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phenoxymethylpenicillin-lactim-enol and also investigated that the
stability of mono-protonated phenoxymethylpenicillin-lactim-enols are
discussed. Further, the heats of formation (AH¢®), dipole moment (L),
ionization potential (IP), full atomic charges and energies of frontier molecular orbitals
(Enomo and E_umo) have been performed. The conformational analyses of mono- and di-
protonated phenoxymethylpenicillin-lactim-enol and their stable conformations have also
been evaluated.
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INTRODUCTION

Isolation of the important intermediate, 6-aminopenicillanic acid from enzymatic splitting of
natural penicillin’s (G & V) was led the preparation of several semi-synthetic penicillins[l]
with chemical modification by substituting the acyl-side chain to produce specific properties,
such as resistance to stomach acids, a degree of resistance to penicillinase activity against
some gram-negative bacteria.”” Consequent importance of B-Lactam ring of penicillin has
been identified to block the activity irreversible and their derivatives studied extensively as
broad anti-microbial spectra for reducing undesirable side effects.”*! In actual fact, penicillins
had selective penetration through the porin channels of the cell membrane and the dipolar

character of the drug enhances oral absorption.™

Austin Model-1 (AM1) is one of the semi-empirical quantum calculations, which includes
experimental parameters and extensive simplification of the Schrodinger’s equation
(HY=EY) to optimize molecules for calculation of various properties to solve chemical
problems®. In view of these observations, it is prompted us, to carry out the research work on
phenoxymethylpenicillin (Penicillin-V)®®, the present study deals on the protonation of
phenoxymethylpenicillin-lactim-enol (2) and thus obtained mono-protonated (3 & 4), di-
protonated (5) and anion (6) in gas phase has been evaluated by AM1 method, usually

allowing an isolated molecule surrounded by vacuum.

Computational methods!®

AM1 Semi-empirical molecular orbital calculations were performed on the molecules shown
in Scheme-1 by means of Intel Dual core D102GGC2 DDR2 1GB SDRAM PC. The initial
molecular geometry was adopted as Pople’s standard datal?, and subsequently fully
optimized using an energy gradient method in the ground state (keywords: PRECISE,
equivalent to GNORM=5.0, CHARGE, GEO-OK, and MMOK to correct the increase in the
barrier to rotation of the amide linkage) until the lowest energy conformation was found. The
conformations were designated by Klyne-Prelog terms!® using s = syn, a = anti, p = peri-
planar (0+30° & 180+30°) and all other angles ¢ = clinal. In this context, the numbering of
phenoxymethylpenicillin-lactim-enol (2) is shown in Figure -1. The values of optimized AM1
calculations were included the main data of physical properties (Table-I), bond lengths

(Table-11) and dihedral angles (Table-111) of molecules (1 to 6) for the sake of discussion.
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Figure- 1 :Structure of Phenoxymethyl-lactim-enol

RESULTS AND DISCUSSION

Electronic structure of phenoxymethylpenicillin (1) and its lactim-enol-form (2), mono-
protonated (3 & 4) di-protonated (5) and anion (6)

The optimized electronic structure of phenoxymethylpenicillin (1) and its lactim-enol-form
(2), mono-protonated (3 & 4), and di-protonated (5) anion (6) are shown in Scheme-1. The
calculated heats of formation (AH¢"), ionization potential (IP), dipole moment (u), the
energies of frontier molecular orbitals (Enomo and ELumo) and net charges on hetero atoms of
the molecules (1 to 6) are presented in Table-1. It is observed that the net charges on N7- and
Ni3- atoms are respectively -0.1340 and -0.1609 in the case of phenoxymethylpenicillin-
lactim-enol (2). Usually, it is also investigated that the sequence of protonation for nitrogen

atoms of phenoxymethylpenicillin-lactim-enol (2) in the order of N; < Njs.

