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Abstract: Various DFT and ab initio methods, including B3LYP, HF, SORCI, and LF-density functional theory
(DFT), are used to compute the structures, relative stabilities, spin density distributions, and spectroscopic properties
(electronic and EPR) of the two possible isomers of the copper(Il) complexes with derivatives of a rigid tetradentate
bispidine ligand with two pyridine and two tertiary amine donors, and a chloride ion. The description of the bonding
(covalency of the copper—ligand interactions) and the distribution of the unpaired electron strongly depend on the DFT
functional used, specifically on the nonlocal DF correlation and the HF exchange. Various methods may be used to
optimize the DFT method. Unfortunately, it appears that there is no general method for the accurate computation of
copper(ll) complexes, and the choice of method depends on the type of ligands and the structural type of the
chromophore. Also, it appears that the choice of method strongly depends on the problem to be solved. LF-DFT and
spectroscopically oriented CI methods (SORCI), provided a large enough reference space is chosen, yield accurate
spectroscopic parameters; EDA may lead to a good understanding of relative stabilities; accurate spin density
distributions are obtained by modification of the nuclear charge on copper; solvation models are needed for the accurate

prediction of isomer distributions.
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Introduction

Density functional theory has become a common and useful tool
for the prediction of structures and properties of transition metal
compounds, and has found wide applications, particularly in bioi-
norganic chemistry, where, due to the size of the systems these
problems are still inaccessible to ab initio theory.'* Specifically
for the reactivity of copper enzymes and corresponding low mo-
lecular weight model systems there exists an increasing number of
recent mechanistic work based on density functional theory (DFT)
calculations.> ® However, although the various DFT methods have
been extensively tested, and their accuracy validated for organic
and organometallic systems, for classical coordination and bioi-
norganic compounds, this has only been done for a limited number
of systems.>’~'" It is common knowledge that pure DFT function-
als give a bonding description that is too covalent,®”*'*'? specif-
ically for copper(Il) complexes, and for this reason hybrid func-

tionals such as B3LYP'* were introduced and found to give an
improved but still not satisfactory description of the bonding
interaction.”"'? Functionals with varying amounts of HF exchange
(between 0 and 50%) have been proposed, and are implemented in
common programs. The B3LYP'* and BP86'> functionals are the
most commonly used. However, the bonding description of cop-
per(Il) complexes with the B3LYP functional is still too covalent.
Two different approaches to improve the DFT method were dis-
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cussed for [CuCl,]*>~,” where the accurate spin distribution is
known from experiment,'®'” and for [Cu(dien),]** (dien = 3-aza-
pentane-1,5-diamine), where observed structures and spectro-
scopic data could be used to tune and validate the functional.'® In
the former example, the amount of HF exchange and correlation
were optimized,” while in the latter the nuclear charge of copper
(Q = 29) was modified empirically to improve the agreement
between experimental and computed structural and spectroscopic
data.'®

In our present study, we investigate the validity of the two
approaches (variation of the amount of HF exchange and of the
nuclear charge of the copper center) and also of the corresponding
DFT methods with copper(Il) bispidine complexes (mixed amine/
pyridine donor set; see Chart 1 for a description of the ligands used
and Fig. 1 for the single crystal X-ray structure of L").

Bispidine ligands are very rigid and complementary for cop-
per(I)."°=2! They enforce square pyramidal or cis-octahedral co-
ordination geometries with various forms of Jahn-Teller-type dis-
tortions,?'>* and they form very stable 1:1 complexes®>° with
the possibility to bind monodentate substrates in two distinctly
different sites.>” These are part of the reasons why copper—bispi-
dine complexes are of interest in biomimetic chemistry and catal-
ysis.27’33

For the validation of the two proposed schemes for the accurate
prediction of structural and electronic data we employed a number
of observables to which the functional and nuclear charge were
fitted. These include structural data, isomer distributions, stability
constants, spin distributions derived from experimentally deter-
mined EPR spectra, as well as electronic d—d transitions and EPR
g- and A-tensor values.

L': R=H

a: X=CO

L*: R=CH; b: X=C(OH),

Chart 1.
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Figure 1. Plot of the experimentally determined molecular structure
of L',

Experimental Section

General and Measurements

The solvents and chemicals for spectroscopy were of the highest
possible grade and used without further purification; solvents for
EPR spectroscopy were degassed before use. [Cu(L'?)(C1)]CI was
prepared as described before?® and fully characterized (C, H, N;
UV-vis; IR; the electronic and EPR spectra were recorded with the
hydrolyzed ligand L'®). The elemental analysis were obtained
from the analytical department of the chemical institutes of the
University of Heidelberg.

Frozen solution EPR spectra of [Cu(L'?)(Cl)]" were measured
at X-band frequency, using a Bruker ELEXSYS-E-500 spectrom-
eter. Spectra in various solvent mixtures [MeCN, DMF/MeCN
(2:1), DMF/MeOH (2:1) and DMF/H,O (2:1)], Cu®** complex
concentrations (10, 5, and 1 uM), and concentrations of added C1™
salt (tetrabutyl ammonium chloride at 25, 50, 100, and 250 uM
concentrations) were qualitatively identical. The best resolution
(see Fig. 2, in the Results and Discussion section) was obtained in
DMF/MeOH with Cu?" and Cl~ concentrations of 1 and 25 uM,
respectively. The spectrum reported was recorded at a temperature
of 116 K, with a microware frequency of 9.28 GHz. The spin-
Hamiltonian parameters were obtained by simulation of the spectra
with the XSophe simulation software (version 1.1.4).3*3> The
electronic spectrum reported was obtained at 25.0°C from an
aqueous solution (concentration 5 mM), with a JASCO V-570
UV-vis-NIR spectrophotometer.

Computational Methods

General

A simplified model system for the bispidine ligands was used in all
calculations, in which the ester side chains at C1 and C5 of the
ligand backbone (see Chart 1) were replaced by H atoms. In the
course of the synthesis, depending on experimental conditions, the
carbonyl group at C9 of the bispidine backbone is hydrolyzed to a

DOI 10.1002/jcc



DFT Models for Cooper(Il) Bispidine Complexes 1265

2700 magnetic Field /G 00

experimental

H‘ ||1| "J ;Imulmu
|

2600 2800 3000 3200 3400
magnetic field /G

Figure 2. Second derivative experimental (frozen solution) and sim-
ulated EPR spectrum of [Cu(L'®)(CD]*.

geminal diol.?”-*° It is known that a ketone at C9 decreases the
nucleophilicity of the tertiary amines N3 and N7. Therefore, cal-
culations were performed on compounds containing both the hy-
drolyzed and nonhydrolyzed forms of the ligand, to investigate the
influence on the calculated spin densities.

DFT calculations were performed with the software packages
Gaussian 03,° ORCA,*’® ADF,**** and the LF-DFT*' module
based on the ADF program. Gaussian 03 was used for geometry
optimizations, frequency calculations, and the spin density cali-
bration of the functional. ORCA was used to calculate the EPR g
and A tensor values. The electronic transitions were obtained with
the Spectroscopically Oriented Configuration Interaction (SORCI)
method.>” ADF was used for geometry optimization and the en-
ergy decomposition analysis (EDA). The Ligand Field Density
Functional Theory scheme (LF-DFT) was used to calculate elec-
tronic transitions and g-tensor components.

