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1. Introduction the asymmetric Michael addition of acetylacetone to

Michael addition has been played an import rolehin field nitroolefins with high enatioselectivities(up to%&e).

of organic synthesis. Chemists have synthesizedenoums Previous work®'?

organocatalysts used in the Michael additions ¢fedint CF
: . . NMe, 7 3 NMe2
substrates in the past dechdenong them, bifunctional S /@
amine-thiourea has become one of the most J
Fe N N CFs3
©Ho

versatilecatalysts. Despite their tremendous wtilihese
organocatalysts are derived from a very limitedgearof

X . . . . (ReSro)-1 (Re,SFerS)-2
chiral structural scaffolds.Thetypical bifunctionamine- o o
thioureas include the 1,2-diamine derivatives(Tad&Em
catalysts), the cinchona-alkaloid-derived catalyatsd X ANO2 +M 10 mol% Orgeat,_ o
binaphthyl-based catalysts Ferrocene is regarded as a foluene Ar ’
"privileged framework" for the construction of effere with (Re,Spc)-1: 25 °C, 60 h, up to 95% yield and 96% ee
chiral ligands in metal catalysis due to its spec#nd with (Re,SFerS)-2: 0 °C, 24 h, up to 96% yield and 96% ee
unique geometries (adequate rigidity, steric budks and This work

rapidly in recent decade, and some of them haven bee
synthesized and wused in several enantioselective

planar chirality), electronic (redox) properties,asg — —2 —

accessibility and derivatization, as well as stgfil Fe Fe Fe

Ferrocene-based organocatalysts have been developed e, 2N, L e,
: ; SYNH SYNH SYNH

HN HN HN.,
transformationSAs a part of our continuous research on the \Q/ OH [ oM
development of ferrocene-based chiral ligands atalyst§,
in 2014, we prepared the first ferrocene-basediatgrt 3aCF3
amine-thioureaorganocatalystand investigated its catalytic o o
performance in asymmetric Michael addifiomfter that, " 10 ot 3a
anotherferrocene-based organocat2lysas synthesized by AN *M toluene, r.t, 48h NO,

0 . .
our group® and presented excellent catalytic performance in 4p 1o 95% yield and 99% oo
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3,5-(CR),CsHsNH, (for 3a) or L/D-plenylglycinol (for3b and

Figure 1.Ferrocene-based chiral organocatalysts for asynunmetr 3c), THF, r.t., 6~8 h.

Michael additions.

The performances o8 were initially evaluted in the

Ferrocenophaneisa kind of orbicular compound whichmodel Michael addition of acetylacetor@ to transp-

combinesferrocene with cyclic structure, and in
ferrocenophanes, many of the important propertieshe
ferrocene are retained, such as high electron tensi
aromaticity, derivatization. Moreover,ferrocenopésnis

more rigid and stable than ferrocene. Thereforeseh

thenitrostyrendOa in the presence of 10 mol% of catalyst at

room temperature, and the results are summariz&dbie 1.
Compared to catalysts and 2, the more rigid and stable
dimethylamino[3]-ferrocenophanethiourea  catalyst3a
exhibited better catalytic results (Table 1, ent8y;

compounds have been developed rapidly from the newompared withl,3b and3c also significantly enhanced the

century’. A class of ferrocenophane-based
monophosphines as organocatalysts have been dedetbyp
Marinetti® and Stpnicka'® independently for highly
enantioselectivecyclization and MBH reaction. Heyein
order to improve the catalytic activity and enaseilectivity,
we designed and synthesized nowedimethylamino[3]-
ferrocenophanethiourea catalysds We envisioned that,
these newly-designed catalysts would be more ragid

chiralcatalytic activity, but theenantioseletivity droppsharply,

especially 3c (Table 1,entries 4-5), it proves that the
configuration of the-amino alcohol moiety in the catalysts
is an important factor for enantioselectivities eféfore, we
chose the [3]-ferrocenophanethiourea catalyat as the
organocatalyst for the rest of the study.

