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Abstract

A two-dimensional microporous dinuclear copper{tgns-1,4-cyclohexanedicarboxylate, [Q?U (OOCGH10CO0)] - H20 (1), can act
as a heterogeneous catalyst for selective oxidations of various alcohols with hydrogen peroxide. Caaallyzed the selective oxidations
of 2-propanol, cyclohexanol, benzyl alcohol, 2-octanol, and 1-octanolswi8% selectivities in a heterogeneous system. A green-colored
active intermediate, t{Cug‘" (OOCGH1oCO0YR(02)] - H20 (2), observed in the reaction @fwith a 20-fold excess pDo in acetonitrile
was characterized by elemental analysis, TG/DTA, magnetic susceptibility, FT-IR, diffuse reflectance UV-vis, EPR, X-ray powder diffraction
(XRPD), resonance Raman spectra, BET surface area, pore size distribution, and nitrogen occlusion measurements. The molecular structt
of 2 was determined from XRPD data and refined by the Rietveld method. The microporous stru2twasafonstructed by intramolecular
bridging of u-1,24rans Cu—OO—Cu species between two-dimensionabfO4CCgH19COy)] layers. The comple® was the first example
of the microporous copper(ll) peroxo complex for heterogeneous oxidation catalysis.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction naphthalenediol oligomdi0], which have been shown to
be active for selective oxidations of a variety of organic com-
h pounds in the presence obB8, or organic peroxide.
For the homogeneous oxidations catalyzed by biomimetic
dicopper complexes with dioxygen and®h as oxidants,

The heterogeneous oxidation catalysis of alcohols wit
an environmentally suitable oxidant, hydrogen peroxide
(H20»), is quite an interesting objective for both the aca- ;
demic and industrial fieldi—3]. Among the newer hetero- & [arge number of dinuclear copper complexes have recently
geneous oxidation catalysts attracting interest are copper-2€€n reported as model compounds for the active sites of
containing porous and nonporous materials, such & -Cu type 3 copper hemocyanin and tyrosing$é-20} Vari-

phthalocyanine incorporated inside Y faujasite and MCM- ous biomimetic_ copper complexes havg been used as ho-
41[4], Cu-HMS[5], CL2*-substituted MCM-416], zeolite- mogeneous oxidation catalysts, and various peroxo copper

encapsulated Cd-salens[7], CL**/X and Y zeolite[8], intermediates have been studied to investigate the oxygen-

. i : transfer mechanisms of copper prote[i§-18,20] how-
Cu(OH)/S 9], and cis-bisgl t I1)/1,6- . . .
U(OHR/SIO, [9], and cisbisglycianato. copper(ll) ever, the studies on the heterogeneous catalytic activities of

single copper active sites and the nature of oxidizing species
" Corresponding author. are still particularly challenging, given the difficulties inher-
E-mail addresswmori@chem.kanagawa-u.ac(yy. Mori). ent in characterizing active sites under reaction conditions
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[4-10]. Despite the advantage of synthesizing active and se-2.2. Instrumentation/analytical procedures
lective catalytic centers in heterogeneous catalysis, none of
the copper-containing heterogeneous catalysts mentioned in Elemental analyses were performed on a Perkin—Elmer
this paper have been shown to oxidize a wide variety of al- 2400 CHNS Elemental Analyzer Il at Kanagawa Univer-
cohols with BOs. sity. Infrared spectra were recorded on a Jasco 300 FT-IR
Microporous organic—inorganic hybrid coordination poly- spectrometer in KBr disks at room temperature. Thermo-
mers have attracted much attention because of their molec-gravimetric (TG) and differential thermal analyses (DTA)
ular adsorption, including not only gas molecules but also were acquired with a Rigaku TG8101D and TAS 300 data-
organic molecule§21-41] ion-exchange, and catalytic ac- processing system. TG/DTA measurements were performed
tivities [30-33] Of all these efficient porous materials, we in air with a temperature ramp of°€/min between 20
have studied in particular the synthesis of transition-metal and 500°C. Diffuse reflectance (DR) UV-vis spectra were
carboxylate coordination polymers, such as dicarboxylates recorded on a Jasco V-560 spectrophotometer equipped with
of copper[21,22,34-37] molybdenun(38], and ruthenium a Jasco diffuse-reflectance attachment. Specific surface ar-
[39,40], which are capable of occluding large amounts of €as were measured by the BET method with an ASAP 2010
gases such as AN Ar, O,, CHs, and Xe. Not only are  (Shimadzu). The pore size diameter was calculated by the
their uniform linear micropores constructed by the stack- Horvath—-Kawazoe (HK) methof#2]. X-band EPR spec-
ing or bonding of two-dimensional lattices of dinuclear tra were recorded on a JEOL JES-RE Series EPR spec-
transition metal carboxylates; single-site mono- and dinu- trometer at room temperature. Resonance Raman spectra
clear transition metal centers in uniform linear pores are Were recorded on a reflex Raman microscope (Renishaw)
also important points for the use of these metal carboxy- With a LD:YAG laser as the source of 532-nm radiation
lates as heterogeneous catalysts. In the progress of thes#ithin 3 mW. A solid sample was grounded and irradiated.
studies, we have especially focused on the use of one of The temperature dependence of magnetic susceptibility was
the dinuclear copper(ll) carboxylates, copperftdns-1,4- measured with a SQUID magnetometer (Quantum Design;
cyclohexanedicarboxylatel) [34—37] as a heterogeneous MPMS-5S) in the temperature range of 2-300 K. The tem-
oxidation catalyst because of its high stability toward oxi- Perature dependence of the amount of adsorbed nitrogen was
dants such as #D,. We have also investigated the structure measured with a Cahn 1000 electric balance at 20 Torr in
and nature of the oxidizing copper intermediates in uniform @ temperature range of 77.5-270[&1-23} 'H NMR in
micropores because they would be the keys to the develop-CD3CN solution spectra was recorded at 399.65 MHz on

