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A new series of N-alkylated uric acids (2,6,8-purinetrione) and 5,6-diaminouracils (5,6-diamino- 
2,4-pyrimidinedione) were synthesized, and their activities against free radicals were evaluated. 
Long-chain derivatives of both series exhibited a large inhibitory activity against oxygen radical 
induced lipid peroxidation in bovine heart mitochondria (IC50 lower than 1 pM), compared to the 
reference antioxidants trolox C or a-tocopherol. This activity appeared related to (i) the ability 
of these compounds to reduce the stable radical 1,l-diphenyl-2-picrylhydrazyl and (ii) their 
lipophilicity estimated by log P determination. In order to study the scavenging mechanisms of 
diaminouracils and urate derivatives against lipid radicals, they were also tested against the azo- 
initiated peroxidation of either methyl linoleate in organic solvents or a liposomal suspension of 
dilinoleoylphosphatidylcholine. Urate derivatives reacted moderately with lipid radicals and were 
slowly consumed, significantly affecting the propagation of the peroxidation. Diaminouracils 
strongly reduced the propagation rate. They were quickly consumed and were able to deactivate 
about 1 mol of lipid radical per mole of compound in organic solvent. Dodecyl urates and decyl- 
and dodecyldiaminouracils were chosen for further in vitro investigation and in vivo evaluation. 

Introduction 
In the last few years, increasing evidence has been 

amassed in the literature for the active participation of 
uncontrolled peroxidation processes in various pathologies, 
such as inflammatory injury,l degenerative disease,2 
ischemia-reperfusion injury and t r a ~ m a , ~ , ~  ~ a n c e r , ~  radi- 
ation: and drug into~ication.~ The major species respon- 
sible for these phenomena are active oxygen radicals (OR) 
generated in vivo under stress conditions:8 superoxide 
anion (Of), hydrogen peroxide (H202), hydroxyl radical 
(OH'), and reactive transition metals, especially iron (such 
as Fenton catalystg and highly reactive iron-oxo com- 
plexeslO). Biological membranes contain highly oxidable 
structures such as polyunsaturated fatty acids (PUFA) 
and are particularly sensitive to radical chemistry (chain 
reactions). Such membrane damage could modify mem- 
brane fluidity and permeability and may affect many vital 
processes such as calcium homeostasis1' and phospholipase 
activation, energy production in mitochondria, and con- 
trolled release of mediators. The importance of OR in 
vivo is demonstrated by the sophisticated mechanisms 
present in cells and extracellular fluids for preventing their 
formation and repairing oxidative damage.12J3 This 
includes (i) enzyme targeted against OR (superoxide 
dismutase, catalase, glutathion peroxidase),lc16 (ii) iron 
transport (transferrin in plasma)! oxidation without OR 
production (ceruloplasmin in plasma),17 and storage in a 
nonreactive form (ferritin in cells): and (iii) low molecular 
weight compounds acting as radical scavengers in the 
aqueous phase (ascorbic acid, uric acid) or as chain- 
breaking antioxidants (reacting with chain-propagating 
radical species) in biological membranes: principally 
vitamin E and ubiquinols.'a 

It was recently reported that uric acid (UA) plays an 
important role as antioxidant and particularly in human 
extracellular fluids.13J9 This hypothesis is supported by 
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its ability to scavenge hydroxyl radicalsFO singlet oxygen,z1 
heme-oxo oxidant  structure^^^^^^ and water-soluble peroxy 
radicals.22 Other reports indicate that UA forms stable 
coordination complexes with ferric and ferrous iron, 
making it less active with regard to the initiation of lipid 
per~xidation.~~ Iron chelation by UA in plasma also 
protects ascorbic acid from iron-catalyzed oxidation.24 UA 
is present at a concentration of approximately 300 pM in 
human plasma,lg which approaches maximal aqueous 
solubility at pH 7.4. UA is also practically insoluble in a 
hydrophobic environment like biological membranes (see 
Results). 

For all these reasons, we initially decided to design new 
drugs derived from UA by modifying its lipophilicity in 
order to protect biological membranes against lipid 
peroxidation. The combination of lipophilic and hydro- 
philic molecular fractions should also exert a site-specific 
antioxidant protection against OR at the lipid/water 
interface, which is a prime site of superoxide anion 
formation and free iron location.25 The molecular mech- 
anism by which UA scavenges free radicals has been 
studied by several a ~ t h o r s ~ ~ * ~ ~ ~ ~ ~  who have shown that some 
substitutions of the nitrogens were possible without loss 
of its properties. We introduced aliphatic residues (un- 
branched chains of 6-16 carbons) on the four nitrogens of 
the UA structure. From a chemical point of view this 
often involved the construction of the five-membered ring 
from the corresponding substituted 5,6-diaminouracil. It 
turned out that these latter compounds showed powerful 
activity against biological membrane peroxidation. They 
were studied along with the urate derivatives. 

This paper describes the synthesis, in vitro activity, and 
structure/activity relationship of two novel series of 
antioxidants: the N-substituted 5,6-diaminouracils and 
the N-substituted urate derivatives. 
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Table I. Physical Data, Lipophilicity, and Reducing Activity of 6-Aminouracil (l), 5,6-Diaminouracil (a), and Urate (5) Derivatives 

Fraisse et al. 

log P,,,l reducing activity 
RClO no. R1' R3' R7' R9e formula mp, OCb (log Pew) 

l h  
1g 
4a 
4b 
4c 
4d 
4g 
41 
4h 
4i 

4e 
4k 
41a 
43a 
40a 
5a 
5b 
5c 
5d 
5g 
51 
5h 
5i 
5e 
5m 
urate 
51a 
53a 
57a 
59a 
513a 
517a 
537a 
trolox 
a-tocopherol 

4j 

H 
H 
H 
H 
H 
n-ClzHz5 
H 
H 
H 
H 
n-ClzHz5 
H 
H 
H 
H 
H 
H 
H 
H 
n-ClzHz5 
H 
H 
H 
CH3 
H 
H 
H 
CH3 
H 
H 
CH3 
CH3 

>250 

>250 
>200 
>200 
>200 
>200 
>200 
>200 
>200 

187 

160-161 

242-243 

194-195 

>250 
>250 
>250 
>250 
>250 
>250 
>250 
>250 
> 250 

76-77 

1.02 (1.01) 
2.03 (2.05) 
3.05 (3.04) 
4.07 
5.03 
4.4 
4.4 
6.5 

>7d 
5.7 

>7d 
-0.55 
-1.52 (-1.4) 
-1.80 (-1.92) 
-0.01 (-0.02) 

1.01 (1.10) 
2.03 (2.04) 
3.05 (2.90) 
4 
3.22 
3.22 
5.26 
3.94 

-2.80 (-2.91) 
-2.4 

inactive 
inactive 
6.5 
6.5 
5.6 
7.0 
5.5 
4.5 
6.4 
6.4 
6.2 
5.0 
6.5 
6.0 
4.5 
7.0 
4.5 
6.5 
3.5 
3.2 
5.2 
21 
6.2 
4.5 
3 
inactive 
4.5 
4.5 
3.5 
20 
5 
3.5 
14 
inactive 
3.7 
6.0 

a Commercial compounds. For the large majority of compounds thermal decomposition occurred before the melting point was obtained. 
Concentration in compound required to scavenge 10 rM 1,l-diphenylpicrylhydrazyl under our experimental conditions and determined from 

dose/response curves. Each determination was made in duplicate with less than 5% error. d For corrected log P over 7, values are generally 
considered as irrelevant. e Substituent position according to Chart I. 

Chart I. General Formulas of Intermediate and Target 
Molecules (Diaminouracils 4 and Urate Derivatives 5) 

0 0 

C A N  I 

R3 

l , Y = - H  2 , Y = - N O  3,Y=-NHCHO 
8, Y = NO2; 9 ,  Y = - N ( C W H & & ,  

6 , Z = - O H  7 ,Z=-C1 

9 F7 0 R7 

4 5 

Chemistry 
The synthetic sequence leading to the diaminopyrim- 

idine of general formulas 4a-i includes condensation of 
an alkylurea with ethyl cyanoacetate to give the ami- 
nopyrimihines 1a-d,28 nit ro~at ion,~~ and subsequent re- 
duction of the nitroso function by zinc powder in formic 
acid, producing formamide 330 which was further hydro- 
lyzed (Chart I).30 Compound le  was prepared by meth- 
ylation of Id. Compounds lh,i were obtained by reaction 
of 6-amino-2,4-pyrimidinedione with an amine according 

to ref 29, while preparation of 1 j was slightly different as 
the more reactive 6-chloro-3-methyl-5-nitro-2,4-pyrim- 
idinedione31 precursor was used in the condensation with 
a primary amine, the nitro group 8j being further reduced 
to a formylamino group, in a similar way as the nitroso 
compounds. 
6-Chloro-3-dodecyl-2,4-pyrimidinedione, 7g, obtained 

by reaction of l-dodecyl-2,4,6-pyrimidinetrione (6g) with 
phosphorus o~ychloride,~~ was treated with benzylamine, 
providing the benzylamino derivative If which was further 
hydrogenated, affording compound lg. This synthetic 
sequence allows the unambiguous preparation of l-sub- 
stituted uric acids. 

