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Abstract: We herein report a practical method for the asymmetric transfer hydrogenation/dynamic
kinetic resolution of N-Boc 3-fluoro-dihydrotetrahydroquinolin-4-ones into the corresponding cis-
fluoro alcohols in 70-96% yields, up to 99:1 dr and up to >99% ee by using the ruthenium complex
Ts-DENEB and a formic acid/triethylamine (1:1) mixture as the hydrogen donor under mild condi-

tions.
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1. Introduction

The number of bioactive molecules containing fluorine approved by the Food and
Drug Administration FDA is in large increase as time passes by. The first decade of this
century saw the introduction of 40 new compounds having a fluorine atom. This number
represented at the time an important increase of 20% of the commercial drugs bearing at
least one fluorine atom in their structure [1]. Compared to this data, exclusively in 2018,
17 fluorine-containing pharmaceuticals were approved by the FDA [2]. In a single year
the number of new fluorinated drugs covered almost half of the increase of a whole dec-
ade.

This fluorine rush is easily explained by its ability to affect important parameters for
a drug candidate such as permeability or pKa and to modify its pharmacokinetics and
pharmacodynamics. Fluorine is thus an element that gives control to medicinal chemists
over tailoring the properties of a molecule. Organic chemists must then work in consider-
ation of this increasing demand and develop new methodologies to introduce fluorine
into complex molecules and into versatile building blocks [3].

The tetrahydroquinoline core is a very common scaffold found in several biologically
active molecules and therapeutic agents [4]. Introducing a fluorine atom in its structure
would bring a novelty into the medicinal chemist toolbox and in theory open up its use
in the screening and development of new biologically active molecules. Asymmetric
transfer hydrogenation (ATH) has been reported by Lassaletta and co-workers [5] as a
method to access enantiomerically enriched fluoro-tetralol via a dynamic kinetic resolu-
tion (DKR) process (Scheme 1; (a)). Following the premise of the fluorine need and the
previous works in the laboratory including the ATH/DKR of 3-fluoro-chromanone deriv-
atives [6] (Scheme 1; (b)), we herein report an asymmetric transfer hydrogenation/dy-

Molecules 2021, 26, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/molecules



43
44
45
46

47
48

49

50

51
52
53
54

55
56

57
58
59
60

Molecules 2021, 26, x FOR PEER REVIEW

20f17

namic kinetic resolution [7] (ATH/DKR) of tert-butyl 3-fluoro-4-oxo-3,4-dihydroquino-
line-1(2H)-carboxylates into the corresponding enantioenriched cis-fluorohydrins

(Scheme 1; (c)).
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The study began with the synthesis of the fluorinated dihydroquinolin-4-ones 2a-j
via an electrophilic fluorination of the N-Boc-protected heterocyclic ketones 1a-j by using
lithium bis(trimethylsilyl)amide as a base and NFSI as the fluorine source (Scheme 2).

(0]

1. LIHMDS (1.05 equiv)
THF, 0°C,1.5h
R
N 2. NFSI (1.2 equiv)
Boc THF, -78 °C 30 min
thenrt, 16 h

1a,R=H 1f, R = 6-F

2a,73% 2f, 86%

1b, R = 6-Me

1c, R = 6-OMe
1d, R = 7-OMe
1e, R = 6,7-diOMe

Scheme 2.

1g, R = 6-CF,
1h, R = 6-Cl
1i,R = 6-Br
1j, R = 6-I

2b, 80%
2c, 70%
2d, 74%
2e, 74%

Zg, 45%
2h, 39%
2i, 41%
2j, 45%

3-Fluoro-dihydroquinolin-4-one carboxylate 2a was chosen as the standard substrate
for the optimization of the asymmetric transfer hydrogenation. Based on previous studies,
the ATH was set at 40 °C in acetonitrile with a (1:1) molar mixture of formic acid and
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triethylamine as the hydrogen source. Under these conditions, a set of commercially avail-
able Ru(Il) catalysts and a Rh(III) complex were screened (Table 1). After 3 h with a cata-
lyst loading of 0.5 mol%, the Ru and Rh catalysts allowed a full conversion of the a-fluoro
ketone into the corresponding fluoro alcohol 3a. All the complexes delivered excellent
isolated yields and enantiomeric excesses for the desired fluorohydrin 3a (entries 1 to 4).
The main difference appeared in the diastereoselectivity outcome. Whereas (R,R)-Ru(p-
cymene)TsDPEN ((R,R)-B; entry 2) led to a moderate 79:21 dr, (R R)-Rh-teth-TsDPEN
((R.R)-A; entry 1), (R R)-Ru(mesitylene)TsDPEN ((R,R)-C; entry 3) and (R,R)-TsDENEB
((R R)-D; entry 4) all gave an excellent diastereoisomeric ratio dr of 97:3 or 98:2 pointing
out that the reaction was not affected by the nature of the arene ligand nor the tethered or
untethered characteristic of the complex. From this series of results, the (R,R)-TsDENEB
((R,R)-D) catalyst was chosen for the optimization conditions.

Table 1. Catalyst screening for the ATH/DKR®

o Catalyst OH
©\)‘j/F HCO,LH/EEN (1:1) ©\)ﬁ=ﬁ
N CH4CN, 40 °C, 3 h N
|
Boc II300
2a 3a

] 0 | O
Rh{ Ru_ Ru_ “Ru_
MeO™ “Ton® ,ﬂ\ “ TsN“C,!l c TsN\c,!‘ ¢ ) l!l/CI
prr/ M AN AN PR T H
Ph Ph Ph Ph
A B C D
Entry Catalyst Yield® dre eed
1 A 93% 97:3 99%
2 B 95% 79:21 95%
3 C 93% 97:3 98%
4 D 94% 98:2 >99%

2Conditions: 2a (0.32 mmol), catalyst (0.5 mol%), HCO:H/Et:N (1:1) (6 equiv), CHsCN (1 mL), 40 °C, 3 h."Isolated yield. ‘Deter-
mined by 'H NMR analysis of the crude mixture. Determined by SFC analysis.

The solvent of the asymmetric transfer hydrogenation was then investigated. By us-
ing a catalyst loading of 0.5 mol% of (R,R)-D, formic acid/triethylamine (1:1) mixture and
a reaction time of 3 h, we tested a series of different solvents (Table 2). Several polar
aprotic (CHsCN, CH:Clz, THF, Me-THF and EtOAc) and polar protic (MeOH, iPrOH and
HFIP) as well as aromatic solvents were screened (toluene, chlorobenzene and trifluoro-
methylbenzene). The diastereo- and enantioselectivities remained mostly unchanged in
all the tests. The conversion rate and the yield showed to be highly dependent on the
solvent used. Isopropanol and acetonitrile led to 95% and 100% conversions respectively
with excellent stereoselectivities in both solvents, acetonitrile slightly surpassing isopro-
panol in all of them. This prompted us to set acetonitrile as the solvent for the asymmetric
transfer hydrogenation.
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Table 2. Solvent optimization?

©\)Jj/F HCO,H/EtN (1:1) ©\)ik/F
N Solvent, 40 °C, 3h N

0 Cat. D (0.5 mol%) OH

Ph Y
Boc Boc P
2a 3a Cat.D

Entry Solvent Conversion® Yield* dr® eed
1 CH:CN 100% 93% 98:2 >99%
2 CH:Cl2 83% 78% 98:2 95%
3 EtOAc 48% 46% 98:2 98%
4 THF 38% 36% 98:2 >99%
5 Me-THF 18% 15% 96:4 98%
6 Toluene 26% 26% 97:3 96%
7 Cl-benzene 43% 42% 97:3 94%
8 CFs-benzene 60% 57% 98:2 96%
9 MeOH 76% 73% 98:2 96%
10 iPrOH 95% 94% 98:2 98%
11 HFIP 26% 24% 98:2 >99%

2Conditions: 2a (0.32 mmol), catalyst (0.5 mol%), HCO:H/Et:N (1:1) (6 equiv), solvent (1 mL), 40 °C, 3 h.*Determined by 'H NMR
analysis of the crude mixture. <Isolated yield. Determined by SFC analysis.

We continued the optimization by varying the hydrogen source of the reaction (Table
3). The acid to base ratio was examined (entries 1 to 4). Changing the formic acid to tri-
ethylamine ratio from 1:1 to 2:5 (entry 2), showed no impact on the reaction. However,
switching to a HCO:H/Et:N ratio of 5:2 (entry 3), was detrimental to the diastereoselectiv-
ity which dropped to a 54:46 dr. Moreover, when this ratio was further increased to 12:1
(entry 4), no conversion was observed. This strong influence of the acid/base ratio of the
hydrogen donor reflects the one that was observed in the ATH/DKR of 3-fluorochroma-
nones [6]. Other organic bases associated to formic acid (DBU, entry 5 and DABCO, entry
6) as well as formate salts (ammonium formate and calcium formate, entries 7 and 8 re-
spectively) were screened, all giving lower conversions and similar stereoselectivities than
EtsN. Finally, the catalyst loading (0.2 mol%; entry 9) and the reaction temperature (room
temperature; entry 10) were lowered. Both tests gave lower conversions in spite of longer
reaction times so we set the optimized conditions for the ATH/DKR as 0.5 mol% of (R,R)-
D as the catalyst, HCO:H/Et:N (1:1) mixture as the hydrogen donor, acetonitrile as the
solvent and 40 °C as the reaction temperature.
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Table 3. Survey of the hydrogen donor?

