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Departament de Quı́mica, UniVersitat Autònoma de Barcelona, Bellaterra 08193, Spain, and Laboratoire
Analyse et Modélisation pour l’Analyse et l’EnVironnement, CNRS UMR 8587, UniVersité
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This article analyzes the interaction between cobalt cations and lysine both theoretically and experimentally.
The influence of d orbital occupation in Co+/2+ cations and the side chain of lysine on the relative stability
of the different coordination modes was studied by means of theoretical methods. The structure and vibrational
frequencies were determined using the B3LYP and BHLYP methods. Single-point calculations were also
carried out at the CCSD(T) level. For both systems, Co+-lysine and Co2+-lysine, the most stable structure
results from the interaction of neutral lysine to the metal cation through the two amino groups and the carbonyl
oxygen, the ground electronic state being a 3A in the case of Co+ and 4A for the Co2+ system. This is in
contrast to that found for Co2+ interacting with glycine in which the most stable structure has the amino acid
in its zwitterionic form, which points out the importance of the side chain.

Introduction

Transition-metal cations are involved in a great number of
fundamental processes for living organisms. A third of all
structurally characterized proteins are metalloproteins,1 and
many of them involve transition metals that are essential for
their catalytic and structural properties.2,3 However, excess
concentration of different transition-metal cations such as cobalt,
zinc, or nickel is toxic. Thus, the concentration of these cations
has to be regulated. For example, as a response to metal toxicity,
living systems have developed mechanisms of resistance based
on the intracellular complexation of the toxic metal ion by
peptides such as phytochelatins, which are used by plants for
the storage of metal cations, mainly divalent ones such as Cu2+,
Zn2+, or Co2+.4 A similar function is carried out in mammals
by the terminal part (-Lys-Cys-Thr-Cys-Cys-Ala or Lys-Cys-
Ser-Cys-Cys-Ala) of some metallothioneins, which involves the
interaction of the cation with the amino acid residues. Although
the major complexation sites are the Cys residues, the study of
Lys complexation is also interesting since it can operate at high
metal cation concentrations, and the presence of the basic side
chain induces very different coordination properties compared
to other more studied amino acids. On the other hand, lysine is
an amino acid with a higher proton affinity.5,6

The noncovalent interactions between the amino acid con-
stituents of this kind of protein and peptides with metal cations
determine the structure of the molecule. A first step to
understand the coordination properties of these peptides is to
accurately evaluate each interaction between individual com-
ponents separately. In this manner, we can gain a deep insight
into the knowledge of each kind of noncovalent interaction
occurring in these systems and evaluate the relative contribution
of each of these interactions.

In this context, mass spectrometry and theoretical methods
are very valuable techniques for the study of metal cation-

biomolecule intrinsic properties. In particular, extensive work
has been done to investigate the influence of transition-metal
cations on the stability of the different forms of amino acids
and small peptides, which is reflected in the large number of
publications, experimental and theoretical, dedicated to this
topic.7-64 However, while the interaction of amino acids such
asglycine,7,9,11,13-16,18-21,25,27-31,34,36,48,60,63alanine,10,11,13,15,18-22,34,35,37,40

cysteine,11,13,15,18-20,34,37,39oraromaticaminoacids8,11,13,15,18-20,26,34,35,64

with transition-metal cations has been extensively studied, the
number of works devoted to the interaction with lysine is
smaller, most of them focusing on metal cation-amino acid
affinities.11-13,15,18-20,34,35,37,62

To the best of our knowledge, only the interaction of lysine
with Ag+ and alkali metal cations has been considered.34,62 The
lowest energy form of Ag+-lysine has predicted to be non-
zwitterionic. However, for the alkali metal cations the most
stable conformer varies depending on the size of the cation.
Other works on the interaction of metal cations with lysine-
containing peptides have explored the fragmentation patterns
of these complexes in mass spectrometry experiments.38,42

