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Catalytic, Asymmetric Synthesis of 1,4-Benzoxazinones: A Remarkably
Enantioselective Route to a-Amino Acid Derivatives from o-Benzoquinone Imides

Jamison Wolfer, Tefsit Bekele, Ciby J. Abraham, Cajetan Dogo-Isonagie and Thomas Lectka

Department of Chemistry, Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218

General. Unless otherwise stated, all reactions were carried out under anhydrous, air-free conditions (under nitrogen). All solvents were dried and
distilled by standard procedures. The 'H and 13C NMR spectra were acquired on a Bruker Avance 400 MHz spectrometer. The 'H (400 MHz) and 13C
(101 MHz) chemical shifts are given in parts per million (8) with respect to TMS standards and residual chloroform or DMSO. Representative '"H NMR
spectra have been included below. FTIR spectra were recorded on a Bruker IFS-55 spectrometer and optical rotations were recorded on a Jasco P-1010
polarimeter at room temperature (25°C). Enantiomeric ratios were obtained using a Regis Technologies (R, R)-Whelk-01 chiral phase HPLC column and
a Waters 490 UV/vis detector (254 nm). Racemic standards were made using a 1:1 catalyst mixture of benzoylquinidine (3a) and it’s pseudoenantiomer
benzoylquinine (3b) under standard reaction condidtions. Benzoylquinidine, benzoylquinine! and 4,5-dichloro-2-aminophenol> were synthesized
according to literature procedures. Lead (IV) acetate and cerium ammonium nitrate were purchased from Aldrich and further purified by the methods
of Armarego and Perrin.® Purification of these reagents was essential. Acid chlorides were commercially available or were prepared from the
corresponding acids using oxalyl chloride. All other chemicals were purchased from Aldrich Chemical Corporation and Acros Organics and used

without further purification.

General procedure for the N-acylation of 2-aminophenols (10): 4,5-Dichloro-2-aminophenol (0.01 mol) and 4-nitrobenzoy! chloride (0.01 mol)
were dissolved in 25 mL of THF and heated to reflux for 12 h. The reaction mixture was cooled to room temperature and concentrated in vacuo.
Column chromatography on silica (EtOAc/hexanes eluent) gave pure product. The same procedure was used to synthesize 9-fluorenylmethyl 3,5-
dichloro-2-hydroxy-4-methylphenylcarbamate (10e) using 9-fluorenylmethyl chloroformate and 6-amino-2,4-dichloro-3-methylphenol.

General procedure for the synthesis of benzoquinone imides (2): Pb(OAc), was added to a solution of the aminophenol (0.015 mol) in 15 mL
CHCI, at room temperature. After 10 min the reaction was filtered through a short plug of celite and the filtrate concentrated in vacuo. The resulting
residue was dissolved in a minimal amount of CH,Cl, and the product crystallized with hexanes. The solid product is isolated by filtration and subjected

to several freeze/thaw [N, ()] cycles under vacuum to remove any remaining acetic acid. No further purification was necessary.

General procedure for the synthesis of 1,4-benzoxazinones (4a, 41, 4q): A solution of the quinone imide (0.12 mmol) in 2 mL THF was added to a
reaction flask containing acid chloride (0.12 mmol), Hunig’s base (0.12 mmol) and BQd (0.012 mmol) at —78°C. After stirring for 6 h, the reaction was

concentrated in vacuo and the crude residue was purified by column chromatography (EtOAc/hexanes as eluent).

General procedure for the synthesis of 1,4-benzoxazinone (40): A solution of 9-fluorenylmethyl-3,5-dichloro-2-hydroxy-4-methylphenylcarbamate
(10e) (0.12 mmol in 1 mL THF) was added to a suspension of Pb(OAc), (0.12 mmol) in 1 mL THF at —78°C. After 5 min, a solution of Hiinig’s base
(0.36 mmol) in 1 mL THF was added followed by acid chloride (0.12 mmol) and BQd (0.012 mmol in 0.5 mL THF). The reaction was stirred at —78°C
for 4 h, and then concentrated in vacuo. The crude residue was purified by column chromatography on Florisil® (EtOAc/hexanes as eluent).

General procedure for the synthesis of N-aryl-a-amino acid methyl esters (5a-5h, Sk-Sm, 5p): The above procedure for 4a was followed. The
reaction was quenched with 2 mL of methanol at —=78°C. After warming to room temperature overnight the reaction mixture was concentrated in vacuo.
The crude product was purified by column chromatography on silica gel (EtOAc/hexanes as eluent).

(1) Pracejus, H.; Maetje, H. J. Prakt. Chem. 1964, 24, 195.
(2) Lok, R.; Leone, R. E.; Williams, A. J. J. Org. Chem. 1996, 61, 3289-3297.
3) Armarego, W. L. F.; Perrin, D. D. Purification of Laboratory Chemicals, 4" ed.; Butterworth-Heinemann: Oxford, 1999.



General procedure for the synthesis of N-Fmoc-N-aryl-a-amino acid methyl esters (5n, 50): The procedure for 40 was followed. The reaction
was quenched with 2 mL of methanol at —=78°C. After warming to room temperature overnight the reaction mixture was concentrated in vacuo. The

crude product was purified by column chromatography on silica gel (EtOAc/hexanes as eluent).

General procedure for the CAN oxidation of N-aryl-a-amino acid methyl esters (6d, 6e, 60): Water and MeCN were sparged with nitrogen prior
to use. Cerium ammonium nitrate (0.45 mmol) in 1 mL water was added to a solution of N-aryl-a-amino acid methyl ester (6b) (0.15 mmol) in 3 mL
MeCN at —10°C. The reaction was allowed to warm to room temperature slowly over 12 h. The reaction mixture was then washed with water, and
extracted with CH,Cl,. The combined organic layers were dried over Na,SO, and concentrated in vacuo. The product was then purified by column
chromatography on silica gel (EtOAc/hexanes as eluent).

