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ABSTRACT: The mechanism for the oxidation of 3′-dGMP
by [PtCl4(dach)] (dach = diaminocyclohexane) in the
presence of [PtCl2(dach)] has been investigated using density
functional theory. We find that the initial complexation, i.e.,
the formation of [PtCl3(dach)(3′-dGMP)], is greatly assisted
by the reaction of the encounter pair [PtCl2(dach)···3′-dGMP]
with [PtCl4(dach)], leading to migration of an axial chlorine ligand from platinum(IV) to platinum(II). A dinuclear
platinum(II)/platinum(IV) intermediate could not be found, but the reaction is predicted to pass through a platinum(III)/
platinum(III) transition structure. A cyclization process, i.e., C8−O bond formation, from [PtCl3(dach)(3′-dGMP)] occurs
through an intriguing phosphate−water-assisted deprotonation reaction, analogous to the opposite of a proton shuttle
mechanism. Followed by this, the guanine moiety is oxidized via dissociation of the PtIV−Clax bond, and the cyclic ether product
is finally formed after deprotonation. We have provided rationalizations, including molecular orbital explanations, for the key
steps in the process. Our results help to explain the effect of [PtCl4(dach)] on the complexation step and the effect of a strong
hydroxide base on the cyclization reaction. The overall reaction cycle is intricate and involves autocatalysis by a platinum(II)
species.

■ INTRODUCTION

DNA oxidative damage,1 which leads to processes such as
aging, mutagenesis, and carcinogenesis,2 can be induced by
many transition-metal complexes.3 One of the transition-metal
complexes that has the potential to oxidize DNA is
[PtIVCl4(dach)] (1). Choi and co-workers proposed this
platinum(IV) complex as a highly reactive agent for oxidation
of the guanine (G) moiety of DNA.4 They showed that only G
nucleotides having a hydroxyl or a phosphate as a nucleophile
in the 5′ position can be oxidized by platinum(IV), for example,
5′-dGMP, 3′-dGMP, and 5′-[GTTTT]-3′ and not cGMP,
9Mxan, 5′-d[TTGTT]-3′, and 5′-d[TTTTG]-3′. However, it
should be mentioned that such an oxidation reaction may not
necessarily be biologically relevant because the short half-life of
1 in both in vivo and in vitro conditions reduces the likelihood
of its interaction with cellular DNA.5,6

The experimentally postulated reaction mechanism for the
oxidation of 5′-dGMP and 3′-dGMP by 1 was explored by Choi
and co-workers.4c,d Followed by this, we conducted a
theoretical investigation into the oxidation of 5′-dGMP by 1.7

From these two independent works, the following reaction
mechanism for G oxidation can be proposed (Scheme 1). The
first step of this reaction is the binding of N7 of G to PtIV via
the substitution of one of the Clax ligands of 1 by 5′-dGMP.
The resulting complex (2_5′G) then undergoes an intra-
molecular nucleophilic attack, producing intermediate 3_5′G.
From this intermediate, two electrons are easily transferred
from G to PtIV by lengthening of the Pt−Clax bond, releasing

the cationic phosphodiester 4_5′G, thereby oxidizing G.
Finally, the cationic phosphodiester intermediate is deproto-
nated by water and then hydrolyzed to the final product 8-oxo-
5′-dGMP.
As mentioned above, in order for the redox reaction to occur,

one of the Clax ligands of 1 should be initially replaced by G.
Generally, substitution reactions for a d6 octahedral platinum
complex proceed through a dissociative mechanism and are
usually very energy-consuming. However, Choi and co-workers
showed that the substitution reaction can be greatly accelerated
by the addition of a platinum(II) complex such as
[PtIICl2(dach)] (2).4e,f They confirmed that the substitution
reaction is catalyzed by the platinum(II) complex via the
Basolo−Pearson (BP) mechanism (Scheme 2).8 This mecha-
nism has also been reported by other researchers.5,9 According
to this mechanism (Scheme 2), the five-coordinate platinum-
(II) complex [PtIICl2(dach)G] (3) is supposed to form first
through the coordination of N7 of G to PtII. Subsequently, one
of the Clax ligands (and not Cleq) of 1 is coordinated to the
sixth position of 3, forming the binuclear complex 4. In the
binuclear species, the two-electron transfer from PtII to PtIV is
associated with the Clax transfer from PtIV to PtII, giving the
ligand substitution product 5 and regenerating the platinum(II)
complex 2.4e,f As shown in Scheme 1, the platinum(II) complex
2 is also generated through two-electron transfer from G to
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PtIV. Because one of the final products of the redox reaction, 2,
is the catalyst for the substitution reaction, the overall redox
reaction is called autocatalytic. However, it should be
mentioned here that the formation of 5 from 2 is subject to
competition with the substitution of one of the Cl ligands of 2
by G to form 6.4c,d

