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The racemic form of 5 (RR5 þ SS5) gives dinuclear complexes of 2:2 stoichiometry both with CuII, acting as a bis-
terdentate ligand, and with CuI, acting as a bis-bidentate ligand. Single crystal X-ray diffraction studies have shown that
the CuII complex exists as double-strand homochiral helicate molecules: P,P-[Cu2

II(RR5)2]
4þ and M,M-[Cu2

II-
(SS5)2]

4þ; in which the two trans-1,2-cyclohexanediamine subunits have the same chirality for of the two strands.
Each CuII metal center is six-coordinated according to a cis-octahedral geometry and interacts with a NNO donor
subunit of each strand. The CuI complex, when crystallized from THF in the presence of rac5, gives a double-strand
homochiral helicate complex and in the solid state forms a racemic mixture of the homochiral metal complexes M,
M-[Cu2

I(RR5)2]
2þ and P,P-[Cu2

I(SS5)2]
2þ. When crystallizing from a MeCN solution, CuI and rac5 give rise to the

heterochiral nonhelicate dimeric complex [Cu2
I(RR5)(SS5)]2þ, in which the two strands of the dimer have inverse

configuration of the trans-1,2-cyclohexanediamine subunits and are assembled side-by-side. In both structural
architectures, the CuI centers are four-coordinated by two nitrogen atoms from each strand, according to a distorted
tetrahedral geometry. In MeCN solution, the dinuclear CuII complex disassembles to give the mononuclear species,
which, on reduction at a platinum electrode in a cyclic voltammetry experiment, gives two CuI mononuclear complexes
that quickly assemble to give the dinuclear CuI complex. This complex undergoes two consecutive one-electron
oxidation processes, but the dinuclear CuII species that forms decomposes in less than 1 s. On the contrary, the
[Cu2

I(rac5)2]
2þ complex is stable in MeCN solution and undergoes two one-electron oxidation processes to give a form

of dinuclear CuII complex that lasts in solution for more than 20 s.

Introduction

Objects arranged in a double-strand helical shape have
attracted and intrigued human beings for a long time. One of
the first examples refers to the caduceus, “the staff of the
herald”, belonging to the Greek god Hermes (Mercury for
Latins), a winged rod with two snakes wrapped around in a
double helical mode, which is present in any painting or
sculpture featuringHermes/Mercury fromHellenic art to the
Renaissance (Figure 1a).1 The double helix has also repre-
sented an ambitious task in architecture: a spectacular
example is provided by Saint Patrick’s well in Orvieto, Italy,
constructed by the architect/engineer Antonio da Sangallo
the Younger during the period 1527-1537. The well is 53 m
deep and 14mwide and is equipped with a pair of wide spiral
staircases, lit by 72 internal windows, which form a double
helix, so that mules laden with water-jars could descend on
one ramp and come back up the other, without colliding.
After Crick and Watson’s disclosure of the structure of

DNA,2 thedoublehelixhasbecomea recurringandcaptivating

motif of the molecular world and chemical design. In
1987, Lehn reported the first example of “inorganic double
helices”, i.e. a series of CuI polynuclear metal complexes
(helicates), in which two linear multidentate ligands are
wrapped around two or more metals, forming a double
helix.3 Both DNA and helicates are held together by
noncovalent interactions (hydrogen bonding and metal-
ligand interactions, respectively), a feature that allows the
reversible assembling to give an elaborate structure, through
a repetitive trial-and-error mechanism. The formation of
dinuclear to tetranuclear double helicates is usually a fast
process, in which the thermodynamic equilibrium is reached
over a period ranging from seconds to minutes. How-
ever, double helicates of higher nuclearity, especially in the
presence of bulky substituents on the ligand backbone, may
reach the termodynamic equilibrium over a period of hours
and days.4

The double helical structure of helicate complexes results
from the fine balance between (i) the coordinative geometrical
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preferences of the metal center and (ii) the steric constraints
present in the linear ligand,whichmay contrast the formation
of a mononuclear complex. Mononuclear tetrahedral and
octahedral complexes already possess a helical twist and are
good candidates for the formation of helicates.5 In fact, first
double-stranded helicates were obtained with d10 metal ions
(CuI, AgI), which have a strong preference for tetrahedral
coordination geometry.6 Metals prone to octahedral coordi-
nation, e.g. NiII, CoII, will form double-strand helicates with
ligand bearing terdentate subunits (or triple stranded heli-
cates, if the ligand possesses bidentate coordinating sub-
units).7

Copper is a special case, when in the presence of a
tetradentate ligand L. In fact, the CuI state will form the
stable dinuclear double-strand helicate [Cu2

I(L)2]
2þ. On the

other hand, the CuII state likes square coordination, a
geometrical arrangement which does not possess the helical
twist and, in the absence of particular sterical constraints, will
tend to form a mononuclear complex, [CuII(L)]2þ, of square
geometry (or a geometry related to the square: square
pyramid, elongated octahedron). These contrasting features
may give rise to an interesting behavior associated to the
CuII/CuI redox change, which is pictorially illustrated in
Figure 2.
In fact, on CuII-to-CuI reduction, the two mononuclear

complexes will assemble to form the dinuclear helicate
complex, whereas, on CuI-to-CuII oxidation, the helicate
will disassemble to regenerate the two mononuclear com-
plexes. The first example of this unique redox driven

assembling-disassembling process was observed with the
quadridentate ligand 2.8

X-ray diffraction studies showed that, in the solid state, CuI

gives the dimeric complex [Cu2
I(2)2]

2þ, inwhich twoquaterpyr-
idine ligands are arranged in a double helical mode,9 whereas
CuII forms amonomeric complex of formula [CuII(2)(H2O)]

2þ,
exhibiting a square pyramidal geometry, with the water
molecule occupying the apical position.8 The redox driven
assembling-disassembling process was investigated through
cyclic voltammetry (CV) studies in an MeCN solution.8

On reduction of the [CuII(2)]2þ complex, a single wave
developed; on the reverse oxidation scan, two one-electron
waves, separated by 400 mV, were observed. This indicates
that, following CuII-to-CuI reduction, two monomeric com-
plexes assemble to give thedimeric helicate species, [Cu2

I(2)2]
2þ.

This species undergoes stepwise one-electron oxidation to [CuI,
CuII(2)2]

3þ and [Cu2
II(2)2]

4þ. The latter dimeric dicopper(II)
species is stable over the time scale of the CV experiment. In
fact, in the following reduction scan, two consecutive waves,
separated by 400 mV, developed. This study prompted several
researchers to investigate the CuII/CuI redox change in helicate
complexes with a variety of multidentate ligands.10 Different
CV patterns were observed, depending upon the structural
features of the helicand (denticity, rigidity, steric hindrance). In
some cases, the mixed valence CuI/CuII helicate complex was
stabilized by a definite metal-metal interaction and could be
isolated in the solid state and structurally characterized through
X-ray diffraction studies.11 Structural aspects of helicate metal

Figure 1. (a) Caduceus, the staff of the god Hermes/Mercury,
featuring two snakes intertwined in a double-helical arrangement.
(b) Molecular structure of the trimetallic double-strand helicate
complex [Ag3

I(1)2]
3þ.5 (c) Same structure as in part b, but with the

two strands represented in different colors, blue and red. AgI metal
centers are represented as spheres. The hydrogen atoms of the two
strands have been omitted for clarity. Structures are redrawn from
data deposited at the Cambridge Crystallographic Data Center:
CCDC 1628.

