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B-Lactams. XI. Synthesis of N-phosphorylated mono- and bicyclic 3-lactams'
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Starting from appropriately substituted monocyclic B-lactam. N-phosphorylated mono- and bicyclic B-lactams have been

synthesized.

GEORGE JUST, DENISE DUGAT et WHI-YU LIU. Can. J. Chem. 61, 1730 (1983).
Des B-lactames mono- ct bicycliques N-phosphorylés ont été synthétisés a partir de B-lactames monocycliques.

Some time ago (2, 3). we postulated that the ring strain of
penicillins and cephalosporins, which seems to be responsible
for the high frequency of B-lactam ir absorption and hence also
for their chemical and biological reactivity. may be replaced by
clectronic activation, and that properly activated monocyclic
B-lactams should possess antibacterial activity. As part of this
continuing program, we described the synthesis of bicyclic
-lactam 5. in which the B-lactam nitrogen is directly attached
to a phosphate. Because of the importance of the recently
described N-sulfated monobactams (4), we also describe the
synthesis of N-phosphorylated monobactams 215 and 24b
using methodology developed for the preparation of 5.

Phenyl cyclophosphoramidate 1a was treated with ethyl mal-
onyl chloride (5) to give 2¢ in excellent yield (6). Amide 2a
underwent base catalyzed diazo exchange with p-toluene-
sulfonyl azide (7) to afford 3a. We next attempted to form the
B-lactam 4« by a carbene insertion reaction, a method pio-
neered by Corey and Felix (8) and extensively applied by Lowe
and co-workers (9) to the synthesis cf a variety of bicyclic
B-lactams. Irradiation of the a-diazo-amide 3« at 0°C in carbon
tetrachloride using a Rayonet photochemical reactor, with
maximum output at 350 mpu. led to a complicated reaction
mixture. The infrared spectrum did not show any diazo or
B-lactam absorptions at 2200 or ~1750 cm™', respectively.
Using flash chromatography, onc of the less polar spots iso-
lated proved to be phenol. Since phenol absorbs in the ultra-
violet spectrum at 210 mp and 270 mp, we suspected that it

might interfere with the carbene insertion reaction under the
photolysis condition. We therefore decided to replace the phen-
oxy moiety by a trichloroethyl group. This protecting group can
be removed in the presence of a B-lactam (10). and should not
absorb light.

Addition of 3-amino-1-propanol and tricthylamine to tri-
chloroethyl dichlorophosphate, prepared in situ by reaction of
trichloroethyl alcohol and triethylamine with phosphorus oxy-
chloride, afforded the cyclophosphoramidate 15, in 93% yield,
after flash chromatography. It was coupled. as before, with
ethyl malonyl chloride to give amide 2b. The diazo compound
3b was obtained in a manner analogous to that of its corre-
sponding phenyl derivative 3a.

Irradiation as described before, or treatment with copper in
toluene or rhodium acetate in methylene chloride (11), gave a
mixture of products which were not identified.

In a second. more successtul series of reactions. alcohol 7a
(12) was transformed to its tetrahydropyranyl ether 75 (13).
Reaction of 75 with n-butyllithium at —78°C in dry tetra-
hydrofuran, followed by addition of diphenylchlorophosphate,
gave the reactive diphenylphosphoramidate 9 in 80% yield.
Deprotection with pyridinium p-toluenesultonate (13) gave
alcohol 11, clearly characterized by its nmr spectrum.

Reaction of diphenylphosphoramidate 11 with anhydrous
cesium fluoride” in rerz-butanol gave the cyclized B-lactam 5,
in 20% yield, along with phenol and -lactam 13, as the sole
side products that could be isolated. Attempts to improve the
yield of the reaction and to eliminate the side product 13 were
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'Abstracted in part from ref. 1.
*Reference 14; also unpublished results of Dr. Ogilvie's laboratory,

McGill University.
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in vain. This suggested that perhaps the B-lactam nitrogen was
in part acting as the feaving group. during treatiment with CsE,
instead of the phenoxide anion.

Both structures 5 and 13 were proven by 200 MHz 'H nmr
spectra and by mass spectrometry. which showed mi/e’s due to
loss of ketone. In addition. monocyclic B-lactam 13 was pre-
pared by reaction of alcohol 7a with diphenylchlorophosphate.
Attempts to hydrolyze this material to the free phosphoric acid
failed.

AL. 1731
15 — 16, was phosphorylated with dibenzylchlorophosphate
in a manner similar to that described before. Catalytic hydro-
genolysis of dibenzylphosphate 17« in methanol over Pd/C at
| atm gave after | h the phosphoric acid 175 which was char-
acterized by conversion to its dimethylester 17¢ using diazo-
methane. Deblocking of the r-BOC group of 17« under a vari-
ety of acidic conditions did not lead to the expected amine 18.
Instead, either N—P bond cleavage (trifluoroacetic acid (16)),

< or opening of the @3-lactam ring (p-toluenesutfonic acid, ethyl
g When this sequence was repeated using alcohol 6a (6a — acetate (17)) was observed.
g 60— 8 — 10 — 11 — 12). obtained by sodium borohydride Therefore, 16 was hydrolyzed in trifluoroacetic acid (16) at
DR reduction ol 4-carbobenzyloxyazetidinone kindly provided by 0°C to the ammonium salt 19. Reaction of 19 with phenylacetyl
5 Dr. Christensen. Mcrck Laboratories, no bicyclic lower homo- chloride (18) gave 3-lactam amide 20. Formation of a mono
<Z( log corresponding to S was obtained. and only monocyclic anion by means of butyllithium at —78°C, followed by addition
= diphenylphosphate 12 was isolated. The latter was identical to of dibenzylchlorophosphate, gave phosphorylated B-lactam
@) 12, prepared from alcohol 6« and diphenylchiorophosphate. 21a. Catalytic debenzylation using 10% Pd/C in methanol
EE The formation of monocyclic B-lactam, although concep- gave the phosphoric acid 215 which could be characterized, as
O tually simple. was fraught with experimental difficulties due to was acid 175, by conversion to its methyl ester 21c.
E the acid-lability of the N—FP bond. B-Lactam 16. prepared by Similarly, compound 19 was transformed in phosphoric acid
5‘ adaptation of known procedures (15) via the sequence 14 — 25b in the following manner. First, reaction of 19 with the
T
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o appropriate acid 22 (19) was carried out in THF/CH.Cls, using second set of conditions (hydrogen at l atm, | equiv. of
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) (20) KHCO; in THF—ethanol—water (ref. 21)). hydrogenolysis

