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In contrast to heterogeneous network frameworks (e.g., covalent organic frameworks and met-
al-organic frameworks) and porous organic polymers, porous organic cages (POCs) are soluble
molecules in common organic solvents that provide significant potential for homogeneous catalysis.
Herein, we report a triphenylphosphine-derived quasi-porous organic cage (denoted as POC-DICP)
as an efficient organic molecular cage ligand for Rh/PPhs system-catalyzed homogeneous hydro-
formylation reactions. POC-DICP not only displays enhanced hydroformylation selectivity (aldehyde
selectivity as high as 97% and a linear-to-branch ratio as high as 1.89) but can also be recovered
and reused via a simple precipitation method in homogeneous reaction systems. We speculate that
the reason for the high activity and good selectivity is the favorable geometry (cone angle =
123.88°) and electronic effect (P site is relatively electron-deficient) of POC-DICP, which were also
demonstrated by density functional theory calculations and X-ray absorption fine-structure charac-

terization.
© 2021, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.
1. Introduction effort to search for new porous materials over the past decades,
as porous materials play critical roles in catalytic processes,
Researchers in the field of catalysis have made considerable such as those of adsorption, mass transfer, and diffusion [1].
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Long-range-ordered metal-organic frameworks (MOFs) [2-8]
and covalent organic frameworks (COFs) [9-13] and amor-
phous porous organic polymers (POPs) [14-20] have been
extensively examined in catalysis for their favorable pore
structures during the last decade. Nevertheless, very little at-
tention has been paid to molecular porous organic cages
(POCs) [21-30], whose concept was formally raised by Cooper
et al. [21] in 2009. POCs are porous molecular materials built
from discrete organic cage molecules. In contrast to heteroge-
neous network porous frameworks (COFs and MOFs) and
POPs, POCs are soluble molecules in ordinary organic solvents,
whose advantages not only include the generally porous nature
of heterogeneous catalysts but also the significant potential for
homogeneous catalysis.

In principle, POCs can be judiciously designed and synthe-
sized by covalently assembling two differently shaped molecu-
lar building blocks (BBs) as components of three-dimensional
(3D) polycyclic cage molecules, which are represented by to-
pologies of Archimedean and Platonic solids [31,32]. However,
compared with well-developed and mature MOF, COF, and POP
materials, the combinational requirements of porous crystal
packing [21,33], shape persistence, and the synthetic challenge
of functionalized BBs make functional POC molecules easy to
design but relatively harder to synthesize. In fact, only a few
POCs with catalytic functionality have been reported. To our
knowledge, the research groups of Chang and Kim reported
porphyrin-functionalized POCs for electrochemical CO2 reduc-
tion catalysis [34,35]. Xu et al. [36,37] and Dong et al. [38] elu-
cidated the encapsulation of highly catalytically active metal
nanoclusters inside POCs. Wang and co-workers reported
POC-stabilized Pd nanoparticles (NPs) as efficient heterogene-
ous catalysts for the carbonylation reaction of aryl halides [39].
Mukherjee et al. [40] developed molecular-cage-supported Pd
NPs as an additive-free and efficient heterogeneous catalyst for
the cyanation reaction of aryl halides. Beaumont et al. [41] also
reported POC-supported Pd NPs as catalysts for CO oxidation.
For other functional POCs, please see references [42-52].
However, note that these are not catalytic functionalities.

Catalytic hydroformylation is one of the most significant re-
actions in the fine chemical industry [53-60], which can be
traced back to Otto Roelen’s discovery during the period of his
study of F-T synthesis in 1938 [61]. At the present time, in ex-
cess of 10 million metric tons of alcohols and aldehydes are
produced every year [53]. Owing to its long history and large
production scale, the hydroformylation reaction has been rec-
ognized as a “pioneer of industrial homogeneous catalysis”.
Triphenylphosphine (PPhs) is one of the most classical organ-
ophosphorus ligands, widely used in the area of catalysis and
organometallic chemistry. Among the various developed cata-
lysts for hydroformylation reactions, the Rh/PPhs (ligand) sys-
tem is one of the most efficient catalytic systems and has been
widely used in both industry and academic research. For ex-
ample, the Wilkinson catalyst (RhCI(PPhs)3), which was in-
vented in 1965, played a vital role in the history of catalytic
hydroformylations [62,63]; however, the recycling of the Wil-
kinson catalyst remains a large problem, especially for
long-chain olefin hydroformylations, as long-chain aldehydes

usually have high boiling points, and the Wilkinson catalyst
decomposes easily during distillation. Another well-known
case is the biphasic Ruhrchemie/Rhone-Poulenc process, which
employs sulfonated phosphine ligand TPPTS (Fig. 1) to realize
the separation of the Rh/P catalyst and aldehyde products
[64-66]. This aqueous two-phase propene hydroformylation is
the only aqueous two-phase technology in industry to date
since 1984. Regrettably, long-chain olefin hydroformylation
efficiently  through the Ruhrchemie/
Rhone-Poulenc method because of the phase-transfer limita-

cannot react

tions arising from the poor solubility of various long-chain ole-
fin substrates in water.

