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Differences Between 4'-RNA and 4'-DNA
Radicals during Anaerobic and Aerobic Strand
Cleavage**
Harald Strittmatter, Adrian Dussy, Urs Schwitter,
and Bernd Giese*

The mechanism of DNA strand cleavage by 4'-DNA
radicals has been elucidated to a large extent in recent
years.[1] Under anaerobic conditions a spontaneous strand
cleavage takes place whereby a heterolytic C,O bond scission
at C3' leads to the 5'-phosphate 2 as the stable cleavage
product (Scheme 1). In the presence of O2 the 4'-DNA radical
1 a is converted first into hydroperoxide 4 a, then to cation 5 a,
which after b-elimination (5 a!6 a) and subsequent hydrol-
ysis leads to the stable cleavage products 5'-phosphate 2 and
3'-phosphoglycolate 7.

The mechanism of the corresponding RNA cleavage,
however, has been hardly investigated. Nevertheless, studies
by Hecht[2] have shown that bleomycin, which generates 4'-
nucleotide radicals, cleaves RNA slower than DNA. Since
bleomycin binds better to t-RNA[3] than to DNA, the
difference in cleavage efficiency might be explained by a
difference in the reactivity of the 4'-oligonucleotide radical 1 a
relative to 1 b. In order to prove this we have synthesized
oligonucleotide 14 in which one ribonucleotide carries an
acetyl group at position C4' (Scheme 2). In analogy to the

O
b

O

O

O
b

O

O

X

O
b

O

O X

HOO
O

O

O b

X
O

O

O

O

O

b

X

O
O

OH

O

O2

P

P
4a,b

P

P

P

1a,b 3a,b

P

P

P
5a,b

+

2

H2O
P

P
6a,b 2

P P

7

a: X = H; b: X = OH

+

X

Scheme 1. Nucleotide strand cleavage by 4'-radicals under anaerobic and
aerobic conditions. b� nucleobase. wavy line� nucleotide strand.
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Scheme 2. Synthesis of 4'-acetylated RNA. a) MeC(OMe)3, camphorsul-
fonic acid, 20 8C; HOAc, 0 8C, 42 %; in the second diastereomer (formed in
41% yield) the acetyl group was cleaved off to reform nucleoside 8 ;
b) TBDMSCl, imidazole, 40 8C; NaOMe, 20 8C, 5 min, 72 %; c) Dess-
Martin periodinane, 80%; d) MeMgCl, 93%; e) Dess-Martin periodinane,
85%; f) CF3CO2H; TBDMSCl; CF3CO2H; DMTrCl; 68%; g) PCl3, 1,2,4-
triazole; Me3NH�HCOÿ

3 ; 78%; h) DNA synthesizer. ABZ� benzyl-
adenine, DMTr� 4,4'-dimethoxytrityl, dT� 2'-deoxyribosylthymine,
TBDMS� tert-butyldimethylsilyl.
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photolysis experiments that were carried out with 4'-acylated
deoxyribonucleotides[4] compound 14 is a precursor of 4'-
ribonucleotide radicals 1 b.

The synthesis starts from the known compound 8[5] and
essentially follows the synthetic route that was worked out
for the corresponding modified deoxyribonucleotides
(Scheme 2).[6] The 2',5'-protected phosphite 13 was used so
that the oligonucleotide synthesis could be performed on a
solid support.[7] The rate of the spontaneous strand cleavage
was measured by photolysis of the modified oligomer 15 to the
4'-RNA radical 16, which was then trapped with an excess of
glutathione diethyl ester (GSH; Scheme 3). The ratio of the
rate constants kH/kE was obtained from the dependence of the
product mixture (17� 18)/19 on the GSH concentration.[8]

With the rate of hydrogen abstraction kH� 1.0 ´ 107 mÿ1sÿ1[9]

the rate of cleavage kE of the 4'-ribonucleotide radical 16 was
determined as 0.5 ´ 103 sÿ1. The cleavage rate of the corre-
sponding 4'-DNA radical at kE� 1.7 ´ 103 mÿ1sÿ1 was more than
three times faster.[10]

Scheme 3. Determination of the relative rate constants of the photo-
induced strand cleavage. A� adenine.

