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ially catalyzed atroposelective
synthesis of planar-chiral macrocycles†

Gongming Yang, Shangde Liu, Shujie Ji, Xingsen Wu and Jian Wang *

Planar-chiral macrocycles play a pivotal role in host–guest chemistry and drug discovery. However,

compared with the synthesis of other types of chiral compounds, the asymmetric construction of

planar-chiral macrocycles still remains a forbidding challenge. Herein, we report a sequential palladium

and N-heterocyclic carbene catalysis to build planar-chiral macrocycles. This protocol features broad

scope and good functional group tolerance, and allows a rapid assembling of planar-chiral macrocycles

with excellent enantioselectivities.
Planar-chiral macrocycles, as a class of atropisomers, have been
widely used in asymmetric synthesis,1 materials science,2 and
host–guest chemistry,3 and are also widely present in natural
products.4 For instance, chrysophaentin A5 inhibits the activity
of methicillin-resistant Staphylococcus aureus (MRSA); cylin-
drocyclophane A6 inhibits the activity of KB and LoVo tumor
cells; and FVIIIa7 promotes coagulant activity (Fig. 1A); there-
fore, the asymmetric preparation of planar-chiral macrocyclic
skeletons has attracted sustainable attention from chemists.8
However, the enantioselective synthesis of planar-chiral mac-
rocycles seems to have encountered difficulties. The investiga-
tive results show that only a very limited number of methods
have been used to prepare optically active planar-chiral mac-
rocycles by far. These disclosed methods are mainly divided
into four categories. (i) Intramolecular macrocyclisation:9

elegant studies involve the Ru-catalyzed C–S coupling9i and the
phase transfer catalyst-catalyzed SNAr macrocycloaddition9c re-
ported by Cai, respectively. Recently, our group disclosed the
NHC-catalyzed atroposelective macrocycloaddition for the
synthesis of planar-chiral indoles/pyrroles;10 (ii) intramolecular
arene formation:11 the Tanaka group disclosed an enantiose-
lective intramolecular [2 + 2 + 2] cycloaddition for the
construction of macrocycles via chiral Rh-catalysis;11a (iii)
modication of rings:12 Shibata and co-workers reported an
asymmetric Sonogashira coupling to carry out such ring mod-
ication.12a In 2022, the Yang group reported the chiral phos-
phoric acid-catalyzed enantioselective electrophilic aromatic
amination to deliver such macrocycles;12d (iv) intermolecular
ring closure: in this context, the investigations of intermolec-
ular ring closure are much less studied. In 2020, Collins and co-
Laboratory of Bioorganic Phosphorous
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the Royal Society of Chemistry
workers13 reported the only example of biocatalytic and enan-
tioselective intermolecular macrocyclization of diacids and
diols to deliver planar-chiral macrocycles. Although the above
strategies have been widely utilized to assemble enantioen-
riched planar-chiral macrocycles, most of the methods require
pre-assembly of chains in the substrate, which signicantly
Fig. 1 Background and our design. (A) Representative planar-chiral
macrocycle-containing molecules. (B) Asymmetric sequential catal-
ysis. (C) Our design.
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Table 1 Optimization of the reaction conditionsa

Entrya Variation of standard conditions Yieldb (%) eec (%)

1 None 72 96
2 C2 instead of C1 65 30
3 C3 or C4 instead of C1 <5 —
4 C5 instead of C1 30 −16
5 C6 instead of C1 46 −22
6 L2 instead of L1 60 96
7 L3 instead of L1 65 96
8 Without of L1 68 96
9 K2CO3 instead of nBu4NOAc 28 94
10 KOAc instead of nBu4NOAc 35 96
11 Et3N instead of nBu4NOAc 30 92
12 THF instead of toluene 52 90
13 CH2Cl2 instead of toluene 68 93
14 Without 4 Å MS 67 96
15 Toluene (0.1 M) was used 62 96

a Conditions: 1a (0.10 mmol), 2a (0.15 mmol), Pd(PPh3)4 (2.5 mol%) and
L1 (3.0 mol%) in 1.0 mL of toluene were allowed to stir at room
temperature for 2 h. The solution was then transferred into a mixture
of pre-NHC catalyst C1 (20 mol%), nBu4NOAc (50 mol%), DQ (0.12
mmol) and 4 Å MS 50 mg in toluene (4.0 mL). The reaction mixture
was allowed to stir at room temperature for another 12 h under Ar.
b Isolated yield aer ash column chromatography. c Determined by
HPLC analysis using a chiral stationary phase.
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limits the diversity of planar-chiral macrocyclic products.
Therefore, the development of a catalytic methodology that
enables the modular assembly of structurally diverse enan-
tioenriched macrocycles from simple starting materials is
a demanding yet highly desirable objective.

