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ABSTRACT: An unprecedented method that enables the direct transformation of unprotected secondary aliphatic amines into
functionalized N-heterocycles in the absence of transition metals was developed. The activation of these NH-free amines by the
iodonium ylide induces a site-selective β-C−H malonylation process, allowing the construction of three σ-bonds and one π-
bond in a simple operation.

Transformation of amines is fundamentally important in
broad chemical contexts, such as organic synthesis,

pharmaceutical industries, and materials science. While the
functionalization of inert C(sp3)−H bonds of amines is a
straightforward strategy, current methods are largely incom-
patible with unprotected aliphatic amines because they not
only deactivate transition metals but also readily undergo
deterioration under oxidative conditions.1 In this context, the
vast majority of established methods focused on the α-C−H
functionalization of tertiary amines (often N-aryl)2 or
protected cyclic amines (Figure 1a).1,3 The second important
strategy, transition-metal-mediated C−H functionalization,
frequently involves the installation of a protecting or auxiliary
group, converting a free amino group to an amide.4 These
tailored directing groups guide the C−H functionalization
processes to take place at the γ- or δ-position of amine
derivatives via a 5- or 6-membered metallacyclic intermediate
(Figure 1b). Other noteworthy strategies include the formation
of a transient directing group5 or the complexation of the
amine to a Lewis or Brønsted acid.6 The latter complexation
deactivates the C−H bonds proximal to the nitrogen, thus
directing functionalization of C−H bonds at more distal
positions.
Despite these significant progresses made in the trans-

formation of amines, β-functionalization of unprotected
secondary aliphatic amines is rare yet remains an elusive
problem.7 A more ideal solution to this problem is the direct β-
functionalization of unprotected aliphatic amines in the
absence of transition metals. Although the presence of an
N−H bond remarkably increases the challenge associated with
this transformation, the further exploitation of the free-NH
functionality could potentially transform aliphatic amines into
N-heterocycles.

Recently, we found that iodonium ylides could react with
aromatic amines to achieve N- and α-functionalization
reactions.8,9 However, without an aromatic-ring-stabilized
effect, the numerous attempts to use aliphatic amines in the
presence of iodonium ylides are not successful,9 probably
owing to the difficulties in manipulating the highly unstable
intermediates and differentiating multiple C(sp3)−H bonds.

Received: November 24, 2019

Figure 1. Different strategies in the transformation of amines.
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Herein, we report an unprecedented transformation that
directly generates functionalized N-heterocycles from unpro-
tected secondary aliphatic amines via a β-C−H malonylation
process (Figure 1c).
At the outset of our study, a model reaction of dicyclohexyl-

amine and iodonium ylide was investigated (Table 1). Initially,

a range of different solvents were tested. The experimental
results indicate that this reaction was quite dependent on
solvent since 1,4-dioxane gave a promising result, while the
desirable reaction did not proceed well in the other tested
solvents (Table 1, entries 1−9). Then we evaluated the
temperature effect on this cyclization reaction (Table 1, entries
10−13). The reaction can be significantly accelerated upon
being conducted at an elevated temperature. For instance, the
cyclization reaction was finished within 25 min at 70 °C, and
the desirable product 3a was obtained in 71% yield (Table 1,
entry 12). The further investigation of the concentration and
amount of iodonium ylide (Table 1, entries 14−15) enabled
the establishment of an optimal reaction condition. As the
double bond of product 3a tends to isomerize to form 3a′, 3a
was converted to 3a′ in the presence of a Brønsted acid, such
as CH3SO3H, CF3SO3H, TsOH·H2O, and CF3CO2H, etc., in a
range of frequently used solvents (see the Supporting
Information for details). The optimal condition of isomer-
ization was established when 3a was treated with CF3CO2H in
methanol and 3a′ was obtained in 84% yield.
With the optimized reaction conditions, the scope of

secondary aliphatic amines was investigated. Initially, a range
of acyclic amines bearing one or two alicyclic substitutions
were examined in this cyclization reaction (Scheme 1, amines
1a−1i). As a result, a diverse array of bicyclic N-heterocycles
(3a−3i) was constructed. The alicyclic substitutions (1c−f)
are flexible, thus generating a range of prevalent bicyclic N-
heterocyclic scaffolds in a distinct way.

