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This paper presents geometries of copper(ll) chelatesiwathnine L-leucine, and -N,N-dimethylvaline optimized

by the hybrid density functional method B3LYP. According to the molecular quantum mechanics results, a square-
planar copper(ll) coordination geometry is electronically favaneghcua Deviations from the planar configuration
observed in the crystal state should be attributed to sterical intramolecular and/or intermolecular effects. This
paper proposes a new molecular mechanics model for tetracoordinated copper(ll) amino acidates to investigate
these effects in detail. The empirical parameter set for the selected potential energy functions was optimized both
with respect to the X-ray crystal structures (internal coordinates and unit cell constants) and with respect to the
quantum mechanically derived valence angles around copper. To test this newly developed force field (FF), the
equilibrium geometries of 10 molecules are predidtedacuoand in approximate crystalline surrounding. The
results were compared with theib initio and experimental crystal structures, respectively. The unit cell volumes
were reproduced in a range froav.0% to 2.1%. The total root-mean-square deviations between the experimental
and FF in crystal internal coordinates were 0.017 A in the bond lengthsjrtBe valence angles, and 3.8

the torsion angles. The force field is capable of reproducing the changes in the chelate rings’ torsion angles
caused by the crystal packing forces and successfully explains the nonplanarity of Cu(ll) amino acid complexes

in their crystal structures.

1. Introduction subject of the present study, the central metal atom has either
an irregular square-planar, a distorted planar or a flattened
tetrahedral coordination geometry, as determined by the X-ray
diffraction measurements!?

The copper(Il) coordination polyhedron can distort easily. The
softness” (“plasticity”) of the copper(ll) coordination sphere
is stereochemical manifestation of the Jafireller or pseudo
Jahr-Teller effects in a sense that the JafTreller center (i.e.
copper(ll)) allows a distorted configuration with several equally
probable directions of distortiotd:14 In the absence of external

Copper is an essential metalloelement, needed for normal
metabolic processes in celis® Many enzymes, such as cyto-
chromec oxidase, superoxide dismutase, tyrosinase, dopamine-
B-monooxygenase, lysil oxidase, ascorbate oxidase, and amine,
oxidases, require copper in the active sites to be biochemically
active. In blood plasma or serum copper is present in cerulo-
plasmin and in complexes with albumin and amino acids. These
complexes, which are electrically neutral, lipophilic and dif-
fusible molecules, in nondisease state regulate the copper-
dependent homeostatic pro.ce%es." . . . (4) Kaitner, B.; Kamenar, B.; Paulit\.; Raos, N.; Simeon, VI. Coord.

Copper(ll) complexes with amino acids and amino acid Chem 1987 15, 373-381.
derivative ligands are supposed to be good model compounds (5) Kaitner, B.; Métrovit, E.; Paulic N.; Sabolovi¢J.; Raos, NJ. Coord.

for the metal-ligand sites at proteins. They are also considered Chem 1995 36, 117-124.
9 P y (6) Oliva, G.; Castellano, E. E.; Zukerman-Schpector, J.; Calvé\dta

as potentially good models for mimicking the superoxide Crystallogr. 1986 C42, 19-21.
dismutase activity. So far, their only experimentally available (7) Hitchman, M. A.; Kwan, L.; Engelhardt, L. M.; White, A. H. Chem.
structures have been those determined by X-ray diffraction. Soc., Dalton Trans1987 457—465.

. s . (8) Kaitner, B.; Ferguson, G.; Paulid.; Raos, NJ. Coord. Chem1992
Generally, the ligand arrangements around the binding sites 26, 105-115.

for copper ions in proteins are unsymmetrical, being an (9) Fewcett, T. G.; Ushay, M.; Rose, J. P.; Lalancette, R. A.; Potenza, J.
intermediate between planar and tetrahedral configuratiéns. 10) ﬁ.; StChUQ%r,FI:. éln?rg- F?h%m lt9ﬂ9 18, ESZE—BS_Z. o ERi 5

H H H H evstein, F. R.; Calvo, R.; Castellano, E. E.; FIro, O. E.; RIVero, b.
In tetracoordinated copper(ll) amino acidates, which are the E. Inorg. Chem 1990 29, 3918.3922.

(11) Kaitner, B.; PaulicN.; Raos, N.J. Coord. Chem199], 22, 269—
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perturbations, the coordination sphere plasticity results in tween ligand atoms (points-on-a-sphere metfladpdeled with
continuous transitions between equivalent directions of distor- van der Waals and/or electrostatic potentldf&.42-4° Attempts
tions. The crystal environment of a given coordination center to calculate the magnitude and direction of the Jaheller
may be the external factor stabilizing one of many distorted distortion in Cu(ll)-Ns compounds were made by adding an
configurations. energy term to mimic the JahiTeller stabilization energy to

For a long time molecular mechanics was the only method the strain energy of a molecut A similar but more general
available for modeling structural and thermodynamical proper- approach, which was attempted to handle any coordination
ties of the copper(ll) amino acidat&s” Nowadays, the in-  humber and molecular geometry or ligand type with a single
creasing computing power and the development of hybrid empirical parameter set, asld d orbital stabilization energy to
density functional methods make it possible to optimize the the conformational potential:#44¢ The d orbital stabilization
geometries of these molecules quantum mechanically at a levelenergy is calculated by means of a ligand field model and
that even includes an approximate treatment of dynamic electronexplicitly treats the electronic effects arising from changes in
correlation. Still, the high level quantum chemical calculations the d orbital energies.
on metal-biomolecule complexes are r&fte?® The impressive A common way to develop the force fields for compounds
reliability of the hybrid density functional method for the Wwith copper(ll) has been to incorporate implicitly the effects of
description of copper and other 3d transition metals has beensurrounding environment on an average basis into the parameter
shown in numerous studiés:2° Ab initio derived geometries ~ set. On the contrary, our approach is to calculate the environ-
in vacuocompared with the experimental crystal data can clarify mental effects explicitly, i.e., to derive a “vacuum-like” potential
the influence of the crystal environment on the copper(ll) applicable to both gas phase (isolated molecules) and condensed
coordination sphere. With molecular mechanics calculations, on phase simulations (by accounting the influence of the crystal
the other side, it is possible to obtain equilibrium molecular packing forces).
conformations by explicit incorporation of the environmental The first simulations of molecular conformations of tetraco-
effects into the calculations. The comparison of molecular ordinated copper(ll) chelates in crystalline surroundings with a
mechanics results with the X-ray crystal data atd initio molecular mechanics model revealed them as different from the
geometries should be an excellent test for the molecular conformations calculated for isolated moleculgédn vacuo
mechanics model validity. calculations gave a much more distorted copper(ll) coordination

Several approaches in molecular-mechanical modeling of polyhedron (a distorted tetrahedron) than did crystal calculations.
copper(ll) complexes and of the copper(ll) coordination shere As the simulations in crystals gave the geometries of copper-
plasticity have been establish&#%-32 The variability of the (1) coordination close to the experimentally observed ones, a
valence angles around copper(ll) has been described eithefPossible conclusion was that the model described the real
explicitly by valence-angle bending potential using different situation quite well, i.e., that the influence of intermolecular

analytical function$233-41 or by nonbonded interactions be-

(15) Paulic N.; Raos, NJ. Coord. Chem1994 31, 181-190.

(16) Zimmer, M.Chem. Re. 1995 95, 2629-2649.

(17) Deeth, J. R.; Munslow, I. J.; Paget, V. Molecular Modeling and
Dynamics of Bioinorganic Systenp®anci, L., Comba, P., Eds.; NATO
AS| Series 3, High Technology; Kluwer Academic Publishers:
Dordrecht, The Netherlands, 1997; Vol. 41, pp-2D3.

