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In this work, we developed a new structural porous organic polymer containing biphosphoramidite unit,
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which can be used as a solid bidentate phosphorous ligand for rhodium-catalyzed solvent-free higher

olefins hydroformylation. The resultant catalyst demonstrated unprecedently high regioselectivity to
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rsc.li/rsc-advances activity and regioselectivity.

Introduction

Hydroformylation, also known as the oxo process, is a highly
atom-economical synthetic method to prepare aldehydes by the
addition of syngas (H,/CO) into olefins.' To date, homogeneous
ligand-modified rhodium or cobalt complexes have been
successfully used in industry, and more than 10 million tons of
aldehydes are produced annually.> In particular, rhodium
compounds generally give rise to high reaction rates and good
selectivity to the desired products. However, industrial applica-
tions of these homogeneous catalysts remain a challenge because
they are expensive, cannot be recycled, and are difficult to sepa-
rate from the product mixture. In contrast, the heterogeneous
catalysts hold significant advantages, such as easy of catalyst
separation and recyclability, compared with homogeneous
analogues. More importantly, heterogeneous catalysts can often
present different or even unexpected catalytic performance, due
to the surface support properties, metal-support interactions,
and microenvironments of catalytically active sites.?

Due to the commercial interest, the linear aldehydes, as
versatile intermediates for the production of plasticizer alco-
hols, detergents, surfactants and other useful fine chemicals,
have been the most desired products for hydroformylation of
higher olefins (>C5).* To this end, considerable efforts have
been devoted in designing new types of phosphorous ligands
for rhodium-catalyzed hydroformylation processes. A family of
ligands, e.g., xantphos,® bisbi,® naphos,” biphephos,® calix[4]
arene bisphosphate,” spiroketal-based bisphosphoramidite
ligands, pyrrole-based tri- and tetra-phosphoramidite
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linear aldehydes and could be readily recovered for successive reuses with good stability in both catalytic

ligands,™ have been developed and demonstrated high regio-
selectivities to linear aldehydes. Among them, pyrrole-based
phosphoramidites developed firstly by van Leeuwen,'*® fol-
lowed by Ding,*** Zhang,"'“* and Chen''* respectively, gave
unprecedentedly high regioselectivity due to the strong -
acceptor ability of phosphorous. Nonetheless, all cases are still
limited to homogeneous catalytic system. Therefore, the devel-
opment of a heterogeneous catalyst with excellent regiose-
lectivity to linear aldehydes is highly desirable.

Over the past few years, porous organic polymers (POPs) have
attracted considerable attention due to their high specific
surface areas, porous channels, and adjustable functionalities
in their structures.” Specifically, some P or N-containing
molecule units, serving as coordination sites to ligate with
metal species to form catalytically active sites, can be effectively
incorporated into the POPs structures. As such, POPs can be
employed as solid supports and porous organic ligands (POLs)
in catalysis. In this context, Xiao, Ding and co-workers devel-
oped POLs bearing a PPh; unit to coordinate Rh species to form
a heterogeneous supported Rh catalyst (denoted as Rh/POL-
PPh;), which exhibited superior activity and excellent recycla-
bility for 1-octene hydroformylation.™ Later on, two groups have
independently developed several different POPs-based metal
catalysts containing various coordination molecule units for
organic transformations.'* Very recently, POPs-based heteroge-
neous catalysts have also been expanded for hydrosilylation,*
CO, fixation,*® and others."”

Herein, we report a new porous organic polymers (named as
CPOL-BPa&1VB) with biphosphoramidite molecule unit
(Scheme 1), which has large surface area with hierarchical pores
and can coordinate with Rh species to form a heterogeneous
catalyst. The resultant catalyst shows superior activity and
excellent regioselectivity to linear aldehydes in hydro-
formylation of higher olefins. In addition, the catalyst can be
readily recovered for successive reuse without appreciable loss
of catalytic performance.
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Scheme 1 Synthesis of CPOL-BPa&1VB.

