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ABSTRACT

derivatives of D-mannose.

Qeywords: DFT, semi-empirical, molecular mechanics, Schiff base, electrostatic potential.

The components responsible for deciding the conformational stability of mannose - Schiff base
derivatives were analyzed. Based on the hydrogen bond donating ability and hydrogen bond accepting
ability, a virtual derivative series was designed. Various levels of theories were adopted to elucidate
the energy points on the potential energy surface of the molecules and different energy components
using molecular mechanics MM+, Semi-empirical AM1 and PM3, 6-311++G** under B3LYP level of
theory of Density Functional Theory (DFT). Hydrogen bonding ability, electrostatic potential and
molecular energy were found to be the decisive principal components in the conformational stability
of mannose - Schiff base derivatives. MM+, AM1 and DFT could provide a trend that was utilized to
validate the conformational stabilities that had been provided by crystallographic studies for the four
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INTRODUCTION

Schiff bases play a decisive role in multi-
dentate chelating which have immense
applications in the area of asymmetric
catalysisl, synthesis of stereo-selective alpha
amino acids’, selective catalytic activity®,
biological catalg/sis“, as a drug designing
diagnostic tool”>’ and as an anticonvulsant®.
Thus, by predicting the conformational
stability, it is possible to elucidate the
complexing nature of this class of ligands in
coordination compounds. Mannose Schiff
base derivatives are significant due to their
properties like anti-parasitic, anti-viral, anti-
bacterial and anti-fungal properties®®*°.
Conformational studies based on
crystallographic results of D-mannose - Schiff
base derivatives had been provided by Ojala
et al'’. A theoretical understanding for the
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experimentally validated results of Ojala et al
were studied by  adopting various
computational levels of theories; molecular
mechanics MM+, Semi-empirical AM1 and
PM3 and 6-311++G** under B3LYP level of
theory of Density Functional Theory (DFT).

Molecular mechanical method™ based on
Newtonian Mechanics, primarily depends on
the force field equations. This equation
connects various structural parameters like
bond angle, dihedral angle, bond distance, van
der Waals interactions and electrostatic
interactions with the energy of the molecular
system. Among various functional forms of
molecular mechanical methods (AMBER,
CHARMM, OPLS and BIO+), MM+ was
adopted as it contains both quadratic and
cubic stretch terms™. Wherein, the cubic term
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supports a more realistic view of the molecule
with lesser approximation.

Equadrs.til::tretl:h = Kr':T - TD:]‘

Where:
K, — force constant
ro_equilibrium constant

r - Distance )

Buona = 143.88 ) SKy(r —r)? [1 + CS(e — 1))
bonds

Where:

r-ro — cubic stretch term

CS - cubic stretch term constant

K, — force constant

Cubic stretch term specifically connects the
bond distance with the molecular energy of the
system during the minimization and
optimization processes more precisely. The
cubic stretch term in MM+ force field, would
make it possible to envisage the bond distance
that is obtained from the XRD studies in an
accurate way.

A characteristic feature of MM+ force field is
the uniqgue way in which dipole moment
calculations are done. The electrostatic
contribution comes from defining a set of bond
dipole moments that are associated with polar
bonds and not from the usual contribution of
electrostatic charge-charge interactions.
These bond moments are defined along the
bond stretching parameters. The center of the
dipole is expressed to be the midpoint of the
bond and the two dipoles p; and p; which are
separated by R;;.

The MM+ dipole interaction energy is:
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cos(y) — 3cosq; cosgy

EﬂiplﬂE =14.39418 € K |.l:| [ [R]!
ije polar bonds 1
Where:

€ - dielectric constant

pand ; — respective dipoles under study

Rj— is the resultant vector of the two dipole
vectors that make an angle a; and q;

x- Angle between the two dipole vectors

The constant 14.39418 is the unit conversion
constant from ergs/molecule to kcal/mol.
Another unique feature available in MM+ is the
sextic equation which is quite essential for
understanding  the  displacement  from
equilibrium during the deformation of an angle
from its normal value. As a harmonic function
is used in this calculation, it would be possible
to get meaningful insights into systems having
a large number of atoms especially the case
being that our study deals with comparatively
large number of atoms.

