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Abstract: A molecular orbital index of reactivity of the /3-lactam ring of model 3-substituted cephem structures is found to cor
relate in a rational manner with in vitro antibacterial activity of the corresponding cephalosporins. The index, called transition-
state energy, is a measure of the ease of approach of a nucleophile toward the /3-lactam ring in a mechanism patterned after 
that thought to occur in the inhibition of certain bacterial cell wall enzymes. 

The /3-lactam antibiotics, such as penicillins and cephalo
sporins, inhibit bacterial growth by differentially interfering 
with transpeptidase and carboxypeptidase enzymatic activities 
involved in biosynthesis of the peptidoglycan layer of bacterial 
cell walls.2 The antibiotics do this by acylation of the enzymes. 
It follows that the reactivity of the /3-lactam ring should be one 
of the factors determining antibacterial activity. Indeed, there 
is much evidence to support this statement.3 A way to capitalize 
on this relationship is to use molecular orbital calculations to 
theoretically predict the reactivity of known and novel /3-lac
tam structures. Such calculations, even if (of necessity) done 
semiempirically, should give for a related series of structures 
a measure of their relative reactivities. The purpose of this 
article is to describe correlations between predicted reactivities 
and observed antibacterial activities for some series of ceph
alosporins. 

The theoretical index of reactivity which we have found to 
be most useful in understanding structure-activity relation
ships among cephalosporins is called the transition-state energy 
(TSE). It is a measure of how easy it is to form the initial 
complex of a model nucleophile, namely, OH - , and a 3-ce-
phem model structure with a substituent R at position 3. The 
structure of the "transition-state" complex 1 is the same as that 
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developed in earlier work.46 The TSEs are computed by the 
CNDO/2 method7 as the difference in total energies of 1 and 
the infinitely separated reactants (OH - and the 7-NH2-3-
R-3-cephem). Because of approximations of the MO theory 
and lack of solvation effects,4 the TSEs are not equal to acti
vation energies, but one might expect them to be roughly 
proportional to them for a closely related series of compounds. 
CNDO/2 makes the complex appear to be about 130-140 
kcal/mol more stable than the infinitely separated reactants, 
so that, the better the 3-R substituents can stabilize the im
pinging OH - , then the more negative are the TSEs. 

Biological activities are taken from several sources.8 Anti
bacterial activity is expressed in terms of minimum inhibitory 
concentration (MIC) measured for 7-(2-thienylacetyl)ce-
phalosporins against five Gram-negative, G(—), pathogenic 
microbes indicated in Figure 1. Because of the characteristi
cally high variability9 in assays of the MICs, each was mea
sured more than once and an average taken. The averages for 

each of the five test organisms were then averaged together to 
obtain a general measure of G(—) activity. 

Results are shown in Figures 1 and 2. In Figure 1 the data 
are for 7-NH2-3-cephem structures with 3-CH2R' substitu
ents, where R' ranges from a very poor leaving group (H) to 
very good leaving groups (heterocyclic thiols). In Figure 2 are 
plotted data for "direct" position 3 substituents (i.e., those 
without a methylene bridge). Also included in Figure 2 is 
3-CH3 because the hydride ion is such a poor leaving group 
that methyl could be considered as a direct substituent. In both 
figures, the 3-CH3 data fall at the lower extreme of the -TSE 
scale and at the top extreme of the measured activity scale. 

The data in Figure 2 can be considered to fall within a U-
shaped curve. In Figure 1, there are few data points at very 
high -TSE to indicate whether this curve also bends up at high 
-TSE. However, the very fact of the scarcity of known 7-
thiopheneacetylcephalosporins that have been synthesized and 
tested which have —TSE's falling at the upper end of the scale 
suggests that such structures have stability problems. More
over, biological data for the 7-phenylglycylcephalosporins also 
lead us to believe that the biological activity should deteriorate 
at high -TSE. For instance, in the phenylglycyl series, the 
averaged G(—) MIC is very high and difficult to quantitate 
for the pyridiniummethyl side chain (because of stability 
problems9), but it is below 10 /ug/mL for the tetrazoyl- and 
thiadiazolylthiomethyl side chains.8 Thus, we feel that it is 
reasonable to assume a parabolic relationship for both figures 
and thereby obtain the following linear regressions. For the 
data in Figure 1 