as coupling agent. Deblocking of the trityl group by formic acid
w in a methanolic solution led, after | h refluxing, to 3-lactam 24
in 83% yield. The dibenzylphosphate 25«. isolated by phos-
phorylation of 24 as described before. was hydrogenotyzed
under two different conditions, both requiring long reaction
times. Thus, under the first set of conditions. previously used
(10% Pd/C, hydrogen at | atm, methanol), debenzylation
gave, after 10 h, the phosphoric acid 255 which could be
isolated as free acid or as its triethylamine salt 25d. Under the

provided after 6 h the corresponding monopotdssmm salt 25¢.

All compounds reported gave good, interpretable nmr and
mass spectra except for 25a, 255, and 25¢, where mass spectra
could not be interpreted.

None of the N-phosphates tested had notable antibacterial
activity when compared to Squibb’s monobactam SQ 26.776 or
piperacillin.

In view of the extensive work of the Squibb group on phos-
phorylated monobactams (monophosphams) recently described
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(22), we do not plan to do any further work in the mono-
phospham area.

Experimental

Thin-layer chromatography was performed on Merck Silica Gel 60
aluminum-backed plates. Flash chromatography was done with
Woclm Silica (32—63 w) using predistilled solvents. Melting points
were determined on a Gallenkamp block and are uncorrected. Optical
rotations were measured in a 1 dm cell on a Perkin—Elmer 141
polarimeter. Nuclear magnetic resonance speetra were recorded on
Varian T-60, T-60A. and XL-200 spectrometers. Infrared (ir) spectra
were run on a Perkin—Elmer 297 spectrophotometer. Mass spectra
were taken on HPS984A or LKB 9000 spectrometers.

Phenyl evelophosphoramidate 1a

To 3-amino- | -propanol (1 g. 13.3 mmol) in dry methylenc chloride
(20 mL) was added pyridine (3.16 ¢. 40 mmol) and phenyl-
dichlorophosphate (2.8 g. 13.3 mmol) at 0°C. The mixture was stirred
at room temperature for 18 h. The solution was washed with water (2
X 15 mL), dricd (MgSO,), and evaporated. The residuc was puriticd
by flash chromatography (cthyl acctate) to atford 2.24 g (79%) of la
as a colorless oil, Infrared (film) v,,,.: 3250 (NH. amidc). 1590, 1483,
1260, 1210 cm " "Hmr (CDCl;) 8: 1.2—2.4 (m. 2H. CH,). 2.8—3.7
(m, 2H, CH>N), 4.1—4.7 (m, 3H, NH. CH,), 7.32 (5. 5H, C.H:):
ms (70 ¢V, 69°C). m/e (%) 213 (643, M™7), 120 (382, M™" —
CHs0).

Amide 2a

To a solution of 1a (1.44 ¢, 6.76 mmol) in THF (10 mL). cthyl
malonyl chloride (1.02 g. 6.78 mmol) in THF (5 mL) was added. The
reaction was followed by means of tle. When starting material disap-
pcarcd (~15 h). the solvent was cvaporated. The residue was intro-
duced into a flash chromatography column to afford 1.85 g (84%) of
2a as a colorless oil. Infrared (film) v, 1740 (C=0. ester), 1690
(C=0. amidc) em ': '"Hmr (CDCl;) &: 1.24 (t. 3H. CHy). 1.6=2.5
(m. 2H. NCH.CH-CH-0), 3.0—3.6 (m, 1H. CHN). 3.83, 3.90 (2s.
2H. CH.CO). 4.11 (q. 2H. CH,CH>). 4.1-4.9 (m. 3H. CH,0,
CHN). 7.30 (s. 5H. CHs): ms (20 eV, 20°C). m/e (%e): 327 (20,
M™), 234 (1000, M™" — CH;O").

Diuzo-amide 3a

To a solution of 2a (1.85 g, 5.66 mmol) in acctonitrile (20 mL)
containing tricthylamine (0.63 g, 6.24 mmol) was added p-tolucne-
sulfonyl azide (1.18 g. 5.98 mmol) at 0°C. The mixturc was stirred for
40 h at room temperature. The solvent was evaporated below 30°C and
replaced by methylence chloride (40 mL). After being washed with 0.4
N potassium hydroxide. water, dried (MgSO,). and cvaporated, the
residuc was purified by flash chromatography (petroleum ether —
ethyl acetate, 1:1) to afford .70 g (85%) of 3« as a yellow oil.
Infrared (film) v 2135 (N,), 1730 (C=0. ester), 1690, 1630,
1590, 1490 em ":'Hmr (CDCly) 8: 1.30 (t. 3H. CH3). 1.6—2.5 (im,
2H. CH»), 3.2—=3.8 (m. |H. NCH). 4.30 (q. 2H. CH:CH.), 4.0~ 4.7
(m. 3H. NCH, NCH.CH,CH-0), 7.23 (s. SH. C,Hs); ms (20 ¢V,
60°C). m/e (°ho): 353 (32, M™), 325 (245. M™" — Ny, 260 (77,
M™ — CHs0%), 253 (341), 94 (1000).

