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A chiral organocatalyst derived from (R)-1,1’-bi-2-naphthol (BINOL) was developed for immobilisa-
tion onto magnetic iron oxide particle (MIOP). This heterogeneous organocatalyst was characterised
using infrared spectroscopy (FTIR), thermal gravimetric analysis (TGA) and scanning electron microscope
(SEM). The performance of BINOL-grafted MIOP (BINOL-MIOP) was then evaluated using aldol reaction
between benzaldehydes and cyclic ketones. Comparative studies between homogeneous versus hetero-
geneous aldol reaction revealed the similar reactivity for both reaction systems. The reaction system

ﬁj’gﬁfimn oxide particles mediated by BINOL-MIOP was versatile to produce aldol adducts in moderate-to-good yields (45-99%)
Catalyst from different benzaldehydes and cyclic ketones. In addition, more syn adducts were produced in most
Reusability cases. Up to 35% ee was observed in anti adducts, despite that a higher 50% ee of anti adduct was observed
BINOL in the homogeneous reaction system. This observation was supported by the results obtained from the

Immobilisation molecular modelling, which revealed the reduced selectivity in the heterogeneous system that was pos-
sibly caused by the torsional angle distortion of BINOL after immobilisation. In contrast to the free-BINOL,
the distorted-BINOL exhibited lower tendency to form a complex with aldehyde, thereby reducing the
selectivity that the free-BINOL could deliver. In addition, the reaction system mediated by BINOL-MIOP
was exhibiting an excellent reusability for up to 10 cycles of reactions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Organocatalysis has emerged as one of the powerful tools for
organic reactions [1]. Due to the toxic nature of heavy metal-based
catalysts, the development of organocatalyst has become an attrac-
tive research area [2]. Amongst various types of organocatalyst,
1,1’-bi-2-naphthol (BINOL) and its derivatives have been greatly
used as organocatalysts for a wide range of asymmetric organic
reactions [1,3-8]. Based on literature review, most of the commer-
cially available BINOL derivatives are expensive while many others
are not commercially available. Preparation of these BINOL deriva-
tives involved tedious multi-step reactions and purifications [9].
Thus, it would be an advantage for these catalytic compounds to be
recyclable. Most organocatalysts are used in homogeneous form,
which often makes them difficult to recycle and reused after a reac-
tion. Even when possible, the overall process for recycling of these
organocatalysts is rather cumbersome and uneconomical.
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There have been some efforts to prepare recyclable heteroge-
neous BINOL organocatalysts by immobilising BINOL onto different
polymeric materials and silica gel [1b,10-14]. However, filtration
is required to recover these heterogeneous BINOL organocatalyst.
Recently, magnetic iron oxide particle (MIOP) has emerged as a
new supporting material for various recoverable catalysts [15,16].
MIOP-grafted catalyst can be easily separated from the reaction
mixture by applying an external magnetic field. Thus far, there
has been no report on immobilisation of BINOL onto MIOP. In this
study, we report a general method for immobilisation of BINOL-
derived catalyst onto MIOP and its performances was evaluated
using asymmetric aldol reactions. In addition, molecular modelling
was carried out to explain the effect of BINOL catalyst in asymmet-
ric aldol reaction. The reusability of the catalyst in this reaction was
also assessed.

2. Experimental
2.1. Chemicals

Iron(Il) chloride, iron(Ill) chloride, 2-propanol, methanol,
ethanol, toluene, dichloromethane (DCM), chloroform, N,N-
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dimethylformamide (DMF), tetrahydrofuran (THF), diisopropy-
lethylamine (DIEA), (R)-BINOL, bromine, trifluoroacetic acid,
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC.HCl), Hydroxybenzo- triazole (HOBt), potassium hydrox-
ide, sodium bicarbonate (NaHCO3) and ammonium hydrox-
ide (25%) were obtained from Merck. Tetraethyl orthosili-
cate (TEOS), (3-amino- propyl) triethoxysilane (APTEOS), 4-
dimethylaminopyridine (DMAP) and triethylamine (TEA) were
purchased from Sigma-Aldrich. 4-Methoxymethyl phenylboronic
acid was purchased from Alfa Aesar. Deionised water was obtained
from an ultra pure water system Elga (UK).

