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Induced chirality-at-metal and diastereoselectivity
at Δ/Λ-configured distorted square-planar copper
complexes by enantiopure Schiff base ligands:
combined circular dichroism, DFT and X-ray
structural studies†
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Roberto Berardozzi,b Gamall Makhloufi,c Vera Vasylyeva,c

Anne-Christine Chamayoud and Christoph Janiak*c

Bidentate enantiopure Schiff base ligands, (R or S)-N-1-(Ar)ethyl-2-oxo-1-naphthaldiminato-κ2N,O, dia-

stereoselectively yield Δ/Λ-chiral four-coordinated, non-planar Cu(N^O)2 complexes [Ar = C6H5 R/S-L1,

m-C6H4OMe R-L2, p-C6H4OMe R/S-L3, and p-C6H4Br R/S-L4]. Two N,O-chelate ligands coordinate to

the copper(II) atom in distorted square-planar mode, and induce metal-centered Δ/Λ-chirality at the

copper atom in the C2-symmetric complexes. In the solid state, the R-L1 (or R-L4) ligand chirality diaster-

eoselectively induces a Λ-Cu configuration in Λ-Cu-R-L1 (or Λ-Cu-R-L4), the S-L1 ligand a Δ-Cu
configuration in Δ-Cu-S-L1, forming enantiopure crystals upon crystallization. Conversely, the R-L2 ligand

combines both Λ/Δ-Cu-R-L2 as a diastereomeric pair in the crystals. In solution, electronic circular

dichroism (CD) spectra show full or partial diastereoselectivity towards Λ-Cu for R ligands and towards

Δ-Cu for S ligands. The electronic CD spectra measured on all complexes obtained from R ligands (or S

ligands), e.g. Cu-R-L1, Cu-R-L2, Cu-R-L3, and Cu-R-L4 (or Cu-S-L1, Cu-S-L3, and Cu-S-L4), show con-

sistent spectral features. TDDFT calculations of the electronic CD spectra for the diastereomers Λ-Cu-R-
L1 and Δ-Cu-R-L1 suggest that the CD spectra are largely dominated by the configuration at the metal

center (Λ vs. Δ). The experimental CD spectrum of Cu-R-L1 agrees well with the one calculated for the

Λ-Cu-R-L1 configuration. Cyclic voltammetry of Cu-R-L1 reveals a quasi-reversible redox wave corres-

ponding to one-electron transfer for the [CuIIL2]
0/[CuIL2]

−1 couple in acetonitrile. DSC analyses for the

complexes show an exothermic peak between 377 and 478 K (ΔH = −12 to −43 kJ mol−1), corresponding

to a phase transformation from distorted square-planar/tetrahedral to regular tetrahedral geometry on

heating.

Introduction

Syntheses, stereoselectivity and molecular structures of di-
valent transition metal complexes with chiral N^O chelate
Schiff-base ligands are of continued interest1–10 and have been
used efficiently as chiral catalysts.1l,m,9,11–15 We have recently
investigated the syntheses, stereochemistry, and molecular struc-
tures of Rh(η4-cod)-complexes containing chiral bidentate N,O-
chelate Schiff base ligands.16,17 Four-coordinated metal com-
pounds with two asymmetrical bidentate ligands exhibiting
tetrahedral to distorted square-planar geometry are chiral, and
the helical chirality of the whole coordination unit may be
indicated with Δ and Λ descriptors.18a Here, two identical N^O
chelate ligands afford C2-symmetrical metal complexes with
metal-centered helical Λ- or Δ-chirality (Scheme 1).18b,c
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Consequently, enantiopure R- or S-N^O chelate ligands can
lead to diastereomeric pairs of the type Λ-M-R-N^O and Δ-M-R-
N^O (or Δ-M-S-N^O and Λ-M-S-N^O), while racemic R/S-N^O
ligands give all four isomers (Scheme 2). Intramolecular non-
covalent interactions acting within the metal–chiral chelate
complexes lead to a free-energy difference between the diaster-
eomers, thereby one of the two possible diastereomers may be
formed preferentially (Scheme 2).6,7,19–22

Some examples of such diastereoselection in tetrahedral to
near-square-planar complexes of the type [M(R- or S-N^O)2]
(M = Co, Cu, Ni, Zn) with predominant formation of Λ- or
Δ-configuration, evidenced by X-ray studies and circular
dichroism (CD) spectra in solution, have been reported.6,7,19–22

The diastereoselection seemed quantitative in the solid state based
on a single-crystal X-ray study while solution investigations by
1H-NMR and vibrational CD (VCD) spectroscopy showed the
existence of both Λ- and Δ-diastereomers with a ratio of ca.

80 : 20 for bis[{(R or S)-N-(Ar)ethyl-salicylaldiminato-κ2N,O}]-
Zn(II)19 or 67 : 33 for bis[{(R or S)-2-(2-hydroxy-1-phenylethyl-
imino)methyl-phenolato-κ2N,O}]Zn(II).21a However, very few
examples of such diastereoselection in near-square-planar
complexes Cu(R-N^O)2 (N^O = (R)-N-(phenyl)ethyl-X-salicylaldi-
minate) with the formation of, e.g., Δ-Cu-R-N^O configura-
tion7a,c,e or Λ-Cu-R-N^O configuration7e,f have been reported
based on X-ray studies.

In the above examples, the diastereomeric ratio depends on
the thermodynamics of stereochemical induction by the
ligand. This mechanism is well studied for octahedral18,23 or
five-coordinated complexes24 but little research activity has
been invested in the diastereoselection of four-coordinate,
asymmetric complexes. For the latter, the Δ- or Λ-configur-
ation can interconvert by ligand exchange or in particular by
rearrangement through a planar geometry. In order to study
the diastereoselection phenomenon, the choice of method is
important for determining both the absolute configuration
and the diastereomeric composition. X-ray single crystallogra-
phy appears to be a straight-forward method for determination
of the metal-centered absolute configuration.25,26 The solid
state structure, however, does not necessarily represent the
thermodynamically most stable geometry in solution or in the
gas phase. During the crystallization process various inter-
molecular contacts and lattice forces become important, which
can shift the equilibrium between Δ- and Λ-geometry at the
metal ion, possibly even leading to inversion of the absolute
metal configuration from solution to the solid state.
Furthermore, usually only one single crystal is used for struc-
ture determination and this does not rule out formation of a
diastereomeric conglomerate. Just like the better known
racemic conglomerate27 we describe here a diastereomeric con-
glomerate as a mixture of crystals where each one contains
only one of the two diastereomers from a diastereomeric pair.
In this case, no quantitative information about stereochemical
induction can be drawn from the crystal structure.

In order to obtain reliable results about the Δ/Λ-equili-
brium in solution in a minimal invasive way, i.e. avoiding
molecular interactions with reagents, chromatography
columns etc., it is necessary to use spectroscopic methods. The
equilibrium between two diastereomers can be easily studied
using nuclear magnetic resonance (NMR). Integration of
characteristic signals with different chemical shifts for the
Δ- and the Λ-diastereomer readily delivers the diastereomeric
ratio. This approach, however, does not allow assignment of
the absolute configuration of each diastereomer and is ham-
pered for paramagnetic Cu(II) complexes. The absolute con-
figuration can be obtained using chiroptical spectroscopy, in
particular electronic circular dichroism (CD), especially with
the support of theoretical calculations.28 Circular dichroism is
the differential absorbance of left minus right circularly polar-
ized light. Thus, the sign of the obtained bands is character-
istic of the absolute configuration of the molecule, while the
overall spectrum profile depends on the overall stereo-
chemistry, including configuration and conformation.29 Elec-
tronic CD (ECD or simply CD), which detects the differential

Scheme 1 Enantiomeric absolute configurations of a non-planar bis-
chelate complex viewed along the C2 axis: Λ left-handed helicity, Δ
right-handed helicity along the principal C2 axis (perpendicular to the
paper plane). N and O convey the chelate ring asymmetry.