Based on the above facts as well as the progress of our
long-standing research efforts in hydroformylation [67-74],
herein, we introduce a PPhs-based new-generation hydro-
formylation cage-type ligand (denoted as POC-DICP) as a recy-
clable and efficient catalyst for long-chain olefin hydroformyla-
tion reactions (Fig. 2). The combined advantages of solubility, a
large steric effect, and favorable electron effect make POC-DICP
an attractive ligand in homogeneous catalysis, as the catalytic
selectivity is enhanced through the influence on the reaction
transition state by favorable steric hindrance and electron ef-
fects. It should be mentioned that the POC-DICP ligand is as-
sembled together by two PPhs and three cyclohexanediamine
moieties through imine bonds. We found that imine products
with two or more imine bonds are usually insoluble in metha-
nol, providing an opportunity for homogeneous catalysis and
heterogeneous separation; this system represents a homoge-
neous catalytic system using a Rh/POC-DICP catalyst. After the
reaction, methanol was added dropwise to precipitate the POC
catalyst and realize heterogeneous separation. This type of
homogeneous catalysis and heterogeneous separation tactic
represents an elegant and advanced methodology in the area of
catalyst recycling, which not only maintains the high catalytic
activity and selectivity but also attains the goal of catalyst recy-
cling. This is an advantage that traditional immobilized cata-
lysts (heterogenized homogeneous catalysts) do not have [75].
Catalytic hydroformylation reactions with significant impact,
including various liquid-phase high-carbon olefin hydro-
formylations, have been employed to investigate the effective-
ness and practicability of our strategy for POC ligand-assisted
catalysis. To conduct in-depth studies, Rh K-edge X-ray absorp-
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Fig. 1. Famous Rh/PPhs catalytic systems for hydroformylation reac-
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Fig. 2. (a) Synthesis of PPhs-derived POC by dynamic covalent synthesis
(b) single crystal structure determined by X-ray diffraction (for clarity,
H atoms are omitted), CCDC number: 1857136.

tion fine structure (EXAFS and XANES) spectra and detailed
density functional theory (DFT) calculations were implemented
to reveal the fundamental merit and trustable mechanism of
our cage ligand-based hydroformylations.

2. Experimental
2.1. Materials

All reagents were purchased and used directly without fur-
ther purification. Here, (s,5)-1,2-cyclohexanediamine (Alfa Ae-
sar Co., Ltd.), 4-bromobenzaldehyde diethyl acetal (Energy
Chemical Co., Ltd.), phosphorus trichloride (Energy Chemical
Co., Ltd.), and dicarbonyl (2,4-pentanedionato)rhodium(I) (Alfa
Aesar Co., Ltd.) were acquired. All the olefins were purchased
from J&K Scientific. Co., Ltd.

2.2. Characterization methods

Liquid nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker AVANCE III NMR spectrometer at 100
MHz for 13C spectra and 400 MHz for 1H spectra. Chemical
shifts were reported as 6 values in ppm relative to the deuter-
ated solvent peak (CDCls, c: 77.16; 8n: 7.26). The electrospray
ionization high-resolution mass spectra (ESI-HRMS) data were
collected via an Agilent Q-TOF6540 spectrometer. Single crystal
X-ray diffraction (SXRD) data were collected on an Agilent
GeminUltra diffractometer with Mo K. radiation, and lig-
uid-nitrogen purging was needed to prevent crystal cracking.
Morphological characterization was performed using helium
ion microscopy (HIM) from Carl Zeiss ORION NANOFAB. The
nitrogen adsorption test was carried out on a Quantachrome
Autosorb-1 instrument at 77 K.

2.3.  Synthesis of POC-DIPC

Ethyl acetate (150 mL) was added to PPhs-based trialde-
hyde (A, 429 mg, 1.24 mmol) [76] in a beaker at room temper-
ature (Fig. 1(a)). The suspension was stirred with a glass rod
and clarified. Next, a solution of (s,s)-1,2-cyclohexanediamine
(B, 212 mg, 1.86 mmol) in ethyl acetate (30 mL) was added
dropwise, and a turbid solution was observed during the addi-
tion process. The resulting mixture was left covered for 72 h
without stirring. Precipitation was observed in approximately
1-2 h. After the reaction, the resulting mixture was filtered, and
the filtrate was concentrated to approximately 5 mL using a
rotary evaporator. After the addition of methanol (100 mL) to
the filtrate, the product was slowly precipitated as a white
powder. The final cage product (79% yield, 454 mg) was col-
lected by filtration and dried under reduced pressure.