2.2. Preparation of aminated Silica coated MIOP
(MIOP-SiO,-NH;)

MIOP was synthesised using co-precipitation method [17]. Sub-
sequently, silica was coated onto MIOP to prepare MIOP-SiO, [18].
Preparation of MIOP-SiO,-NH, from MIOP-SiO, was performed
as follows: 2 g of MIOP-SiO;, 5¢g of APTEOS, 0.1cm? of TEA, and
25 cm? of toluene were swirled for 10 min under a nitrogen atmo-
sphere. Then, the mixture was refluxed for 24 h under a nitrogen
atmosphere. MIOP-SiO,-NH, was collected by an external mag-
netic field and washed with toluene followed by methanol. The
MIOP-SiO,-NH; was then dried under vacuum.

2.3. Immobilisation of BINOL-Acid onto MIOP-SiO»,-NH,
(BINOL-MIOP)

The BINOL-derived organocatalyst, 6,6’-bis-(4-carboxyphenyl)-
1,1’-bis-2-naphtol (BINOL-Acid) was synthesised as reported by
Pereira et al. [ 13] with a slight modification. Spectral data obtained
for BINOL-Acid were identical to those reported in literature
[13]. To immobilise BINOL-Acid onto MIOP-SiO,-NH,, 250 mg
of MIOP-SiO,-NH, and 60 mg of BINOL-Acid, together with the
amide coupling agent, EDC.HCl, HOBT and DMAP, were premixed
and subjected to high vacuum dry for 30 min. 20 cm3 of freshly dis-
tilled DCM, 10 cm? of dry DMF, and 0.06 cm3 DIEA was then added
into the mixture and stirred for 3 days. The particle was washed
with methanol and dried under vacuum for 1 h.

2.4. Characterisation of the prepared catalyst

Thermal gravimetric analysis (TGA) measurements were per-
formed on a TGA4000 PerkinElmer instrument. Each sample was
heated from 50 to 800 °C with the rate of 10°C/min under air flow
(30 cm3/min). Fourier-Transformed Infrared (FTIR) spectra were
recorded using a PerkinElmer FTIR spectrophotometer. FTIR spec-
tra of modified particles were collected in transmission mode by
pressing the particle sample with potassium bromide powder to
form pellets. A resolution of 2cm~! and a total of 16 scans were
applied for the collection of FTIR spectra. The morphology of the
BINOL-MIOP was obtained by scanning electron microscopy (SEM).
SEM micrographs were taken in a Hitachi SU8220. Samples were
placed on carbon tape and mounted on aluminium sample holders
for analysis.

2.5. Heterogeneous catalytic procedure

Ketone and benzaldehyde were premixed with 100mg of
BINOL-MIOP. 0.5 cm?3 of THF and 2 cm3 of 1M NaHCO3; were then
added. The reaction mixture was agitated with vortex for the speci-
fied time. After reaction, BINOL-MIOP was separated from reaction
mixture with external magnet field and the reaction mixture was
then decanted. The reaction mixture was then neutralised with
5% HCl and extracted with chloroform. The extracts were sub-
jected to spectral analysis (NMR) and HPLC analysis. All HPLC

analyses were performed using Shimadzu HPLC system consisted
of a LC-20AT pump, a SPD-M20A diode array detector, a SIL-
20AHT auto sampler, a CTO-20AC column oven and a CBM-20A
communication bus module (Shimadzu, Japan). A Daicel Chiral-
pak AS-H column (0.46 cm x 15 cm) and Daicel Chiralpak IC column
(0.46 cm x 15 cm) with hexane and isopropanol as eluent were used
for separation.

2.6. Molecular modelling

2.6.1. Simulation of single-bound and double-bound BINOL-Acid
onto MIOP-SiO,-NH,

The BINOL-Acid structure was constructed based on the X-ray
crystal structure of BINOL obtained from International Union of
Crystallography (IUCr) with cif reference OH1012 [19]. Semiem-
pirical method, PM6 was employed to explore the possible
conformations in free-form of BINOL-Acid through the torsional
angle between the two naphthol ring planes of BINOL-Acid with
the step size of 20° for 18 steps and structurally optimised until
the completed torsional scan of 360°. The initial structure of
BINOL-Acid was optimised using density function theory (DFT)
with B3LYP/6-311+G (d,p) basis set using Gaussian 09 [20]. The
optimised model of BINOL-Acid was then used to construct the
model of BINOL-Acid bound on the silica surface. The structure of
BINOL-Acid on APTEOS bonded to silica was modelled according
to the quartz structure reported by Levien et al. [21] and opti-
mised with CHARMm force field of Discovery Studio (DS) 2.5. The
supercell was built with eight sites of silica functionalised with
hydroxyl (—OH) group side chain and end-capped with methyl
(—CH3s) group. The initial distance between the amino groups of
APTEOS was set at about 4.92 A. Since BINOL-Acid has two car-
boxylic acid ends available to react with the amino group (—NH;)
of APTEOS on the silica surface, two possible immobilised mod-
els, i.e. single-bound (SG) and double-bound (DB) BINOL-Acid with
APTEOS complexes, were modelled. The initial SG model was bound
to the middle site of APTEOS coated on silica and optimised with
CHARMmMm force field in DS 2.5 with smart minimisation exiting with
gradient tolerance 0.0001 kcal/(mol x A) satisfied. The DB model
with the lowest energy structure was accessed from the possible
DB bound BINOL-Acid with APTEOS, where one carboxylic acid is
attached to —NH, of site 1 and another carboxylic acid is attempted
to attach with another —NHj; site in the range of 2-5.