Table 1.Ferrocene-based catalysts screehing

stable  than previously  reported ferrocene-based
organocatalysts, andbetter catalytic results shobll 2 9
obtained in the as ic Mi ition. N0 o 9 et |

ymmetric Michael addition @/v » I P jhjikNOz
2. Results and discussion 10a 9 11a

The novel a-dimethylamino[3]-ferrocenophanethiourea Entry catalyst(10 mol%  Yield (%)° ee(%)>

catalysts3 were synthesized using ferrocene as starting 1 1 55 80
material Scheme 1). Thus,Friedel-Crafts reaction of 2 2 91 80
ferrocene with acryloyl chloride gavé in 17% yield”. 3 3a 85 86
Reductionof4 with NaBH,, followed by esterification (A©, 4 3b 78 51
pyridine) and amination(HNMe Et:N) affordedthe well- 5 3c 73 6

known rac-5"*" in 59% overall yieldR)-6 was obtained by
resolution ofrac-5using L-tartaric acid. Lithiation ofR)-6
with t-BuLi (0°C~rt, 1~2 h) followed by reaction wih
toluenesulfonylazide gave the azidm 83% yield.7 was

@Unless otherwise specified, the reactions wereopedéd with

0.2mmol of10a and 0.4mmol o in 1.0 mL of toluene for
48h°lIsolated vyield. Determined by chiral HPLC analysis
dAbsolute configuration was confirmed by comparinge t

hydrogenated in the presence of 5% Pd-C at 1 JbarbHpLC data with that reported in the literattfre

pressure to afford the diamine,and then followeddaction
with CS, and EDC gave isothiocyan8&tan 68% yield.
Finally, 8 was treated with 3,5-Bis(trifluoromethyl)aniline o
L/D-plenylglycinol to give the corresponding thiear
catalysts3 in 84-90% vyields.

Schemel.Synthesis of
ferrocenophanethiourea cataly3ts

a-dimethylamino[3]-

N —> —> —>
Fe —2 > Fe _be e _d ., Fe
o NMe, NMe,
4 rac-5 R-6
< Y
e f Fe g, h Fe i 3
NMe:. NMe
Na 2 NCS 2

7 8

Reagents and conditions: a) acryloyl chloride, AI@CM, -
78°C, overnight; b) NaBK Ac,O, pyridine, r.t., overnight; c)
HNMe,, EtN, methanol, 75°C reflux, 4~6 h; d) L-tartaric gcid
methanol, NaOHagq.; €}BuLi, TBME, 0 °C-r.t., 1-2 h; f)p-
toluenesulfonylazide, TBME, -78 °C—r.t.,, 5 h; g), %% Pd—
C,MeOH, r.t., 4 h; h) CSEDC, THF, -10 °C-r.t., overnight; i)

Table 2 Reaction conditions screenfhg

o o

N0, o 0 3a
©/\/ * M solvent pr” -NO2

10a 9 11a

Entry Solvent Temp. Yield(%B) ed%)>

1 CHC} r.t. 65 55

2 CH,CI, r.t. 72 68

3 CH;,CN r.t. 82 21

4 1,4-dioxane r.t. 85 38

5 MeOH r.t. 65 3

6 EtLO r.t. 45 64

7 xylene r.t. 78 72

8 THF r.t. 87 61

9 toluene r.t. 85 86

10 toluene 0°C 65 78

11 toluene -20°C 62 76

12 toluene 50°C 90 69

13 toluene rt 87 81

14 toluene rt 82 78

#Unless otherwise specified, the reactions wereoperdéd with

0.2 mmol of10a and 0.4mmol o in 1.0 mL of toluene for
48h°lIsolated yield. Determined by chiral HPLC analysis.
dAbsolute configuration was confirmed by comparinge t



HPLC data with that reported in the literattfréReaction with
catalyst loading of 20 mol9Reaction with catalyst loading of 5
mol%, 60h.

After screening of catalysts, we investigated tHikiémce
of different experimental conditions, and the resuhre
summarized in Table 2. The choice of solvent pkagsitical
role in the reaction. Reactions in chlorinated eote
(CH.CI,, CHCL) afforded the desired Michael add{®)t
11a with moderate to good Yvyields
enantioselectivities (55-68%g) (Table 2, entries 1-2). More
polar solvents such as dioxane and ;CN decreased
remarkably the enantioselectivity (Table 2, entrigegl).

3

dUnless otherwise specified, the reactions were opexéd
with0.2mmol of10a and 0.4mmol 0B in 1.0 mL of toluene for
48hPIsolated vyield. “Determined by chiral HPLC analysis.
dAbsolute configuration was confirmed by comparinge t
HPLC data with that reported in the literattire

in 1.0 mL of toluene with 10 mol% &a at room temperature for
48 h, the obtained results are summarized in Tablall the
nitrostyrenes bearing either electron-donating decteon-

(65-72%) andwithdrawing substituents on the aromatic ring, asnshim Table

3, afforded the desired Michael adduct in excellgietds and
enantioselectivities. Tietho substituents on the phenyl ring
gave relatively higher enantioselectivity, and tRebromo

Moreover, the use of a protic solvent, such as MgOHderivative gave the highest enantioselectivity (98&centry 4).

