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Copper nanoparticle anchored biguanidine-
modified Zr-UiO-66 MOFs: a competent
heterogeneous and reusable nanocatalyst in
Buchwald—Hartwig and Ullmann type coupling
reactionst

Hojat Veisi, &2 *@ Narges Neyestani,® Mozhgan Pirhayati,® Sheida Ahany Kamangar,?
Shahram Lotfi, Taiebeh Tamoradi 2 * and Bikash Karmakar*®

We have designed a functionalized metal-organic framework (MOF) of UiO topology as a support, with an
extremely high surface area, adjustable pore sizes and stable crystalline coordination polymeric structure
and implanted copper (Cu) nanoparticles thereon. The core three dimensional Zr-derived MOF (UiO-66-
NH,) was modified with a biguanidine moiety following a covalent post-functionalization approach. The
morphological and physicochemical features of the material were determined using analytical methods
such as FT-IR, SEM, TEM, EDX, atomic mapping, XRD and ICP-OES. The SEM and XRD results justified
the unaffected morphology of Zr-MOF after structural modifications. The as-synthesized UiO-66-
biguanidine/Cu nanocomposite was catalytically explored in the aryl and heteroaryl Buchwald—Hartwig
C-N and Ullmann type C-0O cross coupling reactions with excellent yields. A library of biaryl amine and
biaryl ethers was synthesized over the catalyst under mild and green conditions. Furthermore, the
catalyst was isolated by centrifugation and recycled 11 times with no significant copper leaching or

rsc.li/rsc-advances change in its activity.

1. Introduction

The transition metals (TMs) possess great affinity to form
a broad range of complexes with various organic ligands based
on their incompletely filled atomic orbitals. There are many
reports of transition metal complexes in chelation with
synthetically designed and suitably oriented novel organic
ligands, which have otherwise numerous applications as
homogeneous catalysts in different organic transformations.'
However, the catalyst isolation and reusability have been the
major issue that restricts their use in view of eco-sustainability.
Thereby, heterogenization of the TM complexes by immobili-
zation over different solid supports like silica,® magnetic
nanoparticles,” carbon nanotubes,® mesoporous silica,’
zeolites™ and layered materials'* has been extensively explored
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in view of easy handling, thermal stability, facile isolation and
reusability.’* Still, there remain problems like non-uniform
distribution of catalysts and difficulty in characterizing such
entities." This has prompted us to design functionalized metal-
organic frameworks (MOFs) and subsequently anchor appro-
priate active sites into it. In the last few years MOFs have been
come out as a significant group of porous materials having huge
surface areas, high degree of tunability in terms of shape and
dimensions of pore channels and pore sizes, defined and
diverse crystal structures, uniformly distributed active sites in
the whole network, adjustable active metal concentration and
possess high compatibility in chemical functionalizations
towards the secondary active metal chelations.™® Due to such
unique features, different engineered MOFs find potential
applications in separation, drug delivery, magnetism, gas
storage, adsorption, water treatment, health-care applications,
chemical sensing, non-linear optics, and as a nano reactor in
catalysis.”** In this context, we wish to introduce a novel MOF
based heterogeneous catalytic system, the Cu adorned bigua-
nidine functionalized UiO-66-NH, (UiO-66-biguanidine/Cu).
The core skeleton is being synthesized with [Zrs0,(OH),] octa-
hedral secondary building units (SBU) and 2-amino-1,4-benzene
dicarboxylate (BDC) ligands where each Zry cluster is three
dimensionally coordinated to 12 BDC units forming a hierar-
chical framework.>*** The biguanidine functionality, which is
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Scheme 1 Schematic designing of UiO-66-biguanidine/Cu nanocomposite and its application in the C-heteroatom coupling reactions.

known to be an excellent chelating ligand, has been post- synthetic organic chemistry there are limited catalytic applica-
immobilized over it and subsequently Cu NPs have been tions of post-synthetic modified MOFs via covalent surface
anchored thereon as the active catalytic site (Scheme 1). In functionalization with homodispersed co-operative active
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Fig. 1 SEM images of UiO-66-NH> (a and b); and UiO-66-biguanidine/Cu nanocomposite (c and d).

