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residue esterified with EtOH-rfeSCU. After the usual work-up and 
crystallization from benzene, 11 was obtained as bright yellow 
solid (25 mg, 0.08 mmol, 53%): mp 210-211°; v max 3430, 1725, 
1700, 1640 cm"1; Xmai (95% EtOH) 420 (3040), 360 (2940), 325 
(4000), 312 (3830), 239 (38,080); Xmax (H20) 415 (4770), 325 (5420), 
275 (4810), 238 (49,700); nmr (CDCl3-CD3OD) 1.25 (t, 3 H, J = 7 
Hz), 2.4 (s, 3 H), 2.92 (m, 2 H), 3.35 (m, 3 H), 4.18 (q, 2 H, J = 7 
Hz), 7.7 (s, 1 H), 7.95 (s, 1 H), 8.45 (s, 1 H). Anal. (Ci7H17N04) C, 
H, N. 

6-Carbamylmethyl-8-methyl-5,6-dihydro-7ff-cyclopenta-
[/]isoquinoline-3(2H),5-dione (12). A suspension of 11 (150 mg, 
0.50 mmol) in 40 ml of EtOH was treated with 60 ml of alcoholic 
NH3. A clear yellow solution was formed, which was allowed to 
stand at room temperature for 20 hr and then refluxed for 4 hr. 
The solution was evaporated and crystallized from EtOH to afford 
12 as a yellow solid (15 mg, 0.06 mmol, 11%). The compound does 
not melt, but gradually decomposes above 300°: v max 3450, 1700, 
1680 cm"1; Xmal (95% EtOH) 420 (3900), 360 (3660), 323 (4800), 
310 (4480); Xmal (H20) 405 (5150), 317 (4870), 275 (5170). Anal. 
(CisHuNzOa) C, H, N. 

6-Carbamylmethyl-8-methyl-7(5)H-cyclopenta[/] isoquinol-
in-3(2H)-one (1). A mixture of 12 (65 mg, 0.24 mmol) and NaBHi 
(90 mg, 2.38 mmol) in 100 ml of EtOH was stirred at room temper
ature for 24 hr. The residue obtained after the usual work-up was 
refluxed with HC1 in glacial HOAc (10 ml) for 1 hr. It was then 
evaporated to dryness and the residue was crystallized from EtOH 
to yield a yellow solid (10 mg, 0.04 mmol, 16%), which gradually 
decomposed above 250°: v max 3440, 1645 cm - 1 ; Xmas (95% EtOH) 
420 (1520), 347 sh (1810), 332 (2080), 263 (15,300); Xmax [H20 (3% 
DMSO)] 418 (2500), 348 sh (1600), 333 (2000), 265 (20,000); nmr 
(pyridine-d6) 2.28, 2.38 (s, 3 H, 2:1, ArCH3); mass spectrum 254 
(M+). Anal. (C15H14N2O2) C, H, N. 

RNA Polymerase React ion. RNA polymerase was isolated 
from E. coli and inhibition of the RNA polymerase reaction was 
carried out as described by Burgess.19 The reaction mixtures con
tained 10 Mg of template per milliliter and 5% of dimethyl sulfox
ide, the enzyme concentration being 29 Mg/ml. 

Thermal Transi t ion Tempera tu r e . Thermal transition tem
perature was determined on a Gilford 2400-S, equipped with a 
variable temperature bath. Studies on calf thymus DNA and the 
poly(deoxyribonucleotides) were made in a phosphate-EDTA 
buffer (pH 7.8): PO43- = 0.001 M, Na + = 0.002 M, EDTA = lO"4 

M, DMSO = 0.6% by volume; concentration of DNA-P = 4 X 10"6 

M and concentration of 1 = 2.5 X 10 - 5 M. 
Difference Spect ra . Difference spectra were determined18 on a 

Cary 15 spectrophotometer with 0-0.1 OD scale expansion be
tween 500 and 380 nm. Spectra were obtained using split-compart-

W e have recent ly repor ted on the p repa ra t ion of 3-meth-
y l enecephams from reduct ions of cephalosporanic acids in 
which the acetoxy group is displaced by sulfur nucleo-
ph i l es 2 a (Scheme I) . A reduct ive cleavage of t he acetoxy 
group in cephalosporanic acids leading to 3-methylene-
c e p h a m s using chromium(I I ) sa l ts has also been repor ted . 2 " 
As es ters of t h e 3 -methy lenecephams can be readi ly isom-
erized t o deace toxycephalospor ins , t h e y were shown t o be 
useful precursors to in t e rmed ia t e s in pub l i shed syn theses 3 

of cephalexin ( l ) . 4 T h i s pape r focuses on the oxidat ion of 
t h e 3 - ex o- me thy l ene grouping in 3 -methy lenecephams as a 
s t ep in t h e p r e p a r a t i o n of a new class of cephalospor ins 

ment mixing cells (Pyrocell Co., Westwood, N.J.) in which equal 
volumes of solutions of the compound and calf thymus DNA were 
placed in separate compartments of both cells. All solutions were 
made in phosphate buffer, pH 7.21 ± 0.01 ( P 0 4

3 _ = 0.001 M, NaCl 
= 0.01 M). The concentration of the compound after mixing was 2 
X 10~4 M and calf thymus DNA concentration was 10 OD. All 
reactions were carried out at 24°. 

A c k n o w l e d g m e n t . W e wish to t h a n k Dr. R. P a r k h u r s t 
for doing t h e s tudies on L5178Y cells in cul ture , Dr. R. R. 
Burgess for carrying ou t t h e R N A polymerase exper imen t s , 
and Ms. Pa t r ic ia Boshell for he lp in p repar ing t h e m a n u 
script . W e are also grateful to Mr . Scot t Behrens and Mr . 
Steve Mickle for the i r technical ass is tance. 
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wi th t he un ique s t ruc tu ra l feature of d i rec t he t e roa tom 
subs t i tu t ion a t C3.5 These compounds possess useful an
t imicrobia l activity. 