Results and discussion

The CPOL-BPa&1VB was prepared via copolymerization of
bivinyl-functionalized pyrrole-based biphosphoramidite (5,
BPa) with styrene as the monomers under solvothermal condi-
tions, as shown in Scheme 1 (see details in the ESIt). Divinyl
diphenol 4 was synthesized from 4-methoxyphenol 1 as starting
material followed by sequential formylation, coupling, and
Witting  reactions.  Divinyl-functionalized  pyrrole-based
biphosphoramidite 5 was prepared by treatment of 4 with
chlorodipyrrolyphosphine in the presence of Et;N as a HCI
scavenger. CPOL-BPa&1VB was obtained in 92% yield by copo-
lymerization of 5 with styrene (St) under solvothermal condi-
tions in tetrahydrofuran (THF) at 100 °C for 48 h in the presence
of azobisisobutyronitrile (AIBN). For comparison, copolymeri-
zation of 5 with other different structure monomers, such as
divinylbenzene (2VB), tris(phenylene)vinylene (3VTPB),
tri(4-vinphenyl)phosphane (3VPPh), tris(4-vinylphenyl)
phosphite (3VTPPi), were also prepared under similar condi-
tions, denoted as CPOL-BPa&2VB, CPOL-BPa&3VTPB, and
CPOL-BPa&3VPPh;, CPOL-BPa&3VTPPi, respectively.
Comprehensive characterizations were carried out to inves-
tigate the local chemical structure of the obtained CPOL-
BPa&1VB. "*C MAS NMR spectrum (Fig. 1A) demonstrates that
an additional peak at around 42 ppm with strong intensity
appears, assignable to the polymerized vinyl groups, accompa-
nying with the appearance of the characteristic peaks attributed
to the pyrrole-based biphosphoramidite upon copolymeriza-
tion. This result strongly suggests the success of copolymeri-
zation of 5 and styrene monomer. A single peak at 105.4 ppm
without appearance of oxidized phosphorous species was
observed in *'P MAS NMR spectrum (Fig. 1B), which is in well
consistent with that of the monomer 5 (see the ESIT), indicating
that P species are stable during the copolymerization. N, sorp-
tion isotherm (Fig. 1C) shows a sharp uptake of N, at low rela-
tive pressure (P/P, < 0.1) and a hysteresis loop at higher relative
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Fig. 1 (A) B3C MAS NMR spectrum, (B) 3'P MAS NMR spectrum, (C) N,
sorption isotherm, (D) pore size distribution calculated by nonlocal
density functional theory (NLDFT), (E) SEM and (F) TEM image of
CPOL-BPa&1VB.

pressure (0.4 < P/P, < 1.0), indicating the existence of hierar-
chical micro-, meso-, and macropores in the framework, which
was further confirmed by analysis of pore-size distribution
(Fig. 1D). The total pore volume and BET surface area derived
from N, adsorption data were as high as 0.4 cm® ¢~ ' and 140 m*>
g™, respectively, which should be beneficial for its application
as a support to immobilize metal species and in turn facilitate
the reaction effectively. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images (Fig. 1E
and F) display a quite rough surface morphology with presence
of hierarchically porous structures in the framework. The
thermogravimetric analysis (TGA) (Fig. S1f) shows that the
CPOL-BPa&1VB has good thermal stability. Upon reaction of
Rh(acac)(CO), with CPOL-BPa&1VB, a new peak at 129.8 ppm
was observed in the solid state *'P MAS NMR spectrum
(Fig. S21), assignable to the P species coordinated with Rh with
a possible structure of HRh(BPa),(CO),"* indicating the success
of the coordination.

