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Cobalt cations are open shell systems with several possible electronic states arising from the different
occupations of the 3d and 4s orbitals. The influence of these occupations on the relative stability of the
coordination modes of the metal cation to glycine has been studied by means of theoretical methods. The
structure and vibrational frequencies have been determined using the B3LYP method. Single-point calculations
have also been carried out at the CCSD(T) level. The most stable structuré-egigoine is bidentate, with

the Cao" cation interacting with the amino group and the carbonyl oxygen of neutral glycine, and the ground
electronic state beintA. For Ca"—glycine, the lowest energy structure corresponds to the interaction of the
metal cation with the carboxylate group of the zwitterionic glycine, the ground electronic state’B&ing

Introduction The aim of the present work is to provide a detailed analysis
Interactions of metal cations with amino acids and peptides ©f the gas-phase binding chemistry between” God C&*
have attracted increasing attention in the past few years, which¢@tions and glycine, the 5|mplfst amino acid. Ihe ground
is reflected in the large number of publications devoted to this €l€ctronic states of Coand Cg* are *F(3d) and “F(3d),
topic 147 This interest arises for different reasons. On one hand respectively’! Due to their open shell nature, the interaction of
metal cation binding to peptides can induce activation effects tN€S€ cations with amino acids can lead to several low-lying

which, under mass spectrometry conditions, can lead to specific€/€ctronic states arising from different metal d occupations.
fragmentations providing helpful information on the amino acid Moreover, depending on the degree of metal complexation, the

sequence of the peptided124nterpretation of the mass spectra relativg stab.illity of differgnt spin electr_onic states cc_)uld vary.
requires the accurate knowledge of the interactions betweenTh“S' in addition to the triplet states derived from the |nt.eract|on
metal cations and amino acid residues. On the other hand,°f the °F(3c) ground state of Ct we have also considered
complexes of metal cations and amino acid residues aretlhe quintet and singlet states that arise from*f@s3d") and
implicated in a great number of fundamental biological pro- G(3cP) excited states of Co

cesses, such as dioxygen transport, electron transfer, or oxida-

tion.48 In particular, cobalt cations are essential for organisms Methods

i i i i 8,49 . . . . .
as trace nutrients and are present in vitamjpiB humans Molecular geometries and harmonic vibrational frequencies
However, the excess concentration of different transition-metal ot the considered structures have been obtained using the

cations such as cobalt, zinc, or nickel is toxic. As a response of \gniocal hybrid three-parameter B3LYP density functional
metal toxicity, living systems have developed mechanisms of 555:05c2°55 as implemented in the Gaussian 98 set of
resistance based on the intracellular complexation of the toxic hroqrams. Previous theoretical calculations have shown that the

metal ion by peptides such as phytochel&fits metallothio- B3LYP approach is a cost-effective method for studying

neins’® which involves the interaction of the cation with the  ansjtion-metatligand system&-6° However, to confirm the

amino acid residues. ) , " reliability of the B3LYP results for Co—L and C&+—L
These facts have motivated the experimefital*® and systems, we have performed calibration calculations for

theoretical' 273547 study of the activation of different amino  S5+_n ,O and C8+—H,0 monohydrates. Different electronic

acids by metal cations. Theoretical methods allow us to study gtates have been computed both with B3LYP and using the
precisely the interaction of metal cations with amino acids and single and double coupled cluster method with a perturbational

small peptided;*>***fproviding accurate determinations of some  egtimate of the triple excitations, CCSDEE)In these calcula-
relevant magnitudes, such as complexation energies. Howevertions all valence electrons have been correlated.

till now most of the reported work has focused on the interaction
of alkali and alkaline-earth metals with glycige36.38.39.41,42.45
the interaction of closed shell transition-metal cations

i i 35,37-40,42-44,46 1 i - . . . . .
;N'th 3%!33/;22321,4# the b tor fOIheL metlatjamlrl?] aq:;l sy‘:,. one s diffuse function, two p diffuse functions, and one d diffuse
ems: 10 the best of our knowledge, the Interaction g, 6 $3 ang two f polarization function®,the final contracted
of cobalt cations with amino acids has not been considered from basis set being [10s7p4d2f]. For C, N, O, and H we have used
ﬁtheboretmdal point o;_wew, gond only some experimental work the 6-31H%+G(2df,2p) basis set. Thermodynamic corrections
as been done on this topfie: have been obtained assuming an ideal gas, unscaled harmonic
t Universitat Autmoma de Barcelona. vibrational frequencies, and the rigid rotor approximation by
* Universited’Evry-Val-d’Essonne. standard statistical methoffsNet atomic charges and spin

Geometry optimizations and frequency calculations have been
performed using the following basis set. The Co basis is based
on the (14s9p5d) primitive set of Wacht&supplemented with

