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teractions will also be present when the intermediate enamine 
is formed by decarboxylation. 

Experimental Section 
The reagents and instrumentation employed in this study are listed 

in the accompanying paper.6 
Preparation of 2-Substituted 3-Methylbenzothiazolium Salts. 

2-Substituted benzothia~oles~~ were made by heating o-aminoben- 
zenethiol with an equivalent amount of the appropriate carboxylic 
acid or acid anhydride in a bomb at temperatures ranging from 120 
to 165 O C q 0  They were quaternized with methyl iodide.21 The 2- 
hydroxymethyl iodide was used as such, mp 227-228 OC (lit.20 mp 219 
O C ) ,  but the others were converted to perchlorates. Perchlorate salts 
were prepared either Eiy dissolving the iodides in a warm saturated 
solution of magnesium perchlorate in absolute ethanol or by dissolving 
in a mixture of ethyl acetate, absolute ethanol, and 70% perchloric acid 
(36:8:5 by volume). Perchlorate salts crystallized on cooling and were 
recrystallized from ethanol. Melting points and analyses were re- 
corded in Table 11. Analyses were made by Atlantic Microlab, Inc. 
Chemical shifts ( 7 ,  DZO) of iV-methyl, C-methyl, and CH protons 
observed during kinetic runs are: C2H5, 5.74,8.36, and 6.45; (CH,&CH, 

4.18, respectively. 
Kinetics of Hydrogen-Deuterium Exchange. Details are similar 

to those in the accomp,snying article.6 Stock solutions of formic acid 
and sodium formate were employed. Ionic strength was maintained 
at 1 M using KC1 (with iodides) or NaCl (with perchlorate salts). 
Reactions were followed for 2-3 half-lives except for the slowest runs 
involving 0.1 M DC1 where only 1 half-life was observed. In addition 
to substrates being examined separately, a run was also made on a pair 
of substrates with similar reactivities in the same mixture. 

Following a kinetic run pD measurements were made at 25.0 "C on 
both heated and unheated reaction mixtures. Differences were of the 
order 0.03 except. in thlz case of two runs with IV at  the lowest buffer 
concentrations; one of these also contained hydroxyethyl compound. 
Curiously, in these casi?s the difference in pD was 0.12; the pD of the 
unheated sample was recorded. This makes the free base concentra- 
tion uncertain by about 15%. A pH reading was converted to pD by 
adding 0.40.22 

Control Studies to, Determine the Stabilities of Substrates. 
Each compound was heated in formate buffer in H20 for a period 
corresponding to 10-20 half-lives for isotope exchange. No decom- 
position was detected by NMR; pH differences between heated and 
unheat,ed samples were no greater than 0.03. 

5.69,8.37, and 6.00; CH20H, 5.78 and 4.55; CHBCHOH, 5.69,8.23, and 
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Kinetics and Mechanism of the Deamination of 
1 -Methyl-5,6-dihydrocytosine 

Sanford Slae and Robert Shapiro* 

Department of Chemistry, New York University, 'Veu: York, New York 10003 

Recczived August 30,1977 

Kinetic studies of the deamination of l-methyl-5,6-dihydrocytosine (MDC) have been carried out in acidic and 
basic aqueous solutions at  37 "C, 1 = 1.0 (ionic strength). General-base catalysis was observed under acidic but not 
basic conditions. The Br$nsted relationship for this reaction showed /3 = 0.19. No dependence on hydroxide ion 
concentration was demonstrable under alkaline conditions. Activation enthalpies and entropies were measured for 
this reaction in the absence of general catalysts in acidic and basic media for the range 20-47 "C. Direct hydroxide 
ion attack on the protonated substrate is a plausible mechanism for the reaction in alkaline media. An alternative 
mechanism involving participation of water as a proton-transfer agent in the transition state with either formation 
or reaction of the tetrahedral intermediate as the rate-dtermining step is also consistent with all of the kinetic 
data. 

