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Abstract : In the presente work, a theoretical study
on the structural and vibrational properties of three
tautomers of the -adrenergic agonist clonidine agent
and their protonated species was reported by using
the hybrid B3LYP method together with the 6-31G*
and 6-311++G** basis sets. The inter-conversion
between the three tautomers of clonidine and the re-
action paths connecting these three structures with
the corresponding transition states were studied by
using the Synchronous Transit-Guided Quasi-New-
ton (STQN) method and those two levels of theory.
The Natural Bond Orbital (NBO) and Atoms in Mol-
ecules theory (AIM) calculations were employed in
order to evaluate their atomic charges, bond orders,
stabilization energies and topological properties. The
analysis of the frontier orbitals suggest that the pres-
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INTRODUCTION

Our investigation group is centred in the study
of heterocyclic compounds of pharmacological and
medicinal interest, such as the isothiazole,
benzothiazole, cyanopyridine, thiadiazole,
fluoromethylated-pyrrol, nucleoside and quinolin

derivatives because they present a wide range of
biological properties[1-7]. For instance, the 2-(-2-
benzofuranyl)-2-imidazoline and tolazoline hydro-
chloride derivatives[8,9] that contain furan and/or ben-
zyl and imidazoline rings in its structures are anti-
hypertensive agents, where the separation between
two of their rings is an important requirements for

ence of two Cl atoms in the phenyl rings is essential
for increase the reactivity of a hydrochloride spe-
cies. Moreover, the N-H group between the two phe-
nyl and imidazoline rings increase the reactivity of
clonidine hydrochloride, as compared with
tolazoline hydrochloride. The study of the frontier
orbitals predicted that the protonated form of
clonidine is the less reactive in the gas phase. The
tentative vibrational assignments for the four stud-
ied species were reported together with the force
constants which were compared with those obtained
for similar antihypertensive agents.
Global Scientific Inc.

Keywords : Clonidine; Vibrational spectra; Mo-
lecular structure; Force field; DFT calculations.
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the interaction of these imidazolines with the -
adrenoceptors sites[10]. In many cases, the incorpo-
ration of halogen atoms in their rings improves no-
tably their pharmacological properties due to that
change the structure-activity relationships. Then, the
knowledge of this parameter together with the struc-
tural properties is useful and necessary to under-
stand the mechanisms of interaction of the drug with
the receptors sites, modes of action and behaviors
in the different media. In this opportunity, we have
studied the three tautomers and their protonated spe-
cies of the antihypertensive 2-[2,6-
dichlorophenylimino] imidazolidine agent, named
clonidine that act as an agonist drug on the -
adrenoceptors sites[11-13]. In recent times, a theoreti-
cal study on some antihypertensive agents, includ-
ing clonidine were reported by Remko et al.[14] but
their atomic charges, stabilization energies, molecu-
lar electrostatic potentials, reactivity sites and vi-
brational analysis, so far, remain unknown. In a re-
cent paper, we have studied clonidine hydrochlo-
ride whose structure is different from the neutral
clonidine species because the incorporation of two
additional H and Cl atoms in the structure of
clonidine produces notable changes in their proper-
ties (Romano et al. Submitted). In this work, we
have studied the structures and vibrational proper-
ties of the tautomers of neutral clonidine and their
protonated species, in agreement with the experi-
mental structure determined for the antihypertensive
tolazoline hydrochloride[10] and, as suggested for this
species by Contreras et al[9]. Then, the vibrational
analyses for the tautomers and their protonated form
were performed using the experimental available IR
and Raman spectra of clonidine hydrochloride
(Romano et al. Submitted) and DFT calculations in
gas phase. Their force fields were computed at the
same levels of theory by using the Scaled Quantum
Mechanic Force Field (SQMFF) procedure[15], the
internal coordinates and the Molvib program[16].
Hence, the complete assignments for these new spe-
cies of clonidine were performed from the corre-
sponding force fields using the two levels of ap-
proximation. Here, the inter-conversion between the
three tautomers of clonidine and the reaction paths
connecting these three structures with the correspond-

ing transition states found were for first time reported
together with their calculated molecular force fields
by using the B3LYP/6-31G* and B3LYP/6-
311++G**combinations[17,18]. Further natural bond
orbital (NBO)[19,20] and Atoms in Molecules
(AIM)[21,22] calculations were employed to study the
atomic charges, molecular electrostatic potentials,
stabilization energies and topological properties of
all the species of clonidine in gas phase at the same
levels of theory. In these species, as in clonidine
hydrochloride and their dimer (Romano et al. Sub-
mitted), the reactivities were predicted using the
frontier orbitals[23,24]. Thus, different reaction sites
are evidenced in the tautomers of clonidine and their
protonated species, as compared with clonidine hy-
drochloride and their dimer suggesting that all these
agonist species could interact with the -
adrenoceptors of diverse manners.

