
J.  Org. Chem.  1981,46, 2173-2175 2173 

rhenius activation energy. E, and AS* were 22 kcal mol-’ 
and +1.2 eu for 9-@-~-2’-deoxyribofuranosyladenine and 
25 kcal mol-’ and +4.4 eu for 9-a-~-2’-deoxyribo- 
pyranosyladenine. Bimolecular reactions are characterized 
by AS* values about 20 eu more negative than observed 
for unimolecular mechanisms.’8*21 Small positive values 
of AS* have been reported for pyrimidine22 and purine’ 
nucleoside as well as for glycopyranosidels hydrolysis. Our 
data are consistent with these observations. 

In this, the first systematic study of the effect of sugar 
structure on the acid-catalyzed hydrolysis of adenine nu- 
cleosides, new data are presented which suggest that the 
variations in hydrolysis rates observed in a homologous 
series of adenine furanosides can be explained on the basis 
of the degree of steric interaction between the adenine and 
the 2‘- and/or 3’-hydroxyls. In contrast, the increase in 
hydrolysis rate of the 2’-, 3’-, or 5’-deoxyfuranoside can be 
attributed to removal of the electron-withdrawing induc- 
tive effect of the hydroxyls. Also identified is a reverse 
anomeric effect which has not been reported previously 
for the nucleosides. The reverse solvent isotope effect and 
the entropies of activation are consistent with the uni- 
molecular mechanism for nucleoside hydrolysis. 

Experimental Section 
The nucleosides used in this study have been previously 

identified as to their source and character i~at ion.~J~ 11 was a 
gift from Dr. L. B. Townsend of the University of Utah. 

The rate of hydrolysis of the adenine nucleosides was followed 
by using the differential spectrometric method described by 
Garrett.4 The rate of change in absorbance at  255 nm was re- 
corded. Pseudo-first-order rate constants (k<)  were determined 
a t  HC1 concentrations of 0.11, 0.32, 0.62, and 0.89 M at 40 “C. 
Second-order rate constants, k2, were determined from the slopes 
of the plots of k i  vs. HC1 concentration. The rate constants 
increased with increasing ionic strength; consequently, the ionic 
strength was maintained at 0.89 by the addition of appropriate 
amounts of KCl. The temperature dependence of k <  was de- 
termined for @-2 and ll in 0.11 M HC1 and an ionic strength of 
0.89 a t  temperatures of 25, 40, 49, and 60 OC. The Arrhenius 
activation energy, E,, was calculated from the slope of plots of 
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The study of carbon acids has provided fertile ground 
for the development of chemical theory because proton 
transfer is one of the simplest chemical reactions for which 
both rates and equilibrium positions can be measured.* In 
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particular, the acidities of nitroalkanes, carbonyl com- 
pounds, and fluoroalkanes have been examined intensively. 
Nitroalkanes have attracted interest because they give 
anomalous rate-equilibrium correlations based on the 
Br0nsted relationship? Modified Marcus thee# has been 
utilized to interpret this behavior and Agmon has recently 
argued that under certain conditions kinetic acidities de- 
pend largely on the work term in Marcus theory.6 In this 
view proton transfer is considered to occur via a three-stage 
mechanism as outlined in eq 1-3. Step 1 involves the 
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B - * * * ( S )  + H-C- - B-***H-C- + S 

( 2 )  6-n  H-C- - 6-H.. .-C- 

( 3 )  

formation of a contact complex in which a solvent molecule 
in the solvation shell of the base is replaced by the carbon 
acid. The free-energy change in this stage is referred to 
as the work term, denoted W,. It receives its principal 
contributions from solvent reorganization, steric effects in 
the reagents, and the difference in hydrogen-bonding 
strengths in the interactions shown. The second stage of 
the reaction is the actual proton transfer of eq 2 for which 
the activation energy is G,. The specific rate of the forward 
process is thus given by eq 4, in which Z is the frequency 
factor. 

k = Zexp[-( WR + G,)/RT] (4) 

For reactions involving a series of structurally similar 
carbon acids with a common base in the same solvent, 
steric interactions and solvent reorganization should play 
a nearly constant role. Accordingly, differences in the 
strength of hydrogen bonding between the base and the 
carbon acids should be the predominant variable, and 
Agmon suggests that in these instances the WR and G, 
terms may vary systematically, leading to abnormal 
Brransted a values. 