1H NMR (CDCl3, 400 MHz): & (ppm) = 7.67 (s, 6H), 7.30 (d,
12H, ] = 4.0 Hz), 6.99 (t, 12H, / = 8.0 Hz), 3.19 (t, 6H, = 8.0 Hz),
2.13(d, 6H,/=12.0 Hz), 1.92 (d, 12H,]/ = 8.0 Hz), 1.51 (t, 6H, ] =
8.0 Hz); 13C NMR (CDCls, 100 MHz): 6 (ppm) = 163.1, 139.1,
139.0, 136.6, 133.2, 133.1, 127.7, 127.6, 73.2, 32.0, 24.4; 31P
NMR (CDCls, 400 MHz): 6 (ppm) = -7.8; HRMS (ESI): m/z calc.
for [CeoNeP2Heo]: 926.4355; found 927.4460 [M+H]*.

2.4.  Procedures for the catalytic hydroformylations of high
olefins

A stainless batch-tank reactor loaded with a magnetic stir-
rer was used to perform the reactions. As a representative run,
13.8 mg of POC-DICP ligand, Rh(CO)z(acac) (0.384 mg, 38.4 mg
of Rh(CO)z(acac) was dissolved in 100 mL toluene to prepare a
stock solution, and 1 mL stock solution was added), 1-octene (2
g), and toluene (5 mL) were added to the reactor, sub-
strate/catalyst = 12000. The reactor was then sealed and
purged with syngas (Hz/CO = 1:1) 3 times, and the initial pres-
sure of syngas was regulated to 1 MPa. Then, the reactor was
heated to 100 °C (within 30 min) and stirred for 4 h at a stirring
speed of 300 r/min. After the reaction was completed, the re-
actor was cooled to ambient temperature, and the excess syn-
gas was vented. The solution was analyzed by GC (Agilent
7890A loaded with an HP-5 column, n-butanol was used as an
internal standard.

2.5.  Procedures for the catalytic hydroformylation of propene

A stainless batch-tank reactor loaded with a magnetic stir-
rer was used to perform the reaction. First, 13.8 mg of
POC-DICP ligand, Rh(CO)z(acac) (0.384 mg, 384 mg of
Rh(CO)z(acac) was dissolved in 100 mL toluene to prepare a
stock solution, and 1 mL stock solution was added), and tolu-
ene (5 mL) were added to the reactor. Then, the reactor was
sealed and purged with a gas mixture (propene/CO/Hz = 1:1:1)
three times, and the initial pressure of the gas mixture (pro-
pene, CO, and Hz) was adjusted to 1.5 MPa. Finally, the reactor
was heated to 100 °C (within 30 min) and stirred for 4 h at a
stirring speed of 300 r/min. After the reaction was completed,
the reactor was cooled to ambient temperature, and the excess
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gas mixture was vented. The solution was analyzed by gas
chromatography (GC) (Agilent 7890A loaded with an HP-5
column, n-butanol was used as an internal standard).

2.6. Rh K-edge X-ray absorption fine structure (EXAFS and
XANES) spectra

EXAFS and XANES spectra of the catalysts were acquired at
the BL14W1 beamline (SINAP, Shanghai, China), and a Si(311)
crystal monochromator was used. The storage ring was oper-
ated at 3.5 GeV, and the injection current was 200 mA. An Rh
foil was applied as a reference sample, and all the X-ray absorp-
tion spectra were tested in transmission mode. All spectra of
the as-synthesized catalysts were obtained in fluorescence
mode. The raw data were energy-calibrated (Rh K-edge energy
of Rh foil) at 23 220 eV, the first inflection point. Then, they
were background-corrected and normalized using IFEFFIT
software. A Fourier transformation of the EXAFS data was used
for the k3-weighted functions. For the curve-fitting analysis,
Rh-P and Rh-C path parameters were obtained from the ab
initio multiple scattering codes FFEF6.

2.7. Synthesis of pre-catalyst that was used as a sample for
EXAFS test

A 100 mL stainless autoclave was loaded with
Rh(CO)2z(acac) (3.84 mg), POC-DICP (138 mg), and toluene (50
mL). The reactor was then sealed and purged with syngas
(H2/CO = 1:1) three times, and the initial pressure of syngas
was regulated to 1 MPa. Then, the reactor was heated to 100 °C
(within 30 min) and stirred for another 30 min at a stirring
speed of 300 r/min. After the reaction was completed, the au-
toclave was cooled to ambient temperature, and the excess
syngas was vented. The mixture was then evaporated under
reduced pressure to remove the toluene. The crude product
was washed with methanol (20 mL x 3) to obtain the
pre-catalyst that was used for the EXAFS test.

2.8. Catalyst recycling experiments in high olefin
hydroformylations

As a representative run, POC-DICP ligand (69.0 mg),
Rh(CO)z(acac) (3.84 mg), 1-octene (20.0 g), and toluene (50
mL) were added to the autoclave, substrate/catalyst = 12000.
The reactor was then sealed and purged with syngas (Hz2/CO =
1:1) 3 times, and the initial pressure of syngas was regulated to
1 MPa. Then, the autoclave was heated to 100 °C (within 30
min) and stirred for 4 h. The stirring speed was 420 r/min, and
the pressure was adjusted by a pressure-regulating valve to
maintain a pressure of 1 MPa. After the reaction was complet-
ed, the autoclave was cooled to ambient temperature, and the
excess syngas was vented. The mixture was analyzed by GC.
The mixture was then evaporated under reduced pressure to
remove the toluene. Then, methanol (200 mL) was added to the
system to precipitate the catalyst. The catalyst was separated
by centrifugation and reused for the next run.