Optimized Structures, Energies, and Spin Densities

For the initial structure optimizations, Becke’s three parameter
hybrid exchange functional, in conjunction with the correlation
functional of Lee, Yang, and Parr (B3LYP),'* and a combination
of the 6-31G basis set for hydrogen and the 6-311G(d) basis set for
heavy atoms were used. Geometry optimizations were performed
in the gas phase. Frequency calculations were performed on all
optimized structures to verify their status as true minima on the
potential energy surface and to obtain zero-point corrections to the
energies.

Adjustment of the Functional

The effect of the functional on the relative energies, geometries,
and spin densities was studied using a 6-31G(d) basis set and
various current functionals; for details see Tables 4—6 in the
Results and Discussion section below. All structures investigated
have previously been shown to be minima on the potential energy
surface and are given without zero-point or thermal corrections.
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For the nonstandard functionals, the amount of density functional
exchange and correlation was constructed from local as well as
nonlocal density functional (DF) and local exchange, nonlocal DF
correlation and HF exchange, according to eqgs. (1) and (2) for
BLYP and BP86, respectively, where a = % ExHF/100. For the
functionals with the LYP correlation, the amount of nonlocal
exchange was fixed at 0.72 (the experimentally calibrated value for
B3LYP) and only the local exchange was varied, whereas for the
BP86 functional both the nonlocal and local DF exchange were
varied, in analogy to a similar recent study on CuCl,.”

Exo(BLYP) = ECLSDA + 0.72AEB88 + aExHF +
(1—a)E{LSDA + 0.81AE.LYP (1)

E,(BP86) = E.LLSDA + (1—a)AE,B88 + aExHF +
(1—a)E{LSDA + AE.P86. (2)

Spin densities were calculated with the Mulliken Population Anal-
ysis*? (MPA) approach. The Natural Population Analysis (NPA)*?
and Atoms in Molecules (AIM)* methods were not used, as they
have been shown to give comparable results to the MPA scheme.’
The overall simplicity of the computational setup is justified be-
cause the aim of this part of our study was to adjust the functional
empirically with a time-efficient method.

Calculations with the aim to probe the effect of changes of the
nuclear charge of the copper center on the spin density distribution
were done with ORCA, using the BLYP functional together with
Ahlrichs triple { basis set*” with an additional polarization func-
tion on Cu, a triple ¢ basis set on N, Cl, C, and O, and a double ¢
basis set with additional polarization on H.*>**® (The ORCA basis
set “CoreProp” was used on Cu. This is based on the TurboMole
DZ basis developed by Ahlrichs and coworkers and obtained from
the basis set library under ftp.chemie.uni-karlsruhe.de/pub/basen.)

The Energy decomposition analysis*’~>° was performed with
the BP86 functional and a triple { basis set, using ADF.

Calculation of Spectroscopic Parameters

For studies on spectroscopic parameters the B3LYP/6-31G(d)-
optimized structures were used for density functional theory cal-
culations, using the ORCA suite of programs to calculate the g, A,
and a tensors of [Cu(L'?)(C1)]*. For these calculations Ahlrichs
triple ¢ basis set with an additional polarization function on Cu, a
triple ¢ basis set on N, Cl, C, and O and a double ¢ basis set with
additional polarization on H were used, unless specifically men-
tioned. To obtain a good estimate of the EPR parameters the
flexible CP(PPP) basis set (the ORCA basis set “CoreProp” was
used for Cu. EPR properties were predicted by coupled, perturbed
Kohn—Sham theory for the g-tensor and the spin-orbit coupling
contribution to the hyperfine coupling tensor.’’ Fermi contact
terms and spin—dipole contributions were obtained as expectation
values from the ground state spin density. Ligand field calculations
based on density functional theory (LF-DFT)*' were used to
calculate the d—d transitions of [Cu(L'®)(CD)]", and the results
were compared with the SORCI®’ calculations and experimental
data.
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Figure 3. Plots of the molecular structures of (a) [Cu(L'®)(CD]* and (b) [Cu(L*®)(CD)]*, with the
predicted orientation of the g-tensor, predicted by the B3LYP calculations of [Cu(L'*)(CI)]".

Results and Discussion

Experimental Determination of the g-, A-, and a-Tensor
Parameters and the Spin Distributions.

The frozen solution EPR spectrum of [Cu(L'®)(CD]* in DMF/
MeOH at 116 K is shown in Figure 2. The spectrum shows the
typical features of a Cu(Il) center with a pseudoaxial symmetry
and a d,>_ ground state, that is, g, > g, > 2.00, and with a large
parallel hyperfine splitting parameter (A = 150-200 10 *cm™");
see Figure 3 for the orientation of the g and A tensor axes. The
perpendicular region of the hyperfine splitting is partially resolved
and one of its feature overlaps with the parallel transitions. The
super hyperfine transitions due to the four nitrogen donors (N3,
N7, Npyl, Npy2) and the coligand Cl are also observed in the
perpendicular region.

For the simulation of the spectrum, coupling of the electron
spin with the nuclear spins of Cu (I = 3/2), N3, Npyl, Npy2 (I =
1) and CI (I = 3/2) was considered. The Cu—N7 vector lies along
the Jahn—-Teller axis and therefore N7 is expected to have negli-
gible contributions from the super hyperfine splitting pattern. Den-
sity functional theory calculations support this assumption. The
spin Hamiltonian parameters obtained from the simulation of the
experimental spectrum (see Fig. 2), together with those from the
DFT calculations are shown in Table 1.

Based on ligand field theory,'®3>° the hyperfine parameters
of a d° complex with tetragonal symmetry and the unpaired elec-
tron in the d,._,. orbital are given as:

—4a° 35
A= P(# — Ka® + 7gl + ng) 3)
20 116g,
— _ 2
AL—P<7 Ko’ +—, ) &)

HeLe, P = g.gvB.B.{r ), which is generally assumed as 360 -
10 cm %7 K is the Fermi contact contribution, and o is the
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relative amount of metal character in the ground state wave func-
tion and, therefore, represents the degree of covalency of the
copper-ligand bonding. o = 1 indicates an ionic bond and o? =
0.5 indicates a covalent bond. With the spin Hamiltonian param-
eters from the experimental spectrum (see Table 1) egs. (3) and (4)
yield K = 0.27, and & = 0.87, which is consistent with similar
values reported for other Cu(Il) complexes.’?

From the super hyperfine coupling values it is possible to
calculate the spin density present in the s and p orbitals of the
ligand donor atoms. These can be calculated by eqn. (5) and (6).>°

a,+a,+a,
3

ps = . (&)
a—a,
3
pp - aniso* ' (6)

Here, p, and p, are the spin densities on the s and p orbitals,
respectively; a;. is the isotropic splitting observed due to an
electron in an s orbital, and a, ;. is the anisotropic splitting
observed due to an electron in a p orbital of the free atom.>> The
spin densities on the s and p orbitals of the relevant donor atoms,
based on the experimental spectrum and eqs. (5) and (6) are also
given in Table 1. The sum over all calculated spin densities on s
and p orbitals of the ligand is 21.7%, reasonably consistent with o
= 0.87.

