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The lithium enolates of ethyl butyrate (7) and ethyl isovalerate (19) react with N-p-
methoxyphenylcinnamaldimine (8) in tetrahydrofuran (THF) - hexamethylphosphoric triamide
(HMPA) to afford predominantly trans p-lactams 9 (67%;) and 20 (78 %), respectively. f-
Lactam 9 was converted to PS-5 (5) intermediate 18 in 21 9 overall yield (8 steps). S-Lactam
20 was converted to PS-6 (6) analog 28 in 229 overall yield using an eight step sequence.

We recently reported that lithium enolates of a-monoalkylated acetates react with N-trimethyl-
silyl-® and N-aryl aldimines® to afford f-lactams. One interesting aspect of the N-aryl aldimine
condensation was the manner in which reaction conditions could be varied to control the stereochemical
course of reactions. For example, treatment of tetrahydrofuran solutions of ester enolates (1) with
N-benzylidenaniline (2) gave predominantly cis S-lactams (3) whereas addition of hexamethylphos-
phoric triamide (HMPA) to the reaction mixture, before or after enolate generation, gave mainly
trans B-lactams (4). Evidence was presented which suggested that HMPA promoted cis-trans isomeri-
zation was responsible for the formation of trans S-lactams under the later conditions. Since our
initial report, further evidence has been gathered which suggests that the isomerization occurs at C(3)
rather than C(4).® We have now used this method of trans-3,4-dialkylated S-lactam synthesis to
prepare racemic intermediates in previous syntheses of the carbapenem antibiotic PS-5 (5) and car-
bapenems related to PS-6 (6).4~1%

Results and Discussion

A formal total synthesis of racemic PS-5 (5) is outlined in Scheme 1. Treatment of ethyl
butyrate with lithium diisopropylamide followed by cinnamaldimine 8 in tetrahydrofuran - HMPA
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(a) Lithium diisopropylamide (LDA), THF; PhCH=CHCH=NPhpOCH; (8), HMPA, THF.
(b) Ceric ammonium nitrate, CH;CN, H,O. (c) N-Bromosuccinimide (NBS), DMSO, H,O.
(d) nBu,SnH, 2,2’-azobisisobutyronitrile (AIBN), PhH, 80°C. (e) Jongs’ reagent. (f) CF,CO,;H,
Na,HPO,, CH,Cl,. (g) NaOH, EtOH then HCl, EtOH. (h) Carbonyldiimidazole, THF then
MglOC(O)CH,COO-PNB],. (i) TsN;, Et;N, CH,CN. (j) Rhy(OAc),, PhH.

gave a 67 % yield of an inseparable 4 : 1 mixture of S-lactams 9 and 10, respectively. The stereoisomer
ratio was determined by integration of signals due to H(4) at § 4.28 (dd, J=8.3 and 2.3 Hz) and 4.71
(dd, J=8.0 and 5.8 Hz) for 9 and 10, respectively. Epimerization experiments were not performed
to see if this ratio represented an equilibrium mixture of stereoisomers. The mixture of 9 and 10 was
oxidized using ceric ammonium nitrate to give a 659 yield of trans S-lactam 11 after chromatographic
separation from the corresponding cis stereoisomer.!?

We next turned to converting the 4-8-styryl substituent into an acetic acid residue, a group which
has proved to be quite versatile in carbapenem synthesis.!? Several methods for converting 11 into
ketone 14 were initially investigated. We eventually settled on a three-step procedure which involved
the preparation of bromohydrin 12 (81%),'® reduction to a mixture of diastereomeric alcohols 13
(859t and oxidation'® to afford 14 (83%). This reaction sequence could be conducted without
purification of intermediates in 679; overall yield. The desired C(4) side-chain transformation was
completed by Baeyer-Villiger oxidation of 14 to give azetidinone 15 (80 %;).1®

A formal total synthesis of PS-5 (5) was completed by converting phenyl ester 15 to bicyclic -
lactam 18. Thus, treatment of 15 with ethanolic sodium hydroxide followed by neutralization and
sequential treatment of the resulting crude acid with carbonyldiimidazole and magnesium mono-p-
nitrobenzylmalonate!?-1® gave the known S-ketoester 16 (63 %;),7~? which was converted to diazoketone
17 (97%) and carbapenem 18 (98%) using established procedures.”-®'® Since 18 had previously
been converted to 5, this completed a formal synthesis of racemic PS-5.7~%

As expected, substituting ethyl isovalerate (19) for ethyl butyrate in the aforementioned sequence
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Scheme 2.
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(a) LDA, THF; 8, HMPA, THF. (b) Ceric ammonium nitrate, H,0, CH;CN. (c¢) NBS, H,0,
DMSO. (d) #Bu,SnH, AIBN, PhH, 80°C. (¢) Jones’ reagent. (f) CF;CO;H, Na,HPO,,
CH,ClL,. (g) HSCH,CH,NHCOO-PNB, DBU, CH,CL. (h) CICOCOO-PNB, Et,N, CH,Cl,.
(i) (EtO);P, toluene, 100°C.

gave racemic structures related to the carbapenem PS-6 (6). Thus, 25 was prepared in 33 % overall
yield from 19 as shown in Scheme 2. 1In this sequence, the ratio of 20 and the corresponding cis S-
lactam was 10:1 by NMR and separation of the stereoisomers was accomplished after N-dearylation.
As in the PS-5 series, the conversion of 21 to 24 could be accomplished without purification of in-
termediates (61 %).

Phenyl esters such as 15 and 25 should be useful intermediates in the synthesis of cysteaminyl
side-chain analogs of 5 and 6. This was illustrated by the preparation of 28 using a well-documented
intramolecular Wittig procedure for construction of the carbapenem nucleus.?°~?? Thus, treatment
of 25 with N-(p-nitrobenzyloxycarbonyl)cysteamine and 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU)
gave 26 (88%;) which was acylated to afford oxalamide 27 (989%). Treatment of 27 with triethyl-
phosphite gave 28 (609).

In summary, ester-imine condensations provide straightforward access to carbapenems related
to PS-5 and PS-6 and a new protocol for converting an azetidinone C(4)-styryl group into an acetic
acid residue has been developed.