(18) Burda, J. V.; foner, J.; Hobza, RB. Phys. Cheml996 100 7250-
7255

(19) Carloni, P.; Andreoni, WJ. Phys. Chem1996 100, 17797-17800.

(20) Hoyau, S.; Ohanessian, &.Am. Chem. S0d997, 119 2016-2024.

(21) Glukhovtsev, M. N.; Bach, R. D.; Nagel, C.JJ.Phys. Chem. A997,
101, 316-323.

(22) Barone, V.Chem. Phys. Lettl995 233 129-133.

(23) Holthausen, M. C.; Heinemann, C.; Cornehl, H. H.; Koch, W.;
Schwarz, HJ. Chem. Phys1995 102 4931-4941.

(24) Ignaczak, A.; Gomez, J. A. N. Ehem. Phys. Letfl996 257, 609~
615.

(25) Rodfgues-Santiago, L.; Sodupe, M.; Branchadell JVChem. Phys
1996 105 9966-9971.

(26) Luna, A.; Amekraz, B.; Tortajada, ©Chem. Phys. Lettl997, 266,
31-37.

(27) Bernardi, F.; Bottoni, A.; Casadio, R.; Fariselli, P.; Rigo,IAt. J.
Quantum Chem1996 58, 109-119.

(28) Ryde, U.; Olsson, M. H. M.; Pierloot, K.; Roos, B. @.Mol. Biol.
1996 261, 586-596.

(29) Ruiz, E.; Alemany, P.; Alvarez, S.; CanoJJAm. Chem. Sod 997,
119 1297-1303.

(30) Hancock, R. DProg. Inorg. Chem1989 37, 187—291.

(31) Hay, B. P.Coord. Chem. Re 1993 126, 177-236.

(32) Comba. P. InMolecular Modeling and Dynamics of Bioinorganic
SystemsBanci, L., Comba, P., Eds.; NATO ASI Series 3, High
Technology; Kluwer Academic Publishers: Dordrecht, The Nether-
lands, 1997; Vol. 41, pp 2347.

(33) Hancock, R. D.; Dobson, M. S.; Boeyens, J. Claarg. Chim. Acta
1987 133 221-231.

(34) RappeA. K.; Colwell, K. S.; Casewit, C. Jnorg. Chem 1993 32,
3438-3450.

(35) Adam, K. R.; Antolovich, M.; Baldwin, D. S.; Duckworth, P. A,
Leong, A. J.; Lindoy, L. F.; McPartlin, M.; Tasker, P. A. Chem.
Soc., Dalton Trans1993 1013-1017 and references therein.

interactions was considerable, and that the copper(ll) coordina-
tion might be more distorted in nonpolar solution.

However, this paper presents results of the geometry opti-
mizations of three copper(ll) amino acid complexes up to the
B3LYP/LanL2DZ+(d) level of theory. Unexpectedly, the
obtained copper(ll) coordination polyhedra are less distorted
in vacuothan in the crystal state, which is just the opposite
behavior to the above-mentioned molecular mechanics predic-
tion. Therefore, a new molecular mechanics model was devel-
oped. Ten copper(ll) chelates with the sartransN,O,
copper(ll) coordination polyhedron were selected for modeling.
The force field was optimized on experimental data of five
molecules and on thie vacuo ab initiocopper(Il) coordination
geometry of three molecules. The aim of this work was to derive
a force field suitable for reproduction and prediction of
properties of a whole class of compounds of our interest, namely

(36) SabolovigJ.; Raos, N.; Rasmussen, IJroat. Chem. Actd 989 62,
495-503.

(37) Sabolovi¢J.; Raos, NPolyhedron199Q 9, 1277-1286.

(38) Wiesemann, F.; Teipel, S.; Krebs, B.;wiger, U.Inorg. Chem1994
33, 1891-1898.

(39) Jurek, P. E.; Martell, A. E.; Motekaitis, R. J.; Hancock, R.farg.
Chem 1995 34, 1823-1829.

(40) Hosken, G. D.; Allan, C. C.; Boeyens, J. C. A.; Hancock, RJD.
Chem. Soc., Dalton Tran4995 3705-3708.

(41) Ungar, L. W.; Scherer, N. F.; Voth, G. Biophys. J1997, 72, 5-17.

(42) Bernhardt, P. V.; Comba, Fhorg. Chem 1992 31, 2638-2644.

(43) Comba, P.; Zimmer, Mnorg. Chem 1994 33, 5368-53609.

(44) Burton, V. J.; Deeth, R. J. Chem. Soc., Chem. Comm95 573~
574.

(45) Burton, V. J.; Deeth, R. J.; Kemp, C. M.; Gilbert, PJJAm. Chem.
Soc 1995 117, 8407-8415.

(46) Deeth, R. J.; Paget, V. J. Chem. Soc., Dalton Tran&997, 537—
546.

(47) SabolovigJ.; Raos, NPolyhedron199Q 9, 2419-2427.

(48) Sabolovi¢J. Polyhedron1993 12, 1107-1113.

(49) Sabolovic J.; Rasmussen, Kjnorg. Chem 1995 34, 1221-1232.
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amino acids complexed to Cu(ll). The goal is to contribute to
a better understanding of the structure and function of copper
biomolecule complexes, and also to predict a ligand which may
be effective in transporting copper ions to the sites in biological
systems where their pharmacological and biochemical activity
would be of the utmost need.

2. Methods and Calculations

2.1. Molecular Quantum Mechanics All ab initio calculations were
done using the Gaussian94 series of progPamgplying the hybrid
density functional method B3LYP within a restricted open shell
approach. Dunning/Huzinaga full douhigb95)*? was used as a basis
set for first row elements and Los Alamos effective core potential (ECP)
plus double (DZz)%%% for Cu. This combination of basis sets
corresponds to the LanL2DZ basis set keyword in Gausstrzswl
therefore the approach will be called B3LYP/LanL2DZ in this paper.
Further on, polarization functiobfswere added to carbon, oxygen and
nitrogen (this approach is named B3LYP/LanL2DZ(d) below). Finally,
diffuse function&” were augmented to the first row elements (denoted
as B3LYP/LanL2D2-(d) throughout this paper).

Even though atomic charges are not physical observables and
therefore cannot be seen as results of rigid molecular quantum

mechanics, they provide a very helpful tool to analyze the distribution
of electron and spin density. Especially if the systems under consid-

eration are simultaneously investigated at quantum mechanical and at
classical level, atomic charges derived from quantum mechanics can

provide significant help for the proper description of electrostatics in

the frame of classical mechanics. Among the various schemes to

distribute the electron density to the nuclei, the Natural Bond Orbital

(NBO) analysis has been proved to be rather independent from basis

sets and fruitful for chemical intuitiot¥ > Therefore, the wave function
with respect to the electron density resulting from molecular quantum
mechanics was investigated by Natural Population Analysis (NPA)
using the NBO Version 3.1 program (by E. D. Glending, A. E. Reed,
J. E. Carpenter, and F. Weinhold), which is distributed together with
the Gaussian94 series of programs.