Compound 41, in which R7 is not simply a proton, was 
prepared by the reaction of dodecylamine with 6-amino- 
l-benzyl-5-bromo-2,4-pyrimidinedione according to the 
procedure previously described.33 The benzyl group was 
removed by catalytic hydrogenation. The cyclization 
leading to 51 was achieved by treatment of the intermediate 
urethane 91 with sodium ethoxide in ethanol. The other 
uric acids 5a-i were prepared by cyclization of the 
corresponding diamino derivatives with ureas4 (Chart I). 
Tetrasubstituted uric acid Sm was prepared by meth- 
ylation of Se with methyl iodide in DMF in the presence 
of potassium carbonate. 
Biology 

As an estimation of the lipophilicity, partition coeffi- 
cients (P) values were determined by the combination of 
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Table 11. Antioxidant Power and Radical Scavenging Properties of 6-Aminouracil (I), 5,6-Diaminouracil (4), and Urate (5) Derivatives 
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ML/DMVN in liposomes 
TBA/methanol DPLC/DMVN mitochondria 

DHF/FeII 
IC50 (BM)~ Tinh (8) Tinh (8) 

no. substituent positionC (% Zat 100pM) for 20 pMa for 20 pMa 

1g 
l h  
4a 
4b 
4c 
4d 
4e 
41 
4h 
4i 

4e 
4k 
41 
43 
40 
trolox 
a-tocopherol 

4j 

58 
5b 
5c 
5d 
5g 
51 
5h 
5i 
58 
5m 
urate 
51 
53 
57 
59 
513 
517 
537 

1 
9 
3 
3 
3 
3 
1 
7 
9 
9 
199 

397 
1 
3 

1,3 

3 
3 
3 
3 
1 
7 
9 
9 
1,3 
1,7,9,3 

1 
3 
7 
9 

L 3  
3.7 

1 ,3  

(1%) 
(2%) 
3.5 
0.62 
0.28 
0.27 
0.26 
0.57 
0.30 
0.90 

0.24 
0.67 

22 

50 
82 

100 
5.0 

(46 % ) 

(26 % ) 
28 
3.7 
1.6 
1.25 
1.6 
1.0 
0.75 
0.85 

(5%) 
(5%) 

(10%) 
(11 %) 
(20%) 
(9%) 

(36%) 
(14%) 
(5%) 

inactive 
inactive 
105 
114 
114 
102 
144 
84 
105 
150 
114 
126 

inactive 
inactive 
2010 
3350 
3700 
3350 
4200 
6000 
3500 
2020 
1750 
3150 

156 800 

195 15OOO 
190 inactive 

% I  
100 pM 

IC50 pM 
(5% Zat 100pM) 

8 
15 
8 
17 
25 
10 
13 
10 
15 
0.7 
7 
13 
10 

200 
37 
22 
20 
10 
200 
11 
8 
18 
(0.5 % ) 
(0.5 % ) 

. .  

0 Values determined from dose-response curves with duplicate experiments for each concentration. Each compound was tested in duplicate 
at several concentrations. Average value for each concentration was plotted to determine an IC50. Substituent position according to Chart 
I. DHF, dihydroxyfumaric acid; ML, methyl linoleate; TBA tert-butyl alcohol; DLPC, dilinoleoylphosphatidylcholine; DMVN, 2,2'-azobis- 
2,4-dimethylvaleronitrile. 

two methods: experimentally for some compounds in an 
octanol/water system (P = [~ompound]oct*~o~/ [com- 
poundlbuffer) and also ~ a l c u l a t e d ~ ~ s ~  for all the com- 
pounds (see the Experimental Section). Calculated log P 
values were in good correlation with experimental values: 
log Pcdc = 1.04 X log Pexp + K (with K values of 0.89 and 
-1.63 for urate and diaminouracil derivatives, respectively). 
Corrected log P values were determined as log Pa,, = log 
PCdc - K. This gave comparable and realistic values for 
all the compounds studied. These results are summarized 
in Table I. 

The capacity of the different compounds to reduce the 
stable radical l,l-diphenyl-2-pi~ryUiydrazyl~~ (DPPH') 
was determined. Except for compounds 51,5m, 57, and 
537, the reactions were fast and RClO values represent 
the concentrations of compounds corresponding to the 
scavenging of 10 pM of DPPH'. Results are summarized 
in Table I with commercial methyl derivatives trolox C 
and a-tocopherol as references. 

Evaluation of antioxidant properties of the compounds 
was performed by formation of thiobarbituric acid reactive 
substances (TBARSP using heart mitochondria as a 
support for lipid peroxidation, and iron(II)/dihydroxy- 

fumaric acid (DHF) as initiator. DHF is a rich and 
sustained source of superoxide radicals in aqueous solution 
via auto~idation.~~ Under these conditions, incubation of 
bovine heart mitochondria produced 0.84 f 0.06 (n = 12) 
nmol of TBARS/min per mg of protein, whereas without 
induction no TBARS formation could be detected. The 
active compounds inhibited TBARS formation during 40 
min in a dose-dependent manner from 0 to 100 75. For 
less active compounds, the inhibition percentage deter- 
mined or the highest concentration studied was given 
instead of the IC50 value. These results are summarized 
in Table 11. 

In order to test the ability of uracils and urate derivatives 
to scavenge lipid radicals (to act as a real chain-breaking 
antioxidant), these compounds were evaluated on two 
systems in which lipid peroxidation involved only prop- 
agation by lipid radicals. The incubation medium was 
either homogeneous (methyl linoleate in organic solvent) 
or biphasic (a liposomal suspension of dilinoleoylphos- 
phatidylcholine (DLPC) in aqueous buffer). In both cases 
lipid peroxidation was initiated by thermal degradation 
of the lipid-soluble azo initiator, 2,2'-azobis-2,4-dimeth- 
ylvaleronitrile (DMVN). Lipid peroxidation proceeded 
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Figure 1. Inhibition of peroxidation of methyl linoleate by 
a-tocopherol, 4d, and 5h. Rate of oxygen uptake during 
peroxidation of methyl linoleate 2,2'-azobis-2,4-dimethylvale- 
ronitrile (50 mM) in a tert-butyl alcohol/methanol medium (4/1 
by volume) at  40 OC. (A) a-Tocopherol: 1, control; 2,20 p M  3, 
40 pM; 4,60 pM. (B) 4d: 1, control; 2,20 pM; 3,40 pM; 4,60 
pM. (C) 5 h  1, control; 2,100 pM; 3,200 pM. 100% in oxygen 
concentration corresponds to 1.8 mM. Tinh,  inhibition time; Rinh ,  
propagation rate during inhibition; R, propagation rate after or 
without inhibition. 
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Figure 2. Inhibition of peroxidation of dilinoleoyl phosphati- 
dylcholine by trolox, 4d, and Si. Production of hydroperoxides 
from large multilamellar liposomes of dilinoleoyl phosphatidyl- 
choline (20 mM) initiated by 2,2'-azobis-2,4-dimethylvaleronitrile 
(0.5 mM) at  48 OC. The conjugated diene formation was 
monitored at  234 nm. (A) (0) control experiment, (A) trolox 2.5 
pM, (w) 5 pM, (0) 7.5 pM, (A) 10 p M  (B) (0) control experiment, 
(A) 4d 16.6 pM, (H) 33.3 pM, (0) 50 pM; (C) (0) control 
experiment, (A) 5i 5 pM, (w) 10 pM, (0) 15 pM. As on Figure 
1, Tinh,  Rinh ,  and R, can be estimated. 

via a typical radical chain mechanism:40 propagated by 
lipid radicals (LO, LOO') and regulated by termination 
reactions. Propagation velocity was followed by either 
oxygen consumption during methyl linoleate peroxidation 
(Figure 1) or conjugated diene formation resulting from 
the peroxidation of the linoleoyl residues of DLPC (Figure 
2). The concentrations of the compounds were chosen so 
that they did not interfere with UV detection. This was 
confiied by HPLC separation41 of dilinoleoylphosphati- 
dylcholine hydroperoxide (DLPCOOH) produced during 
incubation for one compound of each chemical series (not 
shown). Under these conditions, lipid peroxidation oc- 
curred at a constant rate, as described in the control 
experiments of Figures 1 and 2. Inactive compounds like 
Sm had no effect on the propagation rate. Scavengers 
reacting moderately with lipid radicals compete with 
termination reactions. They are slowly consumed and 
durably affect the propagation rate. This was the case for 
urate derivatives. Kinetic examples are given in Figures 
1C (Sh) and 2C (Si). For these compounds an IC50 or an 
inhibition value of the rate of propagation characterizes 
their efficacy. Compounds reacting quickly with lipid 
radicals (like trolox in the two systems or a-tocopherol in 
monophasic medium, see Figure 1A or 2A) drastically affect 
the propagation rate and are muchmore quickly consumed. 

