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This work presents a systematic theoretical study on Cu(l) and Cu(ll) cations in variable hydrogen-sulfide
agua-ammine ligand fields. These ligands model the biologically most common environment for Cu ions.
Molecular structures of the complexes were optimized at the density functional theory (DFT) level. Subsequent
thorough energy analyses revealed the following trends: (i) The ammine complexes are the most stable,
followed by those containing the aqua and hydrogen sulfide ligands, which are characterized by similar
stabilization energies. (i) The most preferred Cu(l) coordination number is 2 in ammine or aqua ligand fields.
A gqualitatively different binding picture was obtained for complexes witB Hyands where the 4-coordination

is favored. (iii) The 4- and 5-coordinated structures belong to the most stable complexes for Cu(ll), regardless
of the ligand types. Vertical and adiabatic ionization potentials of Cu(l) complexes were calculated. Charge
distribution (using the natural population analysis (NPA) method) and molecular orbital analyses were performed
to elucidate the nature of bonding in the examined systems. The results provide in-depth insight into the
Cu-binding properties and can be, among others, used for the calibration of bioinorganic force fields.

1. Introduction et al1%~13 An interesting study of plastocyanin and rusticyanin

he i d hemical h d hiah was performed by Olsson and WarsHelyhere an approach
The improved quantum-chemical approaches and high per-y, .ompyting the reduction potential is presented. A pamp

formanqg computers led in the_past decades to intensified S_tUdyprobe study of CT dynamics in the excited state was carried
of transition-metal complexes in many theoretical laboratories. g by Book et al* The wave-resolved signal of vibration on

Copper, 'despite its toxicity in pure form,' is fundamental for 500 cnt! was assigned to the excited-state lifetime in a copper
the activity of many enzymes, which are important in 0xygen o,y jey of plastocyanin and ceruloplasmin in spinach. Also,

transport and insertion, electron transfer, oxidatiogduction Fraga et al studied the CT dynamics of plastocyanin using
processes, and so forth. In some cases, the activity is connected, o0 nce Raman spectroscopy

with a relatively high electron affinity and the Cu(ll) oxidation . . . . .
state can be easily reduced to Cu(l). There are many theoretical S_ome cher theoretical studies of the copper interactions with
. - SN . . amino acids have been reported recently, including an attempt
and experimental studies exploring copper proteins. For instance .
Siegbahn et dl.studied the redox process on tyrosinase. In to explam the ponplgnar arrangement of the gopper(ll) com-
another work, the authors studied the molecular mechanism Ofplexes with amino acids in crystaﬂi@structures using the ab initio
the oxidation reaction on a center of copper amine oxidase usingmmlhok(]]| and molicularfmlechan sTh_e same fauthnors have
the B3LYP techniqué.Wang et al. studied the importance of published a new force field parametrization o C.d( I_based
histidine ligands in a Cu center of azurin using ultravielet on gas phase B3LYP calculations. Plenty of inspiration can be
. ) . found in a study of Glusker’s group on copper-binding mdfifs.
visible (UV—vis) and electron paramagnetic resonance (EPR) I S
) . - ) A similar combination of database structures and quantum-
spectrat In Solomon's groug, spectroscopic tools in combina- chemical calculations can be found in very extensive studies
tion with density functional theory (DFT) calculations were used erformed by Ruliek et all®22 The Cu(l)—Cl)j(ll) bonding in
to investigate the role of an amino acid in the axial position to Eelation o chine was scfutinized by Bertran ef—eaShoei% ot
the copper complex and its influence on the reduction potential. gy Y

Similarly, the plastocyanin model complexes were examined al** studied the CW/Ag" cation interactions with glycine
in studies}® where also several spectroscopic techniques in molecules using the B3LYP/PVDZ method. They showed that

o . . - while the Ag" cation prefers 3- and 4-coordinated complexes,

combination with DFT calculations were applied. The calcula- S .

. - ; a lower coordination (2) occurs in the €Cicases. The same
tions have confirmed the role of ligananetal charge transfer ) . &
(LMCT) S pr — Cu on various spectra intensities. The related group also ex_amlned some other aspects of Cu mtera. or_13.
experimental works from Tolman’s group should also be Many experimental works were published on the coordination

mentioned.8 The basic aspects of a copper coordination in blue of copper cations with various amino ac@s. Among others, a
proteins are summarized in a short revigd.lot of computa- recent study of Santra et ®should be mentioned. The authors

tional effort was devoted to studies of blue proteins by Olsson dealt with t_he interactions _of_the QL(qutamate) complex with
cyclodextrine and benzonitrile using the fluorescence spectros-
* Corresponding author. E-mail: burda@karlov.mff.cuni.cz. COpy'.EPR and electremuclear d.OUbIe reson.an.c.e (ENDOR)
t Charles University. techniques were usédto determine Cu(Ih-histidine com-
* Academy of Sciences of the Czech Republic. plexes. Six-membered chelating rings are formed when histidine
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molecules bind the Ct cation. X-ray absorption near-edge
structure (XANES) spectra for a series of Cu(ll) compodhds
were utilized to interpret a ligand field theory in the explored
Cu(ll) compounds. Sigman et #l.have examined the Cu(ll)
coordination site in cytochrome peroxidase with EPR and
UV —vis spectra.

A great deal of work is devoted to the examination of copper
complexes with DNA/RNA bases. IR spectra were measured
and interpreted for interactions of DNA with several divalent
cations in a solutio? The crystal structures of several metal
complexes and DNA cleaving activity were characterized in
study3! Thermodynamical measuremefitson nucleosides
coordinated with Ca and Cu divalent cations suggest the
following order in bonding strength: Gt > C&* and GMP
> IMP > AMP > CMP = UMP for the nucleotides. Formation
of macrochelates was found to be energetically favorable but
entropically unfavorable. Melting curves of copper(ll) linked
in a duplex DNA oligomer were measured in a study of Meggers
et al3® The same authors have also explored the structural
aspects of a copper(ll) coordination influence on WatsGrick
(WC) base pairing? The interactions of the polynuclear copper-
(I) complexes with double-stranded DNA oligomers were
explored by Lehn’s groug”

A theoretical study of Cti association with uracil and its
thio derivatives has been published recefftiZoordination and
stability of Cu(ll) and Zn(ll) complexes with adenosine and
cytidine were investigated by GasowsKaBinding of Cu"
cations to guanine and adeni#fa)yC AT and GC base paifs,
and in a noncomplementary DNA-A base pait’ was explored
in our previous studies. Recently, NoguBraxamined WC GC
base pair interacting with €& Cu", and C@" cations where
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a ligand was drifted to the second hydration shell, which leads
to an uneven number of ligands in the first ligand shell.

In many cases, we attempted multiple gradient optimizations
utilizing different starting geometries. This often resulted in
distinct local minima. However, only the lowest energy con-
former for every coordination number was considered in the
further analyses.

Quantum-chemical calculations were performed at the density
functional theory (DFT) level using the B3PW91 functional.
For the H, O, and N atoms, the 6-8G(d) basis set was applied.
The copper and sulfur core electrons were described by
Christiansen averaged relativistic effective pseudopotentials
(AREP)S7 A consistent basis set was adopted for the valence
electrons. Doublé&- pseudoorbitals of Cu were augmented by
diffuse and polarization functionsi{ = 0.025,0, = 0.35, a4
= 0.07, andys = 3.75)%8 Similarly, pseudoorbitals of the sulfur
atom were extended by analogous functions with exponents:
as = 0.077,0,, = 0.015, andog = 0.50.

Compounds with the Clucation are represented by a closed-
shell singlet electronic ground state. Cu(ll) complexes contain
copper in the 3¥electron configuration resulting in doublet
ground states. A lot of attention was devoted to the construction
of an appropriate initial guess for the self-consistent field (SCF)
procedure. First, the correct wave function was constructed in
a minimal basis set using the restricted open-shell Hartree
Fock (ROHF) method, going subsequently to the final unre-
stricted B3PW91/6-31G(d) level.

Energy and charge distribution analyses were calculated with
the B3LYP functional and extended 6-3tt+G(2df,2pd) basis
set for the H, N, and O atoms. Consistently, the basis sets on
the copper/sulfur atoms were enlarged by spd/sp diffuse

both naked and hydrated cations were considered. The outerfunctions and 2fg,2df polarization functiones(= 4.97, 1.30,

shell and inner-shell coordination of a phosphate group to
hydrated metal ions (Mg, ClW#t, Zn?", Cd®") in the presence
and absence of nucleobase was explored in the work of
Rulidek*2 Hydrated Cu(l) association to guanine has been
published recently?

Small inorganic complexes of Cu cations are also intensively
studied. Many works (already mentioned in our previous studies)
are devoted to the study of the coordination geometries and/or
electronic properties of Cu cations interacting with molecules
such as water or ammorifa®* using various computational
approaches. In our previous pap&r&® hydration of both
Cu(l) and Cu(ll) cations and their interactions with variable
ammonia-water surroundings were systematically examined.

The present study provides a new detailed investigation of
Cu(l)/Cu(ll) interactions with an extended sulfidaqua-
ammine ligand field. Structural, thermodynamic, and electronic

properties are determined and used to characterize such coppe‘f'

complexes. A comparison with previous results underlines new

qualitative features which appear in the presence of coordinated

sulfur-containing ligands. This work thus provides an important
approximate model for copper interactions with amino acids
such as histidine, methionine, cysteine, and glutamine or other
bioenvironments.

