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Abstract: During the present study, the structural (bond angles, bond lengths, bond orders and natural bond orbital population),
spectral (IR, UV-Vis and CD) properties of the active substance d,l-hexamethylpropylene amineoxime (d,I-HMPAOQO) and its
complex with technetium-99m radionuclide *™Tc-d,I-HMPAO are discussed by the density functional theory (DFT)
calculations with B3LYP functional and cc-pVDZ basis set of theory in gas phase at room temperature. The Lanl2DZ basis set
is used to computation of the technetium atom. Also, the quantum chemical properties such as frontier molecular orbitals
(FMOs) energies (Eqomo and E_umo), the energy gap, molecular electrostatic potential (MEP) graph and the density of states
(DOS) are investigated. The theoretical UV-Vis bands of *™Tc-d,|-HMPAO radiopharmaceutical are at 405, 404 and 471 nm.
The circular dichroism (CD) spectrum indicates this nuclear medicine is a right-handed molecule.
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Introduction

A nuclear medicine or radiopharmaceutical is a drug
that can be used either for therapeutic or diagnostic
aims [1-4]. It is made from two parts: an organic
compound and a radionuclide or radioisotope [5-7].
The duty of the organic molecular structure is delivery
of the radionuclide to specific organs, tissues and or
cells [8-10]. Each radionuclide has own special
properties and applications [11-16]. The radionuclides
technetium-99m (*™Tc), iodine-123 (**1), iodine-131
(™), thallium-201 (*°'TI), indium-111 (**!In) and
fluorine-18 (*°F) are used for diagnostic (imaging)
purposes [17-22]. These radioisotopes emit gamma
rays [23].
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The gamma rays are detected by Single Photon
Emission Computed Tomography (SPECT) or Positron
Emission Tomography (PET) cameras [24, 25].
Radiolabelled organic compounds production requires
pharmaceutical industry expertise with specific
conditions of nuclear facility. The important facilities
for manufacturing of nuclear medicines are located in
North America and Europe [26-28]. Thecnetium-99m
radionuclide is the most widely used radiotracer in
diagnostic radiopharmaceuticals [29]. The technetium-
99m radiopharmaceuticals can be used to diagnosis of
various diseases such as certain types of cancers [30].
For instance, technetium-99m exametazime (*"™Tc-d,I-
HMPAO) is widely used to detect the altered regional
cerebral perfusion in stroke and other cerebrovascular
diseases [31-34]. Firstly, this radiopharmaceutical has
been introduced as a tracer for brain imaging studies in
humans as early as 1985 and its diagnostic utility has
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been very well documented [35]. Currently, this
nuclear medicine is recommended for brain perfusion
studies using SPECT camera by European Association
of Nuclear Medicine (EANM) [36]. The active
substance, ligand hexamethylpropylene amineoxime
(HMPAO) has two chiral centers [37]. So, it is in three
diastereomers: meso (R,S), d (R,R) and | (S,S). The
d,I-complex revealed high brain uptake and retention
compared to the meso-complex [38]. Consequently,
the technetium-99m-exametazime is specified as
radiochemical impurity in the technetium-99m-
HMPAO injection monograph. Nowadays, more
studies are done about clinically properties of this
nuclear medicine [39-42], but its chemical properties
haven’t been discussed completely. So, the present
study is related to the discussion of the structural and
spectral properties of d,I-HMPAO and its complex
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with  technetium-99m  radioisotope by density
functional theory (DFT) computational method.

Results and discussion

Scheme 1 shows the molecular structure of d,l-
HMPAO molecule and its complex with technetium-
99m radioisotope *"Tc-d,I-HMPAO. During the
present study, the structural and spectral (IR, UV-Vis
and CD) properties, reactivity and stability of the
mentioned compounds are discussed. It is necessary to
say that all our findings have been done based on the
theoretically methods.
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Scheme 1: The molecular structures of d,I-HMPAQ and *™Tc-d,I-HMPAO compounds.

