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Abstract

A two-dimensional microporous dinuclear copper(II)trans-1,4-cyclohexanedicarboxylate, [CuII,II
2 (OOCC6H10COO)2] · H2O (1), can act

as a heterogeneous catalyst for selective oxidations of various alcohols with hydrogen peroxide. Complex1 catalyzed the selective oxidation
of 2-propanol, cyclohexanol, benzyl alcohol, 2-octanol, and 1-octanol with> 99% selectivities in a heterogeneous system. A green-co
active intermediate, H2[CuII,II

2 (OOCC6H10COO)2(O2)] · H2O (2), observed in the reaction of1 with a 20-fold excess H2O2 in acetonitrile
was characterized by elemental analysis, TG/DTA, magnetic susceptibility, FT-IR, diffuse reflectance UV–vis, EPR, X-ray powder d
(XRPD), resonance Raman spectra, BET surface area, pore size distribution, and nitrogen occlusion measurements. The molecu
of 2 was determined from XRPD data and refined by the Rietveld method. The microporous structure of2 was constructed by intramolecul
bridging ofµ-1,2-transCu–OO–Cu species between two-dimensional [Cu2(O2CC6H10CO2)] layers. The complex2 was the first example
of the microporous copper(II) peroxo complex for heterogeneous oxidation catalysis.
 2004 Elsevier Inc. All rights reserved.

Keywords:Copper carboxylate polymer complex; Microporous materials; Oxidation of alcohol with hydrogen peroxide; Copper peroxo intermediate
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1. Introduction

The heterogeneous oxidation catalysis of alcohols w
an environmentally suitable oxidant, hydrogen perox
(H2O2), is quite an interesting objective for both the a
demic and industrial fields[1–3]. Among the newer hetero
geneous oxidation catalysts attracting interest are cop
containing porous and nonporous materials, such as C2+-
phthalocyanine incorporated inside Y faujasite and MC
41[4], Cu-HMS[5], Cu2+-substituted MCM-41[6], zeolite-
encapsulated Cu2+-salens[7], Cu2+/X and Y zeolite[8],
Cu(OH)2/SiO2 [9], and cis-bisglycianato copper(II)/1,6
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E-mail address:wmori@chem.kanagawa-u.ac.jp(W. Mori).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.032
-

naphthalenediol oligomer[10], which have been shown t
be active for selective oxidations of a variety of organic co
pounds in the presence of H2O2 or organic peroxide.

For the homogeneous oxidations catalyzed by biomim
dicopper complexes with dioxygen and H2O2 as oxidants
a large number of dinuclear copper complexes have rec
been reported as model compounds for the active site
type 3 copper hemocyanin and tyrosinase[11–20]. Vari-
ous biomimetic copper complexes have been used as
mogeneous oxidation catalysts, and various peroxo co
intermediates have been studied to investigate the oxy
transfer mechanisms of copper proteins[15–18,20]; how-
ever, the studies on the heterogeneous catalytic activitie
single copper active sites and the nature of oxidizing spe
are still particularly challenging, given the difficulties inhe
ent in characterizing active sites under reaction condit

http://www.elsevier.com/locate/jcat
mailto:wmori@chem.kanagawa-u.ac.jp


C.N. Kato et al. / Journal of Catalysis 230 (2005) 226–236 227

se-
e o
ed in
al-

ly-
olec
lso
c-
e

etal
ates

of

ck-
ar

inu-
are
xy-
thes
e of

s
xi-
re
rm
lop-

s of

and
ag-
),
ET
ent
l to
nce
oxo
s ox

2-
nol,

tion
e,
r

mer
er-
T-IR

o-
A)
ta-
med

re
with
e ar-
010
the

-
pec-
ectra
aw)

on
ed.
was
ign;
m-
was

rr in

on
L

,
ker

col-

d as
l)

di-
ed

his
ad-

nd
ate
ith

uum
El-
for

ved
[4–10]. Despite the advantage of synthesizing active and
lective catalytic centers in heterogeneous catalysis, non
the copper-containing heterogeneous catalysts mention
this paper have been shown to oxidize a wide variety of
cohols with H2O2.

Microporous organic–inorganic hybrid coordination po
mers have attracted much attention because of their m
ular adsorption, including not only gas molecules but a
organic molecules[21–41], ion-exchange, and catalytic a
tivities [30–33]. Of all these efficient porous materials, w
have studied in particular the synthesis of transition-m
carboxylate coordination polymers, such as dicarboxyl
of copper[21,22,34–37], molybdenum[38], and ruthenium
[39,40], which are capable of occluding large amounts
gases such as N2, Ar, O2, CH4, and Xe. Not only are
their uniform linear micropores constructed by the sta
ing or bonding of two-dimensional lattices of dinucle
transition metal carboxylates; single-site mono- and d
clear transition metal centers in uniform linear pores
also important points for the use of these metal carbo
lates as heterogeneous catalysts. In the progress of
studies, we have especially focused on the use of on
the dinuclear copper(II) carboxylates, copper(II)trans-1,4-
cyclohexanedicarboxylate (1) [34–37], as a heterogeneou
oxidation catalyst because of its high stability toward o
dants such as H2O2. We have also investigated the structu
and nature of the oxidizing copper intermediates in unifo
micropores because they would be the keys to the deve
ment of new heterogeneous oxidation catalysts.

