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It is a well-documented experimental fact2'3 that water 
adds across the N3-C4 double bond of pteridine (eq 1). 

OH 

Moreover, it has recently been demonstrated that this re
versible hydration is catalyzed by the enzyme, adenosine 
deaminase.4a,b However, in order to fully characterize the 
enzymatic catalysis, it is first necessary to have a thorough 
knowledge of the enhancement afforded to the hydration by 
all other potential catalysts such as general acids and bases, 
water, and hydroxide and hydronium ions. In this paper, we 
examine the hydration of pteridine in a number of general 
acids and bases both in H2O and D2O. The data have im
portant implications not only with respect to acid-base ca
talysis but also with regard to the reaction mechanisms of 
C = N hydrations. 

Most of the kinetic work on C = N compounds which has 
been published to date has dealt with the hydrolysis of im-
ines,5-9 imidates,10-14 iminolactones,15-17 oximes,18 and 
semicarbazones.19'20 Although the mechanism has been 
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fairly well established,21'22 kinetic studies on these com
pounds have always been complex for two reasons. First, 
most of the compounds used were basic enough so that the 
true ground state changed from an iminium ion, 
> C = N + H R , to the imine, > C = N R , somewhere along the 
pH range being investigated. Secondly, since the hydrolysis 
of such compounds to the corresponding > C = 0 and 
RNH2 is known to proceed by addition of water across the 
double bond, then either the formation of the hydrate or its 
collapse to products can be rate determining. In contrast, 
pteridine offers a unique opportunity to study only the hy
dration of the double bond because the breakdown of the 
carbinol-amine intermediate to the ring-opened product oc
curs at a rate very much slower than the initial hydration 
step.23 Furthermore, over the entire range examined in this 
paper, the ground state corresponds to pteridine because the 
pA'a of pteridine-H4" is around — 2.24 Finally a thorough 
characterization of the hydration mechanism of pteridine 
seems timely in view of the fact that recent investigations 
have shown xanthopterine (a compound with a pteridine 
ring skeleton) to be an efficient antitumor agent.25 '26 

Experimental Section 

Materials. Pteridine was synthesized according to the method of 
Albert and Yamamoto27 and was purified by extensive sublimation 
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Abstract: The hydration of pteridine has been investigated over the pH range 1-10 at 25.0°, utilizing a spectrophotometric 
method. Above pH 7.5, the hydration of this heterocyclic Schiff base is catalyzed by hydroxide ions and by the basic compo
nent of a number of buffers (imidazole, 1,2-dimethylimidazole, borate, carbonate, triethylamine). The general base catalysis 
conforms to a Brtfmsted plot with an exponent /3 = 0.64 ± 0.03. Below pH 7.5, the reaction is catalyzed predominantly by hy
dronium ions. The value of 0.50 ± 0.02 for the ratio ^H 3 O + AD 3 O + indicates a preequilibrium protonation of pteridine. How
ever, in a few instances, the acidic component of buffers capable of bifunctional catalysis (H2P04-, H2ASO4"", and HCO3-) 
also exhibited an enhancement in the rate of hydration. The solvent isotope effect for water catalysis, &H2O/£D2O, has a value 
of 3.4 ± 0.4 which is similar to those of a number of other reactions involving water in a cyclic mechanism. 
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Table I. Various Spectral Properties of Pteridine and Its Hydrate 
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Species P#a ^max> nm Loge3 Log e* ec(\273 nm) 

I 
II 
III 
IV 
V 

11.2 
4.8 

298, 308 

325 
269,318 
287, 300 

3.875,3.82 

3.97 
3.69,3.89 
3.92, 3.94 

298,309 

269,317 
285,300 

3.90, 3.84 

3.69,3.89 
3.90,3.91 

2.58 X 103 

4.77 X 103 

4.77 X 103 

aData taken from Perrin (ref 33a). b This work: ionic strength,/= 0.1, at 25.0°. c Spectral data at the isosbestic point for species IV and V. 