The deamination of cytosine to uracil by bisulfite1!2 has 
been applied widely, as a synthetic method in nucleoside 
chemistry and as a tool for the modification of nucleic acidse3 
Mutations are induced in bacteria and viruses upon treating 
them with high concentrations of bisulfite and acidic P H . ~  The 
mutagenic specificity observed indicates that the mutations 

are caused by cytosine deamination within DNA.J The pos- 
sibility exists that environmental bisulfite and sulfur dioxide 
may constitute a mutagenic hazard5 to the general public. To 
evaluate this hazard, i t  is necessary to  be able to  extrapolate 
deamination rates to  low bisulfite concentrations at neutral 
pH. 

~022-~263/78/1943-1721$0~.00/0 1978 American Chemical Society 
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Table I. Sulfite Catalyzed Deamination of MDC, 37 "C, 
u = 1.0 M 

L- 
O C.2 0 . 4  0 . 6  0 . 8  1.0 

1 

S T  
[s 0 y 

Figure 1. Deamination of MDC, 37 "C, b = 1.0, pH 4.40. Dependence 
of observed rate constant on stoichiometric sulfite concentration. 
Curvature due to varying pyrosulfite ion catalysis. 

A number of aspects of the deamination mechanisms have 
been e x p l ~ r e d . ~ . ~  A remaining point of uncertainty has been 
the nature of the buffer catalysis involved in the deamination 
of the dihydrocytosine intermediate in the reaction scheme 
(la -c 2a). 

I 
R 

l a ,  R = 0-D-ribofuranosyl; 2a, R = 0-D-ribofuranosyl; 
R '  = SO; R' = SO; 

b, R = CH,, R' = H 

In order to explore the mechanism of this reaction without the 
complications arising from the possible loss of bisulfite with 
la and 2a, we have conducted a detailed study of the deami- 
nation of a model compound, l-methyl-5,6-dihydrocytosine. 
Preliminary observations on this system were reported ear- 
lier.7*s 

b, R = CH,; R' = H 

Results 
Kinetics of the Deamination of MDC in Acidic Media. 

The kinetics of the deamination of l-methyl-5,6-dihydrocy- 
tosine, MDC, to 7 -methyl-5,6-dihydrouracil ( l b  -, 2b) a t  37 
"C, I.C = 1.0, were measured in the presence of 0.5 M HC1 and 
appropriate buffers (pH range 4.40-7.52). In this range from 
8 to 100% of the substrate (pK, = 6.40 f 0.03) is protonated. 
Excellent first-order kinetic plots were obtained and this re- 
action was found to be subject to general base catalysis. The  
catalytic coefficients were measured for a series of nine bases. 
Corrections were made for the mole fraction of substrate 
protonated in accordance with eq 4 since the neutral substrate 
demonstrated no general base catalysis. 

d[P]/dT = k [HSub+] [B] = k x ~ s ~ b + [ S U b ] s ~ [ B ]  (2)' 

(3) 

(4) 

For sulfate ion, acetate ion, Tris, and imidazole, the catalytic 
coefficient, kobsd/[B], was obtained directly from the slope of 
a plot of kobsd against [B]. This procedure was followed for a 
series of buffered solutions of varying base concentration a t  
constant pH and ionic strength. In the case of the sulfite and 
phosphate buffers, more than one catalytic species is present, 

kobsd k'obsd - k  -- - 
[B]XHSub+ XHSub+ 

4.40 0.990 1.45jb 1.43 
5.00 0.962 1.44b 1.48 
5.40 0.909 1.46b 1.575 
6.00 0.715 1.945 1.88 
7.30 0.112 3.25 3.52 
7.45 0.0814 3.88 3.615 

a x indicates mole fraction. kobsd from slope determination 
based on lowest two concentrations of (SOB)ST at this pH as ex- 
plained in the text. kc&d based on kHSo3- = 1.41 X low3 M-' 
s-l, k S 0 p  = 3.90 X M-'sS1, and calculated values of XHSub+, 

XHSO~-,  xso32- at each PH. 

and the resulting overall rate effect of any stoichiometric 
concentration is due to the contribution of several bases. 
Separation of the total catalytic effect of each "phosphate" 
solution into the component rates due to monohydrogen 
phosphate and dihydrogen phosphate ions was achieved ac- 
cording to 

& 
XSub+ 

+ kH2P04-XH2P04- (5) 
K is measured a t  two different pH values and X H P O ~ Z -  and 
XH*PO~-  are calculated from the known pK, for HzP04- for 
these conditions. The two simultaneous equations are solved 
for the two unknowns, k H p 0 4 z -  and kHZp04- .  