COMPUTATIONAL DETAILS

The GaussView program[25] was used to model
the initial structures of the tautomers and the proto-
nated species of clonidine which were later opti-
mized in gas phase using the hybrid B3LYP
method[17,18] and the 6-31G* and 6-311++G** basis
sets with the Gaussian 09 program[26]. The structures
of the three tautomers of clonidine are those pro-
posed by Remko et al.[14], named IA, IB and II, while
the protonated form was designed as (P). Figure 1
show these four optimized structures together with
the atom�s numberings. The inter-conversion between

the three tautomers of clonidine and the reaction paths
connecting these three structures were also investi-
gated together with the two transition states expected.
Here, the Synchronous Transit-Guided Quasi-New-
ton (STQN) method implemented by Schlegel et
al.[27] was used to search these two transition struc-
tures by using the Gaussian program[26]. The atomic
charges, bond orders and stabilization energies were
calculated by means the NBO calculations[19] with
the NBO 3.1[20] program while the topological prop-
erties were computed with the AIM2000 program[22].
The force fields using those two levels approxima-
tion and the SQMFF procedure[15] were computed
with the Molvib program[16]. The natural internal
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coordinates for the tautomers of clonidine and their
protonated species were not presented here because
they are similar to those reported in the literature[8,9].
The force fields and the potential energy distribu-
tions (PED) were employed to perform the complete
assignments of the four species using the available
vibrational spectra (Romano et al. Submitted). Fur-
thermore, the force constants for the tautomers of
clonidine and their protonated species were reported
and compared with those calculated for clonidine
hydrochloride (Romano et al. Submitted). Bands

attributed to the stable tautomers of clonidine were
also observed in the vibrational spectra. The fol-
lowing reactivity order using the 6-31G* basis set
was found when these species are compared with
clonidine hydrochloride and with tolazoline hydro-
chloride (ClT) and their protonated (PT) species: H
> ClT > IB > PT > IA > II > P while the order change
using the 6-311++G** basis set at: H > ClT > IB >
IA > PT > II > P. Thus, the protonated species of
clonidine is the less reactive species in gas phase
using both levels of theory.

RESULTS AND DISCUSSION

Structures optimization

In TABLE S1 (Supporting Material) are pre-
sented the total and relative energies, and the dipole
moment values for the three tautomers of clonidine
by using both methods compared with the corre-
sponding values for the protonated species. The com-
plete analyses for the three tautomers of clonidine
show clearly higher stability of the tautomeric II form
using both basis sets, in accordance with their higher
dipole moment values. Moreover, the inter-conver-
sion between the three tautomers in the gas phase at
the same theory levels and the relative energies
among them can be seen in TABLE 1 while the reac-
tion paths connecting these three structures and the
two transition states found are given in Figure S1
(Supporting Material). Byre et al.[28] have reported
for clonidine hydroclhoride that a strong barrier of
energy impedes the rotation of the two torsion angles
at the same time. In this case, the high dipole mo-
ment values for the tautomeric II form with both ba-
sis sets could in part explain their experimental sta-
bility, as was observed in other compounds[29,30].
TABLE 2 summarize the calculated geometrical

Figure 1 : Molecular structures of the three tautomers
of clonidine and their protonated form together with the
atoms numbering

Structure E 
Hartree/molecule 

E 
kcal/mol 

 
Debye 

II -1433.0210 0.00 3.77 

QST1 -1432.7651 160.58 2.70 

IB -1433.0083 7.97 3.58 

QST2 -1432.7721 156.19 2.36 

IA -1433.0084 7.90 1.37 

TABLE 1 : B3LYP/6-31G* total energies (E) and relative energies (E), and dipole moment () for the tautomers
of clonidine and the transition states connecting the minima in gas phase
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B3LYPa 
IA IB II Protonated Parameter Exp.b 

6-31G* 6-311++G** 6-31G* 6-311++G** 6-31G* 6-311++G** 6-31G* 6-311++G** 
Bond lengths (Å) 

C(1)-N(2) 1.447 1.476 1.477 1.469 1.469 1.460 1.461 1.476 1.477 
C(1)-C(5) 1.533 1.560 1.557 1.553 1.550 1.539 1.538 1.545 1.544 
N(2)-C(3) 1.321 1.403 1.401 1.283 1.281 1.382 1.381 1.343 1.341 
C(3)-N(4) 1.322 1.278 1.274 1.397 1.395 1.388 1.385 1.339 1.336 
N(4)-C(5) 1.450 1.469 1.470 1.474 1.476 1.464 1.465 1.475 1.476 
C(3)-N(6) 1.328 1.398 1.394 1.396 1.392 1.285 1.282 1.337 1.334 
N(6)-C(7) 1.418 1.408 1.407 1.407 1.405 1.386 1.385 1.430 1.430 
C(7)-C(8) 1.392 1.408 1.405 1.409 1.407 1.415 1.412 1.406 1.404 
C(7)-C(9) 1.391 1.407 1.404 1.411 1.409 1.414 1.412 1.406 1.404 

C(9)-C(10) 1.382 1.392 1.389 1.392 1.389 1.393 1.390 1.393 1.391 
C(10)-C(11) 1.377 1.392 1.390 1.393 1.391 1.393 1.391 1.394 1.392 
C(11)-C(12) 1.371 1.393 1.391 1.393 1.390 1.394 1.392 1.395 1.392 
C(8)- C(12) 1.385 1.393 1.390 1.393 1.390 1.391 1.388 1.393 1.390 
C(8)-Cl(23) 1.724 1.750 1.750 1.759 1.758 1.757 1.756 1.745 1.745 
C(9)-Cl(19) 1.733 1.762 1.761 1.756 1.755 1.766 1.764 1.749 1.747 

RMSD  0.035 0.034 0.033 0.032 0.032 0.031 0.018 0.017 
Bond angles (°) 

