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Introduction 

Recently an unknown degradation product of 
loracarbef (structure 1) was observed at low 
levels (--0.1%) in samples of the bulk drug 
substance that had been stored at 30°C for 36 
months. Identification of this unknown was 
desired because of the potential for this 
unknown to form in the product during the 
shelf-life of the drug [1]. 

Isolation of such a minor impurity from 
limited quantities of sample is difficult and, 
therefore, more severe conditions were evalu- 
ated for generating higher levels of this 
degradation product. LC analysis with photo- 
diode array detection indicated that this 
degradation product was present at higher 
levels in a sample of loracarbef stressed at 85°C 
for 8.5 months. Therefore, the degradation 
product (structure 4) and two other closely 
eluting degradation products (structures 5 and 
6) were isolated concurrently from the 85°C - 
stressed sample by preparative LC. Visualiz- 
ation of all three of these products under long 
wavelength UV indicated that they were 
fluorescent. MS and NMR spectroscopic 
characterization of these three products indi- 
cated the structures (structures 4-6) were 
derivatives of the highly fluorescent 2-hydroxy- 
3-phenylpyrazine (structure 3). 

It is well established that [3-1actam antibiotics 
containing the phenyl glycine side chain will 
degrade under certain conditions to 2-hydroxy- 
3-phenyl pyrazine (structure 3) [2-4]. Degrad- 
ation studies of cefaclor (structure 2) [5] and 
other phenyl glycine-containing 13-1actams [4, 
6] led to a proposed pathway for the formation 
of this pyrazine derivative (Scheme 1). The 
pathway to these 2-hydroxy-3-phenyl pyrazine 
derivatives involves hydrolysis of carbon-6 to 
reveal the "masked aldehyde", and subsequent 
cyclization and aromatization leading to the 
pyrazine structure. 

In the case of the loracarbef, the sulphur at 
position 5 is replaced with a methylene, 
effectively blocking the possibility of hydrolysis 
leading to an aldehyde at position 6. Thus it 
was predicted that carbacepahlosporins such as 
loracarbef would not degrade to 2-hydroxy-3- 
phenyl pyrazine derivatives. In agreement with 
this prediction, no pyrazine derivatives were 
detected in a previous study of the aqueous 
degradation of loracarbef [7]. The discovery 
that substituted pyrazines were formed during 
solid-state degradation of Ioracarbef indicates 
the existence of a novel degradation pathway 
to pyrazines, distinct from the established 
cephalosporin degradation pathway. This 
report describes the isolation, characterization 
and proposed mechanism of formation for 

' A u t h o r  to  w h o m  c o r r e s p o n d e n c e  s h o u l d  be  a d d r e s s e d .  
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Scheme 1 General Pathway to 2-Hydroxy-3-phenylpyrazine Derivatives 
via PhenylglycyI-Cephalosporin Degradation 

these substituted pyrazine degradation 
products. 

Experimental .e. 

Liquid chromatography 
Analytical. The analytical scale reversed- 8 .s 

phase (RP)-HPLC system utilized a photo- 
diode array detector with UV detection from 
200 to 400 nm at 4-nm resolution (Waters 991, ~ .4. 
Milford, MA, USA). The LC was run in a 
gradient mode from 0 to 100% solvent B in 30 
rain and held at 100% solvent B for 10 rain. .22 
Solvent A was an aqueous solution containing 
6.9 g 1-1 NH4H2PO4 with the pH adjusted to 0:: 
2.5 using H3PO4. Solvent B was a mixture of 
acetonitrile and solvent A (60:40, v/v). The 
flow rate was 1.0 ml min -1. A C-18 reversed- 
phase column was used (4.6 × 250 mm, 5 IxM, 
YMC, Wilmington, NC, USA). 

Preparative. Degradation products 4-6 were 
isolated by semi-preparative LC from a sample 
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Figure 1 
HPLC chromatogram (UV, 220 nm) of a sample of 
loracarbef stressed at 85°C for 8.5 months. The peaks 
corresponding to compounds 4, 5, and 6 are indicated on 
the chromatogram. 
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of  l o r aca rbe f  that  was s t ressed  at 85°C for 8 
mon ths  (Fig.  1). The  s t ressed  l o r a c a r b e f  
sample  was d isso lved  in 0 .1% acet ic  acid in 
wa te r  at a level  of  5 mg ml-~ and was kep t  at 
0°C dur ing  the course  of  p r e p a r a t i v e  LC.  The  
sys tem (Ra in in  H P X L  LC sys tem,  and 
D y n a m a x  FC-1 f rac t ion  co l lec tor ,  Ra in in  
In s t rumen t  Co . ,  W o b u r n ,  M A ,  U S A )  used a 
s e m i - p r e p a r a t i v e  C-18 r e v e r s e d - p h a s e  co lumn 
(2(1 x 250 mm,  5 txm, Y M C ) .  The  LC was run 
in a g rad ien t  m o d e  f rom 0 to 100% solvent  B in 
45 min.  Solvent  A was an aqueous  so lu t ion  of  
0 .1% acet ic  acid,  and  so lvent  B cons is ted  of  a 
mix ture  of  ace ton i t r i l e ,  wa te r  and  acet ic  acid 
(60:40:0.1,  v/v/v). The  flow rate  was 20 ml 
min -~ A tota l  of  102 p r e p a r a t i v e  in jec t ions  
(30 ml / in jec t ion)  were  m a d e  over  the  course  of  
severa l  days ,  and  the f rac t ions  con ta in ing  4 - 6  
were  co l lec ted  in con ta ine r s  coo led  to 0°C to 
min imize  pos t - co lumn  deg rada t i on .  The  
so lvent  was r e m o v e d  using lyophi l iza t ion .  