6 7 8 
pH or pD 

Figure 1. Plot of ATeq for pteridine hydration as a function of pH 
(open symbols) and pD (filled symbols) at 25.0°. Ionic strength was 
maintained at 0.10 with sodium sulfate. Data obtained in (O) formate; 
(A) acetate; (D) phosphate; (V) 1,2-dimethylimidazole; and (0) car
bonate buffers. 

(mp 138-138.5°). Imidazole was recrystallized three times from 
benzene, while 1,2-dimethylimidazole (Aldrich) was distilled 
under reduced pressure [bp 57° (2 Torr)]. Diethylmalonic acid 
was prepared by a procedure previously described.12 All other 
buffer components were reagent grade and were used without fur
ther purification. Acetonitrile (Baker) was refluxed over triphenyl-
methyl fluoroborate, then fractionally distilled (bp 80-81°; n215D 
1.3449) and stored under N2 in an air-tight bottle. The heavy 
water containing at least 99.8% D2O was purchased from Stholer. 

The kinetics were followed at 325 nm on a Varian Techtron 
Model 635 spectrophotometer which was equipped with a Forma-
Temp Jr. Model 2095 circulating bath to maintain the tempera
ture at 25.00 ± 0.05°. Only rates that were reproducible to within 
4% were used. The rates done in perchloric acid and in the formic 
acid-formate buffer system were followed on a Durrum-Gibson 
stopped-flow spectrophotometer with electronics and temperature 
control systems modified in our laboratory. 

All buffers were made up to an ionic strength of 0.10 using sodi
um sulfate. Measurement of pH and pD (pD = pH reading + 
0.41)28 were made on a Beckman 101900 research pH meter. The 
pH readings were corrected for activity effects using eq 2 and 3 
where / and Z stand for the ionic strength and charge, respective-
Iy: 

pH = - log ([H30*]/±) (2) 

l o g / ± = (-0.51 Z 2 / 0 ' 5 ) / ( I + 1.5/0-5) (3) 

Kinetics. A stock solution of pteridine free of its hydrate was 
prepared by dissolving freshly sublimed pteridine into dry acetoni
trile. A kinetic run was initiated by injecting 15 til of this stock so
lution from a calibrated Hamilton syringe into 3 ml of the appro
priate buffer. The hydration was monitored spectrophotometrically 
by following the increase in absorbance as a function of time at 
325 nm. However, a constant infinity value is not reached after 10 
half-lives because the slow subsequent formation of a 5,6,7,8-dihy-

drated cation29 leads to a gradual rise in absorbance. Extrapolated 
infinities were obtained by a technique reported by Pocker and 
Hill.30 Using these extrapolated infinities, good pseudo-first-order 
kinetics were obtained for at least 2 half-lives when log (Am - A1) 
was plotted against time. The absolute value of the slope of such a 
plot multiplied by 2.303 yields &0bsd, which at all pH values under 
investigation is equal to (/^hydration + ^dehydration), Where ^hydration 
is the rate constant for the hydration of pteridine and ^dehydration's 

the rate constant for the dehydration of the conjugate hydrate. In 
order to obtain ĥydration at any pH, it is necessary to multiply 
ôbsd by the fraction of hydration, x = K^/[K^ + 1), at this pH. 

In order to determine the various catalytic coefficients, a matrix 
of 16 buffers per buffer system was generally employed.31,32 

Equilibria. In an earlier investigation, Perrin studied the various 
equilibria involved in the hydration of pteridine (eq 4).33 Although 
it is not possible to isolate crystals of pure hydrate, we have gener
ated species IV and V in aqueous solution and recorded their uv 

I 

KA 

k IT^lT ) 

H2O 

-H 1 O 
(4) 

V 
spectra. These results along with some pertinent pATa values are 
listed in Table I. 

