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Abstract: A bulky bidentate ligand was used to stabilize
a macrocyclic [Fe''sCo",] cluster. Tuning the basicity of the
ligand by derivatization with one or two methoxy groups led to
the isolation of a homologous [Fe™ Co"] species and
a [F" . Fe",Co™,Co",] complex, respectively. Lowering
the  reaction  temperatures  allowed  isolation  of
[Fe"™ Fe",Co™,Co™,] clusters with all three ligands. Temper-
ature-dependent absorption data and corresponding experi-
ments with iron/nickel systems indicated that the iron/cobalt
self-assembly process was directed by the occurrence of
solution-state  electron-transfer-coupled  spin  transition
(ETCST) and its influence on reaction intermediate lability.

Cyanometalate coordination chemistry has led to the
development of many heterometallic Prussian Blue analogues
(PBAs); 3D arrays that have been shown to display extra-
ordinary physical properties including high-temperature
magnetism, electrochromism, and photomagnetism.l'! In
recent years, however, molecular systems reminiscent of
PBA building blocks have been synthesized in a wide range of
shapes and sizes,”” from dimers,”! squares, trigonal pyra-
mids®! and cubes,® to larger clusters”) and infinite 1D
chains.®! Such systems have displayed physical properties
with potential applications in future technologies, such as
single-molecule magnetism,” multi-stable redox behavior,"”!
and thermal and photo-induced magnetic bistability.""
Heterometallic cyanide-bridged {FeCo} systems have
shown thermal and photo-induced magnetic switching
through electron-transfer-coupled spin transition (ETCST).
First reported in a PBA by Hashimoto and co-workers,'? the
photo-induced phenomenon follows a multistep pathway;
firstly electron transfer occurs between the heterometallic
centers, converting the low-temperature diamagnetic phase
[(LS-Fe™)(LS-Co™)], termed LT, to an intermediate [(LS-
Fe™)(LS-Co")] state, before the Co" ion undergoes spin
transition (LS to HS; HS and LS are high-spin and low-spin,
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respectively) to reach a metastable paramagnetic excited
state, [(LS-Fe"")(HS-Co")], termed HT*). The low temper-
atures at which the HT* phase is accessed allow it to display
single molecule magnet (SMM) or single chain magnet (SCM)
type properties.'” Thermal ETCST can occur at ambient
temperatures, where warming can induce LT to HT (high-
temperature paramagnetic phase) transition. We recently
showed that this behavior can be accompanied by dielectric
relaxation and insulator to semiconductor transition in a 1D
cyanide-bridged chain.!'¥

Their rich functionality and modular synthesis make
heterometallic cyanide-bridged complexes attractive targets.
We previously reported the synthesis and physical properties
of an ETCST-active cyanide-bridged [FeCo] cluster,
[FegCog(CN)py(tp)s(HL1),o(CH;CN), | [PF(],- 14 CH;CN-SH,O
(1a:14CH,CN-5H,0),™!  (HL1 = 3-(2-pyridyl)-5-[4-(diphe-
nylamino)phenyl]-1H-pyrazole; tp~ = hydrotris(pyrazolylbo-
rate)), in which hydrogen-bond donors and bulky triphenyl-
amine (TPA) units stabilized a 14-metal macrocycle. We have
since found ligand and temperature modification to allow
access to different clusters, the assembly of which can be
understood in terms of the labilities of their reaction
intermediates. We herein report the lability-controlled syn-
theses of heterometallic clusters, in which the lability and
electronic states were tuned by ETCST.

The bidentate ligand HL1 was prepared by Claisen
condensation of acetyl-substituted TPA and pyridyl carbox-
ylate ethyl ester, followed by dehydration of the B-diketone
with hydrazine,™ as were the mono- and dimethoxy sub-
stituted derivatives, HL.2 and HL3, respectively (Figure 1, and
in the Supporting Information Scheme S1). Cyclic voltamme-
try (CV) measurements on HL1 (Figure 1), showed one
quasi-reversible wave, centered at E°=0.90 V vs. SCE (TPA
oxidation to cation radical)."” Measurements of HL2 and
HL3 showed the wave to shift to E°=0.76 and 0.65 vs. SCE,
respectively, as a result of electron donation from the
methoxy substituents. Changes to the basicity of the capping

R1
HL3 l
HL2_ >~ 10.pA
HLA ﬁ\_
TR =
4
N
1y -
R2
HN\N N:
HL1:R1=R2=H
HL2:R1 =0OMe, R2=H 14 12 10 08 06 04 02

HL3:R1 =R2=0OMe
E/Vvs. SCE

Figure 1. The structural formula and cyclic voltammograms (vs. saturated
calomel electrode (SCE)) of HL1, HL2, and HL3.
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ligands in ETCST-active systems have direct effects on the
redox properties and electronic states of the complexes.!'!]
The ETCST phenomenon can thus be used as a directing tool
in the synthesis of mixed-metal clusters.

