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An efficient L1/Cu(Il)-catalyzed highly chemoselective and enantioselective nitroaldol reaction of o- or B-
haloenals with nitromethane has been described. The reaction delivered chiral functionalized allylic alco-
hols bearing halo and nitro groups with excellent results (up to 94% yield and 99% ee) under mild reaction
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1. Introduction

Henry (nitroaldol) reactions between nitroalkanes and alde-
hydes provide valuable intermediates B-hydroxy nitroalkanes,
which can be transformed into f-amino alcohols, aziridines, a-hy-
droxy carboxylic acids, and other complex target compounds.’ In
recent years, much progress has been made in the enantioselective
version of the Henry reaction by developing various new chiral li-
gands. In this work, much attention has mainly been focused on
the reaction of simple aromatic and aliphatic aldehydes.??

As useful building blocks, haloenals are usually employed for
constructing versatile heterocyclic compounds,* carbocycles,> and
quaternary carbon centers.® The halo atom on the C=C bond in
the enal is activated by the electron-withdrawing carbonyl group,
and can be readily replaced by other functional groups. As shown
in Scheme 1, the presence of two reactive sites ((=0 and =C-X)
in the haloenal molecule makes it possible to follow different
pathways under basic conditions, such as paths (a)*><7 (b)>®
and (c).**®% Recently, Ma et al. reported a DBU-promoted
Morita-Baylis-Hillman reaction'® and Michael addition reaction®
of haloenals (path d). We have developed a novel TBAF-promoted
intermolecular crossed reaction between haloenals and electron-
deficient olefins, in which the vinylogous enolates generated by
the deprotonation at the y-position preferred to combine with
the Michael acceptors at their a-position (path e).?

Very recently, we developed an efficient chiral secondary dia-
mine ligand for the copper-catalyzed asymmetric nitroaldol reac-
tion.>d As a continuation of this work, we wondered what would
happen between a haloenal and a nitroalkane in the presence of
a catalyst, especially with regard to the chemoselectivity and
enantioselectivity during the reaction. To the best of our
knowledge, the asymmetric nitroaldol reaction of haloenals with
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X=Cl, Br

Scheme 1. Possible reaction modes of B-haloenals under base conditions.

nitromethane has not been reported. Thus, we attempted the reac-
tion between haloenals and nitromethane in the presence of the
Cu(Il)-diamine system. This reaction proceeded smoothly and gave
the nitroaldol products B-nitro allylic alcohols, which are impor-
tant intermediates for a wide range of pharmaceutical substances
and biologically active compounds because of their numerous syn-
thetic applications.!! Herein, we report the details of the highly
chemo- and enantioselective reaction between haloenals and
nitromethane.

2. Results and discussion

Initially, we chose the reaction of 2-chlorocyclohex-1-enecarb-
aldehyde 1a with nitromethane 2 as the model reaction (Table 1).
Based on our previous work,3® several ligands and copper(Il) chlo-
ride were utilized in the reaction with diisopropylethylamine
(DIPEA) as the additive base in THF at 4 °C. Among the ligands
L1-L6, L1 was found to be a potentially useful one for the reaction
and gave product 3a in a 48% yield with 87% enantiomeric excess
after 10 h (entry 1). When ligand L2, derived from p-proline, was
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Table 1 Table 2
Ligand screening® Optimization of reaction parameters?®
Entry Copper salt Solvent Base Yield® (%) ee (%)
i Moo 3 ambe, me owm & o
o B 2 ul C)2- 13!
H ., cHNo, —>mmol% CuCl;2H,0 3 CuBr, THF DIPEA 43 83
cl DIPEA (1(.)0 equiv), cl 4 CuS04-5H,0 THF DIPEA 20 27
THF, 4 °C, 10h 5 CuCN THF DIPEA 52 79
1a 2 3a 6 Cudl THF DIPEA 60 90
:: 7 CuBr THF DIPEA 50 78
: 8 Cul THF DIPEA 39 48
E>A O NN 9 cucl CHOH  DIPEA 51 30
N N N N E% N 10 Cucl MeNO, DIPEA 74 29
\ 4 N H 11 Cucl MeCN DIPEA 45 62
H L1 5 L2 H L3 12 cucl CH,Cl, DIPEA 35 20
: 13 Cudl Et,0 DIPEA 58 76
" Ph 14 Cudl THF EtsN 58 90
O N >\ S\ 15 cucl THF DMAP 10 28
N H HN N N 16 Cucl THF Im¢ 22 42
H 2 H H,N H 17 cucl THF pyridine 34 93
L4 L5 L6 18 Cudl THF NMM 58 94
19 CuCl,2H,0 THF NMM 48 96
Entry Ligand Yield® ee (%) 20 Cu(OAc)H,0  THF NMM 80 95
1 L1 48 87 ¢ Reactions were carried out on a 0.5mmol scale of 1a with 10equiv of
2 L2 45 -31 nitromethane in a mixture of 2.0 mL of solvent, 5 mol % of ligand L1 and 5 mol % of
3 L3 36 73 copper salts in the presence of 1.0 equiv of base at 4 °C for 12 h.
4 14 43 -36 b Isolated yield (%).
5 L5 43 74 ¢ Determined by chiral HPLC analysis.
6 L6 50 80 ¢ Im = Imidazole.