C(1)-N(2)-C(3) 111.5 104.9 105.1 105.7 106.1 110.0 110.1 110,3 110,4 
N(2)-C(3)-N(4) 111.8 118.3 118.0 117.8 117.4 107.5 107.5 110,7 110,7 
N(2)-C(1)-C(5) 102.6 101.7 101.6 105.8 105.4 100.7 100.8 101,5 101,5 
C(3)-N(4)-C(5) 110.6 105.9 106.3 104.7 104.8 109.6 109.8 110,4 110,6 
C(1)-C(5)-N(4) 103.5 106.3 106.1 101.2 101.0 101.0 101.0 101,6 101,6 
N(2)-C(3)-N(6) 123.1 115.6 116.1 121.2 121.6 122.5 122.8 124,4 124,5 
C(3)-N(6)-C(7) 123.0 121.0 121.0 125.1 125.4 122.1 122.0 124,2 124,0 
N(6)- C(3)-N(4) 125.2 126.0 125.9 120.9 120.9 129.9 129.6 124,9 124,8 
N(6)-C(7)-C(8) 121.3 121.8 121.7 122.4 122.4 120.7 121.0 120,0 120,2 
N(6)-C(7)-C(9) 121.4 121.5 121.5 121.3 121.2 123.9 123.5 121,1 120,9 
C(8)-C(7)-C(9) 117.3 116.6 116.7 116.1 116.2 115.1 115.2 118,8 118,8 

C(7)-C(9)-C(10) 121.5 122.5 122.4 122.5 122.4 123.0 122.9 120,7 120,7 
C(9)-C(10)-C(11) 119.8 119.2 119.2 119.4 119.4 119.5 119.5 119,3 119,3 
C(10)-C(11)-(12) 120.2 120.1 120.2 120.1 120.1 119.8 119.8 121,1 121,1 
C(11)-C(12)-C(8) 119.8 119.9 119.8 119.6 119.6 119.7 119.7 119,3 119,3 
C(12)-C(8)-C(7) 121.4 121.6 121.6 122.2 122.2 122.8 122.8 120,8 120,8 
C(7)-C(9)-Cl(19) 120.0 119.1 119.1 119.0 119.0 119.0 119.0 119,9 119,8 
C(10)-C(9)-Cl(19) 118.5 118.4 118.5 118.5 118.6 118.0 118.1 119,4 119,4 
C(7)-C(8)-Cl(23) 119.9 120.1 120.0 119.9 119.8 118.6 118.6 119,5 119,6 
C(12)-C(8)-Cl(23) 119.7 118.2 118.3 117.8 117.9 118.5 118.6 119,7 119,6 

RMSD  3.02 2.86 2.79 2.68 1.94 1.85 0.95 0.93 
Dihedral angles (º) 

N(2)-C(3)-N(6)-C(7) 178.1 179.6 179.8 159.7 163.2 176.9 176.3 179.3 178.5 
N(4)-C(3)-N(6)-C(7) 0 -1.1 -1.7 -17.5 -13.7 -5.2 -5.7 -0.2 -1.2 
C(3)-N(6)-C(7)-C(8) -76.5 -69.8 -70.2 -77.4 -75.9 -74 -76 -78.3 -81.9 
C(3)-N(6)-C(7)-C(9) 105.2 114.2 113.1 106.9 108.1 112.2 110.1 104.6 100.4 

RMSD  5.69 5.19 12.73 10.23 4.58 3.87 1.13 3.67 

TABLE 2 : Comparison of calculated geometrical parameters for the tautomers of clonidine and their protonated
species with the experimental values corresponding to clonidine hydrochloride

aThis work, b Ref [28]
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parameters for the three tautomers of clonidine and
their protonated form compared with the experimen-
tal values determined by Byre et al.[28] for clonidine
hydrochloride by means of the root mean of square
deviation (RMSD) values. In the tautomer II and P,
the bond N(2)-C(3) and C(3)-N(4) lengths belong
to the imidazoline ring are chemically equivalent,
as in the experimental structure, because both N at-
oms are protonated. This observation is very im-
portant taking into account that in the agonist com-
pounds, as clonidine, the positive charge is evenly
distributed in the N-C-N region of the imidazole ring,
as reported for tolazoline hydrochloride [10]. A con-
trary result it is observed in the tautomers IA and
IB. Thus, a double bonds character are observed in
the N(2)-C(3) bond of IB and in the C(3)-N(4) bond
of IA. Moreover, the bond C(3)-N(6) length in the
tautomer II is different from that corresponding to
the P species due to their double partial character
bond. The calculated bond C(3)-N(6)-C(7) angle
value differ notably in all these species, as observed
in TABLE 2. The analysis of the geometrical pa-
rameters using the RMSD values show a very good
correlation for all the structures of clonidine but par-
ticularly, the protonated form present the better cor-
relation in the bond lengths and angles and in the
dihedral angles, as observed in TABLE 2. The lower
RMSD values observed for P and the tautomer II
suggest clearly the presence of these forms in the
solid state, as observed in TABLE 2. Hence, these
B3LYP/6-31G* and B3LYP/6-311++G** structures
can be a reliable starting point for the determination
of their frequencies and force fields.

NPA, MEP and Wiberg index studies

For the three tautomers of clonidine and their P
species, NBO calculations[19,20] were employed to
study the natural population atomic charges (NPA)
and the bond order expressed as Wiberg indexes
using both approximation levels because the charge
distributions in these species could explain the form
of interaction between a agonist drug, as clonidine
with their a-adrenergic receptor site, as suggested
by Ghose and Dattagupta[10]. Here, the presence of
two Cl atoms in the benzyl rings probably has influ-
ence on the stabilities of the tautomers of clonidine

and their P species. Hence, the NPA charges for these
species in gas phase at different theory levels can
be seen in TABLE S2. The complete analysis for the
four structures show that the most positive NPA val-
ues are observed on the C3 atoms belonging to the
imidazole rings while the most negative values are
observed on the N atoms of all the species. Analyz-
ing the most positive NPA values on the H atoms,
we observed that the P form present the higher val-
ues using both basis sets, in relation to the other ones.
Here, probably the proximity between the H17 and
H18 atoms together with their NPA charges can in
part explain the lower stability of the IA structure of
clonidine, in relation to the tautomers II and IB.

