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Synthesis of 2-Aryloxy Butenoates by Copper-Catalysed Allylic 

C−−−−H Carboxylation of Allyl Aryl Ethers with Carbon Dioxide  

Atsushi Ueno,
a
 Masanori Takimoto

a,b
 and Zhaomin Hou*

a,b 

The efficient synthesis of 2-aryloxy-3-butenoic acid esters by the allylic C−H bond carboxylation of allyl aryl ethers with CO2 

has been achieved through the deprotonative alumination with an aluminium ate compound (iBu3Al(TMP)Li) followed by 

the NHC-copper-catalysed carboxylation of the resulting aryloxy allylaluminum species. Functional groups such as halogens 

(F, Cl, Br, I), CF3 , amino, methylthio, silyloxy and hetero aromatic groups survived the reaction conditions. The regio- and 

stereoselective transformation (isomerization) of the 2-aryloxy-3-butenoate products to the (Z)-2-aryloxy-2-butenate 

isomers has also been achieved in the presence of a catalytic amount of DBU. These transformations thus constitute an 

efficient protocol for the divergent synthesis of both 2-aryloxy-3- and 2-butenonates from a single allyl aryl ether substrate 

using CO2 as a C1 building block.  

 

Introduction 

The development of efficient and selective methods for 

the synthesis of 2-aryloxy butenoic acid derivatives is of much 

interest and importance, because these compounds could 

serve as useful building blocks for the synthesis of α-aryloxy 

carboxylic acid derivatives, which are important structural 

motifs in medicinal and bioorganic chemistry.
1
 Among possible 

approaches for the synthesis of 2-aryloxy butenoic acids,
2
 the 

deprotonative allylic C–H carboxylation of allyl aryl ethers with 

carbon dioxide (CO2) could, in principle, be the most efficient 

and straightforward route. However, such transformation has 

not been reported previously.
3
 A general problem in this 

approach is the intrinsic instability of an aryloxy allyl metal 

species generated by the deprotonation of an allyl aryl ether 

for the carboxylation with CO2. It was previously shown that 

the deprotonation of an allylic C–H bond of allyl phenyl ethers 

by strong bases such as alkyllithium, lithium amide, and tBuOK 

could easily cause undesired side reactions, such as Wittig 

rearrangement,
4
 isomerization

5
 and deallylation.

6
 Uchiyama 

and co-workers reported the use of an aluminum ate 

compound such as iBu3Al(TMP)Li (TMP = 2,2,6,6-

tetramethylpiperidide) as a base for the selective allylic C−H 

deprotonation of allyl aryl ethers without causing apparent 

side reactions.
7
 However, the reactivity of the resulting aryloxy 

allylaluminum species towards CO2 remained unexplored. 

Recently, the use of CO2 for carboxylation reactions has 

received intensive attention.
3,8-10

 In this context, we have 

reported the carboxylation of various substrates,
10

 including 

aryl
10f

 and alkenyl
10e

 aluminum species, with CO2 catalysed by 

NHC-copper complexes. These studies encouraged us to 

examine the allylic C–H carboxylation of aryl allyl ethers with 

CO2. Herein, we report the efficient synthesis of 2-aryloxy 

butenoates through the copper-catalysed carboxylation of 

aryloxy allylaluminum species generated by the deprotonative 

C−H alumination of allyl aryl ethers with iBu3Al(TMP)Li using 

CO2 as a C1 building block. Both 2-aryloxy-3-butenoates and 

(Z)-2-aryloxy-2-butenates have been easily obtained in a regio- 

and stereoselective fashion from the same allyl aryl ether 

substrates under appropriate reaction conditions (see Scheme 

1).  

 

ArO

H

iBu3Al(TMP)Li
cat. [Cu]
CO2

ArO

COOH

ArO

"Al"

1) cat. [Cu]
CO2 ArO

COOH2) cat. DBU
 

 

