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Abstract: Infrared and Raman spectroscopy in H2O and D2O and quantum Density Functional calculations
were used to determine the structure of histamine free-base in aqueous solution. A quantum mechanical
study of the tautomeric equilibrium of histamine free-base in solution was performed at the 6-311G** level.
Electronic correlation energies were included by using the hybrid functional B3LYP. The solvent was
simulated as a continuum characterized by a dielectric constant, and the quantum system (solute) was
placed in an ellipsoidal cavity. Solute-solvent electrostatic interaction was calculated by means a multipolar
moment expansion introduced in the Hamiltonian. Four relevant histamine conformations were optimized
by allowing all the geometrical parameters to vary independently, which involved both the gauche-trans
and the N3H-N1H tautomerisms. The calculated free energies predicted N3H-gauche as the most stable
one of histamine free-base in solution. The order of stability is here completely altered with respect to
previous results in gas phase, which presented the N1H-gauche conformer as the most stable structure.
Our results also differ from previous Monte Carlo simulations, which obtained the N3H-trans conformer as
the most stable in solution, although in this case, the histamine structures were kept frozen to the gas-
phase geometry. Vibrational spectroscopy results support theoretical ones. Quadratic force fields for the
four histamine conformers were achieved under the same calculation methodology. Previously, a general
assignment of the infrared and Raman spectra of histamine free-base was proposed for solutions in both
natural and heavy water. This allowed us to compare the experimental set of both wavenumbers and infrared
intensities with the calculated ones. The lowest quadratic mean wavenumber deviation was obtained for
the N3H-gauche conformer, in agreement with the free-energy calculations. Calculated infrared intensities
were also compared to the experimental intensities, supporting this conformer as the relevant structure of
histamine free-base in solution. It was then selected for a complete vibrational dynamics calculation, starting
with a low-level scaling procedure to fit the set of calculated wavenumbers to the experimental values. The
results were presented in terms of quadratic force constants, potential energy distribution, and normal
modes.

Introduction

Biogenic amine histamine (2-aminoethyl imidazole) is a
simple molecule involved in several defense mechanisms of the
body.1 It is widely distributed in both vegetal and animal
kingdoms, from unicellular to superior organisms.2 The biologi-
cal activity of histamine is related with specific receptors on
the cell membranes,1,3 having different responses depending on
the receptor. The interaction with H1 receptors stimulates muscle
contraction, vasodilatation, drop in blood pressure, etc. The
interaction with H2 receptors stimulates stomach secretions,
heart rhythm regulation, immunological reactions, etc.4,5 Recep-

tors H3 are involved in nervous transmission.6 The relationships
between histamine and allergies have been clearly established,
as histamine is released when the body is invaded by external
agents.1 These important functions have aimed investigators
toward the synthesis of related molecules that reproduce some
of the histamine biological activity; thus, chlorpheniramine
(gamma-(4-chlorphenyl),N,N-dimethyl-2-pyridinpropano-
amine) has demonstrated to efficiently act in some allergic
processes.7 Interaction of these biogenic and synthetic amines
with DNA, leading to conformational transitions, condensations,
and other structural changes, has been proposed to explain some
of their biological roles.8-12
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The histamine molecule in aqueous solution is the result of
a multiple acid-base equilibrium. The free-base, or neutral
histamine, can accept one of two protons to give histamine
monocation or dication, respectively. As a consequence, the pH
of the medium and the two pK’s of histamine establish the
concentration ratios among the three species. At pH values
between 6.5 and 8.5 the predominant species, is the monocation
(more than 80%), whereas at a pH lower than 5 that is the
dication. At pH values greater than 10, the predominant species
is the free-base. Only at an extremely basic pH, histamine rejects
a proton giving the anion. On the other hand, both the
monocation and the neutral form are able to exist in two
tautomers, generated from the translation of the imidazole acidic
hydrogen between the two nitrogen atoms. The biological
significance of the histamine tautomerism has been demonstrated
because it plays an important role in the mechanism of activation
for H2 receptors.13,14The proposed mechanism, which has been
theoretically supported from ab initio calculations,15 involves
the change in tautomeric preference when the positive charge
of the side-chain is neutralized as a consequence of the
interaction with the receptor.

In previous papers, we paid attention to the cationic species
of histamine, which were studied from both the structural and
the vibrational points of view. Vibrational spectra for solid16,18

and solved17,18 samples, including deuterated derivatives, in
combination with quantum mechanical calculations17 were
performed. Solvent effects were simulated by means of a
continuum model in which the solute is placed in an ellipsoidal
cavity adapted to its form and size. Harmonic Cartesian force
constants were evaluated using ab initio methodology at the
6-31+G* level. Electronic correlation was also included from
the density functional theory (DFT),19 which allows us for
reliable correlation energies at computational costs significantly
lower than the models based on the perturbation theory (Moller-
Plesset, MP). In this paper, we have focused our attention on
the neutral form.

No clear evidence has been previously achieved about the
more stable conformers of neutral histamine in solution. As
previously mentioned, two tautomeric forms can be expected
for this molecule, usually named Nπ (or N1-H) and Nτ (or N3-
H), Figure 1, which differ on the relative position of the
imidazole N-H bond respect to the side-chain. In addition, the
structural flexibility of the side-chain allows it to adopt several
conformations with respect to the imidazole ring. They have
been classified into two main groups, named as trans (or
extended) and gauche (or scorpio). Only one of these, the Nπ-
gauche tautomer, has the possibility of forming an intramolecular
hydrogen bond between the imidazole N-H group and the N
atom of the amino group. This fact makes it the most stable
conformer of neutral histamine in gas phase, as theoretically

demonstrated.20-22 However, the rotational spectra of an isolated
histamine molecule allowed detection of both Nπ and Nτ species
among the four more stable conformers.20 We would like to
emphasize that all of them were gauche and had very similar
energies. This result was expected because of the absence of
surrounding. In solid state, the strong intermolecular inter-
actions usually froze a single structure. Thus, an X-ray diffrac-
tion study on crystals of histamine free-base23 has demonstrated
that the Nπ-trans tautomer is the only species existing in solid
state. The imidazole ring is a plane, and there are hydrogen
bonds between the imidazole N-H group and the amino group
of two adjacent molecules.

The only experimental work on the structure of neutral
histamine in aqueous solution was reported in the 1970s from
13C nuclear magnetic resonance spectroscopy.24 The results
indicated preference of the Nτ tautomer, which also was the
predominant form of the monocation in solution.25 However,
the ratio of the Nτ to Nπ tautomers appeared to be much greater
for the monocation than for the free-base.26 Theoretical cal-
culations reported so far have given some contradictory
results,13,20-22,27-28 and the question about which is the most
stable structure of neutral histamine in solution remains open.
In the present work, we have performed quantum mechanical
calculations, including electronic correlation energies and a
continuum solvent model, on the structural properties and
vibrational dynamics of different tautomeric forms of this
molecule. Scaled quantum mechanical (SQM) force fields have
been computed in order to compare the theoretical vibrational
wavenumbers to those experimental. A general assignment of
the fundamentals of neutral histamine in aqueous solution is
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Figure 1. Two tautomeric forms of neutral histamine showing atom
labeling.
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proposed on the basis of the isotopic shifts upon deuteration
and the reported assignments for the cationic species.16-18 The
paper has been organized as follows: first, we give the
experimental and computational methodology, and second, the
results are discussed in three sections, concerning (i) the
structural properties (energies, geometrical parameters, charge
distribution, etc.) of the selected tautomers, (ii) the experimental
infrared and Raman spectra of histamine in solution of H2O
and D2O, giving a general assigment of the observed bands,
and (iii) a comparative vibrational study of the tautomers, in
terms of vibrational wavenumbers and infrared intensities, taking
into account the results obtained in the precedent section. Third,
the lower energy conformer was selected to refine the ab initio
force field to fit the calculated wavenumbers to those experi-
mental. The results were presented in terms of normal modes,
potential energy distribution and diagonal force constants.