In the present study, we show the mass spectrum obtained
from an electrosprayed solution of Co2+ with lysine jointly with
a detailed theoretical analysis of the gas-phase binding chemistry
between Co+ and Co2+ cations and lysine, which is one of the
most basic amino acids. The ground electronic states of Co+

and Co2+ are 3F(3d8) and 4F(3d7), respectively. Because of their
open shell nature, the interaction of these cations with amino
acids can lead to several low-lying electronic states arising from
different metal d occupation. Moreover, depending on the degree
of metal complexation, the relative stability of different spin
electronic states could vary. Thus, in addition to the triplet states
derived from the interaction of the 3F(3d8) ground state of Co+,
we also considered the singlet state that arises from the 1G (3d8)
excited state of Co+. The quintet state, arising from the (s1d7)
5F state of Co+, has not been considered since, as stated in our
previous work on Co+-glycine,63 and shows a much larger
repulsion between the metal and the ligand because of the 4s
occupation of the metal. Thus, it is reasonable to expect that
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the increase in the number of basic centers coordinated to the
metal cation will result in a larger destabilization of the quintet
state.

Experimental Section

Electrospray mass spectrum was recorded on an Applied
Biosystems/MDS Sciex API2000 triple-quadrupole instrument
fitted with a “turboionspray” ion source. Sample was introduced
in the source using direct infusion with a syringe pump, at a
flow rate of 10 µL/min. Ionization of the samples was achieved
by applying a voltage of 5.0 kV on the sprayer probe and by
using a nebulizing gas (GAS1, air) surrounding the sprayer
probe, intersected by a heated gas (GAS2, air) at an angle of
approximately 90°. The operating pressure of GAS1 and GAS2
was adjusted to 2.0 bar, by means of an electronic board
(pressure sensors), as a fraction of the air inlet pressure. The
curtain gas (N2), which prevents air or solvent from entering
the analyzer region, was similarly adjusted to a value of 2.0
bar. The temperature of GAS2 was set to 70 °C. The declus-
tering potential (DP), defined as the difference of potentials
between the orifice plate and the skimmer (grounded), typically
referred to as the “cone voltage” for other electrospray interfaces,
was adjusted to 5 V to give the maximum intensity of the peak
of interest.

Lysine and cobalt salts were purchased from Aldrich and were
used without further purification. Sample solutions were pre-
pared from CoSO4 ·H2O/amino acid mixture with concentrations
of 10-4 mol L-1 in a methanol/water 1:1 solvent.

Methods

Molecular geometries and harmonic vibrational frequencies
of the considered structures were obtained using the nonlocal
hybrid three-parameter B3LYP density functional approach,65-67

as implemented in the Gaussian 03 set of programs package.
Previous theoretical calculations showed that theB3LYP ap-
proach is a cost-effective method for studying transition-metal
ligand systems.68-71 However, recent studies carried out in our
group demonstrated that, for systems where the spin delocal-
ization is important, functionals with a larger percentage of exact

exchange, such as BHLYP,72 provide better results compared
to the highly correlated CCSD(T) method. Thus, for the most
stable structures, in addition to B3LYP, we also carried out
calculations with BHLYP. Moreover, to confirm the reliability
of the DFT results for the Co+-L and Co2+-L systems, we
performed calibration calculations for selected structures using
the single and double coupled cluster method with a perturba-
tional estimate of the triple excitations CCSD(T).73 In these
calculations, all valence electrons were correlated.

Geometry optimizations and frequency calculations were
performed using the following basis set: the Co basis is based
on the (14s9p5d) primitive set of Wachters74 supplemented with
one s, two p, one d diffuse functions,75 and two f polarization
functions,76 the final contracted basis set being [10s7p4d2f]. For
C, N, O, and H we used the 6-31++G(d,p) basis set.
Thermodynamic corrections were obtained assuming an ideal
gas, unscaled harmonic vibrational frequencies, and the rigid
rotor approximation by standard statistical methods.77 Net atomic
charges and spin densities were obtained using the natural
population analysis of Weinhold et al.78,79 Open shell calcula-
tions were performed using an unrestricted formalism. All
calculations were performed with the Gaussian 03 package.80

