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ABSTRACT 

The electrochemical red&ion of uracii in dimethyl sulfoxide was investigated, wing ds. 
and itc. polarography, cyclic ‘voltammetry, and controlled potential electrolysis. Uracil is 
reduced in a one-electron step (El@ = -2.3 V); the apparent number of electrons transferred 
(n) decreases from one at infiiite dilution to one-half at concentrations above 1 mM. The 
concentration dependent n-value is due to proton transfer by the parent compound to the 
radical anion Formed on reduction. Such a proton transfer, which has been observed for 2-hy- 
droxypyrimidine, deactivates part of the uracil, which would otherwise be available for reduc- 
tion, by formation of the more difficultly reducible conjugate base. The uracil anion forms 
insoluble mercury salts, producing two oxidation waves (El12 of -0.1 and -0.3 V); the latter 
wave is due to formation of a passivating film on the eiectrode. Digital simulations indicate 
that the protonation rate exceeds 105 M--ls--1 and that, at low uracil concentration, some of 
the free radical formed on protonation is further reduced. At concentrations exceeding 1 m.M, 
all of the free radical dime&es. The effect of added acids and base on the electrochemical 
behavior is described. 

INTRODUCTION 

Although considerable progress has been made in understanding the electro- 
chemical behavior of biologically important pyrimidines and purines, and their 
nucleosides and nucleotides [l-3], several pyrimidines and purines have eluded 
mechanistic study due to the absence of faradaic response in aqueous media. The 
reducibility of uracil(2&dihydroxypyrimidine) and thymine (2&dihydroxy-5- 
methylpyrimidine) in anhydrous dimethylformamide has been reported 141; 
however, no published results are available. Uracil and thymine are important 
because their nucleotides occur in RNA and DNA, respectively. Uracil nucleo- 
tides also serve a minor role in energy transfer reactions; uridine-5’-diphosphate 
(UDP) is the main carrier of sugar residues, particularly as UDP-D-glucose, in the 
biosynthesis of polysaccharides or energy storage polymers, e.g., glycogen, in 
higher animals [5]_ 

The electrochemical reduction mechanisms of uracil and thymine are of par- 
ticular interest because their catabolism proceeds via an initial two-electron (2e) 
reduction by NAD(P)H. Additionally, the biological degradation of cytosine, 

l Present address: Department of Chemistry, Umversity of Miami, Coral Gables, Fla., 33124, 
U.S.A. 
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after hydrolysis and deamination to form uracil, proceeds via the uracil catabolic 
pathway_ 

Wasa and Elving [S] investigated the reduction mechanism of 2-hydroxypyri- 
midine (2-HP) in dimethyl sulfoxide (DMSO); the radical anion, formed on reduc- 
tion of 2-HP, chemically reacts with unreduced 2-HP to produce the neutral free 
radical which rapidly dimerizes and the conjugate base of 2-HP. Dimerization 
of the radical anion, which competes with the proton transfer reaction, appears 
to occur more slowly than the latter. The information regarding 2-HP reduction 
should aid in elucidating the uracil reduction mechanism, due to the similarity 
of the two compounds. The primary distinction between 2-33 and uracil is the 
absence of an available nitrogen site for intermolecular protonation in uracil, 
since the keto-enol equilibrium of uracil lies very far to the right in aqueous me- 
dia (cf. ref. 7 and references cited therein): 

OH 0 

H 
(7) 

H 

A 

Proton n.m.r. studies indicate that the lactam form predominates in DMSO as 
well [S]. 

EXPERTMENTAL 

Chemicals 

Uracil was obtained from Calbiochem. Reagent grade tetra-n-butylammonium 
perchlorate (TBAP) (G. Frederick Smith) was vacuum dried at 60°C for 48 h. 
An aqueous 20% solution of tetraethylammonium hydroxide (TEAH) (Aldrich) 
served as a source of hydroxide. Reagent grade acetic acid (DuPont), phenol 
(Mallinckrodt), p erchloric acid (G. Frederick Smith), phosphoric acid (Baker & 
Adamson), chloroacetic acid (Dow “Specially Purified”), benzoic acid (Baker), 
and hydroqluinone (Baker) served as proton donors. DMSO (Fisher Scientific 
(certified ACS), Mallinckrodt (analytical reagent) and Baker (“Baker Analyzed” 
reagent)) was purified by fractional freezing similarly to a technique used to 
purify pyridine [9]; the cooling bath was Hz0 maintained at 12”-14°C. Mer- 
cury for electrodes was distilled. 

Apparatus 

The potentiostat, built in-house, was used with a three-compartment, jacketed 
electrochemical cell thermostatted at 25”C, except as noted. The hanging mer- 
cury drop electrode was a Metrohm E 410 micro feeder (Brinkmann Instru- 
ments). A PAR 122 lock-in amplifier (Princeton Applied Research) served as 
an-a.c. modulation voltage source and phase-selective detector for a& polaro- 
graphy. Cyclic voltammetric triangular wave forms were obtained from a Wave- 
tek Model 112 function generator. Data were acquired on a Moseley Model 
7001A(S) XY recorder or a Tektronix Type 502A oscilloscope. Potentials were 
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monitored by a Hewlett-Packard Model 3440A digital voltmeter with a Model 
3443A auto-range unit. A Unitmetrics Model 1010 lo-@ syringe was used for 
addition of acid and base solutions. Ultraviolet spectra were run on a Beckman 
Model 25 spectrophotometer using Fisher LOO-cm silica cells with Teflon caps. 

Procedures 

Solutions, in which the background electrolyte was 0.1 M TBAP, were deoxy- 
genated by purging with purified Ns for ca. 30 mm; an N, atmosphere was main- 
tained in the cell throughout data acquisition. Where required, solutions of acids, 
prepared by dilution of concentrated acids to 3 to 6 M in DMSO, or the aqueous 
TEAH solution were added to the cell; preliminary experiments showed that the 
amounts of water involved had no effect on the voltammetric behavior. D.c. 
polarographic data were obtained at a controlled drop-time of 2.07 s, using 
capillaries with a mercury flow rate (m) at open circuit of 0.80 or 0.48 mg s-l 
(data obtained with the latter capillary were mathematically adjusted to correlate 
with conditions at the former capillary, based on the results for 1 m&f uracil ob- 
tamed at both capillaries). A new Hg drop =as used for each cyclic voltammo- 
gram. Because of indications that electrochemical products tenaciously adhered 
to the electrode, Ns was used to stir the solution between voltammograms so as 
to remove the reaction products. 

For controlled potential electrolysis, a mercury pool, ca. 6.5 cm deep and 
1 cm diameter, was placed in the cell. Separate electrolyses were performed on 
10.0 ml of background and uracil solutions. The current-time profile was 
recorded on an XY recorder, using the x-axis in a time base mode. During elec- 
‘trolysis, N2 was used to continously stir the solution. 

Potentials were measured against a modified aqueous saturated calomel elec- 
trode (SCE) by the following system: SCE Isaturated KC1 in water-methylcellulose 
bridge with asbestos fiber. 

