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Large macrocyclic rings (30- to 36-membered) with two dithiadi-
imine donor sets and two para- or meta-phenylene spacer groups
undergo copper(I) induced folding with ð stacking of the two ben-
zene spacer groups. The type of folding (twisted to a helical or
squeezed to an achiral macrocyclic shape) and the stability of the
dicopper(I) compounds are analysed as a function of the ligand
structure, the solid state structures, solution equilibria and
dynamics and the comparison of the observed data with computed
structures and conformational equilibria. Preliminary preparative
studies suggest that derivatives with the observed structural
motifs may be used to build heterometallic oligonuclear arrays.

1 Introduction
The metal ion-induced assembly of ligand molecules to give
distinct structures is known as complex formation; Alfred

Werners co-ordination theory 1 was the basis for a development
that has led us to an understanding of the directionality of the
interactions involving transition metal centers and of ways to
design ligands that may be used to construct arrays of transi-
tion metal ions and ligand molecules with distinct topological
features. Thus, self-assembly and self-organization processes
that involve transition metal ions are often simple complex
formation reactions, and the orientation of relatively rigid lig-
ands around metal ions has been used extensively to produce
co-ordination compounds with specific structural features.2

Polytopic ligands have been designed to produce oligonuclear
arrays with regular and aesthetically satisfying structures.
Polypyridine-based ligands have been of particular importance,
due to the photophysical properties of some of the corre-
sponding transition metal complexes [specifically those of
ruthenium()],3,4 due to their increasing availability and to their
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rigidity and the emerging structural and molecular proper-
ties.2,5,6 There is an increasing literature on molecular devices
based on self-assembled ladders, grids, wires, metallacycles,
polyhedra and helicates.2,5–10 Metal ion-induced helicity, in
particular, has attracted much attention because helicity is an
important structural element in biological systems. The large
majority of reported helicates is based on polypyridine
derivatives,11–22 and there are relatively few systems where the
solution structural properties and the dynamic behavior have
been studied in detail.15 Exceptions include recent reports on
helical titanium() catecholate compounds 23 and on six-co-
ordinated cobalt(), nickel() and zinc() compounds of a
macrocyclic Schiff base ligand.24 In both of these examples
solution NMR studies have been used to confirm the conserv-
ation of the observed solid state structural features, and
temperature-dependent NMR studies have been used to analyse
dynamic processes in solution.

Recently, a new type of macrocyclic Schiff base compound
with (N2S2)2 (bis-dithiadiimine) donor sets has been reported
which, upon co-ordination to two copper() ions, leads to
double helical figure-of-eight shaped folding (see Chart 1).25–29

The solid state structural properties of these dicopper() com-
pounds have been studied as a function of the chelate ring sizes
and the substitution pattern of the phenylene spacer groups
(see Table 1).28 A preorganized ligand, based on a tetrasubsti-
tuted paracyclophane anchor group, has also been prepared
and studied for comparison (Table 1).27 The solution structures
and dynamics have been investigated with high-field and vari-
able temperature 1H NMR spectroscopy, respectively.28 The
experimentally determined isomer and conformer equilibria
have been compared to the computed ratios based on force field
calculations.29 The mechanisms for the isomerization and
racemization processes are discussed on the basis of the
observed and the computed data, and these have some impli-
cation on the understanding of the redox stability of these
compounds and on the stereochemistry and dynamics of other
compounds in the areas of supramolecular and biological
systems. Folded macrocyclic structures are also observed in
some cyclic peptides (e.g. Cyclosporin A, Ascidiacylamide,
Patellamide D) and their metal complexes.30–34 The unique
properties of these macrocycles and their metal complexes,
occurring in bacteria, fungi, plants and marine organisms, have
been related to the folding of the macrocyclic rings, and the
results of our figure-of-eight-twisted system might have some
implication in that area.

Chart 1

2 Solid state structures
The structure of the molecular cation of the dicopper() com-
pound of the helically preorganized ligand with the paracyclo-
phane anchor group (phane-222, see Table 1), based on X-ray
crystallography, is shown in Fig. 1.27 The copper()–donor dis-
tances and the valence angles around the metal centers and the
donor groups (see Table 2 for the relevant structural data) are as
expected for this type of co-ordination compound, that is the
observed geometry is relatively unstrained and, therefore, the
paracyclophane anchor group might not be required for the
folding to a figure-of-eight shaped geometry of this type of
ligand. Indeed, the geometry of the dicopper() product of the
large macrocyclic ligand para-222 (32-membered macrocycle),
whose experimental structure is also given in Fig. 1,26 is very
similar: the main and expected differences are a decrease in the
distance between the aromatic rings for the paracyclophane
derivative, due to the ethylene bridges, and a concomitant small
increase in the copper()–copper() distance (see Table 2). Thus,
a preorganization with the synthetically demanding paracyclo-
phane anchor group is not required for the helical figure-of-
eight shaped folding.

