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Highly diastereo-/enantioselective assembly of 2,3-fused indolizine derivatives could be easily available through
a cascade allylation/Friedel-Crafts type reaction enabled by a synergistic Cu/Ir catalysis. This designed protocol
provides an unprecedented and facile route to enantioenriched indolizines bearing three stereogenic centers in
moderate to high yields with excellent stereoselective control, which also featured broad substrate generality.
Remarkably, four stereocisomers of the 2,3-fused indolizine products could be efficiently constructed in

a predictable manner through the pairwise combination of copper and iridium catalysts. The synthetic utility
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Accepted 13th March 2023 of this method was readily elaborated by a gram-scale reaction, and synthetic transformations to other
important chiral indolizine derivatives. Quantum mechanical explorations constructed a plausible synergetic

DOI: 10.1039/d35c00118k catalytic cycle, revealed the origins of stereodivergence, and rationalized the protonation-stimulated
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Introduction

The incorporation of stereogenic centers into privileged scaffolds
to enhance the three-dimensional complexity represents a signifi-
cant objective of chemical synthesis in support of pharmaceutical
and materials science.' Indolizines, as one kind of important N-
heterocycles, display an impressive range of bioactivities,” such as
anticancer, antioxidant, antifungal, antiviral, and photophysical
properties (Fig. 1).* The partially or fully reduced indolizine (mostly
in enantiopure form) constitutes the core skeleton of over thou-
sands of alkaloids.* The broad utilities of indolizine have long
motivated the development of efficient methods for their
preparation.

However, in comparison with the well-established non-
asymmetric approaches, access to enantioenriched indolizines
remains rare.” Successful catalytic asymmetric synthesis of chiral
indolizine derivatives heavily relies on the Friedel-Crafts-type
transformations with electrophiles to incorporate one
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stereoselective Friedel-Crafts type cyclization to form the indolizine products.

stereogenic center on the C3-position of indolizine (Scheme 1a),
including asymmetric conjugate addition, asymmetric prop-
argylation and asymmetric allylic alkylation.® Recently, Feng, Liu,
and coworkers developed an elegant diastereo-/enantioselective [3
+ 2]-cycloaddition between pyridinium ylides and enones to deliver
chiral tetrahydroindolizines, which could be easily oxidized to
access high-value enantioenriched 3-arylindolizines with axial
chirality.” Synthetic methods for other types of chiral indolizines,
in particular, the privileged fused indolizine motifs have been
rarely exploited. Therefore, a conceptually different strategy to
achieve catalytic enantioselective functionalization of indolizine is
urgently needed. On the other hand, the efficient generation of
compound libraries with a broad stereochemical diversity is of
great significance in both synthetic and medicinal chemistry.® In
this aspect, the stereodivergent synthesis which involves the
concurrent activation of two reactants via a dual organo-/metal,
metal/metal or organo-/organo-catalysis is among the most effec-
tive methodologies.®™ In continuation of our longstanding
interest in stereodivergent synthesis of a-amino acids,”*? we were
intrigued by the possibility of r-allyl-Ir species derived from 2-

antibacterial PDES5A inhibitor
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Fig. 1 Examples of bioactive compounds and organic fluorophores
bearing indolizine heterocycles.
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a) Incorporation of one stereogenic center into indolizine ring via catalytic asymmetric
nucleophilic transformation
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b) Construction of axially chiral 3-arylindolizines through sequential asymmetric [3 + 2]
cycloaddition/oxidation
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c) Stereodivergent synthesis of 2,3-fused indolizines enabled by synergistic dual Cu/Ir-
catalyzed asymmetric [3 + 3] annulation of azomethine ylides (this work)

the first example of chiral 2,3-fused indolizines synthesis
X g
N
R7ONT O CO,E PN and ) CO,Et
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Scheme 1 Catalytic asymmetric synthesis of chiral indolizine derivatives.