Figure 2. Redox driven assembling-disassembling of a dicopper(I)
double-strand helicate complex.
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complexes have been discussed in comprehensive reviews and
highlights.5,12

We entered the intriguing world of copper helicates with
the bis-bidentate ligand 3, which could be easily obtained
through Schiff base condensation of trans-1,2-cyclohexane-
diamine (racemic form) with 2-quinoline-carbaldehyde.13,14

X-ray diffraction studies indicated that the CuII ion forms a
monomeric complex of slightly distorted square geometry.13

On the other hand, in the [Cu2
I(rac3)2](CF3SO3)2 complex

salt, the two metal centers are tetrahedrally coordinated by
the two ligands intertwined in a double helical arrangement,
to form the racemic mixture of homochiral complexesM,M-
[Cu2

I(RR3)2]
2þ (i.e., a double helix with M handedness) and

P,P-[Cu2
I(SS3)2]

2þ (i.e., a double helix with P handedness).13

Quite interestingly, in the crystal of the perchlorate salt
[Cu2

I(rac3)2](ClO4)2, both the enantiomeric forms of the
dimeric homochiral helical species M,M-[Cu2

I(RR3)2]
2þ and

P,P-[Cu2
I(SS3)2]

2þ coexist with the dimeric heterochiral non-
helical (side-by-side) form [Cu2

I(SS3)(RR3)]2þ in a 2:1 ratio,
indicating a close stability of the two arrangements in the
[Cu2

I(rac3)2]
2þ dinuclear complex.13

CV studies on a MeCN solution of the [Cu2
I(rac3)2]

2þ

complex showed a single irreversible wave, both in the
oxidation and in the reduction scan. Such a response indi-
cated the occurrence of a fast disassembling-assembling
equilibrium even in the time scale of the CV experiments.13

More recently, Pallavicini et al. investigated the redox beha-
vior of the copper complexes of 4 (R form) in which a
methoxy group had been appended in position 8 of the
quinoline moiety of 3.15 The [CuII(4)]2þ complex showed in
MeCN the same CV behavior of [CuII(2)]2þ: one single peak
in the reduction scan, and two peaks separated by 250 mV in
the following oxidation scan. The tendency to form the
double-strand helicate complex was confirmed by the crystal
structure determination of the homochiral M,M-[Cu2

I-
(RR3)2]

2þ double helicate complex.15

We are now considering the Schiff base derivative 5, in
which a benzyloxy group has been appended in 8 at the
quinoline moiety. The aims of the present work are (i) to
verify whether the oxygen atomon each benzyloxy group can
act as a donor atom; if yes, each strand would contain two
terdendate subunits and should be available to form helicate
complexes with metals liking octahedral, even if distorded
geometry (includingCuII); (ii) to ascertainwhether the benzyl
pendant can be involved in a π-π interaction with an
aromatic ring of the other strand, thus providing an addi-
tional contribution to the formation of the double helix; and
(iii) to evaluate the effects of i and ii, if any, on the electro-
chemical behavior of CuII and CuI complexes with 5.

A further element of interest is related to the chiral
properties of the investigated double-strand helicate com-
plexes. In fact, 5 was obtained from Schiff base condensa-
tion of the racemic trans-1,2-cyclohexanediamine with
the pertinent aldehyde and was therefore a mixture of
the two enantiomeric R,R and S,S forms. Stack et al.
have reported that the racemic mixture of the analogous
ligand 6, obtained from Schiff base condensation of trans-
1,2-cyclohexanediamine with the pertinent 2-pyridine-
aldehyde, reacts with copper(I) ions to give only a
racemic mixture of the homochiral double helicate species:
M,M-[Cu2

I(RR6)2]
2þ andP,P-[Cu2

I(SS6)2]
2þ through “chiral-

directed self-assembling”.16 In the present work, a double-
strand helicate complex was obtained also with the CuII

cation, showing a local octahedral coordination geometry.
This allowed us to extend the principle of homochiral
recognition to helicates exhibiting octahedral coordina-
tion geometry. Moreover, dicopper(I) complexes of 5 were
obtained both in the helicate and in the side-by-side forms,
depending upon crystallization conditions. This provided the
opportunity to verify if and how chirality controls the
geometrical arrangement of dicopper(I) complexes with bis-
bidendate ligands derived from trans-1,2-cyclohexanedia-
mine. Diastereoselective self-assembling of dinuclear copper
helicates with chiral bis-bidentate ligands of varying nature
(based in particular on 2,20-bipyridines17 and on ter- and
quaterpyridines)18 represents a classical topic of supramole-
cular chemistry and has been extensively investigated over
the last two decades.

Experimental Section

General Procedures and Materials. All reagents for syntheses
were purchased form Aldrich/Fluka and used without further
purification. [CuI(CH3CN)4]ClO4 was prepared by a literature
method19 and recrystallized from MeCN prior to use. All
reactions were performed under N2.

UV/vis spectra were recorded on a Varian CARY 100 spec-
trophotometer with quartz cuvettes of the appropriate path
length (0.1 or 1 cm). In any case, the concentration of the
chromophore and the optical path were adjusted in order to
obtain spectra with AU e 1.

1H NMR were obtained, at 298 K, on a Bruker Avance 400
spectrometer (400MHz) operating at 9.37 T.Mass spectra were
acquired on a Thermo-Finnigan ion trap LCQ Advantage Max
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instrument, equipped with an electrospray ionization (ESI)
source.

Electrochemical measurements were performed on a BAS
100B/W instrument. MeCN was freshly distilled from CaH2

under a N2 atmosphere and made 0.1 M in [Bu4N]ClO4. In the
CV experiments, a three-electrode cell was used with a platinum
electrode as theworking electrode, silver/silver ion as a reference
(clean silver wire into an electrode filling solution of MeCN,
made 1 � 10-2 M in AgNO3 and 0.1 M in [Bu4N]ClO4) and a
platinum coil as the auxiliary electrode.