Numerous benchmark studies on small copper sygteffiproved
that the B3LYP method can reliably describe Cu in all oxidation states
at an accuracy comparable to very expensive high ledelinitio

Sabolovicand Liedl

the B3LYP method for geometry optimizations. Therefore, a very
reliable description of the copper(ll) amino acidates which are much
larger molecules that the ones investigated by the benchmark gtuéfied
can be expected with confidence. The assumed reliability is also
confirmed by the recent theoretical study for the [glycine Cayjstent?
The comparison between the metahimo acid geometries optimized
at the second-order MgllelPlesset perturbation (MP2) and B3LYP
levels of theory showed excellent agreement within the glycine
fragment, with the largest differences being ca. 0.01 A ahdahd
with differences in Ct-O and/or Cu-N distances in the 0.630.06 A
range?°

2.2 Molecular Mechanics.The conformational (strain) potential
energy is calculated from the following basic formulas:

Viota = Vp + YV + V¢ + Vx + VTt ch Q)
Vb — De(e—Zcx(b—bo) _ 2e—(1(b—b0))
all'bonds
1 2
Vo= —ke(6 — 69)
all valence angles
except around metal
1
V,= Z =V, (1 =+ cosng)
one orsion2

per bond
1

-k, xz
azoopz g

(AAT 2 =BBI, °*+age 1)
<7

atoms more than
Z

two bonds apart
nonbonded atoms
of the copper(Il)
coordination polyhedron

VX

an =

V,

_ -1, -1
cp aaer T

Hereb, 0, ¢, x, andr are bond lengths, valence, torsion, and out-of-

methods (like MP4 and CCSD(T)) that would not be feasible for large plane angles, and nonbonded distands.o, and by, are empirical
systems as the ones investigated in this study. Especially good matchparameters for bond stretching (a Morse functiémandé, for valence-

was obtained for structural data, which confirms the high reliability of

(50) Frisch, M. J.;. Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T.; Petersson, G. A,;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, G&ussian
94, Revision D.1; Gaussian, Inc.: Pittsburgh, PA, 1995.

(51) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(52) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; pp28.

(53) Hay, P. J.; Wadt, W. RI. Chem. Physl1985 82, 270-283.

(54) Wadt, W. R.; Hay, P. . Chem. Physl985 82, 284—298.

(55) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(56) Frisch, M. J.; Pople, J. A.; Binkley, J. 3. Chem. Phys1984 80,
3265-3269.

(57) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. . R.
Comput. Chem1983,4, 294-301.

(58) Carpenter, J. E.; Weinhold, B. Mol. Struct. (THEOCHEM)L98§

46, 41-62.

(59) Carpenter, J. E. Ph.D. Thesis, University of Wisconsin, 1987.

(60) Foster, J. P.; Weinhold, B. Am. Chem. S0d98Q 102 7211-7218.

(61) Reed, A. E.; Weinhold, Rl. Chem. Phys1983 78, 4066-4073.

(62) Reed, A. E.; Weinhold, RI. Chem. Phys1985 83, 1736-1740.

(63) Reed, A. E.; Weinstock, R. B.; Weinhold, F. Chem. Phys1985
83, 735-746.

(64) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899—
926.

(65) Weinhold, F.; Carpenter, J. E. Trhe Structure of Small Molecules
and lons Naaman, R., Vager, Z., Eds.; Plenum: New York, 1988;
pp 227236.

angle bending, anl, for the out-of-plane deformational potential for
the carboxyl groups. Torsional interactions are specified Witandn
(height and multiplicity of the torsional barrier, respectivek)yandB

are one-atom empirical parameters for the van der Waals interactions
(a Lennard-Jones 16 function).q is a charge parameter ands the
dielectric constant. Intramolecular interactions separated by three and
more bonds are considered nonbonded. Intermolecular -aabom
interactions are calculated with the same functional forms and empirical
parameters as the intramolecular nonbonded interactibpsThe last

term in eq 1V, stands for the repulsive electrostatic potential between
the nonbonded atoms of the metal coordination polyhedron. Therefore,
the interactions inside the copper(ll) coordination sphere are modeled
with the Morse potential between the copper and ligand atdfys,
and the Coulombic potential between the ligand atorfgslt is a model
without any explicit angle-bending potential for the angles around
copper.

The choice of the potential energy functions is the same as in the
previously described and analyzed motfegxcept that the Morse
potential is chosen instead of a harmonic function for modeling the
bond potential. The reasons for selecting the Morse potential over the
quadratic function are: the harmonic potential could not reproduce the
diversities in the CetN and Cu-0O bond lengths, and the satisfactory
performance of several force fields which use Morse poterfti&fs®®

(66) Engelsen, S. B.; Rasmussen, Kjt. J. Biol. Macromol 1993 15,
56—62.

(67) Engelsen, S. B.; Fabricius, J.; RasmussenAtlia Chem. Scand 994
48, 553-565.

(68) Fabricius, J.; Engelsen, S. B.; RasmussenNgw J. Chem1995
19, 1123-1137.
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Table 1. Crystallographic Data for Copper(ll) Complexes withAmino Acids and Amino Acid Derivative Ligands

label compound Bravais type space group Z coordination geometry ref
(A) bis(L-N,N-dimethylvalinato)copper(ll) orthorhombic P2,2:2, 4 flattened tetrahedron 4
(B) bis(o,L-N,N-dimethylvalinato)copper(ll) monoclinic P2,/c 2 irregular square-planar 5
© bis(-aminoisobutyrato)copper(ll) monoclinic P2i/c 2 irregular square-planar 6
(D) bis(L-alaninato)copper(ll) monoclinic P2, 2 distorted planar 7

(E) bisp,L-N,N-diethylalaninato)copper(ll) triclinic P1 1 irregular square-planar 8
(F) bis(-leucinato)copper(ll) monoclinic P2, 2 distorted planar 9

(G) bis(-2-aminobutyrato)copper(ll) monoclinic P2, 2 distorted planar 10

H) bis(p,L-2-aminobutyrato)copper(ll) monoclinic P2,/c 2 irregular square-planar 9
() bis(L-N,N-dimethylisoleucinato)copper(Il) monoclinic P2, 2 flattened tetrahedron 11
@)] bis(1-aminocyclopentanecarboxylato)copper(ll) monoclinic P2,/a 2 irregular square-planar 7

The molecular mechanics model fits into a group of our electrostatic
model$”*° or points-on-a-sphere models. Originally, as we dealt with
four-coordinate compounds, two dummy atoms imagined to represent
an electron pair placed half above and half below the coordination plane
were supposed to be part of the copper(ll) coordination polyhetdron.
However, the active role of the dummy atoms in the nonbonded

neighboring molecules are in a range from 2.629 A (inbis(cinato)-
copper(Ily) to 3.116 A (in bis(1-aminocyclopentanecarboxylato)copper-
(I)7). The two-dimensional sheets are held together by van der Waals
interactions.

4. Results and Discussion

interaction$® appeared to be a disadvantage of the model because the

equilibrium conformations of a molecule depended mostly on their
initial positions. The problem was more pronounced in the copper(ll)
complexes with apically coordinated oxygens from the neighboring
molecules in the crystal lattide. Subsequent calculations of the
intermolecular Cu-O distances revealed them to be overestimated by
more than 0.5 A, as the dummy atoms prevented the carboxyl oxygens
from surrounding molecules to come close to the copper atom.
Consequently, the dummy atoms were dropped out.

Molecular mechanics calculations were performed with the Consis-
tent Force Field (CFF) program for conformational analy%i& which
was further modified to cope with the electrostatic models. Crystal
simulations were carried out by using the Williams variant of the Ewald
lattice summation methd#”* with a spherical and abrupt cutoff limit
of 14 A and convergence constants of 0.2:20.2 A, and 0.0 for
Coulomb, dispersion, and repulsion lattice summation terms. The
parameters for the set of potential energy functions were determined
by combining trial and error guesses with the optimization algorithm
which is a variant of the general least-squares method (the Levenberg
Marquardt algorithmj.72

3. Experimental Data

Ten X-ray crystal structures of the copper(ll) amino acidato
complexes with the sanmeans-CuN,O, coordination polyhedron and
the same atom types were selected for modeling (Table 1 and Figure
1). The compounds are electrically neutral molecules.

