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Abstract

Gemcitabine which is a cancer chemotherapy agent has a wide application against various types of tumors. In the
present study, gemcitabine and its various stereoisomers and also its 1,3- and 1,5-type proton tautomers have been
investigated within the constraints of density functional theory (DFT) at the level of B3LYP/6-311++G(d,p). All
the isomers/tautomers presently considered (in vacuum conditions) have not only exothermic heat of formation
values but also possess favorable Gibbs free energy of formation values and they are electronically stable. Various
quantum chemical data have been collected and discussed including UV-VIS spectra.

1. Introduction

Gemcitabine is an antineoplastic agent with clinical activity against a wide range of solid tumors such as
ovarian carcinoma, small cell and non-small cell lung cancers, head and neck cancer, bladder cancer, breast
cancer, and pancreatic cancer [1]. It is rapidly deaminated in blood to the inactive metabolite 2',2'-
difluorodeoxyuridine and is rapidly excreted by the urine [2]. To increase its therapeutic levels, gemcitabine is
administered at high doses (1000 mg/m?) which cause side effects (neutropenia, nausea, and so
forth). Unfortunately, many cancers develop resistance against this drug, such as loss of transporters and
kinases responsible for the first phosphorylation step [2]. Cisplatin (CDDP), etoposide (VP-16), and mitomycin
C (MMC) are well-known anticancer agents that are also active against many of these types of cancer. Because
of the low toxicity profile of gemcitabine and the differences in mechanism of cytotoxicity, combinations of

these drugs with gemcitabine were studied in vitro and in vivo conditions [1].

Gemcitabine is a fluorinated nucleoside currently administered against a number of cancers. It consists of a
cytosine base and a 2-deoxy-2,2-difluororibose sugar. The synthetic challenges associated with the introduction
of the fluorine atoms, as well as with nucleobase introduction of 2,2-difluorinated sugars, combined with the
requirement to have an efficient process suitable for large scale synthesis, have spurred significant activity
towards the synthesis of gemcitabine exploring a wide variety of synthetic approaches [3].

The literature of gemcitabine comprises innumerous aspects of related research [4-22]. Therapeutic efficacy
of gemcitabine, which is used for breast cancer treatment, is severely compromised due to its rapid plasma
degradation. Its hydrophilic nature poses a challenge for both its efficient encapsulation into nanocarrier

systems and its sustained release property.

Dual enzymatic reactions were introduced to fabricate programmed gemcitabine (GEM) nanovectors for

targeted pancreatic cancer therapy [16]. The clinical performance of gemcitabine is severely restricted by its
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unsatisfactory pharmacokinetic parameters and easy deactivation mainly because of its rapid deamination,
deficiencies in deoxycytidine kinase (DCK), and alterations in nucleoside transporter. A large number of
gemcitabine pro-drugs were synthesized by chemical modification of gemcitabine to improve its biostability
and bioavailability [17].

The effect of gemcitabine is significantly weakened by its rapid plasma degradation. In addition, the
systemic toxicity and drug resistance significantly reduce its chemotherapeutic efficacy. One of the recently
developed approaches to improve conventional chemotherapy is based on the direct targeting of

chemotherapeutics to cancer cells using the drug-peptide conjugates [18, 19].

Also mixed micelles was employed as a delivery system, to prevent rapid metabolic inactivation and
narrow therapeutic window of gemcitabine, thusto improve the pharmacokinetic characteristics of it and

enhance its antitumor efficacy [20].

A novel electrochemical sensor, based on a reduced graphene oxide (rGO) nanocomposite and a zirconium-
based metal-organic framework (Zr-MOF) with terephthalic acidas a ligand was employed in order to
identify gemcitabine, which is a chemotherapy drug that is commonly used to treat breast cancer [21].

In an other study, the molecular basis of combining photodynamic therapy (PDT), a light-triggered targeted
anticancer therapy, with the traditional chemotherapeutic properties of the well-known cytotoxic agent

gemcitabine has been reported [22].

Gemcitabine has a pyrimidinone structure, which can exist as a free base molecular form in crystals. It
exhibits 1,3- and 15-type proton tautomerism. Tautomers are structural isomers of molecules, which in this case

interconvert via proton transfer [23].

