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Table VII. Statistical Analysis of the Effect of 5%
Compound 16, 5% Acycloguanosine, and 8% Arildone
Applied Five Times Daily for 4 Days on the Development
of Herpetic Vesicles in Guinea Pigs Infected Intradermally
with Herpesvirus Hominis, Type 1, AA Strain?

mean vesicle score on the
following days postinfection

medication dayl day 2 day3 day4
5% 16 0.5 0.75 0.50 0.42
5% acycloguanosine® 0,58 0.83 1.16 1.0
8% arildone 0.33 0.83 0.92 0.83
placebo 0.66 150 1.75 1.42
nonmedicated 0.66 1.33 1.58 1.66

@ Treatment started 24 h postinfection. ? Commercial
ointment.

was concentrated to dryness. The residual oil was distilled: yield
3.7¢g (721.5%); bp 188-192 °C (0.04 mm). Anal. (CyHyClO;P)
C, H, ClL

Diethyl [2-(4-Acetoxyphenoxy)ethyl]lphosphonate (27). A
solution of 10.3 g (0.4 mol) of 2-(4-acetoxyphenoxy)-2-bromoethane
and 6.6 g (0.04 mol) of triethyl phosphite was heated to 180-190
°C for 2 h and then heated to 55-60% °C for 2 days. The solvent
was removed in vacuo, and the residual oil was partitioned between
benzene and water. The organic layer was separated, washed,
and dried. Removal of the solvent gave 30.8 g of oil, which was
subjected to column chromatography on silica gel and eluted with
30% ethanol-70% ether, v/v, and 11.5 g of oil was obtained. Anal.
(CgH4ClOgP) C, H, CL

Diethyl [2-(4-Hydroxyphenoxy)ethyl]phosphonate (28).
To a solution of 8 g (0.025 mol) of 27 in 8 mL of CH,OH was added
80 mL of 40% (CH3),NH. The solution was stirred for 2 h at room
temperature and then evaporated in vacuo. The residual oil was
partioned between 300 mL of (C,H;),0 and 50 mL of H,O. The
organic layer was washed and dried, and the solvent was removed,
leaving a solid. The material was recrystallized from (C,Hj;),0:
yield 5 g; mp 94-95 °C. Anal. (C;;H,;05P) C, H, P.

Diethyl [6-(2-Chlero-4-methoxyphenoxy)hexyl]-
phosphonate (16). A solution of 10 g (0.03 mol) of 6-(2-
chloro-4-methoxyphenoxy)hexyl bromide in 5.2 g (0.03 mol) of
triethyl phosphite was heated to 180-190 °C, and the ethyl
bromide formed was allowed to distill. After 2 h, the solution
was distilled in vacuo: yield 4.6 g (39%); bp 195-197 °C (0.005
mm). Anal. (C,;H,sClOsP) C, H, CL

Guinea Pig Skin Infection with Herpes Virus Type 1.
Albino guinea pigs, Hartly strain, weighing 350-400 g were infected
with undiluted Herpesvirus hominis type 1, AA strain. An area
12 mm in diameter was marked on one epilated flank and 0.05
mL of an undiluted virus suspension was placed in the circle and
injected intradermally with a Sterneedle vaccination gun. Starting

24 h postinfection, medication was applied five times daily for
4 days by gently massaging approximately 0.2 mL of the appro-
priate drug in a cream formulation or placebo cream into the site
of infection with a fresh finger cot over rubber gloves.

Evaluation of Clinical Results. The animals were scored
by a person not involved in the medication process in order to
eliminate bias in evaluating the clinical effects. Guinea pigs were
scored on the basis of severity of herpetic vesicles, by using 0-3
range in 0.5 increment. The scores were recorded in a notebook
but not examined by the scorer until the experiment was ter-
minated. The data was analyzed by an analysis of variance.

Lesion Sampling for Virus Content. Six guinea pigs from
each group were euthanized daily for 5 consecutive days starting
24 h postinfection. The site was scraped vigorously with a sterile
disposable scalpel, and recovered material was placed in a Kontes
glass tissue grinder tube containing 4.0 mL of a balanced salt
solution in an ice bath. The scrapings were triturated and sed-
imented by low-speed centrifugation. The opalescent supernatant
was divided into three aliquots and stored at =70 °C for virus titer
determination and protein analysis.

Virus Quantitation Assay. Monolayers of BSC-1 cells were
prepared in Costar cluster dishes, each dish containing six wells
of 35-mm diameter. The supernatants prepared from the skin
scrapings were thawed and diluted in Eagles medium supple-
mented with 2% fetal calf serum from 107! to 1072, One milliliter
of each dilution was added to the wells (in triplicate) after the
growth medium was removed. The virus was allowed to adsorb
for 1 h at 37 °C in a 5% CO, atmosphere, after which the residual
material was removed, and 5.0 mL of a mixture of equal parts
of 2X medium 199 supplemented with 5% fetal calf serum and
1% agarose (Oxoid, agar no. 1), maintained at 43 °C, was added.
The agar was allowed to gel, and the dishes were then incubated
at 37 °Cin a 5% CO, atmosphere for 4 days. At the end of the
incubation period, the cells were fixed to the surface of the well
with 1.0 mL/well of 1% formalin containing 0.2% sodium acetate
and stored at 4 °C for 24 h. The agar was gently removed from
the wells, the monolayers were stained with a solution of Crystal
violet in formalin, and the plaques were counted. The minimal
amount of drug carried over the virus quantitation assay was
shown to have no effect on plaque formation.