Table 1 Optimization of reaction conditions®
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indolizine allyl carbonates serving as 3-atom amphiphilic species
in a cascade annulation with 1,3-dipolar-type metallated azome-
thine ylides. We anticipated that the addition of a nucleophilic Cu-
azomethine ylides,” to such electrophilic 7-allyl-Ir species fol-
lowed by an intramolecular Friedel-Crafts-type annulation would
provide a straightforward entry to chiral indolizines bearing three
stereogenic centers. In addition, the high stereocontrol imparted
by Ir catalysis on allylic alkylation® and Cu catalysis on a-func-
tionalization of azomethine ylides might be able to control the
generated stereogenic centers, thus allowing the precise
construction of different stereoisomers of the 2,3-fused indoli-
Herein, we describe the first example of enantio-/
diastereoselective synthesis of chiral indolizines via Cu/Ir-
catalyzed asymmetric annulation through a cascade allylic alkyl-
ation/Friedel-Crafts reaction in high yields with excellent stereo-
selective control.

zines.

Results and discussion
Optimization of reaction conditions

To verify our hypothesis, a model reaction was conducted using
rac-alanine ethyl ester derived aldimine ester 1a and 2-indolizinyl
allyl carbonate 2a as the substrates, Cs,CO; as the base, and
dichloromethane as the solvent. As shown in Table 1, we first
tested the catalytic efficiency of the combined [Cu(1)/(R,Rp)-L1 +
Ir(1)/(S,S.)-L5] system which was used for the previous reactions

RANJ\

COLE
1a (R 2 Cu(l)/L* (5 mol%) P
a (R =p-CiCeHa) Ir()/L* (3 mol%) = =
+ N / /
Cs,CO3, 1t "COEt
N Nocom /A
N7 2Me
2a 3a

PPh; o
é/@,?w
Fe
S wy «

%

& >

n,,

PH

=iPr (L1); Bn (L2)

Ph (L3); Bu (L4) (S.S,)-L5 (RRR,)-L6
Entry L* for Cu L* for Ir Solvent dr? Yield* (%) e? (%)
1 (R,Ry)L1 (Sa,S)-L5 CH,Cl, 3:1 73 87
2 (R,R,)11 (Ra,R,R)-L6 CH,Cl, >20:1 93 99
3 (R,R,)L2 (Ra,R,R)-L6 CH,Cl, 19:1 83 97
4 (R,R,)L3 (Ra,R,R)-L6 CH,Cl, >20:1 85 99
5 (S,Sp)-L4 (S4,S,5)-L6 CH,Cl, >20:1 87 99
6 (R,Rp)L1 (Ra,R,R)-L6 THF >20:1 85 99
7 (R,Ry)-L1 (Ra,R,R)-L6 Toluene >20:1 87 99
8 (R,R,)11 (Ra,R,R)-L6 EtOAc >20:1 84 99
9 (R,R,)1L1 (Ra,R,R)-L6 MeCN 19:1 80 97
10 (R,Rp)-L1 No Ir complex CH,Cl, — NA NA
11 No Cu complex (RayR,R)-L6 CH,Cl, — NA NA

“All reactlons were carried out with 0.3 mmol 1a and 0.2 mmol 2a in 2 mL of solvent within 2-12 h. ? dr was determined by the crude 'H NMR

analysis. ¢

© 2023 The Author(s). Published by the Royal Society of Chemistry

Yields refer to the isolated products after chromatographic purification. ¢

ee was determined by chiral HPLC analysis.
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Table 2 Reaction scope of Cu/Ir-catalyzed asymmetric [3 + 3] annulation®
Cu(l)/(R,Ry)-L1 (5 mol %)
R 1NN IM(R,R,R,)-L6 (5 mol %) R"—/ = R
PN n Lz p 0CO,Me N7 f
R™ "N” "COEt N 7 Cs5C03, CHoCly, 1t PnCo,Et
5
2
3

