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ABSTRACT:We have succeeded in obtaining unique one-
dimensional (1D) chain complexes (1, 2, and 3) comprised
of two types of metal species: rhodium and platinum. These
compounds are constructed from a dinuclear rhodium com-
plex (i.e., [Rh2]) and a pivalamidate-bridged platinum
complex (i.e., [Pt2]), forming an attractive quasi-1D infinite
chain, expressed as �{[Rh2]�[Pt2]�[Pt2]}n�. Interest-
ingly, the bridging ligands of [Rh2] can be varied with tri-
fluoroacetate, acetate, and acetamidate groups, indicating the
possibility of electronic structure modulation in the 1D chain.

Paddlewheel dinuclear complexes have a rich redox chemistry
and showvarious electronic configurations based on themetal�

metal bond orbitals.1 They are useful modules for assembled
structures because the axial sites are available for coordination of
linker ligands.2�6 Direct interactions between the metal�metal
bonds, or those across a ligand, are interesting from the viewpoint
of materials science, and recent efforts have been reported on the
construction of dimensional arrangements of paddlewheel-type
dinuclear complexes.1�6 For example, dinuclear ruthenium com-
plexes linked by TCNQ (7,7,8,8-tetracyanoquinodimethane)
derivatives produce characteristic donor�acceptor systems
with ligand-controlled charge transfer,2b and I�-bridged [Rh2-
(acam)4]

0/+ (acam = acetamidate), having a mixed oxidation
state three-dimensional (3D) diamondoid network, shows char-
acteristic electrical conductivity.3b Although there exists a large
number of unique assembled structures with various linker
ligands, such as organic molecules,2 halide ions,3 π-conjugated
molecules,4 coordination compounds,5 and inorganic
molecules,6 to the best of our knowledge, [{Rh2(O2CCF3)4}-
{Rh2(O2CCF3)2(CO)4}2]n

7 is the only compound so far where
different metal ions bridge paddlewheel dinuclear complexes.

The compound [{Rh2(O2CCF3)4}{Rh2(O2CCF3)2(CO)4}2]n
was obtained by accident in the sublimation of [Rh2(O2CC-
F3)4].

7 The overall structure is an extended linear chain with a
repeat unit of �{[Rh2

II,II]�[Rh2
I,I]�[Rh2

I,I]}n�, where each
dinuclear complex is linked with direct metal�metal bonds. In
this 1D chain complex, interactions between the vacant σ* or-
bitals of [Rh2

II,II] and the filled σ* of [Rh2
I,I] effectively support

the formation of the metal�metal bonds along the chain. Taking
advantage of such interaction, we have tried to rationally con-
struct a 1D chain complex to make a contribution to this field.8

Here, we show a new type of 1D chain complex comprised of
paddlewheel dirhodium complexes and platinum complexes with
direct metal�metal interactions (Scheme 1).

We selected [Pt2(piam)2(NH3)4]
2+ (where piam = pivalami-

date) instead of [Rh2(O2CCF3)2(CO)4] for the module of our
1D chain complexes, because both compounds have the same
electronic configuration of σ2π4δ2δ*2π*4σ*2. Simply mixing
[Rh2(O2CCF3)4] and [Pt2(piam)2(NH3)4](CF3CO2)2 in a
ratio of 1:2 in EtOH, followed by slow evaporation, afforded
single crystals of [{Rh2(O2CCF3)4}{Pt2(piam)2(NH3)4}2]n-
(CF3CO2)4n 32nEtOH 3 2nH2O (1), having a metallic luster.
Figure 1a shows the crystal structure of 1.9 The most remarkable
structural feature is the paddlewheel dinuclear complexes of [Rh2-
(O2CCF3)4] sandwiched by [Pt2(piam)2(NH3)4]

