
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
/2

02
6 

10
:3

8:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Copper/rutheniu
aCollege of Chemistry and Molecular Sci

Organosilicon Compounds & Materials, M

Wuhan, Hubei, 430072, P. R. China. E-m

whu.edu.cn
bState Key Laboratory of Organometallic C

Chemistry, Shanghai 230021, China

† Electronic supplementary information
2328949. For ESI and crystallographic dat
DOI: https://doi.org/10.1039/d4sc01804d

Cite this: Chem. Sci., 2024, 15, 10135

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 18th March 2024
Accepted 11th May 2024

DOI: 10.1039/d4sc01804d

rsc.li/chemical-science

© 2024 The Author(s). Published by
m relay catalysis enables 1,6-
double chiral inductions with stereodivergence†

Hao-Ran Yang,a Xiang Cheng,a Xin Chang,a Zuo-Fei Wang,a Xiu-Qin Dong *a

and Chun-Jiang Wang *ab

The dual catalysis strategy is an efficient and powerful tool to fulfill the stereodivergent synthesis of

stereoisomeric products from the same set of starting materials. Great attention has been given to the

construction of chiral compounds with two contiguous stereocenters. However, the synthesis of two

remote noncontiguous stereocenters is more challenging and is less developed, despite the high

demand for synthetic tactics. We herein developed an unprecedented example of the stereodivergent

preparation of synthetically useful and biologically important chiral z-hydroxy amino ester derivatives

containing remote 1,6-noncontiguous stereocenters and a unique b,g-unsaturation moiety. This cascade

dehydrogenation/1,6-Michael addition/hydrogenation protocol between readily-available ketoimine

esters and racemic branched dienyl carbinols was rationally realized with bimetallic copper/ruthenium

relay catalysis. The key features of the process were atom economy, step economy, and redox-

neutrality. All four stereoisomers of chiral z-hydroxy amino ester derivatives were easily achieved by the

orthogonal permutations of a chiral copper catalyst and chiral ruthenium catalyst. Importantly, a much

more challenging stereodivergent synthesis of all eight stereoisomers of chiral peptide products

containing three remote stereocenters was accomplished with excellent results through the cooperation

of two chiral catalyst pairs and substrate enantiomers.
Introduction

Chiral organic molecules containing multiple stereocenters are
frequently found in many natural products, pharmaceuticals,
proteins, and biologically active molecules.1,2 Due to the
synthetic versatility and promising biological and pharmaceu-
tical activities, they play an important role in modern synthetic
chemistry, especially in medicinal chemistry. It is important
and challenging to achieve the precise synthesis of each
stereoisomer, which is signicantly helpful in elucidating the
relationship between molecular structure and biological activ-
ities, while facilitating the rapid pace of drug discovery.3,4

Therefore, the development of an efficient and facile strategy for
the straightforward generation of all possible enantiopure
stereoisomers has attracted a great deal of interest.5–11 The
stereodivergent dual catalysis strategy, including synergistic
catalysis12–17 and relay catalysis,18–23 is a powerful protocol that
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allows reliable synthesis of all stereoisomers from a common
set of starting materials and conditions. This strategy can acti-
vate two substrates simultaneously or sequentially and control
the formation of stereogenic centers independently during the
reaction process by employing two distinct chiral catalysts.
Owing to its great advantages, tremendous efforts have been
devoted to the development of stereodivergent dual catalysis
strategies in recent years. Despite signicant achievements in
stereodivergent reactions, the reported methodologies for ster-
eodivergent synthesis mainly focus on the construction of 1,2-
contiguous stereocenters with many elegant examples.24–53

However, very limited research works disclose the synthesis of
chiral molecules containing noncontiguous stereocenters.
Successful examples of the synthesis of challenging 1,3-/1,4-
nonadjacent stereocenters are sparse.54–64 In sharp contrast,
for the stereodivergent construction of remoter and much more
arduous 1,6-nonadjacent stereocenters, it remains an unsolved
and prominent synthetic challenge to achieve the full set of four
stereoisomers with high yields and excellent stereoselectivities
(Scheme 1a).