Our init ial oxidat ion s tudies were per formed on 7-acyla-
mido-3-methy lenecepham esters 2 (Scheme II) . Low-tem
pe ra tu re ozonolysis of methy l 7-phenoxyacetamido-3-
methylenecepham-4-carboxyla te (2a) gave t he 3-hydroxy 
der ivat ive 3a , some 1-sulfoxide of t he s ta r t ing cephalospor
in, a n d decomposi t ion products . Compound 3a was isolated 
p u r e by p repara t ive tic silica gel and was shown by uv anal 
ysis ( p H 7 buffer) to exist largely in t he enol (3-hydroxy-3-
cephem) form. Absorpt ion in t he region of 268 mji for t he 
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/?-lactam-A3-unsaturation system had an extinction coeffi
cient of 7,800. The nmr spectrum (CDCI3) of 3a showed no 
signal for an allylic proton at C4 or for a vinyl proton at C2 
to accommodate the 3-keto or the 3-hydroxy-2-cephem 
structures. Similarly, ozonolysis of p-nitrobenzyl 7-phe-
nylacetamido-3-methylenecepham-4-carboxylate (2b) gave 
the 3-hydroxy derivative 3b. The acidic nature of the 3-
hydroxycephalosporins was observed in titration (66% 
aqueous DMF, pKa 5.6) and in their partition between or
ganic and basic aqueous solutions. Some 3-keto character 
to compounds 3 is supported by the ready decarboxylation 
of the carboxylic acid at C4 upon removal of ester-pro
tecting groups. 

Scheme II 

COOR" 

H 
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a 
COOR" 

2a, 3a, R = C6H5OCH2CO-; R"= -CH3 

2b, 3b, R = C6H5CH2CO-; R" = -H2C-C6H4-N02 

2c, 3c, R = H; R" = -H2C-C6H4-N02 

An analogous ozonolysis of 3-methylenecephams was 
currently disclosed in the patent literature.6 

In general, oxidation of the exo-methylene function in 
7-acylamido derivatives was complex. The product was ob
tained in low yield and necessitated chromatographic puri
fication. For example, we were not successful in isolating 
pure products from ozonolyses of 7-(thiophene-2-acetami-
do)-3-methylenecepham esters. However, the same ozonol
ysis of p-nitrobenzyl 7-amino-3-methylenecepham-4-car-
boxylate (2c) went smoothly to give high yields of 3c, iso
lated directly from the reaction mixture as a crystalline hy
drochloride. 

Acylations of p-nitrobenzyl 7-amino-3-hydroxy-3-ceph-
em-4-carboxylate (3c) were complicated by its zwitterion 

character (Scheme III). Under anhydrous conditions, ke-
tene, acid chlorides, mixed anhydrides, and activated esters 
with 3c gave intractable mixtures of N- (4) and N,0- (5) ac-
ylated products, not satisfactorily separated by chromatog
raphy over silica. On the other hand, acylations of 3c, in 
the presence of water, led clearly to 3-hydroxy derivatives 
4. In a separate step, compounds 4 could be esterified in 
good yields to 5 under anhydrous conditions and with base 
catalysis. Thus, in aqueous tetrahydrofuran, 3c reacted 
with thiophene-2-acetyl chloride to give pure p-nitrobenzyl 
7-(thiophene-2-acetamido)-3-hydroxy-3-cephem-4-carbox-
ylate (4a). In turn, 4a converted to 5a on reacting with a 
second mole of the acid chloride in dry acetone and in the 
presence of triethylamine. Similarly, 3c reacted quantita
tively with ketene in aqueous acetone. The product (4b) 
combined further with ketene in anhydrous methylene 
chloride containing a mole of triethylamine or with acetyl 
chloride or anhydride in dry dimethylformamide to give 5b. 

Scheme III 
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Chlorination of 7-acylamido-3-hydroxy-3-cephem esters 
(4) was accomplished in dry dimethylformamide using a 
number of chlorinating agents [SOCI2, PCI3, POCI3, 
(COCD2, and C0C12] (Scheme IV). At room temperature, 
4a converted to p-nitrobenzyl 7-(thiophene-2-acetamido)-
3-chloro-3-cephem-4-carboxylate (6a) in good yield. Using 
PBr3-DMF, the corresponding 3-bromo-3-cephem deriva
tive 6b was obtained. 

Removal of the acyl side chain in the imino chloride 
cleavage reaction7 from 6a afforded a useful intermediate, 
the 3-chloro nucleus ester 7 (Scheme V). p-Nitrobenzyl 7-
amino-3-chloro-3-cephem-4-carboxylate (7) was isolated as 
a hydrochloride and acylated efficiently to provide a vari
ety of protected 3-chloro-3-cephems (9). A final step in the 
preparation of 3-halo-3-cephems for antibiotic testing was 
the removal of the p-nitrobenzyl ester protecting group. 
Zinc-HCl reduction or catalytic hydrogenolysis of 6a,b and 
9a,b yielded respectively 7-(thiophene-2-acetamido-3-chlo-
ro)- (8a) and 3-bromo-3-cephem-4-carboxylic acid (8b), 7-

Scheme IV 
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b. X = Br 
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Table I. Gradient Plate Assay" 

Shi-
ella sp. 

N9 

E. 
coll 
N10 

K. 
pneu-
mo -
niae 

Sal. 
A. hei-

aero- del-
genes berg 

Ps. 
aeru
ginosa 

X26 X68 X514 X528 

Non-
Methi- Peni- /3-lac-

Peni- cillin cillin tamase 
Ser. Penicillin- cillin r e s i s - r e s i s - pro-
mar- resistant resistant tant tant ducing 

cescens Staph. Staph. Staph. Staph. Staph. 
X99 V41 V32 X400 V84 XI.1 

Cephalothin6 

8a 
8b 
10a 
10b 
13a 
13b 
13c 
Cephalexin5 

9.7 12.0 
17.5 21.2 
19.8 20.8 
4.0 
0.7 

48.8 
8.0 
4.0 

15.0 

6.3 
0.8 

57.5 
8.6 
3.8 

13.5 

1.0 1.0 1.0 >200 >200 
0.8 0.9 0.9 >200 >200 
1.0 1.0 1.0 >200 >200 
1.0 0.7 0.6 >200 >160 
0.6 

11.2 
4.5 
3.7 
6.9 

0.6 
9.9 
4.3 
3.3 
5.2 

0.5 
9.8 
4.8 
3.0 
6.3 

>200 
>200 
>200 
>200 
>200 

21.5 
>200 

164 
124 

>200 

0.5 
11.4 
12.0 

5.8 
3.0 

>20 
18.4 
10.0 

6.2 

0.6 >20 <0.1 <0.1 
16.0 >20 
15.0 >20 
8.0 >20 
5.0 

>20 
>20 

12.4 
7.3 

> 2 0 
>20 
>20 
>20 
>20 

0. 
0. 
0. 
0. 
4. 
9. 
3.4 

10.0 

<0.1 
0.4 

<0.1 
0.5 
0.8 
0.6 
0.5 
0.5 

"Additional in vivo and in vitro data for these compounds will be published elsewhere. Activity expressed in minimum inhibitory con
centrations (MIC). 6Reference 8.c Reference 4. 
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cephem-4-carboxylic acid (13b), and 7-(D-2-amino-2-phen-
ylacetamido)-3-methoxy-3-cephem-4-carboxylic acid (13c). 