2.9. Computational details

All quantum mechanical calculations were conducted by
employing DFT with the Gaussian 09 package. Structures were
optimized using the B3LYP functional without any constraints
in the solvent phase. The SMD solvent model [77] was utilized,
and toluene was chosen as the solvent. The 6-31G(d,p) basis set
was used for all elements except for Rh, for which the LANL2DZ
basis set and pseudopotential were employed with an extra
f-polarization function (§ =1.350) [78] Vibrational frequency
calculations at the same level were performed to verify that
each stationary point was either a minimum (no imaginary
frequency) or a transition state (only one imaginary frequen-
cy). Intrinsic reaction coordinate calculations were conducted
to verify the transition-state structures. Single-point calcula-
tions were performed at a higher theoretical level, M06-L, with
a def2-TZVP basis set and pseudopotential for Rh, and a
6-311+G(d,p) basis set was adopted for all the other atoms to
determine the free energies for use at the B3LYP-optimized
geometries. Empirical D3 dispersion corrections were included
for the M06-L functional [79].

3. Results and discussion
3.1. Design and synthesis of POC-DICP

First, a new and significant molecular building block of
PPhs-based trialdehyde (A) was designed and successfully
synthesized (for detailed synthetic procedures, see Section 2.3).
With this important building block in hand, the [2 + 3] imine
cage POC-DICP was afforded through “dynamic covalent chem-
istry” [26,29] (Fig. 2(a)), of which the advantages are the ther-
modynamic structural error self-correction mechanism and its
resulting relatively high yields (79% isolated yield in this case).
It is worth noting that the crystalline product was obtained by
recrystallization, which could be further grown to
large-grained single crystals suitable for X-ray single crystal
diffraction.

3.2.  Characterization of POC-DICP

The cage is soluble in ordinary organic solvents, such as
ethyl acetate, CH2Cl;, CHCI3, DMF, and toluene. Therefore,
ESI-HRMS could be directly employed to determine the accu-
rate molecular weight information, and in this case, ESI-HRMS
analysis showed [M + H]* molecular ions at m/z = 927.4460,
corresponding to [2 + 3] (6 imine bond formation) condensa-
tion stoichiometry (Fig. 2(a)). Furthermore, owing to the solu-
bility of the cage in CDCls, liquid NMR could also be used to
determine the structural information of the cage, as the 1H, 13C,
and 31P NMR confirmed the molecular structure illustrated in
Fig. 2(a).

To identify the 3D structure of the cage molecule directly,
the SXRD method was introduced after the growth of
large-grained single crystals. Crystals suitable for SXRD were
obtained by the slow diffusion of methanol to the CHzCl2 solu-
tion of the cage molecule. It is worth noting that the crystals
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become opaque and crack within seconds in air; thus, protec-
tive paraffin oil and the purging of liquid nitrogen are needed
during the diffraction data collection process. The 3D molecular
structure is illustrated in Fig. 2(b). Two tri-
phenylphosphine-based trialdehyde molecules and three cy-
clohexanediamine molecules were assembled into a 3D cage
molecule. The cage POC-DICP was crystallized in the monoclin-
ic space group C2 (a = 20.0305 A&, b = 23.4203 A, c = 25.8132 4,
a=y=90° 8 =98.089°, V=11989.0 A3) with two crystallo-
graphically independent molecules. To further investigate the
particulate morphology and physical form of the cage material,
HIM was employed to observe the sample obtained after re-
crystallization (Figs. 3(a-d)). Regular micron-sized plate crys-
tals conglomerate together to form beautiful nanoflowers. All of
this evidence suggests that our cage material has good crystal-
linity.

The nitrogen gas sorption experiment was carried out at 77
K to investigate the pore structure of the cage material
POC-DICP (Fig. 4). Before the analysis, the cage material was
degassed with a turbo molecular pump at 180 °C for 10 h. The
measured isotherm seems a bit strange compared with the
known isotherm types, and the adsorption and desorption
branches did not close. Moreover, there was no micropore fill-
ing step, which indicated that the pores of the cage material
were mainly mesopores that were generated by the accumula-
tion of each single microcrystalline cage. In view of this, calcu-
lating the pore size distribution curve (using the NLDFT meth-
od) and BET surface area may be unreliable in this case.
Therefore, the pore size distribution information and BET sur-
face area are not provided here. Transmission electron mi-
croscopy (TEM) images show the existence of mesopores (see
Supporting Information), which can be attributed to the
cage-cage packing effect. In view of this, we named our cage
material a quasi-porous organic cage.

Fig. 3. Morphological characterization of POC-DICP by helium ion mi-
croscopy. (a) Scale bar = 5 pm; (b) Scale bar = 2 um; (c) Scale bar = 1 pm
(d) Scale bar = 200 nm.
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Fig. 4. Nitrogen gas sorption isotherm at 77 K for cage POC-DICP.

