
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
2:

08
:3

1 
PM

. 
 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
Enantioselective
aGraduate School of Engineering, Nagoya

Nagoya 464-8603, Japan. E-mail: ishihara@
bDepartment of Chemistry and Biomolecul

University, Gifu 501-1193, Japan. E-mail: an

† Electronic supplementary information (
and crystallographic data in CIF or
https://doi.org/10.1039/d2sc06771d

Cite this: Chem. Sci., 2023, 14, 2441

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

Received 8th December 2022
Accepted 19th January 2023

DOI: 10.1039/d2sc06771d

rsc.li/chemical-science

© 2023 The Author(s). Published by
aromatic Claisen rearrangement
of allyl 2-naphthyl ethers catalyzed by p–Cu(II)
complexes†

Lu Yao,a Kazuki Takeda,a Kaori Ando *b and Kazuaki Ishihara *a

The first catalytic enantioselective aromatic Claisen rearrangement of allyl 2-naphthyl ethers using 5–

10 mol% of p–copper(II) complexes is reported. A Cu(OTf)2 complex with an L-a-homoalanine amide

ligand gave (S)-products in up to 92% ee. Conversely, a Cu(OSO2C4F9)2 complex with an L-tert-leucine

amide ligand gave (R)-products in up to 76% ee. Density-functional-theory (DFT) calculations suggest

that these Claisen rearrangements proceed stepwise via tight-ion-pair intermediates, and that (S)- and

(R)-products are enantioselectively obtained via the staggered transition states for the cleavage of the

C–O bond, which is the rate-determining step.
Introduction

We have previously developed a chiral p–Cu(II) complex formed
from Cu(OTf)2 and chiral ligand 1a that catalyzes the enantio-
selective [1,3] O-to-C rearrangement of various methyl 2-
(cinnamyloxy)-1-naphthoates (2) and methyl 3-(cinnamyloxy)-4-
substituted-2-naphthoates (5) (Scheme 1a).1,2 Optically active
dearomatized products 3 and 6 can be produced in high
enantioselectivity (Scheme 1a), which is induced by the p–Cu(II)
interaction in the active intermediate 4. Independently, alter-
native methods have been developed by You et al.3a,b as well as
Zeng and Zhong et al.3c based on the catalytic enantioselective
allylic dearomatization of 1,3-dialkyl-2-naphthols (7) to give
optically active dearomatized products (8) which are structurally
similar to 6 (Scheme 1b).

Although signicant progress has been made in this area,4

there is still room for the development of other asymmetric
catalytic rearrangements. Here we report an enantioselective
Claisen rearrangement of methyl 3-(cinnamyloxy)-2-
naphthoates (9; R3 = Me) catalyzed by a p–Cu(II) complex to
give optically active aromatized products (10) (Scheme 2). To the
best of our knowledge, this is the rst example of a catalytic
enantioselective Claisen rearrangement5,6 of allyl naphthyl
ethers and it should be noted here that even examples of non-
enantioselective Claisen rearrangements of allyl naphthyl
ethers remain scarce to date.7
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Based on our previous report on [1,3] rearrangements,1 we
began by examining the N-5-dibenzosuberyl-L-leucine-derived
amides 1b–e as chiral ligands in combination with Cu(OTf)2
for the enantioselective Claisen rearrangement of 9a in
dichloromethane (Table 1). The enantioselectivity was
increased from 29% ee to 60% ee by using derivatives of 1 with
Scheme 1 (a) Enantioselective dearomatization of 2-naphthol deriv-
atives via [1,3] rearrangement, and (b) dehydrative coupling.
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Scheme 2 Catalytic enantioselective aromatic Claisen rearrangement
of methyl 3-(cinnamyloxy)-2-naphthoates (9, R3 = Me).