Structural properties of d,l-HMPAO and *"Tc-d,I-
HMPAQO compounds

In first step, the studied molecular structures were
theory (DFT)

optimized by density functional

computational method. The optimized molecular
structures are indicated in Figure 1.

Figure 1. The optimized structures of d,I-HMPAO and *™Tc-d,I-HMPAO compounds.
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The bond lengths, bond angles and bond orders data
of *¥™Tc-d,I-HMPAO complex has been collected in
Table 1. As can be seen from the data, the Tc=0 bond
shows bond length 1.693 A and bond order (B.O.)
1.712. The bond lengths between technetium-99m and
nitrogen atoms of ligand are between 1.942 A and
2.136 A and the bond lengths between technetium-99m
radionuclide and N8 and N11 atoms are longer than the
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Tc20-N4 andTc20-N5 bond lengths. This happens due
to the nature of these bonds. The Tc20-N4 andTc20-
N5 bonds are composed by dative electrons of the
nitrogen atoms. So, these bonds are week and the bond
orders data proves that. From the data of the Table 1,
the Tc20-N8 and Tc20-N11 bond orders amounts are
lower than the Tc20-N4 and Tc20-N5 ones.

Table 1: Bond lengths, bond angles and bond orders data of *"Tc-d,I-HMPAO compound.

Bonds Bond length (A) Bo(rgj gr;j e Bond angle Angle (degree)
Tc20-021 1.693 1.712 N4-Tc20-021 110.046
N4-Tc20 1.955 0.815 N5-Tc20-021 110.445
N5-Tc20 1.942 0.857 N8-Tc20-021 112.214
N8-Tc20 2.136 0.398 N11-Tc20-021 107.268
N11-Tc20 2.113 0.439 N4-Tc20-N5 91.380
012-H22 1.101 0.474 N5-Tc20-N11 78.957
O13-H22 1.357 0.259 N11-Tc20-N8 84.990
(hydrogen bond)
N8-012 1.334 1.114 N8-Tc20-N4 77.810
N11-013 1.306 1.184 012-H22-013 169.690

Also, we can see that a hydrogen bond is composed
between oxygen-13 and hydrogen-22 atoms with bond
order 0.259. The three atoms 012, H22 and O13 are in
a line (012-H22-013 bond angle = 170 degree). On
the other hand, the N-Tc-O bond angles are longer than
the N-Tc-N ones. So, the Tc=0 core composes square
pyramidal geometry with the nitrogen atoms of the
ligand.

Table 2 has been collected the natural bond orbitals
(NBOs) population analysis data of *™Tc-d,I-HMPAO
compound. From the data of the Table 2, more d
orbitals of technetium atom participate in composition
of Tc-O and Tc-N bond orbitals. In contrast, the
oxygen and nitrogen atoms use more p orbitals in
composition of these bonds. Approximately, the lone
pair electrons of technetium, oxygen and nitrogen
atoms are in d, s and p orbitals, respectively. Also, we
can see the N8 and N11 atoms don’t have lone pair
electrons because they use the lone pair electrons to
composition the bond with Tc=0O core by dative bond
formation mean.

The charges on the atoms of d,I-HMPAO and *™Tc-
d,I-HMPAO compounds are collected in Table 3. It
can be seen from the data of the Table 3 that the charge
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on technetium-99m radionuclide is +1. By comparison
of charges on the nitrogen atoms of d,I-HMPAO
molecule and technetium-99m-d,I-HMPAO complex,
we see the nitrogen atoms connected to the
technetium-99m radionuclide have more negative
charge. This is due to the more electronegativity
property of nitrogen atoms to technetium-99m
radioisotope.