Entry R R R’ 3 dr® Yield* (%) ee? (%)
1 p-CICeH, Me H 3a >20:1 93 99
2 Pp-BrCgH, Me H 3b >20:1 85 99
3 p-FCeH, Me H 3c >20:1 85 99
4 Ph Me H 3d >20:1 88 99
5 p-MeCgH, Me H 3e >20:1 95 99
6 p-MeOCgH, Me H 3f >20:1 92 98
7 m-MeCgH, Me H 3g >20:1 90 99
8 m-MeOC¢H, Me H 3h >20:1 91 99
9 0-MeCgH, Me H 3i >20:1 87 99
10 1-Naphthyl Me H 3j >20:1 86 99
11 2-Naphthyl Me H 3k >20:1 95 99
12 2-Thenyl Me H 31 >20:1 82 99
13 2-Furanyl Me H 3m >20:1 86 99
14 N-Ts 3-indolyl Me H 3n >20:1 90 99
15 Cyclohexyl Me H 30 10:1 59 96
16 n-Bu Me H 3p >20:1 60 99
17 p-CICeH, n-Bu H 3q >20:1 93 99
18 p-CIC¢H, i-Bu H 3r >20:1 88 99
19 p-CICeH, CH,Ph H 3s >20:1 96 99
20 p-CICH, CH,CH,Ph H 3t >20:1 85 99
21 p-CICgH, Allyl H 3u >20:1 96 99
22 p-CIC¢H, Cinnamyl H 3v >20:1 95 99
23 p-CIC¢H, CH,CH,SMe H 3w >20:1 97 99
24 p-CICH, CH,CH,CO,Et H 3x >20:1 91 99
25 p-CICeH, (CH,),NHCbz H 3y >20:1 94 99
26 p-CICH, 3-Indolymethyl H 3z >20:1 55 99
27 p-MeOCgH, H H 3A 6:1 69 99
28 p-CICH, Me 8-Me 3B >20:1 83 99
29 p-CIC¢H, Me 7-Cl 3C >20:1 82 99
30 p-CICH, Me 6-Br 3D >20:1 75 99
31 p-CIC¢H, Me 6-Ph 3E >20:1 83 99

“ All reactions were carried out with 0.3 mmol 1 and 0.2 mmol 2 in 2 mL of solvent within 2-12 h. ? drwas determined by the crude '"H NMR analysis.

¢ Yields refer to the isolated products after chromatographic purification.

with 2-indolyl allyl carbonates.”#'* The reaction proceeded
smoothly via the designed cascade allylation/Friedel-Crafts
annulation pathway, giving (15,3R,4R)-3a in 73% yield albeit with
unsatisfactory diastereoselectivity and enantioselectivity (3:1 dr,
87% ee for the major isomer) (Table 1, entry 1). Although chiral
phosphoramidite L5 is privileged in our previous work,"'? however,
this reactivity and enantioselectivity on the allylic stereogenic
center did not translate to 2-indolizinyl allyl carbonate. Encour-
agingly, using chiral phosphoramidite ligand (R,R,R,)-L6 (ref. 15)
for the iridium catalyst instead of L5, the catalytic reactivity and
stereoselective control were significantly enhanced, affording the
desired product 3a in 93% yield with >20: 1 dr and 99% ee (Table
1, entry 2). No better results were achieved through the screening
of a series of Phosferrox ligands'® L2-14 for the copper catalyst
(Table 1, entries 3-5). The effect of solvent was then tested, and
dichloromethane provided the best results with a 93% yield among
these solvents. No reaction was observed in the absence of either

4136 | Chem. Sci,, 2023, 14, 4134-4142

4 ee was determined by chiral HPLC analysis.

copper or iridium catalysts, which showed that both two chiral
metal complexes are critical for this cascade allylation/Friedel-
Crafts annulation to deliver the [3 + 3] annulation product (Table 1,
entries 10-11).

Substrate scope study

The generality of the current protocol with respect to the azo-
methine ylide precursors was first examined under the estab-
lished reaction conditions. As shown in Table 2, the scope of the
substituted aldimine esters for this synergetic Cu/Ir-catalyzed
asymmetric allylation/Friedel-Crafts type reaction was remark-
ably broad. A wide range of natural and unnatural amino acids
derived aldimine esters underwent this cascade reaction with 2-
indolizinyl allyl carbonates efficiently, giving the corresponding
annulation products in good to high yields with excellent ster-
eoselective control. The aromatic aldehyde derived a-methyl
substituted aldimine esters (la-1i) bearing substituents of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Stereodivergent synthesis

Zra —

N7
)'/"COZEt
NH

[Cu)/(R,R,)-L1 + [Ir]/(R,R,R.)-L6

c (CCDC 2221435)
(1S,3R.4R)-3a (1S,3R,4R)-3k
93% yield, >20:1 dr 95% yield, >20:1 dr
99% ee 99% ee

Z N = Z N =
N7 S N7 A

F=COjEt J=CO,Et
\\\!‘NH \\g—NH
culissn s iisssite §)
Cl
(1R,3S,49)-3a (1R,3S,4S)-3k

