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Abstract 0 Cephalosporin reaction with protein amino groups is fun- 
damental to cephalosporin allergy. Cephalothin and cefazolin reaction 
kinetics with 6-aminocaproic acid, (3-alanine, and glycine in aqueous so- 
lution were investigated. All reactions were conducted a t  3.5' and 0.5 ionic 
strength and were followed by ion-exchange high-pressure liquid chro- 
matography. The aminolysis rate constants can he expressed as terms 
representing uncatalyzed or water-catalyzed amine reaction, self-assisted 
nucleophilic reaction, and hydroxide-ion-catalyzed nucleophilic amine 
attack on the @-lactam moiety. Cephalothin and cefazolin react with 
amines as readily as penicillin G. The UV spectra of several cephalo- 
thin-glycine reaction products were recorded, and their possible struc- 
tures are discussed. 
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Since cephalosporin reaction with free amino groups on 
tissue proteins to yield cephalosporoyl conjugates in uiuo 
may be largely responsible for cephalosporin immuno- 
genicity (11, a knowledge of cephalosporin aminolysis and 
reaction products is important. Such protein conjugates 
prepared in uitro have been strongly immunogenic in an- 
imals (2-6). 

Although kinetic studies on penicillin aminolysis have 
been reported (7-171, little work has been performed using 
cephalosporins, probably due to analysis difficulties, re- 
action complexity, and the dearth of information on these 
compounds. Cephalosporin aminolysis kinetic analysis by 
differential UV spectrophotometry was reported recently 
(18,19). Spectrophotometric analysis has been useful for 
following cephalosporin hydrolysis (18-23). 

This paper reports the high-pressure liquid chromato- 
graphic (HPLC) analysis of cephalosporin aminolysis ki- 
netics. This method seems to be a powerful tool for quan- 
tifying reactions, separating the hydrolysis and aminolysis 
products, and investigating degradation products. HPLC 
analysis of the kinetics and mechanism of aqueous ceph- 
alosporin hydrolysis as a function of pH was reported 
previously (23, 34). 

EXPERIMENTAL 

Materials-Cephalothin sodium' (944 fig/mg), deacetylcephalothin 
sodium', and cefa7din sodium2 (966 pg/mg) were used as received. 

All  other chemicals were the highest grade and were used without 
further purification. 

Kinetic Procedure--Three amino acid types, glycine, (3-alanine, and 
c-aminocaproic acid, were used hoth as buffers to maintain a constant 
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Table I-Apparent First-Order Rate Constants, kob, for  
Cephalothin Aminolysis in Various Amine Buffers at 0.5 Ionic 
S t r eng th  and  35' 

k otm 
Buffer pH" hr-l 

[NHs+CH2COO-] 
0.060 
0.120 
0.060 
0.120 
0.180 
0.060 
0.120 
0.180 
0.300 

(NHs+(CH2)2COO-] 
0.060 
0.380 
0.600 
0.038 
0.075 
0.150 
0.300 
0.050 
0.080 
0.100 
0.200 
0.300 
0.050 
0.060 
0.150 
0.200 

0.100 
0.150 
0.200 
0.040 
0.100 
0.120 
0.150 
0.020 
0.047 
0.094 

[NaOH] 
0.033 
0.066 
0.043 
0.088 
0.131 
0.044 
0.096 
0.143 
0.239 

[NaOH] 
0.020 
0.131 
0.207 
0.019 
0.038 
0.077 
0.150 
0.033 
0.054 
0.068 
0.135 
0.203 
0.038 
0.046 
0.115 
0.153 

[NaOH] 
0.011 
0.022 
0.033 
0.044 
0.014 
0.035 
0.042 
0.053 
0.013 
0.030 
0.060 

[KCII 
0.467 
0.434 
0.457 
0.412 
0.369 
0.456 
0.404 
0.357 
0.261 

0.480 
0.369 
0.293 
0.481 
0.462 
0.423 
0.347 
0.467 
0.446 
0.432 
0.365 
0.297 
0.462 
0.454 
0.385 
0.347 

0.489 
0.478 
0.467 
0.456 
0.486 
0.465 
0.458 
0.447 
0.487 
0.470 
0.440 

WCII 

[KCll 

9.50 
9.50 
9.80 
9.84 
9.84 
9.85 

10.00 
10.00 
10.00 

9.70 
9.70 
9.70 

10.00 
10.00 
10.00 
10.00 
10.30 
10.30 
10.30 
10.30 
10.30 
10.50 
10.50 
10.50 
10.50 

