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Electrochemical Trifluoromethylation
Electrolysis of acetic acid/sodium acetate solutions of N-methylated uracils results in the
formation of 5-substituted methyl and acethoxy derivatives. Electrolysis of trifluoroacetic
acid/potassium trifluoroacetate solutions of N-l- and N-3-methylated uracils provided, be
sides 5-trifluoromethyl derivatives, novel N-C uracil dimers. In the case of 1,3-dimethyluracil
in trifluoroacetic acid. N-l demethylathion was also observed.

Introduction
Pyrimidine cyclobutane dimers formed photochemically play an important role in the UV-induced cell mutagenesis [1]. Another type of pyrim
idine dimers, the so-called 6-4 dimers, are also
important determinants in the mutagenic and le
thal effects of UV irradiation on biological systems
(for review see [2]). Uracil molecules coupled by
single C(5)-C(5') bond were isolated from UVirradiated solutions of 5-bromouracil [3,4] and 1,3dimethyl-5-bromouracil [5-7], and were also ob
tained by chemical synthesis [8]. Here we describe
and characterize electrochemically derived new
type of uracil dimers linked by N (l)-C (5') or
N(3)-C(5') bond.
Electrochemical trifluoromethylation of unsatu
rated organic compounds provides products in
generally good yields [9-11]. Trifluoroacetic acid
is a very effective source of anodically generated
trifluoromethyl radicals [12]. Earlier, a successful
trifluoromethylation of 1-methyl-uracil (40%) was
achieved on nickel electrodes due to the formation
of a molecular complex between 1-methyluracil
and NiF2 on the anodic surface [13]. The same au
thors mentioned that experiments using platinum
electrodes gave no satisfactory results [13]. Most
likely, the yields of the products were limited by

trapping of short-lived anodic products by uracil
from the bulk.
Electrolysis of simple aliphatic acids is an inter
esting source of short-lived free radicals and carbocations formed on and nearby the anodic sur
face. The generally accepted anodic reaction of
carboxylic acids [14] is shown below:
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We investigated the reaction of methylated ura
cils with anodically formed species derived from
acetic acid and trifluoroacetic acid. Our main in
terest was the distribution and type of products,
and not the preparative utility of the method. We
did not attempt to optimize experimental condi
tions by varying either the concentrations of salts
in the electrolysis medium, or the concentration of
methylated uracils in the bulk, or current density.
While the results presented below are of rather
informative character, the finding of non-typical
dimers of methylated uracils encouraged us to re
port these preliminary data.
Importantly, out of five major nucleic acid bases
uracil and thymine do not show polarographic re
duction waves in aqueous solutions. However, our
unpublished observations on electrolysis in undi
vided cells of uracil and thymine derivatives in or
ganic solvents revealed decreases in total UV ab
sorption of the reaction mixtures, in particular at
high current densities. TLC patterns of the reac-

© 1997 Verlag der Zeitschrift für Naturforschung. All rights reserved.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung 4.0 Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
für Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution
4.0 International License.

N

E. Bojarska et al. ■Novel Electrochemically Derived Dimers of Methylated Uracils

743

tion mixtures appeared similar to those found by
chemical oxidation [15]. In general, the presence
of oxidation products significantly lowered the
yields of desired derivatives.

CH j

Results and Discussion
Electrolysis of acetic acid/sodium acetate solu
tion containing either 1- or 3-methyluracils (la
and lb ), or 1,3-dimethyluracil (lc), gives two de
fined products. HPLC patterns of the reaction
mixtures (Fig. 1) indicate the presence of methyl
ated thymines (2a-c) and the respective 5-acetoxyuracils (3a-c). In the case of la , the amount of
3 a was higher than that of 2 a, whereas in the ex
periment with 3-methyluracil the reverse was
found. Retention times of 5-acetoxy derivatives
(3 a and 3 b) were taken from HPLC pattern of the
reaction mixture obtained by partial methylation
of 5-acetoxyuracil with diazomethane. Exhaustive
methylation of 5-acetoxyuracil gave 3 c as ex
pected (see Experimental section).
Using l a as a substrate, we were able to isolate
3a (with ca. 90% purity), and determine its struc
ture by N M R and mass spectroscopy. Similarity in
chromatographic mobilities of 2 a and 3 a makes
the column separation difficult. In the case of lc ,
chromatographical separation of the two expected
products 2 c and 3 c on XAD-4 column was suc
cessful. We gave up column isolation of 3 b be
cause of low yield of this product during electroly
sis of lb in acetic acid.
The above results indicate a radical substitution
of uracil ring by the methyl and acetoxy radicals
formed on the anodic surface (Scheme 1). Experi-
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Scheme 1. Electrochemical conversion of la - c to 2a-c
and 3a-c in acetic acid/sodium acetate solution.

