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allylic C–H amination and
asymmetric [2,3]-rearrangement via bimetallic
relay catalysis†

Zhenwei Wu,‡ab Xi Yang,‡b Fangqing Zhang,a Yangbin Liu*ab and Xiaoming Feng *bc

A bimetallic relay catalysis protocol for tandem allylic C–H amination and asymmetric [2,3]-sigmatropic

rearrangement has been developed with the use of an achiral Pd0 catalyst and a chiral N,N0-dioxide–MgII

complex in a one-pot operation. A series of anti-a-amino derivatives containing two stereogenic centers

were prepared from readily available allylbenzenes and glycine pyrazolamide with good yields and high

stereoselectivities. Moreover, the synthetic potential of this protocol was further demonstrated by the

product transformations, and a catalytic cycle was proposed to illustrate the reaction process.
Introduction

Palladium-catalysed enantioselective functionalization of allylic
C–H bonds represents a versatile and step-economical synthetic
technology in comparison with classic asymmetric allylic
substitution reactions (Tsuji-Trost), providing a straightforward
approach to enable readily available a-alkenes to be used as
allylating reagents without a tedious pre-functionalized process
(Scheme 1a).1,2 Generally, chiral palladium complexes are able
to facilitate the allylic C–H cleavage with the generation of p-
allyl-palladium intermediates, which favour an outer-sphere
nucleophilic substitution at the less-hindered terminus.3 In
sharp contrast, advances in branch- and enantioselective allylic
C–H oxidative functionalization of aryl- or alkyl-substituted a-
alkenes are relatively limited. To achieve this less favoured
regioselectivity, Gong's group has recently demonstrated that
palladium-catalysed allylic C–H oxidative alkylation reactions
employing potential coordination nucleophiles (such as a-
benzothiazylacetamide and 2-acylimidazole) prefer to undergo
an inner-sphere pathway, allowing for the branch-selective
products (Scheme 1b).4 Another powerful strategy to access
branch regioselectivity is a one-pot sequence of palladium-
catalysed linear allylic C–H functionalization, followed by
branched allylic substitution (Scheme 1c). As such, Sharma and
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Hartwig describe an elegant branch- and enantioselective
functionalization of allylic C–H bonds of a-alkenes by
a sequential combination of palladium-catalysed C–H oxidation
and iridium-catalysed asymmetric substitution (Scheme 1d).5

Despite this impressive progress, a sequential or relay process
to achieve branch- and enantioselective allylic C–H oxidative
functionalization is still in its infancy thus far. Further efforts to
expand the combination of two different reaction types in one-
pot show a highly valuable but challenging avenue of research.

The chiral a-amino acids are a class with versatile structure
fragments that are prevalent in numerous bioactive natural
products and pharmaceuticals.6 Of the established synthetic
methods for enantioenriched a-amino acid derivatives, the
asymmetric [2,3]-Stevens rearrangement of glycine-derived
allylic ammonium ylides is a powerful transformation, and
elegant examples have been reported by the groups of Tambar
and Smith, and in our previous work.7 In all these studies,
preactivated allylating reagents, such as allylic bromides,
carbonates and phosphates, are oen required to realize the
allylic quaternary ammonium salts. To the best of our knowl-
edge, there are no examples of asymmetric [2,3]-Stevens rear-
rangements with simple a-alkenes as the allylic precursors.
Herein, we report the use of bimetallic relay catalysis for
branch- and enantioselective allylic C–H amination/[2,3]-
rearrangement processes (Scheme 1e). Firstly, the allylic C–H
activation of a-alkenes was catalysed by a suitable achiral
palladium/oxidant system, which leads to the generation of
highly electrophilic p-allyl-palladium intermediates, which can
undergo allylic amination and deprotonation to afford the
crucial rearrangement precursors-ammonium ylides. Then, the
asymmetric [2,3]-rearrangement of the allylic ammonium ylides
may be achieved by a chiral Lewis acid complex. This protocol
can provide an efficient one-step conversion of the a-alkenes
and glycine derivatives into enantiomerically enriched unnat-
ural a-anti-amino acids bearing two contiguous stereocenters.
Chem. Sci., 2024, 15, 13299–13305 | 13299
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Scheme 1 Palladium-catalysed asymmetric allylic C–H functionalization of a-alkenes. FG= functional group, Nu= nucleophile, Pyz= pyrazole,
LA* = chiral Lewis acid catalyst.
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Notably, preactivated allylating reagents are not required in the
current method, thus enabling step-economy and convenient
synthesis.
Results and discussion

