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The synthesis of a,a-diphenyl-4-trans-hydroxy-(L)-prolinol modified with imidazolium based ionic
liquids was carried out with trans-o,a-diphenyl-4-hydroxy-(L)-prolinol, 5-bromovaleric acid or 1,5-
dibromopentane and imidazole. a,a-Diphenyl-4-hydroxy-(L)-prolinol modified with imidazolium ionic
liquid was treated with BH;-SMe;, which generate 1,3,2-oxazaborolidine, that acts as a catalyst for asym-
metric reduction of prochiral ketones. a,a-Diphenyl-4-hydroxy-(L)-prolinol modified with imidazolium

ionic liquids (PFg anion) with BH3-SMe; found to be an efficient catalyst (10 mol%) for the reduction of the
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acetophenone, gave 99% yield and 87-84% ee. The catalytic method has wide applicability for a variety
of substrates. 1,3,2-oxazaborolidine containing ether linkage ionic liquid was recovered and reused up
to 4 cycles with 99-91% yields and 87-81% ee’s.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The enantioselective reduction of prochiral ketones is an impor-
tant transformation for the synthesis of chiral secondary alcohols
[1,2]. Enantiopure secondary alcohols are important intermediates
or chiral building blocks for the preparation of natural prod-
ucts, pharmaceuticals and agrochemicals. Alcohol functionality can
be converted to other useful functional groups such as chloride
[3-6], amine [7,8], azide [9] and fluoride [10-12]. Chiral 1,3,2-
oxazaborolidine catalyzed asymmetric reduction of ketones in
conjunction with BH3.THF is one of most popular method which
was developed by Hirao et al. and later improved by Corey and
co-workers [13-20]. Numerous methods for asymmetric reduction
of ketone using chiral 1,3,2-oxazaborolidine have been devel-
oped in homogenous medium at room temperature as well as
higher temperatures [21-35]. Low molecular weight chiral 1,3,2-
oxazaborolidines are difficult to separate from the product, if
modified this can be recoverable and reusable for asymmetric
reduction of ketones. In the recent past several researchers have
been addressed to this issue by using fluorous tags [36], triazole
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linked dendimers [37], imidazolium-tagged sulfonamide [38], use
of C3-symmetric Tris(3-hydroxyphosphoramide) [39] and sulfon-
amide [40], and immobilization by covalent bond on polymer beads
[41-44]. Maltsev et al., have been reported O-TMS-a,a-diphenyl-
L-prolinol modified with an ionic liquid moiety for asymmetric
Michael reaction of a,[3-enals with dialkyl malonates, nitroalka-
nes and N-protected hydroxylamine [45-47]. Herein, we report
the synthesis of a,a-diphenyl-L-prolinol containing ionic liquids
(ILs) with imidazolium cation, and bromide, hexafluorophosphate
and tetrafluoroborate anions (Fig. 1) with BH3-SMe; generate 1,3,2-
oxazaborolidine as a catalysts for the asymmetric reduction of
prochiral ketones using BH3-SMe, as hydride source.

2. Experimental
2.1. General details

All the ketones and BH3-SMe, (2M in THF) were used as recieved
from commercial source. Proton and carbon nuclear magnetic res-
onance spectra ('H and 13C NMR, respectively) were recorded on
400 MHz (operating frequencies: 'H, 400.13 MHz; 13C,100.61 MHz)
Jeol-FT-NMR spectrometers at ambient temperature. The chem-
ical shifts (§) for all compounds are listed in parts per million
downfield from tetramethylsilane using the NMR solvent as an
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Fig. 1. Structures of o,a-diphenyl-L-prolinol and its ionic liquids.

internal reference. The reference values used for deuterated chlo-
roform (CDCl3) were 7.26 and 77.00 ppm for 'H and 13C NMR
spectra, respectively. HRMS analysis was carried out using QSTAR
XL Pro system microTOF-Q-II. Infrared spectra were recorded on a
PerkinElmer FT-IR spectrometer. Thin layer chromatography was
carried out using Merck Kieselgel 60 F254 silica gel plates. Col-
umn chromatography separations were performed using silica gel
230-400 mesh. All the new synthesized compounds were charac-
terized by 'H, 13C NMR and HRMS and known compounds were
characterized by 'H and '3C NMR. The experimental procedure
for the known compounds were followed according to literature
reports and given in supporting information (SI). The enantiomeric
excess was determined on Shimadzu LC-2010HT using OD-H and
AD-H chiral columns. The optical rotation was taken using Rudo-
plph digipol polarimeter.

