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Mixed- Valence, Mixed-Spin-State, and Heterometallic [2 x 2] Grid-type
Arrays Based on Heteroditopic Hydrazone Ligands: Synthesis and

Electrochemical Features

Lindsay H. Uppadine,””! Jean-Paul Gisselbrecht,*”! Nathalie Kyritsakas,'*!
Kalle Nittinen,'Y! Kari Rissanen,'?! and Jean-Marie Lehn*!?!

Abstract: An extended family of het-
erometallic [MLM%(L)]""  [2x2]
grid-type arrays 1-9 has been prepared.
The three-tiered synthetic route en-
compasses regioselective, redox and
enantioselective features and is based
on the stepwise construction of hetero-
ditopic hydrazone ligands A—C. These
ligands contain ionisable NH and non-
ionisable NMe hydrazone units, which
allows the metal redox properties to be
controlled according to the charge on
the ligand binding pocket. The 2-pyri-

ions in the grid can be low spin, high
spin or spin crossover depending on
the steric effect of substituents R and
R'. This steric effect has been manipu-
lated to construct an unusual array pos-
sessing two low-spin and two spin-
crossover Fe'! centres (grid 8). Electro-
chemical studies were performed for
the grid-type arrays 1-9 and their re-
spective mononuclear precursor com-
plexes 10-13. The grids function as
electron reservoirs and display up to
eight monoelectronic, reversible reduc-

tion steps. These processes generally
occur in pairs and are assigned to
ligand-based reductions and to the
Co"/Co" redox couple. Individual
metal ions in the heterometallic grid
motif can be selectively addressed elec-
trochemically (e.g., either the Co™ or
Fe" ions can be targeted in grids 2 and
5). The Fe oxidation potential is gov-
erned by the charge on the ligand bind-
ing unit, rather than the spin state, thus
permitting facile electrochemical dis-
crimination between the two types of

midine (R) and 6-pyridine (R’) sub-
stituents have a significant effect on
complex geometry and influence both
the electrochemical and magnetic be-
haviour of the system. '"H NMR spec-
troscopic studies show that the Fe"

ligands -

Keywords: cyclic
grid-type complexes - hydrazone

voltammetry

supramolecular chemistry

[a] Dr. L. H. Uppadine, Prof. J.-M. Lehn
ISIS, Université Louis Pasteur
CNRS UMR 7006, BP 70028, 67083 Strasbourg (France)
Fax: (433)390-245-140
E-mail: lehn@isis.u-strasbg.fr
[b] Dr. J.-P. Gisselbrecht
Laboratoire d’Electrochimie et de Chimie-Physique du Corps Solide
UMR 7512, CNRS-Université Louis Pasteur
4 rue Blaise Pascal, 67000 Strasbourg (France)
Fax: (+33)390-241-431
E-mail: gissel@chimie.u-strasbg.fr

N. Kyritsakas

Institut de Cristallochimie, Institut le Bel
Université Louis Pasteur, 4 rue Blaise Pascal
67000 Strasbourg (France)

[d] Dr. K. Nittinen, Prof. K. Rissanen
NanoScience Center, Department of Chemistry
University of Jyvaskyld, P.O. Box 35

40351 Jyviaskyld (Finland)

[c

—

Chem. Eur. J. 2005, 11, 2549-2565 DOI: 10.1002/chem.200401224

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fe™" centre in 7 or in 8. Such multista-
ble heterometallic [2 x 2] gridlike arrays
are of great interest for future supra-
molecular devices incorporating multi-
level redox activity.

Crossover 0

Introduction

A potentially very powerful approach to smart electronic
materials relies on the self-organisation of metallosupramo-
lecular complexes demonstrating multistable behaviour.!!
For eventual applications in information storage technology,
the multistable system should be addressable by means of
an external perturbation (e.g., temperature, pressure or
light) and possess a readable response function (such as
magnetic susceptibility or optical absorption). The require-
ment for multistability can be achieved by manipulating a
variety of intrinsic molecular features, including redox
level,” spin stateP! and protonation state.! Such switchable
molecular or supramolecular domains are often accompa-
nied by hysteresis effects, which confer molecular memory
properties on the system.

Gridlike arrays of metal ions are potential candidates for
information storage devices, because of their well-defined
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architecture and intriguing physical characteristics.”) Exam-
ples to date illustrate the rich chemistry of this metallosu-
pramolecular motif and include complexes displaying spin-
crossover phenomena,®*"! antiferromagnetic/®*! and ferro-
magnetic coupling,®”! multilevel redox properties®! and
pH-dependent optical switching.* In particular, heterome-
tallic gridlike arrays promise interesting physicochemical
features due to precise positioning of different metallic cen-
tres.?>! Thus, information can be written at specific sites in
the array by addressing individual metal ions with an exter-
nal stimulus.®

Self-assembly is an invaluable strategy for the synthesis of
metallosupramolecular complexes'®* and has proved partic-
ularly useful for the preparation of grid-type arrays.” This
highly convergent approach allows intricate structures to be
fabricated without recourse to tedious nanofabrication tech-
niques."™ The advantages of metal ions in the self-assembly
process are manifold and include 1) a wide range of coordi-

Abstract in French: Une famille de complexes hétérométalli-
ques [M',M?,(L7),J"" du type grille [2x2] 1-9 a été prépa-
rée. Les trois approches synthétiques multiétapes des ligands
hydrazone hétéroditopiques A—C possédent chacune des ca-
ractéristiques régio-, rédox-, énantio-sélectives. Ces ligands
possédent un groupement NH ionisable et un groupement hy-
drazone non-ionisable NMe, qui permettent un contrédle des
propriétés rédox du métal complexé en fonction de la charge
de la cavité coordinante. Les substituants 2-pyrimidine (R) et
6-pyridine (R') influencent de maniére significative la géomé-
trie des complexes formés ainsi que leurs propriétés électro-
chimiques et magnétiques. Les études par spectroscopie RMN
'H montrent que les ions Fe", dans ces complexes, possédent
une configuration électronique soit de bas spin, soit de haut
spin ou encore de transition de spin en fonction de I’encom-
brement stérique du substituant. Cet effet stérique a été utilisé
pour construire des grilles originales possédant deux cations
Fe" de bas spin et deux cations Fe" a transition de spin (grille
8). Des études électrochimiques détaillées ont été réalisées
pour les assemblages du type grille 1-9 et leurs précurseurs
mononucléaires 10-13. Ces grilles fonctionnent comme réser-
voir a électrons. Jusqu’a huit étapes de réduction monoélec-
tronique réversibles peuvent étre observées. Ces transferts d’é-
lectrons se font généralement par paire et interviennent sur le
ligand a Iexception des deux premiéres réductions correspon-
dant aux couples Co"/Co". Chaque cation métallique d’une
grille peut étre sollicité sélectivement par voie électrochimique
(les ions Co™ ou Fe peuvent étre ciblés dans les grilles 2 et
5). Le potentiel d’oxydation du Fe" est tributaire de la charge
des ligands et non de I’état de spin, permettant une discrimi-
nation électrochimique parmi les deux types de Fe" dans 7 ou
8. De telles grilles [2x2] hétérométalliques ont des niveaux
de stabilité multiples et présentent un grand intérét pour des
systemes supramoléculaires possédant une multiplicité de ni-
veaux d’oxydo-réduction.
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nation numbers and geometries, 2) tunable ligand exchange
kinetics (e.g., by varying the metal oxidation state), 3) pho-
tophysical, magnetic and redox properties, 4) control of as-
sembly—diassembly (e.g., by electrochemical interconversion
between different metal oxidation states!'”l) and 5) access to
chiral assemblies (e.g., for applications in chiral host-guest
recognition).

Homometallic [2x2] grids are usually constructed by
means of simple high-yielding self-assembly reactions in-
volving the appropriate ditopic ligand and metal ion."! In
contrast, the synthesis of [M,M%L,]"* heterometallic grids
requires special procedures, since anti- or syn-arrangements
of the metal ions could theoretically exist.?*! One successful
synthetic strategy utilises sequential self-assembly coupled
with a protection/deprotection step.’>? Thus, two bis-
(terdentate) homoditopic ligands can be used to generate a
mononuclear “corner complex” [M'L,** (M'=Ru" or
Os"), containing two free binding sites. The [M'L,]** com-
plexes are subseqently combined with a second type of
metal ion to assemble the heterometallic [M',M%L,]*+ grid
exclusively as the anti-topoisomer. These metalloarrays are
capable of exhibiting multistable redox behaviour, as exem-
plified by electrochemical studies of [Fe,L,]**, [Ru,Os,L,]**
and [Ru,Fe,L,]*+ .2

An alternative approach to mixed metal motifs has re-
cently been reported and relies on a heteroditopic ligand
with an electronically “soft” bidentate site coupled to a
“hard” terdentate unit."?) These binding pockets are pro-
grammed to discriminate between metal ions on the basis of
preferred coordination geometry and hard/soft nature. A
single-step self-assembly reaction with zinc(1) and copper()
ions affords the [2x2] heterometallic array [Zn",Cu',-
(L")4J**, containing “hard” Zn" octahedrally coordinated by
two tridentate units, and “soft” Cu' in a tetrahedral bis-
(bidentate) pocket.

We now report a novel methodology for the generation of
mixed-valence, mixed-spin-state and heterometallic [2x2]
grid-type arrays 1-9.'%) The synthetic pathway utilises a
three-level strategy involving 1) steric control of regioselec-
tivity, 2) protonic modulation of redox state and 3) chirose-
lective—toposelective self-assembly. This approach allows
two types of octahedral metal centres to be introduced,
while circumventing the need for protection/deprotection
steps.

The grid scaffold is based on the stepwise construction of
heteroditopic ligands A—C (Scheme 1), composed of both
ionisable NH hydrazone and nonionisable NMe hydrazone
terdentate sites. This feature allows redox properties to be
controlled according to the charge on the ligand binding
pocket. The 2-pyrimidine substituent R is sandwiched be-
tween two opposing ligands in the grid structure and there-
fore plays an important role in the overall geometry of the
complex. This in turn has significant effects on both the
electrochemical and magnetic properties of the system. The
R’ group on the grid periphery influences the coordination
environment around the metal ion M? and is used to tune
the spin state when M?=Fe" (Scheme 1).
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Scheme 1. Self-assembly of the heterometallic [2 x2] grid-type arrays 1-9
from the corner complexes [M'(L"),]"* (M'=Co"™, n=1; M'=Fe", n=
0). (HS, LS and SC designate high spin, low spin and spin crossover, re-
spectively.)

The monometallic corner complexes 10-13 were con-
structed by using cobalt(in) or iron(i) ions (Scheme 1).
These metals were selected in order to prepare grids with a
Co™,Co", mixed-valence structure (grids 1 and 4), or a
mixed-spin-state (Fe'|g),(Fe"sc), composition (grid 8; LS=
low spin, SC=spin crossover). To complete the series, we
also synthesised grid systems based on Co™,Fe",, Co™,Zn",,
(Fe'' 5),(Fes), and (Fe;5),Zn", heterometallic motifs. This
extended family reveals correlations between the physical
properties of the metalloarray and the type of primary
metal ion M!, secondary metal M? and ligand substituents
R/R’. We describe here the synthetic approach to the het-
erometallic complexes, together with an in-depth analysis of
their electrochemical behaviour.

Results and Discussion

Synthesis of the heterometallic [2x 2] grid-type complexes:
The key intermediates in the synthesis of the [2x2] grid
arrays 1-9 are the cobalt(m) and iron(i) corner complexes
10-13 (Scheme 1). A stepwise route was used to prepare
these complexes, as illustrated in Schemes 2 and 3.

