Accepted Manuscript

JOURNAL OF
SOLID STATE
CHEMISTRY

One-, two- and three-dimensional coordination polymers based on copper paddle-
wheel SBUs as selective catalysts for benzyl alcohol oxidation

Leila Asgharnejad, Alireza Abbasi, Mahnaz Najafi, Jan Janczak

PII: S0022-4596(19)30298-1
DOI: https://doi.org/10.1016/j.jssc.2019.06.011
Reference: YJSSC 20806

To appearin:  Journal of Solid State Chemistry

Received Date: 26 January 2019
Revised Date: 24 April 2019
Accepted Date: 5 June 2019

Please cite this article as: L. Asgharnejad, A. Abbasi, M. Najafi, J. Janczak, One-, two- and three-
dimensional coordination polymers based on copper paddle-wheel SBUs as selective catalysts
for benzyl alcohol oxidation, Journal of Solid State Chemistry (2019), doi: https://doi.org/10.1016/
j-jss¢.2019.06.011.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jssc.2019.06.011
https://doi.org/10.1016/j.jssc.2019.06.011
https://doi.org/10.1016/j.jssc.2019.06.011

Graphical abstract:
Cu(ll)-coordination polymers with binuclear paddle-wheel SBUs as heterogeneous catalysts
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Abstract

Copper-based coordination polymers, 2(Pu-MeC0,)4(DABCO) @, [Cu(1,4-BDC-
Br)(DABCO)q . XDMF.yH,O (2) and Cu(1,4-BDC-OH)(DMF) 3) (1,4-BDC-Br = 2-bromoterephthalate,
DABCO = triethylenediamine, 1,4-BDC-OH = 2-hydroggephthalate) were solvothermally synthesized. Two
polymorphs ofl (la and 1b) were obtained which both contain 1-D chains wsthilar connectivity and
different packing. Compoun@ is a 3-D metal-organic framework (MOF) aBdexhibits a 2-D structure.
Structural analyses of the coordination polymerswsd that they all have similar paddle-wheel seaond
building units (SBUs). The coordination polymér8 were characterized by FT-IR, thermogravimetriclysia
(TGA), powder X-ray diffraction (XRD) and atomic sdrption spectroscopy. CompouBds further analyzed
by nitrogen adsorption/desorption techniques. Thxeaioed coordination compounds were employed as
heterogeneous catalysts for selective oxidatiobawfzyl alcohol to benzoic acid using &H, as solvent and
tert-butyl hydroperoxide (TBHP) as oxidant. The catedydisplayed good activity in the oxidation reastand

could be reused without noticeable loss of activity
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1. Introduction

Selective oxidation of alcohols to aldehyde, ketonacid products is a pivotal transformation imefichemicals
and pharmaceutical industries. Catalytic oxidatayistems have been focused from industrial and atiade
views. [1, 2] Traditionally, stoichiometric amourtd$ oxidizing agents (e.g. MROCrQ;, K,Cr,07, SeQ, etc)
have been utilized under harsh reaction industealditions which caused environmental issues aoct@sed
production costs. Therefore, development of actind selective catalytic systems is a continuing ateirfor
economic and sustainable chemical transformatidns]

There are some reports about development of céabgsed on supported noble metals such as Aud45]P
Ru[6] or a combination of them.[7] However, thesgatysts are expensive and suffer from sustainadiles of
views.[8] Transition metal-based catalysts wer® @smobilized using supports including graphenedejB]
polymers,[10] metal nanoparticles[11] and silica][Eor instance, there have been many reportsenatalytic
oxidation of alcohols over supported Cu(ll) comeex13-16]

Coordination polymers and metal-organic framewo(MOFs), with adjustable molecular structures and
electronic properties, offer a plentiful supplytednsition metals with catalytic characteristiche$e materials
are inorganic-organic hybrids assembled from mieta or clusters which are held by organic link§t3, 18]
Unique features of these crystalline compounds sashuniform arrangement of catalytic sites withhhig
concentration, stable architecture and reusahitigke them suitable candidates in the field of loggeneous
catalysis. [19-21]