10.1021/jp047590y CCC: $30.25 © 2005 American Chemical Society
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TABLE 1: Computed Excitation and Interaction Energies (kcal/mol)

deO AE?
system state open shell A B3LYP CCSD(T) expt!
Co* (d® °F 0.0 0.0 0.0
(std") 5F 17.3 115 9.9
(d®1G 61.1 51.4 52.8
Co*—H;0 B O-y2, Ok, 1.970 0.0 0.01
%A dz, dyy 1.989 0.06 0.0
A dz, de-y 1.994 0.08 0.04
B, de-y2, 0y, 2.006 23 21
5B, d2, Oz Gy, S 2.064 23.0 (15.6) 16.0 (14.4)
(1) °B; d2, dy, Ay, S 2.114 25.4 (18.0) 18.0 (16.4)
(2)5B, d2, Ok A2y, S 2.037 27.8 (20.4) 19.3 (17.7)
1A, c 1.923 57.9 (49.6) 50.3 (51.7)
Co**—H,0 ‘B, d2, Oz Chy 1.877 0.0 0.0
B dz, de-?, O, 1.868 33 24

a|n parentheses are given corrected values assuming errors on atomic excitation ehBefieence 51¢ The empty orbital corresponds to the
dx; orbital.

densities have been obtained using the natural populationin very good agreement with the experimental values. However,
analysis of Weinhold et & Open shell calculations have been at the B3LYP level, the energy differences are somewhat larger,
performed using an unrestricted formalism. All calculations have which has been attributed to the known tendency of the DFT

been performed with the Gaussian 98 packdge.

Results and Discussion

Calibration Calculations. Ca"t—H,0 SystemsThe relative
energies of different electronic states of'GdH,0 and C8"—
H,O are given in Table 1. Following previous calculations
reported in the literaturg®-"* we have selected the lower
electronic states of each spin state.

As for the free metal ion, the triplet states of CeH,O are

the most stable ones. However, the three lowest triplet states

are almost degenerate, thus making it impossible to assign
unique ground electronic state, as pointed out in different
previous published worké&-7* Comparing the quintet with the
triplet states, the former ones lie higher in energy. In fact, the
energy difference between the quintet and triplet states in-Co
H,0 increases compared to that of free’C®his is due to the
occupation of the 4s orbital of Cdn the quintet states, which
leads to a larger metaligand repulsion and, as a consequence,
to larger Cd—O distances. As for free Co singlet states lie
higher due to the loss of-ed exchange. However, the singtet
triplet separation in Co—H,0 is somewhat lower than the value
found for Co", showing a slight decrease of the repulsion in
the singlet state compared to the triplet ones, as reflected by
the Co-O distances. For the €b—H,0 system, we only show
the results of the two most stable quartet states. In this case w
can assign unambiguousiB; as the ground state of the system
because the energy separation between the considered states
larger than in C6—H,0.

The comparison between the CCSD(T) and B3LYP results
shows that both methods predict almost the same order of
electronic states. For Ce-H,0, however, a slight discrepancy
is shown between both methods when the triplets are considered
Nevertheless, the difference is too small to ensure a ground state
Moreover, given a spin state, the computed relative energies
are very similar at the two levels of theory. However, more

methods to overstabilize the-dl exchangé® As a result, the

d8 configuration is favored in front of théd’ one, the B3LYP
SF—3F excitation energy being larger than the CCSD(T)
excitation energy and the experimental value. Similarly \Ge

SF separation is overestimated at the B3LYP level compared to
CCSD(T). These atomic deviations carry over to the molecular
system and are responsible for the differences observed between
CCSD(T) and B3LYP methods when relative energies between
different spin states are computed. In fact, if relative energies
are corrected considering the atomic errors, CCSD(T) and
B3LYP methods provide quite close values (see Table 1).

aFinaIIy, the B3LYP-computed binding enerdyy, assuming the

3B, state of Co—H,0 (38.1 kcal/mol) is in good agreement
with the CCSD(T) value (35.9 kcal/mol) and with the experi-
mentally determined values (341 kcal/ mol)’2-74 Although
differences are somewhat larger for eH,0, the B3LYP
binding energy (98.5 kcal/mol) is also in quite good agreement
with the CCSD(T) value (89.4 kcal/mol). Therefore, the B3LYP
method appears to be a suitable enough method to stuthyCo
and CéT—L systems, as long as deviations in the atomic
excitation energies are taken into account.

Metal Cation—Glycine Complexesslycine is known to exist
in neutral form in the gas phase, the zwitterionic form not being
a minimum?>~77 However, this form can be stabilized through

ethe interaction with metal cations. Thus, we have considered

the coordination of the metal cation to both forms of glycine.
fs starting points for geometry optimizations of the neutral
form, we have considered different coordination modes that,
according to previous works, maximize the metal catiglycine
interaction?533.36-38,40-45 For the zwitterionic form only the
interaction of the metal cation with GOhas been considered.
For each complexation mode the same spin states considered

for the metal cation monohydrate systems have been computed.