Hydrogen bonding has been the subject of numerous 
theoretical treatments, and Del Bene has concluded that 
for hydrogen-bonded species having water or substituted 
water molecules as proton donors the primary factor re- 
sponsible for stabilizing the complex is the electrostatic 
interaction between the proton and the lone pair of elec- 
trons from the acceptors6 If this finding applies generally 
to other donor-acceptor combinations, a measure of the 
abilities of carbon acids to hydrogen bond to a negatively 
charged base can be developed by considering the acids 
as charged particles bearing the same charge as the in- 
teracting protons. If specific solvent interaction is ne- 
glected, the free-energy change associated with bringing 
two particles of charge ZA and 2, from infinite separation 
to interaction distance dAB in a medium of dielectric con- 
stant t is given by eq 5, in which e is the electronic ~ h a r g e . ~  

B-H-na-C- + S - B-H + Sann-C- 

~ ~ ~ ~ _ _ _  
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Table I. Deprotonation of Nitroalkanes by 
Hydroxide Ion in Water at 25 “C 

compd k , (torr)= pKa ZH 
CH,NO, 342 10.21 0.0603 
CH,CH,NO, 118 8.5 0.0386 

98 8.98 0.0388 
16.4 7.68 0.0236 CH,CH( CH3)N0, 

C,H,CH( CH,)NO, 8.8 9.4 0.0248 

Data taken from a summary presented in ref 14. 
Second-order rate constants have been corrected statisti- 
cally for the number of removable protons. ZH = 1 - 
q H ,  where q H  is the calculated electron density on the 
acidic proton, 

CH3(CH2)2N02 

Because other factors are constant, as mentioned above, 
the complete WR term is given in eq 6. Substitution into 
eq 4 leads to eq 7, and because G, is expected to vary 

w, = c + ZAZBe2/€dAB (6) 

In k = -C/RT - ZAZBe2/edABRT - G,/RT + In Z ( 7 )  

systematically with ZAZBe2/tdm, eq 7 can be rewritten as 
eq 8, in which K and K’ are constants. As seen, in those 

(8) 

situations in which dm remains constant and W, and G, 
vary systematically, In k should be directly proportional 
to ZA, the charge density on the interacting proton. This 
report establishes such a relationship for two types of 
carbon acids. 

Calculations. Because of the critical dependence of 
calculated dipole moments on calculated charge densities 
the agreement between calculated and measured dipole 
moments appears to offer a good test of how well a par- 
ticular calculational method handles charge densities. 
Pople and Gordon8 have shown that the use of CNDO/2 
formalism and parameterizationg reproduces experimental 
dipole moments with a high degree of accuracy and for this 
reason the CND0/2 method was selected for the present 
study. The program employed duplicated the results of 
Segal’s QCPE program for a variety of test molecules.1° 
Bond angles and distances were those summarized by 
Pople and Beveridge” with the exception that for nitro 
compounds the ON0 angle was taken to be 124” in accord 
with the measured angle in nitromethane.12 Calculations 
were performed on various conformations and the one of 
best energy is referred to in the correlations. In four in- 
stances in the nitro series conformations were found that 
did not lead to convergence in calculated energies even 
when the damping technique of Chesnut and Wormer13 
was applied. It is assumed that these are not the con- 
formations of greatest stability. In those instances where 
two protons of interest on the same carbon atom showed 
slightly different charge densities as a result of confor- 
mational differences, the greater charge density is used 
because this should be associated with the more acidic 
proton. The calculated charge densities are summarized 
in Tables I and 11. 

