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1. Introduction

There is increasing interest in developing catalytic asymmetric
C-Cformation processes [ 1,2]. The Henry reaction which can be used
to create a new chiral carbon center at the (3-position of a nitro group
is a powerful and atom-economical carbon-carbon formation
reaction [3-5]. The resulting [3-nitro alcohols can be transformed
into various important building blocks of natural products and
pharmaceuticals, such as (3-amino alcohols, a-hydroxy ketones,
aldehydes, carboxylic acids, azides, and sulfides [6]. Consequently,
increasing attention has recently been focused on the development
of novel catalytic, asymmetric versions of the Henry reaction [7,8].

Since 1992, asymmetric catalytic Henry reactions have been
gained particular attention. For example, Shibasaki and co-workers
have reported that rare-earth-metal complex Las(0-t-Bu)g can be
applied as a catalyst for the enantioselective reaction of aldehydes
with nitroalkanes [9]. Jergensen and co-workers reported the
catalytic asymmetric Henry reaction of a-keto esters with
nitromethane in the presence of chiral ligands [10]. Trost et al.
have disclosed a catalytic enantioselective Henry reaction employ-
ing a bimetallic zinc complex [11]. Evans et al. successfully
developed the asymmetric Henry reaction of aldehydes using a
bis(oxazoline) complex [12].

As one of the most popular classes of chiral ligands, C,-
bis(oxazolines) has received a great deal of attention in coordina-
tion chemistry and asymmetric catalysis [13]. Bis-oxazoline-based
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complexes have been successfully used as chiral ligands for the
enantioselective Henry reaction, either with concurrent or
independent activation of both reagents [14,15]. However, this
kind of ligands is always expensive and difficult to recycle during
the reactions. An alternative strategy is to design recyclable and
subsequently reusable versions of ligands by fluorous technology.
Curran’s group reported the first example of application of solid-
liquid separations based on fluorous silica gel in 1997 [16]. Then,
fluorous techniques have been applied to many chemical
transformations, replacing standard polymer-supported methods
in the production of recyclable and reusable reagents. Recently,
some fluorous chiral ligands have been designed for a variety of
reactions including Michael addition, Diels-Alder and Aldol
reactions.

However, there are few reports describing the recoverability of
fluorous bis(oxazolines) for the asymmetric catalysis [17]. Along
this line, we tried to introduce a fluorous tail CgFi3- to
bis(oxazolines) and studied the activity of the designed fluorous
bis(oxazolines) (Fig. 1) which was synthesized by an easy method
from malononitrile (Scheme 1) as a ligand in the Cu(Il)-catalyzed
asymmetric Henry reaction (Scheme 2). Compared to traditional
recyclable supported ligands, the fluorous ligands are soluble in
common reaction solvents, yet they can be easily separated and
recovered from the reaction mixture by fluorous solid-phase
extraction (F-SPE).

2. Results and discussion

We first carried out the reaction of 4-nitrobenzaldehyde and
nitromethane as a model to optimize the reaction conditions.
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Fig. 1. Fluorous bis(oxazolines).

Table 1
Effect of different copper sources on Henry reaction.
CHO
OH
H NO,
+  CILNO condition®
e rt,24h
O,N
NO,
Entry Copper source Base (mol%) Yield” (%) ee‘ (%)
1 None Et3N(10) 12 -
2 CuCl, Et3N(10) 63 98
3 CuCl Et3N(10) 59 98
4 CuSO,4 Et3N(10) 61 96
5 Cu Et3N(10) 58 98
6 Cu(OAc), EtsN(10) 75 99
7 Cu(OAc); - 32 67
8 Cu(OAc), Et3N(5) 36 70
9d Cu(OAc), EtsN(15) 54 99
10 Cu(OAc), Pyridine(10) - -
11 Cu(OAc); DBU(10) 6 -

“Reaction condition: 1 mmol of 4-nitrobenzaldehyde, 10 mmol of nitromethane,
0.05 mmol of ligand and 0.1 mmol metal salt in 1 mL of EtOH.

b Determined by HPLC.

¢ Determined by chiral HPLC using a Ultron ES-OVM column. Reported values are
the average of two runs.