On the other hand, asymmetric borrowing-hydrogen
catalysis65–69 has emerged as an important and efficient relay
catalytic approach to access structurally valuable chiral mole-
cules from easily accessible alcohols in a rapid and atom-
economical fashion.70–72 Recently, with the strategy of relay
catalysis, we successfully developed two methods of
Chem. Sci., 2024, 15, 10135–10145 | 10135
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Scheme 1 (a) Stereodivergent dual catalysis, (b) our design: stereodivergent synthesis of 1,6-noncontiguous stereocenters, (c) examples of
biologically active molecules bearing z-hydroxy amino ester derivatives.
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stereodivergent construction of 1,4-nonadjacent stereocenters
via merging asymmetric borrowing-hydrogen reaction with
asymmetric Michael addition.61,62 Considering the concerns of
stereodivergent synthesis of privileged scaffolds with remote
1,6-nonadjacent stereocenters, we envisioned combining
asymmetric borrowing-hydrogen catalysis and the azomethine
ylides-involved Lewis acid catalysis73–75 to achieve this chal-
lenging goal. As shown in Scheme 1b, the nucleophilic metal-
lated Cu–azomethine ylide73 (Cu–AMY) could be formed in situ
by the coordination of glycine-derived diphenyl ketoimine ester
with chiral copper(I) Lewis acid under basic conditions. Mean-
while, the racemic branched dienyl carbinol substrate could be
oxidatively dehydrogenated to generate an a,b,g,d-unsaturated
ketone intermediate and chiral Ru–hydride (Ru–H) species, via
the chiral borrowing-hydrogen Ru-catalyst. The ensuing asym-
metric 1,6-Michael addition, followed by chiral Ru–hydride-
promoted asymmetric reduction, would result in the stereo-
divergent synthesis of highly functionalized z-hydroxy amino
ester derivative containing remote 1,6-nonadjacent stereo-
centers and b,g-unsaturation. These are pervasive structural
units, not only in a plethora of natural products and bioactive
molecules, but also work as key synthetic intermediates
(Scheme 1c).76–78 The copper/ruthenium relay-catalyzed
dehydrogenation/1,6-Michael addition/hydrogenation process,
thus envisaged, has some challenges that must be overcome: (1)
the competitive reactions among 1,6- vs. 1,4-addition lead to
difficult control of regioselectivity (site selectivity). In most
cases, the partial positive charge density is less at the d-position
than the b-position;79–84 meanwhile the undesired Ru–H
10136 | Chem. Sci., 2024, 15, 10135–10145
reduction85,86 of C]C double bonds in a,b,g,d-unsaturated
ketone intermediate must be suppressed to improve the reac-
tion efficiency; (2) the control of stereoselectivity, as the initial-
formed stereocenter is formed at the remote 6-position of the
chiral hydroxy center (ve bonds between the two stereocenters)
formed later; (3) the control over the E/Z geometry87 of dienyl
ketone-based asymmetric 1,6-addition reaction; (4) the poten-
tial base-promoted position isomerization of the b,g-C]C
double bond of Michael addition intermediate (chiral ketone)
into the thermodynamically favored conjugated enone.88

Herein, we reported the stereodivergent synthesis of highly
functionalized chiral z-hydroxy amino ester derivatives con-
taining remote 1,6-nonadjacent stereocenters and a unique b,g-
unsaturation moiety through dehydrogenation/1,6-Michael
addition/hydrogenation relay process between diphenyl keti-
mine ester/peptides and racemic branched dienyl carbinols
enabled by bimetallic copper/ruthenium relay catalysis. This
protocol takes advantage of orthogonal one-pot catalysis,
omission of intermediate purication steps, full atom economy,
redox-neutrality, and efficient access to all four stereoisomers
with remote 1,6-nonadjacent stereocenters and predictable
control of stereoselectivity.
Results and discussion
Optimization of reaction conditions

