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The synthesis of enantiomerically pure potassium (5R)- and
(58)-trans-2-tert-butyl-6-hydroxymethyloxapenem-3-carboxylates
is reported. Surprisingly, both enantiomers were active antibiotics
and fB-lactamase inhibitors.

For more than twenty years the penicillins and the
cephalosporins have been the most valuable antibiotics in
the therapy of infectious diseases. These compounds
possess two common structural features: a bicyclic S-lac-
tam system and the 5R (for penicillins) or the 6R
configuration (for cephalosporins). The corresponding
S-isomers are generally considered to be inactive as
antibacterials.
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The nonclassical f-lactams discovered later in nature, i.e.
thienamycin' and clavulanic acid? proved to have also the
5R-configuration and within the synthetic class of penems
antibacterial activity was inherent with the SR conﬁgura-
tion, whereas the 5S enantiomers were entirely® or
almost* inactive.

jH NH,
5 3 5.0 OH
O/I/:N:/? 5 /J;NJ—/—
i, 0 |
€Oz CO,H

thienamycin clavulanic acid
(5R) (5R)

A unique exception to the above-mentioned occurence of
natural f-lactams with R-configuration was observed in
the case of clavamycins,> which lack antibacterial activi-
ty. However, they possess potent antifungal properties.
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We wish to report here the preparation, antibacterial and
/3 lactamase inhibitory activities of (+)- and (—)-potas-
sium  trans-2-tert-butyl-6-hydroxymethyloxapenem-3-
carboxylates (1a and 1b). These model compounds were
selected, after we had found that the corresponding
racemic mixture was an effective antibacterial agent and
pB-lactamase inhibitor.®"’
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A proven way of preparing enantiomeric carboxylic acids
is fractional crystallization of their diastereomeric salts
with natural alkaloids. However, it was doubtful whether
the sensitive racemic target compound 1 would have
survived such handling.
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Consequently, we chose a different strategy, allowing us
to achieve resolution at an early stage of the reaction
sequence, and thus used the far less reactive bicyclic
B-lactam 2 as the starting material. Here, the chiral
auxiliary derived from (S)-2-mercaptopropanol was co-
valently attached to the f-lactam ring. We have shown®
that the separation of the “natural”, (5R,7R)-diastereo-
isomer, the so called “4,7-lactam”, could be achieved
within a single crystallization from the (1 : 1) diastereome-
ric mixture.

For the preparation of the “natural” (+ )-enantiomer 1a,
the above mentioned crystalline bicyclic (SR,7R)-2a (mp
85-86°C) was suitable as the starting material. It was
initially planned to obtain the “unnatural” enantiomer
1b similarly from (SR,7S)-2b. However, the melting point
of 2b was lower (53-54°C), and it was difficult to
crystallize this stereoisomer to purity. Consequently, the
synthesis of (—)-1b started with the diastereomerically
enriched (5R,75)-2, obtained from the mother liquor.
Final resolution was accomplished later, by fractional
crystallization of the intermediate 5b.
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PNBz = CH,CgH NO, -4 1

The hydroxymethyl side chain was introduced stereospe-
cifically (2 — 3) into the trans position of the S-lactam
moiety, using monomeric formaldehyde generated from
cyclohexanol/formaldehyde adduct.® The corresponding
cis isomer of 3 was not found.

During the following substitution reaction with sodium
methyl mercaptide (6 — 7) the chiral auxiliary was conve-
niently removed without any additional transformation.

The following construction of the oxazoline moiety of 11
(8 — 11) was a proven method'? established in 1977. It
has been successfully applied in the syntheses of 6-hydro-
xyethyl-2-isopropyloxapenemcarboxylic acids!! and the
more stable 2-tert-butyloxapenemcarboxylic acids.!?

The cyclisation reaction (10 — 11) afforded a mixture of
trans- and cis-oxapenem esters in a 2: 1 ratio. They were
separated by column chromatography on silica gel at
—20°C.

The fully protected trans-oxapenems 11a and 11b were
carcfully investigated regarding their enantiomeric puri-
ty. [a], values were + 54° (¢ = 1.6, EtOAc) for 11a and
—56° (¢ = 0.8, EtOAc) for 11b.

Finally, the two p-nitrobenzyl protecting groups in 11a
and 11b were removed by catalytic hydrogenation,

SYNTHESIS

affording the title compounds 1a and 1b. 'H NMR
spectroscopy at 400 MHz indicated less then 3 % of the
corresponding cis isomers. The absolute configurations of
the final compounds 1a and 1b were unequivocally
established by two X-ray structure determinations,’? by
investigating single crystals of intermediates 3a and 5b.
Determination of the biological acitvities (Table 1) revea-
led that both enantiomeric oxapenems (+)-1a and
(—)-1b were active as antibacterials. Like the racemic
form” of 1, both enantiomers were more powerful
inhibitors of staphylococcal p-lactamase than clavulanic
acid® (Table 2).

Table 1. Minimal Inhibitory Concentration (ug/ml) of Penicillin V,
Cefaclor and Enantiomeric Potassium Oxapenemcar-
boxylates 12 and 1b. Difco Nutrient Broth, 17 h, 37°C.

