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Introduction

Molecular strands undergo intramolecular self-organisation
into specific architectures as a result of the conformational
features of their components and the non-bonding intramo-
lecular interactions between them. They may present a full
range of folded structures from compact helices to extended

linear arrangements. Such structures play a crucial role in
particular in bio-macromolecules, as in the a-helix or b-
sheet domains in proteins,[1] the double helix of DNA or the
overall shape of viral coat proteins.

The design of non-biological entities that spontaneously
organise into well-defined architectures is of great signifi-
cance both for the understanding of the basic features that
also determine biological structures, and for the potential
applications in materials science, in particular nanodevice
technology. It requires the identification of structural
codons,[2–4] structural motifs that enforce the shape of molec-
ular strands. Folding[5] is a particularly interesting structural
characteristic. Thus, helical shapes may be induced in syn-
thetic entities by hydrogen bonding,[6] conformational prop-
erties,[3] medium effects[7] etc.

In our laboratory, we have in particular demonstrated
that specific sequences of connected aza-heterocyclic groups
may be considered as helicity codons or linearity codons,
which enforce respectively helical or linear shapes or inter-
mediate, zigzag-type, undulating ones. Thus, pyridine–pyri-
midine (py-pym) sequences (py=2,6-disubstituted pyridine,
pym=4,6-disubstituted pyrimidine) yield multi-turn heli-
ces,[4] whereas py-py ones give linear strands.[8] The origin of
these structure-enforcing features lies in the strong prefer-
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ence of a,a’-connected aza-heterocycles[9] for the transoid
over cisoid orientation by about 25–30 kJ mol�1

(Scheme 1 a).[9]

It was also shown that the py group could be replaced by
the isosteric but synthetically much more favourable hydra-
zone (hyz) unit[10] with conservation of the coding features.
The influence of the nature of the heterocycle (het) on the
global shape of the ligand of general formula py1-(hyz-het)n-
hyz-py1 (py1 =2-substituted pyridine) may be analysed as
follows: het=py!linear shape (Scheme 1 b), het= pym!
bent shape (Scheme 1 c) or helical shape (for larger strands),
and het=pz!linear shape (pz=pyrazine; Scheme 1 d). The
sequence het-hyz (Scheme 1 b–d) can be defined as a struc-

tural (geometry) codon, the unit containing the geometrical
information that directs the shape of the molecule.

A further highly significant factor consists in the ability of
such oligoheterocyclic strands to switch between defined
(helical or linear) shapes by interaction with metal ions,
which convert the transoid orientations to the cisoid ones on
coordination. The a,a’-interconnected sequence het-hyz-het
acts as a terpyridine (terpy)-like ligand and may coordinate
a metal ion such as ZnII or PbII (Scheme 2). This coordina-

tion process results in a change of the conformation from
all-transoid to all-cisoid and therefore in the relative orien-
tation of the het groups. Thus, the inter-conversion between
helical and linear entities was achieved, which generated re-
versible molecular motions of large amplitude from a helical
strand to a linear one in the complex[11] or, conversely, from
a linear ligand to a helical complex.[12]

The choice and combination of different types of hetero-
cycles define the geometry of the ligand strand before and
after interaction with the metal ion. Thus, the selection of
the nature and sequence of heterocyclic units provides the
means to control the geometry of the ligand and, further, to
conceive and synthesise various strands with the aim of con-
trolling the type and amplitude of the molecular motions
generated upon metal-ion coordination.

Dependence of relative molecular motions on strand consti-
tution : The type of molecular motion resulting from the
change in ligand geometry on coordination of metal ions de-
pends on the nature of the six-membered heterocycles incor-
porated (Scheme 3). The sequence pym1-hyz-pym2-hyz-
pym3, which presents a central pym unit, has a plane of sym-
metry perpendicular to the pym2 group that is conserved on
cation coordination. Therefore, the relative displacement of
the ligand branches with respect to pym occurs in the oppo-
site direction (dis-sense; Scheme 3 a). On the other hand,
the ligand sequence pz1-hyz-pz2-hyz-pz3 containing a central
pz unit has a centre of symmetry (inversion centre) that is
conserved on coordination, which implies that the ligand
branches connected to the pz ring undergo a relative dis-
placement in the same direction (con-sense; Scheme 3 b).

