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Abstract O The acidic, neutral, and alkaline degradations of six
therapeutically useful cephalosporins (cephalothin, cephaloridine,
cephaloglycin, cephalexin, cephradine, and cefazolin), 7-amino-
cephalosporanic acid, 7-aminodeacetoxycephalosporanic acid, and
some 7-substituted derivatives were followed by high-pressure liquid
chromatographic, UV spectrometric, iodometric, and hydroxamic acid
assays. The pH-rate profiles were determined at 35° and x = 0.5. The
acidic degradation pathway for the 3-acetoxymethyl and 3-pyri-
dinylmethyl derivatives was the specific hydrogen-ion-catalyzed
hydrolysis of the 8-lactam bonds. The 8-lactam hydrolyses of these
antibiotics exhibited half-lives of about 25 hr at pH 1.0 and 35°. The
acetyl functions of 3-acetoxymethylcephalosporins were hydrolyzed
eight times faster than their 8-lactam moieties to yield the corre-
sponding deacety! intermediates, which were rapidly converted to the
lactones. Deacetoxycephalosporins were fairly acid stable; e.g.,
cephalexin and cephradine were about 25 times more stable than
cephalothin, cephaloridine, and cephaloglycin and about 180 times
more stable than ampicillin at pH 1.0. In the neutral degradation of
3-acetoxymethyl compounds, the competitive reactions of the direct
water attack and intramolecular catalysis by the side-chain amido
upon the $-lactams were proposed. The pH-rate profiles near pH 8
for cephaloglycin, cephalexin, and cephradine could be explained by
the intramolecular-nucleophilic attack of the side-chain a-amino
group upon the $-lactam carbonyls to produce diketopiperazine-type
compounds. The reactivity of the cephalosporins in the hydroxide-
ion-catalyzed degradation was influenced significantly by the C-3
methylene substituents.
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netics and mechanisms of degradation, effect of pH O Stability—
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Penicillins and cephalosporins have been known to
undergo remarkably facile cleavage of their 5-lactam
bonds in aqueous solution. Interest in the kinetics of

cephalosporin degradation arose from previous studies
(1-5) on penicillins which showed that their instability
may affect possible chemical reactions involved in
penicillin allergy (6) as well as the formulation of
pharmaceutical dosage forms (7).

The kinetic approaches to the degradation of
cephalosporins have been utilized in a few instances.
These studies include the degradation of cephalosporin
C in a wide pH range at 25° (8) and of several
cephalosporins at pH 10 and 35° (9). However, many
questions regarding the acidic, neutral, and alkaline
degradations of cephalosporins have not been com-
pletely answered. The present studies on therapeuti-
cally useful cephalosporins and other semisynthetic
compounds (Table I) were begun with the expectation
that a systematic and quantitative approach to the
degradation would help answer some questions. Some
preliminary aspects were reported earlier (10).

EXPERIMENTAL

Materials—Cephalothin sodium, cephaloridine, cephaloglycin,
deacetylcephalothin sodium!, and cephradine? were used as supplied.
Cefazolin sodium was purchased commercially®. The substituted
phenylcephalosporins (Ia-lIe), substituted phenyldeacetoxy-
cephalosporins (Ila-Ild), and 7-benzenesulfonamidocephalosporanic
acid (III) were prepared as sodium salts by the acylation of 7-ami-
nocephalosporanic acid and 7-aminodeacetoxycephalosporanic acid,
in the manner described by Flynn (11). The UV and IR spectra of
these synthesized cephalosporins confirmed the presence of an intact
B-lactam ring. Deacetylcephalothin lactone was obtained by the
method of Neidleman et al. (12).

All other chemicals used were the highest commercial grade
available.

Kinetic Procedures—An accurately weighed cephalosporin was
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Table [—Properties of Investigated Cephalosporins

Substituents
Cephalosporin R, R, R, Analytical Method pKaa
Cephalothin OCOCH, Na HPLC, UV, iodometry' pKa, = 2.22
:s: “CH.CO
Deacetylcephalothin Q\ OH Na HPLC —_
CH,CO
Cephaloridine Q\C &:O> — HPLC, UV, iodometry pKa, = 1.67
H.CO
Cephaloglycin @—?HCO OCOCH, H HPLC, UV, iodometry pKa, = {.91,
pKa, = 6.90
NH,
Cephalexin H H HPLC, UV, iodometry, pKa, = 2.56,
@THCO hydroxamic acid assay pI{a2 = 6.88
NH,
Cephradine H H HPLC, UV, iodometry, pKa, = 2,53,
CIHCO hydroxamic acid assay pIta2 =17.30
NH,
Cefazolin N=N N—N Na  HPLC, UV, iodometry pKa, = 2.54,
| NCHEO s)l\ J . pKa, = 1.700
Substituted OCOCH, Na UV, iodometry —
phenylcephalosporin (I) @_Co
ga, 4-CH,; b, H; ¢, 4-Cl; X
, 4-NO,; e, 3,5-(NO,),]
Substituted phenyl- H Na UV, iodometry, —
deacetoxycephalosporin 0 hydroxamic acid assay
(II& (a, 4-CH,; b,H; ¢, X
4-Cl; d, 4-NG,)
7-Benzenesulfonamido- 0 OCOCH, Na UV, iodometry —
cephalosporin (III) :
7-Aminocephalosporanic H OCOCH, H UV, iodometry pKa = 2.02,
acid pKa, = 4.42
7-Aminodeacetoxy- H H H UV, iodometry, pKa, = 2.95,
cephalosporanic acid hydroxamic acid assay pKa, = 4.87

@Values determined potentiometrically at 35° and u = 0.5. These values were computed from the equations of Glasstone and Hammel (20)
for the data corresponding to 25—75% of neutralization and were the averages from at least three experiments, never deviating more than
+0.05 pK unit. pKa,, pKa,, and pKajrefer to 4-carboxylic acid, 7-ammonium or a-ammonium of the 7-side chain, and other dissociable groups

3

respectively. ®Kinetically determined.

dissolved in (in experiments at low pH, aliquots from stock solution
were diluted with) acid, alkaline, or an appropriate buffer solution
preheated at a desired temperature to produce a final cephalosporin
concentration of about 5 X 10755 X 10~3 M according to an employed
analytical method or the solubility. The fast reacting solutions in acid
and alkaline media were studied in 100-ml volumetric flasks. Where
the half-life was more than 1 day, the reaction solution was sealed in
5-ml ampuls. The reactions were conducted in a constant-temperature
water bath at 35 + 0.1°. Samples were withdrawn at suitable time
intervals, diluted with distilled water, if necessary, and analyzed.
All reactions were run under pseudo-first-order conditions with
catalysts in excess and followed first-order kinetics. The kinetic pa-
rameters describing degradation of cephalosporins were determined
by a combination of appropriate analytical methods. The pseudo-
first-order rate constants were obtained by least-squares analysis.
The reaction solution pH was maintained at the desired value by
the use of a pH-stat* or appropriate buffer systems. The buffer so-
lutions used were hydrochloric acid-potassium chloride, phosphoric
acid-monobasic sodium phosphate, acetic acid-sodium acetate,
monobasic-dibasic sodium phosphates, sodium bicarbonate-sodium
carbonate, boric acid-sodium borate, and dibasic-tribasic sodium
phosphates. The ionic strength of each solution was adjusted to 0.5
by addition of potassium chloride. The pH values of the reaction so-
lutions were measured at the experimental temperature initially and
at the end of the experiment on a pH meter® standardized with

standard buffer solutions of pH 4, 7, and 9 at the same temperature.
No significant changes in pH were observed.