We note in ir spectroscopy a strong hydrogen bonding 
between the 3-enolic OH and the ester carbonyl at C4 in 
compounds 4. Ester carbonyl absorption in 3-hydroxy-3-
cephems superimposes 7-amide carbonyl absorption as a 
broad band near 6.1 n, while chlorination as in 9 and O-al-
kylation as in 12 of the 3-hydroxy function effects a shift of 
this band to 5.9 /*, separate from the amide ir band at 6.1 n. 

Products 8a,b, 10a,b, and 13a-c possess both gram-posi
tive and gram-negative activity in a gradient-plate assay as 
shown in Table I. 

Experimental Section 

Methyl 7-Phenoxyacetamido-3-hydroxy-3-cephem-4-car-
boxylate (3a). 2a, 1.6 g (4.4 mmol), was dissolved in 300 ml of 
CH2C12, cooled in acetone-Dry Ice bath, and ozonized in a Wels-
bach apparatus for 3 min. Sodium bisulfite, 10 g (98 mmol), was 
added in suspension. The mixture was sitrred vigorously at ice-
Scheme VI 

3c 4 
9d,10d,R = C6H5CHCO-

NHC=0 
I 
O-f-Bu 

(D-mandelamido)-3-chloro-3-cephem-4-carboxylic acid 
(10a), and 7-(D-2-amino-2-phenylacetamido)-3-chloro-3-
cephem-4-carboxylic acid (10b). 

Reactions of diazomethane with 3-hydroxy-3-cephems 
were another extension in our studies of the chemical prop
erties of the 3-enolic function. While 7-acylamido-3-hy-
droxy-3-cephems (4) reacted with diazomethane to give 3-
methoxy-3-cephem derivatives directly, the preferred route 
to compounds 12 started with a diazomethane treatment of 
3c to give the 3-methoxy-3-cephem nucleus ester 11 fol
lowed by acylation (Scheme VI). p-Nitrobenzyl 7-amino-
3-methoxy-3-cephem-4-carboxylate (11) was stable as a 
free amino ester and acylated without complications with 
acid chloride, o-carboxy anhydride, and mixed anhydride 
couplings. Removal of the p-nitrobenzyl ester grouping in 
12 afforded a select group of 3-methoxy-3-cephems for an
timicrobial testing. Examples of 3-methoxy-3-cephems in
clude 7-(thiophene-2-acetamido)-3-methoxy-3-cephem-4-
carboxylic acid (13a), 7-(D-mandelamido)-3-methoxy-3-
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water temperature. The supernatant was separated and washed 
with 5% HC1 and then with saturated NaCl solution. The solvent 
was replaced with EtOAc for extraction with 5% NaHCC>3 solution. 
The aqueous phase was separated, layered with EtOAc, and acidi
fied to pH 2.5 in the cold. The organic phase was separated, 
washed with water, dried (Na2S04), and evaporated to dryness in 
vacuo. The residue weighed 709 mg (42% yield). An analytical 
sample was obtained by preparative silica gel tic to give pure 3a: 
nmr (T, T-60 MHZ, CDCI3) 6.62 (s, 2 H, C2-H2), 6.10 (s, 3 H, ester 
CH3), 5.40 (s, 2 H, a-CH2), 4.90 (d, 1 H, C6-H), 4.32 (q, 1 H, C7-H), 
and 3.1-2.4 (m, 6 H, aromatic and C7-NH). Anal. (Ci6Hi6N206S • 
H 20) C, H, N, S. 

p-Nitrobenzyl 7-Phenylacetamido-3-hydroxy-3-cephem-4-
carboxylate (3b). 2b was treated as described above. 3b crystal
lized (in 30% yield) from concentration, in vacuo, of dried EtOAc 
solution: mp 160-173° dec; nmr (T, T-60 M H Z , CDCI3) 6.67 (AB q, 
2 H, C2-H2), 6.38 (s, 2 H, a-CH2), 5.03 (d, 1 .H, C6-H), 4.66 (d, 2 H, 
ester CH2), 4.40 (q, 1 H, C7-H), 2.66 (s and d, 6 H, aromatic H and 
C7-NH), and 2.1 (q, 4 H, aromatic H). Anal. (C22H19N3O7S) C, H, 
N. 

p-Nitrobenzyl 7-Amino-3-hydroxy-3-cephem-4-carboxyl-
ate (3c). 2c, 3.85 g (10 mmol), was dissolved in 600 ml of CH3OH 
and cooled in an acetone-Dry Ice bath for ozonolysis for 20 min. 
Ozonide decomposed with passing S 0 2 through the reaction mix
ture for 2 min. The CH3OH was replaced by 200 ml of 0.1 N HC1 in 
CH2CI2. Solvent and excess HC1 were removed by evaporation in 
vacuo. The residue was redissolved in acetone for crystallization as 
a hydrochloride salt containing 0.5 mol of acetone as solute: yield 
3.15 g (75%); mp 150-180° dec; nmr (T, A-60 MHz, DMSO-d6), 
7.92 (s, 3 H, 0.5 mol of acetone), 6.22 (AB q, 2 H, C2-H2), 5.07 (d, 1 
H, C6-H), 4.8-4.1 (m, 3 H, ester CH2 and C7-H), and 1.96 (q, 4 H, 
aromatic H). The free amino ester was crystallized from EtOAc. 
Anal. ( C u H ^ O e S ) C, H, N. 

