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Enantioselective Synthesis of Endocyclic B-Amino Acids with Two Contiguous
Stereocenters via Hydrogenation of 3-Alkoxycarbonyl-2-Substituted Quinolines
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Abstract: An enantioselective iridium-catalyzed hydrogenation of
3-alkoxycarbonyl-2-substituted quinoline derivatives is described.
This methodology provides a convenient route to enantiopure endo-
cyclic B-amino acids with two contiguous stereocenters with up to
90% ee.
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The tremendous importance of enantiomerically pure [-
amino acids has been well elucidated over the past few de-
cades.! Among them, conformationally constrained cyclic
B-amino acids have received considerable attention due to
their potential in pharmaceutical and agrochemical
drugs.? In addition, when incorporation into peptides or
peptido-mimetics, cyclic f-amino acids have a striking
ability to induce conformational restriction and create
specific structural effects; this has been used in structural
and biomechanistic investigations.> However, only limit-
ed methods have been reported for the synthesis of enan-
tioenriched cyclic f-amino acids, especially endocyclic -
amino acids.* Although there are a number of reported
methods for their synthesis available, for example, ring
opening of chiral epoxides,* intramolecular nitrone cy-
cloaddition,”>* and stereoselective Michael addition,*
most of these routes failed to achieve high stereoselectiv-
ity and good atom or step economy. Consequently, the de-
velopment of efficient routes for their synthesis is of great
significance.

Considering that N-heteroarenes containing an alkoxycar-
bonyl group are abundant, asymmetric reduction of these
compounds is an efficient and economical way to obtain
enantiopure structurally diverse endocyclic B-amino acids
(Scheme 1).° In 2000, Studer reported the homogenous
rhodium-catalyzed asymmetric hydrogenation of 3-(alk-
oxycarbonyl)pyridines in moderate yield with 17% ee.¢
Subsequently, Zhang and co-workers developed a multi-
step strategy of combining the Pd/C catalyzed partial hy-
drogenation with a homogeneous rhodium-catalyzed
hydrogenation to afford N-protecting 3-(alkoxycarbon-
yl)piperidines.” Recently, a relay catalytic Friedldnder
condensation and transfer hydrogenation in the presence
of an achiral Lewis acid and chiral Brensted acid to fur-
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nish 3-alkoxycarbonyl-substituted tetrahydroquinolines
was successfully described by Gong’s group.® Very re-
cently, our research group reported an efficient iridium-
catalyzed asymmetric hydrogenation of 4-(alkoxycarbon-
yl)isoquinolines with excellent enantioselectivity and dia-
stereoselectivity.” Despite these advances, in virtue of
highly stabilizing aromatic structure and the two contigu-
ous prochiral centers, asymmetric hydrogenation of func-
tionalized 2,3-disubstituted quinolines remains a
challenge.!” As 3-alkoxycarbonyl-2-substituted tetrahy-
droquinolines are novel, conformationally constrained en-
docyclic B-amino acids, and together with our ongoing
efforts to promote the development of asymmetric hydro-
genation of heteroaromatic compounds,'! herein, we re-
port an efficient asymmetric hydrogenation of 3-
alkoxycarbonyl-2-substituted quinolines with excellent
enantio- and diastereoselectivity.
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Scheme 1 Enantioselective synthesis of endocyclic -amino acids