Syntheses. 1,2-Cyclohexanediamine was first used in the synth-
esis of ahelicand throughSchiff base condensationwith2-pyridine-
carbaldehyde.20 Syntheses of 2-methyl-8-benzyloxyquinoline, of
8-benzyloxyquinoline-2-carbaldehyde and RR5, (1R,2R)-N,N0-bis-
[1-(8-benzyloxyquinolin-2-yl)methylidene]cycloexane-1,2-diamine
and rac5, (trans-N,N0-bis[1-(8-benzyloxyquinolin-2-yl)methylidene]-
cycloexane-1,2-diamine are described in detail in the Supporting
Information.

X-ray Crystallographic Studies. Diffraction data have been
collected at room temperature by means of an Enraf-Nonius
CAD4 four circle diffractometer equipped with a punctual
detector (scintillation counter) for the [Cu2

II(RR5)2](CF3SO3)4,
[Cu2

I(rac5)2](ClO4)2 3 2Et2O, and [Cu2
I(rac5)2](ClO4)2 3H2O crys-

tals. Only small crystals of the [Cu2
II(rac5)2](CF3SO3)4molecular

complex formed, and diffraction data were collected by means
of a Bruker-Axs CCD-based diffractometer. All diffractometers
worked with graphite-monochromatized Mo KR X-radiation
(λ = 0.71073 Å). The θmax limit chosen for data collections
corresponds to the value above which intensities cannot be
observed with the available instrumentation. Crystal data for
the molecular complexes are shown in Table 1.

Data reductions (including intensity integration, back-
ground, Lorentz, and polarization corrections) for intensities
collected with the conventional diffractometer were performed
with the WinGX package.21 Absorption effects were evaluated

with the psi-scan method,22 and absorption corrections were
applied to the data of [Cu2

II(RR5)2](CF3SO3)4 and [Cu2
I(rac5)2]-

(ClO4)2 3H2O crystals: min/max transmission factors were
0.733/0.803 and 0.910/0.981, respectively. The [Cu2

I(rac5)2]
(ClO4)2 3 2(Et2O) crystal decays when placed under the X-ray
beam in about 30 h. During this time, X-ray diffraction inten-
sities were collected and the F2 data (corrected by the effects of
crystal decay) were of quality suitable for the crystallographic
study. However, at the end of data collection, the psi-scan data
could not be measured and absorption corrections were not
applied to the diffraction data.

CCD frames collected for the [CuII(rac5)2](CF3SO3)4 crystal
were processed with the SAINT software23 and intensities were
corrected for Lorentz and polarization effects; absorption ef-
fects were empirically evaluated by the SADABS software,24

and absorption correction was applied to the data (min/max
transmission factors were 0.891/0.992).

All crystal structures were solved by direct methods (SIR
97),25 and refined by full-matrix least-squares procedures on
F 2 using all reflections (SHELXL 97).26 Anisotropic displace-
ment parameters were refined for all non-hydrogen atoms.
Hydrogens were placed at calculated positions with the
appropriate AFIX instructions and refined using a riding
model. CCDC 740587, 740588, 740589, and 740590 contain
the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Table 1. Crystal Data for Investigated Compounds

[Cu2
II(RR5)2] (CF3SO3)4 [Cu2

II(rac5)2] (CF3SO3)4 [Cu2
I(rac5)2] (ClO4)2 3 2Et2O [Cu2

I(rac5)2] (ClO4)2 3 H2O

formula C84H72Cu2F12N8O16S4 C168H144Cu4F24N16O32S8 C88H92Cl2Cu2N8O14 C80H74Cl2Cu2N8O13

M 1932.88 3865.76 1683.70 1553.46
crystal color brown red brownish blue brown
dimension [mm] 0.55 � 0.43 � 0.30 0.10 � 0.05 � 0.04 0.60 � 0.50 � 0.50 0.58 � 0.25 � 0.03
crystal system orthorhombic orthorhombic triclinic monoclinic
space group P212121 (no. 19) Fddd (no. 70) P

_
1 (no. 2) P2/n (no. 13)

a [Å] 13.355(2) 25.986 (1) 10.568(6) 14.020(5)
b [Å] 24.720(4) 34.018(2) 13.530(6) 12.510(5)
c [Å] 25.529(3) 38.210(3) 15.543(6) 22.794(5)
R [deg] 90 90 93.88(4) 90
β [deg] 90 90 100.55(5) 103.53(1)
γ [deg] 90 90 108.20(5) 90
V [Å3] 8428(2) 33777(4) 2057(2) 3887(2)
Z 4 8 1 2
Fcalcd [g cm-3] 1.523 1.520 1.359 1.327
μ MoKR [mm-1] 0.702 0.701 0.651 0.682
scan type ω scans ω scans ω scans ω scans
θ range [deg] 2-25 2-20 2-20 2-23
measured reflections 10407 40023 4274 5667
unique reflections 9683 4118 3854 5411
Rint 0.017 0.092 0.108 0.046
strong data [IO > 2σ(IO)] 6037 2606 2045 2057
refined parameters 1135 569 514 485
R1, wR2 (strong data) 0.0593, 0.1196 0.0643, 0.1576 0.0705, 0.1585 0.1064, 0.2667
R1, wR2 (all data) 0.1127, 0.1434 0.1117, 0.1953 0.1504, 0.1927 0.2558, 0.3553
GOF 1.015 1.051 0.987 1.004
max/min residuals [e Å-3] 0.38/-0.47 0.42/-0.31 0.50/-0.56 0.81/-0.37
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Results and Discussion

1. Structural Aspects. 1.1. Structure of the CuII

Complexes.On slow diffusion of diethylether on aMeCN
solution containing equimolar amounts of CuII(CF3-
SO3)2 and 5 in R form, brown crystals of a compound
of formula [Cu2

II(RR5)2](CF3SO3)4 were obtained. Figure
3a shows theORTEP diagram for the cationic complexP,
P-[Cu2

II(RR5)2]
4þ. Two molecules of 5 with the same

configuration for the ligand stereocenters are wrapped
around each other and held together by two CuII ions, to
give a homochiral double helix. The double helical ar-
rangement is put in clear evidence in Figure 3b and the P,
P-[Cu2

II(RR5)2]
4þmolecular cation exhibitsD2 molecular

symmetry.
The crystal structure has the crystallographic symme-

try of theP212121 chiral space group, and the final Flack’s
parameters, -0.02(2), obtained during the structure re-
finement, confirms that the crystal contains only the P,
P-[Cu2

II(RR5)2]
4þ enantiomer of the molecular cation.

