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Stereodivergent Synthesis of Allenes with o,p-Adjacent Central
Chiralities Empowered by Synergistic Pd/Cu Catalysis

Ling Zhao, Yicong Luo, Junzhe Xiao, Xiaohong Huo, Shengming Ma,* and Wanbin Zhang*

Abstract: The stereodivergent synthesis of allene com-
pounds bearing o,f-adjacent central chiralities has been
realized via the Pd/Cu-catalyzed dynamic kinetic asym-
metric alkylation of racemic allenylic esters. The
matched reactivity of bimetallic catalytic system enables
the challenging reaction of racemic aryl-substituted
allenylic acetates with sterically crowded aldimine esters
smoothly under mild reaction conditions. Various chiral
non-natural amino acids bearing a terminal allenyl group
are easily synthesized in high yields and with excellent
diastereo- and enantioselectivities (up to >20:1 dr,
>99% ee). Importantly, all four stereoisomers of the
product can be readily accessed by switching the
configurations of the two chiral metal catalysts. Further-
more, the easy interconversion between the uncommon
i-butadienyl palladium intermediate featuring a weak
C=C/Pd coordination bond and a stable Csp’~Pd bond is
beneficial for the dynamic kinetic asymmetric trans-
formation process (DyKAT). )

Previous works:

(A) Enantio- and diastereoselective construction of adjacent stereocenters via
unsaturated hydrocarbon-assisted substitution
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(B) Pd-catalyzed asymmetric allenylic substitution (Ma, 2012)
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(C) Ir-catalyzed asymmetric allenylic substitution (Carreira, 2018)
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Introduction

Structural motifs bearing two adjacent stereocenters widely
exist in many natural products and important bioactive
molecules, thus, stimulating the rapid development of their
efficient synthetic methodologies.! Among these method-
ologies, transition-metal-catalyzed allylic/propargylic substi-
tution reactions are well-established (Scheme 1A).>% In
consideration of the versatile reactivities of allenes*! and
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This work:
(D) Pd and Cu dual catalysis for stereodivergent allenylic substitution
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Scheme 1. Construction of two adjacent stereocenters with unsaturated
carbon unit and transition-metal-catalyzed asymmetric allenylic sub-
stitution for the synthesis of allenes bearing a-central chirality.

their biological activities in drug discovery,” the develop-
ment of an allenylic substitution for the enantio- and
diastereoselective construction of allene compounds bearing
adjacent stereocenters is highly desired and of current
interest (Scheme 1A). However, almost no progress has
been reported in this area due to challenges related to the
differentiation of the allene unit and an R group of similar
size, as well as the creation of the adjacent carbon
stereocenters.” !

In 2012, one of our co-authors developed the first metal-
catalyzed asymmetric allenylic substitution for the synthesis
of allenes bearing a-central chirality with excellent results
using a chiral palladium complex coordinated with commer-
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cially available DTBM-SEGPHOS (Scheme 1B).*! The
ligand possessing electron-rich and bulky groups is indispen-
sable for achieving high reactivity and satisfactory enantio-
selectivity. However, the crowded chiral environment makes
the reaction sensitive to the substitution pattern of the
allenylic substrates and only substrates bearing alkyl groups
are suitable.’l In 2018, Carreira and co-workers developed
the first Ir-catalyzed asymmetric allenylic alkylation reaction
for the synthesis of allenes bearing a-central chirality using
their own phosphoramidite-olefin ligand (Scheme 1C).*
The mechanistic study revealed that an allenylic carbocation
intermediate with #*-coordination of the Ir center with the
terminal double bond of the allene was proposed instead of
the initially postulated #’-butadienyl Ir intermediate. The
carbocation needs to be stabilized by the highly delocalized
system, which limits the scope of the allenylic substrates and
only substrates bearing aryl groups are suitable.”! To date, a
catalytic system which is compatible with both aryl- and
alkyl-substituted allenylic substrates for the synthesis of
allenes bearing o-central chirality has not been reported. In
addition, an apparent challenge in this area is the con-
struction of vicinal stereocenters with racemic nucleophiles
in a diastereo- and enantioselective fashion;”! no stereo-
divergent method has been reported yet,'! even though
such chiral allene products have broad potential applica-
tions.