3.3. Catalytic liquid-phase hydroformylations of high olefins

The reaction data were satisfactory for the performance of a
series of control experiments, and the ligand POC-DICP dis-
played high activity and selectivity compared with the classical
PPhs ligand. First, the catalytic hydroformylation activities of
1-octene employing different catalysts were examined (Table
1). For a substrate/catalyst (S/C) = 12000, the reaction time
was 1 h, the homogeneous Rh/POC-DICP catalyst displayed
high conversion (97.8%), aldehyde selectivity was moderate
(59.8%), and the regioselectivity of aldehydes (linear-to-branch
ratio, 1/b) was 1.46 (Table 1, entry 1). We then compared our
catalyst with classical PPhs-assisted Rh catalysts. When the
homogeneous Rh/PPhs catalyst was used (Table 1, entry 2), the
aldehyde selectivity decreased from 59.8% to 37.2%, and the
iso-alkene selectivity increased from 37.4% to 57.4%. When
the reaction time was increased to 4 h, the aldehyde selectivity
of the Rh/POC-DICP catalyst was increased to 88.9% (Table 1,
entry 3); however, the aldehyde selectivity of Rh/PPhs was
only 53.3% (Table 1, entry 4). From another point of view, the
high aldehyde selectivity of the POC ligand indicated a high
hydroformylation activity. The 1/b ratio (0.99) of the PPhs lig-
and was lower than that of POC-DICP (1/b = 1.40, entry 3, Table
1), which suggests that our cage ligand exhibits high regioselec-
tivity in hydroformylation. When the S/C value decreased from
12000 to 6000 (Table 1, entry 7), the aldehyde selectivity of the
Rh/PPhs catalyst was improved slightly (71.4%), and the det-
rimental iso-alkene selectivity was reduced to 26.7%. However,
the Rh/POC-DICP catalyst showed very good performance (Ta-
ble 1, entry 6) under the same conditions as entry 6. The con-
version and aldehyde selectivity were as high as 98.6% and
91.4%, respectively, the iso-alkane selectivity was only 7.8%,
and the 1/b ratio was as high as 1.88. We have also compared
our catalyst to the Wilkinson-type catalyst (Table 1, entry 5).
The results showed that the performance of our catalyst greatly
exceeded that of the Wilkinson catalyst. Although the conver-
sion of the Wilkinson-type catalyst was high (99%), the major
product was the detrimental iso-alkene (53.9%), and the al-
kane selectivity was also relatively high (14.8%). By comparing
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Table 1
Hydroformylation of 1-octene employing different catalysts.

Time S/C Conv. Aldehyde Alkane Iso-alkene TOF
Entry cat. (h) (x 1000) (%) sel.% sel.% sel.% (h-1) /b
1 Rh/POC 1 12 97.8 59.8 2.8 374 7018 1.46
2 Rh/PPhs 1 12 96.8 37.2 5.4 57.4 4321 0.99
3 Rh/POC 4 12 >99 88.9 2.6 8.5 2654 1.40
4 Rh/PPhs 4 12 >99 53.3 5.2 41.6 1591 0.99
5 HRh(CO) (PPhs)s 4 12 >99 31.3 14.8 53.9 934 0.54
6 Rh/POC 4 6 >99 91.4 0.8 7.8 1364 1.88
7 Rh/PPhs 4 6 >99 71.4 1.9 26.7 1066 1.10

aReaction conditions: Rh(CO)z(acac) (0.384 mg), POC-DICP (13.8 mg), molar ratio of Rh/ligand = 1/10, Hz/CO = 1/1 (the initial pressure is 1.0 MPa),
toluene (5 mL), 100 °C, 4 h, S/C = substrate/catalyst (molar ratio), mi-octene = 2 g (S/C = 12000), M1-octene = 1 g (S/C = 6000). TOF = [(S/C) x Conv. (%) x
Sel.aldehyde (%)]/Time (h), 1/b ratio = linear/branch ratio of aldehyde isomers.

the above experimental data, we can conclude that our homo-
geneous Rh/POC-DICP catalyst exhibited enhanced perfor-
mance compared with the classical Rh/PPhs and Wil-
kinson-type catalysts. These catalysts are all based on the func-
tional PPhs ligand; however, their specific structures are dif-
ferent. In addition, some reported catalysts are listed in Table 2,
demonstrating that our Rh/POC-DICP catalyst displayed high
activity and selectivity comparable with that of the
Rh-metalated porous organic polymer catalyst [18].

