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A series of novel supramolecular organocatalysts of hydroxyprolinamide based on the upper rim of calix[4]arene scaffold have
been developed to catalyze enantioselective multi-component Biginelli reaction. Under the optimal conditions, the reactions
occurred with moderate-to-excellent enantioselectivities (up to 98% ee). A plausible transition state constructed by the supra-
molecular interaction of hydrogen bond and cation—n between catalysts and substrates has been proposed.
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1 Introduction

The supramolecular catalysis of organic reactions is now a
contemporary challenge that is just being taken up by
chemists [1-7]. Especially supramolecular organocatalysis
through the weak forces which offers attractive alternatives
to metal (ion)-catalyzed reactions by combining supramo-
lecular recognition with chemical transformations in an en-
vironmentally benign fashion has attracted considerable
interest in recent years [8, 9]. Calix[4]arenes, as one of the
most important supramolecular building blocks, can be
useful in ion and metal complex because of their suitable
scaffold for the development of new bulky and structurally
well-defined ligands [10-15]. Combination of calixarene
cavity with chiral catalytic centre or inherent chirality [16,
17] might lead to multifunctional supramolecular asymmet-
ric catalyst [18]. Recently, we have demonstrated that pro-
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line based on calix[4]arene scaffold can catalyze the enan-
tioselective direct aldol reactions with good-to-excellent
enantioselectivities [19, 20]. As a part of our ongoing stud-
ies, we would like to report our preliminary results on hy-
droxyprolinamide based on calix[4]arene scaffold catalyzed
the enantioselective Biginelli reactions of aromatic alde-
hydes, ethyl acetoacetate, and urea.

The multi-component Biginelli reaction [21] offers an ef-
ficient way to access 3,4-dihydropyrimidin-2-(1H)-ones and
related heterocyclic compounds which have important
pharmacological and biological properties [22-27] such as
antiviral, antitumor, antibacterial, antihypertensive, and
antiinflammatory properties. However, in the past decade,
only the limited examples of the enantioselective Biginelli
reaction have been reported [28-37]. Recently, Feng et al.
[28] used hydroxyprolinamide based on diamantane 1
(Scheme 1) as organocatalyst assisted by a Brgnsted acid to
smoothly catalyze asymmetric Biginelli reaction with up to
98% ee. Herein, more bulky, rigid, and tunable hydroxypro-
linamide organocatalysts based on calix[4]arene scaffold 2
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Scheme 1 Hydroxyprolinamide organocatalysts for enantioselective Biginelli reaction.

(Scheme 1) were designed for the enantioselective Biginelli
reaction. Furthermore, cooperation of more hydroxypro-
linamide moieties and the cativies derivated from calix[4]
arenes might improve the enantioselectivity of the process.

2 Experimental
2.1 Materials and measurements

All reactions were performed in open atmosphere unless
noted. The commercially available reagents and solvents
were used without further purification unless otherwise
noted. Column chromatography was performed with silica
gel (200-300 mesh). All yields were given as isolated ones.
NMR spectra were recorded on a Bruker DPX 300 MHz
spectrometer. Chemical shifts (0) are reported in ppm
downfield from tetramethylsilane. Coupling constants (J
values) are reported in Hertz. IR and ESI-MS data were
measured on a Bruker Vector 22 as KBr pellets and a Fin-
nigan Mat TSQ 7000 instruments, respectively. Microa-
nalyses were obtained on a Perkin-Elmer 240 instrument,
and melting points (mp) were determined with a digital
electrothermal apparatus without further correction. HPLC
was performed on Perkin Elmer LC equipped with a chiral-
cel OD-H or AD-H column. Aminocalix[4]arenes 5 [38]
and racemic-4 [39] were prepared according to literature
procedures.

2.2 Representative synthetic procedure for catalyst 2a

To a solution of trans-4-hydroxy-L-N-Boc-proline (0.25 g,
1.1 mmol) in CH,Cl, (30 mL) was added TEA (0.11 mL,
1.1 mmol) and ethyl chloroformate (0.14 mL, 1.1 mmol) at
0 °C under stirring. After 15 min, 5-amino-25,26,27,28-
tetrabutoxycalix[4]arene Sa (0.66 g, 1.0 mmol) was added.
The reaction was allowed to warm to ambient temperature
and stirred for 7 h. After reaction, the mixture was washed
with KHSO, (1 M), saturated NaHCOs;, and brine. The or-
ganic phase was dried over anhydrous Na,SO,. The solvent
was evaporated under vacuum, and the residue was purified
by column chromatography with petroleum ether/ethyl ace-
tate (2:1, v/v) as an eluent to give Boc-protected product

(0.65 g) which was dissolved in CHCI; (30 mL). After addi-
tion of TFA (1 mL), the reaction mixture was stirred at
50 °C for 3 h. The solvent was removed, CHCl; (30 mL)
and H,O (30 mL) were added. The pH of the mixture was
adjusted to 8-9 by the addition of aqueous NaOH (2 M),
and the water layer was extracted with additional CHCl; (30
mL). The combined organic layer was washed with brine
(30 mL) and dried over anhydrous Na,SO,. The solvent was
removed to give pure yellow solid 2a (0.58 g, 74%).

