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ABSTRACT: Enantioenriched cis-3-fluoro-chroman-4-ol derivatives
were conveniently prepared by the ruthenium-catalyzed asymmetric
transfer hydrogenation of a new family of 3-fluoro-chromanones through
a dynamic kinetic resolution process. The reaction proceeded under mild
conditions using a low catalyst loading and HCO2H/Et3N (1:1) as the
hydrogen source, affording the reduced fluorinated alcohols in good
yields (80−96%), high diastereomeric ratios (up to 99:1 dr), and
excellent enantioselectivities (up to >99% ee).

■ INTRODUCTION

Fluorine is an element that displays interesting qualities in drug
design. Drug potency, permeability, pKa, and clearance are
some of the properties that can be modified by the
introduction of a fluorine atom in a molecule.1 For these
reasons, the introduction of fluorine substituents into small
molecules has been the subject of active research. On the other
hand, chromanols are a group of oxygenated heterocycles
belonging to the larger family of the naturally occurring
homoisoflavonoids and are a privileged scaffold that appears in
molecules of biological interest. This family of molecules
possesses antibacterial, antiviral, and antitumoral activities.2,3

The addition of a fluorine atom into chromanols could thus
foster and expand their biological effects and improve their
versatility and utility as building blocks. Despite the great
interest of fluorine, the difficulty of incorporating this element
into building blocks has delayed the study and understanding
of its effects along with its use; however, the field has
experienced extensive progress over the past decades.4 Among
the many challenges that organic chemists have faced in
developing new ways of introducing fluorine into molecules,
chirality is one of major importance. Organocatalysis,
enzymatic kinetic resolution, and transition-metal catalysis
have been deployed to access enantiomerically enriched
compounds that contain fluorine-bearing stereocenters.5−8 Of
these methods, the transition-metal-catalyzed asymmetric
reduction of prochiral α-fluorinated ketones constitutes a
straightforward pathway to chiral fluorohydrins. If the fluorine
atom is positioned on a stereogenic carbon, the asymmetric
reduction would then lead to enantiomerically enriched
fluorohydrins with two contiguous stereogenic centers,
provided an efficient dynamic kinetic resolution (DKR) can
take place. Surprisingly, in this field only one example of α-
fluorinated six-membered ring ketones has been reported by

Lassaletta and co-workers for the asymmetric reduction of 2-
fluoro-tetralone using Ru-catalyzed asymmetric transfer hydro-
genation (Scheme 1).9 However, as far as 3-fluorochromanone
derivatives are concerned, to our knowledge the asymmetric
reduction of such compounds remains unexplored.
In the context of our ongoing studies directed toward the

development of efficient methods for the asymmetric reduction
of functionalized ketones10 and to access a wide range of
enantioenriched 3-fluorochroman-4-ol derivatives, we report
here the first ruthenium-catalyzed asymmetric transfer hydro-
genation (ATH) of 3-fluorochromanones. Through a dynamic
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Scheme 1. Catalytic Asymmetric Reduction of 2-
Fluorotetralone and 3-Fluorochromanone Derivatives
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kinetic resolution (DKR) process,11,12 the reaction sets two
contiguous stereocenters in a single synthetic step and provides
the targeted molecules in good yields with excellent levels of
diastereo- and enantioselectivity.

■ RESULTS AND DISCUSSION
Our investigation of the asymmetric transfer hydrogenation of
3-fluorochromanone derivatives started with the preparation of
novel racemic 3-fluorochroman-4-ones 1a−1k bearing diverse
electron-donating or electron-withdrawing groups on the aryl
ring from the corresponding chromanones using either
SelectFluor or NFSI as the fluoride source (Scheme 2).13 A
difluorothiochromanone derivative 1l was prepared as well. 3-

Fluorochroman-4-one 1a was next used as a standard substrate
for the optimization of the reaction parameters (Table 1).
Based on our previous experience in ATH, the reduction was

first carried out at 30 °C in dichloromethane in the presence of
1 mol % either Ru(II) or Rh(III) complexes (R,R)-A14 or
(R,R)-B,15 respectively, with a formic acid/triethylamine (5:2)
azeotropic mixture (FA/TEA, 3 equiv) as the hydrogen source
(Table 1, entry 1 or 2). Under these conditions, full
conversions were attained, and the reduced product cis-2a
was obtained in a 95% yield in both cases. Although high
enantioinduction was achieved, only low diastereoisomeric
ratios of 58:42 and 55:45, respectively, were obtained. No
effect was observed when the reaction was conducted at room
temperature with complex (R,R)-A at a lower catalyst loading
of 0.5 mol % (Table 1, entry 3 versus entry 1). We next
performed the Ru-mediated ATH of 3-fluorochroman-4-one
1a using 0.5 mol % (R,R)-A with a HCO2H/Et3N (1.2:1)
mixture as the hydrogen donor (15 equiv), which also served
as the solvent, at room temperature (Table 1, entry 4).
However, 3-fluoro-4-chroman-4-one 1a was unreactive using
these reaction conditions. To overcome the lack of reactivity, a
small amount of acetonitrile was added to the reaction mixture,
affording a full conversion to provide cis-2a in a 95% isolated
yield with a very high diastereomeric ratio of 97:3 and an
enantiomeric excess of 99% (Table 1, entry 5). Under
otherwise identical conditions, Rh(III) and Ru(II) complexes
(R,R)-B and (R,R)-C,16 respectively, gave the reduced
compound cis-2a with a lower diastereoselectivity and a
lower yield (Table 1, entries 6 and 7).

From the above results, the ruthenium complex (R,R)-A was
selected as the catalyst for the remainder of the study. To
further assess the scope of this ATH, we pursued the
optimization of the reaction conditions by varying the solvent,
the nature and amount of the hydrogen source, and the catalyst
loading (Table 2).
Further experiments showed that the (R,R)-A catalyst

efficiently reduced 1a within 24 h. Still working with 0.5 mol
% (R,R)-A, the ratio of the HCO2H/Et3N mixture was shown
to have a crucial effect on the stereoselectivity of the reduction,
as gradually decreasing the ratio from 5:2 to 1:1 resulted in a
dramatic increase of the diastereomeric ratio from 67:33 to
97:3 in favor of the cis-product 2a (Table 2, entries 1−3). The
racemization of the substrate likely occurs by the keto−enol
equilibrium and appears to be favored with a 1:1 ratio of base
to acid. Other hydrogen donors such as HCO2H/DBU (1:1)
and HCO2H/DABCO (1:1) were then evaluated (Table 2,
entries 4 and 5, respectively). Whereas the former led to lower
yield and dr as compared to those of HCO2H/Et3N (1:1), the
latter afforded comparable results. The formic acid/triethyl-
amine mixture was nevertheless selected as the hydrogen
source for practical reasons, as it is commercially available. We
next turned our attention to screening the solvents and
confirmed that the ATH of 1a was best achieved in acetonitrile
since all the other explored solvents (CH2Cl2, toluene, AcOEt,
i-PrOH, and THF) gave lower yields or diastereoselectivities,
with enantioselectivities ranging from 91% to >99% ee (Table
2, entries 6−10, respectively). The influence of the amount of
the HCO2H/Et3N (1:1) mixture was also investigated (Table
2, entries 11−13), and it turned out that while the use of 6

Scheme 2. Preparation of Substituted 3-Fluorochromanone
Derivatives 1a−1k and 3,6-Difluorothiochroman-4-one 1l

Table 1. Catalyst Screening for the ATH of 1aa

entry catalyst solvent
FA/TEA
ratio

yieldb

(%)
drc

(cis:trans)
eed

(%)

1e (R,R)-Af CH2Cl2 5:2g 95 58:42 95
2e (R,R)-Bf CH2Cl2 5:2g 95 55:45 92
3 (R,R)-Ah CH2Cl2 5:2g 95 58:42 95
4 (R,R)-Ah neat 1.2:1i − − −
5 (R,R)-Ah CH3CN 1:1j 95 97:3 99
6 (R,R)-Bh CH3CN 1:1j 92 81:19 97
7 (R,R)-Ch CH3CN 1:1j 87 96:4 >99

aConditions are as follows: 1a (0.60 mmol), catalyst (0.5 or 1.0 mol
%), solvent (0.25 mL), HCO2H/Et3N (3−15 equiv), rt. bIsolated
yield. cDetermined by 1H NMR spectroscopy of the crude product
after the ATH reaction. dee for the cis-product was determined by the
SFC analysis. eThe reaction was carried out at 30 °C. fThe reaction
was conducted with 1.0 mol % catalyst. gThe reaction was carried out
with 3.0 equiv of HCO2H/Et3N (5:2). hThe reaction was conducted
with 0.5 mol % catalyst. iThe reaction was run with 15 equiv of
HCO2H/Et3N (1.2:1). jThe reaction was run with 11 equiv of
HCO2H/Et3N (1:1).
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equiv of HCO2H/Et3N (1:1) instead of 11 equiv had no effect,
using 3 equiv was detrimental to the conversion rate, affording
a lower yield of 74%. Finally, to complete the optimization of
the reaction parameters, we progressively increased the S/C
ratio from 200 to 1000 while running the reaction upon the
gentle heating of the reaction mixture to 40 °C to ensure full
conversion within a reasonable time (Table 2, entries 14 and
15, respectively). Although incomplete conversion was
observed with a S/C ratio of 1000 even after a reaction time
of 33 h (Table 2, entry 15), pleasingly the reaction proceeded
in only 6 h with S/C = 500, affording compound cis-2a in a
94% yield, 99:1 dr, and 99% ee (Table 2, entry 14). On the
basis of the above screening, the optimized conditions were set
as follows: (R,R)-A (0.2 mol %) as the precatalyst and
HCO2H/Et3N (1:1) (6 equiv) as the hydrogen donor in
CH3CN (0.6 M) at 40 °C.
Upon subjecting the racemic 3-fluorochroman-4-ones 1a−

