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Ab&aet-UV irradiation of a model ‘activated ester” of the oncogen Ihydroxyxanthine induced homolytic 
cleavage of the N-O bond and gave products arising by reduction of as well as by recombination of the solvent 
caged amidyl radical intermediate. Identification of the latter product constitutes the first evidence that a distinct 
product associa~ul specitically with a radical from an acyloxypurine can be formed. The absence of this product 
among those formed spontaneously from Iacetoxyxanthioe provides the first indication that an amidyl radical is not 
an intermediate in the spontaneous reactions of N-acyloxy purines. 

N-Oxidation of N-3 or N-7 of certain purines, including 
guanine and xanthine, produces potent oncogens.M Like 
many related carcinogens,* Naxidized purines require 
metabolic activation by esterification to a proximate 
oncogenic form.*” Esters of oncogenic purine N-oxides 
are highly reactive and undergo at least three competing 
reactions, including nucleophiiic substitution, reduction, 
and ester hydrolysis.‘2-‘6 Studies” on the reactions of 
one model ester, Iacetoxyxanthine (1; Scheme 1). led to 
the formulation of two reaction paths (a and b) for the 
nucleophilic substitution of 1 at C-8. That reaction was 
interpreted as proceeding via the delocalized cation (6) 
which could arise directly from 1 slowly or more rapidly 
from the anion (2) depending upon pH. 
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It was suggested” that the spontaneous reduction of 
up to 3096 of 1 to xanthine (4) observed only in con- 
junction with path b might involve a radical intermediate, 
for which &ucture 3 was proposed. The basis for that 
proposal was the observations (a) that a radical which 
could be induced photochemically in solid S was im- 

mediately reduced to 4 upon solution in protic solvents’* 
and (b) that iodide ion did not act as a nucleophile 
toward 1, but instead reduced it to 4 with concomitant 
oxidation to iodine.‘*” The latter evidence suggested 
that iodide was acting as a radical scavenger. The uptake 
of oxygen during the reaction of 1 in the presence of 
bisullite was also interpreted as being indicative of a 
radical intermediate.15 Reduction of the radical photo- 
chemically-generated in solid 5 was so rapid when dis- 
solved in protic solvents that ESR of it in solution could 
not be obtained.” Radicals were similarly not detectable 
in aqueous solutions of reacting,” even with the use of 
a radical trapping agent.16 

A subsequent study on the structure of the radical 
photoinduced in solid 5, however, using oriented single 
crystal~‘~ demonstrated that it was not an amidyl radical 
(J), as concluded from studies employing poly crystalline 
powders,” but was instead the acyl nitroxyl (l& Scheme 
2). Other studies’6” showed that, unlike the spontaneous 
formation of 4, the oxidation of iodide ion was not 
unique to path b and that the redox reaction witb iodide 
ion was more likely associated with the reaction of 6a via 
intermediate 8 (Scheme 1). Since an understanding of the 
reactivities of esters of purine N-oxides is essential for 
elucidating the mechanism of tumor induction by these 
compounds, we have sought other methods that might 
de,monstrate the extent of radical participation in the 
spontaneous reduction of 1. 
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Scheme 2. 

For this purpose, we examined the photo-reactions of 
1 in solution. The irradiation of di- lz2 or trip acyl 
hydroxylamiis. e.g. 11 (Scheme 3), has been reported to 
induce homolytic cleavage of the NAI hood and both 
reduction (13) and radical recombination (14) products 
have ken isolated. The presence of diacylamino radicals 
following irradiation of triacylhydroxylamine was 
documented by radical trapping.” Si 1 is in essence 
an N-substituted, cyclic NQdiacyIhydroxylamine, 
irradiation of it should yield the amidyl radical (3) and 
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mightalaoykldaprodwtarisingviaradicalrccom- 
bhatbo of it. Ident&ation of such a product, e.g. 17 
(Scheme 4), would provide a compound that was 
uniquely ass4Xiakd with the radical (3). Examination of 
the extent of forma&m of that product under conditions 
that4isformedfrom1intheobsenceofkfr&&x 
wouldorovideameasureoftheoa&@ionof3intbe 
spon~eous leratiolls of 1. - 
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RHULTSANDIMSUssIoN 
The rate of reaction of 1 and the products derived 