Compound 2a

Yellow solid, 74%, mp: 107-109 °C. [a]p**=5.5 (¢ = 1.0, in
THF). IR (KBr): 3413, 2959, 2929, 2868, 1677, 1605, 1533,
1460, 1382, 1290, 1245, 1205, 1134, 1085, 1029, 962, 763
cm™'. '"H NMR (300 MHz, DMSO-dy): §=0.97 (t, J = 7.5
Hz, 12H, CH;), 1.37-1.52 (m, 8H, CH,), 1.67-2.03 (m, 10H,
CH,), 2.72-2.91 (m, 2H, NCH,), 3.10 (d, J = 13.2 Hz, 2H,
ArCH,Ar), 3.16 (d, J = 13.2 Hz, 2H, ArCH,Ar), 3.75-3.89
(m, 9H, NCHCO + ArOCH,), 4.20 (m, 1H, HCOH), 4.31 (d,
J = 13.2 Hz, 2H, ArCH,Ar), 434 (d, J = 13.2 Hz, 2H,
ArCH,Ar), 4.76 (br s, 1H, OH), 6.45-6.62 (m, 7H, ArH),
6.68 (d, J = 7.5 Hz, 2H, ArH), 6.95 (d, J = 2.4 Hz, 1H, ArH),
6.97 (d, J = 2.4 Hz, 1H, ArH), 9.55 (s, 1H, CONH); "*C
NMR (75 MHz, CDCLy): & = 14.0, 19.3, 19.4, 22.6, 29.6,
30.9, 31.3, 31.4, 31.9, 32.1, 32.2, 32.3, 39.6, 54.8, 59.7,
72.2, 74.8, 120.1, 121.6, 122.0, 128.0, 128.2, 131.3, 134.3,
134.5, 134.7, 135.5, 136.0, 153.9, 156.2, 156.9, 170.3. Anal.
calcd for C4HgsN,Og: C, 75.74; H, 8.30; N, 3.61. Found: C,
75.47; H, 8.59; N, 3.87. ESI-MS: m/z = 778 (IM + 11, 9%),
800 ([M + Na]*, 100%), 816 (IM + K]*, 38%).

Compound 2b

Yellow solid, 55%, mp: 153-155 °C. [a]p>'—13.1 (¢ = 1.0,
in THF). IR (KBr): 3426, 2957, 2928, 2869, 1661, 1604,
1533, 1465, 1210, 1073, 1028, 966, 869, 764 cm™'. '"H NMR
(300 MHz, DMSO-dy): 6= 0.96 (t, J = 7.5 Hz, 12H, CH;),
1.42 (m, 8H, CH,), 1.62-2.00 (m, 12H, CH,), 2.74-2.90 (m,
4H, NCH,), 3.05 (d, J = 13.2 Hz, 1H, ArCH,Ar), 3.11 (d, J =
13.2 Hz, 2H, ArCH,Ar), 3.17 (d, J = 13.2 Hz, 1H, ArCH,Ar),
3.76-3.82 (m, 10H, NCHCO + ArOCH,), 4.19 (m, 2H,
HCOH), 4.28 (d, J = 13.2 Hz, 1H, ArCH,Ar), 431 (d, J =
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132 Hz, 2H, ArCHAr), 434 (d, J = 132 Hz, 1H,
ArCH,AT), 4.75 (br s, 2H, OH), 6.49-6.62 (m, 6H, ArH),
6.80-6.90 (m, 3H, ArH), 6.99 (d, J = 2.1 Hz, 1H, ArH),
9.49 (s, 1H, CONH), 9.51 (s, 1H, CONH); *C NMR (75
MHz, CDCly): & = 14.0, 19.3, 30.9, 31.3, 31.4, 32.2, 39.8,
55.2, 60.0, 72.8, 74.7, 120.0, 121.7, 128.1, 131.4, 131.5,
134.7, 134.9, 135.1, 1352, 135.4, 135.6, 135.8, 135.9,
1534, 156.5, 156.6, 172.8, 173.0. Anal. caled for
Cs,H,,N,O5: C, 71.65; H, 8.02; N, 6.19. Found: C, 71.84: H,
7.86; N, 6.35. ESI-MS: m/z = 906 ([M + 1", 7%), 928 (IM
+NaJ*, 100%), 944 (IM + K]*, 20%).

Compound 2¢

Yellow solid, 79%, mp: 171-173 °C. [a]p>—6.5 (¢ = 1.0, in
THF). IR (KBr): 3423, 2958, 2927, 2869, 1660, 1608, 1535,
1465, 1212, 1129, 1073, 1028, 965, 868, 765 cm™". 'H NMR
(300 MHz, DMSO-dy): 8 = 0.96 (t, J = 7.2 Hz, 6H, CH;),
0.98 (t, J = 7.2 Hz, 6H, CH;), 1.28-1.36 (m, 4H, CH,),
1.49-1.61 (m, 4H, CH,), 1.85-2.06 (m, 12H, CH,), 2.72—
2.96 (m, 4H, NCH,), 3.10 (d, J = 12.9 Hz, 4H, ArCH,Ar),
3.69 (t, J = 6.6 Hz, 4H, ArOCH,), 3.85-3.95 (m, 6H,
NCHCO + ArOCH,), 4.22 (m, 2H, HCOH), 4.31 (d, J =
12.9 Hz, 4H, ArCH,Ar), 4.78 (br s, 2H, OH), 6.33 (s, 6H,
ArH), 7.29 (s, 4H, ArH), 9.76 (s, 2H, CONH); *C NMR
(75 MHz, CDCLy): & = 13.9, 14.0, 19.1, 19.4, 19.5, 22.6,
29.6, 31.0, 31.8, 32.0, 32.2, 32.4, 40.1, 55.0, 59.7, 72.7, 747,
74.9, 119.8, 122.0, 128.4, 128.7, 128.8, 131.4, 134.8, 135.3,
153.0, 156.8, 172.3. Anal. calcd for Cs,H7,N,Oq: C, 71.65; H,
8.02; N, 6.19. Found: C, 71.86; H, 8.24; N, 5.98. ESI-MS:
mlz =928 (IM + Nal*, 100%), 944 (IM + KI*, 30%).

Compound 2d

Yellow solid, 21%, mp > 280 °C. [a]p*-27.7 (¢ = 1.0, in
THF). IR (KBr): 3431, 2958, 2928, 2869, 1663, 1606, 1536,
1468, 1424, 1215, 1136, 1071, 1028, 966, 869, 765 cm™". 'H
NMR (300 MHz, DMSO-dg): 6= 0.93-0.99 (m, 12H, CH;),
1.19-1.57 (m, 10H, CH,), 1.75-2.00 (m, 12H, CH,), 2.61—
2.95 (m, 6H, NCH,), 3.06 (d, J = 13.5 Hz, 2H, ArCH,Ar),
3.14 (d, J = 13.5 Hz, 2H, ArCH,Ar), 3.64-4.00 (m, 11H,
NCHCO + ArOCH,), 4.22 (m, 3H, HCOH), 4.29 (d, J =
13.5 Hz, 2H, ArCH,Ar), 4.32 (d, J = 13.5 Hz, 2H, ArCH,Ar),
4.79 (br s, 3H, OH), 6.08-7.38 (m, 9H, ArH), 9.39 (s, 1H,
CONH), 9.75 (s, 2H, CONH). "*C NMR (75 MHz, DMSO-
dg): 6= 143, 14.4, 19.2, 19.5, 30.9, 31.0, 32.0, 32.4, 55.5,
60.3, 71.9, 74.8, 74.9, 119.3, 119.9, 122.2, 128.0, 129.0,
129.6, 130.3, 132.9, 133.9, 135.6, 135.9, 152.0, 153.1, 155.8,
172.0, 172.7. Anal. calcd for CsoHgyNgO,o: C, 68.58; H, 7.80;
N, 8.13. Found: C, 68.81; H, 7.55; N, 8.34. ESI-MS: m/z =
1034 (IM + 11, 37%), 1056 (IM + Na]*, 100%).

