GDCh
~~

Enantioselective Reactions

Zuschriften

Deutsche Ausgabe: DOI: 10.1002/ange.201509967
Internationale Ausgabe: DOI: 10.1002/anie.201509967

Combining Organocatalysis with Central-to-Axial Chirality
Conversion: Atroposelective Hantzsch-Type Synthesis of

4-Arylpyridines
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Abstract: Suitably substituted enantioenriched 4-aryl-1,4-
dihydro-pyridines prepared by an organocatalytic enantiose-
lective Michael addition were oxidized with MnO, into axially
chiral 4-arylpyridines with central-to-axial chirality conver-
sion. Moderate to complete percentages (cp) were observed,
and a model for the conversion of chirality is discussed.

I n view of the importance of atropisomerism in natural
product chemistry,['! drug discovery,”! and catalyst design,”
the stereoselective access to enantioenriched biaryls has been
the focus of numerous studies.! Despite the tremendous
development of enantioselective organocatalysis over the
past fifteen years,” the majority of methodologies in this field
focused on the control of central chirality, whereas synthetic
approaches targeting axially chiral biaryls have started to
emerge only recently.[*”!

Chirality conversions represent a fascinating class of
chemical processes consisting of the destruction of a stereo-
genic element on a molecule and the simultaneous installation
of another stereogenic element of a different nature."” First
hypothesized in 1955 by Berson,'! the feasibility of central-
to-axial chirality conversion in biarylic systems was elegantly
demonstrated by Meyers almost 30 years later."”! Since then,
chirality conversion has found only a limited number of
applications in comparison to its potential.[l*13]

In 1881, Hantzsch developed a multicomponent, two-step
synthesis of pyridines consisting of the condensation of two
equivalents of a 3-ketoester with an aldehyde and ammonium
acetate, followed by the oxidation of the intermediate 1,4-
dihydropyridine [Scheme 1.1].) The pyridine ring is among
the most encountered scaffolds in bioactive molecules, but,
despite promising biological activities,"* atropisomeric 4-
arylpyridines have received less attention because there is
a lack of enantioselective synthetic approaches to prepare
them. Indeed, the only pre-existing catalytic enantioselective
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Scheme 1. Rationale for the development of an atroposelective
Hantzsch-type synthesis of 4-arylpyridines.

method for the synthesis of this structural motif, a Suzuki-
Miyaura cross-coupling, culminated in 42 % ee.'”!

To address this issue, we envision a stepwise strategy
combining an organocatalytic enantioselective Michael-addi-
tion-initiated synthesis of 4-aryl-1,4-dihydropyridines,**!"!
followed by a central-to-axial chirality conversion through
an oxidative aromatization [Scheme 1.2]. To achieve this goal,
two main challenges had to be solved: i) the selection of
suitable substrates, especially a Michael acceptor that allows
a compromise between reactivity and selectivity in the
organocatalytic Michael addition, and the steric hindrance
required to reach high enough barriers to rotation to maintain
the integrity of the chiral axis; ii) the development of
oxidation conditions that preserve the enantiopurity during
the aromatization. In both previous diastereoselective
approaches to 4-arylpyridine atropisomers by chirality con-
version,'>'%! the target products bear two substituents ortho
to the chiral axis on the pyridine ring and one on the other
aryl group [Scheme 1.3a,], whereas the present complemen-
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tary scenario with a single substitution on the pyridine ring
has remained unstudied [Scheme 1.3b]. This structural differ-
ence is expected to strongly influence the conversion of the
chiral information during the aromatization process. Herein,
we disclose how the two aforementioned challenges were
addressed to develop the first organocatalysis-based synthesis
of axially chiral 4-arylpyridines with up to 94 % ee.

Our initial investigations focused on the potential use of
[-aryl-2-enoylpyridines as suitable electron-poor olefins for
the enantioselective Michael addition (Table 1)."! Despite its

Table 1: Optimization of the reaction conditions.?