Complexes were prepared by the synthetic approach
employed to isolate red crystals of 1a;" the mixing of HLI,
Co(BF,),:6 H,0, nBu,N[Fe(CN);(tp)], and nBu,NPF, in
MeCN, and subsequent slow evaporation or propanol
diffusion. Using HL2 in place of HL1 yielded red crystals
of [FegCog(CN),4(tp)s(HL2),o(CH;CN),][PF¢],-42 MeCN-
25H,0-9iPr,0 (2a2:42MeCN-25H,0-9iPr,0),'”" a macrocy-
clic cluster homologous to 1a. In contrast, use of HL3 gave
green crystals of [FegCoy(CN),y(tp)s(HL3)4]-8 MeCN-28 H,0O
(3:8MeCN-28H,0), a dodecanuclear cluster (Figure S1).
Corresponding control reactions with Ni(BF,),6H,0 in
place of cobalt gave three further homologues of 1la:
[FesNig(CN) 5y (tp)s(L)1o(CH;CN),|[PFg),.  (L=HL1, 4,1
HL2, 5; HL3, 6, see Supporting Information, Figure S2 and
S3). Complexes 1b and 2b, with the same core as 3, were
isolated when reactions with HL1 and HL2 were performed at
—18°C. Temperature variations in the syntheses of 3, and
controls 4, 5, and 6, had no perceivable effect on the product
in the range tested.

Complex 2a crystallized in the monoclinic space group
P2,/c, with a structure almost identical to 1a (Figure S1).1%]
Bond lengths and magnetic data (Figure S4) suggest the
cluster contains eight LS-Fe™ and six HS-Co" ions, abbre-
viated as [(LS-Fe™)4(HS-Co™)s]. The ion 2a*" has a twelve-
membered cyanide-bridged crown
core structure, in which Fe'! and Co"!
ions are alternately arranged, with two
pendant Fe'" jons. The Co"-N bond (. ° ¢
lengths are in the range 2.026(5)- <] - <.
2.171(6) A at 100 K; characteristic of e X\;’ )
HS-Co" ions. The Fe—C bond lengths %f ¢
are in the range 1.849(7)-2.040(6) A 1 A
and the Fe—N—C bonds are close to  Reaction Solution
linear, with angles of 164.7(7)-
177.7(7)°. Note that LS-Fe" and LS-
Fe™ centers are usually indistinguish-
able by bond lengths alone, but their
electronic states can be accurately
determined from their Modssbauer
spectra.l’®]

Complex 3 crystallized on an
inversion center in the triclinic space
group P1, with a dodecanuclear core
composed of eight iron and four Co
ions, in which a {Fe,Co,} molecular
square is linked to two tetranuclear {Fe;Co} complexes by
cyanide bridges (Figure S1). The bond lengths around the Co
ions in the square and tetranuclear {Fe;Co} units are in the
range 1.858(10)-1.958(6) and 2.063(9)-2.282(8) A, indicative
of LS-Co™ and HS-Co" ions, respectively. The average bond
lengths around the iron ions in the square and peripheral iron
ions are very similar, at 1.952(10) and 1.947(11) A, respec-
tively, but their oxidation states are different. Charge balance,
magnetic data, and Mdssbauer analyses (Figure S4 and S7,
Table S2) suggested that the iron ions in the square were LS-
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Fe" ions and the others were in the LS-Fe™ state, giving

a formula of [(LS-Fe™)(LS-Fe™),(LS-Co™),(HS-Co™),].

Magnetic susceptibility data (Figure S2) supported the
compositional assignments of 1a, 2a, and 3, and revealed all
fresh samples exhibit antiferromagnetic coupling.