In this paper we report the heterogeneous oxidation
various alcohols catalyzed by complex1 with H2O2. A mi-
croporous peroxo copper(II) intermediate was isolated
characterized by elemental analysis, FT-IR, TG/DTA, m
netic susceptibility, EPR, X-ray powder diffraction (XRPD
resonance Raman, diffuse reflectance (DR) UV–vis, B
surface area, pore size, and gas occlusion measurem
We also investigated a NMR tube reaction of 2-propano
form acetone by the oxidizing intermediates in the abse
of H2O2 to determine whether the obtained copper per
complex was a real active species for the heterogeneou
idation catalysis.

2. Experimental

2.1. Materials

The following chemicals were used as received:
propanol, cyclohexanol, benzyl alcohol, 2-octanol, 1-octa
acetonitrile, and 30% aqueous H2O2 solution (quantita-
tive analysis grade; Wako). Synthesis and characteriza
results for copper(II)trans-1,4-cyclohexanedicarboxylat
[CuII,II

2 (OOCC6H10COO)2] · H2O (1), were reported in ou
previous paper[34–37]. The obtained complex1 was dried
at 100◦C under vacuum for 2 h.
f

-

e

s.

-

2.2. Instrumentation/analytical procedures

Elemental analyses were performed on a Perkin–El
2400 CHNS Elemental Analyzer II at Kanagawa Univ
sity. Infrared spectra were recorded on a Jasco 300 F
spectrometer in KBr disks at room temperature. Therm
gravimetric (TG) and differential thermal analyses (DT
were acquired with a Rigaku TG8101D and TAS 300 da
processing system. TG/DTA measurements were perfor
in air with a temperature ramp of 4◦C/min between 20
and 500◦C. Diffuse reflectance (DR) UV–vis spectra we
recorded on a Jasco V-560 spectrophotometer equipped
a Jasco diffuse-reflectance attachment. Specific surfac
eas were measured by the BET method with an ASAP 2
(Shimadzu). The pore size diameter was calculated by
Horvath–Kawazoe (HK) method[42]. X-band EPR spec
tra were recorded on a JEOL JES-RE Series EPR s
trometer at room temperature. Resonance Raman sp
were recorded on a reflex Raman microscope (Renish
with a LD:YAG laser as the source of 532-nm radiati
within 3 mW. A solid sample was grounded and irradiat
The temperature dependence of magnetic susceptibility
measured with a SQUID magnetometer (Quantum Des
MPMS-5S) in the temperature range of 2–300 K. The te
perature dependence of the amount of adsorbed nitrogen
measured with a Cahn 1000 electric balance at 20 To
a temperature range of 77.5–270 K[21–23]. 1H NMR in
CD3CN solution spectra was recorded at 399.65 MHz
a JEOL JNM-EX 400 FT-NMR spectrometer with a JEO
EX-400 NMR data-processing system. Chemical shiftsδ,
were referenced to TMS. XRPD was performed on a Bru
M18XHF diffractometer (Cu-Kα, λ = 0.15406 nm, 35.0 kV,
200.0 mA) at room temperature. Intensity data were
lected by step-counting methods (step 0.01◦ and sampling
time 1.0 s) in the range of 5◦–60◦ angles.

2.3. Synthesis of
H2[CuII,II

2 (OOCC6H10COO)2(O2)] · H2O (2)

The dinuclear copper(II) peroxo complex was prepare
follows: 30% H2O2 aqueous solution (648.8 µL, 8.24 mmo
was added to a suspension of complex1 (100 mg, 206 µmol)
in acetonitrile (10 mL) at room temperature. After ad
tion of H2O2, the color of the reaction suspension chang
from blue to green for a few minutes. Here, the pH of t
suspension was changed from neutral to acidic by the
dition of H2O2, suggesting that a heterolytic H–OOH bo
cleavage in1 had occurred. The green-colored precipit
was collected after 4 h of stirring and was washed w
acetonitrile (50 mL× 3) and methanol (50 mL× 3). The
green-colored precipitate obtained was dried under vac
at room temperature for 2 h. [Yield: 94.5 mg (87.8%).
emental analysis: found: C, 37.00; H, 4.66%; calcd.
C16H24O11Cu2 = H2[Cu2(C8H10O4)2(O2)] ·H2O: C, 37.07;
H, 4.47%. TG/DTA data: 5.35% weight loss was obser
below 136.4◦C with an exothermic peak at 132.8◦C, sug-
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gesting the decomposition of Cu(H2O2) species (6.5%). De
composition of organic ligand began around 245◦C (54.26%
weight loss) with an exothermic peak at 242.7◦C. IR (KBr
disks): 1594s, 1511w, 1423s, 1373w, 1332w, 1297m, 122
1045w, 929w, 784m, 767m, 727w, 526m cm−1. BET sur-
face area: 328.4 m2/g. Pore size diameter: 4.9 Å. Maximu
amount of nitrogen occluded by2: 1.09 mol/mol of cop-
per. DR–UV spectrum:λmax 260, 385, 665 nm. EPR spectr
EPR silent state. Raman spectrum: 805 [ν(O–O)] cm−1.]

