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ABSTRACT

" Polarographic studies of several substituted pyrimidines were reinforced by the results
from cyclic voltammetry, controlled-potential electrolysis, and spectrophotometric
examination of electrolyzed solutions, as well as by the examination of model compounds.
Pyrimidines substituted with non-reducible groups (amino, methyl) are reduced in a
single, cne-electron (1e), diffusion-controlled process, very similar to that for pyrimidine
itself. Pyrimidine-4-carboxylic acid exhibits three reduction waves: a very drawn-out acid-
reduction wave with unusual properties and, at more negative potential, an adsorption pre-
wave and a wave corresponding to the le reduction of the pyrimidine moiety. 2-Chloro-
and 2-bromopyrimidine each exhibit two polarographic waves; the first, corresponding to
irreversible scission of the carbon-halogen bond, has electrcchemical properties quite
different from those normally expected; the second is due to reduction of the electro-
generated pyrimidine. Resulis are compared with those for the reduction of bromobutane,
bromobenzene and 2-bromopyridine. :

INTRODUCTION

~ In the course of our investigations of the electrochemical reduction of aza-
benzenes and related compounds in nonaqueous media [1—4},the effects of
'vanous substituents on the basic reduct.lon patterns of the azabenzene rings
were: mvestlgated ‘The present paper sumrnarizes the results obtained for
.the monoazine (pyndme} and, more partlcularly, for 1,3-diazine {(pyrimidine).
'Pyridine is the parent ccmpound for the bmlogxcally unportant pyridine
(mcotmamxde) ‘coenzymes, e.g., NAD+ and NADP*, and pyrimidine is the-
parent ‘compound for the pyrmndmes and purines found m the nucleic acids,
‘ATP, barbltunc acids and other blologlcally essentlal species. In these
studies, some. hlghly unusual results were G‘xtamed on the carbon-halogen

Vbond ﬁmon reactlon for halopynmldmes.»ﬁ STl S
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The polarographic and related behavior of pyrimidines and nicotinamides -
has been reviewed by the authors [5]- The phenomena and mechanisms for
carbon-halogen bond fission have also been recently reviewed [6,7,36]}.
Czochralska and Wrona [8,9] have investigated the polarographu. beha\rlor :
of halopyrimidines in aqueous buffered media.

Briefly summarized, in nonagueous media, pynmldme undergoes an initial
reversible one-electron (1e) reduction to a radical anion which rapidly
dimerizes; pyridine s apparently reduced in an overall 2e ECE process in-
volving 1e reversible reduction to a radical anion, which abstracts 3 proton
from the solvent and/or residual water to produce a free radical species that
is unstable at the potential of its formation and is, consequently, immediately
reduced in a second ie process. The situation in respeet to ihe carbon-halogen
{C—X) scission is less clear; while the overall process observed is considered
by most investigators to be a Ze one, there is some question as to the component
steps involved.

(An ECY mechanism for a single polarographic wave refers tG a process
in which an electrochemica! step involving electron transfer produces a spe-
cies which then undergoes a chemical reaction $o produce a product unstable
at the potential, at which it is formed, and consequentily rapidly reduced in
a second electrochemical reaction.) :

EXPERIMENTAL

Chemicals were obtained from the sources indicated: 2,4-dimethoxypyri-
midine (Cyclo Chemical); 5-methylpyrimidine (Nutritional Biochemicals);
4-methylpyrimidine and pyrimidine-4-carboxylic acid (Calbiochem); bromo-
benzene (Eastman); bromobutane (J.T. Baker). 2-Aminopyrimidine (Eastman)
was recrystallized once from water and twice from benzene. 2-Chloropyri-
midine (K & K Laboratories) was recrystallized from isopentane four times
to give white crystals: m.p. 63.5—64.5°C (literature [10]: 64.5—65.5°C) (anal.
cale. for C;H3NLCl: C, 41.95; H, 2.64; N, 24.46; CI, 30.95; found: C, 41.80;
H, 2.67; N, 24.33; Cl, 31.08). 2-Bromopyrimidine was prepared according to
Bly and Mellon [11]: m.p. 53—54°C (literature: £5.5—57°C) (anal. calc. for
C4H3N,Br: C, 30.22; H, 1.90; M. 17.63; Br, 50.26; found: C, 30. 40; H, 1.94;
N, 17.75; Br, 50.19). Concentrations of stock solutions of pynmldmes were
checked by means of reported molar absorptiviiies [11, 12].