In k = -KZAZBe2/tdABRT + K’ 
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Table 11. Deprotonation of Fluoroalkanes by 
Methoxide Ion in Methanol 

compd h (rel)a pKb ZH 
CF,H 1 31 -0.0074 
(CF,),CFH 2 x  105 20 0.0627 
((3,) ,CH 1 x 109 11 0.1052 

than an order of magnitude in the relative rate for the bot- 
tom compound. 

ZH = 1 - qH, where qH is the calculated electron density 
on the acidic proton. 

a Taken from ref 15. There is an uncertainty of more 

Relative to pK for fluorene of - 25. 

Results and Discussion 
Table I shows datal4 for the deprotonation of nitro- 

alkanes by aqueous base at 25 “C and the calculated charge 
densities for the acidic protons. The second-order rate 
constants have been corrected for the number of equivalent 
acidic protons. For comparative purposes, the pK’s are 
also included, revealing the general tendency in this series 
of greater kinetic acidity being associated with smaller 
thermodynamic acidity. A plot of log k vs. ZH gives a 
least-squares slope of 41.3 log k units/unit ZH with a 
correlation coefficient of 0.934. The correlation appears 
plausible, but because only a range of ca. 1.5 log k units 
is covered a further test is desirable. 

A more stringent test may be offered by the data of 
Andreades on the kinetics of methoxide ion catalyzed 
proton exchange in fl~or0alkanes.l~ These data, sum- 
marized in Table 11, cover a relative rate range of lo9 and 
a ZH range of over 0.1. Because the pK‘s given for these 
substances are based on kinetic data, the experimental 
Bransted a value is not known. Butin et a1.16 reported a 
slightly different set of pK‘s based on the reduction po- 
tentials for organomercury compounds in dimethylform- 
amide, but it is not clear if these reflect thermodynamic 
acidities. Nonetheless, the primary requirement for the 
present purposes appears to have been met in that the 
kinetic data are for a series of similar acids reacting with 
a common base in the same solvent. A plot of log K vs. Z H  
in this case gives a least-squares slope of 75.5 log k un- 
its/unit Z, and a correlation coefficient of 0.999. Although 
there is considerable uncertainty in the rate constant for 
the fastest reaction, a change of even an order of magnitude 
would not significantly alter the slope of this plot. 

A comparison of the slopes of these two plots is also 
interesting. According to eq 8 the slopes should be in- 
versely proportional to the dielectric constant if a given 
reaction series were carried out in solvents of different e. 
While this relationship could not be expected to be 
maintained strictly for different reaction series in different 
solvents, it is perhaps worth noting that for the data de- 
scribed above the ratio of the slopes (75.5/41.3 = 1.83) is 
similar to the reciprocal of the ratio of thd dielectric 
constants (78.5/32.6 = 2.41) for methanol and water. 

On the basis of the rather limited data presented here, 
it appears that a reasonable correlation exists between 
protonic charge density and the kinetic acidities of carbon 
acids when hydrogen bonding in the contact complex plays 
a major part in determining the activation energy for the 
overall process of proton removal. Although abnormal 
Bransted coefficients may result from a systematic vari- 
ation in W, and G,, the fluoroalkane data tentatively 
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suggest that such a variation may not necessarily produce 
an abnormal coefficient. Further calculations for other 
families of carbon acids are needed. 
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The acid-catalyzed hydrolysis of most esters occurs by 
way of a tetrahedral intermediate2 (eq 1). Carbonyl ox- 

0 ‘OH 
II I1 

RCOR’ t H?O+ e RCOR’ t H ~ O  

$ 2  

(1) 
k pH 

I 14 

K 
H+ + RCOH + R’OH R-C-OR’ 

‘OH, 

ygen exchange between ester and solvent accompanies the 
hydrolysis of many  ester^.^ Exchange is invariably slower 
than hydrolysis, indicating that the formation of the tet- 
rahedral intermediate is probably rate determining (k3 > 
122). 