2. Computational Details

The [Cu(HS)(H20)n(NH3)]?" complexes were studied,
wheren, m, andk were equal to 0, 2, 4, or 6 with the+ n +

ag = 3.286y = 0.92, 0.290; = 0.57)5° Recently, new studies
have appeared where BHLYP is recommended over B3¢y P;
however, no substantial difference was found in our case for
selected test systems.

The energetics of interactions was evaluated on the basis of
several quantities. First, the conventional stabilization energies
with the basis set superposition error (BSSE) corrections and
corrections on the deformation enerdfesvere determined
according to the equation

AE®= _(Ecomplex_ Z Emonomer™ z Edeforrr) 1)

whereEcomplexrepresents total energy of the whole complex and
Emonomerrepresents the energy of a given subsystem computed
with basis functions on the ghost atoms from the complementary
part of the system. Besides th&EStP energies, we also
omputed coordination energiedE°9 and stabilization
energies wittexclusion of sterical repulsion and weak associa-
tive interactions AES®). The coordination energies were
evaluated for the Cu(l) systems, where ligand molecules often
escape to the second solvation shell. In such calculations, only
directly bonded (first-shell) ligands were considered in eq 1
using the optimized geometry of the whole complex. TgstaP

and AEc°"terms are identical when all ligands remain in the
first shell. AES*¥is obtained when all of the interacting ligand
molecules are treated in eq 1 as one subsystem and the central
Cuion as another one. That is, this energy is equal to the binding
energy of the cation with a given ligand shell. TiAd=stex

k sum being 4 or 6. In the case of Cu(l) complexes, these energy was evaluated only for the Cu(ll) complexes where a
systems were reduced to four molecules in a metal proximity, higher coordination causes an increased electrostatic repulsion
since stable Cu(l) compounds with higher coordination numbers of the ligands. The difference betweaEstab and AES®* then

are very rare. Some additional calculations were carried out with basically reflects the energy investment that would be necessary
uneven numbers of ligands. Note also that in some calculationsto form the ligand-shell arrangement in the absence of the ion.
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Note, however, that the actual interligand repulsion in the
presence of the Cu cation is even larger, due to interligand

electrostatic repulsion caused by the polarization/charge transfel

effects of the metal cation. For further discussion on the
estimation of polarization and CT energies, the studies of
Tiraboschi720r Sooner? can be used. In addition, the bonding
energies AEPF) were estimated using the same (BSSE) scheme
of eq 1 but without the monomer deformation corrections. In
this energy determination, partition of the complex to two parts
(ligand and the rest of the complex) splits the examineeXu
bond, giving the binding energy of the desired ligand. Only
4-coordinated Cu(l) and Cu(ll) complexes were considered for

comparison. Various energy evaluation schemes, as specifiec

above, allow a more thorough insight into the balance of forces
in the calculated systems.

Further vertical and adiabatic ionization potentials (IPs) were
calculated for the monovalent copper compounds according to
formula 2:

IP=Ecymy — Ecug 2

In the case of the vertical IP, thecyay term represents the
energy of a (&) charged system calculated in the Cu(l)
optimized structure. For the adiabatic IP, & energy was
computed using the Cu(ll) optimized structure. For the sake of
consistency, selected electron affinities were also calculated.
Determined IPs and electron affinities (EAs) were compared
with energies based on Koopmans’ theorem and values calcu-
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Figure 1. Homoligated Cu(l) complexes with hydrogen sulfide ligands.
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Figure 2. Homoligated Cu(ll) complexes with hydrogen sulfide
“ligands.

lated based on outer valence Green function propagators in the
6-31+G(d) basis set. The method is based on the eigenvalue of2 29 A were obtained. The explanation of the shorter-Gu

the canonical molecular orbital (MO) (highest occupied mo-
lecular orbital (HOMO) for IP or lowest unoccupied molecular
orbital (LUMO) for EA) from Koopmans’ theorem corrected
by algebraic expressions similar to perturbation the6ry.

For deeper insight into the electronic properties of the

bonds in a 2-coordinated Cu(ll) system compared to a single-
ligated complex is in section 3.5 below and was also discussed
in previous studie&%6 For higher coordination numbers, the
bond lengths elongate monotonically with the increasing number
of ligands from 2.2 to 2.4 A in the Cu(l) complexes and from

examined systems, molecular orbitals and electrostatic potentials 3 to 2.5 A in the Cu(ll) complexes. All optimized €%
were analyzed. Further, partial charges and spin densities ongistances are presented in Table 1.

atoms were determined using the natural population analysis
(NPA) method’® The program package Gaussiari@8as used

for all quantum-chemical calculations, and the program NBO
v. 5.0 from Wisconsin Universif§ was used for evaluation of
the natural bond orbital (NBO) characteristics. Visualization of
geometries, MOs, vibrational modes, and maps of electrostatic;
potentials was performed using the Molden’@ @nd Molekel
4,308 programs.

3. Results and Discussion

3.1. Structural Parameters.All geometries reported in this
paper are available in the Supporting Information. The present
calculations thus can be easily used for the verification/
calibration of lower quality methods, and they can be easily
extended, for example, for a subset of structures, by higher level
calculations.

First, structures of the Cu(l) and Cu(ll) complexes coordinated
exclusively with BS molecules were studied. These systems
contain copper with (k8), molecules considering the coordina-
tion number ) varying from 1 to 4 in the Cu(l) complexes
and from 1 to 6 in the Cu(ll) complexes. The structures of these
compounds are displayed in Figure 1 for Cu(l) and in Figure 2
for Cu(ll). For the [Cu(HS)]" complex (La), the coordination
distance (2.21 A) can be compared with the results of Hamil-
ton’s* study, where a shorter G5 bond (2.13 A) is reported
using the DFT(B3P86/DZP) method. For the [Cu@)?+ (24)
and [Cu(HS)]?" (2b) structures, Cu'S distances of 2.32 and

It is interesting to mention that monovalent copper forms
shorter CuS bonds than its divalent cation. On the other hand,
in copper-water—ammonium complexes, the bonds of ‘Cu
cation are longer (cf. refs 65 and 66). An explanation of the
shorter Cu-S distances in monovalent complexes can be seen
in the fact that the sulfur atom (still) keeps a negative par-
tial charge in the Ct complexes. On the contrary, in the
[Cu(H.S)?* complex, a positive partial charge is located on
the sulfur atom. This means that partial electrostatic repulsion
is responsible for the elongation of the-€8 bond in this com-
plex. With the increasing number of ligands in the [CpfBi]2"
complexes, the partial charge on sulfur atoms decreases up to
—0.2e. Nevertheless, a less negative partial charge can always
be found in the Cu(ll) complexes as compared with the
corresponding Cu(l) ones. Moreover, for doracceptor bond-
ing, the polarizability or softness/hardness characterization must
also be considered. The hardness gbli about 6.2. It matches
the Cu" value of 6.3. On the other hand, thewation keeps
the electrons more tightly and the hardness increases to 8.3 (the
data are taken from the work of Pear®nTherefore, the higher
covalent contribution of the CuS bond results in shorter bond
lengths in the Cu(l) complexes. Water and ammonia are more
polar moleculesy(= 1.92 and 1.53, respectively) in comparison
with the H,S molecule 4 = 1.08 D at the B3LYP/6-31t+G-
(2df,2pd) level of theory). Therefore, a strong electrostatic
contribution to the Ca-O/Cu—N bonds leads to a shorter
distance in the case of €u
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TABLE 1: Selected Parameters of [Cu(HS),]2*+ Complexes: Cu-S Distances (in A),AEs@, AEsx and AE°d Energies (in
kcal/mol, See Method for Definition), Occupation of 4s (and 3d) Copper AO, Partial Charge$(Cu), and Spin Densitiesps(Cu)

(in g2
system c.n. struct CuS AES®@ AEC0od 4s o(Cu)
[Cu(H.S)I* 1 la 2.208 49.1 49.1 0.27 0.79
[Cu(HzS)]* 2 1b 2.221,2.221 90.5 90.6 0.53 0.57
[Cu(HS)] ™ 3 1c 2.300, 2.301, 2.304 103.3 103.2 0.44 0.62
[Cu(HxS)]* 3 1d-3 2.291, 2.302, 2.305 108.6 102.9 0.45 0.61
4 1d-4 2.386, 2.388, 2.388, 2.388 110.3 110.4 0.43 0.60
system c.n. struct sta stex s u s(Cu
y CuS ABSED At 4 3d 5(Cu)  ps(Cu)
[Cu(HS)PP* 1 2a 2.323 146.4 146.4 0.12 9.58 1.29 0.44
[Cu(H.S))?* 2 2b 2.291,2.291 223.5 224.2 0.39 9.39 1.19 0.73
[Cu(H.S)]?" 3 2c 2.360, 2.314, 2.309 276.0 280.5 0.53 9.53 0.91 0.44
[Cu(H.S))?* 4 2d 2.391, 2.403, 2.406, 2.425 303.6 313.9 0.53 9.56 0.87 0.40
[Cu(H.S)]?" 4 2e-4 2.333, 2.397, 2.415, 2.439 317.2 331.5 0.53 9.56 0.87 0.40
5 2e-5 2.425,2.442,2.488, 2.492, 2.548 318.3 333.3 0.53 9.55 0.86 0.41
[Cu(H.S)]?" 4 2f-4 2.337,2.382, 2.406, 2.414 3294 346.3 0.52 9.58 0.86 0.38
5 2f-5 2.411,2.434, 2.446, 2.488, 2.592 329.4 347.2 0.53 9.56 0.86 0.40

a2 The abbreviation c.n. is used for coordination number, and struct

The 2-coordinated structures deviate from the assumed
linearity by approximately 10 The 3-coordinated Cu(l) com-
plex (Lc) has practicallyCs symmetry in the heavy-atom
backbone with the same €% distance (2.30 A). The Cu(ll)
structure 2¢) resembles a deformed planar T shape with one
of the Cu-S distances elongated to 2.36 A. The global minimum
for the 4-coordinated Cu(l) complexd-4) was obtained in a
near tetrahedral conformation with equal-€8 bond lengths.

