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Abstract
Tautomerization induced by protonation of halouracils may increase their efficacy as anti-cancer
drugs by altering their reactivity and hydrogen bonding characteristics, potentially inducing errors
during DNA and RNA replication. The gas-phase structures of protonated complexes of five
halouracils, including 5-fluorouracil, 5-chlorouracil, 5-bromouracil, 5-iodouracil, and 6-chlorour-
acil are examined via infrared multiple photon dissociation (IRMPD) action spectroscopy and
theoretical electronic structure calculations. IRMPD action spectra were measured for each
complex in the IR fingerprint region extending from ~1000 to 1900 cm–1 using the free electron
laser (FELIX). Correlations are made between the measured IRMPD action spectra and the
linear IR spectra for the stable low-energy tautomeric conformations computed at the B3LYP/
6-311+G(2d,2p)//B3LYP/6-31G* level of theory. Absence of an intense band(s) in the IRMPD
spectrum arising from the carbonyl stretch(es) that are expected to appear near 1825 cm–1

provides evidence that protonation induces tautomerization and preferentially stabilizes
alternative, noncanonical tautomers of these halouracils where both keto functionalities are
converted to hydroxyl groups upon binding of a proton. The weak, but measurable absorption,
which does occur for these systems near 1835 cm–1 suggests that in addition to the ground-
state conformer, very minor populations of excited, low-energy conformers that contain keto
functionalities are also present in these experiments.
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Introduction

The preservation of genetic material in biological systems
has long been known to be due to the specificity of

Watson-Crick base pairing of nucleic acids. Consequently,

genetic mutations have been hypothesized to arise as a
result of deviations from the complementarities of base
pairing in DNA and RNA [1–5]. Many scientists have
proposed that the presence of rare, noncanonical tautomers
of the purine and pyrimidine nucleobases account for
these mutations [1, 5–9]. Such tautomerization of these
nucleobase moieties reverses the polarity of hydrogen
bonding sites, causing incorrect base pairing during
nucleic acid synthesis [10], again, leading to mutations
in an organism’s genome and possibly carcinogenesis [11–
14]. The structures and relative stabilities of the various
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tautomers of uracil have been extensively investigated
[15–26]. Although the canonical form of uracil lacks
aromaticity, it is still stable because it can undergo
amide–imide tautomerization [27]. While the noncanonical
tautomers of uracil all lie higher in energy than the
canonical form, these high-energy conformers can be
stabilized via protonation [10]. This phenomenon has
been experimentally confirmed for thioketo- and
methythioketouracils as well [15]. According to the
theories of Watson and Crick [1] and based on recent
work of Salpin et al. [10], minor tautomers of uracil
stabilized by protonation and incorporated into RNA to
make noncanonical base pairs could be used to induce
mutations in RNA. The 5- and 6-halouracils are already
known for an array of pharmaceutical properties, most
notably 5-fluorouracil (5FU), which is in many cases the
first-line chemotherapeutic agent used for colorectal and
pancreatic cancer [28–32]. While the main mechanism of
action of 5FU is to inhibit the conversion of uracil to
thymine [31], a nucleobase used in DNA synthesis, it can
also be directly incorporated into RNA to prevent gene
expression, even after replication has successfully oc-
curred. In this minor mechanism of action, 5FU would
form hydrogen bonds with adenine, but if tautomeric
shifts occur, base pairing may occur with other bases; in
either case, a mutation will be induced, resulting in the
eventual death of the cancerous cell. Research has shown
measurable incorporation of 5FU in RNA, and to a lesser
extent in DNA, but no correlation was found between its
incorporation and therapeutic efficacy [32, 33]. If the
noncanonical tautomers of 5FU could be stabilized, this
could increase its ability to form nonstandard base pairs,
possibly increasing its efficacy as an anticancer drug via
the minor mechanism of action. This study aims to
determine if protonation stabilizes noncanonical tautomers
of the halouracils in the same fashion as found for
thioketo- and methylthioketouracils [15].

