
German Edition: DOI: 10.1002/ange.201600619Asymmetric Catalysis
International Edition: DOI: 10.1002/anie.201600619

Construction of Quaternary Stereogenic Carbon Centers through
Copper-Catalyzed Enantioselective Allylic Alkylation of Azoles
Hirohisa Ohmiya,* Heng Zhang, Saori Shibata, Ayumi Harada, and Masaya Sawamura*

Abstract: Copper-catalyzed enantioselective allylic alkylation
of azoles with g,g-disubstituted primary allylic phosphates was
achieved using a new chiral N-heterocyclic carbene ligand
bearing a naphtholic hydroxy group. This reaction occurred
with excellent branch regioselectivity and high enantioselectiv-
ity, thus forming a controlled all-carbon quaternary stereogenic
center at the position a to the heteroaromatic ring.

Enantioselective construction of quaternary stereogenic
centers is an important challenge in modern organic syn-
thesis.[1] More specifically, direct introduction of tertiary alkyl
groups onto heteroarene scaffolds through enantioselective
catalysis has been actively studied in recent years, but
reported examples are limited to alkylation reactions of
electron-rich heteroarenes, most studies being focused on C3
alkylation of indoles.[2–5] For instance, Hu and co-workers
developed a rhodium/Brønsted acid cocatalyzed tertiary
alkylation reaction of indoles and pyrroles based on C(sp2)¢
H insertion of rhodium(II) carbenoids derived from a-diazo
acetates,[2] and Friedel–Crafts-type indole alkylations with
organocatalysts or transition-metal catalysts have been
reported by other groups.[3,4] More recently, Sigman and co-
workers reported tertiary alkylation of indoles through
a palladium-catalyzed enantioselective dehydrogenative
Heck reaction with trisubstituted alkenes.[5] In contrast,
enantioselective introduction of tertiary alkyl groups through
C(sp2)¢H alkylation of electron-deficient heteroarenes,
a reaction which should be mechanistically different from
that of electron-rich heteroarenes, remains a challenge.[6–8]

We previously reported that copper-catalyzed allylic
alkylation of electron-deficient heteroarenes (oxazoles, oxa-
diazoles, thiazoles, and pyridine N-oxide) and fluoroarenes
with enantioenriched chiral secondary Z-allylic phosphates
occurred in the presence of a stoichiometric amount of
LiOtBu as a base with excellent SN2’-type regioselectivity and
1,3-anti stereospecificity. The reaction afforded chiral secon-
dary alkylated (hetero)arenes.[9] Herein we report copper-
catalyzed enantioselective allylic alkylation of azoles, which
are electron-deficient heteroarenes, with g,g-disubstituted
primary allylic phosphates to form a controlled all-carbon

quaternary stereogenic center at the position a to the
heteroaromatic ring.[10, 11] The reaction was enabled by
employing a stoichiometric amount of LiOtBu as a base and
a catalytic amount of a copper(I) complex with a new chiral
N-heterocyclic carbene (NHC) ligand bearing a naphthol
group.

