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Abstract: The complexation reactions
between Ag� and a series of enantiopure
ligands belonging to the CHIRAGEN
(from CHIRAlity GENerator) family
(L1, L2, L 3, based on (ÿ)-5,6-pinene
bipyridine) have been studied in solu-
tion. It has been shown that the length of
the bridge plays a fundamental role in
the self-assembly processes leading to
different compounds: mononuclear
complexes (with L 3), mixtures of poly-
nuclear complexes (with L2) and circu-
lar helicates (with L 1). Although the
absolute configuration of the chiral
centres in all three ligands is the same,
the metal-centred chirality of L3 (D) is

inverted with respect to that in the other
two complexes with L 1 and L 2 (L). The
metal configuration is thus opposite in
the mononuclear complex with respect
to the polynuclear species. Detailed
thermodynamic studies were carried
out for the Ag� and L 1 ligand system
by 1H and 109Ag NMR spectroscopy (as
a function of concentration, tempera-
ture and pressure). At low temperature
and high pressure, the [Ag6L 16]6� hexa-

nuclear circular helicate forms a tetra-
nuclear circular helicate [Ag4L 14]4� :
2 [Ag6L16]6�> 3 [Ag4L14]4�. The ther-
modynamics parameters, obtained by
temperature and pressure variation,
have the following values: K298� (8.7�
0.7)� 10ÿ5 mol kgÿ1, DH8�ÿ15.65�
0.8 kJ molÿ1, DS8�ÿ130.2�
3 Jmolÿ1 Kÿ1 and DV0(256 K)�ÿ160�
12 cm3 molÿ1. The reaction volume cal-
culated according to Connolly�s method
indicates that the calculated structure of
[Ag4L14]4� is plausible. Both the signs
and large magnitudes of DS8 and DV8
are counterintuitive, yet can be under-
stood by modelling methods.
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Introduction

Self-assembly of coordination species has recently attracted
much attention.[1] Ag� represents a labile coordination centre
that often yields well-defined species in such reactions.
Helicates[2±5] have been preferred target objects in these
reactions, because of their interesting properties[6±8] or for the
further construction of special architectures, for example,
molecular knots.[9, 10] Both prevalent coordination geometries
of metal centres, tetrahedral (T-4) and octahedral (OC-6), can

give rise to helical structures. Since helicates are intrinsically
chiral objects, it is an especially interesting challenge to select
self-assembling systems that yield helicates in a predeter-
mined configuration. We have recently shown that the family
of CHIRAGEN (from CHIRAlity GENerator) ligands 4,5-
CHIRAGEN(m-xylidene), based on (ÿ)-4,5-pinene bipyri-
dine, yields configurationally predetermined triple-stranded
helicates with octahedral coordination centres.[11] From reac-
tion with tetrahedral metal centres (Ag�), the sterically more
demanding 5,6-CHIRAGENs (Scheme 1) yield a variety of
helical architectures depending on the geometry of the bridge.
Three of these helical structures have been elucidated in the
solid state by X-ray diffraction.[12, 13]

Solution behaviour of enantiopure helicates[14] has been
studied in several cases. Yet thermodynamic parameters were
not determined. The solid composition of [Ag6L16](PF6)6,
which can be crystallized, has been shown to contain a 6�
charged cation of a unique circular monostranded helicate
with predetermined chirality (Figure 1).

Of special interest is the problem whether the self-assembly
of a distinct species is already accomplished in solution, or
whether it is a solid-state property of the particular compo-
sition of matter. In the present publication, we report the
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results of detailed investigations of the solution behaviour of
the circular helicates as well as the complexation studies of
newly reported ligands, the 5,6-CHIRAGEN(xyliden) series.
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Figure 1. X-ray structure of the cation [Ag6L16]6�.[12]

Results and Discussion

The synthesis of the various ligands that are representatives of
the 5,6-CHIRAGEN family, based on (ÿ)-5,6-pinene bipyr-
idine, is straightforward.[15, 16] The silver complexes of L 1, L 2
and L3 are obtained quantitatively by the reaction of a 1:1
mixture of AgPF6 in CH3CN and the ligand dissolved in
CHCl3.

Influence of the bridge : One of the interesting aspects of the
CHIRAGEN ligand family is its variability in terms of
geometry of the bridging unit. In the present case this means
that all three isomers para, meta and ortho-xyliden can be
used. The main emphasis was given to the investigations on
the self-assembly of the para-xylidene-bridged ligand (L1),
the only one for which a crystal structure analysis could be
carried out showing the presence of a circular monostranded
helicate.