Deuterium Oxide Solvent Isotope Effects—Solvent isotope
effects on the degradation rates of cephalothin were determined at
35° in 98% deuterium oxide by the use of an autotitrator* to maintain
a constant pD. The pD values were taken as the pH meter” reading
plus the proper correction at 35° (13).

Analytical Procedures—Liquid Chromatography—High-
pressure liquid chromatography (HPLC) was used to follow the ki-
netics of the degradation of several cephalosporins. The liquid chro-
matograph® was equipped with a UV detector” set at 254 nm and a
stainless steel column, 2 mm i.d. For cephalothin, cephalexin, and
cephradine, a strong anion-exchange resin® was used as the stationary
phase. The mobile phase was aqueous 0.02 M NaH;PO, adjusted to
pH 8.5 with sodium hydroxide. For cephaloridine, cephaloglycin, and
cefazolin, reversed-phase chromatography? was used with a mobile
phase of 30% methanol-70% 0.05 M ammonium carbonate.

Samples were eluted at 100 kg/cm? at room temperature for ion-
exchange chromatography and at 150 kg/cm? at 50° for reversed-
phase chromatography, resulting in flow rates of about 1 and 0.3
ml/min, respectively.

Five microliters of degradation solution (5 X 1074-5 X 103 M total
antibiotic) at suitable intervals was injected with the flow stopped.
Peak heights were measured, and the concentrations were calculated
from the calibration curves (obtained daily). The calibration curves

4 Radiometer pH stat-titrimeter assembly consisting of TTT2 titrator, SBR2
titrigraph, and SBU12b autoburet or TTT1 titrator, PHM 26 pH meter, SBR2
titrigraph, and SBU12b autoburet.

5 Radiometer PHM 26 pH meter or TTT2 titrator.
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% Shimadzu-Dupont model 830.

7 Shimadzu UV 202 recording spectrophotometer.
8 SAX on Zipax, 1 m, Dupont.

9 ODS on Sorbax. 0.25 m, Dupont.



of the peak height against the concentration of the antibiotics were
satisfactorily linear.

Spectrophotometric Method—Since all intact cephalosporins gave
the UV absorption band near 260 nm due to O—=CNC=C linkage, the
disappearance of this band absorption is characteristic of 8-lactam
opening, either chemically or enzymatically (14). The UV spectra®
of the reaction solutions were monitored periodically.

Todometric Method—1t has been known that iodometric analysis
is also applicable for the determination of intact cephalosporins as
well as penicillins (15, 16). The procedure employed was essentially
the same repqrted for the determination of penicillin G (17).

From the degradation solution (5 X 1073 M total cephalosporin),
two samples of 2 ml were pipetted into separate conical flasks. To the
first sample, 5 ml of 1 N NaOH was added. After standing for 20 min
at room temperature, 5 ml of 0.2 M phthalate buffer solution (pH 4.5),
5ml of 1 N HCI, and 10 ml of 0.01 N iodine were added. The flask was
kept for 20 min in darkness at room temperature. Back-titration with
0.01 N thiosulfate gave @ ml of 0.01 N iodine consumed by this sample.
The second sample was treated with 5 ml of pH 4.5 phthalate buffer
solution and 10 ml of 0.01 N iodine for 20 min in darkness at room
temperature and then back-titrated with 0.01 N thiosulfate. The io-
dine uptake corresponded to b ml. The difference, (@ — b) ml, repre-
sents the amount of intact cephalosporin present in the degradation
solution.

Solutions containing known amounts of cephalosporin and its al-
kaline degradation products were prepared so that the total concen-
tration became 5 X 10~3 M. These solutions were analyzed according
to the analytical method. The excellent linear relationship between
the extent of iodine consumption, (¢ — b) ml, and the concentration
of intact cephalosporin in solutions containing degradation products
was obtained, although the iodine consumption depended upon the
time treated with 1 N NaOH and the pH of the test solution.

Hydroxamic Acid Method—The method for the assay of remaining
B-lactam of deactoxycephalosporins was adapted from a literature
procedure (18). To 2 ml of reaction solution (about 5 X 10=3 M
cephalosporin) in a 20-ml volumetric flask were added 2 ml of an
agueous 3 M solution of hydroxylamine hydrochloride and 2 ml of
aqueous 3.5 N NaOH. After the mixture was allowed to stand for 3
min at room temperature, 2 ml of aqueous 3.5 N HC! and then 1 ml
of an aqueous 35% ferric ammonium sulfate-0.1 N H,SOj4 solution
were pipetted into the flask. The solution was diluted to 20 ml with
distilled water, and the resultant color was read at 510 nm!! after
exactly 3 min.

pKa Determination—The apparent pKa values of the tested
cephalosporins were determined potentiometrically (19) at an ionic
strength of 0.5 at 35°. The initial concentrations of cephalosporins
were in the range of approximately 2 X 1073-2 X 1072 M according
to their solubility. For cephaloglycin, cephalexin, cephradine, 7-
aminocephalosporanic acid, and 7-aminodeacetoxycephalosporanic

pH
N W h OO N ® O O
T

-

1 1 1 1 1
2 1 0 1 2
0.2N HCI 02N KOH
TITRANT, mi

Figure 1—Titration curves of 1.0 X 10=2 M amphoteric cephalo-
sporins at 35° and u = 0.5. Key: A, cephaloglycin; B, cephalexin; and
C, cephradine.

10 Shimadzu multipurpose recording spectrophotometer model MPS-5000
or Hitachi recording spectrophotometer model 323.
1 Hitachi spectrophotometer model 101.
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Scheme I

acid, the titration with acid was a process of proton association (proton
gain) from zwitterion to cation; the titration with base was a process
of proton dissociation (proton loss) from zwitterion to anion (Scheme
I).