In our previous investigation of copper-catalyzed enan-
tioselective allylic alkylation of terminal alkyne pronucleo-
philes, we found that chiral NHCs bearing a phenolic hydroxy
group at the ortho position of one of the two N-aryl groups
were effective ligands.[12] Based on this, the NHC ligand L1,
which exhibited high performance in the our previous study of
copper catalysis, was initially used in the reaction between
benzothiazole (1a ; 1.5 equiv) and the E-allylic phosphate
(E)-2a in the presence of CuCl (10 mol%) and LiOtBu
(2.2 equiv) in 1,4-dioxane at 25 88C (Table 1, entry 1). The
copper/L1 complex, prepared in situ from L1·HBF4, CuCl,
and LiOtBu, induced excellent branch selectivity (b/l> 99:1),
but unfortunately, catalytic activity and enantioselectivity
were low (24 h, 35 % yield, 15% ee).[13] To our delight,
however, changing the phenol group of L1 to a naphthol
group, to give the new ligand L2, caused marked increases in
product yield (77 %) and enantioselectivity (68%), with the
exclusive regioselectivity unchanged (entry 2). Next, we
prepared a series of phenol- or naphthol-based chiral NHC
ligands and screened them for suitability in this enantiose-
lective copper catalysis. The chiral NHC ligand L3, bearing
a N-2,4-dicyclohexyl-6-methylphenyl group instead of the N-
mesityl group in L2, gave even better enantioselectivity (81%
ee), at the cost of a slight reduction in product yield (entry 3).
Changing the hydroxy group of L3 to a methoxy group was
unfavorable for both product yield and branch regioselectiv-
ity, although the reduction in enantioselectivity was not
significant (entry 5). In contrast to the results obtained using
oxygen-functionalized NHC ligands, no reaction occurred
with either NHC ligands lacking an oxygen functional group,
such as L5, IMes, and SIMes, or without exogenous ligand
(entries 6–9). Thus, functional roles were suggested for the
OH and OMe groups in L3 and L4, respectively, as in the case
of copper-catalyzed enantioselective allylic alkylation of
terminal alkynes.[12]

Using L3 as an optimal chiral ligand, the effects of
solvents were examined (Table 1, entries 10–13). The use of
THF as a solvent instead of 1,4-dioxane resulted in higher
product yield and enantioselectivity (66 % and 83 % ee)
(entry 10). The use of CH3CN as a solvent increased the
enantioselectivity (88 % ee) of the reaction, but with a reduc-
tion in the yield (50%; entry 11). The reaction proceeded
more efficiently in a mixed solvent system of THF/CH3CN
(3:1), with the enantioselectivity unchanged (entry 12). Even
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higher enantioselectivity (91%) was obtained when [Cu-
(CH3CN)4]PF6 was used as a metal source (entry 13). Further
improvements in enantioselectivity were achieved by the
addition of (E)-2a portionwise. The reactions of the CuCl/L3/
LiOtBu/1,4-dioxane (Table 1, entry 4, conditions A) and [Cu-
(CH3CN)4]PF6/L3/LiOtBu/THF/MeCN (entry 14, condi-
tions B) systems gave ee values of 88 and 93 %, respectively.

The reaction of (Z)-2a under the reaction conditions
shown in Table 1, entry 3, provided (R)-3aa, the antipode of
the product derived from (E)-2a, with 77 % ee in 62 % yield
and with excellent branch selectivity (> 99:1) [Eq. (1)]. This

result suggests that E alkenes are more favorable substrates
than Z alkenes and that the substitution pattern at the b-

carbon atom is more important than
that at the g-carbon atom for enan-
tiodiscrimination by the catalyst.

The copper-catalyzed allylic
alkylation reaction afforded various
azole products containing a-quater-
nary carbon stereogenic cen-
ters.[14–17] All of the reactions listed
in Tables 2 and 3 were conducted
under both sets of reaction condi-
tions (A and B). Product yields
were generally higher under the
reaction conditions A, while enan-
tioselectivity was better under the
reaction conditions B in most cases
(Table 2, entries 1, 2 , and 4–6, and
Table 3, entries 1, 2, 4, 5, and 6).

Table 2 summarizes the results
of the reactions of 1a with various
(E)-g,g-disubstituted allylic phos-
phates [(E)-2b–h]. Replacement of
the phenylethyl g-substituent of
(E)-2a with butyl [(E)-2b] or phe-
nylpropyl [(E)-2c] groups did not
affect the reactivity and enantiose-
lectivity significantly (entries 1 and
2). Remarkably, the allylic phos-
phate [(E)-2d], with a more steri-
cally demanding cyclohexyl group
at the g-position, also participated
in the reaction, thus giving the 2-
alkylbenzothiazole 3 ad, which has
a quaternary stereogenic center,
with considerable steric congestion
(entry 3). Alkene [(E)-2e] or silyl
ether [(E)-2 f] moieties in the ali-
phatic g-substituent were compat-
ible with the reaction (entries 4 and
5). This protocol is useful for the

construction of quaternary stereogenic centers substituted
with different alkyl groups of nearly equal steric demand, as
indicated by the results using ethyl- [(E)-2 g] or propyl-
substituted [(E)-2h] allylic phosphates (entries 6 and 7).