2.6.2. Simulation of the BINOL-MIOP catalysed aldol reaction

The molecular dynamics simulation (MDs) was done to simu-
late the aldol reaction catalysed by the SG and DB BINOL-MIOP
when both catalysts were in complex with p-nitrobenzaldehyde
respectively, with harmonic atom restrain and force constant of
0.001 kcal/mol/AZ. The p-nitrobenzaldehyde was initially added in
between of the two central —OHs of BINOL-MIOP and the MDs was
done for 1000 ps with the time step of 1 fs with the number of mole
(n), volume (V) and temperature (T) ensembles at 300 K. Trajecto-
ries of the complex configuration for the final 500 ps were recorded
atevery 0.5 ps and a total of 1000 structures were analysed in detail.

3. Results and discussion
3.1. Preparation of BINOL-MIOP

The preparation of BINOL-MIOP was begun with the MIOP syn-
thesis using co-precipitation of ferric and ferrous salts in basic
solution [17] followed by silica coating using TEOS to produce
MIOP-SiO;. MIOP was then subjected to amine functionalisa-
tion to produce MIOP-SiO,-NH,. R-BINOL was used to synthesise
BINOL-Acid. Subsequently, the BINOL-Acid was immobilised onto



248 Y.K. Lee et al. / Applied Catalysis A: General 502 (2015) 246-253

TEOS,
toluene,
reflux
MIOP _ O
silica-coated
MIOP

° BINOL-Acid

(Et0),Si(CH,);NH,,
toluene,
reflux o
—N o} ST NH,
v o
MIOP-SiO,-NH,
BINOL-Acid,
EDC.HCI, HOBt,
DCM/DMF,
rt.

BINOL-MIOP

Fig. 1. Steps to produce BINOL-MIOP.

MIOP-SiO,-NH; via standard amide coupling procedure to pro-
duce BINOL-MIOP (Fig. 1).

3.2. Characterisation of the MIOPs

3.2.1. FTIR analysis

The FTIR analyses were carried out to verify the presence of
BINOL-Acid on MIOP-SiO,-NH, after immobilisation. FTIR spectra
of MIOP-Si0, showed the main characteristic peaks at 1096 cm™!
(Si—O stretching) and 3415 cm~! (O—H deformation) (Fig. 2a). For
MIOP-SiO,-NH,, the appearance of a peak at 1596cm~! (NH,
bending) confirmed the amino functionalisation (Fig. 2b). The
emergence of peaks at 1506 (BINOL C=C stretching), 1650 (BINOL
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Fig. 2. IR spectrum of (a) MIOP-SiO;, (b) MIOP-SiO,-NHj, (¢) BINOL-MIOP, and (d)
BINOL-Acid.

amide C=0 stretching) [13], 2857 and 2925cm~! (C—H stretch-
ing) in BINOL-MIOP suggesting the BINOL-Acid was successfully
grafted onto the surface of MIOP-SiO,-NH,, where the similar
peaks were observed in the spectra of free BINOL-Acid (Fig. 2c
and 2d). Based on the co-emergence of amide carbonyl stretch-
ing (1650cm~1) and carboxylic acid stretching (1700cm~1), the
BINOL-Acid was grafted onto MIOP-SiO,-NH; viaone end and both
ends.