In the present work, the interactions of a series of
halouracils, xU including: 5FU, 5-chlorouracil (5ClU),
5-bromouraci l (5BrU), 5-iodouracil (5IU), and
6-chlorouracil (6ClU), with protons are examined.
Electronic structure calculations are performed at the
B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* level of theory
to determine the structures, relative stabilities, and linear
IR spectra of the ground-state and low-energy tauto-
meric forms of the halouracils. The computed linear IR
spectra are compared with the spectra measured using
infrared multiple photon dissociation (IRMPD) action
spectroscopy of these species to determine the tauto-
meric conformations accessed in the experiments. This
synergistic experimental and theoretical investigation
allows for determination of the structures, reactivity,
relative stability, and IR active vibrations of the
protonated halouracils. IRMPD action spectroscopy
experiments combined with theoretical calculations have
become increasingly employed for the structural charac-

terization of a wide variety of ionic species [15, 17, 34–
40]. In particular, this approach enables the identifica-
tion and differentiation of the various stable tautomers
of the nucleobases, including simple rotamers in
favorable cases [15, 17].

Experimental and Computational
Mass Spectrometry and Photodissociation

IRMPD action spectra of five protonated halouracils,
H+(xU), were measured using a 4.7 T Fourier transform
ion cyclotron resonance mass spectrometer (FT-ICR MS)
that has been described in detail elsewhere [34–38]. This
FT-ICR MS is coupled to the free electron laser
(FELIX), which provides the tunable infrared radiation
required to accomplish photodissociation in these experi-
ments [34]. The nucleobases, 5FU and 5BrU, were
purchased from Sigma-Aldrich, (Zwijndrecht, Nether-
lands) while 5ClU, 6ClU, and 5IU were purchased from
TCI Europe, (Zwijndrecht, Belgium). Protonated com-
plexes of the nucleobases studied here were formed
using an electrospray ionization (ESI) source (Micromass
Z-spray) from solutions containing 1.6 mM halouracil
and 2.4 mM trifluoroacetic acid in an approximately
50 %:50 % MeOH:H2O mixture. Solutions were sprayed
at a flow rate of 10 μL/min and the electrospray needle
was generally held at a voltage of ~3.3 kV. Gas phase
ions generated by the ESI source were accumulated in a
hexapole ion trap for ~4.5 to 5 s before being pulse-
extracted into a quadrupole bender, and subsequently
injected into the ICR cell via an rf octopole ion guide.
Collisional heating of the ions resulting from traditional
ion capturing methods such as introduction of a gas
pulse is avoided through implementation of a “DC bias
switch” allowing for simple gated trapping in the ICR
cell as previously described [35]. Stored waveform
inverse Fourier transform (SWIFT) techniques are
employed for mass selection of precursor ions. Once
isolated, precursor ions were irradiated with infrared
radiation from the FEL at pulse energies of ~40 mJ per
macropulse of 5 μs duration at a repetition rate of
10 Hz. Ions were allowed to interact with the FEL for
3 s, allowing 30 macropulses to interact with the ions
over the wavelength range from 10.2 μm (~1000 cm–1)
to 5.2 μm (~1900 cm–1). The IRMPD yield was
computed using the fragment Ifi

� �
and precursor ion

intensities (Ip) at each frequency after laser irradiation as
shown in equation 1.

IRMPD Yield ¼
X

i

Ifi Ip þ
X

i

Ifi

 !,

ð1Þ

Linear power corrections were made to all spectra to account
for variations in the output of the FEL as a function of laser
wavelength. As the FEL outputs less power at short
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wavelengths, these corrections result in an increase in
relative peak intensities in the high energy region of the
spectra as previously shown [39, 40].

Computational Details

Tautomers of neutral and protonated halouracils, 5FU, 5ClU,
5BrU, 5IU, and 6ClU were constructed using GaussView
software. All plausible low-energy tautomeric forms were
carefully considered. Geometry optimizations were per-
formed at the B3LYP/6-31G* level of theory using Gaussian
09 [41]. Single point energy calculations at the B3LYP/6-
311+G(2d,2p) level of theory, along with zero-point energy
and thermal corrections determined at the B3LYP/6-31G*
level of theory, were used to determine the relative
enthalpies at 0 and 298 K and Gibbs free energies at
298 K for all stable geometries found. Calculated infrared
intensities and harmonic vibrational frequencies (scaled by a
factor of 0.96) were used to generate theoretical linear IR
spectra that were then convoluted with a 20 cm–1 FWHM
Gaussian line shape.

Results
IRMPD Action Spectroscopy

IRMPD action spectra were measured for five H+(xU)
complexes over the range extending from ~1000 to
1900 cm–1, and are presented in Figure 1 along with the
IRMPD action spectrum of protonated uracil, H+(U),
previously reported by our group [15]. Two independent
dissociation pathways were observed upon photodissociation
of the protonated halouracils. Loss of NH3 was observed as
the primary dissociation channel, while loss of CONH was
also observed as a minor fragmentation pathway.

