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The oxidizability of substituted nucleobases was evaluated through theoretical calculations and the ability of
individual bases to induce current enhancement in the cyclic voltammograms of metal complexes. Formation
of the guanine derivatives 7-deazaguanine and 8-oxoguanine is known to lower the energy for oxidation of
guanine. The similar derivatives of adenine were examined and gave lower predicted redox energies as well
as current enhancement with Ru(bpy)32+ (7-deazaadenine) and Fe(bpy)32+ (8-oxoadenine). Oxidizable,
substituted pyrimidines were identified using a computational library that gave 5-aminocytosine and
5-aminouracil as promising electron donors. Again, these predictions were verified using catalytic
electrochemistry. In addition, the computations predicted that 6-aminocytosine would be redox-active but not
as easily oxidized as 5-aminocytosine, which was also confirmed experimentally. In addition to calculating
the relative one-electron redox potentials, we used calculations to evaluate the loss of a proton that occurs
from the initially formed radical cation. These calculations gave results consistent with the experiments, and
in the case of 8-oxoadenine, the relative redox reactivity could be predicted only when the proton loss step
was considered. These substituted bases constitute building blocks for highly redox-active nucleic acids, and
the associated theoretical model provides powerful predictability for designing new redox-active nucleobases.

The redox activity of DNA is under intense examination as
a platform for developing miniaturized devices1-3 and for
designing biological assays.4-7 Since the redox potential of
guanine is much lower than that of the other bases, guanine
often acts as a low-energy bridge for achieving strong electronic
coupling along the DNA axis,8-11 a convenient donor for
monitoring remote electron transfer,12,13 or a redox-active moiety
for electrochemical analysis.4-6 The utility of DNA redox
chemistry would be considerably expanded by the availability
of additional nucleobases that are easily oxidized and mimic
the structure of duplex DNA. For example, greater electronic
coupling along the DNA axis could be obtained with a higher
population of redox-active bases,14,15 and additional electrochemical assays could be envisioned if the limitation of using
only guanine as the electron donor were removed.4-6
We report here on a set of oxidizable DNA bases that are
minimally substituted compared to the native parents and were
identified on the basis of density functional theory (DFT)16,17
calculations self-consistently coupled to the conductor-like
solvation model (COSMO).18,19 The continuum solvation model
has been used successfully to predict solution redox potentials
in the literature.20-33 The case of oxidation of nucleobases,
particularly guanine, has been examined extensively by similar
calculations.34,35 In our case, we wished not only to model the
simple one-electron oxidation but also to include the effect of
deprotonation of the one-electron oxidation product, which gives
a strong pH dependence of the redox potentials.36-39 We have
shown recently that ground-state oxidation of guanine by Ru†
‡
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(bpy)33+ (bpy ) 2,2′-bipyridine) proceeds via a proton-coupled
electron transfer,40 which has been incorporated into our
computational model. The model therefore aims to predict the
standard redox potentials E° of the proton-coupled redox
processes for the overall reaction
-e-

B 98 B+ f B(-H) + H+

(1)

The value for E1/2 determined in electrochemical measurements is dependent on the concentration of the different
deprotonated and oxidized products present at the given pH.41
A theoretical evaluation of such a dynamic process must include
a survey of the energetics of all accessible species; however,
we were able to simplify our model by considering only the
first deprotonation product of the cationic nucleobase radical.
Our goals of identifying features dictating the oxidation
potentials and deducing a rational strategy for tuning the
oxidation potential could be achieved by concentrating only on
the first step. The calculated and experimentally observed redox
potentials could then be rationalized on the basis of the electronic
structure calculations.
While there are a number of purines with oxidation potentials
that can be accessed in a room-temperature, neutral solution,36,42,43 identifying pyrimidines with accessible redox potentials is a more challenging task. There is only one report of
redox activity from pyrimidines (5-hydroxyuridine and 5-hydroxycytosine),44 and these were examined in multicomponent
systems where multiple electron transfers are possible. Redoxactive pyrimidines have been more elusive because to reach
the potential of guanine requires a drop in redox energy of ∼1
eV based on estimates of cytosine and thymine potentials.42 An
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TABLE 1: Gas-Phase Oxidation Potentials (in eV)
Evaluated Using Enthalpy Only (∆H) and Corrected for
Zero-Point Energy and Entropy (∆G)a
guanine
adenine
cytosine
thymine
xanthine
isocytosine
hypoxanthine
6-methylcytosine
5-aminocytosine
5-aminouracil
6-aminocytosine
8-oxoguanine
8-oxoadenine
8-bromoguanine
7-deazaguanine
7-deazaadenine

