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ABSTRACT: Using a combined theoretical and experimental strategy, the heats of
hydrogenation of the nucleotide bases uracil, thymine, cytosine, adenine, and guanine
have been determined. The most easily hydrogenated base is uracil, followed by
thymine and cytosine. Comparison of these hydrogenation enthalpies with those of
ketones and aldehydes derived from sugar models indicates the possibility of near-
thermoneutral hydrogen transfer between uracil and the sugar phosphate backbone in
oligonucleotides.

The fidelity of biological information storage and
information transmission is tightly linked to the chemical

stability of DNA and RNA oligonucleotides. Aside from simple
hydrolytic cleavage processes the stability of DNA and RNA is
also threatened by a number of redox processes such as single
electron oxidation or reduction steps.1,2 We are studying here
the thermodynamics of hydrogen transfer between the sugar
phosphate backbone and the individual nucleotide bases as an
additional redox process. That this is a potential threat to
oligonucleotide stability follows from large differences in
hydrogenation enthalpies of molecular systems containing C−
C and C−O double bonds. The hydrogenation of form-
aldehyde (2), for example, is exothermic by 92.4 kJ mol−1,
while that of ethylene (4) is exothermic by 136.3 kJ mol−1

(Figure 1).3−7 Taken together this implies that the transfer
hydrogenation between ethylene and methanol as expressed in
eq 3 in Figure 1 is exothermic by 43.4 kJ mol−1. Similar results
are obtained for a large variety of alkenes and carbonyl
compounds,8−10 and the question therefore arises how
oligonucleotides avoid reduction of nucleobases (all of which
contain C−C double bonds) by the sugar phosphate backbone.
Aside from reductively active HO groups at free C5′ and C3′
termini of oligonucleotide strands, a major redox partner exists
with the C2′ HO groups in RNA, but not in DNA. Reaction
energies for the transfer hydrogenation between the sugar
phosphate backbone and nucleobases as described in eq 4 in
Figure 1 for the example of uridine are currently not available,
due to the lack of appropriate thermochemical data. In the
following we describe the results of a combined experimental
and theoretical study in which the heats of formation of
nucleobases and their dihydro isomers have been determined,
thus allowing for the quantification of transfer hydrogenation
enthalpies.
As a first step the hydrogenation enthalpies of the individual

redox components were analyzed. These include the individual

nucleobases present in RNA and DNA systems as well as
simple sugar models. Given the general lack of experimental
results, the required hydrogenation energies have been
obtained through combination of energies calculated with the
G3B3 compound model with experimental data for well-known
reference compounds such as ethylene (4) (Table 1 and Figure
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Figure 1. Hydrogenation of formaldehyde (2) and ethylene (4), and
transfer hydrogenation between alcohol donors and alkene acceptors.
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2; see Supporting Information for further information). Redox
data for the sugar models are provided here in a comparable
way (that is, as the hydrogenation enthalpies of the respective
oxidized forms) in order to allow for a side-by-side comparison
of all redox partners. For the sake of comparison we also
include results obtained for smaller alkenes and aldehydes.
As is readily seen in Figure 2 the hydrogenation of

pyrimidine bases is much more exothermic than that of purine
bases. The most easily reduced base is uracil (13) with
ΔhydH(13) = −78.1 kJ mol−1. This value is hardly affected by
alkylation at the N1 position as can be seen from the value for
1-methyluracil (15) of ΔhydH(15) = −77.8 kJ mol−1.
Introduction of a second alkyl group at N3 position as in
N,N-dimethyluracil (18) leads to ΔhydH(18) = −72.3 kJ mol−1

and thus to a more significant change.
This effect is almost identical to the introduction of a methyl

group in C5 position as in thymine (20), which reduces the
hydrogenation enthalpy by 7 kJ mol−1 to ΔhydH(20) = −70.5 kJ
mol−1. Alkylation of the N1 and N3 positions in thymine again
reduces the hydrogenation enthalpy by a small margin to
ΔhydH(41) = −65.7 kJ mol−1 in 1,3-dimethylthymine (41). A
similar reduction of hydrogenation enthalpies on moving to
more highly substituted systems can also be observed for the
ethylene (4)/propene (6) and the formaldehyde (2)/
acetaldehyde (26) pairs and can thus be considered to be a
general phenomenon. The most difficult pyrimidine base to
reduce is cytosine with ΔhydH(29) = −54.7 kJ mol−1.
Hydrogenation of the purine bases adenine (33) and guanine
(35) is significantly more difficult than any of the pyrimidine
bases and overall positive hydrogenation enthalpies of
ΔhydH(33) = +4.9 kJ mol−1 and ΔhydH(35) = +7.6 kJ mol−1

