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Abstract Iodocytosine is deiodinated by specific hydrogen-ion 
attack on the neutral species to iodouracil, which is further trans- 
formed to uracil in acid solutions. The extent of the transforma- 
tion of iodouracil to uracil is dependent on its concentration and 
is consistent with a postulated equilibration of iodouracil and two 
chloride ions with uracil and the complex anion IC12- and thus is 
a function of hydrochloric acid concentration. There are pH-inde- 
pendent rates of solvolysis at high acidities, indicative of negligi- 
ble hydrogen-ion-catalyzed solvolysis of protonated iodocytosine. 
In the neutral pH region, the iodocytosine solvolysis can be ra- 
tionalized by general acid-base and water catalysis to cytosine, 
since it was shown that phosphate and carbonate buffers served 
as catalysts for the deiodination although acetate buffers did not. 
Hydroxide ion attacked both the neutral and anionic iodocytosine 
and produced 6-hydroxycytosine, which further degraded on hy- 
droxide-ion attack, probably through a fast reacting barbituric 
acid intermediate. Arrhenius parameters were determined. 
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5-iodocytosine, kinetics and mechanisms 

The iodinated nucleosides have interesting antitu- 
mor and antiviral properties (1, 2). The kinetics of 
the solvolytic transformation of iodouridine and io- 
douracil were investigated (3-5) as were various py- 
rimidine and purine nucleosides and their derivatives 
(6-14). Cytosine, cytidine, and arabinocytosine un- 
dergo hydrolytic deamination to yield the corre- 
sponding uracil derivatives (12-14), and their ring 
system is susceptible to nucleophilic attack at the 
5,g-double bond (3). 

The purpose of this paper is to report the complete 
rate-pH profile for the solvolytic degradation of io- 
docytosine, its Arrhenius parameters, and the pH 
dependencies of the solvolytic degradative. mecha- 
nisms of the compound and its initial products in 
acid, neutral, and alkaline solvolyses, which include 
iodouracil, cytosine, and 6-hydroxycytosine, where 
the formation of such products is pH dependent. 

EXPERIMENTAL 

Kinetic Measurements-Appropriate quantities of the iodocy- 
tosine' to produce a final concentration of 1 X M were 
weighed into volumetric flasks and diluted to volume with nitro- 
gen-purged distilled water. Aliquots were taken from these stock 
solutions and diluted with acid, alkali, or an appropriate buffer 
solution to produce, in general, a final nucleoside concentration of 
1 x 10- * M.  All sample solutions were purged with nitrogen. 

The fast reacting solutions in acid and alkali media were stud- 
ied in 100-ml volumetric flasks. The slow reacting solutions in 
buffer were purged with nitrogen and sealed in 5-ml ampuls2. The 
reactions were conducted in constant-temperature oil baths con- 
trolled at selected temperatures between 70 and SO", samples 
were withdrawn at suitable time intervals, and spectra were re- 
corded3 with time in the spectral range of 220-350 nm. 

California Corporation for Biochemical Research, Los Angeles, Calif. 
Kimble, neutraglass. 
Cary model 15 recording spectrophotometer. 

Spectrophotometric readings were also made on acidified solu- 
tions, obtained by adding 0.1-0.3 ml of concentrated hydrochloric 
acid to lower the pH below 1, and on alkaline solutions, obtained 
by adding 0.1-0.4 ml of concentrated sodium hydroxide. 

pH Measurements-The pH values of the sodium hydroxide 
and hydrochloric acid solutions a t  the temperatures studied were 
calculated from extrapolation of the activity coefficient data in 
the literature (15). The pH values of buffer solutions were mea- 
sured directly a t  the temperature of the study on a pH meter' 
equipped with a high temperature combination electrodes, 
standardized with standard buffer solutions of pH 4.0, 7.0, and 
10.0 a t  the same temperature. 

M) in 1 N HCI, 
distilled water, and 1 N NaOH were prepared and were main- 
tained at  85" in a constant-temperature bath; aliquots were with- 
drawn at  suitable time intervals. The acidic solutions were neu- 
tralized before spotting on TLC plates. Solutions (1 X 10- M )  of 
cytosine, uracil, iodouracil, iodocytosine, barbituric acid, and iso- 
barbituric acid in distilled water were prepared as standards for 
TLC studies. 

The reaction mixtures and standard solutions were spotted on 
TLC plates coated with a 5-mm layer of silica gel6 and activated 
at 110" overnight. The chromatograms were developed in closed 
tanks with a mixture of tert-butyl alcohol-methyl ethyl ketone- 
ammonium hydroxide-distilled water (4:3:2:1). The solvent front 
advanced 15-16 cm in approximately 4 hr. After drying, the spots 
were visualized under UV light. The spots of the chromatogram 
were extracted with 0.1 N HCI and 0.1 N NaOH, and UV spectra 
of the eluates were taken. 

Identification of Initial Product of Alkaline Reaction, 6- 
Hydroxycytosine-Two grams of iodocytosine in 100 ml of 1 N 
NaOH was refluxed for 24 hr until the iodocytosine peak at  A,,, 
297 nm almost disappeared. The reacted solution was cooled and 
a white precipitate, which was nonchromophoric in the UV when 
dissolved in water, was filtered off. The filtrate was eluted with 
distilled water through a column of cationic resin7 (50-100 mesh, 
2.2 X 30 cm). 

