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1. Experimental section:

Characterization Techniques: Transmission electron microscopy (TEM) studies of the 

particles were carried out at an accelerated voltage of 197 kV using a Philips CM200 TEM 

equipped with a LaB6 source. The X-ray diffraction (XRD) patterns were recorded on a 

Shimadzu XD-3A X-ray diffractometer operating at 20 kV using Cu Kα radiation (λ= 0.1542 

nm) for CNTs and its composites. For ferrites, Cr Kα radiation (λ= 0.2 nm) radiation source 

was used. X-ray photoelectron spectroscopic analysis (XPS) was performed using an 

ESCALAB250 instrument by Thermo VG Scientific. Unless stated otherwise, 

monochromatic Al Kα-radiation was used (15kV, 150W, ~500 μm spot diameter) with the 

transmission function of the analyzer having been calibrated using a standard copper sample; 

when necessary, charge compensation was achieved using a “Flood-Gun” (~6eV/ 0.05mA). 

Spectra were recorded with pass energy of 80 eV for survey spectra, and 30 eV for core level 

spectra. For non-magnetic samples, a magnetic lens was used to enhance the signal/noise 

ratio. Infrared spectra were recorded on a Varian Associated FT-IR 3100 Excalibur with ATR 

unit. The wave numbers (n) of recorded IR-signals are quoted in cm−1. Enantiomeric excess 

(ee) was determined using HPLC, Shimadzu with UV-detector using chiralcel AD-H column 

with flow rate of 1.2 mL/min and 5% isopropanal: hexane system. The ACME silica gel 

(100-200 mesh) was used for column chromatography and thin layer chromatography was 

performed on Merck precoated silica gel 60-F254 plates.

2. Synthesis of MNPs (Fe3O4): The MNPs were prepasred by the so called wet-impregnation 

method as reported in literature. The ultra-fine MNPs were prepared by co-precipitating 

aqueous solutions of ferrous ammonium sulphate (NH4)2Fe(SO4)2 6H2O and ferric chloride 

(FeCl3) mixture, respectively, in alkaline medium. Ferrous ammonium sulphate 0.98g (2.5 

mmol)  was added to 0.81 g (5 mmol) of ferric chloride in 200 mL of water (i.e., 

stoichiometry ratio Fe2+:Fe3+= 1: 2) and the resultant mixture was kept at 80 °C for 30 min 
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under inert atmosphere. To this solution, 0.02N NH4OH was added drop by drop till the 

complete precipitation occurs under constant stirring. Magnetite formed by conversion of 

metal chloride into hydroxides (which takes place immediately), and hydroxides into ferrites. 

The resultant solution was maintained at 80 °C for another 2h. Then the brown colour 

precipitate, obtained is washed several times with distilled water. The precipitate is then 

separated with the help of external magnet and is kept for drying at 80 °C. Finally thus 

prepared MNPs were calcinated at 400°C for 2h to get free flowing powder.

2.1. Synthesis of CPA (L1) modified MNPs (Chiral Solid): 

In a typical experiment, magnetite (0.1 g) was added into the round bottom flask containing 

toluene (3.0 mL) and (R)-(−)-1,1′-Binaphthyl-2,2′-diyl hydrogen phosphate (0.02 mmol, 7.0 

mg) was sonicated for 1 h at 80 C. Then chiral magnetite nanoparticles (MNP/L1) collected 

via magnetic decantination was directly used in asymmetric cyclization of 2’-

hydroxychalcone.  Various concentrations of L1 (5, 7.5, 10, 15 mol % of L 1) on MNPs were 

prepared.  Similarly MNP/L2 was synthesized using L2 ligand.

2.2 Synthesis of CNPs (CoFe2O4): 

Cobalt ferrite nanoparticles were synthesized similar to that of MNPs, using cobalt chloride 

0.59g (2.5 mmol) (CoCl2 6H2O) instead of ferrous ammonium sulphate. The samples were 

designated as CNP/L1 with ligand L1 and CNP/L2 with ligand L2 respectively.

