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A B S T R A C T

To improve the catalytic efficiency of expensive and versatile 1, 1′-binaphthol-derived chiral phosphoric acid
with 2, 4, 6-tris(isopropyl)phenyl substituents and mass transfer of reactants in heterogeneous catalysis, a hollow
organic polymeric nano-bowl was used as an effective catalyst support to anchor chiral phosphoric acid through
the copolymerization of vinylated 1, 1′-binaphthol with 2, 4, 6-tris(isopropyl)phenyl substituents with styrene on
the surface of polystyrene nanosphere core, etching polystyrene nanosphere by DMF and then phosphorylation
by POCl3. From the comparative kinetic investigation on the reaction rate of reactant in the asymmetric allyl-
boration of 4-chlorobenzaldehyde with allylboronic pinacol ester, the as-fabricated hollow organic polymeric
nano-bowl-supported chiral phosphoric acid displayed higher catalytic rates than ever-reported similar catalyst
and possessed a constant catalytic rate (0.031mol L−1 h−1) during the whole process. The expanded scope of
aromatic aldehydes further proved that the hollow organic polymeric nano-bowl-supported chiral phosphoric
acid was more highly active and enantioselective owing to its thin shell thickness (18 nm) and hollow structure.
Due to the constant phosphorus content and well-shaped morphology of the 6th-reused catalyst, the yield of (R)-
1-phenylbut-3-en-1-ol (95%) with a slightly lowered enantioselectivity (94% ee) remained constant in the sixth
run. Moreover, the lowered enantioselectivity of the 6th-reused catalyst could be restored by hydrochloric acid
to achieve its original enantioselectivity (96% ee), and the prothetic hollow organic polymeric nano-bowl-
supported chiral phosphoric acid could effectively promote the asymmetric allylboration reaction in high yields
(92–95%) with excellent enantioselectivities (94–96% ee) for another six cycles.

1. Introduction

The driving force for the development of heterogeneous en-
antioselective metal catalyst and organocatalyst stemmed from the
practical advantages they might offer over their homogeneous coun-
terparts in terms of process scalability, catalyst reusability, cost and
purification [1–3]. Recently, due to the spectacular synthesis of well-
shaped metal catalysts, heterogeneous metal catalysis paid special at-
tention to the morphology-dependant catalytic performance of metal
catalysts [4,5]. Although the well-controlled construction of organic
polymer-supported organocatalyst was still in its infancy, the clues in
enhanced catalytic activity had also gradually drawn more attentions
[6].

1, 1′-binaphthol (BINOL)-derived chiral phosphoric acid with the 2,
4, 6-tris(isopropyl)phenyl substituents in the 3, 3′ positions, commonly
known as TRIP [7], had proved to be the most successful and versatile

enantioselective Brønsted acid catalyst [8–12], and was widely used in
the various asymmetric catalytic transformations such as transfer hy-
drogenation [13–17], cycloaddition [18–20], cascade multi-component
reaction [21–23], rearrangement [24,25], Mannich reaction [26], hy-
droxyalkylation [27], desymmetrization [28], Friedel-Crafts reactions
[29–31] and miscellaneous cyclizations [32,33]. However, versatile
TRIP presented a main disadvantage of long and tedious reaction se-
quences required for its preparation from chiral BINOL, resulting in the
extremely high cost of TRIP in large-scale application. From the per-
spective of large-scale application, achieving the sustainability and ef-
ficiency of TRIP could significantly reduce its high cost, although ad-
ditional modifications were needed. One strategy was the
immobilization of TRIP onto solid support to effectively reduce its high
cost owing to the recovery and reuse of TRIP [34–38]. Among them,
polystyrene-supported TRIP (PS-TRIP) was used as a famous abun-
dantly recyclable catalyst for the highly enantioselective allylboration
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of aldehydes in batch and flow [36]. Another strategy was the further
enhancement of catalytic efficiency of supported TRIP by improving the
accessibility of reactants to the catalytic sites of TRIP. However, to the
best of our knowledge, no attention was paid on the further improve-
ment in mass transfer of reactants and effectiveness factor (η) of an-
chored TRIP.