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2021, N, 22278-22286 | 22279


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02634h

Open Access Article. Published on 24 June 2021. Downloaded on 11/14/2025 7:01:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

sites.”*?® Being encouraged by this and also in continuation to
our ongoing endeavors on the development and synthetic
utilizations of architectured heterogeneous nanocatalysts,**-*
we report the catalytic application of UiO-66-biguanidine/Cu in
efficient C-N and C-O heterocoupling reactions (Scheme 1).
These coupled products, especially those involving heterocycles,
find extensive applications as important drugs and medicines,
materials and also in biology.**** Earlier, a number of research
groups have reported the C-heteroatom cross coupling reac-
tions over Cu catalysts.*”*®* However, most of the protocols
involved various ligand based homogeneous -catalysts or
heterogeneous catalysts being synthesized using toxic and
strong reducing agents. The procedure devised by us using UiO-
66-biguanidine/Cu catalyst is the first report for an efficient,
ligand free green synthesis of C-heteroatom coupled products
with outstanding yields in quick intervals, making the overall
procedure industrially and sustainably viable.

2. Experimental
2.1 Synthesis of UiO-66-NH,

1.166 g ZrCl, (5 mmol) was dissolved in 2 mL DMF in presence
of HCI (5 mL) under sonication for 20 min at ambient condi-
tions. A solution of 2-aminobenzene-1,4-dicarboxylic acid
(5 mmol, 0.9057 g) in DMF (30 mL) was then mixed to it and
sonicated again for 20 min. The whole mixture was warmed at
80 °C for 6 h followed by heating at 100 °C for 24 h. On cooling
the product was obtained as microcrystalline powder. It was
isolated by centrifugation at 4000 rpm for 20 min and then
washed thrice with DMF and EtOH (30 mL). Finally, UiO-66-NH,
was obtained as yellow powder (95%) on drying under vacuum
at 100 °C for 24 h.

2.2 Synthesis of UiO-66-biguanidine

A 50 mL aqueous dispersion containing 0.5 g of UiO-66-NH, was
sonicated for 10 min and then an HCl solution (0.15 mol L™ ?, 50
mL) of 0.168 g dicyandiamide (2 mmol) was added to it. The
mixture was heated at 100 °C for 24 h. It was cooled and worked
up with 10% NaOH solution which resulted the UiO-66-
biguanidine. The solid was collected by centrifugation at
4000 rpm for 20 min. It was washed thoroughly with 1 : 1 EtOH
and dried as before.

2.3 Synthesis of UiO-66-biguanidine/Cu

0.5 g of UiO-66-biguanidine was sonicated well in H,O (50 mL)
until a homogenous dispersion was obtained. Then an aqueous
solution of CuCl, (50 mL, 1 mg mL™") was mixed to it as Cu
source and the mixture was triturated at 12 h. The product was
isolated by centrifuger and washed twice with 20 mL water
followed by with 20 mL ethanol. It was dried under vacuum at
60 °C for 24 h. Cu content in UiO-66-biguanidine/Cu was found
as 0.31 mmol g~ by ICP-OES analysis.

2.4 UiO-66-biguanidine/Cu catalyzed C-N and C-O coupling

A mixture of N/O nucleophile (1 mmol), aryl halide (1.1 mmol)
and KOH (1.5 mmol) were taken together in 3 mL dry DMF in
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presence of 0.8 mol% UiO-66-biguanidine/Cu catalyst at 100 °C
under N, atmosphere for requisite times. On completion
(monitored by TLC), the reaction was brought to ambient
conditions and the catalyst was separated by centrifugation.
The reaction was worked up in 10 mL water and the product was
extracted into EtOAc. The organic layer was washed with brine-
water (10 mL), dried over Na,SO,, concentrated and finally
purified by silica gel column chromatography.