The relative motions of the heterocyclic branches with re-
spect to the central core heterocyclic group can be repre-
sented schematically by considering the centres of the three
heterocycles from the above sequences. The angle formed
by the centres of the heterocycles pym1, pym2 and pym3 is

Abstract in French: La forme des brins constitu�s d�h�t�rocy-
cles azot�s � six cha�nons (het), connect�s en positions a et a’
par des unit�s hydrazone (hyz), est d�termin�e de mani�re
pr�dictible par la nature des h�t�rocycles (pyridine, pyrimidi-
ne, pyrazine etc.). L�interaction des cations m�talliques ap-
propri�s avec les sous-unit�s het-hyz, engendre l�inter-conver-
sion des conformations lin�aire et coud�e des sous-unit�s, in-
duisant ainsi des mouvements relatives des domaines du
ligand dans le mÞme sens (con-sens ou “tournoiement”) ou
dans le sens oppos� (dis-sens ou “battement”). L�amplitude
et les directions relatives du mouvement peuvent Þtre contr�-
l�es par le biais de la nature des unit�s h�t�rocycliques.
L�unit� pyrimidine 4,6-disubstitu�e induit des mouvements de
battement, alors que la pyrazine 2,5-disubstitu�e induit des
mouvements de tournoiement. Le ligand h�lico�dal 3 et le
ligand en forme de zigzag 4 subissent d�importants change-
ments d�amplitude lors de la formation de leurs complexes t�-
tranucl�aires de PbII ou ZnII. Ces r�actions ont �t� int�gr�es
dans des syst�mes de mouvements mol�culaires modul�s par
des ajouts alternatifs d�acide et de base.

Scheme 1. Transoid conformation of a,a’-bipyridine (a) and examples (b–
d) of sequences (het-hyz)2 containing het-hyz codons.

Scheme 2. Conformational change on coordination of a metal ion to a
terpyridine-like het-hyz-het sequence.
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608 in the free ligand and is transformed in a 1808 angle on
coordination, by bending in opposite directions. The angle
formed by the centres of the heterocycles pz1, pz2 and pz3 is
1808 in the free ligand and is transformed by coordination
into a new 1808 angle, rotated by 608 through motion of the
branches in the same direction. The ditopic ligands 1 and 2
(Scheme 4) may be considered as models of these two types,
respectively (Scheme 3 a and b).

The consequence at the molecular scale of the coordina-
tion of the appropriate cation is, for pym-hyz-based strands,

an unfolding (from a bent or helical shape into a linear
shape), whereas for pz-hyz-based strands there is conserva-
tion of the global shape (from a linear ligand to a linear al-
ternate up-and-down array of metal ions). Thus, the replace-
ment of pym units by pz units in a given strand introduces
in the free ligand as well as in its complexes both novel
structural and functional features, and generates complexes
with alternating cation positioning[13] and with extended con-
jugation properties.[14]

The control of the structural and functional features of
strands, able to generate metallo-supramolecular architec-
tures, by the nature of the key heterocycles is nowadays a
challenging domain. For example, from a structural point of
view, the control of molecular architecture was achieved by
use of the appropriate ligand isomer, which resulted in a
mononuclear CoIII corner-type complex when the central
unit was a 2,3-disubstituted pyrazine, whereas a tetranuclear
[2� 2] grid-type CoIII complex was formed when it was a 2,5-
disubstituted pyrazine.[15] From a functional point of view, it
was possible to control the dimensions of the internal cavity
of CuI [2� 2] grid-type complexes, and consequently the ca-
pacity to encapsulate anions, by choosing as central unit
either a 4,6-disubstituted pyrimidine or a 3,6-disubstituted
pyridazine.[16]

The work we report herein is aimed at the control of
nano-mechanical features by the choice of the appropriate
heterocyclic units. We describe the coordinative properties
of ligands 2 and 4 (Scheme 4), consider the remarkable
modifications caused by the simple replacement of a pym

Scheme 3. Dis- (a) and con-sense (b) in-plane displacements induced by cation coordination to two sequences containing as central ring either a pyrimi-
dine (a) or a pyrazine (b) group.

Scheme 4. Ligands py1-hyz-pym-hyz-py1 (1), py1-hyz-pz-hyz-py1 (2), py1-
(hyz-pym)3-hyz-py1 (3) and py1-hyz-pym-hyz-pz-hyz-pym-hyz-py1 (4).
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group in 1 and 3[10b] (Scheme 4)
by a pz group in ligands 2 and
4, and reflect on the implica-
tions of such a behaviour.