2.2. General procedure of asymmetric reduction of ketones

In a schlenk tube, BH3-SMe; (0.55 mmol, 275 L) was added in
the solution of IL 5 (28 mg, 10 mol%) dissolved in THF (1 mL), under
nitrogen atmosphere. The homogenous mixture was stirred and
heated at 70°C for 30 min. Later, a solution of ketone (0.5 mmol
in THF (0.5 mL)) was added within 30 min. After the addition was
completed, the solvent was evaporated under vacuum. An aqueous
solution of 1M HCI (5 mL) was added and the product was extracted
with DCM. The solvent was dried on anhydrous sodium sulfate
and evaporated under reduced pressure. Crude residue was further
purified by column chromatography on silica gel using hexane-
ethyl acetate as eluent. Enantiomeric excesses of all alcohols were
determined by HPLC analysis using Chiralcel OD-H/AD-H chiral
column, isopropanol-n-hexane as mobile phase and HPLC condi-
tions are given in SI

2.3. Procedure for recycling of catalyst

After the fresh catalytic cycle, the solvent was removed under
vaccum and hexane:diethyl ether (5 mL, 1:1) was added. The 1,3,2-
oxazaborolidine of IL 5 or IL 15 was precipited out as viscous liquid
and the product was in the solvent which was removed by syringe.
The recovered catalyst was dissolved in THF (1 mL) and BH3-SMe,
(250 pL, 0.50 mmol) was added, and resulting mixture was heated
at 70°C for 30 min. A solution of acetophenone (0.5 mmol in THF
(0.5mL)) was added within 30 min, after the addition was com-
pleted, the reaction progress was checked on TLC, and the solvent
was evaporated under vacuum. Similar procedure was also fol-
lowed for next catalytic run.

2.4. Synthesis of (2S,4R)-tert-butyl 4-((5-bromopentanoyl)
oxy )-2-(hydroxydiphenylmethyl) pyrrolidine-1-carboxylate (10)

5-Bromopentanoic acid (0.81 g, 4.48 mmol) was added to a solu-
tion of N,N’-dicyclohexylcarbodiimide (DCC) (0.92g, 4.48 mmol)
and 4-dimethylaminopyridine (DMAP) (0.42 g,0.1 mmol) in CH,Cl;
(20mL) at 0°C and then compound 9 (1.29 g, 3.5 mmol) was added
ina 10 min. The reaction mixture was stirred at 0 °C for 1 h, later DCC
(0.46 g,2.24 mmol) and 5-bromopentanoic acid (0.40 g, 2.24 mmol)
were added and the reaction mixture was refluxed for 30 min,
precipitate was filtered off and washed with CH,Cl; (3 x 25 mL).
Organic filtrate was washed with conc. HCI (1.65 mL), saturated
aqueous NaHCO3 (2 x 15 mL), water (25 mL) and dried over Na;SO4.
The solvent was evaporated by rotavapor and the product was iso-
lated by column chromatography using a mixture of hexane/Et,O
(8:2) to afford brown solid (1.78 g, 96%). Mp=108.1°C; =+33.9 (¢
0.8, chloroform); 'H NMR (400 MHz, CDCl3): 8 = 7.42-7.23 (m, 10H),
5.03 (dd, J=8.79, 5.86 Hz, 1H), 4.72 (brs, 1H), 3.54 (brs, 1H), 3.38 (t,
J=6.59Hz,2H),3.01 (brs, 1H), 2.28-2.22 (m, 3H), 2.14-2.11 (m, 1H),
1.87-1.83 (m, 2H), 1.76-1.71 (m, 2H), 1.34 (brs, 9H) ppm; 13C NMR
(100 MHz, CDCl3): 6=172.7, 145.2, 143.2, 128.1 (2C), 127.9 (2C),
127.7 (2C),127.4(2C), 81.7, 73.0, 65.2, 53.5, 36.2, 33.3, 33.0, 32.0,
28.3,23.4ppm; IR (CH;,Cly, film): v=3433, 3058, 2963, 1730, 1679,
1407, 1259, 1165, 701 cm~1.

2.5. Synthesis of 3-(5-(((3R,5S)-1-(tert-butoxycarbonyl)-5-
(hydroxydiphenylmethyl) pyrrolidin-3-yl)
oxy)-5-oxopentyl)-1-methyl-1H-imidazol-3-ium bromide (11)

The mixture of compound 10(1.59 g, 3 mmol) and 1-methyl-1H-
imidazole (0.49 g, 6 mmol) was heated at 100 °C for 10 min and then
cooled to room temperature and washed with Et,0 (5 x 6 mL) to
separate an excess of 1-methyl-1H-imidazole. The residue was dis-
solvedin MeOH (1.5 mL)and Et,0 (30 mL) was added, ethereal layer
was separated and the residue was washed with Et,0 (5 x 6 mL).
The obtained product was dried under reduced pressure to afford
11(1.80g, 98%) as a brown hygroscopic liquid. =+16.8 (c 1.6, chlo-
roform); TH NMR (400 MHz, CDCl3): §=9.74 (s, 1H), 7.37-6.97 (m,
12H), 4.76-4.75 (m, 1H), 4.04-4.01 (m, 2H), 3.73 (s, 3H), 3.52-3.48
(m, 2H), 2.04-2.01 (m, 3H), 1.87-1.84 (m, 1H), 1.64 (d, J=5.86Hz,
2H), 1.33-1.29 (m, 2H), 1.03 (brs, 9H) ppm; 13C NMR (100 MHz,
CDCl3): §=172.4, 145.7, 136.5, 127.9 (2C), 126.9 (2C), 126.8 (2C),
126.6(2C),126.0,123.5,122.1,80.8,74.6,63.5,53.3,48.3,35.7,32.6,
31.2, 28.7, 27.3, 20.8 ppm; IR (CH,Cl,, film): v=3419, 3108, 2929,
1726, 1676, 1409, 1392, 1232, 1167, 701 cm™~ 1.