Recently, bimetallic catalysis has been proven to be
highly efficient for the improvement of reactivity and precise
control of stereoselectivity even for stereodivergent syn-
thesis in several kinds of asymmetric reactions.>"! There-
fore, we conceived that bimetallic catalysis could be used for
asymmetric allenylic substitution which would be suitable
for both aryl- and alkyl-substituted allenylic substrates,
affording stereodivergent allene products with o,B-adjacent
central chiralities. Herein, we report a Pd/Cu-catalyzed
stereodivergent allenylic alkylation of both aryl- and alkyl-
substituted allenylic substrates with the amino acid-derived
aldimine esters. A series of non-natural chiral amino acids
bearing a terminal allenyl group and a challenging quater-
nary carbon center could be easily synthesized in high yields
and with excellent diastereo- and enantioselectivities (up to
>20:1 dr, >99% ee). The mechanistic studies based on
experiments and theoretical calculations suggest that the
easy interconversion between the uncommon #’-butadienyl
palladium intermediates A and B, consisting of a weakly
coordinating C=C/Pd coordination bond and a stable
Csp>~Pd bond, is beneficial to the DyKAT of the racemic
allenylic esters (Scheme 1D).[""

Results and Discussion

To prove our hypothesis, the racemic aryl-substituted
allenylic acetate 1a was selected as the model substrate for
the asymmetric substitution with aldimine ester 2a in the
presence of a [Pd/L*+ Cu/L*] catalytic combination (Ta-
ble 1). Based on our previous studies,®**" the use of
Phosferrox (8,S,)-L1 for the copper catalyst and (S)-DTBM-
SEGPHOS (L2) possessing electron-rich and bulky groups
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Table 1: Optimization of the reaction conditions.?

.
5 mol% L-Pd(allyl)BF, N o

OAc Me 5 mol% [Cu(MeCN)
4]PFg
s PhAN}\CO B PHOY OBu
Ph 2 5.5 mol% L1 Ve N
Cs,CO;, THF, RT, 16 h 2
(rac)-1a (rac)-2a then 10% citric acid (R.S)-3aa

(A) Ligands for Cu and Pd
'Bu Me

o O
Q;:@"'Pr (O O PAr, §QOM6 EQ %@
Fe e

o] PAr; Bu Me
SN % O DTBM (L2) DM (L3) Ph (L4)
nr nr 65%[”], 2:1 drle!
(S,Sp)-L1 (5)-SEGPHOS kits >99% eeld]

decreasing steric hindrance

(B) Ligand scaffolds for Pd

I ., QO
0 PPh,  MeO PPh, PPh,
o) O PPh, MeO. O PPh, OO PPh,

(S)-SEGPHOS (L4)  (S)-MeO-BIPHEP (L5) (S)-BINAP (L6)
(6 =65.0°) (6 =68.6°) (6 =73.5°)
65%, 2:1 dr 54%, 1:1.2 dr 36%, 1:1.5dr

>99%/85% ee 96%/78% ee >99%/93% ee
increasing dihedral angle

(C) Protecting group effect of aldimine ester 2

X X iy

NS NS

Ph” N CO,Bu PhT N COMe PR SNT CO,Bu Ph)*N/\cogBu
2a,2:1dr 2b, 2:1dr 2c,2:1dr 2d, 5:1dr

65%, >99% ee 52%, >99% ee 33%, >99% ee 57%, >99% ee

””””””””” Ri= T

Me P v/?l‘

2e,2.2:1dr 2f, 2:1dr 2g, 5:1dr 2h, 8:1dr
36%, >99% ee 38%, >99% ee 45%, >99% ee  41%, >99% ee

o oot O O
2i, 8:1.dr 2j, 14:1 dr 2k, nr 2j©11:17dr  2alfl1:>20dr
41%, >99% ee  70%, >99% ee 71%, >99% ee  72%, >99% ee

[a] Reaction conditions: (rac)-1a (0.30 mmol, 1.5 equiv), 2a-2k
(0.20 mmol, 1.0 equiv), L-Pd(allyl)BF, (5 mol%), [Cu(MeCN),PF,
(5 mol%), (S,S,)-L1 (5.5 mol%), Cs,CO; (1.2 equiv), THF (2 mL),
16 h. [b] Isolated yield of two diastereomers based on the starting
material 2. However, 5 mol % of nucleophiles are consumed by the L-
Pd(allyl)BF,. nr=no reaction. [c] Determined by '"H NMR integration
of the crude reaction mixtures. [d] Determined by HPLC analysis.
[e] (R)-SEGPHOS instead of (S)-SEGPHOS.

