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ic substitution–isomerization to
axially chiral enamides via hydrogen-bonding
assisted central-to-axial chirality transfer†

Chao Sun,‡a Xiaotian Qi,‡b Xiao-Long Min,a Xue-Dan Bai,a Peng Liu *bc

and Ying He *a

Axially chiral enamides bearing a N–C axis have been recently studied and were proposed to be valuable

chiral building blocks, but a stereoselective synthesis has not been achieved. Here, we report the first

enantioselective synthesis of axially chiral enamides via a highly efficient, catalytic approach. In this

approach, C(sp2)–N bond formation is achieved through an iridium-catalyzed asymmetric allylation, and

then in situ isomerization of the initial products through an organic base promoted 1,3-H transfer,

leading to the enamide products with excellent central-to-axial transfer of chirality. Computational and

experimental studies revealed that the 1,3-H transfer occurs via a stepwise deprotonation/re-protonation

pathway with a chiral ion-pair intermediate. Hydrogen bonding interactions with the enamide carbonyl

play a significant role in promoting both the reactivity and stereospecificity of the stepwise 1,3-H

transfer. The mild and operationally simple formal N-vinylation reaction delivered a series of

configurationally stable axially chiral enamides with good to excellent yields and enantioselectivities.
Introduction

Asymmetric isomerization of allylic compounds has attracted
great attention from synthetic chemists due to its 100% atom
economy.1–3 Typical approaches for this transformation are ach-
ieved through the transition metal-mediated [1,3]-hydride trans-
fer catalysis. With the development of the area, organic molecule
catalysis has enabled efficient enantioselective [1,3]-allylic rear-
rangements since 2010.4–13 In this case, [1,3]-H (proton) transfer
would occur in the presence of an organic base catalyst. Very
recently, the detailed mechanistic studies of stereospecic [1,3]-
allylic rearrangements showing chirality transfer were reported
by Paton and co-workers.14 Exemplied by base-catalyzed [1,3]-
rearrangement of arylindenols, they proposed that a suprafacial
prototopic shi is mediated by the amine base; and the chirality
transfer is achieved through a resilient contact ion-pair held
together by electrostatic attraction and an NH/p interaction
(Fig. 1a). Alternatively, cognizant of signicant role of hydrogen-
bonding interactions in asymmetric olen isomerization,15 we
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were intrigued by the effect of hydrogen-bonding interactions of
stereospecic [1,3]-allylic rearrangements.

Recently, we became interested in the construction of axially
chiral styrenes. While axially chiral styrenes were proposed as
intermediates of interest in the study of chirality transfer decades
ago,16 only recently have strategies for their enantioselective
synthesis been disclosed (Fig. 1b).17–23 Inspired by stereospecic
[1,3]-H transfer strategy, we envisioned the preparation of axially
chiral styrenes from enantioenriched allylic compounds. N-
substituted bulky anilide derivatives have attracted much atten-
tion as important atropoisomeric compounds with a N–C chiral
axis.24–32 In 2016, Curran and co-workers prepared a collection of
axially chiral enamides in racemic form andmeasured the rate of
racemization for chromatographically-separated enantiomers.
The authors concluded that, in many cases, enantioenriched
enamides are congurationally-stable for periods of days to
weeks at room temperature and may serve as building blocks of
interest for asymmetric synthesis and construction of molecular
gears and machines.33 Despite their potential applications and
inherent interest, access to these compounds remained limited
to resolution by chiral chromatography. Catalytic enantiose-
lective synthesis of this new class of axially chiral compounds
would constitute a highly desirable synthetic process.

In this scenario, we wondered whether axially chiral enam-
ides could be synthesized via stereospecic [1,3]-H transfer. In
this case, [1,3]-H transfer would occur via a stepwise
deprotonation/re-protonation pathway with a chiral ion-pair
intermediate. Hydrogen bonding interactions with the enam-
ide carbonyl would play a signicant role in promoting both the
Chem. Sci., 2020, 11, 10119–10126 | 10119
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Fig. 1 Central-to-axial chirality transfer inspired by [1,]-H transfer
strategy.