' Co"—Glycine SystenFigure 1 shows the obtained minima
for Cot—glycine. The computed relative energies are given in

important discrepancies are observed when states of differentTable 2. It can be observed that all the structures involving the

multiplicities are considered; that is to say, it seems that B3LYP

coordination of the metal atom to the amino group h&je

tends to overestimate the energy differences between the tripletsymmetry while the structures involving only coordination to

and the quintet or singlet states of TeH,0.

A similar behavior is observed when the B3LYP and
CCSD(T) values of théF—3F and'G—23F energy separations
of free Co" cation are compared (see Table 1). At the CCSD(T)
level, the compute8F—S3F and'G—3F excitation energies are

oxygen atoms shoWs symmetry. For those structures witly
symmetry the lowest quintet and triplet states of bothaAd
A" symmetry have been computed.

For all three spin multiplicities the most stable structure,
«%-N,O (1), corresponds to the metal cation interacting with the
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Figure 1. B3LYP-optimized geometries for the different minima of Caglycine (n= 3, 5, 1 for triplet, quintet, and singlet states, respectively).
Distances are in angstroms, and angles are in degrees.

nitrogen atom and the carbonyl oxygen of neutral glycine. lowest monooccupied orbital is af (d") symmetry instead of
However, the relative energies of the remaining structures vary ¢ (d) symmetry (orbital 1 in Figure 2). It can be observed that
depending on the spin state. In the triplet state, the energy orderin all cases the highest monooccupied orbital (2) corresponds

of the different coordination modes4s-N,O (1) < «2-N,O (2) to the antibonding combination of onerdnetal orbital with
< k?-N,O(OH) = k2-0,0(CO0O") < «1-O(COOH). This energy the nitrogen and oxygen lone pairs of glycine. The occupation
ordering is the same as that found previously for fiand of this orbital leads to the highest Pauli repulsion. To reduce

very similar to that found for Cty®” showing that the nature of  the repulsion, orbital 2 polarizes through sd or pd hybridization
the bond between the metal cation and glycine is essentially depending on the metal coordination. While for the bicoordi-

electrostatic. nated structures polarization takes place through3tpmixing,
The bonding in the triplet complexes arises from the in monocoordinated ones 4s mixing is also observed. The nature
interaction of triplet states of Cowith the A’ state of glycine. of the second monooccupied orbital,or 7, does not have a

The natural population analysis shows that the metal charge isfundamental influence on the stability of the complex, as
in all cases larger than 0.86 and the spin density is almost revealed by the small energy difference between3keand
entirely located over the metal atom. This fact implies that the 3A" states in the complexes withs symmetry.

charge transfer is not important for the description of the In the quintet complexes the interaction takes place between
bonding in this complex or, at least, it is of the same magnitude the quintet states d’) of Co™ and the'A’ state of glycine. As

in all the studied isomers. The open shell orbitals of three triplet- for the triplets, the two states of different symmetrig&, and
state structures are shown in Figure 2. The orbitals of the two °A", of the Cs complexes?-O,0(COO") andx1-O(COOH) lie
remaining structures¢®-N,O (2) and«?-N,O(OH), are very very close in energy. However, in this case thé #ates are
similar to those 0%2-N,O (1). In the case of th&\"" states the somewhat more stable than thé @nes. Therefore, the energy
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TABLE 2: Relative Energies of Co"—Glycine (kcal/mol) and orbitals does not cause significant energy differences. Singlet
P?%ulalslon IARaWSIS (Nﬁt %tglf_n\l(% (f_har%es and Spin Densities  states show the same energy ordering of the different coordina-
of the Metal Atom) at the eve tion modes as that found for the triplet states. As expected, the