Our initial study began with readily available ethyl 2-
methylquinoline-3-carboxylate (1a) as a model
substrate'? and the catalytic system [Ir(cod)Cl],/bisphos-
phine/halogen, which has been used advantageously as a
catalyst in the hydrogenation of aromatic compounds.’
However, the reaction proceeded with both low diastere-
oselectivity and enantioselectivity at 60 °C under 7 bar
(100 psi) of hydrogen gas (Table 1, entry 1). Subsequent-
ly, the effects of various solvents on the diastereoselectiv-
ity and enantioselectivity were investigated (entries 2—4).
Gratifyingly, benzene was the most suitable solvent with
69% ee and >20:1 dr (entry 4). Considering that recent re-
search on the halogen effect could be utilized to enhance
significantly the performance in the iridium-catalyzed
asymmetric hydrogenation of heteroarenes,'® various
commercial available halogen sources were further sur-
veyed (entries 4—7). As expected, all additives delivered
full conversion and moderate enantioselectivity; the reac-
tion failed to proceed in the absence of halogen (entry 8).
After a systematic screening, we found that 1-bromo-3-
chloro-5,5-dimethylhydantoin (BCDMH) gave the best
results.
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Table 1 The Effect of Solvents and Additives® Table 2 The Effect of Ligands®
0 Q o o]
iy [Ir(cod)Cl]o/L*/BCDMH
N ot [Ir(cod)Cl]o/L1/additive OEt OFEt : OEt
solvent, Hp (100 psi), 60 °C _ benzene, H, (100 psi), 60 °C
“ N N N
N
H H
1a 2a 1a 2a
R! o
N o Clsy, J\N’Cl Entry Ligand Conv.? (%) dr° (cis/trans) ee® (%)
' AN
N,RZ 0”"N"70 1 L1 >95 >20:1 69
Cl
BCDMH, R' = Br, R2 = CI TCCA 2 L2 93 >20:1 72
DCDMH, R' = Cl, R? = Cl
3 L3 93 >20:1 71
Entry Solvent  Additive  Conv.® (%) dr®(cis/trans) ee® (%) 4 L4 05 201 75
1 THF BCDMH >95 7:1 37 5 L5 93 >20-1 76
2 toluene BCDMH >95 5:1 62 6 L6 93 >20:1 73
3 o-Xylene BCDMH >95 8:1 67 7 L7 92 >20:1 80
4 benzene BCDMH >95 >20:1 69 gd L7 >95 >20:1 80
5 benzene TCCA >95 13:1 57 9 L8 >95 1:1 1
6  benzene DCDMH >95 13:1 66 @ Conditions: 1a (0.2 mmol), [Ir(cod)Cl], (1.25 mol%), ligand (2.75
7 benzene I =95 10:1 69 mol%), BCDMH (12.5 mol%), H, [7 bar (100 psi)], benzene (3 mL),
2 ’ 60 °C, 20 h.
] benzene — <5 _ _ b Determined by '"H NMR spectroscopy analysis of the crude product.

2 Conditions: 1a (0.2 mmol), [Ir(cod)Cl], (1.25 mol%), L1 (2.75
mol%), additive (12.5 mol%), H, [7 bar (100 psi)], solvent (3 mL),
60 °C, 20 h.

b Determined by 'H NMR spectroscopy analysis of the crude product
¢ Determined by HPLC on a chiral stationary phase.

Finally, the effects of the ligand were evaluated with
BCDMH as an additive (Table 2, Figure 1). The axial chi-
ral bisphosphine ligands performed very well, good enan-
tio- and diastereoselectivity were obtained. However, the
central chirality ligand L8 displayed poor stercoselectivi-
ty. Remarkably, the ligand L7, which was developed by
our group and the group of Tang in 2007,'* showed obvi-
ous superiority with up to 80% ee. Full conversion was
achieved without loss of enantioselectivity when the reac-
tion time was prolonged to 26 hours (entry 8). Hence, the
optimized conditions were established to Dbe
[Ir(cod)Cl],/LL7/BCDMH in benzene.

Having established the optimal conditions, the explora-
tion of substrate scope was carried out (Table 3). The sub-
strates were hydrogenated smoothly with full conversion
and in excellent enantio- and diastereoselectivity, as sum-
marized in Table 3. Notably, altering the alkoxycarbonyl
group on the C3 position of quinolines resulted in slightly
fluctuant enantioselectivity and reactivity (entries 1-7).
The various 2-alkyl-substituted quinolines were reduced
successfully with high yields and excellent enantioselec-
tivity regardless of the side chain length (entries 8—11). It
was noted that the best result of up to 90% ee was provid-
ed when C2 isopropyl was introduced (entry 11), while re-
placement of the alkyl substituent at C2 by phenyl
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¢ Determined by HPLC on a chiral stationary phase.
426 h.

resulted in moderate enantioselectivity (entry 12). For the
substrates possessing a substituent group at C5, excellent
yields and enantioselectivities were achieved and the elec-
tronic properties of the substituent had little effect on the
catalytic activity and enantioselectivity (entries 13—15).
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Figure 1
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Table 3 The Substrate Scope®

