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Covalent Hydration in 4-Pyrimidinones. Detection through Kinetics of 
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The kinetics of the fast disappearance of bromine due to reaction with 4(3H)-pyrimidinone (la) and with three 
N-methyl derivatives (2b, IC, 3d) in aqueous solutions of pH 0-5 have been measured by the stopped-flow method. 
The data are consistent with attack of bromine upon a covalent hydrate (or pseudobase), 4, of the substrate, 
with the rate-determining step depending upon the acidity. At high acidity (pH <2) bromine attack upon 4 is 
rate limiting, whereas at low acidity (pH >3) formation of 4 from the appropriate cation 3 is rate limiting. The 
present results, combined with those of an earlier study,’ show that bromination of 4-pyrimidinones in acidic 
aqueous solution involves a complex addition-elimination sequence (Scheme I). Furthermore, it is estimated 
that la at equilibrium in aqueous solution exists as the covalent hydrate 4a to the extent of only - 3  X lo“%. 
The results emphasize the dramatic effect that covalent hydration may have upon the reactivity of heterocyclic 
systems. 

Covalent hydration of electron-deficient nitrogen het- 
erocycles has been extensively studied, most notably by 
Albert and co-w0rkers.l For the most part it has been 
detected by its effect upon acid-base equilibria and upon 
spectra.’ However, covalent hydrates may be important 
reaction intermediates even when in concentrations so 
small as to be undetectable by normal means. For exam- 
ple, they may be intermediates in the enzymatic deami- 
nations (hydrolyses) of adenosine, cytosine, and their nu- 
cleosides.2aib They are also plausible intermediates in the 
oxidation of various heterocycles catalyzed by xanthine 

Covalent hydration also affects the photo- 
physics of the important ligands 2,2’-bipyridine and 
l,lO-phenanthr~line.~* Furthermore, some complexes 
containing these ligands capture water.3b The interme- 
diacy of covalent hydrates has also been invoked to explain 
unusual reactivity observed in the H-D exchange reaction 
of certain heterocycles in acidic deuterium oxide.4 

For the most part covalent hydration has been observed 
in bicyclic (or larger) heterocycles containing two or more 
am nitrogens.’ It is normally only apparent in monocyclic 
systems which contain three strongly electron-withdrawing 
groups (2-aza nitrogens plus nitro, 3-ma nitrogens, etc.).’ 
However, the present study, together with some earlier 
work,” shows that it can have dramatic effects upon the 
reactivity of simple pyrimidinones. 
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(2) (a) Wolfenden, R. In “Transition State in Biochemical Proceeses”; 
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(5) (a) Tee, 0. S.; Paventi, M. J.  Org. Chem. 1980,45,2072-2076. (b) 
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In previous studies we have shown that the bromination 
of 2(1H)-pyrimidinone in acidic aqueous solution involves 
a multistep addition-elimination sequence involving co- 
valent  hydrate^.^ More specifically, there is initially fast 
attack by bromine upon the covalent hydrate of 2(1H)- 
pyrimidinone” leading to the formation of an observable 
addition intermediate which undergoes slow dehydration 
to 5-brom0-2(1H)-pyrimidinone.~*~ This product also re- 
acts with bromine by way of the covalent hydrate,& giving 
a 5,5-dibromo d e r i ~ a t i v e . ~ ~  In another study we showed 
that bromination of 4(3H)-quinazolinone in aquous acid 
involves attack of bromine upon the benzenoid ring of a 
covalent hydrate of the substrate.6 

Our initial study’ of 4(3H)-pyrimidinone (la) and its 
N-methyl derivatives showed that they react with bromine 
in aqueous acid to give observable intermediates 7 (Scheme 
I). Moreover, since these intermediates are cationic, their 

Me; d, R, = R, = Me. 

(6) Tee, 0. S.; Patil, G. V. J. Org. Chem. 1976, 41, 838-845. 
(7) Tee, 0. S.; Banerjee, S. J.  Og.  Chem. 1979,44, 3256-3261. 
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dehydration (7 - 9) shows unusual acidity dependence7 
By using the stopped-flow method we have now been able 
to obtain kinetic information about the processes leading 
to the formation of the intermediates 7. The results de- 
scribed in the present paper are fully consistent with 4- 
(3H)-pyrimidinone (la) reacting with bromine via its co- 
valent hydrate 4a (Scheme I) as postulated earlier.7 
Likewise, the methyl derivatives 2b and IC react via co- 
valent hydrates 4b,c and the quaternary dimethyl cation 
3d by way of its pseudobase 4d. 