1k to the optimized reaction conditions, the scope of the
asymmetric transfer hydrogenation of a series of variously
substituted 3-fluorochromanone derivatives was next evaluated
(Table 3). Notably, compounds 1a−1k bearing diverse
electron-donating or electron-withdrawing groups on the aryl
ring all yielded the expected cis-fluorohydrins 2a−2k in 80−
96% yields with uniformly high levels of diastereoselectivity
(98:2 to 99:1 dr) and enantioselectivity (up to >99% ee) in 6−
8 h of reaction time (Table 3). The ATH was tolerant of
electron-donating substituents such as methyl, tert-butyl,
methoxy, and phenoxy groups in various positions of the
benzene ring (Table 3, entries 2−6, respectively). The
substituted 3-fluorochromanone derivatives bearing electron-
withdrawing substituents on the aryl ring such as fluoro,

bromo, and nitro groups underwent efficient reduction as well
(Table 3, entries 7−10). The ATH of 3-fluorochromanone 1k
bearing a methyl group and a chlorine atom proceeded
similarly with excellent diastereo- and enantioselectivities
(Table 3, entry 11). To extend the substrate scope of the
reaction, we performed the ATH on the 3-fluorothiochroman-
4-one derivative 1l as well. The corresponding cis-alcohol 2l
was obtained in an 80% yield with 92:8 dr and 99% ee (Table
3, entry 12).
The absolute configurations of compounds 2b and 2k were

unambiguously assigned as (3R,4S) by the X-ray crystallo-
graphic analysis (Figure 1). By analogy, we conjectured that
the remainder of the ATH products 2 followed the same trend.

The enantiocontrol in the ATH reaction of (±)-1a likely
arises from the well-established edge-to-face arene−-aryl
interaction between the η6-arene and the aryl group of the
chromanone through a transition state in which the ligand−
substrate NHOC bonding and the stabilizing CH−π
interaction ensures a high enantiomeric excess (Figure 2).17

On the other hand, the preferential formation of the cis-isomer
might be explained by a transition state wherein the catalyst
would approach the ketone opposite the fluorine atom.
The efficiency of this ATH was supported by a scale-up

experiment that was performed on a gram scale under the
standard conditions with 3-fluorochroman-4-one 1a. After a
reaction time of 20 h, the desired (3R,4S)-3-fluorochroman-4-
ol 2a was isolated in a 98% yield with a diastereomeric ratio of
98:2 and >99% ee (Scheme 3).
In addition, the postfunctionalization of (3R,4S)-7-bromo-3-

fluorochroman-4-ol 2i was also carried out using a Suzuki−
Miyaura coupling with Pd(OAc)2, cataCXium A as a ligand,
K2CO3 as a base, and 4-methoxyphenylboronic acid to access
the biaryl derivative 3 that was obtained in a 79% yield
(Scheme 3).

Table 2. Optimization of the Reaction Parametersa

entry solvent
hydrogen donor/

equivalents
yieldb

(%) drc
eed

(%)

1 CH3CN HCO2H/Et3N (5:2)/11 94 67:33 92
2 CH3CN HCO2H/Et3N (2:5)/11 92 81:19 98
3 CH3CN HCO2H/Et3N (1:1)/11 95 97:3 99
4 CH3CN HCO2H/DBU (1:1)/11 84 92:8 98
5 CH3CN HCO2H/DABCO (1:1)

/11
96 96:4 99

6e CH2Cl2 HCO2H/Et3N (1:1)/11 69 88:12 98
7e toluene HCO2H/Et3N (1:1)/11 48 92:8 91
8 AcOEt HCO2H/Et3N (1:1)/11 94 93:7 96
9e i-PrOH HCO2H/Et3N (1:1)/11 56 93:7 >99
10 THF HCO2H/Et3N (1:1)/11 96 92:8 95
11f CH3CN HCO2H/Et3N (1:1)/11 94 98:2 >99
12f CH3CN HCO2H/Et3N (1:1)/6 95 98:2 >99
13e,f CH3CN HCO2H/Et3N (1:1)/3 74 98:2 >99
14e,g CH3CN HCO2H/Et3N (1:1)/6 94 99:1 99
15e,h CH3CN HCO2H/Et3N (1:1)/6 73 99:1 >99

aConditions are as follows: 1a (0.60 mmol), (R,R)-A (0.5 mol %),
hydrogen donor, solvent (0.25 mL), rt or 40 °C, 24 h. bIsolated yield
of 2a. cDetermined by 1H NMR spectroscopy of the crude product
after the ATH reaction. dee for the cis-product was determined by the
SFC analysis. eIncomplete conversion. fUsed 1 mL of CH3CN.

gS/C
= 500, 40 °C, 6 h. hS/C = 1000, 40 °C, 33 h.

Figure 1. X-ray crystallographic structures of 2b and 2k. Displace-
ment ellipsoids are shown at the 30% probability level.

Figure 2. Proposed model for the absolute stereochemistry in the
ATH of compound 1a.
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■ CONCLUSION
In summary, we have developed an unexplored, operationally
simple, and practical ruthenium-catalyzed asymmetric transfer
hydrogenation of novel 3-fluorochromanone derivatives that
allows for the installation of vicinal stereogenic centers in a
single step. This approach, which has many advantages,
appears to be a useful means to efficiently access enantiomeri-
cally enriched 3-fluorochroman-4-ols. This catalytic enantiose-
lective route proceeds under mild conditions using a low
catalyst loading (0.2 mol %) of the ruthenium complex (R,R)-
A and HCO2H/Et3N (1:1) as the hydrogen source, delivering
the reduced fluorinated compounds in good yields (80−96%),
high diastereomeric ratios (up to 99:1 dr), and excellent
enantioselectivities (up to >99% ee). Various electron-
donating or electron-withdrawing groups with different
substitution patterns on the aryl ring were well tolerated in
this ATH reaction, affording a range of fluorinated building
blocks. To extend the substrate scope of the reaction, we
showed that the reaction was tolerant to the 3-fluorothiochro-
man-4-one derivative 1l as well. We demonstrated the ability of
the asymmetric transfer hydrogenation to proceed under gram-
scale conditions, verifying the usefulness of this transformation.
Additionally, the enantiomerically enriched 3-fluorochroman-
4-ols that are produced can serve as interesting scaffolds for
further functionalization and as potential motifs of biological
importance.

■ EXPERIMENTAL SECTION
General Information. All air or water sensitive reactions were

carried out under an argon atmosphere. THF, DMF, CH2Cl2, and
toluene were dried over alumina columns in a solvent purification
apparatus (Innovative Technology). Methanol and acetonitrile from
Sigma-Aldrich were used without further purification. The formic
acid/triethylamine (1:1) mixture was purchased from either Fluka or
Alfa Aesar and was used without further purification. Reactions were
monitored by thin-layer chromatography carried out on precoated
silica gel plates (Merck 60F254) and revealed with either an
ultraviolet lamp (λ = 254 nm) or a potassium permanganate solution.
Proton nuclear magnetic resonance (1H NMR) spectra were recorded
using a Bruker AC 400 (400 MHz) spectrometer. The chemical shifts
are expressed in parts per million (ppm) and referenced to residual
chloroform (7.26 ppm). Data are reported as follows: chemical shifts
(δ), multiplicity (recorded as s, singlet; d, doublet; t, triplet; q,
quadruplet; quint, quintuplet; sext, sextuplet; hept, heptuplet; m,
multiplet; and br, broad), coupling constants, and integration.
Carbon-13 nuclear magnetic resonance (13C NMR) spectra were
recorded using a Bruker AC 400 (100 MHz) spectrometer. The
chemical shifts are expressed in parts per million (ppm) relative to the
center line of the triplet at 77.16 ppm for CDCl3. Melting points (mp)
were determined on a Köfler melting point apparatus. Optical

