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ABSTRACT: The asymmetric functionalization of unstrained C(sp3)−
C(sp3) bonds could be a powerful strategy to stereoselectively reconstruct
the backbone of an organic compound, but such reactions are rare.
Although allylic substitutions have been used frequently to construct C−C
bonds by the cleavage of more reactive C−X bonds (X is usually an O
atom of an ester) by transition metals, the reverse process that involves the
replacement of a C−C bond with a C−heteroatom bond is rare and
generally considered thermodynamically unfavorable. We show that an
unstrained, inert allylic C−C σ bond can be converted to a C−N bond stereoselectively via a designed solubility-control strategy,
which makes the thermodynamically unfavorable process possible. The C−C bond amination occurs with a range of amine
nucleophiles and cleaves multiple classes of alkyl C−C bonds in good yields with high enantioselectivity. A novel resolution strategy
is also reported that transforms racemic allylic amines to the corresponding optically active allylic amine by the sequential conversion
of a C−N bond to a C−C bond and back to a C−N bond. Mechanistic studies show that formation of the C−N bond is the rate-
limiting step and is driven by the low solubility of the salt formed from the cleaved alkyl group in a nonpolar solvent.

■ INTRODUCTION
The ubiquity of saturated C−C bonds in organic molecules
makes the selective functionalization of such bonds an
approach that could change and make more efficient synthetic
strategies.1−11 However, the kinetic and thermodynamic
challenges that confront the mild cleavage of C(sp3)−C(sp3)
bonds make reactions at these positions of molecules rare.
Even less common are enantioselective reactions at such
bonds. Most reported enantioselective reactions occurring at
C(sp3)−C(sp3) bonds arise from strain release of small
rings.12−34 One report by Zhu et al. described a catalytic
process occurring through a rearrangement step and included a
single example of enantioselective cleavage of an unstrained
C(sp3)−C(sp3) bond with high selectivity, but this reaction
occurred in only 27% yield.35 Recently, Zuo et al. described the
deracemization of unstrained alcohols by Ti-catalyzed, photo-
chemical cleavage and reformation of C−C σ bonds, but
focused on the use of special structures and did not introduce a
new bond (Scheme 1A, left).36 Up to now, a protocol to
convert inert C−C σ bonds into thermodynamically less stable
C−heteroatom bonds stereoselectively remains undeveloped
(Scheme 1A, right).
Asymmetric allylic substitution catalyzed by transition-metal

complexes has become a common transformation in organic
synthesis.37−51 Generally, a carbon−oxygen bond vicinal to an
alkene unit cleaves to release a leaving group and form the
critical allyl metal intermediate. The inherent inertness of a C−
C bond and relatively high reactivity of C−heteroatom bonds
toward transition metals causes conventional studies of this
process to focus on the conversion of allylic C−O bonds into
allylic C−C bonds (Scheme 1B). Although a few prior studies

revealed the cleavage of unstrained allylic C−C bonds, no C−
heteroatom bond was constructed from these reactions, and no
stereocenter was introduced at the allylic position.52−57 If this
general sequence for reactions at allylic C−C bonds could be
reversed, then one could cleave unstrained allylic C−C bonds
to form C−heteroatom bonds and broaden the scope of C−C
bonds that can be considered to be reactive positions of
organic molecules.
Recently, we reported the stereoselective replacement of one

allylic C−C bond by another C(sp3)−C(sp3) bond by a Pd-
catalyzed kinetic resolution and a Pd-catalyzed dynamic kinetic
asymmetric transformation.58 The driving force for this
exchange of C−C bonds resulted from the difference in
thermodynamic stability of the anionic form of the carbon-
based nucleophile and the carbon-based leaving group.
However, we were unable to achieve the enantioselective
synthesis of a C−X (X = heteroatom) bond from a C−C bond
by this strategy due to the unfavorable stability of the
respective leaving groups and nucleophile. We envisioned that
continuous removal of the carbon-based leaving group from
the reaction solution could enable the formation of C−X bond
from a C−C bond (Scheme 1C).
We report the realization of this strategy as an asymmetric

amination that occurs by the cleavage of a C(sp3)−C(sp3)
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bond and the removal of the carbon-based leaving group. This
protocol enables the replacement of an inert C−C σ bond by
the C−N bond to a variety of amines, including primary
amines, secondary amines, and N-heteroaryl amines in
moderate to good yield and with high enantioselectivity.
Even a mixture of four stereoisomers of the starting alkenes is
converted into a single stereoisomer by this C−C bond
amination. This strategy, combined with typical allylation, also
provides a novel resolution of racemic allylic amines to a single
corresponding enantiomer. Mechanistic studies show that
formation of the C−N bonds is likely the turnover-limiting
step and is driven by the low solubility of the cleaved carbon
salt in nonpolar arene solvents.