ment of new heterogeneous oxidation catalysts. a JEOL JNM-EX 400 FT-NMR spectrometer with a JEOL
In this paper we report the heterogeneous oxidations of EX-400 NMR data-processing system. Chemical shifs,
various alcohols catalyzed by compl&wvith HoO,. A mi- were referenced to TMS. XRPD was performed on a Bruker

croporous peroxo copper(ll) intermediate was isolated and M18XHF diffractometer (Cu-i, 4 = 0.15406 nm, 35.0 kV,
characterized by elemental analysis, FT-IR, TG/DTA, mag- 200-0 mA) at room temperature. Intensity data were col-
netic susceptibility, EPR, X-ray powder diffraction (XRPD), l€ctéd by step-counting methods (step 0.@hd sampling
resonance Raman, diffuse reflectance (DR) UV-vis, BET time 1.0 s) in the range o560 angles.

surface area, pore size, and gas occlusion measurements. i

We also investigated a NMR tube reaction of 2-propanol to 2-3- Sl Ir|1the5|s of

form acetone by the oxidizing intermediates in the absence H2[CUz" (OOCGH10CO0R(O)] - H20 (2)

of H2O» to determine whether the obtained copper peroxo

complex was a real active species for the heterogeneous ox- | ne dinuclear copper(ll) peroxo complex was prepared as
idation catalysis. follows: 30% HO, aqueous solution (648.8 L, 8.24 mmol)

was added to a suspension of complé&200 mg, 206 pumol)
in acetonitrile (10 mL) at room temperature. After addi-
tion of HyO,, the color of the reaction suspension changed
from blue to green for a few minutes. Here, the pH of this
) suspension was changed from neutral to acidic by the ad-
2.1. Materials dition of H,0,, suggesting that a heterolytic H-OOH bond
cleavage inl had occurred. The green-colored precipitate
The following chemicals were used as received: 2- was collected after 4 h of stirring and was washed with
propanol, cyclohexanol, benzyl alcohol, 2-octanol, 1-octanol, acetonitrile (50 mLx 3) and methanol (50 mix 3). The
acetonitrile, and 30% aqueous;®, solution (quantita-  green-colored precipitate obtained was dried under vacuum
tive analysis grade; Wako). Synthesis and characterizationat room temperature for 2 h. [Yield: 94.5 mg (87.8%). El-
results for copper(lltrans-1,4-cyclohexanedicarboxylate, emental analysis: found: C, 37.00; H, 4.66%; calcd. for
[Cug'II (OOCGsH1pCO0Y] - H20 (1), were reported in our  Cy16H24011Clp = Ho[Cua(CgH1004)2(02)] - H20: C, 37.07;
previous papef34—-37] The obtained complek was dried H, 4.47%. TG/DTA data: 5.35% weight loss was observed
at 100°C under vacuum for 2 h. below 136.4C with an exothermic peak at 1328, sug-

2. Experimental
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gesting the decomposition of CugB») species (6.5%). De-  octanol, and 2-octanol with #D, at 20°C, as shown in
composition of organic ligand began around 2€554.26% Eqg. (1). The catalytic activities (turnover frequencies, con-
weight loss) with an exothermic peak at 2420 IR (KBr versions, and selectivities of oxidative products) and their
disks): 1594s, 1511w, 1423s, 1373w, 1332w, 1297m, 1222w, catalytic behavior were influenced by the concentrations of
1045w, 929w, 784m, 767m, 727w, 526m th BET sur- H»0o, that is, for all oxidation reactions with varying con-
face area: 328.4 fiig. Pore size diameter: 4.9 A. Maximum  centrations (less than 46-fold and more than 69-fold excess)

amount of nitrogen occluded B 1.09 mo}mol of cop- of H205, the color of complex changed from blue to green
per. DR-UV spectrunimax 260, 385, 665 nm. EPR spectra: and brown. The green and brown colors persisted for 2 days
EPR silent state. Raman spectrum: 808J-0)] cni 1.] and 3 weeks, respectively, and then disappeared. The cat-
alytic oxidation results for various concentrations ofQ4
2.4. Structure solution and refinements of are summarized ifiable 1
[Cuy" (OOCGsH16CO0Y] - H20 (1) and al . al
Ha[Cu)"' (OOCGsH10CO0Y(07)] - H20 (2) >< + Hp0, X >o +H,0p (1)
R? OH in CH3CNRz

