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Synthetic Design of Heterometallic Cluster Compounds with Site-Selective
and Stepwise Substitution of Bridging Carboxylates
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Heterometallic complexes and clusters have attracted con-
siderable attention recently not only due to their biological
significance in metalloenzyme active-sites!!! but also to the
widespread interest in synthetic coordination chemistry, in-
tramolecular electronic and magnetic interactions, and catal-
ysis.’l Nonequivalence of metal centers in such systems also
facilitates site-selective reactions based on disparate metal
centers. This distinctive character is, in principle, extended
to synthesize new compounds incorporating differentiated li-
gands at distinct metal sites through coordination. Such site-
selectivity is well documented by solution kinetic studies in
many heterometallic systems,>* but its the usefulness and
applications to synthetic aspects remain little explored to
date.

Oxo-centered, acetato-bridged trinuclear complexes
[Ru"™,M"(p3-O)(u-CH;COO)4(py)s], where M = the first-row
transition-metal divalent ions and Mg" and py=pyridine,
constitute a rare but crucial class of heterometallic com-
pounds, in which two distinct metal centers with remarkably
different degrees of substitution-lability are incorporated.>*
This feature has been solely demonstrated by kinetic studies
for the substitution of monodentate ancillary ligands.>”
Here we report that this site-selectivity is extended to the
substitution of the bridging carboxylates in this class of com-
pounds, through which more diverse, synthetic derivatization
of the heterometallic clusters should be amenable. We show
that the acetato ligands at the hetrometallic Ru--Mg sites
are selectively substituted in the {Ru,MgO(CH;COO),} core
in a stepwise manner, and the individual substituted prod-
ucts thus formed have been successfully separated and char-
acterized. The substitution-lability-dependent synthetic
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strategy described here will lead to a new generation of
“multi-chromophore” compounds, in which the functional
subunits are immobilized in the molecular framework in
well-defined number and geometrical location.

Compounds 1-4 prepared in this work are shown in
Scheme 1:

[Ru,MgO(CH;COO0)s(C,HsCOO)(py),(H,0)] 1
[Ru,MgO(CH;COO0),(C,HsCOO),(py),(H,0)] 2
[Ru;MgO(CH;CO0);(C,HsCOO);(py),(H,0)] 3

[Ru,MgO(CH;COO0),(C,H;COO0),(py).(H,O)] 4

Complex 2 is isolated as a mixture of three coordination
position isomers with respect to the location of two propio-
nato and two acetato ligands spanning the Mg--Ru sites in
the Ru,MgO core.

Through 1 to 4, one, two, three, and four propionate ions
replace the corresponding number of acetato bridges in the
{Ru,MgO(CH;COOQO),} core. Compounds 1-4 were prepared
in a one-pot manner by the reaction of [Ru,MgO-
(CH;COO)¢(py)s]*! with a large excess of C,H;COONa in
an acetone—water mixture (10:1, v/v) for 24 h at room tem-
perature, followed by separation of the substituted products
with column chromatography, in which compounds with the
increasing number of propionato ligands were eluted
faster.”) The compounds have been identified by several
spectroscopic and electrochemical methods, and satisfactory
elemental analysis, along with an X-ray diffraction study on
a derivative of 4. In all the cases, an aqua ligand is found to
occupy the sixth coordination site of the Mg center. Synthet-
ic yields of 1, 2, 3, and 4 were 6.9, 12.4, 29.2, and 36.1 %, re-
spectively.

Electrospray ionization (ESI) mass spectra of 1, 2, 3, and
4 clearly show the corresponding parent peaks at m/z of
770, 784, 798, and 814, respectively, indicating the formation
of [Ru,MgO(CH,;COO),_,(C,H;COO),(py),] with n=1
through 4, where the loss of the aqua ligand on Mg is ob-
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Scheme 1. Chemical structures of 1-4.

served upon ionization. No other products such as pentakis-
and hexakis(propionato) complexes were detected.

Single crystals suitable for X-ray diffraction study were
obtained from a CH,Cl,/n-hexane/pyridine mixed solution
of 4. This solvent system afforded crystals with the formula
[Ru,MgO(CH;CO0),(C,HsCOO),(py)s]-py (4py), in which
pyridine occupies the Mg center as a result of ligand re-
placement during crystallization."”! The molecular structure,
shown in Figure 1, clearly reveals site-selective substitution
on the Ru,MgO core, where four propionato ligands bridge
the Mg--Ru edges, while two acetato ligands still remain on
the RuRu edge. The triangular framework is best de-
scribed as an equilateral triangle with longer Mg--Ru distan-
ces (3.396(4) and 3.434(4) A) as compared to the Ru-Ru
(3.301(3) A) distance, which is an outcome of the significant
difference in the metal—(u;-O) distances; Mg—(ps-O)
2.052(7), Ru—(p;-0) 1.879(7) and 1.918(6) A.

