Communications

DOI: 10.1002/anie.201007388
Self-Assembly /

Mapping the Sequential Self-Assembly of
Heterometallic Clusters: From a Helix to a Grid**

Graham N. Newton, Tatsuya Onuki, Takuya Shiga, Mao Noguchi,

Takuto Matsumoto, Jennifer S. Mathieson, Masayuki Nihei, Motohiro Nakano,
Leroy Cronin,* and Hiroki Oshio*

Angewandte
Chemie
4844 OWILEY i@

ONLINE LIBRARY © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 201, 50, 4844-4848



The study of polynuclear transition-metal clusters is an area
of great interest owing to the potential of such compounds to
exhibit architecture-dependent behavior, such as molecular
magnetism and host-guest and catalytic properties."? One
critical challenge is the multicomponent synthesis of nano-
scale heterometallic cluster architectures, whereby different
species with well-defined structures and physical properties
can be isolated from one-pot solutions with a clear control
parameter.”!

One of the key approaches to gain a measure of control
over the self-assembly process is to utilize a ligand system that
provides both rigidity (to minimize variability) and multi-
denticity (to ensure multiple metal centers are coordinated).[!
Polypyridyl ligands are an important group of compounds
that meet these criteria and have been successfully used in a
range of coordination clusters, such as in the elegant cage
syntheses of Fujita et al.,” the [n x n] grids of Lehn et al. and
Thompson et al., amongst others,”) and in the synthesis of
molecular wires.”! The specific arrangement of ions in these
materials can induce multistabilities owing to spin-crossover!®!
and mixed valency,®! and magnetic properties, such as single-
molecule magnetism!®! and quantum magnetic oscillation.”
The synthesis of regular heterometallic arrays is an area of
intense research, as the inclusion of different metals in a
cluster can lead to drastic changes in the physical properties,
such as the spin ground state and redox activity, through the
alteration of the overall magnetic and electronic interac-
tions.!"”!

We have previously accomplished the synthesis of the first
grid SMM; a [3x3] Co"/Co™ array which showed slow
magnetic relaxation./® Herein, we use a similar architectural
approach for the synthesis of mixed cobalt/iron clusters,
resulting in the formation of heterometallic helix and grid
complexes (Figure 1).

The polypyridine ligand H,L (2,6-bis[5-(2-pyridinyl)-1H-
pyrazole-3-yl|pyridine),* " consists of three pyridine groups
linked by two pyrazole moieties, thus forming one tridentate
and two bidentate binding sites. A heptanuclear helical
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Figure 1. Crystal structures of clusters 1 (left) and 2 (right). C gray,
N light blue, O red, Co" dark blue, Fe"' yellow, Fe" orange. Hydrogen
atoms, counteranions, and solvent molecules are excluded for clarity.

complex, [Fe™,Co"(H,L);04(H,0)4](BF,), (1), was obtained
by the reaction of Fe(BF,),-6 H,O and Co(BF,),-6 H,0O ina 1:8
Fe/Co ratio, with H,L and triethylamine in a 2:1 mixture of
MeOH and MeCN under ambient conditions. The nona-
nuclear heterometallic grid complex [Fe™,Fe™Co",-
(H,L)s:(OH),,(H,0)4](BF,); (2) was obtained by the same
procedure as 1 but using a 1:1 Fe/Co ratio. The formulae of
both complex cations were confirmed by ESI-MS (Supporting
Information, Figure S1).

Complex 1 has a helical structure and consists of six
bis(bidentate) ligands, two Fe'™ ions, and five Co" ions, as
confirmed by charge balance, structural arguments, and
Mossbauer spectroscopy. Compound 1 has a pentanuclear
core structure in which three Co" centers form a planar
triangular arrangement and are capped above and below the
plane by two [Fe™O,(OH,);]* units from which each oxo
ligand acts as a u, bridge between the capping Fe™ ion and
one Co" center. The pentanuclear oxo core is capped by two
distant divalent cobalt ions. The three central cobalt ions have
{N,O,} coordination environments in which they are coordi-
nated by two bidentate ligand binding sites and two oxide
ions, resulting in an octahedral coordination geometry with
average Co—N and Co—O bonds of 2.135(4) and 2.024(3) A,
respectively. The two iron ions that complete the oxo-bridged
core have octahedral coordination environments with three
oxide ions and three water molecules with an average Fe—O
bond of 1.932(3) A. The final two cobalt ions, located at the
extremities of the helical cluster, have octahedral {N4} donor
sets through the coordination of three bidentate ligand
binding sites with average Co—N bonds of 2.156(4) A.