Scheme 3. Scale-up Experiment and Post-Functionalization
Reaction

Table 3. Substrate Scope of the ATH/DKR of the 3-
Fluorochromanone and 3-Fluorothiochromanone
Derivativesa

aConditions are as follows: 1a−1l (0.60 mmol), (R,R)-A (0.2 mol %),
HCO2H/Et3N (1:1) (6 equiv), MeCN (1 mL), 40 °C, 6−8 h.
bIsolated yield, complete conversion in all cases. cDetermined by 1H
NMR spectroscopy of the crude product after the ATH reaction. dee
for the cis-product was determined by the SFC analysis.
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rotations were measured on a Jasco P-1010 polarimeter. High-
resolution mass spectrometric (HRMS) analyses were measured on
LTQ-Orbitrap (Thermo Fisher Scientific) spectrometer at Sorbonne
Universite.́
Synthesis of Compounds 1a−1d and 1f−1k. 3-Fluorochro-

man-4-one 1a. 1 To a 50 mL-round-bottom flask fitted with a stirrer
and a condenser and set under argon were added chroman-4-one (1.0
g, 6.7 mmol, 1.0 equiv), SelectFluor(2.83 g, 8.0 mmol, 1.2 equiv),
MeOH (4 mL), and conc. H2SO4 (36 μL, 0.7 mmol, 0.1 equiv). The
resulting suspension was heated at 50 °C (oil bath) for 24−72 h
(completion of the reaction was monitored by TLC; petroleum ether/
ethyl acetate 80:20). After the reaction mixture was cooled, the slurry
was diluted with 3 mL of methanol and filtered. The obtained solid
was washed with MeOH (2 × 3 mL), and the filtrate was
concentrated under reduced pressure. The resulting mixture was
dissolved in CH2Cl2 (20 mL), washed with brine, dried over MgSO4,
filtered, and concentrated under reduced pressure. The crude product
was purified by flash column chromatography on silica gel (petroleum
ether/ethyl acetate from 95:5 to 85:15) to yield 1a as a white
crystalline solid (1.02 g, 89%). mp 66−68 °C (lit. 66.5−67.3 °C). 1H
NMR (400 MHz, chloroform-d) δ 7.92 (dd, J = 7.9, 1.8 Hz, 1H), 7.54
(ddd, J = 8.7, 7.2, 1.8 Hz, 1H), 7.09 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H),
7.01 (dd, J = 8.4, 1.1 Hz, 1H), 5.17 (ddd, J = 47.0, 9.2, 4.7 Hz, 1H),
4.70−4.47 (m, 2H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−204.05. 13C{1H} NMR (101 MHz, chloroform-d) δ 187.3 (C−F,
2JCF = 20.2 Hz), 187.1 (C−F, 2JCF = 20.2 Hz), 161.4, 136.9, 127.8,
122.5, 119.6, 118.0, 86.6 (C−F, 1JCF = 188.9 Hz), 84.7 (C−F, 1JCF =
188.9 Hz), 69.0 (C−F, 2JCF = 30.3 Hz), 68.7 (C−F, 2JCF = 30.3 Hz).
IR (solid) ν 3073, 2360, 2341, 1700 (CO), 1607, 1585, 1034, 1014
cm−1. The data are in accordance with those previously reported in
the literature.12a

6-Methyl-3-fluorochroman-4-one 1b. Following the described
procedure, 300 mg of 6-methylchroman-4-one (1.9 mmol, 1.0 equiv)
was used. Purification via flash column chromatography on silica gel
(90:10 petroleum ether/tert-butyl methyl ether) yielded 236 mg of 1b
as a white solid (71%). mp 60−62 °C. 1H NMR (400 MHz,
chloroform-d) δ 7.71 (d, J = 2.1 Hz, 1H), 7.35 (ddd, J = 8.5, 2.3, 0.6
Hz, 1H), 6.91 (d, J = 8.5 Hz, 1H), 5.15 (ddd, J = 47.0, 9.3, 4.7 Hz,
1H), 4.67−4.44 (m, 2H), 2.33 (s, 3H). 19F{1H} NMR (376 MHz,
chloroform-d) δ −204.07. 13C{1H} NMR (101 MHz, chloroform-d) δ
187.5 (C−F, 2JCF = 15.2 Hz), 187.4 (C−F, 2JCF = 15.2 Hz), 159.5,
138.1, 132.1, 127.3, 119.2, 117.8, 86.7 (C−F, 1JCF = 188.9 Hz), 84.9
(C−F, 1JCF = 188.9 Hz), 69.0 (C−F, 2JCF = 26.3 Hz), 68.7 (C−F, 2JCF
= 26.3 Hz), 20.5. IR (solid) ν 2957, 2897, 1692, 1616 (CO), 1488,
1416, 1080, 1029 cm−1. The data are in accordance with those
previously reported in the literature.12b

8-Methyl-3-fluorochroman-4-one 1c. Following the described
procedure, 180 mg of 8-methyl-chroman-4-one (1.1 mmol, 1.0 equiv)
was used. Purification via flash column chromatography on silica gel
(45:45:10 petroleum ether/toluene/MTBE and 90:10 petroleum
ether/ethyl acetate) yielded 140 mg of 1c as a yellow oil, which
proceeded to solidify into a crystalline solid (71%). mp 40−42 °C. 1H
NMR (400 MHz, chloroform-d) δ 7.77 (dt, J = 8.1, 1.7 Hz, 1H), 7.39
(ddt, J = 7.3, 1.8, 0.9 Hz, 1H), 6.98 (td, J = 7.7, 1.9 Hz, 1H), 5.15
(ddd, J = 47.2, 9.3, 4.7 Hz, 1H), 4.74−4.49 (m, 2H), 2.25 (s, 3H).
19F{1H} NMR (376 MHz, chloroform-d) δ −204.18. 13C{1H} NMR
(101 MHz, chloroform-d) δ 187.7 (C−F, 2JCF = 15.2 Hz), 187.5 (C−
F, 2JCF = 15.2 Hz), 159.6, 137.8, 127.5, 125.4, 122.0, 119.2, 86.6 (C−
F, 1JCF = 187.9 Hz), 84.7 (C−F, 1JCF = 187.9 Hz), 68.8 (C−F, 2JCF =
26.3 Hz), 68.6 (C−F, 2JCF = 26.3 Hz), 15.7. IR (solid) ν 2989, 2881,
1695 (CO), 1597, 1481, 1275, 1051, 1032 cm−1. HRMS (APCI)
m/z [M + H] + calcd for C10H9FO2H 181.0659, found 181.0659.
6-(tert-Butyl)-3-fluorochroman-4-one 1d. Following the de-

scribed procedure, 340 mg of 6-(tert-butyl)-chroman-4-one (1.53
mmol, 1.0 equiv) was used. Purification via flash column
chromatography on silica gel (90:10 petroleum ether/ethyl acetate)
yielded 240 mg of 1d as a colorless oil (71%). 1H NMR (400 MHz,
chloroform-d) δ 7.90 (d, J = 2.5 Hz, 1H), 7.59 (dd, J = 8.8, 2.6 Hz,
1H), 6.95 (d, J = 8.8 Hz, 1H), 5.14 (ddd, J = 47.0, 9.2, 4.7 Hz, 1H),
4.66−4.45 (m, 2H), 1.31 (s, 9H). 19F{1H} NMR (376 MHz,

chloroform-d) δ −203.87. 13C{1H} NMR (101 MHz, chloroform-d) δ
187.6 (C−F, 2JCF = 15.2 Hz), 187.4 (C−F, 2JCF = 15.2 Hz), 159.4,
145.6, 134.8, 123.7, 118.8, 117.7, 86.8 (C−F, 1JCF = 188.9 Hz), 84.9
(C−F, 1JCF = 188.9 Hz), 69.0 (C−F, 2JCF = 26.3 Hz), 68.7 (C−F, 2JCF
= 26.3 Hz), 34.5, 31.3. IR (solid) ν 2960, 2360, 1710 (CO), 1697,
1614, 1489, 1086, 1043 cm−1. HRMS (APCI) m/z [M + H] + calcd
for C13H15FO2H 223.1129, found 223.1129.

3-Fluoro-6-phenoxychroman-4-one 1f. Following the described
procedure, 300 mg of 8-phenoxy-chroman-4-one (1.25 mmol, 1.0
equiv) was used. Purification via flash column chromatography on
silica gel (90:10 petroleum ether/EtOAc, then 100% dichloro-
methane) yielded 240 mg of 1f as a colorless oil, which proceeded
to solidify into a crystalline solid (71%). mp 66−68 °C. 1H NMR
(400 MHz, chloroform-d) δ 7.48 (d, J = 3.0 Hz, 1H), 7.38−7.31 (m,
2H), 7.27 (dd, J = 9.1, 2.9 Hz, 1H), 7.15−7.10 (m, 1H), 7.02 (d, J =
9.0 Hz, 1H), 6.99−6.94 (m, 2H), 5.14 (ddd, J = 46.9, 8.8, 4.7 Hz,
1H), 4.67−4.50 (m, 2H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−203.79. 13C{1H} NMR (101 MHz, chloroform-d) δ 186.7 (C−F,
2JCF = 16.2 Hz), 186.6 (C−F, 2JCF = 16.2 Hz), 157.4, 157.1, 152.3,
130.1, 128.8, 123.8, 120.0, 119.6, 118.7, 116.0, 86.6 (C−F, 1JCF =
188.9 Hz), 84.7 (C−F, 1JCF = 188.9 Hz), 69.1 (C−F, 2JCF = 26.3 Hz),
68.9 (C−F, 2JCF = 26.3 Hz). IR (solid) ν 3064, 3015, 1700 (CO),
1480, 1437, 1253, 1201, 1089 cm−1. HRMS (APCI) m/z [M + H] +

calcd for C15H11FO3H 259.0765, found 259.0765.
3,6-Difluorochroman-4-one 1g. Following the described proce-