p-Nitrobenzyl 7-(Thiophene-2-acetamido)-3-hydroxy-3-
cephem-4-carboxylate (4a). 2c, 3.85 g (9.2 mmol), was ozonized 
as described before. The crude product (3c) was not crystallized 
from acetone but was dissolved in 175 ml of THF and 50 ml of 
H2O. Sodium bisulfite, 2.1 g (20 mmol), was added. While stirring 
at room temperature, thiophene-2-acetyl chloride, 4.8 g (30 mmol), 
in 200 ml of THF was added dropwise. The mixture was stirred for 
2 hr. The THF was evaporated in vacuo. The aqueous residue was 
extracted with EtOAc. The EtOAc solution was washed with 5% 
HC1 and H 2 0 , dried (MgSO.4), and evaporated to dryness in vacuo. 
The crystalline residue was triturated with ether to remove excess 
thiophene-2-acetic acid: yield 2.9 g (66%); mp 148-158° dec; nmr 
(T, A-60 MHz, CDCI3) 6.60 (s, 2 H, C2-H2), 6.13 (s, 2 H, a-CH2), 
4.96 (d, 1 H, C6-H), 4.62 (d, 2 H, ester CH2), 4.46 (q, 1 H, C7-H), 
and 3.1-1.7 (m, 8 H, aromatic H and C7-NH). Anal. 
(C20H17N3O7S2) C, H, N, 0 , S. 

p-Nitrobenzyl 7-Acetamido-3-hydroxy-3-cephem-4-car-
boxylate (4b). 3c, 4.2 g (10 mmol), was dissolved in 325 ml of ace
tone and 125 ml of H2O and cooled in an ice-water bath. Ketene 
was passed through the solution for 30 min. The acetone was evap
orated in vacuo. The aqueous residue was extracted with EtOAc. 
The organic solution was washed with 5% HC1 and saturated NaCl 
solution, dried (MgSOJ, and evaporated to dryness in vacuo. The 
residue crystallized in trituration with ether: yield 3.6 g (90%); mp 
146-152° dec; nmr (r, T-60 MHz, CDCI3) 7.90 (s, 3 H, a-CH3), 6.55 
(s, 2 H, C2-H2), 4.92 (d, 1 H, C6-H), 4.62 (d, 2 H, ester CH2), 4.30 
(q, 1 H, C7-H), 2.81 (d, 1 H, C7-NH), and 2.04 (q, 4 H-, aromatic H). 
Anal. (C16H16N307S) C, H, N. 

p-Nitrobenzyl 7-[ 0-(Formyl)-D-mandelamido]-3-hydroxy-
3-cephem-4-carboxylate (4c). 3c, 1.54 g (3.4 mmol), was treated 
with O-formyl-D-mandeloyl chloride,9 960 mg (4.9 mmol), in the 
manner described for 4a. The crystalline product weighed 1.0 g 
(57% yield): mp 124-134° dec; nmr (T, T-60 MHz, CDCI3) 6.61 (s, 2 
H, C2-H2), 4.95 (d, 1 H, C6-H), 4.61 (d, 2 H, ester CH2), 4.39 (q, 1 
H, C7-H), 3.70 (s, 1 H, a-CH2), 2.80-1.80 (m, 11 H, C7-NH, aromat
ic H and OCHO). Anal. (C23H19N3O9S) C, H, N. 

p-Nitrobenzyl 7-(Thiophene-2-acetamido)-3-(thiophene-
2-acetoxy)-3-cephem-4-carboxylate (5a). 4a, 1.9 g (4 mmol), in 
30 ml of dry acetone containing triethylamine, 405 mg (4 mmol), 
was treated dropwise with thiophene-2-acetyl chloride, 650 mg (4 
mmol), in 20 ml of dry acetone. The mixture was stirred at room 
temperature for 2 hr and filtered and the solvent was evaporated 
in vacuo. The residue was redissolved in EtOAc for washes with 
H 2 0 , 5% HC1, and 5% NaHC03 solution. The organic solution was 
dried (MgSO,i) and concentrated to about 10 ml for crystallization: 
yield 1.1 g (45%); mp 105-126° dec; nmr (T, A-60 MHz, CDCI3) 
6.55 (AB q, 2 H, C2-H2), 6.19 (s, 2 H, a-CH2), 6.06 (s, 2 H, C3-ester 

CH2), 5.00 (d, 1 H, C6-H), 4.77 (s, 2 H, Chester CH2), 4.20 (q, 1 H, 
C7-H), and 3.2-1.7 (m, 11 H, aromatic H and C7-NH). Anal. 
(C26H2 lN308S3) C, H, N. 

p-Nitrobenzyl 7-Acetamido-3-acetoxy-3-cephem-4-carbox-
ylate (5b). 4b, 1.9 g (4.8 mmol), was dissolved in 100 ml of cold 
CH2CI2 containing triethylamine, 485 mg (4.8 mmol). Ketene was 
passed through the cold solution for 6 min. Solvent and excess ke
tene were removed in vacuo. Crystalline residue was triturated 
with ether: yield 1.7 g (81%); mp 198-200°; nmr (T, T-60 MHz, 
CDCl3-DMSO-d6) 8.00 (s, 3 H, Chester CH3), 7.85 (s, 3 H. «-CH-?), 
6.40 (AB q, 2 H, C2-H2), 4.85 (d, 1 H, C6-H), 4.60 (s, 2 H, Chester 
CH2), 4.23 (q, 1 H, C7-H), 1.99 (q, 4 H, aromatic H), and 1.43 (d, 1 
H, C7-NH). Anal. (Ci8Hi7N308S) C, H, N. 

p-Nitrobenzyl 7-(Thiophene-2-acetamido)-3-acetoxy-3-
cephem-4-carboxylate (5c). 4a was treated with ketene as in the 
preparation of 5b or with acetyl chloride, or anhydride in DMF, at 
room temperature. Product crystallized by trituration with ether: 
mp 150-178° dec; nmr (T, T-60 MHz, CDCl,) 7.86 (s, 3 H, C3-ester 
CH3), 6.55 (AB q, 2 H, C2-H2), 6.19 (s, 2 H, a-CH2), 5.00 (d, 1 H. 
C6-H), 4.71 (s, 2 H, C-4-ester CH2), 4.20 (q, 1 H, C--H), 3.25 (d. 1 H. 
C7-NH), and 3.1-1.8 (m, 7 H, aromatic H). Anal. (C22Hi9N308S2) 
C, H, N. 