ments using la and lb in trifluoroacetic acid/po
tassium trifluoroacetate gave results which did not
follow the above scheme. Beside the expected 5trifluoromethyl-substituted derivatives of the re
spective uracils (4 and 6) (Fig. 2), and a number of
unidentified products, two dimeric species (5 and
7) were found. In the case of la , the amount of
dimer (5) formed was comparable to that of the 5trifluoromethyl-substituted compound (4). In con
trast, lb gave mostly the corresponding 5-substituted derivative (6). Isolation of both these dimers
(5 and 7) was achieved by XAD-column chroma
tography. However, the 3-methyluracil-derived
dimer (7) required additional purification by pre
parative HPLC. Mass spectra of these dimers indi
cated that the products consist of two coupled
methyluracil moieties. ’H N M R measurements in-

Retention time (min)

Fig. 1. HPLC profiles of the
reaction mixtures obtained by
electrolysis of la , lb (eluent:
methanol/water, 10:90), and
lc (eluent: methanol/water,
20:80) in acetic acid/sodium
acetate solution.
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Fig. 2. HPLC profiles of the reaction mixtures obtained by electrolysis of la , l b (eluent: methanol/water, 10:90),
and lc (eluent: methanol/water, 20:80) in trifluoroacetic acid/potassium trifluoroacetate solution.

dicated unequivocally that the dimers are asym
metrical. The N M R spectra of 5 and 7 show a char
acteristic pattern of the uracil H(5)/H(6)-coupled
spin system with 7(5,6) = 7 Hz and 8 Hz, respec
tively, as well as one H(6) singlet (7.905 ppm in 5
and 7.925 ppm in 7). Each spectrum contains also
two singlets corresponding to two N-substituted
methyl groups (3.362 ppm, 3.252 ppm in 5, and
3.176 ppm, 3.164 ppm in 7), and a broad N -H
signal at approximately 11.6 ppm. Due to poor sol
ubility of the dimers in DM SO we gave up running
their 13C N M R spectra.
The compounds 5 and 7 are unstable in alkaline
medium (Fig. 3). This observation provides a hint
regarding the structure of these derivatives. One
fragment of each of the two dimers resembles a
1,3-disubstituted uracil. Such derivatives undergo
ring opening in alkali. However, this reaction does
not result in a complete decay of UV absorption
which is typical of 1,3-dimethyluracil. The other
fragment (1-methyl- or 3-methyluracil) of these di
mers, as expected, is stable in alkaline solution.
•Slow rate of decomposition of these dimers (about
10 times lower than that of 1,3-dimethyluracil) can
be explained by the fact that the decomposition
results from hydroxyl anion attack on negatively
charged dimer molecule. Both these dimers are
UV-sensitive. Nevertheless, their UV-induced de
composition does not yield hydrated methyluracils
exclusively. Irradiation of unbuffered aqueous so
lutions of the dimers showed decreases in UV ab
sorption. However, boiling these irradiated solu-

\ (nm )

Fig. 3. Decomposition kinetics of 5 (panel A) and 7
(panel B) in 1 N NaOH at room temperature. The curves
were taken at 1 h intervals.

