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Preliminary quantum-chemical calculations (DFT) were performed for 2-(�-amino-

ethyl)-pyridine (AEP). In calculations, rotational isomerism around the single C–C and

C–N bonds of the chain aminoethyl group in AEP was considered. Nine stable conforma-
tions (four trans and five gauche) with similar Gibbs energies were found. For all of

them, vibrational frequencies were calculated at the DFT(B3LYP)/6-31G* level. Infra-

red (FT-IR) spectra were recorded in apolar solvent (CCl4) for various concentrations of

AEP, and compared with those found by computations. The comparison shows that in

apolar CCl4 solution AEP exists as a mixture of different conformers. Analysis of the ex-

perimental stretching NH and CH vibrations, and the bending in-plane NH vibrations

suggests that all nine conformers of AEP can be present in CCl4 solution.

Key words: 2-(�-aminoethyl)-pyridine, rotational isomerism, DFT in vacuo, infrared

spectra in apolar solvent

2-(�-Aminoethyl)-pyridine (AEP) is an agonist of histamine receptors [1]. It di-

splays similar physiological effects as histamine (HA), binding with high affinity and

specificity to the histamine H1 receptor [2]. From the chemical point of view, AEP is a

bifunctional nitrogen ligand which possesses two basic sites, the N-aza in the aroma-

tic ring and the N-amino in the aliphatic side chain. Histamine has the same basic si-

tes, the ring N-aza and the chain N-amino, but it is a trifunctional compound. It

contains additionally the acidic amino group (NH) in the ring. The NH together with

the C=N forms the amidine moiety (–NH–CH=N–) which complicates the acid-base

equilibria in HA, and extends possibilities of interactions of HA on various specific

receptors. Currently, there are known four histamine receptors: H1, H2, H3 and H4

[3–8]. The pharmacology of these receptors differs among animal species. Generally,

the H1 receptor mediates contractions of smooth muscles. The H2 receptor controls

the secretion by various glands. The H3 receptor mediates the neurotransmitter pro-

perties. The H4 receptor has recently been discovered and it is not yet well characteri-
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zed. HA and AEP, interacting with the H1 receptor, display properties of aliphatic

amines with an aromatic ring as substituent. Presence of the amidine moiety in HA is

not necessary for the H1 receptor. However, the basic N-amino site in the side chain is

essential for interactions with the H1 receptor, containing hydrophilic and negatively

charged pocket.

To understand similarities and differences between AEP and HA in binding with

the H1 receptor, we have undertaken structural studies for both ligands. In our

previous papers, rotational isomerism, intramolecular interactions and solvent

effects have been discussed for HA [9–12]. It has been shown that conformational,

tautomeric and basic preferences in gas phase and apolar solvents are not the same as

in polar and H-bond donor or H-bond acceptor solvents. In the first case, HA prefers

the gauche conformation, in which the ring N-aza takes the proton and the chain

N-amino interacts with the protonated aza group [9–13]. In the other case, HA prefers

the trans conformation with the chain N-amino more basic than the ring N-aza

[11,12,14]. The trans conformation has also been suggested in the literature for the

monocationic form [3–6] (which probably interacts with the hydrophilic and nega-

tively charged pockets of the H1 and H2 receptors), and for the dicationic form [15,16]

(which probably interacts with the histamine-binding proteins). Interacting with less

hydrophilic pocket of the H3 receptor, the monocationic form of HA takes probably

the gauche conformation [4,7].

Lack of such information for AEP, encouraged us to start structural studies in a

different environment. In this paper, quantum-chemical calculations were performed

for isolated (in vacuo) AEP, and FT-IR spectra were recorded for solvated AEP (in

apolar solvent). First, the semiempirical Austin Model 1 (AM1) [17] was applied to

select all stable conformations possible for AEP in the gas phase. Next, the DFT (den-

sity functional theory) [18] with the B3LYP functional (the combination of the Becke

three-parameter hybrid exchange functional with nonlocal correlation functional of

Lee, Yang and Parr) [19] and the 6-31G* basis set [20] were used to optimize geome-

try of the selected stable conformations and to calculate vibrational IR spectra for the

isolated (in vacuo) conformers. The DFT(B3LYP)/6-31G* has been found recently

by Scott and Radom to be one of the most successful procedures for spectral analyses,

and it has been recommended for interpretation of experimental IR spectra [21].

In parallel, FT-IR spectra were recorded in apolar solvent for different concentra-

tions of free AEP. For measurements, CCl4 was chosen as apolar, non-hydrogen bon-

ding solvent, in which conformational preferences of AEP can be similar to those

found by computations in the gas phase. Lack of the CH groups in CCl4 allows us to
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analyse the stretching CH vibrations of the chain dimethylene group, which are parti-

cularly sensitive to rotational isomerism. For analysis of both the theoretical and

experimental IR spectra, the stretching NH and CH vibrations and the bending

(in-plane) NH vibrations were selected, and their positions and intensities compared.

This comparison, allowed us to indicate the conformations preferred by AEP in apo-

lar solvent.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Materials. AEP (Aldrich) was distilled under reduced pressure and dried over molecular sieves (3 Å,

1 Å = 0.1 nm). CCl4 (HPLC grade solvent of Aldrich) was dried over LiAlH4 and distilled before use. So-
lutions were prepared in a dry glove-box.

Infrared measurements. FT-IR spectra were recorded using a Fourier transform spectrometer Per-

kin-Elmer 2000 with a 4 cm
–1

resolution and 16 scans. All spectra were recorded at room temperature. The

molar concentration of AEP varied from 0.001 to 0.1 mol dm–3. Depending on concentration of AEP,

different cells were applied: quartz cells of 1, 10 and 50 mm and KBr cells of 0.064, 0.625 and 2.66 mm.

