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ABSTRACT

The electrochemical reduction in dimethyl sulfoxide of cytosine (4-amino-2-hydroxypyrimidine) and
one of its model compounds (4-aminopyrimidine) has been examined. Initially. each pyrimidine (RH)
undergoes a reversible, diffusion-controlled one-clectron reduction of the 3. 4 N=C double bond 10 the
radical anion (RH ™ ). which can dimerize or can react with the parent compound (father-son reaction) to
form the neutral free radical (RH,) and the pyrimidine anion (R ™ ); the radical can dimerize or be further
reduced, perhaps after effective protonation: the anion forms 2 redox couple with Heg(l)-Hg(0). Other
coupled reactions, which may occur under suitable conditions, include reaction between anionic dimer
(" RH-RH ™) and RH. proton-assisted decomposition of dimer to form reducible RHJ . and deamina-
tion of the two-electron reduction product (RH;). which is a gem diamine, to generate 2-hydroxypynmi-
dine or pyrimidine itself. The effects on the electrochemical redox patiern of added water. strong acid
(HC1O,). weak acid (chloroacetic and benzoic acids), and strong base (Et {NOH) are described.

INTRODUCTION

In spite of the several papers published on the polarography of cytosine (4-amino-
2-hydroxypyrimidine) in aqueous media [1-7], there still seems to be some question
concerning its reduction mechanism [8]. Since cytosine is one of the two nitrogen
heterocyclic bases normally electrochemically reducible in nucleic acid (DNA and
RNA) fragments (adenine is the other), its reduction mechanism is of considerable
interest, for example, to those using electrochemical techniques to monitor investiga-
tions of the nucleic acids. .

In order to clarify the situation and to provide additional desired information. the
- polarographic behavior in aqueous and nonaqueous media of 4-aminopyrimidine
(4-AP), 2-hydroxypyrimidine (2-HP). cytosine and related compounds (Fig. 1) is
being investigated with particular attention to the roles of free radicais and anionic
species (radical anions, carbanions, and dissociated conjugate bases) as reaction
intermediates. In addition to being a model compound for cytosine, 4-AP is also the
logical bridge for compariag the two major nucleic acid bases of cytosine and
adenine (6-aminopurine), e.g., in respect to influence of the amino group on

* Permanent address: Department of Applied Chemistry, University of Osaka Prefecture, Sakai, Japan.
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2-HP : 4-apP ¥

Fig. 1. Formulae for 2-hydroxypyrimidine (2-HP), 4-annnopyn:mdmc (4-AP), and cytosine (4-amino-2-
hydroxypyrimidine: Cy). In both aqueous and noanzqueous media; 2-hydroxypyrimidine and cytosine exist
!argdy. if not entirely, in zhe keto form. . ) _

reduction ease and path; the pyrimidine 4-position and the punnc 6-position are
equivalent.

The present paper reports the r=sults obtained for 4-AP and cytosine in nonaque-
ous media (dimethyl sulfoxide, DMSQ), including the effects of added water, strong
and weak acids, and strong base.

The electrochemical behavior of pyrimidines in agueous media is summarized
[3-11]; that of 4-AP has been recently examined [12] as has that of 2-HP and related
compoands (umcﬂ‘ uridine; thymine) in nonaqueous media (DMSO) [13-16].

Father—son reactions

The term, father—son reaction, designates the situation where the principal
product of a reaction reacts with the original primary reactant, e.g.,
R + reagent =R’ (1)
R’ + R = products - (2)

where the reagent may be an electron [17].

Reactions of this general type have been encountered—or, at least, postulated—in
connection with the electrochemical behavior of inorganic and organic species, €.g., a
hydroxypyrimidine, symbolized as RH, can serve in nonaqueous media as a proton
source for neutralization of the radical anion. which it forms on 1 e reduction, i.e.,

RH+e=RH~™ : (3)
RH™ +RH = RH, + R~ @
Such acid— base father—son reactions also occur in studies published by lIversen,
Baizer, Savéant and their co-workers.

Fathcr—son reactions may cause observed polarograplnc wave heights to be less
than expected for a 1 e process and coulometric r values to be considerably less than

one.
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EXPERIMENTAL
Chemicals_ .

. - Cytosine (Nutritional Biochemical; Calbiochem) was used without further purifi-
cation. 4Aminopyrnimidine (4-AP), prepared from 2-thiocytosine (Schwarz/Mann)
by a modified Brown’s method [18], was twice vacuum sublimed: its purity was
verified by m.p. (151-152°C) [18], elementa! analysis and NMR spectrum.