Compound 2e

Yellow solid, 42%, mp > 280 °C. [a]D26—189.8 (c=0.5,in
THEF). IR (KBr): 3433, 2957, 2928, 2867, 1659, 1605, 1535,
1469, 1422, 1328, 1216, 1141, 1068, 1027, 966, 869 cm".
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'H NMR (300 MHz, DMSO-dy): 6 = 0.97 (t, J = 7.2 Hz,
12H, CH3), 1.35-1.48 (m, 8H, CH,), 1.66-1.98 (m, 16H,
CH,), 2.73-2.92 (m, 8H, NCH,), 3.10 (d, J = 13.2 Hz, 4H,
ArCH,Ar), 3.61-3.65 (m, 4H, NCHCO), 3.77-3.84 (m, 8H,
ArOCH,), 4.19 (m, 4H, HCOH), 4.32 (d, J = 13.2 Hz, 4H,
ArCH,Ar), 4.73 (br s, 4H, OH), 6.99 (s, 4H, ArH), 7.04 (s,
4H, ArH), 9.55 (s, 4H, CONH). *C NMR (75 MHz,
DMSO-dy): 6=14.3,19.3, 29.5, 30.9, 31.2, 31.3, 31.8, 32.1,
32.5, 554, 60.2, 71.8, 75.0, 119.9, 133.0, 134.7, 152.5,
172.4. Anal. calcd for CgHggNgOyo: C, 66.18; H, 7.64; N,
9.65. Found: C, 66.42; H, 7.38; N, 9.45. ESI-MS: m/z =
1162 (M + 11%, 86%), 1184 ([M + Na]*, 100%).

2.3 The procedure for the synthesis of model catalyst 3

Synthesis of 7

4-Nitrophenol 6 (1.39 g, 10 mmol), K,CO; (1.52 g, 11
mmol) and n-bromobutane (1.44 g, 10.5 mmol) were re-
fluxed in MeCN (50 mL) for 24 h under nitrogen gas. The
solvent was evaporated and the residue was taken up in
CH,Cl, (50 mL), and then washed with HCI (1 N, 2 x 50 mL),
H,O (2 x 50 mL), and brine (50 mL). The organic phase
was dried over anhydrous MgSO,. The CH,Cl, was re-
moved to give 1.81 g 7 without further purification. Yellow
solid, 93%, 'H NMR (300 MHz, CDCl;): §=10.99 (t, J=7.5
Hz, 3H, CHj;), 1.45-1.57 (m, 2H, CH,), 1.76-1.86 (m, 2H,
CH,), 4.06 (t, J = 6.3 Hz, 2H, ArOCH,), 6.94 (d, J = 9.0 Hz,
2H, ArH), 8.20 (d, J = 9.0 Hz, 2H, ArH).

Synthesis of 8

Hydrazine hydrate (30 mL) was added to a suspension of 7
(1.81 g, 9.27 mmol) and a catalytic amount of Raney nickel
in methanol (50 mL). The mixture was refluxed for 4 h.
After cooling to room temperature, the mixture was filtered.
The filtrate was evaporated and the residue was taken up in
CH,Cl, (50 mL), washed with water twice, and dried over
anhydrous MgSO,. The CH,Cl, was removed to afford 8
(1.53 g). Brown oil, > 99%, "H NMR (300 MHz, CDCl,): 5=
0.97 (t, J = 7.5 Hz, 3H, CHj), 1.42-1.52 (m, 2H, CH,),
1.71-1.81 (m, 2H, CH,), 3.95 (t, J = 6.3 Hz, 2H, ArOCH,),
6.91 (d, J=8.7 Hz, 2H, ArH), 7.45 (d, J = 8.7 Hz, 2H, ArH),
10.42 (br s, 2H, ArNH,).

Synthesis of 3 from 8

The procedure was similar to the synthesis of 2a. White
solid, 92%, mp 195-197 °C. IR (KBr): 3366, 3288, 2954,
2871, 1667, 1658, 1600, 1549, 1514, 1466, 1415, 1299,
1250, 1173, 1123, 1084, 1031, 970, 833 cm™. 'H NMR
(300 MHz, DMSO-dg): 6 =0.93 (t, J = 7.5 Hz, 3H, CH,),
1.36-1.49 (m, 2H, CH,), 1.63-1.73 (m, 2H, CH,), 1.93-
2.02 (m, 1H, CHy), 2.36-2.43 (m, 1H, CH,), 3.13 (d, J =
12.0 Hz, 1H, NCH,), 3.39 (d, J = 12.0 Hz, 1H, NCH,), 3.93
(t, J = 6.6 Hz, 2H, ArOCH,), 4.47-4.53 (m, 2H, OCH +
COCH), 5.62 (s, 1H, OH), 6.91 (d, J = 9.0 Hz, 2H, ArH),
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7.53 (d, J = 9.0 Hz, 2H, ArH), 10.74 (s, 1H, CONH). "*C
NMR (75 MHz, DMSO-dq): 6= 14.1, 19.1, 31.1, 53.6, 58.8,
67.5,69.4,114.8, 121.2, 131.6, 155.5, 166.4. Anal. calcd for
CisHxN,0;5: C, 64.73; H, 7.97; N, 10.06. Found: C, 64.96;
H, 8.24; N, 9.83. ESI-MS: m/z = 279 (IM + 1]*, 100%), 301
(IM + Na]*, 8%).