Scheme 1  Regio- and stereodivergent synthesis of α-aryloxy butenoic 

acids through formal allylic C–H carboxylation of allyl aryl ethers with 

CO2 

Results and Discussion 

Synthesis of methyl 2-aryloxy-3-butenoates 

At first, the carboxylation of the allylaluminum species 2a 

generated in situ by the deprotonative alumination of allyl 
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phenyl ether 1a with iBu3Al(TMP)Li in THF was examined 

under various conditions. The allylaluminum 2a alone was 

relatively unreactive towards CO2 (1 atm) in THF at room 

temperature, giving the expected carboxylation product 

methyl 2-phenyloxy-3-butenoate 3a only in 10% yield in 2 h  

after hydrolytic workup and treatment of the resulting crude 

material with TMSCHN2 (Table 1, entry 1). By the initial 

catalyst screening, we found that (IMes)CuOtBu (IMes = 1,3-

bis(2,4,6-trimethylphenyl)imidazol-2-ylidene) showed high 

catalytic activity for the carboxylation of 2a. In the presence of 

(IMes)CuOtBu (10 mol%), the reaction of 2a with CO2 

smoothly completed at room temperature in 2 h to afford  an 

inseparable mixture of 3a and methyl 2-phenyloxy-2-

butenoate 4a (ratio of 85:5) in 90% yield (Table 1, entry 2). 

The ratio of 4a increased as the extension of the reaction 

period without decrease of the total yield of 3a and 4a (Table 

1, entries 2-4). These results suggested that 2-butenoate 4a 

was formed through an isomerization of the initial product in 

basic condition, which originally lead to 3-butenoate 3a. Also 

the reaction temperature had a significant effect on the 

selectivity. The reaction at higher temperature (50 ̊C for 48 h) 

gave 4a as a major product in 70% yield along with a small 

amount of 3a (9%) (Table 1, entry 5). In contrast, 3-butenoate 

3a was selectively obtained in 91% yield as a sole product 

when the carboxylation of 2a was carried out at 0 °C for 2 h 

(Table 1, entry 6). The catalyst prepared in situ from 

(IMes)CuCl (10 mol%) and tBuOK (10 mol%) showed almost 

same catalytic activity with (IMes)CuOtBu (Table 1, entry 7). 

The copper catalysts bearing IPr (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene) and SIPr (SIPr = 1,3-

bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene) were slightly 

less effective (Table 1, entries 8 and 9). In the absence of these 

NHC ligands, the yield of 3a was much lower (Table 1, entry 

10). 

 
Table 1  Optimization of reaction conditions for the synthesis of 

methyl 3-butenoate
a
 

 

 

entry [cat] 
temp. 

(°C) 

time 

(h) 

yield, %
 b

 

3a 4a 

1 - r.t. 2 10 - 

2 (IMes)CuOtBu 
c,d

 r.t. 2 85 5 

3 (IMes)CuOtBu 
c,d

 r.t. 12 66 20 

4 (IMes)CuOtBu 
c,d

 r.t. 24 45 44 

5 (IMes)CuOtBu 
c,d

 50 48 9 70 

6 (IMes)CuOtBu 0 2 91 - 

7 (IMes)CuCl/tBuOK 
e
 0 2 90  - 

8 (IPr)CuCl/tBuOK 
e
 0 2 70 - 

9 (SIPr)CuCl/tBuOK 
e
 0 2 69 - 

10 CuCl/tBuOK 
e
 0 2 35 - 

a 
The reactions were carried out using iBu3Al(TMP)Li (2.0 equiv.), 

substrate (0.5 mmol), catalyst (10 mol%), and CO2 (1 atm) in THF unless 

otherwise noted. 
b 

Isolated yield. 
c 

The product was obtained as an 
inseparable mixture of 3a and 4a. 

d 
The yields were calculated by 

1
H NMR. 

e 
The ratio of Cu salt to tBuOK was 1:1.  

 

With this optimized condition (Table 1, entry 6) in hand, 

we examined the carboxylation of various aryl allyl ethers to 

synthesize 2-aryloxy-3-butenoates. The results are 

summarized in Table 2. Similar to the carboxylation of 1a, 

substituted-phenyl allyl ethers bearing a slightly electron-

donating alkyl group, such as 4-tBu- and 4-Bn- groups, on their 

phenyl moiety were good substrate to provide the 

corresponding methyl 2-aryloxy-3-butenoates 3b and 3c in 

88% and 85% yields, respectively. Also an allyl ether bearing 

2,3-dihydro-1H-indenyl group as the aryl moiety also gave the 

desired product 3d in high yield. In the same way, methyl 2-(2-

naphtoxy)-3-butenoate 3e (80%) could be prepared from the 

corresponding naphthyl allyl ether. Substituted-phenyl allyl 

ethers bearing an electron-rich substituent, such as m-NMe2-, 

p-SMe-, p-TBDMSO-, and p-MeO groups, on their phenyl 

group were also suitable substrate giving the corresponding 

methyl 2-aryloxy-3-butenoate 3f, 3g, 3h, and 3i in high yields, 

selectively. Although these substituents might act as a 

directing group on potential ortho-metallation on the phenyl 

ring,
11 

there was no evidence of such unwanted reaction 

under the present reaction conditions. Also electron-

withdrawing property of p-CF3 group on the phenyl ring did 

not cause any negative effect, both on reactivity and 

regioselectivity; the reaction of allyl p-trifluoromethylphenyl 

ether provided methyl 2-aryloxy-3-butenoate 3j in 89% yield. 