for the palladium catalyst was first screened but none of the
desired product was obtained. This may be due to steric
incompatibility between the phenyl group of the allenylic
substrate and the large steric hindrance of the DTBM-
SEGPHOS ligand. Subsequently, ligands with different
substitutents [(S)-DM-SEGPHOS (L3) and (S)-SEGPHOS
(L4)] were applied in this reaction. To our delight, the
desired product (R,S)-3aa was obtained in 65 % yield, 2:1
dr, and >99 % ee using (S)-SEGPHOS as the ligand for the
palladium catalyst. Following this result, two other classical
axially chiral ligands with different scaffolds [MeO-BIPHEP
(L5) and BINAP (L6)] were explored. It is interesting to
note the diastereoselectivity of the product 3aa was reversed
using both MeO-BIPHEP and BINAP as the ligands. These
results indicated that: 1) the reaction yield is very sensitive
to the steric environment of the chiral ligand (Table 1A); 2)
the dihedral angle of the ligand scaffolds (L4-L6) also has
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an important influence on the reactivity and diastereoselec-
tivity (Table 1B).

In consideration of the complex and crowded three-
dimensional space of the Pd/Cu catalytic system, the ester
group, a-substituent, and N-protecting group of the aldimine
ester 2 were further explored to improve the diastereose-
lectivity (Table 1C). At first, aldimine methyl ester 2b was
tested. No obvious change in stereoselectivity was observed.
A similar stereoselectivity with 33 % yield was obtained
using the glycine-based aldimine ester 2¢ as the substrate.
Fortunately, benzophenone-protected glycine fert-butyl ester
2d gave the corresponding products in 5:1 dr, 57 % yield,
and >99% ee. These results encouraged us to further
explore various kinds of protecting groups including linear
alkyl (2e), cyclic alkyl (2f-g, 2i-j), and branched alkyl (2h,
2k) moieties. Finally, cyclohexyl-protected aldimine tert-
butyl ester 2j gave the best results (70 % yield, 14:1 dr, and
>99 % ee). To our delight, the complementary diastereomer
(8,5)-3aa could be smoothly prepared in 71 % yield, 1:17 dr,
and >99% ee by using (R)-SEGPHOS instead of (S)-
SEGPHOS. When the Cy protecting group was replaced by
Ph, the dr value could be further increased from 17:1 to
>20:1 with comparable performance in yield and enantiose-
lectivity. In order to gain insight into the nature of the
cooperative effect, control experiments were also conducted.
No reaction occurred in the absence of the Pd or Cu
catalysts. These results suggested that the combined use of
two chiral metal catalysts appears to be essential for the
reactivity and stereochemical control of this reaction.

With the optimized reaction conditions in hand, the
scope of racemic aryl-substituted allenylic acetates was first
explored using a combination of (S,S5,)-L1 and (R)-L4
(Table 2). A series of electron-donating and electron-with-
drawing groups at varying positions on the aryl units were
well tolerated, providing the desired products (S,S)-(3ba—
3ma) in 65-78 % yield with >20:1 dr and >99 % ee. Alkyl-
substituted allenylic acetates were also examined. Ethyl-, n-
butyl-, and n-hexyl-substituted allenylic acetates worked
well to furnish the corresponding products (3na-3pa) with
the same high dr and ee values (69-71 % yield, >20:1 dr
and >99% ee). The allenylic acetates bearing synthetically
useful functional groups, such as phenyl, halide, and
hydroxyl moieties could successfully afford the substituted
products (3qa-3sa) with >20:1 dr and >99 % ee. Further-
more, allenylic acetates derived from drug molecules such as
ketoprofen, naproxen, and ibuprofen were evaluated under
our Pd/Cu catalytic system. The allenylic products bearing
the enantiopure quaternary amino acids (3ta-3va) were
easily synthesized in moderate yields and with excellent
stereoselectivities (52-57 % yield and >20:1 dr).