O O
R? XX OR! R OR’
NP [Ir(cod)CI]Z/L7/BC[I)MH N
benzene, H, (100 psi), 60 °C H
1 2
Entry R! R? R3 Yield® (%) ee®? (%)

1 Et Me H 92 (2a) 80 (+)

2 Me Me H 95 (2b) 83 (2R,3R)

3 Pr Me H 94 (2¢) 85 (+)

4 Bu Me H 91 (2d) 84 (+)

5 i-Pr Me H 90 (2e) 81(+)

6 +-Bu Me H 91 (2f) 83 (+)

7 Bn Me H 87 (2g) 81 (+)

8 Me Et H 89 (2h) 89 (+)

9 Et Pr H 85 (2i) 88 (+)
10 Me (CHy);Me H 94 (2j) 84 (+)
11 Me i-Pr H 86 (2k) 90 (+)
12 Et Ph H 89 (21 69 (+)
13 Me i-Pr OMe 94 (2m) 85 (+)
14 Me i-Pr Cl 94 (2n) 89 (+)
15 Me i-Pr F 94 (20) 89 (+)

# Conditions: 1 (0.2 mmol), [Ir(cod)Cl], (1.25 mol%), L7 (2.75
mol%), BCDMH (12.5 mol%), H, [7 bar (100 psi)], benzene (3 mL),
60 °C, 26 h.

b Isolated yields.

¢ Determined by HPLC on a chiral stationary phase.

ddr >20:1, determined by '"H NMR analysis of crude product.

The absolute configuration of hydrogenation product (+)-
methyl 2-methyl-1,2,3,4-tetrahydroquinoline-3-carboxyl-
ate (2b) was unambiguously assigned to be cis-(2R,3R) by
X-ray crystallographic analysis (Figure 2); the relative
and absolute configurations of 2a,c—o were tentatively as-
signed by comparison. Notably, this was complementary
to Gong’s work that provided trans-3-alkoxycarbonyl-2-
substituted tetrahydroquinolines via a relay catalytic
Friedlédnder condensation and transfer hydrogenation in
the presence of achiral Lewis acid and chiral Brensted
acid.®

OMe

N
H
2b
Figure 2 X-ray crystal structure of 2b
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In conclusion, an efficient enantioselective iridium-cata-
lyzed hydrogenation of 3-alkoxycarbonyl-2-substituted
quinolines has been developed with up to 90% ee. The
new methodology provides a direct and facile route for the
construction of novel enantiopure endocyclic -amino
acids with two contiguous stereocenters.

Commercially available reagents were used without further purifi-
cation. Solvents were treated prior to use according to standard
methods. 'H, 3C, and 'F NMR spectra were recorded at r.t. in
CDCIl; on a400 MHz instrument with TMS as internal standard. En-
antiomeric excess was determined by HPLC analysis using a chiral
column. Optical rotations were measured by polarimeter. Flash col-
umn chromatography was performed on silica gel (200-300 mesh).

(+)-Ethyl 2-Methyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
(2a); Typical Procedure

A mixture of [Ir(cod)Cl], (1.7 mg, 0.0025 mmol) and ligand L7 (3.9
mg, 0.0055 mmol) in benzene (1.0 mL) was stirred at r.t. for 10 min
in a glovebox, then BCDMH (6.0 mg, 0.025 mmol) and substrate 1a
(43.1 mg, 0.2 mmol) together with benzene (2.0 mL) were added
and the mixture was stirred for a further 10 min. The hydrogenation
was performed at 60 C under H, [7 bar (100 psi)] for 26 h. After
carefully releasing the H,, the mixture was purified by column chro-
matography (silica gel, EtOAc—petroleum ether) to give pure prod-
uct.

(+)-Ethyl 2-Methyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
(2a)

Colorless oil; yield: 40.3 mg (92%); 80% ee; HPLC (Chiracel OD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): ¢z = 8.0, 8.9 min (major).

[a]p +28.5 (¢ 1.0, CHCI,).

