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VIP Using Noncovalent Intra-strand and Inter-strand Interactions To Prescribe

Helix Formation within a Metallo-supramolecular System

Laura J. Childs, Mirela Pascu, Adam J. Clarke, Nathaniel W. Alcock, and

Michael J. Hannon*!?!

Abstract: The effect of inter-strand and
intra-strand interactions is explored in
a metallo-supramolecular system in
which the metal-ligand coordination
requirements may be satisfied by more
than one different supramolecular ar-
chitecture. This is achieved by intro-
ducing alkyl substituents onto the
spacers of readily prepared bis(pyridy-
limine) ligands. The alkyl substituents

ed in a trinuclear circular helicate ar-
chitecture. A solution mixture of dinu-
clear double-helicate and trinuclear cir-
cular helicate results from which, for
copper(1), the trinuclear circular heli-
cate crystallises. The CH--m interac-
tions endow the circular helicate with a
bowl-shaped conformation and the tri-
angular unit aggregates into a tetrahe-
dral ball-shaped array. Low-tempera-

CH:--m interactions also confer a bowl-
shaped conformation on the triangle in
solution. The larger ethyl groups can
sustain intra-strand CH--x interactions
in the lower nuclearity double-helical
system and this is the unique architec-
ture for that ligand system in both solu-
tion and the solid state. Crystal struc-
tures are described for both the cop-
per(1) and silver(r) complexes. Thus we

induce twisting within the ligand strand
and this intra-strand effect favours for-
mation of helical architectures. The
alkyl substituents also introduce inter-
strand CH--m interactions into the
system. For the smaller methyl group

. chemistry
these are most effectively accommodat-

Introduction

The design of complex metallo-supramolecular architectures
remains an area of intense activity>? driven not only by the
aesthetic appeal of the structures but also by emerging ap-
plications in diverse areas such as liquid crystals® anion
and guest binding!*® and DNA recognition.*! Much of our
work in this area has focused on routes that allow increas-
ingly complex architectures to be assembled rapidly in one-
pot reactions from commercial reagents.”*!1*<12l Removing
the need for extensive synthetic procedures, allows us to
focus on probing the structure and activity of the arrays. In
particular we have designed metallo-supramolecular cylin-
ders to recognise the major groove of B-DNA and we have
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ture NMR studies indicate that the
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show that intra-strand interactions may
be used to induce helicity within this
N system, while the nuclearity of the
array can be prescribed by the inter-

strand interactions.
supramolecular

demonstrated that they induce unprecedented DNA coil-
ing."! These cylinders are triple-stranded helical structures,
assembled from the bis(pyridylimine) ligand L¥ and octahe-
dral metal ions (Scheme 1).

Helical metallo-supramolecular arrays in particular have
attracted much attention.”” Their design utilises ligands con-
taining multiple metal binding sites whose donor sets are
matched to the coordination geometric requirements of spe-
cific metals so as to give rise to multi-stranded arrays. The
ligand must offer sufficient flexibility for multiple strands to
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Scheme 1. Ligands L", LM and L.
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wrap around the two (or more) metal centres, while also
being sufficiently rigid to impose the same stereochemistry
at both metals. The design can be reinforced by additional
inter-strand interactions, but the structure adopted must sat-
isfy the metal-ligand requirements which will be, energeti-
cally, the prime interaction in the system.'¥! For example,
the triple helical structures formed from L¥ and octahedral
metal ions contain additional interstrand CH--rt (face-edge
nt stacking) interactions which probably contribute to the
stability of the array. NMR and X-ray data confirm the pres-
ence of these short inter-strand contacts in both solution
and the solid-state.

Non-helical isomers arise when the ligand is too flexible
to prescribe the same stereochemistry at both metal cen-
tres.'”! For example, while the design of L is optimal for
octahedral metal triple-helix formation, with tetrahedral
metal ions a mixture of double-stranded helices (rac iso-
mers) and boxes (meso isomer) are formed.'>!'Y Since in
such a system the metal-ligand requirements can be satis-
fied in more than one way, we decided to explore whether
inter-strand or intra-strand interactions could be used to per-
turb the system and allow access uniquely to the double-hel-
ical architecture. The approach bears some relation to our
“frustration’ approach in which we have used multiple com-
peting interactions to generate libraries of structures;!'*1%
here we use multiple interactions to prescribe a single struc-
ture.

Metallo-supramolecular systems in which structure is in-
fluenced or prescribed by inter- or intra-strand interactions
are rare. Ligand strand design has been used to sterically
prevent bis-ligand coordination and thus prescribe hetero-
ligand complexes giving cylinders,"” rotaxanes,'® racks!'”!
and ladders."® We have previously reported a double helix
in which face-edge = interactions (CH:-m) pull two strands
together thereby creating a helix with two distinct grooves
(major and minor).!"? Similar effects induced by (face-face)
ni- interactions!"” have subsequently been reported by Ber-
mejo and co-workers™ and more recently by Love and co-
workers.”!l In these previous systems the inter-strand inter-
actions influence the precise microarchitecture of the helix
but not the global architecture adopted. The system descri-
bed herein is different in that the inter-strand interactions
do influence the nuclearity and architecture of the helical
array.