- Dimethyl sulfoxide (Fisher Scientific), after having been dried over Linde SA
molecular sieves, was purified by on-line or off-line vacuum distillation. Tetracthyl-
ammonium perchlorate (TEAP), prepared following Kolthoff and Coetzee [19], was
recrystallized four times from water and then dried in a vacuum oven at 60°C. The
background electrolyte system-(0.1 Af TEAP in DMSO) gave residual currents of
less than —0.1 and 0.3 pA at +0.1 and —2.7 V, respectively. An occasional small
wave (E, , =ca. —2.1 V) seemed to be due to a trace of Na(i); correction for this
wave was readily made.

Other chemicals used were analytical reagent grade or the equivalent.

Apparatus

The electrochemical apparatus, including cells and electrodes used. have been
described [13]. A mercury-plated platinum disk electrode (MPPDE; area =0.50
mm>) was used as indicator electrode for cyclic voltammetsry of 4-AP at very
negative potential.

Procedures

Vacuum line techniques [20] were used for test sclution preparation until it was
confirmed that the presence of less than 1% water and oxygen removal by nitrogen
bubbling did not significantly affect the results. The test solution was then prepared
by dissolving weighed amounts of compound and TEAP in freshly distilled DMSO
and diluting to known volume. The effects of water, strong and weak acids. and
strong base were examined by adding the following with a pipet: 10% water in
DMSO or pure water; 5.8 X 1072 M perchloric acid in DMSO (containing 0.75%
water); 5 X 10~2 M benzoic or chloroacetic acid in DMSO: 6.8 X 10~2 M tetracthyl-
ammonium hydroxide (Et ;NCH) in DMSO (containing 9% water). After reagent
addition, dissolved oxygen was removed by bubbling with dned nitrogen; measure-
ments were made with nitrogen passing over the solution. Correction was made for
dilution due to reagent solution addition.

RESULTS AND DISCUSSION

In both aqueous and DMSO media, a hydroxy substituent on a pyrimidine
carbon, which is part of a C==N bond, is largely removed as a result of a keto-enol
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equilibrium [21-24), i.e, cytosine and 2-HP are predominantly in the keto form
(Fig- 1). In aqueous solutions, pK, values for proton gained and proton lost,
respectively, are 5.7 and 9.1 for 4-AP, 4.5 and 9.1 for cytosine, and 2.2 and 9.2 for
2-HP; pK, for proton gained is 1.3 for pyrimidine; pK, (solvent indicated) for
benzoic acid is 4.2 (H,0). 12.0 (acetonitrile; AN), 10.0 (DMSO) and 10.9 (N,N-di-
methylformamide; DMF); for chloroacetic acid, it is 2.9 (H,O) and 9.8 (AN).
Perchloric acid is essentially oomplexely dissociated in-all four solvents; - TEAP is
nearly completely dissociated in H,0O and DMSO. :

The DME polarographic and cyclic voltammetric behavior in DMSO of 4-AP and
cytosine are summarized in Table 1 and Fig. 2. Measurement of 4-AP voltammetric
patterns is difficult owing to the closeness of the main cathodic wave to background
discharge. Polarographic-waves and cyclic voltammetric peaks are designated by
Roman numbers; suffixes a and c indicate their anodic or cathodic nature; I
designates the wave or peak due to the specific pyrimidine RH itself, Il that due to
protonated RH, III due to the RH adduct with weak acid, IV due to mercury redox
in presence of R~ or OH ™~ anion [the latter may be specified as IVa(OH)], V due to
mercury redox in presence of weak acid anion, VI due to hydrogen ion reduction,
VI due to mercury redox in presence of adsorbed OH™, and VIII due to reduction
of adsorbed protonated RH and protonated radical (cf. F' ig. 13).

The primary electrode process is mainly diffusion controlled. e.g, log :—log h plot
slopes for wave Ic are near 0.5 and current functions (i, /Aco'/?) for peak Ic are
constant with variation in cyclic voltammetric scan rate (d E/dz = v).

The diffusion curremt constant {7, and current function values for 4-AP—after

TABLE }

Polarographic and volltammetric characteristics © of 4—am.mop)11rmdmc and cytosine in DMSO (0.1 Af
TEAP)

Com- ~E /¥ (Evy— Ey0)/mV 1.2 X< —Ey/ve CPE*<
pound - n
- Ic IVa Ive
2.HP! 167 140 077 051 -18 ° 017 022 058
) : : Q28 (132 (134
4AP 263 79 115 042 268 059 065 LIS
a (6.04) (0. 40) (0.38) _
Cyto- 237 117 081 050 245 0.43 052 - 104
sine C- : Q85) . (130) (209 .

