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ABSTRACT

Organometallic chelators can be potentially used for radiometal-based pharmaceuticals. The
bifunctional chelator, which is covalently bound to a lead compound, forms a stable chelator—ion
complex to deliver an isotope, as a labelling agent, towards a specific in vivo target. The quest to find
the optimal match between chelators and radiometal ions is of interest in the field of radio
pharmaceuticals. A loss of radiometal ion from a chelator without reaching to its specific target organ
in vivo could be disastrous to the body. The present project is focused on the complexation of 1, 4, 7,
10-tetraazacyclododecane-1, 4, and 7, 10-tetraacetic acid (DOTA) with alkali metals and radiometal
ions. Herein, we investigated DOTA—alkali metal ions complexes with density functional theory
using B3LYP and ®B97XD functionals and the 6-311+G(2d,2p) basis set for Li*, Na* and K* and
Def2-TZVPD for Rb*™. Conformational possibilities, starting from x-ray crystal structures and
considering a different number of arms (2, 3 and 4) interacting with the ions were explored. Interaction
and relaxation energies, thermochemical parameters, HOMO/LUMO energies, AEHomo-Lumo and
chemical hardness indicate the decrease in the stability of DOTA—ions down the alkali metal series.
Natural bond orbital analysis reveals charge transfer between DOTA and alkali metals. Regarding
radiometal ions, the geometries for the various complexes were consistent with experimentally reported binding
constants. NBO analysis indicates charge transfer from the chelator to the radio metals resulting in
reduced positive atomic charge values for all the ions. DOTA—Ga**, DOTA—In** and DOTA—Sc®*
complexes recorded higher AELumo-Homo energies and chemical hardness values. The DOTA—Cu?*
complex was the least stable among the selected complexes. This study serves as a guide to researchers
in the field of organometallic chelators, particularly; radio-pharmaceuticals in finding the efficient

optimal match between chelators and different metal ions.

XVi



CHAPTER 1

INTRODUCTION

1.1 Chelation and chelator types: Acyclic and macrocyclic

The importance of the chelation process in science is enormous and cannot be overlooked. Research
has revealed that the technological applications of chelators and the chelation process have been
widely embraced in our industries. Chelator binds a radiometal ion to release an isotope to a specific
target organ in vivo [1]. Diethylenetriaminopentaacetic acid (DTPA) was synthesized by Frost for
the first time[2]. Complexation of DTPA and its derivatives with radio metals (**!In, 2'3Bi, 8%y,
771y, 99mTc and ®7%8Ga) are used in the field of medicine. DTPA derivatives are preferred over
DOTA regarding radiomettalation of monoclonal antibodies. CHX-A"-DTPA is used for radio
immunotherapy [3-5]. For the labelling of biomolecules with 99mTc acyclic chelators are mostly
applied. The labeling reactions were performed using required temperatures, tetra amine based ligands
with 99mTc gave good results against all other chelators. They formed a good complex showing high

Kinetic inertness [6-11].

DOTA, NOTA, TETA and CB-TE2A with Ga*', In®, Y3, Lu** and Cu®" ions used for the
radiometallation of peptides improve, the pharmacokinetics of radiopharmaceuticals[12]. CB-TE2A
derivatives have been developed lately to solve the high blood concentration of DOTA and TETA
complexes with copper [13-16]. NOTA is a hexa-dentate N3Oz chelator. NOTA complexes with

67/68Ga and 6#’Cu are more stable [17, 18].

Thermodynamic stability of their radiometal complexes make the macrocyclic chelators a preferred
choice than acyclic chelators. These chelators are more kinetically inert to dissociation. Macrocyclic
chelator experienced reduction in entropic loss during its co-ordination. Significant decrease in

entropic loss associated with acyclic chelators make it thermodynamically unfavorable [19-24].

1.2 DOTA

Stetter and Frank reported synthesis of DOTA in 1976[25]. DOTA (1, 4, 7, 10-tetra acetic acid) is a
twelve-membered tetraaza macro cycle (Figure 1) which contains four pendant carboxylate arms
connected, to cyclen amines. It is a bifunctional chelator (BFC). One terminus co-ordinates a radio

metal ion and the other holds, a bioactive molecule during its operations. DOTA complexes show



high Kinetic stability. In medical resonance imaging (MRI), DOTA-ligands are employed as
contrasting agents for the treatment of cancer. DOTA is the potential chelator used for the preparation
of lanthanide radiopharmaceuticals for therapeutic purposes [26] and form stable complexes with
these ions: 87/8Ga, 111In, 8/%0Y and %467Cy [27-34].

A B C
TOH O+ _OH i JOH
\ 0 o OH HO )
(N Nj\g*' TNmN /\fo HOJ\/N SN \)J\OH
HO Q’ J OH
AN N N KWOH

0

° N 0
HO” "0 HO” O
Oy _.OH F
D E —\
N N

MW, O, (D
HO ( - HO ( 1N) —

o)\/NL_/?I \/EOH 0)\/NL/' Ho" o

Figure 1. Commonly used chelators. A: Molecular structure of DOTA; B: Molecular structure of NOTA, C:
Molecular structure of TETA; E: Molecular structure of CB-TE2A; F: Molecular structure of CB-DO2A.

1.3 Significance of our study in radio-pharmaceutical applications

The loss of radiometal ions from a chelator without reaching its target organ in vivo, in the presence
of these biological competitive ions (Na" and K*) is one of the main setbacks in radiopharmaceuticals.
Finding the optimal match between a chelator and radiometal ions is of great importance to
researchers. It is notable that alkali metal ions found in body have the capacity to compete with
radiometals coordinated with DOTA for therapeutic and diagnosis of diseases which could affect,
radiolabeling efficiency of the chelator. Quantum mechanical calculations were performed to study
the interactions between DOTA and alkali metal ions to compare their stabilities in aqueous and

vacuum and that of chelator—radiometal ions complexes.

1.4 Co-ordination chemistry of DOTA with radiometal ions based on crystallographic data
Distorted octahedral structure (coordination number 6) has been reported for DOTA and copper
complex (Figure 2A) [35]. Hexa-coordinated structure (distorted octahedral) between DOTA and



Ga (I11) was reported in 2006 (Figure 2B) [36]. Bombieri et al reported an octa-coordinated square
prismatic geometry exhibited by Single crystal of [Sc(DOTA)] - (Figure 2C)[37]. Indium forms a
robust complex with DOTA (Table 1). There is no reported crystallographic data available for In (111)
and DOTA complex other than its amide-armed derivatives In (I11) of P-amino amide (Figure 2D)

which shows twisted (~28°) square anti-prismatic geometry (Figure 2D)[38, 39].

Figure 2. Molecular structures of A: Cu, (DOTA).5H,0; B: [Ga (HDOTA).5.5H,0]; C: 3(Na [Sc
(DOTA)]).18H20; D: In (111) complex of P-aminoanilide.



Table 1. Experimental data obtained for DOTA complexed with radiometal ions[1].

Radiometal Radiolabeling LogKwmL Geometry
HO OH ions conditions
} NS/ <
°© N N_ O 25-90 1C, 30-60 222, Distorted

B4Cu?* min, pH 5.5-6.5 22.7 octahedron
o N N

- 0
\ [ 37-90 1C, 10-30 |21.3 (pM 15.2, | Distorted
— 67/68G g3+ min, pH 4.0-5.5 18.5) octahedron
OH

HO 95 1C, 20-30 min, [27.0 (pM 26.5) Square
4414193 pH 4.0 antiprism
DOTA, 1,4,7,10- 37-100 1C, 15-60 R3.9 (pM 17.8—- | **Square
tetraazacyclododecanel,4,7,10- Hn3* min, pH 4.0-6. 18.8) antiprism

letraacetic acid, maximum CN = 8,
donor set N4O4
**No known x-ray structure available for this complex.

1.5 Radiopharmaceuticals
Radiopharmaceuticals are drugs that consist of two components: a radionuclide that transmits the
mechanism of action through its decay and a targeting, biomolecule or organic ligand that reveals the

localization of the radio pharmaceutical and their route of administration mainly through intravenous

injection.

1.5.1  Therapeutic
They release ionizing (radiation) to affected targets in our bodies. Availability of therapeutic isotopes
and finding its exact location in diseased tissues is the main challenge in the field of radiotherapy [40].
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Figure 3. Radionuclides in medicine. Different colors refer to the radiations they emmit as indicated on top of
the figure.

1.5.2  Diagnostic radiopharmaceuticals

A diagnostic radiopharmaceutical employ gamma-emitting isotope for single photon emission
computed tomography (SPECT) or a positron-emitting isotope for positron emission tomography
(PET). Low concentrations (10°® — 1078 M) preferred for its operation. It is significant to point out

that it should not have any pharmacological effects [41-47].
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Figure 4. Principle of Positron Emission Tomography (PET) [48].

1.6 Radiometal-based radiopharmaceutical design

Functional chelators (BFCs) are used to design radiometal-based radiopharmaceuticals. They have
reactive functional groups that aid its conjugation to targeting vectors such as: nucleotides, antibodies,
peptides and nanoparticles. Aqueous coordination chemistry properties of each radiometal ion should
be given the needed attention to harness the potential of its isotopes for medical applications. Besides,

there are several key design options considered and applied across the globe [49].
1.7 Important factors for finding the optimal match between a chelator and radiometal ion

1.7.1  Thermodynamics and kinetics

Potentiometric and spectrophotometric titrations are used to determine thermodynamic stability of
metal-chelate complex. pM value (-log [M]free]) gives more important biological information than
KwmL It is a condition dependent value obtained from log KmL. Both (pM and log KmL) provide a
number which helps the direction of metal co-ordination reactions takes under certain conditions.
Unfortunately, they do not supply kinetic information such as, off-rates dissociation [1],[50, 51]. Acid
dissociation experiments are important to determine the stability of metal-complex to acidic

conditions. Experiments are performed at a constant PH of 2.0[21],[52, 53].
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1.7.2 In vitro and in vivo stability

In vivo translation involves metal exchange competitions with mixtures that are biologically relevant.
HPLC and TLC are employed to assess the quantity a radio metal trans chelates from a chelator to
serum protein or enzymes. It is significant to point out that, in vivo gives more relevant information
regarding, radiopharmaceutical stability. The higher the stability of a radiometal—chelate complex,

the more a complex is removed rapidly from the kidneys and digestive systems [54-59].

1.8 Computational background

Computer models are useful regarding complexation phenomena inspection. In the absence of

extensive experimental data they offer fast measurement of predictability.

1.8.1  Theoretical models

They are used in describing systems through a particular set of approximations. Depending on
approximations, algorithms are then applied to atomic orbitals to calculate energies, compute
frequencies and perform geometry optimizations of molecules. Quantum and non-quantum
mechanical methods (use classical physics laws, such as the equation of motion [60] are employed in
computational chemistry. Quantum Mechanics (QM) methods(electronic structure theories) aims at
solving Schrodinger equation (1926) to study properties of molecules [61, 62]. This model consist of
the following: Semi-empirical methods (employed to study large organic molecules)[63], Ab initio
methods (provide accurate qualitative results as well as, quantitative estimation) for a variety of

systems[64].

1.8.2  Density functional theory

To design a more effective electronic structure method, Kohn, Sham and Hohenberg proposed, density
functional models[65, 66]. Electron densities are used to compute energies, instead of wave functions.
The most popular among DFT methods is B3LYP. Correlation energies are calculated from electron

densities using, exact exchange and gradient corrected density functional approximations [67-70].