Results and Discussion

The electrospray spectrum of the cobalt sulfate/lysine mixtures
is dependent on the cone voltage, also referred to as DP in our
instrument. The larger intensity of the peak corresponding to
Co2+-lysine (m/z ) 102.5) was obtained at DP ) 5 V. Figure
1 shows the source spectrum recorded at this value of the
declustering potential. The observation of this complex is in
contrast to what was found for glycine, since the complex
Co2+-glycine was not observed.81 This fact shows the important
role of the lateral chain of lysine in the complexation of the
metal cation. The reduced complex Co+-lysine was not
observed under electrospray conditions, showing that no reduc-
tion of the metal cation takes place in this case, in contrast to
what was observed for other metals such as Cu2+ under the same
conditions.26 This is because the most stable oxidation states of
Co in solution are +2 and +3. In electrospray, since the

Figure 1. ESI source spectrum of the solution of lysine and CoSO4 in water/methanol 1:1 solvent.
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complexes are obtained from a solution of a Co(II) salt, the +1
state is not produced. However, other techniques such as fast
atom bombardment allow obtaining Co(I) complexes such as
Co+-adenine.82 Therefore, and because in biological systems
transition-metal ions can be found in multiple oxidation states,
including the +1 charge state for cobalt,83 we included the
theoretical study of the singly charged complex.

Co+-Lysine System. As commented above, we considered
the states arising from the (d8) 3F and (d8) 1G states of Co+.
These states can interact with the 1A state of lysine leading to
a 3A and a 1A electronic state of the Co+-lysine complex. In
addition to the basic centers found in glycine, lysine has a fourth
basic center and a very flexible side chain that leads to a much
more complicated conformational pattern. To explore the
conformational space of this kind of system, a previous search
of the Li+-lysine system was performed to model the electro-
static interaction of the metal cation with the amino acid. This
primary study was carried out using the Monte Carlo multiple
minimum procedure,84 with the AMBER* force field85,86 as
implemented in the Macromodel 7.0 package.87 Moreover, some
structures not obtained in this initial conformational search but
chemically important and derived from experience and chemical
intuition were also computed. Figures 2 and 3 show the obtained
minima for the different conformers considered in the triplet
and singlet states, respectively. Singlet and triplet conformers
are similar and for the sake of brevity only the two low-lying
structures of the singlet state are shown. The other considered
structures can be found in Figure S1 of the Supporting
Information.

Computed relative energies as well as natural population
analysis of the metal cation are shown in Table 1.

It has been shown63 that the singlet-triplet separation for
Co+-containing systems is somewhat overestimated at the
B3LYP level. This overestimation is already observed for free
Co+ and deviation carries over the molecular system. Therefore,
we corrected the relative energies considering the experimental
values for free Co+ (see ref 63). The value of this correction is
-8.5 kcal mol-1, which is the difference between the experi-
mental singlet-triplet separation and that calculated at the
B3LYP level.

It should be noted that the considered structures correspond
to the most stable ones for each coordination environment, that
is, NlNtOc, NlNt, NlOc, NtOc, NtO-, OO-, where Nl is the amino
nitrogen of the side chain, Nt is the terminal amino nitrogen,
Oc is the carbonyl oxygen, and O- is the carboxylate oxygen
of the zwitterionic form of the amino acid.

All the structures show C1 symmetry and can be classified
into two main groups depending on whether the side chain
interacts with the metal cation. That is, group I includes
structures CoK1-CoK4 where the amino group of the side
chain takes part in the coordination environment of the metal
cation. Group II comprises structures CoK5-CoK8 where only
the backbone basic groups of the amino acid coordinate to the
Co cation. In the first group structures, metal coordination
involves eight- or nine-member rings, whereas in the second
case the coordination environment of the metal cation is very
similar to that found for glycine, characterized by the formation
of four- and five-member rings. This latter kind of coordination
is frequently found in metallated peptides.88