The above treatment proved unsuccessful in the case of 
sulfite ion. Sulfite ion buffers in the pH region 4.40 to 6.00 
contain more than two catalyzing species. Spectrophotometric 
studies of acidified aqueous solutions of sulfite ion revealed 
the presence of pyrosulfite ion (A,,, 255 nm, 6 = 1.98 X lo3 
M-I) in accordance with the equilibrium 2HS03- e S20s2- 
+ H20, K,, = [S20j2-]/[HS03-]2. The value of K,, was 
measured spectrophotometrically to be (2.16 f 0.08) X 10-l 
M-' a t  37 "C, F =  1.0. This compares well with a literature 
valuelo of 2.20 X 10-l M-l, 25 "C, jt = 0.9. As the concentra- 
tion of pyrosulfite ion depends on the square of the concen- 
tration of bisulfite ion, its mole fraction, and therefore its 
relative catalytic effect, vary with bisulfite ion concentration, 
even at  constant pH. This perturbing effect of pyrosulfite ion 
on the kinetics of this reaction gives rise to curvilinear plots 
when the observed rate constant is plotted against the stoi- 
chiometric sulfite ion concentration (Figure 1). The slopes of 
these plots increase with increasing stoichiometric sulfite 
concentration as expected.'l 

To  simplify the situation, the sulfite rate data were treated 
in the following manner: The slopes of h&d against stoi- 
chiometric sulfite concentration (as defined by the two points 
of lowest concentration) were measured and used to estimate 
the effective rate contribution of bisulfite and sulfite ions 
alone. When these values of k',bsd/XHsub+ were then treated 
in the same manner as the data for phosphate ion, the re- 
sulting rate constants for sulfite and bisulfite ions showed 
excellent agreement with the experimental rate slopes a t  six 
different pH values, as shown in Table I. 

When the catalytic effects of sulfite and bisulfite ions were 
subtracted from the overall reaction rate observed a t  the more 
concentrated stoichiometric sulfite solutions in the pH 4.40, 
5.00, and 5.40 buffers, the enhancement of reaction rate due 
to pyrosulfite ion was obtained. This rate informaton was 
combined with the calculated pyrosulfite ion concentration 
and the mole fraction of protonated substrate for the above 
conditions to permit calculation of the catalytic coefficient 
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Table 11. Pyrosulfite Ion Catalyzed Deamination of MDC, 
37 "C, p = 1.0 M ___ 

10" x (hohsd 
103 x 103 x - hsulfi tJ/  
kob;d, k 'sulfite, X H S ~ b + [ s 2 0 5 ~ - ]  2 

PH XHSub+ s-' [S205'-] M-' s - ~  

4.40' 0.990 1.27 0.89 0.050 7.68 
5.00d 0.962 1.42 0.94 0.050 9.88 
5.40e 0.909 :2.11 1.42 0.040 9.52 

a ksulfite is the expected catalytic effect of sulfite and bisulfite 
ions alone for this stoichiometric sulfite concentration. Calcu- 
lated from [S2052-] = 0.216[HS03-I2 at this stoichiometric sulfite 
concentration. [SO3]sT = 0.50 M. [SOB]ST = 0.50 M. e [SO&T 
= 0.685. 

