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In this paper, a novel type of efficient, magnetically recoverable magnetic nanoparticles (MNPs)-

supported 9-amino-9-deoxy-epicinchonidine organocatalysts was prepared through facile co-precipitation

method using phosphonic acid (-PO;H,) as an anchor point. These MNPs-supported organocatalysts

possessed the high and tunable loading capacities of organocatalyst (0.18-0.52 mmol g'), 2-25 nm

regular mesopores and 10.6-44.06 emu g saturated magnetization. In the catalytic asymmetric aldol

reactions of cyclohexanone with various o, m and p-substituted benzaldehydes in water, the aromatic

aldehydes with the electron-withdrawing substituents including—NO,, X and -CN afforded the relevant
aldol adducts in the excellent yields (86—-100%) and steroselectivities (anti/syn = 82-98/18-2 and 93—
98 %ee anti). Especially, the moderate to good yields (36-97%) and steroselectivities (anti/syn = 82—

96/18—4 and 75-97 %ee anti) for the aromatic aldehydes with the strong electron-donating substituents (—

CHj; and —~OCHj;) were also satisfactorily achieved. Futhermore, these MNPs-supported organocatalysts

could be quantitatively recovered from the reaction mixture by using an external magnet, and reused six

times with the excellent catalytic performances (93%, anti/syn = 89/11 and 96 %ee anti). Meanwhile,

MNPs-supported organocatalysts, prepared by surface-modification method, were investigated in detail as

comparative samples.

Magnetic nanoparticles (MNPs), which offered many advantages
in clean and sustainable chemistry, had been employed superpar-
amagnetic materials as both robust catalysts and catalyst supports
because of their easy and efficient recyclability from reaction mi-
xture via an external magnet, large surface area, high dispersion
and outstanding stability as well as low toxicity and price.' In the
field of catalysis, these nanostructured catalysts, often metals or
metal oxides, served as a bridge between homogeneous and heter-
ogeneous catalysis and acted as a “quasi-homogeneous” or solu-
ble heterogeneous catalysis.” There are several protocols for prep-
aring a wide variety of catalytic magnetic recyclable nanocataly-
sts (MRNCs): silica-based,® carbonaceous,” polymer-derived 3
and soft functional organic molecule-attached ¢ magnetic materi-
als, whose synthetic strategies could be classified into two main
families: direct synthesis and template-assisted synthesis. Gene-
rally, at least three to five reaction steps were required to obtain
MRNCs in template-assisted synthesis, which in the end was tedi-
ous, time-consuming and costly. Therefore, in the last two years,
some ingeniously designed MRNCs were fabricated through dire-
ct synthesis strategy including co-decomposition, impregnation
and co-precipitation.'™’

Asymmetric organocatalysis has blossomed rapidly from infancy
to adolescence since the turn of the century.® Due to economic
consideration, the recycling and reuse of these organocatalysts,
including fluorous proline derivatives, solid phase-supported cat-
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alysts, ionic liquids, PEG or aqueous media as reaction solvent, is
currently a highly sought after goal for our chemists.” In the other
hand, due to the high loading capacity of catalyst, easy dispersion,
outstanding stability, and convenient recycling, MNPs are often
used as heterogeneous catalyst supports. However, it was recently
reported that MNPs-supported organocatalyst was used as a strat-
egy for the sustainable separation and reuse of chiral organocatal-
ysts. In 2008, S. Luo et al. prepared MNP-supported chiral prima-
ry amine catalyst by treating SiO,-MNPs with trimethoxysilane to
pave a promising and retrievable way for a range of chiral organ-
ocatalysts for the first time.'’ Lately, H. Yang ef al. covalently
grafted L-proline onto SiO2@FesO4 nanoparticles.'' In 2013, Y.
Kong et al. developed a L-proline-IL-SiO,@Fe;O4-supported
organocatalyst for aqueous asymmetric aldol reaction without co-
catalyst.'? In brief, the progress with respect to the application of
MNPs in asymmetric organocatalysis only focused on nano Fe;0,
coated with silica (Si0,@Fe;0,).

In this paper, in view of the chemical reactivity of phosphonate
with ferrous and ferric irons, the one-pot co-precipitation method
was introduced to explore a novel type of MNPs-supported orga-
nocatalyst with the tunable and controllable loading capacity of
chiral organocatalyst using phosphonate (-PO;H,) as an anchor
point (route 1, Fig.1). Meanwhile, MNPs-supported organocatal-
ysts, prepared by surface-modification method, were also investi-
gated in detail as comparative samples (route 2). Based on the
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catalytic performances of MNPs-supported organocatalysts in aq-
ueous asymmetric aldol reaction, MNPs-supported organocataly-
sts by co-precipitation method possessed the higher, more tun-
able loading capacity of organocatalyst and better catalytic perfo-
rmance than those by surface-modification method. Furthermore,
they could be well dispersed in aqueous medium, magnetically
recovered from reaction mixture by using an external magnet, and
reused six times without significant loss of catalytic activity.

Fig.1 Two routes to MNPs-supported organocatalysts using phosphonate
as an anchor point

Experimental
Materials and sample characterization

All chemicals were purchased and used without any further purif-
ication. 9-amino-9-deoxy-epi-cinchonidine-derived phosphonates
CDPE/n2, n4, n6 and CNPE/n4 with different chain lengths (n=
2, 4 and 6) were synthesized according to the reference.'® Fe;0,
magnetic nanoparticles (MNPs) with the approximate 80—100 nm
diameters were purchased from Aladdin.