Molecular design: The obvious difference between the meso
and rac conformations formed when L" interacts with tetra-
hedral metal ions is the way in which the ligand strands are
wrapped around the axis de-

fined by the metal ions (under

and over in the helix, over and \\

over in the box).”! This is illus-

trated schematically in Figure 1. O

box is favoured enthalpically,
while the helix is favoured by
entropy. Thus at low tempera-

ture the box dominates but as  [Cu,(LW),]P+.
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Box Helix
meso isomer rac isomer

Figure 1. Schematic representation of box and helix conformations.

the temperature is raised the proportion of helix rises (for
L" the copper(1) complex in dichloromethane is a 1:1 mix at
193 K and ~2 helix:1 box at 233 K). In the '"H NMR spec-
trum the central CH, resonances provide a useful handle to
identify the two isomers. The CH, protons in the helix are
equivalent and thus appear as a single resonance, while in
the box they are non-equivalent and thus appear as two
doublets (see Figure 2).”2! The solid-state structure is de-
pendent on crystallisation conditions and choices of anions

392 3.88 3.84 3.80 3.76 3.72 3.68
8/ ppm

Figure 2. '"H NMR spectrum of central CH, resonances showing box and
helix species.

and we have crystallographically characterised both helix
and box conformations.!"*!")

A further distinction between the two structures is that in
the box architecture the phenyl rings are coplanar with the
pyridylimine binding units, while in the helix twisting about
the inter-annular bonds is required to facilitate ligand wrap-
ping, as illustrated in Scheme 2.

On the basis of this analysis, the approach that we explore
herein to attempt to perturb the box/helix equilibrium is to
introduce alkyl groups into the spacer with the goal of (ster-
ically) twisting the phenyl rings out of planarity with the
iminopyridine units and thus disfavouring the meso isomer.

gy
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Scheme 2. Schematic representation of helix (left) and box (right) conformations of the dimeric cation
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We report the synthesis of supramolecular arrays from li-
gands containing methyl and ethyl substituents. These sub-
stituents not only disfavour the meso isomer, as anticipated,
but also introduce new inter-strand CH--w interactions?®"
within these double-stranded systems and this can have a
dramatic influence on the nuclearity of the helical architec-
ture adopted. An aspect of this work related to LM® has ap-
peared in a preliminary communication focused on control-
led aggregation,? rather than on inter- and intra-strand in-
teractions which are the focus herein.

Results and Discussion

The ligands LM and L* were prepared in <80% yield by
mixing two equivalents of pyridine-2-carboxaldehyde with
one equivalent of the appropriate 4,4-methylenebis(2,6-di-
alkylaniline) in methanol. The ligand could be isolated and
subsequently treated with an appropriate metal salt, or the
complexes could be prepared directly in a one-pot reaction
by simply mixing aldehyde, diamine and metal salt. Indeed,
although not our preferred method, we have established
that the copper(i) complex of L™ can be prepared in a sol-
ventless reaction by simply grinding the three components
in a pestle and mortar.

Complexes of LM¢: Reaction of LM® with [Cu(MeCN),][PF]
in methanol yielded a red solution from which a red solid
precipitated on cooling. The red colour (A=470 nm, ¢=12
000 in MeCN) arises from a metal-to-ligand charge transfer
(MLCT) transition characteristic of copper(1) in a bis(pyri-
dylimine) environment. To probe whether the methyl
groups were sufficient to disfavour the formation of the
meso isomer, the "H NMR spectra were recorded in CD,Cl,
and CD;CN solutions. In acetonitrile at room temperature,
a single set of resonances are observed but as the tempera-
ture is lowered to 233 K, a second species becomes evident
in the spectrum. In CD,Cl, at room temperature, two sets of
resonances are observed consistent with the presence of two
solution species (Figure 3).%!
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8.6 8.4 82 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
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Figure 3. Aromatic region of the 'H NMR spectrum of [Cu,(L™),][PF],
in CD,Cl, at 298 K.
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Although two species are present in solution, (as in the
unsubstituted compound) in the CH, region of the 'H NMR
spectrum (Figure 4) two singlets are observed and there is
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Figure 4. The CH, resonances in the '"H NMR spectrum for the copper(1)
complexes of L™ in CD,Cl, at 273 K.

no evidence (even at low temperature in dichloromethane)
for the pair of doublets characteristic of the CH, group in
the box (meso) architecture (Figure 2). This implies that, as
envisaged, the introduction of the methyl group has sterical-
ly disfavoured formation of the meso isomer. The electro-
spray mass spectrum shows peaks corresponding to a dimer-
ic species and a trimer. The NMR data coupled with the
ESI-MS data leads to the conclusion that the solution spe-
cies must be a dimeric helix [Cuy(L™¢),]** and a (triangular)
helical trimer [Cu,(LM°);]*+.

At 298 K in dichloromethane solution the phenylene pro-
tons of the major component are observed as two broad res-
onances indicating that ring spinning is slow on the NMR
time scale. The methyl resonances are observed as a single
peak. At lower temperature (273 K) the phenylene resonan-
ces have sharpened. Two CH; resonances are observed for
both species at this temperature. The phenylene protons of
the minor component are observed as a singlet at 298 K. By
273 K, two sets of resonances are also observed for these
protons. At 213 K, the phenylene protons for the minor spe-
cies have broadened. At 183 K all the resonances in the
spectrum are broadened (possibly due to viscosity effects of
solvent at this temperature). However, although all the reso-
nances of the minor component remain broad, two distinct
broad signals can be resolved for both the methyl and the
CH, protons, and new broad peaks just resolved in the base-
line in the aromatic region. This implies that the ligand may
be unsymmetrically orientated in the complex on the NMR
time scale at this temperature.

