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The r a t e s  of ac id-ca ta lyzed  i n t r amo lecu l a r  degra- 

da t i on  of a m p i c i l l i n  (1) and cephalexin (3) were assess -  
CV rV 

ed by s p e c i f i e d  k i n e t i c  t rea tment .  

The s u s c e p t i b i l i t y  of  p e n i c i l l i n s  t o  acid-catalyzed degrada t ion  is  a t -  

t r i b u t e d  no t  on ly  t o  i t s  s t r u c t u r a l  i n s t a b i l i t y  due t o  t h e  s t r a i n e d  r i n g , l  

bu t  a l s o  t o  t h e  i n t r amo lecu l a r  a t t a c k  of  t h e  s ide-chain amide on t h e  5-lactam 

m ~ i e t y . ~  The r a t e  of  cleavage of t h e  6-lactam l a r g e l y  depends on t h e  p o l a r  

n a t u r e  of t h e  s i d e  chain.  3'4  I n  s p i t e  of t h e  s t r u c t u r a l  s i m i l a r i t y ,  cephalo- 

s p o r i n s  a r e  s u r p r i s i n g l y  s t a b l e  t o  a c id .5  The ques t i on  now a r i s e s  whether 

t h e  s t a b i l i t y  of  t h e  6-lactam o f  cephalosporin molecules i s  due p a r t i a l l y  t o  

t h e  l a c k  of ne ighbor ing  group p a r t i c i p a t i o n .  I n  a d d i t i o n ,  a mechanism o f  t h e  

a c i d  degrada t ion  of 6-lactam a n t i b i o t i c s  has  n o t  completely been understood 

a s  y e t .  

The p r e sen t  i n v e s t i g a t i o n  was undertaken t o  eva lua t e  k i n e t i c a l l y  t h e  

r e l a t i v e  r a t e s  between i n t r amo lecu l a r l y  and i n t e rmo lecu l a r l y  c a t a lyzed  degra- 



dat iona ,  of both  p e n i c i l l i n s  and cephalosporins.  Degradations of a  p a i r  of 

ampic i l l i n  (1) and 6-aminopenici l lanic ac id  (3 f o r  p e n i c i l l i n s  and a p a i r  - 
of cephalexin J?? and 7-aminodeacetoxycephalosporanic ac id  (4) f o r  cephalo- 

N 

spo r in s  were c a r r i e d  out  f o r  t he  present  purpose. 1 i s  known t o  b e  one of - 
ac id - s t ab l e   penicillin^.^,^ Neighboring group p a r t i c i p a t i o n  i n  2 and 4 i s  

rV lV 

s t r u c t u r a l l y  impossible.  

The r a t e s  of degradat ion  of each 6-lactam compound i n  s o l u t i o n s  of 5 x 

1 were measured a t  35' i n  2 2 ,  4 1, 6 1, and 8 p e r c h l o r i c  ac id  solu-  - - - -  
t i ons .  The a l i q u o t ~  of samples a t  s u i t a b l e  time i n t e r v a l s  were neu t r a l i zed  

wi th  an a l k a l i  and analyzed by iodometric t i t r a t i o n 7  f o r  1 and 2 and by hy- 
IV N 

droxamic ac id  assay5 f o r k a n d  The pseudo-first-order r a t e  cons tants  a r e  

l i s t e d  i n  Table 1. I n  a l l  cases ,  increased  a c i d i t y  of t he  s o l u t i o n  is r e f l e c t -  

ed i n  t h e  i nc rease  of t he  apparent  rate cons t an t s ,  sugges t ing  t h a t  protona- 

t i o n  of e l a c t a m  i s  apparent ly  r e s ~ o n s i b h  f o r  t he  degradation r a t e .  

On t h i s  b a s i s ,  t oge the r  wi th  our  previous o b s e ~ a t i o n s " ~  inc luding  neigh- 

bor ing  antide group p a r t i c i p a t i o n  i n  ac id  hydrolys is  of diamide de r iva t ives , "  

Table 1 Pseudo-f i rst -order Rate Constants f o r  the Degradation o f  

B-Lactam A n t i b i o t i c s  i n  Pe rch lo r i c  Acid So lu t i on  a t  35' 

HC104 Pseudo-f i rst -order r a t e  constant, Lapp, hr-'  
a * h N -H20 r \ = 1 - 2 - 3 - 4 N 

2 0.906 2.54 0.654 0.280 x 0.240 x 

4 0.733 10.6 1.70 0.750 x 0.410 x 

6 0.468 93.2 4.03 2.25 X ~ O - ~  0 . 7 2 0 ~ 1 0 - ~  
8 0.193 - 13.8 24.0 x 1.35 x 

* Reference 10 
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it is proposed that the degradation of 6-lactam antibiotics in acidic solution 

is characterized by two parallel reactions, one obeying the A2 mechanism and 

the other being the rate-determining intramolecularly catalyzed degradation of 

the protonated species. These processes can be illustrated as shown in Scheme I. 