Table 1 shows that the triplet states of Co+-lysine are more
stable than the singlet ones as it happens for free Co+ and
Co+-glycine. However, the singlet-triplet difference for a
given conformation is somewhat smaller in Co+-lysine (be-
tween 21.4 and 36.0 kcal mol-1) than in Co+-glycine (between
25.8 and 38.5 kcal mol-1). For both spin states, the most stable
structure (CoK1T and CoK1S) corresponds to the metal cation
interacting with the two amino nitrogen atoms and the carbonyl
oxygen of neutral lysine. This structure was also proposed for
the interaction of lysine with Ag+34 and small alkali metal
cations such as Li+ and Na+. However, for K+, with larger ionic
radii, the preferred structure corresponds to the coordination of
a zwitterionic structure.62 In addition, for both spin states the
structures where the side chain amino group is coordinated to
the metal cation (group I) are more stable than the structures
where this center is not coordinated (group II) because of the
larger basicity of the side chain amino group. On the other hand,
if we take as the yz plane the one defined by the metal cation
and the two atoms directly bonded to it (or in the case of CoK1T
and CoK1S the plane defined by Co, the carbonyl oxygen, and
the side chain nitrogen atom), the highest singly occupied orbital
in the triplet states corresponds to the antibonding combination
of the dz2 orbital (group I structures) or the dyz orbital (group II)
with the lone pairs of the atoms of the ligand. This was to be
expected considering that occupation of that orbital would lead
to a high Pauli repulsion energy. Moreover, to reduce repulsion,
this orbital polarizes through sd hybridization (group I) or pd
hybridization (group II). As shown in Table 1, the sd hybridiza-
tion is much more effective than the pd one, since there is an
important occupation of the 4s orbital for the structures of group
I (around 0.4 electrons), while the occupation of the 4p orbital
of the metal is always around 0.01 for all the structures. In the
singlet states, this repulsive orbital is empty which allows a
more important donation from the ligand to the metal cation as

Figure 2. B3LYP-optimized geometries for the different minima of
Co+-lysine in the triplet state and relative energies including zero point
corrections (∆G0

298 in parentheses). Distances are in angstroms, and
energies are in kilocalories per mole.

Figure 3. B3LYP-optimized geometries for the low-lying conformers
of Co+-lysine in singlet state and relative energies including zero point
corrections calculated with respect to the triplet global minimum (∆G0

298

in parentheses). Distances are in angstroms, and energies in are
kilocalories per mole.
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reflected by the values of the metal cation charges shown in
Table 1. This donation is somewhat larger in the structures of
group I than in group II.

In all the conformers except CoK1T and CoK1S, the metal
cation is interacting with only two basic centers of the amino
acid. The energy ordering and the energy differences between
the isomers are very similar for both spin states. The only
exception corresponds to CoK3, which is 5.9 kcal mol-1 less
stable than the ground triplet state CoK1T but 13.6 kcal mol-1

higher in energy than the most stable isomer of the singlet state,
CoK1S.

Structures CoK5 and CoK7 of both spin multiplicities deserve
a separate comment since they are the only ones where the metal
cation interacts with the zwitterionic form of the amino acid.
In both cases, the protonation site is the amino group of the
side chain and they differ in the metal cation interaction. In
CoK5, the interaction takes place through the carboxylic oxygen
and the amino nitrogen of the backbone, resulting in a five-
member ring. In the second case (CoK7), the metal cation
interacts with the carboxylate group forming a more strained
four-member ring and consequently less stabilized.

As mentioned, the highest d metal orbital in the system is
empty in the singlet states, resulting in shorter Co-lysine
distances compared to those in the triplets. The changes between
singlet and triplet differences are more important for the metal
ligand distances of group II structures (∆dT-S ) 0.125-0.184
Å) than for the group I ones (∆dT-S ) 0.039-0.092 Å). This
is because in the group I triplet structures the sd hybridization
reduces the electron density in the internuclear axis allowing
the shortening of the bonds.