Reactivity prediction of d,I-HMPAO and *"Tc-d,I-
HMPAQO compounds

Frontier molecular orbitals (FMOs) analysis can give
good information about the reactivity and stability of
the organic and inorganic compounds [43-48]. FMOs
are called to the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) [49]. Figure 2 shows the frontier molecular
orbitals (HOMO and LUMO) of d,I-HMPAO and
9"Te-d,I-HMPAO compounds. It can be seen from the
graphs, the HOMO orbital of the d,JI-HMPAO
molecule is located on the N4 and N5 atoms. In
contrast, the N8 and N11 atoms have more roles in
construction of the LUMO orbital. On the other hand,
the main part of the LUMO orbital of the technetium-
99m-d,I-HMPAQO complex has been made by Tc=0
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core. The data of the energies of these frontier than the active substance d,I-HMPAO. The more
molecular orbitals have been collected in Table 4. It stability of d,I-HMPAO molecule is due to its high

can be deduced from the data of the Table 4 that the

technetium complex of d,I-HMPAO has low stability

Table 2: Natural bond orbitals (NBOs) analysis data of **"Tc-d,I-HMPAO compound.

Bonds Occupancy Population/Bond orbital/Hybrids
0 99.99 199.99 0
6(Tc20-021) | 1.81052 16.92% Tc20 ((SSF;) 99.99% "), 83.08% 021
11(Tc20- 1.95997 29.57% Tc20 (sp®%°d®%*), 70.43% 021
021) . (Sp4.77d0.01)
12(Tc20- 177556 19.81% Tc20 (sp**°d'*®°), 80.19% 021
021) . (S 99.99d0.75)

6(Tc20-N4) | 1.81562 17.10% Tc20 (sp>°’d**"), 82.90% N4 (sp>*")
o(Tc20-N5) | 1.81557 17.79% Tc20 (sp>%d>™), 82.21% N5 (sp>*°)
o(Tc20-N8) | 1.86465 12.63% Tc20 (sp®*d**), 87.37% N8 (sp**)
o(Tc20-N11) | 1.84275  14.28% Tc20 (sp>*°d**), 85.72% N11 (sp>’®)

LP(Tc20) 1.94569 Tc20 (Sp0'37d99'99)
LP(021) 1.96522 021 (SpO.Zl)
LP(N4) 1.63681 N4 (sp99.99do.oz)
LP(N5) 1.62094 N5 (Sp99.99do_01)

d,-HMPAO d LHMPAO
HOMO LUMO

Tc-d,l-HMi’AO Te-d,I-HMPAO
HOMO LUMO

Figure 2: The frontier molecular orbitals of d,I-HMPAO and *™Tc-d,I-HMPAO compounds.

HOMO/LUMO energies gap. This active substance have identical HOMO energy, but the LOMO energy
and its complex with technetium-99m radionuclide of *™Tc-exametazime compound is lower than the d,I-
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HMPAO molecule. So, the *™Tc-exametazime nuclear
medicine has more reactivity and it is an unstable
compound. The density of states (DOS) graphs (Figure
3) indicates clearly the differences in energies of the
frontier molecular orbitals of the d,|-HMPAO and
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%"Te-d,I-HMPAO compounds. Figure 4 shows the
molecular electrostatic potential (MEP) graphs of d,I-
HMPAO and *"Tc-d,I-HMPAO compounds. We can
see from these graphs that low stability and more
reactivity of ®"Tc-exametazime radiopharmaceutical
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Figure 3: The density of states (DOS) graphs of d,I-HMPAO and ggmTc-d,I-HMPAO compounds.

d,]-HMPAO

Te-dJ-HMPAO

Figure 4: The molecular electrostatic potential (MEP) graphs of d,I-HMPAO and *™Tc-d,I-HMPAO

compounds.

is due to its Tc=0 core. It is necessary to say that the
blue and red loops of the MEP graphs are related to the
electron-poor and electron-rich parts of the molecular
structures, respectively.

Spectral study of dJl-HMPAO and *"Tc-d,I-
HMPAQO compounds

Chemical analysis and identification of real structure
of radiopharmaceuticals are more difficult due to the
low half time of the radioisotopes [50-52]. So, the
theoretical spectral study of nuclear medicines can give
us important information about their structures. During
this part of the article, CD, UV-Vis and IR spectra of
the studied compounds will be discussed.

