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A highly efficient one-pot synthesis of substituted piperidines was developed through nitroalkene, amine, and enone condensation. The
transformation was suitable for a large group of substrates, giving excellent yields and diastereoselectivity. Reactions using chiral amines
revealed a chirality induction through the unusual exocyclic stereochemistry control, producing enantiomeric pure piperidines in simple steps.

Efficient new approaches for the preparation of chemically
important and biologically active complex molecules are of
great significance in chemical research, especialy those with
an intriguing mechanism and good chemo/stereosel ectivity.
One example is the recent fast-growing stereoselective
cascade synthesis,® where complex building blocks are
prepared from simple starting materials in “one pot”. This
strategy is particularly important when active, unstable
intermediates are involved and the desired products cannot
be achieved through a stepwise approach.

Recently, we reported an intermolecular cross-conjugate
addition between carbonyl- and nitro-activated alkenes, where
primary and secondary amines served as Lewis base® (LB),
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conducting conjugate addition with nitroalkenes. The LB
catalyst was sequentially released through an irreversible-
p-elimination, giving the corresponding alylic nitro products
(Scheme 1A). Applying this strategy, several attractive
heterocycles, such as NH-1,2,3-triazoles and isoxazoline
N-oxides, were prepared in one pot.® This new reaction mode,
especialy the amine conjugate addition to nitroalkene,*
initiated our interest in extending the cascade process to these
reactions and involved highly reactive intermediates to
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Scheme 1. Amine Conjugate Addition to Nitroalkene as a New
Reaction Mode in Promoting the Cascade Process
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produce complex products that are difficult to access through
conventional stepwise approaches. Herein, we report the
asymmetric synthesis of substituted piperidineswith excellent
diastereosel ectivity through an unusua exocyclic stereoel ec-
tronic effect controlled complete chirality induction.

Substituted piperidines are an attractive group of hetero-
cycles in chemical and biological research.®> As a result,
considerable interest is centered on the synthesis of these
heterocycles with focus on high efficiency and good stereo-
selectivity.® This need is particularly emphasized by the fast
growing call for enantiomeric pure, diverse piperidines in
akaloid” and aza-sugar® researches.

Revealed by our previous experimental and computational
studies, the addition of amine to nitroalkene involves a fast
equilibrium.?2° We then postulated that the amine—nitroalkene
adduct A may be suitable for sequential Michael addition
and ring closure, providing the substituted piperidines
through a one-pot cascade process (Scheme 1B). As rather
complex reaction mixtures, different reaction pathways are
possible (i.e., Baylis—Hillman reactions, Rauhut—Currier
reaction). However, to our surprise, reactions between
SB-nitrostyrene 1a, amine 2a/2b, and methyl vinyl ketone
(MVK) 3a proceeded through one dominant pathway, giving
the substituted piperidines 4a and 4b in excellent yields and
good diastereoselectivity (Table 1).

The condensation products were generated through the
proposed reaction path A shown in Scheme 1B. Notably,
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Table 1. One-Pot Condensation for the &/nthesis of Piperidines®

o OH
NO, 02N 0N X
/[r +  R-NH, + |
P Tsav e N1 PRTN
2a: R' = Bn; B!
1a 20:R'=Cy 3a 4 major 4 minor
4a: R'=Bn; 4b: R' = Cy
solvent time (h)  yield® (%) dr¢ recovered la (%)
4a MeOH 12 65 5:1 30
THF 36 97 7:1 trace
4b MeOH 12 60 10:1 35
THF 72 85 15:1 trace

& General reaction conditions: compounds 1a (1.0 equiv), 2 (1.5 equiv),
3a (2.0 equiv) were mixed in solvents (c = 0.2 M of 1a). ° Isolated yields
of both major and minor isomers. 3a was consumed at the end of the reaction
in all cases. ©dr determined by crude NMR.

aza-Michael additions are known to be a challenging
transformation.’® However, through a cascade process, the
aza-Michael adduct B was successfully trapped by the
sequential Henry—aldol cyclization, giving the substituted
piperidines that cannot be achieved by a stepwise synthesis.

