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The direct covalent immobilization of the Hoveyda—Grubbs cata-
lyst into hollow mesoporous polystyrene nanospheres is developed
via Friedel-Crafts alkylation without molecular modification for
economical and efficient olefin metathesis.

Olefin metathesis reactions including ring-closing, cross-meta-
thesis, acyclic diene polymerization, and ring-opening
polymerization, catalysed by 1% and 2" generation Hoveyda-
Grubbs (HG) catalysts, are effective and powerful tools for the
construction of carbon-carbon bonds,' with broad appli-
cations in the synthesis of valuable pharmaceuticals,” fine
chemicals,® advanced polymers,* and in the transformation of
biomass into value-added chemicals.” Although homogeneous
olefin metathesis offers obvious advantages in catalytic
activity, the high cost of HG catalysts and their limited recover-
ability and reusability from reaction mixtures severely hinder
their industrial-scale application. Currently, three main strat-
egies have been developed to achieve the recovery and reuse of
HG catalysts, involving encapsulation of HG catalysts in con-
fined spaces,®'® homogeneous catalysis/two-phase separ-
ation," and immobilization of HG catalysts onto solid sup-
ports.”> The encapsulation of HG catalysts into confined
spaces enables the catalysts to promote reactions in a homo-
geneous-like manner, requiring no molecular modification.
Unfortunately, precise control over the pore sizes of the con-
fined spaces is extremely difficult and leads to loss of the HG
catalyst. With respect to the unique advantages of homo-
geneous catalysis, several catalytic and two-phase separation
systems, including tagged switchable-phase catalysts,"® soluble
polymer-supported catalysts," light-controlled and pH-con-
trolled phase strategies,’>"® fluorous catalysts,"” and nanofil-
tration,'® have been developed to achieve homogeneous reac-
tions in one phase followed by separation of HG catalysts in
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another phase. However, to meet the demands of homo-
geneous catalysis, HG catalysts require multi-step molecular
modifications. The immobilization of homogeneous HG cata-
lysts onto solid supports, which not only facilitates their separ-
ation from the reaction mixture but also realizes catalyst re-
cycling, has become a promising strategy in both academic
research and industrial applications. To date, many solid sup-
ports, such as silica-based,'*™° polymer-based,**™° carbon-
based,”*° and magnetic particle-based®'>* materials, have
been developed to achieve the recovery and reuse of catalysts
after the completion of catalytic reactions. Nevertheless, time-
and energy-consuming multi-step molecular modifications of
HG catalysts are also required to install anchoring groups,
such as silanization agents,>*>® 3-pyridyl bromide,*>*?
amides,*” hydroxylates’® and exchangeable ligands,?>?%**
which enable HG catalysts to easily react with solid supports to
achieve their effective immobilization (Scheme 1a). Therefore,
it is highly desirable to develop a simple, convenient and
general strategy for anchoring expensive HG catalysts onto
catalyst supports to realize low-cost chemical synthesis.
Inspired by the direct immobilization of expensive metal
complexes and chiral organocatalysts onto catalyst supports
without molecular modification via Suzuki coupling,® Scholl
reaction,®® and Friedel-Crafts alkylation,>®*"®° the present study
applies Friedel-Crafts alkylation to immobilize the HG cata-
lyst, (1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene)
dichloro(o-isopropylphenylmethylene)  ruthenium  (HG,),
directly onto hollow mesoporous polystyrene nanospheres
(HMPNs) to fabricate an HMPN-supported catalyst
(HG,@HMPNSs) (Scheme 1b). Compared with previously
reported multi-step immobilization strategies (Scheme 1a),
this direct immobilization avoids multi-step molecular modifi-
cation and effectively improves the utilization of the expensive
HG, catalyst. In particular, the as-prepared HG,@HMPNs
possess a well-defined morphology with thin mesoporous shell
and hollow interior, providing an ideal architectural structure
for the reactants to rapidly access Ru catalytic sites. In the
heterogeneous olefin metathesis of allylbenzoates and croto-
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Scheme 1 (a) Synthetic routes for the covalent immobilization of
expensive HG catalysts onto solid supports: multi-step molecular
modification reported in previous works. (b) Direct covalent immobiliz-
ation of HG; catalyst onto HMPNs described in the present work (b).

naldehyde, HG,@HMPNs exhibit comparable catalytic yields
to the homogeneous HG, catalyst.

