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C-C coupling reactions using a gold(i) phosphorus
complex confined within metal—organic

framework fibers in aqueous solution
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Novel fibrous nano-silica (KCC-1) was functionalized with chlorodiphenylphosphine with phosphine-
functionalized nanoparticle groups acting as strong performers, so that gold(m) could form complexes
without aggregation on the fibers of KCC-1/PPh, microspheres (KCC-1/PPh,/Au). Compared to the
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traditional mesoporous silica materials, KCC-1 remarkably enhances the accessibility of gold(in) due to its

three dimensional hierarchical channel structure. HPG@KCC-1/PPh,/Au NPs were used for the first time
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Introduction

Metal complexes have high catalytic activities, and they have
been a topic of research due to these properties. Among the
reported metals used in catalysis, gold is the most stable
catalyst, and it has been widely studied because of its cata-
lytic properties, which can be leveraged for various uses, such
as in the Sonogashira,*® Suzuki-Miyaura, Heck™™*
and Hiyama'™’ reactions, in the Larock heteroannulation
reaction,'®>* for the degradation of pollutants,* for hydro-
genation® and in fuel cells.** In recent years, it has been
proven that the use of complex functional groups, either
grafted or smeared onto solid supports, plays an
important role in preventing the aggregation of metal
catalysts.>**’

In view of developing new solid supported catalysts, metal
complexes with a support of choice provide a large field for the
discovery of new, highly active nanocatalysts for important
and challenging reactions, which also offer the additional
advantage of recyclability.”®*?° Mesoporous silica nano-
particles (MSNs) such as SBA-15, MCM-41 and HMS are widely
applied as ideal supports for heterogeneous catalysts due to
their high surface area, tunable pore size and excellent
stability. However, the poor accessibility of the active sites
inside the pores, resulting from the mass transfer of reactants
or clogging of the pores, may limit the application of these
materials in some reactions.*>*> KCC-1 has a high surface area,
but more importantly, this high surface area is due to fibres
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as a catalyst for the C-C cross-coupling between allylarenes or methyl acrylate and benzoxazole, and
they showed excellent catalytic activities under green conditions.

and not pores, which makes this material one-of-a-kind.**
Additionally, the 3D architectures generated by the hierar-
chical pore structure with macropores can also improve the
mass transfer of the reactant.**** This would be an ideal
catalyst support for making noble metal-based catalysts that
provide a high availability of active sites and excellent catalytic
activity.

The C-C cross-coupling reaction between aryl halides and
organoboranes is one of the most efficient methods for the
synthesis of biaryls, which have significant applications in the
synthesis of biologically active materials.’**** Herein, we
report the synthesis of KCC-1, which was functionalized with
glycidol to form HPG@KCC-1, which was then phosphine-
functionalized to form the ordered mesofiber organosilica
material (HPG@KCC-1/PPh,) using chlor-
odiphenylphosphine. The HPG@KCC-1/PPh, material was
then used as an efficient support for the immobilization of
gold(ur) (HPG@KCC-1/PPh,/Au) and applied for different C-C
cross-coupling reactions. We are pleased to report cross-
coupling reactions between allylarenes or methyl acrylate
and benzoxazole (Scheme 1).
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Scheme 1 Arylation of benzoxazole with simple allylarenes or methyl

acrylate in the presence of HPG@KCC-1/PPh,/Au NPs.
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Experimental
Materials and methods

Chemical materials were purchased from Fluka and Merck in
high purity. Melting points were determined in open capillaries
using an Electrothermal 9100 apparatus and are uncorrected.
The particle size and morphology were investigated by SEM
using a FESEM-TESCAN MIRA3. The chemical composition of
the catalyst on the surface of the MOF was determined by X-ray
photoelectron spectroscopy (XPS) using a Kratos Axis Ultra DLD
spectrometer with Al Ko as the source. Thermogravimetric
analysis (TGA) was carried out on a NETZSCH STA449F3 at
a heating rate of 10 °C min~* under nitrogen. 'H and *C NMR
spectra were recorded on a BRUKER DRX-300 AVANCE spec-
trometer at 300.13 and 75.46 MHz, and a BRUKER DRX-400
AVANCE spectrometer at 400.22 and 100.63 MHz, respectively.
Elemental analyses for C, H and N were performed using
a Heraeus CHN-O-Rapid analyzer. Purity determination of the
products and reaction monitoring were accomplished by TLC
on silica gel polygram SILG/UV 254 plates. Mass spectra were
recorded on a Shimadzu GCMS-QP5050 mass spectrometer.