Copper (Il)-coordination polymers and MOFs haverbakeady proved to be promising catalysts for ladto
oxidation.[22-26]In this regard, we previously reported copper mdate [CuMoQ(1,10-Phen)].EO (Phen =
1,10-phenanthroline) coordination polymer and(B8uiC), MOF (BTC = 1,3,5-tricarboxylate) as heterogeneous
catalysts for epoxidation of allylic alcohols. [228] Recently, Rajeev Gupta's group synthesizedllZu(
coordination polymers containing metalloligands apglied them as heterogeneous catalysts for thuation

of benzyl alcohol. [29] Catalytic oxidation of bghalcohol was also reported over other Cu(ll)-lohMOFs
and coordination polymers such as Cu(1,4-BDC)(DAB&@1,4-BDC = terephthalic acid) [30] and {BTC),
[23], {[Cu(fcz),(H,0)].SO,.DMF.2CH0OH-2H0}, and {[Cu(fcz}Cl,].2CH;OH}, (fcz = 1-(2,4
difluorophenyl)-1,1-bis[(1H-1,2,4-triazol-I-yl)meytjethanol).[22]

Herein, we report solvothermal self-assembly sysithend structural features of new 1-D, 2-D and 3-D
coordination polymers based on Cu(ll) paddle-wigUs including Cg(p-MeCQO,)4,(DABCO) (1), [Cu(l,4-
BDC-Br)(DABCO), 5. xDMF.yH,0 (2) and Cu(1,4-BDC-OH)(DMF)3J). The prepared coordination polymers

were applied as heterogeneous catalysts for ogidati benzyl alcohol.

2. Experimental

2.1. Materials and characterization

All reagents were purchased from commercial souaogsused without further purification.

FT-IR spectra were acquired by means of a Brukeiiritxx 55 spectrometer equipped with a single réfiec
diamond ATR system. Powder X-ray diffraction (PXR@jtterns were recorded on a PANalytical X'Pert PRO
instrument using Cu Kradiation & = 1.5406 A). Thermogravimetric analysis (TGA) waeasured in N

atmosphere using Dupont 951 Thermogravimetric AralyThe surface area and pore volume of MOkere
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identified by nitrogen adsorption/desorption measugnts at liquid nitrogen temperature utilizing EEERRP-
mini Il instrument. The sample was degassed undeuwm at 130 °C for 4 h before the experiments. The
oxidation products were determined using a gasnshtograph (HP, Agilent 5890) equipped with a capjll
column (HP-1) and a flame ionization detector (FICHe copper content in the catalysts was measurédiby
400 atomic absorption spectrometer.

2.2. Synthesisof laand 2

A mixture of Cu(NQ),.3H,0 (0.06 g, 0.25 mmol), DABCO (0.07 g, 0.62 mmol}-BDC-Br (0.044 g, 0.18
mmol) and CHCOOH (0.08 mL) was dissolved in DMF (5 mL) and ttstinred for 10 min. The suspension
was transferred into a Teflon-lined autoclave aegtlat 110 °C for 24 h to afford a mixturelafand2. Green
parallelepiped crystals dfa were settled at the bottom of the vessel and liove solution containing small
crystals o2 were isolated by decantation. Crystaldafand2 were washed with fresh DMF and dried in air.
2.3. Synthesis of 1b

Coordination polymedb was synthesized by solvothermal reaction of Cufpl@H,0 (0.016 g, 0.07 mmol),
DABCO (0.056 g, 0.5 mmol) and GAHOOH (0.08 mL) in DMF (5 mL). After stirring of theeagents for 10
min, the mixture was placed into a Teflon-linedoamlave and kept at 120 °C for 24 h. Blue paralipleg

crystals oflb were separated by filtration, washed with DMF #reh dried in air.