Both the cobalt(i) and iron(11) corner complexes are con-
structed with terdentate ligands containing only one metal
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Scheme 2. Synthesis of the cobalt(in) corner complexes 10,11.
a) MeNHNH,, MeOH; b) 2-acetylpyridine, MeOH; c) Co"(OAc),-4 H,O,
MeOH (20) or H,O0:MeOH (7:3 v/v) (21); d) 2-pyridinecarboxaldehyde,
MeOH (10) or H,O0:MeOH (7:3 v/v) (11), then NH,PF(aq).
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Scheme 3. Synthesis of the iron(u) corner complexes 12,13. a) Fe-
(BF,),,6 H,0, MeOH; b) 2-pyridinecarboxaldehyde, MeOH, then AlL,O;
(1:1 CH,Cl/MeCN) (12); 6-methyl-2-pyridinecarboxaldehyde, MeOH,
then AL O; (2:1 CH,CL,/MeCN) (13).

binding site (compounds 18 or 19, Schemes 2 and 3). These
ligands were prepared by a regioselective synthetic ap-
proach, as outlined in Scheme 2. Thus, 4-chloro-6-hydrazino-
pyrimidine (14)'¥ or 4-chloro-6-hydrazino-2-phenylpyrimi-
dine (15)™! were reacted with N-methylhydrazine to yield
compounds 16 and 17, respectively, which were subsequently
condensed with one equivalent of 2-acetylpyridine
(Scheme 2). The condensation reaction occurs at the
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NHNH, site rather than the MeNHNH, site of 16,17 to
afford ligands 18,19, respectively. This site selectivity avoids
an unfavourable 1,3-steric interaction between the methyl
groups of 16 or 17 and the 2-acetylpyridine reagent.

The route to cobalt(m) complexes 10,11 uses the ionisable
NH hydrazone sites of 18,19 to promote a redox reaction at
the metal centre (Scheme 2). Thus, Co"(OAc),-4 H,O reacts
with 18,19 to afford the deprotonated Co™ complexes 20
and 21, respectively. This reaction depends on a synergistic
coupling between the deprotonation of ligands 18,19 by the
AcO~ ion, and the aerial oxidation of Co" to the +3 oxida-
tion state, which is stabilised by two negatively charged li-
gands.!!*!

Condensation of complexes 20,21 with 2-pyridinecarboxal-
dehyde generates the corner complexes 10,11 that contain
two additional binding pockets (Scheme 2). These sites are
constructed from neutral hydrazone units, which cannot be
deprotonated because the hydrazone group is protected by
N-methylation. This enables cobalt(i1) ions to be introduced
at the neutral sites without further oxidation to cobalt(1m).

The cobalt(m) centres in 10,11 are inert towards substitu-
tion; this prevents scrambling when a second metal is added
to assemble the grid (Scheme 1). As previously discussed,
this last step is enantioselective, because the grid array can
only be constructed from two corner complexes of the same
chirality (e.g., (R)-10 + (R)-10, but not (R)-10 + (S)-10).>>"!

Three types of secondary metal ion M? (Zn", Co", Fe™)
were employed to assemble the target [2x2] grid arrays
[Co™,M?(L"),]** 1-6 (Scheme 1). The self-assembly reac-
tion was performed by stirring the M? ion (as its hydrated
BF,” salt) with Co™ complexes 10 or 11 in acetonitrile,
either at room temperature or at reflux. For example, the
room-temperature reaction between complexes 10,11 and
Co(BF,),,6H,0 in acetonitrile generated mixed-valence
complexes 1 and 4, respectively. These complexes were re-
crystallised from MeCN/Et,0O as mixed hexafluorophosphate
tetrafluoroborate salts in yields of 75% (1) and 67 % (4).

The second type of grid motif (7-9) is based on the low-
spin iron(1) corner complexes 12 and 13 (Scheme 1). The
approach to these grid arrays is similar to the cobalt(11r)-con-
taining systems, but with subtle changes in the structural
design and synthetic strategy. The main goal was to adapt
the synthetic route to afford a grid complex containing Fe"
ions in two different spin states, with a view to studying the
magnetic properties of the system. To this end, the heterodi-
topic ligand C was designed as a suitable scaffold for a
mixed-spin-state (Fe'|s),(Fe"sc), grid (Scheme 1). Ligand C
possesses two types of site: 1) a deprotonated terdentate
unit with no bulky substituents o to the coordinating nitro-
gen atoms and 2) a neutral binding site with a methyl group
(R’) a to the pyridine nitrogen. Metal scrambling should be
prevented during the final self-assembly stage (Scheme 1),
since the corner complex 13 can be constructed with Fe"
strongly coordinated at site 1.1

The route to iron(i) corner complex 13 is illustrated in
Scheme 3. Ligand 18 is coordinated to iron(i) by reaction
with Fe"(BF,),-6 H,0 in MeOH, and the mononuclear com-
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plex is then condensed with 6-methyl-2-pyridinecarboxalde-
hyde to afford two additional binding sites. The crude red
product is simultaneously purified and deprotonated by
means of column chromatography on alumina (eluent: 2:1
CH,Cl,/MeCN), to give the green neutral complex 13 (47 %
yield based on 18).1%"] The 'H NMR spectrum of 13 in
CDCIl; was assigned by a combination of COSY and
NOESY experiments and is consistent with a fully depro-
tonated, diamagnetic (low-spin Fe") complex. The Fe™ site
in 13 is stable with respect to aerial oxidation, in contrast to
the proton-coupled electron-transfer reaction (PCET) seen
for Co"(OAc), and ligands 18-19.”" Unfortunately, attempts
to synthesise the Fe" analogue of [Co™B,]* were unsuccess-
ful, since the iron(m) complex of ligand B decomposes on
alumina. This may be due to the destabilising steric effect of
the phenyl group, which is in the a-position relative to the
donor pyrimidine nitrogen atom.

The [(Fe"\g),(Fe"sc),Cy]*T grid 8 is assembled by heating
complex 13 and Fe'(BF,),"6 H,O in MeCN at reflux temper-
ature (Scheme 1). The '"H NMR spectrum of the product at
298 K (400 MHz, [D5;]MeCN) clearly illustrates the presence
of two types of iron(1) spin state: a diamagnetic site and a
paramagnetic centre (vide infra). The [(Fe"s),Zn",C,]**
grid 9 was prepared in an analogous fashion from complex
13 and zinc(i). This grid system is fully diamagnetic and
serves as a useful reference for grid 8 in the "H NMR spec-
troscopic and electrochemical studies.

The effect of ligand structure on iron(i) spin state was
confirmed by preparing the tetrairon(m) grid based on ligand
A (R'=H, Scheme 1). Thus, self-assembly of [Fe'| jA,] (12)
and Fe"(BF,),,6H,0 in MeCN generates grid 7 containing
four low-spin iron(11) centres (vide infra).

X-ray crystallographic studies: Crystals of the corner com-
plex [Co™A,]PF; (10) were grown from Et,0/MeCN and
characterised by X-ray crystallography (Figures 1 and 2). As
seen from Scheme 1, ligand A possesses both neutral and
negatively charged terdentate binding pockets. The crystal
structure of complex 10 shows that only the negatively
charged site of each ligand coordinates to the cobalt(1)
centre, leaving two free metal binding sites per complex.
The Co™ ion exhibits distorted octahedral coordination
(average N, -Co-N,,, bite angle =164.2°), provided by two
pyridine (dcon=1.932, 1.929 A), two pyrimidine (dc, =
1.917, 1.909 A) and two hydrazone nitrogen atoms (dc,n=
1.879, 1.858 A). Thus, the axial Co—N bond lengths to the
hydrazone donor atoms are shorter than the Co—N distances
to the equatorially coordinated pyrimidine and pyridine
rings. These bond lengths are roughly consistent with the
average axial and equatorial Co—N bond lengths found for
[Co™(terpy)Cly(H,0),,] (deon=1.859 (ax), 1.928 A (eq)).?"
The metal-free terdentate binding sites (defined by N25,
N27, N28 and N5, N7, N8, respectively) display different
conformations from the two sites coordinated to Co™ (N1,
N2, N4 and N21, N22, N24). This is due to the strong prefer-
ence for anti-conformations for N5-N7, N7-N8, N25-N27
and N27-N28.*

www.chemeurj.org  Chem. Eur. J. 2005, 11, 25492565
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spontaneous resolution of the
enantiomers has occurred and
all the complexes have the
same handedness.”!! A probable
reason for this phenomenon is
the packing of the molecules
into a curved tetrameric struc-
ture.

Crystals of the heterometallic
[2x2] grid-type array [Co™,-
Zn'",B,](PF);(BF,); (6) were
obtained from Et,0O/MeCN and
the structure was determined
by X-ray crystallography
(Figure 3). The complex cation
consists of an approximately
square array of alternating
cobalt(im) and zinc(i) ions
(average inner angles: Zn-Co-
Zn=284.5°, Co-Zn-Co=95.6°),
with each metal displaying distorted octahedral coordination
to two perpendicularly oriented ligand fragments. The

Figure 1. Solid-state structure of cobalt(m1) corner complex 10 (single molecule plot with thermal ellipsoids).

Figure 2. Packing plot for the solid-state structure of cobalt(1) corner
complex 10, illustrating the wi—n assembled curved tetramer (space filling
and stick representations, top and bottom, respectively).

Four complex molecules 10 assemble through a series of
m—m interactions to generate a curved tetrameric structure in
the solid state (Figure 2). This interdigitation of ligand
planes is reminiscent of the well-known edge-to-face and
offset-face-to-face interactions that occur between the outer

. g . . S
pyridine rings in many [M(terpy),]"* complexes.”*” _Smce Figure 3. Top and side views of the solid-state structure of [2x2] grid
compound 10 crystallises in the acentric space group /42d, a array [Co",Zn",B,](PF,);(BF,); (6) (50% thermal ellipsoids).
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Co—N bond lengths fall into three groups according to the
type of donor N atom, with the shortest distances between
Co™ and the hydrazone moieties (pyridine dc, = 1.942—
1.955 A; pyrimidine dc, =1.974-1.991 A; hydrazone dc, =
1.874-1.888 A). The Zn—N bond lengths are significantly
longer than the Co—N bonds, reflecting weaker coordinative
interactions at the d' zinc(1) centre compared to the low-
spin d° cobalt(m) ion (pyridine dy, y=2.186-2.196 A; pyri-
midine  d,, n=2.193-2.233 A; hydrazone d,, x=2.098-
2.147 A). Interestingly, slow crystallisation over a period of
two weeks generated crystals with three PF¢~ and three
BF,” counterions; the complex was originally prepared as
the bis(hexafluorophosphate) tetrakis(tetrafluoroborate) salt
from [Co™B,]PF, and Zn"(BF,),.