Experimental

All melting points are uncorrected. H NMR spectra were recorded on Varian EM-390, Bruker
WP-200 or Bruker AM-500 instruments and are reported in ppm from internal tetramethylsilane on
the § scale. Data are reported as follows: Chemical shift [multiplicity (s=singlet, d=doublet, t=
triplet, g=quartet, m=multiplet), coupling constants, integration, interpretation]. *C NMR spectra
were recorded on a Bruker WP-80 instrument and are recorded in ppm from internal tetramethylsilane:
Chemical shift (multiplicity). IR spectra were recorded using a Perkin-Elmer 457 spectrometer. Mass
spectra were recorded using a Kratos MS-30. The parent ions of some compounds were not ob-



312 THE JOURNAL OF ANTIBIOTICS MAR. 1987

served. In these cases, fragmentation patterns were in accord with the assigned structures. Coms-
bustion analyses were performed by Micro-Analysis, Inc., Wilmington, DE.

Solvents and reagents were purified prior to use. All reactions were carried out under a blanket
of nitrogen or argon in flame-dried flasks unless stated otherwise. Column chromatography was
performed over EM Laboratories silica gel (70~ 230 mesh) or LoBar columns (medium pressure).

rel*-(3 R 4 R)-N-(p-Methoxyphenyl)-3-ethyl-4-(E-2-phenylethenyl)-2-azetidinone (9) and rel-(3S,4R)-
N-(p-Methoxyphenyl)-3-ethyl-4-(E-2-phenylethenyl)-2-azetidinone (10)

To a solution of 8.70 ml (62.1 mmol) of diisopropylamine in 100 ml of THF cooled in a dry ice-
acetone bath was added 38.0 ml (57.0 mmol) of 1.50 m n-BuLi in hexane over a 5-minute period at
—70°C. The mixture was stirred for 30 minutes and 7.20 ml (54.3 mmol) of ethyl butyrate in 100 ml
of THF was added over a 5-minute period. The mixture was stirred for 30 minutes and 15 ml
of HMPA in 15ml of THF was added over a 2-minute period. The cold solution was stirred
for 10 minutes followed by addition of 12.9 g (54.3 mmol) of imine 8 in 100 ml of THF over a
S-minute period. The resulting solution was stirred at —70°C for 1 hour, warmed to room tempera-
ture, stirred for 2 hours and diluted with 1 liter of ether. The solution was washed with two 500-ml
portions of 1 N aqueous HCI. The aqueous layers were extracted with 500 ml of ether. The combined
organic layers were washed with 500 ml of brine, dried (MgSO,) and concentrated in vacuo to give
16.8 g of a dark brown oil. The oil was flash chromatographed twice over 200-g portions of silica
gel (EtOAc, 1:9) to give 11.2 g (67%,) of a 4:1 mixture of 9 and 10, respectively. A small portion of
this mixture was separated by chromatography at medium pressure to give pure samples of 9 and 10.
Lactam 9: MP 82.5~83.5°C; IR (CHCl,) 1735 cm™~*; *H NMR (200 MHz, CDCl,) § 1.07 3H, t, J=
7.2 Hz, CH,CH,), 1.89 2H, m, CH,), 3.05 (1H, ddd, /=84, 6.2 and 2.3 Hz, CHCO), 3.75 (3H, s,
CH,0), 4.28 (1H, dd, J=8.3 and 2.3 Hz, CHN), 6.29 (1H, dd, J=16.8 and 8.3 Hz, CH=CHPh), 6.77
(1H, 4, J=16.8 Hz, CH=CHPh), 6.83 2H, d, J=9.0 Hz, ArH), 7.23~7.40 (7H, m, ArH); *C NMR
(CDCl,) 6 11.39 (@), 21.66 (1), 55.51 (q), 59.06 (d), 59.93 (d), 114.44 (d), 118.22 (d), 126.63 (d), 127.67
(d), 128.28 (d), 128.71 (d), 131.99 (s), 133.63 (d), 135.87 (s), 156.05 (s), 166.82 (s); exact mass calcd for
C,H,NO, m/z 307.1572, found m/z 307.1553. Lactam 10: Oil; IR (CHCl,) 1730 cm™!; ‘H NMR
(200 MHz, CDCIl,) § 1.07 (3H, t, J=7.2 Hz, CH,CH,), 1.89 (2H, m, CH,), 3.38 (1H, ddd, /=13.2,
7.5 and 5.8 Hz, CHCO), 3.75 (1H, s, OCH,), 4.71 (1H, dd, /=8.0 and 5.8 Hz, CHN), 6.26 (1H, dd,
J=15.6 and 8.0 Hz, CH=CHPh), 6.78 (1H, d, J=15.6 Hz, CH=CHPh), 6.82 (2H, d, J=9.0 Hz,
ArH), 7.22~7.45 (7H, m, ArH); 3C NMR (CDCl,) é 12.26 (q), 18.99 (t), 55.51 (q), 56.12 (d), 57.25
(d), 114.44 (d), 118.27 (d), 124.83 (d), 126.63 (d), 128.33 (d), 128.77 (d), 132.00 (s), 135.27 (d), 136.09
(s), 155.99 (s), 167.36 (s); exact mass calcd for C,;H,,NO, m/z 307.1572, found m/z 307.1553.

rel-(3 R, 4R)-3-Ethyl-4-(E-2-phenylethenyl)-2-azetidinone (11) and re/-(3S,4R)-3-Ethyl-4-(E-2-
phenylethenyl)-2-azetidinone