Pen V. Cefaclor (+)-1a (-)-1b

Staph. aureus DSM 1104 <02 0.5 0.5 0.5
Staph. aureus 25466 >128 16 0.2 2
(penicillin resistant)

E. coli DSM 1103 64 4 2 2

E. coli TEM 1 >128 >128 32 >128
E. cloacae 30054 >128 >128 8 64

Table 2. f-Lactamase Inhibitory Activity (ug/mL) of Enantiomeric
Potassium Oxapenemcarboxylates 1a and 1b. Staph. aureus
25466, Difco Nutrient Broth, 17 h, 37°C.

Compound Activity®
Penicillin V >128
Penicillin V + 1a 0.54+0.1
Penicillin V + 1b 0.5+ 0.1
Cefaclor 16
Cefaclor + 1a 1+0.2
Cefaclor + 1b 1+0.2

* Determined by dilution assay. Minimal inhibitory concentration
(MIC) of mixture, showing no turbidity.

The remarkably high antibacterial and p-lactamase inhi-
bitory activity of a bicyclic f-lactam (—)1b, having the
(58)-configuration contrary to that of all known natural
and synthetic f-lactam antibiotics, was most surprising.
However, it is known'* that the oxazoline ring of
oxapenems can be opened and closed in the presence of
nucleophiles.

With the optically active trans-(5S,6R)-1b, this reaction
would lead to an equilibrium mixture of 1b with its
epimer cis-(SR,6R)-1¢, having the natural configuration
at C-5. Indeed we were able to detect such a very slow
conversion in D,0 at 37°C by NMR spectroscopy (new
signal at 5.87 ppm; d, J = 2.7 Hz). It is conceivable that
this epimerisation of 1binto 1¢ was faster in the nutrition
medium or was enhanced by the bacterial enzymes during
the biological tests (lasting 17 h at 37°C). If this was true,
the measured activities with 1b could be attributed to the
portion of natural cis isomer 1¢ formed during the tests.

It has been stated!® that, besides the reactive S-lactam
unit, a leaving group at the 5-position of bicyclic f-lac-
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tams would be essential for their action as irreversible
inhibitors of f-lactamases. Like clavulanic acid, the
oxapenems possess such an additional reactive moiety. It
is possible that the superior activity of the oxapenems
against these bacterial enzymes is associated with the
aforementioned opening reaction of the oxazoline ring.

Note Added in Proof:

With isolated penicillinase (type IV from Enterobacter cloacae) the
(+)-enantiomer 1a was found to be 50 times more active than the
(—)-enantiomer 1b (nitrocefin assay). This assay requires only
30 min for completion. After a preincubationat 37°C for 15 min, the
inhibition concentration (IC,) was 2:107°M (1) for 1a and
11077 M for 1b. This suggests that the observed activities for 1b
against intact bacteria (Tables 1 and 2) are indeed due to cis-isomer
le.

Reagents and solvents were of commercial quality from freshly
opened containers and were purchased from Fluka Chemical Co.
THF was refluxed under N, with LiAIH, and distilled immediately
before use. The lithium bis[trimethyisilylJamide solution in THF was
prepared from equimolar amounts of hexamethyldisilazane and
2.5 M solution of BuLi in hexane (Janssen) at — 78 °C. The solvent
was removed in vacuo and replaced by THF (under Ar). MeOH free,
aqueous formaldehyde solution was obtained from BASF. p-Nitro-
benzyl chloroformate was purified by recrystallization from diiso-
propylether at — 30°C. Analyticalsilica gel TLC plates and silica gel
were purchased from E. Merck. The progress of all reactions was
monitored by TLC. Melting points were taken on a Biichi 535
apparatus and are uncorrected. Microanalyses were obtained using
a Heraeus CHN Standard microanalyzer, IR spectra were obtained
using a Perkin-Elmer 1420 [R-spectrometer, optical rotations on a
Zeiss 0.005° polarimeter at r.t. and NMR spectra using a Varian
VXR 400 S (400 MHz) spectrometer.

Cyclohexanol/Formaldehyde Adduct (40 % Solution):

A mixture of cyclohexanol (474 g, 4.74 mol) and 30% aq (MeOH
free) formaldehyde solution (237 g, 2.37 mol) was magnetically
stirred under N,ina 1 L two-necked flask for 2 hatr.t. The flask was
connected to a simple distillation apparatus and the volatile parts
boiling at 45°C (210 g) were removed at 30 Torr at a bath tempera-
ture of 100°C. The pressure was then reduced to 15 Torr until the
head temperature reached 66°C and some decomposition of the
adduct was indicated by deposition of paraformaldehyde in the
condenser. The distillation residue was cooled to r.t. under N, and
dried for 4 d using molecular sieves 4 A (50 ) affording a viscous,
colourless liquid, yield: 485 g. The solution can be stored over
molecular sieves at r.t. for years without decomposition.

13C NMR (CDCl,/TMS): 6 = 24.3 (t, CH,, cyclohexanol), 25.6 (t,
CH,, cyclohexanol), 25.7 (t, CH,, adduct), 32.6 (t, CH,, adduct),
33.0 (t, CH,, adduct), 35.5 (t, CH,, cyclohexanol), 70.2 (d, CH,
cyclohexanol), 75.0 (d, CH, adduct), 87.1 (t, CH,, adduct). Additio-
nal very weak signalsat é = 75.6 (d, CH), 86.3 (t, CH,), 89.6 (t, CH,)
and 90.1 (t, CH,).