Results and Discussion 
The substrates used in the present study were 4(3H)- 

pyrimidinone (la), 1-methyl-4-pyrimidinone (2b), 3- 
methyl-4-pyrimidinone (IC), and the perchlorate salt of 
the 1,4-dihydro-1,3-dimethyl-4-oxopyrimidinium cation 
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3 2 
a, R, = R, = H; b, R, = Me, R, - H; c, R, = H, R, = Me; 
d, R,  - R, Me 

(3d). The monomethyl derivatives ( IC and 2b) were 
chosen as models for the principal tautomers (la and 2a) 
of “4-hydroxypyrimidine”: and the dimethyl cation 3d was 
chosen as a model for their protonated forms.g 

The disappearance of bromine due to reaction with an 
excess of the above four substrates in aqueous solutions 
of pH 0-5 was monitored by UV spectrophotometry and 
the stopped-flow technique. The observed kinetic order 
varies with acidity in the same way as observed in our 
recent studies of 2-pyrimidin0nes,“~ viz., pseudo first order 
at  pH <2, pseudo zero order at pH >3.5, and a mixed-order 
in the intermediate range pH 2-3.5. This behavior we 
attribute to bromine attacking the covalent hydrate (or 
pseudobase)’” 4 formed from the cation 3 (eq 1 and Scheme 
I). Assuming a steady-state concentration of 4, the 
mechanism of eq 1 requires the rate law shown in eq 2.012 

The behavior observed for bromination of the dimethyl 
cation 3d is fully accounted for by eq 2. Moreover, a 
kinetic study of the formation of the pseudobase 4d from 
3d (and the reverse reaction) gave values of kl and kl 
compatible with those obtained from the bromination 
kinetics. These values, together with a value of k 2  from 
the bromination study, justify the assumption of a 
steady-state concentration of the pseudobase 4d in deriving 
eq 2. 

(8) (a) Mason, 5. F. J. Chem. SOC. 1958, 674-685. (b) Beak, P.; Fry, 
(9) Brown, D. J.; Hoerger, E.; Mason, S. F. J. Chem. SOC. 1955, 

(10) The term “covalent hydrate” applies to 4a-c which result from 
the formal addition of water to la, 2b, and IC. The term “pseudobase” 
applies to 4d which results from the formal capture of hydroxide ion by 
the quaternary dimethyl cation 3d. For further amplification see ref 1 
and 11, respectively. 

(11) Bunting, J. W. Adu. Heterocycl. Chem. 1979,25, 1-82. 
(12) A similar rata law pertains to the iodination of 1,3-dimethy1-2- 

indolinone in basic solution: Challis, B. C.; Rzepa, H. S. J. Chem. SOC., 
Perkin Trans 2 1975,1822-1826. 

F. S.; Lee, J.; Staele, F. J. Am. Chem. SOC. 1976,98, 171-179. 

211-217. 
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Figure 1. pH dependence of second-order rate Constants for the 
reaction of bromine with la, 2b, IC, and 3d. The significance of 
the open and closed symbols is explained in the text. 

The rate law in eq 2 also acounta for the behavior of the 
other substrates (la, 2b, IC) when allowance is made for 
the fraction of these existing in their protonated froms 
( 3 a - ~ ) ~  a t  the various pHs employed. To do this one 
substitutes for [3] in eq 2 using eq 3. In this equation, 

(3) 
[SI, is the stoichiometric concentration of the substrate, 
and K1 is the acid dissociation constant of its conjugate 
acid 3 (a, b, or c).  

pH 0-2. Results for this region are shown in Table I. 
At a given pH, and in the presence of an excess of sub- 
strate, bromine disappearance afforded pseudo-fmt-order 
rate constants (kloM) which vary linearly with substrate 
concentration (see Table I). Some kinetic runs which were 
carried out with the substrate not in large excess were 
analyzed directly for second-order behavior. Values of 
kzoM obtained from such analysis are denoted by a su- 
perscript e in Table I. Altogether our data in this region 
of pH are consistent with the rate law expressed by eq 4, 

(4) 
where k20M is the second-order rate constant corrected for 
the difference [Br,], and [Br,] due to tribromide ion for- 
mati0n.~*~~6 Values of k20bd for all four substrates in the 
region pH 1-2 are plotted as open symbols in Figure l.13 

For the dimethyl cation 3d the pH dependence of k20M 
is explicable by equating eq 2 and 4 and imposing the 
inequality k-,[H+] >> k2[Brz]. In this case eq 5 holds,6b 

rate = klo”d[Br2]s = k20bd[S][Br2] 

kzoW klk2/k_l[H+] = k&~+/[H+l (5) 
where KR+ is the formation constant for the pseudobase” 
4d. The straight line drawn for 3d in Figure 1 assumes 
k&R+ = 97.5 s-’. Since pKR+ = 7.53: KR+ = 2.95 X 10” 
M, and so k, = 3.3 X lo9 M-’ s-l. 

The data for the other substrates (la, 2b, IC) show 
similar behavior (Figure 1)13 but with a tendency to level 
as pH approaches their protonation ~ K S . ~  Since in this 
region of pH the substrates are largely protonated (as 

(13) In the interests of clarity these plots do not contain the data for 
[Br-] = 1.1 M. Since the ionic strength for thew measurementa ie much 
higher than for the rest, they do not form a continuous set of data with 
that depicted in Figure 1. Such discontinuity was not particularly ap- 
parent in our earlier work,” presumably due to a fortuitous cancellation 
of ionic strength effects upon &+ and k2 (see eq 5). Note, however, that 
the data obtained a t  high p (-1.1 M) do show that same order of re- 
activity and dependence on pH as shown in Figure 1. 
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Table I. Second-Order Rate Constants for the Reaction of Bromine with 4-Pyrimidinonesa 
sub- sub- 

strate [Br-],b 103[S], klobsd, 10-Zk20bSd,d strate [Br-],b 103[S], kl0bSd, 10-%*0bSd,d M S-' M-I s-l (SI M PH M S - I  M" s-l (S) M PHC 
l a  1.100 