General procedure for the preparation of KCC-1

The KCC-1 NP core-shell microspheres were synthesized
according to the previously reported method.* TEOS (2.5 g) was
dissolved in a solution of cyclohexane (30 mL) and 1-pentanol
(1.5 mL). A stirred solution of cetylpyridinium bromide (CPB,
1 g) and urea (0.6 g) in water (30 mL) was then added. The
resulting mixture was continually stirred for 45 min at room
temperature then placed in a Teflon-sealed hydrothermal
reactor and heated at 120 °C for 5 h. The silica formed was
isolated by centrifugation, washed with deionized water and
acetone, and dried in a drying oven. This material was then
calcined at 550 °C for 5 h in air.

General procedure for the preparation of HPG@KCC-1 NPs

2 mmol of KCC-1 NPs was dispersed in a mixture of 80 mL of
toluene and 1.0 mmol of potassium methylate (CH;0K), fol-
lowed by the addition of 10 mL of anhydrous dioxane. 2.0 g of
glycidol was added dropwise over a period of 1 h. After vigorous
stirring for 2 h, the final suspension was repeatedly washed,
filtered several times and dried at 60 °C in air.*®

General procedure for the preparation of HPG@KCC-1/PPh,
NPs

HPG@KCC-1 (0.6 g) was suspended in 60 mL of a 0.1 M toluene
solution of CIPPh, and the colloidal solution was refluxed for
48 h. The HPG@KCC-1/PPh, NPs were isolated and purified by
repeated washing (firstly in ethanol and then in deionized
water) and centrifugation.*

General procedure for the preparation of HPG@KCC-1/PPh,/
Au NPs

HPG®@KCC-1/PPh,/Au nanoparticles were prepared by a simple
method from our previous work.* Sodium tetrachloroaurate
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(I1I) hydrate (5 mmol) was dispersed in dry CH,Cl, (20 mL) and
HPG@KCC-1/PPh, (0.1 g) nanoparticles were added. The
mixture was then heated to 60 °C for 12 h under a nitrogen
atmosphere. The resulting solid was separated by centrifuga-
tion and washed 3 times with CH,Cl,, ethanol and H,O. After
drying at room temperature under vacuum, HPG@KCC-1/PPh,/
Au NPs were obtained as a powder.

General procedure for the arylation of benzoxazole

A mixture of benzoxazole (1 mmol), allylarenes or methyl acry-
late (1 mmol), K,CO; (1 mmol) and HPG@KCC-1/PPh,/Au NPs
(1 mg) was stirred with heating under reflux in TFA (3 mL) for 2
hours. K,S,0g (1 mmol) was then added consecutively. The
mixture was stirred at room temperature for 10 min under an N,
atmosphere, then heated under reflux for 6-8 h. The catalyst
was separated by filtration. Evaporation of the solvent of the
filtrate under reduced pressure gave the crude products. The
pure products were isolated by chromatography on silica gel
eluted with petroleum ether : EtOAc (3 : 1).

Results and discussion

The synthesis of the HPG@KCC-1/PPh,/Au NPs involved several
steps. The fibers of KCC-1 have many Si-OH groups on their
surfaces, and thus it was expected that KCC-1 could be easily
functionalized with chlorodiphenylphosphine, followed by the
ring opening polymerization of glycidol to form HPG@KCC-1/
PPh,. Furthermore, the phosphine groups on HPG@KCC-1/
PPh, could support gold (i) complexes (Scheme 2).

We examined the effect of the solvent for the arylation of
benzoxazole with allylarene using HPG@KCC-1/PPh,/Au NPs at
room temperature (Table 1). The solvent does affect the catalyst
performance. n-Hexane, dioxane, CCl, and cyclohexane (non-
polar solvents) did not give any amount of the desired
product (Table 1, entry 11-14). i-PrOH, ethanol, methanol and
H,O (protic polar solvents) gave the product in lower yields.
CH;CN, THF, CH,Cl,, DMF, toluene, dioxane, CHCl;, EtOAc
and DMSO (aprotic solvents) also gave the product in lower
yields. In this study, it was found that conventional heating in
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Scheme 2 Schematic illustration of the synthesis of HPG@KCC-1/
PPh,/Au NPs.
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Table 1 The effect of solvent and temperature on the reaction of
benzoxazole with allylarene

Entry Solvent Temp. (°C) Yield” (%)
1 Solvent-free 100 —
2 TFA Reflux 87
3 EtOH Reflux 29
4 i-PrOH Reflux 23
5 MeOH Reflux 26
6 CH;CN Reflux 11
7 CH,Cl, Reflux 18
8 EtOAc Reflux 15
9 CHCl, Reflux 22
10 DMSO Reflux 21
11 Dioxane Reflux —
12 Cyclohexane Reflux —
13 n-Hexane Reflux —
14 CCly Reflux —

“ Isolated yields.

