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Abstract

Copper(II) terephthalate is the first transition metal complex found capable of adsorbing gases. This complex has opened the new

field of adsorbent complex chemistry. It is recognized as the lead complex in the construction of microporous complexes. This

specific system has been expanded to a systematic series of derivatives of other isomorphous transition metals, molybdenum(II),

ruthenium(II, III), and rhodium(II). These complexes with open frameworks are widely recognized as very useful materials for

applications to catalysis, separation at molecular level, and gas storage.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Microporous inorganic–organic hybrid coordination
polymers have attracted much attention because of their
gas storage [1–6], ion exchange [7–11], and catalytic
properties [12–18]. The synthesis and characterization of
infinite one-, two-, and three-dimensional (1D, 2D, and
3D) networks have been an area of rapid growth. When
compared with conventional porous materials such as
zeolite, activated carbon, porous silica, clay, carbon
fabric, etc., these coordination polymers are thought to
have future potential. The reason for this is that
possibilities exist for designing these coordination
polymers for achieving desirable pore shapes and sizes,
high porosity, and flexible frameworks, which are
governed by the topological properties of the precursor
metal ions and ligands.
Previously, we discovered that copper(II) terephtha-

late [2,13], as shown in Fig. 1, occluded a large amount
of gases such as N2, Ar, O2, and Xe. Various transition
e front matter r 2005 Elsevier Inc. All rights reserved.
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metal dicarboxylates were synthesized as the first step in
producing new porous materials. Polydentate ligands
are suitable for producing stable covalent networks.
(Softness of the structure is required.) The general
method for synthesizing a 3D porous complex is shown
in Chart 1. The uniform linear micropores in these
complexes are constructed by the stacking or bonding of
2D lattices of dinuclear transition metal carboxylates.
The intermolecular interactions are more important for
producing porous structures consisting of lower-dimen-
sional building blocks. In this study, we selected
dinuclear and mononuclear carboxylates as the building
blocks.
Recently, we have specifically studied the syntheses

and catalytic performances for the heterogeneous
hydrogenation catalyses of rhodium carboxylate
coordination polymers, e.g., rhodium(II) fumarate
([Rh2(trans-OOCC2H2COO)2]n) and rhodium(II) ter-
ephthalate ([Rh2(p-OOCC6H4COO)2]n), and the rho-
dium carboxylate polymer complex having a porphyrin
ring, e.g., ([Rh2(H2TCPP)]n) (H2TCPP ¼ 4,40,400,4000-
(21H,23H-porphine-5,10,15,20-tetrayl)tetrakis benzoic
acid). Very recently, when tested among some
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rhodium-containing materials such as rhodium carbox-
ylate coordination polymers rhodium terephthalate, and
other reported materials, the rhodium carboxylate
Chart 1. Three-dimensional lattice organized by a

Fig. 1. View of the infinite two-dimensional lattice with micropores of

copper(II) terephthalate.
polymer complex, [Rh2(H2TCPP)]n, was demonstrated
to exhibit the highest catalytic activity for the hydro-
genation of propene at lower reaction temperatures
[13,16,17]. As these studies progressed, we focused
chiefly on the syntheses of dinuclear rhodium(II)
carboxylates having metalloporphyrin, MTCPP
(M ¼ Cu2+, Ni2+, and Pd2+), as bimetal hydrogena-
tion catalysts [18].
In this paper, we report on the gas storage of novel

adsorbent coordination polymers of dinuclear and
mononuclear metal(II) dicarboxylates (see Section 2),
the catalytic activities of 2D microporous polymers of
rhodium(II) dicarboxylates, a novel rhodium(II) car-
boxylate polymer complex having porphyrin for the
hydrogenation of ethene, propene, and 1-butene at
200K (see Section 3) and, finally, the catalytic per-
formance and bimetallic effects of microporous rhodiu-
m(II) carboxylate polymer complexes having metallo-
porphyrin (see Section 4).
2. Design strategy to synthesize micropore complexes

In 1959, the microporous coordination polymer was
reported by Asai et al. [19]. However, there was little
interest in such materials until the early 1990s, when
ssembly of low-dimensional building blocks.
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Hoskins and Robson [7] reported a porous coordination
polymer capable of an anion exchange. Fujita et al. [12]
studied the catalytic properties of the 2D coordination
polymer in 1994. Since 1995, after we had applied to
patent adsorbed microporous complexes [21], we have
continued to study adsorbent microporous complexes
[13]. In the same year, Moore and co-workers [20]
studied the adsorption of guest molecules, in 1997,
Kitagawa and co-workers [4] and Mori et al. [2] studied
gas adsorption properties under mild conditions (at
ambient temperature or pressure), and in 1998, Yaghi
and co-workers [1] reported the adsorption of N2(g) and
CO2(g) for zinc(II) terephthalate.

2.1. Dinuclear transition metal dicarboxylate

Because it was found that copper(II) terephthalate
occluded a large amount of gases such as N2, Ar, O2,
CH4, and Xe, various transition metal dicarboxylates,
M2(p-CH3C6H4COO)4 (0D) (M ¼ Cu, Rh, and Mo)
[22], [M2(C6H4COO)4(pyz)]n (1D) (M ¼ Cu and Rh)
[23], [M2(OOC-L-COO)2]n (2D) (M ¼ Cu, Mo, Rh, and
L ¼ organic ligand) [2,13,16,24], and [Cu2(OOC-L-
COO)2(TED)]n [25] were synthesized as the first step in
producing new porous materials. All complexes rever-
sibly adsorb gases without any structural damage. The
surface area, micropore volume, and pore diameter are
summarized in Table 1. The pore sizes of metal
carboxylates are controllable by the size and structure
of carboxylate ligands.

2.1.1. Zero-dimensional building blocks

It was found that special dinuclear transition metal
carboxylates such as M2(p-CH3C6H4COO)4 (0D)
(M ¼ Cu, Rh, and Mo) [22] reversibly adsorbed a large
amount of gases. Microcrystals of these complexes,
capable of adsorbing gases, were obtained by removal of
the guest molecules under vacuum at 373K. These
complexes were linked by guest molecules through weak
interactions and uniform capillaries constructed by
stacking and self-assembly. The solid-state structure
Table 1

Microporosity of coordination polymers obtained by Ar adsorption

Complexes Dimension BET surface a

Cu

M2(p-CH3C6H4COO)4 0 124 (41.4)

M2(C6H4COO)4(pyz) 1 Not measured

M2(trans-1,4-OOCC6H10COO)2 2 347 (81.1)

M2(trans-OOCC2H2COO)2 2 416 (73.9)

M2(p-OOCC6H4COO)2 2 545 (124)

M2(trans-OOCC2H2COO)2(X)
a 3 606 (140)

M2(p-OOCC6H4COO)2(X)
a 3 1891 (531)

aX ¼ triethylenediamine (TED), Cl for copper(II) dicarboxylates, and Ru
was characterized by single-crystal X-ray crystallogra-
phy and X-ray powder diffraction (XRPD) measure-
ments. The observed XRPD pattern shows that the
porous network was retained in the absence of the
included guest molecules.