3. Results and discussions
3.1 Catalyst characterization data analysis

On complete synthesis of the material following post-
functionalization, we turned our attention to evaluate its
structural and physicochemical characteristics using several
analytical techniques like FT-IR, SEM, TEM, EDX, elemental
mapping and XRD. Fig. S1t displays the comparative FT-IR
spectra of UiO-66-NH,, UiO-66-biguanidine and UiO-66-
biguanidine/Cu in order to understand the stepwise building
of the material. In the spectrum of UiO-66-NH, (Fig. S1at),
typical vibrations appeared at 1405 and 1571 ¢cm ' can be
credited to the symmetric and asymmetric stretching vibrations
of carboxylate groups from BDC. The H-N-H scissoring and the
C-NHj, stretching vibrations of aromatic amines are observed at

Fig. 2 TEM images of UiO-66-NH,.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TEM images of UiO-66-biguanidine/Cu nanocomposite.

1259 ecm™ ' and 1658 cm™ ' respectively. The broad peaks at
3381 cm ™" and 3503 cm™" are due to the N-H symmetric and
asymmetric stretching vibrations respectively. On reaction of
UiO-66-NH, with dicyandiamide, it results the biguanidine/UiO-
66 moiety, which was confirmed from the disappearance of all
the free amine related peaks (1658, 3381, 3503 cm™ ') while all
other peaks remained unchanged (Fig. S1bt). However, no
significant changes are observed in the spectrum of UiO-66-
biguanidine/Cu from Fig. 1b, as the characteristic bands due
to immobilization Cu on the biguanidine/Zr-MOF are very weak
to be distinguished (Fig. Sict).

The particle size, shape and texture of UiO-66-NH, and UiO-
66-biguanidine/Cu was explored over SEM and represented in
Fig. 1 at different magnifications. Both the samples have typical
structure consisting of irregular intergrown microcrystalline
polyhedra with a mean diameter of 50 to 90 nm. In a cross-
sectional view, stacking units can be observed in Fig. 1c. No
significant change in morphology is observed in the structure
on post-functionalization or Cu attachment over it. The parti-
cles seem to be somewhat agglomerated due to high concen-
tration during sample preparations.

Further justification of SEM investigation towards the
detailed structural inherence regarding size and morphology
was carried out through TEM analysis of the UiO-66-NH,, (Fig. 2)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and UiO-66-biguanidine/Cu nanocomposite (Fig. 3). With
comparison of these images, successful formation and immo-
bilization of the copper monodispersed spherical shaped
nanoparticles with a mean diameter of 20-40 nm could be
confirmed in the Fig. 3. On close observation, stacking struc-
tural units of MOF can be observed.

The chemical constitutions of both UiO-66-NH, and UiO-66-
biguanidine/Cu nanocomposite were established on EDX
detector equipped with SEM instrument and represented in
Fig. 4. The EDX spectrum of UiO-66-NH, showed the peaks of
Zr, C, N and O atoms which narrate the structural components
being Zr as SBU and C, N, O signifying the BDC ligand (Fig. 4a).
Fig. 4b exhibits the EDX profile of UiO-66-biguanidine/Cu,
where it shows the Cu as element in addition to the previous
elements signifying the attachment of Cu nanoparticles to UiO-
66-biguanidine, a derivative of UiO-66-NH,.