Synthesis of (R)-Methyl 2-(3,5-dichloro-2-hydroxy-4-methylphenylamino)-3-phenylpropanoate (8): (R)-methyl 2-(N-(9-fluorenylmethylcarbonyl-
N-3,5-dichloro-2-hydroxy-4-methylphenylamino))-3-phenylpropanoate (50) (0.11 mmol) was dissolved in 3 mL THF at 0°C and piperidine (0.011 mmol)
was added. After 5 h the reaction was quenched with methanolic HCI (2 mL). The crude reaction mixture was washed with water, dried over Na,SO,,
and concentrated in vacuo. The product was purified by column chromatography on silica gel (EtOAc/hexanes as eluent).

Characterization Data:

Cljij[OH
Cl NH
(o}

NO,

N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamide (10a). Yellow crystalline solid: % yield = 92; mp = 236-237° C; 'H NMR (DMSO) 6 10.63 (s,
1H), 9.97 (s, 1H), 8.36 (d, 2H), 8.17 (d, 2H), 7.95 (s, 1H), 7.12 (s, 1H) ppm; 13C NMR (CDCls) 8 164.42, 150.29, 149.74, 140.20, 129.37, 127.74, 126.21,

126.17, 124.03, 120.49, 117.30 ppm; IR (CH,Cl,) 3422, 3190, 1682 cm™!. Anal Calcd for C;3HgCl,N,0, C, 47.73; H, 2.47; N, 8.56. Found C, 47.51; H,
2.38; N, 8.61.

: :OH
t-Bu NH

(o)

NO,

N-(5-tert-butyl-2-hydroxyphenyl)-4-nitrobenzamide (10c). Yellow crystalline solid: % yield = 56; mp = 177-178° C; 'H NMR (DMSO) & 10.2 (s,
1H), 9.68 (s, 1H) 8.41 (d, 2H), 8.22 (d, 2H), 7.32 (s, 1H), 7.18 (m, 1H) 6.85 (m, 1H) 1.22 (s, 9H), ppm; !3C NMR (DMSO) & 161.3, 149.3, 141.8, 126.4,
126.2,125.4,124.1, 123.6, 122.5, 121.3, 120.8, 120.5, 117.2, 34.2, 31.7 ppm; IR (CH,Cl,) 3413, 3208, 1681 cm~!. Anal Calcd for C;7H,yN,0, C, 64.96; H,
5.77;N, 8.91. Found C, 64.81; H, 5.82; N, 8.85.
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(o}
NOg
N-(2-hydroxy-5-(trifluoromethyl)phenyl)-4-nitrobenzamide (10d).* Yellow crystalline solid: % yield = 82; mp = 158-160° C; 'H NMR (DMSO) §

10.72 (s, 1H), 9.88 (s, 1H) 8.51 (d, 2H), 8.27 (d, 2H), 7.42 (s, 1H), 7.24 (m, 1H) 6.93 (m, 1H) ppm; !3C NMR (DMSO) 8 166.8, 154.2, 149.7, 145.2, 143.7,
141.1, 127.5,126.7, 125.2, 125.0, 124.3, 122.5, 119.8, 118.3 ppm; IR (CH,Cl,) 3436, 3241, 1692 cm™!.

Cl

Cl ’i‘H
Fmoc

(9H-Fluoren-9-yl)methyl 3,5-dichloro-2-hydroxy-4-methylphenylcarbamate (10e). Light brown crystalline solid: % yield = 89; mp= 164-167° C;
THNMR (CDCl3) & 7.98 (s, 1H), 7.79 (d, 2H), 7.62 (d, 2H), 7.42 (t, 2H), 7.34 (t, 2H) 7.06 (s, 1H), 4.54 (d, 2H), 4.30 (t, 1H), 2.41 (s, 3H) ppm; 13C NMR
(CDCly) 155.21, 146.80, 142.67, 140.01, 132.24, 131.46, 130.39, 130.11, 129.24, 128.33, 126.31, 124.03, 122.61, 71.31, 48.55, 25.46 & ppm; IR (CH,Cl,)
1621 em~!. Anal Calcd for C,,H,;,Cl,NO; C, 63.78; H, 4.14; N, 3.38. Found C, 63.66; H, 4.10; N, 3.31.

Cl N
[0)

NO,

N-(3,4-dichloro-6-oxocyclohexa-2,4-dienylidene)-4-nitrobenzamide (2a). Orange crystalline solid: % yield = 100; mp = 112° C; 'H NMR (CDCls) 6
8.29 (d, 2H), 7.96 (d, 2H), 7.16 (s, 1H), 6.69 (s, 1H) ppm; 13C NMR (CDCl3) d 177.88, 173.52, 150.55, 149.97, 149.73, 141.72, 136.42, 129.44, 129.32,
127.53, 123.90, ppm; IR (CH,Cl,) 1690, 1666 cm™!. Anal Calcd for C,3H¢CI,N,0,4 C, 48.03; H, 1.86; N, 8.62. Found C, 48.12; H, 1.91; N, 8.58.

jod
t-Bu N

(o}
N02
N-(4-tert-butyl-6-oxocyclohexa-2,4-dienylidene)-4-nitrobenzamide (2¢). Yellow crystalline solid: % yield = 72; mp= 132-134° C; 'H NMR
(CDCl,) 6 8.21 (d, 2H), 8.03 (d, 2H), 7.65 (s, 1H), 7.02 (m, 1H), 6.91 (m, 1H), 1.42 (s, 9H) ppm; !3C NMR (CDCl;) § 181.3, 163.2, 158.3, 147.3, 132.8,

130.2, 129.5, 128.4, 127.6, 126.1, 125.3, 122.4, 122.1, 38.7, 28.4 ppm; IR (CH,Cl,) 1683, 1662 cm-!. Anal Calcd for C;;H (N,O, C, 65.38; H, 5.16; N,
8.97. Found C, 65.29; H, 5.09; N, 8.91.