The [2x2] grid complex [Fe",Zn",C,](BF,), (9) was crys-
tallised from Et,0/MeNO, and its structure investigated by
X-ray diffraction (Figure 4). The cation possesses the antici-

Figure 4. Top and side views of the solid-state structure of [2x2] grid
array [Fe',Zn",C,](BF,), (9) (50 % thermal ellipsoids).

pated grid-type array of alternating iron(i) and zinc(11) ions,
each coordinated in a distorted Ny octahedral environment
by two mer-N; donor sets from a pair of perpendicularly ori-
ented ligands. The iron(11) coordination site shows a marked
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tetragonal distortion and displays shorter Fe—N bonds to the
hydrazone moieties relative to the pyridine and pyrimidine
rings (hydrazone dg.=1.895-1.906 A; pyridine dg. =
1.934-1.957 A; pyrimidine dg,=1.933-1.971 A). These dis-
tances are comparable to the Fe—N bond lengths in low-spin
iron(m) terpyridine complexes and therefore confirm the
low-spin assignment for the two iron(i) centres.”! As ex-
pected, the Zn—N bond lengths are significantly longer than
the Fe—N distances (hydrazone d, y=2.161-2.162 A; pyri-
dine  d,, n=2.182-2205 A; pyrimidine  dg, y=2.128-
2.137 A). The longest Zn—N bond lengths correspond to the
6-methyl-substituted pyridine rings, since the methyl group
presents a steric barrier to coordination and prevents close
approach of the pyridine donor atom to zinc(m).? This at-
tenuates the ligand field and explains why the Zn" centres
can be substituted by Fe" ions that exhibit thermally in-
duced spin crossover (grid 8). The four ligands divide into
two sets, with one pair situated above and the other below
the Fe™,Zn", mean plane. Viewed from the centre of the
grid, the first two ligands are concave (centroid—centroid
distances between two pyrimidine rings or an unsubstituted
pyridine and a 6-methylpyridine ring =5.48, 4.86, 4.88 A, re-
spectively), and are canted towards each other. The remain-
ing two ligands are convex (centroid—centroid distances be-
tween two pyrimidine rings or an unsubstituted pyridine and
a 6-methylpyridine ring=4.82, 6.19, 6.19 A, respectively),
and are tilted away from each other. In contrast, the ligands
are nearly parallel within each pair in the solid-state struc-
ture of [Co™,Zn",B,](BF,);(PF;); (6) (centroid—centroid dis-
tances between two pyrimidine or two pyridine rings=6.36,
6.44, 6.74 A (pair 1); 6.36, 6.43, 6.46 A (pair 2)). This is due
to the 2-pyrimidine phenyl substituent in 6 (absent in 9),
which inserts between two parallel ligands and stabilises the
structure through m—m stacking interactions.

'"H NMR spectroscopy: Both the nature of the R group at
the pyrimidine 2-position and the type of secondary metal
ion M? have a profound influence on the magnetic proper-
ties of the Co™-based grids 1-6. The magnetic features can
be investigated in solution by means of '"H NMR spectrosco-
py, and a preliminary discussion of the results for grids 1-3
has already been presented.”” The 'HNMR spectra of
mixed-valence grids 1 and 4 were analysed by two-dimen-
sional experiments (COSY and ROESY) and the proton T,
relaxation times were recorded. These grid complexes exhib-
it similarities in their '"H NMR spectra: 1) both display a set
of broad, paramagnetically shifted peaks over a large chemi-
cal shift range (6 =207 ppm (1), 250 ppm (4)), attributed to
the influence of the paramagnetic Co" ion on the local mag-
netic field and proton relaxation rate;*”* 2) both possess a
set of five sharper peaks in the region 0-15 ppm, assigned to
the pyridyl and methyl protons adjacent to the diamagnetic
Co™ centre. In addition, five distinct signals are observed
for the phenyl protons in 4, indicating that rotation about
the pyrimidine-phenyl bond is sterically hindered in the
complex.” In contrast, the Co™,Zn",-based complexes 3
and 6 both contain four diamagnetic metal centres and
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therefore display diamagnetic '"H NMR spectra over a limit-
ed chemical shift range of approximately 5.5 ppm.

The Co™,Fe", complex 2 (R=H) also possesses a diamag-
netic '"H NMR spectrum, signifying that the two iron(ir) cen-
tres are in the low-spin state. However, introduction of a
phenyl group at the pyrimidine 2-position generates a grid
complex that contains two high-spin iron(m) sites. Literature
precedents reveal a variety of factors that can be used to de-
termine the iron(1) spin state, including 1) inter- and intrali-
gand steric effects,*2*3 2) electronic effects of ligands and
their substituents,”"! 3) the ligand protonation state®™ and 4)
the type of counterion.” For example, both the complex
stability and spin state of iron(1) polyimine complexes are
influenced by the steric effect of substituents a to the donor
nitrogen atoms. A clear demonstration of this phenomenon
occurs with tris(1,10-phenanthroline)iron(ir) compounds: the
unsubstituted phenanthroline complex is low spin, the tris(2-
methyl-1,10-phenanthroline) version is less stable and exhib-
its spin crossover, while the tris(2,9-dimethyl-1,10-phenan-
throline) complex is high spin.”**%! This behaviour is attrib-
uted to the steric effect of methyl groups adjacent to the
donor nitrogen atoms, which weakens the Fe"-N coordina-
tive interactions and makes the high-spin state more ther-
mally accessible. The correlation between spin state and 2-
pyrimidine substituent has previously been noted for
[Fe™,L,J*" [2x2] grid complexes (L =4,6-bis(2',2"-bipyrid-6'-
yl)pyrimidine and derivatives), and is ascribed to a steric
effect that distorts the iron(11) coordination sphere.®™® Varia-
ble-temperature experiments performed on 5 (2:1 [D;]MeC-
N/[D¢]Me,CO, 338-203 K) show that iron(i) remains high
spin over the entire temperature range.

The tetrairon(i) grid 8 possesses two types of binding
site: a pocket formed by negatively charged ligand units and
a neutral site possessing sterically bulky methyl groups a to
the donor pyridine nitrogen atoms. Both steric and electron-
ic factors therefore suggest a strongly bound, low-spin Fe"
centre at the first site, and a more weakly bound, high-spin
or spin-crossover complex at the second site. Figure 5 illus-
trates the '"H NMR spectrum of grid 8 at 343 K and 298 K
([D;3]MeCN) and at 213 K (2:1 [D3]MeCN/[D¢]Me,CO). At
298 K, the complex displays two sets of signals that can be
attributed to protons adjacent to the diamagnetic and para-
magnetic Fe" sites, respectively. The protons surrounding
the paramagnetic Fe"" centre are broadened and paramag-
netically shifted up to 48 ppm. In contrast, the four relative-
ly sharp pyridyl peaks at the low-spin site occur in the “dia-
magnetic region” at 6 =7.1 (pyr4), 6.9 (pyr6), 5.9 (pyr3) and
5.7 ppm (pyrS). The spectrum expands to 88 ppm upon heat-
ing to 343K, while a contraction of the spectroscopic
window is observed upon cooling the sample. In fact, the
"H NMR spectrum at 213 K does not extend above 10 ppm
and is almost completely diamagnetic, suggesting that all
four iron() sites are in the low-spin state. Thus, 'H NMR
solution studies show spin crossover occurring selectively at
the Fe" centres coordinated to neutral, sterically hindered
terdentate sites. Detailed solid-state magnetic studies of grid
8 are in progress and will be reported elsewhere.** As ex-
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Figure 5. 'HNMR spectra (400 MHz) of grid complex 8: 298K,
[D3]MeCN, full spectrum (top left); 298 K, [D;]MeCN, high field region
(top right); 343 K, [D;]MeCN, full spectrum (bottom left); 213 K, 2:1
[D;]MeCN/[D¢]Me,CO, full spectrum (bottom right). ([D¢]Acetone was
added to obtain spectra at temperatures below the freezing point of
[Ds]MeCN at 228 K.)

pected, diamagnetic complexes are obtained by replacing
the spin-crossover Fe™ ions by Zn" (to give grid 9), or re-
moving the steric effect of the methyl groups R’ (to afford
low-spin tetrairon(m) grid 7, R'=H).

Electrochemical studies: The redox behaviour of corner
complexes 10-13 and grid arrays 1-9 was investigated in
acetonitrile/0.1 M Bu,PF; by using a variety of electrochemi-
cal techniques, including cyclic voltammetry, square-wave
voltammetry, rotating-disk voltammetry and spectroelectro-
chemistry. The redox properties of neutral corner complexes
12,13 were analysed in dichloromethane for solubility rea-
sons. Most of the grid arrays gave well-defined cyclic vol-
tammograms showing pairs of overlapping one-electron
transfers (see Experimental Section and Figure 8 later).
Analysis of peak shapes and characteristics with scan rate
shows that the first reduction is composed of two overlap-
ping reversible reduc-

tion waves separated by 40-70 mV. The remaining electron
transfers have either similar characteristics to the first re-
duction, or can be resolved as two one-electron transfers, in-
dicative of redox potential differences higher than 70 mV.
Table 1 summarises the redox behaviour of the [Co™(L7),]*
precursors 10 and 11 and the corresponding grid complexes
1-3 and 4-6, respectively. The data for iron(11) corner com-
plexes 12,13 and associated grids 7-9 are collected in
Table 2. The redox potentials of all complexes are displayed
graphically in Figure 6.

Reduction processes for cobalt(i) corner complexes 10,11
and grid arrays 1-6: The cobalt(1) corner complexes 10,11
each display two one-electron reversible reduction steps.
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Table 1. Redox potential E [V] of corner complexes 10,11 and grid complexes 1-6 in MeCN (0.1m Bu,NPFj,

glassy carbon electrode, versus Fct/Fc, scan rate 0.1 Vs,

The first reduction process

occurs at —1.07V (10) and

10 11 1 2 3 4 5 6 —0.84 V (11), while the second
E, [VI® 408204 41228 +0.311 +0.92 +1.3064 41.46") +1.4610  +1.3409  step is observed at significantly
+098 4027 40385 +114% 4097 +118  more  negative  potentials
+0.73%¢ +0.89 +1.12 1.98 V

-1 and —1.93V for 10

E.q [V]¥ —1.07 —0.84 —0.63 —0.61 —0.65 —0.38 —0.38 —0.40 ( .
~1.98 ~1.93 ~071 ~0.70 ~0.74 ~045 044 046  and 11, respectively). Spectro-
-1.18 ~1.54 —~1.60 131 —1.44 -1.60 electrochemical experiments
-1.27 -1.61 -1.67 -1.37 -1.50 —1.66 were performed for complex 11

[be] . . .

_1'23 —1.80 _i'gi _i'gg _1'2‘7‘ in order to ascertain the site of
5 ol 590 517 reduction (F?gure 7). The band
2929 225 at 488nm in the unreduced

[a] One-electron process unless otherwise stated. [b] Two-electron process. [c] Four-electron process. [d] Irre-
versible oxidation: anodic peak potential. [e] Irreversible reduction: cathodic peak potential. [f] Electrode in-

hibition. [g] Small amplitude signal.

Table 2. Redox potential E [V] of corner complexes 12,13 in CH,Cl, and
grid complexes 7-9 in MeCN (0.1m Bu,NPF, glassy carbon electrode,
versus Fc*/Fc, scan rate 0.1 Vs’l).

12 13 7 8 9
E, [VI®  +0.814 +1.031%¢ 4097 +1.774 414004
—0.29 +0.7414 +0.83 +1.08 +0.15
—0.27 +0.15 +0.93 +0.10
+0.08 +0.16
+0.10
Eoq [V —240t 225 —1.54 -1.30 —1.58
—-1.59 —134 -1.62
—1.83<l 1,900 —1.84lee]
—2.314

[a] One-electron process unless otherwise stated. [b] Two-electron proc-
ess. [c] Multielectron process: no. of electrons cannot be determined with
accuracy. [d] Irreversible oxidation: anodic peak potential. [e] Irreversible
reduction: cathodic peak potential. [f] Reversible reduction seen for scan
rates > 2 Vs~'. [g] Small amplitude signal.
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Figure 6. Summary of the redox potentials (E/V) for the redox steps in
complexes 1-13. Corner complexes 10-13 are represented by triangles.
The corresponding grid complexes [Co",M%(L"),]** (1-6) or
[(Fe" 5),M%(L"),]** (7-9) are denoted by circles. Black, white or grey cir-
cles correspond to M>=Co", Fe!' or Zn", respectively. (Small amplitude
signals due to electrogenerated species are omitted for clarity.)
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complex is assigned to a ligand-
centred (LC) m—m* transition,
since an absorption twice the
intensity is observed at 483-
485 nm for grids 4-6, and be-
cause bands at 485/495 nm occur in mononuclear cobalt(1r)
complexes that contain deprotonated pyridylhydrazone li-
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Figure 7. Time-resolved UV-visible spectra for the first (top) and second
reduction steps (bottom) of cobalt(1) corner complex 11 in MeCN +
0.1m Bu,NPF; (spectra recorded every 5 s).
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gands.”™ The LC band undergoes a blue shift to 460 nm
during the first reduction step, while the absorption at
322 nm decreases and exhibits a small bathchromic shift of
7nm. The fact that the LC band at 488 nm shifts hypso-
chromically but retains its intensity suggests that the first re-
duction is metal-centred. In contrast, a hyperchromic effect
is seen for the band at 460 nm during the second reduction
step, accompanied by a hypsochromic shift of 16 nm. In ad-
dition, a new spectroscopic feature appears around 600 nm,
together with a severely broadened absorption extending
across the visible and near-IR regions. A decrease of the un-
reduced ligand m—rt* band at 460 nm is predicted if the
second reduction is ligand-centred, while the two new low-
energy bands are probably intraligand m*-smt* transitions
from the SUMO of the monoreduced ligand to the first and
second ligand-based LUMOs."® Similar spectroscopic evolu-
tions were noted for the ligand-based reductions of
[M",L,]¥* complexes (M"=Co", Fe''; L =4,6-bis(2',2"-bipyr-
id-6'-yl)-2-phenylpyrimidine).*"!

