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Abstract
The tautomerism of aromatic heterocycles is of great interest because it directly affects their
chemical properties and biological function. The tautomerism of 2-pyridone, 6-chloro-2-pyridone,
and 4-pyrimidinone have been examined in D2O using FTIR, two-dimensional IR (2D IR)
spectroscopy and density functional theory (DFT) calculations. Using the 2D IR cross-peak
patterns, the lactim tautomer of 6-chloro-2-pyridone was separated from the lactam tautomer, and
its population was observed to increase with temperature. The equilibrium constant of [lac-tam]/
[lactim] was determined to be 2.1 at room temperature for 6-chloro-2-pyridone. Similarly, the
N1H and N3H lactam tautomers of 4-pyrimidinone were identified with 2D IR. To assign the
vibrational modes of different tautomers, DFT calculations of these chemical species were
performed with explicit water molecules, and the hydration effects on the vibrational frequencies
and intensities were established.
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Understanding the tautomerism of aromatic heterocycles is of great importance in many
areas of chemistry and biology.1–4 Histidine residues are often present in enzyme active sites
because tautomerism of their imidazole rings provides chemical versatility and facilitates
proton transfer in the catalytic steps.5,6 Since the canonical keto-amino forms of DNA
nucleobases define the hydrogen-bonding structure for Watson-Crick base-pairing,
tautomerization can lead to spontaneous mutagenesis when minor tautomers mispair during
replication.7–9

One of the major limitations in identifying minor tautomers is the lack of experimental
methods available for distinguishing interconverting tautomeric species. Tautomers cannot
be separated by simple chemical methods; rather, a non-contact in situ probe is required. For
example, UV-vis spectroscopy has been used extensively.4,10,11 Electronic spectra, although
relatively easy to acquire, are often broad and featureless, which complicates the analysis
when multiple tautomers co-exist. X-ray crystallography cannot determine accurate proton
positions, hence limiting its use for directly identifying weakly populated tautomers.12,13

NMR spectroscopy is sensitive to tautomerizations since different atomic arrangements
result in distinct chemical shifts. However, the observation of minor tautomers in aqueous
solution and at room temperature becomes challenging since the exchange rates between
tautomers can be rapid compared to the NMR time-scale and lead to motional narrowing.14

Improvements on these spectroscopic techniques towards the goal of determining tautomeric
equilibria in water are crucial to understand relevant processes under physiological
conditions. Finally, we note that quantum mechanical calculations are an important tool for
comparing the relative stability of tautomeric systems;15,16 nevertheless, their predictions
have not been tested extensively against experiment. Different levels of theory can lead to
calculated energy differences of as much as 5 kcal/mol, and variation in the relative stability
of species.17,18

Two-dimensional infrared spectroscopy (2D IR) is an emerging molecular vibrational
spectroscopy which can be used to characterize tautomeric equilibria. These experiments use
sequences of ultrafast IR pulses to characterize vibrational couplings, which appear as cross-
peaks in 2D IR spectra.19 The distinct cross-peaks originating from different tautomers in
2D IR spectra enable unambiguous peak assignments that are often not possible in the
congested FTIR or Raman spectra. Furthermore, the intrinsic picosecond time-resolution
means that these measurements can potentially characterize the time-scale of tautomer
exchange processes.

Here we describe the capability of 2D IR spectroscopy to characterize tautomeric equilibria
using a study of keto-lactam to enol-lactim tautomerization in 2-pyridone derivatives. 2-
pyridone has been regarded as the prototype for the keto-enol tautomerization in
heterocycles.4,10,17 We focus on 2-pyridone and 6-chloro-2-pyridone to discuss the spectral
signatures of the lactam and lactim tautomers. We chose these two model compounds to
benchmark with existing experimental and computational results, and also to examine the
agreement between the experimental IR spectra and DFT calculations. We study 4-
pyrimidinone as an application to systems with multiple lactam tautomers.

