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Theoretical calculations of natural penicillins: structural and electronic properties

The influence of the calculation method and small structural change in the molecule on the results of geome-
try and other properties of compounds was studied on the example of known antibiotics. The structural, elec-
tronic, and thermodynamic properties of penicillin and phenoxymethylpenicillin were calculated using mo-
lecular mechanics and quantum mechanics methods. A comparative analysis of penicillin structures based on
experimental data and calculations was carried out. A molecular model of the experimental geometry was
considered as the starting structure, which was then optimized. The geometric parameters were computed us-
ing the Ellinger MM2 force field method, semi-empirical PM6 one, and ab initio Hartree-Fock (HF) method
with the Dunning’s correlation consistent basis set cc-pVDZ: Although theoretical calculations were carried
out in gaseous phase, cc-pVDZ-optimized geometry of the molecules is close to the crystal structure. Some
theoretical parameters for optimized structures of‘the title compounds, such as total electronic energy, zero-
point energy, rotational constants and dipole moments were defined by HF method. The electronic properties
as HOMO and LUMO energies for both penicillins were calculated. Thermodynamic properties (heat capaci-
ty, entropy) of ones were computed by an ab initio method that took into account the correlation effects.

Keywords: penicillin, phenoxymethylpenicillin, structure, thermodynamic properties, HOMO and LUMO en-
ergies, molecular mechanics, cc-pVDZ basis, quantum mechanics methods.

Introduction

Antibiotics are organic compounds produced in the process of life by bacteria, fungi, molds, yeasts, as
well as some higher plants, and possess the property to suppress the growth of microorganisms or kill them.
In recent decades, antibiotics have become of great importance for fighting diseases caused by various path-
ogens. Their study and application in medicine is one of the most remarkable achievements of modern sci-
ence. The first antibiotic — penicillin was introduced by Scottish scientist Alexander Fleming (1928), and
that news hada profound effect on human life. Industrial production and clinical use of penicillin have been
achieved thanks to the great work of famous chemists and the collaboration between the pharmaceutical
companies of the United States in the 40s of the 20th century [1, 2]. Now a lot of penicillins are known. The-
se are divided into natural (biosynthetic) and synthetic (semi-synthetic) ones. Natural penicillins are fairly
selective, semi-synthetic ones manifest a much broader spectrum of antimicrobial action.

Determination of the structure of penicillins was extremely hampered by their ability to undergo various
isomeric transformations even under mild conditions. The question of the structure of penicillin was resolved
by X-ray diffraction, a method in which the substance under study does not undergo degradation. The struc-
ture of penicillin was established by British chemist and biochemist D. Crowfoot-Hodgkin [3]. The general
formula for natural and synthetic penicillins is:
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Penicillin core structure

The most important penicillins are natural ones F, G, K, V, and X, which differ by the variable group R:

CH;-CH,-CH=CH-CH,- (F)
CH;-(CH,)s-CH,- X)

HO@ CH, X)

Only two of them, namely, benzylpenicillin (G) and phenoxymethylpenicillin (V) found a wide practi-
cal application in medicine [2].

The key structural feature of the penicillins is the four-membered B-lactam ring; this structural moiety is
essential for penicillin’s antibacterial activity. At undergoes hydrolysis with the disruption of the N4-C7 bond
under mild conditions, which leads to a loss of biological activity. The B-lactam ring is itself fused to a five-
membered thiazolidine ring [3]. These form a so-called foam-group. X-ray diffraction studies showed that
the foam-group of penicillins had a non-planar structure [2]. It was found that antibacterial activity of peni-
cillins depended on the structure of the radical R. The most effective antibiotic is benzylpenicillin (penicillin
G), in the molecule of which R is the benzyl radical. A slight change in the structure, the introduction of an
oxygen bridge, significantly affects the activity of penicillin. Phenoxymethylpenicillin (penicillin V) is less
active against gram-negative bacteria than benzylpenicillin, although it is more resistant to acidic medium
[1-4].