An interesting feature is that copper() induced folding of the
isomer of para-222 with meta- instead of para-phenylene spacer
groups, meta-222 (30- instead of 32-membered macrocycle),
leads to a similar shape of the ligand backbone [the experi-
mental structure of the dicopper() compound of meta-222 is
also presented in Fig. 1].26 The copper() co-ordination geom-
etries, the copper()–copper() distances and the relative orien-
tation of the two aromatic rings are very similar (see also Table
2) but the [Cu2(meta-222)]21 structure is achiral (“squeezed”
instead of “twisted” macrocyclic ring, see Chart 2). All other

Table 1 Nomenclature of the ligands

Name

para-222
para-222-Me
para-222-OMe
para-phane-222
para-Ph2Ph
para-232
para-242
para-323
para-333
meta-222

m a,b

(CH2)2

(CH2)2

(CH2)2

(CH2)2

5
(CH2)2

(CH2)2

(CH2)3

(CH2)3

(CH2)2

n a

(CH2)2

(CH2)2

(CH2)2

(CH2)2

(CH2)2

(CH2)3

(CH2)4

(CH2)2

(CH2)3

(CH2)2

spacer b

1
2
3
6
1
1
1
1
1
4

a See Chart 1. b Spacer groups (1)–(6) are shown below.

Table 2 Structural parameters (bond lengths in Å, angles in 8) of the
chromophores of the dicopper() compounds of Fig. 1

Cu–S
Cu–N
Cu ? ? ? Cu

S–Cu–S
S–Cu–N
S–Cu–Nbite

N–Cu–N

para-222

2.38(2)
2.01(8)
7.83

91.0(4)
115.1(37)
90.8(18)

144.1(42)

meta-222

2.43(1)
1.99(1)
8.15

88.2
113.3(24)
89.7(6)

148.5

phane-222

2.38(2)
1.96(1)
8.22

91.51(2)
117.4(14)
90.2(6)

141.2(1)
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ligand modifications lead to species that show copper()
induced helicity [note that increasing thiaether–imine chelate
ring sizes lead to instability of the dicopper() products, see
below]. The structures of all helicates, based on macrocyclic
ligands, that have been determined experimentally are
assembled in Fig. 2 and the relevant structural data are sum-
marized in Table 3. The only significant structural variations
are those of the valence angles that involve the metal centers,
and these are due to the changes in the chelate ring sizes.

For the helicates there are three sources of chirality: the
helicity, based on the backbone of the co-ordinated macrocycle

Fig. 1 Plots of the experimentally determined (X-ray) structures of
the molecular cations of (a) [Cu2(phane-222)]21,27 (b) [Cu2(para-
222)]21 26 and (c) [Cu2(meta-222)]21.26

(Λ or ∆), the configuration of the co-ordinated thioether
donors (S* or R*) and the conformation of the chelate rings
(λ or δ for five-membered chelate rings). Since the assignment of
the configuration of the co-ordinated thioether-S donor groups
depends on the ligand structure (chelate ring sizes), we use a
generalized nomenclature (S9* or R9*) which is based on the
ligand with ethylene bridges between all donor groups of each
co-ordination site (para-222), that is the priorities [Cahn–
Ingold–Prelog (CIP) rules] are Cu1 > Cthiaether > Cimine > lone
pair.