To a solution of 8.18 g (26.6 mmol) of 9 and 18 (4 : 1, respectively) in 250 ml of acetonitrile cooled
in an ice bath was added 43.7 g (79.7 mmol) of ceric ammonium nitrate in 350 ml of water over a 5-
minute period. The mixture was stirred for 30 minutes at 0°C, diluted with 1 liter of water, and ex-
tracted with three 400-ml portions of EtOAc. The combined organic layers were washed with 500 ml
of 5% aqueous sodium bicarbonate solution, three 500-ml portions of 109 aqueous sodium sulfite
solution and 500 ml of 59, aqueous sodium bicarbonate solution. Each aqueous layer was extracted
with two 150-ml portions of EtOAc. The combined organic layers were washed with 500 ml of brine,
dried (MgSO,) and concentrated in vacuo. The residue was dissolved in 200 ml of dichloromethane,
swirled over charcoal (Norit A) for a day and filtered through celite. The filtrate was concentrated
in vacuo and flash chromatographed twice over 200-g portions of silica gel (EtOAc, 1:4) to give 3.48 g
(65%) of 11 and 0.70 g (13%) of its rel-(3S,4R)-diastercomer, both as colorless oils. Lactam 11:
IR (CHCI,) 3410, 1750 cm™~*; *H NMR (200 MHz, CDCl,) 6 1.06 (t, J==7.0 Hz, CH,), 1.82 (2H, m,
CH,), 2.95 (1H, m, CHCO), 3.96 (1H, dd, J=7.5 and 2.0 Hz, CHN), 6.00 (1H, br s, NH), 6.26 (1H,
dd, J=16.0 and 7.5 Hz, CH=CHPh), 6.61 (1H, d, J=16.0 Hz, CH==CHPh), 7.33 (§H, m, ArH); ©*C
NMR (CDCl,) 6 11.31 (q), 21.34 (), 55.97 (d), 60.50 (d), 126.49 (d), 128.02 (d), 128.66 (d, overlapping

* rel: Relative configuration.
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carbons), 131.86 (d), 136.01 (s), 170.76 (s); exact mass calcd for C,,H,;,NO m/z 201.1154, found m/z
201.1137. rel-(3S,4R)-Diastereomer of 11: IR (CHCI,) 3410, 1750 em~1; *H NMR (200 MHz, CDCI,)
4 1.01 (3H, t, J=7.2 Hz, CH,), 1.74 (2H, m, CH,), 3.30 (1H, m, CHCO), 4.39 (1H, t, /=7.2 Hz, CHN),
6.11 (1H, br s, NH), 6.24 (1H, dd, J=16.0 and 7.2 Hz, CH=CHPh), 6.68 (1H, d, J=16.0 Hz, CH=
CHPh), 7.40 (5H, br s, ArH); *CNMR (CDCl;) o 12.02 (q), 18.85 (t), 53.41 (d), 57.37 (d), 125.98 (d),
126.49 (d), 128.02 (d), 128.66 (d), 133.52 (d), 136.20 (s), 171.53 (s); exact mass calcd for C;;H,;NO m/z
201.1154, found m/z 201.1150.

rel-(3R,4S)-3-Ethyl-4-(1-bromo-2-hydroxy-2-phenyl)ethyl-2-azetidinone (12)

To a solution of 774 mg (3.85 mmol) of 11 in 20 ml of DMSO and 0.2 ml of water was added
754 mg (4.23 mmol) of N-bromosuccinimide in one portion. The mixture was stirred for a day at
room temperature, diluted with 100 ml of dichloromethane and washed with two 100-ml portions of
water. Each aqueous wash was extracted with 50 ml of dichloromethane. The combined organic
layers were dried (MgSO,) and concentrated in vacuo. The residue was flash chromatographed twice
over 40-g portions of silica gel (EtOAc, 1:1) to give 935 mg (81%) of a diastereomeric mixture of
bromohydrins 12 as a white solid: MP 87~ 104°C; IR (CHCI,) 3410, 1755 cm~!; *H NMR (200 MHz,
CDCl,, major stereoisomer) § 0.87 (3H, t, J=7.2 Hz, CH,), 1.63 2H, m, CH,), 2.62 (1H, brs, OH),
2.77 (1H, tt, J=6.9 and 2.0 Hz, CHCO), 3.50 (1H, dd, J==6.0 and 2.0 Hz, CHN), 4.41 (1H, dd, J=
6.0 and 4.6 Hz, CHBr), 5.11 (1H, d, J=4.6 Hz, CHPh), 5.89 (1H, br s, NH), 7.40 (5H, s, ArH).
Weak signals at 6 1.05 (t), 3.01 (tt), 3.69 (dd), 4.16 (dd), and 5.03 (d) in the 'H NMR of this material
were attributed to the minor diastereomer of the bromohydrin; MS m/z (relative intensity) 107 [100,
(PhCH=O0OH)"].

rel-(3R,4R)-3-Ethyl-4-(2-hydroxy-2-phenyl)ethyl-2-azetidinone (13)

A mixture of 607 mg (2.04 mmol) of 12, 0.55 ml (3.11 mmol) of tri-n-butyltin hydride and 3 mg
of 2,2’-azobisisobutyronitrile (AIBN) in 20 ml of benzene was heated at reflux for 6 hours. The
solution was concentrated in vacuo and flash chromatographed over 20 g of silica gel (EtOAc, 2:1)
to give 380 mg (85%,) of a diastereomeric mixture of alcohol 13 as a white solid: MP 98~ 125°C; IR
(CHCL,) 3410, 1745 cm™!; 'H NMR (200 MHz, CDCl,) § 1.00 (3H, m, CH,), 1.57 (1H, brs, OH),
1.73 2H, m, CH,CH,), 1.90~2.27 (2H, m, CH,COH), 2.73 (1H, m, CHCO), 347 (1H, m, CHN),
4.82 (1H, m, CHOH), 5.59 and 5.85 (1H, two brs, NH), 7.33 (5H, br s, ArH); MS m/z (relative
intensity) 107 [100, (PhCH=O0H)"*].

rel-(3 R, 4R)-3-Ethyl-4-(2-phenyl-2-oxo)ethyl-2-azetidinone (14)