Figure 1 shows the typical titration curves obtained from the ti-
tration of these amphoteric cephalosporins, cephaloglycin, cephalexin,
and cephradine, with hydrochloric acid and potassium hydroxide
solutions. The apparent pKa values, computed by the equations of
Glasstone and Hammel (20), are listed in Table I, where pKa;, pKas,
and pKag refer to the dissociation of the 4-carboxylic acid, the con-
jugated acid of the 7-amino or 7-(«-amino) group, and another dis-
sociation group, respectively. Each pKa value is an average of the data
obtained in most cases to 25-75% of neutralization.

RESULTS

HPLC Studies and Rate Constants—Degradation Kinetics of
3-Acetoxymethylcephalosporins—3- Acetoxymethylcephalosporins
such as cephalothin and cephaloglycin have another possible site, in
addition to the g-lactam moiety, susceptible to degradation. This site
is the ester group of the acetoxy side chain. In fact, acidic and alkaline
degradations of cephalosporin C (8, 21), cephalothin (12, 22), and
cephaloglycin (23) lead to the formation of the corresponding deacety!
derivatives and their lactones as the hydrolytic intermediates. How-
ever, except for cephalosporin C (8), no quantification of these hy-
drolytic reactions has appeared.

The kinetics for cephalothin degradation were followed at various
pH values by HPLC. Typical chromatograms of basic (pH 10.00),
neutral (pH 5.00), and acidic (pH 2.00) reaction mixtures, sampled
at about 50-60% degradation of cephalothin, are shown in Fig. 2.
The peaks designated 1, 2, and 3 are the parent compound, de-
acetylcephalothin, and its lactone, respectively. The peaks designated
U were not identified.

Figure 3 shows the typical time course, expressed as mole percent
of the initial concentration (Co) of the substrate, for the disappearance
of cephalothin and simultaneously for the formation and disappear-
ance of deacetylcephalothin in the degradation of cephalothin at pH
10.00 and 35°. At relatively low pH, no accumulation of deacetyl-
cephalothin was observed during the reaction due to the rapid lac-
tonization to deacetylcephalothin lactone (Fig. 2).

Scheme II, expressed as a general formula, is valid in the entire pH
range, where k;, k3, and k5 correspond to the rates of 3-lactam
cleavage in the nucleus. In neutral and basic pH regions, the k4 re-
action process is negligible, and the following equations can be ob-
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tained for the degradation of cephalothin:

[CET)/Cqy = e~ tkatkax (Eq. 1)
[DAT)/C, = mk-w — e=thitkat]  (Eq. 2)

where [CET] and [DAT] represent the concentrations at time ¢ of
cephalothin and deacetylcephalothin, respectively. The values kapp
= k) + ky were obtained from the slopes of the apparent first-order
plots of the disappearance of cephalothin (Fig. 3). The rate constants
ko and k3 were determined from the analog computer fitting of the
[DAT]/Co data.

Analysis of the data at pH 10.00 gave k; = 0.217 hr~!, ko = 0.346
hr~1, and k3 = 0.210 hr~1. Treatment of data at any other pH verified
the general relationships k1/ks = 1.1 and ky/k; = 1.6, which are similar
to those reported for cephalosporin C (k; = k3 and ka/k; = 4) (8). The
lactonization of deacetylcephalothin became significant below pH
4. For example, at pH 2.00 and 35°, the value of k4 was 0.708 hr~1.
Because of this rapid lactonization rate, the extremely low concen-
tration of deacetylcephalothin and the appreciable production of
deacetylcephalothin lactone were observed during the degradation
of cephalothin (Fig. 2).

The degradation pathway for cephaloglycin was confirmed by
HPLC analysis to be as shown in Scheme II.

Degradation Kinetics of Deacetoxycephalosporins—It is expected
that the degradation of deacetoxycephalosporins such as cephalexin
and cephradine occurs only at the 8-lactam moiety.

The chromatographic changes of the degraded solutions of
cephalexin and cephradine exhibited the same pattern for all solu-
tions. Figure 4 illustrates the data in 0.3 M borate buffer at pH 8.02
and 35°. The semilogarithmic plots of the data obtained at various
pH values were reasonably linear (Fig. 5), indicating that the degra-
dation of cephalexin and cephradine follows simple first-order ki-

pH 10.0

Figure 2—High-pressure
liquid chromatograms of
50-60% degraded cepha-
lothin at 35° and several
pH values. Key: 1, cepha-
lothin; 2, deacetylcephalo-
thin; 3, deacetylcephalo-
thin lactone; and U, un-
known peak.
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netics. The pseudo-first-order rate constants, k., were obtained from
the slopes.

Determination of Rate Constants by UV Spectroscopy, Io-
dometry, and Hydroxamic Acid Assay—During the kinetic runs,
all cephalosporins studied lost their characteristic UV absorbance at
about 260-270 nm. Typical spectral changes as a function of time are
illustrated for the degradation of cephalothin (at pH 10.00, main-
tained by the use of a pH-stat), cephaloglycin (at pH 8.00, maintained
by the use of a pH-stat), and cefazolin (in 0.24 M acetate buffer of pH
3.53) at 35° and u = 0.5 in Figs. 6, 7, and 8, respectively.

Plots of (A; = A.) at Amax versus time t were reasonably linear
according to the first-order expression:

In (A — As) =In(Ap— Aw) — kobst (Eq. 3)

where A, Ao, and A.. are the absorbances at time ¢, zero, and infinity,
respectively. All reactions were followed for at least one or two half-
lives, and the values of the pseudo-first-order rate constant, ks, were
obtained by plots of Eq. 3 or by the method of Guggenheim (24).
Several typical first-order plots for the degradation of cephalothin,
cephaloglycin, and cefazolin according to Eq. 3 are shown in Fig. 9.

For 3-acetoxymethylcephalosporins, the obtained &, values were
approximately equal to the &, values (Scheme II) determined by
HPLC. Since the absorptivity of the corresponding deacetyl inter-
mediates with an intact nucleus did not differ appreciably from the
parent compounds (12, 23, 25, 26), this agreement suggests that the
rates for 8-lactam cleavage of these deacetyl intermediates are almost
the same as those for the parent acetoxy derivatives. This speculation
was shown to be reasonable for cephalothin and for cephalosporin C
(8).

The pseudo-first-order rate constants, ks, were also determined
by the iodometric titration method and/or hydroxamic acid assay.
Typical first-order plots determined iodometrically for the degra-

pH 5.0 pH 2.0

| ] | ]

0 10 20 0 10 20
RETENTION TIME, min




PERCENT OF INITIAL
CONCENTRATION

1 2 3 4 5 6 7 8 9
HOURS

Figure 3—Time courses for cephalothin (O) and deacetylcepha-
lothin (@) during the degradation of cephalothin at pH 10.00 (pH
was maintained by the use of a pH-stat), 35°, and u = 0.5. The lines
were generated using an analog computer programmed according
to Scheme Il (ky = 0.217/hr, ko = 0.346/hr, and k3 = 0.210/hr); the
points are experimental values measured by HPLC.

dation of cephalothin at pH 10.00 and 5.00 and at several tempera-
tures are shown in Fig. 10.