92% yield, >20:1 dr
99% ee

N7
)’/"COZEt
SN

93% yield, >20:1 dr
99% ee

Z— e
N7
&NH

wCO,EL
/
[CUl/(R,R,)}-L1 + [IT]/(S,S,5,)-L6 Q
Cl
(1R,3R,4S)-3a (1R,3R,4S)-3k

90% yield, >20:1 dr
99% ee

92% yield, >20:1 dr
99% ee

PNA = P —

N\ NS
J=CO,Et J=CO,E
NH NH

[Cu]/(S,Sp)-L1 + [Ir)/(R,R,R,)-L6 5

; O
(15,3S,4R)-3k
93% yield, >20:1 dr
99% ee

(15,3S,4R)-3a
92% yield, >20:1 dr
99% ee

different electronic properties on different positions partici-
pated in this reaction smoothly, affording the desired products
(3a-3i) in 85-95% yields and generally >20:1 dr and 99% ee
(Table 2, entries 1-9). In addition, the naphthyl substituted
aldimine esters with steric hindrance also worked well to deliver
the desired products 3j and 3k with excellent results (86% yield,
>20:1 dr, 99% ee and 95% yield, >20: 1 dr, 99%, respectively,
entries 10 and 11). It's worth noting that the heteroaromatic
substituted substrates containing 2-thenyl, 2-furanyl, and N-Ts
3-indolyl groups, were well compatible to generate the corre-
sponding products 31-3n in 82-90% yields, >20:1 dr and 99%
ee (entries 12-14). To our delight, the more challenging
aliphatic aldehyde-derived aldimine esters 10 and 1p also can
undergo this transformation smoothly, leading to the products
30 and 3p with excellent results (59% yield, 10: 1 dr, 96% ee for
30, and 60% yield, >20:1 dr, 99% ee for 3p, entries 15 and 16).
Promoted by the success of a-methyl substituted aldimine
esters in this cascade reaction, we then turned our attention to
further investigating other a-substituted aldimine esters. When
the methyl group was replaced by n-butyl (1q), i-butyl (1r),
benzyl (1s), and phenylethyl (1t) groups, the corresponding
aldimine esters worked well to give the desired products (3q-3t)
with excellent results (85-96% yields, >20:1 dr, generally 99%

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Scale-up experiment

N
RANJ\COZEt
CU((RR,)-L1 (5 mol %)

1a (6 mmol, 1.44 g) Z N —
. Ir/(R,R,R,)-L6 (5 mol %) SN
Cs,C0;3, CH,Cly COzEL
NN\ /) r, 4 h H
p 0CO,Me ' R
N (R = p-CICgHy)

(1S,3R4R)-3a, 142 g

2a (4 mmol, 0.92 g) 90% yield, 19:1 dr, 99% ee

(b) Synthetic elaborations

4, 72% yield, 99% ee
(1S,3R4R)-3a

V(
99% ee

6, 93% vyield, 99% ee 7, 83% yield, 99% ee

Scheme 2 Scale-up experiments and synthetic elaborations. Reaction
conditions: (a) POCls, DMF, 0 °C; (b) Pd(OAc), (1 mol%), CH,N, Et,0,
—20 °C; (c) Pd/C, Hy, rt; (d) [Ir(COD)Cll, (5 mol%), dppm (10 mol%),
HBpin, DCM, rt.

ee, entries 17-20). Furthermore, we found that a series of aldi-
mine esters containing o-functionalized substituted groups,
such as allyl (1u), cinnamyl (1v), CH,CH,SMe (1w), CH,CH,-
CO,Et (1x), (CH,),NHCbz (1y) groups, could function as
compatible substrates to provide products (3u-3y) in 91-97%
yields with >20:1 dr and all with 99% ee (entries 21-25).
Tryptophan-derived aldimine ester bearing a-3-indolymethyl
(1z) with high steric hindrance worked well to give the corre-
sponding cycloadduct 3z in 55% yield with exclusive diaster-
eoselectivity and excellent enantioselectivity (entry 26).
Aldimine esters bearing sterically hindered a-substituted
groups, such as isopropyl or cyclohexyl groups, did not work in
this catalytic system. Remarkably, glycine-derived aldimine
ester 1A, which posed an additional challenge to control the
stereoselectivity since the initially formed allylation interme-
diate still contains a readily-racemized proton, also reacted
smoothly with 2a affording desired product 3A with satisfactory
results (entry 27). To further expand the scope generality of this
protocol, a variety of indolizine-derived allyl carbonates bearing
varied substituents with different electronic properties were all
well-tolerated in this synergistic Cu/Ir catalytic system,
providing the highly functionalized indolizine derivatives (3B-
3E) in moderate to good yields with excellent stereoselectivities
(75-83% yields, all with >20: 1 dr and 99% ee, entries 28-31).
Having established the optimal reaction conditions for the
preparation of (15,3R,4R)-3a, we began to evaluate the feasibility of
stereodivergent synthesis via the synergistic Cu/Ir catalysis (Table
3). To our delight, the four stereoisomers of the indolizine deriv-
ative 3a could be successfully prepared in high yields (90-93%)
with exclusive diastereoselectivities and almost perfect enantiose-
lectivities (all >20:1 dr and 99% ee) by simply switching the

