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General Experimental Methods

All reactions were carried out under anhydrous conditions and under an atmosphere of
dry argon unless otherwise indicated. Compounds were purified by normal phase flash
column chromatography on silica gel (SDS, 60 A C. C. 40-63 mm) as the stationary
phase. Thin Layer Chromatography (TLC) was performed on alumina plates pre-coated
with silica gel (Merck silica gel, 60 F254), which were visualized by UV when
applicable (Amax = 254 nm and/or 366 nm) and/or by staining with vanillin or
anisadehyde in acidic ethanol and/or KMnOy in basic water followed by heating. Key
compounds were fully characterized by 'H, '*C{'H} and 3'P{'H} NMR and HRMS.
Chemical shifts (0) are reported in ppm relative to the internal deuterated solvent or
external H3PO4 (5 0.00 3!P), unless indicated otherwise. High-resolution MS spectra
were recorded using electrospray ionization (ESI+/-) and Fourier transform ion
cyclotron resonance mass analyzer (FTMS).

The reactions were monitored either by TLC or analytical HPLC/MS to confirm
completion and homogeneity of the products. Analytical HPLC was performed using a
reversed phase C18 5 um column on a Waters Atlantis T3 instrument and the solvent
system indicated below:

Solvent A: H>0, 0.1% formic acid

Solvent B: CH3CN, 0.1% formic acid

Mobile phase: linear gradient from 95%A and 5%B to 5%A and 95%B in 13 min, then
2 min at 100% B

Flow rate: 1 mL/min

Compounds  6-bromo-2-methylquinoline (10a), 2-methylquinoline (10b), 2-
phenylquinoline (10c) and 4-methylquinoline (10d) were purchased from Sigma
Aldrich. The 2-ethylquinoline (10e), ! 2-isopropylquinoline (10f), 2 6-nitro-2-
methylquinoline (10g)® and 6-methoxy-2-methylquinoline (10h)* were synthesized
according to the literature procedures indicated.

The enantiomeric purity of chiral compounds was determined by chiral HPLC using an
Agilent 1100 or Agilent 1260 series instrument and the column and solvent system
indicated for each compound. The absolute stereochemistry of all compounds was
assigned based on several factors, including the single crystal X-ray of the previously
reported key precursor compound 6,% the single crystal X-ray structures of intermediate
phosphinic amide 8d (refer to SI Table 3), the single crystal X-ray structures of catalysts
5a and Sc, the single crystal X-ray structure of compound (S)-2-bromo-6-methyl-3,4-
dihydro-2H-1A2-quinoline (11a), and by analogy with previously reported compounds
in the literature.

The names of all compounds were generated using ChemBioDraw Ultra 12.0.
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General synthesis of secondary phosphine oxides (SPOs) 7:

We recently reported the synthesis of SPO intermediates 6, 7a, 7¢ and 7d.* The
synthesis of analogs 7e and 7f was achieved using the same protocol.* The synthesis of
SPO analogs 7b was achieved using the previously reported methodology.’

(S)-tert-Butyl(2-methoxy-3,6,7,8-tetrahydronaphthalen-1-yl)phosphine oxide (7e):
Precursor compound 5-bromo-6-methoxy-1,2,3,4-tetrahydronaphthalene (used to
prepare the Grignard reagent) was synthesized according to the method reported by
Smith and co-workers.®

o)
MgBr H*H
2-MeTHF .
O / ~ OMe
0°C, 30 mins O@/

6 Te

A three neck flask under argon was charged with SPO 6 (1 mmol) in 2-MeTHF (3 mL)
and cooled to 0°C. 2-Methoxy-5,6,7,8-tetrahydronaphthalen-1-yl magnesium bromide
(1 M in 2-MeTHF, 4 mmol, 4 mL) was added slowly while keeping the internal
temperature <5 °C. The reaction mixture was stirred for 40 min to completion. Saturated
and degassed aqueous NH4Cl solution (5 mL) was added slowly to quench the reaction.
The organic layer was collected and the aqueous residue was extracted with DCM (25
mL x3). The combined organic extracts were dried over anhydrous Na;SOs and
concentrated. The residue was purified by flash column chromatography on silica gel
(deactivated with 10% water) using a solvent gradient of hexane/EtOAc (from 50:50 to
0:100, v/v) to obtained the desired product (141 mg) in 53% yield.

"H NMR (400 MHz, CDCl3): 6 8.28 (s, 0.5 H), 7.17 (d, J= 8.5 Hz, 1H), 7.06 (s, 0.5 H),
6.71 (dd, J=8.5, 5.1 Hz, 1H), 3.77 (s, 3H), 3.54 —3.39 (m, 1H), 2.93 (dt,J=17.0, 5.6
Hz, 1H), 2.72 (t, J= 6.2 Hz, 2H), 1.83 — 1.66 (m, 4H), 1.20 (d, /= 16.6 Hz, 9H).

3'P NMR (162 MHz, CDCls): § 36.57.

More detailed characterization and estimation of the enantiomeric purity was performed
at the subsequent step, when 7e was converted to the corresponding P-chiral (tert-
butyl)-P-arylphosphinic amide 8e.

(S)-tert-Butyl(2-methoxy-6-phenylnaphthalen-1-yl)phosphine oxide (7f):
The precursor 1-bromo-2-methoxy-6-phenylnaphthalene (used to prepare the Grignard
reagent) was synthesized according to the method reported by Smith and co-workers.

MgBr E—H
OMe 2-MeTHF -
2 OMe
O /, 0 °C, 30 mins
P., Ph
“ Ph
Te

A three-neck flask under argon was charged with SPO 6 (1 mmol) dissolved in 2-
MeTHF (3 mL) and cooled to 0 °C. A solution of 2-methoxy-6-phenylnaphthalen-1-yl
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magnesium bromide (1 M in 2-MeTHF, 4 mmol, 4 ml; prepared as previously reported®)
was added slowly, while keeping the internal temperature <5 °C. The reaction mixture
was stirred for 40 min to complete the reaction. Saturated and degassed aqueous NH4Cl
solution (5 mL) was added slowly to quench the reaction. The organic layer was
collected and the aqueous residue was extracted with DCM (25 mL x3). The combined
organic extracts were dried over anhydrous Na;SO4 and concentrated. The residue was
purified by silica gel chromatography (on deactivated silica with 10% water) eluted
with a solvent gradient of hexane/EtOAc gradient (50:50 to 0:100, v/v) to obtained the
desired product (189 mg) in 56% yield.

"H NMR (400 MHz, CDCls): § 9.04 (d, J = 9.0 Hz, 1H), 8.54 (s, 0.5 H), 8.07 (d, J =
9.1 Hz, 1H), 7.98 (s, 1H), 7.81 (dd, /=9.0, 2.1 Hz, 1H), 7.70 (d, /= 7.1 Hz, 2H), 7.48
(t,J=17.7 Hz, 2H), 7.37 (t, J = 7.4 Hz, 1H), 7.31 (s, 0.5 H), 7.30 — 7.26 (m, 1H), 3.98
(s, 3H), 1.26 (d, J=16.8 Hz, 9H).

3P NMR (162 MHz, CDCl3): § 36.19.

More detailed characterization and estimation of the enantiomeric purity was performed
at the subsequent step, when 7f was converted to the corresponding P-chiral (tert-
butyl)-P-arylphosphinic amide 8f.

General procedure for the conversion of SPOs 7 to the P-Chiral (¢-butyl)-P-

aryvlphosphinic amides 8:
0 NH,OH, Et;N 0
P—H - 11"P—NH,
Ar CCly, MeCN, 0 °C to rt A

16 h

7 recrystallization 8
92-99% ee

Chiral SPO 7 (1.0 mmol) was dissolved in 6 mL of degassed acetonitrile and cooled to
0 °C. CCl4 (1.0 mL), EtsN (2.0 mmol) and saturated aqueous solution of NH4OH (28%
in water, 0.5 mL) were sequentially added dropwise while stirring. The solution was
stirred at 0 °C for 30 min and then warmed to RT and allowed to stir for 16 h. Water (5
mL) was added to the reaction mixture and then extracted with EtOAc, the organic
layers were combined, dried over anhydrous Na,SO4 and concentrated to give the crude
product. The pure product was obtained after first passing the crude through a short
silica gel column and then doing a crystallization in DCM/Et,0 (1:5, v/v) at -20 °C to
obtain the phosphoramide products as highly enriched single enantiomers (92-99% ee).
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(R)-P-(tert-butyl)-P-phenylphosphinic amide (8a); characterization data consistent
with previously reported.’