In the [Cu(H:S)]* system, other (less) stable structures with a
coordination number of 3 were found. The geometry of the most
stable one is illustrated in Figure 1d-3). The H--S distance
between the first- and second-shell ligands is relatively long in
the Cu(l) (Ld-3) structure, about 2.44 A. The global minimum
of the [Cu(HS)]?" cation @d) has distorted square-planar
configurations with a dihedral angle of20°. Interestingly, no
stable 6-coordinated Cu(ll) complex was found. The 5-coordi-
nated structures favor a distorted tetragonal-pyramid arrange-
ment with one of the equatorial €8 bonds elongate®¢é-5
and2f-5). Unlike in hexaaquacopper complexes, the outepH
molecule does not prefer the formation of H-bonded cross-links
and remains coordinated to only one first-shell ligand. For the
Cu(ll) complexes, H-bond lengths vary from 1.98 to 2.10 A.

The angle between the,H plane and CuS bond increases
with the increasing number of ligand molecules (from 104 to
111°) in the Cu(l) structures. In the [Cu@S)nE" systems I
= 2—6), the angles are generally slightly larger and vary from
106 to 112. However, the largest angle (128wvas found in
the monosulfide Cu(ll) compoun®d). A different situation
occurred in our previous study,where purely aqua ligands
were explored. Angles of 172 and T5#ere observed in the
[Cu(H,0)]" and [Cu(HO)]?*" complexes, while angles of 104
and 118 occur in [Cu(HS)]" and [Cu(HS)]Z", respectively.

In the remaining Cu(ll) aqua complexes, the angles were larger
up to about 178 Such an angle is the result of two competing
factors: (@) the angle corresponding to a dative bond tends to
be~109 (according to the tetrahedral’dpybridization of water

or hydrogen sulfide), and (b) the electrostatic term, based on a
metat-ligand/monopole-dipole moment interaction, favors an
angle of 180. Larger angles of aqua ligands can be explained
by a prevailing role of electrostatic factors, while in thesH
complexes the dative character clearly dominates. The similar
structures were described in the case ofZhy Pullman et
al8 or later by Gres#85

In the next part, systems with a variable sulficegqua-
ammine ligand field were explored. For the [Cu8)(H20)n-

corresponds to the identification number used in-Fgures 1

(NH3) " systems, stable 2-, 3-, and 4-coordinated geometries
were localized. However, in the [Cu§B)]* system {d = 3a),

no stable 2-coordinated structure exists. On the contrary, for
the [Cu(HO)2(NH3)2]*t complex Bg), no 4-coordinated struc-
ture was found. The obtained EX (X = S, O, and N) bond
lengths of the most stable structures are compiled in the upper
part of Table 2, and the optimized structures are depicted in
Figure 3.

Generally, bond lengths increase with increasing coordination
number. For the 2-, 3-, and 4-coordinated structures, theSCu
distances vary from 2.2 to 2.4 A, respectively. The same
behavior was found for CuNH3, where bonds elongate from
1.9t0 2.1 A. The CuO distances display the largest variability
changing from 1.9 to 2.4 A. On the basis of the optimized
structures, it can be concluded that the most preferred ligand
(most frequently occurring in the first solvation shell) is
ammonia followed by kS (for both Cu(l) and Cu(ll) cations),
leaving water as the least favored ligand.

Optimized structures of the divalent [Cu®)(H20).-
(NH3)]2" complexes (wheren+ n + k= 4 or 6) are presented
in the lower part of Table 2 and in Figures 4 and 5. The
4-coordinated Cu(ll) complexes favor partially deformed square-
planar geometry in contrast to the tetrahedral structures of
Cu(l). Such a conclusion can also be found in some other works,

for example, in ref 86.

To determine the ligand arrangement of the 5-coordinated
structures, the CuX metak-ligand distances and -XCu—X
angles have been measured. Trigonal bipyramid reveals an angle
distribution close to 180 and 120This arrangement was found
only in the [Cu(HSk(NH3)2]2" (5h-5) complex. In all other
cases, a distorted octahedral configuration was found with an
angle distribution close to 90 and 180More quantitative
expression can be based on evaluation of the so-cafeat
rameter, which is defined as= (0 — ¢)/60°. Here, thef and
@ angles are the two largest valence angles in the complex.
From Table 3, it can be seen that the onlyalue larger than
0.6 is for thebh-5 structure. Two borderline structures with
values around 040.6 are the [Cu(kB)]?" and [Cu(HS)-
(H20)2(NH3)2]2t complexes which “optically” can be considered
closer to the tetragonal-pyramid shape.

The structures with six directly bonded moleculé&b-g,
5c-6, 5d-6, 5e-6 and5f-6) exhibit distortedO, symmetry with
the axial bonds elongated due to the Jafieller effect known
from classical textbooks. However, in three cag€u(H,S)]?",



Copper Cation Interactions with Ligands J. Phys. Chem. A, Vol. 110, No. 14, 2006799

TABLE 2: Copper —Ligand Distances (in A) for the Cu(l) and Cu(ll) Complexes®

system c.n. struct Ctligl Cu—lig2 Cu—lig3 Cu—lig4 Cu—ligh Cu—lig6
[Cu(HzS)* 3 3a-3 2.291* 2.302* 2.305*
4 3a-4 2.386* 2.388* 2.388* 2.388*
[Cu(HS)(H:0):]* 2 3b-2 2.200* 2.219*
3 3b-3 2.247* 2.284* 2.050*
4 3b-4 2.282* 2.286* 2.172% 2.282%*
[Cu(H2S)(H20)(NHs)]* 2 3c-2 1.922 2.193*
3 3c-3 2.022 2.271* 2.327*
4 3c-4 2.043 2.310* 2.312* 2.435%
[Cu(H2S)(NH3)] 2 3d-2 1.912 1.912
3 3d-3 2.041 2.044 2.287*
4 3d-4 2.105 2.119 2.383* 2.385*
[Cu(H0)] * 2 3e-2 1.878** 1.878*
3 3e-3 1.970% 1.976* 2.143%
4 3e-4 1.998%* 2.085* 2.207* 2.257**
[Cu(HoO)2(NHa)5] * 2 3f-2 1.909 1.909
3 3f-3 1.944 1.944 2.349%
[Cu(NHg)]* 2 3g-2 1.905 1.905
3 3g-3 1.998 2.073 2.078
4 3g-4 2.136 2.136 2.136 2.136
[Cu(H:S)2 4 4a 2.391* 2.403* 2.406* 2.425*
[Cu(H,S)(H:0)5)%" 4 4h 2.354* 2.360* 1.996** 2.052%*
[CU(HS)(H20)(NHs)]2 4 4c 2.008 2.429* 2.351* 2.090**
[Cu(H.S)(NHa)5)2" 4 4d 2.007 2.019 2.455* 2.467*
[Cu(Ho0)4]2 4 4e 1.957* 1.959%* 1.960%* 1.963**
[Cu(Ho0)o(NHa)5] 2+ 4 4f 2.003 2.003 2.023* 2.023*
[Cu(NH3)4]2" 4 4q 2.051 2.051 2.051 2.051
[Cu(H:S)? 4 5a-4 2.382* 2.337* 2.406* 2.414*
5 5a-5 2.411* 2.434* 2.446* 2.488* 2.592*
[Cu(H;0)g]2* 4 5b-4 2.033* 2.033** 2.033** 2.033**
5 5b-5 1.957%* 1.963* 2.074% 2.081** 2.086**
6 5b-6 1.984%* 1.984%* 2.010%* 2.010** 2.242%* 2.242%
[Cu(NHz)e]2* 4 5c-4 2.042 2.043 2.043 2.044
5 5¢-5 2.071 2.071 2.098 2.099 2.285
6 5c-6 2171 2.171 2.174 2.174 2.512 2.512
[Cu(HzS)(H20)4)2* 4 5d-4 2.356* 2.389* 1.955* 1.997*
5 5d-5 2.380* 2.411* 2.024%* 2.037** 2.219**
6 5d-6 2.408* 2.408* 2.054%* 2.054** 2.353** 2.353%*
[Cu(H,S)(H20):)%" 4 5e-4 2.398* 2.390* 2.410* 2.379*
5 5e-5 2.434* 2.435* 2.439* 2.440* 2.191**
6 5e-6 2.426* 2.437* 2.438* 2.477* 2.376%* 2477
[CU(HS)(H20)a(NH3),]2* 4 5f-4 2.011 2.018 2.431* 1.981**
5 5f-5 2.009 2.014 2.527* 2.611* 2.118%
6 5f-6 2.011 2.011 2.532* 2.533* 2.429% 2.596**
[Cu(HzS)(NH3),]2* 4 59-4 2.046 2.047 2.053 2.053
5 5g-5 2.059 2.062 2.077 2.080 2.840*
[Cu(H2S)(NH3),]2* 4 5h-4 2.014 2.015 2.430* 2.440%
5 5h-5 2.018 2.025 2.489* 2.608* 2.608*

aThe abbreviation c.n. represents the coordination number, and struct specifies the optimized structure. Italic font indicates the global mini-
mum. One asterisk denotes €8 bond lengths, and two asterisks denote-Cubond lengths, while all remaining values are those for-8u
bonds.

