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ABSTRACT: The gas-phase basicity of 2-(S-aminoethyl)-pyridine (AEP)—an agonist of the histamine H;
receptor—containing two potential basic sites (the ring N-aza and the chain N-amino) was obtained from proton-
transfer equilibrium constant measurements using Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR). Comparison of the experimental gas-phase basicity found for AEP with those reported for monobasic model
compounds indicates that the ring N-aza is the favoured site of protonation, as with histamine. The gas-phase basicity
of AEP is lower than that of histamine by only 1.3 kcal mol . DFT(B3LYP)/6-31G* calculations performed for AEP,
histamine and their protonated forms confirm this interpretation. The energy barriers calculated at the DFT(B3LYP)/
6-31G* level for internal transfer of the proton (ITP) between the ring N-aza and the chain N-amino in AEP and
histamine are extremely low, and vanish when thermal corrections are applied to obtain the enthalpies or Gibbs
energies of activation for the proton transfer. This indicates that the quantum-chemical ITPs in AEP and histamine
have a single-well character, similar to that proposed for the previously studied dibasic nitrogen ligand, N'.N'-
dimethyl-N-3-(2-pyridylethyl)-formamidine, where two potential nitrogen basic sites (both nitrogen atoms in sp>
hybridization) are separated by the ethylene group. Enlarging the basis set to 6-311G(2d,p) has no influence on this
finding. A change of the basicity centre preference in AEP from the ring N-aza to the chain N-amino on going from
the gas phase to aqueous solution was predicted using the polarizable continuum model applied to the DFT(B3LYP)/
6-31G* optimized geometries of the N-aza and N-amino monoprotonated forms. This behaviour is similar to that
observed for histamine. Copyright © 2005 John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Proton-transfer reactions in polyfunctional—and there-
fore polybasic—nitrogen compounds (biomolecules and
their models, agonists or antagonists) that may interact
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with specific biological receptors are usually complex
processes and difficult to characterize by experimental
methods. The presence of basic and/or acidic functions
separated by flexible chains facilitates the formation of
intramolecular hydrogen bonds and may change the
course of the proton transfer reactions. Depending on
their environment, these functions also may form inter-
molecular hydrogen bonds. Computational studies per-
formed in parallel to experiments are highly desirable,
because they give insights on internal (gas-phase) and
external (solvation) effects that influence the proton
transfer.' They are also good tools in identification of
the favoured site of protonation/deprotonation. Such
information is essential for compounds of biological
importance and for their models (agonists or antagonists)
because they help to understand the interactions of
bioactive molecules in living organisms.
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2-(3-Aminoethyl)-pyridine (AEP) is a bifunctional
nitrogen ligand with a flexible conformation. Being an
agonist of histamine receptors, it shows a physiological
action similar to histamine (HA), binding with high
affinity and specificity to the histamine H; receptor.’
Both AEP and HA belong to the family of aminazines.
They contain two potential basic sites, the ring N-aza and
the chain N-amino separated by an ethylene group.
Depending on the environment, one of the sites may be
favoured in the protonation reaction. Due to the flexibility
of the side-chain, the bases may also adopt various
conformations, the trans (so called ‘essential’) or the
gauche (‘scorpio’) conformation. In addition, HA bears
an acidic amino group (intra-annular NH), which adds to
the complexity of its proton-transfer pathways® as well as
of its biological activity.”

@IL/\ H‘\?@N
NH, \)\/\NHZ
AEP HA
@NK/\ @\/\
NH,
NPP PEA

To understand similarities and differences between
AEP and HA in binding with the H; receptor, we have
undertaken structural and physicochemical studies for
both ligands.6 Although it is well known that acid—base
properties are one of the principal factors that govern the
interactions of biomolecules in living organisms, to our
knowledge there is no information for AEP on the gas-
phase basicity and its basic centre preference. Acid—base
equilibria and acid-base properties are reported in the
literature solely for HA.*®* This situation encouraged us
to perform detailed investigations of the potential sites of
protonation for AEP in the gas phase and to compare it
with those for HA.

