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ABSTRACT

We have presented a study on structural conformation of yohimbine hydrochloride using density functional theory (DFT)
method. A short description about the surface morphology with scanning electron microscopy imaging has been included.
Correlation between different thermodynamic properties with variation in the temperature has been given. The global and
local chemical reactivity descriptors have been calculated, from which nucleophilicity and electrophilicity of the given
atomic sites in the molecule can be known.
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INTRODUCTION

Natural products (including plants, animals and minerals) have been the basis of treatment of human
diseases from the ancient time. Yohimbine, an indole alkaloid is either the active ingredient obtained
from the bark of the tree Pausinystalia yohimbe, tall evergreen tree indigenous to southern African
countries or from the root of Rauwolfia serpentina which has been known as an aphrodisiac compound
since before the last century [1-5]. Yohimbine hydrochloride (YHCI) is the standard product form. It
was found (based on gel mobility shifts) to block cleavage of the internal loop RNA site by >50% and
seemed to inhibit protein binding [6]. Besides its many applications, there are some noticeable side
effects of YHCI [7-9].

In the present study, we have performed detailed conformational analysis of the title molecule
employing quantum chemical methods. The thermodynamic properties were also calculated at different
temperatures revealing the correlation between the standard heat capacities (C), entropies (S), enthalpy
changes (H) and temperatures with density functional theory (DFT) [10-12] employing 6-311G(d,p)
basis set. Surface morphology has been studied with scanning electron microscopy (SEM) method. We
have proposed a multiphilic chemical reactivity descriptors calculated with the help of Fukui functions
(FF) obtained from the DFT calculations employing 6-31G(d,p) basis set. It is defined as the difference
between nucleophilic (o) and electrophilic (wx) condensed philicity functions. This descriptor is
capable of simultaneously explaining the nucleophilicity and electrophilicity of the given atomic sites
in the molecule.

EXPERIMENTAL

The sample was grinded in a crucible and the thin film was made. For this, the gel of the material was
spin coated on the alumina/glass substrate using photo resist spinner. The surface morphology in the
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form of thin film was investigated with a scanning electron microscope (SEM, LEO-0430 Cambridge)
at room temperature.

COMPUTATIONAL DETAILS

The molecular structure, potential energy scan for conformational study and the thermodynamic
parameters were computed by ab initio Hartree-Fock (HF) and DFT using Gaussian 09 [13] program
package employing 6-311G(d,p) basis set based on Becke’s three-parameter (local, non-local, HF)
hybrid exchange functional with Lee-Yang-Parr correlation functional (B3LYP) [10-12]. Visualization
and confirmation of calculated data were done by using the CHEMCRAFT program [14].

RESULTS AND DISCUSSION

Geometric structure/conformational study

Geometry optimization was performed as the first task, using X-ray diffraction parameters [1]. Using
the optimized parameters, the potential energy scan has been performed around the bonds C6-C10-C19-
02 and C10-C19-02-C26, respectively. Four conformers, two regarding to each rotation have been
found as shown in the Fig. 1. The geometric parameters and molecular structure shows that the
conformer 1" is a form of conformer I, hence the molecule possesses three conformers. Thus, excluding
conformer I' from the list of conformers, we have reported I, 1l and Ill as the possible molecular
conformers of YHCI as shown in the Fig. 2. Among these three, conformer 1 is the most stable (having
lowest energy), while conformer 1l is the least stable one. There seems a large drop while going from
conformer 11 to conformer 1 (i.e., -180° to 110°) in the figure 1, which is due to the intra-molecular
hydrogen bonding O1-H45...03. Selected geometric parameters (bond length, bond angle and dihedral
angle) of the reported conformers are listed in the Table 3.
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Fig. 1 Potential energy curves obtained on rotation about the dihedral angles C6-C10-C19-02
(conformers | & I1) and C10-C10-02-C26 (conformers I" & III).
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Fig. 2 Optimized structures of different conformers of YHCI.