■ RESULTS AND DISCUSSION
Reaction Development. We initiated studies of the C−C

bond amination by conducting reactions with racemic 1a
bearing a malonate as a carbon leaving group and morpholine
2a as the nucleophile, inorganic Cs2CO3 as the base, and
MTBE as the solvent with a palladium catalyst. A set of chiral
JosiPhos-type bisphosphines were evaluated first as the ligand
on palladium (Table 1, entries 1−11). The reaction with L1 as
the ligand formed the expected allylic amination product 3a in
37% yield but with no enantioselectivity (entry 1). Reactions
with catalysts containing other JosiPhos ligands provided
similar results with varying yields and enantioselectivities (less
than 81:19 er, entries 2−10 and see SI for more details) of 3a.
The reaction with L11 formed 3a in only 10% yield, but it did
occur with a high 94:6 er (entry 11). Increasing the amount of
nucleophile 2a increased the conversion to form 3a in 22%
yield with 95:5 er (entry 12).

Because the cleaved malonate leaving group is also a
nucleophile and the allylic C−C bond is thermodynamically
more stable than the allylic C−N bond, the formation of a C−
C bond over the C−N bond by the allyl intermediate is
favored and accounts for the low yields.59−63 For this reason,
we considered that a strategy to override the thermodynamic
preferences by controlling the concentrations might provide a
solution to this challenge. A reduction in the solvent polarity
could reduce the solubility of the malonate salt produced by
the reaction, thereby favoring the amination process. Thus, we
conducted the reaction in several nonpolar solvents and found
that the yield of 3a increased to over 60% in both cyclohexane
and mesitylene solvents with only a slight erosion of
enantioselectivity (entries 13−14). In contrast, reactions in
MeOH as a solvent generated 3a in only 18% yield (entry 15).
The reaction in MeOH also occurred with low enantiose-
lectivity, presumably because of the facile racemization of the
allylic amine product in protic solvents in the presence of the
palladium catalyst. Ultimately, the reaction in ethylbenzene
provided 3a in good yield and with good er (entry 16), and
reactions with different bases (see Supporting Information for
details) showed that those with KOtBu as base formed 3a in
86% yield and with 95:5 er (entry 17).

Scheme 1. Asymmetric C(sp3)−C(sp3) Bond
Functionalization and Our Strategy

Table 1. Reaction Development for Asymmetric C−C
Amination

Entrya L Solvent Yield (%) er

1 L1 MTBE 37 50:50
2 L2 MTBE 4 55:45
3 L3 MTBE 10 30:70
4 L4 MTBE 32 75:25
5 L5 MTBE 34 19:81
6 L6 MTBE 30 72:28
7 L7 MTBE 41 69:31
8 L8 MTBE 76 40:60
9 L9 MTBE 12 75:25
10 L10 MTBE 72 58:42
11 L11 MTBE 10 94:6
12 L11 MTBE 22 95:5
13 L11 cyclohexane 61 90:10
14 L11 mesitylene 69 82:18
15 L11 MeOH 18 53:47
16b, L11 PhEt 56 91:9
17b,c, L11 PhEt 86 95:5

aThe reaction was carried out in 0.10 mmol scale. The yield was
determined by 1H NMR. The er was determined by HPLC analysis.
b2a (3 equiv) was used. cPhEt (0.5 M) was used as the solvent.
dKOtBu was used instead of Cs2CO3. Isolated yield.
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Scope of the Unstrained C−C σ Bond Amination.
Having identified conditions for enantioselective C−C bond

amination in high yield and er, the scope of the reaction was
examined, and the results are summarized in Scheme 2. A

Scheme 2. Scope for C−C σ Bond Aminationa

aIsolated yield. The ee was determined by HPLC analysis. bMorpholine 2a (1.0 equiv) as the nucleophile was used. c[Pd(allyl)Cl]2 (4 mol %), L11
(8.8 mol %), NaBArF4 (8.8 mol %), and 2 (5 equiv) were used. dp-Xylene was used as the solvent. ePd(allyl)Cl]2 (4 mol %), L11 (8.8 mol %), and
NaBArF4 (8.8 mol %) were used. fNucleophile (1.0 equiv), electrophile (2.0 equiv), and ligand L16 were used. See SI for more detailed conditions.
gCs2CO3 was used.