2.4 General procedure for the asymmetric Biginelli
reaction

A solution of catalyst 2a (5 mol%), p-toluic acid (5 mol%),
and piperidine-TFA (5 mol%) in THF (0.5 mL) was stirred
at room temperature for 30 min, then urea (0.6 mmol), al-
dehyde (0.5 mmol), ethyl acetoacetate (1.0 mmol), and THF
(0.5 mL) were added sequentially. The reaction mixture was
stirred at room temperature for 3-4.5 d. Then, the crude
product was purified by prepared TLC (petroleum ether/ethyl
acetate, 2/3) to afford the corresponding products. The enan-
tiomeric excesses were determined by HPLC (Daicel Chi-
ralpak AD-H or OD-H column).

Product 4a [28]

White solid; 69% ee, 41% yield, 'H NMR (300 MHz,
CDCl): 6 =741 (s, 1H), 7.33-7.29 (m, 5H), 5.48 (s, 1H),
5.40 (d, J = 2.4 Hz, 1H), 4.11-4.04 (m, 2H), 2.36 (s, 3H),
1.17 (t, J = 7.2 Hz, 3H); HPLC (OD-H, hexane/2-propanol
85/15, v/v, 1.0 mL, 254 nm), tg (minor) = 8.42 min, fg (ma-
jor) = 10.78 min.

Product 4b [28]

White solid; 91% ee, 32% yield,; '"H NMR (300 MHz,
CDCl;): 6=7.99 (s, 1H), 7.23-7.06 (m, 4H), 5.61 (s, 1H),
5.37 (d, J = 2.7 Hz, 1H), 4.13-4.02 (m, 2H), 2.35 (s, 3H),
2.33 (s, 3H), 1.17 (t, J = 7.2 Hz, 3H); HPLC (OD-H,
hexane/2-propanol 85/15, v/v, 1.0 mL, 254 nm), fz (minor) =
7.83 min, tg (major) = 10.26 min.

Product 4c [28]

White solid; 98% ee, 32% yield,; 'H NMR (300 MHz,
CDCl;): 6 =7.25 (s, 1H), 6.93-6.80 (m, 4H), 5.38 (d, J =
2.7 Hz, 1H), 5.35 (s, 1H), 4.13-4.06 (m, 2H), 3.79 (s, 3H),
2.36 (s, 3H), 1.18 (t, J = 7.2 Hz, 3H); HPLC (OD-H,
hexane/2-propanol 85/15, v/v, 1.0 mL, 254 nm), #z (minor) =
11.87 min, fz (major) = 13.88 min.

Product 4d [28]

White solid; 90% ee, 38% yield,; 'H NMR (300 MHz,
CDCls): 6 =798 (s, 1H), 7.30-7.21 (m, 4H), 5.76 (s, 1H),
5.38 (d, J = 2.7 Hz, 1H), 4.11-4.07 (m, 2H), 2.36 (s, 3H),
1.18 (t, J = 7.2 Hz, 3H); HPLC (OD-H, hexane/2-propanol
85/15, viv, 1.0 mL, 254 nm), tg (minor) = 8.14 min, #
(major) = 9.12 min.

Product 4e
White solid; 80% ee, 48% yield; 'H NMR (300 MHz,
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CDCly): 6=38.19 (s, 1H), 8.16 (d, J=9.0 Hz, 1H), 7.69 (d, J =
7.8 Hz, 1H), 7.52 (t, J = 7.8 Hz, 1H), 7.10 (s, 1H), 5.58 (s,
1H), 5.54 (d, J = 2.7 Hz, 1H), 4.13-4.09 (m, 2H), 2.39 (s,
3H), 1.20 (t, J = 7.2 Hz, 3H); HPLC (AD-H, hexane/2-
propanol 85/15, v/v, 1.0 mL, 254 nm), #zx (major) = 13.11
min, g (minor) = 17.49 min.

Product 4f [28]

White solid; 90% ee, 22% yield,; '"H NMR (300 MHz,
CDCl3): 6=28.12 (d, J = 8.4 Hz, 1H), 7.90 (d, J = 8.4 Hz,
1H), 7.81-7.77 (m, 2H), 7.61-7.49 (m, 2H), 7.46-7.41 (m,
2H), 6.30 (s, 1H), 5.52 (s, 1H), 3.97-3.88 (m, 2H), 2.45 (s,
3H), 0.88 (t, J = 7.2 Hz, 3H); HPLC (AD-H, hexane/2-
propanol 85/15, v/v, 1.0 mL, 254 nm), fzx (major) = 11.69
min, g (minor) = 17.48 min.

Product 4g

White solid; 39% ee, 44% yield; '"H NMR (300 MHz,
CDCly): 6=7.22 (d, J = 1.8 Hz, 1H), 7.04 (dd, J; = 7.8 Hz,
J, = 1.8 Hz, 2H), 6.89 (d, J = 7.8 Hz, 2H), 5.73 (s, 2H),
4.104.03 (m, 2H), 3.88 (s, 3H), 2.43 (s, 3H), 1.10 (t, J =
7.2 Hz, 3H); HPLC (OD-H, hexane/2-propanol 85/15, v/v,
1.0 mL, 254 nm), tz (major) = 9.49 min, #z (minor) = 13.29
min.

Product 4h

White solid; 67% ee, 32% yield; '"H NMR (300 MHz,
CDCly): 6=7.38 (s, 1H), 7.33 (d, J=8.4 Hz, 2H), 7.24 (d, J =
8.4 Hz, 2H), 5.42 (s, 1H), 5.38 (d, J = 2.4 Hz, 1H), 4.13—
4.06 (m, 2H), 2.35 (s, 3H), 1.18 (t, J = 7.2 Hz, 3H); HPLC
(OD-H, hexane/2-propanol 95/5, v/v, 1.0 mL, 254 nm), tx
(minor) = 14.85 min, #g (major) = 17.07 min.