TFA was more efficient than using organic solvents. We also
studied the decisive role of temperature in the arylation of
benzoxazole in the presence of HPG@KCC-1/PPh,/Au NPs as
a catalyst. The best temperature for this reaction was heating
under reflux, which does cause changes in the efficiency of the
reaction, showing that the catalytic activity is susceptible to the
reaction temperature.

The activity of the described catalyst was investigated
through the reaction of benzoxazole with allylarene. Initially, we
examined the arylation of benzoxazole with allylarene in
different bases and oxidants (Table 2). It is well known that
bases play a crucial role in coupling reactions, so we attempted
the reaction in the presence of various organic and inorganic
bases (Table 2, entries 6-15). As a result, we found that the
most-used base, K,CO;, was the most efficient base for these
reaction conditions. Also, it was found that K,S,0g is the best
oxidant for the reaction. The removal of K,S,0g from the

Table 2 Optimization of the reaction conditions for the reaction of
benzoxazole with allylarene in terms of the base and oxidant

Entry Base Oxidant Yield® (%)
1 K,CO;, — —
2 K,CO3 AgOAc 34
3 K,CO; Ag,0 61
4 K,CO;3 Cu(OAc), 49
5 K,CO; (NH,),S,04 18
6 K,COs K,S,04 87
7 — K,S,05 —
8 CsF K,S,05 68
9 Na,CO, K,S,05 54
10 Et;N K,S,04 41
11 NaOAc K,S,04 35
12 KOH K,S,04 29
13 K;PO, K,S,05 42
14 Cs,CO;3 K,S,05 55
15 tBuOK K,S,04 14

“ Isolated yields.
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Fig. 1 The effect of increasing the amount of HPG@KCC-1/PPh,/Au
NPs on the arylation of benzoxazole.

reaction system completely shuts down the reaction (Table 2,
entry 7).

The amount of catalyst is another important factor for the
arylation of benzoxazole (Fig. 1). As shown in Fig. 1, in the
absence of catalyst, no product was obtained. When 0.2-0.8 mg
of catalyst was used in the model reaction, moderate yields of
product were obtained. The best result was achieved when the
model reaction was carried out in the presence of 1 mg of
catalyst. A rise in the catalyst amount gave no yield increase in
the model reaction.

We also investigated the crucial role of time on the arylation
of benzoxazole in the presence of HPG@KCC-1/PPh,/Au NPs as
a catalyst. The results clearly indicated that the catalytic activity
is sensitive to the reaction time. The best time for this reaction
was 7 h. A time of more than 7 h did not cause changes in the
yield of the reaction (Fig. 2).

To further investigate the efficiency of the catalyst, different
control experiments were performed, and the obtained infor-
mation is shown in Table 3. Initially, a standard reaction was
carried out using KCC-1, which showed that no amount of the
desired product was formed after 10 h of reaction time (Table 3,
entry 1). Also, when KCC-1/PPh, and HPG@KCC-1/PPh, were
used as the catalyst, a reaction was not observed (Table 3,
entries 2 and 3). PPh, or HPG could not provide the satisfactory
catalytic activity under mild reaction conditions. Based on these
disappointing results, we continued the studies to improve the
yield of the product by adding Au(m). Notably, there was not
much difference in the reaction yields when the reaction was
carried out using HPG@KCC-1/PPh,/Au NPs and an [Au(bpy)
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Fig. 2 The effect of time on the yield of the arylation of benzoxazole.
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Table 3 The influence of different catalysts for the arylation of
benzoxazole®
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Table 5 Reaction of various allylarenes with benzoxazole in the
presence of HPG@KCC-1/PPh,/Au NPs*

Entry Catalyst Catalyst loading vield’ (%) Entry Allylarene Time (h) Yield® (%)
1 KCC-1 1 mg —

2 KCC-1/PPh, 1 mg — 1 7 87

3 HPG@KCC-1/PPh, 1 mg —

4 HPG@KCC-1/PPh,/Au 1 mol% 87

5 HPG@KCC-1/PPh,/Au 0.8 mol% 87 ) 8 86

6 HPG@KCC-1/PPh,/Au 0.6 mol% 81

7 HPG@Si0,/PPh,/Au 0.8 mol% 59

8 [Au(bpy)Cl,]Cl1 1 mol% 88

“ Reaction conditions: benzoxazole (1 mmol), allylarene (1 mmol),
HPG@KCC-1/PPh/Au NPs (1 mg), K,CO; (1 mmol) and
K,S,05 (1 mmol) were stirred with heating under reflux in TFA (3 mL)
for 10 hours. ? Isolated yields.