'H NMR (400 MHz, CDCl,): 8 = 7.00 (m, 2 H), 6.65 (t, J= 7.4 Hz,
1 H), 6.51(d, J=7.9 Hz, | H), 4.19 (m, 2 H), 3.98-3.80 (m, 2 H),
3.12-2.87 (m, 3 H), 1.27 (t, J=7.1 Hz, 3 H), 1.13 (d, J= 6.5 Hz, 3
H).

3CNMR (100 MHz, CDCly): § = 173.2, 143.0, 129.7,127.2,119.2,
117.6, 114.8, 60.7, 47.5, 42.3, 25.6, 18.0, 14.5.

HRMS: m/z [M + Na]" caled for C,3;H,;;NO,Na: 242.1157; found:
242.1152.

(+)-Methyl (2R,3R)-2-Methyl-1,2,3,4-tetrahydroquinoline-3-
carboxylate (2b)"°

White solid; yield: 40.0 mg (95%); 83% ee; ; mp 73-75 C; HPLC
(Chiracel OD-H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30,
flow = 0.7 mL/min): #; = 9.4, 10.5 min (major).

[a]p2 +41.9 (¢ 1.0, CHCI,).

'H NMR (400 MHz, CDCly): 8 = 7.02-7.00 (m, 2 H), 6.66 (t, /= 7.2
Hz, 1 H), 6.51 (d, J=7.9 Hz, 1 H), 3.98-3.81 (m, 2 H), 3.74 (s, 3
H), 3.12-2.89 (m, 3 H), 1.13 (d, /= 6.5 Hz, 3 H).

3CNMR (100 MHz, CDCly): §=173.7, 143.0, 129.7,127.3, 119.1,
117.6, 114.8, 52.0, 47.5, 42.3, 25.7, 18.1.

(+)-Propyl 2-Methyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
20

Colorless oil; yield: 43.9 mg (94%); 85% ee; HPLC (Chiracel OD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): ¢t = 7.8, 8.4 min (major).

[a]p?’ +23.4 (¢ 1.0, CHCL,).

"HNMR (400 MHz, CDCl;): § = 7.02-6.96 (m, 2 H), 6.65 (t, J="7.4
Hz, 1 H), 6.50 (d, /= 7.8 Hz, 1 H), 4.12-4.05 (m, 2 H), 3.91-3.85
(m, 2 H), 3.07-2.85 (m, 3 H), 1.72-1.61 (m, 2 H), 1.14 (d, J= 6.5
Hz,3 H),0.94 (t,J= 7.4 Hz, 3 H).
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3CNMR (100 MHz, CDCly): § = 173.3, 143.1, 129.7, 127.2,119.3,
117.6,114.8, 66.4,47.6,42.4,25.7,22.2,18.1, 10.7.

HRMS: m/z [M + H]" caled for C,,H,)NO,: 234.1494; found:
234.1481.

(+)-Butyl 2-Methyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
Qd)

Colorless oil; yield: 45.0 mg (91%); 84% ee; HPLC (Chiracel AD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): t = 6.7, 9.4 min (major).

[0]p2 +25.8 (¢ 1.0, CHCL,).

'HNMR (400 MHz, CDCL,): § =7.03-6.97 (m, 2 H), 6.65 (t, J=7.3
Hz, 1 H), 6.51 (d, J= 7.9 Hz, 1 H), 4.15-4.10 (m, 2 H), 3.90-3.86
(m, 2 H), 3.06-2.90 (m, 3 H), 1.67-1.58 (m, 2 H), 1.40-1.34 (m, 2
H), 1.14 (d, J= 6.5 Hz, 3 H), 0.94 (t, J = 7.4 Hz, 3 H).

3C NMR (100 MHz, CDCls): § = 173.3, 143.0, 129.7, 127.2,119.2,
117.6,114.8, 64.6,47.5,42.4,30.9, 25.7,19.4, 18.1, 13.9.

HRMS: m/z [M + H]" caled for C,sH,,NO,: 248.1651; found:
248.1642.

(+)-Isopropyl 2-Methyl-1,2,3,4-tetrahydroquinoline-3-carbox-
ylate (2¢)

Colorless oil; yield: 42.0 mg (90%); 81% ee; HPLC (Chiracel OD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 75/25, flow = 0.7
mL/min): t; = 7.3, 7.8 min (major).