Product 4i [35]

White solid; 34% ee, 36% yield; '"H NMR (300 MHz,
CDCly): 6=7.98 (s, 1H), 7.44 (d, J= 8.4 Hz, 2H), 7.20 (d, J =
8.4 Hz, 2H), 5.78 (s, 1H); 5.36 (d, J = 2.7 Hz, 1H), 4.12—
4.05 (m, 2H), 2.34 (s, 3H), 1.18 (t, J = 7.2 Hz, 3H); HPLC
(AD-H, hexane/2-propanol 80/20, v/v, 0.8 mL, 254 nm), tg
(major) = 8.45 min, fg (minor) = 10.99 min.

Product 4j

White solid; 20% ee, 26% yield,; 'H NMR (300 MHz,
CDCl;): 6=28.19 (d, J = 8.7 Hz, 2H), 7.51 (d, J = 8.7 Hz,
2H), 7.32 (s, 1H), 5.63 (s, 1H), 5.53 (d, J = 2.7 Hz, 1H),
4.15-4.08 (m, 2H), 2.38 (s, 3H), 1.20 (t, J = 7.2 Hz, 3H);
HPLC (AD-H, hexane/2-propanol 85/15, v/v, 1.0 mL, 254
nm), fg (major) = 15.78 min, g (minor) = 18.98 min.

3 Results and discussion
3.1 Synthesis of catalysts 2 and 3

A series of novel organocatalysts of trans-4-hydroxy-
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prolinamides based on calix[4]arenes 2 have been prepared
conveniently within two steps which are depicted in Scheme
2. Starting from various aminocalix[4]arenes 5 [38], con-
densation with Boc-L-hydroxyproline by CICOOEt in dried
CH,C1, in the presence of a mild base triethylamine (TEA)
gave Boc-protected products, and then hydrolysis in dried
CHCl; in the presence of F;3CCO,H (TFA) at 50 °C afforded
target compounds 2, respectively. As comparison, pro-
linamide derivate 3 as model catalyst was prepared by the
similar procedure from p-butoxybenzenamine (Scheme 3).

Boc-L-HO-proline CF3COOH
—_—

CICOOEt, TEA CHCly, 50 °C

CH,Clj, rt
a: 74% yield
b: 55% yield
c: 79% yield
d: 21% yield
e: 42% yield

Scheme 2 Synthesis of hydroxyprolin-calix[4]arene-amides 2.

3.2 Screening of catalysts for the Biginelli reaction

As a preliminary test, using the optimal conditions of cata-
lyst 1 in Feng’s work [28], organocatalysts based on ca-

November (2011) Vol.54 No.11

lix[4]arene scaffold 2 were evaluated for their catalytic effi-
ciencies in the enantioselective Biginelli reaction of ben-
zaldehyde, ethyl acetoacetate, and urea. As shown in Table
1, compared to the results obtained from the reactions cata-
lyzed by di-, tri- and tetra-hydroxyprolin-calix[4]arene-
amides 2b—2e with 10%-45% ee, mono-hydroxyprolina-
mide based on calix[4]arene 2a with 54% ee was evidently
the best choice for the present reaction system in terms of
enantioselectivity. It might be ascribed to the effect of steric
hindrance on the upper rim of calix[4]arene. More groups of
hydroxyprolinamide conducted the cavity of calixarene
binding toward the guest molecules difficultly.

3.3 Optimization of reaction conditions

The new optimization of reaction conditions including acid,
solvent, and additive for catalyst 2a was then carried out,
respectively, and the results are summarized in Table 2.
Firstly, various substituted benzoic acids combined with 2a
were employed to catalyze the reaction in THF (entries 1-3).
It is interesting that catalyst 1 assisted by aromatic acid
bearing electron-donating groups such as 4-methoxybenzoic
acid could not catalyze the Biginelli reaction [28], while 2a
with p-toluic acid was the best assembly than benzoic acid
and 4-nitrobenzic acid. Secondly, in the presence of p-toluic
acid, the solvent effects were then studied (Table 2, entries
3-6). It is obvious that THF is the best solvent compared
with DMF, 1,4-dioxane, and CHClI;. Finally, we surveyed
the effects of the organic amine salts as additive in the

HO% e [e)
NO, NO, NH, O({f &
1-bromobutane Raney-Ni, NH,NH,"H,0 Boc-L-HO-proline N NH CF,COOH N NH
K4CO5, MeCN, MeOH, reflux, > 99% Jlcooe, TEA — Bo CHCl,, 50 °C
fl ¥ HoCly, rt,
reflux, 93% OCaHo OC4Hg 2Lz >99%
6 7 9 OC4Hg 3 OC4Hg
Scheme 3  Synthesis of model catalyst 3.
Table 1 Evaluation of the catalysts 2 in the asymmetric Biginelli reaction of benzaldehyde, ethyl acetoacetate, and urea”
1.5-5 mol% Cat.
o} 5 mol% 2-Cl-4-NO,PhCO,H o
o 5mol% t-BuNH,-TFA Y-NH
QCHO « J o+ EO >  HN
HN™ NH, 1,4-dioxane/THF (2/8, viv) —
C 25°C, 2.5d COOEt
Entry Catalyst Loading (mol%) Yield (%)” ee (%)°
1 2a 5 44 54
2 2b 5 38 10
3 2c 3 46 45
4 2d 2 35 26
5 2e 1.5 65 22

a) A solution of 2-chloro-4-nitrobenzoic acid (5 mol%), t-BuNH,-'TFA (5 mol%), benzaldehyde (0.5 mmol), and urea (0.6 mmol) in 1,4-dioxane/THF
(2:8, v/v, 1.0 mL) was stirred at 25 °C for 30 min, then catalyst (1.5-5 mol%) and ethyl acetoacetate (1.0 mmol) were added sequentially. The reactions were
performed at 25 °C for 2.5 d; b) isolated yield; ¢) determined by HPLC analysis (Chiralcel OD-H).
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Table 2 Screening of acids, solvents and additives for the Biginelli reaction catalyzed by 2a®