Table 111. Base Catalysis of the Deamination of MDC, 
37 "C. u = 1.0 M 

io3 x k',,hsd/ 
[B~sT, XhHSuh+, 

M-1 s-l Base __ PKaa mol PH 
SO& 1.16 0.1-0.3 4.40 0.183 f 0.009 
HS03- 1.47 0.1-0.7 4.40-7.45 1.41d 
H ~ P O J -  1.70 0.2-0.75 4.98-5.33 0.423d 
s 2 0 5 2 -  ? 0.1-0.7 4.40-5.40 9.0 f 1.2d 
CH3C02- 4.60 0.2-1.0 5.05 0.299 f 0.027 
HP04'- 6..31 0.2-0.75 4.98-5.33 2.18d 
soi2- 6..YjL 0.2-0.7 4.40-7.45 3.90d 
Imidazole 6.92 0.1-0.8 5.40 1.50 f 0.28 
Tris 8.24 0.05-0.3 6.58-7.52 1.76 f 0.33 

a pK, for these conditions as determined from the best values 
or estimates from :%3--39. y denotes mole fraction. Measured 
in this work. Correction for XHSuh+ included in calculation of 
kobsd as explained in the text.  

of pyrosulfite ion for MDC deamination (Table 11). The re- 
sulting value of hs20,z- = (9.0 f 1.2) x M-l s-l indicates 
the large catalytic effect of pyrosulfite ion. Although pyro- 
sulfite ion is a weaksr base than sulfite ion,12 it is a stronger 
catalyst in this r eac~ ion : '~  (h/q)s,o,z-/(h/~)so,z- = 1.4. 

The catalytic coefficients for all nine bases studied are 
summarized in Table 111. Bisulfite ion demonstrates a large 
positive deviation from the Brqhsted relation13 defined by the 
other bases (Figure 2)14 and the best Brdnsted relation defined 
by the other bases gives log ( k l q )  = (0.19 f 0.03) (pK, + log 
p / q )  - (4.31 f 1.9). A comparison of the relative rate constants 
of imidazole and biphosphate ion, (k/q)IM/(k/q)HpO42- = 2.06, 
shows clearly that nucleophilic catalysis, which is character- 
ized by large rations of imidazole to biphosphate rate con- 
stants'6 (1000:l). is not present in this system; therefore, nu- 

X U C  

I x> 
I 

0 

CH 
cleophilic attack by general bases to form an intermediate, 
which undergoes subsequent rapid hydrolysis to form the final 
product, can be excluded from this mechanism. 

The Kinetics of the Deamination of MDC in Basic 
Media. For MDC deamination of studies a t  37 "C, y = 1.0 in 
the pH range 8.55-8.95, the extent of protonation of the sub- 
strate is approximately 0.3-0.9%. When the catalytic coeffi- 
cients for general bases present and water are taken into ac- 
count, i t  becomes aplparent tha t  less than 1% of the observed 
rate (Table IV) is due to the reaction path observed in acid. 

- \+ 

0 5 IC 

pya  + log (%) 
Figure 2. Br#nsted relationship for base-catalyzed MDC deamina- 
tion, 37 "C, p = 1.0, acidic conditions. Based on Table 111. 

Table IV. Deamination of MDC in Basic Media, Presence 
of General Bases, p = 1.0 M, 37 "C 

pH Base Concn range, mol lo5 X hobs& s-l 

6.39 f 0.30 
S032- 0.05-0.10 6.40 f 0.38 

6.59 f 0.13 
S032- a 0.1 6.55 
Imidazole" 0.1-0.6 5.88 f 0.27 

8.55 Tris 0.1-0.6 

8.95 Tris 0.2-0.4 

a In the presence of 0.2 M Tris. 

Table V. Rate Constants for the Deamination of MDC in 
Acidic and Basic Media at Various Temperatures, 

u = 1.0 M 

io5 x hobsd, S-' 

Temp, "C pH 8.55-8.95" pH 0.4 

20.0 1.10 1.81 f 0.09 
37.0 6.49 f 0.1 14.1 f 0.5 

36.6 f 1.5 47.0 13.7 f 0.5 

In the presence of 0.2-0.4 M Tris. In the presence of 0.4 M 
HC1. 

The kinetic results clearly show that (within experimental 
error) the observed deamination rate is insensitive both to the 
pH of the medium and the presence and concentration of 
added bases such as imidazole, Tris, and sulfite ion. The 
neutral substrate therefore suffers neither specific nor general 
base catalysis upon deamination in alkaline media. The pos- 
sibility of a reaction of the protonated substrate with hy- 
droxide ion will be considered subsequently. 