For the oxidation of 3′-dGMP, the reaction mechanism
depicted in Scheme 3 was proposed by Choi and co-workers.4d

They suggested that, after replacement of a Clax by 3′-dGMP,
the nucleophilic attack of the alcohol functional group (−OH)
to C8 is followed by two-electron transfer from G to PtIV,
deprotonation of both the C8−H and O−H bonds, and

eventually the formation of cyclic ether 3_3′G as the final
product.
In this study, we utilize density functional theory (DFT) to

elucidate the reaction mechanism of 3′-dGMP oxidation by 1.
Through this work, we show how substitution, deprotonation,
and electron-transfer events occur during the overall redox
reaction. Our hope is that the results of this study will assist
with understanding the oxidation of other nucleotides and
duplex DNA.

■ COMPUTATIONAL DETAILS
Gaussian 0910 was used to fully optimize all of the structures reported
in this paper in water using the conductor-like polarizable continuum
model (CPCM) solvation model11 at the B3LYP level of DFT.12 The
effective core potential of Hay and Wadt with a double-ξ valence basis
set (LANL2DZ)13 was chosen to describe Pt. The 6-31G(d) basis set
was used for other atoms.14 A polarization function of ξf = 0.993 was
also added to Pt.15 This basis set combination will be referred to as
BS1. Frequency calculations were carried out at the same level of
theory as that for structural optimization. Intrinsic reaction
coordinate16 calculations were used to confirm the connectivity
between transition structures and minima. Because recent studies have
established that M0617 predicts the activation energies more accurately
than B3LYP,7,18 we carried out single-point energy calculations for all
of the structures with a larger basis set (BS2) at the M06 level. BS2
utilizes the quadruple-ζ valence def2-QZVP19 basis set on Pt and the
6-311+G(2d,p) basis set on other atoms. The solvation energies were
calculated using BS2 on optimized geometries with the CPCM
solvation model using water as the solvent. To estimate the
corresponding Gibbs free energies, ΔG, the entropy corrections
were calculated at the B3LYP/BS1 level, adjusted by the method
proposed by Okuno,20 and finally added to the M06/BS2 total
energies. We have used the potential and Gibbs free energies obtained
from the M06/BS2//B3LYP/BS1 calculations in water throughout the
paper unless otherwise stated. The atomic orbital populations were
calculated on the basis of natural bond orbital (NBO) analyses.21

■ RESULTS AND DISCUSSION

Substitution Reaction of Clax of 1 by 3′-dGMP. In order
for the oxidation of 3′-dGMP by PtIV to take place, one of the
chloride ligands of PtIV should be initially replaced by 3′-
dGMP. As discussed in the Introduction, the replacement is
known to be catalyzed by a platinum(II) complex.4e,f Figure 1a
compares the energy profiles for the substitution reaction
through dissociative and PtII-catalyzed pathways.
Our calculations show that the dissociation pathway

involving the loss of one of the Cl ligands from 1 requires

Scheme 1

Scheme 2

Scheme 3
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overcoming an energy barrier as high as 157.9 (182.5) kJ mol−1,
suggesting that this pathway is less likely to occur (the relative

free energy is reported along with the relative electronic energy
in parentheses). In contrast, the substitution reaction via the

Figure 1. Energy profiles calculated for the substitution of one of the Clax ligands of 1 by 3′-dGMP through (a) the dissociative pathway and the PtII-
catalyzed pathway in which a Clax ligand is transferred from 1 to 2 and (b) the PtII-catalyzed pathway in which a Cleq ligand is transferred from 1 to 2.
The relative free and electronic energies (in parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations in water are given in kJ mol−1.
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PtII-catalyzed pathway needs a much lower activation energy
(67.3 kJ mol−1 at the transition structure 1TS_3′G), indicating
that this pathway is much more favorable than the dissociation
pathway (Figure 1a).
In the literature, the first step of the PtII-catalyzed pathway is