Experimental Methods

Histamine free-base was purchased from Aldrich (99% purity), and
was used without further treatment. Aqueous solutions at a concentration
1 M were prepared by using alternatively triply distilled water and
deuterium oxide (99.9 atom % D, Aldrich). Taking into account the
pK values of histamine free-base,29 only 0.5% of the neutral molecules
underwent to the monocation at the concentration used, giving rise to
a final pH of about 11.5, as experimentally checked. This fact ensured
therefore that the vibrational spectra of these solutions corresponded
to neutral histamine.

Fourier transform infrared (FT-IR) and Raman (FT-Raman) spectra
were recorded at the room temperature by means of a Bruker Equinox
55 spectrometer, purged with dry nitrogen. FT-IR spectra were obtained
in a demountable cell for liquids and using a potassium bromide beam
splitter. Suitable windows for aqueous solutions, made in calcium
fluoride (1700-900 cm-1 region) and KRS-5 (1100-500 cm-1 region),
were used. FT-Raman spectra were obtained using excitation radiation
at 1064 nm from a Nd:YAG laser working at 500 mw; the samples
were placed in a mirrored quartz cuvette and a calcium fluoride beam
splitter was employed. A minimum of 500 scans was accumulated for
all the spectra, at a resolution better than 2 cm-1.

Theoretical Calculations
The solute-solvent electrostatic interaction was simulated employing

the continuum model of Rivail et al.30-32 In this model, the liquid was
assimilated to a continuum characterized by a dielectric constant (78.4
for water). The quantum system was then placed in an ellipsoidal cavity
whose volume was obtained by means of an empirical relation.33 The
electrostatic interaction was calculated using a multipolar moment
expansion (up to sixth order) introduced in the Hamiltonian of the
system. The analytical derivatives of this electrostatic term were
evaluated leading to an efficient geometry optimization procedure.34

Geometries were optimized using the redundant coordinate algorithm.35

Cartesian force constants in solution were calculated at the fully
optimized geometry using analytical second derivatives.36 All of the

calculations have been carried out using the hybrid functional B3LYP37,38

and the 6-311G** basis set.39,40 The GAUSSIAN98 package of
programs41 was employed. For consideration of continuum solvent
effects an extra link42 has been added. Nonelectrostatic contributions
to the solvation free energy (dispersion/repulsion and cavitation) were
calculated on the optimized structures according to the procedure of
Tomasi et al. as implemented in GAUSSIAN98.41 The relative value
of these contributions was in any case less than 0.3 kcal/mol.
Translational, rotational, and vibrational free energy contributions and
zero-point energies were obtained using standard formulas.

Infrared absorption intensities were evaluated from the atomic polar
tensors.43 The Cartesian force constants were transformed into a set of
nonredundant locally symmetrized internal coordinates, defined ac-
cordingly to the Pulay methodology.44 This allows for a more useful
description of the vibrational potential energy and makes further
calculations easier. Quadratic force fields in internal coordinates were
uniformly scaled with a single factor for all the conformers, which
allowed for a direct wavenumber comparison. The force field for the
most stable histamine conformer was further scaled with three generic
factors in order to achieve a reliable set of theoretical wavenumbers.
This refinement process introduced negligible changes in both the
normal mode descriptions and the infrared intensities. Wavenumbers
and normal coordinates were calculated by the Wilson FG matrix
method.45

Results and Discussion

Structural Study. Starting from previous results20-22 the
lowest gas-phase energy gauche and trans conformers at the
two tautomeric structures of the imidazole ring were selected
as good candidates to begin our search of stationary structures
in solution. The trans and gauche conformers of the Nπ tautomer
have been labeled as t1 and g1, respectively, whereas the trans
and gauche conformers of the Nτ tautomer have been labeled
as t3 and g3, respectively. The optimized structures in solution
are shown in Figure 2. The trans conformers present a
C5C9C12N15 dihedral angle close to 180°, whereas in the
gauche conformers this last dihedral angle is lower than 90°.

Some relevant geometrical parameters of the four studied
structures optimized in the gas phase and in solution are given
in Table 1. For the g1 conformer, the most noticeable change
upon solvation is found in the strengthening of the intramo-
lecular hydrogen bond established between the ring nitrogen
atom and the amine nitrogen of the tail (N15). This strengthen-
ing, reflected in the shorter distances obtained in solution, has
been also obtained in the case of the intramolecular hydrogen
bond established in the neutral form of glycine in solution and
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is a consequence of a solvent induced intramolecular charge
separation.46 An increased electrostatic interaction is thus found
between the donor and acceptor hydrogen bond atoms (the
Mulliken charges of the hydrogen atom and the N15 atom are
increased, in absolute value, from 0.23 and-0.48 au in the gas
phase, to 0.29 and-0.56 au in solution, respectively). In the
case of the g3 conformer we have noticeable changes in the
dihedral angles which describe the relative position of the tail,
when passing from vacuum to the continuum. The N1C5C9C12
dihedral angle is increased from-59.26° in the gas phase to
-107.66° in solution. In this way the amine group moves away
from the imidazole ring plane. This is a solvent-driven change
that leads to a weaker intramolecular hydrogen bond with the
nitrogen atom of the ring (see the values of the associated
distances in Table 1). This is nevertheless compensated with a
better solvent exposure and thus with a better intermolecular
interaction with the solvent molecules (in this case with the
continuum). We have verified that the optimized gas-phase
structure is not a stationary structure in solution and, conversely,
the in solution optimized structure is not stationary in absence
of the continuum. Minor changes are found in the geometrical
parameters of t3 and t1 conformers when solvated. The
N1C5C9C12 dihedral angle is increased, in absolute value, by
about 10 degrees in both cases, the C5C9C12 plane being more
perpendicular to the imidazole ring in solution. Table 1 also
contains the dipole moments of the four structures in the gas
phase and solution. In solution, g3, t1, t3 have similar dipole
moments, whereas g1 has the largest value.

Gas phase and aqueous solution relative free energies are
given in Table 2. For comparison, we have also included

previously published gas-phase MP2/6-311++G**//HF/6-31G*
free energies and the relative free energies obtained from Monte
Carlo statistical simulations of the four conformers.21 Our
B3LYP/6-311G** gas-phase free energies are in very good
agreement to those of ref 21. The g1 conformer, which present
the strongest intramolecular hydrogen bond, is the most stable
structure, followed by g3, which also presents an intramolecular
hydrogen bond, and finally by t3 and t1. The free energy
ordering is completely changed in solution. Monte Carlo
simulations, in which the structures were kept frozen to the gas-
phase geometry, predicts the t3 conformer as the most stable in
solution while our prediction is that g3 is the most stable one.
Our result is in agreement with previous continuum model
calculations at similar computational levels.22 Both results,
continuum model and statistical simulations agree with the
experimental observation that the Nτ tautomer predominates in
solution,24 but the experimental technique is not able to
distinguish between the trans and gauche conformer. However,
we can rationalize the differences found between our results
and previously published Monte Carlo free energies in solution.
An obvious explanation for this difference is that in these last
Monte Carlo calculations the geometry of the neutral histamine
was kept frozen at the gas-phase structure, whereas our
continuum calculations include the nuclear relaxation under the
solvent influence. As said, g3 suffers important geometrical
changes upon solvation. In fact, punctual calculation on the g3
structure showed that the gas-phase geometry in solution is 2.9
kcal/mol above the optimized structure. This will explain why
the aforementioned simulations do not predict the g3 conformer
as the most stable one in solution. In fact, as we have mentioned
above, the gas-phase geometry is not an energy minimum in
solution. There is an additional difference between our results
and those obtained from the Monte Carlo simulations: the
overestabilization of the trans conformers with respect to the

(46) Tortonda, F. R.; Pascual-Ahuir, J. L.; Silla, E.; Tun˜ón, I.; Ramı´rez, F. J.J.
Chem. Phys.1998, 109, 592.

