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Abstract A stereoselective methodology was developed to construct synthetically and pharmaceutically useful chiral
chromene derivatives. In the presence of a newly designed bifunctional tertiary amine-squaramide organocatalyst, the Michael
addition between cyclic 1,3-diketones and f,y-unsaturated a-ketoesters occurred smoothly to provide the desired products with
high to excellent yields (84%~97%) and enantioselectivies (79%~97% ee). This catalytic protocol was compatible with a
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range of structurally distinct 5,y-unsaturated a-ketoesters.
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1 Introduction

Asymmetric Michael reaction is generally considered to
be one of the most effective and widely used tools for the
formation of C—C bond in synthetic chemistry.[!l In a wide
range of such transformations, catalytic Michael additions
of 1,3-dicarbonyl compounds to a,f-unsaturated carbonyl
compounds have attracted extensive attention because a
variety of useful skeletons widely existing in bioactive
compounds can be obtained by this simple and effective
method.?! As a sort of commonly-used carbonyl deriva-
tives, the f,y-unsaturated a-ketoesters have special ad-
vantages owing to high reactivity and potential conversion

* Corresponding authors. E-mail: zwma@hnuahe.edu.cn; 80679@hnuahe.edu.cn

to a range of different functionalities.’! As early as in 2003,
Jorgensen and co-workers reported the first Michael reac-
tion of cyclic 1,3-dicarbonyl compounds to f3,y-unsaturated
a-ketoesters catalyzed by chiral bisoxazoline-copper(Il)
complexes, quantitative yields and up to 92% ee were ob-
tained.! From then on, this asymmetric process has
drawn intensive attention and a variety of catalysts have
also been utilized in recent years.”) However, only a few of
organocatalysts have provided excellent enantioselectivity
for the transformations of this type,>>¢! the development
of a novel and efficient chiral organocatalyst is in high
demand, yet remaining an elusive challenge.
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Figure 1 Chiral amine-squaramide

Amine-squaramide is a kind of effective hydrogen
bonding-donor bifunctional catalyst to promote many
asymmetric transformations.!®) Since Rawal’s pioneering
work,[7l these catalysts have been successfully applied to
various asymmetric reactions.[®! Chiral primary amine-
squaramide 1, developed by our group, was found to be
efficient for asymmetric Michael addition of isobutyralde-
hyde to maleimides.”) Inspired by this, we envisaged that
cyclic 1,3-diketones and f,y-unsaturated a-ketoesters might
be suitably activated and orientated by the newly designed
tertiary amine-squaramide 2, which were obtained by
means of the replacement of primary amino group with
tertiary amino group, and it is possible that the tetracyclic
diterpene skeleton provides the appropriate sterically hin-
dered microenvironment to promote the stereoselectivity of
the target Michael addition. Herein we report a highly en-
antioselective Michael addition of cyclic 1,3-diketones to
p,y-unsaturated o-ketoesters using a newly synthesized
tertiary amine-squaramide organocatalyst.

2 Results and discussion

The chemical structure and synthetic pathway of squa-
ramide 2 are shown in Scheme 1. The mono-squaramide 3,
which could be readily prepared from commercially avail-
able natural product stevioside,®! reacted with 2-(piperidin-
1-yl)cyclohexanamine 4% in dichloromethane afforded the
chiral amine-squaramide 2 in 79% yield.

“iN"" OMe N
H 4
CH,Cly, rt., 48 h
3

Scheme 1 Synthetic routes of tertiary amine-squaramide 2

With the novel tertiary amine-squaramide 2 in hand, a
model reaction of 1,3-cyclohexanedione S5a with f,y-
unsaturated-a-keto ester 6a was chosen to screen the effects
of the catalyst (Table 1, Entry 1). Gratifyingly, as expected,
the catalyst 2 was efficient and provided R-enriched adduct
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with good enantioselectivity (83% ee) and yield (94%). The
product 7a was obtained as a mixture of epimeric hemiac-
etal and open chain, which was consistent with Jergensen’s
early discovery.!*! Inspired by this, other reaction parame-
ters were investigated to improve the enantioselectivity of
the adduct. Solvent screening showed that Et,O performed
the best and gave 7a in 93% yield and 85% ee (Table 1,
Entry 2). Decreasing the catalyst loading from 2 mol% to 1
mol%, the enantioselectivity gradually increased from 85%
ee t0 91% ee (Entries 6 vs. 2). When 0.5 mol% catalyst was
used, no better results were obtained with a slight sacrifice
of the yield (Entry 7). When the reaction was conducted at
0 °C, the yield further decreased (Entry 8). To conclude, the
reaction of 0.12 mmol of 5a (1.2 equiv.) and 0.10 mmol of
6a (1.0 equiv.) was best performed in 1.0 mL of Et,O with 1
mol% catalyst 2 at room temperature.