4 15mol% of ligand was added.

Table 1 summarizes the results obtained with various copper salts
under the different reaction conditions. Cu(OAc), gave a high yield
and good enantioselectivity (Table 1, entry 6). It was found that the
amount of base had significant influence to the conversion and
enantioselectivity. The yield dropped from 75 to 32% in the absence
of EtsN with a low enantioselectivity (Table 1, entry 7). An increase
of the amount of Et3N to 15 mol% relative to the ligand (5 mol%)
gave the same enantioselectivity but low yield, while a decrease in
the amount of Et3N to 5 mol% resulted in an obvious reduction in
both conversion and enantioselectivity (Table 1, entries 8 and 9).

ICH,CH,C(F, 5
K,CO;,DMSO

NC CN

1 2

NC CN

Table 2
Effect of solvent on Henry reaction of 4-nitrobenzaldehyde with nitromethane.
CHO
OH
L. H NO,
+  CH.NO condition®
3NO,
rt,24h
O,N
NO,
Entry Solvent Yield” (%) ee (%)
1 Tetrahydrofuran 41 68
2 Ethanol 75 99
3 Methanol 62 89
4 Acetonitrile 35 66
5 Dichloromethane 38 43

4Reaction condition: 1 mmol of 4-nitrobenzaldehyde, 10 mmol of nitromethane,
0.1 mmol of Et3N, 0.05 mmol of ligand and 0.1 mmol Cu(OAc),in 1 mL of solvent.
b Determined by HPLC.
¢ Determined by chiral HPLC using a Ultron ES-OVM column. Reported values are
the average of two runs.

0 OH
c o Cu salt, Ligand =
+ CHNO, ————— > :
EtOH, Et;N /\/NOZ
R4 H R
4 5 6

Scheme 2. Cu-catalyzed Henry reaction.

Other bases such as pyridine, DBU were also tested in the reaction.
However, no better results were obtained than EtsN (Table 1,
entries 10 and 11).

Different solvents were tested in the asymmetric Henry
reaction between 4-nitro-benzaldehyde and nitromethane. With
Cu(OAc), as a catalyst and Et3N as a base, the protonic solvents
were superior to the aprotonic ones (Table 2, entries 1-5). As
a result, ethanol was the best solvent for this reaction (Table 2,
entry 2).

With the optimized conditions in hand, the scope of the
substrate was extended. A variety of aldehydes were employed as
substrates to react with nitromethane, giving the corresponding
products with high yields and ee values, as shown in Table 3. The
data clearly showed that ligand 3 and the optimized reaction
conditions can be applied in a wide scope of substrates. The
aromatic aldehydes could undergo an asymmetric Henry reaction
smoothly with good yields and ee values. The steric hindrance had
little influence on this reaction (Table 3, entries 1-11). The
aldehydes with electron-withdrawing group gave higher yields
(entries 1-7 vs. entries 9-11).

CoF13
CeF13 OH
(0]
PhY NH; \>
Zn(OAc), ?
Toluene,reflux =
Ph Ph

Scheme 1. Preparation of fluorous bis(oxazolines).
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Table 3
Enantioselective Henry reaction of nitromethane with various aldehydes.
OH
condition® B
R,CHO  +  CH;NO, :
- rt,24h /\/ NO,
Ry
Entry Aldehyde (R;) Time (h) Product Yield” (%) ee“ (%)
1 p-NO,-CgHa— 24 6a 75 99
2 p-Br-CgHa- 24 6b 69 94
3 p-Cl-CgHa- 24 6¢ 67 90
4 0-NO,-CgHy- 24 6d 73 94
5 p-F-CeHy- 24 6d 70 93
6 1-Naphthyl 48 6f 70 90
7 0-Br-CgHy- 24 6g 62 96
8 CeHs— 24 6h 61 72
9 p-CH3-CgHa— 48 6i 64 96
10 p-OCH3-CgHy— 36 - n.I. -
11 p-NMe,-CgHy— 36 - n.r. -

“Reaction condition: 1 mmol of aldehyde, 10 mmol of nitroalkane, 0.1 mmol of Et3N,
0.05 mmol of ligand and 0.1 mmol Cu(OAc), in 1 mL of EtOH.