Compounds 1-4, which contain a Ru,"™™Mg"O core, are
all diamagnetic and the structural confirmation has been fur-
ther substantiated by "H NMR spectra measured in CDCl,,
which show resonances due to aromatic protons on the an-
cillary pyridyl rings, methyl groups of acetato ligands, and
ethyl groups of the propionato ligands being consistent with
the expected numbers and intensity ratio for the respective
compounds.”) As already shown in Scheme 1, complex 2
turned out to be a mixture of three “coordination position
isomers” with respect to the location of two acetato and two
proponato ligands on the Mg--Ru bridging sites. Separation
and isolation of these isomers remain yet to be achieved.

We note that such substitution reactions to form “mixed
carboxylate” hetero-trimetallic complexes is unprecedented
in the literature, although site-selectivity for some homome-
tallic systems such as dinuclear and metal-metal bonded
cluster compounds have been reported."!?

A carboxylate substituent effect is not apparent in the ab-
sorption spectra, but it is observed in the redox potential
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Figure 1. ORTEP drawings of 4'-py viewed from two different directions,
(a) and (b), with thermal ellipsoids at a 50 % probability level. A solvat-
ed pyridine molecule and hydrogen atoms are omitted for clarity. Select-
ed interatomic distances [A] and bond angles [°]: Mgl-~Rul 3.396(4),
Mgl-Ru2 3.434(4), Rul--Ru2 3.301(3), Mgl-O1 2.052(7), Rul-O1
1.879(7), Ru2—01 1.918(6), Mgl—N1 2.199(10), Rul—-N2 2.147(9), Ru2—
N3 2.159(10); Mgl1-O1-Rul 119.4(3), Mgl-O1-Ru2 119.8(3), Rul-O1-Ru2
120.8(3).
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significant shift in E;, and E, values to a negative side
upon increasing the number of propionato bridges due ap-
parently to the electron-donating ability of the ethyl group
in the propionato ligand.!!

With the site selectivity for carboxylato ligands in hand, it
is possible to immobilize various chemical functionalities on
the Ru,MgO motif with the well-defined number and loca-
tion. To investigate this feasibility, we set out to attach ferro-
cenylcarboxylate anions (FcCOO™) to the Ru,MgO core to
yield new redox-active heterometallic compounds. The fer-
rocenylcarboxylate has been well utilized for the synthesis
of multiferrocene assemblies.'Y Also, relevant to molecular
quantum cellular automata,™ the synthesis of compounds
incorporating four identical redox-active groups is highly
sought. Thus, the reaction of [Ru,MgO(CH;COO)(py),-
(H,0)] with four equivalents of sodium ferrocenylcarboxy-
late (FcCOONa) in CH,Cl,—~CH;OH for three days at room
temperature afforded substituted products from which, after
workup, compounds containing three and four ferrocenyl
groups, [Ru,MgO(CH;COO);(FcCOO);(py).(H,0)] (5) and
[Ru,MgO(CH;COO),(FcCOO),(py),(H,O)] (6), have been
successfully isolated in reasonable yields.
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5 6

We have found that the Fc groups attached to the
Ru,MgO core through the metal-carboxylate coordination
mutually interact in the electrochemical oxidation process.
Cyclic voltammograms of 5 and 6 (Figure 2) dissolved in
CH,CL-CH;0OH (10:1, v/v) containing 0.1M nBu,NPF, as a
supporting electrolyte revealed three fully reversible pro-
cesses in the potential region between —0.40 and +1.20 V
versus Fc/Fc+.[!