Table 1. Geometrical Parameters (distances in Å, angles in degrees) and Dipole Moments (in Debyes) for the Four Structures Studied of
Neutral Histamine in Solution and Gas Phase

g1 g3 t3 t1

solution gas phase solution gas phase solution gas phase solution gas phase

N1C5C9C12 -43.85 -43.70 -107.66 -59.26 -78.17 -66.90 -81.58 -70.71
C5C9C12N15 62.733 65.04 59.36 67.21 -179.86 176.53 -176.25 -179.03
C9C12N15H16 -167.57 -171.47 -48.33 -49.84 -58.67 -59.99 -58.30 -57.58
C9C12N15H17 74.75 71.52 63.33 64.78 56.22 57.13 57.38 60.28
N(ring)-H6 1.020 1.015 1.013 1.007 1.010 1.007 1.011 1.008
N15-H16 1.016 1.015 1.017 1.017 1.017 1.016 1.016 1.016
N15-H17 1.017 1.017 1.017 1.018 1.017 1.016 1.017 1.016
N‚‚‚H 2.096 2.174 3.008 2.340
N15‚‚‚N(ring) 2.833 2.878 3.648 3.106
N15-H‚‚‚N(ring) 127.32 124.90 121.82 131.14
µ 7.26 5.70 5.02 4.54 5.15 4.13 5.16 3.57

Figure 2. Optimized structures for the four relevant histamine conformers
in this work.

Table 2. Relative Free Energies (kcal/mol) for the Studied
Structures of Neutral Histamine in the Gas Phase and in Solution

gas phase aqueous solution

structure B3LYP/6-311G**a MP2/6-311++G**//HF/6-31G*b continuuma Monte Carlob

g1 0.0 0.0 0.0 0.0
g3 1.54 1.80 -1.96 -1.94
t1 3.04 3.20 0.60 -1.28
t3 2.06 2.28 0.15 -3.08

a This work. b Reference 21.
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gauche in this last kind of calculations. In this case, the
difference can be due to the set of atomic charges of the
intermolecular potential used in the simulations. Table 3 shows
these charges (which are the same for all the conformers/
tautomers) together with the Mulliken and CHELP47 charges
obtained from our solution wave function of structure t3.
Although the imidazole ring, C12 and C9 charges of the
potential function employed in the simulation are close to the
Mulliken values, the charges of the amine nitrogen and hydrogen
atoms are closer to the CHELP charges. These charges are
larger, in absolute value, than the Mulliken atomic charges.
Thus, we believe that the charges used in the intermolecular
potential function could favor the trans conformation, where
the amine group is more exposed to solvent interactions. In fact,
the authors pointed out that the charges of the amine group and
the rest of the molecule were taken from different potentials.21

Obviously, the difference between conformers/tautomers is so
subtle that other effects, which have been not fully explored in
our present continuum calculations, cannot be discarded as
possible error sources. However, we believe that our results,
which predict the gauche conformers as more stable in solution
than the trans ones, are reliable. In particular, we propose g3
conformer as the most populated structure in solution and thus
the best candidate, from an energetic point of view, to compare
the theoretical and experimental vibrational spectra.

It is also worth to mention the different dipole moments found
for the g1 and g3 structures, which are those structures predicted
as the most stable in solution. This can be important in order to
analyze the observed vibrational spectra, as far as it can result
in very different intensities. One could ask why being g1 the
most stable structure in the gas phase and the structure with
the largest dipole moment, this is not the most stable structure
in solution. The reason is found in higher-order multipole
contributions to the solvation free energy. In particular, the
dipole/quadrupole contributions to the solvation free energy of
g1 and g3 are-5.01/-0.97 kcalmol-1 and-3.05/-6.01 kcal/
mol, respectively.

Although the prevalence of the g3 conformer has been
established in terms of nonespecific solvent effects, this structure
could be also stabilized by means of a bifunctional water
molecule. Using the same computational level, we have localized
a minimum energy structure for the a complex of a water
molecule and g3, where the water molecule forms two hydrogen
bonds with histamine: it acts as proton donor with the nitrogen
atom of the ring (the N1‚‚‚H(water) distance being 1.942 Å)

and as proton acceptor with the NH2 group (the O(water)‚‚‚H17
distance being 2.217 Å). Bifunctional water molecules are
known to play an important role stabilizing molecular structures
in solution,48 most probably due to hydrogen bond cooperative
effects. In this complex, the geometry of the g3 conformer
remains essentially the same as found in the continuum model.
Interestingly, the free hydrogen atom of the amine group, the
one that does not interact with the water molecule, is still
oriented toward the nitrogen atom of the ring, being the
N1‚‚‚H16 distance 2.782 Å, in between of the values obtained
for the gas phase and in solution optimizations of the histamine
g3 conformer. The optimized geometry of the g3-water complex
is given as Supporting Information. As a further test for the
stability of g3 structure in aqueous solution, we have run an
AM1/TIP3P NVT molecular dynamics simulation at 300 K with
1027 classical water molecules using DYNAMO.49 The system
was equilibrated during 30 ps constraining the N1‚‚‚H16
distance to 2.8 Å. After this, the constraint was removed and
we carried out 20 ps of production during which neutral
histamine always kept the geometry of g3 conformer. The N1-
H16 distance ranged between 2.2 and 3.4 Å with a mean value
of 2.82 ( 0.28 Å.

Infrared and Raman Spectra.We have computed harmonic
force fields for the histamine tautomers studied. To compare
the predicted vibrational spectra with the experimental results,
we need a reliable assignment of the histamine infrared and
Raman spectra in solution. The FT-IR and FT-Raman spectra
of neutral histamine in H2O and D2O are displayed in Figure 3.
The observed wavenumbers, relative intensities and proposed
assignments are summarized in Table 4 for natural histamine
and its N-deuterated derivative. The assignments were referred
to commonly used locally symmetrized vibrational modes,50

which can be easily correlated with characteristic group wave-
numbers. Main criteria for assignments were the isotopic shifts
upon deuteration and correlations with previous vibrational
studies in solution on histamine species.17,18 Results from the
normal mode calculations were only used when the experimental
data are not able to discriminate among putative assignments,
which largely happened in the spectral region below 1000 cm-1.

Theν(CH2) andν(CH) wavenumbers measured for histamine
free-base in solution can be compared with those reported for
histamine monocation.17 Thus, while maximal deviation for the
imidazole C-H stretching modes was 13 cm-1 (0.4%), the
methylene wavenumbers were significantly higher for the
monocation than for the free-base. This fact evidences the
structural similarities between the corresponding aromatic rings,
as aforementioned, whereas the different charge distributions
of the side-chains give rise to rather different wavenumbers for
the methylene stretching vibrations. A similar comparison can
be also achieved from the vibrational spectra of solid histamine
free-base51 and histamine monohydrochloride.16

The Raman spectrum of neutral histamine in H2O solution,
Figure 3, showed two close bands around 1580 cm-1, which
have been confirmed in the corresponding infrared spectrum.
The one at lower intensity, namely at 1587 cm-1, did not appear

(47) Chirlian, L. E.; Francl, M. M.J. Comput. Chem.1987, 5, 129.

(48) Carlson, H. A.; Jorgensen, W. L.J. Am. Chem. Soc.1996, 118, 8475.
(49) Field, M. J.; Albe, M.; Bret, C.; Proust-de Martin, F.; Thomas, A.J. Comput.

Chem. 2000, 21, 1088.
(50) Wilson, E. B.; Decius, J. C.; Cross, P. C.Molecular Vibrations; McGraw-

Hill: New York, 1955.
(51) Bellocq, A. N.; Garrigou-Lagrange, C.J. Chim. Phys. Physicochim. Biol.

1970, 67, 1544.