The �(NH), �(CH), and �(NH) contours, selected for spectral analysis, were decomposed with help of the

PEGRAMS program (working on the Perkin-Elmer 2000 system) using a mixture of Gaussian and Lo-

rentzian functions.

Quantum-chemical calculations. To select all possible stable conformations of AEP, geometries of

more than one hundred conformers of AEP were considered. Geometries of the stable AEP isomers were

fully optimized without symmetry constraint, and vibrational frequencies calculated using the hybrid

DFT functional B3LYP [18,19] and the 6-31G* basis set [20]. Fifty-five frequencies (calculated for each

AEP isomer) were positive, indicating that the DFT optimized structures correspond to the energy mini-

ma. For DFT calculations, the GAUSSIAN 94 program [22] was applied. The DFT computed IR spectra

for AEP isomers were produced from GAUSSIAN output files. To display the vibrational modes associa-

ted with calculated spectral lines, the MOLDEN program [23] installed on a two processor computer un-

der the Linux system was used.

RESULTS AND DISCUSSION

Possible conformations for isolated (gas phase) AEP. 2-(�-Aminoethyl)-pyri-

dine (AEP) is a very flexible bifunctional ligand. Similar to histamine (HA), it di-

splays rotational isomerism around the single C–C and C–N bonds in the side chain

(Figure 1). Depending on environment (gas phase or solution, metal or ammonium

cation, hydroxide or carboxylate anion or other active site(s) in the H1 receptor poc-

ket) various conformations can be preferred by AEP.

To select stable structures of AEP, more than one hundred conformations were

considered. The representative conformations are given in Figure 2. Three angles

(�1, �2 and �3) were varied by 30� steps during the rotation around the chain C–C and

C–N single bonds. The �1 and �2 angles correspond to the dihedral angles

N(ring)–C(ring)–C(chain)–C(chain) and C(ring)–C(chain)–C(chain)–N(chain), re-
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spectively. For clarity, two angles (�3 and �3�) referring to the amino hydrogens were

taken into account. They correspond to the dihedral angles C–C–N–H in the side cha-

in. The starting positions for the �1, �2, �3 and �3� angles are given in Figure 1.
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Figure 2. Representative conformations for the side chain aminoethyl group in AEP.
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Preferred conformations for isolated AEP(DFT invacuo). Due to a large num-

ber of AEP structures, the AM1 method [17] was applied to select all stable conforma-

tions of AEP. In this way, nine stable conformations of AEP were found, among which

five are gauche and four are trans, similarly as in the case of the histamine tautomer

HA-T1 (in HA-T1 the aminoethyl group is in 2-position vis-á-vis the aza group as in

AEP) [10]). Next, the DFT(B3LYP) method [18,19] and the 6-31G* basis set [20]

were applied to the stable structures of AEP selected by the AM1 method. The geome-

tries were reoptimized without symmetry constraint and the stationary points on the

potential energy surface were found. In this way, the same nine stable conformations

were found for the free AEP (AEP1–AEP9 given in Figure 3). Five of them are gau-

che (AEP1–AEP5) and four are trans (AEP6–AEP9). The three gauche structures
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Figure 3. Stable structures found for 2-(�-aminoethyl)-pyridine (AEP) at the DFT(B3LYP)/6-31G*

level.
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AEP3–AEP5 differ mainly by conformation of the chain NH2 group (�3 and �3� an-

gles). The same is true for the three trans structures AEP6–AEP8.

Table 1 summarizes selected geometrical (angles �1, �2, �3 and �3�) and physi-

cochemical parameters (dipole moment � , total energy E, relative Gibbs energy �G)

obtained for the nine stable conformers of AEP at the DFT level. Comparison shows

that the gauche structure AEP2 (g2) is the most stable one and corresponds to the glo-

bal minimum. Among trans conformations, the trans structure AEP8 (t3 with slightly

larger Gibbs energy than that of g2 by 0.4 kcal mol
–1

) has the lowest energy.

Table 1. Selected geometrical (�1,�2,�3 and�3� angles given in Fig. 1) and physicochemical parameters (�,

E and �G) for the gauche and trans conformations of 2-(�-aminoethyl)-pyridine (AEP1–AEP9
given in Fig. 3) calculated at the DFT(B3LYP)/6-31G* level.

Isomer
Conforma-

tion
�1

a �2
a �3

a �3�
a �b

E
c �G

d

AEP1 g1 35.1 –77.3 179.0 63.3 2.551 –382.260822 0.3

AEP2 g2 –64.7 69.3 64.1 –49.4 2.866 –382.261763 0.0

AEP3 g3 –75.3 –64.2 58.7 –57.8 2.797 –382.260359 0.5

AEP4 g4 –75.9 –66.3 68.5 –176.0 1.492 –382.260202 0.6

AEP5 g5 –88.5 –68.8 –75.2 168.6 1.833 –382.258753 0.6

AEP6 t1 –63.5 176.4 70.1 –174.1 2.672 –382.259134 1.0

AEP7 t2 –72.8 179.9 176.3 –68.2 1.248 –382.259641 0.8

AEP8 t3 –74.3 177.3 –59.0 57.2 2.506 –382.260414 0.4

AEP9 t4 180.0 180.0 57.7 –57.7 1.195 –382.2507631 1.4

a
Angle in degree from the GAUSSIAN output file.

b
Dipole moment in Debye (1 D = 3.33	10

–30
C m).

c
Total energy in Hartree (1 Hartree = 627.5095 kcal mol

–1
).

d
Relative Gibbs energy in kcal mol

–1
(1 cal = 4.184 J), �G = G(AEPi) – G(AEP2).