S,
Q

Isolated as a white solid in 82% yield (162 mg) and 96.7% ee.

"H NMR (500 MHz, CDCl3): & 7.90-7.84 (m, 2H), 7.57-7.52 (m, 1H), 7.49-7.43 (m,
2H), 2.72 (brs, 2H), 1.16 (d, J= 15.3 Hz, 9H).

3P NMR (202 MHz, CDCls): § 41.34.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 80/20, 1.0 mL/min, A = 220 nm;
(R)-enantiomer tr (major) = 5.88 min, (S)-enantiomer tr (minor) = 7.60 min.

(R)-P-(tert-butyl)-P-(2-methoxyphenyl)phosphinic amide (8b):

S,
9

OMe

Isolated as a white solid in 73% yield (166 mg) and 95% ee.

'H NMR (500 MHz, CDCls): & 7.90 (ddd, J = 11.9, 7.5, 1.8 Hz, 1H), 7.49 — 7.40 (m,
1H), 7.10 — 7.02 (m, 1H), 6.93 — 6.87 (m, 1H), 3.83 (s, 3H), 3.17 (s, 2H), 1.08 (d, J =
15.9 Hz, 9H).

BCNMR (126 MHz, CDCl3): 6 159.2 (d, J=3.9 Hz), 135.5 (dd, J= 5.5, 3.0 Hz), 133.3,
121.0 (dd, J = 10.6, 2.5 Hz), 119.4 (d, /= 101.4 Hz), 110.6 (d, J = 7.0 Hz), 55.2, 34.3
(d, J=93.7 Hz), 24.2.

3P NMR (203 MHz, CDCls): § 46.01.

HRMS: calculated for C11HisNNaO,P" [M+H]": 250.0967, found: 250.0967.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 80/20, 1.0 mL/min, A =220 nm; (S)-
enantiomer tr (minor) = 7.38 min, (R)-enantiomer tg (major) = 10.23 min.

(R)-P-(tert-butyl)-P-(4-methoxyphenyl)phosphinic amide (8c)
O

11
%I--P—NHz

OMe
Isolated as a white solid in 48% yield (109 mg) and >99% ee.
'H NMR (500 MHz, CDCl3) § 7.77 — 7.70 (m, 2H), 6.92 (dd, J = 8.9, 2.4 Hz, 2H), 3.83
(s, 3H), 2.84 (s, 2H), 1.11 (d, /= 15.2 Hz, 9H).
B3C NMR (126 MHz, CDCl3): § 162.4 (d, J = 2.9 Hz), 135.0 (d, J= 9.6 Hz), 121.4 (d,
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J=123.0 Hz), 113.6 (d, J=12.5 Hz), 55.2, 32.3 (d, /= 93.5 Hz), 24.8.

3P NMR (203 MHz, CDCls): § 41.44.

HRMS: calculated for C1;HisNNaO>P" [M+H]": 250.0967, found: 250.0968.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 80/20, 1.0 mL/min, A = 220 nm;
(R)-enantiomer tr (major) = 7.08 min, (S)-enantiomer tr (minor) = 12.49 min.

(R)-P-(tert-butyl)-P-(2-methoxynaphthalen-1-yl)phosphinic amide (8d)

?
1 P—NH,

Isolated as a white solid in 42% yield (116 mg) and >99% ee.

'"H NMR (400 MHz, CDCl5): § 9.59 (d, J = 8.5 Hz, 1H), 7.99 (d, /= 9.1 Hz, 1H), 7.76
(dt, J= 8.2, 1.7 Hz, 1H), 7.54 (ddd, J = 8.6, 6.7, 1.5 Hz, 1H), 7.38 (ddd, J = 8.0, 6.8,
1.2 Hz, 1H), 7.31 — 7.23 (m, 1H), 3.99 (s, 3H), 3.22 (s, 2H), 1.16 (d, J = 16.0 Hz, 9H).
13C NMR (101 MHz, CDCls): & 158.7 (d, J = 3.2 Hz), 136.7 (d, J = 6.7 Hz), 134.7,
129.4 (d, J=9.1 Hz), 128.0, 127.6 (d, J = 2.2 Hz), 127.5, 124.2, 112.8, 111.9, 111.8,
56.0,35.9 (d,/=93.2 Hz), 24 4.

3P NMR (162 MHz, CDCls): § 50.06.

HRMS: calculated for Ci1sH20NNaO,P" [M+H]": 300.1124, found: 300.1115.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 80/20, 1.0 mL/min, A =220 nm; (S)-
enantiomer tr = 8.46 min, (R)-enantiomer tg (single peak) = 28.96 min.

(R)-P-(tert-butyl)-P-(2-methoxy-5,6,7,8-tetrahydronaphthalen-1-yl)phosphinic amide
(8e)
O

g
Xy

OMe

Isolated as a white solid in 45% yield (126 mg) and >99% ee.

'H NMR (500 MHz, CDCls): § 7.15 (d, J = 8.5 Hz, 1H), 6.72 (dd, J= 8.5, 4.8 Hz, 1H),
3.79 (s, 3H), 3.65 — 3.56 (m, 1H), 3.20 (dt, /= 17.7, 5.7 Hz, 1H), 3.12 (s, 2H), 2.72 (t,
J=6.6 Hz, 2H), 1.86 — 1.77 (m, 1H), 1.75 - 1.66 (m, 2H), 1.65 — 1.55 (m, 1H), 1.13 (d,
J=15.8 Hz, 9H).

3C NMR (126 MHz, CDCl3): § 158.09 (d, J = 4.6 Hz), 145.82 (d, J = 7.0 Hz), 133.25
(d,J=2.1Hz),131.73 (d,J=10.3 Hz), 117.61 (d, J=95.2 Hz), 108.24 (d, J = 7.4 Hz),
55.16,35.83 (d, J=91.8 Hz), 29.87, 28.51 (d, J = 2.2 Hz), 24.41 (d, /= 0.9 Hz), 22.39
(d, J=84.5 Hz).

3P NMR (203 MHz, CDCls): § 50.18.
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HRMS: calculated for C1sH24NNaO,P* [M+H]": 304.1437, found: 304.1142.
Chiral HPLC method: Chiralcel OD, hexane/IPA = 80/20, 1.0 mL/min, A =220 nm; (S)-
enantiomer tr = 4.96 min, (R)-enantiomer tr (single peak) = 6.20 min.

(R)-P-(tert-butyl)-P-(2-methoxy-6-phenylnaphthalen-1-yl)phosphinic amide (8f)
O
. P—NH,

Ph

Isolated as a white solid in 60% yield (212 mg) and >99% ee.

'"H NMR (500 MHz, CDCl5): § 9.64 (d, J=9.1 Hz, 1H), 8.00 (d, /= 9.0 Hz, 1H), 7.94
(s, 1H), 7.80 (dd,J=9.1, 2.1 Hz, 1H), 7.70 (d, J=7.0 Hz, 2H), 7.47 (t,J = 7.7 Hz, 2H),
7.36 (t,J=7.4 Hz, 1H), 7.24 (dd, J=9.0, 4.3 Hz, 1H), 3.95 (s, 3H), 3.31 (brs, 2H), 1.17
(d, J=16.1 Hz, 9H).

13C NMR (126 MHz, CDCls): & 158.7 (d, J = 3.2 Hz), 140.6, 136.5, 135.9 (d, J = 6.7
Hz), 134.9 (d, J=2.1 Hz), 129.7 (d, J = 9.0 Hz), 128.9, 128.2 (d, J = 2.1 Hz), 127.3,
127.2, 127.0, 125.63, 112.4 (d, J = 93.6 Hz), 112.3 (d, J = 7.7 Hz), 56.0, 35.9 (d, J =
93.2 Hz), 24 4.

3'P NMR (203 MHz, CDCls): § 50.11.

HRMS: calculated for C21H2sNO,P" [M+H]": 354.1617, found: 354.1618.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 80/20, 1.0 mL/min, A =220 nm; (S)-
enantiomer tr = 10.91 min, (R)-enanatiomer (single peak) tr = 15.34 min.