1.144 
1.088 
1.098 
1.097 
0.11 

0.1 

0.105 
0.109 

0.1 
0.1 
0.1 

0.1 
0.1 

2b 1.100 
1.144 
1.088 
1.098 
1.097 
0.11 

0.111 

0.1 

0.1 
0.1 

-0.035 
0.264 
0.614 
0.908 
1.22 
0.96 

1.26 

1.56 
1.78 

1.98 
2.06 
2.34 

2.64 
2.95 

-0.035 
0.264 
0.614 
0.908 
1.22 
0.96 

1.48 

1.98 

2.71 
3.36 

2.0 
2.0 
2.0 
2.0 
2.0 
0.2 
0.4 
0.75 
1.0 
0.5 
0.75 
2.0 
2.0 
4.0 
2.0 
2.0 
1.5 
2.0 
2.0 
1.5 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
0.5 
0.75 
1.0 
1.5 
2.0 
1.0 
2.0 
1.0 
2.0 
1.0 
0.5 
1.0 

0.0121 
0.0171 
0.0304 
0.0491 
0.0834 

0.0868 
0.123 
0.648 
0.858 
1.92 
0.973 
1.07f 

1.31f 
1.50f 
1.28f 
1.62f 
0.0301 
0.0416 
0.0779 
0.140 
0.249 
0.195 
0.278 
0.378 
0.583 
0.780 
0.818 
1.62 
1.77f 
3.60f 

1.02f 

3.43f 
2 , l l f  
3.72f 

1.30 
1.90 
3.22 
5.24 
8.89 
4.68e 
4.55e 
4.63e 
4.53e 
5.41 
4.93 
9.93 

13.1 
14.6 
14.0 
15.5 
19.8 
18.8 
21.6 
24.7 
23.3 
3.21 
4.61 
8.23 

14.9 
26.6 
12.9 
11.8 
11.9 
12.0 
11.9 
25.7 
24.8 
52.3 
51.8 

101 
132 
110 

IC 1.100 -0.035 
1.144 0.264 
1.088 0.614 
1.098 0.908 
1.097 1.22 
0.11 0.96 

0.111 1.48 

0.1 1.98 

0.1 2.71 

3d 1.100 -0.035 
1.144 0.264 
1.088 0.614 
1.098 0.908 
1.097 1.22 
0.11 0.96 

0.1 1.26 

0.109 1.78 

0.1 2.05 

0.1 2.42 

0.1 2.54 

0.1 2.95 

2.0 
2.0 
2.0 
2.0 
2.0 
0.5 
0.625 
0.75 
1.0 
1.5 
2.0 
1.0 
2.0 
1.0 
2.0 
0.5 
1.0 
2.0 
2.0 
2.0 
2.0 
2.0 
0.5 
1.0 
0.5 
1.0 
0.2 
0.4 
0.2 
0.3 
0.4 
0.2 
0.4 
0.5 
1.0 
0.5 
1.0 

0.00529 
0.00705 
0.0134 
0.0236 
0.0416 

0.144 
0.294 
0.291f 
0.532: 
0.233 
0.491f 
0.0239 
0.0352 
0.0617 
0.111 
0.206 
0.168 
0.402 
0.298 
0.732 

1.2gf 
2.83f 
5.30f 

10.9f 
13.6f 
27.€if 

0.566 
0.783 
1.43 
2.52 
4.44 
1.84e 
1.78e 
1.77e 
1.80e 
1.81e 
1.7ge 
4.52 
4.50 
8.59 
7.65 

14.5 
14.5 

2.55 
3.92 
6.52 

11.9 
22.0 
11.1 
12.6 
18.6 
21.6 
51.ge 
53.0e 
85.6e 
84.7e 
88.1e 

24 2 
227 
330 
322 
850 
819 

a At 30 "C [Br,], = 5 x M. p = 0.11 M;  except where [Br-] exceeds this and at pH 1.26 (1 = 0.175 M). [Br'] = 
[KBr] t HBr . 
H2S0,. 
Section) except where noted otherwise. e Obtained from direct second-order analysis and corrected for tribromide ion 
formation. From mixed-order analysis. 

For pH >1.78 buffers were used. Elsewhere pH = -log [HBr], except that pH 1.26 is for 0.05 M 
Odained from k lobsd by correction for substrate concentration and tribromide ion formation (see Experimental 

3a-c),9 the pH dependence of kZoM may be expressed by 
eq 6,14 where K1 is as in eq 3 and KR+ = [4][H+]/[3]. 

k20bsd = k l k z / k - l ( K 1  + [H+]) ( 6 4  

= k2KR+/(K1 + [H+1) (6b) 
pH 2-3. In this region we observed mixed-order be- 

havior very similar t~ that for 2(1H)-pyrimidinone~.~&~ As 
with the earlier work, the results are best interpreted 
through an analysis based upon the integrated form of eq 
3.16 This analysis is described fully in ref 5a and is similar 
to that of Challis and Rzepa.12 

From the first-order component of the data were ob- 
tained the kloW values5" given in Table I and denoted by 
a superscript f. Values of kzoM obtained from these are 
also in Table I and plotted as solid symbols in Figure 1. 
They continue the behavior described in the previous 
section. 