Scheme 2 Enantiomeric and diastereomeric Δ/Λ-[M(R/S-N^O)2] pairs.
The position of the R- or S-stereogenic center on the branched
α-carbon of the N substituent is adapted in the present work (see
Scheme 3) but could also reside in or on the N^O chelate handle. The
priority for the R- or S-assignment is assumed to be N > R1 > R2. In the
present work Λ-metal-R-ligand complexes and Δ-metal-S-ligand com-
plexes in the white boxes are the major combinations. The opposite and
here minor Δ-metal-R-ligand complexes and Λ-metal-S-ligand combi-
nations are underlined in gray.
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absorbance of visible or UV-light, is applicable to molecules
combining one or more chromophores, having observable
electronic transitions, with at least one chirality element. For
chiral transition metal complexes these could be either ligand
transitions or d–d transitions of the metal ion.30

We report here the syntheses, characterization, solid-state
structures, solution CD and theoretical studies of Λ- or
Δ-bis[{(R or S)-N-(Ar)ethyl-2-oxo-1-naphthaldiminato-κ2N,O}]-
copper(II). These complexes exhibit non-planar structures
involving a chiral copper ion. (R or S)-Ligand chirality induces
diastereoselection of the Λ- or Δ-metal configuration in the
solid state and dynamic diastereomeric equilibria (Λ vs. Δ)
occur in solution.

Results and discussion

The reaction of enantiopure (R or S)-N-1-(Ar)ethyl-2-oxo-1-
naphthaldimine with copper(II)acetate provides the Λ- or Δ-bis-
[{(R or S)-N-(Ar)ethyl-2-oxo-1-naphthaldiminato-κ2N,O}]copper(II)
complexes (Scheme 3). The characteristic νCvN bands for
the imine group of coordinated Schiff bases are found at
1617–1604 cm−1 in the complexes.16a,c,19,21 The complexes Cu-
R-L1 to Cu-R-L4 react with KCN to give diamagnetic [Cu(CN)4]

3−

and deprotonated Schiff base (L−) species in the reaction
mixture (monitored by 1H NMR, see ESI†), accompanied by a
color change from brown to red-orange.

EI and APCI mass spectra show the expected parent ion and
ligand peaks (Table S1 in ESI†). The optical rotations [α]D of
R-HL1 and S-HL1 as well as the complexes obtained thereof
are in opposite directions, as expected (Table S2 in ESI†).

Thermally induced structural phase transition

Thermally induced structural phase transition has been
reported for related Cu(II)-/Ni(II)-chiral N,O-chelate com-
plexes7a–d,31 accompanying a change from a square-planar (or
distorted tetrahedral) to regular tetrahedral environment on
heating from room temperature. The DSC curves of heating for
the complexes show an exothermic peak between 377 and
478 K (ΔH = −12 to −43 kJ mol−1) (Table 1). This structural
phase transition, in analogy with related complexes,7a–d,31 cor-
responds to a phase transformation from a distorted square-
planar/tetrahedral to regular tetrahedral geometry on heating.

Scheme 3 Synthetic route to Λ- or Δ-bis[{(R or S)-N-(Ar)ethyl-2-oxo-1-naphthaldiminato-κ2N,O}]copper(II). The Λ-Cu-R-ligand and Δ-Cu-S-ligand
complexes in the white box are the major combinations. The opposite and here the minor Δ-Cu-R-ligand and Λ-Cu-S-ligand combinations are
underlined in gray (cf. Scheme 2).

Table 1 Thermally induced structural phase transformation data for the
complexes

Compound
Peaks (K)/ΔH (kJ mol−1)
(powder form)

Peaks (K)/ΔH (kJ mol−1)
(single crystals)

Cu-R-L1 478/−33.6 478/−24.8
Cu-S-L1 476/−29.3 478/−25.3
Cu-R-L2 389/−25.5
Cu-S-L3 377/−12.3
Cu-R-L4 460/−42.7
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Cyclic voltammetry

The cyclic voltammograms of Cu-R-L1 were recorded in the
range of 800 to −1100 mV versus Ag/AgCl, using several switch-
ing potentials at varying scan rates. The voltammogram shows,
during the reduction scan (0.0 mV to −800 mV), a cathodic
peak Ic at −575 mV corresponding to the first electron transfer
for the reaction [CuII(L1)2]

0 to [CuI(L1)2]
−1 (Fig. 1). On the

oxidation scan the reversibility of waves Ic is illustrated by the
presence of the corresponding anodic peak Ia at −214 mV.
The second electron transfer assigned to the [CuI(L1)2]

−/
[Cu0(L1)2]

−2 couple is not detected due to the overlap with the
cathodic decomposition of the electrolytic medium over
switching potential at around −700 mV. Analysis of voltammo-
grams at varying scan rates (80, 100, 120, and 150 mV s−1)
demonstrates that the peak current ratio of Ia/Ic decreases at
faster scan rates.32 The voltammetric results strongly support a
quasi-reversible one electron charge transfer corresponding to
the CuII/CuI couple as found for related copper(II)–Schiff base
complexes.32,33

Solid state structural studies

The copper atoms in the complexes synthesized here with the
ligands L1 to L4 have a four-coordinate structure as evidenced
by single crystal X-ray determinations of Cu-R-L1, Cu-S-L1, Cu-
R-L2 and Cu-R-L4. For ligands L1 and L2 the two N^O-biden-
tate Schiff base ligands form a non-planar N2O2-coordination
sphere around the copper atom which is distorted from
square-planar (Fig. 2 and 3, Table 2). For the p-bromophenyl
ligand L4 the copper coordination sphere is very close to
square-planar with only a small distortion towards the Λ-con-
figuration (Fig. 4, Table 2). The Cu–O and Cu–N lengths and
bond angles in the complexes are listed in Table 2 and are as
expected from literature reports for similar Cu(II)
complexes.33a,34

Visual inspection of the molecular structures in Fig. 2 and
3 already shows that the four-coordinated bis-chelate copper
complexes deviate substantially from a square-planar configur-
ation around the Cu(II) metal atom. Quantitatively, the degree
of distortion from square-planar can be expressed by the

dihedral angle θ between the two planes formed by the donor
atoms with the metal atom, that is, N1–M–O1 and N2–M–O2
(Scheme 4 and Table 3). This dihedral angle is 90° for tetra-
hedral geometry and 0° for square-planar geometry (not

Fig. 2 Molecular structures of Λ-Cu-R-L1 (top, low temperature data
set CuRL1a) and Δ-Cu-S-L1 enantiomer (bottom, data set CuSL1-III)
(50% thermal ellipsoids for non-hydrogen atoms). See Table 2 for bond
lengths and angles.

Fig. 3 Molecular structures of Λ/Δ-Cu-R-L2. There are two symmetry
independent molecules in asymmetric unit forming a diastereomeric
pair, Cu1 has Λ- and Cu2 has Δ-configuration (50% thermal ellipsoids
for non-hydrogen atoms). See Table 2 for bond lengths and angles.

Fig. 1 Cyclic voltammogram of Cu-R-L1 (0.5 × 10−3 mol dm−3) con-
taining TBAP (0.1 mol dm−3) at a platinum electrode, scan rate of
150 mV s−1 at 298 K in acetonitrile.
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considering the distortion induced by the chelate ring for-
mation).35 Angle θ can be normalized through division by 90°
(θ/90°) to give an index τtet-sq = 1 for tetrahedral and 0 for
square-planar geometry, respectively (Scheme 4).