Each CuII ion is six-coordinated through the binding of
a NNO terdentate subunit (imine nitrogen atom, quino-
line nitrogen atom, benzyloxy oxygen atom) from each
strand. Relevant strucural parameters are reported in

Table 2, together with those of the perfectly D2 P,P-
[Cu2

II(RR5)2]
4þ enantiomer obtained from rac5 (vide

infra).
The CuII-N(quinoline) distances (mean value 1.94(1)

Å for both Cu centers) are notably shorter than the
CuII-N(imine) ones (mean value 2.09(1) Å for Cu(1)
and 2.10(1) Å for Cu(2)). On the other hand, the CuII-O
distances observed here are especially large (in the range
2.46(1)-2.53(1) Å), yet lower than observed in other
N4O2 complexes, e.g. trans-[CuII(en)2(H2O)2]

2þ (2.60-
2.62 Å)27 and trans-[CuII(cyclam)(H2O)2]

2þ (2.55 Å),28

which, however, exhibit a different coordination geome-
try (highly elongated octahedron, with oxygen atoms
occupying axial positions). Moreover, each NNO set
belonging to a given strand provides meridional coordi-
nation, as frequently observed in octahedral complexes in
which the metal center is bound to two linear terdentate
ligands. In particular, the angle between the two NNO

Figure 3. (a) ORTEPdiagramof theP,P-[Cu2
II(RR5)2]

4þ cationic complex (ellipsoids are drawn at the 30%probability level, names are only show for the
coordinated metal centers). (b) Tube representation of the same complex, in which the two strands are presented in different colors. CuII metal centers are
represented as violet spheres. The hydrogen atoms of the two strands have been omitted for clarity. The CuII 3 3 3Cu

II distance is 5.05(1) Å.

Table 2. Structural Parameters Relevant to Metal-Ligand Interactions in the Double-Strand Helicate Complex P,P-[Cu2
II(RR5)2]

4þ Obtained from RR5 and from rac5a

P,P-[Cu2
II(RR5)2]

4þ from RR5 P,P-[Cu2
II(RR5)2]

4þ from rac5

Cu(1)-N(1) 2.089(7) Cu(2)-N(2) 2.099(7) Cu(1)-N(1) 2.107(7)
Cu(1)-N(3) 1.934(6) Cu(2)-N(4) 1.936(7) Cu(1)-N(2) 1.950(7)
Cu(1)-N(5) 2.095(7) Cu(2)-N(6) 2.105(7) Cu(1)-N(1)0 2.107(7)
Cu(1)-N(7) 1.940(7) Cu(2)-N(8) 1.934(6) Cu(1)-N(2)0 1.950(7)
Cu(1)-O(1) 2.465(6) Cu(2)-O(2) 2.480(6) Cu(1)-O(1) 2.451(7)
Cu(1)-O(3) 2.459(6) Cu(2)-O(4) 2.527(6) Cu(1)-O(1)0 2.451(7)
N(1)-Cu(1)-N(3) 81.0(3) N(2)-Cu(2)-N(4) 81.4(3) N(1)-Cu(1)-N(2) 81.2(3)
N(1)-Cu(1)-N(5) 111.4(3) N(2)-Cu(2)-N(6) 111.9(2) N(1)-Cu(1)-N(1)0 110.9(3)
N(1)-Cu(1)-N(7) 100.7(3) N(2)-Cu(2)-N(8) 99.2(3) N(1)-Cu(1)-N(2)’ 100.0(3)
N(1)-Cu(1)-O(3) 85.9(3) N(2)-Cu(2)-O(4) 85.6(2) N(1)-Cu(1)-O(1)0 86.1(3)
N(3)-Cu(1)-N(5) 101.2(3) N(4)-Cu(2)-N(6) 101.0(3) N(2)-Cu(1)-N(1)0 100.0(3)
N(3)-Cu(1)-O(1) 73.0(2) N(4)-Cu(2)-O(2) 72.9(3) N(2)-Cu(1)-O(1) 72.9(2)
N(3)-Cu(1)-O(3) 104.5(3) N(4)-Cu(2)-O(4) 105.1(3) N(2)-Cu(1)-O(1)0 105.4(2)
N(5)-Cu(1)-N(7) 80.7(3) N(6)-Cu(2)-N(8) 81.5(3) N(1)0-Cu(1)-N(2)0 81.2(3)
N(5)-Cu(1)-O(1) 86.3(3) N(6)-Cu(2)-O(2) 83.1(2) N(1)0-Cu(1)-O(1) 86.1(3)
N(7)-Cu(1)-O(1) 104.8(2) N(8)-Cu(2)-O(2) 106.0(2) N(2)0-Cu(1)-O(1) 105.4(2)
N(7)-Cu(1)-O(3) 73.2(3) N(8)-Cu(2)-O(4) 72.1(3) N(2)0-Cu(1)-O(1)0 72.9(2)
O(1)-Cu(1)-O(3) 88.5(2) O(2)-Cu(2)-O(4) 91.7(2) O(1)-Cu(1)-O(1)0 88.9(3)

a Symmetry code: (0) = 5/4 - x, y, 1/4 - z.

(27) Kuchar, J.; Cernak, J.; Massa, W. Acta Crystallogr., Sect. C: Cryst.
Struct. Commun. 2004, 60, m418.

(28) Hunter, T. M.; McNae, I. W.; Liang, X.; Bella, J.; Parsons, S.;
Walkinshaw, M. D.; Sadler, P. J. Proc. Natl. Acad. Sci. U.S.A. 2005, 102,
2288–2292.
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planes is 86.5(1)� for the Cu(1) center and 84.6(1) for the
Cu(2) center (vs a regular value of 90�).
It is worth noting the presence of well-defined face-to-

face π-stacking interactions between the quinoline system
of one strand and the phenyl group of the benzyloxy
system of the other strand, for a total of four. The
centroid-centroid separations between each quinoline
moiety and the phenyl ring of the other strand, and the
closest C 3 3 3C contacts characterizing any of the four
face-to-face π-stacking interactions are 3.44(1) and
3.32(1) for the first one and 3.52(1) and 3.44(1) for the
second one; 3.63(1) and 3.54(1) for the third one; 3.69(1)
and 3.27(1) for the fourth one. Just to make a well-known
example, the separation between two planes in graphite
is 3.35 Å. These π-π interactions are believed to
contribute substantially to the stability of the double-
helical arrangement of the dicopper(II) complex. It
appears also that it is the folding of the phenyl ring of
each benzyloxy system, needed for establishing π-π
interactions, that brings the oxygen atoms to an interac-
tion distance with the CuII centers. Such interactions are
in any casewell-accepted by eachCuII ion,which arranges
nitrogen donor atoms around in a way that leaves
room for the coordination of the two oxygen atoms.
The rather large CuII 3 3 3Cu

II distance (5.05 Å), as well
as coordinative saturation, rule out the establishing of
any metal-metal interaction.
Very interestingly, on slow diffusion of diethylether on

a solution containing equimolar amounts of CuII-
(CF3SO3)2 and

rac5, racemic red crystals of a compound
of formula [Cu2

II(rac5)2] (CF3SO3)4 were obtained. The
crystal structure is rather complicated, being constituted
by two similar but nonsymmetrically equivalent dinuclear
homochiral double-helicate species. One of the two in-
dependent molecular cations shows some unexpected
geometrical features (as a pronounced nonplanarity for
the aromatic rings) that have been ascribed to the poor
X-ray diffraction quality of the available crystals and we
will consider in the following discussion only the features
of the molecule better characterized with the diffraction
data.