Figure 5 shows the circular dichroism (CD) spectra
of d,I-HMPAO and *™Tc-d,I-HMPAO compounds. It
can be easily seen from the CD spectra, the d,I-
HMPAO and *™Tc-d,I-HMPAO molecules have the
left- and right-handed structures, respectively. So, the
participation of the technetium radionuclide in reaction
with active substance can be easily identified by CD
spectroscopy.

The UV-Vis spectra of d,I-HMPAO and *™Tc-d,I-
HMPAO compounds have been shown in Figure 6.
D,L-HMPAO: UV-Vis [wavelength of electronic
transition (nm), energies (cm™), electronic transitions]:
a. 254090 nm (39356.095 cm'), HOMO-1 to
LUMO+1 (29%) and HOMO to LUMO+1 (70%)
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b. 252.821 nm (39553.702 cm™), HOMO-1 to LUMO
(58%) and HOMO to LUMO (41%)
¢. 230.110 nm (43457.453 cm™), HOMO-1 to LUMO
(41%) and HOMO to LUMO (59%)
%¥"Te-d,I-HMPAO: UV-Vis [wavelength of electronic
transition (nm), energies (cm™), electronic transitions]:

a. 471.061 nm (21228.659 cm™), HOMO-2 to LUMO
(34%), HOMO-1 to LUMO (29%), HOMO to LUMO
(16%), HOMO-3 to LUMO (5%) and HOMO-2 to
LUMO+2 (2%)

8 & 8
b 5 [l 1
o d,I-HMPAO s | || ||Tc—d,I—HMPAD s
5 4 N 2k || | 10,
= | =
4 s g D-———————————ﬁl | | ff B é
3 o —3f | (11 )
= | U 6 2
2k 2= —4 | | =
4
il = I
! |
o= | * -8} || 2
II
“doo 300 a0 5o €00 700 @08 ~'6o =0 400 sto 600 700 @00

Wavelength (rim)

Wavelength [nmj)

Figure 5: The CD spectra of d,I-HMPAO and **™Tc-d,I-HMPAO compounds.
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Figure 6: The UV-Vis spectra of d,I-HMPAO and *"Tc-d,I-HMPAO compounds.

b. 444.321 nm (22506.250 cm™), HOMO to LUMO
(78%), HOMO-1 to LUMO (7%) and HOMO-2 to
LUMO (7%)

c. 405930 nm (24634.762 cm™), HOMO-2 to
LUMO+1 (39%), HOMO-1 to LUMO+1 (34%),

HOMO-3 to LUMO+1 (7%) and HOMO to LUMO+1
(4%)

Figure 7 shows the IR spectra of the molecular
structures under study. Here, the main harmonic
frequencies (cm™) of the structures are discussed.
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Figure 7: The IR spectra of d,I-HMPAO and *™Tc-d,I-HMPAO compounds.

Table 3: The charges on the atoms of d,I-HMPAO and *"Tc-d,I-HMPAO compounds.

Atoms d,I-HMPAO ¥MTe-d,I-HMPAO
Tc20 - 1.052

021 - -0.433

N4 -0.191 -0.509

N5 -0.197 -0.518

N8 -0.067 -0.171

N11 -0.055 -0.143

Table 4. The frontier molecular orbitals energies data of d,I-HMPAO and *™Tc-d,I-HMPAO compounds.

Compounds HOMO (eV) LUMO (eV) GAP (eV)
d,l-HMPAO -5.93 -0.12 5.81
¥MT¢-d,I-HMPAO -5.93 -2.09 3.84

D,L-HMPAO: 15.621, 22.011, 34.703, 47.522,
63.401, 92.446, 106.001, 110.526, 118.585, 141.143,

3084.239, 3091.724, 3096.896, 3106.811, 3116.213,
3122.620, 3123.999, 3130.067, 3507.561, 3526.835,

182.239, 190.083, 200.376, 219.960, 228.613, 3554.265, and 3559.626.