The primary equation is:
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Ebnuds.ug]:— = Z KE{H - HD:]:

angles

Where

Kg — bending force constant

B0 — equilibrium value

0 — Displacement from equilibrium value
And the sextic equation is:

1 X
Epondangie = 0.043828 Z >Ka(8—8,)° [1 +SF(8 - 8,)]

angles

v, v, v,
Ediheqra = (1 cos @) + (1 - cos2) (1 + cos 3¢)

dihedrals

Where:

@ — Dihedral angle

The above equation was used to calculate the
dihedral angle in MM+. Though it is not a
unique feature pertaining to MM+ alone, it was
useful in trying to understand the underlying
principles between symmetry and
conformations from the torsion energy
interactions that were obtained on solving the
above said equation.
Vi, V,, and V3
constants.

In this study, van der Waals was the most
studied parameter, as the primary hypothesis
in this study was that hydrogen bonding and
van der Waals interactions do play a pivotal
role in deciding the cyclisation process of a
molecule. So, it is imperative that these
parameters were studied in detail.

In MM+, these interactions are studied by
using a combination of an exponential
repulsion, with an attractive (1/R)6 dispersion
interaction instead of using Lennard-Jones
potential.

The van der Waals
calculated as:

are the torsional force

interaction was then

Even der Wasls = Z gi(2.9 % 10% e_ls'SPiJ] —(2.29 I:'ij:]_s
ijevdW

The van der Waals radius, ry= ri+ r, the
hardness parameter si,-=\/ &g (g determines the
depth of the attraction and how to push atoms
close together).
And pij=Rij/rij*

The above-mentioned parameters are given
prime importance in MM+ calculations. Hence
one of the focus in this study was to carry out
molecular mechanic (MM+)™ calculations to
elucidate the decisive role that these varying
parameters play during the cyclisation of a
molecule.
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Molecular mechanics is considered to be the
best tool for predicting the geometry, the heat
of formation and the conformation of a
molecule. But during the course of this study,
there arouse an interest to enquire about the
prediction power of Hartree-Fock formalism,
utilizing Semi-empirical calculation methods.
Our inquisitiveness was to calculate/compare
the Semi-empirical results with molecular
mechanics and XRD data, as Semi-empirical
way of computational methods can be used to
predict electronic properties of molecules,
such as dipole moment and spectroscopy.
During the calculation, Semi-empirical
methods consider only valence electrons and
it usually omits many electron-electron
interaction integrals as they are negligible. To
compensate for neglecting the over lapping
integrals, Semi-empirical methods were
introduced based on molecular data based
parameters. The most commonly used Semi-
empirical methods as well as that offers the
most reliable predictions for heats of
formation, ground state geometries and
ionization potentials are AM1 and PM3. The
parameterization method is based upon the
Hartree-Fock formalism. The Semi-empirical
methods AM1 and PM3 make use of minimal
valence basis sets of Slater type orbitals'®"’.
Also, both these Semi-empirical methods use
comparatively  fewer  parameters  than
molecular mechanics method. So, in this study
we used AM1 and PM3 semi empirical
methods.

The backbone of quantum mechanics lies in
the solution of time independent non-
relativistic formalism of Schrodinger equation.
But while considering many electrons many
atom systems, it was found to be inept in
solving the Schrodinger equation by using the
wave function. Thus, it was necessary to
utilize density functional analysis for solving
the many electrons many atom systems

problems.

In this study we used 6-311++G** under
B3LYP level of theory of DFT, as it
incorporates generalized gradient
approximations (GGA) and local density
approximations  (LDA)which  vyields an
improved DFT mathematics and useful

features of ab-initio methods such as Hartree-
Fock method.