It is important to note here that eqs. (3)—(6) are based on ligand
field theory, and also based on the assumption that the copper(Il)
ion has axial symmetry. Ligand field theory is a one-center ap-
proximation and the spin densities obtained from a Mulliken
population analysis also contain overlap terms.’® Also, in
[Cu(L'")(CD]" , the symmetry of the chromophore is lower than
D,y In C, symmetry there is direct mixing of the ¢ and 7r-orbitals
and, therefore, the obtained spin densities should be treated with
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Table 1. Spin Hamiltonian Parameters of [Cu(L'®)(CI)]* Obtained by Simulation of the Experimental
Spectrum and DFT (B3LYP) Calculations.
Parameter Simulations B3LYP Isotropic Dipolar Spin-orbit
g, 2.050 2.058
g 2.224 2.162
Ay 18.0 4.8 —88.6 68.8 24.8
A, 22.0 22.0 —88.6 90.6 20.0
A, (—)175.0 —88.6 —174.6 —159.4 73.5
a 8.0 7.8 9.7 -1.9 —0.1
ayN3 10.6 13.4 9.7 3.7 0
a,? 8.0 7.8 9.7 —1.8 —0.05
a NPy 14.0 15.5 13.1 2.3 0
a NP 12.0 11.7 13.1 -13 0
a, NPy 12.0 12.1 13.1 —-1.0 —0.06
a” (—)7.4 —3.6 5.0 —8.0 -0.5
a, 153 211 5.0 16.1 0.0
a,”! (—)7.4 —4.2 5.0 —8.0 -1.2
Ps; pp(N3) 1.7, 2.7
ps; pp(NpPY) 2.5; 2.1
ps Pp(CD) 0.01; 8.1
K =0.27
o® = 0.868

A and a values in 107* cm ™.

caution.>*38~5° Other possible sources of error for the spin den-
sities calculated with egs. (3) and (4) arise from the assumed value
for P°*7 and possible inaccuracies introduced by the spectra
simulations. For all this reasons, the SORCI calculations are used
as the reference for the computed spin densities. For
[Cu(L")(CD]" the SORCI-derived spin density on Cu is 0.848.
The “experimental,” ligand—field-based value of 0.87 is in good
agreement with this and also with other similar studies. This
suggests that a realistic value for the spin density on Cu of
[Cu(L )CD]™* is in the range of 0.85 to 0.87. This value is
therefore taken as the reference for the various calibration proce-
dures below.

Structures and Isomerism

Calculations have been performed on [Cu(L')(CD)]" and
[Cu(L?)(CD]™, both of which have been characterized experimen-
tally by X-ray crystallography, spectroscopy, and thermodynamic
properties.””?° The two experimental structures are drastically
different (see Fig. 3), and this has been interpreted on the basis of
a subtle balance between steric and electronic effects.>*** Other
properties (redox potentials, stabilities, and reactivities) have been
found to correlate with the structural differences.?®>’-*> DFT cal-
culations indicate that the electronically favored coordination ge-
ometry of the bispidine ligand copper(Il) complex is a square
pyramidal structure with CI coplanar with the two pyridine rings
and trans to N3, and with an elongated axial Cu—N7 bond, similar
to the experimentally observed structure (named here trans N3).?®
Substitution at the a-position of the pyridine rings with methyl
groups leads to a trigonal-bipyramidal distortion of the optimized
trans N3 structure, and also gives rise to a second minimum, in
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which the coligand binds trans to N7 (the trans N7 structure), with
a relatively short Cu—N7 and slightly elongated Cu—N3 bond.

Experimentally, the trans N3 isomer is the only observed
structure of [Cu(L'®)(C1)]*,?*?%2° which indicates that this geom-
etry is enforced by the bispidine ligand. Indeed, other pentacoor-
dinate complexes of L', such as Cu' and Zn" have the same
geometry. With L2, where coordination in the trans N3 position is
hampered by steric bulk, the only minimum found experimentally
is the trans N7 isomer. Although the calculations predict the
existence of the trans N7 isomer for [Cu(L?)(C1)]* with acceptable
structural agreement with experiment, this isomer is calculated at
the B3LYP/6-31G(d) level to be less stable than the trigonal—
bipyramidally distorted frans N3 isomer by 11 kJ/mol. With a
triple-{ basis set the energy difference is only slightly increased
(12-13 kJ/mol). Exploration of the potential energy hypersurface
along the N7-Cu-Cl angle from 90° to 180° did not yield a
minimum for a trans N7 isomer for L'. This indicates that the trans
N7 isomer is electronically unfavorable, and can only be enforced
by destabilization of the trans N3 isomer, for example, by steric
hindrance.

The above discussion pertains to the complexes in which there
is a C=0 group at C9 (L'?, L?*). For the purpose of computation
this group is convenient due to the increased symmetry (Cg) of the
complex. However, because both experimental structures dis-
cussed here have a hydrolyzed backbone, the differences between
the computed structures of the complexes with the two different
forms of the ligand were investigated. The main changes are found
in the bond distances, variations in the angular geometry are
negligible. In particular, the nonbonded N3 - - - N7 and Npy1 - - -
Npy2 distances remain approximately constant. The general effect

DOI 10.1002/jcc
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Table 2. Energy Decomposition Analysis (EDA) of [Cu(L)(C)]* (L'®, L*, trans N3, trans N7 Geometries,

AE in kJ/mol).

L Cl+Cu+L {CuCl}+L {CuL}+Cl
trans N3-[Cu(L**)(CI)] " AE,, —30618.4 —2586.4 —697.8 ~1014.5

AEpu 118587.0 842.8 649.9 548.7

AE, 0 —24937.3(16.7%) —2244.9(65.5%) ~723.5(53.7%) ~1014.9(64.9%)

AE,, —124268.3(83.3%) —1184.3(34.5%) —624.2(46.3%) —548.2(35.1%)
trans N7-[Cu(L,,)(CD)]* AE,, —30607.8 —2587.2 ~703.4 —857.1

AEp,u 118613.8 888.3 795.8 5132

AE, —24930.5(16.7%) —2246.4(64.6%) —814.6(54.3%) —1001.3(73.1%)

AE,, —124290.9(83.3%) —1229.2(35.4%) —684.7(45.7%) —369.0(26.9%)
trans N3-[Cu(L,,)(CD)]* AE,, —27444.8 ~2619.8 ~7322 ~927.9

AEp, 107890.7 914.2 783.0 515.1

AE —22821.6(16.9%) —2307.7(65.3%) —823.5(54.3%) —1034.3(71.7%)

AE,,, —112513.8(83.1%) —1226.3(34.7%) —691.7(45.7%) —408.8(28.3%)
trans N7-[Cu(L,,)(CD)]* AE,, —27441.0 —2561.8 —674.2 —870.0

AEpu 108056.0 975.6 879.0 5315

AE, 0 —22859.9(16.9%) —2312.4(65.4%) —866.8(55.8%) ~1003.5(71.6%)

AE,, —112637.1(83.1%) —1225.1(34.6%) —686.4(44.2%) —3098.1(28.4%)

of the hydrolysis of the carbonyl group is, as expected,?>*”®! to
decrease the bond distances of the Cu to the donor atoms of the
bispidine ligand. This effect is most pronounced for the Cu—N7
bond distances in the trans N3 structures.

