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Continuous-flow syntheses using immobilized catalysts can
offer efficient chemical processes with easy separation and
purification. Porous polymers have gained significant interests
for their applications to catalytic systems in the field of organic
chemistry. The porous polymers are recognized for their large
surface area, high chemical stability, facile modulation of
surface chemistry, and cost-effectiveness. It is crucial to
immobilize transition-metal catalysts due to their difficult
separation and high toxicity. Supported phosphine ligands
represent a noteworthy system for the effective immobilization
of metal catalysts and modulation of catalytic properties.

1. Introduction

Continuous-flow reactions are attracting significant attention as
novel synthetic tools in the field of organic chemistry due to
numerous advantages over batch systems." The benefits of the
continuous-flow system are truly evident when considering
reaction conditions and reactor geometries. For example, micro-
or milliflow reactors often provide efficient heat exchange,
good mixing, and precise control over reaction time. These
advantages have been theoretically studied based on fluid
dynamics.? Moreover, continuous-flow systems facilitate early-
stage scale-out of reactions, allowing for effective on-demand
production in compact and reconfigurable setups. These setups
can be seamlessly integrated with computer- and/or artificial
intelligence (Al)-aided automated systems.” Particularly, contin-
uous-flow synthesis using immobilized catalyst, where the
catalytic species is supported on a solid material and securely
fixed in a reactor, is desired to enable catalytic reactions while
simultaneously facilitating efficient separations between cata-
lysts and reaction solution.®

One drawback of immobilized catalysts is relatively lower
catalytic activities and selectivities compared with those of their
homogeneous counterparts. To address these challenges,
porous materials have emerged as promising solutions, show-
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Researchers have been actively pursuing strategies involving
phosphine-metal complexes supported on porous polymers,
aiming for high activities, durabilities, selectivities, and applic-
ability to continuous-flow systems. This review provides a
concise overview of phosphine-metal complexes supported on
porous polymers for continuous-flow catalytic reactions. Poly-
mer catalysts are categorized based on pore sizes, including
micro-, meso-, and macroporous polymers. The characteristics
of these porous polymers are explored concerning their
efficiency in immobilized catalysis and continuous-flow systems.

casing success in immobilized catalysis due to their intriguing
structures featuring large surface areas, size-selective incorpo-
ration of guest molecules, and permanent porosity for
improved mass transport and selective molecular conversions."
IUPAC recommendations classify pores into micro- (<2 nm),
meso- (2-50 nm), and macropores (> 50 nm).”’ The microporous
structures of support materials play a crucial role in enhancing
catalytic durability and selectivity. Single-site catalytic centers
and size-controlled pore networks become pivotal and can be
designed based on the chemical structures of precursors.! On
the other hand, meso- and macropores primarily influence mass
transfer and fluid dynamics on immobilized catalysts. In
continuous-flow applications, the hydrodynamic properties
within a column reactor are key factors for efficient mass
transport on immobilized catalysts.” Several types of porous
materials have indeed demonstrated their feasibility in organic
reactions in continuous-flow systems.

The concept of the immobilized catalysts is pivotal in
organic syntheses using transition metals, addressing chal-
lenges such as high costs, difficult separation, and high toxicity.
Effectively heterogenizing and modulating metal catalysts can
be achieved by introducing supported ligands on insoluble
materials. Researchers often prioritize inorganic materials for
immobilized transition-metal catalysts due to their superior
thermal and physical stability. Among these, silica-based
catalysts stand out as representative due to their wide
accessibility, various processing methods, excellent thermal
stability, tunable porosity and size, and the availability of
surface modification for introducing ligands.”” On the other
hand, synthetic polymers have played a crucial role in
advancing immobilized catalysts, offering high chemical stabil-
ity, easy chemical functionalization, and cost-effectiveness.”
Synthetic polymers allow the incorporation of functional groups
through surface-grafting, co-polymerization, or encapsulation
methods. Various types of polymer-supported ligands have
been developed using linear polymers,” polymer resins,'
polymer capsules,"” and porous polymers™” for diverse tran-
sition-metal catalysis.

Tertiary phosphines stand out as the most widely utilized
organic ligands for various catalytically important transition
metals, including Ru, Ir, Rh, Pd, Ni, and Co, as seen in the wide
range of immobilized catalysis such as hydrogenations,?
hydroformylations, oxidations,!"¥ cross-couplings,
metatheses,"® and so on. By carefully tuning the chemical

[15]
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structure of substituents on the phosphorus atom, the steric
and electronic properties around the ligated metal center can
be modulated to tailor the reactivity and selectivity of the
catalytic system. The exploration of catalytic systems featuring a
variety of phosphine-metal complexes has progressed signifi-
cantly, especially when combined with porous materials.
Comprehensive reviews on phosphine-metal complexes sup-
ported on porous polymers have thoughtfully published
elsewhere.*'”

Porous polymers can be systematically categorized based
on their pore sizes. The micropores of metal organic frameworks
(MOFs), covalent organic frameworks (COFs), and porous
organic polymers (POPs) prove advantageous hosting single-
site catalytic centers and size-controlled pores, thereby enhanc-
ing catalytic performance. These polymers are meticulously
designed based on the chemical structures of precursors
(Figure 1a). In terms of the hydrodynamic and mass transfer
properties crucial for continuous-flow reactors, macroporous
polymer beads and monoliths have demonstrated significant
potential (Figure 1b). This review focuses specifically on the
continuous-flow applications of porous polymer catalysts. The
design of porous structures featuring supported phosphine
ligands, continuous-flow reactor systems, and catalytic perform-
ances of the immobilized catalysts will be briefly summarized.