Another aspect different from that found for the Co+-glycine
system is the presence of agostic interactions in the coordination
of lysine to Co+, that is, the interaction between the cobalt cation
and a σ C-H bond. It can be observed in Figures 2 and 3 that
this kind of interaction, found in structures of group I, is
established always with the γ carbon and is more important for
the singlet than for the triplet states. The Co-H distances range
from 1.647 to 1.722 Å in the singlets and from 2.031 to 2.142
Å in the triplets. As a consequence, the C-H distances in the
singlets (1.154-1.160 Å) become larger than in the triplet states
(1.106-1.113 Å). This kind of interaction was observed before
for Cu+ and Ni+ complexes89-92 and was interpreted in terms
of donation from the C-H σ bonding orbital to the vacant
orbitals of the metal cation and a back-donation from a filled

orbital of the metal to the C-H σ* antibonding orbital. This
interpretation also applies in our case. For example, the second-
order NBO orbital interaction analysis for structure CoK2S
shows a donation from the Cγ-H σ bonding orbital to the vacant
3d and 4s orbitals of Co associated with an interaction energy
of 33 kcal mol-1. Simultaneously, there is a back-donation from
a filled d orbital of Co toward the Cγ-H σ* antibonding orbital
associated with an interaction energy of 10 kcal mol-1.

HCo+(Lys-H) Transferred Structures. The presence of
agostic interactions made us think about the possibility of finding
structures arising from the migration of one H atom from the
interacting σ bond to the metal cation. We considered all the
structures derived from the transfer of the γ or δ hydrogen atom
to the metal cation. Figure 4 shows the optimized geometries
and Table 2 the computed relative energies as well as the charge
and spin of the metal cation derived from natural population
analysis. For the sake of brevity, we show only the most stable
structure of the two possible ones for each type of coordination.
It can be observed that, in all cases, in addition to the bonds
between the metal atom and the basic centers, two new bonds
are established between the metal ion and the H and C atoms
involved in the previous agostic interaction. Moreover, all the
structures show a similar coordination environment around the
metal, that is, octahedral-like with one or two vacant positions.
The obtained structures are always less stable that the ground-
state structure for Co+-lysine (CoK1T). However, while the
transferred triplet state structures are higher in energy than the
corresponding nontransferred structures (between 27.8 and 36.0
kcal mol-1), the transferred singlet structures are more stable
than the nontransferred ones (between 9.1 and 16.3 kcal mol-1).
As a result, there is an inversion of the relative stability of both
states in the transferred structures, the singlets becoming more
stable than the triplets. This was to be expected if one considers
that the transfer of the hydrogen atom increases in two the
number of ligands attached to the metal center, which results
in a larger destabilization of the triplet state in front of the singlet
state, with an empty d orbital.

Co2+-Lysine System. As in the case of Co2+-glycine, we
considered only the quartet spin state (d7) of Co2+ since the
doublet states lie much higher in energy and coordination is
not expected to reverse the doublet-quartet relative energy. To
find the most stable structures for each coordination environ-
ment, we followed the same procedure as for Co+-lysine.
Figure 5 and Table 3 show the optimized geometries for the

TABLE 1: Relative Energies Including Zero Point Corrections of Co+-Lysine (Kilocalories per Mole) and Population Analysis
at the B3LYP Level

Co natural population

structure coordination state ∆E 4s 3d q(Co) spin(Co)