2.3 Preparation of MNP-L1-CNT (inside the CNT channel): 

The pristine CNTs, present a specific surface area 40m2/g, a mesoporous volume of 0.15 

cm3/g, a mean pore diameter of 14 nm, an average external diameter of 60 nm and internal 

diameter of 40 nm were purchased from UNITECH, Bangalore. Pure CNTs (250 mg) (CNT) 

were dispersed in xylene (10.0 mL) and ultra sonicated for 30 min at room temperature. To 

the resultant suspension, MNP/L1 (30 mg, dispersed in 15.0 mL of xylene) were added and 
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further sonicated for 6 h. Then the suspension was washed several times thoroughly with 

ethanol (20 mL) and finally with water till the neutral pH is attained and dried at 50 C 

overnight to get the functionalized CNTs (M/CNT-L1). Similarly M/CNT-L2 and (C/CNT-

L1; C/CNT-L2) were prepared.

2.4 Preparation of MNP/L1-CNT (out) Catalyst: 

     Pure CNTs (5.0 g) were dispersed in a solution of conc. HNO3 (4.0 mL) and conc. H2SO4 

(16.0 mL). The suspension was ultra sonicated for 3 h at room temperature. Later pure 

water (100 mL) was added and further sonicated for 10 min. Then the suspension was 

washed several times thoroughly with water till the neutral pH is attained and dried at 50 

C overnight to get the –COOH functionalized CNTs. (Z. Wang, M. D. Shirley, S. T. Meikle, R. L. 

D. Whitby, S. V. Mikhalovsky, Carbon, 2009, 47, 73-79. And B. Scheibe, E. B.- Palen, R. J. Kalenczuk, J. Mat. 

Char, 2010, 61, 185-191.) Thus prepared acid functionalized CNTs (360 mg) were dispersed in 

200 ml DMF-water mixture [DMF/water: 20/80 (v/v)]. To this dispersed solution, MNP-

L1 (50.0 mg) in toluene (3.0 mL of H2O) were added slowly and sonicated for further 12 

h. The resultant mixture was washed thoroughly with water, followed by methanol and 

dried at 80 C for 24 h to get the magnetite functionalized CNTs.

2.5 Asymmetric cyclization of 2’-hydroxychalcone to flavanone: 

In an oven dried flask, 2’-hydroxychalcone (0.5 mmol) were stirred in chlorobenzene (3.0 mL) 

containing a catalyst (20.0 mg) to give a yellow color suspension. The temperature increased to 

100 C and further allowed to stir for the required time.  After completion of the reaction, 

(monitored by TLC), the catalyst was removed with the help of external magnet and washed 

with ethanol (2 X 10 mL). Later, the reaction mixture was quenched with addition of (1.0 mL) 

0.1 N HCl followed by EtOAC. After evaporation of the organic phase, the residue was 

purified by column chromatography (Hexane: EtOAC, 9:1 as eluent) to give colorless crystals.
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3.   Characterization of the catalyst

3.1. XPS of MNP-L1/CNT (inside)

XPS Spectra

                     Fig. S1. XPS surface scan survey of catalyst
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3.2 . FT-IR of MNP/L1-CNT (inside)

Fig. S2. (a) As received CNT (b) M/CNT/L1 (c) C/CNT-L1
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4. Mass spectra of Fe-CPA

(a)

Fig. S3. Mass spectra of Fe2+-CPA
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(b) 

Fig. S4. Mass spectra of Fe2+-CPA



S9

5. Recycling of the catalyst

Fig. S5. Recycling of M-L1/CNT (inside) in the asymmetric cyclization of 2’-
hydroxychalcones

6.  Effect of the chiral ligand

Fig. S6. Effect of the ligand concentration in reactivity and selectivity for asymmetric 
cyclization (A) inside of the CNT channel and (B) outside of the CNT surface [HPLC data 
for MNP-LI inside CNT channel (Fig. S20-S24) and outside of the CNT surface (Fig. 
S30-S34).
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7. Table S1. Optimization conditions cyclization of 2’-hydroxychalcone (in the absence 
of chiral phosphoric acid).

entry catalyst solvent temp
(⁰C)

Yield
(%)

1 MNPs Ethanol 100 10

2 MNPs Methanol 100 10<

3 MNPs toluene 100 N.R

4 MNPs DMF 100 80

5 MNPs Dichlomethane 60 16

6 MNPs Chlorobenzene 100 92

7 MNPs Chlorobenzene 80 85

8 MNPs Chlorobenzene 60 75

9 MNPs DMF 100 60

10 CNT DMF 100 <10

11 CNT Chlorobenzene 100 N.R

12 CNPs Chlorobenzene 100 63

13 CNPS Chlorobenzene 80 38

Reaction condition: 0.5 mmol of reactant, 3.0 mL of solvent, 20 mg of the catalyst 
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Table S2: Asymmetric oxa-Michael addition reaction of various ratios of Fe: CPA.