Registry No. 3 (X = H;Y = 4-AcO; Z = O; n = 2), 89210-89-9;
3 (X = 2-CL; Y = 4-CH;0; Z = O; n = 6), 56219-58-0; 6, 73515-00-1;
7, 73514-99-5; 8, 73515-01-2; 9, 73514-97-3; 10, 73514-98-4; 11,
73514-96-2; 12, 73514-95-1; 18, 89210-90-2; 14, 89210-91-3; 15,
89210-92-4; 16, 73514-87-1; 17, 73514-91-7; 18, 73514-90-6; 19,
73514-88-2; 20, 89210-93-5; 21, 78515-02-3; 22, 73514-93-9; 23,
89210-94-6; 24, 89210-95-7; 25, 89210-96-8; 26, 73514-92-8; 27,
89210-97-9; 28, 89210-98-0; 1-(2-chloro-4-methoxyphenoxy)-4-
iodobutane, 73523-71-4; diethyl 2-oxopropyl phosphonate, 1067-
71-6; triethyl phosphonoacetate, 867-13-0; triethyl phosphite,
122-52-1. .

Substituent Effects on Reactivity and Spectral Parameters of Cephalosporins'
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The chemical reactivity of a series of cephalosporins is examined as a function of the substituents at positions 3
and 7. In most cases, the nature of the C; side chain has a minor influence on the $-lactam reactivity. But in the
case of amino-containing C; substituents, when intramolecular nucleophilic attack may occur, the reactivity may
be greatly increased. The spectroscopic and structural characteristics of the 8-lactam linkage do not correlate with
the chemical reactivity of studied compounds. The hydrolysis rates are linked neither with the IR frequency or
13C NMR chemical shift of the carbonyl 8-lactam nor with the geometry of the 8-lactam ring. However, a relationship
is confirmed between the 8-lactam ring opening rate and the polarity of the Cs~C, double bond, reflected in the
different 3C NMR chemical shifts of those atoms. The results are an experimental verification of the theoretical
calculations of Boyd et al. on cephalosporin model compounds, which foresee that a C; substituent could favor the
opening of the 8-lactam cycle by stabilizing a transition state involved in alkaline hydrolysis.

The penicillins and cephalosporins are §-lactam anti-
biotics that inhibit the peptidoglycan transpeptidation step

0022-2623 /84/1827-0694$01.50/0

by inactivating certain enzymes involved in the synthesis
of bacterial cell walls. Because of the structural analogy

© 1984 American Chemical Society
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Chart I. General Structure and Structures in
R, and R, for Table I
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between penicillin and the C-terminal D-Ala-D-Ala of one
peptidoglycan strand, Tipper and Strominger? have sug-
gested that the enzyme mistakes the antibiotic as its
natural substrate, the non-cross-linked peptidoglycan.
Frére et al.® have isolated a small enzyme fragment bound
to the antibiotic. This fragment contains a serine residue
forming an ester bond with the penicillin. Strominger’s
group? has confirmed these observations on the enzyme
of another bacterial strain. Because the acylation of the
transpeptidase is necessary for antibacterial activity, the
chemical reactivity of the penicillins’ and cephalosporins’
B-lactam should reflect their antimicrobial activity. The
B-lactam function of these antibiotics is much more re-
active than free amides. This is generally demonstrated
by the loss of amide resonance, due to the strain in the
bicyclic ring. Morin et al.> have correlated the IR fre-
quency of 3-lactam carbonyl and the biological activity of
a seriés of rather different compounds. They assumed that
this CO frequency reflects the acylating power. The data
of Indelicato et al.? tend to support this assumption if one
assumes that the ease of hydrolysis is directly related to
the acylating power. These authors have shown that for
four antibiotics the IR frequency of the 8-lactam carbonyl

(1) Taken from the Ph.D. Thesis of B. Coene, Université Catho-
lique de Louvain, Louvain-la-Neuve, 1981. Preliminary results
previously published: Schanck, A.; Coene, B.; Dereppe, J. M.;
Van Meerssche, M. Bull. Soc. Chtm Belg. 1983 92, 81.

(2) Tipper, D. J.; Strominger, J. L. Proc. Natl. Acad. Sci. U.S.A.
1965, 54, 1133.

(3) Frére, J. M,; Duez, C.; Ghuysen, J. M.; Vanderkerkhove, J.
FEBS Lett. 1976, 70, 257.

(4) Georgopapadakou, N.; Hammarstrom, S.; Strominger, J. L.
Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 1009.

(5) Morin, R. B.; Jackson, B. G.; Mueller, R. A,; Lavignino, E. R.;
Szanlon, W. B.; Andrews, S. L. J. Am. Chem. Soc. 1969, 91,
1401.