Trichloroethyl eyclophosphoramidaie 1a

tricthylamine (0.33 g. 3.27 mmol) in anhydrous tetrahydrofuran (3
mL) was added dropwise at —78°C into phosphorus oxychloride
(0.5 g. 3.27 mmol) in THF (5 mL) under nitrogen atmosphere. After
stirring 0.5 h, the temperature slowly increased to room temperature
within | h and the mixture was cooled again to ~78°C. To the cooled
mixture, a solution of 3-amino-1-propanol (0.245 g. 3.26 mmol) and
triethylamine (0.693 g. 6.86 mmol) in THF (3 mL) was added. The
mixture was allowed to warm to room temperature and stirred for
another 4 h. The tetrahydrofuran was evaporated. The residue was
added to methylenc chloride (50 mL) and water (40 mL). The organic
laycer was washed with 1% HCI (30 mL), dried (MgSO,). and cvapo-
rated. The erude produet was purifed by flash chromatography (cthyl

acetate) to obtain 0.81 g (93%) of 1h as a light yellow oil. Infrared
(FIm) vy 3250 (NH), 1420, 1335, 1260, 1100 ¢m s "Hmr (CDCl4)
3 1.5-2.5 (m. 2H. NCH.,CH-CH,0). 3.0—3.7 (m. 2H. NCH,).
4.1=4.8 (m. 3H, NHOCH.). 4.50 (. 2H. CH.CCl,.J = 7 Hz): ms
(70 ¢V. 20°C), m/e (%o): 273 (4. M + 6. C17). 271 (18. M™™ +
4. CITCIY. 269 (55. M7 + 2. CIVCY). 267 (57. M7, CIT). 120
(1000, M™" — OCH.CCI.).

Anmide 2b

This compound was obtained from 1/ via the procedure for the
preparation of 2a. in 90% yield after flash chromatography (petrolcum
cther — EtOAc, 1.5:1). Infrared (film) .0 1735 (C=O0. cster),
1690 (C=0. amide). 1330, 1300cm " "Hmr (CDCI:) 8: 1.30 (t. 3H.
CH. 1.7-2.3 (m. 2H, NCH.CH-CH-0). 3.1-3.7 (m. |H. NCH).
3.8—4.8 tmb. 3H. OCH.. NCH). 3.90. 4.04 (25. 2H. CH.). 4.20 (4.
2H, CH.CH.)., 4.70 (d. 2H. OCH.CCl;, J = 7 Hz): ms (70 ¢V,
37°C). mfe (%o): 385 (15. M™" + 4. CITCIY). 383 (36, M™ + 2,
CIECIy, 381 (38. M™™. CIV). 234 (194, M™" = OCH.CCIY).

Diazo-amide 3b

Compound 35 was obtained from 25 via the procedure for the
preparation of 3¢, in 80% yicld after flash chromatography (petroleum
cther — EtOAc. 1.5: 1), Infrared (film) v, 2113 (N5). 1720 (C=0.
cster), 1650 (C=0. amide. 1330 ¢cm 't '"Hmr (CDCly) &: 1.30(t. 3H.
CH3). 1.6—2.3 (m. 2H. NCH.CH.CH:0). 3.1 =3.8 (m. IH. NCH).
3.8—4.8 (m. SH. NCH. CH,0O. OCH.CH3). 4.80 (d. 2H. OCH,CCl;.
J =17 Hz): ms (70 cV. 51°C). mfe (%) 272 (14, M7 —
EtOOCCN,CO™ + 6. CIY), 270 (44. M " — EtOOCCN.CO" + 4,
CIcly), 268 (81. M** — EtOOCCN,CO™ + 2, CIY’CLY), 266 (14,
M** = EtOOCCN.CO", CI3Y).

B-Lactam 7b

A solution of B-lactam 7« (4.39 mg. 3.82 mmol) and dihydropyran
(482 mg. 5.73 mmol) in dry methylene chloride (10 mL) containing
pyridinium p-toluenesulfonate (PPTS) (96 mg. 0.382 mmol) was
stirred for 8 h at room temperature. The solution was diluted with cther
and washed with half-saturated brine to remove the catalyst. After
drying and cvaporation of the solvent, flash chromatography (cthyl
acctate) gave 410 mg (54%) THP cther 70, Infrared (film) v,,..0 3300
(NH). 1760 (C==0) cm ' 'Hmr (CDCly) 3: 1.4=2.1 (m, 8H.
CH-CH,O. CHCH.CH-CH>). 2.49 «dd. IH. CHHCO. J... =
I13Hz, Jipuw, = 2.2Hz.Jyy = 1.1 Hz). 3.10 (ddd. |H. CHHCO. /...,
= 13 Hz, J.;, = 4.2 Hz. Juny = .1 Hz). 3.3—4.1 (m, 5H. CHNH,
2CH-0), 4.6 (bm. IH. CH-OCHOCH.). 6.3—6.7 (bs, IH. NH):
ms (70 ¢V, 20°C), m/e (%) 199 (99. M™), 99 (103, M7 —
HOCH(CH>),0). 85 (1000, THP").