 Reaction condition: Reactant (0.5 mmol): acatalyst (20.0 mg of Fe3O4-CPA): b (20.0 mg of CNT-
Fe3O4-CPA)

Fe3O4-CPAa Fe3O4-CPA confinement in 
CNTb

entry Fe: CPA

Yield 
(%)

 ee (%) HPLC 
spectrum

Yield 
(%)

ee (%) HPLC 
spectrum

1 40 80 17 Fig. S25 87 -80 Fig. S20

2 20 81 39 Fig. S26 86 -82 Fig. S21

3 13.3 79 47 Fig. S27 88 -91 Fig. S22

4 10 75 54 Fig.S28 87 -95 Fig. S23

5 8 74 61 Fig. S29 85 -97 Fig. S24
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8. (a) Previous reports for the asymmetric Oxa-Michael addition of 2’-hydroxychalcone:
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Yield 98%, Selectivity 85% ee
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(b) Reported Metal-CPA catalysts for Various Reactions

O
O

P
O

OH
Metal salts O

O
P

O

O

Lewis Basic Behavior

Lewis Acid Behavior

Mn+

Mn+ = Li, Na, Mg, Ca, Mn, Cu, Zn,
Ru, Pd, Ag, Re, Ir, Au, In, Fe, La, Yb, Sc, Ce

       
1. D. Parmar, E. Sugiono, S. Raja and M. Rueping, Chem. Rev. 2014, 114,  9047-9153.
2. S. Mukherjee, B.  List, J. Am. Chem. Soc., 2007, 129, 11336.
3. G. L. Hamilton, E. J. Kang, M.  Mba, F. D. Toste, Science, 2007, 317, 496.  
4. A. Parra, S. Reboredo, A. M. Martín Castro, J. Alemán, Org. Biomol. Chem., 2012, 10, 5001.
5. R. J.  Phipps, G. L. Hamilton, F. D. Toste, Nat. Chem., 2012, 4, 603. 
6.  M. Mahlau, B. List, Angew. Chem.Int. Ed., 2013, 52, 518.

 
 (c) Our catalyst (heterogeneous catalyst)

O
O

P
O

OH
O
O

P
O

O

(Lewis Base)
CNT-Fe3O4

toluene
(Lewis Acid)
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9. TOF Calculation: 

Fig. S7. TOF of (A) MNP-L1/CNT (in) and (B) MNP-L1/CNT (out)
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10. 1H-NMR Spectra of flavanones

Fig.  S8. 1H NMR of the 2-(4-bromophenyl) chroman-4-one
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Fig. S9.  1H NMR of the 2-(4-methoxyphenyl) chroman-4-one.
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Fig. S10.  1H NMR of the 2-(4-methylphenyl) chroman-4-one
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Fig. S11.   1H NMR of the 2-Phenylchroman-4-one (flavanone)
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Fig. S12.  1H NMR of the 2-(4-chlorophenyl) chroman-4-one
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Fig. S13.  1H NMR of the 2-(3-chlorophenyl) chroman-4-one
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Fig. S14.  1H NMR of the 2-(3-nitrophenyl) chroman-4-one
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Fig. S15.   13C NMR of the 2-Phenylchroman-4-one (flavanone)
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Fig. S16.  13C NMR of the 2-(4-chlorophenyl) chroman-4-one
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Fig. S17.  13C NMR of the 2-(3-chlorophenyl) chroman-4-one
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Fig. S18.  13C NMR of the 2-(3-nitrophenyl) chroman-4-one
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11. Chiral HPLC traces