(6) Indelicato, W. J.; Norvilas, T. T.; Pfeiffer, R. R.; Wheeler, W.
J.; Wilham, W. L. J. Med. Chem. 1974, 17, 523.
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Table I. List of Cephalosporins and
Related Compounds?
substituents?®
no R, R, name
1 H H 7-ADCA
2 H OC™OQOC"H, 7-ACA
3 PHE-C"H,C"0 H
4 THY-CH,CO H
5 MOD-CH,CO H
6 PHE-OCH,CO H
7 PHE-CH(NH,)CO H cephalexin
8 CHD-CH(NH,)CO H cephradine
9 THY-CH,CO OH
10 PHE-OCH,CO OH
11 THY-CH,CO S-CH,
12 THY-CH,CO S-MDZ
13 MOD-CH,CO S-TRZ
14 THY-CH,CO S-TRZ
15 THY-CH,CO S-THC
16 THY-CH,CO S-BTH
17 MOD- CH Cco S-0XD
18 MOD -CH, CO S-THD
19 TET-CH, CO S-THD cefazolin
20 THY-CH,CO S-THD
21 THY-CH,CO S-MTE
22 THY-CH(C*QOONa)CO S-MTE
23 THY-CH(C*H,)CO S-MTE
24 THY-CH(Br)CO S-MTE
25 ABA-CH,CO OCOCH, cephalosporin C
26 THY-CH,CO OCOCH, cephalothin
27 THP-CH,CO OCOCH, cephapyrin
28 PHE-CH,CO OCOCH,
29 PHE-OCH,CO OCOCH,
30 THY-CH,NHCO OCOCH,
31 THY-CH,CO PYR cephaloridine
32 PHE-OCH,CO PYR
33 THY-CH,CO APY

@ See Chart I for general formula and for formulas in R,
and R,. Superscript numbers refer to position num-
bers.

is correlated to the base hydrolysis rate. Sweet and Dahl’
have compared the crystal structures of two penicilling and
three cephalosporins and have also considered the loss of
amide resonance and a good predictor of the biological
activity of the 8-lactam-type antibiotics. They also pro-
posed that antibacterial power is related to three charac-
teristic structural features, viz., a pyramidal nitrogen atom,
a short C-O bond, and a long C-N bond.# This hypothesis
is based upon studies on the effects of modification of the
B-lactam characteristics on antibacterial actions. In the
cephalosporins, the 8-lactam reactivity is influenced by the
substituents at positions C; and C;.° Theoretical calcu-
lations have shown that the 3-methylene substituent can
influence the charge density on the 8-lactam carbonyl.l?
However, 13C1"17 and 1¥N!! NMR studies do not reveal any

(7) Sweet, R. M,; Dahl, L. F. J. Am. Chem. Soc. 1970, 92, 5489.
(8) In a recent study on models of nonclassical 8-lactam antibi-
otics, it is also assumed that the pyramidal geometry of the
B-lactam nitrogen is one of the conditions for antibiotic activ-
ity: Pfaendler, H. R.; Gosteli, J.; Woodward, R. B.; Rihs, G
J. Am. Chem. Soc. 1981, 103, 4526.
(9) Indelicato, J. M.; Dinner, A.; Peters, L. R.; Wilham, W. L. J.
Med. Chem. 1977, 20, 961.
(10) Hermann, R. B. J. Antibiot. 1973, 23, 223.
(11) Paschal, J. W.; Dorman, D. E.; Srinivasan, P. R.; Lichter, R.
L. J. Org. Chem. 1978, 43, 2013.
(12) Mondelli, R.; Ventura, P. J. Chem. Soc., Perkin Trans 2 1977,
1749.
(13) Dereppe, J. M.; Schanck, A.; Coene, B.; Moreaux, C.; Van
Meerssche, M. Org. Magn. Reson. 1978, 11, 638.
(14) Schanck, A.; Coene, B.; Van Meerssche, M.; Dereppe, J. M.
Org. Magn. Reson. 1979, 12, 337.
(15) Nishikawa, J.; Tori, K. J. Antibiot. 1981, 34, 1641.
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Table II. Kinetic and Spectroscopic Data
kx 102h@ uv IR vco,€ em™
no. at pH 9.6 at pH 10 Amaxs salt acid §c,,?ppm  A5,° ppm
1 0.977 171.6% 4.7 B
2 3.7 268 1801 171.9% 15.6
3 1.7 3.37 261 1746 166.8% 4.2
4 3.87 166.7" 4.3
5 2.1 261 1776 166.8 4.1
6 4.97 166.47 4.2
7 5.8 14.51 265 1759 166.5" 4.7
8 5.6 6.71 265 1760 166.5¢ 4.5
9 167.2" 8.2
10 8.47
11 . 7.97 166.8" 9.5
12 1.9/ 268 1786 167.0 9.7
13 2.6 264 167.0 9.7
14 2.8 272 1778 166.6 9.2
15 6.7 272 1766 166.8% 9.5
16 9.5 282 1779 164.0! 13.3
17 10.5 263 1770 167.1 12.4
18 10.4 , 268 1769 167.1 12.3
19 10.7 21.7! 265 1755 166.5" 12.2
20 12.0 274 1775 167.07 12.8
21 12.6 273 1782 167.0% 12.6
22 12.2 271 1760 166.4 12.5
23m 11.2 267 1776 167.0 13.1
24 21.0 269 1783 167.1 12.5
25 11.9 37.47 , 264 1755 167.3¢ 12.5
26 14.7 34.9,7 30.0¢ 265 1754 1776 167.1¢ 15.1
27 15.7 261 1771 166.7% 15.1
28 36.07 167.2" 15.3
29 37.871 166.8" 15.0
30 >300 ‘ 261 168.8 15.0
31 53.0 67.5,7 1081 256 1762 167.1"7 22.8
32 85.77
33 57.0 265 1775 167.0% 22.6

@ k = pseudo-first-order rate constant of base hydrolysis.