NMR diffusion experiments in CD,Cl, are consistent with
two species of different volume. The major component has a
diffusion coefficient of (1.0240.02)x 107" m*s~! and the dif-
fusion coefficient of the minor component is (0.91+0.02) x
10" m*s™!. A larger sized species will move more slowly in
solution and hence these results indicate that the major
component is the smaller (i.e. dimeric) species (see
Figure 5).
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The pyridylimine—-Cu is associ-
ated with a typical ‘bite angle’
of 82.0° and 83.1°. The cop-
per(1) centres are separated by
a distance of 11.3 A. The struc-
ture indicates why the methyl
groups have induced formation
of a trimeric species which was
not observed with ligand LM

Figure 5. Spectrum of NMR diffusion experiment for copper(r) complexes of ligand LMc.

Recrystallisation of the compound from nitromethane by
diffusion of diethyl ether afforded X-ray quality crystals and
the X-ray crystal structure has been determined. The solid-
state structure reveals a chiral trinuclear circular helicate
[Cusy(LMe),]*t (Figure 6a).

Each copper(1) centre is bound to two pyridylimine units
from two different ligands, and occupies a four-coordinate
pseudo-tetrahedral environment. The three metal centres
prescribe the three vertices of the triangle, and each ligand
wraps ‘over and under’ this triangular plane formed by the
three metal ions leading to a trinuclear circular helicate.*!?
The Cu—N distances (2.025(8)-2.067(8) A) and Cu-—

pyridyl

a)

The methyl groups of one
ligand stack above the phenyl
rings of an adjacent ligand and
a total of six CH-m interactions
(CH—centroid 2.9-3.0 A) are
formed within the triangle, that
is, six of the twelve methyl groups engage in inter-strand
CH-n interactions. These interactions, which would not be
possible in a dimeric structure, presumably contribute to the
energetic stability and induce formation of this higher order
trinuclear structure.

The side view of this trinuclear circular helicate (Fig-
ure 6b) reveals that the triangle is not planar but instead
slightly bent over towards one face to provide a bowl-
shaped motif. This bowl-shaped distortion arises to accom-
modate the six CH-m interactions and is a consequence of
the desire of the methyl groups to form CH-x interactions
coupled with the constraints of the ligand connectivity. Thus,
these inter-strand interactions not only induce a new archi-
tecture but also influence the precise microarchitecture of
the array. Three pyridyl rings (one from each ligand) point
up towards the cavity of the bowl and are arranged like the
blades of a propeller. These ‘blades’, together with the bowl-
shaped topography, have dramatic consequences for the
solid-state aggregation of these triangles (Figure 7) as we
have previously discussed elsewhere,” and four of the
bowl-shaped triangular units assemble to form a tetrahedral
ball-shaped aggregate through CH-mt interactions between
the pyridyl rings of the triangles with the phenylene spacers
of adjacent triangles. The propeller-type-twist arrangement
of the pyridyl ‘blades’ leads to self-recognition by circular

Figure 6. X-ray crystal structure of the [Cuy(L™®);]** ion: a) front view;
b) side view. To emphasise the helical nature each ligand is shown in a
different shading. Hydrogen atoms are omitted for clarity.
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Figure 7. The tetrahedron array resulting from the aggregation of four
[Cus(LM);]** trimers; each trimer is shaded differently. Hydrogen atoms
are omitted for clarity.
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helicates of the same chirality giving a chiral tetrahedral ball
of ~2.5 nm (C--C) diameter, inside which four PF;~ counter
anions are located.

NMR dilution studies in CD,Cl, over the range 15.5-
0.5 mM revealed no change in the positions of the peaks cor-
responding to either trimer or dimer implying no further ag-
gregation of the triangle (or dimer) into a higher order spe-
cies at these NMR concentrations. The ratio of the two spe-
cies varies over these concentration ratios as expected with
the proportion of trimer decreasing as the solution becomes
more dilute. The difference in free energy, AG, between the
dimeric and trimeric species was calculated from these dilu-
tion studies; an approximate value for AG was obtained
from 20 different concentrations and the average value cal-
culated to be 8.940.2 kImol 'K.

The NMR observation that the ligand resonances become
non-equivalent at low temperature in dichloromethane
would be consistent with the bowl shape starting to freeze
out at this temperature.

Reaction of L™ with silver(r) ions: Reaction of ligand LM®
with silver(1) acetate yields a yellow solution from which a
yellow solid precipitated on treatment with [NH,][PF,]. ESI
mass spectrometry revealed peaks corresponding to
[Ags(LY)s(PE)P*, {Ag(LY)s)F, {Ago(LM),(PFg)}* and
[Ag,(LM*),)** again consistent with the formation of both
dimer and trimer in solution.

The 'H NMR spectra of the compound have been record-
ed in both CD,Cl, and CD;CN solution. In CD;CN at room
temperature, a single set of resonances is observed. In
CD,Cl, at 283 K, two sets of resonances of almost (but not
quite) equal intensity are present indicating two solution
species (Figure 8).

For both species the central CH, resonance is a singlet
consistent with helical dimers and trimers as in the copper(1)
complex. In both cases the phenyl and methyl protons are
singlets, indicating that ring spinning is fast on the NMR
time scale at this temperature. As the temperature is re-
duced the ratio of the two species varies quite dramatically
such that at 223 K the ratio is about 10:1. As the tempera-
ture is reduced the phenyl and methyl signals also start to
broaden and split into two as ring spinning is slowed. Similar
signal broadening and ligand asymmetry at very low temper-

Him
H6 H6'
H3

H4 H4'
HS HS'

ature are observed as in the copper(i) complex. Although
several batches of crystalline material were obtained and in-
vestigated, diffraction was very weak.