For the four structures of clonidine we have also
studied the molecular electrostatic potential (MEP)
surface mapped at B3LYP/6-31G* level in order to
find the possible reaction sites of these agonist spe-
cies that interaction with potential biological nucleo-
philes or electrophiles sites. The surface mapped
for the tautomer II of clonidine and their protonated
form were performed using the Gaussian program[26]

and the graphics are given in Figures S2 and S3,
respectively. We observed that the difference be-
tween the surfaces mapped are notable, thus, for the
neutral tautomer II of clonidine, Figure S2 shows a
strong red colour on the N6 atom which is not pro-
tonated suggesting that this region act as an electro-
philic site, acceptor of H bonds and, for this reason,
reacting with potential biological nucleophiles while
the N2-H17 bond exhibit the coloration blue typical
of the nucleophilic sites, donor of H bonds reacting
with potential biological electrophiles. Obviously,
the capability of hydrogen bond formation can be
with share of nitrogen atoms of the imidazoline ring
or through hydrogen atom of �NH moieties.

In TABLE S3 are summarized the bond orders,
expressed by Wiberg�s index for the tautomers of

clonidine and the P form. It is notable the strong de-
pendence of the size of the basis sets on the bond
order values, hence, the values slightly increase
when increase the size of the basis set. Note that the
highest bond order values are observed in the C8
and C9 atoms belong to the phenyl rings and linked
to the Cl atoms while the lowest values are calcu-
lated for the C1 and C5 atoms belonging to the
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imidazoline rings. On the other hand, similar values
are observed in the bond orders for the N2 and N4
atoms of the II tautomer and for P, as expected be-
cause both atoms show clearly that are chemically
equivalent due to that they are protonated, as ob-
served in the structural parameters.

NBO analysis

The second order perturbation energies that in-
volve the most important delocalization are impor-
tant parameters to evaluate the stabilities of differ-
ent species using NBO calculations[19,20]. For this
reason, the three tautomers of clonidine and their P
form were also analyzed by using the stabilization
energy values which are presented in TABLE S4. In
general, there are four delocalization energies simi-
lar for all the species whose values do not shown a
defined tendency, which are the ET

*
, ET

*
,

ET
LP*

 and ET
* *

 charge transfers. However,
the P species show the ET

LP LP*C3 
charge transfer

from the three N atoms to the C atoms attached to
them, which also contributes to its high stability. For
the tautomers of clonidine, the contributions to the
ET

Total
 stabilization energies follow the tendency:

II (3027.46 kJ/mol) > IA (2716.45 kJ/mol) > IB
(2539.85 kJ/mol) by using the 6-31G* basis set while
a contrary result is observed when the 6-311++G**
basis set is employed (IA > IB > II). Hence, we
observed that the stabilization energy values are
strongly dependent of the size of the basis set. This
NBO study for the three tautomers of clonidine has
revealed only two delocations ET

óó
 attributed

to the imidazole ring in the IA and IB structures ab-
sent in the structure II. However, the total energy
values E

Total 
confirm the greater stability of the tau-

tomer II in relation to the tautomers IA and IB. This
study support clearly the high stabilities of the tau-
tomer II and their protonated form.

AIM study

The presence of intra-molecular interactions that
confer stability to the tautomers of clonidine and their
protonated form are of interest taking into account
that these are species with agonist activity[10]. Thus,
we have investigated in the four structures of
clonidine by using the Bader�s theory and the

AIM2000 program[21,22] the charge electron density,

ñ(r) and the Laplacian values, 2(r) in the bond
critical points (BCPs) and ring critical points
(RCPs). These topological properties for the phe-
nyl and imidazoline rings in the RCPs are given in
TABLE S5 while the parameters corresponding to
the BCPs and new RCPs are presented in TABLE
S6. We observed that the ñ(r) and 2(r) values of
the imidazoline rings are higher and slightly differ-
ent from the properties corresponding to the phenyl
rings which are practically the same because in those
structures the rings do not change. These results show
clearly the different character of both rings. For both
tautomers IA and IB, we observed two new bond
critical points (BCP), that involving the chlorine
atom, and the formation of a new ring critical point,
whose ñ(r) and 2(r) values are lower than the
other two rings. Here, the additional BCPs in IA
and IB probably confer to these two forms high sta-
bilities and, for this reason, these species could be
present in the solid state.

Vibrational analysis

The optimized structures of the three tautomers
and their protonated form present C

1
 symmetries and

63 and 66 vibration normal modes, respectively
where all the vibration modes have activity in both
infrared and Raman spectra. Figures 2 and 3 show
the experimental available IR and Raman spectra
(Romano et al. Submitted) which were compared
with the corresponding average theoretical spectra
of the three tautomers and the protonated form of
clonidine at the B3LYP/6-31G* level of theory. It is
necessary to clarify that in both experimental spec-
tra were observed bands attributed to the tautomers
and to the P form of clonidine. The observed and
calculated frequencies together with the assignments
for all the tautomers and the protonated species are
summarized in TABLE 3. The assignments were per-
formed considering only the PED contributions 
10% by using the B3LYP/6-31G* method, the cor-
responding symmetry coordinates, scale factors re-
ported at the same level of theory[15] and taking into
account the assignments of related molecules[1-

9,24,29,30]. From TABLEs S7 to S10 are presented the
assignments for all the tautomers and the protonated
species together with the PED contributions based
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Figure 3 : Experimental available Raman spectrum (Romano et al. Submitted, 2015) compared with the corre-
sponding average theoretical spectra of the three tautomers and the protonated form of clonidine at the B3LYP/6-
31G* level of theory