The ES-MS spectrum indicates formation of polynuclear
species with L 2. The most abundant species corresponds to
the dinuclear complex [Ag2L 22]2�, but signals of lower

Abstract in French: Les rØactions de complexation entre
l�argent(i) et une sØrie de ligands ØnantiomØriquement purs
(L1, L2 et L3) appartenant à la famille des CHIRAGEN, ont
ØtØ ØtudiØes en solution. Il a ØtØ dØmontrØ que la longueur du
pont joue un roÃle fondamental dans les processus d�auto-
assemblage en conduisant à la formation de diffØrents compo-
sØs: complexe mononuclØaire (avec L3), mØlange de com-
plexes polynuclØaires (avec L2) et hØlicates circulaires (avec
L1). Bien que la configuration absolue des centres chiraux des
trois ligands soit la meÃme, le centre de chiralitØ du complexe
formØ avec L3 (D), situØ sur le mØtal, est inversØ par rapport à
ceux des complexes formØs avec L1 et L2 (L). La configura-
tion du mØtal pour le complexe mononuclØaire est par
consØquent, opposØe à celles des esp�ces polynuclØaires. Des
Øtudes thermodynamiques dØtaillØes en RMN 1H et 109Ag
(variation de concentration, de tempØrature et de pression) ont
ØtØ menØes sur le syst�me impliquant Ag� avec le ligand L1.
Les rØsultats obtenus dØmontrent que le complexe [Ag6L16]6�

forme à basse tempØrature et à haute pression l�hØlicate
tØtranuclØaire circulaire [Ag4L14]4� selon l�Øquilibre:
2[Ag6L16]6�> 3[Ag4L14]4�. Les param�tres thermodyna-
miques suivants ont ØtØ obtenus à tempØrature et pression
variable: K298� (8.7� 0.7) 10ÿ5 molkgÿ1, DH8�ÿ15.65�
0.8 kJ molÿ1, DS8�ÿ130.2� 3 J molÿ1 Kÿ1 et DV0(256 K)�
ÿ160� 12 cm3 molÿ1. Le volume de rØaction calculØ suivant
la mØthode de Connolly, montre que la structure calculØe pour
[Ag4L14]4� est vraisemblable. Le signe tout comme les grandes
valeurs de l�entropie et du volume de rØaction sont inattendus,
mais explicables par la modØlisation.

Abstract in Romanian: Au fost studiate în solutËie reactËiile de
complexare între Ag� sËi trei liganzi enantiopuri (L1, L2, L3)
de tip CHIRAGEN. S-a araÏtat caÏ lungimea puntËii are un rol
esentËial în procesele de autoasamblare, conducaÃnd la compusËi
diferitËi : complecsËi mononucleari (cu L3), amestecuri de
complecsËi polinucleari (cu L2) sËi helicatËi circulari (cu L1).
DesËi configuratËia absolutaÏ a centrilor chirali din cei trei liganzi
este aceeasËi, chiralitatea la centrul metalic în cazul compusËilor
lui L3 (D) este inversataÏ comparativ cu cea din complecsËii cu
liganzii L2 si L3 (D). Studii termodinamice detaliate au fost
efectuate în cazul sistemului contËinaÃnd Ag� sËi ligandul L1,
utilizaÃnd 1H RMN sËi 109Ag RMN în functËie de concentratËie,
temperaturaÏ sËi presiune. S-a constatat caÏ helicatul circular
hexanuclear [Ag6L16]6� formeazaÏ la temperaturaÏ joasaÏ sËi
presiune ridicataÏ helicatul circular tetranuclear [Ag4L14]4�, asËa
cum o arataÏ echilibrul: 2 [Ag6L16]6�> 3 [Ag4L14]4�. Parame-
trii termodinamici obtËinutËi prin variatËia temperaturii sËi a
presiunii au valorile: K298� (8.7� 0.7)10ÿ5 mol gÿ1, DH8�
ÿ15.65� 0.8 J molÿ1, DS8�ÿ130.2� 3 Jmolÿ1 Kÿ1 sËi DV8
(256 K)�ÿ160� 12 cm3 molÿ1. Volumul de reactËie obtËinut
prin metoda Connolly arataÏ caÏ structura calculataÏ pentru
[Ag4L14]4� este plauzibilaÏ. Semnul, ca sËi valorile mari ale
entropiei sËi ale volumului de reactËie sunt neasËteptate dar pot fi
explicate prin modelizare.
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intensity corresponding to [Ag3L 23]3� and [Ag5L25]5� were
detected (see Experimental Section). At room temperature
broad signals are observed in the 1H NMR spectrum. At lower
temperatures (below 253 K) a large number of narrow signals
are observed, an indication of a distribution of several
complex species. Ligand L3 shows a completely different
behaviour to that of L1 and L 2. The ES-MS spectrum reveals
mainly the presence of the mononuclear complex [AgL3]� .
Its 1H NMR spectrum is well resolved at all temperatures (see
Supporting Information). The C2 symmetry of the ligand is
preserved upon complexation (the number of signals is half
the number of proton in the 1H NMR spectrum). Molecular
models (Figure 2) show that L 3 can easily occupy all four
ligand sites of a tetrahedrally coordinated Ag� centre, thus
yielding a complex [AgL 3]� that is related to the mononu-
clear complex obtained with the 5,6-CHIRAGEN[0] (ligand
without bridge).[17]

Figure 2. Chem 3D model of the mononuclear complex [AgL3]� .