Gas-phase basicity measurements for AEP were car-
ried out using the same Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer as for other
flexible nitrogen ligands.'“® The experimental gas-phase
basicity was analysed in AEP and compared with those
observed in monobasic model nitrogen bases 2-n-propyl-
pyridine (NPP) and (3-phenylethylamine (PEA).” In par-
allel, quantum-chemical calculations were performed for
the free base AEP and its monocations (the ring N-aza
and the chain N-amino protonated form) using density
functional theory (DFT)® with a combination of the
Becke three-parameter hybrid exchange functional with
the non-local correlation functional of Lee, Yang and Parr
(B3LYP).? In DFT calculations, the 6-31G* basis set was
used.'® The justification for the use of the B3LYP func-

Copyright © 2005 John Wiley & Sons, Ltd.

tional for predicting the energy barrier for the intramo-
lecular proton transfer in flexible bidentate ligands has
been provided in our previous work.'® Gouthrie,'' testing
the B3LYP/6-31G* level for a set of 128 organic mole-
cules, showed that the combination of the B3LYP func-
tional with the 6-31G* basis set is the simplest approach
for accurate prediction of the entropy values. The overall
standard deviation from the best available experimental
entropy data was equal to 1.3 calmol ' K™' (equivalent
to 0.4kcalmol ' in free energy terms at 298.15K).
Finally, the fast convergence (to their complete basis
set limits) of Pople’s basis sets with the DFT methods
is already a well-known fact.'>'> However, to verify the
effect of the basis set increase on the relative thermo-
dynamic properties of the two basic sites and on the
energy barrier for the intramolecular proton transfer in
our study, calculations were performed using the larger
basis set 6-311G(2d,p)."*

The DFT computations give us the possibility to find
the most stable structures for the neutral and protonat-
ed forms of AEP. They also support our conclusion (deriv-
ed on the basis of experimental results) about the
favoured site of protonation in the gas phase, predict
the relative basicity of the two potential sites and estimate
the energy barrier for the internal transfer of the proton
(ITP) from the N-aza to the N-amino site. Finally, calcu-
lations performed for the monoprotonated forms in seven
solvents of different polarities (from cyclohexane to
water) using the polarizable continuum model (PCM)"?
applied to geometries optimized at the DFT(B3LYP)/6—
31G* level allow the study of the influence of the medium
on the proton equilibrium position in AEP when going
from the gas phase to aqueous solution. Histamine was
studied previously at the HF/6-31G* and PCM//HF/6-
31G* levels.®® For a more valid comparison of medium
effects on AEP and HA protonation, calculations were
performed at the DFT(B3LYP)/6-31G* and PCM//
DFT(B3LYP)/6-31G* levels for both structures.

EXPERIMENTAL

2-(3-Aminoethyl)-pyridine and the reference bases Et;N
and n-Pr3N for gas-phase basicity (GB) measurements
were commercially available (Aldrich). The GB was
determined using the same FT-ICR mass spectrometer'®
and the same procedure as described previously.' The
GB value was obtained from the equilibrium constants
for the proton-transfer reaction [Eqn (1)] between AEP
(B) and a reference base (Ref) using Eqn (2)

BH" + Ref 2 B + RefHt (1)
GB(B) = GB(Ref) + AG(1) 2)

The measurements were carried out at an FT-ICR
cell temperature of 338 K.'” It is important to mention
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that literature GBs of reference bases refer to the standard
temperature of 298.15 K.” However, temperature correc-
tions are minor compared with other experimental
uncertainties,'® and the experimental GB of AEP does
not include such temperature corrections.

COMPUTATIONAL DETAILS

The DFT(B3LYP)/6-31G* calculations®'° for various
thermodynamically stable conformations of AEP, HA
and their monocations protonated at the N-aza and N-
amino sites were performed using the Gaussian 98
program.'® The proton affinity (PA) and GB values
were estimated as the enthalpy and Gibbs free energy
changes of the deprotonation reaction BH" — B +H"
using Eqns (3) and (4), respectively, as described
previously'®

PA = A;Haos = Haos(B) + Haos(H") — Hyos(BHT)
(3)

GB =PA - TAS = ngg(B) + ngg(HJr) — ngg(BH+)
(4)

The transition state for the proton transfer between the
two possible sites of protonation in the ‘scorpio’ con-
formations of the protonated forms was investigated at
the DFT(B3LYP)/6-31G* level using the same proce-
dure as in Ref. le. The larger basis set of 6-311G(2d,p)
was also tested'* and the anharmonicity of the NH
vibration was considered. The anharmonic vibrations
were accounted for by using the perturbative scheme.
First, analytical harmonic frequencies were computed,
followed by numerical differentiation along normal
modes to compute zero-point energies and anharmonic
frequencies.?’

