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Proton Transfer from Heterocyclic Compounds. Part 111.l Adenine and 
Adenosine 

By John A. Elvidge, John R. Jones," and Conor O'Brien, Chemistry Department, University of Surrey, Guildford 
E. Anthony Evans and Hilary C. Sheppard, The Radiochemical Centre, Amersham 

Rates of detritiation from C-8 of adenine and adenosine have been measured over a pH range at 85". Analysis 
of the data enables the pK, values for protonation a t  N-7 to be calculated. For adenine, measurements have been 
made a t  several temperatures and the observed entropy of activation, taken in conjunction with other available 
information, supports a mechanism involving rate-determining hydroxide ion attack on the N - 7  protonated species. 
For adenosine at high pH, an additional mechanism involving hydroxide catalysed exchange of the neutral com- 
pound is important. 

ADENINE (la), a highly resonance stabilised purine, con- 
tributes to the structures of the nucleic acids and is a 
constituent of widespread nucleotides and transfer co- 
enzymes. Labelled adenine is consequently of import- 
ance for biochemical and mechanistic studies, but for the 
successful use of such tracers, knowledge of the stability 
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of the label is essential to prevent erroneous conclusions 
being drawn.2 The 8-H of purines can undergo isotopic 
e~change ,~  providing, for example, a ready means of 
labelling adenine. In order to define the conditions 
under which 8-H labelled adenine may be employed we 
have studied the rates of detritiation from C-8 of adenine. 
A similar study has been undertaken for adenosine (lb) 
because a comparison of the results with those for adenine 
makes possible a correct appraisal of the importance of 
the p-D-ribofuranosyl group in respect of isotopic ex- 
change from C-8. 

Since Eidinoff's initial observation that tritium could 
be incorporated into adenine merely by heating a solution 
of the compound in tritiated water in the presence of a 
platinum catalyst a t  100" for 18 h, several reports of 
isotopic exchange in both this compound and adenosine 
have been reported. Thus exchange at C-8 of 7- and 9- 
benzyladenines and adenosine was achieved by refluxing 
in deuterium oxide or a D,O-dimethylformamide mix- 
ture; 5 9 6  prolonged heating at 100" in the case of 3- 
benzyladenine led to exchange at  C-2 as well as at C-8. 
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Subsequent studies 2,' have shown that exchange from 
C-2 of adenine is always slower than from C-8. 

In the case of adenosine (lb), the available results are 
somewhat conflicting. Thus Wechter,8 in an attempt to  
develop methods for preparing specifically labelled 
nucleosides and nucleotides, found that a t  95" the rate of 
deuteriation at  C-8 of adenosine increased with pH until 
it became immeasurably fast in 0.1N-potassiurn hydroxide 
whereas Van Dyke9 was unable to detect any loss of 
tritium from [€b3H]adenosine in IN-potassium hydroxide 
over a period of 20 h at  37". This difference is probably 
related to the fact that adenosine hydrolyses in 0 . 1 ~ -  
potassium hydroxide over the course of 1 h at 100" 
whereas adenine is stable in IN-alkali at 100" for a 
much longer period.1° Tomasz and co-workers found 
that the rates of detritiation of [8-3H]adenosine were 
virtually constant over the pH range 4-11 ; Shelton and 
Clark l2 observed that the rates were approximately 
constant at pH 2, 7.5, and 11 whereas Kawazoe l3 found 
that the rate of deuteriation decreased below pD 4 but 
increased abruptly at between pD 12 and 13. Other 
studies l4 report exchange of adenosine monophosphate 
a t  a single pH. 

EXPERIMENTAL 
MateriaZ~.--[8-~H]adenine (500 mCi niinol-l; solid) and 

generally labelled [3H]adenosine (843 mCi mmol-l ; aqueous 
solution) were from the Radiochemical Centre, Amershani. 

Kinetics.-Details of the methods used to follow the rates 
of detritiation have been given.l?l5 When the reaction half- 
lives were greater than 6 h an initial rate method was em- 
ployed and the pseudo-first-order rate constant Kobs obtained 
from the slope (KobSc,) of the plot of radioactivity of tritiated 
water (dis. min-l) against time. For faster reactions, the 
increase in the radioactivity of the water was followed over 
>750/:, of the reaction and hobs determined from the slope 
( -  2.303 bobs) of the plot of log,, (c, - ct) against time. The 
only difference from previous work was that the adenosine 
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xdenosine concentrations employed, quenching was un- 
important and the ratio of the tritium content of the water 
to that of the adenosine gave the fraction of tritium a t  C-8. 
. in  average of five determinations gave 81 4 3%. 