The cyclic voltammogram of grid § is presented as an il-
lustrative example of the reduction behaviour in a
[Co™,M?,(L"),]** grid complex (Figure 8). The site of reduc-

ba

h9 Fc

EIV

Figure 8. Cyclic voltammogram of [Co™,Fe",B,]°* (5)+ferrocene in
MeCN (0.1m Bu,NPF;, Pt electrode, scan rate 0.1 Vs™!, vs Fc/Fc™). ab:
Co" reduction; ¢-h: ligand reduction; i,j Fe" oxidation.

tion in these grids was confirmed by spectroelectrochemical
investigations similar to those described for complex 11. The
reduction properties of [Co™,M?(L"),]°* grids (1-6) display
two salient features: 1) an initial pair of overlapping, re-
versible, one-electron reduction steps occurring on the two
Co™ centres; 2) one to three pairs of overlapping reversible
one-electron reductions at more negative potentials
(-1.18 V to —2.29V), occurring on the ligand (Figure 6,
Table 1).

Grids 1-3 (R=H) exhibit a pair of metal-centred reduc-
tions in the range —0.61 V to —0.74 V, while the correspond-
ing values for grids 4-6 (R=Ph) appear between —0.38 V
and —0.46 V. The cobalt(in) ions are diagonally opposed and
therefore too far apart to communicate electronically; this is
reflected by the small separation between the two reduction
steps (60-90 mV).’l As expected, the Co"/Co" reduction
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potentials for grids 1-6 are shifted to less negative potentials
relative to the mononuclear precursor complexes 10,11
(AE,,=420-460 mV). Coordination of the metal ion M? to
the second site of the bridging ligand stabilises the orbitals
of the Co™ ion, thus facilitating the Co™/Co" reduction
process. 2>

The two metal-centred reductions are followed by pairs of
ligand-based reduction steps (Figure 6). The separation be-
tween the first two ligand-based reductions is typically small
(AE;,=60-90 mV), indicating that the reduction sites are
situated on parallel ligands (average centroid—centroid dis-
tance for parallel pyrimidine rings in 6=6.35 A; Figure 3). It
should be noted that the reduction potential depends on
both the secondary metal ion M? and the 2-pyrimidine sub-
stituent. For example, the redox potentials are more positive
for the first two ligand-based reductions when M?=Co"
rather than Fe' or Zn", indicating that the metal ion M? has
a significant effect on the ligand-based LUMOs. Similarly,
the first reduction potential is less negative for [Co"(tpy),]**
complexes relative to [Fe'(tpy),]** (tpy=2,2":6',2"-terpyri-
dine and derivatives).

A second pair of reversible monoelectronic ligand-based
reductions is observed for grids 1 and 4-6 (—1.78V to
—1.97 V, Figure 6). Again, the two redox steps occur in close
proximity and are assigned to reduction of the second set of
parallel ligands in the complex. There is a substantial poten-
tial shift between the first and second pairs of ligand-based
reductions, which varies in magnitude according to the type
of metal ion M% Thus, large potential shifts of 570 mV (1)
and 460 mV (4) separate the second and third monoelec-
tronic ligand-based reductions when M?*=Co", while AE,,
spans 280 mV for grid 5 (M?>=Fe™) and only 180 mV for 6
(M?=Zn").

Only grids 5§ and 6 display a third pair of reversible one-
electron ligand-based reductions (—2.17V to —-229V,
Figure 6). This redox behaviour is assigned to further reduc-
tion of two already dianionic parallel ligands, with negligible
interaction across the grid.

Oxidation processes for cobalt(i) corner complexes 10,11
and grid arrays 1-6: Irreversible oxidation processes have
previously been noted for keto-aryl and keto—steroid hydra-
zones, whereby loss of two electrons and a proton from the
hydrazone group generates a reactive intermediate suscepti-
ble to nucleophilic attack.*”’ The cyclic voltammograms of
cobalt(m) corner complexes 10 and 11 also display an irre-
versible two-electron oxidation step (+0.82 V and +0.73V,
respectively), attributed to the negatively charged hydra-
zone moiety.

The [Co™,Fe™,(L"),]*" grids 2 and 5 both exhibit a pair of
reversible, overlapping, one-electron oxidation processes
centred around +0.9V, assigned to Fe"/Fe" redox couples
on noninteracting iron centres. The average oxidation poten-
tial is only slightly more positive when the Fe" ions are in
the high-spin state (5) relative to the low-spin version in 2
(avEp(5)—av E|5(2)=+45mV). This relative insensitivity
to spin state may reflect counterbalancing steric and elec-
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tronic effects in 5. Thus, the phenyl electron-releasing effect
would lower the Fe" oxidation potential, while the phenyl
steric influence would lengthen the Fe—N bonds relative to
2, so destabilising Fe™ relative to Fe™ and raising the oxida-
tion potential.®4!]

The oxidation steps in [Co™,Zn™,L,"]** grids 3 and 6 are
assigned to ligand-based oxidations,*! since the Zn" centres
are redox inactive and literature precedents for reversible!*’]
and irreversible!! hydrazone-based oxidations are known.
The oxidation potentials of [Co™,Co™,B,]*" (4) are similar
to those of 6, although the irreversible oxidation at +1.14 V
results from partial decomposition of the grid complex.

The oxidation of mixed-valence grid 1 is an unusual case.
The cyclic voltammogram of this complex exhibits a quasi-
reversible small amplitude oxidation signal when the scan
rate is 0.1 Vs™' (E;,=40.29 V). However, the peak ampli-
tude increases on lowering the scan rate and at 20 mVs ™' is
comparable to the amplitude of each two-electron reduction
step. In addition, the peak potential difference E,,—E,. de-
creases with scan rate. These observations are consistent
with a slow electron-transfer process occurring on the two
cobalt(m) ions, as confirmed by spectroelectrochemistry.
Slow electron-transfer kinetics may result from Co" oxida-
tion accompanied by a spin change from Coys to
COIHLs. [44,45]

The failure to observe a similar metal-centred oxidation
process for 4 is surprising, since both 1 and 4 contain a
mixed-valence Co™,Co", motif. However, no cobalt(1) oxi-
dation was detected for a homometallic [Co",L,]** hydra-
zone grid under identical experimental conditions (the Co™"
ions possess the same coordination environment as the Co"
centres in 4).* Electrochemical analysis of dicobalt(i)
triple helicates showed that the Co™/Co™ oxidation potential
depended on steric constraints./*! Thus, cobalt(i) cannot be
oxidised to cobalt(nr) when methyl groups are located a to
the donor pyridine nitrogen atoms in the helicate. This is be-
cause oxidation from Co"j5 to Co™, g would result in a sig-
nificant Co—N bond contraction (0.19 A for [Co(bpy),]>*),1*"]
which is effectively precluded by the methyl-methyl steric
interaction. In contrast, the complex possessing methyl
groups P to the pyridine N atoms is less sterically hindered
and exhibits a Co™ oxidation wave at +0.37 V versus SCE.
The absence of a Co™ oxidation step in 4 may therefore re-
flect a phenyl steric effect, which hampers any geometric re-
organisation. Ligand-imposed geometric constraints have
been shown to affect the oxidation level of tetranuclear
manganese and cobalt systems.[*!

Reduction processes for iron(1) corner complexes 12,13 and
grid arrays 7-9: The electrochemical data for the iron()
precursor complexes 12,13 and their corresponding grid
complexes 7-9 are collected in Table 2 and presented sche-
matically in Figure 6. The redox properties of grid 8 are il-
lustrated by the cyclic voltammograms in Figure 9. The
corner complexes 12 and 13 both display a reduction step at
very negative potentials, assigned to a ligand-based process
(by analogy to the second reduction step in cobalt(1) com-
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Figure 9. Top: Cyclic voltammograms of grids 8 (bold) and 9 (thin) over
the potential range —2.1 V to +1.6 V (MeCN+0.1m Bu,NPF,, Pt elec-
trode, scan rate 0.1 Vs™', vs Fc/Fct). Bottom: Effect of scan rate on the
cyclic voltammograms of grid 8 (potential range: —2.5V to +1.48V vs
Fc/Fc*; scan rate V™' s™'=5, 2, 0.5; peak amplitude increases with scan
rate).

plexes 10,11). It should be noted that the first reduction at
—1.07 V in complex 10 and —0.84 V in 11 is absent in 12,13,
which strongly supports the Co™/Co" assignment for this
step (vide supra).

Two ligand-based reduction waves are observed at low
scan rates (0.1 Vs™') for grids 7-9 (Table 2 and Figure 9,
top). The first step is reversible and comprises two overlap-
ping monoelectronic reductions at —1.54/—1.59 V (7), —1.30/
—1.34V (8) and —1.58/—1.62 V (9), while the second reduc-
tion is irreversible. This latter step yields a deposit on the
electrode surface, which is reoxidised on the reverse scan to
give sharp peaks characteristic of anodic redissolution pro-
cesses.

The redox properties of 8 were studied at different scan
rates and the cyclic voltammograms are presented in
Figure 9 (bottom). When the scan rate is increased above
2 Vs~ the second step at —1.90 V becomes reversible and a
third reversible reduction is observed at —2.31 V. This re-
flects the shorter reduction time, which results in a lower
concentration of the four-electron reduced species at the
electrode surface, thus preventing precipitation at the elec-
trode surface.
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Oxidation processes for iron(1n) corner complexes 12,13 and
grid arrays 7-9: The mononuclear precursor complexes 12
and 13 display a reversible one-electron oxidation at nega-
tive potential (—0.29 V and —0.27 V, respectively), followed
by an irreversible oxidation at positive potential (+0.81 V
and +0.74 'V, respectively). The oxidation wave at positive
potential is ligand-centred, while the process at negative po-
tential is ascribed to the Fe"/Fe" redox couple. This rela-
tively low iron(m) oxidation potential is attributed to the
presence of two negatively charged deprotonated ligands,
which stabilise the iron(1) oxidation state.[*) A further irre-
versible oxidative step is observed at +1.03 V for 13, whose
peak amplitude is smaller than the other two oxidation sig-
nals. This step is assigned to oxidation of an electrogenerat-
ed species, presumably originating from an EC process at
+0.74 V.

The two tetrairon(1) grids 7 and 8 exhibit similar oxida-
tive properties attributed to the Fe/Fe" redox couples. For
example, the (Fe™ s),(Fe"sc), grid 8 displays two pairs of re-
versible, monoelectronic metal-centred oxidations at +0.10/
+0.16 Vand +0.93/+1.08 V, respectively. The pair at lower
potential is assigned to the two Fe' g centres, which are
each surrounded by two negatively charged terdentate units.
In contrast, the Fe''y sites are coordinated by neutral hydra-
zone moieties and the oxidation potential is therefore shift-
ed to more positive values. The above electrochemical as-
signment is confirmed by the cyclic voltammogram of the
(Fe,5),Zn", grid 9, which exhibits only one pair of overlap-
ping monoelectronic iron-centred oxidations at +0.10/
+0.15 V (Figure 9, top).