General procedure for the conversion of arylphosphinic amides 8 to Bronsted acids 3b
and 4:

A slurry of NaH (3 equiv of 60% NaH in oil) in anhydrous THF (3.0 mL) at 0 °C was
added to a solution of phosphinamide 8 (0.5 mmol, 1 equiv) and the mixture was stirred
for 30 min. The arylsulfonyl chloride (1.5 equiv) was added slowly, and the mixture
was warmed to RT and monitored by TLC. After complete conversion (~12-15 h),
NH4Cl1 (0.1 g) was added portion-wise, the mixture was diluted with THF and filtered.
The filtrate was concentrated and the crude residue was purified by flash column
chromatography on silica gel to give the desired product. The product was dissolved in
DCM (15 mL) and thoroughly washed with 4 M HCI (2x) to remove any salt impurities
and completely protonate the catalyst. The organic layer was separated and
concentrated under reduced pressure. The residue was taken up in toluene (5 mL),
evaporated to dryness again and dried under high vacuum for 24 h to give the catalyst.

Note: Upon completion of the coupling reaction between intermediate 8 and the
sulfonyl chloride, some analogs 4 were used directly in the subsequent demethylation
step (without isolation/purification) to get the final catalysts S.
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(R)-N-(tert-butyl(2-methoxyphenyl)phosphoryl)-2,4, 6-triisopropylbenzenesulfonamide
(3b): This compound was recently reported by Han and coworkers.®

0] O

'IU:
ZII
==

Isolated as a yellow solid in 97% yield (240 mg).

'"H NMR (500 MHz, CD3OD): § 7.74 (ddd, J = 7.0, 1.5 Hz, 1H), 7.37 (t, J= 7.3 Hz,
1H), 7.11 (s, 2H), 6.91 (dd, J = 7.8, 5.3 Hz, 1H), 6.77 (t, J= 7.0 Hz, 1H), 4.49 - 4.40
(m, 2H), 3.54 (s, 3H), 2.88 (hept, J = 6.9 Hz, 1H), 1.27 — 1.21 (m, 12H), 1.14 — 1.04
(m, 15H).

3P NMR (202 MHz, CD;0D): § 33.97;

HRMS: calculated for C26H40NO4PSNa [M+Na]: 516.2308, found: 516.2305.

(R)-N-(tert-butyl(phenyl)phosphoryl)-2,4, 6-triisopropylbenzenesulfonamide (4a):

o} O

§pns

© o
Isolated as a yellow solid in 96% yield (223 mg).
'"H NMR (500 MHz, CD3;0D): § 7.66-7.62 (m, 2H), 7.35 (td, J= 7.5, 1.5 Hz, 1H), 7.22
(td, J= 8.0, 3.0 Hz, 2H), 7.04 (s, 2H), 4.51-4.45 (m, 2H), 2.88-2.82 (m, 1H), 1.23 (d, J
=7.0 Hz, 6H), 1.21 (d, J= 6.5 Hz, 6H), 1.06 (d, /= 7.0 Hz, 6H), 1.01 (d, J = 15.5 Hz,
9H);
BC NMR (125 MHz, CD;0D): § 150.8, 149.2, 142.7, 134.8 (d, J=112.0 Hz), 134.5 (d,
J=8.1Hz), 131.3(d,J=1.8 Hz), 128.1 (d,J=10.9 Hz), 123.6, 35.3,33.9 (d,/J=103.8
Hz), 30.2, 25.6, 25.2, 25.1, 24.33, 24.30;
3P NMR (202 MHz, CD;0OD): § 31.74;
HRMS: calculated for C2sH3sNO3PSNa [M+Na]": 486.2202, found: 486.2194.

(R)-N-(tert-butyl(4-methoxyphenyl)phosphoryl)-2,4,6-triisopropylbenzenesulfonamide
(4b):

OMe

Upon completion of the coupling reaction with the sulfonyl chloride, compound 4b was
used directly in the subsequent demethylation step to get the final catalyst Sb.
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(R)-N-(tert-butyl(2-methoxynaphthalen- 1-yl)phosphoryl)-2,4,6-
triisopropylbenzenesulfonamide (4c¢):

Compound was isolated as a white solid in 98% yield (173 mg).

"H NMR (500 MHz, CDCl5): § 9.43 (d, J= 8.9 Hz, 1H), 8.02 (d, /= 9.1 Hz, 1H), 7.75
(d, J=28.0 Hz, 1H), 7.56 — 7.43 (m, 2H), 7.37 (t, /= 8.0 Hz, 1H), 7.32 — 7.27 (m, 1H),
7.05 (s, 2H), 4.16 (hept, J= 6.5 Hz, 2H), 4.10 (s, 3H), 2.81 (hept, /=7.0 Hz, 1H), 1.31
—1.11 (m, 21H), 1.10 (d, J = 6.8 Hz, 6H).

3C NMR (126 MHz, CDCls): § 158.42, 152.56, 150.27, 136.80 (d, J= 7.6 Hz), 135.92
(d,J=2.3 Hz), 135.43,129.60 (d, /J=10.0 Hz), 128.28, 127.99, 127.57 (d, J=2.3 Hz),
124.64, 123.75, 111.89 (d, J = 8.2 Hz), 110.79, 110.03, 56.53, 37.40 (d, J = 89.4 Hz),
34.18,29.91, 2491 (d, J= 3.4 Hz), 24.60, 23.63 (d, /= 5.8 Hz).

3'P NMR (203 MHz, CDCl3): § 43.1.

HRMS: calculated for C30H4104NPS: 542.2499, found: 542.2491.

(R)-N-(tert-butyl(2-methoxy-5,6,7,8-tetrahydronaphthalen- 1-yl)phosphoryl)-2,4, 6-
triisopropylbenzenesulfonamide (4d):

"H NMR (500 MHz, CDCl3): § 7.47 (s, 1H), 7.17 (d, J= 8.5 Hz, 1H), 7.08 (s, 2H), 6.74
(dd, J= 8.5, 5.2 Hz, 1H), 4.18 (hept, J = 6.7 Hz, 2H), 3.89 (s, 3H), 3.40 (dt, J = 18.0,
6.2 Hz, 1H), 3.03 (dt, J=17.9, 5.5 Hz, 1H), 2.85 (hept, /= 6.9 Hz, 1H), 2.74 — 2.64 (m,
2H), 1.73 — 1.56 (m, 4H), 1.26 (d, J= 6.7 Hz, 6H), 1.24 — 1.15 (m, 15H), 1.13 (d, J =
6.7 Hz, 6H).

3P NMR (203 MHz, CDCls): § 44.0.

Upon completion of the coupling reaction with the sulfonyl chloride, the crude
compound 4d was used directly in the subsequent demethylation step to get the final
catalyst 5d.
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(R)-N-(tert-butyl(2-methoxy-6-phenylnaphthalen- 1-yl)phosphoryl)-2,4,6-
triisopropylbenzenesulfonamide (4e):

"H NMR (500 MHz, CDCl3) § 9.51 (d, J=9.2 Hz, 1H), 8.08 (d, J= 9.1 Hz, 1H), 7.95
(t,J=2.1Hz, 1H), 7.75 (dd,J=9.2, 2.1 Hz, 1H), 7.68 (dd, /= 8.3, 1.3 Hz, 2H), 7.52
(d,/J=6.4 Hz, 1H), 7.47 (t, J=17.7 Hz, 2H), 7.39 — 7.34 (m, 1H), 7.31 (dd, J=9.1,
4.7 Hz, 1H), 7.06 (s, 2H), 4.18 (hept, J= 6.7 Hz, 2H), 4.11 (s, 3H), 2.81 (hept, J= 6.8
Hz, 1H), 1.26 — 1.20 (m, 15H), 1.18 (dd, /= 6.9, 2.4 Hz, 6H), 1.12 (d, /= 6.7 Hz,
6H).

3'P NMR (203 MHz, CDCl3): § 43.2.

Upon completing of the coupling reaction with the sulfonyl chloride, compound 4e
the crude product was used directly in the subsequent demethylation step to get the
final catalyst Se.

General procedure for the synthesis of Brensted acids 5:

(¢}
1 0 9 (0] (0]
S

%"'P‘NHz TPSCI, NaH %--#—H— BBry B-R-4
—_—

1] i}
/
Meo—CAr]]  THROCtort P NGe. CH,Cl, -78 °C to rt . ©
X 16 h MeO—[ A | 16 h HO— AT |

8 4 5

Note: Upon completion of the coupling reaction between intermediate 8 and the
sulfonyl chloride, some analogs 4 were used directly in the subsequent demethylation
step to get the final catalysts 5.