Activation Parameters .  Measurement of MDC deami- 
nation rate constants in acidic and basic media a t  several 
temperatures (Table V, Figure 3) allowed the calculation of 
activation parameters for these reactions. These were found 
to be: AH* = 20.7 f 0.8 kcal/mol, AS* = -11.0 f 2.6 eu for the 
reaction of protonated MDC in acidic media, and AH* = 17.0 
f 1.1 kcal/mol, AS* = -23.2 f 3.6 eu for the neutral substrate 
in basic media. I t  appears that  the relative speed of the reac- 
tion in acidic media is due to the compensation by a favorable 
activation entropy for an unfavorable enthalpy. 

T h e  Reaction wi th  Water.  The measured rate constants 
for the reactions of protonated and neutral substrates with 
water can be used to  calculate the expected reaction rate a t  
zero buffer concentration for a series of rate studies a t  various 
pH values according to the formula, 

HSuh+XHSuh+ -I- hSubXSub kobsdintercept = k 

where kHSuh+ = 1.41 X s-l at  
37 "C, y = 1.0. A comparison of the calculated and observed 
values of these rate constants is presented in Figure 4. The 
observed reaction rates are well described by this relation- 
ship. 

s-l and k S u b  = 6.49 X 
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\ \  I 

i '.,\ 
lo3 x /'T 

Figure 3. Dependence of background deamination rate constant on 
temperature for MDC, p = 1.0, acidic and basic conditions: ( 0 )  data 
from this work; ( A )  data from ref 7 .  

Discussion 
Mechanism of MDC Deamination. Acidic Conditions. 

The dependence of the MDC deamination rate on the con- 
centration of the protonated substrate, [HSub+], the presence 
of general base catalysis reported here, and the absence of 
general acid catalysis reported previously7 are consistent with 
the mechanism presented in Scheme I: 3 -, 4 -, 6 -, 7 -+ 8 
where either tetrahedral intermediate formation, 4 -+ 6, or 
reaction, 7 -, 8, may be rate determining. The general base 
would be present in either transition state 10 or 11. 

R H  R 

I 
NHI 

4 1  
NH , 

10 11 

Mechanism of' MDC Deamination. Basic Conditions. 
The mechanism for MDC deamination in basic conditions 
must explain the following facts: (1) the reaction rate is pH 
independent in the range studied, 8.5-9.0; (2) no general base 
catalysis is observed; (3) the activation entropy is negative and 
large. 

Several reaction mechanisms need to  be considered in an- 
alyzing the reaction in basic media. Intermediate formation, 
if rate determining, could occur in two ways. In mechanism 
A, direct nucleophilic attack of hydroxide ion on the proton- 
ated substrate forms the reaction intermediates (Scheme I: 
3 -+ 4 -, 6 -+ 8 where 4 -, 6, OH- is slow), while in mechanism 
B, attack by water occurs on the neutral substrate without 
base assistance (Scheme I: 3 -, 6 -, 8, where 3 6 is slow). 
Rate-determining product formation from the intermediate 
is another possible mechanism that  is consistent with the ki- 
netic results (Scheme I: 6 -+ 8, slow), as in mechanism C. Since 
all three mechanisms yield the same rate law, which can be 
shown by the steady state approximation to  be of the form, 

d'P1 - kKXSub h o b j d  = -- - - 
1 

[ S ~ b l s ~  d T  

they all predict lack of rate dependence on base concentra- 
tion. 

The catalytic properties of this reaction are consistent with 
all three suggested mechanisms. The change from general base 
catalysis of the deamination reaction in acidic media to  no 
base dependence in basic media can be understood as arising 
from a change in mechanism from base-assisted reaction of 

0 4 -  
0 
- 0 L-2 

4.0 5.0 6.0 7.0 8.0 9.C 

P H  

Figure 4. pH dependence of the observed intercepts of general base 
catalyzed MDC deamination, 37 "C, p = 1.0. The points represent 
experimental determinations. The curve was calculated according 
to'the equation, k&sd = 1.41 x io-* (s-l) XHS,,I,+ t 6.49 x 
(s-l)xsuh as explained in the text. 