This decrease in the rate of cleavage of 4'-ribonucleotide
radicals can be interpreted by a destabilizing effect of the
additional OH group on the radical cation 20. Nevertheless,
this effect is very small and we assume that the oligomeric
radical cation is probably so well solvated by water molecules
that the introduction of a 2'-OH group exerts only a slight
destabilizing effect on the transition state of the reaction.[11]

Experiments carried out under aerobic conditions, in which
the hydroperoxides 4 a, b are intermediates,[4a] should also be
influenced by the presence of an additional 2'-OH group.
Stubbe et al.[12] have shown that the deoxyribonucleotide
cation 5 a, formed by a Criegee rearrangement, opens the ring
stereoselectively (5 a!6 a), whereby only the pro-R proton at
C2' of 5 a is cleaved (Scheme 1). In the ribonucleotide this
position is occupied by the OH group, so that the elimination

step (5 b!6 b) should be slowed down. Our experiments have
now shown that the introduction of the 2'-OH group has a
strong influence on the product composition obtained by
aerobic cleavage. Whereas oligodeoxyribonucleotide 21 a
yields preferentially the 5'-phosphate 2, the 3'-phosphoglyco-
late 7 was obtained as the major product from ribonucleotide
21 b (Scheme 4).[13] The preferred formation of 5'-phosphate 2

Scheme 4. Difference in the product composition after aerobic photolytic
strand cleavage.

from deoxyribonucleotides is in accordance with the Stubbe
mechanism[12] where intermediate 6 a cleaves the 5'-phosphate
2 in an SN1 reaction (Scheme 1). The 3'-phosphoglycolate 7 is
formed later on in the reaction pathway and thus is obtained
in lower yield. In the ribose system 5 b the 2'-OH group slows
down the elimination step (5b!6 b) so that cation 5 b can be
trapped by water in a competing reaction (5 b!22). Frag-
mentation (22!23) and subsequent elimination (23!7� 24)
then leads to 3'-phosphoglycolate 7 as the cleavage product
(Scheme 5). This additional pathway in RNA offers a possible
explanation for the preferred formation of 3'-phosphoglyco-
late 7 during the aerobic strand cleavage of 4'-ribonucleotide
radical 1 b.[14]
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Scheme 5. Trapping of cation 5 b by water, and subsequent fragmentation
and elimination to give 7.

The 2'-OH group in ribonucleotides influences the rate of
the spontaneous cleavage of 4'-ribonucleotide radicals and
changes the product composition under aerobic cleavage.
Both effects originate from the retardation of reaction steps
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The chemistry and physics of multiply charged ions are
attracting ongoing attention. One particular aspect concerns
the quest for diatomic, thermochemically stable polycations.
Here, thermochemical stability refers to a situation in which
the polycation state ABn� is lower in energy than the
dissociated fragments due to charge separation, that is
A(nÿ1)��B�. Since the ionization energies (IEs)[1] of mono-
cations AB� are often much larger than those of the separated
neutral atoms, IE(A) and IE(B), respectively, many diatomic
dications are not thermochemically stable. Nevertheless, a
number of thermochemically stable, diatomic dications have
recently been studied by theoretical and experimental
means.[2] For diatomic trications, however, the energetic
situation is even worse, because triple ionization of neutrals
often requires enormous amounts of energy such that
Coulomb explosion according to reaction (1) is energetically
favorable.[3]

AB3� ÿ! A2� � B� (1)

First-principle considerations predict the existence of
thermochemically stable diatomic trications for rare gas
(Rg) complexes of metals M for which IE(M2�) is smaller
than IE(Rg). For example, ThHe3� should be stable with
respect to charge separation according to reaction (1), simply
because IE(Th2�) (18.3 eV) is smaller than IE(He) (24.5 eV);
in fact, even the existence of ThHe4� has been suggested.[4]

However, such highly charged rare-gas complexes offer
limited conceptual insight into bonding principles because
they are expected to have mostly electrostatic character.

In contrast, we are focussing on the generation of multiply
charged molecules having well-defined covalent bonds in
which for a diatomic trication it is the A3� ± B bond energy
which locates the ABn� ground state below the A(nÿ-1)��B�

asymptote.[5] In this respect the UFn� (n� 1 ± 3) cations deem
promising, because the combination of uranium and fluorine
appears as a good candidate with respect to thermochemical
stability (Table 1). Thus, the ionization energies of uranium
are moderate,[6] while fluorine is the most electronegative
element with a rather high IE (17.4 eV) and a pronounced

1!2� 3 and 5!6, respectively, during RNA strand cleavage.
Whereas the 2'-OH group accelerates the ionic cleavage of
RNA relative to DNA,[15] it slows down the radical-induced
RNA strand cleavage.
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