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The excited state potential energy surface of 5-bromouracil has been studied with ab initio CASPT2//CASSCF
calculations to rationalize the competition between the benign decay and the photolysis found experimentally.
The surface is characterized by an extended region of degeneracy between S; and So. The access to this
region has been studied with minimum energy path calculations from the FC structure, the seam of intersection
has been mapped in detail, and the decay paths from different regions of the seam have been characterized.
There are two decay paths with low barriers that are limiting cases for the actual decay dynamics. The first
path involves the bromine elimination and leads to a region of near degeneracy between the ground and
excited states, and the second one leads back to the reactant through a conical intersection between the two
states. The conical intersection for benign decay is part of a seam that lies along the Cs—Br stretching coordinate,
and decay at the region of the seam with a stretched Cs—Br bond leads to photolysis. Thus, the reactivity
depends on the point of the seam at which decay to the ground state takes place. The low experimental
photolysis quantum yield suggests that the energetically favored decay is the one that regenerates the reactant,
while the low barriers computed to access the region of decay are in agreement with the measured picosecond

excited state lifetime.

Introduction

UV radiation has a limited damaging potential toward natural
DNA because the main photochemical damages (e.g., thymine
adducts) can be repaired by enzymes.! In contrast, UV irradiation
of DNA analogues where a thymine base is replaced by isosteric
5-bromouracil (5-BrU, see Scheme 1) leads to direct strand
breaks® * and intra->° and interstrand’ photo-cross-links, which
are one of the most toxic types of DNA lesions. Therefore,
incorporation of halogenated uracil derivatives to DNA provides
a strategy for the sensitization of DNA to UV radiation.
Moreover, since the halogenated base can be incorporated during
the natural DNA biosynthesis in the cell,} UV sensitization by
means of 5-BrU has a therapeutic potential, in a similar spirit
to photodynamic therapy. In addition to that, UV-sensitized
DNA has been used to study nucleoprotein photo-cross-linking.” 2

The mechanism postulated for UV-induced DNA damage
starts with the photoinduced electron transfer from an adjacent
purine base to the 5-bromouracil unit, followed by loss of a
bromine anion and formation of a uridin-5-yl radical. This
species initiates the strand damage by abstraction of the C2’
hydrogen from the sugar moiety of the adjacent purine base.
While the mechanistic aspects of this reaction sequence are
largely unclear, the photolysis of the C—Br bond also takes place
for single-molecule 5-BrU. Thus, 5-BrdU in solution has a short
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SCHEME 1

excited state lifetime of approximately 0.4 ps'*!* and undergoes

cleavage of the carbon—bromine bond upon UV irradiation with
quantum yields of up to 5%.""'7 However, also here the
mechanism is unknown. Motivated by our interest in the UV
sensitization of DNA with 5-BrU and its therapeutic potential,
we have studied the photophysics and photochemistry of isolated
5-BrU with ab initio computations as a first step toward the
elucidation of the photocleavage reaction mechanism in DNA.

The CASPT2//CASSCEF results (see Computational Methods)
are summarized in Figure 1. Figure 1 is a sketch of the excited
state energy surface along the two relevant nuclear coordinates,
the Cs—Br distance and the out-of-plane bending angle of the
bromine atom. The excited state surface is characterized by the
absence of stable minima of the spectroscopically active (7,7%)
state, and after excitation the molecule is quickly deactivated
toward an extended region of degeneracy or near-degeneracy
between the first excited state and the ground state (S; and Sy,
respectively). This is in agreement with the experimental short
excited state lifetimes, since the region of degeneracy is
energetically accessible from the Franck—Condon (FC) point,
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Figure 1. Projection of the S;/Sy degeneracy and near-degeneracy
regions on the Cs—Br and Br out-of-plane coordinates. Full line: seam
of intersection. Dotted line: near degeneracy. Color coding: red,
photolysis; blue, reactant regeneration.