2+ at both ends
with metal�metal bonds to form [Pt2]�[Rh2]�[Pt2] units, where
a crystallographic inversion center lies at the center of the rhodium
complex. The platinum dinuclear complexes are bonded to a
rhodium complex with a bond distance of Pt(2)�Rh(1) =
2.7473(15) Å and a typical torsion angle N�Pt�Rh�O of about
45�. Multiple hydrogen bonds between the nitrogen atoms of the
amine/amidate ligands in the platinum complexes and the carbox-
ylate oxygen atoms in the rhodium complex with an N�O bond
distance of 3.00�3.26 Å support these unbridged metal�
metal bonds. The hexanuclear [Pt2]�[Rh2]�[Pt2] segments are
linked by quadruple hydrogen bonds between the oxygen atoms of
the piam groups and the nitrogen atoms of the ammine ligands,
resulting in the formation of a quasi-1D infinite chain, expressed as
�{[Rh2]�[Pt2]�[Pt2]}n�, where the linked platinum dinuclear
complexes form the tetranuclear platinum backbone [Pt2]�[Pt2],
similar to “platinum blue” compounds.10

Interestingly, this type of 1D chain complex can be diversely
designed.When [Rh2(O2CCH3)4] or [Rh2(acam)4] units are selec-
ted as the dinuclear rhodium parts, each mixture with [Pt2-
(piam)2(NH3)4]

2+ affords single crystals, [{Rh2(O2CCH3)4}-
{Pt2(piam)2(NH3)4}2]n(PF6)4n 3 6nH2O (2) and [{Rh2(aca-
m)4}{Pt2(piam)2(NH3)4}2]n(CF3CO2)4n (3),

11 respectively.
As shown in Figure 1b and c, both 2 and 3 show 1D chain
complexes similar to 1, expressed as�{[Rh2]�[Pt2]�[Pt2]}n�.
Compound 2 crystallizes in the triclinic space group P1 with cell
parameters to similar 1. Despite the weaker Lewis acid of [Rh2-
(O2CCH3)4] versus [Rh2(O2CCF3)4],

1 a similar 1D chain
complex is attained. Compared with both 1 and 2, the 1D chains
in 3 undulate, because the [Pt2] and [Pt2] groups in 3 are not
stacked face-to-face but in a twisted fashion (Figure 1c, right;
Table S2, Supporting Information) that is associated with the
formation of hydrogen bonds between the [Pt2] and CF3CO2

�

groups. In 3, the [Rh2(acam)4] unit has a lower number of hydro-
gen bond acceptor sites compared with the tetra-carboxylate
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complexes, where both attraction and repulsion forces coexist
between the [Rh2] and [Pt2] units. Nevertheless, the [Rh2-
(acam)4] group affords a similar 1D chain complex, which also
supports the notion that the orbital interaction of the metal�
metal bonds between [Rh2] and [Pt2] is relatively strong.

Taking into account that the sum of the metal oxidation num-
bers of [Rh2]�[Pt2]�[Pt2] in 1�3 is +12, which was obtained
from single-crystal X-ray analysis, each oxidation state can be
considered as being �{[Rh2

II,II]�[Pt2
II,II]�[Pt2

II,II]}n�, which
is unchanged from that in the starting compounds. Table 1 sum-
marizes the metal�metal bond distances of 1, 2, and 3 and in
other reported compounds. The Rh�Rh bond distance of the
paddlewheel rhodium parts (2.408(2) Å) in 1 is similar to that
found in the axially water-coordinated complex [Rh2

II,II(O2C-
CF3)4(H2O)2] (2.394(3) Å).12 The Pt�Pt bond distance re-
flects the oxidation state of the platinum atoms.10 In 1, both the
Pt�Pt bond distance of the intra- (Pt(1)�Pt(2) = 2.8947(12)
Å) and the inter- (Pt(100)�Pt(1) = 3.0791(15) Å) unit distances
are shorter than those of [Pt4

II,II,II,II(piam)4(NH3)8](PF6)4 3 2H2O

(intradimer = 2.9546(11) Å, interdimer = 3.1256(12) Å) and
longer than those of [Pt4

II,II,II,III(piam)4(NH3)8](PF6)4(ClO4) 3
2H2O (intradimer =2.8039(9) Å, interdimer =2.8603(12) Å).8e

In both 2 and 3, a similar tendency was found in the bond
distances (Table 1). X-ray photoelectron spectra (XPS) of 1 and
2 reveal that the Pt 4f7/2 binding energies are 73.1 and 73.4 eV
(Figure S5, Supporting Information), respectively, which are
closer to that of [Pt2

II,II(en)2(R-pyridonato)2](NO3)2
(73.1 eV; en = ethylenediamine) than to that of [Pt2