Table 1 Steric effect of the R4 group of the L-leucine-derived amides
(1b–e) on the enantioselective aromatic Claisen rearrangement of 9aa

Entry Ligand 1 (R4, R5)
Temp. [°C],
time [h]

Product 10a

Conv. [%] Eeb [%]

1 1b (Et, i-Bu) rt,c 0.42 >99 29
2 1c (i-Bu, i-Bu) rt,c 0.67 >99 30
3 1d (t-Bu, i-Bu) rt,c 0.75 >99 42
4 1e (1-Ad, i-Bu)d rt,c 1 >99 45
5 1e (1-Ad, i-Bu)d −20, 5 >99 60
6e 1e (1-Ad, i-Bu)d −20, 24 >99 70
7 1e (1-Ad, i-Bu)d −60, 48 95 66

a MS 4Ameans the zeolite A type, known as LTA (Linde Type A), with 4 Å
pore diameter. b The absolute conguration was determined in analogy
to that of 10f (Fig. 1). c rt = room temperature. d 1-Ad = 1-adamantyl.
e CHCl3 stabilized with 0.3–1.0% ethanol was used instead of CH2Cl2.

Table 2 Steric effect of R5 of N-(1-adamantyl)amide 1 on the enan-
tioselective aromatic Claisen rearrangement of 9aa

Entry Ligand 1 (R4, R5)
Temp. [°C],
time [h]

Product 10a

Conv. [%] Eeb [%]

1 1f (1-Ad, Me) −20, 24 >99 59 (S)
2 1g (1-Ad, Et) −20, 24 >99 73 (S)
3 1h (1-Ad, Pr) −20, 24 >99 73 (S)
4 1e (1-Ad, i-Bu) −20, 24 >99 70 (S)
5 1i (1-Ad, i-Pr) −20, 24 >99 64 (S)
6 1j (1-Ad, t-Bu) rt,c 1 >99 28 (R)

a CHCl3 stabilized with 0.3–1.0% ethanol was used as the solvent. MS 4A
means the zeolite A type, known as LTA (Linde Type A), with 4 Å pore
diameter. b The absolute conguration was determined in analogy to
that of 10f (Fig. 1). c rt = room temperature.

Table 3 Additive effect on the enantioselective aromatic Claisen
rearrangement of 9aa

Entry Additive [mol%]
Temp. [°C],
time [h]

Product 10a

Conv. [%] Eeb [%]

1 — −10, 1 >99 60
2c — −10, 24 >99 72
3 i-PrOH (20) −10, 1.5 >99 73
4d i-PrOH (20) −10, 24 >99 70
5 t-BuOH (20) −10, 1 >99 73
6 i-PrOH (20) −35, 24 96 81
7 i-PrOH (20) −40, 24 62 82

a Unless otherwise noted, CHCl3 stabilized with 0.015% 2-methyl-2-
butene was used as the solvent. MS 4A means the zeolite A type,
known as LTA (Linde Type A), with 4 Å pore diameter. b The absolute
conguration was determined in analogy to that of 10f (Fig. 1).
c CHCl3 stabilized with 0.3–1.0% ethanol was used as the solvent.
d
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more sterically bulky R4 groups (entries 1–4) at lower tempera-
ture (entries 5–7). Interestingly, the enantioselectivity was
further increased to 70% ee by using chloroform as the solvent
instead of dichloromethane (entry 5 vs. entry 6).

Next, N-5-dibenzosuberyl-L-amino acid-derived N-(1-ada-
mantyl)amides 1e–j were examined as chiral ligands in combi-
nation with Cu(OTf)2 for the enantioselective Claisen
rearrangement of 9a in chloroform at −20 °C (Table 2). With
respect to the enantioselectivity, common primary alkyl groups
such as Et and Pr were found to bemore suitable R5 groups than
Me, i-Bu and i-Pr (entries 1–5). Interestingly, the absolute
stereochemistry of 9a was reversed for R5 = t-Bu (entry 6).

In Tables 1 and 2, the experiments in chloroform were
carried out using chloroform stabilized with 0.3–1.0% ethanol.
To investigate the effect of ethanol on the Claisen rearrange-
ment of 9a, chloroform stabilized with 0.015% 2-methyl-2-
butene was used as a solvent. As shown in Table 3, the enan-
tioselectivity decreased from 72% ee (entry 2) to 60% ee (entry 1)
in the absence of ethanol, albeit that the reactivity increased.
The addition of 20 mol% of i-PrOH and t-BuOH was also
2442 | Chem. Sci., 2023, 14, 2441–2446
effective for increasing the enantioselectivity without any
signicant suppression of the reactivity (entries 3 and 5). When
Cu(OSO2C4F9)2 was used instead of Cu(OTf)2, the enantiose-
lectivity did not increase (entry 3 vs. entry 4). Thus, the desired
product (10a) was obtained in 96% conversion with 81% ee
under the optimal conditions (entry 6).