RESULTS AND DISCUSSION

Evidence of the favoured basic site based
on experimental data

Relative GB measurements performed for dibasic AEP
using two reference bases were in good agreement:
Et;N, GB =227.0kcalmol ! (1 cal =4.184J); n-Pr3N,
GB =229.5kcalmol'.” The relative basicities mea-
sured between AEP and the reference bases (1.19 and
—1.34kcalmol ™", respectively) led to a GB of
228.2+0.1kcalmol ' for AEP. This experimental re-
sult indicates that the GB for AEP for is significantly
higher than the GBs for monofunctional 2-alkylpyri-
dines (GB <222kcalmol™') and arylalkyl primary
amines (GB < 216kcalmol™").” It is close to that of
HA (GB =229.5 kcal mol "), in which both basic sites
participate in the protonation reaction as in other

Copyright © 2005 John Wiley & Sons, Ltd.

flexible bidentate nitrogen ligands.?' Protonated HA
was shown to adopt a ‘scorpio’ conformation. The close
GB values for AEP and HA suggest the formation of an
intramolecular hydrogen bond (N---H-N"). This kind
of interaction in the gas phase for flexible bidentate
nitrogen ligands usually increases the GB value by 5—
20kcalmol ' compared with monofunctional nitrogen
bases.”?!

To indicate which site is more basic and which is less
basic but may participate in the bonding by forming a
hydrogen bond, we compared the experimental GB value
of AEP with those reported for model compounds NPP
and PEA. The two monobasic derivatives contain the
same number of heavy atoms as AEP.

Comparison of the GB value for NPP
(220.8 kcalmol ™ ")”  with that reported for PEA
(215.7kcalmol™")” indicates that in the model bases
the ring N-aza in NPP is more basic than the chain N-
amino in PEA by ~5kcalmol ', A similar GB differ-
ence exists between the model compounds 4(5)-methyli-
midazole (220.1kcalmol™")” and PEA compared with
HA. An additional nitrogen atom introduced in a non-
conjugated system usually decreases the basicity of the
first one due to its higher electronegativity than that of
a carbon atom. Indeed, the estimated total substituent
effect (sum of the polarizability, field/inductive and re-
sonance effects) of the ethylamino group (4.6 kcal mol )
in the series of 2-substituted pyridines is slightly lower
than that of the n-propyl group (6.1 kcal mol ™). The
effect of the n-Pr group was estimated on the basis of
the experimental GB of unsubstituted pyridine and NPP’
and that of the NH,(CH,), group, on the basis of the
Taft and Topsom equation®” recalculated recently'® ac-
cording to data from Ref. 7 for a series of 2-substitut-
ed pyridines [—6GB=(9.1£0.7)0,+ (29.3 £0.8)0r+
(13.9+0.8)or +(—0.1£0.4)] and o; constants [o,
—0.52 and of 0.04, estimated according to note 17 in
Ref. 23 and the corresponding o; for NH, taken from Ref.
24; og —0.07, as proposed for other X(CH,), groups in
Ref. 24]. The electron-withdrawing field effect of the aza
group introduced in the ring of PEA may also reduce the
basicity of the chain N-amino. Lack of o; constants for
the 2-pyridyl(CH,), group makes direct estimation of its
effect difficult.'® However, the electron-withdrawing
effect of the 2-aza group should be attenuated by the
two methylene groups and its o; constant should not be
very different than that of the Ph(CH,), group. Based on
these observations one may conclude that the ring N-aza
is the preferred site of protonation in AEP, as in HA.

From the substituent effect found for the ethylamino
group (§GB =4.6kcalmol ') and the GB value for the
unsubstituted pyridine (GB =214.7kcalmol '), a GB
value corresponding to protonation of the ring N-aza in
AEP (219.3kcalmol™!) is estimated. This estimated
GB(N-aza) value is lower than the experimental GB of
AEP (228.2kcal mol ) by ~9kcal mol~'. This differ-
ence may be assigned to the chelation effect of the proton.
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Similar increase of the GB values was observed for HA®*
and for other flexible bidentate nitrogen ligands (e.g.
amidinamines)®' containing N-sp? and N-sp? basic sites,
of which N-sp? is more basic.