“ Some of the values omay be concentration-dependent; data are at the 2 m MM level.
4 Diffusion cmrrent constant: Iy = iy /em™>>1'/%, _

© Logi=Xloghy,.
“ Numbers in parentheses are the corresponding cyclic voltammetric current functions. i /Am'/2 based
on A= Z.Gmm-rorcytoancandO.SOrnmzrorct-AP'Lbcvalucsarcl(l)umsas!argcforAmcmz
¢ Coatrolled electrode potential electrolysis:. n obtained by conlometsy. -
fDanfrommLBaremchxdedasabaszsfotoompa:m SRS
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Fig. 2. DME polarograms and cyclic voltammograms of 2 m A cytosine and of 2 m 3 4-aminopytimidine
(4-AP) in DMSO (0.1 A TEAP). Scan rate in cyclic voltammetry = 69 mV /s: working electrodes: HMDE
. (2.6 mm?) for cytosine and MPPDE (0.50 mm?) for 4-AP. Roman numbers: polarographic waves and
voltammetric peaks involved.

adjustment for solvent viscosity—roughly coincide with those expected from /; for
pyrimidine in AN {25], and 7, and iP/Ar:u'/2 for 2-HP in water [26], which involve 1
€ processes; however, the values for cytosine are lower. This suggests that electrode
process Ic involves (a) a 1 e reaction to produce a free radical followed by its
irreversible consumption, e.g., dimerization, for 4-AP and (b) a 1 e reaction followed
or accompanied by a parent compound-consuming reaction for cytosine; the nature
of the latter reaction is subsequently discussed.

It is also evident that (a) wave and peak Ic for each compound represents
reduction of neutral RH, (b) peak IVa, which appears only on the return cycle after
passing peak Ic, corresponds to an oxidation involving a product or products
produced by the peak Ic process, and {c) peak IVc is due to reduction of the peak
IVa process product. As subsequently discussed. the Ic process may produce neutral
and/or anionic free radicals, which dimerize, and an anionic formn of RH; the peak
IVa—1Vc redox couple involves the latter anion, e.g . peaks IVa and IVec grow on
repetitive scanning as expected for generation of anion in the peak Ic process. Peak
IVa and wave 1Va scen on strong base addition are due to the same process.

The appearance of multiple anodic spikes on 4-AP cyclic voltammograms seems
to be associated with 2 previcus sweep to sufficiently negative petensial te reach the
background decomposition region.



Eﬁeél of concentration

-An ig—c plot for cytosme wave Icis lmw up to 5 ‘mM:; aniy~c plot is lmear up
to 3.8 mAMf. Plots of :P—o'ﬂ are linear at 0.67 m M cytosine but dcvxa!c slightly at 2.4
mAM (o up to 160 V/s). Above 2 mM. cytosine, peak IVa at ca. —0.46 V starts to
grow less steeply with oonc:mtauon and p@k IVa(OH) appears at ca.. —0.32 V and
* grows linearly with concentration. * -

The shift of E, 5 for cytosine wave Ic to more posmvc potennal wnh mcreasmg
concentration and nonappearance of a oomplemmtary peak la even at v of 360.V /s
further support the notion that the mxual l e transfer is followed by a: rapxd
irreversible chemical reaction.

The behavior of 4-AP in respect to conoemrauon is generally similar to that of

cytosine.
Effect of water addition

No effect is noticed when the water concentration in DMSO solutions of 4-AP or
cytosine is 1% or less. This phenomenon, which differs from. the effect of H,O
addition on pyrimidine [25] and the azabenzenes [27] in AN, would seem to be due
to RH in cach case functioning as a more effective proton donor than H,O at low
water concentrations in DMSO. Above 1% H,O for 4-AP and 10% H,O for
cytosine, a new cathodic wave appears at more negative potential than wave Ic; this
new wave, whose curreat markedly increases and whose potential becomes more
positive with increasing H,O conceatration, may cormpond o a hydrogen ion
reduction, reflecting an increasing proton activity.

With increasing H,O concentration from 1% to 30%, the wave seen at —2.6 V for
4-AP becomes more positive and markedly increases in magnitude; the wave likely
represents a fusion of the 4-AP wave Ic and the wave due to water.

_ The pattern scen for cytosine is more complicated. Peak and wave Ic shxft to more
positive potential and decrease in height above 10% H,O and vanish at ca. 35%

H,O. The latter effect is parallelied by the failure of cytosine to exhibit a reduction
wAve in aqueous media except between pH 3 and 6 [1].. o

It is evident from these results that the effect of the minute amount of water (less
than 0.1% by: volume) added with HCIO, or EQNOH is neghglble (cf. subsequent
sections). _ ) oo

E_ﬂ'ecl of :trang base addzlmn .