The relative energy between the two isomers of [Cu(L?)(Cl)] "
changes by less than 1 kJ/mol upon hydrolysis of the carbonyl
group (L** vs. L?®). Also, the spin density on the copper center is
virtually unaffected by the hydrolysis, and the spin densities on the
ligands are only slightly affected. In conclusion, therefore, the
changes between the keto and the hydrolyzed forms of L' and L?
in geometry and, more importantly, in electronic structure and
relative energies, are negligible, making the ketone-based ligands
valid models for the computational studies.

Energy Decomposition Analysis

An EDA*047-50:62 wyas used for the further analysis of the energy
difference between the two isomers. The interaction energy be-
tween fragments (AE;,,) is decomposed into three main compo-
nents [eq. (7)].

AE‘inl = AEclslat + AE‘Pau]i + AE‘orb . (7)

The AE,

<1stae term describes the electrostatic interaction between the

fragments, AEp,,; refers to the closed shell (Pauli) repulsive in-
teraction, and AE_, is the electronic stabilization term, calculated
in the final step of the EDA analysis, when the Kohn—-Sham
orbitals relax to their final form.

The results of the EDA for [Cu(L'®)(Cl)]*" and
[Cu(L**)(CD]* are summarized in Table 2. The total attractive
interaction is due to AE,,, and AE_,, and the percentage
contribution of each of these terms to the total attractive inter-
action is given in parentheses. The calculations using atomic
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fragments of [Cu(L**)(Cl)]" stabilize the trans N3 geometry
over the trans N7 isomer by 9.8 kJ/mol, which is consistent with
the Gaussian calculations above (12—13 kJ/mol) but inconsis-
tent with experiment.

For [Cu(L?**)(CD]™", single-point energies of the ligand frag-
ments L, fixed in their trans N3 and trans N7 geometries,
indicate that the ligand in the frans N3 isomer has an energy
which is 10.6 kJ/mol lower than in the frans N7 isomer. The
components of AE,  reveal that, while the repulsive Pauli
interaction and the stabilizing electrostatic interaction destabi-
lize trans N7 relative to trans N3 by approximately 34 kJ/mol,
this is partly compensated by the stabilizing orbital interaction,
which favors trans N7 by approximately 23 kJ/mol. Qualitatively,
this is in agreement with molecular mechanics calculations (single-
point calculations of the ligand portions, based on the X-ray and
DFT-optimized structures, using the MOMEC program and force
field).®*** However, the MM-based destabilization of the trans N7
isomer of approx. 3 to 6 kJ/mol, is much smaller. EDA calculations
with Cl, Cu, and L treated as a separate fragments (Cl+ Cu+ L),
and CuCl and L treated as separate fragments ({CuCl}+ L)
stabilize the trans N7 isomer by 0.8 kJ/mol and 5.6 kJ/mol,
respectively. Here, the Pauli interactions favor frans N3, and the
stabilizing electrostatic and orbital interactions favor trans N7. In
both cases the attractive interactions dominate the repulsive term,
resulting in a stabilization of trans N7 over trans N3 (see Table 2).
A further calculation, performed with separate CuL and CI frag-
ments ({CuL}+ Cl) results in a stabilization of the trans N3
isomer by 157.4 kJ/mol. Here, the total attractive interactions, due
to AE, . and AE ., are significantly different for the two iso-
mers. The artificial stabilization of the trans N3 isomer, compared
to experiment, is primarily due to the preference of the ligand for
the trans N3 coordination geometry, and a large stabilizing orbital
interaction energy for the trans N3 isomer from the {CuL}+Cl
fragment interaction.

orb?
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Table 3. The Influence of the Functional on the Spin Density Distribution in [Cu(L'*)(Cl)]* and

[Cu(L"™)(CD]" (trans N3 Isomer).

B(38HF) B(38HF) BHandH B(61HF) B(61HF)
Atom BLYP BP86 B3LYP B3P86 PBE LYP P86 LYP LYP P86 SORCI* exp
[CuL')(CDI™
Cu 0.575 0.569 0.672 0.665 0.700 0.771 0.758 0.812 0.864 0.840 — —
N7 0.001 0.002 0.000 0.000 0.000 —0.001 —0.001 0.001 —0.001 —0.001 — —
N3 0.104 0.107 0.082 0.084 0.076 0.059 0.063 0.050 0.037 0.044 — —
Npyl,2 0.072 0.072 0.063 0.064 0.060 0.049 0.052 0.044 0.035 0.040 — —
Cl 0.154 0.152 0.114 0.115 0.101 0.077 0.080 0.061 0.044 0.051 — —
[CuL'*)CI*
Cu 0.575 0.569 0.673 0.665 0.701 0.772 0.758 0.813 0.865 0.840 0.848 0.868
N7 0.002 0.003 0.000 0.000 0.000 —0.001 —0.001 0.001 —0.001 —0.001 0.000 0.000
N3 0.110 0.114 0.085 0.088 0.080 0.061 0.066 0.052 0.038 0.045 0.036 0.044
Npyl.,2 0.071 0.071 0.063 0.064 0.060 0.049 0.052 0.044 0.035 0.040 0.027 0.046
Cl 0.150 0.149 0.111 0.112 0.099 0.075 0.078 0.060 0.042 0.050 0.050 0.082

“See text for the computational details.

This relates to one of the most intriguing and for copper(Il)
(probably in general for transition metal) bispidine coordination
chemistry most important observations: the orbital interaction
strongly favors coordination of C1™~ to the {CuL}*" fragment trans
to N3 (that is the trans N3 vs. the trans N7 geometry). This also
follows from the spectroscopic analysis (see below), which indi-
cates that this is due to a subtle balance of the 7 acceptor prop-
erties of the pyridine and the 7 donor properties of the coligand
(C1™ in the present case), and it is in agreement with the experi-
mentally determined [Cu(L)(OH,)]** formation constants.

For [Cu(L'®)(CD]*, a trans N7 isomer has not been located.
Therefore, the optimized trans N3 isomer structure with a con-
strained N7-Cu—Cl angle of 165° (as is found in the frans N7
structure of [CuL>C1]") was used for the analysis. In summary, all
fragment type calculation show that the trans N3 isomer is more
stable than frans N7 isomer, in agreement with experiment. The
percentage of the attractive interaction remains constant for both
isomers in all calculations. For all fragment type calculations AE;
of the trans N3 isomer is approx. 60 kJ/mol lower in energy than
that of frans N7.

