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The Amino Acid Nature of Ampicillin and Related Penicillins 

JOSEPH P. HOU and JOHN W. POOLE" 

Abstract 0 The amphoteric penicillins, ampicillin and Wy-4508 
(cyclacillin), possess properties similar to the alicyclacillinphatic 
amino acids. At a pH equal to the isoelectric point (PI) they 
exist essentially as zwitterions (dipolar ions), and in this form are 
most stable and least soluble in water. The aqueous solubility of 
ampicillin changes only slightly with a change in ionic strength 
unless a nonpolar solvent is added. In water at 25", the carboxyl 
groups of all penicillins appear to have the same pK1 (2.6-2.7), 
while the amino groups of the amphoteric penicillins vary in  the 
pK2 values over a wide range (7.24-7.65), probably being influenced 
by the adjacent side chin groups. A change in the dielectric constant 
affects the pK1 more than the pKz; a change in temperature does the 
opposite. The formation of ampicillin zwitterions from its un- 
charged species is an exothermic reaction, and the heat of forma- 
tion is about 10.7 kcal./mole. 

Keyphrases 0 Ampicillin, related penicillins-amino acid similari- 
ties pH-stability profile-penicillins 0 Amphoteric penicillins 
in solution-apparent stability 0 Physicochemical properties, 
ponicillins-biological activity relationship 

Ampicillin (6-[2-amino-2-phenylacetamido]penicil- 
lanic acid) was first prepared by Doyle et al. (1) in 1961. 
After extensive antimicrobial and pharmacological 
evaluations, this antibiotic was shown to be very acid- 
stable (2), well absorbed (3-5), and effective at low 
minimal inhibitory concentration (MIC) against a wide 
variety of Gram-negative as well as Gram-positive or- 
ganisms (5-7). Wy-4508, an aminoalicyclic penicillin 
prepared by Grant et al. (8, 9), also has a broad anti- 
bacterial spectrum, and in addition has a higher ratio of 
iiz vivo to in vitro activity than ampicillin. Part of this 
superiority may be due to  its high, prolonged blood con- 
centrations and low serum binding (10). Ampicillin 
apparently owes its activity and stability to  the presence 
of the free amino group at  the or-position of the N-acyl 
side chain of the penicillin nucleus, since when this 
group is substituted or derivatives are made, the activity 
reverts to a more Gram-positive and lipophilic type (1). 
Recently, Cieslak and Wasilewa (I 1) reported that the 
presence of a free or-amino group, although required, is 
apparently insufficient for broad antimicrobial activity; 
the chemical nature of the penicillin side chain is also 
an essential factor. 

Commonly used penicillins, both natural and semi- 

synthetic, such as pencillins benzyl-and phenoxymethyl, 
methicillin, dicloxacillin, and nafcillin are salts of mono- 
basic N-substituted penicillanic acids. Ampicillin and 
Wy-4508, however, are ampholytes, i.e., they behave as 
both acids and bases since they carry both carboxyl 
and amino groups at the ends of the molecules. 

Austin et al. (12) reported the formation of ampicillin 
hydrates. Grant and Alburn (13) found the monohy- 
drate form of ampicillin less stable than the anhydrate. 
Poole and Bahal (14) further studied the anhydrate- 
trihydrate phase transition. The authors recently re- 
ported on the chemical kinetics of ampicillin in solution 
(15). Now using ampicillin as a model, these studies have 
been extended to  the solubility characteristics, dissocia- 
tion behavior, and apparent heat of dissociation (ioniza- 
tion) in solution of these amphoteric penicillins. 