Table 3. Atomic Charges (in au) for T3 Structure of Neutral
Histamine in Solution

atom CHELPa Mullikena MM potentialb

N1 -0.66 -0.37 -0.49
C2c 0.35 0.27 0.41
N3 -0.20 -0.33 -0.57
C4c -0.15 0.16 0.13
C5 0.50 -0.05 0.10
H(N3) 0.30 0.27 0.42
C12c -0.38 0.02 0.00
C9c 0.61 0.13 0.25
N15 -1.08 -0.51 -1.05
H(N15) 0.36 0.20 0.40

a This work. b Reference 21.c Aliphatic hydrogen charges are summed
up to the carbon charges.

A R T I C L E S Ramı́rez et al.

2332 J. AM. CHEM. SOC. 9 VOL. 125, NO. 8, 2003



when changing H2O by D2O in both infrared and Raman spectra,
being consequently assigned to the NH2 bending vibration,
δ(NH2). The correspondingδ(ND2) mode was assigned to the
band at 1209 cm-1 measured in the Raman spectrum of the
D2O solution, which was not observed in H2O. The band at
1570 cm-1 shifted downward by 5 cm-1 when deuteration. This
small deviation is characteristic of an imidazole ring stretching
mode,ν(ring).16-18 Taking into account the structural similarities
between the aromatic moieties of neutral histamine and the
monocation, as aforementioned, we can also expect some
correlations between the related vibrational frequencies. The
imidazole stretching vibration of histamine monocation appear-

ing at the highest wavenumber was measured at 1574 cm-1. It
shifted by -6 cm-1 upon deuteration,17 which support the
present assignment. The small shift measured for this mode also
indicates some contribution from the N-H bending vibration,
δ(NH), in the related normal mode.

Strong absorptions at 1489, 1451, and 1439 cm-1 were
measured in the infrared spectrum of neutral histamine in H2O
solution between 1400 and 1500 cm-1. They were observed at
1486, 1452, and 1442 cm-1 in the Raman spectrum. The infrared
spectra in D2O solution showed bands at 1483, 1462 and 1445
cm-1, together with a new band at 1371 cm-1, all of them
confirmed by Raman spectroscopy. Putative assignments for
these bands involve two imidazole ring stretching modes,
ν(ring), and two methylene bending vibrations,δ(CH2). Ex-
perimental and theoretical results on histamine monohydrochlo-
ride17 reported isotopic shifts of-12 and-55 cm-1 for the
two ν(ring) modes in this region, as a consequence of coupling
with vibrational coordinates involving N-H bonds. Because the
structural similarities of the imidazole moieties from both the
free-base and the monocation, the pair of bands at 1489, 1451
cm-1 in H2O, and 1483, 1371 in D2O, were assigned to the
imidazole stretching modes. Deviations when deuteration of-5
and-79 cm-1 are consistent with those measured for histamine
monocation. Methylene bending vibrations were measured at
1439 and 1442 cm-1 in H2O, and 1445 and 1440 cm-1 in D2O,
all of them within the expected range of appearing for these
modes.51

The two remaining imidazole stretching vibrations were
assigned to the relatively intense Raman bands at 1309 and 1267
cm-1. The former band was not observed in D2O. By correlating
with histamine monocation we do not expect a major shift for
it when deuteration, so it should be hidden behind the strong
band at 1319 cm-1, which was assigned to a methylene twisting
vibration. The secondν(ring) band shifted downward by 5-6
cm-1, which is in the expected range for this mode. These
Raman wavenumbers were all confirmed in the infrared spectra.

The rest of bands measured between 1400 and 1300 cm-1

have been assigned to the methylene wagging and twisting
vibrations. Below 1300 cm-1, the imidazole N-H in-plane
bending and the amine rocking modes are expected to appear
at near wavenumbers.52 They were both assigned to the broad
Raman band centered at 1160 cm-1, which was not observed
for solutions in D2O. It was correlated to the infrared absorption
at 1150 cm-1. Upon deuteration, they were assigned at 947 cm-1

(ND2 rocking) and 835 cm-1 (imidazole N-D in-plane bend-
ing). This splitting respect to the solution in natural water can
be explained from the involved normal modes. Thus, a
significant coupling of the N-D in-plane vibration with
imidazole stretching and bending vibrations is usually expected.
This fact would give rise to a smaller shift forδ(N-D) than
for r(ND2), as observed.

Correlations with histamine monocation17 leaded us to assign
the two imidazole C-H in-plane bending modes to the Raman
bands at 1232 and 1105 cm-1, which exhibited small shifts when
deuteration. Assignments between 1100 and 900 cm-1 were
largely related to imidazole ring in-plane bending and the side-
chain skeletal vibrations, which are expected widely mixed.
Contributions from amine vibrations are also probable, what

(52) Roeges, N. P. G.A Guide to the Complete Interpretation of Infrared Spectra
of Organic Structures; John Wiley and Sons: Chichester, 1994.

Figure 3. Fourier transform vibrational spectra of neutral histamine in
solution between 1700 and 500 cm-1. A. Infrared spectrum in D2O. B.
Infrared spectrum in H2O. C. Raman spectrum in H2O. D. Raman spectrum
in D2O.
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would justify the moderate isotopic shifts upon deuteration
measured for the most of bands in this region. This behavior is
commonly observed for the Raman bands measured below 900
cm-1, which has been mainly assigned to methylene rocking,
r(CH2), and imidazole out-of-plane bending,γ(ring), vibrations.
A last amine vibration,ω(NH2), was measured at 906 cm-1 in
H2O and 779 cm-1 in D2O, whereas the imidazoleγ(N-H)
mode was assigned to the Raman band at 604 cm-1, which
disappears when deuteration. It was tentatively assigned to the
491 cm-1 band in D2O.

The Raman spectra of the two cationic histamine species in
water solution exhibited a couple of bands between 600 and
650 cm-1 which were both assigned to imidazole ring out-of-
plane bending modes.17,18 For neutral histamine, these bands
have been measured at 644 and 628 cm-1, both confirmed in
the infrared spectrum. They deviate(2 cm-1 respect to those
measured for histamine monocation,17 in contrast with a mean
difference of about-20 cm-1 measured for histamine dication.18

This fact arises from the presence of a second hydrogen atom
attached to the imidazole ring. It also confirms that the relevant

tautomer for histamine monocation in water solution is [C3N2H3-
CH2CH2NH3]+, instead [C3N2H4-CH2CH2NH2]+; the positive
net charge is nevertheless shared by both the aromatic and the
aliphatic moieties, as demonstrated from density functional
calculations.17 Skeletal bending and torsional vibrations usually
appear at wavenumbers lower that 600 cm-1, so they have not
been measured in this work, with the exception of a medium
intensity band measured at 384 and 367 cm-1, in H2O and D2O,
respectively.

Vibrational Dynamics. The first step of this section was to
extend the conformational analysis of histamine free base to
vibrational features. A quadratic force field for each tautomer
was calculated from the second derivatives of the molecular
energy, in Cartesian coordinates, at the minimal energy geom-
etry. To achieve a normal modes description in term of
vibrational coordinates, the Cartesian force constants were
transformed into the set of nonredundant locally symmetrized
internal coordinates summarized in Table 5, which allowed us
for a suitable comparison among the four sets of wavenumbers.
Table 6 lists the calculated values for the stretching and bending

Table 4. Wavenumbers,a Relative Intensities,b and Proposed Assignments of the Infrared and Raman Bands of Neutral Histamine in
Aqueous Solution

histamine−Nh3 histamine−Nd3

infrared Raman infrared Raman

ν rel.int. ∆ν rel.int. ν rel.int. ∆ν rel.int. assignments

3362 sh amine stretching
3304 sh amine stretching
3148 w 3143 sh 3148 m imidazole C-H stretching
3132 m 3131 m 3131 m-s imidazole C-H stretching
2942 m 2950 vs 2948 sh methylene stretching
2926 m 2928 s methylene stretching
2888 w 2884 s 2886 m methylene stretching
2856 w 2853 sh 2856 m methylene stretching

