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Abstract; The tautomeric interconversion of the monoanions of uracil and of 5-fluorouracil are shown by laser and joule-heated
temperature-jump spectroscopy to proceed via a two-step mechanism involving the protonated or the deprotonated forms com-
mon to both tautomers. No contribution from a bifunctional nondissociative proton transfer mechanism involving water mole-

cules is detected in the interconversion kinetics.

Introduction

Interconversion between the N(1)H and the N(3)H tau-
tomers of the neutral pyrimidines, cytosine? (Cy) and isocy-
tosine? (iCy), has been shown from temperature-jump relax-
ation experiments to proceed, in aqueous solutions, through
intermediate protonation or deprotonation leading to a species
common to both tautomers. This last species is then deproto-
nated or protonated yielding one of the tautomers (“D mech-
anism,” dissociative).* In contrast, in the structurally closely
related case of the uracil monoanion (U~)5 for which the D
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mechanism is expected, it has been reported®® from dynamic
NMR data that a concerted nondissociative proton transfer
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involving water molecules (“ND mechanism” nondissociative)
would greatly contribute to the tautomeric interconversion
rate,

Contribution of the ND mechanism to tautomeric inter-
conversion has been shown by us? to be strongly related to the
geometry of the tautomeric systems. It therefore seems that
either the presence of a negative charge favors the ND mech-
anism, or the dynamic NMR technique gives information
different from that obtained by relaxation spectrometry on
aqueous solutions containing tautomeric molecules. Among
the various systems studied® by the dynamic NMR technique,
only the uracil monoanions absorb in the near UV, thus pro-
viding a unique opportunity to compare both methods.

Methods

Laser Temperature-Jump Experiments. Quantitative mea-
surements on fast relaxation spectra (relaxation time smaller
than 5 us) were performed with the previously described laser
temperature-jump apparatus.” For these measurements the
detection bandwidth was limited to 5 MHz, in order to reduce

© 1978 American Chemical Society
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Figure 1. Laser temperature-jump relaxation spectrum of an aqueous
uracil solution: pH 11.0; substrate concentration ¢ = 3.2 X 1073 M; optical
path 0.6 mm; ¢; =4 °Cand ¢; = 10 £ 2 °C; observation wavelength A 293
nm. Vertical scale: 50 mV /major division. 60 mV represents an optical
density (OD) change of 5 X 1073 units. Horizontal scale: 2 us/major di-
vision. The signal corresponds to an increase of the solution OD.
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Figure 2. Laser temperature-jump study of the relaxation time as a
function of pH for uracil monoanions: (—) best fit of the experimental
data with eq 1. Substrate concentrations: v,7.2 X 1073 M; @, 3.2 X 1073
M;0,1.5X103M;t;=4°Candtr=1042°C; A 293 nm.

the shot noise; since the spectrometer light source (a xenon
1 50-W arc lamp) was pulsed when firing the laser, there was
a considerable improvement in the signal to noise ratio.® The
Polaroid pictures (Figure 1) were digitized by means of a
Matra analogic digital transducer system (S.T.R.A.N.D.)
coupled with a PDP-8 processor (Digital Equipment Corp.).
The relaxation times were computed by performing a least-
squares regression. A kinetic run consisted of three to six re-
laxation spectra. The pH (measured with an EA 125 Metrohm
combined electrode fitted on a circulating device) was adjusted
by addition of aliquots of NaOH and HCI. Standard experi-
ments were performed at 0.6-mm optical length with ¢; = 4 °C
and 7r ~ 10 °C. The solutions were degassed prior to use. In
order to avoid photochemical decomposition, illumination was
cut down except when recording the relaxation curve. UV
spectra of the solutions diluted in appropriate buffers before
and after a kinetic run were identical within experimental error
in every case, and the concentrations were determined from
the optical densities.

Joule-Heated Temperature-Jump Experiments. Tempera-
ture-jump experiments were performed with the apparatus and
circulating device described previously® together with the
modifications introduced later.? Standard experimental con-
ditions were initial temperature ¢; = 2 °C and final tempera-
ture tr = 10 °C. The use of concentrations from 105 to 1073
M brought the interconversion relaxation time into the
10~4-1073 s range. A kinetic run consisted of at least three
series of accumulations of three to nine relaxation spectra. The
mean values for the relaxation time and for the corresponding
pH were kept for further computations. The pH was contin-
uously measured with a Radiometer type 64 pH meter,
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Figure 3. Joule temperature-jump study of the relaxation time as a function
of pH for S-fluorouracil monoanions: (—) best fit of the experimental data
with eq 1. Substrate concentrations: O, 1.6 X 1073 M; @,0.96 X 1073 M;
v,035X 1073M:; A,028 X 1073 M;t;=2°Candt;=10°C; A 295
nm.