Heat of formation (AH¢’ in kcal/mol), ionization potential (eV), dipole moment (U in Debye),
energies of frontier molecular orbitals (in eV), electron excitation energies (AE) (in eV) and
the atomic charges on S, N7, Ni3, O19, O12, O35, O17 and O3, of phenoxymethylpenicillin(1)
and its lactim-enol-form(2), mono-protonated forms (3 & 4), di-protonated form (5) and

anion(6) from AML1 calculation.
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Table-I

Parameters 1 2 3 4 5 6
AH{° (kcal/mol) -118.4089 | -90.6115 | +59.9332 | +56.9942 | +247.3275 | -134.9740
lonization potential (eV) 9.1342 8.3326 11.8603 | 11.8449 14.4843 5.1917
u (Debye) 2.8946 2.8554 6.4526 5.9085 5.5667 14.1898
Enomo (eV) -9.134 -8.333 -11.860 -11.845 -14.484 -5.192
ELumo (EV) +0.045 -0.158 -4.966 -5.470 -8.643 +2.409
Electron excitation energies
(AE= ELumo - Eromo) (V) 9.179 8.175 6.864 6.375 5.841 7.601
S, (atomic charge) +0.0664 +0.0803 | +0.1323 | +0.3309 +0.6310 -0.0766
N7 (atomic charge) -0.2361 -0.1340 -0.1249 -0.2040 -0.2164 -0.1726
N3 (atomic charge) -0.3698 -0.1609 -0.0239 -0.2857 -0.1454 -0.0916
O (atomic charge) -0.2857 -0.3111 -0.2860 -0.2849 -0.2753 -0.5802
01, (atomic charge) -0.2361 -0.1893 -0.1337 -0.1963 -0.2020 -0.2206
O16 (atomic charge) -0.3255 -0.2853 -0.1991 -0.2432 -0.2105 -0.3261
O17 (atomic charge) -0.1944 -0.2277 -0.2014 -0.2242 -0.1806 -0.2039
O3, (atomic charge) -0.3527 -0.3369 -0.3463 -0.3118 -0.2932 -0.5287

The calculated values of frontier orbital energies (Enomo and ELumo) reveal the electron
excitation energies are observed decreasing in the order of 1 >2 > 6 >3 >4 > 5. The results
so obtained reveal that the electronic properties and reactivity of molecule depend on its
conformational structure. In the photochemical reaction, the promotion of an electron from
HOMO to LUMO is allowed antara-facial pathway in the case of 1 and 6, due to presence of
different sign whereas molecules 2 to 5 allowed supra-facial path way, due to the presence of
same sign.[® The ionization potential values are examined in the order of 5>3>4>1>2 >
6 and it is confirmed that di-protonated phenoxymethylpenicillin-lactim-enol (5) is more IP

than all others.

The dipole moment of molecules depends on their arrangement of the atoms in comprising
the molecules and it is found increasing in the order of 2 <1 <5 <4 <3 < 6. Anion (6) shows
higher dipole moment. It is observed, that electronegative heteroatom’s cause displacement
of electrons, which induces an additional dipole moment in the molecule. The magnitude of
the induction effect!” (uing) of molecules can be estimated with respect to
phenoxymethylpenicillin-lactim-enol (2). It is found that the induction effect is increasing in
the case of Aping (1) 0.0392 D, Aping (5) 2.7113 D, Apting (4) 3.0531 D, Aping (3) 3.5972 D and
Aping (6) 11.3344 D. According to the heat of formation (AH;’) data, the stability of
compounds have decreased in the order of 6 >1>2 >4 >3 > 5, But, it is predicted that the
protonation would take place preferably at Njz-atom than Nz-atom in the case of

phenoxymethylpenicillin-lactim-enol (2), this is due to the stability of mono-protonated
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phenoxymethylpenicillin-lactim-enol, 4 (AH{°, +56.9942 Kcal/mol) is more stable than 3
(AHf, +59.9332 Kcal/mol). The formation of di-protonated phenoxymethylpenicillin-lactim-
enol (5) is possible (with the heat of formation AH¢ of +247.3275 Kcal/mol) from mono-
protonated phenoxymethylpenicillin-lactim-enol, (3 & 4). The change of atomic charges on
the other atoms of the molecule is also observed at the time of protonation site of N+-, and
Ni3- atom of phenoxymethylpenicillin-lactim-enol (2). However,. The protonation at Ni3-
atom in the case of phenoxymethylpenicillin-lactim-enol (2) to mono-protonated form (3) is
considered by decreasing net atomic charges at N;-, Ni3-, O12-, O16-, O17- and increasing at
Os3,- atom. The protonation site of phenoxymethylpenicillin-lactim-enol (2) at N7,- atom to
mono-protonated form (4) is considered by decreasing net atomic charges at Oyg-, O16- O17-,
Os32- and increasing at N7-, Niz-, O1- atoms. In the case of di-protonated form (5), the
negative atomic charges are decreasing at Ni3-, O19-, O16-, O17-, O3,- atoms and increasing at
N7-, Op2-atoms. Anion of phenoxymethylpenicillin- lactim-enol (6) is formed by the removal
of a proton from Oyp-atom with decreasing net charges at Ni3-, O;7- atoms and increasing at