Although three stereogenic centers were generated in
piperidine 4, only two C-4 isomers were observed.** The
major products were the cis isomers of C-3 nitro and C-4
hydroxy groups. Even though other condensation products
were possible, amazingly, the only side reaction observed
was the polymerization of enone 3a, when the reaction was
conducted in MeOH. With THF as solvent, this side reaction
was successfully minimized, giving the substituted pip-
eridinesin excellent yields (Table 1). The diastereosel ectivity
was also improved under this optimized condition.*? Dif-
ferent nitroalkenes, amines, and enones were then applied
to investigate the reaction substrate scope, and the results
are summarized in Table 2.

Various kinds of substrates were suitable for this trans-
formation, and only the C-4 isomers were obtained in all
cases. Besides aryl (including heterocycles)-substituted ni-
troalkenes, akyl-substituted nitroalkenes could also be
applied in this transformation, providing variation on the C-2
position (i.e., 4h, 4i, 4k, 40). In addition, both alkyl and aryl
ketones were suitable for this cascade process, giving
different choices of substituents on the C-4 position (i.e,,
4a, 4m). The a-substituted enone, though giving a lower
dr, could aso be applied to introduce different functional
groups on the C-5 position (4t). The 5-substituted enone did
not work well with alkyl amines due to possible steric
hindrance in the aza-Michael addition. However, with NHz
as the amine nucleophile, the desired piperidines were
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Table 2. Reaction Substrate Scope®

R* OH
NO, 02 4‘ 5 OZN N
“/ +  RENH, + —. } s
i N7 e RSN RS
4 RZ H2

4 major 4 minor
’ b o) ) b ¢
product yield (%) dr product yield (%) dr
o
R = CgHs, 4b 85 1561
B HO .CHs s
o HO (CH3 R =CeHs, 4a 97 71 OzN R=p-Cl-CeHg, 4 90 1711
N 8
2 fj R=pClCots dc 96 81 | gy R=pOMeCeHy dgBa 10
R™NT R=p-OMeCoHy 4d 94 o1 : R= ~g<j ah 82 =204
Bn R=CgHiy, 4 70 131 s
: R=§< ] 4i 84 >2011
””” HO_CH;  HO_GH; _ HOLCHs o ph

4k al
68%, dr = 16:1 90%, dr = 15:1

HO, .Ph HO_ .Ph HO_ .Ph HOQ Ph
OQN\fj OQij OZij Oszj

p-Cl-CgH,™ H “Ph CgHys™ ” "Ph p-MeO-CgHg" ‘Ph

4
93%, dr = 13:1

4n 40 4p 4q
81%, dr > 20:1 65%, dr > 20:1 80%, dr > 20:1 75%, dr = 20:1

HO_ .CHs HO_ .CHs HO. CHs HO. .CHs
oZij ON fj fj/CHg OZij
p-Me-CgHy'
CSHA p-OMe CGH4 p-OMe
ar 4s 4 4
90%, dr 7:1 85%, dr = 10:1 75%, dr = 2.4:1 90%, dr = 19:1

@ General reaction conditions: compounds 1 (1.0 equiv), 2 (1.5 equiv),
and 3 (2.0 equiv) were mixed in THF (c = 0.2 M of 1). The reactions were
monitored by TLC until compound 1 was totally consumed. ® Isolated yields
of both isomers. °dr determined by NMR of crude reaction mixtures.
dStructure and relative stereochemistry were determined by X-ray
crystallography.

obtained with excellent yields and diastereoselectivity (i.e.,
4m—q). Therefore, the C-6 position could also be modified
by using different -substituted enones.

Considering the great efficiency and good diastereosel ec-
tivity of this new cascade process, we then focused on
investigating the stereochemistry with the hope of achieving
enantiomeric pure piperidine derivatives. With the formation
of C-2 stereogenic center in the amine conjugate addition to
nitroalkene, it is possible that the stereochemistry of the final
piperidine product is driven by this stereogenic center through
the chair transition state. However, the reaction NMR studies
revealed one important mechanistic insight: recharging pure
adduct A into the reaction condition produced nitroalkene
1ain 30 min (Scheme 2).