From the pKa data, it is immediately clear that, over the pH 
range investigated in this paper, only species I, IV, and V are pres
ent in significant concentrations. One can define, therefore, an 
equilibrium constant (ATeq) in terms of stoichiometric pteridine hy
drate and stoichiometric pteridine, as shown in eq 5. The equilibri-

K^ = [pteridine hydra te ] s / [p te r id ine] s = ([III] + 

[W] + [V])A[I] + [II]) - ([IV] + [V])/[I] (5) 

urn constant was evaluated at 25.0° as a function of pH by intro
ducing 15 AtI of the pteridine stock solution into the appropriate 
buffer. After allowing enough time to reach equilibrium (10 half-
lives), the absorbance at 273 nm was recorded. These data, togeth
er with the known initial concentration of pteridine, provided 
enough information to calculate A"eq from the two simultaneous eq 
6 and 7 

[pteridine]0 = [l] + ([W] + [V]) 

A = et
x="3[l] + e l v ^ ' 3 [ rv ] + ev

x=273[V] 

(6) 

(7) 
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Table II. Catalytic Rate Coefficients for Acids and Bases 
in the Hydration of Pteridine0 

Figure 2. Determination of specific rate coefficients for the hydration 
of pteridine at 25.0° by the components of (D) arsenate; (O) diethyl 
malonate; (T) 1,2-dimethylimidazole (insert); and (•) imidazole^ (in
sert) buffers in H2O and ionic strength 0.10. 

10.0 8.0 
[L3CTl 

6.0 4.0 2.0 0.0 2.0 4.0 6.0 8.0 10,0 !2.0 
XlO7 (M) [OL l x IO6 (M) 

Figure 3. Catalysis of the hydration of pteridine by L2O, LsO+ and 
OL - at 25.0° and ionic strength 0.10. Filled symbols refer to the hy
dration in D2O and open symbols to the hydration in H2O; (V) 1,2-
dimethylimidazole buffers; (D) phosphate buffers. 

where A is the optical density after 10 half-lives. The wavelength 
273 nm was chosen because it is the isosbestic wavelength for IV 
and V. Since eiv equals «v at this wavelength, then eq 7 can be sim
plified to 

>i=273f [I] + ei/=
273([lV] + [V]) (8) 

Solving eq 6 and 8 for the terms [I] and ([IV] + [V]) allows Kcq to 
be evaluated as shown in eq 9 

Kn = ([pteridine]0 ^ = 2 7 3 - A) /(A -

[pteridine]0e I v
x="3) (9) 

Values for the equilibrium constant were determined as a function 
of pH in both H2O and D2O, and the results are shown in Figure 1. 

Results 

Since the presence of general catalysis was demonstrated 
for pteridine hydration, the first-order rate constants, 
^hydration, are well correlated by eq 10 where ko is the spon
taneous rate coefficient, QH3O+ is the experimentally deter
mined hydronium ion activity, and k\ and k& are the rate 
coefficients for the acidic and basic components of the buff
ers. The mean activity coefficient, / ± was calculated from 
eq 3. 