In the most stable AEP2 structure, both functional groups (the ring N-aza and the

chain NH2) interact by formation of intramolecular H-bonds. Distances between the

ring N-aza and hydrogens of the chain NH2 (both H in the gauche conformation to the

CH2Py) are equal to 2.34 and 3.43 Å. Similar interactions take place in the AEP1 gau-

che structure (g1 with the Gibbs energy slightly larger than that of g2 by 0.3 kcal

mol
–1

). Distances between the ring N-aza and hydrogens of the chain NH2 (one H in

the gauche and the other in the trans conformation to the CH2Py) are equal to 2.28 and

3.77 Å.

Intramolecular interactions present in the other gauche structures AEP3 and

AEP4 (g3 and g4 with larger Gibbs energies than that of g2 by 0.5 and 0.6 kcal mol–1 ,

respectively) are completely different than those in the AEP1 and AEP2 structures

and also than those in the AEP5 structure (g5 with larger Gibbs energy than that of g2

by 0.6 kcal mol
–1

). The chain NH2 in AEP3 and AEP4 interacts with the 
 electrons of

the pyridine ring, whereas the lone electron pair of the chain N-amino in AEP5 inte-

racts with the pyridine ring.
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For AEP3 (g3), the distances between one hydrogen of the chain NH2 (in the gau-

che conformation to the CH2Py) and the three ring atoms: N(1)-aza, C(2), C(3) are

equal to 3.51, 2.82 and 3.05 Å, respectively. Distances for the other hydrogen of the

chain NH2 (also in the gauche conformation to the CH2Py) and the ring atoms (1–3)

are larger by ca. 1Å. Similar behaviours are found for AEP4 (g4), for which distances

between one hydrogen of the chain NH2 (in the gauche conformation to the CH2Py)

and the ring atoms (1–3) are equal to 3.47, 2.76 and 2.98 Å, respectively. Distances for

the other hydrogen of the NH2 (in the transconformation to the CH2Py) are larger than

1 Å. Repulsion between the lone electron pair of the chain N-amino and the 
 elec-

trons of the pyridine ring in AEP5 (g5) changes its geometry. Distances between the

chain N-amino and the ring atoms (1–3) are slightly larger and equal to 4.05, 3.08 and

3.34 Å, respectively.

Although different interactions in the gauche structures (g1–g5) take place, their

Gibbs energies are very close to each other (�G < 1 kcal mol
–1

). The Gibbs energies of

the trans conformers (in which the intramolecular H-bonds are absent) only slightly

differ from that of the most stable g2 (�G < 1.5 kcal mol
–1

). This suggests that all con-

formers of AEP may be present in the gas phase with preference of the g2 structure.

The g2 structure of AEP is also the most polar one (� = 2.866 D). Also the t3 struc-

ture of AEP, found as the most stable among the trans isomers, exhibits high polarity

(� = 2.506 D). These facts should be taken into account in solution, in which confor-

mation of AEP may depend on intermolecular interactions with solvent molecules

(polar or apolar, H-bond donor or H-bond acceptor), and in which polarity of solute

may play an important role.

In the case of free histamine tautomers (HA-T1 and HA-T2), ten stable conforma-

tions (seven gauche and three trans) have been found at the ab initio levels (RHF and

MP2) [24]. The three trans conformations of HA-T1 are similar to those (t1–t3) of

AEP. Five (among seven) gauche conformations of HA-T1 are similar to those

(g1–g5) of AEP. The two other gauche conformations of HA-T1 have not been found

as stable for AEP. In rotational spectrum recorded in the gas phase (hot vapour), a

mixture of four isomers of HA has been identified [24]. All of them have the gauche

conformation and are stabilized by various intramolecular interactions between the

chain NH2 group and the imidazole ring (
-electrons, N-aza or NH group). In the

mixture of these four conformers of HA, 15% has been assigned to the gauche-HA-T1

structure, which is similar to the most stable g2 structure of AEP [24]. Larger percen-

tage content has been found for the other tautomer, the gauche-HA-T2 structure stabi-

lized by the H-bond between the ring NH (H-bond donor) and the chain N-amino

(H-bond acceptor). For this structure, the lowest energy was obtained at both the RHF

and MP2 levels [24].

Aromatic character of the pyridine ring in DFT structures of AEP. As men-

tioned before, AEP is an agonist of the histamine H1 receptor [1]. Investigations on

HA, AEP and other histamine agonists and antagonists suggest that all biologically

active derivatives, interacting with the H1 receptor, display properties of aliphatic

amines with an aromatic ring as substituent [2–4,16]. Although the chain NH2 group
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is essential for interactions with the active site of the H1 receptor, the 
electrons in the

aromatic system play also an important role in binding with proteins and in activity of

the drug [15,16]. For this reason, it is interesting to determine properties of the 
 elec-

trons in AEP.

Aromatic character of the pyridine moiety can quantitatively be measured by the

HOMA (Harmonic Oscillator Model of Aromaticity) index (close to 1 for benzene)

[25–27]. In estimation of the HOMA index values in AEP isomers, equation (8) from

ref. [25] and the new parameters for the C–C {�(CC) = 257.7 and R(CC)opt = 1.388}

and C–N bonds {�(CN) = 93.52 and R(CN)opt = 1.334} were used. The estimations

made for the DFT(B3LYP)/6-31G* structures of AEP (Table 2) show that indepen-

dently on the conformation of the aminoethyl side chain the HOMAindex is close to 1

for the pyridine ring (0.985�0.001) similarly as for unsubstituted pyridine (0.998)

[27]. For histamine species, the HOMA index is considerably lower (0.85�0.05) [8],

indicating smaller aromatic character of the imidazole ring.

Table 2. Bond lengths in the pyridine ring (in Å)
a
and HOMAindices calculated for the gaucheand trans confor-

mations of 2-(�-aminoethyl)-pyridine (AEP1–AEP9 given in Fig. 3) at the DFT(B3LYP)/6-31G* level.