Results and Discussion

Ligand synthesis : Ligands 1[10b]

and 3,[10b] as well as 2,[13a] were
obtained as previously de-
scribed. Ligand 4 was synthes-
ised (Scheme 5) in five steps
starting from 4,6-dichloropyri-
midine (5) and 2,5-dimethylpyr-
azine (8). The pyrimidine 5 is
heated to reflux with methylhy-
drazine under argon to give the
dihydrazine 6, the reaction of
which with 2-pyridinealdehyde
leads to precursor 7.[10b] Reac-
tion of 8 with benzaldehyde
and benzoic anhydride leads to the corresponding 2,5-distyr-
ylpyrazine 9,[17] the reaction of which with O3 in MeOH, fol-
lowed by reduction with an aqueous solution of sodium met-
abisulfite, gives the dialdehyde 10.[18] Ligand 4 was synthes-
ised by condensation of 2 equiv of precursor 7 with 1 equiv
of dialdehyde 10 in EtOH (Scheme 5). It is a yellowish
solid, insoluble in EtOH or MeCN, and it has a low solubili-
ty in CHCl3 or C2H2Cl4.

Conformation of ligand 4 : 2D 1H–1H NOESY NMR spec-
troscopy was used to analyse the conformation of the free
ligand 4 (Figure 1). The NOE correlations (f,e) and (h,k) be-
tween the CH3 protons and the neighbouring �CH=N�
imine proton confirm the conformation of the hyz groups.
The correlation (d,g) between the C5 proton of pym (g) and
the C3 proton of py1 (d), as well as the correlation (g,m) be-
tween the C5 proton of pym (g) and the C3 (or C6) proton
of pz (m) confirm the transoid conformations of the geome-
try codons (Figure 1). The low intensity (k,m) correlation id
due to a weak interaction between protons k and m. The

overall shape of the molecule of ligand strand 4 resembles
the letter Z, as specified in the encoding functions of the
pym and pz rings.

Formation of polynuclear linear metallo-supramolecular ar-
chitectures by ligand 4 with ZnII and PbII : Reaction of
ligand 4 with 4 equiv of Zn ACHTUNGTRENNUNG(OTf)2 (TfOH= triflic acid) in
acetonitrile leads to the solubilisation of the ligand. The
1H NMR spectrum contains sharp signals. The NOESY
spectrum shows the NOEs (d,e) between the C3 proton of
py1 (d) and the �CH=N� proton (e), (f,g) and (g,h) between
the CH3 (f or h) and the C5 proton of pym (g), and (k,m)
between the �CH=N� proton (k) and the C3 (or C6) pro-
tons of pz (m) (Figure 2). The NOEs (f,e) and (h,k) between
the CH3 protons and the neighbouring �CH=N� imine
proton, present in the free ligand, are also observed and
they confirm the conformation of the hyz groups. The ob-
served NOEs are consistent with the extended structure cor-
responding to the tetranuclear linear architecture 4-Zn4 (=
[Zn4(4)ACHTUNGTRENNUNG(OTf)8]) (Figure 2).

Scheme 5. Synthesis of ligand 4.

Figure 1. NOESY spectrum of ligand 4 (C2D4Cl2, 300 MHz, 60 8C).
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X-ray diffraction crystallography on single crystals of 4-
Zn4 confirm the linear structure of the complex, with a
length of about 31.1 �. These data are consistent with the
geometric principles presented above. The distance between
the ZnII ions separated by a pym unit (about 6.2 �) is short-
er than when they are separated by the central pz unit
(about 7.1 �). Coordination bonds and angles are listed in
Table 1. Each ZnII cation has an octahedral coordination
sphere (Scheme 6 d) constituted by the N3 tridentate se-
quence (py1-hyz-pym or pym-hyz-pz), the O atoms from
two water molecules and the N atom of an acetonitrile mol-
ecule (Nacetonitrile–Zn distances: 2.123 and 2.071 �). The
length and geometry of complex 4-Zn4 (Scheme 6 d) may be
compared with those of the tetranuclear PbII complex of
ligand 3 (3-Pb4

[11b] ; Scheme 6 c). As expected, due to the
larger size of PbII, complex 3-Pb4 is somewhat longer (about
32.2 �) than 4-Zn4. Complex 3-Pb4 is slightly curved. In 4-
Zn4 the two dinuclear curved moieties that contain the pym
units are oriented in opposite directions, due to the replace-
ment of the central pym unit of 3 by a pz unit in 4 that has
an inversion centre. As a result, the metallic centres of 4-
Zn4 are aligned in a quasi-linear array (Scheme 6 d).