(+)-(5R,7R)-2,5,5-Trimethyl-9-0x0-3-0xa-6-thia-1-azabicyclo
[5.2.0." "Inonane (2a):

The “4,7-lactam™ 2 was prepared® as a 1:1 diastereoisomeric
mixture of 2a and 2b (yield: 60%). Product 2a with natural
configuration was obtained after a single crystallization from
n-hexane; yield: 20 %; mp 84.7-86.1°C; [a]2° + 132.5° (¢ = 1.665,
CHCl,); TLC: R; 0.40 (toluene/EtOAc, 2:1, 1, staining).
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C4H sNO,S calc. C53.70 H7.51 N696 S 1593
(201.3) found 5399  7.54 677  16.03

IR (CH,CL): v = 2980, 2960, 2930 (C—H), 1755 (C=0), 1235,
1110 cm 1.

(+)-(5R,7R 88)-8-(1-Hydroxymethyl)-2,2,5-trimethyl-9-0xo-3-0xa-
6-thia-1-azabicyclo[5.2.0'"Inonane (3a):

The reaction apparatus consisted of a 250 mL 3-necked flask, fitted
with gas outlet bubbler (containing paraffin oil), septum and
mechanical stirrer. To this flask was connected a 100 mL Schlenk
flask via a Liebig condenser. The apparatus was carefully dried by
passing dry N, and heating. The Schlenk flask was supplied with
cyclohexanol/formaldehyde adduct (19 g, 40 % solution) and into
the three-necked flask dry THF (30 mL) was added and its content
cooled to — 78°C. Within 5 min, diisopropylamine (1.64 g, 2.3 mL,
16.23 mmol), within 5 further min, BuLi (2.5 M solution in hexane,
6.6 mL, 16.50 mmol) and finally, also within 5 min, a solution of 2a
(2.88 g, 14.29 mmol) in dry THF (30 mL) were added by a syringe.
The Schlenk flask was immersed into a preheated (130 °C) oil bath,
heated to 160°C within 10 min, and kept at 160—180°C during the
reaction. Cold water was circulated through the Liebig condenser in
order to condense cyclohexanol. During this procedure the liberated
monomeric formaldehyde was passed over the surface of the cold
(—78°C) and well stirred reaction mixture by passing a slow stream
of N, (23 bubbles per sec) through the apparatus. After 1 h TLC
indicated the absence of starting material 2a. The oil bath was then
removed and the N, flow stopped. EtOAc (95 mL) was slowly added
within 30 min and the mixture transferred to a separatory funnel
with a further portion of EtOAc (140 mL). The solution was
subsequently washed with a mixture of brine (140 mL) and 2 N HCl
(70 mL) and then with brine (2 x 140 mL). The aqueous phases were
reextracted with EtOAc (140 mL) and the combined organic layers
dried (MgSQ,). Filtration and evaporation in vacuo afforded crude
product 3a (3.06 g, 93 %) as a colourless powder. It was chromatog-
raphed on silica gel (63200 ym, 360 g) using toluene/EtOAc (2:1)
as eluent (23 fractions, 300 mL each). Besides starting material 2ain
the first fractions, pure 3a (2.33 g, 71 %) was obtained from fractions
11-20, mp 135.7-136.6°C (toluene); yield: 2.33 g (71 %); [a]3’
+137.5° (¢ = 1.61, CHCl,); TLC: R, 0.12 (toluene/EtOAc, 2:1,1,
staining); X-ray."?

C,oH;,NO;S cale. C5193 H741 N6.06 S13.86

(231.3) found 52.13 7.20 596  13.86

IR (CH,Cl,): v = 3600 (O—H), 2925, 2875, 1740 (C=0), 1450,
1380, 1350, 1220, 1110, 1070, 1040 cm ™ *.

13C NMR (CDCl,;/TMS): 6 = 17.8 (q, CH3;), 24.2(q, CH3), 26.6 (q,
CH,), 40.7 (d, CH), 53.0(d, CH), 57.8 (t, CH,), 58.0(d, CH), 72.1 (¢,
CH,), 87.5 (s, quart. C), 165.8 (s, quart. C).

(+)-(5R,7R,85)-2,2,5-Trimethyl-8-(1-p-nitrobenzyloxycarbonyloxy-
methyl)-9-0xo-3-0xa-6-thia-1-azabicyclo[5.2.0' "|nonane (4a):

To a solution of 3a (3.40g, 14.69 mmol) and recrystallized
p-nitrobenzyl chloroformate (3.81g, 17.66 mmol) in anhydrous
CH,Cl, (60 mL, filtered through basic A1,0,) in a 250 mL Schlenk
flask was added solid 4-dimethylaminopyridine (DMAP) (2.75 g,
22.53 mmol) in small portions at —4°C under N, atmosphere.
During addition, a voluminous, colourless precipitate was formed.
The mixture was then left at 4+ 5°C in a refrigerator for 24 h. It was
diluted with EtOAc (300 mL) and the resulting solution subsequent-
ly washed with 2N HCI (180 mL), 15% NaCl (160 mL) and 5%
NaHCO, (160 mL) solutions. The aqueous phases were reextracted
with EtOAc (150 mL) and the combined organic phases were dried
(MgS0O,). Filtration and evaporation in vacuo gave the crude
product 4a. Chromatography on silica gel (63—200 um, 200 g) using
toluene/EtOAc (9: 1) as eluent (30 fractions, 100 mL each) afforded
pure 4a (5.69 g, 94%) as pale yellow resin; yield: 5.69 (94 %); [«]2°
+80.3° (¢ = 1.115, CHCl,); TLC: R 0.14 (toluene/EtOAc, 9:1, UV
active, I, staining).