The key spectral features exhibited by H+(U) are preserved
for the H+(xU) systems, which suggests that these species
exhibit similar binding interactions. However, distinctions exist
in these spectra that allow them to be differentiated amongst
themselves and fromH+(U). The absence of an intense carbonyl
stretch near 1825 cm–1 for the H+(xU) complexes suggests that
protonation preferentially stabilizes an alternative, noncanonical
tautomer of these nucleobases where both keto functionalities
are converted to hydroxyl groups upon the binding of a proton.
The IRMPD spectrum of H+(5FU) exhibits greater complexity
than that of H+(U). Absorption bands in the range from ~1070
to 1290 cm–1 and ~1470 to 1670 cm–1 are severely broadened
and poorly resolved. As compared to H+(U), the absorption
band at ~1376 cm–1 is quite noticeably blue shifted. In contrast,
the IRMPD spectrum of H+(5ClU) looks similar to the spectrum
of H+(U). However, most features becomemore intense relative
to the carbonyl stretch. Slightly better resolution is observed for
the absorption bands in the region from ~1070 to 1325 cm–1.
These spectral features are slightly blue shifted as is the
absorption band near ~1375 cm–1. Similar behavior is observed
for H+(5BrU) and H+(5IU). The spectral feature in the region

near 1600 cm–1 continues to red shift and becomes narrower as
the size of the halogen substituent increases. The blue shift
occurring in the region from ~1100 to 1250 cm–1 for H+(5ClU)
is also observed for H+(5BrU) and H+(5IU) with the magnitude
of the shift increasing with the size of the halogen substituent.
Interestingly, the spectrum for H+(6ClU) does not exhibit an
absorption band near ~1350 cm–1. This difference in the
IRMPD spectrum allows the site of halogenation to be easily
determined for these complexes. Relative to H+(U), the features
for H+(6ClU) in the region ~1425 to 1650 cm–1 are red shifted
and slightly less resolved. In the H+(xU) complexes, absorption
in the region from ~1150 to 1250 cm–1 appears to be due to
multiple overlapping vibrational modes. This does not appear to
be the case for H+(6ClU) as absorption in this region gives rise
to a single, distinct, relatively broad band near ~1200 cm–1.

Theoretical Results

The six most stable tautomers of uracil and the halouracils,
determined at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G*
level of theory, are shown in Figure 2. Including all possible
rotamers of each tautomeric form, there are a total of 13
possible stable conformers that lie within ~100 kJ/mol of the
ground-state tautomeric conformation for each halouracil.
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Figure 1. Infrared multiple photon dissociation action spec-
tra of H+(U) and H+(xU) complexes

K. T. Crampton et al.: Protons Stabilize Halouracil Minor Tautomers 1471



The geometry-optimized structures of all of these tautomeric
conformations and their relative stabilities for each of the
five halouracils are included in Figure S1 of the Supple-
mentary Information. The canonical a tautomer was found
to be the lowest energy structure for all of the neutral
halouracils. The next most stable tautomers lie 34.5−40.6 kJ/
mol higher in free energy at 298 K. As found in previous
IRMPD work [15] and threshold collision-induced dissoci-
ation (TCID) experiments [16], protonation of the canonical
tautomer, a, occurs preferentially at the O4 position rather
than the at the N1, O2, or N3 positions. However, the O4
protonated canonical tautomer is not the ground-state
conformer.

The 12 most stable tautomeric forms of protonated uracil,
H+(U), and the protonated halouracils, H+(5FU), H+(5ClU),
H+(5BrU), H+(5IU), and H+(6ClU), based on theoretical
calculations at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G*
level of theory, are shown in Figure 3. Enthalpies at 0 and
298 K and Gibbs free energies at 298 K relative to the most
stable conformer for all five protonated halouracils are listed
in Table S1 of the Supplementary Information. In each case,
the ground-state is conformer A in which hydrogen atoms
are bound to the N1, O2, and O4 atoms, and the O2 and O4
hydrogen atoms are oriented towards the adjacent N3 atom.
In comparison with the neutral halouracil tautomers shown
in Figure 2, this low-energy conformer is formed from
proton binding to c, d, or e, which lie 44.9−49.8 kJ/mol,
38.1–48.1 kJ/mol, and 66.8−76.2 kJ/mol higher in free
energy than the ground-state canonical a tautomers, respec-
tively. Conformer A can also be formed from a upon
protonation at the O4 or O2 position with concomitant

proton transfer from N3 to O2 or O4, respectively, which
may be catalyzed by acid or solvent in the ESI of these
systems.