To a solution of 280 mg (1.28 mmol) of lactam 13 in 12 ml of acetone cooled in an ice bath was
added JonEes® reagent dropwise with stirring until the red color persisted. The mixture was stirred for
10 minutes at 0°C and several drops of 2-PrOH were added until the mixture became blue-green in
color. The mixture was filtered and the residual blue-green solid was washed with 15 ml of acetone.
The combined acetone solutions were diluted with 100 ml of water and extracted with two 50-mi por-
tions of dichloromethane. The combined organic layers were dried (MgSO,) and concentrated in
vacuo. The residual solid was flash chromatographed over 20 g of silica gel (EtOAc, 1:2) to give.
231 mg (83%) of lactam 14 as a white solid: MP 94~ 95°C; IR (CHCI,) 3420, 1750, 1680 cm™*; ‘H
NMR (200 MHz, CDCl,) d 1.05 (3H, t, J=7.2 Hz, CH,), 1.81 2H, m, CH,CH,), 2.83 (1H, td, /=
7.0 and 2.3 Hz, CHCO), 3.20 (1H, dd, J=17.7 and 9.0 Hz, CH,CO), 3.43 (1H, dd, J=17.7 and 4.2 Hz,
CH,CO), 3.81 (1H, ddd, J=9.0, 4.2 and 2.3 Hz, CHN), 6.10 (1H, br s, NH), 7.40~ 7.60 (3H, m, ArH),
7.9 (2H, d, J=8 Hz, ArH); 3C NMR (CDCl,) § 11.37 (q), 21.43 (t), 43.85 (t), 50.03 (d), 58.39 (d),
128.04 (d), 128.86 (d), 133.73 (d), 136.41 (s), 170.36 (s), 198.08 (s); exact mass calcd for C,;;H,;NO, m/z
217.1103, found m/z 217.1093.

rel-(3R,4 R)-3-Ethyl-4-(phenyloxycarbonyl)methyl-2-azetidinone (15)

To a solution of 0.18 ml (6.66 mmol) of 909, hydrogen peroxide in 15 ml of dichloromethane
cooled in an ice bath was added 1.00 ml (7.08 mmol) of trifluoroacetic anhydride over a 1-minute period.
The mixture was stirred for 10 minutes at 0°C and 2.95 g (20.8 mmol) of disodium hydrogen phosphate
was added in one portion. The resulting mixture was stirred for 10 minutes at 0°C and 501 mg (2.31
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mmol) of 14 in 15 ml of dichloromethane was added over a 2-minute period. The mixture was stirred
for 30 minutes at 0°C, warmed to room temperature, stirred for 12 hours, diluted with 100 ml of dichlo-
romethane and washed twice with two 100-ml portions of water. The combined aqueous layers were
extracted with 50 ml of dichloromethane. The combined organic layers were dried (MgSO,) and
concentrated in vacuo. The residue was flash chromatographed over 20 g of silica gel (EtOAc, 1:2)
to give 430 mg (809) of lactam 15 as a colorless oil: IR (CHCI;) 3420, 1750 cm™*; ‘H NMR (200
MHz, CDCl,) ¢ 1.05 (3H, t, J=7.2 Hz, CH,), 1.79 2H, m, CH,CH,), 2.85 (1H, dd, J=16.8 and 8.5
Hz, CH,CO), 2.86 (1H, m, CHCO), 2.99 (1H, dd, J=16.8 and 5.1 Hz, CH,CO), 3.75 (1H, ddd, J=
8.5, 5.1 and 2.3 Hz, CHN), 6.10 (1H, br s, NH), 7.04~ 7.43 (5H, m, ArH); *C NMR (CDCl;) ¢ 11.32
(9), 21.38 (), 39.86 (1), 50.03 (d), 58.55 (d), 121.48 (d), 126.24 (d), 129.63 (d), 150.35 (5), 169.65 (s),
170.03 (s); MS m/z (relative intensity) 190 (3), 140 (9), 112 (7), 98 (38), 96 (100), 94 (51).

rel-(3R,4R)-Ethyl-4-[2-0x0-3-( p-nitrobenzyloxycarbonyl)propyl]-2-azetidinone (16)

To a solution of 276 mg (1.18 mmol) of 15 in 20 ml of EtOH was added 2.0 ml of 2.0 N aqueous
sodium hydroxide. The mixture was stirred for 20 minutes at room temperature and 2.0 ml of 2.0 N
aqueous HCI was added over a 1-minute period. The mixture was concentrated in vacuo, dissolved
in 5 ml of MeOH and filtered. The filtrate was concentrated in vacuo and the residual solid was washed
with 5 ml of cold ether. The residual solid was dissolved in 15 ml of THF and 190 mg (1.79 mmol)
of carbonyldiimidazole was added. The mixture was stirred for 8 hours at room temperature, 900 mg
(1.80 mmol) of anhydrous magnesium mono-p-nitrobenzylmalonate was added and the mixture was
stirred for 18 hours at room temperature. The resulting solution was diluted with 150 ml of dichloro-~
methane and washed with two 150-ml portions of 0.5 N aqueous HCL. Each aqueous wash was ex-
tracted with two 100-ml portions of dichloromethane. The combined organic layers were dried
(MgSO,) and concentrated in vacuo. The residue was flash chromatographed twice over 20-g portions
of silica gel (EtOAc, 2:1) to give 248 mg (63 %) of lactam 16 as a white solid: MP 86.5~ 87.5°C; IR
(CHCL,) 3420, 1755, 1720 cm™*; *H NMR (200 MHz, CDCl,) ¢ 1.00 (3H, t, J=7.2 Hz, CH;), 1.75
(2H, m, CH,CH,), 2.72 (14, td, J=6.9 and 2.2 Hz, CHCO), 2.78 (1H, dd, J=18.2 and 8.7 Hz,
CH,CO), 3.01 (1H, dd, J=18.2 and 4.4 Hz, CH,CO), 3.56 (2H, s, CH,COO0), 3.64 (ddd, J=8.7, 4.4
and 2.2 Hz, CHN), 5.26 (2H, s, CH;Ar), 6.12 (1H, brs, NH), 7.52 (2H, d, J=8.7 Hz, ArH), 8.21
(2H, d, J=8.7 Hz, ArH); *C NMR (CDCl,) ¢ 11.25 (q), 21.34 (1), 48.11 (t), 49.07 (d and t), 58.39 (d),
65.74 (1), 123.94 (d), 128.41 (s), 128.60 (d), 142.27 (s), 166.35 (s), 170.12 (s), 200.53 (s); MS m/z (relative
intensity) 291 (2), 153 (24), 136 (31), 112 (52), 96 (100).