Furthermore, a geometry index τ4 for four-coordinate com-
plexes with τ4 = [360° − (α + β)]/141° has been proposed,36

similar to Addison and Reedijk’s five-coordinate τ5 index,37

Table 2 Selected bond lengths (Å) and angles (°) in Λ-Cu-R-L1, Δ-Cu-
S-L1, Λ/Δ-Cu-R-L2, and Λ-Cu-R-L4

Λ-Cu-R-L1a

Two different crystals: data set CuR12 (top) and CuRL1a (bottom)

Cu–O 1.894(2) O–Cu–N 91.72(12)
1.9061(16) 91.76(8)

Cu–N 1.958(3) O–Cu–N2 91.29(12)
1.9632(19) 91.22(8)

O–Cu–O2 159.05(15)
159.25(10)

N–Cu–N22 163.38(16)
163.29(11)

Δ-Cu-S-L1a

Two different crystals: data set CuSL1-II (top) and CuSL1-III (bottom)

Cu–O 1.903(4) O–Cu–N 91.61(18)
1.893(2) 91.65(11)

Cu–N 1.963(5) O–Cu–N2 91.55(18)
1.960(3) 91.70(11)

O–Cu–O2 158.95(3)
158.22(17)

N–Cu–N22 162.7(3)
162.19(18)

Λ-Cu-R-L2

Two different crystals: data set CuR14a (top) and CuRL2-LT (bottom)

Cu1–O1 1.886(3) O3–Cu1–N2 93.63(14)
1.886(4) 93.52(16)

Cu1–O3 1.890(3) O1–Cu1–N1 92.00(14)
1.887(3) 92.44(16)

Cu1–N1 1.962(4) O3–Cu1–N1 99.26(14)
1.953(4) 99.20(16)

Cu1–N2 1.932(4) O1–Cu1–N2 93.31(14)
1.931(4) 93.34(16)

O3–Cu1–O1 144.39(13)
144.44(15)

N2–Cu1–N1 149.61(14)
149.12(16)

Δ-Cu-R-L2

Two different crystals: data set CuR14a (top) and CuRL2-LT (bottom)

Cu2–O5 1.895(3) O5–Cu2–N3 93.37(14)
1.901(3) 93.15(16)

Cu2–O7 1.898(3) O7–Cu2–N4 93.51(14)
1.903(3) 93.56(15)

Cu2–N3 1.948(4) O5–Cu2–N4 94.81(14)
1.950(4) 95.05(16)

Cu2–N4 1.946(4) O7–Cu2–N3 94.47(14)
1.953(4) 94.38(16)

O5–Cu2–O7 149.60(12)
149.83(14)

N3–Cu2–N4 148.83(14)
148.62(16)

Λ-Cu-R-L4

Cu–O1 1.860(2) O1–Cu–O2 177.09(9)
Cu–O2 1.868(2) O1–Cu–N1 89.05(9)
Cu–N1 1.995(2) O1–Cu–N2 90.59(9)
Cu–N2 1.993(2) O2–Cu–N1 90.79(9)

O2–Cu–N2 89.71(9)
N1–Cu–N2 177.35(10)

a Symmetry code 2 = 1 − x, 1 − y, z.

Fig. 4 Molecular structure of Λ-Cu-R-L4 (70% thermal ellipsoids for
non-hydrogen atoms). See Table 2 for bond lengths and angles.

Scheme 4 Assessment of deviations between tetrahedral and square-
planar geometry by the dihedral angle θ or the τtet-sq index.

Table 3 Measure of distortions from square-planar metal geometry

Compound θa/° τtet-sq = θ/90° τ4
b

Λ-Cu-R-L1
Data set CuR12 26.5(1) 0.29 0.27
CuRL1a 26.27(6) 0.29 0.27

Δ-Cu-S-L1
Data set CuSL1-II 27.0(2) 0.30 0.27
CuSL1-III 27.9(1) 0.31 0.28

Λ-Cu(1)-R-L2
Data set CuR14a 46.07(3) 0.51 0.47
CuRL2-LT 46.3(1) 0.51 0.47

Δ-Cu(2)-R-L2
Data set CuR14a 42.8(1) 0.48 0.44
CuRL2-LT 42.8(1) 0.48 0.44

Λ-Cu-R-L4 3.88(7) 0.04 0.04

a Calculated using Diamond38 based on the planes formed by the N–
Cu–O chelate. bDefined as in ref. 36. See Table 2 for the two largest
angles α and β.
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with α and β as the two largest angles (N–Cu–N and O–Cu–O) in
the four-coordinate species. The values of τ4 will range from 1 for
a perfect tetrahedral geometry, since 360 − 2(109.5) = 141, to 0 for
a perfect square-planar geometry, since 360 − 2(180) = 0. Struc-
tures in between square-planar and tetrahedral fall within the
range of 0 to 1.36 Both measures of distortion, listed in Table 3,
are in good agreement and support the distortion from square-
planar towards tetrahedral for Cu-R-L1, Cu-S-L1 and Cu-R-L2.

Due to the non-planar coordination at the copper atom in
the above complexes, the identical N^O ligands afford C2-sym-
metrical metal complexes with metal-centered Λ- or Δ-chirality
(cf. Scheme 1). The absolute configuration Δ or Λ at the
copper atom is determined by considering the screw orien-
tation of the chelate ring planes around the pseudo-C2 axis
passing through the copper atom (Scheme 1). For the given (R)
ligand chirality only the Λ-configuration can be found for
Cu-R-L1 as based on the absolute structure or Flack parameter
of 0.042(2) or less for two crystals from different batches (cf.
Table 5 in the Experimental Section).25 This Flack parameter
close to zero confirms the correct absolute structure and,
together with other refinement parameters, normal atom
temperature factors and the absence of molecular disorder,
excludes that any significant amount of complexes with the
opposite metal chirality is present within the investigated
crystal. Conversely two crystals from a batch of Cu-S-L1 only
showed the Δ-configuration at the copper atom with Flack
parameters25 of 0.07(4) or less (Fig. 2, Table 5). We view this as
sufficient evidence for the formation of enantiopure crystals
and against a diastereomeric conglomerate, that is, the for-
mation of both Δ-Cu-R-L1 and Λ-Cu-R-L1 in a crystal batch
with Δ- and Λ-configuration crystallizing in separate crystals,
akin to spontaneous resolution.16b,39

In compound Cu-R-L2 both Δ- and Λ-configurations are
present as two symmetry-independent molecules in the asym-
metric unit (confirmed by measuring two crystals from the
same batch). Hence, crystals of Λ/Δ-Cu-R-L2 are diastereo-
meric such that two diastereomers are present in equal
amounts in a well-defined arrangement within the lattice of a
homogeneous crystalline compound.

We note that the molecular structure of Cu-R-L1 as a
dichloromethane solvate33a,34 has been reported in the slightly
different non-centrosymmetric space group P212121 instead of
P21212 for the solvent-free structure reported here. Also, in that
report no attention was given to the Λ/Δ-configuration at the
copper atom and the formation of Λ-Cu-R-L1.

The question arises whether the difference in the formation
of enantiopure versus diastereomeric crystals for complexes of
L1 and L2 and the small degree of distortion at Cu for L4 can
be due to the inter-molecular interactions in the solid-state
packing or whether they arise from intra-molecular inter-
actions. Analysis of the packing diagrams (Fig. 5) does not give
any indication that only an enantiopure packing or a diastereo-
meric packing should have been possible.

The packing differs as a consequence of the different ligand
and space group. Yet, no significant π⋯π or only some C–H⋯π
interactions40 are found by PLATON41 as inter-molecular

interactions to rationalize the formation of enantiopure versus
diastereomeric crystals. The analysis of short ring-interactions
for possible π-stacking interactions yielded rather long cen-
troid–centroid distances (>4.0 Å) together with non-parallel
ring planes and large slip angles (β, γ > 30°) (see ESI†). In com-
parison, significant π-stackings show rather short centroid–
centroid contacts (<3.8 Å), near parallel ring planes, small slip
angles (β, γ < 25°) and vertical displacements (slippage < 1.5 Å)
which translate into a sizable overlap of the aryl-plane areas.40

Significant intermolecular C–H⋯π contacts start around 2.7 Å
for the (C–)H⋯ring centroid distances with C–H⋯centroid
angle > 145°. In the packing of Λ/Δ-Cu-R-L2 and Λ-Cu-R-L4
two C–H⋯π contacts each approach the criteria for significant
intermolecular C–H⋯π contacts. Other than that, there are no
strong classical hydrogen-bonding interactions which could
organize enantiomers in cases of spontaneous resolu-
tion.16b,39c From a visual inspection it cannot be rationalized
why, for example, the Λ-configuration of Cu-R-L1 should not

Fig. 5 Sections of the packing diagrams for (a) Λ-Cu-R-L1, (b) Λ/Δ-Cu-
R-L2 and (c) Λ-Cu-R-L4. See Fig. S2 in ESI† for additional views of the
packing diagrams.
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be able to pack with the Δ-configuration or why Cu-R-L2 packs
with both metal configurations. In the structure of Λ-Cu-R-L4
the Br⋯Br contacts of 3.673(3) Å are in the range discussed for
such soft–soft contacts.42

In the structures of Cu-L1 the co-presence of the two diaster-
eomers might even lead to an improved packing coefficient. The
packing coefficients for the majority of crystals are between 0.65
and 0.77 as for the close-packing of spheres and ellipsoids.43

Noteworthy, the packing coefficient of Λ-Cu-R-L1 and Δ-Cu-S-L1
is smaller than 0.65 and there is surplus “empty space” on the
order of 2.1–5.6% (depending on temperature, see ESI†). In Λ/Δ-
Cu-R-L2 and Λ-Cu-R-L4 the packing coefficients are between
0.66 and 0.69 with no potential solvent void (see ESI†).