The rate constants determined by the different analytical methods
at the same pH and 35° are listed in Table II. The values evaluated
from UV spectrophotometric analysis are in relatively good agreement
with those determined by Indelicato et al. (9) under the same con-
ditions. Although agreement among the rate constants determined
by the different analytical methods was not always obtained, the
differences did not prevent the determinations of the specific rate
constants for the interpretation of their pH-rate dependencies (Figs.
11-15) and for a discussion of the relative stabilities. From the present
results and previous discussions (8, 9, 16) of analytical methods for
the cephalosporin stability tests, it appears that UV spectrophoto-
metric and chemical methods such as iodometry and colorimetry are
acceptable for good estimations of the 8-lactam opening rate of the
starting cephalosporins. However, HPLC seems to be the most de-
sirable analytical method.

-
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Figure 5——~Apparent first-order plots followed by HPLC for the
degradation of cephalexin (O) and cephradine (®) at various pH
values, 35°, and u = 0.5. Key: pH 1.93, 0.06 M phosphate buffer; pH
7.50, pH-stat; pH 8.02, 0.3 M borate buffer; pH 9.05, 0.18 M borate
buffer; pH 9.52, 0.08 M carbonate buffer; pH 10.00, pH-stat; and pH
10.30, pH-stat.

Dependence of Rate on Temperature—Arrhenius plots of the
observed first-order rate constants, ks, for the degradation of
cephalothin at two different pH values are given in Fig. 16. The energy
of activation, E,, calculated from the slope of the line was 22.6 kecal/
mole at pH 5.00. The calculated apparent energy of activation at pH
10.00 was 28.5 kcal/mole. However, the heat of ionization of water was
included in this value. By employing the value of 13.1 kcal/mole as
the heat of water (27), the net energy of activation of the degradation
of cephalothin in the basic solution, 15.4 kcal/mole, was obtained.

Log kpu-pH Profile—At constant pH and in the presence of ex-
cess buffer, the degradation of all types of cephalosporins at low
concentration (below 5 X 10~3 M) followed pseudo-first-order kinetics
and gave rate constants k,ns and k; for their 8-lactam cleavage.
General acids and bases served as effective catalysts for the degra-
dation of cephalosporins, although these catalytic effects were not
always observed. Typical plots for borate buffer catalytic effects on
the rates of cephradine are shown in Fig. 11, giving a reasonable
straight line at constant pH. Extrapolation of such plots to zero buffer
concentration provides, as intercepts, the values of the pseudo-
first-order rate constants, k,u, corresponding to the nonbuffer-cat-

CEPHRADINE

164 hours

o

CEPHALEXIN

169 265hours

0 10

52 72 120
(o] 10 o] 10 0 10 0 10

o] 10

RETENTION TIME, min
Figure 4—HPLC changes for the degradations of cephalexin and cephradine in 0.3 M borate buffer (pH 8.02) at 35° and u = 0.5 with time

in hours (listed on graph).
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Figure 6—Spectral changes for the degradation of 5.0 X 105 M
cephalothin at pH 10.00, 35°, and u = 0.5 with time in minutes (listed
on graph). The reaction pH was maintained by the use of a pH-
stat.

alyzed degradation of the cephalosporin nucleus. The ki values were
also determined by the use of a pH-stat.

Figure 12 shows log kyu versus pH for the degradation of cepha-
lothin and cephaloridine at 35° and ¢ = 0.5. Figure 13 shows the log
kyou—pH profiles for I, II, and III. There were three important pH
regions: one where a hydrogen-ion-catalyzed reaction took place, a
pH-independent region, and a region where the reaction was hy-
droxide ion catalyzed. The degradation rates of these cephalosporins
were not influenced by the dissociation of 4-carboxylic acid groups
(pKa = ~2-3; Table I), whereas all types of penicillins are apparently
influenced by the dissociation of the 3-carboxylic acid group (pKa =
~2.7), as illustrated for penicillin G (28) in Fig. 12. These observations
imply that the degradation rates of both undissociated and dissociated
cephalosporins are of almost the same magnitude. Therefore, the

osfr
0.7 F

0.6 -

04r

ABSORBANCE

03

0.2 L

200 220 240 260 280 300
WAVELENGTH, nm

Figure 7—Spectral changes for the degradation of 1.0 X 10~* M
cephaloglycin at pH 8.00, 35°, and p = 0.5 with time in hours (listed
on graph). The reaction pH was maintained by a pH-stat.
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Figure 8—Spectral changes for the degradation of 5.0 X 1075 M
cefazolin in 0.24 M acetate buffer of pH 3.53 at 35° and u = 0.5 with
time in days (listed on graph).

apparent first-order rate constant at a given pH can be expressed as
the following rate law:

kpu = kuau + ko + kou(Kw/an) (Eq. 4)

where ky and koy are the second-order rate constants for the hy-
drogen-ion-catalyzed degradation and hydroxide-ion-catalyzed
degradation, respectively; ko is the first-order rate constant for
spontaneous or water-catalyzed degradation; and ay is the activity
of hydrogen ion as measured by the glass electrode. The value for the
autoprotolysis constant of water, K, at 35° is 2.09 X 10714 (27). These
rate constants that produced the best fits of the observed rate-pH
profiles are given in Table IIL. Figure 12 shows the 2‘?lateau rate of
cephalothin at 35° in deuterium oxide; this rate kY0 =1.17x10"2
hr~1) was almost the same as that in water (E}20 = 1.09 X 10~2 hr~!).
For comparison, the corresponding rate constants recalculated from
the literature (references are cited in Ref. 1) and determined (1) in
this laboratory for several penicillins are recorded in Table III.

Figure 12 also includes the log kyn-pH profile for the degradation
of cefazolin. The profile bent over at pH values lower than 2 and in-
dicated that a dissociation constant, K,,, affected the degradation
rate, most probably in the thiadiazole moiety. The log k,u-pH profile
for cefazolin was fitted by:

au
kH=k<—>+k +kon(Kufaw)  (Eq.5)
p a Ka;;+aH ] HR,/GH q
1.0
0.8
_ 06
<
| o4 pH 210
A
g
f pH9.50 PH 8-00
s 0.2
<
-~ pH1.18
pH10-00
01 1 1 [ 1 1 [l L
2 4 6 8 10 12 14
HOURS

Figure 9—Apparent first-order plots followed spectrophotomet-
rically for the degradation of cephalothin (Q), cephaloridine (®),
cephaloglycin (0), and cefazolin (A) at various pH values, 35°, and
u = 0.5. The reaction pH was maintained by a pH-stat. The ab-
sorbance values, A, were measured at 265 nm for cephalothin, 260
nm for cephaloridine, 263 nm for cephaloglycin, and 273 nm for
cefazolin; Ay and A. are the absorbances at zero time and at infinite
time, respectively.