B-Lactam 9

Under a nitrogen atmosphere. a solution of B-lactam 75 (253 mg,
1.27 mmol) in dry THF (5 mL) was cooled to —78°C and trcated with
n-BuLi (I cquiv.) in THF. After being stirred for 10 min, diphenyl
chlorophosphate (342 mg, .27 mmol) was added dropwise. and
stirring, at —78°C. was continued for a period of 30 min. The reaction
mixture was warmed to room temperature by itself. After adding
mcthylene chloride (20 mL), the organic layer was washed with water
(2 X 15 mL), dried (MgSO,). and evaporated. The residue was puri-
ficd by tlash chromatography (petroleum cther — cthyl acctate: 1:1.5)
to afford 438 mg of B-lactam 9 in 80% yicld. Infrared (film) v,,: 1790
(C=0. B-lactam) e¢m ': 'Hmr (CDCly) &: 1.2=2.1 (m, 8H,
CH,CH-0. CH.CH-CH>). 2.6—3.0 (m, 2H, CH,CO), 3.1-4.0 (m,
SH, CHN, CH:0. CH:0). 4.2 (b, IH, CH). 7.00 (s. 10H, 2C.Hs).

B-Lactam 6b

Compound 65 was obtained from B-lactam 6«. via the procedure
for the preparation of 7. in 80% yield after flash chromatography
(EtOAC). Infrared (film) v,.: 3280 (NH). 1750 (C=0. B-lactam)
em™'; 'Hmr (CDCLy) 8: 1.2-2.0 (m, 6H, OCH(CH.);). 2.51 (app.bd,
IH, COCHH. J..., = t4 Hz), 2.96 (2ddd, IH. COCHH. Jy = 14,
Jiw = 4Hz. Jrn = 1.52).3.2—-4.0 (m, 4H. OCH,. OCH.). 4.48 (bs,
IH. OCH). 6.7—7.0 (bs, IH, NH): ms (70 ¢V, 19°C). m/e (%): 185
(21 M™), 85 (1000, THP™).
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B-Lactam 8

This compound was obtained from 65, via the sume procedure as
for the preparation of 9. in 85% yicld used for the next reaction
without puritication. Infrared (filmy v, 1795 (B-lactam). 1595,
1490 (aromatic C=C). 1290 (P=0) c¢m ' 'Hmr (CDCly) &:
1.1=2.0(m. 6H. CH.CH-CH,), 2.9-3.2 (m. 2H. CH.CO0}. 3.2-4.0
(m. 5H. 20CH:. NCH). 4.2—=4.5 (m. |H., OCH). 7.12 (s. IOH,
2CHs): ms (70 ¢V, 76°C). m/e (%ho): 417 (34, M), 333 (47,
M™ — DHP). 275 (287 (M™ — CH.CHCH.OTHP"). 94 (930,
C.HsOH™). 77 (1000).

B-Lacram 10

Compound 10 was obtained from 8 via the procedure for the prep-
aration of 11, in 60% yield after flash chromatography (petroleum
cther — EtOAc, 1:2.5). Infrared (film) v,,..: 3600—3200 (OH). 1790
(C=0. B-lactam). 1590. 1485 (aromatic C=C). 1280 (P=0)cm "
IHml (CDCly) 8: 2.5—3.4 (m, 2H. CH.CO). 3.2—3.5 (b. 1H. OH,
exchangeable with DOy, 3.5-3.7 (m, 2H. CH-OH). 4.0—-4.1
(m. 1H. CHN). 7.27 (s. 10H. 2C,Hs): ms (70 ¢V, 26°C). /¢ (%o):
333 (165, M), 275 (820. M™ — CH.CHCH.OH). 233 (280
(OIP(OCHs)>"). 94 (664, C,HOH ™). 77 (1000).

B-Lactam 11

A solution of THP cther 9 (180 mg. 0.42 mmol) and pyridinium
p-tolucnesulfonate (PPTS) (20 mg. 0.08 mmob in absolute cthanol
(5 mL) was stirred at 53°C (oil bath temperature) for 5 h. The sotvent
was cvaporated in vacuo, and the residue was chromatographed (Et-
OAc — petroleum cther, 2: 1) to afford 124 mg (85%) of B-lactam 11.
Infrarcd (film) v,,.: 3¢50 (OH). 1790 (C=0. B-lactam) cm "; 'Hmr
200 MHz (CDCl; and D>O) 8: 1.6—2.0 (m. 2H. CH,CH-0OH), 2.79
(ddd. IH. COCHH. J.., = 16 Hz. J.,, = Jm = 3 Hz), 3.22 (ddd,
IH. COCHH. Joorn = 16 Hz s = Jpyy = 6 Hz). 3.4=3.8 (m, 2H,
CH,OH). 4.0—-4.2(m. IH.NCH). 7.38 (m. 10H. 2C,Hs): ms (70 ¢V,
56°C). m/e (%o} 347 (101, M7, 276 (961, M™" — CH,—=CH—
(CH2)-OH + 1. 234 (117. M™ — OC.H:"). 77 (1000).

Bicyelic B-lactam 5

To a solution of 11 (150 mg, 0.43 mmol) in r-BuOH (2 mL) was
added CsF (66 mg. 0.43 mmol). After stirring at room temperature for
2 h. the solvent was cvaporated. Ethyl acetate was added. The mixture
was washed with brine, dried. and evaporated to afford 22 mg (20%)
of B-lactam 5. after flash chromatography (petroleum cther — EtOAc,
[:2): mp 103°C: ir (CH-Cls) v 1760 (C=0. B-lactam). 1590,
1490, 1190 em ' "Hmr (acctone-dy) 8: 1.8=2.2 (m. 2H. CHa). 2.90
(app.dd. 2H. CH.CO). 3.8—=5.0 (m. 3H. CH. CH-0}. 6.9-7.5 (m,
SH. CcHs): "Hmr 200 MHz (acetone-d., and D-0) 8: 1.8—2.2 (m. 2H.
CH>). 2.8—=3.0 (m. 2H. CH.0). 3.9—4.1 (m. IH. CH). 47(m
2H. CH-0). 6.9—7.5 (m. 5H. C.H:); ms (70 ¢V. 8’”() m/e o)
254 (372, M*" + 1), 212 (1000, M*" — CH.=C=0).

