CrossMark
4 click for updates

Catalysis
Science &
Technology

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: N.T.S. Phan, T. N.
Lieu, K. D. Nguyen, D. T. Le and T. Truong, Catal. Sci. Technol., 2016, DOI: 10.1039/C5CY02191J.

Catalysis
Science &
Technology

ROYAL SOCETY
QH:HEMISTRV

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WWWw.rsc.org/catalysis


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c5cy02191j
http://pubs.rsc.org/en/journals/journal/CY
http://crossmark.crossref.org/dialog/?doi=10.1039/C5CY02191J&domain=pdf&date_stamp=2016-04-18

Page 1 of 30 Catalysis Science & Technology
View Article Online
DOI: 10.1039/C5CY02191J

Application of iron-based metal-organic frameworks in catalysis: Oxidant-
promoted formation of coumarins using Fe;O(BPDC); as an efficient heterogeneous
catalyst
Thien N. Lieu, Khoa D. Nguyen, Dung T. Le, Thanh Truong’, Nam T. S. Phan"
Department of Chemical Engineering, HCMC University of Technology, VNU-HCM,
268 Ly Thuong Kiet, District 10, Ho Chi Minh City, Viet Nam

“Email: tvthanh@hcmut.edu.vn, ptsnam@hcmut.edu.vn

Ph: (+84 8) 38647256 ext. 5681 Fx: (+84 8) 38637504

Abstract

An iron-based metal-organic framework Fe;O(BPDC); was synthesized, and was
characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), thermogravimetric analysis (TGA), Fourier
transform infrared (FT-IR), atomic absorption spectrophotometry (AAS), and nitrogen

physisorption measurements. The Fe-MOF could be used as an efficient heterogeneous
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catalyst for the synthesis of coumarins from salicylaldehydes and activated methylene
compounds in the presence of fert-butyl hydroperoxide as the oxidant under base-free
condition. The Fe;O(BPDC); was more catalytically active for the synthesis of coumarins
than other MOFs such as Cuy(BDC),(BPY), Cu3(BTC),, Cuy(BDC),(DABCO),
Niy(BDC),(DABCO), and Fe;O(BDC);. This Fe-MOF also offered significantly higher
catalytic activity for the transformation than that of common metal salts such as FeCls,
Fe(NOs3)s, FeSO4, CuCl,, CuCl, Cu(NO3),, and Ni(NOs),. The Fe;O(BPDC); catalyst

could be recovered and reused several times without a significant degradation in catalytic
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activity. To the best of our knowledge, the oxidant-promoted formation of coumarins

under heterogeneous catalysis conditions was not previously mentioned in the literature.

Keywords: Metal-organic framework; coumarins; Fe;O(BPDC)s; heterogeneous catalyst;

oxidant-promoted.

1. Introduction

Coumarins and their derivatives have emerged as important structural motifs in many
pharmaceutical candidates, fragrances, cosmetics, food additives, agrochemicals, and
molecular photonic devices [1, 2]. Classically, these structures could be synthesized by
numerous methods, including the Pechmann condensation [3, 4], the Knoevenagel
condensation [5, 6], the Perkin condensation [7], the Wittig reaction [8], and the Claisen
rearrangement [9]. These approaches still suffer from some drawbacks such as drastic
acidic or basic conditions, tedious manipulation, and lengthy work-up procedures [10].
Transition metal-catalyzed formation of coumarins and their derivatives was also
reported. Kirai and Yamamoto previously demonstrated the synthesis of coumarins via
the Cu(OAc),-catalyzed hydroarylation reaction between arylpropionic acid methyl esters
having a MOM-protected hydroxy group at the ortho position and arylboronic acids [11].
Alper and co-workers performed the Pd(OAc);-catalyzed oxidative cyclocarbonylation of
2-vinylphenols to produce various coumarins in the presence of low pressures of CO, and
air or 1,4- benzoquinone as the oxidant [12]. Iwasawa and co-workers pointed out that

coumarins could be formed by the Pd(OAc),-catalyzed direct carboxylation of alkenyl C-
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H bonds of 2-hydroxystyrenes under atmospheric pressure of CO, [13]. Recently, Shang
and co-workers reported the synthesis of coumarins via FeCls-catalyzed cascade reactions
of salicylaldehydes and activated methylene compounds with or without using a base
[14]. To develop greener protocols for the synthesis of coumarins in terms of the ease of
handling, simple workup, recyclability and reusability, heterogeneous catalysts should be

investigated.

Crystalline porous metal-organic frameworks (MOFs) have attracted significant attention
in the last decade due to their potential applications in many fields, including energy
technologies, gas storage, gas separation, sensors, optics, biomedicals, and catalysis [15-
20]. Containing both organic linkers and metal ions in the frameworks, MOFs possess
several interesting properties, such as well-defined structures, high surface areas, high
porosity, structural diversity, the ability to tune the pore size, and the possibility to
modify the surface hydrophobicity/hydrophilicity [15, 16, 21-28]. Although the

application of MOFs in catalysis is relatively lagging behind the application in gas

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

capture and storage, it is expected that organic transformations using MOFs as
heterogeneous catalysts or catalyst supports would be extensively investigated in the near
future [29-31]. Either the catalytically active sites could be present on the framework or
they could be achieved via post-functionalization [30, 32-38]. During the last few years, a
variety of MOFs have been explored for catalysis applications, including both carbon-
carbon [39-50] and carbon-heteroatom forming transformations [51-59]. The application
of iron-based metal-organic frameworks in catalysis was previously mentioned in the

literature, focusing on oxidation transformations [60-65]. In this work, we wish to report
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the synthesis of coumarins from salicylaldehydes and activated methylene compounds
using the iron-based metal-organic framework Fe;O(BPDC); as an efficient
heterogeneous catalyst in the presence of an oxidant under base-free condition. To the
best of our knowledge, the oxidant-promoted formation of coumarins under

heterogeneous catalysis conditions was not previously mentioned in the literature.