Demethylation step: A solution of intermediates 3b or 4 in dry DCM (5 mL) was cooled
to -78 °C, then BBr3 (1.2 equiv in hexane) was added slowly over a 5 min period. After
the addition was finished, the reaction mixture was allowed to warm-up to RT and
stirred overnight. The reaction was quenched with water and diluted with DCM. The
organic fraction was washed with 1 N HCI, dried over anhydrous MgSQO4, concentrated
and purified by flash column chromatography on silica gel. The isolated product was
re-dissolved in DCM (15 mL) and thoroughly washed with 4 M HCI (15 mL x 2) to
remove any metal impurities and completely protonate the catalyst. The organic layer
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was separated and concentrated under reduced pressure. The residue was taken up in
toluene (5 mL), evaporated to dryness again and allowed to dry under high vacuum for
a minimum of 24 h to give (R)-phenolic catalyst.

(R)-N-(tert-butyl(2-hydroxyphenyl)phosphoryl)-2,4, 6-triisopropylbenzenesulfonamide
(5a):

Compound was isolated as a yellow solid in 92% yield (221 mg).

'"H NMR (400 MHz, CDCl3): § 10.60 (s, 1H), 7.42 (ddt, J=8.4, 7.1, 1.4 Hz, 1H), 7.31-
7.23 (m, 1H), 7.14 (s, 2H), 6.97 — 6.89 (m, 1H), 6.84 — 6.75 (m, 1H), 6.41 (d, J = 8.7
Hz, 1H), 3.91 (hept, /= 6.6 Hz, 2H), 2.90 (hept, /= 6.9 Hz, 1H), 1.30 — 1.14 (m, 27H).
13C NMR (126 MHz, CDCls): & 163.6 (d, J = 5.0 Hz), 153.7, 150.3, 135.1 (d, J = 2.1
Hz), 134.2 (s), 133.0 (d, J = 8.4 Hz), 123.9, 118.8 (d, J = 12.5 Hz), 118.0 (d, /=9.3
Hz), 107.5 (d, J = 117.5 Hz), 34.6 (d, J = 86.2 Hz), 34.2, 30.1, 24.7 (d, J = 47.0 Hz),
23.8,23.5(d, J=4.2 Hz).

3P NMR (162 MHz, CDCls): § 45.42.

HRMS: calculated for C2sH3oNO4PS™ [M+H]": 480.2332, found: 480.2336.

(R)-N-(tert-butyl(4-hydroxyphenyl)phosphoryl)-2,4, 6-triisopropylbenzenesulfonamide:
(Sb)

Isolated as a yellow solid, in 80% yield (193 mg).

'H NMR (500 MHz, MeOD): § 7.51-7.44 (m, 2H), 7.17 (s, 2H), 6.77 (dd, J = 8.5, 2.5
Hz, 2H), 4.27-4.14 (m, 2H), 2.96-2.87 (m, 1H), 1.31-1.20 (m, 12H), 1.18-1.03 (m,
15H).

3C NMR (126 MHz, MeOD): & 161.4, 152.4, 149.6, 136.6, 134.8 (d, J = 11.0 Hz),
123.1,116.5 (d, J=125.4 Hz), 114.7 (d, /= 13.8 Hz), 34.0, 33.1 (d, /= 93.4 Hz), 28.9,
23.8 (d, J=38.7 Hz), 23.0, 22.7 (d, /= 6.2 Hz).

3P NMR (203 MHz, MeOD): § 41.15.

HRMS: calculated for C2sH3oNO4PS™ [M+H]": 480.2332, found: 480.2335.
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(R)-N-(tert-butyl(2-hydroxynaphthalen-1-yl)phosphoryl)-2,4, 6-
triisopropylbenzenesulfonamide (5c¢):

2n 9
>3]
@)
gee

Isolated as a yellow solid in 95% yield (252 mg).

"H NMR (400 MHz, CDCI3): § 12.55 (s, 1H), 8.15 (m, 1H), 7.88 (d, J = 8.9 Hz, 1H),
7.70 (m, 1H), 7.25 - 7.20 (m, 2H), 7.15 — 7.06 (m, 3H), 6.56 (s, 1H), 3.88 (hept, /= 6.7
Hz, 2H), 2.88 (hept, /= 6.9 Hz, 1H), 1.36 — 1.14 (m, 21H), 1.11 (d, J = 6.7 Hz, 6H).
13C NMR (126 MHz, CDCl): & 166.5 (d, J = 4.8 Hz), 153.4, 150.1, 136.5 (d, J=2.3
Hz), 134.6, 133.6 (d,J=8.6 Hz), 128.4 (d, /= 10.2 Hz), 128.0 (d, /= 197.2 Hz), 125.5
(d, /J=4.2 Hz), 123.9, 123.2,120.4 (d, J=11.1 Hz), 36.8 (d, J = 85.8 Hz), 34.2, 30.2,
24.8,24.7 (d,J=39.8 Hz), 23.5 (d, /= 4.6 Hz).

3P NMR (162 MHz, CDCls): § 47.72.

HRMS: calculated for C20H41NO4PS™ [M+H]": 530.2488, found: 530.2496.

(R)-N-(tert-butyl(2-hydroxy-35,6,7,8-tetrahydronaphthalen-1-yl)phosphoryl)-2,4, 6-
triisopropylbenzenesulfonamide (5d):

Isolated as a yellow solid in 93% yield (248 mg).

'"H NMR (400 MHz, CDCl3): & 11.50 (s, 1H), 7.17 (s, 2H), 7.14 (d, J = 8.4 Hz, 1H),
6.75 (dd, J= 8.4, 5.2 Hz, 1H), 6.19 (d, J = 10.9 Hz, 1H), 3.97 (hept, J = 6.5 Hz, 2H),
3.13 (ddd, J=15.9, 10.1, 5.4 Hz, 1H), 2.95 — 2.78 (m, 2H), 2.75 — 2.67 (m, 2H), 1.98
— 1.68 (m, 4H), 1.31 (d, J = 6.6 Hz, 6H), 1.27 — 1.22 (m, 12H), 1.18 (d, J = 16.6 Hz,
9H).

B3C NMR (126 MHz, CDCl3): § 162.9 (d, J = 5.6 Hz), 153.3, 150.2, 140.3 (d, J = 9.1
Hz), 136.0, 135.0, 128.9 (d, J=10.4 Hz), 124.0, 116.4 (d, /= 11.0 Hz), 106.3 (d, J =
109.8 Hz), 36.2 (d, J = 83.9 Hz), 34.1, 30.3, 29.5, 24.8 (d, / = 84.6 Hz), 24.8 (d, J =
14.8 Hz), 24.3, 23.6, 22.4, 22.1.

3P NMR (162 MHz, CDCls): § 49.00.

HRMS: calculated for C29HasNO4PS™ [M+H]": 534.2801, found: 534.2808.
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(R)-N-(tert-butyl(2-hydroxy-6-phenylnaphthalen-1-yl)phosphoryl)-2,4,6-
triisopropylbenzenesulfonamide (Se):

Isolated as a yellow solid in 88% yield (267 mg).

'"H NMR (500 MHz, CDCls) § 12.49 (s, 1H), 8.30 (d, J = 8.9 Hz, 1H), 7.85 (d, J = 8.9
Hz, 1H), 7.64 (s, 1H), 7.44 — 7.30 (m, 6H), 7.17 (s, 2H), 7.13 (dd, J = 8.9, 4.7 Hz, 1H),
3.98 (hept, J = 6.7 Hz, 2H), 2.89 (hept, J = 6.9 Hz, 1H), 1.35 (d, ] = 6.7 Hz, 6H), 1.28
—1.12 (m, 21H).

BBCNMR (126 MHz, CDCl5): § 166.2 (d,J=4.3 Hz), 153.6, 150.6, 140.0, 136.8, 135.3,
134.7, 132.9 (d, J = 8.7 Hz), 128.6 (d, /= 10.1 Hz), 128.3, 126.9, 126.6 (d, J = 126.9
Hz), 126.3 (d, J= 4.1 Hz), 124.0, 120.3 (d, /= 10.8 Hz), 98.3 (d, /= 111.8 Hz), 36.9
(d, J=85.1 Hz), 34.2, 30.3, 25.2, 24.6, 23.5 (d, /= 6.9 Hz).