2.1.2. One-dimensional building blocks

We found the microporous structure to be con-
structed by self-assembly of infinite linear chain com-
plexes, transition metal benzoates, and substituted
benzoate bridged by pyrazine [M2(C6H4COO)4(pyz)]n
(1D) (M ¼ Cu and Rh) [23]. Their micropores are
constructed by the self-assembly (p–p stack) of the
component chains, which adopt a perfectly linear
geometry with the chain skeleton bridged by the
pyrazine group in the axial direction of the dinuclear
transition metal benzoate. The values of the BET
surface areas of these complexes were equal to that of
copper(II) terephthalate.

2.1.3. Two-dimensional building blocks

Generally, a 2D or 3D network structure is built up
by bridges of dicarboxylate or polycarboxylate ligands
[24]. In the case of the linear dicarboxylate bridges, it is
obvious that 2D lattices are constructed, and infinite
linear micropores are created by stacking the 2D lattices
[M2(OOC-L-COO)2]n (2D) (M ¼ Cu, Mo, Rh, and
L ¼ organic ligand), as shown in Chart 1. These
coordination polymers with open frameworks are widely
recognized as very useful materials for applications such
as catalysis, separation at the molecular level, and
template, supramolecular, and gas storage, as shown in
Fig. 2.

2.1.4. Three-dimensional building blocks

We have focused on ruthenium(II, III) dicarboxylate
derivatives [25] [RuII,III2 (OOC-L-COO)2X]n, which con-
struct a more rigid network structure, assisted by axial-
halogen bridges, than those of other transition metal
dicarboxylates [M2(OOC-L-COO)2]n (2D) [24]. These
complexes have the ability to adsorb large amounts of
rea (m2 g�1), (� 103m2mol�1 of metal)

Rh Mo Ru

151 (56.4) 159 (58.2) 0

353 (135) — 36.6 (14.0)

243 (66.4) 213 (56.7) —

325 (70.5) 469 (98.4) —

469 (125) 519 (135) —

— — 411 (95.7)

— — 321 (90.8)

(II, III) dicarboxylate, respectively.
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gases, but all complexes reversibly adsorb gases with
structural damage. It has been demonstrated that an
axial-bridged layer structure is effective for the con-
struction of 3D networks with large channels although
this axial-halogen-bridged network has been unstable in
the absence of included guest molecules. We have
developed a new method for synthesizing stable axial-
bridged structures using organic axial ligands. We have
also synthesized the porous structure of copper(II)
dicarboxylates with triethylenediamine (TED) as the
organic axial ligand with copper(II) dicarboxylate
derivatives [CuII2 (OOC-L-COO)2(TED)]n (L ¼ organic
ligand). This structure was maintained at up to 473K
in the absence of the included guest molecules [26].

2.2. Synthesis and structure of metal-organic frameworks

with micropores of mononuclear copper(II)

carboxylates– pyridine derivatives

Metal-organic framework and polydedra have been
widely studied in solution and state for a variety of
purposes such as molecular sieve, gas occlusion, and
catalyst. There has been recent research interest in
crystal engineering supramolecular architectures as-
sembled form metal ions and organic ligands by
coordinate covalent bonding, hydrogen bonding, and
p-stacking. This is ascribed to a variety of coordination
geometries of building blocks.
In this paragraph, we focus interest mainly on

coordination polymers with mononuclear metal units
instead of dinuclear metal units. Because, the simplicity
to obtain the single crystals for the microporous
polymer of mononuclear metal carboxylates. Also,
the amounts of occluded gas per metal atom of the
mononuclear complexes are larger than that of the
dinuclear complexes, which the crystalline materials
with small amount of metal atoms discovered in this
paragraph are advantageous adsorbents for the envir-
onment [27].
Chart 2 exhibits the distribution and occurrence of

0D, 1D, and 2D structures. Mononuclear metal(II)
monocarboxylates were synthesized using pyridine and
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Fig. 3. Structural features of copper(II) terephthalate–pyridine, using

a Rigaku/MSC program packages.
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p-phenyl pyridine, but have no cavities, and indicate no
gas-occlusion properties. Recently, it was found that
mononuclear copper(II) terephthalate, which occludes
large amounts of gases. Other complexes, mononuclear
copper(II) carboxylates, form hydrogen-bonded net-
work, whose micropores occupied guest molecules, after
removal guest molecules exhibit gas-occlusion properties
[27]. Packing diagram view of copper(II) terephthala-
te–pyridine including guest molecules are shown in
Fig. 3. The channels have an effective diameter of about
4.6 Å. This complex consisting of hydrogen bonding and
terephthalate bridging between the Cu(II) ions form 2D
structure. In contrast to the metal(II) dicarboxylates,
metal(II) monocarboxylates have no cavities, and
indicate no gas-occlusion properties.
3. Functions of coordination polymers

3.1. Adsorption properties of copper(II) trans-1,4-

cyclohexanedicarboxylate

Copper(II) complexes of fumarate, 2,6-naphthalene-
dicarboxylate, and trans-1,4-cyclohexanedicarboxylate
have been prepared as adsorbents. All complexes
reversibly adsorb gases without any structural damage.
We have investigated gas adsorption properties of
copper(II) trans-1,4-cyclohexanedicarboxylate, which
was not decomposed by moisture and adsorbate. The
adsorption isobars of NO, NO2, CO2, and SO2 were
measured using a quartz spiral balance in an all-glass
system. The complex exhibited the capability of
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adsorbing gases such as NO, NO2, CO2, and SO2, as
shown in Fig. 4. Carbon dioxide was adsorbed into the
complexes at temperatures below 300K, and the
maximum amount of adsorbed gas was finally attained
around the sublimation temperature (195K). For the
temperature dependence of the amount of adsorbed
sulfur dioxide, the gas adsorption behavior was rapid.
The maximum amounts of adsorbed CO2 and SO2 were
0.76 and 0.84molmol�1 of copper atoms, respectively.
These results indicate that the temperature range of
adsorption was influenced by the affinity of the gases for
the micropore walls of the copper complex. In contrast,
the gas adsorption behavior for the isobar of NO was
equal to that of NO2. The temperature ranges of NO
and NO2 adsorption were different from each other. The
maximum amounts of adsorbed nitrogen oxide (NO and
NO2) were 1.5molmol

�1 of copper atoms, which were
about two times that of the CO2 (0.76) and SO2 (0.84)
adsorptions. These results suggest the presence of
dimmer species such as (NO)2 and (N2O4).