All structurally characterized helicates crystallize in racemic
point groups, and all structures have the same configuration,
that is ∆R9*R9*R9*R9* or ΛS9*S9*S9*S9* (for species with
five-membered chelate rings the corresponding conformations
are δ and λ for the thioether-S configurations R9* and S9*,
respectively; e.g. ∆R9*R9*R9*R9*δδδδδδ). The exclusive obser-
vation of a single isomer out of 350 non-degenerate diastereo-
meric possibilities in the solid state indicates that this might be
considerably more stable than all the others. Support for this
assumption emerges from force field calculations 29 and from
the investigation of the solution structures and dynamics (see
below). From the fact that only one isomer is observed, that is
that all stereocenters are strongly coupled, it follows that the
structure of the co-ordinated ligand is rather rigid. Thus, the
folded structures might be retained in solution and dynamic
processes might be slower than anticipated and possibly detect-
able by NMR spectroscopy (the rate of interconversion of five-
membered chelate rings is generally of the order of 108 s21 35,36

and water exchange at copper() is of the order of 1010 s21 37). It
also follows that the figure-of-eight shaped structures are prob-
ably due to the tetrahedral co-ordination geometry, enforced by

Fig. 2 Plots of the experimentally determined (X-ray) structures of
the molecular cations of (a) [Cu2(para-222)]21,26 (b) [Cu2(para-222-
OMe)]21,28 (c) [Cu2(para-222-Me)]21,28 (d) [Cu2(para-Ph2Ph)]21,25 (e)
[Cu2(para-232)]21 28 and (f) [Cu2(para-242)]21.28

Chart 2
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Table 3 Average distances (Å) and angles (8) of all figure-of-eight-shaped dicopper() compounds with (N2S2)2 donor sets

Cu–S
Cu–N
Cu ? ? ? Cu
Cbenz ? ? ? Cbenz

benz ? ? ? benz

S–Cu–S
S–Cu–N
S–Cu–Nbite

N–Cu–N
Cimine–Cbenz a

θ b

φ c

para-222

2.38(2)
2.01(8)
7.83
3.43
3.59

91.0(4)
115.1(37)
90.8(18)

144.1(42)
31
73
16

para-222-Me

2.40(6)
1.98(1)
7.70
3.57
3.55

90.2
114.1(25)
89.4(6)

147.2
29
72
14

para-222-OMe

2.40(2)
1.98(2)
7.86
3.53
3.56

90.3(6)
114.8(57)
89.7(12)

145.4(3)
33
73
13

para-Ph2Ph

2.34(4)
2.00(2)
7.77
3.42
3.45

93.1(2)
113.2(22)
88.0(2)

149.8(4)
23
72
17

para-232

2.35(3)
2.02(3)
7.95
3.42
3.49

102.6(34)
116.4(66)
90.2(2)

138.1(17)
25
73
19

para-242

2.41(2)
2.02(2)
8.14
3.45
3.57

103.6(9)
118.8(80)
88.5(12)

136.1(8)
28
72
13

meta-222

2.43(1)
1.99(1)
8.15
3.26; 3.43
3.39

88.2
113.3(24)
89.7(6)

148.5
27
73

—

phane-222

2.38(2)
1.96(1)
8.22
—
3.09

91.51(2)
117.4(14)
90.2(6)

141.2(1)
32
71

—
a Torsional angle around the imine bond. b Tetrahedral twist angle (S–Cu–S; N–Cu–N planes; tetrahedral: 908). c Torsional angle about the centroids
of the benzene spacer groups.

the copper() centers. Although the aromatic spacer groups are
ideally π-stacked, the resulting stabilization is probably not
decisive for the enforcing of the figure-of-eight geometry.28

From the rigidity of the co-ordinated ligand it follows also that
co-ordination to copper() is entropically an unfavorable pro-
cess. That is, the gain in complex stability by the preorganiz-
ation of the ligand (phane-222) should be appreciable.

3 Structures in solution
Proton NMR spectroscopy indicates that the metal-free ligands
are not preorganized (that is they have a flexible, macrocyclic
structure) and that the figure-of-eight shaped folding of the
dicopper() complexes is retained in solution when an inert
solvent (e.g. nitromethane) is used.25–28 In the simplest example
for 1H NMR spectroscopy, that of para-Ph2Ph, which has only
one type of methylene proton, there is one sharp singlet for
these protons in the metal-free ligand. In the helical dicopper()
compound these become diastereotopic and give rise to a four
line AX system at 200 MHz, with a geminal coupling of 10.5
Hz and a chemical shift difference of ∆δ = 1.5 ppm (the vicinal
coupling that would give rise to an AA9XX9 pattern is not
observed).25 The observation that the metal-free ligands are
unfolded supports the assumption that the π-stacking inter-
action is not strong and is not the main driving force for the
figure-of-eight shapes (see above). For three of the double
helical dinuclear compounds [the dicopper() compounds of
para-222, para-242 and para-222-OMe] the solution structures
have been determined by high resolution 1H NMR spectro-
scopy in nitromethane.28 The spectrum of [Cu2(para-222)]21

(aliphatic region) is shown in Fig. 3 and the nomenclature of
the protons is given in Chart 3. The assignment of the signals is
based on two dimensional homonuclear (1H–1H)- and hetero-

Chart 3

nuclear (1H–13C)-correlated spectra, and the coupling patterns
(see Fig. 3) are based on a first-order analysis.