Another potential energy curve obtained on rotation around the bond C19-02-C26-H50 shows a
uniform curve with equal minima due to tetrahedral structure of methyl group and shown in Fig. 3.
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Fig. 3 Potential energy curve about the bond C19-02-C26-H50.
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Table 1. Selected bond lengths (in A), bond angles (°) and dihedral angles (°) for different conformers

of YHCI.
Parameters Cl Cll Cll
03-H45 1.970 4,232 4,031
C10-C19-02 112.47 110.57 118.06
C10-C19-03 124.95 126.31 124.19
C6-C10-C19-02 -92.40 -172.45 -163.08
C19-02-C26 115.89 115.48 130.02

C10-C19-02-C26  -179.66  -178.71 21.35

SEM analysis
A scanning electron microscope (SEM) is a type of electron microscope that produces images of a

sample by scanning it with a focused beam of electrons. A beam of electrons interact with electrons in
the sample and produce images containing information about the sample's surface topography and
composition. Fig. 4 shows the surface morphologies of YHCI at two different magnifications. These
images show that the particles combine with each other to form crystallites, while some spaces between
them are left and acts as pores.

Fig. 4 SEM images of YHCI.

Thermodynamic Properties

Computation of molecular thermodynamic properties has importance in thermochemistry and chemical
equilibrium. The relations derived from statistical thermodynamics with the two key ideas, the
Boltzmann distribution and the partition function, are used for computing thermochemical data in
Gaussian programs. The equations utilized in those programs are given in statistical mechanics texts
[15,16]. The partition function is like a thermodynamic wave function, in the sense that it contains all
thermodynamic information about the system, just as the quantum mechanical wave function contains
all dynamic information [17]. The total energy, zero point energy, rotational constants, dipole moment,
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heat capacity (C°m), entropy (S°m) and enthalpy (H°n) of the YHCI were obtained from the output of
Gaussian programs using B3LPY employing 6-311G(d,p) basis set and listed in the Tables 2 and 3.
From the Table 2, it is observed that the parameters C° m, S°m and H’, increase with rise in temperature
from 100 K to 700 K due to increase in molecular vibtational intensities.

Table 2. Thermodynamic parameters H°y (kd/mol ), C% m (J/mol-K) and S°y (3/mol) at different

temperature.

Temperature  H, C%.m S°m

(K) KJ/mol Jimol-K  J/mol-K
100 1209.011  158.5098 417.9666
200 1230.801 276.7035 570.1144
300 1264.709  403.5456 709.229
400 1311.6 532.8789 845.6182
500 1370.781  647.5572 979.0396
600 1440.457  742.8153 1107.341
700 1518.77 820.906  1229.188

Table 3. Theoretically calculated thermodynamic properties at room temperature using 6-311G(d,p)
basis set.

Thermodynamic properties DFT (B3LYP) HF

Total energy (eV) -43870.32 -43653.1
Zero-point energy (kJ/mol) 1200.9942 1280.0266
Rotational constants (GHz) 0.27416 0.27416
0.10786 0.10786
0.08747 0.08747
Dipole moment (D) 6.8619 7.0284
Entropy (J/mol-K) 706.6875 626.7701
Enthalpy (kJ/mol) 1263.965 1334.511
Specific heat (J/mol-K) 401.1086 362.2346

Fig. 5 shows a correlation graph between the thermodynamic properties and the temperature. The
correlation equations (1-3) are as follows:

H°, = 1196.78614 + 0.05633 T +5.78613 x 10T (R*=0.9991) ... (1)
S°%, = 267.00903 +1.55069T - 2.51792 x10™*T* (R*=0.99997) ... 2)
C°%m = 4.53536 +1.49908T - 4.61601 x10™T* (R*=0.99889) ... (3)

where R? indicates the coefficient of determination for the regression analysis.

These relations could be useful in predicting Gibbs free energy, direction of chemical reaction
according to the second law of thermodynamics in the thermodynamic field.
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Fig. 5 Thermodynamic parameters (enthalpy, entropy and specific heat) vs temperature.