2.6. Synthesis of (2R,4R)-tert-butyl4-((5-bromopentyl)
oxy )-2-(hydroxydiphenylmethyl) cyclopentanecarboxylate (12)

Compound 9 (2g, 54mmol) was dissolved in dry
dichloromethane (50 mL) and triethylamine (0.904 mL, 6.5 mmol)
and 1,5-dibromopentane (0.881 mL, 6.5 mmol) were added and
reaction mixture was allowed to stir at r.t. for 15min, then
anhydrous KOH (0.151g, 2.7mmol) was added. The resulting
heterogeneous reaction mixture was allowed to stir at r.t. for
overnight. The residue was diluted with DCM and washed with
saturated aq. solution of NaHCO3, water and dried over Na;SO4. The
solvent was evaporated by rotavapor and product was purified by
column chromatography with Hexane/EtOAc (80:20). The product
was obtained as light yellowish liquid (1.791¢g, 64%).[=—-23.0 (c
1.26, dichloromethane); 'H NMR (400 MHz, CDCl3): §=7.33-7.15
(m, 10H), 4.94 (t, 1H J=7.63Hz), 3.36-3.28 (t, 3H, J=6.87 Hz),
3.14-3.09 (m, 3H), 2.03-2.0 (m, 2H), 1.79-1.72 (m, 2H,), 1.45-1.24
(m, 13H) ppm; 13C NMR (100 MHz, CDCl3): §=145.9, 143.3, 127.8
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(2C), 127.4(2C), 127.1 (2C), 127.08 (2C), 81.5, 80.6, 68.5, 64.6, 52.7,
36.3,33.6,32.4,28.7, 28.1, 24.7 ppm.

2.7. Synthesis of 3-(6-((3R,5S)-1-(tert-butoxycarbonyl)-5-
(hydroxydiphenylmethyl) pyrrolidin-3-yl)
hexyl)-1-methyl-1H-imidazol-3-ium bromide (13)

Compound 12 (1.034 g, 2 mmol) and 1-methyl imidazole (1.2eq,
0.191 mL, 2.4 mmol) was heated at 100°C for 30 min, cooled to
room temperature and washed with diethyl ether (5 x 5mL) to
remove excess 1-methyl imidazole. The obtained product was
dried under reduced pressure to afford light yellowish solid (1.15 g,
96%).[ =—67.2(c2.2,dichloromethane); 'H NMR (400 MHz, CDCl3):
§=9.59 (s, 1H), 7.38-7.25 (m, 12H), 4.95 (s, 1H), 4.13 (brs, 2H),
3.90 (brs, 4H), 3.49-3.47 (m, 2H), 3.21-3.19 (m, 2H), 2.07 (brs, 2H),
1.82 (brs, 2H), 1.48-1.19 (m, 13H) ppm. '3C NMR (100 MHz, CDCl3 ):
§=145.3,143.2,137.4,129.6 (2C), 127.9(2C),127.5(2C), 127.1 (2C),
123.8,122.06, 81.8,80.9,67.8,65.6,52.8,49.5,36.3,36.1,29.8, 28.8,
28.2,22.8 ppm.

2.8. Synthesis of 3-(6-((3R,5S)-5-(hydroxydiphenylmethyl)
pyrrolidin-3-yl) hexyl)-1-methyl-1H-imidazol-3-ium
bromide (14)

Compound 13 (1.0g, 1.67mmol) was dissolved in dry
dichloromethane (7.5 mL), trifluoroacetic acid (1.5 mL) was added

E><COOH a

\
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under inert atmosphere. The reaction mixture was allowed to stir
for 4h at r.t. The solvent was evaporated by rotavapor and crude
product was washed with diethyl ether (5 mL). The product 14 was
obtained as light yellowish liquid (0.730g, 88%). [=—11.5 (c 0.68,
dichloromethane); 'TH NMR (400 MHz, CDCl3): §=10.21 (s, 1H),
7.54 (d, 2H, J=7.63 Hz), 7.38-7.21 (m, 10H), 4.80 (dd, 1H, J=12.21,
6.10Hz), 4.24 (t, 2H, J=6.87 Hz), 4.02-3.93 (m, 5H), 3.34-3.28 (m,
2H),3.16(d, 1H,J=12.21Hz), 1.92-1.81 (m, 2H), 1.63-1.55 (m, 2H),
1.43-1.35 (m, 2H), 1.25 (brs, 2H), 1.18-1.10 (m, 1H) ppm. 13C NMR
(100 MHz, CDCl3): §=143.1, 139.9, 128.6 (2C), 128.4 (2C), 127.7,
125.9(2C), 125.3(2C), 123.4,122.0,85.9, 78.8,68.6, 67.4,53.4,49.9,
35.8,29.5,28.8, 22.7 ppm.