In the literature, some quantum chemical and spectral properties of gemcitabine has been investigated
performing density functional (DFT) approach [24].

The present study deals with some stereoisomers and tautomers of gemcitabine within the constraints of a
DFT treatment.

2. Method of Calculations

In the present study, all the initial optimizations of the structures leading to energy minima have been
achieved first by using MM2 method which is then followed by semi empirical PM3 self consistent fields
molecular orbital method [25-27]. Afterwards, the structure optimizations have been achieved within the
framework of Hartree-Fock and finally by using density functional theory (DFT) at the level of B3LYP/6-
311++G(d,p) [28,29]. Note that the exchange term of B3LYP consists of hybrid Hartree-Fock and local spin
density (LSD) exchange functions with Becke’s gradient correlation to LSD exchange [30]. The correlation
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [31] and Lee, Yang,
Parr (LYP) correlation correction functional [32]. In the present study, the normal mode analysis for each
structure yielded no imaginary frequencies for the 3N—6 vibrational degrees of freedom, where N is the number
of atoms in the system. This search has indicated that the structure of each molecule considered corresponds to
at least a local minimum on the potential energy surface. Furthermore, all the bond lengths have been
thoroughly searched in order to find out whether any bond cleavage occurred or not during the geometry

optimization process. All these computations were performed by using SPARTAN 06 program [33].
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3. Results and Discussion

Gemcitabine has three stereogenic centers in 2-deoxy-2,2-difluororibose moiety. Figure 1 shows numbering
of gemcitabine backbone (and its stereoisomers) considered for the present treatment. The three stereogenic
centers are coinciding with carbons C2, C4 and C5 according to the present numbering.

fd

Figure 1. Numbering of gemcitabine backbone and its stereoisomers considered.

Optimized structures of the gemcitabine (I) and some of its stereo isomers considered are shown in Figure
2, together with types of the stereogenic centers they have. The figure also displays the direction of the dipole
moment vectors and possible hydrogen bondings (dashed lines).

2R 4R.5R 2RA4S.5R 2R.48.58 2R 4R.5S

Figure 2. Optimized structures of the gemcitabine (I) and some of its stereo isomers considered. Hydrogen
bonds are shown by dashed lines.

Table 1 shows some of the standard thermo chemical formation and constant volume heat capacity (C,) data
of the species considered. The data reveal that the standard heat of formation (H®) values of all the isomers are
exothermic and they are favored according to their G° (Gibbs free energy of formation) values. The algebraic
order of H® and G° values are I<IV<II<III and I<IV<III<II, respectively. The C, data follow the order of
I<IV<II<IIL

Table 1. Some thermo chemical properties of the isomers considered.

Isomer H° S° (J/mol®) G° C, (J/mol®)
I -2705634.209 490.73 -2705780.53 190.18
I -2705630.271 485.58 -2705775.043 190.59
I -2705629.195 491.59 -2705775.778 190.70
v -2705631.374 486.80 -2705776.513 190.47

Energies in kJ/mol.
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Table 2 shows some energies of the species considered where E, ZPE and Ec stand for the total electronic
energy, zero point vibrational energy and the corrected total electronic energy, respectively. According to the
data, they are all electronically stable structures. The stability order is [> IV>II>IIIL. Isomer-I is the most stable
of all which possesses CH,OH and OH groups in such an orientation that in between a hydrogen bonding of
2.241 A may happen although the distance is not very suitable. Thus some other factors might be operative. The
hydrogen bond in isomer-II is in between -CH,OH and OH groups (-CH,OH----O), whereas in IV in between
the same groups (H---OH) but hydrogen donor and acceptor are different in each case (see Figure 2). The
hydrogen bonds are 2.303A and 1.917A, respectively. Thus, the hydrogen bond is stronger in IV compared to
the one in isomer-II. Note that isomer-IV has OH possessing substituents (CH,OH and OH) in endo,endo
whereas isomer-II in exo,exo stereochemistry.

Table 2. Some energies of the isomers considered.

Isomer E ZPE Ec
I -2706183.05 533.78 -2705649.27
II -2706180.39 535.55 -2705644.84
1 -2706177.03 532.52 -2705644.51
v -2706181.11 535.03 -2705646.08

Energies in kJ/mol.