The most stable low-energy tautomers are compared to
the measured IRMPD spectra to determine which conformer
(s) are accessed in the experiments. Additionally, the
optimized structures and relative free energies at 298 K of
all of the protonated halouracils are provided in Figure S2 of
the Supplementary Information. The relative Gibbs free
energies of the six most stable conformations of the H+(U)
and H+(xU) complexes are compared in Figure S3.

H+(5XU)

As mentioned above, the ground-state structure found for
H+(U) and all of the H+(5XU) complexes is conformer A
where hydrogen atoms are bound at the N1, O2, and O4
positions and the O2 and O4 hydrogen atoms are oriented
toward the neighboring N3 atom (see Figures 4, 5 and 6 and
Figures S2, S4, and S5 of the Supplementary Information).
The relative stability ordering of the low-energy conformers of
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the H+(5XU) complexes is similar to, but differs somewhat
from, that found for H+(U), see Figure S3 of the Supplementary
Information. The O4 protonated form of the canonical a
tautomer in which the proton is oriented toward the C5
position, conformer B, lies 5.6 kJ/mol above the ground-state
A conformer for H+(U), but is destabilized by 5-fluorosub-
stitution such that it lies 8.0 kJ/mol above the ground-state A
conformer for the H+(5FU) complex. Conformer B become
increasingly stable as the size of the halogen substituent
increases such that it lies 2.5, 0.8, and 0.2 kJ/mol above the
ground-state A conformer for the H+(5ClU), H+(5BrU), and
H+(5IU) complexes, respectively. In contrast, the O4 rotamer
of the ground-stateA conformer, conformerC, lies 16.2 kJ/mol
higher in free energy for H+(U), but is stabilized by 5-
halosubstitution such that it lies 5.9, 5.8, 5.5, and 7.2 kJ/mol
above the ground-state A conformer for the H+(5FU),
H+(5ClU), H+(5BrU), and H+(5IU) complexes, respectively.
5-Halosubstitution is found to have the opposite impact
on the stability of the O4 protonated form of the
canonical a tautomer in which the proton is oriented
toward the N3 position, conformer D. Conformer D of
H+(U) lies 16.5 kJ/mol above the ground-state A
conformer, and is destabilized by 5-halosubstitution such
that it lies 28.3, 24.8, 23.9, and 22.4 kJ/mol above the A
conformer for the H+(5FU), H+(5ClU), H+(5BrU), and
H+(5 IU) complexes, respectively. The relative stabilities
of the O2 rotamers of the ground-state A conformer, the
E conformers, are influenced very little (G1 kJ/mol) by

the size of the 5-halosubstituent and lie 29.3−29.4 kJ/mol
above the ground-state A conformer for all of the 5-
halouracils. In contrast, relative to the H+(U) complex,
the F conformers formed by O4 protonation of the minor
b tautomers are stabilized by 6.7−11.0 kJ/mol for the
H+(5FU), H+(5ClU), H+(5BrU), and H+(5IU) complexes.
All other stable conformers computed, including the O2
protonated forms of the canonical a tautomer, were
found to lie at least 10 kJ/mol higher in free energy
than the A−F conformers and are, therefore, unlikely to
be experimentally important. Overall, 19, 23, 24, and 25
stable tautomers were calculated for the H+(5FU),
H+(5ClU), H+(5BrU), and H+(5IU) complexes, respec-
tively, see Figure S2 of the Supplementary Information.

H+(6ClU)