Scheme I. Mechanism of MDC Deamination in 
Aqueous Solutions 

NHL NH- 

H2cv 

CH, 
2 

\ 

I 

kH , CH 
3 4 

HO +NH, 

I 
CH 

0 'OH 

NHZ0 

CH, 
5 1 

I 
CH 

I 
CH 

8 9 

the protonated substrate with water in acidic media to nu- 
cleophilic attack of hydroxide ion on the protonated substrate 
in basic media. This change is due to  the large increase in 
[OH-]. The base-catalyzed reaction with water decreases with 
decreasing XHSubC during this change in conditions and be- 
comes kinetically less favorable with respect to  mechanism 
A under basic conditions. 

If the transition state of mechanisms B and C involved the 
participation of a second water molecule functioning as a 
proton-transfer agent, then the catalytic change from acidic 
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to basic media may be explained in the following manner. If 
the formation of the intermediate is rate determining as in 
mechanism B, then the assistance of this second water mole- 
cule in the transition state 12 would remove the need for base 

H 
I 

H H  .H. ,H 

I 

CH ~ 

CH 
12 13 

catalysis. A similar explanation can be used for mechanism 
C, where the reaction of the intermediate is rate determining, 
as in the transition state of structure 13. The uncatalyzed 
reaction of water with the neutral substrate becomes faster 
than the base-catalyzed water reaction of the protonated 
substrate as the reaction conditions become basic, since the 
XHS&+ decreases markedly during this transition. 

The mechanism discussed here must also be examined in 
connection with the observed reaction activation entropy, -23 
eu. This negative and large entropy is consistent with each of 
the above mechanisms. For mechanism B, a large, negative 
AS* is expected, due to the participation of the proton- 
transfer water molecule in the transition state. Thus, three 
molecules (Sub + 2IIzO) go to one moiety in the transition 
state and there is a loss of translational freedom of motion for 
two molecules. In addition, there is a generation of scattered 
partial charges at  various polar centers in a highly structured 
and concerted transition state. These factors are all expected 
to produce a more negative entropy.17 The participation of 
water as a proton-transfer agent in the transition state of 
mechanism C would also be consistent with the observed 
AS*. 

Bell et  a1.18 l9 h a w  found in their studies of the hydration 
of 1,3-dichloroacetone in aqueous acetone mixtures tha t  the 
activation entropy of the reaction depended on the number 
of water molecules participating in the transition state. Based 
on the kinetic order with respect to water, and kinetic isotope 
effects, it was determined that in addition to the reacting 
water molecule, extra water molecule(s) are contained in the 
transition state for the reaction in the absence of general acid 
catalysts. The transition state for the benzoic acid catalyzed 
hydration reaction contained one less extra water molecule. 
This finding was supported by the activation parameters 
which showed the acid-catalyzed reaction having higher ac- 
tivation enthalpies (6AH* = 3.83 kcal/mol) and entropies 
(6AS* = 17.6 eu)20 than the uncatalyzed reaction with water. 
This compares with MDC deamination where the base cata- 
lyzed reaction in acidic media has higher activation parame- 
ters (6AH* = 3.7 kcal/mol, 6AS* = 12 eu) than the uncata- 
lyzed reaction in basic media. Thus, the results reported here 
can similarly be explained by the involvement of an additional 
water molecule in the transition state for the reaction in basic 
media (12, 13) in place of the general base present in the 
transition state for MDC deamination in acidic media (10, 
11). 

On the basis of the experimental AS*, one might be 
tempted to exclude mechanism A which involves a transition 
state of much greater charge dispersion than the ground state 
and, therefore, a predicted activation entropy closer to zero. 
However, kinetic studies of related systems such as Schiff 
bases21a have demonstrated activation entropies of -30 eu for 

reactions proceeding through a nucleophilic attack by hy- 
droxide on the protonated substrate (imine) in basic media. 