IR (CH,CL,): v = 3060 (C—H,,.,), 2980, 2945, 2880 (C—H,y;p),
1760 (C=0), 1615 (C=C), 1530 (NO,), 1460, 1395, 1360 (NO,),
1240 (C—0), 1080, 1040 cm ™ 1.
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(+)-(5R,7R,85)-2,2,5-Trimethyl-8~(1-p-nitrobenzylox ycarbonyloxy-
methyl)-9-0x0-3-0xa-6-thia-1-azabicyclo{5.2.0' -’ Jnonane-6,6-dioxide
(5a):

To a solution of 4a (1.00 g, 2.44 mmol) in CH,Cl, (20 mL) was
added in small portions m-chloroperbenzoic acid (MCPBA) (55 %,
2.10 g, 6.56 mmol) within 20 min at — 5°C. The mixture was stirred
for an additional 4.5 h at — 5to + 5°C, where upon TLC indicated
the absence of starting material. It was diluted with CH,Cl, (95 mL)
and the resulting solution washed subsequently with sat. NaHCO,
(35 mL), 10 % NaHSO, and finally with sat. NaHCO; (35 mL). The
aqueous layers were reextracted with CH,Cl, (40 mL) and the
combined organic phases were dried (MgSQ,). Filtration and
removal of the solvent in vacuo afforded a noncrystalline, nearly
colourless solid (1.12 g). It was recrystallized from toluene to give
pure (SR,7R,8S5)-isomer 5a; yield: 0.72 g (70 %); mp 124.0-125.1°C;
[0]Z° + 18.4° (¢ = 1.78, CHCl,), TLC: R, 0.37 (toluene/EtOAc, 1: 1,
UV active and 1, staining).

CysH,N,0,S cale. C4886 H 501 N 633 S7.25
(442.45) found 48.74 5.07 6.30 7.25

IR (CH,CL): v = 3050 (C—H,,,,,), 2980, 2945 (C—H,;,), 1775
(C=0, B-lactam), 1755 (sh, C=0, carbonate), 1610 (C=C), 1525
(NO,), 1450, 1390, 1375, 1350 (NO,), 1330, 1305, 1235 (C—0) 1180,
1150, 1135, 1080 cm 1.

*CNMR (CDCl;/TMS): § = 11.5(q, CH ), 23.4(q, CH,), 26.8 (q,
CH,), 48.4 (d, CH), 60.4 (d, CH), 61.3 (t, CH,), 62.7 (t, CH,), 63.4
(d, CH), 68.4 (t, CH,), 89.3 (s, quart. C), 123.9 (d, CH), 128.5 (d,
CH), 142.0 (s, quart. C), 148.0 (s, quart. C),154.1 (s, quart. C), 163.4
(s, quart. C).

(—)-(5R,7S,8R)-2,2,5-Trimethyl-8-(1-p-nitrobenzyloxycarbonyloxy-
methyl)-9-0x0-3-0xa-6-thia-1-azabicyclo|5.2.0" " Jnonane-6,6-dioxide
(5b):

Compound 4 (5.51 g, 13.43 mmol), consisting of 78% (5R,7S,
8R)-4b and 22% of (5R,7R,8S)-diastercomer 4a, was converted
analogously to the corresponding crude mixture of diastereomers 5;
yield: 6.59 g. The yellow crystalline solid was suspended in dry
toluene (20 mL) and stirred at r. t. for 5 min and the solid collected on
a glass filter; yield 3.47 g (58 %). It consisted of nearly pure 5b and
was recrystallized from hot toluene to give pure (5R,7S,8R)-diaste-
reomer Sb; Yield 3.02 g (50 %); mp 145.1-145.8°C; [¢)2° — 20.8°
(c = 1.815, CHCl,); TLC: R; 0.37 (toluene/EtOAc, 1: 1, UV active
and I, staining); X-ray.'?

CgH;,N,0,8 cale. C4886 H 501 N633 S7.25

(442.5) found 49.06 5.02 6.17 7.24

IR (CH,Cl,): identical to that of 5a.

13C NMR (CDCl,/TMS): 6 = 7.1 (q, CH,), 23.2(q, CH,), 27.0(q,
CH,), 48.6 (d, CH), 60.3 (d, CH), 62.8 (t, CH,), 63.4 (t, CH,), 66.1
(d, CH), 68.3 (t, CH,), 88.7 (s, quart. C), 123.8 (d, CH), 128.4 (d,
CH), 142.0 (s, quart. C), 148.0 (s, quart. C), 154.1 (s, quart. C), 163.3
(s, quart. C).