All Cu-L compounds presented here have in principle a two-
fold symmetry. However, crystallographically the two-fold
molecular symmetry is retained in the solid state only in Λ-Cu-
R-L1 and Δ-Cu-S-L1 where the Cu atom sits on a special posi-
tion with the 21 axis passing through the molecule. In Λ/Δ-Cu-
R-L2 and Λ-Cu-R-L4 the non-symmetric orientation of the
–C6H4OMe and –C6H4Br groups, respectively, in the solid state
(see Fig. 3 and 4) does not coincide with two-fold crystal sym-
metry. Perhaps, in order to achieve a closer packing, the Cu-L1
molecules would have to give up their two-fold molecular sym-
metry upon crystallization.

From the absence of decisive inter-molecular interactions
in the solid-state packing we suggest that intra-molecular inter-
actions already lead to the preferential formation of one dia-
stereomer in solution (see below). Then rather small packing
forces and differences can either give enantiopure or diastereo-
meric crystals through the chemical equilibrium between
Λ- and Δ-configuration. To further support the molecular origin

of diastereoselectivity in, e.g., Cu-R-L1 we carried out chiropti-
cal spectroscopic studies in solution using circular dichroism
(CD).

UV-vis absorption and CD spectra

The use of electronic (CD) or vibrational circular dichroism
(VCD) has allowed in the past the assignment of the stereo-
chemistry of several tetrahedral or pseudo-tetrahedral metal
complexes with Schiff-base ligands.6c,d,7c,d,19,21,22,34

UV-vis absorption and CD spectra measured in solution for
all the complexes considered are shown in Fig. 6–9. Absorption
spectra show consistent similarities over the whole measured
spectral range. In the visible region there is a weak and broad
band around 650 nm, due to the superposition of several
metal-centred transitions typical of the Cu(II) core.7a–e The next
bands in the UV region are specific of the ligand considered,
and are allied to ligand-to-metal charge transfer or intra-ligand
transitions.

The electronic CD spectra of all enantiomeric couples, that
is, Cu-R-L1/Cu-S-L1, Cu-R-L3/Cu-S-L3, and Cu-R-L4/Cu-S-L4,
show the expected mirror–image relationship (Fig. 6–9) in
cyclohexane. Although the CD spectra show some variation
along the series, several consistent features may also be
observed similarly to absorption spectra. In fact, the complexes
Cu-R-L1, Cu-R-L2, Cu-R-L3 and Cu-R-L4 are characterized by
the following series of CD bands indicative of R ligand con-
figuration (band wavelength, sign and strength are indicated):
ca. 700 (−, weak); ca. 600 (+, weak); ca. 400 (+, medium); ca.
315 nm (−, medium); ca. 260 (−, strong); ca. 220 (+, strong).
Other bands depend more on the ligand nature and are not
conserved along the series.

Fig. 6 (a) UV-vis and CD spectra of Cu-R-L1 and Cu-S-L1 in cyclohexane (2.13 and 2.23 mM, respectively); cell path-length: 0.1 mm, 200–500 nm;
5 mm, 425–600 nm; 10 mm, 400–900 nm. (b) UV-vis and CD spectra of Cu-R-L1 and Cu-S-L1 in the solid state as KCl pellets.
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For the crystalline complexes Cu-R-L1 and Cu-S-L1, solid-
state CD spectra44 were also recorded (Fig. 6b). The
sequence of bands is similar to the solution spectra in the
visible range, while major differences emerge in the UV
region. In particular, some of the bands are strongly altered or
reversed in sign in the solid state with respect to the solution.
In the following section we interpret the source of such
discrepancies. For the crystalline complex Cu-R-L2, on the con-
trary, no reproducible solid-state CD spectrum could be
obtained.

It is interesting to compare the solution and solid-state CD
spectra of Cu-R-L1 in terms of g-factor, that is, the wavelength-
dependent ratio between the absorption and the CD spectrum
g = Δε/ε = ΔA/A (A is the absorbance and ΔA the differential
absorbance) (Fig. 6a and b). In the UV region, where absorp-
tion maxima are more easily identified, the range of g-factor
values is 2–3 × 10−4 in the solution spectrum and 2–4 × 10−4 in
the solid-state spectrum. Even correcting the latter for the
scattering effects on the baseline, the g-factor attains at most a
value of ≈10−3.

Geometry optimizations and CD calculations

A thorough computational procedure was carried out with the
aim to rationalize the observed UV-vis/CD spectra and allow
the assignment of the preferential Λ or Δ chirality assumed by
the metal centre. Time-dependent density functional theory
(TDDFT) is currently recognized as one of the methods with
the best cost/efficiency compromise to simulate the UV-vis and

Fig. 7 UV-vis and CD spectra of Cu-R-L2 in cyclohexane (2.53 mM);
cell path-length: 0.1 mm, 200–500 nm; 5 mm, 425–600 nm; 10 mm,
400–900 nm.

Fig. 8 UV-vis and CD spectra of Cu-R-L3 and Cu-S-L3 in cyclohexane
(2.21 and 2.32 mM, respectively); cell path-length: 0.1 mm,
200–500 nm; 5 mm, 425–600 nm; 10 mm, 400–900 nm.

Fig. 9 UV-vis and CD spectra of Cu-R-L4 and Cu-S-L4 in cyclohexane
(1.95 and 1.90 mM, respectively); cell path-length: 0.1 mm,
200–500 nm; 5 mm, 425–600 nm; 10 mm, 400–900 nm.
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CD spectra of medium-size transition metal complexes.45,46

When open-shell metal complexes are involved, as in the
present case, TDDFT may suffer from various pitfalls, in par-
ticular spin contamination.47 Our results demonstrate that the
use of properly chosen calculation conditions may reproduce
very satisfactorily both the structure and the CD spectra of
the Cu(II) complexes under investigation. In particular, we
employed M06 functional, which is especially well-suited for
metal complexes.48

The compound considered in the calculations was Cu-R-L1,
taken as a model for the whole series. Starting from the X-ray
structure, a conformational search was run to investigate the
conformational space associated with the ligand flexibility,
using the Molecular Merck force field (MMFF). All MMFF
structures obtained were re-optimized with DFT at the B3LYP/
6-31G(d) level, leading to a first set of structures with Λ-Cu-R-
L1 configuration. The same procedure was followed for a struc-
ture with opposite configuration at the metal but the same
ligand configuration, Δ-Cu-R-L1. The two sets of structures are
composed each of 2 conformers only, with Boltzmann popu-
lations above 2% at 300 K accounting in both cases for 97%
overall population. The structures, relative energies and popu-
lations are reported in Fig. 10 and 11. Higher energy structures
had relative internal energies above 2.2–2.5 kcal mol−1 with
respect to the respective lowest energy minimum, and negli-
gible Boltzmann populations at 300 K. According to DFT calcu-
lations, the Λ-Cu-R-L1 diastereomer is more stable than the
Δ-Cu-R-L1 diastereomer by at least 0.64 kcal mol−1 (con-
sidering the lowest energy conformers in both cases). The
theoretical Λ :Δ diastereomeric ratio is 77 : 23, and the diaster-
eomeric excess (i.e., the (Λ − Δ)/(Λ + Δ) ratio) is 54%. It is
interesting to compare the lowest-energy DFT-optimized struc-
ture having Λ-Cu-R configuration shown in Fig. 10 with the
X-ray structure determined for the Cu-R-L1 complex (also
having Λ configuration) shown in Fig. 2, which served as the
starting structure for the calculations. The conformation of the
chiral amine moieties is very similar in the two cases. As a con-
sequence of the optimization, however, the distortion from the
square-planar geometry is increased. In fact, the θ dihedral
angle defined in Scheme 4 is 40.7° for the DFT geometry,

which leads to a τtet-sq index of 0.45; correspondingly, the τ4
index amounts to 0.45 too.