2. Experimental

2.1. Materials and instrumentation

All reagents and starting materials were obtained commercially from Sigma-Aldrich and
Merck, and were used as received without any further purification unless otherwise
noted. Nitrogen physisorption measurements were conducted using a Micromeritics 2020
volumetric adsorption analyzer system. Samples were pretreated by heating under
vacuum at 150 °C for 3 h. A Netzsch Thermoanalyzer STA 409 was used for
thermogravimetric analysis (TGA) with a heating rate of 10 °C/min under a nitrogen
atmosphere. X-ray powder diffraction (XRD) patterns were recorded using a Cu Ka
radiation source on a D8 Advance Bruker powder diffractometer. Scanning electron
microscopy studies were conducted on a Hitachi S-4800 Scanning Electron Microscope
(SEM). Transmission electron microscopy studies were performed using a JEOL JEM
1400 Transmission Electron Microscope (TEM) at 100 kV. The Fe;O(BPDC); sample
was dispersed on holey carbon grids for TEM observation. Elemental analysis with
atomic absorption spectrophotometry (AAS) was performed on an AA-6800 Shimadzu.
Fourier transform infrared (FT-IR) spectra were obtained on a Nicolet 6700 instrument,

with samples being dispersed on potassium bromide pallets.
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Gas chromatographic (GC) analyses were performed using a Shimadzu GC 2010-Plus
equipped with a flame ionization detector (FID) and an SPB-5 column (length = 30 m,
inner diameter = 0.25 mm, and film thickness = 0.25 pm). The temperature program for
GC analysis held samples at 100 °C for 1 min; heated them from 100 to 280 °C at 40
°C/min; held them at 280 °C for 2 min. Inlet and detector temperatures were set constant
at 280 °C. Diphenyl ether was used as an internal standard to calculate reaction
conversions. GC-MS analyses were performed using a Shimadzu GCMS-QP2010Ultra
with a ZB-5MS column (length = 30 m, inner diameter = 0.25 mm, and film thickness =
0.25 um). The temperature program for GC-MS analysis held samples at 50 °C for 2 min;
heated samples from 50 to 280°C at 10 °C/min and held them at 280 °C for 10 min. Inlet
temperature was set constant at 280 °C. MS spectra were compared with the spectra
gathered in the NIST library. The '"H NMR and *C NMR were recorded on Bruker AV

500 spectrometers using residual solvent peak as a reference.

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

2.2. Synthesis of the metal-organic framework Fe;O(BPDC);

In a typical preparation, a solid mixture of H,BPDC (H,BPDC = biphenyl-4,4’-
dicarboxylic acid; 0.08g, 0.33mmol), acetic acid (CH3;COOH; 0.4ml, 7mmol), and
FeCl;-6H,O (0.1665g, 0.62mmol) was dissolved in DMF (DMF = NN’-
dimethylformamide; 39 ml). The mixture was magnetically stirred for 1 h to achieve a
clear solution. The resulting solution was then distributed in ten 8-ml vials. The vials
were heated at 120 °C in an isothermal oven for 48 h. After cooling the vials to room

temperature, the solid product was removed by decanting with mother liquor and washed
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with DMF (3x 10 ml) for three days. Solvent exchange was carried out with
dichloromethane (3% 10 ml) at room temperature for three days. The material was then
dried at 120 °C for 24 h, and then at 150 °C for 2 h under vacuum, yielding 0.0755g of

the Fe;O(BPDC); as orange crystals (76 % based on H,BPDC).

2.3. Catalytic studies

In a typical experiment, a mixture of salicylaldehyde (0.122 g, 1 mmol), and
diphenylether (0.1 ml, 0.8 mmol) as an internal standard in DMF (4 ml) was added into a
25 ml round bottom flask containing the Fe;O(BPDC); catalyst (0.015 g, 5 mol%). The
catalyst loading was calculated with respect to the iron/salicylaldehyde molar ratio. The
mixture was magnetically stirred for 3 min to disperse the Fe-MOF catalyst in the liquid
phase. Methyl acetoacetate (0.348 g, 3 mmol) and fert-butyl hydroperoxide in water
(0.032 g, 0.25 mmol) were then added. The resulting mixture was magnetically stirred at
60 °C for 3 h. Reaction yield was monitored by withdrawing aliquots from the reaction
mixture at different time intervals, quenching with pure water (1 ml). The organic
components were then extracted into ethyl acetate (2 ml), dried over anhydrous Na;SOy,
analyzed by GC with reference to diphenylether. The product identity was further
confirmed by GC-MS, 'H NMR, and ">C NMR. To investigate the recyclability of the
Fe;O(BPDC);, the catalyst was separated from the reaction mixture by simple
centrifugation, washed with copious amounts of dichloromethane, activated under
vacuum at 150 °C for 3 h, and reused if necessary. For the leaching test, a catalytic

reaction was stopped after 60 min, analyzed by GC, and centrifuged to remove the solid
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catalyst. The reaction solution was then stirred for a further 120 min. Reaction progress,

if any, was monitored by GC as previously described.

3. Results and discussion

0]
+
C :OH )J\/U\ o~ tert-butyl hydroperoxide 0~ o

DMF
Scheme 1. The synthesis of 3-acetylcoumarin from salicylaldehyde and methyl

acetoacetate using Fe;O(BPDC); catalyst.

The iron-based metal-organic framework Fe;O(BPDC); was synthesized according to a
slightly modified literature procedure [66], and was characterized by several techniques,
including XRD, SEM, TEM, TGA, FT-IR, AAS, and nitrogen physisorption
measurements (Fig. S1 — Fig. S7). The Fe-MOF was assessed for its catalytic activity in

the reaction of salicylaldehyde with methyl acetoacetate to form 3-acetylcoumarin as the

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

principal product (Scheme 1). Initial studies addressed the effect of temperature on the
yield of 3-acetylcoumarin. Shang and co-workers previously carried out the synthesis of
coumarins via FeCls-catalyzed cascade reactions of salicylaldehydes and activated
methylene compounds at 80 °C [14]. Kittakoop and co-workers demonstrated that the
same reaction using a tendon hydrolysate as an organocatalyst could occur at 50 °C,
though the reaction time was extended to more than 24 h [67]. The reaction was then
carried out at 5 mol% Fe;O(BPDC); catalyst in DMF for 180 min, using 3 equivalents of

methyl acetoacetate and 0.75 equivalent of tert-butyl hydroperoxide as the oxidant, at
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room temperature, 50, 60, 70, 80, 90, and 100 °C, respectively. It was observed that the
reaction could not occur at room temperature, with no trace amount of 3-acetylcoumarin
being detected while reactions at 50 °C afforded 45 % yields. Increasing the reaction
temperature to 60 °C led to a significant enhancement in the reaction rate, with 75% GC
yield being achieved after 180 min. Performing the reaction at higher temperature was
found to be unnecessary as the yield of 3-acetylcoumarin was not improved any further
(Fig. 1 and Fig. S8). It is noted that less than 2 % of other products in the reaction
mixture according to GC and LC analysis, indicating the excellent reaction selectivity at

tested conditions.