hThe reaction temperature was 0 °C. i2 (5 equiv) was used.
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series of secondary amines, including morpholine, piperazine,
and tetrahydroisoquinoline, underwent the C−C bond
amination smoothly, affording the corresponding products
3a−3c in 52−86% yield and 93:7−95:5 er (Scheme 2A). An
excess of amine as nucleophile was not always necessary. The
reaction with 1.0 equiv of morpholine 2a at the allylic C−C
bond formed 3a in a yield (62%) that was only slightly lower
than that with 3.0 equiv and with the same 95:5 er. The
reaction also occurred with N−H bonds of aromatic
heterocycles to form the corresponding amination products
3d−3e in reasonable yields and with good enantioselectivity
(Scheme 2B). In addition, a set of primary amines containing
arenes, ethers, acetals, and small rings reacted to replace the
malonate moiety in the alkenes and form the corresponding
chiral allylic amines in moderate to good yields and with high
enantioselectivities (Scheme 2C, 3f−3l).
In addition to these diaryl-substituted alkene electrophiles, a

series of unsymmetric arylalkyl-substituted alkenes were
suitable for C−C bond amination (Scheme 2D, 3m−3p). In
this case, two equivalents of alkene were required to guarantee
the observation of reasonable yields for the transformation. For
example, with the unsymmetric racemic alkene 1e as the
electrophile, product 3o was prepared smoothly in 72% yield
with 95:5 er by this C−C σ-bond functionalization. When an
alkene bearing two aryl substituents featuring different
electronic characters was used as the substrate, the

regioselectivity of corresponding allylation favored the site
vicinal to the electron-deficient group, but the related
enantioselectivity was difficult to be controlled (see Supporting
Information for details).
In addition to alkenes containing a malonate group, alkenes

bearing other 1,3-dicarbonyl groups (1f, 1g) underwent
aminations at the allylic C−C bond (Scheme 2E). A
nucleophile containing an amine and a heteroaryl N−H
bond reacted exclusively at the amine to form product 3q in
67% yield with 96:4 er. As observed with malonate
nucleophiles, a racemic mixture of all four stereoisomers of
substrate 1h reacted with an amine to form one enantiomer of
chiral amine 3a with high stereoselectivity (Scheme 2F). This
conversion of four stereoisomers into one was further
highlighted by the conversion of two additional diastereomeric
mixtures (1i and 1j) to form the same amination product 3d in
around 60% yield with 98:2 er. The similarly high
enantioselectivity of 3d from reactions at different allylic C−
C bonds (1a, 1i, and 1j) indicates that the same allyl-Pd
intermediate forms without the involvement of the cleaved
alkyl nucleophiles.
To illustrate the value of this alkyl C−C bond amination

reaction in synthetic applications, a series of transformations
shown in Scheme 3 were conducted. First, the aminations of
alkyl C−C bonds were run in the opposite direction as
reactions that form C−C bonds from C−N bonds. The

Scheme 3. Applications of C−C σ Bond Aminationa

aSee the Supporting Information for detailed reaction conditions. Isolated yield. The er was determined by HPLC analysis.
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optically active compound 1f was previously prepared from
allylic amine 3r by the Tsuji-Trost reaction.59 Now, by our
protocol, the reverse reaction forms the C−N bond in 3r by
cleavage of the C−C bond in 1f (Scheme 3A). Second, we
developed a protocol to transform racemic allyl amines into
enantioenriched versions of the same amine by a two-step
resolution. For example, rac-3s was converted into rac-1f by

allylic substitution and then subject to asymmetric C−C bond
amination to regenerate 3s, but in highly enantioenriched form
(Scheme 3B). Third, this asymmetric C−C bond cleavage can
facilitate the synthesis of medicinally relevant compounds. For
example, as shown in Scheme 3C, a histone deacetylase
(HDAC) inhibitor was prepared by a two-step sequence in
which the substrate for asymmetric C−C bond functionaliza-

Scheme 4. Mechanistic Studies
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tion rac-1d was prepared from alkenyl halide 4 and unsaturated
carbonyl ester 5 by Michael addition, and subsequent
asymmetric amination at the C−C bond led to the generation
of 3t, which was converted to the enantioenriched HDAC
inhibitor 7.64 Previously, 3t was prepared in only 8% yield and
in racemic form from enone 8.64