1596 s 1587 m NH2 scissoring
1570 m 1570 s 1565 m 1565 s imidazole ring stretching
1489 s 1486 m 1483 s 1481 m imidazole ring stretching
1451 s 1452 sh imidazole ring stretching
1439 s 1442 s 1445 m-s 1440 m methylene scissoring

1371 m 1372 m imidazole ring stretching
1363 w 1358 w 1345 w-m 1341 m methylene wagging
1339 w 1340 sh methylene wagging
1320 w 1322 m-s 1317 w-m 1319 vs methylene twisting
1308 sh 1309 m-s imidazole ring stretching
1265 w-m 1267 vs 1260 w-m 1261 m-s imidazole ring stretching
1225 m 1232 m 1226 sh 1232 m imidazole C-H in-plane bending

1211 s 1209 w-m ND2 scissoring
1150 w 1160 m im. N-H in-pl. bend., NH2 rock.
1103 s 1105 m 1103 m-s 1098 m-s imidazole C-H in-plane bending
1086 m 1091 w-m 1069 w 1073 w side-chain skeletal stretching
1037 s 1037 w 1017 s 1015 m side-chain skeletal stretching
1007 w 1006 w-m side-chain skeletal stretching
988 m 989 m 972 w-m imidazole ring in-plane bending

947 m ND2 rocking
939 s 938 w-m 920 w 921 w imidazole ring in-plane bending

906 w NH2 wagging
856 m 852 sh 853 m methylene rocking

834 s 835 sh N-D in-plane bending
834 s imidazole C-H out-pl. bending

804 w 806 vw imidazole C-H out-pl. bending
779 vs 785 vw ND2 wagging

772 w 778 w 763 sh 769 vw methylene rocking
705 w 669 w-m 675 w side-chain skeletal bending

643 m 644 m 645 w 645 m imidazole ring out-plane bending
623 s 628 m 622 m 626 m imidazole ring out-plane bending

604 w imidazole N-H out-pl. bending
491 w imidazole N-D out-pl. bending

384 m 367 m side-chain skeletal bending

a Wavenumbers in cm-1. b s ) strong; m) medium; w) weak; v) very; sh) shoulder.
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imidazole ring vibrations, which were uniformly scaled by a
generic factor of 0.97 applied to all the force constants,53 and

their deviations respect to the experimental wavenumbers.
Imidazole vibrations were selected since they have significant
contributions from the histamine polar groups, which are
strongly involved in the interaction with the solvent molecules;
they are, therefore, good representatives of the histamine free-

(53) National Institute of Standards and Technology, NIST. Computational
chemistry comparison and benchmark database. Update2002, III. C.1:
Vibrational scale factors.

Table 5. Locally Symmetrized Internal Coordinates Used in This Work for Neutral Histamine

n° coordinatea symbol description

1 r1 2 ν (ring) ring stretching
2 r2 3 ν(ring) ring stretching
3 r3 6 ν(NH) N-H stretching
4 r3 4 ν(ring) ring stretching
5 r2 7 ν(CH) C-H stretching
6 r4 5 ν(ring) ring stretching
7 r5 1 ν(ring) ring stretching
8 r4 8 ν(CH) C-H stretching
9 r5 9 ν(CX) side chain stretching

10 2-1/2 (r9 10 + r9 11) νs (CH2) CH2sym. stretching
11 2-1/2 (r9 10 - r9 11) νa (CH2) CH2antisym. stretch.
12 r9 12 ν(side chain) side chain stretching
13 2-1/2 (r12 13+ r12 14) νs (CH2) CH2sym. stretching
14 2-1/2 (r12 13- r12 14) νa (CH2) CH2antisym. stretch.
15 r12 15 ν(side chain) side chain stretching
16 2-1/2 (r15 16+ r15 17) νs (NH2) NH2sym. stretching
17 2-1/2(r15 16- r15 17) νa (NH2) NH2antisym. stretch.
18 0.6324â2 1 5 - 0.5116(â1 2 3+â1 5 4)+ 0.19543(â2 3 4+â3 4 5) δ (ring) ring in-plane bending
19 0.3717 (â3 2 1 - â3 4 5) + 0.6015 (â2 1 5 - â1 5 4) δ (ring) ring in-plane bending
20 2-1/2 (â1 2 7 - â3 2 7) δ (CH) CH in plane bending
21 2-1/2 (â4 3 6 - â2 3 6) δ (NH) NH in plane bending
22 2-1/2 (â1 5 9 - â4 5 δ (CX) side chain in-pl bend.
23 2-1/2 (â5 4 8 - â3 4 8) δ (CH) CH in plane bending
24 26-1/2 (5â10 9 11+ â5 9 12) δ (CH2) CH2bending
25 26-1/2 (5â5 9 12+ â10 9 11) δ (side chain) side chain bending
26 1/2 (â12 9 10+ â12 9 11- â5 9 10- â5 9 11) ω (CH2) CH2wagging
27 1/2 (â12 9 10- â12 9 11- â5 9 10+ â5 9 11) t (CH2) CH2twisting
28 1/2 (â12 9 10- â12 9 11+ â5 9 10- â5 9 11) r (CH2) CH2rocking
29 26-1/2 (5â13 12 14+ â9 12 15) δ (CH2) CH2bending
30 26-1/2(5â9 12 15+ â13 12 14) δ (side chain) side chain bending
31 1/2 (â15 12 13+ â15 12 14- â9 12 13- â9 12 14) ω (CH2) CH2wagging
32 1/2 (â15 12 13- â15 12 14- â9 12 13+ â9 12 14) t (CH2) CH2twisting
33 1/2 (â15 12 13- â15 12 14+ â9 12 13- â9 12 14) r (CH2) CH2rocking
34 6-1/2 (2â16 15 17- â12 15 16- â12 15 17) δ (NH2) NH2bending
35 2-1/2 (â12 15 16- â12 15 17) r (NH2) NH2rocking
36 φ15 ω (NH2) NH2wagging
37 φ3 γ (NH) NH out-pl bending
38 φ2 γ (CH) CH out-pl bending
39 φ4 γ (CH) CH out-pl bending
40 φ5 γ (CX) side chain out-pl bend
41 0.6324τ1 5 - 0.5116 (τ3 2+τ4 5) + 0.1954 (τ1 5+τ1 2) γ (ring) ring out-pl bending
42 0.3717 (τ4 5 - τ3 2) + 0.6015 (τ1 2 - τ1 5) γ (ring) ring out-pl bending
43 τ5 9 τ (CX) side chain torsion
44 τ9 12 τ (side chain) side chain torsion
45 τ12 15 τ (NH2) side chain torsion

a See Figure 1 for atomic numbering; rij is the stretching vibrations of the bond between atoms i and j;âijk is the vibration of the angle between atoms
i, j, and k; φi is the out-of-plane vibration of the atom i;τij is the torsion vibration with respect to the bond between atoms i and j.