CoK1T Nl, Nt, OC
3A 0.0 0.34 7.89 0.76 1.93

CoK2T Nl, Nt
3A 4.5 0.42 7.85 0.71 1.96

CoK3T Nl, OC
3A 5.9 0.43 7.80 0.76 1.96

CoK4T Nl, Nt
3A 6.6 0.42 7.85 0.71 1.96

CoK5T Nt, OC
3A 16.3 0.22 7.94 0.82 1.91

CoK6T Nt, OC
3A 21.1 0.13 8.00 0.85 1.94

CoK7T O, O- 3A 24.6 0.18 7.97 0.84 1.95
CoK8T Nt, OC

3A 28.2 0.12 8.00 0.87 1.95
CoK1S Nl, Nt, OC

1A 28.3 0.24 8.17 0.57 0.00
CoK2S Nl, Nt

1A 32.5 0.24 8.16 0.59 0.00
CoK4S Nl, Nt

1A 34.6 0.24 8.16 0.59 0.00
CoK5S Nt, OC

1A 37.6 0.36 8.01 0.61 0.00
CoK3S Nt, OC

1A 41.9 0.37 7.94 0.68 0.00
CoK6S Nt, OC

1A 45.0 0.32 8.02 0.65 0.00
CoK7S O, O- 1A 52.6 0.34 8.00 0.65 0.00
CoK8S Nt, OC

1A 53.2 0.30 8.02 0.67 0.00
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different localized minima and the computed relative energies
and the natural population analysis of the metal cation. The
obtained isomers are very similar to those found for Co+-lysine.
The only difference is the absence of a CoK6 type structure
and the presence of CoK9Q, which was obtained when
optimizing the CoK6-type structure in the quadruplet state.
During the optimization process, the H atom of the amino
terminal group was spontaneously transferred to the side chain
amino group the structure evolving to CoK9Q to reduce
repulsion between the positively charged NH3

+ and the metal
cation. Such proton transfer responds to an increase of acidity
of the NH2 group upon coordination to Co2+.

The most stable structure of Co2+-lysine, CoK1Q, shows
the same type of coordination as the monocharged complex.
This is different from that found for other amino acids such as
glycine, where the interaction with the divalent cation prefer-
entially stabilizes a zwitterionic structure. In the case of lysine,
the interaction with the third basic center and the agostic
interaction compensate the enhanced electrostatic interaction
between the carboxylate group and the doubly charged metal
cation in the zwitterionic structure. This fact illustrates the great
importance of the side chain in the stabilization of the neutral
forms of the amino acid upon the interaction with metal cations.
The following structures in order of energy correspond to two
zwitterionic ones, CoK5Q and CoK9Q, thus showing a very
different order to that found for the monocharged systems. On
the other hand, the metal charge of the Co atom (Table 3)
indicates that charge transfer from the ligand to the metal cation
is somewhat more important than in the case of the singly
charged complexes. However, the spin remains mostly localized
over the metal cation. This charge transfer is especially important
in the case of CoK8Q for which an oxidation of the side chain
at the amino group takes place. Because of this oxidation, the
amino group becomes almost planar and the conformation of
lysine in this structure minimizes the repulsion between the
oxidized amino group and the metal cation.

As found for the Co+/2+-glycine complexes, the metal ligand
distances in Co2+-lysine are shorter than the distances in the
triplet state of Co+-lysine because of the enhancement of the
electrostatic interaction. However, the Co2+-lysine distances
are larger than the distances in the singlet state structures because
of the occupation of the most repulsive orbital in the
Co2+-lysine system, which leads to a larger Pauli repulsion.
Once more, we find in Co2+-lysine the agostic interactions
described for the monocations in all the structures of group I
(CoK1Q-CoK4Q). Optimized geometries indicate that these
interactions are larger for Co2+ than for Co+. However, the
transferred structures in the case of the dication lie more than
50 kcal mol-1 higher in energy than CoK1Q and consequently
will not be presented.

Finally, Figure 6 shows the IR spectrum of the most stable
structure of Co2+-lysine. The vibrational frequencies have been
scaled by 0.96.93 Several features can be emphasized: the
coordination to the carbonylic oxygen induces a red shift of
179 cm-1 with respect to that in free lysine (Figure S2 of the
Supporting Information), leading to an intense CdO stretching
band at 1585 cm-1; the band corresponding to the COH out-
of-plane bending, found at 709 cm-1, is also red-shifted by 153
cm-1 because of the loss of the OH · · ·NH2 hydrogen bond in
the complex; the broadband at 3288 cm-1 comprises the
symmetric and asymmetric NH2 stretchings of both amino
groups which are shifted to lower energies by about 80 cm-1

because of their coordination to the metal cation. All these shifts
are significantly larger than those found for singly charged

Figure 4. B3LYP-optimized geometries for the different minima of
the triplet (a) and singlet (b) states of the transferred structures of
Co+-lysine and relative energies including zero point corrections
(∆G0

298 in parentheses). Distances are in angstroms, and energies are
in kilocalories per mole.