1.8.3  Basis sets

Basis sets are used for the mathematical description of electron wave functions. Basis sets predict the
shape of atomic orbitals (AOs) of the molecule using, a particular theoretical model[62] . The bigger
the basis set, the better the computational output, since approximations of the orbitals gained by



imposing less restriction, on the location of electrons in space. DFT (B3LYP) method will be
combined with, 6-311+G(2d,2p)[71, 72], LANL2DZ[73] and DGDZVP[74, 75] for our study.

1.8.4  Geometry optimization

Separation of nuclear and electronic degrees of freedom by Born-Oppenheimer approximation gives
an idea of a chemical reaction as nuclei moves on a potential energy surface (PES). Based on
transformation of one chemical species to another, easiest path from one minimum to another is along
the reaction path having the lowest energy known as minimum energy path (MEP). Optimization of
geometries of reactants is necessary in order to predict the lowest possible minima on the potential
energy surface (PES)[62, 76].

1.85  Solvation studies

Self-consistent reaction field (SCRF)[77]keyword is employed to calculate the effect of solvation.
This highlights the dielectric constant for the different solvents with Conductor-like Polarizable
Continuum Model (CPCM)[78] and the SMD solvation model[79].

1.8.6  Computational programs
The Gauss View is a pre- and post-processor Graphical User Interface (GUI) program for Gaussian09.
All molecules will be modelled, manipulated and viewed through this suite[80, 81].

1.9 Aim of the project

The main goal of this thesis is the application of quantum chemical calculations to find the optimal
match between DOTA chelator and ions particularly radiometal ions applied in the field of radio-
pharmaceuticals for in vivo radiolabeling. The loss of an ion from a chelator without reaching its target
in vivo in the presence of competitive ions (Na* and K*) could be disastrous to the human body.
Employing quantum mechanical calculations we will examine the stabilities of DOTA—alkali metals
complexes as well as DOTA—radiometal ions complexes. It is necessary to find out which of the
radiometal ions could probably serve as the optimal match for DOTA chelator to achieve in vivo

radiolabeling.



1.9.1  Specific objectives
A. Understanding the structure and physical properties of the chelator—radiometal ions complexes

and their impact, on the overall pharmacokinetic properties of radio-pharmaceuticals.
B. Confirming aqueous co-ordination chemistry properties of radio-metal ions.
C. Examining the proposed geometry of chelator—radiometal ions complexes.

D. Comparing the stability of chelator—radiometal ions complexes as opposed to experimentally

reported binding constants.

E. To propose and recommend observed chelator—radiometal ions complexes (optimal match) based

on theoretical results obtained.

F. To confirm the need to carry out radio-labelling experiments involving, chelator and biologically

competitive active ions based on DOTA—alkali metal ions using theoretical calculations.

1.10 Outline of this thesis

Chapter 1, is the thesis introduction.

Chapter 2, focus on the interactions between DOTA and alkali metal ions to compare their stabilities

in gaseous and aqueous media.

Chapter 3, investigates the interactions within DOTA—radiometal ions complexes in gaseous and

aqueous media

Chapter 4, provides a summary of the dissertation.
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Abstract

1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetracetic acid (DOTA) is an important chelator for
radiolabeling of pharmaceuticals. The ability of alkali metals, found in the body, to complex with
DOTA and compete with radio metals can alter the radiolabeling process. Non-covalent interactions
between DOTA complexed with alkali metals, Li*, Na*, K" and Rb*, were investigated with density
functional theory using B3LYP and ®B97XD functionals with 6-311+G (2d, 2p) basis set for Li*, Na*
and K* and Def2-TZVPD for Rb*. Conformational possibilities were explored in terms of a different
number of carboxylic pendant arms of DOTA in in close proximity to the ions. It is found that the
case in which four arms of DOTA are interacting with ions is more stable in comparison to other

conformations.

The core objective of this study is to explore the electronic structure properties upon complexation of
alkali metals, Li* Na*, K" and Rb*, with DOTA chelator. Interaction energies, relaxation energies,
entropies, Gibbs free energies and enthalpies show that the stability of DOTA, complexed with alkali
metals decreases down the group of the periodic table. Implicit water solvation affects the
complexation of DOTA—ions leading to decreases in the stability of the complexes. NBO analysis
through the natural population charges and the second order perturbation theory reveals charge transfer
between DOTA and alkali metals. Conceptual DFT-based properties such as HOMO/LUMO energies,

AEnomo-Lumo and chemical hardness and softness reveal the decrease in chemical stability of
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DOTA—alkali metal complexes down the alkali metal series. This study serves as a guide to
researchers in the field of organometallic chelators, particularly, radio-pharmaceuticals in finding the

efficient optimal match between chelators and different metal ions.

Keywords: Density functional theory (DFT); 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetracetic
acid (DOTA); Natural bond orbital (NBO).

2.1 Introduction

Organometallic chelators can be potentially used for radio-metal-based pharmaceuticals * 2 where the
radiolabeled chelator complexes are used as biological vehicles for imaging in the field of medicine®
4, The bifunctional chelator, which is covalently bound to a lead compound forms a stable
chelator—ion complex to deliver an isotope, as a labelling agent, towards a specific in vivo target °.
The 1, 4, 7, 10-tetra acetic acid, DOTA, is a twelve-membered tetra aza macro cycle (Figure 1), which
contains four pendant carboxylate arms connected to cyclen amines.

HO

OH
>/—\ [ x“{—<0

O _N

N—" O

0 “““'NH .*
I

OH

Figure 1. The structure of 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid (DOTA)

Several pharmacokinetic and structural studies in the field of coordination chemistry have been
performed on radio metals complexes, with DOTA derivatives, to gain deep insight into metal based
pharmaceutics 8% . To the best of our knowledge, despite comprehensive efforts made on radio-metals
complexed with DOTA chelator, there has been less attention on finding the optimal match of DOTA
chelator with alkali metal ions, found in the body, which can act as competitors to radio metals. In the
light of this fact, the present study reports electronic structure calculations using density functional
theory (B3LYP functional) with 6-311+G (2d, 2p) basis set for Li*, Na" and K" and Def2-TZVPD for
Rb* to provide insight into the essential factors affecting the chelating ability of DOTA with alkali
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metals. This can be expanded into exploiting the possible impacts of these competitive ions on the
radiolabeling yield of this chelator, which is useful in predicting the efficiency of the complexation of
DOTA with radio metals, in the presence of other ions, in vivo. To gain an in-depth insight into the
complexation of DOTA with alkali metals, the interaction of DOTA—alkali metal complexes and other
thermodynamic properties such as relaxation energies, entropy, enthalpy, Gibbs free energy, and the
interatomic distances within DOTA-alkali metal complexes will be reported. NBO analysis and DFT-
based reactivity descriptors, the electron affinity (EA), ionization potential (IP), chemical softness (S)
and hardness (») are also discussed.

2.2 Computational details

The B3LYP density functional is widely used for in silico electronic structure analysis because it could
give reasonable energies, molecular structures and vibrational frequencies 2 13, B3LYP density
functional *+® with 6-311G+ (2d, 2p) basis set using Gaussian 09 program*’ were employed in the
present study for DOTA chelator and the selected Li*, Na"and K ions. The Def2-TPVZ basis set was
used for Rb*, which is described by the effective core potential (ECP) of Wadt and Hay 2. Full
geometry optimizations of all the species were carried out. BSSE calculations are performed to test

the effect of a finite basis set. Interaction energy (Eint) is defined as:
Eint = EDOTA—ion complex EDOTA - Eion (1)

The ion described in the equation could be Li*, Na*, K* and Rb*Relaxation energies were calculated
by subtracting the complexation energy values (unrelaxed) from the interaction energies (relaxed).
After the geometry optimization of the DOTA—cation complexes, the cation was removed from
DOTA and a single point energy of DOTA in the same configuration was performed. Secondly, a
further geometry optimization of the DOTA was performed to enable DOTA to relax. The differences
in energies between the two aforementioned cases is called the relaxation energy, which provides a
measure of how the ion affects the conformation of the DOTA. Intermolecular short-range distances
<3.5A between the ions and the hetero atoms are recorded. To consider the long-range and dispersion
contribution in the Eint values of DOTA—ion further calculations were performed with the ®B97XD

density functional.?
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Natural bond orbital (NBO) analysis was performed using NBO program implemented in Gaussian 09
program package. NBO analysis could highlight the role of intermolecular orbital interaction in the
complexes, particularly the charge transfer between DOTA and ions by considering all possible
interactions between filled donor and empty acceptor NBOs, and estimating their energetic significance
with second-order perturbation theory. The second-order Fock matrix was employed to evaluate the
donor-acceptor interactions in the NBO basis?®. Second perturbation theory confirms whether there is

an electron donation from one atom to another. This electron donation results in the stabilization of

energy, E:
E - Ej—Si (2)

Here g is the orbital occupancy, while &, ¢j and Fi j are the diagonal and the off-diagonal NBO Fock

matrix elements, respectively.

Atoms in each complex were categorized in terms of their short-range distance with ions (<3.5A range),
after the geometry optimizations. The DFT based reactivity descriptors calculations were preformed

using the following equations 6-2°:

Chemical hardness is defined as:

IP — EA
n=—s— 3)
and softness,
1
S = 7 (4)

lonization potential (IP) was obtained by using energy differences, between radical cation, Ec and the
respective neutral molecule, IP = E. — E,,. Electron affinity (EA) was calculated by the energy
differences between a radical anion, Ea and the respective neutral molecule, EA = E, — E,,. The term
“neutral” is the standard charge state, for instance, the ions have +1 charge and cationic and anionic
species have +2 and 0 charges, respectively. Thermodynamic properties (enthalpy, free energy and
entropy with different translational, vibrational and rotational contributions) are calculated by normal
mode analysis 3 The Polarizable Continuum Model (PCM), using the integral equation-formalism
polarizable continuum model (IEF-PCM), was used to evaluate the solvent effect on the NOTA

complexation with alkali metals®! 3! Finally, the eigenvalues of the highest occupied molecular orbital
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(HOMO) and the lowest unoccupied molecular orbital (LUMO) of all the DOTA—ion complexes

were calculated at the same level of theory.

2.3 Results and Discussions

For lucid data interpretation and assessing how various functional groups in pendant arms contributed
to the geometries and electronic structure properties of the DOTA—alkali metal ion complexes,
classification of various atomic groups were considered in terms of their close contact with an ion.
(Figure 2).

2.3.1  Energetics of conformational analysis

Four carboxylic pendant arms in DOTA provide different conformational possibilities, where a
different number of arms are coordinating towards the ions. The crystal structure of DOTA— Sc*?,
where all four pendent arms and nitrogen atoms are in close proximity with Sc®*, was considered as a
starting structure for DOTA—alkali metal ion complexes. To do this, Sc®* was replaced by Li*, Na*,
K* and Rb* and geometry optimizations were performed, which are shown in Figures 2a and 2b. It
can be noticed that in the case of Na*, K™ and Rb", all four pendant arms remain in close proximity to
the ions, whereas in the case of Li*, two of the pendant arms remained in close proximity (a) and two

pendant arms moved farther away from the ion (5).