Table I. Thermodynamic Data Used in This Work?

pK, pK> Kt
Uracil 9.7412 13.513 (25 °C) 0.88514
5-Fluorouracil 8.13% 12.6¢ 0.513

a At 10 °C and u = 0 unless otherwise stated. # Measured by po-
tentiometry. ¢ Measured by spectrophotometry in NBS buffers.

equipped with a G202C Radiometer glass electrode and a
NaCl reference electrode; the difference between its initial and
final value never exceeded 0.05 pH units. Solutions for the
kinetic runs were prepared by dissolving weighed amounts of
compounds in 0.2 M solutions of NaClOy4, H,O (Merck re-
agent grade) in distilled water. Both uracil and 5-fluorouracil
(Aldrich) were recrystallized from water and their purity was
checked by TLC.10

Results

When a solution of uracil monoanion (U™) is subjected to
a rapid temperature rise, the optical density at 293 nm in-
creases exponentially with a time constant smaller than 3 us.
This is too fast to be studied by the conventional Joule-heating
technique, unless high ionic strengths are used, which would
make the conversion of pH into concentrations inaccurate.
Therefore our laser temperature-jump apparatus (heating time
20 ns) was well adapted for this quantitative study. The re-
laxation time is pH dependent, maximizes around pH 10.5, and
is shortened at lower pH by increasing substrate concentration
(Figure 2). Thus, the relaxation time, 7, is fitted to the equa-
tion'!

=1 = ko + kon-Con- + kun,Cun, (1a)

where C; is the equilibrium concentration of species “i” at the
final temperature, and is computed as described in the ap-
pendix of ref 9, using the thermodynamic data in Table I. A
weighted least-squares regression program? is used, and the
parameters of the best fit are given in Table 11.

The relaxation amplitude increases above pH 9 and becomes
roughly pH independent in the 11-12.5 pH range. However,
it yields little information, owing to the low reproducibility of
the temperature variations and the difficulty in observing very
small signals at wavelengths below 280 nm (arising from the
weakness of our light source at low wavelengths despite use of
a pulsing mode?).

The optical density changes of the 5-fluorouracil monoanion
(FU™) aqueous solutions are much slower than for U™, and
can therefore be studied by conventional Joule-heating tem-
perature-jump spectroscopy. The amplitudes of the relaxations
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Table I1. Kinetic Rate Constants According to Equations la and 1b¢
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10-1% (X, /
10~%ky, Kw) 10~ %oH-, 1078k yn,, 103 conen
s—! M-1571 M-l M-l P N range, M
Uracil 3653 2.25+£0.2 0.39 £ 0.04 1.13+£0.2 0.9988 32 1.5-7.2
5-Fluorouracil 0.85 £ 0.044 2.15+0.1 39+£0.1 1.5 £0.025 0.999 925 44 0.28-1.6

@ Results refer to experiments in aqueous solutions at #r = 10 °C. Standard errors are given. p is the correlation coefficient defined as in

ref 3. NV is the number of kinetic runs used in the correlation,

Figure 4. UV spectra of 5-fluorouracil monoanions in (a) § M NaClQy,
pH 10 NBS buffer aqueous solution at 21 °C; (b) pH 10 NBS buffer (ionic
strength 4 = 0.1 M) at 21 °C; (¢) pH 10 NBS buffer at 53 °C; (d) 2 X
10—3 M NaOH solution in methanol at 20 °C.

are then reliable and help in the attribution of the observed
phenomena, The relaxation time variations with pH and sub-
strate concentration (Figure 3) are fitted to the equation!!

1= ko + koH——C-OH- + kFUHz_C-FUHz (1b)

The results are given in Table II.

Discussion

Attribution of the Observed Relaxation Spectra. A number
of workers have established that the spectra of the monoanionic
forms of uracil,’¥ thymine,'5 5-halouracils,!>!6 and 4-
thiouracil!? are composite spectra of the individual N(1)H and
N(3)H monoanions; the proportions of these, and hence the
UV and IR spectra, are strongly altered by ionic strength,!7-18
solvent changes,!>18 and temperature. ! The close similarity
in the behavior of these compounds prompted us to back up our
study by an investigation of the 5-fluorouracil monoanion
(FU™) relaxation which can be unambiguously attributed to
the tautomeric interconversion on the following basis:? (a) The
wavelength dependence of the optical density changes asso-
ciated with the medium effects (Figure 4) agree with the
wavelength dependence of the relaxation amplitude (Figure
5). (b) The relaxation amplitude is proportional to the sum of
the total tautomer concentrations, i.e., the total monoanion
concentration (Cry-) computed from knowledge of the pH,
(¢) The relaxation amplitude corresponds to the temperature
effects on the UV spectrum (Figure 4). The relaxation am-
plitude of uracil monoanion (U™)3 also satisfies these criteria
within the experimental error and as long as the measurements
are feasible. Therefore relaxation signals following the fast
heating of monoanionic uracil solutions can also be attributed
to the tautomeric interconversion.