2 Reactions were carried out on a 0.5 mmol scale of 1a with 10 equiv of nitro-
methane in a mixture of 2.0 mL of THF, 5 mol % of ligand and 5 mol % of CuCl,-2H,0
in the presence of 1.0 equiv of DIPEA at 4 °C for 10 h.

" Isolated yield, approx. 50% of 1a was recovered.

¢ Ee was determined by HPLC analysis using Chiracel AD-H as a column.

used instead, the opposite (R)-configuration product was obtained
with much lower enantioselectivity (entry 2). A similar change in
stereoselectivity was also observed in the cases of L3 and L4 de-
rived from (+)-(1S,2S,5R)-menthylamine, but their enantioselectiv-
ities were relatively poor. Ligands L5 and L6 also gave inferior
results (entries 5 and 6).

Further optimization was carried out by assessing copper salts,
bases, and solvents. Among the copper salts listed in Table 2,
CuCl,-2H,0, Cu(OAc),-H,0, and CuCl gave high ee values with little
differences in the yields (entries 1, 2, and 6). For the best enanti-
oselectivity, CuCl was chosen to estimate further the reaction sol-
vents. In nitromethane, an improved yield but much lower ee value
was observed in comparison to that in THF (entry 10). In view of
the enantioselectivity, THF proved to be the most suitable solvent
for this reaction (entries 1 and 9-13).

Next, various bases were tested by utilizing a CuCl/L1 catalytic
system in THF at 4 °C (entries 14-18). A satisfactory enantioselec-
tivity was achieved when N-methylmorpholine (NMM) was used
as the base additive, with an ee value of up to 94% being achieved
(entry 18). Thus, NMM was finally chosen as the additive to further
optimize the reaction conditions. Since nearly the same ee values
were observed previously in the cases of CuCl,-2H,0, Cu(OAc),:
H,0, and CuCl (entries 1, 2, and 6), we examined the copper salts
again by changing DIPEA into NMM (entries 19 and 20). As a con-
sequence, CuCl,-2H,0 gave the highest ee (96%), while Cu(OAc),-
H,0 provided the highest yield up to 80% with 95% ee. In addition
to the nitroaldol product, a certain amount of dehydrated side-
product nitroolefin was obtained during the reaction. In order to
avoid the dehydration, we tried to perform the reactions at a lower
temperature (Table 3, entries 1-3). At —20 °C, 3a was afforded in a
88% yield with 99% ee using Cu(OAc),-H,0 (entry 3). The effect of
the amount of nitromethane was also evaluated (entries 4 and
5). The highest yield was achieved when 20 equiv of nitromethane

were added, while the ee value remained the same. A further in-
crease in the amount of nitromethane caused a decrease in both
the ee value and the yield.

Table 3
Reagent loading screening?®
Entry Copper salt MeNO, (equiv) Yield® (%) ee (%)
1 CuCl 10 58 97
2 CuCl,-2H,0 10 62 98
3 Cu(OAc),-H,0 10 88 99
4 Cu(OAc),-H,0 20 94 99
5 Cu(OAc),-H,0 40 85 94

2 Reactions were carried out on a 0.5 mmol scale of 1a in a mixture of 2.0 mL of
THF, 5 mol % of ligand L1 and 5 mol % of copper salt in the presence of 1.0 equiv of
NMM at —20 °C for 48 h.

b Isolated yield (%).

¢ Determined by chiral HPLC analysis.