RESULTS AND DISCUSSION 
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The bell-shaped rate-pH profile observed for adenine ' 0.5- 
1 exchange (Table 1 and Figure 1) is reminiscent of that 

Rate-pH data for [8-3H]adenine (la), and 
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equation (6). The best fit with the experimental data 

was obtained using pKa = 3.5 and pk',' = 9.0. The 
corresponding values a t  25" are 4-20 and 9.87 l6 respec- 
tively reducing to 3.5, and 8.1 at 85" if the semi-empirical 
Perrin equationf7 is employed. The behaviour of 
adenosine (Table 1 and Figure 1) is similar to that of 
adenine up to pH ca. 8 but at higher values the rates of 
detritiation instead of falling off increase dramatically. 
This difference can be ascribed to the fact that adenosine 
like the 9-alkylpurines does not have an ionisable 9-NH 
group i.e. K,' = 0. The rate increase, which incidentally 
was not observed by Tomasz,ll is due to the onset of a 
second reaction pathway involving the hydroxide ion and 
the neutral substrate. We then have equation (7) 

Rate = k[BHf][OH-] + K'[B][OH-] (7) 

leading to (8). Equation (8) which was used to construct 

(8) 
kKJV K'Ka[OH-] 

kobs = K ,  + [H+] -I- K ,  + [H'] 

the calculated curve reduces to (9) when [H'] < K,; 

kobs = kKv/Ka + K'[OH-] (9) 

k'(1-92 x 1 mol-l s-l) was obtained from the plot of 
kobs against [OH-], and the pK, value that gives the best 
fit with the experimental results was found to be 2.9 by 
a trial-and-error procedure. The value is the same as 
that obtained from a plot of pH against log,, [R/(1 - R)] 
(Figure 2). The literature value l6 at 25" (3.50) reduces 
to 3-0 at 85" if the Perrin equation l7 is employed. The 
other pK, value for adenosine (12.35 at  25") refers to 
ionisation in the p-D-ribofuranosyl group but, as the 
results in Figure 1 show, there is no need to make any 
allowance for this factor over the pH range studied. 

As with purine the only uncertainty with regard to the 
reaction mechanism concerns the site of protonation. 
X-Ray crystallographic investigations of adenine hydro- 
chloride,l* adenosine-5'-phosphate,lg adenosine-3'-phos- 
phate,20 and adenosine-2'-uridine-5'-phosphate 21 show 
that in the crystalline state they are all protonated at  
N-1. However, recent work by Chan and Nelson 22 on 
the effect of pH on the lH  n.m.r. parameters of adenyl- 
(3',5')-adenosine suggests that several monoprotonated 
species exist in equilibrium with one another." It is also 
significant that when adenine is alkylated in neutral solu- 
tion with ethyl methanesulphonate 3-, 9-, and l-ethyl 
isomers are produced in yields of 25, 9, and 8% respect- 
ively.= Similarly when adenosine is alkylated with di- 
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methyl sulphate the 7-methyl- as well as the predominant 
l-methyl-adenosine is produced.24 As for purine we 
favour a mechanism in which the reactive species is the 
N-7 protonated form, which is assumed to be present to  
a small extent. 

The rates of detritiation from C-8 of adenine have been 
measured over a 35" temperature range (Table 2), and the 

TABLE 2 
Rates of detritiation of [8-3H]adenine in H,O at  

various temperatures 

50 1.13 1.3 5.5 2-46 
65 4.87 1.7, 12.6 6.73 
75 13.9 2.2, 20.0 15.6 
85 33.0 2.9 31-6 30.2 