Table 1 Optimizations of reaction conditionsa

Entry Variation from standard conditions eeb (%) Yieldc (%)

1 None 92 88
2 L2 instead of L1 as ligand — Trace
3 L3 instead of L1 as ligand 13 <5%
4 L4 instead of L1 as ligand — Trace
5 L5 instead of L1 as ligand �80 —
6 L6 instead of L1 as ligand 72 33
7 Et3N instead of DBU as base 89 33
8 DABCO instead of DBU as base 88 35
9 TBD instead of DBU as base 86 37
10 1,4-dioxane instead of THF as solvent 91 86
11 Toluene instead of THF as solvent 87 64
12 –OBz instead of –OCOOMe 93 38
13 –Cl instead of –OCOOMe –3 46
14 –OPO(OEt)2 instead of –OCOOMe 50 42
15 –OBoc instead of –OCOOMe 89 34

a Reaction conditions: all reactions were run on 0.1 mmol scale with
respect to 1. b ee determined by chiral HPLC. c Isolated yield. DABCO
¼ 1,4-diazabicyclo[2.2.2]octane, DBU ¼ 1,8-diazabicyclo[5.4.0]undec-7-
ene, TBD ¼ 1,5,7-triazabicyclo[4.4.0]dec-5-ene.
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reactivity and stereospecicity of the stepwise [1,3]-H transfer
(Fig. 1c). More importantly, enantioenriched allylic amides
could be easily synthesized by classic iridium-catalyzed asym-
metric allylation.34–42 Due to the basic conditions of the reaction
system, we expected that in situ isomerization43,44 of the enan-
tioenriched allylic products by an organic base would lead to the
axially chiral enamides via “one-pot” two steps process (Fig. 1d).

Nevertheless, at the outset of our studies we anticipated
several challenges of nding conditions to achieve our goal of
developing a catalytic, enantioselective synthesis of axially-
chiral enamides: (1) the products must be obtained with high
enantioselectivity, regioselectivity and geometrical (Z/E) selec-
tivity; (2) the weakly acidic intermediate (more weakly acidic
than previously reported substrates for base-mediated chirality
transfer) must be deprotonated and re-protonated with high
stereochemical delity via chiral ion pair; and (3) high
temperatures and other harsh conditions must be avoided to
suppress racemization of the enantioenriched product. Here we
report the rst catalytic synthesis of axially chiral enamides
using a combination of iridium-catalyzed allylation and base-
mediated central-to-axial chirality transfer.
10120 | Chem. Sci., 2020, 11, 10119–10126
Results and discussion
Optimized conditions

With these considerations in mind, we initiated our studies by
examining the reaction of cinnamyl carbonate (1a) and 2-qui-
nolinol (2a) using in situ generated iridacycle catalyst (Table 1, see
ESI for details†). To our delight, the reaction proceeded smoothly
under the “standard conditions”, affording the desired product
3a in 88% yield with 92% ee using L1 as a ligand (Table 1, entry
1). Upon switching the ligand to L2–L6 did not yield the product
3a efficiently (entries 2–6). The use of different bases such as
Et3N, DABCO and TBD led to diminished enantioselectivities and
yields (entries 7–9). Examination of solvent effect revealed that
compatible yield and enantioselectivity of 3a was obtained
(entries 10 and 11). The leaving groups of 1a such as –OBz and
–Boc led to good enantioselectivities but low yields of 38% and
34%, respectively (entries 12 and 15). A dramatically low ee of
�3% and 50% were obtained using –Cl and –OPO(OEt)2 as the
leaving group in substrate 1a.
This journal is © The Royal Society of Chemistry 2020
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Substrate Scope of Reaction

With the optimized conditions in hand, we next explored the
substrate scope of the reaction (Table 2). In general, C–H ami-
nation of a variety of substituted cinnamyl carbonates are well
tolerated under optimized conditions. For example, reactions
Table 2 Substrate scopea

a Reaction conditions: all reactions were run on 0.1 mmol scale with res
products were obtained with more than 20 : 1 of Z/E.