The Role of the Functional on the Spin Density
Distribution

In analogy to the calculations performed for [Cu(Cl),]*>~,” a set of
DFT calculations with varying amounts of HF exchange were done
for [Cu(L'*)(CD]™, [Cu(L"")(CD]*, and [Cu(L>**)(C1)] ", using the
6-31G(d) basis set and a range of functionals implemented in
Gaussian 03. For L'* and L'® five pure DFT functionals (0% HF
exchange), three B3X-type functionals (Becke’s three-parameter
hybrid exchange functional with different correlation functionals,
20% HF exchange), the PBE®>°° (25% HF exchange) and
BHandHLYP'* functionals (50% HF exchange) were tested. For
L** only five of the above functionals were used, as it was shown
for L' that the spin density is relatively unaffected by different
correlation functionals. For comparative purposes, spin densities at
the ab initio HF level were also calculated for both complexes.
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Results for selected functionals are summarized in Table 3 for L'?
and L', the results for L** are given as supplementary material;
Table 3 also includes the SORCI and “experimental” spin density
data for comparison.

The main delocalization of the single unpaired d-electron from
the copper center in [Cu(L'*)(C1)] ™ is to Cl and the tertiary amine
donor N3, slightly less spin density is donated to the two pyridine
donors, and the spin density on N7 is negligible (see also Fig. 4).
This is in agreement with the model used for the calculation of the
hyperfine splitting in the EPR spectrum, where only N3, Npy, and
Cl were considered to contribute to the spin density delocalization.
Hydrolysis of the carbonyl group at C9 to a diol has a negligible
effect on the spin density of the copper center.

A linear dependence of the spin density on the copper center
from the amount of HF exchange in the hybrid functional is
observed, which turns out to be independent of the nature of the
correlation functional. For [Cu(L'*)(C1)]" the spin on copper
varies between ~0.57 for the pure DFT functionals (0% HF),
~0.672 for the Becke three-parameter hybrid functionals and
0.812 for the BHandH (50% HF) functional. The spin density on
the copper center calculated with ab initio HF theory is 0.931. The
spin on the Cl, N3, and Npy donors decreases as the spin on the
copper center increases and these relationships are also linear. This
is shown graphically for [Cu(L'*)(Cl)]* in Figure 5. For
[Cu(L>*)(C1)]™", both in the trans N3 and in the trans N7 isomers,
a similar linear relationship is observed (see supplemental mate-
rial).

From the linear dependence of the copper spin density (see eqs.
in Fig. 5) on the amount of HF exchange and the known value of
0.87 in [Cu(L")(CD)]" (SORCI and “experiment”), the amount of
HF exchange required to reproduce the reference spin density is
calculated to 61%, considerably higher than the 38% found to be
optimal for [Cu(Cl),]*".” Calculations with an adjusted BLYP
functional, incorporating 61% HF exchange (denoted
B(61HF)LYP), were performed and the result of 0.865 for the spin
density of Cu is in good agreement with the reference value (see
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Figure 4. Spin densities of [Cu(L'®)(C1)]*, calculated with the BLYP (a) and B(61HF)LYP (b)
functionals.

Table 3). With an adjusted B(61HF)P86 functional, the calculated
spin density is slightly lower (0.840), but still in good agreement
with the reference value. For comparison, the B(38HF)LYP and
B(38HF)P86 functionals give spin densities of 0.771 and 0.758,
significantly lower than the reference value.

Although the B(61HF)LYP functional improves the calculated
spin on copper, a spin of around half of the “experimental” value for
Cl and slightly lower than “experiment” for N3 and Npy are predicted
(note, however, the small values resulting in a relatively large error
limit). The comparison with the SORCI reference value gives better
agreement, both with B(61HF)LYP and B(61HF)P86. The spin den-
sities on the ligands also have a linear dependence on the amount of
HF exchange, and from these graphs an optimal amount of HF
exchange, necessary to reproduce the “experimental” spin densities or
the reference value (SORCI) can be determined for each of the
ligands, analogous to the method used for copper. Although the spin
density on copper is not dependent on whether a diol or a carbonyl
group is substituted at C9, the spin densities on the ligands are to some
extent. Interestingly, the required amount of HF exchange for CI,
based on the “experimental” value, is close to the 38% determined to
be optimal for [CuCl,]*>". As expected,” of all the functionals tested,
the B(38HF)LYP functional gives the best agreement with the “ex-
perimental” value for Cl (see Table 3). Based on the SORCI reference
value, both B(61HF)X (X=LYP, P86) functionals are to be preferred.
This indicates that there is no general optimum functional for all
complexes of a given metal ion. However, the contribution to the total
spin density from the ligands is much smaller than the contribution of
the metal center. Therefore, an improvement of the electronic descrip-
tion of the metal at the expense of the ligands still may give a better
description of the electronic structure of the complex as a whole. As
N3 and Npy contribute only slightly to the total spin density and are
less dependent on the amount of HF exchange in the functional, the
main task was therefore to balance the functional for Cu and Cl.

Modification of the Nuclear Charge of Copper to Adjust the
Spin Density Distribution

An alternative approach to adjust the spin density distribution is to
modify the nuclear charge of the copper center (Q = 29). Previ-
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ously, the use of a pure functional with the nuclear charge of Q =
28.2 on the copper center has been suggested to obtain good
estimates of the spin densities, based on studies of the [Cu-
(dien),]** complex (dien = 3-azapentane-1,5-diamine).'® A range
of DFT calculations with [Cu(L'*)(CD)]*, in which the nuclear
charge of the Cu atom was systematically varied from 29 to 28
with a step of 0.2, were performed with ORCA and the BLYP
functional. The resulting spin densities are listed in Table 4. The
spin density on the metal center increases with decreasing nuclear
charge. Good agreement of the spin densities on the metal and the
ligands is obtained with BLYP and QO = 28.2. The calculations
were also performed with a hybrid B3LYP functional, and these
results are given as supplementary material. (Note that the hybrid
functional are already optimized against the experimental results
and modifying the nuclear charge on hybrid functional will ques-
tion the reliability of the approach.)

The Influence of the Functional on the Geometries and
Relative Energies of [Cu(L*)(CD]™ and [Cu(L?)(CD]*

A comparison of the calculated structures of [Cu(L'?)(C1)]* with
the different functionals is given in Table 5. On the whole, the
hybrid functionals perform better for angles, but slightly overes-
timate the bond distances, and this overestimation increases as
more HF exchange is added. The nonhybrid functionals generally
give a better description of the bond lengths but worsen the angular
geometry. So, although the spin densities are improved by increas-
ing HF exchange, this is done at the expense of the geometries.

The geometries and relative energies of the two isomers of
[Cu(L?*)(C1)]" were compared with a range of functionals, in an
attempt to find a solution to, or at least an explanation for, the
problem of the computed destabilization of the experimentally
observed trans N7 structure, relative to the trans N3 isomer. The
results are summarized in Table 6. Although the energy difference
between the two isomers is decreased with two of the functionals
relative to the B3LYP value none of the functionals predict the
trans N7 isomer to be more stable.