246.202, 251.589, 253.222, 266.390, 294.562, #¥MTe-d,1-HMPAO: 52.264, 62.939, 84.412, 108.607,
325.442, 336.460, 360.590, 379.389, 422.331, 126.889, 142.592, 159.236, 174.481, 180.140,
434.325, 456.229, 464.718, 470.928, 483.607, 198.816, 208.369, 229.790, 233.529, 241.382,
492.186, 510.048, 584.063, 673.295, 676.691, 260.278, 261.883, 272.247, 280.577, 300.036,
724.933, 768.124, 793.730, 869.493, 877.011, 304.559, 351.496, 357.181, 372.591, 388.761,
904.734, 906.546, 914.154, 928.903, 934.451, 390.415, 418.216, 422.769, 429.300, 467.059,
947.636, 962.123, 971.259, 990.177, 1006.335, 477.198, 496.442, 409.401, 466.608, 582.415,
1017.473, 1037.449, 1064.062, 1076.801, 1082.985, 616.444, 631.486, 702.228, 716.270, 797.435,
1105.093, 1118.522, 1140.1984, 1178.613, 1186.810, 857.919, 890.379, 892.471, 894.326, 928.151,
1205.558, 1236.903, 1249.438, 1287.126, 1298.757, 932.389, 944.657, 947.271, 962.618, 968.995,
1300.558, 1311.765, 1324.400, 1331.443, 1343.215, 986.383, 1009.709, 1025.424, 1052.169, 1064.225,

1349.051, 1373.974, 1377.113, 1378.629, 1385.439,
1391.694, 1410.316, 1434.952, 1435.408, 1453.396,
1455.878, 1458.668, 1460.510, 1465.875, 1466.903,
1472.558, 1478.273, 1486.429, 1491.781, 1503.252,
1508.230, 1708.129, 1709.041, 2873.911, 2922.750,
2925.789, 2980.329, 3013.409, 3018.146, 3019.789, 1423.270, 1455.148, 1455.300, 1459.110, 1461.668,
3023.152, 3025.745, 3027.842, 3031.610, 3033.088, 1463.945, 1467.046, 1472.413, 1476.895, 1480.825,
2463

1073.225, 1074.248, 1089.459, 1132.140, 1137.542,
1151.599, 1158.428, 1172.995, 1193.121, 1210.011,
1221.506, 1227.812, 1280.433, 1283.271, 1295.531,
1303.319, 1314.564, 1332.252, 1341.994, 1351.198,
1381.278, 1382.888, 1384.624, 1387.235, 1393.658,
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1487.859,
2919.878,
2992.349,
3088.401,
3128.735,
3172.156.

Conclusions

1532.919, 1653.978, 1704.980, 1862.880,
2931.111, 2938..489, 2956.371, 2986.704,
3023.354, 3030.463, 3035.826, 3038.518,
3096.058, 3100.984, 3111.953, 3112.935,
3129.124, 3150.605, 3169.286, and

During the present study, the structural and spectral
(UV-Vis, IR and CD) properties, stability and
reactivity of the active substance d,I-HMPAO and its
complex with the technetium-99m radioisotope are
discussed. All discussions and investigations have been
done based on theoretical studies. The molecular
structures have been optimized in the gas phase at
B3LYP/cc-pVDZ level of theory. The technetium atom
of the nuclear medicine under study has been
computed with Lanl2DZ basis set of theory. It can be
deduced from the discussion about the studied
structures that the Tc=O core composes square
pyramidal geometry with the nitrogen atoms of the
active substance. Also, our calculations show the
stability of the technetium complex is lower than the
active substance.

Computational method

During present research, all calculations were carried
out by Gaussian 03 package [53] using density
functional theory (DFT) computational method by
B3LYP functional with cc-pVDZ basis set. The
Lanl2DZ basis set was used for the technetium-99m
radionuclide. The computations were done in the gas
phase at room temperature. It wasn’t shown any
imaginary frequency in IR computation for the
molecular structures. It proves accuracy of our
computations.
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