Figure 2 : Experimental available infrared spectrum (Romano et al. Submitted, 2015) compared with the corre-
sponding average theoretical spectra of the three tautomers and the protonated form of clonidine at the B3LYP/6-
31G* level of theory
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Experimentala IA IB II Protonated 

IR Raman SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta 

      3471  (N2-H17) 3485  (N4-H18) 

      3465  (N4-H18) 3479  (N2-H17) 
3427 m, br 3422 vw   3433  (N2-H17)   3427  (N6-H24) 

 3411 vw 3411  (N6-H18)       

3341 s 3346 w, br 3401  (N2-H17) 3426  (N6-H18)     

3135 sh 3138 m       3108 (C-H) ip 

 3093 sh 3099 (C10-H20) 3100 (C12-H22) 3095  (C12-H22) 3105 (C-H) op2 

3087 s 3083 vs 3095 (C12-H22) 3095 (C10-H20) 3089 (C10-H20) 3088 (C-H) op1 

3043 m 3050 m 3074 (C11-H21) 3076 (C11-H21) 3071  (C11-H21) 3035 as (CH2)ip 

3007 m 3005 sh       3026 as (CH2)op 

2986 m 2983 s 2975 as CH2 (C1) 2977 as CH2 (C5) 2988 as CH2 (C5)   

2960 sh  2954 as CH2 (C5) 2957 as CH2 (C1) 2983 as CH2 (C1) 2960 s (CH2)op 

2950 m 2953 m       2956 s (CH2)ip 

2920 sh 2919 m 2916 s CH2 (C5)       

2906 m 2901 m 2910 s CH2 (C1) 2902 s CH2 (C1) 2905 s CH2 (C5)   

2872 sh    2895 s CH2 (C5) 2892 s CH2 (C1)   
2854 m 2822 vw         
2802 m 2811 vw         
2742 m 2792 vw         
1655 vs 1655 m 1683 (C3-N4) 1660  (C3-N2) 1700  (C3-N6) 1651 as (CN3) 
1609 s 1611 m       1590 as (CN3) 
1581 m 1582 s 1582 (C9-C10) 1580 (C9-C10)     
1568 m 1570 s 1570 (C10-C11) 1559 (C11-C12) 1576 (C=C)ip3 1570 (C=C)ip3 

 1542 sh     1546 (C=C)ip2 1562 (C=C)ip2 

1506 w 1506 m 1508  (C3-N6)       

1493 w 1492 m 1495 CH2 (C1) 1489 CH2 (C5) 1488  CH2 (C1) 1486  (CH2) ip 

1485 w 1473 m 1486 CH2 (C1) 1468 CH2 (C1) 1485  CH2 (C5) 1472  (CH2) op 

1466 w  1467 CH2 (C5) 1452 (C7-C9)     

1447 s 1446 m 1449 (C12-H22) 1445 (C12-H22) 1448 (C=C)op1 1444 (C12-H22) 
1436 s 1436 w 1435 (N2-H17) 1442 (N4-H17) 1430 (C=C)op3 1439 (C10-H20) 

1414 m 1416 w, br 1410 (N6-H18)   1424 (C3-N4) 1420  (N6-H24) 

 1395 w     1407 wg CH2(C1)   

1385 sh 1380 w   1388 (N6-H18) 1329 (N2-H17) 1374 wg (CH2)op 

1340 m 1342 w 1340 wg CH2 (C5) 1349 wg CH2 (C5) 1326 (N4-H18) 1319 (N4-H18) 
(N2-H17)* 

1294 m 1293 sh 1312 wg CH2 (C1) 1310 wg CH2 (C1)   1304 wg (CH2)ip 

 1278 sh 1281 (C7-C8) 1283  (C3-N6) 1276 wg CH2(C5) 1281 (C=C)op1 

1264 w 1264 m 1249 (C8-C12); (C7-C9)* 1269 (C7-C8) 1257 (C=C)op2 1267 (C=C)op2 
1246 w 1245 s 1231 ñ CH2 (C5) 1233 (C8-C12) 1241 (C7-N6) 1233 (C7-N6) 

1206 w 1206 m 1221  (C3-N2) 1220 ñCH2 (C1)   1211 ñCH2 (C5) 

1198 w      1196 ñ CH2 (C1) 1206 ñ CH2 (C1) 

 1194 sh 1194  (C10-H20) 1185 (C10-H20) 1188 (C-H) ip 1200 (C=C)op3 

 1165 m 1179 ñCH2 (C1) 1176 ñCH2 (C5) 1181 ñCH2 (C5)   

TABLE 3 : Observed and calculated wavenumbers (cm-1) and assignment for the tautomers of clonidine and their
protonted form
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Experimentala IA IB II Protonated 

IR Raman SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta 

1155 vw 1157 sh 1149 (C11-H21) 1148 (C11-H21) 1144 (C10-H20) 1160 (C11-H21) 

 1127 vw         

1111 sh          
1105 m 1105 w         
1091 w 1091 s 1078 R1 benc. 1078 R1 benc 1078 (C-H) op 1090 R1 benc. 