Isomer C(2)–N(1) C(6)–N(1) C(2)–C(3) C(3)–C(4) C(4)–C(5) C(5)–C(6) HOMA

AEP1 1.345 1.338 1.403 1.392 1.395 1.393 0.984

AEP2 1.348 1.338 1.402 1.393 1.394 1.394 0.984

AEP3 1.346 1.336 1.402 1.395 1.393 1.396 0.985

AEP4 1.346 1.337 1.402 1.394 1.394 1.396 0.983

AEP5 1.344 1.338 1.401 1.392 1.395 1.394 0.987

AEP6 1.346 1.336 1.401 1.394 1.393 1.396 0.985

AEP7 1.346 1.337 1.401 1.394 1.394 1.396 0.985

AEP8 1.346 1.337 1.402 1.393 1.394 1.396 0.984

AEP9 1.347 1.335 1.401 1.395 1.392 1.396 0.985

a
1 Å = 0.1 nm.

Selected theoretical (DFT) vibrations of AEP conformers. For all stable con-

formers of AEP, vibrational frequencies were calculated at the DFT(B3LYP)/6-31G*

level. The DFT(B3LYP) method, recommended by Scott and Radom [21], has high

predictive value, and thus it is frequently used for analysis of experimental IR (and/or

Raman) spectra of various molecules [28]. To obtain good agreement with experi-

ment, Palafox [29] proposed a procedure which can be applied to the DFT(B3LYP)

computed frequencies. According to this procedure, the following scaling equation

was used: �scaled = 0.9519 �calculated + 23.3.
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For our spectral analysis (only the scaled frequencies were taken into account),

the stretching NH and CH vibrations, and the bending (in-plane) NH vibrations were

selected, i.e. all vibrations from the high frequency region (4000–1600 cm–1). The re-

asons for this selection are as follows. Vibrational frequencies of these groups {particu-

larly the �(CH) corresponding to the side chain of AEP} are sensitive to conformational

changes. In some cases, they vary by 100 cm
–1

(vide infra). Moreover, the �(NH) and

�(CH) bands can easily be identified in the experimental IR spectrum recorded for

AEP in apolar solvent, such as CCl4 which does not contain the CH group. These

bands appear in different frequency regions, which are free from other vibrations, i.e.

at ca. 3500–3300, 3100–3000, and 2980–2780 cm–1 for the �(NH), �(CarylH), and

�(CalkylH), respectively [30]. Due to absorption of solvent molecules in the low frequ-

ency region (below 1600 cm
–1

) other stretching and bending vibrations have not been

considered in this paper, except the �(NH2) band at 1650–1580 cm
–1

, which could be

analysed only partially.

NH stretching vibrations. For majority of stable conformers of AEP (derivative of

primary amine), the stretching NH vibrations (asymmetric and symmetric) do not

give significant bands in the DFT calculated IR spectra (Table 3). Only in two gauche

structures AEP1 (g1) and AEP2 (g2), intramolecular H-bonds between the functional

groups, increase the intensity of the �(NH2) bands. This increase of intensity is typical

for the associated NH group [30].

Table 3. Stretching NH vibrationsa for the gauche and trans conformations of AEP calculated at the

DFT(B3LYP)/6-31G* level.

Isomer Conformation �as
(NH2)

b ��c �s
(NH2)

b ��c

AEP1 g1 3545 [3398] (8.4) 16 3456 [3313] (29.3) 6

AEP2 g2 3528 [3382] (6.6) 0 3449 [3307] (7.6) 0

AEP3 g3 3543 [3396] (0.6) 14 3457 [3314] (1.8) 7

AEP4 g4 3546 [3399] (0.7) 17 3463 [3319] (1.7) 12

AEP5 g5 3551 [3403] (0.2) 21 3464 [3321] (1.9) 14

AEP6 t1 3544 [3396] (0.8) 14 3459 [3316] (3.8) 9

AEP7 t2 3542 [3395] (1.0) 13 3456 [3314] (3.1) 7

AEP8 t3 3540 [3393] (0.8) 11 3455 [3312] (1.8) 5

AEP9 t4 3536 [3389] (0.8) 7 3452 [3309] (1.6) 2

a
Abbreviations for the stretching vibrations: �as

– asymmetric and �s
– symmetric.

b
Calculated frequency in cm

–1
[its scaled value] (its intensity in km mol

–1
).

c
Relative scaled frequency in cm

–1
, �� = �(AEPi) – �(AEP2).

The intramolecular interactions between the chain NH2 group and the ring N-aza

or the ring 
electrons influence also the position of both �(NH2) bands. However, this

effect is not so strong as in the case of the OH group in alcohols and phenols, for which

the associated �(OH) band can be downshifted even by 200 cm
–1

[30]. For AEP con-

formers, the �as
(NH2) and �s

(NH2) vary from 3403 to 3382 cm
–1

(�� = 21 cm
–1

) and
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from 3321 to 3307 cm
–1

(�� = 14 cm
–1

), respectively, when proceeding from the lar-

gest (for g5) to the lowest (for g2) frequency. This downshift (< 50 cm–1) is typical for

the intramolecularly H-bonded NH group [30].

NH bending in-plane vibrations. Due to higher intensity (> 10 km mol
–1

), the ben-

ding (scissoring) NH vibrations (in-plane) seems to be more useful than the stretching

ones (Table 4). The DFT calculated �(NH2) band is separated from the other bands

corresponding to the stretching vibrations of the pyridine ring {the �(C=C) bands be-

low 1600 cm
–1

} and to the bending vibrations of the dimethylene group {the �(CH2)

bands below 1500 cm
–1

}. The position of the �(NH2) band varies from 1661 (for the

most stable g2 structure) to 1635 cm–1 (for g1). In both the gauche g1 and g2 structu-

res, the intramolecular H-bonds between the chain NH2 and the ring N-aza take place.

