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Two classes of extremely valuable clinical antibiotics, 
the penicillins and cephalosporins, are /3-lactam-contain-
ing compounds that interfere with the three-dimensional 
crosslinking of peptidoglycan strands by an enzyme, 
transpeptidase,1 during the final stage of cell wall biosyn
thesis.2 This enzyme cleaves the C-terminal D-alanine res
idue from a peptide chain which terminates with D-ala-
nylalanine on one peptidoglycan strand and replaces it 
with a free amino group connected to a neighboring pepti
doglycan strand. Strominger has proposed that the peni
cillins and cephalosporins resemble the D-alanylalanine 
peptide fragment and that transpeptidase mistakes the 
/3-lactam-containing molecule as its substrate. When the /?-
lactam opens, the transpeptidase becomes irreversibly ac-
ylated and inactive.3 

Because acylation of transpeptidase is necessary for an
tibacterial activity, the chemical reactivity of the /3-lac-
tam moiety of a penicillin or cephalosporin may reflect its 
antibiotic activity. A number of such correlations have 
been explored. 

Woodward has suggested that isolated /^-lactams, due to 
resonance stabilization, are considerably less reactive than 
the strained penicillin 0-lactam.4 Simple amides and iso
lated /3-lactams 1 may exist in a planar resonance stabi
lized configuration 2. However, in penicillins and 
cephalosporins the nitrogen bond to the carbonyl function 
cannot become planar because of ring strain. The infrared 
carbonyl frequencies of isolated /3-lactams (1730 c m - 1 ) 
and penicillins (1775 c m - 1 ) reflect these differences in 
strain and resonance stabilization. Morin, et al., have 
shown a qualitative correlation between the infrared /3-
lactam carbonyl frequency (a proposed measure of acyla
tion ability) of a series of penicillins and cephalosporins 
and their antibacterial activity.5 (A qualitative correlation 
is all that should be expected because antibacterial activi
ty depends upon factors such as enzyme recognition, cell 
permeability, and /3-lactamase resistance in addition to 
acylating ability.6) Hermann's CNDO/2 calculations of 
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the inductive effect of 3-methylene substituents upon ceph
alosporin /3-lactam reactivity also correlate with gram-
negative antibacterial activity.7 Sweet and Dahl, using 
X-ray structure analysis, have correlated the carbonyl and 
carbon-nitrogen bond lengths of penicillins and cephalo
sporins with their antibacterial activity.8 These investiga
tors have also suggested (from qualitative literature data) 
a correlation between the ease of base hydrolysis of the /3-
lactam moiety and antibacterial activity. The effect of 6-
acylamido substitution in penicillins upon the reactivity 
of the /^-lactam ring has been examined by Kinget and 
Schwartz.9 

0 <T 0 <5+ 

1 2 

The effect of substituents on the reactivity of isolated 
/^-lactams was first reported by Holley and Holley10 and 
more recently by Washkuhn and Robinson.11 The effect of 
ring size on ring-fused /3-lactam reactivity has been stud
ied by Earle,12 et al., and Moll.13 To our knowledge a 
quantitative comparison of the relative reactivities of a 
series of penicillins and similarly substituted cephalospor
ins has not been previously reported. 

Our purposes for this study were threefold: (1) to fur
ther examine Morin's prediction that the infrared carbon
yl frequency of a series of /3-lactam antibiotics correlates 
with the /3-lactam reactivity; (2) to correlate linear free 
energy substituent constant values with the relative rate 
constants of base hydrolysis of 3-methylene-substituted 
cephalosporins; and (3) to examine the effect of various 
acylamido side chain moieties upon the observed hydroly
sis rate constants of penicillins and cephalosporins. 

Results and Discussion 

/3-Lactam Infrared Frequency, a Measure of Chemi
cal Reactivity. Morin (using methyl esters) assumed that 
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Figure 1. Correlation of observed pseudo-first-order rates of peni
cillin and cephalosporin /3-lactam ring opening at pH 10, 35°, and 
ir (CCU) frequency of/3-lactam carbonyl. 