MIC = (1.63 ±0.15)(TSE+ 136)2 - 2.02 

n = 13, r = 0.95, r2 = 0.91, s = 6.08, P = 0.0000 

For the data in Figure 2 

MIC = (0.80 ± 0.27)(TSE + 136)2 + 3.25 

n = 8, r = 0.77, r2 = 0.59, ,$ = 11.94, P = 0.0265 

For the data in Figures 1 and 2 combined 

MIC = (1.02 ±0.19)(TSE+ 136)2 + 2.25 

n = 20, r = 0.78, r2 = 0.61, s = 10.30, P = 0.0000 

These regression equations give quite satisfactory correlations 
both in terms of the amount of variance accounted for (r2) and 
in terms of the probability P based on F values that the rela
tionships are fortuitous. The standard estimate of the error s 
is in units of Mg/mL. 

It would not be appropriate to take the journal space to 
present all conceivable or calculated regression equations based 
on the data in Figures 1 and 2, but a few comments are in order. 
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Figure 1. Average in vitro Gram-negative inhibitory concentration (in 
lig/mL) vs. -TSE. The MICs are from gradient plate assay for the thio-
phenacetyl cephalosporins with the 3-R groups as shown. An arithmetic 
average was taken of averaged MICs against N9 (Shigella sonnei), NlO 
(Escherichia coli), X26 (Klebsiella pneumoniae), X68 (Enterobacter 
aerogenes), and X514 (Salmonella heidelberg). 

The precision of the biological data should be kept in mind 
when interpreting the statistics. 

The use of 136 in the above regressions is based on the fact 
that MICs are lowest for the cephem structures with —TSE's 
near this value. In other words, 136 is taken to be the minimum 
of the parabolas. Depending on the sample of data taken from 
Figures 1 and 2, the correlation coefficient r can be improved 
by up to 0.02 by refining the position of the minimum more 
exactly between 136 and 137 kcal/mol. 

It could be argued that inclusion of the pyridinium models 
in Figure 1 is not valid because these are charged side chains 
and require a counterion6 to make the magnitude of the TSEs 
comparable to those for the remaining side chains. The value 
of the TSE for the pyridinium models is very sensitive to the 
spatial location of the counterion (Cl-). Leaving the two 
pyridinium models out of the regression for Figure 1 improves 
r2 to 0.93 and lowers s to 5.77 ^g/mL. 

Using a regression equation of the form MIC = a TSE2 + 
6TSE + c gives r2 = 0.77 for the 13 points in Figure 1, r2 = 
0.58 for the 8 points in Figure 2, and r2 = 0.60 for all 20 data 
points. All three predicted curves are parabolic in shape. 

The fit of the data to the plotted regression equation is ob
viously better in Figure 1 than in Figure 2. Of course, there are 
various biological factors which would affect how good a fit 
is achievable. These include (1) penetration of the antibiotic 
through the outer bacterial membrane to the sites of action, 
(2) reversible binding affinity of the antibiotic with the target 
enzymes, (3) rate of covalent attachment of the inhibitor 
molecules to the enzymes, and (4) rate of deacylation of the 
acyl-enzyme intermediate. These quantities have not been 
measured for the set of compounds treated here. Then, too, it 
is possible that the CNDO/2 MO method may not reflect the 
electronic effects of the drastically different direct 3-R groups 
as well as in the case of the 3-CH2R' substituents. For instance, 
it is known that the usual CNDO/2 parameters7 do not ac
count well for the polarity of the C-H bonds.10 One proposal 

130 132 134 136 138 
-TRANSITION STATE ENERGY, kcaUmole 

140 142 

Figure 2. Average in vitro Gram-negative minimum inhibitory concen
tration (in /ig/mL) vs. - TSE. The biological activities are expressed as 
described in Figure 1. The data for cephalosporins with 3-R = COOCH3 
and 3-R = OSO2CH3 fall on the same point. 