from it are highly dependent upon experimental con- 
ditions, par&My the PH.‘“” ‘lhis requires that con- 
ditions for pbotochemical studies be selected to minimixe 
spontaneous reactions of 1 during the time of irradia- 
tions. The reackns of the ester (1) are slowest (tf - 2 hr) 
in acid solution (pH < 3) and under those conditions are 
primarily ester hydrolysis to 5 (85%) with 8-substitution 
observed to a small extent (5%)” (Expt %l, Table 1). 
Irradiation of 1 in 1 NHCl (Expt #2) caused some 
decomposition, decreesed the formation of 5 sharply, 
reduced the yield of &hloroxanthine (9b) sl$htly and 
yielded xanthine (4) as a major product. It also produced 
a small amount of a new product that was identitkl as 
&nethylxanthine (17; Scheme 4) (8.5%). ‘Ihe formation 
of 4 and 17 is consistent with the reported photoreactions 
of N,Odi-z’P and N&O-tri-= acyl hydroxylamines. 
Althou+ N-hydroxypurines are hnown to be photore- 
duced- xanthine does not arise by photoreduction 
of 5; 5 was not appreciably reduced under the same 
conditions but was partiahy degraded to non-UV-ab 
sorbing compounds (Jkpt #t). 3-Methylxanthine (17) 
presumably arises via a route similar to that leadhg to 
the formation of N-akykkles following irradiation of 
diacyfhydroxylamine~~‘~ which involves recombination 
of solvent cageA amidyl and Me radkals (16; Scheme 4). 
‘lhe latter must arise by decarboxylation of the acetoxy 
radicals initiahy formed by homolytic cleavage of the 
N-O bond of 1, as in 15. 

Table 1. 

Condltlmls Pm4uct Ylcld:L 

1 1~Hcl - 24 h 

2 1 E ICI $ 55m 

3 lKHc1 - 24 h 

4 lI!Hcl $ 451 

3-Acetoxy- 5 cllm - 24 h 
unthlnMC1 

6 am hv 438 

7 CH*OHC - 43 II 

6 cmnl - 45 II 

9 CH,OH hv 45m 

3-Acetoxy- 10 c&a 
xanthlno~HC1 

hv 0n 

11 HMC c 51 a 

12 IVProH hv 351 

13 Q-Buol $ 21 m 

a5 -- 

21 30 6.5 

96 -- 

63 2 - 

41 22 - 

- 59 6 

WchwN 

99 -- 

96 0.5 - 

57 7 

_ 53 11 

_ 49 15 

50 21 

17 16 - 

- 49 15 

5 (Cl) 90 

3 WI 63 

96 

65 

- 63 

5 Km) 73 

3 (W 

99 

99 

4 (Cl) 66 

5 (Cl) 69 

2 (Wr) 66 

2 (06u) 73 

44 Kw 77 

5 (W 69 

a/ Yields IN based on the lnltirl weights of 1 or 3; all reactions 

of lnrr urriad to caplrtlon Moon l lalysls. 

b/ h- lwrs,m=mlnutes 

c/ No mctlm detoctablr during tlm of irrrdlrtlon of Expt 16. 
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Fig.l. Ratioofcageto~pmductasafunc&mofvisco8ity. 

To verify &is mechanism for the fo~n of 17, 
pbotolyses of the tlydrocllkride salt of 1 were performed 
in a series of organic solve&~ of varying viscosity. 
Mbough1asthefrecbaseexhiilimitedsolubilityill 
only a few polar ofgaoic solve&, wheo dissolved it 
usually reacts rapidly with tbe solvent to afford an 8- 
seen prodoct (9). The hail salt of 1, 
however, proved to be sigoi6cantly less reactive ia 
or@c solvents, which permitted a study of tbe effect of 
solvent v&o&y on its photochemistry. The salt also 
formedadi&eotsetofproductsthanthefreebase. 
w&tbefreebaseof1reactsinme&anolwithin 
mimxtes to &ord &metbox~tbine (SC) almost 
excJosively,‘4 MK!l in methallol aIforded oo !k. Instead 
it reacted very slowly to yield mainly the hydrolysis 
productQaodtbereductilmprodoct(1;Expt#5).The 
slow reactivity of l*HCl sod formation of 5 in methanol 
iscompaIabletothereactionof 1iuaqueousacid,“but 
the production of 22% of 4 aod tbe lack of conversion to 
k:WCfCunexpecte& 