Subsequently, we treated the CPOL-BPa&1VB with
Rh(acac)(CO), (acac = acetylacetonate) to afford its correspond-
ing Rh catalyst for solvent-free 1-hexene hydroformylation as
a benchmark reaction to investigate its catalytic performance, the
results are compiled in Table 1. Firstly, a set of parameters,
including reaction temperature, reaction time, pressure of
syngas, and substrate/catalyst (S/C) ratios were screened inten-
sively. Higher temperature gave an increased reaction efficiency,
while lower reaction temperatures dramatically improved the
regioselectivity to linear aldehyde together with a reduced
product selectivity to hydrogenation and isomerization of 1-
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Table 1 Hydroformylation of olefins catalysed by CPOL-BPa&1VB-based Rh catalyst”

R H, + CO N R + Reeses ¢ R
Rh cat. CHO
linear branched isomerization alkane
Selectivity” (%)
Temperature

Entry  Olefin S/C (°C) Time (h)  Py,:co (MPa) Conversion” (%)  I/b” Aldehyde  Isomerization  Alkane
1 1-Hexene 12 750 60 8 2 79.5 175.7 90.6 5.7 3.6
2 1-Hexene 12 750 80 8 2 98.5 158.5 87.8 6.8 5.4
3 1-Hexene 12 750 100 8 2 99.3 35.7 69.7 6.2 23.9
4 1-Hexene 12 750 80 5 2 91.5 134.9 82.9 10.1 6.9
5 1-Hexene 12 750 80 8 1 96.5 95.7 65.8 16.0 18.2
6 1-Hexene 12 750 80 8 4 94.1 89.0 90.0 6.3 3.7
7 1-Hexene 10 000 80 8 2 99.2 164.0 88.4 7.3 4.3
8 1-Hexene 20 000 80 8 2 91.7 157.0 83.9 9.0 7.1
9 1-Hexene 30 000 80 8 2 70.1 123.0 59.6 22.8 17.6
10 1-Hexene 30 000 80 12 2 96.4 155.3 82.8 9.6 7.6
1¢ 1-Octene 6710 80 8 2 99.6 104.3 73.7 24.7 1.5
124 2-Octene 10 107 100 8 2 66.0 8.9 66.8 32.6 0.4
13° Styrene 13 740 80 15 2 85.0 0.1 95.8 — 4.2

“ Reaction conditions: 1-hexene (3 mL), CPOL-BPa&1VB (8 mg), Rh(acac)(CO), (0.49 mg), H,/CO = 1/1.” Determined by GC and GC-MS using decane
as an internal standard sample and confirmed with their corresponding authentic samples. ¢ 1-Octene (2 mL), toluene (2 mL). ¢ 2-Octene (3 mL).

¢ Styrene (3 mL).

hexene (entries 1-3). To our surprise, unprecedented regiose-
lectivity to linear 1-heptanal with /b ratio up to 158.5 and almost
complete conversion of 1-hexene was achieved when the reaction
was performed at 80 °C and 2.0 MPa pressure of syngas after 8 h
(entry 2). To the best of our knowledge, this is the highest value
among all obtained results catalyzed by a heterogeneous Rh
catalyst so far. A decrease or increase of pressure of syngas led to
relatively lower regioselectivity to linear 1-heptanal with compa-
rable reaction efficiency, while a considerable poorer selectivity to
aldehyde was afforded at lower pressure under otherwise iden-
tical conditions (entries 5 and 6). Survey of different substrate/
catalyst (SC) ratios ranging from 10 000 to 30 000 for the reac-
tion reveals no appreciable changes in regioselectivity to linear 1-
heptanal, while a slight longer reaction time was required to
guarantee complete conversion, higher selectivity, and excellent
regioselectivity to 1-haptanal for the reaction with higher S/C
ratio (entries 2, 7-10).

Under the optimized conditions, we next investigated other
olefins hydroformylation. Longer chain 1-octene could be effi-
ciently hydroformylated, affording excellent regioselectivity to
linear aldehyde with /b ratio of 104.3 in full conversion (entry
11). Internal 2-octene was also suitable for this reaction condi-
tions, while a considerably lower /b ratio (8.9) of aldehyde was
achieved in this case (entry 12). Besides, styrene, as a function-
alized olefin, was also compatible, giving the branched alde-
hyde as major product (I/b = 0.10) in excellent selectivity with
TON as high as 11 680 (entry 13).