Chem. Sci., 2023, 14, 4134-4142 | 4137
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(A) N-metallated azomethine ylide
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Fig. 2

(B) z-allyliridium(lll) species

View Article Online

Edge Article

Q O

4

v N Y
Ph—-< \ —-< Ph—< .
O Favored G O N\? /0
Phn Phum Cs,CO; Phu...& P
1950
o MeOH it
'\E @ ST
Ar'
M3 TS1 M4
5.4 16.8 5.5

0

&
Ph__<

1\

Ph

o
N‘G‘FI’/O Cs,COsH" N/
Phu 5 hm sy 3 Ph
Q— —{r@ —Ir@ " <— —I?/‘\
NG —> ¢ N\g
/ Disfavored %
Ar' , c;szco3
Ar CO,+MeOH Ar
M3 TS1 Im4'
14.4 20.1 9.8

(A) In situ generation and the structures of diastereomeric prochiral nucleophiles IM1 and IMY’. (B) The generation of m-allyliridium(i)

species IM4 and IM4' via oxidative addition. Free energies are given in kcal mol™.

configuration combination of two chiral ligands L1 and L6 in the
combined two chiral metal complexes. In addition, four stereo-
isomers of 2-naphthyl fused indolizine 3k could be predictably
achieved in the same manner. The absolute configuration of 3k
obtained with the combined [Cu(1)/(R,Rp,)-L1 + Ir(1)/(R,R,R,)-L5] was
unanimously determined to be (1S,3R,4R) by X-ray diffraction
analysis (CCDC 2221435),"” and the absolute configuration of other
products was tentatively assigned by structural analogy.

Scale-up experiments and synthetic application

To showcase the synthetic utility of this methodology, first, a gram-
scale of synergistic Cu/Ir-catalyzed asymmetric [3 + 3] annulation of
alanine ethyl ester derived aldimine ester 1a and 2-indolizinyl allyl
carbonate 2a was conducted (Scheme 2a), and the enantiopure 2,3-
fused indolizine (1S,3R,4R)-3a could be smoothly achieved in 90%
yield with 19:1 dr and 99% ee. As outlined in Scheme 2b, some
synthetic transformations of (15,3R,4R)-3a were further surveyed. It
went through the Vilsmeier-Haack reaction efficiently to install
a formyl group at the C1-position, providing the corresponding
aldehyde compound 4 in 72% yield without any loss of enantio-
selectivity. The terminal alkenyl motif of product 3a could react
with CH,N, catalyzed by Pd(OAc), to generate product 5 containing
the cyclopropane unit in moderate yield with maintained diaster-
eoselectivity and enantioselectivity. In addition, Pd/C-catalyzed
direct hydrogenation afforded product 6 in 93% yield without
loss of diastereoselectivity. Moreover, the Ir/DPPM-catalyzed
hydroboration of compound 3a smoothly provided product 7 in
83% yield and without erosion of enantioselectivity.

Mechanistic studies

To gain insights into the molecular mechanism and understand
the origins of stereoselectivity for this synergistic Cu/Ir catalysis,
the catalytic reaction in entry 2, Table 1 (Cu/(R,R,)-L1 and Ir/
(R RR,)-L6) was chosen as a representative for DFT mechanistic

4138 | Chem. Sci, 2023, 14, 4134-4142

study (see the ESI} for details). Fig. 2A exhibits the in situ genera-
tion of copper azomethine ylide (AY) nucleophiles IM1 and IM1'.
The metallated prochiral nucleophile has two diastereomers that
show opposite relative orientations of the azomethine ylide unit
with the ligand. The arrangement in which the large aryl group of
the azomethine ylide unit is placed on the less encumbered left-
hand side of the ligand is energetically favorable, which can be
attributed to steric effects directed by the Cp-based group.' The
diastereomeric IM1’ is 3.3 keal mol ™" less stable than IM1 caused
by steric hindrance. As a result, only the more stable diastereomer
of the prochiral nucleophile IM1 is considered in the following C-
C coupling procedures.'® Note that the formation of Cu(i)-azome-
thine ylide IM1 via deprotonation by inorganic base Cs,CO; is
exergonic by —20.2 kcal mol ', indicating a strong thermodynamic
driving force (see Fig. S31 for details).