2. Micro- and Mesoporous Polymers

In the past decades, the field of porous materials has
experienced revolutionary growth, witnessing the emergence
of novel materials such as MOFs,"® COFs,"® and POPs.”® These
porous materials exhibit unique properties, extensively docu-
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Figure 1. Porous polymers containing phosphine-metal complexes as immo-
bilized catalysts for continuous-flow reactions.

mented for their tunable pore structures, diverse functionalities,
and high stability. Micro- and mesoporous polymers, in
particular, have proven their feasibility in applications to
storage, separation, and catalysis.”" In catalytic applications, the
rigid and chemically designable scaffolds of porous frameworks
offer a reaction space suitable to molecular conversion in
variety of reaction systems. The following section provides a
summary of the continuous-flow application of phosphine-
containing micro- and mesoporous polymers to transition-metal
catalysis.
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2.1. MOFs experiment of vapor-phase formic acid decomposition, the Ru-

For decades, coordination polymers have held a place in the
realm of chemistry. A significant stride in coordination polymer
chemistry has been achieved through the development of
thermally stable porous coordination polymers (PCPs). Among
them, MOFs have emerged as valuable materials with diverse
applications, including gas storage,”? separation,”® sensing,*”
drug delivery,” and catalysis.”® MOFs feature an open frame-
work where inorganic clusters or isolated metal ions are bridged
by organic ligands, creating a permanent microporosity. The
choice of metal and ligand species allows for the creation of a
variety of pore structure, providing control over pore size and
volume. The microporous reaction space with tunable pore size
proves highly attractive for enhancing selectivity in catalytic
reactions. Due to their structural and chemical versatilities,
stabilities, and excellent microporosities, MOF catalysts have
demonstrated superior catalytic performance compared to their
homogeneous counterparts.””

Redondo and co-workers reported a Ru-catalyzed dehydro-
genation of formic acid under continuous-flow conditions
(Figure 2).”® They employed a phosphine-containing MOF (LSK-
15) with a formulation of [Al;O(Cl,OH)(NH,—CgH;0,),6.(PPh,-
CgH30,)036],, originally developed by the authors.” Formic acid
is considered an ideal H, source and H,-storage material due to
its high hydrogen content of 53 g-H, L™" (or 4.4 wt%). The
selective catalysis of decarboxylation (formation of H, and CO,)
over decarbonylation (formation of H,0 and CO) is crucial for
efficient H, utilization.®® Numerous studies on formic acid
decomposition via decarboxylation using both homogeneous®"
and immobilized®? catalysts have been reported. Ru was
supported on the LSK-15 by loading of [Ru(p-cym)Cl,], to form
Ru-supported LSK-15 (Ru-LSK-15). The LSK-15 maintained its
crystalline structure upon the Ru loading while decreasing its
pore volume from 1.26 to 0.6 cm®g~', which indicated the
incorporation of Ru complex inside the cage of LSK-15. The
dehydrogenation of formic acid was performed using a fixed
bed of Ru-LSK-15 in a column reactor. Optimizing the reactor
temperature, the Ru-LSK-15 exhibited excellent activity (88 +
8% formic acid conversion, 2400+580 h™' turnover frequency
(TOF)) and selectivity to H, over CO (>99%). In a long-term

(a) 2 Ve 1
.\‘LJ M 1,‘: ‘L T
¥ S ’ . ]
X J \ Jat’ Ru :
“ |, | B
,’r - : :h w? « I) "d
Ru-LSK-15
(b) \ _
Ru-LSK-15 on fixed bed ~96% conversion
HCO,H H.+CO, >99% selectivity

£ 2 2300+ 570 h' TOF
1,290,000 TON (23 days)

2 145°C

Figure 2. (a) MOF containing monophosphine-Ru complex (Ru-LSK-15) and
(b) dehydrogenation of formic acid with the fixed bed of Ru-LSK-15 in
continuous-flow system. Adapted with permission from reference [28].
Copyright 2015 American Chemical Society.
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LSK-15 demonstrated a constant TOF (23004570 h™") and
achieved a high turnover number (TON) (1290 000) without
measurable deactivation over 23 days at 145°C. Transmission
electron microscopy (TEM) analysis of the spent Ru-LSK-15
showed no aggregation of supported Ru even after 23 days of
continuous-flow operation, suggesting the effective prevention
of Ru aggregation through strong coordination of phosphine
within the micropores.

Another successful application of MOF catalyst to a
continuous-flow synthesis was reported by Rimoldi and co-
workers (Figure 3).5% They chose NU-1000, composed of Zr,
oxide metal nodes and 1,3,6,8,-tetrakis(p-benzoic acid)pyrene
as tetratopic linkers, to form a mesoporous network with 30 A
channels. This MOF served as the scaffold for supporting bis-
phosphinite-Ir pincer complex (Ir-NU-1000). Typically, the direct
incorporation of a phosphine moiety into a MOF may lead to
partial oxidation during synthesis, resulting in deterioration of
well-defined coordination sites for complexation with metal
catalysts.®” To address this issue, the authors employed a
solvent assisted ligand-incorporation (SALI), a post-synthetic
functionalization method, for the preparation of Ir-NU-1000. *'P
solid-state nuclear magnetic resonance spectroscopy (SS NMR)
confirmed that the successful incorporation of the carboxylic-
acid-functionalized pincer complex into the MOF. The resulting
Ir-NU-1000 was evaluated for its catalytic activity and compared
with a homogeneous Ir pincer complex in the hydrogenation of
1-decene and styrene. Under batch conditions, the TOFs of Ir-
NU-1000 were 2.3 h and 7.2 h™' for the conversions of 1-decene
and styrene, respectively, which were significantly higher than
those of the homogeneous system (0.3 and 0.1 h™’, respec-
tively). Moreover, no detectable leaching of the supported Ir
occurred in the reaction mixture, suggesting the strong
chelation of Ir by the bis-phosphinite pincer ligand. The
applicability of Ir-NU-1000 to continuous-flow hydrogenation
was confirmed using a fixed-bed reactor. The Ir--NU-1000 was
mixed with silica and deposited in a tubular reactor over a layer
of quartz wool, and employed for gas-phase ethene hydro-
genation under continuous-flow conditions. The TOF was
0.32s™" at 50°C, 1 bar (rel.) total gas pressure (ethene/H, 1:1).
At 23°C and 0.5 bar (rel.) total gas pressure, the continuous-

(2)

HH
'Eu;ﬁ’—]r—ﬁ‘au;
5 &

Ir-NU-1000

(b)
Ir-NU-1000 on fixed bed 72-76% yield
H,+CH, 23°C, 0.5 bar (rel.) C.H; 0.32 sec” TOF
(24 h, 50°C, 1 bar (rel.))

Figure 3. (a) MOF containinig bis-phosphinite-Ir pincer complex (Ir-NU-1000)
and (b) hydrogenation of ethene with the fixed bed of Ir-NU-1000 in
continuous-flow system. Adapted with permission from reference [33].
Copyright 2016 The Royal Society of Chemistry.
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flow reactor of Ir-NU-1000 was durable over 24 h on stream
and showed minor losses of activity (only 4%).

