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The reaction mechanism for the hydrogen exchange of C-8 hydrogens of purine ribo-
sides was discussed on the basis of the pD-rate profiles and the effect of 6-substituents
on the rate. It was shown that the rate depended on concentrations of the purine and
D,O and that the observed second-order rate constant was expressed as kop-Kpyo/Ka(N,)
where kop- was the rate constant for hydrogen exchange of N,-protonated purines by
attack with the OD-, Kp,0 was the dissociation constant of D,0, and Ka(N,) was the
dissociation constant of N,-protonated purines.

Aromatic ring hydrogens can undergo inoic hydrogen exchange with active hydrogens
of protic solvent molecules when they are activated by the ring heteroatoms in such a way
that the carbanion structure formed by deprotonation from the C-H function concerned is
stabilized mainly through the ylide formation, inductive effect, and/or d-¢ interaction with
the adjacent heteroatoms such as nitrogen, sulfur, efc. Purine derivatives including poly-
nucleotides and natural nucleic acids undergo hydrogen exchange at their C-8 position under
various conditions.®-? Many papers have dealt with this problem mainly from the biolo-
gical interest but the reaction mechanism involved has not completely been elucidated yet.3-16

This paper describes the mechanism involved in the exchange of C-8 hydrogens of purine
ribosides, discussed on the basis of kinetic study of the reaction.

Experimental

Compounds——Adenosine and inosine were kindly supplied by Kojin Co., Ltd. and Ajimonoto Co., Ltd.,
respectively. All the other derivatives used were synthesized in our laboratory according to the authentic
preparative methods: 1-methylinosine,!”) Ng-methyladenosine,!” Ng,Ng-dimethyladenosine,!® 6-thioinosine,1?
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6-methylthioinosine,'® 6-chloropurine riboside,?) adenosine 1-oxide,?") 2’,3’-isopropylidene adenosine,’?
9-methyladenine.??)

pD Measurements pD values used in this paper are presented, as an approximate measure, with pH’
values which are the values obtained with a standard pH-meter measuring D,O solutions.

Rate Measurements The exchange rates were measured with 30 mg of the purine derivative dis-
solved in 0.5 ml of D,O containing 0.2 M phosphate buffer and 309, w/v hexadeuteriodimethylsulfoxide
(DMSO-dg),*» adjusted to an appropriate pD value for the reaction. Readjustments of pD values were
made for each test solution by addition of dibasic or monobasic phosphate solution before the reaction started.
Aqueous 109% NaOD was added to obtain strongly alkaline solutions. The reactions were carried out in a
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sealed nuclear magnetic resonance (NMR) sample tube at an appropriate reaction temperature and the
reaction were followed by NMR spectra. The rates for the exchange are expressed as pseudo-first order
reaction rates.

Result

Structures of Deuterated Products

The hydrogens exchanged were proved to be the C-8 and not the C-2 hydrogens in all the
6-substituted derivatives studied on the basis of chemical evidence, as illustrated in Chart 1.

The deuterated product from adenosine was identical with 8-deuterioadenosine which was
derived by catalytic debromination of 8-bromoadenosine with D, gas. 8-Deuterioadenosine
which was derived by catalytic debromination of 8-bromoadenosine with D, gas. 8-
Deuterioadenosine, whose structural identity was thus established, was converted by treat-
ment with sodium nitrite into 8-deuterioinosine which was identical with that obtained by
direct deuteration of inosine. Acid-hydrolyses of deuterated 6-thio-, 6-methylthio-, and
6-chloro-derivatives gave deuterioinosine which in each case was identical with 8-deuterio-
inosine. Deuterio-Ng-methyladenosine was identical with the corresponding 8-deuterio
derivative which was obtained by thermal rearrangement of 8-deuterio-1-methyladenosine
derived by methylation of 8-deuterioadenosine. 8-Deuterioinosine was methylated into 8-
deuterio-1-methylinosine which was identical with the deuteration product of 1-methylinosine.
Structural identification of 8-deuterio-Ng,Ng-dimethyladenosine and 2-aminopurine riboside
was based on comparison of their NMR spectra with those of all the compounds chemically
identified in the present study.