afforded an almost racemic mixture (Table 2, eB)ryWhile the
nonpolar solvents improved the enantioseletivitgngicantly
(Table 2, entries 6-9). Like most Michael additiai p-
nitrostyrene with acetylacetone catalyzed by bifiometlamine—
thiourea®’, toluene is the best solvent in the reaction @ahl
entry 9), possibly due to the increased
bondingactivation  of pB-nitrostyrene by 3a
nonpolarsolvents.

in the

We also explored the effect of reaction temperatdseshown
in Table 2, increasing the reaction temperaturenfrd. to 50°C,
the selectivity decreased remarkably (Table 2, yerip).
Surprisingly, lowering the reaction temperature fromto 0°C
or -20°C had no beneficial effect on the enanted@lity (Table
2, entries 10-11). In addition, increasing the lyataloading to
20 mol% had only a marginal effect on both vyielddan
enantioselectivity (Table 2, entry 13).

Next we explored the scope of this organocatalyzejugate
addition reaction by variousnitroalkenes under thetimal
conditions:9 (0.4 mmol, 2.0 equiv) andOa (0.2 mmol, 1.0
equiv)

Table 3 Asymmetric Michael addition of acetylacetone to
trans-B-nitrostyrene catalyzega®.

o O
NO O O 3a 10 mol% M
R/\/ 2o toluene, r.t. R/\/NOZ
10 9 1
Entry R Product  Yield(%) eg%)>°
1 CsHs(10a) 1la 85 86
2 2-F-GHy(10b) 11b 90 91
3 2-Cl-GH4(10c) 1lic 89 97
4 2-Br-CgH, (10d) 11d 88 99
5 2-NO,-CgH,4 (10e) 1l1e 67 91
6 2,3-C}-CgHj (10f) 1af 95 87
7 3-Br-GH, (10g) 11g 86 89
8 3-OMe-GHy, (10h) 11h 86 95
9 3,5-C}h-CeHj3 (10i) 11i 87 80
10 4-F-GH4(10j) 11j 78 90
11 4-CI-GH, (10k) 11k 85 87
12 4-Br-GH, (101) 11l 82 93
13 4-CH;-CgH,4 (10m) 11m 78 94
14 1-naphthyl 10n) 11n 80 91
15 2-naphthyl 100) 110 82 90
16 2-furyl (10p) 11p 90 92

The results indicate that the more rigid and staf8§
ferrocenophanethiourea cataly8aindeed hashigher catalytic
activity and enantioselectivity than the first fasene-based
thiourea catalysfisloesin the asymmetric Michael addition of
acetylacetone to nitroolefins. It also proved thiataccord with

hydrogemmetal catalysis, the rigid, bulky, planar and cargentered

chiral [3]-ferrocenophane moiety is an excellenaffid for
chiral organocatalysts.

3. Conclusion

In summary, the novel [3]-ferrocenophanethiourea
catalysts have been designed and synthesized. (Buels

of reactivity, and excellent enantioselectivitieseres
achieved in the asymmetric Michael addition of
acetylacetone  tonitroolefinsusing  the novel [3]-

ferrocenophanethiourea catalyas,givingthe products with
up to 95% vyield and 99% e The results indicate that,
compared with the first ferrocene-based thiourdalgst 1,
the more rigid and stable [3]-ferrocenophanethiaure
catalysts have better catalytic activity and erwsatiectivity
in the asymmetric Michael addition. It again proveutht
ferrocene can not only be used as the skeletoigarfds in
metal catalysis, but alsoan ideal skeleton for domng
organocatalysts. In this work, we successfully expb#he
structural types of ferrocene-based organocatalyaigther
work in our lab is still ongoing to expand theiréipgtions
to other valuable transformations and develop otyyaes of
organocatalysts based on the ferrocene backbone.

4, Experimental Section

General methods

The'H and**C NMR spectra were recorded on a Bruker AV-
400 spectrometer using TMS as an internal refeteGoepling
constant J) values were given in Hz. HRMS were recorded on
ZAB-HS spectrometer with ES ionization (ESI). All
commercially available reagents were used as redeSelvents
and reagents were purified and dried by standardhadst prior
to use. Products were purified by flash column clatmgraphy
on silica gel purchased from Qingdao Haiyang Chentca) Ltd.
All reactions involving air or moisture sensitiveesges were
performed under inert atmosphere in oven-dried sglase.
Enantiomeric excessesq were determined by HPLC analysis
using an Agilent 1100 Series instrumentwith Daicelr@pak
AD-H column, as indicated.