dure, 300 mg of 6-fluorochroman-4-one (1.8 mmol, 1.0 equiv) was
used. Purification via flash column chromatography on silica gel
(90:10 petroleum ether/ethyl acetate) yielded 294 mg of 1g as a
white crystalline solid (88%). mp 102−104 °C. 1H NMR (400 MHz,
chloroform-d) δ 7.56 (dd, J = 8.0, 3.2 Hz, 1H), 7.26 (ddd, J = 10.1,
7.6, 3.2 Hz, 1H), 7.01 (dd, J = 9.1, 4.1 Hz, 1H), 5.14 (ddd, J = 46.8,
8.8, 4.7 Hz, 1H), 4.70−4.49 (m, 2H). 19F{1H} NMR (376 MHz,
chloroform-d) δ −119.99, −203.92. 13C{1H} NMR (101 MHz,
chloroform-d) δ 186.3 (C−F, 2JCF = 15.2 Hz), 186.1 (C−F, 2JCF =
15.2 Hz), 158.9 (C−F, 1JCF = 244.4 Hz), 157.5, 156.5 (C−F, 1JCF =
244.4 Hz), 124.6 (C−F, 2JCF = 25.3 Hz), 124.4 (C−F, 2JCF = 25.3
Hz), 120.0 (C−F, 3JCF = 6.1 Hz), 119.9 (C−F, 3JCF = 6.1 Hz), 119.8
(C−F, 3JCF = 7.1 Hz), 119.7 (C−F, 3JCF = 7.1 Hz), 112.6 (C−F, 2JCF
= 24.2 Hz), 112.4 (C−F, 2JCF = 24.2 Hz), 86.3 (C−F, 1JCF = 188.9
Hz), 84.4 (C−F, 1JCF = 188.9 Hz), 69.0 (C−F, 2JCF = 25.2 Hz), 68.8
(C−F, 2JCF = 25.2 Hz). IR (solid) ν 2987, 2900, 2360, 2339, 1483,
1076, 1058 cm−1. The data are in accordance with those previously
reported in the literature.12b

3,7-Difluorochroman-4-one 1h. Following the described proce-
dure, 300 mg of 7-fluorochroman-4-one (1.8 mmol, 1.0 equiv) was
used. Purification via flash column chromatography on silica gel
(90:10 petroleum ether/ethyl acetate) yielded 275 mg of 1h as a
white crystalline solid (83%). mp 52−54 °C. 1H NMR (400 MHz,
chloroform-d) δ 7.94 (ddd, J = 7.9, 6.1, 1.9 Hz, 1H), 6.87−6.77 (m,
1H), 6.70 (dt, J = 9.7, 1.9 Hz, 1H), 5.12 (ddd, J = 46.9, 8.3, 4.7 Hz,
1H), 4.70−4.52 (m, 2H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−98.54, −203.54. 13C{1H} NMR (101 MHz, chloroform-d) δ 185.6
(C−F, 2JCF = 16.2 Hz), 185.5 (C−F, 2JCF = 16.2 Hz), 169.3 (C−F,
1JCF = 258.6 Hz), 166.8 (C−F, 1JCF = 258.6 Hz), 163.1 (C−F, 3JCF =
14.1 Hz), 163.0 (C−F, 3JCF = 14.1 Hz), 130.5 (C−F, 3JCF = 12.1 Hz),
130.4 (C−F, 3JCF = 12.1 Hz), 116.4, 111.3 (C−F, 2JCF = 23.2 Hz),
111.0 (C−F, 2JCF = 23.2 Hz), 105.1 (C−F, 2JCF = 25.3 Hz), 104.9
(C−F, 2JCF = 25.3 Hz), 86.2 (C−F, 1JCF = 187.9 Hz), 84.4 (C−F, 1JCF
= 187.9 Hz), 69.4 (C−F, 2JCF = 26.3 Hz), 69.1 (C−F, 2JCF = 26.3
Hz). IR (solid) ν 2987, 2900, 2360, 2339, 1483, 1076, 1058 cm−1.
HRMS (APCI) m/z [M + H] + calcd for C9H6F2O2H 185.0409,
found 185.0408.

7-Bromo-3-fluorochroman-4-one 1i. Following the described
procedure, 300 mg of 7-bromochroman-4-one (1.3 mmol, 1.0
equiv) was used. Purification via flash column chromatography on
silica gel (95:5 petroleum ether/ethyl acetate) yielded 248 mg of 1i as
a white solid (77%). mp 118−120 °C. 1H NMR (400 MHz,
chloroform-d) δ 7.78 (d, J = 8.8 Hz, 1H), 7.28−7.21 (m, 2H), 5.13
(ddd, J = 46.9, 8.7, 4.7 Hz, 1H), 4.72−4.47 (m, 2H). 19F{1H} NMR
(376 MHz, chloroform-d) δ −203.53. 13C{1H} NMR (101 MHz,
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chloroform-d) δ 186.3 (C−F, 2JCF = 16.2 Hz), 186.1 (C−F, 2JCF =
16.2 Hz), 161.4, 131.7, 129.0, 126.3, 121.3, 118.5, 86.3 (C−F, 1JCF =
188.9 Hz), 84.4 (C−F, 1JCF = 188.9 Hz), 69.2 (C−F, 2JCF = 26.3 Hz),
68.9 (C−F, 2JCF = 26.3 Hz). IR (solid) ν 2987, 2900, 2360, 2339,
1483, 1076, 1058 cm−1. HRMS (APCI) m/z [M + H] + calcd for
C9H6BrFO2H 244.9608, found 244.9609.
3-Fluoro-6-nitrochroman-4-one 1j. Following the described

procedure, 300 mg of 6-nitro-chroman-4-one (1.55 mmol, 1.0
equiv) was used. Purification via flash column chromatography on
silica gel (85:15 petroleum ether/ethyl acetate and 70:30 CH2Cl2/
petroleum ether) yielded 59 mg of 1j as a pale yellow solid (18%). mp
120−122 °C. 1H NMR (400 MHz, chloroform-d) δ 8.80 (d, J = 2.8
Hz, 1H), 8.39 (dd, J = 9.2, 2.9 Hz, 1H), 7.18 (d, J = 9.2 Hz, 1H),
5.28−5.10 (m, 1H), 4.79−4.68 (m, 2H). 19F{1H} NMR (376 MHz,
chloroform-d) δ −202.73. 13C{1H} NMR (101 MHz, chloroform-d) δ
185.0 (C−F, 2JCF = 16.2 Hz), 184.8 (C−F, 2JCF = 16.2 Hz), 164.9,
149.5, 131.2, 124.4, 122.9, 119.5, 85.8 (C−F, 1JCF = 189.9 Hz), 83.9
(C−F, 1JCF = 189.9 Hz), 69.5 (C−F, 2JCF = 25.3 Hz), 69.2 (C−F, 2JCF
= 25.3 Hz). IR (solid) ν 2987, 2900, 2360, 2339, 1483, 1076, 1058
cm−1. HRMS (APCI) m/z [M + H] + calcd for C9H6FNO4H
212.0354, found 212.0354.
8-Chloro-3-fluoro-5-methylchroman-4-one 1k. Following the

described procedure, 250 mg of 8-chloro-5-methylchroman-4-one
(1.27 mmol, 1.0 equiv) was used. Purification via flash column
chromatography on silica gel (95:5 petroleum ether/ethyl acetate)
yielded 140 mg of 1k as a white solid (51%). mp 86−88 °C. 1H NMR
(400 MHz, chloroform-d) δ 7.46 (d, J = 8.0 Hz, 1H), 6.83 (dd, J =
8.1, 1.0 Hz, 1H), 5.11 (ddd, J = 47.4, 9.0, 4.6 Hz, 1H), 4.81−4.52 (m,
2H), 2.62 (s, 3H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−202.78. 13C{1H} NMR (101 MHz, chloroform-d) δ 188.0 (C−F,
2JCF = 16.1 Hz), 187.9 (C−F, 2JCF = 16.1 Hz), 157.3, 141.8, 135.7,
125.5, 120.4, 119.1, 86.6 (C−F, 1JCF = 188.9 Hz), 84.7 (C−F, 1JCF =
188.9 Hz), 68.8 (C−F, 2JCF = 26.3 Hz), 68.5 (C−F, 2JCF = 26.3 Hz),
22.4. IR (solid) ν 2930, 2360, 2341, 1699 (CO), 1474, 1068, 1027
cm−1. HRMS (APCI) m/z [M + H] + calcd for C10H8ClFO2H
215.0270, found 215.0270.
6-Methoxy-3-fluorochroman-4-one 1e. To a 25 mL-round-

bottom flask fitted with a stirrer and a condenser and set under
argon were added 6-methoxy-chroman-4-one (300 mg, 1.7 mmol, 1.0
equiv), NFSI (1.34 g, 4.3 mmol, 2.5 equiv), and MeOH (8 mL). The
resulting mixture was heated at reflux (oil bath) for 24 h (monitored
by silica gel TLC, petroleum ether/EtOAc 8:2). After the completion
of the reaction, the medium was cooled, and the methanol was
evaporated under reduced pressure. The residue was then diluted with
CH2Cl2 (10 mL) and washed with a 2 M HCl aqueous solution (8
mL). The organic layer was then washed with brine, dried over
MgSO4, filtered, and concentrated under reduced pressure. The crude
was purified via flash column chromatography on silica gel (45:45:10
petroleum ether/toluene/MTBE, then 90:10 petroleum ether/ethyl
acetate) to yield 176 mg of 1e as a white crystalline solid (53%). mp
90−92 °C. 1H NMR (400 MHz, chloroform-d) δ 7.31 (d, J = 3.2 Hz,
1H), 7.14 (dd, J = 9.1, 3.2 Hz, 1H), 6.97−6.92 (m, 1H), 5.14 (ddd, J
= 47.0, 9.0, 4.7 Hz, 1H), 4.65−4.45 (m, 2H), 3.81 (s, 3H). 19F{1H}
NMR (376 MHz, chloroform-d) δ −203.84. 13C{1H} NMR (101
MHz, chloroform-d) δ 187.3 (C−F, 2JCF = 16.2 Hz), 187.1 (C−F,
2JCF = 16.2 Hz), 156.2, 154.9, 126.4, 119.4, 107.7, 86.7 (C−F, 1JCF =
188.9 Hz), 84.9 (C−F, 1JCF = 188.9 Hz), 69.1 (C−F, 2JCF = 26.3 Hz),
68.9 (C−F, 2JCF = 26.3 Hz), 56.0. IR (solid) ν 3012, 2945, 2360, 1692
(CO), 1613, 1433, 1275, 1034, 1015 cm−1. HRMS (APCI) m/z
[M + H] + calcd for C10H9FO3H 197.0608, found 197.0609.
3,6-Difluorothiochroman-4-one 1l. To a 0 °C solution of