The EDX data was further justified through X-ray atomic
mapping and demonstrated in Fig. 5. Additionally, it shows the
distribution of the constitutional elements in UiO-66-
biguanidine/Cu nanocomposite. An X-ray sectional scanning
of the surface displays the homogeneous dispersion of Zr, C, N
and Cu atoms over the surface. Obviously, Zr and C display
much higher density than other elements, as being the core
component of the motif. The uniformity of active component
definitely reasons for its excellent catalytic performances.
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Fig. 4 EDX spectra of UiO-66-NH, (a);
nanocomposite (b).

and Cu@bigua/UiO-66
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Table 1 Nitrogen adsorption—desorption data for UiO-66-NH,, UiO-66-biguanidine and UiO-66-biguanidine/Cu

Total pore volume Mean pore diameter

Entry Samples Sper (M g™ 1) (em® g™ (nm)
1 UiO-66-NH, 1045 0.68 0.62
2 UiO-66-biguanidine 923 0.42 0.58
3 UiO-66-biguanidine/Cu 810 0.22 0.53

The nitrogen adsorption-desorption isotherms of UiO-66-
NH,, UiO-66-biguanidine and UiO-66-biguanidine/Cu are
studied and the corresponding data are summarized in Table 1.
It can be seen that the structures of each sample featured the
type I isotherm. The Langmuir surface area of the UiO-66-NH,
was 1045 m”> g~ with pore volume of 0.68 cm® g~ . After the
biguanidine modification, the Langmuir surface area decreased
to 923 m”> g, while the pore volume decreased to 0.42 cm® g™,
which indicates occupation of the internal channels by bigua-
nidine moieties in Zr-MOF structure.” The Langmuir surface
area of UiO-66-biguanidine/Cu catalyst decreases to 810 m> g~"
when the copper moiety is introduced.

The crystallinity and phase structure of UiO-66-NH, and UiO-
66-biguanidine/Cu nanocomposite were analyzed by XRD study
(Fig. 6). Evidently, both the materials are poorly crystalline in
nature. Three significant Braggs diffraction peaks of the UiO-66-
NH, are observed at 26 = 7.32, 8.72 and 25.93° respectively,
which are in close agreement with the literature. The UiO-66-

22282 | RSC Adv, 2021, N, 22278-22286

biguanidine/Cu exhibits almost similar XRD pattern as the
basic UiO-66-NH, material, which indicates the unaltered
framework even after surface modifications. There was no
significant peak of Cu detected in the profile.

3.2 Catalytic applications of UiO-66-biguanidine/Cu
nanocomposite

After the complete characterizations of the as-synthesized final
material, we paid attention on the catalytic applications. We
inspected the performance of UiO-66-biguanidine/Cu nano-
composite in the Buchwald-Hartwig (C-N) and Ullmann (C-O)
type coupling reactions. Several iodobenzene derivatives were
coupled to various N and O nucleophiles in presence of an
additive base over our catalyst, following a simplistic clean
protocol. After completion, the catalyst was retrieved by
centrifuge and recycled in consecutive runs. However, prior to
general studies, optimization of the reaction conditions seemed
quite significant and hence, a reaction between indole and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XRD patterns of UiO-66-NH, (a); and UiO-66-biguanidine/Cu
nanocomposite (b).

iodobenzene was selected as a model and an array of screening
experiments were conducted applying diverse conditions like
catalyst load, solvent, base and temperature. The outcomes are
shown in Table 2. In the absence of catalyst, there was abso-
lutely no product at all and a poor yield was obtained in the lack
of external base, which signifies their importance in the reac-
tion (Table 2, entries 10 and 11). In presence of catalyst and

View Article Online
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a base, the reaction yield gradually increases and we got the best
output over 0.8 mol% Cu loaded catalyst and KOH as base at
100 °C in DMF solvent (Table 2, entry 8). A moderate yield was
obtained at lower temperatures (Table 2, entries 5 and 6). While
screening the reaction in different solvents like EtOH, DMF,
toluene, DMSO, CH,Cl, and CH;CN, we got the best result in
DMF (Table 2, entries 1-6). As the external base was significant
in the reaction, we also studied the influence of various bases
like KOH, NaHCOj3;, Et;N, Na,CO; and K,CO3, when the first one
afforded the best yield while the others resulted moderate to
good yields (entries 8-14). Optimizing the reaction conditions
with N-nucleophile, the same were applied using phenol as an
O-nucleophile in the reaction which also produced 90% yield.
This justifies the authenticity of the said stabilized conditions.
Additionally, we carried out the variation of catalysts with the
stabilized conditions over the probe reaction which has been
shown separately in Table 3. Different precursors and inter-
mediates of the final catalyst were involved in the catalysis in