Preparation of 4
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To a solution of AICJ(13.3 g, 0.1 mol) in dry DCM was
added a solution of ferrocene(18.6 g, 0.1 mol) whicas

Tetrahedron

J=2.6, 1.5 Hz, 2H), 2.61 (df, = 15.6, 11.3 Hz, 3H), 2.33
(m, 1H), 2.28 (s, 6H), 2.04 — 1.94 (m, 18 NMR (101

dissolved in DCM under argon. Then the mixture wasMHz, Chloroformd) &6 98.15, 89.70, 74.83, 72.37, 71.62,

cooled to -78°C, a solution of acryloyl chloride@. mL,

70.77, 70.33, 66.77, 66.52, 64.47, 61.06, 44.68863725.80.

0.05mol) was added dropwise 10 minutes later. AftePreparation of 8

stirring overnight at —78°C, the mixture was pounetd ice
water, added some 1M HCI and extracted with,ClH
(2x50 mL). The combined organic solutions were wedsh

7(1.5 g, 5.9 mmol) was dissolved in MeOH (40 mL).eTh
solution was degassed by passing nitrogen for 5 Tian 5%
Pd/C (0.25 g) was added and the mixture was stfioed h

with sodium hydrogen carbonate and water,dried oveat a H pressure of 1bar. The mixture was filtered through

MgSO4 and the solvent was removedviecuaThe crude
product was purified by column chromatography toraf a
red brown solid (4.1 g, 17.1%).

Prepar ation of rac-5

Celite and washed with a small amount of ,CH. The
solvent was removed and resulting crude primarynami
product. Then 10 mL THF was added under the nitnpge
cooled to -10 °C. A solution of G2 mL, 36 mmol) and

4(1.37 g, 5.0 mmol) was weighed into a 100 mL roundeDC (1.5 g, 6 mmol) in THF (10 mL) was added drogmyi
bottom flask, dissolved with DCM and slowly added aThe mixture was stirred at —10°C for 2 h, warmeddom

solution of NaBH(0.57 g, 15 mmol) in MeOH. The reaction
was completed after 4~6h, and the solvent was rethov

temperature, stirred overnight. The solvent wasonesd,
washed with water and extracted with £ (3x10 mL).

The residue was dissolved with pyridine and acetidhe combined organic solutions were dried over Mg&a
anhydride was added to the mixture. The reactiors wathe solvent was removed. The crude product wadigdity

completed after stirring overnight, the residualetac
anhydride and solvent were removed in vacuo, waslitd
water and saturated salt solution, dried over MgSihe
ester compound was obtained, red brown solid.

The ester compound(1.59 g, 5.0 mmol) was dissloigh
10 mL of MeOH, dimethylamine methanol solution(5Q,m
2.0 mol/L in methanol) and trimethylamine(1.4 mLQ 1
mmol) were added. The mixture was heated to 75°€C a
refluxed for 4~6h, cooled to room temperature armdaved
the solvent. The crude product was obtained aniiiguaiby
column chromatography to afford a red brown sohd-
5(1.21 g, 72.9%).

Preparation of R-6

L-tartaric acid (3.0 g, 20 mmol) was added to aisoh of
rac-5 (5.38 g, 20 mmol) in C¥DH(20 mL) and then heated
to 70°C. More methanol were slowly added until sudid
was completely dissolved. Then the mixture was edb
0°C.After several hours,the solid precipitates witered.

column chromatography to affo&i(1.3 g, 68%)H NMR
(400 MHz, Chloroformd) & 4.49 — 4.42 (m, 2H), 4.11 (dd,
= 2.5, 1.3 Hz, 1H), 4.00 (dd,= 8.0, 1.8 Hz, 3H), 3.93 (td,
= 2.4, 1.2 Hz, 1H), 2.97 (dd, = 11.4, 2.3 Hz, 1H), 2.66
(ddd,J = 14.4, 4.1, 2.9 Hz, 1H), 2.59 — 2.51 (m, 1H),8-3
2.32 (m, 1H), 2.29 (s, 6H), 2.07 (td, = 13.5, 3.0 Hz,
1H).*C NMR (101 MHz, Chlorofornd) & 90.05, 84.66,
74.27, 71.83, 71.48, 70.72, 68.51, 67.60, 66.1%6513.51,

N38.48, 25.95, 15.29.