Sources and puzification of cther chemicals, appaIaLLs and electtochemlcal
procedures have been describes [1,2,13].

Ali potentials- were measuied and, unless otherwise stated, are report;ed
versus a Ag/G.01 M Ag* , 0.1 M tetraethylammomum perrhlorabe (TEAP) in
acetonitrile electrode, whose poteritial versus-the: aqueous’ SCE i 0.293 V -
{1,14]. Currents at the DME were measured as maximum currents onan
undamped potentiostat; where n=cessary, as in the c&cda‘lon of I values,
maximura currents were multiplied by 6/7 to converf. them to average cun'enis.; 7
The background electrolyte was 0.1 MTEAP R



RESULTS AND DISCUSSION

Fynmldmes, substltuted Wlth non-redumble groups such as amino or
methyl, exhibif in acetonitrile polarographic properties very similar to those
for pyrimidine itself [1,2], i.e., a single, 1e, diffusion-controlled wave (Table 1).
Since methyl and.amino groups are electron-donating relstive to hvdrogen,
the half-wave potential (¥,,, ) values are more negative than £, ,, for pyn-
midine itself. 4-Methylpyrimidine has a more nzgative E;;» than the 5-methyl
derivative because of the closer proximity of the substituent to the reduction
site (the 3,4 N=C double bond). In general, the cyclic voltammetric behavior
of these compounds is much the same as that of pyrimidine itsels.

2,4-Dimethoxypyrimidine, which is reduced at a quite negative potential,
Jjust prior to background discharge, has a diffusion eurrent constont (I, )
equivalent to a 2e transfer, even though the wave slope is near that expected
for a reversible 1e process. This probably indicates the preserice of an ECE
reaction; the initial, potential-determining, reversible 1le addition is followed
by a fast chemical reaction (probably protonation) to produce a specles that
is meedlately reduced in a second le process.

Pyrimidine—4tarboxylic acid

D.c. polarography. Pyn'midine—-'l-carboxylic acid in acetonitrile soluiion ex-
hibits unusual polarograms at the DME, which essentially consist of three

TABLE 1
Polarographic behavior of substituted pyrimidines in acetonitrile ¢
Compound. —Ey0iV 8 Eyys—Eaa/mV Iy € _ Slope of

} ) log plotd
Pyrimidine 2.630 5445) 3.39(7) 0.53
2-Amino- 275 - - 58(3) 3.78{12) 052
4-Methyl- 2.74 55(4) 3.71(9) 0.53
5-Methyl- 264 54(3) 3.71(9) 0.57
2 4-Dimethoxy- 291 54(8) 6.55(10) 0.65
4-Carboxyl-¢ 1 1.29 . f 2.17(16) 0.6

_ I 2.41 - 60(10) 0.42(4) 1
131 2.57 54(6) - 3.05(14) 0.52

%01 M TEAP background electrolyte The numbers in parentheses are the uncertainties
gstandard deviations) of the last digit(s).