The mixed-order data obtained in this region also con- 
tain a zero-order component,bb and so one can also extract 
zero-order rate constants kooM using the analysis previ- 
ously described.5e Such values are in Table I1 (denoted 

(14) Obtained by substituting [3] from eq 3 into eq 2, invoking kl[H+] 

(15) See eq 11 and 12 of ref 5a. 
>> kl[BrP], and setting the result equal to  4 (cf. ref sa). 

O . 1  - -  
A 

Y 36 I 

Figure 2. pH dependence of fiiborder rate constanta obtained 
from the reaction of bromine with la, 2b, IC, and 3d. The sig- 
nificance of the open and c l o d  symbols is explained in the text. 

by superscript b) ,  and since these are dependent upon 
substrate concentration (eq 7) they have been converted 

(7) 
to first-order rate constants kloM' which are plotted as 
solid symbols in Figure 2. The significance of these rate 
constants is discussed below. 

rate = kOobd = klob"d'[S] 
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The acidity dependences shown by the klow values for 
the other substrates (la, 2b, IC) in Figure 2 are explicable 
by rate-determining attack of water upon their conjugate 
acids (3a-c), forming the covalent hydrates (4a-c). Since 
the concentrations of 3a-c vary according to eq 3, appli- 
cation of the same reasoning as in the previous paragraph 
leads to eq 8. This equation generates curves of the form 
shown in Figure 2. 

klobd = kl[H+]/(Kl + [H+]) (8) 

The data for the parent 4(3H)-pyrimidinone (la) do not 
extend above pH 4. Around this pH the order changes to 
second order, and the appropriate rate constant increases 
linearly with pH. This we believe results from reaction 
upon the anion of la.16 Similar observations have been 
made for 2(1H)-pyrimidin0ne.~"'~ 

A feature of the data plotted in Figure 2 is the deviations 
above the calculated curve which are evident for the 3- 
methyl derivative IC. These deviations, we believe, are due 
to the incursion of (succinate) buffer catalysis,6b a topic 
which is addressed in the next section. 

In summary, the data for all four substrates over a wide 
range of pH (0-4 for la and 0-5 for the others) are ex- 
plicable by the mechanism of eq 1 and its rate law, eq 2, 
that is, by bromine attack upon the species 4 formed from 
the cations 3 (Scheme I), with the rate-determining step 
depending upon the acidity. 

Equilibration Studies. In order to provide further 
support for the interpretation given above, we have also 
studied the kinetics of equilibrati~n~~Jl of the quaternary 
cation 3d and its pseudobase 4d (eq 9). At a given pH 

Table 11. First-Order Rate Constants for the 
Formation of 4 from 3O 

substrate lo3  [SI, 10skoobsd, 102k 
(SI DH M M s-I S - '  

l a  

2b 

IC 

3d 

2.06 
2.34 

2.64 
2.95 

3.11 

3.36 
3.55 

3.72 
1.98 

2.71 
3.36 

3.70 
4.00 
4.40 

1.98 

3.36 

3.69 
3.99 
4.34 

4.97 
2.42 

2.54 

2.95 

3.32 

3.96 

4.23 
4.55 

2.0 
1.5 
2.0 
2.0 
1.5 
2.0 
2.0 
2.5 
1.5 
1.5 
2.0 
2.0 
1.0 
2.0 
1.0 
0.5 
1.0 
1.0 
1.0 
1.0 
2.0 
1.0 
2.0 
0.5 
1.0 
0.5 
1.0 
1.0 
1.0 
1.0 
2.0 
2.0 
0.2 
0.4 
0.5 
1.0 
0.5 
1.0 
0.25 
0.5 
0.5 
1.0 
0.3 
0.1 

16.1 
8.1 

10.4 
6.02; 
2.43 
3.22b 
1.94 
2.83 
0.991 
0.797 
1.03 
0.526 

12.0 
24.0b 

4.71b 
0.61tb 
1.21 
0.561 
0.328 
0.185 
0.41E 
3.45 
7.80b 
0.595 
1.13b 
0.130 
0.270 
0.188 
0.168 
0.0650 
0.140 
0.0429 
5.64 

10.8b 

25.2b 

24.9 

10.3 
15.0 
30.2 

12.2b 

12.2b 

5.06 

8.52 
2.67 

8.05 
6.40 
5.20 
3.01 
1.62 
1.61 
0.972 
1.13 
0.661 
0.531 
0.513 
0.273 

12.0 
12.0 
4.71 
1.22 
1.21 
0.561 
0.328 
0.185 
0.206 
3.45 
3.90 
1.19 
1.13 
0.260 
0.270 
0.188 
0.168 
0.0650 
0.0700 
0.0225 

28.2 
26.9 
24.4 
25.2 
24.4 
24.9 
20.2 
20.5 
30.0 
30.2 
28.4 
26.7 

a At 30°C, [KBr] = 0.1 M, [Br,], = 5 x lo-'  M, and 
buffers of 0.01 M, thus p = 0.11 M. 
an a 1 y s i s . From mixed-order 

pH 3-5. In this region the disappearance of bromine 
in the presence of an excess of substrate exhibits pseu- 
do-zero-order behavior (cf. ref 5a,b), and the zero-order rate 
constants koa vary with substrate concentration in accord 
with eq 7. Values of kOoM and the derived klobd' are 
presented in Table 11, and the latter are depicted by open 
symbols in Figure 2. They continue the same pH depen- 
dencies exhibited by the analogous rate constants obtained 
from mixed-order analysis (solid symbols in Figure 2). 