Aqueous and solvation energy values (E,q and Eq,, respectively) for the isomers considered are shown in
Table 3. The algebraic order of aqueous and solvation energy values are the same as [V<I<III<II. Orientation of
the groups, thus their hydrogen bond formation possibilities and their stabilities, etc., dictate the orders obtained
presently. The solvation energies were calculated by adopting SM5.4/A model [33].

Table 3. Some energies of the isomers considered.

Isomer E. Esov
I -2706292.68 -109.633
11 -2706284.46 -104.066
111 -2706284.64 -107.615
v -2706298.30 -117.193

Energies in kJ/mol. Solvation energy by SM5.4/A model.

Table 4 list some properties of the isomers considered. It is worth mentioning that the polar surface area
(PSA) is defined as the amount of molecular surface area arising from polar atoms (N,O) together with their
attached hydrogen atoms. Although these compounds are isomeric, their PSA values differ from each other,
meaning that the same kind of atoms might be influenced by electronic factors differently at different positions.

Table 4. Some properties of the isomers considered.

Isomer Area (A?) Volume (A?) PSA (A?) Ovality Log P
I 242.29 212.36 99.100 1.41 -1.59

11 242.41 212.60 98.912 1.41 -1.59
I 243.82 212.84 101.454 1.41 -1.59
v 239.22 211.91 96.969 1.39 -1.59

Polarizabilities in 1073° m? units.
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As for the log P values, note that a negative value for log P means the compound has a higher affinity for
the aqueous phase (it is more hydrophilic); when log P = 0 the compound is equally partitioned between the
lipid and aqueous phases; whereas a positive value for log P denotes a higher concentration in the lipid phase
(i.e., the compound is more lipophilic).

Figure 3 displays the chemical function descriptor (CFD) patterns of the isomers which are the present
focus of interest.

I IT I11 v

Figure 3. The CFD patterns of the isomers considered. (Yellow: HBD and HBA; Green: HBA; Blue:
Hydropobe; Purple: HBA, +ionizable.

As seen in the figure, all of the isomers possess the same hydrogen bond donor (HBD) and hydrogen bond
acceptor (HBA) counts, namely 2 and 7, respectively. Each isomer has MW of 264.188 amu. So, all of them
fulfill the criteria of Lipinsky rule (also known as Pfizer’s rule of five) [34-36] and they all, like gemcitabine,
should be in general orally active drugs. However, gemcitabine usually administered intravenously, mixed with
other cancer chemotherapy agents [37]. Note that the rule of 5 (Lipinsky rule) states that poor absorption is
more likely to occur when there are more than (i) five hydrogen-bond donors, (ii) ten hydrogen-bond acceptors,
(ii1) a molecular weight greater than 500, and (iv) a calculated Log P value greater than five.

The dipole moment and polarizability values for them are tabulated in Table 5. The orders of dipole
moment and polarizability values are I>II>IV>III and III>1I>I>1V, respectively. So, the stereochemistry of
-CH,OH and -OH groups highly affects magnitude (as well as the direction) of the dipole moments. Note that
the resultant dipole moment is the vectorial sum of bond dipoles.

Table 5. Dipole moment and polarizability values for the isomers considered.

Isomer Stereochemistry at Dipole moment Polarizability
C4 and C5
I R,R 9.15 57.43
II S,R 6.26 57.44
11 S,S 5.42 57.46
v R,S 5.75 57.39

Dipole moments in debye units. Polarizabilities in 103 m?3 units. Refer Figures 1
and 2.

Figure 4 shows the electrostatic potential (ESP) charges on the atoms of the isomers considered. Their
electrostatic potential maps are displayed in Figure 5 where negative potential regions reside on red/reddish and

Earthline J. Chem. Sci. Vol. 12 No. 2 (2025), 155-168
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Figure 4. ESP charges on atoms of the isomers considered.

positive ones on blue/bluish parts of the maps. Note that the ESP charges are obtained by the program based on

a numerical method that generates charges that reproduce the electrostatic potential field from the entire

wavefunction [33]. Note that the stereo chemical changes greatly affect the locations of the positive and

negative potential regions over the five-membered ring (also charge distribution, see Figure 4).