The Fe™/Fe" redox potential of iron imidazole complexes
shifts negatively upon deprotonation, with E,, decreasing by
235-345 mV per dissociated proton.*”! The 770 mV gap sep-
arating the second and third oxidation potentials in 8 re-
flects double deprotonation at the Fe'| g site, supplemented
by a potential shift due to electronic communication be-
tween Fe''sc and two adjacent Fe'" centres. Interestingly, the
electronic interaction between two diagonally opposed iron
sites depends on the oxidation state of the remaining metal-
lic centres. Thus, AE;,(2nd—1st)=60mV, while AE,,-
(4th—3rd) is significantly larger at 150 mV. This behaviour is
mimicked by the tetrairon(i1) grid 7 and has previously been
reported for a [Fe™,L,J** grid array based on a neutral bis-
(terdentate) scaffold.”?”!

The major influence on the iron(m) oxidation potential is
the charge on the ligand binding pocket, rather than the Fe"
spin state in the grid. This can be seen by a comparison of
the Fe™/Fe redox couples in complexes 2, 5, 7, 8 and 9.
Grids 2, 5, 7 and 8 exhibit similar redox potentials for Fe"
oxidation at the neutral binding site, regardless of iron(1)
spin state. In contrast, only the grids 7-9 possessing Fe" ions
coordinated to a negatively charged site present a negative
shift in the Fe" oxidation potential.
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Conclusion

A three-tiered synthetic route has been used to contruct an
extended family of heterometallic [2x2] [Co™,M%(L7),]**
grid-type arrays (M?>=Co", Fe", Zn"). This approach en-
compasses regioselective, redox and enantioselective fea-
tures and is based on the stepwise construction of bis-
(terdentate) hydrazone ligands. These ligands contain both
ionisable and nonionisable compartments, thus allowing
modification of the cobalt oxidation state according to the
charge on the hydrazone moiety. The physical properties of
the metalloarrays can be tuned by changing the type of 2-
pyrimidine substituent.

The synthetic strategy can be adapted to prepare a series
of [(Fe"5),M%(L"),]** complexes incorporating two diago-
nally located low-spin Fe" ions situated in negatively charg-
ed octahedral binding sites. The secondary metal ion M? was
selected as Fe" or Zn" and is located at the neutral, N-me-
thylated hydrazone site. The steric effect of the peripheral
6-pyridine substituent governs the iron(m) spin state at the
neutral binding pocket. This allows an unusual mixed-spin-
state grid to be assembled, which features two low-spin and
two spin-crossover Fe'! centres across the grid diagonals.

The secondary metal ion M? and the pyrimidine/pyridine
substituents strongly influence the magnetic properties of
the grid. This was revealed by "H NMR spectroscopic stud-
ies conducted in [Ds]acetonitrile. As expected, the 'H NMR
spectra were diamagnetic for M*=2Zn" or Fe'; (M'=dia-
magnetic, low-spin Co™ or Fe'), but paramagnetically shift-
ed when paramagnetic ions Co" or Fe',;s were present. In-
terestingly, the Fe' ions can be low-spin, high-spin or spin-
crossover centres depending on the central 2-pyrimidine (R)
and external 6-pyridine (R’) groups. For example, the
[Co™,Fe™,(L7),]°* complex is diamagnetic when R=H (low-
spin Fe™), but paramagnetic when R =Ph (high-spin Fe™).

Electrochemical studies were performed for all the het-
erometallic grid arrays and their respective mononuclear
precursor complexes. The grids act as electron reservoirs
and exhibit a series of monoelectronic reversible ligand-
based reduction steps, which generally occur in pairs. The
stability towards reduction crucially depends on the type of
2-pyrimidine substituent (R), with up to six reversible
ligand-based reductions observed for grids 5 and 6 (R=Ph).
Oxidation of the ligand is usually irreversible, although a
notable exception is the reversible behaviour displayed by 4.

Although all reduction steps below —1.0 V are formally
centred on the ligand, it is clear that the metal ion modu-
lates both the redox potential and the potential shift (AE;,)
separating each pair of reductions. This is readily seen by a
comparison of [Co™,M?%,B,]°" grids 4-6, in which AE,,, fol-
lows the M? sequence Co">Fe™>Zn". A similar trend has
been noted for homometallic [M",L,]** grids based on ho-
moditopic bis(hydrazone) ligands (M"=Co", Fe!!, Zn').2I

Individual metal ions can be targeted electrochemically in
the heterometallic grid motif. For example, grids 2 and §
each incorporate two Co™ and two Fe" centres that can be
selectively reduced or oxidised, respectively. The metal-cen-
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tred redox properties of mixed-valence grid 1 and tetra-
iron(1) grids 7,8 are particularly intriguing. Both these ex-
amples show how the redox potential of the M"™/M" couple
can be controlled according to the charge on the ligand
binding pocket. This feature allows selective electrochemical
switching between [M™,MY], [M"™,M"™,] and multiple
mixed-valence electronic configurations.

In conclusion, heterometallic grids based on hydrazone li-
gands possess a range of desirable physicochemical and
structural features, including: 1) two types of metal ion that
can be introduced at specific sites in a [2x2] array; 2) mag-
netic properties that can be tuned according to the type of
metal and ligand substituent; 3) local addressability through
external stimuli, such as temperature or electrochemical po-
tential; 4) thermally induced spin crossover and 5) electron-
ic multistability, whereby the grid can exist in “on” or “off”
states by manipulating the redox levels of the ligand and/or
the metal. This type of metalloarray offers a wide palette of
locally tunable features for supramolecular electronics. It
thus represents a promising model for the development of
future information storage devices incorporating multilevel
redox and magnetic activity.

Experimental Section

General: Reagents were obtained from commercial suppliers and used
without further purification unless otherwise noted. Chromatography was
carried out on Merck silica gel 60 (0.063-0.200 mm) or Merck aluminium
oxide 90 standardised. 4,6-Dichloropyrimidine, 97 % (Aldrich) was puri-
fied by chromatography on silica gel (eluent: CHCL;) prior to use. 4,6-Di-
chloro-2-phenylpyrimidine,®” 4-chloro-6-hydrazinopyrimidine!™ and 4-
chloro-6-hydrazino-2-phenylpyrimidine!™* were prepared according to lit-
erature procedures.

Electrochemistry: All compounds were studied in CH,Cl,+0.1m
Bu,NPF, and in CH;CN+0.1m Bu,NPF, respectively. The electrochemi-
cal measurements were carried out at room temperature (20°C) in
CH,CI, containing 0.1 Bu,NPF, in a classical three-electrode cell. The
electrochemical cell was connected to a computerised multipurpose elec-
trochemical device (Autolab, Eco Chemie BV, The Netherlands) control-
led by a GPES software (v. 4.7) running on a PC computer. The working
electrode was a glassy carbon (GC) disk electrode (diameter: 3 mm)
used either motionless for cyclic voltammetry (10mVs™ to 10 Vs™') or
as a rotating disk electrode. The auxiliary electrode was a platinum wire,
and the reference electrode was an aqueous Ag/AgCI/KCl (sat.) elec-
trode. All potentials are referred to the ferrocenium/ferrocene (Fc*/Fc)
couple used as the internal standard in agreement with the IUPAC rec-
ommendation.”!! Under our experimental conditions, ferrocene was oxi-
dised at 40.40V versus Ag/AgCl. The accessible potential domain
ranged from +1.4 to —2.4 V versus Fc*/Fc. CH,Cl, (Merck, spectroscop-
ic grade) was dried over molecular sieves (4 A) and stored under argon.
Bu,NPF, (Fluka, electrochemical grade) was used as received. The elec-
trolyte was degassed by bubbling argon through the solution for at least
Smin, and an argon flow was kept over the solution during measure-
ments.

Studies carried out in CH;CN were made in a glovebox under drastic ex-
clusion of water and oxygen (less than 2 ppm). The classical three-elec-
trode cell was connected to a Princeton Applied research potentiostat
263, controlled by a Powerlab/Echem electrochemical system (ADInstru-
ments, USA). The working electrode was a platinum disk (2 mm in diam-
eter), the auxiliary electrode a platinum wire, and the pseudo-reference
electrode was also a platinum wire. Ferrocene, used as an internal stan-
dard, was introduced to the solution at the end of the study. All given po-
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tentials are therefore given versus ferrocene. CH;CN (Merck, spectros-
copic grade) and Bu/NPF, (dried at 65°C for 24 h) were introduced in
the glove box. Bu,NPF¢ was solubilised in CH;CN inside the glove box
and the solution was then percolated over activated alumina. The avail-
able potentials on a platinum working electrode ranged from —2.5 to
+2.1 V/Fc.

Square-wave voltammetry was carried out at 75 Hz, by using a square-
wave amplitude of 25 mV and a potential step of 2.5 mV. Cyclic voltam-
metry was carried out at scan rates ranging from 0.1 to 10 Vs~'. Evolu-
tion of the peak current and the peak potential with scan rate indicated
that most electron transfers were reversible, as shown by a peak current
ratio equal to unity and constant peak potentials for scan rates up to
1 Vs~!. Careful analysis of the peak characteristics and log-plot slopes of
the waves obtained by rotating disk voltammetry allowed us to determine
the individual redox potentials for overlapping electron transfers.*?

The number of exchanged electrons for each step was determined by
comparison of the wave amplitudes, observed by rotating disk voltamme-
try, of known concentrations of grids and ferrocene. In our experimental
conditions, the first reduction step of the corner complexes involves one
electron, whereas the first reduction of the grid arrays involves two elec-
trons.

Spectroelectrochemical experiments were carried out as described else-
where.!

Instrumentation: UV/Vis spectra were recorded for 6x 10~°m solutions in
MeCN or CH,Cl, by using a Varian Cary 3E UV/Vis spectrophotometer.
'"H and "CNMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer by using the residual solvent peak as reference. The nota-
tion system used to assign the 'H NMR spectra is shown in Figure 10.

im
pyr3 Mf N pym5 l\'{/:e H pyr3'

R : Xy UNF Xy, pyrd'
pyrd NS TUNT YT by '
pyr5 N NN N_~ pyr5

pyré pym2 pyré’

Figure 10. Ligand numbering system used to assign "H NMR spectra.

4-Hydrazino-6-(N-methylhydrazino)pyrimidine (16): N-Methylhydrazine
(1.70 mL, 0.032 mol) was added to a suspension of 4-chloro-6-hydrazino-
pyrimidine (0.928 g, 6.42 mmol) in MeOH (15mL) and the mixture
heated to reflux under argon for 4 h. The volatiles were evaporated to
afford a white solid, which was triturated with Et,O and then suspended
in ice cold MeOH (2 mL). The mixture was stirred for 0.5 h, filtered (to
remove MeNHNH, contaminants) and washed carefully with cold
MeOH. The product was obtained as a white solid, which was dried
under vacuum (0.782 g, 79 %). It was used in the subsequent step without
further purification. 'H NMR (400 MHz, [D(]DMSO): 6=7.90 (s, 1H;
pym2), 7.58 (brs, 1H; NH), 6.27 (s, 1H; pym5), 4.40 (brs, 4H; NH,),
3.18 ppm (s, 3H; Me); “C NMR (100 MHz, [Ds]DMSO): 6 =166.1, 165.1,
156.7, 80.3, 37.4 ppm; HR-FAB-MS: m/z: caled for CsH;Ng: 155.1045;
found: 155.1046 [M+H]*.
4-Hydrazino-6-(N-methylhydrazino)-2-phenylpyrimidine (17): N-Methyl-
hydrazine (2.76 mL, 0.052 mol) was added to a solution of 4-chloro-6-hy-
drazino-2-phenylpyrimidine (0.763 g, 3.46 mmol) in MeOH (15 mL) and
the mixture heated to reflux under argon for 23 h. The volatiles were
evaporated and the residue triturated with Et,O. The crude white solid
was dried under vacuum and used in the subsequent step without further
purification. '"H NMR (400 MHz, [Dg]DMSO): 6=8.30 (m, 2H; o-Ph),
7.56 (s, 1H; NH), 7.42 (m, 3H; m-Ph, p-Ph), 6.28 (s, 1H; pym5), 4.60
(brs, 2H; NH,), 4.19 (brs, 2H; NH,), 3.32 ppm (s, 3H; Me); *C NMR
(100 MHz, [D4]DMSO): 6=167.0, 165.8, 161.3, 139.3, 130.0, 128.3, 128.0,
79.3 ppm; HR-FAB-MS: m/z caled for C;;H;sN4: 231.1358; found:
231.1357 [M+H]*.