The scope of the substrates was then examined (Table 3).
The hydroformylation of 1-octene was investigated again (re-
action time was prolonged as compared with those listed in
Table 1), and similarly excellent performance was obtained
(Table 3, entry 1). However, when the substrate was changed
to 2-octene (an internal olefin), the conversion was reduced
from 99.5% to 90.9%. Moreover, the 1/b ratio decreased dra-
matically, which is a feature of internal olefins (Table 3, entry
2). When 1-hexene with a relatively short chain was tested,
very satisfactory performance (99.9% conversion and 97.3%
aldehyde selectivity) was obtained (Table 3, entry 3), and the
case of 1-heptene was almost the same (Table 3, entry 4). We
also tested our catalyst toward styrene, which is an aryl olefin.
An excellent activity (99.6% conversion and 98.6% aldehyde
selectivity) was obtained (Table 3, entry 5). Finally, the gas
olefin propene was tested as a substrate, with the aldehyde
selectivity reaching 99.4%, and the 1/b ratio was 1.5 (Table 3,
entry 6), which also suggested high activity and good regiose-
lectivity. In addition, it is worth noting that all the terminal
olefins tended to form linear aldehydes; that is, the line-
ar-to-branch ratio was greater than one.

Why does our POC ligand exhibit higher activity and selec-
tivity than classical PPhs ligands? This comparative advantage
might be explained by the favorable electron and steric effects.
Compared with PPhs, the P center of POC-DICP is less basic;

Table 2
Comparison with other reported catalysts (substrate is 1-octene).

Entry Catalyst C(?)/r;;/ ’ Aldek(lg;)c;e sel. ;Sg Ref.
1 Rh/POC-DICP 99.5 88.9 2654 —

2 Rh/dppe 99.5 52.3 416  [18]
3 Rh(CO);acac  98.8 50.1 396  [18]
4 Rh/POL-dppe  96.9 99.3 770 [18]

that is, it is a weaker o-donor and a better m-acceptor than
PPhs, which can be evaluated by recording the infrared spec-
troscopy of the corresponding Ni-CO complexes [80]. The
stretching vibration frequency of CO in complex
POC-DICP-Ni(CO)s is higher than that of PPhs-Ni(CO)s (Fig. 5,
the nickel carbonyl complexes are very toxic and not easy to be
obtained, to be safe, the DFT calculation was used to predict
their Infrared spectra information), which clearly demonstrates
the relatively electron-deficient property of the POC-DICP lig-
and. Judging from the viewpoint of the substituent effect, the
same conclusion can be drawn. The imine bonds at the pa-
ra-position of the P center are electron-withdrawing groups;
therefore, the P of POC-DICP is less basic than that of PPhs,
which has no substituents. According to previous studies on
hydroformylation [55,81], the less basic POC-DICP ligand forces
carbon monoxide dissociation during the catalytic cycle, lead-
ing to a higher reaction rate.

In terms of the steric effect, the Talman cone angle, 6, is a
well-recognized parameter that characterizes the size of
monodentate phosphine [55,82,83]. The Talman cone angle is
defined as the solid angle formed with the coordinated metal at
the vertex (centered at a distance of 2.28 A from the P atom)
and the van der Waals radii of the outermost atoms at the pe-
rimeter of the cone. Based on this calculational model, we cal-
culated the cone angle of POC-DICP and found that the value is
greater than that of PPhs (Fig. 6), which quantitatively demon-
strated the large steric effect of POC-DICP. In the homogeneous
Rh-catalyzed hydroformylation process, the step of alkene in-
sertion (also called alkene coordination) ultimately determines
whether a linear aldehyde or branch aldehyde is formed [84].

Table 3
Hydroformylation of diverse olefins employing Rh/POC-DICP catalyst.
Conv. Selectivity (%)

Entry Substrates (%) Aldehydes Alkane Iso-alkenes /b
1 1-octene 99.5 94.0 1.3 4.7 1.07
2 2-octene  90.9 89.8 3.2 7.0 0.17
3 1-hexene 99.9 97.3 0.5 2.2 1.89
4 1-heptene 95.0 94.0 0.9 5.1 1.39
5 Styrene  99.6 98.6 14 0 1.29
62 Propene 95.3 99.4 less none 1.5

Reaction conditions: Rh(CO)z(acac) (0.384 mg), POC-DICP (13.8 mg),
molar ratio of Rh/ligand = 1/10, H2/CO = 1/1 (initial pressure is 1.0
MPa), toluene (5 mL), 100 °C, 12 h, S/C = 12000. 2C3Hes/H2/CO = 1/1/1
(initial pressure is 1.5 MPa).
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POC-DICP-Ni (CO),

PPh,Ni (CO),

stretching vibration
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2063.1 cm!

Fig. 5. IR diagrams of the complexes POC-DICP-Ni(CO)s and
PPhs-Ni(CO)s.

Steric Effect ~

Vs.

calculation results

Cone angle 6 = 108.53°
Fig. 6. Cone angles of POC-DICP and PPhs.

The configuration in which the olefin is inserted is related to
how crowded the space around Rh is. If the ligand has a strong
steric effect, it will make the central Rh atom more crowded,
providing a favorable configuration for the generation of a lin-
ear aldehyde during olefin insertion. Therefore, qualitatively,
under the same coordination mode, the crowded POC-DICP
ligand with a larger Talman cone angle is more favorable for
the generation of a linear aldehyde than PPhs.