Aliquots of 100 ml were collected at  a constant flow rate (3 ml/ 
min). The first three fractions had no UV absorption and were 
discarded. Fractions 4-8 had an absorption maximum in the 
256-257-nm range (9). These fractions were pale yellow and 
ranged in pH from 1.3 to 3.6. The fractions were combined and 
evaporated to dryness. The residue was washed with acetone and 
ether and recrystallized in methanol. The IR spectra of this com- 
pound suggested barbituric acid (16), and it is well known that 
6-hydroxycytosine is readily hydrolyzed by dilute acid to this 
product (17). 

Fractions 9 and 10, which had UV A,,, a t  259-262 nm, were 
discarded. The UV absorption of fractions 10-20 had A,,, 264- 
265 nm. These were combined and evaporated to dryness, and the 
residue was washed with acetone and ether and recrystallized 
three times in water. The product exhibited UV absorption at  
A,,, (0.1 N HC1) 263 nm, A,,, (water) 265 nm, and A,,. (0.1 N 
NaOH) 266 nm. The UV data were in good agreement with an 
authentic solution of 6-hydroxycytosine and reported data (18) 
[A,,. (pH 3.0) 264 nm and A,,, (pH 11.0) 266 nm]. It did not 
melt below 310" and gave an IR spectrum identical with that of 
6-hydroxycytosine. The NMR spectrum in de-dimethyl sulfoxide 
showed 6 4.4 (1, single, H-5), 6.1 (2, broad, NHz), and 9.5 (2, 
broad, OH). 

TLC Studies-Solutions of iodocytosine 

Direct-reading Beckman pH meter, Beckman Instruments Inc., South 

Corning combination electrode, Sargent-Welch Scientific Co., Birming- 

Dowex 50W-X2, J. T. Baker Chemical Co., Phillipsburg, N.J. 

Pasadena, Calif. 

ham, Ala. 
ti GF-254, E. Merck AG, Darmstadt, Germany. 
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Figure 1-Typical UV spectral changes of acidified solutions 
for the solvolysis of 1 x 10 - 4  M iodocytosine in acid and acetate 
buffers at 80.0"; [HaCCOOH] = 0.1020, [H3CCOC-] = 
0.0090, p H  3.65. The curves are labeled as to hours after the 
start of reaction. 

Anal.-Calc. for ClH~N302: C, 37.8; H, 3.9; N, 33.1. Found: C, 
37.41; H, 3.92; N, 32.74. 

Dissociation Constant for Iodouracil-Beer's law plots for io- 
douracil and uracil in 1 N HC1 solution were constructed3 and the 
absorptivities were 6.08 X lo3 at  280 nm and 3.45 X lo3 at  260 
nm for iodouracil and 1.88 X lo* at  260 nm and 4.37 X lo2 a t  280 
nm for uracil. 

Solution of the simultaneous equations for total absorbance 
from a mixture of iodouracil and uracil yields expressions for the 
concentrations of the two compounds: 

C,,, = (3.88 X 10")A2,, - (1.67 X 10-4)AL,,l (Eq. 1) 

c, = (3.06 x ~ O - ~ ) A ~ , ,  - (5.4 x ~ o - ~ ) A , , ~  (Eq. 2)  

Various concentrations of iodouracil in 1 N HC1 were main- 
tained at  80" in a constant-temperature oil bath. Spectrophoto- 
metric readings were obtained after appropriate dilution with 1 N 
HCl until final equilibrium was reached. The concentration of 
each component in the mixtures a t  equilibrium was calculated 
from absorbancesAa60 and A280 using Eqs. 1 and 2. 

RESULTS AND DISCUSSION 

Spectral Changes-The changes with time of typical spectra 
of the acidic, neutral, and alkaline samples of iodocytosine de- 
graded in acetate buffer, phosphate buffer, and sodium hydroxide 
solutions, respectively, are given in Figs. 1-3. 

The spectra of iodocytosine degrading in hydrochloric acid solu- 
tion and in buffers up to pH 5 (after acidification) showed an ini- 
tial absorbance at 305 nm, the A,,, of iodocytosine, which subse- 
quently decreased with time (Fig. 1). A new band appeared a t  283 
nm, the A,,, of iodouracil, and subsequently decreased, and a 
new band appeared at 259 nm, A,,, of uracil. This information, 

coupled with TLC data demonstrated that iodouracil (Amax 283 
nm in acid, 295 nm in alkali; Rf 0.82) was the first intermediate 
of the acid degradation of iodocytosine and sequentially degraded 
to produce uracil (A,,, 259 nm in acid, 283 nm in alkali; Rf 0.76). 
The isosbestic point at 290 nm was maintained for up to 1 half- 
life. 