Ligand 18: 2-Acetylpyridine (561 pL, 5.00 mmol) in MeOH (10 mL) was
added dropwise over 15 mins to a solution of 16 (0.771 g, 5.00 mmol) in
MeOH (20 mL) cooled in an ice bath. The mixture was stirred for 1.5 h
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in the ice bath and then 18 h at room temperature. The precipitate was
isolated by filtration, washed with MeOH and Et,O, and then dried
under vacuum to yield the product as a white solid (0.553 g, 43%).
'HNMR (400 MHz, [Dg]DMSO): §=11.23 (brs, 1 H; NH), 8.64 (m, 1H;
pyr6), 8.40 (s, 2H; pyr3, pym2), 7.91 (m, 1H; pyrd), 7.45 (dd, J=7.3 Hz,
J'=4.9 Hz, 1H; pyr5), 6.78 (brs, 1H; pymS5), 5.34 (brs, 2H; NH,), 3.41 (s,
3H; NMe), 2.49 ppm (s, 3H; CMe); *C NMR (100 MHz, [D,]DMSO):
0=154.5, 152.0, 151.8, 150.4, 150.3, 148.9, 137.3, 124.7, 1214, 81.2,
13.1 ppm; HR-FAB-MS: m/z caled for Cj,H;N;: 258.1467; found:
258.1471 [M+H]*; elemental analysis caled (%) for C,H;sN;2H,O: C
49.1, H 6.5, N 33.4; found: C 49.2, H 5.7, N 33.2.

Ligand 19: Synthesis as for ligand 18, but with 2-acetylpyridine (197 uL,
1.76 mmol) in MeOH (5SmL), and 17 (0.405 g, 1.76 mmol) in MeOH
(2mL). The product was obtained as a white solid (0.255¢g, 43%).
'HNMR (400 MHz, [DJDMSO): 6=10.68 (s, 1H; NH), 8.64 (d, J=
4.9 Hz, 1H; pyr6), 8.49 (d, J=6.3 Hz, 2H; 0-Ph), 8.26 (d, J=8.3 Hz, 1H;
pyr3), 7.93 (t, J=7.8 Hz, 1H; pyr4), 7.57 (m, 3H; m-Ph, p-Ph), 7.45 (m,
1H; pyrS), 6.83 (s, 1H; pymS5), 3.45ppm (s, 3H; NMe); “CNMR
(100 MHz, [D¢]DMSO): 6=163.8, 154.8, 148.6, 137.8, 132.0, 128.9, 128.6,
124.4, 121.0, 81.5, 38.8, 12.8 ppm; HR-FAB-MS: m/z calcd for C;sHyN;:
334.1780; found: 334.1776 [M+H]*; elemental analysis calcd (%) for
CisHyN,2.5H,0: C 57.1, H 6.4, N 25.9; found: C 57.4, H 5.6, N 25.5.

Cobalt(m) complexes 10 and 20: Ligand 18 (88.7 mg, 0.345 mmol) and
Co(OAc),4H,0 (42.9 mg, 0.172 mmol) were heated at reflux in MeOH
(5mL) for 1 h to generate cobalt(i1) complex 20 in situ. The solution was
cooled and 2-pyridinecarboxaldehyde (65 pL, 0.689 mmol) added. The
mixture was stirred at room temperature for 18 h and the solvent then
evaporated under vacuum. The residue was purified by column chroma-
tography on alumina, gradually increasing the polarity of the solvent
system from CH,Cl,/MeCN (2:5) to MeCN to MeCN/MeOH (5:1). The
solvent was removed from the red product band to afford the monoace-
tate salt [Co™A,]JOAc as a brown solid (91.0mg, 65%). 'HNMR
(400 MHz, [D,]MeOD): 6=8.59 (d, /J=3.9 Hz, 1H; pyr¢'), 8.12 (d, /=
7.8 Hz, 1H; pyr3’), 8.03 (td, /=7.8 Hz, J'=1.3 Hz, 1H; pyr4), 7.95 (td,
J=7.6Hz, J'=1.7Hz, 1H; pyrd), 7.89 (s, 1H; H™), 7.88 (d, J=8.8 Hz,
1H; pyr3), 7.84 (d, J=4.9 Hz, 1H; pyr6), 7.46 (s, 1H; pym2 or 5), 7.43
(ddd, J=73 Hz, J'=49 Hz, J'=1.0 Hz, 1H; pyr5’), 7.33 (m, 1H; pyrd),
7.14 (s, 1H; pym2 or 5), 3.55 (s, 3H; NMe), 3.15 ppm (s, 3H; CMe);
BCNMR (100 MHz, [D,JMeOD): §=171.0, 162.2, 160.4, 154.6, 153.7,
149.5, 148.8, 148.4, 140.9, 138.6, 137.2, 125.8, 123.8, 123.2, 120.4, 88.0,
28.7,13.0 ppm; ES-MS: m/z: 750.8 [Co"A(A+H)] ™.

Solubility problems in the self-assembly step hindered attempts to pre-
pare grid 1 from Co(BF,),-6H,0 and [Co™A,]JOAc in MeCN. This diffi-
culty was overcome by changing the [Co™A,]* counterion from acetate
to hexafluorophosphate according to the procedure below:

[Co™A,]JOAC was dissolved in the minimum amount of water and treated
with a saturated aqueous solution of KPF,. The precipitate was isolated
by filtration and recrystallised from MeCN/Et,O to afford the hexafluo-
rophosphate salt [Co™A,]PF, (10) as a brown, crystalline solid (81.5 mg,
81% conversion from acetate salt). The "H NMR spectrum ([D,]MeOD)
and ES-MS: of 10 were identical to [Co™A,]JOAc. The '"HNMR spec-
trum of 10 was also recorded in [D;]MeCN to allow direct comparison
with the "H NMR spectra of grids 1-3 in [D;]MeCN: '"H NMR (400 MHz,
[D3]MeCN): 6=8.60 (m, 1H; pyr6¢’), 8.10 (d, J=8.3 Hz, 1H; pyr3’), 7.93
(td, J=78 Hz, '=1.0 Hz, 1H; pyr4), 7.88 (s, 1H; H™), 7.84 (1d, J=
7.8 Hz, J'=1.5 Hz, 1 H; pyrd), 7.71 (d, J=5.9 Hz, 1 H; pyr6), 7.71 (d, J =
7.8 Hz, 1H; pyr3), 7.39 (s, 1H; pym2 or 5), 7.35 (m, 1H; pyr5’), 7.22 (m,
1H; pyr5), 6.96 (s, 1H; pym2 or 5), 3.49 (s, 3H; NMe), 3.05 ppm (s, 3H;
CMe); UV/Vis (MeCN): A, (e)=468 (6.9), 320nm (7.0x
10* dm*mol'cm™); elemental analysis calcd (%) for CoCs;HsN;PF:
2H,0: C46.5, H 4.1, N 24.1; found: C 46.3, H 4.0, N 23.9.

Cobalt(m) complexes 11 and 21: Ligand 19 (49.4 mg, 0.148 mmol) and
Co(OAc),4H,0 (18.5mg, 0.074 mmol) were heated at reflux in H,O/
MeOH (7:3, 20 mL) for 2 h to generate cobalt(1r) complex 11 in situ. The
solution was cooled and 2-pyridinecarboxaldehyde (28 pL, 0.296 mmol)
added. The mixture was stirred at room temperature for 15 h and the sol-
vent then evaporated under vacuum. The sample was redissolved in the
minimum amount of water and treated with a saturated aqueous solution
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of KPF,. The precipitate was removed by filtration, washed with Et,0
and loaded onto an alumina column prepared in MeCN/CH,Cl, (5:4).
The eluent polarity was gradually increased from CH,Cl, to MeCN/
CH,(C], (1:2) to MeCN/CH,Cl, (5:4). The solvent was evaporated from
the orange product band to yield complex 11 as red-orange solid
(33.0mg, 42%). 'HNMR (400 MHz, [D;]MeCN): 0=8.64 (m, 1H;
pyr6'), 8.02 (d, /=82 Hz, 1H; pyr3’), 7.91 (s, 1H; H™), 7.86 (m, 2H;
pyr4, pyrd’), 7.61 (tt, J=7.4 Hz, J'=1.2 Hz, 1H; p-Ph), 7.53 (brm, 1H;
m-Ph), 7.50 (dd, /=82 Hz, J=0.9 Hz, 1H; pyr3), 7.41 (brm, 1H, m-Ph’),
7.38 (m, 2H; pyrS’, pyr6), 7.13 (m, 1H; pyr5), 6.90 (brd, 2H; o-Ph), 6.72
(s, 1H; pymS5), 3.46 (s, 3H; NMe), 2.47 ppm (s, 3H; CMe); *C NMR
(100 MHz, [D;]MeCN): 6 =172.0, 168.5, 160.8, 160.7, 154.2, 149.8, 149.6,
147.3, 140.7, 140.1, 138.1, 136.7, 129.0, 127.9, 127.8, 127.5, 126.6, 125.3,
123.7, 122.0, 119.8, 87.2, 29.2, 13.6 ppm (slow rotation of the phenyl
group at 298 K results in six separate *C signals for the phenyl carbon
atoms); UV/Vis (MeCN): A, (¢)=488 (6.6), 362 (sh, 3.1), 322 nm (8.1x
10* dm’mol 'em™); ES-MS: m/z: 901.3 [M—PF4]*; elemental analysis
caled (%) for CoC,H,N((PFg2H,0: C 53.2, H 4.3, N 20.7; found: C
53.3,H 4.1, N 20.2.

Iron(m) complex 12: Ligand 18 (0.190 g, 0.737 mmol) and Fe(BE,),:6 H,0O
(0.124 g, 0.368 mmol) in MeOH (10 mL) were heated at reflux under
argon for 1.5 h. The solution was cooled to room temperature and 2-pyri-
dinecarboxaldehyde (0.140 mL, 1.47 mmol) added. The mixture was stir-
red at room temperature for 3.5 h and then concentrated to about 3 mL.
The solution was added to Et,O (30 mL) to give a red precipitate, which
was isolated by filtration and subjected to chromatography on alumina
(eluent: MeCN/CH,Cl, 1:1) to yield the product as a dark green solid
(0.111 g, 40%). 'H NMR (400 MHz, CDCL,): 6=8.55 (d, J=4.1 Hz, 1H;
pyr¢’), 8.14 (d, J=8.0 Hz, 1H; pyr3’), 7.75 (td, J=7.7Hz, J=12 Hz, 1H;
pyrd’), 7.69 (s, 1H; H™), 7.43 (d, J=53Hz, 1H; pyr6), 7.35 (td, J=
7.6 Hz, J=1.2 Hz, 1H; pyr4), 7.25 (d, /=8.0 Hz, 1H; pyr3), 7.21 (m, 2H;
pyrsy’, pym2 or 5), 7.01 (s, 1H; pym2 or 5), 6.66 (t, J=6.0 Hz, 1H; pyr5),
3.44 (s, 3H; NMe), 3.19 ppm (s, 3H; CMe); “C NMR (100 MHz, CDCL):
0=162.6, 161.6, 157.5, 154.9, 152.2, 149.1, 136.5, 136.3, 134.6, 122.8, 121.5,
119.8, 118.6, 86.1, 29.4, 13.7 ppm; UV/Vis (MeCN): 4,,,, (¢)=609 (0.97),
460 (sh, 4.4), 416 (8.3), 322 nm (5.3x10*dm’mol~'cm™); ES-MS: m/z:
7463 [M]*, 3741 [M+2H]**; elemental analysis caled (%) for
FeC;H3Ns2H,0: C 55.3, H 4.9, N 28.6; found: C 55.0, H 4.8, N 28.7.