o 5 mo;’% 2§ o
QCHO i i + Eto)i 5 mol% additive _ ot sddive HN)%
H,N™ “NH, o solvent —
n,2d COOEt
Entry Acid Solvent Additive Yield (%) ee (%)°
1 Benzoic acid THF - 15 55
2 p-Nitrobenzoic acid THF - 29 58
3 p-Toluic acid THF - 36 61
4 p-Toluic acid DMF - 16 46
5 p-Toluic acid 1,4-Dioxane — 8 56
6 p-Toluic acid CHCl3 - 7 60
7 p-Toluic acid THF tBuNH,p-TSA trace n.d.
8 p-Toluic acid THF Piperidine-p-TSA 10 69
9 p-Toluic acid THF Pyridine-p-TSA 42 26
10 p-Toluic acid THF Piperidine-HC1 24 69
11 p-Toluic acid THF Piperidine-TFA 30 69
129 p-Toluic acid THF Piperidine-TFA 41 69
139 p-Toluic acid THF Piperidine-TFA 42 68
14 p-Toluic acid THF Piperidine-TFA 38 9

a) A solution of catalyst 2a (5 mol%), acid (5 mol%) and additive (5 mol%) in solvent (1.0 mL) was stirred at room temperature for 30 min, then urea
(0.5 mmol), benzaldehyde (0.5 mmol), and ethyl acetoacetate (0.5 mmol) were added sequentially. The reactions were performed at room temperature for 2 d;
b)isolated yield; c) determined by HPLC analysis (Chiralcel OD-H); d) the ratio of benzaldehyde/urea/ethyl acetoacetate was 1:1.2:2, and the reaction time
was prolonged to 3 d; e) 10 mol% of catalyst 2a was used; f) model catalyst 3 (5 mol%) was used.

presence of p-toluic acid in THF, and the results are listed in
Table 2, entries 7-11. Although the yield decreased from
36% to 30%, the enantioselectivity could be increased from
61% ee to 69% ee when piperidine-'TFA was employed
(Table 2, entry 11 vs. entry 3). Further elevation of yield
without loss of enantioselectivity could be achieved by
changing the ratio of benzaldehyde/urea/ethyl acetoacetate
from 1:1:1 to 1:1.2:2 and prolonging the reaction time from
2 to 3 d (Table 2, entry 12). But more loading of catalyst 2a
(10 mol%) could not obviously influence the reaction (Ta-
ble 2, entry 13). Accordingly, extensive screening has
shown that the optimized reaction conditions are 1:1.2:2 of
benzaldehyde/urea/ethyl acetoacetate, 5 mol% 2a, 5 mol%
p-toluic acid, and 5 mol% piperidine-TFA in THF at room
temperature.

In order to display the importance of calix[4]arene skel-
eton in 2a, L-prolinamide derivative 3 as model catalyst was
further investigated in the Biginelli reaction of benzalde-
hyde, urea, and ethyl acetoacetate under the optimal reac-
tion conditions described above. Without calix[4]arene
scaffold, only 9% ee was obtained (Table 2, entry 14). It
demonstrated that the calix[4]arene skeleton in 2a played an
important role in helping to enantiocontrol the Biginelli
reaction.

3.4 Scope of the enantioselective Biginelli reaction

With the optimized conditions in hand, the scope and limi-
tations for the Biginelli reaction catalyzed by 2a were ex-
amined. A range of aromatic aldehydes were employed to

react with urea and ethyl acetoacetate, and the results were
listed in Table 3. The location and electronic effect of sub-
stituent on the aromatic ring have a significant influence on
the enantioselectivity of the process. The reactions of meta-
substituted aromatic aldehydes afforded good-to-excellent
enantioselectivities (80%—98% ee, Table 3, entries 2-5),
while none- and para-substituted ones given lower ee val-
ues (20%—69% ee, Table 3, entries 1 and 7-10). Under the
same location of substituents, aromatic aldehydes with elec-
tron-donating groups conducted higher enantioselectivities
than electron-withdrawing ones. Furthermore, good enanti-
oselectivity (90% ee, Table 3, entry 6) was also observed
when fused-ring 1-naphthaldehyde was employed.

3.5 Mechanism studies

Based on the experimental results above, combining the
structural characteristics of calix[4]arene [10-15] and hy-
droxyprolinamide [28], a possible transition state (TS) was
proposed. As depicted in Figure 1, one face of the enamine
was efficiently shielded by the steric hindrance of the bulky
calix[4]arene skeleton, whereas the other face was available
to attack the imine. Hence, a stable six-membered-ring TS
afforded the products with R configuration in the favorable
TS-1, while the unfavorable TS-2 underwent an unstable
eight-membered-ring and unactivated N-acylimine TS
which conducted § products. Herein the piperidine-TFA, as
a bridge between carbonyl of the enamine and the elec-
tron-rich cavity of calix[4]arene built by the supramolecular
interaction of double hydrogen bond and cation-n [40, 41]
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Table 3 Scope of the enantioselective Biginelli reaction catalyzed by 2a®
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5 mol% 2a

o o o)
AGHO + JOL . Et OJCEL ssmn;?;&ﬁp?::r‘i:l;ea -cleFA R HN?“ NH A
HN" NH, o THF, rt )=8_
COOEt
4
Entry Ar Product Time (d) Yield (%) ee (%)° (Configuration)®
1 CeHs 4a 3 41 69 (R)
2 3-MeCeH, 4b 3 32 91 (R)
3 3-MeOCqH, 4c 3 32 98 (R)
4 3-CICH, 4d 35 38 90 (R)
5 3-NO,CeH, de 45 48 80
6 1-Naphthyl 4f 3 22 90
7 4-MeOC4H, 4g 4 44 39
8 4-rBuCeH, 4h 4 32 67
9 4-BrCeH, 4i 4 36 34 (R)
10 4-NO,CcH, 4j 45 26 20

a) Reagents and conditions: catalyst 2a (5 mol%), p-toluic acid (5 mol%), piperidine‘TFA (5 mol%), urea (0.6 mmol), aldehyde (0.5 mmol), ethyl aceto-
acetate (1.0 mmol), THF (1.0 mL), room temperature; b) isolated yield; c) determined by HPLC analysis (Chiralcel OD-H or AD-H); d) the absolute config-

uration was determined by comparison of the retention time with the ref. [28, 35].