[Cu(H2S)(NHz3),]2T, and [Cu(HS)(NH3)42—no stable 6-co- the tetrahedral geometries in comparison with the distorted
ordinated geometries have been found. square-planar structures found in our study. In the case of
The Cu(ll)y-ligand distances are presented in the second part Cu(l) compounds, the CuS bonds differ only slightly: 2.42

of Table 2 Generally, Ct+S bond lengths in mixed 4-coordi-  and 2.44 A versus 2.39 and 2.38 A (this work) for [Cu®H]+
nated complexes are approximately 2.4 A long—Gldistances and [Cu(HS):(NH3)2]*, respectively.
are about 2.62.1 A, and Cu-O bonds are in the range The extensive study of Katz et H.also examines ap-
2.0-2.4 A. They again display the largest variability. If the proximately 6000 entries in the Cambridge Structural Database
number of ligated molecules is higher than four, the analogous (CSD). More than 50% of the mentioned Cu(l) structures
trends remain valid. However, individual distances exhibits are of the 4-coordinated type. The rest is divided between 2-
higher variability; the bonds elongate typically to 2.84, 2.51, and 3-coordinated complexes. The ligands with coordinated
and 2.35 A for the CaS, Cu-N, and Cu-O bonds, respec-  nitrogen (60%) and sulfur (35%) elements are preferred. For
tively. the Cu(ll) entries, the most usual are 4- and 5-ligated com-
Katz’s work® presents the optimized 4-coordinated plexes and only about 25% belongs to octahedral (6-coordi-
[Cu(H2S)I(NH3)n]2+ complexes (wheren + n = 4) at the nated) structures. In these octahedral complexes, copper is
MP2/LANL2DZ+d level, which can be confronted with our preferably coordinated with a ligand by the oxygen (50%) and
structures. They have found values of 2.36 and 2.45 A for the nitrogen (50%) atoms. The database also indicates the cepper
Cu—S bonds in the [Cu(b8)]?" and [Cu(HS)(NH3)2]%" ligand bond lengths. Table 4 compares our averagee)C($,
systems, respectively. The values are in good agreement withO, N) distances with the corresponding CSD values for both
the present distances (2.41 and 2.46 A). However, they reportCut and C#* cations with various coordination numbers. The
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o9 \?0 Qo%p @valen; complexes, s'gablllzatlon energy increases with an
_b Qﬂ

P increasing number of directly bonded molecules.
Hamiltor® found the stabilization of the [Cu@3)]"™ complex
to be about 50 kcal/mol using B3P86 and the polarized do&ble-
basis set. The value is in very good agreement with the presented
result (49 kcal/mol) despite the fact that the-€a1bond length
calculated bond lengths match well with the data presented inwas found to be different by almost 0.1 A (see above).
the database. When compared to previous calculations, where only water
3.2. Stabilization Energies.Energy parameters of purely —and ammonia molecules were included, an important difference
hydrogen sulfide systems [Cuf8l),]2"'* are listed in Table 1.  can be noticed. The [Cu@3)]" systems prefer the 4-coordi-
Figure 6 shows the dependence of kiEstastabilization ener- nated structuresl(l-4). The reason is the larger polarizability
gies on the number of coordinated ligands for the Cu(l) com- of the sulfur atom in the & molecule and the higher donation
plexes. An analogous plot in the case of the Cu(ll) compounds affinity. Simultaneously, the very weak H-bonding cannot
is displayed in Figure 7. In the case of both monovalent and compete with the CuS dative interactions. Since mutual

4e

Figure 4. Cu(ll) complexes with four mixed ligand molecules.



Copper Cation Interactions with Ligands J. Phys. Chem. A, Vol. 110, No. 14, 2006301

TABLE 3: 7-Parameter for the 5-Coordinated Cu(ll)
Complexes ] oy
| @,
system struct 0 @ T 8. - . Q.O %O
[Cu(HSK?" 5a5 1773 1522 042 T e o
[Cu(H:0)6]>* 5b-5 1709 1655  0.09 & - 92 @-9.0 ©
[Cu(NHs)e] 2+ 5¢c-5  163.0 163.0  0.00 2 P i '
[Cu(H2S)(H20)4%" 5d-5 172.5 160.9 0.19 c / O
[Cu(H;S)(H;0)o]2* 5e-5 1788 1587  0.33 £ 2254 Y g O @
[Cu(H2S)(H20)2(NHa)2]2* 5f-5 1746 1436 052 _@ -
[Cu(H2S)(NHa)a]?* 5g-5 1725 1667  0.10 - ‘- O-0
[Cu(H2S)(NH3),]>* 5h-5 179.4 129.8 0.83 L2 | ‘@ @ dt
a0 is the largest valence ligananetat-ligand angle, and is the S o @)
second largest angle. The abbreviation struct is used for identification : N -0
of the optimized structures. ; = ; . . .

Coordination number

TABLE 4: Average Cu—X (S, O, N) Bond Lengths (in A)
and Corresponding Values Obtained from the CSD Database Figure 7. Dependence of stabilization energieAE®) on the
by Katz et al.t& coordination number of the 43 molecules in the [Cu(¥$)]>"
csD complexesif = 1-6).

present

Cu(l) 2-coord 3-coord 4-coord 2-coord 3-coord 4-coord TABLE 5: AES@ Stabilization Energies (in kcal/mol), the 4s
Cu—N 191 202 512 1.90 198 204 AO Occupations, and the Partial Charges (ine) on the Cu

1 a
Cu-O 188 204 221 184 214 205  Atom for Mixed Cu(l) Systems
Cu-S 2.19 2.29 2.35 2.17 2.26 2.33 system struct ~ AEStb o(Cu) 4s

[Cu(HS)]* 3a-3 108.6 0.61 0.45
present csb 3a-4 1103 060 043
Cu(ll) 4-coord. 5-coord. 6-coord. 4-coord. 5-coord. 6-coord.  [Cu(HS)(H20).]* 3b-2 112.1 0.67 0.54

Cu-N 203 209 228 198 203 234 3b-3 1166 070 037

3b-4  112.2 0.73 0.34

Cu-O 201 208 213 1.93 2.07 2.36
— [CU(H.S)(H20)(NHs)] 3c2 1217 0.62 0.53
Cu-S 240 249 2.41 2.28 2.43 272 35 1938 067 0

@ A value of 2.16 is obtained when thgd-5) structure is considered 3c-4 121.4 0.71 0.36
as a regular 5-coordinated complex. [Cu(H2S)(NH3),] ™ 3d-2 130.5 0.67 0.54
3d-3 127.1 0.73 0.36

1204 3d-4 126.6 0.73 0.33
[Cu(H0)4* 3e-2 117.6 0.80 0.41

3e-3 112.0 0.87 0.24

3e-4 106.7 0.88 0.19

[Cu(H20)(NHg)] * 3f-2 139.8 0.66 0.55

3f-3 138.1 0.73 0.44

[Cu(NHz)4* 3g-2 144.4 0.65 0.56

3g-3 1405 076  0.34
3g-4 1393 080  0.24

2 talic font indicates the global minima. The abbreviation struct is
used for exact identification of the optimized structure.