2.4. Synthesisof 3

The 1,4-BDC-OH ligand was synthesized accordingrevious method reported in the literature.[31]
To synthesize coordination polym&rCu(NG),.3H,O (0.08 g, 0.33 mmol) and 1,4-BDC-OH (0.046 g,
0.25 mmol) were added to a mixture of DMF (4 mLid&tOH (1 mL) in a 25 mL Teflon container and
then stirred for 10 min at room conditions. The e was kept in a stainless-steel autoclave 2C30
for 24 h. After slow cooling of the vessel to rodemperature, green crystals ®fvere collected and
washed with DMF.

2.5. Catalytic procedure
The oxidation of benzyl alcohol was carried outfalfows: A mixture containingert-butyl hydroperoxide

(TBHP, 2.26 mmol), benzyl alcohol (1 mmol) and 6zt (0.063 mmol based on Cu) in solvent (1 mL) was
prepared. TBHP (70% in 4@) was dried prior to use based on the procedyerted in the literature using
CH,CI,.[32] The mixture was stirred for proper time eitreg room temperature or at 40 °C and then the
oxidation products were analyzed by GC.

2.6. X-ray single crystal data collection and refinement

Single-crystal structure analyses were carriedavuta four-circlek geometry KUMA KM-4 diffractometer
equipped with a two-dimensional area CCD detectingi graphite-monochromated Mo, Kadiation. The
structures were solved by the direct method usitELXS-97 and refined using SHELXL-2014/7
program.[33] All non-hydrogen atoms were refinedsatropically. The CCDC numbers are 1571178)(
1571178 {b) and 18607303).

3. Result and Discussion

3.1 Crystal structures

3.1.1. Structure of G(ju,.-MeCO,)4(DABCO) (1a)



Crystallographic data of the structures are givemable 1. The ORTEP diagram X is illustrated in Fig. 1a.
Two Cu’* ions, one DABCO molecule and fous-MeCO, ligands exist in the asymmetric unit of this stune.
There are two crystallographically distinct ®ions which are joined through linear DABCO ligar@huare
pyramidal configuration around each®Cuenter contains one N atom from a DABCO moleculthe axial site
(Cul-N1, 2.195(3); Cu2-N2, 2.196(3) A) and four ©ras from four different #MeCO, ions. The Cul-O and
Cu2-0 bond lengths are within the range of 1.966(9B4(2) and 1.972(2)-1.989(2) A, respectively{€sS1).

The Cd" ions are further joined each other via bridgingEIO and y-MeCO, ligands to form the 1-D chain
depicted in Fig 1b. The Cul .... Cul and Cu?2 .... Cigfadces within {Cu(,-MeCQ,),4} units are 2.6155(8)
and 2.6142(8) A, respectively. Some hydrogen banditeractions are observed between H atoms of DBBC
and O atoms of gMeCG; ligands in the chains (Table S2). In this struettine chains grow along two different
directions which led to the packing exhibited ig BEc. The PXRD pattern df, presented in Fig. 2a, is similar

to that of the simulated pattern, indicating theitglof the sample.
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Fig. 1 a) ORTEP, b) 1-D chain and c) packindlaf



Table 1 Crystal structure and data refinementXar1b and3

Compound la 1b 3
Empirical formula GH24CWwN,Og C14H15CWwN2Og C11H1:CuNGs
Molecular weight 475.43 469.40 316.75
Temperature (K) 100(2) 100(2) 100(2)
Wavelength, Mo I (A) 0.71073 0.71073 0.71073
Space group P21/c C2/m 12/m
a(A) 10.1816(8) 8.0473(5) 7.6618(4)
b(A) 16.239(2) 15.3181(8) 15.3855(7)
c(A) 11.6419(9) 7.6289(4) 11.0185(7)
a (%) 90 90 90
L) 97.660(10) 104.346(8) 107.978(7)
7 (°) 90 90 90
Cell volume (&) 1907.7(3) 911.08(9) 1235.45(13)
z 4 2 4
p (g cnm) 1.655 1.704 1.703
p (mm) 2.272 2.377 1.790
Total reflections 38375 5275 11410
Unique reflections 4988 1202 1668
Observed reflectionsf> 26(F3)] 3003 1066 1315
Rint 0.0650 0.0364 0.0672
Data/restraints/parameters 4988/0/239 1202/3/84 8/06610
Goodness-of-fit (GOF) oR? 1.005 1.003 1.002
R [F%> 26(F?)] (R, WRy) 0.0425, 0.0683 0.0328, 0.0729 0.0502, 0.0936
R (all data) (R WRy) 0.0915, 0.0758 0.0400, 0.0755 0.0752, 0.1026
APmax, Apmin (€ A7) 0.410, -0.413 0.612, -0.469 0.616, -0.699
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Fig. 2. XRD patterns of-3