without substantial barriers. The degeneracy region lies along
a combination of the two coordinates, and a large part
(continuous line in Figure 1) corresponds to a seam of
intersection between S; and Sy. The photoreactivity depends on
which part of the region of degeneracy is reached by the excited
molecule, where two different regions can be distinguished: one
with short Cs—Br distances, where the decay leads to regenera-
tion of the reactant (shown as a blue line in Figure 1), and one
with long Cs—Br distances which can lead to photolysis (shown
as a red line in Figure 1). The experimental photolysis quantum
yield of up to 5% suggests that the access to the unreactive
region of the seam is favored with respect to the photolysis
region. Besides there is a third region of the seam, which is
only partly shown in Figure 1, where the bromine atom shifts
from the Cs to the Cq ring atom. As we will show in more detail
below, no additional photoproducts are formed from this region.

Computational Methods

The calculations are carried out by using the CASPT2//
CASSCEF approach, where critical points and minimum energy
paths are optimized at the CASSCF (complete active space self-
consistent field) level, and the energies are recalculated at the
CAPST?2 (complete active space second-order perturbation) level
to account for dynamic correlation. The CASSCF calculations
have been carried out with Gaussian03,'® and the CASPT2
calculations with Molcas7.0.!° The 6-311G* basis set has been
used throughout. The Supporting Information includes the
CASSCF minimum energy paths from the FC structure and from
several conical intersections.

Optimizations. The minimum energy paths from the FC
structure and the conical intersection points have been calculated
with the intrinsic reaction coordinate algorithm implemented
in Gaussian,?® using hypersphere geometry optimizations to
determine the initial relaxation direction.!@ The paths are
calculated with a step size of approximately 0.25 au, and the
CASPT?2 energies along the profile are calculated in steps of
approximately 1 au. The relaxation path from the FC structure
with a fixed Cs—Br distance has been calculated by freezing
the corresponding internal coordinate. The calculated path is
not a minimum energy path, but it is helpful to map the potential
energy surface. To avoid active space orbital rotations along
path 1, this path has been optimized by state-averaging the wave
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TABLE 1: CASPT2//CASSCF(16,12)/6-311G* Vertical
Excitation Energies for 5-BrU

leading
state  E. [eV]? f config characterization
Sy 5.1(5.0) 3.8 x 107! a4 — ap* (7T, 77%) (A")
S, 5.1(5.0) 24 x 107*  ng — m* (no,7t*) (A”)
ney — ¥
S; 5.7 44 x 1072 7 — o* (7,0%) (A”)
Ss 64(63) 67 x 1072 g, —m* (7T, 7r%) (A)
Ss 6.5 (6.5) 2.7 x 1077 no; — 1* (no,7t*) (AN)
noy — 7%
Se 6.8 1.6 x 107*  ng, — o* (ng,0%) (A")
S, 7.0 25 x 107 ng, — m* (npr7T*) (A”)

“For comparison, CASPT2//CASSCF(14,10)/6-311G* vertical
excitation energies of thymine are shown in parentheses.

function over three states, optimizing the surface for the second
root (see the Supporting Information). Points on the conical
intersection seam (other than the minimum energy intersection)
have been optimized constraining the Cs—Br or C4—Br bond
lengths (segments 1 and 2, respectively). For this purpose the
calculations have been carried out on a version of Gaussian(03
modified according the procedure described in ref 22, which
has been generalized to nonsymmetric cases. The conical
intersection optimization gradient in the unconstrained case is
a sum of the projected excited state gradient, where the
components along the branching space vectors are eliminated
by projection, and a penalty term along the gradient difference
vector.?? In the modification implemented here, the projection
of the excited state gradient is carried out with the constrained
branching space vectors (transformed to redundant coordinates).

CASSCF Active Spaces. For the optimization of the
minimum energy paths from the FC structure an active space
of 12 electrons in 10 orbitals has been used (12,10), which
includes 8 orbitals of the 7z system and two orbitals of the C—Br
o bond. For the optimizations on the conical intersection seam,
it is necessary to reduce the active space to calculate the orbital
rotation contribution to the gradients of the state-averaged states,
by solution of the coupled-perturbed MCSCF equations.?* Thus,
the active space has been reduced to (8,7) by removing from
the (12,10) space the s orbital with occupation closest to 2.0
and the two 7 orbitals approximately localized on the C,—0O;
group. The reduced active space provides a balanced description
of the excited and the ground state, as the energy degeneracy
obtained at the CASSCEF level of theory is kept at the CASPT2
level to within 0.1 eV. This validates the active space choice.