Nevertheless, attribution of the observed phenomenon to
the reaction

ke
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Figure 5, Wavelength dependence of the relaxation amplitude of 5-fluo-
rouracil monoanion. Substrate concentrationc = 0.8 X 1074 M; 1, =2°C
and ¢t = 10 °C; optical path 7 mm.

can be definitely ruled out on the following basis: (a) The re-
laxation amplitude should vary with the total monoanion
concentration (Cy-) and also with the hydroxyl ion concen-
tration (Con-), but in the latter case this is not observed. (b)
The relaxation times should follow the equation

=1 = k(Con- + Cun,) + ks (3)

where k¢ = k. (Kw/K)).! Identification of eq 3 with eq 1
would then lead to

k: = kon- = kun, = ko(K1/Kw) (4)

However, for both uracil and S-fluorouracil, ko, kyn,, and
ko(K/Kw) differ among themselves by several orders of
magnitude (Table II), and these differences are greater than
the standard error in the data fitting procedure.

Thus, the observed relaxation does not arise from hydrolysis
(eq 2), Nevertheless, some coupling with the tautomeric in-
terconversion is expected, but is not detectable under our ex-
perimental conditions.

Kinetic Analysis of the Relaxation Time According to the
“D Mechanism”. Protonation of both UH~ and HU~ (or
FUH™ and HFU™) leads to the same neutral UH; (or FUH,)
molecule which deprotonates to give either tautomer (Scheme
I). Likewise, deprotonation of both UH™ and HU~ leads to the
same dianionic species U2~ (or FU2~) which protonates to give
either tautomer (Scheme I). The elementary protonation and
deprotonation steps imply classical bimolecular proton ex-
change reactions (Scheme II) which are usually known20 to
be diffusion controlled when thermodynamically favored.

The reaction medium contains three acid species (the hy-
dronium ion, water, and the neutral substrate UH, (or FUH;))
and three basic species (the hydroxyl ion, water, and the sub-
strate dianion U2~ (or FU)?~. Therefore, the D mechanism
implies six different reactions pathways? (Scheme II). Within
the pH limits adopted here, and on the basis of knowledge of
the concentrations (C;) and of the expected rate constants,3-20
deprotonation of the monoanion by the dianion (pathway IIb)
is negligible in comparison to that by the hydroxyl ion (path-
way Ib); protonation by the proton (pathway Ia) is negligible
compared to that by UH, (or FUH,) (pathway Ila); similarly,
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the base catalysis by water (pathway I11b) is negligible com-

pared to the acid catalysis by water (pathway IIla). We

therefore limit our discussion to pathways Ib, Ila, and [11a).
The inverse of the relaxation time is expressed by

=Tk + k) (%)

where k¥ and k are the direct and reverse first-order rate
constants for the reaction along pathway “n”, The steady-state
approximation?! applied to the dianion (U2~) in pathway Ib
and to the neutral molecule (UH,) in pathway Illa, followed
by identification of eq 5 with eq 1, allows_associating the
kou-Con- term with pathway Ib, the kyn,Cun, term with
pathway Ila, and the kg term with pathway I1la,

Base Catalysis by the Hydroxyl Ion (Pathway Ib). The
steady-state approximation applied to U2~ leads to

- biby+ b_1b_>
by + b,

where b, and b_, are the rate constants for deprotonation of
the individual tautomers by the hydroxy! ion. The value of

kon-
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kon- lies between b, and b_», and it is reasonable to assume
that b &~ b_; =~ koy-. The values of 3.9 X 108 and 3.85 X 10°
M~1s~1, given respectively for U~ and FU~ (Table II), are
to be compared with the rate constants for the deprotonation
of anions such as hydrogen carbonate? or phosphate2! by
OH~, while keeping in mind that rate constants become
smaller for intermolecular proton transfer in which the free-
energy change becomes smaller than 3 or 4 pK units.322 It
should be noted that koy- is about ten times smaller for U~
than for FU~ whose pK; values are higher than 13.5 and equal
to 12.6, respectively (Table I),

Acid Autocatalysis (Pathway Ila). The values of kyu, and
krun, given in Table II, compare favorably with rate constants
found for similar symmetric proton exchanges, i.e., 3 X 108 and
1.0 X 108 M~! s~! for isocytosine? and the purine/purinate
system, 23 respectively.