III,III-
(NH3)4(R-pyrrolidonato)2(NO3)2](NO3)2 (74.6 eV).13 Further-
more, the Rh 3d5/2 binding energies obtained were 308.9 (1) and
308.8 (2) eV, which are close to the value of [Rh2

II,II(O2CCH3)4]
(309.0 eV).14 These results also support the oxidation states of
�{[Rh2

II,II]�[Pt2
II,II]�[Pt2

II,II]}n�.
Although 1�3 all have the same oxidation states of�{[Rh2

II,II]�
[Pt2

II,II]�[Pt2
II,II]}n�, several differences were observed in their

electronic spectra (Figure S6, Supporting Information) and the
metal�metal bond distances. Diffuse reflectance spectra of 1
show new two bands around 464 and 670 nm instead of that at
591 nm in [Rh2(O2CCF3)4], which is attributed to π* f σ*
transition in the Rh2 core. Similarly, in 2, there were two new
bands around 412 and 697 nm, which are not observed in [Rh2-
(O2CCH3)4]. These observations support the σ-type interaction
between [Rh2] and [Pt2] and the different properties among
1�3. Furthermore, single crystal X-ray analyses revealed that the
Rh�Rh bond distance in 1 is longer than that in 2 (Table 1),
which is attributed to the strong electron-withdrawing properties
of the trifluoroacetate group, and the Rh�Rh bond distance in 3
is considerably longer than that of the carboxylate groups in
the 1D chain complex. When the rhodium dinuclear complexes
are integrated into the 1D chain complexes, the difference in the
features among the parent rhodium parts may be reflected in the
differences in electronic structure.

DFT calculations (Figure S7, Supporting Information) on the
part of the chain, {[Pt2]�[Rh2]�[Pt2]}

4+, based on the crystal

Figure 1. Crystal structures of (a) [{Rh2(O2CCF3)4}{Pt2(piam)2(NH3)4}2]n(CF3CO2)4n 3 2nEtOH 3 2nH2O (1), (b) [{Rh2(O2CCH3)4}{Pt2(piam)2-
(NH3)4}2]n(PF6)4n 3 6nH2O (2), and (c) [{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3CO2)4n (3). The hydrogen atoms, anions, and solvent molecules
are omitted for clarity. The middle and right views are stacking fashions between [Rh2] and [Pt2] or [Pt2] and [Pt2], respectively.

Scheme 1. 1D Chain Complexes (1, 2, and 3) Comprised of
Rhodium and Platinum
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structures of 1�3 also indicate the difference in frontier orbitals
found in 1�3. In the case of the models for both 1 and 2 having
tetracarboxylate dirhodium parts, the HOMOs and LUMOs are
made up from interactions betweenσ-type orbitals, whereas, in 3,
the HOMO is the δ* orbital of the Rh2(acam)4 group, which is
from the π interaction with the amidate ligands, inducing a
destabilization of the δ* orbital (Figure S8, Supporting Infor-
mation).15 Taking into account that the 1D chain backbones with
metal�metal bonds are mainly constructed by the z-character
orbitals (σ or π), it may be possible to remove the δ* electrons of
the Rh2(acam)4 part in 3. Because compounds constructed with
interactions between metal�metal bonds are interesting, espe-
cially when they have open-shell electronic structures,3b,8e,8g

attempts to prepare a 1D chain complex incorporating [Rh2-
(acam)4]

+ groups are currently in progress. In summary, our
results demonstrate that linear chain structures consisting of two
types of metal are formed by taking advantage of the interaction
among their σ* orbitals. Although several problems related
to the yield remain, it is possible to modify bridging ligands in
�{[Rh2]�[Pt2]�[Pt2]}n� type chains toward the modulation
of the electronic structure, paving the way for a synthetic
methodology for such heterometallic 1D chain complexes.
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Table 1. Comparison of Selected Bond Distances (Å)
between 1, 2, 3, and Reported Compounds.8e

compounds Rh�Rh intra Pt�Pt inter Pt�Pt

1 2.408(2) 2.8947(12) 3.0791(15)

2 2.3832(17) 2.9376(7) 3.0893(9)

3 2.423(2) 2.9299(9) 3.0651(12)

[Pt4
II,II,II,II(piam)4(NH3)8]

4+ 2.9546(11) 3.1256(12)

[Pt4
II,II,II,III(piam)4(NH3)8]

5+ 2.8039(9) 2.8603(12)