The CD spectra of the three complexes (Figure 3) have
opposite signs (De> 0 for L 1 and L 2, while De< 0 for L 3 at
ca. 315 nm) of the two exciton coupled p ± p* transitions in the
bpy moieties. Considering that the chirality of the metal
centres determined by X-ray in the complex with L1 was L,
we assume that the same L chirality of the metal centres is
present also in the complexes with L 2, and that it is D in the
mononuclear species with L 3. The chirality of the metal
centre in complexes with L3 is in accordance with that
determined for the sterically related ligand, 5,6-CHIRA-
GEN[0], and measured by X-ray diffraction.[17]

Equilibrium behaviour : It has already been reported that for
the circular helicate [Ag6(L1)6](PF6)6, all signals of the
aromatic protons are shifted with respect to the free ligand
and some of them are also broadened significantly at room
temperature.[12] Lowering the temperature (down to 233 K in
CD3CN) shows further broadening of the NMR signals

Figure 3. CD spectra of the complexes of Ag� with L1 (ÐÐ), L2 (*Ð*Ð*)
and L3 (****) at 298.1 K.

leading eventually to a splitting into two sets of signals of
unequal intensity. This behaviour was attributed to the
existence of two rapidly exchanging species in solution.

To clarify this observation we have investigated silver
helicate solutions by 1H NMR spectroscopy as a function of
concentration of Ag� and [Ag6L 16]6�, of temperature and
pressure, as well as by 109Ag NMR spectrscopy.

Addition of Ag� to the solution of [Ag6L 16]6� (up to ca. ten
equivalents) was performed at room temperature, and after
five minutes at 298 K, spectra were recorded at 223 K. This
treatment did not lead to any observable change in the
relative proportions and chemical shifts of both species in the
1H NMR spectrum. After addition of ca. ten equivalents of
Ag�, solubility problems occurred and no experiment could
be performed. This is a strong indication that the ratio
between Ag� and L1 is the same in both species in
equilibrium.

To elucidate the nature of this equilibrium, we measured
1H NMR spectra as a function of total concentration of
[Ag6L 16]6� at 243 K. At this temperature the two singlets
(Figure 4, zoom d� 5 ± 6) due to the H20, H24 protons in the

Figure 4. 400 MHz 1H NMR spectra of a [Ag6L16](PF6)6 in CD3CN at
253 K from a concentration CAg6L 16

of 1.16� 10ÿ2 to 3.46� 10ÿ5 mol kgÿ1.
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para-xylydene bridge, are conveniently separated and were
used to obtain the best model for the equilibrium. The shifts,
line-widths and relative intensities were obtained from two
Lorentzian fitting procedures by using NMRICMA pro-
gram.[18]

A systematic search for equilibria of the type
n[AgmL 1m]m�>m[AgnL 1n]n�, by using the relative concen-
tration values from the NMR spectra obtained at different
total concentrations yielded n� 4, m� 6 as the only numbers
for which Q is a constant, Q� [[AgnL 1n]n�]m/[[AgmL 1m]m�]n

Therefore the model for which the equilibrium value was
constant (Table 1) for all concentration dependence experi-
ments is given by Equation (1) and the equilibrium constant
by Equation (2).

2 [Ag6L 16]6�> 3[Ag4L14]4� (1)

K� [[Ag4L 14]4�]3/[[Ag6L 16]6�]2 (2)

In Equation (2) [[Ag6L 16]6�]�XAg6L16
CAg6L16

and
[Ag4L 14]4�� (6/4)XAg4L14

CAg6L16
(XAg6L16

: mole fraction of the
H20, H24 protons signal of the [Ag6L 16]6� species; XAg4L14

:
mole fraction of the H20, H24 protons signal of the
[Ag4L 14]4� species; CAg6L16

: total concentration of dissolved
[Ag6L 16](PF6)6).

Log Q is constant within experimental error (within a range
of �5 %). Log Q values below a total concentration of about
4� 10ÿ4 mol kgÿ1 show a systematic deviation and some very
broad signals of the free ligand are observed in solution. At
high dilution the values tend to become significantly lower,
indicating a further dissociation of the polynuclear complexes.
ES-MS spectra show beside the hexanuclear and tetranuclear
species also fragments formed through succesive loss of
[AgL1]� as well as PF6

