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The recent determination of the excited-state lifetimes of the free
DNA bases and their nucleosides in the gas phase1 and in solution2-5

has provided new insight into the interaction between these DNA
components and UV light. The main characteristic is the ultrashort
lifetime of the excited states (decay in the subpicosecond or
picosecond time scale) due to internal conversion. In cytosine, this
occurs via a conical intersection with the ground state.6,7 However,
the presence of “dark states” in the pyrimidine bases has been
identified by means of multiphoton ionization techniques.1,8,9 In
the case of cytosine, a triplet has been proposed as the detected
species.8 The intersystem crossing quantum yields of the nucleic
acid bases range from 10-3 to 10-4, and the formation of pyrimidine
dimers in irradiated DNA is a further sign of the relevance of triplet
states.10 In addition, photoinduced hydrogen transfer has been
observed in cytosine dimers and clusters and in the guanine-
cytosine base pair (GuCy),11 and in this context the well-known
proposal of photoinduced tautomerization as a possible mutagenic
route12 merits new attention.

The tautomerization on thetriplet-state surfaceof theGuCy pair,
specifically the3(π,π*) states, was studied with CASSCF/6-31G*
and CAS-PT2 calculations, using Gaussian03 and MOLCAS (details
in Supporting Information).13 We focus here on two main points:
(1) the competition between unreactive return to the ground state
(path A) and hydrogen transfer (path B) and (2) the fate of the
base pair after the first hydrogen transfer, i.e., return to the singlet
ground state via electron-transfer associated to a conical intersection
(B1) and access to a bifurcation region (B2) that can lead to
regeneration of the canonical pair or H2 transfer.

Our study, summarized in Figure 1, starts from the minimum of
the triplet state for the canonical pair,3CanCy, with cytosine-
localized (π,π*) excitation. This species could be formed by
excitation of cytosine and crossing to the triplet surface (in analogy
to the route proposed for the dark state of cytosine)8 or by direct
triplet sensitization.3CanCy can evolve along two main pathways.
Path A is a benign deactivation route, where the base pair returns
to its ground state through an intersystem crossing (ISC1) with the
triplet state T1. In 3CanCy, the excitation is localized on the C-C
bond of the cytosine moiety, and the coordinate that leads toISC1

is an out-of-plane bending of the two carbons. The calculated spin-
orbit coupling (SOC) atISC1 is small (0.6 cm-1). Therefore, the
unreactive decay will be only moderately efficient despite the low
barrier (approximately 2 kcal mol-1, CAS-PT2//CASSCF), and the
phototautomerization path B can compete with it. The minimum
where the excitation is localized on guanine,3CanGu, is ap-
proximately equal in energy (0.4 kcal mol-1, CAS-PT2//CASSCF).
Population of this minimum from3CanCy is unlikely, because the
excitation transfer is a nonadiabatic process (almost zero coupling

between the two chromophores), and it is associated with a high
barrier of 15 kcal mol-1. Moreover, the H1 transfer path from
3CanGu (path B′) leads to the same product as the one from3CanCy

(see below).
Path B starts with the transfer of one hydrogen from guanine to

cytosine. On the triplet surface, it follows a coupled proton and
electron-transfer mechanism such as that described for the singlet
excited state ofGuCy14,15and an aminopyridine dimer model.16 It
leads to a biradical species,3STBir . The CAS-PT2//CASSCF barrier
for H1 transfer from3CanCy is 17 kcal mol-1.17 The reaction is
exothermic (by 11 kcal mol-1 at the CAS-PT2//CASSCF level)
and leads to a biradical,3STBir , which is energetically degenerate
with the corresponding singlet,1STBir . The structure corresponds
to an intersystem crossing point (ISC2), where the reaction path
returns to the singlet state (see the right inset of Figure 1). The
calculated SOC is<0.1 cm-1, but the change of spin will be
efficient becauseISC2 is a minimum on the triplet surface. The
alternative processes, transfer of H2 to form the double tautomer
3DT and reverse transfer of H1, have substantial barriers of
approximately 25 kcal mol-1 (CAS-PT2//CASSCF), and decay to
1STBir will be the preferred route.

