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ABSTRACT: Chiral cyclic amines can be prepared via intramolecular reductive amination of N-Boc-protected amino ketones in
a one-pot process. With the complex of iridium and f-spiroPhos as the catalyst, a range of N-Boc-protected amino ketones are
smoothly transformed into chiral cyclic free amines in high yields and excellent enantioselectivities (up to 97% ee). Moreover,
this method can also be successfully applied to the synthesis of a κ-opioid receptor selective antagonist, (S)-1.

Chiral cyclic amines are ubiquitous and important structural
motifs in natural products and pharmaceutical com-

pounds.1,2 In particular, chiral pyrrolidine and piperidine
derivatives are widely present in many biological active
molecules, for example, nicotine,3 (−)-crispine,4 (S)-1,5 (S)-
coniine,6 PARP-1/2 inhibitor,7 and solifenacin (Figure 1).8

Consequently, asymmetric synthesis of chiral cyclic amines
continuously attracts considerable attention from chemists, and
many approaches to optical substituted pyrrolidines and
piperidines have been developed1a,3b,9 such as asymmetric
reduction of cyclic imine or enamine by biocatalysis,10

organocatalysis,11 and transition-metal catalysis.12 In addition,

intramolecular asymmetric reductive amination (RA) is
regarded as an efficient and concise alternative that is more
direct for obtaining chiral cyclic amines while avoiding the
problematic imine isolation.1a,13−15 To our surprise, there have
been few reports on this method for synthesis of chiral cyclic
amines. Wills’ group first reported the synthesis of piperidine
and azepane derivatives by intramolecular RA under transfer
hydrogenation conditions.14 Although this strategy was efficient
for the synthesis of chiral 1-methyl tetrahyroisoquinoline in
high yields and good enantioselectivities, both 2-substituted
piperidines and azepanes were provided as racemates, and it
particularly failed to obtain 2-substituted pyrrolidines. Sub-
sequently, Turner and co-workers reported dramatically
improved results with a chem-enzymatic route.10a Fan and
co-workers successfully synthesized chiral N-Boc-2-phenyl-
pyrrolidine with 96% ee via a one-pot RA under asymmetric
hydrogenation conditions, but the further complete neutraliza-
tion of the resulted iminium and (Boc)2O were necessary for
high reactivity and enantioselectivity.15 To the best of our
knowledge, the enantioselective direct synthesis of chiral free
cyclic amines including 2-substituted pyrrolidines, piperidines,
and azepanes via asymmetric intramolecular RA has not been
explored and remains a great challenge so far.
Most recently, we developed a novel catalyst ferrocenyl

ligand containing the privileged spirobiindane skeleton,16 f-
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Figure 1. Structures of biologically active compounds and
pharmaceutical drugs containing the chiral cyclic amine moiety.

Letter

pubs.acs.org/OrgLett

© XXXX American Chemical Society A DOI: 10.1021/acs.orglett.7b01828
Org. Lett. XXXX, XXX, XXX−XXX

pubs.acs.org/OrgLett
http://dx.doi.org/10.1021/acs.orglett.7b01828


spiroPhos, which exhibited high efficiency and excellent
enantioselectivity in asymmetric hydrogenation of various
substrates including prochiral cyanoolefins, nitroolefins, un-
saturated carboxylic, and imines.17 Prompted by these
promising results and excellent performance in the asymmetric
hydrogenation of cyclic imines,12g,17e we hypothesize the
enantioselective synthesis of chiral free pyrrolidines and
piperidines via intramolecular RA catalyzed by Ir−f-spiroPhos
complex. Herein we report the highly efficient intramolecular
asymmetric RA of N-Boc-protected amino ketones under
additive-free conditions for the direct preparation of free cyclic
amines with up to 97% ee (Scheme 1).

The N-Boc-protected amino ketone 1a was chosen as the
model substrate for our initial studies, using the complex
generated in situ by [Ir(COD)Cl]2 and (R,R)-f-spiroPhos as
the catalyst under 50 atm of H2 at 50 °C in 1,4-dioxane in the
presence of Ti(OiPr)4, TsOH, and I2. To our delight, the
desired chiral cyclic amine 2a was obtained with 93% ee as the
only product (Table 1, entry 1), which was not consistent with
the results of the Ru−Ts-DPEN catalyst obtained by Will’s

group. It could be attributed to the formation of iminium
avoiding the negative effect from the nitrogen lone pair on
enantioselectivity.14 Remarkably, in the absence of any additive,
slightly higher enantioselectivity, 94% ee, and similar yield were
still achieved (entry 2). It was revealed that additives had no
obvious influence on either the formation of iminium
intermediate or its reduction to chiral cyclic amine 2a.
Gratifyingly, this transformation could be completed in a
shorter time with similar results (entry 3). Adjusting the
reaction temperature, we found that lower temperature could
lead to higher enantioselectivity, 95% ee (entry 4). In addition,
under a lower hydrogen pressure of 10 atm, the full conversion
was also achieved without any erosion of enantioselectivity
(entry 5). However, much lower hydrogen pressure (5 atm)
resulted in an incomplete conversion but maintained
enantioselectivity (entry 6). Besides 1,4-dioxane, tetrahydrofur-
an (THF) was also suitable for this reaction and could provide
full conversion and slightly better enantionselectivity, 96% ee
(entry 7), whereas when dichloromethane, toluene, or
methanol was used as the solvent only imine 3a was afforded,
and no reduced product 2a was observed (entries 8−10). After
careful investigation, it was found that the iminium 3a could be
dissolved in 1,4-dioxane and THF but not in CH2Cl2 or
toluene, which meant that the solubility had a significant effect
on the further conversion of 3a and played the key role in the
conversion of 3a to 2a. Finally, several other chiral phosphine
ligands (Figure 2) including (S)-Binap, (R)-DM-segphos, (R)-