Stabilization energy
o0
=}
1

larger ligand repulsion, giving the sameES®° stabilization
energy. A similar situation occurs also in the [CuBk]%"

40 T T . . complexes, where the final preference for the 5-coordinated
Coordination number structure is slightly more distinct. A ligand repulsion can be
Figure 6. Dependence of stabilization energyE*®) on the number evaluated from differences between correspondig®@® and
of coordinated sulfide molecules in the Cu(l) compounds. AES*® values (see method). These differences are up to 18
kcal/mol for 5-coordinated complexes.
electrostatic repulsion of the,8 molecules is relatively small Table 5 collects theAEs®#b stabilization energies for the

due to a small dipole moment, a lower coordination leads to monovalent copper cation in a mixed ligand environment. It
less stable systems. Also, electrostatic repulsion in the case ofwas found that 2-coordination is preferred in complexes with
a larger number of ligands is reduced as a consequence ofat least two ammine ligands or more than two aqua ligands.
longer metat-ligand distances. This situation can be demon- Other mixed systems prefer the 3-coordinated structures as the
strated on the structurd-3) where the three first-shell 43 most stable and only the tetrasulfide complex has the highest
ligands contribute to the total stabilization by 34.3 kcal/mol each stabilization in a 4-coordinated arrangement. Comparing 4-co-
(from a AE*°°dvalue of 102.9 kcal/mol), while the remaining  ordinated complexes, [Cu(Ng4] " is the most stable complex
H>S molecule outside the first shell is attracted to the complex with AES@Pvalues equal to 139 kcal/mol. [CugB)]* displays
(H-bonding to the first-shell ;& + electrostatic interaction with  about 30 kcal/mol lower of a stabilization energy. The 4-coor-
Cu') by only 5.7 kcal/mol, resulting in a finaAEs®®®value of dinated [Cu(HO)4] " is the least stable complex. However, the
108.6 kcal/mol. 4-coordinated [Cu(kD)4]* structure does not represent the most
In the case of [Cu(kB)]2", a slightly larger donation from  stable structure analogously to the tetraamine compounds. For
5-coordinated ligands2¢-5) than from 4-coordinated ligands example, the 3-coordinated [Cu{®l)s* complex has larger
(2f-4) was found. The difference in th®ES*®*values is about  stabilization than any [Cu@#$),] " system. The higher stability
1 kcal/mol. LargerAES® energy values are compensated by is connected with a relatively strong H-bond of the water
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145 i 2 ] o This is due to a larger electrostatic contribution to the metal
3 O, " o ligand bond. The stabilization energy of [Cu®)s]?" is
e’ O B 0 g g comparable to the\Es?@P value of [Cu(HS)(H20)2]%" and is
140 - f . & o about 3 kcal/mol higher than that of [CufB]?". The
e - ¢ differences become more distinct when sterical corrections and
™ @ « & H-bonding interactions are omitted, as was found forAfsx
135 4 ? > Q¢ values.
@, . < In the lowest part of Table 6, the complexes with six
] Q\ QO e - . I interacting molecules are collected. Three different coordinations
1304 e -0 " 2 ,.79'- were examined. In all cases, 4-coordinated structures repre-
%’B T e ° _f@‘_ﬁb 0 sent the most stable complexes. Nevertheless, sometimes (e.g.,
5 _ ) i [Cu(H2S)]?" or [Cu(NHs)g]?™), the stabilization of 5-coordi-
g: 125 4oq <8 0 _o- ; . nated complexes is quite comparable (structusass and
B Q o }0“\'1 . 9. 5c-5. Moreover, theAES®* energies, which evaluate the pure
) ol O'Q Cul/ligands interaction, are larger for 5-coordinated structures
@ — . b @ in all three homoligated systems. The largest interligand repul-
2@ % oQ = . sion occurs in the case of 5-coordinated [CaBl(NH3)4]%",
E .@' ‘Q where four ammine ligands occupy the first solvation shell.
- ¢ 9 ) Figure 9 iIIustrgtgs the dependence of the stabilization energy
L@ N 8 _ P on the composition of these Cu(ll) complexes. The strongest
10 s Oe @ Oﬂ Cu—N bonding energies and larger stabilization energies in
i . i | e S ammine-containing complexes are clearly demonstrated.
. O o ‘@ 3.3. Ligand Bonding Energy (BE).The AEBE energies of
eQ ¢ . O all Cu—X bonds (X= NHs, H,O, and HBS) are presented in
i o il the upper part of Table 7 for the 4-coordinated Cu(l) complexes.
- > : J i d Partition of the complex into two parts (ligand and the remaining
Coordination number part of the complex) in eq 1 enables a deeper insight into the
I(:|_i|ggr)e( N8H )skltfbilization gnr;e:gieSﬁ(ES‘at)@for( t?f[acrr}iﬁeg)iﬁlﬁ(l)zlzs]z}f strength of the individual GuX bonds. TheAEBE energies
20)n(NH3)d* compoundsi{+ m+ k= 4): (v) [Cu(H. 322" i i i
(a) [CUMSHHONHI™; (8  [CUMSHHON™: (W) oot COSel he coppafigand distances. In agreement i |
[Cu(H,S)]?*; (right-pointing triangle) [Cu(HO)J2*; (eft-pointng P lons, the largest values in homoligated com
triangle) [CU(HO)(NHs)]2": (#) [Cu(NHa)a]?. plexes Ba-4, 3e-4 and3g-4) were found for the CaN bonds

(about 21.1 kcal/mol). They are followed by an averade®E

molecule in the second solvation shell which masks the correct Value of 17.7 kcal/mol for C«O and 15.6 kcal/mol for CuS.
binding trend. This trend can be recovered from the coordination The strongest CuN bond occurs in the mixed [Cu@8),(H.0)-
energies. TheAE®d vajue of the Ce-S bond is about 31.3 (NH3)]™ complex characterlzed _b_y about 29.9 kcal/m_ol. In thl_s
kcal/mol (from Table 1). It is practically identical to the complex, the donatlo_n competition _from the other ligands is
corresponding value for the €© bond (31.1 kcal/mol), ~ elatively weak. The inconsistency IAE®5([Cu(H;0)]*) —
published earlief® AEPH([Cu(H,S)] ")) versus AE={[Cu(H,0)4] ") — AES{[Cu-
The preference order of thaEseb energies, Ct—N > (HZS)4]+)) energies can be explained by stronger (repulsive)
Cut—S = Cu"—O0, can be observed also for other systems in dlpo!eldlpole interaction of water molecules, which lowers the
Table 5. Figure 8 helps to highlight the obtained trends. For Stabilization energy of the tetraaqua complexes.
instance, the most stable conformer of the [C&)A(H.0),] * The AEBE energies for the [Cu(liganglf™ complexes are
system forms two CuS bonds while expelling the water listed in the second part of Table 7. Similar to the Cu(l) systems,
molecules to the second solvation shell. The inverted con- the relation between the BE values and the-Gudistances (X
former with two aqua ligands and two sulfide molecules in the = NHj3, H20, and HS) was found. Surprisingly, for the pure
second shell possesses about 6.6 kcal/mol lower stabilizationtetraamine, tetraaqua, and tetrasulfide complexes, very simi-
energy. lar BEs for Cu-N and Cu-O were obtained (49.9 and 49.6
Comparing theAES®? values in a series of 4-coordinated kcal/mol, respectively). The BE value of €& is substantially
[Cu(HzS)(X)2]t complexes (X= NHs, H,O, H,S), the higher smaller (34.8 kcal/mol). In accordance with the suggested
stabilization of the diagua complex seemingly violates the stabilization order, an analogous preference of BE can be
overall trend. However, less bulky ligands (jlet H,O) allow noticed. In the mixed Cu(ll) systems, dependence ofAREF
shorter Cu-S distances, that is, larger overlap and stronger energies on various CtX bonds is more complex. An
dative bonds, which leads to better stabilization of the mixed interesting situation occurs in the [Cw®)(NH3)2]>" sys-
4-coordinated [Cu(kB)(H20),]* complex. This is also sup-  tem, where th\EB®'s of Cu—N are not as high as those in the
ported by the bonding energies (see the upper part of Table 7).[Cu(H20),(NH3);]?" complex. Similarly, the smallest value of
The disulfide-diaqua system possesses the large$F values Cu—S can also be seen in the [Cu&)(NH3),]>" complex.
for the Cu-S bonds in all Cu(l) complexes. Moreover, a small This can be explained by different conformations. While the
O—Cu—0 angle (80) and a HO-H---OH, distance of 2.6 A global minimum is the trans conformer in [Cu®&)(NH3)]?*,
clearly point to an additional interligand H-bond stabilization. all remaining 4-coordinated complexes prefer cis conformers
Stabilization energies for Cu(ll) complexes are collected in as the most stable arrangements. The trans effect leads to the
Table 6. In the upper part of Table 6, tieES® and AEStex largest BE values for the CtN bond in thecis[Cu(H:0).-
energies of 4-coordinated Cu(ll) complexes exhibit one impor- (NH3);]?" complex. This effect also results in lower BE values
tant difference in comparison with the Cu(l) systems. The order of the Cu-O bond in comparison with the tetraaqua complex
of binding preference changes to €M > Cu—O > Cu-S. (by about 10 kcal/mol). Simultaneously, the BE of €M is
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TABLE 6: Stabilization AES@b and Sterically Corrected Stabilization AES®* Energies (in kcal/mol), Partial Chargesd(Cu), Spin
Densities ps(Cu), and 4s and 3d Occupations of the Copper AO (ire) for the Cu(ll) Systems?