Q OMe 1) cat (10 mol%)
))\‘:\L XN CHCly, 1t, 48 h
M;,'e" 0 O Ns 2) NH,OAc, EtOH
P 37°C,24h
1 2a
____________________________ 3a, 77% yield, 94% ee
H CF3 ' oxidant, solvent
! temperature
i S E
X NJLN"‘ :
; H o H o NMe,!
... Lat :
cp= o pyridine) o,
ee (dihydropyridine)
AG* (78 °C) = 115 kJ mol™!
t1/2(25 °C) = 91 days
Entry  Oxidant, solvent, ee!” Yield" eel” cp
temperaturel?! 3a (%] 4a[%] 4a[%] [%]
1 DDQ, CH,Cl,, 25°C 84 19 8 10
2 DDQ, CH,Cl,, —78°C 88 35 2 2
3 NOBF,, CH;CN, 25°C 86 62 8 9
4 MnO,, I CHCl,, 20°C 94 59 78 83
5 MnO,," C4H,,, 20°C 9495 60-68" 82-86"1 86-91
(45)[&] (99)[5]

[a] See the Supporting Information for the reaction conditions.

[b] Enantiomeric excesses (ee) were determined by HPLC analysis on
chiral stationary phase. [c] Yield of purified product. [d] 40 equiv.

[e] 20 equiv. [f] Range obtained from four independent reactions.

[g] After crystallization of the final product from Et,0. DDQ: 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone.

high steric hindrance, the combination of derivative 2a with
dimedone (1) in the presence of various bifunctional organo-
catalysts enabled the exclusive formation of the expected 4-
aryl-1,4-dihydropyridine 3a, after the treatment of the
intermediate Michael adduct with ammonium acetate in
ethanol. All of the bifunctional catalysts that were screened
afforded 3a in similar yields, with the (R,R)-Takemoto
thiourea catalyst performing best.”??! These results were
preserved upon scale-up: 1,4-dihydropyridine 3a was pre-
pared on more than 2.5-mmol scale in 77 % yield over the two
steps and with 94 % ee.

We then studied the behavior of 1,4-dihydropyridine 3a in
the presence of different oxidants (Table 1). As suspected, the
oxidative methods used in previous conversions of chirality
could not be directly applied to the preparation of enan-
tioenriched 4a. Indeed, the initial attempt to aromatize 3a
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with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) at
room temperature, as described by Meyers,'?! afforded 4a
in low yield and as a virtually racemic product with
a conversion percentage (cp) lower than 10% (entry 1). At
this point, we verified that the barrier to rotation of the chiral
axis was high enough to prevent the racemization of product
4a during the reaction or its purification: indeed, with
AG*,,=115kJmol™! at 78°C, the half-life of rotation is
higher than 90 days at 25°C (assuming that AG™, is
independent of the temperature).”!! Adding the oxidant at
—78°C had no positive impact on the outcome of the reaction
(entry 2). Nitrosonium tetrafluoroborate NOBF, was also
inefficient at converting the chiral information (entry 3).[%!
Pleasingly, when excess activated manganese dioxide MnO,
was used in CHCI,®® pyridine 4a was obtained with
a promising yield and a c¢p of 83% (entry4). A thorough
optimization of the oxidation step was then carried out:*!
when 3a was treated with 20 equivalents of MnO, in
cyclohexane at 20°C, the enantioenriched 4-arylpyridine 4a
was reproducibly isolated in around 65% yield with an
enantiomeric excess of 82-86%, meaning that the chiral
information was converted with 86-91 % efficiency (entry 5).
Fortunately, a crystallization from Et,O at low temperature
delivered 4-arylpyridine 4a as a virtually enantiopure product
(99% ee) in reasonable yield.?! In accordance with the
literature precedents, an (S) configuration was attributed to
the stereogenic center of 3a,?**?!l and the absolute config-
uration of product 4a chiral axis was determined as being (aS)
by X-ray diffraction analysis (Table 1).1*!
1,4-Dihydropyridines are known to exist predominantly as
boat conformers, with the more bulky substituent on posi-
tion4 in pseudo-axial position (Scheme 2).l*"! In the case of