are obtained for these two systems. The most stable reaction

products are in both cases those involving reduction of the
C8−N7 double bond and the canonical tautomeric forms on all
other centers. The large differences in hydrogenation enthalpies
between pyrimidines and purines reflect the intrinsically large
differences in hydrogenations of C−C and C−N double bonds.
This can readily be seen already in hydrogenation enthalpies of
smaller model systems such as propene (ΔhydH(6) = −125.0 kJ
mol−1) and N-methylimine (ΔhydH(CH3NCH2) = −62.8 kJ
mol−1).15 We note in passing that the order of hydrogenation
enthalpies found here in the gas phase parallels that of the
experimentally measured one-electron reduction potentials in
the gas phase and in polar organic solvents.16,17 The
hydrogenation enthalpies of uracil (13) and thymine (20) as
well as their 1,3-dimethyl substituted derivatives were
subsequently tested experimentally using a combination of
methods to quantify the heat of combustion as well as the heat
of sublimation for the nucleobases and their respective reduced
derivatives. As depicted schematically in Figure 3 for the
example of uracil (13), the combustion experiments yield the
heat of formation of solid nucleobases as ΔfHcr(13) = −430.5
kJ mol−1 and ΔfHcr(14) = 494.9 kJ mol−1. Combination of
these data with the heats of sublimation Δcr

gH determined
using the transpiration method yield gas phase heats of
formation of ΔfHg(13) = −298.6 kJ mol−1 and ΔfHg(14) =
−380.1 kJ mol−1. Together with the gas phase heat of
formation of dihydrogen of ΔfHg(H2) = 0.0 kJ mol−1 these
data yield the overall heat of hydrogenation of uracil ΔhydH(13)
= −81.5 ± 2.6 kJ mol−1. In contrast to measuring the
hydrogenation enthalpies directly through hydrogenation of 13,
the indirect approach used here does not require the use of any
hydrogenation catalysts and, more importantly, allows an
accurate characterization of the hydrogenation products. In

Table 1. Heats of Hydrogenation ΔhydH (kJ mol−1) for the Nucleobase and Sugar Models Shown in Figure 2

system ΔhydH(calcd) ΔhydH(expt)

guanine (35) +7.6 n/a
adenine (33) +4.9 n/a
1-methylcytosine (31) −49.3 n/a
cytosine (29) −54.7 n/a
1′-anhydro-3′-keto-2′- desoxyribose (28) −62.7 n/a
1,3-dimethylthymine (41) −65.7 −66.4 ± 3.5c

acetaldehyde (26) −68.4 −69.1 ± 0.4a

−64.5 ± 1.4a

−68.6b

1-methylthymine (24) −69.6 n/a
3′-ketoanhydroerythritol (22) −70.4 n/a
thymine (20) −70.5 −67.6 ± 2.3c

1,3-dimethyluracil (18) −72.3 −67.6 ± 2.6c

−70.5g

1′-anhydro-2′-ketoribose (17) −74.6 n/a
1-methyluracil (15) −77.8 n/a
uracil (13) −78.1 −81.5 ± 2.6c

−75.7 ± 3.0f

1′-anhydro-5′-keto-2′-desoxyribose (11) −81.0 n/a
1′-anhydro-5′-ketoribose (10) −83.5 n/a
1′-anhydro-3′-ketoribose (8) −88.1 n/a
formaldehyde (2) −90.1 −92.4b

propene (6) −125.2 −125.0 ± 0.2d

ethylene (4) −136.3 −136.3 ± 0.2e

−136.4b
aReferences 8−11. bCalculated from the individual heats of formation.12 cThis work using the data in Table S5 in the Supporting Information.
dReference 5. eReference 4. fReference 13. gG3 results from ref 14.
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the particular case of dihydrouracil (14) all analytical data are
indicative of the tautomeric form shown in Figure 3. The
experimentally measured heats of hydrogenation for 13, 18, 20,
and 41 are closely similar to the theoretically calculated values
and thus confirm, that the G3B3 results compiled in Table 1