Asymmetric sequential catalysis, as an intriguing and effec-
tive strategy to promote efficient chemical synthesis, has
enabled assembling valuable chiral molecules with a complex
structure from readily available starting materials in a one-pot
multi-step fashion of reducing time, costs, and waste genera-
tion. Therefore, it has received extensive attention from chem-
ists and signicant progress has been made.14 However, it is
important to note that these reports have still focused on the
construction of backbones with central chirality only. The
enantioselective synthesis of planar chiral compounds via the
strategy of sequential catalysis remains yet to be explored to
date (Fig. 1B).15

N-Heterocyclic carbene (NHC) asymmetric catalysis, due to
its unique advantages in the eld of rapid construction of
complex chiral scaffolds, has achieved signicant developments
in recent years.16 However, the development of sequential
catalysis involving the NHC catalyst is still in its infancy.17

Meanwhile, our laboratory is highly interested in exploring
NHC catalysis for the rapid assembling of atropisomeric mole-
cules.18 Very recently, we disclosed the rst NHC-catalyzed
intramolecular atroposelective macrocyclization for the
assembly of planar-chiral indoles/pyrroles.10 Herein, we present
an unprecedented intermolecular reaction of aldehydes and
vinyl ethylene carbonates via the Pd/NHC sequential catalysis,
exhibiting a wide substrate scope and good functional group
tolerance, which can rapidly deliver optically pure planar-chiral
macrocycles (Fig. 1C).

We chose the 6-bromovanillin derivative (1a) and phenyl
vinylethylene carbonate (2a) as the model substrates, and DQ as
the oxidant. The results revealed that the optimal reaction
conditions are a combination of toluene as the solvent, nBu4-
NOAc as the base, Pd(PPh3)4 as the metal catalyst, DPPP (L1) as
the ligand, and NHC C1 as the organocatalyst, which provided
the planar-chiral macrocycle 3a in 72% yield and with excellent
enantioselectivity (Table 1, entry 1, 96% ee). NHC catalyst
screening showed that the triazolium derived carbene precur-
sors C2, C5 and C6 afforded 3a in diminished yields and with
very low enantioselectivities (entries 2, 4 and 5). In addition, the
carbene precursors C3 and C4 were also found to be ineffective
in the reaction (entry 4). When L2 or L3 replaced L1, the yield of
3a decreased and the absence of L1 led to a little loss in yield
(entries 6–8). Notably, replacing nBuN4OAc with K2CO3, KOAc or
Et3N resulted in a severe decrease in the yield of 3a (entries 9–
11). The results of reactions performed in THF or CH2Cl2 were
inferior compared to standard conditions (toluene as solvent)
(entries 12 and 13). In the absence of 4 Å MS, 3a was still ob-
tained with excellent enantioselectivity, but the yield was
partially reduced (entry 14). Additionally, increasing the reac-
tion concentration led to a decrease in the isolated yield of
product 3a (entry 15).

With optimal conditions in hand, we turned our attention to
examine the scope of this sequential catalytic reaction for the
19600 | Chem. Sci., 2024, 15, 19599–19603
synthesis of functional planar-chiral macrocycles. The vinyl
ethylene carbonates (VECs) 2 were examined rst (Fig. 2). A
range of VECs bearing various substituted aryl groups have
proved to be suitable substrates, affording the corresponding
products 3a–3o at 95–98% ee. In addition, heteroaryl-
substituted VECs also well participated and generated the
planar-chiral macrocycles 3p and 3q in good yields and with
excellent enantioselectivities (Fig. 2, 70% and 71% yield; 98%
and 96% ee, respectively). The absolute conguration of
product 3q was determined by X-ray single crystal analysis
(CCDC: 2347510), and other structures were assigned by
analogy. Pleasingly, varied alkyl-substituted VECs were also
tolerated and delivered the corresponding planar-chiral mac-
rocycles 3r–3t over longer reaction times with excellent enan-
tioselectivities, albeit with a slightly decrease in yield.