> Determined by HPLC.

¢ Determined by chiral HPLC using a Ultron ES-OVM column.Reported values are
the average of two runs.

Table 4

Recycling and reuse of the fluorous ligand by F-SPE.
Run Recovered ligand (%)* Yield of product (%)° ee (%)
- - 75 99
First reuse 96 72 >98
Second reuse 94 71 >98
Third reuse 90 67 >98

2 Recovered by F-SPE.
> Determined by HPLC.
¢ Determined by chiral HPLC using a Ultron ES-OVM column.

We also examined the recovery of this fluorous ligand. The
results are listed in Table 4. As can be seen, the fluorous ligand
could be reused for three times without a significant loss of both
yields of the products and their ee values.

3. Conclusion

In conclusion, a novel fluorous chiral bis(oxazolines) has been
synthesized and used in enantioselective Henry reaction in the
presence of copper acetate. The reactions proceeded smoothly to
provide the corresponding products in high enantioselectivities for
a wide range of aryl substrates. The process was carried out in
ethanol, and the corresponding [3-nitroalcohols were obtained in
61-75% yield with enantioselectivities up to 99%. The fluorous
ligand can be easily recovered and reused at least three times
without significant loss in its activity.

4. Experimental

All reagents, such as nitromethane, L-2-phenylglycinol, various
aldehydes, and copper acetate, malononitrile, were used as
received from commercial sources. All reactions were carried
out under indicated conditions. NMR spectra were recorded at
500 MHz and tetramethylsilane (TMS) was used as a reference.
Elemental analysis was performed on a Vario EL Il recorder. Mass
spectra were obtained with an automated Fininigan TSQ Advan-
tage mass spectrometer. The enantiomeric excess of the Henry
products was determined by HPLC on Ultron ES-OVM column.

4.1. Synthesis of the fluorous malononitrile (2)

A 50 mL round-bottom flask with a magnetic stir bar was
charged with malononitrile 1 (660 mg, 10 mmol, 1 equiv), K,CO3
(138 mg, 1 mmol, 0.1 equiv), and 15 mL of DMSO.

1H,1H,2H,2H-Perfluoro-1-iodo-n-octane (5mL, 20 mmol, 2
equiv) was added via syringe. The mixture was stirred at room
temperature for 24 h. The reaction was then partitioned between
dilute hydrochloric acid (75 mL) and EtOAc (3 x 25mL). The
combined organic layer was washed with brine (100 mL), and then
dried over Na,S0Oy4, concentrated in vacuo to give a brown-red solid
which was used without further purification for the next reaction.
Yield: 73%.

4.2. 1,1-Bis[(4S)-4-phenyl-1,3-oxazolin-2-yl]-(1H,1H,2H,2H )-
perfluorooctane(3)

A 50 mL two-necked round-bottomed flask fitted with a reflux
condenser was charged with the fluorous malononitrile (652 mg,
1 mmol), zinc acetate (46 mg, 0.2 mmol), and toluene (10 mL). The
solution was stirred for 5 min and a solution of L-2-phenylglycinol
(411 mg, 3 mmol) in toluene was added. The system was heated at
reflux for 24 h. After cooling to room temperature, the reaction was
then partitioned between H,O (50 mL) and EtOAc (30 mL). The
organic layer was washed with brine (2 x 50 mL) and NaHCO;
(2 x 50 mL), dried over Na,SO4 and concentrated in vacuo. The
crude product was purified by column chromatography (petro-
leum ether/ethyl acetate, 4:1, 0.4% NEt3). Yield: 52%.

4.3. General procedure for asymmetric Henry reaction

To the mixture of ligand (5 mol%) in EtOH (1 mL), aldehyde
(1 mmol), Cu(OAc), (10 mol%), EtsN (10 mol%) and nitromethane
(10 equiv) were added at room temperature. After 24 h, the solvent
was evaporated in vacuo. The residue was dissolved in H,O (30 mL)
and was extracted by EtOAc (3 x 10 mL). The combined organic
layer was dried over Na,SO4, and concentrated in vacuo. The
product 6 was purified by column chromatography on silica-gel
column to give the desired nitroaldol adduct. Enatiomeric excesses
were determined by chiral HPLC analysis using an Ultron ES-OVM
column.