10.00 
10.00 
10.00 
10.00 
10.30 
10.30 
10.30 
10.30 
10.80 
10.80 

0.274 
0.499 
0.533 
1.11 
1.86 
0.638 
1.28 
2.24 
4.94 

0.460 
2.85 
6.11 
0.830 
1.10 
1.95 
4.50 
1.90 
2.37 
2.89 
5.61 
9.25 
3.00 
3.26 
6.25 
8.20 

1.09 
1.85 
2.80 
3.90 
2.17 
4.15 
4.91 
6.74 
6.12 
9.76 

10.80 17.7 

The pH was maintained by a pH-stat. 

pH and as nucleophiles. The amine buffers were prepared just before use 
with calculated amounts of amino acid and standard sodium hydroxide 
solution. The ionic strength was adjusted to 0.5 with potassium chloride. 
The kinetic technique was almost the same as one used previously for 
penicillin aminolysis (12-14). 

T o  avoid the possihle change in the kinetic solution pH3 during the 
reaction, a constant pH was maintained with a pH-stat'. All reactions 
were conducted a t  35.0 f 0.1' with the total amine concentration in large 
excess over the reacting substrate concentration to maintain pseudo- 
tirst-order kinetics. In most cases, the initial cephalosporin concentration 
was 5 x M and the total amine concentration was 0.04-0.60 M. 
Reaction solution aliquots (1 ml) were withdrawn a t  intervals, neutralized 
to quench the reaction by addition of 1 ml of 0.2 M phosphate buffer (pH 
6.0) in a cooled water bath to give the final pH of 7-8, and analyzed by 
HPLC as described later. 

J PHM26 pH-meter, Radiometer, Copenhagen, Denmark. 
4 A pH-stat titrimeter assembly conbisting of n TTTl I Litrator. a PHM26 pH- 

meter, and an AHUl2b  autoburet. Radlometer, Copenhagen. Denmark. 
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Table 11-Apparent First-Order Ra te  Constants, kohl for  
Deacetylcephalothin Aminolysis in Glycine Buffer at 0.5 Ionic 
Strength and 35" 

kotm 
Buffer pHa hr-* 

w -  
v) z 
In w 
K 
K 

s! 

[NHatCH2COO-) [NaOH] [KCl] 
0.120 0.066 0.434 9.50 0.185 
0.180 0.099 0.401 9.50 0.359 

' 2  

0.060 0.048 0.452 10.00 0.258 

0 The pH was maintained by a pH-stat. 

Table Ill-Apparent First-Order Ra te  Constants, kob, for 
Cefazolin Aminolysis in Various Amine Buffers at 0.5 Ionic 
Strength and 35" 

kobe. 
Buffer pHa hr-I 

[ NH3TH2COO-J 
0.080 
0.200 
0.300 
0.120 
0.190 
0.250 
0.300 

0.150 
0.300 
0.380 
0.585 
0.080 
0.150 
0.200 
0.210 
0.300 
0.050 
0.100 
0.168 

[NHs+(CHp)&OO-] 
0.050 
0.100 
0.150 
0.217 
0.040 
0.070 
0.120 
0.146 
0.160 
0.200 

[NaOH] 
0.049 
0.122 
0.182 
0.094 
0.153 
0.198 
0.236 

[NaOH] 
0.020 
0.052 
0.103 
0.131 
0.201 
0.054 
0.102 
0.135 
0.142 
0.203 
0.040 
0.081 
0.136 