3.2.2. Thermogravimetry Analysis (TGA)

TGA was carried out to estimate the loading of the BINOL-Acid
that grafted onto the MIOP-SiO,-NH,. Generally, MIOP-SiO,,
MIOP-SiO,-NH,;, and BINOL-MIOP showed two successive weight
losses, where one was found at below 150°C and another one at
above 150°C. At below 150°C, the weight loss may due to the
water desorption. Subsequent weight loss at above 150°C was
presumed to correspond to dehydroxylation of the silanol groups,
decomposition of aminopropyl silane groups and BINOL-Acid [13]
(Fig. 3). MIOP-SiO,-NH, showed additional 7.5% weight loss as
compared to MIOP-SiO,, which was due to the decomposition of
aminopropyl silane groups. As reported by Pereira et al. [13], 9.2%
weight loss corresponded to 1 mmol NH, per gram of commercially
available aminopropyl silica gel [13]. Therefore, 7.5% weight loss
would correspond to 0.81 mmol NH;, per gram of MIOP-SiO,-NH,.
BINOL-MIOP showed additional 11.7% weight loss as compared
with MIOP-SiO,-NH,. By taking into account the weight loss that
is attributed to dehydroxylation of silanol groups, decomposition
of aminopropyl groups and BINOL-Acid groups from BINOL-MIOP,
the estimated loading of BINOL-Acid was 0.23 mmol per gram.

3.2.3. SEM analysis

SEM images of MIOP-SiO,-NH; and BINOL-MIOP were
obtained to visualise the differences on surface morphology before
and after BINOL-Acid grafting (Fig. 4). BINOL-MIOP (Fig. 4a)
exhibited rougher particle morphology and agglomeration after
BINOL-Acid grafting (Fig. 4b). This phenomenon could be explained
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Fig. 3. TGA curves of (a) MIOP-SiO;, (b) MIOP-SiO,~NH;, and (c) BINOL-MIOP.

by the hydrophobic interactions between the aromatic rings of
BINOL groups. The estimated average sizes of these particles were
ranging from 200 to 250 nm.

3.3. Evaluation of BINOL-MIOP catalysed aldol reaction

BINOL-MIOP was first evaluated in aldol reaction using the
optimised conditions [22]. For comparison purpose, the aldol reac-
tions with and without homogeneous BINOL were carried out
between p-nitrobenzaldehyde and 2-cyclopentenone (entry 1, a
and b, Table 1). To our delight, the similar performances were
obtained to both catalytic systems. A better syn to anti selectivity
was observed in BINOL-MIOP as compared to homogeneous BINOL.
Although homogeneous system showed 50% ee for anti adduct, the
heterogeneous system still gave an observable ee (i.e., 35%). This
validates the participation of BINOL-MIOP in the asymmetric aldol
reaction between benzaldehyde and ketone. The absence of sodium
bicarbonate resulted no aldol adduct formed (entry 1, c¢), indicating
the importance of sodium bicarbonate as a base in this aldol reac-
tion system, while BINOL-MIOP is only involved in controlling the
stereoselectivity.

The versatility of BINOL-MIOP mediated aldol reaction system
at room temperature was also evaluated using various benzalde-
hydes and ketones. In most cases, the corresponding aldol adducts
were produced in moderate to good yields. The benzaldehyde
bearing an electron-withdrawing group at para-position reacted
quickly with 2-cyclopentenone (entry 1, Table 1) or cyclopentanone
(entry 4, Table 1) to give the product in almost quantitative yields.
Electron-donating group on benzaldehyde took longer time to react

10009 2.0kV 2.1mm x80.0k SE(U)

(ca. 72 h) with good yields (entries 3 and 6, Table 1). The bulky
naphthaldehyde reacted with ketones to give moderate conver-
sions (entries 2 and 5, Table 1). Reaction between cyclopentanone
and benzaldehydes, however, did not display any stereoselectivity
(entries 4-6, Table 1). Reaction between 2-cyclopentenone with
p-nitrobenzaldehyde or 3,5-dimethoxybenzaldehyde, on the other
hand, gave rise to an observable enantioselectivity on their anti
adducts (entries 1 and 3, Table 1). The reactions gave moderate
diastereoselectivities, where the syn:anti ratios were from 70:30 to
79:21.

3.4. Plausible reaction mechanism

Reaction mechanism of aldol reaction in the presence of base
is well known and reported elsewhere [23,and the references
therein]. Hence, in our reaction system, we postulated the for-
mation of cyclopentenolate from 2-cyclopentenone under mild
basic condition of sodium bicarbonate for the initiation of reac-
tion. The generated enolates were nucleophilic enough to undergo
nucleophilic addition to the electrophilic benzaldehydes to pro-
duce aldol adduct (Fig. 5). This explained the formation of aldol
adduct even without the presence of BINOL catalyst (entry 1b,
Table 1). The presence of BINOL as a chiral control catalyst is pro-
posed to form a hydrogen bond to the benzaldehyde that caused the
biased syn-addition versus anti-addition. The further ee observed
in anti-addition is postulated to have a biased access of the 2-
cyclopentenolate to the anti-site of the benzaldehyde (Fig. 6). To
further investigate this proposed mechanism, molecular modelling
was carried out.