(+)-(3S8,4R)-4-|(2R)-2«(1-Hydroxypropyl)-sulfonyl}-3-(p-nitrobenzyl-
oxycarbonyloxymethyl)azetidin-2-one (62):

Compound 5a (3.0 g, 6.78 mmol) was dissolved in AcOH (165 mL)
at 60°C and to this solution H,O (37 mL) was added. The mixture
was refluxed under N, for 2.5h at an oil bath temperature of
> 140°C. After cooling, the solvent was removed in vacuo at
45-50°C. The residue was treated with EtOAc and the solvent
removed again in vacuo. The residue, a brown-yellow resin, was
dried for 30 min at 0.001 Torr, yielding crude 6a (3.14 g). It was
chromatographed on silica gel (63-200 um, 180 g) using tolue-
ne/EtOAc (1:1) as eluent (26 fractions, 150 mL each), affording
some starting material 5a from the early fractions and pure 6a from
fractions 10-26, as an extremely hygroscopic, noncrystalline solid;
yield: 2.05 g (75 %); [oJ2° +29.1° (¢ = 2.02, CHCl,); TLC: R, 0.06
(toluene/EtOAc, 1:1, UV active and I, staining).

IR (CH,Cl,): v = 3605 (O—H), 3400 (N—H), 3050 (C—H,,.,).
2960, 2890 (C—H,y;,4), 1795 (C =0, f-lactam, 1755 (C=0, carbo-
nate), 1610 (C=C), 1525 (NO,), 1455, 1395, 1350 (NO,), 1330, 1310,
1240 (C—0), 1135 (SO,), 1085, 1050, 1020, 980, 855 cm ™.
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(+)-(35,4R)-4-Methylthio-3-(p-nitrobenzyloxycarbonyloxymethyl)-
azetidin-2-one (7a):

To a solution of 6a(1.97 g, 4.89 mmol) in MeCN (60 mL) was added
a solution of NaSMe (0.45 g, 6.46 mmol) in H,O (50 mL) within 20
min at 0°C. The mixture was allowed to stir for an additional 40 min
at 0°C. It was then diluted with CH,Cl, (180 mL) and the resulting
solution was washed with H,O (80 mL). The aqueous layer was
reextracted with CH,Cl, (2 x 80 mL) and the combined organic
phases were dried (MgSO,). Filtration and evaporation of the
solvent in vacuo and drying of the residue at 0.001 Torr for 2.5h,
gave the crude product 7a (1.60 g, 100 %) as a yellow resin. It was
purified by chromatography on silica gel (63200 um, 100 g) using
toluene/EtOAc (9: 1) (9 fractions, 200 mL each) and toluene/EtOAc
(4:1) as eluents (20 fractions, 100 mL each). Evaporation of the
fractions 14-25 afforded pure 7a; yield: 1.20g (75%), mp
67.9-69.5°C, after drying at 0.001 Torr; [«]2° + 58.2° (c = 1.88,
CHCl,); TLC: R;0.34 (toluene/EtOAc, 1: 1, UV active, I, staining).
(=)-(3R,45)-7b: [0]2® —55.2° (¢ = 1.60, CHCI,).

C5H  N,O¢S calc. C47.85 H432 NB8.58 S$9.83

(326.3) found 48.12 443 8.52  9.81

IR (CH,Cl,): v = 3400 (N—H), 3060 (C—H,,,), 2960, 2930
(C—H_ypp), 1775 (C=0, B-lactam), 1755 (sh, C=0, carbonate),
1610 (C=C), 1525 (NO,), 1390, 1350 (NO,), 1240 (C—0), 1155,
970, 955, 855cm 1.

p-Nitrobenzyl (—)-(35,4R)-[4-Methylthio-3-(p-nitrobenzyloxycarbo-
nyloxymethyl)-2-oxazetidin-1-yljacetate (8 a):

In a dried 100 mL Schlenk flask, fitted with a magnetic stirrer and a
balloon filled with Ar, compound 7a (125 mg, 0.382 mmol) was
cooled to 0°C and p-nitrobenzyl iodoacetate (184 mg, 0.573 mmol)
and Cs,CO; (187 mg, 0.573 mmol) (both dried for 1.5h at 0.001
Torr just before use) were added. The dry solid mixture was stirred
for 5 min until it became a fine white powder. Cold anhydrous
MeCN (15 mL, stored over molecular sieves 4 A) was added and the
mixture was allowed to stir for 4 hat 0°C. TLC indicated the absence
of starting material. The cold mixture was diluted with toluene
(75 mL), EtOAc (15 mL) was added and the resulting solution was
washed subsequently with cold 1 N HCI (60 mL), 10% NaHCO,
(50mL) and 10% NaCl solutions. The aqueous phases were
reextracted with EtOAc (2 x 25 mL). The combined organic solu-
tions were dried (MgSO,). Filtration and evaporation of the solvent
in vacuo gave crude product 8a (266 mg). It was rapidly chromato-
graphed on silica gel (40—63 um, 20 g) using toluene/EtOAc (4:1) as
eluent (23 fractions, 10 mL each). Evaporation of fractions 11-19
afforded pure 8a as a pale yellow resin, after drying for 8 h at 0.001
Torr; yield: 139 mg (70 %); [a]2° — 16.2° (¢ = 1.65, CHCl,); TLC: R,
0.40 (toluene/EtOAc, 1:1, UV active and I, staining).
(+)-(3R,4S)-8b: [¢]2° +17.3° (¢ = 2.2, CHCL,).