structure state AE? charge spin empty 3d orbital corresponds to orbital 2 shown in Figure 2 for
«?>N,0 (1) 3A 0.0 0.87 1.95 the triplet complexes.
“i'ﬁ'g (SL zﬁ 1?-2 g-gg i-gg The interaction with the metal cation induces the activation
iz:o’o((co)cr) N 118 087 196 of the glycine bonds. However, it is worth noting that the values
' NG 121 0.86 195 of the geometrical parameters of the glycine moiety do not vary
«-O(COOH) 3 14.3 0.92 1.99 considerably from one spin state to another of the same
SA" 15.4 0.90 1.97 coordination. In all the considered structures having one of the
Ki-N,O 1) ZA” 25.5(18.1) 0.84 3.80 oxygen atoms of neutral glycine interacting with the metal
Ez:g'g((%)o) 5ﬁ Sg? gg’% 8'32’ g"gé cation, the corresponding-€D distance increases compared to
KZ-O’,O(COO) N 330 (25'.6) 0.84 382 the values of free glycine (1.203 A for the carbonyl oxygen
k'-O(COOH) SA" 36.1(28.7) 0.89 3.86 and 1.353 for the carboxylic one) due to the polarization of the
SA 36.9 (29.5) 0.89 3.87 o electron density. Conversely, the otherQ distance is
«*-N,O(OH) °A 39.2(31.8) 0.85 3.80 shortened. The lengthening of the-8 distance compared to
"i‘N'O 1) A 33.9(25.6) 0.69 0.00 the value of free glycine (1.446 A) can also be observed, while
«>N,0 (2) A 39.3 (31.0) 0.70 0.00 /
«?-N.O(OH) n 48.5 (40.2) 0.70 0.00 fche C-C one remains almost 'unaffectecll (1.522 A). The most
«2-0,0(CO0") A 51.7 (43.4) 0.72 0.00 important variations among different spin states are observed
«1-O(COOH) A 60.9 (52.6) 0.86 0.00 for the metat-ligand distances. That is, the singlets show the
a|n parentheses are given corrected values assuming errors on atomicstr_ong(':'St bo_“fj between the_metal (?at'on and glycine, while th?
excitation energies. quintets exhibit the weakest interaction as demonstrated by their

larger metat-ligand distances. The reason for this behavior is

the different occupations of the metal orbitals in each state. In
the quintets the occupation of the 4s orbital leads to an increase
% k- | of the metat-ligand repulsion, which is reflected in a lengthen-
3
A
(0] @)

ing of the distances compared to those of the most stable triplets.
However, in the singlets not only the s orbital is empty but

©-N0 (1) also orbital 2 in Figure 2 is empty, resulting in the reduction of
the repulsion and the decrease of the meligand distances.
Because of that, although the relative stability of the three spin
states, triplets, quintets, and singlets, follows the same trend as
§ found in the free metal cation and in the metal cation
' I A= monohydrate system (see Tables 1 and 2), the variations of
1) 2) metat-ligand repulsion lead to significant changes in energy
©-0,0(C00) differences between different spin states. If we focus on the
most stable coordination of each spin stafeN,O (1), it can
be observed in Table 2 that the quintétiplet separation
increases about 8.2 kcal/mol compared to that obtained for the
¢ metal cation. On the contrary, the singtétiplet energy
50, 7=k difference decreases enormously (about 27.2 kcal/mol). This
' A result might be very relevant when the coordination of Go
@ @ larger biological systems is considered where the presence of
¥-O(COOH) additional ligands could produce a further reduction of the
Figure 2. Open shell orbitals of the triplet states of theN,O (1), singlet-triplet separation or even an inversion of the relative
«*-0,0(C0O0), and«'-O(COOH) structures of Co-glycine. stability of the different spin multiplicities, due to the larger

ordering of the different quintet coordinations is somewhat strength of th.e ligand f'eld'.
different from that found for the triplets, the most important ~ Co°*—Glycine SystemFigure 3 and Table 3 show the
variation being the larger stabilization of those structures obtglned minima and the_ computed relative energies fér*go
coordinating through the carboxylic group with regard to the glycine, respectively. As in the case of Catructures involving
most stable conformer. This stabilization becomes remarkablethe coordination of the metal atom to the amino groupGie
for thex?-0,0(COO") (°A") coordination, which becomes only while the structure; where the metal patlon interacts only with
5.4 kcal/mol less stable than th&:N,O one. Thus, the energy ~ 0Xygen atoms exhibiEs symmetry. Again, for these latter cases
order for quintet states i82-N,0 (1) < «*0,0(COO) < the lowest A and A’ statgs have been considered. For this
?-N,0 (2) < k1-O(COOH) < «?-N,O(OH). system only the quartet spin staté)(das been computed since
As for triplets, the natural population analysis shows that the the doublet states of €b lie much higher in energy and
metal charge and the spin density are mainly located at the metalcoordination is not expected to reverse the doubdeiartet
atom, the open shell monooccupied orbitals being the 4s andrelative stability.
three 3d orbitals. These 3d orbitals correspond to the same open Table 3 shows that the energy ordering of the different
shell orbitals found for the triplets plus another ar dr orbital structures obtained for Co—glycine is different from that
depending on the symmetry of the state. As in the previous case determined for Co—glycine. As in the case of other divalent
for the quintets, the orbitals whose occupation leads to the metal cations?3%42the ground-state structure is the zwitterionic
highest Pauli repulsion (4s and orbital 2 of Figure 2) are always one, «?>-0,0(COO’), mainly due to the large electrostatic
monooccupied, while the nature of the other two open shell interaction between the divalent metal cation and the, CO
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Figure 3. B3LYP-optimized geometries for the different minima of“Ceglycine. Distances are in angstroms, and angles are in degrees.
TABLE 3: Relative Energies of Ca?*—Glycine (kcal/mol) a result, the spin density and the charge are more delocalized
and PQDUlaftIOhn Analyis,ls (Net AtOhmIC Charges arlld Spin all over the system, indicating that the glycine fragment of the
Densities of the Metal Atom) at the B3LYP Leve complex exhibits a partial radical character as found fot'Cu
structure state AE charge spin glycine3” This is especially noticeable in the case of the
«?-0,0(CO0") NG 0.0 157 2.73 xk1-O(COOH) structure, as shown in Table 3. This behavior is
A 3.0 1.58 2.74 confirmed by the geometrical parameters of this coordination
KE-N,O (1) jA 6.3 1.59 2.75 where an important increase of the-C bond and of the
«©>-N,0 (2) A 111 1.60 2.75 intramolecular hydrogen bond takes place compared to those
«?-N,O(OH) A 30.7 1.61 2.76 f Cot—alvci his f be ob din Ei d
«1-0(COOH) apr 354 139 244 of Co'—g ycine. This a_ct can be observed in Flgure_3.A eeper
ap 36.5 1.35 2.39 analysis of the population shows that the spin density on glycine