observed activation energy found to be 22.3 kcal mol-l 
from a plot of logl, kobs against T-l. However it is more 
informative if the second-order rate constant k (= 
Kob,Ka/K,,) for react ion between prot onat ed substrate 
and hydroxide ion is plotted against T-l. In this case 
the activation energy is 16.5 0.8 kcal mol-l and 
A S  + 7 -& 1 cal 1C-l mol-l. Although the magnitude 
of the activation energy is of interest, considerably more 
importance attaches to the entropy of activation. This 
is because of the role of substrates with the purine func- 
tions in enzyme reactions, and the fact that base stacking 
effects l4 make the solvent less accessible to the substrate 
in more concentrated solutions. In three other reactions 
(which probably occur by the same mechanism) involving 
guanine, thiazole, and l-ethyltetrazole (Table 3) all the 
values of A S  are large and positive. This is in sharp 
contrast to the values obtained from reactions in which 
the water acts both as the solvent and the base, and 
where the carbon acid carries no net charge; in fact, in 
terms of charge distribution, one is the reverse of the 
other, with the reactions between uncharged carbon acids 
and the hydroxide (or alkoxide) ion occupying an inter- 
mediate position. 

The entropies of activation, which cover more than 
60 cal K-l mol-l as the charge type varies, can be inter- 
preted in terms of differences in solvation of the reactants 
and transition state. Thus in the detritiation of adenine, 
the protonated molecule and especially the hydroxide ion 
will be solvated but the transition state will be solvated 
to a much smaller extent because it has zero net charge. 
The process of desolvation is therefore accompanied by 
an increase in entropy and the magnitude of A S  will 
depend not only on substrate reactivity (the faster the 
reaction the earlier will the transition state occur on the 
reaction co-ordinate and the less advanced the desolv- 
ation) but also on the importance of non-equilibrium 
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transition state s o l v a t i ~ n . ~ ~  I t  has previously been 
suggested42 that AS$ for a number of rate-determining 
proton transfers in water is more negative than expected 
and that this may be because desolvation of the proton 
does not take place before the transition state is reached. 
The data in Table 3 clearly show that the entropies of 
activation for hydroxide catalysed deprotonations in 
water are consistently more negative than for methoxide 
catalysed deprotonations in methanol but the near zero 
values in the latter case may owe something to the 

There are several exceptions to the apparent trends 
observed in Table 3, most notably the hydroxide catalysed 
detritiation of phenylacetylene where AS1 is +42 cal 
K-l mol-I rather than the somewhat negative values 
characteristic of many reactions of this kind. The 
entropy criterion should of course be exercised with 
caution and preferably in conjunction with other criteria. 
Finally AS: for the reaction between protonated adenine 
and hydroxide ion is a composite function which includes 
contributions from the protonation equilibrium l6 

TABLE 3 
Entropies of activation for various proton transfer reactions from carbon acids (HH) 

Reaction mechanism Carbon acid 
B H  -t H20 B- + H,O+ Ethyl 2-oxocyclopentanecarboxylatc 

Malononitrile 
t-Butylmalononitrile 
Benzoylacetonc 
Nitroethane 
1,4-Dicyano-but-2-cne 
Acetone 
Acetophenone 
Fluorene 
7H-Benzo[c] fluorene 
Diphenylmethane 
Triphen ylmethane 
1,3-Difluorobenzene 
I H-Undecafluorobicycloi2.2.1 jheptanc 
4-Nitrobenzyl cyanide 
II3,6-Trinitrobenzene 
Adenine 
1 -Ethyltetrazole 
Guanine 
Thiazole 

I3H 4- OH-- B- + H,O 

BH 4- OMe- + B- + ;\IcO€I 

BH 4- OEt- __t B- -b EtOH 

EH,+ 4- OH- __t BI-I 4- H20 

a Subject to large unccrtaiiity. 

S t l c a l  I<-f mol Ref. 
- 38 35 
- 22 26 
-21 26 
- 33 27 
- 15 28 
- 12 39 
- 21 30 
- 19 31 
-1 32 
-2  32 

0 3 3 
0 3 3 

2, - 4  34, 35 
- 4  3 6 
- 1  3 7 

0 38 
+7  l'resent work + 22 39 

-1- 10 40 
41 ca. 400 

importance of the internal return mechani~rn.~* Values 
of AS3 for the ionisation of several nitroaromatic com- 
pounds in ethanol-ethoxide solutions are also close to 
zero. Proton transfer between two neutral substrates on 
the other hand will result in an increase in solvation as 
the transition state resembles an ion pair; the process of 
solvation will make a negative contribution to A S .  
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+3-2 cal 1C-l mol-l a t  25") and the ionisation of t2L:4 (ASo at 85" = -27 cal K-l mol-I). 
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