The spectra of iodocytosine degrading in pH 5-9 phosphate and 
carbonate buffers (after acidification) showed a new band at 278 
nm in 1 half-life of iodocytosine loss (Fig. 2). TLC studies on deg- 
radation in phosphate buffer at 80" showed the initial degrada- 
tion product of iodocytosine to be cytosine (A,., 275 nm in acid, 
278 nm in alkali; R, 0.65) and the final product to be uracil (A,,, 
259 nm in acid, 283 nm in alkali; Rf 0.76). The isosbestic point at 
285 nm was maintained for 2.5 half-lives. 

The absorbance of iodocytosine in alkaline solutions above pH 
9 (A,,, 298 nm) decreased with time, and a new band appeared 
with a maximum at  265 nm (A,,, of acidified solution 264 nm) 
(Fig. 3). The maintenance of an apparent isosbestic point at 275 
nm was strong evidence of a one-to-one transformation. The final 
slow loss of absorbance at  265 nm suggested that this intermedi- 
ate degrades further to a nonchromophoric product. The reaction 
intermediate, 6-hydroxycytosine, was the initial product of iodo- 
cytosine alkaline degradation and was separated by column chro- 
matography and characterized by IR, NMR, and elemental anal- 
yses. 

TLC Identification-The developed plates of degraded sam- 
ples from acid solutions under pH 5 were visualized under UV 
light and indicated the presence of iodouracil (Rf  0.82) and uracil 
(R, 0.76). The UV spectra of spots extracted by acid and alkali 
were consistent with iodouracil Bmsx (0.1 N HCI) 283 nm and 
A,,, (0.1 N NaOH) 295 nm] and uracil [A,., (0.1 N HCI) 259 nm 
and A,,, (0.1 N NaOH) 283 nm]. 

TLC spots of the samples degraded in water demonstrated that 
the products were cytosine ( R ,  0.68) and uracil ( R f  0.76). The UV 
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Figure 2-Typical UV spectral changes of acidified solutions 
for the solvolysis of 1 x 10 - 4  M iodocytosine in phosphate and 
carbonate buffers at 80.0'; ( K H 2 P 0 4 ]  = 0.0314, [Na2HPOI I = 
0.0486, p H  6.80. The curves are labeled as to hours after the 
start of reaction. 
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Figure 3-Typical UV spectral changes for the solvolysis of 
1 X 10-4 M iodocytosine in 0.05 N NaOH at 70". The curves 
are labeled as to hours after the start of reaction. 

spectra of spots extracted by acid and alkali were in agreement 
with cytosine [A,,, (0.1 N HCl) 275 nm and A,,, (0.1 N NaOH) 
278 nm] and uracil bmax (0.1 N HCI) 259 nm and A,,, (0.1 N 
NaOH) 283 nm]. However, the spot for the degradation interme- 
diate in alkali (Ama, 263 nm in acid, 266 nm in alkali) did not 
correspond to any available standards of iodouracil, uracil, cyto- 
sine, and barbituric and isobarbituric acids. After isolation by 
column chromatography, the product was found to be 6-hydroxy- 
cytosine. 
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Figure 4-Typical apparent first-order plots for the solvolysis 
of iodocytosine in various sodium hydroxide concentrations at 
80". The absorbance values, A, were measured at 297.5 nm, 
and A, is the final asymptotic absorbance. 

Table I-Apparent First-Order Rate Constants, 
k (in Seconds-'), for the Degradation of Iodocytosine 
at Various Temperatures and  p H  Values 

Temperature Buffer PH" 106k* 
~~ ~ 

70 . O o  0.85 N HC1 0.22 2.20 
0.05 N HC1 1.40 2.41 
Acetate 3.60 0.58 
Phosohate 5 -85 0 14 . . L---- ~ 

carbonate  8.75 0.225 
0.05 N NaOH 11.4 1.93 
0.20 N NaOH 11.97 2.96 
0.60 N NaOH 12.41 5.84 
0.85 N NaOH 12.56 8.90 

80 .oo 0.85 N HCl 
0.40 N HCl 
0 . 1 0 N H C l  
0.05 N HCI 
0.01 N HCl  
Acetate 
Acetate 
Acetate 
Phosphate 
Phosphate 
Phosphate 
Carbonate 
Carbonate 
0.01 N NaOH 
0.05 N NaOH 
0.20 N NaOH 
0.40 N NaOH 
0.85 N NaOH 

Acetate 
Phosphate 
0.01 N NaOH 
0 . l O N N a O H  

Acetate 
Phosphate 
0.10 N NaOH 

85 .O" 0.40 N HCl 

90 .O" 0.40 N HCl  

0.22 6 .OO 
0.55 6.20 
1.12 6.40 
1.40 6.20 
2.06 5.90 
3.60 1.43 
4.35 0.52 
5.35 0.32 
5.85 0.44 
6.80 0.35 
8.05 0.354 
8 -90 1.30 ~ .~ ~ 

9.50 3.40 
10.56 3.93 
11.23 4.93 
11.78 7.72 
12.05 11.3 
12.35 19.3 

0.40 11.1 
4.35 1.01 
6.80 0.53 

10.55 6.88 
11.41 9.63 
0.40 16.0 
5.60 8.01 
8 .O 0.87 

11.32 16.0 

aThe  pH values at various hydrochloric acid concentrations were calcu- 
lated from pH = -log / IHCI] from the activity coefficient, f ,  data in the 
literature (15). The pH values of the buffer solutions were measured at the 
reaction temperature on the pH meter standardized at that temperature. 
The pH values in alkaline solutions were calculated from pKw - pOH. where 
POH = --log f [NaOH]. The pKw and /values were obtained or extrap- 
olated for the requisite temperaturea from literature data (15). *Rate 
constants in the acetate, phosphate, and carbonate buffer region were de- 
termined by obtaining the intercepts from the linear plots of k uersus buffer 
concentration. Ionic strengths of all buffer solutions were adjusted to 0.4 
M with sodium chloride. 