Preliminary Mechanistic Studies. To gain experimental
information about the mechanism of this C−C bond
amination, a series of studies were conducted (Scheme 4).
First, the initial rates for the reactions of enantioenriched
electrophile 1a with morpholine 2a under the standard
conditions were measured. The initial rate of the trans-
formation of matched allyl malonate (S)-1a to form the
product (R)-2a is about 4.6-times faster than that of the
mismatched malonate (R)-1a (Scheme 4A), suggesting that
both enantiomers of 1a are readily converted to product 3a.
Meanwhile, when enantioenriched (S)-and (R)-1a were
exposed to the catalyst without nucleophile 2a, both
enantiomers racemized (Scheme 4B). These results indicate
that the amination occurs by an identical π-allyl-Pd
intermediate. A full profile of the model reaction between
racemic 1a and amine 2a for the preparation of enantioen-
riched 3a also was obtained and is shown in Scheme 4C. The
ee of unreacted substrate 1a increased with the consumption of
1a, while the ee of product 3a was nearly constant during the
reaction. These data indicate that both matched and
mismatched isomers of 1a react by identical enantiodetermin-
ing transition states.
Experiments to probe a relationship between the enantio-

purity of L11 and that of product 3a showed that the
relationship was within experimental error of linear. This result
implies that the reaction occurs with a mononuclear Pd and a
chiral ligand as the catalyst (Scheme 4D). The slope of a
Hammett plot in Scheme 4E that reveals the effect of the
electronic properties of the aryl group in the alkene
electrophile on the reaction was negative (ρ = −1.38),
indicating that a positive charge accumulates in the allyl
group in the intermediate. In addition, the kinetic orders of
reactants, catalyst, and base (Scheme 4F) showed that the
reaction is first order in the nucleophile 2a and catalyst, but
zero order in the electrophile 1a and base. These data imply
that the step that forms the amine product from reaction of the
Pd-allyl intermediate and the neutral amine nucleophile 2a is
rate determining. To further support the C−C activation
process, the alkene substrate 1a was treated with 1.0 equiv of
the palladium catalyst (Scheme 4G). The in situ 31P NMR
spectra showed that the expected allyl-Pd/L11 complex (int-
2) was formed as the major species in the reaction.
Finally, evaluation of the solubility of the potassium salt of

the malonate, which would be generated from reaction of the
cleaved malonate and KOtBu, showed that its solubility in the
ethylbenzene solvent was low (S < 1.6 × 10−5 M). This value is
consistent with our observation that the solution gradually
turned from clear to cloudy as the reaction progressed
(Scheme 4H). To confirm the identity of the precipitate, the
model reaction was conducted under standard conditions, and
the corresponding malonate potassium salt was isolated and
identified and collected in about 80% yield (Scheme 4I). Thus,
such an intriguing concentration-control pathway facilitated
the formation of the C−N bond.
These data are all consistent with the mechanism shown in

Scheme 5. The alkene 1a first binds to the low-valent Pd(0)
containing the chiral ligand to provide the Pd-alkene

complexes int-1 and int-1’, which then undergo oxidative
addition to form the same matched Pd-allyl complex int-2. In
this process, exchange of the malonate anion with the anion of
KBArF4 produces the potassium salt of the malonate, which
precipitates from the nonpolar reaction solvent. Rate-limiting
nucleophilic attack of the allyl complex int-2 by morpholine
affords the allyl ammonium int-3, which forms the product
after deprotonation, and regenerates the Pd(0) catalyst.

■ CONCLUSION
In conclusion, an asymmetric amination of a set of unstrained
C(sp3)−C(sp3) bonds has been achieved. In this process, an
unstrained alkyl C−C bond is replaced by a thermodynami-
cally less stable C−N bond in moderate to good yields with
high enantioselectivities driven by the exclusion of the
malonate anion from solution. The C−C amination occurs
with several classes of amines, and its synthetic value is
illustrated by its application to the concise stereoselective
synthesis of an HDAC inhibitor. With the combination of a
Tsuji-Trost reaction and a C−C σ bond amination, a simple
two-step resolution of a racemic allyl amine to the
corresponding enantioenriched allylic amine was also achieved.
Mechanistic studies show that the transformation occurs by
rate-limiting C−N bond formation and is driven thermody-
namically by the low solubility of the cleaved alkyl salt in a
nonpolar solvent.
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