The enhancement of mass transfer of reactants to active catalytic
sites had always been one of the most consistently pursued research
topics in the field of heterogeneous catalysis. Owing to hollow interior
and well-shaped morphology, hollow nanospheres displayed the ex-
quisite advantages such as large specific surface area and pore volume,
high loading capacity of catalyst and internal/external concentration
difference in heterogeneous catalysis [39,40]. Recently, the hollow
structures [41–44] and well-shaped nanosphere [45] in the improved
mass transfer of reactants and products into and out catalyst backbone
in heterogeneous organocatalysis were highlighted. In this paper, to
take advantage of the merits of hollow structure and thin shell thick-
ness, hollow organic polymeric nano-bowls-supported BINOL-derived
chiral phosphoric acid (HOPBs-TRIP) was fabricated for the first time
via the first copolymerization of (R)-6 with styrene on the surface of
poly(styrene/acrylic acid) nanosphere (PS), subsequent etching PS by
DMF and final functionalization by POCl3 (Scheme 1). Due to the ef-
fective improvement in the mass transfer of reactants resulted from
hollow structure and thin shell thickness (18 nm), the as-fabricated
HOPBs-TRIP displayed higher catalytic performances including activ-
ities and enantioselectivities than ever-reported PS-TRIP in the het-
erogeneous enantioselective allylation of aldehydes [36] and showed
better economical efficiency than homogeneous TRIP.

2. Experimental

2.1. Materials and sample characterization

Styrene (St) was purified by distillation under reduced pressure
before use. Styryl-derived monomer (R)-6 and poly(styrene/acrylic
acid) nanospheres (PS) (327 ± 15 nm, n=50) were synthesized ac-
cording to the procedures shown in ESI†. The other chemicals were of
analytical grade and used as received from commercial suppliers
without any further purification.

1H and 13C NMR spectra were conducted on a Bruker av-600 NMR
instrument, in which all chemical shifts were reported down-field in

ppm relative to the hydrogen and carbon resonances of TMS. The
loading capacity of phosphoric acid was determined by ICP-OES/ICP-
MS Agilent 725 after the sample was digested. The morphology was
observed by JEM-2100 F scanning electron microscopy and S-4800
transmission electron microscope, respectively operated at 10 kV and
200 kV. FT-IR spectroscopy was performed on a Perkin-Elmer model GX
spectrometer using the KBr pellet. The enantiomeric excesses (% ee) of
products were determined by Agilent LC-1200 HPLC with a UV–vis
detector on Daicel Chiralpak chiral column using heptane/isopropanol
as the eluents.

2.2. General preparation of hollow organic polymeric nano-bowls-supported
HOPBs-BINOL

After PS core (800mg) was well-dispersed under magnetic stirring
for 12 h at room temperature in the mixed solvents of DMSO (21mL)
and DI water (7 mL) containing polyvinyl alcohol (PVA, 0.5 wt%), a
DMSO solution (4mL) of styrene (208mg, 2.0 mmol), (R)-6 (270mg,
0.3 mmol) and ethylene glycol dimethyl acrylate (EGDMA, 320mg,
1.6 mmol) was injected by syringe and irradiated by ultrasound for
30min. The translucent emulsion was added 3mL of aqueous po-
tassium persulfate (KPS, 60mg, 0.45mmol), heated to 100 °C and
stirred for 48 h. Then 9mL of the resulting emulsion was sampled,
added 1mL of ethanol and isolated by centrifugal separation. The
combined solids (CS-BINOL) were dispersed in DMF (10mL), irradiated
by ultrasound for 30min and stirred for 3 h to remove PS core. The
isolated solid was repeatedly dealt with DMF twice, washed with
ethanol (10m-l× 3) and dried naturally at room temperature to afford
hollow organic polymeric nano-bowls-supported HOPBs-BINOL
(423mg) as a slightly yellow solid.