6-Hydroxycytosine, 1 X M ,  was heated at 80" in 0.5 N 
NaOH. The resulting degraded solution was developed on TLC 
plates. No spots were observed other than that of 6-hydroxycyto- 
sine, even after exposure to UV light and with the use of a spray 
reagent prepared with p-dimethylaminobenzaldehyde which visu- 
alizes barbituric acid (19). 

Rate Constants-The kinetic parameters for the solvolysis of 
iodocytosine were determined by following the loss of absorbance, 
A, of the UV chromophore as a function of time to the ultimate 
absorbance, A,. 

The apparent first-order rate constants (Tables I and 11) for the 
degradation of iodocytosine at  various temperatures (70, 80, 85, 
and 90") were obtained from the slopes of first-order plots of ab- 
sorbance at 300-320 nm for acidified solutions and at  297.5 nm for 
the alkaline degradations. Plots of In ( A  - A _ )  uersus time were 
linear for all pH values a t  these wavelengths. Reasonable agree- 
ment was obtained between rate constants calculated from acidi- 
fied and alkaline spectra. Typical first-order plots for the degra- 
dation of iodocytosine at  various alkaline concentrations are given 
in Fig. 4. 

The apparent first-order rate constants for iodocytosine degra- 
dation determined in this manner generally represented molecu- 
lar transformation to iodouracil below pH 5, to cytosine between 
pH 5 and 9, and to 6-hydroxycytosine above pH 9. 

Kinetic studies were conducted with and without shielding 
from light. No significant effect on the rate constants was ob- 
served with these variations. 
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Table 11-Apparent First-Order R a t e  Constants, 
k (in Seconds-'), for the  Degradation of Iodocytosine 
in Buffers in the 3.5-9.5 pH Region at 0.4 Ionic 
Strength and 80.0' 

[CH,COOH] [CH3COONal [NaCl]  pH. 106k 

0 ,0340 0.0030 0.3960 3.55 f 1.45 
0 ,0426 0.0037 0,3950 0 . 1  1.43 
0 ,0682 0.0059 0.3930 1.48 
0.1021 0,0090 0 ,3900 1.48 
0.0095 0.0053 0.3940 4.35 0.52 
0.0017 0.0092 0.3900 5.35 0.32 

[ K H Z P 0 4 ]  [Na2HPO4 ] [NaCI ] pHu 107k 

0.0175 0.0025 0.3750 5.85 f 4 .8  
0.0350 0.0049 0.3500 0.05 6.4 
0.0700 0.0098 0 -2.504 7 7  ~ . ~ . . .  

0.1230 0.017- 0.2260 9 .6  
0 ,00784 0.0122 0.3560 6.80 f 6 . 6  
0.01568 0.0243 0.3140 0.05 9 .6  
0.03136 0 ,0486 0.2230 16.0 
0.04704 0.0730 0.1340 22.6 
0 ,00220 0.0378 0.2844 8.05 f 7 . 7  
0 ,00330 0.0567 0.2266 0.05 9.6 
0 ,00550 0.0945 0.1100 16.0 
0 ,00770 0.142 0.0654 19.3 
[Na2C03 1 [NaHC03]  [NaCl I pHa 106k 

0.0032 0.0370 0.3540 8 .9  f 2.05 
0 ,0048 0.0552 0.3300 0 . 1  2.45 
0.0080 0,0900 0.2840 3.20 
0.0112 0.1289 0.2380 3.95 
0.0045 0.0055 0.3800 9 . 5  + 2 -62 
0 0202 0 0180 0 3210 0 1 4.74 
0 0404 0 0360 0 2430 5.95 
0 0808 0 0720 0 0856 8.76 

and kHPO4-2 = 2.53 X liter/mole-sec were obtained from the 
intercepts of S1 against l / [H+] and S Z  against [H+] by least 
squares on a calculators, where the correlation coefficient was 
0.993 in each case. 

From the plots of kapp against [HC03-] and [c03-'] a t  con- 
stant pH (Fig. 6), the slopes of S1 = kHCO3- + k03-~Ka/[H:l 
and SZ = k 0 3 - 2  + kHC03- [H+]/Ka were obtained. The catalytic 
rate constants of kHCO3- = 2.57 X 10- and k03-  2 = 9.73 X 
liter/mole sec were obtained from the intercepts of plots of S1 
against l / [H+] and Sz against [H+], respectively. 

Log k-pH Profile-The complete log k-pH profiles for the sol- 
volysis of iodocytosine at  several temperatures are given in Fig. 7. 
The pH values of the highly acid and alkaline solutions were cal- 
culated from the known concentrations of hydrochloric acid and 
sodium hydroxide from the pKw and mean activity coefficients 
obtained or extrapolated from literature data (15). 