N7-, 010-, 012-, 016' and 032- atoms.

Bond lengths of phenoxymethylpenicillin (1) and its lactim-enol-form(2), mono-protonated

forms (3 & 4), di-protonated form (5) and anion(6) from AM1 calculation.

Table-11

Bond lengths (A) 1 2 3 4 5 6
010-Csg 1.3583 1.3629 1.2328 1.3524 1.3463 | 1.2633
C11-Cy 1.5654 1.3826 1.3934 1.4957 1.4546 1.3993
01,-Co 1.2182 1.3488 1.3344 1.3447 1.3609 1.3289
N13-C11 1.4133 1.3660 1.3776 1.3813 1.4232 1.3611
C14-Ny3 1.3903 1.2997 1.3278 1.3168 1.3387 1.2970
0O16-C14 1.2413 1.3803 1.3568 1.3565 1.3393 | 1.3932
03,-Cs 1.2337 1.2312 1.3539 1.2295 1.2295 1.2568
H33-O12 - - 0.9739 0.9749 0.9810 0.9773 | 0.9989
H35-O15 -- 0.9710 0.9775 0.9795 0.9920 | 0.9733

H42-O19 0.9731 0.9718 0.9748 0.9766 0.9799 - -

H-N> -- - - - - 1.0105 1.0321 - -

H-Ni3 -- - - 1.0124 - - 1.0066 - -

Lactam-lactim and Keto-enol tautomerism of phenoxymethylpenicillin (1)

In the great majority of cases molecules under ordinary conditions, tautomerism is possible
for inter-conversion at higher temperatures, often with the aid of catalyst. The AM1
calculated heat of formation, and the tautomeric equilibrium constants logkK+ was calculated™

according to the equation (1):
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AGT SAH
logky = ——— = ————— e (1)
2303RT 2303RT

Where AGr is the free energy of the tautomeric equilibrium, 8AH is the difference in the
calculated heats of formation of the tautomeric species participating in this equilibrium. R is
the gas constant and T is the absolute temperature. From this equation (1), logK+ value was
calculated as 1.4086. The formation of two tautomeric forms of phenoxymethylpenicillin (1)
and phenoxymethylpenicillin-lactim-enol (2) are expected with increasing bond lengths of
012-Cy (1.2182 to 1.3488 A), 016-Cy14 (1.2413 to 1.3804 A) and decreasing bond length of
C11-Co (1.5654 to 1.3826 A), C14-N13 (1.3903 to 1.2997 A) with the formation of Has3-Og,
(0.9739 A), Hzs-O16 (0.9710 A) as per Scheme-1 Table-11. From the Table-111 and Scheme-1,
it is observed that the change of conformation from —ac of N13C11CgN7 and C14N13C11Cq are
changed to respectively +ac and +ap. The conformation of -ap of O1;CsC4C3 and H4,010CgC4
are changed to +ac and +ap respectively. The dihedral angle +sp of O16C14N13C11 and +sc of
C18017C15C14 are changed to -sp and -ap conformations along with the formation of

H33012C9N7 and of H3016C14N13 With -ap conformation.
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Scheme - 1

The protonation of phenoxymethylpenicillin-lactim-enol (2)
The proton affinity (PA)* values for different nitrogen atoms of phenoxymethylpenicillin-

lactim-enol (2) were calculated by using the equation (2):
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PA =  AHAH) + AHSB) -AHP(BH) e (2)

Where PA is the proton affinity, AH{’(B) is the heat of formation of phenoxymethylpenicillin-
lactim-enol (2), AH{°(BH") is the heat of formation for the cation, and AH{’(H") is heat of
formation for the proton (367.2kcal/mol). The proton affinity is in the order of N3 (216.6553
kcal/mol) < N7y (219.5943 kcal/mol) in the formation of mono-protonated
phenoxymethylpenicillin-lactim-enol respectively 3 and 4. Di-protonated form (5) was
formed from either of mono-protonated phenoxymethylpenicillin-lactim-enol (3 and 4)
respectively with PA 179.8057 kcal/mol and 176.8667 kcal/mol.