Initially, the design protocol was started with benzophenone-
derived ketimine ester 1a and racemic branched dienyl
carbinol 2a as the model substrates. This rst step aimed to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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investigate the feasibility of dehydrogenation/1,6-Michael
addition/hydrogenation reaction promoted by the cooperative
Cu/Ru bimetallic relay catalysis at 20 °C. To our delight, the
expected product, highly functionalized z-hydroxy amino ester
trans-3a, bearing 1,6-nonadjacent stereocenters and a b,g-
unsaturationmoiety, was accessible in high yield withmoderate
diastereoselectivity and excellent enantioselectivity with the
combined Cu(I)/L1 89 and [Ru]-1 90,91 as the catalysts and K3PO4

as the base (93% yield, 4 : 1 dr, >99% ee, Table 1, entry 1). To be
noted, the cascade reaction developed here exhibited excellent
E/Z-geometry selectivity, and (E)-3a formed as the sole product.
No regio-isomer formed by 1,4-Michael addition was detected
by crude 1H NMR, suggesting that exclusive regioselectivity
favored the less sterically hindered 1,6-Michael addition.
Meanwhile, no side product with a,b-unsaturation was
observed, indicating that the rate of base-promoted isomeriza-
tion of the ketone intermediate was slower than that of 1,6-
Michael addition. It was found that the subsequent solvent
Table 1 Optimization of reaction conditionsa

Entry Ligand for [Cu] [Ru] Solvent

1 L1 [Ru]-1 THF
2 L1 [Ru]-1 1,4-Dio
3 L1 [Ru]-1 Toluen
4 L1 [Ru]-1 2-Me-T
5 L1 [Ru]-1 Et2O
6 L1 [Ru]-1 MTBE
7 L2 [Ru]-1 THF
8 L3 [Ru]-1 THF
9 L4 [Ru]-1 THF
10 L5 [Ru]-1 THF
11 L6 [Ru]-1 THF
12 L7 [Ru]-1 THF
13 L7 ent-[Ru]-1 THF
14 L7 — THF
15 — [Ru]-1 THF

a All reactions were carried out with 0.60 mmol 2a, 0.20 mmol 1a, 0.01 mmo
of solvent at 20 °C. The reaction was monitored by TLC. b Isolated yield
analysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
screening did not deliver better results in 2-Me-THF, Et2O and
MTBE, but mess reaction systems were observed in 1,4-dioxane
and toluene (Table 1, entries 2–6). A range of chiral ligands for
copper complex were then examined, including the phosphor-
amidite ligand L2,92 (R)-BINAP L3, and ferrocene-based P,N
ligands (L4–L7) (Table 1, entries 7–12); ligand L7 provided the
best results in 99% yield with >20 : 1 dr and >99% ee (see ESI†
for details on more screening on chiral ligands, base and
solvent). To our delight, when switching the borrowing-
hydrogen catalyst [Ru]-1 to the enantiomeric complex ent-[Ru]-
1 under otherwise identical conditions, the diastereomeric z-
hydroxy amino ester cis-3a was separated in 96% yield with
exclusive diastereoselectivity and excellent enantioselectivity
(Table 1, entry 13). In addition, control experiments veried that
both copper and ruthenium catalysts are indispensable for this
asymmetric cascade process, and the desired product 3a could
not be generated without either of the two chiral metal
complexes (Table 1, entries 14 and 15).
Yieldb (%) drc (trans/cis) eec (%)

93 4 : 1 >99
xane Mess NA NA
e Mess NA NA
HF 45 1 : 1 33

64 1 : 1 91
83 2 : 1 96
60 1 : 1 —
59 1 : 1 —
72 13 : 1 99
99 1 : 3 96
99 6 : 1 99
99 >20 : 1 >99
96 <1 : 20 >99
NA NA NA
NA NA NA

l [Cu], 0.011 mmol L7, 0.004mmol [Ru]-1, and 0.20 mmol K3PO4 in 2 mL
for the diastereomeric mixture. c ee and dr were determined by HPLC

Chem. Sci., 2024, 15, 10135–10145 | 10137
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Substrate scope study