EXPERIMENTAL 

Penicillins-All the penicillins were products or new compounds 
of Wyeth Laboratories. Their purity was greater than 98%. The 
following were used: ampicillin (anhydrate), 6-(2-amino-2-phenyl- 
acetamido)penicillanic acid, Lot C-10575 and Lot 10959, m.p., 
202-203" (dec.); Wy-4508 6-( I-aminocyclohexanecarboxamido)- 
penicillanic acid, Lot C-10789 (anhydrate) m.p., 182-183" (dec.); 
Wy-7953, 6-( I-amino:yclopentanecarboxamido)pznicillanic acid, 
Lot C-10785, m.p., 188-189" (dec.); Wy-8542, 6-(1-amino-3- 
methylcyclopentanecarboxamido)penicillanic acid, m.p., 164165' 
(dec.), (new compound); 6-APA, 6-aminopenicillanic acid, Lot 
C-11093, m.p., 187-189" (dec.); dicloxacillin sodium monohydrate, 
6-[3-(2,6-dichlorophenyl)-5-methyl-4-isoxazolecarboxamido] penicil- 
lanic acid, sodium salt.H20, Lot C-10651; nafcillin sodium mono- 
hydrate, 6-(2-ethoxy-l-naphthamido) penicillanic acid, sodium 
salt .HzO. 

All other chemicals were commercially availible reagent grade. 
The water used for penicillin solutions, titrants, and buffers was 
deionized, distilled and freshly boiled. The pH was 6.75 at 25". 

Procedures-To determine the solubility, an excess of each drug 
(about four times the amount needed for saturation) was added to 
each of a series of 120-ml. (4-oz.) bottles, followed by adding 50 ml. 
of solvent. The bottles were capped, placed in a constmt-tempera- 
ture bath, mechanically rotated for 2 hr., and allowed to stand about 
30 min. at the appropriate temperature. Samples were taken from 
the supernatants and filtered through Millipore filters,' diluted with 

1 Millipore fi:ters were type HA (aqueous solvent) and type LC 
(aqueous-organic solvent mixture). 
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Figure 1- -The pH-uppareiit solubility proJiles of umpicilliii uird Wy-  
4508 ut 25’ it2 buffers of totcil ioi~ic streiigtli 0.5. 

water to  make final concentrations of about 1-4 mg./ml., and then 
assayed for penicillin content. 

For this assay, a modified iodometric procedure (16) was used. 
At room temperature, a 2-ml. sample was transferred into each of 
two stoppered conical flasks. To one flask was added 5 ml. of 1 .0 N 
NaOH and 15 min. later, 5 ml. of 1.2 N HC1, 5 ml. of pH 4 citrate 
buffer, and 15 ml. of 0.01 N iodine solution. The mixture was allowed 
to stand another 15 min. and the excess of iodine was titrated with 
0.01 Nsodium thiosulfate solution. As the end point was approached 
about 0.1 g. of thyodene (indicator) was added, and the titration 
was continued until the blue color disappeared. To the second flask 
the same amount of buffer and iodine solution was added and the 
titration was completed immediately. The difference between the 
two titers represented the actual amount of iodine being consumed 
by the intact penicillin. The conversion factors used were: 1 ml. of 
0.01 N iodine equals 0.398 mg. of ampicillin, or 0.388 mg. of Wy- 
4508. 

For the pKa determinations, a potentiometric titration technique 
was used. The penicillins were dried in a desiccator over PZOj under 
reduced pressure before use. Frcsh solutions of the penicillins were 
prepared at 25”, and proper corrections for the purity of the drug 
were also made. The KOH solution was prepared and stored in a 
carbonate-free condition as described by Albert and Serjeant (17). 
The titration vessel was a water-jacketed, semiclosed container with 
inlets for electrodes, nitrogen gas, and a buret. The temperature of 
the solution was kept constant throughout the titration by circula- 
ting water from a constant temperature bath which was maintained 
at &0.1” by a Haake thermostat. Nitrogen gas saturated with 
moisture was gently bubbled on the top of the solution, and a 
magnetic stirrer was used for fast equilibrium during titration. The 
titrant was added in 0.1-rnl. portions from a buret calibrated in 
0.01-ml. divisions. The pH changes during titrations were measured 
by a Corning model 12 research pH meter equipped with a glass- 
SC electrode system. 