Fourier transform infrared spectra were recorded on Perkin—
Elmer Model GX Spectrometer using a KBr pellet method with
polystyrene as a standard. Thermogravimetric analysis was perfo-
rmed on SBTQ600 thermal analyzer with a heating rate of 20 °C
min™' over a temperature range of 40-800 °C under flowing com-
pressed N, (100 mL min™). 'H, *C and *'P NMR were performed
on a Bruker AV-300 NMR instrument at 300.1, 75.0 and 121.5
MHz, in which all chemical shifts were reported down-field in
ppm relative to the hydrogen, carbon and phosphorus resonances
of TMS, chloroform-d; and H;PO,, respectively. The surface mo-
rphologies of as-synthesized samples were determined by transm-
ission electron microscope (TEM) and Tecnai G2 F20 (HRTEM)
operated at 200 kV. N, adsorption-desorption analysis was carri-
ed out at 77 K on an autosorb-1 apparatus. The specific surface
area and pore diameter were calculated by the BET and BJH mo-
del, respectively. X-ray powder diffractions (XRD) were carried
out on a XRD-7000 S/L instrument: Cu-Ka radiation, X-ray tube
settings of 60kV/80 mA, a step size of 6 ® min™' in the 10-80 ° (20)
range. The anti/syn ratios of aldol products were monitored by 'H
NMR, and their enantiomeric excesses (%ee) were determined on
HPLC with a Chiral OD/AD column (n-hexane/ 2-propanol = 95/
5) under 20 °C, 254 nm and 0.5 mL min™" conditions.

General preparation of chiral organocatalyst containing
phosphonic acid

(C2H50),0R,

.

S, 8S,9S: CDPA/n2,n4,n6
) 8R,9R: CNPA/n4

H20;

0.
J

8S,9S: CDPE/n2,n4,n6
8R,9R: CNPE/n4

s s
H <N/ (1) (CH3);SiBr, r.t, 6 h H N
8 8
Z NH 2
| 2 (2)MeOH, r.t,4h = | NHz
N Naw

In a flask (100 mL), CDPE/n4 (0.34 g, 0.4 mmol) and anhydrous
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CH,Cl, (20 mL) were charged and flushed three times with Ar at-
mosphere. After being well-mixed, trimethylbromosilane (0.51
mL, 4.0 mmol) was added by a syringe, stirred at room temperat-
ure for 6 h and concentrated under reduced pressure. To the resi-
due was added MeOH (20 mL), stirred at room temperature for
another 4 h, and then concentrated under reduced pressure to
afford viscous yellow solid. The crude product was stirred for 30
min in the deionized water (50 mL), filtered, washed with n-pen-
tane (30 mLx4), and dried in vacuo to yield the yellow solid
CDPA/n4 (0.29 g, 91.3%). 'H, °C, *'P NMR and MS spectra of
CDPE and CDPA were shown in ESIt.

CDPA/n2: pale yellow solid, m.p. 155-156 °C, &y (300 MHz,
D,0, Me,Si): 9.24 (1H, d, *J = 6.0 Hz), 8.65 (1H, d, >J = 9.0 Hz),
8.32 (1H, d, >J=9.0 Hz), 8.28 (1H, d, >J = 6.0 Hz), 8.22 (1H, t, °J
= 6.0 Hz), 8.09 (1H, t, °>J = 6.0 Hz), 5.63 (1H, d, °J = 9.0 Hz),
4.37 (1H, d, °J = 6.0 Hz), 3.77-3.90 (2H, m), 3.45 (1H, s), 3.17
(1H, d, *J = 12.0 Hz), 2.52-2.73 (8H, m), 2.28 (1H, s), 1.69-1.98
(8H, m), 1.11 (1H, s). d¢ (75.0 MHz, CDCl;): 151.9, 145.8,
139.6, 136.6, 132.5, 128.4, 124.9, 123.3, 121.4, 60.6, 56.6, 42.9,
33.4, 32.6, 31.8, 31.7, 29.9, 29.3, 28.2, 25.9, 24.6, 24.4, 24.3.
Anal. Caled for C,3H3N3O5PS,: C, 55.74; H, 6.91; N, 8.48.
Found: C, 55.78; H, 6.90; N, 8.49. MS (ESI+) m/z 495.8
[M+H]+.

CDPA/n4: pale yellow solid, m.p. 155-157 °C, 6y (300 MHz,

D,0, Me,Si): 9.14 (1H, d,%J = 6.0 Hz), 8.61 (1H, d,*J = 9.0 Hz),
8.25 (1H, d, >J = 9.0 Hz), 8.08-8.16 (2H, m), 8.01 (1H, t, *J = 6.0
Hz), 5.39 (1H, d, >J = 9.0 Hz), 4.23 (1H, d,>J = 6.0 Hz), 3.72-
3.88 (2H, m), 3.34-3.44 (1H, m), 3.11-3.15 (1H, m), 2.45-2.67
(8H, m), 2.25 (1H, s), 1.93-1.95 (3H, m), 1.52-1.79 (9H, m), 1.09
(1H, g, *J = 6.0 Hz). 8¢ (75 MHz, CDCl3): 153.4, 146.4, 140.9,
135.7, 131.7, 128.1, 124.9, 124.1, 120.9, 61.1, 56.3, 42.6, 33.4,
32.7, 32.0, 32.0, 31.6, 31.0, 30.7, 29.4, 28.8, 27.1, 24.7, 24.5,
24.4.5, (121.5 MHz, D,0, 85% H3PO,): 31.1 (s). Anal. Calcd for
C,sH3sN;O5PS,: C, 57.34; H, 7.31; N, 8.02. Found: C, 57.30; H,
7.30; N, 8.05. MS (ESI+) m/z 523.9 [M+H]".
CDPA/n6: pale yellow solid, m.p. 160-162 °C, 3y (300 MHz,
D,0, Me,Si): 9.21 (1H, s), 8.67 (1H, d,>J = 9.0 H), 8.07-8.28
(4H, m), 5.53 (1H, d, °J = 9.0 Hz), 4.36 (1H, s), 3.80-3.93 (2H,
m), 3.46 (1H, s), 3.22 (1H, s), 2.40-2.62 (8H, m), 2.29 (1H, s),
1.99 (3H, m), 1.14-1.82 (14H, m). 3¢ (75.0 MHz, CDCl;): 152.5,
146.6, 140.9, 136.0, 132.1, 128.2, 125.1, 124.2, 121.4, 60.9, 56 .4,
429, 33.5, 32.9, 32.3, 32.3, 32.2, 30.7, 30.5, 29.7, 29.6, 29.0,
28.6, 27.2, 24.8, 24.6, 23.6. Anal. Caled for C,;HyN;05PS,: C,
58.78; H, 7.67; N, 7.62. Found: C, 58.85; H, 7.70; N, 7.60. MS
(ESI+) m/z 552.0 [M+H]".