[NaOH] 
0.011 
0.022 
0.033 
0.048 
0.014 
0.025 
0.043 
0.052 
0.058 
0.072 

IKCll 
0.451 
0.378 
0.318 
0.406 
0.347 
0.302 
0.264 

0.480 
0.448 
0.397 
Q.369 
0.299 
0.446 
0.398 
0.365 
0.358 
0.297 
0.460 
0.419 
0.364 

0.489 
0.478 
0.467 
0.452 
0.486 
0.475 
0.457 
0.448 
0.442 
0.428 

IKCII 

IKCII 

9.60 
9.60 
9.60 

10.00 
10.00 
10.00 
10.00 

9.70 
9.70 
9.70 
9.70 
9.70 

10.30 
10.30 
10.30 
10.30 
10.30 
10.60 
10.60 
10.60 

10.00 
10.00 
10.00 
10.00 
10.30 
10.30 
10.30 
10.30 
10.30 
10.30 

0.340 
1.40 
2.82 
1.06 
2.28 
3.51 
5.19 

0.277 
0.790 
1.96 
2.96 
6.29 
1.52 
2.90 
4.40 
4.55 
7.96 
1.96 
3.42 
6.11 

0.741 
1.46 
2.38 
3.99 
1.53 
2.60 
4.77 
6.00 
7.07 
9.66 

0 The pH was maintained by a pH-stat. 

The pseudo-first-order rate constants. k o b .  were usually calculated 
from the slope of the semilogarithmic plots of the residual concentration 
starting materials versus time by the least-squares treatment. Tables 
1-111 summarize the amine buffer compositions and the k o b  values. 

B 

2 

5 10 15 20 
'ION TIME, min 

Figure 1-Anion-exchange high-pressure liquid chrornatograms of 
cephalothin degradation at pH 9.50,35O, and 0.5 ionic strength. Key: 
A, sample after 10 hr of hydrolysis; and B, sample after 5 hr of reaction 
with 0.12 M glycine. 

I I I I I 
220 240 260 280 300 

WAVELENGTH, nrn 

Figure 2-1JVspectra of peaks 1-5 in F i t .  IB  

HPLC Study-The liquid chromatograph5 was equipped with a 
double-beam, variable-wavelength UV detector6 set a t  254 nm. The 
stationary phase was strong anion-exchange resin prepacked into a 
stainless steel column, 2.1 mm i.d.7. The mobile phases were aqueous 0.02 
M NaH2P04 adjusted to pH 8.5 with sodium hydroxide for cephalothin 
and aqueous 0.2 M CH3COONa adjusted to pH 5.0 for cefawlin. The 
operating parameters for the instrument were: pressure, 40-100 kg/cm2 
(changed to obtain suitable retention time for analysis): temperature, 
ambient; and UV attenuation, 0.16-0.32 aufs. 

A 5-pl sample was injected using a 10-pl syringe and a stopped-flow 
mode. The cephalothin and deacetylcephalothin or cefazolin content was 
determined by comparing the peak heights with those of similarly chro- 
matographed standards. Calibration curves for the substances were 
prepared daily. 

TLC Study-TLC was employed to identify the degradation products 
and to verify HPLC results. Aliquots (10 pl) of the 0.01 M cephalothin- 
glycine reaction solution were applied to glass plates (5 X 20 cm) pre- 
coated with 250-pm silica gel8. Chromatograms were run for 15 cm in 
acetic acid-ethanol-chloroform (1:7:12). Spots corresponding to cepha- 
losporins were visualized with iodine vapor. Authentic cephalothin and 
deacetylcephalothin samples showed RI values of 0.39 and 0.18, respec- 
tively. The standard N-acetylglycine solution showed a spot a t  Rf 0.36, 
which was visualized with bromcresol green (18). 

RESULTS AND DISCUSSION 

Monitoring Hydrolysis and  Aminolysis of Cephalothin by 
HPLC-Figure 1A represents the typical chromatogram of the 10-hr 
aged hydrolysis solution of cephalothin a t  3S0, p = 0.5, and pH 9.5 
maintained with a pH-stat. Several peaks appeared; two could be as- 
signed, as demonstrated previously (23), to cephalothin itself (peak 1) 
and deacetylcephalothin (peak 2) resulting from 3-acetoxy moiety hy- 
drolysis. Others were regarded as @-lactam cleavage products. 

The cephalothin hydrolytic pathway in alkaline solution has been es- 
tablished kinetically (18,23) as represented in Scheme I, where k l  and 
k3 represent the rate constants for cleavage of cephalothin and de- 
acetylcephalothin @-lactam rings, and k2 is the rate constant for cepha- 
lothin deacetylation. Simultaneous and quantitative cephalothin and 
deacetylcephalothin determination a t  pH 9.5,35O, and I.C = 0.5 was made 
by HPLC. Kinetic parameters (Scheme I) were computed by the non- 
linear least-square~~ method to be (in hr-l): k l  = 0.070, k p  = 0.137, and 
k 3  = 0.069. Detailed kinetics (18,23) and the mechanism (23) of cepha- 

Shimadzu-DuPont model 830, Kyoto, Japan. 
UV 202 recording spectrophotometer. Shimadzu, Kyoto, Japan. 

