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Abstract - Representations of two consecutive products of the Denlcke reaction were shown to 
be incorrect. Oxidation of uric acid (la) by ferricyanide In aqueous ammonia gives 5-amino-4- 
iminoallantoin (4) and 1,5-d~amino-3,7-dioxo-2,4,6,8-tetraazabicyclo[3.3.O]oc/ane (Sa), while 
methylated uric acids lb-g afford only the corresponding end products 5. The key dehydro- 
4-imlnoallantoin (6) arose on exposure of the primary adduct 4 to dilute acetic acid; a direct 
route to 6 was provided by oxldatlon of 4-rminoallantoln (2) with iodine. Both dehydro-allantoin 
(8)and its 4-imlno analogue 6 form covalent adducts (e.g. with MeOH) at the 5-posItion. A brief 
rationale which focusses upon the stepwlse nature and regiochemlcal course of the reaction IS 
presented. 

The accumulated evidence adds a new dimension to the bIologIcal significance of uric acid 

as a primary antioxidant which replaces some of the functions of ascorbate.lG Recent studies 

of the urlcolytlc pathway to allantoin leave little doubt that the quinonoid dehydro-uric acid IS 

a requisite intermediate.3& These experiments define the ring-opening of the key 5-hydroxy 

adduct at the 1,6-bond and conclusively argue against the dogma of an initial ring-contraction. 

Oxidation of uric acid (la) to 4-amino analogues 2 of allantoin, in the presence of ammonia5 and 

primary or secondary amlnes.6 eliminates any possible ambiguity concerning the incipient nu- 

cleophlllc addition. The significance of these products lies not only in their intrinsic interest 

but also in the fact that they are likely to occur under physlologrcal conditions. A particularly 

intricate set of rearrangements accompanies the oxidation of la by ferrtcyanide7 in aqueous am- 

monia. Denrcke in 1906 reported the isolation of an unusual product, supposed to have the struc- 

ture 3.5 Under the reaction conditions, this readily loses a molecule of water to give a second- 

ary product, formulated as 4. Most striking was the subsequent finding by Crohmanna that 

both lc and Id afforded an Identical product, which was thought to be a methyl homologue of 

3. This result IS rather surprising since it would mean that the Denicke transformation has 

an entirely different regiochemlcal course from that established for allantoin and dehydro- 

allantoin.3 Consideration of this problem led us to speculate that the Denicke rearrangement 

may have been misconstrued twice and that Grohmann’s product might, in fact, be a hydrate 

of the secondary product. 

The first clue to the chemical nature of these products arose from degradative studies and 

IR spectral characteristics.9 The labile primary product was rapidly transformed to dehydro- 

4-iminoallantoin (6) with dilute acetic acid. An identical compound was obtained by oxidation 

of 4-lminoallantoin (2) with iodine. Unambrguous evidence for the structure 6 derives from the 

reactron with ethereal dlazomethane in the presence of methanol which yielded a well defined 
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crystalllne adduct 7, sultable for detalled spectroscopic characterlzatlon. Signlflcantly, an anal- 

ogous transformation occurred in conversion of dehydro-allantoln (8)s Into 5-methoxy-1,3-dl- 

methylallantoln (S).There remains then the questlon of the position of attachment of elements 

of NH3 and Hz0 to the basic skeleton of 6 In accordance with Denlcke’s observations, the 

primary oxidation product shows the presence of one molecule of water which IS lost at 105O 

On the other hand, it exhibits an IR absorption band at 1617cm-1, characterlstlc of C=N, which 

rules out the covalent hydrate array such as 3, leaving two possible structures for the pri- 

mary adduct with ammonia 10 The type of structure which best fits the circumstances IS the 5- 

amino-4-imlnoallantoln (4) monohydrate, by analogy with adducts 7 and 9. There are various 

forms of tautomerism which could operate in the different 4-iminoimidazolidin-2-one species. 

Imine-amine tautomerism In 2,4, and 6 and the related lactam-lactim tautomerlsm as in 8 are 

not supported by IR evidence and seem to be of little importance. 11 It IS possible and prob- 

ably very likely that ring-chain tautomeric equlllbrla of the allantoin-bicyclol type are occur- 

ring in imine analogues.” 