2.3. Preparation of hollow organic polymeric nano-bowls-supported chiral
phosphoric acid (HOPBs-TRIP)

In a dried Schlenk tube (25mL), HOPBs-BINOL (300mg) was sus-
pended in a solution (5mL) of dioxane containing triethylamine (3.0 u-
l, 4.0× 10−3 mmol) under Ar for 0.5 h. Then, POCl3 (18 μ-l,
2.0× 10−3 mmol) was added, and the reaction mixture was heated to
75 °C and stirred for 14 h. The resulting reaction mixture was added
THF (1mL) and HCl solution (1mol L-1, 1.5 mL) at room temperature,
heated to 50 °C, stirred for 15 h and diluted by ethanol (7 mL). The solid

Scheme 1. Preparation route to hollow organic polymeric nano-bowls-supported BINOL-derived chiral phosphoric acid (HOPBs-TRIP).
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was isolated by centrifugal separation, washed with ethanol (10m-
l× 3) and dried naturally at room temperature to give brown HOPBs-
TRIP (303mg).

2.4. General procedure for heterogeneous enantioselective allylation of
aromatic aldehydes

A screw-cap reaction tube containing HOPBs-TRIP (66.7mg, 5mol
%) was evacuated, flushed with Ar and charged with freshly distilled
benzaldehyde (21.2mg, 0.2mmol) in toluene (1.0 mL). The reaction
mixture was cooled to −30 °C, followed by the addition of allylboronic
acid pinacol ester (36.9mg, 0.22mmol) dropwise and stirred for 6 h.
HOPBs-TRIP was recovered by centrifugal separation and directly re-
used in the following catalytic cycles. The centrifugate was loaded on a
silica gel column and purified by flash chromatography using PE/EA (v/
v=10:1) to afford (R)-1-phenylbut-3-en-1-ol (28.1 mg, 95%) with 96%
ee as a colorless oil.

3. Results and discussion

3.1. Morphological control of HOPBs-TRIP

The EGDMA-cross-linked copolymerization of styryl-attached (R)-6
and styrene on the surface of PS core to successfully prepare well-
shaped spherical CS-BINOL was the most important and committed
step. According to the ever-reported investigation [42], the emulsifi-
cation of organic monomers together with PS in aqueous DMSO solu-
tion had two emulsion models—desired monomers around PS core and
adverse monomers without PS core. First, we set about preparing CS-
BINOL under the preliminary conditions: acrylamide (AA, 0.6mmol),
EGDMA (1.6mmol), St (2.0 mmol), (R)-6 (0.17 mmol), 500mg PS and

40mg KPS in 35mL of DMSO/H2O (v/v=2.5) mixed solvents for 24 h.
As expected, two types of solid spheres, CS-BINOL (300–400 nm) and
nanospheres (20–40 nm) with different sizes, were observed from the
SEM image (Fig. 1a1), which were resulted from the copolymerization
under the control of PS and out of control of PS through different
emulsion models, respectively. Subsequently, by means of weight gain
of PS from 500mg to 800mg, the number of solid nanospheres
(20–40 nm) dropped to a large extent (Fig. 1b1) and the yield of PS-
templated HOPBs-BINOL increased from 370mg to 418mg (Fig. 1b),
which elucidated that the increased PS core strengthened the adsorp-
tion area and could effectively prevent the out of control generation of
self-polymeric nanospheres. Furthermore, the enhanced coating of
monomers on the surface of PS core was achieved by prolonging re-
action time (24 h→48 h →72 h) and increasing the dosage of initiator
KPS (40mg → 80mg), which was verified by the increased yields
(418mg→ 435 mg→452mg) of PS-templated HOPBs-BINOL (Fig. 1c–f)
and the thicker outer shell thicknesses of CS-BINOL (22 nm → 28 nm→
32 nm, Fig. S2).