Global reactivity descriptors

Electronegativity and hardness are two important molecular properties, which are useful for
interpreting and understanding the stability and reactivity of molecular systems [12]. According to
the Hohenberg and Kohn (HK), theorems [18], the energy of the basic state of an electronic system
is a functional of electron density. The process of minimization of these chemical reactivity
descriptor functional through the method of Lagrange multipliers, with the restriction that the
integral of electronic density over all the space is equal to the total number of electrons N of the
molecule, leads directly to the Euler-Lagrange equation [12] of chemical electronic potential (w).
This measures the tendency of the system to attract and retain electrons and defined as the slope of
the curve of energy against the number of electrons maintaining the external potential constant. This
slope can be described in terms of the ionization potential (I), and the electronic affinity (A).
Physically, p describes the escaping tendency of electrons from an equilibrium system that can be
associated with the negative of Mulliken’s electronegativity () [19] as given in equation (4);
H=-((+A)2=- 4)

The chemical potential that depends upon both the number of electrons and the external potential
leads to the definition of two other very important indicators of reactivity: the global hardness and
the local indicator of reactivity called the Fukui function [20]. According to Parr and Pearson [21]
the global hardness (1) may be defined as the resistance of the chemical potential to change due to
variations in the number of electrons and expressed in terms of ionization potential as follows in
relation (5);
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n=CAY2 (5)

Similarly, global softness (S) is defined as 0.5 times the inverse of global hardness [22]. Both the
global hardness and softness are concepts that have been used to explain chemical reactivity.
According to Koopman theorem the chemical potential, hardness and softness can be written in
terms of the frontier orbital energies (Enomo and ELumo). The negative of these two values define the
ionization potential and electronic affinity, respectively. The calculated values of the global
reactivity descriptos are listed in the Table 4 below:

Table 4. Calculated Exomo, ELumo, energy band gap (AE), electronegativity (y), chemical potential
(n), global hardness (n), global softness (s), global electrophilicity index (w) and additional
electronic charge (ANmax) (in V) for YHCI, using B3LYP/6-31G.

Enomo ELumo AE U | S ® ANmax
-5.7218 -0.59206 5.12974 -3.15693 2.56487 0.19494 1.94281 1.23083

According to Parr et al., electrophilicity index (o) is as a global reactivity index similar to the
chemical hardness and chemical potential. This reactivity index measures the stabilization in energy
when the system acquires an additional electronic charge (ANma) from the environment. The
electrophilicity index (o) is positive, definite quantity and the direction of the charge transfer is
completely determined by the electronic chemical potential (1) of the molecule because an
electrophile is a chemical species capable of accepting electrons from the environment and its
energy must decrease upon accepting electronic charge. Therefore, its electronic chemical potential
must be negative.

Local reactivity descriptors
Using Hirshfeld population analysis of neutral, cation and anion state of molecule, Fukui Functions
are calculated using following relations (6-8):

f" = [q(N+1) — q(N)] for nucleophilic attack . (6)
fk = [q(N) — q(N-1)] for electrophilic attack .. (7)
0 = 4[q(N+1) —q(N-1)] for radical attack . (8)

where N, N-1 and N+1 are total electrons present in neutral, cation and anion state of molecule,
respectively.

In addition to these functions, local softness (k' sk, si¥) and local electrophilicity indices (@i, @k,
o) are also used to describe the reactivity of atoms in molecule. Values of Fukui function and local
electrophilicity descriptor of the atoms are listed in the Table 5. These local reactivity descriptors
associated with a site k in a molecule are defined with the help of the corresponding ‘condensed to
atom’ variants of FF, using the following relations (9,10):

Sk+ = ka+ , Sk = ka_, Sko = kaO and (9)
(Dk+ = of k+, (Dk_ = (ka_, (Dko = (kao ......... (10)
where +, —, 0 signs show nucleophilic, electrophilic and radical attack, respectively.

In YHCI the relative high value of local reactivity descriptors (fi", wx’, sc” ) at CI54 and N5 indicate

that these sites are more prone to nucleophilic attack whereas the relative values of local reactivity
descriptors (f, wk,Sk ) at C17 and O2 indicate that these site are more prone to electrophilic attack.
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Table 5. Atomic charges (in esu), Fukui functions (fi", f¢); Local softness (sx*, sk); and local
electrophilicity indices (ox', @k); in eV for atomic sites of YHCI, using Hirshfeld population
analysis at B3LYP/6-31G(d,p) level.