After their consumption, peroxidation starts again as 
quickly as in control experiments, giving a two-step 
kinetics. This was the case for substituted 5,6-diaminou- 
racils. Typical kinetics obtained with compound 4d are 
presented in Figures 1B and 2B. The efficacy of these 
compounds can be better compared by examining their 
inhibition time (Tih) for a given concentration rather than 
their propagation rate during inhibition (Rinh). Results 
are summarized in Table 11. Under these kinetic condi- 
tions, it is important to note that Ti& is directly related 
to the stoichiometric factor n (moles of radical scavenged 
per mole of antioxidant present)42 through the equation: 
TihRi = n[antioxidantl, where Ri is the initiation rate of 
lipid peroxidation. Trolox has been shown to be a reference 
antioxidant in comparable models42 with n = 2. Ri is 
calculated using trolox, and then n of an unknown 
antioxidant can be estimated in comparison. 

Discussion 
With the exception of some substituted urates (51, Sm, 

57a, and 537a), urate and diaminouracil derivatives present 
a similar ability to scavenge the nitrogen-centered radical 
l,l-diphenyl-2-picrylhydrazyl (DPPH') comparable to 
trolox or a-tocopherol. Since the reactions were extremely 
fast, RClO values between 3 and 7 pM at the end of the 
reaction showed that the stoichiometry of the reaction 
was about 2 mol of DPPH' reduced for 1 mol of compound, 
like trolox or a-tocopherol. Results on diaminouracil 
derivatives indicate that monoalkylations were possible 
on eachnitrogen atom without any loss in reducing activity. 
Nevertheless, the 5-amino group appeared necessary for 
reducing activity since substituted 6-aminouracils (lg, lh) 
and the nitroso intermediate 2h (not shown) were totally 
inactive. Concerning the urate series the activity of 
methylated urates against DPPH' has been previously 
studied.27 It has been demonstrated that the presence of 
two protons, one on nitrogen atom 7 and one on nitrogen 
atom 3 or 9, is essential for a maximal reducing activity. 
Methylation of the 7-nitrogen drastically decreases the 
velocity of the reaction without a change in the stoichi- 
ometry. Double methylation of the 3,9-, 7,9-, or 3,7- 
nitrogens also decreases the stoichiometry of the reaction. 
Our resulta are consistent with the above work (compounds 
61, 6m, 57a, and 637a) and demonstrate that substitution 
can be extended to long-chain alkyl groups without loss 
in their ability to reduce DPPH'. 

Some diaminouracil and urate derivatives exerted a 
powerful protection of mitochondrial membranes against 
lipid peroxidation with IC50 values lower than 1 pM. These 
results should be compared with those of a-tocopherol 
(slightly active) or its short-chain analog trolox (IC50 = 
5 pM). Relations with corrected log P values indicated 
that for both molecular series, antioxidant activity was 
extremely dependent on the lipophilicity of the com- 
pounds, with maximal activity for urate derivatives 
occurring when log PcOm was greater than 3 (Sd, 5g, 61, Sh, 
5i, and 5e) and for diaminouracils with log Pcom between 
3 and 6 (4c, 4d, 4g, 4h, and 48). This corresponded to 
dodecyl and hexadecyl urate derivatives and decyl- and 
dodecyldiaminouracil derivatives. For a given alkyl chain 
length, diaminouracils were more lipophilic and more 
active than urate derivatives. For a given lipophilicity, 
diaminouracils were also more active, probably indicating 
a greater reactivity of the diaminouracil moiety. Uric acid, 
5,6-diaminouracil, and their methylated derivatives were 
unable to protect biological membranes in the micromolar 
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ipated, the control compound 5m was totally inactive in 
the two tests. Similar to the reducing activity against 
DPPH, substitution on the 7-nitrogen of the urate 
structure (compound 51) also decreased the chain-breaking 
activity. These results indicate that the aptitude to 
scavenge lipid radicals is related to the reducing capacity 
of DPPH., and that these properties play a major role in 
the antioxidant activity of series 5. 
All the 5,6-diaminouracil derivatives inhibited propa- 

gation of the peroxidation in the monophasic model, 
regardless of the alkyl chain length, with inhibition times 
between 84 s (41) and 156 s (43) at 20 pM. Since the 
peroxidation initiation rate deduced from the inhibition 
curves obtained with a-tocopherol was 0.22 pM/s, these 
data indicated that, under these conditions, diaminouracil 
derivatives were able to deactivate about 1 mol of lipid 
radical per mole of compound, compared to a stoichiometry 
of 2 for 1 in the case of trolox or a-tocopherol. However, 
the chain-breaking activity of 5,6-diaminouracils in the 
liposomal model was strongly related to their antioxidant 
power evaluated on the mitochondrial model. Optimal 
activity was obtained between the octyl and dodecyl 
derivatives (log Pcorr between 2 and 61, and the activity 
decreased significantly for compounds with higher log P,, 
(48,4i, and 4j). a-Tocopherol was totally inactive in the 
liposomal model under these conditions (added in DMSO 
to preformed LML) despite a strong reactivity in the 
monophasic model. As in the mitochondrial model, 
a-tocopherol and probably the long-chain substituted 
diaminouracils are poorly incorporated in the phospholipid 
bilayer when added exogenously. This was confirmed for 
a-tocopherol since it was shown to be as active as trolox 
when incorporated in the phospholipid solution before 
the liposome preparation (not shown). 5,6-Diaminouracil 
derivatives werealso less active than trolox in the liposomal 
model. Despite a much lower inhibition rate (see Figure 
l ) ,  inhibition times (Tinh) were less than half as long for 
the best compounds. This indicated apparent stoichio- 
metric factors n which were proportionately as small, from 
n = 0.1 (43) to n = 0.8 (41). Nevertheless, some 5,6- 
diaminouracil derivatives were much more active as an 
antioxidant on the mitochondrial membrane than trolox. 

Within the two new series presented here, some com- 
pounds are extremely efficient in protecting biological 
membranes against lipid peroxidation in vitro, compared 
to the reference antioxidant trolox C. One of the major 
causes of this powerful antioxidant activity is the com- 
bination of two properties: the ability to deactivate radicals 
by giving up electrons, making them inactive, without 
themselves propagating chain reactions (radical scaven- 
gers), and the molecular proximity to the site of the 
peroxidative processes (lipophilicity). Monoalkylation of 
5,6-diaminouracil or urate structures on each nitrogen lead 
to radical scavengers (with the exception of 7-N-urate 
derivatives), indicating that a large variety of new active 
compounds could be synthesized. 