General procedurefor the synthesis of catalyst 3

To a solution oB(300 mg, 0.92 mmol) in THF was added
a solution of primary amino compounds(0.95 mmolY kiF
at 0°C under the argon, warmed to room temperastireed
for 12 h. The solvent was removed and then purifigd
column chromatography to give the products3af3b and
3c.
3a, 90% yield; yellow crystals;'H NMR (400 MHz,
Chloroformd) & 10.21 (s, 1H), 8.80(s, 1H), 8.13 (s, 2H),
7.72 (s, 1H), 4.39 (s, 1H), 4.30 (s, 1H), 4.221¢3), 4.05 (t,

The solids were added to NaOH solution (10%, 20Q.mL J= 2.2 Hz, 4H), 3.98 (s, 1H), 2.64 @= 13.0 Hz, 2H), 2.37

The mixture was extracted with diethyl ether (2x5Q),
washed with water. The combined organic solutiorsew
dried over Na&SQ,, and the solvent was removéadvacuo
and resulting red brown soll6 (>99%ee 2.1 g, 78%).
Preparation of 7

To a degassed solution Bf6(>99%ee 2.0 g, 7.43 mmol) in
TBME (8 mL) was added dropwise at 0°C a solutiort-of
BuLi in pentane (1.6M, 5.62 mL, 9.0 mmol). Afteirshg
for 1 h at ambient temperature, the mixture wadembto -

(s, 6H), 2.21 (d) = 12.6 Hz, 1H), 1.97 (1] = 14.0 Hz, 1H).
C NMR (101 MHz, Chlorofornd) & 179.00, 140.94,
132.06 (dJ = 33.7 Hz), 124.45, 123.69, 121.73, 118.87(d,
= 31.0 Hz), 91.98, 89.45, 81.96, 72.84, 70.80, 7,068.97,
67.93, 65.88, 65.29, 60.73, 45.06, 37.95, 24.7IMSEESI)
Calcd for G HpsFsFeNsS+H (M+H): 556.0945, Found:
556.0942.

3b, 84% yield; yellow crystals;H NMR (400 MHz,
Chloroformd) & 8.91 (s, 1H), 7.93 (dl = 8.6 Hz, 1H), 7.47

78°C. A solution op-tosylazide (1.77 g, 9.0 mmol, 1.2equiv)— 7.42 (m, 4H), 7.37 (d] = 5.3 Hz, 1H), 6.02 (s, 1H), 4.52
in TBME (8 mL) was added dropwise. The mixture was(s, 1H), 4.23 — 4.15 (m, 3H), 4.03 (s, 4H), 3.94J¢& 2.4

stirred at —78°C for 5 h, warmed to 0°C, stirred 6 min,
and then N#&£,0,.10H,0(3.73 g, 8.36 mmol, 1.1lequiv) in
H,O (100 mL) was added. After stirring overnight abm
temperature, the mixture was extracted with,Clsl (3x25

Hz, 1H), 2.56 (dt] = 25.6, 9.7 Hz, 4H), 2.30 (s, 6H), 2.16
(9, J = 12.5 Hz, 1H), 1.90 () = 13.9 Hz, 1H)*C NMR
(101 MHz, Chloroformd) § 178.43, 138.47, 129.05, 127.89,
126.86, 92.44, 89.24, 80.88, 72.52, 70.85, 70.188{d,J

mL). The combined organic solutions were dried over 12.6 Hz), 66.55, 65.06 (d,= 8.9 Hz), 60.31, 57.98, 45.20,

MgSO, and the solvent was removeéd vacuo The crude
product was purified by column chromatography tomaf a
red brown oil 7 (1.58 g, 83.7%).'H NMR (400 MHz,
Chloroformd) & 4.43 (q,J = 2.0 Hz, 1H), 4.35 (1 = 2.0 Hz,
1H), 4.12 — 4.10 (m, 1H), 3.98 (g~ 2.5 Hz, 2H), 3.93 (dt,

38.32, 24.53. HRMS(ESI) Calcd for fEl,gFsFeN;OS+H
(M+H)": 464.1459, Found: 464.1452.

3c, 86% vyield; yellow crystals;'H NMR (400 MHz,
Chloroformd) & 8.84 (s, 1H), 7.72 — 7.67 (m, 1H), 7.56 d,
= 7.6 Hz, 2H), 7.44 (1) = 7.5 Hz, 2H), 7.35 () = 7.3 Hz,



1H), 5.85 (s, 1H), 4.23 (ddd,= 15.1, 9.1, 4.7 Hz, 3H), 4.11
(s, 1H), 3.98 (s, 1H), 3.91 @ = 2.6 Hz, 1H), 3.85 (d) =
3.0 Hz, 1H), 3.63 (s, 1H), 3.49 (s, 1H), 2.65 —22(¢h, 4H),
2.30 (s, 6H), 2.16 — 2.00 (m, 1H), 1.83 Jt= 13.5 Hz,
1H).*C NMR (101 MHz, Chlorofornd) & 178.31, 138.79,
129.11, 128.30, 127.57, 92.68, 88.91, 80.50, 7Z.a4£9 (d,
J=23.5 Hz), 67.69, 67.43, 65.66, 65.04, 60.3275,745.13.
HRMS(ESI) Calcd for GHyFFeN;OS+H (M+HY)':
464.1459, Found: 464.1446.