The calibration equations of Glasstone and Hammel (18) were 
used for computing the dissociation constants of the amphoteric 
penicillins, with elimination of the activity coefficient terms of the 
drug: 

pK1 = pH - log -- -‘ - - 1) (Eq. 1) (A - CII+ 

pKz = pH + log - -c  - - - 1)  (Eq. 2) (B - c01c- 

In these equations, pH is defined as -logal~&, cfz+ and COII - are the 
concentrations of hydrogen and hydroxyl ions in a solution consist- 
ing of C moles of penicillin to which A moles of acid or B moles of 

base have been added. The values of c11* and colt - are derived from 
the pH measurements by assuming the activity coefficients of the 
hydrogen and hydroxyl ions to be equal to the mean values for hy- 
drochloric acid or potassium hydroxide, respectively, at the same 
ionic strength. Within the pH range of 5 7, however, the term of 
COH- may be neglected in Eq. 2. The activity coefieients for hydro- 
chloric acid given by Robinson and Harned (19) were used. The 
concentration terms were properly corrected to account for the 
change in volume due to the addition of titrant. 

RESULTS AND DISCUSSION 

pH-Solubility Profile--At constant temperature (25”) and an 
ionic strength of 0.5, the pH-apparent solubility profiles of ampicillin 
and Wy-4508 were U-shaped as is shown in Fig. 1. With both of 
these amphoteric compounds there was a marked effect of pH on 
solubility. Tkminimumdubilities of ampicillin (3.98 X M) 
and Wy-4508 (9.09 X M) occurred at pH 4.9 and 5.0, respec- 
tively, and these pH values should represent the isoelectric points. 
Within the isoelectric region the ampholytes exist essentially as 
electrically neutral zwitterions (dipolar ions), and in the solid state 
their crystal lattice forces would be at a maximum, resulting in the 
least solubility. At lower or higher p H s  however, the molecules 
exist mainly as ions (cstions or anions), and the repulsive forces 
between such charged ions would be higher, thus increasing the 
solubility. Wy-4508 had more than twice the aqueous solubility of 
ampicillin over the entire pH range investigated, and this is believed 
due to the inborn structure or Chemical nature of the former com- 
pound. 

Effect of Salt and Organic Solvent on Solubility--The solubility 
of ampicillin at 25“ in water and in mixtures of 80% of water and 
20 of either methanol, ethanol, n-propanol, isopropanol, acetone, 
dimethylsulfoxide, p-dioxane or tetrahydrofuran (THF) in the 
presence of a varied amount of potassium chloride was investigated. 
Figure 2 shows that the solubility in water was 1.39 g./lOO ml., but 
that at low and high salt concentrations a “salting-in” and “salting- 
out” effect occurred. Due to the presence of 20% organic solvents 
(particularly the alcohols), a relatively low intrinsic solubility was 
shown, but the solubility was noticeably increased with an increase 
in salt concentration, particularly in the presence of p-dioxane and 
THF. 

At low salt concentrations, the attraction between the hydrated 
salt ions and the ionic groups of ampicillin increases, resulting in a 
“salting-in” effect. This interaction was shown to be enhanced in 
the solvent medium of low dielectric constant. At high salt con- 
centrations, however, there is an oppasite “salting-out” &at. .In 
addition, the relatively low intrinsic solubility of ampicillin in water- 
organic solvent mixtures is probably related to a dehydration effect, 
i.e., the water molecules surrounding the ionic groups of ampicillins 
interact mainly with the salt ions or organic solvent molecules, 
thereby decreasing the solute-solvent interaction. Thus the solubility 
of ampicillin would decrease. 

Ampicillin is insoluble in almost all organic solvents (20). Its 
EtOAc/HyO partition is essentially constant (coefficient, 0.044) and 
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Figure 2 Effect of ionic stmtgtk on the upparerit solubility of urnpi- 
cilliii iii 20 :< (tic) orgunic sol~ei t t  niixtirres mid in water (dotted like) 
nt 25‘. 
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Table I-Dissociation Constants of Some Penicillins in Water at 25 f 0.1 

Compd. Structure Concn., M PKI PKZ PIa 

6.52 X 2.66 Z!Z 0.03 7.25 =t 0.03 4.95 
8.00 x 1 0 - 3  2.64 Z!Z 0.05 7.24 =t 0.02 Ampicillin 0;; &- tf TCOi 

"3N 0 

Wy-4508 8.53 X 2.68 Z!Z 0.04 7.50 =k 0.02 5.09 

10.0 

wy-7953 

Wy-8542 

Nafcillin 

- 

8.00 x 
8.00 x 

5.86 x 1 0 P  

6.00 X 

2.62 =t 0.05 
2.61 41 0.06 

7.M) f- 0.05 
7.62 Z!Z 0.04 

__ 7.65 

2.65b 

5 . 1 1  

- 

Dicloxacillin 6.12 X 2.67b 

a PI = PH at isoelectric point. b The pK value was obtained by extrapolation to zero alcohol concentration from several pK values in water-ethanol 
mixtures. 

is not significantly affected by pH. This is in contrast to the behavior 
of the monobasic type of penicillins. The solubility and partition 
behaviof clearly indicate that ampicillin is more hydrophilic than 
lipophilic, behaving more like ionic than organic molecules in com- 
parison with the monobasic penicillins. 