In the region of aromatic protons there should be two doub-
lets for the structurally different protons of the para-phenylene
spacer groups (see Chart 3). The fact that only one singlet was
observed indicates that a dynamic process is involved which
interconverts the two sites.28 A helix inversion with full reten-
tion of the co-ordinative bonds corresponds to an epimeriz-
ation, that is to an equilibrium between two diastereomers, e.g.
ΛS9*S9*S9*S9* ∆S9*S9*S9*S9* (see sections on conform-
ational analysis and on dynamics, below; the rigidity of the
co-ordinated ligands, discussed above, implies that both
diastereoisomers have distinct and possibly different sets of
five-membered chelate ring conformations).

For the achiral dicopper() compound of meta-222 the
expectation is that in the low field region of the 1H NMR spec-
trum there is a singlet for the imine proton (double intensity),
and a singlet, a doublet (double intensity) and a triplet for the
three distinct aromatic protons (see Chart 3). The observed
spectrum (Fig. 4) indicates that two isomers in a ratio of
approximately 1 :3 are present.29 While one of them probably is
that observed in the solid (see Fig. 1; tail-to-tail isomer), the
other may correspond to one of the other two structures that
result from a rotation of the phenylene spacer groups around
the Caromat–Cimine–bonds (Chart 4). Note that the tail-to-tail and
head-to-head isomers both have C2h symmetry while that of the
head-to-tail isomer is Cs. That is, the head-to-tail isomer should
have two sets of signals for protons 1, 2 and 3, and a possible
conclusion is that the two isomers present in solution are tail-
to-tail and head-to-head.

Fig. 3 Proton NMR spectrum (500 MHz) of [Cu2(para-222)]21 (high
field region).28
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4 Conformational analysis
Empirical force field calculations have been used extensively for
predictions of conformational equilibria.38–40 The MOMEC
force field is mainly based on structural experimental data but
there are good reasons to believe that the steepness of the
potentials is approximately realistic, that is the isomer ratios are
well represented by the relative strain energies 41–43 and this has
been tested extensively.40–45 The two isomers [Cu2(para-222)]21

and [Cu2(meta-222)]21 (ethylene bridges between all donor
atoms) were analysed in detail.29 For the isomer with para-
substituted spacer groups the geometry observed in the solid,
that is Λ-S9*S9*S9*S9*-λλλλλλ-[Cu2(para-222)]21, is the most
stable structure (0 kJ mol21). The destabilization due to an
inversion of a five-membered chelate ring is approximately 5 kJ
mol21; that due to an inversion of a thioether-S donor is
approximately 16 kJ mol21. Obviously, these effects are not
additive (that is for each configuration there is a preferred set of
conformations). The next lowest energy structure (five-
membered ring inversions alone excluded; inversion barriers

Fig. 4 Proton NMR spectrum (200 MHz) of [Cu2(meta-222)]21 (low
field region).29

Chart 4

of five-membered chelate rings are approximately 25 kJ
mol21,35,36 that is their interconversion will not be frozen,
even at low temperature) is that of the helix inversion
product, ∆-S9*S9*S9*S9*-λλλλλλ-[Cu2(para-222)]21, with a
strain energy of 6 kJ mol21 (Fig. 5).

Only two of the three putative isomers of [Cu2(meta-222)]21

from Chart 4 converge to a stable structure. The lowest energy
structure is tail-to-tail-R9*R9*S9*S9*-δδδλλλ-[Cu2(meta-
222)]21 (12 kJ mol21), that is the geometry observed in the
crystal.26 Inversion of thioether-S donors and five-membered
chelate rings leads to destabilizations of the same order of
magnitude as for the isomers with the para-phenylene spacer
groups. The lowest energy conformer of the head-to-tail
rotamer, R9*R9*S9*S9*-λδλδλλ-[Cu2(meta-222)]21, is approx-
imately 7 kJ mol21 less stable than the lowest energy tail-to-tail
isomer.29 No energy minimum could be detected for the head-
to-head rotamer. There are two interesting features emerging
from the strain energy minimized head-to-tail rotamer (see Fig.
6). (i) The two meta-phenylene rings are tilted with respect to
each other. (ii) There is a shallow energy surface with at least
three minima with similar energies and energy barriers of less
than approximately 25 kJ mol21, that is there is a wagging mode
of the two spacer groups.