Aspects of organic and biological chemistry of penicillins have been well studied [1, 2, 5].
Crystallographic data and the conformational analysis of penicillin molecules are given in Refs [3, 6-9]. In
this paper, a comparative quantum-chemical analysis of the above mentioned penicillins, their structural and
electronic properties, is performed.

Computational part

The software like ChemBioOffice, GaussView were applied to modelling the structure of molecules. To
calculate their characteristics, the molecular mechanics MM2 [10] method, quantum chemical semi-
empirical PM6 and ab initio methods [11] were used.

Benzylpenicillin has a compact structure according to the X-ray data [3]. We tried to model the crystal
structure of penicillin G molecule due to the computer possibilities of above mentioned programs (Fig. 1).
Similarly a model of penicillin V was built.
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Figure 1. Molecular model of crystal structure of penicillin G
(H atoms are not shown; GaussView 5.0 program)

Using the Hartree-Fock (HF) method with the Dunning’s correlation consistent basis set cc-pVDZ, a
calculation has been performed on the molecular models of the crystal structure of penicillins to determine
the structural, electronic, and thermodynamic properties of ones.

Results and discussion

The optimization of the geometry leads to changes in the positions of atoms and atomic groups. The
most important difference is in the orientation of the amide moiety of the side chain. In the crystal structure,
oxygen is on the convex face and hydrogen on the concave face of the:molecule (KH6-C6-N-H = —156°) [6]
(in our calculations, for instance, 178° in the cc-pVDZ structure (Fig. 2¢)). The locations of these two atoms
are altered in the calculated structures. A greater difference is observed in the case of the structure optimized
by MM2 method, less for PM6 and cc-pVDZ models (Fig. 2).

4 < (
N
a — MM2 model b — PM6 model ¢ — cc-pVDZ model

Figure 2. Calculated structures of penicillin G

Figure 3. Optimized structure (HF/cc-pVDZ method) (a) and crystal structure (b) [9] of phenoxymethylpenicillin

Optimized structure of penicillin V in comparison with the crystal one is shown in the Figure 3. Differ-
ences in spatial structure of molecules in a crystal and other phases can and should be. A preferred confor-
mation is determined by packing in the crystal, but it corresponds to a global minimum in gas. If we compare
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three gaseous-phase models the differences can be explained as follows: MM2 structure is considered in the
framework of classical mechanics. The molecule is accepted as an electron-nuclear system in quantum-
mechanical models. Basis cc-pVDZ takes into consideration the correlation effects.

As we can see on the Figure 2a position of benzyl group in space is also not the same for MM2, PM6
and cc-pVDZ models of benzylpenicillin. The corresponding values of angles are shown in Table 1. MM2
method gives mostly smaller angle values and practically perpendicular arrangement of aryl group, while
taking into account the correlation effects leads to an increase in the valence and torsion angles. However,
according to the method HF/cc-pVDZ, the bonds N-C and C(H,)-C,, are almost coplanar, whereas MM2 and
PM6 show them out of the plane (42° and —41°, respectively).

Another significant difference in the geometry calculated at different levels is the position of the amide
group relative to the B-lactam ring: in accordance with the molecular mechanics method they arerlocated
nearly orthogonally, semi-empirical and non-empirical methods provide approximately twice as much angle
(140° and 130° respectively). Introduction of the oxygen bridge leads to transfer the benzene ring from the
position perpendicular to the amide group to the coplanar one. Relevant angle data are listed in Table 1.

Table 1
Some theoretical geometric parameters for penicillins at differentlevels
Angles (°) MM2 PM6 HF/cc-pVDZ
122.026" 120.351 122.015
CO-N-C 121.747" 120.160 122.127
113.688 115.556 117.000
N-C-C(H,) 114.156 116.235 116.214
C-C(H,)-Ca, 109.215 114.269 118.005
C-C(H,)-O 110.420 106.455 110.887
76.863 140.174 129.784
€5-C6-N-C 63.730 137.687 132.159
126.045 —172.476 177.831
He-C6-N-H 107.877 -168.035 178047
-176.903 -179.326 179.513
C6-N-C-CHy) ~179.093 -179.793 178.961
N-C-C(Hy)-Ca; 42.099 -41.224 -11.154
N-C-C(H,)-O —21.041 14.749 3.311
C-C(H,)-Cx,-C =97.101 —64.594 -81.770
C-C(H,)-0-Cy, 179.807 —178.427 179.477

Note. “ — Parameters for penicillin G; ®~— Parameters for penicillin V.