CNPA/n4: pale yellow solid, m.p. 150-152 °C, 6y (300 MHz,
D,0, Me,Si): 9.16 (1H, s), 8.63 (1H, d,J = 9.0 Hz), 8.25 (1H, d,
3J = 6.0 Hz), 8.06-8.17 (2H, m), 8.03 (1H, t, °J = 6.0 Hz), 5.63
(1H, d, *J=9.0 Hz), 4.31 (1H, d,*J = 6.0 Hz), 3.38-3.66 (4H, m),
2.37-2.58 (8H, m), 2.19 (1H, s), 1.85-1.91 (3H, m), 1.62-1.67
(1H, m), 1.47-1.52 (8H, m), 1.06-1.17 (1H, m). d¢ (75.0 MHz,
CDCly): 151.7, 148.1, 142.5, 137.0, 133.3, 129.3, 125.9, 12528,
122.6, 62.5, 51.3, 50.5, 34.0, 33.4, 33.3, 32.9, 32.1, 32.0, 30.5,
299, 28.1, 262, 253, 247, 242. Anal. Caled for
C,sH3sN;O5PS,: C, 57.34; H, 7.31; N, 8.02. Found: C, 57.31; H,
7.29; N, 7.99.

MS (ESI+) m/z 523.9 [M+H]".

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 8



Page 3 of 8

o

)

I

w

w

=

s

wu

o

0

RSC Advances

General procedure for MNPs-supported organocatalysts by
co-precipitation (Route 1)

The reaction mixture of CDPA/n4 (130 mg, 0.25 mmol), aqueous
FeCl, solution (4.6 mL, 0.25 mol L', 1.15 mmol) and FeCl; solu-
tion (6.6 mL, 0.25 mol L™, 1.65 mmol) was well mixed at room
temperature. The molar ratio of Fe**, Fe** and CDPA/n4 in the
above system was 100: 70: 15. To the reaction mixture was added
aqueous ammonia (0.6 mL, 14.5 mol L‘l) to pH = 6-7, stirred for
15 min and then the pH = 8-9 was adjusted by using aqueous
ammonia (about 0.2 mL). After aged at 80 °C for 30 min, black
powder of Fe;0,/CDPA/n4/0.52 (0.36 g) with 0.52 mmol g
loading capacity of CDPA was washed with deionized water (2
mL x 3) and dried under vacuum. The other MNPs-supported
organocatalysts Fe;O0,/CDPA/n4/0.38 (0.32 g) and Fe;0,/CDPA
/n4/0.18 (0.27 g) with 0.38 mmol g and 0.27 mmol g'loading
capacities of CDPA were also prepared according to the same
procedure, respectively at the molar ratios of Fe**, Fe**, CDPA/
n4 = 100:70:10 and 100: 70:5.

General procedure for MNPs-supported organocatalysts by
surface-modification method (Route 2)

The mixture of Fe;0, MNPs (80—100 nm, 150.0 mg, 0.3 mmol),
CDPA/n4 (528.2 mg, 1.0 mmol) and methanol (10 mL) was stirr-
ed at 50 °C for 48 h, separated magnetically, washed with metha-
nol (5 mL x 3) and dried overnight under vacuum at 50 °C to yie-
1d Fe;0,@CDPA/n4 (0.28 g). According to the same procedure
mentioned above, CDPA/n2 and CDPA/n6 instead of CDPA/n4
were used to modify the surface of Fe;O, MNPs to afford Fe;O,
@CDPA/n2 (0.27g) and Fe;0,@CDPA/n6/ (0.27g).

The determination of loading capacity of organocatalyst

Accurately weighed Fe;0,/CDPA/n4/0.52 (m; = 29.0 mg) was
dissolved in concentrated hydrochloric acid (38%, 1.5 mL) and
neutralized by NaOH aqueous solution (12 mol L) to pH = 12—
13. The resulting precipitates (ferrous hydroxide and ferric hydro-
xide) were filtered and washed with deionized water (2 mL x 2).
To the filtrate was added accurately H;PO, (85%, m,= 15.2 mg)
and volumed to 10.0 mL. Then the phosphorus content in the sa-
mple was determined by the quantitative *'P NMR upon adding
0.54 mL of the solution into NMR tube by a syringe. The loading
capacity of chiral organocatalyst CDPA/n4 was calculated to be
0.52 mmol g according to the following formula, in which A,
A, were the peak areas of CDPA/n4 and H;PO, in *'P NMR spe-
ctra respectively (see ESIT).

0.85 Ajm,

x 10

98 Aym,
General asymmetric aldol reaction

In a 25 mL vial, Fe;0,/CDPA/n4/0.52 (36.0 mg, 5.0 mol %) con-
taining 0.019 mmol of organocatalyst, TfOH (9.0 mg, 0.06 mmol),
deionized water (1.5 mL) and cyclohexanone (0.71 g, 7.2 mmol)
were added in turn. After stirred at room temperature for 15 min,
p-nitrobenzaldehyde (57.4 mg, 0.38 mmol) was added and allow-
ed to react at 20 °C for 24 h. The reaction process was monitored
by TLC. After completion of the reaction, Fe;O0,/CDPA/n4/0.52
was magnetically separated by an external magnet. The resulting
reaction mixture was quenched upon adding saturated NH,Cl
solution (10 mL) and extracted with ethyl acetate (5 mL x 3). The
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combined organic phases were dried over anhydrous Na,SO,4 and
evaporated under reduced pressure to afford the crude product,
which was purified by flash column chromatography eluted with
petroleum ether/ethyl acetate (v/v = 10/1—2/1) to give pure aldol
adduct. Using 2-(hydroxy(4-methoxyphenyl)methyl)cyclohexan-
one as an example, its anti/syn ratio was determined by "H NMR
method in CDCI3, in which the chemical shifts of syn- and anti-
CHOH protons were at & 5.32 ppm (d) with >/ = 1.3 Hz and §
4.74 ppm (d) with °J = 8.8 Hz, respectively. The enantiomeric
excess (Y%ee) was determined on a HPLC with a 254 nm UV-vis
detector using Daicel chiralpak Chiral OD/AD column, eluting
with n-hexane/ isopropanol (95/5) with a flow rate 0.5 mL min ™'
under 20 °C.