Fig. S19.  HPLC of 2-Phenylchroman-4-one racemic 
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Fig. S20.  HPLC of 2-Phenylchroman-4-one using M/CNT/L1-(inside) (5 mol%) 
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Fig. S21.  HPLC of 2-Phenylchroman-4-one using M/CNT/L1-inside (7.5 mol%) 
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Fig. S22.  HPLC of 2-Phenylchroman-4-one ssing M/CNT/L1-inside (10 mol%) 
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Fig. S23.  HPLC of 2-Phenylchroman-4-one using M/CNT/L1-inside (12.5 mol%) 
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Fig. S24.  HPLC of 2-Phenylchroman-4-one using M/CNT/L1-inside (15 mol%) 
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Fig. S25.  HPLC of 2-Phenylchroman-4-one using MNP/L1(5 mol%) (in the absence of CNT)
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Fig. S26.  HPLC of 2-Phenylchroman-4-one using MNP/L1 (7.5 mol%) (in the absence of CNTs)
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Fig. S27.  HPLC of 2-Phenylchroman-4-one using MNP/L1 (10 mol%) (in the absence of CNTs)
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Fig. S28.  HPLC of 2-Phenylchroman-4-one using MNP/L1 (12.5 mol%) (in the absence of CNT)
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Fig. S29.  HPLC of 2-Phenylchroman-4-one using MNP/L1 (15 mol%) (in absence of CNTs)
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Fig. S30.  HPLC of 2-Phenylchroman-4-one using M/CNT/L1-outside (5 mol%) 
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Fig. S31.  HPLC of 2-Phenylchroman-4-one Using M/CNT/L1-outside (7.5 mol%) 
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Fig. S32.  HPLC of 2-Phenylchroman-4-one using M/CNT/L1-outside (10 mol%) 



S40

Fig. S33.  HPLC of 2-Phenylchroman-4-one Using M/CNT/L1-outside (12.5 mol%) 
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Fig. S34.  HPLC of 2-Phenylchroman-4-one Using M/CNT/L1-outside (15 mol%) 



S42

Fig. S35.  HPLC of 2-Phenylchroman-4-one using M/CNT/L1 with reactant.

2’-hydroxychalcone
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Fig. S36.  HPLC of 2-(4-Bromophenyl) chroman-4-one racemic



S44

Fig. S37.  HPLC of 2-(4-Bromophenyl) chroman-4-one using M/CNT/L1(inside)
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Fig. S38.  HPLC of 2-(4-Bromophenyl) chroman-4-one using MNP/L1 (in absence of CNT)
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Fig. S39.  HPLC of 2-(4-methoxyphenyl) chroman-4-one racemic
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Fig. S40.  HPLC of 2-(4-methoxyphenyl) chroman-4-one using M/CNT/L1 (inside)
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Fig. S41.  HPLC of 2-(4-methoxyphenyl) chroman-4-one using MNP/L1 (in absence of CNT)
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Fig. S42.  HPLC of 2-(4-methylphenyl) chroman-4-one racemic
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Fig. S43.  HPLC of 2-(4-methylphenyl) chroman-4-one M/CNT/L1 (inside)
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Fig. S44.  HPLC of 2-(4-methylphenyl) chroman-4-one MNP/L1 (in absence of CNT)
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Fig. S45.  HPLC of 2-(4-chlorophenyl) chroman-4-one racemic
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Fig. S46.  HPLC of 2-(4-chlorophenyl) chroman-4-one M/CNT/L1 (inside CNT)
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Fig. S47.  HPLC of 2-(4-chlorophenyl) chroman-4-one MNP/L1 (in absence of CNT)



S55

Fig. S48.  HPLC of 2-(3-chlorophenyl) chroman-4-one racemic
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Fig. S49.  HPLC of 2-(3-chlorophenyl) chroman-4-one M/CNT/L1(inside CNT)
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Fig. S50.  HPLC of 2-(3-chlorophenyl) chroman-4-one MNP/L1 (in absence of CNT)
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Fig. S51.  HPLC of 2-(3-nitrophenyl) chroman-4-one racemic
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Fig. S52.  HPLC of 2-(3-nitrophenyl) chroman-4-one M/CNT/L1(inside CNT)
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Fig. S53.  HPLC of 2-(3-nitrophenyl) chroman-4-one MNP/L1 (in absence of CNT)