Although antioxidant properties appear to be highly 
related to radical scavenging activity in these two chemical 
series, 7-N-dodecyluric acid (51) is effective as an anti- 
oxidant despite a low chain-breaking activity. Similarly, 
the powerful antioxidant activity of diaminouracils com- 
pared to that of trolox is difficult to explain within the 
framework of a simple chain-breaking activity, since this 
latter compound has a greater radical scavenging activity. 
We cannot exclude the participation of urate and diami- 

range, despite an ability to reduce DPPH' equivalent to 
that of long-chain derivatives. Uric acid has previously 
been described as an inhibitor of lipid peroxidation in 
comparable systems43 but in the concentration range of 
200-300 pM. Control compound 5m was totally inactive 
even at 100 pM, indicating that inhibition of lipid 
peroxidation by long-chain substituted derivatives is not 
due to a simple lipid/compound interaction such as 
membrane dilution, detergent effect, or disturbance of 
membrane fluidity, which could also affect the rate of 
peroxidation. In both series the four possible N-dodecyl 
derivatives had similar antioxidant power (even compound 
51, despite a limited reactivity against DPPH'). Inter- 
estingly, antioxidant power drastically decreased in the 
diaminouracil series for compounds having an alkyl chain 
length greater than 12 carbons (corrected log P greater 
than 6). A restriction in concentration at the site of 
peroxidation, due to a limited incorporation into the 
phospholipid membranes could be one explanation of this 
phenomenon. It can be associated with the ineffectiveness 
of a-tocopherol, in contrast to its short-chain analog trolox; 
due to its extremely hydrophobic structure, a-tocopherol 
is poorly incorporated into the phospholipid bilayer when 
added with a dispersion method and forms clusters. This 
decreases its efficiency as a radical scavenger.u Short- 
chain analogs such as trolox are also lipophilic despite 
their relative solubility in water. They have a better 
transbilayer mobility and are more active anti~xidanta.~~ 
The antioxidant activity could be maximized with log Pcorr 
values of the diaminouracil series, which were evaluated 
between 3 and 6. 

Different modes of action have been proposed in the 
literature to explain the antioxidant power of the urate 
structure (see Introduction), and very little is known about 
the reactivity of the 5,6-diaminouracil structure, apart from 
some results on its interaction with metal ions and 
sensitivity towards molecular oxygen in an aqueous 
envir0nment.~6>~6 The ability of both chemical series to 
reduce the stable radical DPPH' suggests a radical 
scavenging potential. We evaluated the two molecular 
series in two tests involving only lipid radicals in the 
propagation steps of a peroxidative process, either in an 
organic medium (homogeneous) or in a lipid bilayer 
environment (heterogeneous). The results clearly showed 
that both urate and diaminouracil derivatives indeed acted 
as chain-breaking antioxidants, and that this activity in 
the liposomal model (as in biological membranes) de- 
pended largely on the location of the compound. However, 
some kinetic differences were apparent between the two 
series. 
All urate derivatives showed a limited antioxidant power 

on the monophasic experiments (not related to the 
lipophilicity of the structures). The highest inhibition 
was obtained with compound 5h, and Figure 1C shows 
that this inhibition was dose-dependent despite its limited 
amplitude. However, with the exception of compounds 
51 and 5m, the chain-breaking activity of the urate 
derivatives seemed highly related to the lipophilicity of 
the compounds in the liposomal model, with IC50 values 
between 10 and 20 pM for compounds with log Pcorr 
between 3 and 6. These values corresponded to a strong 
inhibition, since the peroxidation propagation rate was 
around 15 pM peroxide formed per minute in this model, 
and the rate of initiation deduced from the inhibition 
curves obtained with trolox was 0.37 pM/min. As antic- 
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nouracil derivatives in other antioxidant mechanisms, such 
as interactions with metal ions (redox reactions, chelation), 
as suggested in the l i t e r a t ~ r e . ~ ~  The best compounds of 
the two series, dodecyl urates and decyl- and dodecyl- 
diaminouracils, were chosen for further in vitro investi- 
gation and in vivo evaluation. 

Fraisse et al. 

Experimental Section 
Starting materials were purchased from Aldrich Co. 
Absolute ethyl alcohol was distilled upon magnesium turnings; 

NJV-dimethylformamide (DMF) was dried over molecular sieves 
(4 A); all other solvents and commercial compounds were of the 
highest purity available. Column chromatography was carried 
out on Kieselgel60 (Merk, 230-400 mesh). Organic extracts were 
dried over MgS04 and evaporated in vacuo. Melting points are 
uncorrected. 1H NMR spectra were recorded on a Hitachi R24B 
(60 MHz) or, in which case this will be specified, on a Brucker 
(AM300) (300-MHz spectrometer with Me4Si as internal stan- 
dard). NMR spectra were recorded with a Brucker (AMX500) 
(500 MHz) spectrometer. All elemental analyses are within 
f0.4% of the calculated values unless otherwise specified. 
Compound 51 has been previously described.47 UV detection 
was performed on a DU70 Beckman UV/visible spectrometer. 
Fluorimetric measurements of TBARS were performed on a 
SFM25 Kontron fluorescence spectrometer. 

Chemical Methods. General Procedure for the Prepa- 
ration of l-Alkyl-2,4-pyrimidinedione. To 100 mL of a 1.7 M 
solution of sodium ethoxide in absolute ethanol was added 0.15 
mol of both ethyl cyanoacetate and alkylurea. The mixture was 
refluxed for 7 hand then precipitated by addition of concentrated 
aqueous HC1 until acidic, followed by 200 mL of water. The 
precipitate was isolated by filtration and then recrystallized in 
ethanol. 
6-Amino-l-hexyl-2,4-pyrimidinedione (la): 69% ; mp >250 

"C; NMR (DMSO-d6) 6 0.90 (t, 3H), 1.30 (m, 8H), 3.53 (t, 2H), 
4.55 (8, lH), 6.70 (bs, 2H), 10.15 (s,lH). Anal. (CIOHI~N~OZ) C, 
H, N. 
6-Amino-l-octyl-2,4-pyrimidinedione (lb): 68% ; mp >250 

"C; NMR (DMSO-d6) 6 0.90 (t, 3H), 1.25 (m, 12H), 3.52 (t, 2H), 
4.56 (s, lH), 6.75 (bs, 2H), 10.10 (s,lH). Anal. ( C ~ Z H ~ ~ N ~ O Z )  C, 
H, N. 
6-Amino-l-decyl-2,4-pyrimidinedione ( IC): 67 % ; mp >250 

"C; NMR (300 MHz, DMSO-d6) 6 0.82 (t, 3H), 1.25-1.52 (m, 
16H), 3.73 (t, 2H), 4.61 (8, lH), 6.77 (s,2H), 10.31 (s, 1H). Anal. 

6-Amino-l-dodecyl-2,4-pyrimidinedione (Id): 65% ; mp 

18H), 1.52 (m, 2H),3.73 (t, 2H),4.58 (s,lH),6.69 (bs, 2H), 10.20 
(s, 1H). Anal. (CI~HZ&OZ) c, H, N, 0. 
6-Amino-l-dodecyl-3-methyl-2,4-pyrimidinedione (le). 

Compound Id (10 mmol, 2.95 g) was suspended in a mixture of 
10 mL of 1 N aqueous sodium hydroxide and 10 mL of ethanol, 
and then 1.3 g of dimethyl sulfate was introduced at  60 "C. Heating 
was maintained until the pH was almost neutral; 1 N aqueous 
NaOH was introduced until the pH became basic. Extraction 
with CHC13, drying (MgSOd), and evaporation afforded l e  (2.35 
g, 76%): mp 73-74 "C; NMR (300 MHz, DMSO-&) 6 0.84 (t, 
3H), 1.22 (m, 18H), 1.49 (m, 2H), 3.07 (s, 3H), 3.71 (t, 2H), 4.67 
(s, lH), 6.68 (bs, 2H). 
6-(Dodecylamino)-2,4-pyrimidinedione (1 h). A mixture of 

7.5 g of 6-aminouracil (59 mmol), 12 g of dodecylamine and 12  
g of dodecylamine hydrochloride was stirred at 160 "C for 3 h. 
After the addition of 100 mL of ethanol and filtration, the solid 
was suspended for a few minutes in 2 N aqueous NaOH, the 
precipitate was recrystallized twice in acetic acid, 7 g, 40%: mp 
>250 "C; NMR (300 MHz, DMSO-d6) 6 0.85 (t, 3H), 1.25 (m, 
18H), 1.50 (m, 2H), 2.98 (4, 2H), 4.37 (s, lH), 5.98 (t, lH), 9.78 

The same procedure was applied for the preparation of 
6-(hexadecylamino)-2,4-pyrimidinedione (li): 36 % ; mp >250 
"C; NMR (300 MHz, DMSO-d6) 6 0.83 (t, 3H), 1.23 (m, 28H), 
1.50 (m, 2H), 3.00 (q,2H), 4.36 (s, lH), 5.96 (t, lH), 9.80 (s, lH),  
10.10 (s, 1H). Anal. (C20H37N302) C, H, N, 0. 

