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1. Introduction

Enantioselective organocatalysis has been recognized as an
environmentally benign and practical methodology for asymmetric
organic synthesis.! Among the achievements, C—C bond-forming
reactions using chiral organocatalysts play an outstanding role in
enabling highly selective syntheses of biologically important
compounds.” The Rauhut—Currier (RC) reaction, in which two o, -
unsaturated carbonyl compounds are used as the substrates, pro-
vides a readily access to a-substituted enones, where one of the a,[3-
unsaturated carbonyl compounds acts as a latent enolate (Fig. 1, Eq.
1).34 In contrast to the related Morita—Baylis—Hillman (MBH) and
aza-MBH reactions,” where the latent enolate reacts with another
carbonyl compound or imine (Eqs. 2 and 3), the RC reaction lacks
reactivity and selectivity. The use of two different o,B-unsaturated
carbonyl compounds on the RC reaction led to a mixture of the
homo- and hetero-couplings. Therefore, until now, limited num-
bers of attractive systems have been developed for the RC re-
action.®” The first breakthrough in the enantioselective RC reaction
was reported by Miller in 2007 with further contributions by Gla-
dysz, Christman and Wu. These groups succeeded in the enantio-
selective RC reaction of bis(enones) or enal-enones utilizing
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cysteine-derived thiolates,”® rhenium-phosphine complexes,””

prolinol derivatives with AcOH,’® or valine-derived phosphino-
thioureas’? as catalysts, respectively. Gu and Xiao extended this
reaction to nitroolefins.® Scheidt and Shi presented the in-
termolecular reaction of silyloxyallenes and allenoates catalyzed by
Sc(OTf)s-(R,R)-Ph-Pybox or B-ICD.° More recently, asymmetric
[4+2] annulations via aza-RC reaction have been realized with
chiral amino phosphine catalyst.!” Highly selective construction of
complex frameworks via the enantioselective RC reaction has been
a challenge in asymmetric synthetic chemistry.

We envisioned that desymmetrization of the prochiral dienones
2, which are easily accessible from readily available phenols,!! via
the RC reaction is a straightforward and atom economical way to
prepare a-methylidene-y-butyrolactones 1 (Fig. 2).!? The a-meth-
ylidene-y-butyrolactone skeleton exhibiting various biological ac-
tivities is a common to a vast number of natural products, such as
paeonilactone B (3), calealactone C (4) and tricyclic compounds 5
and 6 (Fig. 3).13

We have also developed several highly efficient MBH-type re-
actions promoted by acid—base organocatalysts (Fig. 4)."* An ap-
propriate positions of both the Brensted acid (BA) and the Lewis
base (LB) units on one chiral back bone could facilitate a synergistic
cooperation to generate the designated chiral enolate I, the enan-
tioselective RC reaction of 2 (Fig. 2) would take place with high
chemo-, diastereo- and enantioselectivities. In this manuscript, we
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Fig. 2. Retrosynthesis of a-methylidene-y-butyrolactones 1 via the RC process.

50-hydroxy-eudesma-4,11-
dien-12,8B-olide 5

O (0]

\i HO «Me
L WO
. A /" =0

. d
o s };//( )=0 \

Me" OHOACY  ye Et

calealactone C 4

(+)-paeonilactone B 3

Me

hispitolide A 6

Fig. 3. a-Methylidene-y-butyrolactones isolated from natural sources.

report the details of the acid—base organocatalyzed intramolecular
RC reaction of 2."° The present enantioselective RC process pro-
duces the highly functionalized o-methylidene-y-butyrolactones 1
as a single diastereomer with up to 98% ee.

2. Results and discussion

As the first step in the development of the designated RC re-
action, achiral LB catalysts were evaluated using 2a as a pro-
totypical substrate (Table 1). The MBH reaction is known to be
accelerated in the presence of a BA.> Given the similarity of the
MBH and RC reactions, various BAs were added to the reaction of 2a
in order to increase the reaction rate. Among the LBs (DMAP, DBU or
DABCO) and BAs (TFA, PhCO>H, thiourea 10 or phosphoric acid 11)
examined (Table 1, entries 1-6), the combination of PPhs
(100 mol %) and phenol (CgHsOH)'® (50 mol %) or C;H5NHTSs
(50 mol %) was found to efficiently promote the reaction to give the
desired product 1a in 81% yield, 90% yield, respectively (entries 1

O
LB Lewis base ®
Chiral Q) O/‘LB
backbone ‘o i *
BA Brgnsted acid \—BA\\\>/O R
Acid-Base organocatalyst ~0

Fig. 4. Acid—base organocatalysts for the aza-MBH reactions and the estimated key
intermediate I for the RC reaction.

and 2). In the absence of phenol, PPhs rarely catalyze the cyclo-
isomerization affording a low yield of 1a (entry 7). Reducing a LB
catalyst loading to 20 mol % still maintained moderate yield (entry
8), however reduction of a BA catalyst (20 mol %) led to a decreasing
the reaction rate (entry 9). Among the solvents tested, halogenated
solvents (entries 1,10 and 11), toluene (entry 12) and MeCN (entry
13) provided 1a in moderate to good yields. When (S)-BINOL was
used as a chiral Brensted acid, no asymmetric induction onto 1a
was observed (entry 15).1”