(4) Sato, Y.; Yamada, M.; Yoshida, S.; Soneda, T.; Ishikawa, M.; Nizato, T.; Suzuki, K.; Konno, F. J. Med Chem. 1998, 41, 3015-3021.
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FsC N

(o)

NO,

4-Nitro-N-(6-0x0-3-(trifluoromethyl)cyclohexa-2,4-dienylidene)benzamide (2d). Yellow crystalline solid: % yield = 82.4; mp= 178-181° C; 'H
NMR (CDCly) 6 8.28 (d, 2H), 8.13 (d, 2H), 7.75 (s, 1H), 7.42 (m, 1H), 7.31 (m, 1H), ppm; 13C NMR (CDCls) & 183.3, 160.7, 159.0, 154.7, 135.3, 133.7,
132.4,130.9, 129.2, 126.6, 125.1, 125.0, 121.4, 120.3, ppm; IR (CH,Cl,) 1691, 1678 cm~! Anal Calcd for C;,H;F;N,0, C, 51.86; H, 2.18; N, 8.64. Found
C,51.77; H, 2.12; N, 8.66.

Cl j@:oio
cl N7 NiBu
p-NOzPh/kO

(R)-6,7-dichloro-3-isobutyl-4-(4-nitrobenzoyl)-3,4-dihydrobenzo[b][1,4]oxazin-2-one (4a). Clear viscous yellow oil: % yield = 65; % ee = 99; [a]p
=-5.12° (¢ = 0.004, CHCl3, 25°C); 'H NMR (CDCl;) & 8.28 (d, 2H), 8.17 (d, 2H) 7.41 (s, 1H), 7.32 (s, 1H), 4.43 (m, 1H), 2.21 (m, 2H), 1.02 (d, 3H), 0.98
(d, 3H) ppm; 13C NMR (CDCl,) & 161.9, 157.7, 132.8, 131.4, 130.8, 130.2, 129.5, 128.4, 127.6, 126.8, 126.1, 125.3, 122.4, 122.1, 73.2, 28.4, 13.2, 10.8,
9.2 ppm; IR (CH,Cl,) 1774, 1731 cm™!. Enantiomeric excess was determined by chiral phase HPLC assay of the methanolysis product 5a. Anal Calcd
for C;gH 4Cl,N,05 C, 53.92; H, 3.81; N, 6.62. Found C, 53.87; H, 3.77; N, 6.58.

8
FsC N7 “Et

p-NO,Ph o]

(R)-3-ethyl-4-(4-nitrobenzoyl)-6-(trifluoromethyl)-3,4-dihydrobenzo[b][1,4]oxazin-2-one (4h). Light brown crystalline solid: % yield = 62; % ee
=99; mp= 125-127° C; [a]p = -42.3° (¢ = 0.005, CHCl;, 25°C); '"H NMR (CDCl;) & 8.32 (d, 2H), 7.82 (d, 2H) 7.44 (s, 1H), 7.32 (m, 1H), 7.22 (m, 1H)
4.78 (m, 1H), 2.23 (m, 2H), 1.19 (t, 3H) ppm; 13C NMR (CDCls) & 166.3, 152.4, 132.1, 131.8, 130.7, 129.2, 129.1, 128.7, 128.2, 127.3, 126.8, 125.8, 124.1,
123.4,73.1,22.8, 8.7 ppm; IR (CH,Cl,) 1875, 1719 cm™!. Enantiomeric excess was determined by chiral phase HPLC assay of the methanolysis product
5h. Anal Calcd for CjgH3F3N,05 C, 54.83; H, 3.32; N, 7.10. Found C, 54.76; H, 3.28; N, 7.19.

Cl

(R)-(9H-fluoren-9-yl)methyl 3-benzyl-6,8-dichloro-7-methyl-2-ox0-2,3-dihydrobenzo[b][1,4]oxazine-4-carboxylate (40). Light yellow oil: %
yield = 62; % ee = 99; [alp=-12.02° (¢ = 0.010, CHCl;, 25°C); 'H NMR (CDCly) 8 7.78 (d, 2H), 7.58 (d, 2H), 7.43 (t, 2H), 7.34 (t, 2H), 7.18-7.24 (m,
5H), 6.51 (s, 1H), 4.41 (d, 2H), 4.27 (dd, 2H), 4.21 (t, 1H), 2.91-3.22 (m, 2H), 2.35 (s, 3H) ppm; 3C NMR (CDCl;) 8 168.75, 153.89, 148.26, 143.69,
143.48, 140.01, 134.12, 132.76, 131.21, 130.46, 128.62, 128.14, 127.91, 127.74, 126.46, 121.72, 120.91, 120.43, 68.24, 64.93, 34.34, 7.21, ppm; IR
(CH,CL,) 1632, 1735 cm™!. Enantiomeric excess determined by HPLC assay of the methyl ester (50). Anal Caled for C3;H,3CLNO, C, 68.39; H, 4.26;
N, 2.57. Found C, 68.46; H, 4.32; N, 2.51.
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(R)-3-benzyl-6-tert-butyl-4-(4-nitrobenzoyl)-3,4-dihydrobenzo[b][1,4]oxazin-2-one (4q). Light brown crystalline solid: % yield = 61; % ee = 99;
mp= 182-184° C; [a]p = -4.03° (¢ = 0.011, CHCls, 25°C); 'H NMR (CDCls) 3 8.28 (d, 2H), 8.21 (d, 2H) 7.84 (s, 1H), 7.42 (m, 1H), 7.32 (m, 1H) 4.53 (m,
1H), 3.29 (m, 1H), 3.22 (m, 1H), ppm; 13C NMR (CDCl;) 8 164.9, 159.7, 131.8, 131.4, 130.3, 129.8, 129.1, 128.7, 128.2, 127.6, 127.3, 126.3, 126.1, 125.7,

125.2,124.9, 124.4,123.8, 123.1, 122.5, 70.2, 36.3, ppm; IR (CH,Cl,) 1782, 1730 cm~!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 7.83,
(S) = 8.75. Anal Calcd for C,¢H,4N,05 C, 70.26; H, 5.44; N, 6.30; Found C, 70.37; H, 5.37; N, 6.24.