Results and discussion
Preparation of supported organocatalyst

Due to the high solubility product constant (pKsp) of phosphate,
phosphonic acid (-POs;H,) can easily react with many metal ions
such as Zr*', Ti*', Fe*" and Fe* to afford the corresponding phos-
phonate precipitates.'® In this study, MNPs-supported organocata-
lysts were prepared by surface-modification and co-precipitation
methods, taking advantage of chemical reactivity of phosphonic
acid (-PO;H,) with Fe’" and Fe*" ions. In the course of co-precipi-
tation method (Route 1, Fig.1), Fe;04 MNPs and iron (ferrous)
phosphonate were simultaneously formed in the pH = 8-10 range
upon adding aqueous ammonia to the mixture of organocatalyst
CDPA/n4, aqueous FeCl, and FeCl; solution. Given that ferrous
and iron phosphonates could share the same iron atom with Fe;0,
crystal lattice through the oxygen atom in phosphonate, organo-
catalyst CDPA/n4 could firmly embed itself in the hybrid frame-
work of Fe;0,4 and ferrous and iron phosphonates by means of
phosphonic acid (-PO;H,) as an anchor point. There were three
particularly important points worthy of much attention. First of
all, the loading capacities (0.18-0.52 mmol g'') of chiral organo-
catalyst CDPA/n4, determined by quantitative *'P NMR, increas-
ed with the increase of used CDPA/n4 during the synthetic pro-
cedure (Table 1). Secondly, organocatalyst CDPA/n4 could be
quantitatively anchored into the hybrid backbone, which was very
important for expensive chiral compound from green chemistry.
Finally, it was noteworthy that the pH value played an important
role in the loading capacity of CDPA/n4 during preparation pro-
cess. When the medium pH was above 11, the loading capacity of
CDPA/n4 had a sharp drop owing to the chemical transformation
of ferrous and iron phosphonate into Fe;O,4. The optimal pH suit-
able for quantitative anchorage of organocatalyst was found to be
in the 8-10 range. Overall, the co-precipitation method could rea-
dily achieve the tunable and high loading capacities of organocat-
alysts at room temperature through direct one-pot synthesis.

For comparison, surface-modification provided an alternative
method to yield MNPs-supported organocatalyst in direct synthe-
sis strategy by means of the chemical reaction of phosphonic acid
as an anchor point with Fe;O4 in CH3;0H medium at 50 °C (route
2, Fig.1). However, due to the difficult insertion of phosphonic
acids into the preformed Fe;O, crystal lattices on the surface or
internal pores, the maximal loading capacities of organocatalysts
were significantly reduced to the 0.20-0.23 mmol g' ranges, even
at the higher used amount of organocatalyst and more prolonged

This journal is © The Royal Society of Chemistry [year]
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reaction time (72 h at 50 °C) (Table 1).

Table 1 The loading capacities of organocatalysts

w

Supported Cat. Weight Used Cat. Loading capacity
) (mg) (mmol g’
Fe;04/CDPA/n4/0.52* 0.36 130.0 0.52
Fe;04/CDPA/n4/0.38* 0.32 86.7 0.38
Fe;0,/CDPA/n4/0.18* 0.27 433 0.18
Fe;0,@CDPA/n2° 0.27 528.2 0.22
Fe;0,@CDPA/n4° 0.28 559.2 0.24
Fe;0,@CDPA/n6" 0.27 589.0 0.20

¢ co-precipitation method: 1.15 mmol FeCl,, 1.66 mmol FeCl; at room
temperature in pH=8-10 range. ° Surface-modification: 1.0 mmol CDPA
and 150 mg Fe;0, MNPs in CH30H for 48 h at 50 °C.

a

S

o

Characterization of supported organocatalysts

TEM and HRTEM. The TEM images were used to obtain the
information on the particle sizes and morphologies of Fe;O,4/
CDPA and Fe;0,@CDPA, respectively prepared by co-precipi-
tation and surface-modification methods.

The typical TEM images of Fe;O,@CDPA/n4 were shown in
Fig. 2. Compared with the bare Fe;0,, the similar square particles
of Fe;0,@CDPA/n4 with the diameters of ca. 80-100 nm and
electron diffraction pattern (inset of Fig.2-a, b) were observed,
which illustrated that there was no great change in the skeleton
structure of Fe;0, after surface-modification. Furthermore, from
Fig.2-d, it was found that the preformed Fe;0, MNPs were cova-
lently coated with a discontinuous and thin layers of chiral organ-
ocatalyst CDPA/n4 by means of phosphonic acid (-PO;H,) anch-
or points. Especially, our endeavours to elucidate the chemical
reaction of phosphonic acid with Fe** and Fe*" ions on the surface
of Fe;0, were also supported by the selected HRTEM images
shown in Fig.2-f, in which the highly ordered arrays of Fe;0,
crystal were etched by phosphonic acid (-PO3;H,) and became
blurred (Fig.2-e).

Fig.2 The TEM and HRTEM images of Fe;O4 MNPs (a, ¢, e) and
Fe;0,@CDPA/n4 (b, d, ).