This journal is © The Royal Society of Chemistry 2020
with a range of para-substituted cinnamyl carbonates bearing
electron-neutral, electron-donating, and electron-withdrawing
groups proceeded efficiently to afford the corresponding prod-
ucts in 90–97% ee with 80–95% yield (3a–3f). Cinnamyl
carbonates containing the meta-substituted, electron-poor, and
electron-rich substituents also gave us high ee of 90–91% with
pect to 1a. ee determined by chiral HPLC. Isolated yield. Unless noted,

Chem. Sci., 2020, 11, 10119–10126 | 10121
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85–97% yield (3g–3j). Difunctionalized cinnamyl carbonate was
compatible with the reaction, leading to the desired product in
90% ee with 93% yield (3k). To our disappointment, a lower ee
of 18% was obtained using substrate 1 bearing ortho-substit-
uent of aryl group (3l). Remarkably, reaction tolerated bulky
substituent in 1, affording the desired products in 89–90% ee
(3m and 3n). Notably, the reaction was not limited to aryl
moieties of substrate 1; it was also amenable to the heterocyclic
Fig. 2 Control experiments and deuterium labeled experiment.

Fig. 3 Free energy profiles of central-to-axial chirality transfer through D
311++G(d,p)/SMD(THF)//M06-2X/6-31G(d)/SMD(THF) level of theory.

10122 | Chem. Sci., 2020, 11, 10119–10126
rings that afforded the desired products in 94–96% ee with 84–
95% yield (3o and 3p). However, the product 3q was obtained in
slightly lower ee (70%) with 66% yield. In addition, the absolute
conguration of 3f was determined by single X-ray crystallo-
graphic analysis, and others were assigned by analogy to 3f.

With respect to 2-quinolinol scope, we investigated the
generality of this reaction. As depicted in Table 2, the electronic
properties of substituents on 2-quinolinol have a signicant
effect on the enantioselectivity. Substrates 2 bearing substitu-
ents at C8, C7, C6 and C4 positions were well tolerated,
affording products in 86–92% ee with 69–98% yield (3r–3x and
3z). However, the use of substrate 2 processing electron-
withdrawing group at C4 position gave the product in 75% ee
(3y). Several 2-quinolinol analogues were then investigated in
our catalysis system. Expectedly, the reaction of 2-quinoxalinol
with 1a proceeded readily to afford 3a0 in 86% ee with 96% yield.
In addition, the reaction of cinnamyl carbonate with 5,6,7,8-
tetrahydroquinolin-2(1H)-one resulted in the desired product in
99% ee with 72% yield (3b0). Moreover, the reaction is not
limited to 2-quinolinol derivatives; substrates such as pyridin-
2(1H)-one analogues were tolerated, affording the axially chiral
enamides 3c0–3f0 in up to 99% ee. It's worth noting that the
reaction tolerates the functionalized substrates affording the
products 3g0–3i0 in 98–99% ee.

Since quinolinols represent a vital class of heterocyclic units
that are extensively utilized in natural products and
BU-promoted [1,]-H transfer. All energies are calculated at M06-2X/6-

This journal is © The Royal Society of Chemistry 2020
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pharmaceuticals,45–47 decoration of bioactive molecules has
been carried out. For example, brexpiprazole and aripiprazole,
as antipsychotic medications, are used to treat the symptoms of
schizophrenia. Under our conditions, they are readily func-
tionalized to afford 3j0 and 3k0 in 92% ee and 94% ee, respec-
tively. A PDE3 inhibitor, cilostamide, could also undergo
atroposelective vinylation to generate axially chiral enamide 3l0

in 92% ee, albeit with 48% yield. The reaction also tolerates
a cilostazol derivative which afforded 3m0 in 90% ee. Having
established the atroposelective vinylation process for the
construction of axially chiral enamides, we next explored the
preparative-scale synthesis of product 3a. As a result, the
product was obtained in 91% ee with 73% yield, suggesting that
this method has the potential for large-scale chemical produc-
tion (see ESI for details†).
Fig. 4 Free energy profile for the formation of E-alkene (E)-3a
through 1,3-H transfer. All energies are calculated at M06-2X/6–
311++G(d,p)–SMD(THF)//M06-2X/6-31G(d)–SMD(THF) level of
theory.
Mechanistic studies

In an effort to gain more insight into the reaction mechanism,
deuterium labeling and control experiments were carried out.
To our delight, allylic product 4a could be obtained by omitting
DBU and conducting the reaction using in situ generated iri-
dacycle catalyst under near-neutral conditions (Fig. 2, eqn (1)).48