Catalyst 

H3O+ 

H2AsO4
-

HAsO4
2 -

H2PO4-
HPO4

2" 
HDEM -

DEM2-^" 
IMH+ 

IM 
DIMH+ 

DMI? 
H3BO3 

B(OH)4
-

HCO3-
CO3

2" 
HTEA+ 

TEA'' 
H2O 
OH -

kcb 1. m o l -

2.25 X 10" 
2.0X 1O-1 

d 
2.3 X 10 - 1 

d 
1.4 X 1O-2 

d 
d 

1.0 X 10~2 

d 
3.0 X 1O-2 

d 
3.5 X 1O-1 

1.5 
1.1 

d 
4.0 
(1.2 X 10 - 3 

2.55 X 103 

min - 1 

)/55.5 

VK3C 

-1 .74 
6.73 

6.84 

7.11 

7.18 

8.2 

9.2 

9.99 

10.85 

15.74 

Pe 

3 
2 

2 

1 

2 

1 

3 

1 

1 

2 

Qe 

1 
3 

3 

4 

1 

1 

4 

3 

1 

1 

fcH20/^D20 

0.50 

1.9 

~3 

1.4 
1 

3.4 
0.70 

a At 25.0° and ionic strength / = 0.10. b Catalytic coefficients for 
the forward rate (hydration) in H2O. c Values of pATa in both H2O 
and D2O were determined by titration at 25.0° and ionic strength, 
/= 0.10. At 25.0°, pKw taken as 14.00 and P^D,0 as 14.82: A. K. 
Covington, R. A. Robinson, and R. G. Bates,/ Ays. Chem., 70, 
3820 (1966). dToo small to obtain an accurate rate coefficient. 
« Taken from R. P. Bell and P. G. Evans, Proc. R. Soc. Ser. A, 291, 
297 (1966). /DEM2- = dianion of diethylmalonic acid. £ DMI = 
1,2-dimethylimidazole. h TEA = triethylamine. 

^hydration — X«0bsd ~ ^O + ^H 3 O + K 3 O + / / J + 

KA^Ja1, J0*/,) + kA[A] + kh[B] (10) 

In order to evaluate the coefficients /CA and /CB for a par
ticular buffer system, a set of rates were carried out varying 
the total buffer concentration while maintaining the same 
buffer ratio (r) defined as the ratio of the concentration of 
the conjugate base to that of the acid; i.e., r = [B]/[A]. 
Rearranging eq 10 gives eq 11. 

X^obsd = k0 + feH30*(«H30+//±) + fe0H-(^w/«HsO
+/±) + 

[B](kK/r + *B) (11) 

Plots of fcobsd against [B] were found to be linear with a 
slope ST = k\fr -I- k% and an intercept / r = ko + ^ H 3 O + -

(aH3o+//±) + fcoH-(#wZ«H3o+/±)- A plot of Sx against the 
reciprocal {l/r) of several different buffer ratios allows k\ 
and &B to be evaluated for any buffer. The plot for 1,2-di
methylimidazole and imidazole are shown in the insert to 
Figure 2. Similar results were obtained for the triethyl
amine and borate buffer systems. However, plots for the 
phosphate, arsenate, diethyl malonate, and carbonate buff
er systems (Figure 2) were different since, in these cases, 
there was a substantial contribution to the rate by the acidic 
component of the buffer and, with the first three, a negligi
ble contribution by the basic component. 

The coefficients ^ H 3 O + and koHl° were deduced from the 
data obtained in phosphate buffers by plotting / r against 
the corresponding hydronium ion concentration. The slope 
of this plot gives ^ H 3 O + and the intercept fcoH2°. Similarly, 
kou- was determined from the data collected in 1,2-di
methylimidazole buffers. In this case, the slope obtained by 
plotting / vs. the corresponding hydroxide concentration is 
equal to item- and the intercept to k0

H2°. As might be ex
pected, the value obtained for fc0

H2° should be the same re
gardless of whether it was determined by extrapolation to 
zero hydroxide or zero hydronium ion concentration (Fig
ure 3). The catalytic coefficients fcoD2°, ^ D 3 O + , and koD-
were similarly evaluated, and the results for H2O and D2O 
are listed in Table II. 
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2 -

-Z-

-A-

-8 

\ OH" 

~ 

-

I I i 

/3 = 0.64 

^N(CH2CH3)3 

\co|" 
\ B ( O H I ; 

JvDMl 
CUM 

• i 

O H2O 

' i 

- 2 0 -16 -12 - 4 

LC (*M 
Figure 4. Br0nsted plots of log (/te/q) vs. log (qKjp) for the general 
base catalyzed hydration of pteridine: IM = imidazole; DMI = 1,2-
dimethylimidazole; B(OH^" = borate. Statisticaal corrections have 
been made according to R. P. Bell and P. G. Evans, Proc. R. Soc. Lon
don, Ser. A, 291,297(1966). 