Other azole-type heteroarenes also participated in the
enantioselective allylic alkylation reaction (Table 3). The
presence of MeO (1b) or Me (1c) groups at the 6-position of
the benzene ring of benzothiazole did not affect the reaction,
as demonstrated in the reactions using (E)-2 a (entries 1 and
2). Benzoxazole (1d) and 5-chlorobenzoxazole (1 e) reacted
with reasonably high enantioselectivity (entries 3 and 4). The
reactions of 4-phenyloxazole (1 f) occurred with a useful level
of enantioselectivity, albeit with decreased branch regiose-
lectivity (entries 5 and 6, footnotes e–h). A reason for the
lower regioselectivities of the reactions with this specific
substrate (1 f) is not clear at present.

The absolute configuration of (¢)-3 fi (Table 3, entry 6)
was determined to be S by conducting an alternative synthesis
of this compound from a known compound having a quater-
nary stereogenic center [(S)-5] , which was prepared through

Table 1: Copper-catalyzed enantioselective allylic alkylation of benzothiazole (1a) with (E)-allylic
phosphate 2a.[a]

Entry Cu salt Ligand Solvent Yield
[%][b]

b/l
(3aa/4aa)[c]

(S)-3aa
ee [%][d]

1 CuCl L1 1,4-dioxane 35 >99:1 15
2 CuCl L2 1,4-dioxane 77 >99:1 68
3 CuCl L3 1,4-dioxane 57 >99:1 81
4[e,h] CuCl L3 1,4-dioxane 60 >99:1 88
5 CuCl L4 1,4-dioxane 29 94:6 76
6 CuCl L5 1,4-dioxane 0 – –
7 CuCl IMes[f ] 1,4-dioxane 0 – –
8 CuCl SIMes[g] 1,4-dioxane 0 – –
9 CuCl none 1,4-dioxane 0 – –

10 CuCl L3 THF 66 >99:1 83
11 CuCl L3 MeCN 50 >99:1 88
12 CuCl L3 THF/MeCN 54 >99:1 88
13 [Cu(CH3CN)4]PF6 L3 THF/MeCN 46 >99:1 91
14[e,i] [Cu(CH3CN)4]PF6 L3 THF/MeCN 38 >99:1 93

[a] Reactions were carried out with 1a (0.225 mmol), 2a (0.15 mmol), a Cu salt (10 mol%), the
appropriate ligand (10 mol%), and LiOtBu (0.33 mmol) in the appropriate solvent (0.4 mL) at 25 88C for
24 h unless otherwise noted. [b] Yield of isolated product. [c] The ratio was determined by 1H NMR
analysis of the crude reaction mixture. [d] The enantiomeric excess was determined by HPLC analysis.
[e] 2a was added in portions (4 times) to the mixture of 1a, the Cu salt, L3, LiOtBu and solvent at
intervals of 4 h and the resulting mixture was stirred for 36 h. [f ] IMes·HCl [1,3-bis(2,4,6-trimethylphe-
nyl)imidazolium chloride] was used. [g] SIMes·HCl [1,3-bis(2,4,6-trimethylphenyl)imidazolinium chlo-
ride] was used. [h] Conditions A. [i] Conditions B.
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Sharpless asymmetric epoxidation and subsequent Lewis-
acid-mediated epoxide-to-aldehyde rearrangement
(Scheme 1).[17] Absolute configurations of the other allylic
alkylation products (3), which are not accessible with the
same method except for (S)-3 fa (Table 3, entry 5), were
assigned by consideration of the stereochemical pathway. The
lengthy synthesis of (S)-5 through a conventional route
(Scheme 1) demonstrates the difficulty of the synthesis of
tertiary alkylated heteroarenes and highlights efficacy of the
present convergent method enabled by the enantioselective
copper catalysis.