As found for H+(U) and all of the H+(5XU) complexes, the
ground-state structure of H+(6ClU) is conformer A where
hydrogen atoms are bound at the N1, O2, and O4 positions
and the O2 and O4 hydrogen atoms are oriented toward the
neighboring N3 atom, see Figure 6 and Figure S2 of the
Supplementary Information. The relative stability ordering
of the low-energy conformers of the H+(6ClU) complex is
also similar to, but again differs somewhat from that found
for the H+(U) and the H+(5XU) complexes, see Figure S3
of the Supplementary Information. Conformer B is again
stabilized by 6-chlorosubstitution, exhibits a relative
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stability very similar to that found for H+(5ClU), and lies
2.0 (versus 2.5) kJ/mol above the ground-state A
conformer. In contrast to the stabilization found for the
5-halouracils, the O4 rotamer of the ground-state A
conformer, conformer C, is unaffected by 6-chlorosub-
stitution and lies 16.3 kJ/mol higher in free energy than
the ground-state A conformer. 6-Chlorosubstitution pro-
duces the opposite effect as 5-halosubstitution on the
stability of the D conformer, and is stabilized by 3.6 kJ/
mol for the H+(6ClU) complex. As found for the
H+(5XU) complexes, the relative stability of the O2
rotamer of the ground-state A conformer, conformer E, is
again influenced very little (G1 kJ/mol) by the position
of halosubstitution. As found for 5-halosubstitution, 6-
chlorosubstitution is found to stabilize the F conformer,
but by a greater amount, 14.4 versus 6.7−11.0 kJ/mol.
Conformer H is found to lie 32.7 kJ/mol above the
ground-state A conformer versus 47.3−48.6 kJ/mol for
H+(U) and the H+(5XU) complexes. All other stable
conformers computed except the O4 rotamer of conform-
er F, conformer H, were found to lie at least 15 kJ/mol

higher in free energy than the A−F conformers, and are
therefore unlikely to be experimentally important. Over-
all, 24 stable tautomeric conformations were calculated
for the H+(6ClU) complex (see Figure S2 of the
Supplementary Information).

Discussion
Comparison of Experimental IRMPD
and Theoretical IR spectra of H+(5FU)

The measured IRMPD action spectrum is compared with the
B3LYP/6-31 G* calculated linear IR spectra for the three most
stable tautomeric conformations found for the H+(5FU)
complex in Figure 4. Structures and B3LYP/6-311+G(2d,2p)
relative Gibbs free energies at 298 K are also shown in
Figure 4. The ground-state dihydroxy A tautomer provides the
best match to the measured IRMPD action spectrum. In
particular, the band at 1376 cm–1, and the broad IR absorption
feature between ~1470 and 1670 cm–1 are well matched to the
theoretical IR spectrum, where the latter resembles the
convolution over the four IR absorption bands at 1511, 1555,
1617, and 1649 cm–1. Similar behavior is observed in the range
between 1075 and 1325 cm–1 as the broad feature in this region
appears to be due to a convolution of five IR absorption bands
at 1104, 1177, 1206, 1270, and 1290 cm–1. The band at
1104 cm–1 is obviously red shifted relative to the measured
spectrum. Interestingly, the 4-hydroxyl rotamer C of the
ground-state A conformer, which lies 5.9 kJ/mol higher in free
energy, exhibits several IR absorption peaks that correspond
reasonably well to the measured spectrum, although several
bands are slightly red or blue shifted. The presence of this
minor tautomer would lead to broadening of the measured
spectrum as observed, suggesting that the C conformer may
also be present. However, broadening of IR features in
IRMPD spectroscopy has been widely observed and may be
a result of anharmonic effects as previously described [38].
Therefore, although the measured IRMPD spectrum sug-
gests that the ground state A conformer is dominant, the
first excited conformer, C, is likely a minor contributor to
the spectrum as well. As discussed, binding of a proton at
the O4 position of the canonical a tautomer of neutral 5FU
results in the protonated B tautomer, which is 8.0 kJ/mol
less stable than the ground-state A conformer. The
calculated linear IR spectrum for the B tautomer exhibits
obvious differences to the measured spectrum. However,
when magnified by a factor of three in the carbonyl
stretching region, a very weak absorption is observed
at ~1825 cm–1, suggesting that a very small population of
the B tautomer is accessed in these experiments. Contribu-
tions of the other spectral features associated with the
B conformer to the IRMPD action spectrum are difficult to
discern as these features would only make very minor
contributions to the very broad features observed. The
presence of a small ripple in the baseline of the IRMPD
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spectrum near the peak at 1449 cm–1 for the B tautomer
also suggests that the B conformer is at best present only in
very minor abundance.