Table 4. Bending (in-plane) NH vibrations
a
for the gauche and trans conformations of AEP calculated at the

DFT(B3LYP)/6-31G* level.

Isomer Conformation �(NH2)
b ��c

AEP1 g1 1693 [1635] (43.1) –26

AEP2 g2 1720 [1661] (19.1) 0

AEP3 g3 1702 [1644] (14.2) –17

AEP4 g4 1698 [1639] (29.2) –22

AEP5 g5 1697 [1639] (25.6) –22

AEP6 t1 1698 [1640] (23.3) –21

AEP7 t2 1696 [1638] (24.7) –23

AEP8 t3 1701 [1643] (20.6) –18

AEP9 t4 1702 [1644] (21.6) –17

a
Abbreviations for vibrations: � – bending in-plane (scissoring).

b
Calculated frequency in cm

–1
[its scaled value] (its intensity in km mol

–1
).

c
Relative scaled frequency in cm

–1
, �� = �(AEPi) – �(AEP2).

The different positions of the �(NH2) band in the two intramolecularly H-bonded

isomers g1 and g2 suggest that the H-bonds are not the main reason of the �(NH2)

band variation (�� = 26 cm–1). It can be a consequence of different orientation of the

NH2 vis-á-vis the CH2Py group {see �3 angle for g1 (179.0�) and g2 (64.1�) in Table 1,

and compare it with that equal to 180� and 60� for the representative conformations of

the �3 angle in Fig. 2}. In the g1 structure, the conformation around the terminal C–N

bond is similar to that in g4, g5, t1 and t2 (one H of the NH2 has the gauche conforma-

tion and the other has the trans conformation vis-á-vis the CH2Py group). The posi-

tion of the �(NH2) band in g1 (1635 cm
–1

) is also close to that of g4, g5, t1 and t2

(1638–1640 cm
–1

). The intramolecular H-bonds between the functional groups in g1

only slightly downshift the �(NH2) band (by 3–5 cm–1). In the g2 structure, the con-

formation around the terminal C–N bond is similar to that in g3, t3 and t4 (both hydro-

gens of the NH2 have the gauche conformation vis-á-vis the CH2Py group). However,

in this conformation, the intramolecular H-bonds between the functional groups in g2
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strongly upshift the�(NH2) band (up to 1661 cm
–1

) in comparison to that found for g3,

t3 and t4 (1643–1644 cm–1). This strong upshift (ca. 20 cm–1) is very significant and

the �(NH2) band may be taken as one of IR markers in detection of the g2 structure.

The intensity of the�(NH2) band in g2 (19.1 km mol
–1

) is comparable to that in g3,

t3 and t4 (14.2, 20.6 and 21.6 km mol
–1

, respectively) and also to that in g4, g5, t1 and

t2 (29.2, 25.6, 23.3 and 24.7 km mol
–1

, respectively). This means that the intramole-

cular H-bonds in g2 have no particular influence on the intensity of the �(NH2) band.

Quite a different situation occurs in the case of g1. The intensity of the �(NH2) band in

g1 is ca . twice higher (43.1 km mol
–1

) than that in the other conformers. These diffe-

rent behaviours in both the intramolecularly H-bonded g1 and g2 structures, i.e. high

intensity of the �(NH2) band in g1, and strong upshift of the �(NH2) band in g2, indi-

cate how different may the effect of the intramolecular H-bonds be on the �(NH2)

band in different conformations of the NH2 group.

CH stretching vibrations. Rotational isomerism of the aminoethyl group and in-

tramolecular interactions possible in various isomers of AEP significantly influence

the stretching CH vibrations of the side chain. In the case of the pyridine ring, these

two phenomena have considerably smaller effect. The positions of the four DFT cal-

culated �(CarylH) bands (Table 5) vary from 3088 (for t4) to 3082 (for t1-3), from 3080

(for t4) to 3070 (for g3, t1, t3), from 3059 (for g4, t4) to 3056 (for g3, t1, t3) and from

3040 (for g1) to 3034 cm
–1

(for g5). The variations (�� = 6, 10, 3 and 6 cm
–1

, respec-

tively) do not exceed 10 cm
–1

. All these four �(CarylH) bands are very close to each

other. Their intensities change from 8.7 (for t4) to 18.5 (for t3), from 22.1 (for g4) to

30.5 (for g5), from 4.9 (for t3) to 11.3 (for g5) and from 24.2 (for g1) to 29.1 km mol
–1

(for t4), respectively. Although the position and intensity variations are not very si-

gnificant, all these bands can be taken into account in the interpretation of the experi-

mental IR spectra and in identification of the AEP conformers.

Table 5. Stretching CH vibrations for the pyridine ring in the gauche and trans conformations of AEP calcu-
lated at the DFT(B3LYP)/6-31G* level.

Isomer Conformation �(CH)
a ��b

Assignment
c

AEP1 g1 3215 [3083] (18.1) –1 �(C
5
H)+�(C4

H)+�(C
3
H)

AEP2 g2 3215 [3084] (16.8) 0 �(C
5
H)+�(C

4
H)

AEP3 g3 3214 [3083] (17.0) –1 �(C
5
H)+�(C

4
H)

AEP4 g4 3214 [3083] (13.8) –1 �(C5H)+�(C4H)+�(C3H)

AEP5 g5 3219 [3088] (9.5) 4 �(C
3
H)+�(C4

H)+�(C
5
H)

AEP6 t1 3213 [3082] (18.4) –2 �(C5H)+�(C4H)
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Table 5 (continuation)

AEP7 t2 3213 [3082] (18.2) –2 �(C5H)+�(C4H)+�(C3H)