hvadktkn of MfCl ia methanol (Expt 6) aiTordcd 
596 of k (comparabk to the 3% yield of 9b from the 
im&tiooinlNHCl,Expt~)aswellas3%ofuric 
acid (h) and gave xanthine (4) as the major product with 
some 3-methylxanthit~ (17; 6%). A control solution of 
l*Hcl in methanol (Expt #7) &owed little chaoge ill Uv 
~~~~~~for~~~o~ 
~t~.~nofS~r~~~~~~ 
Expt #9) caosed only a slight pbotoreduction (Cl%) to 
4,indicatingtJsatSwasalsowtanintermediateintlte 
photochemical formation of 4 in methaool Irradiations 
of l*HCl in other solvellta (Expts #l&13) &owed that 
the ykld of 17 varkd, depeadiae upon the solvent. 

several studks have demo&rated tbat tbe observed 
rate of decompositions as well as tbe rate of * . 
~ofaradiadpairareioverselyproportional 
to tk sqlmre root of the viscosity of tbe medium. 
Rat&If amI_ Koc.W.’ &moo&rated that following pboto- 
ckmical~ntoaradicalpair,tberatioof 
solvent-a@ radical recombiaation product to ‘hOb 
~“~~~~a~a~~~~~t 

of viscosity of the medium. If 4 and 17 arise from a 
common i&en&&e sod tbe latter results from tbe 
RWtiLm of solventcagsd radical pair, tben tbe ratio of 
the yields of 17 (“cage”) and 4 (“nonq$) should 
exhii a linear dependeocc on 7’“. A plot of 17/4 ~8 qlR 
(Fii 1) showed that in a series of bydroxylic solvents 
there was such a depeodence over a wide viscosii 
raoge. Thus the format& of 4 and 17 displays a depen- 
dence on the iluidhy of the medium that is consistent 
with the in&mediaq of a solvent-caged pair for one of 
the products. These data complement earlier “cross- 
over” experin~ts which tlrst indic&d that N-alkyl 
amides were generated from solvent-caged radical pairs= 
~~~~tl7isf~byas~~~. 

To evaloate the extent of formation of 17 from 1 under 
conditions where 4 is formad spontaneoosly from 1 (path 
b), pH 5 was selected. Xantltine is not formal in aqueous 
solution below pH 3,” while at pH’s near neutrality the 
rapid rate of spontaneous reaction of 1 would complicate 
the pbotocbemkal stody. The if of I at fH5 is also 
dependent on the b&r ~~~~n~ in O.OlM 
acetate bulTer it was 26mio. A &se exami&on of the 
product composition arising from 1 spontaneously at 
pH 5 did oat reveal the presence of any Imethylxanthine 
(17; Expt #14). To demonstrate the extent to which it 
might be formed, 1 was irradiated in O.OlM acetate 
buffer (Expt 115). Under those conditions S was not 
formed, the yield of the Asian pro&t, uric acid 
(k) was decreased sharply and the ykld of xanthine was 
tripled, CompBnd to the spontaneous reaction; 5 
methylxanthine (17) was formed in 15% yield. This 
product composition is comparable to that from irradk- 
tioos in other hydroxylic solvents. Based on the yield of 
17 produced via 3 pbotochemically at pH 5, a yield of 17 
about ooe third of 4 might be expected in the spon- 
taneous redaction of 4, if that reaction ah procdcd 
viatberadical3.Fromtbeyieldof4atpHSof 16% 
(Bxpt #14), a yie4d of about 5% of 17 might be expected. 
T&c complete absence of ally detectable 17 witboot uv 
irrsdiationuodertwoamdiiiuwhich4isformed 
spontaneously and 17 cao be produced photochemically 



in readily detectable quantities, i.e. in methanol and at 
pH5, suggests that the amidyl radical (3) is not present 
as an intermediate in the spontaneous reduction of 1, as 
0liginaIy proposed.” 

In agreement with other studies,2’” one reaction of 
the p~~~~~Iy~ene~t~ non-caged amidyl radical, 
3, is reduction to 4. The fact that 17 can be produced 
from 1 only photochemically. while 4 is formed both 
spontaneously and photocbemically raises the question 
whether one electronic state of 3 might be produced 
thermally, accounting for the formation of only 4, while 
twot are produced in the p~~hemi~ reaction and 
lead to 4 and 17. The evidence that both the IIN pund 
and ZN excited states are readily &xessible thermally for 
the structurally-related succinimidoyl radicaP” and 
that there is ready mixing between the two states in 
amidyl radicals,s”o suggests that the lack of formation of 
17 in the spontaneous reaction of 1 is unlikely to be due 
to the inability of 3 to attain the requisite electronic state 
thermally to produce 17. Instead, the absence of 17 in the 
spontaneous reaction of 1 considered with the negative 
ESR data’“” and the evidence that oxidation of iodide 
ion is associated with the cation 6’* provides a strong 
indication that the amidyl radical (3) is not an inter- 
mediate. in the spontaneous reduction of 1 and that 4 
must arise by another mec~sm.~ 

The present studies also provide evidence against a 
radical cation as a possible intermediate in the reactions 
of 1.1 The formation of 4 and 17 following uv irradia- 
tion of 1 is consistent with the presence of a radical 
intermediate. It is therefore noteworthy that irradiation 

fThcoretical studks indicak that the IIN structure of amidyl 
and the related imidoyl radicals~ is more stable than the & 
state ami corresponds to the ground state.“M lbe flN state was 
also indicated by ESR’=” and CfDNPw studies. However, 
products cao be formed from both the ground state lIN and 
excited & states. These are usually distinguishable by the extent 
of reactivip or by the type of product formed,“’ but the 
d&ence in reactivity between the two states is qua not 
qMil&ativc 