T5-1: Re face favored
R-product generated

N

Figure 1 Plausible transition states in the asymmetric Biginelli reaction.

respectively, could further constrain the rotation of enamine,
which leaded to the higher enantioselectivity of the process.
The cation-n supramolecular interaction between piperi-
dine - TFA and calix[4]arene cavity can be confirmed by 'H
NMR chemical shift change of the piperidine moiety in
CDCl; induced by the ring current effect of calix[4]arene
[40]. As shown in Figure 2, all the chemical shift of meth-
ylene protons (H,, Hg and H,) on piperidine ring moved

T8-2: Si face disfavored
S-product generated

toward higher field (Ad = 0.053, 0.069 and 0.090 ppm, re-
spectively) because of the shield effect induced by ca-
lix[4]arene cavity. The degrees of the chemical shift chang-
es of methylene protons (Ad: H, < Hg < H,) demonstrated
the orientation of piperidine ring in the cavity (Distance
between methylene and cavity: D, < Dg < D,) which was in
agreement with the model in transition states (Figure 1).
Furthermore, the achiral Brgnsted acid (p-toluic acid) as the
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(a)
T
p p H,
al + o
(b) N TFA- (1
HH
0.053 0.059\ 0.090
(1+11)
(c)
e T T T T
4.00 3.50 3.00 2.50 2.00 1.50
& (ppm)

Figure 2
mM; (b) piperidine - TFA (II) at 5 mM; (c) complex (I + II) at 100 mM.

donor of double hydrogen bond was one of important com-
ponents of six-membered-ring in TS-1. Therefore, the in-
volvement of p-toluic acid, calix[4]arene scaffold, and pi-
peridine-TFA in this reaction was quite crucial for the good
enantioselectivities.

4 Conclusions

In conclusion, we have developed a series of novel supra-
molecular organocatalysts of hydroxyprolinamide based on
the upper rim of calix[4]arene scaffold for the enantioselec-
tive Biginelli reaction. Under the optimal conditions, the
reactions occurred with moderate-to-excellent ee values,
especially the reactions of meta-substituted aromatic alde-
hydes with electron-donating groups and the fused-ring al-
dehyde afforded excellent enantioselectivities (90%—98%
ee). A plausible transition state constructed by the supramo-
lecular interactions including hydrogen bond and cation-nt
have been proposed to demonstrate the importance of ca-
lix[4]arene scaffold, p-toluic acid, and piperidine-TFA. This
work has further extended the application of calixarene in
asymmetric catalysis and presented an new way to prepare
valuably optically active 3,4-dihydropyrimidin-2-(1H)-
ones from enantioselective Biginelli reaction.

We gratefully acknowledge financial support from the National Natural
Science Foundation of China (21002009, 21072093 & 20872051), the
Doctoral Fund of Ministry of Education of China (20090091110017), and
Priority Academic Program Development of Jiangsu Higher Education
Institutions. This research was also supported by the Fundamental Re-
search Funds for the Central Universities (1107020526 & 1103020505).

1 Schreiner PR. Metal-free organocatalysis through explicit hydrogen
bonding interactions. Chem Soc Rev, 2003, 32: 289-296

2 Cacciapaglia, R, Stefano SD, Mandolini L. Effective molarities in
supramolecular catalysis of two-substrate reactions. Acc Chem Res,

10

11

12

13

14

15

16

18

'"H NMR chemical shift change of the piperidine moiety in CDCl; induced by the ring current effect of calix[4]arene. (a) Calix[4]arene (I) at 5

2004, 37: 113-122

Kovbasyuk L, Krimer R. Allosteric supramolecular receptors and
catalysts. Chem Rev, 2004, 104: 3161-3187

Gianneschi NC, Masar III MS, Mirkin CA. Development of a coor-
dination chemistry-based approach for functional supramolecular
structures. Acc Chem Res, 2005, 38: 825-837

Hoogenboom R, Schubert US. The use of (metallo-)supramolecular
initiators for living/controlled polymerization techniques. Chem Soc
Rev, 2006, 35: 622-629

Hattori G, Hori T, Miyake Y, Nishibayashi Y. Design and prepara-
tion of a chiral ligand based on a pseudorotaxane skeleton: Applica-
tion to rhodium-catalyzed enantioselective hydrogenation of en-
amides. J Am Chem Soc, 2007, 129: 12930-12931

Laungani AC, Slattery JM, Krossing I, Breit B. Supramolecular bi-
dentate ligands by metal-directed in situ formation of antiparallel
b-sheet structures and application in asymmetric catalysis. Chem Eur
J, 2008, 14: 4488-4502

Clarke ML, Fuentes JA. Self-assembly of organocatalysts: Fine-tuning
organocatalytic reactions. Angew Chem Int Ed, 2007, 46: 930-933

Reis O, Eymur S, Reis B, Demir AS. Direct enantioselective aldol
reactions catalyzed by a proline-thiourea host-guest complex. Chem
Commun, 2009, 1088—-1090

Bohmer V. Calixarenes, macrocycles with (almost) unlimited possi-
bilities. Angew Chem Int Ed, 1995, 34: 713-745

Ikeda A, Shinkai S. Novel cavity design using calix[n]arene skeletons:
Toward molecular recognition and metal binding. Chem Rev, 1997, 97:
1713-1734

Casnati A, Sansone F, Ungaro R. Peptido- and glycocalixarenes:
Playing with hydrogen bonds around hydrophobic cavities. Acc Chem
Res, 2003, 36: 246-254

Oueslati 1. Calix(aza)crowns: Synthesis, recognition, and coordina-
tion. Tetrahedron, 2007, 63: 10840-10851

Homden DM, Redshaw C. The use of calixarenes in metal-based ca-
talysis. Chem Rev, 2008, 108: 5086-5130

Sliwa W, Deska M. Calixarene complexes with soft metal ions.
ARKIVOC, 2008, i: 87-127

Xu ZX, Li GK, Chen CF, Huang ZT. Inherently chiral calix[4]arene-
based bifunctional organocatalysts for enantioselective aldol reac-
tions. Tetrahedron, 2008, 64: 8668—-8675

Miao R, Xu ZX, Huang ZT, Chen CF. Enantiopure inherently chiral
calix[4]arene derivatives containing quinolin-2-yl-methanol moiety:
Synthesis and application in the catalytic asymmetric addition of di-
ethylzinc to benzaldehyde. Sci Chin Ser B Chem, 2009, 52: 505-512
Li ZY, Chen JW, Liu Y, Xia W, Wang L. The use of calixarenes in
asymmetric catalysis. Curr Org Chem, 2011, 15: 39-61



1734

19

20

21

22

23

24

25

26

27

28

29

30

LiZY, et al.