C,,H3 N3OS cale. C 5087 H4.07 NB8.09 S6.17
(519.5) found 51.32 4.37 7.83 6.19

IR (CH,Cl,): v = 3060 (C—H,,), 2990, 2960, 2930 (C—H,;;,),
1770 (C=0), B-lactam), 1755 (C=0, carbonate + ester), 1610
(C=C), 1525 (NO,), 1410, 1395, 1350 (NO,), 1240 (C—-0), 1180,
1130, 970, 940, 855 cm 1.

p-Nitrobenzyl (2R)- and (25)-2-[(35,4R)-4-Methylthio-3-(p-nitroben-
zyloxycarbonyloxymethyl)-2-oxoazetidin-1-yl}-4,4-dimethyl-3-oxo-
pentanoates (9a):

In a dried 100 m Schlenk flask equipped with a rubber septum was
charged a solution of 8a (528 mg, 1.016 mmol) in dry THF (25 mL)
under Ar atmosphere. To this was added with a syringe pivaloyl
chloride (129 mg, 131 uL, 1.067 mmol) at — 78°C. Within 30 min a
{ N solution of lithium bisftrimethylsilyllamide (2.032mL,
2.032 mmol) was then added at — 78°C. The resulting yellow
solution was allowed to stir for 30 min at — 78°C and it was diluted
with toluene (130 mL). The resulting solution was subsequently
washed with cold 2 N HCI (0°C, 120 mL) and brine (2 x 120 mL).
The organic layer was dried (MgSO,) and the solvent evaporated in
vacuo to give crude 9a. It was chromatographed on silica gel
(40—-63 pm, 50 g) using toluene/EtOAc (9: 1) as eluent (17 fractions,
50 mL each). From fractions 7~12, pure 9a (0.490 g, 80%) was
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obtained as a colourless crystalline solid, after drying for 8§ h at
0.0005 Torr (diastereomeric mixture, ratio approx. 2: 1); yield: 0.49 g
(80%); mp 79.5-86.1°C; TLC: R, 0.60 (toluene/EtOAc, 1:1, UV
active, 1, staining).

C,,H3oN;0,S cale. C5373 H4.84 N696 S531
(603.6) found 53.83 490 676 531

IR (CH,CLy): v = 3050 (C—H,,,,,), 2970, 2930, 2870 (C—H,,.,.),
1770 (sh, C=0, f-lactam), 1755 (C=0, carbonate + ester), 1715
(C=0, ketone), 1610 (C=C), 1525 (NQ,), 1460 (br), 1350 (NO,),
1315, 1240 (C~0), 1180, 1110, 975 (br), 850 cm ™.

p-Nitrobenzyl (2R)- and (25)-2-{(35,4R)- and (3S,4S)-4-Chloro-3-(p-
nitrobenzyloxycarbonyloxymethyl)-2-oxoazetidin-1-yl|-4,4-dimeth-
yl-3-oxopentanoates (10a):

To a solution of 92 (393 mg, 0.651 mmol) in CH,Cl, (40 mL, filtered
through basic Al,O3) in a 100 mL Schlenk flask was added with a
syringe anhydrous gaseous Cl, (38 mL, 1.583 mmol)at — 78°C. The
needle was dipped into the solution during addition. The mixture
was allowed to stir for an additional 40 min at — 78°C to — 60°C
TLC indicated the absence of starting material. The cold solution
was subsequently washed with a solution containing NaHSO,
(2.10 g) and Na,CO, (1.67 g) in H,0 (40 mL). The aqueous layer
was reextracted with CH,Cl, (10 mL), the combined organic phases
were dried (MgSO,) and the solvent was removed in vacuo. The
viscous liquid residue was immediately chromatographed on silica
el (4060 pm, 20 g) at — 25 1o — 10°C using toluene/EtOAC (9: 1)
as cluent (22 fractions, 10mL each). The solvent was removed from
fractions 7-21 and the residue reevaporated once with EtOAc and
twice with CH,Cl,.

After drying at 0.0005 Torr for 2 h pure colourless, non-crystalline
10a (356 mg, 92%) was obtained (diastereomeric mixture, ratio,
approx. 5:3:2:1). It was stored at — 80°C under Ar; yield: 356 mg
(92%); TLC: R, 0.65 and 0.57 (toluene/EtQAc, 1: 1, UV active and
weak iodine staining).

IR (CH,CL): v = 3050 (C—H,,,,), 2960, 2930, 2855 (C~H,;34).
1790 (C=0, p-lactam), 1755 (C=O, carbonate + ester), 1715
(C=0, ketone), 1610 (C=C), 1525 (NO,), 1460 (br), 1370, 1350
(NO,), 1320, 1240 (C—0), 1180, 970, 855 (br)cm 1.

p-Nitrobenzyl (+)-(5R,6S)-3-tert-Butyl-6-(p-nitrobenzyloxy-carbo-
nyloxymethyl)-7-0xo-3-0xa-1-azabicyclo]3.2.0}hept-2-ene-2-carboxy-
late (11a):