Stable conformations found by DFT calculations

To select stable structures of AEP and its monocations,
three angles (@, ¢, and P3) were changed systematically
by 30° steps. The initial values for the three angles are
given in Fig. 1. In this way, nine stable conformations
(AEP1-9 given in fig. 1 in Wiley Interscience) were found
for the neutral AEP and six stable conformations
were selected for the monoprotonated forms (AEP-
ImH"1-4 and AEP-AmH"1-2, given in fig. 2 in Wiley
Interscience).

For neutral AEP, the most stable conformation is the
gauche AEP2 structure. 1Its electronic energy
(E=—382.261763 a.u.) and  Gibbs  energy
(G=-382.131510 a.u.) correspond to the global mini-
mum. The Gibbs energies of AEP1-9 relative to that of
the most stable structure (AEP2) are as follows: 0.32,
0.00, 0.50, 0.61, 0.57, 1.05, 0.81, 039 and
1.44kcal mol ~'. This suggests that all nine structures of
AEP may be present to some extent, with the AEP2
structure being the most probable in the gas phase. Taking
into account the relative Gibbs energies calculated for all
stable structures at the DFT(B3LYP)/6-31G* level, their
percentage contents are as follows: 15.4, 26.4, 11.4, 9.4,
10.1, 4.5, 6.7, 13.7 and 2.3%. It has been found recently
by infrared spectroscopy that their presence may be
detected in CCly solution.®®

Among AEP monocations, the gauche AEP-ImH"1
structure is the most stable one (E = —382.663704 a.u.,
G =—382.518040 a.u.). The Gibbs energies of the other
N-aza protonated structures (AEP-ImH"2—4) relative to
that of AEP-ImH " 1 are 9.61, 12.54 and 12.91 kcal mol '
The differences are sufficient for these three structures to
be neglected in the gas phase and their contribution may
be <1 x 10"°%. The Gibbs energy of the most stable N-
amino protonated structure (gauche-AEP-AmH'1) is

/
Ol 4
@D jand @ 3
D @,
AEP
H H
+ 4 H g Ho+/ H
O ¥ Ol
@ jand D 3 D 5
D 1D 2 0] 1 (] 2
AEP-ImH* AEP-AmH™*

Figure 1. Initial conformations and definitions of the &,
&, and &5 dihedral angles in AEP and its monocations
AEP-ImH* and AEP-AmH™
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Figure 2. The most stable conformations for AEP and its
monocations

larger than that of the most stable ring N-aza protonated
form (gauche-AEP-ImH"1) by 3.40kcalmol™'. This
means that its contribution is very small (<1% at the
DFT level), but taking into account the error of
the DFT method (~2kcalmol ') this structure might
be significant in the gas phase. The Gibbs energy of the
trans-AEP-AmH ™2 structure is still larger than that of
gauche-AEP-ImH "1 by 17.63 kcal mol ', and thus it can
be neglected in the gas phase.

All the most stable neutral (AEP2) and monoproto-
nated structures (AEP-ImH "1 and AEP-AmH"1) found
at the DFT(B3LYP)/6-31G* level have the gauche con-
formation and they are stabilized by the intramolecular
hydrogen bonds between the two functional groups
(Fig. 2). In the neutral form, the chain NH, group
interacts with the ring N-aza, and the distance between
the interacting atoms (H---N) is equal to 2.3 A
(1 A=0.1nm). For the monocations, the protonated
group interacts with the free basic site to form NH' - - -N
bonds. In the ring N-aza protonated form, the distance
between the hydrogen atom of the ring N-azaH™" and the
chain N-amino is equal to 1.8 A. In the chain N-amino
protonated form, the distance between the hydrogen atom
of the chain N-aminoH" and the ring N-aza is equal to
1.6A.

Similar intramolecular hydrogen bonds between the
functional groups stabilize the most stable gauche con-
formations of neutral HA and protonated forms of HA,
the ring N-aza (ImH") and the chain N-amino (AmH"-
T,).%* The main difference is the prototropic tautomerism
that takes place in the imidazole ring (Fig. 3). Therefore,
two tautomeric forms (T; and T,) with the ethylamino
group at the 4- and 5-positions occur for the neutral form.
Similar intramolecular proton transfer is possible in the
chain N-amino protonated form. However, the Gibbs
energy of the AmH"-T, tautomer is by >20kcal mol '
larger than those of ImH" and AmH"-T,, and thus this
tautomer can be neglected in the mixture of monocationic
forms in the gas phase.