3P NMR (203 MHz, CDCl3): & 48.88.

HRMS: calculated for C3sH4sNO4PS™ [M+H]": 606.2801, found: 606.2803.

General procedure for the transfer hydrogenation of quinolines 10 to the
tetrahydroquinolines 11:

General procedure for the synthesis of the racemic tetrahydroquinolines:

Etozcj\/\/[cozEt
|

R4 Me N Me R4

(0]
RS R® P—OH A RS R®
X . cat. 50 mol%
_ o
N R2 DCM, 22 °C N R2
0.2 mmol H

An oven dried 2 dram vial equipped with a stir bar was cooled to ambient temperature
in a desiccator and subsequently charged with the requisite quinoline (0.200 mmol). 1
mL of DCM, Hantzsch ester (152 mg, 0.600 mmol) and diphenylphosphinic acid (21.8
mg, 0.500 mmol). The vial was capped under air, sealed with parafilm and the mixture
was stirred at RT for 2-24 h. Progress of the reaction was monitored by TLC (20%
EtOAc and 80% hexanes). The crude product was purified by flash chromatography on
silica gel (using EtOAc/hexanes) to afford the desired tetrahydroquinoline.
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General procedure for the asymmetric transfer hydrogenation of quinolines 10 to the
tetrahydroquinolines 11:

R4 R
R6 R3 o R6 * R3
SN catal. (5 mol%) *
N/ R? solvent, 22 °C, time N * R2
10 ROZCJ\/ICOZR 11
N

9 H (3 equiv)

An oven-dried flask was fitted with magnetic stirring bar and charged with the quinoline
(reactions were typically carried out at a 0.1-0.2 mmol scale), catalyst (5 mol%),
Hantzsch ester (3.0 equiv) and solvent (0.5 mL). The resulting mixture was stirred at
RT (~22 °C), unless otherwise indicated and monitored by TLC. When all starting
material was consumed, the solvent was removed under reduced pressure and the
residue was purified by flash column chromatography on silica gel using the solvent
system indicated to isolate the corresponding product.

(S)-6-bromo-2-methyl-1,2,3,4-tetrahydroquinoline (11a):

)
N~

H

Reaction time: 5 h using catalyst 5¢. Known compound®, purified using a 0-2%
EtOAc/hexanes eluent gradient; isolated as white solid in 98% yield (44.2 mg) and 88%
ee. The compound was crystallized from DCM/hexanes to afford the
tetrahydroquinoline 11e in 93% ee.

'"H NMR (500 MHz, CDCl3): § 7.09 — 7.05 (d, J = 2.4 Hz, 1H), 7.03 (dd, J = 8.4, 2.4
Hz, 1H), 6.34 (d, J = 8.4 Hz, 1H), 3.76 (s, 1H), 3.38 (dqd, /= 9.3, 6.3, 2.9 Hz, 1H),
2.80 (ddd, J=17.0, 11.5, 5.7 Hz, 1H), 2.75 — 2.64 (dt, 1H), 1.98 — 1.87 (m, 1H), 1.55
(m, 1H), 1.20 (d, /= 6.3 Hz, 3H).

3C NMR (101 MHz, CDCI3): & 143.9, 131.8, 129.5, 123.3, 115.5, 108.4, 47.2, 29.8,
26.5,22.6.

Chiral HPLC method: Chiralpak OD-H, hexane/IPA = 98/2, 1.0 mL/min, A = 254 nm;
(R)-enantiomer tr (minor) = 8.6 min, (S)-enantiomer tr (major) = 11.2 min.

For the purpose of comparison the product was also analyzed using the same chiral
HPLC column and solvent system as previously reported:® Chiralcel OJ-H, hexane/IPA
=95/5, 0.8 mL/min, A = 254 nm; (S)-enantiomer tg (major) = 19.04 min, (R)-enatiomer
tr (minor) = 23.19 min.
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(S)-2-methyl-1,2,3,4-tetrahydroquinoline (11b):
NMR and chiral HPLC data consistent with those previously reported.°

H
Compound was purified using a 0-1% EtOAc/hexanes as the eluent; isolated as a pale-
yellow oil in 73% yield (21.6 mg) and 88% ee.

"H NMR (500 MHz, CDCl3): § 7.02 — 6.90 (m, 2H), 6.60 (td, /= 7.3, 1.2 Hz, 1H), 6.47
(dd, J=8.4, 1.2 Hz, 1H), 3.70 (broad s, 1H), 3.40 (dqd, /= 10.0, 6.3, 2.8 Hz, 1H), 2.90
—2.78 (m, 1H), 2.73 (ddd, J=16.3, 5.2, 3.4 Hz, 1H), 1.93 (dddd, /= 12.8, 5.6, 3.4, 2.8
Hz, 1H), 1.63 — 1.55 (m, 1H), 1.21 (d, J= 6.3 Hz, 3H).

3C NMR (126 MHz, CDCls): § 144.9, 129.4, 126.8, 121.3, 117.1, 114.1, 47.3, 30.3,
26.7,22.8.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 98/2, 1.0 mL/min, A = 254 nm; (R)-
enantiomer tr (minor) = 6.78 min, (S)-enantiomer (majot) tr = 7.79 min.

(R)-2-phenyl-1,2,3,4-tetrahydroquinoline (11c):
NMR and chiral HPLC data consistent with those previously reported. !’

AS

Compound was purified using a 0-3% EtOAc/hexanes eluent and isolated as a white
solid 95% yield (39.9 mg) and 59.3% ee.

'"H NMR (500 MHz, CDCl5): § 7.45 — 7.33 (m, 4H), 7.32 — 7.27 (m, 1H), 7.07 — 6.97
(m, 2H), 6.66 (td, /= 7.3, 1.2 Hz, 1H), 6.55 (d, /= 7.5 Hz, 1H), 4.45 (dd, J=9.4,3.3
Hz, 1H), 4.05 (s, 1H), 2.93 (ddd, J=16.2, 10.7, 5.5 Hz, 1H), 2.75 (dt, /= 16.3, 4.8 Hz,
1H), 2.13 (dddd, /=13.1, 5.4, 4.5, 3.3 Hz, 1H), 2.00 (dddd, /= 13.0, 10.7, 9.3, 5.1 Hz,
1H).

BC NMR (126 MHz, CDCI3): § 144.9, 144.9, 129.4, 128.7, 127.6, 127.0, 126.7, 121.0,
117.3,114.1, 56.4, 31.1, 26.5.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 98/2, 1.0 mL/min, A = 254 nm; (S)-
enantiomer tr (minor) = 15.13 min, (R)-enantiomer tr (major) = 21.39 min (major).

(R)-4-methyl-1,2,3,4-tetrahydroquinoline (11d):
NMR and chiral HPLC data consistent with those previously reported!!

o
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Compound purified using a 0-20% Et;O in pentane and isolated a pale-yellow oil in
70% yield and 30% ee.

"H NMR (500 MHz, CDCls): § 7.06 (d, ] = 7.6 Hz, 1H), 6.96 (tdd, J=7.3, 1.7, 0.8 Hz,
1H), 6.63 (td, /= 7.4, 1.2 Hz, 1H), 6.48 (dd, /= 7.9, 1.2 Hz, 1H), 3.91 (s, 1H), 3.39 —
3.23 (m, 2H), 2.92 (h, J = 6.6 Hz, 1H), 2.04 — 1.94 (m, 1H), 1.68 (dddd, J = 13.0, 6.9,
6.1,3.5 Hz, 1H), 1.29 (d, /= 7.0 Hz, 3H).

3C NMR (126 MHz, CDCI3): § 144.3, 128.6, 126.9, 126.8, 117.1, 114.3, 39.2, 30.4,
30.0, 22.8.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 98/2, 0.6 mL/min, A = 254 nm; (S)-
enantiomer tr (minor) = 16.41 min, (R)-enantiomer tr (major) = 17.67 min.

(S)-2-ethyl-1,2,3,4-tetrahydroquinoline (11e):
NMR and chiral HPLC data consistent with those previously reported.!”

(;('\lj"/,/

H
Compound was purified using a 0-2% EtOAc in hexanes and isolated as a pale-yellow
oil in 72% yield (23.1 mg) and 75% ee.