The secondary oxidation product, however, did not afford 6. In addition, the nitrogen 

atom cannot be present as an amidlne function, for the IR spectrum did not exhibit a band 

in the 1630-1600cm-1 region. Most of the reglochemlcal ambiguity was dlspelled by experiments 

using isotopically labelled compounds derived from C2-14CIuric acid. Parabanlc acid (lOa) ob- 

tained from hydrolysis of %-labelled 4 was non-radioactive, while the resultant urea had the 

same isotope content as the starting material However, in the case of the secondary 14C-label- 

led oxidation product, hydrolysis proceeded with a nearly equal distribution of the label be- 

tween urea and lOa, a result which at once eliminates a non-symmetrical structure. Taken in 

conjunction with the molecular formula, this means that the secondary oxidation product must 

be a bicycllc dlurelde 5a. The final proof for the structure 5 was provided by preliminary X- 

ray data (Fig. 1) ,12 representing a new structural type among oxidation products of uric acid 

- a unique example of a bicycllc dlureide of orthooxamlde 

The reported properties for Crohmann’s compound, however, were not in line with those 

expected for a homologue of the primary product, because it was unaffected by aqueous am- 

monia The IR spectrum was not typical of structure 4, but rather suggestive of the blcycllc 

structure 5 A further confirmation was provided by conversion of both lb and le into the same 

product 5b. The alkylation sites exert a steering effect on the Denicke reaction, the failure 

of monosubstituted lb-e to give a homologue of 4 may be attributed to the relative efficiencies 

of urelde side-chain III performing the nelghbouring group function 4 Dimethyluric acids If 

and lg afforded the corresponding end products 5f and 5g in high yields, when two of the 

three redox-active sites of uric acid at N(3), N(7),and N(9) were blocked, the reaction path 

was altered (Table 1) This can be ratlonallzed by an effect of N-substitution on the stability 

of the obligatory urate anion radical intermediate An interesting parallel exists with respect 

to the reactivity of uric acids (1) toward 2,2-diphenyl-1-picrylhydrazyl free radical l3 It has 

also been demonstrated that urate radical formation occurs in some chemical and enzymic OXI- 

datlons and that the radical site resides in the imidazolone subnucleus of the purine system.14 

Regardless of the precise nature of the electron-abstracting process, the formatlon of the 

products by ring-opening at the 1,6-position of the quinonoid dehydro-uric acid precursor 

and the absence of an lnltlal ring-contraction are thus a characterlstlc, self-consistent, and 

invariant pattern of behavlour In alkaline oxidations of uric acid l5 
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Scheme 1. Oxldatlon of uric acids (1) by ferrlcyanlde In aqueous ammonia. a Rl=R3=W=Rg=H, 
b Rl=Me; c R3=Me, d R7=Me, e Rs=Me, f Rl=Rj=Me, g Rl=Rg=Me, h Ra=RT=Me, 
I W=Rg=Me, j Ri’=Rg=Me, (*) designates W-labelled atom I, K3Fe(CN)s/NH40H, II, 
J~/AcoH,NH~OAC, 1r1,10%Ac0H. IV, CH2N2/EtzO,MeOH, v,lO%HCI. 

Figure 1. X-Ray structure of 58 
(R=O.09) 12 

Table 1 Oxidation of methylated uric acids (1) 

1 Product m p c Composltlond v (C=OI 

b 5b(38%la 184-5” C~HloN602 H20 

: 
Sb(ZO%)” ;;;W;: 

1730.1690 
ref 8 1730.1690 

e 
5b(25%): ref 8 1730.1690 

f 
;;[;;;;b ‘;3,,5” C5HloN602 H20 1730.1690 

C6H12N602 H20 

h’, 
.5g(62%)’ 220-l” CsH12N602.H20 

1725.1690 
1687 

no crystalllne product 

“PUMJ, bNeedles,CDecanposftlon, d Satisfactory analytrcsl data 
(f0 48) were obtaimd,all compounds Contafned a molecule of water 
of crystallfzatfon rhfch was lost at 60" in vacuum (0.001m) 
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EXPERIMENTAL 

M.ps. were determlned on a Tottoll apparatus (Buchl) and are uncorrected. IR spectra 
were recorded for KBr disks on a Perkin-Elmer 257 grating Instrument. 1H- and 13C-NMR 

spectra were measured for DMSO-&j solns on a JEOL FX-100 spectrometer. Chemical shifts 

are given in 6 units (ppm) relative to internal TMS. Coupling constants are expressed in Hz 