For 6 (Figure 2a), the first process, labeled as I (E;,=
—0.07 V), is readily assigned to a Ru-based, reversible one-

W I 1 /

-0.5

E IV vs. FelFe* E/V vs. Fc/Fc*

Figure 2. Cyclic voltammograms and differential-pulse voltammograms
(DPVs) for a) 6 (0.3 mm) and b) 5 (1.0 mm) in CH,Cl,-CH;0H (10:1,
v/v) containing 0.1m nBu,NPF,. Scan rates: 0.10 Vs™' for CVs and
0.05 Vs™! for DPVs.
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electron transfer, Ru,"""/Ru,"™V.®l This E,, value is found
to be more negative than that of the parent hexakis(acetato)
complex [Ru,MgO(CH;COO)4(py),(H,O)] under the same
conditions (E;,=0.00 V), reflecting the larger electron-do-
nating effect of the Fc group. The second and third reversi-
ble processes, labeled as II (E;,=+0.15V) and III (E,,=
+0.44 V), respectively, are ascribed to stepwise oxidations
of the Fc groups to yield ferricinium (Fc*) ions. The intensi-
ty ratio of these Fc-based waves suggests that three of the
four Fc groups in 6 are first oxidized at very similar poten-
tials (process II) and then the remaining single Fc group is
oxidized in the more positive potential (process IIT).l'"1 The
comproportionation constant (K,,,)'¥ for the mixed-valent
{Fct),{Fc} state is remarkably large (8.0x 10" at 298 K), sug-
gesting the occurrence of intramolecular electronic commu-
nication among the multiple Fc and Fc* centers through the
Ru,MgO core. A similar trend is seen for 5 (Figure 2b),
where the mixed-valent {Fc*},{Fc} state is observed. In
these systems, an electrostatic contribution to split the redox
waves seems unlikely because of a large separation among
the redox-active sites within the molecule.'”) We note that
the reversibility of those Ru-based and Fc-based redox
waves was found to decrease when strongly donating DMF
was employed as a solvent.”)

In conclusion, the substitution-lability difference of dis-
tinct metal centers has been successfully extended for the
first time to the synthesis of new types of mixed-carboxylato
compounds in which the number and location of the differ-
ent carboxylato groups are immobilized in a well-defined
manner. This synthetic methodology is useful for the facile
immobilization of redox-ative groups onto the trinuclear
framework through which they are able to be mutually in-
teractive. Owing to the availability of versatile carboxylato
ligands,™ the synthetic route developed in this work will be
readily applied to various “multi-chromophore” architec-
tures where different subunits are linked together in one
molecule through coordination; studies in this direction are
in progress.

Experimental Section

Synthesis of complexes 1-4: To a solution of [Ru,MgO-
(CH;COO)4(py)s)-CH,CL, (200 mg, 0.218 mmol) in acetone (100 mL) was
added an aqueous solution (10 mL) of sodium propionate (1150 mg,
12.0 mmol) with stirring. The resulting solution was allowed to react for
24 h at room temperature. Evaporation of the solvent gave a purple solid
residue, which was dissolved in CH,Cl, (200 mL). The solution was
washed with water (3x100 mL) to extract the unreacted sodium propio-
nate, and dried over MgSO, overnight. After filtration, the solvent was
evaporated. The solid residue thus obtained was separated by chromatog-
raphy on a silica gel column (¢ 5x40 cm). Elution with 3% CH;OH-
CH,Cl, gave four purple bands. On the basis of the following analytical
and spectroscopic data, the first, second, third, and fourth bands were as-
signed to be 4, 3, 2, and 1, respectively. Analytically pure compounds
were obtained as purple solids by recrystallization from CH,Cl,/n-hexane
at room temperature. Yield: 1: 11.8 mg (6.9%); 2: 21.7 mg (12.4%); 3:
51.9mg (29.2%); 4: 65.2 mg (36.1%).

Synthesis of complexes 5 and 6: To a solution of [Ru,MgO-
(CH;COO)(py)s]-CH,Cl, (50 mg, 0.055 mmol) in CH,Cl, (20 mL) was
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added a solution of sodium ferrocenylcarboxylate (55.9 mg, 0.22 mmol)
in CH;OH (3 mL) with stirring. The solution was allowed to react for
three days at room temperature. Evaporation of the solvent gave a solid
residue, which was dissolved in CH,Cl, (100 mL). The solution was
washed with water (3x100 mL) to remove unreacted sodium ferrocenyl-
carboxylate, and then dried over MgSO, overnight. After filtration, the
solvent was evaporated, and the solid residue was separated by chroma-
tography on a silica gel column (¢ 2.5x30cm). Elution with 5%
CH;0H-C¢Hg gave three bands and a minor adsorbed species remained
on the column. Due to a sample limitation, only the first and second
bands were studied. Complex 5 was obtained as a purple solid from the
first band by evaporating the solvent followed by recrystallization of the
residue from CH,Cl,/n-hexane. Yield: 19.0 mg (23.6%). Complex 6 was
obtained as a purple solid from the second band similarly. Yield: 24.1 mg
(34.0%).

Characterization data of 1-6 as well as experimental details are provided
in the Supporting Information.
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