TABLE 2: Relative Energies Including Zero Point Corrections of the Transferred Structures of Co+-Lysine (Kilocalories per
Mole) and Population Analysis at the B3LYP Level, with Respect to the Most Stable, CoK1T, Singly Charged Structure

Co natural population

structure coordination state ∆E 4s 3d q(Co) spin(Co)

CoK3T-Hγ Nl, OC, C, H 3A 33.7 0.41 7.51 1.06 2.10
CoK1T-Hγ Nl, Nt, OC, C, H 3A 34.4 0.37 7.39 1.21 2.10
CoK2T-Hγ Nl, Nt, C, H 3A 40.3 0.42 7.56 0.99 1.67
CoK4T-Hγ Nl, Nt, C, H 3A 42.6 0.42 7.57 0.99 1.67
CoK1S-Hδ Nl, Nt, OC, C, H 1A 12.0 0.35 7.98 0.65
CoK2S-Hγ Nl, Nt, C, H 1A 23.2 0.38 7.99 0.62
CoK4S-Hγ Nl, Nt, C, H 1A 25.5 0.38 7.99 0.62
CoK3S-Hγ Nl, OC, C, H 1A 25.8 0.36 7.94 0.69
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transition metals interacting with amino acids64 pointing out the
importance of the electrostatic effects. The band found at 2778
cm-1 corresponding to the CγH stretching is also remarkable,
and it is red-shifted by 104 cm-1, confirming the agostic
interaction between the Cγ-H bond and the metal.

Interaction Energies. Table 4 shows the computed interac-
tion energies for the most stable structure of Co+-lysine and
Co2+-lysine. In both cases, the coordination of the basic side
chain of lysine to the metal cation results in an increase in the
interaction energy. Thus, for the monocation, at the B3LYP
level, the lysine metal cation affinity (∆H0

298(Co+-Lys) ) 107.8
kcal mol-1) is 37.5 kcal mol-1 larger than that of glycine
(∆H0

298(Co+-Gly) ) 70.3 kcal mol-1), whereas for the dication

the affinity increases 87.4 kcal mol-1 from glycine
(∆H0

298(Co2+-Gly) ) 189.2 kcal mol-1) to lysine
(∆H0

298(Co2+-Lys) ) 276.6 kcal mol-1). On the other hand,
the metal cation affinity for Co+ is larger than the previously
reported value for Ag+ because of the large radius of Ag+ and
the complete occupation of the d orbitals in this metal cation,
which leads to longer metal-ligand distancies, thereby reducing
the electrostatic interaction.

It can be observed that the values at the B3LYP level are
somewhat larger than those at the BHLYP one. Recent studies
in our group94,95 showed that systems with an important spin
delocalization functionals with a larger amount of exact
exchange, such as BHLYP, compare better with the CCSD(T)
results than GGA or functionals with a small percentage of exact
exchange such as B3LYP. The reason is that these latter

Figure 5. B3LYP-optimized geometries for the different minima of Co2+-lysine and relative energies including zero point corrections (∆G0
298 in

parentheses). Distances are in angstroms, and energies are in kilocalories per mole.

TABLE 3: Relative Energies Including Zero Point Corrections of Co2+-Lysine (Kilocalories per Mole) and Population
Analysis at the B3LYP Level

Co natural population

structure coordination state ∆E 4s 3d q(Co) spin(Co)

CoK1Q Nt, Nl, OC
4A 0.0 0.26 7.25 1.46 2.74

CoK5Q Nt, OC
4A 14.2 0.18 7.33 1.48 2.64

CoK9Q Nt, OC
4A 14.8 0.19 7.49 1.30 2.46

CoK3Q Nl, OC
4A 21.8 0.24 7.26 1.49 2.73

CoK7Q O, O- 4A 24.9 0.17 7.31 1.50 2.68
CoK2Q Nt, Nl

4A 27.3 0.30 7.24 1.44 2.76
CoK4Q Nt, Nl

4A 31.3 0.30 7.22 1.45 2.81
CoK8Q Nt, OC

4A 32.8 0.12 7.75 1.12 2.22

Figure 6. Computed infrared spectrum for the most stable structure
of Co2+-lysine (CoK1Q).