Li ZY, Chen JW, Wang L, Pan Y. Highly enantioselective direct aldol
reactions catalyzed by proline derivatives based on a calix[4]arene
scaffold in the presence of water. Synlett, 2009, 2356-2360

Li ZY, Lu CX, Huang G, Ma JJ, Sun H, Wang L, PanY. Novel pro-
linamide organocatalysts based on calix[4]arene scaffold for the en-
antioselective direct aldol reaction. Lett Org Chem, 2010, 7: 461-466

Biginelli P. Aldehyde-urea derivatives of aceto- and oxaloacetic acids.

Gazz Chim Ital, 1893, 23: 360—413

Atwal KS, Swanson BN, Unger SE, Floyd DM, Moreland S, Hedberg
A, O’Reilly BC. Dihydropyrimidine calcium channel blockers.
3.3-Carbamoyl-4-aryl-1,2,3,4-tetrahydro-6-methyl-5-pyrimidinecarbo
xylic acid esters as orally effective antihypertensive agents. J Med
Chem, 1991, 34: 806-811

Rovnyak GC, Kimball SD, Beyer B, Cucinotta G, DiMarco JD,
Gougoutas J, Hedberg A, Malley M, McCarthy JP, Zhang R, Mo-
reland S. Calcium entry blockers and activators: Conformational and
structural determinants of dihydropyrimidine calcium channel modu-
lators. J Med Chem, 1995, 38: 119-129

Kappe CO. Biologically active dihydropyrimidones of the Biginelli-
type —A literature survey. Eur J Med Chem, 2000, 35: 1043-1052
Kappe CO. The generation of dihydropyrimidine libraries utilizing
biginelli multicomponent chemistry. QSAR Comb Sci, 2003, 22:
630-645

Sadanandam YS, Shetty MM, Diwan PV. Synthesis and biological
evaluation of new 3,4-dihydro-6-methyl-5-N-methyl-carbamoyl-4-
(substituted phenyl)-2(1H)pyrimidinones and pyrimidinethiones. Eur
J Med Chem, 1992, 27: 87-92

Horton DA, Bourne GT, Smythe ML. The combinatorial synthesis of
bicyclic privileged structures or privileged substructures. Chem Rev,
2003, 103: 893-930

Xin J, Chang L, Hou Z, Shang D, Liu X, Feng X. An enantioselective
biginelli reaction catalyzed by a simple chiral secondary amine and
achiral Brgnsted acid by a dual-activation route. Chem Eur J, 2008,
14: 3177-3181

Goss JM, Schaus SE. Enantioselective synthesis of SNAP-7941:
Chiral dihydropyrimidone inhibitor of MCHI1-R. J Org Chem, 2008,
73: 7651-7656

Gonzdlez-Olvera R, Demare P, Regla I, Juaristi E. Application of
(15,48)-2,5-diazabicyclo[2.2.1]heptane derivatives in asymmetric or-
ganocatalysis: The biginelli reaction. ARKIVOC, 2008, vi: 61-72

31

32

33

34

35

36

37

38

39

40

41

Sci China Chem  November (2011) Vol.54 No.11

Yadav LDS, Rai A, Rai VK, Awasthi C. Chiral ionic liquid-catalyzed
Biginelli reaction: Stereoselective synthesis of polyfunctionalized
perhydropyrimidines. Tetrahedron, 2008, 64: 1420-1429

Gong LZ, Chen XH, Xu XY. Asymmetric organocatalytic biginelli
reactions: A new approach to quickly access optically active 3,4-
dihydropyrimidin-2-(1H)-ones. Chem Eur J, 2007, 13: 8920-8926
Chen XH, Xu XY, Liu H, Cun LF, Gong LZ. Highly enantioselective
organocatalytic biginelli reaction. J Am Chem Soc, 2006, 128:
14802-14803

Dondoni A, Massi A. Design and synthesis of new classes of hetero-
cyclic C-glycoconjugates and carbon-linked sugar and heterocyclic
amino acids by asymmetric multicomponent reactions (AMCRs). Acc
Chem Res, 2006, 39: 451-463

Huang YJ, Yang FY, Zhu CJ. Highly enantioseletive biginelli reac-
tion using a new chiral ytterbium catalyst: Asymmetric synthesis of
dihydropyrimidines. J Am Chem Soc, 2005, 127: 16386-16387
Mufioz-Muiiiz O, Juaristi E. An enantioselective approach to the
Biginelli dihydropyrimidinone condensation reaction using CeCl; and
InCl; in the presence of chiral ligands. ARKIVOC, 2003, xi: 16-26
Dondoni A, Massi A, Sabbatini S, Bertolasi V. Three-component
biginelli cyclocondensation reaction using C-glycosylated substrates.
Preparation of a collection of dihydropyrimidinone glycoconjugates
and the synthesis of C-glycosylated monastrol analogues. J Org
Chem, 2002, 67: 6979-6994

Li ZY, Ma JJ, Chen JW, Pan Y, Jiang J, Wang L. High-performance
liquid chromatography study of the nitration course of tetrabutoxyca-
lix[4]arene at the upper rim: Determination of the optimum condi-
tions for the preparation of 5,11,17-trinitro-25,26,27,28-tetrabuto-
xycalix[4]arene. Chin J Chem, 2009, 27: 2031-2036

Shaabani A, Bazgir A, Teimouri F. Ammonium chloride-catalyzed
one-pot synthesis of 3,4-dihydropyrimidin-2-(1H)-ones under solvent-
free conditions. Tetrahedron Lett, 2003, 44: 857-859

Ishihara S, Takeoka S. Host-guest assembly of pyridinium-conju-
gated calix[4]arene via cation-m interaction. Tetrahedron Lett, 2006,
47:181-184

Pappalardo S, Villari V, Slovak S, Cohen Y, Gattuso G, Notti A,
Pappalardo A, Pisagatti I, Parisi MF. Counterion-dependent proton-
driven self-assembly of linear supramolecular oligomers based on
amino-calix[S]arene building blocks. Chem Eur J, 2007, 13: 8164—
8173