The conformations of phenoxymethylpenicillin-lactim-enol (2) and its mono-protonated
(3 & 4), di-protonated (5) and anion (6)

The spatial arrangement of atoms in a molecule is considered to study the conformations of
phenoxymethylpenicillin (1), and its lactim-enol-form (2), mono-protonated forms (3 & 4),
di-protonated form (5) and anion (6) with a view to investigate molecular anti- or syn-
conformations. The change in energy content of the protonation may depend on the changes
in the parameters of dihedral angles. From the Table-Il, Table-11l and as per Scheme-1,
mono-protonated phenoxymethylpenicillin-lactim-enol (3) is formed by the addition of
proton at Niz-atom of phenoxymethylpenicillin-lactim-enol (2), with increasing bond lengths
at C11-Co, N13-Ci1, C14-N13, O32-Cg, H33-O12, H36-O16, Ha2-O19 and decreasing bond lengths at
010-Csg, 012-Cy, and O45-C14 with the formation of bond H-Ny3. The change of dihedral angle
of CgC4C3Sy, N13C11CoN7, C18017C15C14, 032CsC4C3 and Hzs016C14N13 are converted from
+ap to +ac, +ap to -ap, -ap to +ac, +sc to -sc, and -ap to +ap conformations respectively and
all other conformations are moderately changed. It is also observed that the protonation at

N13-atom is shown -sc conformation.

If the mono-protonated phenoxymethylpenicillin-lactim--enol (4) is formed by the addition of
proton at N,- atom of phenoxymethylpenicillin-lactim-enol (2), with increasing bond lengths
at C11-Cg, N13-C11, C14-Ni3, H33-O12, H36-O16, Hs2-O10 and decreasing bond lengths at O1-Cs,
012-Cy, O3,-Cg, and O14-Cy4 With the formation of bond H-N-;. The change of dihedral angle
of +ap of N13C11CgNy7, +ap of C15C14N13C11, -sp of O16C14N13C11, -ap of C18017C15C14, +sC Of
03,CsC4C3 and +ap of H40,0CsCy4 are converted to +ac , -ap, +sp, +ac, -ac and -ap
conformations respectively and all other conformations are changed moderately. It is also

observed that the protonation at N;-atom is made known +ac conformation.
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In the case of di-protonated phenoxymethylpenicillin-lactim-enol (5), it is formed by the
addition of protons at N;- and Njz-atoms of phenoxymethylpenicillin-lactim-enol (2), with
increasing bond lengths at C;1-Cg, O12-Cg, Ni13-Ci1, C14-N13, H33-O12, H36-O16, Hg2-O10 and
decreasing bond lengths at O3,-Cg, O10-Cg, and O15-Cy4 With the formation of bonds at H-N;
and H-Ni3. The change of dihedral angle of +ac of O;0CgC4Cs, +ap of N13C1:C9Ny, -ap of
C18017C15C14 and +sc of O3,CgC4Cs are converted to +sc, -ac, +ac and —ac conformations
respectively and all other conformations are changed moderately. It is also investigated that
the protonation at N,- atom and Njs-atom are shown respectively +ac and -sc conformations
to form stable di-protonated phenoxymethylpenicillin-lactim-enol (5). It can be concluded
that the anion (6) is formed with the removal of a proton from Ojp- atom of
phenoxymethylpenicillin-lactim-enol (2) with increasing bond lengths of C13-Cg, O16-Cia,
0O3,-Cg, H33-012, H3-O16 and decreasing bond lengths at O14-Cg, O12-Cg, N13-C1; and Cy4-Nis.
It is also examined that the dihedral angles +ac of O10CgC4Cs, +ap of N13C11CoN7, +ap of
C15C14N13C11, -sp of O16C14N13C11, -ap of C15017C15Cy4, -ap of Hz301,C9N; and -ap of
H36016C14N13 are converted respectively to —ac, -ap, -ap, +sc, +sc, -sc and +sc conformations
in the formation of stable anion (6) and rest of positions have moderate changes.