ÿ groups.
At low temperature (221 K in CD3CN, 51 mg complex in

1.34 g CD3CN), the 109Ag NMR spectrum (Figure 5) shows
two singlets at d� 224 ([Ag6L 16]6�) and d� 249 ([Ag4L 14]4�)
relative to a AgNO3 solution (2m, external reference). The
relative proportions of these peaks are (77� 3) % and (23�
3) % for the d� 224 and 249 signals, respectively. In the 109Ag
NMR spectra there is a very small shift difference, which
reflects similar structural features. Even solutions of different
concentrations of the same species, for example, AgNO3,
give similar shift differences as reported by Popov et al.[19] The
corresponding log K value (ÿ3.28� 0.22 mol kgÿ1) is in

Figure 5. 27.94 MHz 109Ag NMR spectrum of a [Ag6L 16](PF6)6 at 221 K
(CAg6L16

� 4.45� 10ÿ2 mol kgÿ1, 51 mg in 1.34 g CD3CN), repetition delay:
50 s, number of scans: 1024, sweep width: 125 KHz, line broadening: 3 Hz.

a good agreement with data obtained from the temperature
variation.

If we increase the temperature by 7 K, the number of scans
must be doubled to obtain a spectrum owing to unfavourable
longitudinal relaxation rate at higher temperature. At room
temperature, no signal is observed except for the reference.
The addition of free Ag� does not affect the relative
concentration of the two species in equilibrium. This result
is in good agreement with the proposed equilibrium model.

The temperature dependence of the 1H NMR spectra was
measured from 218 K up to 298 K in CD3CN in order to
obtain the thermodynamic parameters DH8 and DS8 of the
equilibrium in Equation (1). The intensity of the signal
assigned to the minor species [Ag4L 14]4� decreases reversibly
with increasing temperature. Both signals show an expected
viscosity-related decrease in line-width up to 240 K. Above
this temperature, both of the signals start to broaden; this
could be due to an intermolecular exchange of the metal
helicates with, for example, traces of free ligand, but no
kinetic data could be extracted. However, the shape of the
signals of both helicates can easily be fitted, up to 270 K
leading to the temperature dependence of K (Table 2).

In addition to the proton signals of the aromatic bridge, all
other helicate signals show a similar reversible variable
temperature dependence. The equilibrium constants were
least squares fitted to Equation (3) leading to the following
values: K298� (8.7� 0.7)� 10ÿ5 mol kgÿ1, DH8�ÿ15.65�
0.8 kJ molÿ1 and DS8�ÿ130.2� 3 J molÿ1 Kÿ1.

lnK��DS8/RÿDH8/(RT) (3)

Table 1. Proton mole fractions X and equilibrium constant K as a function
of dilution[a] in CD3CN at 243 K.

Dilution CAg6L16
XAg6L 16

XAg4L14
log K[b]

[mol kgÿ1] [�0.03] [�0.03]

1.0 1.16� 10ÿ2 0.80 0.20 ÿ 3.31� 0.18
1.8 6.37� 10ÿ3 0.76 0.24 ÿ 3.29� 0.14
4.9 2.39� 10ÿ3 0.68 0.32 ÿ 3.24� 0.09

12.6 9.27� 10ÿ4 0.61 0.39 ÿ 3.30� 0.06
22.4 5.19� 10ÿ4 0.53 0.47 ÿ 3.19� 0.04
29.0 4.01� 10ÿ4 0.47 0.53 ÿ 3.04� 0.02
37.4 3.11� 10ÿ4 0.45 0.55 ÿ 3.06� 0.01
82.6 1.41� 10ÿ4 0.37 0.63 ÿ 3.06� 0.01

[a] mAg6L16
� 27.4 mg in 0.459 g CD3CN. [b] K� [[Ag4L 14]4�]3/[[Ag6L16]6�]2.

Table 2. Proton mole fractions X and equilibrium constant K as a function of
temperature in CD3CN (CAg6L16

� 5.57� 10ÿ3 mol kgÿ1).[a]

T 1/T 1/T2 (Ag6L 16) 1/T2 (Ag4L14) XAg6L16
XAg4L 14

log K[b]

[K] [10ÿ3 Kÿ1] [sÿ1] [sÿ1] [�0.03] [�0.03]

270.1 3.70 24.0 79.3 0.82 0.18 ÿ 3.78� 0.20
258.2 3.87 13.7 41.1 0.80 0.20 ÿ 3.61� 0.17
250.9 3.98 11.9 22.4 0.80 0.20 ÿ 3.60� 0.17
236.6 4.22 10.8 15.2 0.76 0.24 ÿ 3.32� 0.14
233.0 4.29 11.7 14.8 0.75 0.25 ÿ 3.30� 0.13
228.4 4.38 12.1 14.4 0.74 0.26 ÿ 3.23� 0.12
218.0 4.58 16.8 20.6 0.71 0.29 ÿ 3.06� 0.11

[a] mAg6L16
� 13.9 mg in 0.4857 g CD3CN. [b] K� [[Ag4L 14]4�]3/[[Ag6L16]6�]2.
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1H NMR pressure-dependence experiments were per-
formed at 256.4 K in order to determine the reaction volume
DV8. Figure 6 shows the pressure effect on the equilibrium in
Equation (1). Because this effect is remarkably large, a small