Owing to the electron-rich 2-isopropoxyphenyl moiety in
the molecular structure of the HG, catalyst, the Friedel-Crafts
alkylation occurs between HMPN-attached benzyl chloride
(-C¢H4CH,Cl) and 2-isopropoxyphenyl in the HG, catalyst. The
conditions of the Friedel-Crafts alkylation including tempera-
ture, reaction time and the amount of FeCl; used are screened
and the loading capacities of the HG, catalyst are shown in
Table S1.1 Under the optimal reaction conditions (60 °C, 36 h,
20 mol% FeCl;), the highest loading capacity of HG, catalyst in
HG,@HMPNs is determined by ICP-OES to be 0.46 mmol g™ .

The successful immobilization of the HG, catalyst onto the
porous shell of HMPNs is confirmed by FT-IR, solid-state *C
CP/MAS NMR and XPS spectra (Fig. 1). Compared with pristine
HMPNs and free HG, catalyst, HG,@HMPNs exhibits FT-IR
characteristic absorption signals of the HG, catalyst, including
the stretching vibrations of Ru=CH at 2976 cm™~' and C-O-C
at 1251 cm™', and the bending vibration of i-Pr at 1382 cm™"
(Fig. 1a). Furthermore, in the *C CP/MAS NMR spectrum of
HG,@HMPNs (Fig. 1b), signals corresponding to the HG, cata-
lyst are observed, including Ru=CH at 288.3 ppm, NCHN at
153.8 ppm, phenyl groups in the range of 120-150 ppm, OCH
at 77.1 ppm, and methyl and isopropyl carbons centered at

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

()

¥

HOGHMPNS 4352 1291
\ A

N Y H‘éﬁrﬁ.«ﬁ"
_— |

V4
N

"
.
v
v

Transmittance (a.u.)

E

4000 3500 3000 2500 2000 1500 1000 500300 250 200 150 100 50 0
Wavenumber (cm“) Chemical Shift (ppm)

(c) Rudp

450 460 470 480 490 200 300 400 500 600 700
Binding Enorgy (oV) Binding Energy (oV)

Fig. 1 (a) FT-IR of the HG; catalyst, HMPNs and HG,@HMPN:Ss. (b) Solid-
state 1*C CP/MAS NMR spectra of HMPNs and HG,@HMPNSs. (c) The XPS
spectrum of Ru 3p in HG,@HMPNs and (d) the XPS spectrum of
HG,@HMPNSs.

22.6 ppm. The intensity of the chloromethyl signal at
65.1 ppm is weakened, and a new peak at 58.2 ppm is assigned
to a -CH,- linkage emerges, indicating reaction of -CH,Cl
moieties of HMPNs and the electron-rich 2-isopropoxyphenyl
group in the HG, catalyst. Additionally, the XPS spectra show
the binding energies of all elements in HG,@HMPNs, includ-
ing C 1s at 283.2 eV, O 1s at 398.7 eV, N 1s at 531.6 eV
(Fig. 1d), Ru 3py, at 462.2 eV and Ru 3p3, at 484.4 eV
(Fig. 1c), respectively. The binding energy of CI 2p at 199.5 eV
indicates that some benzyl chloride moieties in HMPNs have
not been completely consumed during the immobilization of
the HG, catalyst (Fig. 1d), which is consistent with the result
obtained from '*C CP/MAS NMR. Based on the above-men-
tioned results, it is confirmed that the HG, catalyst is success-
fully anchored onto the porous shell of HMPNs via a -CH,—
linkage.

As observed from the SEM images (Fig. 2a and b),
HG,@HMPNs retains the well-defined spherical morphology
of their parent HMPNs, with particle size distribution of 224 +
12 nm (n = 100) (Fig. 2i) compared to that of 201 + 12 nm for
HMPNSs (n = 100) (Fig. 2j). Owing to the pillaring effect of the
anchored bulky HG, catalyst, the particle size of HG,@HMPNs
is increased by about 23 nm. The TEM (Fig. 2e and f) and
HAADF (Fig. 2c and d) images, clearly reveal a hollow interior
is for both HMPNs and HG,@HMPNSs. Furthermore, TEM-EDS
elemental mappings of C and N atoms indicate that the HG,
catalyst is evenly distributed on the porous shell of
HG,@HMPNs (Fig. 2g and h). Upon anchoring of HG, onto
HMPNs, the resultant HG,@HMPNs exhibit no significant
change in the volume of adsorbed N, (Fig. 2k). However, the
pore size becomes narrow due to the space occupied by the
anchored HG, catalyst, and some smaller mesopores centered
at 5.2 nm and 7.5 nm are newly constructed in the shell of
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Fig. 2 SEM images of (a) HMPNs and (b) HG,@HMPNs. HAADF of (c)
HMPNs and (d) HG,@HMPNs. TEM images of (e) HMPNs and (f)
HG,@HMPNs. TEM-EDS mappings of (g) carbon and (h) nitrogen for
HG,@HMPNs. Particle size distributions of (i) HG,@HMPNs and (j)
HMPNs based on the SEM images. (k) N, adsorption—desorption iso-
therms and (1) pore size distributions of HMPNs and HG,@HMPNs.