B-Lactam 13

To a solution ol alcohol 7a¢ (150 mg. 1.3 mmol) and pyridine
(162 mg. 1.43 mmol) in CH,CI, (10 mL) was added dropwise di-
phenyl chlorophosphate (349 ¢, 1.3 mmol). After stirring for 2 h the
solution was washed with water (3 X 5 mL) and brine (8 mL), dried
(MgSO0,). and cvaporated to give 392 mg (87%) of B-lactam 13 after
flash chromatography. Infrared (film) v,,..: 1765 (C=0, B-lactam),
1590, 1490 (C=C, aromatic) em ": 'Hmr 200 MHz (CDCl,) 8:
1.8—2.2(m. 2H., CH,). 2.60 (ddd. IH. COCHH. J .. = 15Hz.J,..
=2 Hz). 3.05 (ddd. 1H, COCHH, J,.., = |5 Hz, J, =5 Hz,
Jan = 2 Hz), 3.6—3.8 (m, IH. CH). 4.2—4.6 (m, 2H, CH.0). 6.3
(bs. TH. NH), 7.1=7.5 (m. 10H, 2C.Hs): ms (70 ¢V, 35°C), mi/e
(%o): 347 (46, M), 305 (437. M™" — CH.,=C=0). 304 (203,
M™ — OCNH).

Alcoliol 6a

To a solution of 4-carbobenzyloxyazetidinone (0.205 g. 1 mmol) in
methanol (10 mL) was added sodium borohydride (114 mg, 3 mmol)
in portions. After stirring at room temperature for 18 h, concentrated
HC1 was added dropwise to neutralize to pH 5. The precipitate was
filtered oft and the filtrate was evaporated to dryness. The residue was

AL. 1733

purified by flash chromatography (EtOAc — methanol, 10:1) to af-
ford 0.05 g (50%) of alcohol 6«. Infrared (film) v,,..: 3400—3000
(NH. OH). 1730 (C=0. B-lactam) cm " "Himr (acetone-d,) 8; 2.6
(dd. 1H. COCHH. Jo = li Hz. Jon = 2H2z). 2 9 (m. 1H. CO-
CHH.J,n = 15Hz. J,, = 5 Hz J\n = [.5 Hz). 3.5-3.9 (m, 3H.
CH-0O. CHy. 4.2 (bs., IH. OH (bs. 1H. NH). gc—ms (TMS
derivative), m/e (%o): 245 (24, M R (ll TMS derivative).

B-Lactam 12

Diphenyl chlorophosphate (0.31 mL, 1.48 mmol) was added drop-
wise to a solution of alcohol 6a (149 mg. .48 mmol) and tricthyl-
amine (0.21 mL) in anhydrous tetrahydrofuran (5 mL). After stirring
for 0.5 h methylene chloride (20 mL) was added to the rcaction
mixture. The organic layer was washed with water (2 X 15 mL). dried
(MgS0.). and evaporated to dryness. The residue was purificd by
flash chromatography (EtOAc) to afford 438 mg (89%) of B-lactam
12. Infrared (film) vy, 3260 (NH), 1780 (C==0. B-lactam). 1590,
1490 (aromatic C==C), 1290 (P=0) cm "2 '"Hmr (CDCl,) &: 2.51
(ddd. 1H. CHHCO. J.., = 15 Hz, J,.u. = 3 Hz, Juy = 1.5 Hz),
2.83 (ddd. IH, CHHCO. J,.., = |5Hz.J., = 4Hz. sy = 1.5Hz),
3.5-3.8 (m, {H. CHN), 3.9—4.3 (m. 2H. CH.0). 6.6 (bs. IH. NH),
7.00 (s, l()H 7C(,H ): ms (70 €V, 55°C). m/e (%o): 333 (34. M ™),
291 (I()()() — CH.=C=0), 94 (86l. C,HsOH™). 77 (820,
C.H

4-Methyl-3-[(tert-butoxyvearbonyl)amino]-1-hvdroxyazetidinone 15
(ref. 15b)

Compound 14 (1.53 ¢, 5 mmol) was dissolved in 140 mL of meth-
anol and hydrogenated at 1 atm of H in the presence of 10% Pd/C
(140 mg): filtration and cvaporation gave 15 as a white solid: mp
143—145°C (recrystallized from ether—hexanes): |« —30.8° (¢
.05, CH3OH): ir (Nujol) v,.: 3350 (NH). 1775 (CO. B-lactam),
1685 (CO. -BOC) em ': "Hmr (CD;0D) &: 1.4 (d. 3H, CH:. J =
6.5 Hz), 1.46 (s. 9H. 1-Bw). 3.76 (9d. IH. CHMe.J = 6.5, .5 Hz),
4.0 (br m, IH, CHNH). 4.8 (br s, 2H).

4-Methyl-3-[( tert-butoxvcarbonvl)amino]azetidinone 16 (ref. 15b)

Compound 15 (1.92 g. 8.9 mmol) was dissolved in 18 mL of
CH;OH and added to 73 mL of H.O at pH 7. While the mixture was
stirred under N> and the pH maintained at 7 by dropwise addition of
3 N NaOH solution, 36 mL (4 equiv.) of a [5% aqucous solution of
TiCl; (BDH) was added dropwise. After the addition was completed.,
stirring was continued for 3 h. The aqucous mixture was then adjusted
to pH 8 and extracted with three 30-mL portions of ethyl acetatc. The
combined cthyl acctate was washed with brine, dried over MgSO,,
filtered. and cvaporated. The residue was reerystallized from cthyl
acctate — hexanes to give 0.77 g (3.85 mmol. 43%) of 16: mp
123—125°C: |a[” —=60.5° (¢ 1.1. CH:OH): ir (CHCI,) v 3440 and
3320 (NH). 1760 (CO B-lactam), 1710 (CO. +-BOC) cm ' 'Hmr
(CDCly) 8: 1.4 (d, 3H. CH;. J = 6.5 Hz), 1.45 (5. 9H. -Bu). 3.68
(qd, IH. CHMec.J = 6.5. .5 Hz). 4.16 (dd. IH. CHNH. J = 7.0,
1.5 Hz). 5.85 (d. 1H, NH amide, J = 7.0 Hz). 7.0 (br s. IH. NH
[B-lactam).