—4—1000C —=#—800C —4&—600C —@—RT

——500C —O—700C —4A—900C

100

80 L

60

Yield (%)

40 ~

20 -

® ®
90 120 150 180

Time (min)

Fig. 1. Effect of temperature on the reaction yield.
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Effect of the catalyst concentration on the reaction yield was then kinetically
investigated. The reaction was then carried out at 1 mol%, 3 mol%, and 5 mol%
Fe;O(BPDC)j; catalyst, respectively. It should be noted that only 6% yield was detected
after 180 min in the absence of the Fe;O(BPDC); catalyst, confirming the necessity of the
Fe-MOF for the reaction of salicylaldehyde with methyl acetoacetate. The reaction using
1 mol% Fe;O(BPDC); catalyst proceeded with difficulty, affording 48% yield after 180
min. The reaction yield could be improved to 64% in the presence of 3 mol%
Fe;O(BPDC); catalyst. Increasing the catalyst concentration to 5 mol% led to 75% yield
3-acetylcoumarin (Fig. 2). Previously, the FeCls-catalyzed cascade reactions of
salicylaldehydes and activated methylene compounds to form coumarins also required 5
mol% catalyst [ 14]. It was also observed that the amount of methyl acetoacetate exhibited
a dramatic effect on the reaction yield. The Fe;O(BPDC);-catalyzed reaction using 2
equivalents of methyl acetoacetate proceeded to only 60% yield, while only 34% yield

was observed for the case of 1 equivalent of methyl acetoacetate (Fig. 3).

—4—5% mol —®—3% mol —&—1% mol —®—0% mol

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.
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Fig. 2. Effect of catalyst concentration on the reaction yield.

——1:3 —a—1:2 —A—1:1
100

Yield (%)

0 T T T T T
0 30 60 90 120 150 180

Time (min)

Fig. 3. Effect of reagent molar ratio on the reaction yield.

As mentioned earlier, coumarins were classically synthesized under basic or acidic
conditions. In this work, it was found that the Fe;O(BPDC)s-catalyzed reaction of
salicylaldehyde with methyl acetoacetate to form 3-acetylcoumarin could be promoted by
an oxidant under base-free condition. In order to investigate the impact of an oxidant on
the transformation, the reaction was carried out using 0.125, 0.25, 0.75, and 1.5
equivalents of tert-butyl hydroperoxide as the oxidant, respectively. It should be noted
that no reaction occurred in the absence of the oxidant with no trace amount of product
being detected. Interestingly, experimental data indicated that the amount of the fers-butyl

hydroperoxide exhibited a dramatic effect on the reaction. The reaction using 0.75

10
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equivalent of tert-butyl hydroperoxide afforded 75% yield. Unexpectedly, increasing the
amount of fert-butyl hydroperoxide led to a significant drop in the reaction rate, with only
62% vyield being observed. It was found that the Fe;O(BPDC);-catalyzed reaction of
salicylaldehyde with methyl acetoacetate could proceed readily to 91% yield in the
presence of 0.25 equivalent of tert-butyl hydroperoxide. However, using less than 0.25
equivalent of tert-butyl hydroperoxide resulted in only 64% yield (Fig. 4). These
observations indicated that the oxidant would play an important role in the catalytic cycle

for the formation of coumarins.

—o— 1.5 equiv. —=— (.75 equiv.
—&— 0.25 equiv. —0—0.125 equiv.
—X— 0 equiv.
100
80 -
< 60 A
S
S 40 |
20 -
0 X X X X

0 30 60 90 120 150 180

Time (min)

Fig. 4. Effect of oxidant concentration on the reaction yield.

11
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Fig. 5. Effect of oxidant on the reaction yield.

Moreover, it was also found that the nature of the oxidant also exhibited a significant
impact on the formation of coumarins. The reactions using various types of oxidants
including hydrogen peroxide, fert-butyl hydroperoxide in water, tert-butyl hydroperoxide
in decane, cumyl hydroperoxide, and K,S,0g as the oxidant were carried out. It was
found that hydrogen peroxide was not suitable for the Fe;O(BPDC);-catalyzed reaction
of salicylaldehyde with methyl acetoacetate, with only 11% yield being detected after
180 min. Tert-butyl hydroperoxide in decane was found to be significantly less active
than fert-butyl hydroperoxide in water, affording only 64% yield for the reaction. It
should be noted that the reaction using fert-butyl hydroperoxide in water as the oxidant

could proceed to 91% yield. This could be rationalized based on the fact that using fert-

12
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butyl hydroperoxide in decane would decrease the polarity of the reaction solvent. The
reaction using cumyl hydroperoxide as the oxidant also proceeded with slower yield than
that using fert-butyl hydroperoxide in water, though 72% yield was still observed after
180 min. K;,S,0g was found to be totally ineffective for the reaction, with no trace amount
of 3-acetylcoumarin being detected (Fig. 5). Indeed, the oxidation of salicylaldehyde to
its corresponding carboxylic acid as the by-reaction would be one of the reasons leading

to these observations.

—&— 5 mol% catalyst
—&— adding acid ascorbic
—&A— adding TEMPO

100

80 -

60 -

Yied (%)

40

20 A

0 T T T T T
0 30 60 90 120 150 180

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

Time (min)

Fig. 6. Effect of ascorbic acid and TEMPO on the reaction yield.