On the basis of the optimized reaction parameters, the scope of
haloenals was explored by treatment with 20 equiv of nitrometh-
ane in the presence of 5 mol % of L1/Cu(OAc),-H,0 and 1.0 equiv
of NMM in THF at —20°C (Table 4). With the cyclic haloenals
1a-f, the reaction provided the expected products 3a-f in high to
excellent yields and with excellent enantioselectivities. In most
cases, the ee values were above 95%, regardless of the size of the
cyclic haloenals and the type of halo atoms at the B-position. With
regards to the acyclic haloenals, the ee values varied remarkably
with different substituent groups. Haloenals 1g and 1h gave much
lower ee values. In addition, heteroaromatic haloenals 1k was also
tolerated, giving the desired product with good results. o-Haloe-
nals 1i and 1j were also studied under the same conditions and dif-
ferent results were observed. It seems that the substituent group
on the carbon near to the aldehyde group significantly influences
the enantioselectivity of this reaction. Haloenals 11-n with bulky
groups at the a-position provided the nitroaldol products 31-n
with more than 95% ee values, albeit with a decrease in yield.

To account for the stereochemical outcome of this reaction, the
absolute configuration of 4e (solid) derived from 3e (liquid) was
confirmed by X-ray crystal analysis as shown in Figure 1. These
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Table 4
Enantioselective Henry reaction of aldehydes with nitromethane®><4

5 mmol% ligand L1 + OH
5 mmol% Cu(OAc),"H,0 : NO
RCHO + CH3NO, R/\/ 2
4-methylmorpholine
1 2 (1.0 equiv), 3
THF, -20 °C
OH OH OH
q\/ NO, : NO, : NO,
Cl cl Cl
0, i 0,
3a, 94% yield, 99% ee 3b, 92% yield, 99% ee 3c, 86% yield, 96% ee
OH OH OH
Br Br o
3d, 80% yield, 97% ee 3e, 93% yield, 97% ee 31, 84% yield, 99% ee

Cl OH Cl OH

X Br
NO,
NO,
HO

3h, 72% yield, 82% ee 31, 78% yield, 93% ee

- F Cl (@]
NO
\ 2 NO,
HO HO

3j, 84% yield, 76% ee

3g, 82% vyield, 86% ee

3k, 90% yield, 88% ee

cl
cl cl
— —
NO, NO,
HO HO

3m, 68% yield, 97% ee 3n, 65% yield, 97% ee

31, 73% yield, 98% ee

¢ Reactions were carried out on a 0.5 mmol scale of haloenals with 20 equiv of nitromethane in a mixture of 2.0 mL of THF, 5 mol % of
ligand L1 and 5 mol % of Cu(OAc),-H,0 in the presence of 1.0 equiv of 4-methylmorpholine at —20 °C.

b Isolated yield.

¢ Determined by chiral HPLC analysis.

4 The reaction time for 1a-f was 48 h, for Th-n was 96 h.

OH OH
H NO, 1) Zn/HCI z NH,
@f\/ 2) recrystallization in CH,Cl, @f\/
Br Br
(S)-3e, 97% ee (S)-4e

Scheme 2. The derivative of (S)-3e.

3. Conclusion

Figure 1. X-ray structure analysis of (S)-4e.!?

In conclusion, we have developed a highly chemoselective and
enantioselective nitroaldol reaction between o- or B-haloenals
and nitromethane by treatment of 5 mol % of L1-Cu(OAc),-H,0 un-

der mild reaction conditions. The reaction not only provides a wide

variety of new pB-nitroalcohol compounds in high to excellent

results are in agreement with our previous observations,*® which ~ Yields (up to 94%) with excellent enantioselectivities (up to 99%
revealed that the nitronate would attack the aldehyde from the €€ but also provides a new method to construct functionalized
re face when L1 was used. Therefore, the absolute configuration allylic alcohols. Further applications of this methodology are cur-

of 4e was assigned as (S) (Scheme 2). rently underway in our laboratory.
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4. Experimental
4.1. General