fast equilibrium (K = 2.6)
AGH(20 °C) ~ 56 kJ mol!
t12(20 °C) ~ 0.55 ms
~
Me AGH(20 °C) ~ 57 kd mol! e

t12(20 °C) ~ 0.83 ms

small

O ~ slow oxidation
because of

Me  ap(s)-3a steric bulk

Me
i hydride more sp-(S)-3a
(minor conformer)

easily accessed (major c?nformer)
fast 1 slow

| AGH(25°C) = 115 kJ mol
1,2(25 °C) = 91 days

(minor enantiomer)

Scheme 2. Proposed model for the conversion of chirality.

compound (S)-3 a, the steric bulk around this bond in the axial
orientation slows down its rotation and complicated the
characterization of the product. Performing the NMR anal-
yses at more than 80°C accelerated this rotation and allowed
recording of NMR spectra suitable for the description of the
product.” In contrast, a gradual decrease of the temperature
allowed distinguishing clearly the spectra of the major
rotamer sp-($)-3a, for which the bulky aromatic group is
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positioned away from the crowded dihydropyridine ring, and
the minor one ap-(S)-3a, in a roughly 2.6:1 ratio. Their
oxidations result in the formation of both enantiomers of 4-
arylpyridine, (aR)-4a and (a$)-4a, respectively. By applica-
tion of the Eyring equation, barriers to rotation AG*,,,(20°C)
to interconvert rotamers sp-($)-3a and ap-(S)-3a could be
estimated to 56-57 kJmol . This value corresponds to a half-
life #,,(20°C) of less than 1 ms, indicating that the rotation of
the hindered bond is fast in comparison with the kinetics of
the oxidation.”!! Consistent with other reports,'>**! our
observations point towards a scenario where the two con-
formers are in fast equilibrium and the chirality conversion
depends on the ability of the oxidant to efficiently discrim-
inate between the two conformers. Moreover, the absolute
configuration of 4a indicates that the oxidation preferentially
occurs for the less stable conformer ap-(S)-3a, presumably
because of greater accessibility to the hydride on position 4 of
the 1,4-dihydropyridine.

To complete our study, we set on exploring the scope and
limitations of the atroposelective Hantzsch-type synthesis of
axially chiral 4-arylpyridines (Table 2). The absolute config-
urations of the products 4b-n were attributed by correlation
to the one of (a$)-4a, in accordance with the model proposed
in Scheme 2 and the interference values of the substituents.”"
Our strategy could be successfully applied to the synthesis of
several enantioenriched 4-arylpyridines 4b—g bearing diverse
2-substituted naphthyl and 2,6-disubstituted phenyl motifs,
with methyl, phenyl, and alkoxy groups, or a bromine atom as
blocking substituents, with moderate to complete conversion
percentages. Moreover, variations on the substitution pattern
of the 2-pyridyl group with additional electron-donating or
electron-withdrawing groups, along with its replacement by
a quinolinyl unit, were possible. The enantioselectivities of
the organocatalytic Michael addition varied, but conversion
percentages remained high (from 78 % to 100%) for 4h-k,
and product 4h was even obtained with an enantiomeric
excess of 94%. Further structural diversity was introduced
with Michael acceptors bearing either an N-methylimidazole
ring or an ester function, leading to 2-functionalized-4-
arylpyridines 41 and 4m, with a slightly decreased efficiency
of the chirality conversion. Finally, dimedone can also be
replaced by cyclohexa-1,3-dione (5), with lower yields but
a complete chirality conversion during the preparation of 4n.
As for the standard substrate, crystallization from Et,0O allows
improving the enantiomeric excesses of the products, and this
method was exemplified on compounds 4e and 4i, whose
enantiomeric excesses could be increased from 72 % to 94 %
and 80 % to 96 %, respectively.