2.9. Synthesis of 3-(6-((3R,5S)-5-(hydroxydiphenylmethyl)
pyrrolidin-3-yl) hexyl)-1-methyl-1H-imidazol-3-ium
hexaflourophosphate (15)

Compound 14 (0.500 g, 1 mmol) was dissolved in the mixture of
methanol (7 mL) and water (20 mL). An aqueous solution of KPFg
(0.36g, 2mmol, 10mL) was added to the above solution. MeOH
was removed at reduced pressure by rotavapor to give transparent
solution. The aqueous phase was decanted off and the residue was
dissolved in CH,Cl, (35mL), washed with 0.1 M solution of KPFg
(2 x10mL) and dried over Na;SOg4. The solvent was evaporated
and residue was dried under reduced pressure to afford compound
15 (0.463 g, 82% yield). [ =—18.5 (¢ 0.3, dichloromethane); 'H NMR
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Scheme 1. (a) SOCl,, ethanol, reflux, 4 h, 94%, (b) PhMgBr, Et,0, reflux, 5h, 70%, (c) (Boc),0, EtsN, CH,Cly, reflux, 1h, 94%, (d) DCC, DMAP, 5-bromovalleric acid, CH,Cl,,
reflux, 1.5 h, 96%, (e) 1-Methyl imidazole, 100°C, 10 min, 98%, (f) TFA, CH,Cl,, 2 h, 85%, (g) KPFs, MeOH/H,0, 80%, and (h) NaBF4, H,0, 90%.
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(400 MHz, CDCl3): 8 =8.54 (s, 1H), 7.52 (d, 2H, ] = 7.63 Hz), 7.37-7.20
(m, 11H), 4.79 (dd, 1H, J=10.68, 4.58 Hz), 4.10 (t, 2H, J=6.87 Hz),
4.02-3.99 (t, 1H, J=5.34Hz), 3.92 (dd, 1H, J=12.21, 5.34Hz), 3.84
(s, 3H), 3.37-3.28 (m, 2H), 3.15 (d, 1H, J=12.21 Hz), 1.87-1.81 (m,
2H), 1.57-1.52 (m, 2H), 1.41-1.34 (m, 2H), 1.25 (brs, 2H), 1.15-1.08
(m, 1H) ppm. 3C NMR (100 MHz, CDCl3): §=143.0, 139.9, 128.6
(2C), 128.4 (2C), 127.7, 125.9 (2C), 125.3 (2C), 1234, 122.0, 85.9,
78.8, 68.6, 67.4, 53.4, 49.9, 35.8, 29.5, 28.8, 22.7 ppm.

3. Results and discussion

The a,a-diphenyl-(L)-prolinol modified with imidazolium ionic
liquids (ILs) with tetrafluoroborate and hexafluorophosphate
anions (4 and 5) were synthesized in a 80-90% yields by the
reaction of a,a-diphenyl-(L)-prolinol @ IL imidazolium bromide
(3) with NaBF,4 and KPFg (Scheme 1). The a,a-diphenyl-(L) pro-
linol @ IL imidazolium bromide (3) was obtained in a 83.3%
yield in a two steps by the reaction of (2S,4R)-tert-butyl-4-((5-
bromopentanoyl) oxy)-2-(hydroxydiphenylmethyl) pyrrolidine-1-
carboxylate (10) and 1-methyl imidazole at 100°C and followed
by N-Boc deprotection using trifluoroacetic acid (TFA). The
ester (10) was synthesized in a 95% yield by the reac-
tion of (2S,4R)-tert-butyl-4-hydroxy-2-(hydroxydiphenylmethyl)
pyrrolidine-1-carboxylate (9) and 5-bromopentanoic acid in the
presence of DCC/DMAP in CH,Cl,. (25,4R)-tert-butyl 4-hydroxy-
2-(hydroxydiphenylmethyl) pyrrolidine-1-carboxylate (9) was
synthesized from trans-4-hydroxy-L-proline in sequence reac-
tion, first trans-4-hydroxy-(L)-proline was converted to its ethyl
ester (7) and then react with phenylmagnesium bromide to give
(3R,55)-5-(hydroxydiphenylmethyl) pyrrolidin-3-ol hydrochloride
(8) [48]. Later, the amino group was protected as N-Boc by
using di-tert-butyl dicarbonate and triethylamine. The total
yield for the o,a-diphenylprolinol modified with ionic lig-
uids (IL) 3-5 were 39.5-49%, starting from trans-4-hydroxy-(L)-

proline.
HO,, O i a

N OH
Boc

Table 1
Optimization of reaction conditions for asymmetric reduction of acetophenone.?
0 OH