To gain insights into the pathway of the Fe;O(BPDC)s-catalyzed reaction of
salicylaldehyde with methyl acetoacetate, further mechanistic studies were carried out.
The reaction was carried out at 60 °C in DMF for 180 min, using 3 equivalents of methyl
acetoacetate, in the presence of 5 mol% Fe;O(BPDC); catalyst, with 0.25 equivalent of

tert-butyl hydroperoxide as the oxidant. After the first 60 min reaction time with 49%

13
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yield, 15 mol% of ascorbic acid as the antioxidant was added to the reaction solution. The
resulting mixture was stirred for an additional 120 min at 60 °C with aliquots being
sampled at different time intervals, and analyzed by GC. The reaction was stopped in the
presence of the antioxidant, with no further 3-acetylcoumarin being produced. In a
second experiment, 15 mol% of (2,2,6,6-tetramethylpiperidin-1-yl)oxy (TEMPO), was
introduced to the reaction mixture after the first 60 min. It was also observed that the
transformation was significantly affected by the radical trapping reagent (Fig. 6). It could
be proposed that the interaction of the radicals in the catalytic cycle with ascorbic acid or
TEMPO would stop the transformation. In a third experiment, the reaction was carried
out in the presence of pyridine as the catalyst poison. No reaction occurred in the
presence of pyridine, with no trace amount of product being detected after 180 min. It
should be noted that the reaction could not proceed in the absence of the Fe;O(BPDC);
catalyst, even when tert-butyl hydroperoxide was present in the reaction mixture. These
observations would confirm the function of the iron sites in the catalytic cycle. With
these mechanistic results, the tentative reaction route was proposed (Scheme 2).
Specifically, Knoevenagel condensation of acidic carbon in 1,3-diketones with aldehyde
resulted in o, B-unsaturated diketone [68]. Formation of fert-butoxide radical from TBHP
under iron catalyst is well-known [69]. It was also reported that phenol derivative in the
presence of alkoxide radical and iron catalyst was converted into phenoxide radical
through hydrogen abstraction [70]. Subsequently, transesterification of phenoxide radical
with ester functional group in starting material via sequential single electron transfer led

to the formation of desired product [71].

14


http://dx.doi.org/10.1039/c5cy02191j

Page 15 of 30 Catalysis Science & Technology
View Article Online
DOI: 10.1039/C5CY02191J

‘BUOOH
J[Fe]
o e
BN A BuO X [Fe]
©f\ 0 OMe OMe OMe —
OH [Fe] OH § 0
0 0 @
X
X [Fe] N
e — O =00
o) o o © 0~ o

i

Scheme 2. Proposed reaction mechanism.

To further explore where the catalytic transformation occurred for the Fe;O(BPDC);-
catalyzed reaction of salicylaldehyde with methyl acetoacetate, experiments using
grinded Fe;O(BPDC); were performed under identical conditions with aliquots being
sampled at different time intervals, and analyzed by GC. Indeed, smaller size crystals
normally exhibit higher catalytic activity due to the increased external surface of smaller

crystals [72]. DLS analysis showed the particle size distribution of the catalyst, with a

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

mean size of 35.8 um and 25.6 um being observed for the as-synthesized and the grinded
Fe;O(BPDC)s, respectively (Fig. S9, Table S1). It was observed that slightly higher
yields of 3-acetylcoumarin were obtained during the course of the reaction in the
presence of the grinded Fe;O(BPDC); as catalyst, though the difference was not
significant. Serri and co-workers previously reported that Fe;O(BPDC); possessed 1D
channels of 10 x 11 A? along c axis [66]. In addition, based on MM2 calculation, the 3-
acetylcoumarin has the size of 4 x 9 A, Furthermore, pore flexibility in MOFs upon
temperature and guest molecules has been previously mentioned in the literature [73].

These observations would suggest that the Fe;O(BPDC);-catalyzed reaction of

15
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salicylaldehyde with methyl acetoacetate to form 3-acetylcoumarin would occur inside
the cavities as well as on the external surface of the Fe-MOF. However, further studies

would be necessary to elucidate the issue.

—&— non-grinded Fe30O(BPDC)3

—8— grinded Fe30(BPDC)3

100

80 -

60

40 A

Yield (%)
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0 T T T T T
0 30 60 90 120 150 180

Time (min)

Fig. 7. Reactions with grinded Fe;O(BPDC)s.

Reaction solvents could have a profound impact on the rate of many organic
transformations using solid catalysts, depending on the nature of the catalyst [74, 75].
Shang and co-workers previously carried out the synthesis of coumarins via FeCls-
catalyzed cascade reactions of salicylaldehydes and activated methylene compounds in
several solvents, and pointed out that ethanol was the solvent of choice for the
transformation [14]. We therefore decided to investigate the effect of different solvents

on the Fe;O(BPDC);-catalyzed reaction of salicylaldehyde with methyl acetoacetate to

16
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form 3-acetylcoumarin. In particular, DMF, DEF, DMAc, DMSO, 1,4-dioxane,
acetonitrile, dichloromethane, toluene, and ethanol were subsequently employed.
Interestingly, it was found that all DMAc, DMSO, 1,4-dioxane, acetonitrile,
dichloromethane, toluene, and ethanol were totally ineffective for the reaction, with no
trace amount of 3-acetylcoumarin being detected after 180 min. DEF was also found to
be unsuitable for the reaction, affording only 19% yield after 180 min. Among these
solvents, DMF exhibited the best performance, with 91% yield being achieved after 180
min. We also tried to increase the polarity of the solvent by adding water to the system.
However, the reaction carried out in the mixture of DMF/water proceeded with lower
yield, producing 3-acetylcoumarin in 58% and 49% yields for the case of 95/5 and 90/10

(v/v) DMF/water system (Fig. 8).

—— DMF —&— DMF (5% water)
—&— DMF (10% water) —8—DEF
—©—DMSO ——DMAc
— Dioxane —6e— Acetonitrile
—— Dichloromethane
100
80 -
;\? 60 -
K]
S 40
20 |
0 & © © &

0 30 60 90 120 150 180

Time (min)