Elp]l = Tlp] + E..[p] + Ey.[p]*

T - Kinetic energy

EE - electron electron repulsion

Ne - nuclei-electron attraction

As the exact functionals for DFT exchange
and correlation functionals are known only for
a free electron gas, approximations such as
the LDA and GGA are used for molecular
calculations™. LDA functional depends only on
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the density at the coordinates where the
functional is evaluated. Whereas, GGA
although like LDA, it also takes into
consideration the gradient of the density.
Hence GGA functionals are considered to be
more accurate than LDA functionals.

MATERIALS AND METHODS

Molecular mechanical calculations were done
using HyperChem 8.0 Computational
Chemistry package®. The molecule obtained
was minimized by using Polak-Ribiere
optimizer. Similarly, all the Semi-empirical and
DFT computations were made. PM3 and AM1
methods were used for Semi-empirical
methods and 6-311++G** under B;LYP level
of theory of DFT were used. Electrostatic
potential, bond energy, van der Waals
interactions and dihedral energies were
generated. Values of dipole moment were
calculated for all the methods namely PMS3,
AM1 and 6-311++G** under B3LYP level of
theory of DFT methods.

Molecular Mechanical Calculations

The studies were carried out using Molecular
Mechanical calculations utilizing MM+ force
field available in HyperChem 8.0. Optimization
was based on Monte Carlo method. This
resulted in a range of conformations with
varied torsional angle. The method enlisted
the use of T=300K to 400K. The resulting
molecule was then minimized by using Polak-
Ribiere optimizer. Termination of molecule
minimization was done, when gradient root
mean square went below 0.01 kcal/mol and it
was carried out based along the following
criteria: -

v' Conformational search based on
simulated annealing method with heat
time 0.1ps, runtime 0.5ps, cool time
0.1 ps, starting temperature 100 K and
temperature of simulation 300 K with a
temperature step 30 K as described by
Choe et al*®.

v' The structure obtained was then
verified utilizing IR spectrum so as to
verify that no negative frequencies
were present in the vibration
spectrum. HyperChem 8.0 was used
for simulating along with the
computational methods that were
adopted.

Semi-empirical Calculations

Determination of molecular stability was also
studied by enlisting PM3 that is a semi
empirical calculation. MM+ force field and
Polak-Ribiere optimizer were initially applied
on the molecule constructed using
HyperChem 8.0 GUI. After which PM3 method
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was applied on the molecule. Another Semi-
empirical method AM1 was also applied on all
the molecules. As it is in the case of MM+
calculations, all the parameters referred to
here are for isolated molecules in vacuum.

DFT Calculations

Density Functional Theory (DFT) was adopted
for this calculation by using 6-311++G** under
B3LYP level of theory.

Training Set

A virtual derivative series was designed based
on hydrogen bond acceptors and hydrogen
bond donors and their substituents are listed in
Table 1 to interpret the rationale that could be
responsible for the cyclisation. Concomitantly
investigations were also carried out to
examine whether any significant trends could
be realized if there does exist a correlation
between hydrogen bond interactions, dipole
moment, electrostatic potential and total
molecular energy with the mannose - Schiff
base derivatives conformational stabilities.

An experimental set of mannose derived Schiff
base (probe molecules), D mannose oxime
(MO), N-
mannopyranosylsemicarbazide(MPS),
phenylmannopyranosylamine (PMS) and N-p
chlorophenylmannopyranosylamine (CMA)
that exist in both conformations: - acyclic as
well as cyclic, prepared by Ojala et al, listed in
Table 2 were collected so as to investigate the
rationale behind cyclisation.