Rates of Exchange with 6-Substituted Purine Ribosides in Neutral Medium

Fourteen substituted purine ribosides were deuterated at 81° in a phosphate buffer at
pD 7.0, the reaction rates being shown in Table I. Thermodynamic parameters were given
of some of the derivatives under the same condition, as shown in Table II.

TaBLE I. Pseudo-First Order Rate Constants and Half-Lives for
Exchange of C-8 Hydrogen of Purine Ribosides
in pD 7.0% D,0-DMSO at 81°

Derivative Ps:atltgocgrrlssi;;g “ Half-life
(10-5 sec™?) (hours)
Adenine 2.40 8.02
9-Methyladenine 5.40 3.57
Adenosine 6.06 3.18
2’-Deoxyadenosine 5.40 3.57
2’,3’-Isopropylideneadenosine 6.50 2.97
Adenosine 1-oxide 0.00 o
N¢-Methyladenosine 5.26 3.67
N, Ng-Dimethyladenosine 2.63 7.32
Inosine 9.46 2.00
1-Methylinosine 6.90 2.78
6-Thioinosine? 25.4 0.70
6-Methylthioinosine 3.21 6.00
6-Chloropurine riboside 1.31 14.70
2-Aminopurine riboside 13.19 1.47

a) The solvent consisted of 0.2m phosphate buffer of D,O and C .80%w/v DMSO-d,. The pD
value is pH’ which was the value obtained with a standard pH-meter measuring D;O solu-
tion.

b) This derivative exsists as its anionic form at pD 7.0. The rate constant of non-dissociated
species was 7.5 X 10-% sec™? which was obtained in pD 5.0 solufon.
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TasLE II. Activation Parameters for Exchange of C-8
Hydrogen of Purine Ribosides®

2nd order Energy of Entropy of
Derivative rate constantd activation activation
(10— x L mole-sec?) (kcal/mole) (e.u.)
Adenosine 1.68 17.2 —38.6
N¢-Methyladenosine 1.92 20.91 —32.3
Ng,Ng-Dimethyladenosine 1.46 17.4 —37.5
Inosine 2.63 23.0 —23.2
6-Thioinosine® 7.06 16.4 —37.6

a) The reaction solvent consisted of 0.2 phosphate buffer pD7.0 of D,O and 309% w/v DMSO-d,.
pD 7.0 was obtained with a standard pH-meter measuring the tested solution.

b) rate constant at 81°

¢) 6-Thioinosine exists as its anionic form at this pD.

Correlation of the Rates with Hammett Parameters

Figure 1 represents plots of log k, versus the Brown-Okamoto o,* values.?® It may be
revealed from the figure that an electron-withdrawing substituent at the C-6 position tends
to reduce the rate for the hydrogen exchange at the C-8 position, whereas an electron-dona-
ting group at the C-6 position facilitates the exchange.?® The electrophilic character of
this exchange reaction can also be supported by correlating the rates with the NMR chemical
shifts of C-8 hydrogens,2’-2% as illustrated in Fig. 2.28 The chemical shift may, in general,
be regarded as a measure of the electron density on the carbon atom carrying the hydrogen
concerned. Thus, a hydrogen which resonated at a higher magnetic field exchanged more
readily than the one which resonated at a lower field. It can, therefore, be suggested that
the rate-determining step in the hydrogen exchange of these derivatives may involve an elec-
trophilic attack by the reagent, which is supposed to be D* (or D,;0*) ion or D,0O molecule.
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d,s value (Brown—-Okamoto) Chemical shift from TMS (cps)
Fig. 1. Correlation between Second-order Fig. 2. Correlation between Second-order
Rate Constants and Brown-Okamoto g,* Rate Constants and Chemical Shifts of 8-
Values Hydrogens.
ky is a rate constant when the rate is assumed to be ky is a rate constant when the rate is assumed to be
expressed as k, [D4O][Pu]. expressed as ky[D4O][Pu].
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Rate-pD Profile in Hydrogen Exchange