The 10 molecules differ with respect to the shape of the copper(ll)
coordination polyhedron (Table 1) and with respect to the types of
intermolecular interactions in the crystal state. Four of them are copper-
(I1) complexes with N-alkylated amino acids, bonded only by van der
Waals interactions and without any noticeable apical coordination to
the coppef:>811The other six molecules have the crystal organization
as follows: they are arranged in isolated two-dimensional sheets, linked
to each other within the sheet by a net of relatively weakHN--O
hydrogen bonds and also by intermolecular —@Qu interactions,
completing an elongated octahedral coordination around c&gér.

The distances between the copper and the carboxyl oxygens of the

(69) Jmsdatir, S. O.; Rasmussen, KjNew. J. Chem1995 19, 1113~
1122.

(70) Niketic S. R.; Rasmussen, KjThe Consistent Force Field: A
DocumentationLectures Notes in Chemistry; Springer-Verlag: Berlin,
1977; Vol. 3.

(71) Rasmussen, KjPotential Energy Functions in Conformational
Analysis Lectures Notes in Chemistry; Springer-Verlag: Berlin, 1985;
Vol. 37.

(72) Rasmussen, Kj.; Engelsen, S. B.; Fabricius, J.; RasmussenRBcémt
Experimental and Computational Aahces in Molecular Spectroscaopy
Fausto, R., Ed.; NATO ASI Series C, Mathematical and Physical
Sciences; Kluwer Academic Publishers: Dordrecht, The Netherlands,
1993; Vol. 406, pp 381419.

(73) Williams, D. E.Top. Curr. Phys1981, 26, 3—40.

(74) Pietilg L.-O.; Rasmussen, Kjl. Comput. Chenil984 5, 252-260.

4.1. Quantum Mechanics.We applied the B3LYP method
to study three molecules with distorted copper(ll) coordination
geometry, bis(-N,N-dimethylvalinato)copper(ll), bisfalani-
nato)copper(ll), and bis{leucinato)copper(ll). Bistalaninato)-
copper(ll) was chosen as the smallest molecule, 4és(cinato)-
copper(ll) is the compound with the largest amino acid residue,
and bis(-N,N-dimethylvalinato)copper(ll) has the most distorted
copper(ll) coordination polyhedron of the 10 copper(ll) chelates.
Their geometries were optimized at the B3LYP/LanL2DZ level
of theory. Bis(-N,N-dimethylvalinato)copper(ll) and bis{(
leucinato)copper(ll) were also optimized with additional polar-
ization functions (B3LYP/LanL2DZ(d) level of theory, the first
molecule) and additional diffuse functions on nitrogens, carbons
and oxygens (B3LYP/LanL2DZ (), the second molecule). All
geometry optimizations were started from the experimental
molecular structures and were made without symmetry con-
straints, i.e., all degrees of freedom were optimized.

Adding the diffuse and polarization functions yields the Gl
bond lengths and the bond distances between the atoms of the
carboxyl group closer to the experimental values (for theON
bonds by up to 0.019 A, €0 by 0.029 A, and &0 by 0.024
A), lengthening of the C&N bonds (by 0.015 A) and shortening
of the Cu-O bonds (by 0.010 A) for bis¢N,N-dimethylvali-
nato)copper(ll), and changes in the valence and torsion angles
not larger than 3.3and 3.2, respectively. Unless explicitly
stated otherwise, the LanL2DZ(d) and LanL2DZ(d5tructures
are used for comparisons with the experimental and molecular
mechanics results.

The comparison of the experimental data with #einitio
calculated equilibrium geometries offers first indications about
the strength of intermolecular interactions in the geometry of
copper(ll) amino acidato complexes.

The copper(ll) coordination polyhedra of the three molecules
are less distortedn wvacuo than in the crystal state. The
difference in the spatial arrangements of the ligands around the
metal is more pronounced for bis,N-dimethylvalinato)-
copper(ll) than for the other two molecules (Table 2 and Figure
2). On the other side, the chelate rings’ torsion angles of the
first molecule are almost unchanged (the maximum difference
is 8.6°), while the changes in some torsions are significant for
the copper complexes withalanine and -leucine (up to 20),
pointing out a possibility of different conformations in the
condensed and gaseous phases (Table 3).

The electronic configuration on the copper and four ligand
atoms is very similar for all three studied systems (Table 4).
As bis(_-alaninato)copper(ll) and bis{eucinato)copper(ll) have



(A) BIS(L-N,N-DIMETHYLVALINATO)COPPER(I) (D) BIS(L-ALANINATO)COPPER(II) (G) BIS(L-2-AMINOBUTYRATO)COPPER(ID)
(H) BIS(D,L-2-AMINOBUTYRATO)COPPER(I)

(F) BIS(L-LEUCINATO)COPPER(II)

Figure 1. Copper(ll) complexes witlw-amino acids and amino acid derivative ligands studied in this work (hydrogens are omitted for clarity).
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FF
exp ab inifio in crystal in vacuo

o
—feft
£ 4
- o

Figure 2. Coordination polyhedra of five molecules with distorted copper(ll) coordination geometry: (A}Njs¢dimethylvalinato)copper(ll);
(D) bis(L-alaninato)copper(ll); (F) bisfleucinato)copper(ll); (G) bis¢2-aminobutyrato)copper(ll); (1) bis{N,N-dimethlyisoleucinato)copper(ll).

almost an irregular square-planarvacuocopper(ll) coordina- 4.2. Molecular Mechanics. Potential Energy Parameter
tion, the former result implies that the planar coordination is Set.The introduction of the new potential energy function form
electronically favored in all three examined molecufeand (the Morse potential) and the removal of the dummy atoms from

that the deviations from planarity may be attributed to the sterical the studied systems called for changes in the potential energy
(intramolecular or/and intermolecular) effects. It might be that parameter set. The dummy atom force field, M8-kf3was

the van der Waals interactions between the bulky alkyl groups taken as an initial empirical parameter set for parameters’
attached to the nitrogens in hisl,N-dimethylvalinato)copper-  optimization in the valence-angle bending, torsion, out-of-plane
(1) cause the distortion of the copper(ll) coordination polyhe- hending and nonbonded part of the conformational potevitial

dron from the electronically favored planar geometry. Additional (eq 1). Four equilibriumé,, those for the ©C(sp)=0,

strain imposed by the crystal packing forces might indirectly c—c(s)=0, C-C(s®)—0, and C(sh—O—Cu valence angles,

(as there is no apical coordination to the metal) cause further gng the multiplicity for the &C(sp) torsion were changed to
distortion of the polyhedron, i.e., the changes inside the copper-pe close to their usual experimental values. The initial values

(I) coordination sphere due to its property of plasticity for Morse potential parameters were taken from the litera-
(flexibility) may be more favored energetically than the changes ;¢ 45.66

in the torsion angles.

As the three molecules are rather different, we expect that
similar effects could be found for all molecules of the same
class.