The low-angle powder diffraction patterns of complexes
1 and 2 were indexed with the TREOR 90 and DICVOL R = aryll, alkyl; R? = H, alkyl

91 programs, which suggested a primitive triclinic cell with o . .
the following unit-cell parameters: for complek a = For the oxidation of 2-propanol with two different con-

10.552(9), b = 10.351(7), ¢ = 5.1036) A, o = 72.317(5), centrations of IjOg (23- an'd 113-fold excess of copper
B = 90.844(1), y = 1015765)°; for complex 2, a = atom), the conversions Ieadlr)g to formation of acetone were
10.8187), b = 10.2381), ¢ = 7.1029) A, o = 74.836(1), observed to be highly selectlvg (100 out to 17% (after 1 h)
B = 101942(6), y = 1067257)°. These structures were a_md 56% (after 3 h)_ conversions of 2—p_ropano|, respec-
refined by the Rietveld method with a DBWS program. Pow- tVely) and to occur with turnover frequencies (STeIl:(moI

der diffraction patterns were calculated for this model in the ©f producgs)((lmol of complex)s)) of 6 x 10~ s™* and
triclinic space groupP1 and with the use of the unit-cell -8 % 107° s (calculated after a reaction time of 1 h),
parameters refined by a least-squares procedure describeffSPectively. No induction period was observed for reac-

above. Data were evaluated in the angle range$-e5@ 26. tions involving both concentrations of>@ (> 10 min).
When the green and brown colors disappeared, the reaction
2.5. Catalytic oxidations stopped, suggesting that the green and brown species were

active intermediates for oxidation catalysis. The organic car-

A sample of the catalyst (100 mg, 206 pmol) was added boxylate ligands of other microporous dinuclear copper(ll)
to a Schlenck tube under an Ar atmosphere. The substrate§arboxylates, for example, copper(ll) telephthalate and cop-
(2-propanol, cyclohexanol, benzyl alcohol, 2-octanol, 1- Per(ll) fumarate, were decomposed te®} and other bio-
octanol) (6.4-13.1 mmol) and acetonitrile (10 mL) were Mimetic copper complexds5]. In contrast, the FT-IR spec-
added with a micropipette. The mixture was allowed to equi- trum of complexi after catalysis showed 13 bands at 1594s,
librate at a reaction temperature of ZDfor 10 min. Thirty 1511w, 1423s, 1373w, 1332w, 1297m, 1222w, 1045w, 929w,

percent aqueous D, (9.71-48.5 mmol, 23-113-fold ex- 784m, 767m, 727w, 526m cm, which were consistent
cess of copper) was added with a micropipette to the rapidly With as-prepared complek (1598s, 1513w, 1425s, 1371w,
stirred solution. The samplings were carried out after 10 and 1334w, 1295m, 1220w, 1047w, 927w, 782m, 728w, 530m
30 min and 1, 2, 3, 24, 48, 72, 96, 144, and 168 h. Before cm %), except for a band at 767 crh, which that could
the samplings, the solid catalyst was washed with excessbe assigned to(C—H) of the cyclohexane rinf#3], which
methanol to remove the oxidative products in the cavities of might be due to the rotation of the cyclohexane ring caused
the catalyst into the reaction solution. The reaction solution by the coordination of hydrogen peroxide and/or the al-
was analyzed by GC (FID, SE-30 glass column and DB- cohol molecule to the copper center. Complewas also
WAX capillary column (0.53 mm o.d., 15 m)) and HPLC characterized after oxidation catalysis by elemental analysis,
(Shim-pack VP-ODS 150 mm Lx 4.6 mm i.d.), and as- UV-vis, XRPD, BET surface area, and pore size distribu-
signments were made by comparison with authentic samplestion measurements: the XRPD pattern showed 14 lines at
analyzed under the same conditions. 260(°) =8.56, 9.20, 10.88, 14.13, 17.24, 18.55, 19.25, 20.10,
21.90, 22.66, 23.92, 25.22, 26.08, 28.63 with relative in-
tensities of 100, 75, 9, 4, 23, 10, 13, 10, 2,6, 7, 6, 7, 5,

3. Resultsand discussion respectively, in the 2-30° angles. The BET surface was
301.2 nf/g (the pore size diameter was 5.1 A). The DR-
3.1. Catalytic oxidations UV spectrum showed three bands at 261, 375, and 660 nm.