'I Zipax SAX, 0.5 or 1 m, DuPont Instruments, Wilmington, Del. 
8 E. Merck, Darmstadt, West Germany. 
9 FORTRAN IV computer program written by the authors. A digital computer, 

FACOM 230-35, was used at the Data Processing Center, Kanazawa University. 
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Scheme I 

lothin hydrolysis were reported previously. The hydrolysis rate constants 
for k l ,  k 2 ,  and k 3  can be defined, in nonbuffer solutions, as ( k l ) p ~ ,  ( k p ) , , ~ ,  
and (k3)pH and obey Eqs. la-lc above pH 9 

(kl)pH = (ki)oHaoH- (Eq. l a )  

( k d p ~  = ( ~ ~ o H ~ o H -  (Eq. l b )  

(k3)pH = (k3)OHaOH- (Eq. l c )  

where ( k , ) o H  is the specific hydroxide ion-catalyzed rate constant for the 
respective hydrolytic reactions and Q O H -  is the hydroxide-ion activity 
and can be calculated a t  35' from (25): 

aH+aOH- = (Eq. 2) 

The ( k , ) O H  average values (%', p = 0.5) for (k , ) ,H from the data deter- 
mined by HPLC and previously (23), according to Eqs. la - lc ,  were 1.06 
X lo3, 1.82 X lo3, and 1.01 X lo3 M-l hr-l, respectively. 

A typical 5-hr chromatogram of cephalothin with 0.12 M glycine (pH 
9.5,35', p = 0.5) is shown in Fig. 1B. There were some differences in the 
product peaks between hydrolysis (Fig. 1A) and aminolysis a t  the same 
pH. UV spectra of these peaks are shown in Fig. 2. Peaks 1 and 2 had two 
characteristic absorption maxima a t  235 and 260 nm, consistent with 
those of cephalothin and deacetylcephalothin (26). Peaks 3-5 were as- 
signed to the glycinolysis products of cephalothin and/or deacetyl- 
cephalothin. These findings indicate that the cephalothin aminolysis is 
also represented as Scheme I. 

The time course (mole percent) for cephalothin and deacetylcepha- 
lothin during cephalothin glycinolysis a t  pH 9.5 (Fig. 3) showed 
good agreement with values calculated from the nonlinear least-squares 
analysiss. The rate constants computed were (in hr-l): kl = 0.345 f 0.008, 
k z  = 0.161 f 0.007, and k 3  = 0.184 i 0.018 (SD). No detectable N -  

C 

0 5 10 15 20 25 30 
MINUTES 

Figure 4-Apparent first-order plots determined by HPLC for  the 
aminolysis of cephalothin (0) and cefazolin ( 0 )  at 35' and 0.5 ionic 
strength. Key: A ,  0.08 M p-alanine at pH 10.30; B, 0.38 M P-alanine at  
pH 9.70; C, 0.2.5 M glycine at pH 10.00; D, 0.12 M t-aminocaproic acid 
at pH 10.30; E ,  0.30 M @-alanine at pH 10.30; and F,  0.094 M c-amino- 
caproic acid at pH 10.80. 

acetylglycine formation was found on TLC, as previously observed (18). 
These kinetic and TLC results indicate no significant ester moiety ami- 
nolysis a t  the cephalothin 3-position. The deacetylcephalothin reaction 
in 0.12 M glycine huffer (pH 9.5, 35', p = 0.5) is shown in Fig. 3. The 
first-order degradation rate constant was k3 = 0.183 hr,-l which is in fair 
agreement with that computed from the cephalothin glycinolysis under 
the same conditions. 

For other aminolysis reactions followed by HPLC, cephalothin dis- 
appearance followed first-order kinetics (Fig. 4). The pseudo-first-order 
rate constant, k&. can be commonly expressed for the reactions in all 
amine solutions as: 

kobs = k p H  + kamine  (Eq. 3 )  

where k p ~  is the cephalothin first-order hydrolysis rate constant and is 
equal to ( k l ) p ~  + ( k 2 ) p H  and k.,,,, is the first-order rate constant de- 
pending on the concentration of amines. 