Generally, the DFT(B3LYP)/6-31G* results for hista-
mine are quantitatively similar to those found previously
at the HF/6-31G* level.®* There are only slight qualita-
tive differences in the geometric and thermodynamic
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HA-T, HA-T,
# >< #
" -

AmH*-T,

Figure 3. The most stable conformations for HA and its
monocations

parameters. The dihedral angles (@, ¥, and $53) and the
Gibbs energies are lower at the DFT(B3LYP)/6-31G*
level by <5° and 2kcalmol ', respectively. The dis-
tances between the atoms (NH- - -N or "TNH- - -N) of the
interacting functional groups in the most stable gauche
conformations of HA and its monocations are similar to
those in AEP. In the neutral HA tautomers (gauche-HA-
T, and gauche-HA-T,) the distances between the hydro-
gen atom of the chain amino group and the ring N-aza are
2.3 and 2.2 A, respectively. In the N-aza and N-amino
protonated forms of HA, the distances between the
hydrogen atom of the protonated group and the nitrogen
atom of the free group (the protonated ring N-aza and the
free chain NH, in gauche-AEP-ImH"1; and the proto-
nated chain NH5 and the free ring N-aza in gauche-
AmH™-T),) are shorter (due to stronger hydrogen bond-
ing) and equal to 1.8 and 1.7 A, respectively.

The DFT evidence for the preferred site
of protonation

In DFT calculations, AEP was considered as a nitrogen
ligand with two basic centres: the ring N-aza and the
chain N-amino. As shown above, the lowest Gibbs energy
corresponds to the most stable gauche-AEP-ImH™"1
structure, indicating that the ring N-aza is the favoured
site of protonation in the gas phase, as with HA. The
Gibbs energy of the other stable gauche-AEP-AmH"1
structure is larger by 3.40kcalmol'. A smaller differ-
ence was found for the analogue stable HA monocations:
gauche-ImH" and gauche-AmH"-T; (1.74kcal mol ).
The proton affinities (PA) calculated for protonation on
the two potential basic sites in AEP and HA (the ring N-
aza and the chain N-amino) were estimated according to
Eqn (3) using the enthalpies calculated at the
DFT(B3LYP)/6-31G* level for the most stable gauche
conformations of the neutral and protonated forms at
298.15K (Figs 2 and 3). The GB values were calculated
according to Eqn (4). Table 1 summarizes the calculated
PA, GB and entropy term TAS values for the ring N-aza
and chain N-amino sites in AEP and HA. Although the

Copyright © 2005 John Wiley & Sons, Ltd.

Table 1. Proton affinities (PA), gas-phase basicities (GB) and
entropy term (TAS) estimated for the most stable gauche
conformations of AEP (Fig. 2) and HA (Fig. 3) at the
DFT(B3LYP)/6-31G* level (in kcal mol™")

Equilibria PA GB TAS
AEP-ImH"™ = AEP 245.0 236.3 8.7
AEP-AmH" = AEP  241.6 232.9 8.7
ImH" = HA-T, 246.0 237.3 8.7
ImH" = HA-T, 243.8 235.7 8.1
AmH™-T; = HA-T, 2442 235.6 8.6
AmH'-T, =2 HA-T, 242.1 233.9 8.2

DFT method led to overestimated basicities compared
with experimental values, the difference between the GB
values (1 kcal mol™") calculated for the favoured site of
protonation (N-aza) in AEP and HA for similar equilibria
AEP-ImH" = AEP and ImH" = HA-T, is close to that
between the experimental GB values (1.3kcalmol ')
This observation confirms our empirical estimations and
indicates that the ring N-aza is a more basic site than the
chain N-amino in AEP and HA.

It is interesting to mention that the GB values calcu-
lated for the favoured site of protonation (N-aza) for the
most stable frans conformations of AEP and HA for
similar equilibria AEP-ImH" = AEP (224.1 kcal mol ')
and ImH"™ = HA-T, (226.8 kcalmol ') are lower than
those for the corresponding most stable gauche confor-
mations by 12.2 and 10.5kcal mol ', respectively. The
differences in GBs may be assigned to the effect of
the conformation change (when going from the trans to
the gauche conformation) and to the effect of proton
chelation by the two functions. These increases of the GB
values in the most stable gauche conformations of AEP
and HA are similar to the differences in the estimated
GB(N-aza) and the experimental GB values (9-
11kcalmol ).