2.4. Structure solution and refinements of
[CuII,II

2 (OOCC6H10COO)2] · H2O (1) and

H2[CuII,II
2 (OOCC6H10COO)2(O2)] · H2O (2)

The low-angle powder diffraction patterns of complex
1 and 2 were indexed with the TREOR 90 and DICVO
91 programs, which suggested a primitive triclinic cell w
the following unit-cell parameters: for complex1, a =
10.552(9), b = 10.351(7), c = 5.103(6) Å, α = 72.317(5),
β = 90.844(1), γ = 101.576(5)◦; for complex 2, a =
10.818(7), b = 10.238(1), c = 7.102(9) Å, α = 74.836(1),
β = 101.942(6), γ = 106.725(7)◦. These structures wer
refined by the Rietveld method with a DBWS program. Po
der diffraction patterns were calculated for this model in
triclinic space groupP1 and with the use of the unit-ce
parameters refined by a least-squares procedure desc
above. Data were evaluated in the angle ranges of 5◦–60◦ 2θ .

2.5. Catalytic oxidations

A sample of the catalyst (100 mg, 206 µmol) was ad
to a Schlenck tube under an Ar atmosphere. The subst
(2-propanol, cyclohexanol, benzyl alcohol, 2-octanol,
octanol) (6.4–13.1 mmol) and acetonitrile (10 mL) we
added with a micropipette. The mixture was allowed to eq
librate at a reaction temperature of 20◦C for 10 min. Thirty
percent aqueous H2O2 (9.71–48.5 mmol, 23–113-fold ex
cess of copper) was added with a micropipette to the rap
stirred solution. The samplings were carried out after 10
30 min and 1, 2, 3, 24, 48, 72, 96, 144, and 168 h. Be
the samplings, the solid catalyst was washed with ex
methanol to remove the oxidative products in the cavitie
the catalyst into the reaction solution. The reaction solu
was analyzed by GC (FID, SE-30 glass column and D
WAX capillary column (0.53 mm o.d., 15 m)) and HPL
(Shim-pack VP-ODS 150 mm L.× 4.6 mm i.d.), and as
signments were made by comparison with authentic sam
analyzed under the same conditions.

3. Results and discussion

3.1. Catalytic oxidations

Complex1 was used as a heterogeneous catalyst for
oxidations of 2-propanol, cyclohexanol, benzylalcohol,
d

s

octanol, and 2-octanol with H2O2 at 20◦C, as shown in
Eq. (1). The catalytic activities (turnover frequencies, co
versions, and selectivities of oxidative products) and t
catalytic behavior were influenced by the concentration
H2O2, that is, for all oxidation reactions with varying co
centrations (less than 46-fold and more than 69-fold exc
of H2O2, the color of complex1 changed from blue to gree
and brown. The green and brown colors persisted for 2 d
and 3 weeks, respectively, and then disappeared. The
alytic oxidation results for various concentrations of H2O2
are summarized inTable 1.

(1)+ H2O2
Catalyst→

in CH3CN
+ H2O2

R1 = aryll, alkyl;R2 = H, alkyl

For the oxidation of 2-propanol with two different co
centrations of H2O2 (23- and 113-fold excess of copp
atom), the conversions leading to formation of acetone w
observed to be highly selective (100 out to 17% (after 1
and 56% (after 3 h) conversions of 2-propanol, resp
tively) and to occur with turnover frequencies (TOF= (mol
of products)/((mol of complex) s)) of 1.6 × 10−3 s−1 and
5.8 × 10−3 s−1 (calculated after a reaction time of 1 h
respectively. No induction period was observed for re
tions involving both concentrations of H2O2 (� 10 min).
When the green and brown colors disappeared, the rea
stopped, suggesting that the green and brown species
active intermediates for oxidation catalysis. The organic
boxylate ligands of other microporous dinuclear copper
carboxylates, for example, copper(II) telephthalate and
per(II) fumarate, were decomposed to H2O2 and other bio-
mimetic copper complexes[15]. In contrast, the FT-IR spec
trum of complex1 after catalysis showed 13 bands at 159
1511w, 1423s, 1373w, 1332w, 1297m, 1222w, 1045w, 92
784m, 767m, 727w, 526m cm−1, which were consisten
with as-prepared complex1 (1598s, 1513w, 1425s, 1371
1334w, 1295m, 1220w, 1047w, 927w, 782m, 728w, 53
cm−1), except for a band at 767 cm−1, which that could
be assigned toν(C–H) of the cyclohexane ring[43], which
might be due to the rotation of the cyclohexane ring cau
by the coordination of hydrogen peroxide and/or the
cohol molecule to the copper center. Complex1 was also
characterized after oxidation catalysis by elemental anal
UV–vis, XRPD, BET surface area, and pore size distri
tion measurements: the XRPD pattern showed 14 line
2θ(◦) = 8.56, 9.20, 10.88, 14.13, 17.24, 18.55, 19.25, 20
21.90, 22.66, 23.92, 25.22, 26.08, 28.63 with relative
tensities of 100, 75, 9, 4, 23, 10, 13, 10, 2, 6, 7, 6, 7
respectively, in the 2◦–30◦ angles. The BET surface wa
301.2 m2/g (the pore size diameter was 5.1 Å). The D
UV spectrum showed three bands at 261, 375, and 660
(Elemental analysis: found: C, 38.33; H, 4.97%, calcd.
C16H24O10Cu2 = [Cu2(C8H10O4)2] · 2H2O: C, 38.17; H,
4.80%.) These results were consistent with those for
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Table 1
Oxidation of alcohols with H2O2 catalyzed by copper(II)trans-1,4-cyclohexanedicarboxylate (1) at 20◦C