©)k Ligand, BH;.SMe, @/\

Solvent, 1 h
Entry  Ligand Solvent T(°C) Yield (%)° Ee (%)
1 1 THF 70 96 91
2 2 THF 70 94 91
3 3 THF 70 85 53
4 4 THF 70 92 60
5 5 THF 70 99 84
6 5 Neat 70 90 53
7 5 Hexane 70 79 35
8 5 Diethyl ether Refluxing 75 13
9 5 Dichloromethane Refluxing 95 43
10 5 Toluene 110 97 61
11 5 THF 25 75 3
12 5 THF 40 80 13
13 5 THF 50 87 20
14 5 THF 60 85 43
15 5 THF 70 94 65¢
16 5 THF 70 99 86'

2 Ligands 1-5 (10 mol%) was taken in Schlenk tube, solvent (1 mL), BH;-SMe;
(0.55 mmol)were added and heated or refluxed for specified temperature for 30 min,
solution of acetophenone (0.5 mmol in THF (0.5 mL)) was added within 30 min.

b [solated yield after purification by column chromatography.

¢ The ee was determined by HPLC using Chiralcel OD-H column.

d The absolute configuration was determined by comparing the optical rotation
with literature and found to be (R).

¢ IL 5 (5 mol%) was used.

f IL 5 (15 mol%) was used.

We screened the different IL’s 3-5 (10 mol%) for asymmetric
reduction of acetophenone with BH3-SMe;, (2M in THF) at 70°C
under inert atmosphere. 1,3,2-Oxazaborolidine of IL 5 gave an
excellent yield (99%) and 84% enantiomeric excess (ee) compared
to the other IL’s (4) and (3) which have corresponding tetrafluorob-
orate and bromide anions (Table 1, entries 3-5). We have also used
a,a-diphenyl-(L)-prolinol (1) and trans-a,a-diphenyl-4-hydroxy-

N

H o OH N OH
Boc

14 13

N =~
\/\/\/0/,,

Scheme 2. Synthesis of (L)-prolinol modified with ether linker ionic liquid. (a) TEA, Dry DCM, 1,5dibromopentane, KOH, 65%, (b) 1-Methyl imidazole, 100 °C, 30 min, 96%,

(¢) TFA, CH,Cly, 4 h, 88%, and (d) KPFg, MeOH/H-0, 82%.
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(L)-prolinol (2) under similar reaction conditions, gave 94-96%
yields and 91% enantiomeric excesses (ee’s) (Table 1, entries 1and
2). Screening of the different solvents for asymmetric reduction
of acetophenone using IL 5 (10 mol%) with BH3-SMe, at 70°C or
reflux temperature. Asymmetric reduction of acetophenone in hex-
ane, diethyl ether and dichloromethane, afforded poor ee’s (Table 1,
entries 7-9) and moderate ee (61%) was observed in case of toluene
as solvent (Table 1, entry 10). The best solvent system for reduction
was found to be THF. Effect of temperature on asymmetric reduc-
tion was also studied, the reaction temperature varied in range
70-25°C and ee’s were dropped from 86% to 3% (Table 1, entries
5 and 11-14). We have also varied the loading of IL 5 (5-15 mol%),
increasing the catalyst loading improved the ee of the product
(Table 1, entries 5, 15 and 16).

The asymmetric reduction of a variety of prochiral ketones were
carried out using IL 5 (10mol%) and BH3-SMe, in THF at 70°C
under inert atmosphere and the results were given in Table 2. The
asymmetric reduction of 2-methoxy, 3-methoxy and 4-methoxy
acetophenone gave corresponding products in 81-92% yields and
69-86% ee’s (Table 2, entries 1-3). Substrate 2-nitro acetophenone
gave poor ee (40%) compared to the 4-nitro acetophenone (81%
ee) (Table 2, entries 4 and 5). 2-Bromo, 3-bromo and 4-bromo ace-
tophenone afforded 91-94% yields and 64-88% ee’s (Table 2, entries
6-8). Substrates 2-fluoro and 4-fluoro acetophenone gave corre-
sponding products in a 90-92% yields and 78-81% ee’s (Table 2,
entries 9 and 10). These results indicate that 4-substituent on ace-
tophenone provides better ee compared to the other acetophenone
derivatives. Asymmetric reduction of propiophenone gave 92%
yield with 81% ee (Table 2, entry 11). We have also investigated the
asymmetric reduction of aliphatic ketones like cyclopropyl methyl
ketone and methyl ethyl ketone afforded 88-91% yields and 48-62%
ee’s (Table 2, entries 12 and 13).