Although the calculated geometries of the trans N7 isomer of
[Cu(L?*)(C1)] " show an overall acceptable agreement with exper-
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[Cu(L'*)(C]", O: Gaussian 03 implemented functionals (used for straight line fitting), +: modified

functionals.

iment for all functionals, the computed Cu—N3 bonds are consis-
tently shorter than the Cu—N7 bonds. This is in contrast to the
crystal structure, where the Cu—N3 bond is, as expected, slightly
longer than the Cu—N7 bond (0.03 A). Interesting to note is that
the two functionals that give the smallest error in relative energy
(PBE, B3P86) also have the smallest Cu—N7/Cu—N3 ratio. For
the PBE and B3P86 functionals this ratio is 1.01 and the relative
energies are 5.6 and 6.2 kJ/mol, respectively. For B3LYP and
BHandH the ratios are larger (1.02 and 1.03, respectively) and the
relative energies increase to 9.2 and 9.9 kJ/mol, respectively. The
energy difference obtained with the HF/6-31G(d) method gives a
Cu—N7/Cu—N3 ratio of 1.08 and an energy difference of 12.5
kJ/mol, significantly worse than with any of the DFT functionals.
Incorrect prediction of the relative bond distances to N7 and N3
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could lead to a loss of electronic stabilization (pseudo Jahn—Teller
effect) in the calculated frans N7 structures, and may well be the
reason for the destabilization of the experimentally observed trans
N7 isomer of [Cu(L**)(CD)]" and [Cu(L*®)(CD]".

There is no direct correlation between the description of the
bonding (amount of HF exchange), the relative energy of the two
isomers and the Cu—N7/Cu—N3 ratio. The choice of the best
functional for the calculation of copper—bispidine complexes does
not appear to be as simple as for [Cu(Cl)4]27, where the covalence
of the bonds is the only significant factor in determining the bond
lengths and energies. While the correlation functional does not
influence significantly the spin density distribution, it does have a
significant influence on the geometries and relative energies. The
P86 correlation functional predicts shorter bond lengths than LYP,
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Table 4. The Influence of the Nuclear Charge of the Cu Center on the Spin Density Distribution in

[CuL)(CDI™*

BLYP BLYP BLYP BLYP BLYP BLYP
Atom (Q =29) (Q =28.8) (Q = 28.6) (Q =28.4) (Q =28.2) (Q = 28.0) SORCI® Exp.
Cu 0.507 0.599 0.680 0.763 0.871 1.034 0.848 0.868
N7 0.001 0.000 0.000 0.002 0.007 0.015 0.000 0.000
N3 0.127 0.106 0.089 0.078 0.070 0.064 0.036 0.044
Npyl 0.088 0.074 0.061 0.048 0.031 0.006 0.027 0.000
Npy2 0.088 0.074 0.061 0.048 0.031 0.007 0.027 0.046
Cl 0.179 0.146 0.119 0.100 0.086 0.076 0.050 0.082
“BLYP, ORCA.
ble_

in better agreement with the experiment. Changing from the
B3LYP to the B3P86 functional reduces both the Cu—N7 and the
Cu—N3 bond lengths, but has a larger effect on Cu—N?7 than on
Cu—N3. Consequently, AE between the two isomers is decreased
by 3 kJ/mol. The change in AE upon a further change from B3P86
to B(61HF)P86 (an increase in HF exchange of 41%) is negligible.

The calculations described so far have all been done in the gas
phase, and the possibility that environmental effects might stabi-
lize the frans N7 isomer have been probed by solution phase
geometry optimization of both isomers of [Cu(L**)(C1)]", using
the PCM model as implemented in Gaussian03 with acetonitrile as
the solvent. Indeed, this has the effect of decreasing AE to 4 kJ/mol
(from 9 kJ/mol in the gas phase) for B3LYP/6-31G(d), although
the trans N3 isomer remains more stable. For the B3P86 func-
tional, the energy is almost degenerate (AE between the isomers
less than 1 kJ/mol). Because we have shown that AE is relatively
insensitive to the amount of HF exchange, for the P86 correlation
functional, we expect that the addition of solvation to the
B(61HF)P86 functional will also give close to degenerate struc-
tures.

The trans N3 and trans N7 geometries of [Cu(L**)(Cl)]",
optimized at B3LYP/6-31G(d), have also been used to calculate
the energy with the SORCI method. For these calculations, the
Ahlrichs triple ¢ basis set for the metal center and a double ¢ basis
set for the nonmetal atoms have been employed. Without solva-

Table 5. Influence of the Functional on the Geometry of [Cu(L")(Cl)]".

tion, the SORCI calculation predicts the frans N3 isomer to be
more stable than the frans N7 isomer by 13.6 kJ/mol (consistent
with the Gaussian03 and ADF predictions). However, using the
COSMO solvation model implemented in ORCA and acetronitrile
as the solvent, the reverse order is obtained, that is, the trans N7
isomer is more stable by 7.9 kJ/mol than the trans N3 geometry.
This demonstrates that solvation effects are important and can
significantly influence the results, especially when the energy
differences are small.

The Calculation of Spectroscopic Parameters

For the calculation of the EPR parameters of [Cu(L'*)(CD]" a
reasonably accurate prediction was obtained with the B3LYP
functional (see Table 1). The calculated orientation of the g-tensor
axis is shown in Figure 3. The calculated g, values are in good
agreement with the experiment, but the calculated, g; is lower than
observed. This has been previously found for other Cu(Il) com-
plexes using the B3LYP functional and a better agreement has
been obtained using SORCI calculations.®”

The computed hyperfine splittings follow the experimentally
observed order A, <A, < A._. The calculated A, values are too low
but the A, and A, values are in good agreement with experiment.
The largest component of the hyperfine splitting lies along the
Cu—N7 axis, while the intermediate value is along Cu—CI and

B(38HF) B(38HF) BHandH B(61HF) B(61HF)
Parameter BLYP BP86  B3LYP  B3P86 PBE LYP P86 LYP LYP P86 exp
Cu-N7 2.338 2.262 2.334 2274 2277 2.358 2262 2.305 2.370 2.239 2273
Cu-N3 2.069 2.044 2.058 2.035 2.037 2.077 2.040 2.068 2.106 2.047 2.042
Cu-Npy1/Npy2 2.020 1.997 2.028 2.005 2,011 2.056 2,017 2.043 2.090 2.022 2.022
Cu-Cl 2271 2.249 2239 2.219 2218 2.240 2213 2.228 2.249 2.208 2232
N7-Cu-N3 86.82 87.89 85.80 86.48 86.14 84.82 86.04 85.15 84.02 85.60 85.03
N7-Cu-Cl 10659  106.10  107.87 10749  107.91 109.27 108.46 109.35 110.77 10935  109.95
N3-Cu-Cl 166.59  166.01 166.33 166.03  165.96 165.91 165.50 165.50 165.21 165.04  165.02
Npyl-Cu-Npy2  154.19 15330 15549 15521 155.35 155.44 155.31 155.19 154.36 155.10  158.13
Cu-N7/Cu-N3 1.130 1.106 1.134 1.117 1.118 1.135 1.109 1.115 1.125 1.094 1.113
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Table 6. The Influence of the Functional on the Relative Energies and Geometries of the Two Isomers of [Cu(L**)(CD)]".