CASPT2 Calculations. To provide a consistent description
of the energies, the CASPT2 energies have been calculated
throughout with a (16,12) active space that includes, in addition
to the (12,10) active space described above, the in-plane
nonbonding orbital of the bromine atom and the s orbital
approximately localized on the N; atom. The calculations are
done by using a state-averaged six-root CASSCF wave reference
function with equal weights for all states, a real level shift
parameter of 0.2 au, and an IPEA parameter? of 0.25 au, which
is the default in Molcas7.0. To determine the energies of the
(no,7t*) excited states (excitation from the oxygen lone pairs),
the calculations at the FC geometry and the first part of the
decay path were repeated with a (16,12) active space where
the 7 orbital with highest occupation and the in-plane non-
bonding one of the bromine atom are replaced by the two
oxygen lone pairs. In this case, five roots were included in the
CASSCEF calculation, averaging with equal weights. The vertical
excitation energies presented in Table 1 have been obtained with
one of these two (16,12) active spaces.
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Figure 2. Orbitals involved in the vertical excitation.
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Figure 3. Resonance structures of near-degenerate states at the end of path 1. Correlation with vertical excited states: (a) ground state; (b) (77,0%);

and (¢) (ng,,0%).

Results and Discussion

Vertical Excitation Energies. The calculated vertical absorp-
tion spectrum for 5-BrU is presented in Table 1. The ground
state minimum has C,; symmetry, and the symmetry of the
excited states is indicated in the table. The orbitals involved in
the excitation are displayed in Figure 2. The results for the
(mr,r*) and (ng,7t*) states are similar to the ones obtained for
thymine and uracil at different levels of theory,?673° with the
lowest (7,7t*) and (np,7r*) states being nearly degenerate at
approximately 5.1 eV. This value is in reasonable agreement
with the experimental absorption maximum of approximately
4.7 eV in the gas phase®' and 4.5 eV in water.’? In addition to
these states, there is a low-lying (s;1,0%) state at 5.7 eV (excitation
into the C—Br o* orbital) and two higher lying states at 6.8
and 7.0 eV where the excitation comes from the in-plane
nonbonding bromine orbital.

The lowest (sr,m)* state has significantly higher oscillator
strengths than the other states. Therefore it is safe to assume
that it is the one excited in the experiments conducted on 5-BrU
in water and protic solvents, with excitation wavelengths that
range from 266 to 254 nm (4.66 to 4.88 eV, respectively).!+!517
Because of the limitations of the active space, the Rydberg-
like states, which appear at energies above 6 eV in uracil and
have low oscillator strengths,”® have not been calculated here.
They should have similar energies and oscillator strengths in
5-BrU and play only a minor role in the low-energy photophysics.

Decay Paths from the FC Structure. Two decay paths from
the FC structure have been calculated, starting on the lowest
(7r,7t*) state (S; at the FC geometry). The first path, shown as
path 1 in Figure 1, is the CASSCF minimum energy path and
corresponds to an adiabatic bond cleavage on S; where the
process takes place on a single energy surface. At the planar
FC structure, the value of the out-of-plane bending angle
(defined as 180° minus the Br—Cs—C,—Nj; dihedral angle) is
0°. The decay path is initially dominated by bond stretches in
the ring and the out-of-plane bending of the bromine atom, but