O Cat. D (0.5 mol%) OH | =
©\)‘j/F Hydrogen Donor ©\)ﬁe/F i TN Rlu\CI
N CH4CN, 40 °C, 3h N oo E,hN\H
Boc Boc
2a 3a Cat.D
Entry Hydrogen donor Conversion Yield® dre eed
1 HCO:H/Et:N (1:1) 100% 93% 98:2 >99%
2 HCO:H/Et:N (2:5) 100% 95% 98:2 99%
3 HCO:H/Et:N (5:2) 100% 94% 54:46 92%
4 HCO:H/EtN (12:1) 0% - - -
5 HCO:H /DBU (1:1) 90% 88% 98:2 99%
6 Hcoﬁll:ﬂl))ABCO 75% 73% 98:2 98%
7 HCO:NHz4 35% 34% 98:2 99%
8¢ (HCO2)Ca 20% 16% 98:2 98%
of HCO:H /EtsN (1:1) 54% 53% 98:2 >99%
10s HCO:H /EtsN (1:1) 30% 23% 98:2 >99%

2Conditions: 2a (0.32 mmol), catalyst (0.5 mol%), HCO:H/Et:N (1:1) (6 equiv), CHsCN (1 mL), 40 °C, 3 h.Isolated yield. ‘Determined
by 'H NMR analysis of the crude mixture.?Determined by SFC analysis. *CHsCN/H:0 (10:1) was used as solvent. {Catalyst loading
of 0.2 mol% and reaction time of 24 h. sReaction run atr. t. (22 °C) for 24 h.

Once the aforementioned conditions were identified, we subjected the family of sub-
stituted tert-butyl 3-fluoro dihydroquinolin-4-ones carboxylates 2a-j previously synthe-
sized to the asymmetric transfer hydrogenation. The scope (Scheme 3) showed that the
fluoro dihydrotetrahydroquinolin-4-ones bearing electron-donating or electron-with-
drawing groups all led in good yields (90-96%), diastereo- (94:6 to 99:1 dr) and enantiose-
lectivities (99->99% ee) to the corresponding fluorohydrins 3a-j. Notably, the asymmetric
transfer hydrogenation tolerated substituents such as chlorine, bromine or iodine along
with other groups such as methyl, methoxy and trifluoromethyl. Concerning the outcome
of the reaction, the two substrates bearing a methoxy- group in position 7 of the aromatic
ring (2d and 2e) gave a slightly lower diastereoselectivity compared to the rest of the di-
hydroquinolin-4-ones. The ATH of compound 2e, possessing two methoxy groups in po-
sitions 6 and 7, also required a higher catalyst loading (1.0 mol%) and a longer reaction
time (24 h) to achieve a full conversion.

The absolute configuration of compound 3a was unambiguously assigned as (3R, 45)
by the X-ray crystallographic analysis. We conjectured that the other products of the de-
veloped ATH/DKR reaction led to 3-fluoro-dihydrotetrahydroquinolin-4-ols derivatives
with the same absolute configuration (Scheme 3).
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o Cat. D (0.5 mol%) OH | —
| N F HCOzlEt3N (11) | X _\\F i TsN* \ \C|
R RT |
= 1 \
N CH4CN, 40 °C, 3-5 h N ;o P i H
Boc Boc
OH OH QH
N i N N
Boc Boc Boc
3a 3b 3c?
93% yield 91% yield 95% yield
98:2 dr 98:2 dr 98:2 dr
>99% ee >99% ee >99% ee
OH OH OH
MeO N MeO l}l I}I
Boc Boc Boc
3d2 3eb 3¢
95% vyield 90% yield 70% yield (74% conversion)
95:5 dr 94:6 dr 98:2 dr
>99% ee 99% ee >99% ee
OH OH OH OH
N N ’.“ h
Boc Boc Boc Boc
39 3h 3i 3 _
97% yield 96% yield 95% yield 94% yield
98:2 dr 99:1dr 98:2 dr 98:2 dr
>99% ee >99% ee >99% ee >99% ee

Unless specified, the reaction time is of 3 h. 2Reaction time of 5 h. 1.0 mol% of catalyst and reaction time of 24 h.
‘Reaction time of 24 h.

Scheme 3. Scope of the reaction

The usefulness of the studied asymmetric transfer hydrogenation was finally evalu-
ated by performing the reaction on a gram-scale with substrate 2a (Scheme 4). 1.0 g of tert-
butyl 3-fluoro-dihydrotetrahydroquinolin-4-one carboxylate was subjected to the opti-
mized reaction conditions which led to the cis-fluorohydrin 3a in 96% yield, 97:3 dr and
>99% ee. In addition, the post-functionalization of compound 3j using a Sonogashira
cross-coupling reaction with phenylacetylene was carried out in the presence of
PdClz(PPhs)2 and Cul to afford the corresponding alkyne 4 in 68% yield. Finally, N-Boc
deprotection of compound 3a was readily achieved by heating in dioxane/H20 and the
desired amine 5 was isolated in 90% yield.
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o Cat. D (0.5 mol%) (?)H I S‘ ~
©\)Jj/F HCO,/Et3N (1:1) @jF ! TR
\ N
N CHSCN, 40 °C, 24 h N ! Ph/&i H
Boc Boc | o
2a 3a i Cat. D
1049 96% yield
97:3 dr
>99% ee
OH — : Ph OH
= Ph—== (1.5 equiv) H
X o WF

'\@(jf PdCl,(PPhs), (3 mol%), Cul (5 mol%)
N N

\ CH3CN/EtN (1:1), rt, 0.5 h, 68%

3 Boc 4 Boc
OH OH
©\/j"‘lz dioxane/H,0 (1:2) ©\/jp

N reflux, 34 h, 90% N

Boc H
160 3a 5
161 Scheme 4. Scale-up, functionalization and deprotection experiments
162
163 3. Conclusion
164 In summary, a straightforward method to access enantiomerically and diastereomer-
165 ically enriched cis-fluoro-dihydrotetrahydroquinolinols has been developed. Ru catalyst
166 (R R)-TsDENEB ensures an efficient asymmetric transfer hydrogenation/dynamic kinetic
167 resolution (ATH/DKR) under mild conditions (acetonitrile as solvent and heating at 40
168 °C) and low catalyst loading (0.5 mol%). The reaction was performed successfully on a
169 series of 3-fluoro-dihydrotetrahydroquinolin-4-ones substituted with several electron-do-
170 nating or electron-withdrawing groups with excellent yields, diastereo- and enantioselec-
171 tivities.
172
173 4. Materials and Methods
174 4.1 General Information
175 All air and/or water sensitive reactions were carried out under an argon atmosphere.
176 THEF, CH2Cl2 and toluene were dried over alumina columns in a solvent purification ap-
177 paratus (Innovative technology). Methanol, isopropanol, chlorobenzene, trifluoro-
178 methylbenzene, ethyl acetate and acetonitrile from Sigma-Aldrich were used without fur-
179 ther purification. Hexafluoroisopropanol (HFIP) was purchased from TCI and was used
180 without further purification. Formic acid/triethylamine (1:1) mixture was purchased from
181 Fluka or Alfa Aesar and was used without further purification. Reactions were monitored
182 by thin layer chromatography carried out on precoated silica gel plates (Merck 60F254)
183 and revealed with either an ultra-violet lamp (A = 254 nm) or a potassium permanganate
184 solution. Proton nuclear magnetic resonance ('H NMR) spectra were recorded using a
185 Bruker AC 400 (400 MHz). The chemical shifts are expressed in parts per million (ppm)
186 referenced to residual chloroform (7.26 ppm). Data are reported as follows: chemical shifts
187 (0), multiplicity (recorded as s, singlet; d, doublet; t, triplet; g, quadruplet; quint, quintu-
188 plet; sext, sextuplet; hept, heptuplet; m, multiplet and br, broad), coupling constants and
189 integration. Carbon-13 nuclear magnetic resonance ("*C NMR) spectra were recorded us-
190 ing a Bruker AC 400 (101 MHz). The chemical shifts are expressed in parts per million

191 (ppm) relative to the centre line of the triplet at 77.16 ppm for CDCls. Melting points (m.
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192 p.) were determined on a Kofler melting point apparatus. Optical rotations were meas-
193 ured on a Jasco P-1010 polarimeter. High resolution mass spectrometric (HRMS) analyses
194 were measured on LTQ-Orbitrap (Thermo Fisher Scientific) at Sorbonne Université.