Next, we tested chiral organocatalysts for the RC reaction of 2a
as shown in Table 2. $-ICD, catalysts 7—9, and 12—15, some of which
are known to mediate the enantioselective MBH-type pro-
cesses,>!418 showed no activity (Table 2, entry 1). (S)-BINAP and
(S)-MOP could give the product but in low yields with low or no
selectivity (entries 2 and 3). The ferrocenyl phosphine (R,Sp)-PPFA
promoted the reaction in 72% yield and 20% ee (entry 4), whereas
(Sc.Rp)-BPPFA and (S¢,Rp)-BPPFOH exhibited low catalytic activities
(entries 5 and 6). During this screening process, the chiral orga-
nocatalysts 16 possessing a highly nucleophilic phosphine due to
their connection at the phosphorus atom to a primary carbon
caught our attention.”™ As expected, (R)-16a was able to promote
the RC reaction to afford 1a in 52% yield and 60% ee (entry 7).

In contrast, no catalytic activity was observed when using the
phosphinothiourea catalyst 16b7419 (entry 8). These results can be
attributed to the over-stabilization of the enolate intermediate Ia
by relatively high acidic N—H in the thiourea catalyst or the
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Table 1
Achiral LB—BA catalyzed RC reaction
Me LB catalyst (100 mol%) Me
/Kj/o o BA catalyst (50 mol%) ﬁ-ﬂo o
0 "
o <: solvent, 25°C, 24h o A ,\<E
2a 1a
Entry LB catalyst BA catalyst Solvent Yield? (%)
1 PPh; CeHsOH CHCl, 81
2 PPh3 C,HsNHTs CH,Cl, 90
3 DMAP, DBU or DABCO CgHs0H CH,Cl, <10
4 PPhs3 TFA or PhCO,H CHCl, <10
5 PPhs3 10 CH,Cl, 32
6 PPhs3 11 CH,(Cl, 29
7 PPhs3 None CH,Cl, 16
8 PPhs” CgHs50H CH,Cl, 63
9 PPhs; CgHsOHP CHoCl, 43
10 PPhs3 CeHs0H CHs5Cl 53
11 PPhs CgHsOH (CH,Cly), 60
12 PPh3 CgHs0H Toluene 72
13 PPhs3 CeHs0H MeCN 65
14 PPh3 CgHs0H THF, MeOH or H,O Trace
15  PPhs (S)-BINOL CH,Cl, 37¢
2 Determined by 'H NMR.
b 20 mol %.

¢ rac-1a was obtained.

oSNNS

OO O || OO
1 OO rac-11 OO (S)-BINOL

formation of protonated species Ila from the enolate Ia (Scheme 1).
In fact, the 3'P NMR spectroscopic data of 2a with PPh3 (1 equiv) or
16d (1 equiv) and an excess amount of phenol (10 equiv) made
visible a signal of phosphonium enone II (IIb: 24.4 ppm, Ilc:
28.9 ppm) via the corresponding intermediate I. The structure of
IIb,c was also supported by the 'H and '>C NMR spectroscopic data
and ESI-HRMS. A few hours later compound 17 obtained as a de-
composition product from I was observed.

Finally the acid—base organocatalyst (S)-16d%° was found to
yield acceptable outcome with over 80% ees (entries 10—13). A
lower reaction temperature led to a drastic improvement in the
enantioselectivity (entry 11). In the absence of phenol, a higher
reaction rate was observed and the high enantioselectivity was
maintained (entry 12). The best result (99% isolated yield, 98% ee)
was obtained when the reaction was performed in CHCl3 at 0 °C in
the absence of phenol (entry 13).

With the optimized conditions in hand, we focused on the
substrate scope (Scheme 2). Aliphatic and aromatic substituted
starting materials 2 were successfully cyclized to give a-methyl-
idene-y-butyrolactones 1 in good yields and high enantioselectiv-
ities. The lactones were determined to be cis-configured via NOESY
experiments conducted on 1a. In all cases a single diastereomer
was obtained.?! Aliphatic substrates 2b—f were cyclized in high
enantioselectivity (92—98% ee), although higher catalyst loading
and longer reaction times (30 mol %, 72 h) had to be used. In-
terestingly, aromatic substituted substrates were more reactive
than aliphatic substrates.?? The reaction of aromatic substituted
substrates 2g—1 yielded the corresponding products 1g—1 in good
yields (82—97%) with high enantioselectivities (88—98% ee). How-
ever, no reaction took place to give 1m and 1n when the substrates
2m and 2n with methyl substitutes on the terminal olefin on the
acrylate or a-positions of dienone were employed.

