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It is known that natural tetracyclines,  and also many of their derivatives, readily epimerize at the 
C 4 asymmetric  center  [1, 2]. This reaction is reversible,  and both epimers can be isolated. 

The study of the process of epimerization is of interest  from the point of view of determining the 
mechanism of the reaction, which, apparently, is closely connected with the tautomerism of the diketo 
amide grouping of ring A. In addition to this, it  is important to investigate the factors accelerating and 
inhibiting epimerization, part icularly in organic solvents, inview of the numerous studies on the production 
of synthetic tetracycline derivatives [3, 4] (see formula below) 
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On investigating the transformations of tetracycline (I) under various conditions, we found that in 
pyrldine solution tetracycline hydrochloride undergoes rapid epimerization. We used the NMR method to 
study this process .  

At 32°C, the equilibrium TC ~-ETC* in pyridine is established 3 h after the dissolution of TC, and 
the equilibrium mixture contains 48.4% of epitetracycline (Fig. 1). The achievement of equilibrium Was 
judged from the absence of fur ther  changes in the ratio of the epimers with time. Figure 2 shows the NMB 

spectra of tetracycline hydrochloride taken soon after  dissolution 
(a) and in the state of equilibrium (b). It can be seen from the 
spectra of Fig. 2 that the epimers have different chemical shifts 

.% ETC (CSs) not only for the protons at C 4 [5] but also for the C-methyl and 
50~ N-methyl protons. The assignments that we made are given below. 
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Fig. 1. Process  of formation of 
ETC in a solution of TC in pyridine. 

Chemical Shifts of Some Protons of 
Tetracycline and Epitetracycline 
Hydrochlorides in ppm in Pyridine-d~ 

Protons TC ETC 
C~-H 4.13 5,12 
C6--CH3 1.65 1,75 

/C Ha = 

NICH3 2,86 3.14 

* Here and below, tetracycline hydrochloride is denoted by TC 
and epitetracycline hydrochloride by ETC. 
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Fig. 2. NMR spec t ra  in pyr idine-d 5 immedia te ly  a f te r  the dissolution of TC (a), 
the equil ibrium mixture  TC = ETC (b), and a mixture  of TC and ETC in a ratio 
of 1 : 3 (c). 

Fig. 3. NMR spec t ra  of equil ibrium mixtures  of TC ~-ETC in pyridine-d s at 
40, 60, and 90°C (the dis tances between some of the peaks and the half-widths 
of these  peaks a re  expressed  in Hz). 

F igure  2c, shows the spec t rum of a mixture  of TC a n d E T C .  This spec t rum conf i rms the fact  t h a t  
the signals at 5.12, 1.75, and 3.14 ppm a re  due to the protons of the epi form.  Two hours  a f t e r  dissolution 
of the mixture ,  the solution had a spec t rum identical  with that of the equil ibrium state (Fig. 2b). It must  
be mentioned that in the spect ra  of mix tures  of the ep imers  obtained in heavy wa te r  and deuteromethanol ,  
the CSs of the protons  of the C-methyl  group we re  identical .  

The resu l t s  of a studY of the t empera tu re  dependence of the equil ibrium constant of the epimerizat ion 
react ion in pyridine showed that with a r i se  in the t empera tu re  the equil ibrium is  shifted in the direct ion 
of the s tar t ing mate r ia l  (Fig. 3). The amount of epl te t racycl ine  in the equil ibr ium mixture  at 90°C is  
37.7%. The ra t ios  of the ep imers  at corresponding t empera tu res  during the rais ing and lowering of the 
t empera tu re  coincided within the l imi ts  of experi~mental e r r o r .  Cons~iuen-tiy, the ep imer iza t ion  react ion 
i s  r eve r s ib l e  o v e r  the whole range of t empera tu re s  invest igated.  