(s,singlet; d,doublet, t,trlplet, q,quartet, mc,multipletcentre). Mass spectra were determined 
on a Varian MAT CH-7 instrument (70eV), m/e values are given with relative intensities (%I in 

parentheses. C2 -14CIuric acid (The Radiochemtcal Centre, Amersham, U.K.) was used for ISO- 

tope distribution studies, specific activities were measured in Aquasol on a Beckmann LS-100 
liquid sclntlllatlon counter (90% efficacy). Methylated uric acids lb-1 were prepared according 

to the Ilterature.16 

5-Annno-4-zminoaZlantozn(4) and 1,5-dzmnino-3,7-dzoxo-2,4,6,8-tet~~abicycZo[3.3.Oloctane (5a) 

The procedure of Denrckes was used with slight modifications. To a stirred suspension 

of finely powdered uric acid (la,16.8g,O.lmol) in water (30ml) aqueous ammonia (200ml.88) 

was added. Powdered potassium ferrlcyanlde (1329.0 4mol) was gradually added to precooled 

(-2’) mixture and the temperature kept below 3’ for 1 hr. After stlrrlng for further 30 min 
at room temperature, the reaction mixture was cooled to 09 stirred for additional 1 hr. and the 

precipitate was filtered off. Ferrocyanide was removed by dissolving in a minimal amount of 

cold water, and repeated treatment afforded the microcrystalline product 4 (8.55g.45%). This 

product cannot be recrystallized unchanged, it looses water of crystallization at 105’; m.p. 

295“dec. (Found C,24.97,H,5.53,N,44.02.C4H1oN603Requires C,25.27;H,5.30,N,44.19%). 

lR.3540(H~0),3455,3360(CONH~,3380sh,3280(NH~,3240-3160,3130-3060(NH),1725,1695,1670, 

165O(C=O), 1617(C=N) cm-l. 
The crystalline product 5a (5.16g.30%), which slowly separated from the mother liquor 

(6-8days). was collected,washed with water, EtOH,and ether and dried. Recrystallization from 

water, accompanied by partial decomposition, gave the analytical sample, m p. >300”(browning 
>200°). (Found C.27.73, H, 4 79, N.49.00. C4HaN602 Requires C.27.91, H.4.68, N,48.82%). 

IR 3380,3350,3300,3280sh(NH~),3260-3200,3190-3130,3110-3050(NH),1735,1690(C=0~cm-~ . 
The yleldsof consecutive products 4 and 5a depend on the reaction conditions, at higher 

temperature and concentration of aqueous ammonia only 5a (50-608) could be Isolated. Signifi- 
cantly, high yields of 5a (70-80%) were obtained on stirring 4 with cone aqueous ammonia for 

5 h at room temperature. 

1%labelled 4 and 5a 

The foregoing procedure was repeated with a suspension of C2-14Clur1c acid (420mg.59.4 

Glmmol-1) In aqueous ammonia (8ml) and potassium ferrlcyanlde (3.891, to yield 14C-labelled 4 
(161mg,34%,specific activity 57.6 rtCimmol-1) and 5a (142mg,33%,specific activity 59.2~Cimmol-1). 

Oxzdatzon of N-methyh%c aczds lb-j by ammoniacal fermcyanzde. General procedure 

Slightly modlfred Crohmann’s procedurea was used on a 0.01 molar scale. To a stirred 

suspension of powdered methyluric acid (lb-l) In cone aqueous ammonia (40ml), finely ground 

potassium ferricyanlde (13.2g,O.O4mol), was gradually added during 20 min. Stirring was con- 

tinued for 1 hr. and then the mixture was cooled to 0”. Ferrocyanide which separated was 

flltered off and the ftltrate was concentrated rn a vacuum desiccator over CaCl Colourless 

crystals that separated after standlng for l-2 days, were collected and washed with cold water 

Recrystallization from water gave the analytical samples of 5. Yields and analytical data are 
given in Table 1 
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Dehydro-I-zmznoatlantozn (6) 

Method A A suspensron of powdered 4 (3.8g.O.OZmol) In cold aqueous acettc acid (30ml. 
10%) was stlrred for 10 min. The resultant solld was filtered off, washed with cold water (6x5ml). 

EtOH, and ether and dried in vacua (10e3Torr,48h) to yield 6 (3.09.978) as a white powder, 
m.p.>300°. (Found C.30.87, H.3.43; N.44.84. ClrHsNsOzRequlres: C.30.97; H.3.25, N,45.15%). 