The rate constants for iodocytosine are independent of pH 
below pH 2 where the compound is completely protonated. This 
implies that hydrogen-ion-catalyzed solvolysis of the protonated 
species is negligible. The decrease of k with increasing pH be- 
tween 2 and 5 can be explained by a reduction of the fraction of 
the protonated species attacked by neutral solvent molecules. An 
alternative explanation is the kinetically equivalent hydrogen-ion 
attack on the neutral substrate, where the protonated species is 
stable with respect to deamination. The apparent first-order rate 
constants of iodocytosine degradation again become pH indepen- 
dent between 5 and 8 and indicate either water attack on the 
neutral species or its kinetic equivalent, hydroxide-ion attack on 
the protonated species. Therefore, the log k-pH profiles below pH 
7 of iodocytosine were fitted (20,21): 

= f H 1 ( * k l (  0 + ~ H C ~ ' H ? O  (Eq. 6) 

where kH, and k'H, are the apparent first-order rate constants 
(Table 111) for water attack on the protonated and neutral 
species, respectively, and where the fraction of the protonated 

All pH values were measured at the reaction temperature. The pH meter 
waa standardized with standard buffers of pH 4.00, 7.00, and 10.0 at  the 
same temperature. 

Buffer Catalysis-The apparent first-order rate constant in a 
buffer solution is the sum of catalytic contributions from the hy- 
drogen ion, the hydroxide ion, the acidic (HA) and basic (A- )  
components of a buffer, and water. 

The overall rate constant for reaction in a buffer may be ex- 
pressed by (20, 21): 

k,,, = k ,  -t k,+[H+] -k ~ H A [ H A ]  + k.JA-I + h,),-[OH] 

(Eq. 3)  
or: 

20 

g 15 

X 

4 

3 

10 

5 

. 
Thus, a plot of kapp versus [HA] at a constant pH will be linear 
with intercept ko + k H +  [H+] +  OH- [OH-] and slope S1 = k H A  
+ kA- Ka [H+]. A plot of kapp versus [A- ] at a constant pH will 
give a straight line with intercept ko  + k H +  [H+] +  OH- [OH-] 
and slope SZ = k H A  [H+]/Ka + k A - .  A plot of kapp versus [HA], 
or kapp versus [A-1, at two or more pH values will permit the cal- 
culation of both catalytic constants, k H A  and k A -  . 

No significant buffer catalysis was observed in acetate buffer. 
However, significant buffer catalysis was observed with phos- 
phate and carbonate buffers in the solvolysis of iodocytosine. The 
apparent first-order rate constants for the reactions studied at 
different buffer concentrations at  80.0" are given in Table 11. 

From the plots of kapp against HzPO4- and HPOr-' at con- 
stant pH (Fig. 5), the respective slopes of 5'1 = kHZpO4- + 
k H p O 4 -  Ka/[H+] and SZ = kHP,,4-z + kHzPor-2 [H+]/Ka were 
obtained. The catalytic rate constants of k~zp04- = 1.59 X 

0 
0 4 a 12 16 

NazHPO,] 1100&w? PO'] 

Figure 5-Plots of apparent first-order rate constants for the 
solvolysis of 1 X M iodocytosine at 80" in various con- 
centrations of phosphate buffer at constant p H  and 0.4 ionic 
strength against [HPOa-2]  and [HzPOa-]. The slopes, S1, 
for plots against [HzPOa-] were: curve A ,  p H  6.80, S ,  = 
4.09 X 1 0 ~ ~ ;  curve C,  p H  8.05, S ,  = 2.20 X and curve 
E ,  p H  5.85, SI = 4.29 X 10 *. The slopes, SZ, in  liters per  mole 
seconds against [HP0, -2]  were: curve B, pH 6.80, S? = 
2.64 x 10-5; curve D , p H 8 . 0 5 ,  Ss = 1.30 X 10-5;and curve F ,  
p H  5.85, SZ = 3.6 X The values of n were 2 except in 
the cases of curves C and F where they were 3. 

Wang 700  
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Figure 6-Plots of apparent first-order rate constants for the 
solvolysis of I X 10-4 M iodocytosine at 80" in various con- 
centrations of carbonate buffer at constant p H  and 0.4 ionic 
strength against [ H C 0 3 - ]  and [C03-2]. The slopes, S1, in liters 
per mole seconds for plots against [HCOI-]  were: curve A ,  p H  
9.5, S1 = 7.50 X and curve D,  p H  8.9, SI = 2.07 X 

were: curve B ,  p H  9.5, S2 = 6.67 X 10"; and curve C,  p H  
8.9, S, = 2.37 X The values of n were 2 except in the 
case of curve C where it was 3. 

The slopes, S?, in litersper mole seconds against 

species is: 

(Eq. 7) 

and the fraction of the neutral species is: 

Ka 
f H C  = [H'] + Ka, (Eq. 8)  

The kinetic pKal values were estimated from the best fit (19) 
of the log k-pH curves and were also determined by the half-neu- 
tralization technique. The pKal value of 3.0 was almost invariant 
among the temperatures studied (Table III). At room tempera- 
ture, the pKal value was determined spectrophotometrically to 
be 3.32. 