In the basic region, pteridine hydration is subject to gen
eral base catalysis by imidazole, 1,2-dimethylimidazole, bo
rate, carbonate, and triethylamine. These results are dis
played in Figure 4 as a plot of the Br^nsted relationship, eq 
12, 

log kB/q = /3 log (qKjp) + GE (12) 

where &B is the base catalytic coefficient, and ATa is the dis
sociation constant of the conjugate acid of the base B. The 
statistical factors as well as the catalytic coefficient for each 
general base are listed in Table II. 

In the acidic region, pteridine hydration is subject to gen
eral catalysis by monohydrogen phosphate, monohydrogen 
arsenate, and the monoanion of diethylmalonic acid. It was 
found though, that the catalytic effectiveness of these 
species was not well correlated by the Brc/>nsted relation
ship. In addition, no detectable catalysis by either buffer 
component, RCOOH or RCOO - , was observed when the 
hydration was carried out in acetate or formate buffers 
maintained at an ionic strength of 0.10 M. However, when 
the ionic strength was increased tenfold and the total (stoi
chiometric) acetate concentration allowed to vary, a small 
rate enhancement was noticeable for the hydration. Unfor
tunately, under such extreme conditions, it is difficult to as
certain whether the rate increase should be ascribed to 
nonuniformity of salt effects at concentrations as high as 1 
M or to a bona fide general acid catalysis. Indeed, even if 
all the additional catalysis is assumed to arise from HOAc, 
then a Br</>nsted plot utilizing the catalytic coefficients for 
HaO+ and HOAc gives a value for a of only 0.9. 

Discussion 
As can be seen from Figure 5, there are two distinct cata

lytic regions in the hydration of pteridine. First there is an 
acid catalyzed region in the pH range 1 to 7.5 and then, at 
higher values of pH, a base catalyzed region. Between these 
two regions, the velocity passes through a minimum at a hy
drogen ion concentration given by eq 13. 

S1 -20 

-3.0-

Figure S. Plots of log of first-order rate constants (in min-1; extrapo
lated to zero buffer concentration) for the hydration of pteridine 
(opened symbols) and the dehydration of pteridine hydrate (filled sym
bols) as a function of pH at 25.0° and ionic strength 0.10. Rate data 
were obtained in (o) perchloric acid below pH 3.2 and in (O) formate; 
(A) acetate; (D) phosphate; (V) 1,2-dimethylimidazole; and (<>) car
bonate buffers. 

[H+L1n = CTT^OH-AH*)0-5 (13) 
However, even in this region of pH, the water rate contrib
utes only 45%. 

The Hydration Mechanism at Low pH. A plot of log 
ĥydration vs. log [HaO+] in this region has a slope of unity 

which indicates that the empirical formula of the transition 
state contains one more proton than that of the ground 
state. From this consideration, three possible mechanisms 
(i-iii) can be visualized as listed under Scheme I. It is diffi
cult to accommodate mechanisms ii and iii with our data 
for two reasons. First when the hydration is carried out in 
acetic acid-acetate or formic acid-formate buffers, very lit
tle catalysis by the buffering system could be detected. A 
priori, acids of pK^ around 4 would be expected to function 
as general acid catalysts in both mechanisms ii and iii. In 
fact, the hydrolysis of more basic imines is clearly subject to 
general acid catalysis and is generally believed to be a con
sequence of a reaction between the protonated Schiff base 
and the basic form of the buffer, mechanism iii.18 This 
mechanism is favored over its kinetically equivalent coun
terpart ii from the results of the hydrolysis of benzhydrili-
denedimethylammonium iodide8 and phthalimidium per-
chlorate.34 It is interesting to note that both of these com
pounds are subject to general base catalysis and have /3 
values of 0.27 and 0.26, respectively. In contrast, an upper 
limit for the value of "/3" in the hydration of pteridine is 
only 0.1 (i.e., a0bsd ^ 0.9). Clearly this low value of "/3" in
dicates that the attack of water on pteridine-H+ requires lit
tle or no assistance from the basic component of the buffer 
(mechanism i). Presumably this unique behavior, which sets 
pteridine apart from all Schiff bases studied to date, can be 
explained in terms of the poor selectivity of the energetical
ly unstable intermediate, pteridine-H+. 