Figure 6. a) Variable pressure 400 MHz NMR spectra of a [Ag6L16](PF6)6

at 256.4 K (13.4 mg in 1.40 g CD3CN). b) Representation of partial NMR
spectra in the d range 5.2 to 6.3. c) The ln K pressure dependence at
256.4 K. The data points represent experimental values, while the
calculated function is given as a solid line.

pressure range (75 MPa) was sufficient to obtain the reaction
volume DV8 with good accuracy. The pressure-dependence
data were least-squares fitted (Figure 6c) by using Equa-
tion (4), in which K0 is the equilibrium constant at zero
pressure, DV8 the reaction volume and Db8 the compressi-
bility coefficient.

lnKp� ln K0ÿ (DV8P/RT)� (Db8P2/RT) (4)

The obtained molar reaction volume DV8 is ÿ160� 12
cm3molÿ1 with K256

0 � (2.8� 0.2)� 10ÿ3 molkgÿ1 and Db8�
ÿ (4.0� 0.6)10ÿ3 cm3 molÿ1 MPaÿ1. This surprising result
shows that the entropy decreases for a reaction in which the
numbers of molecules increases and the volume decreases
when going from two hexamers to three tetramers. In order to
understand this unexpected result and to better visualize this
phenomenon, we carried out model calculations. If we
consider the chemical reaction in solution [Eq. (1)], we can
define the reaction volume DV8 by Equation (5).

DV8�ÿRT (@ lnK/@P)T�SV8productsÿSV8reactants (5)

With our system Equation (5) becomes Equation (6).

DV8� 3 V8Ag4L 14
ÿ 2V8Ag6L16

(6)

The X-ray structure for [Ag6L16]6� is well known and its
volume can be estimated in order to deduce the [Ag4L14]4�

volume from the reaction volume. The structure of [Ag4L14]4�

was minimised by using X-ray the bond lengths and con-
straints of [Ag6L 16]6�.

A series of Connolly�s volumes for each structure was
calculated by varying the probe radius in the range of 0 to
3.0 �. Values of 1.4 ± 1.6 � are usually used to mimic water
solvent.[20] Water can be considered as a spherical molecule,
but this is not the case for CH3CN. We have no accurate
information of the acetonitrile solvation pattern of these
complexes. Acetonitrile can interact with its N- or alkyl-tail
and can stack by dipole ± dipole interaction. It is difficult to
define a unique value of rprobe for CH3CN, so we calculated
volumes with rprobe varying from 0.0 to 3.0 �. The lower
(�1.0 �), middle (�2.0 �) and higher (�2.5 �) values of the
rprobe correspond to N-tail, alkyl-tail and stacking interactions,
respectively. When rprobe is zero, the volume is defined inside
the van der Waals surface.

Connolly�s molecular volumes of tetramer and hexamer
complexes are shown in Figure 7 (top left and top right,
respectively). These calculations give the same order of
magnitude for reaction volume as the experimentally ob-
served ones, an indication that the calculated structure of
[Ag4L 14]4� is plausible. The macroscopic molar volume
increases from 1417 to 1990 cm3 molÿ1 for the tetramer and
from 2117 to 3173 cm3 molÿ1 for the hexamer when rprobe is
varied in the range from 0 ± 3.0 �. The reaction volume, equal
to 3 V8Ag4L14

ÿ 2 V8Ag6L16
, was determined with the volume

series of rprobe values and with the van der Waals volumes. The
reaction volume calculated with Connolly�s method varies
non-monotonically with a maximum value of �117 and a
minimum of ÿ375 cm3 molÿ1. When we calculate the ratio
3V8Ag4L14

/2V8Ag6L16
, we observe that this variation corresponds

to a variation between 1.02 and 0.94 of the volume ratio. The
observed reaction volume (ÿ160� 12 cm3 molÿ1) is the sum of
the two contributions: the difference in the intrinsic molar
volume of three tetramers and two hexamers and the differ-
ence in the solvation contribution of these species. Our
modelling results show that the solvation contribution can
have either sign, and it is therefore not possible to decide at
this point conclusively which of the two contributions is the
value of the observed reaction volume. The latter is large
when compared with known reaction volumes in coordination
chemistry,[21] but is closer to the values found for systems
including proteins.[21, 22]

Conclusion

We have shown that related ligands could be tuned by using
small variations in the structure of the subunits (the bridge) in
order to vary their behaviour in self-assembly processes. We
have also combined experimental data with theoretical
calculations in order to describe an equilibrium system of
enantiomerically pure circular helicates. The tetrameric
species is entropically disfavoured, but is enthalpically
favoured at low temperature. The DS8 value is counter-
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intuitive, but the pressure-dependence measurement was very
useful in confirming the entropy sign from isobaric inves-
tigations.