Figure 4a shows the ORTEP diagram for the dinuclear
homochiral P,P-[Cu2

II(RR5)2]
4þ double-strand cationic

complex that occurs in the [Cu2
II(rac5)2] (CF3SO3)4 crystal

obtained from rac5, while Figure 4b illustrates that the
double-helix arrangement of the two strands around the
two CuII is the same as observed in the CuII crystal
described above (obtained from RR5, see Figure 3).
The P,P-[Cu2

II(RR5)2]
4þ molecular cation exhibits a

perfect D2 molecular symmetry because the centroid of
the molecule coincides with the crystallographic position
in which three perpendicular 2-fold axes cross.
The coordination around the two symmetrically

equivalent CuII ions is the same as observed in the crystal
obtained from RR5 (Table 2), and each NNO set belong-
ing to a given strand is still placed accordingly to a
meridional coordination: the angle between the two
NNO planes is 86.7(1)� (vs a regular value of 90�). To
the best of our knowledge, the complexes discussed above
represent the first examples of dicopper(II) double-
strand helicate complexes exhibiting local octahedral
geometry.
Also in the crystal obtained from rac5, there are well-

defined face-to-face π-stacking interactions between the
quinoline system of one strand and the phenyl group of
the benzyloxy system of the other strand, for a total of
four. Due to the crystallographic symmetry of the mole-
cule, all these interactions are symmetrically equivalent:
all the four centroid-centroid separations between qui-
noline and phenyl are 3.47(1) Å; all the four closest C 3 3 3C
contacts are 3.32(1) Å. Thus, these structural parameters
define intramolecular interactions completely similar to
those observed in the crystal from RR5.
Quite interestingly, the [Cu2

II(rac5)2](CF3SO3)4 crystal
(centrosymmetric crystal structure,Fddd space group) is a
racemic mixture of the two enantiomeric homochiral
isomers. Therefore, for any binuclear double-strand mo-
lecule formed by two ligands 5 having the trans-1,2-
cyclohexanediamine subunits in the R form there exists
the corresponding double-strand isomer with ligands 5
having the trans-1,2-cyclohexanediamine subunits in the S
form. Then, the crystal contains both the P,P-[Cu2

II(RR5)2]
4þ

Figure 4. (a) ORTEPdiagram of theP,P-[Cu2
II(RR5)2]

4þ cationic complexes forming the [Cu2
II(rac5)2](CF3SO3)4 crystal obtained from

rac5 (ellipsoids are
drawn at the 30% probability level, atom names are shown only for atoms involved in the twometal centers, symmetry code: (0) = 5/4- x, y, 1/4- z, (0 0) =
5/4-x, 1/4- y, z, (0 0 0)=x, 1/4- y, 1/4- z). (b)Tube representationof the samecomplex, inwhich the two strands are presented in different colors. CuIImetal
centers are represented as violet spheres, and theCuII 3 3 3Cu

II distance is 5.04(1) Å. The crystal structure is centrosymmetric and contains both enantiomers:
P,P-[Cu2

II(RR5)2]
4þ (shown in this figure) andM,M-[Cu2

II(SS5)2]
4þ, giving rise to a racemic crystal.

http://pubs.acs.org/action/showImage?doi=10.1021/ic9019684&iName=master.img-004.jpg&w=470&h=176
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and the M,M-[Cu2
II(SS5)2]

4þ enantiomers of the molecular
complex in a 1:1 ratio.
“Chiral-directed self-assembling” of chiral ligands

around metal centers is a well-known process that leads
to the formation of homochiral double-strand helicate
complexes also in the presence of a racemic mixture of
ligands.16 This process has been identified for binuclear
double-strand molecular complexes having tetrahedral
metal centers.16 This study has demonstrated that the
principle of homochiral recognition in helicate self-as-
sembling can be extended to octahedral metal centers.

1.2. Structure of the CuI Complexes Obtained from the
Racemic Form of 5.The coordinating behavior of ligand 5
with the CuI cation is peculiar. On slow diffusion of
diethylether on a solution containing equimolar amounts
of CuI(MeCN)4ClO4 and rac5, two different molecular
and crystal structures were obtained, depending upon the
used solvent (whether THF or MeCN).
Both crystals contain dinuclear molecular cations con-

sisting of two molecules of the ligand 5 chelated to two
CuI centers. However, striking chiral and topological
differences were observed: (i) the blue [Cu2

I(rac5)2]-
(ClO4)2 3 2(Et2O) crystal obtained fromMeCN contained
isolated diethylether molecules, perchlorate counterions,
and the heterochiral dimericmolecular cations of formula
[Cu2

I(RR5)(SS5)]2þ, in which the two enantiomeric forms
of the ligand 5 are present in the same dinuclear CuI

complex and are disposed according to a side-by-side
arrangement; (ii) the brown [Cu2

I(rac5)2](ClO4)2 3H2O
crystal obtained from THF contained isolated water

molecules, perchlorate counterions and a racemic mixture
of the homochiral dimeric compounds M,M-[CuI(RR5)2]

2þ

and P,P-[Cu2
I(SS5)2]

2þ, in which the two strands are ar-
ranged as a double helix. Figure 5 shows the ORTEP
diagram for the two different dimeric cationic complexes
with a tube rendering further used to emphasize the two
different structural arrangements.
In both molecular structures, the two CuI centers are

symmetrically equivalent and are coordinated by four
nitrogen atoms, two from one strand and two from the
other, according to a rather distorted tetrahedral geome-
try. Features for the coordination of the metal centers are
reported in Table 3.
The shorter distances of the Cu-N(imine) bonds with

respect to the Cu-N(quinoline) bonds, observed for
CuII complexes (vide supra), remain evident only for the
side-by-side heterochiral [Cu2

I(RR5)(SS5)]2þ molecular

Figure 5. (a)ORTEPdiagrams for [Cu2
I(RR5)(SS5)]2þ (symmetry code: (0)=2-x, 1- y, 2- z). (b)ORTEPdiagrams andM,M-[CuI(RR5)2]

2þ (symmetry
code: (0) = 3/2 - x, y, 3/2 - z). Both ORTEP diagrams are drawn at the 30% probability level with atom names reported only for the metal centers and
hydrogen atoms omitted for clarity. (c and d) Tube representations of the same complexes that emphasize the different structural architectures (side-by-side
vs double helix). The two CuI centers (red spheres) are 4.99(1) Å far away in the side-by-side complex, whereas they are separated by only 3.89(1) Å in the
helicate complex.