In the last two decades, Feng chiral N,N0-dioxide ligands have
been applied as privileged chiral Lewis acid catalysts in diverse
asymmetric transformations,8 which show good compatibility
with late transition metals and oxidative reaction conditions.9

As such, we have recently developed bimetallic synergistic
catalysis with an achiral Pd(0) catalyst and a chiralN,N0-dioxide–
Co(II) complex with good compatibility to achieve asymmetric
allylic C–H alkylation of a-alkenes.9i This precedent encouraged
us to investigate the feasibility of merging a palladium/oxidant
system and a chiral N,N0-dioxide-Lewis acid system using relay
catalysis for asymmetric allylic C–H functionalization. Pyr-
azoleamides are a class of versatile compounds, which can be
readily converted into carboxylic acid derivatives and can
coordinate tightly with chiral Lewis acid catalysts via a bidentate
coordination.10 Thus, glycine pyrazoleamide 2 bearing a tertiary
amine moiety was selected as the model substrate. Initially,
various palladium precatalysts combining 2,5-di-tert-butylqui-
none (2,5-DTBQ) as an oxidant were evaluated for the tandem
allylic C–H amination/[2,3]-rearrangement in the presence of
Mg(OTf)2 and chiral N,N0-dioxide (L3-PrAd) and Na2CO3 as
a base (Table 1). It was found that Pd2(dba)3 was superior to
other commonly used Pd(PPh3)4, and Pd(TFA)2 and gave the
desired branch-selective allylic C–H alkylation product 3a with
a higher yield, diastereo- and enantio-selectivity (entry 3, 55%
yield, 5 : 1 dr, 78 : 22 er). This result demonstrated that achiral
palladium/chiral Lewis acid relay catalysis could be a potential
stereochemical control strategy for allylic C–H
13300 | Chem. Sci., 2024, 15, 13299–13305
functionalization, by enabling the asymmetric version of such
a one-pot transformation. Other Lewis acids, such as Sc(OTf)3
and Ni(OTf)2, were also examined and no enhanced results were
obtained (entries 4 and 5, for more details see the ESI†). Next,
an extensive investigation of chiral ligands was carried out,
including the change of the amide moieties bearing a distinct
steric hindrance and diverse chiral a-amino acid skeletons. The
L-ramipril derived L3-RaAd was conrmed to be the best option
for the control of stereoselectivity (entry 10, 47% yield, 3 : 1 dr,
82 : 18 er). Increasing the amount of 2,5-DTBQ to 1.5 equivalent
and changing the palladium source to the Pd2(dba)3-
$chloroform adduct could slightly improve the reactivity and
diastereo-selectivity (entries 11 and 12). Moreover, the enan-
tioselectivity was further increased when the reaction was con-
ducted at 20 °C, and the yield could be maintained when the
reaction time was prolonged (entry 13). Considering the [2,3]-
rearrangement of the allylic ammonium salts as a base-
promoted reaction, we investigated a series of bases such as
K2CO3, LiOAc and iPrNEt (or more details see the ESI†). Inter-
estingly, in the absence of any external base, such a tandem
reaction still proceeded well and gave product 3a with a good
yield and a higher level of enantioselectivity (entry 14, 56%
yield, 5 : 1 dr, 93 : 7 er). This suggested that the phenoxide
reduced by the benzoquinone could be used as a base formed in
situ to convert the ammonium salt into ammonium ylide.
Furthermore, the addition of NaBAr4F as an additive allowed
the delivery of the optimized outcomes (entry 15, 67% yield, 8 : 1
dr, 95 : 5 er). We speculate that the complex of Mg(OTf)2 with
the chiral N,N0-dioxide ligand follows an anion exchange with
NaBArF4, leading to an enhancement of its Lewis acidity. This
stronger Lewis acid complex can promote the deprotonation
event of the pyrazolamide ammonium salt to form an active
ammonium ylide and thereby increases the [2,3]-rearrangement
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the reaction conditiona