In summary, we developed a copper-catalyzed branch and
enantioselective allylic alkylation reaction of azoles with g,g-
disubstituted primary allylic phosphates to form a controlled
all-carbon quaternary stereogenic center at the position a to
the heteroaromatic ring, by introducing a new chiral N-
heterocyclic carbene ligand bearing a naphtholic hydroxy
group. Thus, enantiocontrolled introduction of tertiary alkyl
groups to heteroarenes through C(sp2)¢H functionalization

Table 3: Copper-catalyzed enantioselective allylic alkylation with various
azoles.[a]

Entry Azole Phos- Product Cond. A Cond. B
phate Yield

[%][b,c]
ee

[%][d]
Yield
[%][b,c]

ee
[%][d]

1
(E)-
2a

69 86 40 92

2
(E)-
2a

60 90 39 93

3
(E)-
2a

48 83 24 81

4
(E)-
2a

17 74 6 82

5
(E)-
2a

86[e] 77 87[f ] 66

6 1 f
(E)-
2 i[i]

46[g] 69 16[h] 78

[a] Conditions A: the reaction was carried out with 1 (0.225 mmol), 2
(0.15 mmol), CuCl (10 mol%), L3 (10 mol%), and LiOtBu (0.33 mmol) in
1,4-dioxane (0.4 mL) at 25 88C. Conditions B: the reaction was carried out
with 1 (0.225 mmol), 2 (0.15 mmol), [Cu(CH3CN)4]PF6 (10 mol%), L3
(10 mol%), and LiOtBu (0.33 mmol) in THF/MeCN (3:1, 0.4 mL) at 25 88C.
2 was added in portions (4 times) to the mixture of 1, the Cu salt, L3,
LiOtBu and solvent at intervals of 4 h, and the resulting mixture was stirred
for 36 h. [b] Yield of isolated product. [c] Constitutional isomer ratio
b/l>99:1 (determined by 1H NMR analysis of the crude reaction mixture).
[d] The enantiomeric excess was determined by HPLC analysis.
[e] b/l 90:10. [f ] b/l 54:46. [g] b/l 96:4. [h] b/l 67:33.
[i]

Table 2: Copper-catalyzed enantioselective allylic alkylation with various
allylic phosphates.[a]

Entry Phosphate Product Cond. A Cond. B
OP = OP(O)(OEt)2 Yield

[%][b,c]
ee

[%][d]
Yield
[%][b,c]

ee
[%][d]

1 51 83 25 91

2 69 82 43 91

3 47[e] 90 36 86

4 70 83 51 89

5 48 78 23 87

6 46 85 23 84

7 39 81 24 79

[a] Conditions A: the reaction was carried out with 1a (0.225 mmol), 2
(0.15 mmol), CuCl (10 mol%), L3 (10 mol%), and LiOtBu (0.33 mmol) in
1,4-dioxane (0.4 mL) at 25 88C. Conditions B: the reaction was carried out
with 1a (0.225 mmol), 2 (0.15 mmol), [Cu(CH3CN)4]PF6 (10 mol%), L3
(10 mol%), and LiOtBu (0.33 mmol) in THF/MeCN (3:1, 0.4 mL) at 25 88C.
2 was added in portions (4 times) to the mixture of 1a, the Cu salt, L3,
LiOtBu and solvent at intervals of 4 h, and the resulting mixture was stirred
for 36 h. [b] Yield of isolated product. [c] Constitutional isomer ratio b/
l>99:1 (determined by 1H NMR analysis of the crude reaction mixture).
[d] The enantiomeric excess was determined by HPLC analysis. [e] b/l 96:4.

Scheme 1. Synthesis of (S)-3 fi through Sharpless asymmetric epoxida-
tion, epoxide-to-aldehyde rearrangement, and oxazole formation (deter-
mination of the absolute configuration). DMSO =dimethylsulfoxide,
KHMDS =potassium hexamethyldisilazide, DIPT=diisopropyl tartrate,
TBHP = tert-butylhydroperoxide, THF = tetrahydrofuran.
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was achieved. Mechanistic studies of this enantioselective
copper catalysis and its comparison with the corresponding
reaction using terminal alkynes as pronucleophiles are in
progress.[12]
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