'"H NMR (500 MHz, CDCls): § 6.96 (ddt, J = 8.2, 7.4, 0.8 Hz, 2H), 6.60 (td, J = 7.4,
1.2 Hz, 1H), 6.48 (dt,J= 7.4, 1.3 Hz, 1H), 3.77 (s, 1H), 3.17 (dtd, /= 9.4, 6.4, 2.9 Hz,
1H), 2.88 — 2.77 (m, 1H), 2.73 (ddd, J = 16.3, 5.4, 4.0 Hz, 1H), 1.98 (dddd, J = 12.7,
5.6,4.0,2.9 Hz, 1H), 1.65 - 1.56 (m, 1H), 1.56 — 1.49 (m, 2H), 1.00 (t, /= 7.5 Hz, 3H).
BBC NMR (126 MHz, CDCl3): § 144.9, 129.4, 126.8, 121.5, 117.0, 114.1, 53.2, 29.6,
27.7,26.6, 10.2.

Chiral HPLC method: Chiralcel OD, hexane/IPA =98/2, 1.0 mL/min, A = 254 nm; (R)-
enantiomer tr (minor) = 6.56 min, (S)-enantiomer tr (major) = 7.91 min.

(R)-2-isopropyl-1,2,3,4-tetrahydroquinoline (111 ):

so¥

H
NMR and chiral HPLC data consistent with those previously reported,' purified using
a 0-2% EtOAc/hexanes eluent; isolated as a pale-yellow oil in 77% yield (27.0 mg) and
66% ee.

'H NMR (500 MHz, CDCl3): § 7.00 — 6.91 (m, 2H), 6.59 (td, J= 7.3, 1.2 Hz, 1H), 6.52
—6.45 (m, 1H), 3.76 (s, 1H), 3.04 (ddd, /= 10.0, 5.9, 2.9 Hz, 1H), 2.81 (ddd, /= 16.5,
11.3, 5.5 Hz, 1H), 2.77 - 2.70 (m, 1H), 1.92 (dddd, J=12.5, 5.5, 3.9, 2.9 Hz, 1H), 1.77
— 1.60 (m, 2H), 1.00 (d, J= 6.8 Hz, 3H), 0.98 (d, /= 6.8 Hz, 3H).
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13C NMR (126 MHz, CDCls): § 145.2, 129.3, 126.8, 121.6, 116.9, 114.1, 57.4, 32.7,
26.8,24.7,18.7, 18 4.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 98/2, 1.0 mL/min, A = 254 nm; (S)-
enantiomer tr (minor) = 5.90 min, (R)-enantiomer tr (major) = 8.53 min.

(S)-2-methyl-6-nitro-1,2, 3,4-tetrahydroquinoline (11g):

N~
H

NMR and chiral HPLC data consistent with those previously reported;*? compound
was purified by flash column chromatography on silica gel (silica gel was deactivated
with a 1% Et;N in hexanes solution) using a 0-15% EtOAc/hexanes eluent gradient;
isolated an orange solid in 83% yield (44.2 mg) and 86% ee. The compound was
recrystallized from DCM/hexanes to afford the tetrahydroquinoline in 96% ee.

"H NMR (500 MHz, CDCl3): § 7.95 — 7.86 (m, 2H), 6.42 — 6.32 (m, 1H), 4.53 (s, 1H),
3.55(dqd, J=9.7, 6.4, 3.4 Hz, 1H), 2.90 — 2.74 (m, 2H), 2.00 (dtd, /= 12.9, 4.8, 3.4
Hz, 1H), 1.58 (dtd, J=13.0, 9.8, 6.2 Hz, 1H), 1.28 (d, J = 6.4 Hz, 3H).

3C NMR (126 MHz, CDCl3): § 150.4, 137.5, 125.9, 124.4, 119.8, 112.2, 47.6, 29.0,
26.3,22.4.

Chiral HPLC method: Chiralcel OD, hexane/IPA = 95/5, 1 mL/min, A = 254 nm; (R)-
enantiomer tr (minor) = 19.35 min, (S)-enantiomer tr (major) = 20.67 min (major).

(R)-3-methyl-1,2,3,4-tetrahydroquinoline (11h):

SNy

H
NMR and chiral HPLC data consistent with those previously reported.'®
Compound was purified by flash column chromatography on silica gel using a 0-10%
pentane/Et20 eluent; isolated as a pale-yellow oil in 71% yield (20.9 mg) and 14% ee.
'H NMR (400 MHz, CDCls): § 7.01-6.91 (m, 2H), 6.61 (td, J= 7.4, 1.2 Hz, 1H), 6.49
(dd, /=79, 1.2 Hz, 1H), 3.89 (s, 1H), 3.27 (ddd, J=11.0, 3.7, 2.0 Hz, 1H), 2.90 (dd,
J=11.0,9.6 Hz, 1H), 2.78 (ddd, J=16.0, 5.0, 2.0 Hz, 1H), 2.43 (dd, J=16.0, 10.2 Hz,
1H), 2.14 - 1.99 (m, 1H), 1.05 (d, /= 6.6 Hz, 3H).
B3C NMR (126 MHz, CDCl3) § 144.4, 129.7, 126.8, 121.3, 117.1, 114.0, 49.0, 35.6,
27.3,19.2.
Chiral HPLC method: Chiralcel OJ-H, hexane/IPA = 90/10, 0.5 mL/min, A = 210 nm;
(R)-enantiomer tr = 30.77 min (major), (S)- enantiomer tg = 37.77 min (minor).
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(R)-3-phenyl-1,2,3,4-tetrahydroquinoline (11i):
The precursor 3-phenylquinoline was synthesized according to literature procedure.**

©O©

H
NMR and chiral HPLC data consistent with those previously reported.'® Compound
was purified by flash column chromatography on silica gel using 0-6% EtOAc/hexanes
as the eluent; isolated as a pale-yellow solid in 51% yield (10.5 mg; yield based on
recovered starting material) and 4% ee.
'"H NMR (400 MHz, CDCl3) § 7.39 — 7.30 (m, 2H), 7.30 — 7.22 (m, 3H), 7.02 (d, J =
7.4 Hz, 2H), 6.66 (td, J=7.4, 1.2 Hz, 1H), 6.57 (dd, J= 8.4, 1.3 Hz, 1H), 4.15 (s, 1H),
3.47(ddd,J=11.2,3.7,1.9 Hz, 1H), 3.35 (t, /= 10.7 Hz, 1H), 3.16 (tdd, /= 10.2, 5.8,
3.7 Hz, 1H), 3.09 — 2.93 (m, 2H).
3C NMR (101 MHz, CDCls) & 144.1, 144.0, 129.7, 128.8, 127.4, 127.1, 126.8, 121.6,
117.3, 114.3, 48.5, 38.8, 34.8.
Chiral HPLC method: Chiralcel OD, hexane/IPA = 98/2, 1 mL/min, A = 254 nm; (R)-
enantiomer tr = 18.81 min (major), (S)- 10.5 mg tr = 24.04 min (minor).

Methyl (R)-1,2,3,4-tetrahydroquinoline-2-carboxylate (11j)

(;(Nju,/”/OMe

H @)
Reaction time: 4 h at 50 °C using catalyst Sc. NMR and chiral HPLC data consistent
with those previously reported.®
purified using a 0-8% Et:O/hexanes eluent; isolated as a colourless oil in 71% yield
(27.2 mg) and 30% ee.
'H NMR (400 MHz, CDCls) § 7.05 — 6.96 (m, 1H), 6.96 (d, J = 7.5 Hz, 1H), 6.65 (td,
J=17.3,1.2Hz, 1H), 6.59 (dd, J = 8.0, 1.2 Hz, 1H), 4.40 (s, 1H), 4.05 (dd, J= 8.8, 3.8
Hz, 1H), 3.78 (s, 3H), 2.90 — 2.71 (m, 2H), 2.29 (dtd, J = 13.0, 5.6, 3.8 Hz, 1H), 2.01
(dtd, J=13.0, 9.1, 5.3 Hz, 1H).
3C NMR (101 MHz, CDCls) § 173.8, 143.1, 129.3, 127.2, 120.7, 117.8, 114.7, 54.1,
52.5,26.0, 24.8.
Chiral HPLC method: Chiralpak AD, hexane/IPA = 80/20, 1 mL/min, A =254 nm; (R)-
tr = 7.62 min (major), (S)-tr = 9.04 min (minor).
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Table 1: Solvent Screening and Optimization of Reaction Conditions