A second experimental fact which favors mechanism i is 
the solvent deuterium isotope effect.32'35-41 As can be seen 
from Table II, the ratio ^ H 3 O + A D 3 O + is 0.5. Such inverse 
isotope effects have been observed with substrates (S) that 
undergo a preequilibrium transformation into SH+ and 
SD+, respectively, followed by a rate-determining step not 
involving a proton vs. a deuteron transfer to a general base 
(Table III). In contrast to the inverse isotope effect typical 
of (i), the value of ^H 3O+MD 3O+ would be expected to be 
larger than unity if K^O+ or HA were functioning as a pro
ton donor in the rate-determining step. Of course, the exact 
magnitude would be determined by the extent of proton 

Packer et al. / Reversible Hydration of Pteridine 
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Table III. Solvent Deuterium Isotope Effects, k\\ oM'D O 

Hydration of Hydration of Mutarotation 
Catalyst pteridine acetaldehyde of glucose 

H2O-D2O 3.4 
O H - - O D " 0.70 
H 3 O + -D 3 O + 0.50 

3.9a 3.8<? 
~\b ~\c 

1.3a i.4c,d 

Inversion 
of sucrose 

0.5? 

Hydrolysis 
of ethyl 

orthoformate 

0.4/ 

Hydrolysis of 
^•benzoyl-
imidazole 

2.28? 
1.03? 
1.32? 

Hydrolysis of 
D-glucono-
S -lactone 

3.9" 
0.8" 
L I ' ' 

a Reference 35. b Reference 36. c Reference 37. d Reference 38. e Reference 39. /Reference 40. ? Reference 41. h Reference 32. 

Scheme I 

N = ^ + H3O
+ ^ Y ^ + H2O 

\ N ^ \ + H2O -= 
I 

+ 0 R 

+0H2 

(i) 

H \ 
=^ N" 

H. 
OH 

V x ^ + H2O — \ . ^ + H3O
+ 

I I 

HA + N ^ + H , 0 ^ 

H k A* 0 \ 0 

A---R .0—H 

N^ 

+ 0H2 

N" 
+ A (ii) 

+ 0 R OH 
fast \ 

+ A" =F* X T A + HA N' 

HA + V ^ I 
\ 

A - + 
N^^ 

\ 
N** \ 

+ RO + A " — 

+ HA (iii) 

transfer in the transition state, but numerous examples of 
this case with kH3o+/kDio+ > 1 have been documented in 
the literature (Table III). 

An interesting consequence of assigning mechanism i as 
the route of hydration for pteridine is to use the mechanism 
to predict the shape of the pH profile for the dehydration. 
By the principle of microscopic reversibility, the step involv
ing the dehydration of the protonated hydrate must be the 
rate-determining one. It is also known that the pKa of the 
hydrate is 4.8. Therefore, in the pH range above 5.5, the 
neutral hydrate will be the ground state, and one would pre
dict using mechanism i, that a plot of log ^dehydration vs. log 
[H 3O+ ] would give a straight line with a slope of unity 
since the transition state contains one more proton than the 
ground state. However, as the pH is lowered the protonated 
hydrate will eventually become the ground state. Hence at 
pH values slightly below 4.8, there will be no difference in 
proton composition between the ground state and transition 
state. In this pH region, one would expect a plot of log 

Scheme II 

+ B~ N ^ \ 

B H I 

I fa8t \ X 
J^ + RO ^ V ^ 

B 

I 

+ OH" 

OH 

(iv) 

Hs. T fast H , 
N ^ \ + 0 H " — N ^ \ + B 

B - + RO + N * ^ ^= 
\ r 

. 0 - -H-- -B 

OH 

N J \ + HB (V) 

OH OH 

N 7 X + HB = ^ N - ^ \ + B" 
"l I 

RO + B" =*== HB + ~OH 

BH + N ^ \ + -QH — 
.0H 

B--H---N=" 

OH 
H \ JL + HA (vi) 

^dehydration vs. log [H3O+] to be linear with zero slope. As 
can be seen in Figure 5, both of these predictions are borne 
out. 