Entry Substrate
(mmol)

Selectivitya

(%)
TOFb

(s−1)
Conversion (%)
(TON) [reaction time]

1 2-Propanol (13.1) Acetone (> 99) 1.6× 10−3 17.1 (11) [1 h]
2c 2-Propanol (13.1) Acetone (> 99) 5.8× 10−3 55.6 (35) [3 h]
3d Cyclohexanol (9.5) Cyclohexanone (> 99) 1.1× 10−4 14.3 (6.5) [168 h]
4c Cyclohexanol (9.5) Cyclohexanone (> 99) 1.6× 10−4 19.8 (9.1) [168 h]
5 Benzylalcohol (9.7) Benzaldehyde (> 99) 7.0× 10−4 16.7 (7.8) [144 h]
6c Benzylalcohol (9.7) Benzaldehyde (> 99) 1.5× 10−3 25.8 (12) [144 h]
7 1-Octanol (6.4) Octylaldehyde (> 99) 1.1× 10−4 10.8 (3.4) [168 h]
8c 1-Octanol (6.4) Octylaldehyde (> 99) 1.6× 10−4 13.2 (4.1) [168 h]

Reaction conditions: catalyst 206 µmol, substrate 6.4–13.1 mmol, 30% H2O2 9.7 mmol (23-fold excess), CH3CN 10 ml.
a After 1 h.
b TOF= turnover number (TON)/s after 1 h.
c H2O2 (48.5 mmol, 113-fold excess) was used.
d H2O2 (19.4 mmol, 46-fold excess) was used.
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prepared complex1, suggesting that the structure of compl
1 was maintained after oxidation catalysis with H2O2.

To determine whether the active species leached into
solution during a typical catalytic reaction, the mixture
complex1 and a 23-fold excess of H2O2 in acetonitrile was
stirred for 3 days at 20◦C. The mixture was then filtere
via a Büchner funnel (Whatman No. 2), and the filtrate w
treated with 2-propanol at 20◦C. The samples of this reac
tion mixture taken after 1, 2, and 3 h contained no oxida
products, indicating that the observed catalysis was he
geneous. Using the solid after filtration as a catalyst,
carried out the oxidation of 2-propanol with a 23-fold exc
of H2O2 at 20◦C. The TOF of 1.2 × 10−3 s−1 was similar
to that found for the first use (1.6 × 10−3 s−1). In addition,
no copper species was detected in the filtrate (< 0.02 ppm).
These results indicated that leaching of a catalytically ac
copper species in the solution was negligible.

Complex1 was observed to catalyze the oxidation of c
clohexanol to cyclohexanone (100% selectivity) with t
different concentrations of H2O2 (46-fold and 113-fold ex-
cess of copper atoms). Furthermore, no induction period
observed for the reactions with either concentration of H2O2
(� 10 min). TOFs were 1.1× 10−4 s−1 and 1.5× 10−4 s−1

after 1 h, and conversions of 14.3 and 19.8% were achie
with the two different concentrations of hydrogen pero
ide, respectively, after 168 h. Although complex1 can ad-
sorb relatively large organic molecules, such aso-xylene
(0.3 mol/mol of copper),m-xylene (0.4 mol/mol of copper),
and p-xylene (0.3 mol/mol of copper)[44], the observed
TOFs were lower than those of 2-propanol oxidation w
23- and 113-fold excess H2O2 because it might be easi
for 2-propanol to enter a micropore than it would for c
clohexanol and/or for acetone to exit a micropore tha
would for cyclohexanone. As a control experiment, n
porous Cu(OH)2 was used as a solid catalyst for cyc
hexanol oxidation with a 46-fold excess of H2O2, but the
activity was low (TON< 1 after 144 h).

Complex1 was also observed to catalyze the oxidat
of benzyl alcohol to benzaldehyde (100% selectivity) w
two different concentrations of H2O2 (46- and 113-fold ex-
cess of copper atoms). Furthermore, no induction period
observed for the reactions involving both concentration
H2O2 (� 10 min). TOFs were 7.0 × 10−4 s−1 and 1.5 ×
10−3 s−1 after 1 h, and conversions reached 16.7 and 25.
respectively, after 144 h. For comparison, the observed T
1.5 × 10−3 s−1, was higher than 8.9 × 10−4 s−1 for cis-
bisglycinato copper(II)/1,6-naphthalenediol oligomer[10].

Complex1 can oxidize not only secondary alcohols a
benzylic alcohol, but also primary alcohols with high s
lectivities and conversions. The oxidation of 1-octanol
octyl aldehyde with both concentrations of H2O2 (23- and
113-fold excess of hydrogen peroxide) proceeded with h
selectivity (ca. 100%) over 168 h. Whereas most oxi
tions occur more rapidly with secondary alcohol than w
primary alcohol, the oxidations via the formation of met
alcoholate intermediate lead to selective oxidation of
mary hydroxyl groups[45–48]. The TOFs (1.1 × 10−4 s−1

and 1.6 × 10−4 s−1 after 1 h) for 1-octanol oxidation wer
faster than those for 2-octanol oxidation (4.1 × 10−5 s−1

and 5.5 × 10−5 s−1 after 1 h) with> 99% selectivity of
2-octanone under the same reaction conditions, and the
versions (10.8 and 13.2% after 168 h) were also higher
those for 2-octanol oxidation (2–3% after 168 h), sugg
ing that a copper–alcoholate intermediate was also form
Thus, these results suggested that both copper–alcoh
species and copper–peroxo species were formed as inte
diates during the course of reaction.