. Addition of Et4NOH to DMSO (0.l M TEAP) produccs an anodxc DME wave at
—0.09 V, .whose height increases linearly with Et({NOH concentration; above ca. 1
mM, a second anodic wave appears at ca. —0.6 V, whose height also increases with
Et (NOH concentration but to alesser extent. On cyclic voltammetry, an apparently '
oomp!cmentary mthodlc peak also appaars at ca. '—0.2 V These wav&s and p&ks ‘
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.mult from oxidation of mercury in the presence of an anion (hydroxide), which
. forms an maoluble compound with Hg(l).
With increasing Et (NOH concentration (Fig. 3) wave and peak Ic—correspond-
"ing to reduction of RH—decrease and then disappear at Et,;NOH/pyrimidine
concentration ratio of 1.0 for cytosine and 1.5 for 4-AP. On the other hand. peaks
.IVa and I'Vc increase with increasing Et /NOH concentration and appear even if the
cathodic scan—before reversal—does not reach the potential at which peak Ic
appears. Waves IVa(OH) and Vl1Ia in Fig. 3 correspond to the two waves seen on
Et,NOH addition in absence of RH.
. The foregoing and subsequent evidence support peak IVa being due to an
oxidation involving the dissociated form (anion) of RH and peak IVc being due to
reduction of the peak IVa product, which is probably a complex or insoluble
product of Hg(I) and pyrimidine anion, R™.

Effect of strong acid addition

The effect of protonation was examined by adding HCIO, to solutions of cytosine
and 4-AP in DMSO up to a ratio of 1.5 acid to 1.0 base (Figs. 4 and 5). Addition of
HCIO, alone tc DMSO (0.1 Af TEAP) produces a DME wave (VIc) at +1.03V
(E, = —1.16 V), whose height is linearly proportional to HClO; concentration.

On HCIO, addition to a DMSO solution of RH, a new wave (IIc) appears at more
positive potential than original wave Ic and grows at the expense of wave Ic, which
has completely disappeared by an acid—pyrimidine ratio of 1.0 for 2-HP [13] and 1.5
for 4-AP and cytosine. Wave VIc (due to reduction of H* derived from HCIlO,)
appears at an acid-pyrimidine ratio of about 1.0 for all three compounds. It is
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Fig. 3. Effect of addition of a strong base (Et,NOH) on the DME polarographic behavior of (A) cy .osine
(2 mAf) and (B) 4-aminopyrimidine (2 mAf) in DMSO (0.1 A TEAP). (— — —) Potenual; (——)
" current. Roman anumbers: polarographic waves involved.
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Fig. 4. Effect of addition of a strong acid (perchloric acid) on the DME polarographic behavior of (A)
cytosine, (2 mY) and (B) 4-aminopyrimidine (2 maf) in DMSO (0.1 Af TEAP). (— — —) Potential;
(————) current. Roman numbers: polarographic waves involved. ]

difficult to measure the heights of the two waves at higher acid/base ratios because
of the appearance of maxima and drop-time irregularities when the acid concentra-
tion reaches 3 mAfL. There is also the situation that the H* concentration at the
electrode surface is less than that of the bulk solution due to the H* consuming
reduction producing peak Vilic. As a result, the RH concentration at the electrode

CURRENT/ A
POTENTIALJV

N

" poogpm

th_S.B[eaofadd:umo{amnngaad(;pa&m:ad)ohthchtvdmmmbchamr'of(A)
cytosine 2 mM;: 4 =26 mm’) and (B) 4-aminopyrimidine (2 mM; A =050 mm?) in DMSO (0.1 A/

TEAP).(-———)PotcnnaL( )azrrenLRomannnmbcrs.volummancp&Lsmvolved_



~surface exceeds that in the bulk solution due to the equilibrium shift,
RHy = RH+H"* _ _ (s)

A solution containing cytosine and HCIO, in 1.0:0.9 ratio (Fig. 6) shows waves
of E, ,=—127 and —2.40V (relative height ratio, corrected for drop-time, is
3.4: 1), due to reduction of protonated and unprotonated cytosine, respectively. A
cyclic voltammogram shows four cathodic peaks and a minute anodic peak {Fig. 6).
On increasing o, all of the currents increase but in markedly different fashion. The
Ic-Ia peak pair probably represents the cytosine-radical anion redox couple, peak
IIc reduction of protonated cytosine, peak Villc reduction of adsorbed protonated
cytosine and protonated free radical, and the peak at —21 V reduction of an
impurity as previously mentioned. The variation in relative peak heights (ip/c:u'/2
values) with scan rate, o, (Table 2) is explicable on the basis, for example, that, as o
increases, less protonated cytosine (species producing wave Ilc) is formed from
unprotonated cytosine (wave Ic species) reacting with other protonated species (wave
IIc source) due to equilibrium shifts as protonated cytosine is reduced. This is
supported by the approximate constancies with v of the sum of the current functions
for peaks IIc and VIIIc (7.8; 8.6; 8.3), i.e., sum of protonated species. and of the sum
of peaks Ic, IIc and VIIIc (13.0; 13.3; 12.2), i.e, sum of RH and protonated species.
The summation of peaks Ic and Viilc is also constant at the two higher scan rates:
6.2; 10.4; 10.6. _

The variations in the polarographic and voltammetric patterns are consistent with
a prior protonation of the pyrimidine, probably at N(3), to give a species more easily
reducible than the original molecule [25]. The fact that the 2-HP wave disappears at
a 1:1 aad/pyrimidine ratio [13] but that those of 4AP and cytosine do not,
suggests that prior protonation of cytosine and 4-AP requires a greater hydrogen icn
activity than for 2-HP; this is in agreement with their respective aqueous pK, values.