(Elemental analysis: found: C, 38.33; H, 4.97%, calcd. for
Complex1 was used as a heterogeneous catalyst for the C16H24010CUy = [Cup(CgH1004)2] - 2H20: C, 38.17; H,
oxidations of 2-propanol, cyclohexanol, benzylalcohol, 1- 4.80%.) These results were consistent with those for as-
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Oxidation of alcohols with HO, catalyzed by copper(lfrans-1,4-cyclohexanedicarboxylaté)(at 20°C

229

Entry Substrate Selectivity? TOR? Conversion (%)
(mmol) (%) (s‘l) (TON) [reaction time]

1 2-Propanol (13.1) Acetone-(99) 16 x 1073 17.1(11) [1 h]
2¢ 2-Propanol (13.1) Acetone-(99) 58x 1073 55.6 (35) [3 h]
d Cyclohexanol (9.5) Cyclohexanone Q9) 11x 1074 14.3 (6.5) [168 h]
4¢ Cyclohexanol (9.5) Cyclohexanone 09) 16x 1074 19.8(9.1) [168 h]
5 Benzylalcohol (9.7) Benzaldehyde Q9) 70x 1074 16.7 (7.8) [144 h]
6° Benzylalcohol (9.7) Benzaldehyde @9) 15x 1073 25.8 (12) [144 h]
7 1-Octanol (6.4) Octylaldehyde-(99) 11x 1074 10.8 (3.4) [168 h]
8¢ 1-Octanol (6.4) Octylaldehyde-(99) 16 x 1074 13.2 (4.1) [168 h]
Reaction conditions: catalyst 206 pmol, substrate 6.4—13.1 mmol, 389 B.7 mmol (23-fold excess), GACN 10 ml.

a After 1 h.

b TOF = turnover number (TONJs after 1 h.
€ H,05 (48.5 mmol, 113-fold excess) was used.
d H502 (19.4 mmol, 46-fold excess) was used.

prepared complek, suggesting that the structure of complex two different concentrations of #, (46- and 113-fold ex-
1 was maintained after oxidation catalysis with®5. cess of copper atoms). Furthermore, no induction period was
To determine whether the active species leached into theobserved for the reactions involving both concentrations of
solution during a typical catalytic reaction, the mixture of H>O, (> 10 min). TOFs were D x 10%s 1 and 15 x
complex1 and a 23-fold excess of4@, in acetonitrile was 103 s L after 1 h, and conversions reached 16.7 and 25.8%,
stirred for 3 days at 20C. The mixture was then filtered respectively, after 144 h. For comparison, the observed TOF,
via a Biichner funnel (Whatman No. 2), and the filtrate was 1.5 x 103 s™1, was higher than 8 x 10~% s~ for cis-
treated with 2-propanol at 2@€. The samples of this reac- bisglycinato copper(ll)/1,6-naphthalenediol oligonE0].
tion mixture taken after 1, 2, and 3 h contained no oxidation =~ Complex1 can oxidize not only secondary alcohols and
products, indicating that the observed catalysis was hetero-benzylic alcohol, but also primary alcohols with high se-
geneous. Using the solid after filtration as a catalyst, we lectivities and conversions. The oxidation of 1-octanol to
carried out the oxidation of 2-propanol with a 23-fold excess octyl aldehyde with both concentrations op®h (23- and
of H,0, at 20°C. The TOF of 12 x 103 s~1 was similar 113-fold excess of hydrogen peroxide) proceeded with high
to that found for the first use @ x 10~3 s71). In addition, selectivity (ca. 100%) over 168 h. Whereas most oxida-
no copper species was detected in the filtrat® 02 ppm). tions occur more rapidly with secondary alcohol than with
These results indicated that leaching of a catalytically active primary alcohol, the oxidations via the formation of metal-
copper species in the solution was negligible. alcoholate intermediate lead to selective oxidation of pri-
Complex1 was observed to catalyze the oxidation of cy- mary hydroxyl groupg45-48] The TOFs (11 x 104 s™!
clohexanol to cyclohexanone (100% selectivity) with two and 16 x 10~# s~ after 1 h) for 1-octanol oxidation were
different concentrations of ¥#D, (46-fold and 113-fold ex-  faster than those for 2-octanol oxidation.y4x 107° st
cess of copper atoms). Furthermore, no induction period wasand 55 x 107° s™1 after 1 h) with > 99% selectivity of
observed for the reactions with either concentration gbi 2-octanone under the same reaction conditions, and the con-
(> 10 min). TOFswere 1 x 10 *4s1and 15 x 10 %s 1 versions (10.8 and 13.2% after 168 h) were also higher than
after 1 h, and conversions of 14.3 and 19.8% were achievedthose for 2-octanol oxidation (2—3% after 168 h), suggest-
with the two different concentrations of hydrogen perox- ing that a copper—alcoholate intermediate was also formed.

ide, respectively, after 168 h. Although compléxan ad- Thus, these results suggested that both copper—alcoholate
sorb relatively large organic molecules, suchoeasylene species and copper—peroxo species were formed as interme-
(0.3 mol/mol of copper)m-xylene (0.4 mofmol of copper), diates during the course of reaction.

and p-xylene (0.3 molmol of copper)[44], the observed

TOFs were lower than those of 2-propanol oxidation with 3.2. Synthesis, structure, and compositional