The subjection of 4a, isolated in 95% ee, to DBU resulted in
efficient and stereospecic isomerization (>99% es) to deliver 3a
in 95% ee with full conversion (eqn (2)); and no isomerization
product was obtained in the absence of base. Determination of
the absolute stereochemistry of 4a49 and 3a indicated that re-
protonation occurred on the face from which deprotonation
initially occurred, consistent with a [1,3]-H transfer mechanism
involving a contact ion pair (eqn (2), see ESI for details†).14 High
levels of deuterium transfer (>90% D of 6 from 99% D of 5, eqn
(3)) were also consistent with reactions previously proposed that
take place through an ion pair intermediate (see ESI for
details†).14

To further clarify the origin of the high levels of stereo-
specicity during the central-to-axial chirality transfer, density
functional theory (DFT) calculations were performed to study
the DBU-promoted [1,3]-H transfer of allylation product 4a
which bears an (R)-stereogenic center. As shown in Fig. 3 and 4,
[1,3]-H transfer pathways from several conformers of 4a were
considered. The most favorable benzylic C–H deprotonation
occurs from the most stable conformer of 4a via transition state
TS-1a with an activation free energy of 21.8 kcal mol�1. This
pathway requires a much lower kinetic barrier than the depro-
tonation of conformer 4b, which requires 24.5 kcal mol�1 with
respect to 4a. Intrinsic reaction coordinate (IRC) calculation
and Born–Oppenheimer molecular dynamics (BOMD) simula-
tion conrmed that this deprotonation transition state leads to
a chiral ion-pair intermediate 7a, which involves strong
hydrogen bonding between the iminium N–H and the amide
carbonyl group. This N–H/O hydrogen bonding is also
observed in the deprotonation transition state (TS-1a), as evi-
denced by a relatively short H/O distance of 2.31 �A. In the
deprotonation pathway from conformer 4b (Fig. 3, dashed
lines), such hydrogen bonding interaction is absent because the
benzylic C–H bond and the carbonyl are anti-periplanar.
This journal is © The Royal Society of Chemistry 2020
Moreover, the short H/H distance of 1.95 �A highlighted in
TS-1b implies the steric repulsion between benzylic and phenyl
C–H bonds. Therefore, both TS-1b and 7b are signicantly less
stable than TS-1a and 7a, respectively. Furthermore, the
comparison between 7a and 7b implies that the prominent
hydrogen bonding interaction could promote the stabilization
of 7a by 5.3 kcal mol�1. Because of the hydrogen bonding and
electrostatic attraction (see Fig. S1† for the NCI plot of 7a), the
dissociation of chiral ion-pair 7a is endergonic by 9.1 kcal mol�1

(see Fig. S3† for details), which is consistent with the deuterium
labelling experiment (Fig. 2, eqn (3)). From 7a, racemization via
C–N bond rotation (TS-3) requires a very high barrier. Instead,
protonation of the terminal allylic carbon takes place via TS-2a
with an energy barrier of 8.3 kcal mol�1, generating the (P)-
enantiomer of the enamide product 3a. This preferred stereo-
chemistry is consistent with the experimental mechanistic
studies (Fig. 2). Once (P)-3a is formed, the racemization to form
(M)-3a requires a high barrier of 27.4 kcal mol�1 (via TS-4),
which is consistent with the congurational stability of the
product under room temperature.

It should be noted that the high levels of stereospecicity is
kinetically controlled, because the less stable conformer 4b,
Chem. Sci., 2020, 11, 10119–10126 | 10123



Table 3 Axial to central chirality transfer for epoxidationa

a Reaction conditions: all reactions were run on 0.1 mmol scale with
respect to 3. ee determined by chiral HPLC. Isolated yield.

Chemical Science Edge Article
which would lead to the unobserved (M)-enantiomer of 3a, is
less stable than 4a by only 1.3 kcal mol�1 with an isomerization
barrier of 12.0 kcal mol�1 (see Fig. S4† for details), indicating
a noticeable population of 4b in the ground state (�10%).
Because deprotonation from 4b is kinetically disfavored, this
pathway to form (M)-3a is completely suppressed.