Table [I—Comparison of the Rate Constantse Determined by the Different Analytical Methods at the Same pH Values

and 35°
10%k, hr!
Hydroxamic Reported

Cephalosporin pH? HPLC UVe Iodometry Acidd Valuee
Cephalothin 5.00 1.20f — 1.14 — —
9.84 20.27 21.8 — — —
10.00 21.77 30.0 13.9 —_ 34.9
10.25 49.11 40.7 21.2 — —_
Cephaloridine 10.00 106 108 103 —_ 67.7
Cephaloglycin 8.00 15.4 12.0 14.6 — —
9.50 — 21.5 18.4 — . —
10.00 71.8 69.0 — — 60.1
Cephalexin 8.00 — 0.80 0.92 — —

10.00 7.14 14.5 8.39 11.0 3.78¢
Cephradine 10.00 — 6.70 7.00 7.08 —
11.00 100 116 76.2 73.7 —
Cefazolin 1.18 16.4 26.8 — — —_
6.00 — 0.20 0.24 — —
9.70 — 13.7 13.5 — —_
10.00 24.9 21.7 21.2 —_— —

4 All rate constants were obtained by least-squares analy51s bReaction pH was maintained by the use of a pH-stat. CR4te constants were

obtained from Eq. 3 or the Guggenheim method (24).

dRate constants were obtained from the Guggenheim method (24). Rate constants

were determined UV spectrophotometrically by Indelicato et al. (9). fk, values in Scheme IT. £Rate constants were determined by the pH-stat

alkalimetric titration method.

The values of the various rate constants and the kinetically deter-
mined pKaj value for cephazolin are given in Tables III and I, re-
spectively. As compared with cephalothin and cephaloridine, cefazolin
was two to five times more stable in neutral pH solutions and about
10 times more unstable at pH 1.0. The instability of cefazolin itself
in acidic media may result in the B-lactam cleavage and/or the
thiadiazole elimination, since the acidic degradation rates of this
antibiotic followed the apparent rates of the loss of the starting ma-
terial by UV spectroscopy and HPLC.

The rate~pH profiles for cephaloglycin, cephalexin, and cephradine,
which contain a-amino groups in their side chains, have interesting
shapes (Fig. 14). A linear increase of the log kpy for cephaloglycin with
decreasing pH below 2, to give a negative unity slope, indicated spe-
cific hydrogen-ion catalysis, and the £y became pH independent
between pH 2 and 5. On the other hand, rate constants for cephalexin
and cephradine were independent of pH below 5, indicating that the
hydrogen-ion-catalyzed degradation was negligible compared with
spontaneous degradation. The kpy values for these cephalosporins
increased with pH values above 5. The fact that there were inflections
in the log k u—pH plots near pH 7 indicates that the dissociation
equilibria of the a-amino groups (pKas = 6.90, 6.88, and 7.30 for
cephaloglycin, cephalexin, and cephradine, respectively) (Table I)
influenced the degradation rates. Above pH 10, the positive unity
slopes of their log k,u—pH profiles reflects the specific hydroxide-
ion-catalyzed degradation. Accordingly, the apparent first-order rate
constants for the degradation of cephaloglycin, cephalexin, and
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Figure 10—Apparent first-order plots followed iodometrically for
the degradation of cephalothin at various temperatures, pH 5.00 (O,
upper scale), pH 10.00 (®, lower scale), and u = 0.5. The reaction pH
was maintained by a pH-stat.

cephradine can be formulated as:

—_ Kﬂ 2

kpu = kuau + ko + ks <K02+a}-1
where k, represents the spontaneous degradation of the anionic
species of cephaloglycin, cephalexin, and cephradine. The lines of Fig.
14 were generated from Eq. 6 by the use of their rate constants listed
in Table III and the dissociation constants, pKag, in Table I. Figure
14 also shows the log kpu—pH profile at 35° and u = 0.5 for ampicillin
(29), which contains the «-amino group in the penicillin side chain;
there was no facilitation of the degradation rate near the pKa of the
a-ammonium group (pKa; = 7.05) (29).

The pH-rate profiles obtained for 7-aminocephalosporanic acid
and 7-aminodeacetoxycephalosporanic acid are shown in Fig. 15, in-
dicating that specific hydrogen-ion-catalyzed, spontaneous, and
specific hydroxide-ion-catalyzed degradations were proceeding, but
the spontaneous reaction rates could be influenced by the dissociation
of 7-ammonium groups. The rate enhancement of water attack on the
B-lactam moiety may be attributed to the inductive effect of the
protonated amino group at the «-position, as was observed (1) in the
degradation of 6-aminopenicillanic acid (Fig. 15). The rate constants
for 7-aminodeacetoxycephalosporanic acid were independent of pH
below 3, where the compound was completely protonated, implying
that the hydrogen-ion-catalyzed reaction of its protonated form is

) + kou(K./aw) (Eq. 6)

24} pH 9.05

[11)
|_~ 2.0'
-
ore
T § 1.6 /o pH 8.46
[a)
Q2 43
e 1
@O /Q/Q/O pH 8.02
=
w <
s 0.8

[72]
oz
29
wo 0.4
a

1 ] L
0.1 0.2 0.3

TOTAL BORATE, M

Figure 11—Plots of the pseudo-first-order rate constants, Kops,
versus the total buffer concentration for the degradation of
cephradine in borate buffer at 35° and u = 0.5. The rate constants
were determined from the HPLC analysis.
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Figure 12—Log k,1—pH profiles for the degradation of cephalothin
(0,in H90; A, in Dy0), cephaloridine (@), and cefazolin (A) at 35°
and p = 0.5. The lines represent the curves calculated from Eq. 4 or
5 and the constants in Tables I and I11; the points are the experi-
mental values. The dashed-dotted line refers to the pH-rate profile
for penicillin G at 35° and p = 0.5 (28).

negligible. The reactions are kinetically described by:

= aH < Ka2 )
bon = ks + ke () + ko + kon(K./ar)

Kq, +ay
(Eq.7)
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Figure 14—Log k,u—pH profiles for the degradation of cephalo-
glycin (0), cephalexin (®), and cephradine (A) at 35° and u = 0.5.
The lines represent the curves calculated from Eq. 6 and the con-
stants in Tables I and I11; the points are the experimental values.
The dashed-dotted line refers to the pH-rate profile for ampicillin
at 35° and u = 0.5 (29).

The various rate constants are given in Table III, including those for
6-aminopenicillanic acid (1).