Fig. 8. Effect of solvent on the reaction yield.
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To emphasize the significant benefit of using the Fe;O(BPDC); as catalyst, the catalytic
activity of the Fe;O(BPDC); was compared with that of other MOFs, including MIL-
100(Fe), Fe;O(BDC)s;, Cuy(BDC)(BPY), Cu3(BTC),, Cuy(BDC),(DABCO), and
Niy(BDC),(DABCO). The reaction was carried out in DMF at 60 °C for 180 min, using 3
equivalents of methyl acetoacetate, in the presence of 5 mol% MOFs catalyst, with 0.25
equivalent of tert-butyl hydroperoxide as the oxidant. It was found that the reaction using
Fe;O(BDC); catalyst proceeded to 56% yield after 180 min, while 91% yield was
achieved for the case of Fe;O(BPDC);. MIL-100(Fe) was found to be less active for the
transformation than Fe;O(BPDC)s, though 79% yield of 3-acetylcoumarin was still
obtained. Other MOFs offered lower cataytic activity for the reaction than Fe-MOFs.
Indeed, 51%, 45%, and 42% yields were obtained after 180 min for the reaction using
Cuy(BDC),(BPY), Cu3(BTC),, and Cuy(BDC),(DABCO), respectively.
Niy(BDC),(DABCO) exhibited no catalytic activity for the transformation, with no trace
amount of product being detected after 180 min (Table 1). To further highlight the
advantages of the approach, the catalytic activity of the Fe;O(BPDC); was also compared
with that of several metal salts, including FeCls;, Fe(NOs);, FeSO4, CuCl,, CuCl,
Cu(NOs),, and Ni(NOs),. The reaction using Cu(NO3), as catalyst afforded 22% yield
after 180 min, while less than 5% yields were detected for that using FeCls, Fe(NO3)s,
FeSO4, CuCl,, CuCl, and Ni(NOs), (Fig. 9). Indeed, Shang and co-workers previously
carried out the synthesis of coumarins via FeCls-catalyzed cascade reactions of

salicylaldehydes and ethyl acetoacetate, and reported that the presence of Na,CO; as a
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base was necessary for the transformation, though the base was not employed for the case

of other activated methylene compounds [14].

Table 1. Reactivity of other MOFs for 3-acetylcoumarin synthesis under optimized

conditions ®.

Metal content BET Pore volume
MOFs GC Yield
(%) (m’/g) (cm¥/g)
FC30(BPDC)3
16.2 1641 0.655 91
(MIL-126)
FC30(BDC)3
25.3[76] 540 [76] 0.359[76] 56
(MOF-235)
FeBTC
21.29 876 0.41 79
(MIL-100)
Cuy(BDC),(DABCO) 22.53 1085 [77] 0.529 [77] 42
Cu(BDC),(BPY) 20.83 447.82 [78] 0.232 [78] 51
CU3(BTC)2
29.5[79] 1507 [80, 81] 0.41 [82] 45
(MOF-199)
Niy(BDC)(DABCO) 21.06 1474 [83] <2

* Kinetic studies of reactions using these catalysts were placed in Supporting Information

(Fig. S8)
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—e— Fe30(BPDC)3 —8—Fg(NO3)3

—&— FeCI3 —0— FeSO4
—K— CuClI2 —— CuCl
—A— Cu(NO3)2 —©— Ni(NO3)2
100
80 -
< 60
e
]
S 40 -
20
0 &

0 30 60 90 120 150 180

Time (min)

Fig. 9. Different homogeneous catalysts for the synthesis of 3-acetylcoumarin.

With these results in mind, we then carried out the leaching test to confirm if the catalysis
of active iron species leached from the solid Fe;O(BPDC); catalyst, if any, could
contribute to the total yield of the reaction between salicylaldehyde and methyl
acetoacetate to form 3-acetylcoumarin. In many cases, the leached species from the solid
catalyst could contribute significantly to the reaction, and therefore the reaction would
not proceed under real heterogeneous catalysis conditions [75]. A control experiment was
carried out using a simple centrifugation during the course of the reaction. Apparently, if
more product was formed after the solid catalyst was separated from the reaction mixture,
this observation would indicate that there should be contribution from homogeneous

catalysis. The reaction was carried out under optimized condition. After the first 60 min
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reaction time, with 49% yield being detected, the Fe;O(BPDC); catalyst was removed
from the reaction mixture by simple centrifugation. The liquid phase was then transferred
to a new reactor vessel, and magnetically stirred for an additional 120 min at 60 °C with
aliquots being sampled at different time intervals, and analyzed by GC. Experimental
results showed that the formation of 3-acetylcoumarin could not proceed after the
Fe;O(BPDC); catalyst was separated from the reaction mixture, and 91% yield of 3-
acetylcoumarin was owing to the heterogeneous catalysis (Fig. 10).

—4—5mol% —®—Leaching —&— No catalyst
100

80 -

60

40 A

Yield (%)

20 -

0 T T 1
0 30 60 90 120 150 180

Time (min)

Fig. 10. Leaching test indicated no contribution from homogeneous catalysis of active

species leaching into reaction solution.

One of the issues that should be seriously addressed for organic reactions carried out
under heterogeneous catalysis conditions is the ability to recover and reuse the catalyst. It
would be expected that the solid catalyst could be reused several times for the

transformation before it lost activity completely. The Fe;O(BPDC); catalyst was therefore
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investigated for recoverability and reusability in the reaction between salicylaldehyde and
methyl acetoacetate to form 3-acetylcoumarin over six successive runs, by repeatedly
separating the Fe-MOF catalyst from the reaction mixture, washing it and then reusing it.
The reaction was carried out in DMF at 60 °C for 180 min, using 3 equivalents of methyl
acetoacetate, in the presence of 5 mol% Fe;O(BPDC); catalyst, with 0.25 equivalent of
tert-butyl hydroperoxide as the oxidant. After 180 min reaction time with 91% yield of 3-
acetylcoumarin being achieved, the Fe-MOF catalyst was separated from the reaction
mixture by simple centrifugation, washed with copious amounts of dichloromethane to
remove any physisorbed reagents, activated under vacuum at 150 °C for 3 h, and reused
in further reactions under identical conditions to those of the first run. It was found that
the Fe;O(BPDC); catalyst could be recovered and reused several times for the reaction
between salicylaldehyde and methyl acetoacetate to form 3-acetylcoumarin without a
significant degradation in catalytic activity. Indeed, 94% yield of 3-acetylcoumarin was
still achieved in the 6™ run (Fig. 11). As compared to the FT-IR spectra of the fresh
Fe;O(BPDC)s, similar absorption was observed for the 4™ ysed Fe-MOF catalyst (Fig.
S11). The XRD result of the the 2™ and the 4™ used Fe;O(BPDC); revealed that the
crystallinity of the Fe-MOF catalyst could be maintained, though slight difference in the

diffractogram was detected (Fig. S12).
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Fig. 11. Catalyst recycling studies.
Table 2. The formation of several coumarins containing different substituents in the

presence of Fe;O(BPDC)j; catalyst.