Cyclic uoltatnmetric peak charge calculation 

Because of the apparent filming nature of some faradaic peaks, the charge, &, 
passed in farad& cyclic voltammetric peaks was determined as follows. The 
peak area on the read-out record was defined by extrapolation of the charging 
current to form a baseline beneath the peak; integration was performed over the 
potential span from the foot of the peak to the peak potential for peaks Ic and 
IIa (see Fig. 3 for peak designations) and from the foot of the peak to the poten- 
tial at which the current returned to the baseline for peaks Ia and IIc; the inte- 
grated area in square inches (measured by a Gehnan Model 39231 planimeter) 
was multiplied by the read-out device x- and y-axis sensitivities in V in-r and 
PA in-l to convert the area units to PA-V; the area in PA--V was divided by the 
potential scan rate in V s-l to yield the charge passed in PC. In the case of data 
presented in Fig. ‘7 and Table 3, integration of the peak Ha area was performed 
&on?. the foot of the peak to the switching potential for the positive scan and 
from the switching potential to the point at which the current crossed the base- 
line for the negative scan. 
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RESULTS AND DISCUSSION 

In the following discussion, Figures and Tables, Roman numbers are used to 
designate waves and peaks with appended a or c referring to anodic or cathodic 
processes, respectively. 

D.c. polarography 

The concentration-dependence of the diffusion current constant (4 = 
i--/Cm 2'3r1i6) for uracil is shown in Fig. 1; extrapolation of the results at low con- 
centration to infinite dilution yields an Id of 1.29 f 0.04 PA s112 m&f-’ mg-2’3, 
which corresponds to a diffusion coefficient, D, of 4.5 X lo4 cm2 s-l. Use of 
the Matsuda equation [lo], in which shielding effects are considered and which 
best describes the id-t behavior at controlled drop-times 1111, gives a D of I 
4.0 X 1O4. The results at c exceeding 1 m.M yield an 1, of 0.67. 

Er,s shifts from -2.34 V at c below 0.2 mM to -2.32 V at 0.2 to 1 mM, and 
-2.31 V above 1 mM. Since the uncertainty in Ellz is 0.01 V, this shift is within 
experimental error; however, the shift parallels the concentration-dependence 
of Id and may, therefore, be real. 

Between 25’ and 5O”C, i, for 1 m&Z uracil linearly increases with temperature 
(1.44% “C?) and El12 becomes more positive (1.2 mV “C-l). Because of the 
very low interfacial surface tension at potentials on the uracil limiting current 
plateau, the relation of il and mercury column-height (h) could not be investig- 
ated over a useful range of h. 

The concentration-dependence of I, indicates that the uracil reduction is not 
a simple eiectron-transfer but must involve coupled second-order or greater chem- 
ical reactions. Based on the viscosities of DMSO, ?J 1121, the product i,q112 varies 

Fig. 1. Concenhxtion-dependence of the d-c. polarographic diffusion current constant (1,) 
for wad, based on mean polarographic currents. Solid circles are experimental result+; un- 
certainties are one standard deviation based on maximum uncertainties (assumed equal to 
three standard deviations) of all parameters. Triangles are results of digital simulations for 
reaction of eqn. (2), using kl = 103 M --1s~;opencirclesarethoseusiclgk~=104M--ls-l; 
the square is for kl = 105 M-1 s-1; the points with horizontal arrows are for 2.0 I&¶. 
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from 1.20 at 25’C to 1.32 at 45°C; this slight temperature dependence suggests 
that i, is nearly diffusion controlled: however, Fig. I clearly indicates that il is 
not solely diffusion controlled. 

The 1,-c behavior indicates that uracil may be reduced via a mechanism simi- 
lar to that of 2-HP, whereby the reduced species, a radical anion, abstracts a pro- 
ton from uracil to form the neutral free radical, which rapidly dimerizes, and the 
conjugate base of uracil. The protonation reaction, which, based on the experi- 
mental results (e.g., Fig. l), must be more rapid than the radical anion dimeriza- 
tion, necessarily reduces the amount of uracil available at the electrode surface 
for reduction, resulting in an observed Id smaller than the 1.3 expected for’a le 
transfer [6]. Based on resulg to be presented, the uracil conjugate base reacts 
with mercury to yield an anodic wave due to formation of a mercury uracil salt. 

The slight deviation of the temperature dependence of ilg112 from that 
expected for diffusion control is probably due to one or both of the following: 
(a) on the limiting current plateau, the supply of protonating agent, uracil, is 
limited by diffusion; (b) the rates of diffusion of uracil and of formation of pro- 
ton acceptor, (i.e., radical anion) both increase with temperature, resulting in 
countering forces of reducible species supply and non-faradaic proton transfer 
consumption of that species. 

Controlled potential electrolysis 

Controlled potential electrolysis (c.p.e.) at -2.350 V was conducted on 10.0 
ml of 2.462 + 0.035 miW uracil. Similar electrolysis of the background solution 
gave a linear ln i vs. t plot. The reduction current for uracil, iU, at any time, ti, 
was assumed to be the difference between the total current and that at time ti 
for the background. The In & vs. t relation was linear over a period of 7000 s; 
&J(i& = 0.06 at t = 7000 s. (A large initial current, which decayed during the 
first 60 s of both background and uracil electrolyses, is attributed to HgO reduc- 
tion.) Integration of the in i vs. t plot yielded a faradaic n of 0.503 2 0.015; the 
uncertainty is one standard deviation based on standard deviations of the slopes 
and intercepts for the uracil and background electrolyses. The Ia of 0.67 for a 
2.46 m&f uracil solution is 52% of the extrapolated low concentration limit of 
1.29; thus, an 1, of 1.29 for uracil corresponds to a le transfer in agreement with 
previous reports for DMSO [6]. Because n is concentration-dependent and does 
not exceed unity, some of the uracil must be rendered electroinactive via a con- 
centration-dependent chemical reaction_ 

The d.c. polarographic and cyclic voltammetric patterns for the uracil solution 
before and after electrolysis are shown in Fig. 2. Addition of TEAH in a 1 I 1 
ratio withPuracil for a 1.25 m&f uracil solution produced d-c. polarographic and 
cyclic voBammefzic results identical with those obtained after electrqlysis of 
2.46 mM uracil. 

Cyclic voltammetry 

Typical cyclic voltammograms for uracil are shown in Figs. 2B and 3. The 
absence of an anodic peak at potentials negative of -2 V indicates that either 
the uracil electron-transfer process is not reversible or a chemical reaction is 
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Fig. 2. D-c. polarographic and cyclic voltammetric behavior of a 2.462 mM uracil solution. 
Curves 1 (solid lines) are before centrolled potential electrolysis; curves 2 (dashed limes) are 
after electrolysis. (A) D.c. polarogtams with 2.07 s drop-time and 0.80 mg s-1 mercury 
flow rate. (B) Cyclic ~oltammograms with 0.48 V s-l scan rate +IC~ 0.0153 cm2 electrode 
area- 

Fig. 3. Effect of added base on the cyclic vokunmetric behavior of 1.00 mM uracil solution. 
Curves 1 Isolid lines) are without added hase;cukves 2 (dashed lines) are with 0.4 m&f tetra- 
ethylammonium hydroxide present. Electrode area is 0.0153 cm=; scan rate is (A) 0.106 V s-l 
and (B) 3.66 V s-l. 

consuming the reduction product. Peaks Ia, IIa and IIc; which do not appear 
if the negative potential limit of the cyclic scan (Eh) is positive of the Uracil reduc- 
tion potential region, are,-therefore, associated with a uratiil species and substan- 
tiate the involvement of coupled chemical. reactions, 2s suggested by the 1, con- 
centration-dependence 2nd n of 0.5 tit high concentr2tions.. _-. ’ 