Ligand L*: While methyl substitutents were successful in
eliminating the meso isomer from the equilibrium, they
induce an additional trimeric species. The copper(1) crystal
structure reveals that this trimeric species allows the ligand
to form short CH-n contacts that would not be possible in
the dinuclear helical structure. We reasoned that switching
to longer ethyl groups in L* might allow shorter CH--x con-
tacts to be achieved in a double-helical architecture and
consequently remove the factor favouring the trimer (a
trimer should be disfavoured on entropic grounds). Ligand
LE was therefore prepared. An additional feature of the
ethyl substituent is that the ethyl CH, unit represents a po-
tentially diastereotopic group which might act as a probe for
the presence of chiral helical arrays in solution.

Reaction of L' with copper(1) ions: Ligand L was allowed
to react with copper(i) as described for LM®. The mass spec-
trometry (FAB and ESI) is consistent with a dinuclear for-
mulation [Cu,(L®"),][PFs], and there is no evidence for tri-
meric peaks in the mass spectra. The absorption spectrum in
acetonitrile solution shows broad absorptions centred at
275nm (¢=17000), 339 nm (¢=42000) and 475nm (e=
1300). The MLCT transition at 475 nm is again typical of
copper(1) in a bis(pyridylimine) environment.

The red solid was recrystallised from acetonitrile by the
slow diffusion of benzene to yield red crystals. To determine
the solid-state molecular structure an X-ray analysis has
been conducted. The solid-state structure confirms that the
cation is indeed an M,L, double-helical architecture
(Figure 9). Each copper(1) centre is pseudo-tetrahedral, coor-
dinating to a pyridylimine binding sub-unit of each ligand.
Each ligand strand wraps over and under the plane formed
by the metal-metal axis and the stereochemical configura-
tion at each metal centre is identical, giving rise to the heli-
cal character. The Cu--Cu intermetallic distance is 11.06 A.
The Cu—Nin. (2.034(2)-2.050(2) A) and the Cu—N,yridine
(2.038(2)-2.061(2) A) distances and the ‘bite angles’ of 80.9—
81.9° are unremarkable. The imines are almost coplanar
with the pyridyl rings (dihedral angles of 1.9-4.6°) as is ex-
pected and there is dramatic
twisting between the pyridyl-
imine units and the aryl rings of
the spacer as anticipated in the
molecular design (64.3-69.2°).
There are four CH:m interac-
tions  (CH--centroid  3.71-
3.82A) within the helicate
which occur between the CHj;
units of one ligand and the
JLJ phenyl rings of the opposite

L_ ligand.

HPh HPh'

T T T T T T T T T T

9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 74 72

o /ppm
Figure 8. '"H NMR spectrum of [Ag,(L™®),][PF,], in CD,Cl, at 283 K.
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The helicates pack together
in chains as shown in Figure 10.
The structure contains chains of
helices of the same chirality
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Figure 9. Space-filling representation of the X-ray crystal structure of
double-helicate [Cu,(L),]**. Hydrogen atoms are omitted for clarity.

Figure 10. X-ray crystal packing diagram of the [Cu,(L*),]** cations. a)
Chain structure ; b) perpendicular view illustrating the packing of chains.
Hydrogen atoms are omitted for clarity.

packed into a grid-like arrangement with chirality alternat-
ing in adjacent chains and rendering the overall structure
achiral. The hexafluorophosphate anions are incorporated
into the chains, packed between the helicates.

To establish that the double helical architecture is re-
tained in solution and is the only solution species, the
"H NMR spectra of the complex at room temperature have
been recorded in both CD;CN and CD,Cl, (Figure 11).

In both cases, only a single set of resonances are observed,
and in both cases the central CH, resonance is a singlet im-
plying formation of a helical array (Figure 12).

As the temperature is reduced to 183 K a single set of res-
onances is still observed in the CD,Cl, spectrum confirming
the presence of just a single solution species of helical
nature. Coupled with the electrospray mass spectra data this
species must be a dinuclear double helicate. The chiral
nature of the species is confirmed by the observation that
the ethyl CH, protons are non-equivalent (Figure 13).

Ring spinning is slow and so four resonances are observed
for these protons, that is, both of the (diastereotopic) ethyl
CH, groups become non-equivalent. Two of the protons are
deshielded (6 =~2, ~2.1 ppm) compared to the free ligand
(0=~2.5ppm in ligand) and the other two resonances (0=

4296 ——
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Figure 11. Aromatic region of '"H NMR spectrum of [Cu,(L*),][PF], in
CD,(Cl, at 298 K.

~2.6, 2.7 ppm) are not deshield-
ed. Similarly, two distinct
methyl groups are observed at
low temperature (0=~1.1 and
~0.5 ppm) and one is deshield-
ed compared to the free ligand
(0=1.1 ppm). Such deshielding

is consistent with the group E 8

lying above an aromatic ring - i s
stacked as in the crystal struc- 39 38 "
ture. A 2D NOESY experiment 8/ ppm

indicates that this deshielded
methyl (~0.5 ppm) is attached
to the two deshielded CH, pro-
tons which would also be locat-

Figure 12. Central CH, reso-
nance of [Cu,(L™),][PF], at
298 K in CD,Cl,.