To a solution of 10 (329 mg, 0.556 mmol) in dry THF (40 mL)in a
100 mL Schlenk flask was added a 0.92M solution of KOBu-¢
(0.66 mL, 0.606 mmol) within 20 min at —45 to —~ 35°C. The
mixture turned brown-yellow at the completion of addition. It was
allowed to stir for an additional 60 min at — 45 to — 35°C, till TLC
indicated the absence of starting material. To the cold reaction
mixture EtOAc (80 mL) was added and the resulting solution was
washed subsequently with 10 % ag NaCl (70 mL) and brine (35 mL).
The aqueous layers were reextracted with EtOAc (40 mL) and the
combined organic phases dried (MgSO,). Filtration and gvapora-
tion of the solvent in vacuo and drying of the residue at 0.0005 Torr
for 1.5h afforded crude 11 (313 mg) as a viscous yellow liquid.
Separation of the desired trans-isomer 11a from the (55,65)-
cis-isomer was achieved by medium pressure chromatography on
siica gel (5-20 um, 50g) at — 15 to — 6°C. The flow rate was
25mL/45 min with toluene/EtOAc (30:1) as eluent (20 fractions,
25mL cach). From fractions 13 and 14 pure trans-isomer 1la
(105 mg, 34%) was obtained as a pale yellow noncrystalline solid
(after drying at 0.0005 Torr for 8 h); yield: 105 mg (34 %). Fractions
15-17 (61 mg, 20 %) contained, besides 114, its (55.6.5)-cis-isomer.
To obtain an analytically pure sample, the isomeric mixture (50 mg)
was chromatographed on silica gel (15-40 pm, 5g) at =20 to
~10°C using hexane/EtOAc (3: 1). From fractions 1622, 39 mg of
an analytically pure, cis, trans-isomeric mixture was obtained; 11a
[2]5° + 54.2° (¢ = 1.57, EtOAc); TLC: R, 0.27 (trans) and 0.21 (cis)
(toluene/EtOAc, 19:1. UV active and 1, staining).

CsHasN;0,, cale. € 5622 H4.54 N 7.56

(555.5) found  56.21 479  7.51
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IR (CH,Cly): v = 3050 (C—H,,y), 2960, 2930, 2860 (C~H,;;,,),
1805(C =0, p-lactam), 1755 (C =0, carbonate), 1715 (C =0, ester),
1610 (C=C), 1580 (C=C, five-membered ring), 1525 (NOQ,), 1350
(NO,), 1320, 1240 (C—-0), 1170, 1090 (C—0Q), 1015, 850 cm ™ ..
'H NMR (CD,CN/TMS): § = 1.31 (s, 9H, -C,H,), 4.08 (ddd,
J=438,35,09 Hz, L H, H-6, trans),4.46 (dd, J = 12.1,4.8 Hz, 1 H,
CH,0), 4.54 (dd, /=121, 3.5Hz, 1H, CH,0), 527 (s, 2H,
Ar—CH,), 5.22 and 5.43 (AB, J,5 = 14.1 Hz, 2H, Ar—CH,), 5.85
(d, *J = 0.9 Hz, 1 H, H-5, trans), 7.58 (d, / = 8.8 Hz, 2H,,,_), 7.65
(d, /=88Hz, 2H,, ), 8.19 (d, J = 8.8 Hz, 4 H,,,,)-

13C NMR (CD;CN/TMS): § = 26.6 (g, CH,), 33.7 (s, quart. C),
62.3(t, CH,), 62.7 (d, CH), 64.6 (t, CH,), 68.2 (t, CH,), 90.6 (d, CH),
123.5(d, CH), 123.7 (4, CH), 128.1 (d, CH), 128.6 (d, CH), 142.9 (s,
quart. C), 144.0 (s, quart. C), 154.2 (s, quart. C), 160.7 (s, quart. C),
176.3 (s, quart. C), 176.5 (s, quart. C).

p-Nitrobenzyl (—)~(5S,6R)-3-tert-Butyl-6-(p-nitrobenzyloxycarbo-
nyloxymethy})-7-0xo0-4-0xa-1-azabicyclo]3.2.0}hept-2-ene-2-carb-
oxylate (11b):

Following the procedure for 11a, 10b was converted to the pure
trans-isomer (—)-11b. Spectral data of 11a and 11b are identical
(enantiomers); [a]2° of pure trans-(5S,6R)-isomer 11b: — 56.0°
(c = 0.82, EtOAc).

C,6H,sN.O, cale. C56.22 H4.54

(555.5) found 56.83 4.64

Potassium  (SR,6S)-3-tert-Butyl-6-hydroxymethyl-7-0xo-4-0xa-1-
azabicyclo[3.2.0]bept-2-ene-2-carboxylate (1a):

Ina hydrogenation apparatus equipped with a magnetic stirrer and a
rubber septum, a suspension of Pd on C (10%, 80 mg) in EtOAc
(6 mL) was prehydrogenated at 0°C (consumption 4.2 mL of H, in
15 min). A solution of 11a (77 mg, 0.139 mmol) in EtOAc (2 mL)
was added with a syringe and the mixture hydrogenated at 0 °C until
the reaction came to an end (65 min). The consumption was 28 mL
(8.4 equiv instead of 8 equiv). The mixture was filtered through a
small glass filter (No. 4) into a reagent flask which contained a cold
solution of KHCO, (10.4 mg, 0.104 mmol) in H,O (3.5mL). The
two-phase mixture was vigorously shaken under N, for 3 min at
0°C, the organic layer removed with a pipette and the aqueous layer
washed twice with portions (2mL) of EtOAc at 0°C. Residual
EtOAc was removed from the aqueous phase, in vacuo (13 Torr) ina
10 mL round-bottomed flask and then by short evacuation (2 min) in
high vacuum. UV spectroscopy indicated a yield of 19.67 mg (51 %).
Forlyophilisation a completely tight dessicator was used, containing
100 g of “Siccapent” (Merck). The solution containing 1a was
distributed into several portions in glass ampoules. They were cooled
to —78°C and kept in the dessicator, which was immediately
evacuated and stored in a refrigerator at ~ 35°C. After 14 the
vacuum was controlled (< 0.005 Torr). After 2 weeks at — 35°C and
0.001 Torr, H,O was completely absorbed and 1a was obtained as a
voluminous white powder (content 92 %); yield: 18.1 g (47 %); [,
+188.7° (¢ = 0.26, H,0).