Next, the scope of the nucleophiles was investigated
(Table 2). A variety of aldimine esters prepared from
natural and non-natural amino acid derivatives were treated
with (rac)-la under the standard reaction conditions.
Substrates with less bulky ester groups such as methyl and
isopropyl substituents performed well to provide the prod-
ucts (S,5)-3ab and 3ac smoothly with slightly lower dr
values compared with (S,5)-3aa (70 % yield, 6:1 dr, >99 %
ee; 73% yield, 15:1 dr, >99 % ee, respectively). Aldimine
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esters with different substituents at the a-position of the
ester group successfully underwent allenylation in good to
high yields and with excellent diastereo- and enantioselectiv-
ities (3ad-3ak). In particular, when an aldimine ester
derived from glutamic acid was used, the lactam (§,S)-3ai
could be obtained through a one-pot process which included
substitution, hydrolysis, and ring closure. Furthermore, a
glycine-based ketimine ester was also suitable in this
reaction and the desired product (S,S)-3al could be obtained
in 81 % yield, 14:1 dr, and 99 % ee.

The stereodivergence of this allenylation was further
evaluated by treating (rac)-1a with aldimine esters derived
from alanine and methionine with four possible configura-
tion combinations of the two chiral ligands L1 and L4
(Scheme 2). At first, two stereoisomers (S,5)- and (R,R)-3aa
and 3ag were successfully obtained using a phenyl group as
the protecting group for the aldimine esters in high yields
(72% and 77 % yield) with excellent diastereoselectivities
and enantioselectivities (>20:1 dr, >99 % ee). The remain-
ing two stereoisomers (S,R)- and (R,S)-3aa and 3ag could
also be prepared smoothly using cyclohexyl as the protecting
group for the aldimine esters by changing the configuration
combinations of L1 and L4. These results indicate that the
Pd complex and the Cu complex synergistically exert
complete control over the configurations of the stereo-
centers derived from the allenylic electrophile and the
aldimine nucleophile, respectively.

In our previous work, the ligand DTBM-SEGPHOS,
possessing electron-rich and bulky groups, is required to
achieve high reactivity and satisfactory enantioselectivity in
Pd-catalyzed asymmetric allenylic substitution process.®
However, excellent stereoselectivities and high yields were

. .
Ny o N o
(R)-L4/Pd(allyl)BF 4 + PR COBu Ph" X “OBu
(S,Sp)-L1/[Cu(MeCN),]PFg Mé NH, " NH,
MeS
(S,S)-3aa (S,S)-3ag
R 72% yield 77% yield
. >20:1 dr, >99% ee >20:1 dr, >99% ee
Ph/\N}\CO TR R
2a and 2g' . .
N o N o
Ph 7~ “O'Bu Ph 7~ “OBu
(S)-L4/Pd(ally)BF, + M NH, NH,
(R.R,)-L1/[Cu(MeCN),]PFg MeS'
(R,R)-3aa (R,R)-3ag
72% yield 77% yield
>20:1 dr, >99% ee >20:1 dr, >99% ee
. .
N o N o
(R)-L4/Pd(ally)BF4 + Ph" "~y O'Bu Ph" 7 0Bu
(R.Rp)-L1/[Cu(MeCN),]PFg Mé NH, NH,
MeS
(S,R)-3aa (S,R)-3ag
R 70% yield 75% yield
~ 1:14 dr, >99% ee 1:13 dr, >99% ee
Cy/\N/é\COZ’Bu -------------------------------------------------------------
2i and 2g" . .
N o N o
(S)-L4/Pd(allyl)BF 4 + Ph” ™ O'Bu Ph” ™ OBu
(S,Sp)-L1/[Cu(MeCN),]PFg Mé NH, Mo ,— NH,
e
(R,S)-3aa (R,S)-3ag
70% yield 75% yield

1:14 dr, >99% ee

Scheme 2. Stereodivergent synthesis.

1:13 dr, >99% ee
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Table 2: Scope of the aryl- and alkyl-substituted allenylic acetates and aldimine esters."