tions did not result in a full restoration of the
original UV absorption. The pattern of photochemically induced decomposition of the dimers
showed this reaction is not a simple cleavage of
the dimer link followed by hydration of uracil moi
eties. Based on the above results, we conclude that
the pyrimidine moieties are coupled by N (l)C(5') or N(3)-C(5') bond (Scheme 2).
Earlier studies by Eberson group and others in
vestigators have shown that trifluoroacetic acid
can act as powerful one-electron oxidant (see
[15a,b]). We suppose that methylated uracils can
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Scheme 2. Electrochemical conversion of l a and l b to,
respectively, 4 and 5, and 6 and 7, in trifluoroacetic acid/
potassium trifluoroacetate solution.

oxidize anodieally to cation radicals, and these will
attack other methyluracil molecules from the bulk.
Experimental support for this hypothesis might be
sought in voltamperometric studies using methyl
ated uracils. For instance, the voltamperometric
curve of 1-methyluracil (la ) in trifluoroacetic
acid/potassium trifluoroacetate solution (Fig. 4)
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Fig. 4. Voltamperometric curve of l a (10-3 mol) in
trifluoroacetic acid/potassium trifluoroacetate vs Ag/
AgCl reference electrode. 1 - first sweep, 2 - second
sweep.

indicates anodic oxidation of this substituted py
rimidine, while no voltamperometric curve can be
obtained using 1-methyluracil (la) in acetic acid/
sodium acetate solution.
As described above, electrolysis of acetic acid/
sodium acetate solution in the presence of 1,3-dimethyluracil yields two main products 3 a and 3 b
which were isolated and characterized by spectral
and chromatographic comparison with authentic
samples. Unexpectedly, the same procedure using
trifluoroacetic acid/potassium trifluoroacetate
gave 3-methyl-5-trifluoromethyluracil (6, 4.5%) in
addition to the expected l,3-dimethyl-5-trifluoromethyluracil (8, 4.5%) (Fig. 2). Formation of the
latter compound can be explained by radical sub
stitution of lc with trifluoromethyl radical. The
only explanation for the formation of 6 we can
offer at this time is instant hydrolysis of trifluoroacetoxy derivative (9) in aqueous medium. The
intermediate 1-hydroxymethyluracil derivative
which might be formed by hydrolysis of 9 would
be unstable. This has clearly been shown in studies
on formaldehyde reaction with uracil [16a,b]. Re
cently, we have reported that electrochemically
obtained 1-acetoxy-methyluracil and 1-acetoxymethylthymine hydrolyse to uracil and thymine,
respectively [17]. Formation of 9 can be explained
by the attack of trifluoroacetoxy radical on 1,3dimethyluracil (lc), or, alternatively, oxidation of
lc to cation radical followed by deprotonation,
isomerisation and reaction of isomeric cation radi
cals with either trifluoroacethoxy radical or tri
fluoroacetate (Scheme 3). However, neither pro
posal can explain why uracil demethylation takes
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num electrodes spaced 5 cm apart. Current density
was 0.08 A/cm 2 in all experiments. Electrolysis
time was 90 min. The electrolytic reaction mixture
consisted of 15 ml of acetic acid or trifluoroacetic
acid, 800 mg of sodium acetate or 450 mg of potas
sium trifluoroacetate. respectively, and 3 mmol of
uracil derivative. Analytical TLC was performed
on precoated silica gel 60 F254 (Merck). Melting
points (uncorr.) were measured using Boetius
microscope hot stage. HPLC was performed using
a model LC 6 A Shimadzu instrument (UV detec
tor, X - 254 nm) with a column C )8 (4,6x25 mm)
(Beckman) (water-MeOH solutions). Mass spectra
(70 eV) were obtained with a model AMD-604
Intectra spectrometer. UV spectra were recorded
with a model Kontron Uvikon 940 spectropho
tometer. N M R spectra were measured with a Varian UNITY plus 500 MHz spectrometer. Chroma
tography was performed on a XAD-4 column
(Serva) (2.5x40 cm) in water/isopropanol
gradients.
Experimental

Scheme 3. Electrochemical conversion of l c to 6 and 8
in trifluoroacetic acid/potassium trifluoroacetate solu
tion, and the proposed transformation mechanism of 8
to 6.