Table 1 Optimization of the reaction conditions”

Cat. 2 (2 mol%)
Solvent rt, 12h
M
O OHC02 e

Entry Solvent Yield”/% ee/%
1 CH:Clz 94 83
2 Et.O 93 85
3 THF 89 77
4 Toluene 91 71
5 CH3;0H 46 20
67 Et.0 95 91
7¢ Et.0 76 91
8 Et,0 70 90

© 2022 Chinese Chemical Society & SIOC, CAS

4 Unless otherwise specified, all reactions were carried out with 1,3-cyclo-
hexanedione (5a, 0.12 mmol), B,y-unsaturated-a-keto ester (6a, 0.10 mmol)
and 2 mol% catalyst 2 in Et,0 (1.0 mL) at room temperature for 12 h. * Isolat-
ed yield. ¢ Determined by HPLC analysis with a chiral stationary phase. ¢ 1
mol% catalyst 2. ¢ 0.5 mol% catalyst 2./ The reaction was conducted at 0 ‘C.

After the optimized reaction conditions were established,
the generality of this reaction were further explored and the
results are summarized in Table 2. 1,3-Cyclohexanedione
5a reacted smoothly to f,y-unsaturated a-keto esters 6
bearing a y-aryl substituent within 12 h with high yields
(90% ~ 95%) and enantioselectivities (86% ~ 91% ee),
irrespective of the electronic nature or position of the sub-
stituents on the phenyl ring (Table 2, Entries 1~6). Be-
sides, using f,y-unsaturated a-keto esters with a heteroar-
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omatic or naphth-2-yl substituent as the starting material,
the corresponding products were also obtained with good
yields and enantioselectivities (Entries 7, 8). Moreover, the
p,y-unsaturated a-ketoester bearing a relative big substituent
on ester moiety (R?) was also suitable for this reaction,
which gave the product in 97% yield and 89% ee (Entry 9).

Table 2 Substrate studies of the Michael addition?

O
Q OR Cat 2 (1 mol%) 002R3
R * —/ Ny Ewort, 12h oo
0 R?

R' 5 6
Entry R!(5) R2, R3 (6) 7 Yield/% ee/%
1 H (5a)  Ph, CHz(6a) 7a 91
2 H (5a)  4-CH3CeHa, CHs3(6b) 7b 93 86
3 H(5a)  4-CH30C¢H4, CH3 (6¢) 7e 93 90
4 H (5a) 4-FCeHa, CHs(6d) 7d 90 87
5 H (5a)  4-ClCe¢Ha, CHs (6e) 7e 91 88
6 H(5a)  4-BrCs¢Ha4, CH3 (6f) 92 86
7 H (5a) 2-Thienyl, CH3 (6g) 7g 85 82
8 H (5a)  2-Naphthyl, CHs (6h) 7h 86 88
9 H (5a)  Ph, Bn(6i) 7i 97 89
10  CHs (5b) Ph, CHs(6a) 8a 95 97
11 CHs (5b) 4-CH3CeHa, CH3 (6b) 8b 92 90
12 CHs (5b) 4-CH30CgH4, CHs (6¢) 8 93 90
13 CHs (5b) 4-FCeHa, CH3 (6d) 8d 94 84
14 CHs (5b) 4-ClCeHa, CH3 (6€) 8¢ 91 89
15 CHs3 (5b) 4-BrCsHa4, CH3 (6f) 8f 91 79
16 CH3 (5b) 2-Thienyl, CH3 (6g) 8 87 84
17 CH3 (5b) 2-Naphthyl, CH3 (6h) 8h 84 88
18 CHs3 (5b) Ph, Bn (6i) 8i 94 88
19 CHs3 (5b) Ph, Et (6j) 8j 95 84
20 CHs3 (5b) Et, Et (6k) 8k 93 30

“Unless otherwise specified, all reactions were carried out with cyclic diketone
(5, 0.12 mmol), f,y-unsaturated-a-keto ester (6, 0.10 mmol) and 1 mol% cata-
lyst 2 in Et;O (1.0 mL) at room temperature for 12 h. ?Isolated yield. ¢ Deter-
mined by HPLC analysis with a chiral stationary phase.

To further explore the potential of this catalytic system,
cyclohexane-1,3-dione with the same R!-substituent such as
dimedone 5b was also applied as Michael donor to react
with f,y-unsaturated a-keto esters. As shown in Table 2
(Entries 10~20), in all cases, the reactions proceeded
smoothly, the efficiency and enantioselectivity remained
almost the same compared with the results obtained by
using cyclohexane-1,3-dione Sa. It is noteworthy that
substrate with an alkyl group also provided the desired
product in good yield with good enantioselectivity (Entry
20).