X
5 mol% L4-Pd(allyl)BF, N

o
o} @/43””' <0 O

' PPh,
Ohc R 0 PPh : 2
SN QL 1CYU U 3 2 o L een,
R Ph™ "N” “COR® 5.5 mol% L1 R" X OR @ ¢ O
Cs,CO5, THF, RT, 16 h R NH, e
(rac)-1 2 then 10% citric acid 3 (S.Sp)-L1 ! (R)-SEGPHOS (L4)
Aryl-substituted allenyl tat
FY o N o N o N o N o N o
o F - - I - - M -
VN 0% “N 0'Bu N oy © “N O 0%Bu v 0B e VN 0%Bu
Mé NH, Me NH, . Mé NH, Mé NH, N Me NH, Me NH,
(S,S)-3ba (S,S)-3ca (S,S)-3da (S,S)-3ea (S,9)-3fa (S,5)-3ga
69% yield 70% yield 72% yield 73% yield 76% yield 74% yield

>20:1 dr, >99% ee >20:1 dr, >99% ee >20:1 dr, >99% ee

X, X, X,

N o N o N o
- M - -
wN oy M0 VN 0Bu W 0Bu
Mé NH, Mé NH, Mé NH,
Me MeO
(S,S)-3ha (S,S)-3ia (S,9)-3ja
78% yield 65% yield 71% yield
>20:1 dr, >99% ee >20:1 dr, >99% ee >20:1 dr, >99% ee
Alkyl-substituted allenyl tates - ---------------oooooo
.
Ny o
N OBu NS OBu AV as OBu
Me NH, me NH, Me NH,
(R,S)-3na (R,S)-30a (R,S)-3pa
71% yield 69% yield 70% yield

>20:1dr, >99% ee
Drug-tethered allenyl acetates ---------------------------oooooooooooooooooooo

>20:1 dr, >99% ee >20:1 dr, >99% ee

\
O‘Bu R O’Bu \K)L
)‘\©/ka e NH, Mé NH, o Mé NH,
“O o}
MeO

(R,S,S)-3ta, from ketoprofen
52% yield, >20:1 dr
Aldimine esters

(R,S,S)-3ua, from naproxen
57% yield, >20:1 dr

>20:1 dr, >99% ee >20:1 dr, >99% ee >20:1 dr, >99% ee

X, X, X,

N o N o N o
\j\;(kofau ]\;(mofsu 0 Mofau
Mé NH, Mé NH, < Mé NH,
F3C o)
(S,9)-3ka (S,9)-31a (S,9)-3ma
72% yield 78% yield 73% yield

>20:1 dr, >99% ee >20:1 dr, >99% ee >20:1 dr, >99% ee

h/\uO’Bu |/\/\uotsu HON\uofBu

Me NH, Me NH, Me NH,
(R,S)-3qa (R,S)-3ra (R,S)-3sa
62% yield 69% vyield 63% vyield

>20:1 dr, >99% ee >20:1 dr, >99% ee >20:1 dr, >99% ee

O'Bu

(R,S,S)-3va, from ibuprofen
54% vyield, >20:1 dr

. .
N o N o

PR OB PR “OMe
Mé NH, Mé NH, Me NH2
(S,S)-3aa (S,S)-3ab (S,S)-3ac
72% yield 70% yield 73% yield

>20:1 dr, >99% ee 6:1dr, >99% ee 15:1dr, >99% ee

. .
NN o N fo)
ph 3 OBu ph R OBu Ph N
oS ,— NH, MeO,C—" NH, MeO,C
e
(S,S)-3ag (S,5)-3ah (S,9)-3ai °
77% yield 76% yield 72% yield

>20:1 dr, >99% ee >20:1 dr, >99% ee

>20:1 dr, >99% ee

.
Ny o Ny o
0'Bu Ph Y “OBu Ph Y OBU

— WH, /— NH, j - N
(S,9)-3ad (S,5)-3ae (S,9)-3af
76% yield 74% yield 75% yield
>20:1 dr, >99% ee >20:1 dr, >99% ee >20:1 dr, >99% ee
X §
*. X
0'Bu Ph" X 0Bu Ph‘j\HkO‘Bu
o~ NH: NH,
RHN
R =Cbz, (S,S)-3aj R =Boc, (S,S)-3ak (S,()S)-I}al
61% yield 65% yield 81% yield

>20:1dr, >99% ee  >20:1 dr, >09% ee  14:1dr, 9% ee

[a] Reaction conditions: 1 (0.30 mmol, 1.5 equiv), 2 (0.20 mmol, 1.0 equiv),

(R)-L4-Pd (allyl)BF, (5 mol %), [Cu(MeCN),]PF (5 mol %), (S,S,)-L1

(5.5 mol %), Cs,CO; (1.2 equiv), THF (2 mL), 16 h. Isolated yield of all products based on the starting material 2.