(Ci4HznNsOz) C, H, N. 

>250 "C; NMR (300 MHz, DMSO-&) 6 0.87 (t, 3H), 1.26 (m, 

(8, lH), 10.07 (9, 1H). Anal. (CisH29N302) C, H, N, 0. 

Preparation of l-dodecyl-2,4,6-pyrimidinetrione (6g). 
Applying the procedure used for the synthesis of l a 4  and 
replacing ethyl cyanoacetate by diethyl malonate, we obtained 
6g with 65% yield after crystallization from ethanol: mp 129- 

1.51 (m, 2H), 3.68 (s, 2H), 3.76 (t, 2H), 11.42 (8, 1H). Anal. 
(Ci6Hz~Nz03) c ,  H, N, 0. 

Preparation of 6-chloro-3-dodecyl-2,4-pyrimidinedione 
(7g). To a mixture of 30 g of 6g (101 mmol) and 13.5 mL of water 
was cautiously added 100 mL of POC13. The mixture was then 
refluxed for 1 h, and excess phosphorus oxychloride was removed 
by distillation under reduced pressure. The residue was poured 
on crushed ice, and the precipitate was washed with water. 
Recrystallization from a H20/MeOH mixture afforded 20.5 g of 
6g (64%): mp 156-157 OC; NMR (300 MHz, DMSO-ds) 6 0.86 
(t, 3H), 1.26 (m, 18H), 1.51 (m, 2H), 3.72 (t, 2H), 5.70 (s, lH), 
12.21 (8, 1H). Anal. ( C ~ ~ H ~ , N Z O ~ C ~ )  c, H, N. 
6-(Benzylamino)-3-dodecyl-2,4-pyrimidined~one ( 1 f). A 

solution of 30 g (95 mmol) of 6g in 150 mL of benzylamine was 
heated at 170 "C for 1 h, and then 100 mL of water were added. 
The precipitate was collected and washed with methanol. 
Crystallization from MeOH gave 25.13 g of If (69%): mp 191- 

1.52 (m, 2H), 3.73 (t, 2H), 4.23 (d, 2H), 4.58 (s, lH), 6.38 (t, lH), 
7.34 (m, 5H), 10.06 (be, 1H). Anal. (C23H25N302) C, H, N. 
6-Amino-3-dodecyl-2,4-pyrimidinedione (lg). If (25 g, 95 

mmol) in 400 mL of ethanol was hydrogenated on 4 g of Pd/C 
(10% Pd) at 80 "C with hydrogen pressure of 3 MPa for 6 h. 
Filtration of the hot solution and concentration afforded 17.02 
g of l g  (60%): mp 242-243 "C; NMR (300 MHz, DMSO-ds) 6 
0.85 (t, 3H), 1.25 (m, 18H), 1.52 (m, 2H),3.63 (t, 2H),4.54 (8, lH), 
6.12 (bs, 2H), 10.06 (bs, 1H). Anal. (C16H~N302) Calcd C,65.05; 
H, 9.89; N, 14.22. Found: C, 65.25; H, 10.09; N, 13.86. 

General Procedure for Nitrosation of Compounds la-i. 
Isoamyl nitrite (5 mL) was added dropwise to a suspension of 17 
mmol of derivative 1 in 120 mL of ethanol; two drops of 12 N HCl 
was then added. After 3 h of stirring at  room temperature, violet 
crystals were isolated and recrystallized from ethanol. 
6-Amino-l-hexyl-5-nitroso-2,4-pyrimidinedione (2a): 73 % ; 

mp 195-196 "C; NMR (300 MHz, DMs0-d~)  6 0.83 (t, 3H), 1.23 
(m, 6H), 1.50 (m, 2H), 3.77 (t, 2H), 9.10 (bs, lH), 11.5 (be, lH), 
13.32 (s, 1H). Anal. (C10H1&03) C, H, N. 

6-Amino-5-nitroso-1 -octyl-2,4-pyrimidinedione (2b): 71 % ; 
mp 199-200 "C; NMR (300 MHz, DMSO-ds) 6 0.84 (t, 3H), 1.20 
(m, 10H), 1.52 (m, 2H), 3.76 (t, 2H), 9.05 (bs, lH), 11.45 (bs, lH), 
13.30 (s, 1H). Anal. (C12H20N403) C, H, N. 

6-Amino- l-decyl-5-nitroso-2,4-pyrimidinedione (2c): 72 % ; 
mp 202-203 "C; NMR (300 MHz, DMSO-ds) 6 0.81 (t, 3H), 1.22 
(m, 14H), 1.55 (m, 2H), 3.78 (t, 2H), 9.02 (bs, lH), 11.43 (bs, lH), 

26.02,26.52,28.88,28.93,29.09,29.11,31.47,40.48,138.84,146.87, 
148.94, 160.59. Anal. (C14H24N403) C, H, N. 
6-Amino-l-dodecyl-5-nitroso-2,4-pyrimidinedione (2d): 

78% ; mp 205-206 "C; NMR (300 MHz, DMSO-d6) 6 0.86 (t, 3H), 
1.26 (m, BH),  1.51 (m, 2H), 3.76 (t, 2H), 9.16 (bs, lH), 11.49 (bs, 
lH), 13.28 (bs, 1H). Anal. (C1&&03) C, H, N. 

6-Amino- l-dodecyl-3-methyl-5-nitroso-2,4-pyrimidinedi- 
one (2e): 79%; mp 157-158 "C; NMR (300 MHz, DMSO-&) 6 
0.88 (t, 3H), 1.27 (m, 18H), 1.52 (m, 2H), 3.29 (s,2H), 3.84 (t, 2H), 
9.16 (bs, lH), 13.21 (bs, 1H). Anal. (C17H30N403) C, H, N. 
6-Amino-3-dodecyl-5-nitroso-2,4-pyrimidinedione (Pg): 

87% ; mp 230 "C dec; NMR (300 MHz, DMSO-de) 6 0.86 (t, 3H), 
1.25 (m, 18H), 1.51 (m, 2H), 3.80 (t, 2H), 7.97 (bs, lH), 11.36 (bs, 
lH), 13.10 (bs, 1H). Anal. (C16H28N403) C, H, N. 
6-(Dodecylamino)-5-nitroso-2,4-pyrimidinedione (2h): 

78% ; mp 172-173 "C; NMR (300 MHz, DMSO-&) 6 0.86 (t, 3H), 
1.26 (m, 18H), 1.50 (m, 2H), 3.43 (q, 2H), 10.81 (8, 1H). Anal. 
(Ci6Hz~N403) c, H, N. 
6-(Hexadecylamino)-5-nitroso-2,4-pyrimidinedione (2i): 

79%; mp 167-169 "C. Anal. (C2&&40y0.5HzO) C d c d  c ,  
61.70; H, 9.51; N, 14.40. Found C, 61.85; H, 9.60; N, 14.45. 
3-Methyl-5-nitro-6-octadecyl-2,4-pyrimidinedione (8j). 

6-Chloro-3-methyl-5-nitro-2,4-pyrimidinedione (2.05 g, 10 mmol) 
was introduced in small portions into a solution of 3 g of 
octadecylamine (11 mmol) and 1 g of triethylamine (10 mmol) 
in 20 mL of ethanol. The solution was refluxed for 20 min and 

130 "C; NMR (300 MHz, DMSO-ds) 6 0.85 (t, 3H), 1.25 (m, 18H), 

192 "C; NMR (300 MHz, DMSO-&) 6 0.85 (t, 3H), 1.26 (m, 18H), 

13.29 (9, 1H). '3C NMR (75.5 MHz, DMSO-&) 6 14.15, 22.30, 
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1 -Decyl-5,6-diamino-2,4-pyrimidinedione, hydrochloride 
(4c): 85%; mp >200 OC dec; NMR (300 MHz, DMSO-dd 6 0.84 
(t, 3H), 1.25 (m, 14H), 1.51 (m, 2H), 3.81 (t, 2H), 7.81 (s,2H), 9.75 