3.2. Catalytic performance for hydrogenation of olefin

over rhodium(II) carboxylate

Development of an effective catalytic hydrogenation
reaction to preferentially produce the desired materials
has been challenged from the viewpoint of both
fundamental and industrial applications [28]. Rho-
dium-containing porous and nonporous materials have
received attention in the field of various heterogeneous,
hydrogenation catalysts, e.g., organometallic Rh com-
plexes on silica [29] or zeolite [30], diatomic Rh site
on carbon [31], immobilization of Rh diphosphine
complex on Al-MCM-41 [32], metal oxide deposits
on Rh foil [33], molecular-imprinting Rh-dimer on
silica surface [34], and polymer-attached Rh complex
([Rh(NBD)LL]+ (L ¼ polyphosphine ligand)) [35]. All
these materials are shown to be highly active in the
hydrogenation of olefins, carbon dioxide, and carbon
monoxide.
The microporous inorganic–organic hybrid coordina-

tion polymers have attracted much attention because of
their molecular adsorption [1–6], ion-exchange [7–11],
and catalytic properties [12–18]. When compared with
the conventional porous materials such as zeolite or
activated carbons, these coordination polymers are
found to have potential for the future. This is because
a possibility exists for designing these coordination
polymers for achieving the desirable pore shape and size,
high porosity, and flexible framework, which are
governed by the topological properties of the precursor
metal ions and ligands. [Rh(diisocyanobiphenyl)2

+Cl�]
is an example of hydrogenation catalyst that uses the
inorganic–organic hybrid material [36].
Based on the efficient properties of porous inorgani-

c–organic materials, we have specifically studied the
syntheses and catalytic performances for the hetero-
geneous hydrogenation catalyses of rhodium car-
boxylate coordination polymers, e.g., rhodium(II)
fumarate [Rh2(trans-OOCC2H2COO)2]n (1), rhodiu-
m(II) terephthalate [Rh2(p-OOCC6H4COO)2]n (2), and
rhodium(II) 4,40,400,4000-(21H,23H-porphine-5,10,15,20-
tetrayl)tetrakis benzoate [Rh2(H2TCPP)]n (3). The uni-
form linear micropores in these complexes are con-
structed by the stacking or bonding of 2D lattices of
dinuclear transition metal carboxylates. Furthermore,
single-site dinuclear transition metal centers in the
uniform linear pores are significant characteristics for
the use of these metal carboxylates as heterogeneous
catalysts. In addition, all the single metal centers can act
as active centers during the heterogeneous catalysis. In
addition, these complexes are capable of occluding large
amounts of gases such as N2, Ar, O2, CH4, and Xe, and
show the highest catalytic activities under the conditions
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Table 2

Microporosity obtained by Ar adsorption and maximum amount of adsorbed N2 for complexes 1–3

Complexes Surface areaa Micropore volume

(cm3 g�1)

Pore size (Å) Amount of adsorbed N2

(molmol�1 of Rh)

BET Langmuir

Rh fumarate 1 325 (70) 392 (85) 0.13 5.4 0.87b

Rh terephthalates 2 469 (125) 596 (212) 0.20 6.0 1.11b

[Rh2(H2TCPP)]n 3 339 (168) 416 (206) 0.14 5.1 2.87b (5.74)c

H2TCPP 10.1 13.1 — — 0.66c

a[m2 g�1, (� 103m2mol�1 of Rh)].
bmolmol�1 of Rh.
cmolmol�1 of porphyrin.
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of low temperature and low pressure (30Torr) during
the hydrogenation of ethene, propene, and 1-butene
[13,16,17].
In this study, we especially focused on rhodium

carboxylate polymer complexes to develop the newer
hydrogenation catalysts because the rhodium atom has
the interesting properties of chemisorption, dissociation
of hydrogen molecules, and hydrogen transfer [37].
In general, modification of the structure of rhodium

active centers in heterogeneous catalysts is quite difficult
because the structures of rhodium centers are dramati-
cally influenced by the synthetic conditions. For
example, rhodium metal catalysts dispersed on polypho-
sphine supports and rhodium foil with TiO2 overlayers
have shown high catalytic activities for the hydrogena-
tion of ethene, but the relationships between the
catalytic activities and the structures of the rhodium
centers are still unclear [35,38]. In this section, we
specifically report the catalytic performances of rhodium
carboxylate polymer complexes 1–3 for the heteroge-
neous hydrogenation of ethene, propene, and 1-butene
at 200K, the unique bimolecular pathway between 2D
sheet structures in uniform micropores.

3.2.1. Materials

Rhodium(II) fumarate [Rh2(trans-OOCC2H2COO)2]n
(1), rhodium(II) terephthalate [Rh2(p-OOCC6H4

COO)2]n (2), and rhodium(II) 4,40,400,4000-(21H,23H-
porphine-5,10,15,20-tetrayl)tetrakis benzoate [Rh2(H2T
CPP)]n (3) were synthesized and purified by a published
method [13,16,17].

3.2.2. Catalytic hydrogenation of olefins

The hydrogenation reactions and hydrogen exchange
reactions of olefins (ethene, propene, and 1-butene) were
carried out at 255 and 194K, respectively. Complexes
1–3 were placed into a reaction vessel, which was
connected to a conventional closed gas circulation
system (350 cm3). After performing the evacuation at
298K and H2 reduction at 373K for 1 h, the reaction gas
comprising 30Torr olefin and 60Torr H2 was intro-
duced. The hydrogenation products were determined by
gas chromatography (GC). The reaction product was
analyzed by GC (TCD, activated alumina stainless
columns) and assignments were made by after compar-
ing these with the authentic samples analyzed under the
same conditions.

3.2.3. Synthesis and characterizations of complexes 1– 3
Complexes 1– 3 were synthesized by the ligand-

exchange reaction of rhodium(II) acetate with organic
ligand. The compositions and structures of complexes
1–3 were obtained by the elemental analysis, infrared
spectra, TG/DTA, magnetic susceptibilities measure-
ments, XRPD, adsorption isotherms, and pore size
distributions. The surface area, micropore volume, and
pore diameter are summarized in Table 2. Ar adsorption
measurements of complexes 1– 3 show a sharp pore size
distribution at 5.4, 6.0, and 5.1 Å, respectively, and
occlude about 0.8, 1.2, and 2.9molmol�1 of Rh atoms,
suggesting that these complexes may possess a 2D sheet
structure which is constructed of nanoscale micropores
with a 3D packing as similar to copper(II) telephthalate,
as shown in Fig. 1. Note that nonporous materials do
not occlude gases at all. Although complex 3 had
smaller pore size, 5.1 Å, than those of complex 1, and 2,
this complex showed excellent gas-occlusion properties,
i.e., the maximum amount of occluded N2 gas was
2.87molmol�1 of Rh at 77K, which was about three
times that of complex 1, and 2 at 77K. The result
suggests that the micropores in complex 3 constructed
by half metal atoms compared with the complex 1, and
2, as shown in Chart 1. Several lines of powder X-ray
diffraction patterns for these, though these lines are
broad, also suggest that these samples are crystalline
materials. Magnetic susceptibilities data also show that
these complexes have dinuclear rhodium structures.