3.2. Synthesis, structure, and compositional
characterization of microporous peroxo copper(II) compl
H2[CuII,II

2 (OOCC6H10COO)2(O2)] · H2O (2)

As mentioned above, the green- and brown-colored in
mediates were observed with the addition of different c
centrations (less than 46-fold and more than 69-fold exc
of H2O2, respectively, in the studies of catalytic oxidation
Here, the green-colored intermediate was isolated and c
acterized by elemental analysis, FT-IR, TG/DTA, magne
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Table 2
Crystallographic data for complexes1 and2

1 2

Empirical formula H20C16O8Cu2 H20C16O10Cu2
Formula weight 467.422 499.42
Crystal color Blue powder Green powder
Crystal system Triclinic Triclinic
Space group P1 (#1) P1 (#1)
Lattice parameters a = 10.552(9) Å a = 10.818(7) Å

b = 10.351(7) Å b = 10.238(1) Å
c = 5.103(6) Å c = 7.102(9) Å
α = 72.317(5)◦ α = 74.836(1)◦
β = 90.844(1)◦ β = 101.942(6)◦
γ = 101.576(5)◦ γ = 106.725(7)◦
V = 519.53(4) Å

3
V = 719.63(6) Å

3

Z, calculated density 1, 1.6614 g/cm3 1, 1.1524 g/cm3

Residuals; R-p, R-wp 11.79%; 15.44% 10.36%; 13.81%

susceptibility, ESR, DR–uv, XRPD, resonance Raman, B
surface area, pore size distribution, and gas occlusion
surements. The green color of the copper intermediate
not appear until the 20-fold excess of H2O2 was added
Brown species could not be obtained as a pure solid.

The solid green oxidizing copper(II) intermedia
H2[CuII,II

2 (OOCC6H10COO)2(O2)] · H2O (2), was obtained
in 87.8% (94.5 mg scale) yield, which was prepared
the reaction of complex1 in acetonitrile suspension wit
a 20-fold excess of H2O2, followed by washing with exces
amounts of acetonitrile and methanol, and then by drying
der vacuum for 2 h at 25◦C. According to elemental analys
results, the pure complex2 could not be obtained with les
than a 20-fold excess of hydrogen peroxide, which migh
due to the hydrophobicity in the micropore of complex1.
The formation of2 can be shown in an ionic balance equ
tion:
[
CuII,II

2 (OOCC6H10COO)2
] + H2O2

→ [
CuII,II

2 (OOCC6H10COO)2(O2)
]
2− + 2H+ (2)

The XPRD patterns of complexes1 and2 were recorded
and the crystal structures were solved and refined by
Rietveld method (see the Experimental section). The fi
R-p and R-wp agreement factors, together with data co
tion details and analyses for complexes1 and2, are given
in Table 2. The final Rietveld plots are shown inFigs. 1a
and b. The XRPD pattern of complex1 showed 15 lines a
2θ(◦) = 8.53, 9.12, 11.16, 17.13, 17.43, 17.69, 18.30, 19
20.11, 21.57, 22.71, 24.02, 25.54, 25.79, 26.03 with rela
intensities of 100, 54, 5, 17, 6, 5, 6, 8, 6, 2, 3, 3, 4, 4
respectively, in the 2◦–30◦ angles. For complex2, 10 lines
were observed at 2θ(◦) = 8.50, 9.09, 10.82, 17.10, 18.2
19.27, 20.06, 22.71, 24.01, 26.03 with the relative inte
ties of 100, 69, 9, 19, 10, 13, 11, 6, 7, 8, respectively. B
lengths and angles are listed inTable 3, and final fractiona
coordinates are reported in Tables S1 and S2, provide
supporting information.

The molecular structure of1 (Fig. 2a) was isomorphou
to several [CuII (µ-carboxylate)] complexes, the crystal stru
2
-

s

(a)

(b)

Fig. 1. Observed (+++) and calculated (—) powder X-ray diffraction p
files for the Rietveld refinement of complexes1 (a) and2 (b). The bottom
curve is the difference plot on the same intensity. The tic marks are the
culated 2θ angles for Bragg peaks.

tures of which have previously been reported[49]. Figs. 3a–c
show the perspective views of the stacking complex1 along
with the a, b, and c axes, respectively. The intramolec
lar coordination of an oxygen atom of carboxylate liga
to the vacant site of copper atom caused the stackin
the two-dimensional [Cu2(O2CC6H10CO2)] layers to form
three-dimensional lattice structures. In contrast, X-ray st
ture analysis of complex2 (Fig. 2b) revealed that the micro
porous structure of complex2 was constructed by the bridg
ing of the µ-1,2-trans Cu(1)–OO–Cu(2)′ species betwee
two-dimensional [Cu2(O2CC6H10CO2)] layers as shown in
Figs. 4a and b. The Cu(1)–O(9) and Cu(2)′–O(10) distance
were 1.877(2) Å and 1.879(1) Å, respectively, which w
quite similar to those ofµ-1,2-trans-copper(II) peroxo com
plex determined by X-ray crystal analysis (1.852 Å)[50] and
slightly shorter than those of reported side-on copper(II)
oxo complexes (1.892–1.941 Å)[18], but much longer than
those of copper(III) peroxo complexes (ca. 1.80 Å)[19,51].
The intermolecular Cu(1)· · ·Cu(2)′ separation stretched
4.572(4) Å, which was much longer than the Cu(1)· · ·Cu(2)′
separation (2.992(6) Å) for complex1, because of the in
sertion of intra-peroxide ligand in the two-dimensional la
ers. The intermolecular Cu(1)· · ·Cu(2) separation of com
plex2 is 2.632(2) Å, which was similar to that of complex1
(2.642(9) Å), suggesting that intramolecular Cu(1)· · ·Cu(2)
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Table 3
Selected bond distances (Å) and angles (◦) around the copper(II) centers for complexes1 and2