195 4.2 Method for the Synthesis of Compounds 2

196 Adapted from [8]

197 To a 0 °C solution of LIHMDS (1.0 M in THF, 1.05 equiv) in a round-bottom tube set
198 under argon, was slowly added a solution of the ketone (1.2 mmol, 1.0 equiv) in THF (2
199 mL) over 5 min. The mixture was stirred at 0 °C for 1.5 h. The resulting solution was then
200 added dropwise over 5 minutes via a cannula to a -78 °C solution of NFSI (1.4 mmol, 1.2
201 equiv) in THF (4 mL). The reaction mixture was stirred at -78 °C for 30 min then allowed
202 to come to room temperature overnight. The reaction was diluted with 3 mL of CH2Cly,
203 quenched with 5 mL of saturated NH4Cl aqueous solution and extracted with CH2Cl2 (3 x
204 10 mL). The combined organic layers were washed with brine, dried over MgSOy, filtered
205 and concentrated under reduced pressure. The pure products were isolated by flash col-
206 umn chromatography on silica gel.

207 Tert-butyl 3-fluoro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2a):

208 2.0 g of tert-butyl 4-oxo0-3,4-dihydroquinoline-1(2H)-carboxylate (8.09 mmol, 1.0 equiv)
209 were used following the described procedure. Purification via flash column chromatog-
210 raphy on silica gel (95:5 petroleum ether/ethyl acetate) yielded 1.56 g of 2a as a white solid
211 (73%). m.p. 96-100 °C. "H NMR (400 MHz, Chloroform-d) & 8.03 (dd, ] = 8.0, 1.6 Hz, 1H),
212 7.81(dd, ] =8.5,1.0 Hz, 1H), 7.54 (ddd, ] = 8.7, 7.2, 1.7 Hz, 1H), 7.20 (td, ] = 7.6, 1.0 Hz, 1H),
213 5.10 (ddd, ] = 46.9, 10.5, 4.7 Hz, 1H), 4.63 (td, ] = 13.0, 4.7 Hz, 1H), 4.04 (ddd, ] = 13.3, 10.6,
214 4.8 Hz, 1H), 1.57 (s, 9H). ’F NMR (376 MHz, Chloroform-d) d-198.77. 3C NMR (101 MHz,
215 Chloroform-d) & 189.7 (C-F, ¥Jcr = 14.1 Hz), 189.6 (C-F, yJcr = 14.1 Hz), 152.8, 144.1, 135.0,
216 128.1,124.6,123.8, 123.2, 88.1 (C-F, Jcr = 190.9 Hz), 86.2 (C-F, 'Jcr = 190.9 Hz), 83.2, 48.8 (C-
217 F, 2Jcr = 27.3 Hz), 48.5 (C-F, ?Jcr = 27.3 Hz), 28.3. HRMS (APCI): m/z [M + H] * calcd for
218 CuH17FNO:s 266.1187, found 266.1186.

219 Tert-butyl 3-fluoro-6-methyl-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2b):

220 550 mg of tert-butyl 6-methyl-4-oxo0-3,4-dihydroquinoline-1(2H)-carboxylate (2.10 mmol,
221 1.0 equiv) were used following the described procedure. Purification via flash column
222 chromatography on silica gel (95:5 petroleum ether/ethyl acetate) yielded 470 mg of 2b as
223 a white solid (80%). m.p. 122-126 °C. 'H NMR (400 MHz, Chloroform-d) d 7.75 (s, 1H), 7.62
224 (d, J=8.5Hz, 1H), 7.28 (dd, ] = 9.8, 3.4 Hz, 1H), 5.01 (ddd, | = 46.9, 10.6, 4.7 Hz, 1H), 4.55
225 (tdd, J=13.2,4.7,0.9 Hz, 1H), 3.93 (ddd, | =13.5, 10.6, 4.8 Hz, 1H), 2.28 (s, 3H), 1.49 (s, 9H).
226 9F NMR (376 MHz, Chloroform-d) d —198.75. 13C NMR (101 MHz, Chloroform-d) d 189.9
227 (C-F, Ycr = 14.1 Hz), 189.8 (C-F, ?Jcr = 14.1 Hz), 152.9, 141.8, 136.0, 134.5, 127.8, 123.7, 123.0,
228 88.2 (C-F, YJer =190.9 Hz), 86.3 (C-F, YJcr = 190.9 Hz), 83.0, 48.8 (C-F, 2Jcr =27.3 Hz), 48.5 (C-
229 F, ?Jcr = 27.3 Hz), 28.4, 20.7. HRMS (APCI): m/z [M — Boc + H] * caled for CioHuFNO
230 180.0825, found 180.0819.

231 Tert-butyl 3-fluoro-6-methoxy-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2c):

232 700 mg of tert-butyl 6-methoxy-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2.52
233 mmol, 1.0 equiv) were used following the described procedure. Purification via flash col-
234 umn chromatography on silica gel (95:5 to 85:15 petroleum ether/ethyl acetate) yielded
235 487 mg of 2c as a pale yellow solid (70%). m.p. 136-140 °C. 'H NMR (400 MHz, Chloro-
236 form-d) 7.69 (dd, ] =9.7, 2.9 Hz, 1H), 7.43 (dd, ] =7.0, 42 Hz, 1H), 7.11 (dt, ] =12.5, 8.2

237 Hz, 1H), 5.08 (ddd, ] = 46.8, 17.6, 13.6 Hz, 1H), 4.60 (td, ] = 13.2, 8.9 Hz, 1H), 4.01 (ddt, | =
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238 15.3, 10.6, 3.2 Hz, 1H), 3.82 (s, 3H), 1.54 (s, 9H). ¥F NMR (376 MHz, Chloroform-d) d -
239 198.57. 13C NMR (101 MHz, Chloroform-d) d 189.7 (C-F, }Jcr = 15.2 Hz), 189.5 (C-F, ?Jcr =
240 15.2 Hz), 156.5, 152.9, 137.9, 125.5, 124.0, 123.5, 108.9, 88.7 (C-F, 'Jcr = 190.9 Hz), 86.4 (C-F,
241 Jer =190.9 Hz), 82.9, 55.8, 48.9 (C-F, ?Jcr = 27.3 Hz), 48.7 (C-F, ?Jcr = 27.3 Hz), 28.3. HRMS
242 (APCI): m/z [M — Boc + H] * calcd for C1oHuFNO: 196.0774, found 196.0769.

243 Tert-butyl 3-fluoro-7-methoxy-4-o0xo0-3,4-dihydroquinoline-1(2H)-carboxylate (2d):

244 313 mg of tert-butyl 7-methoxy-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (1.13
245 mmol, 1.0 equiv) were used following the described procedure. Purification via flash col-
246 umn chromatography on silica gel (95:5 to 85:15 petroleum ether/ethyl acetate) yielded
247 247 mg of 2d as a pale yellow solid (74%). m.p. 93-97 °C. 'TH NMR (400 MHz, Chloroform-
248 d) 9798 (dd, J=9.0, 1.3 Hz, 1H), 7.37 (d, ] =2.4 Hz, 1H), 6.74 (dd, ] = 8.9, 2.4 Hz, 1H), 5.04
249 (ddd, ] =47.0, 10.3, 4.6 Hz, 1H), 4.58 (td, | = 13.4, 4.6 Hz, 1H), 4.03 (ddd, ] =13.2, 10.3, 5.2
250 Hz, 1H), 3.88 (s, 3H), 1.58 (s, 9H). F NMR (376 MHz, Chloroform-d) d -199.06. 1*C NMR
251 (101 MHz, Chloroform-d)  188.3 (C-F, }cr = 15.2 Hz), 188.1 (C-F, ?Jcr = 15.2 Hz), 165.1,
252 152.7, 146.0, 130.2, 116.9, 112.0, 107.7, 87.8 (C-F, Jcr = 189.9 Hz), 85.9 (C-F, 'Jcr = 189.9 Hz),
253 83.2, 55.9, 48.9 (C-F, Ycr = 27.3 Hz), 48.7 (C-F, 2Jcr = 27.3 Hz), 28.4. HRMS (APCI): m/z [M +
254 H]* caled for CisH19FNOs 296.1293, found 296.1295.