According to the following relationship of effectiveness factor (η)
and sphere radius (R) of catalyst in heterogenous catalysis [46,47], the
more effective diffusion coefficient (De) and shorter sphere radius (R)
are favorable for achieving a better effectiveness factor (η).

⎜ ⎟= ⎛
⎝

− ⎞
⎠

η
ϕ tanhϕ ϕ
3 1 1

s s s (.1)

=ϕ R K
Ds

e

1

(.2)

where ϕs is Thiele modulus for sphere, k1 is first-order kinetic constant
(s−1), R is sphere radius (cm) and De is effective diffusion coefficient
(cm2 s-1). To achieve the shorter transmission distance (R) of reactants

Fig. 1. SEM images of core-shelled CS-BINOL (a1–f1) and hollow nano-bowls-supported HOPBs–BINOL (a–f) under preparation conditions: (a1) 500mg PS, 24 h,
40mg KPS; (b1) 800mg PS, 24 h, 40mg KPS; (c1) 800mg PS, 48 h, 40mg KPS; (d1) 800mg PS, 72 h, 40mg KPS; (e1) 800mg PS, 48 h, 60mg KPS; (f1) 800mg PS,
72 h, 80mg KPS.
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through heterogeneous catalyst, the shell thickness of HOPBs-BINOL
was further optimized by tuning the dosages of AA and EGDMA under
the following parameters (St: 2.0 mmol, (R)-6: 0.17mmol, PS: 800mg,
AA: 0.6 mmol, EGDMA:1.6 mmol and KPS: 60mg at 100 °C for 48 h).
When no directing agent AA was added, the average particle size of
core-shelled CS-BINOL decreased from 388 nm to 353 nm and the
average outer shell thickness decreased from 31 nm to 13 nm (Fig. 2a2).
Further halving the dosages of crosslinking agent EGDMA to 160mg
(0.8 mmol), the average outer shell thickness of core-shelled CS-BINOL
(345 ± 25 nm, n=50) was shortened to 9 nm (Fig. 2b2). Meanwhile,
it was found that the loading capacity of (R)-6 (0.09mmol g-1) was too
low to meet the requirement of highly loaded TRIP. Therefore, the
dosages of (R)-6 increased from 150mg (0.17mmol) to 270mg
(0.3 mmol) to achieve the higher loading capacity of (R)-6 (0.15 mmol
g-1), and then the average outer shell thickness of core-shelled CS-
BINOL (362 ± 30 nm, n=50) was thickened to 18 nm (Fig. 2c2).

After the as-fabricated core-shelled CS-BINOL was etched with DMF
to remove PS core, the shells would withstand the actions of osmotic
pressure (P) of escaped DMF and centrifugal force (Fc). It is well-known
that the pressure difference between the center and the edge of the
container of radius (r) in centrifugal process is ΔP = ρω2 r2/2, where ρ
(kg m−3) is the density of the fluid and ω (rad/s) is the angular velocity.
Then, the pressure which acted on the shell of HOPBs-BINOL was cal-
culated to be 2.18×10-8 N um-2 in DMF (945 Kg m-2) at a rotation
speed ω=8100/60× 2π. From the SEM images (Fig. 1c–f and
Fig. 2a3–c3), all the shells with different average shell thicknesses
(9–32 nm) could not withstand the imbalance induced by the resultant
forces, i.e., osmotic pressure (P) and centrifugal force(Fc), and then one
part of the shell caved in toward the opposite side to form hollow bowl-
shaped HOPBs-BINOL with circular opening, symmetrical wall and
hemi-spherical profile. As shown in TEM images (Fig. 3), the bright

regions at the bottom of HOPBs-BINOL, emblazoned with an arrow,
represented voids between two semi-shells and the dark regions were
the particle shells, which stated clearly that a part of the shells caved in
to enclose a void inside HOPBs-BINOL with a kippah structure.