Both observations are consistent with the observed 1H NMR
spectrum (Fig. 4): the observed ratio of isomers of approxi-
mately 3 :1 is in agreement with a strain energy difference of ca.
7 kJ mol21. The fast dynamics in the head-to-tail isomer that
involves three orientations of each of the meta-phenylene
spacer groups is consistent with the observation of single sets of
singlets, doublets and triplets for the aromatic protons. The
chemical shift differences between the metal-free meta-222 lig-
and and the major isomer (tail-to-tail) and those between the
major and the minor species in the 1H NMR spectrum of Fig. 4
(tail-to-tail and head-to-tail) were interpreted with a tilt of the
two aromatic rings, and that is in agreement with the computed
structures (Fig. 6).28,29

5 Dynamics
For the helical dicopper() compounds there are two dynamic
processes: (i) a low temperature (coalescence at approximately
220 K) solvent independent process assigned to helix inversion

Fig. 5 Computed structures 29 of the helix inversion products of
[Cu2(para-222)]21 with conserved thioether-S configurations (∆-
R9*R9*R9*R9*-δδδδδδ Λ-R9*R9*R9*R9*-δδδδδδ).

Fig. 6 Computed structures 29 of the tail-to-tail (head-to-tail) conver-
sion products of [Cu2(meta-222)]21 showing the three low-energy
structures of the head-to-tail rotamer.
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with retention of the thioether-S configurations, that is epimer-
ization that involves Λ-S9*S9*S9*S9*- and ∆-S9*S9*S9*S9*-
[Cu2(para-222)]21; (ii) a high temperature (coalescence at
approximately 300 K) process in acetonitrile attributed to full
racemization (helix inversion and scrambling at all thioether-S
donors).28 The former process is observed in the low field region
of the 1H NMR spectrum. Each of the two diastereoisomers
(ratio of approximately 92 :8, based on the strain energy differ-
ence of 6 kJ mol21) is expected to have a singlet for the imine
protons and two doublets for the aromatic protons (exception:
species with substituted para-phenylene spacer groups, see
below). The ambient temperature 1H NMR spectra of all heli-
cates have two singlets (ratio 1 :2) in the low field area of the
spectrum (see Fig. 7). At the lowest possible temperature, the
signal for the aromatic protons of [Cu2(para-242)]21 splits into
two doublets. The signals of the aromatic protons of the less
abundant isomer could not be resolved. However, a small signal
(see 39 in Fig. 7; this signal was reproduced in various samples)
may be attributed to the resonance of the imine protons of the
less abundant diastereoisomer.28 The high-field shift is consist-
ent with the expected change of the torsion around the imine
bond.28,29

The high temperature dynamics process (high field region of
the 1H NMR spectrum, see Fig. 8), attributed to full racemiz-
ation, is only observed in acetonitrile which has a high affinity
for copper(). This and the fact that the activation barrier for
this process is significantly higher suggest that some bond
breaking might be involved. That is, there are intermedi-
ates where acetonitrile is co-ordinated to the copper() centers.
Crystals of such a putative intermediate could be isolated and
structurally characterized (Fig. 9).28

Fig. 7 Temperature dependent 500 MHz 1H NMR spectra of [Cu2-
(para-242)]21 (low field region).28

The coalescence temperature of the two compounds with
substituted para-phenylene bridges is approximately 50 K
higher than for all the other helicates (approximately 320 vs.
approximately 270 K).28 A possible explanation is that
acetonitrile exchange is activated along the helix inversion reac-
tion coordinate, a process that is disfavoured by the para-
phenylene substitution (see Chart 5). This is supported by
strain energy minimized structures along the helix inversion
coordinate (constrained pseudo-torsional angle that involves
the two para-phenylene centroids) that indicate that the para-
phenylene–para-phenylene distance increases from approxi-
mately 3.3 to approximately 4.9 Å at the transition state of the
inversion reaction.29 The distortions along the helix inversion
reaction coordinate also indicate that there is a low energy
rotation of the para-phenylene rings along this mode, and this
is consistent with the 1H NMR data. The computed activ-
ation barrier of approximately 50 kJ mol21 is qualitatively in
agreement with the barrier emerging from the 1H NMR
experiments.29