23- and 113-fold excessH#, because it might be easier characterization of microporous peroxo copper(ll) complex,

for 2-propanol to enter a micropore than it would for cy- Hz[Cug'” (OOCGH1pCO0R(02)] - H20 (2)

clohexanol and/or for acetone to exit a micropore than it

would for cyclohexanone. As a control experiment, non-  As mentioned above, the green- and brown-colored inter-

porous Cu(OH) was used as a solid catalyst for cyclo- mediates were observed with the addition of different con-

hexanol oxidation with a 46-fold excess ob®h, but the centrations (less than 46-fold and more than 69-fold excess)

activity was low (TON< 1 after 144 h). of H2O,, respectively, in the studies of catalytic oxidations.
Complex1 was also observed to catalyze the oxidation Here, the green-colored intermediate was isolated and char-

of benzyl alcohol to benzaldehyde (100% selectivity) with acterized by elemental analysis, FT-IR, TG/DTA, magnetic
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Table 2

Crystallographic data for complexésand2
1 2

Empirical formula HoC1608CWp H20C16010CUp

Formula weight 467.422 499.42

Crystal color Blue powder Green powder

Crystal system Triclinic Triclinic

Space group P1(#1) Pl (#1)

Lattice parameters a=105529) A a=108187) A
b=10.3517) A b=102381) A
¢=5.1036) A c=7.1029 A
a =723175)° o =T74.836(1)°
B = 90.844(1)° B =101942(6)°

y = 101576(5)°
Vv =51953(4) A
1, 1.6614qm

Z, calculated density

y = 1067257)°
Vv =719636) A°
1, 1.1524 gem®
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2.07
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1.5]

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

1.0

susceptibility, ESR, DR—uv, XRPD, resonance Raman, BET .5/
surface area, pore size distribution, and gas occlusion mea- L s L
surements. The green color of the copper intermediate did Y e
not appear until the 20-fold excess ohb®h was added. -0.5]
Brown species could not be obtained as a pure solid.

The solid green oxidizing copper(ll) intermediate, B— 28 3b 4d 56 3
Ha[Cuy" (OOCGsH10CO0R(07)] - H20 (2), was obtained
in 87.8% (94.5 mg scale) yield, which was prepared by (b)
the reaction of compled in acetonitrile suspension with
a 20-fold excess of D5, followed by washing with excess
amounts of acetonitrile and methanol, and then by drying un-
der vacuum for 2 h at 28C. According to elemental analysis
results, the pure compleXcould not be obtained with less
than a 20-fold excess of hydrogen peroxide, which might be
due to the hydrophobicity in the micropore of complix tures of which have previously been repor48]. Figs. 3a—c
The formation of2 can be shown in an ionic balance equa- show the perspective views of the stacking comdledong
tion: with the a, b, and ¢ axes, respectively. The intramolecu-

11,1l lar coordination of an oxygen atom of carboxylate ligand

[Cu2 (O?’%QHNCOO)Z] +H20, 9 n to the vacant site of copper atom caused the stacking of
— [Cu;” (OOCGsH10CO0R(0,) %~ +2H () the two-dimensional [C(O,CCsH10CO,)] layers to form
The XPRD patterns of complexésand2 were recorded,