Similar behaviour was observed for flexible diamines,
which are good examples of symmetrical Nsp3—Nsp3
bidentate nitrogen bases without any constraints on the
basic sites.”?>*® However, diamines cannot be used as
model compounds for the ligands studied here because
AEP and HA are unsymmetrical Nsp’-Nsp® bases in
which one nitrogen (Nsp?) is included in the rigid aro-
matic cycle. This fact may be a reason for the lower
entropy contributions when going from B to BH™ in the
case of AEP and HA (1-3 cal mol ! K™ ') than in the case
of diamines (10-20 cal mol ' K™ 1).” Lack of experimen-
tal entropy data for AEP and HA does not allow any
comment to be made on the capability of the DFT
calculations to reproduce experimental data.

The DFT energy barrier for ITP in the monocation

It is well known that the potential energy surface for
the ITP between two potential basic nitrogen sites

J. Phys. Org. Chem. 2005; 18: 856-863
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Figure 4. Internal transfer of the proton in monocationic
forms of flexible bidentate nitrogen ligands (AEP and HA)

may have a different character: a double or a single
well.'®?”-2® To characterize its shape we examined the
energy barrier for proton transfer from the chain N-
amino to the ring N-aza in the protonated forms of AEP
and HA (Fig. 4). Transition states (see structures in figs
3 and 4 in Wiley Interscience) were searched for both
ligands at the DFT(B3LYP)/6-31G* level. Harmonic
vibrational analysis was performed for the stationary
points found. This analysis confirmed the character of
first-order saddle points with single imaginary frequen-
cies. The distances between the proton and the chain N-
amino ion the transition states of AEP (1.362 A) and HA
(1.290 A) are much closer to the distances° in the N-
amino protonated forms (1.099 and 1.087 A for AEP
and HA, respectively) than for the N-aza protonated
forms (1.751 and 1.824 A for AEP and HA, respec-
tively), indicating that the transition state geometries
are closer to those of the less-stable N-amino forms (see
figs 3 and 4 in Wiley Interscience).

The DFT-calculated thermodynamic quantities for
the barriers in the monocations of AEP and HA [AE,
A(E+ZPVE), AH and AG, which are the relative
electronic energy, the relative sum of the electronic
and the zero-point vibrational energies, the relative
enthalpy and the relative Gibbs energy] between the
transition state (first-order saddle point) and the mini-
mum energy structure of the ring N-aza protonated form
are given in Table 2. For comparison, analogous energy
differences between the minima corresponding to the
N-aza and N-amino protonated forms are also given.
One can notice that in both cases, even though the
electronic energy of the transition state is higher than
that of both the N-amino and N-aza forms, the picture

Table 2. Comparison of thermodynamic properties for the
transition state (TS) and the chain N-amino protonated form
(N-amino) relative to those of the ring N-aza protonated
form calculated for AEP and HA at the DFT(B3LYP)/6-31G*
level® (in kcal mol~")

AEP HA
Relative property TS N-amino TS N-amino
AE 4243) 3539 33034 14(18)
A(E+ZPVE) 18(19) 34(3.6) 1.0(l.1) 1.8(2.0)
AH 1.6 (1.7) 3.4 3.5 0.8(0.8) 1.7(1.9)
AG 20(22) 343.6) 13(1.3) 1.72.0)

“DFT(B3LYP)/6-311G(2d,p) data in parentheses.

Copyright © 2005 John Wiley & Sons, Ltd.

changes upon addition of the zero-point vibrational
energy and the thermal terms. The Gibbs energy
barriers for proton transfer from the ring N-aza to
the chain N-amino in AEP (2.0kcalmol!) and HA
(1.3 kcal mol™!) are lower than the relative Gibbs en-
ergies between the two protonated forms (3.4 and
1.7kcalmol ', respectively). Similar behaviour was
found when using the 6-311G(2d,p) basis set. The
thermochemical data found for the transition state using
this basis set (data given in parentheses in Table 2)
are not significantly different from those obtained with
the 6-31G* basis set. The differences do not exceed
0.2 kcalmol .