The IR absorption features observed in the range between
1470 and 1670 cm–1 in the experimental IRMPD action
spectrum of H+(5FU) can be attributed to four IR absorption
bands that appear in the IR spectrum for the ground-state A
conformer at 1511, 1555, 1617, and 1649 cm–1. The
corresponding vibrational modes for these IR bands include
intense C=C and C=N stretching at 1555 cm–1 with a shoulder
of medium intensity C=O4 stretching at 1510 cm–1, intense
C=O2 stretching at 1615 cm–1 with a shoulder of strong C5=C6
and C2=N3 stretching at 1650 cm–1. The broad IR absorption
features observed in the range between 1075 and 1325 cm–1

correspond to weak in-plane O2H, O4H, and C6-H bending at
1100 cm–1, medium intensity in-plane O2H, N1H, and C6-H
bending at 1177 cm–1, O2H and O4H in-plane bending at
1206 cm–1, weak in-plane O4H and C6-H bending and C-F
stretching at 1270 cm–1, and medium intensity C6-H wagging
at 1290 cm–1. Weak N1H in-plane bending is observed at
1376 cm–1.

Comparison of Experimental IRMPD
and Theoretical IR Spectra of H+(5ClU),
H+(5BrU), and H+(5IU) Complexes

As previously discussed, the measured IRMPD action spectra
for the H+(5ClU), H+(5BrU), and H+(5IU) complexes are
remarkably similar, and thus are examined in parallel here. The
measured IRMPD action spectra of the H+(5ClU) complex is
compared with the B3LYP/6-31G* calculated linear IR spectra
for the three most stable tautomeric conformations found in
Figure 5, while the analogous figures for the H+(5BrU) and
H+(5IU) complexes are shown in Figures S4 and S5 of the
Supplementary Information, respectively. Structures and
B3LYP/6-311+G(2d,2p) relative Gibbs free energies at
298 K are also shown in these figures, and for all stable
tautomeric conformations computed for the H+(5XU) com-
plexes in Figure S2. The calculated linear IR spectra for the
ground-state dihydroxy A tautomer provides the best agree-
ment with the experimental spectra for all three complexes. In
particular, the bands centered at ~1355, 1485, and 1610 cm–1 is
the measured IRMPD spectra closely match the bands at
~1357 cm–1, and two pairs of closely spaced bands at ~1494
and 1516 cm–1, and ~1604 and 1623 cm–1 in the calculated
linear IR spectra of theA conformers. In both the measured and
calculated spectra, the latter features exhibit minor red shifting
(5−10 cm–1) as the size of the halogen substituent increases.
The broad, intense features observed in the range between 1070
and 1290 cm–1 in the measured IRMPD spectra also
correspond reasonably well to four IR absorption bands in the
calculated linear IR spectra of the A conformers that occur at
~1020−1068, 1111−1125, 1177, and 1211 cm–1. As found for
the H+(5FU) complex, the two lowest frequency features in the
calculated IR spectra are red shifted relative to the measured
IRMPD spectra.

Although the A tautomers appear to be the dominant
conformers contributing to the measured IRMPD spectra,
contributions from the first excited conformer, B, are
apparent as evidenced by the peak associated with the
carbonyl stretch at ~1835 cm–1 in the experimental IRMPD
spectra. The relative intensity of the carbonyl stretch does
not vary significantly across these systems suggesting that
the relative stability of the B conformer is not significantly
influenced by its size. This observation is in contrast to
theory, which finds that the relative stability of the B
conformers to be increasingly closer to that of the ground-
state A conformers as the size of the halogen substituent
increases. Thus, it appears that theory may be over
estimating the influence of the size of the halogen
substituent on the stability of the B conformer. Other
vibrational modes exhibited by the B tautomers including
IR absorption features occurring at ~1442, 1525, and
1545 cm–1 lead to slight broadening of the IR absorption
bands near ~1485 cm–1 in the measured spectra. The shape
of the IRMPD features in the range from 1070 to 1290 cm–1

are sufficiently broadened such that minor contributions
from the B conformers are difficult to decipher, although the
shape of these bands suggest that the peaks at ~1200 cm–1 in
the calculated IR spectra of the B tautomers contribute to
these features.

The calculated linear IR spectra for the C rotamers of A
exhibit obvious differences to the measured IRMPD spectra.
The IR absorption peaks for the C tautomer at ~1636 cm–1

are absent in the measured spectrum, and the peaks at ~1470
and 1597 cm–1 are red shifted as compared to the measured
spectrum. The measured IRMPD features in the range from
1070 to 1290 cm–1 are again sufficiently broadened that
minor contributions from the IR bands at ~1130, 1180, and
1230 cm–1 of the C tautomers cannot be deciphered. The
bands at ~1011−53 cm–1 for the C tautomer do not appear in
the experimental IRMPD spectrum, and these features are
further red-shifted compared with the analogous features in
the spectra of conformers A and B, again suggesting that if
present, the C tautomer is a very minor contributor to the
experimental IRMPD spectra of these H+(5XU) complexes.