10 F I TITEDE DO T A 11

Two Theta / degrees

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

three-dimensional lattice structures. In contrast, X-ray struc-
and the crystal structures were solved and refined by theture analysis of comple® (Fig. 2b) revealed that the micro-
Rietveld method (see the Experimental section). The final porous structure of compleékwas constructed by the bridg-
R-p and R-wp agreement factors, together with data collec-ing of the u-1,24rans Cu(1)-OO-Cu(2) species between
tion details and analyses for complexesnd 2, are given two-dimensional [Cp(O2CCsH19CO2)] layers as shown in
in Table 2 The final Rietveld plots are shown Figs. Ja Figs. 4a and b. The Cu(1)-0(9) and Cu(2p(10) distances
and b. The XRPD pattern of compldxshowed 15 lines at ~ were 1.877(2) A and 1.879(1) A, respectively, which were
20(°) =8.53,9.12,11.16,17.13, 17.43, 17.69, 18.30, 19.28, quite similar to those ofi-1,24rans-copper(ll) peroxo com-
20.11, 21.57, 22.71, 24.02, 25.54, 25.79, 26.03 with relative plex determined by X-ray crystal analysis (1.852%0] and
intensities of 100, 54, 5, 17, 6, 5, 6, 8, 6, 2, 3, 3, 4, 4, 3, slightly shorter than those of reported side-on copper(ll) per-
respectively, in the 2-30° angles. For compleg, 10 lines oxo complexes (1.892—-1.941 £)8], but much longer than
were observed at62°) = 8.50, 9.09, 10.82, 17.10, 18.24, those of copper(lll) peroxo complexes (ca. 1.80[£9,51]
19.27, 20.06, 22.71, 24.01, 26.03 with the relative intensi- The intermolecular Cu(1)-Cu(2) separation stretched to
ties of 100, 69, 9, 19, 10, 13, 11, 6, 7, 8, respectively. Bond 4.572(4) A, which was much longer than the Cu(1¢u(2)
lengths and angles are listedTable 3 and final fractional separation (2.992(6) A) for complek because of the in-
coordinates are reported in Tables S1 and S2, provided assertion of intra-peroxide ligand in the two-dimensional lay-
supporting information. ers. The intermolecular Cu(1)Cu(2) separation of com-
The molecular structure df (Fig. 2a) was isomorphous  plex2is 2.632(2) A, which was similar to that of compléx
to several [Cg(u-carboxylate)] complexes, the crystal struc- (2.642(9) A), suggesting that intramolecular Cu(igu(2)
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Table 3
Selected bond distances (A) and ang@safound the copper(ll) centers for compledeand2
Complex1
Cu(1)--Cu(2) 2632(2) O(1)-Cu(1)-0(5) 169(4) O(4)—Cu(2)-0(6) 82(6)
Cu(1)-0O(1) 20591) 0O(3)-Cu(1)-0(7) 163(8) 0(6)-Cu(2)-0(8) 8%)(6)
Cu(1)-0(3) 1984(2) 0(2)-Cu(2)-0(6) 173(9) Cu(2)-Cu(1)-0(1) 88(9)
Cu(1)-0(5) 20592 0O(4)-Cu(2)-0(8) 162(4) Cu(2)—Cu(1)-0(3) 82(9)
Cu(1)-0(7) 1985(9) O(1)-Cu(1)-0(3) 82(9) Cu(2)-Cu(1)-0(5) 83(8)
Cu(2)-0(2) 2051(8) 0O(1)-Cu(1)-0(7) 83B(6) Cu(2)—Cu(1)-0(7) 842(8)
Cu(2)-0(4) 1985(4) 0O(3)-Cu(1)-0(5) 82(8) Cu(1)-Cu(2)-0(2) 8B3(8)
Cu(2)-0(6) 2042(2) O(5)-Cu(1)-0(7) 93(1) Cu(1)—Cu(2)-0(4) 83(3)
Cu(2)-0(8) 1988(8) 0(2)-Cu(2)-0(4) 95(4) Cu(1)-Cu(2)-0(6) 82(1)
Cu(l) --Cu(2) 2.992(6) 0(2)-Cu(2)-0(8) 872(7) Cu(1)—Cu(2)-0(8) 8%(5)
Complex2
Cu(1)--Cu(2) 2642(9) 0O(1)-Cu(1)-0O(5) 16%(9) Cu(1)—Cu(2)-0(2) 85(2)
Cu(1)-0(1) 1987(2) O(3)-Cu(1)-0(7) 178(5) Cu(1)-Cu(2)-0(4) 80(2)
Cu(1)-0(3) 20239) 0O(2)-Cu(2)-0(6) 178(7) Cu(1)—Cu(2)-0(6) 88i(3)
Cu(1)-0(5) 1982(9) 0(4)-Cu(2)-0(8) 174(3) Cu(1)-Cu(2)-0(8) 86(1)
Cu(1)-0(7) 1998(9) 0O(1)-Cu(1)-0(3) 91(9) 0O(1)-Cu(1)-0(9) 8%(3)
Cu(2)-0(2) 1983(7) O(1)-Cu(1)-0(7) 92(5) 0O(3)-Cu(1)-0(9) 10D(1)
Cu(2)-0(4) 1993(1) 0O(3)-Cu(1)-0O(5) 8A.(5) 0O(5)-Cu(1)-0(9) 10®(1)
Cu(2)-0(6) 2024(1) 0O(5)—Cu(1)-0(7) 89(7) O(7)—Cu(1)-0(9) 81(6)
Cu(2)-0(8) 1988(1) 0O(2)-Cu(2)-0(4) 9IM(3) Cu(2)—Cu(1)-0(9) 174(5)
Cu(1)-0(9) 1877(2) 0(2)—-Cu(2)-0(8) 8R(3) Cu(1)-0(9)-0(10) 125(2)
0(9)-0(10) 123009 O(4)-Cu(2)-0(6) 95(8) 0(9)-0(10)-Cu(2) 124.7(7)
Cu(2)-0(10) 1879(1) 0(6)—Cu(2)-0(8) 9R(7) 0(10)-Cu(2}-0(2) 99.7(3)
Cu(l) --Cu(2) 4.572(4) Cu(2)-Cu(1)-0(1) 8%(2) 0O(10)-Cu(2)-0(4Y 88.2(3)
Cu(2)—-Cu(1)-0(3) 84.(4) 0(10)-Cu(2}-0(6) 88.4(9)
Cu(2)-Cu(1)-0(5) 841(4) 0O(10)-Cu(2)-0(8Y 100.0(9)
Cu(2)—-Cu(1)-0(7) 84.(4) 0(10y—Cu(2)-Cu(1) 172(9)
C(12)
C(6)
0(2)
oy e

C41

0(10)
C(16)

(b)

Fig. 2. Molecular structures and atom labeling scheme showing only thé Guordination environment as formed in complexesl(apd (b)2.

interaction was not affected by the coordination of per- The space formed by bridging of peroxo ligand between
oxo ligand between two-dimensional [g{®>CCsH10CO,)] layers for complex2 can make possible the rotation of the
layers. The size of the micropore structure for comglaas cyclohexane ring of complek To our knowledge, complex
altered slightly by the bridging ofi-1,24rans-Cu(1)-O0O— 2 is the first example of the microporous copper(ll) peroxo
Cu(2) intramolecular bonding as shown figs. 3c and 4c complex.
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Fig. 4. Unit-cell packing of compleR viewed along the (a}, (b) b, and (c)c axes.