Experimental Section

Computational methods : All volume calculations were run with MSI-
Cerius2 Version 3.8 package on an SGI indigo2 workstation by using the
Connolly method.[23] Details are available in the Supporting Information.
All commercial chemicals were of best available grade and used without
further purification. The ligand (ÿ)-5,6-pinene bipyridine was prepared
according to published procedures.[15] All NMR spectra were recorded on
DPX 600, 500 or 400 Bruker spectrometers at 27.94 MHz (109Ag),
500.0 MHz (1H) and 400.13 MHz (1H) respectively. The 1H chemical shift
was referred to TMS and measured with respect to CH3CN (d� 1.9) as an
internal reference. CH3CN was used as homogeneity reference. AgNO3 was
also employed as a shift and homogeneity reference for 109Ag NMR
experiments. The numbering scheme is given below. 1H NMR study was
performed with the following parameters: over a frequency range of

5.5 KHz, 16 K data points were ac-
quired at a pulse length of 4.2 ms. A
larger frequency range of 27.2 KHz
was used for 109Ag NMR to collect
240 K data points with a pulse length
of 20 ms and an exponential line broad-
ening of 3 Hz was subtracted in the
data analysis. Bruker B-VT 1000 tem-
perature control units were used to
stabilise the temperature, which was

measured (�0.5 K) by a technical
substitution.[24] The high-pressure liq-
uid NMR spectra were recorded with a
home-built, narrow-bore, high-resolu-
tion probehead.[25, 26] The probehead
was thermostated with a fluid circu-
lated in a double helix outside of the
vessel. ES-MS measurements: the
complexes were analysed in positive
mode on an API III triple quadrupole
mass spectrometer (PE Sciex, Con-
cord, Toronto, Canada) equipped with
an ion spray (pneumatically- assisted
electrospray) source (IS-MS). The
complexes were dissolved in acetoni-
trile at a concentration of 5 mg mLÿ1

and infused into the MS at a flow rate
between 5 and 10 mLminÿ1. The spec-
tra were recorded under low up-front
declustering or collision induced dis-
sociation conditions, typically DV�
10 V between the orifice and the first
quadrupole of the mass spectrometer.
Electronic spectra were measured us-
ing a Perkin ± Elmer Lambda 40. CD
spectra were recorded in a Jasco J-715
spectropolarimeter and the results are
given in De [mÿ1 cmÿ1].

Ligand syntheses : In a typical proce-
dure, a Schlenk flask was charged
under inert atmosphere (argon) with
freshly distilled THF (15 mL) and
cooled down to ÿ20 8C (isopropyl
alcohol bath). Diisopropylamine
(0.34 mL, 2.4 mmol) followed by n-bu-
tyllithium (1.6m in hexane, 1.35 mL,
2.2 mmol) were added by syringe. The
temperature was increased to 0 8C and
the solution was stirred for ten min-
utes at this temperature. After cooling

to ÿ40 8C, (ÿ)-5,6-pinene bipyridine (0.5 g, 2 mmol) dissolved in dried
THF (7 mL) was added dropwise (30 minutes). The dark blue solution was
stirred at ÿ40 8C for 2 hours. Then, a solution of the corresponding a,a'-
dibromoxylyl compound (264 mg, 1 mmol) in THF was added slowly
(30 minutes). The decolored solution was stirred at room temperature for
one hour. Then, the reaction was quenched with water (1 mL). The THF
was removed, more water was added and the mixture was extracted with
CH2Cl2. The organic phase was dried (MgSO4) and filtered. The brown-
yellow residue was purified by column chromatography using as eluant
Hexane/EtOAc/TEA� 3:1:0.1. Rf� 0.38, yield: 84 % for L 2 and Hexane/
EtAc/TEA� 2:1:0.1, Rf� 0.4, yield: 75 % for L 3.