LiHMDS (1.0 M, 1.05 equiv) in THF in a round-bottom tube set
under argon was slowly added a solution of 6-fluorothiochroman-4-
one (350 mg, 1.92 mmol, 1.0 equiv) in THF (2 mL) over 5 min. The
mixture was stirred at 0 °C for 2 h. The resulting solution was then
added dropwise over 5 min via a cannula to a −78 °C solution of
NFSI (1.1 equiv) in THF (4 mL). The reaction mixture was allowed
to come to room temperature overnight. The reaction mixture was
diluted with 3 mL of CH2Cl2, quenched with 5 mL of a saturated
NH4Cl aqueous solution, and extracted with CH2Cl2 (3 × 10 mL).

The combined organic layers were washed with brine, dried over
MgSO4, filtered, and concentrated under reduced pressure.
Purification via flash column chromatography on silica gel (95:5
petroleum ether/acetone eluent) yielded 100 mg of 1l as a pale yellow
solid (26%). mp 143−145 °C. 1H NMR (400 MHz, chloroform-d) δ
7.80 (dd, J = 9.0, 2.9 Hz, 1H), 7.28−7.23 (m, 1H), 7.19 (ddd, J = 8.7,
7.5, 2.9 Hz, 1H), 5.42 (ddd, J = 47.4, 13.4, 4.8 Hz, 1H), 3.61 (ddd, J =
13.4, 12.6, 3.0 Hz, 1H), 3.29 (ddd, J = 12.6, 9.4, 4.8 Hz, 1H). 19F{1H}
NMR (376 MHz, chloroform-d) δ −115.45, −184.62. 13C{1H} NMR
(101 MHz, chloroform-d) δ 189.1 (C−F, 2JCF = 16.2 Hz), 188.9 (C−
F, 2JCF = 16.2 Hz), 162.2 (C−F, 1JCF = 248 Hz), 159.7 (C−F, 1JCF =
248 Hz), 136.0 (C−F, 4JCF = 2.0 Hz), 135.9 (C−F, 4JCF = 2.0 Hz),
131.9 (C−F, 3JCF = 6.1 Hz), 131.9 (C−F, 3JCF = 6.1 Hz), 129.2 (C−
F, 3JCF = 7.1 Hz), 129.2 (C−F, 3JCF = 7.1 Hz), 122.3 (C−F, 2JCF =
23.2 Hz), 122.1 (C−F, 2JCF = 23.2 Hz), 116.2 (C−F, 2JCF = 23.2 Hz),
115.9 (C−F, 2JCF = 23.2 Hz), 90.5 (C−F, 1JCF = 198.0 Hz), 88.5 (C−
F, 1JCF = 198.0 Hz), 31.3 (C−F, 2JCF = 23.2 Hz), 31.1 (C−F, 2JCF =
23.2 Hz). IR (solid) ν 2987, 2911, 2359, 2340, 1684 (CO), 1406,
1051 cm−1. HRMS (APCI) m/z [M + H] + calcd for C9H6F2OSH
201.0180, found 201.0180.

General Procedure for the Asymmetric Transfer Hydro-
genation of 3-Fluorochroman-4-ones. In a round-bottom tube
charged with the corresponding 3-fluoro-4-chromanone (0.60 mmol;
1.0 equiv) set under argon was added 1.0 mL of a solution of (R,R)-A
in acetonitrile (0.76 mg/mL, 1.2 μmol, 0.002 equiv). The mixture was
stirred for 1 min before adding 0.52 mL of a formic acid/triethylamine
(1:1) mixture (3.60 mmol; 6.0 equiv) by syringe. The reaction
mixture was stirred at 40 °C (oil bath) for 6 h and then quenched
with 3 mL of a saturated NaHCO3 aqueous solution. The media was
extracted with CH2Cl2 (2 × 4 mL), and the organic layers dried over
MgSO4, filtered, and concentrated under vacuum. The diastereoiso-
meric ratio was determined by 1H NMR analysis of the crude product.
The product was purified with a flash column chromatography on
silica gel (petroleum ether/EtOAc) and the enantiomeric excess was
determined by SFC analysis (CHIRALPAK IE column).

(3R,4S)-3-Fluorochroman-4-ol 2a. Used 100 mg of 3-fluorochro-
man-4-one (0.60 mmol; 1.0 equiv). Yielded 97 mg of a white fluffy
solid (95% yield), flash column with a petroleum ether/ethyl acetate
eluent (gradient from 90:10 to 70:30). mp 164−166 °C. dr (cis/trans)
= 99:1, eecis > 99%. [α]D

20 = −35.6 (c 1.0, CHCl3).
1H NMR (400

MHz, chloroform-d) δ 7.48 (dt, J = 7.8, 1.2 Hz, 1H), 7.26−7.20 (m,
1H), 7.00 (td, J = 7.5, 1.2 Hz, 1H), 6.86 (dd, J = 8.2, 1.1 Hz, 1H),
5.11−4.85 (m, 2H), 4.48 (ddd, J = 12.2, 7.8, 5.6 Hz, 1H), 4.22 (ddd, J
= 28.4, 12.2, 2.0 Hz, 1H), 2.28 (d, J = 6.9 Hz, 1H). 19F{1H} NMR
(376 MHz, chloroform-d) δ −209.43. 13C{1H} NMR (101 MHz,
chloroform-d) δ 153.5, 130.0, 129.0, 121.8, 121.6, 116.5, 87.2 (C−F,
1JCF = 178.8 Hz), 85.4 (C−F, 1JCF = 178.8 Hz), 65.4 (C−F, 2JCF =
20.2 Hz), 65.2 (C−F, 2JCF = 20.2 Hz), 64.6 (C−F, 2JCF = 22.2 Hz),
64.4 (C−F, 2JCF = 22.2 Hz). IR (solid) ν 3285 (br, OH), 1583, 1485,
1466, 1224, 1053, 987 cm−1. HRMS (APCI) m/z [M] + calcd for
C9H9FO2 168.0581, found 168.0581. SFC: Chiralpak IE, scCO2/
MeOH 90:10, 2.0 mL/min, P = 100 bar, λ = 215 nm, tR [trans] = 3.49
min, tR [trans] = 3.73 min, tR [cis-(3R,4S)] = 4.76 min (major), tR [cis-
(3S,4R)] = 5.78 min.

(3R,4S)-6-Methyl-3-fluorochroman-4-ol 2b. Used 108 mg of 3-
fluoro-6-methylchroman-4-one (0.60 mmol; 1.0 equiv). Yielded 101
mg of a white solid (92% yield), flash column with a petroleum ether/
ethyl acetate eluent (gradient from 90:10 to 70:30). mp 184−186 °C.
dr (cis/trans) = 98:2, eecis = 98%. [α]D

20 = −40.7 (c 1.0, CHCl3).
1H

NMR (400 MHz, chloroform-d) δ 7.34−7.16 (m, 1H), 7.03 (ddt, J =
8.3, 2.2, 0.7 Hz, 1H), 6.75 (d, J = 8.3 Hz, 1H), 4.98 (ddd, J = 48.2,
5.8, 3.6 Hz, 1H), 4.90−4.78 (m, 1H), 4.44 (ddd, J = 12.2, 7.6, 5.8 Hz,
1H), 4.18 (ddd, J = 27.7, 12.2, 2.1 Hz, 1H), 2.37−2.23 (m, 4H).
19F{1H} NMR (376 MHz, chloroform-d) δ −209.45. 13C{1H} NMR
(101 MHz, chloroform-d) δ 151.3, 131.0, 130.7, 129.2, 121.4, 116.2,
87.4 (C−F, 1JCF = 178.8 Hz), 85.6 (C−F, 1JCF = 178.8 Hz), 65.4 (C−
F, 2JCF = 20.2 Hz), 65.2 (C−F, 2JCF = 20.2 Hz), 64.5 (C−F, 2JCF =
23.2 Hz), 64.3 (C−F, 2JCF = 23.2 Hz), 20.7. IR (solid) ν 3251 (br,
OH), 1493, 1245, 1237, 1153, 1107, 1057 cm−1. HRMS (APCI) m/z
[M + H] + calcd for C10H11FO2H 182.0738, found 182.0737. SFC:
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Chiralpak IE, sc CO2/MeOH 93:7, 2.0 mL/min, P = 100 bar, λ = 215
nm, tR [cis-(3R,4S)] = 5.49 min (major), tR [cis-(3S,4R)] = 7.97 min.
(3R,4S)-3-Fluoro-8-methylchroman-4-ol 2c. Used 108 mg of 3-

fluoro-8-methylchroman-4-one (0.60 mmol; 1.0 equiv. Yielded 104
mg of a white fluffy solid (95% yield), flash column with a petroleum
ether/ethyl acetate eluent (gradient from 90:10 to 70:30). mp 188−
190 °C. dr (cis/trans) = 99:1, eecis = 98%. [α]D

20 = −19.5 (c 1.0,
CHCl3).