Scheme 2. Equilibrium in the Nitroalkene Conjugate Addition:
Recharging Pure A into the Reaction Gave 1a in 30 min

NO, THF or MeOH 2 H Ph
J/ + yNH ——nr OZN/\( ~
Ph Ph equilibrium Ph
1a 2a A

Moreover, the aza-Michael adduct B (Scheme 1) was never
observed by reaction NMR, and piperidine products 4 were
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rather stable under strong basic conditions (no ring-opening
products were observed even upon treating 4a with NaOMein
MeOH for 24 h). All these results strongly suggested that the
irreversible Henry—aldol cyclization was the rate-determining
step, which accounts for the piperidine diastereosd ectivity. We
then wondered whether chiral amines could deliver the chirality
into the piperidine ring by involving in the spatial arrangement
in the chair trangition state, through the dynamic kinetic
resolution of intermediate A.

To investigate the chirality induction by chira amines,
arylethanamines 5a—c were applied. As expected, piperidines
6a—c were obtained in good yields. With the formation of two
possible C-4 isomers, introduction of new stereogenic center
on C-7 position could result in the formation of four diastere-
omersasindicated in Table 3. Excdllent diastereose ectivity on
C-4 position was obtained in 6a and 6b (comparing P1 to P3
and P2 to P4), giving dr >10:1. For amine 5¢c, MeOH was
required for optimal outcome, due to the dow reaction rate in
THF, which caused a dight decrease of dr on C-4 sdlectivity.
However, to evaluate the chirdlity transfer by chiral amine, the
relative stereochemistry of the exocyclic C-7 and the piperidine
ring is the key (comparing the C-7 isomers: P1 to P2 or P3 to
P4). With possible free rotation of the exocyclic N—C bond,
one may expect poor stereochemistry control. To our surprise,
modest chirality induction was obtained in dl three cases, giving
dr on C-7 around 4:1.

Based on the X-ray crystallography and NMR spectroscopy,
structures of al obtained isomers were identified. Interestingly,
as shown in al crysta structures, the exocyclic C-7 adopted
perfect a staggered conformation with the ring.** Moreover,
the chemical shift of the C-8 and C-9 carbons were significantly
shifted upfield when they were at the antiparallel postion
relative to nitrogen lone pair eectrons (C-8 in P1/P3 and C-9
in P2, Table 3)™ Therefore, it suggested that the N1—C7 o-bond
rotation was restricted. Considering all these results, a
Henry—aldol cyclization chair trangtion state is proposed in
Scheme 3.

Scheme 3. Proposed Exocyclic Chirality Induction
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As part of the sx-membered ring, the N-1 nitrogen lone pair
electrons adopted the axid position. Thus, with the preferred
staggered N1—C7 conformation, three syn-pentane interactions
would be generated in the trangition state: [C-2-R to C-7-H]
and [C-2/C-6-H to C-7-Rgnai]. This proposed transition-state
model was consistent with the experimental observation in the
synthesis of piperidine 6a—c, where in the major stereocisomers

(13) See experimenta details of gHMBC and HETCRO-LR NMR
studies in the Supporting Information.
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Table 3. Investigation of Chirality Induction by Chiral Amines®

\ R
N
M i g\ll
H C
HSC 4 302N CH3
7

Fl
1a + /k +33—> 6(ac)P1

HoN™ Sar HiC o

()5
5a: Ar = CgHg; 5b: Ar = p-OMe-
CgHa; 5¢: Ar = p-NO,-CgH,

S(a-c) P2

2 Ar
8
2N ’k"CHe
7H

6(a- c) P3 6(a-c)—P4
13C chemical shift of C-8 13C chemical shift of C-9
dr (%)
Ar solvent yield? (%) P1:P2:P3:P4° P1 P2 P3 P4 P1 P2 P3 P4
5a THF 88 82:18:0:0 8.6 18.8 143.3 137.9
5b THF 84 78:15:7:0 8.7 19.1 8.3 135.3 130.0 135.0
5¢c MeOH 88 73:16:11:0 8.8 18.4 8.6 151.1 145.8 150.8