In conclusion, we developed an enantioselective synthesis
of axially chiral 4-arylpyridines with up to 94% ee. The
synthetic route combines an organocatalytic synthesis of 4-
aryl-1,4-dihydropyridines with an oxidative conversion of
chirality. In view of the numerous enantioselective organo-
catalytic transformations that deliver partially saturated
carbo- or heterocycles bearing stereogenic centers,”! further
efforts will be directed towards the implementation of the
present strategy on other families of chiral biaryls. More
detailed studies on the structural factors that influence the

Angew. Chem. 2016, 128, 14231427
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Table 2: Substrate scope for the atroposelective synthesis of 4-arylpyr-
idines 4b-n.1!

R4

R4 R
Isd o
1) cat \
R (10 mol% MnO, oR?
a CHQCIQ m (20 equiv)

0 07 RS 2) NH,4OAc RY CeH12
EIOH, 37 °C 20°C

1 (R'=Me) 2a-m 3b- n 4b-n

or 5 (R'=H)

(S)-3b, 40% yield, 96% ee (R)-3c, 63% yield, 84% ee  (S)-3d 32% yield, 96% ee
(aR)-4b, 92% yield, 62% ee (aR)-4c, 44% yield, 58% ee  (aS)-4d 76% yield, 62% ee
cp = 65% cp =69% cp = 65%
AG# (118 °C) = 145 kI mol!  AGH¥, (61 °C) = 108 kJ mol"! AG* (180 °C) = 146 kJ mol™!
t112(25 °C) = 45000 years ty2(25 °C) = 5 days t4,2(25 °C) = 67000 years

3e, 84% yield, 82% ee
4e, 73% yield, 72% ee

3f, 75% yield, 96% ee
4f, 68% yield, 88% ee

3g, 71% yield, 88% ee
49, 30% yield, 54% ee
(42% yield, 94% ee)l°! 1
cp = 88% cp =92% cp=61% ,
AGH(78 °C) = 17 ki mol! AG¥(78 °C) = 126 ki molt AG¥(78 °C) = 115 kJ mol
14/2(25 °C) = 166 days t4/2(25 °C) =19 years t4/2(25 °C) =91 days

3i, 50% vyield, 92% ee
4i, 67% yield, 80% ee
(52% yield, 96% ee)®!
cp = 100% cp=87% cp=78%
AGH(78 °C) = 115 kI mol! AG¥,(78 °C) = 116 kJ mol! AG¥,(78 °C) = 114 kJ mol!
t12(25 °C) =91 days t12(25 °C) = 115 days t42(25 °C) =61 days

AN 2
RS:M?N/J R®= \gwe

31, 53% yield, 80% ee

3j, 71% yield, 64% ee
4j, 91% yield, 50% ee

3h, 66% yield, 94% ee
4h, 76% yield, 94% ee

3k, 34% yield, 58% ee 3m, 80% yield, 88% ee
4k, 73% yield, 60% ee 41, 94% yield, 64% ee 4m, 87% yield, 58% ee
cp ~ 100% cp =80% cp = 66%
AGH (78 °C) = 114 kd mol! AG¥(78 °C) = 116 kd mol!  AGH(78 °C) = 111 kJ mol"!
t12(25 °C) =61 days t12(25 °C) = 136 days t42(25 °C) = 18 days

cp ~ 100%
AG#(78 °C) = 112 kJ mol!
ty2(25 °C) = 25 days

3n, 25% vyield, 81% ee

4n, 41% yield, 86% ee

[a] Yield of isolated pure 1,4-dihydropyridines 3 b—n (over two steps) and
pyridines 4b-n after purification by flash chromatography. Enantiomeric
excesses (ee) were determined by HPLC analysis on chiral stationary
phase. For the determination of barriers to rotation AG™ and half-lives t,,
», see the Supporting Information. [b] Yields and enantiomeric excesses
between brackets refer to the results obtained after crystallization from
Et,O.
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chirality conversion, especially the unique behavior of MnO,
as the oxidant, will be conducted.
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