Fig. 3 The TEM and HRTEM images of Fe;0,/CDPA/n4/0.52

From Fig.3, the different structural features and spherical mor-
phologies of MNPs-supported organocatalysts Fe;O,/CDPA/n4
were achieved by co-precipitation method. Using Fe;0,/CDPA/
n4/0.52 as an example, its electron diffraction pattern (inset of
Fig.3) exhibited the non-crystalline and long range-disordered
nature of the material with the non-uniform diameters of 10-20
nm. However, the short range-ordered crystalline structure with
the interplanar lattice spacing (0.22 nm) for Fe;0, (311) was evi-
denced from the HRTEM images and also supported by X-ray di-
ffraction measurements (Fig.4). It was noteworthy that the larger
crystallographic planes of Fe;0,/CDPA/n4/0.52 than Fe;0, were
arranged in the crisscross and intermittent patterns owing to the
embedded CDPA/n4 organocatalyst by anchor point (-PO;H,).

Fig. 4 Powder X-ray diffraction patterns of Fe;O4 (a), Fe;0;@CDPA/n4
(b), Fe;04/CDPA/n4/0.18 (¢) and Fe;0,CDPA/n4/0.52 (d)

XRD. Fig. 4 displayed the high-angle powder XRD patterns of

o
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Fe;0, and various MPNs-supported organocatalysts. From Fig. 4

so -a, the XRD pattern of bare Fe;0,4 had the typical peaks at 18.12°,

30.08°, 35.45°, 43.06°,53.49°, 57.00°, 62.62° and 74.05°, which
corresponded to the {111, d = 5.68 A}, {220, d =3.44 A}, {311,
d =294 A}, {400, d = 2.44 A}, {422,d =199 A}, {511,d =
1.87 A}, {440, d = 1.72 A} and {533, d = 1.48 A} reflections,
respectively. The interplanar spacings of 3.44 A and 5.68 A for
the {220} and {111} planes were consistent with the bulk values
of Fe;0, with the inverse spinel structure.® These characteristic
reflections of Fe;O4 were also present in the powder XRD patte-
rns of Fe;0,@CDPA/n4 (Fig. 4-b), suggesting that the modifi-

0 cation of CDPA/n4 on the surface Fe;0, MNPs did not signifi-

cantly affect the phase composition of Fe;04. Moreover, Fe;O4/
CDPA/n4/0.18 with the low loading capacity of CDPA/n4 (0.18
mmol g') showed the broad and characteristic XRD peaks (220,
311, 400, 511, 440) with the low relative intensities, which also
matched well with those of magnetite and elucidated the similar
inverse spinel structure as magnetite. However, with the increase
of the loading capacities of CDPA/n4 from 0.18 mmol g’ to 0.52
mmol g'l, some characteristic XRD peaks of Fe;O,/CDPA/n4/
0.52 (220, 400 and 511) disappeared and all of the relative
intensities were weakened sharply. It was demonstrated that the
noncrystalline nature of Fe;0,/CDPA/n4/0.52 was strengthened
due to the attachment of CDPA/n4 by co-precipitation, just as its
electron diffraction pattern exhibited (inset of Fig.3).

Fig. 5 Thermogravimetric curves of Fe;0,@CDPA/n 4 (a), Fe;04/
CDPA/n4/0.18 (b), Fe;04/CDPA/n4/0.38 (c), and Fe;0,/CDPA/n4 /0.52
(d)

TGA analysis. Thermal analysis was performed to monitor the
decomposition profiles for Fe;0,/CDPA/n4 and Fe;0,@CDPA
/m4, and their results were depicted in Fig. 5. The weight losses
of both Fe;0,/CDPA/n4 and Fe;0,@CDPA/n4 below 200 °C
were assigned to the release of physisorbed and chemisorbed wa-
ters in the internal and external surface. The weight losses in the
temperature range of 200—800 °C in the TGA curves were attribu-
ted to the decomposition of the grafted CDPA/n4. Meanwhile,
the total weight losses in the 200-800 °C range were found to be
11.63, 9.26, 18.95 and 24.77 %, respectively for Fe;Q,@CDPA/
n4 and Fe;0,/CDPA/n4 with the different loading capacities
(0.18, 0.38 and 0.52 mmol g"). Based on these weight losses, the
loading CDPA/n4 contents were calculated to be 0.22, 0.18, 0.40
and 0.51 mmol g"l, which were very close to the results determi-
ned by *'P NMR (Table 1).

Porous structure. The BET-specific surface areas, average pore
diameters and pore volumes for as-synthesized catalysts were lis-
ted in Table 2, and their nitrogen adsorption-desorption isotherm
plots, performed at 77 K, were shown in ESIF.

Fig. 6 The pore size distributions (PSDs) of Fe;O4@CDPA/n4 (a),
Fe;04/CDPA/n4/0.18 (b), Fe;04/CDPA/n4/0.38 (c), and Fe;04/CDPA
/m4/0.52 (d).

The N, adsorption-desorption isotherms of Fe;0,4 and Fe;O4@
CDPA/n4 accorded with Type II isotherm in classic definitions,
which matched well the normal form obtained with a non-porous
or macroporous adsorbent, whereas Fe;O,/CDPA/n4 showed

s Type IV isotherm associated with capillary condensation like
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industrial mesoporous adsorbents (see ESIT).'® From Table 2, it
was found that the surface modification did not affect significant-
ly the performed porous structure of Fe;04. However, the lower
BET-specific surface area (6.83 m® g”') and pore volume (18.1 x
103 cc g'l) of Fe;0,@CDPA/n4 than bare Fe;0, were observed.
Interestingly, the BET-specific surface areas and pore volumes of
various Fe;O,/CDPA/n4 by co-precipitation increased remarkab-
ly due to the supporting effect of CDPA/n4 organocatalyst. The
pore size distributions (PSDs) of Fe;0,/CDPA/n4 suggested the
existence of 2-25 nm regular mesopores (Fig. 6). Especially, the
more CDPA/n4 (0.18 — 0.52 mmol g') were loaded into the ba-
ckbone of Fe;0,, the larger average pore diameters (9.8 — 15.0
nm) and higher pore volumes (0.11 — 0.15 cc g'') were achieved.
Regretfully, the lower BET-specific surface areas were resulted
from the blockage of appended CDPA/n4 in the inner mesopores.