Complex1

Cu(1)· · ·Cu(2) 2.632(2) O(1)–Cu(1)–O(5) 169.0(4) O(4)–Cu(2)–O(6) 89.2(6)

Cu(1)–O(1) 2.059(1) O(3)–Cu(1)–O(7) 168.3(8) O(6)–Cu(2)–O(8) 88.0(6)

Cu(1)–O(3) 1.984(2) O(2)–Cu(2)–O(6) 170.7(9) Cu(2)–Cu(1)–O(1) 84.3(9)

Cu(1)–O(5) 2.059(2) O(4)–Cu(2)–O(8) 167.2(4) Cu(2)–Cu(1)–O(3) 84.2(9)

Cu(1)–O(7) 1.985(9) O(1)–Cu(1)–O(3) 88.2(9) Cu(2)–Cu(1)–O(5) 85.4(8)

Cu(2)–O(2) 2.051(8) O(1)–Cu(1)–O(7) 89.3(6) Cu(2)–Cu(1)–O(7) 84.2(8)

Cu(2)–O(4) 1.985(4) O(3)–Cu(1)–O(5) 87.2(8) Cu(1)–Cu(2)–O(2) 86.3(8)

Cu(2)–O(6) 2.042(2) O(5)–Cu(1)–O(7) 93.3(1) Cu(1)–Cu(2)–O(4) 83.7(3)

Cu(2)–O(8) 1.988(8) O(2)–Cu(2)–O(4) 93.6(4) Cu(1)–Cu(2)–O(6) 85.2(1)

Cu(1)· · ·Cu(2)′ 2.992(6) O(2)–Cu(2)–O(8) 87.4(7) Cu(1)–Cu(2)–O(8) 83.6(5)

Complex2

Cu(1)· · ·Cu(2) 2.642(9) O(1)–Cu(1)–O(5) 169.6(9) Cu(1)–Cu(2)–O(2) 85.7(2)

Cu(1)–O(1) 1.987(2) O(3)–Cu(1)–O(7) 171.6(5) Cu(1)–Cu(2)–O(4) 86.0(2)

Cu(1)–O(3) 2.023(9) O(2)–Cu(2)–O(6) 171.6(7) Cu(1)–Cu(2)–O(6) 86.4(3)

Cu(1)–O(5) 1.982(9) O(4)–Cu(2)–O(8) 171.4(3) Cu(1)–Cu(2)–O(8) 86.0(1)

Cu(1)–O(7) 1.998(9) O(1)–Cu(1)–O(3) 90.1(9) O(1)–Cu(1)–O(9) 89.6(3)

Cu(2)–O(2) 1.983(7) O(1)–Cu(1)–O(7) 92.4(5) O(3)–Cu(1)–O(9) 101.0(1)

Cu(2)–O(4) 1.993(1) O(3)–Cu(1)–O(5) 86.1(5) O(5)–Cu(1)–O(9) 100.6(1)

Cu(2)–O(6) 2.024(1) O(5)–Cu(1)–O(7) 89.9(7) O(7)–Cu(1)–O(9) 87.0(6)

Cu(2)–O(8) 1.988(1) O(2)–Cu(2)–O(4) 90.0(3) Cu(2)–Cu(1)–O(9) 171.4(5)

Cu(1)–O(9) 1.877(2) O(2)–Cu(2)–O(8) 86.2(3) Cu(1)–O(9)–O(10) 125.1(2)

O(9)–O(10) 1.230(9) O(4)–Cu(2)–O(6) 92.5(8) O(9)–O(10)–Cu(2)′ 124.7(7)

Cu(2)′–O(10) 1.879(1) O(6)–Cu(2)–O(8) 90.2(7) O(10)–Cu(2)′–O(2)′ 99.7(3)

Cu(1)· · ·Cu(2)′ 4.572(4) Cu(2)–Cu(1)–O(1) 85.6(2) O(10)–Cu(2)′–O(4)′ 88.2(3)

Cu(2)–Cu(1)–O(3) 86.1(4) O(10)–Cu(2)′–O(6)′ 88.4(9)

Cu(2)–Cu(1)–O(5) 84.4(4) O(10)–Cu(2)′–O(8)′ 100.0(9)

Cu(2)–Cu(1)–O(7) 86.1(4) O(10)′–Cu(2)–Cu(1) 172.1(9)

(a) (b)

Fig. 2. Molecular structures and atom labeling scheme showing only the Cu2+ coordination environment as formed in complexes (a)1 and (b)2.
er- en
he
x
xo
interaction was not affected by the coordination of p
oxo ligand between two-dimensional [Cu2(O2CC6H10CO2)]
layers. The size of the micropore structure for complex1 was
altered slightly by the bridging ofµ-1,2-trans-Cu(1)–OO–
Cu(2)′ intramolecular bonding as shown inFigs. 3c and 4c.
The space formed by bridging of peroxo ligand betwe
layers for complex2 can make possible the rotation of t
cyclohexane ring of complex1. To our knowledge, comple
2 is the first example of the microporous copper(II) pero
complex.
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(a) (b) (c)

Fig. 3. Unit-cell packing of complex1 viewed along the (a)a, (b) b, and (c)c axes.