Despite the feasibility of MOFs for immobilized catalysis, the
transition from batch to continuous-flow systems remains
limited. The inherent challenge arises from the typical formation
of MOFs in polycrystalline powder, leading to difficulties in
processing and handling within continuous-flow setups. This
issue results in potential pressure drops, reactor clogging, and
complicated recovery procedures. Addressing these challenges
necessitates the formation and shaping of MOF catalysts into
suitable forms, which is a task that is not easily accomplished.”

2.2. POPs

In the past decade, POPs have emerged as focal points in the
field of catalytic chemistry due to their large surface area,
controllable pore size, and high chemical durability. The POPs
are amorphous polymers, extensively and covalently cross-
linked, and primarily composed of C, O, N, and P. The porous
polymer backbone of the POPs allows the integration of organic
functional ligands, supporting transition-metal complexes for
diverse catalytic applications.®’® Consequently, POPs featuring a
broad range of phosphine moieties have spurred the develop-
ment of polymer-supported phosphine-metal complexes, in-
cluding Pd, Ir, Rh, and Ru complex.

Gunasekar and co-workers developed a bisphosphine-Ru
complex supported on POP for the continuous-flow conversion
of CO, into N,N-dimethylformamide (DMF) through hydro-
genation (Figure 4).*” The synthesis involved the conjugation of
tetrakis(4-bromophenyl)methane and 1,2-
bis(dichlorophosphino)ethane, followed by metalation with a
methanolic solution of RuCl;, resulting in a Ru-coordinated POP
(Ru-POP-BP). The Ru-POP-BP catalyst featured a structure
comprising micro- and mesopores (9.7 nm mean pore size) and
a 469 m?’g~" Brunauer-Emmett-Teller (BET) surface area. For
continuous-flow CO, hydrogenation, a specially designed
trickle-bed reactor system was employed. A Trickle-bed reactor
is one of fixed-bed reactors where liquid and gas phases
concurrently flow through a fixed bed of catalysts,*® and has

Ru-POP-BP
(b) Ru-POP-BP on trickle bed
CO, + H, + Me,NH TR DMF + H,0
e .
s 40-52% yield
140°C, 12 MPa 815 mmal I g,

productivity (60 l'u1)

Figure 4. (a) POP containing bisphosphine-Ru complex (Ru-POP-BP) and (b)
hydrogenation of CO, with the trickle bed of Ru-POP-BP in continuous-flow
system. Adapted with permission from reference [37]. Copyright 2020 Wiley-
VCH GmbH, Weinheim.
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been widely used in chemical manufacturing of not only
traditional petrochemicals but also biochemicals and fine
chemicals.®” The reactor system offers advantages in terms of
mixing, heat transfer, scalability, energy efficiency, and sustain-
ability during the continuous-flow processes. Remarkably, the
Ru-POP-BP catalysts exhibited unprecedented activity in both
batch (29,000 h™" initial TOF and 160,000 TON) and continuous-
flow processes (915 mmolh™" productivity per gram of Ru, 60 h
on stream). The catalytic efficacy remained stable through
successive runs in the batch system and durable over a long-
term operation in the continuous-flow system.

In industrial processes, the hydroformylation of olefins
stands out as a crucial homogeneous catalysis for synthesizing
aldehydes and alcohols (ca. 10.4 million metric ton year™").“” To
achieve stable and recyclable catalysts for hydroformylations,
extensive investigations have explored the use of porous
materials.*” Phosphine- or phosphite-Rh complexes are re-
nowned catalysts for efficient and selective hydroformylation,*”
and efforts have been made to immobilize the complexes on
POPs.*¥ Jiang and co-workers demonstrated the effectiveness
of three-fold cross-linking triphenylphosphine polymers in
providing excellent catalytic activity and durability under
continuous-flow Rh-catalyzed hydroformylation (Figure 5).%
The POP with a triphenylphosphine moiety (POP-TPP) has been
previously synthesized,”*' utilizing a three-fold vinylated triphe-
nylphosphine polymerized in an autoclave under solvothermal
condition. Serving as both support materials and ligands, the
POP-TPP featured large surface area and pore volume of
1086 m*g™" and 1.70 cm®g~’, respectively. In the continuous-
flow hydroformylation of ethylene catalyzed by Rh-supported
POP-TPP (Rh-POP-TPP) within a fixed-bed reactor, Rh-POP-TPP
with a 0.125 wt% Rh loading achieved a 96.2% conversion of
ethylene and a 96.1% selectivity for propanal at 120°C and
1.0 MPa total pressure (ethylene/CO/H,=1:1:1). Notably, the
Rh-POP-TPP exhibited a higher TOF (4530 h™") than those of
SiO,-supported Rh(CO),(acac) and HRh(CO)(PPh;); (30 and
1091 h™' TOF, respectively). The authors attributed the superior

(a)

__ By f B
(,>'D"?'O D‘?'O{){:}P 2
<0 075< N =
/ b O L

POP-TPP POP-BPP&TPP

(b) Rh-POP-TPP on fixed bed 96% conversion
» C,H.CHO 96% selectivity

4 =
C,H,[ 120°C, 1.0 MPa HESHFITOR
CO+H,
+ C,H,| Rh-POP-BPP&TPP on fixed bed
36 L
70°C, 0.5 MPa St

96% selectivity
24 .2 linear/branch ratio
1209 h™' TOF

Figure 5. (a) POPs containing monophosphine (POP-TPP) and mono/bi-
sphosphite (POP-BPP&TPP), and (b) hydroformylations with the fixed beds
of Rh-supported POPs in continuous-flow system. Adapted with permission
from reference [44]. Copyright 2015 Elsevier. Adapted with permission from
reference [46]. Copyright 2016 The Royal Society of Chemistry.
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catalytic efficiency of the Rh-POP-TPP to the dual role of POP-
TPP matrix as both support materials and ligands. The
hierarchical porosity of the POP-TPP was suggested to facilitate
full access of Rh molecules to the pore surface decorated with
triphenylphosphine for complexation. The dispersion of single
Rh atoms within the Rh-POP-TPP was confirmed by high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), K-edge X-ray absorption fine structure (EXAFS),
and extended X-ray absorption fine structure (XANES).