To evaluate different conformational possibilities, carboxylic pendant arms were systematically
moved farther away from the ions and geometry optimizations were performed. In both vacuum and
water media, it was observed that for all ions the conformation with four arms interacting with ions
had the lowest energy in comparison to other possibilities; however, for Li* the three arm conformation
had a similar energy to that of the crystal structure (Figure 2c). This observation can be attributed to

the fact that within optimization the four arm conformation was converted to two arms.
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Na',K', Rb*

Figure 2. Optimized structures of DOTA—ion complexes: DOTA—Na*, DOTA—Li*, DOTA—K* and
DOTA—RDb*. Intermolecular distances between heteroatoms and ions in close proximity are represented by
dotted ions. DOTA—Li*, DOTA—Na*, DOTA—K"* and DOTA—Rb" have 4N and 40 in close proximity.

Carbonyl oxygen in close contact with an ion (O°). Nitrogen and carbonyl oxygen in close contact with an ion

(N). Nitrogen and carbonyl oxygen not in close contact with an ion (N*).

The four arm conformation, for all ions, was considered as the reference to calculate relative energies
(AErelative) for different DOTA—ion complexes (Table 1).

Table 1. Relative energies for different DOTA— ion complexes. All energies are in kcal/mol.

Complexes AErelative AErelative AErelative
Crystal structure (kcal/mol) 2 Arms (kcal/mol) 3 Arms (kcal/mol)
DOTA—Li* 0(0) 6.83 (1.64) 0.22 (1.70)
DOTA—Na* 0 (0) 14.45 (6.08) 8.23 (6.30)
DOTA—K* 0 (0) 13.32 (7.10) 7.86 (6.04)
DOTA—RDb* 0(0) 11.28 (5.63) 6.36 (4.58)

Parentheses show values for water medium.

According Table 1, for Li*, K*, and Rb™ ions there is a systematic increase in complex stability with
increasing the number of pendant arms in close proximity to the ions. For Li*, however, the 3 arm
configuration is close in energy to the crystal structure and this is probably due to the smaller size of
Li* than the other ions and the decrease in intrinsic coordination number of Li*. Overall, water
medium decreased the difference in relative energies of the different conformations, which would

allow the complexes to span more conformational possibilities.
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2.3.2 Interaction and relaxation energies

To understand the conformational preferences of the DOTA—alkali metal ion complexes and quantify
the interactions within each complex, the interaction energies (Eint) of the DOTA—alkali metal ion
complexes using both B3LYP and ®B97XD density functionals, relaxation energies (Ereiax) and basis
set superposition errors (BSSE) for the complexes are discussed in this section. The Eint Values of the
complexes in vacuum and water media, relaxation energies and BSSE energy values of the

DOTA—alkali metal ion complexes are listed in Table 2.

Table 2. The interaction, relaxation and counterpoise corrected energies of the DOTA—alkali metal ion
complexes in vacuum and solvent obtained by B3LY P/6-311G+(2d,2p) and Def2-TPVZ basis set for Rb*.

To consider the effect of dispersion on Eix the data for ©@B97XD is also reported.

DOTA—ion Eint Erelax EBSSE
complexes (kcal mol) (kcal mol?) (kcal mol™)
B3LYP ®B97XD
DOTA—Li* -104.63 (-13.96) -106.74 29.97 1.15
DOTA—Na* -85.80 (-14.92) -86.86 27.87 2.06
DOTA—K* -60.70 (-10.96) -61.00 25.15 1.08
DOTA—Rb* -49.20 (-5.33) -51.70 24.93 0.57

Eint: Interaction energy; Erlax: Relaxation energy; Egsse : Basis sets superposition error. Parentheses show values for
water medium.

The most negative interaction energy, which indicates the strongest intermolecular chelator—ion
interaction, was found for DOTA—Li" complex. In general, the Ein values for DOTA complexation
with alkali metal ions follow a decreasing order: DOTA—Li* > DOTA—Na" > DOTA—K">
DOTA—RDb*. This observation confirms stronger intermolecular interaction, which leads to greater
complex stability, for DOTA—Li* complex with smaller atomic radii of ion than the others. This
observation is consistent with the increased values of the distances between the hetero-atoms and the
ions in the complexes, down the series (see section 3.5). To consider the long-range and dispersion
contribution in the Eint values of DOTA—ion further calculations were performed with the ®B97XD
density functional. It can be noticed that there are insignificant differences between ©®B97XD and
B3LYP functionals; however, the obtained Eint values of ®B97XD are slightly more negative than that
of B3LYP.
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Relaxation energies (Erelax) are derived by subtracting the complexation energies (unrelaxed) from the
interaction energy value (relaxed) and provides a measure of how an ion can induce a specific
conformation on the DOTA chelator. The Ereiax vValues decrease down the periodic table for all
complexes implies the larger the intermolecular interaction in DOTA—alkali metal complexes, the
more the ion can induce a specific conformation that would be different from its preferred
conformation.

It is notable that the Ereiax Values decreased with the increase in the atomic radii of the ions upon
complexation with DOTA, that is, the inducing effects of the ions on the conformation of the complexes
decreases with the strength of the DOTA—ion interactions. The BSSE energies obtained for the
various complexes were < 2 kcal mol*?, which confirms the suitability and effectiveness of the size of

the basis sets for the considered complexes.

As for the solvent effect, it can be inferred that in the presence of water, the interaction energies of all
DOTA—ion complexes are significantly less negative, and, therefore, less stable than in vacuum. In
fact, the trend in the interaction energies is altered by water solvation; that is, the Ein value of Na* is
greater than that of Li* and might be due to the presence of four pendant carboxylic arms interacting
with Na* compared to two for Li* (Figure 2). Indeed, water interferes with the interaction of DOTA

with the ions, and therefore reduces the chelation possibility.

2.3.3  Thermodynamic properties
For further underestanding of the favorability of DOTA—ion complexation, the enthalpies, free
energies, entropy and its individual contributions (translational, rotational, and vibrational) of the alkali

metals complexed with DOTA are reported in Table 3.
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Table 3. Thermodynamic properties of the alkali metal complexed with DOTA obtained by B3LYP/6-
311G+(2d,2p) and Def2-TPVZ basis set for Rb*.

Complexes AH AG AS ASrot AStrans ASvib
(kcal mol?) | (kcal mol?) | (cal molt K?) [cal molt K?)|cal molt K1) [cal molt K1)
DOTA—LI* -103.33 -94.72 -28.87 -0.06 -31.75 2.94
[-11.96] [-3.27] [-29.14] [-0.13] [-31.75] [2.74]
DOTA—Na* -85.07 -75.78 -31.18 0.06 -35.17 3.93
[-13.73] [-4.82] [-29.88] [-0.04] [-35.17] [5.32]
DOTA—K* -60.16 -51.93 -27.62 0.38 -36.63 8.64
[-10.37] [-2.75] [-25.58] [0.30] [-36.63] [10.76]
DOTA—Rb* -48.91 -41.83 -23.76 0.58 -38.66 14.32
[-4.67] [2.51] [-24.09] [0.50] [-38.66] [14.09]

Brackets ([]) indicate results obtained in solvent medium.

The AH values recorded for all complexes are slightly less negative than its interaction energy, Eint
(Tables 2 and 3). The AH and AG values for the complexes in all cases become less negative down
the alkali metal series which implies the decreases in the strength of DOTA—ion complexation down
the group. In the presence of the solvent, the enthalpy and Gibbs free energies showed more negative
values compared to vacuum, which reveals the less interactions between DOTA and the ions in water
medium. The AS values for all complexes become less negative from Na* to Rb™; this decrease in
entropy of the complex, acts against the stability of the DOTA—alkali metal complexes (AG=AH-
TAS). In the case of Li*, the AS is less negative than Na* and does not follow the aforementioned
trend. This can be attributed to the interaction of only two carboxylic pendant arms for Li*, which
provides a greater entropy within the complex.

Due to the negative AS values for all ions, the AG values are all less negative than their corresponding
AH values. The rotational and vibrational contributions to entropy (ASrot and ASvib) become more
positive down the series. The various complexes show negative translational contributions to the
entropy (AStrans) because each complex is made up of two components, namely an ion and ligand. The
AStrans values for all the complexes become more negative down the group, and this could be attributed
to the increase in absolute translation entropies (Table S1) for the free cations. The entropy values in
solvent medium increase down the group and show a similar trend to the corresponding values in the
vacuum.

Taken together, the reported thermochemical parameters show that the complexation of DOTA with
alkali metal ions in water is less favorable and less stable than vacuum. The formation of DOTA—RDb*

complex appears to be significantly less preferable than other complexes.
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2.3.4 Interatomic distances
The calculated interatomic distances in vacuum and water media are shown in Table 4 to compare

inter-molecular distances between ions and hetero-atoms in both phases.

Table 4. The average interatomic distances (A) between ions and N, O atoms of DOTA (<3.5 A) obtained
by the DFT/B3LYP method with 6-311 G+ (2d, 2p) as basis set and Def2-TPVZ for Rb*,

Complexes OC®—ion distances (A) N—ion distances (A)
DOTA—LI* 2.07[2.14]* (2) 3.23[3.36] (2) 2.41[2.40] (4)
DOTA—Na* 2.49[2.55] (4) 2.69[2.66] (4)
DOTA—K* 2.77[2.82] (4) 3.03[2.99] (4)
DOTA—Rb* 2.93[2.99] (4) 3.26[3.21] (4)

Brackets ([]) indicate the values obtained in the agueous medium. Parentheses () indicate number (sum) in each sub-
category.

According to Table 4, for Li*, two different values for O°—ions distances are observed for a and f
(Figure 2). The shorter intermolecular heteroatom—ion distances within complexes, correspond to
the complexes with the more negative Eint values (Table 1) in both vacuum and aqueous media. It is
worth noting that, the distances between nitrogen atoms and ions are larger than that of oxygen atoms;
this indicates that the strength of interaction is greater between oxygen atoms of DOTA and ions than
nitrogen atoms. The average interatomic distances (A) between ions and N, O atoms of DOTA within 3-arm
conformations of DOTA—alkali metal complexes are reported in Table S2. In general, the O°—ion and
N—ion distances are shorter for the 3-arm conformation than 4-arm, crystal structure; this is due to a
lower number of heteroatoms that are in close proximity, which leads to less competition for interacting

with ions.

2.3.5  Natural bond orbital (NBO) analysis

The charge transfer within the chelator-ion complexes is one of the essential factors for the interaction
of DOTA with alkali metals. Charge transfer can be investigated using natural bond orbital (NBO)
analysis 32 by monitoring the atom charges, change of atom charges upon complexation, and second

order perturbation theory.
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2.3.5.1 Natural atomic charge analysis
Natural atomic charge (NAC) analysis can be used to monitor the atomic charge transfer, which may

occur upon complexation 2>32 | Table 5 lists the NAC values of atoms within defined sub-categories

(Figure 2) in each DOTA—ion complex

Table 5. Natural atomic charges (NAC) of classified atoms obtained by B3LYP/6-311+G(2d,2p) and
Rb*(Def2-TPVZ). The reported values are the average of all natural atomic charges in the classified group.

Atoms Free DOTA DOTA—Li* DOTA—Na* | DOTA—K* DOTA—Rb*
Li*, Na*, K*, — 0.461[0.470] 0.532[0.521] | 0.621[0.621] 0.600[0.590]
Rb*

o¢ -0.640 -0.607 -0.594 -0.604 -0.600 -0.597

[-0.665] (4) [-0.616]* | [-0.614]°(2) |[-0.614] (4) [-0.613] (4) [-0.609] (4)
(2

N -0.567 -0.578 -0.575 -0.566 -0.563
[-0.574] (4) [-0.579] (4) [-0.576] (4) [-0.568] (4) [-0.564] (4)

H'N 0.186 0.200 0.197 0.196 0.195
[0.193] (16) [0.204] (16) [0.200] (16) [0.199] (16) [0.197] (16)

Brackets ([]) indicate results obtained in solvent media. Parentheses () indicate number (sum) in each sub-category.