Monitoring Cefazolin Aminolysis-Typical chromatograms of 
cefazolin aminolysis with c-aminocaproic acid are shown in Fig. 5 as a 
function of time. Cefazolin aminolysis occurs only at the @-lactam moiety. 
The semilogarithmic plots of the remaining cefazolin percentage were 
reasonably linear (Fig. 4), indicating that the cefazolin degradation fol- 
lowed first-order kinetics. The pseudo-first-order rate constant, kobar 
obtained from the slopes is the sum of the competing rate constants, k q ~  
for hydrolysis and k,,ine for aminolysis. and is given by Eq. 3. Cefazolin 
hydrolysis k p H  obeys Eq. 4 above pH 9, as verified previously (18.23): 

k p H  = k o W O H -  (Eq. 4) 

The value of k o ~  used for the calculation was 1.14 X lo9 M-' hr-l 
(23). 

'O0bC,q 

MINUTES 
Figure 3-Time course for cephalothin (0) and deacetylcephalothin 
(0 )  during cephalothin aminolysis and that for deacetylcephalothin 
aminolysis (A), both with 0.12 Mglycine at pH 9.50,35", and 0.5 ionic 
strength. Points for cephalothin aminolysis were f rom several erperi- 
ments by HPLC under the same conditions. The  curves were calculated 
according to Scheme I by the use of the  following rate constants ( in  
hours-I): kl = 0.345, k2 = 0.164, and k3  = 0.184. 

U 

RETENTION TIME 
5 min 

Figure 5-HPLC changes /or the  cefazolin reaction with 0.10 M c- 
aminocaproic acid at pH 10.60,35', and 0.5 ionic strength with t ime  in 
minutes (listed in graph). 
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Table IV-Aminolysis Rate  Constants of Cephalosporins and  Penicillin G at 0.5 or 1.0 Ionic S t r eng th  ( p )  and 35" 

P-Lactam Antibiotics 
Deacetvl- 

Amine 
Rate Ce halothin cephalothin Cefazolin Penicillin G 

pKaa Constantb p = 0.; p = 1.0' p =0.5 p = 1.0' p = 0.5 j i  = 1.0' u = 0.5" u = 1.0' 

t-Aminocaproic acid 10.55 k, 9.6 9.0 - - 9.1 9.6 5.3 24 
873 1280 - 420 874 1380 1770 1100 

kgOHX 12 12e - 10 13 l o p  10 16e 
8- Alanine 9.98 k, 2.0 3.0 - 1.2 3.4 3.0 1.0 6.0 

109 258 - 114d 122 270 213 240 
3.2e - - 2.1 3.2e 4.2 5.5 

ksb 
kgOH X 3.5 

0.83 - 0.40 3.6 
keb 73.6 150 27.7 48 81.5 162 90.6 96.0 

d 

kRb 

d d - d GIycinef 9.41 k, 0.78 1.2 - 

Determined previously (13). * Defined in E3 5; k,,in A 4 - l  hr-I and kBb and kgOH in M - 2  hr-l. Values reported by Bundgaard (18). d Undetectable. e Recalculated 
from the reported values (18) according to the efinition in Eq. 5 by use of the relationship (18) log[OH-J = log ( 1 0 H -  + 0.12. 1 The k g 0 ~  constant could not be deter- 
mined. 

l o t  8 

pH10.60 

TOTAL E-AMINOCAPROIC ACID 
CONCENTRATION, M 

F a u r e  6-Pseudo-first-order rate constants versus total amine con- 
centration for cefazolin reaction with t-aminocaproic acid at 3fi' and 
0.5 ionic strength. Curves were calculated from Eq. 5 and rate constants 
in Table I. 

Aminolyeis Kinetics--'Ilpical plots of the aminolysis rate constant, 
k h n e ,  uersus total amine concentration, [amine]T (Fig. 6) showed up- 
ward curvature a t  any pH. These pseudo-first-order rate constants ap- 
parently obey the general relationship reported previously for penicillins 
(7.10,13,18) and cephalosporins (18): 

hamine = k,[amine] + k,b[amine]* + h ,o~ lamine ]ao~-  (Eq. 5 )  

where k, representa the unassisted or water-catalyzed reaction of free 
m i n e  on the 8-lactam moiety, ksb. represents the general base-catalyzed 
and nucleophilic reaction with assistance by the amine second molecule, 
and kgOH is the hydroxide ion-catalyzed third-order rate constant of 

20c Y 

FREE GLYCINE CONCENTRATION, M 
Figure 7-Apparent second-order rate constants versus free amine 
concentration for the reactions of cephalothin (O) ,  cefazolin ( O ) ,  and 
deacetylcephalothin (A) with glycine at 35' and 0.5 ionic strength. 