after an angle of approximately 20° is reached, the stretching
of the carbon—bromine bond accompanies the bending. From
the electronic structure point of view, the initial (s77,57*) excitation
changes gradually to (77,0%) as the 7* and o™ orbitals mix along
the path. At the same time, the st orbital localizes on the bromine
atom. At large C—Br distances, the photolysis products form a
radical pair with three possible electronic configurations on the
bromine atom (see Figure 3). The corresponding three states
are virtually degenerate because of the small coupling between
the two radical centers, and the three resonance structures shown
in Figure 3 correlate with the ground state and the (77,0%) and
the (ng,,0%) excited states (Figures 3, structures a, b, and c,
respectively). Therefore, path 1 leads to a region of near-
degeneracy between Sy, S|, and S,, where the states do not
intersect but approach the degeneracy asymptotically, as the
C—Br bond is stretched. This feature is shown on the CASPT2
energy profile along path 1 displayed in Figure 4. Moreover,
although the CASSCF-optimized path corresponds to a barri-
erless decay, at the CASPT2 level there is a small barrier of
approximately 0.2 eV. This is probably due to differences
between the CASSCF and CASPT2 minimum energy paths, and
not to a true minimum on the CASPT?2 surface. In any case,
the small barrier is lower than the excess energy provided by
the vertical excitation, and the path should be energetically
accessible.

The relatively small quantum yield of the photolysis'’
suggests that there is a competing, unreactive path for the decay.
Such a path has been described for uracil and thymine.>*38 It
involves a conical intersection between the ground and excited
states and is assumed to be responsible for the ultrafast decay
of the excited states of these natural nucleobases. The path is
characterized by an out-of-plane bending of the Cs substituent.
Thus, the Cs—Cg4 double bond character is lost in the excited
state, and the out-of-plane bending of the substituents is favored.
At the same time, the ground state energy rises, and this induces
the crossing of the two states. To investigate the possibility of
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Figure 4. CASPT2//CASSCF(16,12)/6-311G* energy profile along
path 1 (minimum energy path). The labels of the states refer to vertical
excitations, but the character of the states changes along the path (see
text).
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Figure 5. CASPT2//CASSCF(16,12)/6-311G* energy profile along
path 2 (fixed Cs—Br distance). The labels of the states refer to vertical
excitations.

an analogous decay mechanism for 5-BrU, the minimum energy
path calculation from the FC structure has been repeated by
freezing the Cs—Br distance to the initial value of 1.88 A. This
path, labeled path 2 in Figure 1, leads to a conical intersection
with the ground state, and the CASPT2 energy profile of the
excited state has only a small barrier (see Figure 5). Similar to
what has been described for thymine and uracil,®*~3 the C;
substituent is bent out of plane, and the C—Br bond is
approximately perpendicular to the distorted uracil ring at the
intersection.

The present approach used to study the relaxation process
has some limitations. Thus, path 2 is not a conventional
minimum energy path because an internal coordinate is fixed.
However, paths 1 and 2 can be understood as limiting cases
for the relaxation, and trajectories followed during the actual
relaxation dynamics will be intermediate between paths 1 and
2. Besides, calculations for thymine and uracil have suggested
that the (n,77*) state can be populated near the FC region during
the decay of the close-lying (7z,7r*) state.?”-**%° In the calculation
of paths 1 and 2 for 5-BrU, the (n,7*) states have been
neglected. However, the energy of the lowest (n,77¥) state along
path 1 was determined from single-point calculations (see
Computational Methods and Figure 4). The energy of this state
rises along path 1, and it can be expected to be even higher in
protonated solvents,”’ where the experiments have been con-
ducted. This supports the idea that the (n,zt*) state is not directly
involved in the photolysis.

Seam of Conical Intersection. The point of conical intersec-
tion encountered along path 2 is part of an extended seam along
the C—Br stretching coordinate. The seam has two different
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Figure 6. Projection of the S,/Sy seam of intersection on the Cs—Br
and C¢—Br coordinates. Segment 1: constrained Cs—Br distance.
Segment 2: constrained C¢—Br distance.