The different cluster topologies obtained from the reac-
tions of cobalt with HL1/HL2 and HL3 were accessed under
identical experimental conditions, prompting us to consider
the role of the ligand derivatization in the self-assembly
process. Although the addition of methoxy groups increased
the steric bulk of the ligands, there was no crystallographic
evidence that dimethoxy substitution (HL3) would preclude
the formation of clusters of type 1a and 2a. The key structure-
directing factor was likely to be the oxidation-state-driven
lability of the cobalt ions; in turn governed by the ligand
basicity. The redox potentials of HL1, HL2, and HL3 were
0.90, 0.76, 0.65V, respectively, and the negatively shifted
oxidation potential shows methoxy derivatization to progres-
sively increase the ligand basicity, thus stabilizing trivalent
cobalt ions. A clue to the self-assembly process is given by the
square {Fe,Co,} core structure of complex 3. The combination
of bidentate ligands with transition-metal salts and tricyano-
metalates is a common approach to the synthesis of molecular
squares.! With this in mind, a reaction scheme is proposed by
which all three reactions can proceed through an intermediate
square species (Figure 2). Mixtures of bidentate ligands with
Co(BF,),,6 H,0O and nBu,N[Fe(CN);(tp)] form squares that
have either diamagnetic [(LS-Fe™),(LS-Co™),] or paramag-

1b, 2b, 3

Figure 2. Proposed reaction mechanism of the self-assembly of 1a, 1b, 2a, 2b, and 3. Cobalt
capping ligands are simplified to bidentate ligands. Metals large spheres, non-metals small
spheres: LS-Fe"" gold, LS-Co" blue, LS-Fe" green, HS-Co" purple, C gray, N blue, O red.

netic [(LS-Fe"),(HS-Co"),] states.) Using HL1 and HL2,
cobalt is likely to be stabilized in the Co™ (HS) state,
generating a labile [(LS-Fe™),(HS-Co™),] intermediate. With
HL3, however, the increased ligand basicity will encourage
solution-state ETCST within the intermediate, pushing the
equilibrium towards retention of the diamagnetic core ([(LS-
Fe™"),(LS-Co™),]). To investigate the mechanism, the synthe-
ses of 1a and 2a were repeated at —18°C to trap the ETCST-
directed diamagnetic products. Whereas 1a and 2a were
isolated as red crystals at 25°C, reactions at —18°C yielded
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green crystals of [FegCou(CN),y(tp)s(HL1)]-10MeCN-
4H,0 (1b-10MeCN-4H,0) and [FegCo,(CN),4(tp)s-
(HL2)¢]-19MeCN-14H,O (2b-19MeCN-14 H,0), structurally
and electronically characterized as homologues of 3 (Fig-
ure S7-S9).

Temperature-controlled UV/Vis measurements were con-
ducted on butyronitrile solutions of crystalline samples of 1a,
1b, 2a, 2b, and 3 to investigate the solution stability of the
intact clusters (Figure S10). Data collected at 20°C for all the
samples showed a peak centered around 625 nm, correspond-
ing to the Co"—Fe™ intervalence charge-transfer (IVCT)
transition, while 1b, 2a, 2b, and 3 had a second broad
absorption around 750 nm corresponding to the Fe—Co™
IVCT band.'"! The spectra of 1b, 2b, and 3 showed little
temperature dependence, suggesting the complexes were
stable in solution. In contrast, 1a and 2a showed uniform
increases in both ligand-based and charge-transfer absorption
bands as temperature was decreased, indicating the existence
of complex disassociation and ETCST equilibria.

Absorption spectra, were collected between 25°C and
—60°C, for reaction solutions (1 mL of acetonitrile reaction
solution diluted with 3 mL butyronitrile to give 0.125 mm
complex solution, calculated based on Fe) of 1a, 2a, and 3
to investigate the self-assembly equilibria (Figure 3). The 1a
reaction solution showed a Co'—Fe™ IVCT band, but
negligible Fe"—Co™ IVCT absorbance, in agreement with

Co - Fel IVCT

Fe' = Co" IVCT —60;(: =

25°C=

2a

1a

1 1 1 1 ]
500 600 700 800 900 1000 1100
Wavelength / nm

Figure 3. Absorption spectra of reaction solutions (0.125 mm) of
1a (blue), 2a (red), and 3 (green), between 25°C and —60°C.

the presence of the expected [(LS-Fe™),(HS-Co™),] species
alone. Mirroring the temperature-dependent behavior of the
solution of crystalline sample, an Fe"—Co™ IVCT absorption
band appeared as the temperature was lowered and the
equilibrium shifted towards the formation of the less-labile
[(LS-Fe™),(LS-Co™),] species. In contrast, the spectra for the
reaction solutions of 2a and, more prominently, 3, showed
Fe"—=Co™ IVCT bands at 25°C, the intensity of which
increased as the temperature was lowered. It is proposed that
complexes 1b/2b and 3 are isolated as a result of solution-
state ETCST, driven by temperature and Co"'-stabilizing
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ligand basicity, pushing the self-assembly equilibria towards
the formation of the more-inert reaction intermediate. Re-
warming the samples caused the absorption spectra to revert
to their original profiles. The reversible temperature depend-
ence indicates that cluster formation occurs over a signifi-
cantly longer time than that studied.

