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Abstract

Enantioselective synthesis of a-aryl and a-heteroaryl piperidines is reported. The key step is an
iridium-catalyzed asymmetric hydrogenation of substituted A~benzyl pyridinium salts. High levels
of enantioselectivity up to 99.3:0.7 er were obtained for a range of a-heteroaryl piperidines. DFT
calculations support an outer-sphere dissociative mechanism for the pyridinium reduction.
Notably, initial protonation of the final enamine intermediate determines the stereochemical
outcome of the transformation rather than hydride reduction of the resultant iminium intermediate.
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N-Heterocyclic piperidine compounds constitute a widespread structural motif in
biologically active compounds.! Enantiomerically pure a-substituted piperidines are also
invaluable templates for chiral auxiliaries in asymmetric synthesis.? As a result, their
enantioselective syntheses are highly sought in pharmaceutical and chemical industries.3
Several methods have been reported for the synthesis of chiral A-heterocycle
functionalization adjacent to the nitrogen atom,* including enantioselective a-
functionalization. Stereoselective a-lithiation has enjoyed particular success for the
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generation of enantioenriched 2-arylpyrrolidines,® but the 6-membered piperidine
counterpart has proven to be difficult to functionalize in a similar manner.®

In our ongoing efforts toward the synthesis of enantiomerically pure oxygen-containing a-
aryl piperidines, we envisage the development of a direct technology to expedite the
synthesis of these valuable biologically relevant subunits. Existing synthetic methods require
either cryogenic conditions or long sequences to prepare the requisite molecules. We also
sought to access these molecules through an atom-economical enantioselective approach.
Recent advances in the asymmetric reduction of the heteroarenes have enabled
straightforward synthesis of enantioenriched heterocyclic compounds.’ However, for
reduction of the pyridinium salts to prepare enantioenriched a-arylated piperidines, few
reports are available,® and the subtrates are limited to the a-phenyl derivatives without
heteroaryl functionality. Herein, we report our findings on a highly efficient and
enantioselective synthesis of a-aryl and a-heteroaryl piperidines through an asymmetric
hydrogenation strategy applying [Ir(COD)CI],/MeO-BoQPhos catalyst system.
Furthermore, a detailed mechanistic rationale for the high enantioselectivity was elucidated
for the first time by DFT calculations.

We commenced our investigation with A-benzyl-2-phenoxathiinyl pyridinium salt 1a; which
was conveniently prepared by Suzuki coupling of 2-bromopyridine and phenoxathiin-4-
boronic acid, followed by treatment with benzyl bromide. A complete ligand screen was
conducted with 1 mol % [Ir(COD)CI],, 3 mol % ligand at 40 °C and 600 psi H, pressure
(representative examples shown in Table 1). Similar to what has observed for the 2-
alkylpyridinium salt reduction,® atropisomeric C,-symmetric bis(phosphine) ligands showed
moderate enantioselectivities in the asymmetric hydrogenation of 1a. Piperidine 2a was
produced in 91.8:8.2 enantiomeric ratio with Segphos ligand (entry 3) and 86.3:13.7 er with
electron-rich doubly oxygenated MP2-Segphos ligand (entry 1).8° In contrast, the
unsymmetrical phosphorous-pyridine based MeO-BoQPhos ligand was discovered to be
highly effective for the enantioselective reduction of the a-aryl pyridinium salt; 2a was
obtained in the highest enantioselectivity of 99.3:0.7 er (entry 13), with 92% isolated yield
(Scheme 1, entry 1).

Inspired by the high effectiveness of the catalyst system and the importance of chiral aryl
piperidines in biological systems, we investigated asymmetric hydrogenation of additional
N-benzylpyridinium salts having both a-aryl and a-heteroaryl functionalities (Scheme 1).
Enantioenriched 2-benzothiophene piperidine derivative 2b was produced in 96.6:3.4 er and
89% vyield. The pyridinium salt bearing a dibenzothiophene substituent was also reduced
successfully; piperidine 2c was obtained in 95.1:4.9 er and 93% yield. For 2-thiophene
substituted piperidines 2d and 2e, 96.4:3.6 and 96.7:3.3 enantiomeric ratios were obtained,
respectively. Similarly, 90.3:9.7 er was produced for both 2-benzofuran and 2-dibenzofuran
piperidines 2f and 2g.

N,O-Containing molecules are generally effective chelating ligands for catalysis;1! 2-
alkoxyaryl pyridinium salts were thus explored. The orthio-methoxy phenyl derivative 2h
was obtained in 93.7:6.3 er and 91% yield. The more electron-rich di-zert-butyl analogue 2i
was prepared in 95.3:4.7 er and 93% yield. The a-(2,3-dihydrobenzofuran) piperidine 2j
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was generated in 94.5:5.5 er and 84% yield, and a-diphenylether substituted piperidine 2k
was obtained in 93.7:6.3 er and 89% yield. The catalyst system is chemoselective at
reducing the pyridine group only and does not cause reduction of other sensitive functional
groups such as halides; 2| was produced in 95.5:4.5 er and 92% vyield. The reaction
conditions are also applicable to electron-deficient aryl substituted pyridinium salts. a-(2,5-
Disubstituted fluorophenyl)piperidine 2m was prepared in 94.7:5.3 er and 86% yield. 2-
(Trifluorophenyl) derived piperidine 2n was isolated in 93.5:6.5 er and 88% yield.
Furthermore, a-(2,4-dimethylphenyl)piperidine 20 was achieved in 97.7:2.3 er and 88%
yield. Piperidine derivatives 2p and 2q bearing naphthyl and phenanthrenyl substituents
were generated in 94.2:5.8 er and 95.6:4.4 er, respectively. In addition, less sterically
demanding a-(2-phenyl)piperidine 2r was also prepared in 92.7:7.3 er and 91% vyield.