rel-(3 R,4 R)-3-Ethyl-4-[3-diazo-2-ox0-3-(p-nitrobenzyloxycarbonyl)propyll-2-azetidinone (17)

To a solution of 130 mg (0.39 mmol) of 16 in 4 ml of acetonitrile cooled in an ice bath was added
55 ul (0.39 mmol) of triethylamine and 92 mg (0.47 mmol) of tosyl azide. The mixture was stirred
for 1 hour at 0°C and concentrated in vacuo. The residue was flash chromatographed over 15 g of
silica gel (EtOAc, 3:2) to give 136 mg (979%) of 17 as a white solid: MP 111~ 113°C; IR (CHCl;)
3420, 2140, 1755, 1720, 1650 cm~*; ‘H NMR (200 MHz, CDCl,) 6 1.00 (3H, t, J=7.2 Hz, CH,), 1.76
(2H, m, CH,CH,), 2.81 (1H, td, J=6.9 and 2.3 Hz, CHCO), 3.03 (1H, dd, J=17.9 and 9.0 Hz,
CH,CO), 3.36 (1H, dd, J=17.9 and 4.1 Hz, CH,CO), 3.68 (1H, ddd, J/=9.0, 4.1 and 2.3 Hz, CHN),
5.32 (2H, s, CH,Ar), 6.03 (1H, br s, NH), 7.53 (2H, d, J=8.7 Hz, ArH), 8.24 (2H, d, J=8.7 Hz,
ArH); ®C NMR (CDCl,) ¢ 11.31 (q), 21.34 (1), 45.49 (1), 49.77 (d), 58.20 (d), 65.12 (t), 75.95 (s),
124.06 (d), 128.79 (d), 142.01 (s), 160.73 (s), 170.25 (s), 189.99 (s), ketone C=0 not recorded.

p-Nitrobenzyl rel-(2R,5R,6R)-6-Ethyl-3,7-dioxo-1-azabicyclo[3.2.0]heptane-2-carboxylate (18)

A mixture of 124 mg (0.34 mmol) of 17 and 0.5 mg of dirhodium tetraacetate in 7 ml of dry ben-
zene was heated at reflux for 30 minutes. The mixture was filtered through Celite and the Celite was
washed with 5 ml of dichloromethane. The filtrate was concentrated in vacuo to give 112 mg of 18
as a colorless oil: IR (CHCl,) 1760 cm™!; ‘H NMR (200 MHz, CDCl,) § 1.10 3H, t, /=74 Hz, CH,),
1.93 2H, m, CH,CH,), 2.39 (1H, dd, J=18.6 and 7.7 Hz, CH,CO), 2.89 (1H, dd, J=18.6 and 6.8 Hz,
CH,CO), 3.13 (1H, td, /=6.0 and 1.5 Hz, CHCO), 3.88 (1H, ddd, /==7.7, 6.8 and 1.5 Hz, CHN), 4.76
(1H, s, CHCOO0), 5.29 2H, m, CH,Ar), 7.54 (2H, d, J=8.7 Hz, ArH), 8.23 2H, d, J=8.7 Hz, ArH); »*C
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NMR (CDCly) § 11.44 (q), 22.17 (t), 41.53 (t), 53.92 (d), 62.74 (d), 63.95 (d), 66.19 (t), 123.94 (d), 128.41
(d), 129.12 (s), 141.95 (s), 165.01 (s), 174.91 (s), 206.98 (s); exact mass calcd for C,;H,,N,O, m/z
332.1009, found m/z 332.0971.

rel-(3 R,4 R)-N-(p-Methoxyphenyl)-3-isopropyl-4-( E-2-phenylethenyl)-2-azetidinone (20)

To a solution of 1.60 ml (11.4 mmol) of diisopropylamine in 15 ml of THF cooled in a dry ice-
acetone bath was added 7.50 ml (10.1 mmol) of 1.35 M n-BuLi in hexane over a 5-minute period at
—70°C. The mixture was stirred for 30 minutes and 1.50 ml (10.0 mmol) of ethyl isovalerate in 10 ml
of THF was added over a 5-minute period. The mixture was stirred for 30 minutes and 4.0 ml of
HMPA in 4.0 ml of THF was added over a 2-minute period. The cold solution was stirred for 10
minutes followed by addition of 2.42 g (10.2 mmol) of imine 8 in 30 ml of THF over a 5-minute period.
The resulting solution was stirred at —70°C for 1 hour, warmed to room temperature, stirred for
2 hours, and diluted with 200 ml of dichloromethane. The solution was washed with two 150-ml
portions of saturated aqueous ammonium chloride solution. The aqueous washes were extracted
with 100 ml of dichloromethane. The combined organic layers were dried (MgSO,) and concen-
trated in vacuo to give 6.60 g of a dark-brown oil. The oil was chromatographed twice over to 50-g
portions of silica gel (EtOAc, 1:7) to give 2.52 g (78%;) of S-lactam 20. *H NMR analysis showed
the S-lactam contained about 109 of the cis-diastereomer which could not be separated by chromato-
graphy. A pure sample of S-lactam 20 was obtained by recrystallization from dichloromethane -
hexane (1:5): MP 95~96°C; IR (CHCL) 1735cm™!; 'H NMR (200 MHz, CDCIl,) ¢ 1.05 (3H, d,
J=7.0Hz, CHCH,), 1.15 (3H, d, J=7.0 Hz, CHCH,), 2.10 (1H, sextet, J=7.0 Hz, CHCH,), 2.91
(1H, dd, /=8.3 and 2.4 Hz, CHCO), 3.76 (3H, s, OCH,), 4.34 (1H, dd, /=8.5 and 2.4 Hz, CHN), 6.28
(1H, dd, /=15.9 and 8.5Hz, PhCH=CH), 6.77 (1H, d, J=15.9Hz, PhCH=CH), 6.83 (2H, d, J=9.0
Hz, ArH), 7.20~7.45 (5H, m, ArH), 7.52 (2H, d, /J=9.0 Hz, ArH); 3C NMR (CDCl,) ¢ 20.13 (q),
20.30 (q), 28.44 (d), 55.51 (d), 58.24 (q), 64.36 (d), 114.44 (d), 118.16 (d), 126.63 (d), 127.89 (d), 128.27
(d), 128.71 (d), 131.99 (s), 133.47 (d), 135.93 (s), 155.99 (s), 166.38 (s); exact mass calcd for C,,H,,NO,,
m/z 321.1728, found m/z 321.1760.