Heavy-atom isotope effects are useful probes of tran- 
sition-state structure in organic  reaction^.^ Oxygen isotope 
effects on the alkaline hydrolysis of methyl b e n ~ o a t e , ~ , ~  
methyl f ~ r m a t e , ~  and acetyl tryptophan methyl ester5 are 
indicative of an early transition state in which extensive 
changes in bonding have not occurred. Carbonyl carbon 
isotope effects on the hydrolysis of benzoate esters6qs are 
consistent with this conclusion. The only previous study 
of a heavy-atom isotope effect on the acid-catalyzed hy- 
drolysis of an ester is that of Sawyer and K i r ~ c h , ~  who 
reported an ether oxygen isotope effect kl6/klS = 1.0009 
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ACID ALKALI 
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Figure 1. S u m m a r y  of isotope effects on the acid-catalyzed 
hydrolysis of methyl benzoate in aqueous solution at 91 “C (this 
work) and the alkaline hydrolysis of methyl benzoate in aqueous 
solution at 25  “C (ref 5). 

for the acid-catalyzed hydrolysis of methyl formate at 25 
“C. 

We have recently described a double-label method for 
measuring heavy-atom isotope effects which permits 
measurement of isotope effects a t  sites which are not 
amenable to study by the direct isotope-ratio t e ~ h n i q u e . ~ ~ ~  
In this paper we report studies by this technique of four 
heavy-atom isotope effects on the acid-catalyzed hydrolysis 
of methyl benzoate. 

Results 
Ether oxygen and methyl carbon isotope effects on the 

acid-catalyzed hydrolysis of methyl benzoate a t  91 “C in 
aqueous 0.2 M H2S04 were measured by the usual natu- 
ral-abundance isotope-ratio technique. The results are 
summarized in Table I. 

The carbonyl oxygen isotope effect on the acid-catalyzed 
hydrolysis of methyl benzoate was measured by the 
pseudo-natural-abundance double-label m e t h ~ d . ~  [meth- 
yl-13C]Methyl [c~rbonyl-~~O]benzoate was mixed with 
isotopically depleted [methyl- Wlmethyl benzoate in the 
proportion 1:90 to produce ester having the usual abun- 
dance of 13C in the methyl group, but have in the 
carbonyl oxygen of those molecules containing 13C in the 
methyl group. Measurement of the “methyl-13C” isotope 
effect on this material gives, after small corrections, the 
product of the methyl-13C and carbonyl-’80 isotope effects? 
Results are summarized in Table I. Because the meth- 
yl-13C and ether-lsO isotope effects are so small, no cor- 
rections were necessary for the small amount of ’80 present 
in the ether oxygen position of the doubly labeled com- 
pound or for the methyl carbon isotope effect. Based on 
results obtained with ethyl benzoate,3b the amount of 
carbonyl-180 exchange during the hydrolysis should be so 
small as to  render correction for depletion of this label 
unnecessary. 

The carbonyl carbon isotope effect on the acid-catalyzed 
hydrolysis of methyl benzoate was also measured by the 
pseudo-natural-abundance double-label method, using a 
mixture of [methyl-13C]methyl[carbonyl-‘3C] benzoate and 
isotopically depleted [ methyl-12C]methyl benzoate. The 
results are summarized in Table I. 

Discussion 
Heavy-atom isotope effects on the acid-catalyzed hy- 

drolysis of methyl benzoate which have been measured in 
this study are summarized in Figure 1, along with the 
corresponding isotope effects for the alkaline hydr~lysis.~ 
The ether oxygen isotope effect on the acid-catalyzed 
hydrolysis of methyl benzoate (k’6/k1s = 1.002) is similar 
in magnitude to the ether oxygen isotope effect on the 
acid-catalyzed hydrolysis of methyl formate7 (1.0009 at  25 
“C). 

We assume that the hydrolysis of methyl benzoate 
proceeds by way of a tetrahedral intermediate (cf. eq 1). 
A small amount of oxygen exchange with the solvent ac- 
companies the hydrolysis?b The small amount of exchange 
observed indicates that formation of the tetrahedral in- 
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