∆H

∆G

exptlb

7.676 (-2.2)
8.086 (-4.0)
8.564 (-2.7)
8.708 (-3.7)
8.438 (-2.6)
8.434 (-0.1)
8.430 (-0.2)
8.261 (-2.7)
7.530
7.669
7.885
7.389
7.974
7.603
7.211
7.599

7.667 (-2.4)
8.075 (-4.3)
8.532 (-3.4)
8.682 (-4.3)
8.430 (-2.8)
8.401 (-0.9)
8.395 (-1.0)
8.192 (-4.3)
7.527
7.694
7.869
7.409
7.973
7.604
7.218
7.632

7.77
8.26
8.68
8.87
8.55
8.44
8.44
8.38

a
Differences between experimental and theoretical potentials are
given in parentheses (kilocalories per mole). b Experimental values taken
from ref 64.

additional experimental complication is that fewer simply
substituted pyrimidine analogues are readily available. We
therefore generated a computational library containing native
pyrimidines modified with no more than one functional group,
where only the sites not directly involved in DNA base pairing
were considered for modification. The functional moieties
sampled in the computational library included chloro, fluoro,
bromo, amino, methyl, hydroxyl, carboxylic, and methoxy
groups. Substitutions of a ring carbon with nitrogen to generate
the deaza analogue of the base were also included. The most
promising candidates from the computational library were
synthesized and evaluated for oxidation by metal mediators.

solute. The solvent-excluding surface was chosen and was
constructed using the following radii: H, 1.16 Å; C, 2.30 Å;
N, 1.40 Å; O, 1.40 Å; and Br, 2.40 Å. A dielectric constant of
78.4 was used for water. All geometries have been fully
optimized using the gradient-corrected functionals without any
symmetry constraints. With the optimized gas-phase structure
as a starting point, the solution geometries were obtained by a
new full geometry optimization with the COSMO potential
applied. Vibrational frequency calculations were carried out
using the double-differentiation method in a finite difference
scheme. Both gas-phase and solution frequencies have been
computed and used to derive the zero-point energies and entropic
corrections for the gas-phase and solution enthalpies, respectively. We have applied the spin-unrestricted formalism to all
calculations.
Experiments. [Os(bpy)3]Cl2, [Ru(bpy)3]Cl2, [Fe(bpy)3]Cl2,
7-deazaguanosine triphosphate, 7-deazaadenosine triphosphate,
and 8-bromoguanosine monophosphate were purchased from
Sigma-Aldrich and used without further purification. 5-Aminodeoxycytidine and 6-aminodeoxycytidine were synthesized
according to a published procedure,48 as was 5-aminodeoxyuridine.49 Cyclic voltammograms were collected using a BAS100B
electrochemical analyzer with a single-compartment voltammetric cell equipped with an indium tin oxide (ITO) working
electrode, a Pt-wire counter electrode, and an Ag/AgCl reference
electrode. The ITO electrodes were purchased from Delta
Technologies, Inc. The Ag/AgCl electrode was purchased from
Cypress, Inc. For solutions containing Os(bpy)32+, cyclic
voltammograms from 0 to 0.8 V were taken at a scan rate of
25 mV/s. For solutions containing Ru(bpy)32+, cyclic voltammograms from 0 to 1.3 V were taken at a scan rate of 25 mV/s.
Background scans of buffer alone were collected and subtracted
from scans of metal complexes alone and with nucleobases.

Experimental Section

Results

Computational Details. We have used the Amsterdam
density functional package (ADF)45 to carry out all calculations.
A triple-ζ STO basis set was utilized with one set of polarization
functions as provided in the package (basis set IV, comparable
to 6-311G*), together with the VWN local exchange-correlation
potential,46 augmented by exchange and correlation functionals
as suggested by Perdew and Wang (PW91).47 The 1s orbitals
of the atoms carbon, nitrogen, and oxygen were treated by the
frozen core approximation. Solvation effects have been included
using the conductor-like screening model (COSMO) suggested
by Klamt and Schüürmann18 and implemented in ADF by Pye
and Ziegler.19 The crucial part of the solvation calculation is
the choice of the radii that define the cavity representing the