3-cephem chromophore. ¢ vo = IR absorption of the g-lactam carbonyl.

A ax = maximum value of the UV absorption due to the

ds ¢, = carbon-13 chemical shift of the §-lactam

carbon atom. € As = difference between carbon-13 chemical shifts 6¢, and s¢ . ! Data from ref 6. # Data from ref 13.

h Data from ref 11. ! Data from ref 19. / The hydrolysis of this compound presents two steps: an apparent stability
during the first hours, followed by a degradation characterized by a pseudo-first-order rate constant (k= 1.9 x 1072 h™');

therefore, this constant should not be compared with the other rate constants.

m Contains two isomers. " Data from ref 12.

significant variation of the chemical shift of these atoms
by changing the substituents. The C; methylene sub-
stituent would then influence the 8-lactam reactivity in-
directly.

The objective of the present study was to examine the
substituent effects on hydrolysis rate and on spectroscopic
characteristics of the bicyclic fused ring system. We were
mainly interested in the influence of the C; methylene
substituent. This choice was guided by the simplicity of
the model: indeed, this substituent does not correspond
to a part of the transpeptidase natural substrate. Con-
sequently, the spatial conformation of this substituent
would only have a minor importance during the antibi-
otic-enzyme interaction. The effect of the C; substituent
would only be indirect: it would influence the 8-lactam
reactivity mostly by electronic effects.

Results and Discussion

Influence of Substituents on 8-Lactam Reactivity.
We measured the hydrolysis rate constants of cephalo-
sporin derivatives listed in Table I. The rate constants
obtained by an UV method can be found in Table I. We
also did some kinetic measurements by 'H NMR. We
measured the hydrolysis rate of the 8-lactam and the
acetate expulsion rate of 2. The ring-opening rate was

(16) Nishikawa, J.; Tori, K. J. Antibiot. 1981, 34, 1645.
(17) Tori, K.; Nishikawa, J.; Takeuchi, Y. Tetrahedron Lett. 1981,
22, 2793.

k Data from ref 14. ! In Me,SO-d,.

determined by following the time evolution of the peak
integral corresponding to H,. The opening of the 8-lactam
ring shifts this signal at 0.2 ppm to high field. The acetate
expulsion rate was measured by following the decreased
of the signal integral of the resonance of the acetate CHj
protons as a function of time. The signal decrease is
compensated by the appearance of the free acetate Me
resonance, and the sum of these two integrals is constant.

The ring-opening rate constant is 1.7 (£0.3) X 102 h,
and 18:he acetate expulsion rate constant is 2.4 (+0.2) X 107
h-1!

We have assumed that the opening of the §-lactam ring
was simultaneous with the expulsion of the acetate group.
Indeed, if this expulsion would occur before the ring
opening, the leaving rate of the acetate in different com-
pounds would be comparable. The substituent in the C,
position seems to be very distant to have a significant
influence on the expulsion of the acetate group if the latter
precedes the opening of the 8-lactam cycle. On the other
hand, if the two reactions are simultaneous, the substituent
in the C; position might influence the expulsion of the

(18) It is noticeable that these rate constants were not determined
in conditions identical with those obtained by UV spectrosco-
py: the sample concentration of the NMR sample was 3 X 10~
M in D,0 but much lower (6 X 10 M) for UV samples in H,0
solution. Nevertheless, the rate constants obtained by UV [3.7
(£0.2) X 102 h'1] and 1H NMR [2.4 (£0.2) X 1072 h™1] are
comparable.



Cephalosporins Journal of Medicinal Chemistry, 1984, Vol. 27, No. 5 697
Table III. Carbon-13 Chemical Shifts (in Parts per Million from DSS)
C atom 5 12 13 14 169 17 18 22 23% 24 30
2 31.1 29.3 29.5 29.2 26.6 29.2 29.4 29.1 29.0 29.0 29.3 27.9
3 125.0 122.8 122.9 122.8 118.8 121.1 121.2 120.8 120.5 120.4 121.1 118.9
4 129.1 132.5 132.6 132.0 131.3 133.5 133.5 133.3 133.6 133.5 133.6 133.9
6 59.3 60.0 60.0 60.8 57.3 59.9 60.0 60.0 60.0 60.1 59.8 60.6
7 61.5 61.5 61.7 61.8 58.6 61.8 61.7 61.5 61.8 61.6 61.4 62.6
8 166.8 167.0 167.0 166.6 164.0 167.1 167.1 166.4 167.0 166.9 167.1 168.8
10 172.8 1709 1705 170.0 163.5 170.5 1706 170.3 170.2 170.3 170.1 170.9
11 21.2 35.5 40.7 40.2 38.2 40.9 38.7 39.0 39.0 39.0 66.7
12 172.8 176.1 172.6 175.6 169.8¢ 172.6 172.7 175.2¢ 180.0 180.0 172.7 161.2
13 35.1 38.7 35.2 38.4 35.7 35.1 34.9 58.9 44.0 43.9 32.1 41.2
14 167.2 138.3 167.2 137.9 136.8 167.2 167.2 139.7 146.0 145.6 138.8 145.0
15 1816 1299 181.6 129.6 126.2 181.6 181.5 1294 129.7 128.0 130.0 1296
16 14.2 129.9 14.1 129.6 126.2 14.1 14.2 129.4 129.7 128.0 130.0 129.6
17 128.1 127.9 124.39 128.7 127.6 127.8 129.4 127.7
18 171.4 139.0 137.9 169.7¢ 166.6 168.8 156.0 156.1 156.1 156.2 176.5
19 159.6 134.3 134.3 152.5 170.3 173.2 36.7 36.7 36.7 36.7 22.9
20 119.9 121.1¢ 13.0 17.6  175.0¢ 21.4 20.8
21 172.3 124.8¢
22 25.6 121.6°¢
23 126.5
24 134.7