 Patential vs. Ag/Ag*. Standard deviations are less than 10 mV-
c Id =8 iy, < fT em2f3 (116

4 The slope of a plot of log i vs. log hy,. The theoretical value expected for a diffusion-
‘controlled wave is 0.50: tbat is,- the current is proportional to the squam root of the mer-
cury column height. -
e.I. I, and III refer to results for three separate polamgraphxc waves.
I. Very drawn-out, irregularly shaped wave; cf. text for description. . -
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reduction waves. The first wave at —1.29 V is due to a highly. irreversible, ie
acid (proton) reduction. The second wave is a small prewave (—2.41 V)
antecedent to the third wave (—2.57 V); both correspond to 1le reduction of
the pyrimidine moiety .- At longer drop-times, the prewave current is linear
with the first power of mercury column height (k), possibly indicating an ad-
sorption-controlled current. Occurrence of the small prewave between two
much larger waves makes evaluation of its current magnitude difficult. Since
there are indications that strong adsorption may occur during the acid re-
duction wave and since electron transfer is already taking place at the solution/
electrade interface, the prewave may correspond to the reduction of an
adsorbed species or of some molecules in a preferred orientation at the inter-
face. : '
Although there is no clear correlation for acids between agueous pK, and
reduction Ey;, in acetonitrile [15], stronger acids generally have more posi-
tive E,;, values; thus, the first acidic hydrogen wave indicates that pyrimidine-
4-carboxylic acid is moderately strong for a carboxylic acid. The wave is
complex in nature, e.g., about half-way up the wave, the slope changes and
becomes less steep. Polarography of a saturated solution (ca. 4 mM) of the
acid shows that this is due to twe incompletely resolved waves (Fig. 1). At
iong drop-times (low k), the two waves are well resolved and can be relatively
easiiy evaluated. With increase in h, the first wave shifts very slightly to more
negative potential but remains approximately constant in slepe; the second
wave shiffs to more positive potential and decreases markedly in slope. The
net effect at fast drop-times (and at lower concentrations) is to make the
acid reduction wave appear io be ‘““bent’ in the middle.

The causes for the two waves must, at this point, remain hypotheticai;
there are at least four possibilities:

{a} A coupled chemical reaction involving reduction of bonded acid (HA)
and of dissociated proton (H') may occur at the interface. The drop-time
dependence of the twe waves could be interpreted to indicate = slow coupled
reaction.

Fo
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Fig. 1. Polarogram of saturated (ca. 4 mM ) pyruntdme-'i-carboxyhc acld in acetomtrile
Mercury column hejght = 38 cot, - : E
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(b) A substantial fraction of hydrogen-bonded dimer, in addition to the -
monomer, may be present. Dimeric carboxylic acids are known to persist
even in the vapor state and in dilute solution in hydrocarbon solvents [16].
The dielectric constant of acetonitrile (e = 33), while not very small, may be
sufficiently low to permit substantial dimerization at the interface. The fact
that the “bent’ acid-reduction wave does not appear to be general (e.g., solu-
tions of benzoic and chloroacetic acids exhibit drawn-out wzves but of normal
shape, and Coetzee and Kolthoff [15] report very drawn-out waves for
fluorovaleric and phosphoric acids, but no unusual wave shapes for nine
Bronsted acids studied), would seem to indicate that explanations (a) and (b}
are either incorrect or insufficient.

{c) A zwitterionic or internally hydrogen-bonded form may be reduced as
well as the normal carboxylic acid. Such a form, stabilized by nydrogen bond-
ing, should be more difficult to reduce.

(d) The acid reduction may involve strong surface or adsorption shenomena.
“The distorted shape of the i—t curves between —1.3 and —1.7 V may indicate
film formation; during the course of the drop-life, the current reaches a max-
imum and then decreases, as though reducZion during the early part of the
drop-life were producmg a film about the drop which hinders further diffusion
of the electroactive species to the electrode surface.