Li and co-workers developed a series of phosphine-contain-
ing POPs where BiPhePhos and triphenylphosphine were cross-
linked within the same scaffold for continuous-flow hydro-
formylations (Figure 5).*° By copolymerizing the two-fold
vinylated BiPhePhos with tris(4-vinylphenyl)phosphane under
solvothermal conditions, a POP containing dual phosphine
ligands (POP-BPP&TPP) was successfully obtained. The resulting
POP exhibited a synergistic effect for high regioselectivity and
stability in Rh-catalyzed hydroformylation. A Rh-supported POP-
BPP&TPP (Rh-POP-BPP&TPP) was prepared by impregnating
the POP-BPP&TPP with a THF solution of Rh(CO),(acac). Rh-
POP-BPP&TPP (BiPhePhos and triphenylphosphine ratio of 1:10
w/w) showed large BET surface area (1059 m?’g~") and pore
volume (2.32 cm®g™"), almost identical to those of the original
POP-BPP&TPP. Coordination between the P atom and Rh was
confirmed using *'P SS NMR, EXAFS, and XPS characterizations
of the Rh-POP-BPP&TPP. Rh K-edge k*-weighted Fourier trans-
form spectra from EXAFS revealed that Rh was dispersed as a
single atom on the POP and coordinated by approximately one
Biphephos and one triphenylphosphine for each Rh. For
continuous-flow hydroformylation, the Rh-POP-BPP&TPP was
packed in a column reactor (40 cm length and 9 mm inner
diameter) with a filling material (quartz sand and silica wool).
The catalytic performance was evaluated in the hydroformyla-
tion of propene at 70°C and 0.5 MPa total pressure (propene/
CO/H, 1:1:1). The Rh-POP-BPP&TPP showed better TOF
(1209.0 h™") and selectivity (93.0% aldehyde yield, 24.2 linear to
branched aldehyde (//b) ratio) than those of Rh-supported
BiphePhos on SiO, catalyst (356.3 h™' TOF, 86.1% aldehyde
yield, and 15.6 I/b ratio). Interestingly, increasing the incorpo-
ration ratio of BiphePhos to triphenylphosphine moiety (from
1:10 to 3:10 w/w) drastically enhanced TOFs (from 1100 to
1500 h™") and I/b ratio (from 21.5 to 29.6) and further increment
of BiPhePhos ratio deteriorated the TOF due to decreased
accessibility into pore surface. It is noteworthy that any leaching
of Rh in the eluent from the reactor was not detected, and the
supported Rh did not aggregate to form nanoparticle on the
Rh-POP-BPP&TPP during 1000 h on stream. The durability of
the Rh-POP-BPP&TPP suggested the strong multi-coordination
from BiPhePhos and triphenylphosphine within the porous
network. The same research group also reported detailed
studies on the synergistic effect of POP-BPP&TPP in terms of
chemical structure of phosphine ligands as cross-linkers.*”

Recently, the regioselective hydrogenation of a,B-unsatu-
rated aldehyde to unsaturated alcohol has attracted great
interests in fine chemicals synthesis. In particular, the hydro-
genation of cinnamaldehyde (CAL) is valuable for the synthesis
of drugs, flavors, and perfumes.®® Much attention has been
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paid to Ru-phosphine complex because of the relatively low
cost of Ru among platinum group metals,*? and immobilized
catalysts supporting the Rh complex have been reported.””
Chen and co-workers reported a Ru-catalyzed regioselective
hydrogenation by the combination of Ru-supported POP-TPP
(Ru-POP-TPP) and a continuous-flow reactor (Figure 6).°" Im-
pregnation of POP-TPP in a MeOH solution of RuCl; afforded
Ru-POP-TPP, where micro- and mesoporosity was maintained,
and coordination between Ru and P was confirmed using X-ray
photoelectron spectroscopy (XPS) and *'P SS NMR. The resulting
Ru-POP-TPP was applied to heterogeneous and regioselective
hydrogenation of CAL in a continuous-flow system using a
trickle-bed reactor. The Ru-POP-TPP (40 cm length and 6 mm
inner diameter) was set up, and CAL solution in a ‘BuOH/H,0
mixture (22:3 v/v) and H, were concurrently fed from the top of
the reactor and flowed downward at 50°C and 5.0 MPa.
Compared with ZSM-35, activated carbon, and SiO,, POP-TPP
showed the highest performance in supporting Ru at the initial
stage during the continuous-flow hydrogenation of CAL. It was
found that the selectivity of Ru-POP-TPP for the conversion of
CAL into cinnamyl alcohol (COL), hydrocinnamaldehyde (HCAL),
and hydrocinnamyl alcohol (HCOL) was significantly dependent
on the reaction temperature and H, pressure. The long-term
durability of the Ru-POP-TPP was tested in the continuous-flow
hydrogenation of CAL over 312h on stream. The stable
conversion of CAL (55%) and selectivity to COL (63%) were
provided without leaching and aggregation of Ru catalysts.

The hydrosilylation of alkynes has attracted much interests
due to its high efficiency and atom economy for vinylsilanes,
which are crucial intermediates in organic syntheses.®? For
selective alkyne hydrosilylation, transition-metal catalysts con-
taining precious metals such as Pt,®* Rh,** Ry, and Pd®® have
been employed. Recently, several groups have focused on
developing selective hydrosilylation of alkynes using non-pre-
cious metal catalysts in the presence of well-designed homoge-
neous ligands.®”! Zhou and co-workers achieved the hydro-
silylation of alkynes using Xantphos-Ni complex supported on
POP with good reusability (Figure 7).°® Four-fold cross-linking

(b) «_ch RU-POP-TPP on tickle bed /\Jr/CHO
H. +
2" Ph ST B OHH,0 R
50°C, 5. MPa
o ~~-CH,OH

55% conversion
63% selectivity for COL (312 h)
without Ru leaching

Figure 6. (a) POP containing phosphine-Ru complex (Ru-POP-TPP) and (b)
hydrogenation of CAL with the trickle bed of Ru-POP-TPP in continuous-
flow system. Adapted with permission from reference [51]. Copyright 2017
Springer Nature.
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Figure 7. (a) POP containing Xantphos (POP-Xantphos) and POP-TPP, and
(b) hydrosilylation of 1-decyne with the fixed beds of Ni- or Co-supported
POPs in continuous-flow system. Adapted with permissions from references
[58,59]. Copyright 2018 American Chemical Society.