The k values for iodocytosine degradation increase with pH 
values above 7.0. The fact that there is an inflection in the log 
k-pH plot (Fig. 7) in the 10-12 pH range indicates that a second 
acid dissociation constant, Kaz, influences the rate of the reac- 
tion. The increase of the apparent first-order rate constant, k ,  
with increasing pH between 8 and 10 can be explained by a hy- 
droxide-ion attack on the neutral species or its kinetic equivalent, 
the attack of hydroxide ion on the monoionized molecule. 

Above pH 11.5, a linear increase of log k with increasing pH to 
give a slope close to unity indicates specific hydroxide-ion cataly- 
sis, which can be explained by hydroxide-ion attack on the mo- 
noionized species or the kinetically equivalent water attack on 
the dianionic species. 

The apparent first-order rate constant for iodocytosine in the 
alkaline region above pH 7 may be formulated (20,21): 

k = ko~-[OH-If,c + k',-[OHIfc- + h ' H I O f H C  (Eq. 9 )  

where ~ H C  is the fraction of neutral species: 

(Eq. 10) 

and fc- is the fraction of the nucleoside as the anion in the solu- 
tion: 

Ka, 
jc- = [H+] + Ka2 (Eq. 11) 

The hH-, k'oH-, and Kaz values were determined from the 
best fit of the alkaline branch of log k-pH plots in accordance 
with Eq. 9, and the Ka2 values were also determined by the half- 

/ / /  / 10-6 t 

1 0 - 7 1 . )  I I a I I a a I 

2 4 6 8 1 0 1 2  
P H  

Figure ?-Log k-pH profiles for the solvolysis of iodocytosine 
at several temperatures, where k is the apparent first-order rate 
constant for dearnination to iodouracil below p H  5, for deio- 
dination to cytosine at p H  5-9, and for hydroxylation- 
deiodination to 6-hydroxycytosine above p H  9. 

neutralization technique (Table 111). A pKa2 value, obtained by 
the spectrophotometric method, was 10.59 a t  25". 

Since Kw = [H+l[OH-I, the components of the rate constant 
a t  any pH value from Eqs. 6-11 are: 

k'H2dH'l + + kH2dH'J + ~ H , o K ~ I  k =  
[H+] + Ka, [H'] + Ka, [H'] + K a ,  

The rate of production from iodocytosine of iodouracil is char- 
acterized by the apparent first-order rate constant given as the 
first term on the right-hand side of this equation. The next two 
terms characterize the rate of production of cytosine, and the 
final terms characterize the rate of production of 6-hydroxycyto- 
sine. 

Dependence of Rate on Temperature-Estimates of the Ar- 
rhenius parameters for the solvolysis of iodocytosine were ob- 
tained from the slopes and intercepts of plots of the logarithm of 
the apparent first-order rate constants, kapp, uersus the reciprocal 
of the absolute temperatures, T, in accordance with the expres- 

270 280 290 300 
100 x i / r  

Figure 8-Arrhenius plots for the catalytic rate constants for 
the solvolysis of iodocytosine. 
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Table 111-Microscopic Rate Constants" and Arrhenius Parameters for Solvolytic Degradat ion of Iodocytosine 

Temperature  lo6 kH,o 10' k'H20 l o3  koH- lo5 k'oH- pKalb pKa2* 

70 .Oo  
80 .Oo  
85 .Oo  
90 .oo 
log P 

2.20 
6 .20  

10 .oo 
16 .OO 
9 .68  

1.40 2.98 
3.50 6.33 
5 .28  11 .oo 
8 .02  15 .OO 
6 .94  10.52 

1.77 3 . O c  3 . O d  9.73c 9.88d 
3.29 3 . O c  3 .Od  9.4OC 9.63d 
5.68 3 . O c  3 . O d  9.24< 9 .65d 
9.02 3 . O c  3 . O d  9 . 1 1 r  9.55d 
8.06 

 AH^, 
kcal/mole 24 .1  21.6 20.5 20.2 

AS*,  eu' - 14.6 -27 .1  - 10.6 -22.0 

a Based on the kinetic expression for the overall apparent first-order rate constants, k;rl,l,r for the degradation of iodocytosine: 

k,,pp = kH10fH2C+ + (k'tiro f kofr-  [OH -1)hrc + k'ofI- IOH -If(. 

where kHrO and k'lr,o are the first-order rate constants for the spontaneous decomposition of the positively and uncharged iodocytosine, respectively; kOH - 
is the bimolecular rate constant for the hydroxide-ion-catalyzed reaction of the neutral species; and k ' o H -  is for hydroxide-ion-catalyzed reaction of the mono- 
anion of iodocytosine. The/Hlc+ = [H+]/([H + ]  + Kul) is the fraction of protonated iodocytosine; f ~ c  = Kul/([HIl + KQI) is the fraction of uncharged 
iodocytosine in the0-6.5 pH range; /HC = [H + ] / ( K a r  + [H ' I )  is the fraction of iodocytosine that is undisaociated above pH 6.5; fc- = Ku?/( [H ' 1  + KQ?) is the 
fraction of iodocytosine that is monoanion at pH values above 9.5. * The spectrophotometricaly determined values were pKal = 3.32 and pKar = 10.6 a t  25' 
from theexpressionpKa = pH + log/(A - AI)/(A? - A),  where A is the absorbance at any pH, and A, and A? are the absorbance3 of the equilibratin: 
species. Determined from the fitting of the log k-pH data. Determined at the pH of half-neutralization. Where log k ,  = - AHa,'2.303RT + log P .  