Iron(m) complex 13: Ligand 18 (0.323 g, 1.26 mmol) and Fe(BF,),:6H,0
(0.212 g, 0.628 mmol) in MeOH (20 mL) were heated at reflux under
argon for 2h. The solution was cooled to room temperature and 6-
methyl-2-pyridinecarboxaldehyde (0.304 g, 2.51 mmol) added. The mix-
ture was stirred at room temperature for 16 h and then concentrated to
about 5 mL. The solution was added to Et,O (30 mL) to give a red pre-
cipitate, which was isolated by filtration and subjected to chromatogra-
phy on alumina (eluent: MeCN/CH,Cl, 1:2) to yield the product as a
dark green solid (0.230 g, 47 %). '"H NMR (400 MHz, CDCl;): 6 =7.96 (d,
J=7.8Hz, 1H; pyr3), 7.67 (s, 1H; H™), 7.63 (t, J=7.7 Hz, 1H; pyr4’),
7.42 (d, J=5.4 Hz, 1H; pyr6), 7.34 (m, 1H; pyrd), 7.24 (d, J=8.0 Hz, 1H;
pyr3), 7.20 (s, 1H; pym2 or 5), 7.09 (d, J=7.4 Hz, 1H; pyr5’), 6.99 (s,
1H; pym2 or 5), 6.45 (m, 1H; pyr5), 3.43 (s, 3H; NMe), 3.18 (s, 3H;
CMe), 2.57 ppm (s, 3H; CMe'); *C NMR (100 MHz, CDCl,): 6=162.6,
161.6, 157.6, 157.4, 154.4, 152.1, 136.7, 136.5, 134.5, 122.3, 121.3, 1184,
116.8, 86.0, 29.4, 24.3, 13.6 ppm; UV/Vis (MeCN): 4., (¢)=609 (0.37),
460 (sh, 4.0), 419 (7.7), 325 nm (4.1x10*dm’mol~' cm™"); ES-MS: m/z:
7743 [M]*; elemental analysis caled (%) for FeCyHy N 1.5H,0: C
56.9, H 5.2, N 28.0; found: C 57.0, H 5.1, N 27.5.

Grid complex [Co™,Co",A ](PF),(BF,), (1): Complex 10 (33.7 mg,
37.6 moul) and Co(BF,),6H,0 (12.8 mg, 37.6 mopl) were stirred in
MeCN (2.5 mL) at room temperature for 18 h. The product was obtained
as a dark red solid by recrystallisation from MeCN/Et,O (33.3 mg, 75%).
'"HNMR (400 MHz, [D;]MeCN): 6 =213.7, 158.1, 138.5 (pyr6, pym2 and
H™), 75.7 (pyr3’ or 5'), 73.3 (pym5), 54.3 (pyr3’ or 5), 18.2 (pyr4'), 14.3
(CMe), 12.7 (pyr3), 11.4 (pyr6), 10.7 (pyr4), 7.9 (pyrS), 6.9 ppm (NMe);
UV/Vis (MeCN): 4, (€) =462 (12.3), 364 (5.8), 325 (6.2), 277 nm (7.4x
10*dm’mol 'em™'); ES-MS: m/z: 10402 [M-2BF,**, 1011.2
[M—PF—BF,]**, 982.1 [M—2PF]**, 749.2 [Co™A,]*, 672.2 [Co"A(A +
H)-CH\N]*, 6644 [M-3BF,]**, 6451 [M—PF—2BF,]**, 625.8
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[M—2PF,—BF,**, 476.6 [M—4BF,]**, 462.1 [M—PF,—3BF,]J'*, 447.6
[M—2PF—2BF,]**, 352.3 [M—PF,—4BF,]’*, 340.7 [M—2PF,—3BF,J’*,
269.4 [M—2PF,—4BF,]°*; elemental analysis caled (%) for
C0,CHgNy,P,B,Foe6 H,O: C 36.6, H 3.4, N 19.0; found: C 36.6, H 3.2,
N 18.7.

Grid complex [Co™,Fe",A,](PF,),(BF,), (2): Complex 10 (8.8 mg,
9.8 mopl) and Fe(BF,),-6 H,O (3.3 mg, 9.8 mopul) were heated at reflux in
MeCN (7mL) under argon for 24 h. The product was obtained as a
brown solid by recrystallisation from MeCN/Et,0 (7.5mg, 68%).
'HNMR (400 MHz, [D;]MeCN): 6=9.63 (s, 1H; H™), 7.95 (d, J=
7.8 Hz, 1H; pyr3'), 7.89 (t, J=7.6 Hz, 1 H; pyrd), 7.76 (d, J=7.3 Hz, 1 H;
pyr3), 7.71 (t, J=7.3 Hz, 1H; pyr4'), 7.56 (d, J=5.4 Hz, 1H; pyr6), 7.46
(d, J=49Hz, 1H; pyrt’), 7.22 (t, J=6.1Hz, 1H; pyr5), 7.00 (t, J=
6.1 Hz, 1H; pyr5’), 6.50 (s, 1H; pym5), 5.55 (s, 1H; pym2), 4.44 (s, 3H;
NMe), 325 ppm (s, 3H; CMe); CNMR (100 MHz, [D5]MeCN): 6=
168.4, 159.0, 158.4, 158.0, 154.2, 153.4, 151.2, 145.2, 141.7, 138.6, 128.6,
126.8, 126.6, 125.8, 84.8, 35.0, 14.8 ppm; UV/Vis (MeCN): A, (£) =607
(0.96), 458 (12.4), 349 (9.0), 276 nm (7.1x10*dm*mol~'cm™'); ES-MS:
m/z: 9792 [M—2PF "+, 749.3 [Co™A,]*, 623.8 [M—2PF,—BF,]*, 446.1
[M—2PF,—2BF,]**, 412.1 [Co"Fe"A,F]*, 339.5 [M—2PF,—3BF,*,
268.4 [M—2PF.—4BF,]**; elemental analysis caled (%) for Fe,-
C0,C,HNy,P,B,Fy 8 HL,O: C 362, H 3.5, N 18.7; found: C 36.6, H 3.3,
N 18.4.

Grid complex [Co™,Zn",A ,](PF,),(BF,), (3): Synthesis as for grid com-
plex 1, using complex 10 (40.0 mg, 44.7 mopl) and Zn(BF,),-xH,O (x ~6—
7) (16.3mg); brown solid (35.9mg, 71%). 'HNMR (400 MHz,
[D;]MeCN): 6=8.53 (s, 1H; H™), 8.14 (td, J=7.8 Hz, /=15 Hz, 1 H;
pyrd’), 7.98 (d, J=7.8 Hz, 1H; pyr3'), 7.95 (td, J=7.8 Hz, J'=1.5 Hz, 1 H;
pyrd), 7.88 (dd, J=4.4 Hz, J'=1.0 Hz, 1H; pyr¢), 7.69 (dd, J=7.8 Hz,
J'=1.0Hz, 1H; pyr3), 7.61 (dd, /=58 Hz, J'=1.0 Hz, 1H; pyr6), 7.35
(ddd, J=7.6 Hz, /=53 Hz, J"=1.1 Hz; pyr5’), 7.29 (m, 1H; pyr5), 6.53
(s, 1H; pym5), 6.22 (d, J=1.0Hz, 1H; pym2), 3.93 (s, 3H; NMe),
3.03ppm (s, 3H; CMe); "CNMR (100 MHz, [D;]MeCN): 6=169.0,
158.8, 157.3, 154.8, 153.7, 150.9, 149.1, 146.4, 142.1, 141.6, 136.0, 128.3,
127.7, 129.0, 125.8, 86.0, 33.1, 14.6 ppm; UV/Vis (MeCN): Anoe () =462
(11.4), 439 (1L6), 362 (5.8), 346 (sh, 5.6), 276nm (6.4x
10'dm’mol'em™); ES-MS: m/z: 1047.1 [M-2BF,**, 10182
[M—PF,—BE,**, 9882 [M-2PEJ**, 7492 [CoMA,J¥, 6722
[Co"A(A+H)—C,H,\N]*, 669.1 [M—3BE,**, 649.8 [M—PF,—2BF,**,
630.5 [M—2PF,—BF,]’*, 480.1 [M—4BF,]**, 465.6 [M—PF,—3BF,**,
451.1 [M—2PF,—2BF,]**, 416.1 [Co"Zn"A,F]**+, 355.1 [M—PF,—4BF,[’*,
343.5 [M—2PF-3BF,]’*, 271.7 [M—2PF,—4BF,]°"; elemental analysis
caled (%) for Zn,Co,CrHeNy,P,B,Foe8H,0: C 35.9, H 3.5, N 18.6;
found: C 36.2, H 3.2, N 18.3.

Grid complex [Co™,Co",B,](PF),(BF,), (4): Complex 11 (22.5mg,
21.5moul) and Co(BEF,),6H,0 (7.3 mg, 21.5moul) were stirred in
MeCN (2 mL) at room temperature for 18 h. The product was obtained
as a dark red solid by recrystallisation from MeCN/Et,O (18.5 mg, 67 %).
'HNMR (400 MHz, [D;]MeCN): 6=216.4, 195.0 (pyr6 and H™), 81.6
(pym5), 64.6 (pyr3’ or 5'), 47.2 (pyr3’ or 5'), 23.3 (NMe), 13.8 (pyr6), 12.7
(pyr5), 10.5 (pyr4), 7.9 (pyr3), 1.6 (CMe), 1.4 (pyr4’), —0.8 (p-Ph), —4.3
(m-Ph), —4.7 (0o-Ph), —6.4 (m-Ph’), —33.5 ppm (0-Ph’); UV/Vis (MeCN):
Amax (€)=483 (12.8), 458 (12.7), 367 (5.5), 347 (6.0), 275nm (7.7x
10*dm*mol'em™); ES-MS:  m/z: 11922 [M-2BF,**, 11632
[M—PF,~BE,?*, 11343 [M—2PFJ**, 7662 [M—3BEJ*, 7465
[M—PF,—2 BF,J’*, 7272 [M—2PF,—BF,]’*, 552.9 [M—4BF,]**, 5384
[M—PF,—3BF,**, 523.6 [M—2PF,~2 BF,]'*, 4133 [M—PF,—4BF,]’*,
401.7 [M—2PF—3BF,]’*, 320.3 [M—2PF;—4BF,]°*; eclemental analysis
caled (%) for Co,CosHgyN3,P,B,Fog-6H,0: C 43.2, H 3.6, N 16.8; found: C
43.4,H35,N164.