Table I11: Dihedral angles (°) of phenoxymethylpenicillin (1) and its lactim-enol-form
(2), mono-protonated forms (3 & 4), di-protonated form (5) and anion (6) from AM1

World Journal of Pharmaceutical Research

calculation.

Dihedral 1 2 3 4 5 6
angle (°) Angle | (*) | Angle | (*) | Angle | (*) | Angle | (*) | Angle | (*) | Angle | (*
C4C3S,Cy -2059 | -sp | -1753 | -sp | -16.11 | -sp | -17.27 | -sp | -2.95 | -sp | -16.43 | -sp
CgCsC3S, | +163.04 | +ap | +151.49 | +ap | +146.75 | +ac | -165.45 | +ap | +172.94 | +ap | +157.69 | +ap
0190CgC4C3 | -169.46 | -ap | +104.90 | +ac | +92.14 | +ac | +90.39 | +ac | +74.89 | +sc | -109.46 | -ac
N13C11CoN; | -114.93 | -ac | -174.87 | +ap | -171.95 | -ap | +124.46 | +ac | -143.15 | -ac | -168.53 | -ap
C1aN13C11Co | -129.94 | -ac | +159.59 | +ap | +146.79 | +ac | +171.22 | +ap | +143.61 | +ac | -165.01 | -ap
C15C14N13Cq1 | +179.80 +ap | +178.12 +ap +175.29 +ap | -172.32 -ap +178.48 +ap +179.68 -ap
016C14N13C11 | +1.39 | +sp| -236 | -sp | -269 | -sp | +6.89 |+sp| -2.26 | -sp | +58.46 | +sC
C18017C15Cy4 | +86.13 | +sc | -177.99 | -ap | +95.07 | +ac | +98.85 | +ac | +94.73 | +ac | +68.51 | +sc
03,CeCsC3 | +16.23 | +sp | -74.10 | +sc | -87.23 | -sc | -91.79 | -ac | -107.36 | -ac | +70.46 | +scC
H42010CsCy | -179.96 | -ap | +179.21 | +ap | +179.75 | +ap | -178.86 | -ap | +178.08 | +ap - - - -
H3301,CoN7 - - -- | -170.96 | -ap | -178.22 | -ap | -175.56 | -ap | -159.53 | -ap | -19.46 | -sc
H36016C14N13 -- -- -178.03 | -ap | +175.58 | +ap -177.85 | -ap | -172.89 -ap | +19.78 | +sc
H-N7C4Cs - - - - - - - - - - -- | +137.75 | +ac | +112.98 | +ac - - - -
H-N13C1;Cy - - - - - - -- | -35.48 | -sc - - -- | -37.61 | -sc - - - -

* The conformations were designated by Klyne-Prelog terms® using s = syn, a = anti, p = peri-planar (0+30° &
180+30°) and all other angles ¢ = clinal, and + & - signs.
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CONCLUSION

Austin Model-1 (AM1) is one of the semi-empirical quantum calculations, which includes
experimental parameters and extensive simplification of the Schrodinger’s equation
(HY=EY) to optimize phenoxymethylpenicillin-lactim-enol and its protonated forms for
prediction of various conformational changes and its reactivity & pharmacological action.
The protonation of phenoxymethylpenicillin-lactim-enol is predicted with the negative charge
distribution on nitrogen atoms (N13> Ny). It is established that mono-protonated at N7 is more
stable than Ni3. Further, the utility of theoretical predictions is important for evaluating the
ability to cross cell wall barriers, biochemical mechanism to prevent cell wall synthesis and

binding to serum proteins. This study reveals about the stability of protonated forms.

ACKNOWLEDGEMENTS

This research work has been carried out by the authors (Thandra Karunakar and Boda
Mahipal Reddy) with cooperation of the Head, Department of Chemistry, and Principals of
concerned colleges for constructive discussions and also grateful to the Commissioner of
Collegiate Education, Higher Education Department, Hyderabad, Telangana State, India, for

endless encouragement to perform this work.