Xantphos produced heterogeneous POP (POP-Xantphos),
which had a hierarchical size of micropores (0.6 and 2.9 nm
calculated by N, adsorption-desorption isotherms and nonlocal
density functional theory (NLDFT)) and a large BET surface area
(543 m*g"). Due to the microporous structure, the interaction
between substrates and active sites were beneficial for boosting
the efficiency and selectivity of hydrosilylation. Indeed, the Ni-
supported POP-Xantphos (Ni-POP-Xantphos) showed better /
o (22:1) and E/Z (>20:1) selectivities and yield (92%) for the
hydrosilylation of 1-decyne with Ph,SiH, than those of homoge-
neous mono- and bisphosphine counterparts (up to 60% yield)
in the batch system. From the viewpoint of sensitivity to air and
reusability of the Ni-POP-Xantphos, a continuous-flow reactor
was constructed by charging a glass column with a mixture of
the catalyst and sea sand. The continuous permeation of 1-
decyne and PhSiH; in toluene through the column gave a
comparable yield (89%) and B/a selectivity (21:1) with those in
the batch system, and the catalytic durability was maintained
during 10-times use in the continuous-flow system.

Regarding different transition-metal catalysis, the same
research group also developed Co-catalyzed hydrosilylation
using POP-TPP as a support (Figure 7)."? Similar to the
aforementioned Ni system, the Co-supported POP-TPP (Co-
POP-TPP) successfully catalyzed the continuous-flow hydro-
silylation of 1-decyne or phenylacetylene using a fixed-bed
reactor. The continuous-flow reactor of Co-POP-TPP could be
recycled at least 20 times, though periodic reloading of Co was
necessary due to the loss of Co loading through dissociation of
Co and triphenylphosphine.

3. Macroporous Polymers

Macroporous polymers are classical and common supports that
have been investigated since the late 1950s for the production
of ion-exchange resins with improved mechanical durability
and faster diffusion kinetics.®® The use of macorporous
polymers in a continuous-flow system includes the simple
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preparation of a column reactor, facile control of surface
chemistry, easy handling, and low pressure loss, which are quite
beneficial for efficient and sustainable chemical manufacturing
from bulk chemicals to fine chemicals.®" Macroporous polymers
are characterized by interconnected and micro-sized aggregates
segregated by pores, providing structural rigidity through
extensive crosslinking. Comparing with fine particulates of
MOFs, COFs, and POPs, macroporous polymers can be easily
obtained as regularly sized and spherical beads or monolithic
rods with size-controlled flow-through macropores. Thus, they
have higher permeability and more uniform permeation of feed
through their column reactors than those of micro- and
mesoporous polymers.” Indeed, these unique properties of
macroporous polymers in continuous-flow applications have

been widely utilized for not only ion-exchange,®” but also
recovery,®® chromatography,® diagnostics,®” solid-phase
synthesis,®™ and catalysis.”” In the following section, metal-

phosphine complex supported on macroporous polymers for
continuous-flow catalysis will be discussed.

3.1. Polymer Beads

Macroporous and spherical polymer beads can be prepared
through suspension polymerization, similar to their gel-type
counterparts. In this process, a monomer solution containing a
cross-linker and an initiator (dispersion phase) is stirred in an
aqueous medium (continuous phase). The monomer droplets,
dispersed in a porogenic solvent and stabilized, undergo
thermal initiation of polymerization until monomer consump-
tion is complete, resulting in micro-sized and spherical beads.
Various parameters, such as the size or shape of reactor and
stirrer, stirring rate, volume ratio of the continuous and
dispersion phases, concentration of stabilizer and porogenic
solvent, and so on, are adjusted to control bead size and
porosity. Porogens are typically unreactive during the polymer-
ization and selected from poor- or nonsolvents of the produced
polymers, as well as soluble linear polymers. After polymer-
ization, unreacted monomers and residual solvents are removed
by washing to obtain a macroporous architecture.*® The surface
chemistry of these beads can be functionally tailored through
the direct incorporation of functional monomers or post-
functionalization techniques.®™ These characteristics make such
polymeric support suitable for efficient immobilized catalysts
containing phosphine-metal complexes.

De Munck and co-workers developed a Rh-phosphine
catalyst supported on macroporous polystyrene beads for the
continuous-flow hydroformylation of propylene.”” They used a
commercial macroporous resin, Amberlite XAD-2 (particle size
of 0.1-1.0 mm), and functionalized it through chloromethylation
and subsequent phosphination at unreacted and residual
double bonds in the polymer scaffold to achieve a single-point
grafting diphenylphosphine (PS-g-DPP). The post-functionaliza-
tion of the XAD-2 led to a reduction in BET surface areas (345,
284, and 168 m*g™" for fresh, chloromethylation, and phosphi-
nation) due to filling in intraparticle pores. The resulting PS-g-
DPP was treated with a [RhH(CO)(PPh,),] solution in toluene to

© 2024 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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form Rh-phosphine catalyst (Rh-PS-g-DPP). Laser Raman spec-
troscopy and EXAFS measurements confirmed the successful
incorporation of the diphenylphoshine moiety into the poly-
meric surface and its complexation with one anchored ligand,
respectively. The catalytic performance in the gas-phase hydro-
formylation of propylene was evaluated under continuous-flow
conditions at up to 140°C and 0.1 MPa total pressure. A fixed
bed reactor was prepared using a glass column (15 cm length
and 1 .cm inner diameter) packed with the Rh-PS-g-DPP and
glass wool as a catalyst and plug, respectively. Compared with a
supported liquid phase catalyst (SLP-catalyst, 0.42-0.50 mm
particle size) previously reported,”" the Rh-PS-g-DPP exhibited
a 2- to 5-fold higher production rate of butyraldehyde per Rh
loading during 135 h on stream. The fast kinetics and fully
accessible surface area of Rh-PS-g-DPP were advantageous over
the limited boundary area between the liquid phase (reactive
phase) and gas phase on the SLP-catalyst. Interestingly, the final
productivity and selectivity of hydroformylation had trade-off
relationships with diphenylphoshine moiety coverage on the
polymer, suggesting the importance of the number of diphenyl-
phoshine moieties available for ideal coordination with Rh.