(0] O
Br Hantzsch ester§3.0 eqg.) Br EtO OEt
\O\/j 5¢ (5 mol%) ‘ | |
NZ “Me solvent, 22 °C H “Me Me H Me
11a

10a Hantzsh ester
Entry Solvent Time (h) Yield (%) ee (%)
1 toluene 2 99 80

2 CH:Cl 1.5 99 75

3 CHCI3 0.5 99 80

4 CCly 1.5 99 86

5 DCE 1.5 99 78

6 cyclohexane | 5 99 89

7 n-hexane 5 99 86

8 Et,O 3 99 85

9 t-BuOMe 3 99 85

10 EtOAc 2 99 84

Table 2: Optimization of Hantzsh Ester
0

B Hantzsch ester (3.0 eq.) Br.
NZ M solvent, 22 °C N "'Me

Me
e H
10a Ta Hantzsh ester
Entry R Time (h) Yield (%) ee (%)
1 Me 5 99 88
2 Et 5 99 89
3 t-Bu 3 99 85

520



'H, BC, 3'P NMR spectra and chiral HPLC chromatograms
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13C NMR of 4a

25000

20000

15000

10000

FE000

16207
08+622
1574 €2~
8514 m&«
¥E8L ¥24 -
596482
a0 ze
161626
2956 €8

LBLZZL

E; mmj_,ﬁ
LOVBBZL|
56 Nm%
0960°€EL-,
099} EEL \_,.
8EPEEEL

18T L HL~"
£G4 1%L

N%EiM

|

30

B0 il 60
£l (ppm)

90

T
100

T T T
160 150 140

1

S24



Chiral HPLC Chromatograms of 4a

Method: HPLC instrument: Agilent 1260 HPLC; A = 220 nm

Colum: Phenomenex Lux Cellulose-2, 4.6x100 mm
Solvent A: 0.1% (v/v) HC1O4 in water, Solvent B: CH3CN; 50-90% solvent B in 15 min

at a flow rate of 1.2 mL/min

Top panel, racemic (in red) superimposed with (R)-enantiomer (in blue); bottom panel
(R)-4a; (R)-enantiomer tr = 11.44 min (major), (S)- enantiomer tr = 12.36 min (minor).

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] L]
=== I====1 | I |
1 11.439 MM 0.2819 1.42850e4 B44.44775 98.0089
2 12.401 BB 0.2276 2380.20435 17.39890 1.9911
Totals : 1.45752e4 B861.84665

|
10,771

= 12357

12401

*%& End of Report *+»
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THNMR of 4¢
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13C NMR of 4¢
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THNMR of 4d
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"H NMR of 5a
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"H NMR of 5b
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13C NMR of 5b
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B3C NMR of 5¢
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3C NMR of 5d
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"H NMR of 5e
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3C NMR of 5e
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"H-NMR of 7f
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'"H-NMR, '3C and *'P NMR spectra of compound 8a were consistent with those
previously reported.’

i
%u---P—NH2

8a

Chiral HPLC chromatograms of 8a
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"H NMR of 8b
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13C NMR of 8b
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3C NMR o
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"H NMR of 8d
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13C NMR of

[* <
="

) oo e = e e o e BV e R - B Y
L3 REFSIBENETE= ] 33 =
~ o M~ S m D T & & 5 53 5
@ oo OO T 00 A0 M M P Ty e e Leoooo
0w M OO OO O O [Te) [{=N¥v] =+
£ papacici o s e & & e &
B RS NV
53000
20000
45000
40000
33000
=30000
FZ5000
20000
I
. F15000
i
10000
| 5000
| L
! J ). Lo
3000
T T T T T T T T T T T T T T T T T T T T
190 180 170 160 130 140 130 120 110 100 a0 B0 n &0 a0 40 20 0 10 0
1 (ppm}
Chiral HPLC chromatograms of 8d
DAD1 E, Sig=220,4 Ref=360,100 (MLY\MLYD1-131-P(C)NH2 D)
mAL
300
250
200 ®
|
|
150 |
| o
100 I 3
(\ g
50} I M\
| A
P I VY I - AN B
————— e e e
'] 5 10 15 20 25 30 35 mir}
DAD1 E, Sig=220,4 Ref=360,100 (MLY\MLY02-13-NEW-PONH2.D})
mAU
250
200
('
150 i
100 [
50 [
0 4 . - ; S
e
0 5 10 15 20 25 30 35 min
Peak RetTime Type Width BArea Height Area
# [min] [min] [mAU*s] [mAU] %
1 28.963 BB 1.0990 1.57264e4 216.10506 100.0000

548



549

100
F1400
1300
1200
F1100
1000
500
800
700
800
400
300
rZ0o0
F100
100

L7

(=] o o o o o o o o o o (=3 (=3 o o
o o o (=] o o o o o (=3 o (=] o (=3 (=] o o o o o o o I=3 I=3
o o o o o o o o o o o o o (=] (=] o (=] o o o o o I3 I=1
o~ — o a 0 ~ O n < ™ ] — o o o o o o (=] o [=] o — ~N
o~ [aY] o~ — — — — — — — — — — [} © ~ o wn < ™ ~N — o [l D
1 Nﬁ.kﬁ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ST'T L2
(8T °
8S'T
85T
65T
09T n
09'7 | ro 2 2
. 2 8
1] —
291
€97
v9'T 47u Ym
19T+
89'T Fros
3 wn
mw.ﬁ h 65'T L wn
69'T . )
. 091 -
0T of/ n
. o H
AR\ G.ﬁ/ Le S
(7R 8\ 201 - T
€1~ o1 0T
. n .
WMW L9'T L2 Feot
. 89'T / - o
81 N\ Fa
. 89'T ~ 13 N
6L'T . Ra
. 69T N a
8T o1 -
. LT
8T T bl
. 7T n =
€81 .
8T W EN n
€1 - F e
B 6L'T
oLt T\ S
NN.NW M.ﬁ N 2 Foz
€T S
e €8T — v
:.m/ b8 T~ L L2
— (2]
E.m/ WM?
61°€ ~= -
T
QN.M& L8 z
Tee N
. 07~ _ ~ S ~
mm we— - oz LN & J_.m €
~ - — a
o F s N g = Teot g
09°€ bl
zo¢ Wﬁ.m b
S.m\ )
s9'€ L2
6L e [T~
e\ - (6T ™ E
B.m/ g
6T = e
07°E " = |l L OF in
176 — —-— Rt <
gee
n
L0
15~ . a 2 LS
85 — - o5
o
09t — = Leor e S
29—~ - o
mm.m~ = r_kD..
59— e n
)
[se) o 6521 05—
I ER
_ o = o
109" ~ ®] ~ £ re
29— T (@) - LN &

D w9 — - 00T [N 6 o
o0 €9~ Z ~ < -
4 | F in =

O 129 O”P o 0
R [74) ht Q <+ = F00'T R

NE\ = o) |~ E
M €9 YIL— - N g
o B roor | - & 1)
N 9TL L= [~ N
UL~ ~ — .
H s~ \l 00T (=W
s —
= epao oz -

-1%0 210 230

-150 =17

-130

-110

0
£1 (ppm)

0 -10 -30 -3

10

0 40 30 20

5

0 &0

7

90 80

110

130




13C NMR of 8e
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"H NMR of 8f
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13C NMR of 8f
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(8)-6-bromo-2-methyl-1,2,3,4-tetrahydroquinoline (11a)

'"H NMR of 11a
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3C NMR of 11a
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For comparison compound 11a was also analyzed using a chiracel OJ-H comlun in

comparison with the literature.’
Chiral HPLC Chromatograms of 11a

DAD1 F, Sig=254 4 Ref=360,100 (IFENNA MBAEZUE\MO2-74_RAC.D)
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(8)-2-methyl-1,2,3,4-tetrahydroquinoline (11b)

'"H NMR of 11b
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13C NMR of 11b
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(R)-2-phenyl-1,2,3,4-tetrahydroquinoline (11¢)

'H NMR of 11¢
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3C NMR of 11¢
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(R)-4-methyl-1,2,3,4-tetrahydroquinoline (11d)

"H NMR of 11d
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Chiral HPLC Chromatograms of 11d