AEP8 t3 3213 [3082] (18.5) –2 �(C
5
H)+�(C

4
H)

AEP9 t4 3220 [3088] (8.7) 4 �(C3H)+�(C4H)+�(C5H)

AEP1 g1 3202 [3071] (23.0) –1 �(C
3
H)–�(C

5
H)+�(C

4
H)

AEP2 g2 3203 [3072] (22.8) 0 �(C
3
H)–�(C

5
H)+�(C

4
H)

AEP3 g3 3201 [3070] (23.9) –2 �(C
3
H)–�(C

5
H)+�(C

4
H)

AEP4 g4 3206 [3075] (22.1) 3 �(C
3
H)–�(C

5
H)+�(C

4
H)

AEP5 g5 3209 [3078] (30.5) 6 �(C
5
H)–�(C

3
H)

AEP6 t1 3201 [3070] (25.7) –2 �(C
3
H)–�(C

5
H)+�(C

4
H)

AEP7 t2 3202 [3071] (24.1) –1 �(C
3
H)–�(C

5
H)+�(C

4
H)

AEP8 t3 3200 [3070] (24.5) –2 �(C
3
H)–�(C

5
H)+�(C

4
H)

AEP9 t4 3211 [3080] (27.6) 8 �(C
5
H)–�(C

3
H)

AEP1 g1 3187 [3057] (5.1) –1 �(C
4
H)–�(C

3
H)

AEP2 g2 3188 [3058] (5.2) 0 �(C4H)–�(C3H)

AEP3 g3 3186 [3056] (5.1) –2 �(C
4
H)–�(C

3
H)

AEP4 g4 3189 [3059] (8.1) 1 �(C4H)–�(C3H)

AEP5 g5 3188 [3058] (11.3) 0 �(C
4
H)–�(C

5
H)

AEP6 t1 3186 [3056] (5.4) –2 �(C
4
H)–�(C

3
H)

AEP7 t2 3187 [3057] (5.5) –1 �(C
4
H)–�(C

3
H)

AEP8 t3 3186 [3056] (4.9) –2 �(C
4
H)–�(C

3
H)

AEP9 t4 3190 [3059] (9.8) 1 �(C
4
H)–�(C

5
H)

AEP1 g1 3169 [3040] (24.2) 1 �(C6
H)

AEP2 g2 3168 [3039] (24.3) 0 �(C6
H)

AEP3 g3 3166 [3037] (26.9) –2 �(C6
H)

AEP4 g4 3164 [3035] (27.5) –4 �(C6H)

AEP5 g5 3163 [3034] (28.7) –5 �(C6
H)

AEP6 t1 3164 [3035] (27.9) –4 �(C6H)

AEP7 t2 3164 [3035] (28.0) –4 �(C6
H)

AEP8 t3 3166 [3037] (27.7) –2 �(C6
H)

AEP9 t4 3163 [3035] (29.1) –4 �(C6
H)

a
Calculated frequency in cm

–1
[its scaled value] (its intensity in km mol

–1
).

b
Relative scaled frequency in cm

–1
, �� = �(AEPi) – �(AEP2).

c
Main vibrations.

In the case of the chain dimethylene group, the variations in the positions and in-

tensities of the four DFT calculated �(CalkylH) bands, corresponding to the asymme-

tric and symmetric stretching C
�
H and C

�
H vibrations, are particularly large when

proceeding from one to another conformation of AEP (Table 6). Although the �(CalkylH)

bands are close to each other, one can indicate the �(CH) band well separated from the

other ones, which can be taken as an IR marker for particular conformation(s).
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Table 6. Stretching CH vibrations for the ethylene chain in the gauche and trans conformations of AEP
calculated at the DFT(B3LYP)/6-31G* level.

Isomer Conformation �(CH)
a ��b

Assignment
c

AEP1 g1 3081 [2956] (29.9) –4 �as
(C

�
H2)

AEP2 g2 3080 [2955] (41.2) 0 �as
(C

�
H2)+�(C

�
H

gauche
)

AEP3 g3 3088 [2963] (23.4) 3 �as
(C

�
H2)+�(C

�
H

gauche
)

AEP4 g4 3112 [2986] (19.2) 26 �as
(C

�
H2)

AEP5 g5 3106 [2979] (20.3) 19 �as
(C

�
H2)

AEP6 t1 3107 [2981] (28.8) 21 �as
(C

�
H2)+�(C

�
H

gauche
)

AEP7 t2 3106 [2980] (27.2) 20 �as
(C

�
H2)

AEP8 t3 3080 [2955] (8.9) –5 �as
(C

�
H2)+�(C

�
H

gauche
)

AEP9 t4 3051 [2928] (4.3) –32 �as(C�H2)+�(C�Hgauche)

AEP1 g1 3060 [2936] (57.0) –19 �(C
�
H

gauche
)

AEP2 g2 3085 [2960] (45.9) 0 �as
(C

�
H2)+�as

(C
�
H2)

AEP3 g3 3105 [2979] (33.1) 24 �as
(C

�
H2)

AEP4 g4 3077 [2952] (63.8) –3 �(C
�
H

gauche
)

AEP5 g5 3087 [2962] (26.0) 7 �(C
�
H

gauche
)

AEP6 t1 3090 [2965] (5.5) 10 �(C�
H

gauche
)+�as

(C
�
H2)

AEP7 t2 3066 [2941] (35.4) –14 �(C
�
H

gauche
)

AEP8 t3 3109 [2983] (33.5) 28 �as
(C

�
H2)

AEP9 t4 3086 [2961] (46.3) 6 �as
(C

�
H2)

AEP1 g1 3035 [2912] (12.4) –2 �s
(C

�
H2)

AEP2 g2 3037 [2914] (20.1) 0 �s(C�H2)

AEP3 g3 3040 [2917] (22.7) 3 �s
(C

�
H2)