As the positive Eh is shifted to more negative potential but riern2.ik.s positive 
of the potential at which 12 occurs, peak IIc decreases; hence,*species -formed in 
the Ila process must be involved in the IIc proceti. Further; sintie ITc does not 
disappear unless E^ is at,2 potential negative of.%& species Zor&d in Ia must 
also be involved in the T.Ic process. The shape of IIe.is indicative of film itripping 
from the electrode surface; hence, la 2nd IIa are due to film deposition.- 

The dependency of i,/Acu ‘I2 for peak Ic on concentration (Fig. 4) shows a 
trend similar to the &-c relation. At a given scan rate (v), the ratic%of i&lc~~‘~ 
for any two concentrations is within 5 to 15% of the corresponding Id ratio; 
hence, phenomena responsible for the donCentr%tion;dependenc& of -&simiIarly 
affect the.cyclic~voltUimetric response. The-ddependence of .i;/AZw”2 on:u.wili 
be-&cussd_, _. ;. ___ I :. , .: : _- --‘7: ” ., *: .‘-,;; _- -.. < .I ._ , 
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Fig. 4. Cyclic vokunmehic reduction peak Ic current function, i,/AculP, dependence on 
concentration and scan -ate (u). Uracil concentrations are shown in millimolar units on the 
curves. 

The Ic peak potential, E,, varies linearly with log u over the scan rate range 
of O-l- to 25 V s-l; however, the slope of the linear relationship is concenixation- 
dependent, ranging from -0.039 V decade-’ for 0.4 mM to 0.058 V decade-’ 
at 1.25 mM_ At u = 0.1 V s-l, E, is -2.39 + 0.01 V, independent of concentra- 
tiOiL 

Effect of acid addition 

Most common acids, e.g., HC104, HsP04, ClCHsCOOH and CsHsCOOH, are 
reduced (hydrogen ion reduction) more easily than uracil, and, therefore, have 
no apparent effect on the uracil polarographic wave. Acetic acid, which is 
reduced at El12 = -2.5 V, profoundly affects the wave, e.g., at an acetic acid- 
uracil molar ratio of 7, the apparent uracil poiarographic n is 15. Phenol, which 
is not reduced at potentials positive of background discharge, has an effect simi- 
lar to, but weaker than, that of acetic acid. Added acid had no significant effect 
on the uracil E,,,. 

EI12 for previously studied pyrimidines [2,3,13-171 is dependent on pH in 
aqueous media and on added proton donor in non-aqueous media; however, the 
uracfl El/s independence from proton availability is not completely unexpected. 
In the cases of pyrimidine, cytosine and 2-hydroxypyrimidine, a-ring nitrogen is 
available for protonation or hydrogen bonding interaction; since such bonding 
facilitates reduc.~on, ElIa -. is expected to shift positjvely with increasing proton 
z+l+_b~~~ Since uracil is predon&antl$in the la&am form, the only sites avail- 
al&e for protonation are the exocyciic oxygen+ for which an aqueous p& G 0.5 
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has been suggested [lS]; consequently, p&m&ion preceding reduction is not 
expected and the only source for a proton dependency would be a reaction follow- 
ing electron-transfer_ 

Since the ability of nitrogen heterocycles to lower the hydrogen overpotential 
is well established 1191, the results for uracil reduction with added acetic acid or 
phenol probably reflect catalytic hydrogen discharge involving a uracil reduction 
product. The positive shift of &,a with decreasing pH for pyrimidine, cytosine 
and 2-hydroxypyrimidine avoids interference of the catalytic process in these 
reductions. 

It is unlikely that protonation by residual water in the solvent plays an appre- 
ciable role in the observed behavior of uracil. This statement is supported by a 
variety of considerations, e.g., the relatively minor effect seen on addition of 
phenol which is a very much stronger acid than water (at 1: 1 phenol : uracil 
ratio, the apparent IZ is 0.7 compared to 0.6 in the absence of phenol), the lack 
of any appreciable effect of added water on the reduction of 2-hydroxypyrimi- 
dine in DMSO until the water exceeded 1% by volume 161, and the major differ- 
ence in the competitive rates of reaction of the pyrimidine radical anion in non- 
aqueous medium for dimerization (8 X lo5 M-l s-l) and for proton abstraction 
from water (7 M-l s-l) 1141. 

Effects of base addition 

Addition of base (TEAH) decreased wave Ic and produced waves Ia and IIa 
with El,2 of -0.3 and -0.1 V, respectively (Fig. 5; Table 1); corresponding 
cyclic voltammetric results are given in Fig. 3 and Table 2. 

Manousek and Znman 1201 observed two anodic waves due to uracil in aque- 
ous Britton-Robinson buffers for pH above 7. The more negative wave’s El,2 
was slightly dependent on uracil concentration and varied as -0.066 pH from 
pH 7 to pH 9.5 (it was ca. 0.2 V at pH 7); above pH 9.5, Ella varied as -0.033 

I. 

a 

t 
5 

F?XENTIAL /V 
Fig. 5.Effectofadded tetraethylnmmoniumhydrozide(TE~)onthe dk. pihrographic 
behaviorof1.25 mMuracil.Conditions:~2;0?sdrop~~e~and0.80';lbgs'-lme~~ry~o~rate. 
(A)0.0mlCfTEAH,(B)0.51mMT%4H,(C)1;06mMTEAH' -- - 
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TABLE1 

Variation of the DME waveheights for uracil on addition of TEAH 

0.30 0 0.30 0 
0.30 0.13 0.25 0.12 
0.30 0.30 0.15 0.23 
1.00 0 0.86 0 
1.00 0.40 0.52 0.41 
1.00 6.94 GO.12 0.34 

1.25 0 1.03 0 
1.25 0.51 0.75 0.48 
1.25 1.01 0.35 0.33 
1.25 1.06 0.28 0.33 

a Summation diffusion currentconstantforwavesIc,Iaand Ha. 

0 0.89 
0.07 1.29 
0.10 1.41 
0 0.76 
0.16 0.97 
1.06 1.34 

0 0.73 
0.27 1.06 
1.16 1.30 
1.24 1.31 

pH; the limiting current increased linearly with concentration and levelled off 
at 0.12 mM uracil. The more positive wave did not plateau by the positive po- 
tential background discharge. The waves, attributed to formation of a mercury 
salt [ZO], presumably involve salt formation with a uracil anion. 

Ultraviolet absorption spectra of uracil show that deprotonation occurs in 
water at N(1) and N(3) to about the same extent 121,221; however, the relative 
proportions appear to be dependent on buffer nature and dielectric constant of 
the medium $221. Addition of TEAH would be expected to generate R- from 
uracil, RH. The appearance of waves Ia and IIa, with a concomitant decrease in 
Ic, upon base addition indicates that uracil is being chemically converted to a 

TABLE2 

Variation.ofthecyc:icvoltammetricpeakareas(chargep~d)foruracilonadditionof 
TEAHa 

[ uracil ]/nlM [TEAHymiIf (Q/A b)/pC cm-2,forpeak 

IC Ia IIa 

0.30 0 23 0 9 
0.30 0.15 21 21 36 
0.30 0.30 11 41 31 
1.00 0 84 13 38 
1.00 0.40 36 71 58 
1.00 0.94 0 75 121 
1.25 0 94 9 26 
1.25 0.51 46 69 72 
1.25 1.06 23 73 171 

c~ Scan rate(u)= 0.102 Vs-l for 0.3 and1.25 m&f,and 0.106 V.s-l for 1.0 tif_ 
b See Experimentalsection forprocedureusedtoconvertpcakareatocharge.8; A refers to 
theelectrode area(0.0153cm2). 
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non-reducible species, R, and that waves Ia and IIa are related to R, probably 
through mercury salt formation. 