The value of klow for the dimethyl cation 3d remains 
essentially constant over the pH range studied, and, we 
believe, this represents the rate constant for attack of water 
upon 3d, leading to the pseudobase 4d. In terms of eq 2, 
this situation obtains if kl[H+1 << k2[Br2], that is, if re- 
versal of the pseudobase 4d is much slower than its capture 
by bromine (eq 1). Equating eq 2 with e 7 (S = 3d) with 
the above inequality imposed leads to k l L  = kp On this 
basis kl = 0.26 s-', and since KR+ = k l / k l  = 2.95 X 10% 
M (see eq 5 ) ,  we have kl = 8.8 X lo6 M-' s-l. Note that 
these values of kl and kl and the value of k2 = 3.3 X log 
M-' 8-l (evaluated above) support the use of the steady- 
state assumption necessary for the derivation of eq 2. 

n n 

Me Mf 

(9)  

3d 4d 

the observed first-order rate is the sum of rate constants 
for the formation and decomposition of the pseudobase, 
Le., kobed = kf + kd.ll These rate constants are also related 
through the equilibrium constant KR+ = [H+] [4dl/[3d] 
according to the eq 10." 

kf = kob&R+/(KR+ + [El+]) (loa) 

kd e k,hd[H+]/(K~+ + [PI+]) (lob) 
Values of koM obtained over a wide a range as possible 

are given in Table 111 along with values of kf and kd cal- 
culated therefrom using KR+ = 2.95 X loq8 M (pKR+ = 
7.53).7 These rate constants are plotted in Figure 3 (cf. 
Figure 3 of ref 11). Their pH dependence may be de- 
scribed by eq ll, where kl and kl are the same as pre- 

kf = kl  + ko~[oH-]  

k d  = k -t ki[H+] 
(114 

(1lb) 
viously (eq l), and k and koH refer to eq 12. The curves 

3d + OH- 4d (12) 

shown in Figure 3 were calculated using kl = 0.2 s-l, koH 
= 1.7 X lo7 M-' s-l, 12 = 8 s-l, and kl = 7 X lo6 M-'s-l. 

The values of kl and kl are in reasonable agreement 
with the values of kl = 0.26 s-l and kl = 8.8 X lo6 M-'s-' 
which were obtained from the study of the bromination 

kon 

k 

(16) Tee, 0. S.; Paventi, M., work in progress. 
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Table 111. Pseudo-First-Order Rate Constants for the 
Formation and Decomposition of Pseudobase 4d0 

pH hobsd,~-'  h f ,  S-' k d ,  S'' 

4.72 122 0.2 121.8 
5.02 70.6 0.2 70.4 
5.25 43.4 0.2 43.2 
5.47 30.1 0.3 29.8 
5.69 22.6 0.3 22.3 
6.09 14.7 0.5 14.2 
6.21 12.0 0.55 11.4 
6.60 11.7 1.53 10.5 
6.79 11.3 1.74 9.56 
6.94 11.6 2.37 9.23 
7.11 12.2 3.36 8.84 
7.24 14.4 4.88 9.52 
7.41 15.0 6.47 8.53 
7.64 23.3 13.1 10.2 
7.85 42.7 28.9 13.8 
8.04 52.4 40.0 12.4 
8.18 88.6 72.4 16.2 
8.38 128 112 16.0 
8.60 165 152 13.0 

a At 30 OC, [KBr] = 0.1 M, and p = 0.11 M. 

- 1  1- , & ,  I 
6 7 * pH 

Figure 3. pH dependence of the rate constants for the formation 
(kf) and decomposition (kd) of the pseudobase 4d (see eq 9). 

of 3d described above. This agreement provides strong 
support for our interpretation of the kinetics of bromi- 
nation of 3d, and, by implication, of the other substrates 
also. 

The deviations from the calculated curves in Figure 3 
at  pH >7.5 can be attributed to buffer catalysis. There 
have been indications of such catalysis in work on other 
cation-pseudobase More specifically, it 
is suggested here that formation of the pseudobase 4d 
involves general base assisted nucleophilic attack of waterla 
upon the cation 3d and that the reverse reaction is gene- 
ral-acid catalyzed (eq 13). Such a situation requires the 

(13) 3 + H20 + B -4 + BH+ 

addition of a term k ~ [ B l  to kf (eq l l a )  and of a term 
kBH[BH+] to kd (eq l lb).  Since both [B] and [BH+] are 
proportional to [B],, the total buffer concentration at a 
given pH, this requires that kobd should be directly pro- 
portional to [B],. 

Table IV shows values of kohd obtained at various con- 
centrations of Tris a t  four pHs in the region where the 
deviations are apparent in Figure 3. In each case k , , ~  
increases linearlylg with [B],, thereby supporting the in- 

kB 

kBH 

(17) Bunting, J. W.; Meathrel, W. G. Can. J.  Chem. 1973, 51, 
1965-1972. 

(18) The attack of water and alcohols upon the N,O-trimethylene- 
phthalimidium cation is general-base catalyzed. Gravitz, N.; Jencks, W. 
P. J. Am. Chem. SOC. 1974,96, 489-499,494-507, 507-515. 