NMR 
IH and 13C N M R  spec t ra  were  r e c o r d e d  on a 

B r u k e r  A M X - 5 0 0  spec t rome te r .  Spec t ra  were  
r e c o r d e d  in D M S O - d 6  with a t race  of  t r i f luoro-  
acet ic  acid and r e f e r enced  to in terna l  t e t ra -  

me thy l s i l ane  on the basis  of  the chemica l  shifts 
of  res idual  so lvent  peaks .  

Mass spectrometry 
F a s t - a t o m  b o m b a r d m e n t  ( F A B ) - M S  and 

F A B - M S / M S  da t a  were  o b t a i n e d  using a V G  
Z A B - 2 S E  (BE)  two sec tor  mass  spe c t rome te r .  
Samples  were  d isso lved  in "Magic  Bul le t"  (a 
5:1 so lu t ion  of  d i t h i o t h r e i t o l - d i t h i o e r y t h r i t o l  
in m e t h a n o l )  and  b o m b a r d e d  with Cs ions 
having  a net  ene rgy  of  12 K e V  in the  Z A B -  
2SE. F o r  MS/MS e x p e r i m e n t s ,  the ions leaving 
the ion source  were  col l i s ional ly  ac t iva ted  with 
he l ium in the first f ie ld-f ree  region and the 
p roduc t s  were  s e p a r a t e d  using a cons tan t  B/E 
l inked-scan .  

R e s u l t s  a n d  D i s c u s s i o n  

Elucidation of  structures 
As r e c o r d e d  in Tab le  l ,  c o m p o u n d s  4 - 6  

showed  spec t roscop ic  p rope r t i e s  that  were  
cons i s ten t  with the  2 -hydroxy-3-pheny l -  
py raz ine  subs t ruc tu re :  (1) the  c o m p o u n d s  had 
U V  m a x i m a  nea r  360 nm (see Fig. 2), (2) the 
a r o m a t i c  region  of  the  p ro ton  N M R  spec t ra  is 
cons i s t en t  with a phenyl  g roup  a t t ached  to a 

T a b l e  I 
Spectroscopic assignments for compounds 4-6 

Spectroscopic properties 

U v  (x ...... ) 
Mol form 
MH ~ 

MS/MS fragments 

NMR assignments¢ 

4 5 6 

367 nm 306, 361 nm 362 nm 
Ci4HI4N20 Ci4HmN20 CI~HI2N,O~ 

found 227.1171 223.11871 241.0968 
calc. 227.1184 223.0872 241. I)977 
MH-18 209 (100) 21)5 (10(I) 223 (65) 
(H20) 
MH-28(CO) 198 (35) 194 (65) 213 (ll)0) 
MH-56 170 (60) - -  - -  
(C4H9) 
Ph-CN 104 (32) 11)4 (12) 104 (35) 
Ph 77 (16) 77 {16) 77 (20) 
2 135.4{)/- 132.19/-$ 127.13/- 
3 25.85/2.58 115.2(I/7.36§ 192.88/- 
4 21.15/1.73 123.44/7.34tl 37.12/2.95 
5 22.44/1.76 13(1.36/7.55tl 21.54/2.111 
6 28.78/2.63 128.85/7.85 § 29.31/2.63 
7 129.77/- 132.145 129.10/- 

10 147.52/- 154.25/- 141.46/- 
11 155.49/- 154.70/- 154.98/- 
12 136.39/- 135.76/- 135.70/- 
13, 17 128.45/8.29 129.31/8.33 129.35/8.37 
14, 16 127.90/7.41) 127.92/7.52 128.3(I/7.49 
15 129.09/7.42 13{}. 25/7.52 131.14/7.49 
Exch. H 12.27 12.59 11.48 

* NMR assignments tentative, based on comparison to compounds 4 and 5. 
+ Numbering of carbons for NMR is based on the proposed origin from the parent Ioracarbef molecule (see Scheme 2). 
SAssignment may be interchanged. 
§ Assignment may be interchanged. 
HAssignment may be interchanged. 
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Figure 2 
Overlaid UV spectra of degradation products 4, 5 and 6. The UV spectra were obtained on the photodiode array-UV 
detector as the compounds eluted from the column. 

pyrazine ring [Baertschi et al., manuscript in 
preparation]; and (3) there were diagnostic 
fragment ions for phenyl (m/z 77) and benzo- 
nitrile (m/z 104) in the MS/MS spectra of the 
protonated molecular ion. The proton NMR 
spectra of these compounds included reson- 
ances below ~12, characteristic of the 
exchangeable proton of these ring systems. 