Entry [Pd] Lewis acid Ligand Base Yield (%) dr er

1 Pd(PPh3)4 Mg(OTf)2 L3-PrAd Na2CO3 Trace N.D. N.D.
2 Pd(TFA)2 Mg(OTf)2 L3-PrAd Na2CO3 48 3.5 : 1 76 : 24/54 : 46
3 Pd2dba3 Mg(OTf)2 L3-PrAd Na2CO3 55 5 : 1 78 : 22/62 : 38
4 Pd2dba3 Sc(OTf)3 L3-PrAd Na2CO3 Trace N.D. N.D.
5 Pd2dba3 Ni(OTf)2 L3-PrAd Na2CO3 Trace N.D. N.D.
6 Pd2dba3 Mg(OTf)2 L3-PrcH Na2CO3 48 3 : 1 60 : 40/57 : 43
7 Pd2dba3 Mg(OTf)2 L3-PrCHPh2 Na2CO3 30 3 : 1 56 : 44/57 : 43
8 Pd2dba3 Mg(OTf)2 L3-PrMe2 Na2CO3 35 2 : 1 56 : 44/53 : 47
9 Pd2dba3 Mg(OTf)2 L3-PiAd Na2CO3 44 2 : 1 54 : 46/51 : 49
10 Pd2dba3 Mg(OTf)2 L3-RaAd Na2CO3 47 3 : 1 82 : 18/62 : 38
11b Pd2dba3 Mg(OTf)2 L3-RaAd Na2CO3 60 4.5 : 1 83 : 17/60 : 40
12b Pd2(dba)3$CHCl3 Mg(OTf)2 L3-RaAd Na2CO3 65 4.5 : 1 84 : 16/60 : 40
13bc Pd2(dba)3$CHCl3 Mg(OTf)2 L3-RaAd Na2CO3 62 5 : 1 87 : 13/63 : 37
14bc Pd2(dba)3$CHCl3 Mg(OTf)2 L3-RaAd — 56 5 : 1 93 : 7/60 : 40
15bcd Pd2(dba)3$CHCl3 Mg(OTf)2 L3-RaAd — 67 8 : 1 95 : 5/—

a Reaction conditions: 1a (0.2 mmol, 2.0 equiv.), 2 (0.1 mmol, 1.0 equiv.), [Pd]/PPh3 (1 : 2, 4 mol%), 2,5-DTBQ (0.11 mmol, 1.1 equiv.), Lewis acid
(10 mol%), Ligand (10 mol%), and Na2CO3 (0.12 mmol, 1.2 equiv.) in MeCN (2.0 mL) at 50 °C for 24 h. The yield and diastereomeric ratio (dr) were
determined using 1H-NMR analysis of the crude reaction mixtures using 4-methylanisole as the internal standard. The enantiomeric ratio (er) was
determined using chiral HPLC analysis. Compound 3awas quantitatively converted into its methyl ester derivative withMeOH at 60 °C to determine
its er value. b 2,5-DTBQ (1.5 equiv.). c At 20 °C for 72 h. d NaBArF4 {NaB[3,5-(F3C)2C6H3]4} (15 mol%) was added. N.D.= no detection. 2,5-DTBQ= 2,5-
di-tert-butyl quinone.
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yield. In addition, the large steric hindrance of the BArF4 anion
may also contribute to the improved diastereo- and enantio-
selectivity in the catalytic process.