For comparison, 5 was used as a ligand for the homogeneous
hydroformylation under otherwise identical conditions. It turns
out that nearly equal reaction efficiency to that of Rh/CPOL-
BPa&1VB was achieved, but with a considerably lower regiose-
lectivity to linear 1-heptanal (I/b = 33.0 vs. 158.5) (Table 2, entry

This journal is © The Royal Society of Chemistry 2020

1). Such a result not only clearly indicates that CPOL-BPa&1VB
can achieve equal level of reaction efficiency as a homogeneous
counterpart, but also showcases that the created

Table 2 Comparative results for 1-hexene hydroformylation using
different ligands®

N N

) X
“al oheu P el

3VPPhy

bdw

3VTPB 3VTPPi

Selectivity” (%)

1

Entry Ligand Conversion® (%) I/b* +2 3 4

1 5 (BPa) 99.4 33.0 85.1 2.5 124
2°¢ — 98.5 1.2 25.7 13.7 60.6
3 CPOL-BPa&1VB 98.5 158.5 87.8 6.8 54
4 CPOL-BPa&2VB 99.4 82.9 55.7 13.4 30.9
5 CPOL-BPa&3VIPB 89.5 31.1 86.6 6.8 6.6
6 CPOL-BPa&3VPPh; 86.3 13.7 88.2 6.0 5.8
7 CPOL-BPa&3VTPPi 97.5 10.1 90.7 4.1 5.2

¢ Reaction conditions: 1-hexene (3 mL), Rh(acac)(CO), (0.49 mg), H,/CO
pressure (2 MPa, H,/CO = 1/1), 80 °C, CPOL-BPa&1VB (8 mg), CPOL-
BPa&2VB (18.2 mg), CPOL-BPa&3VTPB (42.4 mg), CPOL-BPa&3VPPh,
(19.1 mg), CPOL-BPa&3VTPPi (21.4 mg). ” Determined by GC and GC-
MS using decane as an internal standard sample and confirmed with
their corresponding authentic samples. © In the absence of ligand.
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Fig. 2 Recyclability of Rh/CPOL-BPa&lVB for 1-hexene hydro-
formylation under the optimized conditions.

microenvironment of catalytically active sites can unexpectedly
tune the catalytic performance. However, in the absence of
ligand, 1-hexene was converted into hexane as major product
with poor selectivity to 1-heptanal (Table 2, entry 2).

Furthermore, several different structural CPOLs (e.g., CPOL-
BPa&2VB, CPOL-BPa&3VIPB, CPOL-BPa&3VPPh;, CPOL-
BPa&3VTPPi) were employed as solid ligands derived from
copolymerization of 5 with varying vinyl-functionalized mole-
cules as monomers (Table 2). The combination of Rh(acac)(CO),
with these solid ligands demonstrated nearly comparable
catalytic reactivity but with huge differences in regioselectivity
to linear 1-heptanal under the optimized conditions. Among all
investigated CPOLs, the CPOL-BPa&1VB stood out, affording the
highest regioselectivity to linear 1-heptanal.

Finally, recyclability of the Rh/CPOL-BPa&1VB was investigated
using the hydroformylation of 1-hexene under the optimized
conditions. After each reaction, the solid catalyst was separated by
centrifugation, washed with methanol and dried for next reaction.
As shown in Fig. 2, both the catalytic activity and regioselectivity to
linear 1-heptanal was remained without significant change after 5
recycles, indicating its high stability of the catalyst.

Conclusions

In conclusion, we developed a new porous organic polymer
(POP) with large surface area and hierarchical pores via copo-
lymerization of bivinyl-functionalized pyrrole-based biphos-
phoramidite with styrene under solvothermal conditions. The
polymer contains biphosphoramidite molecule unit and can be
used as a solid support and ligand for Rh-catalyzed solvent-free
higher olefins hydroformylation, which demonstrates
outstanding activity and unprecedentedly high regioselectivity
to linear aldehydes. More importantly, the resultant catalyst can
be readily recovered for successive reuse with good mainte-
nance of both catalytic activity and regioselectivity.
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