Table IV. Buffer Catalysis of 3d 4d" 

PH M M S least squares b 

7.77 0.594 0.375 14.2 m =  197.7 

lo'[Tr~], 10'[HBrl, key, 

0.891 0.562 14.7 c = 13.03 
1.19 0.750 15.5 r = 0.9993 
2.38 1.50 17.7 
3.17 2.00 19.3 

2.75 1.55 33.3 c = 25.00 
3.67 2.06 35.7 r = 0.9939 

2.75 1.03 79.2 c = 61.39 
2.06 97.9 r = 0.9972 5.50 

7.33 2.75 107 

3.00 0.825 144 
6.00 1.65 177 r = 0.9997 
8.00 2.20 199 

8.07 1.55 0.870 30.1 m =  307.9 

8.45 2.06 0.773 73.7 m = 636.3 

8.69 2.25 0.619 134 m =  1121 
c = 109.6 

At 30 'C, [KBrl = 0.1 M. Analysis of kobsd vs. 
[Trisl.: m = slope, c = intercept, and r = correlation 
coefficient. 

volvement of buffer catalysis, presumably due to the op- 
eration of the mechanism above (eq 13). As remarked 
earlier, the deviations from the curve for IC in Figure 2 
may also be due to buffer catalysis, and so these may also 
be manifestations of the operation of eq 13. 

As pointed out before," it is probable that the rate 
constant kl represents water acting as the general base in 
eq 13 and that represents hydronium ion acting as the 
general acid. On the other hand, kOH likely corresponds 
to direct attack by hydroxide ion since there would be no 
thermodynamic advantage if it acted as a general baselsl" 
(cf. ref 5b and 11). 

It should be noted that while the pseudobase 4d is stable 
enough to be observed' and to permit the stopped-flow 
kinetic experiments discussed above, it does undergo ir- 
reversible ring opening in alkaline media.'J1 We find that 
4d disappears with kloM = 1.98 X s-l (tl/z = 350 s) 
at pH 8.70. Assuming this is due to catalysis by hydroxide 
ion only, the second-order rate constant for this is 267 M-' 
s-l. The disappearance of the 289-nm band of 4d7 is ac- 
companied by the appearance of a new band -260 nm 
which may be due to the 8-formamidoacrylamide deriva- 
tive 10. Various derivatives of the form RCONHCH= 

C 0 t4h 2 t N H b l e  

N-CHO 
Me OH Me 

4d 10 

CHCONHR' have A, in the region 257-263 nm.22 At 
longer times the 260-nm band disappears presumably due 
to hydrolysis of the formamide moietyS7 

Quantitative Aspects. Assuming now the validity of 
the mechanism in eq 1 and the various equations used to 
describe the experimental data, we can extract or estimate 
various constanta for the four substrates studied (see Table 
V). Moreover, we can estimate that extent of hydration 
of la,c and 2b. 

The constants h a R +  and kl in Table V are those which 
were used to calculate the curves for Figures 1 and 2 by 

(19) Since the data in Table IV give four masonably straight lines, they 

(20) Jencks, W. P. J. Am. Chem. SOC. 1972,94,4731-4732. 
(21) For related examples see: David, S.; Hirshfeld, H. Bull. SOC. 

(22) Moore, R. E.; Woolard, F. X.; Younw Sheikh, M.; Scheuer, P. J. 

are not displayed separately (see least-squares parameters). 

Chim. Fr. 1966, 527-529 and also ref 6 above. 

J.  Am. Chem. SOC. 1978, 100, 7758-7759. 
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Table V. Summary of Constants for la,  2b, IC, and 3da 
substrate 

constants units l a  2b I C  3d 
k ,  k , / k - ,  = k,KR+ S-' 40.0 121 21.3 97.5 
k l  
k ,  
k - 1  

pKR + - 7.4 - 7.4 - 7.7 7.53c 

S- l  0.23 0.29 0.10 0.26b 

M-1 s-l -6X lo6 - 7 x  106 - 5 x  lo6 8.8X 
M-I s - l  - 109 - 3 x  109 - 109 3.3 x 109 

KR+ = k , / k  -, M - 4  x lo- '  - 4 x  10- - 2  x lo-'  2.95 X lo-'  
pK, (fitted) 1.80 2.00 1.87 
pK, (lit.) 1.85: 1.6ge 2.02f 1.84e 
KR+/K,' -2.5 X - 4  x -1.5 X 

a At 30 'C, p = 0.11 M. Constants preceded by an approximate sign are estimated; the others are derived from experi- 
From a bromination study. Equilibration study gave k ,  = 0.2 and k - ,  = 7 X lo6 M-' s-'. 

From ref 7 .  Reference Sa. 
mental data (see text). 

Albert. A.; Brown. D. J.; Cheeseman, G. J. Chem. SOC. 1951,474-486. e Reference 9. 
g Equals [covalent hydrate]/[4-pyrimidinone]. 

using the appropriate equations given above. Since KR+ 
is known for 3d,' we have k2 = 3.3 X lo9 M-' s-l for attack 
of bromine upon the pseudobase 4d.23 Also from kl and 
KR+ we have k-l = 8.8 X lo6 M-' s-l (7 X lo6 from equil- 
ibration). Thus all the entries for 3d in Table V are based 
firmly on experiment. 