1H NMR (400 MHz, chloroform-d) δ 7.31 (ddt, J = 7.7, 1.6,
0.7 Hz, 1H), 7.09 (ddt, J = 7.4, 1.7, 0.8 Hz, 1H), 6.89 (t, J = 7.5 Hz,
1H), 5.11−4.85 (m, 2H), 4.51 (ddd, J = 12.2, 7.7, 5.8 Hz, 1H), 4.24
(ddd, J = 27.5, 12.2, 2.2 Hz, 1H), 2.27 (d, J = 8.6 Hz, 1H), 2.20 (s,
3H). 19F{1H} NMR (376 MHz, chloroform-d) δ −209.36. 13C{1H}
NMR (101 MHz, chloroform-d) δ 151.6, 131.1, 126.5, 125.8, 121.3,
121.1, 87.3 (C−F, 1JCF = 178.8 Hz), 85.5 (C−F, 1JCF = 178.8 Hz),
65.5 (C−F, 2JCF = 20.2 Hz), 65.3 (C−F, 2JCF = 20.2 Hz), 64.5 (C−F,
2JCF = 22.2 Hz), 64.3 (C−F, 2JCF = 22.2 Hz), 16.1. IR (solid) ν 3254
(br, OH), 1469, 1344, 1266, 1210, 1091, 1066 cm−1. HRMS (APCI)
m/z [M + H] + calcd for C10H11FO2H 182.0738, found 182.0737.
SFC: Chiralpak IE, sc CO2/MeOH 93:7, 1.0 mL/min, P = 100 bar, λ
= 215 nm, tR [cis-(3R,4S)] = 5.35 min (major), tR [cis-(3S,4R)] = 5.84
min.
(3R,4S)-6-(tert-Butyl)-3-fluorochroman-4-ol 2d. Used 100 mg of

6-(tert-butyl)-3-fluorochroman-4-one (0.45 mmol; 1.0 equiv). Yielded
81 mg of a white solid (80% yield), flash column with a petroleum
ether/ethyl acetate eluent (gradient from 90:10 to 70:30). mp 66−68
°C. dr (cis/trans) = 98:2, eecis = 98%. [α]D

20 = −44.6 (c 1.0, CHCl3).
1H NMR (400 MHz, chloroform-d) δ 7.47 (dd, J = 2.5, 0.9 Hz, 1H),
7.30−7.22 (m, 1H), 6.79 (d, J = 8.6 Hz, 1H), 5.12−4.81 (m, 2H),
4.44 (ddd, J = 12.0, 7.5, 5.8 Hz, 1H), 4.18 (ddd, J = 27.7, 12.2, 2.1 Hz,
1H), 2.42 (d, J = 8.7 Hz, 1H), 1.31 (s, 9H). 19F{1H} NMR (376
MHz, chloroform-d) δ −209.26. 13C{1H} NMR (101 MHz,
chloroform-d) δ 151.2, 144.5, 127.3, 125.6, 120.9, 116.0, 87.4 (C−
F, 1JCF = 178.8 Hz), 85.7 (C−F, 1JCF = 178.8 Hz), 65.6 (C−F, 2JCF =
19.2 Hz), 65.4 (C−F, 2JCF = 19.2 Hz), 64.5 (C−F, 2JCF = 23.2 Hz),
64.3 (C−F, 2JCF = 23.2 Hz), 34.4, 31.6. IR (solid) ν 3340 (br, OH),
2960, 1494, 1265, 1232, 1109, 1058 cm−1. HRMS (APCI) m/z [M] +

calcd for C13H17FO2 224.1207, found 224.1209. SFC: Chiralpak IE, sc
CO2/MeOH 93:7, 2.0 mL/min, P = 100 bar, λ = 215 nm, tR [cis-
(3R,4S)] = 3.96 min (major), tR [cis-(3S,4R)] = 5.09 min.
(3R,4S)-3-Fluoro-6-methoxychroman-4-ol 2e. Used 118 mg of

3,6-difluorochroman-4-one (0.60 mmol; 1.0 equiv). Yielded 111 mg
of a white fluffy solid (93% yield), flash column with a petroleum
ether/ethyl acetate eluent (gradient from 90:10 to 70:30). mp 156−
158 °C. dr (cis/trans) = 99:1, eecis = 99%. [α]D

20 = −38.3 (c 1.0,
CHCl3).

1H NMR (400 MHz, chloroform-d) δ 7.01 (dt, J = 2.6, 0.9
Hz, 1H), 6.85−6.74 (m, 2H), 5.10−4.80 (m, 2H), 4.45 (ddd, J =
12.4, 8.1, 5.3 Hz, 1H), 4.23−4.08 (m, 1H), 3.78 (s, 3H), 2.32 (dd, J =
9.4, 2.4 Hz, 1H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−209.72. 13C{1H} NMR (101 MHz, chloroform-d) δ 154.4, 147.4,
122.3, 117.3, 116.7, 112.5, 87.2 (C−F, 1JCF = 178.8 Hz), 85.5 (C−F,
1JCF = 178.8 Hz), 65.6 (C−F, 2JCF = 20.2 Hz), 65.4 (C−F, 2JCF = 20.2
Hz), 64.88 (C−F, 2JCF = 22.2 Hz), 64.7 (C−F, 2JCF = 22.2 Hz), 55.9.
IR (solid) ν 3221 (br, OH), 2921, 1491, 1210, 1158, 1105, 1034
cm−1. HRMS (APCI) m/z [M + H − H2O]

+ calcd for C10H9FO2H
181.0664, found 181.0659. SFC: Chiralpak IE, sc CO2/MeOH 90:10,
2.0 mL/min, P = 100 bar, λ = 215 nm, tR [trans] = 4.44 min, tR [trans]
= 5.47 min, tR [cis-(3R,4S)] = 7.56 min (major), tR [cis-(3S,4R)] =
9.48 min.
(3R,4S)-3-Fluoro-6-phenoxychroman-4-ol 2f. Used 100 mg of 6-

phenoxy-chroman-4-one (0.39 mmol; 1.0 equiv). Yielded 98 mg of a
white fluffy solid (96% yield), flash column with a petroleum ether/
ethyl acetate eluent (70:30). mp 155−157 °C. dr (cis/trans) = 98:2,
eecis = 92%. [α]D

20 = −47.2 (c 1.0, CHCl3).
1H NMR (400 MHz,

chloroform-d) δ 7.35−7.28 (m, 2H), 7.17 (dd, J = 2.9, 0.9 Hz, 1H),
7.11−7.02 (m, 1H), 7.00−6.88 (m, 3H), 6.84 (d, J = 8.9 Hz, 1H),
5.13−4.79 (m, 2H), 4.49 (ddd, J = 12.4, 8.3, 5.2 Hz, 1H), 4.21 (ddd, J
= 30.5, 12.4, 1.8 Hz, 1H), 2.26 (d, J = 9.4 Hz, 1H). 19F{1H} NMR
(376 MHz, chloroform-d) δ −209.66. 13C{1H} NMR (101 MHz,
chloroform-d) δ 158.2, 151.1, 149.5, 129.8, 123.0, 122.9, 121.5, 119.3,
118.1, 117.6, 87.0 (C−F, 1JCF = 178.8 Hz), 85.3 (C−F, 1JCF = 178.8

Hz), 65.4 (C−F, 2JCF = 19.1 Hz), 65.2 (C−F, 2JCF = 19.1 Hz), 65.0
(C−F, 2JCF = 22.2 Hz), 64.8 (C−F, 2JCF = 22.2 Hz). IR (solid) ν 3232
(br, OH), 1483, 1255, 1204, 1108, 1077 cm−1. HRMS (APCI) m/z
[M] + calcd for C15H13FO3 260.0843, found 260.0842. SFC:
Chiralpak IE, sc CO2/MeOH 85:15, 2.0 mL/min, P = 100 bar, λ =
215 nm, tR [cis-(3S,4R)] = 9.00 min, tR [trans] = 10.47 min, tR [trans]
= 12.50 min, tR [cis-(3R,4S)] = 14.00 min (major).

