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Abstract: Nucleotide C4' radicals undergo radical ionic fragmentation with expulsion of 
the 3'-phosphate giving a 3',4'-radical cation. With a series of mononucleotides it is 
shown that the rate of this fragmentation is a function of the base (T - G > ABz > A - C) 
with the least basic, less-hydrogen bonded nucleotides fragmenting more rapidly in 
aqueous methanol. O 1997 Elsevier Science Ltd, 

In oligonucleotide chemistry and biochemistry the base, carbohydrate, and phosphate moieties are most 

often considered as separate entities. 1,2 Recent work from this laboratory, which demonstrated the profound, 

retarding effect of the 2'-substituent in ribo-micleotides on the fragmentation of 4'-radicals, 3 alerted us to the 

possible effect of the base on the chemistry of deoxyribonucleotide based 4'-radicals. Such C4'-radicals are 

central to the degradation of oligonucleotides by tile bleomycin4, 5 and enediyne 6-8 classes of antitumor 

antibiotic. Although there has been considerable work of late on the elucidation of the mechanism of strand 

scission following hydrogen atom abstraction from a C4'-site, 4,9 the possibility of the rate of one or more of 

the steps being affected by the individual base has not been addressed. 

We hypothesized that a nucleotide 4'-radical might reasonably be represented as a hybrid of the 

resonance forms l ,  2, and 3 (Scheme 1). This being the case, it is apparent that the base interacts directly 

through hyperconjugation with the unpaired electron at the 4'-position. It is also apparent that the relative 

contributions of forms 1, 2, and 3 will depend on the base with I being more important for those bases better 

able to support positive charge, and 3 for those more capable of sustaining negative charge. A further 

prediction is that, for a fixed given base, the relative importance of' l ,  2 and 3 will depend on the environment, 

that is on the extent to which the base is involved in hydrogen bonding (as a net donor or acceptor) and, thus, 

its incorporation in single, double, or triple helices. 

2 1 3 
Scheme 1 

Recognition of the interaction (1 ~ 2 ~ 3) leads to the hypothesis that any reaction of a C4'-radical 

proceeding through a polarized transition state will be affected to some extent by the nature of the base and the 

environment. Thus, it is likely that the rate of mtdical-ionic t~tgmentation (Scheme 2) of nucleotide C4' 

radicals3,10 will be a function of the I:xlse and its hydrogen bonding pattern. Here, we outline our initial results 

which show that the rate of such radical-ionic fr,'igmentation reactions is indeed a ftmction of the base. 
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The experimental design follows that used in our earlier ribonucleotide/deoxyribonucle, odde 

comparison, 3 and is an adaptation of the method of Giese and co-workers. 11 The five substrates 4 - 8 were 

prepared and isolated by adaptations of standard means. Each was dissolved (0.05 M), individually in 5ram 

NMR tubes, in CD3OD/D20 (10/1) and treated with thiophenol (5 molar equivalents). After degassing, dfi-tert- 

butyl peroxalate (10 mol %) was added and the tubes incubated at 40 "C. As determined by ~H and 3;P-NMR 

spectroscopy, each substr'ate was converted smoothly to the products 9 - 13, respectively, and diethyl 

phosphate. The fragmentation products 9 - 13 were readily identified in the crude reaction mixtures by ~H- 

NMR spectroscopy but only 11 was sufficiently stable to enable isolation by preparative thin layer 

chromatography on silica gel, with the others undergoing hydrolysis to the known 12 aldehydo--ketone 14.13 

The formation of the glycals 9 - 13 is readily t-ationalized by reversible addition of the PhSo radical to the 

exocyclic glycal 15 which generates the C4' radical 17. This then suffers radical-ionic fragmentation to 18. 

Single electron transfer from thiophenol or thiophenate finally affords the observed product 16 (Scheme 3). 