In saturated solution of the acid, the mercury droplets falling durmg the
rising part of the wave and for some distance on ihe wave plateau do not co-
alesce on the cell bottom; once the potential corresponding to reduction of
pyrimidine moiety is reached, however, the falling mercury dropiets again co-
alesce. On the acid reduction wave plateau from —2.2 to —2.6 V, alterating
drops of high and of low current occur, the only adequate ezplanation for
which is some type of film formation. In the relatively concentrated solution,
streaming of the solution past the elecirode surface may occur, resuiting in an
enhanced supply of depolarizer at the electrode surface with a concomitant
increase in current. When the mercury drop falls, a film of the less soluble
pyrimidine carboxylate anion remains around the new growing drop, thereby
retarding diffusion of more depolarizer to the electrode surface and resulting
in a lowered current for the second drop. When this drop falls, it either dis-
rupts this film or pulls it through the solution, thus allowing an mcreased cur-
rent for the following drop.

" The unusual pattern of droplets of alternating high and low current mag-
nitude is also observed when the DME potential is held constant at several
values between —2.3 and —2.5 V (and at several mercury column heights),
although the current magmtude mfferences are not qulte as Iarge as those
observed dunng a pola:ogram

,Drop time curves. Since the most plausible explanation for the unusual acid-
reduction wave for pyrimidine-4-carboxylic acid would seem to be a strong
surface or interfacial effect such as adsorptmn or ﬁlm formatlon ‘drop time
curv& ‘were obtamed



512

Drop time curves for 1 and 5 mM pyrimidine are essentially identical with
that for the backgreund electrolyte alone, mdlcatmg little or no specific ad-
sorption of pyrimidine.

Except for the sharp depressnons at +0.2 and +0. 1 V, the drop time curve -
Yor saturated (ca. 4 mM) pynm1dme-4—carboxyllc acid solution (Fig. 2) is quite
close (within 0.10 s) to that for the background electrolyte alone. Since
small changes in the residual water content of the solvent seem. to increase
slightly the drop-time in the vicinity of the electrocapillary maximum (—0.4
to —1.1 V) and in the range of —2.0 to —2.6 V, it is difficult to say if the small
drop-time differences in these two regions are due to water or to the surface
effect of pyrimidine-4-carboxylic acid. What is evident, however, is that the un-
usual current behavior between —2.0 and —2.5 V does not have an appreciable
effect on the drop time curve, as would be expected if strong specific adsorp-
tion were occurring.

The two sharp depressions at positive potential are probably adsorptlon
prewaves just prior to anodic mercury dissoiution. Pyrimidine-4-carboxylic
acid has the molecular configuration suitable for forming a stable 5-member
chelate ring with mercury cations involving the carboxylate oxygen and N(3)
of the ring. The potential anc depth of the incision at +0.19 V (Fig. 2) are
dependent on the concentrat .on of the acid. The potential becomes more
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Fig. 2. Electrocapillary curves s for saturated (cn 4 mM) pyrumdme—*l—carboxyllc acxd in

acetonitrile (solid line) and for background electro!yte alone (0.1 M TEAP); mercury column
height = 38 cm. L ] :

Fig. 3. Cyclic voltammogram of 0. 85 mM pynmldme 4-carboiyhc acnd‘m aéétorixtnle at .-
the HMDE. Secan rate = 200 mV s 1. arabie numerals refer to the numbers of t.hescan on
successive cycles, _ ! ) S i o G
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negative with increasing concentration: +0.30, +0.25, an¢ +0.19 V for 0.15,
0.76, and 4 mM solutions, respectively. The depth, as expected, increases
with concentration; for the same solutions, the change in drop-time, At, is
5.40, 0.8%, and 1.18 s. The smaller incision at ca. 0.1 V is not visible, at least
w1th1n expenmental accurzxcy, at 0.15 and 0.76 mM concentration.

‘Current rnagnitude at the DME. The diffusion current constant, /4, for the
acid reduiction wave of 2.17 is somewhat low for an expected le reduction, e g.,
values of 3.4 to 3.7 are obtained for 1e reduction of other pyrimidines.