Adenosine was treated in various pD media at 81°. The rate-pD profile, as shown in
Fig. 3, indicates that the rate was independent of the deuterium ion concentration over a
considerably wide range of pD and that the reaction was abruptly accelerated at a pD medium
between 12 and 13. Another feature of the reaction is that the rate was reduced by decreasing
pD of the medium to below pD 4. All of these features of the pD-profile hold with 9-methyl-
adenine and 2'-deoxyadenosine. Contrary to these 9-substituted adenine derivatives, the
exchange rate of adenine itself containing a free Ny-H group in the molecule was markedly
decreased at a pD of 9.5 and completely fallen to zero in a more alkaline medium than this
pD value under the reaction condition chosen in the present study.

The characteristic pD-profile of adenine derivatives described above may enable us to
correlate the exchange rate with structural changes of the substrate molecule. Namely,
pD at one of inflection points of the rate-curve coincides with pK,, value, 4.7, of adenine
derivatives (due to deprotonation of Nj-protonated conjugate acid) and pD at another in-
flection point coincides with pK,, of 9.8 of adenine (due to dissociation of Ny-H hydrogen).
The fact that 1-methyladenosine, whose pK, is 7.8, did not undergo the exchange in a neu-
tral medium can be explained by taking account that it exists as a cation at pD 7.0. Although
the pD value at the third inflection point, about 12.0, shown by 9-substituted adenine deriva-
tives is almost equal to the pK, value due to dissociation of 2’-OH hydrogen in the ribose
moiety of adenosine there is no basis for correlating the change in rate with structural changes
in the molecule, because an inflection point at the same pD value appeared in the rate-pro-
files of 9-methyladenine, 2'-deoxyadenosine, and 2',3'-isopropylidene adenosine. Therefore,
the increase in the rate of 9-substituted derivatives in this pD region should be attributed
to factors other than the structural change in the substrate molecule. This will be discussed
in the last part of Discussion of this paper.

Inosine and thioinosine, which have an acidic hydrogen in the molecule, showed another
characteristic feature in their rate-profiles. The profile of inosine, as shown in Fig. 4, indi-
cates an inflection point at pD 8.5, which corresponds well to the pK, value of 8.8 due to hydro-
gen dissociation from N,-H group of inosine. No further acceleration in the exchange rate
was obtained even in a medium as alkaline as pD 12. This is also the case with thioinosine,
where the rate-profile showed an inflection point at pD 7.0. This pD value coincides with
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Fig. 3. log kovs-pD Profile for Hydrogen
Exchange in Adenosine
Kobs is an observed pseudo-first order rate constant

when the reaction is assumed to be a first order only
in purines.
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Fig. 4. log kovs-pD Profile for Hydrogen
Exchange in Inosine
Kkobs is an observed pseudo-first order rate constant

when the reaction is assumed to be a first order only
in purines,
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the pK, value of thioinosine. The pD-dependent change in the rate of inosine can tenta-
tively be correlated with structural changes of inosine as illustrated in Fig. 4.

Dependence of the Rate on Concentration of D,0

The fact that the rate was independent of pD of the medium over a considerably wide
pD range suggests that the rate may depend on a molar concentration of water but not of D*
or OD- ion. Fig. 5 shows the rate-dependence on molar concentration of D,O in DMSO
indicating that the pseudo first order rate, k;, may be written as k, [D,0]. Fig. 6 shows the
rate-profile over a range of concentrations of D,O in DMSO.
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Fig. 5. Dependence of kons for Hydogen Fig. 6. Dependence of kovs for Hydrogen Ex-
Exchange in Adenosine on D,0 Molar change in Adenosine on D,0 Molar Concen-
Concentration in Dimethylsulfoxide at 80° tration in Dimethylsulfoxide at 80°
kobs is an observed pseudo-first order rate constant kovs is an observed pseudo-first order rate constant
when the reaction is assumed to be a first order only in when the reaction is assumed to be a first order only
purines. in purines.