Although the infrared spectra of several molecules have been
recorded, the assignment of the frequencies is not possible
(except for the &H and C=0O bond stretching) without
extensive studies of vibrational spectra. Furthermore, only the
. . . — crystal spectra were recorded, a case that the CFF program still
(79 Getorted coordimation poiyhedion were addiionally tesied for angther C2NMOL treal in a proper way. Therefore, the X-ray crystal

local minima. Only the planar minimum was found in the trans Structures have been chosen as the only experimental data on

orientation of the two glycine ligands. which to optimize the parameters.
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Table 2. Copper(ll) Coordination Polyhedra Angles of the

Experimental X-ray Crystal andb Initio in VacuoStructures, and
of the Structures Obtained by the Force Field (FFYacuoand in

Table 3. Chelate Rings’ Torsion Angles (in degrees) of the
Experimental X-ray Crystal andb Initio in VacuoStructures, and
of the Structures Obtained by the Force Field (FFYacuoand in

Crystaf Crystaf
FF FF
expt ab initio in crystal in vacuo expt ab initio in crystal in vacuo
Bis(L-N,N-dimethylvalinato)copper(Il) Bis(L-N,N-dimethylvalinato)copper(Il)
N—Cu—N' 161.4 172.5 158.5 160.6 OCuNC —156.7 —151.4 —156.4 —154.7
N—Cu—0O 84.3 84.2 85.9 86.1 O'CuNC —152.2 —151.3 —154.1 —154.7
N—Cu—-0O' 97.2 95.3 96.1 94.6 CCNCu —86.6 —92.4 —87.8 —89.7
N'—Cu—0O 95.3 95.3 95.5 94.6 CCCN —175.9 —167.3 —178.6 —176.1
N'—Cu-O' 84.5 84.2 85.9 86.1 OKCN —-31.0 —29.6 —-32.5 —-31.0
O—Cu—0O' 175.7 171.9 1711 176.1 CuOKC 7.4 10.7 10.5 11.0
O'N'NO 156.3 179.9 149.3 156.1 C'C'N'Cu —95.1 —92.5 —93.1 —89.7
p 170.3 169.4 171.5 169.4 C'C'CN —169.2 —167.3 —174.3 —176.1
Bis(L-alaninato)copper(Il) OK'C N , —25.2 —294 —27.0 —30.9
PN CuoK'C 75 10.6 9.4 10.9
N—Cu—N 175.5 179.8 . 174.2
e KOCuN 12.3 7.1 9.3 7.7
N—Cu-0O 83.8 85.0 86.8 86.7 K'O'CUN 83 71 71 78
N—Cu—0O' 95.5 94.9 92.0 93.9 u : ) ) :
N'—Cu—0O 96.2 94.8 95.4 93.0 Bis(L-alaninato)copper(Il)
N'—Cu—0O' 84.4 85.3 85.7 86.5 OCuNC 27.8 17. 23.4 16.1
O—Cu—0O 179.2 179.4 178.6 179.1 O'CuNC —135 —14.6 —16.0 —16.3
O'N'NO 175.8 —179.4 174.4 173.3 CCNCu —166.9 —149.1 —158.7 —143.6
B 176.7 179.6 174.9 176.5 OKCN 36.5 194 35.2 17.9
Bis(L-leucinato)copper(ll) CuOKC —13.7 —4.9 —147 —4.2
N C'C'N'Cu —99.9 —102.4 —-97.3 —-96.9
N—Cu-N 1746 179.6 170.0 176.7 i
el OK'CN —19.0 —-15.3 -19.5 —-18.8
N—Cu—0O 84.2 84.4 85.5 86.9 y o~
Y CuOoK'C 8.4 3.2 6.4 5.2
N—Cu—O 95.6 95.7 94.8 92.6
v KOCuN -8.2 -75 -55 -7.1
N'—Cu—0O 96.0 95.3 93.5 93.9 K'O'CuN 30 6.7 57 6.7
N'—Cu—0O' 84.2 84.6 87.1 86.5 u : : : :
O—Cu-0O' 179.7 179.8 174.5 178.0 Bis(L-leucinato)copper(ll)
O'N'NO 174.7 180.0 164.3 —178.7 OCuNC —-19.4 —20.7 —-19.4 —22.7
B 176.2 179.7 176.9 —176.4 O'CuNC 27.1 16.5 22.6 15.9
a2The valence angles, a “torsion” angléNCNO, and a distortion ggch:u _18776% _:?71995 _9127.38 _8%% 8
anglep are expressed in degrees. The distortion coordjfé&elefined OKCN Z208 —26.7 250 —347
as an angle between the bisectors of the twoQu—O angles in ccce —174.9 ~176.2 ~1756 ~1753
opposite chelate rings. CuOKC 14.0 9.7 8.9 15.0
C'C'N'Cu —166.2 —146.7 —158.0 —142.7
The conformational potential energy was minimized as a CCCN' —725 —63.5 —58.3 —57.4
molecule was in the crystalline surroundings, by taking inter- gégg 1?7’2-3 11763-21 13;77-% 11772-(1
molecular interactions into account. The empirical parameters . : ; : :
.. . . . CuOoK'C —13.7 —-2.5 —-17.3 -4.3
were optimized with respect to the experimental data (internal kocun 33 6.5 6.2 50
coordinates and unit cell constants) of five molecules: Lbis( K'O'CuN -7.9 -8.2 -3.6 —6.9

N,N-dimethylvalinato)copper(ll), bis(L-N,N-dimethylvalinato)-
copper(ll), bis¢-aminoisobutyrato)copper(ll), bis@laninato)-
copper(ll), and bisg,L-N,N-diethylalaninato)copper(ll). Théy Table 4. Valence Electron Configurations by NPA with the Basis
and n parameters as well d3¢, o, andbg for the C-H and Set LanL2DZ for the Atoms of the Copper(ll) Coordination

N—H bonds were kept unchanged during the optimization Polyhedron
process. The new parameters were tested on another five atom
molecules.

aSymbol K stands for the planar carbon atom of the carboxyl group.

population

Bis(L-N,N-dimethylvalinato)copper(Il)

The preliminary calculated geometries by the crystal simulator Cu 4s (0.26) 3d (9.41) 4p (0.02)
without the dummy atoms were encouraging. Good reproduction N 2s (1.34) 2p (4.27) 3p (0.02)
. . o 2s(1.74) 2p (5.15) 3p (0.01)
of the crystal structures was possible. However, for isolated Bis(_-alaninato) (“)
; : ; ; : is(L-alaninato)copper
molecules, without the' mf!uence of mtermolepular interactions, cu 45 (0.33) 3d (9.39) 4p (0.02)
the copper(ll) coordination polyhedron distorted from an N 25 (1.44) 2p (4.51) 3p (0.02)
irregular square-planar one toward a distorted tetrahedron. 0 2s (1.76) 2p (5.09) 3p (0.01)
Besides, a problem of many minima occurred at the parameter Bis(L-leucinato)copper(ll)
hypersurface, i.e., many different combinations of the parameter Cu 4s (0.33) 3d (9.39) 4p (0.01)
set yielded similar results. Restricting the parameter hyperspace N 2s (1.44) 2p (4.50) 3p (0.02)
with additional data on which to optimize the parameters was o 2s (1.74) 2p (5.13) 3p (0.01)

necessary.