For the other substrates KR+ is not directly measurable 
but may be estimated as follows. Attack of bromine upon 
the covalent hydrate 4b probably has a k 2  value close to 
that for 4d (say -3 X lo9 M-' s-l), since both have R1 = 
Me. For the covalent hydrates 4a and 4c, both of which 
have R1 = H, one expects a slightly smaller k2 of - log M-' 
s-l. Using these estimates of k2 and the values of kZKR+ 
used in fitting, we can estimate KR+ for the covalent hy- 
drates 4a-c. From these in turn can be obtained values 
of k-l by using kl derived from the data. 

For all four substrates the constants in Table V are very 
similar, in accord with them all reacting via the mechanism 
in eq 1. Moreover, they are close to those for the isomeric 
2-pyrimidinones recently reported by us.sa The values of 
kl and kl (and k and kOH for 3d) are in the general area 
found for a variety of cation-pseudobase systems." The 
high values of k2 = lo9 M-' s-l, close to diffusion controlled 
values, are reasonable for attack of bromine upon an en- 
amine, albeit somewhat a deactivatedhb one (see 4, Scheme 
I). 

Comparison with Pyridinones. The free base forms 
of 2(1H)-pyridinone (l la),  4(1H)-pyridinone (12a), and 
their N-methyl derivatives ( l lb  and 12b) are attacked by 

R 
l l a ,  R = H 

b , R = M e  1 2 a , R = H  
b , R = M e  

bromine with second-order rate constants k2 = lo4 M-l 
s-l.16 The curves in Figure 1 correspond to apparent values 
of k2 = 2.9 X lo3, 1.2 X lo4, and 1.6 X lo3 M-l s-l for 
bromine attack upon the free base forms of the 4-pyri- 

(23) We are assuming here and in the subsequent discussion that 
molecular bromine is the attacking electrophile. As discussed elsewhere,u 
HOBr and H20Br+ are unlikely electrophiles under our conditions ([Br-] 
2 0.1 M and pH 0-5), and tribromide ion is a much weaker electrophile. 
In an earlier study on 4(3H)-quinazolinone (15) it was shown that attack 
by tribromide ion is unimportanL6 Zf it transpired that some bromination 

place by way of tribromide ion, then our values of k2 (here and 
:iW=) would have to be reduced by an appropriate fador. 
However, and more importantly, our conclusions concerning the mode 
of reaction of the heterocycle, and the extent of ita covalent hydration, 
would in no way be affected. 

(24) Tee, 0. S.; Berks, C. G. J .  Org. Chem. 1980,45, 830-835. 

midinones la, 2b, and IC, respectively. These values are 
unreasonable in that the additional aza nitrogen in these 
pyrimidinones should reduce their reactivity considerably2b 
relative to the pyridinones. In fact, from the present data 
we can set an upper limit for the actual k2 value for direct 
attack which is substantially lower and much more rea- 
sonable. 

At  pH 4.97 bromination of 3-methyl derivative IC in- 
volves rate-limiting formation of its covalent hydrate with 
the rate = koobd = 4.5 X lo-' M s-' (Table 11, Figure 2). 
Therefore the second-order rate for direct attack of bro- 
mine upon IC must be much less than this rate (eq 15). 

kz[ l~ l [Br~]~  << rate = 5 X M s-l (15) 
Insertion of the appropriate concentrations into eq 15 leads 
to the conclusion k2 << 5 M-' s-l for direct attack upon IC. 
Likewise, for la and 2b we must have k2 << 55 M-ls-' and 
k2 << 40 M-l s-l, respectively. However, it is probable that 
a value of kz << 5 M-' s-l is appropriate for all three sub- 
strates. 

If the second-order data observed for the bromination 
of 2-pyrimidin~nes~ 13a and 13b is attributed to direct 

CA0 R i  

13a, R ,  = H 
b, R ,  = Me 

attack by bromine, the apparent values of k2 are 5.2 X 106 
and 2.1 X lo5 M-' s-l. These are greater than those ob- 
served for the 2-pyridinones16 (lla,b) and so are quite 
unreasonable. In the same manner as used above we have 
estimated an upper limit of k2 << 50 M-' s-l for direct 
bromine attack upon 13.& Again this is much more in 
keeping with the known deactivating influence of an aza 
nitrogen.26 

Covalent Hydration. The degree of covalent hydration 
of the substrates 1a,c and 2b may be estimated from the 
pK1 values and values of KR+bJ1 estimated as described 
above and presented in Table V. For example, for la we 
have Kl = [la][H+]/[3a] = lO-'.@'and KR+ = [4a][H+]/[3a] 
= Therefore, [4a]/[la] = KR+/K1 = 2.5 X lo* is 
the extent to which 4(3H)-pyrimidinone (la) exists as ita 
covalent hydrate in aqueous solution. The values for the 
N-methyl derivatives IC and 2b are quite similar (Table 
V). By way of comparison the 2-pyrimidinones 13ab have 
values of -5 X lo4 and -1 X lo4, respecti~ely.~* 

(25) (a) Katritzky, A. R.; Johnson, C. D. Angew. Chem., Int. Ed. Engl. 
1967,6,608615. (b) Tomasik, P.; Johnson, C. D. Adu. Heterocycl. Chem. 
1976,20, 1 4 4 .  The value of um+ for aza nitrogen is 0.54. 
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The effect of benzannelation upon covalent hydration 
can be seen by comparing the pyrimidinones discussed 
above with the appropriate quinazolinones. In aqueous 
solution 2( lw-quinazolinone (14) exists to the extent of 

0 

Tee and Paventi 

since they recrystallize more easily and show greater long-term 
stability. These salts gave appropriate UV, IR, and 'H NMR 
spectra. 