¢ In Me,SO-d,. ? Contains two isomers.

acetate group indirectly by acting on the opening of the
B-lactam cycle. The rate constant of the expulsion of the
acetate group determined by 'H NMR is 13.8 (+1.2) X 1072
h! for 26 and 10.1 (£0.7) X 10~2 h! for 25; these values
are much larger than the one obtained for the acetate
leaving rate constant of 2 (k = 2.4 X 102 h™1). The pres-
ence of a RCH,CONH substituent in C; increases the
expulsion rate of the acetate group. This expulsion then
occurs simultaneously with the opening of the 8-lactam
cycle.

In another series of experiments, the expulsion rate of
the pyridinium group during the hydrolysis of 31 was
measured by NMR. This rate was evaluated by following
the decrease, as a function of time, of the peak integral
corresponding to H,g bound to C,g. A rate constant of 22
(£2) X 1072 h'! was obtained by NMR, whereas a ring-
opening rate constant of 53 (£2) X 102 h™! was obtained
by UV. Once again this difference could be explained by
the fact that NMR and UV experimental conditions
(concentration and solvent) are not quite similar.

(a) Effect of the C, Side Chain. This substituent
generally contains an R group (often an unsaturated cycle)
attached to the B-lactam ring by an acetamide linkage:
R-CH,CONH-.

This moiety is substituted several times (7, 8, and 22-24)
or lengthened (25 and 27) and modified once (30). We
differentiated two types of substituents: the one with a
normal or lengthened acetamide linkage (type A) and the
one with a substituted or modified acetamide linkage (type
B). All the A-type substituents have a similar effect on
the B-lactam cycle reactivity. For the cephalosporins with
the same C3 methylene substituent, one observes rather
similar reactivities almost independent of the A-type C,
side chain.

Among the B-type substituents, several have an effect
comparable to the effect of the A-type substituents (22 and
23), whereas the others can increase the reactivity by a
factor of two (7, 8, and 24) or much more (30). Compound
24 presents a particular effect of substitution at the Cy4
position, but this increase of reactivity is not yet explained.

The increased hydrolysis rate of 7 and 8 was attributed
to an intramolecular nucleophilic attack.'®*? Such a

(19) Yamana, T.; Tsuji, A. J. Pharm. Sci. 1976, 65, 1563.
(20) Cohen, A. I; Funke, P. T.; Puar, M. S. J. Pharm. Sci. 1973, 62,
1599.

¢-¢ Assignments may be interchanged.

mechanism could also explain the great reactivity of 30
containing an NH function in the C; side chain. A 'H
NMR study of this compound showed that the opening
of the 8-lactam ring and the expulsion of the acetate group
are simultaneous. The kinetic results obtained by 'H
NMR also confirmed the very high hydrolysis rate.

For all the molecules studied here, we noticed that the
B-type substituents retain or increase the 8-lactam re-
activity in comparison with the A-type substituents.

(b) Effect of the C; Side Chain. By comparing
measured reactivities, we can classify R, substituents based
on their influence on the 8-lactam opening rate; we ob-
tained the following sequence:

s N —

H < OH < SCH3 < sc<N< scf/_) < OCOCH, < Kj\ /

These substituents can affect the hydrolysis rate by in-

ductive effect and by their more or less pronounced leav-
ability.?2

Influence of Substituents on Spectroscopic Char-
acteristics. The spectroscopic analysis was performed in
aqueous solution by *C NMR (Table III) and in the solid
state by IR (Table II).

(a) The 8-Lactam Bond. The only significant differ-
ence observed by NMR is the decrease of the Cg chemical
shift after introduction of a substituent in the NH, func-
tion bonded to C,.

The S-lactam IR frequency varies significantly in this
series of compounds. A difference of ~20 cm™ is observed
between IR frequencies of acidic forms (~1780 cm™) and
those of salt forms (~1760 cm™).

This observation confirms the previous result obtained
by Green et al.,?® and our IR data are in good agreement
with those of Cocker et al.?* for 12 and 16.

The side chains also influence the endocyclic CO IR
frequency, but it is difficult to rationalize these substituent
effects because the IR data examination shows that the

(21) Dinner, A. J. Med. Chem. 1977, 20, 963.

(22) Boyd, D. B.; Lunn, W. H. J. Med. Chem. 1979, 22, 778.

(23) Green, G. F. H.; Page, J. E,; Staniforth, S. E. J. Chem. Soc.
1965, 1595.