Table 2 The surface areas, average pore diameters and pore volumes of
MNPs-supported organocatalysts®

Cat. Surface area Average pore Pore Volume
m’g'®  diameter [A]° [ccg'®
Fe304 791 103.8 20.5
Fe;04@CDPA/n4 6.83 105.8 18.1
Fe;04/CDPA/n4/0.18 82.8 98.0 111.7
Fe;04/CDPA/n4/0.38 50.7 109.1 125.8
Fe;04/CDPA/n4/0.52 40.2 150.4 151.3

“ The samples were degassed at 105 °C for 5 h. * Based on the multipoint
BET method. °Based on the desorption data using BJH method.

Magnetic property. The magnetic properties of MNPs-supported
organocatalysts were examined through vibrating sample magne-
tometry (VSM). The hysteresis loops at room temperature were
shown in Fig. 7.

Fig. 7 The magnetization curves of Fe;0., Fe;04@CDPA/n4 (a), Fe;04/
CDPA/n4/0.18 (b), Fe;0,/CDPA/n4/0.38 (c), and Fe;0,/CDPA/n4/0.52
(@).

From Fig.7, the same saturation magnetization value for Fe;Oy4
@CDPA/n(4) and bare Fe;O, was found to be 53.36 emu g'l,
which elucidated that the magnetic property was not influenced
by the surface modification method. However, the saturation ma-
gnetizations of Fe;O,/CDPA/m4, prepared by co-precipitation,
decreased with the increase of loaded CDPA/n4 organocatalysts.
VSM analysis showed that Fe;O,/CDPA/n4 catalysts possessed
the saturated magnetization values of 44.06, 11.75 and 10.65 emu
g, respectively at the 0.18, 0.38 and 0.52 mmol g™’ loading capa-
cities. These values were all sufficient enough to meet the need of
magnetic separation.'” ' The zero coercivity and resonance of
each magnetization loop evidenced the superparamagnetism be-
havior at 298 K for all the samples, which was very useful for the
catalyst's rapid dispersion and separation.

From the above characterization methods, it was concluded
that MNPs-supported organocatalysts Fe;O,/CDPA/n4 by co-
precipitaion exhibited the higher loading capacities, BET-specific
surfaces, average pore diameters and pore volumes than Fe;O,@
CDPA/n4 by surface-modification, which were beneficial to per-
fect catalytic activity.

Catalytic performance

With two novel types of MNPs-supported organocatalysts in hand,

so prepared by co-precipitation and surface-modification methods,

o0
a5

S

their catalytic performances including activity and steroselectivity
were evaluated in the well-documented aldol reaction between 4-
nitrobenzaldehyde and cyclohexanone.'®

Table 3 The asymmetric aldol reaction of p-nitrobenzaldehyde and
cyclohexanone catalyzed by various MNPs-supported organocatalysts *

o 0 OH OH
SRactenotion sl
NO, anti NO, syn NO;
Entry Cat. Time Yield Dr Anti
(h)  (%)°  (antilsyn)" (%ee)*
1 Fe;0,@CDPA/M2 48 92 82:18 93
2 Fe;0,@CDPA/Mm4 48 98 86:14 96
3 Fe;04@CDPA/M6 48 88 77:23 86
4 Fe;0,/CDPA/n4/0.18 48 >99 89:11 96
5  Fe;04/CDPA/M4/0.38 24 >99 89:11 96
6 Fe;04/CDPA/M4/0.52 12 >99 90:10 98
7 Fe;04/CDPA/M2/0.19 12 >99 90:10 96
8  Fe;04/CDPA/MG/0.19 12 >99 88:12 95
9 CDPA/m2° 48 90 89:11 94
10 CDPA/n4* 48 92 84:16 95
11 CDPA/Mm6® 48 88 86:14 93

“ Reaction conditions: 20 °C, p-nitrobenzaldehyde (56.0 mg, 0.37 mmol),
cyclohexanone (0.7 g, 7.1 mmol), 5.0 mol% cat., 1.5 mL of water, TfOH
(9.0 mg, 0.06 mmol). ? Isolated yield. ¢ Determined by 'H NMR.? Monitored
by chrial HPLC with Daicel Chiralpak OD-H column. ¢ "blank" aldol
reactions.

Under optimum catalytic conditions, the comparative tests of
various MNPs-supported organocatalysts were performed and the
catalytic results were summarized in Table 3. Although the vari-
ous Fe;O,@CDPA/n with the different arm chain lengths (n = 2,
4 and 6) had the similar loading capacities in the 0.20-0.23 mmol
g range (Table 1), the arm chain lengths played an important
role in the yields and steroselectivities of aldol adduct. The opti-
mum arm chain length was found to be » = 4 in terms of enantio-
selectivity, diastereoselectivity and reactivity (98%, anti/syn
86/14, 96 %ee anti) (entry 2). Meanwhile, compared with Fe;O4
@CDPA/n4 (48 h, 88-98% yield, anti/syn = 77-84/23-16, 86—
96 %ee anti, entries 1-3) and "blank" CDPA/n (48 h, 87-95%
yield, anti/syn = 86-89/14-11, 93-94 %ee anti, entries 9-11),
Fe;0,/CDPA/n(4), prepared by co-precipitation method, affor-
ded the better catalytic performances (>99%, anti /syn = 90/10,
96-98 %ee anti, entries 4-6). Among them, Fe;O0,/CDPA/n4/
0.52 with the highest loaded organocatalyst (0.52 mmol g™') pro-
duced the most excellent catalytic performances (12 h, >99%,
anti/syn = 90/10, 98 %ee anti, entry 6). These enhanced catalytic
results were related to the improved mass transfer originating
from the nano size, regular mesopores and higher pore volume
mentioned above (Table 2 and Fig.6). Unfortunately, Fe;O,4/
CDPA/n4 afforded the less catalytic activities at the lower
loading capacities of CDPA/n4 (48 h at 0.18 mmol g'; 24 h at
0.38 mmol g™, although excellent diastereoselectivity and enan-
tioselectivity were maintained at the same level (entries 4, 5).