AEP4 g4 3061 [2937] (9.3) 23 �s(C�H2)

AEP5 g5 3041 [2918] (27.4) 4 �s
(C

�
H2)

AEP6 t1 3043 [2920] (26.1) 6 �s
(C

�
H2)

AEP7 t2 3045 [2922] (15.9) 8 �s
(C

�
H2)

AEP8 t3 3038 [2915] (20.2) 1 �s
(C

�
H2)

AEP9 t4 3026 [2903] (9.1) –11 �s
(C

�
H2)

AEP1 g1 2952 [2833] (85.1) –85 �(C
�
H

trans
)

AEP2 g2 3041 [2918] (43.7) 0 �s
(C

�
H2)

AEP3 g3 3056 [2932] (45.5) 14 �s
(C

�
H2)

AEP4 g4 2983 [2963] (54.7) –55 �(C
�
H

trans
)

AEP5 g5 2962 [2843] (113.9) –75 �(C
�
H

trans
)

AEP6 t1 2951 [2832] (82.3) –86 �(C�H trans)

AEP7 t2 2988 [2967] (49.6) –51 �(C
�
H

trans
)
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Table 6 (continuation)

AEP8 t3 3053 [2929] (40.6) 11 �s(C�H2)

AEP9 t4 3043 [2920] (42.4) 2 �s
(C

�
H2)

aCalculated frequency in cm–1 [its scaled value] (its intensity in km mol–1).
bRelative scaled frequency in cm–1, �� = �(AEPi) – �(AEP2).
cSymbols for the stretching vibrations: �as – asymmetric and �s – symmetric. Symbols for the hydrogens:

Hgauche – gauche position of H vis-á-vis the lone electron pair of the chain nitrogen and Htrans – trans
position of H vis-á-vis the lone electron pair of the chain nitrogen.

The position and intensity of the �as
(C

�
H2) band or its composite (in phase) with

the asymmetric stretching C
�
H or C

�
H

gauche
vibrations (where H

gauche
indicates the hy-

drogen at the C
�

in the gauche position vis-á-vis the lone electron pair of the chain

N-amino) vary from 2986 (19.2) for g4 through 2955 (45.9) for g2 to 2928 cm
–1

(4.3)

for t4. The variation gives a remarkably wide frequency region (�� = 58 cm
–1

) with

the mean � value of 2965 cm–1. However, this is useless, because the rotation of the

chain aminoethyl group influences in the same way the position and intensity of the

�as
(C

�
H2) and �(C

�
H

gauche
) bands or their composites (in phase) with the asymmetric

stretching C
�
H vibrations. They change as follows: from 2983 (33.5) for t3 through

2965 (5.5) for t1 to 2936 cm
–1

(57.0) for g1. The frequency region is also wide (�� =

47 cm
–1

), and the mean value of 2959 cm
–1

is close to that found for the �as
(C

�
H2) band

(2965 cm
–1

). The �s
(C

�
H2) band and its intensity are also useless. They vary as fol-

lows: from 2937 (9.3) for g4 through 2918 (27.4) for g5 to 2903 cm
–1

(9.1) for t4. The

frequency region (�� = 34 cm–1) is not so wide as for the asymmetric stretching C�H

vibrations, but the mean � value of 2918 cm–1 is separated from that (2959 cm–1) for

the asymmetric stretching C
�
H vibrations by 41 cm

–1
. This means that the largest va-

lue of the �s
(C

�
H2) band (2937 cm

–1
for g4) is close to the lowest value of the

�as
(C

�
H2) (2928 cm

–1
for t4) and �(C

�
H

gauche
) bands (2936 cm

–1
for g1). The same is

true for the �s
(C

�
H2) band found for g2, g3, t3 and t4. It varies from 2932 (for g3) to

2918 cm
–1

(for g2). Although the frequency region (�� = 14 cm
–1

) is narrow, the mean �

value of 2925 cm
–1

is close to that for the �s
(C

�
H2) band (2918 cm

–1
). The intensity of

the�s(C�H2) band does not depend on conformation and it is close toca. 43 km mol–1.

One exception is the �(C�Htrans) band, where H trans indicates the hydrogen at the

C
�

in the trans positionvis-á-vis the lone electron pair of the chain N-amino. The posi-

tion and intensity of the �(C
�
H

trans
) band change from 2867 (49.6) and 2863 (54.7) for

t2 and g4 through 2843 (113.9) for g5 to 2833 (85.1) and 2832 cm
–1

(82.3) for g1 and

t1. This band is separated from the other ones by ca. 40–70 cm
–1

and its intensity is

very significant. Thus the �(C
�
H

trans
) band can be used as an IR marker for identifica-

tion of the g1, g4, g5, t1 and t2 structures in the mixture of the AEP isomers.

Experimental FT-IR spectrum of AEP in apolar solvent. Four frequency re-

gions of the FT-IR spectrum, corresponding to the stretching NH, CarylH and CalkylH

vibrations and to the bending (in-plane) NH vibrations were selected to study the con-

formational preferences of AEP in CCl4. They are shown in Fig. 4. Preliminary analy-

sis of these regions indicates that AEP does not exists in one conformation in apolar

solvent. The �(NH), �(NH2), �(CarylH), and �(CalkylH) contours consist of few compo-
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Figure 4. Frequency regions selected from the experimental FT-IR spectra of AEP in CCl4 solution (0.02

mol dm
–3

in 2.66 mm KBr cell).
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nent bands. Change of concentration of AEP in CCl4 solutions from 0.001 to 0.1 mol

dm–3 has only slight influence on the positions of all selected bands.