22.01,25.75,27.35,28.72,28.79,28.94,28.95,31.22,41.53,82.85, 
149.45, 149.88, 158.76. Anal. (Cl4Hz7N4O2C1) C, H, N. 
5,6-Diamino-l-dodecyl-2,4-pyrimidinedione, hydrochlo- 

ride (4d): 85%; mp >200 OC dec; NMR (300 MHz, DMSO-ds) 
6 0.86 (t, 3H), 1.26 (m, 18H), 1.52 (m, 2H), 3.82 (t, 2H), 7.38 (8, 
2H), 9.05 (bs, 3H), 11.08 (s, 1H). Anal. (C16H31N40&1) C, H, N. 
5,6-Diamino- 1-dodecyl-3-met hyl-2,4-pyrimidinedione, hy- 

drochloride (4e): 86%; mp 194-195 "C dec; NMR (300 MHz, 
DMSO-d6) 6 0.84 (t, 3H3, 1.23 (m, 18H), 1.50 (m, 2H), 3.13 (s, 
3H), 3.84 (t, 2H), 7.75 (bs,2H),9.45 (bs, 3H). Anal. (C17H33N402- 
C1) C, H, N, C1. 
5,6-Diamino-3-dodecyl-2,4-pyrimidinedione, hydrochlo- 

ride (4g): 82%; mp >200 OC dec; NMR (300 MHz, DMSO-dg) 
6 0.86 (t, 3H), 1.25 (m, 18H), 1.52 (m, 2H), 3.68 (t, 2H), 7.19 (8, 
2H), 9.40 (bs, 3H), 11.05 (bs, 1H). Anal. (C16H31N402C1) C, H, 
N, C1. 
5-Amino-6-(dodecylamino)-2,4-pyrimidinedione, hydro- 

chloride (4h): 83%; mp >200 OC dec; NMR (300 MHz, DMSO- 
d6) 6 0.86 (t, 3H), 1.25 (m, MH), 1.51 (m, 2H), 3.27 (9, 2H), 7.96 
(t, lH), 9.65 (bs, 3H), 11.90 (s, 1H). Anal. (C16H31N402C1) c ,  H, 
N, C1. 
5-Amino-6-(hexadecylamino)-2,4-pyrimidinedione, hy- 

drochloride (49: 85%; mp >200 OC dec. Anal. (C20H39N402- 
C1) Calcd C, 59.60; H, 9.75; N, 13.90; C1,8.79. Found: C, 59.50; 
H, 10.00; N, 13.67; C1, 8.65. 
5-Amino-3-met hyl-6-( octadecylamino)-2,4-pyrimidinedi- 

one, hydrochloride (4j): 81 % ; mp 187 OC dec; NMR (300 MHz, 
DMSO-ds) 6 0.89 (t, 3H), 1.27 (m, 30H), 1.55 (m, 2H), 3.15 (8, 
3H), 3.32 (m, 2H), 7.86 (m, lH), 10.40 (bs, 3H). Anal. 

Found: C, 62.18; H, 9.96; N, 12.32; C1, 8.09. 
6-Amino- 1-benzyl-5- (dodecylamino)-2,4-pyrimidinedi- 

one (4k). A suspension of 5.12 g (23.5 mmol) of 6-amino-1- 
benzyl-5-bromo-2,4-pyrimidinedione and 11.1 g of dodecylamine 
(60 mmol) in 100 mL of 1-butanol was refluxed for 3 h. The 
solvent was removed under reduced pressure and the residue 
takenup in 50 mL of ethanol. Recrystallization of the precipitate 
from ethanolafforded4.2gof 4k: 45%; mp 160-161 "C; (DMSO- 
CDC13) 6 0.87 (m, 3H), 1.25 (m, 20H), 2.95 (m, 2H), 5.04 (s,2H), 
5.85 (bs, 2H), 7.19 (8, 5H). Anal. (C23H36N402) C, H, N. 
6-Amino-5-(dodecylamino)-2,4-pyrimidinedione (41). 4k 

(1 g) was dissolved in 50 mL of ethanol, 100 mg of Pd/C (10% 
Pd) were added, and catalytic hydrogenation was performed at 
50 OC at atmospheric pressure until the theoretical quantity of 
H2 had been consumed. The mixture was filtered while hot and 
the filtrate concentrated under reduced pressure. The precipitate 
formed was recrystallized in ethanol: yield 510 mg (66% ); mp 

(m, 18H), 1.48 (m, 2H), 2.62 (t, 2H), 3.32 (m, lH), 5.67 (s, 2H), 
9.80 (e, lH), 10.08 (s, 1H). 
General Procedure for the Preparation of Uric Acids 5a- 

i. A mixture of 2 mmol of diaminouracil4 and 1 g of urea was 
heated at  170-180 "C for 1-2 h, and then 20 mL of water was 
poured into the cooled mixture. The solid was isolated, washed 
with ethanol, and recrystallized in acetic acid in the presence or 
decolorizing charcoal. 
3-Hexyl-2,6,8-purinetrione (5a): 75% ; mp >250 "C; NMR 

(300 MHz, DMs0-d~)  6 0.82 (t, 3H), 1.25 (m, 6H), 1.52 (m, 2H), 
3.72 (t, 2H), 10.72 (8, lH), 10.98 (e, lH), 11.80 (s, 1H). Anal. 
(CiiHi6N403) C, H, Ne 
3-0ctyl-2,6,8-purinetrione (5b): 78% ; mp >250 "C; NMR 

(300 MHz, DMSO-d6) 6 0.85 (t, 3H), 1.25 (m, lOH), 1.53 (m, 2H), 
3.71 (t, 2H), 10.76 (s, lH), 11.01 (s, lH), 11.85 (8, 1H). Anal. 
(C13H2oN403) C, H, N. 
3-Decyl-2,6,8-purinetrione (5c): 72%; mp >250 "C; NMR 

(300 MHz, DMSO-ds) 6 0.84 (t, 3H), 1.25 (m, 14H), 1.51 (m, 2H), 
3.81 (t, 2H), 10.71 (s, lH), 10.98 (s, lH), 11.82 (s, 1H); 13C NMR 

29.08, 29.32, 29.34, 31.81, 43.54, 92.93, 137.21, 149.91, 152.83, 
153.18. Anal. (C15H24N403) C, H, N. 
3-Dodecyl-2,6,8-purinetrione (5d): 71 76 ; mp >250 OC; NMR 

(300 MHz, DMSO-d6-cDCl3) 6 0.85 (t, 3H), 1.22 (m, 18H), 1.48 

(bs, 3H), 11.10 (s,lH); 13C NMR (75.5 MHz, DMs0-d~)  6 13.89, 

(C23H46N402Cl) Calcd: C, 62.07; H, 10.19; N, 12.58; C1, 7.97. 

>200 OC; NMR (300 MHz, DMSO-dg-CDC13) 6 0.86 (t, 3H), 1.27 

(75.5 MHz, DMSO-dg-CDC13) 6 14.42,22.61,26.08,28.07,29.06, 

then neutralized by addition of acetic acid. The precipitate was 
washed with water and recrystallized in ethanol: yield 2.11 g 
(48%); mp 130 OC; NMR (300 MHz, DMSO-ds) 6 0.84 (t, 3H), 
1.22 (m, 30H), 1.54 (m, 2H), 2.78 (m, 2H), 3.12 (8, 3H), 9.21 (t, 
1H). 
General Procedure for Reduction with Zinc Powder in 

Formic Acid. Zinc powder (4 g) (Aldrich, C325 mesh) was added 
portionwise to a refluxing solution of 10 mmol of nitroso or nitro 
derivatives in 100 mL of formic acid. After 1 h under reflux, the 
hot mixture was filtered through a Celite pad and the solvent 
evaporated. Crystallization from methanol afforded the expected 
compounds. 
6-Amino-5-formamido-1-hexyl-2,4-pyrimidinedione (3a): 

86%; mp 210-211 OC; NMR (300 MHz, DMSO&) 6 0.86 (t, 3H), 
1.25 (m, 6H), 1.51 (m, 2H), 3.80 (t, 2H), E isomer; 7.02 (8, 2H), 
7.71(d,J=11.5Hz,1H),8.01(d,J=11.5Hz,1H),10.70(s,1H), 
2 isomer; 6.67 (8, 2H), 8.08 (s, lH), 8.55 (8, lH), 10.62 (8, 1H). 
Anal. (CllH18N403) C, H, N. 
6-Aminod-formamido-1-octyl-2,4-pyrimidinedione (3b): 

86% ; mp 214-215 "C; NMR (300 MHz, DMSO-ds) 6 0.83 (t, 3H), 
1.25 (m, lOH), 1.52 (m, 2H), 3.81 (t, 2H), E isomer; 7.03 (s,2H), 
7.72 (d, J = 11.5 Hz, lH), 8.00 (d, J = 1.5 Hz, lH), 10.68 (8, lH), 
2 isomer; 6.63 (8, 2H), 8.07 (8, lH), 8.57 (s, lH), 10.62 (8, 1H). 