Tables 1 and 2 indicate that wave Ia and peak Ia reach limiting values of 
about il = 0.4 PA and Q/A of 70 to 80 PC cmV2, respectively. Wave Ia appears 
to be associated with filming, as the current profile during the drop-life shows a 
p relation with M < 0. The fact that peak Ia reaches a limiting value with 
increasing R- concentration indicates surface saturation coverage by the film. 

Producfcharacterizatioon 

Characterization of the products is largely based on deductions from the fara- 
daic patterns seen on reduction, the behavior of solutions resulting from prepara- 
tive electrolysis, the well-characterized products obtained from related pyrimi- 
dines, the reported products obtained on radiolysis, and theoretical deductions 
based on electronic structure. Although it would have been informative to have 
isolated individual dimeric and dihydrouracil products and to have determined 
their structure, it was not feasible to do so, e.g., chromatography of exhaustively 
eiectrolyzed solutions could not be depended upon to yield definitive results due 
to product instability; even if such attempts were successful, it would still not 
be possible to differentiate between anionic products and their protonated forms. 
Other problems involved include the difficulty of selecting a solvent immiscible 
with DMSO, which would completely extract the reduction and other reaction 
products unchanged without removing the background electrolyte, and from 
which the products could be recovered with their identity unaltered. Product 
recovery by freeze-drying was impractical due to the relatively large amount of 
background electrolyte present and to the likelihood of product alteration dur- 
ing evaporation. 

Spectral identification of the reduction products would be impractical due to 
the absence of reference spectra and the instability of the likely reduction pro- 
ducts [34]_ Spectral data on the uracil anion are subsequently discussed. 

Proton n.m.r. examination of DMSO solutions of uracil at the concentrations 
involved, before or after treatment and reaction, did not yield interpretable 
results even on attempted decoupling of the DMSO and tetrabutylammonium 
ion hydrogens. 

MEEHANISM 

The mechanism, which seems best to fit the information available, is shown 
in Fig. 6. Several aspects of the behavior expected for such a mechanism can be 
specified. Based on studies of similar compounds 131, k3 for dimerization of iLH2 
may be of the order of lo6 to lo8 F1 s -l; because of electrostatic repulsion, 
dimerization of $H- should be slower, e.g., k2 may be lo4 to lo6 M-l s-l. Be- 
cause the protonation does not involve reaction between molecules of similar 
charge with concomitant charg? .repulsion, and because of the very basic nature of 
radical anions, protonation of RH- is expected to be more rapid than its dimeri- 
zation, i.e., k, greater thank,; howeirer, since the protonation does not involve 
two molecules with the &otig reaction teindevcy of free radicals, e.g., diineriza- 
tion of kH, where charge repulsio! is not involved, the protonation is expected 
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Fig. 6. Reduction mechanism for uracil in DMSO. Symbols: RH, uracil; kH_, radical anion; 
kH2, free radical; RH2, reduced free radical; R, uracil anion. The k represent rate con- 
stants; the Roman numbers are wave and peak designations (cf. Fig. 2). Potentials are for 
l-25 m&f uracil and are El@ for Ic, Ia and IIa, and Epe for IIc. For Ia, IIa and IIc, solution is 
also 1.06 m&f in TEAH. 

to be slower than dimerization of RH,, i.e., k, less than k3. Thus, kl may be ca. 
lo5 to 10’ M-l s-l. Because dimerization of RHs is rapid and irreversibIe, proto- 
nation following the initial electron-transfer will be effectively irreversible; hence, 
the magnitude of kl will not affect the mechanistic behavior provided k, is not 
comparable in magnitude to k3_ 

The mechanism proposed (Fig. 6) is generally similar to that proposed for 
2-hydroxypyrimidine (2-I-R’) [S]; the major difference is the absence of an exper- 
imentally observable proton donor effect in the former. As previously discussed, 
prior protonation of uracii, unlike 2-I-P, is not expected because of the predomi- 
nant lactam tautomer’s nature; however, proton donor addition could influence 
the electrochemical behavior, since the added acid can replace ~uracil in the pro- 
tonation of RH-, thereby making more uracil available for reduction. Catalytic 
hydrogen discharge at the uracil reduction potential precludes experimental con- 
firmation of added proton donor involvement in the following protonation step. 

Proportions of the uracil anionic tautomers 

Nakanishi et al. [Zl], who used ultraviolet absorption spectrophotometry to 
investigate the ratio of uracil anionic tautomers present in aqueous solution as a 
function of pH, report that, at pH 12,49% of the anion exists as tautomer I 
which has an absorption maximum at 286 nm; the reported molar absorptivity 
(e) of 1.22 X 104K1 cm-l, which is based on that for the neutral species and 
the ratio of molar absorptivities and ionic forms of 3-methyluracil, was used to 
compute the fraction of I. A molar absorptivity of 5.82 X lo3 K1 cm-’ at 258 
nm for II was determined by comparison of the uracil anion spectrum with 
those of l- and 3-methyluracil anions. 

;0 0 
H H 

(II ia, 
H H 

H 
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A 0.043 mM uracil in DMSO solution (0.1 M TBAP) gives an absorption maxi- 
mum at 262 nm (E = 8.9 X lo3 AC1 cm-l); the solvent cut-off begins at 259 run. 
The Lax for uracil in DMSO is only 2 nm longer than that in pH 6.7 aqueous 
solution [21]. Addition of 0.14 mM TEAH causes disappearance of the 262~nm 
peak z-d appearance of an asymmetric peak with A = 0.478 at 296 pm (l-00- 
cm cell), which, by comparison with the aqueous spectra [21], is due to I; the 
peak asymmetry is considerably less than that in aqueous solution, which suggests 
that proton loss occurs principally at N(1). 

Since E is unknown for the uracil anions in DMSO, concentrations can be 
estimated only by analogy to aqueous solution data. On assuming similar peak 
shapes in DMSO and water for I, the absorbance of this species at various E was 
calculated from A at 296 nm and the predicted aqueous absorption curve of this 
tautomer in Fig. 4 of ref. 21; subtraction of this calculated absorbance from the 
observed absorbance revealed a peak at 265 nm with A = 0.046. L’se of the aque- 
ous E for the two anion tautomers indicates concentrations of 0.039 and 0.008 
m&f for I and II, respectively; use of the neutral species aqueous E indicates a 
neutral species concentration of 0.047 m&f in the solution without TEAH; hence, 
the sum of the two anionic species concentrations equals that of the original 
neutral species and 83% of the anion exists as tautomer I. Since the standard 
deviations for the concentration and cell path-length are far below the 10% 
required for an apparent 0.004 m&f error in total uracil concentration, the change 
from aqueous to DMSO solvent affects the c of all species similarly, i.e., all E are 
a factor of 8.9/&l larger in DMSO than in water; hence, e are 1.34 X lo4 M-l 
cm-’ and 6.39 X lo3 M-l cm-l for tautomers I and II, respectively, in DMSO 
containing 0.1 M TBAP. 

Because the uracil anions are probably not involved in any equilibria of order 
higher than one, it is reasonable to assume that the relative proportions of the 
two anionic tautomers is independent of total uracil concentration, although the 
ratio may depend on the nature and concentration of supporting electrolyte 
1221. 