The Hydration Mechanism at High pH. In this region, 
the rate of hydration is directly proportional to the hydrox
ide ion concentration. Consequently, the empirical formula 
of the transition state must contain one less proton than 
that of the ground state plus or minus any number of water 
molecules. Three possible reaction mechanisms based on 
this fact, iv-vi, are shown in Scheme II. 

Since general base catalysis was observed over the pH 
range 7.5-10.5, mechanism iv can immediately be ruled 
out. The only way in which a buffer could be involved in the 
catalysis for this mechanism would be as a nucleophile, fol
lowed by the rapid hydrolysis of the intermediate. However, 
most of the buffers used in this pH interval were deliberate
ly chosen because of their poor nucleophilicity. For exam
ple, 1,2-dimethylimidazole was shown to be a catalyst for 
the hydration (Figure 2). Yet being a tertiary amine, it 
would be very improbable for this base to be acting as a nu
cleophile, and it is much more likely for it to be participat
ing as a general base. It is, of course, still possible that the 
basic component of the buffering system is functioning as a 
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general base while hydroxide as a nucleophile. This situa
tion has been demonstrated in the hydrolysis of ethyl di-
chloroacetate42 and of D-glucono-5-lactone.32 However, in 
these examples, it has always been found that the catalytic 
activity of the hydroxide ion is greater than that predicted 
from a Br0nsted plot by roughly two orders of magnitude. 
In the hydration of pteridine, it is seen (Figure 4) that hy
droxide falls on the Br^nsted line. For this reason, it seems 
fairly safe to exclude mechanism iv, but there still remains 
the difficult task of choosing between the two kinetically 
equivalent mechanisms v and vi. 

In an earlier study on the base catalyzed addition of 
water to substituted hydrazones,19 a mechanism equivalent 
to that shown in (v) was excluded on the basis of the insta
bility of the N anion. Unfortunately the same argument 
cannot be applied to the hydration of pteridine. As shown in 
Table I, the p£ a of pteridine hydrate is 11.2. Consequently 
a mechanism for the dehydration of pteridine hydrate in
volving a preequilibrium formation of the N anion (i.e., 
mechanism v) would not lead to a rate constant exceeding 
the diffusion-controlled limit. Therefore, route vi can be 
thought of as the mechanism in basic solution only inas
much as the substituted hydrazone serves as an appropriate 
model for pteridine. 

There is other evidence, however, that mechanism vi is 
operating for the hydration of pteridine and that comes 
from the solvent deuterium isotope effect. 

The observed value of 0.7 for the ratio &OH-/&OD- is in 
the range expected for nucleophilic attack by hydroxide 
provided that the transfer of the proton from water to the 
nitrogen is not well developed in the transition state VI. If 
the mechanism outlined in (v) were correct, it might be ex
pected from VII that the ratio &OH-/&OD- would be slight
ly greater than unity36'37,41 (see also Table II). Clearly 
these arguments are not compelling since the exact magni
tude of such isotope effects depends on the degree of proton 
transfer in the transition state. 

OH 

0—H---N 

VI 

yc'\ ,0--H- "OH 

vn 

The Hydration Mechanism. Catalysis by H2O and Other 
Bifunctional Catalysts. As seen in Figure 5, there is no re
gion of the pH profile where water is the dominant catalyst. 
In fact, even at the reaction minimum the contribution by 
water accounts for only 45% of the rate. Yet in spite of its 
poor catalytic effectiveness, there are two pieces of evidence 
that indicate water functions in a very efficient cyclic mech
anism.43 First, the catalytic coefficient of water is nearly a 
thousand times greater than that predicted from the 
Br<^nsted plot, suggesting that water is not acting solely as a 
general base, but in some additional capacity as well. Sec
ondly, the solvent deuterium isotope effect, &H2O/£D2O, is 
3.4. An isotope effect of this magnitude usually indicates 
that at least two water molecules must be tightly bound in 
the transition state.32,36,38,44,45 ^ likely depiction of the 
transition state VIII is shown: 