Table 3. Selected Bond Length (Å) and Bond Angles (deg) around the CuI Center
in [Cu2

I(RR5)(SS5)]2þ and M,M-[Cu2
I(RR5)2]

2þ Molecular Cations

[Cu2
I(RR5)(SS5)]2þ M,M-[Cu2

I(RR5)2]
2þ

Cu(1)-N(1) 2.016(7) 2.024(11)
Cu(1)-N(2) 2.112(7) 2.082(12)
Cu(1)-N(3) 2.026(7) 2.077(11)
Cu(1)-N(4) 2.109(8) 2.049(12)
N(1)-Cu(1)-N(2) 81.0(3) 82.1(5)
N(1)-Cu(1)-N(3) 120.2(3) 121.2(4)
N(1)-Cu(1)-N(4) 123.7(3) 123.0(4)
N(2)-Cu(1)-N(3) 125.4(4) 109.2(5)
N(2)-Cu(1)-N(4) 130.5(3) 142.3(5)
N(3)-Cu(1)-N(4) 81.7(3) 83.0(5)

http://pubs.acs.org/action/showImage?doi=10.1021/ic9019684&iName=master.img-005.jpg&w=460&h=296


1004 Inorganic Chemistry, Vol. 49, No. 3, 2010 Amendola et al.

complex, even if to a lesser extent. On the contrary, the
homochiral M,M-[CuI(RR5)2]

2þ molecular complex (and
the corresponding P,P-[CuI(SS5)2]

2þ enantiomer) shows
close CuI-N bond distances, with the CuI-N(quino-
line) distances ranging over an interval (2.05-2.08 Å)
typically observed in copper(I) complexes with pyridines
under unconstrained conditions (es. [CuI(py)4]

þ, CuI-N:
2.06 Å).29

For both complexes, a nearly regular tetrahedral geo-
metry is observed: for instance, the value for theΦ angle,
described as the dihedral angle between the two chelate
ligand planes, is 87.6(1) for both CuI centers in the side-
by-side [Cu2

I(RR5)(SS5)]2þ molecular cation and 79.6(1)�
for both CuI centers in the double helix M,M-[Cu2

I-
(RR5)2]

2þ complex (Φ is 0� or 180� for a square planar
coordination geometry; 90� for tetrahedral coordination
geometry). The oxygen atoms of the benzyloxy substitu-
ents are located at 2.89(1) and 2.83(1) Å from the CuI ion
in [Cu2

I(RR5)(SS5)]2þ and 2.79(1) and 2.87(1) Å from the
CuI ion in M,M-[Cu2

I(RR5)2]
2þ molecular cation, a cir-

cumstance which excludes any coordinative interaction.
The two metal centers are 4.99 Å far away in the side-
by-side complex [Cu2

I(RR5)(SS5)]2þ, whereas they are
much closer (3.89 Å) in the helicate complexM,M-[Cu2

I-
(RR5)2]

2þ.
It is worth noting that, as the heterochiral [Cu2

I-
(RR5)(SS5)]2þ molecular complex exhibits Ci molecular
symmetry, the two ligands 5 are two enantiomers bound
to the same couple of CuI centers without forming
a double-helix. On the contrary, as the homochiral
M,M-[Cu2

I(RR5)2]
2þ molecular complex (and the corre-

sponding P,P-[Cu2
I(SS5)2]

2þ enantiomer) exhibits C2

molecular symmetry, the two strands connected to the
same CuI couple have the same configuration and this
addresses to a homochiral double helix molecular archi-
tecture.
Interestingly, no intramolecular face-to-face π-stack-

ing interactions are observed in the heterochiral
[Cu2

I(RR5)(SS5)]2þ dinuclear complex, where the two
strands are arranged side-by-side. On the other hand,
only two of the four possible face-to-face π-stacking
interactions between quinoline and phenyl rings are

established in the homochiral M,M-[Cu2
I(RR5)2]

2þ di-
nuclear complex that forms a double helix arrangement.
However, these two symmetrically related interactions
are less intense than in the dicopper(II) helicates of 5, as
evidenced by the larger value for the centroid-centroid
separation: 4.06(1) Å. In the same way, the closest C 3 3 3C
contacts (3.43(1) Å) are appreciably longer.
The possibility to obtain a dicopper(I) molecular com-

plex both as a dimeric helical species and a nonhelical
side-by-side dimeric species was previously observed for
the [Cu2

I(3)2]
2þ, where the two forms coexisted in the

same cell.13 Both side-by-side and double-helix arrange-
ments allow a very similar tetrahedral coordination for
CuI centers in the molecular cation obtained from ligand
5 and the energies involved in the formation of the two
structurally different dimers should be rather close. In
fact, if the double helicate complex profits from two π-π
stacking interactions between aromatic subunits, but it
should experience more intense electrostatic repulsions
between the closer metal centers.
The behavior of CuI as well as of CuII complexes

emphasizes that homochirality is a stringent prerequisite
to form double-strand helicate complexes. Actually, only
homochiral dimeric complexes of tetrahedrally coordi-
nated CuI form double helix molecules: the double helix
displays M handedness when the homochiral ligand
strands are in the R forms, whereas it exhibits P handed-
ness when the homochiral ligand strands are in the S
forms. Such a relationship between the ligand configura-
tions and the shape of the double helix has been clearly
established,16 and it has been later documented for other
complexes of bis-bidentate ligands based on the trans-1,2-
cyclohexanediamine subunit.13-15 This work has shown
that an opposite relation holds for homochiral dimeric
double helicate complexes with octahedrally coordinated
CuII centers, for which the two homochiral double heli-
cate speciesP,P-[Cu2

II(RR5)2]
4þ andM,M-[Cu2

II(SS5)2]
4þ

are formed.
2. RedoxBehavior ofCuII andCuIComplexes. 2.1. Nat-

ure and Stability of the Complexes in MeCN Solution: CuII

Complex. In order to get information on the stoichiometry
and stability of the CuII complex in MeCN, a solution 10-4

M in rac5 was titrated with a standard solution of CuII-
(CF3SO3)2. Figure 6a shows the family of spectra obtained
over the course of the titration.

Figure 6. (a) Family of spectra recorded over the course of the titration of a 1.00 � 10-4 solution of rac5: with a 1.0 � 10-2 MeCN solution of
CuII(CF3SO3)2: (thick solid line) spectrumof rac5 prior to the titration; (thick dashed line) spectrumafter the addition of 2.5 equiv of CuII, to which a bright
yellow color corresponds; (c) with a 1.0� 10-2MeCN solution of [CuI(MeCN)4]ClO4; (thick solid line) spectrumof rac5 prior to the titration; (thick dashed
line) spectrum after the addition of 2.5 equiv of CuI. (b and d) Insets titration profiles at selected wavelengths.