1075 w 1071 m 1070  (C11-C12) 1070 (C10-C11) 1066 (C=C)ip1 1069 (C=C)ip1 

1069 w  1051  (C5-N4) 1040 (C5-N4) 1062 (C5-N4) 1055 (C5-N4) 

1026 w 1028 m 1037  (C1-N2) 1020 (C1-N2) 1022 ôw CH2 (C1) 1021 ôw CH2 (C5) 

 1014 m     1019 (C1-N2) 1008 s (CN3) 

 987 vw 999  CH2 (C5) 1002 ôw CH2 (C5)   996 C-H) op1 

973 w 973 vw 975 R1 imid. 977 R1 imid.* 961 (C3-N2)   

928 w 929 s 957 C11-H21) 962 C11-H21) 946 C11-H21) 912 C-H) op2 

 898v w 891 C10-H20) 896 (C1-C5) 911 (C1-C5) 902 (C1-C5) 

 877 vw 889 (C1-C5) 894 C10-H20) 890 C12-H22)   

862 w 863 m 862 (C7-N6) 860 (C7-N6) 868 ôw CH2 (C5) 858 
ôw CH2(C5) 

ôw 
CH2(C1)* 

 840 vw 857 C11-H21)   841 R1 benc ; R1 

imid* 
  

 828 vw 832 (C5-N4)*       

812 sh    825 w CH2 (C1)   834 ôw CH2 (C1) 

795 m 794 w 802 R2 imid. 794  (C7-N6)     

778 s 778 vw 771 C12-H22) 773 C12-H22) 773 w benc 778 (C-Cl)op 

 766 w 759 R2 benc 753 R2 benc 763 C10-H20) 759 R1 imid 

 747 vw 750 ôw CH2 (C1) 744 N4-H17) 753 (C-Cl)op   

 713 vw     718 C3-N6   

694 m 
696 w, 

br 
701  (C7-N6) 694 R1 benc.   700 C3-N6 

686 m    671 R3 benc. 688 R3 benc. 686 R2 imid. 

669 w  669 R3 benc. 666 C3-N6 672 R2 imid. 680 R1 benc. 

638 w 645 m 638 C3-N6   633 R1 benc. 644 R3 benc 

618 sh 600 vw 612  N2-H17       
 587 vw   585 R2 imid.     

 578 vw     574  N2-H17   

532 w 537 w 544 R1 benc 544 R3 benc 539 (C7-N6) 538 (C7-N6) 

525 w 522 w     516 C8-Cl23) 527 C-Cl) op 

518 w  517 C8-Cl23); C9-
Cl19)* 

519 (C9-Cl19) 509 C9-Cl19) 499 R3 benc. 

501 w 505 m 508  N6-H18 512 N6-H18) 499 N4-H18) 489 N4-H18) 

486 w  493 (C7-N6) 489 (C7-N6)   485 N2-H17) 
N6-H24) 

462 vw 443 s         
437 vw 437 sh         
421 w, 

br 
 413 (C9-Cl19) 421  (C9-Cl19)   425 (C-Cl)ip 

406 w 408 vs     425 (C3-N6)   
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Experimentala IA IB II Protonated 

IR Raman SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta SQMb Assignmenta 

402 vw  399 (C8-Cl23) 396  (C8-Cl23) 399 R2 benc. 399 (C8-Cl23) 

        356 N2-H17) 
N6-H24) 

 326 m 322 (C9-Cl19) 314 (C3-N6) 315 (C-Cl)ip 311 R2 benc 

 303 sh   300 w benc 

(C7-N6)* 
  289 (C3-N6) 

 293 m 299 (C8-Cl23)   301 (C9-Cl19)   

 268 vw 277 (C3-N6) 268 C8-Cl23) 279 
C9-Cl19) 
C8-Cl23); 
R3 benc* 

278 C-Cl) ip 

 260 vw         

 220 s         

 210 sh 207 R2 imid. 206 (C8-Cl23) 240 R1 imid.   

  202 R2 benc. 202 R2 benc. 204 R2 benc. 196 R2 benc 

 186 vw 196 (C9-Cl19) (C8-Cl23)* 197 (C9-Cl19) 192 (C8-Cl23) 193 (C9-Cl19) 

        177 R2 imid 

 169 w, br   163 R2 imid 166 R2 imid. 169 R1 imid. 
 126 vw 126 R1 imid. 126 R1 imid.     

 119 vw 111 (C3N6C7)       

 109 vw     109 (C3N6C7) 109  C7-N6 

      66 w imid.   

  62 R3 benc. 61 (C3N6C7)   61 (C3N6C7) 
  53 w imid. 52 w imid. 58 R3 benc. 44 w imid 

  39 w benc. 30 w benc. 28 w benc. 22 w benc. 
aThis work; bFrom scaled quantum mechanics force field

on the 6-31G* basis set. The SQM force fields for
these species can be obtained at request to the au-
thors. Below we have discussed the assignments of
some groups.

Band assignments

NH modes

The N-H stretching modes expected for these
species are associated to the bands observed be-
tween 3427 and 3341 cm-1 in both spectra, as indi-
cated in TABLE 3 while the group of bands of dif-
ferent intensities at 2854, 2802 and 2742 cm-1 are
assigned to the NH stretching modes corresponding
to the protonated nitrogen atoms of the imidazole
rings belonging to the dimer of clonidine (Romano
et al. Submitted). The bands in the 1436-1340 cm-1

region are assigned to the in-plane deformations
modes while the corresponding out-the plane defor-
mations are associated to the shoulder in the IR at

618 cm-1 and to the intense band in the Raman spec-
trum at 505 cm-1 and a shoulder at 437 cm-1, in agree-
ment with similar compounds[2,4-6,8,9].

