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Ahstraet-Isotopic hydrogen exchange at C-g of xanthine, theophylline and caffeine in water has been studied at 
several temperatures and constant pH. The rates of detritiation of these compounds have been determined over a pH 
range at constant temperature. The rate-pH profiles for theophylline and caffeine are interpreted in terms of rate 
determining attack by hydroxide ion on protonated substrate. For caffeine and xanthine at high pH an additional 
mechanism involving hydroxide catalysed exchange of the neutral compound is suggested. 

The isotopic hydrogen exchange reactions in purines have 
applications in preparation of labelled compounds for use 
in biochemical studies. Data on the exchange rate and the 
influence of substituents on the lability of C-8 proton 
provide information on the structure of these compounds. 
The development of nucleic acid chemistry has stimulated 
studies on the exchange reaction of hydrogen in purines 
such as adenine, guanine and their nucleosides and 
polynucleotides.‘d In this work the rate of hydrogen 
exchange in xanthine 1, theophylline 2 and caffeine 3 and 
mechanism of the reaction has been studied. 
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Materials. Xanthine labelling with tritium was described 
earlier.’ Theophylline (Sigma) and caffeine (Fhrka, AG). easily 
soluble in water, were labelled by warming with HTO (concentra- 
tion of theophylline and caffeine 0.4 M and 0.8 M, respectively, 
time of exchange 40-50 h, temp. 90°C. specific activity of water ca. 
80mCilcm’). After the exchange had been completed the water 
was removed by distillation, a small portion of H,O was added to 
exchange the labile hydrogen atoms and distillation was repeated. 
The specific activities of theophylline and caffeine were 
30 mCi/mmol and 50 mCi/mmole, respectively, 9~9% of activity 
originated from tritium attached to C-8. 

B&r solutions. For kinetics measurements acetate and 
ammonia buffers were used. The inoic strength of solutions was 
equal to I M and was kept constant be adding the proper amount 
of KCI. The pH measurements were carried out at 20°C using 
digital pH meter (E 500 type). It was assumed that pH of these 
solutions was independent of temperature. Hydrochloric acid and 
potassium hydroxide were used to prepare solutions of low and 
high pH, respectively. The pH values was calculated taking into 
account the proper values of activity coefficients of these solutes. 
The value of pK, at 82°C was taken to be equal to 12.56.” 

Kinetics. The procedure for determination of detritiation 
kinetics was as follows. The weighed sample of labelled 
compound (m = 0.03-0.04 g) was dissolved in buffer (V = 10 cm’) 
in a vessel equipped with a syringe and kept at constant 
temperature in a thermostat. At suitable intervals of time a small 
sample of solution had been taken and water was separated by 

vacuum distillation. The activity of water was determined in 
scintillation spectrometer Packard Model 3380. The liquid 
scintillator of PPO t POPOP with ethoxyethanol in toluene was 
used.’ 

The reaction was slow and the measurements had to be carried 
out at elevated temperature. However, the degree of exchange has 
never exceeded 4-5% and the rate constant of reaction could be 
calculated from the relation L = A,/ht, where A, and k are 
activities of water at time t of reaction and in equilibrium (t = ma), 
respectively. k was assumed to be equal to activity of the sample 
of the compound taken to exchange. 

The plots of relative kob vs pH for given compounds 
are presented in Figs. l-3. The values of hb were 
determined for various temperatures and at constant pH 
to calculate the apparent energy of activation. The data 
are given in Table 1. 

DLSCUSION 

The results of kinetic measurements of hydrogen C-8 
isotopic exchange in purines are usually interpreted using 
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Fig. I. The a-pH profile for [8-‘HI theophylline at 82°C O-the 
values observed experimentally. The solid line is drawn using 

Eqn (3). 
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Fig. 2. The a-pH profile for [8-‘H] 
values observed experimentally. The 

Ew (4). 

cafleine at 82°C O-the 
solid line is drawn using 

0 

PH In the first case the rate of reaction: 
Fii. 3. The a-pH profile for [8-‘HI xanthine at 64°C C-the values 
observed experimentally. The solid line is drawn using Eqn (6). VI = k,P-Hz+WH-1 = kd-1. 

Table 1. Observed rates of detritiation of [8-‘HI theophylline, 
[&‘H] caffeine and [8-‘H] xanthine in H,O at various temperatures 

theophylline 

PH = 5.7 

CaffelJla 

pH = 7.0 

xanthine 

pH = 12.6 

337 7.5 

3w 5.8 

346 4.9 18.7 

348 10.4 

355 11.0 19.1 37.2 

360 34.4 

3@+ 28.5 92.6 

IO7 kobs, .-’ 

6 a obs, kcal mol-’ 

23.3 25.2 23.8 

imidazole or benzimidazole as a simple model system 

(owing to purines C-8 and imidazole C-2 analogy).““‘2 

Among the xanthine derivatives, theophylline, which 

has no free NH groups in the pyrimidine ring, is the most 
similar to this model. The presence of three different 
forms of this compound in aqueous solution suggest the 

2a 2b 

possibilities of different mechanism of hydrogen ex- 
change. The rate determining step may be the attack of H’ 
ion on C-8 atom of anionic form or neutral molecule, or 
proton abstraction from C-8 atom of protonated form or 
neutral molecule, by OH- ion. From the rate -pH profile 
(Fig. 1) follows that the mechanism with neutral molecule 
may be excluded but it is not possible to decide whether 
the rate determining step is the attack by hydroxide ion on 
protonated substrate 2a: 

or by hydrogen ion on anionic form 2c: 