Ligand L2 : 1HÿNMR (CDCl3, 300 MHz): d� 8.64 (ddd, 3J1,2� 4.8 Hz,
4J1,3� 1.8 Hz, 5J1,4� 0.8 Hz, 2 H; H1), 8.46 (d, 3J4,3� 8.0 Hz, 2H; H4), 8.12
(d, 3J7,8� 7.7 Hz, 2H; H7), 7.79 (ddd, 3J3, 4� 8 Hz, 3J3, 2� 7.4 Hz, 2H; H3),
7.35 (d, 3J8,7� 7.7 Hz, 2 H; H8), 7.26 (s, 1 H; H20), 7.23 (m, 3H; H2, H23),
7.17 (d, 3J24, 23� 8.2 Hz, 2 H; H24), 3.85 (dd, 2J18b,18a� 13.6 Hz, 3J18b,13�
3.7 Hz, 2 H; H18b), 3.40 (ddd, 3J13,18b� 3.7 Hz, 3J13,18a� 11.0 Hz, 3J13,12�
3 Hz, 2H; H13), 2.80 (dd, 3J10,15b� 5.5 Hz, 4J10,12� 5.5 Hz, 2 H; H10), 2.72
(dd, 2J18a,18b� 13.6 Hz, 3J18a,13� 11 Hz, 2H; H18a), 2.56 (ddd, 3J15b,10�
5.5 Hz, 3J15b,12� 5.5 Hz, 2J15b,15a� 9.6 H, 2H; H15b), 2.16 (ddd, 3J12,15b�
5.5 Hz, 4J12,10� 5.5 Hz, 3J12,13� 3 Hz, 2H; H12), 1.45 (d, 2J15a,15b� 9.6 Hz,
2H; H15a), 1.34 (s, 6 H; H17), 0.63 (s, 6 H; H16); 13C NMR (CDCl3,
75.44 MHz): d� 158.74 (q), 156.88 (q), 153.33 (q), 149.06 (C1), 142.30 (q),
141.16 (q), 136.79 (C3), 133.75 (C8), 130.24 (C20), 128.23 (C23), 126.97
(C24), 123.11 (C2), 120.90 (C4), 118.05 (C7), 47.00 (C10), 46.34 (C13), 42.71
(C12), 41.20 (q, C11), 38.78 (C18), 28.35 (C15), 26.40 (C17), 20.95 (C16);
MS (FAB, m-nitrobenzyl alcohol): m/z (%): 603.3 (80) [M]� , 249.2 (85)
[MÿC17H17N2]� , 207.2 (100); UV/Vis (0.378 mg in 25 mL CH2Cl2): lmax

(e)� 228 (15 700), 250 (19 500), 256 (20 000), 296 (36 000), 313 nm (26 300,
sh); elemental analysis calcd (%) for C42H42N4 ´ 0.75 H2O: C 81.85, H 7.11, N
9.09; found: C 81.66, H 7.33, N 8.50.

Figure 7. Top: View of the Connolly�s molecular surface (in dots; left: [Ag4L 14]4� ; right: [Ag6L16]6�) for rprobe

value equal to 1.4 �. Bottom: Calculated molecular volume of the tetramer (open circle), of the hexamer (solid
circle) and the reaction volume (solid square) as a function of the spherical probe radius (rprobe) over the range 0 to
3.0 �.
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Ligand L 3 : 1H NMR (CDCl3, 300 MHz): d� 8.55 (d, 3J1,2� 4.8 Hz,2 H;
H1), 8.26 (d, 3J4,3� 8.0 Hz, 2 H; H4), 8.12 (d, 3J7,8� 7.7 Hz, 2 H; H7), 7.44
(ddd, 3J3,4� 8 Hz, 3J3,2� 7.5 Hz, 4J3,1� 1.8 Hz, 2 H; H3), 7.35 (m, 2H; H24),
7.30 (d, 3J8,7� 7.7 Hz, 2H; H8), 7.23 (m, 2 H; H23), 7.13 (dd, 3J2,1� 4.8 Hz,
3J2,3� 7.4 Hz, 2H; H2), 3.96 (dd, 2J18b,18a� 14.0 Hz, 3J18b,13� 3.3 Hz, 2H;
H18b), 3.47 (d, 3J13,18a� 10.7 Hz, 2 H; H13), 2.97 (dd, 2J18a,18b� 14.0 Hz,
3J18a,13� 10.7 Hz, 2H; H18a), 2.76 (dd, 3J10,15b� 5.6 Hz, 4J10,12� 5.6 Hz, 2H;
H10), 2.52 (ddd, 3J15b,10� 5.6 Hz, 3J15b,12� 5.6 Hz, 2J15b,15a� 9.7 Hz, 2H;
H15b), 2.16 (ddd, 3J12,15b� 5.6 Hz, 4J12,10� 5.6 Hz, 2H; H12), 1.50 (d,
2J15a,15b� 9.7 Hz, 2H; H15a), 1.32 (s, 6H; H17), 0.61 (s, 6H; H16);
13C NMR (CDCl3, 75.44 MHz): d� 159.20 (q), 156.88 (q), 149.23 (q),
149.03 (C1), 142.72 (q), 140.31 (q), 137.12 (C3), 133.97 (C8), 130.67 (C24),
126.22 (C23), 123.40 (C2), 121.27 (C4), 118.21 (C7), 47.29 (C10), 46.13
(C13), 43.26 (C12), 41.58 (q, C11), 35.77 (C18), 29.26 (C15), 26.70 (C17),
21.30 (C16); MS(EI): m/z (%): 603 (3) [M�H]� , 602 (8) [M]� , 353 (10)
[MÿC17H17N2]� , 249 (45) [MÿC25H25N2]� , 233 (21) [MÿC26H29N2]� , 221
(38) [MÿC27H29N2]� , 207 (100) [MÿC28H31N2]� , 104 (37) [Mÿ
C34H34N4]� , 78 (22) [py]� ; UV/Vis (25 8C, 0.37 mg in 25 mL CH2Cl2): lmax

(e)� 228 (15 000), 250 (19 500), 256 (20 000), 296 (36 000), 314 nm (26 000,
sh); elemental analysis calcd (%) for C42H42N4 ´ 0.3H2O: C 82.94, H 7.06, N
9.21; found: C 82.92, H 7.37, N 8.85.