Nature of the uracii-mercury film 

The precise nature of the mercury-uracil film is unclear. Although a mercury- 
(I)-uracil salt might be logically expected, formation of Hg(II)-uracil salt may be 
possible, e.g., binding of H&II) to AT-rich DNA has been suggested to occur at 
N( 3) of thymidine [ 233, and crystal structures of uracil-Hg(II) chloride complexes 
have been elucidated [24]. The latter complex involves both lateral hydrogen- 
bonding between uracils in the same plane and hydrogen-bonded base stacking, 
with a 2 : 1 ratio of uracil : Hg(II). Addition of 0.046 n&f uracil anion in DMSO 
to HgCl, in DMSO (both solutions 0.1 M in TBAP) produced no precipitate; 
hence, the mercury-uracil salt probably involves Hg(I), a fact which could not 
be confirmed because of the unavailability of a soluble Hg(I) salt (addition of 
Hg,(NO& alone to 0.1 M-TBAP in DMSO produced a grey precipitate, presum- 
ably due to formation of metallic mercury). 

Phase-selective ax. polarography of an electrolyzed uracil solution showed 
an ax. peak corresponding to Ia, whose phase angle was considerably less than 
45”. Additionally, the capacitive current at potentials positive of Ia was con- 
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siderably smaller than the coincident ax. responses for background or unelec- 
trolyzed uracil solutions. The small a.c. phase angle for Ia indicates that Ia is 
faradaic in nature and, based on the depressed capacitive current, most likely 
involves film formation. 

The shape of cyclic voltammetrlc peaks involving deposition of an insoluble 
substance, i.e., film formation, is characteristic 1261; the leading edge of the 
peak is very steep; the trailing edge decays more slowly with its current-potential 
relation being described by the error function. This predicted shape is observed 
for Ia at fast scan rate but not at slow scan rate (Fig. 3); additionally, IIa dis- 
appears at fast scan rate. 

Because the film generated by Ia reaches a limiting value of ca. 75 PC cmm2 
and because the trailing edge of Ia decays more rapidly at slow scan rate than 
predicted by tlneory, the film is apparently passivating in nature; this is supported 
by the depressed a-c. capacitive current at potentials positive of Iz when R- is 
present. At fast scan rate, the amount of deposited film is insufficient to cause 
passivation, e.g., Ia in curve 2 of Fig. 3B, which has the theoretical shape for film 
formation, corresponds to a deposition equivalent of ca. 50 PC cm-’ (from foot 
of peak to Eh). 

CPK molecular models 1251 were used to estimate the molecular dimensions 
of uracil. Assuming a flat orientation of R- on the electrode surface, the area of 
a circle with a diameter equal to the O(2) to H(5) distance of 7.4 A is 43.0 A2; 
for this as the molecular swept area, the maximum monolayer coverage is 
3.9 X lO+O mol cmB2 or 37 PC cm- 2 for R-. For the perpendicular orientation, 
the molecular thickness perpendicular to the ring, 3.1 A, was multiplied by the 
molecular diameter parallel to the electrode surface, 7.0 A (if the N(1) or either 
0 sits on the surface); the product, 21.7 A, assumes a rigid, unswept area for 
close packing and gives a maximum monolayer coverage of 7.7 X 10-l’ mol cmM2 
or 74 PC cmm2 for R-. Since Q/A reaches a limiting value of 70 to 80 JLC cmA2, 
the charge passed in peak Ia corresponds to two layers of R- deposited in a flat 
orientation or a monolayer in a perpendicular orientation. 

Figure 7 indicates that the amount of mercury-uracil salt reduced in peak IIc, 
Q,, is less than that deposited in peaks Ia and Ha, 8,; however, the fraction of 
deposited salt which is reduced in IIc approaches unity at low surface coverages. 
Since Fig. 1 indicates that, in the region from 0.6 to 1 mM uracil, the effect of 
the chemical reaction is only slightly concentration-dependent, the relation 
between 9, and added TEAH is that which would be theoretically expected, 
i.e., at 0.40 mM TEAH, Q, should equal 0.40/0.94 ties Q, at 0.94 mM TEAH 
plus 0.6 times 9, at 0.0 mM TEAH; the observed deposited charge densities at 
0.40 mM, 199 and 140 PC cm -2 at 0.11 and 0.28 V s-l, respectively, are in good 
agreement with the expected values of 198 and 131 I.LC cmB2, respectively. 

It is unlikely that the QJQ, ratios less than unity are due to oxidative forma- 
tion of a soluble species, since the E, for Ia and IIa predict I&, of lo-= M3 and 
lo-l9 M3, respectively, for Hg(I) salts; at 0.94 mM TEAH, the difference between 
Qa and Q, for a 0.11 V s-l scan rate would represent a concentration of Hg(1) 
which was eighteen orders-of-magnitude larger than that allowed by the larger 
&, if the soluble Hg(1) were contained within an O.&cm region of the electrode 
Surface. The pr&&de reason for QJQ, less than one is the number of layers of 
salt deposited by Ia and IIa (Table 3). Regardless of which orientation is assumed 
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Fig. 7. Relation between amount of mercury-uracil salt reduced in cyclic peak IIc (Q,) and 
amowzt deposited in cyciic peaks Ia and IIa (Q,). Conditions: 1.00 mi%f uracil; 0.0153 cm2 
electrode area; solid circles, 0.11 V s-l scan rate; open circles, 0.28 V s-l scan rate. The three 
points at each scan rate represent, with inxeasing Q,, 0.0,0.40 and 0.94 mM TEAH added, 
respectively. 

for the uracil ring relative to the electrode at 0.94 III&~ TEAH, four or more 
layers of uracil anion are deposited by Ia and IIa. Two possible explanations 
can be advanced for the cause of small 9,/Q,. F’irstly, the deposition of more 
than a monolayer of salt may result in loss of portions of subsequent layers 

TABLE 3 
Number of layers of uracil anion deposited by cyclic peaks Ia and IIa (ma) and stripped from 
the electrode surface by peak IIc (m,.) as a function of scan rate, amount of added base and 
assumed orientationa 

lTJ=W/~ Parallel b Perpendicular b 

ma mc ma mc 

0.0 = 2.4 1.8 1.2 0.9 
0.40 f 5.8 

::: 
2.7 1.9 

0.94 c 9.2 4.6 2.2 
o.od 1.3 1.1 0.6 0.6 
0.40 d 3.9 2.3 1.9 1.2 
0.94 d 6.6 3.9 3.3 2.0 

= Data a=e based on integrated area of Cyclic voltamm&ric peaks for 1X0 IUM uracil (cf. Ex- 
perimental for method of peak area evaluation): assumed molecular dimensions for conversion 
from total charge under peaks to m, or m, are given in Mechanism discussion of mercury- 
u.raciI salt uature; electrode ar@a was 0.0153 cm’_ 
b Assumed orient&on of the plane of the uracil ring relative to the electrode surface. 
=scanratewaso.11 vs-1. 

, 

d Scan rate was 0.28 V s-l. 
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through non-adherence to the electrode surface, i.e., the binding force between 
two layers of mercury-uracil salt may be weak. Alternatively, becausa of the 
passivating nature of a monolayer (cf. previous discussion), it is very possible 
that only the first one to two layers of salt are reduced, while the remaining 
layers are dislodged and fall into solution when the first layers are reduced. 