The construction of structural motifs bearing two contiguous,
quaternary, stereogenic centers is considered as especially

Table 2
Enantioselective RC reaction using an organocatalyst

chiral organocatalyst (20 mol%)
phenol (50 mol%)

2a optically active 1a
CH,Cl,, 25°C

Entry Chiral organocatalyst Time [h] Yield® [%] ee [%]°
1 B-ICD, 7-9 or 12—-15 48 No reaction —
2 (S)-BINAP 18 6 20
3 (S)-MOP 22 16 rac
4 (Rc,Sp)-PPFA 18 72 20
5 (Sc,Rp)-BPPFA 19 13 9
6 (So.Rp)-BPPFOH 19 3 9
7 (R)-16a 18 52 60
8 (R)-16b 19 Trace —
9 (S)-16¢ 24 55 45
10 (5)-16d 19 77 80
11¢ (5)-16d 48 80 93
1264 (S)-16d 24 87 93
13¢de (S)-16d 24 99f 98

2 Determined by 'H NMR.

b Determined by HPLC (Daicel Chiralpak IC).
€ At0°C

4 without phenol.

€ In CHCls.

f Isolated yield.

N\ (15,25,5R)}-13

PPh, oo thP/T?N;
N 2 (R)-16a (R=H)
4 \) (R)-16b (R=CSNHPh)

(S)-16¢ (R=Ms)
(S)- 15(R OH) (S)-16d (R=Ts)
(R)-14 (S)-BINAP (R=PPh,)
(S)-MOP (R=OMe)
PPh, =
NMe, : R
PPh
Fe 2 Fo
(Re,Sp)-PPFA PhoP

(SeRp)-BPPFA (R=NMe,)
(Se,R,)-BPPFOH (R=OH)

challenging in organic synthesis.>> When 20 was applied for this
enantioselective reaction, the corresponding lactone 10 was ob-
tained in 56% yield and 70% ee (Table 3, entry 1). In order to
improve the yield and enantioselectivity, various amounts of BAs
were added as extraneous proton-shuttle reagents. The increasing
amount of phenol led to a significantly increasing of the ee value
of 10 to 96%, albeit dropping to lower chemical yields (entries
1—4). Among the BAs tested, sterically less-hindered and electron
rich phenol derivatives, such as 2-naphthol and 4-methoxyphenol
led to 10 in synthetically useful yields with over 90% ee (entries 6
and 12). The recent MBH investigations carried out by Masson
and Zhu showed that the addition of 2-naphthol in aza-MBH re-
action mediated by B-ICD derivatives led to an improvement of
enantioselectivities via a dual activation mechanism.?* Similarly,
in the presence of achiral BAs in this RC reaction of 20, a second
Michael reaction may become highly stereoselective via a dual
activation mechanism by (5)-16d and achiral BAs (Scheme 4, in-
termediate I').

The use of disubstituted phenols in the preparation of the
starting materials would lead to racemic dienones 2p and 2q
(Tables 4 and 5). We were intrigued by the opportunity to
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Scheme 1. Stabilization of phosphonium salts.

investigate the relative propensity to induce cyclization onto the
Michael acceptors in an intramolecular competition (1p versus 1p’
and 1q versus 1q’). As such, racemic substrates 2p and 2q were

;
R R 0._0
o; : K\
R3 R?
2

(S)-16d
(20 mol%)

CHCI3, 0°C, 24h

Et iPr
o) WO,
o o "
1b \ 1c \
77%, 96% ee” 84%, 92% ee
ACO CO,Me
e}
o _\\O O
o
e
1e 1f

71%, 95% eeP 89%, 96% ee”

1

j
84%, 98% ee

1m (R'=R?=Me, R3=H)
0%°

1n (R'=R3=Me, R?=H)
0%°

88%, 88% ee

82%, 90% ee

solated yields of 1. Ee of 1 was determined by HPLC (Daicel
Chiralpak IA, 1B, IC, AD or AD3). ’Reaction conditions: (S)-16d (30
mol%), CHCl3, 0°C, 72h. °“Quantitative recovery of starting material.

Scheme 2. Scope of the enantioselective RC reaction of 1.2

Table 3
Effects of the BA catalysts on RC reaction of 20
Me (S)-16d (30 mol%) Mey 1o
i o. _O BA catalyst (xx mol%) ﬁ:{_\\o
(¢]
CHCI3,0°C,72h oy
o Me\E o Me{:
20 1o
Entry BA catalyst (xx mol %) Isolated yield [%] ee [%]*

1 None 56 70
2 CgHsOH (10) 62 74
3 CgHs0H (30) 42 81
4 CeHsOH (50) 5 96
5 4-MeO—CgH40OH (10) 44 89
6 4-MeO—CgH4OH (30) 36 90
7 2-MeO—CgH4OH (30) 45 72
8 2,4,6-Me;—CgH,0H (30) 47 74
9 4-NO,—CgH4O0H (30) Trace —
10 (R)- or (S)-BINOL Trace —
11 2-Naphthol (10) 46 89
12 2-Naphthol (30) 38 93

4 Determined by HPLC (Daicel Chiralpak IC).

assembled and subjected to optimized reaction conditions using
(S)-16d. Regarding regioselectivity, intramolecular cyclization oc-
curs exclusively at the less hindered side of the dienone on both
substrates. Although the products and the recovering starting
materials were obtained in good enantioselectivities, de-
composition of 2 led to moderate total yields of (S,5)-1 and (R)-2.
The addition of phenol (Table 4, entries 2 to 4 and Table 5, entry 1)
and 2-naphthol (Table 4, entry 5 and Table 5, entry 2) could im-
prove the enantioselectivity.