CD calculations were run with the TDDFT method using
the M06/TZVP combination after a preliminary screening of
various DFT functionals and basis sets. M06/TZVP calculations
were run on B3LYP/6-31G(d) optimized structures of both
Λ-Cu-R-L1 and Δ-Cu-R-L1 complexes, considering two low-energy
minima in both cases; the resulting spectra are reported in the
ESI.† In Fig. 12 we depict the calculated Boltzmann-weighted
averages at 300 K.

The main observations following the calculations are: (a)
the calculated UV-vis absorption spectra are very similar for
the four structures; (b) the calculated CD spectra for the two
minima of each diastereomer are similar, except for a small
wavelength shift; (c) the calculated average CD spectra for the
two diastereomers with opposite configuration at the metal
centre [Λ-Cu-R and Δ-Cu-R] are almost mirror images (Fig. 12).
It may be inferred that the calculated CD spectra are largely
dominated by the overall nature of the complex, and in par-
ticular are determined by the configuration at the metal centre
(Λ vs. Δ). In contrast, they are only slightly affected by the con-
formation assumed by the chiral moiety and its absolute con-
figuration [(R,R) or (S,S)]. The agreement between the
experimental CD spectrum of Cu-R-L1 (Fig. 6a) and that calcu-
lated for the Λ-Cu-R-L1 configuration (Fig. 12, left) is very good
in the whole significant range (above 300 nm of the calculated
spectrum), apart from a wavelength shift seen especially in the
UV region. The first five major bands appearing in the experi-
mental CD spectrum are all reproduced by the calculations. It
may be therefore concluded that electronic CD spectroscopy is
entirely able to establish the Λ or Δ chirality of the Schiff-base
complexes considered here. In particular, we demonstrated
that the following relationship holds for the complexes under
analysis:

(R) ligand configuration ⇔ dominant Λ chirality
(S) ligand configuration ⇔ dominant Δ chirality

Concerning the solid state, it is interesting to note that the
CD spectrum calculated on the X-ray structure determined for
Λ-Cu-R-L1 (see ESI†) is very similar both in shape and intensity
to the Boltzmann average CD shown in Fig. 12 (left). This
finding suggests that the differences observed between theFig. 10 B3LYP/6-31G(d) structures of the Λ-Cu-R-L1 complex.

Fig. 11 B3LYP/6-31G(d) structures of the Δ-Cu-R-L1 complex.
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experimental solution and solid-state CD spectra of Cu-R-L1
are not due to a conformational rearrangement, but are related
to intermolecular couplings in the crystals.49 The comparison
between the calculated spectra for Λ-Cu-R-L1 and Δ-Cu-R-L1
on DFT geometries, and for Λ-Cu-R-L1 on the X-ray geometry,
has also some implications on the estimation of the diastereo-
meric excess. Since the calculated spectra for Λ-Cu-R-L1 and
Δ-Cu-R-L1 are almost mirror images, the g-factor of the experi-
mental spectra may be considered roughly proportional to the
diastereomeric excess in solution. In the X-ray structure of Cu-
R-L1, only the Λ form is observed. Based on the observations
made above for the g-factor measured on experimental solu-
tion and solid-state CD spectra, we may conclude that the dia-
stereomeric excess in solution is large, above 50% and possibly
reaching 100% for Cu-R-L1 in favor of the Λ-Cu-R-L1 complex.
We also observe that the lower limit is in accord with DFT cal-
culations discussed above. Although the estimated value for
the diastereomeric excess in solution cannot be entirely trans-
ferred to the complexes of the remaining ligands L2–L4, the
consistent intensities seen for the diagnostic bands in the
experimental CD spectra (Fig. 6–9) point to a substantially
similar behavior. In particular, the results for compound Cu-R-
L2 demonstrate that, upon dissolving the diastereomeric
crystals of Λ/Δ-Cu-R-L2, equilibration occurs in solution again
in favor of the Λ-Cu-R-L2 complex.

A straightforward assignment of the calculated CD spectra
is hampered by the complexity of the system and the large
number of transitions. A list of transitions with non-negligible
oscillator and/or rotational strengths calculated for the lowest
energy structure of the Λ-Cu-R-L1 complex at the M06/TZVP//
B3LYP/6-31G(d) level is reported in the ESI†. In Table 4 we
report a simplified assignment of only the relevant transitions,
i.e. those most contributing to the observed UV-vis and CD
spectra. It must be stressed that, as it appears clearly from the
ESI,† every transition derives from many single excitations.
Thus, the assignment reported in Table 4, based on orbital
and population analysis, is very simplified. The most

important conclusion to be drawn is the absence of a clear sep-
aration between metal-centered and ligand-centered tran-
sitions, because several metal-centered transitions occur
deeply in the UV region of the spectrum. Therefore any spec-
tral assignment in terms of simple M–M, L–M or L–L tran-
sitions (metal d–d, ligand-to-metal, and ligand-only
transitions) must be considered a heavy and somewhat arbi-
trary approximation for most observed bands.

Conclusions

Enantiopure N,O-chelate Schiff-base ligands (R or S)-N-1-(Ar)-
ethyl-2-oxo-1-naphthaldimine (Ar = C6H5, m-C6H4OMe,

Fig. 12 CD spectra calculated at the M06/TZVP//B3LYP/6-31G(d) level for the two diastereomers Λ-Cu-R-L1 (left) and Δ-Cu-R-L1 (right), as Boltz-
mann averages at 300 K of the spectra (two in each case) calculated for the low-energy minima shown in Fig. 10 and 11. Gaussian band shape with
exponential bandwidth σ = 0.15 eV.

Table 4 Main transitions calculated for the lowest-energy structure of
the Λ-Cu-R-L1 complex with M06/TZVP//B3LYP/6-31G(d), contribution
to the major observed CD bands, and simplified assignment

Exc.
state

Calculated
transition
wavelength
(nm)

Observed CD
band (maximum
wavelength, nm,
and sign) Assignment a Notesa

2 678 692 (−) M–M
3 639 597 (+) M–M, L–M
4 624 M–M, L–M, CT
8 482 ca. 400 (+) M–M, L–M Localized on Np
11 379 317 (−) L–M Localized on Np
12 378 L–M Localized on Np
13 373 L–L π–π* on Np,

short-axis
14 368 L–L π–π* on Np,

short-axis
23 329 252 (−) L–L π–π* and n–π*

on Np
24 327 L–M Localized on Ph

and Np

aM–M, metal d–d; L–M, ligand-to-metal; L–L, ligand-only transitions;
CT, charge transfer; Np, 2-hydroxy-1-naphthaleneiminato; Ph, phenyl.
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p-C6H4OMe, and p-C6H4Br) induce metal-centered Λ/Δ-chiral-
ity in distorted square-planar Cu(N^O)2 complexes. In most
cases, the R- or S-ligand diastereoselectively induces a Λ- or
Δ-Cu configuration, respectively, in the solid state. Only in one
case, the N^O-ligand with m-C6H4OMe combines both the
Λ- and Δ-Cu configurations as a diastereomeric pair in the crystal
packing. In solution, a diastereomeric excess towards Λ-Cu or
Δ-Cu configuration is found for R- or S-ligand, respectively, as
evidenced by CD spectra. A TDDFT calculation of CD spectra
for the diastereomeric pair Λ- and Δ-Cu-R suggests that the
spectra are largely dominated by the configuration at the metal
center (Λ vs. Δ). Cyclic voltammetry measurements reveal a
quasi-reversible redox wave relating to one-electron transfer for
the [CuIIL2]

0/[CuIL2]
−1 couple. DSC analyses correspond to a

phase transformation of the complexes from distorted square-
planar/tetrahedral to regular tetrahedral showing an exother-
mic peak between 377 and 478 K.