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.
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* Reaction conditions: aldehyde (1 mmol), methyl acetoacetate (3 mmol), tert-butyl
hydroperoxide (70% in water) (0.25 eqv.), Fes30(BPDC); (5 mol%), DMF (4 ml), 60 -80
°C, 3 - 9 h in open air, isolated yield. See Supporting Information for details. > GC yield
due to poor separation.

The scope of this work was also expanded to the formation of several coumarins

containing different substituents in the presence of Fe;O(BPDC); catalyst. The reaction
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was carried out in DMF at 60 °C for 180 min, using the reagent molar ratio of 1:3, in the
presence of 5 mol% Fe;O(BPDC); catalyst, with 0.25 equivalent of tert-butyl
hydroperoxide as the oxidant. In the first series of experiments, we carried out the
reaction between methyl acetoacetate and different salicylaldehyde derivatives, including
salicylaldehyde, 5-chlorosalicylaldehyde, 5-bromosalicylaldehyde, 5-
nitrosalicylaldehyde,  5-methoxysalicylaldehyde, and  4-methoxysalicylaldehyde,
respectively. The product was purified by column chromatography using ethyl acetate/n-
hexane (2/1, v/v) mixture. The Fe;O(BPDC)s-catalyzed reaction of salicylaldehyde with
methyl acetoacetate could afford 3-acetylcoumarin in 89% isolated yield after 180 min. It
was observed that the presence of a substituent in salicylaldehyde decreased the yield of
the transformation. However, by increasing the temperature and the reaction time, high
yields of the desired products were achieved (See Supporting Information for details).
Furthermore, the reaction of salicylaldehyde with ethyl acetoacetate using Fe;O(BPDC);
catalyst was also studied under the same reaction condition. Ethyl acetoacetate was found

to be less reactive in this transformation, with 80% isolated yield of 3-acetylcoumarin

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

being achieved after 180 min. Dimethyl malonate was also tested in the Fe;O(BPDC);-
catalyzed transformation, affording methyl 2-oxo-2H-chromene-3-carboxylate in a yield
of 28% after 180 min. It was found that the reaction between salicylaldehyde and methyl
3-ox0-3-phenylpropanoate using Fe;O(BPDC); catalyst could proceed to 44% yield of 3-

benzoylcoumarin after 180 min (Table 2).
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4. Conclusions

In summary, the iron-based metal-organic framework Fe;O(BPDC); was synthesized by
a solvothermal method, and was characterized by several techniques including XRD,
SEM, TEM, FT-IR, TGA, AAS, and nitrogen physisorption measurements. The Fe-MOF
could be used as an efficient heterogeneous catalyst for the synthesis of coumarins from
salicylaldehydes and activated methylene compounds in the presence of tert-butyl
hydroperoxide as the oxidant. The transformation could proceed readily in the presence
of a catalytic amount of the Fe-MOF without using a base. The Fe;O(BPDC); was more
catalytically active for the synthesis of coumarins than other MOFs such as
Cuy(BDC),(BPY), Cu3(BTC);, Cux(BDC)2(DABCO), Niy(BDC),(DABCO), and
Fe;O(BDC);. This Fe-MOF also exhibited significantly higher activity for the
transformation than that of common metal salts such as FeCls;, Fe(NO3);, FeSOy4, CuCl,,
CuCl, Cu(NO3),, and Ni(NO3),. The coumarin formation could only be detected in the
presence of the solid Fe;O(BPDC); catalyst, and the contribution of leached active iron
species, if any, was negligible. The Fe-MOF catalyst could be recovered and reused
several times for the synthesis of coumarins from salicylaldehydes and activated
methylene compounds without a significant degradation in catalytic activity. The fact that
this transformation could proceed under heterogeneous and base-free conditions should
be of advantages, and might be interested to the chemical industry.

Acknowledgements

The Viet Nam National Foundation for Science and Technology Development -

NAFOSTED is acknowledged for financial support through project code 104.05-2014.77

26


http://dx.doi.org/10.1039/c5cy02191j

Page 27 of 30 Catalysis Science & Technology
View Article Online
DOI: 10.1039/C5CY02191J

References

1. R.H. Vekariya, H.D. Patel, Synth. Commun. 44 (2014) 2756-2788.

S.R. Trenor, A.R. Shultz, B.J. Love, T.E. Long, Chem. Rev. 104 (2004) 3059-

3078.

N.G. Khaligh, Catal. Sci. Technol. 2 (2012) 1633-1636.

4, M.S. Manhas, S.N. Ganguly, S. Mukherjee, A.K. Jain, A.K. Bose, Tetrahedron

Lett. 47 (2004) 2423-2425.

F. Bigi, L. Chesini, R. Maggi, G. Sartori, J. Org. Chem. 64 (1999) 1033-1035.

B.T. Watson, G.E. Christiansen, Tetrahedron Lett. 39 (1998) 6087-6089.

7. J.K. Augustine, A. Bombrun, B. Ramappa, C. Boodappa, Tetrahedron Lett. 53
(2012) 4422-4425.

8. D. Maes, S. Vervisch, S. Debenedetti, C. Davio, S. Mangelinckx, N. Giubellina,
N. De Kimpe, Tetrahedron 61 (2005) 2505-2511.

0. S.K. Chattopadhyay, T. Biswas, K. Neogi, Chem. Lett. 35 (2006) 376-377.

10. A. Ramani, B.M. Chanda, S. Velu, S. Sivasanker, Green Chem. 1 (1999) 163-165.

1. Y. Yamamoto, N. Kirai, Org. Lett. 10 (2008) 5513-5516.

12. J. Ferguson, F. Zeng, H. Alper, Org. Lett. 14 (2012) 5602-5605.

13. K. Sasano, J. Takaya, N. Iwasawa, J. Am. Chem. Soc. 135 (2013) 10954-10957.

14. X. He, Z. Yan, X. Hu, Y. Zuo, C. Jiang, L. Jin, Y. Shang, Synth. Commun. 44
(2014) 1507-1514.

15. H.K. Chae, D.Y. Siberio-Perez, J. Kim, Y. Go, M. Eddaoudi, A.J. Matzger, M.
O'Keeffe, O.M. Yaghi, Nature 427 (2004) 523-527.