Solvents were purified according to standard procedures and
distilled before use. Reagents and starting materials purchased
from commercial suppliers were used without further purification
unless otherwise stated. For thin-layer chromatography (TLC),
silica gel plates GF254 were used and compounds were visualized
by irradiation with UV light, I, or by treatment with basic KMnO,.
NMR spectra were measured on a 400 MHz spectrometer. 'H NMR
chemical shifts were reported in ppm with tetramethylsilane (TMS,
5 0 ppm) as the internal standard. Data for '"H NMR are reported as
follows: chemical shift (ppm), and multiplicity (s = singlet, d = dou-
blet, t = triplet, q = quartet, m = multiplet, br = broad). Data for 3C
NMR are reported as ppm. High resolution mass spectral analyses
(HRMS) were measured using EI, ESI ionization. High performance
liquid chromatography (HPLC) analysis was performed on chiral
columns. Optical rotations were measured in the solvent indicated.
Flash chromatography was carried out on silica gel 200-300 mesh.
The molecular ion peak of acyclic B-hydroxy nitroalkanes 3g-n
could not be detected through the HRMS analyses, so two of them,
3g, 3k, were reduced by Zn/HCl to provide the pB-hydroxy amin-
oalkanes 4g, 4k, which were detected by HRMS.

4.2. Preparation of substrates 1a-n

A variety of haloenals were synthesized according to the litera-
ture; 1a-c,'> 1d-f,'4 1g-h,"> 1i,® 1j,'” 1k-n."> The 'H and '>*C NMR
of the products were in agreement with the literature data.

4.3. Procedure for the catalytic enantioselective Henry reaction
of haloenals with nitromethane 3

Ligand L1 (6.0 mg, 0.0250 mmol, 5.0 mol %) and Cu(OAc),-H,0
(5.0 mg, 0.0250 mmol, 5.0 mol %) were added to a test tube con-
taining absolute THF (2 mL). The solution was stirred for 1 h to give
a blue solution at room temperature. To the resulting solution,
aldehyde 1 (0.5 mmol), nitromethane (5 mmol, 20 equiv), and N-
methylmorpholine (54 pL, 0.5 mmol, 1.0 equiv) were added suc-
cessively and the tube was introduced in a bath at the reaction
temperature without special precautions to exclude moisture or
air. After the indicated time, 180 uL of 3 M HCl aqueous were
added, and the mixture was concentrated and purified directly
by column chromatography on silica gel, eluting with petroleum
ether and ethyl acetate to afford the corresponding product.

4.4. Procedure for the reduction of g-hydroxy nitroalkanes with
Zn/HCl 4

Zinc powder (314 mg, 4.78 mmol) was added to a solution of 3
(0.100 mmol) in ethanol/H,O (3.4:0.8 mL) followed by concen-
trated HCI (0.66 mL). The mixture was stirred at room temperature
for 4 h. Aqueous saturated NaHCO5; (10 mL) and water (10 mL)
were added, and the mixture was extracted with EtOAc
(3 x 25 mL). The organic phase was dried (MgSQ,), concentrated
under reduced pressure, and the residue was concentrated and
purified directly by column chromatography on silica gel, eluting
with CH,Cl, and CH30H to afford the corresponding product.

4.5. (S)-1-(2-Chlorocyclohex-1-enyl)-2-nitroethanol 3a

() = —8.7 (c 1.1, CHCl3); Colorless oil. 'H NMR (CDCls
400 MHz): 6 1.68 (m, 4H), 2.00 (dd, J=15.6, 2.4 Hz, 1H), 2.29-
2.48 (m, 3H), 2.71 (s, 1H), 4.33-4.64 (m, 2H), 5.53 (dd, J=9.0,
3.7Hz, 1H). 13C NMR (CDCl; 100 MHz): & 21.72 23.37, 24.65,

33.81, 68.47, 77.62, 130.09, 130.38. IR (film): 3461, 2938, 2886,
2863, 1718, 1658, 1556, 1509, 1434, 1378, 1058, 825, 668. HRMS
(EI, m/z): caled for CgH{,NOsCl (M*), 205.0506, found 205.0503;
HPLC (Chiralpak AD-H, Hexane-i-PrOH=90: 10, flow rate:
0.5 mL/min, 4 =210 nm), tminor = 16.3, tmajor = 18.4, 99% ee.