Apparent Stability of Amphoteric Penicillins in Solution-The 
zwitterionic species of ampicillin and Wy-4508 are apparently the 
most stable toward acids and bases. This was done by measuring 
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Figure 3-The pH-apparent rate profiles of' ampicillin a+ 35" mid 
Wy-4508 a f  25" in buffers of total ionic strength 0.5. 
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the remaining concentrations of intact penicillin iodometrically at 
constant temperature and pH and at an ionic strength of 0.5 (15). 
The initial rate for both ampicillin and Wy-4508 follow a pseudo- 
first-order kinetics, and the maximum stabilities lie on essentially 
the respective isoelectric points, PI = (pK1 -t P K ~ ) / ~ ~ .  Figure 3 
illustrates the pH-apparent stability profiles of ampicillin at 35' and 
Wy-4508 at 25", respectively, in buffers of pH 2-8. The minimum 
rate for ampicillin lies on a pH of 4.85, which gives a half-life of 

I3.O 12.0 , 

WY 4508 IN.- 

,**--SO% DIOXANE 
I 

5.0 A 

8 6 4 2 0 2 4 6 8  
HCI TITRANT (rnl.) KOH 

Figure &Titration curce of' Wy-4508 in water (solid line) und in 
50 % p-dioxane-water mixture (dashed line) at 25". 

2 The PI was 4.82 for ampicillin at 35" (Table V) and was 4.93 for 
Wy-4508 at 25" in wafer in the presence of 0.5 M KCI. The latter was 
determined by a solubility technique. 



Table 11-Determination of pK1 of Ampicillin in 
Water at 25 f 0.1 'a 

Table 111-Determination of pK2 of Ampicillin in 
Water at 25 f 0.1"" 

Concn., C 

PKI 
Titrant, A X lo3 

ml. PH M Y* 

I .o 
1 . 1  

6.750 
6.800 
6.855 
6.912 
6.965 
7.040 
7.095 
7.140 

2.039 
2.241 

0.460 
0.403 
0.349 

7.210 
7.203 1 . 0  3.278 2.067 0.954 0.626 2.652 - .~ . .~ . . 

1.1 3.240 2.272 0.949 0.574 2.666 
1 .2  3.195 2.476 0.947 0.530 2.665 
1 . 3  3.160 2.680 0.945 0.485 2.675 
1 . 4  3.120 2.883 0.944 0.447 2.673 
1.5 3.073 3.086 0.942 0.415 2.658 

1.2 
1 .3  
1.4 
1.5 
1 .6  

2.443 
2,644 
2.844 
3.014 

7.204 
7.210 0.298 

0.246 
0.201 
0.154 

7.214 
7.241 
7.249 
7.248 
7.238 
7.238 
7.244 
7,246 
7.244 
7.248 
7.253 
7.258 

3.244 
3.443 
3.642 
3.840 
4.039 
4.237 
4.434 
4.631 

1.6 3.043 3.288 0.940 0.378 2.665 
1 . 7  3.020 3 490 0 939 0 338 2 681 

1.7 
1.8 
1.9 
2 .0  
2.1 
2 . 2  
2.3 

0.108 
0.063 
0.018 

-0.026 
-0.071 
-0.116 
-0.162 
-0.209 
-0.257 
-0.307 
-0.358 
-0.413 
-0.459 
-0.531 

7.175 
7.220 
7.270 
7.317 
7.360 

~. .. . 