Table 6. Theoretical Wavenumbers (in cm-1) and Assignments Obtained for Selected Imidazole Vibrations of the Four Structures Studied
of Neutral Histamine in Solution

exp. g1 g3 t3 t1 assignments

1570 1578 (+8) 1557 (-13) 1564 (-6) 1580 (+10) imidazole ring stretching
1489 1478 (-11) 1492 (+6) 1494 (+5) 1477 (-1) imidazole ring stretching
1451 1404 (-46) 1441 (-10) 1439 (-12) 1410 (-41) imidazole ring stretching
1309 1358 (+47) 1320 (+11) 1327 (+16) 1359 (+50) imidazole ring stretching
1265 1266 (+2) 1262 (-3) 1251 (-14) 1226 (-39) imidazole ring stretching
989 1006 (+17) 971 (-18) 970 (-19) 1000 (+11) imid. ring in-plane bending
939 930 (-9) 931 (-8) 932 (-7) 923 (-16) imid. ring in-plane bending
644 687 (+43) 670 (+26) 687 (+43) 670 (+26) imid. ring out-plane bending
628 657 (+29) 630 (+2) 650 (+22) 660 (+32) imid. ring out-plane bending

Wavenumbers were uniformly scaled by a factor of 0.97 applied to the quadratic force fields. Differences between experimental and calculated wavenumbers
are given in parenthesis.
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base vibrations. Obtained quadratic mean deviations were 29.0,
12.9, 19.4, and 29.6 cm-1 for g1, g3, t3, and t1, respectively,
which confirms the g3 tautomer as the relevant structure. It is
also interesting to analyze the obtained differences between
experimental and theoretical values. The imidazole stretching
wavenumber measured at 1451 cm-1 is better evaluated for Nτ

than for Nπ tautomers, whereas the band at 1265 cm-1

discriminates between gauche and trans structures. The calcu-
lated potential energy distributions assigned the former wave-
number to a ring stretching mode with participation (30%) of
the imidazole N-H in-plane bending vibration, while the second
wavenumber was assigned to a ring stretching mode with
relevant contributions (42%) of methylene twisting and wagging
vibrations from the side chain. These results suggest that the
gauche tautomers (g1 and g3) better reproduce side chain
vibrations, whereas the Nτ tautomers (g3 and t3) better reproduce
imidazole vibrations, thus indicating the g3 tautomer as the
relevant structure of neutral histamine in solution. Deviations
for the imidazole bending vibrations were similar for the four
tautomers, with the exception of the out-of-plane bending
vibrations measured at 628 cm-1. This wavenumber only was
successfully predicted by the g3 structure, which supports our
conclusion. Its related potential energy distribution also showed
significant contributions from side chain vibrations, contrarily
to the other three imidazole bending vibrations, whose normal
modes showed negligible contributions from other coordinates.
The imidazole ring vibrations have thus allowed to evaluate

the reliability of the four histamine conformers by means of
their interactions with different vibrational coordinates. Two
main trends were observed. The imidazole vibrations widely
coupled to side chain vibrations were better predicted for the
g3 tautomer, while those scarcely mixed were similarly predicted
by the four structures studied, although the Nτ conformers
always obtained wavenumbers closer to the experimental values.

Calculated infrared intensities were also compared with those
experimental. Figure 4 shows the theoretical infrared spectra
for the four histamine conformers studied. The observed infrared
spectra were included for comparing. They were designed from
pure ab initio intensities in combination with uniformly scaled
(by 0.97) wavenumbers. As a general trend, the theoretical
spectra for the g3 structure exhibited the best fitting to the
experimental infrared spectra. Concerning the natural derivative,
Figure 4a, noticeable differences among the four calculated
spectra were observed between 1200 and 800 cm-1. The
intensity of the medium or strong bands measured at 1103, 1086,
1037, and 939 cm-1, Figure 3b, were successfully predicted at
1076, 1063, 1001, and 931 cm-1 for the g3 conformer. The
theoretical spectrum for the t3 conformer showed a similar
pattern than the g3 one over the whole spectral region, except
between 1000 and 800 cm-1, where a very intense absorption
was predicted at 888 cm-1. This fact was also observed for the
t1 conformer, while the g1 one exhibited the greater deviations
from the experimental infrared spectrum. These trends were
supported by the theoretical spectra for N-deuterated histamine,

Figure 4. Theoretical SCRF/6-311G** infrared spectra obtained for the four structures studied of neutral histamine in solution. The experimental infrared
spectra were included for comparing. A. Natural derivative. B. Deuterated derivative.
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Figure 4b. A reliable prediction of the experimental infrared
spectrum, Figure 3a, was achieved for the g3 conformer. The
experimental wavenumbers 1103 (s), 1069 (w), 1017 (s), 947
(m), 838 (s), and 779 (s), can be well correlated with the g3
wavenumbers 1084, 1061, 1013, 964, 833, and 768 cm-1, in
the basis of their calculated infrared intensities. The observed-
calculated adjust was also quite correct for the t3 structure,
although the predicted strong absorptions at 990 and 716 cm-1

cannot be successfully correlated to experimental bands. The
calculated spectra for both the g1 and t1 conformers exhibited
greater deviations than for the natural derivative. In summary,
the infrared intensity comparison agrees with the aforementioned
results for the wavenumbers. As a general rule, the experimental
intensities were better predicted for Nτ than for Nπ conformers
of neutral histamine in solution. This means that the position
of the nitrogen-attached hydrogen atom of the imidazole ring
has a greater influence on the infrared intensities than the relative
conformation of the side-chain respect to the aromatic moiety.
Concerning the two Nτ tautomers, better results were obtained
for the g3 structure.

As the final step of this work, we have improved the force
field obtained for the g3 tautomer by a scaling procedure. To
preserve the essence of the theoretical approach, we have used
only two generic scaling factors: 0.97 for the coordinates
involving weight atoms and 0.94 for the coordinates involving
hydrogen atoms. Exception was made for the methylene and
amino stretching coordinates, for which a particular factor of
0.91 was applied since they are very local and undoubtedly
assigned modes. This methodology was successfully employed
for histamine monocation.17 The scaled wavenumbers and
normal coordinate descriptions are summarized in Tables 7 and
8 for the natural and N-deuterated derivative, respectively.
Diagonal force constants are listed in Table 9. Off-diagonal
terms of the quadratic force field are given as Supporting
Information.

The scaled theoretical wavenumbers exhibit a good fitting
to the experimental values for both the natural and the
N-deuterated molecules. Deviations were lower than 10 cm-1

(in absolute value) for most of the wavenumbers, as can be seen
in Tables 7 and 8. On the other hand, normal mode descriptions

Table 7. B3LYP/6-311G** Vibrational Wavenumbers (in cm-1) and Normal Mode Descriptions for Neutral Histamine-Nh3 in Aqueous
Solution

experim.

vibr.a calculated infrared Raman potential energy distribution (greater than 10%)b

ν1 3469 100ν(NH)
ν2 3367 3362 100νa(NH2)
ν3 3310 3304 100νs(NH2)
ν4 3156 3148 99ν(CH)
ν5 3127 3132 100ν(CH)
ν6 2941 2942 97νa(CH2)
ν7 2919 2926 86νa(CH2) + 14 νs(CH2)
ν8 2901 2888 97νs(CH2)
ν9 2867 2856 85νs(CH2) + 15 νa(CH2)
ν10 1607 1596 1587 100δ(NH2)
ν11 1552 1570 1570 64ν (ring) + 14 ν(CX) + 13 δ(CH)
ν12 1483 1489 1486 60ν(ring) + 33 δ(CH) + 10 δ(NH)
ν13 1448 1442 100δ(CH2)
ν14 1432 1451 1452 56ν(ring) + 30 δ(NH) + 14 δ(ring)
ν15 1422 1439 100δ(CH2)
ν16 1353 1363 1358 34ω(CH2) + 28 t(CH2) + 19 r(NH2)
ν17 1345 1339 1340 57ω(CH2) +24 t(CH2)
ν18 1328 1320 1322 45ν(ring) + 30 ω(CH2) + 13 t(CH2)
ν19 1313 1308 1309 48ν(ring) + 28 ω(CH2) + 10 δ(CH)
ν20 1251 1265 1267 30ν(ring) + 27 ω(CH2) + 15 t(CH2)
ν21 1223 1225 1232 53δ(CH) + 32 ν(ring)
ν22 1200 1196 30 t(CH2) + 12 r(CH2) + 12 δ(CH) + 10 ν(ring)
ν23 1133 1150 1160 31 t(CH2) + 19 r(NH2) + 16 ν(side chain)+ 12 ω(NH2)
ν24 1112 1103 1105 49ν(ring) + 25 δ(NH)
ν25 1071 1086 1091 42ν(ring) + 26 δ(CH) + 10 δ(NH)
ν26 1054 1037 1037 32 t(CH2) + 17 ν(ring) + 17 ω(NH2) + 16 ν(side chain)
ν27 998 1007 1006 69ν(side chain)+ 17 ω(NH2)
ν28 968 988 989 43δ(ring) + 27 ν(ring)
ν29 931 939 938 77δ(ring)
ν30 917 906 38ω(NH2) + 35 r(CH2) + 17 ν(side chain)+ 11 r(NH2)
ν31 865 856 33 r(CH2) + 18 ω(NH2) + 23 ν(side chain)+ 13 δ(ring)
ν32 841 834 57γ(CH) + 32 γ(ring)+ 11 ν(side chain)
ν33 831 804 42γ(CH) + 25 ν(side chain)+ 22 r(CH2) + 11 γ(ring)
ν34 768 772 778 75γ(CH) + 25 γ(ring)
ν35 704 705 47γ(ring) + 23 γ(CX) + 13 r(CH2)
ν36 671 643 644 83γ(ring) + 17 γ(NH)
ν37 630 623 628 30ν(CX) + 21 δ(ring) + 11 γ(ring)
ν38 598 604 100γ(NH)
ν39 467 58δ(side chain)+ 11 r(CH2)
ν40 357 384 39δ(CX)+21τ(side chain)+14τ(NH2)+14δ(side chain)+12 r(CH2)
ν41 314 75τ(NH2) + 22 δ(CX)
ν42 284 48δ(side chain)+ 29 γ(ring) + 18 γ(CX)
ν43 168 28δ(side chain)+ 27 τ(side chain)+ 20 γ(CX) + 12 δ(CX)
ν44 103 50τ(side chain)+ 14 γ(CX) + 12 δ(side chain)
ν45 59 100τ(CX)

