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Organocatalytic atropisomeric synthesis with fluorinated oxindoles
and 4-halo-3-nitrocoumarins gives congested structures displaying
a Csp?2—Csp?® chirality axis and an adjacent tetrasubstituted stereo-
genic carbon center with good yields, up to 97% ee and 41:1dr. The
scalable dehalogenative C—C bond formation is achieved under
mild conditions with a commercially available urea catalyst.

The widespread interest in fluorinated organic compounds stems
at least in part from their favorable lipophilicity, bioavailability
and metabolic stability, which among other advantageous proper-
ties have been widely recognized and pursued in the drug
development realm. The general demand for new fluorinated
compounds with ever-increasing molecular complexity has
been a steady driving force in the intense search of synthetic
methods that can address this need and conquer new chemical
space.' Today, a large pool of fluorinated building blocks is
readily available but the small size and high electronegativity of
fluorine continue to render stereocontrolled C-C bond for-
mation challenging, in particular when highly substituted
stereocenters or more than one element of chirality needs to be
introduced.*” The discovery of Maxipost and analogues
thereof* '° has inspired numerous drug development initia-
tives and a surge of catalytic asymmetric protocols that use
fluorooxindoles to produce new structures with potential med-
icinal use.’*™>* Like oxindoles, coumarins are known for their
wide-ranging biological activities and therapeutic value, for
example, as antimicrobial, anticoagulant, anti-inflammatory
and anticancer agents.>® It is not surprising that chiral drugs
combining these two prevalent pharmacophores have also
evolved as promising leads with various medical applications.
New synthetic methods that generate such hybrid scaffolds
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have therefore emerged and become remarkably sought-after in
recent years.>*7°

While the focus on medicinally relevant scaffolds in asym-
metric catalysis follows the obvious rationale to generate promis-
ing libraries of future drug candidates, many research groups
have begun to pay increasing attention to the construction of
complex molecules exhibiting not only central but also axial,
planar or helical chirality.>’ To this end, the steadily growing
significance of axially chiral drugs®> has initiated numerous
efforts that have significantly expanded the breadth of atropo-
selective catalysis and an impressive variety of fascinating atrop-
isomeric architectures can nowadays be accessed.***°

By contrast, examples of atropisomerselective synthesis includ-
ing either oxindole or coumarin molecules to forge a chiral axis
are very rare.”® We now wish to report an organocatalytic method
that generates atropisomeric fluorooxindole-coumarin hybrids
exhibiting an adjacent tetrasubstituted stereogenic carbon center.
This reaction uses a commercially available urea catalyst to
achieve stereocontrolled construction of axial and central chirality
in congested, multifunctional structures that are obtained in high
enantiomeric and diastereomeric ratios and good yields at room
temperature (Scheme 1).

At the onset of this study we chose to explore the possibility of
asymmetric C-C bond formation with N-methyl-3-fluorooxindole,

Previous work (refs 11-17,19-24):
Asymmetric alkylation and arylation of fluoroxoindoles

Generation of

X central chirality X E
| 0+E ——| o)
S PN Various SF N
R PG electrophiles R PG
E = alkyl, aryl
This work: vhay PG
Asymmetric generation of central and axial chirality |

Cl

Urea
A =z X NO: catalyst
|// or P | 75-81% yield
N RNy 75-81%yie
R \PG R upt097%ee R

& 41:1dr
Scheme 1 Asymmetric synthesis with fluorooxindoles.
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Table 1 Optimization study

Cat. (10 mol%)
©\/S: NO, cho3 (3 eq)
Condmons

: H H CF;
SN set F:C  SQ=2 F5C CF3
Time Temp. Conv.

Entry (h) (°C)  Solvent Catalyst (%) dr ee
1 24 25  Toluene PTC-1 17 20:1 O
2 24 25 Toluene TU-1 3 20:1 n.d.
3 24 25  Dichloromethane SQ-1 83 20:1 80
4 24 25  Dichloromethane SQ-2 39 20:1 83
5 48 —40  Dichloromethane SQ-2 38 20:1 60
6 24 25 Toluene Urea-1 99 20:1 79
7 24 25  Mesitylene Urea-1 45 20:1 81
8 24 25  Chlorobenzene Urea-1 79 20:1 77
9 48 —40  Xylene Urea-1 73 20:1 80
10 24 25  Trifluorotoluene Urea-1 37 20:1 72
11 24 25  Dichloromethane Urea-1 83 20:1 70
12 24 25  Toluene/ether (15:1)  Urea-1 99 20:1 71
13 72 —40 Toluene/ether (15:1)  Urea-1 50 20:1 75
14 24 25  Toluene/pentane (19:1) Urea-1 82 20:1 97
15 48 25  Toluene/pentane (19:1) Urea-1 99 30:1 97

Reaction conditions: N-methyl-3-fluoro-2-oxindole (0.09 mmol), 4-chloro-3-
nitrocoumarin (0.1 mmol), potassium carbonate (3 eq.) and 10 mol% of
the catalyst were dissolved in 0.8 mL of the indicated solvent. Conversion
determined by 1H NMR spectroscopy. dr determined by '°F NMR spectro-
scopy. ee determined by chiral HPLC. n.d. = not determined.