Computational Library and Experimental Evaluation. In
previous studies from our laboratory, the one-electron oxidation
of guanine has been monitored via an enhancement in the
oxidative current in the cyclic voltammogram (CV) of
Ru(bpy)32+,50-52 which is oxidized to the 3+ form at a potential
similar to that of guanine (∼1.29 V, all potentials relative to
the SHE). Oxidation of the remaining nucleobases cannot be
observed in this manner since the redox potentials for adenine,
thymine, and cytosine are much less accessible to Ru(bpy)33+.
We53,54 and others38,44,55,56 have observed that the guanine
derivatives 8-oxoguanine and 7-deazaguanine exhibit lower
redox potentials than guanine, and these bases are accordingly
oxidized by Os(bpy)33+ (E1/2 ) 0.84 V)53 and Fe(bpy)33+

TABLE 2: Solution Oxidation Potentials (in eV) Evaluated Using Enthalpy Only (∆H) and Corrected for Zero-Point Energy
and Entropy (∆G)
guanine
adenine
cytosine
thymine
5-aminocytosine
5-aminouracil
6-aminocytosine
8-oxoguanine
8-oxoadenine
8-bromoguanine
7-deazaguanine
7-deazaadenine
a

∆H(calcd)

∆G(calcd)

∆∆G(calcd)

∆∆E1/2(calcd)

E1/2(exptl)

5.738
6.098
6.504
6.582
5.156
5.304
5.705
5.388
5.775
5.733
5.312
5.649

5.748
6.091
6.527
6.562
5.208
5.312
5.750
5.461
5.817
5.788
5.344
5.675

0
0.343
0.779
0.814
-0.540
-0.436
0.002
-0.287
0.069
0.040
-0.404
-0.073

0
0.13
0.31
0.41
-0.54
-0.54
0.00
-0.55
-0.37
0.01
-0.32
0.01

1.29a
1.42b
1.60b
1.70b
∼0.75c
∼0.75c
∼1.30c
0.74a
0.92b
∼1.30c
∼0.97c
∼1.30c

From refs 36 and 38. b From refs 11 and 42. c From this work.
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Figure 1. Cyclic voltammograms of Ru(bpy)32+ and Os(bpy)32+ with
modified nucleosides recorded at a scan rate of 25 mV/s in 50 mM
sodium phosphate (pH 7.0) with 780 mM NaCl. (a) Voltammograms
of 50 µM Ru(bpy)32+ alone (- - -) or in the presence of 12.5 µM
8-bromoguanosine monophosphate (s). (b) Voltammograms of 25 µM
Os(bpy)32+ alone (- - -) or in the presence of 25 µM 5-aminodeoxycytidine (s). (c) Voltammograms of 25 µM Os(bpy)32+ alone (- --) or
in the presence of 25 µM 5-aminodeoxyuridine (s).