16. D.J. Tranchemontagne, M.O.k. Z. Ni, O.M. Yaghi, Angew. Chem. Int. Ed. 47
(2008) 5136-5147.

17. D.T. Genna, A.G. Wong-Foy, A.J. Matzger, M.S. Sanford, J. Am. Chem. Soc.
135 (2013) 10586-10589.

18. J.A. Mason, M. Veenstra, J.R. Long, Chem. Sci. 5 (2014) 32-51.

19. M.-L. Ma, C. Ji, S.-Q. Zang, Dalton Trans. 42 (2013) 10579-10586.

20. N.T.S. Phan, T.T. Nguyen, Q.H. Luu, L.T.L. Nguyen, J. Mol. Catal. A. Chem.
363-364 (2012) 178-185.

21. S.S. Kaye, A. Dailly, O.M. Yaghi, J.R. Long, J. Am. Chem. Soc. 129 (2007)
14176-14177.

22. H. Furukawa, N. Ko, Y.B. Go, N. Aratani, S.B. Choi, E. Choi, A.O. Yazaydin,
R.Q. Snurr, M. O'Keeffe, J. Kim, O.M. Yaghi, Science 239 (2010) 424-428.

23. P. Horcajada, T. Chalati, C. Serre, B. Gillet, C. Sebrie, T. Baati, J.F. Eubank, D.
Heurtaux, P. Clayette, C. Kreuz, J.S. Chang, Y.K. Hwang, V. Marsaud, P.N.
Bories, L. Cynober, S. Gil, G. Fe'rey, P. Couvreur, R. Gref, Nature Mater. 9
(2010) 172-178.

24, R.J. Kuppler, D.J. Timmons, Q.-R. Fang, J.-R. Li, T.A. Makal, M.D. Young, D.
Yuan, D. Zhao, W. Zhuang, H.-C. Zhou, Coord. Chem. Rev. 253 (2009) 3042-
3066.

25. H. Li, M. Eddaoudi, M. O'Keeffe, O.M. Yaghi, Nature 402 (1999) 276-279.

26. J.L.C. Rowsell, O.M. Yaghi, Micropor. Mesopor. Mater. 73 (2004) 3-14.

27. Z.-Q.Li, L-G.Qiu, T. Xu, Y. Wu, W. Wang, Z.-Y. Wu, X. Jiang, Mater. Lett. 63
(2009) 78-80.

[98)

SN

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

27


http://dx.doi.org/10.1039/c5cy02191j

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

53.
54.

Catalysis Science & Technology Page 28 of 30
View Article Online
DOI: 10.1039/C5CY02191J

B. Chen, S. Xiang, G. Qian, Acc. Chem. Res. 43 (2010) 1115-1124.

Z.-Y. Gu, J. Park, A. Raiff, Z. Wei, H.-C. Zhou, ChemCatChem 6 (2014) 67-75.
P. Valvekens, F. Vermoortelea, D.D. Vos, Catal. Sci. Technol. 3 (2013) 1435-
1445.

J. Liu, L. Chen, H. Cui, J. Zhang, L. Zhang, C.-Y. Su, Chem. Soc. Rev. 43 (2014)
6011-6061.

A. Corma, H. Garcia, F.X. Llabrés i Xamena, Chem. Rev. 110 (2010) 4606-4655.
A. Dhakshinamoorthy, H. Garcia, Chem. Soc. Rev. 41 (2012) 5262-5284.

M. Yoon, R. Srirambalaji, K. Kim, Chem. Rev. 112 (2012) 1196-1231.

F. Zadehahmadi, S. Tangestaninejad, M. Moghadam, V. Mirkhani, I
Mohammadpoor-Baltork, A.R. Khosropour, R. Kardanpour, Appl. Catal. A. Gen.
477 (2014) 34-41.

T. Otto, N.N. Jarenwattananon, S. Gloggler, JJW. Brown, A. Melkonian, Y.N.
Ertas, L.-S. Bouchard, Appl. Catal. A. Gen. 488 (2014) 248-255.

Q.-x. Luo, X.-d. Song, M. Ji, S.-E. Park, C. Hao, Y.-q. Li, Appl. Catal. A. Gen.
478 (2014) 81-90.

K. Leus, Y.-Y. Liu, M. Meledina, S. Turner, G.V. Tendeloo, P.V.D. Voort, J.
Catal. 316 (2014) 201-2009.

P. Wy, C. He, J. Wang, X. Peng, X. Li, Y. An, C. Duan, J. Am. Chem. Soc. 134
(2012) 14991-14999.

A.S. Roy, J. Mondal, B. Banerjee, P. Mondal, A. Bhaumik, S.M. Islam, Applied
Catalysis A: General 469 (2014) 320-327.

N.T.S. Phan, T.T. Nguyen, P. Ho, K.D. Nguyen, ChemCatChem 5 (2013) 1822-
1831.

T. Truong, V.T. Nguyen, H.T.X. Le, N.T.S. Phan, RSC Adv. 4 (2014) 52307-
52315

Y. Luan, N. Zheng, Y. Qi, J. Tang, G. Wang, Catal. Sci. Technol. 4 (2014) 925-
929.

G. Yu, J. Sun, F. Muhammad, P. Wang, G. Zhu, RSC Adv. 4 (2014) 38804-38811
Y.-R. Lee, Y.-M. Chung, W.-S. Ahn, RSC Adv. 4 (2014) 23064-23067

A.S. Roy, J. Mondal, B. Banerjee, P. Mondal, A. Bhaumik, S.M. Islam, Appl.
Catal. A. Gen. 469 320-327.

G.H. Dang, D.T. Nguyen, D.T. Le, T. Truong, N.T.S. Phan, J. Mol. Catal. A: gen.
395 (2014) 300-306.

G.H. Dang, T.T. Dang, D.T. Le, T. Truong, N.T.S. Phan, J. Catal. 319 (2014)
258-264.

P. Valvekens, M. Vandichel, M. Waroquier, V.V. Speybroeck, D.D. Vos, J. Catal.
317 (2014) 1-10.

N.T.S. Phan, C.K. Nguyen, T.T. Nguyen, T. Truong, Catal. Sci. Technol. 4 (2014)
369-377.

M. Savonnet, S. Aguado, U. Ravon, D. Bazer-Bachi, V. Lecocq, N. Bats, C.
Pinel, D. Farrusseng, Green Chem. 11 (2009) 1729-1732.