Model ligands 1, 2 and their complexes : A similar effect of
the replacement of a pym unit by a pz unit is observed by

comparing the dinuclear PbII complexes 1-Pb2 and 2-Pb2

(Scheme 6 a,b). The Pb–Pb distance in the pz-based complex
2-Pb2 is longer (about 8.2 �) than that in the pym-based one
1-Pb2 (about 6.9 �), whereas the overall length of the com-
plexes is in both cases about 18.1 �.

Complex 2-Pb2 was obtained by reaction of ligand 2 with
2 equiv of Pb ACHTUNGTRENNUNG(CF3SO3)2 in acetonitrile (for coordination
bond lengths and angles, see Table 1). A coordination poly-
mer is generated in the solid state (Figure 3).

Reversible extension/contraction molecular motions : pH-
controllable supramolecular systems[19] performing nano-me-
chanical molecular motions[20] have received increasing at-
tention. Thus, acid–base-controllable devices have been re-
ported such as, for example, a bistable molecular muscle
based on a doubly threaded Janus-type [2]rotaxane,[21] a re-
sorcin[4]arene-based container,[22] phenanthroline-derived
oligoamide foldamers[23] and a block-selective mobile poly-
rotaxane for displacement of cyclodextrins.[24]

Reversible extension/contraction motions of helical and
linear ligand molecules, mediated by cation binding and re-
lease and fuelled by acid–base neutralisation, have been in-
duced on sequential acid–base addition in the presence of a
competing ligand.[11, 12,25] Similar processes may be generated
by using ligand 4 and its extension on interaction with ZnII

to give the corresponding complex 4-Zn4. A stronger ancil-
lary ligand tris(2-aminoethyl)amine (tren)—the coordinating
capacities of which are modulated by protonation—may in-
teract with complex 4-Zn4 and abstract the ZnII ions from 4-
Zn4, thus regenerating the contracted ligand 4. Subsequent
alternate addition of acid and base will modulate the bind-
ing and release of ZnII from its tren complex, and will gener-
ate the contraction/extension motions of strand 4.

Indeed, the reversible formation of complex 4-Zn4 by ex-
tension of ligand 4 was followed by 1H NMR spectroscopy
(Figure 4). Ligand 4 has very poor solubility in CD3CN,
whereas the ZnII complex is insoluble in CDCl3 and no com-
promise mixture of these two solvents that is able to dis-
solve both ligand and complex has been found. The
1H NMR spectrum of 4 was recorded in CDCl3 (Figure 4,
spectrum 1). After the evaporation of CDCl3, the addition
of CD3CN followed by 4 equiv of Zn ACHTUNGTRENNUNG(OTf)2 resulted in its
solubilisation (Figure 4, spectrum 2). Addition of 4 equiv of
a stronger ligand, tren, to this ZnII complex removed the
ZnII cations from 4-Zn4 and restored the contracted form of
the free ligand 4. The spectrum was recorded in CD3CN
(Figure 4, spectrum 3) and then, after evaporation of
CD3CN, in CDCl3 (Figure 4, spectrum 4). Subsequent addi-
tion of 12 equiv of TfOH in CD3CN (Figure 4, spectrum 5)

produced protonation of tren
and release of ZnII, thus result-
ing in the formation of the tet-
ranuclear complex 4-Zn4. Final-
ly, addition of the correspond-
ing quantity of Et3N resulted in
deprotonation of tren that
became able to bind the ZnII

Figure 2. NOESY spectrum of the complex 4-Zn4 (= [Zn4(4) ACHTUNGTRENNUNG(OTf)8])
(CD3CN, 300 MHz, 25 8C).

Table 1. Coordination bond lengths and angles in complexes 2-Pb2 and 4-Zn4.

Complex M Npy–M
[�]

Nhyz–M
[�]

Npym–M
[�]

Npz–M
[�]

M–M
[�]

Npy-M-Nhyz

[8]
Nhyz-M-Npz

[8]
Nhyz-M-Npym

[8]

2-Pb2 Pb 2.502 2.607 – 2.700 8.172 61.62 62.90 –

4-Zn4 Zn
2.128 2.144 2.180 2.176 6.222 75.46 74.57 72.76

2.133 2.117 7.131 73.58
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ions, thus regenerating the free contracted ligand 4
(Figure 4, spectra 6 and 7).