It is also noteworthy that the carboxylation of p-fluoro-,
12

 p-

chloro-, p/o-bromo-, and p-iodo-substituted-phenyl allyl 

ethers selectively occurred at allylic C−H bond under the 

present catalyst conditions, affording the desired 

carboxylation products (3k, 3l, 3m, 3n, and 3o) in high yields, 

while the C−X (X = F, Cl, Br, I) bonds remained unchanged. 

Hetero-aromatic units were also acceptable substituents on 

the aryl moiety; for instance, 3p was obtained in 75% yield 

from the corresponding aryl allyl ether bearing a 2H-1,2,3-

benzotriazol-2-yl group. The carboxylation of aryl allyl ethers 

bearing a disubstituted allyl group such as 1q and 1r could also 

proceed under the present conditions, though the yields were 

slightly lower (3q, 70% and 3r, 65%) than that of the parent 

mono-substituted aryl ether (3m). The aryl allyl ether bearing 

a γ-alkyl group gave a mixture of α- and γ-carboxylation 

products. Moreover, the present method could be applicable 

to the propargylic C−H carboxylation of a phenyl propargyl 

ether; 2-phenyloxy-3-nonynoate 3s was obtained in in 79% 

yield from the corresponding substituted-propargyl ether. 

Moreover, this method could be applied to the carboxylation 

of carbamic acid allyl esters. The allyic C−H carboxylation of 

allyl diisopropylcarbamate smoothly proceeded to give the 

corresponding methyl 3-butenoate derivative 3t in 91% yield. 

Remarkably, α-methylallyl diisopropylcarbamate smoothly 

underwent the allylic C−H carboxylation at the more sterically 
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hindered position selectively to give carboxylic acid ester 3u 

bearing a quaternary carbon center in 89% yield. Alkyl allyl 

ethers were not suitable for the present protocol; the reaction 

of tert-buyl allyl ether or benzyl allyl ether produced a mixture 

of uncharacterizable products.
 

 
Table 2  Substrate scope on the synthesis of methyl 3-butenoate

a
 

 

3b, 88% 3c, 85% 3d, 90% 

3e, 80% 3f, 75% 3g, 79% 

3h, 87% 
3i, 86% 3j, 89% 

3k, 54% 3l, 73% 3m, 84% 

3n, 82% 3o, 80% 
         

3p, 75% 

3q, 70% 
3r, 65% 3s, 79% 

3t, 91%  
3u, 89% 

a 
The reactions were carried out using iBu3Al(TMP)Li (2.0 equiv.), 

substrate (0.5 mmol), catalyst (10 mol%), and CO2 (1 atm) in THF unless 

otherwise noted. 
b 

Isolated yield. 

 

A possible reaction mechanism for the present 

deprotonative allylic C−H carboxylation is shown in Scheme 2. 

Deprotonation of an allylic compound by the aluminum ate 

base iBu3Al(TMP)Li would generate allylaluminum species A. 

Then, transmetalation between A and (IMes)CuOtBu would 

proceed to give the allylcopper species B along with the 

release of Al(OtBu)(iBu)3Li. Carboxylation would take place on 

allylcopper species B by insertion of CO2 into copper-carbon 

bond in B to afford copper carboxylate species C.
13

 

Transmetalation reaction between C and another molecule of 

allylaluminum species A would give the aluminum carboxylate 

D regenerating allylcopper species B. The hydrolysis of D 

would afford a free 3-butenoic acid which was isolated as 

methyl 3-butenoate 3 after treatment with TMSCHN2. 

 

 
 

Scheme 2 A possible reaction pathway for the allylic C−H bond 

carboxylation. 