trans N3, trans N7

exp

B3P86 B3LYP PBE B(38HF)P86 BHandH B(61HF)P86 HF

BP86

2.120
2.147
2.063

2311, 2.157 2.374, 2.210 2.307, 2.164 2.282,2.162 2.316, 2.219 2.251, 2.163 2.322,2.332
2.030, 2.147

2.003, 2.141

2.344, 2173

Cu-N7
Cu-N3

2.079, 2.150

2.011, 2.120
2.143, 2.056
2.191, 2.218
86.22, 85.90

96.36, 160.13

2.023, 2.164 2.005, 2.140 2.006, 2.134

2.013, 2143
2.080, 2.015

2.276, 2.171

2.17, 2.079
2.208, 2.240

85.93, 85.61

2.129, 2.044
2.195, 2.227
86.61, 86.52
95.02, 161.45

178.37, 112.03

2.114, 2.036
2.201, 2.234

86.04, 86.75

2.132, 2.055
2.220, 2.258

2.104, 2.028
2.201, 2.237

86.85, 87.12

Cu-Npy1/Npy2

Cu-Cl

2.221

2.239, 2.263

2231, 2.272
87.29, 87.87

86.71

85.27, 83.58

86.20, 86.65

N7-Cu-N3

160.31

99.35, 153.42
175.37, 123.00
143.54, 160.65
1.117, 1.085

95.99, 159.79
178.08, 114.60

93.96, 162.40
179.41, 110.86

93.38, 162.20
179.58, 111.15

93.49, 162.59
179.66, 110.29

91.53, 162.94

N7-Cu-Cl
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112.97

177.42, 113.97

178.82, 109.19

N3-Cu-Cl
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163.83

144.66, 164.92 144.62, 164.44 144.67, 163.56 144.54, 163.46
1.138, 1.013

145.2, 165.09
1.174, 1.021

Npyl-Cu-Npy2 14458, 166.72  144.76, 165.33

Cu-N7/Cu-N3
AE (kJ/mol)

0.987

1.119, 1.020

1.141, 1.034

1.151, 1.011

1.154, 1.007

1.164, 1.014

6.17 9.15 5.59 6.50 9.87 6.59 12.45 < -10

7.12

AE = E, (N7) = Ey(N3)

the smallest component along the two Cu—Npy bonds (see Fig. 3).
The large value of A, is mainly due to the dipolar term (—159.4),
which is negative, while for A, and A, positive dipolar terms are
obtained (68.8 and 90.6, respectively). This results in negative
computed values for A, and positive values for A, and A, (the
simulated spectrum is insensitive to the sign of these parameters,
see Table 1). The super hyperfine values calculated for N7 (a, =
0.14 X 107*cm™ !, a, = 0.15 X 107*em™ !, a, = 0.18 X 107
cm ') are very small and validate the model for the spectra
simulation (see above). The principle components of the super
hyperfine splitting for N3, Npy, and CI are along the Cu—N3,
Cu—Npy, and Cu—<Cl bonds, respectively. The calculated values
are in reasonable agreement with the experiment. The spin-orbit
contribution to the metal hyperfine interactions are significant,’®
for Cl it is small and for N it is close to zero.

Although the B3LYP functional predicts the hyperfine and
super hyperfine values reasonably well, the g values are too low.
Therefore, we have attempted to calibrate the functional, based on
the experimental g values. The amount of HF exchange was varied
and additional calculations were performed with BLYP,
B(38HF)LYP, and B(61HF)LYP (see Table 7). The pure BLYP
functional underestimates both g, _ and g, while the B(61HF)LYP
functional overestimate them. The B(38HF)LYP functional pro-
vides acceptable estimates for both g-values.

It was of interest to test the computed g values with the approach
of modifying the nuclear charge of the copper(Il) center to Q = 28.2
(see above). With a pure BLYP functional and O = 28.2 the g is
underestimated and the g, values are overestimated (see Table 7).
Based on the calculated spin densities with this setup (see Table 4),
and based on the observation with the correlation of spin densities,
bonding and spectroscopy above, this is not unexpected.

In the aqueous solution absorption spectrum of [Cu(L'*)(C)]™"
two broad bands are observed, one centered around 650 nm, the
other around 900 nm. The electronic transitions of [Cu(L'*)(CI)]™
were calculated by SORCI and by LF-DFT. In the SORCI calcu-
lations, a reference space of CAS (9/5) was used to compute the
ligand field transitions; the values of parameters to control the
configurations that contribute to a particular state were as in the
literature.®” This predicted the transitions at 723, 729, 830 and
951 nm.

Considerable insight into the electronic structure of the
[Cu(L)CDH]* complexes can be gained by an analysis based on
ligand field theory with parameters adjusted to DFT calculations.
In the ligand field density functional theory (LF-DFT)*' one as-
sumes that transition metal d-orbitals in the complex are well
defined and can be identified by the dominant contribution from
the metal 3d functions. With complexes of Cu?”", for example, a
DFT calculation with an even occupation (9/5) of each d-orbital
(average-of-configuration) is carried out. From the resulting
Kohn—Sham eigenvalues and eigenvectors the one electron 5 X 5
matrix is computed. Complexes of Cu®" are characterized by a
single hole in the d" subshell, which allows to discard effects of
interelectronic repulsion. Furthermore, the spin-orbit coupling
constant of Cu®" in the complex can be obtained from its value for
the free ion, weighted by an appropriate reduction factor for the
unpaired electron, which is responsible for covalency in the com-
plex. The latter has been chosen based on the percentage of the
antibonding d-orbitals, which carry the unpaired electron of Cu?*.
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Table 7. Experimental and Computed g-Values with DFT and LF-DFT.

Parameters 0=29 Q=288 Q=286 Q=284 Q=282 Q=280
Experiment
g, 2.050
g 2224
BLYP
g, 2.038 2.046 2.055 2.067 2.091 2.130
g 2.109 2.130 2.145 2.154 2.161 2.171
B3LYP
g, 2.054
g 2.162
PBEO
g, 2.061
g 2.185
B(38)LYP
g, 2.073
g 2224
B(61)LYP
g, 2.093
g 2.300
LF-DFT-PWO91
g, 2.035 2.050
g 2.172 2.206

Single-point calculations were performed with the ADF pack-
age using the PW91 functional and a valence triple { basis set on
the optimized B3LYP/6-31G(d) structure. The chosen coordinate
system for the calculation is shown in Figure 3. Orbital levels, their
occupancies and Cu(3d) percentages are shown in Figure 6. Ap-
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Figure 6. Energy level diagram with the sequence of the metal d and
the ligand orbitals with their percent occupations.
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proximate orbital energy equations are given by the angular over-
lap model (AOM).