1.8 2.955 3.692 0,937 0.322 2.643 
1 . 9  2.943 3.893 0,936 0.287 2.656 
2.0 2.920 4.094 0.935 0.254 2.666 
2.2 2.862 4.495 0.932 0.202 2.660 
2.4 2.820 4.894 0.929 0.156 2.673 
2.6 2.771 5.291 0 926 0.095 2.676 

7.410 
2 .4  
2 .5  
2 . 6  
2 .7  
2 .8  

7.462 
7.515 
7.567 
7.624 
7.680 

4.828 
5.024 
5.220 
5.415 

~ ~ . ... 

2.8 2.730 5.687 0.924 0.060 2:680 
3.0 2.695 6.082 0.922 -0,002 2.697 7.260 . -  

7.265 
7.267 
7,256 
7.269 

Av. = 2.66 + 0.03 (PKd 
5.611 
5.805 
6.000 

2.9 
3.0 

7.726 
7.800 a The initial ampicillin concentration was 8.0 X 10-3 M .  The titrant 

was 0.2088 N HCI. * The activity coefficient for HCI was taken from 
Reference 19. Av. = 7.24 0.03 (pKn) 

130 hr., while that for Wy-4508 lies on a pH of 4.96, which gives a 
half-life of approximately 200 hr. 

Surprisingly enough, 6-aminopenicillanic acid (6-APA) was shown 
to behave quite differently from ampicillin and Wy-4508. At low 
pH's (l-3), the initial rates for 6-APA were shown to follow a first- 
order kinetics, but this was not the case at pH > pK2 (4.92) and no 
satisfactory pseudo-first-order kinetic rates were obtained. The 
difference may be due to the polymerization of 6-APA initiated by 
the 6-amino group towards the P-lactam ring of a second molecule. 
The degradation and polymerization behavior of 6-APA at higher 
pH's has been reported by Grant et a/. (21) and Dennen (22). The 
maximum stability at pH of 8 (22) could be due to the polymerized 
form of 6-APA. 

Dissociation Constants of Penicillins-The dissociation constants 
of ampicillin, Wy-4508, Wy-7953, and Wy-8542 were determined 
potentiometricslly in water at 25". The results are shown in Table I .  
Each of the pK values is an average of 16 to 21 individual values 
corresponding in most cases to 25-75% of neutralization. The PI 
(isoelectric point) for monocarboxylic and monoamino ampho- 
lytes is defined as (pKI + pKs)/2. 

In the present investigation, the dissociation constants were shown 
to be uniform, never deviating more than f 0.05 pK unit. Tables 11 
and 111 present one typical set of computed data on ampicillin in 
water at 25". In several cases the apparent pKl of ampicillin was 
calculated simply by using the pH value as the hydrogen ion con- 
centration in Eq. 1. The average pK values obtained in this manner 
were shown to be only 0.002 to 0.03 higher than the true values. 

Figure 4 is a titration curve obtained for Wy-4508. The titration 
with acid is a process of proton association (proton gain) from 
zwitterion to cation; while that with base is a process of proton 
dissociation (proton lost) from zwitterion to anion, as is shown in 
Scheme I. The corresponding dissociation constants KI and K, may 
thus be expressed as: 

The initial ampicillin concentration was 8.0 X 1 0 - 3  M .  The titrant 
was 0.206 N KOH. 

7.65 for an alkyl-substituted aminoalicyclic penicillin (Wy-8542). 
Conceivably this difference is due to the positive inductive effect of 
the side cliain, which seems to correlate with the pKn increases, as is 
shown in the following order (see Scheme 11). 

Effect of Organic Solvent on Dissociation Constants-The dis- 
sociation constants of ampicillin in 50% p-dioxane and of Wy-4508 
in 50% each of p-dioxane, dimethylformamide (DMF) and n-pro- 
panol at 25" are listed in Table IV. A decrease in the dielectric con- 

n 

(H,N+RCOOH ) 

0 

@T-- N- 

O 
(H') (H3NfRCOO-) 

(HsN'RCOOH) 

(H+) (H2NRCOO-) 
(H3N+RCOO-) 