Because it is more reasonable to assume that peak IIc represents reduction of 
up to two layers rather than four layers, particularly since, at 0.94 m&Z TEAH, 
IIc is actually two slightly resoIved peaks, the uracil is likely deposited in a per- 
pendicular orientation; hence, the monolayer thickness is ca_ 75 A with the 
uracil anions closely packed, which likely yields considerable resistance to diffu- 
sion of the requisite mercury ions for subsequent layers. The passivating nature 
of a monolayer is likely due to the necessity for mercury ions to diffuse through 
the closely packed monolayer to form subsequent layers. 

Assuming a 2.5 A diameter for the mercurous ion, two layers represent a film 
thickness of ea. 17-18 A. The four to five layers deposited at 0.94 mM TEAH 
would represent a fii thickness of 38 to 48 A _ Since the principal cohesive 
force between layers is probably a weak interaction between the mercury ion 
and oxygen on the uracil in an adjacent layer, a film thickness of 40 to 50 A is 
unlikely; hence, much of the film is probably lost by detachment. 

The disappearance of Ha at fast scan can be explained in two manners. (a) 
Both Ia and IIa are due to deposition of the same mercury salt. At slow scan, 
the electrode is passivatid by Ia before the R- surface concentration reaches 
zero. At sufficiently positive potential, the passivation is overcome and further 
deposition occurs, e.g., Ha. At fast scan, the surface concentration of R- is 
driven to zero by Ia without passivation; hence, no additional deposition peak 
is observed. (b) The deposition due to Ia and TIa represent different mercury 
salts. As previously mentioned, the uracil anion exists as a mixture of the forms 
deprotonated at N(1) and N(3); since the mercury salts of these two R- forms 
probably have different solubilities, two deposition peaks would be expected. 
The absence of two film stripping peaks means that a rearrangement occurs to 
produce one stable mercury salt. The absence of Ha at fast scan must be due to 
kinetic control of the IIa process, which shifts positive of the positive back- 
ground discharge at fast scan. 

The behavior at low concentrations of R- is not consistent with Ia and Ha 
being due to the same process. Ha appears at concentrations of R- for which Ia 
is considerably below its limiting value; however, this behavior is consistent with 
salt formation involving different anionic uracil tautomers. 

Di@tal sinzdation 

Digital simulation 1271 permits comparison between the experimentally ob- 
served faradaic behavior and that predicted for the mechanism in Fig. 6. Simula- 
tions of the reaction of eqn. (2) at an expanding plane (DME), which assume 
that dimerization of BH, is sufficiently rapid to consume all RHs by non-faradaic 
means, thus making the protonation of $H irreversible, indicate good agree- 
ment between experimental and theoretical behavior for kl = lo4 M-l s-l (Fig. 
1). However, as expected, simulated cyclic voltammograms predict that &JAcu~‘~ 
increases with increasing u (Table 4) and that the chemical step is outrun by 
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TABLE 4 

Comparison of experimental and simulated current behavior on q&c voltammetby of uracii 

Reaction v/v s-l i&Acdfl b ipa& c 

Experimental Simulated 

20 

3d 

0.10 
0.13 
1.0 
1.3 

10.0 
13.0 

1.0 

l-3 
10.0 

13-O 

226 

290 

210 

220 

210 

387 

509 

562 

315e 
350 f 

389 e 
433 f 

0.0 

0.73 

0.96 

a Simulation is for reaction (2) with k = 104 M-1 s-1 and 1 mbf uracil. 
b Units are PA slfl d-1 V-l12 cu- h- - ; zpc IS the peak current for peak Ic. 
C Ratio of the simulated peak current for oxidation of RH- to that for reduction of RI-l_ 
Experimental ratio is zero in all cases. 
d Simulation is for reaction (3) with &I = lo6 M-l s-l and 1 mM uracii. 
e Assumed that kz = 104 M-1 s-1. 
f Assumed that k2 = 106 M-1 s-l_ 

u=lOVs--1, i.e., as u increases from 0.1 to 10 V s-l, the ipa& ratio increases 
from 0.0 to 1.0. 

The predicted ability to outrun the protonation totally at such scan rates for 
k, = lo4 M-l s-l is due to farad& consumption of the protonating agent, RH. 
As u is increased, the surface concentration of RH is driven to zero far more 
rapidly than diffusion can supply RH, so that not only is the time for protona- 
tion decreased, i.e., time to scan through the peak, but the protonation rati is 
slowed by the decreased RH supply. 

Addition of the ciimerization of fiIlr to the simulation mechanism, i.e., reac- 
tion of eqn. (3), increases the rate of &I- disappearance and requires a larger 
value of kl to predict the observed Id-c behavior, i.e., the amount of RH con- 
sumed by a non-faradaic process. 

(31 
i_ k2- 

0.5 (RH)2=- 

Although the predictid cyclic voltammetric behavior (Table 4) for reaction 
scheme (3) deviates less from experimental results than does reaction scheme 
(2), ipe/Ac~ ‘I2 still increases with u. Simulation of d-c. polarography for reaction 
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(3.) using kl = lo6 iI4-f s-l and k2 = lo4 M-l s-l predicts an I,, of 0.85 for a 
0.08 m&Z solution; 1.42 is observed. Decreasing kl to lo5 M-l s-l increases 1, 
to 0.99. Thus, to obtain agreement between the observed DME behavior at low 
uracil concentration and the cyclic results at high uracil concentration, it is 
necessary to assume that RI-Is is electroactive at the uracil reduction potential. 
At low uracil concentration, the rate of protonation will be slow, so that most 
RH is available far reduction; the dimerization of itH, will also be slow, permit- 
ting a significant fraction of the kH, formed to be further reduced to RH,; ir 
will then-approach the magnitude for a net transfer of one electron per uracil 
molecule. At high uracil concentration, dimerization of &Hz will be fast and 
reduction of RHa will not contribute significantly to the observed farad& cur- 
rent.. 

The electroactivity of RHs at the potential required for the initial le reduc- 
tion of RH would be in conformity with such e.c.e. reactions, e.g., reduction of 
pyrimidine itself in non-aqueous m;dla on proton donor addition ]14]. 

The decrease in experimental iPC/Acu*‘2 with increasing u may be due to a 
finite electron-transfer rate. The trend of IS,, with u is indicative of a non-revers- 
ible electron-transfer. For 1.25 mM uracil, d&/d (log u) is -58 mV, compared 
to -20 mV expected for a reversible electron-transfer process [28] (at u = 
10 V s-l, the expected slope of -E, vs. log u for k2 < lo5 iIf_’ s-l will be less 
than 20 mV decade-l). F or a charge-transfer with a small standard heterogene- 
ous rate constant (ksnh) and a following dimerization, the predicted &--log u 
slope is -59 mV decade-l 1281, e.g., for k2 = lo6 M-r s-l, a kssh < ca. 0.005 
cm s-l is necessary to achieve a slope of -59 mV decade-‘, which is essentially 
identical to the observed -58 mV decade-‘. 

The protonation step in reaction (2) is observed in the simulations to have 
some effect on EP. The difference of AE = I!& - Ez changes from -1 mV at 
u = 0.1 V s-l to -21 mV at 1 V s-l and -27 mV at 10 V s-l. For reaction (3) 
with k - 1041M-1s-1, AE changes from 27 mV atlVSsl to-1mV atlOVs-' 
for k2 ‘=- IO4 M-l s-l, and from 19 mV at 1 V s-l to -3 mV at 10 V s-l for 
k2 = lo6 1M-l s-l. These shifts of E, for the simulated data do not agree with the 
experimentally observed dE,/d (log u) values, possibly because the simulations 
assume a reversible electron-transfer. 