RESULTS AND DISCUSSIONS

Molecular mechanics MM+ force field was
applied on the virtual derivative series based
on the rationale that hydrogen bond donating
ability and hydrogen bond accepting ability
does play a role in the selection of cyclic
conformation of the molecule. The derivative
series was developed from the cyclic and
acyclic conformations of D-mannose that is
depicted in Figure 1. And it was designed in
the order of zero hydrogen bond donors, poor
hydrogen bond donors, moderate hydrogen
bond donors, good hydrogen bond donors,
strong hydrogen bond donors, very strong
hydrogen bond donors, zero hydrogen bond
acceptors, moderate hydrogen bond acceptors
and very strong hydrogen bond acceptors. A
range of properties like bond energy, stretch
bend energy, angle energy, van der Waals
energy, dihedral energy and electrostatic
potential were studied which are listed in Table
2 and Table 3. Among these different energy
components that were studied, a gradation for
electrostatic potential obtained as shown in
Figure 2. A particular pattern was observed for
hydrogen bond donor class and for hydrogen
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bond acceptors. The pattern observed was
just the reverse. On comparing the cyclic and
acyclic conformations, it was observed that the
electrostatic potential was the highest for
acyclic when compared to cyclic on
considering the hydrogen bond donor class. In
the case of hydrogen bond acceptor class,
acyclic conformation was observed to have the
lowest value of electrostatic potential when
compared to the cyclic conformations. From
the parameters observed from the two classes
of the derivative series; was that among the
two conformations of a molecule, the one with
the lowest electrostatic potential was preferred
over the other. This helped in understanding
that cyclisation was being favored as hydrogen
bond donating ability increased.

For further substantiating our observation
behind the rationale, Semi-empirical methods
AM; and PM; were applied. PM3 method did
not provide any justifiable gradation that
supported our rationale other than just
verifying that no negative frequencies were
present in the vibration spectra. Besides, AM;
method provided a gradation in property with
respect to energy points on the potential
energy surface of the molecules as shown in
Figure 3.

As mannose derived Schiff base exist in both
conformations: - acyclic as well as cyclic and
according to Ojala et al, it was confirmed by
XRD that D mannose oxime (MO) to be acyclic
in nature, whereas for N-
mannopyranosylsemicarbazide (MPS), n-
phenylmannopyranosylamine (PMS) and N-p
chlorophenylmannopyranosylamine (CMA) to
be cyclic. The methods adopted to elucidate
the rationale behind the role played by
hydrogen bond accepting ability and hydrogen
bond donating ability were then applied to the
experimental series of Ojala et al and the
results are listed in Table 4, as shown in
Figure 4 and 5. Among the conformations,
cyclisation was favored when intra-molecular
hydrogen bond interactions increased as
shown in Figure 6. But the most stable
confirmation that was observed was the
molecule with the least electrostatic potential
and least total molecular energy. So as to
substantiate the trend obtained with regard to
electrostatic potential, an electrostatic potential
contour representation was investigated and
its representation is shown in Figure 7.
Coherence regarding the rationale that
hydrogen bond donating or accepting ability
plays a decisive role in the cyclisation were
further obtained by applying 6-311++G** under
B3LYP level of theory of DFT. Gradation in
energy was observed with respect to energy
coordinate points on the potential energy
surface of the molecules as shown in Figure 8.
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But DFT studies could not validate the
conformational stability of the MPS molecule in
comparison to other levels of theories. DFT
studies provided a gradation in property in
intra-molecular hydrogen bonds also. When
the number of intra-molecular hydrogen bonds
increased, it was found that it favored
cyclisation. No significant results were
obtained with regard to dipole moment from
the virtual derivative series and also from the
experimentally validated series of Ojala et al.

CONCLUSION

The study could predict in elucidating the
components influencing the  cyclisation
process. The principle factors for the
cyclisation process for mannose based Schiff
bases of Ojala et al depends on the following:
- electrostatic potential, total energy and intra-
molecular hydrogen bonding. Also, from the
virtual reactive series along with the
experimentally validated series of Ojala et al,
the most preferable conformation will have the
least electrostatic potential, the least total
energy and the maximum number of intra-
molecular hydrogen bonding.

