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Palladium-catalyzed stereoselective construction
of chiral allenes bearing nonadjacent axial and two
central chirality¥
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It is challenging to enantioselectively construct molecules bearing multiple nonadjacent stereocenters, in
contrast to those bearing a single stereocenter or adjacent stereocenters. Herein, we report an enantio-
and diastereoselective synthesis of substituted chiral allenes with nonadjacent axial and two central chiral
centers through a combination of retro-oxa-Michael addition and palladium-catalyzed asymmetric
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allenylic alkylation. This methodology exhibits good functional-group compatibility, and the corres-
ponding allenylic alkylated compounds, including flavonoid frameworks, are obtained with good yields
and diastereoselectivities and excellent enantioselectivities (all >95% ee). Furthermore, the scalability of
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Introduction

Bearing a peculiar three-carbon axially chiral skeleton, chiral
allenes are featured in many naturally occurring products,
pharmaceuticals,’"  materials,”> and chiral ligands.?
Additionally, as important building blocks in organic syn-
thesis,” allenes have attracted increasing interest. Recently,
some novel synthetic methods to access functionalized chiral
allenes have been designed and developed, and mainly control
either the axial or the central chirality.” However, the efficient
simultaneous control of the axial and central chirality,®
especially multiple central chiral centers, remains a challenge,
despite their presence in natural products and pharmaceuti-
cals. For instance, panacene is a metabolite of the sea hare
Aplysia brasiliana, acting as a fish antifeedent.” (Scheme 1)
Besides this, enprostil is a prostaglandin E2 (PGE,) analogue
that strongly inhibits gastric-acid secretion and carbacyclin is
a promising antithrombotic agent."® Thus, the development
of efficient methods to prepare allenes bearing multiple chiral
elements is highly desirable. A few asymmetric catalytic reac-
tions have been developed to construct chiral allene derivatives
bearing multiple adjacent stereocenters.” As for the more
difficult stereoselective construction of allenes with multiple
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the current synthetic protocol was proven by performing a gram-scale reaction.

nonadjacent stereocenters, to the best of our knowledge,
limited methodologies have been devised. In 2018, Trost and
co-workers synthesized chiral exocyclic allenic compounds
bearing nonadjacent axial and two central chiral centers
through a palladium-catalyzed asymmetric [3 + 2] cyclo-
addition reaction.'® Recently, our group realized the synthesis
of enantioenriched substituted allenes with multiple nonadja-
cent stereocenters through the palladium-catalyzed asym-
metric allenylic alkylation of thiochromanone derivatives.""
Despite these advances in synthesis of chiral allenes, the
preparation of diverse chiral allenes bearing multiple nonadja-
cent stereo-centers is still a conundrum.

The flavonoid structural motif is widely distributed in
numerous naturally occurring compounds.’” Previously, we
synthesized substituted flavonoids by utilizing the strategy of
retro-oxa-Michael addition, constructing two contiguous
stereogenic centers in nucleophilic flavonoids.”® As a nontri-
vial extension to this work, we devoted our efforts to exploring
the combination of the retro-oxa-Michael addition process and
palladium-catalyzed asymmetric allenylic alkylation, which
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Scheme 1 Representative examples of axially chiral allenes in natural
products and pharmaceuticals.
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could construct chiral allene products with multiple nonadja-
cent stereocenters (Scheme 2).

Results and discussion

Our initial investigations focused on condition optimization of
the asymmetric allenylic alkylation by selecting a racemic 2,3-

This work: the enantio- and di selective synthesis of st allenes bearing
nonadjacent axial and two central chirality with flavonoid scaffold

o o X, o WH
Pd)/P-P*, base, R' '™ —
dlj\/u\opz Pal Lo o/ R
0~ R? up to 24:1 dr, up to 99% ee RSOZR
retro-oxa-Michael addition ﬂ

o o |
0. “R2 asymmetric
© allenylic alkylation

% o
base
N OR
07 "R?

Challenges: the simultaneous control of axial chirality and two central chirality
the compatibility of retro-oxa-Michael addition and asymmetric allenylic alkylation

Scheme 2 Palladium-catalyzed asymmetric allenylic alkylation.

Table 1 Optimization of reaction conditions?
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disubstituted flavanone (1a) as the model substrate, a [Pd]/L1
complex as the catalyst and Cs,CO; as the base. First, the
solvent effect was examined (Table 1, entries 1-3). Fortunately,
the desired product 3aa was obtained in 93% yield with 11:1
dr and 97% ee for the major diastereoisomer when tetrahydro-
furan was used. After screening a series of commercially avail-
able bisphosphine ligands with large steric hindrance (entries
4-7), L1 was found to be the best choice for the allenylic alkyl-
ation. Subsequently, allene partners with various protecting
groups were tested (entries 8-11), amongst which the one with
an ethoxycarbonyl group performed better in the control of
diastereoselectivity (entry 8). Then, the palladium precursor
was investigated and it was found that Pd(dba), was still
optimal (entry 8), while other catalyst precursors, such as
Pd,(dba);, [Pd(C3H;5)Cl], and Pd(OAc),, showed lower stereo-
selectivity (entries 12-14). Both organic and inorganic bases
were also screened (entries 15 and 16). Considering the low
solubility of cesium carbonate at decreased temperature, 1,8-
diazabicyclo-[5.4.0Jundec-7-ene (DBU) was selected as the base
for the next investigation. To further improve the diastereo-
selectivity and enantioselectivity, the reaction temperature was
decreased to —20 °C, affording 3aa in 92% yield with 16:1 dr
and 99% ee for the major diastereoisomer.