to improve the charge distributions of methyl vs. hydrogen has 
been to use -5.03 eV instead of -7.176 eV for the (/s + As)/2 
parameter of hydrogen.10 With standard parameters the 3-H 
atom has a CNDO/2D net atomic charge of +0.0352, and 
3-CH3 has a group charge of -0.0013. With the new param
eter, the CNDO/2D charge on 3-H is +0.1286 and that on 
3-CH3 is —0.0075. Thus, in the ground-state cephem models 
the methyl substituent is calculated to have a net electron-
withdrawing effect with respect to 3-H, and the amount of 
withdrawal is relatively greater with the new parameter. The 
-TSEs of the 3-CH3 and 3-H models differ by only 0.9 kcal/ 
mol when standard parameters are used (Figure 2), but differ 
by 2.25 kcal/mol with the new parameter. A greater gap like 
this might put the 3-H data point in better relation to the 
3-CH3 data point, although the TSE scale changes signifi
cantly with the alternate CNDO/2 parameterization. 

The relationship between the computer-generated quantity 
(TSE) and the microbiological assay is intuitively under
standable as follows. A small magnitude for TSE corresponds 
to a less reactive /3-lactam ring. Hence biological activity may 
be expected to be poor (MICs high) because the compound 
(which the calculations attempt to model) is relatively poor at 
acylating the bacterial cell wall enzymes. On the other hand, 
a large magnitude for TSE corresponds to a very reactive 
/3-lactam, and hence the compound may have stability prob
lems. Biological activity would then be reduced because of 
reaction before reaching the appropriate receptor sites. Thus, 
the parabolic relationship results.1' 

The correlations we find extend earlier ideas3 that chemical 
reactivity and biological activity should be related. Despite the 
multitude of factors2-4,9 (some of which were alluded to above) 
which are involved in eliciting a biological response, our results 
suggest that, for a particular series of related cephalosporins 
tested against particular organisms, the reactivity of the 
/3-lactam ring may be controlling relative activities. 

Among the electronic effects of the 3-substituents in
fluencing the TSE and MIC values are the following. One is 
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the inductive effect of the 3-R group. The degree of electron 
withdrawal, especially via the C3 p„. orbital, influences both 
the electrophilicity of the /?-lactam carbonyl carbon and the 
stability of the transition-state structure involved in opening 
the /J-lactam ring. For instance, the methyl group withdraws 
IT electrons, but donates •K electrons to the cephem ring. The 
latter donation makes the TSE and MIC less favorable for the 
3-CH3 structure compared to the 3-H structure. The 3-H 
substituent, of course, does not donate TT electrons. The other 
effect is leavability4'5 (nucleofugality12) because the ability 
of the R' group of the 3-CF^R' side chain to depart with a 
bonding pair of electrons will influence the ease of opening of 
the /3-lactam ring at its site of action in the cell wall enzymes. 
The TSEs reflect how well the 3-substituent stabilizes the extra 
electronic charge introduced into the cephem system by our 
model nucleophile OH - .4 5 The TSEs are thought to be related 
to both the leavability of the R' group13 and the w electron-
accepting ability of the side chain. 

The MICs in Figure 2 drop rapidly to a low plateau as 
-TSE starts to increase from the 3-methyl value. In Figure 
1, the drop is less steep at low -TSE because the inductive 
effect is screened by the intervening methylene moiety of the 
side chain. At intermediate TSE, leavability of the R' moiety 
of the 3-CH2R' side chains in Figure 1 more than compensates 
for any attenuation of the inductive effect and leads to G(—) 
MICs lower than in Figure 2. By overlaying Figures 1 and 2, 
it can be seen that the two regression curves cross in the vicinity 
of the CH2CN/CH2OCONH2 and Cl data points. Thus, the 
contributions from inductive and leaving-group abilities of the 
3-R substituents can combine to result in structures which fit 
either curve. While it may be argued that the results here do 
not alone justify the classification of leaving group vs. direct 
substituents, our findings are at least consistent with other 
evidence5'14 that the leaving-group mechanism4 is relevant to 
the chemistry and biology of cephalosporins. 
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