Acyclic 1,3-diketone and other cyclic 1,3-diketones
were also tried as Michael donors, such as acetylacetone,
1,3-cyclopentanedione and 1,3-cycloheptandione. Howev-
er, a significant conversion did not observe by prolonging
the reaction time for acetylacetone and 1,3-cyclopentane-
dione. Notably, 1,3-cycloheptandione 5¢ reacted with £,y-
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unsaturated a-keto ester 6a smoothly to give the adduct 9
in high yield and good enantioselectivity (Scheme 2). Be-
sides, this catalytic system was also suitable for 4-hydroxy-
coumarin 5d, which gave the product 10 in 90% yield and

78% ee (Scheme 2).
Cat 2 (1 mol%)

Et20 12h COOCH3

93% y|e|d 70% ee

Cat 2 (1 mol%)
Et20 12h COOMe
O OH

10
90% vyield, 78% ee

Scheme 2 Asymmetric Michael reaction by using cyclohep-
tane-1,3-dione and 4-hydroxycoumarin as Michael donors

Large-scale asymmetric Michael reaction with 1.0 g of
p,y-unsaturated a-keto ester 6a was further performed. The
same catalyst loading of 1 mol% as in the experimental
scale was used. The large-scale experiments can be easily
carried out using the same procedure as for the experimental
scale reactions. As can be seen from the results summarized
in Scheme 3, both the yield and enantioselectivity were
maintained at the same level for the large-scale reactions,
which offers a great possibility for application in industry.

ii iifl

7a
Scheme 3 Large-scale asymmetric Michael addition

@) Cat 2 (1 mol%)
EO,rt, 12h

109, 52 6 mmol 94% yield, 90% ee

On the basis of the experimental results described above
and the previous asymmetric Michael reactions,™ a possi-
ble transition state model was hypothesized based on the
dual activation mechanism of tertiary amine-squaramide
catalyst. As illustrated in Figure 2, the p,y-unsaturated
o-keto ester was fixed and activated by the squaramide
moiety via double H-bonding between the NH groups and
the a-keto ester group. Meanwhile, after deprotonation,
cyclic diketone was activated by protonated tertiary amine
group via H-bonding. With the spatial alignment, the cyclic
diketone would attack from the Re-face of the f,y-unsatu-
rated a-keto ester to give the observed stereochemistry of
the product.

Chin. J. Org. Chem. 2022, 42, 1520~1526
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Figure 2 Proposed transition-state model for the Michael addi-
tion

3 Conclusions

In summary, a novel tertiary amine-squaramide organo-
catalyst was synthesized and demonstrated to be effective
for the asymmetric Michael addition of cyclic 1,3-diketones
to f,y-unsaturated a-keto esters. A broad range of substrates
are well-tolerated to give the desired Michael products in
high yields (84%~97%) with good to high enantioselec-
tivities (up to 97% ee). Further study on the application of
this catalyst to other reactions is ongoing in our laboratory.

4 Experimental section

4.1 Reagents and instruments

All chemicals were used as received unless otherwise
noted. Reagent grade solvents were redistilled prior to use.
"H NMR and "*C NMR spectra were collected with a Bruker
DPX 400 NMR spectrometer with TMS as internal refer-
ence. IR spectra were determined with a Thermo Nicolet
IR200 unit. EST mass spectra were carried out on an HPLC
Q-Exactive HRMS spectrometer (Thermo, USA) by using
methanol as mobile phase. Chromatography was performed
on silica gel (200~300 mesh). Melting points were deter-
mined with an aXT5 A apparatus and were uncorrected.
Optical rotations were determined with a Perkin-Elmer 341
polarimeter. Enantiomeric excesses were determined by
chiral HPLC at room temperature with use of a Labtech
2006 pump, a Labtech UV600 ultra detector, and Chiralcel
AD-H (4.6 mm X250 mm) columns.

4.2  Synthetic procedure of tertiary amine-squa-
ramide 2

To a stirred solution of (1S,25)-2-(piperidin-1-yl)cyclo-
hexanamine 4 (0.18 g, 1.0 mmol) in dry CH>Cl, (25 mL),
the mono-squaramide 3" (0.46 g, 1.0 mmol) was added.
Then the reaction mixture was stirred at room temperature
for 48 h. After removing of the solvent, the crude product
was purified by column chromatography on silica gel
(CH30H/CH,Cl,, V/V=1/10) to give the tertiary amine-
squaramide (2) as light yellow solid, yield 80%. m.p.
203.9~204.7 C; [a]s +38.2 (¢ 1.0, CHCL); 'H NMR
(400 MHz, CDCl3;, TMS) 6: 0.71 (s, 3H), 0.83~0.89 (m,
2H), 0.95 (s, 3H), 0.98~1.16 (m, H), 1.16 (s, 3H), 1.24 (t,
J=06.8 Hz, 3H), 1.24~1.44 (m, 10H), 1.54~1.95 (m,
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15H), 2.14 (d, J=12.8 Hz, 1H), 2.36 (s, 3H), 2.65 (s, 2H),
3.78 (s, 1H), 4.00~4.26 (m, 3H), 6.85 (s, 2H); 3C NMR
(101 MHz, CHCly) J: 13.4, 14.1, 18.9, 20.5, 21.6, 24.7,
25.4, 26.8, 28.9, 33.4, 34.8, 38.0, 39.9, 41.3, 43.7, 49.5,
542, 55.7, 56.9, 59.9, 62.8, 68.7, 168.4, 177.4, 182.4; IR
(KBr) v: 974, 1032, 1097, 1150, 1180, 1222, 1375, 1466,
1528, 1581, 1669, 1723, 1794, 2850, 2933, 3263 cm
HRMS caled for Ca7HssN:O4 [M+H]" 608.4427, found
608.4426.