Ha/b/c/d Ha/blc/d Hafb/cd Ha/bie/d

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

27 2.6 25 2.4 2.3 2.2 2.1 2.0 1.9
&/ppm

Figure 13. NMR expansion of the region showing diastereotopic resonan-
ces of H, to Hy of [Cu,(L¥"),][PF4], in CD,Cl, at 273 K.

ed above the ring. The shifts are thus consistent with the re-
tention of the m-stacked structure in solution as in the solid
state. As the temperature drops these shielded resonances
start to broaden but within the available temperature ranges
do not split.

Reaction of L™ with silver(1) ions: Ligand L* was allowed
to react with silver(1) acetate in the same way as described
for ligand LM, Mass spectra (FAB and ESI) are consistent
with the formation of a dimeric species of formula

[Agz(LEt)z] [PF],.
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Yellow crystals were obtained from acetonitrile by the
slow diffusion of diethyl ether. The crystals were suitable for
X-ray diffraction studies and this allowed the solid-state mo-
lecular architecture to be determined. As in the copper()
complex, a double helicate is formed (Figure 14).

Figure 14. Space-filling representation of the X-ray crystal structure of
double-helicate [Ag,(L*),]**. Hydrogen atoms are omitted for clarity.

Each silver(1) centre is pseudo-tetrahedral, coordinating
to a pyridylimine binding sub-unit of each ligand. Each
ligand strand wraps over and under the plane formed by the
metal-metal axis. The Ag—Ag intermetallic distance is
11.38 A. The Ag—N, i (2.315(3)-2.367(3) A) and Ag—N,yrigine
(2.261(4)-2.304(4) A) distances and the bite angles of
72.8-73.4° are unremarkable. The imines are again almost
coplanar with the pyridyl rings (dihedral angles of 0.3-2.3°)
and the twisting necessary for helicate formation occurs be-
tween the pyridylimine units and the phenyl spacers. There
are four CH--7 interactions (CH--centroid 3.56-3.81 A)
within the helicate, analogous to those in the copper heli-
cate, between the ethyl groups of one ligand and the phenyl
rings of an opposite ligand. The crystal packing of these sil-
ver(1) helicates is entirely analogous to the packing of the
copper(1) helicates (see Supporting Information).

Once again, 'H NMR spectroscopy in CD;CN and CD,Cl,
indicated a single solution species of helical architecture
(central CH, is a singlet) in solution even at low tempera-
tures (Figure 15). At room temperature in CD,Cl, a Ag-
imine splitting of 8.3 Hz is observed confirming coordina-
tion.

In contrast to the room-temperature spectrum of the
copper complex, in the spectrum of the silver complex the

H3
H4

H5

8.6 84 82 80 78 7.6 74 72 70 6.8 6.6
O/ppm

Figure 15. Aromatic region of 'H NMR spectrum of [Ag,(L*),][PF], in
CD,CL at 233 K.
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phenylene protons resonate as a singlet indicating that the
phenylene rings are spinning rapidly on the NMR time
scale. Similarly single methyl and CH, (ethyl) resonances
are observed. As the temperature is lowered, the ring-spin-
ning process freezes out and two phenyl, two methyl and
three ethyl CH, resonances (corresponding to four signals,
two of which overlap) are observed. As in the copper com-
plex one of each of the phenyl and methyl resonances is de-
shielded implying again that the CH--m interactions ob-
served in the crystal are retained in solution. At coalescence
(~245 K) the rate of ring spinning is estimated to be 400 Hz.
The more facile ring spinning in this silver complex may be
a consequence of the longer silver—N bond lengths and con-
sequent inter-spacer separation.

Conclusion

We have demonstrated that alkyl substituents introduced
into the spacer can indeed induce strand twisting and thus
disfavour box (meso isomer) formation. However, these
alkyl substituents introduce secondary non-covalent interac-
tions into the strand and these reveal themselves in inter-
strand processes which can dramatically influence the archi-
tectures assembled. Thus the methyl groups introduce a new
architecture into the solution library of potential structures
(a trinuclear circular helicate) as a consequence of inter-
strand CH:--m interactions. A mixture of dinuclear double-
helicate and trinuclear circular helicate thus arises. For
longer ethyl substituents such CH--m interactions can al-
ready be achieved within the dinuclear double-helicate and
so the higher order (and thus entropically disfavoured) tri-
nuclear circular helicate is not observed (the longer ethyl
group may also be too long to form effective CH--m interac-
tions within the trinuclear system). In this system the ethyl
substituents, and the non-covalent and steric interactions
they introduce, prescribe and direct the exclusive formation
of a double helical array. A consequence of the CH:--x inter-
actions in the trinuclear circular helicate is the induction of
a bowl-shaped configuration in the solid state. NMR solu-
tion studies indicate that a similar conformation may also be
adopted in solution, although this is dynamic and only starts
to freeze out at very low temperature. In the solid state the
bowl-shaped topography leads to aggregation into a tetrahe-
dral ball-shaped array at the heart of which lie hexafluoro-
phosphate anions which make a number of short contacts
and probably contribute to the stabilisation of this supra-
molecular aggregate. Thus secondary non-covalent inter-
strand interactions can play a powerful role in determining
metallo-supramolecular architectures.