Our results demonstrate that the metal chirality of a dis-
torted square-planer complex may be efficiently controlled by
the ligand chirality. Although the stereochemical control may
occur in both solution and solid state, the extent of the two
phenomena varies from ligand to ligand. Thus, a different be-
havior in the two states may be tuned by modifying the ligand
skeleton by introducing different substituents on the aromatic
ring.

Experimental section

IR-spectra were recorded on a Nicolet iS10 spectrometer as KBr
discs at ambient temperature. UV-vis spectra were obtained
using a Shimadzu UV 1800 spectrophotometer in cyclohexane
at 25 °C. Elemental analyses were done on a Vario EL instru-
ment from Elementaranalysensysteme. Thermal analysis was
performed on a SHIMADZU DSC-60 differential scanning
calorimeter (DSC), in a heating range of 303–553 K and at a
rate of 10 K min−1. An Epsilon™ Instruments (BASi) electro-
chemical analyzer was used for cyclic voltammetry (CV) experi-
ments in acetonitrile containing tetra-N-butyl-ammonium-
hexafluorophosphate (TBAP) as a supporting electrolyte. The
three-electrode measurement was carried out at 298 K with a
platinum disc working electrode, a platinum wire auxiliary
electrode and a Ag/AgCl reference electrode. The solution con-
taining the copper(II) complex and TBAP was deoxygenated for
15 minutes with nitrogen gas. Polarimetric measurements
were carried with a UniPol L instrument in CHCl3 at 25 °C. CD
spectra were obtained using a JASCO Spectropolarimeter (J715)
in cyclohexane on 2–2.5 mM samples. For each solution
sample, three distinct spectra were recorded using cells with
different path-lengths (0.1 mm, 5 mm and 10 mm) to cover the
whole spectral range from 190–200 to 900 nm by keeping the
absorbance below 1.5 AU. Solid-state samples for CD were pre-
pared by mixing 1–2 small crystals with approximately 100 mg
of oven-dried KCl, then pressing the disc at 10 tons for about
15 min. The resulting disc was checked for homogeneity and
transparency. Several discs were prepared for each compound.

For each disc, four different spectra were recorded by rotating
the disc around the incident light direction and by flipping
the disc with respect to the vertical, to check the presence of
artifacts. 1H-NMR spectra were recorded on a Bruker Avance
DPX 200 spectrometer operating at 200 MHz (1H) at 20 °C with
calibration against the residual protonated solvent signal
(CDCl3

1H-NMR, 7.25 ppm). EI-MS: Thermo-Finnigan TSQ 700.
Isotopic distributions for 63/65Cu and 63/65Cu + 79/81Br contain-
ing ions are clearly visible in the mass spectra. The syntheses
of enantiopure Schiff bases, (R or S)-N-1-(Ar)ethyl-2-oxo-1-
naphthaldimine, have been described in our previous
report.16a,c

General procedure to synthesise the complexes

Two equivalents of enantiopure (R or S)-N-1-(phenyl)ethyl-2-
oxo-1-naphthaldimine (R- or S-HL1) (760 mg, 2.76 mmol) dis-
solved in 5 mL of methanol was added into 10 mL of a hot
methanolic solution of Cu(O2CCH3)2·H2O (276 mg,
1.38 mmol) and the solution was stirred for about 5–6 h at
room temperature. The color changes from light green to
brown. Then the solvent was reduced to ∼50% in vacuo, and
this solution was allowed to stand for crystallization via slow
solvent evaporation at rt. Dark brown crystals of Cu-R-L1 (data
set CuR12), suitable for X-ray measurements, were obtained
within 5–6 d from methanol. The crystals were separated,
washed three times with methanol and dried in air for 2–3 d.
The same procedure was followed for using the Schiff bases
(R or S)-N-1-(Ar)ethyl-2-oxo-1-naphthaldimine {Ar = m-OMeC6H4

(HL2), p-OMeC6H4 (HL3), and p-BrC6H4 (HL4)}, respectively.
Single crystals of X-ray quality for Cu-R-L1 (data set CuRL1a),
Cu-S-L1 (CuSL1-II or CuSL1-III), and Cu-R-L4 were grown by
layer-diffusion of methanol into concentrated complex solu-
tion in CHCl3 or by layer-diffusion of ethanol into concen-
trated complex solution in CH2Cl2–CHCl3 (50%, v/v). Crystals
of Cu-R-L2 (CuR14a or CuRL2-LT) were obtained following the
same procedure as that for CuR12.

Bis[{(R)-N-(phenyl)ethyl-2-oxo-1-naphthaldiminato-κ2N,O}]-
copper(II) (Cu-R-L1). Yield 700 mg (83%). [α]D: +75.6° (c =
0.33 g/100 mL, CHCl3 at 25 °C). IR (KBr, cm−1): ν = 3051, 2976,
2927w (H–C), 1616vs (CvN), and 1540 s (CvC). EI-MS (70 eV):
m/z (%) = 611 (70) [M]+, 336 (50) [M − HL1]+, 275 (100) [HL1]+,
234 (35) [C10H6(O)(CHNH)Cu + H]+, 170 (45) [C10H6(O)-
(CHNH)]+, and 105 (80) [C6H5CHCH3]

+. APCI-MS (pos.): m/z
(%) = 950 (20) [M2 − L1 + H2]

+, 948 (20) [M2 − L1]+, 612 (100)
[M + H]+, 369 (20) [M − L1 + CH3OH]+, 337 (5) [M − L1]+, and
274 (15) [HL1 − H]+. 1H NMR (200 MHz, KCN/dmso-d6): δ =
1.50 (d, JHH = 6.6 Hz, 3H, CH3), 4.34 (q, JHH = 6.6 Hz, 1H, CH),
6.55 (d, JHH = 9.1 Hz, 1H, HAr), 6.82 (t, JHH = 6.9, 7.5 Hz, 1H,
HAr), 7.17 (dt, JHH = 7.1, 6.9 Hz, JHH = 1.2 Hz, 3H, HAr),
7.29–7.38 (m, 4H, HAr), 7.44 (d, JHH = 8.8 Hz, 1H, HAr), 9.20 (s,
1H, CHN), and 9.46 (d, JHH = 8.5 Hz, 1H, HAr). C38H32N2O2Cu
(612.23): calcd C 74.55, H 5.27, N 4.58; found C 73.04, H 5.51,
N 4.38%.

Bis[{(S)-N-(phenyl)ethyl-2-oxo-1-naphthaldiminato-κ2N,O}]-
copper(II) (Cu-S-L1). Yield 650 mg (77%). [α]D: −74.6° (c =
0.42 g/100 mL, CHCl3 at 25 °C). IR (KBr, cm−1): ν = 3055, 2981,

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2014 Dalton Trans., 2014, 43, 3313–3329 | 3323

Pu
bl

is
he

d 
on

 0
2 

D
ec

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 H
ei

nr
ic

h 
H

ei
ne

 U
ni

ve
rs

ity
 o

f 
D

ue
ss

el
do

rf
 o

n 
30

/0
1/

20
14

 0
8:

29
:4

2.
 