@ General reaction condition as described in Table 2. ® Combined isolated yields of all isomers. Structures of all reported isomers were determined by
either X-ray crystallography or comprehensive 1D and 2D NMR experiments. © dr determined by NMR of crude reaction mixtures.

the less bulky methyl group (relative to the aryl groups) was
placed on the R! position to generate the energetically favored
transition state by minimizing the syn-pentane steric repulsion.
However, besides the steric interaction, the stability of the chair
transition state could aso be influenced by the p—o* electronic
interaction between nitrogen lone pair electrons and exocyclic
axid Rgnai group. Compared to the methyl group, the more
bulky phenyl group could form stronger p—o* interactions if
it were placed on the R! position. Therefore, we wondered
whether this chirdity induction could be further enhanced by
application of the chiral amine with a less bulky group that
would produce stronger p—o* interaction. Thereadily available
amino acid derivatives become ideal chird amines for this
application with the smaler COOMe group that provides
stronger p—o* interaction, giving energetically amore favored
trangition state than other different alternatives (Scheme 4). As
expected, reactions among 1a, 3a and amino esters 5d and 5e
generated the desired enantiomeric pure piperidine 6d and 6e
with only C-4 isomers observed: 100% chirality induction was
achieved through the chirality contral by exocyclic asymmetry.

Based on the reaction crude NMR, the C-4 isomers were
the only piperidine products observed. Under the reaction
conditions, 25% of unreacted 1a was recovered in both cases,
making the theoretica isolated yields of 6d and 6e to 83% and
87%. This result was exciting since it revealed a possible new
strategy in trangition state stereochemistry control, which could
be applied into other amine-related heterocycle synthesis. No
epimerization occurred under the reaction conditions and
compounds 6d and 6e were indeed prepared with 100%
enantiomeric purity.** Through some simple transformations,
the two C-4 isomers were converted into single enantiomer 7a
and 7b (Scheme 4).

(14) Thefunctiona group transformation confirmed that no epimerization
occurred during the reaction.

Ph\<COOH HO,
HO, (R)-8b ph XN
sctmajor 2L "X Nf _ved TR, B8 Py M oome
90% Mé 4 COOMe DCC, 92% F.C NH  Ph
HN  Ph 3
8a 8c, single diastereomer
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Scheme 4. Enhanced Exocyclic Stereochemistry Control by
Amino Esters: 100% Chirality Induction

less steric hindered substituted group
with stronger p-o* interaction

1 3 R MeOH, rt /m COOMe COOMe
a+3a+ H.C
wncoome TS :‘mN/k”R
Ph M

5d: R =i-Pr; 5e: R =Bn major minor

C-4 isomer only
6d: R = i-Pr, 62%, dr = 3:1; 6e: R = Bn, 65%, dr = 6:1

Ph 1) Zn, HCI o
idi 2) Ac,O, EtuN
Me— N—( SOCly, pzndlne 6o ) Ac,O, Etyl 7\
/  COOMe 65% 3) SOCI, 0 °C COOMe

O,N  Ph 80% AcHN  Ph
7b, signle enantiomer mixtures of C-4 isomers

[e]g=-21.3

7a, signle enantiomer,
[e]g=-18.4

In conclusion, applying the one-pot cascade strategy, sub-
stituted piperidines were prepared with excellent yields and great
stereosdlectivity. The transformation was suitable for a large
group of substrates and selective functionalization on each
position of the piperidine ring have been achieved. Moreover,
based on an exocyclic stereochemistry control, 100% chirality
induction was achieved with amino esters, giving enantiomeric
pure substituted piperidines in less than three steps. It is our
belief that this new stereochemistry control strategy may be
further applied into similar systems for the synthesis of other
chemical and biologica important heterocycles.
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