PAr, MeO PAr,

MeO. ] PAr,

L1 OMe L2, Ar = 3,5-Bu,CeHs

Pd(dba),/L

Ar = 3,5-Bu,-4-MeOCgH, L3, Ar = 3 5-Bu,-4-MeOCgH, Ar=3.5-(TMS),CeH3  Ar = 3 5-Bu,-4-MeOCgH,

solvent, base
5AMS, 30 °C Ph

crL,, <O
(¢} PAr, [ PAr,
[o PAr, o PAr,
o g o g
L4 Ls

ee’ (%)
Entry Solvent L PG [Pd] Base Yield” (%) dr? Major/minor
1 Toluene L1 CO,Me Pd(dba), Cs,CO; >95 6:1 93/61
2 DMF L1 CO,Me Pd(dba), Cs,CO, 63 10:1 98/42
3 THF L1 CO,Me Pd(dba), Cs,CO; 93 11:1 97/78
4 THF L2 CO,Me Pd(dba), Cs,CO, 92 9:1 96/51
5 THF L3 CO,Me Pd(dba), Cs,CO, o1 9:1 89/55
6 THF L4 CO,Me Pd(dba), Cs,CO, 93 6:1 39/42
7 THF L5 CO,Me Pd(dba), Cs,CO; >95 9:1 50/10
8 THF L1 CO,LEt Pd(dba), Cs,CO, 95 11:1 98/72
9 THF L1 CO,'Pr Pd(dba), Cs,CO;3 >95 10:1 97/64
10 THF L1 Ac Pd(dba), Cs,CO, 95 9:1 94/41
11 THF L1 P(O)(OEY), Pd(dba), Cs,CO; 93 11:1 96/65
12 THF L1 CO,Et Pd,(dba); Cs,CO, 66 7:1 94/08
13 THF L1 CO,Et [Pd(C,H;)Cl], Cs,CO, 9% 1:1 51/27
14 THF L1 CO,Et Pd(OAc), Cs,CO, 94 11:1 97/57
15 THF L1 CO,Et Pd(dba), KO'Bu 71 8:1 96/55
16 THF L1 CO,Et Pd(dba), DBU 87 11:1 96/52
174 THF L1 CO,Et Pd(dba), DBU 92¢ 16:1 99/06

“ Reactions were carried out with 1a (0.1 mmol), 2 (1.5 eq.), [Pd] (10 mol%), L (11 mol%), base (1.2 eq.), solvent (1.0 mL), 5 A molecular sieves
(MS) (50 mg), 30 °C, 24 h. ?Yield and diastereomeric ratio were measured by analysis of '"H NMR spectra using 1,3,5-trimethoxybenzene as the
internal standard. ¢ Determined by chiral HPLC. ¢ 20 °C instead of 30 °C. ¢ Isolated yield for the reaction with 0.2 mmol scale after 72 h.
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With the optimal conditions established in entry 17, we
further set out to explore the generality of the methodology.
First, flavanone moieties bearing various alkyl substituents on
the ester group, including ethyl (1a), methyl (1b), iso-propyl
(1c), tert-butyl (1d), cyclohexyl (1e) and benzyl (1f), were inves-
tigated (Scheme 3). The diastereoselectivity of this reaction was
slightly sensitive to the steric bulk in flavanones 1. When tert-
butoxycarbonyl (1d) was introduced, a moderate 12:1 dr was
obtained. By comparison, a 19:1 dr was observed when meth-
oxycarbonyl (1b) was introduced. When the nitro group (1g)
was used as the electron-withdrawing group (EWG), lower
diastereoselectivity was observed. Thus, the methoxycarbonyl
group was identified as the optimal EWG for the next substrate
scope investigation.

The effect of the substituents of allenylic carbonates 2 was
further probed, and it was found that they have a strong
impact on the reactivity and stereoselectivity in the allenylic
alkylation (Scheme 4). It seemed that allenylic carbonates con-
taining aryl groups were better than those with alkyl groups in
terms of reactivity and diastereoselectivity. The methyl-substi-
tuted allenylic carbonate (2b) reacted with 1b and generated
the product 3bb with 95% ee for the major diastereoisomer,
albeit in moderate 47% yield and 5:1 dr. When the cyclohexyl
group (2¢) was introduced, the result for the reactivity and
diastereoselectivity was even worse. We further tested the
effect of the substituent at ortho (2d), meta (2e) or para-posi-
tions (2f) of the aryl group, and found that better diastereo-
selectivity (24 : 1 dr) was obtained with the meta-position sub-
stituent. Subsequently, when a fluoro, chloro, bromo or
methoxy group was introduced at the meta-position, the alkyl-
ation reaction proceeded smoothly to deliver 3bg, 3bh, 3bi or
3bj with excellent ee and dr, but moderate yields were observed
with the halogen atoms. Furthermore, a thienyl substituent
(2k) was tolerable, affording 3bk with 19:1 dr and 98% ee for
the major diastereoisomer, although a low yield was observed.
The allenylic carbonate with a naphthyl substituent (21) was
also suitable. Regretfully, trisubstituted allene partners were
not suitable for this protocol, giving low reactivity even under