CN modes

The bands that show different intensities at 1655
cm-1, 1246 cm-1 and 862 cm-1 in IR and Raman spec-
tra are assigned to the C-N stretching modes of all
the species of clonidine, as indicated in TABLE 3.
Moreover, the SQM calculations predicted for the
group N-C-N of the P form, antisymmetric and sym-
metric stretching modes which are indicated as CN

3

in TABLE 3. Thus, the two antisymmetric stretching
modes appear as strong bands in the IR at 1655 and
1609 cm-1, which are associated to bands of me-
dium intensity in the Raman spectrum at 1655 and
1611 cm-1, respectively. The symmetric stretching
of that group is only observed in the Raman spec-
trum at 1014 cm-1, with medium intensity, as can be
seen in TABLE 3. Here, the weak Raman band at
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B3LYP/6-31G* 

Clonidinea 
Description 

IA IB II H# P 
BFIb Tc 

f(N-H) 6.44 6.53 6.67 5.21 6.54 6.53 6.68 

f(N-C) 5.92 5.92 6.16 6.11 6.16 4.75 4.48 

f(C-H)imid 4.57 4.55 4.58 4.67 4.79 4.78 4.94 

f(C-H)benc 5.23 5.24 5.22 5.26 5.28 5.17 5.17 

f(C-Cl) 3.28 3.27 3.21 3.32 3.29   

f(Cl-H)    0.88    

f(C-C)imid 3.66 3.73 4.00 3.94 4.15 3.86 4.21 

f(C-C)benc 6.53 6.49 6.42 6.58 6.53 6.58 6.50 

f(R benc) 0.22 0.22 0.22 0.22 0.22 0.35 0.22 

f(R imid) 0.33 0.33 0.34 0.33 0.33  0.34 

f( C-H) 0.43 0.44 0.43 0.44 0.45  0.47 

B3LYP/6-311++G**  
Clonidinea 

Description 
IA IB II H# P 

BFIb Tc 

f(N-H) 6.50 6.57 6.70 5.33 6.66 6.57 6.66 

f(N-C) 5.79 5.78 6.03 5.99 6.04 4.63 4.38 

f(C-H)imid 4.51 4.49 4.52 4.60 4.66 4.72 4.86 

f(C-H)benc 5.16 5.16 5.15 5.18 5.18 5.10 5.09 

f(C-Cl) 3.24 3.24 3.18 3.28 3.40   

f(Cl-H)    0.81    

f(C-C)imid 3.61 3.69 3.95 3.89 3.93 3.81 4.12 

f(C-C)benc 6.40 6.36 6.29 6.46 6.36 6.50 6.02 

f(R benc) 0.22 0.22 0.22 0.22 0.22 0.35 0.22 

f(R imid) 0.33 0.33 0.33 0.33 0.33  0.34 

f( C-H) 0.43 0.43 0.43 0.43 0.45  0.47 

TABLE 4 : Comparison of scaled internal force constants for the tautomers, hydrochloride and protonated forms
of clonidine using two levels of theory

Units in mdyn Å-1 for stretching and mdyn Å rad -2 for angle deformations, , stretching;  deformation;  out plane deformation;
benc., bencene; imid., imidazoline; R, ring, aThis work, bFrom Ref [8] for 2-(-2-benzofuranyl)-2-imidazoline, cFrom Ref [9] for the
protoned species of tolazoline hydrochloride, #From Romano et al. Submitted

1127 cm-1 is clearly assigned to the CN stretching
modes of the dimer (Romano et al. Submitted)
whereas the CNC deformation corresponding to the
dimer is assigned to the strong band at 443 cm-1.

CH modes

The bands between 3087 and 3043 cm-1 in the
IR spectrum and between 3093 and 3050 cm-1 in the
Raman spectrum are clearly assigned to the C-H
stretching modes, in accordance to similar com-
pounds[1-9]. The corresponding in-plane deformations
modes of these groups are easily assigned to the IR
bands at 1447 (1446 Ra), 1155 (1157 Ra) and to a
shoulder in the Raman spectrum at 1194 cm-1, as pre-

dicted by the calculations, while the bands at 928
(929 Ra) and 778 (778 Ra) cm-1 are assigned to the
corresponding out-the plane deformations. The
bands in the Raman spectrum at 260 and 220 cm-1

are assigned to the Cl-H stretching modes of the
dimer of clonidine hydrochloride (Romano et al.
Submitted).

CH2 modes

The group of the bands between 3043 and 2872
cm-1 in both spectra are assigned to the asymmetric
and symmetric stretching modes of the four species
of clonidine, as indicated in TABLE 3[5-9,24-30]. Note
that the asymmetric stretching modes are calculated
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at higher wavenumbers than the symmetric modes
and, for this, the symmetric modes can be assigned
to the strong bands in IR and Raman spectra at 3007,
2986, and 2960 cm-1, while the asymmetric modes
are assigned to the IR and Raman bands of medium
intensity at 2950, 2920, 2906 and 2872 cm-1, as can
be seen in TABLE 3. The IR bands at 1493, 1485
and 1466 cm-1 are clearly assigned to the scissoring
modes according to similar compounds containing
the CH

2
 group[5-9,24-30] while, the medium IR bands at

1340 and 1294 cm-1 are easily assigned to the wag-
ging modes, as predicted by the calculations. The
weak IR bands at 1206 and 1198 cm-1 are assigned
to the expected rocking modes while, in the Raman
spectrum these modes appear at 1206 and 1165 cm-

1 with medium intensity[5-9,24-30]. The weak band and
a shoulder in IR at 1026 and 812 cm-1, respectively
and the medium and weak Raman bands at 1028 and
987 cm-1, respectively are associated with the twist-
ing modes.