With the optimal conditions identied, the scope of the a-
alkenes was explored for the asymmetric tandem allylic C–H
amination/[2,3]-rearrangement (Table 2). We found that allyl-
benzenes containing alkyl and phenyl substitutions on the
aromatic ring were well tolerated and gave the desired branch
products in moderate to good yields with high diastereo- and
enantio-selectivities (3a–3e). The presence of alkoxy and phe-
noxy substituents was able to give the corresponding products
with good yields with good enantioselectivities (3f–3h). Various
halogen-substituents at different positions of the aryl ring were
also compatible to generate 3i–3n with satisfactory results,
even for the dichloro-substituted substrate. Other a-alkenes
bearing electron-withdrawing functional groups (–CO2Me, and
–CO2Bn) were also amenable to this process, demonstrating
good reaction efficiency and moderate diastereomeric and
enantiomeric ratios (3o and 3p). Generally, the allylbenzenes
with an electron-rich group provided the nal allylic C–H
alkylation product with a slightly higher level of enantiose-
lectivity than that with an electron-decient group. Further-
more, the introduction of 1,3-dioxopentane to the aryl
substituents led to acceptable outcomes (3q). When a-alkenes
were replaced by fused- and heteroaryl groups, such as
© 2024 The Author(s). Published by the Royal Society of Chemistry
naphthyl (3r), benzofuryl (3s), dibenzothiophenyl (3t), diben-
zofuryl (3u), and benzothienyl (3v), this bimetallic relay catal-
ysis could still proceed well and smoothly yielded the desired a-
amino acids bearing these important heterocyclic motifs. For
a conjugated styryl substituted a-alkene, the allylic alkylation
product 3w was obtained with exclusive branched regiose-
lectivity with a moderate yield and excellent diastereo- and
enantio-selectivity. The allylbenzene bearing a para-cyclohexyl
group was also well tolerated, providing the rearrangement
product 3x with a 54% yield with 7 : 1 dr. Moreover, glycine
pyrazoleamide derivatives with varying substituents on the
nitrogen also gave the desired [2,3]-rearrangement products in
37–52% yields with moderate to good diastereo- and enantio-
selectivities (3aa and 3ab). We also explored the non-aryl
substituted a-alkenes with glycine pyrazoleamide under stan-
dard relay conditions. Unfortunately, no desired target product
was observed from the crude 1H-NMR (3ba). Given the
biomedical potential of a-amino acids, we also applied this
protocol to coupling with pharmaceutical molecules, such as
probenecid and naproxen, delivering the desired products with
good results (3ca and 3cb). It is worth noting that this formal
allylic C–H alkylation of a-alkenes allowed for the perfect
branch regioselectivity (>20 : 1 b/l) in all cases, when compared
with the most linear products obtained by palladium-catalysed
allylic substitution reactions.
Chem. Sci., 2024, 15, 13299–13305 | 13301
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Table 2 Substrate scopea

a Reaction conditions: 1 (0.4 mmol, 2.0 equiv.), 2 (0.2 mmol, 1.0 equiv.), Pd2(dba)3$CHCl3 (4 mol%), PPh3 (8 mol%), 2,5-DTBQ (1.5 equiv.), Mg(OTf)2
(10 mol%), L3-RaAd (10 mol%), NaBArF4 (15 mol%) in MeCN (4.0 mL) at 20 °C for 48–72 h. Isolated yield. Values of dr and b/l were determined using
1H-NMR analysis. The enantiomeric ratio (er) was determined by chiral HPLC analysis. b er is the value of the product's methyl ester derivative.
c Reaction performed at 10 °C, and isolated yield of the major diastereomer. d Reaction performed at 50 °C.
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To further demonstrate the application of this methodology,
simple transformations were performed to convert them to
other enantioenriched building blocks. As shown in Scheme 2,
the pyrazoleamide moiety as a readily modiable functional
group could easily be converted under mild conditions.
Reduction of product 3e with NaBH4 gave the corresponding
alcohol 4 with an 85% yield with no erosion of stereoselectivity
(>20 : 1 dr, 95 : 5 er). Dipeptide 5 was efficiently accessed from
13302 | Chem. Sci., 2024, 15, 13299–13305
the direct condensation of product 3e with an optically pure a-
amino acid, demonstrating its potential for the synthesis of
valuable peptides. The corresponding a-amino acid 6 was ob-
tained as its hydrochloride upon treatment of 3e with
LiOH$H2O in THF/H2O. An almost quantitative trans-
esterication with methanol provided a-amino ester 7 with
a 90% isolated yield with 96 : 4 er. Subsequently, hydrogenation
of the terminal alkene moiety at room temperature (H2, Pd/C)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthetic transformation of the allylation products.

Scheme 3 Mechanistic investigation. (a) Determination of the kinetic isotope effect (KIE) with allylbenzene 3e and 3e-d2. (b) Control experiments
to investigate the [2,3]-rearrangement of the allylic ammonium salt 10. (c) Proposed mechanism.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 13299–13305 | 13303
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gave 8 with a 91% yield. Primary alcohol 9 was generated using
a sequence hydroboration-oxidation (9-BBN and thenH2O2) and
good results were obtained.