HG,@HMPNs (Fig. 21). Overall, the as-fabricated
HG,@HMPNs possess spherical morphology similar to their
parent HMPNs with a hollow interior and a thin and meso-
porous shell, which facilitates fast mass transfer of reactants to
the Ru catalytic sites during heterogeneous catalysis.®"

The conditions of the HG,@HMPN-promoted hetero-
geneous olefin metathesis reaction between allylbenzoate and
crotonaldehyde,®” including solvent, reaction temperature and
the amount of catalyst used, were optimized and the details
are shown in Table 1. When the amount of HG, catalyst used
in HG,@HMPNs is set to 1.0 mol%, the product is afforded at
its highest yield (39%) in toluene at 20 °C during 30 min of
reaction. This result is attributed to non-polar toluene being
more suitable than other solvents for the generation of weakly
polar intermediates in the catalytic cycle. Upon increasing or
decreasing the reaction temperature, no better yield of product
is obtained. When the amount of anchored HG, catalyst is
increased from 1.0 mol% to 5.0 mol%, the yield of product is
significantly improved to 83%. However, subsequently dou-
bling the dosage of HG, catalyst to 10 mol% leads to a
decreased yield (80%), likely due to reduced swellability of
HG,@HMPNs in toluene (2 mL), resulting in narrower pore
sizes that restrict access of reactants to the interior Ru catalytic
sites.”” Furthermore, no better yield is obtained by prolonging
the reaction time to 40 min. It is concluded that the best yield
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Table 1 Optimization of heterogeneous olefin metathesis reaction
conditions?®

o o

P PN HG,@HMPNs (x mol%) o H
o NF -+ N9 —M > o
©)k el ©)L ~y

Temp. Time Cat. Yield”
Entry Solvent (°C) (min) (mol%) (%)
1 Toluene 20 30 1.0 39
2 DCM 20 30 1.0 28
3 DCE 20 30 1.0 36
4 THF 20 30 1.0 30
5 CHCl; 20 30 1.0 33
6 DMF 20 30 1.0 20
7 Acetone 20 30 1.0 25
8 Methanol 20 30 1.0 15
9 Ethanol 20 30 1.0 10
10 DMSO 20 30 1.0 26
11 Toluene 0 30 1.0 21
12 Toluene 30 30 1.0 33
13 Toluene 40 30 1.0 34
14 Toluene 50 30 1.0 32
15 Toluene 60 30 1.0 32
16 Toluene 20 30 3.0 64
17 Toluene 20 30 5.0 83
18 Toluene 20 30 10.0 80
19 Toluene 20 20 5.0 72
20 Toluene 20 40 5.0 83

“Reaction conditions: allylbenzoate (162.2 mg, 1.0 mmol), crotonalde-
hyde (70.1 mg, 1.0 mmol), HG,@HMPNSs, solvent (2 mL), 30 min.
bIsolated yields.

(83%) is obtained during heterogeneous catalysis using
HG,@HMPNs under the following optimal conditions: toluene
(2 mL), 5.0 mol% of HG, catalyst in HG,@HMPNSs (108.0 mg),
substrates (1.0 mmol), 20 °C, 30 min. In particular, the self-
metathesis of allylbenzoate has also been confirmed,** while
crotonaldehyde is not fully consumed under the optimized
conditions.

Under the optimal reaction conditions, the substrate scope
was expanded to various allylbenzoates to further evaluate the
catalytic activity of HG,@HMPNs (Scheme 2). Whatever the
electron-donating (R' = CH;, CH,CHj, t-Bu) or electron-with-
drawing substituent groups (R; = F, NO,) that are attached to
the phenyl ring of the allylbenzoates, HG,@HMPNs affords
good product yields (81-88%) comparable to those when using
the homogeneous HG, catalyst (83-90%). The reduction in
yield of less than 3% suggests that the characteristic mor-
phology of HG,@HMPNs with their hollow interior and meso-
porous and swellable shell facilitates efficient mass transfer of
reactants to the Ru catalytic sites, even under heterogeneous
conditions. Unfortunately, HG,@HMPNs promote the reac-
tions of bulky allyl naphthalate and allylbenzoate (R, = Ph)
with crotonaldehyde to afford the corresponding products in
significantly lower yields. Compared with the homogeneous
HG, catalyst, HG,@HMPNs afford the corresponding products
with yield reductions of 8% and 13%, respectively. The reason
for this is attributed to limited mass transfer within the
porous channels of HG,@HMPNSs, where bulky allylbenzoates
bearing naphthyl and biphenyl moieties encounter steric hin-