Having established optimal reaction conditions, we focused on
the investigation of the substrate generality of this cooperative
bimetallic Cu/Ru relay-catalyzed dehydrogenation/1,6-Michael
addition/hydrogenation reaction. As summarized in Scheme 2,
a variety of racemic dienyl carbinols 2 were examined to react
with benzophenone-derived ketimine ester 1a for the
construction of densely functionalized chiral z-hydroxy amino
esters. The racemic dienyl carbinols 2 bearing diverse
substituted groups on the phenyl ring, such as electron-neutral
(entry 1), electron-decient (entries 2–6), and electron-donating
(entries 7–10), at different positions served as compatible
reaction partners and went through this cascade reaction effi-
ciently to access the corresponding products, including trans-
3a–3j bearing 1,6-nonadjacent stereocenters with excellent
results (82–99% yields, 11 : 1 / 20 : 1 dr, exclusively >99% ee).
In addition, the heteroaromatic ring-substituted dienyl
Scheme 2 Substrate scope of the trans-selective dehydrogenation/1,6-M
with 0.60 mmol 2, 0.20 mmol 1, 0.01 mmol [Cu], 0.011 mmol L7, 0.004 m
Isolated yield for the diastereomeric mixture. The dr and ee values were d
determined because the racemic samples could not be separated with a

10138 | Chem. Sci., 2024, 15, 10135–10145
carbinols, 2k and 2n, also worked as viable reactants, affording
the desired products, trans-3k and trans-3n, in high yields with
moderate diastereoselectivities and >99% ee (Scheme 2, entries
11 and 14). Notably, 1-naphthyl and 2-naphthyl-substituted
dienyl carbinols with steric hindrance were examined, and the
corresponding products, trans-3l and trans-3m, could be ob-
tained in good yields with acceptable diastereoselectivities and
excellent enantioselectivities (82% yield, 17 : 1 dr, >99% ee and
76% yield, 13 : 1 dr, >99% ee; respectively). When racemic
methyl (2o) or ethyl (2p)-substituted dienyl carbinol was exam-
ined, the cascade reaction proceeded smoothly to generate the
corresponding product, trans-3o or trans-3p, in good yields with
excellent enantioselectivity albeit with lower diaster-
eoselectivity93 (Scheme 2, entries 15 and 16). Remarkably,
racemic cyclohexyl-substituted dienyl carbinol 2q was compat-
ible to give the desired product trans-3q in high yield with good
diastereoselectivity and excellent enantioselectivity (80% yield,
ichael addition/hydrogenation reaction. All reactions were carried out
mol [Ru]-1, and 0.20 mmol K3PO4 in 2 mL of THF at 20 °C for 3–12 h.
etermined by HPLC analysis. a 40 °C for 12 h. b The ee values were not
ll the chiral columns in the lab.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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6 : 1 dr, >99% ee, Scheme 2, entry 17). Encouraged by these
promising results, we extended this bimetallic Cu/Ru catalyst
system to the benzophenone-derived ketimine dipeptide; the
Gly–Gly–peptide-containing substrate 1b could be employed
well in this relay catalytic system to deliver the desired product,
trans-3r, in 76% yield with >20 : 1 dr and >99% ee (Scheme 2,
entry 18). In addition, the inuence of the substituted group on
the position of the dienyl motif was also investigated. Although
low diastereoselectivities were observed for the 1,6-adducts, 3s
and 3u, the desired trans-3t-bearing methyl group on the g-
position could be obtained in 71% yield with >20 : 1 dr and
>99% ee (Scheme 2, entries 19–21), and no 1,4-adducts were
observed.