p-Nitrobenzyl 7-(Thiophene-2-acetamido)-3-chloro-3-
cephem-4-carboxylate (6a). 4a, 1.9 g (4 mmol), in 10 ml of mo
lecular-sieve-dried DMF containing freshly distilled thionyl chlo
ride, 950 mg (8 mmol), was stored at room temperature for 6.5 hr. 
The reaction mixture was diluted with 100 ml of EtOAc and ex
tracted several times with 5% HC1 and saturated NaCl solution. 
The EtOAc solution was dried (MgS04) and filtered with talc. The 
solvent was removed in vacuo and the residue crystallized by tritu
ration with ether: yield 1.2 g (61%); mp 164-166°. Substituting 
PCI3 for thionyl chloride gave an 81% yield of the same product 
with less coloration: nmr (r, T-60, MHz, CDCI3) 6.39 (AB q, 2 H, 
C2-H9), 6.17 (s, 2 H, a-CH2), 4.99 (d, 1 H, C6-H), 4.64 (s, 2 H, ester 
CH,), 4.19 (q, 1 H, C7-H), 3.45 (d, 1 H, C7-NH), and 3.1-1.67 ( m . 7 
H, aromatic H). Anal. (C2oH16ClN306S2) C, H, N, CI. 

p-Nitrobenzyl 7- (Thiophene-2-acetamido) -3-bromo-3-
cephem-4-carboxylate (6b). 4a was treated with PBr3 as with 
the preparation of 6a: nmr (x, A-60, MHz, DMSO-d6) 6.21 (s, 2 H. 
a-CH2), 5.98 (AB q. 2 H, C2-H2), 4.72 (d, 1 H, C6-H), 4.51 (s, 2 H, 
ester CH2), 4.20 (q, 1 H, C7-H), 3.04-1.74 (m, 7 H, aromatic Hi, 
and 0.66 (d, 1 H, C7-NH). Anal. (C2oH16BrN306S2) C, H, N, Br. 

p-Nitrobenzyl 7-Amino-3-chloro-3-cephem-4-carboxylate 
(7). 6a, 500 mg (1 mmol), in 6 ml of CH2C12 was treated with dry 
pyridine, 95 mg (1.2 mmol), and with PCI5, 237 mg (1.1 mmol). 
The mixture was stirred at room temperature for 1.5 hr and cooled 
in an ice bath for addition of 0.6 ml of isobutyl alcohol. The prod
uct crystallized as a hydrochloride out of the reaction mixture: 
vield 200 mg (49%); mp 168° dec; nmr (T, T-60 MHz. DMS0-d6) 
5.97 (s, 2 H, C2-H2), 4.8-4.5 (m, 4 H, C6-H, C7-H and ester CH2). 
and 2.03 (q. 4 H, aromatic H). Anal. (C14H13CI2N3O5S) C, H. N. 
CI. 

7-(Thiophene-2-acetamido)-3-chloro-3-cephem-4-carboxy-
lic Acid (8a). 6a, 988 mg (2 mmol), in 40 ml of THF and 60 ml of 
CH3OH was hydrogenolized at 50 psi, room temperature, for 1 hr 
using an equal weight of 5% Pd/C prereduced in 30 ml of EtOH at 
50 psi, room temperature, for 30 min. The catalyst was filtered and 
washed successively with THF, CH3OH, and EtOAc. Filtrate and 
washes were combined and evaporated to dryness in vacuo. Resi
due was redissolved in EtOAc-H20 and adjusted to pH 7 with 1 N 
NaOH. The aqueous phase was separated, washed with EtOAc, 
and then back-titrated to pH 2.5 with 1 N HC1 and in the presence 
of EtOAc. The organic phase was separated, washed with H 2 0, 
dried (MgS04>, and evaporated to dryness in vacuo. The residue 
crystallized on trituration with ether: yield 170 mg (24%); mp 
114-120° dec; nmr (T, T-60 MHz, CDCI3) 6.38 (AB q, 2 H, C2-H2), 
6.16 (s, 2 H, a-CH2), 4.98 (d, 1 H, C6-H), 4.20 (q, 1 H, C7-H), and 
3.1-2.5 (m, 4 H, aromatic H and C7-NH). Anal. (Ci 3H nClN 20 4S) 
C, H, N, CI. 

7-(Thiophene-2-acetamido)-3-bromo-3-cephem-4-carboxy-
lic Acid (8b). 6b, 545 mg (1.0 mmol), was hydrogenolized as in the 
preparation of 8a. Product crystallized on trituration with ether: 
yield 180 mg (44%); nmr (T, 100 MHz, DMSO-d6) 8.89 (t, ether 
CH3), 6.59 (q, ether CH2), 6.22 (s, 2 H, «-CH2), 6.06 (AB q, 2 H, 
C2-H2), 5.76 (d, 1 H, C6-H), 4.28 (q, 1 H, C7-H), 3.08-2.59 (m, 3 H, 
aromatic H), and 0.78 (d, 1 H, C7-NH). Anal. [Ci3HnBrN204S2 • 
0.5(C2H5)2O] C, H, N, Br. 

p-Nitrobenzyl 7-(D-Mandelamido)-3-chloro-3-cephem-4-
carboxylate (9a). 7, as a hydrochloride, 812 mg (2 mmol), was 
suspended in 40 ml of EtOAc. Sodium bisulfite, 520 mg (5 mmol). 
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was dissolved in 40 ml of H2O. The two were mixed and stirred vig
orously for addition of D-mandelic acid o-carboxyanhydride,10 395 
mg (2.2 mmol). The mixture was stirred at room temperature for 
1.5 hr. The organic phase was separated, washed several times with 
H2O, dried (MgSO.4), and evaporated to dryness in vacuo. The res
idue crystallized in trituration with ether: yield 685 mg (69%); mp 
158-164° dec; nmr (T, A-60 M H Z , CDCI3) 6.24 (AB q, 2 H, C2-H2), 
5.0-4.7 (m, 2 H, C6-H and a-CH), 4.57 (s, 2 H, ester CH2), 6.23 (q, 
1 H, C7-H), and 2.8-1.2 (m, 10 H, aromatic H and C7-NH). Anal. 
(C22Hi8ClN307S) C, H, N, CI. 