Kl = 

K2 = 
( H,N +RCOO-) 

n 
Data obtained in these laboratories and those in the literature 

(23, 24), indicate that regardless of the side chain group, all penicil- 
lins possess a pKl (carboxyl group) 2.65 f 0.1 in water at 25". This 
was believed due to the large distance (> 6 atoms) between the side 
chain group and the carboxyl ion of penicillins. The dissociation 
constant of the amino groug of amphoteric penicillins, however, is 
definitely influenced by the adjacent nonpolar side-chain group. 
The pK2 value in water at 25" increases from 7.24 for ampicillin to 

coo- 
H2N 

(H2N RCOO-) 
Scheme I 
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Table IV-Dissociation Constants of Ampicillin and Wy-4508 in 50% Organic Solvents at 25" 

Compd. (solvent) 
Original 

Concn., M PK1 PK2 ApKzb 

Ampicillin in 

Wy-4508 in 
50 p-dioxane 6.52 X 4.15 zt 0.03 6.97 k 0.02 1.49 -0.27 

50 % p-dioxane 8.53 x 1 0 - 3  4.16 =k 0.03 7.01 i 0.03 1.48 -0.46 
50 dimethylformamide 8.53 x 10W 4.14 =k 0.03 7.22 k 0.02 1.46 -0.28 
50% n-propanol 8.53 x 10-3 3.70 f 0.03 6.86 f 0.02 1.02 -0.64 

a Difference between PIG in solvent mixture and in water. Difference between pKz in solvent mixture and in water. 

stant of the reaction mixture resulted in a decrease of both the 
acidity and basicity of ampicillin and Wy-4508, that is the pK1 in- 
creased and the pKz decreased in both instances. Also, the organic 
solvent had a greater effect on the pK1 than on the pK,. Accordingly, 
the ApKl values were large and positive while the ApK2 values were 
small and negative in all the solvents investigated. 

Figure 4 depicts the titration curve obtained for Wy-4508 in 50% 
p-dioxane and in water. A large difference is observed in the acid 
side compared to that noted in the base area. For ampicillin, the 
titration curve in these solvents was similar. 

The addition of 10 and 20% of formaldehyde (HCHO) to  an 
aqueous solution of ampicillin caused essentially no change of the 
titration curve (or pH) on the acid side, but a considerably different 
type of curve resulted in the course of neutralization by base, as 
shown in Fig. 5. It is reasonable to assume that formzldehyde must 
strongly interact with the amino group of ampicillin to form meth- 
ylol derivatives. Such interaction is common in the amino acids. In 
such an instance the titration by base no longer involves a neutraliza- 
tion of the charged amino group. 

The dissociation constants for salts of monobasic penidlins 
(nafcillin and dicloxacillin) were also determined. They were ob- 
tained by titrations with HCl in water-ethanol mixtures at 25" and 
calculating the corresponding-pKl vaiua in water by extrapolating 
in the usual manner to zero alcohol concentration (25). The respec- 
tive values for nafcillin and dicloxacillin were 2.65 and 2.67 (Table 
1). 

Effect of Temperature on the pK Values of Ampicillin-The data 
on the pK1 and pK, values of ampicillin in water at several tempera- 
tures are listed in Table V. Within the experimental temperature 
range of 5 to 45" the pK1 was virtually temperature-insensitive but a 
significant temperature coefficient was observed for the pK2. The 
apparent heat of reaction, AH", calculated from Eq. 5 

the range of heats of reaction of amino acids. Also, from the above 
data, the formation of ampicillin zwitterions from uncharged 
species3 is an exothermic reaction and the net heat of reaction is 
approximately 10.7 kcal./mole. 

Physicochemical Properties and Biological Activity of Ampicillin 
and Wy-4508-The high m.p. (with decomposition) of ampicillin 
(202-203') and Wy-4508 (182-183"), along with the previously dis- 
cussed solubility behavior, dissociation (ionization) reaction, and 
the heat of dissociation of ampicillin, indicate the close relation of 
these drugs to the aliphatic amino acids (26). Regardless of the 
penicillin nucleus and the side chain group, ampicillin, Wy-4508 and 
possibly other similar types of amino penicillins exist essentially as 
zwitterions at neutral pH. Recently, James and Hall (28) reported 
that ampicillin exists as a zwitterion even in the crystalline state. 
The observed biological activity of ampicillin and Wy-4508 ac- 
cordingly is no doubt directly related to their zwitterionic nature. 