Although the reduction of uracil may occur at a finite rate, the large number 
of parameters available for variation (km, Q, kl, kB kg) precludes elucidation of 
a unique kinetic mechanism by digital simulation; however, simulations do verify 
the ability of a reaction scheme involving protonation of RH- by RH to describe 
the observed I-_c behavior. 

Calculated and experimental ease of reduction 

Molecular orbital calculations using the CNDO/B technique [29] yield energy 
levels for the lowest empty molecular orbital (LEMO) of 2.78 eV for pyrimidine 
[30], 2.85 eV for cytosine 1311, and 2.25 eV for the la&am form of uracil[31]. 
These calculations, which predict that cytosine should be reduced 0.07 V more 
negative than pyrimidine and uracil ca. 0.5 V more positive than either pyrimi- 
dine or cytosine, do not account for differences in solvation state or effects of 
coupled reactions. 
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In both acetonitrile (AN) and dimethylformamide (DMF), El,, for pyrimidine 
is -2.34 V [15]. (All potentials cited are vs. aqueous SCE and generally refer to 
the initial le reduction.) In DMSO, EIj2 is -2.37 V for cytosine 1171 and -2.3 V 
for uracil. The observed 0.03-V difference in ease of reduction of cytosine and 
pyrimidine is in good agreement with the calculated LEMO energy difference. 
However, there is a 0.5-V discrepancy between the predicted and observed differ- 
ences between uracil and either pyrimidine or cytosine. Two possibilities are 
apparent: (a) Differences in coupled chemical reactions or salvation effects make 
pyrimidine and cytosine more easily reducible by ca. 0.5 V compared to uracil 
than the LEMO energy predicts. (b) Differences in coupled chemical reactions, 
a non-reversible electron-transfer, or solvation effects make uracil more difficult 
to reduce by about 0.5 V compared to pyrimidine and cytosine than predicted 
by the LEMO calculations. 

Solvation effects do not seem a probable cause because of the relative inde- 
pendence of EI,P, e.g., for pyrimidine, of solvent nature and because solvation 
effects on the ease of reducibility are generally significant only if the oxidized 
and reduced forms are differently solvated [32], which is unlikely for the pyrimi- 
dines. 

Preceding chemical reactions can be eliminated as the cause of a more diffi- 
cultly reducible uracil species because of evidence against the likely reaction 
types: protonation, self-association, and tautomerism. The ineffectiveness of 
added proton donor on the ease of uracil reduction indicates the absence of a 
necessary prior protonation, A preceding association reaction is unlikely because 
(a) self-association would result in a concentration-dependent diffusion coeffi- 
cient but D is concentration-independent as indicated by the agreement between 
coulometric n and polarographic Id values at high and low concentrations, and 
(b) studies of the concentration and solvent dependence of n.m.r. chemical 
shifts for substituted uracil 1231 indicate uracil to be strongly hydrogen bonded 
to DMSO and not to self-associate to any significant extent. Since the la&am 
tautomer predominates in solution, a preceding tautomeric reaction, i.e.; reduc- 
tion occurring only via a minor tautomer, would not cause a 0.5-V overpotential 
unless some other factor hindered reduction of the lactam form, i.e., calculated 
LEMO energies 1311 are 2.42 and 2.12 eV for the 2-hydroxy lactiis protonatcd 
at N(1) and N(3), respectively, 1.94 eV fcr the Phydroxy lactim protonated at 
N(l), and 3.22 eV for the dilactim. Additionally, if reduction occurred via one 
of the minor tautomers, all of which have at least one ring nitrogen site available 
for protonation, proton donor addition should facilitate reduction, which is not 
experimentally observed. 

The remaining possibility is a non-reversible uracil reduction, with some differ- 
ence in the rates of following chemical reactions from those for pyrimidine and 
cytosine. If the 0.5-V overpotential were solely due to a totally irreversible elec- 
tron-transfer with a transfer coefficient (a) of 0.5, k,, would be 1 X lo-’ cm s-l 
[ 331. Such a small value for k, seems unlikely, particularly in light of the fact 
that pyrimidine reduction appears to involve a reversible - or, at least, very rapid 
- electron transfer [15]. 

The results in Fig. 4 for high concentration and rapid scan rate are consider- 
ably below the 268 PA s1j2 rnM_l v-l” cm-* expected for $,/Acc~‘~, assuming d 
reversible, le reduction of half of the uracil. To correct the data in Fig. 4 for the 
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effects of electrode sphericity, the spherical contribution to ~JAcu~‘~ was calcu- 
lated and subtracted from the observed &,/Acu~‘~ to yield the planar term of 
iJAcv ‘I2 1111. The spherical correction is significant at slow scan, i.e., less than 
1vs-’ , so that, for example, the planar i,/Acv112 values corresponding to 0.2 
mM at a u of 0.1 V s-‘are 380 and 399 (cf. Fig. 4); a plot, of the planar i,/Acu112 
for 0.2 IIU’L~ yields an intercept of 406 at u = 0. The decrease in planar &,/AccI~‘~ 
at 0.2 mA4 from 406 at u. = 0 to 278 at 32 V s-l is that expected by assuming a 
reversible electron-transfer at infinitely slow scan rate and an irreversible electrow 
transfer with a~ IY of 0.39 at rapid scan rate for reduction of 75% of the uracil in 
both cases. The fast scan rate limit at 1.25 m&f, 187, also corresponds to an irre- 
versible electron-transfer with an ar of 0.39, assuming 50% of the uracil to be 
reduced. Although the complex nature of the apparent mechanism precludes 
quantitative evaluation of the heterogeneous kinetic parameters, the foregoing 
facts indicate that the experimental results are not at variance with a finite elec- 
tron-transfer rate. 

Sites of electron entrance and residence 

Reduction of pyrimidine, 2-I-P and cytosine in aqueous and non-aqueous me- 
dia indicates that the electron initially enters at C(4) when the 3,4 N=C is pre- 
sent [3]. In aqueous media, the second most likely reduction site is the 1,2 N=C 
when present [3]; however, the possibility has been noted [ 141 of rapid electron 
rearrangement after initial electron addition to pyrimidine in AN. Thus, the 
structure of detectable intermediates and final products is not conclusive regard- 
ing the site of electron injection. 

Hayon [34] concluded, on the basis of spectral data for the protonated radi- 
cals formed in reduction of uracil by pulse radiolysis in aqueous media, that the 
solvated electron, esolr entered uracil at C(2) and C(4); he postulated that in pH 
5 solutions species (III) and (IV) are formed (after protonation) and that in alka- 
line solution (up to 0.3 M NaOH), species (V) is formed. 

Grimison and Eberhardt 1351 noted that the LEMO is delocalized over the entire 
uracil molecule and that, since esol is a special type of radical, one can only say 
that erol enters the LEMO, i.e., the atomic site of charge injection cannot be 
deduced from the resident site of the unpaired electron on the radical; however, 
based on theoretical calculations, they predicted that species (HI) would be 
formed on pulse radiolysis ‘a neutral solution and species (VI) in alkaline solu- 
tion. Although Hayon postulated species (III) and (IV) in neutral media to 
explain both his near- and far-ultraviolet spectra of pulse radiolysis intermediates, 
Grimison and Eberhardt calculated that the species (III) spectrum is consistent 
with both the near- and far-ultraviolet observed behavior; thus, the pulse radio- 
lysis data indicate that injected electron residence is at C(4) and that protonation 
in aqueous medium is at O(4). 
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Photochemical reactions have been either postulated or proven to involve 
attack at 5,6 C=C [36-381. Irradiation of uracil solutions has been reported to 
yield 5,&dihydrouracil 1371. E.p.r. studies of ultraviolet-irradiated aqueous 
uracil solutions indicate that (VII) is formed: when I&O, is present, (VIII) is 
formed at pH 1 to 7 and (IX) at pH 8 to 10 1381. 