Based on the experimental results, the atroposelective
vinylation products were obtained in high Z/E ratio (usually >20/
1). Our computational studies indicate that the deprotonation
of conformer 4c to form E-alkene (E)-3a has an activation free
energy of 24.7 kcal mol�1 (TS-1c, Fig. 4), which is 2.9 kcal mol�1

higher than that of TS-1a. The isomerization of 7a to 7c (via
TS-5) is found to be endergonic and requires a high barrier.
Therefore, the two possible pathways to form 7c and eventually
E-alkene (E)-3a are both less favorable. Optimized structures
show that the TS-1c and 7c are both destabilized by 1,3-allylic
strain with the phenyl group – the highlighted H/H distances
in TS-1c and 7c (Fig. 4) are only 2.07 and 1.94 �A, respectively.

Based on these studies above, the mechanism and origin of
stereoselectivity of [1,3]-H transfer are summarized in Fig. 5.
Aer the enantioenriched allylation product I is formed under
the classic iridium-catalyzed asymmetric allylic substitution
(Fig. 2), the DBU promoted deprotonation of I at the benzylic
position would occur to generate a chiral ion-pair intermediate
III through transition state II-TS. Both II-TS and III are stabi-
lized by the H-bonding interaction between the iminium N–H
and the amide carbonyl group. As deprotonation is the rate-
determining step, subsequent re-protonation of the terminal
allylic carbon from III could accomplish the [1,3]-H transfer and
generate the axially chiral product (P)-IV. In contrast, the dis-
favored (M)-enantiomer (M)-IV is generated through the same
mechanism from I-b, which is a conformer of I. The corre-
sponding deprotonation transition state IIb-TS is less stable due
to the steric repulsion and the absence of H-bonding interac-
tion. Thus, the deprotonation of I-b is much slower. Moreover,
the racemization of chiral ion-pair III and III-b is difficult to
occur compared with the re-protonation step, which suggests
Fig. 5 Proposed mechanism of H-bonding assisted stereospecific
[1,]-H transfer process.

10124 | Chem. Sci., 2020, 11, 10119–10126
that the deprotonation is also the stereoselectivity-determining
step. Therefore, we could draw the conclusion that the stabi-
lizing H-bonding interaction not only facilitates the [1,3]-H
transfer but also ensure the high levels of stereospecicity
during the central-to-axial chirality transfer.
Axial to central chirality transfer

Catalytic asymmetric epoxidation is a powerful transformation
in organic synthesis because the generated optically active
epoxides are common motifs in biologically active compounds
and biosynthetic intermediates.50–54 Finally, to demonstrate the
utility of the strategy, epoxidations of products 3 were investi-
gated for their stereospecicity. To our delight, treatment of 3
with m-CPBA afforded the epoxide scaffolds in good yield, while
maintaining the enantiomeric excess (Table 3). The protocol
established here represents a novel strategy of asymmetric
epoxidation via axial-to-central chirality transfer.
Conclusion

In conclusion, we have demonstrated the rst example of an
atroposelective synthesis of axially chiral enamides bearing the
N–C axis. The reaction provides entry to a wide range of qui-
nolone- and pyridone-derived axially chiral enamides in excel-
lent yields with high enantioselectivities. Preliminary
mechanistic studies revealed that the reaction proceeds via
a pathway in which isomerization is the terminal reaction,
occurring aer the asymmetric allylic amination. Theoretical
calculation combined with experimental studies revealed that
the isomerization occurs through a hydrogen bonding interac-
tion assisted [1,3]-H transfer, which enantioselectively gener-
ates the enamide products. Moreover, the assistance of
hydrogen bonding interaction is crucial for the reactivity and
stereospecicity during central-to-axial chirality transfer. On
one hand, it plays a vital role in stabilizing the deprotonation
transition state and the chiral ion-pair intermediate; on the
other hand, the lack of hydrogen bonding interaction plus the
steric repulsion greatly suppressed the formation of the unde-
sired enantiomer. Furthermore, the epoxidation of axially chiral
This journal is © The Royal Society of Chemistry 2020
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enamides promises to serve as a useful approach for the prep-
aration of other chiral derivatives by central-to-axial-to-central
chirality transfer sequence. Extension of this methodology to
other axially chiral styrenes as well as detailed mechanistic
studies is currently underway in our laboratory.
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