Table 1 give s the thermodynamic  cha rac te r i s t i c  s of the p roces s  of ep tmer iza t ion  in pyridine obtained on 
the bas is  of the t empera tu re  dependence (Fig. 4). As canbe  seen f rom the table the f ree  ene rgy  of the t rans i t ion  
TC --~ ETC is  small ,  and with a r i se  in the t empera tu re  AF inc rea se s  somewhat.  The enthalpy of the r e ac -  
tion, AH, is  negative,  i . e . , t he  react ion is  exothermic .  The entropy dec r ea se s  during the epimerizat ion p ro -  
cess  (TAS < 0). Since in the t ransi t ion TC ~ ETC the number  and nature  of the bonds in the molecule  do 

62 



-~I  

-0,2 

logK 

Fig. 4. Constant  of  the equi l ibr ium TC 
~--ETC as a function of the t e m p e r a t u r e ,  

TABLE 1. Thermodynamic  Charac ter -  
i s t i c s  of  the Epimer iza t ion  React ion of 
Te tracyc l ine  Hydrechlor ide  in Pyr id ine -  
d~ 

T, °C 

32 
40 
50 
60 
70 
80 
90 

1"C,~ 

51,6 
54,3 
65.4 
58,1 
59,2 
61 ,I 
62,3 

,g K~ 

--0,027 
--0,075 
--0,094 
--0,143 
--0,161 
--0,195 
--0,218 

cal • mole "t 

38 
107 
13a --1607 
218 
252 
314 
362 

--1645 
--1714 
--1733 
--1825 
--1859 
--1921 
--1969 

, Ke _ [E"rc] 
[TC] " 

not  change,  and no apparent advantage for  the format ion  of i n t r a m o l e c u l a r  hydrogen bonds i s  created ,  the 
exotherrnic i ty  of  the react ion i s  apparently connected with the grea ter  so lvat ion energy  of ep i te tracyc l ine  
than of t e tracyc l ine .  In this  c a s e ,  the d e c r e a s e  in entropy on pass ing  to the epi form a lso  b e c o m e s  under-  
standable:  a g r e a t e r  degree  of  so lvat ion l eads  to a s m a l l e r  mobi l i ty  of  the so lvent  m o l e c u l e s .  Although 
the t h e r m o d y n a m i c s  of  the equi l ibrium TC ~ - E T C  has  not  been studied prev ious ly  and has not been d i s -  
cus sed  in papers  on the ep imer iza t ion  [2, 6, 7], the exper imenta l  re su l t s  published in them have enabled 
us to ca lcu late  the thermodynamic  c h a r a c t e r i s t i c s  of  the equi l ibrium mix tures  under var ious  condit ions .  
The resu l t s  of  the ca lcu lat ions  showed that in all the c a s e s  descr ibed  the ep imer lza t ion  react ion  i s  exo -  
thermic .  The value  of  AH i s  l i t t le  affected by the pH of  the solut ion and the concentrat ion  of  buffer ions .  
A s  ca lculated for  the condit ions descr ibed  in preceding inves t igat ions  [2, 7] it  v a r i e s  f r o m - 2 . 5  t o - 0 . 7 5  
k c a l / m o l e .  In all c a s e s ,  the entropy d e c r e a s e s  in the transit ion TC ~ ETC. The free  energy  of the trans i -  
tion AF r i s e s  with an i n c r e a s e  in the pH of  the solution and fa l l s  with a r i s e  in the concentrat ion  of buf fer  
i o n s ,  

Thus,  the r e su l t s  of the thermodynamic  ca lculat ions  show that  the suggested  s e l e c t i v e  solvat ion of the 
epi f o r m  i s  not specif ic  fo r  the reac t ion  in pyr idine but i s  c h a r a c t e r i s t i c  of ep imer iza t ion  under all the 
conditions desc r ibed .  The p redominan t  solvat ien of ep i te t racyc l ine  is probably  a consequence of the di f -  
f e r en t  conf igurat ions  [8] of the n o r m a l  and epi f o r m s .  I f  solvation ensu re s  the s tabi l izat ion of the epi f o rm ,  
the ro le  of  buf fer  ions probably  cons i s t s  of  lower ing the energy  b a r r i e r  of the t rans i t ion .  In wate r ,  the 
potent ial  b a r r i e r  of this t rans i t ion is  fa i r ly  high, s ince  the r a t e  of ep imer iza t ion  in w a t e r  at  pH 4.0 i s  70 
t imes  s m a l l e r  than under the s a m e  conditions in 1.0 M phosphate buf fer  [6]. The act ivat ion energy  de -  
c r e a s e s  with an i n c r e a s e  in the s t rength  of the buf fe r  solution [7]. In ou r  case ,  pyr id ine  plays  t h e r o l e  
both of a solvat ing solvent  and of a ca ta lys t .  The rapid es tab l i shment  of the equi l ibr ium TC ~ - E T C  in 
pyr id ine  shows a low act ivat ion energy  under these  condit ions.  With a r i s e  in the t e m p e r a t u r e ,  of cour se ,  
the s tabi l i ty  of the so lva tes  fa l l s ,  which leads  to a nonpropor t ional  r i s e  in the r a t e  of the r e v e r s e  reac t ion  
and, consequent ly ,  to a d i sp l acemen t  of the equi l ibr ium in the d i rec t ion  of the normal  fo rm.  
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The mechanism of the epimerizat lon react ion of the te t racycl ines  has not been studied; never the less ,  
a number  of hypothetical schemes of this p rocess  have been put forward [9]. It is  assumed that ep imer i za -  
tion is connected with the formation of an enolic t au temer  with a double bond at C~-C 4. 