(E1/2 ) 1.07 V),54 respectively. We therefore reasoned that the
same analogues of adenine should exhibit lower redox potentials
than native adenine and might in fact be as or more easily
oxidized than guanine. Indeed, 7-deazaadenine shows significant
current enhancement with Ru(bpy)33+, and 8-oxoadenine is
reactive with Fe(bpy)33+ (data given in Supporting Information),57 giving the same trend in reactivity as the analogous
guanine derivatives. Reactivity of 8-oxoadenine in a multicomponent redox system has been observed previously.44
To verify that the computations gave the right trends, we also
included in our study the 8-oxo and 7-deaza derivatives of
adenine and guanine as well as 8-bromoguanine, which served
as a negative control (see below). These compounds were
evaluated with computational methods based on density func-
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tional theory (DFT)16,17 self-consistently combined with the
conductor-like solvation model (COSMO)18,19 to compute
solution-phase energies of oxidation. In our computational
model, we use the nucleobase without the sugar and the
phosphate groups. The experimental evaluation, however, was
conducted using the nucleotides. We have explored the electronic influence of the sugar-phosphate moiety on the purine
ring and found a very minor effect of the ribose moiety on the
oxidation potentials, which is in good agreement with observations reported recently by Guerra et al.58-60
The computed gas-phase and solution oxidation potentials
of the most interesting nucleobases in our library are summarized
in Tables 1 and 2, respectively. The enthalpic energy differences
based on the optimized geometries, ∆H, were evaluated initially
without accounting for the zero-point energy (ZPE) and entropic
corrections. The corrected free energy changes, ∆G, are also
listed, allowing us to compare the enthalpic and entropic
contributions to the oxidation potential. Among the natural
nucleobases, the lowest oxidation potential in solution was for
guanine (5.74 eV). Adenine is more difficult to oxidize with a
potential of 6.10 eV. The oxidation potentials of the pyrimidine
bases are roughly 0.5 eV higher than that of adenine. The ∆Hbased estimates reproduce the expected shift to lower potentials
for 8-oxoguanine, 7-deazaguanine, and 7-deazaadenine. Only
the computed potential of 8-oxoadenine, which was expected
to be significantly lower than that of guanine according to
experimental data given here and elsewhere,44 is too high; both
∆H- and ∆G-based potentials are ∼0.3 eV higher than that of
guanine. We have explored possible flaws in the computational
model, such as the existence of different tautomers61-63 of
8-oxoadenine that might give access to a lower oxidation
potential, and concluded that the oxidation potential of 8-oxoadenine cannot be compared to those of the other systems of the
series without including the proton loss step (see below).
Initially, we expected the oxidation potential of 8-bromoguanine to be higher than that of guanine due to the electronwithdrawing properties of bromine. However, the positive
reaction with Ru(bpy)33+ (Figure 1a) suggests a redox potential
for 8-bromoguanine that is similar to that of guanine, which
was also predicted correctly by the computational model. The
calculations show that the lack of an effect of the bromine
substituent is due to the poor overlap of the Br 4p orbital with
the ring π system.
The computational library produced 5-aminocytosine, 5-aminouracil, and 6-aminocytosine as likely oxidizable pyrimidines.
The COSMO calculations suggest an oxidation potential of
5.156 eV (0.72 V vs the SHE64) for 5-aminocytosine which is
0.58 eV lower than that of guanine and even lower than that of
8-oxoguanine (Table 2). A similar shift is predicted for
5-aminouracil. It is not surprising that attaching a strong π donor,
such as an amino group, decreases the oxidation potential since
the highest occupied molecular orbital (HOMO) becomes more
electron rich. However, the magnitude of the shift observed upon
addition of the amino group at the 5-position is remarkable.
Since 5-aminocytosine and 5-aminouracil bases gave much
lower predicted redox energies than guanine, we expected these
compounds to react with low-potential mediators. Indeed, both
of these compounds gave large current enhancements with Os(bpy)32+ (Figure 1b,c). Substitution of an amino group at the
6-position of cytosine resulted in a significant shift of the
oxidation potential as well. The predicted redox potential for
6-aminocytosine was similar to that of guanine, and current
enhancement was accordingly observed for Ru(bpy)32+ but not
Os(bpy)32+ (data given in Supporting Information).
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TABLE 3: Computed pKa Values of the Cationic Radicalsa

pKa(calcd)
guanine
adenine
cytosine
thymine
5-aminocytosine
5-aminouracil
6-aminocytosine
8-oxoguanine
8-oxoadenine
8-bromoguanine
7-deazaguanine
7-deazaadenine

4.01
2.01
3.37
6.40
1.00
2.06
1.02
6.83
9.96
3.93
0.84
-1.46

pKa(exptl)
c

3.9
<1.0c
∼4.0c
3.6c

6.6c

∆GH

∆∆GH b

E°(calcd)

E°(exptl)

E1/2(exptl)

6.108
6.568
6.932
6.765
5.752
5.794
6.293
5.660
5.831
6.159
5.898
6.365

0.360
0.477
0.405
0.203
0.544
0.482
0.543
0.199
0.014
0.371
0.554
0.690

1.67
2.14
2.50
2.34
1.32
1.36
1.86
1.23
1.60
1.73
1.47
1.93

1.58
2.03
2.53
2.63

1.29c
1.42d
1.60d
1.70d
∼0.75e
∼0.75e
∼1.30e
0.74c
0.92d
∼1.30e
∼0.97e
∼1.30e

a Available experimental values are given in parentheses. b ∆∆GH is the energy difference between the redox reaction, including the deprotonation
(∆GH), and that considering the electron removal only (∆G in Table 2). c From refs 36 and 38. d From refs 11 and 42. e From this work.