These consist essentially of three reactions similar to those for ordinary 

COOH 

I 

Products Products Products 

*Hr!<yq HO + CH3 H:w + CH 3 

COOH COOH 

Products Products Products 

Scheme 1 Poss ib le  Pathways f o r  t he  Ac id  Degradation 

o f  $-Lactam A n t i b i o t i c s  



a m i d e ~ . ~  An equi l ibr ium (Reaction 1 )  i s  s e t  up r ap id ly :  

S + H+ +- SH' (Reaction 1 )  

fol lowed by p a r a l l e l  slow r e a c t i o n s  (Reaction 2 and Reaction 3 ) :  

k .  -nter  
SH' + 2 H20 - products  (Reaction 2) 

k. 
SH+ 

-n t ra  products  (Reaction 3) 

+ 
where S and SH a r e  t h e  s t a r t i n g  and pro tonated  8-lactam compounds, and 

k .  and&intra r ep re sen t  t h e  r a t e  cons t an t s  of A2 and i n t r amo lecu l a r  re- 
-1nter  

a c t i o n s ,  r e spec t i ve ly .  

I f  i t  can be  assumed t h a t  an ac id-ca ta lyzed  in t ramolecular  mechanism 

(Reaction 3) con t a in s  no water  molecules covelent ly  bonded i n  t h e  t r a n s i -  

t i o n  s t a t e :  t h e  apparent  f i r s t - o r d e r  r a t e  cons tan t  k , of t h e  8-lactam 
' -app 

cleavage o f A a n d 3 c a n  be expressed as:  

k = 
n 

- ~ P P  ' k i n t e r % 2 ~ -  ' -k inera  ) f s ~ +  (Eq. 1 )  

where -.ZZ0 r e p r e s e n t s  water  a c t i v i t y  and -SH f + is t h e  p ro ton i za t i on  r a t i o .  

For t h e  degrada t ion  from which Reaction 3 can b e  excluded a s  expected f o r 2  

and 5 the  apparent  f i r s t - o r d e r  r a t e  cons t an t ,  ktapp, can be  expressed as :  

k '  = n 
- a & ' in t e r  --%zo-~'sH' (Eq. 2) 

I f  a  number of wa te r  molecules p a r t i c i p a t i n g  i n  t h e  t r a n s i t i o n  s t a t e  of 

Reaction 2 and t h e  r a t i o  of p ro tona t i on  i n  t h e  8-lactam moiety is  assumed t o  

b e  almost t h e  same wi th in  a homologous s e r i e s  of 8-lactam a n t i b i o t i c s ,  Eq. 3 

can e a s i l y  be  der ived  from Eqs. 1 and 2 as :  

k k .  k .  1 
-app - - -  -inter + -1ntra .- 

n 
(Eq. 3) 

k' & ' i n t e r  k' . - ~ P P  - mter a 2 6  

n 
Thus, a  p l o t  ofJapp/&' vs .  - shou ld  g ive  a s t r a i g h t  l i n e  w i th  a 

~ P P  - 20 

slope of --kinterlkl inter and an i n t e r c e p t  of  kintra/&'inter. Figure  1 shows 
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such a p l o t  f o r k = .  and k b y  employing the  average value of 2 = 3 

determined f o r  ac id  hydrolys is  of wide v a r i e t y  of a m i d e ~ . ~  The r e spec t ive  

p l o t s  show good l i n e a r  r e l a t i onsh ip  with s lopes  of 2.2 from a couple o f& 

and 2 and 0.13 from 3 and 4 both i n t e r c e p t s  exh ib i t i ng  almost unity.  
N N N' 

Although the  present  i deas  on t h e  k i n e t i c  assessment of r e l a t i v e  r a t e  

of i n t e r -  and intra-molecular  r eac t ions  were made under some s imp l i f i ed  as- 

sumptions but widely accepted f o r  t he  ac id  hydrolys is  of a m i d e ~ , ~  the  r e s u l t s  

thus obta ined  a r e  f a i r l y  cons is ten t  wi th  t he  previous f i nd ings  and discus- 

s i o n ~ ~ ' ~ ' ~  from our  labora tory .  One of t hese  r e s u l t s 4  gave the  r a t i o  of t he  

Figure  1 

P l o t s  of k / k '  
-*PP - app 

aga ins t  l / a  _t1203 f o r  t h e  

Degradat ion of and& 

(0) a n d 2  a n d 3  (0) i n  

P e r c h l o r i c  Ac i d  S o l u t i o n  

at, 35' 



r a t e  of A2 r e a c t i o n s  between p e n i c i l l i n s  and 2 t o  be  1 .2 ,  being i n  good agree- 
N 

ment wi th  t h e  i n t e r c e p t  of approximately u n i t  i n  Fig.  1. 

I n  conclusion,  t h e  magnitude of t h e  s l o p e  of F ig .  1 sugges t s  t h a t L p r o -  

ceeds two t imes f a s t e r  i n  i n t r amo lecu l a r  r e a c t i o n  than i n  A2 r eac t i on ,  where- 

a s ~ e x c l u s i v e l y  proceeds by A2 r e a c t i o n ,  t h e  in t ramolecular  r e a c t i o n  being 

t e n  times slower.  
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