REFERENCES

1. (a). Rajeshwar Rao B, Review on computational study in the protonation of
phenethicillin-tautomers by using Austin  Model-1 (AM1) Method. World J
Pharmaceutical Res., 2019; 8(11): 484-515. www.wijpr.net (b). Clarke HT, Johnson JR,
Robinson R editors, The chemistry of penicillin, Princeton University press, Princeton NJ,
1949,

2. (a). Rajeshwar Rao B, A mini review on computational study of Tautomerism in beta-
lactam antibiotics by Austin Model-1 (AM1) method. World J Pharmaceutical Research,
2019; 8(9): 511-531. www.wjpr.net (b). Bogan JA, Pharmacological Basis of Large
Animal Medicine, Ed. Bogan JA, Lees P, Yoxall, Blackwell AT, 1983; 3-22.

3. Rajeshwar Rao B, A Review on computational study in the protonation of
benzylpenicillin tautomers by Austin Model-1 (AM1) Method. World J Pharmaceutical
Res., 2019; 8(12): 522-553. www.wijpr.net.

4. (a) Perlman D, Eds, Structure Activity Relationships among the semi-synthetic
Antibiotics, Academic press, New York, 1977; (b) Morin RB, Gorman M, Eds, Chemistry

and Biology of Beta-lactam Antibiotics, Volumes 1-3, (Academic press, New York),

www.wipr.net | Vol 10, Issue 4,2021. | 1SO 9001:2015 Certified Journal | 1790


http://www.wjpr.net/
http://www.wjpr.net/
http://www.wjpr.net/

Bojja et al. World Journal of Pharmaceutical Research

1982; (c) John H Block, John M Beak Jr, Wilson and Gisvold’s Text Book of Organic
Medicinal and Pharmaceutical Chemistry, 11" edn., (Lippincott Williams & Wilkins,
NewYork), 2004.

5. (a) Shyamsunder M, Sudhakar Ch, Rajeshwar Rao B., Computational study on the
Protonation of Phenoxymethylpenicillin-lactim by AM1 method, World J Pharmacy
Pharmaceutical Sci., 2020; 9(10): 2270-2279. www.wjpps.com; (b) Premalatha R,
Ravinder V, Rajeshwar Rao B, AM1 study on the conformations and electronic properties
of Phenoxymethyl-penicillin. Int J Org & Bio-org Chem, 2012; 2(3): 14-18.
www.urpjournals.com.

6. (a) Dewar MJS, Zeobisch EG, Healy EF, Stewart JJP, J Am Chem Soc, 1985; 107: 3902-
3909; (b) Stewart JJP, MOPAC, A general molecular orbital package, QCPE 455, 5"
edn, 1988; (c) Coppola BP, Progress in practice: Organic chemistry in the introductory
course, Chem Educator, 1997; 2(2): 1-8. Springer-verlag New York, INC.

7. (a) Pople JA, Beveridge DL, Approximate molecular orbital theory, McGraw-Hill, New
York, 1970. (b) Fleming I, Frontier Orbital and Organic Chemical Reactions, Wiley-
Interscience, New York, 1976.

8. Klyne W, Prelog V, Description of steric relationships across single bonds, Experientia,
1960; 16: 521-568.

9. Woodward RB, Hoffmann R, The conservation of orbital symmetry, Academic press, Inc,
New York, 1970.

10. Paperno  TYA, Pozdnyakov VP, Smirnova AA, Elagin LM, Physico-Chemical
Laboratory Techniques in Organic and Biological Chemistry (Translated from Russian
by Oleg Glebov), MIR Publishers, Moscow, 1979; 171.

11. (a) Kresge J, Acc Chem Res, 1990; 23: 43. (b) Lochmuller CH, Maldacker T, Cefola M,
Anal Chim Acta, 1969; 48: 139.

12. Saltek N, Abbasogulu R, Ikizler A, Acta chim hung, Models in chemistry, 1996; 133:
43-51.

www.wipr.net | Vol 10, Issue 4,2021. | 1SO 9001:2015 Certified Journal | 1791


http://www.wjpps.com;/
http://www.urpjournals.com/