Dependence of the Rate on Factors Other than pD and [D,0]
When the substrate was deprotonated to the corresponding conjugate base, the rate
was abruptly increased as demonstrated with
inosine and thioinosine. It would, therefore,

4 be possible to suppose that the anionic conju-
j . X gate base might play the part of the reagent to
%@ ° T abstract the hydrogen at the C-8 position, thus
- yielding a marked increase in the rate at a

— 5l . : . pD around the pK,. But this is not the case.
0.2 0.3 0.4 0.5

since it was shown that the rate of hydrogen
exchange of adenosine was not affected at all

Molar concentration of thioinosine

Fig. 7. Dependence of koss for Hydrogen

Exchange in Adenosine on Molar Concen- in the presence of 0.2—0.5 m thioinosine in
tration of Thioinosine in 0.2 M Phosphate pD 9.0 solutions, as represented in Fig. 7.30
Buffer et pD 9.0 at 40 In addition to this, imidazole, a representative
Koty is an observed pseudo-first order rate constant nucleophilic catalyst, did not affect the rate
when the reaction is assumed to be a first order only in R . .
purines. of adenosine in pD 9.0 solution.
Discussion

The reaction profile of the hydrogen exchange investigated in the present study may be
summarized as follows.

30) Thioinosine is almost completely ionized at this pD.
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1) Protonated species of purine derivatives, s.e., when measured in more acidic media
than their pK, , strongly resisted exchange of the C-8 hydrogens.

2) When hydrogen-dissociatoin of the derivatives gave the corresponding conjugate
bases, the exchange rate was facilitated to a marked extent; for example, in cases where
inosine and thioinosine were treated in more alkaline pD media than their pK,, values.

3) Dissociation of Ng-H to the anion eliminated completely the rate of exchange of
C-8 hydrogen.

4) Within a pD range where the structure of the substrate was unchanged (. e., neither
protonated nor deprotonated), the rate was independent of pD in the medium and was
approximately first order in [D,0].

5) The rate of exchange with Ny-substituted purines increased abruptly in media more
alkaline than pD 12. This unexplainable increase in the rate was not observed in the pD-
rate profiles of inosine nor thioinosine as anions in a strongly alkaline media.

6) When an electron-withdrawing substituent is introduced onto the C-6 position the
rate was reduced, whereas an electron-donating substituent at C-6 increased the rate. This
indicates that the reaction may be characterized as an electrophilic. This is supported by
a consideration of the electron density at the C-8 position estimated from the chemical shift
data of C-8 proton in NMR spectroscopy.

7) Hydrogens on imidazole and 1-methylimidazole are much more reactive toward ex-
change than those in the imidazole moieties of purine derivatives. Taking into account that
the imidazole moiety of purines is rather electron-deficient compared with imidazole itself,
it may be concluded that the exchange reactivity is reduced by a decrease in the electron den-
sity of the imidazole ring concerned.

In addition to the features described above, we know that C-8 hydrogens of N,-quater-
nized purine derivatives, for example, 7-methylguanosine, 7-methylinosine, efc., undergo
very facile hydrogen-exchange even at room temperature.3:19

The reaction mechanism proposed for this exchange should account for all the kinetic data
as well as other available chemical evidences that we have at present. The following mechan-
ism A and B can be proposed for this type of hydrogen exchange and they fit all the rate-
profiles described in the present study.

Mechanism A, where N,-protonated species of the substrate is attacked by OD™.

Rate = kop- [OD-J[PuN;*]

[Pu] = [PuN7*] + [PuN;°]

Ka(N7) = [PuN;°[D*]/[PuN7*]
where [Pu] is a concentration of the purine derivative used in total and Ka(N,) is not a pK,,
of a substrate but an imaginary dissociation constant due to protonation of the N,-nitrogen.

Therefore, the equation is transformed to

Rate = {koo- [OD~J[D*]/(Ka(N7)+[D*D}[Pu]
Actually, [PuN,*] is negligibly small in all the pD region examined, .¢., always Ka(N;)>[D*].
Therefore,

Rate = {koo- Kp,0/Ka(N7)}[D:0][Pu]
Namely, the observed second order rate constant, k,, can be expressed as

log k2 = log kop- + log Kp,0 + pKa(N7)

where Kop- is a rate constant for the hydrogen exchange of a N,-protonated conjugate acid
by OD~ and Kp,, is dissociation constant of D,0.