4.6. (S)-1-(2-Chlorocyclopent-1-enyl)-2-nitroethanol 3b

[0)2 =—12.9 (c 0.9, CHCl5); Colorless oil. 'TH NMR (CDCls
400 MHz): 6 1.92-2.09 (m, 2H), 2.29-2.42 (m, 1H), 2.61 (dd,
J=10.8, 4.6 Hz, 3H), 2.93 (s, 1H), 4.41 (dd, J=13.1, 3.4 Hz, 1H),
4.54 (dd, J=13.1, 9.5 Hz, 1H), 5.33 (dd, J=9.4, 3.3 Hz, 1H). '3C
NMR (CDCl5 100 MHz): § 20.58, 29.71, 37.97, 65.50, 77.77, 130.44,
133.44. IR (film): 3443, 2958, 2925, 2855, 1657, 1621, 1556, 1441,
1379, 1071, 888, 682. HRMS (EI, m/z): calcd for C;H;oNOsCI (M),
191.0349, found 191.0345; HPLC (Chiralpak AD-H, Hexane-i-
PrOH =90:10, flow rate: 0.5 mL/min, /=210nm), tminor=17.6,
tmajor = 19.6, 99% ee.

4.7. (S)-1-(2-Chlorocyclohept-1-enyl)-2-nitroethanol 3c

[0)% =—15.1 (c 1.1, CHCl5); Colorless oil. 'H NMR (CDCls
400 MHz): 6 1.68-1.45 (m, 4H), 1.81-1.69 (m, 2H), 2.41-2.24 (m,
2H), 2.62 (dd, J=10.9, 3.5 Hz, 2H), 2.76 (s, 1H), 4.38 (qd, J = 12.9,
6.6 Hz, 2H), 552 (dd, J=9.3, 3.8Hz, 1H). '3C NMR (CDCl3
100 MHz): & 24.89, 26.24, 31.34, 38.97, 69.39, 77.48, 134.49,
134.82. IR (film): 3440, 2926, 2853, 1649, 1613, 1556, 1510,
1446, 1378, 1074, 892, 740. HRMS (EI, m/z): calcd for CgH14NO5Cl
(M"), 219.0662, found 219.0658; HPLC (Chiralpak AD-H, Hexane-
i-PrOH =90:10, flow rate: 0.5 mL/min, Z=210nm), tmyiner=16.7,
Emajor = 21.3, 96% ee.

4.8. (S)-1-(2-Bromocyclopent-1-enyl)-2-nitroethanol 3d

[0)3 = —11.2 (¢ 1.0, CHCl5); Pale yellow oil. 'H NMR (CDCl;
400 MHz): § 1.89-2.06 (m, 2H), 2.22-2.36 (m, 1H), 2.56 (dtd,
J=179, 6.0, 2.6 Hz, 1H), 2.94 (br, 1H), 2.62-2.74 (m, 2H), 4.41
(ddd, J=13.1, 3.3, 1.4 Hz, 1H), 4.53 (ddd, J=13.0, 9.5, 1.0 Hz, 1H),
5.30 (d, J=9.4 Hz, 1H). '*C NMR (CDCl; 100 MHz): § 21.47, 30.18,
40.16, 67.01, 77.69, 120.29, 137.02. IR (film): 3442, 2958, 2926,
2855, 1657, 1621, 1557, 1441, 1380, 1071, 889. HRMS (EI, m/z):
calcd for C;H;oNOsBr (M*), 234.9884, found 234.9879; HPLC (Chir-
alpak AD-H, Hexane-i-PrOH =90:10, flow rate: 0.5 mL/min,
2=210 nm), tminor = 17.8, tmajor = 19.1, 97% ee.

4.9. (S)-1-(2-Bromocyclohex-1-enyl)-2-nitroethanol 3e

[#)2 = =7.15 (c 1.0, CHCl5); Colorless oil. 'H NMR (CDCls
400 MHz): § 1.80-1.58 (m, 4H), 2.10-1.93 (m, 1H), 2.43-2.29 (m,
1H), 2.61-2.45 (m, 2H), 2.81 (br, 1H), 4.46 (d, J = 6.1 Hz, 2H), 5.47
(t, J=6.3Hz, 1H). '3C NMR (CDCl; 100 MHz): & 24.32, 25.61,
21.77 36.62, 71.33, 77.56, 122.60, 132.72. IR (film): 3446, 2938,
2884, 2862, 1653, 1616, 1556, 1514, 1377, 1074, 753, 664. HRMS
(EI, m/z): calcd for CgH,,NO3Br (M*), 249.0001, found 248.9997,;
HPLC (Chiralpak AD-H, Hexane-i-PrOH = 90:10, flow rate: 0.5 mL/
min, =210 nm), tminor = 33.8, tmajor = 37.0, 97% ee.