The mode of action of the penicillins is by no means simple. 
Knox (29) hypothesized that the Gram-n-gative bacteria have a 
receptive surface which is attacked on& when in close contact with 
one of the active sites ef the pniciIlin side chain (presumably the 
NH2 group in ampicillin), while the Gram-positive bacteria are 
attacked only by the carboxyl group. According to this "close con- 
tact" hypothesis, the Gram-negative activity of all the amino pen- 
icillins may depend on the attachment of susceptible sites in the 
organisms to charged amino groups, while the Gram-positive 
activity of monobasic and amphoteric penicillins may depend sim- 
ilarly on attachment to the p-lsctam and ionic carboxyl groups. This 

1 1  l2 L -- I 

9 -  was -0.8 & 0.04 kcal./mole for the carboxyl group and +11.5 f 
0.05 kcal./mole for the charged amino group. For amino acids and 
peptides the appment heat of dissociation reactions is reported 
from - 1300 to +1800 cal. for reaction RCOO- + H+ = RCOOH 
and from loo00 to 12800 cal. for reaction RNH3+ = RNH, + H+ 
(26). Accordingly, the values obtained for ampicillin were within 

8 -  

, 

side chain group @H-co- < 

H,N+ 
PK, 7.24 

(ampicillin) 

7.50 7.60 
(Wy-4508) ( w y-7953) 

Scheme I1 

AMPICILLIN IN WATER 

/-- 

8 6 4 2 0 2 4 6 8  
HCI TITRANT (mi.) KOH 

Figure 5-Titration curves of ampicillin at 25" in water (solid line), 
IO% formaldehyde (dotted line), and 20 % formaldehyde (dashed 
h e ) .  

7.65 
(Wy-8542) 8 Normally amino acids zwitterions are in equilibrium with their 

uncharged species in solution at a neutral pH. A rigorous treatment of 
this matter is given by EdsaH and BlanclIard (27). 
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Table V- -Effect of Temperature of pKI and pK, 
Values of Ampicillin in Watera 

Temperature, 
“C PKI PKL 

5 
10 
15 
20 
25 

30 
35 

45 
35 (u = 0.5) 

2.62 =!= 0.04 

2.63 1 0 . 0 3  

2.66 f 0.03 
2.61 f 0.05 
2.67 rt 0.03 
2.68 =k 0.04 
2.69 =k 0.05 
2.73 f 0.05 
2.60 3z 0.02 

-- - 

- 
7.67 -1 .  0.04 

._ 

7.39 + 0.03 
7.24 =k 0 .02  
7.25 =k 0.03 

._ 
6.96 f 0.04 

6.72 -rt 0.05 
7.05 + 0.01 

5 The original ampicillin concentration used for these runs was 
8.00 X M. The titrants were 0.2088 N HCI and 0.2060 N KOH. 

type of drug-bacteria interaction presumably leads to a drug-suh- 
strate complex formation which destroys the normal metabolic 
function of the bacteria. The stereospecificity and electron density 
of the side chain group, as well as the mutagenic activity of a partic- 
ular drug, are also important factors for overall penicillin activity. 

Irr any case, the broad antimicrobial activity of the amphoteric 
penicillins is probably due in a large degree to the zwitterionic nature 
of these compounds. Rolinson and Stevens (7) demonstrated that 
ampicillin is about 10 times more active in a pH 5.5 than in a pH 8 
buffer toward strains of Escherichiu coli and Streptococcus fueculis, 
suggesting that the zwitterion is the most active molecular species. 
Although Wy-4508 has rekatively high in vitro MIC values, the high 
solubility and lower serum binding result in an eficient in vivo per- 
formance (30, 31). Rosenman et ul. (10) found that after a single 
oral dose, Wy-4508 gave about four times higher mean blood serum 
concentrations than ampicillin at 30 min. and about five times higher 
after 1 hr. This rapid attainment of a higher blood level, probably 
related to the solubility of the drug, may be an important thcra- 
peutic advantage in cico. 

REFERENCES 

(1) F. P. Doyle, G. R. Foskcr, J. H. C. Nayler, and H .  Smith, 

(2) F. P. Doyle, J. H. C. Nayler, H. Smith, and E. R. Stove, 

(3) D. M. Brown and P. Acred, Brit. Med. J., 2, 197(1961). 
(4) E. T. Knudsen, G. N. Kolinson, and S .  Stevens, ibid., 2, 

( 5 )  P.  Acrcd, D. M. Brown, D. H. Turner, and M. J. Wilson, 

(6) G. T. Stewart, H. M. T. Coles, H. H. Nixon, and R. J. 