The chemical structures of the possible tautomers of the molecules studied, along with their
FTIR and 2D IR spectra at room temperature in D2O, are shown in Figure 1. Each resonance
in a 2D IR spectrum appears as a doublet with a positive peak (red) originated from the
fundamental vibrational 0–1 transition, and a negative peak (blue) due to the 1–2 transition.
The diagonal features correspond to the vibrational modes seen in the FTIR spectrum.
Cross-peaks in the off-diagonal region correlate the vibrational excitation (ω1) and detection
(ω3) frequencies, which allow the separation of different chemical species in a mixture.
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Previous 2D IR work on nucleic acid bases in the in-plane base vibration region has shown
that clear cross-peaks can be observed between all of the diagonal peaks due to the
delocalized nature of these in-plane C=O and ring vibrations in the aromatic system.20

The infrared spectra of 2-pyridone from 1500 cm−1 – 1700 cm−1 display three well-
separated peaks at 1643 cm−1 (A1), 1560 cm−1 (A2), and 1541 cm−1 (A3). In general,
vibrational modes with high intensity and frequency > 1640 cm−1 can be assigned to C=O
stretching; therefore A1 is expected to be the carbonyl stretch of the lactam tautomer 1b.
Additionally, since prominent cross-peaks exist between all three modes in the 2D IR
spectrum, these vibrational modes are attributed to the same chemical species, the lactam
tautomer 1b. The presence of a monomeric species is confirmed with concentration
dependence study and UV-vis absorption (SI), as well as studies in varying organic solvents
(data not shown). The monomer/dimer equilibrium of 2-pyridone is dependent on solvent
polarity,21–23 with monomers and dimers predominating in polar and non-polar solvents,
respectively.

To assign the three observed vibrational resonances in Figure 1A to 1b, DFT calculations of
deuterated 1b and 1a (2-hydroxypyridine) were performed using B3LYP/6-31G(d,p). Figure
2 shows the calculated IR spectra of 1b with zero, one, and two explicit D2O molecules
making hydrogen-bonds (H-bonds) to the oxygen and nitrogen atoms (calculated
frequencies and energies are tabulated in SI). The calculated frequencies and intensities for
1b with two explicit D2O molecules match experiment very well. This allows us to conclude
that 1b is the major species for 2-pyridone under the experimental conditions. This is
consistent with previous findings that the lactam-lactim equilibrium shifts to lactam in polar
solvents such as water.23,24

The importance of including explicit water molecules for describing the vibrational spectra,
especially the two higher frequency modes A1 and A2, can be illustrated by looking at the
normal mode composition in these calculations. We find that all three modes are highly
delocalized with C=O stretch strongly mixed with the ring vibrations. Although A1 is
predominately C=O stretch, as the number of D2O molecules hydrogen bonded to the
oxygen increases from 0 to 2, the A1 frequency red-shifts from 1713 cm−1 to 1646 cm−1,
and its ring breathing mode character increases. Dramatic red-shifting and intensification
were also observed for A2. Frequency shift and intensity variation upon hydration have also
been observed in DFT calculations of DNA base-pairs.25 On the other hand, A3, a ring
deformation mode consisting of symmetric C=C stretches, is less affected by solvation.
These results not only show the influence of water on vibrational frequencies, but also
provide evidence for the presence of a bridging water molecule that facilitates the proton
transfer induced exchange between 1a and 1b.

Substituents on aromatic heterocycles are known to shift the tautomeric equilibrium, and the
addition of chloride at the 6 position was found to increase the lactim population.23,26 We
therefore investigated the IR spectral signatures of 6-chloro-2-pyridone (2b) and its lactim
tautomer, 6-chloro-2-hydroxypyridine (2a). The FTIR spectrum of 6-chloro-2-pyridone
shows 4 bands of which the B1, B3, and B4 peak frequencies and 2D IR lineshapes are close
to those of the parent 2-pyridone, suggesting that these peaks may arise from the lactam
tautomer. Interestingly, the 2D IR spectrum shows that the 1591 cm−1 peak (B2) has no
cross-peaks to the three peaks mentioned above, indicating that this vibrational mode
originates from a separate species. IR harmonic frequencies and amplitudes of 2a and 2b
with two solvating D2O molecules were computed and shown in Figure 3. There is a good
correspondence with the experimental spectra where the three measured peaks at 1637 cm−1

(B1), 1550 cm−1 (B3), and 1528 cm−1 (B4) match well with the calculated modes for 2b at
1642 cm−1, 1568 cm−1, and 1506 cm−1. Likewise, the experimental 1591 cm−1 (B2) peak
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can be assigned to the calculated 1593 cm−1 peak for the lactim tautomer 2a. The second
calculated band for 2a was not observed experimentally, most likely due to the lower
oscillator strength and the low population of 2a. In addition, this peak overlaps with B3 and
B4 peaks in 2b in a congested spectral region that would also make it difficult to be
detected. The 2D IR spectrum of 6-chloro-2-pyridone clearly reveals the existence of two
chemical species, and by comparing the experimental spectra to DFT calculations, we
assigned the two species to be the lactam and lactim tautomers hydrogen-bonded with D2O.
IR spectroscopy has been used in the gas phase to identify the lactim tautomer by detecting
the O-H stretching vibration. This approach is not feasible in aqueous systems since the
water O-H signal dominates. The identification of the distinct lactim vibration in the
fingerprint region therefore provides an alternative means of characterizing the lactim
tautomer.