3.5. Molecular modelling for SG BINOL and DB BINOL model on
silica surface

Potential energy of optimised structure of free BINOL-Acid was
plotted as a function of the torsional angle between the two naph-
thol ring planes of BINOL-Acid that was located at about the central
of the structure (Fig. 7). Two lowest energy BINOL-Acid struc-
tures with torsion of 88.6° and —91.4° were observed. Possible low
energy structures with relative energy <3.00 kcal/mol compared to
the lowest energy structure at degree torsion angle were found
between —131.4° to —61.4° and 68.6° to 128.6°, indicating the pos-
sible torsional angle that free BINOL-Acid may adopt. The SG and
DB bound BINOL-Acid with APTEOS was simulated using the more
accurate DFT-optimised BINOL-Acid structure based on the X-ray
crystal structure of BINOL that was found to have a torsional angle
of 81.0°. While the SG bound BINOL-Acid was assumed to have the
similar torsional angle with the free BINOL-Acid, the exploration

Fig. 4. SEM image of (a) MIOP-SiO,-NH, and (b) BINOL-MIOP.
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Table 1
Aldol reaction between various aldehydes and ketones.
Entry Aldehyde Ketone Time, (h) % Conversions Syn:anti % ee
(Syn, anti)
9 (0]
1 H 14 98 79:21 0.6, 35.0
(16°,21%) (96%, >99°,0°) (76:24", (0,50
O2N (70:30)°
% o
2 H é 72 45 77:23 0.3,3.3
o
MeO 6
H
3 &7 72 93 72:28 0,35.0
OMe
g (e}
4 /©/U\H é 14 99 73:27 27,11
O,N
0 0
5 H é 72 57 70:30 0.2,1.2
o}
MeO o
H
6 72 94 71:29 2.2,0.2
OMe
2 Results obtained from homogeneous 20% BINOL-catalysed reaction.
b Results obtained from homogeneous reaction without BINOL.
¢ Results obtained from BINOL-MIOP catalysed reaction without sodium bicarbonate.
(e} - HCO5 1) OH
~— 3 +H* H ] H

H

——
O H

§ \ -H* M‘)H >—N02
HCO, HY__“

U
NO,

Fig. 5. Postulated reaction mechanism between p-nitrobenzaldehyde and 2-cyclopenteone.

of DB bound BINOL-Acid with APTEOS suggested three possible DB
models with negative potential energy that were found with the
torsional angle of 53.4°, 109.4°, and 117.5° (Fig. 8). The Model 3
with torsional angle of 117.5° was found to be the lowest energy
structure of —16.83 kcal/mol, indicating the possible angle distor-
tion occurred when BINOL-Acid was bound in the DB manner, as
compared to the free BINOL-Acid or SG bound BINOL-Acids (Fig. 8).
Thus, in order to address the effect of BINOL angle distortion to
the stereocontrol of BINOL-MIOP catalysed aldol reaction, subse-
quent simulation was performed using the configuration of Model
3 as DB bound model to further investigate the BINOL-aldehyde
complexation via MDs.

3.6. Simulation of the BINOL-MIOP catalysed aldol reaction

From the potential energy plot (data not shown) of the 1000 ps
MDs, the equilibrium structure of BINOL-aldehyde complexes

of SG and DB models were achieved after 300ps run. 1000
dynamics structures from the final 500 ps trajectories were ana-
lysed (Fig. 9). The average interaction energies (IE) of the SG
complex and DB complex were found to be —34.22+3.02 and
—16.48 +1.95 kcal/mol with the respective average torsional angle
of 90.52° £9.89° and 115.19° +4.54°. DB model has a lower fluc-
tuation in terms of torsional angle (Fig. 9, B) that may attribute
to the higher IE (Fig. 9, D) due to the constraint of its structure
when both carboxylic acid ends were bound to silica surface. SG
model complex was found to have lower interaction energy (Fig. 9,
C) as compared to DB model complex (Fig. 9, D), thereby suggest-
ing a more favourable complex formation of SG model. This result
indicated that the involvement of SG bound BINOL-Acid and free
BINOL-Acids in aldol reactions were more favourable, thereby con-
tributing a higher ee of the anti adducts (entry 1, Table 1). In the
case of DB bound BINOL-Acid, the formation of BINOL-aldehyde
complex was relatively less favourable as compared to SG, which
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Fig. 6. Plausible BINOL-mediated aldol reaction of the syn and anti accessibilities of
the cyclopentenolate towards the complexed p-nitrobenzaldehyde.