a Arbitrary numbering.b Symbols correspond to the coordinates listed in Table 5; coordinates with similar characters were added to clarify.
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in terms of potential energy distributions allow us to check
previous assignments proposed for the infrared and Raman
spectra. Assignments proposed for the natural derivative between
1700 and 1200 cm-1 were all confirmed. Vibrationsν18, ν19,
andν20 were described with significant contributions from both
imidazole stretching and methylene bending coordinates. Con-
sequently, the Raman bands at 1322, 1309, and 1267 cm-1,
which were measured at 1320, 1308, and 1265 cm-1 in the
infrared spectrum, have to be better assigned to the two
vibrations.

The band at 1160 cm-1 was largely assigned to N-H bending
vibrations from both imidazole and side chain moieties;
however, contributions from the imidazole ring have not been
theoretically confirmed. As happened for histamine mono-
cation,17 the δ(NH) mode is distributed among several normal
modes, namelyν12, ν14, ν24, andν25, Table 7, which makes very
difficult to assign it to a single infrared or Raman band. In
addition, this fact increases the number of bands that shifts
significantly upon N-deuteration, in agreement with the spectral

measurements. Thus, the calculated isotopic shifts for the four
aforementionedδ(NH) vibrations were, respectively, 12, 68, 32,
and 20 cm-1, which can be well correlated to those experimental
values, namely 6, 79, 7, and 18 cm-1 (all in absolute values).
The appreciable deviation for the third vibration,ν24, can be
explained at the light of the potential energy distributions for
the two isotopomers. As can be checked in Tables 7 and 8,
there is not any vibration of the N-deuterated species that can
be suitably correlated with theν24 potential energy. In fact, the
δ(NH) vibration appears mixed with different coordinates in
the natural derivative respect to the N-deuterated one.

Differences between the potential energy distributions of the
two histamine isotopomers make also difficult to establish an
exact correlation between some of the imidazole stretching
vibrations selected in Table 5. The Raman band at 1267 cm-1

for natural histamine free-base was calculated at 1251 cm-1 and
described with significant contributions from imidazole stretch-
ing and methylene bending modes. It was initially correlated
to the 1261 cm-1 band of the N-deuterated derivative, Table 4.

Table 8. B3LYP/6-311G** Vibrational Wavenumbers (in cm-1) and Normal Mode Descriptions for Neutral Histamine-Nd3 in Aqueous
Solution

experim.

vibr.a calculated infrared Raman potential energy distribution (greater than 10%)b

ν1 3157 3143 3148 99ν(CH)
ν2 3127 3131 3131 100ν(CH)
ν3 2941 2950 2948 97νa(CH2)
ν4 2919 2928 85νa(CH2) + 15 νs(CH2)
ν5 2901 2884 2886 97νs(CH2)
ν6 2867 2853 2856 85νs(CH2) + 15 νa(CH2)
ν7 2553 98ν(ND)
ν8 2478 100νa(ND2)
ν9 2394 100νs(ND2)
ν10 1544 1565 1565 68ν(ring) + 17 ν(CX) + 13 δ(CH)
ν11 1471 1483 1481 66ν(ring) + 34 δ(CH)
ν12 1448 1445 100δ(CH2)
ν13 1421 1440 100δ(CH2)
ν14 1364 1371 1372 70ν(ring) + 17 δ(ring) + 13 δ(ND)
ν15 1349 1345 1341 87ω(CH2)
ν16 1329 35ω(CH2) + 29 t(CH2) + 28 ν(ring)
ν17 1314 1317 1319 68ν(ring) + 11 δ(CH) + 11 t(CH2)
ν18 1267 1260 1261 49 t(CH2) + 14 ω(CH2)
ν19 1244 36ω(CH2) + 28 ν(ring) + 15 t(CH2)
ν20 1216 1226 1232 62δ(CH) + 20 ν(ring)
ν21 1187 1211 1209 88δ (ND2) + 10 ν (side chain)
ν22 1173 1174 32 t(CH2) + 13 ν(ring) + 12 r(CH2)
ν23 1080 1103 1098 47ν(ring) + 18 δ(CH)
ν24 1051 1069 1073 29 r(CH2) + 22 ν(side chain)+ 12 t(CH2)
ν25 1010 1017 1015 42ν(side chain)+ 13 r(CH2) + 11 ν(ring)
ν26 984 972 32ν(ring) + 22 δ(ring) + 10 ν(side chain)
ν27 960 947 38ν(side chain)+ 11 δ(CH)
ν28 914 920 921 72δ(ring)
ν29 840 852 853 66γ(CH) + 34 γ(ring)
ν30 835 834 835 51δ(ND) + 24 γ(CH) + 14 δ(ring)
ν31 828 806 37ν(side chain)+ 18 r(CH2) + 16 δ(ND) + 13 γ(CH)
ν32 783 779 785 48γ(CH) + 35 r(ND2) + 11 γ(CX)
ν33 763 769 38ω(ND2) + 38 γ(CH) + 13 γ(ring) + 10 r(ND2)
ν34 751 763 34ω(ND2) + 24 γ(CH) + 20 r(CH2) + 13 γ(ring) + 10 r(ND2)
ν35 699 669 675 41γ(ring) + 23 γ(CX) + 19 r (CH2)
ν36 638 645 645 36γ(ring) + 11 r(CH2)
ν37 619 622 626 22ν(CX) + 16 δ(ring) + 13 γ(ring)
ν38 479 491 62γ(ND) + 38 γ(ring)
ν39 443 46δ(side chain)+ 28 γ(ring) + 17 γ(ND)
ν40 348 367 52δ(CX) + 20 τ(side chain)+ 14 r(CH2) + 14 δ(side chain)
ν41 272 50δ(side chain)+ 25 γ(ring) + 13 γ(CX) + 12 δ(CX)
ν42 247 77τ(ND2)
ν43 157 34δ(side chain)+ 23 γ(CX) + 21 τ(side chain)+ 13 γ(ring)
ν44 95 53τ(side chain)+ 12γ(CX)
ν45 57 100τ(CX)

a Arbitrary numbering.b Symbols correspond to the coordinates listed in Table 5. Coordinates with similar characters were added to clarify.
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Both wavenumbers were confirmed in the infrared spectra. The
calculated wavenumber for deuterated histamine was 1244 cm-1,
which establishes an isotopic shift of-7 cm-1 for this vibration.
However, this assignment necessarily involves the band at 1309
cm-1 of the natural derivative has to be also correlated to the
aforementioned band at 1261 cm-1. Because no other bands
were observed around 1260 cm-1 for neutral histamine N-
deuterated, we can therefore postulate the existence of an
accidental degeneration for the 1261 cm-1 band. This conclusion
could be considered somewhat surprising because there are not
N-H modes involved in these vibrations, at the light of their
related potential energy distributions. It is, nevertheless, sup-
ported by the comparison between the resulting isotopic shifts
for the imidazole stretching vibrations, namelyν10, ν11, ν14, ν19,
andν20 from Table 7. The calculated values are-8, -8, -68,
-46, and -7 cm-1, respectively; taking into account the
precedent discussion, the experimental shifts measured for the
involved bands were-5, -7, -79, -48, and -6 cm-1,
respectively.