1a, and 4-chloro-3-nitrocoumarin, 2a, in the presence of various
organocatalysts. Extensive screening of 15 different chiral urea,
thiourea, squaramide and phase-transfer catalysts in several
solvents at varying temperatures revealed that the axially chiral
structure 3a can be obtained with high conversion and high
diastereomeric ratios while ee’s varied substantially (Table 1 and
ESIt). Our initial attempts with phase-transfer catalysts like PTC-1
were disappointing showing slow conversion to racemic 3a albeit
with high diastereoselectivity (entry 1). We therefore resorted to
urea, thiourea and squaramide catalysts to exploit activation of
the coumarin electrophile via hydrogen bonding with the nitro
group. This proved successful and we observed smooth reaction
to the desired product which was obtained in 20:1 dr and
with promising enantiomeric excess, in particular when SQ-1
and Urea-1 were used (entries 3 and 6). We then tested a variety
of low polarity solvents and combinations thereof in the presence
of commercially available Urea-1 (entries 7-15) and found that the
use of 10 mol% of this catalyst in a toluene/pentane solvent
mixture allows formation of a chiral axis and a chiral center with
excellent enantio- and diastereoselectivity at room temperature
after 48 hours (entry 15). It is noteworthy that the organocatalytic
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reaction typically requires 1-2 days for completion but the long
reaction times do not favor formation of by-products. Interest-
ingly, a decrease in the reaction temperature to —40 °C only
slightly improved ee’s while the conversion to 3a was still incom-
plete after 72 hours (compare entries 12 and 13).

Having developed an optimized protocol, we continued with
the evaluation of the reaction scope by testing the suitability of
different fluorooxindoles using stoichiometric amounts of the
coumarin and 10 mol% of Urea-1 in a toluene/pentane solution
at room temperature. We were pleased to find that 3a was
formed in 81% yields, 97% ee and 30:1 dr (Scheme 2). Excel-
lent results were also obtained with N-phenyl and N-benzyl
fluorooxindoles and we isolated 3b and 3ec, respectively, in
similar yields, 84-95% ee and high dr’s. However, the reaction
with unprotected oxindole resulted in low yields due to by-
product formation and the use of N-Boc-3-fluorooxindole gave
racemic product. The presence of fluoride, chloride and bro-
mide substituents at C-5 in the oxindole ring is well tolerated.
The corresponding atropisomers 3d-f were produced in 75-81%
yield and up to 90% ee and 26:1 diastereomeric ratio. Finally,
three fluoroxindoles carrying a bromide, cyano or methyl sub-
stituent at position-6 were employed in the same protocol which
gave the corresponding atropisomeric fluorooxindole-coumarin
hybrids 3g-i in comparable yields and stereoselectivities. The
reaction can be performed at larger scale without erosion of the
yield and enantioselectivity while the diastereomeric ratio is

Urea-1 (10 mol%)
K2C03 (3eq)

la-li PG

Toluene/Pentane R~
19:1 (viv)
25°C,48h

81% yield
97% ee, 30:1 dr

80% yield
95% ee, 20:1 dr

81% yield
84% ee, 31:1 dr

77% yield
80% ee, 20:1 dr

81% yield
90% ee, 24:1 dr

(0)
78% yield
82% ee, 16:1 dr

75% yield
81% ee, 26:1 dr

78% yield
85% ee, 28:1 dr

78% yield
80% ee, 27:1 dr
Scheme 2 Atroposelective catalysis with different fluorooxindoles.
General conditions: fluorooxindole (0.09 mmol), coumarin (0.1 mmol),
KoCOz (0.27 mmol), and Urea-1 (10 mol%) were stirred in anhydrous
toluene/pentane (0.4 mL, 19:1 v/v) under nitrogen at 25 °C for 48 hours.
See ESI for details.
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reduced but still very high. In fact, a 10 times increase of the
reaction scale gave 3a in 82% yield, 98% ee, and 24 :1 dr (see ESIT).