system struct AEStab AEStex o(Cu) ps(Cu) 4s 3d
[Cu(H:S)]? . 4a 303.6 313.9 0.87 0.40 0.53 9.56
[Cu(H,S)(H20),]2* ab 306.4 316.7 1.12 0.54 0.44 9.41
[CU(H,S)(H20)(NHs)] 2" 4c 321.1 334.4 1.13 0.54 0.42 9.42
[Cu(H,S)(NHa),]2* 4d 335.3 349.6 1.16 0.53 0.39 9.41
[Cu(H,0)4%* 4e 306.9 321.1 1.56 0.77 0.24 9.18
[Cu(H,0)(NHg)z]2* 4f 340.2 359.5 1.40 0.68 0.31 9.27
[Cu(NH3)4]2* 4g 366.8 391.8 1.30 0.63 0.36 9.32
[Cu(H,S)] > 5a-4 329.4 346.3 0.86 0.38 0.52 9.58
5a-5 329.4 347.2 0.86 0.40 0.53 9.56
[Cu(H,0)e]2" 5b-4 363.4 376.4 1.24 0.74 0.26 9.21
5b-5 358.6 377.1 1.22 0.79 0.24 9.18
5b-6 338.0 362.2 1.43 0.88 0.24 9.10
[Cu(NHz)e]2* 5¢c-4 407.5 437.7 1.38 0.60 0.37 9.34
5c-5 407.1 444.6 1.32 0.66 0.34 9.30
5c-6 399.9 4437 1.30 0.68 0.34 9.28
[Cu(H,S)(H20)4]2* 5d-4 356.7 370.4 1.19 0.56 0.39 9.39
5d-5 351.7 368.1 1.24 0.60 0.36 9.36
5d-6 343.7 364.2 1.28 0.65 0.35 9.33
[Cu(H,S)(H20)]2* 5e-4 342.9 359.2 0.86 0.56 0.53 9.56
5e-5 3425 356.7 0.95 0.60 0.48 9.53
5e-6 336.0 355.0 0.98 0.46 0.46 9.51
[CU(H,S)(H20)a(NHz)] 2" 5f-4 376.0 397.1 1.26 0.60 0.38 9.34
5f.5 375.0 396.5 1.23 0.61 0.39 9.34
5f-6 368.9 394.4 1.20 0.58 0.39 9.37
[Cu(H,S)(NHz)4]2* 59-4 389.0 421.4 1.28 0.60 0.37 9.34
59-5 387.6 420.5 1.29 0.63 0.37 9.32
[Cu(H,S)(NH3),]2* 5h-4 359.6 385.5 1.09 0.50 0.44 9.43
5h-5 360.3 384.7 1.10 0.54 0.45 9.41

aThe abbreviation struct is used for exact identification of the optimized structure. Italic font indicates the global minima.

TABLE 7: Bonding Energies AEBE (in kcal/mol) for the complexes, a similar situation was obtained. H(2) energies
4-Coordinated Cu(l) and Cu(ll) Complexes* are the following:E(2)(O—Cu) ~ 15 kcal/mol, E(2)(N—Cu)
system struct CuX1 Cu—X2 Cu—X3 Cu—X4 ~ 30 kcal/mol, ande(2)(S—Cu) ~ 40 kcal/mol.
[Cu(HS)]* 3a-4 15.6* 15.6* 15.6* 15.6* 3.4. IPs and EAs.To describe transitions between Cu(l) and
[Cu(H2S)(H20),] * 3b-4 22.9% 22.1* 14.0% 12.5% Cu(ll) oxidation states, the vertical and adiabatic ionization
%gugﬂzgimﬁog(]l\im)]* gg—i gg-g %g-g* 112-%* 1%56** potentials were calculated. In the case ofePboth HF and
u - . . .0* .6* i
<u (H20)4]+ 32 3o A8 1B1e 1465 13 4% DFT levels were considered. In the case ofitg only the DFT

Cu(NHs)d]* 3g-4 211 211 211 211 method was used. The IP values are compiled in Table 8.

[
{Cu(HzS)Ll 2+ 4a  353* 34.8* 345% 34.4* At the DFT level, the IR values decrease with increasing
[Cu(H2S)(H20),]%" 4b  46.8* 46.1* 38.0** 37.0%* coordination number. In 4-coordinated systems, the highest
[Cu(HoSk(HO)(NHg)]** 4c 555 40.9*  40.2*  32.7** values (12.6-12.7 eV) were obtained for the sulfide-containing
[C“(st)z(';LHS)Z]H 4d  54.9 4.7 sl.2  30.9* complexes. Slightly lower IPs were obtained for the tetraaqua
[Cu(H,0)4] de  49.6* 49.6** 49.6%* 49.6** ] X
[CU(H20)(NH2)72 4 629 62.9  39.2% 39 0% and tetraamine complexes (11.9 and 11.3 eV, respectively). The
[Cu(NHz)4)2* 4g  49.9 49.9 49.9 49.9 IPagiapVvalues are lower by approximately 0.5 eV. Interestingly,
aThe abbreviation struct is used for exact identification of the for.the [.CU(HZO)“]HH sys_tem, practically th.e same vertical and
optimized structure. One asterisk denotes-Gbond lengths, and two adiabatic IPs Were.obtalned. From _the dlffgrencg between IP
asterisks denote GtO bond lengths, while all remaining values are  Values, one can estimate the relaxation strain, which pushes the
those for CaN bonds. instantly oxidized Cu(l) structure toward the optimal Cu(ll)
geometry. In the case of the tetraaqua complex, this points to a
increased by a similar amount of energy as compared to thevery flat potential energy surface in relation to the deformation
tetraammine complex. Also, in the [CuBl(H20),]%" complex, of torsion angles. In blue copper proteins, the ligand arrangement
similar BE shifts can be observed. TAEBE values of the Cu'S of the active center usually has a distorted tetrahedral structure,
and Cu-O bonds respectively are larger by about 10 kcal/mol which is probably also enforced for the Cu(ll) structure. This
and smaller by about the same amount thanAREE energies fact partially explains their large reduction potential. The [Cu-
in the corresponding homoligated complexes. Moreover, in the (H.S)(NH3)2]T complex can be of particular interest, since its
[Cu(H2S)(H20),]%+ and [Cu(BS)(H20)(NHz)]%" complexes, IPs might give insight into the redox center of proteins such as
the Cu-S bonds are characterized by largeBE values than plastocyanin or azurin. They contain two histidines, one
the Cu-O bonds. This is caused by a larger donation contribu- methionine, and cysteine amino acid side chains coordinated
tion in the Cu-S bonds, which can be demonstrated in the to the copper cation. In the [CufB)(NHz),]* complex, the
framework of the natural bond orbital (NBO) analysis. The [P, value is equal to 12.0 eV and dip = 11.5 eV.
donation of a lone pair of the sulfur atom to the first virtual Unfortunately, we are not aware of any experimental data for

orbital of Cu can be evaluated in terms of tE€2) ener- these small complexes that could be compared with the
gies (the second-order perturbation theory of the Fock matrix presented results. Nevertheless, theoretical papers presenting the
in the basis of NBO) to be about 40 kcal/mol. The sda(2) ionization potentials for similar compounds exist. In the study

energies from the lone pairs of oxygen atoms are lower by aboutof Taylor#” vertical IP= 6.27 eV was calculated for the neutral
20 kcal/mol. In the case of the [CufH)(H.O)(NH3)]%" Cu(H.0) molecule at the CCSD(T) level. The values of the
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Figure 9. Dependence of stabilization energy on the coordination number of the Cu(ll) compl@es:coordinated,M) 5-coordinated, anda()
6-coordinated structures.

TABLE 8: lonization Potentials (in V) IP vert, IPadiab, 1Pkoop, @and IPover and Electron Affinities EA ver and EAover for the
Cu(l) Complexeg

| Pvert | Padiab | PKoop I Pvert I PKoop I I:)OVGF EAvert EAOVGF

system struct DFT DFT DFT HF HF HF DFT HF
[Cu(HzS)]* 3a-3 12.6 10.8 13.6 13.8 13.2 35 2.9

3a-4 12.6 12.2 10.7 13.2 14.5 14.9 85 29
[Cu(H,S)(H20):] 3b-2 13.6 11.4 14.5 15.1 16.3 3.3 2.7
3b-3 13.0 10.8 13.7 14.8 155 3.5 2.7
3b-4 12.7 12.1 10.6 13.6 14.6 15.4 3.5 2.9
[Cu(H2S)(H20)(NH3)] * 3c-2 12.9 10.8 14.6 13.8 13.1 3.3 2.6
3c-3 125 10.5 134 14.3 15.2 3.4 2.7
3c-4 12.4 11.9 10.4 13.3 14.3 15.2 34 2.8
[Cu(HzS)(NH3)o] * 3d-2 12.4 10.7 12.4 13.8 13.1 33 25
3d-3 121 10.2 12.2 13.6 13.0 3.4 2.8
3d-4 12.0 115 10.0 12.9 13.9 14.8 3.4 2.8
[Cu(H0)]* 3e-2 13.7 10.9 15.2 15.5 79.8 35 2.4
3e-3 13.0 10.1 15.1 155 36.9 3.7 2.8
3e-4 11.9 11.9 10.0 15.2 14.0 27.9 2.9 2.8
[Cu(H,0)(NHs)s] ™ 3f-2 13.2 10.6 14.5 14.8 3.2 2.9
3f-3 125 11.8 9.9 15.6 14.4 34.4 3.3 2.4
[Cu(NHg)4]* 3g-2 12.8 10.5 10.0 14.6 36.0 3.0 2.7
39-3 11.9 9.4 12.9 14.5 26.7 3.2 2.6
39-4 11.3 10.7 8.8 13.8 14.0 47.4 3.3 2.6

a|talic font indicates transitions between the 4-coordinated structures. The abbreviation struct is used for the optimized sTrnetadtabatic
EA of the [Cu(H:S)]" complex is 3.5 eV. The neutral structure of 4-coordinated [GB§i has a tetrahedral geometry with €8 distances of
~2.38 A.