The length of ligand 4 is about 12 � and that of the corre-
sponding tetranuclear ZnII complex is about 31 �, which
gives an amplitude of motion Dlpz of 19 �. On the other
hand, the length of ligand 3 is about 4.5 � and that of the
corresponding tetranuclear PbII complex is about 32 � (am-
plitude Dlpym = 28 �). The difference in amplitude Dlpym�Dlpz

between the molecular motions of ligands 4 and 3, of about
9 �, clearly shows the efficiency of length and geometry
control by the choice of the central heterocycle.

RuII tetranuclear rack-like complex 4-[Ru ACHTUNGTRENNUNG(terpy)]4 : Reac-
tion of ligand 4 with 5 equiv of [Ru ACHTUNGTRENNUNG(terpy)]Cl3 in an EtOH/
water 1:1 mixture at reflux during 20 h, followed by precipi-
tation by anion exchange with NH4PF6, led to a green pre-
cipitate of the rack-like complex 4-[Ru ACHTUNGTRENNUNG(terpy)]4 (= [Ru4(4)-ACHTUNGTRENNUNG(terpy4)] ACHTUNGTRENNUNG(PF6)8). 1D and 2D NMR data confirmed its struc-
ture. Thus, 1H–1H NOESY allowed assignment of proton
resonances and displayed the characteristic NOEs expected
for the conformational changes due to RuII coordination,
which induces the transformation of the all-transoid form
into the all-cisoid one. The shape of the coordinated ligand
is established by NOEs that do not exist in the free ligand
but appear after coordination, such as (d,e), (f,g), (h,i) and
(j,k) (Figure 5). The present four-site RuII rack 4-[Ru-ACHTUNGTRENNUNG(terpy)]4 contains two dinuclear motifs analogous to those of
previously reported dinuclear rack-like ACHTUNGTRENNUNGcomplexes.[13a]

The 1H NMR spectrum of the complex 4-[Ru ACHTUNGTRENNUNG(terpy)]4 is
to be compared with the spectra of complexes 1-[Ru-ACHTUNGTRENNUNG(terpy)]2 and 2-[Ru ACHTUNGTRENNUNG(terpy)]2 (Figure 6). Complex 1-[Ru-ACHTUNGTRENNUNG(terpy)]2 contains as a bridging ligand the bis-terpy-like
ligand obtained by condensation of 4,6-bis(methylhydrazi-
no)pyrimidine with 2 equiv of 2-pyridinecarboxaldehyde,
whereas the bridging ligand of 2-[Ru ACHTUNGTRENNUNG(terpy)]2 is obtained by
condensation of 2,5-pyrazinedicarboxaldehyde with 2 equiv
of 2-methylhydrazinopyridine. The py1-hyz-pym motif of 1-

Figure 4. Reversible inter-conversion of ligand/complex generating exten-
sion/contraction molecular motions of ligand 4 (400 MHz). Solvents: &=

CDCl3, ~= CD3CN. Other species: *= (trenH3)
3+ , ^= (Zn,tren)2+ , *=

Et3NH+ . The aromatic domain (left) of the spectra is amplified by a
factor of �4 with respect to the aliphatic region (right).

Scheme 6. X-ray molecular structure of the complexes 1-Pb2
[11b] (a), 2-Pb2 (b), 3-Pb4

[11b] (c) and 4-Zn4 (d) (CF3SO3
� anions not shown).

Figure 3. Coordination polymer in the crystal structure of complex 2-Pb2.
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[Ru ACHTUNGTRENNUNG(terpy)]2 is contained in 4-[Ru ACHTUNGTRENNUNG(terpy)]4 and the chemical
shifts of protons a–h are close in the two complexes. Similar-
ly, the hyz-pz-hyz motif of 2-[Ru ACHTUNGTRENNUNG(terpy)]2 is contained in 4-
[Ru ACHTUNGTRENNUNG(terpy)]4 (protons i–k).

Dependence of the shape of the ligand strand and of the
amplitude and relative direction of the molecular motions
on the nature of the heterocycles : As pointed out above, the
global shape of a hyz-based strand can be controlled by the
choice and combination of the heterocyclic units pym and
pz. Thus, (pym-hyz)n strands present helical folding, (pz-
hyz)n ones are linear and (pym-hyz-pz-hyz)n strands are of
undulating zigzag type (Scheme 7, Table 2).