To demonstrate the synthetic utility of the highly functionalized
RC product 1a, a variety of transformations were performed
(Scheme 3). The allyl alcohol 17 could be formed by Luche reduction
of 1a in the presence of Yb(OTf)3%> (step a). Bromination of 1a
followed by elimination formed vinyl bromide 18 (step b).2® Fur-
thermore, the Michael addition of dibenzyl malonate to 1a with
K,CO3 with PPhs produced the single diastereomer 18 in 67%
yield.10-27

The proposed mechanism of the RC reaction using the chiral
catalyst 16d bearing both Brensted acid (BA: —NHTs) and Lewis
base (LB: —PPhy) moieties is shown in Scheme 4. First the Michael
addition of the LB moiety to the acrylate unit of 2 generates the
phosphonium enolate I stabilized by the BA, which can react with
one of the olefines on the dienone part. This second Michael pro-
cess forms intermediate III. In order to avoid steric interactions
between the 'Pr-substituent of the chiral catalyst 16d and the R-
substituent in the substrate, the reaction using (S)-16d may afford
the (S,S)-configuration intermediate IIla. The proton-transfer from
the o-position of a carbonyl group of the lactone to the enolate
anion part in Illa through the BA moiety results in the formation of
the chiral o-methylidene-y-butyrolactones 1, along with re-
generation of the organocatalyst via retro-Michael reaction. Since
the BA moiety plays an important role to promote the reaction,?®
we agree with the report of Miller on the bis(enone) cyclization
that the proton-transfer step is rate determining.”®

3. Conclusions

In summary we developed a highly atom economical, chemo-,
diastereoselective approach to the medicinally important cores o-
methylidene-y-butyrolactones via an organocatalytic Rau-
hut—Currier (RC) reaction. The Brgnsted acidic sulfonamide and
nucleophilic phosphine in 16d cooperatively function to promote
the intramolecular RC process with high enantioselectivities. Fur-
ther details on the reaction mechanism and the application of this



1206

Table 4
RC reaction of racemic 2p with catalyst (S)-16d
Me (S)-16d (20 mol%)
Me O._O BA catalyst (xx mol%)
O]/i/j/ \E CHCl3, 0°C

rac-2p
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;ﬁ(0+Me o+ ﬁ\i

(R12p

(s:5-1p 1P

not observed

Entry BA catalyst (xx mol %) Ratio 1p:2p % Total yields of 1p, 2p* % ee of (S,5)-1p, (R)-2p®
1 None 73:27 64 54,70
2 CeHsOH (10) 71:29 62 56, 88
3 CeHsO0H (20) 52:48 68 86, 60
4 CgHsOH (30) 50:50 73 86, 62
5 2-Naphthol (30) 40:60 76 94, 50
2 Determined by 'H NMR.
b Determined by HPLC (Daicel Chiralpak IC).
Table 5
RC reaction of racemic 2q with catalyst (S)-16d
Me, (S)-16d (20 mol%) Mey 1o 2 Me,,
eo O BA catalyst (xx mol%) O . Me 0 eo o]
\i CHCls, 0°C W Me \i
o X o \ o X
rac-2q o a (R)-2q

(S,5)-1q 1

not observed

Entry BA catalyst (xx mol %) Ratio 1q:2q % Total yields of 1q, 2q* % ee of (5,5)-1q, (R)-2q°
1 CeHsOH (30) 40:60 66 87,76
2 2-Naphthol (30) 64:36 64 88,72
2 Determined by 'H NMR.
b Determined by HPLC (Daicel Chiralpak IC).
o
. >

je! <

) 1,2-reduction

quant, 97% ee, d.r 77:23

jole

c) Michael

addition b) bromination

(S.S)-1a

97% ee 82%, 97% ee

ety oty

Scheme 3. Synthetic transformations of (5,5)-1a. (a) Yb(OTf); (1.1 equiv), NaBH4
(1.1 equiv), MeOH, 0 °C, 15 min, quant. (dr 77:23, determined by 'H NMR); (b) Br,
(1.05 equiv), CHyCl,, 0 °C, 30 min, 82%; (c) dibenzyl malonate (1.1 equiv), PPhs
(2.0 equiv), K,CO3 (2.0 equiv), CHyCly, rt, 6 h, 67%.

67%, 97% ee
single diastereomer
CO,Bn

method in natural product synthesis are part of the current re-
search and will be reported in due course.