BYSN
cl N7 SEt
p-NOZPh/kO

(R)-(6,7-dichloro-3-ethyl-2,3-dihydrobenzo[b][1,4]oxazin-4-yl)(4-nitrophenyl)methanone (7b). Prepared according to literature procedure.5
Clear viscous red oil: % yield = 77; % ee = 99; [a]p = 109.4° (c = 0.012, CHCl;, 25°C); 'H NMR (CDCly) 6 8.21 (d, 2H), 7.62 (d, 2H) 6.93 (s, 1H), 6.48
(s, 1H), 4.81 (m, 1H), 4.43 (m, 1H), 4.31 (m, 1H), 1.65 (m, 2H), .97 (t, 3H) ppm; 13C NMR (CDCl;) & 154.6, 131.2, 131.0, 129.6, 129.2, 128.8, 128.2,

127.3,126.9, 125.1, 124.7, 122.1, 122.0, 70.2, 60.8 23.4, 8.7 ppm; IR (CH,Cl,) 1728 cm™!. Anal Caled for C;;H,,CLN,0, C, 53.56; H, 3.70; N, 7.35.
Found C, 53.58; H, 3.77; N, 7.30.

JO SN
FsC N7 Et
p-NOzPh/gO

(R)-(3-ethyl-6-(trifluoromethyl)-2,3-dihydrobenzo[b][1,4]oxazin-4-yl)(4-nitrophenyl)methanone (7). Prepared according to literature

procedure.’ Clear viscous yellow oil: % yield = 68; % ee = 99; [a]p = 68.9° (¢ = 0.004, CHCl3, 25°C); 'H NMR (CDCly) § 8.11 (d, 2H), 7.72 (d, 2H) 7.33
(s, 1H), 7.22 (m, 1H), 7.18 (m, 1H) 4.61 (m, 1H), 2.20 (m, 2H), 1.17 (t, 3H) ppm; 13C NMR (CDCl;) & 152.4, 130.2, 130.0, 129.4, 129.2, 128.3, 128.1,

127.2,126.9, 126.1, 125.3, 123.2, 122.8, 72.1, 63.8 22.4, 8.3 ppm; IR (CH,Cl,) 1724 cm~!. Anal Calcd for CioH;5sF3N,0,4 C, 56.85; H, 3.98; N, 7.37.
Found C, 56.75; H, 3.91; N, 7.42.

Cl
HO Cl
O,
N OMe
p-NOLPh
i-BU (o)

(R)-methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)-4-methylpentanoate (5a). Dark orange crystalline solid: % yield = 73; % ee
=99; mp=74°C; [a]p=-12.02° (¢ =0.010, CHCl3, 25°C); 'H NMR (CDCly) 8 10.02 (s, 1H), 8.05 (d, 2H), 5.15 (dd, 1H), 3.93 (s, 3H), 1.54 (t, 2H), 1.36
(m, 1H), 0.97 (d, 6H)ppm; 13C NMR (CDCls) & 171.85, 169.23, 154.48, 148.27, 140.81, 133.41, 129.30, 126.47, 125.27, 123.37, 122.42, 120.91, 58.34,

52.11,37.43,22.81,22.52 ppm; IR (CH,Cly) 3211, 1728, 1677 cm™!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 21.4, (S) = 24.2. Anal
Caled for CygH,yCl,N,04 C, 52.76; H, 4.43; N, 6.15. Found C, 52.67; H, 4.38; N, 6.19.

(5) Verma, P.; Singh, S.; Dikshit, D. K.; Suprabhat, R. Synthesis 1987, 1, 68-70.



Cl

HO Cl
0,
N OMe
p-NOLPH
Et (0]

(R)-methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)butanoate (5b). Yellow crystalline solid: % yield = 63; % ee = >99; mp= 74°
C; [alp=+8.3°(c =0.010, CHCl3, 25°C); 'H NMR (CDCly) & 10.02 (s, 1H), 8.08 (d, 2H), 7.42 (d, 2H), 7.02 (s, 1H), 6.96 (s, 1H), 4.84 (dd, 1H), 3.94 (s,
3H), 1.41-1.62 (m, 2H), 0.98 (t, 3H) ppm; 13C NMR (CDCl;) & 177.95, 170.25, 154.48, 148.42, 140.84, 134.91, 129.90, 127.77, 124.38, 123.43, 122.82,

120.56, 61.40, 53.81, 23.03, 10.90 ppm; IR (CH,Cl,) 3191, 1735, 1677 cm™!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 21.90, (S) =
24.24. Anal Calcd for Cy3H9Cl,N,04 C, 50.60; H, 3.77; N, 6.56. Found C, 50.58; H, 3.72; N, 6.63.

Cl
HO Cl
O,
N OMe
p-NO,Ph
Me o

(R)-methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)propanoate (5c). Light yellow crystalline solid: % yield = 69; % ee = 99; mp=
56°C; [alp=-12.6° (¢ = 0.010, CHCl;, 25°C); '"H NMR (CDCls) 8 9.81 (s, 1H), 8.10 (d, 2H), 7.46 (d, 2H), 7.02 (s, 1H), 7.01 (s, 1H), 5.14 (q, 1H), 3.94
(s, 3H), 1.27 (d, 3H) ppm; 13C NMR (CDCl;) 8 177.98, 170.08, 154.44, 148.45, 140.76, 134.94, 132.28, 128.31, 127.91, 124.21, 123.39, 122.99, 119.97,

54.06, 15.51, 1.02 ppm; IR (CH,Cl,) 3228, 1729, 1672cm™!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 18.28, (S) = 23.36. Anal Calcd
for C;;H,,CLLN,04 C, 49.41; H, 3.42; N, 6.78. Found C, 49.47; H, 3.35; N, 6.85.