255 Tert-butyl 3-fluoro-6,7-dimethoxy-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2e):
256 330 mg of tert-butyl 6,7-dimethoxy-4-ox0-3,4-dihydroquinoline-1(2H)-carboxylate (1.07
257 mmol, 1.0 equiv) were used following the described procedure. Purification via flash

258 column chromatography on silica gel (90:10 to 80:20 petroleum ether/ethyl acetate)

259 yielded 257 mg of 2e as a pale yellow solid (74%). m.p. 168-172 °C. "H NMR (400 MHz,
260 Chloroform-d) 6 7.46 — 7.36 (m, 2H), 5.05 (ddd, ] =47.0, 10.1, 4.5 Hz, 1H), 4.56 (ddd, | =
261 14.3,13.2, 4.5 Hz, 1H), 4.06 (ddd, ] =13.3, 10.1, 5.4 Hz, 1H), 3.96 (s, 3H), 3.91 (s, 3H), 1.57
262 (s, 9H). F NMR (376 MHz, Chloroform-d) 5 —198.64. 3*C NMR (101 MHz, Chloroform-d)
263 0188.3 (C-F, ?Jcr = 15.2 Hz), 188.1 (C-F, 2Jcr = 15.2 Hz), 154.8, 152.8, 146.6, 140.0, 116.2,

264 108.0, 106.3, 87.9 (C-F, Jcr = 188.9 Hz), 86.0 (C-F, 'Jcr = 188.9 Hz), 83.0, 56.4, 56.3, 49.4 (C-
265 F, 2Jce =27.3 Hz), 49.1 (C-F, 2Jce = 27.3 Hz), 28.4. HRMS (APCI): m/z [M + H]* calcd for

266 C1sH21FNO:s 326.1398, found 326.1399.

267 Tert-butyl 3,6-difluoro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2f):

268 500 mg of tert-butyl 6-fluoro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (1.88 mmol,
269 1.0 equiv) were used following the described procedure. Purification via flash column
270 chromatography on silica gel (95:5 to 85:15 petroleum ether/ethyl acetate) yielded 474

271 mg of 2f as a pale yellow solid (86%). m.p. 89-93 °C. 'TH NMR (400 MHz, Chloroform-d) &
272 7.81(ddd, [=9.7,4.5,2.3 Hz, 1H), 7.65 (dt, ] = 8.3, 4.3 Hz, 1H), 7.31 — 7.20 (m, 1H), 5.10

273 (ddd, [ =46.7,10.0, 2.7 Hz, 1H), 4.59 (td, | =13.4, 3.8 Hz, 1H), 4.06 (ddd, [ =12.1,5.1, 2.5
274 Hz, 1H), 1.55 (s, 9H). m.p. 89-93 °C. ¥F NMR (376 MHz, Chloroform-d) & -116.65, —

275 198.88. 3C NMR (101 MHz, Chloroform-d) & 188.8 (C-F, Jcr = 15.2 Hz), 188.6 (C-F, ?Jcr =
276 15.2 Hz), 160.5 (C-F, 'Jcr = 248.5 Hz), 158.1 (C-F, Yjcr = 248.5 Hz), 152.7, 140.4, 126.1 (C-F,
277 3Jcr=7.1 Hz), 126.1 (C-F, ¥Jcr = 7.1 Hz), 124.6 (C-F, 3Jcr = 6.1 Hz), 124.6 (C-F, 3Jcr = 6.1 Hz),
278 122.5 (C-F, YJcr = 23.2 Hz), 122.3 (C-F, ?Jcr = 23.2 Hz), 113.5 (C-F, YJcr = 23.2 Hz), 113.3 (C-F,
279 ?Jer = 23.2 Hz), 88.0 (C-F, Jcr = 191.9 Hz), 86.1 (C-F, YJcr = 191.9 Hz), 83.4, 48.8 (C-F, Ycr =
280 26.3 Hz), 48.5 (C-F, ?Jcr = 26.3 Hz), 28.3. HRMS (APCI): m/z [M - Boc + H] * calcd for

281 CoHsF2NO 184.0574, found 184.0569.

282 Tert-butyl 3-fluoro-4-oxo-6-(trifluoromethyl)-3,4-dihydroquinoline-1(2H)-carboxylate

283 (2g):
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284 700 mg of tert-butyl 4-oxo-6-(trifluoromethyl)-3,4-dihydroquinoline-1(2H)-carboxylate
285 (2.22 mmol, 1.0 equiv) were used following the described procedure. Purification via flash
286 column chromatography on silica gel (95:5 to 85:15 petroleum ether/ethyl acetate) yielded
287 335 mg of 2g as a white solid (45%). m.p. 101-105 °C. 'TH NMR (400 MHz, Chloroform-d) 6
288 8.29 (d,J=2.3 Hz, 1H), 8.03 (dd, ] =8.9, 0.6 Hz, 1H), 7.75 (dd, ] =7.1, 2.8 Hz, 1H), 5.13 (ddd,
289 J=46.7,10.3, 4.6 Hz, 1H), 4.62 (ddd, ] = 14.3, 13.6, 4.6 Hz, 1H), 4.12 (ddd, ] =13.5, 10.3, 5.1
290 Hz, 1H), 1.58 (s, 9H). F NMR (376 MHz, Chloroform-d) d —62.76, -199.13. *C NMR (101
291 MHz, Chloroform-d) d 188.4 (C-F, YJcr = 15.2 Hz), 188.2 (C-F, ¥Jcr = 15.2 Hz), 152.3, 146.6,
292 131.3 (C-F, 3Jcr = 4.0 Hz), 131.2 (C-F, 3Jcr = 4.0 Hz), 127.6 (C-F, Jcrs = 272.7 Hz), 127.2 (C-F,
293 ?Jers = 33.3 Hz), 126.9 (C-F, Ycrs = 33.3 Hz), 126.6 (C-F, Jcrs = 33.3 Hz), 126.2 (C-F, ?Jcrs = 33.3
294 Hz), 125.6, 124.9 (C-F, 1crs = 272.7 Hz), 124.2, 122.7, 122.2 (C-F, Yjcrs = 272.7 Hz), 119.5 (C-
295 F, YJcrs =272.7 Hz), 87.6 (C-F, YJcr = 190.9 Hz), 85.7 (C-F, YJcr = 190.9 Hz), 84.1, 48.5 (C-F, ?Jcr
296 = 27.3 Hz), 48.3 (C-F, 2Jcr = 27.3 Hz), 28.3. HRMS (APCI): m/z [M - Boc + H] * caled for
297 C10HsFsNO 234.0542, found 234.0537.

298 Tert-butyl 6-chloro-3-fluoro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2h):

299 260 mg of tert-butyl 4-oxo0-6-chloro-3,4-dihydroquinoline-1(2H)-carboxylate (0.92 mmol,
300 1.0 equiv) were used following the described procedure. Purification via flash column
301 chromatography on silica gel (95:5 petroleum ether/ethyl acetate) yielded 107 mg of 2h as
302 a yellow solid (39%). m.p. 117-121 °C. '"H NMR (400 MHz, Chloroform-d) 87.97 (d, ] =2.6
303 Hz, 1H), 7.81 (d, ] =9.0 Hz, 1H), 7.48 (dd, ] = 9.0, 2.6 Hz, 1H), 5.09 (ddd, | = 46.8, 10.4, 4.7
304 Hz, 1H), 4.60 (td, ] = 13.5, 4.6 Hz, 1H), 4.06 (ddd, ] =13.4, 10.4, 4.9 Hz, 1H), 1.56 (s, 9H). F
305 NMR (376 MHz, Chloroform-d) d -198.92. 3C NMR (101 MHz, Chloroform-d) & 188.5 (C-
306 F, 2Jcr = 15.2 Hz), 188.4 (C-F, ?Jcr = 15.2 Hz), 152.51, 142.5, 134.8, 1304, 127.4, 125.3, 124.1,
307 87.8 (C-F, 'Jer=191.9 Hz), 85.9 (C-F, Jcr = 191.9 Hz), 83.6, 48.6 (C-F, 2Jcr = 26.3 Hz), 48.4 (C-
308 F, 2Jcr =26.3 Hz), 28.3. HRMS (APCI): m/z [M + H] * caled for C1aH1sCIFNOs 300.0797, found
309 300.0799.

310 Tert-butyl 6-bromo-3-fluoro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2i):

311 380 mg of tert-butyl 4-ox0-6-bromo-3,4-dihydroquinoline-1(2H)-carboxylate (1.16 mmol,
312 1.0 equiv) were used following the described procedure. Purification via flash column
313 chromatography on silica gel (95:5 petroleum ether/ethyl acetate) yielded 165 mg of 2i as
314 a white solid (41%). m.p. 111-114 °C. 'TH NMR (400 MHz, Chloroform-d) 0 8.12 (d, =24
315 Hz, 1H), 7.75 (d, ] = 9.0 Hz, 1H), 7.62 (dd, ] = 9.0, 2.5 Hz, 1H), 5.09 (ddd, | = 46.8, 10.4, 4.7
316 Hz, 1H), 4.59 (td, ] = 13.5, 4.6 Hz, 1H), 4.05 (ddd, ] =13.4, 10.4, 5.0 Hz, 1H), 1.56 (s, 9H). F
317 NMR (376 MHz, Chloroform-d) d -198.90. *C NMR (101 MHz, Chloroform-d) & 188.4 (C-
318 F, YJcr = 15.2 Hz), 188.3 (C-F, ?Jcr = 15.2 Hz), 152.4, 143.0, 137.7, 130.5, 125.5, 124.4, 117.8,
319 87.8 (C-F, 'Jcr =191.9 Hz), 85.9 (C-F, 'Jcr = 191.9 Hz), 83.7, 48.6 (C-F, ?Jcr = 27.3 Hz), 48.3 (C-
320 F, 2Jcr = 27.3 Hz), 28.3. HRMS (APCI): m/z [M — Boc + H] * caled for CoHsBrFINO 243.9773,
321 found 243.9768.