In the meantime, the generation of the active r-allyliridium,(ur)
species via decarboxylative oxidative addition was considered and
the DFT-calculated results are presented in Fig. 2B. We explored an
activated form of the Ir(1) catalyst IM2, which was produced from
the activation of the C-H bond by Cs,CO5."* In the presence of
(R R R,)-L6, the pathway of the formation of 7-allyl-Ir(u) IM4 (IM2
— IM3 — TS1 — IM4) has overwhelming advantages in kinetics
and thermodynamics than that leading to allyl-Ir(m) IM4' (IM2 —
M3’ — TS1' — IM4). Specifically, the competition between TS1
and TS1’ shows a big energy barrier difference of 3.3 kcal mol " in
support of 7-allyl-iridium IM4, and IM4 is more stable than its
diastereomeric IM1’ by 4.3 kcal mol~'. The main reason for the
energy differences lies in the binding mode of allyl carbonate 2a,
which gives rise to more steric hindrances between 2a and the
COD ligand in IM3', TS1' and IM4' (see Fig. S4} for details). The
computations coupled with the fact that the subsequent C-C
coupling is relatively easy (see below) demonstrate that it is
reasonable to consider IM4 as the main active allyl-Ir(m) species
derived from the oxidation process.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Mechanism of allylation:
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Key transition-state structures

3.78
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NCI analysis of TS2-cis

TS2-cis

TS2-trans TS3-trans

Fig.3 Mechanism for the allylation of Cu(l)-azomethine ylide IM1 by allyliridium(i) IM4, and the key structures of bond-forming transition states.
Free energies are given in kcal mol~? (energy zero: IM1 and IM4), and selected distances are shown in A.

With an in-depth investigation of the generation of the active
Cu/Ir catalysis, we examined the C-C coupling of the nucleophilic
Cu(1)-azomethine ylide IM1 with the electrophilic allyl-iridium(m)
IM4 to disclose the stereoselectivity of two vicinal stereocenters
(see Fig. 3). In the allyl-iridium(m) species IM4, the Si-face was
hindered by the cyclometallated moiety and the COD ligand, and
lost its reactivity towards the Cu(1)-ylide IM1. Correspondingly, the
Re-face region was exposed and easily attacked by the nucleophile.
As a result, the R-configuration of C4 in product 3a can be
preliminarily determined. On the other hand, in the Cu()-ylide
IM1, the Si-face was congested by the oxazoline ring and its bulky
isopropyl substituent; comparatively, the Re-face space was some-
what unimpeded and allowed the reaction with the electrophile.
Hence, this indicated that the C3 site is more favored to be the R-
configuration. On the basis of these analyses, we have located four
types of C-C coupling transition states to form the alkylation
compounds (see Fig. 3). TS2-cis originating from the reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry

between the Re-face of IM1 and the Re-face of IM4 was the most
favorable pathway and provided the allylation complex (2R,3R)-Int-
I, which would undergo Friedel-Crafts type cyclization to give the
experimental product (15,3R,4R)-3a (see below). TS2-cis is 2.3 kcal
mol " lower than TS3-trans, the favored transition state to give the
allylation complex (2S5,3R)}Int-I, and the energy differences
evidently support the formation of (2R,3R)-Int-I (>20:1 dr). As
a result, the computationally predicted stereoselectivity is consis-
tent with the experimental results (entry 2, Table 1). Herein, TS2-cis
builds on the favorable Re-face-Re-face stereoscopic configuration
with a cis Ar---Ar’ arrangement, which could avoid strong ligand/
substrate steric repulsions and gain attractive -7 stacking inter-
actions to stabilize the C-C coupling process. This type of -7
dispersion force was further verified by a visual analysis of non-
covalent interactions (NCIs)."” In the absence of this type of 7w
interaction, TS2-trans has higher barrier than TS2-cis owing to the
mismatched Ar---Ar’ structure. Additional Re-face-Si-face reaction

Chem. Sci., 2023, 14, 4134-4142 | 4139
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Fig. 4 Free energy profile for Friedel-Crafts type cyclization leading to the indolizine product 3a.
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Scheme 3 Catalytic cycle for the cascade allylation/Friedel-Crafts
type reaction via synergistic Cu/Ir catalysis.

pathways (TS3) enclosed strong steric hindrances between the allyl
moiety and oxazoline fragment, so they are unfavorable (see
Fig. S57 for details).