Atom  Hirshfeld atomic charges Fukui functions Local softness Local electrophilicity
no. Indices
an O+ On-1 fi” fi S S o 0K
10 -0.108038 -0.096516 -0.126246 0.0115 0.0182 0.0022 0.0035 0.0223 0.0354
20 -0.135634 -0.135343 -0.169896 0.0029 0.0343 0.0006 0.0067 0.0056 0.0666
30 -0.266105 -0.257580 -0.338641 0.0085 0.0725 0.0017 0.0141 0.0165 0.1409
4N 0.124946 0.126937 0.124785 0.0020 0.0002 0.0004 0.0001 0.0039 0.0003
5N 0.064894 0.138572 0.034567 0.0737 0.0303 0.0144 0.0059 0.1432 0.0589
6C 0.009378 0.016625 -0.003248 0.0072 0.0126 0.0014 0.0025 0.0140 0.0245
7C 0.005933 0.005932 -0.001847 0.0000 0.0078 0.0000 0.0015 0.0000 0.0152
8C 0.022047 0.033298 0.010366 0.0113 0.0117 0.0022 0.0023 0.0220 0.0227
9C 0.082893 0.107564 0.047687 0.0247 0.0352 0.0048 0.0069 0.0480 0.0684
10C 0.016522 0.018161 -0.003587 0.0016 0.0201 0.0003 0.0039 0.0031 0.0391
11C 0.110655 0.131904 0.081775 0.0212 0.0289 0.0041 0.0056 0.0412 0.0561
12C 0.020233 0.035406 -0.000661 0.0152 0.0209 0.0030 0.0041 0.0295 0.0406
13C 0.085082 0.097693 0.066470 0.0126 0.0186 0.0025 0.0036 0.0245 0.0361
14C 0.028928 0.045330 -0.000064 0.0164 0.0290 0.0032 0.0057 0.0319 0.0563
15C 0.022031 0.079676 -0.025479 0.0576 0.0475 0.0112 0.0093 0.1119 0.0923
16C 0.117290 0.149214 0.088351 0.0319 0.0289 0.0062 0.0056 0.0620 0.0561
17¢C 0.048777 0.049805 -0.081087 0.0010 0.1299 0.0002 0.0253 0.0004 0.2524
18C 0.041676 0.093197 0.009144 0.0515 0.0325 0.0100 0.0063 0.1001 0.0631
19C 0.218247 0.226259 0.141770 0.0080 0.0765 0.0016 0.0149 0.0030 0.1486
20C -0.032202 -0.018170 -0.055717 0.0140 0.0235 0.0027 0.0046 0.0272 0.0457
21C 0.038875 0.055632 0.025464 0.0168 0.0134 0.0033 0.0026 0.0326 0.0260
22C 0.002561 0.088067 -0.090723 0.0855 0.0933 0.0167 0.0182 0.1661 0.1813
23C -0.021105 0.060786 -0.109539 0.0819 0.0884 0.0160 0.0172 0.1591 0.1717
24C -0.013655 0.052748 -0.075615 0.0664 0.0620 0.0129 0.0121 0.1290 0.1205
25C -0.006637 0.086875 -0.093294 0.0935 0.0867 0.0182 0.0169 0.1817 0.1684
26C 0.169287 0.181264 0.114144 0.0120 0.0551 0.0023 0.0107 0.0233 0.1070
54 Cl  -0.549787 -0.330788 -0.571345 0.2190 0.0216 0.0427 0.0042 0.4255 0.0420
CONCLUSION

The geometric structure study with the help of potential energy scan of the title molecule confirms
that the three conformers may coexist at the room temperature, among them conformer 1 is the most
stable. The surface morphology by SEM images showed that there are the small pores in between
the particles. Therefore, YHCI may have optical properties. The total energy, zero point energy,
rotational constants, dipole moment, heat capacity (C°m), entropy (S°m) and enthalpy (H°z) of the
YHCI were obtained. The calculated chemical reactivity descriptors show the charge transfer

property within the molecule active sites, which involve in biological activities.
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