4.4. General procedure for recovery of fluorous bis(oxazolines)

After the reaction was finished, the mixture was concentrated
and then loaded onto a FluoroFlash® silica gel for F-SPE. The
residue was eluted by methanol: water (v/v = 80:20) at first for the
seperation of non-fluorous component, pure methanol was then
added onto the fluorous gel column continuously for obtaining the
elutant of fluorous bis(oxazolines). When the bulk of solvent was
removed and the residue was dried in vacuo at 50 °C for 8 h to give
the fluorous bis(oxazolines). The recovered ligand could be used
directly for the next run.

4.5. 1,1-Bis[(4S)-4-phenyl-1,3-oxazolin-2-yl]-(1H,2H,2H)-
perfluorooctane(3)

TH NMR (500 MHz, CDCl5) §: 7.40-7.20 (m, 10H), 5.39-5.35 (m,
2H), 4.85-4.81 (m, 2H), 4.38-4.35 (m, 2H), 3.28-3.25 (m, 2H), 2.76-
2.72 (m, 2H); '3C NMR (125 MHz, CDCl3) 8: 161.5, 139.4, 128.0,
127.3, 125.2, 117.3-107.5, 75.1, 68.8, 41.3, 27.5, 26.5; 'F NMR
(500 MHz, CDCl3) &: —126.55 to —126.14 (m, 2F), —123.77 to
—123.42 (m, 2F), —123.20 to —122.85 (m, 2F), —122.23 to —121.85
(m, 2F), —115.40 to —114.87 (m, 2F), —81.32 to —80.60 (m, 3F); MS
(ESI) m/z 653 (MH+), Anal. Calc. for Cy7H51F13N505: C,49.70; H, 3.24;
N, 4.29. Found: C, 49.83; H, 3.18; N, 4.35.
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4.6. (S)-1-(4-Nitrophenyl)-2-nitroethanol (6a)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 7:3)to give a
yellow oil (75% yield); "H NMR (500 MHz, CDCl5) : 8.24-8.26 (m,
2H),7.73-7.56(m, 2H),5.61-5.63 (m, 1H), 4.60-4.62 (m, 2H), 3.49
(s, 1TH). HPLC analysis: Ultron ES-OVM column, 30:70 alcohol/
KH,PO4 (0.02 mol/L), flow rate = 1.8 mL/min, UV = 254 nm, major
enantiomer t;=2.52min, minor enantiomer t,=1.83 min;
99% ee.

4.7. (S)-1-(4-Bromophenyl)-2-nitroethanol (6b)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 5:1) to give a
colorless oil (69% yield); 'TH NMR (500 MHz, CDCl;) &: 7.54 (d,
J=7.4Hz,2H),7.29(d,]=7.7 Hz,2H), 5.44 (d,] = 9.2 Hz, 1H), 4.62-
4.45 (m, 2H), 3.04 (s, 1H). HPLC analysis: Ultron ES-OVM column,
30:70 alcohol/KH,PO, (0.02 mol/L), flow rate=1.8 mL/min,
UV =210 nm, major enantiomer t; = 3.18 min, minor enantiomer
t, = 1.85 min; 94% ee.

4.8. (S)-1-(4-Chlorophenyl)-2-nitroethanol (6c)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 5:1) to give a
colorless oil (67% yield); 'TH NMR (500 MHz, CDCl3) §: 7.67-7.68
(m, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.41-7.42 (m, 1H), 7.30-7.23 (m,
1H), 5.81-5.83 (m, 1H), 4.42-4.72 (m, 2H), 3.11 (s, 1H). HPLC
analysis: Ultron ES-OVM column, 30:70 alcohol/KH,PO4 (0.02 mol/
L), flow rate=1.8mL/min, UV=230nm, major enantiomer
t; = 2.17 min, minor enantiomer t, = 2.44 min; 90% ee.