Bisulfite Ion  Catalysis in  Deamination Reactions. Our 
results demonstrate that  bisulfite ion is not exceptionally 
stronger than other catalysts in the deamination of l -meth-  
yldihydrocytosine. I t  is effective as a general base catalyst for 
deamination of the protonated substrate, but many other 
buffers also catalyze the reaction. There is no buffer catalysis 
for the deamination of the unprotonated substrate. If the 
above mechanisms also hold for the deamination of dihydro- 
cytosine la to 2a, then bisulfite plays no unique role in that 
deamination either. The important role for bisulfite in the 
conversion of cytosine to uracil is the formation of the adduct 
la from cytosine. If one were extrapolating to low bisulfite 
concentrations in calculating cytosine deamination rates, and 
if a constant concentration of another buffer effective in ca- 
talyzing the deamination step were present, one would then 
expect the deamination rate to fall in direct proportion to the 
bisulfite concentration (rather than to the square of the con- 
centration). 

Amidine Hydrolysis. The  mechanistic considerations 
presented here are fully consistent with kinetic studies of re- 
lated amidines. Deamination rates of MDC, 1,3-dimethyl- 
5,6-dihydrocytosine (DDC), and l-cyclohexyl-N(4)-di- 
methyl-5,6-dihydrocytosine (CDDC) were previously mea- 
sured8 in acidic and basic media a t  20 OC, p = 0.01, and the 
pK, and observed deamination rate constants in acidic and 
basic media for these compounds respectively were: for MDC 
6.62, 2.78 X s-l; for DDC 8.05, 2.50 X 

s-l, 9.73 X s-l; for CDDC 6.40,2.78 X s-l, 8.35 
X s-l. Although MDC deaminates a t  a slower rate in 
basic than acid media under these conditions, DDC exhibits 
a rate enhancement by a factor of almost 4 as the pH is raised 
from 7 to 9, after which the rate remains constant. This com- 
pound, which for structural reasons must deaminate by a 
mechanism not involving the water-bridged transition state, 
structure 5 ,  may demonstrate a nucleophilic hydroxide ion 
attack on protonated substrate, similar to mechanism A, 
thereby accounting for rate acceleration in basic media. Al- 
ternatively, the different pH profiles can be attributed to the 
variation in pK, of the substrates.21b%c 

Deamination studies of the photohydrate of 3'-cytidylic 
acid, a closely related compound,22 are also consistent with 
the results reported here for MDC. The pK, was measured to 
be 5.56 a t  0 OC, p = 0.05. Deamination rate constants dem- 
onstrated a pH dependence resembling that of Figure 4. There 
was a decrease in rate constant by a factor of 2.5 on going from 
pH 4.0 to pH 8.0. The activation parameters which can be 
derived from the original rate data are AH* = 16.2 f 0.1 
kcal/mol, AS* = -19.4 f 1 eu (pH 4.0) and AH* = 17.3 f 0.1 
kcal/mol, AS* = -15.5 f 1 eu (pH 8.0). No general base ca- 
talysis was observed for the deamination reaction under basic 
conditions. 

Diarylformamidine hydrolysis has been studied under 
acidic and basic conditions in 20% aqueous dioxane mix- 
t u r e ~ . ~ " ~ ~  I t  was found that,  in acidic media, the reaction 
demonstrated general base catalysis ( 3  = 0.29), electron 
withdrawing groups accelerate the reaction rate ( p  = 3.78 a t  
40 "C), and the activation entropy was -22 f 3 eu. The reac- 
tion rate in concentrated solutions of strong acids varied di- 
rectly with hydronium ion concentration and water activity 
and inversely with ho. It  was suggested that a general base and 
at  least two molecules of water are present in the transition 
state. 

Similar rate results were obtained for diarylacetamidine 
hydrolysis in 20% aqueous dioxane. Since diarylacetamidines 
are 1000-2500 times slower in this reaction than diaryl- 
formamidines (due to an increase of 4.5 kcal/mol in H*), it 
was reasoned tha t  nucleophilic attack of water on the pro- 

s-l, 8.35 X 
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tonated substrate was most likely to be the rate-determini.ng 
step. 