L I T

-20
POTENTIAL/V
Fig 6. DME polarogram (A) and cydlic vbltammogmm (B) for a DMSO (0.1 M TEAP) solution., 2.0 mAf
in cytosine and 1.8 mM in HCQlO,. Roman numbers: polarographic waves and voltammetric peaks
involved. - . . .
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TABLE2 . . .
Cychc voltammen'y of protonated cytosine in DMSO*“

Peak _ Parameter ) Scan Ratco/Vs™'
0069 ' 366 366
Ic Y A —2.43 —251 © —259
i /02 52 ' 47 39
Ia - E/N —233 =231 —235
p/cu'f‘ : : 2. 24 -
He E,/V —1.40 —139 —139"
i /o' 6.8 . 29 1.6
Villc E,/V —157 —1.63 —-1.71
, i /a;'f’ : 1.0 5.7 6.7
Impurity E /Y -21 : —21 -21
i /co? 04 07 : 05

“ Solution comaposition: 0.1 Af TEAP; 2.0 m A cytosine; 1.8 mM HCI10,.

There is the alternative but related explanation of the need for a higher
HCIO,/base ratio for disappearance of wave Ic for 4-AP and cytosine than for
2-HP, in the fact that protonated 2-HP is reduced at less negative potential than
HCIO, itself whereas protonated 4-AP and cytosine are reduced at more negative
potential. Consequently, dissociation of the latter species as the free HCIO, is
reduced, may be relevant. : '

Peak pair IVa and [IVc at ~05 to —0.6 V- (Table 1), which involves mercury and
an anionic form of each base, disappears completely on addition of a small amount
of strong acid.

Effect of weak acid addition

Addition of a weak acid itself to DMSO (0.1 Af TEAP) produces'a hydrogen ion
reduction wave (VIc) at + 1.8 V (chloroacetic acid) or —2.1 V (benzoic acid), whose
height is linearly proportional to concentration. As might be expected from chloro-
acetic acid beiag somewhat more highly dissociated than benzoic, the increase in
current with concentration is somewhat greater for chloroacetic; E, , in benzoic acid
solution shifts positively with increasing concenu-auon.

As either acid is added to a solution of 4-AP or cytosine in DMSO up to an
acid /base ratio of 2 (Fig. 7), a new wave (Ilic) appears at a poumual corresponding
to the acid strength and grows as wave Ic decreases, similar to the behavior on

- HC1O, addition; however, the wave patterns are quite complxmted, reﬂecung the
weaker protonating ‘ability of these acids as compared to HCIO, and the resultmg
equilibria involved, e.g, formation of adducts between nitrogen base and undissoci-
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Fig. 7. Effect of addition of weak acid (A: chloroacetic acid; B: benzoic acid) on the dme polarographic

) Potential; (— — —) current. Roman

behavior of cytosine (2 ma) in DMSO (0.1 M TEAP). (
numbers: polarographic waves involved.

ated acid. Further complication results from possible reaction of reduction products
with acid to produce further reducible species.

On chloroacetic acid addition, the original cytosine wave Ic \.amshes by an
acid /base ratio slightly exceeding one with the one new wave involving a combina-
tion of cytosinc—acid adduct and acid reduction. The 4-AP wave decreases to
one-third its original magnitude at an acid /base ratio of 2; the new wave also seems
to be a combined wave.

On benzoic acid addition, cytosine wave Ic has disappeared by an acid /base ratio
of 2; a new wave—more positive than the benzoic acid wave—appears and grows,
while a small benzoic acid wave starts to grow in magnitude as the acid /base ratio
exceeds one. The 4-AP wave linearly decreases to zero at an acid /base ratio of 2,
while a wave at the benzoic acid reduction potential steadily increases; the latter
wave is also a combined wave arising from reduction of both base-acid adduct and
acid itself.

Cyclic voltammograms show generally similar behavior with some variation
arising from the difference in time scale and the electroactivity due to reaction
products, e.g., a redox couple (Va, c), due to a Hg(I)-Hg(0) couple involving the acid
anion, appears at about —0.1 V in the case of benzoic acid and +0.2 V in the case
of chloroacetic acid.

