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Interaction between threonine and cadmium cation
in [Cd(Thr)n]2+ (n = 1—3) complexes: density functional calculations
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Structures corresponding to energy minima and the binding of cadmium cation to threo�
nine (Thr) in model systems [Cd(Thr)n]2+ (n = 1–3) were studied theoretically. Quantum
chemical computations were performed within the framework of the density functional theory
using the B3LYP, BLYP, and P functionals. In the optimized structures of the complexes
[CdThr]2+ and [Cd(Thr)2]2+, threonine acts as a bidentate ligand and cadmium binds to
oxygen atoms of carbonyl and hydroxyl groups with the formation of one and two six�mem�
bered rings, respectively. In the complex [Cd(Thr)3]2+, cadmium binds to three nitrogen atoms
and three oxygen atoms of carbonyl groups in three Thr molecules to form three five�mem�
bered rings.
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functional theory.

Complexes of amino acids with metal cations play an
important role in biological processes. They have been
studied both experimentally and theoretically.1—8 The
main metabolic feature of cadmium is an exceptionally
long biological half�life resulting in a virtually irreversible
accumulation of the metal in the body throughout life.
In blood, more than 90% of cadmium is found in cells.
Cadmium is a relatively rare element (abundance in the
Earth crust is estimated to be 0.2 mg kg–1) and is not
found in the pure state in nature.9,10 The average amount
of cadmium inhaled daily by humans in rural, urban, and
industrialized areas should not exceed 0.01, 0.2, and
0.4 μg, respectively.3 In food, the concentration of cad�
mium is in the range 1—50 μg kg–1 in meat, fish, and fruits
and 10—300 μg kg–1 in stable foods such as wheat, rice, and
potatoes. The highest cadmium levels (100—1000 μg kg–1)
are found in the internal organs (kidney and liver) of
mammals and in species of mussels, scallops, and oysters.
The average amount of cadmium absorbed via food can
thus be estimated at about 1 μg kg–1.11—13 Cadmium is first
transported to the liver through the blood and binds there
to proteins to form complexes that are subsequently trans�
ported to the kidneys. Cadmium accumulates in kidneys,
where it damages filtering mechanisms. This causes the
excretion of essential proteins (in particular, threonine)
and sugars from the body and further kidney damage.
It takes a very long time before cadmium that has accu�
mulated in kidneys is excreted from a human body.

The main goal of the present work was to use the
density functional theory calculations to study the inter�
action of threonine with cadmium cation (Cd2+) and the
formation of threonine complexes with cadmium Cd2+—
(Thr)n (n = 1—3).

Calculation Procedure

In this work, calculations of the model systems
[Cd(Thr)n]2+ (n = 1–3) were carried out within the frame�
work of the density functional theory with the B3LYP, BLYP,
and P functionals (hereafter, the B3LYP, BLYP, and P
methods, respectively) using the GAUSSIAN�98 program
package.14 The [Cd(Thr)n]2+ fragment was considered as
a doublet molecule, with partitioning of the basis set. For
systems containing C, H, N, and O atoms, the 6�31G*
basis set was used; for cadmium, the LANL2DZ basis set
was used. Threonine is a tetradentate ligand; therefore,
we studied the interactions of cadmium with oxygen
atoms of carbonyl, hydroxyl, and acidic OH groups as
well as the nitrogen site and the formation of isomeric
structures of the complex [CdThr]2+. To identify the most
stable isomer, calculations were performed without any
symmetry constraints. Test calculations on the most stable
isomers of the complexes [Cd(Thr)2]2+ and [Cd(Thr)3]2+

were carried out by the B3LYP, BLYP, and P methods
with full geometry optimization.
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Results and Discussion

Complex [CdThr]2+. In this case, cadmium was
allowed to coordinate to the nitrogen and different oxy�
gen sites. Therefore, we considered six isomeric structures
(1—6) corresponding to energy minima (Fig. 1). The
lowest energies of the isomers were obtained by the BLYP
method (Fig. 2).

The relative energies of structures 1—6 are collected
in Table 1. The most stable is structure 6. It contains
cadmium coordinated to oxygen atoms of carbonyl and
hydroxyl groups and a six�membered ring, which is more
stable than four� or five�membered rings because of a
much lower angular strain compared to other structures.

Selected geometric parameters of structure 6 are listed
in Table 2.

Complex [Cd(Thr)2]2+. Prior to geometry optimiza�
tion, we assumed that in the complex [Cd(Thr)2]2+ two
threonine ligands are coordinated at nitrogen sites and
oxygen atoms of carbonyl groups to form two five mem�
bered�rings.

According to calculations, in the optimized structure
of the complex [Cd(Thr)2]2+ cadmium is coordinated with
oxygen atoms of carbonyl and alcohol hydroxyl groups in
the main chain of the amino acid molecule. It should be
noted that the optimized structure contains two six�mem�
bered rings (Fig. 3) having a lower angular strain com�
pared to five�membered rings. The energies and selected
geometric parameters of the optimized structure of com�
plex [Cd(Thr)2]2+ (see Fig. 3) are listed in Tables 3
and 4, respectively. The lowest energy of the complex
[Cd(Thr)2]2+ was obtained by the B3LYP method.