4-Methvi-3-[( tert-butoxvcarbonyilyamino] - I-diben=viphosphoryi-2-
azetidinone 17a

Under a nitrogen atmosphere. a solution of B-lactam 16 (150 mg,
0.75 mmol) in dry THE (15 mL) was cooled at —78°C and treated with
n-BuLi (1.1 equiv.). The reaction mixture was stirred for 20 min and
a solution of dibenzyl chlorophosphate (266 mg. 0.9 mmol) in THF
(2 mL) was added dropwise: stirring at —78°C was continued for 1 h.
The solution was allowed to warm up to —10°C. The solvent was
removed and, after adding cthyl acetate. the organic layer was washed
twice with brine, dried on MgSO,. and evaporated. The residue was
purified by flash chromatography (cthyl acetate — hcxancs 45:55) to
afford 208 mg of B-lactam 17« in 60% yield: |a]]) =3.9° (¢ 1.35,
CH;OH): ir (CDCl31) v 3300 (NH). 1785 (CO B-lactam), 1710 (CO
-BOC), 1270 (P=0) cm " 'Hmr (CDCl;) d: 1.33—1.43 (s + d,
2H. +Bu + CH,). 3.70-4.20 (m. 3H. CH—CH. NH). 5.0—
5.2 (2d. 4H. 2CHs. Jo—oen, = 9 Hz), 7.3 (s. 10H, 2C.Hs): ms
{70 eV, 80°C), m/e (%o), 304 (110, M™" — -BOCNHCHCO + 1,
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M™ — ~BOCNHCHCHCH, + ). 157 (70. -BOCNHCHCO". -
BOCNHCHCHCH,"). 107 (40, CHsCH-O"), 101 (330, r-
BuOCO™). 91 (880, CH:CH."). 57 (1000, -Bu ", CH,—CO—NH "
CH>—CHMc—NH™)

4-MethvI-3-[(tert-butoxycarbonylyaminof-1-phosphoryl-2-azetidinone
17b

Dibenzylphosphoramidate 17a (40 mg. 0.087 mmol) was dissolved
in methanol (5 mL) and hydrogenated for | hat | atm of H. in the
presence of 10% Pd/C (5 mg). After filtration and cvaporation. the
residuc was washed with chloroform (3 X 1 mL) to afford 22 mg of
amidophosphoric acid 175 in 90% yicld: pH (CH:OH solution)
2.5=3: ir (CHCl) vyt 34502600 (OH). 3350 (NH). (760 (CO
B-lactam), 1705 (CO +-BOC). 1250 (P=0) cm ': 'Hmr 200 MHz
(D>0) 8: 1.33 (s.9H, r-Bu). 1.43 (d. 3H. CH,.J = 6.5H2).3.7-5.0
(m. SH): ms (70 cV). m/fe (%) 497 (120, M7+ 1 + 3TMS),
397 (120). 395 (740, M™" = -BuOCO + 3TMS), 340 (370. M~
— +BOCNHCHCO + | + 3TMS, M" — -BOCNHCHCHCH,
+ 1 + 3TMS). 323 (150, M"" = r-BuO + 3TMS). 101 (20,
-BuOCO™). 73 (1000, 1-BuO ™). 57 (340, 1-Bu”. CH-—CO—NH™
CH- NH™)

4-Methyvi-3-(tert-butoxyearbonyl jamino]-1-dimethyiphosphoryi-2-
azetidinone 17¢

To a suspension of B-lactam phosphoric acid 17¢ (8.5 mg,
(.03 mmol) in CH-Cl> (1 mL) was added dropwise at 0°C a solution
of diazomethane (2.5 equiv.) in cther. The reaction mixture was
warmed to room temperature by itself. After evaporation of the solvent
10 mg of dimethylphosphoramidate 17¢ were obtained in a quantita-
tive yield; ir (CHCIy) vy, 3450 (NH), 1780 (CO B-lactam), 1715
(CO 1-BOC). 1270—1180 (P=0) cm ': 'Hmr (CDCl) : 1.3—1.45
(s + d. 12H, +-Bu + CHa,). 3.6—4.4 (m, 2H, CH—CH). 3.8—4.0
(2d, 4H.2 OCH:. Jp—oem, = 12 Hz). 5.2 (brd. IH, NH): ms (70 e V),
mfe (%e): 235 (60 M™" — -BuO). 157 (20. -BOCNHCHCO™, -
BOCNHCHCHCH,™). 152 (460, M™ — rBOCNHCHCO + 1,
M™ — -BOCNHCHCHCH; + ). 109 (80. PO(OMe).""). 10l
(245, +-BuOCO™), 57 (1000. +Bu*, CH,—CO—NH™"
CH,—CHMc—NH™).

B-Lactam 19

3-Lactam 16 (200 mg. | mmol) was dissolved in trifluoroacctic acid
(1 mL) at 0°C. After stirring for 10 min, the acid was removed by
evaporation and the residuc washed with carbon tetrachloride (3 X
I mL): ir (film) v, 3450—2680 (NH. OH). 1770 (CO B-lactam),
1670 (CO) em™'; '"Hmr (CD-COCDs) 8 1.5 (d, 3H. CH;, J = 6.5
Hz), 3.8—4.4 (m, 3H, CHMe. NH,). 5.05 (d. IH, CHNH. J =
1.5 Hz).