Cl
HO Cl
O,
N OMe
p-NO,Ph
Bn [0}

(R)-Methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)-3-phenylpropanoate (5d). Yellow crystalline solid: % yield = 63; % ee =
>99; mp=82° C; [a]p=+13.99° (¢ =0.010, CHCl3, 25°C); 'H NMR (CDCl3) 8 9.47 (s, 1H), 8.04 (d, 2H), 7.48 (m, 3H), 7.32 (s, 1H), 6.78 (s, 1H), 5.04
(s, 1H), 4.06 (q, 1H), 3.96 (s, 3H), 3.50 (q, 1H) ppm; 13C NMR (CDCl5) § 177.08, 169.40, 152.45, 148.43, 140.28, 137.35, 134.06, 129.94, 129.32, 128.90,

128.26, 128.17, 127.80, 123.48, 123.26, 119.82, 68.51, 54.35, 34.40 ppm; IR (CH,Cl,) 3191, 1735, 1677 cm~!. HPLC (Whelk-01, 10% i-PrOH/hexanes,
1.0 mL/min) (R) = 18.53, (S) =20.90. Anal Calcd for Cy3H¢CI,N,O4 C, 56.46; H, 3.71; N, 5.73. Found C, 56.53; H, 3.76; N, 5.78.

Cl
HO Cl
O,
>—N OMe
p-NOLPH H
Ph (0}

(R)-Methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)-2-phenylacetate (5e). Light brown crystalline solid: % yield = 66; % ee =
>99; mp=91° C; [a]p=-21.01° (¢ =0.010, CHCl;, 25°C); 'H NMR (CDCl;) 8 9.64 (s, 1H), 8.04 (d, 2H), 7.48 (d, 2H), 7.25 (m, 4H), 7.14 (d, 2H), 6.82 (s,
1H), 6.31 (s, 2H), 3.74 (s, 3H) ppm; 13C NMR (CDCls) & 175.41, 169.97, 154.04, 148.47, 140.53, 134.20, 132.60, 130.74, 130.03, 129.63, 129.28, 128.25,
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124.99, 123.27, 122.62, 119.71, 64.82, 54.24 ppm; IR (CH,Cl,) 3227, 1731, 1673cm"!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 14.22,
(S) =22.05. Anal Calcd for C,HoCl,N,0O5 C, 57.28; H, 3.93; N, 6.07. Found C, 57.35; H, 3.91; N, 6.12.

Cl

(R)-Methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)-3-phenoxypropanoate (5f). Orange crystalline solid: % yield = 72; % ee =
>99; mp= 61-62° C; [a]p = +18.4° (¢ = 0.010, CHCl;, 25°C); 'H NMR (CDCl3) 6 9.10 (s, 1H), 8.14 (dd, 4H), 7.28-7.6 (m, 7H), 4.96 (m, 1H), 4.67 (m,
1H), 4.43 (m, 1H), 3.96 (s, 3H) ppm; 3C NMR (CDCl5) 6 176.18, 170.07, 151.48, 148.82, 139.88, 136.15, 132.73, 129.84, 129.02, 128.87, 128.49, 128.14,

127.08, 123.38, 123.12, 120.21, 70.51, 54.39, 34.12 ppm; IR (CH,Cl,) 3261, 1728, 1666 cm™!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) =
23.45, (S) =26.36. Anal Calcd for C,3HoCl,N,0, C, 54.67; H, 3.59; N, 5.54. Found C, 54.73; H, 3.64; N, 5.59.

Cl
HO Cl
O,
>—N OMe
p-NOLPH 3
{ ©
OPh

(S)-Methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)-3-phenoxypropanoate (S-5f). Orange crystalline solid: % yield = 73; % ee =
99; mp= 61-62° C; [a]p = -27.3° (¢ = 0.009, CHCl3, 25°C); 'H NMR (CDCly) 8 9.10 (s, 1H), 8.14 (dd, 4H), 7.28-7.6 (m, 7H), 4.96 (m, 1H), 4.67 (m, 1H),
4.43 (m, 1H), 3.96 (s, 3H) ppm; 13C NMR (CDCly) & 176.18, 170.07, 151.48, 148.82, 139.88, 136.15, 132.73, 129.84, 129.02, 128.87, 128.49, 128.14,

127.08, 123.38, 123.12, 120.21, 70.51, 54.39, 34.12 ppm; IR (CH,Cl,) 3261, 1728, 1666 cm"!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) =
23.45, (S) = 26.36. Anal Calcd for Cy3H ,oCLLN,0, C, 54.67; H, 3.59; N, 5.54. Found C, 54.59; H, 3.51; N, 5.51.

Cl
HO Cl
O,
N OMe
p-NOLPH
// 0

Et

(R)-methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)hex-3-ynoate (5g). Yellow crystalline solid: % yield = 59; % ee = 99; mp=
75-77° C; [alp = -6.96° (¢ = 0.008, CHCl;, 25°C); 'H NMR (CDCl3) 8 9.21 (s, 1H), 8.19 (d, 2H), 8.01 (d, 2H), 7.44 (s, 1H), 6.9 (s, 1H), 5.52 (s, 1H), 3.68
(s, 3H), 2.15 (q, 2H), 1.24 (t, 3H) ppm; 13C NMR (CDCl;) & 174.07, 170.29, 153.25, 150.42, 141.23, 131.19, 129.11, 128.20, 127.11, 126.37, 124.49,

122.70, 121.42, 119.82, 85.91, 77.29, 53.44, 52.87, 18.70, 15.29 ppm; IR (CH,Cl,) 1731, 1659 cm"!. HPLC (Whelk-01, 5% i-PrOH/hexanes, 1.0 mL/min)
(R) = 14.44, (S) = 15.69. Anal Calcd for C,oH 4C;,N,04 C, 53.23; H, 3.57; N, 6.21. Found C, 53.76; H, 3.49; N, 6.23.
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Cl