Other characterization results for complgxvere con- around 240 C with exothermic peaks at 238.0 and 2427
sistent with the result of Rietveld analysis. The C and H respectively.
elemental analysis data were consistent with a composi- Resonance Raman spectra for complekesid2 in the
tion of Hp[Cuy" (OOCGsH10COOR(07)] - H20. The pH  range of 700-850 i and 27003100 crii- are shown in
of complex 1 was changed from neutral to acidic with Figs. @& and b, respectively. In the range of 700-850¢m
the addition of HO,, also suggesting that the Cu-OO—Cu a new peak at 805 cnt was observed for comple®, as
species was formed by a heterolytic HHOOH bond cleav- shown in Fig. 6a. This peak was assigned as the intra-
age in complexX. The TG/DTA measurement for compl&x peroxide stretch of the bridging peroxide on the basis of its
(as shown irFig. 5), performed under atmospheric condi- frequency. The 805 cmt O-O stretch was in the range of
tions, showed a weight loss of 5.35% with an exthothermic 800-840 cm?, which was observed fou-1,2trans-Cu'—
peak at 132.8C, which corresponded to the decomposition OO-CU' complexeq13,53,54]and was in the upper range
of peroxo ligand (7.0%). Such an exothermic peak has al- of O-O stretching frequencies observed in side-of-Cu
ready been observed for titanium peroxo complef&sy. 00-Cd' (around 760 cm') [13] and CH! (uo—O)Cu"
Note that no weight loss with an exothermic point was ob- (590-616 cmt) complexeg51,55]but in the down range of
served for complexd (Fig. 5a), suggesting that no peroxo O-0 stretching frequencies observed in copper(ll) hydroper-
ligand was present. The thermal stability of the peroxo cop- oxide species (892 cnt) [14].
per intermediat® was much higher than those of reported Several peaks at 2861, 2907, 2932, and 2949'cas-
copper peroxo complexg43-18] Above 200°C, the de- signed to C—H vibrations of the cyclohexane ring were ob-
composition of organic ligands for complexeand2 began served for both complexelsand2, as shown irFig. 6b. Al
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Fig. 5. TG/DTA data of (a) complek and (b) complex@.

positions of these peaks were the same, but the relative intenshowed only one broad band at around 665 nm, owing to the
sities were different. This might be due to the rotation of the presence of an intense band of copper-carboxylate fragment.
cyclohexane ring by intramolecular bridging of Cu—OO-Cu However, the position at 665 nm was shifted to a longer
species between two-dimensional layers. wavelength, suggesting the coordination @i to the Cu

The diffuse reflectance (DR) UV-vis spectrum (Fig. S1a) atom.
of 1 showed two absorption bands at 384 and 655 nm due The temperature dependence of the magnetic suscepti-
to ligand-to-metal charge transfer (CT) addd transition bility of complex 1 is shown in Fig. S2a. It is indicated
bands, respectivelfp,56]. The DR UV-vis spectrum of that the effective magnetic momentg was 1.29 B.M. at
also exhibited a CT band at 385 nm andi/ad band at 300 K, suggesting the presence of antiferromagnetic cou-
665 nm (Fig. S1b). The UV-~vis spectra for-1,24{rans pling between two copper(ll) atoms in the copper center. The
Cu'-00-Cl complexes, [Cli(bpman)(Q)]?+ (bpman= susceptibility of complex increased with decreasing tem-
2,7-bis[bis(2-pyridylmethyl)amiomethyl]-1,8-nephthyridine) perature until a maximum was reached at ca. 2 K, beyond
[53] and [{LCU''}2(02)]2 (L = tris[(2-pyridyl)methyl]ami- which the susceptibility decreased. This showed a typical
ne)[50], showed two new bands at 505 nm and 620 (br) nm strong antiferromagnetic coupling between two copper(ll)
and 525 and 590 (br) nm, respectively by the coordination atoms in a copper centfs6]. The magnetic parameters can
of peroxo ligand to dicopper sites. In contrast, complex be estimated ag = 1.96, —2J = 3204 cnm* emymol, and
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805
fit of the xa values to Eq(3). This showed that there was

an antiferromagnetic exchange interaction between the two
copper(ll) ions in2. Accordingly, the copper(ll) centers th
still maintained a dinuclear copper structure, which was the
A same as that of as-prepared comgdeguggesting that com-
! plex 1 was stable toward $O,, at least under the present
|| conditions. Minor changes in the magnetic characteristics
were observed foll with the addition of HO,. This also
\ supports the Rietveld observation that the peroxo ligand co-
\\
\

771

ordinated to the intramolecular Cu center to form the Cu—
/ \/ OO-Cu species between layers.