3.1.2. Structure of [Cu(1,4-BDC-Br)(DABCJ.XDMF.yH,0 (2)

Since our effort for obtaining crystals suitable $tructure determination by single-crystal X-raffrection resulted

in failure, phase and purity of this compound wsttedied using PXRD. The pattern 2fs similar to that of [Zn(1,4-
BDC)(DABCO)y 5] MOF previously reported by Danil N. Dybtset al.,[34] confirming that these two compounds



are isostructural and the structure of the MOF a¢$ affected by functionalization of 1,4-BDC (Figb)2 The
molecular structure and 3D packing of [Zn(1,4-BD@ABCO)ys] MOF are shown in Fig. 3. The MOF contains
binuclear-paddle wheel units bridged by 1,4-BDC dadn 2D layers which are further connected by gpéd
DABCO ligands.

@c
@ox
JZn

Fig. 3. @) Paddle-wheel and b) 3-D structure of [Zn(1,4-BDABCO), 5|[34]

3.1.3. Structure of G(u,-MeCQO,)4(DABCO) (1b)

This structure is a polymorph @&h. The molecular structure of binucleHr is shown in Fig. 4a. The asymmetric unitlbfis
composed of one Gliion, one -MeCG; ion and half of a DABCO molecule. There is onestajfographically distinct Cii
ion which is coordinated to N atom of a DABCO malkecin the axial site. The carbon atoms of DABC® disordered. The
structure oflb showed similar connectivity to that @& and CG" centres are five-coordinated by N from DABCO ligan
(Cul-N1, 2.205(2) A) and four O atoms fromMeCO, molecules with the Cu1-O bond lengths of 1.968%ék&l 1.9732(17)
A (Table S3).

The binuclear units are joined together throughdmDABCO molecules and form 1-D chain seen in Big.The Cu .... Cu
distance in the chain is 2.632(6) A which is sligtbnger compared to those 1. Unlike 1a, the chains irlb are all aligned
in a similar direction to afford the packing demimated in Fig. 4c.

Similar paddle wheel units were reported in someRg®@ynthesized based on DABCO and 1,4-BDC or fanatized 1,4-
BDC including [Cg(1,4-BDC)L(DABCO)].4DMF.H,0,[31, 35] [Ni(1,4-BDC)(DABCO)].4DMF.H,0,[36] [Cw(1,4-BDC-
NH,),(DABCO)].2DMF.2H,0 (1,4-BDC-NH = 2-aminoterephthalate)[37] and Hh,4-BDC-
OH),(DABCO), 5].1.5DMF.0.3H0.[31] Acetate ions as monotopic carboxylate ligaimdla and1b afforded the formation of
1-D chains while the ditopic functionalized 1,4-Bligands in2 as well as the previously reported structures roeetl above
led to the formation of 3-D MOFs. Although 1,4-BBZ; DABCO and acetic acid were utilized in the sdhermal synthesis
of 1a, the 1,4-BDC-Br does not appear in this strucamd we obtained a mixture containing coordinatiotyqmer 1a and
MOF 2. To investigate how 1,4-BDC-Br affects the finabgucts, the synthesis was carried out under sirndaditions to
those mentioned above, except that 1,4-BDC-Br waitted. Rod-shape crystals were formed which wertesnitable for X-
ray single crystal analysis. However, the PXRDgratbf these crystals is not similar to thatlaf(Fig. S1). Thus, we made an
attempt to obtain better crystals for X-ray anaylsy changing the reaction conditions such as mmaio of the starting

materials and the reaction temperature and thigtegsin compoundb.
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Fig. 4. a) ORTEP, b) 1-D chain and c) packindlbf