3.2.4. Hydrogenation reactions of olefins catalyzed by

complexes 1– 3
The hydrogenation of olefin (ethene and propene)

catalyzed by complexes 1–3 was conducted at 194 and
255K, respectively. The results are summarized in
Table 3. The high activities of complexes 1–3 necessitate
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Table 3

Catalytic activities for hydrogenation of olefins (ethane and propene) and hydrogen exchange reaction of propene catalyzed by complexes 1–3a

Catalysts Reaction

temperature

(K)

TOF/gb [(TOF/Rh)]c

Ethene Propene (propane

formation)

Propene (propene-d1
formation)

Rh fumarate 1 255 5.50� 10�5 (1.19� 10�2) 2.40� 10�5 (5.20� 10�3) 2.6� 10�3 (5.64� 10�1)

194 1.49� 10�7 (3.24� 10�5) 5.02� 10�8 (1.09� 10�5) —

Rh fumarate (dark green) 1-(B) 255 — 8.30� 10�6 (1.80� 10�3) (0.0� 10�3)

Rh fumarate (pale green) 1-(C) 255 — 1.20� 10�5 (2.60� 10�3) —

Rh terephthalates 2 255 9.70� 10�5 (2.60� 10�2) 2.88� 10�5 (7.70� 10�3) —

[Rh2(H2TCPP)]n 3 194 2.16� 10�5 (1.07� 10�2) 6.24� 10�6 (3.10� 10�3) —

aReaction conditions: catalyst, 0.12mmol; olefin (ethane and propene), 30Torr; H2, 60Torr; and He, 1.4 Torr.
bTOF/g ¼ [(mol of product) g�1 s�1] for hydrogenation hydrogen exchange reactions of olefin at reaction temperatures of 194 and 255K,

respectively.
cTOF/Rh ¼ [(mol of product)(atom of Rh)�1 g�1] for hydrogenation hydrogen exchange reactions of olefin at reaction temperatures of 194 and

255K, respectively.
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reaction at a low temperature in order to secure a low
initial rate. This also leads to and the resulting freedom
from complications arising from the influence of mass
and heat transport. For ethene hydrogenation, turnover
frequency (TOF ¼ [(mol of product) s�1 g�1]) of com-
plex 3 was 2.16� 10�5 [(mol of product) s�1 g�1], which
was about 145 times that of complex 1 (1.49� 10�7)
with 100% selectivity of ethane. For propene hydro-
genation, the product was propane with 100% selectiv-
ity and the conversion reached up to 15.5% after
360min. TOF for complex 3 was 6.24� 10�6, which was
about 124 times that of complex 1 (5.02� 10�8). A
various rhodium-containing materials, e.g., Rh foil with
TiO2 overlayers [33] and Rh/polyphosphine metal
catalyst [35], were used as catalysts for hydrogenation
reaction but they required reaction at higher tempera-
ture of 323K. Magnetic susceptibility for complex 3

after pretreatment under hydrogen at 373K for 1 h
showed the same result as that of as-prepared complex
3, suggesting that the dinuclear rhodium(II) centers in
complex 3 were stable active centers under our reaction
conditions. These facts suggested that the dinuclear
rhodium coordination polymer with porphyrin-contain-
ing carboxylate was an effective material for gas
adsorption and catalytic hydrogenation of olefin.
As control experiments, the complex 1-(b) having

chemical composition was similar to the complex 1, but
did not occlude N2, maybe due to the incomplete
packing of 2D sheets, and complex 1-(c) having very
broad (10–20 nm) pore size distributions were used as
catalysts for the hydrogenation of olefins. The com-
plexes were put into a reaction vessel, which was
connected to a conventional closed gas circulation
system. After evacuation at room temperature, com-
plexes 1 and 2 exhibited high catalytic activities for
H2–D2 exchange reaction even at 200K. Moreover, the
hydrogen exchange of olefins such as ethene, propene,
and 1-butene as well as their hydrogenation occurred at
200K.
Table 3 summarizes the initial rates of propane

formation in the C3H6–H2 reaction as well as propene-
d1 formation in the C3H6–C3D6 reaction over various
polymer complexes. It is interesting to note that only the
hydrogenation proceeded over the complex 1-(b) but not
the hydrogen exchange reaction of the olefin molecules.
As previously mentioned, complex 1-(b) did not occlude
N2 due to the incomplete packing of the sheets. This
result suggests that the active sites for the hydrogen
exchange of the olefins may only exist inside the
micropores of the polymer complexes, while hydrogena-
tion of the olefins takes place both inside and at the
outer surface of the polymer complexes. In the case of
the complex 1-(c) complex, both hydrogenation and the
hydrogen exchange reaction of propene took place with
rates slower rates than complex 1 and deactivated
rapidly after a few times of reported reactions. Recovery
to its original activity did not occur even after the 373K
reduction.
Next, to determine the reaction mechanism, we

measured the deuterium isotopic distribution by micro-
wave spectroscopy. Microwave spectroscopy is an
excellent technique for the study of hydrogen exchange
or isomerization reaction of propene or 1-butene [39],
because it enables us to determine the distribution of the
D atoms in the exchanged d1-molecules. Fig. 5a shows
microwave spectroscopic analyses of the deuterium
isotopic distribution of formed propene-d1 during
C3H6–C3D6 reaction over the complex 1 at 194K,
where cis- and trans-propene-1-d1 were the main
products and the amounts of propene-2-d1 and 3-d1
were very small. In contrast, the exchange rate of the
C3H6–D2 reaction was two orders of magnitudes smaller
than that of the C3H6–C3D6 reaction. Fig. 5b shows the
isotopic distribution pattern of this reaction, which was
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different from that of the C3H6–C3D6 reaction, and
operation of the 1,3- and 2,3-intramolecular hydrogen
exchange processes [39]. To study the relationship
between adsorbed hydrogen and propene, the initial
rates of HD formation in the H2–D2 and C3H6–H2–D2

reactions, and also initial rates of propene-d1 formation
in the C3H6–C3–D6 and C3H6–C3D6–H2 reactions, were
compared over the complex 1 at 194K. The initial rates
of HD formation in the H2–D2 and C3H6–H2–D2

reactions were comparable, and one order of magnitude
faster than that of propene-d1 formation in the
C3H6–C3D6 reaction. In contrast, the initial rate of
propene-d1 formation in the C3H6–C3D6–H2 reaction
was identical to that of the C3H6–C3D6 reaction with the
same isotopic distribution. These results indicate that
intermolecular hydrogen exchange between two propene
molecules takes place independently of the dissociative
adsorption of hydrogen molecules.
As previously discussed, the C3H6–C3D6 exchange

reaction only occurs inside the micropores of the
complexes. The direct dissociative mechanism of the
propene C–H bond is not available for this exchange
process because no mixing was observed between the
hydrogen of the propene molecules and the dissociative
hydrogen of the gaseous hydrogen molecules. Accord-
ingly, we propose the following mechanism for this
exchange process. When two propene molecules are put
into the channel of the three-dimensionally packed
sheets, they might exchange their hydrogen without
complete scission of the C–H bond. Microwave spectro-
scopic analysis of propene-d1 formed in this reaction
indicates that only the hydrogen atoms attached to the
double bond carbons of propene are exchangeable and
suggests the existence of an intermediate of a four-
centered carbon ring structure formed by two propene
molecules, as shown in Fig. 5c. Naito and co-workers
have already reported the existence of such a novel
exchange mechanism, which does not involve a complete
C–H bond dissociation but rather an intermolecular
hydrogen shift between two adsorbed propene molecules
over alumina-supported Os3(CO)12 derived catalysts.
Co-existing adsorbed CO modifies the electronic state of
the Os and makes the direct dissociation mechanism
unfavorable, opening a new bimolecular pathway [40].
In the present study, a special electronic micropore
structure as well as restricted nanospace may play an
important role for the operation of such a novel reaction
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pathway. With regard to the reaction mechanism of
complex 3, the kinetic parameters, activation energies
(Ea; 42.0 kJmol�1), activation enthalpies (DzH;
39.9 kJmol�1), and activation entropies (DzS;
�517 JK�1mol�1), calculated on the basis of the
reaction rates for hydrogenation reactions of propene
catalyzed by complex 1, and 3 in the temperature range
of 194–255K also provided efficient aspects for the
consideration of the reaction mechanism. The Ea value
of complex 3 was similar to that of complex 1