It turns out that the rate is proportional to a molar concentration of D,0 in the reaction
medium and can be expressed as a pseudo-first order reaction with respect to purines when
the D-content of the medium is large enough. The rate equation also indicates that the ob-
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served rate constants is proportional to the basicity of N,-nitrogen but this cannot be veri-
fied since the first protonation may actually occur at a nitrogen in the pyrimidine moieties
of purine molecules. When the substrate is dissociated to a conjugate base (for example,
inosine to anionic inosinate), the basicity of N;-nitrogen must be increased. Therefore, the
rates for inosine and thioinosine are expected to rise abruptly at the pD range around their
pK,, values. The electron-donating substituent at C-6 position increases the basicity of
N,-nitrogen, hence k., becomes larger. When the substrate is protonated in acidic media,
on the other hand, the basicity of N,-nitrogen decreases to a marked extent, hence k., be-
comes much ‘smaller. When the Ny-H of purine bases, adenine, hypoxanthine, efc., is dis-
sociated into the conjugate base, the ylide structure produced is greatly destabilized, so that
it strongly resists the exchange. =~ The mechanism A may be presented as shown in Chart 2.

mechanism A
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Chart 2

Mechanism B, where non-cationic N, species of substrate is attacked by D,0O in such a
way as to fit the electrophilic characteristcs of the reaction described in this study.

Rate = kp,o[D:0][Pul®®

For example, such processes as shown in Chart 2 may be realized.

Both mechanisms A and B fit all of the rate-profiles obtained so far and one cannot deter-
mine which mechanism is actually operating in this type of hydrogen exchange. The essential
difference between mechanism A and B is that the former involves a two step reaction with
D* and OD-, respectively, whereas the latter involves a concerted protonation-deprotonation
process with a D,O molecule. Further study required for complete elucidation of the reaction
mechanism is now being pursued in our laboratory.

It is to be noted that mechanism A is the same as that proposed for hydrogen exchange
of the C-2 hydrogens in imidazole and 1-methylimidazole by Vaughan, et al.,3® and that
mechanism B is similar to that proposed for pyrimidones by Beak, et al.3®

One feature of the rate-profiles still remains unexplained by either the Mechanism A or
B. Namely, the rates of exchange with neutral species of the substrates increase abruptly

31) In all the pD region, N,-nitrogen. is considered to be non-cationic, hence [PuN°®,]=[Pu].
32) J.D. Vaughan, Z. Mughrabi and E.C. Wu, J. Org. Chem., 35, 1141 (1970).
33) P. Beak and E.M. Monroe, J. Org. Chem., 34, 589 (1969).
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at around pD 12. The exchange in this medium is supposed to go by a different mechanism,
that is, the C-8 hydrogen is abstracted by OD~ just as in those cases where the ring hydrogens
in benzene, pyridine, efc., are exchanged in strongly alkaline media at an elevated temperature.
The fact that dissociated inosinate did not show this abrupt increase may be explained by the
effect of the anionic substituent in decreasing the acidity of C-8 hydrogen. Vaughan, et al.
described that this kind of mechanism was also operating in the exchange of imidazole deriva-
tives in strongly alkaline media.3®
Finally, it should be mentioned that a D,0 molecule may possibly take place of OD~

especially in a strongly acidic medium. Thus, the rate equation may be written as a general
form,

Rate = {kop- [OD~]+kp,o[DsO]}[PuN+*]
Supposing that the substrate would be completely protonated at the N,-nitrogen, the equa-
tion may be simplified as

Rate = {kop- [OD~]1+kp,0}[D:0][Pu]
Then, where kop- [OD™]<kp,0,

Rate = kp,o[D:0][Pu]
As reported by Vaughan, et al.,3 hydrogen exchange of imidazole fits the rate equation de-
scribed above in acidic media.
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