In the case of compound 4, the NMR data 
indicated, in addition to the 2-hydroxy-3- 
phenylpyrazine substructure, the presence of 
four methylene carbons. Given the molecular 
formula of compound 4 (C14HI4N20, see 
Table 1), the presence of a 2-hydroxy-3- 
phenylpyrazine with the phenyl and exchange- 
able sites unsubstituted, and four additional 
methylenes, computer-aided structure analysis 
using GENOA [8] results in only one candidate 
structure for compound 4 (5,6,7,8-tetrahydro- 
2-hydroxy-3-phenylquinoxaline). 

The structure of compound 5 contains two 
more sites of unsaturation than compound 4. 
Direct comparision of the spectra of these two 
compounds (see Table 1) suggests that in 
contrast to the presence of four methylenes in 
compound 4, compound 5 contains four sp 2- 
hybridized methines. When the molecular 
formula ( C I 4 H 1 0 N 2 0 ) ,  the 2-hydroxy-3- 
phenylpyrazine substructure with the phenyl 
and exchangeable sites unsubstituted, and four 
additional spZ-hybridized methines, were input 
into the program GENOA, only structure 5 (2- 
hydroxy-3-phenylquinoxaline) was generated 
as a possible structure. 

From the accurate mass of the MH + ion in 
the mass spectrum of compound 6, the mol- 
ecular formula was deduced to be C l a H I 2 N 2 0 2  

(see Table 1). The 13C NMR spectrum in- 
cluded a resonance typical of conjugated 
ketones (~192.88). In addition, the proton 
NMR spectrum gave evidence for the presence 
of a chain of three methylene groups. This 
would be consistent with the replacement of 
two protons of a methylene group of structure 
4 with an oxygen. There are two possible 
structures consistent with these data, structures 
6 and 6a. Comparison of the NMR carbon- 
proton assignments of carbon 6 for compound 
4 (carbon ~28.78, proton ~2.63) to the 
analogous carbon-proton pair in compound 6 
shows a close correlation (carbon ~29.31, 
proton ~2.63). On this basis the keto group has 
been assigned to carbon 3, and the resulting 
structure is 7,8-dihydro-2-hydroxy-3-phenyl- 
5(6H)-quinoxalinone (compound 6). 

Proposed mechanism of formation 
The established phenylglycyl-cephalosporin 

degradation pathway to 2-hydroxy-3-phenyl 
pyrazine derivatives involves hydrolysis of 
carbon-6 to reveal the "masked aldehyde", and 
subsequent intramolecular cyclization and 
aromatization leading to the pyrazine structure 
(Scheme 1). In the case of loracarbef, the 
formation of the aldehyde intermediate is 
blocked because the sulphur is replaced by a 
methylene. Thus, the pathway to the pyrazine 
derivatives 4-6 must involve a different route. 
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Proposed Degradation Pathway to 
Scheme 2 Substituted Pyrazine Derivatives 

The pathway to 4 involves: (1) hydrolysis of the 
[3-1actam ring; (2) formation of new bonds 
between carbon 2 and nitrogen atom 11' and 
between carbons 2 and 7; (3) eliminating the 
carboxyl groups, the chlorine atom, and nitro- 
gen atom 1; and (4) tautomerizing the double 
bonds in the resulting molecule to yield the 
aromatic pyrazine group. The order of these 
steps cannot be determined with the present 
evidence, but a possible mechanism is 
proposed in Scheme 2. Compounds 5 and 6 can 

be viewed as resulting from the oxidation of 
compound 4. Alternative pathways for the 
formation of 4 from loracarbef may also be 
envisioned; however, the formation of the 
fused-bicyclic ring seems to be most straight- 
forward as represented in Scheme 2. An 
analogous compound (structure 7) has been 
isolated from degradation studies of cefaclor 
(structure 2) [Baertschi et al. ,  manuscript in 
preparation], the sulpha-analogue of lora- 
carbef. The presence and position of the 
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sulphur atom in 7 is consistent with the 
mechanism proposed in Scheme 2. This novel 
pathway to pyrazine derivatives from phenyl- 
glycyl cephalosporins is, therefore, not limited 
to carbacephalosporins, and may be present in 
other phenylglycyl cephalosporins. Further 
studies on the solid-state degradation of lora- 
carbef (in progress) may help to further de- 
lineate this degradation pathway. 
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