® Entry into this ring system via
rearrangement of the benzobicyclo[2.2.2]octane ring system
has been studied by us? and by others.! Boger and

(1) (a) Presented in part at the 194th National Meeting of the Am-
erican Chemical Society, New Orleans, LA, Aug 30-Sept 4, 1987. (b)
Paper 13 in our series “Conformationally Defined Adrenergic Agents”;
for paper 12, see: Grunewald, G. L.; Sall, D. J.; Monn, J. A. J. Med.
Chem. 1988, 31, 433.

(2) Fuller, R. W. Annu. Rev. Pharmacol. Toxicol. 1982, 22, 31.

(3) (a) Grunewald, G. L.; Arrington, H. S.; Bartlett, W. J.; Reitz, T
J.; Sall, D. J. J. Med. Chem. 1986, 29, 1972. (b) Grunewald, G. L.; Ye,
Q.; Kieffer, L.; Monn, J. A. J. Med. Chem. 1988, 31, 169. (c) Grunewald,
G. L.; Paradkar, V. M.; Pazhenchevsky, B.; Pleiss, M. A,; Sall, D. J.;
Seibel, W. L.; Reitz, T. J. J. Org. Chem. 1983, 48, 2321. (d) Grunewald,
G. L.; Pleiss, M. A.; Rafferty, M. F. Life Sci. 1982, 31, 993. (e) Rafferty,
M. F.; Grunewald, G. L. Mol. Pharmacol. 1982, 22, 127.

(4) Grunewald, G. L.; Walters, D. E.; Kroboth, T. R. J. Org. Chem.
1978, 43, 3478.

(5) (a) Nisnevich, G. A.; Vyalkov, A, I; Komshii, G. T.; Mamatyuk, V.
I; Barkhash, V. A, Zh. Org. Khim. 1983, 19, 2081. (b) Kappeler, H.; Renk,
E. Helv. Chim. Acta 1961, 44, 1541.

(6) (a) Smith, W. B. J. Org. Chem. 1985, 50, 5713. (b) Smith, W. B,;
Stock, L.; Cornforth, J. Tetrahedron 1983, 39, 1379. (c) Nisnevich, G.
A.; Mamatyuk, V. L; Barkhash, V. A. Zh. Org. Khim. 1983, 19, 110. (d)
Lobanova, T. P.; Derendyaev, B. G.; Kollegova, M. L; Barkhash, V. A,
Zh. Org. Khim. 1973, 9, 1883, (e) Hart, H.; Tagagi, K. J. Org. Chem. 1980,
45, 34. (f) Gray, A. C.; Hart, H. J. Am. Chem. Soc. 1968, 90, 2569. (g)
Paquette, L. A.; Volz, W. E. J. Am. Chem. Soc. 1976, 98, 2910. (h) Hales,
N. J.; Heaney, H.; Ley, S. V. J. Chem. Soc., Perkin Trans. 1 1974, 2702,
(i) Nylund, T.; Morrison, H. J. Am. Chem. Soc. 1978, 100, 7364.
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Mullican” proposed a novel approach to this ring system
in which the aliphatic portion was constructed prior to an
aromatic annulation sequence. Considering the availability
of starting material and our specific targets, we developed

(7) (a) Boger, D. L.; Mullican, M. D. J. Org. Chem. 1984, 49, 4033. (b)
Boger, D. L.; Mullican, M. D. Tetrahedron Lett. 1982, 23, 4551,
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