322 Tert-butyl 3-fluoro-6-iodo-4-0xo-3,4-dihydroquinoline-1(2H)-carboxylate (2j):

323 339 mg of tert-butyl 4-oxo-6-iodo-3,4-dihydroquinoline-1(2H)-carboxylate (0.91 mmol, 1.0
324 equiv) were used following the described procedure. Purification via flash column chro-
325 matography on silica gel (97:3 petroleum ether/ethyl acetate) yielded 160 mg of 2j as a
326 white solid (45%). m.p. 113-117 °C. "H NMR (400 MHz, Chloroform-d) 0 8.31 (d, /=2.2 Hz,
327 1H), 7.80 (dd, ] = 8.9, 2.3 Hz, 1H), 7.61 (d, ] = 8.9 Hz, 1H), 5.08 (ddd, ] = 46.8, 10.4, 4.7 Hz,
328 1H), 4.59 (td, ] = 13.5, 4.7 Hz, 1H), 4.04 (ddd, ] = 13.4, 10.4, 5.0 Hz, 1H), 1.56 (s, 9H). “F
329 NMR (376 MHz, Chloroform-d) d —198.84. 3C NMR (101 MHz, Chloroform-d) d 188.3 (C-
330 F, 2cr =15.2 Hz), 188.2 (C-F, Ycr = 15.2 Hz), 152.4, 143.6, 143.4, 136.7, 125.6, 124.5, 88.0, 87.6

331 (C-F, 1Jcr = 190.9 Hz), 85.8 (C-F, 1Jcr = 190.9 Hz), 83.7, 48.5 (C-F, ?Jcr = 24.2 Hz), 48.3 (C-F,
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332 ?Jcr = 24.2 Hz), 28.3. HRMS (APCI): m/z [M + H]* caled for C1aH1FINOs 392.0153, found
333 392.0155.

334 4.3 General Procedure for the ATH of tert-butyl 3-fluoro-4-oxo-3,4-dihydroquinoline-1(2H)-
335 carboxylates

336 In a round-bottom tube charged with the corresponding 3-fluoro-4-oxo-3,4-dihydro-
337 quinoline-1(2H)-carboxylate (1.0 equiv) set under argon, the necessary volume of a solu-
338 tion of (R,R)-A in acetonitrile (1.0 mL of a 1.24 mg/mL solution; 0.005 equiv) was added.
339 The mixture was stirred for one minute before adding by syringe the necessary volume of
340 formic acid/triethylamine (1:1) mixture (6.0 equiv). The reaction mixture was stirred at 40
341 °C for the time needed and then quenched with 3 mL of saturated NaHCOs aqueous so-
342 lution. The media was extracted with CH2Cl2 (2 x 4 mL) and the organic layers dried over
343 MgSOs, filtered and concentrated under vacuum. The diastereoisomeric ratio was deter-
344 mined by '"H NMR analysis of the crude product. The product was purified with a flash
345 column chromatography on silica gel (petroleum ether/EtOAc) and the enantiomeric ex-
346 cess was determined by SFC analysis (CHIRALPAK IE or IF column).

347 Tert-butyl (3R ,45)-3-fluoro-4-hydroxy-3,4-dihydroquinoline-1(2H)-carboxylate (3a):

348 100 mg of tert-butyl 3-fluoro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2a) (0.38
349 mmol; 1.0 equiv) were used according to the described procedure (reaction time of 3 h).
350 The product was purified by flash column chromatography on silica gel (petroleum
351 ether/ethyl acetate 75:25) and yielded 93 mg of a beige/white solid (93%). m.p. 142-144 °C
352 dr(cis/trans) = 98:2, eeds = >99%. [a]p*® = -5 (¢ 1.0, CHCls). 'H NMR (400 MHz, Chloroform-
353 d)57.70 (d, ] = 8.3 Hz, 1H), 7.51 (dt, ] = 7.6, 1.4 Hz, 1H), 7.34 — 7.24 (m, 1H), 7.14 (td, [ = 7.5,
354 1.2 Hz, 1H), 5.05 (ddt, ] =50.8, 4.8, 3.5 Hz, 1H), 4.78 (dd, ] = 21.5, 5.9 Hz, 1H), 4.10 (ddd, |
355 =149, 14.2, 48 Hz, 1H), 3.94 (ddd, ] =29.9, 14.2, 3.7 Hz, 1H), 2.38 (d, ] = 8.3 Hz, 1H), 1.53
356 (s, 9H). F NMR (376 MHz, Chloroform-d) & —200.34. 3C NMR (101 MHz, Chloroform-d)
357 0 153.8, 136.8, 128.2, 127.9, 127.3, 124.3, 123.5, 89.6 (C-F, 'Jcr = 176.8 Hz), 87.9 (C-F, 1Jcr =
358 176.8 Hz), 81.9, 68.0 (C-F, ¥Jcr =19.2 Hz), 67.8 (C-F, ?Jcr = 19.2 Hz), 46.3 (C-F, 2Jcr = 23.2 Hz),
359 46.1 (C-F, YJcr = 23.2 Hz), 28.4. HRMS (APCI): m/z [M + H] * caled for C1aH19FNOs 268.1343,
360 found 268.1345. SEC: Chiralpak IE, scCO2/EtOH 96/4, 2.0 mL/min, P =100 bar, A =215 nm,
361 tr [trans] = 11.04 min, tr [trans] = 12.85 min, tr [cis-(3R,4S)] = 14.54 min (major), tr [cis-
362 (35,4R)] = 15.43 min.

363 Tert-butyl  (3R,45)-3-fluoro-4-hydroxy-6-methyl-3,4-dihydroquinoline-1(2H)-carbox-
364 ylate (3b):

365 100 mg of tert-butyl 3-fluoro-6-methyl-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2b)
366 (0.36 mmol; 1.0 equiv) were used according to the described procedure (reaction time of 3
367 h). The product was purified by flash column chromatography on silica gel (petroleum
368 ether/ethyl acetate 75:25) and yielded 91 mg of a colourless oil (91%). dr(cis/trans) = 98:2,
369 eecis = >99%. [a]p? =-8.4 (¢ 1.0, CHCIs). 'H NMR (400 MHz, Chloroform-d) 6 7.56 (d, ] = 8.4
370 Hz, 1H), 7.34 - 7.28 (m, 1H), 7.08 (dd, ] = 8.4, 2.1 Hz, 1H), 5.00 (dq, ] = 50.9, 4.2 Hz, 1H),
371 4.72 (dd, ] =22.0, 7.0 Hz, 1H), 4.10 - 3.84 (m, 2H), 2.53 (s, 1H), 2.32 (s, 3H), 1.52 (s, 9H). F
372 NMR (376 MHz, Chloroform-d) & -200.17. *C NMR (101 MHz, Chloroform-d) d 153.8,
373 134.2, 133.9, 128.9, 127.6, 123.4, 89.7, 88.0 (C-F, 'Jcr = 176.8 Hz), 81.7 (C-F, YJcr = 176.8 Hz),
374 67.9 (C-F, ¥Jer =20.2 Hz), 67.7 (C-F, }Jcr = 20.2 Hz), 46.2 (C-F, }Jcr = 23.2 Hz), 46.0 (C-F, YJcr =
375 23.2 Hz), 28.4, 20.9. HRMS (APCI): m/z [M + H] * caled for CisH21FNOs 282.1500, found
376 282.1502. SFC: Chiralpak IE, scCOz/EtOH 97.5/2.5, 2.0 mL/min, P = 100 bar, A = 215 nm, tx
377 [trans] = 27.71 min, tr [cis-(3R,4S)] = 32.43 min (major), tr [cis-(35,4R)] = 37.48 min, tr [trans]

378 =42.41 min.
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379 Tert-butyl (3R,4S)-3-fluoro-4-hydroxy-6-methoxy-3,4-dihydroquinoline-1(2H)-carbox-
380 ylate (3¢):

381 100 mg of tert-butyl 3-fluoro-6-methoxy-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate
382 (2¢) (0.34 mmol; 1.0 equiv) were used according to the described procedure (reaction time
383 of 5 h). The product was purified by flash column chromatography on silica gel (petro-
384 leum ether/ethyl acetate 75:25) and yielded 95 mg of a white/red solid (95%). m.p. 114-118
385 °C dr(cis/trans) = 98:2, eecis = >99%. [a]p®2 = -13.3 (¢ 1.0, CHCls). 'H NMR (400 MHz, Chlo-
386 roform-d)  7.57 (d, ] =9.1 Hz, 1H), 7.05 (dd, J = 3.0, 1.0 Hz, 1H), 6.83 (dd, ] =9.1, 3.0 Hz,
387 1H), 5.06 (dd, ] =51.1, 3.7 Hz, 1H), 4.74 (ddd, | =22.7, 9.4, 3.2 Hz, 1H), 4.08 (ddd, ] =15.9,
388 14.4, 4.4 Hz, 1H), 3.92 (ddd, ] = 314, 14.5, 3.7 Hz, 1H), 3.81 (s, 3H), 2.37 (d, ] =9.4 Hz, 1H),
389 1.52 (s, 9H). F NMR (376 MHz, Chloroform-d) d -200.32. *C NMR (101 MHz, Chloro-
390 form-d) d 156.5, 153.9, 129.8, 129.4, 125.0, 114.3, 111.4, 89.9 (C-F, Jcr = 176.8 Hz), 88.1 (C-F,
391 Jcr=176.8 Hz), 81.6, 68.2 (C-F, ?Jcr =20.2 Hz), 68.0 (C-F, 2Jcr =20.2 Hz), 55.7, 46.6 (C-F, ?Jcr
392 = 23.2 Hz), 46.3 (C-F, ?Jcz = 23.2 Hz), 28.4. HRMS (APCI): m/z [M + Na] * calcd for
393 C1sH20FNOusNa 320.1269, found 320.1273. SFC: Chiralpak IF, scCO2/EtOH 95.5/45, 2.0
394 mL/min, P =100 bar, A =254 nm, tr [frans] = 15.71 min, tr [cis-(35,4R)] = 17.11 min, tr [trans]
395 =18.69 min, tr [cis-(3R,45)] = 22.79 min (major)