Therecycling and reusability of 1,3,2-oxazaborolidine of IL 5 was
carried out for the asymmetric reduction of acetophenone. After
completion of fresh catalytic cycle, the solvent (THF) was removed
under reduced pressure and a mixture of diethyl ether and hexane
(5mL, 1:1) was added and 1,3,2-oxazaborolidine of IL 5 was pre-
cipitated as viscous oil and the product was removed by syringe.
The recovered catalyst was used for next catalytic run. The conver-
sions of the products were comparable but enantiomeric excesses
(ee’s) gradually decreased (Table 3). TH NMR of IL 5, its 1,3,2-
oxazaborolidine and recovered 1,3,2-oxazaborolidine (SI, Figure 6)
show that the peak at 2.35 ppm (—CH,—COO) was disappeared and
new peak appears at 3.33 ppm for —CH,OH due to reduction of
ester linkage to alcohol. The reduction of ester in IL 5 was also con-
firmed by HRMS, show peak at 270.1493 [M+H]* and 169.1336
[M]* corresponding to (L)-prolinol (2) and hydroxyl ionic liquid (SI,
Scheme 1).

To enhance the stability of catalyst, IL 15 with ether linker was
synthesized according to Scheme 2. N-boc-trans-4-hydroxy-(L)-
prolinamide (9) was reacted with 1,5-dibromopentane in presence
of KOH at room temperature gave the compound 12 in a 65% yield.
The compound 12 was further reacted with 1-methylimidazol at
100C for 30 min yielded compound 13 and Boc deprotection by
trifluroacetic acid gave the IL 14 with bromide anion. The anion
exchange of compound 14 by using KPFg gave ionic liquid 15. The
ionic liquid 15 was tested for the catalytic asymmetric reduction of
acetophenone and recovered and reused up to 4 cycles with reten-
tion of conversions of product and slightly decrease in ee’s (87-81%)
were observed (Table 3). The "H NMR of fresh 1,3,2-oxazaborolidine
of IL 15 and recovered 1,3,2-oxazaborolidine of IL 15 were found to
be similar, indicated that complex is stable during the reaction. The
HRMS data of the recovered ionic liquid 15 was also similar to the
fresh ionic liquid 15 (SI, Figs. 7 and 8)

Table 2
Asymmetric reduction of a variety of prochiral ketones using IL 5 and BH;-SMe,.?
Entry Substrates Products Yield (%)° Eecd
o] C:)H
1 @fj\ @(\ 88 79
OMe OMe
o) OH
OMe OMe
o) OH
3 /@* D/\ ) 86
MeO MeO'
o] OH
TENC o - ol T
NO, NO,
o) OH
5 /(j)K ©/\ 93 81
ON ON
o) OH
S > R - R T
Br Br
o) OH
Br Br A
7 \©)\ \©/\ 91 84
o) oH
8 /@* /©/\ 92 88
Br Br
o) OH
e ol .
F F
o) OH
10 /(j)k /©/\ 92 78
F F
o} oH
11 ©)\/ ©/\/ 92 81
[e] (:)H
o) OH
13 P ~ 91 48

3 The IL 5 (10 mol%) was taken in Schlenk tube, THF (1 mL), BH3-SMe, (0.55 mmol)
were added and heated at 70°C for 30 min, solution of acetophenone derivatives
(0.5 mmol in THF (0.5 mL)) was added to it within 30 min.

b [solated yield after purification by column chromatography.

¢ The ee was determined by HPLC using Chiralcel OD-H/AD-H column.

d The absolute configuration was determined by comparing the optical rotation
with literature and found to be R.

Table 3
Recycling of the catalyst generated from IL 5 and BHs-SMe; for asymmetric reduction
of acetophenone.?

Entry Cycles? Yield® Ee¢

12) 0 99 (99) 84 (87)
3(4) 1 95 (99) 73 (85)
5(6) 2 95 (96) 73 (82)
7(8) 3 91(94) 60 (81)
9(10) 4 90 (94) 55 (81)

2 Recycling procedure are given in experimental.

b [solated yield after purification by column chromatography.

¢ The ee was determined by HPLC using Chiralcel OD-H column.
d Results in parenthesis were given for IL 15.
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4. Conclusion

In conclusion we have developed 1,3,2-oxazaborolidine from
a,a-diphenyl-4-hydroxy-(L)-prolinol modified with ionic liquids
and BH3-SMe; as a recoverable and reusable catalyst for the asym-
metric reduction of prochiral ketones. The asymmetric reduction of
acetophenone and its derivatives gave excellent yields of the prod-
ucts and good to moderate ee’s except 2-nitro acetophenone. The
reduction of aliphatic ketones afforded good yields of the products
with moderate ee’s. The 1,3,2-oxazaborolidine of o,a-diphenyl-
4-hydroxy-(L)-prolinol modified with ionic liquids having ether
linkage found to be stable compared to ester linkage in presence of
BH3.SMe; during the asymmetric reduction. 1,3,2-oxazaborolidine
of ionic liquid with ether linkage was recovered and reused up
to 4 cycles for the reduction of acetophenone and conversions of
the products were comparable and also enantiomeric excess (ee’s)
slightly decreased.