Complex 2 has a [3 x 3] grid structure and is composed of
six ligands coordinating five iron and four cobalt ions, as
confirmed by ICP measurements, in a bis(bidentate) manner.
There are three kinds of metal center in the cluster,
categorized as central, edge, and corner ions. All metal
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centers are bridged by p,-hydroxo ligands"? where the central
ion has four bridges to neighboring cations, the edge ions
three, and the corner ions two. Compositional arguments
suggest that one trivalent and eight divalent metal ions form
the complex cation. Mdssbauer, magnetic susceptibility, and
structural data allowed us to deduce that high-spin (HS) Fe™™,
intermediate-spin (IM) Fe", and HS Co" ions were present
and located at the center, corners, and edges, respectively (see
below). The central Fe' ion has octahedral coordination
geometry consisting of four n,-OH ligands and two water
molecules with bonding interactions that average 1.966(4) A.
The four edge metal centers have {N,0,} octahedral coordi-
nation environments in which they are in the weak ligand field
of one bidentate ligand site, three p,-OH groups, and one
water molecule, with average M—N and M—O bonds of
2.155(6) and 1.914(5) A, respectively, which are reasonable
values for Co" ions. The four corner ions have multiaxially
distorted {N,O,} octahedral environments in which two
bidentate ligand sites and two hydroxide ions coordinate,
with average M—N and M—O bonds of 2.099(7) and
2.075(4) A, respectively, which are too long for LS metal
centers but acceptable for HS or IM ions (Supporting
Information, Figure S2). It is reasonable to assign the edge
and corner metal ions as HS Co" (S =3/2) and IM Fe" (S=1)
ions, respectively.'>!4l

The configurations of both clusters result from intra-
molecular hydrogen-bonding interactions. The central triden-
tate ligand site does not coordinate to a metal center, but
instead forms hydrogen-bonding interactions with metal-
coordinating water ligands. This suggests that despite its
planar, rigid nature, the ligand is not a classical “directing”
ligand, and in fact relies upon weak interactions to stabilize
the architectures of both clusters.

The Mossbauer spectrum of 1 at 10 K consists of a single
quadrupole doublet with 6=0.55 and AE,=0.20 mms
(relative to metallic iron), which is characteristic of HS Fe™™.
In contrast, measurements of 2 (conducted at 20, 100, 200, and
300 K) showed two quadrupole doublets with a peak area
ratio of 1:4. The Mossbauer parameters of the small doublet
at 20K were 0=047 and AE,=0.17mms !, which is
characteristic of HS Fe™, thus confirming the assignment of
the central HS Fe™ ion. The larger doublet (6=0.49 and
AEy=0.33mms™") can be interpreted as representing four
LS or IM Fe' centers;!*! however, magnetic susceptibility
measurements and consideration of the bond lengths suggest
that the four iron ions in 2 are in the IM state and located on
the corners of the grid. Note that no HS Fe" doublet was
observed at any temperature (Supporting Information, Fig-
ure S3 and S4).

Magnetic susceptibility data for 1 and 2 were collected
over the temperature range of 1.8-300 K under an applied
field of 500 Oe (Supporting Information, Figure S5). The y,, T
value for 1 was 18.62 emumol 'K at 300 K, which is slightly
larger than the value (18.13 emumol'K) expected for the
sum of the Curie constants of two Fe'lis ions (S=5/2) and
five Co'gions (S =3/2). As the temperature was lowered, the
xm T values gradually decreased, reaching a minimum value of
3.74 emumol 'K at 1.8 K. The y,, T value for 2 was 18.17 emu
mol 'K at 300K, which is larger than that (15.88 emu
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mol 'K) expected for one Fe™yg ion (S=5/2), four Fe'yy,
ions (S=1), and four Co"ys ions (S=3/2) owing to the
contribution of spin—orbit coupling that leads to large
g values. The existence of four Fe'};5 in place of the Fe''y
can be discounted as they would lead to a y,, 7 value of
23.88 emumol ' K, however, Fe'';  ions remain a possibility as
the calculated y,, T value of 11.88 emumol 'K could corre-
spond to the data if gc,"=2.47. The y,, T values gradually
decreased with temperature, reaching a minimum of 0.40 emu
mol 'K at 1.8 K. The magnetic susceptibility data of 1 and 2
were fitted using HDV'V spin Hamiltonians, yielding average
g values of 2.08 and 2.20 respectively, with Jq, pon =—10.6 K
in 1, and J¢, g =—19.8 K and J¢, pon=—16.8 K in 2 (Sup-
porting Information, Figure S6). The data confirm that
antiferromagnetic interactions are dominant in both 1 and
2. This is critical in the analysis of 2, as this antiferromagnetic
behavior strongly suggests that the edge positions hold
paramagnetic ions, in agreement with their assignment as
Co'.l The combination of analytical techniques allows us to
assign the corner ions in 2 as Fe''[; with bond lengths ruling
out Fe''s ions, and the magnetic and Mossbauer data
discounting the possibility that they are Fe" ions.