(41.6 kJmol�1), suggesting that the reaction mechanism
at the rhodium center of complex 3 was the same as that
of complex 1. Furthermore, the activation entropies for
complexes 1 and 3 were �518 and �517 JK�1mol�1,
respectively, which were significantly smaller than
that of Rh dimer-imprinted SiO2 (�276 to
�170 JK�1mol�1) [34], suggesting that the conforma-
tion of the coordinated propene was highly regulated by
the micropore walls of complex 1, and 3.
4. Development of more efficient catalysts

The synthesis of multimetallic active centers at
molecular levels is one of the significant technologies
utilized in developing more efficient hydrogenation
catalysts [41]. Several supported multimetal catalysts
have been extensively studied for their role in various
heterogeneous reactions, and the roles of multimetallic
centers have also been investigated. A few examples of
rhodium-containing multimetal catalysts are as follows:
[Co2Rh2] � (CO)12/SiO2 for skeletal rearrangement of
hydrocarbon [42]; Cu-M/NaY (M ¼ Pt, Ir, Rh, and
Ru) [43], Ni-M/NaY (M ¼ Ru, Rh, Pd, and Pt) [44],
and Pd–Rh/Al2O3 [45] for hydrogenation of the
carbon–carbon multiple bond; [H2RhOs3(CO)10(acac)]/
Al2O3 [46], Rh-Fe/NaY [47], and M-Fe3+ (M ¼ Rh, Pt,
and Pd)/SiO2 [40c] for CO hydrogenation, Ni–Rh/ZrO2

[48] for CO2 reforming, and Cu/Rh(100) catalysis for
CO oxidation [49]. In some of the multimetallic
catalysts, e.g., Ru–Pd/Al2O3 [50] and Pt on alkali-
borosilicate [51], a hydrogen spillover behavior has been
observed, which can accelerate the catalytic reactions
significantly [52]. However, the studies on the hetero-
geneous catalytic activities involving a single active site
of the multimetal catalysts are particularly challenging,
given the inherent difficulties encountered in character-
izing the active sites under the reaction conditions
because of the difficulties in synthesizing the active and
selective catalytic centers at molecular levels in hetero-
geneous catalysis [34].
In this study, we have focused on dinuclear rhodiu-

m(II) carboxylates [Rh2(MTCPP)]n (M ¼ H2 1, Cu
2+ 2,

Ni2+ 3, and Pd2+ 4, as shown in Fig. 6), having
metalloporphyrin as bimetal hydrogenation catalysts. In
this section, we specifically report the catalytic perfor-
mances of [Rh2(MTCPP)]n for the heterogeneous
hydrogenation of ethene, propene, and 1-butene at low
temperatures from 194 to 255K, the unique bimetallic
effects between metal centers of porphyrin rings, and the
bridged dinuclear rhodium sites in uniform micropores.

4.1. Materials

[Rh2(MTCPP)]n (M ¼ H2 3, Cu
2+ 4, Ni2+ 5, and

Pd2+ 6) was synthesized and purified by a published
method [18].

4.2. Catalytic hydrogenation of olefins

The hydrogenation reactions of olefins (ethene,
propene, and 1-butene) were carried out at 194, 220,
and 255K, respectively. Complexes 3–6 were placed into
a reaction vessel, which was connected to a conventional
closed gas circulation system (155.7 cm3). After perform-
ing the evacuation at 298K, the reaction gas comprising
30Torr olefin and 60Torr H2 was introduced. The
hydrogenation products were determined by GC. The
reaction product was analyzed by GC (TCD, Porapak Q
and activated alumina stainless columns), and assign-
ments were made by after comparing these with the
authentic samples analyzed under the same conditions.

4.2.1. Synthesis and characterizations of complexes 3– 6
[Rh2(MTCPP)]n (M ¼ H2 3, Cu

2+ 4, Ni2+ 5, and
Pd2+ 6) were synthesized by the ligand-exchange
reaction of rhodium(II) acetate with MTCPP prepared
from commercially available H2TCPP and a metal
chloride (CuCl2, NiCl2 � 6H2O, and PdCl2), as shown
in Scheme 1. The purity and composition of each of the
starting MTCPP were obtained by the elemental
analysis, DR–UV–vis spectra, and 1H NMR measure-
ments. The perfect insertion of metal atoms into the
center of the porphyrin ring of 3 was impossible. The
compositions and structures of complexes 3–6 were
obtained by the elemental analysis, infrared spectra,
TG/DTA, 1H NMR, DR–UV–vis spectra, magnetic
susceptibilities measurements, XRPD, adsorption iso-
therms, and pore size distributions [18].
To examine the porosity of complexes 3–6, high-

resolution adsorption isotherms of argon at 87.3K were
measured under a relative pressure (P/P0) range from
10�5 to 1. These adsorption isotherms of all complexes
show typical isotherms of Langmuir type, confirming
the presence of micropores without mesopores. A sharp
rise in argon adsorption at low relative pressures (P/
P0p0.2) indicated that the micropores are extremely
uniform. Analyses of these isotherms yielded BET
surface areas, micropore volumes, and effective pore
size for all complexes shown in Table 4. In complexes
3–6, one sharp peak was obtained at 5.1, 5.1, 5.0, and
5.0 Å, respectively, indicating that the obtained com-
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Table 4

Microporosity obtained by Ar adsorption and maximum amount of adsorbed N2 for complexes 3–6

Complexes Surface areaa Micropore volume

(cm3 g�1)

Pore size (Å) Amount of adsorbed N2

(molmol�1 of Rh)