H—O' 

As seen in VIII, water is acting in the dual capacity of a 
base as well as of an acid. This behavior may explain why 
bifunctional catalysts such as H2P04~, H2ASO4-, and 
HC03 - are particularly efficient46 in catalyzing the hydra
tion of pteridine. Indeed, these monoanions have the added 
advantage in that they possess both moderately acidic and 
basic groups situated on well separated oxygen atoms. 
Clearly, for these catalysts, proton donation and proton re
moval are greatly facilitated via acid-base bifunctional ca
talysis as depicted in IX. The observed isotope effect of 1.9 

O 
Il 

HO—P 

H -V^ 
N 

IX 
for ZtH2PO4- is in good agreement with that noted for other 
reactions utilizing H2PO4- in this manner.32-36-37 Of 
course, from the preceding evidence, it is impossible to dis
miss the kinetically equivalent mechanism of specific acid-
general base catalysis (structures X and XI). Since accord

e d p - H O. 0---H 
^0/ s 0-H 

HO a: 4-̂ c. 
'H-N \ 

a: ^cx +<*•' 
H-N \ 

XI 

VIII 

ing to this mechanism the substrate is already fully proton-
ated, the role of the conjugate dianions, HPO42"", 
HASO42-, and CO32-, respectively, must be the removal of 
a proton from an attacking water molecule. The amount of 
stabilization of such transition states would presumably be 
due to highly favorable electrostatic interactions. However, 
calculations based on this electrostatic model show that cer
tain rate constants approach the limiting value for diffu
sion-controlled reactions47 which is in contradiction to what 
has been found for other related processes.48 

Our work also shows that diethyl malonic acid monoan-
ion [HO2CC(C2Hs)2CO2

-], while significantly less effec
tive than H2As04~, (^H2ASO4-MHDEM- =* 14; Figure 2) is 
nevertheless a much more powerful catalyst in regard to 
pteridine hydration than either HCO2H or CH3CO2H. 
Clearly the presence of a significant stabilization of the 
transition state by a sort of cyclic process involving concert
ed catalysis by well separated acidic and basic groups of 
moderate strength is particularly noticeable in the hydra
tion of pteridine and in its microscopic reverse, the dehydra
tion of pteridine hydrate. This reversible reaction provides 
the first known example of effective bifunctional catalysis 
in water by the monoanion of a dicarboxylic acid. In con
trast, the catalytic effects of such bifunctional carboxylate 
acid-bases are merely additive in the mutarotation of glu
cose, in the hydration of acetaldehyde, and in the iodination 
of acetone.49 
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Abstract: The decomposition rates for the alkyl monocarbonates in aqueous alkaline solutions have been measured, and it has 
been shown that these reactions are characterized by a Bronsted /3 value for the leaving group of —1.1. This correlation pro
vides a method for estimating the pKE of weakly acidic alcohols. The equilibria for the reaction, ROH + HCO3 - ^ 
ROCO2- + H2O, have been measured for a smaller series of alcohols. The data thus obtained were used to calculate a 
Bronsted fl value of 1.4 for the reaction, R O - + CO2 — ROC02 - , which shows that the carboxylate group is significantly 
more electron withdrawing than hydrogen in this reaction. The /3 value for nucleophilic attack of alkoxide ion on carbon 
dioxide was found to be 0.3. These results may be used to predict that carbonyl phosphate can exist only in very small 
amounts in aq*ueous solutions of bicarbonate and hydrogen phosphate dianion and that its rate of decomposition would be on 
the order of 10 sec - ' . It is suggested that "activated CO2" represents low-entropy CO2 fixed at the active site of carboxylat-
ing enzymes and made available by the ATP-mediated dehydration of bicarbonate or the decarboxylation of carboxybiotin in 
situ. 
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