Extensive hydrolysis studies have been made on the arni- 
dines 1,3-diphenyl-2-imidazolinium chloride (DPIC)25 and 
N5,10-methenyltetrahydrofolic acid (MTF).24 Brfinsted cor- 
relations for the reaction pathways first order in base and 
second order in base were measured a t  25 "C, I.( = 1.0, in the 
pH range 7-11. It was argued that the reaction mechanism 
involved rate-determining reaction of the tetrahedral inter- 
mediate. Direct spectral evidence for the existence of the 
tetrahedral intermediate in this reaction was obtained a t  pH 
12.2fi In the case of M T F  a t  high buffer concentrations, the 
formation of the tetrahedral intermediate became rate de- 
termining. 

In conclusion, it can be said that amidine hydrolysis occurs 
through a sequence of si;eps closely balanced in individual rate 
constants so that the identity of the rate-determining step is 
highly dependent on substituents, pH, and the presence of 
general bases. 

Experimental Section 
Materials. l-Methyl-5,6-dihydrocytosine (MDC) was synthesized 

by  the method of  Chang and Lewis.27 Sigma Tr izma base and Tr izma 
HCl were used i n  t h e  preparation o f  solutions o f  Tr is(hydroxy-  
methyl)aminomethane, (Tris). A ldr ich Reagent grade imidazole was 
recrystallized three times From benzene before use (mp 88.5-89.0 OC, 
lit. mp 90-1 "C). All other materials were commercially available re- 
agent grade and were used as supplied. Water used in k inet ic  and 
equi l ibr ium measured was double dist i l led in Pyrex vessels and de- 
gassed w i t h  nitrogen. 

Apparatus. Measurements of pH were made o n  a Radiometer 
Mode l  22 pH meter equipped w i t h  a glass electrode. Potentiometric 
t i trat ions were performed o n  a Radiometer assembly, inc lud ing Ti- 
trator 11, Autoburette ABIJ 12, pH meter 26, and Ti t r igraph SBR 2C, 
having a constant temperature ba th  jacketing the t i t ra t ion  vesael. 
Ul t rav io le t  absorbance measurements were recorded on a Cary 15 
recording spectrophotometer. 

Kinetics of the Deamination of l-Methyl-5,6-dihydrocytosine 
(MDC). Reaction mixtures were kept  in the Cary 15 spectropho- 
tometer thermostated cell compartment, and the variat ion o f  u l t ra-  
violet absorbance a t  245 n m  was recorded as a function of t ime. Re-  
duced path lengths of 0.1 t i3  0.3 mm were employed when appropriate. 
Temperatures were measured w i t h  a thermometer calibrated by the 
National Bureau of  Standards and were stable to  wi th in  f O . l  "C. The 
slope of ' the p l o t  o f  In (OD - OD,) vs. t ime was analyzed by the 
method of least squares. on a Hewlet t  Packard 3000 computer. Cata- 
lyt ic coefficients of  general bases were obtained by  rate measurements 
in aqueous buffers of varying catalyst concentration and constant p H  
and ionic strength. When aqueous solutions of  bisulfite ion were used, 

Determination of the pK, of MDC and Bisulfite Ion. T h e  pK, 
values for t,he dissociation of  MDC were determined t o  be 6.40 f 0.03 
(potentiometric t i trat ion) and 6.49 f 0.02 (spectroscopic method:, a t  
3 7  "C, p = 1.0, and the f i r s t  value was considered to  be less subject. t o  
errors and used in subsequent calculations. The pK, for bisulf i te ion 
dissociation was measured potentiometrical ly t o  be 6.55 under the 
same conditions. 

Determination of the Keg for Pyrosulfite Ion Formation. The 
equilibrium constant, Keq. for pyrosulfite ion formation from bisulfite 
ion in acidic media was mcasured spectrophotometrically to  be (2.16 
k 0.08) 'X lo-' M-' at 3'7 "C, p = 1.0, where K,, = [S2052-]/[HS03-]2. 

Th is  was based on a value o f t  = 1.98 X M-l cm-', A,, 255 n m . * O  
T h e  value reported here compares wel l  w i t h  2.2 X lo-' M-I a t  25 "C 
p = 0.9. based o n  this valuc of  c . ' O . ~ *  This  constant is known t o  be very 
dependent on ionic strength, changing f rom 0.076 (p = 0) t o  0.34 ( p  
= 2.0) a t  25 oC.'" 
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