also obtained for most examples using the Pd/(R)-SEG-
PHOS catalyst in combination with the Cu/L1 catalyst (>
20:1 dr even obtained as a single diastereomer, >99 % ee).
Accordingly, we were curious of the specific role of the
chiral Cu catalyst in the Pd-catalyzed asymmetric allenylic
substitution (Table 3). Several control experiments were
first conducted. None of the desired products were obtained
for either aryl- and alkyl-substituted allenylic substrates 1a
and 1p when Pd/(R)-SEGPHOS was used as the only
catalyst (entries 2 and 3). An increase in basicity by employ-

Angew. Chem. Int. Ed. 2023, 62, €202218146 (4 of 8)

ing NaH in place of Cs,CO; resulted in the desired product
being obtained in only 26 % yield with 1:1 dr and 82 %/81 %
ee (entry 4). By using [Pd/L4 + Cu/dppf] instead of [Pd/L4+
Cu/L1], the desired product was obtained in 37 % yield with
2.5:1 dr and 66 %/14% ee (entry 5). It can be concluded
that the chiral copper catalyst could not only improve the
reactivity, even for the reaction of the challenging phenyl-
substituted allenylic substrate 1a with a crowded aldimine
tert-butyl ester, but also promote the DyKAT process of the

© 2023 Wiley-VCH GmbH
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Table 3: The role of chiral copper catalyst in Pd-catalyzed asymmetric
allenylic alkylation process.”

X
oA N o
¢ -, - Me 5mol% L4-Pd(ally)BFy t
R Ph” °N” >CO,Bu  base, THF, it, 16 h R X ©OBu
1a,R=Ph then 10% citric acid Me NH,
p,R=n-CeHyy ()22 3
entry 1 base Cat.Cu yield (%)° dre ee (%)
1 1a  Cs,CO;  Cu/l1 72 >20:1 >99
2 1a Cs,CO;3 no Cu nr - -
3 1p Cs,CO3 no Cu nr - --
4 1a NaH no Cu 26 1:1 82/81
5 1a  Cs,CO;  Culdppf 37 2.5:1 66/14

[a] Reaction conditions: 1 (0.30 mmol, 1.5 equiv), 2a (0.20 mmol,
1.0 equiv), (R)-L4-Pd(allyl)BF, (5 mol %), [Cu(MeCN),JPFs (5 mol %),
(5,5,)-L1 (5.5 mol %), base (1.2 equiv), THF (2 mL), 16 h. [b] Isolated
yield of two diastereomers based on the starting material 2a. nr=no
reaction. [c] Determined by '"H NMR integration of the crude reaction
mixtures. [d] Determined by HPLC analysis.

racemic allenylic substrate with excellent diastereo- and
enantioselectivity.!¥

Subsequently, a kinetic study of the reaction was
conducted to further investigate the DyKAT process
(Scheme 3). Firstly, the conversions and ee values of rac-1a
at different times were monitored. As seen from Scheme 3A,
the recovered 1a was almost racemic over the reaction time

A

S o
Ohe = tandard conditi e Z
= standard conditions =
o A + 22 PO, PR OBU + Ph)\¢'
Mé NH,
(rac)-1a (S,S)-3aa Recovered-1a
conv. of 1a (%) =— conv. of 1a (%) . 1d of 3aa (¥
of 1a . L yield of 3aa (%)
g0 cc0r1a (%) o ecof 1a (%) Y‘L';"' 3aa (%) = dr of 3aa (%)
ee (%) 4 ce of 3aa (%)
70 Asaa A —a a a a T
100
60 [ [ T — = |20
- 80
50 "
. 70 o I8
40 — 60 ot
-
50 .
30 10
Vs 40 ot
20 -~ 30 Y
- 20 ..' 5
10 P . . ad 10
0l _sere® 0

0 100 200 300 400 500 600 700 800
Time (min)

0 100 200 300 400 500 600 700 800
Time (min)

(A) (8)

(C) The DyKAT process of racemic allenylic acetates

.