assumed to be coordination of the G N7 atom to the PtII center
to form a five-coordinate intermediate.4e,f Attempts to locate
such an intermediate were unsuccessful; all optimizations
starting from a five-coordinate complex converged to the
encounter pair 4_3′G, wherein no bond exists between PtII and
N7; the Pt−N7 distance in 4_3′G is calculated to be as long as
3.761 Å (Figure 2). Indeed, a five-coordinate complex is found
to be a transition state and not an intermediate (vide infra). In

the encounter pair 4_3′G, 2 and 3′-dGMP are attached
together via hydrogen bonding; the N−H protons of the dach
ligand interact simultaneously with the C6O carbonyl and
hydroxyl group (Figure 2).22 These hydrogen bonds are
preserved during the substitution reaction. As the final step of
the substitution reaction, the bridged transition structure
1TS_3′G is formed through interaction of the Clax1 ligand of
1 with PtII (Figure 1a). In this transition structure, the Pt2−N7
and Pt2−Clax1 bonds start to form, while the Pt1−Clax1 and
Pt1−Clax2 bonds start to break (Figure 2). NBO analysis shows
that the Pt2 dz2 orbital is depopulated upon going from 4_3′G
(1.878) to 1TS_3′G (1.501) and then to 2_3′G (1.220), while
the Pt1 dz2 orbital is populated upon going from 1 (1.273) to

Figure 2. Optimized structures with selected structural parameters (bond lengths in angstroms) for 1, 4_3′G, 1TS_3′G, 2_3′G, 2_5′G, and 7_5′G.
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1TS_3′G (1.529) and then to 2 (1.875). This supports the fact
that electron transfer occurs from the Pt2 dz2 orbital of 4_3′G
to Pt1 dz2 orbital of 1, mainly through interaction of the sixth
highest occupied molecular orbital HOMO-5 of 4_3′G with
the lowest unoccupied molecular orbital (LUMO) of 1 (Figure
3). This type of interaction gives rise to two bonding and two
antibonding orbitals.23 As shown in Figure 3, one of these two
antibonding orbitals (HOMO of 1TS_3′G) is doubly occupied
and lies 0.37 eV above HOMO−5 of 4_3′G. Thus, the
binuclear 1TS_3′G is a transition structure and not a local
minimum (intermediate). Because the contributions of the
atomic dz2 orbitals of Pt1 and Pt2 to the HOMO of 1TS_3′G
are almost equal, the bonding character of this transition
structure can be described as PtIII−Cl−PtIII. However, after
crossing the transition structure 1TS_3′G, the electron-transfer
process is completed and 2_3′G is formed via migration of the
Clax1 ligand from Pt1 to Pt2.
PtII-Catalyzed Substitution Reaction via the Migration

of Cleq to PtII. Choi and co-workers showed that during the
substitution reaction, only a Clax ligand is transferred from PtIV

to PtII and not a Cleq ligand.4f This suggests that electron
transfer through the Clax−PtIV−Clax axis is much easier than
that through the Cleq−PtIV−N axis. Our calculations provide
further support to this experimental finding (Figure 1b);
2TS_3′G is computed to be 26.3 kJ mol−1 higher in energy
than 1TS_3′G. We found that if the Pt dz2 orbital of 4_3′G
interacts with the Pt dx2−y2 orbital of 1, electron transfer occurs
through the Cleq−PtIV−N axis. Because, in 1, the dx2−y2 orbital

(LUMO+1) is about 0.41 eV higher in energy than the dz2
orbital (LUMO; Figure 3), electron transfer to PtIV through the
Cleq−PtIV−N axis is energetically more demanding. Indeed, the
more significant antibonding interaction between orbitals of N
and Pt causes dx2−y2 to lie above dz2 and be less available.

PtII-Catalyzed Substitution Reaction of Clax by 5′-
dGMP. For the sake of completeness, we also extended the
calculations to study the PtII-catalyzed substitution reaction of
Clax by 5′-dGMP (Figure 4). Our calculations show that the
formation of the encounter pair 7_5′G (Figure 4) is about 18.5
kJ mol−1 more favorable than that of the encounter pair 4_3′G
(Figure 1a). The same is true for the substitution reaction
products; 2_5′G (Figure 4) is calculated to lie 46.0 kJ mol−1