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Olefin metathesis of various allylbenzoates with crotonalde-
hyde catalysed by HG,@HMPNs (Cat. A) and homogeneous HG; catalyst
(Cat. B). Reaction conditions: allylbenzoates (1.0 mmol), crotonaldehyde
(70.1 mg, 1.0 mmol), toluene (2 mL), HG,@HMPNs (108.0 mg, 5.0 mol%
of HG; catalyst), 20 °C, 30 min.

drance from the pore walls, leading to limited access to
interior Ru catalytic sites. To improve the reactivity of bulky
allylbenzoates, the amount of cross-linking agent (DVB) used
in the preparation of HMPNs was reduced by 20%. The
obtained HG,@HMPNs with their enhanced swellability
affords products at significantly improved yields of 84% and
81%, respectively, due to the larger pore sizes of HMPNs in
organic solvent. Unfortunately, a further decrease, where the
amount of DVB was reduced by 40% causes HMPNs to lose
their well-defined spherical morphology. Moreover, in com-
parison with homogeneous catalysis, there is no change in the
E/Z outcomes of products.

Following completion of the olefin metathesis of 2,4,6-tri-
methylbenzoate and crotonaldehyde, HG,@HMPNs can be
easily recovered via centrifugation, washed with ethyl acetate,
dried naturally, and reused directly in subsequent catalytic
cycles. As shown in Fig. 3a, gram-scale heterogeneous olefin
metatheses show no significant decrease in yield during eight
cycles of using HG,@HMPNs. The morphology, Ru content
and porous structure of the 8"-reused HG,@HMPNs were
characterized by SEM, ICP-OES and N, adsorption-desorption
isotherms. It can be seen from the SEM image that the 8-
reused HG,@HMPNs maintain the well-defined spherical mor-
phology observed in the freshly made HG,@HMPNs (Fig. 3b),
indicating that HG,@HMPNs possess good mechanical stabi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Yields of product following the reuse of HG,@HMPNSs during
the olefin metathesis of allylbenzoate and crotonaldehyde under the
following conditions: 2,4,6-trimethylbenzoate (1.02 g, 5.0 mmol), croto-
naldehyde (0.35 g, 5.0 mmol), toluene (10 mL), HG,@HMPNs (0.54 g,
5.0 mol% Ru), 20 °C, 30 min. (b) SEM image of the 8"-reused
HG,@HMPNSs. (c) N, adsorption—desorption isotherms and (d) pore size
distributions of the pristine and 8t"-reused HG,@HMPNs.

lity. Furthermore, the Ru content in the 8"-reused
HG,@HMPNSs, as determined by ICP-OES, was found to be
0.44 mmol g7, revealing that the covalently anchored HG,
catalyst exhibits good chemical stability during repeated cata-
Iytic processes. Notably, the Ru concentration in the corres-
ponding reaction mixtures remained in the range of
0.008-0.012%o0 during the catalytic cycles, as measured by
ICP-OES. Following purification of the reaction residue by
column chromatography, no detectable ruthenium was found
in the isolated pure products. Moreover, the N, adsorption-de-
sorption isotherms reveal no obvious change in the total
adsorbed volume of N, (Fig. 3c). In contrast, the pore size dis-
tribution of the 8™-reused HG,@HMPNs differs greatly in
comparison with that of the pristine sample. The mesopores
originally centered at 5.2 nm and 7.5 nm disappear, while new
micropores centered at 1.3 nm have emerged, possibly result-
ing from the accumulation of reactants and/or products within
these pores. Owing to the maintenance of the mesopores
above 8 nm, the mass transfer of reactants is not significantly
affected. Therefore, it is considered that the blockage of the
mesopores by reactants and/or products and the negligible
loss of anchored Ru catalyst are responsible for the small
decreases in yield during the reuse of HG,@HMPNSs.

In this communication, the HG, catalyst is directly immobi-
lized onto HMPNs via Friedel-Crafts alkylation, without prior
molecular modification. This strategy avoids the previously
reported multi-step molecular modification of the catalyst,
effectively improving the utilization of the HG, catalyst. The
as-fabricated HMPN-supported HG, catalyst possesses a
hollow interior and a thin, mesopore-abundant shell, provid-
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ing an architecture ideally suited to the fast mass transfer of
reactants to facilitate access to Ru catalytic sites. In the hetero-
geneous olefin metathesis of allylbenzoates and crotonalde-
hyde, comparable yields to homogeneous counterparts and
good reusability of the catalyst can be achieved. Overall, this
direct immobilization of the HG, catalyst onto HMPNs via
Friedel-Crafts alkylation provides a reference for the immobil-
ization of other expensive HG catalysts, achieving the low-cost
synthesis of fine chemicals.
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