Anal Calcd for Cy;HysNG,: C 78.47, H 7.21.
Found: C 78.76, H 7.30.

rel-(3R,4R)-3-Isopropyl-4-( E-2-phenylethenyl)-2-azetidinone (21) and re/-(35,4R)-3-Isopropyl-4-
(E-2-phenylethenyl)-2-azetidinone

To a solution of 976 mg (3.04 mmol) of S-lactam 20 in 30 m! of acetonitrile cooled in an ice bath
was added 4.82 g (8.79 mmol) of ceric ammonium nitrate in 45 ml of water over a S-minute period.
The mixture was stirred for 30 minutes at 0°C, diluted with 200 ml of water, and extracted with three
50-ml portions of EtOAc. The combined organic layers were washed with 100 ml of 59 aqueous
sodium bicarbonate solution. The aqueous layer was extracted with 50 ml of EtOAc. The combined
organic layers were washed with three 100-ml portions of 109 aqueous sodium sulfite solution. The
combined aqueous layers were extracted with 50 ml of EtOAc. The combined organic layers were
washed with 50 ml of 5% aqueous sodium bicarbonate solution and 50 ml of brine. The resulting
solution was swirled over charcoal (Norit A) for 30 minutes, magnesium sulfate was added, and the
mixture was filtered through Celite. The filtrate was concentrated in vacueo and flash chromatographed
over 10 g of silica gel to give 753 mg of slightly yellow solid in which was chromatographed (Chro-
matotron, 4 mm; EtOAc, 1:3) to give 554 mg (85%) of 3 and 66 mg (109;) of its rel-(35,4R)-dias-
tereomer. Lactam 21: MP 99~ 100°C; IR (CHCI;) 3400, 1755 cm~*; ‘H NMR (200 MHz, CHCl,)
0 1.04 (3H, d, J=6.7 Hz, CHCH,), 1.11 (3H, d, J=6.7 Hz, CHCH,), 2.10 (1H, sextet, J=6.7 Hz,
CHCH,), 2.81 (1H, dd, J=8.2 and 2.3 Hz, CHCO), 4.04 (1H, dd, J=7.5 and 2.3 Hz, CHN), 5.95 (1H,
br s, NH), 6.25 (1H, dd, /=15.8 and 7.5 Hz, PhCH=CH), 6.61 (1H, d, J=15.8 Hz, PhCH=CH),
7.26~7.40 (5H, m, ArH); ¥*C NMR (CDCl;) ¢ 19.97 (q), 20.35 (q), 28.12 (d), 54.36 (d), 65.95 (d),
126.52 (d), 128.11 (d), 128.71 (d), 128.98 (d), 131.82 (d), 136.15 (s), 170.21 (s); exact mass calcd for
C,.H;NO m/z 215.1310, found m/z 215.1283.

Anal Caled for C, H,;;NO: C 78.10, H 7.96.
Found: C 78.59, H 7.83.
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rel-(35,4R)-Diastereomer of 3: MP 151~152°C; IR (CHCI;) 3400, 1750 cm~*; ‘H NMR (CDCl,)
¢ 0.88 (3H, d, J=6.5 Hz, CHCH,), 1.17 (3H, d, J=6.5 Hz, CHCH,), 2.05 (1H, m, CHCH,), 3.05 (1H,
ddd, J=11.2, 5.4 and 1.5 Hz, CHCO), 4.37 (1H, dd, J="7.7 and 5.4 Hz, CHN), 6.01 (1H, brs, NH),
6.26 (1H, dd, J=15.9 and 7.7 Hz, PhCH=CH ), 6.66 (1H, d, /=159 Hz, P\CH=CH), 7.26~7.42
(SH, m, ArH); *C NMR (CDCl,) § 20.46 (q), 21.50 (q), 25.93 (d), 53.65 (d), 63.21 (d), 126.47 (d),
126.58 (d), 128.16 (d), 128.77 (d), 133.80 (d), 136.31 (s), 170.65 (s); exact mass caled for C,;H,;NO m/z
215.1310, found m/z 215.1312.

rel-(3R,45)-3-Isopropyl-4-(1-bromo-2-hydroxy-2-phenyl)ethyl-2-azetidinone (22)
To a solution of 601 mg (2.80 mmol) of 21 in 15 ml of DMSO and 0.1 ml of water was added
510 mg (2.87 mmol) of N-bromosuccinimide in one portion. The mixture was stirred at room tem-
perature for 10 hours, diluted with 100 ml of dichloromethane and washed with two 100-ml portions
of water. The combined aqueous layers were extracted with 50 ml of dichloromethane. The com-
bined organic layers were dried (MgSO,) and concentrated in vacuo. The residue was flash chroma-
tographed twice over 30-g portions of silica gel (EtOAc, 1:1) to give 748 mg (86 %) of a diastereomeric
mixture of 22 as a white solid. An analytical sample of one diastereomer was obtained by recrystal-
lization from dichloromethane - hexane: MP 177~ 179°C; IR (CHC,) 3400, 1750 cm~!; 'H NMR
(200 MHz, CDCl,) é 0.82 (3H, d, J=6.7 Hz, CH;), 0.96 (3H, d, J=6.7 Hz, CH,), 1.87 (1H, sextet,
J=6.7Hz, CH,CH), 2.59 (1H, d, J=3.6 Hz, OH), 2.77 (dt, J=7.2 and 1.9 Hz, CHCO), 3.45 (1H,
dd, J=4.0 and 1.9 Hz, CHN), 4.44 (1H, t, J=4.0 Hz, CHBr), 5.17 (1H, dd, J=4.0 and 3.6 Hz,CHPh),
5.87 (1H, br s, NH), 7.39 (5H, m, ArH); MS m/z (relative intensity) 107 (100).
Anal Caled for C, H;;BrNGQ,: C 53.86, H 5.81.
Found: C 54.16, H 5.88.