4. Experimental section
4.1. General information

TH, 13¢, 19F, and 3'P NMR spectra were recorded with JEOL JMN
LA-400 FT NMR or ]NM ECA600 FT NMR ('H NMR 400 MHz, 1*C
NMR 100 MHz, '°F NMR 376 MHz, >'P NMR 255 MHz). 'H NMR
spectra are reported as follows: chemical shift in parts per million
(0) relative to the chemical shift of CHCl3 at 7.26 ppm, integration,
multiplicities (s=singlet, d=doublet, qg=quartet, t=triplet,
m=multiplet), and coupling constants (Hertz). 3C NMR spectra
reported in ppm (0) relative to the central line of triplet for CDCl3 at
77 ppm CF3CO,H or H3PO4 used as external standards for '°F or 3'P
NMR, respectively. FT-MS spectra were obtained with LTQ Orbitrap
XL (Thermo Fisher Scientific). ESI-MS spectra were obtained with

F‘th NHTs

pelV \

@H
\—/ + HOAr
s o} o '"a (achiral BAs)
Istravor
b
1 (U
6d+HOAT G
PR N
\ o R
@O“H—OAr

Scheme 4. Proposed mechanism of the RC reaction.

JMS-T100LC (JEOL). FAB-MS spectra were obtained with JMS-700
(JEOL). Optical rotations were measured with JASCO P-1030 polar-
imeter. HPLC analyses were performed on a JASCO HPLC system
(JASCO PU 980 pump and UV-975 UV/Vis detector) using a mixture
of hexane and 2-propanol or EtOH as eluents. FT-IR spectra were
recorded on a JASCO FT-IR system (FT/IR4100). Mp was measured
with SHIMADZU DSC-60. Column chromatography on SiO, was
performed with Kishida Silica Gel (63—200 pm). Commercially
available organic and inorganic compounds were used without
further purification except for the solvent, which was distilled from
sodium/benzophenone or CaH,.
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4.2. General procedure for the preparation of dienone (2)

A round bottom flask was charged with a solution of 4-hydroxy-
2,5-cyclohexadien-1-one (2 mmol) in CH,Cl, (10 mL) followed by
the addition of NEt3 (4 mmol). Acrolyl chloride (4 mmol) was added
dropwise. The reaction mixture was allowed to stir for 10 min at
room temperature. The reaction was then quenched with water,
extracted with CH,Cl,, and dried over Nay;SO4. The solvent was
removed in vacuo and the crude product was purified by silica gel
column chromatography using n-hexane/AcOEt as an eluent to give
the desired product 2 as a yellow oil or white solid.

Compound 2¢ (R'=Pr, R?=R>=H): 53% yield; white solid; mp
83—85°C; IR (KBr) » (cm 1) 2950, 1729, 1667, 1630, 1402, 1266, 1190,
1096, 966, 902, 852; 'H NMR (CDCls): 6 6.74 (d, J=10.5 Hz, 2H), 6.34
(d, J=17.4 Hz, 1H), 6.29 (d, J=10.5 Hz, 2H), 6.05 (dd, J=17.4,10.5 Hz,
1H), 5.81 (d, J=10.3 Hz, 1H), 2.17—2.08 (m, 1H), 0.93 (s, 3H), 0.92 (s,
3H); 13C NMR (CDCls): 6 193.4, 167.1,143.0, 136.2, 130.9, 123.7, 81.4,
471, 35.3; HRMS (APCI) caled for Cy3Hy503, m/z=207.1021
[(M+H)"]; found, m/z=207.1012.

Compound 21 (R'=3-NO,—CgHg, R>=R3=H): 68% yield; yellow
solid; mp 80—83 °C; IR (KBr) » (cm~1) 3062, 1730, 1658, 1610, 1450,
1383, 1123, 1091, 987, 880; 'H NMR (CDCl3): 6 8.39 (t, J=2.1 Hz, 1H),
8.26—8.21 (m, 1H), 7.75—7.69 (m, 1H), 7.59 (t, J=8.0 Hz, 1H), 6.99 (d,
J=11.0 Hz, 2H), 6.53 (dd, J=17.2, 1.1 Hz, 1H), 6.44 (d, J=11.0 Hz, 2H),
6.27 (dd, J=17.4,10.5 Hz, 1H), 6.01 (dd, J=10.3, 1.1 Hz, 1H); *C NMR
(CDCl3): 6 184.8,163.9, 148.7, 145.9, 139.1, 133.1, 131.3, 130.2, 129.1,
127.5,123.8,120.6, 76.6; HRMS (ESI) calcd for HRMS (ACPI) calcd for
C15H12NOs, m/z=286.0715 [(M+H)*]; found, m/z=286.0709.

Compound 2m (R'=R?=Me, R*=H): 59% yield; yellow solid; mp
75—78 °C; IR (KBr) » (cm™') 2945, 1783, 1649, 1453, 1335, 1267,
1098, 948, 889, 812; 'H NMR (CDCl3): 6 6.89 (d, J=10.1 Hz, 2H), 6.25
(d, J=10.1 Hz, 2H), 5.95—5.81 (m, 1H), 5.17 (d, J=7.3 Hz, 1H), 3.10 (d,
J=6.9 Hz, 3H), 1.57 (s, 3H); 13C NMR (CDCl3): ¢ 185.1, 170.1, 149.0,
129.5,128.1,119.1, 74.4, 39.1, 26.1; HRMS (ESI) calcd for C11H12NaOs,
m/z=215.0684 [(M+Na)*]; found, m/z=215.0674.