According to the reported NAC data in Table 5, it was realized that Li* with a deficit of 1e™ is less
electron deficient (0.461 e°) upon complexation with DOTA. This effect was less evident, down the
series; namely, Na* became less deficient (0.532 ¢”) followed by K* (0.621 e") and Rb (0.600 €°). Natural
atomic charges of ions, within 3-arm conformations of DOTA—alkali metal complexes are less
negative (Table S3) than within the 4-arm, crystal structure; this is due to less intermolecular
interactions in the former case (Table 1).

For the both N and O atoms, within the complexes, NAC values became less negative down the alkali
metal series; this could be due to the possibility of charge transfer from DOTA to the ions which
depends on the size of ions. For free DOTA, the NAC values for O are more negative than those in
the complexes and this is attributed to the lack of charge transfer from OC to the ions, which leads to
an accumulation of charge on these atoms. In the case of N atoms, the NAC values for the free DOTA
are less negative than Li* and Na* while more negative than K* and Rb* complexes. It can be infered
that the influence of the ion on the NAC value of N is smaller than the influence of the ion on the O°
NAC value because the N—ion distances are smaller than the O®—ion distances (Table 4).

Lower average NAC values of H'N for free DOTA compared to the complexes revealed that H'™ atoms
serve as an electron resource for charge transfer from DOTA to the ions within the complexes; this
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effect decreases down the alkali metal series. Overall, it seems that the non-covalent interactions within

DOTA—ion complexes led to electron exchange from DOTA to the ions.

2.3.5.2 Second perturbation stabilization energies

In this section, the possible charge transfer within DOTA and between DOTA and the alkali metal ions,
using second order perturbation, is discussed. Second-order perturbation theory analysis for all the
complexes is presented in the Table 6, which shows the average stabilization E? values. The larger

the E? value, the greater the charge transfer between electron donors and electron acceptors®2,

Table 6. The second-order perturbation energies, E® (kcal/mol), corresponding to significant donor —
acceptor charge transfers within DOT A—alkali metal complexes obtained by B3LYP/6-311+G(d,p) level of
theory and Def2-TPVZ basis set for Rb*.

Complexes Donor Acceptor E?(kcal/mol)
Within DOTA
DOTA—LIi* LP (OM) o* (C-0) 52.33%,45.13¢
DOTA—Na* LP (OM) o* (C-0) 49.10
DOTA—K"* LP (O o* (C-0) 48.60
DOTA—RDb* LP (O o* (C-0) 45.70
DOTA LP (OM) o* (C-0) 51.26
From DOTA to ions
DOTA—Li" LP (0 LP* (Li*) 15.4% 6.5
DOTA—Na* LP (O°) LP* (Na*) 9.41
DOTA—K" LP (0 LP* (K") 8.10
DOTA—RDb* LP (O°) LP* (Rb*) 9.33

E® is the energy of stablization . LP is lone pair * (anti-bonding orbitals);C=0 :carbonyl bond.

Table 6 shows selected values obtained by second-order pertubation theory within NBO analysis; this
approach indicates whether there is electron donation from one atom to another resulting in
stablization energy of a system. The donor-acceptor orbitals, within DOTA and from DOTA to the
ions, were considered.

In all cases, the largest stabilization is given by charge transfer from LP on O" to the O (bond). In
the case of Li", there are two separate values for « and 8, where the a value with a closer proximity
to the ion shows greater charge transfer (Table 4). There is significant charge transfer from the LP of
the OC to LP* of the ions. Likewise, there are two separate values for o and 8 for DOTA to Li* charge

transfer. In comparison to OF, there is no significant charge transfer from nitrogen atoms to the ions
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and this could be attributed to the longer N—ion interactomic distances than that of O—ion (Table
4).

The possibility of charge transfer, within DOTA and from DOTA to ions, which leads to stabilization
energy is more evident down the alkali metal series. A schematic representation of charge transfer
that occurs from the DOTA molecule to the ions is represented in Figure 4, where arrows show the

direction of charge transfer.

Figure 4. A presentation of the charge transfer for DOT A—ion complexes shown in NBO analysis using
second perturbation theory. a and b demonstrate the direction of charge transfer. a. LP (O") — o* (C-O) b. LP

(O%) — LP* (lon).

2.3.6  Analysis of frontier molecular orbitals

The energy eigenvalues of the frontier molecular orbitals, Enomo and ELumo, are the commonly-used
quantum chemical quantities that determine the chemical stability** %. The AE_umo-Homo gap is a
quantum chemical stability parameter,® the higher its value, the more stable the chemical system®’.
These parameters can also indicate how the presence of ion can affect the stability of the systems. To
assess the stability of complexation, the Enomo and ELumo energy eigenstate of the DOTA—ion

complexes, and individual components in the complexes, are reported in Table 6.
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Table 7. The energy eigenvalues of the frontier molecular orbitals (Exomo, ELumo) for the selected alkali metal
ions and DOTA—alkali metal ion complexes obtained by B3LYP/6-311G+(2d,2p) and Def2-TPVZ for Rb*.

Complexes/ions Enomo /eV ELumo eV AELumo-Homo

eV

Li* -63.92 -6.95 56.97

Na* -39.16 -7.10 32.05

K* -26.52 -5.94 20.59

Rb* -22.88 -5.53 17.34
DOTA -6.06 -0.91 5.15
DOTA—Li* -9.60 -3.42 6.18
DOTA—Na"* -9.45 -3.38 6.07
DOTA—K* -9.44 -3.32 6.12
DOTA—RDb* -9.39 -3.31 6.08

The Exomo energy eigenvalue of the free alkali metal ions become less negative down the series and
it can be noticed that the larger the atomic radius of an ion, the smaller its AELumo-Homo €nergy gap. It
can be observed that the presence of the ion, in the DOTA—ion complexes, has a significant influence
on the ExHomo and AELumo-Homo Of the complexes. The more positive EHomo and greater AELumo-
Homo reflect the increase in complex stabilities in the presence of ions and this effect is decreased

down the group.

2.3.7  Conceptual DFT-based properties upon complexation

Density functional theory method can be applied to calculate specific electronic structure properties
such as hardness and softness %, which are related to chelator—ion complexation. lonization potential
(IP) and electron affinity (EA) indicate the tendency of an atom or molecule to donate and attract
electrons, respectively. Chemical hardness (7) is a significant parameter that describes the resistance
in disruption in electron charge distribution, and correlates with the stability and reactivity of the

DOTA—ion complexes % %,
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Table 8. DFT-based quantities for DOTA chelator complexed with alkali metals (Li*, Na*, K* and Rb*) obtained
by B3LYP/6-311G+(2d,2p) and Def2-TPVZ for Rb*.

System EA (eV) IP (eV) n (eV) S (eV)

Li* -5.62 76.04 40.83 0.01

Na* -5.42 47.62 26.52 0.02

K* -4.50 31.69 18.10 0.03

Rb* -4.30 27.92 16.11 0.03
DOTA 0.34 7.19 3.42 0.1459
DOTA—Li* -2.32 11.01 6.66 0.0750
DOTA—Na" -2.29 10.87 6.58 0.0760
DOTA—K* -2.27 10.85 6.56 0.0763
DOTA—RDb* -2.08 10.79 6.43 0.0777

The EA value, for the free alkali metals, becomes less negative while IP becomes less positive; this
manifests itself in a decreasing chemical hardness as the atomic radius increases and electron density
is more disperse around the nucleus. A comparison of free DOTA with the complexes revealed that
the presence of the ions leads to an increase in chemical hardness and decrease in softness, an increase
in stability upon DOTA—ion complexation. It is notable that the smaller the ion, the greater the
hardness, this observation being consistent with our earlier observed trend in both interaction energies
and thermochemical properties (Tables 2 and 3). It is significant to point out that there is a reasonable
correlation between hardness (Tables 8) and the observed AE_umo-+Homo Values (Tables 7) obtained
for the DOTA—Na", K*, Rb* complexes; that is, the larger the energy gap of a molecule, the higher

its hardness value; this is consistent with the literature 3* %.

2.3.8 Implication of results for radio-pharmaceuticals

The stability of radio-chelator complex affects radiolabeling efficiency in vivo® which is a key factor
to reduce tissue damage upon radiation. For instance, premature release of Y3 from a chelator in
vivo could cause myelo-suppression as a result of irradiation from the proximate bone marrow*!. In
this context, the presence of competitive alkali metals in the body could affect the radiolabelling yield
of DOTA where there is displacement of radio metals by alkali metals that are abundant in the body.
The calculation of interaction energy is an essential approach to tackle the strength of chelation and,
therefore, the competitive ability of the alkali metal with radio metals and other possible ions. In this
study, the Eint values for DOTA complexation with alkali metal ions follow a decreasing order from

Li* to Rb*. In water medium, however, the Ein value of Na* is greater than that of Li".
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The total concentrations of alkali metals in our body are as follows: Li* (3.1x10 ® mg/kg ), Na* (2.5x10
2 mg/kg), K+ (1.5%10 * mg/kg) and Rb* (4.6x10 ° mg/kg )*? and this provides further insight into the
possibility of ion competition. Since Na* ions are the most abundant and, in solution, the strongest
binders to DOTA, these ions are most likely to destabilize DOTA—radio metal complexes which we

are investigating in our ongoing project.

2.4 Conclusions

The non-covalent interactions between hetero-atoms of DOTA and the selected alkali metal ions, Li",
Na*, K" and Rb*, were investigated using density functional theory (DFT). Three different
conformations of DOTA—ion complexes, namely 2-arm, 3-arm and 4-arm crystal structure, were
considered; it was found that the 4-arm, which was derived from the crystal structure of DOTA—Sc**
2 had the lowest energy for all complexes. The interaction energies and other electronic structure
properties of DOTA—ion complexes were investigated. The observed charge transfer, from the lone
pairs of O™ to the carbonyl antibonding orbitals and also the lone pairs of OC to the lone pair (LP*) of
the ions, plays a crucial role to the DOTA chelation.

The outcome of this study is that the interaction energies, bond distances, natural atomic charge,
conceptual DFT-based properties including chemical hardness and softness exhibited a considerable
intermolecular interaction between DOTA and alkali metal ions.

It is concluded that the stability of DOTA-alkali metal complexes decreases down the periodic table.
Consequently, the presence of alkali metal ions, particularly Na*, which is the most abundant ions in
biological systems, can compete with radiometals for complexation with DOTA and affect the imaging.
Understanding the competitive non-covalent interactions of DOTA with alkali metals will provide
important information for the optimal match of DOTA with radio metals which is currently under

investigation.
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Abstract

1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetracetic acid (DOTA) is an important chelator for
radiolabeling of pharmaceuticals. The non-covalent interactions between DOTA chelator and
Cu?*,Sc**, In**and Ga®* radiometal ions were performed using density functional theory with B3LYP
functional and 6-311+G(2d,2p) and DGDZVP basis sets. Two different conformations were
undertaken for the study, one where Ga®*" and Cu?* ions were coordinated with four nitrogen atoms
and two oxygen atoms of DOTA (conformation 'A’) while, In®** and Sc®* were coordinated with four
nitrogen and four oxygen atoms (conformation 'B"). Charge and ionic radius are two key factors that
dictated the obtained electronic structure properties of the selected complexes. Interaction and
relaxation energies, Gibbs free energies and entropies show that trivalent ion complexes, Ga®*, In®
and Sc®*, are more stable than divalent Cu?* ion complexes. As for the effect of ionic radius, In®*
with a larger ionic size than Ga3*, shows a lower tendency to be chelated to DOTA. NBO analysis
shows the charge transfer from the chelator to the radiometal ions resulting in reduced positive natural
atomic charges for all ions. DOTA—Ga®*, In® and Sc®* complexes have also higher AELumo-Homo
energies and chemical hardness values. DOTA—Cu?* complex is found to be the least stable amongst
the selected complexes. This study is a guide for radio-pharmaceuticals in finding the efficient optimal

match between chelators and different radiometal ions for radiolabeling process.