After revealing the formation of C3 and C4 stereocenters in
product 3a by Cu/Ir synergistic catalysis, we tried to understand the
source of chirality at the C1 center. In view of the fact that catalytic
amounts of protonic acids (e.g., HCl) were generated during the
catalyst activation (e.g., IM2),""%'* the protonated imine on the
allylated intermediate Int-I can activate the electrophilic C=N
bond and thus stimulate the ring-closure to yield the desired 2,3-
fused indolizine product. Fig. 4 displays the DFT-computed free
energy profile for the Friedel-Crafts type reaction, which consists
of acid-enabled C-C bond formation (TS4) and base (Cl™)-facili-
tated deprotonation (TS5). Because of the low kinetic barriers (4.6
keal mol ™" and 6.8 kecal mol*) and favorable thermodynamic
driving force (—4.3 kecal mol "), this Friedel-Crafts type cyclization
is facile to carry out, which elucidates its high yield (93%, Table 1,

4140 | Chem. Sci., 2023, 14, 4134-4142

entry 2). Although the energy barriers of C-C formation are similar
(TS4 vs. TS4), TS5 is 2.0 kcal mol " lower than TS5 during the
deprotonation process, which illustrates the stereoselectivity
favoring the (15,3R,4R)-3a over (1R,3R,4R)-3a. The main factor that
makes TS5  unstable is that it contains severe H---H steric repul-
sions labeled at 2.13 A between the leaving H atom and the Ar
group, while there is no H---H repulsion at the corresponding
region in TS5. What's more, (1R,3R,4R)-3a has greater thermody-
namic driving force than that of (15,3R,4R)-3a (—4.3 kcal mol " vs.
—2.4 keal mol ™), which is further conducive to the formation of
product (15,3R,4R)-3a. These analyses reveal the origins of stereo-
chemistry. In addition, we explored the cascade allylation/Friedel-
Crafts type reaction with the set of catalyst combination of (Cu(x)/
(S,Sp)-L1+ Ir(1)/(R,R,R,)}-L6), and the computed results are analo-
gous to those discussed above, and are in good agreement with the
experimentally observed results in Table 3 (see Fig. S6-S71 for
details).

As shown in Scheme 3, a reasonable cooperative catalytic cycle
for this asymmetric cascade allylation/Friedel-Crafts type reaction
to access enantioenriched 2,3-fused indolizine derivatives enabled
by a synergistic Cu/Ir catalysis was established. This protocol could
proceed through the asymmetric allylation between 7-allyl-Ir(in)
species derived from 2-indolizine allyl carbonates and Cu(i)-azo-
methine ylide, followed by a proton-assisted stereoselective Frie-
del-Crafts type cyclization to complete the annulation reaction and
deliver the final 2,3-fused indolizine products.

Conclusions

In conclusion, we present herein a highly diastereoselective and
enantioselective assembly of 2,3-fused indolizine derivatives
empowered by a synergistic Cu/Ir catalysis with two readily avail-
able chiral ligands. The designed cascade allylation/Friedel-Crafts
type reaction of in situ-formed nucleophilic Cu-azomethine ylides
with electrophilic m-allyl-Ir species provides an unprecedented
route to enantiomerically enriched indolizines bearing three ster-
eogenic centers. The scope of this protocol, especially toward the
aldimine esters, is remarkably broad. More importantly, through
the pairwise combination of copper and iridium catalysts, this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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method is capable of rapidly constructing four stereoisomers of
the corresponding products in a predictable manner. DFT mech-
anistic studies established a reasonable cooperative catalytic cycle
for the synergistic Cu/Ir catalysis to stereoselectively construct 2,3-
fused indolizine derivatives bearing three stereogenic centers in
moderate to high yields with excellent stereoselective control.
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