(a) (b) (c)

Fig. 4. Unit-cell packing of complex2 viewed along the (a)a, (b) b, and (c)c axes.
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Other characterization results for complex2 were con-
sistent with the result of Rietveld analysis. The C and
elemental analysis data were consistent with a comp
tion of H2[CuII,II

2 (OOCC6H10COO)2(O2)] · H2O. The pH
of complex 1 was changed from neutral to acidic wi
the addition of H2O2, also suggesting that the Cu–OO–
species was formed by a heterolytic H–OOH bond cle
age in complex1. The TG/DTA measurement for complex2
(as shown inFig. 5b), performed under atmospheric con
tions, showed a weight loss of 5.35% with an exthother
peak at 132.8◦C, which corresponded to the decomposit
of peroxo ligand (7.0%). Such an exothermic peak has
ready been observed for titanium peroxo complexes[52].
Note that no weight loss with an exothermic point was
served for complex1 (Fig. 5a), suggesting that no perox
ligand was present. The thermal stability of the peroxo c
per intermediate2 was much higher than those of report
copper peroxo complexes[13–18]. Above 200◦C, the de-
composition of organic ligands for complexes1 and2 began
around 240◦C with exothermic peaks at 238.0 and 242.7◦C,
respectively.

Resonance Raman spectra for complexes1 and2 in the
range of 700–850 cm−1 and 2700–3100 cm−1 are shown in
Figs. 6a and b, respectively. In the range of 700–850 cm−1,
a new peak at 805 cm−1 was observed for complex2, as
shown in Fig. 6a. This peak was assigned as the in
peroxide stretch of the bridging peroxide on the basis o
frequency. The 805 cm−1 O–O stretch was in the range
800–840 cm−1, which was observed forµ-1,2-trans-CuII –
OO–CuII complexes[13,53,54]and was in the upper rang
of O–O stretching frequencies observed in side-on CII –
OO–CuII (around 760 cm−1) [13] and CuIII (µ2–O)2CuIII

(590–616 cm−1) complexes[51,55]but in the down range o
O–O stretching frequencies observed in copper(II) hydro
oxide species (892 cm−1) [14].

Several peaks at 2861, 2907, 2932, and 2949 cm−1 as-
signed to C–H vibrations of the cyclohexane ring were
served for both complexes1 and2, as shown inFig. 6b. All
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Fig. 5. TG/DTA data of (a) complex1 and (b) complex2.
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positions of these peaks were the same, but the relative in
sities were different. This might be due to the rotation of
cyclohexane ring by intramolecular bridging of Cu–OO–
species between two-dimensional layers.

The diffuse reflectance (DR) UV–vis spectrum (Fig. S
of 1 showed two absorption bands at 384 and 655 nm
to ligand-to-metal charge transfer (CT) andd–d transition
bands, respectively[9,56]. The DR UV–vis spectrum of2
also exhibited a CT band at 385 nm and ad–d band at
665 nm (Fig. S1b). The UV–vis spectra forµ-1,2-trans-
CuII –OO–CuII complexes, [CuII2 (bpman)(O2)]2+ (bpman=
2,7-bis[bis(2-pyridylmethyl)amiomethyl]-1,8-nephthyridin
[53] and [{LCuII } 2(O2)]2+ (L = tris[(2-pyridyl)methyl]ami-
ne)[50], showed two new bands at 505 nm and 620 (br)
and 525 and 590 (br) nm, respectively by the coordina
of peroxo ligand to dicopper sites. In contrast, comple2
-showed only one broad band at around 665 nm, owing to
presence of an intense band of copper-carboxylate fragm
However, the position at 665 nm was shifted to a lon
wavelength, suggesting the coordination of H2O2 to the Cu
atom.

The temperature dependence of the magnetic susc
bility of complex 1 is shown in Fig. S2a. It is indicate
that the effective magnetic momentµeff was 1.29 B.M. at
300 K, suggesting the presence of antiferromagnetic c
pling between two copper(II) atoms in the copper center.
susceptibility of complex1 increased with decreasing tem
perature until a maximum was reached at ca. 2 K, bey
which the susceptibility decreased. This showed a typ
strong antiferromagnetic coupling between two copper
atoms in a copper center[56]. The magnetic parameters c
be estimated asg = 1.96,−2J = 320.4 cm−1 emu/mol, and
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Fig. 6. Resonance Raman spectra, using an excitation waveleng
532 nm, of complex1 (- - -) and complex2 (—) in the range of (a)
700–850 cm−1 and (b) 2700–3100 cm−1.