[a]2° +80.4 (¢ 0.5, CHCL,).

'H NMR (400 MHz, CDCl,): 8 =7.02-6.96 (m, 2 H), 6.66 (t, J= 7.4
Hz, 1 H), 6.52 (d, J= 7.9 Hz, 1 H), 5.09-5.03 (m, 1 H), 3.88-3.82
(m, 1 H), 3.08-2.86 (m, 3 H), 1.26 (d,J= 6.3 Hz, 6 H), 1.14 (d, J =
6.5 Hz, 3 H).

3CNMR (100 MHz, CDCl5): § = 172.7, 142.9, 129.7, 127.2,119.4,
117.6,114.8, 68.1,47.5,42.4,25.5,22.0,22.0, 17.9.

HRMS: m/z [M + H]" caled for C,,H,)NO,: 234.1494; found:
234.1480.

(+)-tert-Butyl 2-Methyl-1,2,3,4-tetrahydroquinoline-3-carbox-
ylate (2f)

Colorless oil; yield: 45.0 mg (91%); 83% ee; HPLC (Chiracel OD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): tz = 6.5, 6.8 min (major).

[0]p2° +12.5 (¢ 1.0, CHCL,).

'H NMR (400 MHz, CDCl,): 8= 7.02-6.96 (m, 2 H), 6.64 (t, J=7.3
Hz, 1 H), 6.50 (d, J= 7.9 Hz, 1 H), 3.90 (s, 1 H), 3.84-3.81 (m, 1
H), 3.04-2.95 (m, 1 H), 2.89-2.82 (m, 2 H), 1.46 (s, 9 H), 1.13 (d,
J=6.5Hz, 3 H).

3C NMR (100 MHz, CDCl;): § = 172.5, 143.1, 129.8, 127.1,119.4,
117.5,114.7, 80.9, 47.6, 43.0, 28.3, 25.5, 17.9.

HRMS: m/z [M + H]" caled for C,sH,,NO,: 248.1651; found:
248.1649.

(+)-Benzyl 2-Methyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
Q2g)

Colorless oil; yield: 50.0 mg (87%); 81% ee; HPLC (Chiracel OD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): f; = 11.7, 13.5 min (major).

[0]p2° +21.9 (¢ 1.0, CHCL).

"H NMR (400 MHz, CDCl5): § = 7.37-7.30 (m, 5 H), 7.00-6.99 (m,
2 H), 6.65 (t, J=7.0 Hz, 1 H), 6.50 (d, J= 7.9 Hz, 1 H), 5.20-5.12
(m, 2 H), 3.89-3.83 (m, 2 H), 3.12-2.90 (m, 3 H), 1.11 (d, J= 6.5
Hz, 3 H).

3C NMR (100 MHz, CDCls): § = 173.0, 143.1, 136.1, 129.8, 128.8,
128.4, 128.3, 127.3, 119.2, 117.7, 114.8, 66.6, 47.6, 42.5, 25.9,
18.2.
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HRMS: m/z [M + H]" caled for C,gH,,NO,: 282.1494; found:
282.1481.

(+)-Methyl 2-Ethyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
(2h)

White solid; yield: 39.0 mg (89%); 89% ee; mp 56-58 C; HPLC
(Chiracel AD-H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30,
flow = 0.7 mL/min): #z = 6.7, 8.5 min (major).

[a]p2 +67.0 (¢ 1.0, CHCL,).

'H NMR (400 MHz, CDCly): = 7.01-6.96 (m, 2 H), 6.64 (t, J=7.4
Hz, 1 H), 6.52 (d,J=7.8 Hz, 1 H), 4.12 (s, 1 H), 3.71 (s, 3 H), 3.52—
3.49 (m, 1 H), 3.05-2.89 (m, 3 H), 1.47-1.35 (m, 2 H), 0.97 (t, J =
7.4 Hz, 3 H).

3C NMR (100 MHz, CDCly): § = 173.7, 143.0, 129.8, 127.2, 119.5,
117.5,114.7,53.9,51.9,41.9,26.2, 24.1, 11.0.