DISCUSSION

Acidic Degradation Mechanism and Relative Stability of
Cephalosporins and Penicillins—The acidic degradation rates of
penicillins are known to depend on the side-chain structure (7, 30).
Penicillin G is extremely acid unstable with a half-life of only 0.7 min
at pH 1 and 35° (28); ampicillin is the most acid stable (29), with the
difference in acid stability between the two penicillins being about
300-fold. The side-chain reactivity of the penicillin molecule is at-
tributed to the rearrangement initiated by the attack of the side-chain
amido carbonyl upon the 8-lactam to produce the corresponding
penicillenic and penillic acids (6).

In contrast to the penicillin reactivity, 3-acetoxymethylcephalo-
sporins (Re = OCOCHjy; cephalothin and cephaloglycin) undergo
degradation of their 3-lactams at almost the same rate regardless of
the side-chain structure, R;. The fact that there was no significant
contribution of the side chain to the acidic degradation rates indicates
that the reactions exclusively proceed via a simple and specific hy-
drogen-ion-catalyzed hydrolysis of the 8-lactam bond rather than the
acid-catalyzed intramolecular attack of the side-chain amido on the
B-lactam moiety.

B-Lactams of these cephalosporins exhibit half-lives of about 25
hr at pH 1.0 and 35° and are about seven times more stable than
ampicillin under the same conditions. However, their acetyl functions
are hydrolyzed eight times faster than the 8-lactam moiety to yield
the corresponding deacetyl compounds, which are easily converted
to the lactones (Scheme II). Calculated half-lives for the loss of the
original 3-acetoxymethylcephalosporins are about 7 hr at pH 1.0 and
35°.

The acidic degradations of cephalexin, cephradine, II, and 7-ami-
nodeacetoxycephalosporanic acid were pH independent even in strong
acid solution. These deacetoxycephalosporins were fairly acid stable;
e.g., cephalexin and cephradine were about 25 times more stable than
the other cephalosporins and approximately 180 times more stable
than ampicillin at pH 1.0.

Competitive Degradations of Direct Water Attack and In-
tramolecular Catalysis by Side-Chain Amido Group—A com-
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Figure 15—Log k,y—pH profiles for the degradation of 7-amino-
cephalosporanic acid (0) and 7-aminodeacetoxycephalosporanic
acid (@) at 35° and u = 0.5. The lines represent the curves calculated
from Eq. 7 and the constants in Tables I and III; the points are the
experimental values. The dashed-dotted line refers to the pH-rate
profile for 6-aminopenicillanic acid at 35° and u = 0.5 (1).

parison of the degradation rates of several cephalosporins in neutral
and basic regions illustrates an apparent dependence on the nature
of both substituents, R; and R,.

The most striking feature of the pH-rate profiles shown in Figs.
12 and 13 is the large plateau, extending from approximately pH 3
to 8, with the rates of the degradations being pH independent in this
range. The chromatography of the neutral degradation solution of
cephalothin, although resulting in a somewhat different elution
pattern from that obtained in the alkaline degradation, showed the
absence of products with appreciable absorptivity at 254 nm except
for small amounts of deacetylcephalothin (Fig. 2). These chromato-
graphic observations, together with agreement of the degradation
rates measured by HPLC, UV spectroscopy, and the iodometric
method, imply that the principal degradation in the flat region for
cephalothin and probably for other 3-acetoxymethylcephalosporins
should be the 8-lactam cleavage of their nucleus.

The 8-lactam opening rate of cephalothin (k¢ = 1.09 X 10~2hr™!)
was about 10 times faster than the spontaneous water-catalyzed
degradation rates of penicillins (ko = about 1-2 X 10~3/hr, regardless
of their side-chain structure) (Table III). The enhanced plateau rate
is interpretable in terms of the competitive reaction of the hydrolytic
cleavage of the 8-lactam bond by the direct attack of water (Scheme
III) and the degradation caused by intramolecular participation of
the neighboring side-chain amido group (Scheme IV) as suggested
previously (10).

If the neutral degradation of cephalosporins involves such an in-
tramolecular reaction (Scheme IV), the introduction of an electron-
donating substituent into the 7-acylamino moiety should increase the
susceptibility of the 8-lactam bond to nucleophilic attack of the
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Figure 16—Arrhenius plots for the apparent first-order rate con-
stants, kph, for cephalothin at pH 5.00 and 10.00 and p = 0.5.

side-chain amido while an electron-withdrawing substituent should
decrease it. The result obtained with a series of substituted phenyl-
cephalosporins (Ia-Ie) showed that the order of decreasing ko was
the same as the predicted order, the variation of &, being about
fourfold. The benzenesulfonyl compound (IIT) prevented the plateau
rate as expected and exhibited the minimum kg value of 3.3 X 10~%/hr,
which corresponds to a kp,o value of the direct water reaction
(Scheme III) for 3-acetoxymethylcephalosporins.

The p value of —0.7 was obtained from the Hammett plot of Ripnira
(= ko — kny0) for I. The negative value is consistent with the intra-
molecular participation of the side-chain amido group in spontaneous
rearrangement of the substituted phenylcephalosporins (k; value in
Table III). The deuterium solvent isotope effect for cephalothin
(k§20/R D20 = 0.93) strongly indicates no significant participation of
water in the transition state, which would rule out the large contri-
bution of the direct water reaction to the total plateau rate.

The plateau rate of cephalosporin C (kg = 5.0 X 10~3/hr at 25°) (8)
was slightly faster than that of cephalothin (kg = 4.0 X 10~%/hr at 25°),
suggesting that the intramolecular degradation was also proceeding.
Cephaloridine, in spite of the same 7-acylamido side chain as cepha-
lothin, showed lower reactivity than cephalothin, probably due to the
block of the nucleophilic attack to 8-lactam by the 3-bulkyl substit-
uent as suggested by the molecular model.

This report is the first to suggest the occurrence of the side-chain
amido group participation in the spontaneous degradation of
cephalosporin §-lactam. The spontaneous degradation by the side-
chain amido attack on the 3-lactam of undissociated penicillins (1,
17) was confirmed to produce the corresponding penicillenic acid (6).
While such a penicillenate analog was not confirmed for cephalo-
sporins, considerable kinetic evidence has been presented in support
of Scheme IV producing, most probably, the penicillenate analog
intermediate or an unstable compound with the oxazolone structure
as one spontaneous degradation product.