Temperature-dependent FTIR spectra of 6-chloro-2-pyridone (Figure 4A) show gain of the
B2 peak and loss of the other three peaks, providing evidence that the ratio of lactim to
lactam population increases with temperature. For the temperature-dependent 2D IR spectra
(Figure S6), we performed singular value decomposition (SVD), which linearly decomposes
the spectra and encapsulates the major spectral changes in response to temperature in the
second spectral component (Figure 4B). Similar observations were found with a gain of the
2a peak (red dotted ellipse) and loss of 2b diagonal and cross-peaks. Integrating the FTIR
peak intensities under bands B1 and B2 allows a thermodynamic analysis of the tautomerism
within a simple two-state picture (see SI). The resulting temperature dependent tautomer
populations are shown in Figure 4C. At room temperature, the equilibrium constant Keq =
[2b]/[2a] = [lactam]/[lactim] was found to be 2.1 and in agreement with the value reported
by Forlani and coworkers.23 Fitting the Arrhenius equation resulted in ΔH = −3.3 kcal/mol
and ΔS = −9.8 cal/mol·K for the lactim to lactam conversion.

In addition to the tautomer equilibria, changes of the lactam hydration environment were
also captured in 2D IR spectra. On the diagonal, Figure 4B shows that both B1 and B3 peaks
are lost with temperature, but that this loss originates from the red-side of the lineshape, and
is accompanied by some gain on the blue side (marked by purple arrows). This spectral
feature corresponds to a blue-shift of the peak that is consistent with the weakening and
disruption of the H-bonds around the molecule. A blue-shift of 12 cm−1 of the C=O peak
can be compared to the amide car-bonyl red-shifts of ~ 16 cm−1 with the each addition of a
H-bond to oxygen.27,28 Similar to 2-pyridone, DFT calculations show that the two higher
frequency modes of the lactam tautomer 2b red-shift with increasing number of H-bonds to
the carbonyl, whereas the modes of the lactim tautomer 2a are less affected (Figure S4).

2D IR spectrum of 4-pyrimidinone (Figure 1C) demonstrates how different lactam tautomers
can be distinguished. 4-pyrimidinone is structurally similar to 2-pyridone with the
replacement of C by N at the para- position of the carbonyl. Therefore, besides the lactim
tautomer (3a), 4-pyrimidinone can exist in two different lactam forms depending on which
N atom is protonated: the N1H lactam (3b) and N3H lactam (3c) tautomers. The FTIR
spectrum of 4-pyrimidinone is distinct from those of 2-pyridone and 6-chloro-2-pyridone,
most noticeably by the two carbonyl peaks at 1654 cm−1 (C1) and 1646 cm−1 (C2). This
spectral feature is also reflected by the well-separated diagonal peaks in the 2D IR spectrum.
As demonstrated earlier, the diagonal line-width reports the degree of solvent exposure since
different surrounding environment leads to frequency distribution that results in peaks
elongating along the diagonal. As a consequence, the C=O peak splitting can potentially be
due to different solvent configurations around the carbonyl group which differ by one
hydrogen bond to the C=O on average.29 However, the distinct cross-peak patterns of these
two diagonal peaks to the 1503 cm−1 (C6) mode rule out this possibility, and indicate that
they are two separate chemical species. The DFT calculations of the three tautomers 3a–3c
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with explicit solvent molecules predict that the carbonyl stretching mode of 3b is 5 cm−1

lower than that of 3c (see SI). Furthermore, the calculations show that, besides both lactam
tautomers sharing a peak at ~ 1520 cm−1, 3b has a distinct mode at 1439 cm−1 whereas 3c
has a peak at 1578 cm−1. These results are consistent with the cross-peak patterns seen in the
experimental 2D IR spectrum, where cross-peaks are observed between the C5 peak and
both C=O peaks, in addition to the distinctive cross-peaks at (ω1, ω3) = (1503 cm−1, 1646
cm−1) and (1593 cm−1, 1654 cm−1). Therefore, we assign C1 and C2 to 3c and 3b,
respectively. Comparing the experimental spectra and DFT calculations, we did not detect
significant lactim tautomer. This is in agreement with previous IR results of 4-pyrimidinone
in CCl4 where an equilibrium constant of 0.012 was measured using [OH]/[NH].30

However, despite the general agreement between the DFT calculations and experimental
spectra, we observed a larger intensity mismatch at 1590 cm−1 compared to the cases of 2-
pyridone and 6-chloro-2-pyridone. The additional intensity is likely contributed by some
amount of deprotonated 4-pyrimidinone, as shown by the pH = 13 spectrum in Figure S8.