Considering the above success in the trans-selective
synthesis of chiral z-hydroxy amino ester derivative bearing 1,6-
nonadjacent stereocenters, we paid attention to the preparation
of the diastereoisomers with cis-selectivity promoted by [Cu/L7]/
ent-[Ru]-1 catalytic system. A wide range of racemic dienyl
carbinols 2 reacted with ketimine ester 1a smoothly, giving the
corresponding cis-selective products in good to high yields and
excellent stereoselectivities. As summarized in Scheme 3, the
electronic properties and positions of the substituted groups on
the aryl ring of the dienyl carbinol substrates had a negligible
impact on the reaction results. The corresponding products, cis-
3a–3j, could be obtained in 75–97% yields with 11 : 1/ 20 : 1 dr
and >99% ee (Scheme 3, entries 1–10). In addition, the naph-
thyl- or aromatic heterocyclic-substituted dienyl carbinols were
observed to be suitable reaction partners to generate the desired
products, cis-3k–3n, with excellent results (85–94% yields, 6 : 1–
17 : 1 dr, 98% / 99% ee, Scheme 3, entries 11–14). The chal-
lenging alkyl substituted dienyl carbinols, 2o–2q, also showed
good reactivity, delivering the desired product, cis-3o–3q, in
good yields with low to moderate diastereoselectivity and
excellent enantioselectivity (Scheme 3, entries 15–17). To our
delight, the ketimine amide 1b bearing Gly–Gly–dipeptide also
worked well to afford the expected product cis-3r in good yield
with excellent stereoselectivity (Scheme 3, entry 18). In addition,
the dienyl carbinols bearing methyl group on the different
positions of the dienyl motif were also examined, and the 1,6-
adducts, 3s–3u, were obtained as the only regioisomers in good
yields (Scheme 3, entries 19–21). Excellent diastereoselectivity
and excellent enantioselectivity were observed for the cis-3t-
bearing methyl group on the g-position (Scheme 3, entry 20).

Having investigated the substrate generality of dienyl carbi-
nols, we are interested in examining whether trienyl carbinols
could be tolerated in the cooperative Cu/Ru bimetallic relay
catalytic system to provide otherwise inaccessible q-hydroxy
amino ester derivative bearing more remote 1,8-nonadjacent
stereocenters. As shown in Scheme 4, when (2E,4E)-1-
phenylhepta-2,4,6-trien-1-ol 4a was applied as the substrate, in
combination with Cu(I)/L7/[Ru]-1 complexes as the relay cata-
lyst, the corresponding trans-selective product, trans-5a, could
be easily accessible in 94% yield with 16 : 1 dr and >99% ee.
Trienyl carbinols containing electron-donating (Me, 4b) or
electron-decient (F, 4c)-substituted groups on the phenyl ring
proceeded this asymmetric cascade dehydrogenation/1,8-
Michael addition/hydrogenation reaction smoothly, and the
© 2024 The Author(s). Published by the Royal Society of Chemistry
desired products, trans-5b and trans-5c, were obtained in high
yields with excellent diastereoselectivities and enantioselectiv-
ities (93% yield, >20 : 1 dr, >99% ee and 95% yield, 19 : 1 dr,
>99% ee, respectively). It was found that ketimine amide 1b
bearing Gly–Gly–dipeptide could react with 4a for the genera-
tion of the expected product, trans-5d, in 83% yield with >20 : 1
dr and >99% ee. To our delight, the cis-selective
dehydrogenation/1,8-Michael addition/hydrogenation reaction
was readily achieved, in combination with Cu(I)/L7/ent-[Ru]-1
catalytic system, and the corresponding products, cis-5a–5d,
were obtained in high yields with high diastereoselectivities and
excellent enantioselectivities.

Stereodivergent synthesis

To demonstrate the stereodivergence of this protocol, the
transformation between ketimine ester 1a and racemic dienyl
carbinol 2a was rst carried out by four distinct catalyst systems
via the orthogonal permutation of two chiral copper catalysts
and two ruthenium catalysts. As shown in Scheme 5, all four
stereoisomers of product-(2R,7S,E)-3a, (2R,7R,E)-3a, (2S,7S,E)-
3a, and (2S,7R,E)-3a in optically pure form (>99% ee) with
exclusive diastereoselectivities (>20 : 1 dr) could be achieved
readily in 96–99% yields. In addition, the ketimine amide 1b
bearing Gly–Gly–dipeptide and the trienyl carbinol 4a were
respectively examined as the reaction partners to further exhibit
the stereodivergent synthesis; the corresponding products 3s
and 5a with four stereoisomers in each case could be obtained
in good to high yields with excellent stereoselectivities (70–99%
yield, 13 : 1 / 20 : 1 dr, generally above 99% ee). These results
offered protable evidence to conrm that each chiral catalyst
could independently control the asymmetric induction of each
step in this cooperative bimetallic Cu/Ru relay-catalyzed
cascade dehydrogenation/1,6 or 1,8-Michael addition/
hydrogenation reaction.