With a r i se  in the t empera tu re  there  is  not only a change in the rat io of the intensi t ies  of the c o r -  
responding signals of the ep imers  but also a contract ion of the peaks of the C-methyl  and N-methyl  protons 
and some approach of the signals of the ep imers  (see Fig. 3). The fact that in the epimerizat ion p rocess  
the ep imers  have different  CSs and not an averaged signal shows that one of the stages of the epimerizat ion 
p rocess  is fa i r ly  slow. At the same t ime, the contract ion of the signals with a r i s e  in the t empera tu re  
shows their  averaged nature;  each of the ep imers  exis ts  as two o r  more  forms,  t rans i t ions  between which 
take place fair ly  fast  and are  still more  acce le ra ted  with a r i se  in the t empera ture .  

On the basis  of ideas on tautomer ic  t ransformat ions ,  the mechanism of the epimer iza t ion  of t e t r a -  
cycline can be represen ted  by the following scheme: 
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As is  well known, the slow stage in t ransformat ions  of this  type is  the splitting off of the proton [10], 
i .e . ,  the t rans i t ions  (IIb) --- (IV) and (IIIb) - -  (IV). We showed the formation of the tau tomer  (IV) in the fol-  
lowing way. To the equil ibr ium mix ture  TC ~-ETC in pyridine we added a few drops of deuteromethanol .  
This led to a dec rease  in the intensi ty  of the signal of the C 4 proton a f t e r  3 h f rom one proton unit to 0.35 
proton unit, while the re  were  no changes in the r ema inde r  of the spec t rum.  Consequently, a f te r  this t ime 
75% of the C 4 protons had been replaced by deuter ium.  If i t  is  borne in mind that in the deuterat ion of 
t e t racyc l ine  with deuteromethanol  the C 4 proton is  not replaced by deuter ium,  i t  becomes c l e a r  that deu-  
tera t ion at C 4 takes place in the convers ion of the enolic t au temer  (IV) into (IIb) and into (IIIb). 

EXPE RIME NTA L 

The NMR spectra were ~,ken on a Varian HA-100D spectrometer; the solvents used, apart from deu- 

teropyridine,  were  heavy wate r  and methanol-d 4, Solutions (3%) of te t racyc l ine  hydrochlor lde  of 99% puri ty  
were  used, and the signal of HMDS was taken as 0. The re la t ive  concentrat ions of the ep imers  were  calcu-  
lated f rom the spec t ra  recorded  with a field sweep of 250 Hz as the rat io  of the products  of the half-width 
of the signals and the i r  heights.  

The mixture  of TC and ETC hydrochl0r ides  was obtained f rom the ammonium salt  of epi te t racycl ine  
[2] by the method adopted in te t racycl ine  chemis t ry  fo r  obtaining hydrochlor ides .  The mixture  contained 
76% of epi te t racycl ine  (determined spec t rophotemet r ica l ly  [6] f rom the rat io of the intensi t ies  of absorp-  
tion at 254 and 267 nm). 

CONCLUSIONS 

1. By means of the NMR method i t  has been shown that te t racyc l ine  hydrochlor lde  undergoes rapid 
epimerizat ion in pyridine solution. 
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2. The tempera t~tre de~ndence  of the constant of the equilibrium TC ~--ETC has been studied and 
the thermodynamic characteris t ics  of this equilibrium have been calculated. 

3. The scheme of the transformations of tetracycline hydrochloride leading to the formation of the 
epimer has been put forward. 
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