Low I; values have been reported for the irreversible reduction of acids in
acetonitrile. For nine acids, I generally ranged from 1.9 to 2.8 with extremes
of 1.4'7 (phosphoric acid) and 3.04 (perchloric acid) {15]. While the latter
values may be partially explained on the basis of differences in diffusion co-
efficient (perchloric acid, essentially completely dissaciated, diffuses as a solv-
ated proton, whereas phosphoric acid may quite possibly exist in solution as
long-chain or cyclic hydrogen-bonded oligomers undergomg relatively slow
diffusion), other factors must certainly be operative to explain a two-fold change
in Iy in what would seem to be superficially similar reactions, i.e., 1e reduc-
tion of an acid to form hydrogen gas. These cther factors may involve re-
versibility or mechanistic considerations, which may tend to lower currents
in acefonitrile media below expected levels, e g., the aging effect [17] ob-
served for solutions of acids in acetonitrile, in which the dissociation of weak
acids increases with time.

Cyclic voltammetry. Cychc voltammograms (Fig. 3) show several peaks for
reduction of the acid hydrogen, beginning at about —1.2 V, and the adsorp-
tion prewave at about —2.2 V just prior:to the large peak at —2.5 V, which

- corresponds te 1e reduction of the pyrimidine moiety. The rather unusual
shape of this series of peaks and the fact that the current does not decay ap-
preciably over nearly a one-volt range are further indications of the multiplici-
ty of processes, including probably adsorption and irreversible reduction. in-
volved in the acid-reduction wave for pyrimidine-4-carboxylic acid.

An erratically shaped peak pair at about —0.2 to —0.5 V appears to be due
to proton reduction, e.g., clipping the cathodic scan before the prewave results
in the appearance of these peaks being only slightly altered in shape and
mazmitude. These peaks correspond to peaks Va and Ve produced on cyclic
voltammetry of solutions of benzoic acid and benzoic acid-plus pyrimidine,

-which: peaks have been attributed to reduction of acids in acetonitrile [1].

" Repeated- attempts to prepare a dry crystalline tetraethylammonium salt
of ‘pyrimidine-4-carboxylic acid, in order to study the electrochemical beha-
vior of the carboxylate in-the absence of the acnd reductlon wave Were unsuc-
‘cessful. SR : :

' Chloro— and bromoazmes

. Smce prehmmary results mchcated that the polarographxc reduction of 2-
: chloropynmxdme exhnbd;ed some mther unusual phenomena and since the
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results might shed further light on the widely studied carbon-halogen bond
fission process {6,18,19], the electrochemical behavior of 2- bromopynmxdme,
and model haloazines was also investigated.

Model compounds. The polarographic behavior (Table 2) of n-bromobutane -
(BuBr) and bromobenzene (PhBr), wkich are typical model compounds for
the carbon-halogen bond-fission process, is similar to that previously reported
for these compounds in nonaqueous media [20—22]: a highly irtever;ible, '
diffusion-controlled 2e wave. Ey;, for BuBr in acetonitrile, however, is
approximately 0.18 V more negative than that reported for DMF solut‘on
[21], the most valid explanation for which appears to ke chfferences in the
urreversibility of the electron-transfer process.

The polarographic behavior of 2-bromopyridine also appears to be stralg*lt-
forward: a 2e irreversible scission of the C—Br bond (—2.47 V, wave I),
consequent generation of pyridine itself via protonation, and 2e reduction of
the pyridine (—2.9 V, wave 1I). E,,;» for wave I is identical, within experimen-
tal error, with that for pyridine itself {2]. On increasing the pyridine concen-
tration from 0.07 to 1.5 mM, however, I; for wave II steadily deéreases to
that expected for an overall 1.5-electron process, possibly indicating partial
change of the mechanism to an overall 1e process to produce a free radical,
wkich dimerizes. Previous reports have indicated an overall 2e reduction of
pyridine in acetonitrile [23] ai 0.6 mM concentration and in DMF [24] at
1 mM concentration. ESR investigations [25—27], however, have indicated
that pyridine radical anions can dimerize and reavomatize oxidatively to form
4,4 -bipyridine, which then can be reduced. to a radical anicn.