3.2. Characterization of HOPBs-TRIP

In view of thin shell thickness in favor of mass transfer of reactants
and high content of (R)-6 beneficial to form more TRIP, the hollow
bowl-like HOPBs-BINOL with an average shell thickness of 18 nm was
selected as a precursor to prepare supported chiral phosphoric acid
HOPBs-TRIP by the reaction of phenolic hydroxyl groups in HOPBs-
BINOL with POCl3 and then hydrolysis of phosphoryl chloride (Scheme
1). From the SEM (Fig. 4b) and TEM (Fig. 4c) images, the as-prepared
HOPBs-TRIP remained the similar hollow bowl-like shape as its own
precursor HOPBs- BINOL. From FT-IR spectra, the successful phos-
phorylation of phenolic hydroxyl groups to form phosphoric acid –O)2P
(=O)OH was qualitatively confirmed by the emerging stretching vi-
bration absorption of P]O bond at 1531 cm−1 and the disappeared
stretching vibration, in-plane flexural vibration and out-plane flexural
vibration of phenolic OeH bond at 3512 cm−1, 1374 cm-1 and
650 cm−1 (Fig. 4a). Furthermore, the quantitative functionalization
level of phenolic hydroxyl groups in HOPBs-BINOL to form phosphoric
acid by phosphorylation and hydrolysis was determined to be
0.15mmol g−1 by elemental analysis of P content. In particular, the
disappeared IR absorption peak of water in HOPBs-BINOL at
1677 cm−1 was attributed to the dehydration of adsorbed water in the
presence of POCl3.

3.3. Screening of reaction conditions

Given the versatility of chiral homoallylic alcohols as building
blocks in synthesis and the simplicity of reaction protocol [47–52], the
asymmetric allylboration of aromatic aldehydes was selected as a model
reaction to investigate the catalytic performance of hollow bowl-like
HOPBs-TRIP. From Table 1, it was found that HOPBs-TRIP (5mol%)
promoted the asymmetric allylboration of benzaldehyde with allyl-
boronic pinacol ester in tolue ne at 25 °C toafford allylic alcohol 3a in
96% yield with 90% ee (Entry 1). When the reaction temperature de-
creased from 25 °C to−30 °C, the enantioselectivities were significantly
improved to 96% ee in constant yields (entry 2, 3). Although the re-
action gave the excellent yield (96%) and enantioselectivity (95%ee) at
0 °C in the first run, the enantioselectivity in recycled runs at 0 °C
descended quicker than that at -30 °C. To maintain the high excellent
enantioselectivity, the low temperature (-30 C) was selected as a sui-
table parameter to carry out the following reactions. Further lowering
the used amount of HOPBs-TRIP to 1mol % allowed the reaction to
reach the similar yield (95%) but low enantioselectivity (90% ee, entry
5), whereas no further significantly improved yield and % ee were
achieved upon increasing the dosage of HOPBs-TRIP to 10mol% (entry
4). Solvent played an important role in the catalytic performances. In
other solvents such as EtOAc and CH2Cl2, HOPBs-TRIP promoted the
reaction in lower yields with poorer enantioselectivities (entries 7, 9).
Even worse: no product was obtained in THF (entry 9), which eluci-
dated that the catalytic performances of the heterogeneous nano-bowls
were closely related with solvent properties. It was ever-reported that
the reaction proceeded via a transition state involving both a hydrogen-
bonding interaction from the catalyst hydroxyl group to the pseu-
doaxial oxygen of cyclic boronate and a stabilizing interaction from the
phosphoryl oxygen of TRIP to the formyl hydrogen of the aldehyde
[53]. Then, it was conjectured that the formation of hydrogen bond
between oxygen atoms in EtOAc and THF and hydroxyl group of TRIP
interfered with the hydrogen-bonding interaction of the hydroxyl group
in TRIP with the oxygen of cyclic boronate, and ultimately resulted in
the decreased yields of products or even inactive allylboration.