rel-(3R,4R)-3-Isopropyl-4-(2-hydroxy-2-phenyl)ethyl-2-azetidinone (23)

A mixture of 740 mg (2.37 mmol) of 22, 0.62 ml (3.51 mmol) of tri-n-butyltin hydride and 3 mg
of AIBN in 20 ml of benzene was heated at reflux for 3 hours. The solution was concentrated in
vacuo and chromatographed over 20 g of silica gel (EtOAc, 1:1) to give 480 mg (87%) of a diastereo-
meric mixture of alcohol 23 as a white solid: MP 64~ 82°C; IR (CHCL,) 3400, 1740 cm~t; ‘H NMR
(200 MHz, CDCl;) 6 1.00 (6H, m, 2CH,), 1.84~2.25 (4H, m, CH,, OH and CHCH,), 2.58 (1H, dt,
J=1.9 and 1.8 Hz, CHCO), 3.52 (1H, m, CHN), 4.81 (1H, m, CHPh), 5.68 and 5.94 (1H, br s, NH),
7.36 (5H, m, ArH); MS m/z (relative intensity) 107 (100).

rel-(3 R 4 R)-3-Isopropyl-4-(2-phenyl-2-oxoethyl)-2-azetidinone (24)

To a solution of 450 mg (1.93 mmol) of lactam 23 in 15 ml of acetone cooled in an ice bath was
added Jones’ reagent dropwise with stirring until a red color persisted. The mixture was stirred for
10 minutes at 0°C and several drops of 2-PrOH were added until the mixture became blue-green in
color. The mixture was filtered and the residual solid was washed with 10 ml of acetone. The com-
bined acetone solutions were diluted with 100 ml of water and extracted with two 40-ml portions of
dichloromethane. The combined organic layers were dried (MgSO,) and concentrated in vacuo.
The residual solid was chromatographed over 20 g of silica gel (EtOAc, 1:2) to give 358 mg (80%)
of lactam 24 as a white solid. An analytically pure sample of lactam 24 was obtained by recrystalliza-
tion from CH,CI; - petroleum ether (1:10): MP 85.5~86°C; IR (CHCI;) 3400, 1750, 1680 cm™1;
*H NMR (200 MHz, CDCl,) 6 1.02 (3H, d, J=6.7 Hz, CH;), 1.20 (3H, d, J=6.7 Hz, CH,), 2.17 (1H,
sextet, J=6.7 Hz, CHCH,), 2.70 (1H, dd, J=8.0 and 2.2 Hz, CHCO), 3.17 (1H, dd, J=17.7 and 8.8
Hz, CH;CO), 3.44 (1H, dd, J=17.7 and 3.4 Hz, CH,CO), 3.85 (1H, ddd, J=38.8, 3.4 and 2.2 Hz,
CHN), 6.10 (1H, br s, NH), 7.44~7.97 (5SH, m, ArH); *C NMR (CDCl,) 19.86 (q), 20.35 (q), 27.79
(d), 43.97 (1), 48.23 (d), 63.60 (d), 128.00 (d), 128.77 (d), 133.66 (d), 136.42 (s), 169.66 (s), 198.09 (s);
exact mass calcd for C,,H,,NO, m/z 231.1259, found m/z 231.1224.

Anal Calcd for C;,H,;;NO,: C 72.70, H 7.41.
Found: C 7247, H 7.44.

rel-(3R,4 R)-3-Isopropyl-4-(phenyloxycarbonylmethyl)-2-azetidinone (25)
To a solution of 0.50 ml (18.5 mmol) of 909 H,0, solution in 40 ml of dichloromethane cooled
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in an ice bath was added 2.85 ml (20.0 mmol) of trifluoroacetic anhydride over a 1-minute period.
The mixture was stirred for 10 minutes at 0°C and 6.09 g (42.2 mmol) of disodium hydrogen phos-
phate was added in one portion. The resulting mixture was stirred for 10 minutes at 0°C and 1.50 g
(6.49 mmol) of 6 in 30 ml of dichloromethane was added over a 2-minute period. The mixture was
stirred for 30 minutes at 0°C, warmed to room temperature, stirred for 10 hours, diluted with 200-ml
of dichloromethane and washed with two 200-ml portions of water. The combined aqueous layers
were extracted with 100 ml of dichloromethane. The combined organic layers were dried (MgSO,)
and concentrated in vacuo to give 1.45 g of white solid. The residue was chromatographed over 50 g
of silica gel (EtOAc, 1:4) to give 1.29 g (819%) of p-lactam 25 as a white solid: MP 97~98°C; IR
(CHCI,) 3400, 1750 cm~*; *H NMR (200 MHz, CDCl,) ¢ 1.03 (3H, d, /=6.7 Hz, CHCH,), 1.11 (3H,
d, J=6.7 Hz, CHCH,), 2.08 (1H, m, CHCH,), 2.73 (1H, dd, J=8.0 and 2.2 Hz, CHCO), 2.87 (1H,
dd, J=16.8 and 9.2 Hz, CH,CO0), 2.99 (1H, dd, /=16.8 and 4.3 Hz, CH,COO), 3.80 (1H, ddd, J=
9.2, 4.3 and 2.2 Hz, CHN), 6.08 (1H, br s, NH), 7.06~ 7.44 (SH, m, ArH); *C NMR (CDCl;) ¢ 19.97
(@), 20.41 (q), 27.84 (d), 44.03 (t), 48.29 (d), 63.65 (d), 128.06 (d), 128.88 (d), 133.69 (d), 136.47 (s),
169.66 (s), 198.15 (s).
Arnal Calcd for C,H;NO;: C 68.00, H 6.93.
Found: C 67.89, H 6.75.