(24) Cocker, J. D,; Cowley, B. R.; Coz, J. S. G.; Eardley, S.; Gregory,
G. I; Lazenby, J. K.; Long, A. G.; Sly, J. C. P.; Somerfield, G.
A. J. Chem. Soc. 1965, 5015.
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Table IV. Structural Characteristics of the g-Lactam in
Different Cephalosporins

bond length, A

_. sum of angles

no. C=0 C-N around N, deg
19¢ 1.22 (3)% 1.36 (3)° 358
2164 1.18 (2) 1.40 (2) 354

1.21 (2) 1.38 (2) 355
26¢:¢ 1.21 (2) 1.35 (2) 359

1.15 (2) 1.43 (2) 352
277 1.21 (1) 1.38 (1) 352
31¢ 1.21 (1) 1.38 (1) 351
34h 1.21 (1) 1.40 (1) 354

@ Reference 27. ° Standard deviation in parentheses.
¢ Those compounds contain two independent molecules
?er asymmetric unit, ¢ Reference 28. ¢ Reference 29.
Reference 30. ¢ Reference 7. " Methyl ester with R, =
PHE-OCH,CO and R, = H.*!

R, effect is not independent of the nature of R, and vice
versa. The IR results must be cautiously compared be-
cause of the polymorphic character and the differently
solvated varieties in cephalosporin series.? Infrared
spectra of six crystalline forms of cephaloridine have been
discussed; two solvated forms of cephazolin are known, and
their IR spectra are slightly different.?

The 3C NMR and IR data do not allow the evaluation
of the influence of the substituents at the 8-lactam function
for the prediction of chemical reactivity.

The available crystallographic data”%! are summarized
in Table IV. The structural characteristics do not show
significant variations at the §-lactam function.

(b) The C;-C, Double Bond. The different techniques
used in this study do not allow a specification of the
substituent effects at the 8-lactam. We have then searched
for spectroscopic characteristics of the cephem ring in-
fluenced by the side chain. The chemical shifts of carbons
3 and 4 are strongly dependent on the R, substituent, and
their values are practically independent of the R, side
chain. To evaluate this double-bond polarity that depends
on the nature of R,, we have used the chemical-shift dif-
ference (A8 = 8¢, ~ 6c,) previously proposed.1317

(3) Structure-Chemical Reactivity Relationship.
No significant relationship is observed between the re-
activity and the geometrical and spectroscopic charac-
teristics of the 8-lactam ring. However, the chemical re-
activity is certainly a factor affecting antibacterial activity.
Accordingly, our observations are in contradiction with the
generally accepted hypotheses of studies dealing with the
structure—-activity relationship of penicillins and cephalo-
sporins.

In the cephalosporins, the 8-lactam ring is nearly planar.
At present, the cephalotin and the cefazolin are among the
most active 8-lactam-type antibiotics. Moreover, all the
penicillins studied by X-ray show a pyramidal nitrogen
atom; the sum of the valence angles lies between 330 and

(25) Roets, E. E.; Hoogmartens, J. H.; Vanderhaeghe, H. J. J. As-
soc. Off. Anal. Chem. 1981, 64, 166.

(26) Kariyone, K.; Harada, H.; Kurita, M.; Takano, T. J. Antibiot.
1970, 23, 131.

(27) Van Meerssche, M.; Germain, G.; Declercq, J. P.; Coene, B.;
Moreaux, C. Cryst. Struct. Commun. 1979, 8, 281.

(28) Tinant, B.; Coene, B.; Declercq, J. P.; Germain, G.; Van
Meerssche, M. Cryst. Struct. Commun. 1981, 10, 259.

(29) Van Meerssche, M.; Germain, G.; Declercq, J. P.; Coene, B.;
Moreaux, C. Cryst. Struct. Commun. 1979, 8, 287.

(30) Declercq, J. P.; Germain, G.; Moreaux, C.; Van Meerssche, M.
Acta Crystallogr., Sect. B 1977, B33, 3868.

(81) Domiano, P.; Nardelli, M.; Balsamo, A.; Macchia, B.; Macchia,
F.; Meinardi, G. J. Chem. Soc., Perkin Trans 2 1978, 1082,
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340° (even for the less active), while in the cephalosporins
this sum is always higher than 350° (even for the most
active). However, it is well known that many cephalo-
sporins are more active than penicillins. The pyramidal
character of the nitrogen atom does not represent a mo-
lecular parameter that has to be considered in the inter-
pretation of biological activities and chemical reactivities.

If the B-lactam-type antibiotics really work as transi-
tion-state analogues of the D-Ala-D-Ala residue,?? there is
no reason why the nitrogen atom must be pyramidal.

Theoretical studies® on this intermediate conformation
indeed indicate that the amide bond is almost planar.
Boyd predicted diedral angles of 167° for « attack and 160°
for 8 attack. The crystallographic results give a value of
approximately 135° for penicillins and about 160° for
cephalosporins [see, for instance, 21 (very active)].?

The 13C NMR data (endocyclic CO chemical shifts) and
IR frequencies are also in contradiction with the previous
assumption.