Keywords: DOTA (1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetracetic acid);

Chelator—radiometal ion interactions, Density functional theory (DFT); Natural bond orbital (NBO)
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3.1 Introduction

The quest to find the optimal match between chelators and radiometal ions is one of the ongoing
challenges in the field of radio pharmaceutical applications. Bifunctional chelators (BFCs) are used
as ligands to deliver an isotope to a specific target in vivol2. One terminus of a BFC coordinates a
radiometal ion and the other is chemically bonded to the bioactive molecule. Macrocyclic chelators
are preferred over their acyclic counterparts due to the thermodynamic stabilities of their radio metal
complexes *%. To achieve an efficient imaging or chelation therapy, the stability of chelator—ions
complexes should be taken into consideration®. Several factors such as the nature of the ligand atoms,
electron affinity of a metal and the ability of the chelators and ligands to charge transfer influence the
stability of chelate—metal ion complexes *!'. DOTA (1, 4, 7, 10-tetra acetic acid) is a macrocyclic

chelator, which contains four pendant carboxylate arms connected to cyclen amines (Figure 1).

HO OH
} WY \<
] ___N f“==__ o

o N N0
Y A
HO OH

Figure 1.The structure of 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic acid (DOTA).

Diversity of coordination number of radiometal ions involved in DOTA—radiometal ion complexes
provides the possibility of having various complexes for radiolabeling. The coordination number for
Cu?*and Ga®* is known to be 6 while for In®* and Sc3* has been reported to be 8'2*7. DOTA complexes
are known for their Kkinetic inertness in vivo and, hence, have been used extensively used for MRI
imaging. DOTA—copper complexes are used for the imaging of tumors ¥, ndium—DOTA
complexes are applied for single photon emission tomography (SPECT) imaging 2. In radiotherapy,
the 3Ga labeled DOTA is the most preferred choice due to its shorter half-life 2. The present study
investigates the complexation of DOTA with selected radiometal ions (Cu?*, Sc**, In**and Ga**) with

different conformational possibilities using density functional theory (DFT). Knowing that charge
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and ionic radius are major factors that should govern the electronic structure properties that contribute
to chelation, the DFT-based quantities were compared with experimental binding constants?. Another
goal of this study is to investigate the possible competition between radiometals and alkali metal ions,
found in the body, upon complexation with DOTA. To address these targets, stability of the various
complexes were evaluated in terms of interaction energies, thermochemical properties, NBO analysis,
frontier orbital analysis and DFT-based electronic structure quantities such as electron affinity (EA),
ionization potential (IP), chemical softness (S) and hardness (1). The outcome of this study is helpful
in the selection the suitable and optimal radiometal ions for the specific chelator for

radiopharmaceuticals.

3.2 Computational details

Full geometry optimizations of all the selected DOTA—radiometal ion complexes and electronic
structure calculations were carried out using Gaussian 09 program 24, Density functional theory with
the B3LYP functional 2>?7 and 6-311G+(2d, 2p) basis set was employed for DOTA while DGDPVZ
28,29 \was used for the radiometal ions. BSSE calculations were performed to assess the effectiveness

of the chosen basis sets. Interaction energies (Eint) were calculated as follows:
Eint = EDOTA—ion complex EDOTA - Eion (1)
The ions described in the equation are Cu?*, Ga®*, In®" or Sc®*.

Relaxation energies (Erelax) were calculated by subtracting the complexation energies (unrelaxed) from
the interaction energies (relaxed). After the geometry optimization of the DOTA—cation complexes,
the cation was removed from DOTA and single point energy of DOTA in the same configuration was
performed. Secondly, a further geometry optimization of the DOTA was performed to enable DOTA
to relax. The difference in energies between the two previously explained cases is called the relaxation
energy, which provides a measure of how the ion affects the conformation of the DOTA. To account
for long range and dispersion contributions to the Ein values obtained for the various complexes,
further calculations were performed using the ®B97XD density functional. Interatomic short-range

distances < 2.5A between the ions and the heteroatoms have been recorded.
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Natural bond orbital (NBO) analysis were performed at the B3LYP level of theory with 6-311G+
(2d,2p) and DGDPVZ basis sets using NBO program implemented in Gaussian 09 program; this was
used to understand natural atomic charge distribution and charge transfer between DOTA and the
investigated ions (Cu?*, Ga*", In®" and Sc3*). To evaluate the donor and acceptor interactions in each
of the complex, the second-order Fock matrix within NBO basis was employed *°. Second perturbation
theory confirms whether there is an electron donation from one orbital to another. This electron
donation results in the stabilization energy (E?):
F? = 100 ©

Where q;i is the orbital occupancy, i, ¢j are diagonal elements and Fi j is the off diagonal NBO Fock

matrix element.

Atoms in each complex were categorized based on their proximity with ions (<2.5A range) after
geometry optimizations. The DFT based reactivity descriptors calculations were preformed using the

following equations 3134

Chemical hardness is defined as:
_ IP — EA

n=—; (4)

and softness,
S = ! 5
=2 (5)

lonization potential (IP) was obtained by the usage of energy differences between radical cation, Ec
and the respective neutral molecule /P = E, — E,,. Electron affinity (EA) was calculated by, the energy
differences between a radical anion, Ea and the respective neutral molecule, EA = E, — E,,. The term
“neutral” denotes the standard charge state, for instance, the ions have +1 charge and cationic and
anionic species have +2 and 0 charges, respectively. Using normal mode analysis, thermodynamic
properties (enthalpy, free energy and entropy with different translational, vibrational and rotational
contributions) were calculated. To assess the solvent effect on the DOTA complexation with radio
metals, Polarizable Continuum Model (PCM), using the integral equation-formalism polarizable

continuum model (IEF-PCM) was employed. Finally, eigenstate energies of the highest occupied
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of all the

DOTA—ion complexes were calculated making use of the same level of theory.

3.3 Results and discussions

Classifications of different atomic groups involved in the DOTA—ion complexes were considered in
terms of their position and connectivity in relation to different functional groups. Assessment was
performed on the contributions of various functional groups to the geometries and electronic structures

properties of DOTA—radiometal ions complexes (Figure 2).

3.3.1  Conformational analysis

Four carboxylic pendant arms (—COOH) of DOTA, offer diverse conformational possibilities of
DOTA—radiometal ions complexes. The geometry optimization was performed on the three
experimentally derived crystal structures (Figure 2). It is notable that, the crystal structure of DOTA
complexed with In®* was modified because it had a quinazoline unit attached to it. First, the crystal
structure of DOTA, where four pendant arms were in close proximity with Sc* was used as a starting
structure and replaced with Cu?*, Ga** and In®" for further geometry optimization of other complexes
(Figure 2a). Secondly, the crystal structure of DOTA, where two pendant arms were in close proximity
with Ga®* 12, was used as a starting structure and replaced with Cu?*, Sc** and In®* for further geometry
optimization of other complexes (Figure 2b). Lastly, the crystal structure of DOTA, where three
pendant arms were in close contact with In®" 3% was geometry optimized and then the In®* ion was

replaced with Cu?*, Ga®*, In®" and further geometry optimized (Figure 2c).
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Figure 2. a: The optimized complexes with the DOTA—Sc** crystal structure as the starting structure ; b:

denotes the geometry optimized complexes from the DOTA—Ga®" crystal structure as the starting structure

c: The optimized structures from DOTA—In®* crystal structure as the starting structure. Carbonyl oxygen in

close contact with an ion (OF). Nitrogen and carbonyl oxygen in close contact with an ion (N). Nitrogen and
carbonyl oxygen not in close contact with an ion (N*).

The relative energies for the different DOTA— radiometal ion complexes are reported in Table 1.
The complex conformations starting from the crystal structure of DOTA— Sc®* * had more negative
energies and were assigned as the reference (a in Table 1 and Figure 2); the relative energies for the

other two conformational possibilities (b and c in Table 1 and Figure 2) were calculated with respect
to the reference.

Table 1. The relative energies (kcal mol?) for the selected DOT A—radiometal ion complexes. The structures

of a, b and ¢ are demonstrated in Figure 2.

Complexes AErelative AErelative AErelative
Crystal structure 2 Crystal structure ° Crystal structure ©
(kcal mol™) (kcal mol™) (kcal mol™)
DOTA—Cu? 0 (6) 17.25 (6) 4.44 (6)
DOTA—Sc* 0(8) 67.38 (6) 19.44 (7)
DOTA—In* 0(8) 53.30 (6) 13.17 (7)
DOTA—Ga* 0 (6) 26.94 (6) 3.57 (6)

Parenthesis show the co-ordination number in each complex, which was assessed by considering heteroatom-ion
distances < 2.5 A.

It is noticed that the presence of Sc* and In® made the complex to prefer to be coordinated to 8

heteroatoms while Cu®* and Ga®" prefer to be coordinated to 6 heteroatoms; that is, in structure a,
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DOTA—Sc* and DOTA—In®*" have 8 coordination and have higher AEreiaive Values for both
structures b and ¢, with coordination numbers of 6 and 7, respectively. Conversely, for DOTA—Cu?"
and DOTA—Ga** complexes, all structures (a, b and ¢ in Figure 2) have coordination number of 6
and lower AErelative values than that of DOTA—Sc** and DOTA—In®*" complexes.

It is evident in Table 1 that, even though some complexes had the same co-ordination numbers for a,
b, and c, there were differences in the energy values; this is due to the fact that, the distances between

O° and N atoms and the Cu?*, Sc®*, In®" and Ga** ions varied (Table 5).

Considering the different conformational possibilities for a in Figure 2, it is noticed that after
replacement of Sc** with the other radiometal ions (Cu?*, Ga*', In®) and further geometry
optimizations, two different conformations ('A' and 'B") were identified. There was one conformation
for DOTA—Cu?* and DOTA—Ga®* ('A") with four nitrogen and two oxygen atoms interacting with
the ions and another one ('B") with four nitrogen atoms and four oxygen atoms in close contact with
In®* and Sc®* (Figure 3).

Figure 3. Conformation of the DOTA—ion complexes: DOTA—Cu?", DOTA—Ga**, DOTA—In®" and
DOTA—Sc*". In this diagram, the intermolecular distances between DOTA’s heteroatoms interacting with the
selected radiometal ions are marked by dotted lines. 'A: DOTA—Cu?" and DOTA—Ga** have 4N and 20 in
close proximity with ions. 'B': DOTA—In®* and DOTA—Sc®* have 4N and 40 atoms within (< 2.5 A) range.

Carbonyl oxygen (QO°) is in close contact with an ion. Nitrogen and carbonyl oxygen atoms are in close

contact with an ion (N). Nitrogen is in close contact with an ion but carbonyl oxygen is not in close proximity

(N).
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3.3.2 Interaction and relaxation energies

In this section, the interaction energies (Eint), relaxation energies (Erelax) and basis set superposition
error (BSSE) of the DOTA—radiometal ion complexes are analyzed (Table 2) to understand the
binding of DOTA with the selected ions. The Eint values indicate the strength of the possible non-
covalent interactions that contribute to the complexation of DOTA with radiometal ions to produce

stable complexes.