Where A S *  = [log P - log kT/h]  2.303R at 80". 

sion (20, 21): 

log k = log P - AH0/2.303RT 0%. 15) 

where R is 1.987 cal deg-l mole-'. The energies of activation, 
AH,, a t  several pH values were (kcal/mole) 24.4 (pH 2.0) and 
20.8 (pH 7.0). 

The Arrhenius plots for the specific rate constants are shown in 
Fig. 8. The AH, and log P values obtained from the slope and the 
intercept of the Arrhenius plots for the specific rate constants are 
listed in Table III. 

The entropies of activation, A S # ,  were calculated from the log 
Pvalues using the equation: 

(Eq. 14) 

where k is the Boltzmann constant, 1.387 X 10- l6 erg deg- l ,  and 
h is the Planck constant, 6.623 X erg sec. The calculated 
entropies of activation at 80" are given in Table III. 

Possible Mechanisms for Solvolytic Transformations of Io- 
docytosine and Its Solvolytic Products-The mechanisms for 
the hydrolytic deamination of cytosine and its derivatives in 
aqueous buffer are explicable (12, 14, 22) by two kinetically 
equivalent processes (Scheme I) .  The first is analogous to the hy- 

drolysis of an amide involving nucleophilic displacement of the 
amino group of the protonated cytosine, I1 (I - I1 - IV - VLII); 
and the second mechanism is by initial N-3 protonation of iodo- 
cytosine, I, followed by the saturation of the 5,6-double bond re- 
sulting in an electron deficiency a t  (3-4, v, thus facilitating nu- 
cleophilic attack by water with subsequent deamination and de- 
hydration to iodouracil (I1 - I11 - V - VI - VII - VLII). The 
electron-withdrawing iodo group a t  C-5 could help create the elec- 
tron deficiency a t  C-4 and subsequent nucleophilic attack by 
water in both mechanisms. The lack of significant acetate buffer 
catalysis may favor the first mechanism. 

In the acidic pH region, the deamination of iodocytosine occurs 
to give iodouracil, VIII, which subsequently produces uracil. 

The deiodination mechanism of iodouracil in acidic solution 
was reported previously (3) and is apparently a consequence of 
the dissociation of iodouracil to uracil and an iodonium ion pro- 
moted by protonation of one nitrogen of the pyrimidine ring to 
permit the formation of an activated complex stabilized by a di- 
pole. Facile rearrangement would give uracil (Scheme 11). This is 
an equilibrium phenomenon, as was shown by the facile produc- 
tion of iodouracil from IC1 and uracil in acid solution (3). The 
complete transformation of iodouracil to uracil occurred only in 
the presence of acid-degraded deoxyribose (3), which produced 5- 
methyl-3(2H)-furanone (23), a compound that reduced the iodon- 

V VI I-..,+ 

I Iv VIII VII 
Scheme I 

VIII IX X 
Scheme I1 

XI 
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Table IV-Equilibration of Iodouracil with Uracil in 1 N H C l  at 80.0" 

[IU 100 [IU 12 [U I." 
4 x 10-5 1 . 9 1  x 10-5 2 .09  x 1.09  52 . O  2 . 2 8  x 10-5 
5 x 10-5 2 . 4 5  X 2 . 5 8  x 10-5 1 .08  5 1 . 5  2 . 7 3  x 10-5 
1 x 10-4 6 . 1 6  X 3.84  x 0 . 6 2  38 . O  2 . 3 9  x 
1 x 10-5 8 . 5 6  x 1 . 4 4  x 10-5 0.17 1 4 . 4  2 . 4 2  x 

Average 2 . 4 6  X 10 -6 

a Initial concentration of iodouracil. Equilibrium concentration of iodouracil. Equilibrium concentration of uracil. Ratio at equilibrium of uracil to iodo- 
Apparent dissociation constants of iodouracil may he based upon the equilibrium established in uracil. 

hydrochloric acid solution: 
Percent transformation of iodouracil at equilibrium. 

I U  + 2c1- s u + 1c12- 
where: 

K = lU l . [ IClr~I /~IUl .~C1~12  = LUle2,"IUle 
where lIC1z-I = [Ul, and [Cl-] = 1.0 in 1.0 M HC1. 

ium ion and iodine to iodide ion and so displaced the equilibrium 
given in Scheme 11. 