These computations suggest that at 298 K the prob-
ability of finding the proton on the N-amino side chain
may be negligible for both AEP and HA, and that the
proton is located on the ring N-aza. This suggests that the
potential energy surface, at least in term of enthalpy or
Gibbs energy changes, has a single well character, as in
previously studied amidinazine.'®

Analysis of the thermochemical data in the anharmonic
oscillator approximation performed for the structures
optimized at the DFT(B3LYP)/6-311(2d,p) level con-
firms the observed absence of a barrier. Inclusion of the
frequencies anharmonicity into the vibrational contribu-
tion to G has a stabilizing effect on all structures (N-aza,
N-amino and transition state) by 0.4, 0.9 and
2.4kcalmol ', respectively, for AEP and by 1.9, 2.5
and 3.7 kcal mol ', respectively, for HA.

Change of basic site preferences on going
from gas phase to aqueous solution

In aqueous solution, ethylamine is more basic than
pyridine,”® but in the gas phase the high polarizability
of the aromatic system strongly increases the basicity of
the N-aza, which is a stronger base than the N-amino.’
For investigations of the medium effects on the basic site
preferences in AEP, when the gas-phase species are
transferred into a solvent, the PCM method'' was applied
to geometries optimized at the DFT(B3LYP)/6-31G*
level and to solvents of different polarities (from cyclo-
hexane to water). For comparison, PCM//DFT(B3LYP)/
6-31G* calculations were also performed for HA. The
calculated relative energies between the most stable
gauche and trans conformations of the ring N-aza and
chain N-amino protonated forms of AEP and HA in the
gas phase and in seven solvents are listed in Table 3.
Comparison of the results obtained shows similar
behaviours for AEP and HA for both conformations
(gauche and trans). A change of the sign of the relative
total energies on going from the gas phase (positive) to
aqueous solution (negative) is observed. This indicates
that the favoured site of protonation is changed by
solvation. Generally, the ring N-aza is favoured in the
gas phase and in solvents of low dielectric constants (such

J. Phys. Org. Chem. 2005; 18: 856-863
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Table 3. Relative total energies between the most stable
gauche and trans conformations of the chain N-amino and
the ring N-aza protonated forms calculated for AEP and HA
(in kcalmol™") in the gas phase and solution using the PCM
method applied to geometries optimized at the DFT(B3LYP)/
6-31G* level

AEP HA
Phase gauche trans gauche trans
Gas 3.5 4.5 1.4 43
Cyclohexane 1.9 1.0 0.6 24
Benzene 1.8 0.6 0.5 22
CCly 1.8 0.7 0.6 22
CHCl; 0.7 -0.2 0.0 1.0
THF 0.4 —-1.8 —0.2 0.6
Acetone —0.1 —-2.6 -0.4 0.1
Water —-1.8 -53 -2.0 -2.0

as cyclohexane, benzene, CCly), whereas in more polar
solvents (such as water) the proton prefers the chain N-
amino site.

CONCLUSIONS

Both experimental and theoretical studies of the basic site
preferences in the gas phase for the dibasic nitrogen
ligand AEP—an agonist of the histamine H; recep-
tor—give a convergent answer in favour of the ring N-
aza, as with HA.%* The chelation effect of the proton
derived on the basis of experimental data for AEP and
model compounds (~9 kcal mol ') is also similar to that
observed in HA and other amidinamines.*'

In the protonated form of AEP, the Gibbs energy
barrier value calculated for the internal proton transfer
at DFT(B3LYP)/6-31G* and DFT(B3LYP)/6-311(2d,p)
levels suggests that the potential energy profile has a
single-well character. The proton is located on the ring N-
aza site and the hydrogen bond is formed with the chain
N-amino site. Similar behaviour is observed for HA at the
same level of theory. A change of the favoured site of
protonation from the ring N-aza to the chain N-amino is
observed for both ligands (AEP and HA) when the gas-
phase species are transferred into aqueous solution.

The evident structural similarity of AEP and HA should
lead to similar behaviour. In the context of proton transfer,
this hypothesis is now validated qualitatively and quanti-
tatively by this joint experimental and theoretical study
resting on the GB of these compounds, including the
potential energy along the proton coordinates. Further-
more, the two molecules exhibit similarity in terms of the
medium effect on the proton location. Because living
systems are known to include environments of different
polarities, it is believed that this work contributes to a
deeper understanding of the causes of specific biological
properties of AEP and HA, particularly their mode of
interactions with HA-specific receptors.

Copyright © 2005 John Wiley & Sons, Ltd.
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