To probe the behavior of the compounds in the solution/
gas phase, ESI-MS measurements were conducted on MeOH/
MeCN (2:1) solutions of crystals of 1 and 2 at 180°C. Both
clusters could be identified with envelopes corresponding to
[Fe™,Co"s(H,L)sOs(H,0),(BF,),(MeOH),]** observed at
miz 1500.3 (fit: 1500.2) for 1, and [Fe"sCo",(H,L)s(OH);,-
(MeOH);(BF,),]*" at m/z 1607.8 (1607.7) for 2 (Supporting
Information, Figure S1). Despite the presence of different
structural motifs, the synthetic approach to 1 and 2 is almost
identical, relying only on the starting ratio of the metal salts to
determine which product is favored. To investigate the self-
assembly processes in action which lead to the different
crystalline products, preliminary ESI-MS studies were con-
ducted on the reaction mixture after mixing, as a function of
time. To accomplish this, samples of the reaction solutions
were taken every two minutes, and the spectra monitored to
investigate the self-assembly processes underway. The reac-
tion solution of complex 1 showed the initial formation of the
helix minus one ligand (0 min) but displayed little change
over time, with the exception of the appearance of some lower
nuclearity peaks (Supporting Information, Figure S7). This
formation of the expected complex minus one ligand may be
due to the species having greater (dilute) solution stability
than the intact cluster.

In contrast, the time-resolved ESI-MS investigation of the
assembly of 2 shows the gradual growth of possible structural
building blocks, as observed in the gas phase (Figure 2;
Supporting Information, Figure S8). The spectrum at t=
O min showed that, amongst the most prominent peaks,
were those representing generally simple clusters, such as
[Fe",Co"y(H,L)s0,(OH);(H,0)(CH;0H),]*" at m/z 760.1
(760.1), [Co™Co"(H,L);(OH),0]" at m/z 1263.3 (1263.3),
and [Fe™Fe"Co" (H,L);0,(CH;0),]" at m/z 1360.2 (1360.2).
Surprisingly, the formation of the intact cluster 1 was also
observed in the initial measurements at [Fe™,Co"s(H,L)(O-
(CH;O)*" at m/z 908.5 (908.5) and [Fe™,Co"s(H,L),O4-
(BF,),(H,0),(CH;OH),]*" at m/z 1500.3 (1500.3) (note that
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Figure 2. ESI-MS spectra of 2 at t=0 min (top) and 14 min (bottom)
and speculative structures based on peak fitting.

there was no cross-contamination between samples), suggest-
ing some commonality between the assemblies of 1 and 2.
After 14 minutes, the spectrum had changed significantly and
contained new cluster peaks, which appeared to correspond to
portions of the final product 2, such as [Fe",Fe™Co",-
(H,L),(OH),o(H,0);]" at m/z 1240.1 (1240.0), [Fe",Fe"Co";-
(H,L),0;(0OH),(H,0)5(CH;0H);]* at m/z 1482.1 (1482.0),
and [Fe™,Co";(H,L);(OH),;(H,0);]" at m/z 1625.1 (1625.1).
After 7 days, numerous peaks corresponding to a range of
oxidation and solvation species of cluster 2 were present
(Supporting Information, Figure S9).

Initial data from the time-dependent measurements
suggested that the helical complex 1 may be an intermediate
of 2, so a further experiment was conducted to investigate this
possibility. Crystals of 1 were dissolved in a 2:1 mixture of
MeOH and MeCN and ESI-MS spectra collected. Subse-
quently, an excess of Fe(BF,),-6 H,O was added to the same
solution and the data re-collected. The resultant spectrum
showed many additional peaks to those visible in the original
measurement, and critically, appeared to show peaks which
corresponded to the grid complex 2 (Supporting Information,
Figure S10). Thus, we can suggest that 1 is an initially favored
species, or reaction intermediate, in the synthesis of 2, the
isolation or decomposition of which is determined by the ratio
of metal ions in solution. It is interesting to note that the role
of 1 as an intermediate in the synthesis of 2 suggests that the
oxidation state of the iron ions is variable in solution and
depends upon the coordination environment in which they
exist, with the O, donor sets stabilizing Fe'™ and the N,O, sets
supporting Fe" ions.