E(dy-y) = 3e,(eq) ®)
E(dy) = e,(eq) + ey(ax) (©)
E(d,.d,) = e,(Cl) (10)
E(d.) = 2e,(Npy) . (1D

In egs. (8)—(11) e(eq) is the o-bonding energy due to the ligands
in the equatorial plane, due to the amine [N3, ¢, (N, ;..)], pyridine
[Npyl and Npy2, e (N )], and CI [e(Cl)] donors; see eq.
(12).

pyridine

3 3 3
e(r(eq) = Eerr(prridine) + Zerr(lvamine) + Zerr(Cl) . (12)

The parameter e (ax) is the corresponding antibonding energy due
to the axial ligand (N7), which accounts for the mixing of the 4s
orbital with the 3d orbitals of the same symmetry (d,,). Note, that
the amine N donors N7 and N3 do not have orbitals for 7-bonding.
This is also the case for Npy in the pyridine plane, that is, d,, d,,,,
and d,, are only affected by m-orbitals of CI and pyridine. The
Kohn—-Sham orbital energy diagram (Fig. 6, left) is in agreement
with this simple description. The energies of the electronic tran-
sitions are listed in Table 8. These are overestimated in comparison
to the experimental results. The PW91 functional exaggerates the
metal-ligand covalency (see above), and this is manifested by the
metal and Cl orbitals, which are close in energy and intermix
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Table 8. Cu(3d) Orbital Energies (cm™ ') and Eigenvectors Projected from DFT Calculations (Ligand Field
and Spin-Orbit Coupling Parameter and Energies of Electronic Transitions for [Cu(L'®)C1]".

Q(Cu) = 29 (PWI1)

Q(Cu) = 28.2 (PWI1)

Kohn—Sham eigenvalues:

19090 15243 13799 9315 0
Eigenvectors:
Xy 0.213 0.004 —0.613 0.001 0
yz —0.818 0.003 —0.057 —0.001 —0.001
72 —0.012 —0.094 0.002 0.636 0.034
Xz 0.007 0.562 0.005 0.117 —0.159
x2-y? —0.001 —0.142 —0.001 0.053 —0.744
Ligand field matrix:

Xy yz 72 Xz x>-y?
Xy 13981
yz —964 18907
z’ -29 81 9407
XZ 12 —22 —748 14358
x%-y? —4 -29 942 —3238 794

Spin-orbit coupling constant: { = 512
Orbital reduction factor: k=0.579
Energies of d—d transitions:

x2-y2—72 1076 nm
X2-y2—Xy 724
X2-y2—Xz 653
x2-y2—yz 521

Kohn-Sham eigenvalues:

17065 14525 14194 9799 0
Eigenvectors:
Xy —0.127 —0.018 0.877 0.000 0.000
yz 0.938 —0.004 0.137 0.001 —0.002
72 0.001 0.234 0.004 —0.839 0.109
Xz —0.001 —0.863 —0.018 —0.243 —0.210
x>-y? —0.001 0.223 0.004 —0.002 —0.768
Ligand field matrix:

Xy yz z2 XZ x>-y?
Xy 14254
yz —410 17006
z -4 11 10008
Xz 6 =17 —897 13284
x2-y? -3 —28 1282 —3483 1023

Spin-orbit coupling constant: { = 571
Orbital reduction factor: k=0.646
Energies of d—d transition:

SORCI exp.
x2-y2—72 1026 951 900 nm
X2-y2—Xy 709 830 650
x2-y2—Xxz 680 729 650
X2-y2—yz 581 723 650

strongly. This decreases the metal percentage of the orbitals in-
volved in the Cu—Cl m-overlap for d,, and d,, (see Fig. 6).
Modified nuclear charge calculations with Q = 28.2 on copper and
a pure functional (PW91) were therefore performed to overcome
this problem. This results in an increased splitting of the close
lying 3d and ligand orbitals and, therefore, reduces the artificial
metal-ligand mixing. The accuracy of the calculated electronic
transitions is improved and in acceptable agreement with the
experimental values, specifically also in comparison with that of
the SORCI calculation (see Table 8). Note, however, that the
results of the SORCI calculations may be improved with a larger
reference space.®’

The computation of the g tensor components with the LF-DFT
approach is described elsewhere.®® The g-values obtained are
shown in Table 7. These are underestimated with the PW91
functional, but with a Q value of 28.2 there is good agreement
between the calculated and experimental g, values. An acceptable
agreement is also found for the g, values but there is a large
anisotropy in the equatorial plane (LF-DFT-PW9I, g _ = 2.05;
Q= 28.2; Ag, , = 0.07). Probably, this anisotropy arises from a
metal-ligand 7r-overlap, which is stronger for Cu—ClI than for
Cu—Npy. LF-DFT calculations on [CuCl,]*, [Cu(NH;),]**, and
trans-[Cu(NH,), (pyridine),]*" model complexes allow to deduce
values for e_(Cl) and e, (Npy) of 1950 and —450 cm™', respec-
tively. These indicate that there is a strong donor function for Cl
and a weak acceptor function for the pyridine donor. Considerable
differences between the 7-bonding properties of pyridine and Cl
with Cu®™ imply a synergetic 7-bonding, which might be respon-
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sible for the preference of these two ligands to coordinate the metal
in a common plane. This readily explains the preference of CI (or
other m-donors) to coordinate in the basal rather then in an apical
position with respect to the CuL fragments (see section on the
isomer stabilities above). This is an important feature with respect
to the specific reactivities and stabilities of copper(Il) and other
metal complexes with bispidine ligands, and this will now be
studied in detail.

Conclusions

The generally available and commonly used DFT methods do not
lead to an accurate description of copper(Il)-donor interactions.
HF calculations, DFT methods with pure DFT functionals, com-
monly used hybrid functionals and tuned functionals with varying
amounts of HF exchange and various correlation functionals, have
been used to optimize the DFT method, and the variation of the
nuclear charge on copper together with a pure DFT functional has
also been used to optimize the copper(Il)-donor bonding descrip-
tion. Experimentally determined and computed (SORCI) spin dis-
tributions, experimental structures, isomer ratios, and spectro-
scopic properties as well as published data and computations with
other donor sets (CI™ vs. amine vs. pyridine) were used to validate
the various methods. The conclusions are: (1) the choice of method
variation (nuclear charge Q on copper or of the amount of HF
exchange in the functional) depends on the chromophore (type of
donor atoms). (2) With a given chromophore (e.g., Cu"/bispidine/
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Cl™) the choice of method also depends on the problem to be
solved (spin distribution; covalency of the copper—donor interac-
tion; structure; isomer distribution; spectroscopy). (3) Solvation is
needed to accurately predict isomer ratios. (4) The SORCI method
may be used to accurately determine the spin distribution. (5)
LF-DFT with a pure DFT functional and a modified nuclear charge
Q on copper (where Q is tuned to the SORCI spin distribution)
leads to accurately predicted spectroscopic parameters. Alterna-
tively, a tuned hybrid functional with added HF exchange and Q =
29 on copper may also be used. The determination of spectroscopic
parameters by SORCI calculations needs a large reference space.

The not unexpected (but somewhat frustrating) conclusion is
that semiempirical methods (DFT with tuned hybrid functionals or
a variation of the nuclear charge of the metal center) need to be
optimized for each type of compound and for each molecular

property.
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