M io- 
douracil in 1 M HCI at  80", and 14.4% of iodouracil had formed 
the uracil product a t  equilibrium. In the present studies, when a 
1 X lo-* M concentration of iodouracil was reacted in 1 M HCI 
at  80", 38% was transformed to uracil a t  equilibrium; a t  5 X 
M ,  it was 50%. Neither iodocytosine nor any of its degradation 
products, including ammonium ion, acted as a reducing agent, 
such as deoxyribose, to complete the transformation of iodouracil 
to uracil. Nor did these compounds change significantly the equi- 
librium between iodouracil and uracil in 1 M HCl solution. 

However, it is apparent (Table IV) that an increase in the con- 
centration of iodouracil in 1 N HCl decreases the ratio of uracil, 
U, to iodouracil, IU, at equilibrium. The following equilibria have 
been postulated (3,24,25) in hydrochloric acid solutions: 

These previous studies (3) were conducted a t  1 x 

IU f u + I+ 

I+ + c1- = ICI 

ICI + c1- f 1c1,- 

so that the overall expression for iodouracil dissociation can be 

given by the sum of these equilibria: 

IU + 2c1- G Ic12- + u 
with an equilibrium constant of 

The premise that [U] = [IC12-] is based on Philbrick's (24) re- 
port that the concentration of iodine cation released in concen- 
trated hydrochloric acid must be negligible and must be in the 
form of the complex anion, IClz-. It also follows that, at  1.0 M 
chloride ion, the apparent dissociation constant of iodouracil is 
the ratio of the square of the uracil concentration to the iodoura- 
cil concentration a t  equilibrium. The constancy of the dissocia- 
tion constant a t  80.0" calculated in Table IV for various iodourac- 
il concentrations is consistent with these relationships and the 
average value of K is 2.46 x 

It follows from Eq. 15 that the ratio of uracil to iodouracil a t  
equilibrium will increase a t  higher hydrochloric acid concentra- 
tions and decrease a t  higher initial concentrations of iodouracil, 
[IU]o (Table IV). 

liter/mole. 

I XI1 

0 0 
H ._ 

I 

Scheme I l l  

I XVIII XIX 
Scheme IV 

xx 
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Scheme V 

The deiodination of iodocytosine in the 5-9 pH range produces 
cytosine, which then deaminates to uracil. Neutral iodocytosine 
could undergo a general base-catalyzed deiodination by satura- 
tion of the 5,6-double bond, XII, with subsequent regeneration of 
cytosine, X U ,  after the elimination of hypoiodous acid, which 
may disproportionate to iodide ion and periodate (Scheme 111). 
This mechanism can be rationalized with the significant phos- 
phate and carbonate buffer catalysis observed in this pH region. 
The rate-determining hydroxide-ion attack on the protonated 
species (at N-3) is kinetically equivalent to water attack on the 
neutral species and can rationalize the rate constant k’Hm in Eq. 
6. The deamination mechanism of cytosine has been discussed 
previously (12, 14). This facile deamination reaction can also be 
explained in terms of an addition-elimination mechanism 
(Scheme 111). 

Above pH 9, the reaction intermediate isolated by column 
chromatographic separation was 6-hydroxycytosine. Since the 
product of alkaline-degraded cytosine was uracil (14), i t  is proba- 
ble that the 6-hydroxycytosine, XX, was produced concomitantly 
with the deiodination process. It can be explained by saturation 
of the 5,6-double bond, XVIII or XXII, followed by base-catalyzed 
substitution of iodide ion, XIX or XXIII, with subsequent regen- 
eration of the 5,g-double bond to give 6-hydroxycytosine, XX or 
XXIV (Schemes IV and V). It is possible that the final dehydra- 
tion (XIX - XX, XXILI - XXIV) produced some S-hydroxycy- 
tosine, which degraded too fast to be isolable (19). 

The degradation of the 6-hydroxycytosine in alkaline range 
could be to barhituric acid (19) which undergoes rapid alkaline 
destruction of the chromophoric ring structure. This may have 
been indicated by the IR after concentration of degraded material 
separated by column chromatography, although it could have 
been a consequence of catalysis by H i  (17) from the cationic-ex- 
change resin. TLC and spectral monitoring of the reactions did 
not give any positive evidence. However, the difficulties inherent 
in the detection of barbituric acid are understandable since the 
rate of degradation of barbituric acid in alkali (19) is about 100- 
200 times faster than its probable rate of formation from 6-hy- 
droxycytosine (Table V). 

Table V-Apparent First-Order Rate Constants 
(in Seconds-’) for t h e  Degradation of 6-Hydroxycytosine 
a n d  Barbituric Acid in Alkali at 80.0’ 

k a  kb 
Barbituric 6-Hydroxy- 

[NaOH]  pH Acid cytosine 

0 . 0 1  10.56 1 . 7 9  X 6.68 X lo-* 
0 . 0 5  11 .23  6 . 4 3  X 2.59  X 
0 .20  11.78 1 .00  X 6.68 X 
0 . 4 0  12.05 1.19  X 8 . 0 2  X 

a Reported (19) values for apparent first-order rate constant of barbituric 
acid at 80”. * The final spectral readings, A,. for studies on the solvolysis of 
6-hydroxycytosine in alkali were perturbed by the formation of cloudy 
silicate precipitates. The rate constants for 6-hydroxycytosine degradation 
in alkali were calculated under the assumption that the A is zero at 265 nm. 

XXIV 
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