segments which have been characterized by optimizing several
conical intersection structures fixing the Cs—Br and C¢—Br
distances, respectively (see Computational Methods). Every
point on Figures 1 and 6 corresponds to an optimized structure.
The first segment is displayed as a solid line in Figure 1 as a
function of the Cs—Br distance and the out-of-plane bending
angle. Thus, at short Cs—Br distances (r < 2.5 A), the out-of-
plane bending angle of the conical intersection structures is
approximately 100°, i.e., the Cs—Br bond is almost perpen-
dicular to the ring. The deviation from the ideal value of 90° is
due to small ring distortions. At longer Cs—Br distances, the
angle increases because the bromine atom shifts toward the Cg
atom. The CASSCF minimum energy conical intersection lies
on this segment, with a Cs—Br distance of 2.64 A. A second
segment of the seam lies along the C4—Br stretch coordinate.
The topology of this segment is plotted in Figure 6 as a function
of the Cs—Br and C¢—Br distances, together with the first
segment. The seam extends to structures where the bromine
atom has migrated to the C¢ atom, leaving a carbene on Cs.
The connection between the two segments is confirmed by
comparing the structures obtained by constraining the Cs—Br
distance to 2.8 A and the C¢—Br distance to 2.5 A.

The reactivity associated with the different regions of the
seam has been studied by calculating the ground state decay
paths from different points on the seam (see the Supporting
Information). In the first segment of the seam, decay at the short
Cs—Br distance region (rc,—p; = 1.9 A) leads to the reactant,
while at longer distances (r¢,—pr = 2.68 10\) there are two decay
paths, leading either to the reactant or to the dissociation
products. Thus, the intersection changes from a sloped topology
(one ground state decay path) to a peaked one (two paths) along
the seam, similar to what has been described previously for
fulvene.? Finally, decay at the second segment of the seam
(rcg-r = 2.0 A) goes through an unstable carbene structure that
is not a minimum on the potential surface. The decay is
completed by a barrierless, reverse 1,2 shift of the bromine atom
to Cs, leading to regeneration of the reactant. For comparison,
CCSD(T)//B3LYP calculations (coupled cluster energies at
geometries optimized with the hybrid Becke-3-Lee-Yang-Parr
density functional) also predict that ethylidine, the carbene
radical formed after the 1,2 hydrogen shift in ethylene, is an
unstable species, with a barrier of less than 0.1 eV for the
rearrangement back to ethylene.*' The absence of a stable
carbene after the bromine shift in 5-BrU is in agreement with
this result.

The reactivity along the different segments can be rationalized
with the help of the orbitals involved in the excitation. At short
Cs—Br distances, the two orbitals in question are the 7 orbital
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Figure 8. CASPT2//CASSCF(16,12)/6-311G* energy profiles along
the seam of conical intersection (segment 1).
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localized on Cs, which lies perpendicular to the plane of the
ring because the substituent is bent out of the plane, and a 7
orbital largely localized on Cg (see orbitals srs and 76 in Figure
7a, respectively). The two intersecting states correspond to a
diradical with configuration (7s5)' (;t6)! and a zwitterionic
structure with configuration (75)? (77)°. As the Cs—Br bond is
stretched, the 7t orbital mixes with the o* orbital of the stretched
bond (see Figure 7b), and the diradical state turns to a
dissociative (7,0%)-type state (configurations of the intersecting
states: (7r5)* (6%)° and (75)' (0%)"). Finally, along the second
segment of the seam, the 714 and Cs—Br o orbitals mix (see
Figure 7c), and the excitation localizes on the p, and p, orbitals
of Cs, resulting in a formal carbene (configurations of the
intersecting states: (p.s)? (P.5)” and (pss)' (pzs)Y).

The energies of the four lowest states along the calculated
S1/Sy seam segments are shown in Figures 8 and 9. The lowest
energy part of the seam occurs for short Cs—Br distances (rc—g;
~ 2 A), where decay leads to the reactant (see Figure 8).
However, the seam is energetically accessible for Cs—Br
distances up to approximately 3.5 A (energy lower than the
vertical excitation of 5.1 eV), where dissociation can occur. In
principle, also the second segment could be accessible from the
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Figure 9. CASPT2//CASSCF(16,12)/6-311G* energy profiles along
the seam of conical intersection (Segment 2).

point of view of its energy (see Figure 9), but this should have
no consequence for the reactivity since no products are formed
from that region.