Figure 2. Correlation of observed pseudo-first-order rates of 
cephalosporin /3-lactam ring opening at pH 10, 35°. and calculat
ed electron density (CNDO/2) on /3-lactam carbonyl. 

the infrared carbonyl frequency of a /3-lactam was an indi
cator of the acylating power of the /3-lactam.5 Our data for 
the limited series of penicillins and cephalosporins re
ported here (Figure 1) support this assumption, assuming 
that there is a direct relationship between ease of hydroly
sis and acylating power. 

Effect of 3-Methylene Substituents upon Cephalo
sporin /3-Lactam Reactivity. During early work on the 
purification of naturally occurring cephalosporin C, 3, the 
first biologically active chemical derivative, 4, was isolat
ed from pyridine-acetate buffer.14 Since then, displace
ment of the acetoxy group at the 3-methylene position of 
cephalosporins by other nucleophiles was found to be a 
facile reaction and many derivatives have been pre
pared.15 

a 3-methylmercaptomethyl derivative) correlate with ali
phatic (7, values.16 

^(CH2) 
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Although 3-methylene substituents are four atoms re
moved from the /3-lactam carbonyl, these substituents 
may inductively exert considerable influence upon the 
chemical reactivity of the /3-lactam. This long-range in
ductive effect may be conjugationally transmitted as sug
gested in 5. Hermann has recently calculated (by CNDO/ 
2 methods) the inductive effect of 3-methylene substitu
ents upon the /3-lactam and correlated these data with an
tibacterial activity against gram-negative bacteria.7 We 
have observed (Figure 2) that the rates of /3-lactam hy
drolysis correlate with Hermann's calculated electron den
sity at the /3-lactam carbonyl as the 3-methylene substitu-
ent is varied. In addition, we have observed (Figure 3) 
that these same rate constants (plus the rate constant for 

Effect of C-6- and -7-Acylamido Modification upon 
Penicillin and Cephalosporin Reactivity. Intramolecu
lar Amino Attack on /3-Lactams. Studies by Behrens, et 
al., in 1948 showed that antibacterial properties of peni
cillin depend to a large extent upon the nature of the ac-
ylamido group.17 Vast numbers of penicillins and ceph
alosporins with modified C-6- and -7-acylamido groups, 
respectively, have been prepared and new side-chain 
moieties continue to be reported in the literature. We 
chose to study the effect upon /3-lactam reactivity of a few 
of the common acylamido side chains found on clinically 
used penicillins and cephalosporins. 

The effect of side-chain alteration on the rate of hydrol
ysis at pH 10.0 of the /3-lactam moiety of 7-aminoceph-
alosporanic acid (7-ACA), 6-aminopenicillanic acid (6-
APA), and 7-aminodeacetoxycephalosporanic acid (7-
ADCA) is illustrated in Figure 4. The results suggest that 
while acylation of these nuclei generally increases the re
activity of the /3-lactam, there is little difference in reac
tivity among the variously acylated compounds. Excep
tions are the somewhat greater reactivity of D-«-amino-
phenylacetyl-7-ACA (D-cephaloglycin) and, particularly, 
the substantially greater reactivities of the L-«-amino-
phenylacetyl derivatives of both 7-ACA (L-cephaloglycin) 
and 7-ADCA (L-cephalexin). Both corresponding n- and 
L-cv-aminophenylacetyl isomers of 6-APA (D- and L-ampi-
cillin), however, appear to fit the general rule and are not 
noticeably different in their reactivity toward hydrolysis 
at pH 10.0. 

We believe that this unusual increase in reactivity of 
cephalosporins having a-aminophenylacetyl side chains is 
due to an additional reaction which competes with hy
droxide attack on the /3-lactam at pH 10 and that there is 
no substantial difference in the intrinsic reactivity of the 
/3-lactam. Intermolecular or intramolecular nucleophilic 
attack by the a-amino group on the /3-lactam is obviously 
implicated. We discount the intermolecular reaction be-
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Figure 3. Correlation of observed pseudo-first-order rates of 
cephalosporin /3-lactam ring opening at pH 10, 35°, and aliphatic 
<j\ values of the 3-methylene substituent. 

cause we found the hydrolysis rate constants to be inde
pendent of /3-lactam concentration at constant pH. 