4.3 Typical procedure for asymmetric Michael addi-
tion

A mixture of cyclic diketone (0.12 mmol), f,y-unsa-
turated a-keto ester (0.1 mmol) and the catalyst (0.001
mmol) in Et,O (1.0 mL) was stirred at room temperature for
12 h [monitored by thin-layer chromatography (TLC)]. The
crude product was purified by column chromatography on
silica gel, eluted by CH3OH/CH,Cl; to afford the desired
Michael adduct. Absolute configurations of the products
were assigned by correlation to literature data and consid-
ering the similarity in the stereochemical reaction path-
way.[3¢:5h12:13]

(R)-Methyl 4-(2-hydroxy-6-oxocyclohex-1-en-1-yl)-2-
oxo-4-phenylbutanoate (7a):*" White solid, 28.7 mg, 95%
yield. m.p. 148.0~149.3 C; [a]> +15.2 (¢ 1.0, CH.Cl);
HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V = 80/20,
flow rate=0.6 mL/min, 1=254 nm): g =20.4 min (major),
28.8 min (minor); '"H NMR (400 MHz, CDCl;) é: 7.28~
7.24 (m, 3.06H), 7.17~7.14 (m, 3H), 4.58 (s, 0.66H), 4.22
(s, 0.36H), 4.11 (d, J=7.2 Hz, 0.36H), 3.92~3.87 (m,
0.71H), 3.85 (s, 0.94H), 3.77 (s, 1.90H), 2.61~2.23 (m,
6.37H), 2.12~1.97 (m, 2.20H); HRMS calcd for C;7H90s
[M-+H]" 303.1232, found 303.1225.

(R)-Methyl 4-(2-hydroxy-6-oxocyclohex-1-en-1-yl)-2-
0x0-4-(p-tolyl)butanoate (7b):B" White solid, 29.4 mg,
93% yield. m.p. 149.6~150.8 ‘C; [a]s +3.0 (¢ 1.0, CH,Cl);
HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V = 80/20,
flow rate=0.6 mL/min, A=254 nm): tx =28.6 min (major),
35.5 min (minor); '"H NMR (400 MHz, CDCI3) &: 7.06 (m,
4H), 4.57 (s, 0.58H), 4.23 (s, 0.34H), 4.07 (d, /=6.4 Hz,
0.37H), 3.88~3.85 (m, 1.71H), 3.77 (s, 2H), 2.60~2.21
(m, 9H), 2.10~1.97 (m, 2H); HRMS calcd for CisH2:0Os
[M-+H]" 317.1389, found 317.1381.

(R)-Methyl 4-(2-hydroxy-6-oxocyclohex-1-en-1-yl)-4-
(4-methoxyphenyl)-2-oxobutanoate (7¢)™: White solid,
30.9 mg, 93% yield. m.p. 159.3~161.2 'C; [a]ly —2.0 (c
1.0, CHxCly); HPLC: Chiralpak AD-H (hexanes/i-PrOH,
V/V=280/20, flow rate=0.6 mL/min, A=254 nm): x=17.9
min (major), 29.2 min (minor); 'H NMR (400 MHz, CDCl;)
0: 7.08~7.04 (m, 2.02H), 6.80~6.78 (m, 2H), 5.26 (s,
0.64H), 4.68 (s, 0.32H), 4.00~4.02 (m, 0.34H), 3.88~3.83
(m, 0.83H), 3.82 (s, 0.94H), 3.75 (d, J=1.6 Hz, , 3H),
3.67~3.64 (m, 2H), 2.58~2.18 (m, 6.29H), 2.08~1.97
(m, 2.65H); HRMS calcd for CisH2106 [M-+H]" 333.1338,
found 333.1331.

(R)-Methyl 4-(4-fluorophenyl)-4-(2-hydroxy-6-oxocy-
clohex-1-en-1-yl)-2-oxobutanoate (7d):®"  White solid,
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28.8 mg, 90% yield. m.p. 154.9~156.2 C; [a]s +13.6 (c
1.0, CH,Cly); HPLC: Chiralpak AD-H (hexanes/i-PrOH,
V/V=280/20, flow rate=0.6 mL/min, A=254 nm): tr =13.3
min (major), 20.9 min (minor); 'H NMR (400 MHz,
CDCI3) 4: 7.19~7.09 (m, 2.01H), 6.97~6.90 (m, 2H),
4.92 (s, 0.63H), 4.55 (s, 0.32H), 4.05~4.02 (m, 0.33H),
3.91~3.86 (m, 0.70H), 3.84 (s, 0.97H), 3.75 (s, 1.97H),
2.58~2.15 (m, 6.25H), 2.11~1.95 (m, 2.20H); HRMS
caled for Ci7H;sFOs [M+H]" 321.1138, found 321.1129.

