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ABSTRACT

The highly enantioselective preparation of synthetically useful tetrahydropyridine derivatives employing a one-pot nitro-Mannich/hydroamination
cascade is reported. This approach utilizes an asymmetric organocatalytic nitro-Mannich reaction followed by a gold-catalyzed alkyne
hydroamination/isomerization sequence that yields the desired tetrahydropyridines in good yields and high diastereo- and enantioselectivities.

Nitrogen-containing heterocycles such as pyrroles, pi-
peridines, and pyrrolidines are found in a wide variety of
biologically active natural products and pharmaceuticals.1

Due to the abundance of these chemical motifs, improved
resource efficient methods for their synthesis remains an
important challenge for the reaction designer. Some of the
most attractive methods in recent years for the construction
of single and polycyclic systems have employed reaction

cascades.2 These multi-reaction sequences are able to
efficiently unite readily available starting materials and
rapidly build up molecular complexity in the products,
without the need for laborious workup and purification
procedures of the intermediate compounds. To this end,
we recently reported a cascade synthesis of substituted
pyrroles via a nitro-Mannich/hydroamination cascade3

of 4-nitrobut-1-yne.3aThis reaction cascade utilized a com-
bination of base and gold catalysis to furnish the desired
pyrrole products after an isomerization/nitro group elim-
ination sequence. To further advance this work, we postu-
lated that theunionof aone-carbonhomologueof thenitro-
alkyne starting material with N-protected aldimines pro-
moted by an appropriate catalyst combination could allow
rapid access to synthetically useful tetrahydropyridine4

motifs with high stereocontrol. Herein, we report our
findings.
In our proposed concept (Scheme 1), we envisaged that

nitro alkyne II would undergo an enantioselective nitro-
Mannich5 reaction with a suitably protected aldimine I
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under the control of a bifunctional organocatalyst.6 The
resultingβ-nitroamine IIIwould then be poised to cyclize via
ahydroamination7 reactionusing anappropriatemetal cata-
lyst to furnish piperidine V after protodemetalation. Sub-
sequent exo/endo isomerization of the alkene8 would lead to
tetrahydropyridine VI. In contrast to our previous study,3a

aneliminationofHONOwasnotanticipatedandaccordingly
cascade product VI was expected to retain the contiguous
stereocenters created in the initial nitro-Mannich reaction.

Accordingly a variety of bifunctional organocatalysts
introduced by us and others9 (Figure 1) were screened in

the reaction of N-Boc-protected aldimine 1a and nitro-
alkyne 2a to investigate the diastereo- and enantioselectivity
of the nitro-Mannich reaction (Table 1). Various conditions
including solvent, temperature, and concentration were
explored (for full optimization studies, see Table S1 in the
Supporting Information (SI)). Pleasingly, usingTakemoto’s
catalyst D9e�g in toluene at �15 �C we were able to syn-
thesize β-nitroamines 3 and 4 in good yield (87%) and
diastereoselectivity (87:13), while also obtaining excellent
enantioselectivity (92%) for the major diastereomer 3

(Table 1, entry 6).
With high enantioselectivity achieved in the nitro-

Mannich step using catalyst D, our attention then turned to

Scheme 1. Proposed Enantioselective Synthesis of Tetrahydro-
pyridines Using a Nitro-Mannich/Hydroamination Cascade

Table 1. Catalyst Optimization Studies in the Reaction of
Aldimine 1a and Nitro-alkyne 2a

a Isolated yield after flash column chromatography. bDetermined by
HPLC analysis of the purified product. c (2R,3S)-30 and (2R,3R)-40
obtained. d (2S,3R)-3 and (2S,3S)-4 obtained.