Intramolecular nucleophilic attack of the a-amino group 
has been suggested as a decomposition mechanism for 
cephaloglycin by Hoover and Stedman1 8 and for ampicil
lin by Jusko19 but such mechanisms have not been dem
onstrated. We therefore sought products that would con
firm the occurrence of this mechanism. 

Intramolecular a-amino attack in a-aminophenylacetyl 
cephalosporins should result in piperazine-2,5-dione prod
ucts. Although the hydrolysis of cephalosporins results in 
a number of unstable products,20 we were unsuccessful in 
attempts to isolate a piperazine-2,5-dione product from 
aqueous hydrolyses of cephalosporins.t However, we ob
tained the respective piperazine-2,5-diones 7a,b and 9 by 
heating cephalexin trichloroethyl 6a and p-nitrobenzyl 6b 
esters and cephaloglycin lactone 8 in benzene under reflux 
overnight. (For a preliminary communication of this work, 
see ref 22. See also Supplementary Material Available 
paragraph.) In contrast, ampicillin trichloroethyl ester 
was recovered unchanged under these reaction conditions. 
These product studies in refluxing benzene along with the 
aqueous rate data suggest that intramolecular nucleophil
ic a-amino side-chain attack may occur in aqueous solu
tion with cephalosporins but not with ampicillin. 

In view of the structural similarity of cephalosporins 
and penicillins, this difference in reactivity was surpris
ing. Inspection of molecular models reveals that intramo
lecular attack on the /3-lactam of these compounds must 
occur from the 8 face, i.e., cis to the amide side chain. 
The models also show that steric hindrance by the gem-
dimethyl group and/or the 3-hydrogen might prevent 
"cis" attack in the penicillin, while the cephalosporins are 
not sterically hindered to "cis" attack.J (However, the 
molecular models did not show why the L side-chain con
figuration should be more favorable than the D configura
tion for intramolecular attack in cephalosporins.) 

tDuring the preparation of this manuscript the following piperazine-2,5-
dione was isolated from an aqueous sodium carbonate solution of cephra-
dine.21 

CLXI CH., 
H 

COOH 

tlntramolecular nucleophilic attack has been observed recently in 6-epi-
ampicillin, where a-face attack is possible.23 
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Figure 4. Substituent effect of acylamido side-chain modification 
upon observed pseudo-first-order rates of penicillin and cephalo
sporin /3-lactam ring opening at pH 10, 35°. 
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Analysis of the X-ray structures of ampicillin and 
cephaloglycin confirms the steric conclusions drawn from 
molecular models.§ In the crystalline state, the 3-proton 
of ampicillin is at an interatomic distance of 2.79 A from 
the carbonyl carbon of the /3-lactam. Inasmuch as the in
teratomic distance of 2.79 A approaches the van der 
Waal's carbon-hydrogen distance of 2.70 A,24 the 3-proton 
of ampicillin may block nucleophilic attack at the 8 face 
to the extent that a similar conformation exists in solu-. 
tion. In contrast, the nearest proton of the /3-methyl group 
in the ampicillin crystal is at an interatomic distance of 
greater than 5.28 A from the carbonyl and is not a steric 
obstacle as suggested by molecular models. The X-ray 
data for cephaloglycin confirm that the /3-lactam carbonyl 
is unhindered as suggested by molecular models. 

We have provided data to support the assumption that 
the chemical reactivity or acylation ability of a /3-lactam 
antibiotic is sensitive to both steric strain and inductive 
effects of substituents. Steric strain as reflected by the B-
lactam ir carbonyl frequency was found to correlate with 
the log of the relative rate constant for base hydrolysis. 
Substituent effects due to C-6- and -7-acylamido side-
chain modification result in insignificant changes in reac
tivity. In contrast, substituent effects upon /3-lactam reac-

§Private communication from M. O. Chaney (Eli Lilly and Co.). Calcu
lated from coordinates reported in the unpublished work of M. James 
(University of Alberta) and ref 8. 