View Article Online

http://dx.doi.org/10.1039/c3dt52871e


2928w (H–C), 1615vs (CvN), and 1541 s (CvC). EI-MS (70 eV):
m/z (%) = 611 (60) [M]+, 336 (55) [M − HL1]+, 275 (100) [HL1]+,
234 (45) [C10H6(O)(CHNH)Cu + H]+, 170 (450) [C10H6(O)-
(CHNH)]+, and 105 (70) [C6H5CHCH3]

+. C38H32N2O2Cu
(612.23): calcd C 74.55, H 5.27, N 4.58; found C 73.54, H 5.41,
N 4.30%.

Bis[{(R)-N-(3-methoxphenyl)ethyl-2-oxo-1-naphthaldiminato-
κ2N,O}]copper(II) (Cu-R-L2). Yield 765 mg (82%). [α]D: −78.0°
(c = 0.90 g/100 mL, CHCl3 at 25 °C). IR (KBr, cm−1): ν = 3051,
2961, 2933w (H–C), 1616, 1605vs (CvN), and 1541 s (CvC).
EI-MS (70 eV): m/z (%) = 671 (65) [M]+, 366 (60) [M − HL2]+,
305 (100) [HL2]+, 234 (50) [C10H6(O)(CHNH)Cu + H]+, 170 (30)
[C10H6(O)(CHNH)]+, 135 (80) [C6H4(OCH3)CHCH3]

+, 105 (17)
[C6H5CHCH3]

+. APCI-MS (pos.): m/z (%) = 1040 (15) [M2 − L2 +
H2]

+, 1038 (15) [M2 − L2]+, 672 (100) [M + H]+, 399 (20) [M − L2
+ CH3OH]+, and 304 (5) [HL2 − H]+. 1H NMR (200 MHz, KCN/
dmso-d6): δ = 1.48 (d, JHH = 6.6 Hz, 3H, CH3), 3.75 (s, 3H,
OCH3), 4.31 (q, JHH = 6.5 Hz, 1H, CH), 6.56 (d, JHH = 9.1 Hz,
1H, HAr), 6.74–6.86 (m, 2H, HAr), 7.04 (d, JHH = 7.3 Hz, 2H,
HAr), 7.12–7.28 (m, 2H, HAr), 7.32–7.38 (m, 2H, HAr), 9.18 (s,
1H, CHN), and 9.46 (d, JHH = 8.4 Hz, 1H, HAr). C40H36N2O4Cu
(672.28): calcd C 71.46, H 5.40, N 4.17; found C 70.91, H 5.30,
N 4.01%.

Bis[{(R)-N-(4-methoxphenyl)ethyl-2-oxo-1-naphthaldiminato-
κ2N,O}]copper(II) (Cu-R-L3). Yield 750 mg (81%). IR (KBr,
cm−1): ν = 3050, 2972, 2929w (H–C), 1616, 1605vs (CvN), and
1541 s (CvC). EI-MS (70 eV): m/z (%) = 671 (60) [M]+, 366 (65)
[M − HL3]+, 305 (100) [HL3]+, 234 (35) [C10H6(O)(CHNH)Cu +
H]+, 170 (10) [C10H6(O)(CHNH)]+, 135 (85) [C6H4(OCH3)
CHCH3]

+, and 105 (20) [C6H5CHCH3]
+. APCI-MS (pos.): m/z

(%) = 1040 (20) [M2 − L3 + H2]
+, 1038 (18) [M2 − L3]+, 672

(100) [M + H]+, 399 (10) [M − L3 + CH3OH]+, and 304 (10)
[HL3 − H]+. C40H36N2O4Cu (672.28): calcd C 71.46, H 5.40,
N 4.17; found C 70.38, H 5.43, N 3.91%.

Bis[{(S)-N-(4-methoxphenyl)ethyl-2-oxo-1-naphthaldiminato-
κ2N,O}]copper(II) (Cu-S-L3). Yield 720 mg (78%). IR (KBr,
cm−1): ν = 3050, 2974, 2927w (H–C), 1616, 1605vs (CvN), and
1541s (CvC). EI-MS (70 eV): m/z (%) = 671 (50) [M]+, 366 (45)
[M − HL3]+, 305 (100) [HL3]+, 234 (25) [C10H6(O)(CHNH)Cu +
H]+, 170 (15) [C10H6(O)(CHNH)]+, 135 (75) [C6H4(OCH3)-
CHCH3]

+, and 105 (30) [C6H5CHCH3]
+. C40H36N2O4Cu (672.28):

calcd C 71.46, H 5.40, N 4.17; found C 72.10, H 5.22, N 3.99%.
Bis[{(R)-N-(4-bromophenyl)ethyl-2-oxo-1-naphthaldiminato-

κ2N,O}]copper(II) (Cu-R-L4). Yield 850 mg (80%). IR (KBr,
cm−1): ν = 3058, 2971, 2928w (H–C), 1616, 1608vs (CvN), and
1541s (CvC). EI-MS (70 eV): m/z (%) = 767 (10) [M]+, 414 (20) [M
− HL4]+, 353 (15) [HL4]+, 305 (100) [(C6H5CHCH3NH2)2Cu]

+, 234
(40) [C10H6(O)(CHNH)Cu + H]+, 183 (15) [C6H4(Br)(CHCH3)]

+,
170 (40) [C10H6(O)(CHNH)]+, 135 (25) [C6H5CHCH3(NHCH3)]

+,
and 104 (25) [CH3CHC6H5 − H]+ (isotopic distribution patterns
for (63/65Cu + 79/81Br) containing ions are visible following the
peaks at 767 and 414 and those for 79/81Br containing ions at
353 and 183). APCI-MS (pos.): m/z (%) = 1184 (20) [M2 − L4 +
H2]

+, 770 (100) [M + H2 + H]+, 768 (45) [M + H]+, and 354 (20)
[HL4 + H]+. 1H NMR (200 MHz, KCN/dmso-d6): δ = 1.48 (d, JHH

= 6.5 Hz, 3H, CH3), 4.32 (q, JHH = 6.6 Hz, 1H, CH), 6.54 (d, JHH =

9.1 Hz, 1H, HAr), 6.82 (dt, JHH = 7.2 Hz, JHH = 1.3 Hz, 1H, HAr),
7.36 (ddd, JHH = 8.4, 6.8, JHH = 1.4 Hz, 2H, HAr), 7.31–7.38 (m,
2H, HAr), 7.41–7.54 (m, 4H, HAr), 9.18 (s, 1H, CHN), and 9.42 (d,
JHH = 8.3 Hz, 1H, HAr). C38H30N2O2Br2Cu (770.02): calcd
C 59.27, H 3.93, N 3.64; found C 59.10, H 4.04, N 3.49%.

Bis[{(S)-N-(4-bromophenyl)ethyl-2-oxo-1-naphthaldiminato-
κ2N,O}]copper(II) (Cu-S-L4). Yield 875 mg (82%). IR (KBr,
cm−1): ν = 3055, 2974, 2927w (H–C), 1617, 1605vs (CvN), and
1541 s (CvC). – EI-MS (70 eV): m/z (%) = 767 (15) [M]+,
414 (25) [M − HL4]+, 353 (20) [HL4]+, 305 (100)
[(C6H5CHCH3NH2)2Cu]

+, 234 (40) [C10H6(O)(CHNH)Cu + H]+,
183 (25) [C6H4(Br)(CHCH3)]

+, 170 (30) [C10H6(O)(CHNH)]+, and
135 (20) [C6H5CHCH3(NHCH3)]

+ (isotopic distribution patterns
for (63/65Cu + 79/81Br) containing ions are visible following
the peaks at 767 and 414 and those for 79/81Br containing
ions at 353 and 183). C38H30N2O2Br2Cu (770.02): calcd C 59.27,
H 3.93, N 3.64; found C 58.34, H 3.62, N 3.40%.