The dynamics of the “squeezed ring” isomer [Cu2(meta-

Fig. 8 Temperature dependent 200 MHz 1H NMR spectra of [Cu2-
(para-232)]21 (high field region).28

Fig. 9 Plot of the experimentally determined (X-ray) structure of the
molecular cation of [Cu2(para-323)(CH3CN)2]

21.28
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Chart 5

222)]21 is strikingly different: (i) only one process has been
observed, and, based on 1H NMR spectroscopy, it is attributed
to full scrambling, that is it involves copper–donor bond break-
ing; (ii) this process is solvent dependent but it also occurs in
nitromethane (coalescence temperature: in acetonitrile, 250 K;
in nitromethane, 330 K).29 This is interpreted to be due to a
more dissociative character of the scrambling process than for
the helicates, and this interpretation is supported by force field
calculations and the general observation that the “squeezed
ring” isomer is considerably less stable than the “twisted ring”
compounds (activation of the oxygenation reaction along the
intramolecular dynamic process).29

6 Extensions
The preparative concepts used for the ligands that lead to hel-
ical and “squeezed ring” figure-of-eight shaped dicopper()
compounds have been extended to include a variety of alde-
hydes and amines (Chart 6). The combination of the di- or
tetra-aldehydes 1–3 with dithiadiamines 6 leads to Schiff-base
ligands that form figure-of-eight shaped dicopper() com-
pounds.25–29 Similar ligands may be isolated in good yields when
dialdehydes of the type 4 are used (nomenclature of the result-
ing ligands: 222-S4, 222-S6, 222-S8, for n = 0, 1, 2, respectively).
The structures of the corresponding tricopper() compounds
[Cu3(222-S4)]

31, [Cu3(222-S6)]
31 and [Cu3(222-S8)]

31 were char-
acterized by elemental analysis, 1H NMR, ESI-MS and IR
spectroscopy. Proton NMR spectroscopy was used to analyse
the binding mode of the copper() ion that is co-ordinated to
the central S4, S6 or S8 donor group. In acetonitrile and in
nitromethane there is formation of C2v-symmetric complex
cations. The resonances attributed to the two peripheral
dithiadiimine donor sets are similar to those of the dicopper()
helicates. Thus the corresponding two copper() ions are tetra-
hedrally co-ordinated but, based on the 1H NMR chemical shift
data of the para-phenylene groups, there is no π stacking of the

Chart 6
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aromatic spacer groups.28 The downfield shifts of the ethylene
bridges in the central S4, S6 or S8 binding sites upon co-
ordination to copper() are in the range that usually is observed
for co-ordinated thioether macrocyclic ligands.46 These chem-
ical shifts indicate that the third copper() center is co-ordinated
in the central cavity. For [Cu3(222-S6)]

31 there is a fast dynamic
process that leads to an average co-ordination mode that makes
all six thioether donors identical. In [Cu3(222-S8)]

31 the co-
ordination of the central copper() ion involves only the four
central thioether donors.

The [2 1 1] condensation of 1,19-bis(formyl)ferrocene 5 with
the tetrathiatetraamines 7–9 leads to ligands with two ferro-
cenyl end-groups and two sites for metal ion co-ordination. The
structure of the bis(ferrocenyl) “free” ligand and the corre-
sponding dicopper() compound, based on 7, have been deter-
mined by X-ray crystallography and 1H NMR spectroscopy,
respectively. For 7 and 8 there are two isomers, and both were
observed by 1H NMR spectroscopy of the copper()-free lig-
ands. The isomer that crystallized (Fig. 10) does not lead to
stable dicopper() compounds, and this also emerged from
1H NMR spectroscopy. The metal–metal interactions in the
dicopper() compounds have been studied by electrochemistry,
IR and Mössbauer spectroscopy.47

Of particular interest is the bifunctional diamine building
block 10 which recently has been isolated and characterized.
This allows the combination of the chemistry of the helicates
discussed here with ruthenium–phenanthroline type co-
ordination chemistry. Together with the ferrocenyl and the tris-
(phenanthroline) ruthenium end-groups, based on 5 and 10,
there is now the possibility to assemble helicates and arrays of
helicates with photochemically and/or electrochemically active
sites.
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