3.1.4. Structure of Cu(1,4-BDC-OH)(DME3)(

The ORTEP view of coordination polymé&ris displayed in Fig. 5a. The asymmetric unit instistructure is
composed of one Gliion, half of a 1,4-BDC-OH and one DMF molecule.eT®H groups of 1,4-BDC-OH ligand
occupies two positions (both with the occupanc¥.&f. The DMF molecules have also two orientatif@tcupancy
of 0.5 for each) with two common atoms (04 and EB)ch Cd" ion exhibits a square pyramidal configuration &nd
coordinated to four O atoms from four 1,4-BDC-Oldalnds (Cu-O1, 1.948(2) A; Cu-©21.971(2) A; Cu-0%
1.971(2) A; Cu-Ot, 1.948(2) A (symmetry codes: (i) 2-x, y, 1-z; @i, 1-y, 1-z; (iii) x, 1-y, z) and one O atomaf
DMF molecule in the axial position (Cu-O4, 2.1354) The bond lengths and angles &rshown in Table S4, lie

within the range of those reported for similar paddheel structures.[38]



The paddle-wheel units with Cu....Cu distances o#2.8,, are connected through the carboxylate grafps,4-
BDC-OH ligand to form a 2D layer shown in Fig 5b.

Fig. 5. a) ORTEP, b) 2-D chain structure3®f

3.2. Spectroscopic analysis

The FT-IR spectra o1-3 are presented in Fig. 6. In the FT-IR spectrare$tila and1b, the symmetric and asymmetric
vibrations of COO groups forMeCQ, ligand are observed at 1417 and 1612 craspectively.[39] The (C-N) of DABCO
ligand is seen at 1060 €min the FT-IR spectrum of MOE, v,s (C-N) andvs (C-N) for DABCO appeared at 1089 and 1058
cm’, respectively. Moreover, the bands located at 16881672 cm are ascribed to thes (COO) vibrations of 1,4-BDC-Br



ligand. The peak at 1383 €ntan be assigned tq (COO) of this ligand.[36, 40, 41] Similar & the FT-IR spectra o3
exhibited the bands far(COO) vibrations exist in the structure of 1,4-BIE ligand.
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Recycled 1b : ]
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Recycled 2 W
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Recycled 1a

................................

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm™?)

Transmittance (%)

Fig. 6. FT-IR spectra ofl-3

3.3. Thermal stability

Thermogravimetric analyses were conducted to etaliermal stability ofl-3 as shown in Fig. 7. In coordination polymer
1a, the weight loss of approximately 4 % up to 1909@robably due to adsorbed solvent molecules (R¥é/or BO). One
distinct weight loss step occurred upon heating@0 °C owing to the decomposition of organic liganthe residue of about
34 % (calculated 33.46 %) is attributed to coppéd®. In the TGA curve of MOR, the weight loss observed up to 230 °C is
related to the solvent molecules occupying the pofehe MOF. Then the guest-free frameworkk afecomposes up to 510
°C due to the elimination of organic molecules. @amtion polymerlb is stable up to 170 °C, followed by a one-stepgivei
loss by increasing in the temperature to 270 °Gglwis attributed to the removal of organic molesulTG curve o8 exhibits
no weight loss till 210 °C and then is decomposetivd steps. The first weight loss of 22.66 % (akited 23 %) observed at
210-280 °C can be due to one DMF molecule. Theluesdf 24.99 % (calculated 25.11 %) at 600 °C listed to copper
oxide. Powder XRD analyses ft#3 after annealing at 600 °C confirm that the residuguO (Fig. S2-S5).
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E 40 1
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Fig. 7. TGA curves ofl-3
3.4. Textural analysis
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The N, adsorption/desorption isotherm and pore size idigion of MOF 2 are shown in Fig. 8. The BET and Langmuir
surface areas are estimated to be 1106 and 12431, nespectively. Functionalization of 1,4-BDC by @moups in MOF2
provides a lower surface area compared to simiarctures containing non-functionalized 1,4-BDC][42oreover, pore
diameter and pore volume f@r determined by MP (Micropore analysis) method fatend to be 0.6 nm and 0.454 g,