The above structural principles led us to the design of the
present new class of hyz-based ligands, which incorporate
both pym and pz heterocycles, to control both the molecular
shape and amplitude of the extension/contraction motions.
The starting system was the ligand py1-(hyz-pym)3-hyz-py1

(3) that reacts with PbII to give a tetranuclear stick-like com-
plex 3-Pb4 (= [Pb4(3) ACHTUNGTRENNUNG(OTf)8]), in which the length of the un-
folded ligand is about 32 �.

As the free, uncoordinating hyz-pz unit encodes linear
shape, the replacement of the central pym of 3 by a pz unit
introduced a linear part, thus increasing the distance be-
tween the N atoms of the two terminal py units from 6.9 �

Figure 6. Comparison of the 1H NMR (CD3CN, 400 MHz) spectra of
complexes 1-[Ru ACHTUNGTRENNUNG(terpy)]2,

[13a] 2-[Ru ACHTUNGTRENNUNG(terpy)]2
[13a] and 4-[Ru ACHTUNGTRENNUNG(terpy)]4.

Figure 5. NOESY spectrum of the complex 4-[Ru ACHTUNGTRENNUNG(terpy)]4 (= [Ru4(4)-ACHTUNGTRENNUNG(terpy4)] ACHTUNGTRENNUNG(PF6)8) (CD3CN, 300 MHz, 25 8C).

Scheme 7. Control of strand shape by choice of the heterocyclic units:
1) helical (pym-hyz)n ; 2) linear (pz-hyz)n ; 3) undulating (pym-hyz-pz-
hyz)n.
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(ligand strand 3) to 18.6 � (ligand strand 4). On the other
hand, both hyz-pym and hyz-pz act as linearity codons on
coordination, and consequently the replacement of the cen-
tral pym (ligand 3) by a pz unit (ligand 4) led to a stick-like
tetranuclear complex 4-Zn4 having globally a length very
close to that of its pym analogue 3-Pb4.

The lengths of stick-like tetranuclear complexes of ligands
3 and 4 are similar (l3� l4), although the lengths of the free
ligands are different (l1¼6 l2). It thus becomes possible to
change the motional amplitude by changing the central unit.
The two amplitudes may be defined as Dlpym = l3�l1 and
Dlpz = l4�l2. But l3 and l4 being almost equal, the amplitude
depends only on the length of the free ligands, l1 and l2,
which itself depends on the nature of the central heterocycle
(Figure 7).

One may also note that ligand 4, which combines pym
and pz groups, contains local domains that will behave, in
terms of relative displacements, either in the syn or anti
fashion, as in the model ligands 1 and 2 (see also Scheme 3).
Ligand 4 thus illustrates the ability to control both the local
shape and local motion through appropriate selection of the
heterocyclic components.

Conclusion

The present results demonstrate the possibility of enforcing
the global shape of a molecular ligand strand (folded helix
versus undulating zigzag) by selecting and combining appro-
priate heterocyclic units. Furthermore, the grafting of given
het-hyz sequences on a central core heterocyclic unit allows
the control of both the amplitude and especially of the rela-
tive direction of the motions generated on metal-ion bind-
ing. In particular, the replacement of a central 4,6-disubsti-
tuted pyrimidine by a 2,5-disubstituted pyrazine produces a

decrease of the amplitude of the subsequent molecular mo-
tions, as well as a change in the nature of relative motions
of the branches connected to these rings, from “flapping”-
type (dis-sense) motions (pym) to “twirling”-type (con-
sense) motions (pz). The combination within ligands of dif-
ferent encoding units allows the generation of hybrid strand
folding as well as of combined molecular motions.

Experimental Section

Materials and general methods : The following compounds were prepared
as previously described: 1,[10b] 2,[13a] 3,[10b] 6,[10b] 7,[10b] 9,[17] 10,[18] 1-Pb2,

[11b]

3-Pb4,
[11b] 1-[Ru ACHTUNGTRENNUNG(terpy)]2,

[13a] 2-[Ru ACHTUNGTRENNUNG(terpy)]2,
[13a] and [Ru ACHTUNGTRENNUNG(terpy)]Cl3.