BET Langmuir

[Rh2(H2TCPP)]n 3 339 (168) 416 (206) 0.14 5.1 2.9 (5.7)b

[Rh2(Cu
2+TCPP)]n 4 373 (197) 456 (241) 0.16 5.1 3.2 (6.4)b

[Rh2(Ni
2+TCPP)]n 5 299 (157) 361 (190) 0.12 5.0 2.4 (4.7)b

[Rh2(Pd
2+TCPP)]n 6 318 (174) 387 (212) 0.13 5.0 2.5 (5.0)b

a[m2 g�1, (� 103m2mol�1 of Rh)].
bmolmol�1 of porphyrin.
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plexes have uniform micropores. The large surface areas
(299–373m2 g�1) and the high micropore porosities
(0.12–0.16 cm3 g�1) in the area of inorganic–organic
hybrid coordination polymers were due to the stacking
of 2D [Rh2(MTCPP)]n layers as well as other carbox-
ylate coordination polymers [6]. XRPD data of com-
plexes 3–6 also support this result.
To observe the ability of complexes 3–6, the adsorp-

tion isobars (P ¼ 20Torr) of nitrogen in the tempera-
ture range of 77.5–200K were measured. Nitrogen was
adsorbed into the complexes at temperatures below
200K, and the amount of adsorbed gas finally attained
the maximum around the boiling temperature of
nitrogen. All the complexes were capable of adsorbing
a large amount of nitrogen, though amorphous
H2TCPP hardly adsorbed nitrogen (o0.66molmol�1

of porphyrin). The maximum amounts of nitrogen
adsorbed in complexes 3–6, which were evaluated from
the saturated amounts with isobars, were 2.9, 3.2, 2.4,
and 2.5molmol�1 of rhodium(II) atoms, respectively, as
summarized in Table 4. These absorbed amounts of
nitrogen were approximately 2.1–3.7 times larger than
those of rhodium(II) fumarate [Rh2(trans-OOCC2H2

COO)2]n and rhodium(II) terephthalate [Rh2(p-

OOCC6H4COO)2]n [6], and the order of maximum
amount (4434645) was in good agreement with that
of BET surface area.

4.2.2. Hydrogenation reactions of olefins catalyzed by

complexes 3– 6
The hydrogenations of olefin (ethene, propene, and 1-

butene) catalyzed by complexes 3–6 were conducted at
194, 220, and 255K, respectively. The results are
summarized in Tables 5 and 6. The high activities of
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Table 5

Catalytic activities for hydrogenation of propene catalyzed by complexes 3–6a

Catalysts TOF/gb [(TOF/Rh)]c

At 194K At 220K At 255K

[Rh2(H2TCPP)]n 3 6.24� 10�6 (3.10� 10�3) 3.28� 10�4 (0.16) 3.17� 10�3 (1.57)

[Rh2(Cu
2+TCPP)]n 4 8.77� 10�5 (4.62� 10�2) 1.95� 10�3 (1.03) 1.02� 10�2 (5.39)

[Rh2(Ni
2+TCPP)]n 5 3.32� 10�5 (17.4� 10�2) 5.50� 10�4 (0.29) 1.21� 10�2 (6.36)

[Rh2(Pd
2+TCPP)]n 6 2.25� 10�4 (1.24� 10�1) 2.28� 10�3 (1.25) 1.35� 10�2 (7.38)

aReaction conditions: catalyst, 10mg; propene, 30Torr; H2, 60Torr; and He, 1.4Torr.
bTOF/g ¼ [(mol of product) g�1 s�1] for hydrogenation of propene after 180, 15, and 5min at reaction temperatures of 194, 220, and 255K,

respectively.
cTOF/Rh ¼ [(mol of product)(atom of Rh)�1 g�1] for hydrogenation of propene after 180, 15, and 5min at reaction temperatures of 194, 220, and

255K, respectively.

Table 6

Catalytic activities for hydrogenation of 1-butene catalyzed by

complexes 3–6a

Catalysts TOF/gb [(TOF/Rh)]c

At 220K At 255K

[Rh2(H2TCPP)]n 3 2.13� 10�4 (0.11) 4.62� 10�4 (0.23)

[Rh2(Cu
2+TCPP)]n 4 1.42� 10�3 (0.75) 7.12� 10�3 (3.54)

[Rh2(Ni
2+TCPP)]n 5 2.44� 10�3 (1.28) 5.43� 10�3 (2.70)

[Rh2(Pd
2+TCPP)]n 6 4.21� 10�3 (2.31) 9.17� 10�3 (4.57)

aReaction conditions: catalyst, 10mg; propene, 30Torr; H2, 60Torr.
bTOF/g ¼ [(mol of product) g�1 s�1] for hydrogenation of 1-butene

after 15 and 5min at reaction temperatures of 220 and 255K,

respectively.
cTOF/Rh ¼ [(mol of product)(atom of Rh)�1 g�1] for hydrogena-

tion of 1-butene after 15 and 5min at reaction temperatures of 220 and

255K, respectively.
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complexes 3–6 necessitate reaction at a low temperature
in order to secure a low initial rate. This also leads to
and the resulting freedom from complications arising
from the influence of mass and heat transport. With
regard to the hydrogenation of ethene, the reaction rates
were extremely fast to observe even at 194K.
For obtaining the time course of propene, hydro-

genation at 194, 220, and 255K (Figs. 7a–c), the high
catalytic activities of complexes 3–6 were observed.
Propane with 100% selectivity at all reaction tempera-
tures was obtained as the product. At 194K, an
induction period of o30min was observed for com-
plexes 3–6 because of the physisorption of the produced
propane in the micropores. After 180min, the conver-
sions of complexes 3–6 attained 2.7, 47.1, 14.5, and
100%, respectively, showing that complex 6 was the
most active, and their turnover frequencies
(TOF ¼ [(mol of product) s�1 g�1]) were 6.24� 10�6,
8.77� 10�5, 3.32� 10�5, and 2.25� 10�4, respectively,
showing that the TOF of 6 was 2.6–36 times higher than
that of complexes 3–5; and the order of the activity of
these complexes for propene hydrogenation was
Pd2+4Cu2+4Ni2+bH2. At 220K, the TOFs [(mol
of product) g�1 s�1] of complexes 3–6 were 3.28� 10�4,
1.95� 10�3, 5.50� 10�4, and 2.28� 10�3 after 15min,
respectively. At 255K, the conversions of all catalysts
attained 100% within 30min. In particular, the reaction
catalyzed by 6 finished within 5min. The TOFs [(mol of
product) g�1 s�1] of 3–6 were 3.17� 10�3, 1.02� 10�2,
1.21� 10�2, and 1.35� 10�2 after 5min, respectively.
The catalytic results at 220 and 255K also showed that
complex 6 was the most active complex, and the order of
the activity was the same (Pd2+4Cu2+4Ni2+4H2). In
addition, these bimetallic effects of Cu–Rh, Ni–Rh, and
Pd–Rh were not dependent on the BET surface area,
rather they were dependent on the type of metal atoms
centered in the porphyrin ring, as shown in Fig. 8. The
100% conversion after 5min at 255K and TOF of
1.35� 10�2 [(mol of product) g�1 s�1] ( ¼ 7.38 [(mol of
product)(atom of Rh)�1]) were observed for 6 and
compared with those reported for other rhodium(II)-
containing systems; the conversion of propene hydro-
genation over [Rh(NBD)(PolyPPh2)2]ClO4 [35] at 361K
could not exceed 50% even after 7200min. The TOF
values of 9.80� 10�4 [(mol of product)(atom of Rh)�1]
for Cp2Ta(CH2)2Rh(CO)2 observed at 318K and
1.85� 10�3 [(mol of product)(atom of Rh)�1] for
Cp2Ta(CH2)2Rh(CO)(PPh3) observed at 318K [31] were
much lower (10�4 times) than that of 6, respectively.
Metal supported catalysts such as Pt/SiO2 (0.37mol
atom�1 of Pt at 220K) and Pd/SiO2 (1.6mol atom