vertical and adiabatic IPs of phthalocyanine were determined Comparing the IR energies obtained at the HF and DFT levels,
to be 6.48 and 6.47 eV, respectively, by Beasing the one can see that the DFT values are generally lower.
BPW91 method. Olssdf calculated the vertical QM/MM An estimation of the adiabatic electron affinity was per-
energy difference of the two states in the presence of pro- formed. However, the only stable neutral structure was found
tein point charges and obtained 4.22 and 6.78 eV for plasto- for the 4-coordinated [Cu($)] system. The calculated adia-
cyanin and rusticyanin, respectively. Our results can be com- batic electron affinity is about 3.5 eV. The additional electron
pared with the vertical IPs of Satta et®lwho investigate is located in the LUMO of the Cu(l) structures that is composed
neutral Cu(NH), systems at the B3LYP level. They found by the copper 4s atomic orbital (AO) with an antibonding
vertical IP = 3.70, 3.65, and 2.90 eV fon = 2, 3, and 4, admixture of sulfide MOs. The vertical EA(DFT) electron

respectively. Our estimation of the EA value for [Cu(RH* affinity values were evaluated for all studied Cu(l) complexes.
is 3.3 eV, which is in good accord with the energy computed They range from 2.9 to 3.7 eV.
by Satta. Results from outer valence Green function propagators

For the Cu(l) systems, the tR, ionization potentials based systematically overestimate IPs (even more than 2.0 eV) and
on Koopmans’ theorem are presented as well. These values areinderestimate EAs (on average by 0.5 eV). Also, the trend in
systematically about 2 eV lower at the DFT level and about 1 IPPVGF is not correct, since the IP increases with increasing
eV higher at the HF level than the corresponding®@nergies. coordination.
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17th MO (-0.71) 16th MO (-0.73) 15th MO (-0.78)
\ ™~

14th MO (-0.80) 13th MO (-0.83) 12th MO (-0.83) 11th MO (-0.84)

10th MO (-0.84)

9th MO (-0.86) 8th MO (-0.87) 7th MO (-0.90)

Figure 10. Valencea-MOs of the [Cu(HS),]?" system. The orbital energies of the corresponding MOs are in parentheses (in au). TheMQth
(SOMO) has no corresponding MO in tfffeset.

For an accuracy estimation, the experimentally measured firstdonation in the case of the monosulfide [Cu@)f?™ complex
and second ionization potentials and the EA of the isolated Cu where the main dative contribution to 3d can be noticed €).58
atom (1Pt = 7.7 eV, IPecond= 20.3 eV, EA= 1.2 e\?%) were In the disulfide complex, practically the same donation to the
compared with the calculated valuesf{#P= 8.2 eV, |Pecond 4s Cu AO is visible (0.39) comparing to 98t 3d AOs. It
= 20.5 eV, EA= 1.3 eV). Relatively similar values at least means that the smaller portion of tlhespin electron density
partially justify the methods and basis set used in this section. from 3dz-y2 is compensated in this complex. When more than

3.5. Charge and Wave Function AnalysesThe partial two ligands are present, the accepting capability of thé"Cu
charges were determined by the NPA methoaind an analysis  cation is already saturated as follows from the nearly constant
of molecular orbitals (MOs) was performed in order to get a occupation of both the 3d~9.56) and 4s £0.53) AOs of
deeper insight into the interactions in the examined structures.the Cu atom. The donation to different types of Cu AOs for
The Cu(ll) complexes contain copper in the’ @dnfiguration, mono- and di-ligated complexes is general, and it also was
giving an open-shell wave function with the doublet electronic observed in the previous studies with witeand ammoni#
ground state. According to the arrangement of ligand moleculesligands. Here, a different target (different AO of Cu) caused
in the first solvation shell, the single occupied molecular orbital stronger and shorter GtO and Cu-N bonds (or higher
(SOMO) is formed by different Cu 3d atomic orbitals (AOs). stabilization) in diaqua or diammine complexes than it would
In the [Cu(HS)Z" and [Cu(HS)]%" structures, the SOMO is  correspond to monotonic trends when number of ligands was
composed of the 3dAO (11th MO in Figure 10) with the-axis increased.
collinear to the coppetligand bond. In the most stable square- The NPA partial charges of the monovalent Cu complexes
planar 4-coordinated complexes, thez3g AO of the Cu atom in a mixed sulfide-water—ammonium environment are com-
forms the SOMO. This can be observed in Figure 11 and piled in Table 5. In the Cu(l) waterammonium compounds,
Supporting Information Figures 1 and 2. For the 5- and the highest donation and thus the lowest Cu partial charge occurs
6-coordinated structures, the SOMOs are also based on then 2-coordinated structures. In the presence of hydrogen sulfide
3de-y2 AO with partial admixture of Cu 34 molecules, lower partial charges on the Cu cations point to a

Table 1 contains the copper partial charges for all studied higher donation. This observation is in agreement with the
copper sulfide compounds. In both monovalent and divalent coordination preferences found in the energy section above. The
cations, the Cu 4s AO plays a key role in donation effects. same dependence of the partial charges on the ligand type can
Occupations of this orbital (and 3d AOs in the case of the also be found in the mixed Cu(ll) systems in Table 6. These
Cu(ll) systems) are also presented in Table 1. Increasing coor-trends correspond to increasing values of hardng$S) =
dination number leads to the saturation of the acceptor ability 6.2,4(NHz) = 8.2,u(H,0) = 9.5%1 and reflect the principle of
of the Cu ions. In the case of three or more ligands, no sub- the HSAB theory??
stantial change of the Cu partial charge occurs (about 0.6 and Detailed insight into the doneracceptor bonding character
0.% in the monovalent and divalent complexes, respectively). can be achieved by molecular orbital (MO) analysis. For the
The value of the metal partial charge results from the extent of demonstration, 2-coordinated [Cuf)]>" (in Figure 10) and
the ligand electron-density donation, which is a consequence4-coordinated homoligated complexes were chosen. Several
of the chemical potential minimization of the whole system. highest valence MOs are depicted for the tetrasulfide complex
Also, the spin density localized on the Cu atom closely follows in Figure 11. Supporting Information Figure 1 shows valence
the size of partial charge, as can be seen from Table 1 for MOs for the tetraammine Cu(ll) structure, and MOs of the
homoligated structures and Table 6 for mixed ligand complexes. tetraaqua Cu(ll) complexes are depicted in Supporting Informa-
An interesting exception from this correspondence between tion Figure 2. In 4-coordinated complexes, the properd
partial charges and spin densities is the system [GBdH" character of the SOMO (13th MO in Figure 11, 21st MO in
where a relatively high spin density on the Cu atom can be Supporting Information Figure 1, and 17th MO in Supporting
noticed. A possible explanation comes from the different Information Figure 2) can be seen. The lower occupation of
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23th MO (-0.63)  22th MO (-0.65) 21th MO (-0.68)

25th MO (-0.59)  24th MO (-0.62)

18th MO (-0.70) 17th MO (-0.71) 16th MO (-0.73)

20th MO (-0.69)  19th MO (-0.70)

\lv

y s
13th MO (-0.76)  12th MO (-0.78) 11th MO (-0.78)

P«

15th MO (-0.74) 14th MO (-0.74)

Figure 11. Valencea-MOs of the [Cu(HS)]?" system. The SOMO is represented by the 13th MO.

the 3de-,» AO minimizes the repulsion between the Cu electron [Cu(H,S)]" and [Cu(HSk]?" systems, respectively. However,
density and the donating ligand lone pairs. The varying the present values for the Cu(l) and Cu(ll) structures are
“position” of the SOMO orbital is connected with the differ- substantially lower (0.4 and GeS8respectively) using a larger
ent eigenvalues of the MOs in isolated ligand molecules and basis set (B3LYP/6-3Ht+G(2df,2pd)). For the [Cu(Nk4]2™*
with the usage of an unrestricted method. In Figure 11, the first complexes, similar (but not so significant) differences between
three MOs (23rd to 25th) display the nonbonding combinations the MP2/6-3%#G(d) and B3LYP/6-311+G(2df,2pd) results

of lone pairs of the KIS ligands (with small admixture of Cu
AOs 3dz-y, 3d, and 3¢, according to the symmetry of the
ligands). In the four following orbitals, the Cu 3d AOs dominate
(19th to 22nd): &, dyy, dxz 0y Then, another set of five MOs
appears where only a small contribution of the Cu d AO is
admixtured to ligand MOs. Finally, the 13tkorbital with dz—2

can be noticed (1.3 and @ompared with 0.8 and 0.87or
Cu(l) and Cu(ll), respectively). An explanation of the remark-
ably higher Cu partial charges can be seen in inaccurate
description of sulfur-containing systems using the MP2 method
(cf. ref 92) and a slightly less flexible (smaller) basis set in the
case of Katz's calculation.

character appears, which has no similar counterpart among the _
occupiedp-orbitals. An analogous discussion applies also to 4. Conclusion

the remaining two cases. No back-donation strengthening of A systematic investigation of the Cu(l)/Cu(ll) cation in-
the Cu-X bonds can occur in the examined complexes, Since taractions  with biologically important types of ligands

none of the examined ligands possess propeantibonding (water, ammonium, and hydrogen sulfide) at the DFT level
orbitals. was performed. The [Cu@$)n(H20)(NH3)k]?" complexes