#For example. photochemical @neration of amidyl radicals 
by homolysis of N-k&amides can lead to 7 and to 8 kctams by 
inbamolecular ekctrophilic cyclizations of the & and IIN radi- 
cak. respectively, when there is no constraint on free rotation in 
the sy&em.” The extent of formation of each product is depen- 
dent on the degree of overkp of reactkg orb&Is in the two 
&&es of the amidyl radical with !hose of the aromatic system. In 
rigid pknar systems, however, only 6 kctams are prod& 
indicating that there is ready hybridMioo between the two 
energy levels. 

OAnatrn&vecandidateforanaRemateinterme&einthe 
spontaaeousfo~~of4framlkfbetripletstatcofthe 
ekctroodefkknt nitrogen in the resonance cootriir (4a) since 
~~~~~ve~~~~~h~~ 
s&action and reduction to fhe corresponding amine.- 
However, &or& to demonstrate the presence of the triplet state 
of C by the use of heavy atoms to promote spin inversion of the 
singkt to the triplet stateM and increase the yield of 4 were 
unsmzccssfuL1s~‘7 Thus the mechanism of the spootaneous 
r&ctionoflto4mustbcregardedasunknown. 

me oucf~ph& su~titu~n, reduction and redox rcac&ns 
of 1 show a strikkg simik&y to the satiny, red&on and 
electron transfer reactions of radical cations,- such as pery- 
kne,- !hianthmnes’~ and phenothkzine.” However, in con- 
trast to the reactions of the non-radical (l), which occur span- 
Eaaeouslyinthe~kaqucoussolutiohradicalcationsmustbe 
e by a chemical, ekctilytic or photochemical process 
prior to undergoiI!g other reactions.” 

under acidic conditions, e.g. Expt iyt (Table l), where a 
radical cation would be most likely to be found, does not 
lead to an enhancement in the &substitution reaction. 
That would be the expected rest& if a radii cation 
were an intermediate in the substitution reaction. The 
present data thus argue against a radical or radical cation 
intermediate in the substitution, reduction and redox 
reactions of 1. 

s&ctrophutometa. Irri&hn were performed ill qumtx fiii& 
inaRayonetPhotocbemicalrcactorcqu@dwitheightbw 
pressurcHglampsemittinptnim&yat254nmandamWnetic 
stirrer. Most exp&nMs were petMned with dwXYgCMtal 
&/2omin) -4x lO+M sohIs (Smg/XhIll) of 3-acdox)xzilltbinc 
hydro&o&k, whkh was pnpgnd as descrii.” Prog=s of the 
photoehemicat reactions was followed by moni?oring the UV 
~~Of~~~~V~~~8S~.~~~ 
changeoccmred,thesolventwasremovedundervaalumandthe 
residue was clllomatograpbed over a 9XlSOmm cokmn con- 
t8inhg Dowex 50 (Hi) i& exchange resin. Wa!er eluted 9hP 
~a.~ 5.s’ and 17?6 in that order. with mod rchtim: 1 N HCI 
e&d i. Yields time c8kuktal irom elitbi vtdtmes 8id know0 
extinctbn wnst811ts.~ The c fkthoxyx8othbe (ll,ooO at 
274nmp was used to estimate the ykMs of 8-ProPoXY- and 
&butoxYXa~~tbincs in Tab!e 1. 

A~teof17fmstrucnues~wasobCainedby~- 
tioo of a sok of 80 ma of I*HCl in 800 ml of 1-~rooanoL followed 
by chromatography &er a 9~2OOmm Dowex g (H1) cokmn 
oncetoscparete4amf17fromtbcothcrproducts.than~to 
resolve 4 aod 17. The assignment Of shueaae as 3-m&y!- 
~~~~~by~s~~k~w~~ 
values at pH’s 6 and lop by the identity of the NMR values* 
between the photoproduct and those of an au&e&c sampk of 
3-methylxao~; ami by comparative silica gel tk’s in two 
solvent systems (nBuGH-HP_HOAc. 4: 1: 1, 1pI = 0.76 and 
MeCN-He285 NH&H, 7: 2: 1. R, = 0.76). 

BecauseofthehishnactivityoflatpHS,solnsof lin 
acetate&iffercouldnotbed~prkrto~For 
Expt 415 (Tabk 1) the solvent was dega=d &st, then the 
~k~~~~N*~~~~ 
in&ted immedk&ly with degassing continued throughout the 
irradiation. 

Valuesforthevkc&tyuscdinPig1werethoseat2Ytaken 
dir&y from or cak&tal from reported viscosity data” 
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