To gain further insight into this selectivity advantage, a

experiment
— fitting

(a)

0 1 2 3 4 5
Radical distance (A)

more accurate coordination status of the central Rh atom
should be determined; thus, Rh K-edge EXAFS spectra were
applied to investigate the coordination information. The
pre-catalyst, which was used as a sample for the EXAFS test,
was synthesized by the coordination reaction between
POC-DICP, Rh(CO)z(acac), and syngas (CO/Hz= 1:1) under the
standard reaction conditions (see Supporting Information). As
shown in Fig. 7, when the number of P atoms coordinated with
rhodium was set to approximately 1.6, the fitting result was
optimal, which suggests that each Rh atom coordinated with
1.6 P atoms on average. With a simple arithmetical operation,
we know that approximately 60% of Rh exhibits a dual P coor-
dination mode and 40% of Rh exhibits a single P coordination
mode (Fig. 7). The steric effect of the cage ligand is already
large; thus, we expect the steric hindrance of the dual P coor-
dination mode to be even greater owing to the “multiplier ef-
fect”. Therefore, it is a preferential configuration for the for-
mation of linear aldehyde, and the linear-to-branch ratio clearly
should be greater than one under the 60% mode of dual P co-
ordination.

However, it is difficult to predict the impact of the remaining
40% on the 1/b ratio owing to the single P coordination mode.
Scientific experience alone makes it difficult to reliably predict
the impact of the single P coordination mode on selectivity.
Hence, in this case, DFT calculations were used to investigate
the mechanism of selectivity control (Fig. 8). Propene, rather
than other long-chain olefins, was chosen as the substrate (to
reduce unnecessary calculation). As illustrated in Fig. 8, two
different paths, one representing the linear aldehyde path and
the other representing the branch aldehyde path, were calcu-
lated. Consistent with the well-recognized hydroformylation
mechanism, the first step is alkene coordination, whereas the
second step is the isomerization step, which determines
whether the linear aldehyde or the branch aldehyde is pre-
dominant. The entire catalytic cycle is illustrated in Fig. 9. Ac-
cording to the present DFT calculations, isomerization is an
endothermic step (AEbranch = 14.45 and AEjnear = 11.90
k]-mol-1), which also indicates that this step is a
rate-determining step. From the viewpoint of kinetics, the en-
ergy difference (14.45-11.9 = 2.55 KkJ-mol-1) is favorable for the
generation of linear aldehyde; thus, even for the 40% single P

60% : 40%
Dual P Single P
coordination coordination

Fig. 7. EXAFS fitting spectra (a) and its corresponding interpretation of coordination modes (b).
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coordination state, linear aldehyde is preferential in energy.
Together with the previous discussion of the 60% dual P coor-
dination mode, we can conclude that the linear-to-branch ratio
of aldehydes should be greater than one from a statistical point
of view.

3.4. Catalyst recycling and reuse

A critical point in the hydroformylation mechanism is the
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Fig. 9. Proposed hydroformylation cycle of linear aldehyde catalyzed by
a single P cage-coordinated Rh catalyst.

separation of the catalyst and product. It is worth noting that
the cage molecule, POC-DICP, was connected by six imine
bonds, and we found that organic compounds containing imine
bonds are generally very hard to solubilize in methanol; the
same applies to the imine cages. This suggests a strate-
gy—homogeneous catalysis and heterogeneous separa-
tion—for easy separation and recycling of the catalyst. When
the homogeneous catalytic reaction was completed, methanol
was added to precipitate the catalyst, and the catalyst was re-
cycled by centrifugation or simple filtration. The recycled cata-
lyst can be reloaded for the next run, and there is no clear loss
of selectivity or activity by the fifth run (see Supporting Infor-
mation). Analysis of the aqueous reaction solution after each
cycle by ICP-AES shows that Rh element leaching did not reach
the detection limit. We believe that the Rh/POC-DICP catalytic
system provides a new idea for the catalyst recycling of homo-
geneous hydroformylation reactions, which might have im-
portant impacts, both in academia and industry.

Table 4

Catalyst recycling data of hydroformylation reaction.

Reaction Conversion Aldehydes Alkane Iso-alkenes 1/b

cycle (%) sel. (%) sel. (%) sel. (%) ratio
1 99.6 85.4 6.1 8.5 1.38
2 99.6 85.1 6.2 8.7 1.41
3 99.6 86.0 5.8 8.2 1.40
4 99.6 86.1 5.8 8.1 1.40
5 99.6 85.9 5.9 8.2 1.43

Reaction conditions: Rh(CO)z(acac) (0.384 mg), POC-DICP (13.8 mg),
molar ratio of Rh/ligand = 1/10, H2/CO = 1/1 (initial pressure is 1.0
MPa), toluene (5 mL), 100 °C, 4 h, S/C = substrate/catalyst (molar ra-
ti0), Mi-octene = 2 g (S/C = 12000), 1/b ratio = linear/branch ratio of al-
dehyde isomers.
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A PPhs-derived porous organic cage (POC-DICP) was applied as an effi-
cient and recyclable organic molecular cage ligand for Rh-catalyzed ho-
mogeneous hydroformylation reactions.