Previous studies showed that the open-chain acyclic
secondary aliphatic amines constantly cause problems, and
they were generally not tolerated in the C−H functionalization
processes.1−3 Then open-chain acyclic amines were inves-
tigated (Scheme 2). The experimental results revealed that
these previously problematic amines (1j−1p) could be
tolerated in this transformation, affording a range of function-
alized γ-lactams (3j−3p). Powerfully, even using an aliphatic
amine as simple as N-methylisopropylamine (1j), the desirable
transformation was successful to give a γ-lactam product (3j).
This highly concise feature makes this approach attractive in
the synthesis of γ-lactams. Furthermore, as shown in Scheme 3,
piperidine derivatives (1q−1s) could be used as effective
substrates to give tetrahydroindolizinones 3q−3s, thus
providing a distinct access to this widely distributed scaffold.
Despite the presence of similar β-C−H bonds in several

aliphatic amines, unconventional site selectivity was obtained
as the malonylation reaction exclusively took place at the β-
carbon adjacent to a more steric tertiary α-carbon bearing less
acidic hydrogen. As three σ-bonds and one π-bond were

Table 1. Optimization of Reaction Conditionsa

entry solvent T (°C) t (h) yield (3a %)b

1 DCM 40 12 <5
2 DCE 40 12 <5
3 THF 40 12 <5
4 CH3CN 40 12 <5
5 toluene 40 12 <5
6 CH3OH 40 12 <5
7 ethyl acetate 40 12 <5
8 1,4-dioxane 40 12 23
9c other solvents 40 12 <5
10 1,4-dioxane rt 12 <5
11 1,4-dioxane 50 2.5 63
12 1,4-dioxane 70 0.4 71
13 1,4-dioxane 80 0.3 64
14d 1,4-dioxane 70 0.4 64
15e 1,4-dioxane 70 0.4 29

aUnless otherwise noted, all the reactions were carried out with 1a
(0.3 mmol) and 2 (0.9 mmol) in 1.0 mL of solvent. bIsolated yield.
cEt2O, i-PrOH, hexane, and DMF were used. d1.2 mmol of 2 was
used. e0.6 mmol of 2 was used.

Scheme 1. Scope of Acyclic Amines Bearing Alicyclic
Substitutiona,b

aUnless otherwise noted, all the reactions described in Schemes 1−3
were carried out with 1 (0.3 mmol) and 2 (0.9 mmol) in 1.0 mL of
1,4-dioxane at 70 °C (see the Supporting Information for details).
bIsolated yield. c1.0 mL of 1:1 1,4-dioxane/toluene was used. d3g′
was obtained through treatment of corresponding 3g with TsOH·
H2O in toluene at 100 °C.
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formed in this complicated transformation, the overall yields of
the final products were obtained in a reasonable range
considering the efficiency of the per chemical bond. However,
ketoester-derived iodonium ylides could not been tolerated

under the optimized reaction conditions. Furthermore, the use
of diethylamine-type secondary amines that lack an α-tertiary
carbon are unsuccessful to give the desired lactam products.
As shown in Scheme 4, the further transformation of

product, i.e., 3a′, was carried out. The ester groups could be

easily removed to give a valuable lactam product 4 in 84% yield
(see the Supporting Information for details).
Based on the obtained data and our previous studies on

iodonium ylide chemistry,8,9 a plausible mechanism was
depicted in Scheme 5. Initially, an electron-transfer process

occurs between the halogen-bonding complexes (M1) of an
amine and an iodonium ylide, generating a radical ion pair
(M2). The proton transfer between a radical ion pair generates
a nitrogen-centered radical M4 and a precursor of the malonyl
radical M3. Subsequently, iodonium ylide selectively abstracts
a hydrogen atom from the α-C−H bond of M4 to give an
enamine intermediate M5, which is trapped by a malonyl
radical in situ generated from M4 upon losing one molecule of
iodobenzene. It has been reported that α-aminoalkyl radicals
are strongly reducing species.10 The α-aminoalkyl radical M6
could be oxidized by the iodonium ylide to generate

Scheme 2. Scope of Open-Chain Acyclic Aminesa

aIsolated yield. b1.0 mL of 1:1 1,4-dioxane/toluene was used. cThe
reaction was run at 60 °C. d3m′ was obtained through treatment of
the corresponding 3m with TsOH·H2O in toluene at 100 °C.

Scheme 3. Transformation of Piperidine Derivativesa

aIsolated yield. bThe reaction was run in 1.0 mL of 1:1 1,4-dioxane/
toluene.

Scheme 4. Synthetic Transformation

Scheme 5. Proposed Reaction Pathway
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carbocation M7. The further proton transfer between M7 (or
M7′) and the radical anion gives enamine M8. ESI-HRMS
analysis of the reaction mixture in toluene found a strong signal
at 310.2018, suggesting the presence of enamine M8 or its
corresponding imine (calcd [M + H]+ 310.2018). The
intramolecular cyclization of enamine M8 gives M9. Finally,
an amine-catalyzed umpolung coupling reaction generates N-
heterocyclic product 3. It should be noted that the reported
approach to this type of umpolung coupling reaction requires
the presence of a halogen-bonding activator.11

In conclusion, we have established an unprecedented
approach to N-heterocycles through site-selective β-malonyla-
tion of a diverse array of unprotected secondary aliphatic
amines with iodonium ylide. In this transformation, iodonium
ylide alone can manage all the distinct bond-formation events
through properly manipulating the highly unstable intermedi-
ates. As this approach provides a very concise way to
synthesize N-heterocycles, we expect this method will find
significant utility in medicinal and synthetic chemistry.
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