HO Cl
O,
>~N OMe
p-NO,PH
\ 0]
Ph

(R)-methyl 2-(N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamido)-4-phenylbut-3-enoate (Sh). Yellow crystalline solid: % yield = 61; % ee =
99; mp= 81-84° C; [a]p = 24.3° (c = 0.009, CHCl;, 25°C); 'H NMR (CDCl;) & 9.18 (s, 1H), 8.09 (dd, 4H), 7.22-7.62 (m, 7H), 6.48 (d, 1H), 6.31(d, 1H),
5.47, (dd, 1H), 3.69 (s, 3H) ppm; 13C NMR (CDCl;) & 173.54, 171.42, 152.38, 150.87, 141.80, 136.35, 131.29, 130.05, 129.89, 128.46, 128.02, 127.86,
127.11, 126.48, 126.18, 125.28, 124.97, 123.32, 123.84, 122.55, 120.81, 118.09, 65.73, 55.31 ppm; IR (CH,Cl,) 1738, 1671cm"!. HPLC (Whelk-01, 20% i-
PrOH/hexanes, 1.0 mL/min) (R) = 25.39, (S) = 26.10. Anal Calcd for C,4H 3C;,N,O4 C, 57.50; H, 3.62; N, 5.59. Found C, 57.66; H, 3.59; N, 5.75.

cl
HO cl
o)
>—N NH,
p-NOLPH
o]

(R)-N-(1-amino-1-o0x0-3-phenoxypropan-2-yl)-N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamide (5i). Light brown oil: % yield = 71; % ee =
99; [a]p = +29.10° (¢ = 0.010, CHCls, 25°C); 'H NMR (CDCls) 9 8.11 (d, 2H), 7.54 (d, 2H), 7.35 (s, 1H), 6.91 (m, 5H), 6.83 (s, 1H), 6.70 (d, 2H), 5.43
(dd, 1H), 4.38 (q, 1H) 4.21 (m, 2H) ppm; '3C NMR (CDCl;) § 175.38, 172.16, 151.34, 148.22, 139.21, 136.31, 132.08, 129.94, 129.42, 128.72, 128.40,
128.12, 127.71, 124.18, 123.72, 120.51, 71.21, 55.05, 34.75 ppm; IR (CH,Cl,) 1731, 1756 cm™!. HPLC (Whelk-01, 20% i-PrOH/hexanes, 1.0 mL/min) (R)
=12.67, (S) = 18.10. Anal Calcd for C5,H,Cl,N;04 C, 53.89; H, 3.49; N, 8.57. Found C, 53.84; H, 3.55; N, 8.52.

cl
HO cl
o)
>—N HN—Bn
p-NOLPH H
Ef o]

(R)-N-(1-(Benzylamino)-1-oxobutan-2-yl)-N-(4,5-dichloro-2-hydroxyphenyl)-4-nitrobenzamide (5j). Light brown oil: % yield = 90; % ee = 99;
[alp = -3.92° (¢ = 0.010, CHCl;, 25°C); 'H NMR (CDCl3) 8 11.96 (s, 1H), 8.06 (d, 2H), 7.31-7.44 (m, 7H), 7.06 (s, 1H), 6.90 (t, 1H), 6.73 (s, 1H), 4.74
(dd, 1H), 4.58 (m, 2H), 1.46 (m, 2H), 0.98 (t, 3H) ppm; 13C NMR (CDCly) 8 171.51, 169.34, 152.01, 149.12, 141.82, 140.29, 130.05, 128.84, 128.56,
128.31, 127.09, 126.86, 126.26, 121.21, 63.56, 23.71, 9.10 ppm; IR (CH,Cl,) 1742 cm~!. HPLC (Whelk-01, 20% i-PrOH/hexanes, 1.0 mL/min) (R) =
31.14, (S) = 36.27. Anal Calcd for C,4H,,Cl,N;05 C, 57.38; H, 4.21; N, 8.36. Found C, 57.45; H, 4.25; N, 8.41.

HO CF3
O,
N OMe
p-NO,Ph
Bn O

(R)-Methyl 2-(N-(2-hydroxy-5-(trifluoromethyl)phenyl)-4-nitrobenzamido)-3-phenylpropanoate (5k). Yellow crystalline solid: % yield = 83; %
ee = 99; mp=201-202° C; [a]p = 23.8° (¢ =0.003, CHCl5, 25°C); 'H NMR (CDCl5) § 9.71 (s, 1H) 8.01 (d, 2H), 7.48 (d, 2H) 7.38 (s, 1H), 7.18 (m, 1H),
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6.78 (m, 1H) 5.38 (m, 1H), 4.12 (s, 3H) 3.32 (m, 1H), 3.28 (m, 1H) ppm; 13C NMR (CDCly) é ppm; 172.9, 161.7, 138.8, 131.4, 130.3, 129.8, 129.1, 128.7,
128.2,127.6, 127.3, 126.3, 126.1, 125.7, 125.2, 124.9, 124.4, 123.8, 123.1, 122.5, 121.2, 68.3.2, 52.1, 34.2 IR (CH,Cl,) 3230, 1747, 1692 cm~!. HPLC
(Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 13.0, (S) = 14.35. Anal Calcd for C,4HoF;N,O¢ C, 59.02; H, 3.92; N, 5.74. Found C, 59.09; H,
3.88; N, 5.68.