mainly lies on the nitrogen atom (about 0.45), which means

group. A decomposition analysis shows that not only the that the amino group becomes less basic after cationization,
electrostatic interaction with glycine is larger in the zwitterionic resulting in the weakness of the intramolecular hydrogen bond.
than in the neutral form, but also Pauli repulsion is smaller, All these facts are in agreement with the computed parameters
which overcompensates for the larger deformation energy of of glycine radical cation, 1.70 A for the-6C bond and 2.31 A
glycine in the zwitterionic structure. The other four structures for the intramolecular hydrogen boridl.
follow the same order as the triplet and singlet states of-Co For the remaining structures some other differences compared
glycine. to Co"—glycine should be pointed out. The metdigand

In the Cs complexes the lowest electronic states are 8f A distances are in all cases shorter than the corresponding ones
symmetry as in the case of the quintet of Ctn fact, the open of the triplet and quintet states of Ceglycine due to the
shell orbitals of C&"—glycine are similar to those found in the enhanced electrostatic interaction and to the smaller metal
corresponding quintet-state structures of*€glycine, but ligand repulsion. However, the €o-glycine metat-ligand
removing the s electron. The main difference found is that in distances are somewhat larger than the distances found for the
Co*"—glycine theo orbital equivalent to orbital 2 of Figure 2  singlet state, due to the occupation of orbital 2 in theé'Co
has a more important contribution of the glycine fragment. As glycine system, which leads to an enhancement of the Pauli
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TABLE 4: Interaction Energies (De, Do, AH20¢%, and AGags) distances decreaseh{—o = 1.981 A anddyi—n = 2.018 A for
(kcal/mol) of Co*—Glycine and Co**—Glycine the most stable structure of Ni-glycine at the B3LYP level§3
Co", %A NiT, 2A2 Cu', AP C?*, A" CU?H, 2A'D paralleling the decrease of the atomic radii, so the electrostatic
D. B3LYP 742 846 752 2033 2430 interactior) energy i_ncreases. However, for*_@W), ha\_/ing the
BHLYP 68.8 188.7 215.2 smallest ionic radius of the three, metsiband distances
CCSD(T) 72.4 67.1  190.5 210.5 increase @cy—o0 = 2.057 A anddcy—n = 2.050 A for the most
D¢* 70.4 66.2 188.0 212.7 stable structure of Cu-glycine at the B3LYP levefy and,
AHzgg” ¢ 71.2 66.9 188.7 2134 consequently, the interaction energy decreases. This is due to
AGggg® @ 62.5 58.7 180.1 203.4

the fact that the metal 3d orbital interacting with the lone pairs
2 Reference 43° Reference 37¢ Determined using the CCSD(T)  of N and O (orbital 2 in Figure 2) becomes doubly occupied,

value and the B3LYP unscaled harmonic frequenciéster taking which significantly increases the metdigand repulsion. This

into account thermal corrections determined at the B3LYP level. does not occur for divalent M cations for which this 3d orbital

remains singly occupied. Because of that and because of its

repulsion. In general, the €o-glycine system shows a larger  gmqier size, Cii shows a larger interaction energy thar?Co
activation of the adjacent bonds of the metal cation, as can be

observed in Figures 1 and 3; see theCand the C-O bonds

. lusi
interacting with the metal in th&?-N,O, «2-N,0(OH), and Conclusions
x2-0,0(COO0O) structures as examples. For #%0,0(COQ) A computational study of the binding of cobalt cations'Co
structure another difference should be noted. The Nidup and Cé" to glycine is presented in this paper. Several