In summary, we have demonstrated the capability of 2D IR spectroscopy in identifying the
lactam and lactim tautomers in aromatic heterocycles using the distinctive cross-peak
patterns. The observation of a ring vibrational marker for the lactim tautomer in the
fingerprint region offers a way to probe the lactim tautomer in aqueous solution where water
signal dominates in the O-H or O-D stretching region. We concluded that 2-pyridone exists
mainly in the lactam form. 6-chloro substitution of 2-pyridone shifts the tautomeric
equilibrium towards the lactim tautomer, and the fraction of this form increases with
temperature. We have also observed that the N1H and N3H lactam tautomers of 4-
pyrimidinone lead to frequency shifts of the carbonyl group and different cross-peak
patterns. We should note that in principle, the equilibrium distribution can be obtained solely
with FTIR once the assignment has been determined with 2D IR spectra and if the peaks are
well-separated. The analysis presented here thereby provide a starting point to further
develop 2D IR spectroscopy into a complementary technique to add to the existing toolbox
in probing tautomerism in complex biological systems. Relevant biological processes take
place in aqueous solutions, and water facilitates proton transfer by forming water bridges.
With the intrinsic ultrafast time resolution and the capability of fast triggering technique
such as photo-initiation or temperature-jump, transient 2D IR spectroscopy will offer
insights into the dynamics of proton transfer during tautomerization. Such studies will help
to explain phenomena such as preferential ligand recognition, spontaneous mutation, and
enzyme catalytic functions.

EXPERIMENTAL METHODS
Chemicals were purchased from Sigma-Aldrich and used without further purification. The
samples were dissolved in 100 mM phosphate buffer (pH = 7.4) in D2O at 5–10 mg/ml. For
IR measurements, 25 μL of sample solution was sandwiched between two 1 mm thick CaF2
windows that are separated by a 50 μm Teflon spacer. Absorptive 2D IR spectra were
collected using a 2D IR spectrometer as describe in detail previously.31 The waiting time
(τ2) between the first two pulses and the third pulse was fixed at 150 fs. The coherence time
between the first and the second pulse was scanned in 4 fs steps from −60 fs to 3.0 ps and
2.4 ps for rephasing and non-rephasing spectra, respectively. The coherence time (τ1) was
Fourier-transformed to obtain the first frequency axis ω1. The heterodyned signal was
dispersed in a monochrometer to obtain the ω3 frequency dimension and collected using a
64 × 2 pixel mercury-cadmium-telluride (MCT) array detector. Linear absorption from the
solvent and solute was divided out along both the ω1 and ω3 axes to remove spectral
distortions.32
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of possible tautomers (top), FTIR (middle) and 2D IR spectra (bottom)
for: (A) 2-pyridone; (B) 6-chloro-2-pyridone; (C) 4-pyrimidinone. The IR spectra were
taken at 23° C and in D2O (phosphate buffer at pH = 7.4). The 2D IR spectra, acquired with
all-parallel polarization (ZZZZ), were normalized to the maximum of absolute value, and 25
equally spaced contours from −1 to 1 were plotted. 2D IR spectrum of 4-pyrimidinone have
been scaled by x2.5 for frequencies < 1605 cm−1 to allow better visualization of the cross-
peaks.
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Figure 2.
DFT calculated FTIR spectra of 2-pyridone with different number of explicit D2O
molecules: 0 (blue), 1 (green) and 2 (red). All peak line-shapes were generated by
convoluting stick spectra with a Gaussian profile with σ = 5 cm−1.
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Figure 3.
DFT calculated FTIR spectra of the lactam (blue) and lactim (red) tautomers of 6-chloro-2-
pyridone with two explicit D2O molecules.
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Figure 4.
Temperature dependence of 6-chloro-2-pyridone. (A) FTIR from 10oC (blue) to 90° C (red).
(B) The second component spectrum calculated from the SVD analysis of the temperature
dependent 2D IR spectra. (C) Populations of the lactim (2a, red circle) and lac-tam (2b, blue
square) tautomers determined from the temperature-dependent FTIR. The solid lines are fits
to Equation S3. (D) Arrhenius plot.

Peng and Tokmakoff Page 11

J Phys Chem Lett. Author manuscript; available in PMC 2013 October 24.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text