(R)-Methyl 4-(4-chlorophenyl)-4-(2-hydroxy-6-oxocy-
clohex-1-en-1-yl)-2-oxobutanoate (7¢):>" White solid, 30.6
mg, 91% yield. m.p. 159.0~160.3 C; [a]5 —12.3 (c 1.0,
CH,Cly); HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V=
80/20, flow rate=0.6 mL/min, A=254 nm): z=15.0 min
(major), 22.2 min (minor); '"H NMR (400 MHz, CDCI;) ¢:
7.23~7.19 (m, 2H), 7.09~7.07 (m, 2H), 5.13 (s, 0.67H),
4.74 (s, 0.33H), 4.02~4.00 (m, 0.34H), 3.89~3.87 (m,
0.63H), 3.84 (s, 1.02H), 3.74 (s, 1.97H), 2.58~2.13 (m,
6.23H), 2.09 ~ 197 (m, 2.16H); HRMS calcd for
C17H;5C10s [M~+H]" 337.0843, found 3337.0836.

(R)-Methyl 4-(4-bromophenyl)-4-(2-hydroxy-6-ox0-
cyclohex-1-en-1-yl)-2-oxobutanoate (7f):*" White solid,
35.0 mg, 92% yield. m.p. 143.2~144.3 C; [a]y —11.4 (¢
1.0, CH,Cly); HPLC: Chiralpak AD-H (hexanes/i-PrOH,
V/V=280/20, flow rate=0.6 mL/min, A=254 nm): tp=15.8
min (major), 24.0 min (minor); 'H NMR (400 MHz, CDCI;)
0:7.39~7.34 (m, 2H), 7.06~7.03 (m, 2H), 4.64 (s, 0.57H),
4.37 (s, 0.27H), 4.02 (d, J=6.8 Hz, 0.35H), 3.88~3.80 (m,
3.73H), 2.57~2.16 (m, 6H), 2.08~1.97 (m, 2H); HRMS
caled for Ci7H;sBrOs [M~+H]" 381.0338, found 381.0332.

(S)-Methyl 4-(2-hydroxy-6-oxocyclohex-1-en-1-yl)-2-
0x0-4-(thiophen-2-yl)butanoate (7g):"™" White solid, 26.2
mg, 85% yield. m.p. 159.0~160.6 C; [a]5 +36.2 (c 1.0,
CH,Cly); HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V=
80/20, flow rate=0.6 mL/min, A=254 nm): tz=44.1 min
(major), 52.5 min (minor); 'H NMR (400 MHz, CDCI;) J:
7.09 (ddd, J=16.4, 4.8, 1.2 Hz, 1H), 6.89~6.85 (m, 1H),
6.80~6.78 (m, 1H), 4.93 (s, 0.55H), 4.44 (s, 0.39H), 4.39~
4.38 (m, 0.48H), 4.27~4.23 (m, 0.62H), 3.86 (s, 1.39H),
3.71 (s, 1.81H), 2.60~2.37 (m, 5.39H), 2.33~2.24 (m,
1.40H), 2.10~1.97 (m, 2.36H); HRMS calcd for C;5H;70sS
[M-+H]" 309.0797, found 309.0789.

(R)-Methyl 4-(2-hydroxy-6-oxocyclohex-1-en-1-yl)-4-
(naphthalen-2-yl)-2-oxobutanoate (7h):BN White solid,
30.3 mg, 86% yield. m.p. 182.9~184.1 C; [a]y —40.2 (¢
1.0, CH,Cly); HPLC: Chiralpak AD-H (hexanes/i-PrOH,
V/V=280/20, flow rate=0.6 mL/min, A=254 nm): tr=20.4
min (major), 30.8 min (minor); 'H NMR (400 MHz, CDCl;)
0: 7.77~17.72 (m, 3H), 7.58 (d, J=17.6 Hz, 1H), 7.43~
7.28 (m, 3H), 4.66 (s, 0.59H), 4.30 (m, 0.74H), 4.06 (t, J=
9.2 Hz, 0.72H), 3.84 (s, 1H), 3.72 (s, 2H), 2.63~2.29 (m,
6H), 2.17~2.00 (m, 2H); HRMS calcd for C3;H»0s [M+
H]" 353.1389, found 353.1382.

(R)-Benzyl 4-(2-hydroxy-6-oxocyclohex-1-en-1-yl)-2-
oxo-4-phenylbutanoate (7i): White solid, 36.7 mg, 97%
yield. m.p. 154.8~155.6 C; [a]s +16.2 (c 1.0, CH.ClL);
HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V = 80/20,
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flow rate=0.6 mL/min, 1=254 nm): #z=17.3 min (major),
27.4 min (minor); 'H NMR (400 MHz, CDCl;) J: 7.40~
7.21 (m, 7.35H), 7.16~7.13 (m, 3H), 5.24~5.02 (m,
2.06H), 4.92 (s, 0.58H), 4.51 (s, 0.33H), 4.03~4.05 (m,
0.35H), 3.91~3.87 (m, 0.65H), 2.59~2.19 (m, 6.18H),
2.05~1.95 (m, 2.15H); HRMS calcd for C3H2305 [M+
H]" 379.1545, found 379.1538.