Experimental Section

General: All starting materials and reagents were purchased from Al-
drich and used without further purification. "H NMR studies were carried
out on DPX 300, ACP 400 or DRX 500 MHz Bruker spectrometers using
standard Bruker software. Infra-red spectra were recorded on a Nicolet
Avalar FTIR as compressed solid pellets or as compressed KBr pellets.
FAB, EI and CI mass spectra were recorded at the University of Warwick
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on a Micromass Autospec spectrometer. ESI mass spectra were recorded
on Micromass Quatro II (low resolution triple quadrupole mass spec-
trometer) instruments at the EPSRC National Mass Spectrometry
Centre, University of Wales, Swansea. Elemental analysis was performed
by Warwick Analytical Services on a Leeman Labs CE44 CHN analyser.
UV/Vis measurements were made using a PU 8720 scanning spectrome-
ter or a Jasco V-550 spectrophotometer. X-ray data was collected with a
Siemens SMART three-circle system with a CCD area detector and re-
finement performed using SHELXL 97.5")

Synthesis of ligands LY and L*: Ground 3 A dried molecular sieves
(5¢g) and 4,4-methylenebis(2,6-diethylaniline) or 4,4'-methylenebis(2,6-
dimethylaniline) (0.678 g, 2.67 mmol) were added to methanol (90 mL)
and stirred under a nitrogen atmosphere until the methylenedianaline
had dissolved (approximately 5 min). Pyridine-2-carboxyaldehyde
(0.571 g, 5.34 mmol) was added and the mixture stirred at room tempera-
ture for 24 h. The molecular sieves were removed by filtration and the fil-
trate concentrated by rotary evaporation to produce a yellow solid.

LMe: Yellow solid (0.934 g, 81%). IR (KBr): #=2996w, 2905 m, 2846w,
1638's, 1583 m, 1476 s, 1433 s, 1385 s, 1318w, 1283w, 1200 s, 1141 m, 1089w,
1042w, 987 m, 876 m, 837 m, 774 s, 742 m, 695w, 647w, 616w cm™'; MS (+
ve CI): m/z: 433 [M+H]*; elemental analysis calcd (%) for C,HyN,: C
80.5, H 6.5, N 13.0; found: C 80.5, H 6.6, N 13.0; '"H NMR (CDCl;): 6=
8.72 (d, J=4.9 Hz, 1H; H), 8.35 (s, 1 H; H)), 8.28 (d, J=7.9 Hz, 1H; H;),
7.84 (td, J=17.9, 1.7 Hz, 1H; Hys), 7.40 (ddd, /=7.5, 4.7, 1.1 Hz, 1H; H,,
5), 6.94 (s, 2H; Hyy), 3.85 (s, 1H; central CH,), 2.15 ppm (s, 6H; CHj);
BCNMR (CDCL): 0=163.83 (C,), 154.94 (Cygyy), 149.99 (Cy), 148.76
(Con)s 137.53 (Coay), 13711 (Cye), 12911 (G & Cp), 127.43 (G, &
Cy3), 125.68 (Cys), 121.59 (C;), 41.28 (Cy4), 18.79 ppm (Cyy & C;s).

L®: From 4,4'-methylenebis(2,6-diethylaniline) (4.087 g, 13.16 mmol) and
pyridine-2-carboxyaldehyde (2.820 g, 26.33 mmol). Yellow solid (5.459 g,
85%). IR (KBr): 7=2953s, 2925, 2862s, 1642 s, 1587 s, 1563 s, 1468 s,
1456s, 1433 s, 1381w, 1362w, 1338w, 1314w, 1291 m, 1220w, 1192, 1141 s,
1078w, 995 s, 936 m, 892 m, 853 s, 770's, 742 m, 691w, 659 mcm™'; elemen-
tal analysis caled (%) for C;H;N,-0.5CH;OH: C 79.7, H 7.6, N 11.1;
found: C 80.0, H 7.4, N 11.4; MS (+ve EI): m/z 488 [M]*; '"HNMR
(CDClLy): 6=8.72 (dq, J=4.9, 0.9 Hz, 1H; Hy), 8.35 (s, 1H; H)), 827 (dt,
J=7.7,11Hz, 1H; H;), 7.85 (td, J=7.5, 1.1 Hz, 1H; Hys), 7.41 (ddd, J=
7.5, 4.9, 1.1 Hz, 1H; Hys), 6.97 (s, 2H; Hpy,), 3.94 (s, central CH,; 1H),
250 (q, J=75Hz, 4H; CH,), 1.13ppm (t, J=75Hz, 6H; CH;);
BCNMR (CDClL): 0=163.46 (C,), 154.92 (Cygyy), 150.00 (Cy), 147.96
(Cygm1)s 137.57 (Cygny), 137.15 (Cys), 133.30 (Cy & Cy3), 127.34 (Cyy &
Cp,), 125.67 (Cys), 121.59 (C;), 41.54 (Cyg), 25.11 (Cyy & Cy4), 15.18 ppm
(CIS & C17)'

Synthesis of [Cu,(LM),][PF],: Ligand L™® (0.084 g, 0.19 mmol) was dis-
solved in methanol and whilst stirring under a nitrogen atmosphere,
[Cu(MeCN),][PF4] (0.072 g, 0.19 mmol) was added to give a dark red sol-
ution. The solution was heated under reflux overnight and then cooled to
room temperature. A black solid precipitated from the solution on stand-
ing. This was collected by filtration and washed with diethyl ether
(0.173 g, 71 %). X-ray quality crystals were obtained by the slow diffusion
of diethyl ether into a solution of the complex in nitromethane.