General procedurefor asymmetric Michael addition

5
= 42.0min [majorf)-enantiomer], t= 45.6min [minorR)-
enantiomer].

(9)-3-[1-(2,3-Dichloro-phenyl)-2-nitr o-ethyl]-pentane-
2,4-dione(11f),colorless oil, 95% yield, 87%e'H NMR
(400 MHz, Chloroformd) & 7.46 (dd,J = 8.0, 1.5 Hz, 1H),
7.21 (t,J = 7.9 Hz, 1H), 7.09 (dd} = 7.9, 1.5 Hz, 1H), 4.91
—4.77 (m, 2H), 4.69 (dd, = 12.0, 3.4 Hz, 1H), 4.60 (d,=
9.4 Hz, 1H), 2.32 (s, 3H), 2.09 (s, 3H).Chiralpab-A
column, Hex-Pro =99.5:0.5, 0.6mL/min, wavelength=210
nm. t 52.2min [majorg-enantiomer], ;t = 59.0min

The catalyst3a(5.55 mg, 0.01 mmol) was added to a vial[minor(R)-enantiomer].

containing 2,4-pentanedione (0.4 mmol) and nitribol€.2
mmol) in 1 mL of dried toluene. After 48 hours ¢ifréng at
room temperature, TLC analysis indicated completibthe
reaction. The reaction mixture wasconcentrated@niied
by column chromatography to afford the Michael &ddi

(9)-3-[1-(3-Bromo-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11g),white solid, 86% vyield, 89%e'H NMR (400
MHz, Chloroformd) & 7.45 (ddgJ = 8.0, 2.3, 1.2 Hz, 1H),
7.38 (t,J = 1.8 Hz, 1H), 7.23 (1) = 7.8 Hz, 1H), 7.14 (dy
=7.9, 1.3 Hz, 1H), 4.70 — 4.58 (m, 2H), 4.36Jd; 10.6 Hz,

products 11a-11p. Spectral data match those previouslylH), 4.23 (dddJ = 10.7, 7.6, 4.9 Hz, 1H), 2.32 (s, 1H), 2.02

reported®.
(9)-3-(2-Nitro-1-phenyl-ethyl)-pentane-2,4-dione(11a),
white solid, 85%yield, 86%ee'H NMR (400 MHz,
Chloroformd)37.35 — 7.29 (m, 3H), 7.19 (d, = 7.2 Hz,
2H), 4.68 — 4.59 (m, 2H), 4.38 (d,= 10.8 Hz, 1H), 4.29 —
4.21 (m, 1H), 2.29 (s, 3H), 1.94(s, 3H). Chiralp&kN
column, Hexi-Pro =90:10, 1mL/min, wavelength=210 nm.
t; =10.6 min [majorg-enantiomer], t= 14.0 min [minor
(R)-enantiomer].

(9)-3-[1-(2-Fluor o-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11b),white solid, 90% yield, 91%'H NMR (400
MHz, Chloroformd) & 7.36 — 7.29 (m, 1H), 7.19 (td,= 7.7,
1.9 Hz, 1H), 7.15 — 7.06 (m, 2H), 4.79 — 4.72 (id),14.68