I II

Figure 5. Electrostatic potential maps of the isomers considered.
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Figure 6 shows the local ionization potential maps of the isomers considered where conventionally

red/reddish regions (if any exists) on the density surface indicate areas from which electron removal is relatively

easy, meaning that they are subject to electrophilic attack. It is worth remembering that the local ionization

potential map is a graph of the value of the local ionization potential on an isodensity surface corresponding to a

van der Waals surface.
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Figure 6. The local ionization potential maps of the isomers considered.

The LUMO maps of the isomers considered are displayed in Figure 7. Note that a LUMO map displays the
absolute value of the LUMO on the electron density surface. The blue color (if any exists) stands for the
maximum value of the LUMO and the red colored region, associates with the minimum value. Note that the
LUMO and NEXTLUMO are the major orbitals directing the molecule towards of the attack of nucleophiles
[33]. Positions where the greatest LUMO coefficient exists is the most vulnerable site in nucleophilic reactions.

-H TG

T I [ v

Figure 7. The LUMO maps of the isomers considered.

Figure 8 shows the bond densities of the isomers considered.

I I III 1Y

Figure 8. Bond densities of the isomers considered.

Table 6 lists the HOMO, LUMO energies and the interfrontier molecular orbital energy gap, Ae, values
(Ae= eLymo-€nomo) of the isomers considered. The algebraic orders of the HOMO and LUMO energies are
I<IV<I<IIl and I<IV<II<II, respectively. Thus, the interfrontier molecular orbital energy gap values,
constitute the order of III>1I>I>1V.

Earthline J. Chem. Sci. Vol. 12 No. 2 (2025), 155-168
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Table 6. The HOMO, LUMO energies and Ag values of the isomers.

[somer HOMO LUMO Ag
I -704.06 -226.62 477.44
II -700.12 -220.53 479.59
I -685.13 -202.68 482.45
v -702.76 -225.42 477.34

Energies in kJ/mol.

Figure 9 displays the calculated UV-VIS spectra (time dependent DFT) of the stereo isomers considered. As
seen in the figure, all the spectra are confined into UV region only having some not well-developed shoulder,
thus main peaks are broadened which do not vary much in shape for the isomers, so do the intensities and
positions. The spectra and value of the transition moment which is responsible for the excitations of nonbonding
or m-orbitals [38, 39] seem to be rather insensitive to molecular stereochemistry arising from the groups
attached to the 5-membered ring. This statement is obvious because it has only c-skeleton, lacking of any -
conjugation and through field effects seems to be very weak if any is operative.
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Figure 9. The calculated UV-VIS spectra (TDDFT) of the isomers considered.

Gemcitabine (isomer-I) has two main proton tautomers; 1,3- and 1,5- tautomers (structures V and VI,
respectively) which occur in the pyrimidone moiety of gemcitabine. Note that instances in chemistry are known
that substances which are isomeric under certain given conditions are tautomeric under more drastic conditions
[40].

Figure 10 shows the optimized structures of these tautomers. It also displays the direction of the dipole
moment vectors. The tautomers V and VI have hydrogen bonding possibility having different lengths that is
2.264A and 2.301A, respectively.

Figure 10. Optimized structures of the gemcitabine (1) tautomers considered.
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Table 7 shows some thermo chemical properties of isomer-I and its tautomers V and VI. The data reveal
that the tautomers have exothermic heat of formation (H°) and favorable G° values as their parent gemcitabine
(I). The 1,3-tautomer (V) is more exothermic and has more favorable standard Gibbs energy of formation
values. The algebraic orders are I<V<VI for both H® and G° values of the species presented in Table 7. On the
other hand, C, values follow the order of I>VI>V.

Table 7. Some thermo chemical properties of isomer-I and its tautomers considered.

Isomer/tautomer H° S° (J/mol®) G° C, (J/mol®)
I -2705634.209 490.73 -2705780.530 190.18
\Y -2705622.158 482.26 -2705765.932 188.52
VI -2705565.473 481.34 -2705708.984 188.56

Energies in kJ/mol.