However, Abraham (31) stated that stable compounds analogous
to penicillenate do not appear to be formed in the cephalosporin

Rl(lll—-NH )
o__— N~
0 CH.R,
COO™
products
Scheme [V
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Table III—Various Rate Constants for the Degradation of Cephalosporins and Penicillins at 35° and u = 0.5

ky, M- 10°k,, 107*kgy, 10*°k,a, 10%kyb,  10%k.c, 10°%k4°,
f-Lactam Antibiotic }fn‘" hr-! M-'hr-t hr-f hr~ hr-t hr=t
Cephalosporins
Cephalothin 0.172 10.9 10.6 — — — —
Cephaloridine 0.134 4.40 38.8 -— — — —
Cephaloglycin 0.148 5.00 13.1 — 13.5 — —
Cephalexin —d 1.15 2.64 — 1.01 — —
Cephradine —d 1.10 3.98 — 0.740 — —
Cefazolin —d 2.15 11.4 37.0 — — —
Ia 0.238 21.0 9.08 — — — -—
I 0.206 18.7 8.56 — — — —
Ie 0.186 11.4 8.45 — — — —
Id 0.265 7.06 9.55 — — — —
Ie 0.176 6.56 8.85 — — — —
Ila —€ 0.270 1.43 — — — —
IIb —e —€ 1.33 — — — —
Ile —e 0.270 1.56 — — — —
1id —e —e 1.52 — — — —
I —e 3.30 —e — — — —
7-Aminocephalosporanic acid 0.579 — 2.32 — — 10.4 6.00
7-Anr:iinodeacetoxycephalosporanic —d — 0.36 — — 1.84 0.28
aci
Penicillins/
Penicillin G 601 0.90 11.9 341 — — —
Carbenicillin 52.2 2.04 12.1 183 — — —
Cloxacillin 35.6 0.94 13.4 21.0 — — —
Propicillin 30.7 0.89 17.3 13.3 — — —
Cyclacillin 4.61 2.49 11.0 4.33 — — —
Ampicillin 1.82 0.75 25.7 5.56 — — —
Substituted phenylpenicillins
4-CH, —e —e 17.0 2188 — — —
H —e —e —e 977 — — —
4-Cl —e —e 18.3 399 — — —
3,4-(Cl), 301 1.45 16.2 104 — — —
4-NO 127 1.45 17.9 49.8 — — —
3,5-(NO,), 15.0 1.55 17.4 5.98 — — —
6-Aminopenicillanic acid 0.608 — 3.15 — — 11.4 3.03

@Rate constant is defined in Eq. 5. For penicillins, k, represents the rate constants for the uncatalyzed intramolecular rearrangement of the
undissociated penicillins. ® Rate constant is defined in Eq. 6. €Rate constant is defined in Eq. 7. ¥Not determined because of the large con-
tribution of other kinetic terms. €Not determined. f Value was recalculated according to this work from the data summarized by Yamana et al.

(1).

degradations. Instead, Jeffery et al. (32) isolated small amounts of
thiazole from the neutral degradation solution of cephalosporin C at
37°. They (32) argued that this compound was formed by g-lactam
opening and nucleophilic attack of sulfur on carbon of the acyl side

chain. Although their arguments (31, 32) are inconsistent with our

assumption based on the kinetic evidence, the possibility cannot be

excluded that the thiazole may be produced by the nucleophilic attack HNie~ N
of sulfur on the oxazolone moiety of the reactive intermediate re- 0O N
sulting from Scheme IV. Since rapid fragmentation of 8-lactam

opening products of cephalosporins can occur in neutral aqueous
solutions (31), confirmation of Scheme IV appears to be difficult from

(Mechanism B), and intramolecular general-acid and specific-base
catalysis (Mechanism C).

Mechanism A Mechanism B

Mechanism C

These mechanisms are kinetically indistinguishable. However, if

product analysis rather than from kinetic analysis.

If such a highly reactive intermediate can be produced from
cephalosporins under physiological pH and temperature conditions,
it may play a possible role in cephalosporin allergy, analogous to
penicillenic acid in penicillin allergy (6). This possibility is now being
investigated.

Intramolecular Nucleophilic Attack of Side-Chain a~-Amino
Group on B-Lactam—The pH-rate profiles for cephaloglycin,
cephalexin, and cephradine degradations represent a unique shape
in comparison with the profile of ampicillin, which has the same
side-chain structure (Fig. 14). The results are consistent with a
mechanism involving intramolecularly catalyzed degradation of the
anionic species of these cephalosporin molecules at neutral pH, su-
perseded in importance at high pH by hydroxide-ion attack on the
anionic cephalosporins and in the lower pH region from 3 to 5 by direct
water-catalyzed degradation of the 3-lactams. At pH 8, about 10-20
times higher degradation rates of cephaloglycin, cephalexin, and
cephradine were observed as compared with those of the corre-
sponding cephalosporins not involving the side-chain «-amino
function.

The mechanisms plausible to the neighboring «-amino group
participation for the facilitation of 8-lactam cleavage of cephaloglycin,
cephalexin, and cephradine include intramolecular nucleophilic re-
action (Mechanism A), intramolecular general-base catalysis
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Mechanism A is participating in the degradations, the corresponding
stable 6-lactams, diketopiperazines, may be produced. From an
aqueous sodium carbonate solution of cephradine, Cohen et al. (33)
recently isolated the diketopiperazine-type compound, IV, as the
major alkaline degradation product. The authors (33) demonstrated
the A*#-double bond migration in the degradation of cephradine from
NMR observation.

In this laboratory, the degradation of cephalexin was also followed
by NMR spectroscopy according to Cohen et al. (33) and by HPLC.
In deuterium oxide-sodium deuteroxide solution at pD 8.0 and 60°,
the 3-methyl group in cephalexin showed a singlet at & 1.84, which
gradually decreased as the degradation proceeded, and a new singlet

(0]

R NH



Table IV—Effect of Solvent on the Degradation Rate of
Cephaloglycin in 0.05 M Borate Buffer (pH 8.00) at
35°and u=0.5

Solvent Composition kobs?, hr™!
Water 0.166
10% Dioxane—water 0.234
25% Dioxane—water 0.261
50% Dioxane—water 0.262

@Rate constants were determined spectrophotometrically.

for the secondary methyl group was observed at 6 1.22. When the
degradation was performed in water at pH 8.0, the methyl proton
signal appeared as a doublet (J = 8 Hz). The NMR spectral changes
for cephalexin indicated the double bond migration probably to the
4,5-position during the degradation and exhibited the same behavior
as found for cephradine (33). The HPLC studies also showed the same
elution pattern between cephalexin and cephradine-(Fig. 4).

With regard to cephaloglycin, no decrease in the degradation rates
in aqueous dioxane at pH 8.00 was observed (Table IV), indicating
no significant participation of water in this reaction.