The solution of the problem has been looked for in #ie
initio calculated structures: Thab initio results revealed that
the distortedn vacuocopper(ll) coordination polyhedra by the  experimental data as well as thb initio in vacuo copper(ll)
force field were “false” minima, i.e., as already mentionied, coordination geometry. The difference in the crystal packing
vacuocopper(ll) coordination geometries are less distorted than forces between the copper(ll) complexes with N-alkylated amino
in the crystal state. Therefore, tlab initio data were used as  acids and other amino acid complexes were simulated by

additional condition for restricting the parameter hyperspace on
our way to finding a suitable force field.
The empirical parameters were reoptimized to reproduce the
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Table 5. Potential Energy Parameter Set Table 6. Charge Assignment by the CFF Program Using the
Charge Parameters Given in Table 5, and Charges Obtained by the
bond De « Bo bond De © bo NPA Method with the LanL2DZ Basis Set (Average Values)
Cu—N 219.414 1.195 1.989 KQ 54.684 3.456 1.230

N—C  52.471 3.029 1465 €K 114.167 3.609 1.522 __ Chargest _ Chargesd
C—C 162.361 4.051 1.527 O 59.168 2.500 1.299 atom FF NPA atom FF NPA
C—H 101600 1.800 1.090 GtO 85768 1.850 1.901

N—H  93.000 2.500 1.010

Bis(p,L-N,N-dimethylvalinato)copper(ll),
Bis(L-N,N-dimethylvalinato)copper(Il)

| 9 | 0 Cu 1.011 1.310  EY(Hy) 0.282 -0.371
ange ko 0 angle ko 0 N —0709 -0624 C(H) 0064 —0.122
Cu—N—H 16.682 1911 €N-C 209.726  1.911 0 —0.970 —0.894 CG(H) —-0.149 —0.195
Cu—N-C 10.000 1911 KC—H 157.557 1.911 K 0.492 0.890 @°(H3) 0.069 —0.598
N—-C—-C 191.439 1.911 NC—K 234054 1911 Q -0.391 —0.673  H(C) 0.032 0.207
N—C—H 120.860 1911 €C—K 163.683 1.911 . L
H-N-H  47.951 1911 ©OK-Q 276728 2.164 Bis(c-aminoisobutyrato)copper(ll)
H-C—H  111.182 1911 €K-Q  274.949 2.094 ﬁ“ 3-??? gy ’ _8-82
C-N-H  120.093 1911 €K-O 195995 2.025 A H’é 3 r0os.
H-C-C 154313 1911 KO-Cu 317.232 2.007 0 990 HéN; 0.02¢
C-C-C 281.007 1911 ) 0397
torsion Vi n torsion Vn n Bis(L-alaninato)copper(ll)
-C-C— 3700 3000 -O-K—  7.580 —2.000 Cu 1.006 1259  @H) 0058  —-0.105
—~C-N- 1015  3.000 -C-K— 0520  12.000 N -0714  —0970  C(Hj) 0.064 ~ —0.656
~O-Cu- 2760 —4000 -Cu-N— 0350  12.000 o  -0975  -0860  H(C) 0.027 0232
K 0.487 0.811  H(N) 0.433 0.430
out-of-plane torsion ky Q —0.39%6 —0.636
_C— Bis(p,L-N,N-diethylalaninato)copper(ll)
K—-C-0 95.277
A ) Cu 1.011 CYHy) 0.173
nonbonding A B nonbonding A B N —0.709 C(Hs) 0.069
o) —0.970 C(H) 0.064
H(C) 98.676 4.390 O 751.741 39.667 K 0.492 @(Hs) 0.069
H(N) 220.000 6.663 Q 239.448 22.050 Q —0.391 H(C) 0.032
C 845.174 16.040 Cu 895.565 42.158 . .
N 308.461 12.001 K 261.913 24.053 Bis(L-leucinato)copper(ll)
Cu 1.005 1.260 gH) 0.057 —0.105
charge charge charge N —0.715 —-0971  C(H) —0.046 —0.444
parameters  q parameters  q parameters  q o —0.976  -0.878  C(H) —0.155  —-0.195
K 0.485 0.909 C<(Hs) 0.063 —0.639
H —0.109 Q —0.097 N —0.850 Q -0.397 —0.690  H(C) 0.026 0.217
E —8232 Cu 0.870 (0] —-1.111 H(N) 0.432 0.426
aUncommon symbols: K, planar carbon atom; Q, double-bonded Bliaslf‘éli-zz-?anrl:?r?obt;ﬁi/;?;?g;:(?op;?;ésl(II)Ij
oxygen atomP Units are as follows:De, kcal mot?; o, A% by, A; Cu 1.005 ' C(H) 0.058
ks, kcal mol™ rad 2 6y, rad; Vi, kcal mot?; V,, kcal mol rad 2 A, N —0.715 G(H,) —0.046
(kcal mol? A12)1/2; B, (kcal moft A6)1/2; g, in electron units (the e) 70:976 C(Ha) 0:063
expression for electrostatic interactions has to be multiplied by 332.091 0.486 H(C) 0.026
keal moll't1 ﬁé)m order to be in kcal mot', and the dielectric constant Q ~0.397 H(N) 0.433
IS equal to .
a Bis(L-N,N-dimethylisoleucinato)copper(Il)
Cu 1.010 CH3) 0.281
separating the Lennard-Jones parameters for the hydrogens (’\)‘ :8-;%(1) g((m _8-228
bonded to the nitrog_en_s and _those bonded to the qarbons. The g 0.491 G(Hs) 0.068
parameters were optimized with respect to the experimental data Q —0.392 C(Hy) —0.041
(bond lengths, valence and torsion angles, and unit cell H(C) 0.031
dimensions) of the same five molecules and also with respect Bis(1-aminocyclopentanecarboxylato)copper(ll)
to the valence angles around the copper obtained batileitio (N:“ _ é'%g gly (Hy) :8'823
calculations (_)f the th_ree molecules (biN,N-d!methyIvaIinato)- o ~0.963 C<(H 22) ~0.033
copper(ll), bis(-alaninato)copper(ll), and bis{eucinato)cop- K 0.499 H(C) 0.039
per(ll), Table 2). The parameters were systematically tested on Q —0.384 H(N) 0.446

other molecules. The final force field (FF) is given in Table 5. aH(C) and H(N) stand for hydrogens bonded to carbon and nitrogen,
respectively; @H;) denotes carbon of alkyl groups for= 1, 2, 3, 4 or

In the CFF program, the fractional charges are not assignedcarbon of the amino acid residue fore= o, 3, 7, 0, €; j denotes the
by their parameter values, but redistributed by a special number of H atoms bonded to the carbon.
algorithm, keeping the total charge on the molecules neutral
and distributing fractional charges in a manner supposed to €lectrostatic potential fit modé?.Since the electrostatic potential
mimic ab initio results’2 The assignments of the charges due derived charges rely mostly on the van der Waals surface of a

to the charge parameters given in Table 5 are in Table 6. TableM0lecule, the approach might suffer from linear dependencies

6 also shows the NPA charges calculated for the three molecules.be'["veen the charges assigned to the atoms "buried” inside the

The NPA values were used as a guideline for selecting initial (76) Comell, W. D Cieplak, P Bayly, C. 1. Gould. 1. R.s Merz, K. M

: ’ o . ornell, . D.; Cleplak, P.; bayly, C. I.; Goulaq, |. R.; Merz, K. M.,
charge parameters prior to the parameters’ reoptimization. Jr.; Ferguson, D. M.: Spelimeyer. D. C.. Fox, T.; Caldwell, J. W.:
Another tool for deriving the charge values can be the Kollman, P. A.J. Am. Chem. Sod995 117, 5179-5197.
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Table 7. Means and Standard Deviations of the-@iand Cu-O Table 8. Means and Standard Deviations of the Angles around
Bond Lengths for 10 Copper(ll) Complexes Copper for 10 Molecules (in degreés)
FF FF
expt abinitio  incrystal invacuo expt in crystal in vacuo