Comparison of the measured IRMPD spectra with the
linear IR spectra for the A and B conformers suggests that
the broad features in the region between 1070 and 1290
cm–1 correspond to O2H and C6-H in-plane bending and
N3-C4-C5 bending at 1020−68 cm–1, O2H, O4H, and N1H
in-plane bending at 1111−1125 cm–1, medium intensity
O2H and N1H in-plane bending at 1177 cm–-1, medium
intensity O4H in-plane bending at 1211 cm–1, and also weak
intensity in-plane C6-H bending modes are observed at
1282 cm–1. The weak bands centered at ~1355 cm-1 in the
measured IRMPD spectra correspond to N1H and O4H
in-plane bending and asymmetric ring stretching. The very
broad weak bands centered at ~1485 cm–1 are attributed to
C6-H in-plane bending, medium intensity C–O4H stretch-
ing, and weak C5–Cl stretching. The most intense features
observed for these complexes can be attributed to strong
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C–O2H and asymmetric ring stretching and N1H in-plane
bending at ~1610 cm–1 and to C2=N3 and C5=C6, and N1H
in-plane bending at 1622−1626 cm–1. The bands at
~1835 cm–1 in the measured IRMPD spectra clearly arise
from carbonyl stretching exhibited only by the B tautomer.

Comparison of Experimental and Theoretical IR
Spectra of H+(6ClU)

The measured IRMPD action spectrum is compared to
the B3LYP/6-31G* calculated linear IR spectra for the
five most stable tautomeric conformations found for the
H+(6ClU) complex in Figure 6. The structures and
B3LYP/6-311+G(2d,2p) relative Gibbs free energies at
298 K are also shown in Figure 6. The ground-state
dihydroxy A conformer provides the best match to the
IRMPD action spectrum although features in the range
1150 to 1250 cm–1 are slightly red shifted in the calculated
spectrum. Although broadened, the intense IR absorption
feature in the range from 1525 to 1650 cm–1 closely
resembles coupling of the calculated bands at 1600 and
1620 cm–1. Contributions from the calculated band at
1490 cm–1 are evident in the broad absorption peak
occurring in the range from 1425 to 1525 cm–1 in the
measured spectrum. Calculated bands at 1150 and
1198 cm–1, while slightly red shifted, match the measured
feature in the range from 1150 to 1250 cm–1. Because the
ground-state tautomer does not contain a free carbonyl
group, a low intensity band occurring at ~1835 cm–1 in
the measured spectrum indicates contributions from one or
more tautomer(s) other than the ground-state. The calculat-
ed band at 1835 cm–1 for the first excited tautomer, B,
matches the band occurring in the measured spectrum well.
Other features calculated for the first excited conformer do
not obviously resemble features observed in the measured
spectrum. However, evidence that these calculated features
contribute to absorption in the IRMPD action spectrum is
indicated by sufficient broadening of the measured features.
For example, calculated bands at 1554 and 1599 cm–1 may
contribute to the broad shoulder on the measured feature
centered at ~1600 cm–1. In the band observed at ~1495
cm–1, two calculated bands at 1449 and 1495 cm–1 seem to
lead to severe band broadening. Similarly, the calculated
band at 1153 cm–1 may broaden the measured feature
occurring in the region between 1150 and 1250 cm–1 in
the IRMPD action spectrum. These comparisons suggest
that the first excited tautomer, B, is present in the
measured IRMPD action spectrum as a minor contributor.
The second excited tautomer, D, also exhibits a carbonyl
stretching peak that could explain the presence of the band
at ~1825 cm–1 in the measured IRMPD spectrum.
Contributions from other calculated bands for the D
tautomer at 1502, 1548, and 1600 cm–1 can also not be
ruled out as a result of significant broadening of the
measured features in this region. Calculated bands at 1151,
1097, and 1120 cm–1 are not apparent in the measured