The same compound can be prepared in a single pot simply by mixing
the aldehyde and diamine and then adding the cuprous salt. It can also
be prepared in a solventless reaction by grinding the three compounds
together.

IR (KBr): #=2902w, 1586 m, 1474 m, 1440 m, 1380 m, 1303w, 1200 m,
1140w, 900w, 836's, 772 m, 742w, 558 mcm™'; MS (ESI): m/z 1135 {Cu,(L
Me) (PFg)} T, 927 {Cu(LM),}F, 816 {Cus(LM®)5(PFy)}*+, 495 {Cuy(LM0), 1,
{Cu(LM)}*; MS (+ve FAB): miz: 1137 [Cuy(L™),(PFy)] *+, 495
[Cuy(LM),] +; "HNMR: (CD,CL): 6=8.67 (d, J=4.9 Hz, 4H; Hy), 8.49
(s, 3H; H; helix), 8.40 (s, 1 H; H;, trimer), 8.21 (td, J=7.7, 1.5 Hz, 3H; H,
helix), 8.15 (td, J=7.7, 1.5 Hz, 1H; H, trimer), 7.99 (d, J=7.9 Hz; 4H,
H,), 7.85 (ddd, /=7.7, 5.1, 1.3 Hz, 3H; H; helix), 7.77 (ddd, J=7.7, 5.1,
1.3 Hz, 1H; Hs trimer), 6.99 (s, 3H; Hy, helix), 6.90 (s, 2H; Hyy, trimer),
6.67 (s, 3H; Hp, helix), 3.92 (s, 3H; central CH, helix), 3.76 (s, 1 H; cen-
tral CH, trimer), 2.04 ppm (br. s, 24H; CH;); UV/Vis (MeCN): 1=470
(e=12000), 334 (¢=28000), 328 nm (¢ =75000).

Synthesis of [Cu,(L*),][PFy],: Ligand L* (0.107 g, 0.284 mmol) was dis-
solved in methanol and whilst stirring under a nitrogen atmosphere,
[Cu(MeCN),][PF4] (0.106 g, 0.284 mmol) was added to give a dark red
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solution. The solution was heated under reflux overnight and then cooled
to room temperature. A dark red solid precipitated from the solution on
standing and was collected by filtration and dried with diethyl ether
(0.336 g, 85%). The solid was recrystallised from acetonitrile by the slow
diffusion of benzene to afford dark red crystals. IR (KBr): 7=2965 m,
2927w, 2867w, 1611 m, 1586 m, 1556w, 1504w, 1470 m, 1436 m, 1380 m,
1303 m, 1252w, 1192 m, 1145 m, 836 's, 772 m, 738w, 549 scm™'; MS (ESI):
mlz: 1247 {Cuy(L*),(PF)}*, 1040 {Cuy(L*)(PFg)}*, 551 {Cuy(L™),)**;
MS (+ve FAB): m/z: 1247 [Cuy(L¥),(PF)]*; elemental analysis caled
(%) for Cu,CqH;,NgP,F,-H,O: C 56.1, H 5.3, N 7.9; found: C 56.0, H
5.2, N 7.9; 'HNMR (CD,CL,): =8.56 (s, 1H; H), 8.53 (br. d, J=4.9 Hz,
1H; Hy), 8.22, (td, /=79, 1.4 Hz, 1H; H,), 8.00 (br. d, /=74 Hz, 1H;
H;), 7.83 (ddd, J=7.8, 4.9, 1.4 Hz, 1H; Hs), 7.03 (br. d, J=1.4 Hz, 2H;
Hyy), 6.52 (br. d, J=1.5 Hz, 2H; Hp,), 3.86 (s, 1 H; central CH,), 2.68 (m,
2H; CH,), 2.58 (m, 2H; CH,), 2.19 (m, 2H; CH,), 2.00 (m, 2H; CH,),
1.02 (t, J=79, 3H; CH;), 045ppm (t, /=74, 3H; CH;); UV/Vis
(MeCN): =475 (¢=1300), 339 (¢=42000), 275 nm (¢ =17 000).
Synthesis of [Ag,(L™),][PF],: Care was taken to exclude light during
the following procedure. LM® (0.1 g, 0.231 mmol) was dissolved in chloro-
form and silver(1) hexafluorophosphate (0.058 g, 0.231 mmol) dissolved in
methanol was added and stirred at room temperature for 2 h. The yellow
precipitate was collected by vacuum filtration, washed with chloroform
and dried in vacuo under P,O,, (0.22 g, 70%). IR (KBr): #=2923 m,
2855w, 1643 m, 1586 m, 1478 m, 1439 m, 1386 m, 1303w, 1260w, 1197w,
1143w, 1007w, 842s, 770 m, 741w cm™'; MS (ESI): m/z: 1225 {Agy(L
M), (PEQ)} T, 973 [Ag(LY),)*, 883 {Agy(L")y(PFy)**, 540 [Ag(LY),)'*,
{Ag,y(LM°),}**; elemental analysis calcd (%) for Ag,CssHseNsP,F;,2 H,O:
C 49.6, H 4.3, N 8.0; found: C 49.4, H 4.1, N 7.8; '"HNMR (CD,Cl,
283 K): 0=8.75 (s, 2H; H)), 8.41 (d, /J=7.5 Hz, 1 H; Hy helix), 831 (d, J=
6.5 Hz, 1H; Hg trimer), 8.20 (td, /=7.8, 1.5 Hz, 1H; H, helix), 8.15 (td,
J=138, 1.5Hz, 1H; H, trimer), 7.88 (dd, J=9.7, 7.8 Hz, 2H; H,), 7.81
(ddd, /=78, 5.0, 2.8 Hz, 1H; Hj helix), 7.81 (ddd, /=178, 5.0, 2.8 Hz,
1H; H;s trimer), 6.92 (s, 2H; Hy, helix), 6.85 (s, 2H; Hy, trimer), 3.92 (s,
1H; central CH, helix), 3.76 (s, 1H; central CH, trimer), 1.94 (s, 6H;
CH; helix), 1.77 ppm (s, 6H; CH; trimer).