below 2_3′G (Figure 1a). These results suggest that the
hydrogen bonds between 5′-dGMP and dach are stronger than
those between 3′-dGMP and dach. This is because the NH2
moiety interacts with the phosphate group better than the
hydroxyl group, a claim that is supported by shorter
H···O(phosphate) distances in 7_5′G (1.790 Å) and 2_5′G
(1.652 Å) versus the H···O(hydroxyl) distances in 4_3′G
(1.883 Å) and 2_3′G (1.905 Å) (Figure 2). This difference
could be related to the higher basicity of the phosphate group
relative to the hydroxyl group.
We also found that the energy required for the trans-

formation of 7_5′G + 1 to 1TS_5′G (67.9 kJ mol−1; Figure 4)
is very close to that for the transformation of 4_3′G + 1 to
1TS_3′G (67.6 kJ mol−1; Figure 1a). This is entirely consistent
with the experimental findings of Choi and co-workers; the

Figure 3. Spatial plots and energies of (a) HOMO−5 of 4_3′G, (b) LUMO and LUMO+1 of 1, (c) and HOMO and LUMO of 1TS_3′G.
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experimental activation energies at 298.15 K are 69.1 and 68.1
kJ mol−1 for the substitution reactions of 5′-dGMP and 3′-
dGMP, respectively.4e

Oxidation of 3′-dGMP. As stated in the Introduction, after
substitution of a Clax ligand by 3′-dGMP, the G moiety can be
oxidized by the nucleophilic attack of the alcohol functional
group to C8 followed by the transfer of two electrons from G
to PtIV and deprotonation of both the C8−H and O−H bonds.
In the case of 5′-dGMP, we found that the 5′-phosphate group
attacks at C8, giving the cyclic intermediate 3_5′G (Scheme 1)
with appropriate stability in order to undergo the redox
reaction. By way of contrast, our calculations show that the
alcohol functional group in 3′-dGMP cannot act as a
nucleophile to interact with C8. Indeed, attempts to optimize
5_3′G (Scheme 4) were unsuccessful and led to the
spontaneous rearrangement to 2_3′G. However, we could
partially optimize this structure by fixing the C8−O bond at
1.431 Å24 and found that this constrained structure is extremely
unstable and lies 220.4 kJ mol−1 above 2_3′G (Scheme 4). This
result suggests that the alcohol functional group is not basic
enough to undergo a direct attack to C8. However, one may
expect that the water solvent may increase the basicity of the
OH group by abstracting its proton. A three-water cluster was
considered to investigate deprotonation of the hydroxyl group.
Our calculations show that the C8−O bond formation
following water-assisted deprotonation of the OH group leads
to a relatively unstable intermediate (see 6_3′G in Scheme 4).

The stability of this intermediate relative to 2_3′G + (H2O)3 is
calculated to be 140.3 kJ mol−1, a free energy value that is much
higher than the experimental free energy reported for the
oxidation of 3′-dGMP (ΔG⧧ = 97.1 kJ mol−1 at 298.15 K).4e It
follows from this result that water alone is not sufficiently basic
to deprotonate the hydroxyl group and, consequently, does not
produce a stable intermediate for the C8−O bond formation
reaction.
Our efforts in this regard finally led to an intriguing result.

We found that if the water cluster (H2O)3 forms a hydrogen
bond with the phosphate group, the C8−O bond-forming
process is extremely facilitated (Figure 5a). In such a case, the

Figure 4. Energy profiles calculated for the substitution of one of the Clax ligands of 1 by 5′-dGMP through the PtII-catalyzed pathway. The relative
free and electronic energies (in parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations in water are given in kJ mol−1.

Scheme 4
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reaction proceeds via a two-step mechanism. First, the
phosphate group acts as a proton acceptor and through the

transition structure 3TS_3′G abstracts a proton from H2O
a.

Through this process, the deprotonation of H2O
a by phosphate

Figure 5. Energy profile calculated for the oxidation of 3′-dGMP by 1, leading to (a) the formation of the cationic intermediate 11_3′G and
subsequently to (b) 3_3′G through deprotonation of 11_3′G by water. The relative free and electronic energies (in parentheses) obtained from the
M06/BS2//B3LYP/BS1 calculations in water are given in kJ mol−1.
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causes Oa to abstract a proton from Ob and Ob to abstract a
proton from Oc, producing 8_3′G with a hydroxide group
(OcH−) in the vicinity of the alcohol functional group (Figure
5a). The resulting OcH− group in 8_3′G is greatly stabilized by
hydrogen-bonding interactions with three different groups: (a)
H2O

b, (b) NH2 of the dach ligand, and (c) the hydroxyl group.
Second, the C8−O bond-forming process (formation of
9_3′G) can progress from 8_3′G via the transition structure
4TS_3′G with an activation energy as low as 69.5 kJ mol−1.25