Cu—N 1.998(20) 2.050(20) 1.999(17) 1.999(18) N—Cu—N’ 175.2 (6.3) 173.8 (7.5) 174.8 (7.2)
Cu-0 1.931(24) 1.917(4) 1.926(3)  1.915(6) N—Cu-0 84.1(0.3) 86.0 (0.5) 86.4 (0.4)
group | N—Cu-O' 96.0 (0.5) 94.3(1.1) 93.7 (0.7)

Cu—N 2021(9) 2.079(0) 2.017(11) 2.019(11) N'—Cu-O 95.9(0.3) 94.4(0.6) 93.8(0.5)

Cu-0 1.905(9) 1.916(0) 1.928(1) 1.922(1) N'—Cu-O 84.2(0.3) 85.9 (0.5) 86.4 (0.3)

: ' : : O-Cu-0' 179.2 (1.3) 177.9 (3.1) 178.8 (1.5)

group Il ON'NO 174.6 (7.8) 171.9 (10.6) 174.2 (9.2)

Cu—N 1.984(7) 2.036(3) 1.986(4)  1.986(2) B 177.1(3.5) 177.1 (3.3) 177.9 (4.0)

Cu-0O 1.949(10) 1.917(5) 1.925(3) 1.910(1) i )

Cu—O (axial) 2.85(17) 2.74(17) a2The angles are defined in Table 2.

“Group I: four copper(ll) complexes with N-alkylated amino acids. mplecules, the GO distanced are longer in crystal tham
(?]m“p : IS'X mOIGCI:”eSI with apical /foord'nat'on to the metal atomin ., 5 16for the molecules with the apical copper(ll) coordination
the crystal state. All values are in A. .

y in the crystal state (group Il, Table Th vacuq these molecules

bulky compounds under considerations and the atoms closer tc)are not under the influence of the intermolecular interactions

the molecule surface. As in our model the electrostatic interac- Vn:r;g; ;Tt]g% cause pulling away the in-plane oxygens from the
tions are assumed to have an important role in repulsions of . . N
nonbonded atoms of the copper(ll) coordination polyhedron meTz:lr? g‘ut_h(e): }c/t?:ggsrr?éétilig? éiguggr?éie(_lv_\’;&éh%b Q:I?he
(besides being part of the nonbonded potential, eq 1), the contrary, the FF does not follow theb initio len theﬁin of
reasonable guesses for the charges of the “buried” coordinationthe CuE/N bonds 9 9
polyhedron atoms were of importance. Therefore, a unique :

charge partitioning scheme as NPA was chosen for initial charge. The mean of the mtermqlecular FFin crystal-ad distances
is in the range of mean distances between the copper and the
parameter guesses.

. . . axial carboxyl oxygens in the real crystal structures (group Il,
Comparison of Experimental and Theoretical Structures. Table 7) yHoxyg y (group

The ability of the model to reproduce structural properties was The root-mean-square deviations between the experimental

examined. The equilibrium geometries of the 10 copper(ll) diind FF in crystal bond distances are 0.009 A for-Gly 0.028

chelates were calculated in the vacuum and in the condense A for in plane Cu-0, and 0.15 A for the intermolecular €@
phase approximations. Only experimentally derived atomic distances ' '

coqrdjna’ges were us.eq as the starting po.ints for geometry Simulation of Copper(Il) Coordination Polyhedra Distor-

optimizations. The mlnlrgunjthsttrlzjctgj(res, FF "t] ?ré/s:al an(;thF tion. A comparison of experimental and theoretical values of
In vacug were compared with the X-ray crystal data and the ., eight angles that describe the shape of the copper(ll)
gas phgse conformgt!ons obtained by Fhe B3LYP approaCh'coordination polyhedron by means of average values and
respectively. The efficiency of the force field was compared to standard deviations is given in Table 8. The FF values of the

that of the_dummy atoms’ M8-kr47 forge fiefet? o coordination polyhedron angles for hig{,N-dimethylvalinato)-

As the differences between Fhe gxperlmental ancathmltlp ~ copper(ll), bis(-alaninato)copper(ll), and bis{eucinato)cop-
structures are almost all contained in the copper(ll) coordination per(ll) are gathered together with the corresponding experi-
sphere and in the chelate rings’ torsion angles, the ability of antal andab initio ones in Table 2.
the force field to reproduce these changes was investigated.  The force field retains the planarity of the molecules that have

Crystal Lattice Simulations. The experimental lattice con-  the irregular square-planar copper(ll) coordination in the real
stants and volumes were compared with the values calculatedcrystal state (Table 1). The planarity is preserved by the
by the crystal simulator. The unit cell volumes are reproduced sjmulations in the crystalline surroundings as well as for the
in a range from—7.0% to 2.1%. The rms deviations in the unit  jsolated molecules.
cell constants are 0.340 A for a, b and ¢ constants, arfdf@:3 The shapes of the distorted copper(ll) coordination polyhedra
a, §, andy unit cell angles. The rms of the unit cell volumes  (Figure 2) obtained by FF are less distoriadvacuothan in
is 22.4 . In comparison with the results obtained with the crystal. With this respect, the force field performance follows
dummy atoms$;* the present force field reproduces the unit the relationship between tr initio and X-ray results (Table
cell constants about 65% and the unit cell volumes 55% betterg). However, the extent of the distortion from the isolated
than the M8-kr47 force field. molecule to the crystalline structure is not exactly reproduced.

Reproduction of the Cu—N and Cu—0O Bond Lengths.The That refers especially to bis(N,N-dimethylvalinato)copper(ll),
bond distances between the copper and four ligand atoms showyhere thein vacuo coordination polyhedron resembles the
the greatest variability among the bond lengths of the 10 copper-experimental polyhedron rather than tiinitio one (Table 2,

(I1) amino acidates. The experimental €N bonds range from Figure 2).

1.977 to 2.033 A, while the CtO bonds differ by 0.068 A, The crystal reproduction of the copper(ll) coordination
having the values from 1.886 to 1.954 A. Thus, the-Qubonds polyhedron angles is better by the present force field than by
are slightly shorter than the GN bonds, the difference being  the dummy atom M8-kr47 force field (Z@nd 2.4 rather than
higher for the copper complexes with N-alkylated amino acids 3.5° and 4.5 for rms(A6) and rms(A8,A¢onno,AB), respec-
(Table 7). tively) and comparable to the values obtained by the electrostatic

The Morse potential simulates very well the diversity in the model #8that has the environmental effects built into the param-
Cu—N distances, and vyields slightly worse but still good eter set (rmsf6) = 1.9° and rmsQA6,Aponno,AB) = 2.3°).
reproduction of the CaO bonds (Table 7, FF in crystal). While Chelate Ring Torsions.The FFin vacuoand in crystal tor-
Cu—N are almost the same by Hir vacuoas in crystal for all sion angles for big¢N,N-dimethylvalinato)copper(ll), bis¢
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alaninato)copper(ll), and bis{eucinato)copper(ll) are given in Torsion Angles. The crystalline torsion angles are well
Table 3, in line with corresponding experimental aidinitio reproduced by the force field. The rms deviations are frorfi 2.7
values. to 3.9, and the total rms error over 10 molecules is°’3&3°

The torsion angles of the first two molecules were part of with M8-kr47). The maximum difference is 14.l comparison
the experimental data on which the force field was optimized. to 27.1 by the M8-kr47 force field.

This may explain the matching of the experimental and |n yacuotorsions are almost of the same values as the FF in
calculated torsions of t_hese two molecules (the rms errors arecrystal ones for the four bilkN-alkylamino acidato)copper(ll)
2.4 and 3.3, respectively). Nevertheless, the force field complexes. For the other molecules, the maximum differences
reproduces well the torsions in the crystal of the third molecule petween the FF vacuum and crystal structures are fronp?