OAc " Ny o " OAc

. standard conditions standard conditions )\/./
S - Y fr - =
Ph 69% yield Ph" X OBu 67% yield Ph
(R)-1a, 96% ee  >20:1 dr, >99% ee Me NH, >20:1dr, >99% ee  (S)-1a, 98% ee
(S,5)-3aa
-
Pd/L4 N© e Pd/L4
-~ slow Pd/L4 fast

RAL* | r: Ph Pd/L*
H L3 PGS
u Ph ———— Ph "

A B

Scheme 3. Study of the DyKAT process: (A) Yields and ee values of
recovered 1a at different times. (B) The yields, ee and dr values of the
crude product 3 aa at different times. (C) The proposed DyKAT process.
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period, indicating that (R)-la and (S)-1a are consumed
together at nearly the same speed. Additionally, the yield,
diastereoselectivity, and enantioselectivity of the corre-
sponding product (S,5)-3aa were also determined. No
change in dr and ee values of 3aa were found as the yield
increased during the course of the reaction (Scheme 3B).
Next, reactions with enantiopure allenylic acetates (R)-1a
and (S)-1a were conducted with aldimine ester 2a under the
standard reaction conditions. The same products (S,S)-3aa
were obtained in almost similar yields (69 %/67 %), dr and
ee (both >20:1 dr, >99% ee, Scheme 3C). These results
suggested that the highly efficient interconversion of the
electrophilic intermediate A derived from (R)-1a into the
intermediate B occurred before A was attacked by the
nucleophile. The two diastereoisomeric intermediates A and
B might transform into each other through the palladium
intermediate with a stable Csp>~Pd bond,™ which is differ-
ent from the classic nucleophilic displacement via the
palladium(0) species in the Pd-catalyzed DyKAT process of
racemic allylic substitution.!"®!

Differing from the classic allylic substrates,” allenylic
acetate is a specific allylic subtrate substituted with the
=CH, group. Accordingly, we investigated the specific
structural characteristics of the electrophilic palladium
intermediate in this asymmetric allenylic substitution. Two
diastereoisomeric intermediates A and B generated in situ
by the oxidative addition of racemic allenylic acetate la
with Pd/(R)-L4 were investigated by DFT calculations (Fig-
ure 1A).l"1 The results suggested that the characteristics of
the #’-butadienyl palladium intermediates were obviously
different from that of traditional n-allyl intermediates. The
C*~Pd and C*-Pd bonds in #’-butadienyl palladium inter-
mediates A and B are significantly longer and weaker
compared with theC'-Pd bond [C'-Pd, C>~Pd, C*-Pd: 2.04,
2.20,2.30 A for A;2.07,2.19,2.24 A for B, respectively]."*"")
Additionally, since C' is sp* hybridized in A and B, the
typical bond angle of C°—C'-C? should be 120°. Hence, the
distortion of the related angles in A and B (140.6° and
148.7°) indicated their potential instability. Furthermore,
both outward methylene group with steric hindrance and
weak C’—Pd bond favored the substitution at the C? position,
which is consistent with the excellent regioselectivity
observed in our experimental results.

Next, we studied the bonding form of the coordination
bond of the #*-butadienyl palladium intermediate by orbital
localization analysis (Figure 1B).” In these coordination
bonds, palladium contributes one d orbital while each of the
three carbons C'-C® contributes one orbital, making up two
bonding orbitals and two antibonding orbitals. The four
electrons from the carbon atoms enter into the two bonding
orbitals. The biggest difference between the #’-butadienyl
palladium intermediate and the classic mn-allylpalladium
intermediate is that a sp® orbital of C' contributes to the
C'-Pd bond in A and B, while a p orbital of the
corresponding C' contributes to the C'-Pd bond in the
classic m-allylpalladium intermeidate. In A and B, the p
orbital of C' participates in the formation of the n bond with
C°, forcing C' to use its sp” orbital to form a bond with Pd.
Furthermore, orbital localization analysis vividly shows

© 2023 Wiley-VCH GmbH
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palladium intermediate B

palladium intermediate A
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(B)

m-d parLal

coordination %\H
bond Ph =

e CH

n’-butadienyl palladium intermediate B

Figure 1. (A) The calculated structures and important structural param-
eters of electrophilic 7°-butadienyl palladium intermediates A and B;
(B) the bonding orbitals based on orbital localization analysis of the
intermediate B.

these special bonding forms (Figure 1B). In intermediate B,
the shapes of the bonding orbitals indicate that the #*-
butadienyl palladium intermediate contains a weak C=C/Pd
coordination bond and a strong o(Csp>~Pd) bond.™!
Subsequently, we studied the interconversion between
the #’-butadienyl palladium intermediates A and B via an
i-n'- process with the help of AcO~, using DFT
calculations (Scheme 4). The result shows that the intercon-
version between the »*-butadienyl palladium intermediate A
and its diastereomer B is easy. This can be attributed to the
stability of the Csp>~Pd bond™ during the interconversion