Gas-Phase Calculations. Steenken and co-workers have
provided highly reliable data for the oxidation in solution of
adenosine, guanosine, and 8-oxoguanosine,37,38 but data of
similar quality are difficult to obtain for the other nucleosides
due to the high potentials that are involved. However, accurate
gas-phase oxidation potentials can be obtained through mass
spectrometry.65 To assess the level of reliability of our computational model, we have carried out gas-phase calculations
on a number of nucleobases in the same theoretical framework
that will be used in the solvated models and that can be
compared to the known gas-phase potentials (Table 1).
Gas-phase oxidation potentials of the natural nucleobases have
previously been calculated using ab initio methods by Saito and
co-workers35 and Houk and co-workers.34 Our results given in
Table 1 are in good agreement with these reports and the
experimental values. The ZPE and entropy corrections have a
minor effect on the oxidation potential, which is not surprising
since the extended π system of the bases will allow an efficient
distribution of the positive charge, causing relatively small
changes in the force constants between the neutral and cationic
forms of the base. The differences of the calculated and
experimental oxidation potentials are given in parentheses (in
kilocalories per mole) and are in all cases less than 5 kcal/mol.
We note that the computed values are systematically lower than
the experimental potentials.
Proton Loss. To construct a more complete model of
nucleobase oxidation, the proton loss step must be included,
since we have observed that on the time scale of the electrocatalytic reaction, proton loss partly governs the oxidation rate.40

Therefore, an evaluation of the acidity of the one-electron
oxidation product was undertaken initially. Absolute pKa values
can be computed by calculating the free energy change for the
reaction

[AH]solv f [A-]solv + [H+]solv

(2)

∆Gdeprot ) -∆G(AH) + ∆G(A-) + ∆G(H+)

(3)

where ∆G(AH) and ∆G(A-) are the ZPE and entropy-corrected
free energies of the protonated and deprotonated forms of the
nucleobase in solution, respectively. The free energy of the
proton, ∆G(H+), cannot be computed simply using the continuum model, since the formation of H3O+ and its explicit
interaction with water have to be accounted for to obtain a
physically reasonable energy. Following the procedure commonly used in the literature,66-69 we compute ∆G(H+) as

∆G(H+) ) ∆Hvac(HfH+) + T∆S + 5/2RT + ∆Gsolv(H+)
(4)
where ∆Hvac is the gas-phase ionization potential of hydrogen,
T ) 298.15 K, S is the translational entropy of a free hydrogen
atom (26.04 eu) calculated using the Sackur-Tetrode equation,
R is the universal gas constant, and ∆Gsolv is the solvation free
energy of a proton (-262.23 kcal/mol).70 At room temperature,
eq 4 gives a ∆G(H+) of 12.37 kcal/mol, which is the energy to
be added to the calculated energy differences of the protonated
and deprotonated forms of the nucleobases. The equilibrium
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Figure 3. Three-dimensional plots of the HOMO of 7-deazaguanine
and 8-oxoguanine. Two views of the same orbital are shown.

Figure 2. Three-dimensional plots of the HOMO of all four nuclobases.
Two views of the same orbital are shown.

constant Ka of the deprotonation reaction (eq 2) and the
corresponding pKa value of the nucleobase can be computed
using

∆Gdeprot ) -RT ln(Ka)
pKa )

∆Gdeprot ∆G
)
2.303RT

(5)

deprot

(in kcal/mol)
1.3658

(6)

The entropic corrections and ZPE in solution have been
derived from vibrational frequency calculations computed using
the COSMO correction; the only significant entropy contribution
is the vibrational entropy. By recomputing the cavity shape and
COSMO charge distribution for each of the displaced geometries
in the finite difference runs, our model assumes a perfectly
flexible solute cavity that follows the vibrational modes without
delays. The energy components of all nucleobases used in this
study are given in the Supporting Information. (Note that the
deprotonation reaction given in eq 2 is naturally an endothermic
process for all acids with positive pKa values.) Since the pKa
values of the cationic nucleobase radicals are typically positive,
the standard redox potential E° ()∆G - 4.43 eV) of each base
is expected to become more positive compared to the values
listed in Table 2.
The free energies of oxidation that account for the deprotonation and the computed pKa values are listed in Table 3 as
∆GH. The correction to ∆G, the reaction energy only considering
the electron detachment (Table 2), is listed as ∆∆GH in Table