396 Tert-butyl (3R,4S)-3-fluoro-4-hydroxy-7-methoxy-3,4-dihydroquinoline-1(2H)-carbox-
397 ylate (3d):

398 100 mg of tert-butyl 3-fluoro-7-methoxy-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate
399 (2d) (0.34 mmol; 1.0 equiv) were used according to the described procedure (reaction time
400 of 5 h). The product was purified by flash column chromatography on silica gel (petro-
401 leum ether/ethyl acetate 75:25) and yielded 95 mg of a beige/white solid (95%). m.p. 92-96
402 °C dr(cis/trans) = 95:5, eecis = >99%. [a]p2 =-9.2 (¢ 1.0, CHCls). 'H NMR (400 MHz, Chloro-
403 form-d) & 7.42 - 7.31 (m, 2H), 6.70 (dt, ] = 8.6, 2.3 Hz, 1H), 4.98 (dd, ] = 50.0, 5.9 Hz, 1H),
404 4.76 (d, ] =19.1 Hz, 1H), 4.16 — 4.04 (m, 1H), 4.01 - 3.85 (m, 1H), 3.80 (s, 3H), 2.33 (s, 1H),
405 1.54 (s, 9H). F NMR (376 MHz, Chloroform-d) d -201.08. *C NMR (101 MHz, Chloro-
406 form-d) 0 159.7, 153.6, 138.0, 128.9, 119.8, 110.8, 108.6, 89.1 (C-F, 'Jcr = 177.8 Hz), 87.3 (C-F,
407 Jer =177.8 Hz), 82.0, 67.6 (C-F, Ycr = 19.2 Hz), 67.4 (C-F, ?Jcr = 19.2 Hz), 55.5, 45.7 (C-F, Jcr
408 = 25.3 Hz), 45.5 (C-F, Ycr = 25.3 Hz), 28.5. HRMS (APCI): m/z [M + NHa] * caled for
409 C1sH24FN204 315.1715, found 315.1718. SFC: Chiralpak IE, scCO2/EtOH 95/5, 2.0 mL/min,
410 P =100 bar, A = 215 nm, tr [trans] = 11.87 min, tr [trans] = 13.19 min, tr [cis-(3R,4S)] = 16.63
411 min (major), tr [cis-(35,4R)] = 18.62 min.

412 Tert-butyl (3R,45)-3-fluoro-4-hydroxy-6,7-dimethoxy-3,4-dihydroquinoline-1(2H)-car-
413 boxylate (3e):

414 100 mg of tert-butyl 3-fluoro-6,7-dimethoxy-4-oxo-3,4-dihydroquinoline-1(2H)-carbox-
415 ylate (2e) (0.31 mmol; 1.0 equiv) were used according to the described procedure with 1.0
416 mol% of catalyst (R,R)-D (reaction time of 24 h). The product was purified by flash column
417 chromatography on silica gel (petroleum ether/ethyl acetate 60:40) and yielded 90 mg of
418 a colourless oil (90%). dr(cis/trans) = 94:6, eecs = 99%. [a]p2 = -11.8 (¢ 1.0, CHCL). tH NMR
419 (400 MHz, Chloroform-d) d 7.32 (s, 1H), 6.97 (d, ] = 0.8 Hz, 1H), 4.99 (ddt, ] =50.2, 5.6, 3.4
420 Hz, 1H), 474 (dq, ] =19.9, 3.5 Hz, 1H), 4.20 — 4.11 (m, 1H), 3.94 - 3.80 (m, 7H), 2.38 (d, ] =
421 8.4 Hz, 1H), 1.53 (s, 9H). “F NMR (376 MHz, Chloroform-d) & -202.03. 3*C NMR (101 MHz,
422 Chloroform-d) d 153.8, 148.5, 146.2, 130.4, 119.6, 110.0, 107.5, 89.1 (C-F, Ycr = 177.8 Hz), 87.3
423 (C-F, Jer=177.8 Hz), 81.7, 67.7 (C-F, 2Jcr = 20.2 Hz), 67.5 (C-F, ?Jcr = 20.2 Hz), 56.2, 56.1, 46.0
424 (C-F, ?Jcr =24.2 Hz), 45.8 (C-F, ?Jcr = 24.2 Hz), 28.5. HRMS (APCI): m/z [M + Na] * calcd for
425 Ci1sH2FNOsNa 350.1374, found 320.1377. SFC: Chiralpak IF, scCO/EtOH 95/5, 2.0
426 mL/min, P =100 bar, A =215 nm, tr [trans] = 14.75 min, tr [frans] = 15.89 min, tr [cis-(3R,4S)]

427 =17.45 min (major), tr [cis-(35,4R)] = 19.07 min.
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428 Tert-butyl (3R,45)-3,6-difluoro-4-hydroxy-3,4-dihydroquinoline-1(2H)-carboxylate (3f):
429 100 mg of tert-butyl 3,6-difluoro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2f) (0.35
430 mmol; 1.0 equiv) were used according to the described procedure (reaction time of 24 h).
431 The product was purified by flash column chromatography on silica gel (petroleum
432 ether/ethyl acetate 75:25) and yielded 70 mg of a white solid (70%). m.p. 78-82 °C
433 dr(cis/trans) = 98:2, eecis = >99%. [a]p2 = -11.7 (¢ 1.0, CHCls). 'H NMR (400 MHz, Chloro-
434 form-d) 6 7.64 (dd, ] =9.3, 5.1 Hz, 1H), 7.23 (ddd, | = 8.8, 3.0, 1.0 Hz, 1H), 6.97 (td, | = 8.9,
435 8.1, 3.1 Hz, 1H), 5.08 (dq, ] = 51.2, 3.6 Hz, 1H), 4.71 (ddd, ] = 23.6, 9.5, 3.1 Hz, 1H), 4.09
436 (ddd, ] = 16.6, 14.6, 3.9 Hz, 1H), 3.91 (ddd, ] =33.1, 14.6, 3.6 Hz, 1H), 2.48 (dd, ] =9.7, 2.0
437 Hz, 1H), 1.52 (s, 9H). F NMR (376 MHz, Chloroform-d) d -118.05, —200.38. 3C NMR (101
438 MHz, Chloroform-d) d 160.8 (C-F, !Jcr = 244.4 Hz), 158.4 (C-F, 'Jcr = 244.4 Hz), 153.7, 132.6
439 (C-F, ¥Jcr=2.0 Hz), 132.6 (C-F, *Jcr = 2.0 Hz), 130.3 6 (C-F, 3Jcr = 6.1 Hz), 130.3 (C-F, 3Jcr = 6.1
440 Hz), 125.4 (C-F, 3Jce =7.1 Hz), 125.3 (C-F, 3]ce = 7.1 Hz), 115.1 (C-F, ?Jcr = 22.2 Hz), 114.9 (C-
441 F, YJcr =22.2 Hz), 113.5 (C-F, 2Jcr =22.2 Hz), 113.3 (C-F, Jcr = 22.2 Hz), 89.7 (C-F, 'Jcr = 176.8
442 Hz), 87.9 (C-F, YJer = 176.8 Hz), 82.1, 67.9 (C-F, 2Jcr = 20.2 Hz), 67.7 (C-F, 2Jcr = 20.2 Hz), 46.8
443 (C-F, ?Jcr = 23.2 Hz), 46.6 (C-F, 2Jcr = 23.2 Hz), 28.4. HRMS (APCI): m/z [M + H] * calcd for
444 C1sHisF2NOs 286.1249, found 282.1248. SFC: Chiralpak IE, scCO2/MeOH 94/6, 2.0 mL/min,
445 P =100 bar, A =215 nm, tr [trans] = 4.50 min, tr [frans] =4.96 min, tr [cis-(35,4R)] = 6.44 min,
446 tr [cis-(3R,4S)] = 7.00 min (major).