respectively.
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Fig. 8. Nitrogen sorption isotherm of MOF

3.5. Catalytic tests

The catalytic performance of the prepared Cu-basextdination polymers was studied in the oxidatxdrbenzyl alcohol
using TBHP as oxidant. All four Cu-coordination yolkers exhibited good catalytic activity and disgdyselectivity towards
the formation of benzoic acid at 40 °C using,CH as solvent.

Different factors such as solvent, temperaturegtisic can influence catalytic oxidation of organic sults.[43, 44]
Therefore, we have studies the effect of some petierito obtain the optimal reaction conditionsifenzyl alcohol oxidation
in the presence df3. The results are summarized in Table 2 and 3.

At first, the oxidation was investigated in g, at room temperature. Catalydts, 2 and 3 selectively oxidized benzyl
alcohol to benzaldehyde while a very small amotttemzoic acid was also formed wh#im used as catalyst (Table 2, Entry
1-4). Since conversion of these reactions was 1%2&he reaction time was extended to 8 h (TabErZry 5-8) to improve
the conversion. The results show that the reaatmmversion for all catalysts was not significanityproved upon time
extension (23-28 %) although they were all stilestve towards the formation of benzaldehyde.

To obtain optimal reaction conditions with good eersion and selectivity, DMF is used instead of ,CH Considering
polarity of the solvents, DMF with dipole moment 886 D can facilitate solubility of both TBHP atenzyl alcohol
compared to CKCl,, which has dipole moment of 1.6 D.[44] The oxidatreactions were performed in DMF for 4 h using
the catalysts. The results revealed that reactmmversions were improved to 30-54 % after 4 h fibrcatalysts and
benzaldehyde and benzyl benzoate were formed gzdideicts (Table 2, Entry 9-12). By increasing tinge of the reactions
to 12 h using DMF, conversions increased to 58-82i#e selectivity to benzaldehyde decreased (Tabkentry 13-16).

Since all four catalysts displayed selectivity enbaldehyde in CiLI,, this solvent was selected for further study aizy

alcohol oxidation. The reactions were conducted@PC to obtain better results (Table 3). As sdled,conversion of the
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oxidation reaction is above 82 % fba, 1b and2 after 8 h. In the presence of catalgsthe reaction led to 97 % conversion

after 14 h. All catalysts in this condition affotdbenzoic acid as the main product.

Table 22 Catalytic activity of coordination polymets3 in the oxidation of benzyl alcohol

Entry Catalyst Solvent Time (h) Selectivity (%) Conversion (%)
Benzaldehyde Benzoic Benzyl benzoate
acid

1 la CHCl, 4 100 0 0 18

2 1b CH.Cl, 4 98.5 0.2 0 23

3 2 CH.Cl, 4 100 0 0 17

4 3 CH.Cl, 4 100 0 0 17

5 la CHCl, 8 100 0 0 23

6 1b CHCl, 8 95 5 0 28

7 2 CHCl, 8 100 0 0 25

8 3 CHCl, 8 100 0 0 28

9 la DMF 4 94 0 6 30
10 1b DMF 4 60 0 40 49
11 2 DMF 4 78 0 22 38
12 3 DMF 4 89 0 11 54
13 la DMF 12 28 0 72 62
14 1b DMF 12 41 0 59 58
15 2 DMF 12 20 0 80 64
16 3 DMF 12 49 0 51 58
17 - DMF 12 100 0 0 11.7

*Reaction conditions: benzyl alcohol (1 mmol), TBEP26 mmol), Solvent (1 ml), catalyst (0.063 mmakéd on
Cu), room temperature.
PGC yield is based on starting substrate.