TABLE 4: Interaction Energies (De, D0, ∆H0
298, ∆G0

298)
(Kilocalories per Mole) of Co+-Lysine and Co2+-Lysine

Co(I) Ag(I)a Co(II)

De B3LYP 107.8 278.8
BH and HLYP 99.2 265.0
CCSD(T) 109.9b 271.8

D0 106.3c 267.6c

∆H0
298 107.8d 71.0 269.6d

∆G0
298 95.3d 62.4 256.0d

a Reference 34. b Computed at the B3LYP geometry. c Determined
using the CCSD(T) value and the B3LYP unscaled harmonic frequencies.
d After taking into account thermal corrections at the B3LYP level.
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functionals overestimate delocalized situations, as a result of a
bad cancelation of the self-interaction part by the exchange-
correlation functional.96 However, in the case of Co+-lysine,
the spin delocalization is small (Table 1) and the value computed
at the B3LYP level is in excellent agreement with the CCSD(T)
one. In the case of Co2+, the difference between both functionals
is somewhat larger than for Co+ but, since spin density in
CoK1Q is mainly located at the metal atom, the B3LYP result
is reasonably accurate compared to the CCSD(T) one. In fact,
the CCSD(T) value lies just in between the B3LYP and BHLYP
values.

Conclusions

The reaction of cobalt sulfate with lysine in the electrospray
source leads to the formation of the Co2+-lysine complex.
However, the Co+-lysine one is not observed, indicating that
no reduction of the metal cation is produced at the experimental
conditions.

In the computational study of the binding of cobalt cations,
Co+ and Co2+, to lysine, several coordination modes as well as
different electronic states arising from the triplet and singlet
(3d8) states of Co+ and quartet states (3d7) of Co2+ were
considered.

For Co+-lysine, the ground-state structure is found to be
tridentate through both amino groups and the carbonyl oxygen
of neutral lysine, the ground electronic state being 3A. Although
lysine has one more basic center than glycine, which leads to a
higher coordination of the metal atom, the singlet-triplet
difference is not significantly reduced from that found for
Co+-glycine. For both spin states, the structures with the amino
group of the side chain interacting with the metal cation are
more stable than those with the terminal amino group. This is
due to the larger basicity of the side chain amino group and the
possibility of reducing repulsion through sd hybridization in the
former structures. The relative energy of the different conformers
follows the same order in both spin states: the zwitterionic
triplet-state structures lie 16-25 kcal mol-1 higher in energy
than the ground-state structure and the zwitterionic singlet ones
are 9-24 kcal mol-1 higher than the most stable singlet
conformer.

In all the considered structures of the Co+-lysine system,
the d orbital having a larger overlap with lysine is empty for
singlets and singly occupied for triplets, leading to smaller
metal-ligand distances in the case of singlet states due to
smaller metal-ligand repulsion. The presence of agostic interac-
tions between the metal cation and a σ C-H bond of the ligand
in the structures where the side amino group is coordinated to
the metal center is remarkable. However, transferred structures
resulting from the migration of the H atom involved in the
agostic interaction to the metal are always higher in energy than
the most stable nontransferred one (CoK1T), although an
inversion of the relative stability of the spin states takes place.
That is, for the transferred structures the singlet structures
become more stable than the triplet ones.

For Co2+-lysine, the most stable structure shows the same
coordination environment around the metal than for Co+, that
is, Co2+ interacts with neutral lysine through the two amino
groups and the carbonyl oxygen. This is in contrast to what
was found for glycine, for which the most stable structure was
found to arise from the interaction of the zwitterionic form of
the amino acid. This fact is due to the Co2+ interaction with
the side chain of lysine and the presence of agostic interactions
in the neutral form. For both metal cations, the computed binding
energies show larger values than those previously reported for

glycine because of the coordination of the third basic center
corresponding to the side chain.
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