Some theoretical parameters calculated for optimized structures of the title compounds by ab initio HF
method, such as total energy, zero-point energy, entropy, heat capacity, rotational constants and dipole mo-
ments are given in Table 2.

Table2
Theoretically calculated physical-chemical parameters for the compounds (HF/cc-pVDZ method)
Parameters Penicillin G Penicillin V
Total energy (Hartree) —1422.3671554 —1497.2201151
Zero-point energy (kcal/mol) 231.623 235.530
Entropy (cal/(molxK)) 158.037 161.240
Heat capacity (Cy, cal/molxK) 76.423 79.499
Rotational constant (GHz)
A 0.4341207 0.4597905
B 0.1476509 0.1029334
C 0.1291843 0.0913024
Dipole moment (Debye)
Wtotal 5.40 4.49
Ly 1.0285 -0.2300
Uy 5.2714 —4.4706
W, —0.5204 —0.3566
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The data of Table 2 permit the following conclusions: a) the values of the total electronic energy show
an energetical stability of penicillin V, and are consistent with its reduced activity; b) when increasing a
number of atoms, a correction to the electronic energy of the molecule, which accounts for the effects of mo-
lecular vibrations at 0 K, rises; ¢) when appearing of additional degrees of freedom in an anisotropic mole-
cule, entropy of penicillin V increases; d) the constant volume molar heat capacity is in the same dependence
on the molecular mass; e) both molecules are asymmetric tops due to the different rotational constants;
f) penicillin V has a lower polarity.

The ability of electron giving is characterized by the highest occupied molecular orbital (HOMO) ener-
gy and the ability of electron accepting is characterized by the lowest lying unoccupied molecular ‘orbital
(LUMO) energy. These correspond to the ionization potential (I) and the electron affinity (A), respectively:
in the Hartree-Fock approximation, the ionization potential is equal to the orbital energy of the donized.mole-
cule taken with the opposite sign, the electron affinity is defined by the same way. The values Exomo < 0 cor-
respond to the positive ionization potentials. The gap between HOMO and LUMO characterizes the molecu-
lar chemical stability [12]. Some of the molecular properties have been calculated theoretically by using
HOMO and LUMO energy difference, for example, electronegativity (y), chemical hardness (1) and chemi-
cal softness (S) (Table 3).

Table 3

The calculated frontier orbital energies, the absolute electronegativity,
the absolute hardness and softness of the compounds (HF/cc-pVDZ method)

Parameters Penicillin G |, Penicillin V
Enomo (a.u.) —0.34034 <0.32318
Erumo (au.) 0.12085 0.12414
AEHOMO-LUMO (CV) 1 2 .55 12 1 7
I1(eV) 9.26 8.79
A (eV) -3.29 —3.38
x (eV) 2.99 2.71
7 (eV) 6.28 6.09
S (eV) 0.080 0.082

The absolute electronegativity has been calculated as a half-sum of the ionization potential and the elec-
tron affinity, the absolute chemical hardness has been identified as their half-difference. The chemical soft-
ness is the inverse of the hardness. Benzylpenicillin is a fairly strong acid (pKa = 2.7-2.76). Therefore, it has
the greater ionization potential, electronegativity, the negative electron affinity (as well as penicillin V). The
HOMO-LUMO gap value indicates a lower polarizability of the benzylpenicillin molecule, which is con-
sistent with the value of its permanent dipole moment (Table 2). The measure of resistance to change in the
electronic configuration, the so-called hardness of the substance, is higher in the case of penicillin G, and,
respectively, its softness is lowerthan that of penicillin V.