CL,]Cl catalyst (Table 3, entries 4 and 8), however, [Au(bpy)Cl,]Cl
was not recoverable or reusable for the next runs. These
observations show that the reaction cycle is mainly catalyzed by
Au(m) species complexed on the HPG@KCC-1/PPh, nano-
structure. The nano-sized particles increase the exposed surface
area of the active site of the catalyst, thereby enhancing the
contact between the reactants and catalyst dramatically,
mimicking homogeneous catalysts. As a result, HPG@KCC-
1/PPh,/Au was used in the subsequent investigations because of
its high reactivity, high selectivity and easy separation. The
results illustrate that the amount of catalyst strongly affects the
reaction progress, and the best result was obtained in the
presence of 0.8 mol% of catalyst (Table 3, entry 5). Also, the
activity and selectivity of the nanocatalyst can be manipulated
by tailoring the chemical and physical properties, such as the
size, shape, composition and morphology. To assess the exact
impact of the presence of KCC-1 in the catalyst, the HPG@KCC-
1/PPh,/Au NPs were compared to HPG@SiO,/PPh,/Au NPs
(Table 3, entries 5 and 7). To check this, we looked at
HPG®@SiO,/PPh,/Au and HPG@KCC-1/PPh,/Au NPs, which
have the same compositions but different structures. When
HPG®@SiO,/PPh,/Au was used as the catalyst, the yield of the
desired product was moderate, but the yield for HPG@KCC-1/
PPh,/Au was good (Table 3, entries 5 and 7). The loading
amount of Au(i) in the HPG@SiO,/PPh,/Au and HPG@KCC-1/
PPh,/Au NPs was determined by inductively coupled plasma
mass spectrometry (ICP-MS). The amount of Au(m) in the
HPG@KCC-1/PPh,/Au NPs was almost double the amount of
Au(m) in the HPG@Si0,/PPh,/Au NPs (Table 4, entries 1 and 3).

Gold(m) leaching was studied by inductively coupled plasma
mass spectrometry (ICP-MS) analysis of the catalyst after ten

Table 4 The loading amount of Au(ii)

Entry Catalyst wt%
1 HPG@Si0,/PPh,/Au 1.8
2 KCC-1/PPh,/Au 3.5
3 HPG@KCC-1/PPh,/Au 3.7
4 KCC-1/PPh,/Au after ten reuses 1.9
5 HPG@KCC-1/PPh,/Au after ten reuses 3.6

This journal is © The Royal Society of Chemistry 2017
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¢ Reaction conditions: allylarenes or methyl acrylate (1 mmol),
benzoxazole (1 mmol), K,CO; (1 mmol), K,S,0g (1 mmol) and
HPG@KCC-1/PPh,/Au NPs (1 mg) were stirred with heating under
reflux in TFA (3 mL) for 6-8 hours. ” Isolated yields.

reaction cycles. The loading amount of gold(m) was found to be
3.6 wt%, which shows negligible gold(m) leaching. These results
confirm the high recyclability of the gold(mr) nanocatalyst (Table 4).
Also, the loading amount of gold(m) in the KCC-1/PPh,/Au NPs
was determined by ICP-MS. The amount of gold(m) in the
HPG@KCC-1/PPh,/Au NPs was almost equal to that in the KCC-1/
PPh,/Au NPs. However, it is interesting that this amount of gold (i)
was almost the same after the catalyst was reused for ten
consecutive cycles of catalysis. The amount of gold(m) in the
HPG@KCC-1/PPh,/Au NPs was approximately double that in the

Au 4f5/2 Au 4f7/2

(a)

intensity (counts)

(b)

92 88 84
binding energy (eV)

Fig. 3 XPS spectra of (a) fresh HPG@KCC-1/PPh,/Au NPs and (b)
HPG@KCC-1/PPh,/Au NPs after ten reuses.
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Fig. 4 SEM image of (a) fresh HPG@KCC-1/PPh,/Au NPs and (b)
HPG@KCC-1/PPh,/Au NPs after ten reuses.

KCC-1/PPh,/Au NPs after ten reuses. This remarkable ability of the
HPG@KCC-1/PPh,/Au mesostructure may be attributed to the
HPG units, which effectively manage the reaction by preventing Au
agglomeration and releasing and recapturing gold during the
reaction process (Table 4).