Conclusions

The competition between the benign decay and the photolysis
of 5-BrU can be rationalized on the basis of an extended region
of degeneracy between S; and Sy. Two decay paths to access
this region with small barriers have been mapped, one that leads
to bromine elimination and one that leads back to the reactant
(path 1 and path 2, respectively). Path 1 results in bromine
elimination and leads to a region of near-degeneracy between
the ground and excited states, and path 2 leads back to the
reactant through a conical intersection between the two states.
Although path 1 is the minimum energy path at the CASSCF
level of theory, the CASPT2 energy profiles along both paths
are similar. However, the relatively low quantum yield of the
photolysis suggests that path 2 is favored. Moreover, the conical
intersection for benign decay is part of a seam that lies along
the Cs—Br stretching coordinate, and decay at the region of the
seam with a stretched Cs—Br bond leads to photolysis. The bond
cleavage can take place adiabatically, along trajectories similar
to path 1, or along intermediate trajectories between paths 1
and 2 that lead to the reactive region of the seam of intersection.

From a general point of view, the key feature of the surface
is the extended seam of intersection, which is composed of
different segments associated with different reactivity. The
changes in the reactivity are due to changes in the character of
the excited state along the seam. This is a general feature of
seams of conical intersection, and similar situations have been
described for ethylene*? and the excited state decay of the keto
tautomer of o-hydroxybenzaldehyde.* In this respect, the space
of the conical intersection has to be understood as an analogue
of a Born—Oppenheimer surface, where different regions of the
surface correspond to different chemical species. In the case of
the conical intersection space, different regions of the seam lead
to different photoproducts. To rationalize the ultrafast photo-
physical and photochemical processes it is therefore necessary
to provide a full description of the seam of intersection along
the different coordinates and characterize the decay paths
associated with each region of the seam.

The analogy with the twisted conical intersection of
ethylene*>*~48 also regards the 1,2 shift coordinate. Similar to
what is described here for 5-BrU, for ethylene it has been
suggested that the twisted intersection forms part of a seam along
the 1,2 hydrogen shift coordinate.** Recent ultrafast spectroscopy
results also suggest that the 1,2 migration product of ethylene
(ethylidine) is formed at the conical intersection seam as a short-
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lived transient of approximately 1 ps lifetime before rearranging
back to ethylene.** Our results on the decay of 5-BrU at the
part of the seam associated with 1,2 migration suggest that a
similar process is possible in 5-BrU, although the barrier to
access that region should be established better to evaluate if
the formation of the carbene transient actually takes place.

Turning to the photochemistry of 5-BrU, the results are in
good agreement with the experimental excited state lifetimes
and quantum yields of the reaction. The results also suggest
that the bromine elimination takes place on an ultrafast time
scale, during the decay to the ground state, and not as a result
of hot vibrational states formed after internal conversion to the
ground state. This is in contrast to what is generally assumed
for ethylene***° and is due to the lowering of the energy of the
repulsive (7r,0%) state for the C—Br bond. The formation of
bromine during the decay could be confirmed experimentally
by detecting the 5-uracil radical in time-resolved experiments
with sufficient resolution. The computations also allow us to
suggest an alternative scenario to the bromine elimination in
DNA containing 5-BrU, which is generally assumed to occur
after a photoinduced electron transfer from an adjacent purine.
Thus, in double-strand DNA the excitation is initially distributed
along several stacked bases. Nuclear vibrations can induce a
localization of the excitation on a single base. This can be
inferred from the observation of a monomer-like decay com-
ponent in excited DNA oligomers.’! In DNA containing 5-BrU,
localization of the excitation in the halogenated base can lead
to bromine elimination without the preceding electron transfer.
A crucial point to tell between the two mechanisms is the nature
of the excited state accessed in the experiments in double-strand
DNA containing 5-BrU, which is irradiated with a wavelength
of approximately 300 nm or 4 eV.* This state could either be a
charge transfer state to 5-BrU from an adjacent purine or a state
delocalized over a few stacked bases. Calculations addressing
this question will be the subject of future work.
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