To our knowledge, the stereodivergent synthesis of chiral
molecules with remote andmore than two stereocenters has not
yet been reported. To further display the excellent robustness of
this dual catalytic system, we applied a ketimine amide
compound bearing Gly–D-Ala and Gly–L-Ala units, i.e., 1c,
respectively, in this cascade transformation. We aimed to ach-
ieve the stereodivergent synthesis of chiral hydroxy amino acid
derivatives with three stereocenters. As displayed in Scheme 6,
we were able to prepare all eight stereoisomers of the desired
product 3v containing remote three stereocenters through the
cooperation of chiral catalyst pair and substrate enantiomer in
good yields with excellent stereoselectivities (45–60% yields,
20 : 1/ 20 : 1 dr). These reaction results demonstrated that the
formation of these isomers was achieved well by the control
chiral catalyst, but was not affected by the inherent chirality
factors from the substrates.

Scale-up experiments and synthetic application

The highly functionalized chiral hydroxy amino ester derivative
product renders this protocol a promising tool to access other
useful optically active molecules through further synthetic
elaborations. As depicted in Scheme 7a, the gram-scale
Chem. Sci., 2024, 15, 10135–10145 | 10139
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Scheme 3 The substrate scope of the cis-selective dehydrogenation/1,6-Michael addition/hydrogenation reaction. All reactions were carried
out with 0.60 mmol 2, 0.20 mmol 1, 0.01 mmol [Cu], 0.011 mmol L7, 0.004 mmol ent-[Ru]-1, and 0.20 mmol K3PO4 in 2 mL of THF at 20 °C for
3–12 h. Isolated yield for the diastereomeric mixture. The dr and ee values were determined by HPLC analysis. a 40 °C for 12 h. b The ee values
were not determined because the racemic samples could not be separated with all the chiral columns in the lab.
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reactions between ketimine ester 1a and racemic dienyl
carbinol 2a were carried out in the presence of a [Cu(I)/L7]/[Ru]-
1 or [Cu(I)/L7]/ent-[Ru]-1 catalytic system to examine the
synthetic practicability; trans-product (2R,7S,E)-3a and cis-
product (2R,7R,E)-3a were respectively obtained in high yields
and maintained stereoselectivities even under reduced catalyst
loading. Product 6 containing a 1,2,3-triazole unit could be
efficiently constructed in good yield without loss of stereo-
selectivities through the Mitsunobu reaction followed by Cu-
catalyzed click reaction with phenylacetylene (Scheme 7b).
The sequential Mitsunobu reaction/Staudinger reduction of
(2R,7S,E)-3a could nally furnish a high yield of enantio-
enriched z-amino derivative 7 in 76% yield and diaster-
eoselectivity. Acidic hydrolysis of 7 delivered the chiral 1,6-
diamine 8 in high yield. The direct hydrogenation of (2R,7S,E)-
3a promoted by Pd/C could furnish chiral a-amino z-alcohol
10140 | Chem. Sci., 2024, 15, 10135–10145
derivative 9 in 80% yield with >20 : 1 dr. In addition, treatment
of (2R,7S,E)-3a with 15% citric acid, followed by amino protec-
tion with p-toluenesulfonyl chloride (TsCl), delivered the chiral
compound, trans-10, in 78% overall yield with >20 : 1 dr. In
addition, I2-enabled endo-trig cyclization of (2R,7S,E)-3a
provided polysubstituted tetrahydrofurans, 11 and 110, in 45%
and 27% yield, respectively. The absolute conguration of
(2R,7S,E)-trans-10 and its diastereoisomer, (2R,7R,E)-cis-10, were
unambiguously determined by X-ray diffraction analysis94