Fig. 3. TEM images of hollow organic polymeric nano-bowls HOPBs-BINOL
with a kippah structure.
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3.4. Enhanced catalytic activity of hollow bowl-like HOPBs-TRIP

To elucidate the morphology-dependent catalytic activity of HOPBs-
TRIP, the contrast PS-TRIP with a diameter of 3–5 um and no hollow
structure (Fig. S3) was prepared according to the ever-reported proce-
dure [36]. In the asymmetric allylboration of 4-chlorobenzaldehyde
with allylboronic pinacol ester under the fine-tuned conditions (5 mol
% TRIP, 0.2 mol L−1 in toluene, −30 °C, 6 h), the concentrations of 4-
chlorobenzaldehyde and the yields of corresponding product (R)-1-(4-
chlorophenyl)but-3-en-1-ol, plotted versus reaction time during the
whole reaction, were obtained by HPLC and shown in Fig. 5. It was

found that the concentrations of 4-chlorobenzaldehyde and yields of
(R)-1-(4-chlorophenyl)but-3-en-1-ol displayed the different reaction
kinetics for HOPBs-TRIP and PS-TRIP. Hollow bowl-like HOPBs-TRIP
exhibited the higher catalytic activities than PS-TRIP in the whole
process, which was attributed to the shorter seepage distance and in-
ternal and external concentration difference of reactants for HOPBs-
TRIP. The reaction kinetics of 4-chlorobenzaldehyde, promoted by
HOPBs-TRIP, followed a linear Eq. (3)in the whole reaction with a high
degree of fitting (R2= 0.981). However, in PS-TRIP-promoted allyl-
boration, the concentrations of 4-chlorobenzaldehyde versus reaction
time could be expressed by a exponential function (Eq. (4)) during the
first 3 h and then a linear Eq. (5), respectively with the high degrees of
fitting (R2= 0.990 and 0.960).

HOPBs-TRIP: c1 = -0.031 t+ 0.188, R2=0.981 (3)

PS-TRIP: c2= 0.06 exp (-t/0.598) + 0.140, R2=0.990 (0–3 h) (4)

c3 = -0.034 t+ 0.221, R2= 0.960 (3–6 h) (5)

Then, differentiating the concentration (c) with respect to time (t),
the reaction rates of 4- chlorobenzaldehyde at time (t) were expressed
by the following equation.

HOPBs-TRIP: d[c1]/dt = -0.031 (6)

PS-TRIP: d[c2]/dt = -0.1003exp(-t/0.6028) + 7.534e – 5 (0–3 h) (7)

d[c3]/dt = -0.034 (3–6 h) (8)

The initial reaction rates at 1 h are calculated to be 0.031mol
L−1 h−1 and 0.019mol L-1 h−1, respectively for HOPBs-TRIP and PS-
TRIP. At the beginning of the reaction, the reaction rate mainly

Fig. 4. IR spectra (a) of HOPBs-BINOL and HOPBs-TRIP, SEM (b) and TEM(c) images of hollow bowl-like HOPBs-TRIP.

Table 1
Screening of catalytic reaction conditions of HOPBs-TRIP in the asymmetric
allylboration of benzaldehyde with allylboronic pinacol ester.a.