Table 3% Catalytic activity of coordination polymets3 in the oxidation of benzyl alcohol

Entry Catalyst Time (h) Conversion Selectivity

()’ (%)
1 la 4 65 86
2 la 8 82 100
3 1b 4 67 90
4 1b 8 85 100
5 2 4 65 86
6 2 8 95 99
7 3 4 30 2
8 3 8 68 73
9 3 14 97 97
10 - 14 20 0

®Reaction conditions: benzyl alcohol (1 mmol), TBKEFP26 mmol),
catalyst (0.063 mmol based on Cu),CH (1 ml), 40 °C.

°GC yield is based on starting substrate.

“Selectivity was determined towards the formatioberiizoic acid.

To assess the catalytic effect’eB catalysts on the oxidation process, the reactias @onducted without the catalysts under
similar conditions both at room temperature an@@0The results show that benzyl alcohol undergeashstantial oxidation
to benzaldehyde (with the conversion of 11.7 %jpatn temperature using DMF solvent (Table 2, Eaffy. Performing the
blank test at 40 °C for 14 h in GEl, also led to low conversion of 20 % for oxidatiohbenzyl alcohol to benzaldehyde
(Table 3, Entry 10).

Further studies of the catalytic parameters suaxakant and catalyst amounts as well as substettee were carried out and

the results are given in Table 4. By increasingatm®unt of oxidant from 2.26 mmol to 4.52 mmol, thaction conversion in
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the presence df-3 reached 63-91 % after 8 h (Table 4, Entries 1A5o, the reaction conversion of 76-88 % was olgtdin
after 6 h upon increasing of the catalyst amourdsf0.063 mmol to 0.126 mmol (Table 4, Entries 5@&)mparing these
results with the conversions reported in Table @aghthat increasing the amounts of the catalystadethe improvement of
the reaction conversions.

In order to investigate the electronic effects absrates on the oxidation reaction, 4-methoxybkmdgohol and 4-
chlorobenzyl alcohol were tested as representatistrate models. After 4 h, the reaction convarsio99 % was obtained
using 4-methoxybenzyl alcohol (Table 4, Entries2)-More reactivity of this substrate compared émzyl alcohol is due to
the presence of methoxy group which supply moretedas. When 4-chlorobenzyl alcohol is used as dilestrate, the
oxidation reaction required more time (8 h) andgbkectivity towards formation of the correspondamid decreased (Table 4,
Entries 13-16).

Table 4° Effects of oxidant and catalyst amounts as wediidsstrate nature on the oxidation reaction cagallym/1-3

Entry  Substrate Catalyst ~ Amount of Amount of Time  Conversion Selectivity
catalyst (mmol) TBHP (mmol) (h) (%)° (%)°
1 Benzyl alcohol la 0.063 452 8 88 94
2 Benzyl alcohol 1b 0.063 452 8 91 96
3 Benzyl alcohol 2 0.063 4.52 8 72 86
4 Benzyl alcohol 3 0.063 452 8 63 77
5 Benzyl alcohol la 0.126 2.26 6 83 88
6 Benzyl alcohol 1b 0.126 2.26 6 88 88
7 Benzyl alcohol 2 0.126 2.26 6 76 91
8 Benzyl alcohol 3 0.126 2.26 6 78 86
9 4-Methoxybenzyl alcohol  1a 0.063 2.26 4 100 100
10 4-Methoxybenzyl alcohol  1b 0.063 2.26 4 100 100
11 4-Methoxybenzyl alcohol 2 0.063 2.26 4 100 100
12 4-Methoxybenzyl alcohol 3 0.063 2.26 4 100 100
13 4-Chlorobenzyl alcohol la 0.063 2.26 8 100 37
14 4-Chlorobenzyl alcohol 1b 0.063 2.26 8 62 53
15 4-Chlorobenzyl alcohol 2 0.063 2.26 8 100 48
16 4-Chlorobenzyl alcohol 3 0.063 2.26 8 100 11

®Reaction conditions: Substrate (1 mmol),CH (1 ml), 40 °C
PGC yield is based on starting substrate.
‘Selectivity was determined towards the formatioaatl.