As a general trend, the calculated wavenumbers and normal
modes in the region below 1000 cm-1 supported the assignments
proposed in Table 4. Main disagreements involve to the
following bands: (i) the infrared band at 1103 cm-1 of the
natural derivative was proposed as the second imidazoleδ(CH)
in-plane vibration. At the light of the normal mode descriptions,
the calculated wavenumber more closely described as aδ(CH)
vibration in this region was 1071 cm-1, in which a strong mixing
with imidazole stretching vibrations exists. Consequently, the
secondδ(CH) should be better assigned to the 1086 cm-1 band
of the infrared spectrum. (ii) Bands at 834 and 804 cm-1 were
assigned to the two imidazoleγ(CH) out-of-plane vibrations,
while that at 772 cm-1 was assigned to a r(CH2) mode. The
theoretical results describe all of them with importantγ(CH)
characters. Concerning the methylene rocking mode, it exhibits
a nonnegligible contribution for the 804 cm-1 band. (iii) Amino
wagging and C-H out-of-plane vibrations appear extensively

mixed. In consequence, the infrared bands at 772 and 763 cm-1

have to be similarly assigned to both vibrational modes. (iv)
Assignments for the bands measured at 705 and 628 cm-1 in
the Raman spectrum of the natural derivative could be permuted.
However, the two involved normal modes,ν35 andν37 (see Table
7) present significant contributions from both imidazole ring
and side chain vibrations.

The calculated vibrational spectrum has allowed us also to
assign some new bands for neutral histamine in aqueous
solution. The Raman bands at 1196 and 604 cm-1 have been
assigned to a side chain bending vibration and the imidazole
γ(NH) mode, respectively, at the light of the potential energy
distribution. Similarly, the shoulder measured at 1174 cm-1 in
the Raman spectrum of N-deuterated histamine can be well
correlated to the aforementioned 1196 cm-1 band. Deviations
respects to the calculated wavenumbers were between 1 and 6
cm-1, in absolute values, which support their assignments.

A relevant fact in order to evaluate the goodness of any force
field is the fitting achieved in reproducing the spectra of isotopic
derivatives. In the case of neutral histamine, the proposed
assignments for the imidazole ND and amino ND2 bending
modes were confirmed by our scaled force field in the most of
cases. Thus, the bands at 1209, 835 and 491 cm-1 were
theoretically described, Table 8, as 88%-δ(ND2), 51%-δ(ND)
and 62%-γ(ND), respectively. Other vibrations of the deuterated
amino group, as r(ND2) andω(ND2), are relevant contributions
in several normal modes, which do not allows for an unambigu-
ous assignment to a single band.

The scaled diagonal force constants are listed in Table 9. As
happened for histamine monocation in solution,17 the force
constants for the imidazole stretching coordinates are consistent
with a localized bond description where the double bonds would
be at N1-C2 and C4-C5 positions. The obtained values are
one-to-one near to those reported for the monocation, which
indicates a similar electronic distribution for the imidazole rings.
We have to take into account, nevertheless, that this moiety
has 1/3 of the monocation ionic charge, whereas it is almost
neutral in the free base. In our opinion, this difference could be
compensated by the structural specificities of the relevant
conformations, trans for the monocation and gauche for neutral
histamine. Thus, the gauche conformation allows for interaction
between the amino group and the imidazole ring, which could
has some influence in the force constants. Concerning the rest
of stretching force constants, there are not significant deviations
respects to those reported for histamine monocation.

Conclusions

The structures of four relevant tautomers of histamine free-
base in solution have been optimized by quantum-mechanical
methods, at the B3LYP/6-311G** level, and a continuum
solvent model. Calculated free energies were in the order t1>
t3 > g1 > g3, which establishes the g3 conformer as the most
stable one. Quadratic force fields were computed, under the
same theoretical scheme, for the four aforementioned tautomers.
After a general assignment of the infrared and Raman spectra
of neutral histamine in solution of H2O and D2O, wavenumbers
for the imidazole ring stretching and bending vibrations were
compared to the calculated ones, previously scaled by a generic
factor of 0.97 applied to the force constants. The calculated-
experimental differences clearly indicate that histamine free-

Table 9. B3LYP/6-311G** Scaled Diagonal Force Constants
(mdyn/Å or Equivalent Unit) Obtained for Histamine Free Base in
an Ellipsoidal Cavity

coord.a symbol
force

constant coord.a symbol
force

constant

1 ν (ring) 7.89 24 δ (CH2) 0.75
2 ν(ring) 5.68 25 δ (side chain) 1.33
3 ν(NH) 6.65 26 ω (CH2) 0.60
4 ν(ring) 6.75 27 t (CH2) 0.61
5 ν(ring) 5.34 28 r (CH2) 0.75
6 ν(CH) 6.41 29 δ (CH2) 0.79
7 ν(ring) 7.28 30 δ (side chain) 1.45
8 ν(CH) 5.43 31 ω (CH2) 0.67
9 ν(side chain) 4.52 32 t (CH2) 0.66

10 νs (CH2) 4.66 33 r (CH2) 0.93
11 νa (CH2) 4.58 34 δ (NH2) 0.73
12 ν(side chain) 3.76 35 r (NH2) 0.76
13 νs (CH2) 4.75 36 ω (NH2) 0.45
14 νa (CH2) 4.65 37 γ (NH) 0.26
15 ν(side chain) 4.56 38 γ (CH) 0.36
16 νs (NH2) 6.20 39 γ (CH) 0.37
17 νa (NH2) 6.19 40 γ (CX) 0.48
18 δ (ring) 1.80 41 γ (ring) 0.50
19 δ (ring) 1.86 42 γ (ring) 0.56
20 δ (CH) 0.49 43 τ (side chain) 0.07
21 δ (NH) 0.44 44 τ (side chain) 0.16
22 δ (CX) 0.69 45 τ (NH2) 0.10
23 δ (CH) 0.43

a See Table 5 for coordinate descriptions.
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base in aqueous solution is in the Nτ form. Quadratic mean
deviations were 10-15 cm-1 higher for the Nπ form respect to
the Nτ ones. In addition, they were 6-7 cm-1 higher for the t3
than for the g3 conformer, which supports the free-energy
calculations. The calculated infrared intensities were also in
agreement with this conclusion. The predicted spectral pattern
for the Nτ structures fitted better to the experimental infrared
spectra than the Nπ structures, the g3 conformer giving a better
result than the t3 one. The g3 conformer was selected for a
further vibrational dynamics calculation, in which a low-scaling
procedure (only three generic scaling factors) was first per-
formed. The obtained normal modes allowed us to check our
prior assignments, mainly based on the isotopic shifts upon
deuteration.

Thus, both experimental and theoretical evidences seem to
agree in the fact that g3 is the most stable conformer of
histamine free-base in aqueous solution. This is in contrast to
histamine monocation in solution, for which t3 has been
suggested as the most stable form. In this last molecule, the

presence of a positively charged side chain leads to adopt an
extended conformation, which allows it for a deeper interaction
with the solvent molecules. The predicted structure of neutral
histamine in solution also differs from that reported in gas phase,
which was g1. This conformation allows for an intramolecular
interaction between the amino group and the imidazole ring,
although it is not suitable for interaction with surrounding
molecules.
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