Carlu and Caze reported a Ni-catalyzed dimerization of
ethylene using macroporous polystyrene beads as support in a
continuous-flow system.” They prepared single-point grafting
triphenylphosphine on polystyrene beads (PS-g-TPP) through
suspension polymerization in the presence of a diluent as a
porogen (hexane or linear polystyrene), anchoring of Br groups,
and subsequent phosphination. The polymer ligand was treated
with NiCl, and AI(C,H:),Cl as metal source and reductant,
respectively, to form the immobilized catalyst (Ni-PS-g-TPP),
with its homogeneous counterpart known as an efficient
catalyst for the dimerization and oligomerization of olefins.”
The pore volume (0.09-1.06 cm®g™") and surface area (5-
238 m?’g™") of the Ni-PS-g-TPP were determined using Hg
intrusion porosimetry and N, adsorption/desorption tests,
revealing different morphologies of the Ni-PS-g-TPP depending
on the feed ratio of divinylbenzene and porogen, and types of
porogen. When hexane was used as the porogen, large
agglomerates of microspheres were formulated in the polymer
beads, and hierarchical pores could be observed from meso- to
macropores (ranging from 5-15nm to 50-1000 nm pore
diameters). The Ni-PS-g-TPP was evaluated under continuous-
flow dimerization of ethylene using a tubular reactor. All the
catalysts showed that the TOF based on the consumption of
ethylene decreased while selectivity in butene formation
remained. For a set of Ni-PS-g-TPP derived from hexane as the
porogen, increasing surface area improved the TOF, although
selectivity decreased due to oligomerization and isomerization.
The undesired decrease in the catalytic activity of Ni-PS-g-TPP
suggested a gradual coverage of the active surface on porous
architecture due to blocking by condensed oligomers, sup-
ported by a lower pore volume of the spent Ni-PS-g-TPP than
that of the fresh catalyst.

Andersson and Nikitidis demonstrated the potential of
macroporous poly(trimethylolpropanetrimethacrylate) (PTRIM)
beads in post-functionalization with a phosphinating reagent,
coordination with Rh, and continuous-flow catalytic hydro-
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formylation (Figure 8)."¥ The PTRIM beads can be obtained by
suspension or microsuspension polymerization using a poro-
genic mixture of toluene/isooctane, and contain unreacted and
easily accessible double bonds (methacrylic groups). The
residual double bonds on the PTRIM beads were available for
functionalization by radical copolymerization (up to 40 wt% in
the case of a chiral monomer).”” Triphenylphosphine moiety
was grafted to the PTRIM beads through the polymerization of
acryloyl chloride followed by a reaction with N-methyl-4-
(diphenylphosphino)benzylamine, providing PTRIM-g-TPP. The
phosphine-containing PTRIM-g-TPP was treated with Rh-
(CO),(acac) in dichloromethane (DCM) to form Rh-phosphine
supported PTRIM-g-TPP (Rh-PTRIM-g-TPP). 1-Hexene saturated
with H, and CO was permeated through the fixed bed of Rh-
PTRIM-g-TPP in a tubular reactor. The initial activity of Rh-
PTRIM-g-TPP showed a rather high yield of aldehyde (up to
87%), which gradually attenuated under all the reaction
conditions (different temperature and total pressure) while
regioselectivity did not change significantly. The “burst” of
catalytic activity at the initial stage suggested the generation of
active species via oxidative addition of H, and reductive
elimination of acetylacetone. The author mentioned that the
resulting mono-ligating phosphine complex was highly active
in hydroformylation over bis-ligating phosphine complex, and
their equilibria could be controlled by reaction temperature. In
addition, dissolution of Rh from Rh-PTRIM-g-TPP (12-18% of
the initial Rh loading) was implied, however, the decrease in
catalytic activity was not directly explained by the loss of Rh
loading.

As seen in the previous sections, continuous-flow applica-
tions of micro-, meso, and macroporous polymers often adopt
packed-bed reactors because of their wide applicability and
simple and on-site preparation by users. Nir and Pismen
simulated a considerable improvement in the efficiency of the
packed bed of macroporous catalyst, highlighting forced
convection in intraparticle pores.” Regnier and co-workers
used polymer beads with large flow-through pore diameters of
10 and 0.8 um, and applied them to chromatography, diagnos-
tic, and enzyme immobilizations, leading to improved separa-
tion efficiency of the packed-bed column.”” However, con-
vective flow around the particles was still favored, accounting

(@) ?\\H"
0
K
o)% o}
\%TO\)L/OW% PP,
o 0

PTRIM-g-TPP
o 4-~-CHO
(b) Rh-PTRIM-g-TPP on fixed bed ™«
/‘\\
CO+H,+ CH ™ Jopc CHO
CAHQ
~87% yield

3.7 linear/branch ratio

Figure 8. (a) Polymer beads containing monophosphine (PTRIM-g-TPP) and
(b) hydroformylation of 1-hexene with the fixed bed of Rh-supported PTRIM-
g-TPP in continuous-flow system.
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for 98 % of the total convection flow (Figure 9a). Generally, fluid
flows through interparticle voids where the flow resistance is
minimum, while the fluid in the intraparticle pores remains
stagnant. In this situation, it is challenging for substances to
intimately contact the active sites in the intraparticle pores due
to diffusion limitations, resulting in lower catalytic efficiency.
Additionally, catalyst particles tend to be densely packed during
continuous-flow processes, and interparticle voidage reaches as
low as 36%.7® This restricts the feasibility of finely powdered
catalysts for continuous-flow reactors due to low permeability
of substrate solutions. Thus, there is a clear demand to develop
a column reactor that has both a narrow pore size distribution
and high voidage for the full convection of substrates and high
permeability.

3.2. Polymer Monolith

A monolith is defined as “a shaped, fabricated intractable article
with a homogeneous microstructure that does not exhibit any
structural components distinguishable by optical microscopy,”
according to IUPAC."? In modern continuous-flow applications,
monolith is recognized as a single and self-standing material
featuring interconnected and flow-through pores. In the early
1990s, Fréchet and Svec first introduced a monolith column
based on a rigid macroporous polymer for continuous-flow
applications.®™ The self-supporting nature, high porosity, and
narrow pore size distribution of the monolith achieve fluid
permeation at low pressure loss and narrow residence time
distribution, leading to intimate contact between reactants and
active sites. Thus, it overcomes the limitations of permeability
and mass transfer in the polymer bead system (Figure 9b).
These pioneering works have provided chemists with useful
tools for fast, high-efficiency, and low-pressure-loss flow
applications. The monolith can be produced by a simple
“molding” process, typically using an empty column as the
mold. The mold filled with a polymerization mixture is sealed at
both ends, then heated for the initiation of bulk polymerization.
In contrast to the suspension polymerization for macroporous
polymer beads, the “stirring-free” process of bulk polymer-
ization provides a single and rigid polymer within the mold,
which can be directly utilized as a continuous-flow reactor.®”
The most common method to form the flow-through pores
in the monolith is polymerization-induced phase separation