(3R,4S)-3,6-Difluorochroman-4-ol 2g. Used 110 mg of 3,6-
difluorochroman-4-one (0.60 mmol; 1.0 equiv). Yielded 104 mg of
a white fluffy solid (93% yield), flash column with a petroleum ether/
ethyl acetate eluent (gradient from 90:10 to 70:30). mp 173−175 °C.
dr (cis/trans) = 98:2, eecis = 99%. [α]D

20 = −45.9 (c 1.0, MeOH). 1H
NMR (400 MHz, DMSO-d6) δ 7.23−7.10 (m, 1H), 7.05−6.94 (m,
1H), 6.78 (dd, J = 8.9, 4.7 Hz, 1H), 5.93 (d, J = 7.0 Hz, 1H), 5.11−
4.91 (m, 1H), 4.85 (ddd, J = 28.0, 7.2, 3.1 Hz, 1H), 4.45−4.17 (m,
2H). 19F{1H} NMR (376 MHz, chloroform-d) δ −118.71, − 202.41.
13C{1H} NMR (101 MHz, DMSO-d6) δ 206.8, 157.6 (C−F, 1JCF =
237.4 Hz), 155.3 (C−F, 1JCF = 237.4 Hz), 149.1, 125.5 (C−F, 3JCF =
7.1 Hz), 125.4 (C−F, 3JCF = 7.1 Hz), 116.6 (C−F, 3JCF = 8.1 Hz),
116.5 (C−F, 3JCF = 8.1 Hz), 115.2 (C−F, 2JCF = 24.2 Hz), 115.0 (C−
F, 2JCF = 24.2 Hz), 113.7 (C−F, 2JCF = 24.2 Hz), 113.5 (C−F, 2JCF =
24.2 Hz), 86.7 (C−F, 1JCF = 178.8 Hz), 85.0 (C−F, 1JCF = 178.8 Hz),
65.9 (C−F, 2JCF = 19.2 Hz), 65.7 (C−F, 2JCF = 19.2 Hz), 63.7 (C−F,
2JCF = 19.2 Hz), 63.5 (C−F, 2JCF = 19.2 Hz). IR (solid) ν 3275 (br,
OH), 1486, 1246, 1203, 1144, 1104, 1075, 1051 cm−1. HRMS
(APCI) m/z [M + H] + calcd for C9H8F2O2H 186.0487, found
186.0487. SFC: Chiralpak IE, sc CO2/MeOH 95:5, 2.0 mL/min, P =
100 bar, λ = 215 nm, tR [cis-(3S,4R)] = 6.28 min, tR [cis-(3R,4S)] =
7.74 min (major).

(3R,4S)-3,7-Difluorochroman-4-ol 2h. Used 110 mg of 3,7-
difluorochroman-4-one (0.60 mmol; 1.0 equiv). Yielded 105 mg of
a white fluffy solid (95% yield), flash column with a petroleum ether/
ethyl acetate eluent (gradient from 90:10 to 70:30). mp 158−160 °C.
dr (cis/trans) = 98:2, eecis = 98%. [α]D

20 = −47.1 (c 1.0, CHCl3).
1H

NMR (400 MHz, chloroform-d) δ 7.42 (ddd, J = 8.6, 6.5, 0.9 Hz,
1H), 6.71 (td, J = 8.4, 2.5 Hz, 1H), 6.57 (dd, J = 10.0, 2.5 Hz, 1H),
4.99 (dtd, J = 48.1, 3.6, 1.8 Hz, 1H), 4.89−4.78 (m, 1H), 4.48 (ddd, J
= 12.3, 7.9, 5.6 Hz, 1H), 4.22 (ddd, J = 28.2, 12.3, 2.1 Hz, 1H), 2.29
(dd, J = 8.8, 2.4 Hz, 1H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−111.51, − 209.65. 13C{1H} NMR (101 MHz, chloroform-d) δ 164.8
(C−F, 1JCF = 247.5 Hz), 162.4 (C−F, 1JCF = 247.5 Hz), 154.7 (C−F,
3JCF = 13.1 Hz), 154.6 (C−F, 3JCF = 13.1 Hz), 130.4 (C−F, 3JCF =
10.1 Hz), 130.3 (C−F, 3JCF = 10.1 Hz), 117.8, 109.2 (C−F, 2JCF =
22.2 Hz), 109.0 (C−F, 2JCF = 22.2 Hz), 103.8 (C−F, 2JCF = 24.2 Hz),
103.5 (C−F, 2JCF = 24.2 Hz), 86.98 (C−F, 1JCF = 178.8 Hz), 85.2
(C−F, 1JCF = 178.8 Hz), 65.0 (C−F, 2JCF = 15.2 Hz), 64.9 (C−F, 2JCF
= 15.2 Hz), 64.8 (C−F, 2JCF = 18.2 Hz), 64.6 (C−F, 2JCF = 18.2 Hz).
IR (solid) ν 3338 (br, OH), 1596, 1502, 1262, 1155, 1101, 1053
cm−1. HRMS (APCI) m/z [M + H] + calcd for C9H8F2O2H
186.0487, found 186.0487. SFC: Chiralpak IE, sc CO2/MeOH 85:15,
2.0 mL/min, P = 100 bar, λ = 215 nm, tR [cis-(3R,4S)] = 4.59 min
(major), tR [trans] = 5.13 min, tR [trans] = 5.28 min, tR [cis-(3S,4R)]
= 6.64 min.

(3R,4S)-7-Bromo-3-fluorochroman-4-ol 2i. Used 147 mg of 7-
bromo-3-fluorochroman-4-one (0.60 mmol; 1.0 equiv). Yielded 138
mg of a white fluffy solid (93% yield), flash column with a petroleum
ether/ethyl acetate eluent (75:25). mp 165−167 °C. dr (cis/trans) =
99:1, eecis = 99%. [α]D

20 = −36.5 (c 1.0, CHCl3). 1H NMR (400 MHz,
chloroform-d) δ 7.34 (dd, J = 8.3, 1.0 Hz, 1H), 7.12 (dd, J = 8.3, 1.9
Hz, 1H), 7.03 (d, J = 2.0 Hz, 1H), 5.00 (ddd, J = 48.2, 5.3, 3.6 Hz,
1H), 4.84 (ddd, J = 20.6, 9.3, 3.6 Hz, 1H), 4.49 (ddd, J = 12.4, 8.3, 5.2
Hz, 1H), 4.21 (ddd, J = 30.1, 12.5, 1.9 Hz, 1H), 2.28 (dd, J = 9.3, 2.4
Hz, 1H). 19F{1H} NMR (376 MHz, chloroform-d) δ −209.57.
13C{1H} NMR (101 MHz, chloroform-d) δ 154.2, 130.1, 124.9,
123.1, 121.0, 119.6, 86.8 (C−F, 1JCF = 179.8 Hz), 85.0 (C−F, 1JCF =
179.8 Hz), 65.1, 65.1 (C−F, 2JCF = 19.1 Hz), 64.9 (C−F, 2JCF = 19.1
Hz). IR (solid) ν 3233 (br, OH), 1601, 1480, 1410, 1225, 1106, 1068,
1061 cm−1. HRMS (APCI) m/z [M] + calcd for C9H8BrFO2
245.9686, found 245.9685. SFC: Chiralpak IE, sc CO2/MeOH
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80:20, 2.0 mL/min, P = 100 bar, λ = 215 nm, tR [cis-(3R,4S)] = 4.27
min (major), tR [cis-(3S,4R)] = 6.07 min.
(3R,4S)-3-Fluoro-6-nitrochroman-4-ol 2j. Used 50 mg of 6-nitro-

3-fluorochroman-4-one (0.24 mmol; 1.0 equiv). Yielded 46 mg of a
white solid (92% yield), flash column with a petroleum ether/ethyl
acetate eluent (gradient from 90:10 to 60:40). mp 150−152 °C. dr
(cis/trans) = 98:2, eecis = 98%. [α]D

20 = −114.6 (c 1.0, CHCl3).
1H

NMR (400 MHz, chloroform-d) δ 8.47 (dd, J = 2.7, 1.1 Hz, 1H), 8.12
(ddd, J = 9.1, 2.8, 0.6 Hz, 1H), 6.94 (d, J = 9.1 Hz, 1H), 5.09 (dt, J =
48.3, 4.3, 3.4 Hz, 1H), 4.94 (ddd, J = 22.3, 9.7, 3.3 Hz, 1H), 4.64
(ddd, J = 12.9, 9.5, 4.3 Hz, 1H), 4.34 (ddt, J = 33.5, 13.0, 1.4 Hz, 1H),
2.42 (d, J = 10.0 Hz, 1H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−209.36. 13C{1H} NMR (101 MHz, chloroform-d) δ 158.5, 142.3,
125.7, 125.2, 122.8, 117.2, 86.2 (C−F, 1JCF = 179.8 Hz), 84.4 (C−F,
1JCF = 179.8 Hz), 66.2 (C−F, 2JCF = 22.2 Hz), 65.9 (C−F, 2JCF = 22.2
Hz), 65.0 (C−F, 2JCF = 20.2 Hz), 64.8 (C−F, 2JCF = 20.2 Hz). IR
(solid) ν 3268 (br, OH), 2923, 1514, 1476, 1336, 1253, 1101, 1058
cm−1. HRMS (APCI) m/z [M + H] + calcd for C9H8FNO4H
214.0510, found 214.0511. SFC: Chiralpak IE, sc CO2/MeOH 85:15,
2.0 mL/min, P = 100 bar, λ = 215 nm, tR [cis-(3S,4R)] = 8.94 min, tR
[cis-(3R,4S)] = 14.10 min (major).
(3R,4S)-8-Chloro-3-fluoro-5-methylchroman-4-ol 2k. Used 100

mg of 8-chloro-3-fluoro-5-methylchroman-4-one (0.47 mmol; 1.0
equiv). Yielded 98 mg of a white solid (96% yield), flash column with
a petroleum ether/ethyl acetate eluent (75:25). mp 136−138 °C. dr
(cis/trans) = 98:2, eecis = 99%. [α]D