(R)-Methyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-
1-en-1-yl)-2-0x0-4-phenylbutanoate (8a):2l White solid,
31.4 mg, 95% yield. m.p. 141.5~143.0 C; [a]y —14.2 (c
1.0, CHxCly); HPLC: Chiralpak AD-H (hexanes/i-PrOH,
V/V=280/20, flow rate=0.6 mL/min, 1=254 nm): tz=14.1
min (major), 25.6 min (minor); 'H NMR (400 MHz, CDCl;)
0: 7.20~7.16 (m, 2.44H), 7.10~7.05 (m, 3H), 4.74 (s,
0.60H), 4.34 (s, 0.32H), 3.98~4.00 (m, 0.35H), 3.84~3.79
(m, 0.71H), 3.76 (s, 1.02H), 3.62 (d, J=0.8 Hz, 1.95H),
2.51~2.12 (m, 6.35H), 1.11 (d, J/=8.0 Hz, 3.16H), 1.02 (d,
J=8.4 Hz, 3.23H); HRMS calcd for Ci9H;05 [M+H]"
331.1545, found 331.1538.

(R)-Methyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-
1-en-1-yl)-2-0x0-4-(p-tolyl)butanoate (8b):['2) White solid,
31.7 mg, 92% yield. m.p. 136.1~137.2 ‘C; [a]y —20.2 (c
1.0, CHxCly); HPLC: Chiralpak AD-H (hexanes/i-PrOH,
V/V=280/20, flow rate=0.6 mL/min, 1=254 nm): #z=16.1
min (major), 25.0 min (minor); 'H NMR (400 MHz, CDCl;)
0:7.00~6.94 (m, 4H), 4.75 (s, 0.60H), 4.36 (s, 0.36H), 3.96
(m, 0.39H), 3.80~3.77 (m, 0.72H), 3.76 (s, 1.07H), 3.63 (d,
J=3.6 Hz, 1.92H), 2.48~2.23 (m, 3.72H), 2.20 (d, J/=2.0
Hz, 3.10H), 2.18~2.11 (m, 2.70H), 1.10 (d, J=28.8 Hz,
3.18H), 1.01 (d, J=9.2 Hz, 3.19H); HRMS calcd for
CaoHa505 [M+H]" 345.1702, found 345.1696.

(R)-Methyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-
1-en-1-yl)-4-(4-methoxyphenyl)-2-oxobutanoate (8c):['?!
White solid, 33.5 mg, 93% yield. m.p. 135.0~135.9 C;
[a]y —19.4 (¢ 1.0, CH,Cl,); HPLC: Chiralpak AD-H
(hexanes/i-PrOH, V/V=80/20, flow rate=0.6 mL/min,
=254 nm): z=15.2 min (major), 30.3 min (minor); 'H
NMR (400 MHz, CDCls) J: 7.03~6.98 (m, 2H), 6.75~
6.72 (m, 2H), 4.49 (s, 0.60H), 4.18 (s, 0.40H), 3.98 (d, J=
6.4 Hz, 0.40H), 3.80~3.76 (m, 1.82H), 3.69~3.68 (m,
4.86H), 2.48 ~2.09 (m, 6.19H), 1.10 (d, J=10.8 Hz,
3.10H), 1.02 (d, J=13.6 Hz, 3.05H); HRMS calcd for
Ca0H2506 [M+H]" 361.1651, found 361.1644.

(R)-Methyl 4-(4-fluorophenyl)-4-(2-hydroxy-4,4-dime-
thyl-6-oxocyclohex-1-en-1-yl)-2-oxobutanoate (8d):['?!
White solid, 32.7 mg, 94% yield. m.p. 175.8~177.2 C;
[a]s +2.0 (¢ 1.0, CH,Cly); HPLC: Chiralpak AD-H (hex-
anes/i-PrOH, V/V=280/20, flow rate=0.6 mL/min, 1=254
nm): £z=11.2 min (major), 23.4 min (minor); 'H NMR (400
MHz, CDCl3) é: 7.07~7.02 (m, 2H), 6.90~6.83 (m, 2H),
3.99~3.98 (m, 0.54H), 3.83~3.79 (m, 1.78H), 1.89 (s,
1.89H), 2.51 ~2.13 (m, 6.36H), 1.10 (d, J=11.2 Hz,
3.05H), 1.02 (d, J=28.4 Hz, 3.30H); HRMS calcd for
CioH2FOs [M+H]" 349.1451, found 349.1443.