Since N-alkyl piperidines are present in a number of pharmaceutical active compounds;12 an
N-ethyl pyridinium salt 1swas studied yielding piperidine 2sin 99:1 er, which is higher than
the A~Bn counterpart 20. These outcomes represent the highest enantioselectivities in the
reduction of 2-(hetero)aryl pyridinium salts. The reduction conditions are applicable to less
sterically demanding aryls. Removal of the benzylic A-substituent of the resulting products
readily affords enantioenriched a-aryl piperidines.®

To understand the origin of high enantioselectivity, we initiated a DFT study of the
mechanism of this transformation. Earlier studies of the reduction of quinolines!3 and
imines4 using Ir complexes suggest that reaction proceeds via sequential protonation and
hydride transfer via an outer sphere mechanism. Although recent work has shown that the
active catalyst for imine reductions arising from incorporation of a molecule of starting
material into the catalyst via C-H insertion and imine coordination,® such a species is not
possible here with the A-alkylated pyridines. In this system, sequential reduction leads to an
enamine, reduction of which determines stereochemical outcome of the entire
transformation (Scheme 2).°

Thus, computational efforts were focused on the reduction of a model enamine (R = R2 =
Me). Calculations indicate that both protonation and hydride transfer demonstrate significant
facial bias that can serve as a basis for enantioselection. However, the two steps give rise to
opposite selectivities. Thus, it was imperative to determine which step is selectivity
determining. Prior reports on reduction of 2-alkyl pyridinium salts suggested that the second
step hydride transfer proceeds through a dissociative mechanism, which controls the
stereochemical outcome of the process.?? In this case, the tight ion pair was found to be
much lower in energy than the separated ion pair after protonation (Scheme 3). We
hypothesize that the tight ion pair causes the catalyst to stay on the same face during both
steps. It thus appears that substrate protonation is the enantiodetermining step.

Using the corresponding energy gap for the two different facial approaches in the
protonation step, the enantioselectivity of the product was calculated (Scheme 4). The
selectivity levels obtained in this way matched both the absolute stereochemistry and the
selectivity values of the major product obtained experimentally, supporting the idea that
protonation is enantiodetermining.18
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Analysis of the protonation transition states using a distortion-interaction approach1®
(Scheme 5) indicates that the observed selectivity is primarily due to the distortion of the
catalyst structure by the approaching substrate. The apparent lack of specific interactions
selectively stabilizing one of the approaches suggests that selectivity relies predominantly on
the geometrical fit between catalyst and substrate, providing an example for the well-known
‘lock and key’ concept.

Examination of the transition states and vibrational modes in the distorted structure of the
catalyst reveals that shape misfit is primarily localized between the approaching substrate
and methoxy group of the catalyst (red arrow on Scheme 6). The methoxy group on the
pyridine ring causes interactions such that the substrate orients closer to the other methoxy
group indicated in the Scheme 6. In doing so, the substrate incurs a more disfavorable
interaction with the indicated methoxy in the higher energy transition state.

In summary, we have discovered the first enantioselective hydrogenation of a-heteroaryl-A-
benzylpyridinium salts using an iridium catalyst containing a P,N ligand, MeO-BoQPhos. A
variety of 2-(hetero)aryl pyridinium salts were reduced with high levels of enantioselectivity
(up t0 99.3:0.7 er) which represents the most efficient and practical method for this
important transformation. The resultant piperidines can be readily deprotected and
transformed into biologically interesting molecules, providing a concise synthesis of chiral
piperidine-containing compounds. In addition, detailed DFT computational studies shed
light on the reaction mechanism which involves an outer-sphere dissociative mechanism
where initial protonation of the final enamine intermediate determines the stereochemical
outcome of the transformation.
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Table 1

Ligand Screen for Asymmetric Hydrogenation of 1a¢
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3 (R)-Segphos 91.8:8.2
4 (R)-MeO-Biphep 86.4:13.6
5 (R)-Ph-Garphos 66.5:33.5
6 (R)-Synphos 89.4:10.6
7 (R)-DTBM-Segphos 77.5:22.5
8 (R)-Cyclohexyl Soniphos 84.2:15.8
qc (R)-BUPHOX 50.2:49.8
1000 (R)-BUPHOX 53.2:46.8
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b5 mol % of 12 was added to the catalyst solution before addition of substrate. 10
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33% conv.

d40% conv.
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