HRMS: m/z [M + H]' caled for C;3H;NO,: 220.1338; found:
220.1324.

(+)-Ethyl 2-Propyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
(2i)

Colorless oil; yield: 42.0 mg (85%); 88% ee; HPLC (Chiracel AD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 95:5, flow = 0.6
mL/min): t = 13.1, 16.4 min (major).

[a]p® +46.2 (¢ 1.0, CHCL,).

'H NMR (400 MHz, CDCl,): 8= 7.02-6.96 (m, 2 H), 6.65 (t, J= 7.4
Hz, 1 H), 6.51 (d,J= 7.9 Hz, 1 H), 4.23-4.11 (m, 2 H), 4.09 (s, 1
H), 3.65-3.62 (m, 1 H), 3.05-2.91 (m, 3 H), 1.50-1.46 (m, 2 H),
1.27 (t,J="7.1 Hz, 4 H), 0.92 (t, J = 7.1 Hz, 3 H).

3C NMR (100 MHz, CDCly): § = 173.3, 143.0, 129.8, 127.2, 119.5,
117.5,114.7,60.7, 51.9, 42.0, 33.3, 26.0, 19.7, 14.5, 14.1.

HRMS: m/z [M + H]" caled for C,sH,,NO,: 248.1651; found:
248.1648.

(+)-}\S/Iethyl 2-Pentyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
2

Yellow oil; yield: 49.1 mg (94%); 84% ee; HPLC (Chiracel AD-H
column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): t; = 6.8, 8.2 min (major).

[a]p® +44.6 (¢ 1.0, CHCL,).

'H NMR (400 MHz, CDCl,): 8 =7.02-6.96 (m, 2 H), 6.65 (t, J=7.4
Hz, 1 H), 6.52 (d,J=7.9 Hz, 1 H),3.72 (s, 3 H), 3.61 (d,J=9.5 Hz,
1 H), 3.09-2.90 (m, 3 H), 1.48-1.43 (m, 2 H), 1.28-1.25 (m, 6 H),
0.87 (t, J = 6.7 Hz, 3 H).

3C NMR (100 MHz, CDCly): = 173.7, 143.1, 129.8, 127.2,119.4,
117.5,114.8,52.3,51.9,42.1, 31.8, 31.3, 26.3, 26.2, 22.8, 14.2.

(+)-Methyl 2-Isopropyl-1,2,3,4-tetrahydroquinoline-3-carbox-
ylate (2k)"°

Colorless oil; yield: 40.1 mg (86%); 90% ee; HPLC (Chiracel OJ-H
column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): tz = 12.9 (major), 18.9 min.

[a]p2° +36.1 (¢ 1.0, CHCL,).

"H NMR (400 MHz, CDCl,): § = 6.99 (t, J = 8.2 Hz, 2 H), 6.65 (t,
J=17.3Hz, 1H), 6.53 (d,J=7.9 Hz, | H), 3.66 (s, 3 H), 3.16-2.99
(m, 4 H), 1.93-1.83 (m, 1 H), 1.03-0.96 (m, 6 H).

3C NMR (100 MHz, CDCly): 8 = 173.5, 144.0, 129.5, 127.0, 119.9,
117.9, 114.8, 59.6, 51.7, 40.2, 30.4, 28.6, 20.5, 19.8.

(+)-Ethyl 2-Phenyl-1,2,3,4-tetrahydroquinoline-3-carboxylate
2D

Yellow oil; yield: 50.1 mg (89%); 69% ee; HPLC (Chiracel AD-H
column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): t; = 7.7, 9.9 min (major).

[a]p +109.2 (¢ 1.0, CHCI,).
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'H NMR (400 MHz, CDCly):  =7.23 (m, 3 H), 7.16 (m, 2 H), 7.04
(m, 2 H), 6.68 (t,J=6.9 Hz, 1 H), 6.57 (d,J=7.5 Hz, 1 H), 4.96 (d,
J=4.4Hz, 1 H), 4.40 (br, 1 H), 4.10-4.05 (m, 2 H), 3.25-3.20 (m,
1 H), 2.96-2.83 (m, 2 H), 1.20-1.15 (t, /= 7.1 Hz, 3 H).