In conclusion, two new heterometallic clusters have been
synthesized through subtle alterations to a simple one-pot
approach. The structures show radically different motifs,
despite the use of identical substituents. Time-resolved ESI-
MS experiments to follow the self-assembly processes suggest
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that the helix 1is formed initially in the synthesis of the grid 2,
before firstly being replaced by building blocks that can be
tentatively assigned to be present in 2, and eventually by the
intact cluster core of 2. Additional experiments showed that 2
could be observed by ESI-MS after addition of Fe" ions to
dissolved crystals of 1, confirming the role of 1 as a stable
intermediary in the synthesis of 2. In future studies, we will
explore how to generalize this approach in an effort to design
routes to the assembly of coordination clusters with desired
architectures and physical properties.

Experimental Section

Synthesis of 1: A solution of Fe(BF,),-6 H,O (33.8 mg, 0.1 mmol) and
Co(BF,),,6 H,0O (272.5mg, 0.8 mmol) in methanol (15mL) were
added to a mixture of H,L (87.6 mg, 0.24 mmol) and triethylamine
(66 pL, 0.48 mmol) in methanol (10 mL). The mixture was stirred for
several minutes after addition of acetonitrile (13 mL). After a few
days at room temperature, orange-red plate crystals of [Fe,Cos-
(H,L),04(H,0),](BF,);-5H,0-7MeCN-6MeOH  (1-5H,0-7MeCN-
6MeOH) formed. Yield: 4.75%; Anal. caled(%) for
Cip6Hi1pB4CosFisFe,N,O,;,  (1:5H,0): C46.71, H3.48, N 18.16;
found: C 46.38, H 3.14, N 18.20. ICP calcd: Fe 2.00, Co 5.00; found:
Fe 2.03, Co 4.97.

Synthesis of 2: A solution of Fe(BF,),6H,0 (151.9 mg,
0.45 mmol) and Co(BF,),6H,0 (153.3 mg, 0.45 mmol) in MeOH/
MeCN (2:1 (v/v), 20 mL) was added to a mixture of H,L (109.6 mg,
0.3 mmol) and triethylamine (83.5 pL, 0.6 mmol) in MeOH/MeCN
(2:1 (v/v), 20 mL). The mixture was stirred for several minutes. After
a few days, the resulting dark red-brown solution gave yellow plate
crystals  of  [FesCo,(H,L)s(OH),,(H,O)c](BF,);:3H,0-4MeCN-
2MeOH) (2:3H,0-4MeCN-2MeOH). Yield: 23.5%; Anal
caled (%) (found) for C5sH 20N ,B,Co,FygFesO,, (2:3H,0): C41.08,
H 3.26, N 15.97; found: C 41.92, H 3.10, N 16.05. ICP calcd: Fe 5.00,
Co 4.00; found: Fe 5.08, Co 3.92.

Crystal data for 1: red plate crystals, Cj,sH,5;B,CosFisFe;NyO,s,
M,=3718.81, monoclinic, C2/c, a=30.061(4), b=32.943(4), c=

32.945(4) A,  B=1040192), V=32222(7)A’, Z=8, d,=
1.618 mgm>, u(MoKa)=0.797 mm™', T=100K, R1=0.076,
wR2=022  (I>20). Crystal data  for 2:  yellow,

C36H,40B,Co,F,3FesN 0,3, M, =3909.45, triclinic, P1, a=18.696(7),
b=18.777(7), ¢=23307(9) A, a=95.816(7), f=100.332(7), y=
105.695(7)°, V=7651(5) A%, Z=2, d.y=1.676 mgm>, u(MoKa)=
1.003 mm~!, T=100K, R1=0.083, and wR2=0.240 (I >20). Both
data sets were treated with the SQUEEZE program to remove highly
disordered solvent molecules, and one counteranion in the case of 2.
The crystallographic formulae include the number of solvent
molecules suggested by SQUEEZE (see cif files). CCDC 791525
and 791526 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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