In this transition structure, the C8−O bond is being formed
concomitantly with deprotonation of the hydroxyl group by the
OcH− anion.26 In such a case, the reaction of 2_3′G + (H2O)3
→ 9_3′G is not very endothermic; intermediate 9_3′G is only
41.8 kJ mol−1 above 2_3′G. This means that this reaction is
98.5 kJ mol−1 less endothermic than the reaction of 2_3′G +
(H2O)3 → 6_3′G. These results show that the in situ formed
hydroxide ion, which is produced by the interaction of (H2O)3
with the phosphate group, dramatically promotes the C8−O
bond formation reaction. This promotion is mainly due to the
high basicity of the hydroxide ion (OcH−).
Once 9_3′G has formed, the G moiety of 3′-dGMP is

oxidized by elongation of the Pt−Clax bond via the transition
structure 5TS_3′G, resulting in the fragmentation of 9_3′G
into Cl−, [PtII(dach)Cl2], and cationic cyclic ether 10_3′G
(Figure 5a). The C8−O bond-forming process causes the
HOMO of the cyclic ether moiety in 9_3′G to lie much higher
in energy than the HOMO of the 3′-dGMP moiety in 8_3′G,
and as a result, this moiety turns into a very strong reducing
agent; the HOMOs of the cyclic ether and 3′-dGMP moieties
exhibit energies of −3.04 and −5.69 eV, respectively. The
elongation of the Pt−Clax bond, which increases the electron-
accepting ability of PtIV by stabilizing the LUMO of the
[PtCl3(dach)]

+ moiety, promotes the transfer of two electrons
from G to PtIV.27 The charge transfer from the cyclic ether
moiety to the Pt dz2 orbital is the main driving force for
simultaneous elongation of both the Pt−Clax and Pt−N7 bonds
during the redox reaction; the dz2 orbital population changes
from 1.350 in 9_3′G to 1.447 in 5TS_3′G and then to 1.875 in
2. These results suggest that the PtIV metal center in the
transition structure 5TS_3′G is only partially reduced. The
complete occupation of the dz2 orbital at the end of the redox
step results in cleavage of both the Pt−Clax and Pt−N7 bonds.
Finally, the released cationic cyclic ether 11_3′G is
deprotonated by water and produces the cyclic ether 3_3′G
as the final product (Figure 5b).
The key points raised by our calculations are as follows. The

production of the cyclic ether from 2_3′G is an exergonic

process and requires an overall energy barrier of 104.4 kJ mol−1

(Figure 5). The nucleophilic attack of the hydroxyl group to
C8, which is facilitated by the in situ formed hydroxide, is the
rate-determining step. This computed barrier height (104.4 kJ
mol−1) is in good agreement with the experimental Gibbs
activation energy derived by Choi et al. (97.1 kJ mol−1 at
298.15 K).4e

In contrast to the case of 3′-dGMP, we obtained a different
result for the oxidation of 5′-dGMP at the M06 level of
theory;28 the transition structure for the redox step of 5′-dGMP
lies 8.4 kJ mol−1 above the transition structure of phosphate
attack at C8. This difference can be explained in terms of the
relative stabilities of 9_3′G (Figure 5) and 3_5′G (Scheme 1);
the transition structure of the nucleophilic attack step for the
case of 3′-dGMP (4TS_3′G) lies 53.6 kJ mol−1 above 9_3′G,
while the analogous transition structure for the case of 5′-
dGMP only lies 7.4 kJ mol−1 above 3_5′G. The higher relative
stability of 9_3′G compared to 3_5′G is most likely due to the
stronger C−O bond in 9_3′G.