IR (KBr): v = 2960, 2935 and 2875 (C—H,;;m), 1781 (C=0,
B-lactam), 1602 (carboxylate), 1576 (sh), 1391 (carboxylate), 1306,
1200, 1092, 1054, 793cm L,

UV (H,0): A, = 262 nm (¢ = 5000).

'HNMR (D,0/Me,SiCD,CD,CO,Na): § = 1.25(s, 9 H, -C,H,),
3.90 (dt, J = 4.1 Hz, 0.6 Hz, 1 H, H-6, trans), 3.96 (dd, J = 4.1 Hz,
2.6 Hz, 2H, CH,O0H), 5.78 (d, / = 0.6 Hz, 1 H, H-5, trans).

Potassium (55,6R)-3-tert-Butyl-6-hydroxymethyl-7-0x0-4-oxa-1-
azabicyclo[3.2.0hept-2-en-2-carboxylate (1b):

Following the procedure for the preparation of 1a, 11b was
converted into 1b. Spectral data of 1a and 1b were identical
(enantiomers); [a]3° — 190.2° (¢ = 0.295, H,0).

We wish to thank Dr. Kurt Polborn for the X-ray structure determing-
tions and 10 Mrs. Gudrun Hagen for determinations of antibacterial
activity. This project was supported by Fonds der Chemischen
Industrie.

Downloaded by: Simon Fraser University Library. Copyrighted material.



1184 Papers

(1) Albers-Schénberg, G.; Arison, B.H.; Hensens, O.D.; Hirsh-

field, J.; Hoogsteen, K.; Kaczka, E. A.; Rhodes, R.E.; Kahan
1.S.; Kahan, F.M.; Ratcliffe, R. W.; Walton, E.; Ruswinkle,
L.J.; Morin, R. B.; Christensen, B.G. J. Am. Chem. Soc. 1978,
100, 6491.

s

(2) Howarth, T.T.; Brown, D.; King, T.J. Chem. Commun. 1976,

266.

(3) Pfaendler, H.R.; Gosteli, J.; Woodward, R.B. J. Am. Chem.

Soc. 1979, 101, 6306.

(4) Oida, S. In Recent Advances in the Chemistry of B-Lactam

Antibiotics, Gregory, G.1. (Ed.); Publ. No. 38, The Royal
Society, London, 1981: pp. 330-347.

(5) Brown, D.; Evans, J.R.; Fletton, R.A. Chem. Commun. 1979,

282.

Wanning, M.; Zihner, H.; Krone, B.; Zeeck, A. Tetrahedron
Lett. 1981, 22, 2539.

Miiller, J.-C.; Toome, V.; Pruess, D.L.; Blount, J.F.; Weigele,
M. J. Antibiot. 1983, 36, 217.

King, H.D.; Langhdrig, J.; Sanglier, J.J. J. Antibiot. 1986, 39,
510.

Naegeli, H.U.; Loosli, H.-R.; Nussbaumer, A. J. Antibiot.
1986, 516.

(6) Pfaendler, H.R.; Hendel, W. Europ. Pat. Appl. 1989, 301394,

Chem. Abstr. 1989, 111, 39099,

(7) Pfaendler, H.R.; Metzger, K.; Endermann, R.; Haller, I.; Wild,

SYNTHESIS

H.; Hartwig, W. German Patent Appl. 1990, 3833 693; Chem.
Abstr. 1991, 114, 6150.

(8) Pfaendler, H.R. In Recent Advances in the Chemistry of
B-Lactam Antibiotics, Gregory, G.1. (Ed.); Special Publ. No.
38, The Royal Society, London, 1981: pp. 368—-378.
US Patent 1984, 4436661, Chem. Abstr. 1984, 101, 110627.
For a detailed analogous procedure see also:
Pfaendler, H. R.; Gosteli, J; Woodward R. B. J. Am. Chem. Soc.
1980, 102, 2039.

(9) Attempts to effect this reaction with formaldehyde generated
from paraformaldehyde gave low yields of 3a.
Pfaendler, H.R.; Schneider, P. Europ. Pat. Appl. 1983, 82113;
Chem. Abstr. 1983, 99, 139637.

(10) Eglington, A.J. J. Chem. Soc. Chem. Commun. 1977, 720.

(11) Murakami, M.; Aoki, T.; Matsuura, M.; Nagata, W. J.
Antibiot. 1990, 43, 1141.

(12) Pfaendler, H.R.; Hendel, W. Zeitschr. f. Naturforsch. 1992,
47b, 1037.

(13) X-ray data may be obtained from: Fachinformationszentrum
Karlsruhe, Gesellschaft fiir wissenschaftlich-technische Infor-
mation mbH, D-W-7514 Eggenstein-Leopoldshafen 2, quoting
the Registry No. CSD 56 520, the names of the authors and the
journal citation.

(14) Cherry, P.C.; Newall, C.E.; Watson, N.S. Chem. Commun.
1978, 469.

(15) Knowles, J.R. Acc. Chem. Res. 1985, 18, 97.

Downloaded by: Simon Fraser University Library. Copyrighted material.