In summary, complexation of cobalt ions with HL1 and
tricyanoferrate led to the isolation of a macrocyclic [FegCog]
cluster (1a). Using a monomethoxy derivatized ligand (HL2)
led to isolation of a homologous cluster (2a), but use of
a dimethoxy derivative (HL3) generated a dodecanuclear
[FesCo,] complex (3) in which a diamagnetic [Fe",Co™,]
square core was capped by two [Fe™,Co"] units. A mechanism
was proposed by which the electron-rich, and therefore Co™-
stabilizing, ligand HL3 encouraged the occurrence of solu-
tion-state ETCST and allowed the trapping of a relatively
inert square reaction intermediate. Subsequent experiments
on cooled reaction solutions of 1a and 2a led to the isolation
of homologous [FesCo,] clusters, 1b and 2b. The results of
control experiments with Ni confirmed that the self-assembly
was directed by solution-state ETCST. This first example of
ETCST-directed heterometallic cluster self-assembly may aid
the design of switchable cyanide-bridged molecular systems
towards functional molecular devices.

Experimental Section

Synthetic procedures: All solvents and chemicals were reagent-grade,
purchased commercially, and used without further purification unless
noted. Toluene was distilled from CaH,. Ligand reactants were
prepared following reported methods."”*” For ligand syntheses see
Supporting Information. Complexes 1a and 4 were synthesized by the
reported procedure.™!

2a: Co(BF,),,6H,0 (5.4 mg, 0.016 mmol) and HL2 (14.3 mg,
0.032 mmol) were combined in acetonitrile (2 mL). The solution was
stirred for 5 min then combined with nBu,NPF, (31 mg, 0.08 mmol)
and nBuN[Fe(CN);(tp)] (9.4 mg, 0.016 mmol) in acetonitrile
(2mL). Diisopropylether diffusion gave red crystals of 2a,
yield: 243mg (15%). Elemental analysis (%) caled for
Cs70H300N1,BgCoeFpFegP, 2 CH;CN 23H,0: C 54.08, H 4.27, N
19.56; found: C 53.74, H 4.04, N 19.85.

3: Co(BF,),6H,0 (5.4mg, 0.016 mmol) and HL3 (14.3 mg,
0.032 mmol) were combined in acetonitrile (2 mL). The solution
was stirred for 5min then combined with nBu,NPF,; (31 mg,
0.08 mmol) and nBu,N[Fe(CN);(tp)] (9.4 mg, 0.016 mmol) in aceto-
nitrile (2 mL). Slow evaporation gave dark green crystals of 3,
yield: 5.8mg (49%). Elemental analysis (%) caled for
Cy6sHBsCo,FegNoy O, 12 H,0: C 53.58, H 4.22, N 22.72; found: C
53.43, H 4.36, N 22.72.

1b: Co(BF,),,6 H,O (5.4 mg, 0.016 mmol) and HL1 (14.3 mg,
0.032 mmol) were combined in acetonitrile (2 mL). The solution was
stirred for 5 min then combined with nBu,NPF( (31 mg, 0.08 mmol)
and nBu,N[Fe(CN);(tp)] (9.4 mg, 0.016 mmol) in acetonitrile (2 mL),
and the resultant mixture was stored at —18°C for two weeks, after
which dark green crystals of 1b were isolated. Yield: 5.1 mg (56 % ).
Elemental analysis (%) calcd for C,5,H,yNgsBsCo,Feg11H,0: C
54.63, H 4.04, N 24.27; found: C 54.51, H 3.98, N 24.53.

2b: Co(BF,),6H,0 (5.4 mg, 0.016 mmol) and HL2 (14.3 mg,
0.032 mmol) were combined in acetonitrile (2 mL). The solution was
stirred for 5 min then combined with nBu,NPF, (31 mg, 0.08 mmol)
and nBu,N[Fe(CN);(tp)] (9.4 mg, 0.016 mmol) in acetonitrile (2 mL),
and the resultant mixture was stored at —18°C for two weeks, after
which dark green crystals of 2b were isolated. Yield: 7.2 mg (49 %).
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Elemental analysis (%) caled for C,53H,;,BsCo,FegNyO¢10H,0: C
54.34, H 4.10, N 23.58; found: C 54.50, H 4.22, N 23.59.
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