Monophos, (S,S)-f-Binaphane, and chiral ferrocenyl phosphite
L4 were also evaluated, but incomplete conversions of iminium
3a were observed albeit with good to high enantioselectivities
(entries 11−15). These results demonstrated that both
electron-donating and sterically hindered rigid properties of
ligands were presumably critical for the conversion and
enantioselectivity in this transformation. Furthermore, when
the catalyst loading was decreased to 0.2 mol %, the reaction
still proceeded smoothly but a slightly lower enantioselectivity
was obtained, 90% ee (entry 16).
To study the utility of the catalytic system, a range of N-Boc-

protected amino ketones 1 were prepared and applied to this
intramolecular RA under the optimized reaction conditions
(Scheme 2). In general, both the electronic properties and
steric hindrance of the substituent at the para- or meta-position
of the phenyl ring had no evident influence on reactivity and
enantioselectivity. For example, all of the substrates bearing a
Br, Cl, F, or methyl group at the para- or meta-position (1b−j)
could be converted to the corresponding desired products 2b−j
in high yields with excellent enantioselectivities of up to 97%
ee. In comparison, the ortho-substituted substrates 1k and 1l
exhibited lower reactivity and enantioselectivity to provide

Scheme 1. Intramolecular RA of N-Boc-Protected Amino
Ketones under Additive-Free Conditions

Table 1. Optimization of Reaction Conditionsa

entry ligand solvent T (°C) PH2
(atm) 2a/3ad eee (%)

1b,c L1 dioxane 50 50 >99:1 93
2c L1 dioxane 50 50 >99:1 94
3 L1 dioxane 50 50 >99:1 93
4 L1 dioxane 30 50 >99:1 95
5 L1 dioxane 30 10 >99:1 95
6 L1 dioxane 30 5 75:25 96
7 L1 THF 30 10 >99:1 96
8 L1 CH2Cl2 30 10 <1:99 ND
9 L1 toluene 30 10 <1:99 ND
10 L1 MeOH 30 10 <1:99 ND
11 L2 THF 30 10 26:74 88
12 L3 THF 30 10 82:18 92
13 L4 THF 30 10 <1:99 ND
14 L5 THF 30 10 63:37 54
15 L6 THF 30 10 <1:99 ND
16c,f L1 THF 50 50 >99:1 90

aUnless otherwise mentioned, all reactions were carried out for 10 h
with a [Ir(COD)Cl]2/ligand/substrate ratio of 0.5:1.1:100, and 1a was
completely converted. bTi(OiPr)4 (1.1 equiv), TsOH (0.1 equiv), I2
(0.1 equiv). c24 h. dDetermined by 1H NMR. eDetermined by GC
analysis after the cyclic amine was converted into the corresponding
trifluoroacetamide. fS/C = 500.

Figure 2. Structure of chiral phosphine ligands screened.
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chiral cyclic amines 2k and 2l with 87% ee and 91% ee,
respectively, under higher catalyst loading of 2.0 mol %, which
was perhaps due to steric hindrance. The meta-disubstituted
substrates 1m and 1n were also evaluated, and both of them
were fully converted to the corresponding chiral cyclic amines
2m and 2n with 93% ee and 95% ee, respectively. When the
phenyl ring was replaced with a cyclohexyl group (1o), only
moderate enantioselectivity was observed, which was possibly
attributed to the flexibility of the alkyl group. Notably, chiral
six-membered amine 2p could also be obtained with
comparable yield and enantioselectivity of 92% ee from the
corresponding N-Boc-protected amino ketone 1p by this
intramolecular RA. However, the seven-membered substrate
1q only achieved decreased enantioselectivity of 83% ee.
To demonstrate the further application of this approach, we

carried out the experiment on a gram scale using the substrate
1h under a lower catalyst loading of 0.2 mol %, and the free
cyclic amine (S)-2h was smoothly afforded in high yield and
enantioselectivity, 92% ee, which was subsequently converted
to a potent selective antagonist of κ-opioid receptor (S)-1 for
treatment of schizophrenia and other psychotic disorders with
retained enantioselectivity (Scheme 3).5

In summary, an enantioselective direct synthesis of free cyclic
amines via intramolecular reductive amination catalyzed by the
Ir-f-spiroPhos complex under additive-free conditions has been
developed. A range of N-Boc-protected amino ketones were
smoothly transformed into free chiral cyclic amines in high
yields and excellent enantioselectivities of up to 97% ee.

Moreover, this method could be successfully applied to the
asymmetric synthesis of a potent selective antagonist of κ-
opioid receptor (S)-1.
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