Encouraged by the success in the variation of VECs, we then
focused on the scope of aryl aldehyde 1. As shown in Fig. 3,
a range of aryl aldehyde substrates bearing either an electron-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scope of vinyl ethylene carbonate 2. aReaction conditions: see
Table 1, entry 1. b12 h for the first step, 12 h for the second step. c24 h
for the first step, 12 h for the second step.48 h. d36 h for the first step,
12 h for the second step.

Fig. 3 Scope of aryl aldehyde 1. aReaction conditions: see Table 1,
entry 1.
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withdrawing group or electron-donating group at the 4-position
generated their corresponding products smoothly with excellent
enantioselectivities (90–>99% ee). In addition, when the bromine
at the 2-position of aryl aldehyde became small chlorine, the
corresponding planar-chiral products were still obtained and
with excellent enantioselectivities (4f, 97% ee and 4g, 96% ee,
© 2024 The Author(s). Published by the Royal Society of Chemistry
respectively). Furthermore, the 2-phenyl-substituted substrate
generated the desired planar-chiral macrocycle 4h in 74% yield
and with >99% ee under optimal conditions. Pleasingly, varied
ve-membered aromatic heterocycle substituted substrates were
also tolerated and delivered the corresponding planar-chiral
macrocycles with high to excellent enantioselectivities (4i–4k).

Subsequently, the modication of the O-substituted amide
chain was conducted. Amide chains containing ester or ether
groups were well tolerated under optimal conditions and
provided their corresponding planar-chiral products with high
enantioselectivities (Fig. 3, 4l and 4m). Next, the effect of length
of the chain was also investigated. When the length of the
amide chain was reduced, the yield of the corresponding
planar-chiral macrocycle decreased dramatically (4n, n= 13). At
the same time, substrates with extended chains were also tested
and found to produce the desired product (4o, n = 15) in good
yield and with excellent enantioselectivity. Notably, a further
increase in amide chain length led to a loss of planar chirality
(4p, n = 16), which clearly indicated that planar chirality is
highly dependent on the size of the ring on the macrocycle.
Chem. Sci., 2024, 15, 19599–19603 | 19601
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Fig. 4 Determination of the racemization barrier. (A) Effect of
temperature on the stability of macrocyclic planar chirality. (B) Plot for
calculating the racemization barrier of 4o. (C) Racemization barriers of
3a, 4n and 4o.

Fig. 5 Gram-synthesis and synthetic transformations. (A) Gram-scale
synthesis. (B) Sonogashira coupling. (C) Epoxidation reaction.

Fig. 6 Mechanistic studies: (a) Pd(PPh3)4 (2.5 mol%) and L1 (3 mol%) in
toluene (1.0mL), 2 h. (b) C1 (20mol%), DQ (1.2 equiv.) and nBuN4OAc in
toluene (4.0 mL), room temperature for 12 h.
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To get insight into the thermal stability of the macrocyclic
planar-chirality, a series of racemization experiments were
performed.19 As shown in Fig. 4, planar-chiral macrocycle 3a or
4n was stirred at 140 °C in toluene under sealed conditions for
2 h and no racemization was observed (see ESI,† S43). For
compound 4o, the ee value was maintained below 60 °C, indi-
cating that the rotation of the ansa chain was restricted
(Fig. 4A). On the other hand, the conguration stability studies
revealed that the rotation barrier of 4o is 31.1 kcal mol−1, and
the t1/2 of racemization is 19.3 h at 100 °C (Note: At 25 °C, the t1/2
of racemization is calculated to be 33.5 years) (Fig. 4B and C).

Before illustrating the utility of this method, a gram-scale
synthesis of 3a was conducted under optimal conditions,
producing the desired product with promising yield and enan-
tioselectivity (Fig. 5A). Next, two follow-up transformations of 3a
were carried out individually. The phenylethynyl-substituted
planar chiral macrocycle 5 was prepared smoothly via a one-
step Sonogashira coupling of 3a (Fig. 5B). Importantly, the
multiple stereogenic enantioenriched compound 6, featuring
both central and macrocyclic planar chirality, was obtained
efficiently by epoxidation of 3a in the presence of meta-chlor-
operbenzoic acid (m-CPBA) (Fig. 5C).