4.10. (S)-1-(2-Bromocyclohept-1-enyl)-2-nitroethanol 3f

[0)2 = —12.4 (c 1.2, CHCl5); Pale yellow oil. 'TH NMR (CDCl3
400 MHz): 6 1.39-1.63 (m, 4H), 1.65-1.85 (m, 2H), 2.21-2.45 (m,
2H), 2.72 (dd, J=10.9, 3.5 Hz, 2H), 2.76 (s, 1H), 4.48 (qd, J=12.9,
6.6 Hz, 2H), 5.55 (dd, ] = 9.3, 3.8 Hz, 1H). '*C NMR (CDCl; 100 MHz):
5 24.96, 26.04, 31.37, 41.45, 72.49, 77.37, 126.17, 137.92. IR (film):
3443, 2957, 2923, 2852, 1556, 1438, 1379, 1067, 886, 675. HRMS
(El, m/z): calcd for CoH;4NO3Br (M*), 263.0157, found 263.0156; HPLC
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(Chiralpak AD-H, Hexane-i-PrOH =90:10, flow rate: 0.5 mL/min,
/=210 M), tiinor = 17.0, tmajor = 20.8, 99% ee.

4.11. (5,Z)-4-Bhloro-1-nitro-4-phenylbut-3-en-2-ol Z-3g

[ = —22.8 (c 0.9, CHCl); Yellow oil. 'H NMR (CDCls
400 MHz): & 2.87 (br, 1H) 4.58 (qd, J=13.4, 5.9 Hz, 2H), 5.46
(ddd, J=8.4, 7.3, 3.3 Hz, 1H), 6.15 (d, J=7.3 Hz, 1H), 7.35-7.45
(m, 3H), 7.54-7.66 (m, 2H). 13C NMR (CDCl; 100 MHz): § 67.38,
78.15, 123.51, 126.54, 128.52, 129.70, 136.14, 136.51. IR (film):
3395, 3060, 1636, 1554, 1513, 1493, 1446, 1337, 1076, 762, 692.
HPLC (Chiralpak AD-H, Hexane-i-PrOH = 90:10, flow rate: 0.5 mL/
min, A =210 nm), tmajor = 27.0, tminor = 29.7, 86% ee.

4.12. (5,Z)-4-Chloro-1-nitro-4-p-tolylbut-3-en-2-ol Z-3h

[0)F = —25.6 (c 0.9, CHCl); Yellow oil. 'H NMR (CDCls
400 MHz): § 2.35 (s, 3H), 3.13 (br, 1H), 4.54 (dd, J=11.3, 5.9 Hz,
2H), 5.33-5.55 (m, 1H), 6.10 (d, J= 7.3 Hz, 1H), 7.16 (d, ] = 8.0 Hz,
2H), 7.46 (d, ] = 8.2 Hz, 2H). '*C NMR (CDCl; 100 MHz): § 21.09,
67.38, 78.23, 122.51, 126.38, 129.13, 133.31, 136.47, 139.86. IR
(film): 3391, 3094, 2923, 1610, 1554, 1509, 1417, 1335, 1077,
816. HPLC (Chiralpak AS-H, Hexane-i-PrOH =90:10, flow rate:
0.5 mL/min, 4 =210 nm), tmajor = 29.7, tminor = 35.6, 82% ee.

4.13. (R,E)-3-Bromo-1-nitro-4-phenylbut-3-en-2-ol E-3i

[)Z = +19.8 (c 1.0, CHCls); Pale yellow oil. "H NMR (CDCls
400 MHz): 6 3.23 (s, 1H), 4.61 (dd, J= 13.1, 8.8 Hz, 1H), 4.72 (dd,
J=13.1, 3.4Hz, 1H), 5.08 (d, J=7.5Hz, 1H), 7.31-7.42 (m, 3H),
7.56-7.65 (m, 2H). '3C NMR (CDCl; 100 MHz): § 74.08, 78.91,
121.54, 128.24, 128.76, 129.04, 130.83, 133.98. IR (film): 3049,
3057, 2966, 1636, 1598, 1555, 1493, 1446, 1378, 1076, 756, 692,
522. HPLC (Chiralpak OD-H, Hexane-i-PrOH =90:10, flow rate:
0.5 mL/min, 4 =210 nm), tmajor = 38.9, tminor = 33.6, 93% ee.