O-P(O)(OEt)2 15 O.p(o)(OEt)2 16 
4:B=T 9:B=T l 
5 : B = G  1 0 : B = G  -PhS. lJ PhS- e 
6:B:ABz 11:B:ABz kelim I1 k ~  
"t: B : A  1 2 : B = A  
8: B = C 13: B = C PhS " O  g klrag PhS, L .O. ~ 
ABz = 6-N-benzoyladenine 3 J  

O 
P h S ~ - - ~ C H  0 14 17 O'p(o)(OEt)2 18 -O"p(o)(OEt)2 

Scheme 3 

A series of competition reactions were conducted, under the same conditions of concentration and 

temperature as the initial experiments, in which 5, 6, and 7 were allowed to compete with 4 for reaction with 

PhSo and subsequent fragmentation. The ratio of 5, 6, or 7/4, as detemlined by ~H-NMR spectroscopy, was 

then plotted as a function of the percentage conversion of 4 (Figure 1). A second, similar series was then 

carried out in which 5, 6, and 7 were pitted against 8 for reaction with PhS. leading to the results depicted in 

Figure 2.14 The reactivity sequence 4 - 5 > 6 > 7 is readily derived fi'om Figure 1, and 5 > 6 > 7 ~ 8 from 

Figure 2. Combining the two sequences gives 4 ~ 5 > 6 > 7 ~ 8 which translates into T ~ G > ABz > A ~ C 

and the conclusion that the rate of this reaction is indeed a distinct function of the base. 
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Figure 2 

The observed reactivity pattern best correlates with basicity. Under the conditions of the experiment the 

much more basic 7 and 8, if not fully protonated, will be net hydrogen bond acceptors and accordingly charged 

8+, whereas the distinctly non-basic 4 and 5 will carry a much smaller, if :my, partial positive charge. This in 

turn renders 7 and 8 much less able to support resonance structure 2 and more able to sustain 3. An increased 

contribution from 3 to the resonance hybrid will destabilize the polarized transition state for fragmentation 

illustrated in Scheme 2 and so retard the overall reaction rate. 15 Benzoylation of 7 gives 6 and renders the 

heterocycle less basic, reduces the contribution of 3 to the reson:tnce hybrid, and leads to the observed 

acceleration in fragmentation rate. 

It could be argued that the observed trend derives from a shift in the 15/17 equilibrium or in the 

corresponding rates of addition and elimination of PhS. (k,,~ and k~,,,, respectively, Scheme 3). Certainly, the 

transition state for addition/elimination of PhS, will be pohtrized (Scheme 4), in a similar sense to the radical- 

ionic fragmentation. However, it is evident that such transition state polarization will be much more substantial 

in the radical-ionic fragmentation leading to the fully charged radical cation, than in the addition/elimination of 

PhSo which proceeds without overall separation of charge. The observed effect will therefore be predominantly 

a function of a change in the fragmentation rate constant k,,~ (Scheme 3). All in all, it is clear from the above 

experiments that the base has a definite effect on the reactions of nucleotide C4' radicals. It is also clear from 

the comparison of 6 and 7, that changing the environment of a given base will have an affect on the chemistry 

O'p(o)(OEt)2 ~ O" P(O)(OEI)2] O'p(o)(OEt)2 
Sqhcm¢ 4 

Hydrogen atom abstraction by electrophilic radicals, such as alkoxyl radicals, also involves polarized 

transition states in which a partial positive chtu'ge resides on the developing radical (Scheme 5). 16-20 It is 

likely, therefore, that hydrogen abstraction from nucleotide C4' sites by 1,4-arenediyls, as with the endiynes, 

or by the still ill-defined activated bleomycin species 21 will be also base and environment susceptible. 

ofthe radical. 
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Scheme 5 

The present experiments may have important ramifications in the design of free-radical based antitumor 

antibiotics where it would now seem sensible not only to aim for sequence-selective binding but also to target 

the most efficiently cleaved base. The present results may also help resolve a current literature controversy. In 

their investigation of Fe.bleomycin with double stranded DNA, Stubbe and co-workers find that their results 

are best interpreted in terms of the quenching of the C4' radical by oxygen before any fragmentation of the type 

discussed here. 4 On the other hand, Giese et al, working with unambiguously generated C4' radicals in single 

stranded DNA, see fragmentation before quenching with oxygen. 9 It is possible that this dichotomy simply 

reflects the use of different bases in very different environments by the two groups. Experiments designed to 

quantify the present observations are currently underway and will be reported on in due course. 
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