Table 3 Variation of catalysts in the cross coupling of indole with
iodobenzene®

Entry Catalyst Time (h) Yield” (%)
1 UiO-66 24 0

2 UiO-66-biguanidine 24 0

3 Ui0-66-Cu 10 72

4 UiO-66-biguanidine/Cu 10 96

“ Reaction conditions: indole (1.0 mmol), iodobenzene (1.1 mmol),
KOH (1.5 mmol), DMF (3.0 mL), 100 °C, N, atmosphere. ? Isolated yield.

Table 2 Optimization of reaction condition for UiO-66-biguanidine/Cu catalyzed cross coupling of indole/phenol with iodobenzene®

I  UiO-66-biguanidine/Cu Nu
Nt + T (T

Entry NuH Cat. (mol%) Base Solvent T (°C) t (h) Yield” (%)
1 Indole 0.3 KOH EtOH 80 10 55

2 Indole 0.3 KOH DMF 100 10 75

3 Indole 0.3 KOH Toluene 100 10 65

4 Indole 0.3 KOH DMSO 100 10 65

5 Indole 0.3 KOH CH,Cl, 60 24 40

6 Indole 0.3 KOH CH;CN 70 24 50

7 Indole 0.6 KOH DMF 100 10 90

8 Indole 0.8 KOH DMF 100 10 96

9 Indole 0.8 — DMF 100 24 Trace
10 Indole — KOH DMF 100 24 0

11 Indole 0.8 K»CO; DMF 100 12 75

12 Indole 0.8 Na,CO3 DMF 100 12 60

13 Indole 0.8 Et;N DMF 100 10 85

14 Indole 0.8 NaHCO; DMF 100 10 60

15 Indole 0.8 KOH DMF 80 10 75

16 Indole 0.8 KOH DMF 25 10 30

17 Phenol 0.8 KOH DMF 100 10 90

¢ Reaction conditions: N/O nucleophile (1.0 mmol), iodobenzene (1.1 mmol), UiO-66-biguanidine/Cu, base (1.5 mmol), solvent (3.0 mL), N,

atmosphere. ? Isolated yield.
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order to identify and investigate the role of active site. The
reaction was absolutely failed over UiO-66 and UiO-biguanidine
as catalyst which indicates there is definitely a role of Cu in the
reaction. Now, to get a deeper insight we involved the Cu(m)
impregnated UiO-66 (UiO-66/Cu) composite in the reaction
where it afforded a moderate 72% yield. This result is very
interesting signifying the role of biguanidine, which has an
important role in stabilizing the Cu NP and also to prevent the
metal to leach. Moreover, biguanidine also protects the Cu NPs
to agglomerate.

On stabilizing the optimum conditions, the investigations
were extended in search for their generalizations through
substrate variations. A wide range of biaryl amine and biaryl
ether derivatives were synthesized by coupling of diverse aryl
iodides and aryl/heteroaryl amines or phenols under the opti-
mized conditions (Table 4). Among the N-nucleophiles (Table 4,
entries 1-15), aniline reacted much faster (4-5 h) as compared
to indole or imidazole (10-12 h) towards the N-coupled prod-
ucts, whereas, the aryl iodides were highly reactive irrespective
of their substitutions, being electron donating (CH3;, OCHj) or
electron withdrawing (NO,). In most of the cases excellent yields
were obtained (>90%). Similarly, different phenols and their
derivatives were also equally compatible with various aryl
iodides resulting very good productivity (entries 16-24). All the