p-Nitrobenzyl 7-[D-2-(tert-Butoxyformamido)-2-phenyla-
cetamido]-3-chloro-3-cephem-4-carboxylate (9d). 7, 3.0 g (8.1 
mmol), suspended in 200 ml of dry THF with iV-(ter£-butoxycar-
bonyl)-D-a-phenylglycine, 2.1 g (8.3 mmol), and iV-ethoxycar-
bonyl-2-ethoxy-l,2-dihydroquinoline (EEDQ), 2.0 g (8.3 mmol), 
was stirred at room temperature overnight. The solvent was re
moved in vacuo. The residue, in EtOAc, was extracted successively 
with H 2 0 , 5% NaHCC-3 solution, 5% HC1, and H 2 0 . The EtOAc so
lution was dried (MgSCU) and concentrated to about 50 ml for 
crystallization of the product. A first crop weighed 3,7 g (63%): nmr 
(T, A-60 M H Z , CDCI3) 8.60 (s, 9 H, t-Boc CH3), 6.45 (AB q, 2 H, 
C2-H2), 5.03 (d, 1 H, C6-H), 4.67 (s, 3 H, ester CH2 and a-CH), 4.12 
(m, 2 H, C7-H and amide NH), and 2.72-1.74 (m, 10 H, aromatic H 
and amide NH). Anal. (C27H27CIN4O8S) C, H, N. 

p-Nitrobenzyl 7-(D-2-Amino-2-phenylacetamido)-3-chloro-
3-cephem-4-carboxylate (9b). The above compound (3.6 g, 6 
mmol) in 60 ml of CH3CN with p-toluenesulfonic acid, 2.4 g (12.6 
mmol), was stirred at room temperature overnight. 9b crystallized 
as a tosylate salt from the reaction mixture: yield 3.1 g (81%); nmr 
(T, T-60 MHz, DMSO-d6) 7.70 (s, 3 H, p-TSA CH3), 6.6; (s, 3 H, 
side chain NH3), 6.20 (AB q, 2 H, C2-H2), 4.94 (s, 1 H, a-CH), 4.80 
(d, 1 H, C6-H), 4.51 (s, 2 H, ester CH2), 4.08 (q, 1 H, C7-H), 2.95-
1.62 (m, 13 H, aromatic H), and 0.32 (d, 1 H, C7-NH). Anal. 
(C29H27C1N409S2) C, H, N, CI. 

7-[D-2-(tert-Butoxyformamido)-2-phenylacetamido]-3-
chloro-3-cephem-4-carboxylic Acid (lOd). p-Nitrobenzyl 7-[D-
2- tert- butoxyformamido) -2-phenylacetamido] -3-chloro-3-ceph-
em-4-carboxylate, 3.0 g (5.0 mmol), was dissolved in 15 ml of mo
lecular-sieve-dried THF and 185 ml of MeOH and hydrogenated 
at room temperature at 50 psi for 1 hr using 3 g of 5% palladium in 
carbon prereduced in 60 ml of ethanol at room temperature, 50 psi, 
for 30 min. The spent catalyst was filtered and washed with THF 
and MeOH. Filtrate and washes were combined and evaporated to 
dryness in vacuo. The residue was redissolved in water and EtOAc; 
the pH was adjusted to 7 with 1 N NaOH. The aqueous was sepa
rated, washed with EtOAc, and then back-titrated to pH 2.5 with 1 
TV HC1 in the presence of EtOAc. The organic layer was separated, 
washed with water, dried (MgS04), and evaporated in vacuo. The 
residue crystallized from 70 ml of ether and 20 ml of Skelly B: 
yield 1.75 g (75%); nmr (T, A-60 MHz, CDCI3) 8.55 (s, 9 H, 4-Br), 
6.48 (AB q, 2 H, C2-H2), 5.0 (d, 1 H, C6-H), 4.63 (d, 1 H, a-CH), 
4.25 (q, 1 H, C7-H), 3.90 (d, 1 H, amide NH), and 2.59 (s, 5 H, aro
matic H). Anal. (C20H22C1N306S) C, H, N, CI. 

p-Nitrobenzyl 7-[JV-(l-Carbomethoxy-2-propenyl)-D-a-
phenylglycylamido]-3-chloro-3-cephem-4-carboxylate (9c). 
Methyl 3-a-carboxybenzylaminocrotonate sodium salt, 500 mg 
(1.85 mmol), was dissolved in 20 ml of acetonitrile containing 4 
drops of dimethylbenzylamine. The mixture was stirred and cooled 
in a Dry Ice-carbon tetrachloride bath for slow addition of methyl 
chloroformate, 184 mg (1.95 mmol). After 20 min, a precooled solu
tion made from p-nitrobenzyl 7-amino-3-chloro-3-cephem-4-car-
boxylate, 750 mg (1.85 mmol), and triethylamine, 188 mg (1.85 
mmol), in 40 ml of acetone was added over a period of 3 min. The 
mixture was stirred in the -cold for 30 min and then at room tem
perature for 2 hr. The mixture was filtered. The solvents from the 
filtrate were removed in vacuo. The residue was taken up in water 
and EtOAc; the pH was adjusted to 7 and the organic layer sepa
rated. The EtOAc solution was washed with water, dried (MgSOj), 
and concentrated to a smaller volume. Addition of rc-hexane pre
cipitated the product: yield 620 mg; nmr (T, A-60 MHz, DMSO-d6) 
8.20 (s, 3 H, enamine CH3), 6.60 (AB q, 2 H, C2-CH2), 6.45 (s, 3 H, 
ester CH3), 5.48 (s, 1 H, enamine CH), 4.9-4.1 (m, 5 H, C6-H, C7-H, 
a-CH, and ester CH2), and 3.1-1.5 (m, 9 H, aromatic H). Anal. 
(C27H25N4O8SCI) C, H, N. 

7-(D-Mandelamido)-3-chloro-3-cephem-4-carboxylic Acid 
(10a). 9a, 200 mg (0.4 mmol), was hydrogenolized as with 8a: yield 
7.5 mg (51%); nmr (T, T-60, MHz, D 2 0-NaHC0 3 ) 6.42 (AB q, 2 H, 
C2-H2), 4.90 (d, 1 H, C6-H), 4.68 (s, 1 H, a-CH), 4.37 (d, 1 H, C7-
H), and 2.49 (s, 5 H, aromatic H). 