(CCDC 2328948 and 2328949), and those of trans- and cis-
products (3 and 5) were deduced based on these results.
Kinetic resolution studies

As racemic dienyl carbinol 2a was employed in this cascade
dehydrogenation/1,6-Michael addition/hydrogenation reaction,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Cu/Ru-relay catalysis for the construction of cis- and trans-a-AAs and small peptides bearing 1,8-nonadjacent stereocenters with
trienyl carbinols. All reactions were carried out with 0.60mmol 4, 0.20mmol 1, 0.01mmol [Cu], 0.011mmol L7, 0.004mmol [Ru]-1 or ent-[Ru]-1,
and 0.20 mmol K3PO4 in 2 mL of THF at 20 °C for 3–9 h. Isolated yield. The dr and ee values were determined by HPLC analysis. a 40 °C for 12 h.
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we wondered whether kinetic resolution or dynamic kinetic
resolution process was involved in this relay catalytic system. A
series of control experiments were carried out to investigate this
Scheme 5 Representative examples of stereodivergent synthesis to acc

© 2024 The Author(s). Published by the Royal Society of Chemistry
aspect. As displayed in Scheme 8, the reaction with 0.38 mmol
of racemic dienyl carbinol 2a and 0.2 mmol of ketimine ester 1a
was carried out under standard reaction conditions; product
ess all four stereoisomers.

Chem. Sci., 2024, 15, 10135–10145 | 10141
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Scheme 6 Stereodivergent synthesis of peptide products with three stereocenters to access all eight stereoisomers.
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(2R,7S,E)-3awas obtained in 90% yield (based on 1a) with >20 : 1
dr and 99% ee, and the remaining (R)-2a was recovered in 31%
yield (based on racemic 2a) with 93% ee. Meanwhile, the reac-
tion with 0.2 mmol of racemic dienyl carbinol 2a and 0.3 mmol
Scheme 7 (a) Scale-up experiments and (b) synthetic elaborations.

10142 | Chem. Sci., 2024, 15, 10135–10145
of ketimine ester 1a led to only 45% yield of the product,
(2R,7S,E)-3a, with excellent stereoselectivity, along with 43%
yield of unreacted (R)-2a with 89% ee. Similar results were
observed when [Cu/L7] and ent-[Ru]-1 complexes were used as
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Kinetic resolution studies.
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the cooperative catalysts. These experimental results demon-
strate that racemic dienyl carbinol 2a should go through
a kinetic resolution in this relay catalysis protocol.

Conclusions

In summary, we have successfully developed the rst example of
the stereodivergent synthesis of synthetically useful and bio-
logically important chiral molecules containing remote 1,6-
nonadjacent stereocenters. The dual Cu/Ru-relay catalysis
enabled cascade dehydrogenation/1,6-Michael addition/
hydrogenation protocol between ketimine esters and racemic
dienyl carbinols, providing an efficient approach to synthe-
sizing a wide range of chiral z-hydroxy amino ester derivatives
with remote 1,6-nonadjacent stereocenters and a unique b,g-
unsaturation in good to high yields with excellent diaster-
eoselectivities and enantioselectivities. The stereodivergent
syntheses of all four stereoisomers of chiral z-hydroxy amino
ester derivatives could be readily achieved by the orthogonal
permutations of a chiral copper catalyst and a chiral ruthenium
catalyst. Moreover, the more challenging synthesis among all
eight stereoisomers of the desired dipeptide products contain-
ing three remote stereocenters was readily accomplished with
excellent results through the current cascade relay catalytic
system by the cooperation of two chiral catalyst pairs and
substrate enantiomers. The synthetic utility of this protocol was
demonstrated by a scale-up reaction and further synthetic
transformations. Based on the results of the control experi-
ment, the kinetic resolution of racemic dienyl carbinols was
involved in this Cu/Ru-relay catalyzed cascade reaction. This
current cascade borrowing hydrogen/Michael addition protocol
may provide a general avenue for the stereodivergent synthesis
of chiral amino acid derivatives bearing remote 1,6-nonadjacent
stereocenters with the key features of atom economy, step
economy, and redox-neutrality.
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