In order to gain insight into the possible catalytic mecha-
nism, a series of control experiments were conducted. Firstly,
we determined the reaction constants of two parallel reactions
with allylbenzene 3e and deuterated 3e-d2. A signicant primary
kinetic isotope effect (KIE, kH/kD = 2.9) was observed, suggest-
ing that the allylic C–H cleavage might be the rate-determining
step (Scheme 3a). To conrm the [2,3]-rearrangement process,
allylic ammonium salt 10 was prepared using glycine and cin-
namyl bromide, and then this was investigated using control
experiments (Scheme 3b). Firstly, it was subjected to the stan-
dard conditions and no desired product 3a was detected, and
this was probably due to the absence of external bases to facil-
itate the formation of ammonium ylide. Then, the [2,3]-
rearrangement of allylic ammonium salt 10 was promoted by
the addition of Na2CO3 or NaOAr alone as the base, both of
which were able to give the desired rearrangement product 3a
with a 19% or 64% yield with 1 : 1 dr. These results indicate that
a suitable base is necessary to generate the active ammonium
ylide. Furthermore, the chiral Mg(II) complex was employed to
induce an asymmetric [2,3]-rearrangement of allylic ammonium
salt in the presence of the equivalent base, only resulting in low
diastereo- and enantio-selectivities. We speculate that a stoi-
chiometric amount of base (such as Na2CO3 and NaOAr) may
lead to a racemic background reaction in the [2,3]-
rearrangement of the allylic ammonium salt (10), thus giving
the product 3a with decreased diastereo- or enantio-
selectivities. In the relay catalytic process, the phenoxide
(ArO−) as the base, is generated in situ in a catalytic amount to
enable slow release of the ammonium ylide, which is potentially
captured by the chiral N,N0-dioxide–Mg(II) complex and
undergoes a high level of enantioselective [2,3]-Stevens rear-
rangement. We also attempted to observe the ammonium salts
(10) formed by allylic C–H amination of allylbenzenes with
glycine pyrazoleamides using in situ 1H-HMR analysis. However,
it was difficult to detect such ammonium intermediates, prob-
ably due to the unfavourable equilibrium for palladium-
catalysed ammonium salt formation and the fast [2,3]-
rearrangement of the ammonium salts.7a,b,e

Based on the mechanistic experimental results and our
previous work,7e,9i a plausible relay catalytic cycle for the tandem
asymmetric allylic C–H amination/[2,3]-rearrangement is
proposed (Scheme 3c). The active Pd0/PPh3 catalyst coordinates
with allylbenzene 1a and 2,5-DTBQ to form an intermediate I,
followed by a concerted proton and two-electron transfer process
to generate a p-allyl-palladium complex II. Subsequently, nucle-
ophilic attack of glycine pyrazoleamide can provide the key
ammonium salt III and regenerates the palladium complex. The
chiral N,N0-dioxide–Mg(II) complex activates the corresponding
ammonium salt III in a bidentate coordination model, and then
promotes its deprotonation into ammonium ylide IV using the in
situ generated phenoxide (ArO−) as the base. According to the
anti-selective product, we suppose that the enantioselective [2,3]-
rearrangement proceeds in an exo-transition state leading to
good regio-, diastereo- and enantio-controls.
13304 | Chem. Sci., 2024, 15, 13299–13305
Conclusions

In conclusion, we have developed an asymmetric bimetallic
relay catalysis strategy for Pd-catalysed allylic C–H direct func-
tionalization. This methodology successfully combines an
achiral Pd0 complex-catalysed allylic C–H amination with
a chiral N,N0-dioxide–Mg(OTf)2 complex-controlled enantiose-
lective [2,3]-rearrangement in a one-pot operation. A diversity of
valuable enantioenriched anti-a-amino acid derivatives were
prepared from readily available a-alkenes and glycine pyr-
azoleamide with excellent linear-selectivity, and moderate to
high diastereo- and enantio-selectivities. The synthetic utility is
also demonstrated in the further transformations of the a-
amino acid products. We believe that this relay catalysis strategy
will have wider application prospects in the eld of enantiose-
lective allylic C–H functionalization of simple alkenes.
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