447 Tert-butyl (3R,45)-3-fluoro-4-hydroxy-6-(trifluoromethyl)-3,4-dihydroquinoline-1(2H)-
448 carboxylate (3g):

449 100 mg of tert-butyl 3-fluoro-6-trifluoromethyl-4-oxo-3,4-dihydroquinoline-1(2H)-carbox-
450 ylate (2g) (0.30 mmol; 1.0 equiv) were used according to the described procedure (reaction
451 time of 3 h). The product was purified by flash column chromatography on silica gel (pe-
452 troleum ether/ethyl acetate 75:25) and yielded 97 mg of a beige/white solid (97%). m.p.
453 152-156 °C dr(cis/trans) = 98:2, eecis = >99%. [a]p2 =-0.9 (c 1.0, CHCls). 'H NMR (400 MHz,
454 Chloroform-d) & 7.88 (d, ] = 8.7 Hz, 1H), 7.81 (d, ] = 2.2 Hz, 1H), 7.51 (ddt, ] = 8.7, 2.2, 0.7
455 Hz, 1H), 5.10 (dddd, ] =50.9, 7.7, 3.7, 1.4 Hz, 1H), 4.79 (dd, ] =23.1, 6.9 Hz, 1H), 4.17 (tdd,
456 J=15.5,4.1, 1.1 Hz, 1H), 3.91 (dd, ] = 33.7, 3.6 Hz, 1H), 2.45 (s, 1H), 1.54 (s, 9H). “F NMR
457 (376 MHz, Chloroform-d) d -62.20, —200.84. *C NMR (101 MHz, Chloroform-d) d 153.4,
458 139.7, 128.3 (C-F, YJcrs = 272.7 Hz), 128.2, 128.1, 126.5 (C-F, 2Jcrs = 33.3 Hz), 126.2 (C-F, ?Jcrs
459 = 33.3 Hz), 125.9 (C-F, Jcrs = 33.3 Hz), 125.6 (C-F, Jcrs = 272.7 Hz + C-F, 2Jces = 33.3 Hz),
460 125.1 (C-F, 3crs = 4.0 Hz), 125.1 (C-F, 3Jcrs = 4.0 Hz), 124.4 (C-F, 3Jcrs = 4.0 Hz), 124.4 (C-F,
461 3Jcrs = 4.0 Hz), 123.4, 122.9 (C-F, YJcrs = 272.7 Hz), 120.2 (C-F, Ycrs = 272.7 Hz), 89.1 (C-F, VJcr
462 =176.8 Hz), 87.4 (C-F, Jcr = 176.8 Hz), 82.7, 67.7 (C-F, 2Jct = 20.2 Hz), 67.5 (C-F, }Jcr = 20.2
463 Hz), 46.8 (C-F, 2Jcr = 22.2 Hz), 46.6 (C-F, 2Jcr = 22.2 Hz), 28.3. HRMS (APCI): m/z [M + NHa]
464 * caled for C1sH21FN203 353.1483, found 353.1483. SFC: Chiralpak IF, scCO2/EtOH 96/4, 2.0
465 mL/min, P =100 bar, A =254 nm, tr [cis-(3R,4S5)] = 5.68 min (major), tr [cis-(35,4R)] = 6.84
466 min, tr [trans] = 8.54 min.

467 Tert-butyl (3R,45)-6-chloro-3-fluoro-4-hydroxy-3,4-dihydroquinoline-1(2H)-carbox-
468 ylate (3h):

469 60 mg of tert-butyl 3-fluoro-6-chloro-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2h)
470 (0.20 mmol; 1.0 equiv) were used according to the described procedure (reaction time of
471 3 h). The product was purified by flash column chromatography on silica gel (petroleum
472 ether/ethyl acetate 75:25) and yielded 97 mg of a beige/white solid (96%). m.p. 113-116
473 °C dr(cis/trans) = 99:1, eecis = >99%. [a]p?2 =-12.8 (c 1.0, CHCls). tH NMR (400 MHz, Chlo-
474 roform-d)  7.66 (d, ] = 8.9 Hz, 1H), 7.51 (dd, ] =2.6, 1.1 Hz, 1H), 7.22 (d, ] =9.2 Hz, 1H),
475 5.07 (dt, J=50.8, 3.9 Hz, 1H), 4.78 — 4.67 (m, 1H), 4.17 —4.05 (m, 1H), 3.99 - 3.81 (m, 1H),

476 2.44 (br, 1H), 1.52 (s, 9H). ¥F NMR (376 MHz, CDCls) d —200.57. 13C NMR (101 MHz,
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477 Chloroform-d) d 153.5, 135.2, 129.6, 128.2, 126.9, 124.8, 89.4 (C-F, 1Jcr = 176.8 Hz), 87.7 (C-
478 F, Jcr=176.8 Hz), 82.3, 67.7 (C-F, }Jcr = 20.2 Hz), 67.5 (C-F, ?Jc¢ = 20.2 Hz), 46.7 (C-F, ?Jcr =
479 23.2 Hz), 46.5 (C-F, Yjcr = 23.2 Hz), 28.4. HRMS (APCI): m/z [M + H] * calcd for

480 C1sH1sCIFNO:s 302.0954, found 302.0955. SFC: Chiralpak IE, scCO2/MeOH 94/6, 2.0

481 mL/min, P =100 bar, A = 254 nm, tr [frans] = 6.95 min, tr [frans] = 7.49 min, tr [cis-(35,4R)]
482 =10.31 min, tr [cis-(3R,4S)] = 11.09 min (major).

483 Tert-butyl  (3R,4S)-6-bromo-3-fluoro-4-hydroxy-3,4-dihydroquinoline-1(2H)-carbox-
484 ylate (3i):

485 80 mg of tert-butyl 3-fluoro-6-bromo-4-oxo0-3,4-dihydroquinoline-1(2H)-carboxylate (2i)
486 (0.24 mmol; 1.0 equiv) were used according to the described procedure (reaction time of 3
487 h). The product was purified by flash column chromatography on silica gel (petroleum
488 ether/ethyl acetate 75:25) and yielded 97 mg of a beige/white solid (95%). m.p. 128-131 °C
489 dr(cis/trans) = 98:2, eecis = >99%. [a]p®2 = -15.6 (¢ 1.0, CHCls). 'H NMR (400 MHz, Chloro-
490 form-d) 0 7.68 —7.65 (m, 1H), 7.59 (d, ] =8.9 Hz, 1H), 7.37 (dd, ] =8.9, 2.4 Hz, 1H), 5.05 (dq,
491 J =510, 3.6 Hz, 1H), 4.71 (ddd, ] = 23.2, 9.3, 3.1 Hz, 1H), 4.10 (ddd, | = 15.7, 14.4, 4.1 Hz,
492 1H), 3.88 (ddd, J=33.1,14.5, 3.5 Hz, 1H), 2.52 (d, ] =9.4 Hz, 1H), 1.52 (s, 9H). YF NMR (376
493 MHz, Chloroform-d) d -200.49. 3C NMR (101 MHz, Chloroform-d)  153.5, 135.7, 131.1,
494 130.0, 129.9,125.1, 117.2, 89.4 (C-F, YJcr = 176.8 Hz), 87.6 (C-F, Jcr = 176.8 Hz), 82.3, 67.7 (C-
495 F, 2Jcr = 20.2 Hz), 67.5 (C-F, 2Jcr = 20.2 Hz), 46.7 (C-F, ?Jcr = 23.2 Hz), 46.4 (C-F, 2Jcr = 23.2
496 Hz), 28.4. HRMS (APCI): m/z [M + NHa] * caled for CuH21BrFN20s 363.0714, found
497 363.0714. SFC: Chiralpak IE, scCO2/MeOH 93/7, 2.0 mL/min, P = 100 bar, A = 254 nm, tr
498 [trans] = 7.72 min, tr [cis-(35,4R)] = 11.07 min, tr [cis-(3R,4S)] = 11.96 min (major).

499 Tert-butyl (3R,4S)-3-fluoro-4-hydroxy-6-iodo-3,4-dihydroquinoline-1(2H)-carboxylate
500 (3j):

501 80 mg of tert-butyl 3-fluoro-6-iodo-4-oxo-3,4-dihydroquinoline-1(2H)-carboxylate (2j)
502 (0.20 mmol; 1.0 equiv) were used according to the described procedure (reaction time of 3
503 h). The product was purified by flash column chromatography on silica gel (petroleum
504 ether/ethyl acetate 75:25) and yielded 97 mg of a beige/white solid (94%). m.p. 125-128 °C
505 dr(cis/trans) = 98:2, eecis = >99%. [a]p?2 = -19.6 (¢ 1.0, CHCls). 'H NMR (400 MHz, Chloro-
506 form-d) 5 7.84 (d, ] = 0.8 Hz, 1H), 7.56 (dt, ] = 8.7, 1.6 Hz, 1H), 7.47 (d, ] = 8.8 Hz, 1H), 5.04
507 (dt, J=50.9, 3.7 Hz, 1H), 4.71 (dd, ] = 23.3, 8.8 Hz, 1H), 4.10 (ddt, ] = 18.6, 15.1, 3.6 Hz, 1H),
508 3.97 - 3.78 (m, 1H), 2.46 (s, 1H), 1.52 (s, 9H). ¥F NMR (376 MHz, Chloroform-d) d -200.57.
509 13C NMR (101 MHz, Chloroform-d) 6 153.4, 137.0, 136.6, 135.9, 130.1, 125.3, 89.3 (C-F, !Jcr
510 =176.8 Hz), 87.8 (C-F, 'Jcr = 176.8 Hz), 87.5, 82.4, 67.5 (C-F, }Jcr = 20.2 Hz), 67.3 (C-F, ?Jcr =
511 20.2 Hz), 46.6 (C-F, Jcr = 23.2 Hz), 46.3 (C-F, ?cr = 23.2 Hz), 28.4. HRMS (APCI): m/z [M +
512 NHa4] * caled for C1sH21FIN20s 411.0575, found 411.0577. SEC: Chiralpak IE, scCO2/MeOH
513 93/7, 2.0 mL/min, P = 100 bar, A = 254 nm, tr [trans] = 10.92 min, tr [trans] = 11.41 min, tr
514 [cis-(35,4R)] = 15.73 min, tr [cis-(3R,4S)] = 17.25 min (major).