Table 2. The interaction, relaxation and BSSE energies of the DOTA—radiometal ion complexes in vacuum
and solvent obtained by B3LYP/6-311G+(2d,2p) and DGDPVZ basis set for ions. To account for the effect of

dispersion on the various complexes, Ein: using ®B97XD functional is also reported.

Complex Eint Erelax Essse
(kcal mol™) (kcal mol™) (kcal mol™)
B3LYP ®B97XD
DOTA—Cu? -412.84 (-202.10) -406.93 41.00 11.45
DOTA—Sc** -680.93 (-152.89) -677.27 70.89 24.75
DOTA—In* -694.48 (-378.93) -699.89 61.94 16.99
DOTA—Ga* -820.13 (-498.89) -814.33 65.58 7.47

Parentheses show the values for water medium.

According to Table 2, DOTA—Ga®* has the most negative interaction energy while the least Ein is
recorded by DOTA—Cu?" complex. Relaxation energies (Erelax) provide helpful insight into the effect
of the ions on inducing specific DOTA conformations. Even though Ga* and In®* are group Il
elements, significant differences between their Erelax Values were obtained (Table 2) which implies
each radiometal ion induces a specific conformation on DOTA chelator. To account for the long range
and dispersion interactions, the geometry optimization of the complexes were performed using the
®b97XD functional and the interaction energies are also reported in Table 2. It is significant to point
out that the observed differences between interaction energies obtained by B3LYP and ®B97XD
density functionals could be attributed to different factors contributing to complexation since
dispersion should have a less significant effect on the obtained large interaction energies (Table 2).
In other words, it is assumed that the observed ranges of Eint values are much stronger than
intermolecular interactions and should be assumed as bonding interactions. It is notable that the
interaction energies obtained with both B3LYP and ©b97XD functionals show the same trend. Thus,

the results obtained with B3LYP are qualitatively similar.
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The interaction energies follows the order DOTA—Ga**>DOTA—In**>DOTA—Sc*">
DOTA—Cu?*, which can be justified based on the different characteristics of each ion. In other words,
Ga*" is in the same group as In®** with a smaller atomic radius, which leads to stronger interactions
between Ga** and DOTA. This is in agreement with results of our previous work %, where it was
found that the strength of interactions within DOTA—alkali metal ion complexes increased up the
group of the periodic table. The difference in interaction energies between Sc®* and Cu?* is due to
their charge, Sc* being +3 forms stronger interactions with DOTA than Cu?* with a +2 charge.

To gain an understanding of how structural geometries and interaction energies of DOTA—ion
complexes may be altered in water, Eint of the various complexes in aqueous medium (water) were
also calculated. It can be realized that in the presence of bulk water, Ein: values for all the complexes
are considerably less negative and less stable than in vacuum; hence, it can be inferred that the possible
interactions of water with radiometal ions creates competitions and interferes with the chelation of
radiometal ions with the DOTA and consequently decreases the stability of the DOTA—ion
complexes. It can be also observed that in water medium, DOTA—Cu?* complex, which has the least
negative Eintin vacuum, has more negative Eint than DOTA—Sc®" indicating that the water solvation
affects the triply charged Sc3* to a greater extent than the doubly charged Cu?*. The BSSE energies
recorded for the various DOTA—ion complexes were higher than what we observed for
DOTA—alkali metals in our previous study®®. This could be attributed to higher Ein: values obtained

by the various complexes compared to the ones recorded between the ligand and alkali metals.

3.3.3  Thermodynamic properties

To gain an insight into the favorability of DOTA—ion complexation, the analysis of enthalpies, Gibbs
free energies, entropy and its individual contributions (translational, rotational, and vibrational) of the
radiometal ions complexed with DOTA are discussed (Table 3).
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Table 3. The enthalpies, Gibbs free energies, entropy and its individual contributions (Translational,
rotational, and vibrational) of the radiometal ions complexed with DOTA obtained by B3LYP/6-311G+(2d,2p)
and DGDPVZ basis sets.

Comp|eX AH AG AS ASRot ASTrans ASVib
(kcal mol) | (kcal mol?) |(cal molt K1) |(cal mol? K1) |(cal molt K1) |(cal mol? K?)

DOTA—Cu? -410.24 -398.35 -39.88 -0.17 -37.91 -1.80
[-197.79] | [-185.92] [-39.84] [-0.29] [-37.91] [-1.65]

DOTA—Sc** -678.01 -662.59 -51.72 -0.16 -37.02 -14.53
[-149.63] | [-133.89] [-52.81] [-0.32] [-37.02] [-15.47]

DOTA—In* -691.54 -676.87 -49.20 -0.10 -39.39 -9.71
[-374.26] | [-359.26] [-50.30] [-0.26] [-39.39] [-10.65]

DOTA—Ga** -816.61 -802.32 -47.91 -0.22 -38.14 -9.55
[-492.87] | [-477.73] [-50.77] [-0.37] [-37.87] [-12.62]

Brackets([]) indicate results obtained in aqueous medium.

Table 3 shows that for all cases, AH values of the complexes are slightly less negative than Eint.
Considering the equation AG=AH -TAS, it is clear that entropy acted against DOTA—ion
complexation because negative entropies are recorded for each complex. Vibrational contributions
(ASvib) to entropies are more negative for the complexes involving trivalent ions than the divalent Cu?*
complexes, which is due to the stronger intermolecular interactions within the DOTA—trivalent ion
complexes than divalent case (Cu?*), supported by the obtained Ein: values (Table 2). The effect of
implicit solvation on the enthalpies, Gibbs free energies and entropies was also investigated. Overall,
according to the obtained interaction energies (Table 2) and the thermochemical quantities (Table 3),
the formation of DOTA—Ga®*" and DOTA—In®*, in both vacuum and water are found to be
significantly more favorable than the other studied DOTA—radiometal ion complexes. Considering
all the thermochemical quantities obtained in water medium for various complexes, it can be realized
that the complexation of DOTA with radiometal ions is less favorable and less stable in aqueous

medium than in vacuum.

3.3.4  Comparison of experimental and theoretical binding constants

The theoretical and experimental Gibbs free energies (AGiweo and AGexp) Of the selected
DOTA—radiometal ion complexes 2 " are related to the experimental binding constants (logKexp)
using Vant Hoff equation (AG = -RT InK) . Experimental AGexp and theoretical binding constants

(logKiheo) Were calculated at the standard temperature (298K) and molar gas constant R (8.315 Jk°
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'mol™). The experimental and theoretical values of both the Gibbs free energies and binding constants

are reported in Table 4.

Table 4 The theoretical and experimental Gibbs free energies (AGweo and AGexp) With their corresponding

binding constants (logKineo and logKexp)?.

C0mp|ex AGtheo AGexp |Og Kexp 2 |Og Ktheo
(kcal mol?) (kcal mol?)
DOTA—Cu? -398.35 -13.15 22.70 11.21
DOTA—Sc** -662.59 -15.64 27.00 11.89
DOTA—In* -676.87 -13.85 23.90 11.79
DOTA—Ga** -802.32 -12.34 21.30 11.84

First, the experimentally measured AGexp are considerably more negative than the theoretical AGtheo
values and the theoretical binding constant values are higher than the experimental binding constants.
However, a comparison of the theoretical vs experimental trends within the ion complexes should be

informative for understanding the factors that contribute to complex stabilities.

The theoretical values for both DOTA—Cu?* and DOTA—Ga** complexes deviated from the
experimental trend due to the fact that they have the lowest and highest Eint values, respectively (Table
2). The difference between the calculated binding constants (logKineo) With experiment (IogKexp) 2’
might be due to the fact that at specific temperature, pH and solvent, which affect the stability

constants, were not included in our calculations.

3.35 Interatomic distances
To assess the extent of intermolecular interactions between DOTA and radiometal ions, the average
interatomic distances between the radiometal ions and DOTA heteroatoms in the optimized complexes

are measured in vacuum and water media (Table 5).
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Table 5. The average short-range interatomic distances between radiometal ions and DOTA’s heteroatoms in
the optimized structures obtained by the B3LYP density functional with 6-311G+ (2d, 2p)/DGDPVZ basis
sets. Heteroatom-ion distances < 2.5 A were considered as the short-range interatomic distances for the

selected complexes. O and N are presented in Figure 3a.

Complex 0°¢ —ion (<2.5A) N—ion ( <2.5A)
DOTA—Cu? 2.38 [2.48] 2.17 [2.15]
DOTA—Sc? 2.22 [2.46] 2.24[2.25]
DOTA—In% 2.33[2.44] 2.47 [2.35]
DOTA—Ga* 2.04 [2.05] 2.25 [2.21]

Brackets indicate bond distances between heteroatoms of DOTA and radiometal ions in water.

As shown in Table 5, the average interatomic O®—ion distances are shorter within the trivalent ions
complexes, DOTA— Sc**,In®" and Ga** than that of DOTA—Cu?*; this could be a reason of more
negative Eintvalues obtained for trivalent ions complexes than DOTA—Cu?* (Table 2). It is significant
to point out that the shorter distances of O°—ions in compared with the N-O°—ions for within the
trivalent ions complexes implies the stronger interactions between O¢—ions than N—ion interactions
within these complexes. In contrast with trivalent ions complexes, in the case of DOTA—Cu?*, have

shorter average N—ion distances which accounted for a more negative energy Eint values (Table 2).

3.3.6  Comparison of the optimized and experimental x-ray structures

To further validate the theoretically optimized structures of DOTA—radiometal ion complexes with
experimentally reported conformations, the geometries of the complexes (Figures 4a and 4d) were
compared with experiment (Figures 4b, 4c, 4e and 4f) 1216, This analysis is also helpful to assess the

strength of intermolecular interactions between DOTA and radiometal ions.

In Figure 4, the conformation 'A’, with six hetero-atoms (4 nitrogen and 2 oxygen atoms) interacting
with the ions (a), while conformation 'B', with four nitrogen and four oxygen atoms in close proximity
with ions (d). The geometry of our optimized structures are in good agreement with x-ray crystal
structures of the selected complexes. DOTA—Cu?* (distorted octahedron), DOTA—Ga>" (distorted
octahedron), DOTA—In®" (square antiprism) and DOTA—Sc®" (square antiprism) 226 are

demonstrated in Figure 4 (b, c, e and f).
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Figure 4. a: DOTA—Cu?" and DOTA—Ga** theoretically optimized structures, b: DOTA—Cu?
experimental x-ray structure, c: DOTA—Ga®* experimental x-ray structure, d: DOTA—In** and DOTA—Sc%*
theoretically optimized structures, e: DOTA—Sc®" experimental x-ray structure, f: DOTA—In** experimental

X-ray structure, Oeq: Equatorial Oxygen; Oax: axial Oxygen; Neq: equatorial nitrogen; Nax: axial nitrogen.

The comparison between our theoretical optimized structures and experimental Xx-ray structures is

presented in Table 6.

Table 6. Average theoretical short-range interatomic distances (A) between ions and N, O atoms of DOTA (<
2.5 A) obtained by the B3LYP method with 6-311G+ (2d, 2p) and DGDPVZ basis sets for ions. Parentheses

show experimental results'® *.