X-ray crystallography

Single-crystals of Cu-R-L1, Cu-S-L1, Cu-R-L2 or Cu-R-L4 were
carefully selected under a polarizing microscope and mounted
on a loop. Data collection: a Bruker APEX II CCD diffractometer
with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å)
at 203(2) K; ω-scans for the data sets CuR12 and CuR14a (see
Tables 5 and 6). A Bruker Kappa APEX2 CCD diffractometer
with a microfocus sealed tube, Mo-Kα radiation (λ =
0.71073 Å), a multi-layer mirror system, ω- and θ-scans for data
sets (different crystals) of CuRL1a, CuSL1-II and -III, CuRL2-LT
and CuRL4 (see Tables 5 and 6). Data collection and cell
refinement using APEX2,50 data reduction using SAINT
(Bruker).51 Structure analysis and refinement: the structures
were solved by direct methods (SHELXS-97),52 refinement was
done by full-matrix least squares on F2 using the SHELXL-97
program suite,51 empirical (multi-scan) absorption correction
using SADABS (Bruker).53 All non-hydrogen positions were
refined with anisotropic temperature factors. Hydrogen atoms
for aromatic CH, aliphatic or olefinic CH, CH2 and OH groups
were positioned geometrically (C–H = 0.94 Å for aromatic CH,
C–H = 0.94 Å for olefinic CH, 0.99 for aliphatic CH and 0.97 Å
for CH3) and refined using a riding model (AFIX 43 for aro-
matic CH, AFIX 13 for aliphatic CH, and AFIX 137 for CH3),
with Uiso(H) = 1.2Ueq(CH, CH2) and Uiso(H) = 1.5Ueq(CH3). Crys-
tals of Cu-R-L4 had a very thin needle shape which allowed
only the collection of a lower quality data set. Details of the
X-ray structure determinations and refinements are provided
in Tables 5 and 6. Graphics were drawn using DIAMOND
(Version 3.2).38 Computations on the supramolecular inter-
actions were carried out using PLATON for Windows.41 The
structural data for this paper have been deposited with the
Cambridge Crystallographic Data Center (CCDC numbers
962481–962487).

Computational section

Conformational searches and geometry optimizations were
run using Spartan’10 (Wavefunction, Inc., Irvine, CA). Excited-
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state CD calculations were performed using Gaussian09.54 All
quantum-mechanics calculations were run on open-shell
systems (charge 0, multiplicity 2).

Initial structures were generated starting from the available
X-ray structure of the Λ-Cu-R-L1 complex (Fig. 2). An initial
structure with opposite configuration at the metal, Δ-Cu-R-L1,
was obtained by mirror inversion of the whole complex, fol-
lowed by manual inversion of the carbon chirality centers only.
A simplified model was also obtained by replacing the 2-phe-
nylethyl group by a methyl and optimizing the whole structure
with DFT at the B3LYP/6-31G(d) level. Conformational searches
were run with molecular mechanics, using the molecular
Merck force field (MMFF). The geometry around the metal was
kept fixed by constraining the O–Cu and N–Cu bond lengths
and the O–Cu–O and N–Cu–N bond angles at their respective
X-ray values. All the remaining rotatable bonds were included
in the conformational search (i.e., varied systematically) and
optimized with MMFF. All structures thus obtained were fully
re-optimized with DFT using both B3LYP and M06 functionals
and the 6-31G(d) basis set on all atoms.55

Excited state calculations were run using the TDDFT
method. A preliminary set of calculations was run on the

simplified model described above to test the performance
of various DFT functionals and basis sets. The following
functionals were tested: B3LYP, CAM-B3LYP, BPV86, M06,
and the two basis sets SVP and TZVP.55 The calculation
results were compared with the UV-vis and CD profiles of the
series of Cu complexes, and the best results in terms of
overall agreement were observed with M06/TZVP. M06/TZVP
calculations were run on DFT optimized structures of both
Λ-Cu-R-L1 and Δ-Cu-R-L1 complexes, considering two low-
energy minima in both cases. The impact of the method
used for the geometry optimizations was investigated by
running TDDFT calculations on both B3LYP/6-31G(d) and
M06/6-31G(d) optimized structures. The best combination
(i.e. leading to better agreement with experimental UV-vis
and CD profiles) was observed to be M06/TZVP//B3LYP/6-31G(d).
In each TDDFT calculation, 72 excited states (roots) were
considered. The spectra were generated using the
program SpecDis56 by applying a Gaussian band shape
with 0.15 eV exponential half-width. Rotational strengths
calculated with the dipole-length gauge were employed, the
differences in dipole-velocity values being negligible for most
transitions.

Table 5 Crystal data and structure refinement for Cu-L1

Compound Λ-Cu-R-L1 Λ-Cu-R-L1 Δ-Cu-S-L1 Δ-Cu-S-L1

Data set CuR12 CuRL1a CuSL1-II CuSL1-III
Empirical formula C38H32CuN2O2 C38H32CuN2O2 C38H32CuN2O2 C38H32CuN2O2
M/g mol−1 612.21 612.21 612.21 612.21
Crystal size/mm3 0.19 × 0.13 × 0.06 0.21 × 0.19 × 0.16 0.20 × 0.20 × 0.20 0.30 × 0.30 × 0.30
Temperature/K 203(2) 95(2) 296(2) 296(2)
θ range/° (completeness) 2.11–25.84(100%) 2.13–25.08(99.6%) 2.09–25.18(99.2%) 2.08–25.14(99.8%)
h; k; l range −10, 13; ±18; −11, 9 ±12; ±18; −11, 10 ±12; ±18; ±11 ±12; ±18; ±11
Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group P21212 (no. 18) P21212 (no. 18) P21212 (no. 18) P21212 (no. 18)
a/Å 10.6824(10) 10.7155(5) 10.6662(16) 10.6477(14)
b/Å 15.2673(13) 15.2302(8) 15.3354(19) 15.3321(15)
c/Å 9.6381(7) 9.5786(5) 9.764(3) 9.7742(19)
α/° 90 90 90 90
β/° 90 90 90 90
γ/° 90 90 90 90
V/Å3 1571.9(2) 1563.22(14) 1597.1(5) 1595.7(4)
Z 2 2 2 2
Dcalc/g cm−3 1.293 1.301 1.273 1.274
µ (Mo Kα)/mm−1 0.730 0.735 0.719 0.720
F(000) 638 638 638 638
Max./min. transmission 0.9547/0.8755 0.7452/0.6225 0.8696/0.8696 0.8131/0.8131
Reflections collected 10 368 9899 13 259 13 900
Independent reflect. (Rint) 3038 (0.0571) 2774 (0.0188) 2859 (0.0849) 2856 (0.0939)
Data/restraints/parameters 3038/0/196 2774/0/196 2859/0/196 2856/0/196
Max./min. Δρ/e Å−3a 0.691/−0.481 1.607/−0.245e 2.327/−1.4185 0.590/−0.483
R1/wR2 [I > 2σ(I)]b 0.0478/0.1091 0.0310/0.0846 0.0874/0.2159 0.0457/0.1136
R1/wR2 (all data)

b 0.0618/0.1177 0.0325/0.0853 0.0977/0.2297 0.0558/0.1198
Goodness-of-fit on F 2c 1.064 1.070 1.099 1.013
Flack parameterd 0.02(2) 0.042(14) 0.07(4) 0.04(2)

a Largest difference peak and hole. b R1 = [∑(||Fo| − |Fc||)/∑|Fo|]; wR2 = [∑[w(Fo
2 − Fc

2)2]/∑[w(Fo
2)2]]1/2. cGoodness-of-fit = [∑[w(Fo

2 − Fc
2)2]/(n −

p)]1/2. d Absolute structure parameter.25 eWe could refine the largest residual Q1 peak to an oxygen atom (of a presumed crystal water molecule)
with an occupation factor of 0.13 per formula unit and further improve R-factors R1, wR2 (all data) of 0.0286/0.0752. In view of the calculated total
potential solvent volume of 32–90 Å3 or 2.1–5.6% in the Cu-L1 structures (by PLATON,41 see Table S3 in ESI†) a water molecule of crystallization
might have been almost fully lost upon crystal drying. The presence or absence of small amounts of crystal water can have little structural
effect.57 A hydrogen-bonded H2O molecule requires about 40 Å3. For the data set of CuRL1a a freshly prepared crystal was used. In the CuR12
data set and in the room temperature data sets of Cu-S-L1 no significant residual electron was found in the voids.
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