® OAc
P/—\ PT R| P N /P
N\ _/ i \l/ Pd
P\d +AcO P\d o
‘——_‘ —_— c
/A//\Ph -AcO /A//\Ph i\
A Int-1 Ph Int-2
1.58 -8.29 -18.17
® OAc “
N N
R P PR| P R P
\ - N\ N\ /
Py AO P4 - . P
A A0 Py AcO
Ph Ph
B Int-4 Int-3
0 -11.69 -21.93Ph

Scheme 4. Gibbs energy profile of the interconversion of the 7’-
butadienyl palladium intermediates A and B (The data were acquired at
the PBEO(D3B))/cc-pvTz/SMDyy¢ level of theory, unit: kcal mol™).
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between A and B via Int 1-4. This facile interconversion
between the two diastereomers A and B is beneficial for the
DyKAT process of racemic allenylic substrates, giving the
desired products with excellent enantio- and diastereoselec-
tivities (>99 % ee and >20:1 dr).

In order to verify the synthetic value of the products,
several transformations with regards to the amino ester and
the allene group were conducted (Scheme 5). The quater-
nary amino acid (S,5)-3aa could be transformed to dipeptide
6, benzyl substituted o-amino acid 7, and isocyanate 8,
smoothly.”! The product (S,S)-3aa could also be applied to
the synthesis of chiral piperidine skeleton 9 by the
sequential installation of the Ts protecting step and Pd-
catalyzed ring closure.’ Importantly, piperidine is the core
scaffold of around 320 registered drugs.” Furthermore,
butyrolactone 10 bearing three stereocenters could be
obtained in 65 % yield, >20:1 dr, and >99 % ee via the
hydrolysis and hydrofunctionalization of the terminal
allene.

Conclusion

In conclusion, we have successfully developed a stereo-
divergent Pd/Cu catalytic system for the enantio- and
diastereoselective allenylation of aldimine esters with race-
mic 2,3-allenylic acetates. Both aryl- and alkyl-substituted
allenylic substrates were compatible with the reaction
conditions, affording a wide range of chiral non-natural
amino acids bearing a terminal allenyl group and with
vicinal central chiralities in high yields and with excellent
diastereo- and enantioslectivities (up to >20:1 dr and

.
Ny o
PR CoBu @
© NH N” 0By
o
Me O 'Ph
A 6, 80% yield
TsHN o >20:1 dr

[T

10, 65% yield

>20:1 dr, >99% ee ‘%

7, 97% yield

/ >20:1 dr, >99% ee
.
Ph._~_Ph N o
a8 \
NN PA X “OBu
Ts CO,Bu “\eo

9, 36% vyield for two steps
>20:1 dr, >99% ee

8, 91% vyield
>20:1 dr, >99% ee

CCDC: 2195080

Scheme 5. Representative transformations of the chiral allenylic prod-
ucts. [a] Reaction conditions: (a) HOBt, EDCI-HCI, DCM, rt. (b) Pd/C,
H,, MeOH, rt. (c) Boc,0, DMAP, DCM, rt. (d) TsCl, pyridine, DCM, rt.
(€) Pd(PPh,),, Phl, K,CO;, DMF, 80°C. (f) TFA, DCM, rt; [Rh(COD)Cl],,
DPEphos, 1,2-DCE, 70°C. HOBt = 1-hydroxybenzotriazole; ED-
Cl-HClI=1-(3-dimethylaminopropyl)-3-ethylcarbo diimide
hydrochloride; Ts =tosyl; TFA=trifluoroacetic acid.
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>99% ee). Control experiments, kinetic studies, and
theoretical calculations suggested that: 1) The introduction
of the chiral copper catalyst could efficently improve the
reactivity, enabling the Pd-catalyzed asymmetric allenylic
substitution to be suitable for challenging aryl-substituted
allenylic esters and crowded nucleophiles; 2) the easy
interconversion between the 7’-butadienyl palladium inter-
mediate possessing a weak C=C/Pd coordination bond and a
stable Csp>~Pd bond is beneficial for the DyKAT process of
racemic allenylic substrates.
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