DAD1 F, Sig=254 4 Ref=360,100 (IFENNA MBAEZUE\IM02-80_RAC.D)
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(5)-2-ethyl-1,2,3,4-tetrahydroquinoline (11e)

'H NMR of 11e

19000
18000

17000

16000
15000

14000

13000
12000

11000

10000

9000
8000

7000

6000

5000

4000

3000

2000

1000

r-1000

v9'T
S6'T

96T
L6'T
L6'T
86'T
86'T
86'T
66'T
66'T
66'T
00z
we
vL'T
SL'T
SL'T
9LT
6LC
08'C
08'C
8C
[4:x4
f4:x4
[4:x4
9T'e
LT'E
LT'E
8T'E
6T'E
LLe
L9
L¥'9
8v'9
6v'9
6v'9
6v'9
859
659
099
099
199
T9'9
¥6'9
S6'9
S6'9
S6'9
96'9
969
96'9
16’9
86'9
86'9
86'9
€10aD 9T,

——

W

vT
(724
a4
9T~

64T AN
08 ~
—

18T
[4:x4
[4:x4

[4: x4

SsTe
mﬁ.m/
oT'E /
LTE~S
re—
8T'E

S.m\
S.m\

oze

L¥'9
Lv'9 %
8v'9 —
6v'9 -
6v'9
6v'9
859
659 /
099
099 -~

199 \

199

¥6'9
56'9
569
96'9 ~\*
96’9
mm.w\

16’9

0y

ZT

11e

Tt

60T

901

20't

00¢c

3.15
f1 (ppm)

3.20

T T
6.60 6.55 6.50 6.45

T

T

6.95
f1 (ppm)

7.00

f1 (ppm)

J

yAN4
(493

Fort

T
0T

Foot

Feot
Foot

Fooz

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

7.0

17000

16000

15000

14000

13000

12000

11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

r 1000

ro

r-1000

0s'T
ST
s'T
€S'T
ST
SS'T
98T
95’1
LS'T
85T
8S'T
65T
65T ~
65T <7
09'1T
09’1
09'1T
9T
9T
9T
9T

€9'T
9T

S6'T
96T
%'
96T
%'
6T
L6'T
86T
86'T
86T /
66T ~
66’1
66'T
00T

00z

I

LET

(494

195 190 185 18 175 170 165 160 155 150 145 140 135 130 125 120 1.15 1.10 1.05 1.00
f1 (ppm)

2.00

562



3C NMR of 11e
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(R)-2-isopropyl-1,2,3,4-tetrahydroquinoline (11f)
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13C NMR of 11f
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'"H NMR of 11g
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3C NMR of 11g
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Chiral HPLC Chromatogram of crystallized product 11g
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"H NMR of 11h
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I3C NMR of 11h
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"H NMR of 11i
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13C NMR of 11i
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'H NMR of 11j
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Chiral HPLC Chromatograms of 11j

DAD1F, Sig=254,4 Ref=360,100 (IFENNA MBAEZUEIIM02-107_RAC.D)
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X-Ray Data Collection and Structural Refinement Statistics

The X-ray data were collected on a Bruker D8 Venture dual-source diffractometer equipped
with a PHOTON 1II detector and an Oxford Cryostream 800 cooling system, using mirror-
monochromatized CuKo radiation (A = 1.54184 A) from a microfocus source, in a series of ¢- and
w-scans. APEX3 software was used for data collection, integration and reduction.!” Semi-empirical

absorption correction was applied using SADABS-2016/2.18

The structures were solved using SHELXT-2014/5 (5a_123K, 11a_253K) or SHELXT-
2018/2 (5¢_253K, 8d 253K)Y° and refined by full-matrix least-squares using SHELXL-2018/3%0
within Olex2?' and WinGX? packages. All non-hydrogen atoms were refined anisotropically. All
carbon-bound hydrogen atoms were calculated to their optimal positions and treated as riding atoms
using isotropic displacement parameters 1.2 (or 1.5 in case of methyl groups) times larger than the
respective parent atoms. Nitrogen- and oxygen-bound hydrogen atoms were found in the difference
electron density map and were modelled as constrained, with isotropic displacement parameters 1.2
(for nitrogen-bound) or 1.5 (for oxygen-bound) times larger than those of the respective parent
atoms. In case of 11a_253K, the amino group was instead allowed to refine as a rigid body to allow
for the partial sp? character of the nitrogen, i.e. the out-of-plane position of the attached hydrogen
atom. For disordered moieties, 1,2- and 1,3-interatomic distances were restrained to be equal and
the anisotropic displacement parameters of the atoms were restrained to be equal for bonded and
spatially close atoms. In case of S5c¢ 253K, the minor disorder component of the 2,4,6-
triisopropylbenzenesulfonyl group was partially refined as a rigid body including the benzene ring
with the attached secondary carbon atoms of isopropyl groups and the sulfonyl (—=SO2—) group. The
occupancies of the disordered moieties were either allowed to refine freely (S¢_253K) or were fixed

to 0.5 as required by the proximity of a two-fold rotation axis (8d_253K).

CCDC 1935843-1935846 contain the supplementary crystallographic data for this paper.
The data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/structures.
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Table 3. Crystallographic data

Complex 5a 123K 5¢ 253K 8d 253K 11a 253K
CCDC Number 1935843 1935844 1935845 1935846
Empirical formula C25H33NO4PS C30H44N05PS C31H42C12N204P2 C10H12BI'N
Formula weight 479.59 561.69 639.50 226.12

T/K 123.0(1) 253.0(1) 253.0(1) 253.0(1)
Crystal system Monoclinic Orthorhombic Tetragonal Orthorhombic
Space group P2, P2,2,2, P4,2,2 P2,2,2,

alA 10.6790(7) 10.5840(6) 10.7127(2) 16.0321(5)
b/A 12.0178(8) 15.7917(8) 10.7127(2) 6.1532(2)
c/A 11.2241(7) 18.4493(10) 27.9476(6) 9.7828(3)

a/° 90 90 90 90

p/° 112.3257(14) 90 90 90

/° 90 90 90 90

VA3 1332.50(15) 3083.6(3) 3207.32(14) 965.06(5)

Z 2 4 4 4

Peald/g cm 1.195 1.210 1.324 1.556

w/mm’! 1.878 1.721 3.070 5.338

Max. .~ and M0 7543 and 0.5780  0.7536.and 0.6107  0.7536 and 0.6332  0.7543 and 0.5764
transmission

F(000) 516.0 1208.0 1352.0 456.0

Crystal color and shape
Crystal size/mm?

26 range for data collection

/O
Index ranges
Reflections collected

Reflections [Rin]
Data completeness (%)

colorless, prism
0.655%0.634x0.502

8.952 t0 161.056

~13<h<13,
~15<k<14,
-14<i<14

31499

5643 [0.0313]

99.5 to 20 = 135.500°

yellow, lath
0.644x0.628%0.384

7.368 to 145.612

-13<h<13,
-19<k<19,
-22<1<22

60068

6006 [0.0411]

97.6 to 20 = 135.358°

colorless, prism
0.314x0.283x0.221

8.84t0 144.914

~13<h<13,
~13<k<13,
-34<1<32

45989

3167 [0.0835]

99.2 to 260 = 135.500°

colorless, block
0.337%x0.312x0.294

10.594 to 161.068

20 < h <20,
~71<k<7,
-12<i<12

25154

2073 [0.0457]

97.6 to 20 = 135.358°

Data/restraints/parameters 5643/1/300 6006/981/483 3167/20/208 2073/0/114
Goodness-of-fit on F? 1.034 1.137 1.054 1.145
o R;=0.0271, R;=0.0437, R;=0.0278, R; = 0.0656,
Final R indices [7>20(D] | » _ 0 0700 wR>=0.1133 wR> = 0.0741 wR>=0.1579
o R;=0.0273, R; = 0.0440, R; =0.0280, R; = 0.0662,
Final R indices [all data] b ' 077 wR>=0.1137 WR> = 0.0744 WwR>=0.1581
éaj&gis)t diff. - pealdhole ) 546 0,258 0.477/-0.282 0.253/0.190 0.475/0.632
Flack parameter x 0.014(9) 0.029(4) —0.007(5) 0.050(18)
Extinction coefficient 0.0090(10) 0.0130(15) - 0.014(2)
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