Grid complex [Co™,Fe",B,](PF),(BF,), (5): Complex 11 (41.2mg,
39.4 mopl) and Fe(BF,),-6H,0 (13.3 mg, 39.4 mopl) were heated at reflux
in MeCN (10 mL) under argon for 26 h. The product was obtained as a
dark red-brown solid by recrystallisation from MeCN/Et,O (37.6 mg,
75%). 'HNMR (400 MHz, [D;]MeCN): 6=219.5, 150.4, 87.0, 56.2, 33.9,
212, 188, 10.2, 8.2, 8.0, 7.4, 2.7, 2.5, —4.2, —11.2, —13.5, —36.1 ppm (a
full "H NMR spectroscopic assignment was not possible for § because of
the fast 7 relaxation times, which were generally considerably shorter
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than the corresponding 7 values for grid 4); UV/Vis (MeCN): 1., (¢)=
485 (14.0), 461 (14.5), 369 (5.5), 350 (5.9), 274nm (8.2x
10*dm’mol'em™); ES-MS: m/z: 11892 [M-2BF,**, 1160.3
[M—PFBE,[’*, 11313 [M-2PFJ**, 7638 [M-3BFJ*, 7445
[M—PF,—2BF,’*, 7252 [M-2PFBF,’*, 5514 [M—4BF,*",
536.9M—PF,—3BE,]*+, 522.1 [M—2PF,—2BE,]**, 412.1 [M—PF,—4BF,]’*,
400.5 [M—2PF,—3BF,]’", 319.3 [M—2PF,—4BF,]°"; elemental analysis
caled (%) for Co,Fe,CoHygN;,P,BFog6 H,O: C 433, H 3.6, N 16.9;
found: C 43.7, H 3.7, N 16.9.

Grid complex [Co™,Zn",B,](PF,),(BF,), (6): Synthesis as for grid com-
plex 4, from complex 11 (26.4 mg, 25.2 moul) and Zn(BF,),xH,0 (x~6-
7) (9.2mg); dark red solid (23.5mg, 73%). 'HNMR (400 MHz,
[D;]MeCN): 6=7.99 (t, J=7.6 Hz, LH; p-Ph), 7.89 (td, J=7.8 Hz, J'=
1.5 Hz, 1H; pyrd’), 7.86 (t, J=7.6 Hz, 1H; m-Ph), 7.82 (td, J=7.7 Hz,
J'=13Hz, 1H; pyrd), 7.72 (s, 1H; H™), 7.58 (d, /J=7.8 Hz, 1H; pyr3’),
7.47 (dd, J=7.8 Hz, J'=1.5 Hz, 1H; pyr3), 7.42 (d, J=4.4 Hz, 1H; pyr6)),
735 (t, J=7.6 Hz, 1H; m-PW), 7.21 (m, 1H; pyrS), 7.16 (ddd, J=7.6 Hz,
J'=5.1Hz, J'=1.0Hz, 1H; pyr5), 7.05 (dd, J=59Hz, J'=1.0Hz, 1H;
pyr6), 6.62 (d, /=73 Hz, 1H; o-Ph), 6.22 (s, 1H; pym5), 5.66 (d, J=
7.3 Hz, 1H; 0-Ph’), 3.49 (s, 3H; NMe), 2.56 ppm (s, 3H; CMe); “C NMR
(100 MHz, [D5]MeCN): 6=168.9, 168.8, 159.1, 156.9, 154.2, 150.9, 148.0,
145.0, 141.3, 141.2, 135.0, 134.4, 131.7, 129.6, 129.2, 128.4, 127.6, 126.9,
126.6, 125.1, 124.0, 86.8, 32.9, 14.8 ppm; UV/Vis (MeCN): A, (¢) =482
(15.1), 457 (15.1), 363 (6.9), 349 (7.3), 269 nm (8.7 10*dm’mol~'cm™");
ES-MS: m/z: 11992 [M—2BF,**, 1169.7 [M—PF—BF,**, 1140.3
[M—2PF’*, 7705 [M-3BE[J**, 7512 [M—PF,—2BF,'*, 7315
[M—2PF,—BE,**, 556.1 [M—4BF,J**, 541.6 [M—PF,—3BF,]**, 527.1
[M—2PF,~2BF,]**, 4159 [M—PF,—4BF,**, 404.3 [M—2PF,~3BF,’*;
elemental analysis calcd (%) for Co,Zn,CoHgN3,P,B,Fs-6 H,O: C 43.0,
H 3.6, N 16.7; found: C 43.2, H 3.5, N 16.5.

Grid complex [(Fe" ¢),(Fe"5),A,J(BF,), (7): Complex 12 (11.2 mg,
15.0 mopl) and Fe(BF,),-6 H,O (5.1 mg, 15.0 mopl) were heated at reflux
in MeCN (12 mL) under argon for 5d. The product was obtained as a
dark brown solid by layering a concentrated MeCN solution (2 mL) with
Et,0 (9.1 mg, 62%). 'HNMR (400 MHz, [D;]MeCN): 6=9.38 (s, 1H;
H™), 7.79 (d, /=83 Hz, 1H; pyr3'), 7.60 (t, J=7.8 Hz, 1H; pyrd), 7.44
(m, 2H; pyr3, pyrd), 7.34 (d, J=4.9 Hz, 1H; pyr6’), 7.20 (d, J=4.9 Hz,
1H; pyr6), 6.89 (t, J=6.4 Hz, 1H; pyr5’), 6.71 (t, J=6.1 Hz, 1H; pyr5),
6.10 (s, 1H; pym5), 5.30 (s, 1H; pym2), 4.35 (s, 3H; NMe), 3.28 ppm (s,
3H, CMe); "CNMR (100 MHz, [D;]MeCN): 0=168.6, 161.0, 158.6,
158.0, 155.7, 154.2, 152.6, 151.9, 141.2, 137.8, 136.5, 125.4, 1242, 121.5,
82.5, 34.4, 13.6 ppm; UV/Vis (MeCN): 4, (¢)=611 (0.65), 460 (6.5, sh.),
395 (12.1), 330 (5.0), 273 nm (4.4x10*dm’mol~'cm™'); ES-MS: m/z:
401.1 [M—4BF,]**; elemental analysis calcd (%) for Fe,Cy,H¢N3,B,Fi¢8-
H,0: C41.3, H 4.0, N 21.4; found: C 41.1, H 3.9, N 21.6.

Grid complex [(Fe" ),(Fe's),C,1(BF,), (8): Complex 13 (60.0 mg,
77.5 moul) and Fe(BF,),6H,0O (26.1 mg, 77.5 moul) were heated at
reflux in MeCN (10 mL) under argon for 21 h. The product was obtained
as a dark brown solid by recrystallisation from MeCN/Et,O (65.0 mg,
84%). '"HNMR (400 MHz, [D;]MeCN, 298 K): 6 =48.0 (s, 1H), 25.6 (s,
1H), 17.0 (s, 1H), 15.3 (m, 2H), 7.7 (s, 1H), 7.1 (t, J=7.1 Hz, 1H; pyr4),
6.9 (d, J=4.8 Hz, 1H; pyr6), 6.6 (s, 3H), 5.9 (d, /=9.5 Hz, 1H; pyr3), 5.7
(m, 1H; pyr5), 5.6 (s, 3H), 4.2 ppm (s, 3H); UV/Vis (MeCN): 4., (€)=
610 (0.60), 460 (sh, 7.0), 407 (11.5), 274 nm (12.1x10*dm’mol'cm™);
ES-MS: m/z: 582.5 [M—3BF,]’*, 415.4 [M—4BF,]**; elemental analysis
caled (%) for Fe,C;gH;(N3,B,F -8 H,0: C 42.4, H 4.3, N 20.8; found: C
422, H 4.1, N 20.6.

Grid complex [(Fe".),Zn",C,J(BF,), (9): Complex 13 (50.0 mg,
64.5 moul) and Zn(BF,),xH,0 (x~6-7) (23.6mg) in MeCN (10 mL)
under argon were stirred at room temperature for 17 h and then heated
at reflux for 26 h. The mixture was filtered and purified by recrystallisa-
tion from MeCN/Et,0 to yield a black solid (59.2 mg, 90%). '"H NMR
(400 MHz, [D;5]MeCN): 6=827 (s, 1H; H™), 791 (t, J=7.6Hz, 1H;
pyrd’), 7.71 (d, J=7.3 Hz, 1H; pyr3’), 7.47 (m, 2H; pyr3, pyrd), 7.31 (d,
J=5.4Hz, 1H; pyr6), 7.18 (d, J=7.3 Hz, 1H; pyr5'), 6.79 (m, 1H; pyr5),
6.12 (s, 1H; pym5), 5.84 (s, 1H; pym2), 3.97 (s, 3H; NMe), 3.20 (s, 3H;
CMe), 2.17 ppm (s, 3H; CMe'); "CNMR (100 MHz, [D5]MeCN): 6=
169.0, 161.1, 160.2, 154.5, 153.6, 153.4, 152.0, 146.5, 141.3, 136.4, 131.7,
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127.8, 124.1, 121.5, 82.3, 32.6, 22.4, 13.7 ppm; UV/Vis (MeCN): 4, (€)=
608 (0.61), 455 (sh, 8.0), 407 (153), 344 (6.0), 273nm (5.9x
10*dm’mol 'ecm™); ES-MS: m/z: 420.1 [M—4BF,]**; elemental analysis
caled (%) for Fe,Zn,C,H7N3,BF 6 H,O: C 42.8, H 4.2, N 21.0; found:
C425,H43,N21.4.

Single-crystal X-ray analyses

Corner complex [Co™A,]PF; (10): Single crystals of complex 10 were ob-
tained from vapour diffusion of Et,0 into MeCN. Measurements at
173.0(1) K by Enraf Nonius Kappa CCD diffractometer, Mo, radiation,
2=0.71073 A. The data were processed with Denzo-SMN v0.93.0.5Y The
structure was solved in acentric tetragonal space group 142d (no. 122) by
using direct methods with SHELXS." Refinement on F* with SHELXL-
97.%! These procedures were run under Wingx program®” suite. The hy-
drogen atoms of the complex were calculated to their idealised positions
with isotropic temperature factors and refined as riding atoms. The very
heavily disordered solvent acetonitrile and water molecules could not be
properly located and the residual electron density was modelled as
carbon, nitrogen and oxygen atoms without any attempt to build chemi-
cally reasonable solvent molecules. No attempts were made to localise
hydrogen atoms on the disordered parts of the structure.

Grid complex [Co™,Zn",B,](PF,);(BF,); (6): Single crystals of grid com-
plex 6 were obtained by liquid diffusion of Et,O into MeCN. The crystal
data were collected at 173K on a Kappa CCD diffractometer using
monochromated Moya radiation (A1=0.71073 A). The structures were
solved by direct methods. Hydrogen atoms were introduced as fixed con-
tributors at calculated positions (C-H=0.95 A, B(H)=1.3 Bequiv). Final
difference maps revealed no significant maxima. All calculations were
done using the Nonius OpenMoleN package.”® Neutral atom scattering
factor coefficients and anomalous dispersion coefficients were taken
from a standard source.”!

Grid complex [Fe",Zn",C,](BF,), (9): The crystals were obtained by
vapour diffusion of Et,O into MeNO,. The single-crystal X-ray diffrac-
tion was performed using a Nonius KappaCCD diffractometer with
graphite monochromatised Moy, (A=0.71073 A) radiation. Collect soft-
ware was used for the measurement and DENZO-SMNP for the pro-
cessing of the data. The structure was solved and refined by full-matrix
least-squares on F° using the WinGX-software package®! which utilises
the SHELXS-97"! and SHELXL-975 modules. Hydrogen atoms were
refined using a riding model. Neither the second BF, anion nor the disor-
dered solvent molecules of the asymmetric unit could be localised. The
disordered solvent treatment SQUEEZE/BYPASS!®! was applied to the
structure.

Details of the data collection and refinement for complexes 6, 9 and 10

FULL PAPER

CCDC-256044 (complex 10), CCDC-256045 (grid 6) and CCDC-256886
(grid 9) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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