To examine the scope of the catalytic properties of the
catalyst for the Stille coupling reaction, various types of ally-
larene were reacted with benzoxazole in the presence of a cata-
lytic amount of HPG@KCC-1/PPh,/Au NPs. It is noteworthy that
electron-rich and electron-poor aryl halides react smoothly with
phenyltributyltin under similar reaction conditions. The
electron-rich allylarenes show moderate to excellent reactivity
(81-87% yield) for the formation of the corresponding products
in the C-C coupling reactions under similar reaction condi-
tions. The relative reactivity of allylarenes towards the Au metal
centre decreases in the order: Me > MeO (Table 5, entry 2 and 4).
As shown in Table 5, the C-C coupling reaction of benzoxazole
with chloroallyl arene proceeds smoothly under mild reaction
conditions, giving the desired product in good yield (Table 5,
entry 3). When methyl acrylate was used, the product was ob-
tained under the same conditions (Table 5, entry 5).

To further understand the underlying reason for the signif-
icant difference in recyclability, XPS and SEM were employed to
characterize the fresh and reused HPG@KCC-1/PPh,/Au NPs.
The XPS spectra are shown in Fig. 3. For the fresh HPG@KCC-1/

100

Yield (%)

Reuse

Fig. 5 The reusability of the catalyst for cross-coupling reactions
between allylarenes and benzoxazole.
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Table 6 The effect of HPG@KCC-1/PPh, complexes of metal ions on
the reaction of allylarenes and benzoxazole after 10 h

Entry Metal ion Yield” (%)
1 Au(im) 87
2 Mn(n) 66
3 Cd(u) 64
4 Cu(u) 70
5 Cr (1) 39
6 Ni(u) 76
7 Zn(u) 27
8 Co(u) 51
9 Hg(u) 43

“ Yields refer to the isolated pure product.

PPh,/Au NPs, the Au 4f;5,, and Au 4f;,, binding energies were
determined to be 89.4 and 85.7 eV, respectively. After the cata-
lyst was reused ten times, the 89.4 eV (4f5,,) and 85.7 eV (4f;),)
binding energies were fixed, corresponding to the Au(m)
binding energy (Fig. 3). The SEM images provided further
information about the HPG@KCC-1/PPh,/Au NPs. SEM images
for the fresh HPG@KCC-1/PPh,/Au NPs and the HPG@KCC-1/
PPh,/Au NPs after ten reuses are displayed in Fig. 4. After being
reused ten times, the dandelion-like structure of the catalyst
could still be observed, although the dandelion-like structure
collapsed to some extent. The similarity between the structures
of the fresh HPG@KCC-1/PPh,/Au NPs and the HPG@KCC-1/
PPh,/Au NPs after ten reuses accounts for the high level of
recyclability.

In an effort to make the synthesis more applicable, the
reusability of the catalyst was also examined for the standard
reaction of allylarenes or methyl acrylate with benzoxazole. After
completion of the reaction, the mixture was filtered and the
catalyst was washed with distilled water and methanol, then
dried under reduced pressure. The HPG@KCC-1/PPh,/Au NPs
were found to be effective for reuse in up to ten consecutive
cycles whilst maintaining a high level of activity and selectivity.
The catalytic activity was not reduced extremely after ten cata-
Iytic cycles, showing that the catalyst is stable and can be
regenerated for repeated use (Fig. 5).

In order to study the catalytic activity of various HPG@KCC-
1/PPh, complexes of metal ions, we examined their efficiency
for the reaction of allylarenes and benzoxazole (Table 6). Nine
separate reactions were examined in the presence of Au(m),
Cu(n), Cr(m), Cd(u), Hg(u), Mn(u), Ni(u), Zn(u) and Co(u)
complexes. The results indicate that the catalytic efficiency of
Au(mr) immobilized onto HPG@KCC-1/PPh, was the highest out
of all metal ions tested.

Conclusions

In summary, a novel class of short-fiber KCC-1 mesoporous
silica nanoparticles, functionalized with phosphorus ligands,
was synthesized for the selective capturing of gold(m), and the
nanoparticles exhibited excellent catalytic activity for novel one-
pot C-C coupling reactions for the convenient arylation of

This journal is © The Royal Society of Chemistry 2017
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benzoxazole with good yields. In addition, the catalyst was
easily recoverable and reusable. Such a rational design for
single-site catalysts with the full utilization of each gold(m)
active site, as well as having excellent recyclability and negli-
gible metal leaching, could be favourable for use in green
chemistry. Thus, this study of HPG@KCC-1/PPh,/Au nano-
catalysts may provide a potential platform for the fabrication of
other metal complexes with easy accessibility, which could be
used as highly efficient catalysts for various metal complex-
based catalytic reactions. This process may be used in the
future to develop additional nanocatalysts that possess favor-
able properties, such as efficiency and ease of reuse.
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