526 Journal of Medicinal Chemistry, 1974, Vol. 17, No. 5 Indelicato, et al. 

T a b l e I 
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P h C H 2 C ( = 0 ) 
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P h C H ( N H 2 ) C ( = 0 ) (D) 
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H . F lynn , B . G. Jackson , E . R . Lavagnino , R . A. Mor in , 
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t ivi ty as a resul t of subs t i tu t ion a t t he C-3 methy lene in 
cephalospor ins are significant and correla te wi th a\ va lues 

and calcula ted electron densi t ies a t t he 0- lac tam carbon-
yl. Cephalospor ins t h a t have a - ammo-con ta in ing acylami-
do side chains m a y undergo in t ramolecu la r nucleophil ic 
a t t ack at the /3-lactam—a reac t ion p a t h w a y which could 
compete wi th t r anspep idase acyla t ion a t p H ' s where the 
amino group is u n p r o t o n a t e d . 

E x p e r i m e n t a l S e c t i o n 

ci-Lactams. The penicillins and cephalosporins used in this 
study were synthesized by the authors or by colleagues at Lilly 
Research Laboratories, by procedures referenced in Tables I and 
II. Ampicillin was purchased from several commercial sources. 

Kinetic Methods. The hydrolysis rates of the penicillins and 
cephalosporins, with the exception of the 3-acetoxymethyl, 3-py-
ridiniummethyl, and 3-methylmercaptomethyl cephalosporins 
were followed by constant pH titration (Schwartz method).9 The 
penicillinoic and cephalosporinoic acids produced in the hydroly
sis at pH 10.0 were titrated automatically with a Radiometer 
TTT2 pH-stat, fitted with an A. H. Thomas (4094-15) combina
tion electrode and calibrated with Fisher pH 10.00 certified buff
er. Rate determinations were conducted at 35.0 ± 0.1° and con
stant ionic strength (0.102 N ± 0.003) was established by prior 
addition of potassium chloride. /3-Lactam concentrations varied 
between 0.001 and 0.005 M. Carbon dioxide was excluded from 
the system with argon. From the recorded volume of standard so
dium hydroxide solution consumed as a function of time, plots of 
log [fj-lactam] vs. time were constructed. From these plots the 
pseudo-first-order rate constants were calculated. The faster reac
tions were followed for 2 half-lives, while the very slow reactions 
were followed to 25% completion. In all cases straight line plots 
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were obtained when one assumed that 1 equiv of acid was pro
duced for each mole of /3-lactam hydrolyzed. 

The rates of hydrolysis of 3-acetoxymethyl, 3-pyridinium-
methyl, and 3-methylmercaptomethyl cephalosporins were mea
sured spectrophotometrically. Loss of absorbance at 260 m/t is 
characteristic of ^-lactam opening either chemically or enzymati-
cally.25 The previously described procedure was used to maintain 
the reactions at constant pH, temperature, and ionic strength 
and to exclude carbon dioxide. Samples were removed at appro
priate time intervals and quenched with pH 6 phosphate buffer. 
The absorbance was immediately read from a Cary 15 spectro
photometer. The data were treated by the Guggenheim method 
for determining rates of first-order reactions.26 

Rate constants determined by the above methods are sensitive 
to experimental conditions, such as stirring rate, rate of addition 
of titrant, response time of various brands of glass electrodes, and 
the condition of the electrode. The electrodes, probably due to 
poisoning by decomposition products, were found to slow in re
sponse time after several experimental runs necessitating fre
quent replacement. Slight variations in the standard buffers used 
to calibrate the system also affect the observed rates. However, 
by carefully standardizing the procedure and frequently cross
checking the various rates using different electrodes and buffers, 
the precision noted in Tables I and II was obtained. 

Because the observed rate constant values are sensitive to ex
perimental conditions, conversion to the absolute second-order 
rate constants was not justified. For our discussions, only the rel
ative rates of hydrolysis are of importance. 

Decomposition of /3,/3,0-Trichloroethyl 7-[D(-)-a-Amino-
phenylacetamido]-3-methyl-A3-cephem-4-carboxylate (6a). A 
C6H6 solution (500 ml) of 6a27 (1.5 g, 3.14 mmol) was stirred 
under reflux for 24 hr. The mixture was allowed to cool to room 
temperature and the CeH6 was concentrated in vacuo to yield 
0.650 g (43%) of the piperazine-2,5-dione 7a as a tari crystalline 
solid: mp 179° dec. Anal. (CigHisClaNsCUS) C, H, N. Further 
concentration of the CeH6 solution yielded an additional 0.088 g 
of 7a. 