(rms(Ag) = 5.37), and also yields gooth vacuoreproduction {5 65 5, indicating a change in conformations for some of the
of theab initio angles for all three molecules. The rms deviations  ¢ompounds.

between theab initio and FFin vacuo chelate rings’ torsion
angles are 421 2.9, and 4.4, respectively. These results point
out that the force field is capable simulating the influence of
the intermolecular interactions on changing the geometry of the . o
chelate rings in a proper way. Besides, it is a proof that the in crystal than the dummy atoms force field, and, as such, it is

changes between theb initio and experimental structures can Petter suited for further calculations.
be explained by the crystal packing effects. 4.3. Energy Difference between Planar and Nonplanar
Errors in Internal Coordinates Calculations. Bond Lengths. Copper(ll) Amino Acid Complexes. The difference between
The rms deviations for the experimental and FF in crystal bond FF in vacuoconformational strain energies of the planar bis-
lengths range from 0.008 A up to 0.028 A. The maximum (D.L-N,N-dimethylvalinato)copper(ll) and the distorted his(
difference of 0.067 A is obtained for the short-K(alkyl) N,N-dimethylvalinato)copper(ll) equats1.4 kJ mot*. The two
(=1.435 A) bond length of bis(L-N,N-diethylalaninato)copper-  isomers’ energy difference can be discussed with respect to the
(1. The bond distances do not change much from the FF in stereoselectivity (or, more specificaly, enantioselectivity) effect
crystal to the FRn vacuo conformations. The exceptions are 0f the system copper(Il),N-dimethylvaline determined ex-
the Cu-0 bond lengths of the molecules with apical coordina- perimentally through polarimetric titration in chloroform solu-
tion to the copper in the crystal state. They are shanteacuo tion.”” The stereoselectivity effect measures which complex is
up to 0.014 A. The total rms deviation between the experimental thermodynamically more stable, the meso-structure, CuDL, or
and FF in crystal bond lengths is 0.017 A (compared to the equally paired optically active structure, CuLL and CuDD,
M8-kr47 value of 0.029 A). where the amino acid enantiomers are signified by D and L. In
Valence AnglesThe total rms error in the valence angles is chloroform, the DL complex was determined as the prevailing
2.2 (2.3 by M8-kr47). The differences in the valence angles species (the effect is 3.4% 0.55 kJ mot?),”” and therefore
are the largest for the CtN—C(alkyl) angles of the copper(ll)  thermodynamically more stable. If the effect is expressed by
complexes with N-alkylated amino acids, when comparing the means of a difference between the Gibbs free energies of the
experimental data with the FF in crystal valence angles, and two isomers.®> the FF calculations give again the LL complex
for the Cu-N—H when comparing the FF in crystal and FF energetically favored, by 2.2 kJ mdl The Gibbs free energies
vacuocalculated angles. The copper(ll) coordination geometry were calculated for 21 conformers of each LL and DL
appears to be dependent on the valence angles constituted byomplexes, by taking vibrational contributions to the thermo-
the copper, the nitrogen and the atom bonded to the nitrogen.dynamic function® at 298.16 K into account. For both
To get the best feasible reproduction of the copper(ll) coordina- molecules, the most stable conformer corresponds to the same
tion geometry, thek, empirical parameters for valence-angle one found by the X-ray diffraction measurements, with the

bending of these angles have to be small, i.e., an incredse in  propapility of its occurrence calculated to be 0.99.
renders the reproduction of the angles around the central metal

atom. In the real crystal structures the-N—C(alkyl) angles
appear to have the values from 200 118 (a range rather
inappropriate to be modeled by the harmonic function), while
the force field conditions them to be from 9B 121°. The

To sum up, the presented force field better reproduces the
internal coordinates, crystal lattice organizations, as well as the
diversity in the copper(ll) coordination geometryvacuoand

Interesting to note, the enantioselectivity effect was not ob-
served in copper(ll) amino acidates unless amino acids had
bulky N-substituents, and it was predicted to be due to the steric
interligand interaction$>77In line with the prediction, the dif-
maximum difference is 11°8for one of the two CuN— ference between the FF strain energies of the twoNHs(
Clalkyl) angles for bist,.-N,N-dimethylvalinato)copper(ll). dimethylvalinato)coppgr(lI) molecules comes mai.nlly from the
Even higher deviations from the equilibriufly (=109.47) Lenljarq-\]onesl potgntlal energy contributions, giving !ess re-
occur for the Ce-N—H angles in the other compounds. For puIS|ve_ |nteract|o_ns |n_the LL than the DL comple_x. QbV|oust,
instance, by placing bis(L-2-aminobutyrato)copper(ll) into  the FFin vacuodistortion of the copper(ll) coordination poly-
crystalline surroundings, the intermolecular interactions cause hedron reduces the repulsions caused by close interatomic con-

the Cu-N—H values to shift from 102and 93 (in vacud to tacts. With this respect, the flatteness of the potential energy
130 and 69 (in crystal). The Ct-N—H angles are also poorly ~ surface in vicinity of thetrans-planar minimum is well simu-
reproduced when comparing their Fi vacuowith ab initio lated. However, it seems reasonable to assume that more planar

values for bis(-alaninato)copper(ll) and bis{eucinato)copper-  copper(ll) coordination geometry than the one predicted with
(11). The angles result reduced by 17and 19.7, respectively. the FF force field should yield distorted geometry less energeti-
No internal coordinates containing hydrogens were included into cally favored to the planar one. From this viewpoint, better quan-
the parameters’ optimization process. This could be the reasontitative reproduction of the copper(ll) coordination polyhedon
for poor reproduction of the CtN—H angles, i.e., the calls for further improvement of the molecular mechanics model.
hydrogens bonded to the nitrogens can adopt any position that

leaves the internal coordinates on which the parameters werez7y pavankov, V. A.: Rogozhin, S. V.; Kurganov, A. A.; Zhuchkova, L.
optimized close to their experimental values. Ya. J. Inorg. Nucl. Chem1975 37, 369-374.
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5. Conclusions tion polyhedron or/and by changing the geometry of the chelate
rings. These changes can be calculated and reproduced with a
set of relatively simple analytical functions (defined by carefully
selected parameters) that describe the conformational potential
energy of a molecule and van der Waals and hydrogen bonding
interactions between the molecules.

We have presented the results of #ieinitio and molecular
mechanics studies of a series of tetracoordinated copper(ll)
chelates witho-amino acids in which three different shapes of
the copper(ll) coordination polyhedron were observed in the
crystal state. According to theb initio results, a square-planar

copper(ll) Coo_rdlnat!on gepmetry is an electronically favored Supporting Information Available: Listings of root-mean-square
structure for bis(amino acidato)copper(ll) complexes. If there geyjations and maximum errors in bond lengths, valence and torsional
is no steric hindrance present in a molecule (as can be closeangiles for the 10 molecules (comparison of experimentabriditio
contacts between bulky alkyl groups replacing the hydrogens data, comparison of experimental and FF in crystal data, comparison
of the amino group), it remains planar. The comparison of the of FF in crystal and FFin wvacuo internal coordinates), and of
experimental crystalline structures with thb initio in vacuo experimental and theoretical lattice constants, unit cell volumes and
derived equilibrium geometries points out that a strain imposed c_omparison of the volumes. This material is available free of charge
by symmetrical arrangement of molecules in the crystal lattice Via the Internet at http://pubs.acs.org.

can be alleviated either by distortion of the copper(ll) coordina- 1C980471A