Solvent Cat. (mg/mol%) T (°C) t (h) Yield (%)b Ee (%)c

1 Toluene 66.7/5 25 6 96 90
2 Toluene 66.7/5 0 6 96 95
3 Toluene 66.7/5 −30 6 95 96
4 Toluene 133.4/10 −30 6 96 96
5 Toluene 13.3/1 −30 6 95 90
6 Toluene 66.7/5 −30 16 96 97
7 EtOAc 66.7/5 −30 6 65 48
8 THF 66.7/5 −30 6 traces n.d.
9f CH2Cl2 66.7/5 −30 6 90 80

a Reactions carried out in 1.0 mL of solvent, benzaldehyde (21.2mg,
0.2 mmol) and allyl boronic acid pinacol ester (36.9 mg, 0.22mmol).

b Isolated yields.
c Determined by chiral HPLC on Daicel Chiralpak OD-H column.
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depended on surface reaction. Owing to the larger surface area
(17.6 m2 g-1) of HOPBs-TRIP than that of PS-TRIP (2.1 m2 g-1), the
higher catalytic rate of HOPBs-TRIP was observed. As the reaction
progressed, HOPBs-TRIP possessed the constant catalytic rate and PS-
TRIP showed a sharply decreased catalytic rate (6.8× 10-4 mol
L−1 h−1) at 3 h. At this point, the gap in catalytic rate between HOPBs-
TRIP and PS-TRIP reached the maximum, which was likely involved in
the slower molecule diffusion in the inner of PS-TRIP resulted from the
longer seepage distance and the lack of internal/external concentration
difference of reactants. After 4 h, the reaction rate of PS-TRIP was en-
hanced to a constant value (0.034mol L−1 h−1) owing to the estab-
lishment of internal molecular diffusion equilibrium in the inner of PS-

TRIP. Based on the above-mentioned catalytic reaction kinetics and
enhanced catalytic activity of HOPBs-TRIP, it was concluded that the
short seepage distance and hollow strucutre, obtained by the con-
trollable fabrication of hollow nano-bowl with a thin shell thickness,
were favorable for the fast mass transfer of reactants to access the
catalytic sites and improved the effectiveness factor (η) of supported
heterogeneous TRIP [43,54].

3.5. Scope of aromatic aldehydes promoted by hollow bowl-like HOPBs-
TRIP

Encouraged by the enhanced catalytic activity of hollow bowl-like

Fig. 5. Concentrations of 4-chlorobenzaldehyde (a: HOPBs-TRIP, b: PS-TRIP) and yields of (R)-1-(4-chlorophenyl)but-3-en-1-ol (c: HOPBs-TRIP, d: PS- TRIP) versus
reaction time in the allylboration of 4-chlorobenzaldehyde with allylboronic pinacol ester.

Fig. 6. Yields and enantioselectivities of homoallylic alcohol products in the heterogeneous asymmetric allylboration of aromatic aldehydes with allylboronic pinacol
ester promoted by hollow bowl-like HOPBs-TRIP.
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HOPBs-TRIP in the asymmetric allylboration of 4-chlorobenzaldehyde
with allylboronic pinacol ester, the scope was extended to various
aromatic aldehydes under the optimal conditions: 5 mol % TRIP,
0.2 mol L−1 of aromatic aldehydes in toluene (1mL), −30 °C, 6 h).
From Fig. 6, HOPBs-TRIP proved to be an effective heterogeneous chiral
phosphoric acid in the synthesis of highly enantioenriched homoallylic
alcohols. It was found that the electron-poor and electron-rich aromatic
aldehydes were generally well-tolerated to afford the products 3a− k
in moderate to high yields (70–98%) with good to excellent enantios-
electivities (88–98% ee). More importantly, most of the products gave
the higher enantioselectivities, compared with the ever-reported results
[36]. Especially, different from the ever-reported moderate enantios-
electivity of ortho-chlorinated derivative (72% ee), HOPBs-TRIP pro-
mote the allylboration of ortho- substituted aromatic aldehydes to af-
ford the corresponding derivatives (3c, 3f and 3i) in high yields
(93–98%) with excellent enantioselectivities (92–98% ee). Un-
fortunately, (R)-4-(1-Hydroxybut-3-en-1-yl)benzonitrile (3 j) and (R)-2-
(1-Hydroxybut-3-en-1-yl)benzonitrile (3k) seemed to be the exception,
giving the lower yield (70%) with a poorer enantioselectivity (88% ee).
The reason for this decreased activity of HOPBs-TRIP was possibly at-
tributed to the interaction of basic cyano (-CN) group with the phos-
phoric acid in HOPBs-TRIP.