Table V-Effect of Ionic S t r eng th  on the  Reaction Rate  
Constants of Cephalothin with 0.12 M Glycine at  pH 9.50 and  
35 O 

Rate Constant, hr-' 
Ionic Strength" kobs' k p H  ',' kamined 

0.5 0.506 0.207 0.299 
1 .o 0.649 0.213 0.436 
2.0 0.772 0.217 0.555 

Adjusted with otassium chloride. Determined by HPLC analysis. kpH = 
(k i )pH + ( k p ) p ~ .  B k a m i n e  = kobs - k p ~ .  

nucleophilic displacement by the amine. The concentration of free amine 
can be calculated from: 

[ a m i n e ] ~  (Eq. 6) K O  [amine] = - 
I(, -F Q H +  

where KO is the conjugated amine acid dissociation constant. The pKa 
values determined previously under the same conditions (13) were used 
for the calculation. 

Rearrangement of Eq. 5 leads to: 

[aminel 
k, + k,oHQoH- + k,h[amine] (Eq. 7) 

Equation 7 predicts that  plots of k,,in,l[amine] uersus [amine] provide 
kgb as a slope of k, + k,baoH- as an intercept. One such plot is given in 
Fig. 7 for cephalothin, deacetylcephalothin, and cefazolin glycinolysis, 

kamine -= 

A 

OL 0.b5 O.\O 0.:5 O.;O 
FREE P-ALAN1 N E CONCENTRATION, M 

Figure 8-Apparent second-order rate constants versus free amine 
concentration ( A )  and the intercepts of Fig. 8 A  versus hydroxide-ion 
activity ( B )  for cephalothin reaction with 8-alanine at 35' and 0.5 ionic 
strength. 
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I1 

NHR, 
III 

showing a single line in each case with different slopes. Another typical 
plot with different intercepts and the same slope is illustrated in Fig. 8, 
predicting significant contribution of the kinetic term of k g 0 ~ .  

The weighed multiple linear regression analysis according to Eq. 7 
provides (with R > 0.98) the rate constants for the uncatalyzed (or 
water-assisted), general base-catalyzed, and hydroxide ion-catalyzed 
reactions of cephalosporins with a number of amines (Table IV). The solid 
lines in Figs. 6r8 were calculated from the rate law (Eq. 5) and the pa- 
rameters in Table IV and show satisfactory agreement with the data. 

In cep alosporin aminolysis, the rate constants of k g b  were 50% lower 
at  p = 0. s than those determined spectrophotometrically (18) for similar 
aminolysis a t  35O and p = 1.0 (Table IV). The UV spectrophotometric 
analysis (18) of the present reaction solutions gave rate constants almost 
identical to those determined by HPLC. This significant difference may 
be attributed to the different ionic strength rather than to the analytical 
method. 

This speculation was substantiated in cephalothin glycinolysis a t  ionic 
strengths of 0.5-2.0 (Table V). The aminolysis rate constants, hamine, 
compared to the hydrolysis rate constants, k p H ,  increased significantly 
with the ionic strength increase. The ionic strength effect was similar to 
that for phenyl acetate aminolysis in which a high concentration of po- 
tassium chloride increased the reaction rates (27.28). 

General base-catalyzed cephalosporin aminolysis was favored by ionic 
strength increases and presumably proceeded through activated com- 
plexes of more ionic character than the starting materials. For the 
cephalosporin aminolysis (Table IV), the influence of ionic strength on 
the uncatalyzed (or water-assisted) and hydroxide-ion-catalyzed rate 
constants ( k ,  and k g 0 ~ )  was small compared to that on the amine-cat- 
alyzed rate constants ( k g b ) .  In contrast to cephalosporin reactivity, the 
marked increase of k, compared to k g b  and kROH by an increase of ionic 
strength was noted for penicillin aminolysis. 