(R)-Methyl 4-(4-chlorophenyl)-4-(2-hydroxy-4,4-dime-
thyl-6-oxocyclohex-1-en-1-yl)-2-oxobutanoate (8e):[1?]
White solid, 33.1 mg, 91% yield. m.p. 161.0~162.9 C;
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[@]y —21.2 (¢ 1.0, CH,Cl,); HPLC: Chiralpak AD-H
(hexanes/i-PrOH, V/V'=280/20, flow rate=0.6 mL/min, 1=
254 nm): £x=12.1 min (major), 25.0 min (minor); 'H NMR
(400 MHz, CDCl3) d: 7.25~7.19 (m, 2H), 7.10~7.09 (m,
2H), 4.51 (s, 0.61H), 4.29 (s, 0.36H), 4.05~4.03 (m,
0.39H), 3.88~3.84 (m, 1.75H), 3.80 (s, 1.91H), 2.58~2.16
(m, 6.35H), 1.17 (d, J/=12.0 Hz, 3.15H), 1.09 (d, /=84
Hz, 3.15H); HRMS caled for C;9H»ClOs [M + H] '
365.1156, found 365.1150.

(R)-Methyl 4-(4-bromophenyl)-4-(2-hydroxy-4,4-di-
methyl-6-oxocyclohex-1-en-1-yl)-2-oxobutanoate (8f):[!?]
White solid, 37.1 mg, 91% yield. m.p. 152.3~153.9 C;
[a]y —30.4 (¢ 1.0, CH,Cl,); HPLC: Chiralpak AD-H
(hexanes/i-PrOH, V/V=280/20, flow rate=0.6 mL/min,
2=254 nm): t=12.7 min (major), 26.4 min (minor); 'H
NMR (400 MHz, CDCl3) ¢: 7.39~7.35 (m, 2H), 7.04 (d,
J=8.0 Hz, 2H), 4.49 (s, 0.61H), 4.31 (t, /=6.8 Hz, 0.30H),
4.02 (d, J/=8.8 Hz, 0.39H), 3.86~3.81 (m, 3.72H), 2.58~
2.20 (m, 6H), 1.16 (d, J/=12.0 Hz, 3H), 1.09 (d, /=8.0 Hz,
3H); HRMS calcd for CioH»BrOs [M+H] " 409.0651,
found 409.0643.

(S)-Methyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-
1-en-1-yl)-2-oxo0-4-(thiophen-2-yl)butanoate (8g): White
solid, 29.2 mg, 87% yield. m.p. 144.0~145.3 C; [a]p +
20.8 (¢ 1.0, CH,Cly); HPLC: Chiralpak AD-H (hex-
anes/i-PrOH, V/V=280/20, flow rate=0.6 mL/min, =254
nm): fg=24.1 min (major), 28.6 min (minor); 1H NMR
(400 MHz, CDCL) ¢: 7.02 (dd, J=13.6, 4.2 Hz, 1H),
6.82~6.79 (m, 1H), 6.74~6.73 (m, 1H), 4.60 (s, 0.49H),
4.30~4.28 (m, 0.90H), 4.18 (t, J=8.0 Hz, 0.55H), 3.79 (s,
1.37H), 3.65 (s, 1.63H), 2.47~2.16 (m, 6H), 1.11 (d, J=
6.0 Hz, 3H), 1.02 (d, J=7.6 Hz, 3H); HRMS calcd for
Ci7H2,05S [M+H]" 337.1110, found 337.1103.

(R)-Methyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-
1-en-1-yl)-4-(naphthalen-2-yl)-2-oxobutanoate (8h): White
solid, 31.9 mg, 84% yield. m.p. 133.2~134.4 C; [a]y —
40.6 (¢ 1.0, CHxCly); HPLC: Chiralpak AD-H (hexanes/
i-PrOH, V/V=280/20, flow rate=0.6 mL/min, A=254 nm):
tg=18.0 min (major), 24.3 min (minor); 'H NMR (400
MHz, CDCl;) J: 7.69~7.65 (m, 3.03H), 7.50 (s, 1H),
7.35~7.17 (m, 3.46H), 4.14 (s, 0.44H), 3.97 (t, J=8.4 Hz,
0.72H), 3.74 (s, 0.99H), 3.54 (s, 1.95H), 2.56~2.09 (m,
6.13H), 1.14 (d, J/=11.2 Hz, 3.23H), 1.02 (d, J=13.2 Hz,
3.21H); HRMS calcd for Co3HysOs [M+H]" 381.1702,
found 381.1695.

(R)-Benzyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-
1-en-1-yl)-2-0x0-4-phenylbutanoate (8i):['*) White solid,
38.2 mg, 94% yield. m.p. 140.3~141.6 C; [a]y —12.0 (c
1.0, CH>Cly); HPLC: Chiralpak AD-H (hexanes/i-PrOH,
V/V=280/20, flow rate=0.6 mL/min, A=254 nm): tr=17.9
min (major), 32.2 min (minor); 1H NMR (400 MHz,
CDCI3) é: 7.28~7.15 (m, 7.53H), 7.09~7.05 (m, 3H),
5.17~4.93 (m, 2.08H), 3.96 (s, 0.41H), 3.82 (t, J=8.4 Hz,
0.64H), 2.52~2.07 (m, 5.99H), 1.08 (d, /=4.0 Hz, 3.01H),
0.99 (d, J=3.2 Hz, 3.19H); HRMS caled for C;sH»70s
[M-+H]" 407.1858, found 407.1851.