(YEI (pIIT (lx) 

Theoretical electron densities for the lactam form of uracil indicate that of the 
four carbons, C(2) is most electron deficient with a net charge of +0.45 (aver- 
age of values on p. 276 of ref. 7, excluding values from EHT and IEHT methods) 
while C(4) is second most deficient (net charge = +0.34). The net charges on 
C(5) and C(6) are -0.15 and +0.13, respectively; hence, C(2) or C(4) appears to 
be the logical reduction site. 

The observed catalytic hydrogen discharge induced by uracil on acid addition 
to DMSO solutions suggests that electrochemical reduction proceeds via the pre- 
dicted path for pulse radiolysis reduction, i.e., electron injection at C(4), rather 
than by the photochemical path involving 5,6 C=C reduction. Catalytic hydrogen 
discharge generally involves a nitrogen or oxygen sits to which an acid can hydro- 
gen bond; this involves either a basic nitrogen or, more likely, C=O. If electro- 
chemical reduction occurred at 5,6 C=C, proton addition or hydrogen bonding 
to the reduced site would not produce a likely configuration for catalytic hydro- 
gen discharge; however, reduction at C(4) followed by proton addition or hydro- 
gen bonding to O(4) would yield structure (III), which has been postulated as 
the pulse radiolysis intermediate and which is ideal for catalytic hydrogen clis- 
charge. Reduction of the proton at O(4) might yield structure (VI), which is the 
postulated pulse radiolysis product in basic medium. If structure (VI) is formed 
on reduction, then hydrogen bonding and catalytic discharge can occur at N(1). 

Since calculations indicate the LEMO to be a n-orbital and since uracil is virtu- 
ally a planar molecule, reduction would probably occur with the plane of the 
ring parallel to the electrode surface; however, because of the high electron densi- 
ties on the two oxygens (a net charge of ca. -0.4 on each (p. 276 of ref. 7)), 
there may be considerable electrostatic repulsion between the oxygens and the 
very negatively charged electrode surface:.This repulsion may result in (a) a 
required stereochemical structure for the unreduced state which significantly 
raises the LEMO energy and, thereby, hinders reduction, and (b) a molecsllar 
structure for the activated state which raises the energies of the occupied orbi- 
tals and, therefore, produces a large energy barrier to reduction. If electron injec- 
tion occurs at either C(2) or C(4), then an additional possible source of ener- 
getic hindrance is the magnitude and orientation of ticil’s permanent dipole 
moment, which is 4.0 + 1.3 D with an angle of 71” relative to the N(l)-C(4) 
axis and toward N(3) [39]. In the presence of a large electric field gradient such 
as that at a solution/electrode interface, the most stable orientation for the ura- 
cil molecule will be with C(2) and C(4) away from the electrode and with the 
ring’s plane aligned to the electric field; thus, considerable activation edergy may 
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be necessary to orient C(2) or C(4) near the electrode, if one of these is the site 
of electrcn entrmce. Additionally, if reduction occurs with the ring plane paral- 
lel to the surface, then the molecule’s permanent dipole must be oriented per- 
pendicular to the electric field, which requires considerable energy. 

The foregoing information indicates that the most probable site for reduction 
is either C(2) or C(4); based on initial studies of thymine (5-methyluracil) in 
DMSO 1401, C(4) appears to be the site of electron residence. Although the 
postulated reduction site and orientation permit energetic arguments which 
could explain a slow electron-transfer, there is no conclusive experimental evi- 
dence for a slow electron-transfer step; such a slow step would be at variance 
with data for other pyrimidines, for which the initial electron-transfer appears 
to be reversible. Because of the complexity of the uracil reduction mechanism 
and the absence of available theories for data evaluation, the electron-transfer 
rate cannot be measured at present. 

CONCLUSIONS 

Uracil reduction is analogous to the 2-HP reduction mechanism, in that the 
radical anion abstracts a proton from the parent compound to form the parent. 
compounds’s conjugate base and the free radical, which rapidly dimerizes (Fig. 
6). The protonation reaction is considerably more rapid than the radical anion 
dlmerixation; the high-concentration polsrographic 1, indicates that not more 
than 8% of the radical anion is removed by dimerization, whereas at least 92% 
is removed by protonation. The rapid free radical dimerization makes the proto- 
nation step effectively irreversible. A rapid protonation rate is consistent with 
the strong proton affinity of radical anions and the lack of charge repulsion 
between reacting molecules. The strong b&city of the radical anion is also evi- 
dent from the fact that a very weak acid, uracil, is the protonating agent in such 
a rapid reaction. 

Digital simulations indicate that the protonation rate constant is at least lo5 
M-l SK’, assuming the rate of radical anion dimerlxation to exceed 104K1 s-l. 
The simulations also indicate that consistency between cyclic voltammetric and 
d.c. polarographic results requires that, at low concentration, some free radical 
be further reduced, rather than dimerixes. 

Although the experimental results are consistent with a quasi-reversible elec- 
tran-transfer and a transfer coefficient of 0.4, which would partially explain the 
observed trend in ease of reduction of various pyrimidines compared to the thee 
reticaIly predicted ease of reduction, the uracil reduction mechanism is too com- 
plex to permit quantitative electron-transfer evaluation from presently available 
theory. 

The uracil anion, as expected, is much more difficultly reducible than uracil 
itself and its reduction is not observed within the available potential range. 

The interaction of uracil anion with mercury is consistent with previous 
reports and with electrochemical results for the similar compound, 2-hydroxy- 
pyrimidine. Experimental results indicate formation of a Hg(I)-uracil salt with 
the plane of the uracil ring perpendicular to the electrode surface. A maximum 
of two layers is stripped electro_chemicaUy; the fraction of salt lost by mechani- 
cal detachment increases with increasing salt deposit. The presence of two anodic 
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peaks for film deposition, but only one peak for film stripping, indicates that - 
two mercury-uracil salts are involved, differing in the site ofrdeprotimation, i.&, 
N(1) or N(3), and that one of the salts is not stable; hence, proton~rearrange- . 
ment within the crystal structure to form the other, stable mercury salt pro& 
ably occurs. _._ 

Although results with added acids do not permit verification of the addid pro- 
ton donor’s substitution for uracif as a protonating agent, the results do_preclude, 
as expected from prcdominancc of uracil in the iactam tautomeric form, any 
protonation step preceding reduction. Additionally, the occurrence of catalytic 
hydrogen reduction on acid addition, which generally is due to protonation or 
hydrogen-bonding to a basic -nitrogen or, preferably, to a carbonyl group, indi- 
cates that reduction occurs at C(4), as has been observed on pulse radiolysis of 
uracil; reduction of the 5,6 C=C bond, observed in photochemical experiments, 
would not be expected to result in a species which catalyzed hydrogen reduc- 
tion. Reduction at C(4) would be consistent with observed electrochemical 
behavior for other pyrimidines. 
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