rotates and the ©HN distance increases significantly compared coordination modes as well as different electronic states arising
to those of Cd—glycine, causing the disappearance of the from the triplet, singlet (3%, and quintet (48d’) states of Co
hydrogen bond established in Ceglycine. The population and quartet states (3bf Co** have been considered. To ensure
analysis shows that this is due to the reduction of the electron the reliability of the B3LYP for this kind of system, we have
density over the proton acceptor oxygen atom upon ionization, performed calibration calculations for the @6c?™—H,0
which decreases its proton acceptor character, and to themonohydrates. The B3LYP method appears to reproduce well
electrostatic repulsion between the NHyroup and C&'. the CCSD(T) energy differences among electronic states having
Interaction Energies. The interaction energie®f) of Co— the same spin state but not among electronic states of different
glycine and C8&"—glycine computed at different levels of spin multiplicities. However, deviations can easily be corrected
calculations are given in Table 4. As it is usually found, the considering the errors on the atomic excitation energies.
obtained B3LYP interaction energies are somewhat larger than For Co"—glycine, the ground-state structure is found to be
the CCSD(T) ones, especially for the divalent cation. However, bidentate with the amino group and the carbonyl oxygen of
in the case of Co the agreement between B3LYP and CCSD(T)neutral glycine, the ground electronic state befi#g The
interaction energies is much better than in the previous interaction of Cd with the zwitterionic form of glycine is about
calculations of Cu. The large difference found in the case of 12 kcal/mol less favorable, as found for other monovalent metal
Cu?t was attributed to the nature of the €u-glycine bond®” cations such as Niand Cu. The valence shell occupation of
This system shows a three-electron interaction with an important Co™ has a crucial importance as it can lead to an enhancement
delocalization, which manifests itself in the value of the spin or decrease of the metaligand repulsions, which affects the
density over the metal cation (0.47 for the most stable cobalt-glycine distances and thereby the strength of the
«?-0,0(CO0") coordination). These kinds of situations are electrostatic interaction. In this sense, quintet states, arising from
known to be overstabilized by density functional methods due 4s'd” electronic configuration, present larger metglycine
to a bad cancellation of the self-interaction part by the exchange distances and a weaker interaction than the singlet or triplet
functional, the error decreasing the larger the amount of exact (d®) states. In all considered structures the d orbital with a larger
exchange included in the functional. Because of that, we haveoverlap with glycine is found to be monooccupied or empty
also performed calculations using Becke's half and half (in the singlet states). The binding of €¢o glycine leads to
exchange function&f The computed BHLYP binding energy  an increase of the quintetriplet difference and to a decrease
is smaller than the B3LYP one and in better agreement with of the singlet-triplet difference with respect to the naked atom
the CCSD(T) value. For Cg, the observed variation (15 kcal/  and to the cobattwater system.
mol) is, however, significantly smaller than that observed for  In the case of C¥, the larger electrostatic interaction
CuPt (28 keal/mol). This is due to the fact that for @e-glycine established with the zwitterionic conformation of glycine makes
the delocalization is less pronounced (the value of the spin the bidentate coordination with the carboxylate group the most
density for the metal is 2.73), and therefore, the overestimation stable structure. The ground electronic statéAs. As found
of the B3LYP value is smaller. for CU?*, the energy difference between the zwitterionic and
To our knowledge no experimental data on the"@Qw?t— neutral structures is found to be about 6 kcal/mol. Compared
glycine interaction energies have been reported. On the otherto that in the Cd—glycine system, the bonding in the €e-
hand, doubly charged ™M—L complexes are difficult to glycine system becomes more complex since some charge
generate due to charge-transfer dissociation processes antransfer from cobalt to the glycine moiety takes place. On the
proton-transfer reactions. other hand, whereas for Ce-L systems the computed B3LYP
When theDe, values of Co—glycine, Nit—glycine/® and binding energies are in good agreement with the CCSD(T) ones,
Cut—glycine are compared,it can be observed that the binding  they seem to be somewhat overestimated fat"€d systems,
energy increases from Cao Ni* and then decreases from™i especially when the cation is bound to glycine, for which the
to Cu', the Co —glycine and Cti—glycine interaction energies  spin density is more delocalized over the system.
being very similar. This trend has been previously described
for other ligands such as,B 587071737478 H3,79800r adeningt Acknowledgment. Financial support from DGICYT, through
and is correlated with the size of the metal cation and the metal the BQ2002-04112-C02-01 project, and the use of the compu-
ligand repulsion. That is, from C¢d®) to Nit(d®), metat-ligand tational facilities of the Catalonia Supercomputer Center



230 J. Phys. Chem. A, Vol. 109, No. 1, 2005

(CESCA) are gratefully acknowledged. M.S. is indebted to the
Departament d’Universitats, Recerca i Societat de la Informaci

of the Generalitat de Catalunya, for financial support.

References and Notes

(1) Russell, D. H.; McGlohon, E. S.; Mallis, L. Minal. Chem1988
60, 1818.

(2) Grese, R. P.; Cerny, R. L.; Gross, M. L.Am. Chem. Sod.989
111, 2835.