Complex syntheses : The ligand (62.1 mg, 0.1 mmol) dissolved in acetoni-
trile/chloroform 5:1 (10 mL) was added rapidly under inert atmosphere
(Ar) to a solution containing AgPF6 (25.3 mg, 0.1 mmol, Fluka) in CH3CN
(5 mL). The resulting colorless solution was stirred for few minutes, and
after the removal of the solvents, a white powder was obtained that was
dried under high vacuum and analysed. The analytical data of the silver
complex with L 1 were published in ref. [12].

Silver(ii)-L 3 complex : 1H NMR (CD3CN, 300 MHz, 25 8C): d� 8.16 (d,
3J1,2� 8.5 Hz, 2H; H1), 8.10 (d, 3J7,8� 8.0 Hz, 2H; H7), 7.86 (m, 4H; H3,
H4), 7.74 (d, 3J8, 7� 8.0 Hz, 2H; H8), 7.17 (m, 4H; H2, H24), 7.04 (m, 2H;
H23), 4.43 (d, 2J18b,18a� 13.5, 2 H; H18b), 3.63 (d, 2J13,18b� 13.0 Hz, 2H;
H13), 3.02 (dd, 4J10,12� 5.7 Hz, 3J10,15b� 5.7 Hz, 2 H; H10), 2.80 (dd,
2J18a,18b� 13.5 Hz, 2H; H18a), 2.70 (ddd, 2J15b,15a� 10.2 Hz, 3J15b,12� 5.0 Hz,
3J15b,10� 5.0 Hz, 2H; H15b), 1.93 (m, 2H; H12), 1.76 (d, 2J15a,15b� 10.2 Hz,
2H; H15a), 1.37 (s, 6 H; H17), 0.67 (s, 6H; H16); 13C NMR (CD3CN,
75.44 MHz, 25 8C): d� 161.4 (q), 153.6 (q), 151.7 (q), 150.1 (C2 or C24),
145.9 (q), 139.5 (C2 or C24), 137.7 (q), 137.2 (C8), 132.9 (C4), 127.5 (C3 or
C23), 125.7 (C3 or C23), 123.1 (C1), 121.6 (C7), 47.2 (C10), 46.7 (C13), 43.8
(C18), 41.7 (q, C11), 36.6 (C12), 28.0 (C15), 26.2 (C17), 21.0 (C16); UV/Vis
(CH3CN, 2.9� 10ÿ4m [AgL3]� , 0.1 cm): lmax (e)� 259 (19 000), 305 nm
(26 000); CD (CH3CN, 2.9� 10ÿ4m [AgL3]� , 0.1 cm): l (De)� 231 (ÿ9),
292 (�9), 315 nm (�61); MS(ES) (5� 10ÿ3m): m/z (%): 711.2 (100)
[AgL3]� , 1565.4 (10) [Ag2L 32PF6]� , 605.1 (3) [L3]� ; elemental analysis
calcd (%) for AgC42H42N4PF6: C 58.96, H 4.95, N 6.55; found C 59.25, H
5.25, N 6.25.

Silver(ii)-L 2 complex : 1H NMR: (CD3CN, 300 MHz, 25 8C; large but
distinguishable bands at room temperature): d� 8.5 (2 H), 8.1 (2H), 7.9
(4H), 7.6 (2 H), 7.45 (2H), 6.4 (1H), 6.2 (3H), 3.75 (d, 2H), 3.1 (2H), 2.9
(2H), 2.35 (4H), 1.6 (2 H), 1.2 (8H), 0.45 (6H); a multitude (ªforestº) of
peaks are observed at ÿ40 8C; UV/Vis (CH3CN, 1.17� 10ÿ4m [AgL2]� ,
0.1 cm): lmax (e)� 254 (22 000), 299 (29 000), 306 nm (27 000, sh); CD
(CH3CN, 1.17� 10ÿ4m [AgL 2]� , 0.1 cm): l (De)� 227 (ÿ13), 282 (ÿ7),
314 nm (�26); MS(ES) (5� 10ÿ3m): m/z (%): 711.2 (100) [AgnL2n]n�,
1566.5 (20) [Ag2L 22PF6]� ; other signals of intensity lower than 5%: 924.7
[Ag5L25PF6]4�, 1281.2 [Ag5L 25(PF6)2]3�, 2421.7 [Ag3L23(PF6)2]� ; elemental
analysis calcd (%) for AgC42H42N4PF6 ´ 0.5H2O: C 58.34, H 5.01, N 6.48;
found C 58.3, H 5.06, N 6.18.
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