The rate constants for penicillin C aminolysis determined a t  p = 0.5 
in this laboratory (13) and those determined previously a t  p = 1.0 (18) 
under the same temperature condition (35O) are also listed in Table IV. 
The rate constants k, of penicillin C at p = 0.5 increased significantly 
five to nine times a t  p = 1.0, while the catalyzed rate constants were al- 
most unchanged. These different reaction rate sensitivities to the ionic 
strength between pencillin and cephalosporin may result from the dif- 
ference in the mechanism and/or ionic nature of the transition state. 

There was no significant difference in cephalosporin aminolysis rate 
constants as obtained by HPLC and differential UV spectrometry. The 
HPLC method requires no assumption on the UV absorbability of the 
reaction products and permits simultaneous determination of the starting 
materials and degradation products. The UV data for the first three to 
five half-lives, when treated by literature methods (29), also provide re- 
liable rate constants (18,19). 

Mechanism of Cephalosporin Aminolysis-The amine and hy- 
droxide-ion-catalyzed reactions of cephalosporins are likely to be cata- 
lyzed nucleophilic amine displacements on the @-lactam moiety, yielding 
the corresponding cephalosporoylamide, as demonstrated for penicillin 
aminolysis (13, 16). The uncatalyzed or water-assisted kinetic term of 
Eq. 5 may represent a nucleophilic displacement reaction to yield the 
cephalosporoylamides or a kinetically equivalent general base-catalyzed 
hydrolysis to yield cephalosporoic acids. For penicillin aminolysis, this 
reaction was nucleophilic (13,16). Cephalosporin reaction with one amine 
molecule represents nucleophilic displacement (18). Since the experi- 
mental evidence strongly suggested the dominance of the nucleophilic 
reaction, no further experiments were performed. 

Relative Reactivity, Aminolysis Products, and Chemical Aspects 
of Cephalosporin Allergy-There are two striking differences between 
the chemistry of cephalosporins and penicillins. One is the relative rate 

of aminolysis. Change in the acylamide side chain in penicillin molecules 
produces no significant change in the aminolysis rate (7, 16, 30, 31), 
whereas the cephalosporin aminolysis rate is markedly influenced by the 
nature of the cephalosporin molecules. 

In comparison with the reactivity of cephalosporins containing 7- 
position thienyl side chains, deacetylcephalothin is less reactive than 
cephalothin, as seen by the glycinolysis rates (Table IV). This difference 
can be attributed either to the inductive effect on the 3-methylene sub- 
stituent (18) or to the leavability of the 3-methylene moiety in activating 
the @-lactam ring toward nucleophilic attack (32). As a result, cephalo- 
sporins containing a strong electron-withdrawing or good leaving group 
in the 3-position, such as cephaloridine, are readily destroyed in the 
presence of amines (18). Cefazolin and cephalothin reaction with amino 
acid primary amino groups resembled that of penicillin G (Table IV). 
These clinically used cephalosporins may conjugate with free protein 
amino groups in the body as readily as does penicillin G. 

Furthermore, the penicillin &lactam ring can be opened to give a rel- 
atively atable D-a-penicilloate without further molecular degradation. 
The presence of a A3-double bond in cephalosporins leads to more ex- 
tensive cleavage on hydrolysis and aminolysis (33,34). The initial ami- 
nolysis product (I) with A,,, 230 nm was followed by chromophores with 
Ama, 270 and 278 nm (attributed to molecular fragmentation) and pen- 
aldates (11) and penamaldates (111) (33,34). These actual structures are 
not completely understood. UV spectra of HPLC peaks, which appeared 
during cephalothin glycinolysis (Fig. lB), revealed characteristic A,,, 
absorptions a t  230 and 270 nm (Fig. 2). The UV spectrum of peak 5, which 
increased in peak height with time a t  the last aminolysis stage, exhibited 
Amax a t  278 nm. On the basis of reported chemical and spectroscopic ev- 
idence (33,34) on the cephalosporin aminolysis product, peaks 3,4,  and 
5 from the cephalothin glycinolysis may correspond to I, 11, and 111, re- 
spectively. 
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Abstract  Kidney localization of low molecular weight 99mTc-di- 
mercaptodicarboxylic acid complexes was examined in mice. The com- 
plexes wmTc-dimercaptosuccinic acid, wmTc-dimercaptoglutaric acid, 
and *Tc-dimercaptoadipic acid were formed by reducing sodium 
wmTc-pertechnetate with stannous chloride in the presence 012-1 0-fold 
excess ligand at pH 2.5 or 7.5. Kidney specificity decreased as chain length 
between the mercapto groups increased. Optimum kidney retention oc- 
curred with complexes formed a t  pH 2.5. Complexes prepared a t  pH 7.5 
were rapidly excreted through the urine and feces. Kidney localization 
of complexes prepared a t  one pH was not altered if the pH was later 
changed, 