515

516 4.4 Gram-scale experiment

517 In a 30 mL-round-bottom tube charged with tert-butyl 3-fluoro-4-oxo-3,4-dihydro-
518 quinoline-1(2H)-carboxylate (2a, 1.0 g, 3.8 mmol; 1.0 equiv) and the catalyst (R,R)-D (12.4
519 mg, 12 pmol; 0.005 equiv) set under argon were added 10 mL of acetonitrile. The mixture
520 was stirred for one minute before adding by syringe a (1:1) mixture of formic acid and
521 triethylamine (3.40 mL, 16 mmol; 6.0 equiv). The reaction mixture was stirred at 40 °C for
522 24 h. Then it was cooled down and quenched with 30 mL of NaHCOs aqueous solution.

523 The mixture was extracted with CH2Cl2 (2 x 40 mL) and the organic layers dried over
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524 MgSOs, filtered and concentrated under vacuum. The diastereoisomeric ratio was deter-
525 mined by '"H NMR analysis of the crude product. The product was purified with a flash
526 column chromatography on silica gel (petroleum ether/EtOAc 70:30). 960 mg (96%) of
527 (3R,4R)- 3-fluorochroman-4-ol (3a) as a white solid were obtained. dr (cis/trans) 97:3, eeci
528 =>99%. 'H NMR (400 MHz, Chloroform-d) & 7.70 (d, ] = 8.3 Hz, 1H), 7.51 (dt, J=7.6, 1.4
529 Hz, 1H), 7.34 - 7.24 (m, 1H), 7.14 (td, ] =7.5, 1.2 Hz, 1H), 5.05 (ddt, ] =50.8, 4.8, 3.5 Hz, 1H),
530 4.78 (dd, ] =21.5,5.9 Hz, 1H), 4.10 (ddd, ] =14.9, 14.2, 4.8 Hz, 1H), 3.94 (ddd, ] =29.9, 14.2,
531 3.7 Hz, 1H), 2.38 (d, ] = 8.3 Hz, 1H), 1.53 (s, 9H). F NMR (376 MHz, Chloroform-d) d —
532 200.34. 3C NMR (101 MHz, Chloroform-d) d 153.8, 136.8, 128.2, 127.9, 127.3, 124.3, 123.5,
533 89.6 (C-F, 'Jer=176.8 Hz), 87.9 (C-F, Jcr = 176.8 Hz), 81.9, 68.0 (C-F, 2Jcr = 19.2 Hz), 67.8 (C-
534 F, 2Jcr = 19.2 Hz), 46.3 (C-F, ?Jcr = 23.2 Hz), 46.1 (C-F, Ycr = 23.2 Hz), 28.4. SFC: Chiralpak
535 IE, scCO2/EtOH 96/4, 2.0 mL/min, P = 100 bar, A = 215 nm, tr [trans] = 11.04 min, tr [trans]
536 =12.85 min, tr [cis-(3R,4S)] = 14.54 min (major), tr [cis-(35,4R)] = 15.43 min.

537

538 4.5  Sonogashira  coupling  reaction  tert-Butyl (3R,45)-3-fluoro-4-hydroxy-6-
539 (phenylethynyl)-3,4-dihydroquinoline-1(2H)-carboxylate (4):

540 tert-Butyl (3R,4S)-3-fluoro-4-hydroxy-6-iodo-3,4-dihydroquinoline-1(2H)-carboxylate (3j)
541 (77 mg ; 0.2 mmol ; 1.0 equiv) was introduced into a 10 mL round-bottom tube at open air
542 with 1 mL of a 1:1 CHsCN/EtsN mixture. Next, phenylacetylene was added (31 puL; 0.3
543 mmol ; 1.5 equiv) followed by Cul (2.8 mg ; 10 pmol ; 0.05 equiv) and PdCl2(PPhs)2 (6.4 mg ;
544 6 umol ; 0.03 equiv). The mixture was stirred for 30 min at room temperature. It was then
545 quenched with 2 mL of NH4ClI saturated solution and extracted with EtOAc (3 x 10 mL).
546 The combined organic phases were dried with MgSQOs, filtered and concentrated under
547 reduced pressure. The crude product was purified by flash column chromatography on
548 silica gel, (petroleum ether/EtOAc/toluene 7:2:1) to afford 4 as a pale yellow solid (49 mg ;
549 68%). 'H NMR (400 MHz, CDCls) 6 7.76 — 7.69 (m, 2H), 7.55 — 7.49 (m, 2H), 7.44 (ddd, | =
550 8.6,2.1, 0.6 Hz, 1H), 7.37 - 7.30 (m, 3H), 5.06 (ddt, ] =50.8, 4.5, 3.4 Hz, 1H), 4.76 (dd, ] =23.3,
551 6.0 Hz, 1H), 4.13 (ddd, ] =15.3, 14.3, 4.4 Hz, 1H), 3.91 (ddd, ] =32.0, 14.3, 3.5 Hz, 1H), 2.52
552 (d, J=9.0 Hz, 1H), 1.54 (s, 9H). ¥F NMR (376 MHz, CDCls) 5 —200.41. *C NMR (101 MHz,
553 CDCls) 8 153.5,136.7, 131.7, 131.3, 130.5, 128.5, 128.3, 127.9, 123.4, 123.2, 118.9, 89.4, 89.3 (C-
554 F, Jcr =176.8 Hz), 89.1, 87.6 (C-F, YJcr = 176.8 Hz), 82.3, 67.7 (C-F, YJcr = 20.2 Hz), 67.5 (C-F,
555 ?Jer = 20.2 Hz), 46.6 (C-F, YJcr = 23.2 Hz), 46.4 (C-F, ?Jcr = 23.2 Hz), 28.4. MS (ESI) [M — Boc +
556 H]*=267.

557

558 4.6 N-Boc deprotection (3R,4S)-3-Fluoro-1,2,3,4-tetrahydroquinolin-4-ol (5):

559 tert-Butyl (3R,45)-3-fluoro-4-hydroxy-3,4-dihydroquinoline-1(2H)-carboxylate 3a (200
560 mg ; 0.75 mmol ; 1.0 equiv) was introduced in a 50 mL round bottom tube set under argon.
561 3.0 mL of 1,4-dioxane were added followed by 5.0 mL of HPLC-grade H20. The mixture
562 was heated to reflux for 34 h. It was then allowed to cool down to room temperature and
563 it was extracted with MTBE (3 x 20 mL). The combined organic phases were dried with
564 MgSOs,, filtered and concentrated under reduced pressure. The crude product was puri-
565 fied by flash column chromatography on silica gel (petroleum ether/EtOAc 8:2 to 7:3) to
566 afford 5 as a pale yellow solid (112 mg; 90%). 'H NMR (400 MHz, CDCls) 8 7.35 (dt, ] =7.8,
567 1.0 Hz, 1H), 7.11 (ddd, ] =8.5, 7.5, 1.6 Hz, 1H), 6.75 (td, ] = 7.4, 1.2 Hz, 1H), 6.55 (dd, ] = 8.0,
568 1.1 Hz, 1H), 5.08 — 4.75 (m, 2H), 3.87 (s, 1H), 3.66 (dt, ] = 11.9, 7.9 Hz, 1H), 3.45 (dddd, ] =
569 22.2,11.9, 3.3, 1.4 Hz, 1H), 2.26 (s, 1H). F NMR (376 MHz, CDCls) & —203.21. 3C NMR
570 (101 MHz, CDCls) d 143.4, 129.7, 129.6, 120.0, 118.2, 114.2, 88.8 (C-F, Yjcr = 176.8 Hz), 87.1
571 (C-F, YJer = 176.8 Hz), 67.3 (C-F, ?Jcr = 19.2 Hz), 67.1 (C-F, ?Jcr = 19.2 Hz), 41.8 (C-F, YJcr =
572 24.2 Hz), 41.6 (C-F, 2Jcr = 24.2 Hz). HRMS (ESI) m/z: [M+H]* Calcd for CoHuuFNO 168.0819.

573 Found 168.0819.
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