(@)  substrate
inlet

\OQ@%}

&
7

outlet outlet

Figure 9. Schematic view of continuous-flow fluid in column employing (a)
macroporous polymer beads and (b) polymer monolith.
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(PIPS), which occurs during polymerization in the presence of a
poor- or nonsolvent as a porogen (Figure 10a). In PIPS, key
variables to tune the porous properties of monoliths include
polymerization temperature and time, composition of the
porogenic solvent, content of cross-linking monomer, and so
on® Another important and unique approach to pore
formation is based on a high-internal phase emulsion (HIPE)
system, which was first developed by Barby and Hag,®® and
extensively studied by Sherrington and Cameron.® The poros-
ity of HIPE-based monoliths can be as high as 74~95% and is
controlled by the volume ratio of the dispersion and continuous
phases in the template emulsion, along with changes in pore
structure (Figure 10b). In catalytic applications under continu-
ous-flow conditions, monoliths are considered ideal candidates
due to their simple preparation, high permeability, and control-
lable pore size distribution. Indeed, many studies on monolith
reactors have demonstrated their feasibility in continuous-flow
reactions catalyzed by transition metals such as Ir,® Pd,*® and
Ru.®” The enhanced catalytic activities of the monoliths over
those of polymer beads were attributed to the narrow residence
time distributions.®*

Metathesis is recognized as one of the most important
organic reactions for C—C bond formation and has seen
significant advancements with catalytic systems based on
organometallics, as observed in the elegant researches by
Grubbs.®™ The importance of ring-opening metathesis polymer-
ization (ROMP) and ring-closing metathesis (RCM) has been
witnessed in the fields of polymer chemistry, pharmaceuticals,
and combinatorial chemistry.®¥ Buchmeiser's research group
has proposed a novel concept for the derivatization of terminal
groups on monoliths, involving the following steps: 1) the
formation of a continuous and rigid monolith structure by
ROMP under PIPS conditions, and 2) incorporation of functional
monomers into the “living” terminal groups ligating the 1%
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Figure 10. Mechanism of pore formation via (a) PIPS and (b) water-in-oil
HIPE template through radical polymerization.
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generation Grubbs catalyst, which contains a phosphine-Ru
complex formulated as [Cl,(PR;),—Ru(=CHPh)] (R=cyclohexyl,
phenyl.® They recognized this ROMP-derived monolith with
reactive termini as an immobilized Ru catalyst, and extended
the concept to the heterogenization of the second 2™
generation Grubbs catalyst, which contains a Ru-phosphine-N-
heterocyclic carbene (NHC) complex for continuous-flow ROMP
and RCM (Figure 11).°" The use of the NHC ligand effectively
generated highly active Ru carbenes and enhanced the
durability of the corresponding Ru-phosphane-NHC complex
against Ru leaching. The ROMP-derived monolith was obtained
through the copolymerization of norbornene and 1,4,4a,5,8,8a-
hexahydro-1,4,5,8-exo-endo-dimethanonaphthalene in the pres-
ence of DCM and 2-propanol. Through the optimization of
porous structures, a monolith with 1.5+£0.5 um microglobule
diameter and 40% interparticle porosity was selected. Careful
avoidance of micropore formation within the microglobules
significantly enlarged the availability of Ru centers at polymer
chain termini on the microglobule surface for the incorporation
of the Ru-phosphine-NHC catalyst, despite its low surface area.
The resulting Ru catalyst on the monolith exhibited high TOFs
for RCM of dienes (up to 25 min~' for diethyl diallylmalonate)
and good cis/trans selectivity (10:90) for ROMP of norbornene
or cyclooctene, comparable with those of the homogeneous
counterpart. The grafting-from derivatization of the Ru-
phosphine-NHC complex and the absence of microporosity
reduced the diffusion-controlled regime in the catalytic proc-
esses, demonstrating excellent reactivities. Additionally, the
coordination of the NHC ligand with the Ru center successfully
minimized Ru leaching to below 70 ppm.”"” In a series of
comparative studies on the catalytic efficiency of the Ru-
phosphine-NHC complex on the monolith, Buchmeiser and co-
workers also evaluated the packed bed of silica-supported Ru-
phosphine-NHC complex for catalytic efficiency in continuous-

I

Ru-phosphine-NHC on monolith

(b) EtO,C_ CO,Et
EtO,C_ _CO,Et Ru-phosphine-NHC on monolith 6
= X DCM, 43°C

25 min' TOF

o
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10:90 cis/trans selectivity

(c)

Ru-phosphine-NHC on monolith

or
© DCM, 40°C

Figure 11. (a) ROMP-derived polymer monolith containing Ru-phosphine-
NHC complex, (b) RCM of diethyl diallylmalonate, and (c) ROMP of
norbornene or cyclooctene with the monolith reactor in continuous-flow
system. Adapted with permission from reference [91a]. Copyright 2001
Wiley-VCH GmbH, Weinheim.
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flow RCM of diethyl diallylmalonate.® Interestingly, lower

activities (1-90 TONs) of the silica-based catalysts were
observed than those of polymer monoliths (30-940 TONs),
which might be attributed to both the non-reversible trapping
of the phosphine ligand by free silanol groups® and diffusion-
limited reactions in the microporous structure of silica supports.
Obviously, the advantage of the chemically inert matrix and
tunable porous properties of the ROMP-derived monoliths were
highlighted.

C—C or C-heteroatom cross-couplings are powerful tools to
produce pharmaceuticals or agricultural drugs. Advances in
cross-couplings for a broad range of substrate scopes have
been encouraged by the development of sophisticated organo-
metallics, including phosphine-metal catalysts.®” In continuous-
flow cross-couplings using immobilized catalysts, the reactor
should be carefully designed to avoid serious clogging by
insoluble salt bases in organic solvent.”™ One solution was
proposed by Naber and Buchwald, where an organic/aqueous
biphasic solvent was used to deliver all the reactants smoothly
through a continuous-flow reactor.®™ Under the biphasic
reaction conditions, mixing of reactants is an important factor
to maintain a large reaction interface within a catalytic column
reactor. Our research group first reported a hybridization of a
porous polymer monolith and phosphine-metal complex for
better mixing of the biphasic reaction mixture and high-
productivity continuous-flow synthesis (Figure 12).* Through
radical copolymerization, a three-fold cross-linking triphenyl-
phosphine was incorporated into a HIPE-based highly porous
polystyrene monolith to provide an M-PS-TPP. Owing to three-
fold cross-linking around the supported triphenylphosphine,
the M-PS-TPP showed selective mono-coordination toward Pd
over bis-coordination confirmed by *'P SS NMR, which con-
trasted sharply with that of a monolith supporting a single-
point grafting triphenylphosphine (M-PS-g-TPP). The pore size
and porosity of the M-PS-TPP were up to 10.7 um and 81%,
determined by Hg intrusion porosimetry, which were high
enough to allow fast permeation at low pressure loss. Indeed,
the Darcy's permeabilities of the monolith columns were
preferentially high (3.8x107"-3.3x10™"* m? and the residence