P = 1.4% (impurity) from the best fit of theχA values to the
Bleaney–Bowers equation[57]

(3)χA = Ng2β2/kT
[
(1− P)/

(
3+ (−2J/kT ) + 3

4P
)]

whereJ denotes the exchange integral between coppe
ions in binuclear copper(II) complexes. Fig. S2b also sh
the temperature dependency of the magnetic suscepti
of complex 2, in which the susceptibility increased wi
decreasing temperature until a maximum was reache
ca. 2 K, after which the susceptibility of1 also decreased
The magnetic parameters can be estimated asg = 2.01,
−2J = 358.9 cm−1, andP = 0.9% (impurity) from the bes
f

t

fit of the χA values to Eq.(3). This showed that there wa
an antiferromagnetic exchange interaction between the
copper(II) ions in2. Accordingly, the copper(II) centers in2
still maintained a dinuclear copper structure, which was
same as that of as-prepared complex1, suggesting that com
plex 1 was stable toward H2O2, at least under the prese
conditions. Minor changes in the magnetic characteris
were observed for1 with the addition of H2O2. This also
supports the Rietveld observation that the peroxo ligand
ordinated to the intramolecular Cu center to form the C
OO–Cu species between layers.

Both electron paramagnetic resonance (EPR) spectr
complexes1 and2, which were measured at room temp
ature, showed EPR silent states due to strong antiferrom
netic coupling between two copper(II) atoms.

To examine the porosity of complexes1 and 2, Ar
isotherms at 87.3 K were measured in a relative pres
(P/P0) range from 10−6 to 1. These adsorption isotherm
showed typical isotherms of Langmuir type, confirming
presence of micropores without mesopores. Analyse
these isotherms yielded a BET surface area of 393.9 m2/g
and 328.4 m2/g, respectively; and both had an effective p
size of 4.9 Å (seeTable 4andFig. 7). The porosity of com-
plex 2 was quite high, and the surface area and pore
of 2 were almost the same as those of1. The absorptions
of nitrogen occurred at temperatures below 200 K for b
complexes, and the maximum amounts of occluded N2 gas
for 1 and2 were, respectively, 1.27 and 1.09 mol/mol of Cu
at 77.5 K (seeTable 4and Fig. S3). These results sugges
that the micropore for1 was not degraded toward H2O2

and not changed by the formation of Cu–OO–Cu spe
between layers, which is consistent with the results of
Rietveld method, as mentioned above.

Finally, to determine whether the oxidizing complex2
is actually an active intermediate for heterogeneous ox
tion catalysis, its characteristic reaction with 2-propanol w
studied in a suspension of2 in acetonitrile-d3 in a NMR tube
at 20◦C, to which 3 equivalents of 2-propanol were add
After being allowed to stand for 4 h, the solution was
alyzed with a1H NMR spectrometer. Acetone was detec
for complex2 in the absence of H2O2, showing that complex
2 was actually an oxidative intermediate in the hetero
neous system.

With regard to the reaction mechanism, the results tha
when the green color of the copper–peroxo intermediate
appeared, the reaction stopped; (2) no induction period
observed for the oxidation of 2-propanol; and (3) the
tained complex2 was the active species suggested that
Table 4
Maximum amount of nitrogen occluded, pore size, and surface area of microporous copper(II)-containing coordination polymers

Complexes Amount of N2 occludeda Pore diameter (Å) Surface area (m2/g)

[CuII,II
2 (OOCC6H10COO)2] · H2O (1) 1.27 4.9 393.9

H2[CuII,II
2 (OOCC6H10COO)2(O2)] · H2O (2) 1.09 4.9 328.4

a mol/mol of copper atom.
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Fig. 7. Pore size distribution of (a) complex1 and (b) complex2.

oxidation reaction proceeded via the formation of the c
per peroxo intermediate,2 [9]. In addition, the result tha
the rate for oxidation of 1-octanol was much faster than
for 2-octanol oxidation suggested that the copper-alcoho
intermediate might also be formed by the coordination
alcohol to copper centers, and the alcoholate species
dergoes typicalβ elimination to afford the correspondin
carbonyl compound and1, and then the cycle could be r
peated[45–48].

4. Conclusions

In this paper, the results on the heterogeneous ox
tions of various alcohols with H2O2 catalyzed bytrans-
1,4-cyclohexanedicarboxylate dinuclear copper(II) comp
have shown that (1) the catalytic reactions were quite se
tive, with high conversions and turnover frequencies for h
erogeneous oxidations of not only benzylic and second
alcohols, but also primary alcohols with H2O2 via the forma-
tions of the green and brown active oxidizing intermedia
(2) the micropore structure of1 was stable toward H2O2;
and (3) complex1 was reusable for heterogeneous oxidat
-

catalysis. We have also obtained the green-colored m
porous complex, H2[CuII,II

2 (OOCC6H10COO)(O2)] · H2O,
2, which was synthesized by the reaction of complex1
with a 20-fold excess of H2O2 in acetonitrile and characte
ized by elemental analysis, magnetic susceptibility, FT-
TG/DTA, DR–uv, EPR, XRPD, resonance Raman, BET s
face area, pore size distribution, and gas occlusion mea
ments, showing that (1)µ-1,2-trans-Cu–OO–Cu bridging
between two-dimensional layers took place to form a
croporous structure; (2) the peroxo ligand was stable u
132.8◦C in a solid state; (3) complex2 had a high micropore
porosity of 4.9 Å, high surface area, and high gas occlus
property, as did the as-prepared complex1; and (4) complex
2 was the first example of an active copper peroxo inter
diate for heterogeneous oxidation catalysis.
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