This journal is © The Royal Society of Chemistry [year]
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40 Table 5 The asymmetric aldol reaction of benzaldehyde derivatives with
cyclohexanone *

Table 4 The asymmetric aldol reaction of benzaldehyde derivatives with
cyclohexanone catalyzed by Fe;0,@CDPA/n4 *

2

2

3

3

o o o OH o OH o o o OH o OH

HJ\@ Y X . S H Z Y N . A
+ - - + & 0
el eatRien NN « TG 8

5 é \\R anti \R syn \R \\R anti \R syn \R

Entry R Time Yield Dr Anti-adduct Entry R Time Yield antilsyn ¢ %ee anti
(h) (%)°  (anti/syn) (%ee) ¢ (h) (%)"

1 2-NO, 24 60 90:10 97 1 2-NO, 24 >99 94:6 96

2 3-NO, 24 90 86:14 92 2-NO,* 48 89 95:5 97

3 4-NO, 24 94 84:16 95 2 3-NO, 24 >99 90:10 98

4 3-CN 24 64 91:9 95 3-NO,* 48 98 90:10 98

5 4-CN 24 94 83:17 95 3 4-NO, 8 >99 90:10 97

6 4-Cl 48 63 79:21 89 4N 24 97 2011 97

7 4-Br 48 44 79:21 90 4 3.CN 24 95 86:14 97

g 44E)C(:H}31 gg - 3-CN° 48 89 85:15 97

) 3 ) 5 4-CN 24 92 82:18 96

“ Reaction conditions: 20 °C, Fe;04@CDPA/n4, p-nitrobenzaldehyde 4-CN°® 48 82 84:16 97

(56.0 mg, 0.37 mmol), cyclohexanone (0.7 g, 7.1 mmol), 5 mol% cat., 1.5 6 2-Cl 48 87 98:2 96

mL of water, TfOH (9.0 mg, 0.06 mmol). “Isolated yield.  Determined by 2-CI° 48 76 95:5 94

'H NMR. Monitored by HPLC with Daicel Chiralpak AD/OD-H column. 7 3-Cl 48 90 96:4 95

€ .

o Although Fe;0,@CDPA/n4 had the good catalytic performa- q 34%11 jg gg 34512 g;
nee in the aqueous aldol rF:action between cycl.ohexanc.)ne and 4-CF° 48 79 955 08
various benzaldehydes bearing strong electron-withdrawing gro- 9 2-CHs, 48 87 90:10 97
ups such as -NO, and -CN groups (Table 4, entries 1-5), the un- 2-CH:® 96 80 89:11 95
satisfactory results with the lower diastereoselectivity (anti/syn = 10 3-CH, 48 91 90:10 89

€ .
5 79/21) and less yields (44-63%) were obtained for the halogena- 3-CHs 96 85 90:10 97
. . . 11 4-CH; 48 97 94:6 79
ted benzaldehydes with weak electron-withdrawing groups (entr- 4-CH. 9 30 055 32
i'es 6, 7). Regrettably, the aromatic aldehydes vx{ith electron-dona- 12 2-OCI§13 48 36 964 9
ting groups such as —CH3 and —OCHj; groups did not undergo the 2-OCH;® 96 40 95:5 90
aldol reaction smoothly due to the low 0.20-0.23 mmol g load- 13 3-OCH; 48 51 82:18 91
o ing capacities of CDPA/n4 organocatalyst (entries 8, 9). 3-OCH;* 96 59 84:16 92
Delightedly, excellent performances of Fe;0,/CDPA/n4/0.52 14 :ggg‘e 32 Z; gg}i ;;
. . . . - 5 :

were obse.rved in the direct f.isymmetrlc ald(?l reaction of cyclohe- 15 2-NO, 2 76 26:14 o4
xanone with various aromatic aldehydes using water as a solvent 16 3-NO, 24 95 81:19 93
(Table 5, entries 1-14). In all cases, the aromatic aldehydes with 17 4-NO, 12 >99 77:23 91
s electron-withdrawing groups including —NO,, X and -CN afford- }g 431-3:1] ;3 g; 52;2 '35

i . . 0 i . : -
ed the. a.lc.lol addu.cts in the good to high yields (>86 %) apd stefo 20 2-Cl 48 94 39:11 o4
selectivities (anti/syn = 82-98/18-2 and 93-98 %ee anti, entries 21 3-Cl 48 89 70:30 78
1-8). Meanwhile, the aromatic aldehydes with strong electron- 22 4-Cl 48 96 79:21 -93
donating substituents (—CH; and —OCHj;) produced the correspo- ;31 ggg* jg i; %81: 192 ‘g?

i - i ; 070, -CH; : -

o nding /& hydro>%y.k.etone 11.1 the moderate to good yields (36-97 @ 25 4-CH, 48 43 04+ 03
and steroselectivities (anti/syn = 82-96/18—4 and 75-97 Y%ee anti, 26  2-OCH; 48 16 81:19 -84
entries 9-14). Although the steric hindrance resulted in the less 27  3-OCH; 48 31 83:17 -93

28 4-OCH; 48 21 79:21 -87

&

catalytic activity, the 2-substituted benzaldehydes, both with
electron-withdrawing and electron-donating substituents, gave the
better steroselectivities owing to the positive enantioface discrim-
ination in the transition state (entries 1, 6, 9 and 12). Furthermore,
compared with the homogeneous CDPA/n4. Fe;O0,/CDPA/n4/
0.52 exhibited the higher yields and steroselectivities for most
substituted benzaldehydes (entries 1-14),

45 “ Reaction conditions: 20 °C, 5 mol% Cat.: Fe;04/CDPA/n4/0.52 (entries

1-14) or Fe;04/CNPA/n4 (entries 15-28), p-nitrobenzaldehyde (56.0 mg,
0.37 mmol), cyclohexanone (0.7 g, 7.1 mmol), 1.5 mL of water, TfOH
(9.0 mg, 0.06 mmol). ? Isolated yield. © Determined by 'H NMR. ¢ Monitor-
ed by chrial HPLC, Daicel Chiralpak AD-H or OD-H column. ° homoge-

s0 neous organocatalyst CDPA/n4.