Conclusions

A comparative analysis of penicillin structures based on experimental data and calculations showed, on
the one hand; the significant influence of the calculation method on the results of geometry and other proper-
ties_of compounds, on the other hand, the influence of the structural change in the molecule on the same
properties. Although theoretical calculations were carried out in gaseous phase, Hartree-Fock calculations
with a correlation basis allowed us to determine structures close to the experimental ones. The addition of a
single oxygen bridge caused a marked change in the physico-chemical properties of the substance. Electronic
and thermodynamic properties are also calculated by ab initio method that took into account the correlation
effects.
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JLK. O6ynoaiiicoBa, M.C. KaceimoBa, E.B: MunaeBa

TaOuFu neHMWIJIMHIAEPAIH TEOPHUSJIBIK ecerreyJiepi:
KYPBLUIBIM/BIK K9He 3JIEKTPOHABIK KacueTTepi

Benrini aHTHOHOTHUKTEPIiH MbICAIBIHAA KOCBHUIBICTAPABIH T'€OMETPHSCHI MEH 0acka KacHeTTepiHe ecenTey
dziicTepi KoHEe MOJICKyJaAarbl KilliripiM KypbhUIBIMIIBIK ©3TepiCTepiHiH acepi 3epTTeiai. MoseKynaiblK KoHe
KBAaHTTHIK-MEXaHUKAJIBIK OJiCTEPiH IMali/aJaHa OTBIPbIN, HEHUIWIUIMH MeH ()EHOKCHMETHINECHUIIINHHIK
KYPBUIBIMIBIK, 3JIEKTPOHIBIK JKOHE TEPMOANHAMHUKAJIBIK KACHETTepi ecenTenai. Toxipubemnik aepekrep MeH
ecenTeysep HeriziHae NeHWIWUINHACPAIH KYphUIbIMAApbIHA CANBICTHIPMAIBI TaJAAy JKYprizingi. bacranksl
KYPBUIBIM PETiH/Ie TOXKIPHOETiK reOMETPHSICHIHEIH MOJICKYITAIBIK YIITici KapacTeIpsuiabl. KypbsuisiM omaH opi
OHTAMIaHIBIPBUIABL. [ eOMETPUSIIBIK HapaMeTpiepi DINTMHKEp ycbiHFaH MM2  MopuduKanusiiaHFan
KYLITEp ©piciHe Heri3aeiareH omiciMeH, |[PM6 KapThulaii SMOHPHKAIBIK oIiCiMeH jkoHe J[aHHUHITIH
KOppeIsIIUsUTBI-peTTenreH  6a3ucTik ce-pVDZ kublHbl Oap smmupukaiblk emec XapTpu-Dok opicimeH
ecentenina. 'a3 QasaceiHaarsl MoseKynagap YHIH OpBIHAAIFAH TEOPHSIBIK €cenTeyiepre KapamacTaH,
cc-pVDZ-oHTalinaHabIpbIFAaH  [EOMETPHUACHl KPUCTAIIBIK T€OMETpUsFa JKakblH. JKorapeiga aTaiFaH
KOCBUIBICTAp/IbIH OHTAaNIaH/ABIPBUFAaH KYPBUIBIMIAPbI YIIIH TOJIBIK SJICKTPOH/IBIK SHEPTHs, HOIIIK TepoOeric
SHEPTHUSACH], alHAIMallbl TYPaKThUIAp, AWIONbL MOMEHTTEpI CHSKTBI Keif0ip TEOpHsUIBIK mHapamerpiep
asbiKTanFad. CoHpaii-ak _exi MeHULMLTMH YIIiH [IeKapajblK MOJEKYJIaNbIK OpOUTAIbAAP/IbIH 3ICKTPOHIBIK
KacuerTepi ecentenyi. KOppemsIMsUTBIK ocepiepiH ecKepeTiH ab initio 9MICIMEH KOCBUIBICTAP/IbIH
TEPMOJNHAMUKAIIBIK KACUETTEPl (AKbLITYCHIHBIMBLIBIFBI, SHTPOIHSACHI) AaHBIKTAJIBI.

Kinm co30ep: EHULMIIINH, (PEHOKCHMETHIIICHUIIMIUINH, KYPBUIBIM, TEPMOANHAMHUKAIBIK Kacuertep, JKTMO
meH TEMO sHeprusiiapbl, MOJICKyIaibIK MexaHuka, cc-pVDZ 6a3uci, KBaHTTHIK MEXaHUKA dIicTepi.