Figure 1. Bifunctional organocatalysts screened in the nitro-
Mannich reaction of aldimine 1a and nitro-alkyne 2a (Table 1).
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the development of a one-pot cascade to access the desired
tetrahydropyridines.Ourprevious study3ademonstrated that
Au10 salts can very efficiently activate the alkyne func-
tionality toward intramolecular hydroamination reactions.
However, due to the known incompatibility ofAu(I) cata-
lysts and bifunctional organocatalysts,11 we adopted the
tactic of adding a Brønsted acid to quench the basic
N-atom of the bifunctional catalyst prior to addition of
the Au salt. Our initial investigation used Echavarren’s
catalyst12 (5 mol%) with 4-nitrophenol (10mol%) as the
quenching additive (Table 2, entry 1). Pleasingly, the desired
tetrahydropyridine 5a was afforded as a 85:15 mixture of
diastereomers in 88% ee (for the major diastereomer)

after 8 h at 60 �C, albeit with low yield (11%).13 Further
optimization found that addition of diphenylphosphate
(10 mol %) prior to addition of the Au catalyst was
optimal for the reaction cascade and afforded the desired
product in high diastereoselectivity.14 Purification by
silica gel chromatography afforded 5a as a single diaste-
reomer15 in 65% yield and 93% ee after 6 h at 60 �C
(Table 2, entry 3). The use of triflate as the Au counterion
resulted in a reduction of the reaction efficiency; 5a was
isolated in 50% yield (Table 2, entry 5). Decreasing the
temperature of the hydroamination reaction to rt and
40 �C (Table 2, entries 8 and 9 respectively), led to longer
reaction times and slightly impaired yields. When the
reaction temperature was increased to 100 �C (Table 2,
entry 10) the yield (55%) and diastereoselectivity (crude
dr 91:9, purified dr 95:5) decreased,when compared to the
reaction cascade conducted at 60 �C (Table 2, entry 3).
A control experiment using only diphenylphosphate
(10 mol %) revealed that no cyclization took place even
after heating at 60 �C for 24 h (Table 2, entry 11), thus
highlighting the critical role of the Au catalyst in the
hydroamination process. Finally, a control experiment
using no acid additive yielded none of the desired 5a

(Table 2, entry 12), thus confirming the need for amine
protonation prior to the hydroamination stage.
With optimal conditions identified, a range of substi-

tuted aromatic N-Boc-protected aldimines were subjected
to the enantioselective nitro-Mannich/hydroamination
cascade (Table 3). The reaction was found to tolerate both
o- and m-toluene derived N-Boc-protected aldimines, af-
fording the desired products in good yields and high
enantioselectivities (Table 3, entries 2 and 3). A range of
electron-poor o-, m- and p-halogen substituted aromatic
aldimines (Table 3, entries 4�7) all furnished the desired
tetrahydropyridines 5d�g in good yields (49�63%) and
high enantioselectivities (87�96%).
In contrast, more electron-rich m-substituted methoxy

and 2-thienyl derived aldimines (Table 3, entries 8 and 9)
afforded the products 5h and 5i in lower yields (31�54%)
while retaining good enantioselectivities (88�93%). The 1-
and 2-naphthyl derived aldimines (Table 3, entries 10 and 11)

Table 2. One-Pot Optimization Studies between Aldimine 1a
and Nitro-alkyne 2aUsing Organocatalysis and Gold Catalysis

aDetermined by 1H NMR analysis of the crude reaction mixture.
b Isolated yield after flash column chromatography. cdr of the purified
product determined by HPLC analysis. d ee of the major diastereomer
determined byHPLC analysis. eAgOTf (10mol%). fAgSbF6 (10mol%).
gDPP (6 mol %). hNo reaction observed. DPP = Diphenylphosphate;
Au(L1)SbF6 (Echavarren’s catalyst) = (Acetonitrile) [(2-biphenyl)di-tert-
butylphosphine]gold(I) hexafluoroantimonate; L2= [P(tBu)2(o-biphenyl)].
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Carrillo, V.; Echavarren,A.M. J. Am.Chem. Soc. 2010, 132, 9292–9294.
(b) Solorio-Alvarado, C. R.;Wang,Y.; Echavarren,A.M. J. Am.Chem.
Soc. 2011, 133, 11952–11955.
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in the synthesis of tetrahydropyridine 5a. During purification of 5a
(Table 3, entry 1), unreacted β-nitroamine 4 was recovered in 6% yield
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details.

(15) The enhancement in diastereomeric ratio on purification was a
result of epimerization of the less stable cis-isomer to the more stable
trans-isomer during silica gel chromatography. See SI for details.

(16) For details of the nitro-Mannich reaction diastereoselectivity for
compounds 5a�n, 3o, and 4o, see the SI.