�1 of
Pd at 201K) [52] showed activities similar to that of 6,
but they required a higher reaction pressure
(7.6� 102 Torr).
The complexes 3–6 were also observed to catalyze the

hydrogenation of 1-butene to butane (100% selectivity)
at 220 and 255K, as shown in Fig. 9 and Table 6. At
194K, the reproducibility of measurements was not
obtained due to the solidification of 1-butene. At 220K,
an induction period was observed for these complexes
due to the physisorption of the produced butane. The
conversions of complexes 3–6 attained 100% within
60min. The TOFs [(mol of product) g�1 s�1] of 3–6 were
2.13� 10�4, 1.42� 10�3, 2.44� 10�3, and 4.21� 10�3,
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respectively, suggesting that complex 6 was the most
active, and the order of the activity of these complexes
for 1-butene hydrogenation at 220K was
Pd2+4Cu2+ENi2+bH2. At 255K, the conversion
attained 100% within 30min. The highest TOF of
complex 6 was 9.17� 10�3, and the value of TOF was
19.8, 1.3, and 1.7 times those of complexes 3–5, and the
same order of activity (Pd2+4Cu2+4Ni2+4H2) was
observed for these complexes for hydrogenation of 1-
butene. The observed TOF compares favorably with
those reported for other heterogeneous systems invol-
ving supported metals. For example, Cp2Ta(CH2)2Rh
(CO)2 having a TOF of 1.39� 10�4 [(mol of produc-
t)(atom of Rh)�1] has been reported to catalyze the
hydrogenation of 1-butene. This TOF was much lower
than that of 6 9.17� 10�3 [(mol of product)(atom of
Rh)�1] at 255K. In addition, the TOFs for this reaction
have been reported for metal supported catalysts such as
Pt/Al2O3 (0.85wt%) at 300K (TOF: 12) (20MPa) [52]
and Rh(C5H7O2)3/g-Al2O3 (0.23wt%) at 300K (TOF:
23.1) (20MPa) [29d], which had higher activities than
that of complex 6; however, they required conditions
of high temperature (300K) and high pressure
(2.6� 102 Torr).
As control experiments, the 1:1 (molmol�1) mixtures

of Rh2(CH3COO)4 � 2H2O and MTCPP were used as
catalysts for the hydrogenation of propene at 194K, as
shown in Fig. 10. No reaction was observed for any of
the catalysts used. Despite the remarkable bimetallic
effects observed for the hydrogenation catalysis men-
tioned above, the 1:1 (molmol�1) mixtures of
[Rh2(H2TCPP)]n and MTCPP (M ¼ Cu2+, Ni2+, and
Pd2+) also showed lower activities (10�1 times) than
those of complexes 4–6 for the hydrogenation of
propene at 194K, as shown in Fig. 10. In addition, no
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Fig. 10. Time course for hydrogenation of propene at 194K cata-

lyzed by [Rh2(MTCPP)]n (J), [Rh2(H2TCPP)]n (&), the mixture of

[Rh2(H2TCPP)]n+MCl2 (K), and the mixture of Rh2(CH3COO)4 �

2H2O+MTCPP (’). M ¼ (a) Cu2+; (b) Ni2+; (c) Pd2+. Reaction

conditions: catalyst, 10mg; propene, 30 Torr; H2, 60 Torr.
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nonporous rhodium carboxylate polymer complex
showed any reaction for the hydrogenation reaction of
propene at 194K. These results indicate that (1) the
hydrogenation reactions requires Rh centers, (2) the
intramolecular distances between the metal atoms
centered in the porphyrin ring and the Rh centers are
critical for the hydrogenation reactions, and (3) the
hydrogenation reaction occurs in the micropores.

4.2.3. Reaction mechanism including bimetallic effects of

Rh2+– Cu2+, Rh2+– Ni2+, and Rh2+– Pd2+ combinations

To understand the reaction mechanism including the
bimetallic effect, the individual roles of the metal atoms
centered in the porphyrin ring and the bridged dinuclear
rhodium sites for the hydrogenation reactions were
investigated. With regard to the hydrogenation reaction
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Table 7

Activation energies (Ea), activation enthalpies (DzH), and activation entropies (DzS) for the catalytic hydrogenation of propene at 255K

Catalysts Kinetic parameters

Ea (kJmol
�1) DzH (kJmol�1) DzS (JK�1mol�1)

Rh fumarate 1 41.6 39.5 –518

[Rh2(H2TCPP)]n 3 42.0 39.9 –517

[Rh2(Cu
2+TCPP)]n 4 32.0 29.9 –556

[Rh2(Ni
2+TCPP)]n 5 39.8 37.7 –525

[Rh2(Pd
2+TCPP)]n 6 27.6 25.4 –573
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of olefins that use rhodium-containing catalysts, the
well-known hydrogenation mechanism involves four
steps [53]: dissociation of hydrogen molecules located
at the metal center to form hydrides, coordination of an
olefin CQC double bond to the metal center, insertion
into the Rh–H bond to form a half-hydrogenated alkyl
species, and reaction of the alkyl with the remaining
hydride. Based on our previous report regarding the
H–D exchange reactions over the microporous rhodiu-
m(II) fumarate and rhodium(II) terephthalate [13,16],
these typical steps involved in the hydrogenation
reaction occurred between the 2D [Rh2(trans-
OOCC2H2COO)2]n layers and [Rh2(p-OOCC6H4

COO)2]n layers. With regard to the reaction mechanism
of complexes 3–6, the kinetic parameters, activation
energies (Ea), activation enthalpies (DzH), and activa-
tion entropies (DzS) (Table 7), calculated on the basis of
the reaction rates for hydrogenation reactions of
propene catalyzed by rhodium(II) fumarate and com-
plexes 3–6 in the temperature range of 194–255K also
provided efficient aspects for the consideration of the
reaction mechanism; the activation energies for com-
plexes 3–6 were 42.0, 32.0, 39.8, and 27.6 kJmol�1,
respectively. The Ea value of complex 3 was similar to
that of rhodium fumarate (41.6 kJmol�1), suggesting
that the reaction mechanism at the rhodium center of 3
was the same as that of rhodium fumarate. In addition,
the Ea values decreased in the order of 3454446 with
the catalytic activities decreasing in the order of
6444543 for the hydrogenation of propene and 1-
butene, suggesting that the metal atoms centered in the
porphyrin ring remarkably influenced the activations of
hydrogen molecules and/or olefin molecules. Further-
more, the activation entropies for rhodium fumarate
and complexes 3–6 were �518, �517, �556, �525, and
�573 JK�1mol�1, respectively, which were significantly
smaller than that of Rh dimer-imprinted SiO2 (�276 to
�170 JK�1mol�1) [34], suggesting that the conforma-
tion of the coordinated propene was highly regulated
by the micropore walls of rhodium fumarate and
complexes 3–6.
Furthermore, to investigate the roles of Cu2+, Ni2+,