Acknowledgements

SS acknowledges the financial assistance from Science and
Engineering Research Board (SERB), Department of Science and
technology (DST), India, under scheme Fast Track Young Scien-
tist (SB/FT/CS-020/2012) and University Science Instrumentation
Center (USIC), University of Delhi, India for analytical data. MSC
is thankful to University Grant Commission (UGC), New Delhi for
providing SRF.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.molcata
2014.12.009.

References

[1] V.K. Singh, Synthesis 7 (1992) 605.

[2] EJ. Corey, CJ. Helal, Angew. Chem. Int. Ed. 37 (1998) 1986.

[3] E.S. Lewis, C.E. Boozer, J. Am. Chem. Soc. 74 (1952) 308.

[4] A.M. Ward, Organic Syntheses, Vol. 2, John Wiley, New York Collect, 1943, pp.
p 159.

[5] C.W. Shoppee, ].C. Coll, J. Chem. Soc. (C) (1970) 1124.

[6] R.M. Carman, .M. Shaw, Aust. J. Chem. 29 (1976) 133.

[7] F.Degerbeck, B. Fransson, L. Grehn, U,J. Ragnarsson, Chem. Soc. Perkin Trans. 1
(1992) 245.

[8] E.J. Corey, S. Wei-guo, Tetrahedron Lett. 31 (1990) 3833.
[9] E. Fabiano, B.T. Golding, M.M. Sadeghi, Synthesis (1987) 190.

[10] J. Leroy, E. Hebert, C. Wakselman, ]. Org. Chem. 44 (1979) 3406.

[11] S. Hamman, M. Barrelle, F. Tetaz, C.G. Beguin, J. Fluorine Chem. 37 (1987) 85.

[12] J. Kopecky, J. Smejkal, Collect. Czech. Chem. Commun. 45 (1980) 2971.

[13] A. Hirao, S. Itsuno, N. Nakahama, N. Yamazaki, J. Chem. Soc. Chem. Commun.
(1981) 315.

[14] S.Itsuno, K. Ito, A. Hirao, S. Nakahama, N. Yamazaki, J. Chem. Soc. Chem.
Commun. (1983) 469.

[15] S.Itsuno, K. Ito, ]. Org. Chem. 49 (1984) 555.

[16] E.J. Corey, R.K. Bakshi, S. Shibata, J. Am. Chem. Soc. 109 (1987) 5551.

[17] EJ. Corey, G.A. Reichard, Tetrahedron Lett. 30 (1989) 5207.

[18] E.J. Corey, ].O. Link, Tetrahedron Lett. 33 (1992) 3431.

[19] EJ. Corey, CJ. Helal, Tetrahedron Lett. 36 (1995) 9153.

[20] CJ. Helal, P.A. Magriotis, E.J. Corey, ]. Am. Chem. Soc. 118 (1996) 10938.

[21] EJ. Corey, R.K. Bakshi, S. Shibata, P.C. Chung, V.K. Singh, . Am. Chem. Soc. 109
(1987) 7925.

[22] E.J. Corey, R.K. Bakshi, Tetrahedron Lett. 31 (1990) 611.

[23] J.M. Brunel, M. Maffei, G. Buono, Tetrahedron: Asymmetry 10 (1993) 2255.

[24] K.R.K. Prasad, N.N. Joshi, Tetrahedron: Asymmetry 7 (1996) 3147.

[25] A.M. Salunkhe, E.R. Burkhart, Tetrahedron Lett. 38 (1997) 1523.

[26] G.S.Yang, ].B. Hu, G. Zhao, Y. Ding, M.H. Tang, Tetrahedron: Asymmetry 10
(1999) 4307.

[27] B.Jiang, Y. Feng, J. Zheng, Tetrahedron Lett. 41 (2000) 10281.

[28] J.V.B. Kanth, H.C. Brown, Tetrahedron 58 (2002) 1069.

[29] J. Xu, T. Wei, Q. Zhang, J. Org. Chem. 68 (2003) 10146.

[30] Y. Kawanami, S. Murao, T. Ohga, N. Kobayashi, Tetrahedron 59 (2003) 8411.

[31] R.E. Huertas, J.A. Corella, ].A. Soderquist, Tetrahedron Lett. 44 (2003) 4435.

[32] M. Hoogenraad, G.M. Klaus, N. Elders, S.M. Hooijschuur, B. McKay, A.A. Smith,
E.W.P. Damen, Tetrahedron: Asymmetry 15 (2004) 519.