20 = +100.5 (c 1.0, CHCl3).
1H

NMR (400 MHz, chloroform-d) δ 7.23 (d, J = 8.1 Hz, 1H), 6.77 (dt, J
= 8.1, 0.7 Hz, 1H), 5.10−4.87 (m, 2H), 4.40−4.30 (m, 2H), 2.42 (s,
3H), 2.39 (s, 1H). 19F{1H} NMR (376 MHz, chloroform-d) δ
−208.42. 13C{1H} NMR (101 MHz, chloroform-d) δ 149.8, 138.7,
130.5, 123.8, 120.7, 119.3, 87.7 (C−F, 1JCF = 179.8 Hz), 85.9 (C−F,
1JCF = 179.8 Hz), 62.7 (C−F, 2JCF = 19.2 Hz), 62.5 (C−F, 2JCF = 19.2
Hz), 61.7 (C−F, 2JCF = 29.3 Hz), 61.4 (C−F, 2JCF = 29.3 Hz), 18.4.
IR (solid) ν 3275 (br, OH), 1420, 1263, 1229, 1193, 1096, 1075
cm−1. HRMS (APCI) m/z [M] + calcd for C10H10ClFO2 216.0348,
found 216.0348. SFC: Chiralpak IE, sc CO2/MeOH 93:7, 2.0 mL/
min, P = 100 bar, λ = 215 nm, tR [cis-(3R,4S)] = 5.56 min (major), tR
[cis-(3S,4R)] = 11.82 min.
(3S,4S)-3,6-Difluorothiochroman-4-ol 2l. Used 56 mg of 3,6-

difluorothiochroman-4-one (0.47 mmol; 1.0 equiv). Yielded 45 mg of
a white solid (80% yield), flash column with a petroleum ether/ethyl
acetate eluent (90:10). mp 158−160 °C. dr (cis/trans) = 92:8, eecis =
99%. [α]D

20 = +108 (c 1.0, CHCl3).
1H NMR (400 MHz, chloroform-

d) δ 7.21−7.14 (m, 1H), 7.12 (dd, J = 8.7, 5.2 Hz, 1H), 7.00−6.90
(m, 1H), 5.19 (ddd, J = 48.6, 9.1, 4.0 Hz, 1H), 4.80 (ddd, J = 15.7,
5.8, 2.9 Hz, 1H), 3.49 (ddd, J = 12.5, 9.1, 8.5 Hz, 1H), 3.05 (ddd, J =
17.7, 12.5, 4.0 Hz, 1H), 2.41 (dd, J = 5.8, 2.2 Hz, 1H). 19F{1H} NMR
(376 MHz, chloroform-d) δ −117.49, −187.39. 13C{1H} NMR (101
MHz, chloroform-d) δ 162.0 (C−F, 1JCF = 246.4 Hz), 159.6 (C−F,
1JCF = 246.4 Hz), 135.1, 127.8 (C−F, 3JCF = 8.1 Hz), 127.7 (C−F,
3JCF = 8.1 Hz), 127.2 (C−F, 3JCF = 3.0 Hz), 127.1 (C−F, 3JCF = 3.0
Hz), 117.5 (C−F, 2JCF = 23.2 Hz), 117.3 (C−F, 2JCF = 23.2 Hz),
116.7 (C−F, 2JCF = 22.2 Hz), 116.5 (C−F, 2JCF = 22.2 Hz), 90.8 (C−
F, 1JCF = 181.8 Hz), 89.0 (C−F, 1JCF = 181.8 Hz), 68.6 (C−F, 2JCF =
20.2 Hz), 68.4 (C−F, 2JCF = 20.2 Hz), 26.1 (C−F, 2JCF = 24.2 Hz),
25.9 (C−F, 2JCF = 24.2 Hz). IR (solid) ν 3276 (br, OH), 3181, 1470,
1254, 1115, 1023 cm−1. HRMS (APCI) m/z [M] + calcd for
C9H8F2OS 202.0258, found 202.0259. SFC: Chiralpak IE, sc CO2/
MeOH 98:2, 2.0 mL/min, P = 100 bar, λ = 215 nm, tR [trans] = 16.62
min, tR [trans] = 18.39 min, tR [cis-(3S,4R)] = 22.23 min, tR [cis-
(3R,4S)] = 23.72 min (major).
Gram-Scale Experiment. In a 30 mL round-bottom tube charged

with 3-fluorochroman-4-one (1a, 1.0 g, 6.0 mmol, 1.0 equiv) and the
catalyst (R,R)-A (7.6 mg, 12 μmol, 0.002 equiv) set under argon was
added 10 mL of acetonitrile. The mixture was stirred for 1 min before
adding a (1:1) mixture of formic acid and triethylamine (5.20 mL, 16
mmol, 6.0 equiv) by syringe. The reaction mixture was stirred at 40
°C (oil bath) for 22 h. The reaction medium was cooled and
quenched with 30 mL of a NaHCO3 aqueous solution. The medium

was extracted with CH2Cl2 (2 × 40 mL), and the organic layers were
dried over MgSO4, filtered, and concentrated under vacuum. The
diastereoisomeric ratio was determined by 1H NMR analysis of the
crude product. The product was purified with a flash column
chromatography on silica gel (petroleum ether/EtOAc 70:30), and
990 mg (98%) of (3R,4R)-3-fluorochroman-4-ol (2a) as a white fluffy
solid was obtained. dr (cis/trans) 98:2, eecis > 99%. 1H NMR (400
MHz, chloroform-d) δ 7.48 (dt, J = 7.8, 1.2 Hz, 1H), 7.26−7.20 (m,
1H), 7.00 (td, J = 7.5, 1.2 Hz, 1H), 6.86 (dd, J = 8.2, 1.1 Hz, 1H),
5.11−4.85 (m, 2H), 4.48 (ddd, J = 12.2, 7.8, 5.6 Hz, 1H), 4.22 (ddd, J
= 28.4, 12.2, 2.0 Hz, 1H), 2.28 (d, J = 6.9 Hz, 1H). 19F{1H} NMR
(376 MHz, chloroform-d) δ −209.43. 13C{1H} NMR (101 MHz,
chloroform-d) δ 153.5, 130.0, 129.0, 121.8, 121.6, 116.5, 87.2 (C−F,
1JCF = 178.8 Hz), 85.4 (C−F, 1JCF = 178.8 Hz), 65.4 (C−F, 2JCF =
20.2 Hz), 65.2 (C−F, 2JCF = 20.2 Hz), 64.6 (C−F, 2JCF = 22.2 Hz),
64.4 (C−F, 2JCF = 22.2 Hz).

(3R,4S)-3-Fluoro-7-(4-methoxyphenyl)chroman-4-ol 3. In a
round-bottom 10 mL tube charged with (3R,4S)-7-bromo-3-
fluorochroman-4-ol (2i) (100 mg, 0.40 mmol, 1.0 equiv), (4-
methoxyphenyl)boronic acid (91 mg, 0.60 mmol, 1.5 equiv),
K2CO3 (111 mg, 0.80 mmol, 2.0 equiv), Pd(OAc)2 (4.5 mg, 20
μmol, 0.05 equiv), and cataCXium A (17.1 mg, 44 μmol, 0.11 equiv)
and set under argon was added 3.5 mL of DMF. The cap was screwed,
and the mixture was stirred at 100 °C (oil bath) for 16 h. After this
period, the reaction mixture was quenched with a saturated NaHCO3
aqueous solution and extracted twice with CH2Cl2. The organic layers
were dried over MgSO4, filtered, and concentrated under vacuum.
The obtained red solid was purified by flash column chromatography
on silica gel (petroleum ether/EtOAc from 95:5 to 70:30), and 87 mg
(79%, 0.32 mmol) of a white solid were obtained. dr (cis/trans) =
99:1, eecis = 99%. mp 184−186 °C. [α]D20 = −33.8 (c 1.0, acetone). 1H
NMR (400 MHz, acetone-d6) δ 7.57 (d, J = 8.8 Hz, 2H), 7.50 (dd, J =
8.1, 1.0 Hz, 1H), 7.18 (dd, J = 7.9, 1.8 Hz, 1H), 7.08−6.91 (m, 3H),
5.16−4.89 (m, 2H), 4.67−4.22 (m, 3H), 3.83 (s, 3H). 19F{1H} NMR
(376 MHz, acetone-d6) δ −209.24. 13C{1H} NMR (101 MHz,
acetone-d6) δ 160.5, 154.8, 142.5, 133.7, 129.9, 128.8, 122.8, 119.9,
115.2, 114.2, 88.4 (C−F, 1JCF = 179.8 Hz), 86.6 (C−F, 1JCF = 179.8
Hz), 66.3 (C−F, 2JCF = 22.2 Hz), 66.0 (C−F, 2JCF = 22.2 Hz), 65.5
(C−F, 2JCF = 20.2 Hz), 65.3 (C−F, 2JCF = 20.2 Hz), 55.7. IR (solid) ν
3289 (br, OH), 2937, 1470, 1250, 1182, 1110, 1024 cm−1. HRMS
(APCI) m/z [M + H − H2O]

+ calcd for C16H13FO2H 257.0972,
found 257.0974. SFC: Chiralpak IE, sc CO2/MeOH 25:75, 2.0 mL/
min, P = 100 bar, λ = 215 nm, tR [cis-(3R,4S)] = 13.40 min (major),
tR [cis-(3S,4R)] = 20.17 min.
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