The substrate scope of the enantioselective aromatic Claisen
rearrangement of 9a–m catalyzed by Cu(OTf)2$1g in chloroform
is shown in Table 4. Methyl ester 9a was obtained in a higher
enantioselectivity than ethyl ester 9b (entry 1 vs. entry 2). Higher
enantioselectivity was observed in the rearrangement of those
substrates bearing electron-withdrawing groups (9c–i) (entries
3–10). In contrast, a substrate bearing an electron-donating
Cu(OSO2C4F9)2 was used instead of Cu(OTf)2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Substrate scope of the enantioselective aromatic Claisen
rearrangement of 9 catalyzed by Cu(OTf)2$1g

a

Entry Substrate 9 (Ar, R3, R4)
Temp. [°C],
time [h]

Product 10

Yieldb [%] Eec [%]

1 9a (Ph, Me, H) −35, 24 92 81 (S)
2 9b (Ph, Et, H) −35, 48 80 77 (S)
3 9c (2-ClC6H4, Me, H) −20, 48 80 82 (R)
4 9d (3-ClC6H4, Me, H) −20, 48 76 84 (S)
5 9e (3,5-(CF3)2C6H3, Me, H) −10, 48 77 89 (S)
6d 9e (3,5-(CF3)2C6H3, Me, H) −20, 48 95 92 (S)
7 9f (3,5-Br2C6H3, Me, H) −20, 48 44 84 (S)
8 9g (4-ClC6H4, Me, H) −20, 24 95 81 (S)
9 9h (4-BrC6H4, Me, H) −20, 24 85 82 (S)
10 9i (4-CF3C6H4, Me, H) −20, 48 67 87 (S)
11 9j (4-MeC6H4, Me, H) −20, 24 90 65 (S)
12 9k (3-thienyl, Me, H) −20, 24 80 73 (R)
13 9l (Ph, Me, Br) −20, 24 70 77 (S)
14 9m (4-ClC6H4, Me, OMe) −20, 12 95 85 (S)

a Unless otherwise noted, CHCl3 stabilized with 0.015% 2-methyl-2-
butene was used as the solvent. MS 4A means the zeolite A type,
known as LTA (Linde Type A), with 4 Å pore diameter. b Isolated yield.
c The absolute conguration was determined in analogy to that of 10f
(Fig. 1). d Cu(OTf)2 (20 mol%) and 1g (22 mol%) were used without i-
PrOH.

Table 5 Steric effect of R4 of L-tert-leucine-derived amide 1 on the
enantioselective aromatic Claisen rearrangement of 9aa

Entry Ligand 1 (R4) Solvent, temp. [°C], time [h]

Product 10a

Conv. [%] Eeb [%]

1 1j (1-Ad)c CH2Cl2, rt,
d 1 >99 28

2 1k (Bu) CH2Cl2, rt,
d 0.5 >99 45

3 1l (Et) CH2Cl2, rt,
d 0.5 >99 43

4e 1k (Bu) CHCl3, −10, 6 >99 61
5e 1k (Bu) CHCl3, −30, 48 97 68
6e,f 1k (Bu) CHCl3, −30, 48 33 68
7e,g 1k (Bu) CHCl3, −30, 48 95 71

a MS 4Ameans the zeolite A type, known as LTA (Linde Type A), with 4 Å
pore diameter. b The absolute conguration was determined in analogy
to that of 10f (Fig. 1). c 1-Ad = 1-adamantyl. d rt = room temperature.
e CHCl3 stabilized with 0.015% 2-methyl-2-butene was used.
f 20 mol% of i-PrOH was added. g Cu(OSO2C4F9)2 was used instead of
Cu(OTf)2.
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group (9j) was more reactive but furnished 10j in a lower ee
(entry 11). 3-(3-Thienyl)allyl naphthyl ether 9k could also be
used as a substrate (entry 12). Interestingly, the 7-bromo group
of 9l decreased both the reactivity and enantioselectivity (entry 1
vs. entry 13), whereas, the 7-methoxy group of 9m increased
both the reactivity and enantioselectivity (entry 8 vs. entry 14).