HO CF,
(@)
>—N OMe
p-NO,PH H
Et (0]

(R)-Methyl 2-(N-(2-hydroxy-4-(trifluoromethyl)phenyl)-4-nitrobenzamido)butanoate (51). Yellow crystalline solid: % yield = 71; % ee = 99;
mp=225-226° C; [a]p=43.9° (c =0.004, CHCl;, 25°C); 'H NMR (CDCly) 8 9.47, (s, 1H), 8.15 (d, 2H), 7.82 (d, 2H) 7.43 (s, 1H), 7.26 (m, 1H), 7.11 (m,
1H) 5.34 (m, 1H), 2.18 (m, 2H), 1.12 (t, 3H) ppm; 13C NMR (CDCl;) 8, 162.6, 152.8, 139.2, 131.2, 130.6, 127.6, 126.4, 126.1, 125.8, 125.3, 124.9, 124.6,
124.3,123.1, 122.4, 68.2, 22.4, 9.7 ppm; IR (CH,Cl,) 3237, 1747, 1689 cm~!. HPLC (Whelk-01, 5% i-PrOH/hexanes, 1.0 mL/min) (R) = 12.3, (S) = 13.4.
Anal Calcd for CgH7F;N,04 C, 53.53; H, 4.02; N, 6.57. Found C, 53.59; H, 4.11; N, 6.51.

HO CF3
(0]
N OMe
p-NO,Ph
i-Bu (0}

(R)-Methyl 2-(N-(2-hydroxy-5-(trifluoromethyl)phenyl)-4-nitrobenzamido)-4-methylpentanoate (5m). Yellow crystalline solid: % yield = 73; %
ee = 99; mp=215-217° C; [al]p = 12.7° (¢ = 0.004, CHCl;, 25°C); 'H NMR (CDCly) § 9.62 (s, 1H) 8.23 (d, 2H), 7.52 (d, 2H) 7.41 (s, 1H), 7.22 (m, 1H),
6.88 (m, 1H) 5.24 (m, 1H), 4.08 (s, 3H) 2.32 (m, 2H), 1.28 (m, 1H) 1.02 (d, 3H), .96 (d, 3H) ppm; 13C NMR (CDCl;) 8, 166.9, 157.7, 133.8, 130.4, 130.3,
130.2, 128.7, 128.4, 127.4, 126.9, 126.1, 125.8, 122.2, 122.0, 121.8, 69.2, 27.4, 13.1, 10.5, 9.8 ppm; IR (CH,Cl,) 3240, 1741, 1676 cm™!. HPLC (Whelk-01,
5% i-PrOH/hexanes, 1.0 mL/min) (R) = 11.2, (S) = 12.3. Anal Calcd for C,,H,;F3N,O¢ C, 55.51; H, 4.66; N, 6.16. Found C, 55.45; H, 4.61; N, 6.10.

Cl Me
HO Cl
Fmoc—N OMe

Et o

(R)-Methyl 2-(N-(9-fluorenylmethylcarbonyl-N-3,5-dichloro-2-hydroxy-4-methylphenylamino))butanoate (5n). Clear oil: % yield = 59; % ee =
99; [alp =-14.08° (¢ = 0.010, CHCl5, 25°C); 'H NMR (CDCls) 3 7.61 (d, 2H), 7.43 (d, 2H), 6.12 (s, 1H), 4.69 (d, 2H), 4.47 (dd, 1H) 4.31 (t, 1H), 2.36 (s,
3H), 1.44 (q, 2H), 0.99 (t, 3H) ppm; 13C NMR (CDCl;) 8 170.87, 153.67, 148.23, 143.59, 141.54, 141.06, 130.06, 128.81, 128.67, 128.53, 128.23, 127.41,
126.79, 126.39, 125.07, 68.42, 62.09, 50.94, 9.27 ppm; IR (CH,Cl,) 1651, 1712 cm~!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 15.2,
(S) = 16.4. Anal Calcd for C»;H,5Cl,NO5 C, 63.04; H, 4.90; N, 2.72. Found C, 63.11; H, 4.97; N, 2.79.
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Cl Me
HO Cl
Fmoc—N OMe

Bn @]

(R)-Methyl 2-(N-(9-fluorenylmethylcarbonyl-N-3,5-dichloro-2-hydroxy-4-methylphenylamino))-3-phenylpropanoate (50). White crystalline
solid: % yield = 62; % ee = 99; mp=268° C; [a]p =-11.26° (¢ =0.011, CHCl;, 25°C); 'H NMR (CDCly) 8 7.69 (d, 2H), 7.54 (d, 2H), 7.42 (t, 2H), 7.36 (t,
2H), 7.16-7.31 (m, 5H), 6.12 (s, 1H), 4.69 (d, 2H), 4.47 (dd, 1H) 4.31 (t, 1H), 3.62 (s, 3H), 3.07 (m, 2H), 2.35 (s, 3H) ppm; !3C NMR (CDCly) 9, 170.62,
155.32, 148.02, 143.91, 140.27, 131.29, 130.48, 129.37, 129.01, 128.78, 128.36, 127.98, 126.51, 126.91, 126.19, 124.29, 121.21, 68.18, 48.6, 63.24, 53.10,
8.44 ppm; IR (CH,Cl,) 1641, 1735 cm™!. HPLC (Whelk-01, 10% i-PrOH/hexanes, 1.0 mL/min) (R) = 14.21, (S) = 16.34. Anal Calcd for C;,H,;Cl,NO5

C, 66.67; H,4.72; N, 2.43. Found C, 66.61; H, 4.68; N, 2.49.

Cl Me
HO Cl
O,
N OMe
p-NO,Ph
F (0}

(R)-methyl 2-(N-(3,5-dichloro-2-hydroxy-4-methylphenyl)-4-nitrobenzamido)-2-fluoroacetate (5p). Clear oil: % yield = 60; % ee = 99; [alp =
16.76° (¢ = 0.011, CHCl;, 25°C); 'TH NMR (CDCls) 8 8.72 (s, 1H), 8.05 (dd, 4H), 7.22 (s, 1H), 6.34 (d, 1H), 3.65 (s, 3H), 2.37 (s, 3H) ppm; !3C NMR
(CDCL) 9, 171.05, 170.26, 153.27, 148.74, 142.37, 133.34, 129.94, 128.77, 128.31, 127.66, 125.55, 122.84, 122.05, 121.73, 118.37, 56.61, 10.81 ppm; IR

(CH,Cly) 1762, 1629 cm~!. HPLC (Whelk-01, 5% i-PrOH/hexanes, 1.0 mL/min) (R) = 21.02, (S) =23.51. Anal Calcd for C;;H3C,FN,O4 C, 47.35; H,
3.04; N, 6.50. Found C, 47.21; H, 3.18; N, 6.79.