4-Methvi-3-phenviacetamido-2-azetidinone 20

To a solution of B-lactam 19 (214 mg. 1 mmol) and pyridine
(237 mg. 3 mmol) in dry methylene chloride (20 mL) was added,
dropwnsc under nitrogen, phenylacetyl chloride (232 mg, 1.5 mmol)
in 5 mL methylenc chloride. After the addition was complete the
solution was stirred for 3 h, washed with pH 4.5 buffer (KH.PO,) and
water, dricd (MgS0.). and evaporated. The crude product was puri-
fied by tlash chromatography (cthyl acetate) to dfford a colorless solid
(50 mg) in 23% vyield: mp 138—140°C: o]’ —36.0° (¢ 0.65,
CH;O0H): ir (CHCI3) vha: 3420 and 3300 (NH), 1760 (C=0
B-lactam), 1670 (C=0 amide). 1600 (C=C)cm"'; 'Hmr (CDCl,) &:
1.5 (d, IH, CHs. J = 6.5 Hz), 3.4-3.7 (m. 3H, CH,, CHMe),
4.5 (dd, IH, CHNH. J = 6.0, 2.0 Hz). 6.5 {br s. IH, NH B-
lactam). 6.8 (d, IH. NH amide, J = 6.0 Hz), 7.3 (s, 5H, C.Hx);
ms (70 eV), m/e (%) 175 (380, C,H:CH-CONHCHCO™,
CeHsCH.CONHCHCHMe™"), 91 (670. CHsCH."), 57 (1000,
CH,—CO—NH"", CH,—CHMe—NH"")

4-Methyl-3-phenylacetamido-1-dibenzyvlphosphoryl-2-azetidinone
21a was prepared from B-lactam 20 as described for 17 a. in 30% yield
after flash chromatography (EtOAc—hexanes., 60:40); ir (CHCly)
Vinax: 3400 (NH), 1780 (CO B-lactam), 1670 (CO amide), 1270~1180
(P==0) cm™'; 'Hmr (CDCl3) 8: 1.5 (d, 3H, CH;,J = 6.5 Hz), 3.65

(s.2H. CH.). 3.75—=4.1 (m, IH. CHMe¢). 4.2—4.4 (dd. IH. CHNH,

= 7.0. 2.0 Hz). 5.1-5.3 (2d. 4H. 2CH.. / = 9 Hz). 6.1 (d. |H.
NH. J = 7.0 Hz). 7.4 (s, I5H, 3CHs): ms (70 c¢Vy, m/fe (%he):
478 (150, M7y, 304 (140, M — C.HsCH.CONHCHCO + I,
M™ — C,HsCONHCHCHMec + ). 281 (490). 175 (490,
C,H:CH.CONHCO". C.HsCH.CONHCHCHMc ), 91 (1000,
C.H;CH, ™). 57 (170. CH,—CONH ~". CH.CHMc—NH"")

4-Methyl-3-phenylacetamido-1-phosphoryl-2-azetidinone 21b was
preparcd from B-lactam 21¢ as described for 170, Yield: 85%: pH
(CH:OH solution) 3.5: ir (Nujol) v,.,.: 3450—3000 (OH, NH) 1750
(C==0 B-lactam). 1650 (C=0 amidc), 1200 (P=0) cm "'Hmr
(CD:OD) &: 1.5 (d. 3H. CHs, J = 6.5 Hz), 3.6 (s. 2H. CH.).
3.7—4.6 tim. 3H, CH—CH. NH). 7.3 (s. 3H. C,Hs).

4-Methyl-3-phenylacetamido- 1 -dimethylphosplioryl-2-azetidinone
21¢ was prepared from B-lactam 21H as described for 17¢;
ms (70 eV, mfe (o) 327 (5. M7+ D). 175 (10,
C(HsCH-CONHCHCO". CHs:CH.CONHCHCHMec"). 152 (1000,
M™ - C,HsCH.CONHCHCO + | . M™" — C,HsCH.CONHCHCHM¢
+ D). 109 (20. PO(OCH.). ). 91 (380, C.HsCH-"). 57 (70.
CH-CONH ™. CH;—CHMc—NH"")

B-Lactam 23

To a solution of B-lactam 19 (1.07 g, 5 mmol) in 150 mL of dry
THF—CH-Cl (1:2) was added tricthylamine (0.60 g. 6 mmol) at 0°C
and under nitrogen. The rcuction mixture was stirred for 1 h and
allowed to warm to room temperature. Then two solutions, trityl acid
22 (2.66 g, 6 mmol) in 30 mL dry CH.Cl; and EEDQ (1.48. 6 mmol)
in 20 mL dry CH-Cl, were successively added dropwise. After stirring
for a period of 15 h, the solvent was removed and cthyl acetate added.
The organic layer was washed with a 4% NaHCO, solution (2 X
20 mL) and brine. dried (MgSO.,). and cvaporated. The crude material
was purificd by flash chromatography (EtOAc—hexanes 75:25) to
afford 0.98 ¢ of B-lactam 23 in 38% yicld: mp [35—140°C: |a]”
—31.4° (¢ 1.35. CH:OH): it (CHCIY) b 3420 and 3360 (NH). 1765
(CO B-lactam), 1680 (CO amide) cm ', "Hmr (CDCL) 8: 1.5 (d. 3H,
CH,. J = 6.5 Hz). 4.0 (s. 3H, OCH.). 3.5-4.0 (¢qd. 1H. CHMc,

= 0.5, 2.0 Hz), 4.4—4.6 (dd, IH, CHNH, J = 6.0, 2.0 Hz). 6.2
(s. TH, NH B-lactam), 6.6 (s, {H. CH=), 7.1 (d. TH. NH amide).

3 (s. 15H. 3CHs.