In the first column of Figure 12, the spin densities (on the (wheren, m, andk are equal to 0, 2, 4, and 6, along with the
isodensity surface op = 0.005 e/boh) for linear disulfide, restrictionm + n + k = 4 or 6) were optimized using the
square-planar tetraaqua, tetraamine, and tetrasulfide Cu(l)B3PW91/6-31G(d) method, often using distinct geometries as
complexes are depicted. Except for the first linear one, all of starting points. In the case of the Cu(l) complexes, only the
the other densities show the same shape in which the characten.-ligated systemsnf + n + k = 4) were examined, since a
of the copper 3d-» AO can be easily recognized. The second maximum coordination number of 4 was reported in pre-
column of Figure 12 presents maps of electrostatic potentials vious studies. The optimizations reveal various stable coordina-
projected on the isodensity surface € 0.001). A higher tions.

maximum of the electrostatic potentiad{ay in the case of the The lowest conformers of all coordinations were analyzed

tetraaqua complex corresponds to a relatively smaller donationin terms of theAEs@ and AEStex stabilization energiegyEcoord

in accord with the NPA partial charges. coordination energies ansEEE bonding energies at the B3LYP/
Using the MP2/6-3+G(d) method, Katz et df deter- 6-311++G(2df,2pd) level. The different schemes to describe

mined partial charges of 0.71 and 1638 the Cu atom in the  the energetics help one to better understand the balance of forces
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Figure 12. Plots of spin densities and maps of electrostatic potentials for the disulfide, square-planar tetraaqua, tetraamine, and tetrasulfide Cu(ll)
complexes. The extrema of the maps (in electronvolts) are as follows: JSHH Vimin = 0.28,Vmax = 0.45; [CU(NH)4]?" Viin = 0.27,Vimax =
0.35; [Cu(HO)4]>" Vimin = 0.29,Vmax = 0.39; [CU(HS)]?" Vimin = 0.24,Vmax = 0.35.

in the studied systems. Furthermore, the different energy the divalent copper compounds, the 4- and 5-coordinated
evaluations may be useful when the presented results are to bestructures represent the most stable forms.

compared with other methods, namely, the force fields.

The highest stabilization energies were found for ammine

The Cu(l) systems prefer a coordination number of 2 ligands followed by hydrogen sulfide and aqua ligands in the
(followed by 3 and 4) in the presence of the ammine and aqua case of the Cu(l) complexes. The order of the last two ligands
ligand field. The 3- and 4-coordinated structures are favored is inverted in the Cu(ll) systems due to a higher electrostatic
when the HS molecules occupy the first solvation shell. For contribution to the stabilization energy.
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On the basis of the MO and NBO analysis, the largest dative ~ (3) Wang, X; Berry, S. M.; Xia, Y.; Lu, YJ. Am. Chem. S0d999

ibuti i 121, 7449.
;:o”ntrlbutlon tQ the Cu? bondk oceurs in thF S.u”ur h(.:a.se (4) Palmer, A. E.; Randall, D. W.; Xu, F.; Solomon, EJIAm. Chem.
ollowed by nitrogen. The weakest donor ability is exhibited g,c 1999 121, 7138.

by oxygen. It is in agreement with the order of the softness (5) Randall, D. W.; George, S. D.; Hedman, B.; Hodgson, K. O.;
parameter from the HSAB principle. This can explain the higher Fujisawa, K.; Solomon, E. U. Am. Chem. So@00Q 122, 11620.
coordination of the Ctications in sulfide-containing complexes. d(gGS)oEaer?)”'- D (\\J/\?Olrag?'sjén?éﬁ o ﬂ]arlkdrﬁ e Hfggo%nd B
Another reason the water molecules often escape to the second 11632. T T '

solvation shell is linked to a non-negligible energy release by (7) Holland, P. L.; Tolman, W. BJ. Am. Chem. So200Q 122, 6331.
the formation of strong H-bonds with other polarized ligands ~ (8) Holland, P. L.; Tolman, W. BJ. Am. Chem. So2999 121, 7270.
(either NH; or H,0O). Therefore, the final arrangement of the Cheﬁ?zgcggyéHslsBif Malmstroem, B. G.; Williams, R. J. & Biol. Inorg.
ligand molecules in solvation shells is a consequence of several (10) Olssoh, M. H. M.; Hong, G. Y.; Warshel, A. Am. Chem. Soc.
factors. In the case of more polar molecules g\td HO in 2003 125 5025. _

the present study), the system can be stabilized by the formation (11) Ol'SSO”' M. H. M., Ré’de' UJ. Biol. |nor_g._cr|1em199_9 |4' 654.

of both dative bonds and H-bonds. Lower coordination prevails Chglrfl)lgg%s%?’l'\géﬂ M. Ryde, U.; Roos, B. O Plerloot, K Biol. Inorg.
when the H-bonding is accompanied by a sufficient energy  (13) Ryde, U.; Olsson, M. H. M.; Roos, B. O.; De Kerpel, J. O. A;
release. The dative bonding is preferable in the presence of les$ierloot, K.J. Biol. Inorg. Chem200Q 5, 565.

_ (14) Book, L. D.; Arnett, D. C.; Hu, H.; Scherer, N. F. Phys. Chem.
polar H,S molecules where only very weak H-bonds can be A 1098 102 4350,

formed. (15) Fraga, E.; Webb, M. A.; Loppnow, G. R. Phys. Chem1996
The revealed preference can be generalized as follows: 100 3278.

; - i ; ; iotidi (16) Sabolovic, J.; Liedl, K. RJ. Am. Chem. S0d.999
nlj[rogen contalnmglllgands (like histidine) for.m stronger bonds (17) Sabolovic. J.- Tautermann, C. S.. Loerting, T. Lied!, KIfrg.
with the copper cations than the €8 bonds in, for example,  chem2003 42, 2268.

cysteine or methionine and the €O coordination with, for (18) Katz, A.; Shimoni-Livny, L.; Navon, O.; Navon, N.; Bock, C.;
example, serine or tyrosine. However, this preference must beGlusker, JHelv. Chim. Acta2003 86, 1320.

; ; ini ; (19) Rulgek, L.; Havlas, ZJ. Am. Chem. SoQ00Q 122 10428.
taken W|t|r(1 c?re, sm(ije thg ren;]amlng parF of thillgatgdllrnolecule (20) Ruliek. L. Havlas. Z.J. Phys. Chem. /2002 106, 3855,
can mask electron-density characteristics substantially. (21) Rulek, L. Chem. Listy2002 96, 132.
Both vertical IRt and adiabatic IRjapionization potentials (22) Rulgek, L.; Havlas, ZJ. Phys. Chem. R003 107, 2376.

(as well as electron affinities, EA) were calculated to describe 19%3)10%9%?% J.; Rodrigues-Santiago, L.; Sodupe,JMPhys. Chem. B
possible transitions between the Cu(l) and Cu(ll) oxidation (24) Shoeib, T.; Rodriquez, C. F.. Siu, K. W. M.; Hopkinson, A. C.

states. The highest IP values were obtained for the complexesphys. Chem. Chem. Phy2001, 3, 853.

containing the HS molecules. (25) Caraiman, D.; Shoeib, T.; Siu, K.; Hopkinson, A.; Bohme/ii.

. J. Mass Spectron2003 228 629.
The partial charges were computed by the NPA method. The (26) Santra, S.. Zhang, P.: Tan, W.Phys. Chem. 800Q 104 12021.

partial charge located on the Cu atom corresponds to the extent (27) manikandan, P.; Epel, B.; Goldfarb, org. Chem.2001, 40,

of the total donation. The copper 4s AO is the main target of 781. o _ _ _

the donation effects. Therefore, its occupation was observed. _ (28) Shimizu, K., Maeshima, H., Yoshida, H.; Satsuma, A.; Hattori, T.
- Phys. Chem. Chem. Phy2001, 3, 862.

In the Cu(ll) complexes, the occupation numbers of the Cu 3d * 59y “sigman, J. A.; Kwok, B. C.; Gengenbach, A.: Lu,YAm. Chem.

AOs also need to be considered. Soc.1999 121, 8949.

The presented data provide a systematic and wide set of , (30) Hackl, E. V. Kornilova, S. V.; Kapinos, L. E.; Andruschenko, V.
P . P y . . . V.; Galkin, V. L.; Grigoriev, D. N.; Blagoi, Y. P.J. Mol. Struct.1997,
structures and energies of Cu-containing clusters of biological 455 29,

relevance. The data can be used to rationalize selected aspects (31) Hemmert, C.; Pitie, M.; Renz, M.; Gornitzka, H.; Soulet, S.;

of the physical chemistry of Cu interactions in biopolymers and Meunier, B.J. Biol. Inorg. Chem2001, 6, 14.

can also be used for calibration of other computational methods ~ (32) Herrero, L. A.; Terron, AJ. Biol. Inorg. Chem200Q 5, 269. _
s . L . . (33) Meggers, E.; Holland, P. L.; Tolman, W. B.; Romesberg, F. E.;

such as Cu-containing force fields. To simplify this task, all schuitz, P. GJ. Am. Chem. So@00Q 122, 10714.

studied structures are available as Supporting Information. (34) Atwell, S.; Meggers, E.; Spraggon, G.; Schultz, PJGAm. Chem.
So0c.2001, 123 12364.

. (35) Schoentjes, B.; Lehn, J.-NHely. Chim. Actal995 78, 1.
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