6-Amino-l-decyl-5-formamido-2,4-pyrimidinedione (3c): 
85%; mp 215-216 OC; NMR (300 MHz, DMSO-de) 6 0.82 (t, 3H), 
1.25 (m, 14H), 1.51 (m, 2H), 3.75 (t, 2H), E isomer; 6.92 (s,2H), 
7.69 (d, J = 11 Hz, lH), 7.97 (d, J = 11 Hz, lH), 10.67 (s, lH), 
2 isomer; 6.66 (s, 2H), 8.04 (8, lH), 8.56 (8, lH), 10.58 (8, 1H). 
Anal. (C15H26N403) C, H, N. 
6-Amino- l-dodecyl-5-formamido-2,4-pyrimidinedione 

(3d): 90%; mp 215-216 OC. Anal. (C17H30N403) C, H, N, 0. 
6-Amino-1 -dodecyl-5-formamido-3-met hyl-2,4-pyrimi- 

dinedione (3e): 85%; mp 213-215 OC; NMR (300MHz, DMSO- 
d6) 6 0.88 (t, 3H), 1.27 (m, 18H), 1.54 (m, 2H), 3.16 (s,3H), 3.85 
(t, 2H), E isomer; 6.97 (s,2H), 7.75 (d, J = 11.5 Hz, lH), 8.07 (d, 
J =  11.5Hz, lH),Zisomer;6.67 (s,2H),8.12 (s,lH),8.63(~, 1H). 
Anal. ( C I J - ~ N ~ O ~ )  C, H, N. 
6-Amino-3-dodecyl-5-formamido-2,4-pyrimidinedione 

(3g): 73%; mp >250 "C; NMR (300 MHz, DMSO-ds) 6 0.86 (t, 
3H), 1.27 (m, 18H), 1.52 (m, 2H), 3.68 (t, 2H), E isomer; 6.32 (8, 
2H), 7.72 (d, J = 11.5 Hz, lH), 8.06 (d, J = 11.5 Hz, lH), 10.42 
(s,lH), 2 isomer; 6.04 (s,2H), 8.04 (d, J = 0.9 Hz, lH), 8.63 (d, 
J = 0.9 Hz, lH), 10.36 (8, 1H). Anal. (C17H30N403) C, H, N. 
6-(Dodecylamino)-5-formamido-2,4-pyrimidinedione 

(3h): 81%; mp >250 OC; NMR (300 MHz, DMs0-d~) 6 0.86 (t, 
3H), 1.25 (m, MH), 1.50 (m, 2H), 3.19 (m, 2H), E isomer; 6.85 
(sm, lH), 7.68 (d, J = 11.5 Hz, lH), 8.05 (d, J = 11.5 Hz, lH), 
10.37 (8, lH), 10.44 (8, lH), 2 isomer; 6.49 (m, lH), 7.90 (d, J = 
1 Hz, lH), 8.46 (d, J = 1 Hz, lH), 10.37 (s, lH), 10.44 (s, 1H). 
Anal. (C17H30N403) C, H, N. 
5-Formamido-6-( hexadecylamino)-2,4-pyrimidinedione 

(3i): 83%; mp >250 OC. Anal. (C21H38N403) Calcd C, 63.93; 
H, 9.71; N, 14.20. Found: C, 63.30; H, 9.39; N, 14.10. 
5-Formamido-3-methyl-6-( octadecylamino)-2,4-pyrimi- 

dinedione (3j): 86%; mp 196-199 OC; NMR (300 MHz, DMSO- 
dg) 6 0.84 (t, 3H), 1.25 (m, 32H), 3.09 (8, 3H), 3.21 (m, 2H), E 
isomer; 6.71 (t, lH),  7.56 (d, J = 11 Hz, lH), 7.87 (d, J = 11 Hz, 
lH), 10.54 (bs, 1H); 2 isomer; 6.34 (t, lH), 8.10 (8, lH), 8.49 (8, 
1H), 10.50 (bs, 1H). Anal. (C24H44N403) C, H, N. 
General Procedure for the Preparation of Diaminouracils 

(4). Ten millimoles of the formyl derivative was suspended in 
100 mL of methanol, and then gaseous HC1 was bubbled into the 
solution for 15 min. The mixture was then refluxed for 3 h. After 
the mixture was cooled to 0 "C, the precipitate was filtered off 
and rinsed with methanol. The diaminouracil derivatives tended 
to turn pink on prolonged exposure to air. 
5,gDiamino- l-hexyl-2,4-pyrimidinedione, hydrochloride 

(4a): 88%; mp >260 OC dec; NMR (300 MHz, DMSO-dg) 6 0.85 
(t, 3H), 1.25 (m,6H), 1.52 (m,2H), 3.81 (t, 2H), 7.80 (bs, lH), 9.52 
(bs, 3H), 11.10 (s, 1H). Anal. (C10H19N402C1) C, H, N, C1. 
5,6-Diamino- l-octyl-2,4-pyrimidinedione, hydrochloride 

(4b): 87%; mp >200 "C dec; NMR (300 MHz, DMSO-&) 6 0.85 
(t, 3H), 1.25 (m, lOH), 1.49 (m, 2H), 3.80 (t, 2H), 7.81 (bs, 2H), 
9.46 (bs, 3H), 11.13 (s, 1H). Anal. (C12H23N402C1) C, H, N, C1. 

Anal. ( C I ~ H Z ~ N ~ O ~  C, H, N. 
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(m, 2H), 3.73 (t, 2H), 10.54 (s, lH), 11.35 (8,  lH), 12.03 (s, 1H). 
Anal. (C1,H2sN403) C, H, N. 
3-Dodecyl-l-methyl-2,6,&purinetrione (5e): 88% ; mp >250 

OC; NMR (300 MHz, DMSO-&) 6 0.86 (t, 3H), 1.24 (m, 18H), 
1.56 (m, 2H), 3.19 (s,3H), 3.77 (t, 2H), 10.79 (s, lH), 11.89 (s,lH). 
Anal. (C18H30N403) C, H, N. 

l-Dodecyl-2,6,8-purinetrione (5g): 73 % ; mp >250 "C; NMR 
(300 MHz, DMSO-ds) 6 0.86 (t, 3H), 1.25 (m, 18H), 1.48 (m, 2H), 
3.73 (t, 2H), 10.54 (8,  lH), 11.35 ( 8 ,  lH), 12.03 (s, 1H). Anal. 
( C I J + & J ~ O ~ )  C, H, N. 
9-Dodecyl-2,6,8-purinetnone (5h): 49%;mp>2M°C; NMR 

(300 MHz, DMSO-ds) 6 0.85 (t, 3H), 1.25 (m, 18H), 1.51 (m, 2H), 
3.63 (t, 2H), 10.82 (8,  lH), 10.86 (8,  lH), 12.00 (8,  1H). Anal. 
( C I ~ H Z B N ~ O ~  C, H, N. 
9-Hexadecyl-2,6,8-purinetrione (5i): 41 % ; mp >250 "C; 

NMR (300 MHz, DMSO-&) 6 0.84 (t, 3H), 1.22 (m, 26H), 1.5 (m, 
2H), 3.62 (t, 2H), 10.78 (8, lH), 10.81 (s, lH), 11.98 (s,lH). Anal. 
(CniHxsN4Oa) C, H, N. 