place at N-l and not N-3. Notably, we have found
in our studies the presence of 3-methylthymine
among the products of electrolysis of trifluoro
acetic acid in the presence of 1,3-dimethylthymine
(not shown).
Electrolysis on platinum electrodes of uracil in
trifluoroacetic acid gives 5-trifluoromethyluracil
among a number of products. Isolation of 5-trifluoromethyluracil on an XAD-4 column is simple,
but the yield of electrolysis is low (< 1 0 %) and
compares unfavorably with that reported by chem
ical methods. Our attempts to obtain the expected
uracil dimer for physicochemical characterization
were unsuccessful.
Materials and Methods
Electrolyses were performed in undivided
water-coated cell equipped with two 3 cm2 plati

5-Acetoxy-l,3-dimethyluracil (3c): A suspension
of 5-acetoxyuracil [18] (170 mg, 1 mmol) in metha
nol (15 ml) was treated with ether solution of
diazomethane until a single product was found
(TLC control). Partially methylated mixture was
used for determination of HPLC retention times
of 3 a and 3 b. Following the methylation, the reac
tion mixture was evaporated to dryness, and the
residue was crystallized from small amount of
water to give needles (12 0 mg, 61%) with m.p.
155-157 C. UV: Amax (water) 273 nm. TLC: Rf
(CHCl3 -M eOH, 9:1) 0.73. *H NM R (d6-DMSO):
2.23 (s, C H 3-acetyl), 3.18 (s, N ^ C H ,) , 3.30 (s, N3C H 3), 7.91 (6 -H). MS: 198 (6 ), 156 (100), 127 (2),
99 (10).
Analysis for C 8H 1()N20 4 (198.18)
Calcd
C 48.48 H 5.09 N 14.14%,
Found C 48.41 H 5.19 N 14.06%.