Controlled poléntial electrolysis and coulometry. Composition of electrolysis products

- Cytosix;e ‘was electrolyzed at —2.6 V and 4-AP at —2.7 V; coulometric  data are
summarized in Table 1. Typical polarograms obtained during the course of electroly-
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sis are shown in F‘gs. 8 and 9; the variation of currem wnh ume durmg eleclrolysns _
is shown in Fig 10. Certain characteristics of these figures are lmmed.lalely apparent.
Each log i~ curve indicates involvement of at least two electrolytic processes with
a relatively slow intervening chemical step. The first process, which' predominates
early in the electrolysis, is strongly dependent on RH concentration and probably
involves the father—son reaction. As the RH concentration .decreases, the effect of
follow-up chemical reactions on the effective rate of electrolysis decreases. :
. During electrolysis, anodic wave IVa involving the electrolytic reduction product
of each pyrimidine appears and grows at the expense of original RH reduction wave
Ic; the sum of waves Ic and I'Va for cytosine is nearly constant but that for 4-AP
increases somewhat. E, , values of the anodic wave (—0.6 V for 4-AP; —0.4 V for
cytosine) essentially coincide with those for :he oxidation waves obtained on strong
base addition (Fig. 3).
' After electrolysis was complete. increments of deoxygenated perchlonc acid were
added to the electrolyzed solution; the variations in the polarographic patterns
resulting from such addition are summarized in Figs. 11 and 12. On continued
addition of HCIO; to the electrolyzed solutions (Figs. 8 and 9), original wave Ic
grows at the expense of wave I'Va and. then, at HCIO, to orniginal RH ratio of about
1.5:2, wave IVa disappears, wave Ilc—corresponding to reduction of protonated
RH—appears and grows at the expense of wave Ic, and wave VIlIc due to reduction
of protonated radical produced by decomposition of dimer in presence of excess

0 min

35 min

¥ a(OH)

1 - !
o -1.0 -2.0
POTENTIAL fV .

Fig.S.Pohrogramsotcytmc(lan)sobandunnngsconxrolhddeamdepotmualdccuoiysxsat
—ZﬁVmD\ISO(DlMTEAP).Tnncmmmu!sa.flcrsanofdecuolys:s:snowdonachm
Anowbndsmdsa!.etbedectrd“s:spotcntml( 26V) - :
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hydrogen-ion due to strong acid appears and grows. The ratio of the maximum

.heights of wave IVa, regenerated wave Ic, protonated RH wave IIc and wave VIlic

~ compared to original wave Ic before electrolysis are approximately.1.1, 0.6. 0.9 and
0.6, respectively, for cytosine, and 1.2, 0.8, 1.3 and 0.6, respectively, for 4-AP.

Ic

0 min

48 min

IIPA

INa

IZa(OH)

| | 3
(v} -1.0 -20
POTENTIAL [ Vv
Fig. 9. Polarograms of 4-aminopyrimidine (2 mAf) solution during its controlled electrode potential
electrolysis at —2.7V in DMSO (0.1 Af TEAP). Time in minutes after start of electrolysis is noted on

each curve. Arrowhead indicates the electrolysis potential (- 2.7 V).

CURRENT

s 1 1 L L 1 1
2 10 20 . 30
. - TIME /min _
Fig. 10. Variation of the current (in arbitrary units) with time during the controlled electrode potential
electrolysis of 2 mAM 4-aminopyrimidine (4-AP; @) and of 1.73 mAf cytosine (Cy: Q) in DMSO (0.1 Af

TEAP). o




The vanauons in wavc pattem dunng :lectrolyas and on: subsequent HClO4
addmon are elucxdated in the followmg sect:on on R&cuon Mec.hamsms. SV
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Fig. 11. Effect of HC10, addition ca an exhaustively electrolyzed solution of .73 m Af eyt-osiae in DMSO
(0.0 M TEAP). Positive currents are cathodic; negative currents are anodic. The double circles at O mAf

HC10, show the current and potential of the cytosine wave seen in the unelectrolyzed solution. (— — —)
Potential; (—-——) carrent. Roman numbers: polarographic waves involved.
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RE\CTION MECHANISMS
The electrolyth redox reaction paths in DMSO for 4-aminopyrimidine (4-AP)
and cytosine, based on the available evidence and including accompanying chemical
- reactions, are summarized in Fig. 13, together with an assignment of the waves and
peaks, and of the approximate potentials associated with each wave and peak; the
latter potentials are also tabulatel in Table 3, to which the data on pyrimidine and
2-hydroxypyrimidine (2-HP) in nonaqueous media have been added for comparison.
In the subsequent discussion, RH is used to designate a pyrimidine molecule with a
removable, i.e., possibly acidic, proton.
In DMSO (0.1 M TEAP), in the absence of added hydrogen or hydroxide ion
source, each py-imidine undergoes an apparently reversible 1 e reduction (wave or
. peak Ic) to form a radical anion, which is a strong base and which can dimerize to a
dian on species. Dimerization, which involves reaction of similarly charged species.
-seem. less rapid than the attack of the radical anion on unreduced pyrimidine to
abstiuct a proton, producing the neutral free radical, which dimerizes much more
rapidly than the corresponding radical anion, and the anion of the pyrimidine. The
latter anion is involved in & Hg(l)-Hg{0) couple (1Va-1Vc); the sum of the current
magnitudes for waves Ic and IVa should approximate that expected for a 1 e