To understand the pathway, we performed the reaction in
a stepwise manner, expecting to obtain key intermediates to
further elucidate the mechanism (Fig. 6, see ESI,† S52). The
alkyl alcohol chain linked aryl aldehyde 3a0 (conrmed by NMR)
was obtained from 1a and 2a under the conditions of Pd(PPh3)4
(2.5 mol%) and DPPP (3 mol%). Following the addition of C1
(20 mol%), DQ (1.2 equiv.) and nBuN4OAc (50 mol%), the
desired product 3a was achieved in 69% yield with 96% ee.
Similar results were compared between the stepwise reaction
and the one-pot reaction (Table 1), suggesting that the reaction
process most likely occurred via a sequential catalytic process.

In summary, we have developed a Pd/NHC sequential cata-
lytic intermolecular atroposelective macrocyclization for the
preparation of various planar-chiral macrocycles with high to
19602 | Chem. Sci., 2024, 15, 19599–19603
excellent enantioselectivities under mild conditions. This
protocol shows a broad scope and functional group tolerance.
Multiple stereogenic macrocycles featuring both central and
planar chirality have proven the synthetic utility of the present
study. Control experiments reveal that these transformations
possibly occurred via a Pd/NHC sequential catalytic process.

Data availability

All data supporting the ndings of this study are available
within the article and its ESI le.†
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(b) R. López and C. Palomo, Angew. Chem., Int. Ed., 2022, 61,
e202113504; (c) G. Yang and J. Wang, Angew. Chem., Int. Ed.,
2024, 63, e202412805.

9 (a) M. E. Layton, C. A. Morales and M. D. Shair, J. Am. Chem.
Soc., 2002, 124, 773–775; (b) M. Q. Salih and C. M. Beaudry,
Org. Lett., 2013, 15, 4540–4543; (c) Q. Ding, Q. Wang, H. He
and Q. Cai, Org. Lett., 2017, 19, 1804–1807; (d) K. Mori,
K. Ohmori and K. Suzuki, Angew. Chem., Int. Ed., 2009, 48,
5638–5641; (e) S. Yu, G. Shen, F. He and X. Yang, Chem.
Commun., 2022, 58, 7293–7296; (f) S. Wei, L.-Y. Chen and
J. Li, ACS Catal., 2023, 13, 7450–7456; (g) J. Wang,
M. Wang, Y. Wen, P. Teng, C. Li and C. Zhao, Org. Lett.,
2024, 26, 1040–1045; (h) X. Lv, F. Su, H. Long, F. Lu,
Y. Zeng, M. Liao, F. Che, X. Wu and Y. R. Chi, Nat.
Commun., 2024, 15, 958; (i) K. Tanaka, T. Hori, T. Osaka,
K. Noguchi and M. Hirano, Org. Lett., 2007, 9, 4881–4884.
© 2024 The Author(s). Published by the Royal Society of Chemistry
10 G. Yang, Y. He, T. Wang, Z. Li and J. Wang, Angew. Chem., Int.
Ed., 2024, 63, e202316739.

11 (a) K. Tanaka, H. Sagae, K. Toyoda, K. Noguchi and
M. Hirano, J. Am. Chem. Soc., 2007, 129, 1522–1523; (b)
T. Araki, K. Noguchi and K. Tanaka, Angew. Chem., Int. Ed.,
2013, 52, 5617–5621.

12 (a) K. Kanda, K. Endo and T. Shibata, Org. Lett., 2010, 12,
1980–1983; (b) Z. Dong, J. Li, T. Yao and C. Zhao, Angew.
Chem., Int. Ed., 2023, 62, e202315603; (c) D. Zhu, T. Mu,
Z.-L. Li, H.-Y. Luo, R.-F. Cao, X.-S. Xue and Z.-M. Chen,
Angew. Chem., Int. Ed., 2024, 63, e202318625; (d) D. Wang,
Y.-B. Shao, Y. Chen, X.-S. Xue and X. Yang, Angew. Chem.,
Int. Ed., 2022, 61, e202201064; (e) J. Li and C. Zhao, ACS
Catal., 2023, 13, 14155–14162.
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