provide a quantitative guideline for the redox properties of
nucleobases with respect to dihydrogenation.
The hydrogenation enthalpies for the sugar-derived reaction

partners collected in Table 1 and shown graphically in Figure 2
are all located in a range from −62.7 to −88.1 kJ mol−1 and
thus bracket the hydrogenation enthalpies for uracil, its N-
methylated derivatives, and for thymine. Uracil (13) can be
reduced by all sugar building blocks with a less favorable (less
negative) hydrogenation enthalpy. In pictorial terms this
includes all sugar building blocks in Figure 2 located above
uracil (13). The most effective reducing agent found in the
RNA sugar models is the C2′ hydroxy group in C1′-
desoxyribofuranose 9, whose transfer hydrogenation with uracil
to yield dihydrouracil 14 and the C2-oxidized sugar 17 is
predicted to be exothermic by −78.1 − (−74.6) = −3.5 kJ
mol−1. Removal of the C2′ hydroxy group as is the case in DNA
sugar model 12 leaves only the C3′ and C5′ hydroxy groups as
reducing agents. The former of these is reactive enough to
reduce uracil and thymine in an exothermic fashion. The redox
data collected in Figure 2 for individual RNA and DNA
components thus suggest that transfer hydrogenation from
sugar components to uracil may be thermochemically favorable.
In order to assess the thermodynamics of such a process in

complete nucleosides, intramolecular transfer hydrogenation
reactions have been studied theoretically for uridine (Figure 4).

Comparison of the data for individual components in Figure 2
with those for the nucleosides in Figure 4 shows that sugar-to-
base transfer hydrogenation energetics become more positive
on covalent coupling both redox partners. However, even for
the least favorable process found here, the formation of C2′
oxidized nucleoside 38 from uridine (37), the endothermicity
amounts to only +10.8 kJ mol−1. Using either the C3′ (as in
40) or the C5′ (as in 39) hydroxy groups as redox partners
leads to even less positive reaction energies. This difference,
which is obtained from Boltzmann-averaged enthalpies for fully
flexible nucleosides,18−20 can potentially be modified through
intermolecular interactions as present in base-paired systems or
in polar solvents. In order to obtain an estimate of the
magnitude of these effects, solvation free energies in water were
calculated for all conformers identified for nucleosides 38−40
using the PCM/UAHF/RHF/6-31G(d) solvation model.

Figure 2. Heats of hydrogenation ΔhydH at 298.15 K of selected
nucleobases and carbonyl compounds. Experimental hydrogenation
enthalpies are shown together with their standard deviations as gray
bars.

Figure 3. Experimental determination of the heat of hydrogenation of
uracil (13).

Figure 4. Heats of transfer hydrogenation in uridine (37) to the three
possible reaction products as obtained at 298.15 K in the gas phase
(left side) and in aqueous solution (right side).

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp507855k | J. Phys. Chem. B 2014, 118, 10426−1042910428



Combination with the gas phase results clearly indicates that
intermolecular interactions or solvation effects will stabilize
reaction products 38−40 more than uridine itself, thus leading
to a larger driving force for intramolecular transfer hydro-
genation. We should add that these types of hydrogen exchange
reactions are equally possible between sugar components of
one nucleotide and the base of the adjacent nucleotide in 3′ or
5′ position.
The rather similar hydrogenation enthalpies found here for

some of the sugar and the base components of nucleosides raise
the question how the information stored in oligonucleotides
can be preserved under the potential threat of internal
hydrogen transfer reactions. Most RNA maturing steps such
as C5′ end-capping and methylation of the C2′ hydroxy groups
of nucleotides located at the C3′ terminus, or the
polyadenylation of the C3′ terminus all reduce the potential
of intramolecular transfer hydrogenation by simply removing
the respective hydroxy groups as redox partners or by
positioning redox-inactive bases at the respective termini.
DNA systems, in contrast, are much less prone to this type of
redox process due to removal of the C2′ hydroxy group and the
replacement of uridine by thymine. This limits the risk of
transfer hydrogenation to the terminal C3′ and C5′ positions
carrying thymine as the most easily reduced base. Avoidance of
this base at the very last position as well as any end-capping
process (including the formation of cyclic DNA) will, of course,
eliminate the risk of transfer hydrogenation as an unwanted
redox process.
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