Hg.-e
e, ————= HgA X
I -0t1o02v I
[ 3 . .
(o) —~A-H-RH e A~ + RH; A-H—-RH, o AT 4 RHy
[
-1.6 10-20V -1810-20V
HA -17 t0-1.9V -1.70-19V
. Gds) [
RH? e H* & > e
18V H RH Y
16V 3 3
AR s
) RH3 RH, 0 5 DIMER 1.6V
- 3 Qs -
-3V
R -1
RH IXace
() RH = RH™ RH, + R
0 . Hg.e
-26V l - | 82",]
-24V X )
0.5 DIMER ANION HoR
OH™, -H,0
(@)

Fig. 13. Interpretation of the electrochemical and related chemical behavior observed for 4-aminopyrimi-
dine and cytosine (RH) in DMSO (0.1 A TEAP) solution in the presence of (a) weak acid (HA). (b)
strong acid (H™ ), (¢) no added acid or base, and (d) strong base (BOH). All of the acid-base reactions
shown ‘are presumably reversible. Where two sets of potentials are given, the upper refers to 4-
aminopyrimidine and the lower to cytosine. X indicates that subsequent reactions for the species involved
arc shown elsewhere on the fgnrc. Y refers to the deamination reaction which is followed by reduction of

the resulting product.”
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TABLE3 .
Potentials © at which waves and peaks seen in pyrimidine redox patterns in DMSO octur

Wave or E, 7 and E,/V
Pcak *

Pyrimidine © 2-HP* 4.AP Cytosine
Ic -22 -17 -26 -24
Iic¥ -13 - . —-08 —-13 -13
Ville* —-1.8 -16
Hic*f —14, ~ 16 —12-13 -18, -20 -7, =19
IVa.c* -02 —-041t0 —-06 —041t0 —05
Va. c/ -0.1,02 —0.1.0.2 -0.1,0.2
Deamination prodect Pyrimidine 2-HP

“ Potentials are referred to the aqueous SCE.
# Average wave and peak patterns are schematically indicated in Fig. 13.

¢ Data taken from refs. 13, 28 and 29.
“ Wave or peak Vic due to hydrogen ion reduction occurs at — 1.1 V for HC1O,. « 1.8 V for chloroacetic
acd and —2.1 V for benzoic acid.
c Thepmcusp:oduangthcwaveorpenkmay involve addition of a second clectron to the pyrimidine.
! The first valuc is for chioroacctic acid solution.
* A similar wave or peak pair appears in presence of hydroxide anion at —C.1 V (wave IVa(OH)); at
higher hydroxide conceatration, a second pair appears at —0.6 V (wave Vila)

faradaic precess except that the nature of the IVa—IVc couple, which may involve a
film, and the very negative potential needed for 4-AP reduction, e.g., possible solvent
and water reduction to generate CH™ ions, introduce complications.

A possible concumrent route, which does not alter the principal arguments
involved, is that of the proton exchange involving in addition to reaction baiween
RH and radical anion RH™, reaction between RH and the anionic dimeric species
formed by RH ™. Favoring the latter reaction is the likelihood of the dimer anion
being a stronger base than the radical anion itself. Favoring the anion radical as the
proton acceptor is the probably more favorable kinetics for reaction between RH ™~
and RH as compared to that between RH™ and RH".

The electrochemical reduction site, based on prevously observed reductions of
pyrimidines in aqueous and nonaqueous media [1,25,30,31} is the 3,4 N=C double
bond. Dimerization probably involves formation of a 44" or 6,6° C-C bond. The
anionic species formed can neutralize their charge by ion-pairing with cationic Lewis
acids such as protons from added acids and acidic impurities or traces of metal ions.

On addition of a strong base (hydroxide ion) to an RH solution, all of the
pyrimidine is converted to the anion R~ and the only electrochemical activity seen is
that due to its couple with mercury (IVa-IVc). The proton removed from RH on its
reaction with a strong base, e.g, its radical anion or hydro:ude ion, is probably the
proton on N(1) in the case of cytosine and on C(2) in the case of 4-AP.

On addition of a strong acid, i.e., a freely available hydrogen ion source, the
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protonated pyrimidine (RH - H* ) formed is more easily reduced (wave Ilc) than the
neutral RH (Ic) with the resulting llc current generally exceeding that for lc; the
couple due to reaction of R~ with mercury (IVa-1Vc) is not seen. Based on the
protonation patterns scen in aqueous media and the increased case of reduction on
protonation, the most likely protonation site in RH is N(3). The neutral free radical
formed can dimerize or, when the proton/pyrimidine ratio exceeds 1. can be
protonated and reduced to the 3,4-dihydropyrimidine (RH,). If the latter is derived
from 4-AP or cytosine, C(4) is the site of a gem diamine and deamination can occur
to regenerate the 3,4 N=C bond, forming pyrimidine itself in the case of 4-AP and
2-HP in the case of cytosine [1,5,10]). Since pyrimidine and 2-HP are. respectively.
more easily reducible than 4-AP or cytosine, they are reduced as they are formed.
contributing to the faradaic current.