Acid Catalysis by Water (Pathway I11a). The steady-state
approximation applied to UH, (or FUH,) leads to?

T 7 = Cun,Con- 19
ko = ass(Kyn- + Kyu-)/2, where Kyy- = _._z_CU_g Con :
UH-
a_4ds

and a4 =2
a—4+a;s

where a_4 and a;s are the rate constants for deprotonation of
the neutral UH, (or FUH;) molecule by OH™. The value of
ay4s lies between a_,4 and a5 and, once again, it is reasonable
to assume that a_4 = as = ays since the reaction of the hy-
droxyl ion with a “normal” acid is diffusion controlled.20

Using the values of kg given in Table II to estimate ays, we
obtain 1,16 X 10'%and 1,0 X 10!° for uracil and 5-fluorouracil,
respectively, These values are to be compared with the previous
estimates®2:23 for the reaction of the neutral uracil molecule
with OH~ which gives either monoanion (eq 2); we then have
k.= a_4+ as = 2a45 which makes

k,=23+£0.3X101°M~1s~! for uracil
kr=20%£0.2X109M~!s~! for 5-fluorouracil

Chang and Grunwald$® estimate k. to be 1.2 X 1010 for
uracil, However, their estimation is based on the kinetic study
of NH proton exchange between UH; and water, and on the
assumption that the tautomeric interconversion of UH™ to

Scheme II, General Acid-Base Catalysis Model for Tautomeric Interconversion: “D Mechanism™

Pathway Contributions to
no. Pathway Catalyst the kinetic law
H+* Ht
+ o a + aay+a—1a—
Ia = UH, = H* —=C
UH o, a,HU- ata, O
UH, HU~
1 tas UH (a3 + a_3)C
a = a—
UH- ., UH, 2 as 3)Cun,
H,O H»0
+ a4 as  + asas + a—4a—s
I11a = UH; + OH— = H>O —_—
UH™ 4, 2 a-s HU™ 2 as+ a_y
OH- U2~ OH~
+ b o+ b 4+ bibs+ b_1b_s—
Ib = = OH- i L e ey
UH- 4_, H,0 4_, HU- by+b_; OH
U2 HU~-
+ b + —
I1b = U= b3 + b_3)Cy2-
UH- 1 U (b3 3)Cu2
H,O H,0
+ b bs  + babs + b_4b_s
I11b = U2~ + H;0+ = H,O0 —_—
UH-»_, s HU- 2 bs+b_s



Dubois et al. | Proton Transfer Mechanism in Uracil Monoanions 2827

HU- proceeds mainly through a ND mechanism (108 s~—1)
which would imply that both NH protons of UH, exchange
with water in each reversible cycle UH, = UH~, If, as isdone
in this work, one rejects this assumption, the data obtained by
these authors lead to a value of 2,4 X 109 M~!s~! for k, since
only one exchangeable proton is exchanged in each cycle.

Yet Busse and Maass,2* using the ultrasonic absorption
method, estimate k. to be 0,98 X 10!1© M—! s—!. However, their
technique seems to give rather imprecise results, as is illus-
trated by the discrepancies between their data on the depro-
tonation of amino acids24 and that obtained by other au-
thors.2’

Indeed, deprotonation rates of neutral NH acids usually lie
between 1.0 and 2.0 X 1010 M~! s~! when the acid only bears
one deprotonatable site;3:20-22 it is therefore reasonable to find
a larger rate constant in the case of uracil, where there are two
deprotonatable sites.

Conclusion

Laser temperature-jump spectroscopy has been used suc-
cessfully in our study of the spectral changes following the
heating of an aqueous uracil anion (U~) solution. These
changes occur in a single relaxation whose amplitude corre-
sponds to the variations observed on a conventional spectro-
photometer. This phenomenon, which we and others!4-18 at-
tribute to tautomeric interconversion, occurs in the micro-
second time range for uracil as expected with the ‘D mecha-
nism”, If the water exchange rates obtained by dynamic NMR
were to be caused by a concerted proton-transfer tautomeric
interconversion, then relaxations in the 0,01-us time range
should be observed, This is not the case (Figure 1). However,
these observations might be explained as arising from a hy-
dration equilibrium which others have shown to occur on an-
other pyrimidine in this time range.26

Indeed, the “D mechanism” affords a very satisfactory
picture for the tautomeric interconversion kinetics of uracil
and S-fluorouracil monoanions, as well as for cytosine and
isocytosine, In these systems of very similar structure, observed
relaxation times are separated by several orders of magnitude,
whereas the kinetic constants are practically the same: the
different pK's make the difference.
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