IR 3460,3405(CONHz),3260-3200,3190-3130,3090sh(NH~,1755,1680sh,1660(C=0),1635-1610(C=N~ 

It IS noteworthy that 6 forms an unstable compound with ammonia which IS spectroscopically 
different from the lnltlal adduct 4; dehydro-4-lminoallantoin (6,1.55g, 0.01 mol), however, on 

stirring In cone aqueous ammonia, yielded colourless prisms (1 .lg,64%), identical with 5a.1° 

Method B To a stirred suspension of 4-lmlnoallantoln5 (2,3.14g,O.O2mol) in a mixture of 

NHI+OAC (6g) and acetic acid (20ml. 10%). powdered iodine (5.lg.O.OZmol) was gradually added 
After 15-20 min. the precipitate was flltered off, thoroughly washed with cold water, EtOH, and 

ether and dried. The resultant product (6,1.39,42%) was identical with that prepared by the 

method A. On standing, an unsoluble substance becomes to separate from the mother Ilquor, 
this was identified as oxalyldrurea (11,0.7g, 20%) by comparison with an authentic sample.3 

5-Methoxy-1,3-dzmethyZ-4-zmznoaZZantozn (7) 

A suspension of finely powdered 6 (3.lg.0.02mol) In methanol (40ml) and an excess of 

ethereal drazomethane (150ml) were allowed to react for 24 h. The product was filtered off, 

washed with MeOH, ether and dried. Recrystalllzatlon from MeOH/ether gave 7 (3.09.708) as 
colourless prisms, m.p. 15l’dec (Found- C.38.94, H.6.11, N.32.48. C7HlsNsOs Requires C, 

39.07, H,6.09; N,32.54%). MS 215(Mt,4),200(1),185(28),183(43~,167~17~,166(25~,156~12~,155 
(20),141(32),140(100),83(77),72(12~,71(15),70~23~,58(26),57(61~,56(65~,55~26~,43~23~,42(17~. 
IR: 3393,3280(CONHz),3290-3210,3200-3120(NH),1757,1690,1672(C=0),1600(C=N~cm-1. lH-NMR 

7.94(s,lH,=NH),7.11(s,lH,NH),5.78(s,2H,NHz),3 03(s,3H,OMe),Z 95(s.3H.NMe).2.65(s,3H, 
NMe). 13C-NMR 161.O(C=N),157 O(C7),155.5(Cz),93.6(Cs).49.l(OMe),24.7(NMe),23.O(NMe). 

Converszon of dehydro-allantozn (8) znto S-methoxy-1,3-dzmethylallantozn (9) 

The foregoing reaction with ethereal dlazomethane (lOOmI) was repeated with dehydro- 

allanoins (8,1.56g,O.Olmol) In methanol (40ml). After 24 h,the resultant solution was filtered 

and evaporated to dryness The oily residue was crystallized from MeOH/EtnO/Iight petroleum 

to yield 9 (2.149,998). Recrystallization from CH2Clz/CCl4 gave the analytlcal sample. m p. 
145-146’dec (Found C.38.63, H.5.74, N,25 70 C7HlzN404 Requires C.38.89, H.5.59, N, 
25.92%). IR 3460,3340(CONH~),3280-3180(NH),1782,1720,1690(C=0),1615(C=N) cm-l lH-NMR 

7.28(s,lH,NH),5 84(s,2H,NHz),3.13(s,3H,OMe),2 92(s,3H,NMe),2.68(s,3H,NMe). 

Analogous 5-ethoxy adduct was obtained In the presence of ethanol m.p. 151-152’dec. 

lH-NMR 7.28(s,NH),5.79(s,NHz~,3.33~qq,OCH~,J=7.0),2.90(s,NMe~,2.67~s,NMe),1.13~t,Me, 
J=7.0). These adducts were also obtained by dissolving dehydro-1,3-dimethylallantoin3 In boll- 
Ing methanol or ethanol and evaporation of the solvent. 

Aczdzc hydrolyses of “C-labe11ed 4 and 5a 

l’+C-Labelled 4 (380mg,10.3~Cimmol-1) was heated in HCI (6ml.108) until dissolved. The 
soln was evaporated to dryness; repeated recrystallizations from water afforded non-radioactive 

parabanlc acid (lOa.66mg. 29%) The mother liquors were passed through an Amberlite IR-45 
(OH-) column (10ml) which was eluted with water (50ml). Evaporation of the eluate gave P4C]- 

urea (72mg,60%), specific activity 10.6 V.Zimmol-1. Hydrolysis of 14C-labelled 5a (344mg, 8.8 
~Clmmol-1) was carried out as described for 4 to yield l’+C-labelled 10a (68mg,30%), specrfrc 
activity 4.3~Clmmol-1 and [14C]urea (59mg,49%),specrflc activity 4.0vCimmol-1. 
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