— 4.62 (m, 1H), 4.50 (q] = 3.3, 2.8 Hz, 2H), 2.32 (s, 3H),
2.04 (s, 3H).Chiralpak AD-H column, Heéxro =95:5,
ImL/min, wavelength=210 nm., t=15.0min [major§)-
enantiomer],,t= 17.5min [minorR)-enantiomer].
(9)-3-[1-(2-Chlor o-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11c), White solid, 89% vyield, 97%e'H NMR (400
MHz, Chloroformd) 6 7.49 — 7.44 (m, 1H), 7.31 — 7.25 (m,
2H), 7.20 — 7.15 (m, 1H), 4.86 (dd,= 12.2, 6.6 Hz, 1H),
4.77 (dddJ = 10.4, 6.6, 3.9 Hz, 1H), 4.68 (d#i= 12.2, 4.0
Hz, 1H), 4.62 (dJ = 10.0 Hz, 1H), 2.31 (s, 3H), 2.06 (s,
3H).ChiralpakAD-H column, HekPro =98:2, 1mL/min,
wavelength=210nm:16.1 min [majorf-enantiomer], ,t=
17.6min [minorR)-enantiomer].
(9)-3-[1-(2-Bromo-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11d),white solid, 88% yield, 99%e'H NMR (400
MHz, Chloroformd) 87.65 (d,J = 7.9 Hz, 1H), 7.32 (td] =
7.5, 1.1 Hz, 1H), 7.23 — 7.14 (m, 2H), 4.86 (di&; 12.0, 6.4
Hz, 1H), 4.79 — 4.73 (m, 1H), 4.69 (ddl= 12.2, 3.8 Hz,
1H), 4.63 (d,J = 9.8 Hz, 1H), 2.31 (s, 3H), 2.06 (s, 3H).
Chiralpak AD-H column, HexPro =98:2, 1mL/min,
wavelength=210 nm, £20.7 min [major§-enantiomer], .t
= 22.1 min [minorR)-enantiomer].

(9)-3-[2-Nitr o-1-(2-nitr o-phenyl)-ethyl]-pentane-2,4-
dione(11e),white solid, 67% yield, 91%e'H NMR (400
MHz, Chloroformd) 6 7.96 (ddJ = 8.1, 1.4 Hz, 1H), 7.64 —
7.48 (m, 2H), 7.38 (dd] = 7.8, 1.4 Hz, 1H), 5.00 (dd, =
13.4, 7.1 Hz, 1H), 4.86 (dd, = 13.4, 3.7 Hz, 1H), 4.79 —
4.66 (m, 2H), 2.33 (s, 3H), 2.15 (s, 3H).Chiralpak-H
column, Hexi-Pro =98:2, 1mL/min, wavelength=210 nm. t

(s, 2H).Chiralpak AD-H column, HeixPro=98:2, 1mL/min,
wavelength=210 nm, £22.9min [major§)-enantiomer], t=
25.8min [minorR)-enantiomer].

(9)-3-[1-(3-M ethoxy-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11h),yellow oil, 86% yield, 95%e'H NMR (400
MHz, Chloroformd) 6 7.29 — 7.20 (m, 1H), 6.86 — 6.76 (m,
1H), 6.73 (dJ = 2.2 Hz, 1H), 4.71 — 4.57 (m, 2H), 4.39 (dd,
J=10.7, 1.7 Hz, 1H), 4.28 — 4.16 (m, 1H), 3.80J¢; 1.7
Hz, 3H), 2.32 (dJ = 1.7 Hz, 3H), 1.99 (dJ = 1.7 Hz,
3H).ChiralpakAD-H column, HekPro =90:10, 1mL/min,
wavelength=210 nm, £12.5 min [major§-enantiomer], .t

= 16.2min [minorR)-enantiomer].
(9)-3-[1-(3,5-Dichloro-phenyl)-2-nitr o-ethyl]-pentane-
2,4-dione(11i),colorless oil, 87%yield, 80%e'H NMR
(400 MHz, Chloroformd) & 7.33 (t,J = 1.8 Hz, 1H), 7.12 (d,
J =1.8 Hz, 2H), 4.70 — 4.58 (m, 2H), 4.34 {d= 10.4 Hz,
1H), 4.22 (dddJ = 10.4, 7.6, 4.8 Hz, 1H), 2.33 (s, 3H), 2.09
(s, 3H).Chiralpak AD-H column, HeixPro=95:5, 1mL/min,
wavelength=210nm.412.6min [majorf-enantiomer], t=
14.9min [minorR)-enantiomer].

(9)-3-[1-(4-Fluor o-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11j), white solid, 78% yield, 90%e'H NMR (400
MHz, Chloroformd) 6 7.23 — 7.16 (m, 2H), 7.09 — 7.01 (m,
2H), 4.66 — 4.60 (m, 2H), 4.36 (d,= 10.8 Hz, 1H), 4.30 —
4.22 (m, 1H), 2.32 (s, 3H), 1.99 (s, 3H).Chiralpak-H
column, Hexi-Pro =85:15, 1mL/min, wavelength=210 nm.
t, =9.8min [majorf)-enantiomer], t= 18.0min [MinorR)-
enantiomer].