Abdul Jaleel et al
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Table 1: The hydrogen bond donor and acceptor

substituent’s, part of virtual derivative series

Sl. No. Molecules Substituent
1 Zero donor acyclic -CH2-NH2
2 Zero donor cyclic -CH2-NH2
3 Poor donor acyclic -CH2-C(=0)-NH2
4 Poor donor cyclic -CH2-C(=0)-NH2
5 Moderate donor acyclic-1 -CH2-C(=0)-NH-C6H5
6 Moderate donor cyclic-1 -CH2-C(=0)-NH-C6H5
7 Moderate donor acyclic-2 -CH2-C(=S)-NH-C6H5
8 Moderate donor cyclic-2 -CH2-C(=S)-NH-C6H5
9 Good donor acyclic-1 -C6H4-0OH
10 Good donor cyclic-1 -C6H4-OH
11 Good donor acylic-2 -CH2-C(=0)-NH-OH
12 Good donor cyclic-2 -CH2-C(=0)-NH-OH
13 Strong donor acyclic -C6H2-CI2-OH
14 Strong donor cyclic -C6H2-CI2-OH
15 Very strong donor acyclic-1 -C(CI2)-C(=0)-OH
16 Very strong donor cyclic-1 -C(CI2)-C(=0)-OH
17 Very strong donor acyclic-2 1H-tetrazole-5-yl
18 Very strong donor cyclic-2 1H-tetrazole-5-yl
19 Proton acceptor zero acyclic -CH2-C(=0)-O-CH3
20 Proton acceptor zero cyclic -CH2-C(=0)-0-CH3
21 Moderate proton acceptor acyclic -CH2-C(=0)-CH3
22 Moderate proton acceptor cyclic -CH2-C(=0)-CH3
23 Very strong proton acceptor acyclic 1H-imidazol-1-ylmethyl
24 Very strong proton acceptor cyclic 1H-imidazol-1-ylmethyl
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Table 2: Molecular mechanics, Semi-empirical

calculations of virtual derivative series
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Acyclic
compound
substituent

R

Cyclic
compound
substituent

R

Molecules

Energy
MM+

Energy
PM3

Energy
AM1

Bond

Angle

Dihedral

VDW

Stretch
bend

Electrostatic

-CH2-NH2

Zero
donor
acyclic

3.67

2765.75

2791.28

0.29

1.94

1.055

2.95

0.22

2.78

-CH2-NH2

Zero
donor
cyclic

16.32

2768.39

2785.37

0.32

6.70

7.41

3.50

0.35

-1.90

-CH2-
C(=0)-NH2

Poor
donor
acyclic

2.52

3037.09

3065.61

0.43

231

3.25

3.38

0.26

-7.12

-CH2-
C(=0)-NH2

Poor
donor
cyclic

8.57

3041.89

3060.81

0.41

6.50

8.54

3.97

0.36

-11.21

-CH2-
C(=0)-NH-
C6H5

Moderate
donor
acyclic-1

4.97

4239.98

4261.16

0.56

6.74

-1.96

6.77

0.26

-7.39

-CH2-
C(=0)-NH-
C6H5

Moderate
donor
cyclic-1

16.89

3971.49

3982.31

0.49

10.27

14.99

9.63

0.27

-18.77

-CH2-
C(=S)-NH-
C6H5

Moderate
donor
acyclic-2

14.48

4175.97

4210.42

0.53

7.91

0.19

6.57

0.30

0.64

-CH2-
C(=S)-NH-
C6H5

Moderate
donor
cyclic-2

25.46

4178.08

4205.98

0.58

11.37

6.19

7.46

0.40

-0.54

--C6H4-OH

Good
donor
acyclic-1

8.09

3638.44

3663.74

0.46

291

-2.66

7.98

0.20

-0.79

-C6H4-OH

Good
donor
cyclic-1

17.807

3631.94

3662.93

0.54

7.39

3.31

8.60

0.27

-2.30

-CH2-
C(=0)-NH-

Good
donor
acylic-2

5.68

-3101.4

-3129.4

0.40

2.02

0.46

4.14

0.22

-1.56

-CH2-
C(=0)-NH-

Good
donor
cyclic-2

8.19

2828.65

2847.13

0.29

6.13

6.07

4.99

0.29

-9.58

222
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Table 3: Molecular mechanics, Semi-empirical calculations of virtual derivative series