Some energies of isomer-I and its tautomers considered are shown in Table 8. The stability order of them is
>V>VIL

Table 8. Some energies of isomer-I and its tautomers considered.

Isomer/tautomer E ZPE Ec
I -2706183.05 533.78 -2705649.27
\% -2706172.70 536.59 -2705636.11
VI -2706116.26 536.82 -2705579.44

Energies in kJ/mol.

Figure 11 displays the bond densities of the gemcitabine (1) tautomers considered, namely structures V and
VL

VI

Figure 11. Bond densities of the gemcitabine (1) tautomers considered.

Figure 12 is the electrostatic potential maps of the tautomers considered. Note that negative potential
regions reside on red/reddish and positive ones on blue/bluish parts of the maps. Also note that structures V and
VI stand for 1,3- and 1,5-proton tautomers, respectively. The 1,5-type tautomer possesses more extended
conjugation than 1,3-tautomer. However, it is less favorable than the 1,3 -type. Note that thermal stability is
mainly dictated by the inner-lying molecular orbitals [38,39].

Earthline J. Chem. Sci. Vol. 12 No. 2 (2025), 155-168
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VI

Figure 12. Electrostatic potential maps of the tautomers considered.

Table 9 lists some properties of the tautomers considered. As seen in the table tautomer-V has greater
values than the respective ones for tautomer-VI, except the PSA and Log P values. It is interesting to be noted
that the orders of PSA and C, values of V and VI show parallelism (see Table 7). Also note that the opposite
signs of the log P values of the tautomers V and VI which indicates the effect of tautomerism in these systems.

Table 9. Some properties of the tautomers considered.

Tautomers Area (A?) Volume(A?) PSA (A?) Ovality LogP

A% 242.56 212.69 99.201 1.41 -1.15
VI 241.81 212.34 100.091 1.40 0.16

The ESP charges on the atoms of the tautomers considered are shown in Figure 13.
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Figure 13. The ESP charges on the atoms of the tautomers considered.
Table 10 tabulates the dipole moment and polarizability values for the tautomers considered.

Table 10. Dipole moment and polarizability values for the
tautomers considered.

Tautomers Dipole Moment Polarizability
\% 4.76 57.41
VI 3.83 57.41

Dipole moments in debye units. Polarizabilities in 10-3° m3 units.
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Table 11 lists the HOMO, LUMO energies and Ae values of isomer-1I and its tautomers considered. The
algebraic order of HOMO energies is V< I< VI whereas the LUMO energies possesses the order of I<V<VL
Thus, the interfrontier molecular orbital energy gap values, Ae, have the order of V>VI>I. Thus, while proton
migrates from amino moiety to the other position (nitrogen or oxygen) the interfrontier energy gap increases.

Table 11. The HOMO, LUMO energies and Ag values of isomer-I
and its tautomers (isomers).

Isomers HOMO LUMO Ag
I -704.06 -226.62 477.44
A% -716.76 -218.93 497.83
VI -667.23 -182.10 485.13

Energies in kJ/mol.

Figure 14 shows the calculated UV-VIS spectra (TDDFT) of the tautomers considered.

N VI

Calculated

e

t
1
3

oo 200 300 400
UV/Vis Spectrum UV/Vis Spectrum

Figure 14. The calculated UV-VIS spectra (TDDFT) of the tautomers considered.

As seen in the figure, all the spectra are confined into UV region, but tautomer-VI has a shoulder, exhibiting
some bathochromic effect, because it has more extended conjugation thus having narrower interfrontier
molecular orbital energy gap compared to tautomer-V.

4. Conclusion

In the present computational study, within the restrictions of DFT study at the level of B3LYP/6-
311++G(d,p), various stereoisomers of gemcitabine and its 1,3- and 1,5-tautomers have been investigated. The
present results indicate that in the vacuum conditions, all the structures are characterized with exothermic heat
of formation and favorable Gibbs free energy of formation values and they are electronically stable. Some of the
isomers and the tautomers considered may have hydrogen bonding possibility which affects the conformation of
the substituents. Altogether with electronic effects the strereochemical and tautomeric variations result in
varying outcomes on these systems. Thus, their potentials as chemotherapy agents, toxicological hazards etc.,
compared to the parent compound might be worth investigating.
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