(3) Teesch, L. M.; Adams, J. Am. Chem. Sod.99Q 112 4110.

(4) Teesch, L. M.; Adams, J. Am. Chem. Sod.991 113 812.

(5) Teesch, L. M.; Orlando, R. C.; Adams,JJ.Am. Chem. S0d991
113 3668.

(6) Reiter, A.; Adams, J.; Zhao, H. Am. Chem. Sod994 116, 7827.

(7) Hu, P.; Loo, J. AJ. Am. Chem. S0od.995 117, 11314.

(8) Cerda, B. A.; Hoyau, S.; Ohanessian, G.; Wesdemiotig, @m.
Chem. Soc1998 120, 2437.

(9) Lee, S.-W.; Li, H.; Lau, T.-C.; Siu, K. W. MJ. Am. Chem. Soc.
1998 120, 7302.

(10) Lee, V. W.-M.; Kim, H. S.; Beauchamp, J. 1. Am. Chem. Soc.
1998 120, 3188.

(11) Wyttenbach, T.; Bushnell, J. E.; Bowers, M.JTAm. Chem. Soc.
1998 120, 5098.

(12) Shields, S. J.; Bluhm, B. K.; Russell, D. B. Am. Soc. Mass
Spectrom200Q 11, 626.

(13) Bluhm, B. K.; Shields, S. J.; Bayse, C. A,; Hall, M. B.; Russell, D.

H. Int. J. Mass Spectron2001, 204, 31.

(14) Payne, A. H.; Glish, G. Lint. J. Mass Spectron2001, 204, 47.

(15) Kish, M. M.; Wesdemiotis, C.; Ohanessian, G Phys. Chem. B
2004 108 3086.

(16) Cerda, B. A.; Wesdemiotis, G. Am. Chem. Sod995 117, 9734.

(17) Lei, Q. P.; Amster, |. 1. Am. Soc. Mass Spectrofr®9§ 7, 722.

(18) Lee, V. W.-M.; Li, H.; Lau, T.-C.; Guevremont, R.; Siu, K. W. M.
J. Am. Soc. Mass Spectrod98 9, 760.

(19) Cerda, B. A.; Wesdemiotis, t. J. Mass Spectronl999 185
186187, 107.

(20) Lavanant, H.; Hecquet, E.; Hoppilliard, ¥t. J. Mass Spectrom.
1999 185186187, 11.

(21) Wyttenbach, T.; Witt, M.; Bowers, M. T.. Am. Chem. So200Q
122, 3458.

(22) Rogalewicz, F.; Hoppilliard, Y.; Ohanessian, (Bt. J. Mass
Spectrom200Q 201, 307.

(23) Hoppilliard, Y.; Rogalewicz, F.; Ohanessian, Gt. J. Mass
Spectrom200Q 204, 267.

(24) Rogalewicz, F.; Hoppilliard, Y.; Ohanessian, (t. J. Mass
Spectrom2001, 206, 45.

(25) Moision, R. M.; Armentrout, P. BJ. Phys. Chem. 2002 106,
10350.

(26) Rogalewicz, F.; Hoppilliard, Y.; Ohanessian, Gt. J. Mass
Spectrom2003 227, 439.

(27) Kish, M. M.; Ohanessian, G.; Wesdemiotis, t. J. Mass
Spectrom2003 227, 509.

(28) Rulsek, L.; Havlas, ZJ. Am. Chem. So@00Q 122 10428.

(29) Rulsek, L.; Havlas, ZJ. Phys. Chem. 2002 106, 3855.

(30) Dudeyv, T.; Lim, C.Chem. Re. 2003 103 773.

(31) Dudev, T.;Lin, Y.-L.; Dudev, M.; Lim, CJ. Am. Chem. So2003
125 3168.

(32) Rulsek, L.; Havlas, ZJ. Phys. Chem. B003 107, 2376.

(33) Shoeib, T.; Rodguez, C. F.; Siu, K. W. M.; Hopkinson, A. C.
Phys. Chem. Chem. Phy&001, 3, 853.

(34) Wong, C. H. S.; Ma, N. L.; Tsang, C. WChem—Eur. J.2002 8,
4909.

(35) Hoyau, S.; Ohanessian, G&.Am. Chem. Sod.997 119 2016.

(36) Hoyau, S.; Ohanessian, Ghem—Eur. J. 1998 4, 1561.

(37) Bertran, J.; Rodiguez-Santiago, L.; Sodupe, M. Phys. Chem. B
1999 103 2310.

(38) Marino, T.; Russo, N.; Toscano, M. Inorg. Biochem200Q 79,
179.

(39) Pulkkinen, S.; Noguera, M.; Rdduez-Santiago, L.; Sodupe, M.;
Bertran, J. Chem—Eur. J.200Q 6, 4393.

(40) Rogalewicz, F.; Ohanessian, G.; GreshJNComput. Chen200Q
21, 963.