1STBir evolves in two further steps. The first step (B1) is back
electron transfer (ET) from the cytosine to guanine moiety, which
leads to a closed-shell, zwitterionic species,1STCS. At the CASSCF-
(12,11)/6-31G* level,1STBir lies on the first excited state, and the
gap to the ground state is 8 kcal mol-1. The state order is the same
at the CAS-PT2 level. This suggests that the ET has an inverted
Marcus topology associated to a sloped18 conical intersection
(CIBir/CS) between the biradical and closed-shell states (S1 and S0

in the inset of Figure 1). The relevance of1STBir and the associated
CIBir/CS for the hydrogen transfer on thesingletexcited state has
been pointed out recently.15,16Our assignment of ET in the inverted
Marcus region is only tentative because the state order is reversed
with a smaller active space (see Computational Details in Supporting
Information), and the calculation may not be converged with respect
to that. A change in the state order would change the ET topology
from inverted to normal Marcus type.

The CASSCF barrier to accessCIBir/CS from 1STBir is small,
approximately 0.2 kcal mol-1, and the reaction coordinate consists
of intramolecular rearrangement of the bases at an approximately
constant intermolecular distance. The decay fromCIBir/CS to 1STCS

has been studied with an IRC calculation and CAS-PT2 single-
point calculations along the coordinate (see Computational Details
in Supporting Information). It consists of a steep initial decay with
intramolecular rearrangements due to the ET, followed by a flatter
part where the intermolecular hydrogen bonds adapt to the new
charge distribution. The O-H2 and N-H1 bonds are shortened by
0.8 and 0.3 Å, respectively, while the third hydrogen bond is
stretched by 0.3 Å. The1STCS ground-state tautomer is a shallow
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minimum at the CASSCF level (Supporting Information), but it is
probably a spurious one due to the lack of dynamic correlation, in
analogy to previous HF and MP2 results.19 From additional B3LYP
and CAS-PT2 calculations, the ground-state energy surface along
the H1- and H2-transfer coordinates is the one sketched in Figure
2, where the NGu-H1 and NCy-H2 distances stand for the two
coordinates. The only two stable minima are the canonical1Can
pair and the double-transfer tautomer1DT, which are connected
by a concerted double hydrogen transfer,1TSconc. The main
mechanistic point is that the back ET (path B1) leads to1STCS,
which is effectively a bifurcation region between the1Can and1DT
tautomers. From there, the decay path (B2) can continue to any of
the tautomers either directly or through the region of1TSconc. The
regeneration of the canonical pair is energetically favored by
approximately 9 kcal mol-1,19 but there appear to be no dynamic
factors in favor of any of the products. Therefore, the potentially
mutagenic double tautomerization will also take place.

In summary, the reactivity of the guanine cytosine base pair in
its triplet state, with excitation localized in the cytosine moiety, is
characterized by the competition between a benign deactivation
route A and a hydrogen transfer (coupled electron and proton
transfer) route B with significant probability of triggering the double
tautomerization. The calculated barriers favor path A, but the low

spin-orbit coupling along this route and the possibility of tunneling
in path B (which we have not evaluated) suggest that path B cannot
be ruled out completely. Thus paths A and B are probably an
alternative to cytidine photodimerization.10 Many aspects of the
reactivity remain to be explored, such as the formation of the initial
triplet, the role of (n,π*) states,20 and alternative paths from3CanGu.
Such calculations are in progress.
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Figure 1. Triplet (π,π*) reactivity, guanine-cytosine pair (CAS-PT2//CASSCF energies, kcal mol-1). Path A: Benign deactivation. Path B: Tautomerization.

Figure 2. Qualitative S0 potential energy surface along the H1 and H2

transfer coordinates. Arrows mark possible decay paths from1STCS (B2).
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