Keypbrases Technetium mercaptan complexes-localization in 
kidney tissue, synthesis, low molecular weight, structure-activity rela- 
tionships Radionuclide imaging, renal-technetium mercaptan com- 
plexes, low molecular weight, localization in kidney tissue, synthesis, 
structure-activity relationships o Kidney-radionuclide imaging, 
technetium mercaptan complexes, structure-activity relationships 0 
Structure-activity relationships-technetium mercaptan complexes, 
localization in kidney tissue 

Radionuclide diagnosis of renal disease saves time in 
routine renal function tests and allows external kidney 
monitoring for clearance and morphological studies. The 
203Hg- and lg7Hg-labeled agents previously used have been 
replaced by 99mTc-labeled agents to decrease the high 
absorbed radiation dose in uiuo (1). 

Initial work on technetium mercaptan complexes as 
organ imaging agents led to the introduction of 99mT~-  
dihydrothioctic acid as a replacement for rose bengal in 
liver, gallbladder, and biliary tract studies (2). Other un- 
published studies indicated that technetium complexes 
with short chain mono- and dimercaptodicarboxylic acids 
accumulated in kidney tissue. 99mTc-Dimercaptodi- 
carboxylic acids were found to have better localization 
characteristics than their monomercapto analogs, espe- 
cially 99mTc-dimercaptosuccinic acid, which has become 
well known as a renal imaging agent (1). 

This in uiuo study concerned organ localization of low 
molecular weight 99mTc-dimercaptodicarboxylic acids as 
affected by the number of carbon atoms between the 
mercapto groups and by the pH of complex formation. 

SH SH 
I I  

H0,CCH-CH-C0,H 
I 

SH S H  

HO,C('HCH,CHCO,H 
I1  

I I  

S H  S H  
I I 

H O . C ~ H  C H - C H ~ H C O - H  

I11 

EXPERIMENTAL 

Dimercaptosuccinic acid' ( I )  was used without further purification. 
Dimercaptoglutaric acid (11) was synthesized according to a literature 

procedure (3). Glutaric acid was brominated and esterified to form di- 
methyl 2,4-dibromoglutarate. The dibromide was reacted with potassium 
thioacetate to form the acetyl dithio ester. This derivative was subjected 
to alkaline hydrolysis in the presence of iodine and recrystallized from 
ethyl acetate to yield 1,2-dithiolane-3,5-dicarboxylic acid (the disulfide 
of II), mp 190-192' [lit. (3) mp 193-194'1. The structure for the disulfide 
was confirmed by elemental analysis, NMR, and mass spectrometry. 
Dimercaptoglutaric acid was generated from its disulfide, just prior to 
technetium complex formation, by reduction with aqueous sodium 
borohydride a t  pH 8, a technique that has been demonstrated in related 
compounds (4). 

Dimercaptoadipic acid (111) was synthesized by incubating 2,2'-di- 
bromoadipic acid2 with aqueous potassium xanthogenate, followed by 
alkaline hydrolysis of the xanthate derivative in methanol and acidifi- 
cation. The solid was further purified by recrystallization from boiling 
water to yield pure crystalline 111, m p  186-189O [lit. (5) mp 187-189OI. 
The structure for I11 was confirmed by elemental analysis and NMR. 
99mTc-Dimercaptodicarboxylic Acid Complexes-These com- 

plexes were prepared in a nitrogen atmosphere by adding 0.1-2 ml of 
sodium pertechnetate (NawmTc04) ( IV)  eluate from 99Mo-89mTc-gen- 
erator? to 1-3 ml of stock tin-dimercaptodicarboxylic acid solution (pH 
2.5 or 7.5), followed by 5-15 min of incubation a t  room temperature. The 
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