Compound 2n (R'=R3=Me, R?=H): 36% yield; white solid; mp
116—118 °C; IR (KBr) » (cm~1) 2991, 1732, 1628, 1410, 1299, 1191,
1138, 1060, 977, 888; 'H NMR (CDCl3): & 6.67 (s, 2H), 6.36 (dd,
J=17.4, 1.4 Hz, 1H), 6.06 (dd, J=17.4, 10.5 Hz, 1H), 5.82 (dd, J=10.1,
1.4 Hz, 1H), 1.89 (s, 6H), 1.55 (s, 3H); '>C NMR (CDCl3): 6 186.4, 164.7,
143.8, 134.5, 131.2, 128.4, 74.9, 26.4, 15.9; HRMS (APCI) calcd for
C12H1503, m/z=207.1021 [(M+H)"]; found, m/z=207.1011.

4.3. General procedure for enantioselective RC reaction of 2

A screw cap tube was charged with the catalyst (S)-16d
(0.05—0.08 mmol, 20—30 mol %) and the solution of dienone 2
(0.25 mmol) in CHCl3 (0.5 mL) at 0 °C. The reaction mixture was
stirred until the reaction had reached completion by monitoring
with TLC analysis. After the purification via column chromatogra-
phy, the desired product 1 was obtained as colorless oil or white
solid.

Compound 1c (R'=Pr, R?=R3=H): 84% yield, 92% ee; white
solid; mp 81—84 °C; [a]?> —124.1 (c 0.25, CHCl3); IR (KBr) » (cm™ 1)
2971, 1763, 1679, 1398, 1356, 1248, 1160, 1138, 1110, 1049; 'H NMR
(CDCl3): 6 6.63 (dd, J=10.5,1.8 Hz, 1H), 6.33 (d, J=3.2 Hz, 1H), 6.11 (d,
J=10.5 Hz, 1H), 5.60 (d, J=3.2 Hz, 1H), 3.49—-3.44 (m, 1H), 2.84 (d,
J=5.0 Hz, 2H), 2.32—2.22 (m, 1H), 1.13 (t, J=5.0 Hz, 6H); 13C NMR
(CDCl3): 0 194.7,145.2,138.2,130.6, 122.7, 84.7, 40.3, 37.6, 35.7, 174,
16.6; HRMS (APCI) calcd for Ci3H1503, m/z=207.1021 [(M+H)*'];
found, m/z=207.1012; Chiralpak IC, n-hexane/2-propanol=4/1, flow
rate 0.5 mL/min, 25 °C, 215 nm, first peak: tg=30.1 min, second
peak: tg=32.5 min.

Compound 11 (R'=3-NO,—CgHg4, RZ=R3=H): 82% vyield, 88% ee;
yellow solid; mp 105—108 °C; [a]2?> —18.6 (¢ 0.3, CHCl3); IR (KBr) »
(cm~1) 3021, 1750, 1684, 1589, 1325, 1268, 1154, 1164, 1098, 970,

859; TH NMR (CDCl3): 6 8.28 (s, 1H), 8.14 (d, J=8.2 Hz, 1H), 7.7 (d,
J=8.2 Hz, 1H), 7.50 (t, J=8.2 Hz, 1H), 6.65 (dd, J=10.5, 1.8 Hz, 1H),
6.38 (d, J=3.6 Hz, 1H), 6.26 (d, J=10.1 Hz, 1H), 5.62 (d, J=2.7 Hz, 1H),
3.47 (m, 1H), 2.84 (d, J=2.5 Hz, 2H); 3C NMR (CDCl3): 4 193.8,169.9,
147.9,142.9,142.8,141.4,132.5,129.6,128.2,124.5,121.5, 116.9, 93 .4,
413, 35.7; HRMS (APCI) calcd for Ci5H1oNOs, m/z=286.0715
[(M+H)*]; found, m/z=286.0709; Chiralpak IA, n-hexane/2-
propanol=4/1; flow rate 0.5 mL/min, 25 °C, 215 nm, first peak:
tr=34.3 min, second peak: tg=46.1 min.

4.4. RC reaction of racemic 2 with catalyst (S)-16d

rac-2p: yellow oil; IR (KBr) » (cm~1) 2986, 1730, 1642, 1402, 1273,
1190, 1048, 980, 889, 812; 'H NMR (CDCl3): 6 6.88 (dd, J=10.1,
3.2 Hz, 1H), 6.66 (m, 1H), 6.36 (dd, J=17.6, 1.1 Hz, 1H), 6.21 (d,
J=9.6 Hz, 1H), 6.06 (dd, J=17.2, 10.3 Hz, 1H), 5.83 (dd, J=10.1, 1.4 Hz,
1H), 1.88 (s, 3H), 1.56 (s, 3H); '>C NMR (CDCl3): 6 185.7, 164.6, 148.7,
144.0,134.9,131.5,128.1,127.8, 74.8, 26.3, 15.6; HRMS (ESI) calcd for
C11H12Na0s3, m/z=215.0684 [(M+Na)*]; found, m/z=215.0674.