When organocatalyst CNPA/n4 with (8R, 9R) configuration
was used as a catalyst instead of CDPA/n4 with (8S, 9S) configu-
ration, the corresponding MNPs-supported organocatalyst Fe;O,/
CNPA/n4/0.49 with 0.49 mmol g loading capacity was also pre-

ss pared by co-precipitation method. As expected, Fe;O,/CNPA/n4

/0.49 smoothly catalyzed the aldol additions to afford the opposi-
te enantiomers (R = -NO,, X, CN CH;3 and OCHs) in the good
catalytic performances (21-99% yield, anti/syn = 70-94/30—6 and
-78—-94 %ee anti, Table 5, entries 15-28). However, the catalyt-

o ic performances of Fe;04/CNPA/n4/0.49 including activities and
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steroselectivities were slightly inferior to that of Fe;O,/CDPA/n4
/0.52, possibly resulted from the inferior mutual matching pattern
of (8R, 9R) configuration of CNPA/n4 with the reactants.
In conclusion, based on the catalytic results in aldol reaction,
s the novel Fe;0,/CDPA/n4, prepared by one-pot co-precipitation,
acted as an efficient supported organocatalyst in aqueous asymm-
etric aldol reaction and gave the better catalytic performances
than Fe;O0,@CDPA/n4 through surface-modification method.

The recovery and reuse of supported organocatalyst

10 Apart from excellent catalytic efficiency in aqueous aldol reacti-
on, another important feature of Fe;0,/CDPA/n4/0.52 was its
easy and quantitative recovery from the reaction mixture by using
an external magnet.

Table 6 Recycling experiment of Fe;04/CDPA/n4/0.52 in the aldol
15 reaction between 4-nitrobenzaldehyde and cyclohexanone *

o) o OH O OH
st egotieg sl
+ i
NO, anti NO, syn NO,
Entry Run times Time Yield Dr Anti-adduct
(h) (%)°  (anti/syn)’ (%ee) ¢

1 1 12 >99 90:10 98

2 2 24 >99 89:11 98

3 3 24 98 87:13 96

4 4 24 95 88:12 97

5 5 24 95 88:12 95

6 6 48 93 89:11 96

7 7 48 90 77:23 92

“ Reaction conditions: 20 °C, 5.0 mol% Fe;04/CDPA/n4/0.52, p-

20 nitrobenzaldehyde (56.0 mg, 0.37 mmol), cyclohexanone (0.7 g, 7.1
mmol), 1.5 mL of water, TFOH (9.0 mg, 0.06 mmol). * Isolated yield. ©
Determined by 'H NMR. ¢ Monitored by chrial HPLC with Daicel Chiralpak
OD-H column.

25 Fig. 8 The pore size distributions (PSDs) and TEM images of the fresh (a,
¢) and 7"-recovered Fe;04/CDPA/n4/0.52 (b, d),

Table 6 showed the results of the recovery and reusability of
Fe;0,/CDPA/n4/0.52 in the asymmetric aldol reaction of cyclo-
hexanone with 4-nitrobenzaldehyde in water. From Table 6,

30 Fe304/CDPA/M4/0.52 could be easily recycled and reused for up
to six times with no appreciable decrease in the yields and stero-
selectivities of aldol product, which demonstrated that Fe;O,/
CDPA/n4/0.52 possessed good stability and reusability. However,
it was found that there was a sharp drop in the steroselectivity

35 (anti/syn = 89/11—-77/23 and 96—92 %anti) in the seventh time.
In order to seek the reason why catalytic performances decreased,
nitrogen adsorption-desorption isotherm, TEM, TGA and *'P
NMR were used to monitor the surface morphology, weight loss
percent of organic moiety and pore structure of the 7™ -recycled

10 Fe30,/CDPA/n4/0.52. By means of 3'P NMR, Fe;0,/CDPA/n4
/0.52 did not have an obvious change in the loading capacity of
CDPA/n4 (0.50 mmol g™') after reused for seven times. However,
compared with the fresh Fe;0y/ CDPA/n4/0.52, the agglomerat-
ion of particles was observed from the TEM images (Fig.8-d).

4s Furthermore, the organic weight loss of recovered Fe;O4/CDPA/
n4/0.52 in the temperature range of 150-800 °C increased from
22.8 to 28.5%, and the average pore diameter, BET-specific surf-
ace area and pore volume decreased from 150.4 A, 40.2 m* g’

and 0.151 cc g to 14.6 A, 37.0 m* g, 0.014 cc g', respectively.
so From Fig.8-b, the pore size distributions (PSDs) suggested that
some mesopores in the 2-25 nm range were occupied and disapp-
eared. It was speculated that the adsorbed reactants, products, or
impurities occupied those regular mesopores, covered catalytic
active sites, and resulted in the decrease in catalytic performance.

Conclusions

o
b

A novel type of efficient and magnetically recoverable Fe;O,
MNPs-supported organocatalysts was successfully prepared by
facile one-pot co-precipitation and surface-modification methods,
taking advantage of phosphonic acid (-PO3;H,) as an anchor point.
s Compared with surface-modification method, the co-precipitation
method could quantitatively and easily afford MNPs-supported
organocatalysts with controllable loading capacity of organocata-
lyst and higher BET-specific surface area, average pore diameter
and pore volume. These MNPs-supported organocatalysts, prep-
os ared by facile one-pot co-precipitation, not only possessed exce-
llent catalytic performance in asymmetric aldol reaction, but also
could be well dispersed in the aqueous reaction medium and easi-
ly magnetically recovered by using an external magnet. Further-
more, there was no significant loss of catalytic performance in
70 asymmetric aldol reaction, even in the sixth time in water.
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