Alternative Mechanism for the Oxidation of 3′-dGMP.
We also explored an alternative reaction mechanism in which
the G moiety is oxidized via the initial C8−H deprotonation by
the hydroxide ion OcH−, followed by the hydroxyl attack and
redox reaction (Scheme 5). Deprotonation of the C8−H bond
that occurs via the transition structure 7TS_3′G (ΔG⧧ = 106.8
kJ mol−1) is calculated to be very endergonic (ΔG = 106.6 kJ
mol−1). After C8−H deprotonation, the C8−O bond is formed
concomitantly with G oxidation through the transition
structure 8TS_3′G. Our calculations show that 8TS_3′G lies
157.9 kJ mol−1 higher in energy than 4TS_3′G, indicating that
this mechanism is unlikely to occur.29 This transition structure
lies very high in energy because, on the one hand, the
deprotonation reaction is very endergonic and, on the other
hand, deformation of the platinum complex in this transition
structure is very significant. This is because the hydroxyl attack
to C8 and G oxidation via this mechanism proceed in one step.
The greater deformation in 8TS_3′G is reflected in the longer
Pt−Clax and Pt−N7 bond distances; the Pt−Clax and Pt−N7
bonds in 8TS_3′G are 2.898 and 2.449 Å, respectively, while
those in 4TS_3′G are 2.411 and 2.095 Å, respectively.

Substitution of Cl by 3′-dGMP in 2. As stated in the
Introduction, the PtII-catalyzed substitution reaction is in
competition with the associative Cl substitution in 2. We
found that the substitution of Cl by 3′-dGMP occurs from
intermediate 4_3′G by crossing the transition structure
9TS_3′G (Scheme 6). The overall activation barrier for this
process is calculated to be 81.1 kJ mol−1. The calculations at the

Scheme 5
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M06 level of theory suggest that the formation of [Pt(5′-
dGMP)Cl(dach)] should proceed slower than the formation of
[Pt(5′-dGMP)Cl3(dach)]; the required reaction barrier for the

substitution reaction catalyzed by PtII is calculated to be 67.6 kJ
mol−1 (Figure 1). Therefore, it is expected from these results
that the [PtCl2(dach)] catalyst formed during the overall redox
reaction preferentially participates in the PtII-catalyzed sub-
stitution reaction, and the associative substitution reaction is
accelerated when the concentration of 1 becomes lower.

Summary of the Proposed Reaction Mechanism for G
Oxidation of 3′-dGMP. The results of this study are
summarized in Scheme 7. The substitution of Clax by 3′-
dGMP in [PtIV(dach)Cl4], which is a necessary step for G
oxidation, is catalyzed by complex 2 through formation of the
encounter pair 4_3′G (step A). The catalytic cycle of the
substitution reaction is closed by the reaction of 4_3′G with
[PtCl4(dach)] through the transition structure 1TS_3′G and
regeneration of the catalyst 2 (step B). Completion of step B
leads to the formation of 2_3′G. G oxidation of 3′-dGMP is
started by the hydrogen-bonding interaction between a water

Scheme 6

Scheme 7
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cluster and the phosphate group of 3′-dGMP (step C). This
interaction leads to the in situ formation of a hydroxide ion in
the vicinity of the hydroxyl group in intermediate 8_3′G (step
D). This hydroxide ion promotes the C8−O bond formation
reaction by facilitating proton abstraction from the hydroxyl
group (step E). The redox step (transfer of two electrons from
the G moiety of 3′-dGMP to PtIV) occurs through elongation of
the PtIV−Clax bond of intermediate 9_3′G. The complete
dissociation of Clax from 9_3′G results in the oxidation of G by
two units and the formation of the [PdIICl2(dach)] catalyst
(step F). Deprotonation of 11_3′G by water gives the final
product 3_3′G (step G). The overall redox reaction can be
called autocatalytic because the [PdII(dach)Cl2] catalyst is
formed as one of the final products of the redox reaction.
An associative substitution reaction, leading to the formation

of 14_3′G, may act as a competitive process against the PtII-
catalyzed substitution reaction. Our calculations predict that the
associative substitution reaction is retarded in the presence of
[PtCl4(dach)] because the Pt

II-catalyzed substitution reaction is
calculated to be faster.
The main conclusion of our study is that G oxidation

through the cyclization reaction is facilitated if deprotonation of
the hydroxyl group is carried out by a strong hydroxide base.30

This statement is supported by Choi et al.’s findings,3k which
demonstrated that the production of cyclic 5′-O−C8−dGuo
from [Ru(NH3)5(dGuo)] (Scheme 8) is fast if the pH is high.

They demonstrated that the cyclization is accelerated by
increased OH− concentration.3k In contrast, G oxidation of 3′-
dGMP by PtIV occurs easily at the relatively low pH of 8.3
because the phosphate group of 3′-dGMP enables the
formation of a hydroxide ion (supported by a hydrogen-
bonding network to the phosphate group) in the vicinity of the
hydroxyl group.
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