(17) The absolute configuration of tetrahydropyridine 5f was deter-
mined to be (2S,3R) by single crystal X-ray diffraction. All other
compound structureswere assignedby analogy to 5f assuming a uniform
reaction pathway. Data for 5fwere collected at 150K [Cosier, J.; Glazer,
A. M. J. Appl. Crystallogr. 1986, 19, 105�107] using an Enraf-Nonius
KCCDDiffractometer [Otwinowski, Z.; Minor,W. Processing of X-ray
Diffraction Data Collected in OscillationMode,Methods in Enzymology;
Carter, C. W., Jr., Sweet, R. M., Eds.; Academic Press: NewYork, 1997; Vol.
276, pp 307�326] solved with SIR92 [Altomare, A.; Cascarano, G.;
Giacovazzo, C.; Guagliardi, A.; Burla, M. C.; Polidori, G.; Camalli, M.
J. Appl. Crystallogr. 1994, 27, 435] and refined using the CRYSTALS
software suite [Betteridge, P.W.; Carruthers, J. R.; Cooper, R. I.; Prout,
K.; Watkin, D. J. J. Appl. Crystallogr. 2003, 36, 1487. Cooper, R. I.;
Thompson, A. L.; Watkin, D. J. J. Appl. Crystallogr. 2010, 43, 1100–
1107] as per the SI. CCDC-890291 contains the supplementary crystal-
lographic data. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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gave rise to the desired tetrahydropyridine products in
good yields (55�62%) and enantioselectivities (86�88%).
N-Cbz aldimines were fully compatible with the devel-
oped nitro-Mannich/hydroamination cascade (Table 3,
entries 12�14), and tetrahydropyridines5l�nwereafforded
in good yields (50�62%) and high enantioselectivities
(93�95%). Phenyl substituted nitro-alkyne substrate 2b
(Table 3, entry 15) did undergo the nitro-Mannich reac-
tion but failed to perform the Au-catalyzed cyclization
even after heating at 100 �C for 72 h.18 The nitro-Mannich
adducts 3o and 4owere recovered as an inseparablemixture
of diastereomers in 63% combined yield with 90% ee being
obtained for the major diastereomer.
To highlight the synthetic potential of the tetrahydro-

pyridine cascade products, 5a was further elaborated by a

variety ofmethods (Scheme 2). Firstly, reductive removal of
the nitro group usingOno’s conditions19 occurred smoothly
to give tetrahydropyridine 6 in 64% yield. A partially
chemoselective reduction of the nitro group was achieved
using in situ prepared nickel boride in chilled methanol,
furnishing the desired amine 7 in 68% yield with excellent
diastereoselectivity. The fully reduced piperidine 8 was also
isolated from the reaction mixture as a single diastereomer
in 28% yield. Increasing the equivalents of nickel boride,
reaction time, and temperature facilitated exhaustive reduc-
tion to piperidine 8, which was isolated in 74% yield as a
single diastereomer.
In summary, we have developed a novel one-pot enantio-

selective synthesis ofN-Boc andN-Cbz-protected tetrahydro-
pyridine derivatives using a nitro-Mannich/hydroamination
cascade. The reaction utilizes readily available and easily syn-
thesized starting materials to generate a high level of mole-
cular complexity in a one-pot procedure. A total of 14
examples have been synthesized with yields ranging from
31 to 72% and enantioselectivities ranging from 86 to 96%.
Further investigation into the synthesis of other chemical
entities using nitro-Mannich/hydroamination cascades is cur-
rentlyunderway,and theresultswillbe reported induecourse.
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Scheme 2. Synthetic Elaboration of Tetrahydropyridine 5aTable 3. Scope of the One-Pot Enantioselective Nitro-Mannich/
Hydroamination Cascade16

aDetermined by 1H NMR analysis of the crude reaction mixture.
b Isolated yield after flash column chromatography. cdr of the purified
product determined by 1HNMRanalysis. d ee of themajor diastereomer
determined by HPLC anaylsis. eAbsolute and relative stereochemistry
of the major diastereomer was determined by single crystal X-ray
analysis.17 fNo cyclization observed at 100 �C; nitro-Mannich adducts
3o and 4o were recovered.
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