7-(D-2-Amino-2-phenylacetamido)-3-chloro-3-cephem-4-

carboxylic Acid (10b). Method A. 9b tosylate salt, 1.5 g (2.2 
mmol), in 10 ml of dry DMF, cooled to 0°, was treated with 2 ml of 
concentrated HC1 and zinc dust, 400 mg (6.1 mmol). The mixture 
was stirred in the cold for 45 min and then at room temperature 
for 1 hr. The mixture was filtered and adjusted to pH 6.8 with tri
ethylamine. The product crystallized as a di-DMF solvate, weigh
ing 800 mg (71%): nmr (T, A-60 MHz, D20-DC1) 6.90 (2 s, 6 H, 
DMF CH3), 6.33 (AB q, 2 H, C2-H2), 4.85 (d, 1 H, C6-H), 4.64 (s, 1 
H, a-CH), 4.27 (d, 1 H, C7-H), 2.41 (s, 5 H, aromatic H), and 1.84 
(s, 2 H, DMF CHO). Anal. (C2iH28ClN506S) C, H, N, Cl. 

Method B. 9c, 540 mg (0.9 mmol), was dissolved in 40 ml of ace
tonitrile and 20 ml of water and cooled in ice-water bath for acidi
fication to pH 1.5 momentarily and then to pH 2.5. The solvents 
were evaporated in vacuo. The residue was redissolved in 40 ml of 
tetrahydrofuran and 80 ml of methanol and hydrogenolized at 
room temperature, 50 psi, for 1 hr using 540 mg of 5% palladium in 
carbon, prereduced in 20 ml of ethanol, at room temperature, 50 
psi for 30 min. The catalyst was filtered and washed with THF and 
MeOH. Filtrate and wash were combined and evaporated to dry
ness in vacuo. The residue was redissolved in water and EtOAc for 
a pH adjustment to 4.5. The aqueous was separated and concen
trated to a smaller volume. The product crystallized as a half hy
drate. Anal. (C15H14N3O4SCI • 0.5H2O) C, H, N, Cl. 

p-Nitrobenzyl 7-Amino-3-methoxy-3-cephem-4-carboxyl-
ate (11). 3c, as hydrochloride, 417 mg (1 mmol), in 35 ml of THF 
containing 1 mol of triethylamine was treated with excess diazo-
methane in ether. After 30 min at room temperature, solvents and 
excess reagent were evaporated in vacuo. The residue, dissolved in 
EtOAc, was washed with H 2 0, dried (MgS04), and crystallized by 
trituration with ether: yield 210 mg (58%); mp 163-164°; nmr (T, 
A-60 MHz, DMSO-de) 7-3 (a, 2 H, C7-NH2), 6.27 (s, 2 H, C2-H2), 
6.20 (s, 3 H, C3-OCH3), 5.30 (d, 1 H, C6-H), 5.00 (d, 1 H, C7-H), 
4.63 (s, 2 H, ester CH2), and 2.02 (q, 4 H, aromatic H). Anal. 
(Ci S H l s N 3 0 6 S)C,H;N. 

p-Nitrobenzyl 7-(Thiophene-2-acetamido)-3-methoxy-3-
cephem-4-carboxylate (12a). Method A. 4a, 2 g (4.2 mmol) in 50 
ml of CH2C12, was treated with excess diazomethane at room tem
perature for 2 hr. Solvent evaporated in vacuo. Product crystal
lized from 15 ml of EtOAc: yield 750 mg (38%); mp 171-175°. 

Method B. 11, 2.4 g (6.5 mmol), in 50 ml of dry acetone with 
NaHC03 , 1.7 g (20 mmol), in suspension was treated with thio-
phene-2-acetyl chloride, 1.2 g (7.2 mmol), in 20 ml of acetone 
added dropwise. The mixture was stirred at room temperature for 
15 hr after addition. Acetone was replaced by EtOAc, washed with 
water, dried (MgS04), and concentrated to a small volume in 
vacuo: yield 1.9 g (60%); nmr (T, A-60 MHz, CDC13) 6.62 (s, 2 H, 
C2-H2), 6.18 (s, 3 H, C3-OCH3), 6.15 (s, 2 H, a-CH2), 4.98 (d, 1 H, 
C6-H), 4.71 (d, 2 H, ester CH2), 4.42 (q, 1 H, C7-H), 3.19 (d, 1 H, 
C7-NH), and 3.1-1.65 (m, 7 H, aromatic H). Anal. (C21H19N3O7S2) 
C, H, N, O, S, OCH3. 

p-Nitrobenzyl 7-(D-Mandelamido)-3-methoxy-3-cephem-
4-carboxylate (12b). 11, 365 mg (1 mmol), D-mandelic acid O-
carboxyanhydride, 200 mg (1.1 mmol) in 20 ml of EtOAc, and 
NaHS03 , 200 mg (1.9 mmol), in 20 ml of H 2 0 were mixed and 
stirred vigorously at room temperature for 30 min. The EtOAc 
phase was separated, washed several times with H 20, dried 
(MgS04), and evaporated to dryness in vacuo. The residue crystal
lized on trituration with ether: yield 350 mg (70%); nmr (T, T-60 
MHz, CDCI3) 6.70 (s, 2 H, C2-H2), 6.22 (s, 3 H, C3-OCH3), 5.06 (d, 
1 H, C6-H), 4.90 (s, 1 H, a-CH), 4.75 (d, 2 H, ester CH2), 4.58 (q, 1 
H, C7-H), and 2.66-1.75 (m, 9 H, aromatic H). Anal. 
(C23H2iN308S) C, H, N. 