Procedure for the Synthesis of 7-Dodecyl-2,6,8-purine- 
trione (51). 6-Amino-l-benzyl-5-(N-dodecyl-N-(ethoxycar- 
bonyl)amino)-2,4-pyrimidinedione (9k). 4k (2 g, 5 mmol), 1 
g of dry KzCO3, and 1 g of ethyl chloroformate in 200 mL of 
dimethylformamide (DMF) were stirred for 2 h a t  room tem- 
perature, and then 200 mL of CHC13 were introduced. The organic 
phase was washed with water, dried, and concentrated. The 
residue was chromatographed, eluting with MeOH/CHC13 (5 % 
v/v): yield 1.64g; 69 % ; mp 196-197 "C; NMR (300 MHz, DMSO- 
ds-CDCl3) 60.90 (t,3H), 1.09 (t,3H), 1.28 (m, 18H), 1.53 (m, 2H), 
3.31 (m, 2H), 4.03 (q,2H), 5.16 (s,2H), 6.81 (s,2H), 7.15-7.30 (m, 
5H), 10.79 (s,lH). Anal. (C2&&04) C, H, N. 
6-Amino-5-(N-dodecyl-N-(ethoxycarbonyl)aino)-2,4-py- 

rimidinedione (91). 9k (6 g, 12.7 mmol) and 0.3 g of Pd/C (10% 
Pd) were suspended in 100 mL of ethanol and 10 mL of 
concentrated aqueous NH40H solution. The mixture was 
hydrogenated at atmospheric pressure at  50 "C. When the 
theoretical amount of hydrogen had been consumed, 400 mL of 
ethanol was added and the catalyst was filtered from the hot 
solution. Concentration of the solvent and filtration afforded 
3.84 g of 91: 79%; mp >250 OC; NMR (300 MHz, DMSO-&) 6 
0.82 (t, 3H), 1.10 (t, 3H), 1.25 (m, 18H), 1.52 (m, 2H), 3.20 (m, 
2H), 3.97 (q,2H),6.21 (e, 2H), 10.25 (bs,2H). Anal. (CI9HaN4O4) 
C, H, N. 
7-Dodecyl-2,6,8-purinetrione (51). 91 (3.5 g, 9.1 mmol) was 

introduced into 100 mL of a 1 M ethanolic sodium ethoxide 
solution. The suspension was refluxed for 4 days. The solvent 
was removed, and the residue was dissolved in 20 mL of water 
and acidified with 12 N HCl. Filtration and subsequent 
recrystallization in acetic acid afforded 51: 1.56 g, 51 % ; mp >250 
"C; NMR (300 MHz, DMSO-&) 6 0.86 (t, 3H), 1.27 (m, 18H), 
1.53 (m, 18H), 3.78 (t, 2H), 10.43 (s, lH), 11.28 (bs, 2H). Anal. 
(C17HzsN40a) C, H, N, 0. 
3-Dodecyl-l,7,9-trimethyl-2,6,8-purinetrione (5m). 58 (0.5 

g, 1.5 mmol), 0.7 g of dry K2CO3, and 1.5 g of methyl iodide were 
suspended in 10 mL of DMF for 3 h. Extraction with chloroform, 
washing of the organic phase with water, and subsequent 
chromatography (eluent MeOH/CHCl3 (1 % v/v)), gave 414 mg 
of the tetrasubstituted derivative 5m: 73% ; mp 76-77 OC; NMR 
(CDC13) 6 0.85 (t, 3H), 1.26 (m, 20H), 3.36 (s, 3H), 3.58 (s, 6H), 
4.10 (t, 2H). Anal. (C~oH34N403) C, H, N. 

Biochemical Methods. Determination of Partition Co- 
efficients. Experimental determination for some compounds 
in an octanol/water system: A 1/1 mixture of octanol and 
potassium phosphate buffer (10 mM, pH 7.4) was shaken 
overnight to ensure phase equilibration, and then the phases 
were separated. The compound to be assayed was dissolved in 
either the organic (log P > 0) or aqueous (log P < 0) phase at  a 
concentration below 20% of its maximal solubility. The same 
volume of the other phase was then added and the system shaken 
for 1 h at 25 "C. The product concentration in each phase was 
then determined by UV, using the extinction coefficient deter- 
mined for each compound (urates:hmax = 290 nm, c - 14 OOO M-' 
cm-l; 5,6-diaminouracils:XmaX = 280 nm, t - 11 OOO M-I cm-I). log 
P values were also calculated for the compounds of the two series 
with the software ClogP3 from Daylight, Chemical Information 
System, Inc., based on the Hansch and Leo fragments 

Fraisse et al. 

Determination of the Reducing of the Stable 
Radical l,l-Diphenyl-2-picrylhydrazyl (DPPH'). A water/ 
alcohol medium was chosen in order to solubilize and test all the 
derivatives under the same conditions. Various concentrations 
of compounds diluted in DMSO were added to a 1-mL mixture 
of Tris/HC1(10 mM, pH 7.4) and methanol (2/1, v/v) containing 
20 pM DPPH'. The absorbance at 517 nm was measured after 
a 20-min incubation at room temperature. The concentration of 
compound necessary to reduce 10 pM DPPH' (RC10) was used 
as an indicator of its reducing capacity. DMSO (1 %) alone had 
no effect on the test. 

Inhibition of Lipid Peroxidation. Bovine heart mitochon- 
dria were isolated from slaughterhouse material according to a 
mechanical method4 with slight modifications: after mechanical 
tissue disruption and differential centrifugation, mitochondria 
were washed twice in an EDTA free medium containing 250 mM 
sucrose, 10 mM Tris/HCl, pH 7.2. Lipid peroxidation was 
conducted as follows: mitochondria (0.6 mg/mL) were incubated 
at 37 OC in KC1 140 mM, Tris/HC130 mM, pH 7.2 containing 
1 mM dihydroxyfumarate and various concentrations of com- 
pounds diluted in DMSO (final concentration in DMSO 0.2%). 
The reaction started with the addition of 50 pM ferrous 
ammonium sulfate. After 40 min, lipid peroxidation was assessed 
by the formation of thiobarbituric acid reactive substances 
(TBARS).B Then 100-pL aliquots were added to a 1.5-mL 
solution of thiobarbituric acid (0.33% m/v), trichloroacetic acid 
(13.5% m/v), HCl(0.85 N). Samples were incubated for 15 min 
at  100 OC and rapidly cooled; 1 mL of trichloroacetic acid (70% 
m/v) was then added. Samples were centrifuged, and fluorescence 
in the supernatant was read (excitation 515 nm, emission 553 
nm). Inhibition percentages were determined using a control 
(incubation with DMSO alone) and a blank (incubation without 
initiation of peroxidation: dihydroxyfumarate and iron). The 
IC50 was calculated as the test compound concentration that 
reduced the amount of TBARS to 50% of the control value. 
DMSO alone had no effect on the test. 

Scavenging Activity against Lipid Radicals. Lipid radicals 
were generated by thermo-dependent azo initiation. 

(A) In Homogeneous Experiments.4O Reactions were con- 
ducted at 40 OC in tert-butyl alcohol/methanol(4/1 v/v) in the 
presence of 0.6 M methyl linoleate (ML) and various concen- 
trations of compound diluted in DMSO (final concentration in 
DMSO 1 % ). The reaction started with addition of 25 mM 2,2'- 
azobis-2,4-dimethylvaleronitrile (DMVN) recrystallized from hot 
methanol. ML hydroperoxide (MLOOH) production was mon- 
itored with a Clark type oxygen electrode. Calibration of the 
electrode was carried out by correlating the oxygen consumption 
with the amount of diene conjugation monitored at 234 nm, since 
96 % of MLOOH contains a conjugated dienic structure.49 DMSO 
alone had no effect on the test. 

(B) In a Liposomal Structure. Large multilamellar lipo- 
somes (LML) were prepared as follows: a 16-mL aliquot of a 
stock solution of dilinoleoylphosphatidylcholine (DLPC, 20 mg/ 
mL in chloroform) free of peroxides was mixed with 0.1 mL of 
a 100 mM DMVN solution in methanol and 5 mL of methanol. 
The mixture was dried under vacuum in a rotary evaporator to 
give a thin homogeneous film. Twenty milliliters of an aqueous 
solution of NaCl(130 mM), phosphate (20 mM, pH 7.3) was then 
added, and asuspension of small multilamellar (SML) liposomes 
was prepared by shaking. LML were obtained by freezing and 
thawing (liquid nitrogen) the SML suspension five times. Final 
concentrations were DLPC 20 mM, DMVN 0.5 mM. Incubations 
were started by adding various concentrations of the compounds 
diluted in DMSO (final concentration in DMSO 1 %) and quickly 
raising the temperature to 48 "C to induce sufficient thermal 
degradation of DMVN. High temperature neither affects the 
liposome structure no impairs the efficacy of anti~xidants.~l Ten- 
microliter samples were removed at  10-min intervals and were 
added to 2 mL of cold methanol. Absorbance was read at 234 
nm against methanol, and the conjugated diene formation 
(production of DLPC hydroperoxide) was quantified using an 
extinction coefficient of 28 OOO M-I cm-l. DMSO alone had no 
effect on the test except for a deductible UV absorbance. Under 
the same incubation conditions no peroxidation occurred in LML 
free from DMVN. 
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