.I. Chem. Soc., 1%2, 1440. 

Mature, 191, 1091(1961). 

198(1961). 

Brit. J. Phurmucol., €8, 356(1962). 

Holt, Brit. Med. J. ,  2, 200(1961). 
(7) G. N. Rolinson and S. Stevens, ihid., 2, 191(1961). 
(8) N. H. Grant and H. E. Alburn, J .  Am. Chem. Soc., 86, 

(9) H. E. Alburn. D. E. Clark, H. Fletcher, 111, and N. H. 

(10) S. B. Rosenman, L. S. Weber, G. Owen, and G. H. Warren, 

(1 1) J. Cieslak and B. Wasilewa, Actu Polon. Pharm., 25, 143 

(12) K. W. B. Austin. A. C. Marshall, andH. Smith, Nuture, 208, 

(13) N. H. Grant and H. E. Alburn, ihid., 207,645(1965). 
(14) J. W. Poole and C. K .  Bahal, J .  Phnrm. Sci., 57, 1945(1968). 
(15) J P. Hou and J. W. Poole, ihid., 58, 447(1969). 
(16) P. J. Weiss, Antibiot. Chemotherpy, 9, 660(1959). 
(17) A. Albert and E. P. Serjcant, “Ionization Constants of 

Acids and Bases,” Wiley, New York, N. Y., 1962, chap. 2. 
(18) S. Glasstonc and E. F. Hammel, Jr., J .  Am. Chem. Soc., 63, 

243( 1941). 
(19) R. A. Robinson and H. S .  Harned, Chem. Rev., 28, 419 

(1 941 ). 
(20) J. R. Marsh and P. J. Wciss, J.  Assoc. Ofic. Agr. Chemists, 

50, 457(1967). 
(21) N. H. Grant, D. E. Clark, and H. E. Alburn, J.  Am. Clrem. 

Soc., 84, 876 (1962). 
(22) D. W. Dennen. J .  Phurm. Sci., 56, 1273(1967). 
(23) H. D. C. Rapson and A. E. Bird, J.  Plzurm. Phurmaeol., 15, 

222T( 1963). 
(24) “The Chemistry of Penicillin,’’ H. T. Clarke, J. R. Johnson, 

and R. Robinson, Eds., Princeton University Press, Princeton, N. J , 

387q1964). 

Grant, Antimicrobial Agents Clre~norherupy, 1968, 586. 

ibid., 1%8, 590. 

(1968). 

999( 1965). 

1961, Chap. 14, p. 419. 
(25) M. Mizutani, Z. PhyAik. Chem., 116, 35q1925) 
(26) J. P. Greenstcin and M. Winitz, “Chemistry of the Amino 

Acids,” vol. 1, Wiley, New York, N. Y., 1961, chap. 4. 
(27) J. T. Edsall and M. H. Blanchard, J.  Am. Chem. Sac., 55, 

2337( 1933). 
(28) M. N. G. James and D. Hall, Nufure, 220, 168(1968). 
(29) R. Knox, ibid., 192, 492(1961). 
(30) M. W. Hopper, J. A. Yurchenco, and G. H. Warren, Anfi- 

(31) J. A. Yurchcnco. M. W. Hopper, and G. H. Warren, ihid., 
rnicr~~biul Agents Chemotherapy, 1%8, 597. 

1%8, 602. 

ACKNOWLEDGMENTS AND ADDRESSES 

Received June 10, 1969 from Pharmacy Research and Develop- 

Accepted for publication August 14, 1969. 
The authors thank Drs. N. H. Grant for generously providing the 

Compound Wy-8542 and S. B. Rosenman for kindly reading this 
manuscript. They are also indebted to Dr. G. M. Irwin for his help 
in programming the Olivctti Underwood Programma 101 Computer 
for akt the calculations. 

ment Division, Wyeth Lahorutories, Inc., Rudtror, PA I9087 

Voi. 58, No. $2, December 1969 a 1515 