Addition of a weak acid to_an RH solution results in formation of an adduct
between the acid and RH as a result of hydrogen bridging between the acid proton
and the pyrimidine reduction site, probably at N(3), since reduction of the pyrimi-
dine in the adduct is facilitated (wave IlIc). The free radical produced can dimerize
or can hydrogen-bond another molecule of acid to form an adduct reducible within
the available potential range to produce a dihydropyrimidine, which, as noted, can
deaminate in the case of 4-AP and cytosine to produce a reducible compound
{pyrimidine or 2-HP). The weak acid anion. liberated on reduction of the adduct.
can produce a Hg(I)-Hg(0) couple similar to the pyrimidine anion; the resulting
wave or peak couple (Va—Vc), however, occurs at a potential charactenstic for the
acid involved. On the other hand, the mercury-pyrimidine anion wave (IVa-1V¢)
occurs at a potential charactenistic of the pyrimidine.

The causes for the coulometric n values for cytosine and 4-AP (Table 1) being
about twice those for 2-HP are probably a combination of (a) decreased effect of the
father-son reaction, especially as the RH concentration decreases during electroly-
sis, (b) reduction of the neutral free radical, RH,, resulting from protonation by RH
of the initdally produced radical arion in the father-son reaction, ie., an ECE
process, (c) reduction of the 2-HP or pyrimidine formed on deamination of the RH,
product of the preceding reduction under the condition of no added proton source,
and (d) reduction of the protonated free radical (wave VIlic process). A possible
additional cause for n approaching or exceeding one for cytosine and 4-AP is the
reduction of these compounds to the radical anion, which neutralizes its charge by
reaction with a solution species, e.g., Na(l) impurity, to form a neutral ion-pair.
which can be reduced in a second 1 e process as well as dimerize.

The data obtained on controlled potential electrolysis (CPE), coulometry. and
subsequent treatment of the electrolyzed solution with HCIO, are explicable on the
basis of the mechanisms discussed. During CPE, which involves the wave Ic process
possibly coupled with a father—son reaction,

RH+e—RH™ (6)

RH” +RH—>RH,+R"~ (7)



N halftoalloftheRHmraduwd toaradxmlspeaa, whxch,mtum,dlmenzs,ls
reduced or is converted to a reducible speas, the remamder is converted to the
- anion (eqn. 7) whxch causes wave IVa, e N , i

R +Hg—>HgR+e o ST T ‘ _':(8)
.’I‘he latter wave is similar 1o the anodxc wave produoed on addmg strong base to an
RH solution. '

- Addition: of HCIO -converts R- to RH t.hus dmg wave lVa (eqn 8) and-

regeneratmg RH, which produos wave Ic (eqn. 6); the maximum height of regener-

" ated wave Ic is a fraction (about 61%. for cytosine; 73% for 4-AP) of that of wave Ic
before CPE., which height is reached when the added HCIO; concentration equals a
similar fraction (about 65% for cytosine; 76% for 4-AP) of the original RH
conceatration (Figs. 11 and 12). (It must be kept in mind that original wave Ic
represents reduction of one-half to all of the RH present.) These facts suggest that
the CPE involves additional proton and electron consuming reactions such as
reduction of RH, and of deamination products of RH,.

Further addition of HCIO; furnishes proton donor for protonation of regenerated

RH, - _
R'+H*’_7>RH—>RH{ _ ' o 9
The protonated RH produces wave llc,
RH} +e— RH, . : (10)
Continued HCIO, addition beyond that shown in F 1gS. 11 and 12 do& not seem to
affect wave IIc but results ir the appearance and growth of wave Vic due to
hydrcgen ion reduction. (Precise measurement of wave Iic height is eomplxcated by
the large maximum of wave VIc and drop-time irregularity.)

On HCIO; addition to electrolyzed solutions of cytosine (Fig. 11) and 4-AP (Fig.
12), wave VIlIc (— 1.9 to — 1.8 V for 4-AP; — 1.66 V for cytosine), which appears at
an acid/pyrimidine ratio of abcut 1-1.5/2, seems to correspond to the wave VIlic
and peak VIlic seen in HClO,-containing solutions of cytosine and 4-AP (Figs. 4
and 5; Table 2). The species producing wave VIIic is probably the free radical RH,
produced by the reduction (wave IIc) of the protonated cytosine or protonated 4-AP,
and/or the dmomposmon product of lhcu' dimers in the prsence of excess acid [l]
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