rel-(3R,4R)-3-Isopropyl-4-{[2 - (p-nitrobenzyloxycarbonylamino)ethylthiolcarbonylmethyl}-2-azeti-
dinone (26)

A mixture of 530 mg (2.14 mmol) of S-lactam 25, 1.10 g (4.30 mmol) of 2-(p-nitrobenzyloxycar-
bonylamino)ethanethiol and 50 ul of DBU in 20 ml of dichloromethane was stirred at room tem-
perature for 5 hours. The solution was concentrated to approximately 5 ml total volume and chro-
matographed over 20 g of silica gel (EtOAc, 1:1) to give 770 mg (88 9;) of S-lactam 26 as a white solid:
MP 108~ 109°C; IR (CHCI,) 3470, 3440, 1765, 1740, 1695 cm~*; *H NMR (200 MHz, CDCL,) ¢ 0.99
(3H, d, J=6.7 Hz, CHCH,), 1.08 (3H, d, J=6.7 Hz, CHCH,), 2.02 (1H, m, CHCH,), 2.65 (1H, dd,
J=8.2 and 2.0 Hz, CHCO), 2.79 (1H, dd, J=15.2 and 9.2 Hz, CH,COO), 2.96 (1H, dd, J=15.2 and
4.0 Hz, CH,COO0), 2.99~3.19 2H, m, SCH,), 3.37~3.48 (2H, m, CH,N), 3.71 (1H, ddd, /=9.2, 4.0
and 2.0 Hz, CHN), 5.21 (3H, s, COOCH, and NHCOQO), 6.30 (1H, br s, NH), 7.53 (2H, d, /=9.0 Hz,
ArH), 8.24 (2H, d, J=9.0 Hz, ArH); *C NMR (CDCl,) 19.9 (g), 20.3 (q), 27.7 (d), 29.40 (1), 40.7
(1), 48.9 (d), 49.2 (1), 64.0 (d), 65.5 (1), 123.8 (d), 128.3 (d), 143.9 (s), 156.0 (s), 169.3 (s), 196.8 (s), one
aryl carbon (s) not detected; MS m/z (relative intensity) 256 (10), 209 (12), 153 (20), 136 (100).

Anal Caled for CgHysN:GS: C 52.80, H 5.66.
Found: C 5291, H 5.84.

rel-(3R,4R)- N-( p-Nitrobenzoxalyl)-3-isopropyl-4-{[2-(p-nitrobenzyloxycarbonylamino)ethylthiol-
carbonylmethyl}-2-azetidinone (27)

To a solution of 1.60 ml (18.3 mmol) of oxalyl chloride in 20 ml of dichloromethane cooled in
an ice bath was added 580 mg (3.78 mmol) of p-nitrobenzyl alcohol. The mixture was stirred for
20 minutes at 0°C, the cold bath was removed and the mixture was stirred for 1 hour at room tem-
perature. The solution was concentrated in vacuo and the residual white solid was dissolved in 15 ml
of dichloromethane. The solution was cooled in an ice bath and 0.53 ml (3.80 mmol) of triethyl-
amine was added. The mixture was stirred briefly and 770 mg (1.88 mmol) of S-lactam 26 in 15 ml
of dichloromethane was added dropwise over a 2-minute period. The mixture was stirred for 1 hour
at 0°C, diluted with 100 ml of dichloromethane, and washed with 100 ml of water. The aqueous
layer was extracted with 50 ml of dichloromethane. The combined organic layers were dried (MgSO,)
and concentrated in vacuo. The residual yellowish oil was flash chromatographed over 20 g of silica
gel (BtOAc, 1:1) to afford 1.14 g (98%) of p-lactam 27 as a yellowish syrup: IR (CHCI;) 3440, 1800,
1750, 1720, 1700 cm~*; *H NMR (200 MHz, CDCl,) § 1.01 (3H, d, /=6.7 Hz, CH,), 1.08 (3H, d,
J=6.7 Hz, CH,), 2.10 (1H, m, CHCH,), 2.98~3.20 (4H, m, CHCO, CH,COS and SCH,), 3.25~
3.45 (34, m, CH, CH,COS and CH,N), 4.25 (1H, m, NCH), 5.21 2H, s, CH,Ar), 5.30 (1H, brs,
NH), 5.43 (2H, s, CH,Ar), 7.5 and 7.6 (4H, two d’s, J=9 Hz, ArH), 8.1 and 8.2 (4H, two d’s, J=9 Hz,
ArH), MS m/z (relative intensity) 153 (22), 136 (100), 106 (33), 100 (30).
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p-Nitrobenzyl rel-(5R,6R)-3-{2-(p-Nitrobenzyloxycarbonylamino)ethylthio}-6-isopropyl-7-oxo-1-
azabicyclo[3.2.0]hept-2-en-2-carboxylate (28)

A solution of 1.14 g (1.85 mmol) of S-lactam 9 and 1.60 ml (9.33 mmol) of triethylphosphite in
30 ml of toluene was heated at 70~ 80°C for 6 hours. To the solution was added 10 mg of hydro-
quinone and the mixture was heated at 100°C for 30 hours. The mixture was concentrated in vacuo
and chromatographed twice over 60-g portions of silica gel (EtOAc, 1:2) to give 637 mg (59%) of
carbapenem 28 as a slightly yellow solid: MP 167~ 168°C; IR (CHCl,) 3440, 1770, 1720 cm™1; *H NMR
(500 MHz, CDCl,) 6 1.03 3H, d, J=6.7 Hz, CH,), 1.10 (3H, d, J=6.7 Hz, CH,), 2.10 (1H, m, CHCH,),
296 (2H, m, CH,S), 3.03 (1H, m, C(6)H), 3.06 (dd, J=18.0 and 8.2 Hz, C(4)H), 3.32 (dd, J=18.0
and 10.0 Hz, C(4)H), 3.43 2H, m, NCH,), 4.00 (1H, dt, /=9.0 and 3.0 Hz, C(5)H), 5.19~5.54 (5H,
m, CH,Ar and NH), 7.47~8.23 (8H, m, ArH); exact mass calcd for C,,H,N,0,S m/z 584.1578,
found m/z 584.1663.
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