3 and ranges from 0.01 eV for 8-oxoadenine to 0.69 eV for
7-deazaadenine, reflecting the wide range of different observed
pKa values. For guanine, adenine, and cytosine cationic radicals,
experimental estimates of the standard oxidation potential E°
are available and can be compared to the computed ∆GH values.
An excellent correlation is observed with the three available
experimental standard potentials. For guanine, the total oxidation
free energy, including the proton loss, is 6.108 eV, which
translates to a standard oxidation potential of 1.67 V. Steenken36
has deduced an experimental value of 1.58 V. For adenine, 2.14
V is computed, reproducing the experimentally observed value
of 2.03 V. The E° of cytosine has been estimated36 to be 2.53
V, which is in good agreement with our theoretical value of
2.50 V. The correlation of the calculated and experimentally
observed pKa values also shows excellent agreement except for
thymine, where a deviation of 2.8 pKa units was obtained. This
deviation could not be explained by the existence of more stable
structural isomers or different sites of proton abstraction. Only
the pKa of the most acidic proton for each nucleobase is given
in Table 3.
The failure to calculate the shift in potential for 8-oxoadenine
is resolved in part if the proton loss step is included. The pKa
of the 8-oxoadenine radical cation is very high (9.96), which
means that the deprotonation correction to the purely electrochemical oxidation potential is small. According to our calculation, the overall E° of 8-oxoadenine is 5.831 eV, which is
essentially identical to the purely electrochemical potential of
5.817 eV listed in Table 2. Since the deprotonation energy
correction for the other nucleobases is significant, the disagreement of the oxidation potential ordering noted above is not
present in the values corrected for the proton loss. The calculated
E° for 8-oxoadenine is 0.277 eV lower than that of guanine,
which is in good agreement with the experiments.
Discussion
The orbital energy of the HOMO is a good indicator of the
oxidation potential, especially for comparisons among a similar
series of compounds where the structural and electronic
relaxation upon removal of the highest-lying electron are similar.
Figure 2 shows three-dimensional plots of the HOMOs of all
four natural nucleobases, which are all π orbitals extending over
the whole ring system. Tuning the oxidation potential is
intrinsically connected to tuning the energy of the HOMO, and
rational explanations for shifts in the oxidation potential are
available from studying the effects of structural variations on
the energy of the HOMO.
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SCHEME 1

Having developed a theoretical model that accurately predicts
the trends in redox potentials for the modified nucleobases, we
sought to use the model and the associated HOMO energies to
gain insight into the chemical nature of the shifts in redox
potential. In the case of the aminocytosine derivatives, we were
particularly interested in the magnitude of the shift for the

5-amino derivative. While we expected the donating amino
group to lower the redox potential, the observed and predicted
shift of nearly 1 V was surprising. We therefore sought to use
the theoretical model to provide insight into both the magnitude
of the shift and the difference in the 5- and 6-amino derivatives.
Parts a and b of Scheme 1 show resonance structures of the
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neutral and cationic cytosine molecules, respectively. Of note
are structures in the neutral form where the carbon at the
5-position is negatively charged (structure C-3) and in the
cationic form where the carbon at the 5-position is positively
charged (structure C+-4). In contrast, formal charges cannot be
assigned to the carbon at the 6-position. These simple considerations predict a larger effect for the 5-amino form. In Scheme
1c, these effects can be considered more quantitatively in the
theoretical model by considering the Hirshfeld charges71
computed for the neutral and cationic forms of cytosine as well
as the difference in charges at each atom, [C+ - C]. Note that
this differential charge is commonly known as the Fukui(-)
function72,73 and is the most natural tool for monitoring the
response of a molecule undergoing a redox process. As expected,
the DFT calculations show that upon oxidation the charge of
the carbon at the 5-position changes from -0.08 to 0.08, and a
change from 0.04 to 0.13 occurs for the carbon at the 6-position.
Scheme 1d gives a sketch of the relative energy profiles for 5and 6-aminocytosine and shows that although the neutral
6-aminocytosine is energetically more stable than the 5-amino
analogue, the dissipation of the positive charge upon oxidation
favors the 5-aminocytosine(+) over the 6-aminocytosine(+).
The net result is a very small energy difference between the
neutral and cationic forms of 5-aminocytosine (∆H5 in Scheme
1d) compared to the large change for 6-aminocytosine (∆H6 in
Scheme 1d), giving rise to a very low adiabatic oxidation
potential.
Conclusions
We have used computational methods to identify readily
oxidizable derivatives of guanine (8-oxoguanine and 7-deazaguanine), adenine (8-oxoadenine and 7-deazaadenine), cytosine
(5-aminocytosine and 6-aminocytosine), and thymine (5-aminouracil) and have confirmed experimentally that these substituted nucleobases exhibit redox potentials similar to or lower
than that of native guanine. On the basis of the computational
results, intuitive rationales have been derived that quantitatively
examine the effects of different functional groups. None of these
derivatives is substituted at the atoms responsible for base
pairing, which should allow for development of nucleosides that
form native Watson-Crick base pairs and undergo DNA
hybridization. This information should enable new diagnostic
assays, such as mismatch scoring,50,53 based on the redox activity
of individual nucleotides and new kinds of devices based on
electronic coupling in DNA.74,75
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