 

Regio- and stereoselective synthesis of methyl 2-aryloxy-(Z)-

2-butenoates 

In addition to 2-aryloxy-3-butenoic acids, 2-aryloxy-2-butenoic 

acid derivatives have been recognized as an attractive building 

block in organic synthesis,
2h,2i,14

 therefore, we next examined 

the selective synthesis of methyl 2-aryloxy-2-butenoates by 

modifying the present method for the formal allylic C−H 

carboxylation. As previously mentioned, in the carboxylation 

of 1a, the amount of methyl 2-phenoxy-2-butenoate 4a 

increased accompanied by the extended reaction period and 

elevated reaction temperature (Table 1, entries 1-6). From 

these results, we speculated that isomerization from the initial 

product such as D in Scheme 2 to the secondary product 

leading to 4a might take place, possibly through a base-

promoted deprotonation/protonation mechanism because 

excess amounts of basic components such as iBu3Al(TMP)Li 

exist in the present reaction system and the initial product D 

has an acidic proton placed at α-position to the carbonyl 

group.  

Upon this hypothesis, we initially attempted the 

isomerization reaction of the isolated methyl 2-phenoxy-3-

butenoate 3a by using a stoichiometric amount of KOtBu and 

DBU as the base. Interestingly, the results were quite different 

depending on the base used. When 3a was treated with KOtBu 

(1.0 equiv.) in THF at room temperature for 24 h, phenol was 

obtained as a major product in 80% via deallylation reaction,
6
 

and the yield of the desired isomerization product 4a was only 

12%. In contrast, 2-butenoic acid ester 4a was quantitatively 

obtained when 3a was treated with DBU (1.0 equiv.) at room 

temperature for 24 h.
 
In addition, a catalytic amount of DBU 
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(10 mol%) was effective to complete the isomerization to give 

4a in a quantitative yield (Scheme 3). 
1
H NMR NOE 

experiments on 4a confirmed that the double bond has a (Z)-

configuration. Moreover, we could achieve the one-pot 

synthesis of 4a without isolation of 3a (Table 3); by simply 

treating the reaction mixture after the carboxylation of 1a by a 

catalytic amount of DBU (10 mol%) at room temperature for 

24 h, 4a was obtained in 91% yield in a completely regio- and 

stereoselective manner.  

 

 
 

Scheme 3  Isomerization of 3a to 4a by using catalytic amount of DBU.  

 

This newly developed protocol for the synthesis of 4a was 

applicable to various substrates (Table 3). The present method 

worked efficiently with the substrates bearing alkyl 

substituents (4-tBu, 4-Bn and dihydroindenyl) on the aryl 

moieties to give the corresponding 2-aryloxy-(Z)-2-butenoic 

acid ester 4b, 4c and 4d in 87%, 83% and 86% yields, 

respectively. Naphtyl allyl ether was also suitable substrate for 

this method involving the DBU-catalysed isomerization and 4e 

was selectively obtained in 82% yield. The electron donating 

substituents (4-SMe, 3-NMe2 and 4-OMe, 4-OSiMe2tBu) on the 

aryl moiety of the substrates did not disturb the DBU-

catalysed isomerization and 2-aryl-(Z)-2-butenoates 4f-i were 

obtained in high yields in a regio- and stereoselective manner. 

Moreover, the aryl allyl ethers bearing a trifluoromethyl 

group, halogen substituent, or benzotriazolyl group on the aryl 

moiety could selectively give the desired 2-aryl-(Z)-2-

butenoates 4j-p in moderate to high yields under the similar 

conditions. In all cases demonstrated in Table 3, the yields of 

2-aryl-2-butenoates 4 were almost comparable with those of 

the 2-aryl-3-butenoates 3 obtained in the reactions above-

mentioned in Table 2.
 
However, the present DBU catalyzed 

isomerization was unsuccessful on aryl ally ethers 1q, 1r and 

allyl carbamate 1t. In the reaction of 1q, the isomerization did 

not proceed due to the thermodynamic stability of conjugated 

styrene moiety even in the presence of an excess amount of 

DBU. The reactions of 1q and 1r under the same conditions 

gave complicated product mixtures. 

 
Table 3  Substrate scope on the synthesis of methyl 2-butenoate

a
 

 

4a, 91% 4b, 87% 

COOMe

O

Bn

4c, 83% 

4d, 86% 4e, 82% 4f, 77% 

4g, 79% 4h, 82% 4i, 78% 

4j, 76% 4k, 52% 4l, 72% 

 
4m, 80% 

 
4n, 78% 

4o, 78%  
4p, 80% 

a 
The reactions were carried out using iBu3Al(TMP)Li (2.0 equiv.), substrate 

(0.5 mmol), catalyst (10 mol%), DBU (10 mol%), and CO2 (1 atm) in THF 

unless otherwise noted. 
b 

Isolated yield. 