Complex [Cd(Thr)3]2+. Initially, we assumed that in
the complex [Cd(Thr)3]2+ each of the three threonine
ligands is coordinated at the oxygen atom of carbonyl
group and the nitrogen atom to form a structure with
three five�membered rings. Indeed, geometry optimiza�
tion showed that cadmium is coordinated to all oxygen
atoms of carbonyl groups and all nitrogen atoms and the
optimized structure contains three five�membered rings
(Fig. 4) unlike the trend shown in the structures of the
complexes [Cd(Thr)2]2+ and [Cd(Thr)]2+. The results

Fig. 1. Isomeric structures 1—6 of complex [CdThr]2+ corresponding to energy minima.
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obtained are due to the influence of steric effects which
are more pronounced than in other cases because of the
addition of three amino acid molecules. Thus, in the com�
plex [Cd(Thr)3]2+ the five�membered rings are more stable
than the six�membered rings. The energies and selected
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Fig. 2. Energies (E) of structures 1—6 of the complex [Cd(Thr)]2+

obtained from P (1), B3LYP (2), and BLYP (3) calculations.

Table 1. Relative energies (ΔE) of structures 1—6
of the complex [Cd(Thr)]2+ calculated by different
methods

Isomer ΔE/kcal mol–1

P BLYP B3LYP

1 31.38 17.26 25.10
2 156.88 96.40 119.23
3 43.92 23.01 25.15
4 50.20 23.53 37.65
5 94.12 69.56 75.30
6 0 0 0

Table 2. Selected bond lengths (d) and bond angles
(ω) in the optimized structure 6 of the complex
[CdThr]2+

Bond d/Å Angle ω/deg

Cd—O(1) 2.26 O(1)—Cd—O(2) 84.96
C(2)—C(3) 1.56 C(2)—C(3)—O(2) 105.34
C(1)—C(2) 1.55 C(1)—C(2)—C(3) 109.99
Cd—O(3) 2.28 C(1)—O(1)—Cd 107.72
C(1)—O(1) 1.26 C(3)—O(2)—Cd 114.63
C(3)—O(2) 1.50 O(1)—C(1)—C(2) 122.84

Structure

Structure

Table 3. Energies (E) of the complexes [Cd(Thr)2]2+

and [Cd(Thr)3]2+ calculated by different methods

Complex –E/Hartree

B3LYP BLYP P

[Cd(Thr)2]2+ 924.12 924.03 917.65
[Cd(Thr)3]2+ 1362.43 1362.17 1353.46

Table 4. Selected bond lengths (d) and bond angles (ω)
in the complex [Cd(Thr)2] 2+ calculated by the B3LYP
method

Bond d/Å Angle ω/deg

Cd—O(1) 2.34 O(1)—Cd—O(2) 79.95
Cd—O(2) 2.34 O(1´)—Cd—O(2´) 82.15
Cd—O(1´) 2.22 C(1)—O(1)—Cd 109.76
C(1)—O(1) 1.23 C(2)—O(2)—Cd 116.73
C(1´)—O(1´) 1.25 C(2´)—O(2´)—Cd 125.26
Cd—O(2´) 2.25 C(1´)—O(1´)—Cd 132.34

Fig. 3. Optimized structure of the complex [Cd(Thr)2]2+.

C(1)O(1)

C(2)
O(2)

O(1´)(C1´)

C(2´)

Cd

O(2´)

O(1´)
C(1´)

O(1)

C(1)

C(1″) O(1″)

N″

Fig. 4. Optimized structure of the complex [Cd(Thr)3]2+.

Cd

N

N´



DFT calculations of [Cd(Thr)n]2+ complexes Russ.Chem.Bull., Int.Ed., Vol. 59, No. 5, May, 2010 889

geometric parameters of the optimized structure of this
complex are listed in Tables 3 and 5, respectively. The
lowest energy of the complex [Cd(Thr)3]2+ was obtained
from the B3LYP calculations.

The most important results presented above can be
summarized as follows. We have shown that in the opti�
mized structures of the complexes [Cd(Thr)]2+ and
[Cd(Thr)2]2+ cadmium is coordinated to oxygen atoms of
carbonyl and hydroxyl groups and the structures contain
one and two six�membered rings, respectively. According
to calculations, six�membered rings are more stable than
the four� or five�membered rings because of much lower
angular strain. Unlike the complexes [Cd(Thr)2]2+ and
[CdThr]2+, in the optimized structure of the complex
[Cd(Thr)3]2+ cadmium is coordinated to oxygen atoms of
three carbonyl groups and three nitrogen atoms in such a
fashion that three five�membered rings are formed. This
is due to steric effects. The lowest energies were obtained
using the BLYP (for the complex [CdThr]2+) and B3LYP
(for the complexes [Cd(Thr)2]2+ and [Cd(Thr)3]2+)
functionals. It is noteworthy that the Cd–O bonds in the
complex [CdThr]2+ are shorter than in the complexes
[Cd(Thr)2]2+ and [Cd(Thr)3]2+ for which steric effects are
more pronounced because of the addition of several amino
acid molecules.
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Table 5. Selected bond lengths (d) and bond angles (ω) in
the complex [Cd(Thr) 3]2+ calculated by the B3LYP method

Bond d/Å Angle ω/deg

Cd—O(1´) 2.41 O(1)—Cd—N 69.31
Cd—O(1) 2.50 O(1)—Cd—N 69.51
Cd—N 2.47 O(1)—Cd—N 70.30
C(1´)—O(1´) 1.21 C—N—Cd 109.33
C(1´´) —O(1´´) 1.20 C—N—Cd 112.15
C(1)—O(1) 1.20 C—N—Cd 113.88
Cd—O(1´) 2.48 C(1)—O(1)—Cd 119.16
Cd—N´´ 2.43 C(1´´)—O(1´´)—Cd 120.39
Cd—N´ 2.45 C(1)—O(1)—Cd 122.79
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