Coulometric electrolyses at controlled electrode potential of sclutions of
BuBr, PhBr, and 2-bromopyridine confirmed the 2e nature of the C—Br fission
process (Table 3). Plots of log (electrolysis current) vs. time were linear over
nearly 3 orders of current magnitude, indicating the absence of slow inter-
vening chemical steps in the cverall process..

The electrolyzed solutions were brownish; the maost characteristic. featm:e
of their absorption spectra was a strong, broad absorption bard with A,
~253 nm (€: (7 to 13) X 10 I mol™?! em™!, based on the original concentra—
tion of the electroactive compound). Flash distillation of these solutions
through a short column produced a clear distillate with an ultraviolet absorp-
tion spectrum characteristic of a quantitative yield of the parent compound -
for the benzene and pyridine derivatives. There was no spectrophotometric -
evidence for the formation of bipyridine in the electrolyzed solutions, either.
before or after distillation. The brownish color of the electrolyzed sclutions’
and the strong absorption at 253 nm are undoubtedly due iz polymericor -
other non-volatile products from decomposxtxon of solvent and/or backgtound
electrolyte during electrolysis. : '

2-Bromo- and 2-4-hloropyrurtdme The elech:ochemlcal behavmr of 2~bromo~ ;
and 2-chloropynm1dme is consnderably more complex t.han that of the bm mo -
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',compounds just dlscussed Under polarographlc conditions at about 0.5 mM o
~concentration, these two' pynm_dmes are reduced in two steps (Table 2):::

an initial apparent 2e process con‘espondmg to the C—X cleavage (wave I)
followed by a-le reduction of the pyrimidine electrogenerated in the wave 1
ptocess El 2 for wave II is-identical, within expenmental error, with that

for pynmdme itself [2]; Although wave I seems to be an overall 2e process,

its slope of about 55 mV-is indicative of a reversible 1e potential-determining
step: Ey and .1y values.are mdependent of A; with increasing concentration
(0 05 to 2 mM) Iy decreases and then levels off (Fig. 4).

Coulometry and spectroscoptc,studles.— Coulometxy of 2-chloropyrimidine
solutions on electrolysis at potentials on the wave-I plateau indicate similar
results (Fig: 4; Table 3). The coulometric n for concentrations greater than
about 0.5 mM is roughly constant at 1.36 + 0.07 electrons/molecule, in-
creasing to nearly 2e as the concentration is decreased to 0.08 mM. Plots
of log (electrolysis current) vs. time consist of two linear segments: a rapid
1.0 e-transfer, accounting for the first segment, and a slower process ac-
counting for the excess fractional electron (Fig. 5). Potentiometric titra-
tion of an electrolyzed soluticn (originally 2. 88 mM 2-ch!oropynm1d1ne)
with AgN03 indicated a 97 + 5% yleld of ClI™ i
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The exact electrolysis potential has little apparent effect on n; for 0.58 mM
2-chloropyrimidine, n = 1.35, 1.38, and 1.40 for £ = —2: 18 -2 25, and —2.40
V, respectively.

Polarograms of electrolyzed solutions of 2—chloropyr1m1dme exhlblt a
reduction wave at —2.63 V due to electrogenerated pyrimidine, and two ano- .
dic waves at —0.15 and —0.45 V due to oxidation of mercury in the presence
of chloride jon. Millimolar solutions of tetraethylammonium chloride in -
TEAP background exhibit very similar anodic waves at the same potentials.