13C NMR (100 MHz, CDCL,): § = 172.3, 143.7, 142.3, 129.8, 128.5,
127.9, 127.6, 127.1, 119.1, 117.4, 113.6, 60.8, 56.1, 43.5, 25.1,
14.3.

HRMS: m/z [M + H]" caled for C,gH,,NO,: 282.1494; found:
282.1497.

The relative and absolute configurations were tentatively assigned
by comparison with 2b and NOE experiment.

(+)-Methyl 2-Isopropyl-6-methoxy-1,2,3,4-tetrahydroquino-
line-3-carboxylate (2m)

Colorless oil; yield: 49.5 mg (94%), 85% ee; HPLC (Chiracel OD-
H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): #; = 8.2 (major), 9.9 min.

[a]p*® +58.4 (¢ 1.0, CHCL).

'H NMR (400 MHz, CDCL,): § = 6.61 (d, J=7.5 Hz, 2 H), 6.52 (d,
J=28.1Hz, 1 H), 3.73 (s, 3 H), 3.65 (s, 3 H), 3.10-2.98 (m, 4 H),
1.89-1.84 (m, 1 H), 1.02 (dd, J = 14.8, 6.6 Hz, 6 H).

BCNMR (100 MHz, CDCl,): § = 173.5,152.5,138.1,121.4,116.3,
114.5,113.3, 60.3, 55.9, 51.7, 40.0, 30.2, 29.3, 20.5, 19.7.

HRMS: m/z [M + H]' caled for C,sH,,NO;: 264.1600; found:
264.1584.

(+)-Methyl 6-Chloro-2-isopropyl-1,2,3,4-tetrahydroquinoline-
3-carboxylate (2n)

White solid; yield: 50.3 mg (94%); 89% ee; mp 82-84 C; HPLC
(Chiracel OD-H column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30,
flow = 0.7 mL/min): #; = 6.6 (major), 8.6 min.

[a]p2 +58.4 (¢ 1.0, CHCL,).

'H NMR (400 MHz, CDCl,): & = 6.97-6.91 (m, 2 H), 6.46 (d, J =
8.5 Hz, 1 H),3.99 (s, | H), 3.66 (s, 3 H), 3.10-2.92 (m, 4 H), 1.88—
1.82 (m, 1 H), 1.01 (dd, J = 11.5, 6.6 Hz, 6 H).

3C NMR (100 MHz, CDCl,): § = 173.1, 142.7, 129.1, 126.9, 122.2,
121.4,115.8, 59.7, 51.8, 39.6, 30.4, 28.9, 20.4, 19.8.

HRMS: m/z [M + H]" caled for C,,H,,CINO,: 268.1104; found:
268.1094.

(+)-Methyl 6-Fluoro-2-isopropyl-1,2,3,4-tetrahydroquinoline-
3-carboxylate (20)

Yellow oil; yield: 47.2 mg (94%); 89% ee; HPLC (Chiracel OD-H
column, 254 nm, 30 C, n-hexane—i-PrOH, 70:30, flow = 0.7
mL/min): #; = 6.4 (major), 7.6 min.

[a]p? +23.5 (c 1.0, CHCL,).

"HNMR (400 MHz, CDCl5): 8 = 6.74-6.67 (m, 2 H), 6.48-6.45 (m,
1 H), 3.85(s, 1 H), 3.66 (s, 3 H), 3.10-2.98 (m, 4 H), 1.93-1.81 (m,
1 H), 1.02 (dd, J=12.2, 6.6 Hz, 6 H).

3CNMR (100 MHz, CDCl5): § = 173.3,156.1 (d, 'Jp.c =234.8 Hz),
140.3, 121.4 (d, 3Jp.c = 6.3 Hz), 115.7 (d, *Jp.c = 7.7 Hz), 115.6 (d,
2Jec =22.1 Hz), 113.7 (d, %Jp.c = 22.6 Hz), 60.1, 51.7, 39.7, 30.3,
29.2,20.4, 19.8.

19F NMR (376 MHz, CDCl,): § =—127.4.

HRMS: m/z [M + HJ]" caled for C,,H;,FNO,: 252.1400; found:
268.1094.
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