E. Pérez-Mayoral, Z. Musilova, B. Gil, B. Marszalek, M. Polozij, P. Nachtigall, J.
Cejka, Dalton Trans. 41 (2012) 4036-4044.

M. Opanasenko, M. Shamzhy, J. Cejka, ChemCatChem 5 (2013) 1024-1031.
N.T.S. Phan, P.H.L. Vu, T.T. Nguyen, J. Catal. 306 (2013) 38-46.

28


http://dx.doi.org/10.1039/c5cy02191j

Page 29 of 30 Catalysis Science & Technology
View Article Online
DOI: 10.1039/C5CY02191J

55. O.V. Zalomaeva, A.M. Chibiryaev, K.A. Kovalenko, O.A. Kholdeeva, B.S.
Balzhinimaev, V.P. Fedin, J. Catal. 298 (2013) 179-185.

56. H.T.N. Le, T.V. Tran, N.T.S. Phan, T. Truong, Catal. Sci. Technol. 5 (2015) 851-
859.

57. I. Luz, A. Corma, F.X.L.i. Xamena, Catal. Sci. Technol. 4 (2014) 1829-1836.

58. Tanmoy Maity, D. Saha, S. Koner, ChemCatChem 6 (2014) 2373-2383.

59.  N.T.S. Phan, T.T. Nguyen, C.V. Nguyen, T.T. Nguyen, Appl. Catal. A. Gen. 457
(2013) 69-77.

60. H. Lv, H. Zhao, T. Cao, L. Qian, Y. Wang, G. Zhao, J. Mol. Catal. A: gen. 400
(2015) 81-89.

61. A. Dhakshinamoorthy, M. Alvaro, H. Garcia, J. Catal. 289 (2012) 259-265.

62. M.N. Cele, H.B. Friedrich, M.D. Bala, Catal. Commun. 57 (2014) 99-102.

63. A. Dhakshinamoorthy, M. Alvaro, H. Garcia, J. Catal. 267 (2009) 1-4.

64. A. Dhakshinamoorthy, M. Alvaro, H. Garcia, Catal. Sci. Technol. 1 (2011) 856-
867.

65. V.T. Nguyen, H.Q. Ngo, D.T. Le, T. Truong, N.T.S. Phan, Chem. Eng. J. 284
(2016) 778-785.

66. M. Dan-Hardi, H. Chevreau, T. Devic, P. Horcajada, G. Maurin, G. Férey, D. Popov, C.
Riekel, S. Wuttke, J.-C. Lavalley, A. Vimont, T. Boudewijns, D.E.D. Vos, C. Serre,
Chem. Mater. 24 (2012) 2486-2492.

67. R. Sangsuwan, S. Sangher, T. Aree, C. Mahidol, S. Ruchirawat, P. Kittakoop,
RSC Adv. 4 (2014) 13708-13718.

68.  A.T.Khan, T. Parvin, L.H. Choudhury, Tetrahedron 63 (2007) 5593-5601.

69. C.J. Scheuermann, Chem. Asian J. 5 (2010) 436-451.

70. X. Guo, R. Yu, H. Li, Z. Li, J. Am. Chem. Soc. 131 (2009) 17387-17393.

71. L.S. Connell, J.R. Jonesa, J.V.M. Weavera, Polym. Chem. 3 (2012) 2735-2738.

72.  R. Selvin, H.-L. Hsu, T.-M. Her, Catal. Commun. 10 (2008) 169-172.

73. Y. Kubota, M. Takata, R. Matsuda, R. Kitaura, S. Kitagawa, T.C. Kobayashi,
Angew. Chem. Int. Ed. 45 (2006) 4932-4936.

74. G. Langhendries, D.E.D. Vos, G.V. Baron, P.A. Jacobs, J. Catal. 187 (1997) 453-
463.

75. N.T.S. Phan, C.W. Jones, J. Mol. Catal. A: Chemical 253 (2006) 123-131.

76. T.D. Le, K.D. Nguyen, V.T. Nguyen, T. Truong, N.T. Phan, J. Catal 333 (2016)
94-101.

77.  N.T. Phan, T.T. Nguyen, V.T. Nguyen, K.D. Nguyen, ChemCatChem 5 (2013)
2374-2381.

78. G.L. Han, K. Zhou, A.N. Lai, Q.G. Zhang, A.M. Zhu, Q.L. Liu, J. Membrane Sci.
454 (2014) 36-43.

79.  L.T. Nguyen, T.T. Nguyen, K.D. Nguyen, N.T. Phan, Appl. Catal. A. Gen. 425
(2012) 44-52.

80.  J.L.C. Rowsell, O.M. Yaghi, J. Am. Chem. Soc. 128 (2006) 1304-1315.

81. Y.-K. Seo, G. Hundal, I.T. Jang, Y.K. Hwang, C.-H. Jun, J.-S. Chang, Micropor.
Mesopor. Mater. 119 (2009) 331-337.

82. K. Schlichte, T. Kratzke, S. Kaskel, Micropor. Mesopor. Mater. 73 (2004) 81-88.

83.  N.T. Phan, C.K. Nguyen, T.T. Nguyen, T. Truong, Catal. Sci. Technol. 4 (2014)
369-377.

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

29


http://dx.doi.org/10.1039/c5cy02191j

Published on 18 April 2016. Downloaded by University of California- San Diego on 19/04/2016 05:33:14.

Catalysis Science & Technology Page 30 of 30
View Article Online
DOI: 10.1039/C5CY02191J

Application of iron-based metal-organic frameworks in catalysis: Oxidant-
promoted formation of coumarins using Fe;O(BPDC); as an efficient heterogeneous
catalyst
Thien N. Lieu, Khoa D. Nguyen, Dung T. Le, Thanh Truong’, Nam T. S. Phan"
Department of Chemical Engineering, HCMC University of Technology, VNU-HCM,
268 Ly Thuong Kiet, District 10, Ho Chi Minh City, Viet Nam

“Email: tvthanh@hcmut.edu.vn, ptsnam@hcmut.edu.vn

Ph: (+84 8) 38647256 ext. 5681 Fx: (+84 8) 38637504

N o)

Ry P
OH Fe;O(BPDC)3 X R,
+ L R1|_
6 O tert-butyl hydroperoxide N

RZMOR3 DMF

R1= -Cl, -OH, -OCH3, -NO,
R2= -CH3, -C6H5, -OCH3
R3= -CH3, -CzH5
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