Additionally, Indelicato et al. (9, 34) isolated similar A3#4-diketo-
piperazines, which were produced without migration of the double
bond from the refluxed benzene solution of esters of cephaloglycin
and cephalexin. Although these reactions were conducted in a non-
aqueous solvent, the results (9, 34) serve to support that intramolec-
ular nucleophilic attack of the a-amino group toward §-lactam is
possible conformationally in cephalosporin molecules and may also
proceed in aqueous media. The evidence obtained in the present study
and previous findings (9, 33, 34) are consistent with Mechanism A
rather than the kinetically equivalent alternatives.

In contrast, ampicillin did not exhibit such a rate enhancement of
the B-lactam opening by the direct intramolecular attack of the
side-chain a-amino group (Fig. 14). In spite of the structural similarity
between cephalosporin and penicillin, this difference in reactivity is
attributed to the steric hindrance of the gem-dimethyl group and the
3-proton to the attack of the a-amino group at the 8-face as suggested
by Indelicato et al. (9, 34).

According to the present study, under biological conditions at pH
7.4 and 37°, the 8-lactam of cephalogylcin may be degraded nonen-
zymatically with a half-life of only about 5 hr. This intramolecular
degradation process may proceed competitively with enzymatic
deacetylation (35), yielding deacetylcephaloglycin.

Alkaline Degradation Mechanism and Relative Stability of
Cephalosporins and Penicillins—The .oy values (Table III) for
cephalosporins and penicillins are approximately 10%-10° times
greater than those for simple and unfused §-lactams (koy = about
10~ M~! hr~! at 35°) (36). Some investigators stated that the en-
hanced sensitivity to alkaline degradation of these antibiotics may
be attributed mainly to a suppression of the usual amido resonance
resulting from the nonplanarity in the 8-lactam nitrogen atom (37,
38) and to the intramolecular participation of the neighboring ac-
ylamino groups (39, 40). The latter contribution to penicillin reactivity
was ruled out by other researchers (1, 41, 42), because changing the
substituent of the acylamino group in penicillin only influenced the
reaction rates slightly with amines, oxyanion compounds, and hy-
droxide ion (1, 4, 5, 41, 42).

A similar possibility for intramolecular participation of acylamino
groups can also be excluded in the alkaline degradation of cephalo-
sporins, because no significant variations of kou for the series of
Compounds I and I with various acylamino substituents were ob-
served (Table ITI and Fig. 13). The relatively low reactivities observed
for 6-aminopenicillanic acid, 7-aminocephalosporanic acid, and 7-
aminodeacetoxycephalosporanic acid (Table III and Fig. 15) as
compared with N-acylated compounds of the corresponding nucleus
may result from the inductive effect of the 6- or 7-amino (electron-
donating) group.

The sensitivity of cephalosporins to degrade varied greatly with
different 3-methylene substituents. In the series of 7-acylated
cephalosporins, cephaloridine was the most reactive; cephalothin,
cephaloglycin, and cefazolin exhibited the intermediate reactivity;
and cephalexin and cephradine were the most resistant to the hy-
droxide-ion-catalyzed degradation. The reactivity variation among
these cephalosporins was about 20-fold. The significant influence of
the substituents at the 3-methylene position upon the chemical re-

activity of the 8-lactam may be attributed to the long-range inductive
effect on the electrophilicity of the §-lactam carbonyl carbon atom
toward hydroxide-ion attack (43) and/or the leavability of the 3-
methylene moiety, Ry, which may lower the energy of the transition
state (44).

The order (cephaloridine > cephalothin = cefazolin = cephaloglycin
> cephradine = cephalexin) of the alkaline degradation rates of
therapeutically useful cephalosporins parallels their antibacterial
activities against Gram-negative bacteria. The present kinetic data
support the suggestions of several investigators (38, 43, 45) that the
biological activity of penicillins and cephalosporins is related to the
chemical reactivity of the 8-lactam carbon-nitrogen bond as well as
to the physicochemical properties such as lipophilic character of the
antibiotic molecules.
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Systems Approach to Vaginal Delivery of
Drugs II: In Situ Vaginal Absorption of

Unbranched Aliphatic Alcohols

S. HWANG, E. OWADA, T. YOTSUYANAGI, L. SUHARDJA,
N. F. H. HO, G. L. FLYNN, and W. I. HIGUCHI *

Abstract O The absorption of unbranched aliphatic alcohols in the
rabbit vagina was studied using a perfusion method, and the ab-
sorption rates were found to be first order with respect to the drug
concentration in the vagina from methanol to octanol. A physical
model involving an aqueous diffusion layer in series with a membrane
consisting of aqueous pores and lipoidal pathways was used for ana-
lyzing the data. The physically based parameters in the model were
determined. An effective diffusion layer thickness (“unstirred layer”)
of around 0.035 ¢cm was found. The increase in the permeability
coefficient for the lipoidal pathway per methylene group was around
2.5 for this homologous series.

Keyphrases O Drug delivery, vaginal—in situ absorption of un-
branched aliphatic alcohols, rabbits O Absorption, vaginal—un-
branched aliphatic alcohols, rabbits O Alcohols, unbranched ali-
phatic—vaginal absorption, rabbits O Permeability—unbranched
aliphatic alcohols, vaginal absorption, rabbits

The objectives of this investigation were: (a) to de-
velop suitable methodology in an appropriate animal
system and to obtain firm, baseline data on vaginal
absorption; (b) to delineate the general barrier prop-
erties of the vaginal mucosa; and (¢) to develop quan-
titative, integrated models describing both the release
of drugs from vaginal devices and subsequent drug ab-
sorption.

A method was described previously (1) for evaluating
drug absorption in the vagina, using the rabbit doe as
a prototype animal. A rib-cage-type cell, which provides
a closed absorptive compartment in the vaginal tract,
was designed and surgically implanted in the rabbit.
Drug absorption was determined by perfusing the drug
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solution through this system and following the time
changes in drug concentration in the system. The study
showed that the method generally affords good preci-
sion and should provide a sound basis for meeting the
objectives of this research.

The present study employed this general perfusion
technique and was concerned with the permeability
behavior of a homologous series of unbranched aliphatic
alcohols in the rabbit vaginal membrane. These com-
pounds were expected to exhibit a systematic increase
in the permeability coefficient with increasing carbon
number, and a systems analysis of the resulting data was
expected to define the operational barrier characteris-
tics of the rabbit vaginal mucosa.

The method of data analysis essentially follows that
delineated in previous studies on the human buccal
membrane (2, 3), the rat intestinal membrane (4-7), and
the silicone rubber membrane (8, 9).

An improved technique employing two simulta-
neously permeating species with different radiolabels
(tritium and carbon-14) is introduced. By using one
species as a control, the precision of the method is
substantially improved. In addition, a GLC procedure
was developed to investigate solutes that are not con-
veniently available with a radiolabel. Finally, a new cell
with a magnetic stirrer was developed to manipulate the
hydrodynamics within the absorption cell compartment
independently of the hydrodynamics induced by the
perfusate flow itself.