4.14. (R,E)-3-Fluoro-4-(4-fluorophenyl)-1-nitrobut-3-en-2-ol E-3j

()% =+33.6 (c 1.0, CHCl5); Yellow oil. 'H NMR (CDCls
400 MHz): ¢ 3.26 (s, 1H), 4.66 (qd, J = 13.5, 6.0 Hz, 2H), 4.95-5.13
(m, 1H), 5.97 (d, J=39.4 Hz, 1H), 6.99-7.10 (m, 2H), 7.43-7.53
(m, 2H). ™*C NMR (CDCl; 100 MHz): é 67.65, 67.98, 77.57, 107.55,
107.60, 115.49, 115.71, 127.78, 127.81, 127.84, 130.57, 130.65,
130.73, 153.24, 153.26, 155.89, 155.91, 160.95, 160.99, 163.42,
163.46. 'F NMR (376 MHz, CDCI3): & -119.72, —119.70,
-119.62, —119.59, —112.59, —112.57. IR (film): 3080, 3063,
2975, 1646, 1500, 1555, 1473, 1461, 1378, 1243, 1150, 1110,
756, 682. HPLC (Chiralpak AD-H, Hexane-i-PrOH =90:10, flow
rate: 0.5 mL/min, 2 =210 nm), tmajor = 41.0, tminor = 44.9, 76% ee.

4.15. (S,E)-4-Chloro-1-nitro-4-(thiophen-2-yl)but-3-en-2-ol E-3k

[#)5 = —30.35 (c 1.1, CHCl3); Red oil. 'H NMR (CDCl; 400 MHz):
5 2.98 (s, 1H), 4.38-4.78 (m, 2H), 5.42 (td, J= 7.7, 4.0 Hz, 1H), 6.11
(d, J=7.5Hz, 1H), 7.00 (dd, J = 5.0, 3.8 Hz, 1H), 7.20-7.42 (m, 2H).
13C NMR (CDCl; 100 MHz): § 67.02, 78.20, 121.28, 127.20,
127.33, 127.56, 129.76, 139.78. IR (film): 3405, 3070, 2956, 1611,
1555, 1498, 1417, 1331, 1081, 814, 712. HPLC (Chiralpak AS-H,
Hexane-i-PrOH = 90:10, flow rate: 0.5 mL/min, /=210nm),
tmajor = 37.9, tminor = 47.3, 88% ee.

4.16. (S,E)-4-Chloro-3-methyl-1-nitro-4-phenylbut-3-en-2-ol E-31

[)5 = —50.05 (c 1.0, CHCl3); Yellow oil. 'TH NMR (CDCls
400 MHz): 6 2.56 (br, 1H), 2.01 (s, 3H), 4.34 (dd, J=13.0, 3.4 Hz,

1H), 4.54 (dd, J=13.0, 9.5 Hz, 1H), 5.02 (dd, J=9.5, 3.3 Hz, 1H),
7.21-7.32 (m, 2H), 7.35-7.46 (m, 3H). '3C NMR (CDCl; 100 MHz): §
14.02, 68.58, 78.33, 128.34, 128.46, 128.76, 128.90, 129.11, 130.67,
133.27, 137.30. IR (film): 3402, 3045, 2996, 2934, 1615, 1567,
1536, 1489, 1379, 1108, 745. HPLC (Chiralpak AS-H, Hexane-i-
PrOH =90:10, flow rate: 0.5 mL/min, A=210nm), tmajor=23.6,
tminor = 41.7, 98% ee.

4.17. (S,Z)-4-Chloro-3-(chloromethyl)-1-nitro-4-phenylbut-3-
en-2-o0l Z-3m

(4] = —141.15 (¢ 1.0, CHCl3); Yellow oil. 'H NMR (CDCl3
400 MHz): § 2.95 (d, J = 3.4 Hz, 1H), 4.43-4.46 (m, 1H), 4.47 (d,
J=2.5Hz, 1H), 4.58 (d, J=11.3 Hz, 1H), 4.80 (dd, J = 13.7, 10.2 Hz,
1H), 5.12 (d, J=10.2 Hz, 1H), 7.30-7.35 (m, 2H), 7.42-7.46 (m,
4H). 3C NMR (CDCl; 100 MHz): 6 39.00, 67.87, 78.57, 128.06,
128.92, 129.89, 131.23, 136.14, 139.51. IR (film): 3395, 3061,
2924, 1595, 1556, 1516, 1489, 1378, 1077, 767, 700. HPLC (Chir-
alpak AS-H, Hexane-i-PrOH =90:10, flow rate: 0.5 mL/min,
=210 nm), tmajor = 27.0, tminor = 30.4, 97% ee.