5-Acetoxy-l ,3-dimethyluracil (3 c) and 1,3-di
methylthymine (2 c): Following electrolysis of 1,3dimethyluracil in acetic acid (see Materials and
Methods), the reaction mixture was evaporated to
dryness, the residue was dissolved in water (25 ml)
and applied onto XAD-4 column. The elution
using water/isopropanol gradient (total volume 2 1,
final isopropanol concentration 25%) gave two
peaks in addition to the starting compounds: 5-
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acetoxy-l,3-dimethyluracil (7 4 mg, 13%, m.p.
MeOH, 9:1) 0.42. !H N M R (d6-DMSO): 3.30 (s,
154-155 °C) at ca. 20% isopropanol, and 1,3-di- N ‘ - C H 3), 8.35 (s, 6 -H), 11-75 (s, N 3 -H). MS: 194
methylthymine (4% calcd. from optical units) at (100), 175 (8 ), 165 (4), 151 (27).
ca. 24% isopropanol concentration. The product
3-Methyl-5-trifluoromethyluracil (6) and 5-(3containing fractions were evaporated to dryness methyluracil-l-yl)-3-methyluracil (7). Following
and the residues were compared chromatographi- electrolysis of l b in trifluoroacetic acid, the reac
tion mixture was evaporated to dryness and ap
cally and spectrally with authentic compounds.
5-Acetoxy-l-methyluracil (3 a) obtained by elec plied onto X A D column. Elution was performed
trolysis of 1-methyluracil was identified by MS and with water/isopropanol gradient (total volume 2 1 ,
HPLC. The 2 a and 3 a peaks overlapped. There final isopropanol concentration 20%). The dimerfore, the first two thirds of the appropriate peak containing minor peak obtained at ca. 1 0 % isopro
volume was taken to give the title compound of panol was evaporated to dryness, the residue was
over 90% purity (HPLC). TLC: Rf (CHC13taken into 2 ml of water, and the solid material
MeOH, 9:1) 0.46. UV: (pH 1 and 7) Amax 273 nm, was filtered out (6 mg). This latter was further
(pH 12) Amax 270 nm. 'H N M R (d6-DMSO) 2.21 purified by preparative HPLC to give 4.5 mg
(s, CH 3-acetyl), 3.22 (s, N ! -CH 3), 7.81 (s, 6 -H),
(1.5%) of needles with m.p. >310 °C (decomp.).
11.61 (bs, N-H ). MS: 184 (7), 142 (100), 99 (1), TLC: Rf (CHCl 3 -MeOH, 9:1) 0.27. ]H N M R (d6DMSO): 3.16 and 3.17 (2s, N '- C H 3 and N 171 (18).
5-Acetoxy-3-methyluracil (3b) formed with low C H 3), 5.78 (d, 5-H), 7.51 (d, H-6 ), 7.93 (s, 6 '-H),
yield during electrolysis of 3-methyluracil in acetic 11.61 (bs, N r -H). MS: 250 (100), 193 (61), 165
acid, and was not isolated. The identity of this (95), 138 (10). UV: (pH 1 and 7) Amax 264 nm, (pH
compound was deduced from analysis of HPLC
1 2 ) Amax 288 nm.
retention times of partially methylated products of
The main peak (obtained at ca. 18% isopropa
5-acetoxyuracil.
nol) was evaporated to dryness, and the residue
1 -Methyl-5-trifluoromethyluracil (4) and 5-(l- was crystallized from water to give 6 (55 mg, 11%)
methyluracil-3-yl)-l-methyluracil (5). Following with m.p. 183-186 °C (lit [20], m.p. 185-190 °C)
electrolysis of l a in trifluoroacetic acid, the reac TLC: Rf (CHCl 3 -M eOH) 0.49. ‘H N M R (d6tion mixtures was evaporated to dryness and ap DMSO): 3.14 (s, N 3 - C H 3), 8.07 (s, 6 -H), 11.89 (bs,
plied onto X A D column. The elution was per N 1 -H). MS: 194 (100), 174 (42), 165 (4), 146 (13),
formed using water/isopropanol gradient (total
137 (32).
volume 2 1, final isopropanol concentration 15%).
3-Methyl-5-trifluorouracil (6) and 1,3-dimethylIn addition to 1-methyluracil, two major peaks 5-trifluoromethyluracil (8). Following electrolysis
were found. The first one (eluted at about 10%
of l c in trifluoroacetic acid, the reaction mixture
isopropanol) contained the dimer (5), and the se was evaporated to dryness and applied onto
cond one (obtained at ca. 13% isopropanol) car XAD-4 column. Two main products obtained were
ried 4. The fractions corresponding to the dimer 3-methyl-5-trifluorouracil (6 ) (eluted at 18% iso
peak were evaporated to dryness, the residue was propanol; 24 mg, 4%) and l,3-dimethyl-5-tritaken into 2 ml of water, and the solid material fluoromethyluracil (8 ) (eluted at 23% isopropanol;
was filtered and washed with small amount of cold 21 mg, 4%) m.p. 101 °C (lit. [20], m.p. 101 —
ethanol and ether to obtain 34 mg (9%) of tiny 101.5 °C). TLC: Rf (CHCl 3 -M eOH) 0.74. 'H
needles with m.p. >310 °C (decomp.). TLC: Rf N M R (d6-DMSO): 3.17, 3.29 (2s, N - C H 3), 8.24
(CHCl 3-M eOH, 9:1) 0.13. ’H N M R (d6-DMSO):
(6 -H).
3.25 and 3.36 (2s, N 3 -CH 3 and N 3'- C H 3), 6.22 (d,
5'-H, 7.91 (s, 6 -H), 8.14 (d, 6 '-H), 11.63 (bs, N3- Acknowledgements
H). MS: 250 (35), 167 (46), 142 (3), 124 (14), 109
The authors are grateful to the Polish Commit
(13). U V (pH 1 and 7) Amax 280 nm, (pH 12) Amax tee for Scientific Research for financial support
278 nm.
(grant no. 3 T 09A 07409). We are also indebted to
The residue from the second peak (38 mg, 7%)
the Laboratory of Nuclear Magnetic Resonance,
was compared spectrally and chromatographically Institute of Biochemistry and Biophysics, Polish
with the authentic compound synthesized accord Academy of Sciences, for the access to N M R spec
ing to the literature [19,20]. TLC: Rf (CHC13trometer.
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