B-Lactam 24

Trityl 3-Tactam 23 (485 mg. 0.92 mmol) in 75 mL of methanol —
formic acid (4:1) was relluxed for | h. After evaporation of the
solvent. the crude material was washed with carbon tetrachloride to
give 227 mg (0.80 mmol 86%) of amino f-lactam 24: mp
I75—I7»O°C (dec.): [a],) —70.5° (¢ 2.47. CH:OH): ir (CHCI) v
3480. 3410, 3300 (NH), 1760 (CO B-lactam), 1670 (CO amide). 1600
(C=C)cm " '"Hmr (CD:COCD) §: 1.4 (d. 3H. CH;:. J = 6.5 Hz),
3.6—4.0 (m. 4H, OCH,. CHMec). 4.5-4.7 (dd. 1H. CHNH,
J = 8.0,2.0Hz), 6.72 (s, 1H. CH==). 6.92 (brs. 2H. NH.). 7.5 (s,
TH, NH B-lactam). 8.4 (d. IH. NH amidc): ms (70 ¢ V) .m/c' (°ho): 283
(80, M), 252 (100, M™ — OCH,). 240 (150. M™ — CONH,
M™ — McCHNH). 126 (1000), 125 (H:N C\ N /C—CEN), 99

S—CH

(250). 83 (300). 57 (250).

N-dibenzylphosphoryl 3-lactam 25a was prepared from compound
24 (227 mg, 0.8 mmol) following the procedure described for 174.
However, in the present casc, the organic layer was washed with a 4%
NaHCO: solution and brine. The crude compound was purificd by
flash chromatography (EtOAc) to afford 150 mg of B-lactam 25¢ in
35% yield: |alY —18.4° (¢ 1.05, CH,OH): ir (CHCIL) vy, 3480,
3380 (NH), 1780 (CO B-lactam). 1670 (CO amide). 1600 (C=C),
1190 (P=0) cm "; '"Hmr 200 MHz (CDCI,) 8: 1.43 (d. 3H. CH.,
J = 6 Hz), 3.89 (s, 3H. OCH,), 4.15 (qd. IH.CHMe. J = 6.0, 2.
Hz). 4.62 (dd. 1H, CHNH. J = 7.0, 2.0 Hz). 5. II—\ 17 (2d. 4H.
2CH., Jo—ocu, = 8 Hz). 5.76 (s. 2H. NH.). 6.66 (s, IH, CH=
7.22 (m, I0H, 2C.Hs). 8.11 (brd. V{H. NH.J = 7 Hz): ms (70LV),
m/fe (°ho): 187 (180), 167 (110), 149 (370), 107 (170). 100 (830), 97
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(160). 91 (1000, C.HsCH:"), 83 (103). 79 (1001, 69 (680), 57 (760),
55(610). 45 (250).

N-phosphoryl B-lactam 25b was prepared [rom 25« (47 mg, 0.086
mmol) according to the method given for 175, After 10 h of reaction.
filtration, and cvaporation. the crude material was recrystallized in
McOH—EtOAc (1:3) to give phosphoric acid 250 in 80% yicld: pH
(McOH solution) 5.5: [l 26.3° (¢ 0.18. CHOH): ir (KB1) v
3600—2900 (NH, OH). 1745 (CO B-factam). {665 (CO amide), 1210
(P=0)cm 't 'Hmr 200 MHz (CD,OD) 3: | .47 (d. 3H, CH.. J = 6.5
Hz). 3.93 (s. 3H. OCH:). 3.47-3.77 (m. IH. CHM¢), 4.2—4.4 (m.
[H, CHNH). 6.8 (s, IH. CH=), 7.22—7.47 (m. SH., NH.. NH,
20H): ms (70 eV, m/e (%ko): 368 (40). 97 (110). 91 (2000, 83 (180).
69 (370). 57 (450). 55 (410), 44 (1000).

N-dimethyl phosphoryt B-lactam 25 ¢ was prepared from compound
25b as described for 17¢:ms (70 ¢V), m/e (%ks): 279 (60). 167 (120).
149 (280). 130 (120), 121 (JEOy. 97 (160y. 95 (120). 91 (110), 85
(150), 83 (2201, 81 (250). 73 (360)., 71 (330). 69 (655), 57 (78(0). 55
(680). 43 (1000).

Triethvlamine salt 25d was obtained by addition of tricthylamine
(5 mg, 0.05 mmol) to a solution of acid 25/ (9 mg. 0.025 mmol) in
I mL McOH. After stirring for 5 min, the solvent was removed to
afford 13 mg of B-lactam 254 in 92% yicld: ir (KBr) v,,,,.: 3550—3300
(NH). 1745 (CO B-lactam), 1660 (CO amide). 1610 (C=C). 1245,
(205 (P=0) cm . 'Hmr (CD,OD) & (3=1.5 (t +d. 9H,
2CH.—CH.:, CH,. J =175. 65 Hz). 3.1 (q. 4H. 2CH.—Me,
J =7.5Hz).3.5-4.6 (m.5H. CHMc, CHNH. OCH,). 6.85 (s, |H.
CH=). 7.3 (m. SH. 3NH. NH.).

Monopotassium salt 25¢

Dibenzylphosphoramidate 25« (5.4 mg. 0.01 mmol) was dissolved
in 2 mL THF—EtOH (I:1) and 12 pL of a | M aqucous solution of
KHCO; (0.012 mmol) was added. The mixture was hydrogenated for
6 h in the presence of 20% PA(OH)/C (3 mg). After filtration and
cvaporation, the residue was washed with ethyl acetate to afford
3.8 mg (95%) of potassium salt 25¢; ir (KBr) vy 3600—2900 (OH.
NH), 1745 (CO B-lactam), 1655 (CO amide). 1595 (C=C), 1250
(P=0)cm .
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