may suggest a weaker BINOL-mediated asymmetric aldol reaction.
In addition, a weaker BINOL bound benzaldehyde may subse-
quently increase the probability of the aldol reaction to occur
in solution directly without going through the BINOL-aldehyde
complexation, which may explained the lower ee of anti adduct
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observed in the heterogeneous BINOL-MIOP mediated aldol reac-
tion between p-nitrobenzaldehyde and 2-cyclopentenone (entry 1,
Table 1).

3.7. Catalyst reusability test

Reusability is usually a critical feature for a catalyst. Thus,
we attempted to study the reusability of the BINOL-MIOP cata-
lyst by recycling it up to 10 consecutive runs of aldol reaction

Model 1

Model 2

Model Ep | Evond | Eangle | Edihedral | Eimproper | Evaw | Eeler | Torsional angle
1(Site1&2) | -542 | 519 3063 | 57.34 | 112 |-62.84| -36.85 53.4
2 (Site1&3) | -9.51 | 451 |27.38| 56.70 | 173 |-70.61| -29.23 109.4
3 (Site1&4) | -16.83 | 4.88 | 27.27 | 49.88 0.67 |-76.07 | -23.45 117.5
4 (Site1&5) | 23.50 | 5.40 | 19.74 | 29.05 0.21 | 13.65 | -44.55 105.9

Fig. 8. The minimised structures of different DB models with CHARMm force field were depicted. The energy contribution to potential energy (Ep) according to bonding
(Ebond ), angle (Eangle ), dihedral (Eginedral ), improper (Eimproper ), Van der Waals (Evgw) and electrostatic (Eejec) interactions in kcal/mol were listed.
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Fig. 9. MDs analysis of the simulated 1000 BINOL-aldehyde complex structures obtained from the final 500 ps. (A) The interaction energy between BINOL-Acid and p-
nitrobenzaldeyde, (B) distribution of torsional angle, the lowest IE structure of (C) SG model and (D) DB model, were shown.

Table 2
BINOL-MIOP reusability experiment for aldol reaction.

Attempt % conversions Syn:anti % ee (Syn, anti)
1 98 79:21 0.6,35.0
2 95 81:19 1.0, 36.0
3 95 78:22 5.0,34.0
4 96 76:24 6.0,38.0
5 95 84:16 0.8,40.0
10 98 81:19 0.4,38.0

between p-nitrobenzaldehyde and 2-cyclopentenone. After each
run, the catalyst was recovered by applying an external mag-
net to decant the reaction mixture and rinsed several times
with THF and water, followed by vacuum dry prior to the next
reaction run. The results indicated no significant loss in stere-
oselectivity and the product yield was observed after repeated
runs of recovered BINOL-MIOP. The obtained yields of the
reusability experiments are within the experimental deviations
(Table 2).

4. Conclusions

We successfully developed a method to immobilise BINOL
onto MIOP. The magnetically recoverable BINOL-MIOP was capa-
ble and versatile to mediate asymmetric aldol reactions with
moderate-to-good yields and fair diastereoselectivity as well as
enantioselectivity. In addition, the free-BINOL gave slightly higher
enantioselectivity of anti-adduct than BINOL-MIOP. The results
obtained from molecular modelling suggested that this reduced
enantioselectivity is caused by the torsional angle distortion of
BINOL-Acid when it was immobilised onto MIOP in DB manner.
In contrast to the free-BINOL or SG BINOL, the distorted BINOL
was found to be less favourable to form complex with aldehyde.
Thus, BINOL-MIOP has a poorer anti-enantioselectivity than the
free-BINOL, which may attribute to the higher probability of aldol
reaction to occur without going through BINOL-aldehyde complex-
ation. In addition, BINOL-MIOP could be recycled and reused for
at least 10 times without significant loss in aldol adduct conver-
sions, particularly in their stereoselectivity. Further work utilising
this powerful technique are underway to immobilise more robust,
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versatile, stereoselective and recyclable BINOL-related organocat-
alysts for asymmetric organic reactions.
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