0 

li+H’A 

“‘3 
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Since the total concentration of theophylline is equal to: 

P-L, = [T-l + P-HI + [TH,+l, 

K, = [THIW+l/~H,+l 

and 

KZ = [T-IW+lI[THl, 

the rate of exchange can be written as follows: 

VI = k,P'IPH-I/{1 + KJIH’I + K,K,/lH+l*~ = kAT1 

and 

k,, = k,K,/I[H+l+ K, + K,K,/IH+ll. (1) 

Similarly, for the second case, v2 = k,[T-][H+] and: 

L, = k,K&,IW+l+ K, + K&AH+lJ. (la) 

As follows from Eqns 1 or la the rate constant has a 
maximum for [H’] = (K,K2)IR. Since K, % K2 

k”: = k,Kw/{2(K,KP + KJ = k,K,/K, (2) 

or 

e: = k,K,K,/{2(K,K,)“‘t K,} = k2K2. @a) 

The relative rate, defined as a fraction kJby may be 
calculated from the relation: 

a = Id&Z? = K,[H+lNH+12 + KJH’I + K,KJ. (3) 

From this relation follows that it is not possible to decide 
which step of the reaction is rate determining because the 
a vs pH plot is the same for both mechanisms. In the Fig. 
1 this plot is represented by the solid line. The pK values 
for theophylline at 70°C are known (pK, = 0.7, pK1 = 
8.5)” and according to the semi-empirical Perrin equa- 
tion,” at 82°C they are equal to 0.7 and 8.2, respectively. 

The mechanism of exchange is more unequivocal for 
caffeine detritiation. In this case owing to the lack of 
anionic form the mechanism by the electrophilic attack of 
H’ ion is excluded. Assuming the rate determining step as 
a proton abstraction from C-8 by hydroxide ion we obtain: 

L = k,K,/I[H+l + KJ. (4) 

The relative rate constant -pH profile is presented in Fig. 
2 as a solid line. The pK value for caffeine is assumed to 
be equal to O.S.“~‘* The comparison of profiles for 
theophylline and caffeine detritiation indicates that proton 
abstraction by OH- ion rather than electrophilic attack of 
H+ ion is the rate determining step in both cases. The 
lower values of hb for theophylline are probably caused 
by the occurrence of negative charge on imidazole ring 
owing to the dissociation of N(7)-H group. The spectros- 
copic data show that anion of theophylline may exist in 
two forms 2e and 2e’.13.” It was suggested by Cavalieri and 
Fox” that form 2c’ was predominant but recent data of IR 
spectral6 indicates that the anion exists mainly in the form 
2c. 

For pH> 7 the increase of the rate constant of 
exchange for caffeine is observed what points out that 

another mechanism should be taken into account. The 
similar effects were observed previously for heterocyclic 
compounds substituted in imidazole ring,2~3~‘~“~‘7 It was 
suggested that it is due to the attack of hydroxide ions on 
neutral form of compound: 

+N’ F-N’ 
R R 

Hence 

v4 = t[CI[OH-1 = k,lCl,.[OH-I/{1 + IH’IIK,} 

and 

kc+x = k&/~W+l + W’IWJ. 0-J 

It is possible that similar mechanism is true for 
detritiation of caffeine as well. The decomposition of 
caffeine precludes the investigation at higher pH than I I 
(at pH IO, 90” and 4 hr of reaction the decomposition is not 
significant). The similar mechanism for theophylline and 
some other compounds with unsubstituted imidazole ring 
is not observed”.” apparently due to the appearence of 
negative charge owing to the dissociation of N(7)-H 
group. 

The kinetics of xanthine detritiation is more compli- 
cated because there are several dissociable groups. The 
pK values for dissociation of N(7)-H and N(3)-H groups 
at 70” are equal to 7.5 and 11.0” (in the pH range 5-14 
xanthine forms only a dianion”.“‘), but the sequence of the 
dissociation of these groups is still controversial.“.” If the 
N(7)-H group dissociates first the situation would be 
similar to theophylline, and the rate determining step 
should be the reaction with protonated form. However, if 
the dissociation of N(7)-H follows the dissociation of 
N(3)-H, the likely mechanism would involve rate 
determining attack by the hydroxide ion on the neutral 
molecule and the observed rate constants should be 
written as follows: 

k,,, = k,K,/{[H+] + [H+]*/K, + K, + K,K,IW+lh (6) 

The low solubility of xanthine in water does not allow 
to study the kinetics at pH below 7.5, but the experimental 
data are in agreement with the relative rate of reaction vs 
pH plot represented by Eqn (6) (a solid line in Fig. 3). So 
the attack by the hydroxide ion on the neutral molecule is 
the rate determining step, at least for high values of pH. 

The obtained values of observed activation energy 
(Table 1) are typical for the proton transfer reactions in 
water solutions. Similar values Eob, are given for adenine’ 
and hypoxanthines.‘9 Once the mechanism of exchange is 
chosen, it is also possible to find the values of 
second-order rate constants of reaction between substrate 
and hydroxide ion. The rate constants of reaction with 