[33] J. Xu, T. Wei, S.-S. Lin, Q. Zhang, Helv. Chim. Acta 88 (2005) 180.

[34] X. Wang, J. Du, H. Liu, D.-M. Du, ]. Xu, Heteroat. Chem. 18 (2007) 740.

[35] Y. Zhou, W.H. Wang, W. Dou, X.L. Tang, W.S. Liu, Chirality 20 (2008) 110.

[36] Z. Dalicsek, F. Pollreisz, A. Gomory, T. Soois, Org. Lett. 7 (2005) 3243.

[37] Y.-N. Niu, Z.-Y. Yan, G.-Q. Li, H.-L. Wei, G.-L. Gao, L.-Y. Wu, Y.-M. Liang,
Tetrahedron: Asymmetry 19 (2008) 912.

[38] S.-D.Yang, Y. Shi, Z.-H. Sun, Y.-B. Zhao, Y.-M. Liang, Tetrahedron: Asymmetry
17 (2006) 1895.

[39] D.-M. Du, T. Fang, J. Xu, S.-W. Zhang, Org. Lett. 8 (2006) 1327.

[40] G.-Q.Li, Z.-Y. Ya, Y.-N. Niu, L.-Y. Wu, H.-L. Wei, Y.-M. Liang, Tetrahedron:
Asymmetry 19 (2008) 816.

[41] M.D. Price, J.K. Sui, M.]J. Kurth, N.E. Schore, ]. Org. Chem. 67 (2002) 8086.

[42] RJ. Kell, P. Hodge, P. Snedden, D. Watson, Org. Biomol. Chem. 1 (2003) 3238.

[43] S. Degni, C.-E. Wilein, A. Rosling, Tetrahedron: Asymmetry 15 (2004) 1495.

[44] T.H.K. Thvedt, T.E. Kristensen, E. Sundby, T. Hansen, B.H. Hoff, Tetrahedron:
Asymmetry 22 (2011) 2172.

[45] O.V. Maltsev, A.V. Kucherenko, S.G. Zlotin, Eur. J. Org. Chem. (2009) 5134.

[46] O.V. Maltsev, A.V. Kucherenko, I.P. Beletskaya, V.A. Tartakovsky, S.G. Zlotin,
Eur. J. Org. Chem. (2010) 2927.

[47] O.V. Maltsev, A.S. Kucherenko, A.L. Chemishkyan, S.G. Zlotin, Tetrahedron:
Asymmetry 21 (2010) 2659.

[48] T.E.Kristense, K. Vestli, M.G. Jakobsen, F.K. Hansen, T. Hansen, J. Org. Chem. 75
(2010) 1620.


http://dx.doi.org/10.1016/j.molcata.2014.12.009
http://dx.doi.org/10.1016/j.molcata.2014.12.009
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0005
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0010
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0030
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0035
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0055
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0065
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0100
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0110
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0115
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0130
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0135
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0140
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0145
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0150
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0155
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0160
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0165
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0170
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0175
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0180
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0185
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0190
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0195
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0200
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0205
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0210
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0215
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0220
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0225
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0230
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0235
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240
http://refhub.elsevier.com/S1381-1169(14)00569-X/sbref0240

	Asymmetric reduction of ketones catalyzed by α,α-diphenyl-(L)-prolinol modified with imidazolium ionic liquid and BH3·SMe2...
	1 Introduction
	2 Experimental
	2.1 General details
	2.2 General procedure of asymmetric reduction of ketones
	2.3 Procedure for recycling of catalyst
	2.4 Synthesis of (2S,4R)-tert-butyl 4-((5-bromopentanoyl) oxy)-2-(hydroxydiphenylmethyl) pyrrolidine-1-carboxylate (10)
	2.5 Synthesis of 3-(5-(((3R,5S)-1-(tert-butoxycarbonyl)-5-(hydroxydiphenylmethyl) pyrrolidin-3-yl) oxy)-5-oxopentyl)-1-met...
	2.6 Synthesis of (2R,4R)-tert-butyl4-((5-bromopentyl) oxy)-2-(hydroxydiphenylmethyl) cyclopentanecarboxylate (12)
	2.7 Synthesis of 3-(6-((3R,5S)-1-(tert-butoxycarbonyl)-5-(hydroxydiphenylmethyl) pyrrolidin-3-yl) hexyl)-1-methyl-1H-imida...
	2.8 Synthesis of 3-(6-((3R,5S)-5-(hydroxydiphenylmethyl) pyrrolidin-3-yl) hexyl)-1-methyl-1H-imidazol-3-ium bromide (14)
	2.9 Synthesis of 3-(6-((3R,5S)-5-(hydroxydiphenylmethyl) pyrrolidin-3-yl) hexyl)-1-methyl-1H-imidazol-3-ium hexaflourophos...

	3 Results and discussion
	4 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	Appendix A Supplementary data