Complex Neg—ion | Nac—ion | Oe—ion | \_ 500 | 0_jon
216 | 218 | 238
(2t — —
DOTA—Cu 222) | 222) | (1.97)
224 | 224
Q3+ — — —
DOTA—Sc 2.44) | (2.15)
247 | 233
—_In3* — — —
DOTA—In 237 | (2.18)
223 | 227 | 204
— (g3t — —
DOTA—Ga 212) | 13) | (1.94)

Parentheses show the short-range interatomic distances (A) between heteroatoms of DOTA and radiometal

ions in complexes in water.
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Even though Ga®* and In®*" are in the same group of the periodic table (group 1), the differences in
their ionic radii and charge densities dictates their co-ordination chemistry. Ga®* has an ionic radius
of 0.65 A “° and has a co-ordination number of six in its complexes*! while In®* with an ionic radius
0.92 A “° has a co-ordination number of seven or eight within complexes 6 4>44. For Cu?*, with a co-
ordination number of six 3, two apical donor atoms are weakly bonded to the Cu?* in a distorted
octahedral conformation, due to John-Teller distortion within DOTA—Cu?* complexes. Elongated
Cu?*—Nax average bond length (2.18 A) are in agreement with the expected Jahn-Teller effects caused
by the d® configuration. Reisen et al reported that copper (I1) coordinates DOTA using four of its
nitrogen atoms and two oxygen atoms from the carboxylic arms. The angle between the metal ion and
the two coordinating oxygen atoms was recorded at 88.7°. In our DFT calculated structures, the angle
between two equatorial oxygen atoms coordinating with the ion was 80.85° which is close to the
experimentally observed values for cis nitrogen atoms (82.31° and 81.09°). Trans nitrogen ion bond
angles were 152.59° and 104.96°. We observed 83.77° and 82.81° for cis nitrogen atoms while trans

nitrogen atoms were at 142.05° and 143.93°, respectively®2.

Ga®* coordinates DOTA using four of its nitrogen and two oxygen atoms from the carboxyl arms as
reported by Viola-Villegas et al.'>. An observed bond angle of 85.3° was recorded between the
coordinated equatorial oxygen atoms and the metal ions. In our study, we observed 83.18°.
Experimental results showed that the angles between cis nitrogen atoms and the metal ion (Ga*")
angles fell within this range (82.3° to 84.19°). Our theoretical study recorded values within 80.33° and
81.6° range *. According to HSAB principle 2, Ga®*" which is a hard acid that prefers to coordinate
hard ligand donors (carboxylate-oxygen atoms and amine nitrogen atoms); consequently,
DOTA—Ga*" complex in this study recorded the shortest O—ion interatomic distances. Previous
structural studies have confirmed that the preferred co-ordination number for Indium (111) is 7 or 8 *
45,46 For DOTA—In** complex, the obtained theoretical geometric parameters are in good agreement
with literature. Sc®* has a co-ordination number of eight 1* 4. Bombieri et al reported an octa-
coordinate square prismatic geometry for a single crystal of [Sc(DOTA)]" *. Previously, researchers
reported similar square antiprism geometry for this complex *-*0, Our theoretically optimized
conformations had Sc3* ion coordinated the DOTA with four nitrogen and four oxygen atoms (Figure
3).
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3.3.7  Natural Bond Orbital (NBO) analysis

The natural atomic charge exchange upon complexation and charge transfer within the
DOTA—radiometal ion complexes affects the interaction of radiometal ions with DOTA. Natural
bond orbital (NBO) °! analysis was performed to investigate the natural atomic charges (NACs) and
the possible intermolecular orbital charge transfer within the studied complexes using second

perturbation theory.

3.3.8

Natural atomic charge estimation is of importance for molecular systems because atomic charge

Natural atomic charge analysis (NAC)

affects the electronic structure, dipole moment and other properties of the molecule. To evaluate the
atomic charge exchange between DOTA and the selected radiometal ions upon complexation, NAC
analysis %2 was performed and these values for each sub-category is summarised in Table 7. The
atoms in all the complexes were categorized into groups (Figure 2) and the average natural atomic

charges in vacuum and water media are reported.

Table7. Natural atomic charges of classified hetero-atoms of DOTA obtained by B3LYP/6-311+G(2d,2p) and
DGDPVZ basis set for ions. The numbers in parentheses represent the number of atoms within the specific

group shown in Figure 2.

Atoms | Free DOTA |[DOTA—Cu®* |DOTA—Sc* [DOTA—In* [DOTA—Ga®

lons 0.991 1.641 1.972 1.801

[0.996] [1.645] [1.970] [1.816]

oc -0.640 -0.613 -0.678 -0.693 -0.713
[-0.665] (4) [-0.620] (2) | [0.673](4) |[-0.689](4) | [-0.711](2)

N -0.567 -0.555 -0.620 -0.622 -0.575
[-0.574] (4) [-0.556] (4) | [-0.621] (4) |[-0.689] (4) | [-0.639](4)

HN 0.186 0.222 0.230 0.230 0.236
[0.193] (16) | [0.228] (16) | [0.231] (16) [[0.233] (16) | [0.240] (16)

Brackets([]) indicate the NAC values obtained in water.

Table 7 lists the main atom classification, sub-categories and average of the natural atomic charges
for various atoms types in each complex. As for the atomic charge exchange between DOTA and

radiometal ions upon complexation, the complexes with initial charge of +2 for Cu?* and +3 for Sc**,
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In®* and Ga®", before complexation, become less electron deficient after complexation. In the case of
DOTA—Cu?* complex, the ion had a deficit of (2¢7) but became less deficient (0.991¢") after its
interaction and complexation with the chelator. A similar reduction was observed in the positive
charges for the trivalent ions, i.e, Ga** became less deficient (1.801e") upon complexation with DOTA.
In®* and Sc® have 1.972e” and 1.641e" after complexation, respectively. NAC values of N and O
atoms within the trivalent ions complexes were more negative than the divalent ion complex; this
could be attributed to the strong interactions that took place between DOTA and radiometal ions for
the trivalent ions complexes. The observed charge reduction, particularly for In®* and Ga®*, which are
in the same group of the periodic table, could be a reason for the stronger interaction energies observed
in Table 2. The hydrogen atoms attached to the carbons which formed the ring (H'Y), served as the
electron resource in each of the complex with the higher average (H™) values compared to the one
recorded for free DOTA. The electron density transfer from DOTA to the radiometal ions upon

complexation will be discussed using second order perturbation theory in the next section (Table 8).

3.3.9  Second perturbation stabilization energies

The second-order Fock matrix was presented to evaluate the donor—acceptor interactions in the system
[147, 148]. Larger E? values imply greater charge transfer between electron donors and acceptors >3,
Charge transfer between DOTA and the investigated ions, as well as within the chelator, are presented
in Table 8. A description of charge transfer (the highest stabilization energy values) that occurs from
the DOTA molecule to the cations and this is also demonstrated in Figure 5, where curved arrows
depict the direction of charge transfer.
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Table 8. Second order pertubation theory analysis of Fock matrix in NBO basis of selected calculated values
in each DOTA—ion complex obtained by B3LYP/6-311G+(2d,2p) and DGDPVZ basis sets for ions.

Complexes Donor Acceptor E?( kcal mol?)
From DOTA to ions
DOTA— Cu? LP (O°) LP* ( Cu®) 6.18
DOTA— Sc** LP (O°) LP* ( Ga*) 24.05
DOTA— In®* LP (O°) LP* (In®") 20.74
DOTA— Ga* LP (O°) LP* (Sc3) 30.29
Within DOTA
DOTA—Cu?" LP (O") o* (C-0) 28.72
DOTA— Sc** LP (O") o* (C-0) 64.96
DOTA—In* LP (O") o* (C-0) 46.05
DOTA— Ga* LP (OY) o* (C-0) 73.83
Free DOTA LP (OY) o* (C-0) 56.21

The observed depletion of NAC charges of the ions (Table 7) is due to charge transfer from DOTA
to the ions. According to the stabilization energies (E2), shown in Table 8 and Figure 5, the highest
stabilization energy values for electron transfer from DOTA to ions and charge transfer occur from
the LP (O°) atom of DOTA to the LP* of the radiometals ions. The stabilization energies are larger
in the complex involving trivalent Ga®*, In®* and Sc®* ions (ranging from 20.74 to 30.29 kcal mol™)
than the divalent DOTA—Cu?* complex (6.18 kcal mol™?); i.e., the order is as follows:
DOTA—Ga*>DOTA—In**>DOTA—Sc**>DOTA—Cu?*, which is consistent with the observed
trend for interaction energies (Table 2). The presence of different ions within the DOTA—ion
complexes can affect the charge transfer within DOTA. In all the studied cases, there is a charge
transfer within DOTA, from the LP of the O" atom to the 6*(C-O°) of the same arm of DOTA in

each complex.
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Figure 5. A presentation of the charge transfer for DOT A—radiometal ion complexes derived from NBO
analysis using second order perturbation theory. The curved arrows (a and b) point the direction of charge
transfer. a: LP (O") — o* (C-O°) b: LP (O¢) — LP* (lon).

The stabilization energy within DOTA follows the order: DOTA—Ga**> DOTA—Sc**>
DOTA—In*">DOTA—Cu?"; this is caused by the contribution of charge for +3 charge ions compared
to the divalent Cu?* ion. Overall, the result of the second order perturbation theory reveals the charge
transfer from O of DOTA to the radiometal ions in the complexes. A similar observation was made
from our previous works where we evaluated the interaction between diazacrown and the sodium

cation 5 and the interaction between DOTA and alkali metal ions discussed in the previous chapter.

3.3.10 Analysis of frontier molecular orbitals

The highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals
(LUMO) are known as frontier molecular orbitals. The energy difference between the two frontier
molecular orbitals (AELumo-Homo) >* °°, is used to evaluate the complex stability of the selected
DOTA—radiometal ion complexes. The Enomo and ErLumo energy eigenvalues and AELumo-Homo for
the free ions, DOTA and the DOTA—ion complexes are listed in Table 9.
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Table 9. The energy eigenvalues of the frontier molecular orbitals (Exomo, ELumo) for the selected metal ions
and DOTA—radiometal ion complexes obtained by B3LYP/6-311G+(2d,2p) and DGDPVZ basis sets for ions.

SYSTEM Enomo/eV ELumo/eV AEumo-Homo/eV

Cu®* -32.87 -28.25 4.62

Sc3* -68.58 -30.58 37.99

In®* -51.89 -31.31 20.57

Ga** -57.97 -35.64 22.33
Free DOTA -8.66 -3.96 4.70
DOTA—Cu? -4.11 -3.81 0.31
DOTA— Sc3* -10.21 -4.75 5.46
DOTA—In®* -10.15 -4.47 5.68
DOTA— Ga** -9.29 -3.90 5.39

Both the Exomo and AELumo-Homo Values of the free radiometal ions follow the order: Sc®"> Ga3*> In®*
> Cu?*; that is, the divalent Cu?* has lower values compared to the trivalent ions, which could be
attributed to the higher chemical hardness values obtained (Table 9). The higher the AELumo-Homo
value of a system, the higher its chemical hardness value®* *>.When we compare down the group I11 of
the periodic table (Ga* vs In®"), more negative Eromo and a higher AE_umo-Homo Value was observed
for Ga®* with the smaller ionic radius (0.65A) than In® (0.92 A). This result is in accordance with
what was observed in our earlier study discussed in previous chapter where alkali metals with smaller

atomic radius had more negative Enomo and higher AELumo-Homo Values than bigger ions.