(5.5)-1p: 80% ee; [2]2% —6.0 (c 0.1, CHCl3); yellow oil; IR (KBr) »
(cm™1) 2973, 1768, 1627, 1617, 1485, 1291, 1153, 1083, 980, 879; 'H
NMR (CDCl3): 6 6.36 (s, 1H), 6.27 (d, J=3.2 Hz, 1H), 5.56 (J=2.7 Hz,
1H), 3.33—3.28 (m, 1H), 2.89—2.77 (m, 2H), 1.76 (s, 3H), 1.70 (s, 3H);
13C NMR (CDCl3): 6 195.0, 168.6, 142.2, 137.8, 135.8, 122.3, 80.9, 45.2,
36.2, 24.2, 15.6; HRMS (ESI) calcd for C11H12NaO3, m/z=215.0684
[(M+Na)*]; found, m/z=215.0674; Chiralpak IC, n-hexane/2-
propanol=4/1; flow rate 0.5 mL/min; 25 °C; 215 nm, first peak:
tg=18.1 min, second peak: tg=22.6 min.

(R)-2p: 80% ee; [a]2%2 —41.6 (¢ 0.1, CHCl3); Chiralpak IC, n-hexane/
2-propanol=4/1, flow rate 0.5 mL/min, 25 °C, 215 nm, first peak:
tg=13.9 min, second peak: tg=25.7 min.

rac-2q: yellow oil; IR (KBr) » (cm™!) 2989, 1730, 1668, 1627, 1401,
1285, 1191, 1053, 983, 880; 'H NMR (CDCl3): 6 6.85 (d, J=10.1 Hz,
1H), 6.41 (dd, J=171, 1.4 Hz, 1H), 6.22 (dd, J=10.1, 1.8 Hz, 1H),
6.15—6.08 (m, 2H), 5.88 (dd, J=10.3, 1.1 Hz, 1H), 1.91 (s, 3H), 1.53 (s,
3H); 3C NMR (CDCl3): 6 185.5,164.2,159.1,149.9, 132.2,127.7,127.5,
126.7, 76.3, 26.2, 17.7, HRMS (ESI) calcd for Cy1H;i2NaOs, m/
z=215.0684 [(M+Na)*]; found, m/z=215.0674.

(5,5)-1q: 68% ee; [«]?? 4.0 (c 0.1, CHCl3); yellow oil; IR (KBr) »
(cm’l) 2917,1716, 1614, 1629, 1456, 1280, 1271, 1053, 1025, 989; 'H
NMR (CDCls): 6 6.27 (d, J=3.2 Hz, 1H), 5.85 (s, 1H), 5.55 (d, J=2.7 Hz,
1H), 3.37—3.31 (m, 1H), 2.87—2.75 (m, 2H), 2.02 (s, 3H), 1.75 (s, 3H);
13C NMR (CDCls): 6 194.1,168.3, 157.3, 137.2, 127.5,121.9, 82.2, 46.1,
35.5, 22.7, 18.4; HRMS (ESI) calcd for Cy1H12NaOs, m/z=215.0684
[(M+Na)*]; found, m/z=215.0674; Chiralpak IB, n-hexane/
ethanol=19/1, flow rate 0.5 mL/min, 25 °C, 215 nm, first peak:
tg=38.9 min, second peak: tg=41.2 min.

(R)-2q: 56% ee, [a]?> —140.8 (c 0.25, CHCl3); Chiralpak IC, n-
hexane/2-propanol=4/1, flow rate 0.5 mL/min, 25 °C, 215 nm, first
peak: tg=48.7 min, second peak: tg=54.2 min.

4.5. Synthetic transformations of (S,5)-1a

Compound 17: a solution of (5,5)-1a (26.7 mg, 0.150 mmol, 97%
ee) and Yb(OTf)3; (105.4 mg, 0.165 mmol) in MeOH (0.5 mL) was
stirred at room temperature for 15 min. And then NaBH4 (6.4 mg,
0.165 mmol) was added slowly at 0 °C. The reaction was stirred for
15 min at 0 °C, quenched with saturated aqueous solution of NH4Cl,
and then extracted with CH,Cl,, and dried over Na;SOyg4. The filtrate
was evaporated in vacuo. The residue was purified by silica gel
column chromatography (n-hexane/AcOEt=2/1) to give the prod-
uct 17 (27.0 mg, 0.150 mmol, quant., 97% ee, dr 77:23). Minor di-
astereomer: 'H NMR (CDCl3): ¢ 6.30 (d, J=3.2 Hz, 1H), 5.88 (d,
J=10.5 Hz, 1H), 5.73 (d, J=10.5 Hz, 1H), 5.64 (d, J=3.2 Hz, 1H),
4.33—4.27 (m, 1H), 3.19—3.13 (m, 1H), 2.42—2.34 (m, 1H), 1.93—-1.85
(m, 1H), 1.59 (s, 3H); 13C NMR (CDCl3): 6 166.2, 138.3, 133.3, 130.6,
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121.6, 81.1, 62.4, 43.6, 32.3, 26.2. Major diastereomer: colorless oil;
[¢]?% 105.3 (c 0.1, CHCl3); IR (KBr) » (cm™1) 3416, 2931, 1752, 1404,
1284,1183,1130,1063, 929, 748; '"H NMR (CDCl3): 6 6.21 (s, 1H), 5.80
(d, J=10.3 Hz, 1H), 5.65 (d, J=10.3 Hz, 1H), 5.55 (s, 1H), 3.99—3.93
(m, 1H), 2.86—2.80 (m, 1H), 2.11-2.03 (m, 1H), 1.67—1.59 (m, 1H),
1.35(s, 3H); '>C NMR (CDCl3): 6 169.3,138.2, 133.1,130.6,121.4, 80.9,
62.3,43.4, 32.2, 26.0; Chiralpak IC, n-hexane/2-propanol=4/1, flow
rate 0.5 mL/min, 25 °C, 215 nm, first peak: tg=21.6 min, second
peak: tr=26.6 min; HRMS (ESI) calcd for CyoHi3NaOs3, m/
z=203.0684 [(M+Na)*]; found, m/z=203.0677; Chiralpak IC, n-
hexane/2-propanol=4/1, flow rate 0.5 mL/min, 25 °C, 215 nm, first
peak: tg=11.9 min, second peak: tg=13.1 min.