(41) Strittmatter, E. F.; Lemoff, A. S.; Williams, E. R. Phys. Chem.
A 2000 104, 9793.

(42) Hoyau, S.; Peier, J.-P.; Rogalewicz, F.; Hoppilliard, Y.; Ohan-
essian, GEur. J. Mass Spectron2001, 7, 303.

Constantino et al.

(43) Rodfguez-Santiago, L.; Sodupe, M.; Tortajada).JPhys. Chem.

o A 2001 105 5340.

(44) Shoeib, T.; Siu, K. W. M.; Hopkinson, A. . Phys. Chem. A
2002 106, 6121.

(45) Wong, C. H. S;; Siu, F. M.; Ma, N. L.; Tsang, C. W. Mol
Struct.. THEOCHEM2002 588 9.

(46) Aj, H.; Bu, Y.; Han, K.J. Chem. Phys2003 118 10973.

(47) Lemoff, A. S.; Bush, M. F.; Williams, E. RI. Am. Chem. Soc.
2003 125, 13576.

(48) Lehninger, A. L., EdPrinciples of BiochemistryWorth Publishers
Inc., 2000.

(49) Sigel, A.; Sigel, HProbing of proteins by metal ions and their
low-molecular-weight complexeslarcel Dekker: New York, 2001; Vol.
38.

(50) Cobbett, C. SPlant Physiol.200Q 123

(51) NIST, http://www.nist.gov.

(52) Becke, A. D.J. Chem. Phys1993 98, 1372.

(53) Becke, A. D.J. Chem. Phys1993 98, 5648.

(54) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(55) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NL J.
Phys. Chem1994 98, 11623.

(56) Holthausen, M. C.; Mohr, M.; Koch, WChem. Phys. Lettl995
240, 245.

(57) Blomberg, M. R. A.; Siegbahn, P. E. M.; Svensson,JMChem.
Phys.1996 104, 9546.

(58) Bauschlicher, C. W.; Ricca, A.; Partridge, H.; Langhoff, S. R.
Recent Adances in Density Functional Theory, Part World Scientific
Publishing Co.: Singapore, 1997.

(59) Luna, A.; Alcam M.; M6, O.; Yaiez, M.Chem. Phys. Let200Q
320, 129.

(60) Koch, W., Holthausen, M. C., EdA.Chemist's Guide to Density
Functional Theory 2nd ed.; Wiley-VCH Verlag: Weinheim, Germany,
2001.

(61) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lettl989 157, 479.

(62) Wachters, A. J. HJ. Chem. Physl97Q 52, 1033.

(63) Hay, P. JJ. Chem. Physl977, 66, 4377.

(64) Raghavachari, K.; Trucks, G. W. Chem. Phys1989 91, 1062.

(65) McQuarrie, D Statistical MechanicHarper and Row: New York,
1986.

(66) Weinhold, F.; Carpenter, J. Ehe Structure of Small Molecules
and lons Plenum: New York, 1988.

(67) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J., J. A;;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; and Pople, JGaussian 98Gaussian,
Inc.: Pittsburgh, PA, 1998.

(68) Rosi, M.; Bauschlicher, C. W., Ji. Chem. Phys1989 90, 7264.

(69) Rosi, M.; Bauschlicher, C. W., Ji. Chem. Phys1989 92, 1876.

(70) Trachtman, M.; Markham, G. D.; Glusker, J. P.; George, P.; Bock,
C. W. Inorg. Chem.1998 37, 4421.

(71) lIrigoras, A.; Elizalde, O.; Silanes, I.; Fowler, J. E.; Ugalde, J. M.
J. Am. Chem. So200Q 122, 114.

(72) Magnera, T. F.; David, D. E.; Stulik, D.; Orth, R. G.; Jonkman, H.
T.; Michl, J.J. Am. Chem. S0d.989 111, 5036.

(73) Marinelli, P. J.; Squires, R. R. Am. Chem. S0d989 111, 4101.

(74) Dalleska, N. F.; Honma, K.; Sunderlin, L. S.; Armentrout, PJB.
Am. Chem. Socd994 116, 3519.

(75) Bonaccorsi, R.; Palla, P.; TomasiJJAm. Chem. S0d.984 106,
1945.

(76) Csaza, A. G.J. Am. Chem. Sod992 114, 9568.

(77) Barone, V.; Adamo, C.; Lelj, K. Chem. Phys1995 102, 364.

(78) Rodfguez-Santiago, L.; Sodupe, M.; Oliva, A.; Bertran) JPhys.
Chem. A200Q 104 1256.

(79) Magnusson, E.; Moriarty, N. Wnorg. Chem.1996 35, 5711.

(80) Walter, D.; Armentrout, P. Bl. Am. Chem. S0d.998 120, 3176.

(81) Rodgers, M. T.; Armentrout, P. B. Am. Chem. So2002 124,
2678.