Synthesis of [Agz(LE‘)z][PFG]z: Ligand L* (0.106 g, 0.217 mmol) was dis-
solved in methanol and whilst stirring under a nitrogen atmosphere and
excluding light, silver()acetate (0.036 g, 0.217 mmol) was added to give a
yellow solution. The solution was heated under reflux in the dark for 1 h
and then cooled to room temperature. The solution was filtered through
celite and the yellow filtrate collected. A yellow solid precipitated on ad-
dition of excess methanolic [NH,][PF,] to the filtrate and was collected
by filtration (0.238 g, 74 % ). X-ray quality crystals were obtained by the
slow diffusion of diethyl ether into a solution of the complex in acetoni-
trile. IR (KBr): 7=2964 m, 2928 m, 2870w, 1643 s, 1571w, 1473 m, 1432w,
1384 's, 1309w, 1258w, 1196w, 1145w, 1104 m, 903 m, 838s, 775w, 611w
cm™; MS (ESI): m/z: 1338 {Agy(L™),(PFy)}*, 1083 {Ag(L™),}*, 551
{Ag,(LF),*+; MS (+ve FAB): miz: 1338 [Ag,(L™),(PF,)]*; elemental
analysis caled for Ag,CsoH,NyP,F,H,O: C 52.9, H 5.0, N 7.5; found: C
52.8, H 4.9, N 7.3; 'HNMR (CD,CL): =8.73 (d, J=4.9 Hz, 1H; H,),
8.47 (d, J=83Hz, 1H; H)), 8.22 (td, /=77, 1.7 Hz, 1H; H,), 7.89 (d, J=
7.7Hz, 1H; H;), 7.83 (dd /=175, 4.7, Hz, 1H; H;), 6.71 (s, 2H; Hy,), 3.79
(s, 1H; central CH,), 2.31 (m, 4H; CH,), 0.72 ppm (t, J=7.4Hz, 6H;
CH,).

X-ray crystallographic structural characterisations

[Cuy(L*™),][PFgl,: Crystal structure data for CeH,,NyCu,P,F),, M,=
1394.34, triclinic, space group PI, a=14.4010(2), b=14.9535(3), c=
17.5995(4) A,  a=110.1550(10), p=104.02, y=101.6300(10)°, V=
327838(11) A’, T=180(2) K, A=0.71073, Z=2, Peyea=1.412Mgm™,
F(000) =1440, (Mog,)=0.778 mm~'. Crystal character: red plates. Crys-
tal dimensions: 0.7x0.6x0.02 mm, data collected with a Siemens
SMART three-circle system with CCD area detector.” The crystal was
held at 180(2) K with an Oxford Cryosystem Cryostream Cooler;?!
0o =29.13° A total of 20698 reflections was measured, 14848 unique
[R;,;=0.0173]. Absorption correction by Psi-scan. Weighting scheme w=
1[6*(F%)+ (0.0383P)*], where P=(F>+2F%)/3. Goodness-of-fit on F* was
1.045, R1 [for 14848 reflections with />20(/)]=0.0441, wR2=0.1101,
data/restraints/parameters 14 848/34/877. Largest difference Fourier peak
and hole 0.870 and —0.650 eA~3, respectively. Refinement used SHELXL
97.|27|
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[Ag,(L¥),][PF¢l,: Crystal structure data for CgH,,NgAg,P.Fp,, M,=
1483.00, triclinic, space group P1, a=14.4970(2), b=15.19950(10), c=
17.36010(10) A, a=108.4720(10), B=105.1710(10), y=99.76°, V=
3365.90(5) A>, T=180(2) K, A=0.71073, Z=2, pPeyea=1.463 Mgm™,
F(000) =1512, w(Moy,)=0.708 mm™". Crystal character: yellow blocks.
Crystal dimensions: 0.5x0.3x0.3 mm, data collected with a Siemens
SMART three-circle system with CCD area detector.” The crystal was
held at 180(2) K with an Oxford Cryosystem Cryostream Cooler;?!
Onax =29.10°. A total of 22365 reflections was measured, 15449 unique
[R;,,=0.0296]. Absorption correction by Psi-scan. Weighting scheme w=
U[6*(F?)+ (0.0383P)7], where P=(F>+2F%)/3. Goodness-of-fit on F*
was 1.164, R1 [for 15449 reflections with I>20(1)]=0.0633, wR2=
0.1175, data/restraints/parameters 15449/0/822. Largest difference Fourier
peak and hole 0.955 and —0.728 eA~?, respectively. Refinement used
SHELXL 97.")

CCDC-231266 and CCDC-231267 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK;
fax: (4+44)1223-336-033; or deposit@ccdc.cam.ac.uk).

The crystal structure data for [Cus(LM°);][PFg]; has previously been com-
municated® and is available in the CCDB (ref. LULJIL).
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