Acyclic
compound
substituent

R

Cyclic
compound
substituent

R

Molecules

Energy
MM+

Energy
PM3

Energy
AM1

Bond

Angle

Dihedral

VDW

Stretch
bend

Electrostatic

-C6H2-Cl2-
OH

Strong
donor
acyclic

9.64

3603.38

3627.61

0.574

2.92

9.38

0.21

0.75

-C6H2-ClI2-
OH

Strong
donor
cyclic

18.19

3603.96

3623.89

0.599

7.31

2.20

9.63

0.31

-1.86

-C(Cl2)-
C(=0)-OH

Very
strong
donor

acyclic-1

8.255

2942.05

2958.15

0.69

2.83

15

4.17

0.3

-1.23

-C(ClI2)-
C(=0)-OH

Very
strong
donor

cyclic-1

8.96

2946.11

-2965.

0.6

4.05

1.073

4.89

0.28

-1.93

1H-
tetrazole-5-
yl

Very
strong
donor

acyclic-2

13.36

2855.59

2853.87

0.52

15.96

1.77

3.98

-0.06

-8.81

1H-
tetrazole-5-
yl

Very
strong
donor

cyclic-2

6.63

2864.43

-2859.4

0.703

11.77

5.37

3.63

-0.48

-14.37

-CH2-
C(=0)-0-
CH3

Proton
acceptor
zero
acyclic

5.8

3364.85

3329.87

0.41

241

-0.59

5.43

0.25

-CH2-
C(=0)-0-
CH3

Proton
acceptor
zero cyclic

14.26

3251.43

-3279.1

0.36

7.15

5.05

5.62

0.38

-CH2-
C(=0)-CH3

Moderate
proton
acceptor
acyclic

7.884

3145.53

-3167.8

0.41

1.85

1.45

3.82

0.21

0.16

-CH2-
C(=0)-CH3

Moderate
proton
acceptor
cyclic

14.16

3151.15

3172.78

0.36

5.93

6.26

3.88

0.32

-2.61

1H-
imidazol-1-
ylmethyl

Very
strong
proton

acceptor
acyclic

7.701

-3400.3

3401.58

0.342

11.44

3.26

2.76

0.15

-10.25

1H-
imidazol-1-
ylmethyl

Very
strong
proton

acceptor
cyclic

20.55

3405.48

3400.34

0.34

15.05

8.80

3.2

0.29

-7.12
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Table 4: Molecular mechanics MM+, Semi-empirical PM3 and AM1
results and properties of experimentally validated compounds

Molecules

Energy
MM+

Energy
AM1

Bond Angle

Dihedral

VDW

Stretch
bend

Electro

static ccl

HF

Acyclic D mannose
oxime (MO)

5.0137

-0.403

0.294 1.25

0.622

3.038

0.21 0.39 281145.9

-222.51

Cyclic D mannose
oxime (MO)

17.98

-0.40

0.29 5.61

o Acyclic N-
mannopyranosylse-
I micarbazide (MPS)

-0.23

-0.367

6.55

4.28

0.311 0.94 311666.8

-221.85

0.33 2.45

2.05

2.96

0.25 -8.27 369219.1

-230.63

Cyclic N-
mannopyranosyl
semicarbazide
(MPS)

6.71

0.38 6.42

8.16

4.55

0.37 -13.17 | 413621.7

-232.64

Acyclic N-
phenylmanno
pyranosylamine
(PMS)

7.77

-0.32

0.43 2.36

-2.63

8.10

0.24 -0.72 410127.8

-186.82

Cyclic Acyclic N-
phenylmanno
pyranosylamine
(PMS)

17.44

-0.34

0.53 6.92

3.35

8.70

0.29 -2.36 448677.5

-180.79

Acylic N-p
chlorophenyl
manno
pyranosylamine
(CMA)

8.64

-0.34

0.43 2.44

-2.67

8.46

0.23 -0.26 442628.1

-193.35

Cyclic N-p
chlorophenyl
manno
pyranosylamine
(CMA)

17.93

-0.35

0.55 7.05

3.29

8.93

0.31 483259.9

-187.8
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Fig. 6: Probe Molecules - Intramolecular Hydrogen Bonds
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Fig. 7: Probe Molecules - Electrostatic 2D Contour Maps
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