(29) Horvat, G.; Portada, T.; Stilinovic, V.; Tomisic, V.Acta Crystallogr.,
Sect. E: Struct. Rep. Online 2007, 63, m1734.
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The uncomplexed ligand rac5 shows an intense absorp-
tion band at 310 nm, with a shoulder at 350 nm, assigned to
transitions within the imine-pyridine system (thick solid
line). OnCuII addition, the two bands are substantially red-
shifted, as a consequence of the interaction of the metal ion
with imine and pyridine nitrogen atoms, while the solution
takes a bright yellow color. The titration profile based on
the absorbance at 420 nm, displayed in Figure 6b, clearly
indicates the formation of a complex species with 1:1metal/
ligand ratio. Suchavalue is consistentwith the formationof
both the mononuclear [CuII(5)]2þ and the dinuclear
[Cu2

II(5)2]
4þ complex. The absence of curvature in the

profile indicates the formation of an especially stable
complex (K g 106 for the mononuclear species), and in
any case ensures that, in a solution containing equimolar
amounts of metal and ligand, in the envisaged range of
concentration, the complex is present at 100%.
Moredirect informationon thenatureof theCuII complex

in MeCN was obtained from ESI mass experiments (see
Figure S8 in the Supporting Information). In particular, the
mass spectrum of a solution containing equimolar amounts
of rac5 and of CuII(CF3SO3)2 showed a peak at 333.8 m/z,
which corresponds to the monomeric complex [CuII(5)]2þ.
In particular, the isotope pattern showed a peak-to-peak
separation of 0.5 m/z, as expected for a monomeric species.
This indicates that the dimeric double helicate complex,
observed in the solid state, is not very stable in MeCN,
and theCuII ion prefers to formwith 5 amonomeric species,
which may be stabilized through the coordination of one or
two solvent molecules, according to a square pyramidal or
an octahedrally elongated geometry. However, the presence
at the equilibrium of a small portion of the dinuclear
complex cannot be ruled out, because it would show, too,
a peak at 333.8 m/z (= 1335.2/4), while the peaks of
the isotopic pattern, with a peak-to-peak separation of
0.25 m/z, could be hidden by those of the monomeric
complex. Further convincing pieces of information on the
predominance of the mononuclear complex in MeCN
solution will be provided by electrochemical investigations
(vide infra).

2.2. Nature and Stability of the Complexes in MeCN
Solution: CuI Complex. An MeCN solution of rac5 was
also titrated with a standard solution of [CuI(MeCN)4]-
ClO4. Figure 6c shows the family of spectra obtained over
the course of the titration. On metal addition, a red-shift
of the bands at 300-330 nm is observed, more pro-
nounced than for CuII, and, more significantly, a new
band develops at 580 nm, while the solution takes an
intense blue color. The new band is related to the
formation of a four-coordinated CuI complex, of tetra-
hedral geometry, and has metal-to-ligand charge transfer
(MLCT) nature. Looking at the titration profile in
Figure 6b, it is observed that (i) saturation is achieved
on addition of 1 equiv of CuI and (ii) a slight, still
discernible, slope change occurs at 0.5 equiv. This state
of affairs can be accounted for on assuming the occur-
rence of the following stepwise equilibria:

Cuþ þ 2L / ½CuIðLÞ2�þ K12 ð1Þ

2Cuþ þ 2L / ½CuIðLÞ2�2þ K22 ð2Þ

Indeed, the best fitting of titration data over the 275-700
nm interval, using a nonlinear least-squares procedure,30

was obtained on the basis of equilibria 1 and 2, for which
the following constants were calculated: log K12 = 10.05
( 0.03 and log K22 = 15.89( 0.03. From log K values, it
can be calculated that in aMeCN solution 10-4Mboth in
CuI and in rac5 the dinuclear complex [CuI(L)2]

2þ is
formed at 85%.
The formation of the dinuclear complex was confirmed

by ESI mass experiments. In fact, the mass spectrum of a
MeCN solution containing equimolar amounts of rac5
and of [CuI(MeCN)4]ClO4 showed (i) a peak at 1434.6
m/z, with an isotope pattern with a peak-to-peak separa-
tion of 1.0 m/z, corresponding to [Cu2

I(L)2(ClO4)]
þ and

(ii) a peak 667.4 m/z, with a well-defined peak-to-peak
separation of 0.5 m/z in the isotope pattern, which
corresponds to [Cu2

I(L)2]
2þ (see Figures S6 and S7 of

the Supporting Information).
Similar experiments were carried out on a MeCN

solution containing equimolar amounts of [CuI(Me-
CN)4]ClO4 and the R form of 5. The formation of the
two species [CuI(L)2]

þ and [Cu2
I(L)2]

2þ was ascertained
with values of equilibrium constants (log K12 = 10.11 (
0.05, log K22 = 16.00 ( 0.03) almost coincident with
those determined for rac5. In this case, due to the presence
in solution of the R form of the ligand, only the helicate
complex M,M-[Cu2

I(RR5)2]
2þ should form. However,

convincing information about the nature of the species
present in solution has been provided by 1H and 13C
NMR spectra on CD3CN solutions obtained by dissol-
ving crystalline salts of [Cu2

I(rac5)2]
2þ and M,M-[Cu2

I-
(RR5)2]

2þ. In particular, the spectra of both solutions
showed identical patterns, with the same chemical shifts
for 1H and 13 C spectra. This points toward the existence
of only onemain species in acetonitrile solution, common
to both systems, and, considering that in the solution of
CuI and RR5 only the helicate speciesM,M-[Cu2

I(RR5)2]
2þ

is present, one should conclude that also the solution of
the [CuI(rac5)2]

2þ complex (racemic) contains as a main
component the helicate species M,M-[Cu2

I(RR5)2]
2þ and

P,P-[Cu2
I(SS5)2]

2þ. NMR spectral differences between
helical and side-by-side dicopper(I) complexes have been
discussed in detail for system 3.14

2.3. Electrochemical Behavior of the CuII Complex.
Figure 7a displays the CV profile obtained at a working
platinum electrode for a MeCN solution containing
equimolar amounts of rac5 and CuII(CF3SO3)2, at the
potential scan rate of 50 mV s-1.
On the first reduction scan (solid line), a single peak is

observed at -5 mV; then, in the reverse oxidation scan,
two peaks of lower intensity develop, at 190 and 450 mV
(thus separated by 260 mV). This behavior can be ac-
counted for on the basis of the square scheme featured in
Figure 8.
The solution contains the CuII complex as a monomer,

[CuII(L)]2þ, at least as a predominant species, as indicated
by ESI mass studies. After the reduction at the electrode
(upper solid arrow in the square diagram), two mono-
nuclear complexes [CuI(L)]þ assemble to give the dinuc-
lear species [Cu2