_/\"" S—— Both electron paramagnetic resonance (EPR) spectra for

' ' ' ' ' ' ' ' complexesl and2, which were measured at room temper-

ature, showed EPR silent states due to strong antiferromag-

netic coupling between two copper(ll) atoms.

To examine the porosity of complexels and 2, Ar
isotherms at 87.3 K were measured in a relative pressure
(P/Po) range from 106 to 1. These adsorption isotherms
showed typical isotherms of Langmuir type, confirming the

700 720 740 760 780 800 820 840
Raman shift/cm™

(@)
2861 2932

2949

2906 presence of micropores without mesopores. Analyses of
I R 5033 these isotherms yielded a BET surface area of 393&ym
2861 | Iy and 328.4 /g, respectively; and both had an effective pore
| A size of 4.9 A (se@able 4andFig. 7). The porosity of com-
||| | ".‘ 2949 plex 2 was quite high, and the surface area and pore size
, 1 ‘.,‘ of 2 were almost the same as thoselofThe absorptions

| of nitrogen occurred at temperatures below 200 K for both
/ \ complexes, and the maximum amounts of occludedyas
for 1 and2 were, respectively, 1.27 and 1.09 mwlol of Cu

at 77.5 K (sedable 4and Fig. S3). These results suggested

2700 2800 2500 £ 3100 that the micropore forl was not degraded toward,B;
Raman shift/em™ and not changed by the formation of Cu—OO—Cu species
(b) between layers, which is consistent with the results of the

. . - Rietveld method, as mentioned above.
Fig. 6. Resonance Raman spectra, using an excitation wavelength of . . .
532 nm, of complex (---) and complex2 (—) in the range of (a) Finally, to determine whether the oxidizing compl2x

700-850 crt and (b) 2700-3100 cmt-, is actually an active intermediate for heterogeneous oxida-
tion catalysis, its characteristic reaction with 2-propanol was
P = 1.4% (impurity) from the best fit of thg values to the studied in a suspension 2in acetonitrileds in a NMR tube
Bleaney—Bowers equatidB7] at 20°C, to which 3 equivalents of 2-propanol were added.
5.0 3 After being allowed to stand for 4 h, the solution was an-
xn=Ng“B*/kT[(1— P)/(3+ (=2J/kT) +3P)]  (3) alyzed with atH NMR spectrometer. Acetone was detected
where J denotes the exchange integral between copper(ll) for complex2in the absence of $0,, showing that complex
ions in binuclear copper(Il) complexes. Fig. S2b also shows 2 was actually an oxidative intermediate in the heteroge-
the temperature dependency of the magnetic susceptibilityneous system.
of complex 2, in which the susceptibility increased with With regard to the reaction mechanism, the results that (1)
decreasing temperature until a maximum was reached atwhen the green color of the copper—peroxo intermediate dis-
ca. 2 K, after which the susceptibility df also decreased. appeared, the reaction stopped; (2) no induction period was
The magnetic parameters can be estimated as2.01, observed for the oxidation of 2-propanol; and (3) the ob-
—2J =3589 cn 1, and P = 0.9% (impurity) from the best  tained complex2 was the active species suggested that the

Table 4

Maximum amount of nitrogen occluded, pore size, and surface area of microporous copper(ll)-containing coordination polymers

Complexes Amount of ploccluded Pore diameter (A) Surface area?(m)
[Cu)"! (OOCGsH1oCOO] - H20 (1) 1.27 49 3939

Ha[Cuy" (0OCCsH16CO0NR(0,)] - H20 (2) 1.09 49 3284

2 mol/mol of copper atom.



C.N. Kato et al. / Journal of Catalysis 230 (2005) 226—236 235

catalysis. We have also obtained the green-colored micro-
L o @) | porous complex, B{CU," (OOCGH10CO0)(G)] - H20,

2, which was synthesized by the reaction of complex
with a 20-fold excess of D5 in acetonitrile and character-

ar ) ized by elemental analysis, magnetic susceptibility, FT-IR,
TG/DTA, DR—-uv, EPR, XRPD, resonance Raman, BET sur-

3T ] face area, pore size distribution, and gas occlusion measure-
ments, showing that (1)-1,24ransCu—-OO-Cu bridging

2 r ] between two-dimensional layers took place to form a mi-

croporous structure; (2) the peroxo ligand was stable under

Lr ) 7 132.8°C in a solid state; (3) compleXhad a high micropore
porosity of 4.9 A, high surface area, and high gas occlusion
0 ' property, as did the as-prepared compleand (4) complex

Pore Volume, (cm? / g-A)

0 3 10 15 20 2 2 was the first example of an active copper peroxo interme-
Pore Diameter (A) diate for heterogeneous oxidation catalysis.
0.35 T T T T
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oxidation reaction proceeded via the formation of the cop-
per peroxo intermediate, [9]. In addition, the result that nec .
the rate for oxidation of 1-octanol was much faster than that Porting information.
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