and Pd2+ atoms centered in the porphyrin ring, the
hydrogen and propene absorption–desorption measure-
ments were performed at 77.4 and 273.2K, respectively,
as shown in Fig. 11. The saturated amounts of the
adsorbed hydrogen at ca. 720mmHg for complexes 3–6
were 76.3, 74.2, 59.6, and 57.4 cm3 STP g�1, respectively.
In the desorption curves of hydrogen, the amounts of
hydrogen desorbed were approximately the same as
those of adsorbed hydrogen, indicating that very fast,
reversible adsorption–desorption of hydrogen occurred
in all the complexes. Slight differences were observed for
the adsorption–desorption behaviors among complexes
3–6, suggesting that the activation of hydrogen was not
influenced by the metal atoms centered in the porphyrin
ring. The activation of hydrogen molecule at the bridged
rhodium centers was much faster than that of the
reported Rh2 centers at the SiO2 surface, on which the
presence of rhodium hydride species could be detected
even at room temperature [34]. The result suggests that
the hydride species could not be detected by magnetic
susceptibility measurements after pretreatment under a
hydrogen atmosphere of 20Torr at 25 1C for 3 h. The
unstable rhodium hydride species were formed at the
rhodium centers of complexes 3–6.
In contrast, the saturated amounts of adsorbed

propene at ca. 650mmHg were 59.3, 70.8, 40.3, and
54.8 cm3 STP g�1, respectively. Hystereses were observed
in all the desorption curves of propene. These deso-
rption curves were different from the adsorption ones,
showing that the pysisorption of olefin molecules in
micropores of complexes 3–6 was much stronger than
that of hydrogen. The ratios of the residual amounts of
propene molecules after desorption to the saturated
amounts of adsorbed propene molecules at ca. 40mmHg
were 17.6, 16.0, 28.5, and 14.3, respectively, and the
residual amounts were decreased in the order of
6o4o5, which was consistent with the reverse order
of catalytic activities as mentioned above. Thus, a
smooth reversibility of adsorption–desorption of olefin
molecules led to higher catalytic activities for the
hydrogenation reaction. These results suggest that the
metal atoms centered in the porphyrin ring significantly
reflect the coordination of the olefin molecules.
Finally, we proposed the reaction mechanism for

[Rh2(MTCPP)]n. In the reactions of [Rh2(H2TCPP)]n,
the first step included both the addition of hydrogen to
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Fig. 11. Adsorption (black)–desorption (white) isotherms of hydrogen at 77.4K (circle) and propene at 273.2K (square) for [Rh2(MTCPP)]n
(M ¼ (a) H2, (b) Cu

2+, (c) Ni2+, (d) Pd2+).
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the rhodium center to form hydrides and the coordina-
tion of olefins. With regards to complexes 4–6, the
priority coordination of olefin onto the metal center of
the porphyrin ring also occurred. At the dinuclear
rhodium sites, insertion to the Rh–H bond to form a
half-hydrogenated alkyl species and the reaction of an
alkyl with a hydride occurred continuously. At the
Cu2+, Ni2+, and Pd2+ centers of the porphyrin ring, the
hydride species at the rhodium center got transferred to
the coordinated olefin located the center of the
porphyrin ring to form alkyl species, and then the alkyl
species reacted with a hydride species activated at
the rhodium center to form the alkane. This intra-
molecular hydrogen transfer might significantly influ-
ence the catalytic activities during hydrogenation. To
our knowledge, this hydrogen transfer was the
first example of catalytic behavior using inorganic–
organic hybrid materials, though such a hydrogen
transfer (hydrogen spillover) has already been observed
in the multimetallic oxides and multimetallic clusters
[50,51].
5. Conclusion

In the present work, we have succeeded in synthesiz-
ing of mononuclear metal(II) monocarboxylates and
dicarboxylates, to investigate their crystal structures and
magnetic behaviors. Copper(II) complexes, which are
self-assembled by hydrogen bonding and p-stacking of
phenyl group of mononuclear units, form porous
structures. Utilizing the pyridine as a solution simplified
to obtain the single crystals for mononuclear metal(II)
carboxylates. In comparison with industrially important
adsorbents, the system discovered in the present work is
the simplest and most advantageous adsorbent for
studying pure and applied chemistry, because we apply
to the mononuclear copper(II) carboxylates–pyridine
derivatives can be converted into special absorbent,
exhibit larger amounts of gas-occlusion properties with
bidentate axial ligand exchange.
Two-dimensional microporous polymers of Rh fuma-

rate (1), Rh terephthalate (2), the rhodium carboxy-
late polymer complex having a porphyrin ring,
[Rh2(H2TCPP)]n (H2TCPP ¼ 4, 40,400,4000-(21H,23H-por-
phine-5,10,15,20-tetrayl)tetrakis benzoic acid) com-
plexes (3) have exhibited high catalytic activities for
hydrogen exchange and hydrogenation of olefins
(ethene, propene, and 1-butene) at 200K. The turnover
frequencies of complexes 1–3 for hydrogenation of
ethene at 194K are much higher than those of other
published Rh-containing materials. The microwave
spectroscopic analyses of the deuterium isotopic dis-
tribution of formed propene-d1 during C3H6–C3D6

reaction over complexes 1 and 2 reveal that the
hydrogen exchange reactions take place only inside the
nanopores of complexes 1 and 2 without complete
scission of C–H bond of olefin molecule. Such a novel
bimolecular pathway may play an important role for
development of new heterogeneous hydrogenation
catalysts.
The novel microporous rhodium(II) carboxylate

polymer complexes having metalloporphyrin, [Rh2
(MTCPP)]n (M ¼ H2 3, Cu

2+ 4, Ni2+ 5, and Pd2+ 6)
(H2TCPP ¼ 4,40,400,4000-(21H,23H-porphine-5,10,15,20-
tetrayl)tetrakis benzoic acid), were synthesized by the
ligand-exchange reactions of rhodium acetate with
MTCPP. These were completely characterized by
elemental analysis, TG/DTA, magnetic susceptibility,
FT-IR, DR–UV–vis, X-ray powder diffraction (XRPD),
BET analysis, pore size distribution, and nitrogen
adsorption measurements. These characterization re-
sults showed that (1) the carboxylate bridged dinuclear
rhodium structure was formed with mononuclear
copper, nickel, and palladium located at the center of
the porphyrin ring were formed in complexes 4–6, and
(2) the [Rh2(MTCPP)]n possessed numerous uniform
micropores (ca. 5.0 Å in diameter) by stacking a 2D
lattice structures, and possessed a high nitrogen
adsorption capacity. With regard to the hydrogenation
of ethene, propene, and 1-butene, (1) complexes 3–6
showed high turnover frequencies, and among these and
the other reported rhodium-containing materials, it was
the most active in complexes 6, (2) hydrogenation
reactions occurred inside the micropores of the com-
plexes 4–6, (3) the activation of hydrogen molecule to
from Rh–H species occurred only at the dinuclear
rhodium sites, and the metal centers of the porphyrin
ring significantly influenced the coordination of olefins,
and (4) the activated hydrogen at the bridged dinuclear
rhodium sites was transferred to the coordinated olefin
molecule onto the metal centers of the porphyrin ring.
Catalytic reactions using microporous inorganic–organ-
ic hybrid materials, as demonstrated in this paper,
would help in obtaining a new strategy for the
development of more efficient catalysts.
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