Decomposition of p-Nitrobenzyl 7-[D(-)-a-Aminophenylace-
tamido]-3-methyl-A3-cephem-4-carboxylate (6b). A CeHs solu
tion (3 1.) of 6b28 (5 g, 10.4 mmol) was stirred under reflux for 48 
hr. The CeH6 solution was allowed to cool and was concentrated 
in vacuo until the piperazine-2,5-dione 7b crystallized: 3.35 g 
(66%); mp 165° dec. And. (C23H23N4O4S) C, H, N. 

Decomposition of 7-[D(-)-a-Aminophenylacetamido]-3-hy-
droxymethyl-A3-cephem-4-carboxylic Acid Lactone (8). A sus
pension of 829 (2.2 g, 6.3 mmol) was refluxed in C6H6 (3.5 1.) and 
filtered. The resulting saturated solution of 8 was stirred under 
reflux for 48 hr. Cooling and concentration in vacuo yielded piper-
azine-2,5-dione 9: 0.2 g (10%); mp 145° dec. A satisfactory analy
sis was not obtained because of occluded benzene. 

/3,/3,/3-Trichloroethyl 6-[D(-)-a-Aminophenylacetamido]peni-
cillinate (10). To a stirred suspension of sodium Ar-[l-methyl-2-
carbomethoxyvinyl]-D(-)-a-aminophenylacetate30 (5.85 g, 21.6 
mmol) in EtOAc (600 ml) was added /3,0,0-trichloroethyl 6-ami-
nopenicillinate hydrochloride1 (8.25 g, 21.6 mmol). Stirring was 
continued and an EtOAc solution of dicyclohexylcarbodiimide 
(4.44 g, 21.6 mmol) was added dropwise. The mixture was stirred 
for 18 hr. 

A mixture of dicyclohexylurea and NaCl was collected by fil
tration (4.9 g, 6.06 g, theory). The filtrate was concentrated in 
vacuo and the residue was dissolved in 150 ml of dioxane-H20 
(2:1). Hydrochloric acid was added to keep the mixture at pH 
2.5 (10 ml x 1 N required). The dioxane-HjO was removed in 
vacuo and the residue was dissolved in water and extracted with 
EtOAc. The pH of the aqueous layer was adjusted to 8.0 with 
10% aqueous N a H C 0 3 and extracted with EtOAc (2 x 50 ml). 
The combined extracts were dried (Na2S04) and concentrated in 
vacuo to a foam. This material was dissolved in CeH6, filtered, 
and concentrated at 0° in vacuo to yield 10 as an amorphous 
solid: 1.3 g (10%); nmr (CDCI3) 5 1.65 and 1.70 (2 s, 6, ^em-di
methyl), 1.95 (br s, 2, -NH 2) , 4.65 (s, 2, ester methylene), 4.7 (2, 
s, a-H and C-3 H), 5.6 (2, m, ^-lactam collapsed to AB quartet in 
CDCI3-D2O), 7.3 (5, s, aromatic), and 8.0 (d, 1, amide NH). 

A c k n o w l e d g m e n t . T h e au thors t h a n k R. R. Chauve t t e , 
D . R. Finley, M . Gorman , L. D . Hatf ield, S. P . Kukolja, 

= S. Kukolja, unpublished results. 

C. W. Ryan, D. O. Spry, J. A. Webber, I. G. Wright, and 
K. S. Yang for supplies of penicillins and cephalosporins 
and Mary Ann Tucker for instrumental and B. J. Ceri-
mele for computer assistance. 

Supplementary Material Available. The 100-Hz proton chem
ical shifts and coupling constants for compounds 7a,b and 9 and 
for 3-phenyl-2,5-piperazinedione in DMSO-de will appear fol
lowing these pages in the microfilm edition of this volume of the 
journal. Photocopies of the supplementary material from this 
paper only or microfiche (105 x 148 mm, 24x reduction, nega
tives) containing all of the supplementary material for the papers 
in this issue may be obtained from the Journals Department, 
American Chemical Society, 1155 16th St., N.W., Washington, D. 
C. 20036. Remit check or money order for $3.00 for photocopy or 
$2.00 for microfiche, referring to code number JMED-74-523. 
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