p-Nitrobenzyl 7-[iV-(l-Carbomethoxy-2-propenyl)-D-a-
phenylglycylamido]-3-methoxy-3-cephem-4-carboxylate 
(12c). 11, 1.1 g (3 mmol), in 45 ml of acetone and cooled to -20° 
was added to a mixed anhydride solution prepared by mixing 
methyl 3-a-carboxybenzylaminocrotonate,11 815 mg (3 mmol), and 
methyl chloroformate, 303 mg (3.2 mmol), in 45 ml of CH3CN con
taining 6 drops of dimethylbenzylamine. The mixture was stirred 
at -20° for 30 min and then at room temperature for 2 hr. The 
mixture was filtered. The filtrate was concentrated to dryness in 
vacuo. The residue was dissolved in EtOAc, washed with H 20, 
dried (MgS04), and evaporated to dryness in vacuo. The product 
crystallized from ethanol: yield 1.1 g (61%); mp 135-145° dec; nmr 
(T, A-60 MHz, CDCI3), 8.19 (s, 3 H, enamine CH3), 6.72 (s, 2 H, 
C2-H2), 6.36 and 6.20 (2 s, 6 H, ester CH3 and C3-OCH3), 5.43 (s, 1 
H, enamine vinyl H), 5.05 (d, 1 H, C6-H), 4.91 (d, 1 H, a-CH), 4.70 
(s, 2 H, ester CH2), 4.41 (q, 1 H, C7-H), 2.63 and 2.15 (s and q, 9 H, 
aromatic H), and 0.56 (d, 1 H, C7-NH). Anal. ^ g H ^ O g S ) C, H, 
N. 
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7-(Thiophene-2-acetamido)-3-methoxy-3-cephem-4-car-
boxyllc Acid (13a). 12a, 490 mg (1 mmol), was hydrogenolized as 
in the preparation of 8a. The product was crystallized by tritura
tion from ether. A first crop weighed 156 mg (28%): mp 168-171°; 
nmr (T, A-60 MHZ, DMSO-d6) 6.35 (s, 2 H, C2-H2), 6.24 (s, 5 H, 
C3-OCH3 and «-CH2), 4.94 (d, 1 H, C6-H), 4.55 (q, 1 H, C7-H), 
3.10-2.55 (m, 3 H, aromatic H), and 1.10 (d, 1 H, C7-NH). Anal. 
(CuHuNjOsSa) C, H, N. 

7-(D-Mandelamido)-3-methoxy-3-cephem-4-earboxylic 
Acid (13b). 12b (1 mmol) was hydrogenolized as for 10a: yield 115 
mg (31%); mp 161-164°; nmr (T, A-60 MHZ, DMSO-d6), 6.36 (s, 2 
H, C2-H2), 6.23 (s, 3 H, C3-OCH3), 4.98-4.80 (m, 2 H, C6-H and a-
CH), 4.55 (q, 1 H, C7-H), 3.8 (s, 1 H, a-OH), 2.78-2.38 (m, 5 H, aro
matic H), and 1.45 (d, 1 H, C7-NH). Anal. (Ci6H16N206S) C, H, N. 

7-(D-2-Amino-2-phenylacetamido)-3-methoxy-3-cephem-
4-carboxylic Acid (13c). 12c, 500 mg (0.83 mmol), in 30 ml of 
CH3CN and 15 ml of H20 was acidified to pH 1 momentarily and 
then back to 2.5. The solvents were evaporated to dryness in 
vacuo. The residue was hydrogenolized in the manner already de
scribed. After removal of solvents of hydrogenolysis, the residue 
was dissolved in H20 and adjusted to pH 4.5 for extractions with 
EtOAc. The aqueous phase was evaporated to dryness in vacuo. 
The residue crystallized from 2 ml of H20 and 1 ml of CH3CN: 
yield 122 mg (37%); mp 148-180° dec; nmr (T, A-60 MHz, D20-
DC1) 6.58 (AB q, 2 H, C2-H2), 6.10 (s, 3 H, C3-OCH3), 4.87 (d, 1 H, 
C6-H), 4.70 (s, 1 H, a-CH), 4.54 (d, 1 H, C7-H), and 2.41 (s, 5 H, ar
omatic H). Anal. (CH3H17N3O5S • 2H0) C, H„ 
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The mode of action of the cephalosporins and penicillins 
has been unraveled to a considerable degree at the molecu
lar level.2'3 These antibiotics are thought to inhibit the 
final cross-linking reaction in bacterial cell wall synthesis4 

by mimicking some part of the substrate peptidoglycan, 
presumably a D-aJanyl-D-alanine dipeptide.6 An irrevers
ible chemical binding mechanism, which is believed to be 
an acylation by the /3-lactam, results in the inactivation of 
at least one transpeptidase enzyme which knits the pepti
doglycan into a huge macromolecule. 

A number of theoretical papers based on the correctness 
of the above mode of action, but also providing support for 
its feasibility, have been addressed to (a) just how the anti
biotic mimics the transpeptidase substrate in terms of the 
geometric and electronic similarity of the antibiotic to the 

f For paper 3 of this series, see ref 1. 
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natural substrate in its ground or transition state,6 (b) the 
chemical mechanism of the acylation reaction leading to 
destruction of enzyme activity,7 and (c) the influence of 
chemical modification of the antibiotic on the above chemi
cal mechanism.7~9 This paper is concerned to a certain ex
tent with all three of the above details but mainly with the 
second. We accordingly explore relevant parts of the reac
tion path (or, more generally, surface) that would be tra
versed when a nucleophile forms a transition state complex 
with a representative cephalosporin. Changes calculated in 
electronic structure are used in making generalizations (in 
terms of familiar, chemical concepts) about what types of 
molecular modifications may be desirable in promoting bi
ological activity of cephalosporins. 

The acylation of the cell wall enzyme is believed to pro
ceed via the attack at the carbonyl carbon of the antibiot
ic's /3-lactam ring by a thiol group of the enzyme.2'3,10"12 
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Molecular orbital calculations by the CNDO/2 method are used to study the molecular and electronic details in
volved in the initial phases of the opening of the /3-lactam ring of a model cephalosporin structure, 7-amino-3-acetox-
ymethyl-3-cephem. The effect of a simple nucleophile, OH -, approaching the carbonyl carbon center of the /3-lactam 
ring is monitored by following the charge redistributions that occur in the bicyclic system and in the 3 side chain. A 
migration of electron density to the ester oxygen of the CH2OAc group is observed with concomitant weakening of 
the CH2-OAc bond. The results are discussed in relation to the mechanism of acylation of bacterial cell wall enzymes 
by (3-lactam antibiotics and in relation to the hydrolysis of these molecules. The results indicate that the ability of 
the 3' substituent of cephalosporins to stabilize electron density transferred to it, i.e., the leavability of the 3' moiety, 
can be an important factor in activating the /3-lactam toward nucleophilic attack. 