4.18. (S,Z)-4-Chloro-3-(chloromethyl)-1-nitro-4-p-tolylbut-3-
en-2-ol Z-3n

[)F = —206.3 (c 1.2, CHCls); Yellow oil; 'H NMR (CDCl;
400 MHz): 6 2.95 (d, ] = 3.4 Hz, 3H), 4.44 (dd, ] = 6.8, 4.3 Hz, 1H),
4.46-451 (m, 2H), 4.58 (dd, J=11.3, 0.4Hz, 1H), 4.80 (dd,
J=13.7,10.2 Hz, 1H), 5.12 (d, J = 10.2 Hz, 1H), 7.21-7.26 (m, 4H).
13C NMR (CD5COCD; 100 MHz): & 14.92, 39.13, 40.38, 67.83,
78.50, 125.74, 128.46, 131.03, 132.16, 139.26, 141.49. IR (film):
3438, 3033, 2956, 2922, 2852, 1630, 1591, 1552, 1489, 1422,
1380, 1088, 820. HPLC (Chiralpak AS-H, Hexane-i-PrOH = 90:10,
flow rate: 0.5 mL/min, 2=210 nm), tmajor = 46.0, tminor=71.9, 97%
ee.

4.19. (S)-2-Amino-1-(2-bromocyclohex-1-enyl)ethanol 4e

[]5 = +14.05 (c 0.23, CHCl5); White solid, mp: 114-116 °C; 'H
NMR (CD;COCD5; 400 MHz): § 1.59-1.78 (m, 4H), 2.01-2.13 (m,
4H), 2.20-2.34 (m, 1H), 2.47 (dt, J=6.5, 2.7 Hz, 2H), 2.76 (dd,
J=11.9, 7.3Hz, 1H), 3.32 (dd, J=11.9, 6.8Hz, 1H), 4.78 (t,
J=7.0Hz, 1H). '3C NMR (CD5COCD; 100 MHz): §22.82, 25.43,
26.74, 37.56, 50.81, 79.83, 119.51, 137.41. HRMS (ESI, m/z): calcd
for CgH;sNOBr ([M+H]*), 220.0332, found 220.0332.

4.20. (Z)-1-Amino-4-chloro-4-phenylbut-3-en-2-ol Z-4g

Thick oil; "H NMR (CDCl; 400 MHz): § 2.62 (br, 3H), 2.80 (dd,
J=12.8, 8.1Hz, 1H), 2.98 (d, J=12.8Hz, 1H), 4.71 (td, J=7.8,
3.8 Hz, 1H), 6.20 (d, J= 7.5 Hz, 1H), 7.33-7.38 (m, 3H), 7.60 (m,
2H). 3C NMR (CDCl; 100 MHz): ¢ 46.15, 70.55, 126.51, 128.09,
128.37, 128.99, 134.21, 137.23. HRMS (ESI, m/z): calcd for
C10H;3NOCI ([M+H]*), 198.0680, found 198.0678.

4.21. (E)-1-Amino-4-chloro-4-(thiophen-2-yl)but-3-en-2-ol E-4k

Thick red oil; 'TH NMR (CDCl; 400 MHz): ¢ 2.79 (dd, J=12.9,
8.2 Hz, 1H), 2.90 (dd, J=12.9, 3.6 Hz, 1H), 3.66 (br, 3H), 4.67 (td,
J=17.9, 3.9 Hz, 1H), 6.15 (d, J= 7.7 Hz, 1H), 6.93 (ddd, J=5.2, 2.7,
1.1 Hz, 1H), 7.17-7.21 (m, 1H), 7.23 (dd, J=2.4, 1.2 Hz, 1H). 13C
NMR (CDCl; 100 MHz): & 45.95 69.68, 126.14, 126.23, 126.44,
127.38, 127.46, 140.97. HRMS (ESI, m/z): calcd for CgH;;NOSCI
([M+H]"), 204.0244, found 204.0239;
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