Compound 18: to a solution of (5,5)-1a (26.7 mg, 0.150 mmol) in
0.3 mL CH,Cl, at 0 °C was added Br; (8.2 pL, 0.158 mmol). The re-
action was allowed to stir for 30 min at 0 °C and then 0.1 mL of NEt3
was added and the reaction was warmed to room temperature. The
reaction mixture was concentrated in vacuo. The residue was pu-
rified by silica gel column chromatography (n-hexane/AcOEt=2/1)
to give the product 18 (31.7 mg, 0.123 mmol, 82% yield, 97% ee).
White solid; mp 144—146 °C; [«]?% 13.3 (c 0.41, CHCl3); IR (KBr) »
(cm~1) 2925, 1767, 1688, 1435, 1389, 1253, 1182, 1067, 935, 821; 'H
NMR (CDCl3): 6 7.06 (s, 1H), 6.35 (d, J=3.4 Hz, 1H), 5.62 (d, J=3.4 Hz,
1H), 3.40—3.36 (m, 1H), 3.10 (dd, J=12.6, 2.8 Hz, 1H), 2.95 (dd,
J=12.6, 5.5 Hz, 1H), 1.77 (s, 3H); '>C NMR (CDCl3): 6 186.8, 167.8,
147.2, 136.7, 125.1, 123.4, 81.8, 45.2, 35.9, 23.9; Chiralpak IB, n-
hexane/ethanol=19/1, flow rate 0.5 mL/min, 25 °C, 250 nm, first
peak: tg=47.9 min, second peak: tg=>51.7 min; HRMS (ESI) calcd for
C10HgBrNaOs, m/z=280.9612 [(M+Na)*]; found, m/z=280.9607.

Compound 19: A solution of dibenzyl malonate (48.6 pL,
0.198 mmol) and K»COs3 (49.8 mg, 0.360 mmol) in CH»Cl; (0.18 mL)
at room temperature was stirred for 10 min, and then solution of
(5,5)-1a (32.1 mg, 0.180 mmol) and PPh3 (94.4 mg, 0.360 mmol) in
CH,(ClI, (0.18 mL) was added. The reaction was stirred for 6 h at
room temperature, quenched with saturated aqueous solution of
NH4(CI, extracted with AcOEt, and then dried over Na;SOj4. The fil-
trate was evaporated in vacuo. The residue was purified by silica gel
column chromatography (n-hexane/AcOEt=2/1) to give the prod-
uct 19 (55.5 mg, 0.120 mmol, 67% yield, 97% ee, single di-
astereomer). Colorless oil; [a]22 —40.9 (¢ 1.5, CHCl3); IR (KBr) »
(cm~1)2952,1767,1740, 1687, 1453, 1380, 1214, 1155, 1096, 1036; 'H
NMR (CDCl3): 6 7.33—7.25 (m, 10H), 6.59 (d, J=10.5 Hz, 1H), 6.01 (d,
J=10.5 Hz, 1H), 5.13 (s, 2H), 5.12 (s, 2H), 4.04 (dd, J=6.0, 2.8 Hz, 1H),
2.63 (m, 2H), 2.49 (m, 2H), 2.21 (m, 2H), 1.61 (s, 3H); *C NMR
(CDCl3): 6 194.2,175.4,168.6,168.4, 135.2, 129.2,128.7,128.5, 128.4,
80.0, 67.6, 48.8, 47.0, 42.0, 35.4, 27.5, 24.3; Chiralpak IB, n-hexane/
ethanol=8/1, flow rate 0.5 mL/min, 25 °C, 215 nm, first peak:
tg=48.0 min, second peak: tg=59.5 min; HRMS (ESI) calcd for
Co7H26Na07, mjz=485.1576 [(M+Na)*]; found, m/z=485.1576.
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