Using single-crystal X-ray diffraction analysis, the absolute
conguration of 10f (entry 7, Table 4) was determined to be (S)
(Fig. 1). Thus, the absolute conguration of the other products
10 obtained in Tables 1–4 was determined in analogy to that of
10f.

This catalytic Claisen rearrangement is scalable. On the
gram scale, the rearrangement of 9a was complete within 7 h in
the presence of 5 mol% of Cu(OTf)2$1g at −20 °C to give (S)-10a
in 95% isolated yield with 77% ee (eqn (1)).
Fig. 1 X-ray structure of product 10f.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(1)

Next, we focused on the inverse asymmetric induction
observed in entry 6 of Table 2. To improve the enantioselectivity,
the R4 group of ligand 1 was optimized to improve the enan-
tioselectivity (Table 5). Primary alkyl groups such as Et and Bu
were found to be more suitable than bulkier groups such as Ad
(entries 1–3). In terms of the enantioselectivity, chloroform was
better than dichloromethane (entry 2 vs. entry 4). The addition
of i-PrOH decreased the catalytic activity and did not inuence
the enantioselectivity (entry 5 vs. entry 6). An enantioselectivity
of 67% ee was observed when using Cu(OTf)2$1k in chloroform
at −30 °C (entry 6). The enantioselectivity increased to 71% ee
when Cu(OSO2C4F9)2 was used instead of Cu(OTf)2 (entry 7).

As shown in Table 6, substrates 9g, 9j, and 9a, were also
transformed to 10 with moderate enantioselectivity in the
presence of Cu(OSO2C4F9)2$1k.

Finally, we turned our attention to the mechanism of the
reaction. For that purpose, a crossover experiment using
a mixture of substrates 9g and 9b in the presence of 10 mol% of
Cu(OTf)2$1g in chloroform was conducted (Scheme 3). The
intramolecular rearrangements of 9g and 9b proceeded
smoothly and no crossover products were obtained. Therefore,
it was ascertained that this reaction proceeds via a concerted or
tight-ion-pair pathway.

To understand the origin of the enantioselectivity of this
reaction, we performed density-functional-theory (DFT) calcu-
lations at the B3LYP/6-31G(d) and LANL2DZ for Cu(II) level
(Gaussian 16 (ref. 8)). At rst, we studied the complexation of
substrate 9a with catalyst Cu(OTf)2$1. There are two possible
Chem. Sci., 2023, 14, 2441–2446 | 2443
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Scheme 4 Potential energy profile at 25 °C and the complexation of
9a with Cu(OTf)2$1k.

a aFor computational details, see the ESI.†

Table 6 The enantioselective aromatic Claisen rearrangement of 9
catalyzed by Cu(OSO2C4F9)2$1k

a

Entry Substrate 9 (Ar, R3, R4) Temp. [°C]

Product 10

Yieldb [%] Eec [%]

1 9a (Ph, Me, H) −30 95 71 (R)
2 9g (4-Cl-C6H4, Me, H) −20 64 76 (R)
3 9j (4-MeC6H4, Me, H) −30 88 72 (R)

a CHCl3 stabilized with 0.015% 2-methyl-2-butene was used. MS 4A
means the zeolite A type, known as LTA (Linde Type A), with 4 Å pore
diameter. b Isolated yield. c The absolute conguration was
determined by analogy with that of 10f (Fig. 1).

Scheme 3 Crossover experiment.
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geometrical chelate structures for the complex between 9a and
Cu(OTf)2$1. In the case of Cu(OTf)2$1g, one triate anion is
released from Cu(II) by chelation of 9a (Fig. 2). The trans struc-
ture of 9a$Cu(OTf)+$1g, wherein the ether oxygen is located
trans to the nitrogen of 1g, is 9.3 kcal mol−1 more stable than
the cis structure, which is unstable due to steric hindrance
between the axial hydrogen of N-5-dibenzosuberyl of 1g and one
of the OCH2 hydrogens of 9a.9 Here, the H–H distance (2.28 Å) is
shorter than the sum of their van der Waals radii (2.40 Å).
Fig. 2 Two geometrical structures of 9a$Cu(OTf)+$1g. For computa-
tional details, see the ESI.†