14 values for all three waves decrease with increasing concentration in much
the same manner as the Iy plots of Fig. 4. The E;,; values for the two anodic
waves are also functions of concentration, as would be expected for anodic
adsorption waves. Generally, the I, values increase with decreasing concen-
tration; simple dilution of solutions with acetonitrile results in increased I,
values for the two waves. The higher I; values for the pyrimidine reduction
wave for electrolyzed solutions of low concentration probably resuit from
the ECE process in the reduction of pyrimidine [1}, in which the electro-
generated pyrimidine radical anion is protonated by residual water and/or
solvent and then further reduced in a second 1e process. Since the pyrimidine
concentration is so low, the rate of the ECE process becomes competitive
with the fast second-order dimerization reaction. There is no evidence for the
formation of a neutral bipyrimidine compound in electrolyzed solutions as
this should be reducible within the available potential range, e.g., £,,2 for
reduction of 2,2'-bipyridine in DMF is over 500 mV more positive than that
of pyridine [24]; the only reduction wave observed is that due to pyrimidine
itself, whose current magnritude indicates a more or less quaniitative yield of
pyrunidine.

Electrolyzed solutions of 2-chloropyrimidine exhibit a broad band near
310 nm (¢ = 2700 to 4700 1 mol™! em™—1), based on the original concentra-
tion), as well as the characteristic spectrum of pyrimidine itself in acetonitrile
(Amax(€) = 233s (1610), 238 (2050), 242 (2020), 248s (1490)). There is no
ultraviolet indication of residual 2-chloropyrimidine ()\mu(e) = 245s (2300),
251 (2600), 256s (1990)) or of the formation of 2,2 -dipyrimidine (Ao, (€) =
241 (15,900) in agueous media [11]). :

In contrast to the behavior of the 2-chloro compound, 2-bromopyrimidine -
exhibits linear log i vs. time electrolysis plots (Fig. 5) for solutions from 0.05
to 1.6 mM; n is constant at 1.34 + 0.03. Spectrophotometric analyses of
flash-distilled elecirolyzed solutions, however, indicate only a 60% yield of
pyrnimidine, as opposed to the 100% yield of the parent compound for BuBr
and PhBr. Addition of water to electrolysis solutions has no effectonn
values; for electrolysis of 0.80 mM solutions, n = 1:36 *+ 0.01 in nominally
“dry”’ acetonitrile (cy,0 ~7 mM), or with 50 or 130 mM added water. Electra-
lyzed solutions are browmsh The most charactenstlc feature of the ultraviolet -
spectrum is a broad absorption band of A,,., =308 nm (€ ~ 7000 L mol~%
cm !, based on the original 2-bromopynm1dme concentratxon), which ob--' ;{L -
scures the characteristic spectmm of pynmtdme 1tself unﬁl the solutlons are '
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Fig. 5. Variation of current with time during the controlled potential electrolysis of 2-bromo-
and 2-chloropyrimidine. () Electrolysis of 0.86 mM 2-bromopyrimidine at —2.25 V;
Nyeasured = 1.27 efmolecule. (a ) Electrolysis of 0.46 mM 2-chloronyrimidine at —2.25 V;
Nmeasured = 1.42 e/molecule. :

Fig. 6. Cyclic voltammogram of 0.57 mM thloropydmidiner at the HMDE. Scan rate =
200 mV s 1; arabic numerals refer to the number of the scan on successive cycles; peaks
are identified in the text.

flash-clistilled. The absorbance of electrolyzed solutions at 308 nm, however,
is dependent on. the water level of the solvent, increasing from about ¢ =
7000 1 mol™! em™?! for nommally dry acetomtnle to about 12000 for 130
mM added watet. -

Cyclzc uottammetry Cyclic voltammograms of 2-chlarop_vnm1dme (Fig. 6)
-show the reduction of the C—Cl bond prior to the peak corresponding to re-
duction of the pyrimidine moiety (Peak Ic). As would be expected for an
electmde reaction involving C—Cl bond cleavage, the process is highly irre-
versible, e.g:, no complementary anodic peak for the reoxidation appears even
at high scan rates. With increase in scan rate, v, from 0.2 to 140 Vs 1, the
_peak current function; i, /cv"/?, for the C—Cl scission peak decreases from
‘about 95 to'10, whereas that for peak Ic remains constant at 37 +°2.