(R)-Ethyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-
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en-1-yl)-2-oxo0-4-phenylbutanoate (8}):[°! White solid, 32.7
mg, 95% yield. m.p. 117.8~118.9 C; [a]> —3.0 (c 1.0,
CH,Cly); HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V=
80/20, flow rate=0.6 mL/min, A=254 nm): #z=15.8 min
(major), 29.5 min (minor); '"H NMR (400 MHz, CDCI3) &:
7.29~7.23 (m, 2H), 7.18~7.16 (m, 3H), 4.57 (s, 0.60H),
4.32~4.15 (m, 2.43H), 4.09 (d, J=5.6 Hz, 0.30H), 3.89 (t,
J=9.2 Hz, 0.70H), 1.34~1.26 (m, 3H), 1.20 (s, 1.06H),
1.17 (s, 1.94H), 1.11 (s, 1.06H), 1.09 (s, 1.94H); HRMS
caled for CaoHasOs [M+H]" 345.1702, found 345.1696.

(5)-Ethyl 4-(2-hydroxy-4,4-dimethyl-6-oxocyclohex-1-
en-1-yl)-2-oxohexanoate (8k):1**! Colourless oil; 27.5 mg,
93% yield. [a]y +20.4 (¢ 1.0, CH,Cl,); HPLC: Chiralpak
AD-H (hexanes/i-PrOH, V/V = 85/15, flow rate = 0.6
mL/min, A=254 nm): #x=11.3 min (major), 20.0 min
(minor); '"H NMR (400 MHz, CDCl;) 6: 4.52 (s, 0.59H),
4.32~4.27 (m, 2.35H), 2.72~2.60 (m, 0.97H), 2.28~2.23
(m, 4H), 2.11 (m, 1.22H), 2.01~1.97 (m, 0.85H), 1.33~
1.25 (m, 4.73H), 1.07~1.05 (m, 6H), 0.94~0.83 (m,
3.46H); HRMS (m/z): caled for CiHysOs [M + H] "
297.1702, found 297.1694.

(R)-Methyl 4-(2-hydroxy-7-oxocyclohept-1-en-1-yl)-
2-oxo-4-phenylbutanoate (9):1'2 White solid, 29.4 mg, 93%
yield. m.p. 108.9~110.2 C; [a]y —1.8 (¢ 1.0, CH.Cl);
HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V = 80/20,
flow rate=0.6 mL/min, =254 nm): tz=14.3 min (major),
20.9 min (minor); 'H NMR (400 MHz, CDCl;) &: 7.26~
7.21 (m, 2H), 7.18~7.12 (m, 3H), 4.82 (s, 0.65H), 4.36 (s,
0.35H), 4.24~4.23 (m, 0.35H), 4.03 (t, /=8.8 Hz, 0.65H),
3.82 (s, 1H), 3.66 (s, 2H), 2.73~2.46 (m, 5H), 2.30~2.14
(m, 2H), 1.88~1.77 (m, 3H); HRMS (m/z): calced for
CisH205 [M-+H]" 317.1389, found 317.1380.

(R)-Methyl 4-(4-hydroxy-2-oxo-2H-chromen-3-yl)-2-
oxo-4-phenylbutanoate (10): White solid, 31.7 mg, 90%
yield. m.p. 182.0~183.5 C; [a]y —9.2 (¢ 1.0, CH.Cl);
HPLC: Chiralpak AD-H (hexanes/i-PrOH, V/V=80/20,
flow rate=0.6 mL/min, 1=254 nm): #=19.1 min (ma-
jor), 36.9 min (minor); 'H NMR (400 MHz, CDCls) §: 7.83
(d, J/=8.0 Hz, 0.32H), 7.78 (d, /=8.0 Hz, 0.63H), 7.59~
7.51 (m, 1H), 7.37~7.19 (m, 7H), 4.76 (s, 0.63H), 4.51 (s,
0.32H), 4.34 (dd, J=3.2, 7.2 Hz, 0.34H), 4.20 (t, J=8.8
Hz, 0.75H), 3.91~3.88 (m, 3H), 2.79 (dd, J=7.2, 14.4
Hz, 0.36H), 2.54 (dd, J=3.2, 14.4 Hz, 0.38H), 2.46 (d, J=
9.2 HZ, 1.35H); HRMS calcd for C20H 1705 [M+
H]" 353.1025, found 353.1017.

Supporting Information = NMR spectra of tertiary
amine-squaramide 2, NMR and HPLC spectra of Michael
adducts 7a~7i, 8a~8k, 9 and 10. The Supporting Infor-
mation is available free of charge via the Internet at
http://sioc-journal.cn.
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