Scheme 5 Potential energy profile at 25 °C and transition states for
the aromatic Claisen rearrangement of 9a catalyzed by Cu(OTf)2$1g.

a

aFor computational details, see the ESI.†

2444 | Chem. Sci., 2023, 14, 2441–2446 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Next, we studied the complexation of 9a with Cu(OTf)2$1k
(Scheme 4). Interestingly, cis 9a$Cu+(OTf)$1k is predominantly
formed via monocoordinated complex 11a. On the other hand,
trans 9a$Cu+(OTf)$1k is not obtained from 11a due to the steric
demand of the t-butyl group. When the ether oxygen of 11a is
moved closer to Cu(II), one of the triates is easily eliminated to
give 11b. Subsequently, the ether oxygen of 11b approaches
Cu(II) and the triate is repelled to the apical position to form cis
9a$Cu+(OTf)$1k (for details, see the ESI†).

Interestingly, the Claisen rearrangement of 9a proceeds
stepwise via a tight-ion-pair intermediate. Both potential energy
proles that lead to enantiomeric products (S)-10a and (R)-10a
are shown in Schemes 5 and 6. Substrate 9a predominantly
chelates to Cu(OTf)2$1g in a transmanner between the nitrogen
atom of 1g and the ether oxygen atom of 9a due to steric and
electronic effects (for details, see the ESI†). One triate anion is
released from Cu(II) due to the p–Cu(II) interaction to generate
[9a$Cu+(OTf)$1g][−OTf]. Another triate group occupies the
Scheme 6 Potential energy profile at 25 °C and the transition states
for the aromatic Claisen rearrangement of 9a catalyzed by Cu(OTf)2-
$1k.a aFor computational details, see the ESI.†

© 2023 The Author(s). Published by the Royal Society of Chemistry
apical position of the octahedral Cu(II) complex, avoiding the
bulky N-1-adamantyl group of 1g. Both the transition structures
A1 and B1 for the cleavage of the C–O bond are stabilized by
hydrogen bonding between the allylic protons and the triate
oxygens. Staggered transition state (TS) A1 is more stable than
eclipsed TS B1 due to torsional effect (mainly electronic repul-
sion). Thus, (S)-10a is obtained as the major enantiomer via TS
A1. Although the energy values of TSs A2 and B2 for the
formation of the C–C bond are slightly higher than those of A1
and B1, the lack of crossover products suggests that cleavage of
the C–O bond is the rate-limiting step. This energy difference
between TSs A1 and B1 is 0.97 kcal mol−1 at 25 °C and
1.17 kcal mol−1 at −35 °C, corresponding to 84% ee at −35 °C.
This energy difference is in good agreement with the experi-
mental results (entry 1 in Table 4).

In contrast, when 1k is used, cis 9a$Cu+(OTf)$1k is preferred
(Scheme 4). The apical triate group is positioned to avoid steric
hindrance of the t-butyl group and cannot be stabilized by
a hydrogen bonding with the amino protons (TS C1 and TS D1
in Scheme 6). The staggered TS D1 is favored compared to the
eclipsed TS C1 due to the torsional effect. Thus, (R)-10a is ob-
tained as a major enantiomer via TS D1. The energy difference
between TSs D1 and C1 is 0.72 kcal mol−1 at 25 °C and
0.80 kcal mol−1 at −30 °C, corresponding to 68% ee at −30 °C.
This energy difference is in good agreement with the experi-
mental results (entry 5 in Table 5).
Conclusions

In summary, we have accomplished the rst catalytic enantio-
selective aromatic Claisen rearrangement of allyl 2-naphthyl
ethers 9 by using a chiral p–Cu(II) catalyst. The Cu(OTf)2
complex with L-a-homoalanine amide ligand 1g gave (S)-10
products in up to 92% ee. Conversely, the Cu(OSO2C4F9)2
complex with L-tert-leucine amide ligand 1k gave (R)-10 prod-
ucts in up to 71% ee. DFT calculations suggest that the prefer-
ence of these catalysts for (S)- and (R)-products might be
ascribed to a preference of the reactions to proceed via a stag-
gered rather than an eclipsed transition state.
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