I(L)2]
2þ, according to step a, dashed

(30) (a) Gans, P.; Sabatini, A.; Vacca, A. Talanta 1996, 43, 1739–1753. (b)
http://www.hyperquad.co.uk/index.htm (accessed October 2009).
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arrow down. Then, in the reverse scan, each CuI center
undergoes independent one-electron oxidation to CuII,
while the dinuclear complex maintains its integrity. It has
to be noted that the oxidation of the first CuI center takes
place within the repulsive electrical field exerted by the
proximate CuI ion, while the oxidation of the second CuI

center feels the repulsion of the doubly positively charged
cation CuII, which reflects the potential increase of 260
mV (an advantage of 36 mV for the first oxidation step is
in any case expected due to a statistical effect).31 In any
case, the electrostatic repulsion between metal centers is
masked to some extent by solvation.32 The profile of the
second scan (dashed line in Figure 7) superimposes on the
profile of the first scan: this indicates that the fully
oxidized dinuclear complex, [Cu2

II(L)2]
4þ, disassembles

in the time scale of the CV experiment. Considering that
about 1000 mV separates the potential of the second
oxidation peak from the potential guessed for the devel-
opment of the first reduction peak, it derives that, at the
employed scan rate of 50 mV s-1, the disassembling
process takes place in less than 20 s.
Figure 7b shows the CV profiles taken at the highest

potential scan rate available to our apparatus: 2000 mV s-1.
The first scan (solid line) is quite similar to that taken
at 50 mV s-1. However, in the second scan (dashed line),
two peaks of moderate intensity develop at 420 and 170
mV, which are ascribed to the two-step one-electron
reduction of the dinuclear complex, [Cu2

II(L)2]
4þ, not

yet disassembled. Themore cathodic peak corresponds to
the two-electron reduction of the mononuclear complex
still present in overwhelming concentration: it originates
from (i) the disassembling of the [Cu2

II(L)2]
4þ species in

the Nernst layer and (ii) from the diffusion from the

solution. In any case, the time necessary for moving from
the second oxidation peak to the first reduction peak is ca.
0.4 s, a quantity which can provide a rough estimate of the
time scale of [Cu2

II(L)2]
4þ disassembling.

2.4. Electrochemical Behavior of CuI Complexes.
Figure 9 shows the CV profile, taken at 100 mV s-1, for
a solution 10-3 M in both rac5 and [CuI(MeCN)4]ClO4

(solid line). It is calculated from pertinent log K values
that the [Cu2

I(L)2]
2þ complex is present at 92%. The

oxidation profile displays two peaks separated by 260
mV, while the reduction profile shows a fully reversible
pattern, with the same peak separation. This behavior
indicates that the [Cu2

I(L)2]
2þ complex first undergoes

two consecutive one-electron oxidation processes, to give
the [Cu2

II(L)2]
4þ species. This species is able to maintain

its full integrity over the time scale of the CV experiment
(down to the slowest explored scan rate 20 mV s-1). This
would suggest that this species possesses a kinetic stability
distinctly higher than that obtained from [CuII(L)]2þ,
following reduction and oxidation processes, as illu-
strated in the square scheme in Figure 8.
Figure 9 reports also, as a dashed line, the CV profile

obtained, under the same conditions, with the CuI com-
plex of the R form of 5, which is known to exist as a

Figure 7. CVprofiles for anMeCN solution 1� 10-3Mboth in rac5 and in CuII(CF3SO3)2. Platinumworking electrode: (a) potential scan rate 50mV s-1

(second scan profile (dashed line) has been shifted up of 0.05 μA for clarity); (b) potential scan rate 2000 mV s-1.

Figure 8. Square scheme for interpreting the CV profiles illustrated in
Figure 7. Solid arrows indicate electrode processes, and dashed arrows
show the assembling (a) and disassembling (d) processes, which follow the
redox changes.

Figure 9. Cyclic voltammetry profiles for an MeCN solution 1 � 10-3

M in [CuI(MeCN)4]ClO4 and in rac5 (solid line) and 1 � 10-3 M in
[CuI(MeCN)4]ClO4 and in

RR5 (dashed line): platinumworking electrode,
potential scan rate 100 mV s-1.

(31) Richardson, D. E.; Taube, H. Inorg. Chem. 1981, 20, 1278–1285.
(32) Canard, G.; Piguet, C. Inorg. Chem. 2007, 46, 3511–3522.
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double-strand helicate. It is observed that this profile is
superimposable with that obtained with the racemic
form. This confirms the hypothesis that also the racemic
[Cu2

I(rac5)2]
2þ complex exists in MeCN solution as M,

M-[Cu2
I(RR5)2]

2þ and P,P-[Cu2
I(SS5)2]

2þ double helicate
species.Ontheotherhand, if the racemic [Cu2

I(rac5)2]
2þspecies

were present in the [Cu2
I(RR5)(SS5)]2þ side-by-side arrange-

ment, in which the Cu 3 3 3Cu distance is more than 1 Å larger
than in the helicate, a distinctly smaller separation of the
oxidation and reduction peaks would be expected, due to
the reduced intensity of electrostatic repulsions.

Conclusion

We have reported the new helicand 5, which contains two
sets of NNO donor atoms and is capable of forming double-
strand homodimetallic helicates with both CuI and CuII. In
particular, 5 acts as a bis-bidentate ligand when reacting with
CuI, which adopts a distorted tetrahedral geometry through
the coordination by four sp2 hybridized nitrogen atoms,
while it behaves as a bis-terdentate ligand, when it reacts
with CuII, which profits also from the binding of two
benzyloxy oxygen atoms to reach a very distorted octahedral
coordination. In particular, the [Cu2

II(5)2]
4þ complex is

the first double-strand helicate containing two CuII octahe-
dral centers. It should be noted that the dicopper(II) helicate
complex in the solid state is stabilized also by an intricate
system of π-π interactions between aromatic subunits.
However, this species is not stable enough to resist the
competition for the metal by MeCN, the solvent used for
electrochemical studies, and the monomeric complex is
present in solution. This leads to the classical assem-
bling-disassembling process switched through the CuII/CuI

couple, as observed in CV experiments on a solution of
the CuII complex. On the other hand, the dinuclear CuII

complex obtained through a CV experiment on a solution
of the dinuclear CuI species shows a relatively high stability
and lasts in solution in the time scale of the CV experi-
ment performed at a potential scan rate of 20 mV s-1,
to which a lifetime g20 s corresponds. Such stability is
kinetic in nature and probably reflects the slow unpacking
of the two strands held together not only by themetal-ligand
bonds, but also by interligand intracomplex π-π interac-
tions.
Moreover, this work has thrown further light on the

factors governing the formation of chiral double-strand
helicates. While it is well-known that in a double helix the
two strands must have the same handedness, it has been
shown here that, for ligand 5, which presents two chiral
centers, two strands of the same chirality, either R or S, self-
recognize eachother, towrap around twometal ions, in order
to give a double helix. However, the double helix may not be
the most stable arrangement, a side-by-side ligand architec-
ture being thermodynamically favored, under given condi-
tions,. Noticeably, the side-by-side architecture requires the
coupling of aRwith a S strand. Thus, in order to address the
formation of a double helicate, a pure enantiomeric form of
the ligand, either R or S, should be used.
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