(a) F"dCIz(PhCN)

‘Bu AL
Pd-M-PS-TPP
(b) continuous-flow batch
Tol—Cl p4.m-PS-TPP 46-93% yield 6% vyield
+ ro - To=Ph 2704 TON 58 TON
Ph—B(OH), s ~« 47 h-' TOF 29 h' TOF

X .
THF/H,0, 40°C without Pd leaching

Figure 12. (a) Polystyrene monolith containing monophosphine-Pd complex
(Pd-M-PS-TPP) and (b) cross-coupling between chlorotoluene and phenyl-
boronic acid with the reactor Pd-M-PS-TPP in continuous-flow system.
Adapted with permission from reference [95]. Copyright 2020 American
Chemical Society.
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time distribution of the column were quite narrow and close to
an ideal plug flow. The unique ligand performance and hydro-
dynamic characteristics of the M-PS-TPP column were eval-
uated in the continuous-flow C—C cross-couplings of chloroto-
luene and phenylboronic acid in THF/K;PO, ag., which revealed
the high TOFs and TONs of Pd-supported M-PS-TPP (Pd-M-PS-
TPP) reactor over Pd-supported M-PS-g-TPP (Pd-M-PS-g-TPP)
reactor. Noteworthy, the optimization of linear velocity of the
feed mixture significantly improved yield (from 8 to 88%). At
these optimized conditions, the use of a pre-mixer for the
organic/aqueous feed and a phase transfer catalyst (tetrabuty-
lammonium bromide) had little influence on the catalytic
efficiency, which demonstrated that the diffusion limitation at
the organic/aqueous phase interface was overcome using the
Pd-M-PS-TPP reactor unlike homogeneous catalyst system.¥
The improvement of mass transfer was further highlighted in a
comparative experiment, in which the Pd-M-PS-TPP column
reached a much higher catalytic performance (47 h™' TOF and
2704 TON, at 2.0 h residence time and 58 h on stream) than
that of the batch system (29 h™" TOF and 58 TON, at 2.0 h
reaction time).

Very recently, we further carefully designed this M-PS-TPP
system for further improved catalytic durability of the
phosphine-metal  complex based on  polymer-metal
interaction.®® Our concept was inspired by a series of elegant
researches on polymer-incarcerated (Pl) catalysts of metal
nanoparticles developed by Kobayashi and co-workers."" PI
catalysts were stabilized via interactions between the =n-
electrons of phenyl rings on the polymer side chain and metal
nanoparticles, and the electronic properties of the aromatic
rings could influence the modulation of the stabilization, as
suggested by Michaelis and co-workers.”” Based on the sums of
para-Hammett substituent constants (X(c,)), we screened
styrene derivatives for modulation of electronic properties of
aromatic rings on the hybrid monolith. A parent styrene (R=H)
and its derivatives containing neutral (R=4-Ph), electron-
donating (R=4-Me, 4-Bu, 4-OMe, 4-NMe,), and electron-with-
drawing substituents (R=4-F, 3,4,5-triF, 2,3,4,5,6-pentaF, 4-CF,)
were independently copolymerized with divinylbenzene and
three-fold cross-linking triphenylphosphine. *'P SS NMR con-
firmed no significant difference in selectivity for mono-P-
ligation of the M-PS-TPPs. Scanning electron microscopy (SEM),
Hg intrusion porosimetry, pulse-tracer experiments, and perme-
ation tests also revealed little effects of styrene derivatives on
the porous properties of the M-PS-TPPs. On the other hand, the
incorporation of different styrene derivatives drastically influ-
enced the TOFs and TONs of Pd-M-PS-TPPs in continuous-flow
cross-couplings. Increasing electron-donating properties ob-
tained higher TONs (1325-2911), while electron-withdrawing
groups on styrene derivatives decreased the TONs (1038-1210).
It was suggested that the electronic properties of styrene
derivatives regulated the catalytic durability of Pd-M-PS-TPPs as
follows: Pd" pre-catalyst is coordinated to a labile ligand (PhCN
or solvent) and triphenylphosphine on polystyrene. Subse-
quently, the aryl pendants on the polystyrene stabilize the
triphenylphosphine-Pd complex via aromatic n-electron dona-
tions and/or coordination of functional groups on the aromatic

ChemPlusChem 2024, 202400039 (11 of 13)

rings. The degree of the stabilization from the aryl pendants,
that is, the production rate of catalytically active Pd® from the
Pd" pre-catalyst should be moderate for high catalytic durabil-
ities.

4. Summary and Outlook

This review summarizes several continuous-flow reactor sys-
tems, highlighting the potential of phosphine-metal complexes
supported on porous polymers. It is evident that microporous
polymers such as MOFs and POPs offer great potential for
transition-metal catalyst systems due to their flexible design of
porous structures and ligands, enabling high surface area,
controllable pore sizes, and single-site catalytic centers. How-
ever, challenges related to scalability for production and
handling in continuous-flow processes still require significant
improvement. On the other hand, macroporous polymers such
as polymer beads and monoliths present several advantages in
terms of scalability, reproducibility, controllability in the size of
support. These advantages are ensured by established techni-
ques in conventional polymerization systems and phase
separation. By designing and fabricating catalytic systems that
combine microporous networks with macroporous architec-
tures, the resulting hierarchical porous structures have the
potential to drive the development of useful, sustainable, and
efficient immobilized catalysts for continuous-flow syntheses.
This includes not only phosphine-metal complexes but also a
broad range of organometallics for challenging organic trans-
formations in the future.
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REVIEW

This review highlights the efficacy of
continuous-flow syntheses using im-
mobilized catalysts, particularly
focusing on porous polymers. These
polymers feature their large surface
areq, stability, and cost-effectiveness,
making them valuable in organic
chemistry. Emphasizing the immobili-
zation of transition-metal catalysts
using supported phosphine ligands,
the review summarizes strategies for
achieving high activities, durabilities,
and selectivities in continuous-flow
systems, categorizing polymer
catalysts by pore size.
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