O, /H
>—N OMe
p-NO,Ph H
Bn o

(R)-Methyl 2-(4-nitrobenzamido)-3-phenylpropanoate (6d). All analytical data are consistent with literature values.” White crystalline solid: %

yield =71 % ee = 99; [a]p=-17.23° (c = 0.010, CHCl;, 25°C).

p-NOLPH
PH o]

(R)-Methyl 2-(4-nitrobenzamido)-2-phenylacetate (6e). All analytical data matched literature values.” White crystalline solid: % yield = 58; % ee
=99; [a]p=-8.91° (c =0.011, CHCl,, 25°C); HPLC (Whelk-01, 20% i-PrOH/hexanes, 1.0 mL/min) (R) = 31.12, (S) = 34.36.

(6) Gelbard, G.; Kagan, H. B.; Stern, P. R. Tetrahedron 1976, 32, 233-237.
(7) Miyashi, T.; Nishizawa, Y.; Fujii, Y.; Yamakawa, K.; Kamata, M.; Akao, S.; MukaioT. J. Am. Chem. Soc. 1986, 108, 1617-1632.



(R)-Methyl 2-(4-nitrobenzamido)-3-phenoxypropanoate (6f). Yellow crystalline solid: % yield = 73; % ee = 99; mp=111-112° C; [a]p = 14.11° (¢
=0.011, CHCl3, 25°C); 'H NMR (CDCl;) 8 8.24 (d, 2H), 8.14(d, 2H), 7.23-7.41 (m, 5H), 4.87 (m, 1H), 4.45 (m, 2H), 3.66 (s, 3H) ppm; 13C NMR (CDCl;)
9, 172.38, 169.72, 158.91, 152.28, 140.29, 130.22, 129.46, 128.11, 127.94, 122.23, 121.78, 120.43, 119.86, 115.04, 114.75, 76.35, 55.45, 52.81 ppm; IR

(CH,Cl,) 1747, 1639 cm™!. HPLC (Whelk-01, 12% i-PrOH/hexanes, 1.0 mL/min) (R) = 25.82, (S) = 27.25. Anal Calcd for C;;H3C,FN,O4 C, 47.35; H,
3.04; N, 6.50. Found C, 47.21; H, 3.18; N, 6.79.

(0] /H
>——N OMe
p-NO,Ph
\ (0]
PR

(R)-methyl 2-(4-nitrobenzamido)-4-phenylbut-3-enoate (6h). White solid: % yield = 74; % ee = 99; [a]p = -12.2° (¢ = 0.009, CHCl;, 25°C); 'H
NMR (CDCly) 6 8.15 (d, 2H), 8.09 (d, 2H), 7.22-7.42 (m, 5H), 6.41 (d, 1H), 6.24 (m, 1H), 5.39, (m, 1H), 3.68 (s, 3H) ppm; !3C NMR (CDCl;) & 171.23,
170.61, 153.24, 142.89, 136.66, 130.37, 129.16, 128.61, 128.23, 127.84, 127.01, 126.82, 126.51, 125.90, 122.08, 121.72, 61.05, 55.69 ppm; IR (CH,Cl,)

1764, 1662 cm™!. HPLC (Whelk-01, 20% i-PrOH/hexanes, 1.0 mL/min) (R) = 18.23, (S) = 21.02. Anal Calcd for C;gH (N,05 C, 63.52; H, 4.74; N, 8.23.
Found C, 64.29; H, 4.21; N, 8.72.

,H
Fmoc—N OMe

Bn (0]

(R)-Methyl 2-(((9H-fluoren-9-yl)methoxy)carbonyl)-3-phenylpropanoate (60). All analytical data are consistent with literature values.® White
crystalline solid: % yield = 71; % ee = 99; [a]p = 16.28° (¢ = 0.010, CHCl,, 25°C); HPLC (Whelk-01, 20% i-PrOH/hexanes, 1.0 mL/min) (R) = 21.02, (S)
=23.64.

Cl Me
HO Cl
HN OMe
Bn O

(R)-Methyl 2-(3,5-dichloro-2-hydroxy-4-methylphenylamino)-3-phenylpropanoate (8). Light yellow oil: % yield = 92; % ee = 99; [a]p = -9.14° (¢
=0.010, CHCl3, 25°C); 'H NMR (CDCl3) 8 9.85 (s, 1H), 7.19-7.31 (m, 6H), 6.12 (s, 1H), 4.57 (m, 1H), 3.62 (s, 3H), 3.07 (m, 2H), 2.35 (s, 3H) ppm; 13C
NMR (CDCly) 6 171.23, 139.56, 139.24, 130.61, 130.29, 130.08, 129.37, 128.84, 128.64, 128.42, 128.23, 66.29, 53.18, 39.22, 7.40 ppm; IR (CH,Cl,) 1741

cm~!. HPLC (Whelk-01, 20% i-PrOH/hexanes, 1.0 mL/min) (R) = 41.28, (S) = 45.84. Anal Calcd for C;7H,;C,NO5 C, 57.64; H, 4.84; N, 3.95. Found C,
57.58; H, 4.81; N, 3.92.

(8) Dzubeck, V.; Schneider, J. P. Tetrahedron Lett. 2000, 41, 9953-9956.
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HoN OMe

Bn (0]

(R)-methyl 2-amino-3-phenylpropanoate (9). All analytical data matched known values. White solid: % yield = 68; % ee = 99; [a]p = -22.4° (¢ =
0.012, CHCl;, 25°C); HPLC (Whelk-01, 30 % i-PrOH/hexanes, 1.0 mL/min) (R) = 29.22, (S) = 32.41.

