The reusability of the obtained catalysts was eranhin the oxidation of benzyl alcohol. After coetbn of the reaction, the
catalysts were separated and washed with DMF. &hetiopn conditions were similar to those reported able 3 at 40 °C
using CHCI, as solvent. The oxidation reactions were conduétedl4 h in the presence of reusgdind for 8 h using
recycledla, 2 and1lb. The results, given in Fig 9, displayed no apaele loss in the activity and selectivity towar@dsboic
acid. Copper content of the catalysts before ated #fe reaction was determined by atomic absarectroscopy (Table 5).
The results show negligible leaching of the catalyMoreover, the PXRD patterns of the fresh ar@yaled coordination
polymers are similar (Fig. 2). These observatidearty confirm that the crystal structure b8 catalysts remained intact upon
the oxidation reactions, exhibiting the structistalbility of the coordination polymers.

In the FT-IR spectra df-3 which are shown in Fig. 6, the characteristic gefak the reused catalysts resemble those found in
the spectra of their corresponding pristine coatilim polymers. This observation points out thatstructure of the catalysts

has not been changed upon oxidation of benzyl alcoh

13



conversion selectivity to benzoic acid

100
80
60
40

20

1a 2 1b 3
Fig. 9. Reusability of catalysts-3

Table5 Copper content of the catalysts which is deterthimgatomic absorption spectroscopy

Catalysts  Cu content in the catalysts (%)

Fresh Reused
la 23.27 22.25
2 18 16.24
1b 33.63 30.64
3 21.48 17.50

Based on the reported literature [45], benzyl altolalation over C&' catalytic sites are attributed to a free radieahpay. The C¥i sites
react with TBHP and form peroxo (t-BuQ@nd alkoxo (t-BuQ radical species. The peroxo radicals react wéthzlyl alcohol and form the
corresponding alcohol radical intermediate uportrab8on of benzylic hydrogen from the substratke Tntermediate reacts with t-BuO
radical to generate t-BuOH and the oxidation prosluct

Benzyl alcohol oxidation was reported over MOF gatisl. Ling Penggt al. investigated the catalytic oxidation of benzyladdol to
benzaldehyde over isostructural MOFs M(1,4-BDC)(DABEM = Co, Zn, Ni, Cu][30] with paddle wheel unitBy employing Co(1,4-
BDC)(DABCO), sas catalyst, 81.8 % conversion was obtained. Whenethe presence of Cu(1,4-BDC)(DABG@)a very low conversion
(8.8 %) was achieved after 8 h. However, in ourkytite Cu-based compounds with similar dinucleatsuexhibited high conversions at

lower temperature using less amounts of catalysts.

4. Conclusions

This study presents four new Cu(ll)-based coordimagiolymers with similar SBUs. Compountisand1b are formed based on a mixture
of u,-MeCG;, and linear DABCO ligands. Coordination polymédis and 1b are polymorphous and comprise 1-D chains with laimi
connectivity and different packing structures. Commb2 which is isostructural with the reported [Zn(1,4-BJ)DABCQ), 5], contains
1,4-BDC-Br and DABCO ligands. Compoufids a 2-D coordination polymer formed using 1,4-BDEligand. The resulting compounds
were applied as heterogeneous catalysts for thiatien of benzyl alcohol. They displayed selegyitit the formation of benzoic acid at 40
°C in CHCI, solvent and could be recycled and reused with teaance of catalytic performance.
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Highlights:

* New coordination polymers with paddlewheel SBUs were solvothermally

synthesized.
* They were applied as heterogeneous catalysts for the oxidation of benzyl alcohol.

* The catalysts displayed good activity and stability in the oxidation reaction.