(9)-3-[1-(4-Chlor o-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11k),white solid, 85% vyield, 87%e'H NMR (400
MHz, Chloroform-d)s 7.36 — 7.30 (m, 2H), 7.19 — 7.13 (m,
2H), 4.68 — 4.59 (m, 2H), 4.35 (d,= 10.7 Hz, 1H), 4.29 —
4.20 (m, 1H), 2.32 (s, 3H), 2.00 (s, 3H).Chiralpak-H
column, Hexi-Pro =80:20, 1mL/min, wavelength=210 nm.
t, =8.5min [majorg)-enantiomer], t= 20.8min [MinorR)-
enantiomer].

(9)-3-[1-(4-Bromo-phenyl)-2-nitr o-ethyl]-pentane-2,4-
dione(11l),white solid, 82% yield, 93&'H NMR (400
MHz, Chloroformd) 6 7.52 — 7.44 (m, 2H), 7.12 — 7.06 (m,
2H), 4.68 — 4.57 (m, 2H), 4.35 (d,= 10.7 Hz, 1H), 4.23
(ddd,J = 10.7, 7.4, 5.2 Hz, 1H), 2.32 (s, 3H), 2.00 (4).3
Chiralpak AD-H column, Hex:Pro =80:20, 1mL/min,
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wavelength=210 nm. £9.1min [major§-enantiomer], t  Hexi-Pro =99:1, 1mL/min, wavelength=210nm=33.9min
= 26.7min [minorR)-enantiomer]. [major(S§-enantiomer], t= 35.6min [minorR)-enantiomer].
(9)-3-(2-Nitro-1-p-tolyl-ethyl)-pentane-2,4- (9)-3-(1-Naphthalen-2-yl-2-nitr o-ethyl)-pentane-2,4-
dione(11m),white solid, 78% yield, 94%e'H NMR (400 dione(110),light yellow solid, 82% yield, 90%e'H NMR
MHz, Chloroformd) & 7.15 (d,J = 7.9 Hz, 2H), 7.08 (d] = (400 MHz, Chloroformd) 6 7.88 — 7.77 (m, 3H), 7.67 (d,
8.1 Hz, 2H), 4.67 — 4.57 (m, 2H), 4.38 (& 10.8 Hz, 1H), =1.8 Hz, 1H), 7.57 — 7.47 (m, 2H), 7.32 (dd&; 8.5, 2.0 Hz,
4.22 (ddd,J = 10.9, 7.6, 5.1 Hz, 1H), 2.32 (d,= 4.4 Hz, 1H), 4.81 — 4.68 (m, 2H), 4.52 (d,= 10.7 Hz, 1H), 4.44
6H), 1.96 (s, 3H).Chiralpak AD-H column, He&®Rro (ddd,J = 10.7, 7.9, 4.4 Hz, 1H), 2.35 (s, 3H), 1.97 (s,
=90:10, 1mL/min, wavelength=210 nm., t=10.1min  3H).Chiralpak AD-H column, HekPro =90:10, 1mL/min,
[major(S§-enantiomer], t= 16.2min [minorR)-enantiomer]. wavelength=210nm.&=16.0min [major§)-enantiomer], ,t=
(9)-3-(1-Naphthalen-1-yl-2-nitr o-ethyl)-pentane-2,4- 20.3min [minorR)-enantiomer].
dione(11n),yellow solid, 80% vyield, 91%e'H NMR (400  (R)-3-(1-Furan-2-yl-2-nitro-ethyl)-pentane-2,4-
MHz, Chloroformd) & 8.20 (d,J = 8.6 Hz, 1H), 7.95 — 7.88 dione(11p),colorless oil, 90% yield, 92%e'H NMR (400
(m, 1H), 7.84 (dJ = 8.2 Hz, 1H), 7.67 (ddd,= 8.5, 6.9, 1.4 MHz, Chloroformd) & 7.38 (dd,J = 1.9, 0.8 Hz, 1H), 6.32
Hz, 1H), 7.58 (dddJ = 8.0, 6.8, 1.1 Hz, 1H), 7.44 (dd~= (dd,J =3.4, 1.9 Hz, 1H), 6.20 (d,= 3.3 Hz, 1H), 4.68 (d]
8.2, 7.3 Hz, 1H), 7.30 (d,= 9.1 Hz, 1H), 5.22 (ddl = 10.5, = 5.5 Hz, 2H), 4.44 — 4.33 (m, 2H), 2.30 (s, 3HL@(s,
5.4 Hz, 1H), 4.84 (dd] = 12.2, 6.5 Hz, 1H), 4.79 — 4.68 (m, 3H).Chiralpak AD-H column, HekPro =90:10, 1mL/min,
2H), 2.35 (s, 3H), 1.90 (s, 3H).Chiralpak AD-H amln, wavelength=210 nm, £11.1min [majorR)-enantiomer], t

13.1min [minor§-enantiomer].
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