" Peak Hla is due to theirreversible oxidation of a pyr.mldme amomc dimer
pmduced after 1e red.uchon of pyrmndme [1] TR LTI
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The peaks at about —0.5 V in Fig. 6 correspond to the anodic waves ob-
served on polarography of electrolyzed solutions, i.e.; are due to oxidation
of mercury in the presence of chloride ion. Reversal of the scan at a potential
just prior to peak Ic (about —2.5 V) produces these peaks essentially un-
changed in appearance and magnitude, indicating that they appear as a result
of the first electron transfer process, i.e., scission of the C—Cl bond. '

Mechanism of carbon-halogen bond fission. The most reasonable explanation
for the observed behavior of 2-bromo- and 2-chloropyrimidine in acetonitrile
is that these two compounds are initially reduced in a reversible, 1e addition
with a subsequent, fast scission to produce halide ion and pyrimidine free
radical. The wave slope for the poiarographic reduction (Table 2) is quite
close to the theoretically expected 56 mV, as opposed to the more drawn-out,
“irreversible” 2e¢ waves for BuBr, PhBr, and 2-bromonyridine. This can be
interoreted as being due to the initial addition of an electron to the lowest
C—Br 0+ orbital in the three model compounds, but to the lowest 7* orbital
in the pyrimidine compounds. Fukui et ai. | 28], tor example, have correlated
the E,,, values for reduction of haloalkanes and halobenzenes with the lowest
o* C—X orbital; it is well known that substitution of N for CH in aromatics
has the effect of lowering the energies of ¥ orbitals.

The pyrimidine free radical thus generated must be a very transient species,
as indicated by the non-appearance of a cyclie voltammetric peak that could -
be attributed to its oxidation. Most probably, it is deactivated by hydrogen
atom abstraction from the soivent or background electrolyte to form pyrimi-
dine which is then reduced at more negative potential (ca. —2.63 V). The
preponderance of experimental evidence indicates quantitative formation of
halide ion and pyrimidine in a le first step.

The ““excess” electrons, i.e., that amount greater than Ielmolecule must
arise from secondary electrochermca] reactions, probably involving the solvent,
background electrolyte, and residual water. The presence of at least two such
reactions is indicated by the data, e.g., the differing shapes for the logi vs. ¢
electrolysis plots for bromo- and chloropyrimidine evel: when the electrolyses
are performad at the same potential and the dependence on the “background’’
electrolysis reactions and products on the residual water level of the solvent-
as indicated by the variation in ultraviole? spectra of electrolyzed solutions
of 2-bromopyrimidine with added water. BuBr and PhBr, which clearly involve
2e and proton: zbstraction, result in electrolyzed solutions with Ay, at 253 nm,
as compared to solutions with A, at -about 208 nm for the pynmndme com-
pounds.

The behavior for the 2-halopyrimidines- is qulte sumlar to th:nt reporﬁed by
Nadjo and Saveant [29] for bromo- and chloro-substituted benzophenone, "
in which the experimental observaiions are consistent with an expulsion of
the halide ion from the anion radical initially formed, followed by abstraction
of = hydrogen atom from the solvent. For example, coulometric analysis of
2 mM solutions with short electrolysis durations (about 15 min for:90% con-: -
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sumption of the original compound; electrolysis conditions similar tc ours)
resulted in an n-value of about 1.2; with slower electrolysis conditions, i.e.,
togs =3 h, the n-value was close to two. Voltammetric studies on the benzo-
phenones were apparently not performed on solutions as dilute as some of
the ones in tkis study (down to 0.04 mM). Evidence for the existence of the
intermediate benzophenone radical has been demonstrated by trapping with
a nucleophilic reagent during the course of electrolysis [30].

Knowledge of the exact nature of the “background’ reactions in aceto-
nitrile must await further, more detailed studies, although there has already
been considerable discussion of the solvent/electrolyte reactions in aceto-
nitrile and DMF [2,31—36].
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