The loss of amide resonance in the penicillins compared
to the cephalosporins is not a good predictor of the re-
activity. *

In the following paragraphs we will examine the part
played by the R, substituent on the §-lactam reactivity.
We will distinguish three types of compounds: those
without an R, side chain (1 and 2) (their reactivity is lower
than the reactivity of the analogues with the same R,
substituent), those presenting abnormally high hydrolysis
rates compared to the analogues with the same R, sub-
stituent (7, 8, 24, and 30), and finally the other compounds
for which the hydrolysis rate is essentially dependent on
the nature of R,. In this series we will specify how R,
influences classical cephalosporin reactivities.

This substituent strongly influences the C4~C, double-
bond polarity reflected by As. The effect of R, on the
C;-C, double bond was foreseen in Hermann’s calcula-
tions.!® The Ad index is correlated with the logarithm of
the hydrolysis rate constant for the third type compounds
(Figure 1). The relationship indicates that the electron-
withdrawing effect of the R, substituent (estimated by A8)
increases the 8-lactam hydrolysis rate.

A generally accepted model®® for the cephalosporin hy-
drolysis assumes the existence of a transition state rep-

resented by
s
R1———NHI’/
. Ne s
o CHy —R2
Nuc R

where Nuc is a nucleophile, as the hydroxyl group in al-
kaline hydrolysis.

Theoretical calculations3®3® have shown that during the
a-face attack of carbon 8 by a nucleophilic agent, the C3~C,
double-bond polarity increases. The approach and fixation
of OH- on carbon 8 induce a negative charge increase at
C; and a positive charge increase at C,. Consequently, we

(32) Boyd, D. B. J. Med. Chem. 1979, 22, 533.

(33) Boyd, D. B. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 5239.

(34) Note added in proof: during the preparation of this manu-
script, a paper appeared on the geometrical conditions for
antibacterial activities. The author compares a set of 5-lactam
structures, and his analysis of the three-dimensional features
shows that the reduction of the geometrical requirements only
to the pyramidal character of the nitrogen is not satisfactory:
Cohen, N. C. J. Med. Chem. 1983, 26, 259.

(35) Topp, W. C.; Christensen, B. G. J. Med. Chem. 1974, 17, 342.

(36) Boyd, D. B.; Hermann, R. B.; Presti, D. E.; Marsh, M. M. J.
Med. Chem. 1975, 18, 408.
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Figure 1. Relationship between hydrolysis rate constant (k) and carbon-13 chemical shift difference (8¢, - 6c, = A8): (®) our data
(left-side scale); (0) data from ref 6 (right-side scale); (®) our data and data from ref 19 (right-side scale). Footnote a in figure: the
scale shift of 0.71 results from the best fit between our data at pH 9.6 and the results obtained at pH 10. It corresponds to a multiplication
factor of ~2 in rate constants consequent to this pH increase. This enhancement factor is in good agreement with the data of Yamana
and Tsuji concerning the hydrolysis rate constants variation as a function of the pH. Footnote b in figure: by assuming that Aé of
compound 10 is 8.2 ppm and % of compound 9 is 8.4 X 1072 h'L,

Table V. Transition State Energies of Model
Compounds for Different 3-Methylene Substituents and
Hydrolysis Rate Constants (Average) of

Corresponding Cephalosporins

TkSE,a B x 102 h'b
cal

R, mol ! this study other results®
H 129.6 1.9 (3,5) 4.0 (3,4,6)
OH 131.0 8.4 (10)
SCH, 132.2 7.9 (11)
OCOCH, 133.1 14.1(25,26,27) 35.2(25,26,28,29)
S-THD 133.7 11.0(18,19,20) 21.7 (19)
S-MTE 135.2 12.3(21,22,23)
PYR 136.6 53 (31) 87 (31,32)

% Values calculated by Boyd (personal communication
and ref 37). ® Numbers in parentheses are compounds
numbers; because of the minor influence of the R, side
chain on the observed rate constant, we averaged the data
to obtain a general measure of k as a function of R,.
¢ From the data of ref 6 and 19.

can assume that one effect of an electron-withdrawing
substituent R, is to facilitate the approach and the fixation
of an OH~ on the 8-lactam carbon.

Recent calculations on the theoretical index of reactivity
of cephalosporin model compounds by Boyd et al.?” show
that this index, called transition-state energy (TSE), is
strongly dependent on the R, side chain. It is expressed
as the decrease in CNDO/2 total energy of a complex
formed by placing an OH~ 1.5 A from the « face of Cq of
a given 3-substituted 7-amino-3-cephem compared to OH~
and this cephem structure at infinite separation. If the
proposed mechanism for the alkaline hydrolysis of the
cephalosporins is correct and especially if the transition
intermediate exists during the reaction, the theoretical
index of reactivity calculated by Boyd for model com-

(837) Boyd, D. B.; Herron, D. K.; Lunn, W. H. MW.; Spitzer, A. J.
Am. Chem. Soc. 1980, 102, 1812.

In(lo?k)‘a In(02k)?
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Figure 2. Relationship between average rate constants and
calculated TSE: (O) our data (left-side scale); (@) average values
from ref 6 and 19 (right-side scale). Footnote a in figure: see

footnote a of figure 1.

pounds with different R, side chains must be correlated
to the chemical reactivity of cephalosporins differently
substituted at Cs.