Next, the coumarin scaffold was varied and several deriva-
tives were employed in the urea catalyzed reaction (Scheme 3).
Accordingly, we prepared chlorocoumarins exhibiting substitu-
ents at the C-6 or C-7 positions and identified noticeable effects
on the stereoselectivities. Incorporation of a methyl or halogen
moiety at C-6 did not compromise the product formation but
both ee and dr values were slightly lower in most cases.
Compound 4a-4d were isolated in good yields ranging from
75 to 79% which is very close to the results discussed above,
however, ee’s decreased to 68-75% and the diastereomeric
ratios varied substantially between 10:1 and 28:1. Interest-
ingly, better results were obtained with coumarins carrying a
methyl or methoxy group at C-7. Although the fluoride 4e was
produced in only 73% ee and 17:1 dr, we found that the
formation of the atropisomers 4f-j occurred with excellent
central and axial chirality control resulting in 87-93% ee and
diastereomeric ratios between 19:1 and 41:1.

Urea-1 (10 mol%)
_ KaCO;Beq)

Toluene/Pentane
19:1 (viv)
25°C,48 h

NN
o +
%@d

1ab PG

76% yield
75% ee, 15:1 dr

77% yield
72% ee, 28:1 dr

79% yield
75% ee, 12:1 dr

75% yield
68% ee, 10:1 dr

75% yield
73% ee, 17:1 dr

80% yield
97% ee, 22:1 dr

81% yield
87% ee, 20:1 dr

79% yield
93% ee, 19:1 dr

79% yield
89% ee, 20:1 dr

75% yield
92% ee, 41:1 dr

Scheme 3 Atroposelective catalysis with different coumarins. General
conditions: see Scheme 2 and ESI,{ for details.
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The atropisomeric scaffold of these oxindole-coumarin
adducts is very crowded and does not show any sign of diaster-
eomerization via rotation about the chiral axis even at increased
temperatures. Chiral HPLC analysis of a sample of 3b exhibiting
95% ee and 20:1 dr did not show any change in its stereochemi-
cal composition after heating in refluxing acetonitrile for 7 hours.
The presence of the nitro group is considered important to
provide sufficient steric hindrance to rotation about the chiral
axis but it also is essential to the coumarin reactivity and the
stereoselectivity of the reaction. Replacement with a formyl or a
trifluoroacetyl group led to decreased asymmetric induction,
i.e. significantly reduced enantio- and diastereoselectivity, and
lower yields due to incomplete conversion as well as competing
1,2-addition of the fluorooxindole enolate to the aldehyde.

We found that some compounds display a high propensity
to form racemic crystals even when the enantiomeric excess
is higher than 90%. The single crystals of 3¢ and 4d obtained
by layering of a dichloromethane solution with pentane were
indeed racemic (see ESIt). This tendency offers practical means
to increase the enantiopurity of the atropisomers by crystal-
lization and removal of racemic precipitate (see ESL, ¥ for several
examples) but it rendered the determination of the absolute
configuration of the asymmetric reaction product challenging.
After many attempts with several compounds, we were able to
increase the enantiopurity of 3e to 95% ee and grew an enantio-
pure single crystal by slow evaporation of a dichloromethane
solution. X-ray crystallography together with chiral HPLC analysis
of this crystal revealed that the major enantiomer formed is (S,R,)-
3e (Scheme 4 and ESIt). Interestingly, the C-F bond is in the same
plane as the neighboring nitro group while the oxindole and
coumarin rings point in almost perpendicular directions.

The stereochemical outcome of the Urea-1 catalyzed reaction
is in agreement with a Si-face attack of the fluoroxoindole
enolate on the 4-chlorocoumarin Re-face which was expected
as this approach minimizes the overall dipole moments of the
two substrates. The corresponding intermediate 5 exhibiting
two halogenated tetrasubstituted stereocenters then undergoes
chloride elimination and counterclockwise rotation of the
oxindole moiety to adopt the favored and crystallographically
verified axially chiral conformation with the C-F bond and the
nitro group residing in a synperiplanar orientation.

F cl Urea-1 Cl\@,,,.
- NO2 (10 mol%)

_—

KoCO;
1e 2a 25°C o~ "0
81%, 90% ee  (S,R,)-3e
24:1 dr
B o]
—N  HN—H
\ HN o
Urea-1
CF3

Scheme 4 X-ray structure of 3e and proposed intermediate 5.
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In summary, we have introduced an organocatalytic atropi-
someric synthesis protocol that produces unprecedented
fluorooxindole-coumarin hybrid structures displaying a stable
chirality axis and an adjacent tetrasubstituted stereogenic
carbon center. The reaction proceeds with good yields, up to
97% ee and 41:1 dr, can be scaled up, and tolerates various
substituents in the oxindole and coumarin rings. The urea
catalyst used is commercially available and the starting materi-
als are readily prepared following known literature protocols.
The products are thermally stable to atropisomerization and no
sign of rotation about the highly congested chiral Csp®>-Csp®
axis was observed after heating at 80 °C for 7 hours. It is
expected that this reaction will attract increasing attention to
the development of other catalytic atropisomeric methods that
achieve stereocontrolled formation of multifunctional scaffolds
with two or more different elements of chirality.
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