3.6. Reusability and comprehensive evaluation of hollow bowl-like HOPBs-
TRIP

After the completion of the allylboration reaction, HOPBs-TRIP
could be simply recovered by centrifugal separation and directly reused
in the following catalytic cycles. It was found that the remained yield
(95%) of (R)- 1-Phenylbut-3-en-1-ol (3a) with a slightly lowered en-
antioselectivity (94% ee) was achieved in the sixth run. To remain an
excellent enantioselectivity (> 95%ee), the 6th-reused HOPBs-TRIP
was dispersed in 5mL of DI water and adjusted to pH=1–2 by HCl
(1mol L−1). The recovered HOPBs-TRIP regained the same excellent
catalytic performances (95%, 96%ee) as its fresh HOPBs-TRIP, and
could further catalyze another six cycles in high yields (92–95%) with
excellent enantioselectivities (94–96% ee) in an accumulated TONs of
226 (Table S2). The outstanding stability of HOPBs-TRIP was further
confirmed by no significant loss of phosphorus in elemental analysis
(0.14 mmol g−1) and no obvious change in morphology from its SEM
image (Fig. S5).

Although the total yield (12%) of chiral monomer (R)-6 starting
from (R)-BINOL via six steps was much lower than that (22%) of
homogeneous TRIP via four steps, HOPBs-TRIP afforded the higher
accumulated TONs of 226 in> 92% yield with> 95% ee than homo-
geneous TRIP with the TONs of 20 in 99% yield with 98% ee [48],
which was attributed to the disposable use of homogeneous TRIP and
calculated after a total of 12 cycles of catalyst reuse (Table S2). From a
TOF's point of view, there was still a big gap in TOF between hetero-
geneous HOPBs-TRIP (3.2 h−1) and homogeneous TRIP (19.8 h−1) in
the asymmetric allylboration of benzaldehyde. Moreover, HOPBs-TRIP
with a thin shell thickness (18 nm) and hollow structure possessed the
faster initial catalytic reaction rate (0.031mol L-1 h-1) than ever-re-
ported heterogeneous PS-TRIP (0.019mol L-1 h-1). Therefore, based on
the resource utilization of TRIP, the as-fabricated hollow bowl-like
HOPBs-TRIP could be considered to be more effective than hetero-
geneous PS-TRIP and homogeneous TRIP in the asymmetric allylbora-
tion of benzaldehydes with allylboronic pinacol ester.

4. Conclusions

The enhancement of mass transfer of reactants to active catalytic
sites has always been one of the most consistently pursued research
topics in the field of heterogeneous catalysis. In this paper, to take
advantage of the merits of the short seepage distance and hollow
structure in favor of mass transfer in heterogeneous catalysis, hollow

organic polymeric nano-bowls-supported BINOL-derived chiral phos-
phoric acid (HOPBs-TRIP) was fabricated for the first time via the co-
polymerization of functional monomers on the surface of poly(styrene/
acrylic acid) nanospheres (PS), etching of PS by DMF and functionali-
zation by POCl3. Owing to the thin shell thickness and hollow structure,
the as-fabricated hollow bowl-like HOPBs-TRIP displayed the higher
catalytic activity and enantioselectivities than ever-reported PS-TRIP in
the allylboration of aromatic aldehydes, and showed outstanding sta-
bility in bowl-like morphology and good reusability in catalytic per-
formance (92% and 94%ee in the twelfth cycle) with an accumulated
TONs as high as 226. It is believed that HOPBs-TRIP has great attraction
for the large-scale synthesis and the heterogenization of other suc-
cessful homogeneous catalysis, especially for mass transfer-limited
multi-component reactions.
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