Comparison of the AELumo-Homo for free DOTA with the corresponding values for complexes reveals
that the AELumo-Homo for free DOTA are considerably higher than the complexes; this shows the role
of ions in complex stability. It is noted that the presence of the ion, in the DOTA complexes, causes
Enomo and ELumo Vvalues to be more negative; this implies that the ions cause increases in the ability of

DOTA to both donate and accept electrons.

The trivalent complexes with higher AELumo-Homo Vvalue are more stable than divalent complex,
DOTA—Cu?*. This is a result of the odd number of electron or unpaired electrons occupying the
orbital which makes the orbitals SOMO (singly occupied molecular orbitals). For Sc** and Cu?*, the
ion charge plays the greater role; that is, the more charge of Sc* than Cu?* results in more negative

Enomo and a higher AELumo-Homo Value.
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3.3.11 Conceptual DFT-based properties upon complexation

Density functional theory based reactivity descriptors such as chemical hardness and softness are
applied to determine the stability of complexes °°. lonization potential (IP) and electron affinity (EA)
indicate the tendency of an atom or molecule to lose and gain electrons, respectively. Chemical
hardness (#) is a significant factor that defines the resistance in electron charge distribution, and relates
with the stability and reactivity of the DOTA—ion complexes °" %8, It is notable that the energy
eigenvalue of HOMO (Enowmo) is related to the ionization potential (IP=Ec-Ey) as it is the valence
orbital that donates electrons. Conversely, LUMO is the innermost orbital with free places to accept
electrons and, therefore, its energy is related to electron affinity (EA=Ea-En)>°. The calculated DFT-
based quantities such as electron affinity (EA), ionization potential (IP), chemical hardness (;) and

softness (S) for the complexes are presented in Table 10.

Table 10. DFT-based quantities for DOTA chelator complexed with radiometals obtained by B3LYP/6-
311G+(2d,2p) and DGDPVZ basis sets for ions.

lon/Complex EA/eV IP/eV n/ev S/eV
Cu? -21.06 45.46 33.26 0.015
Sc¥* -25.72 76.22 50.97 0.005

In3* -27.75 59.38 43.56 0.011

Ga* -31.45 68.76 50.11 0.010
DOTA 0.34 7.19 3.42 0.146
DOTA—Cu? -8.63 14.70 11.66 0.043
DOTA— Sc®* -10.16 18.79 14.47 0.035
DOTA—In* -9.37 18.57 13.97 0.036
DOTA— Ga** -9.55 18.84 14.20 0.035

For the free ions, a more negative EA value, greater IE value and greater chemical hardness was
observed for Ga®* than In®* with a larger ionic radius. As for divalent Cu?* compared with the
trivalent ions (Ga®*, Sc®* and In®"), the less negative EA, smaller IE and chemical hardness was
obtained for Cu?*.

These results confirm our earlier observation for DOTA—alkali metal ion complexes discussed in the

previous chapter.
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The DFT based parameters revealed a chemically soft nature of free DOTA compared to the ions and
consequently, the complexation of DOTA with the ions should have a considerable effect, which
depends on specific ion in question. Indeed, in all cases, there is a significant increase in chemical
hardness upon complexation.

The IP and hardness values of all trivalent complexes are similar and higher than the divalent
DOTA—Cu?* complex. Moreover, the DOTA—Ga3* complex has slightly more negative EA and
hardness values than the DOTA—In®*" complex; this could be attributed to the smaller ionic radius of
Ga®** than In®" and is consistent with the result from our previous study on the interaction of alkali
metals with DOTA discussed in the previous chapter. The changes in EA, IP, softness and hardness
provide trends in complex stability that is related to the trends in interaction energies and

thermodynamic properties (Tables 2 and 3).

3.3.12 Implication of results for radiopharmaceutical applications

The structural stability of chelator—ion complexes is one of the key factors that influences the
radiolabeling efficiency?. This study shows the importance of the application of the conceptual DFT-
based quantities to rank the ions for proposing the optimal match between ions and a specific chelator.
The electronic structure properties, including interaction energies, frontier molecular orbitals, chemical
hardness, ionization potential and electron affinity values, offer an explanation for the stability of
DOTA—radiometal ion complexes. The instability of DOTA—Cu?* complex was experimentally
reported in litrature®® 862 and our theoretical results also confirmed that DOTA—Cu?" is the least
stable among the various complexes. Comparison of the experimentally measured binding constants
and the obtained quantum chemical properties for DOTA—radiometal ion complexes showed that,
amongst the studied radiometal ions, Ga®* is an optimal match for DOTA chelator for
radiopharmaceuticals.

Following our previous study on the complexation of DOTA chelator with alkali metal ions and
comparing the interaction energies of the DOTA—radiometal ion complexes with that of the
DOTA—alkali metal ions complexes, it can be realized that DOTA and the competitive Na* and K*
ions found in the body formed stable complexes with higher Eint values of -104.63 kcal/mol and -85.80
kcal/mol, respectively. In the presence of Na* and K* ions, the DOTA—Cu?* complex (Eint values of
-412.84 kcal/mol) is more likely to be destabilized when introduced into the body; this could be

hazardous since Cu?* released from BFC could cause damage to the liver in vivo?.
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34 Conclusions

Intermolecular interactions that occur upon the complexation of DOTA chelator with radiometal ions
(Cu?*, Ga**, Sc3 and In®) was investigated using density functional theory (DFT) with B3LYP
functional and 6-311G+(2d,2p)/DGDPVZ basis sets. Among the studied complexes, DOTA—Ga®*
appeared to be more stable than the other DOTA—Cu?*, DOTA—Sc®*" and DOTA—In**complexes
leading to more negative interaction and relaxation energies, and higher possibility of charge transfer
from DOTA into the ions. The observed order of interaction energies is in good agreement with the

experimental ranking of the complexes based on the experimentally observed binding constants.

Taken together, the interaction energies both in vacuum and water, relaxation energies, short-range
interatomic DOTA—ion distances, natural atomic charges and stabilization energies derived from
NBO analysis and conceptual DFT-based properties, including chemical hardness and softness,
confirmed a significant level of interaction between DOTA and radiometal ions. The outcome of this
study could ascertain the fact that alkali metal ions found in the body will probably not significantly
compete with radiometal ions upon complexation with DOTA chelator. Furthermore, Ga®" ion is

probably the optimal match for DOTA chelator to achieve in vivo radiolabeling efficiency.
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CHAPTER 4

Conclusion

The electronic structure of our investigated chelator (DOTA) was studied to examine its complexation
with alkali metal and radiometal ions for radiolabelling efficiency. We employed density functional
theory to study the complexation of DOTA chelator with alkali metal ions (Li*, Na*, K" and Rb") and
radiometal ions (Cu?*, Ga*, Sc* and In®"). The B3LYP functional with the 6-311+G(2d, 2p) basis
set was used for Li*, Na"and K* and Def2-TZVPD basis set for Rb*; the DGDZVP basis set was used
for the radiometal ions. With regards to DOTA—alkali metal ion complexations, decrease in stability
down the series (periodic table) was observed. DOTA—Ga®* was the most stable among the
investigated radiometal complexes. The geometries of our theoretical optimized structures are in
agreement with experimental x-ray structures. This study exposes that there is charge transfer between
DOTA and ions during complexation and both oxygen and nitrogen atoms of DOTA play a crucial
role during the complexation process. It is significant to point out that in all cases, implicit water
solvation reduces the stability of the complexes. Even though our investigated chelator was relatively
stable with alkali metal ions, based on the theoretical results we observed with DOTA—radiometal
complexes, alkali metal ions found in body cannot contend with radiometal ions for binding site or
dislodge radiometal ions during complexation with DOTA chelator. In a nutshell, this study has
confirmed the need to investigate the complexation of DOTA using experimental and theoretical
means. This study serves as a guide to find the optimal match between DOTA chelator and radiometal
ions for radiolabeling applications. Our results have shown which of the radiometal ions could
probably serve as the optimal match with DOTA chelator (refer CHAPTER 3) to achieve
radiolabeling efficiency in vivo relevant to the radiopharmacist.
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CHAPTER 2

SUPPLEMENTARY INFORMATION

DFT Study of the Interactions between DOTA Chelator and Competitive Alkali Metal lons

E. Frimpong, A. A. Skelton™, B. Hornarparvar”
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Skelton) School of Pharmacy and Pharmacology, University of KwaZulu-Natal, Durban 4001, South
Africa. Tel.: +27 31 26084, +27 31 2608520

Table S1. Absolute translational entropies (cal mol* K1) for free ions and DOTA—ion complexes obtained
by B3LYP/6-311G+(2d,2p) and Def2-TPVZ basis set for Rb*.

System Translational entropy (cal mol* K%)
Li* 31.80
Na* 35.34
K* 36.91
Rb+ 39.23
DOTA—LI* 43.93
DOTA—Na* 44.05
DOTA—K* 44.16
DOTA—Rb* 44.45

Table S2. The average interatomic distances (A) between ions and N, O atoms of DOTA (<3.5 A), within 3-
arm conformations of DOTA—alkali metal complexes, obtained by the DFT/B3LYP method with 6-311 G+

(2d, 2p) basis set and Def2-TPVZ for Rb*,

Complexes OC°—ion distances (A) N-OC—ion distances (A)
DOTA—LI" 2.02[2.10] (3) 2.65[2.53] (3)
DOTA—Na* 2.37[2.43] (3) 2.61[2.66] (3)
DOTA—K" 2.71[2.82] (3) 3.06[3.04] (3)
DOTA—Rb* 2.89[2.99] (3) 3.30[3.27] 3)

Brackets([]) indicate results obtained in solvent media. Parentheses( ) indicate number(sum) in each sub-category.
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Table S3. Natural atomic charges of ions, within 3-arm conformations of DOTA—alkali metal complexes,
obtained by B3LYP/6-311+G(2d,2p) and Rb* (Def2-TPVZ).

lons DOTA—LIi* DOTA—Na* DOTA—K" DOTA—RDb*

Li*, Na*, K*, Rb* 0.56[0.55] 0.63[0.64] 0.71[0.74] 0.71[0.73]

Brackets ([]) indicate results obtained in solvent media.
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SUPPLEMENTARY INFORMATION

CHAPTER 3

Non-covalent interactions between DOTA as a bifunctional chelator with radio metal ions for
radiolabeling: A DFT study

E. Frimpong, A. A. Skelton™, B. Hornarparvar”

School of Pharmacy and Pharmacology, University of KwaZulu-Natal, Durban 4001, South Africa
Corresponding authors: Honarparvar@ukzn.ac.za (B. Honarparvar), Skelton@ukzn.ac.za (A.A
Skelton) School of Pharmacy and Pharmacology, University of KwaZulu-Natal, Durban 4001, South
Africa. Tel.: +27 31 26084, +27 31 2608520

Table S1. Absolute translational entropies (cal mol* K1) for free ions and DOTA—ion complexes obtained by
B3LYP/6-311G+(2d,2p) and DGDPVZ for ions.

System Translational entropy (cal mol* K%)
Cu® 38.34
Sc¥* 37.34
In3* 40.31
Ga®* 38.61
DOTA—Cu?* 4431
DOTA—Sc** 44.20
DOTA—In® 44.63
DOTA—Ga** 44.35

Table S2. Natural atomic charges of DOTA—radiometal complexes, obtained by B3LYP/6-311+G(2d,2p)
and DGDPVZ for ions.

lons DOTA—Cu* DOTA—Sc®* DOTA—In® DOTA—Ga®
Cu?* Sc** In%* 0.99[0.96] 1.65[1.64] 1.97[1.97] 1.82[1.80]
Gas*

Brackets ([]) indicate results obtained in solvent media.
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