Skeletal modes

In the clonidine the C=C stretching modes of
benzyl ring was assigned to the bands at 1581, 1567,
1264 and 1075 cm-1 in IR and to the Raman bands at
1582, 1570, 1542, 1264 and 1071 cm-1. The C-C
stretching mode of imidazole ring does not appear
in the infrared spectrum, but a weak signal in Raman
is observed in accordance to the related com-
pounds[7,8,22,24-28]. The bands in the infrared spectrum
at 421 and 402 cm-1 are assigned to the C-Cl stretch-
ing modes of clonidine hydrochloride (Romano et
al. Submitted). The in-plane deformation modes
appear in Raman as a strong band at 293 cm-1 and a
very weak band at 186 cm-1 while the out-of-plane
deformation modes are predicted at higher
wavenumbers, thus, these modes are associated with
the bands at 525 and 518 cm-1 in the IR spectrum.
The bands in the IR spectrum at 1091, 669 and 686
cm-1 are associated to the in-plane deformations of
the phenyl ring. These modes for the imidazole ring
are associated to the bands at 973 and 686 cm-1 in
the IR, and to the Raman at 973 and 587 cm-1. More-
over, the IR bands at 618 and 535 cm-1 and the two
weak Raman bands at 1091 and 766 cm-1 were as-
signed to the torsion benzyl rings modes while these
modes for the imidazole rings are attributed to the

bands in the Raman spectrum at 169 and 126 cm-1.

FORCE FIELD

The force constants for the three tautomers of
clonidine and their protonated form were calculated
in gas phase at the B3LYP/6-31G* and B3LYP/6-
311++G** levels from the corresponding scaled
force fields with the Molvib program[16] and they
were expressed in terms of internal coordinates.
These constants were compared in TABLE 4 with
those obtained for the anti-hypertensive 2-(-2-
benzofuranyl)-2-imidazoline[8] and tolazoline hydro-
chloride[9] agents at the same levels of theory. The
results show the notable influence of the size of the
basis sets on the calculated force constants values.
Hence, when the size of the basis set change of 6-
31G* at 6-311++G** increase the force constant
values. The results for the diverse species of
clonidine show that in general the values are slightly
higher for the tautomer II, while the protonated spe-
cies present the highest values with both basis sets
than the other ones. In general, the presence of the
Cl atoms in the benzyl rings of all the species of
clonidine increase the f(N-C) and f(C-H)

benc
 force

constants, in relation to the two anti-hypertensive
agents compared. Note that the f(C-C)

imid
 and f(C-

H)
imid

 force constants of tolazoline hydrochloride[9]

present the highest value in relation to the species of
clonidine demonstrating, this way, that the
imidazoline rings in all the species are also influ-
enced by the Cl atoms of the benzyl rings. On the
other hand, the f(C-Cl) and f(C-C)

benc
 force con-

stants values increase due to the presence additional
of the Cl atoms in the hydrochloride species while
decrease the f(N-H) force constant value, as ex-
pected because the N-H bond are linked to that ad-
ditional Cl atom (Romano et al. Submitted).

HOMO-LUMO

The frontier orbitals[5,24] were calculated for the
tautomers of clonidine and their protonated form in
order to predict their reactivities by using both ap-
proximation levels and the values are presented in
TABLE S11 compared with those values calculated
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for clonidine hydrochloride and for tolazoline hy-
drochloride and their protonated species. The re-
sults for all the species show that the frontier orbit-
als are mainly located in the rings and are antibonding
orbital -type. The greater reactivity in the gas phase
is observed for clonidine hydrochloride where the
reactivity decrease according the following order:
H > ClT > IB > PT > IA > II > P using the 6-31G*
basis set while the order change using the 6-
311++G** basis set at: H > ClT > IB > IA > PT > II
> P. A very important result is the notable increase
in the reactivity of clonidine when two Cl atoms are
incorporate to the phenyl ring, in relation to tolazoline
(see Figure S4). Obviously, the hydrochloride forms
are more reactive in both anti-hypertensive agents
due to the presence of the Cl atoms but, the addi-
tional presence of two Cl atoms in the phenyl ring is
essential for increase the reactivity of a hydrochlo-
ride species. On the other hand, we observed that
the chemical group between the two phenyl and
imidazoline rings in an anti-hypertensive agent is a
important requirement for their reactivity, thus, the
N-H group increase the reactivity of clonidine hy-
drochloride, as compared with tolazoline hydrochlo-
ride where the separation between those pairs of
rings are performed by means of the CH

2
 group.

CONCLUSIONS

In the present work, we have reported the theo-
retical molecular structures of the three tautomers
of clonidine and their protonated form by using the
B3LYP/6-31G* and B3LYP/6-311++G** methods.
The Synchronous Transit-Guided Quasi-Newton
(STQN) method using was used to study the inter-
conversion between the three tautomers of clonidine
and the reaction paths connecting these three struc-
tures with the corresponding transition states. The
NBO study reveals the high stability of the tautomer
II in relation to the other ones while the AIM analy-
sis support the probable presence of the tautomers
IA and IB in the solid phase due to the intra-molecu-
lar H bonds formation in both species in gas phase.
The study of the bond orders for the N atoms of the
tautomer II and their protonated species evidence
clearly a chemically equivalent environmental due

to that those atoms in the two species are protonated.
The analysis of the frontier orbitals for the clonidine
and tolazoline hydrochloride species suggest that the
presence of two Cl atoms in the phenyl rings is es-
sential for increase the reactivity of a hydrochloride
species. Moreover, the chemical group between the
two phenyl and imidazoline rings in an anti-hyper-
tensive agent is a important requirement for their
reactivity, thus, the N-H group increase the reactiv-
ity of clonidine hydrochloride, as compared with
tolazoline hydrochloride where the separation be-
tween those pairs of rings are performed by means
of the CH

2
 group. The complete vibrational assign-

ments for the four studied species were performed
combining the available infrared and Raman spec-
tra for clonidine hydrochloride with the Scaled
Quantum Mechanics Force Field (SQMFF) proce-
dure. In addition, the force constants for the four spe-
cies of clonidine were reported and compared with
those obtained for similar antihypertensive agents.
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