The kinetic results we have obtained, those already
published,®!? and the calculated TSE of cephalosporin
mode! compounds can be found in Table V. The kinetic
measurements are an experimental verification of the ex-
istence of this transition state used for the calculation of
the theoretical index of reactivity. A good correlation,
illustrated in Figure 2, indeed exists between the alkaline
hydrolysis rate constants (a measure of chemical reactivity)
and the transition-state energy (taken as a theoretical
index of reactivitv).
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The A$ values also depend on the nature of Ry: it is then
quite logical to find a correlation between Aj and TSE as
recently published by Nishikawa and Toril® in their work
on the 3-methylene substituent effect in cephalosporins.

In this study we have shown that the 8-lactam reactivity
of the cephalosporins is not related to the geometrical
characteristics of the cephem ring, as determined by X-ray
diffraction, and that the R; and R, side chains do not
modify the 8-lactam spectroscopic characteristics in such
a way that these modifications would allow the prediction
of the hydrolysis rates.

We have also shown that the 8-lactam reactivity depends
upon (1) the nature of the R, side chain [particularly when
the C,3 is substituted by an amino group or when the
methylene at position 13 is replaced by an NH function;
such derivatives may undergo intramolecular amino attack
at the B-lactam, and the observed opening rate is accel-
erated] and (2) the R, substituent [the more its electron-
withdrawing character is pronounced, the more it stabilizes
a transition intermediate, invoked during base hydrolysis
of the cephalosporins]. This last observation is an ex-
perimental verification of the proposed mechanism for the
cephalosporin hydrolysis. It also clearly shows that
chemical reactivity is a factor affecting antibacterial ac-
tivity. Our results confirm the Boyd et al.¥” correlation
between the calculated chemical reactivity and the bio-
logical activity. Low chemical reactivities correspond to
poor antibacterial activities, and the active cephalosporins
always have relatively high hydrolysis rates.

Experimental Section

B8-Lactam Compounds. Several cephalosporin derivatives (7,
8,19, 26, 27, and 31) are commercially available. Some derivatives
were donated by different companies: compounds 1, 3, 5, 13, 14,
17, 18, 20-24, and 30, Smith Kline-RIT, Genval; compounds 19
and 26, Eli Lilly and Co., Indianapolis; compounds 2 and 25, Glaxo
Laboratories Ltd, Middelsex. Compounds 12, 16, 25, and 33 were
synthesized following literature procedures,?4%83¢

UV Spectroscopy. The alkaline hydrolysis of the cephalo-
sporins was followed by measuring the decrease of the absorption
band near 260 nm (due to O==CNC==C linkage)* as a function
of time. The kinetic measurements were performed with a UV
Beckman (Model 24) spectrophotometer on aqueous solutions of
cephalosporins at a concentration of 6 X 10* M and at 35.0 %
0.1 °C. The reaction solution pH was stabilized at 9.60 £ 0.02
by a borate buffer solution (Merck). The ionic strength was

(38) Van Heyningen, E.; Brown, C. N. J. Med. Chem. 1965, 8, 174.

(39) Spencer, J. M.; Siu, F. Y.; Flynn, E. H.; Jackson, B. G.; Sigal,
M. V.; Higgins, H. M.; Chauvette, R. R.; Andrews, S. L.; Bloch,
D. E. Antimicrob. Agents Chemother. 1967, 573.

(40) Sabath, L. D.; Jago, M.; Abraham, E. P. Biochem. J. 1965, 96,
739.
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adjusted to 0.1 by the addition of KCl. The hydrolysis rate
constants were calculated by the following equation.!®

In (A, - A.) = In (4 - A.) - kt

where 4,, A., and A, are the absorbances at time ¢, infinity, and
zero, respectively. Standard deviations on rate constants are less
than 10%.

NMR Spectroscopy. This was used for the following three
types of studies: (1) the determination of the 1*C chemical shifts
(615¢) of all the carbon atoms of the different compounds (data
for compounds not yet studied by NMR are listed in Table IIT);
(2) the kinetic measurements (*H); (3) the mechanism of degra-
dation (*H and 13C).

The H NMR spectra were measured on a Varian XL 100/15
in the CW mode for most compounds or in the FT mode for the
kinetic measurements. The hydrolysis rate constants were ob-
tained by following the evolution of one or several peaks as a
function of time. The concentration of the cephalosporins in D,O
was 2-3 X 1072 M; the solutions were maintained at 35 °C and
stabilized at pH 9.6 by a phosphate buffer solution. Ionic strength
was adjusted to 0.1 by the addition of KCl. Typical FT conditions
were as follows: spectral width, 1000 Hz; flipping angle, 35°;
acquisition time, 4 s; sample tube diameter, 5 mm; number of
scans, 200-300.

The *C NMR spectra were run in the FT mode on two different
spectrometers under the following conditions:

spectrometer Varian XL 100/15 Bruker WM 250
operating frequency, 25.2 62.9
MHz
flipping angle, deg 17-22 25
acquisition time, s 0.8 1.08
tube diameter, mm 12 10

The D,0 solutions (concentration 0.2-0.5 M) were stabilized
at pH 9.6 (phosphate buffer). DSS was used as internal reference.
The resonance assignments were based on spectral characteristics
previously described.!®

IR Spectroscopy. The infrared spectra of Nujol mull samples
were recorded on a Beckman IR 12 spectrometer.
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