For the most part the solutions used in kinetics experiments 
were 0.1 M in potassium bromide and had p = 0.11 M.bb At high 
acidities solutions had [KBr] + [HBr] 1.1 M (see text). Kinetics 
experiments were carried out at  30 "C by using a stopped-flow 
apparatus and a transient recorder employed in earlier work.bm 
Bromine disappearance was measured by using the decrease in 
absorbance by BrS- in the 267-290-nm region relative to little or 
no change occurring at 320 nm.6b 

Each of the rate constants quoted in the text is the average 
of 3-5 runs differing by <lo%, although in most cases they 
differed by <5%.@ First-order rate constants were obtained from 
least-squares analysis" of In (A - A,) vs. time for absorbance data 
covering -90% reaction (3-4 half-lives). In several cases values 
of A, were not stable due to the elimination 7 - 97 (Scheme 
I). For these cases A, was obtained by the Kezday-Swinbourne 
method." Rate constants were also obtained by the Guggenheim 
methodm for comparitive purposes. 

Zero-order rate constants were obtained as described previ- 
ously.* Most of the second-order rate constants given in the text 
are derived from pseudo-first-order rate constants, taking into 
account the substrate Concentration" and the depletion of bromine 
due to tribromide ion formation.U Some experiments were carried 
out where the excess of substrate over bromine was not large, and 
so the absorbance data was analyzed directly for second-order 
behavior (see entries in Table I with a superscript e). The total 
absorbance change (A, - A,) was equated with the consumption 
of all the initial bromine concentration. By use of the apparent 
extinction coefficient thus obtained, concentrations of substrate 
and bromine at various times were calculated from the absorbance 
data covering -90% reaction. These were analyzed by least- 
squares methods on the basis of the second-order equation In ( b  
- x ) / ( a  - n) = In b / a  - (a - b)k,t ,  where a (the initial substrate 
concentration) > b (the initial bromine concentration), and x is 
the amount consumed after time t .  The apparent second-order 
rate constants which were obtained from such analysis% were 
corrected for tribromide ion formationU to give values whose 
averages are quoted in the text. 
Analysis of the mixed zero-order and first-order data was based 

upon the integrated form of eq 2, as detailed elsewhere.h 
Studies of the equilibration of the cation 3d and its pseudobase 

4d followed established pr~cedures .~~J~J '  The appearance or 
disappearance of 4d was monitored at 289 nm relative to little 
or no change at 320 nm. 
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H 

14 
15 

25% as its covalent hydrate% (i.e.; KR+/K1 = 0.33). Thus, 
relative to 2(1H)-pyrimidinone (13a) there is - 1000-fold 
more hydration (AAG = 4 kcal/mol) in the case of 14. This 
is probably a reflection of the lesser "aromaticity" of the 
heterocyclic ring of 14 relative to that of 13a. 

The degree of covalent hydration of 4(3H)-quinau>linone 
(15) is not known,27 although its covalent hydrate is in- 
volved in its bromination in aqueous solution.6 Thus 
comparison between 15 and la is not possible at this time. 

Conclusions 
In aqueous solution the 4-pyrimidinones la, 2b, and IC 

exist to a very limited extent (-0.0001%) as their covalent 
hydrates (4a-c). Nevertheless, a t  pH <5 bromination 
ensues by way of attack upon these covalent hydrates 
because they are so reactive toward bromine (k, = lo9 M-' 
SI). Indeed, a t  pH >2.5 formation of 4 from 3 is the 
rate-determining step, whereas at pH <2.5 attack of bro- 
mine upon 4 is rate-limiting. The primary steps 3 ~t 4 - 
5 of the mechanism shown in Scheme I are thus substan- 
tiated. Since the remaining steps are based on an earlier 
s t ~ d y , ~  the entire mechanism in Scheme I is supported. 

Our results demonstrate quite dramatically the effect 
that covalent hydrates may have upon reactivity. For 
direct attack by bromine upon 4(3H)-pyrimidinone (la) 
a value of k2 << 5 M-' s-l is indicated. However, by virtue 
of it reacting via its covalent hydrate, it has an apparent 
value of k2 = 2.9 X lo3 M-' s-l, and thus its reactivity is 
enhanced by >>580 times. For 2(1H)-pyrimidinone (13a) 
the enhancement is even greater at  >>lo4 times due to its 
greater extent of covalent hydration. 

Experimental Section 
The origins of the Substrates (la, 2b, IC, and the 3d perchlorate 

salt) were the same as noted previously,' although some la was 
obtained from commercial sources and recrystallized before use. 
In many instances the hydrobromide salts of 2b and IC were used 

(26) Albert, A.; Howell, C. F. J.  Chem. SOC. 1962, 1591-1596. 
(27) Estimation of the degree of covalent hydration of 15 from bro- 

mination data" is not possible due to the lack of a reasonably accurate 
value of KR+ for ita dimethyl derivative.s 

(28) Only those runs which gave r 2 0.9995 (for 12-20 points) in 

(29) Swinbourne, E. S. "Analysis of Kinetic Data"; Nelson: London, 
least-squares analysis were considered acceptable. 

1971; pp 78-84. 