Taking into account this observation and the DFT calculated IR spectra for the

nine isomers of AEP, the experimental�as
(NH2) and �s

(NH2) contours were decompo-

sed into two (at 3390 and 3384 cm
–1

) and three (at 3328, 3315 and 3306 cm
–1

) compo-

nent bands, respectively. The component �as
(NH2) band at larger frequency refers to

all AEP isomers except g2, and that at lower frequency to g2 (Table 3). The compo-

nent �s
(NH2) band at larger frequency corresponds to g4 and g5, that at middle frequ-

ency to g1, g3, and t1-t3, and that at lower frequency to g2 and t4. The intensities of

these component bands are significant and suggest that all isomers of AEP can be pre-

sent in CCl4 solution.

According to the DFT calculations, the �(NH2) contour could be decomposed

into four component bands corresponding to g2 (at ca. 1660 cm
–1

), g3, t3 and t4 (atca .

1644 cm
–1

), g4, g5, t1 and t2 (at ca. 1639 cm
–1

), and g1 (at ca. 1635 cm
–1

), respectively

(Table 4). Unfortunately, the experimental �(NH2) contour is downshifted (by ca . 40

cm
–1

) in comparison to the DFT calculated bands towards the �(C=C) frequency re-

gion for the pyridine ring and to the solvent absorption region. Therefore, the decom-

position of the �(NH2) contour is difficult. One can only indicate the partial band at

larger frequency (atca. 1620 cm–1), which can be assigned to the (NH2) band of g2.

The �(CH) bands are well separated from the other bands, and they have signifi-

cant intensities. In the case of very broad experimental �(CarylH) contour at larger

frequency, five component bands were distinguished (at 3090, 3085, 3079, 3071 and

3062 cm
–1

). According to the DFT calculations (Table 5), the two component �(Ca -

rylH) bands at larger frequencies correspond to the stretching CH vibrations in phase:

�(C
3
H)+�(C

4
H)+�(C

5
H) for g5 and t4, and �(C

5
H+�(C

4
H)+�(C

3
H) for g1-g4 and

t1-t3. The other three�(CarylH) component bands refer to the stretching CH vibrations

in counter-phase: �(C5H)–�(C3H) for g5 and t4, �(C3H)–�(C5H)+�(C4H) for g1-g4

and t1-t3, and �(C
4
H)–�(C

3
H) or �(C

4
H)–�(C

5
H) for all nine isomers. Their intensi-

ties are significant, similarly as those computed at the DFT level. The same is true for

the other experimental �(CarylH) contour at lower frequency corresponding to the

stretching C
6
H vibrations, for which three component bands were distinguished (at

3017, 3013 and 3007 cm
–1

). The component �(C
6
H) band at larger frequency refers to

g1 and g2, that at middle frequency to g3 and t3, and that at lower frequency to g4, g5,

t1, t2 and t4. Their intensities are also significant and suggest that all nine isomers of

AEP exist in CCl4 solution.

In the case of very broad experimental �(CalkylH) contour at larger frequency, six

component bands were distinguished (at 2965, 2954, 2945, 2936, 2927 and 2914

cm
–1

). According to the DFT calculations, they correspond to the asymmetrical and

symmetrical stretching C
�
H and C

�
H vibrations for various AEP isomers (Table 6).

Their intensities are significant, similarly as those computed at the DFT level for AEP

isomers.
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Important conclusion can be derived on the basis of the other experimental conto-

ur of high intensity at lower frequency of the �(CalkylH) region. An appearance of

bands below 2900 cm–1 are usually attributed to overtone vibrations, and/or to various

combination tones, corresponding to the sum or difference of the fundamental frequ-

encies. However, these overtones and combinations have low intensity [30]. Therefo-

re, one can conclude that the experimental, intense �(CalkylH) contour at lower

frequency corresponds mainly to the stretching C
�
H

trans
vibrations. Taking into acco-

unt this conclusion and the DFT calculations, this contour can be decomposed at least

into three component bands. The component �(C
�
H

trans
) band at larger frequency

(2873 cm–1) refers to g4 and t2, that at middle frequency (2860 cm–1) to g5, and that at

lower frequency (2844 cm–1) to g1 and t1 (Table 6). High intensities of these partial

bands suggest that the g1, g4, g5, t1 and t2 structures exist in CCl4 solution.

CONCLUSIONS

Among one hundred conformers considered for AEP, nine stable structures have

been found at the DFT(B3LYP)/6-31G* level. Most of them are similar to those found

for the T1 tautomer of histamine. This conformational similarity between AEP and

HA can partially explain similarity of both ligands in binding with the H1 receptor.

Differences between the Gibbs energies of nine AEP isomers are not larger than 1.5

kcal mol
–1

, and difference in their polarities are smaller than 2 Debyes. Aromatic cha-

racter of the pyridine moiety measured by the HOMA index does not depend on con-

formation of the aminoethyl group and it is close to unity for all nine isomers of AEP.

Smaller aromatic character of the imidazole ring in histamine (HOMA = 0.85�0.05)

and higher polarity of HA than AEP can explain differences in physiological and be-

havioural effects of both ligands and their different affinities in binding with the H1

receptor.

Rotational isomerism of the side chain and intramolecular interactions between

the chain amino group and the aza or 
 electrons in the pyridine ring significantly in-

fluence the calculated vibrational frequencies, especially the stretching CH vibra-

tions of the aminoethyl group. The DFT calculated �(C
�
H

trans
) for AEP1 and

AEP4-AEP7 is separated from the other �(CH) bands by 40–70 cm
–1

. On the other

hand, the �(NH2) band for AEP2 is upshifted by ca. 20 cm–1 in comparison to that for

other isomers. These observations have been very useful in interpretation of the expe-

rimental IR spectrum of AEP recorded in CCl4 solution. Significant intensities of all

component �(NH) and �(CH) bands suggest that AEP exists as a mixture of its rotatio-

nal isomers in apolar solvent.
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