[26] The
following reagents were purchased from commercial sources: RuCl3 (Al-
drich, Avocado), terpy (Aldrich, Avocado), 2,5-dimethylpyrazine (Al-
drich), benzaldehyde (Aldrich), and benzoic anhydride (Aldrich).
400 MHz 1H NMR spectra were recorded on a Bruker Ultrashield
Avance 400 spectrometer and 300 MHz 1H NMR spectra were recorded
on a Bruker 300 spectrometer. The solvent residual signal was used as an
internal reference for 1H NMR spectra (CHCl3 d=7.26 ppm, CH3CN d=

1.94 ppm). The following notation is used for the 1H NMR spectral split-
ting patterns: singlet (s), doublet (d), triplet (t), multiplet (m). The 2D-
NMR experiments employed were COSY (correlation spectroscopy) and
NOESY (nuclear Overhauser enhancement spectroscopy or nuclear
Overhauser and exchange spectroscopy); they were carried out on
300 MHz Bruker spectrometers. ESIMS measurements were performed
by the Service de Spectrom�trie de Masse, Universit� de Strasbourg.

CCDC-743475 (2-Pb2) and 743476 (4-Zn4) 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.

Ligand and complex synthesis and characterisation

4: A solution of 10 (114.1 mg, 0.84 mmol) and 7 (436 mg, 1.7 mmol) in
CH2Cl2 (25 mL) and EtOH (10 mL) was stirred at 36 8C during 6 h. The
yellow solid that precipitated was separated by centrifugation, washed
with CH2Cl2 and dried under vacuum to yield 4 (431 mg, 83 %). 1H NMR
(CDCl3, 400 MHz, reference: solvent residual peak, d=7.26 ppm): d=

9.39 (s, 2H; Hm), 8.63–8.59 (m, 2 H; Ha), 8.50 (s, 2 H; Hi), 8.20 (d, J =

8.8 Hz, 2 H; Hd), 7.99 (s, 2H; Hg), 7.99–7.91 (m, 2H; Hc), 7.90 (s, 2H;
Hk), 7.87 (s, 2 H; He), 3.78 (s, 6H; Hh), 3.71 ppm (s, 6H; Hf); Hb is hidden
by the residual CHCl3 peak. The solubility of this ligand in CDCl3 is too
low to allow NOESY, so C2Cl4D2 was used for this purpose, heated at
60 8C. HR-ESIMS: m/z : calcd for [C30H30N16 +Li]+ : 621.299 [M+Li]+ ;
found: 621.306.

2-Pb2 : Pb ACHTUNGTRENNUNG(CF3SO3)2 (4 mg, 2.2 equiv) in CD3CN (0.4 mL) was added to a
suspension of ligand 2 (1.26 mg, 1 equiv) in CD3CN (0.4 mL). 1H NMR
(CD3CN, 400 MHz, reference: solvent residual peak, d=1.94 ppm): d=

9.31 (s, 2 H; Hk), 8.61 (s, 2H; Hj), 8.58 (d, J =4.9 Hz, 2 H; Ho), 8.12–8.04
(m, 2H; Hm), 7.55 (d, J= 8.8 Hz, 2H; Hl), 7.40–7.35 (m, 2 H; Hn),
3.75 ppm (s, 6 H; Hi). After about 5 min, the complex crystallised out of
the solution. Crystal data for 2-Pb2: formula C26H28F12N10O14Pb2S4; for-
mula weight: 1475.19; triclinic; space group: P1̄ (No.2); a=9.7810(1),
b=11.2120(1), c =11.9373(2) �; a=63.140(5), b =82.711(5), g=

70.578(5)8 ; V=1100.98(7) �3; Z=1; 1calcd =2.219 gcm�3 ; m ACHTUNGTRENNUNG(MoKa)=

7.949 mm�1; F ACHTUNGTRENNUNG(000) =698; T=173 K; radiation MoKa =0.71073 �; 2.58�
q�30.08 ; dataset hkl : �13, 13; �15, 15; �15, 16; total unique data, R-ACHTUNGTRENNUNG(int) =10 331, 6397, 0.030; observed data with [I>2s(I)]: 5785; Nref,
Npar =5785, 307; R=0.0210, wR2 =0.0330, S= 1.05; GOF= 1.055; min.
and max. residual density=�0.23, 0.82 eA�3.