__/OCOEL L1 (11 moi%)
= __Pd(dba), (10 mot%)

d DBuwzeq)sAMs
THF, -20°C, 72-96 h

R ="Pr, 3ca

92% yield, 16:1 dr, 99% ee 95% yield, 19:1 dr, 98% ee

93% yield, 12:1 dr, 97% ee
R =By, 3da
96% yield, 12:1 dr, 95% ee

U

74% yield, 4 1 dr, 94% ee

3ea
92% yield, 12:1 dr, 98% ee
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Scheme 3 Substrate scope for the ester group of flavanones 1.
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Scheme 4 Substrate scope for allenylic carbonates 2.

more stringent reaction conditions. The absolute configuration
of product 3bl was assigned as (2R,3S,R,) by X-ray diffraction
analysis (for the details, please see the ESIT), and other pro-
ducts were assigned by analogy.

Subsequently, the substrate scope was further investigated
with a series of 2,3-disubstituted flavanones or chromanones
by using ethyl(4-(m-tolyl)buta-2,3-dien-1-yl) carbonate (2e) as
the allenylic carbonate partner (Scheme 5). As expected, a
variety of aryl-substituted flavanones were smoothly con-
verted into the corresponding products in high isolated
yields, with excellent dr and ee values (3ke-3se), while mod-
erate diastereoselectivity and lower reactivity were observed
with the alkyl-substituted chromanones (1h-1j). Additionally,
the position of the substituents on the phenyl group was
probed, showing that a flavanone bearing an ortho-position
substituent (1k) reacted with a slightly lower dr than that
bearing a meta- (11) or para-position (1m) substituent. To our
delight, when R* was a 4-fluoro-, 4-chloro- or 4-bromo-phenyl
group (1n-1p), those substrates were all compatible with this
reaction and led to the corresponding products (3ne-3pe) in
excellent yields, with high dr and ee values. By contrast,
when a methoxy group was introduced at the para-position,
the alkylation reaction proceeded smoothly but delivered 3qe
with slightly lower diastereoselectivity. Finally, substituents
on the carbocyclic ring of the flavanones 1, such as methyl
(1r) and chloro (1s), had negligible effect on the reactivity
and enantioselectivity but a small negative influence on the
diastereoselectivity.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3ob01315d

Published on 17 October 2023. Downloaded by Dalian Institute of Chemical Physics, CAS on 11/14/2023 8:57:05 AM.

Organic & Biomolecular Chemistry

Mom . d

_/OCOoE R®

L1 (11 mol%) o H
Pd( dba)2 (10 mol%) N
DBU (1.2 eq.), 5A (IS o— co,Me
THF, -20 °C, 72-96 h R?
3
O WH
e
0—( CO,Me
Cy

3je
28% yield, 9:1 dr, 99% ee

oj COZMeAI; j COzMe
3he

82% yield, 8:1 dr, 95% ee

Me

59% yield, 7 1 dr, 98% ee

3qe 3re 3se
94% yield, 16:1 dr, 98% ee 95% yield, 12:1 dr, 97% ee 93% yield, 16:1 dr, 99% ee

Scheme 5 Substrate scope for the flavanones/chromanones 1.

a) Gram-scale experiment
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Scheme 6 Gram-scale experiment and product transformations.

To further showcase the synthetic utility of the current strat-
egy, a gram-scale reaction was carried out under the standard
conditions, delivering the product 3be and maintaining the
yield, with slightly diminished stereoselectivity (Scheme 6a). In
addition, the transformations of 3be were concentrated on the
reduction. The carbonyl group of 3be was selectively reduced
with sodium borohydride at room temperature, affording
reduction product 4 in 94% yield with 13:1 dr (the relative
configuration of the hydroxyl and phenyl groups in compound
4 was assigned as cis-4 by analogy''). Besides this, the single
reduction isomer 5 was obtained in 92% yield and 87% ee by
hydrogenating the allene moiety of 3be with 10% Pd/C catalyst,

This journal is © The Royal Society of Chemistry 2023
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showing that the diastereoisomers of 3be are ascribed to the
axial chirality.

Conclusions

In summary, we have successfully developed an enantio- and
diastereoselective construction of substituted chiral allenes
bearing nonadjacent axial and two central chiral centers,
through a combination of retro-oxa-Michael addition and pal-
ladium-catalyzed asymmetric allenylic alkylation under basic
conditions. This protocol features high yields, good diastereo-
selectivities, excellent enantioselectivities and broad substrate
scope, achieving straightforward and efficient access to func-
tionalized chiral allenes.
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