Table 4 UiO-66-biguanidine/Cu catalyzed coupling of amines and
phenols with aryl iodides®

Entry Substrate Aryl iodide ~ Time (h) Yield® (%) Ref.c
1 Indole CeHI 10 96 50
2 Indole p-CH3CgH,I 10 95 51
3 Indole Pp-CICH,I 10 95 50
4 Indole p-CH;0CH,I 10 90 50
5 Indole Pp-NO,CeH,I 10 92 50
6 Indole 0-CH;0CgH,I 12 90 50
7 Aniline CeHsl 5 96 52
8 Aniline p-CH3CgH,I 4 95 53
9 Aniline P-CICsH,I 5 90 53
10 Aniline p-CH;0CcH,I 5 90 54
11 Aniline PpNO,CeH,I 4 95 52
12 Aniline 0-CH;0CgH,I 5 90 55
13 Imidazole CeHI 12 88 53
14 Imidazole p-CH3CgH,I 12 85 56
15 Imidazole p-CH3;0CsH,I 12 70 57
16 Pyrrole CeHsl 10 91 53
17 Benzimidazole CeHsl 12 86 53
18 Phenol CeHsI 10 90 58
19 Phenol Pp-CH3CgH,4I 10 90 59
20 Phenol p-CIC6H, I 10 88 55
21 Phenol Pp-CH;0CH,I 10 92 55
22 Phenol p-NO,CgH,I 8 92 55
23 Phenol 0-CH30CcH,I 12 75 60
24 4-Methylphenol CeHsl 12 80 60
25 4-Methoxylphenol CgH;l 12 92 60
26 2-Methylphenol CeHsl 24 85 60

“ Reaction conditions: amines/phenols (1.0 mmol), iodobenzene (1.1
mmol), UiO-66-biguanidine/Cu (0.8 mol%), KOH (1.5 mmol), DMF
(3.0 mL), stirring, nitrogen atmosphere, 100 °C. ? Isolated yield.
¢ Known product.
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Fig. 7 Recycling of the UiO-66-biguanidine/Cu nanocomposite
catalyst in the reaction between indole with iodobenzene.

products are known, as given in the references, being justified
from '"H NMR data.

3.3 Reusability study of catalyst

In order to validate the catalytic sustainability and green
chemical methodology, the study of reusability is an utmost
important criterion. After completion of the fresh cycle of the
reaction between indole and iodobenzene, the catalyst was
recollected by centrifuger and thoroughly washed with aqueous
EtOH. It was regenerated by drying and used in the successive
runs. The UiO-66-biguanidine/Cu nanocomposite showed
significant reactivity upto 11 successive cycles with only
a nominal change in yields. The yield was slightly decreased
after 8™ run probably due to agglomeration of catalysts. The
outcome has been displayed in Fig. 7. Also the ICP-AES analysis
of the catalyst after 8 runs was shown that amount of Cu loaded
on the catalyst is 0.30 mmol g™, that was shown a slight change
in amount of Cu (0.31 to 0.30 mmol g ). It can be concluded
that the catalyst has good stability and the leaching of Cu from
the catalyst surface is low.

4. Conclusion

In summary, we demonstrate a Cu nanoparticle embedded and
biguanidine modified Zr-UiO-66 MOF as a novel heterogeneous
nanocomposite catalyst. A covalent post-synthetic modification
approach was followed in this synthesis to immobilize the Cu
NPs than the conventional deposition over the MOF. The strong
chelating ability of biguanidine has been used to immobilize Cu
NPs over it. The morphological structure was evaluated through
different analytical methods. Thereafter, the nanocatalyst was
explored in the Buchwald-Hartwig C-N and Ullmann type C-O
cross coupling reactions for the synthesis of diverse range of
diaryl amine and ethers under mild and green conditions
affording outstanding yields. The material has been proved to
be sufficiently rigid to be recycled for consecutive 11 cycles with
only a slight decrease in activity after 8 runs.
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