 

The DBU-catalysed isomerization process could be 

explained as illustrated in Scheme 4. In our reaction, 

aluminum carboxylate D was formed as the initial product 

after carboxylation process. The isomerization would start 

with deprotonation of an acidic proton attached to the α-

carbon of the carbonyl group of D by DBU. On this occasion, 

the stereo-electronic effect would require the subtracted 

proton to be perpendicular to the π-face of the allyl group 

shown as E and E’. Among these two conformers, E would be 

more favourable due to the lower allylic 1,3-strain,
15

 thus the 

deprotonation would take place preferentially from E to afford 

[DBU-H]
+
 and an allyl anion F bearing an anti-configuration. 

Then, protonation of F would proceed at the sterically less 

hindered terminal sp
2
 carbon by [DBU-H]

+
 to give aluminum 

carboxylate G bearing a (Z)-configuration regenerating DBU. 
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Scheme 4  A possible reaction pathway for the isomerization by DBU 

 

Allylic C−−−−H carboxylation of allylbenzenes with CO2 

Finally, carboxylations of less acidic substrates such as 

allylbenzenes by the present methods were examined. As 

shown in Scheme 5, the deprotonative alumination of benzylic 

C−H bonds of allylbenzenes 5a and 5b smoothly proceeded by 

iBu3Al(TMP)Li and the subsequent Cu-catalysed carboxylation 

of the resulting benzylaluminum took place under the similar 

conditions to give corresponding methyl 2-aryl-3-butenoate 6a 

(85%) and 6b (84%), respectively. When the reaction mixtures 

of the carboxylation reactions were treated with DBU (1.0 

equiv) at room temperature, isomerization of the generated 

aluminum 2-aryl-3-butenoate took place smoothly to afford 

methyl (E)-2-aryl-2-butenoates 7a and 7b in high yields. 

Moreover, the present protocol could also applicable to the 

formal benzylic carboxyation of p-methylbenzamide 8 to 

provide 9 selectively in 52% yield despite the presence of 

potentially reactive aromatic ortho-C−H bonds.  

 

2) (IMes)CuOtBu

(10 mol%) 

CO2 (1 atm)

1) iBu3Al(TMP)Li

(2.0 equiv.)
6a (R = H): 85%

6b (R = OMe): 84%

3) DBU 

(1.0 equiv.)

THF, r.t. 24 h

4) H3O+

work up

5) TMSCHN2

COOMe

3) H3O+

work up

4) TMSCHN2

R

R

COOMe

R

7a (R = H): 82%

7b (R = OMe): 79%

8

O

NiPr2 H3O+

work up

9: 52%

O

NiPr2

COOH

5a (R = H)

5b(R = OMe)

2) (IMes)CuOtBu

(10 mol%) 

CO2 (1 atm)

1) iBu3Al(TMP)Li

(2.0 equiv.)

H

H

H
H

 
 

Scheme 5. Carboxylation of several allylic and benzylic compounds. 

Conclusion 

In summary, we have achieved efficient and regioselective 

synthesis of 2-aryloxy-3-butenoic acid esters by formal C−H 

carboxylation of allyl aryl ethers. The reaction consists of the 

deprotonative allylic C−H bond alumination of the allyl aryl 

ethers by an aluminum ate base (iBu3Al(TMP)Li) and the 

subsequent carboxylation of the resulting allylaluminum 

species with CO2 catalysed by an NHC-copper complex. The 

carboxylation proceeds in highly regioselective manner in high 

yield and the present protocol features relatively broad 

substrate scope, certain functional group tolerance, simple 

one-pot reaction operation. Moreover, regioselective 

synthesis of (Z)-2-aryloxy-2-butenoic acid esters has also been 

realized by DBU-catalysed one-pot double bond isomerization 

of the initially formed 2-aryloxy-3-butenoates. Thus, the 

divergent synthesis of 2-aryoxy-3- and 2-butenoates from the 

single staring materials using CO2 as the C1 building block has 

been achieved. These methods could be applied also to 

benzylic carboxylation of allylbenzenes or a toluene derivative, 

which demonstrated the potential of the present sequential 

deprotonative alumination-carboxylation strategy. 
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