4.9. (S)-1-(2-Nitrophenyl)-2-nitroethanol (6d)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 5:1) to give a
yellow oil (73% yield); '"H NMR (500 MHz, CDCl;) &: 8.07 (d,
J=8.2Hz, 1H),7.98(d,]J = 7.8 Hz, 1H), 7.73-7.76 (m, 1H), 7.53-7.56
(m, 1H), 6.02-6.04 (m, 1H), 4.53-4.86 (m, 2H), 4.18 (s, 1H). HPLC
analysis: Ultron ES-OVM column, 30:70 alcohol/KH,PO,4 (0.02 mol/
L), flow rate=1.8mL/min, UV=254nm, major enantiomer
t; = 2.06 min, minor enantiomer t, = 2.64 min; 94% ee.

4.10. (S)-1-(4-Fluorophenyl)-2-nitroethanol (6e)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 7:3)to give a
colorless oil (70% yield); 'TH NMR (500 MHz, CDCl3) d: 7.41-7.43
(m, 2H), 7.10-7.13 (m, 2H), 5.47-5.49 (m, 1H), 4.50-4.63 (m, 2H),
3.02 (s, 1H). HPLC analysis: Ultron ES-OVM column, 30:70 alcohol/
KH,PO,4 (0.02 mol/L), flow rate = 1.8 mL/min, UV = 230 nm, major
enantiomer t;=2.04 min, minor enantiomer t,=1.82 min;
93% ee.

4.11. (S)-1-(Naphthalen-1-yl)-2-nitroethanol (6f)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 5:1) to give a
yellow oil (70% yield). '"TH NMR (500 MHz, CDCl3) &: 8.07 (d,
J=8.4Hz,1H),7.94 (d,] = 8.1 Hz, 2H), 7.89 (d, ] = 8.2 Hz, 1H), 7.53-
7.63 (m,3H),6.30(d,J = 8.6 Hz, 1H), 4.71 (m, 2H), 2.98 (s, 1H). HPLC
analysis: Ultron ES-OVM column, 30:70 alcohol/KH,;PO4 (0.02 mol/
L), flow rate=1.8mL/min, UV=230nm, major enantiomer
t; = 2.44 min, minor enantiomer t, = 3.93 min; 90% ee.

4.12. (S)-1-(2-Bromophenyl)-2-nitroethanol (6 g)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 5:1) to give a
colorless oil (62% yield); '"H NMR (500 MHz, CDCl5) &: 8.07 (d,
J=8.2Hz, 1H),7.98(d,] = 7.8 Hz, 1H), 7.73-7.76 (m, 1H), 7.53-7.56
(m, 1H), 6.03-6.05 (m, 1H), 4.86-4.89 (m, 2H), 4.18 (s, 1H). HPLC
analysis: Ultron ES-OVM column, 30:70 alcohol/KH,PO4 (0.02 mol/
L), flow rate=1.8 mL/min, UV=210nm, major enantiomer
t; = 2.09 min, minor enantiomer t, = 2.65 min; 96% ee.

4.13. (S)-1-Phenyl-2-nitroethanol (6 h)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 5:1) to give a
colorless oil (61% yield); 'H NMR (500 MHz, CDCls) 8: 7.38-7.42
(m, 5H), 5.46 (d, J=9.6 Hz, 1H), 4.68-4.47 (m, 2H), 3.14 (s, 1H).
HPLC analysis: Ultron ES-OVM column, 30:70 alcohol/KH,PO,
(0.02 mol/L), flow rate = 1.8 mL/min, UV = 210 nm, major enantio-
mer t; = 2.62 min, minor enantiomer t, = 1.95 min; 72% ee.

4.14. (S)-1-(4-Methylphenyl)-2-nitroethanol (6i)

This compound was prepared according to Section 4.3 and
purified by column chromatography (Hexane-EtOAc 8:1) to give a
colorless oil (64% yield); '"H NMR (500 MHz, CDCl3) §: 7.70-6.86
(m, 4H), 5.44-5.46 (m, 1H), 4.50-4.65 (m, 2H), 2.87 (s, 1H), 2.38 (s,
3H).

HPLC analysis: Ultron ES-OVM column, 30:70 alcohol/KH,;PO,4
(0.02 mol/L), flow rate = 1.8 mL/min, UV = 230 nm, major enantio-
mer t; =2.01 min, minor enantiomer t, = 1.80 min; 96% ee.
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