(1

4. Conclusions [2]

In conclusion, a novel PPhs-functionalized porous organic (3]
cage, POC-DICP, has been successfully synthesized through the ]
use of “dynamic covalent chemistry”, which could be applied as
an efficient ligand in the area of homogeneous hydroformyla- [5]
tion reactions. Because of the multiple imine bond connections [6]
of POC-DICP, the Rh/POC-DICP catalyst could be recycled
through the use of “homogeneous catalysis and heterogeneous 7]
separation” and reused several times without loss of selectivity
or activity. This represents important progress after the ligand [8]
TPPTS and stimulates further development in this field. More
importantly, compared with the classical PPhs ligand, ]
POC-DICP exhibited enhanced hydroformylation activity and (10]
selectivity. The investigation of the structure-property rela- (11]
tionship together with DFT calculations were employed to ex-
plain why POC-DICP performs better than PPhs in terms of
hydroformylation reactions. The conclusion is that POC-DICP [12]
exhibits excellent electronic and steric effects that PPhs does
not. The strategy of evolving from small organic molecule lig- [13]
and (PPhs) to cage ligand (POC-DICP) opens a wide range of
applications for homogeneous catalysis, in which continuous [14]
improvement of activity and selectivity is required. Efforts to- [15]
wards the synthesis and understanding of other interesting and
useful POC-based catalytic materials are currently in progress (16]
in our laboratory. (17]
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Supporting information is available in the online version of
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PPh;fiTHE S FLBHEERN/PPh A R AEL S FREL L R R RO A :
FEER & M AR R AT [E YR A

ECAN, EEEY, kOB RIR, FLEY £ RS, &b
X ERS EomS, TEAY
E AR AR ENEAT, FEREREREREE), BUEREREALRE, T A%116023
bR T2 EA A Y S TREER, R 2523808
BHAEE SR ER, A ER510632
YhEM YR LEEEHE K, LiE210210
CE AL E R R IS BT, LR S 8EA LI, £15201204

WE: ZALAHLIEPOCSs) T E FIMH K2 1 Cooper 2% AE20094F & VA B, X Fh 2 7L/ 70 T4 RH B AT 9 5 1 5 52
B (DR T Z LRI — AN 408 7 32, 038 7 AT 2 FLA R AR Gul A, (2) B FPOCSHAEARL H B #L /N 73 F HEAR
M AR, FIVE AR T — S8 A LA e, DRI PR AR ) 46 7 TH BB AR U (0 VA R B PR B, 1P 382 = 4 1A R 22 FL
MR B2, POCSAI F A2 —Fher iy FL B ML/ 7, BN B 53 T IS S50 2B i i, LR R 485 A B ST
Pl 5 2 B A5 7 T R I HH AR G 1 L FH T 5%, A [ T4 490 72 [ S At IR BRHE 2R R 462 J8 - WUAE AP RLRI L A0 A HLHE SE 61T
K Z LA HREDI(POPs) M EL, POCsIE —F7E K 2 HUA HLVE 7 - ol AR 1 /N7 1Rk, TRIMTE 35 R Ak ST A0 A 1R 4 ) B2
F T 5.

VBN B N J A HUBCAAR, = 5L (PPhy) 75 4 8 A HLAG 22 R AR (A0 TSR F )32, o E RTS8 AR AL Tl 7
B BRI 0 2 — A R A S S, K 22 HOS L T  FH (1)2 PPhy 5 R0 B B H 48 S DAL ). AR SO S K PPy AT S 1L 17 i
P4, 3 3 s 36 A 3 IS8R 4 6 T PO Cs AL, & i T 3 T PPhs FCAA (1 1k 22 £L 45 L8 (POC-DICP), FI 113 211 2 fLA ML
JE 1l 2% H ZER0/PPhy M AR Ak & R [/ RW/POC-DICPZE & fiE Ak 1A R, Ik H N H T A R B . A LG T4 3L ) Rh/PPhs 24 4H
i1 R, ZRh/POC-DICPHE A& R TE S H AL OB AR s 1 58 i (109 T R0 A 7= A e D e 9 P (RS PR A 2 e R 1
N9T%, B ¥ IE A4 L 1.89), T HL AT LAAR 756 Hiu A X5 A 5 924k 2 Hh i e [l g (I ok 81 8 3 SR A R Al ). 7 A R AL I
i1, Rh/POC-DICPIA R Bon i T RAEFHRE M, 76 O BRI SE IR RIZR 208 10 2 R IR Ak s B P ) SR B HE R 4 Ak
T PR RS S Tk, TR AR A ) (B A Ak 40K, R ILHE AL I REIH B R B, XU R B AT i [RID 4R S Je DF TS 2 45 SRR A,
Rh/POC-DICP Y44 22 78 &0 I Ak 5 o7 Hh LA 48 o i P RT3 36 2 11 J5 TR 2 POC-DICP £ £LA HLZE 21 I A5 R 1 2 R s
£11(123.88°) 1P JE -1~ L AH X 6 5 Fi, 7 2.
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