JLK. AGynsucoBa, M.C. KaceimoBa, E.B. Munaera

TeopeTnueckue pacueTbl NPUPOAHBIX NEHUIMIJIMHOB:
CTPYKTYpPHBbI€ U JIeKTPOHHbIE CBOWCTBA

Ha npumepe n3BecTHBIX aHTHOMOTHKOB U3YYEHO BIIHSHIE METO/a paciyeTa U HeOOJBIIOro CTPYKTYPHOTO U3-
MEHEHUS B MOJICKYJIC Ha PE3yJIbTaThl 10 T€OMETPUM U APYruM cBoiicTBaMm coepuHeHui. C HCHIOIb30BaHUEM
METOJIOB MOJIEKYJIIPHON M KBAaHTOBOI MEXaHUKH PacCUUTAHBI CTPYKTypHBIE, 3JEKTPOHHbBIE U TEPMOINHAMU-
YecKHe CBOMCTBA MEHUIMUINHA U (EHOKCUMETUINEHUIMIUINHA. BBINOTHEH CpaBHUTENBHBIA aHAIN3 CTPYK-
Typ NEHUIMIIMHOB Ha OCHOBE 3KCIEPUMEHTAIBHBIX JAHHBIX U pacyeToB. B kauecTBe cTapTOBON CTPYKTYpHI
OblIIa pacCMOTpPEHA MOJIEKYJISIpHAs MOJIENb C SKCIIEPUMEHTAIbHOM reoMeTpueii, KoTopas janee OblIa ONTH-
Mu3upoBaHa. ['eomerpuyeckne mapaMeTpsl OBUIM pacCUUTaHbl METOJIOM MOJIEKYJISIPHOH MEXaHHKH C MOJH-
(UIMPOBAHHBIM CHIOBBIM HosleM MM2, pa3paboTaHHBIM DIUIHHKEPOM, Moy MmupruaecknM PM6 Metoom
1 HEeOMIMpUUeCKnM MeTozioM XapTpu-Doka ¢ KOppersIIHOHHO-COTIIACOBAHHEIM 06a3uCHBIM Habopom JlaH-
HuHTa cc-pVDZ. HecMoTpst Ha TO, 9TO TeOpeTHYECKHE pacdeTsl OBUTH BBHIIIOJIHEHBI JUIS MOJIEKYJ B Ta30BOH
¢asze, cc-pVDZ-ontumu3upoBaHHas reometpusi 613ka K kpuctawmieckoit. Merogom X onpeseneHsl He-
KOTOpBIE TEOPETHUECKHE MapaMeTphl AT ONTUMU3UPOBAHHBIX CTPYKTYpP Ha3BaHHBIX BBIIIE CO€AWHEHHH, Ta-
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K€ KaK I0JIHAsl JIEKTPOHHAS SHEPIHs, SHEPTUs HYJIEBBIX KOJI€OaHHUMH, BpallaTeNbHbIe OCTOSHHbIE, TUIOJIb-
Hble MOMEHTHI. J[)1 NEeHUIMWUIMHOB OBbUIM PacCYMTAaHbI TAKXKE JICKTPOHHBIC CBOMCTBA IPAHMYHBIX MOJICKY-
JSIPHBIX opOuTaneil. Ab initio METOIOM, YUUTHIBAIOIINM KOPPEISLHMOHHBIC 2B (EKThI, OIpeIeIeHbl TePMOIH-
HaMUYECKHE CBOHCTBA COSIMHEHHH (TEINIOEMKOCTD, SJHTPOIIHS).

Kniouesvie cnosa: meHNIWILINH, (PEHOKCHMETHINEHUIMIUINH, CTPYKTypa, TEPMOAMHAMHYECKHE CBOUCTBA,
sueprun B3MO n HCMO, monekymnsiprast MexaHuka, 6a3uc cc-pVDZ, MeTo/IbI KBaHTOBOH MEXaHUKH.
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