4-Zn4 : Ligand 4 (1.9 mg, 3.1 mmol, 1 equiv) and ZnACHTUNGTRENNUNG(CF3SO3)2 (4.5 mg,
12.4 mmol, 4 equiv) were mixed with CD3CN (0.6 mL) until dissolution.
1H NMR (CD3CN, 400 MHz, reference: solvent residual peak, d=

1.94 ppm): d =9.33 (s, 2H), 8.85 (s, 2H), 8.74 (d, J =5.0 Hz, 2H), 8.59 (s,
2H), 8.32 (s, 2 H), 8.29 (td, J=7.8, 1.0 Hz, 2 H), 7.98 (d, J =7.8 Hz, 2H),
7.84 (dd, J =7.8, 5.0 Hz, 2 H), 7.01 (s, 2 H), 3.88 (s, 6H), 3.81 ppm (s, 6H);

Table 2. Control of strand shape and motion amplitude by the nature of
the heterocyclic units.

Sequence Strand shape Complex shape AmplitudeACHTUNGTRENNUNG(pym-hyz)n helical linear (“syn”) largeACHTUNGTRENNUNG(pz-hyz)n linear linear (“anti”) small
(pz-hyz-pym-hyz)n undulating linear intermediate

Figure 7. Control of the amplitude of motion on cation coordination, de-
pending on the nature of the central ring: pym for 3 and pz for 4.
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HR-ESIMS: m/z : calcd for [Zn4C36H30F18N16O18S6]
2+ : 884.552 (100 %)

[M-2CF3SO3]
2+ ; found: 884.848. Crystal data for 4-Zn4: formula

C38H42N20O8Zn4·4CF3SO3·2CH3CN; formula weight: 1846.78; monoclinic;
space group C2/c (No.15); a =22.2488(6), b=19.7793(8), c =

22.5706(8) �; a =90, b=91.333(2), g=908 ; V=9929.9(6) �3; Z=4;
1calcd =1.235 gcm�3 ; m ACHTUNGTRENNUNG(MoKa)=1.121 mm�1; F ACHTUNGTRENNUNG(000) =3720; T =173 K; ra-
diation MoKa =0.71073 �; 1.48�q�30.18 ; dataset hkl : �27, 31; �25, 27;
�22, 31; total unique data, R ACHTUNGTRENNUNG(int) =34 455, 14418, 0.067; observed data
[I>2s(I)]=5404; Nref, Npar =14418, 384; R=0.1211, wR2 =0.3661, S=

0.99; GOF =0.992; min. and max. residual density=�2.10, 4.19 eA�3.ACHTUNGTRENNUNG[Ru4(4)ACHTUNGTRENNUNG(terpy)4] ACHTUNGTRENNUNG(PF6)8 (4-[Ru ACHTUNGTRENNUNG(terpy)]4): Ethanol/water (5 mL, 1:1 v/v)
was added to [Ru ACHTUNGTRENNUNG(terpy)]Cl3 (26 mg, 0.059 mmol, 5 equiv) and ligand 4
(7.2 mg, 0.012 mmol, 1 equiv). The mixture was heated at reflux (heating
bath temperature�115 8C) for 20 h, then cooled to room temperature
and filtered. Excess aqueous NH4PF6 was added to the solution and the
precipitate was collected. The solid was purified by re-precipitation from
acetonitrile/CHCl3 to afford 4-[Ru ACHTUNGTRENNUNG(terpy)]4 (12 mg, �33 %) as a green
solid. M.p.>300 8C; 1H NMR (CD3CN, 300 MHz, reference: solvent re-
sidual peak, d=1.94 ppm): d =8.91 (s, 2H; He), 8.57 (d, J =7.4 Hz, 4H;
HT15 or HT25), 8.50–8.42 (m, 6H; HT15 or HT25 + HT16 or HT26), 8.38 (s, 2 H;
Hj), 8.35–8.22 (m, 10 H; HT14 + HT24 +HT16 or HT26), 7.90–7.78 (m, 12 H;
HT11 +HT13 +HT23 +Hd), 7.69–7.62 (m, 2H; Hc), 7.53–7.48 (m, 4 H; H21),
7.20–7.14 (m, 6H; HT12 +Hk), 7.08–7.01 (m, 4H; HT22), 6.92–6.86 (m, 4H;
Ha +Hb), 6.48 (s, 2 H; Hg), 5.04 (s, 2H; Hh), 4.12 (s, 6H; Hf), 3.98 ppm (s,
2H; Hi); HR-ESIMS: m/z : calcd for [C30H30N16·4C15H11N3·4Ru·6PF6]

2+ :
1411.036 [M�2PF6]

2+ , found: 1411.024; m/z : calcd for
[C30H30N16·4C15H11N3·4Ru·5PF6]

3+ : 892.702 [M�3PF6]
3+ ; found: 892.694.
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