spectrum. Based on these correlations, the presence of the
D tautomer as a minor contributor cannot be ruled out, but
if present it is only a very minor contributor to the
measured IRMPD spectrum. The third excited conformer,
C, does not closely resemble or obviously contribute to the
measured IRMPD spectrum. If tautomer C were present in the
experiments, the band calculated at 1640 cm–1 would likely
lead to more severe broadening on the blue side of the feature
centered at ~1600 cm–1. Because the band at 1590 cm–1 for the
C tautomer occurs near the middle of the broad absorption
feature observed in the measured spectrum, its presence or
absence cannot be definitively determined. While the calculat-
ed band at 1452 cm–1 may lead to broadening of the measured
feature near ~1495 cm–1, the calculated band at 1147 cm–1 is
absent in the IRMPD spectrum. Minor contributions from the
C tautomer cannot be definitely ruled out. However, it is
unlikely that this tautomer is present in measurable abundance
in these experiments. Convolution of the two bands at 1615 and
1635 cm-1 for the fourth excited tautomer, F, resembles the
measured IR feature occurring at ~1600 cm–1. However, the
calculated feature for the F tautomer is moderately blue shifted
relative to the measured feature. Thus, more severe peak
broadening would be expected if the calculated feature were
contributing to the measured spectrum. Overlapping bands at
1148 and 1185 cm–1 in the theoretical spectrum for the F
tautomer do not obviously contribute to the measured
spectrum. The calculated band at 1102 cm–1 is either absent
or severely red shifted in the measured spectrum, which in the
latter case would lead to it being indistinguishable as a result of
broadening. These relationships suggest that the F tautomer is
most likely not accessed in these experiments.

Comparison of the measured IRMPD spectrum and the
linear IR spectrum of the ground-state A conformer of
H+(6ClU) suggest that the intense IR feature occurring in the
range from 1550 to 1650 cm–1 corresponds N1H in-plane
bending with a shoulder of C–O2H and symmetric ring
stretching. The weak and very broad peak centered at
1490 cm–1 is due to N1H in-plane bending and C–O4H
stretching. The broad IR absorption feature occurring in the
range from 1150 to 1250 cm–1 is due to O2H and O4H in-plane
bending. Again, the weak absorption at 1835 cm–1 corresponds
to O2 carbonyl stretching arising from the B conformer.

Comparison of Proton and Sodium Cation
Binding to Uracil and Modified Uracils

In parallel studies of the protonated and sodium cationized
forms of uracil and thioketo- and methylthioketouracils [15,
17], we determined that both protonation and sodium
cationization result in stabilization of minor tautomers of
these nucleobases. The effects of protonation are more
significant than that of sodium cationization and result in
preferential stabilization of minor tautomers [15]. In con-
trast, the ground-state conformations of the sodium cation-
ized complexes involve the canonical tautomer of the
nucleobase. However, there is evidence for minor tautomers
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of the sodium cationized complexes in several cases [17].
The present results also provide evidence for the preferential
stabilization of minor tautomers upon protonation of the
halouracils. The effects of sodium cationization on the
tautomeric conformations of the halouracils are currently under
investigation in our laboratory. Preliminary results suggest that
the effects of sodium cationization are less dramatic than the
effects of protonation of the halouracils. Sodium cationization
stabilizes minor tautomers, but the ground-state conformations
of these complexes involve the canonical tautomers of the
nucleobase. Combined, these results suggest that protonation is
likely to induce tautomerization of other nucleobases, whereas
weaker noncovalent interactions with sodium cations are less
likely to induce tautomerization.

Conclusions
IRMPD action spectra of the protonated halouracils have
been measured in the range from ~1000 to 1900 cm–1. To
determine the various tautomeric conformations accessed in
these experiments, measured spectra are compared with
linear theoretical IR spectra calculated at the B3LYP/6-31G*
level of theory. Ground-state structures predicted for the
protonated halouracils, H+(5FU), H+(5ClU), H+(5BrU),
H+(5IU), and H+(6ClU) confirm that protonation preferen-
tially stabilizes alternative, noncanonical tautomers of the
halouracils where both of the keto functionalities are
converted to hydroxyl groups. Therefore, the findings of
Salpin et al. [10] and Nei et al. [15] that noncanonical
tautomers of thioketo- and methylthioketouracils, respec-
tively, are stabilized by proton binding hold true for
halouracils as well. Owing to increased stability, non-
canonical tautomers have a greater likelihood of being
present in a distribution of several other conformers.
Consequently, because incorporation of noncanonical nucle-
obase conformers can interfere with nucleic acid synthesis
[26], the presence of proton-stabilized noncanonical halour-
acil tautomers would likely result in an increased probability
that nucleic acid synthesis is disrupted.
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