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Dearomatization reactions are widely recognized as powerful
methods for the synthesis of highly functionalized three-
dimensional structures from simple planar aromatic com-
pounds.[1] Recently, great efforts have been devoted to the
development of catalytic asymmetric dearomatization pro-
cesses.[2]

Phenols are a readily available chemical feedstock and
widely used as starting materials in organic synthesis.[3]

Dearomatization reactions of phenols are of wide interest
because of their potential for the preparation of cyclohexa-
dienones, which often serve as structural cores prevalent in
various biologically active natural products and pharmaceut-
icals, or as valuable synthetic intermediates. However,
because of the competitive O alkylation and the Friedel–
Crafts alkylation reaction pathways, it is very challenging to
develop efficient methods with high levels of chemoselectivity
and stereoselectivity. Compared with recent achievements in
the area of asymmetric dearomatization of phenols, which
were focused on oxidative protocols,[4] limited examples are
reported involving the catalytic asymmetric dearomatization
of phenol derivatives under non-oxidative conditions.[5–8]

In transition-metal-catalyzed allylic substitution reactions,
phenols are usually used as oxygen nucleophiles[9] and
a limited number of examples of C allylation are reported.[10]

Very recently, Hamada and co-workers and our group
reported the dearomatization of phenols by palladium- and
iridium-catalyzed, respectively, intramolecular asymmetric
allylic substitution reactions.[6, 7] The intramolecular design
involving separating the OH group and the allylic electrophile
avoided the competition of the O alkylation, and the spiro-
cyclohexadienones were obtained in excellent yields and
enantioselectivity. However, for the intermolecular catalyti-
cally asymmetric allylic dearomatization of phenol deriva-
tives, no example has been reported thus far.[11] Herein we
describe the first palladium-catalyzed intermolecular asym-
metric allylic dearomatization of naphthol derivatives with
excellent control of chemoselectivity and enantioselectivity
(Scheme 1).

The study was launched by utilizing 1,3-dimethyl-2-
naphthol (1a) and cinnamyl carbonate (2a) as the model
substrates to optimize the reaction conditions. Firstly, differ-
ent chiral ligands were tested. As shown in Table 1, with
5 mol% [{Pd(C3H5)Cl}2] and 11 mol% of the Trost ligand L1,
the asymmetric allylic dearomatization reaction proceeded
smoothly with good conversion, chemoselectivity, and enan-

Scheme 1. Palladium-catalyzed intermolecular asymmetric allylic
dearomatization reaction of naphthol derivatives.

Table 1: Optimization of the reaction conditions.[a]

Entry L Base t [h] Conv. [%][b] 3aa/4aa[b] ee [%][c]

1 L1 Li2CO3 28 >95 77:23 83
2 L2 Li2CO3 28 >95 81:19 28
3 L3 Li2CO3 28 >95 69:31 �31
4 L4 Li2CO3 28 23 77:23 n.d.
5 L5 Li2CO3 28 >95 >95:5 0
6 L6 Li2CO3 28 18 38:62 n.d.
7 L1 DBU 23 >95 >95:5 83
8[d] L1 DBU 4 >95 (84) >95:5 90

[a] Reaction conditions: 5 mol% [{Pd(C3H5)Cl}2] , 11 mol% of ligand,
0.2 mmol of 1a and 2a, 0.2 mmol of base in 2.0 mL 1,4-dioxane at RT.
[b] Determined by 1H NMR analysis of the crude reaction mixture.
[c] Determined by HPLC analysis. [d] Used 2 equiv of 1a and DBU,
c = 0.025 molL�1 and yield of isolated 3aa is given within the paren-
thesis. DBU = 1,8-diaza- bicyclo[5.4.0] undec-7-ene.
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tioselectivity (entry 1, Table 1). The ligands L2 and L3 could
be also used to promote the reaction with good conversions
and chemoselectivity, but with low enantioselectivity
(entries 2 and 3). The reactions with either the ligand L4 or
L6 proceeded with low conversions (entries 4 and 6). With the
ligand L5, the reaction occurred smoothly but with no
enantioselective control (entry 5). Taking L1 as the optimal
ligand, different bases such as Na2CO3, K2CO3, Cs2CO3,
KOAc, K3PO4, and DBU were tested, and DBU was found to
be a good choice concerning both chemoselectivity and
enantioselectivity (entry 7). Next, examination of the sol-
vents, substrate concentration, and ratio of the substrates led
to the optimal reaction conditions: 5 mol % of [{Pd-
(C3H5)Cl}2], 11 mol% L1, 2.0 equivalents of 1a and DBU,
1.0 equivalent of 2a at room temperature in 1,4-dioxane
(0.025 molL�1), thus providing 3aa in 84% yield and 90 % ee
(entry 8; for comprehensive data on optimization of the
reaction conditions, see the Supporting Information).

Under the optimized reaction conditions, various b-
naphthol derivatives (1b–i) were reacted with cinnamyl
carbonate (2a) to examine the generality of the process
(Table 2). When the substituent in the 1-position of 2-

naphthol was changed to bulkier groups such as ethyl (1b)
and allyl (1c), the reactions occurred smoothly in excellent
chemoselectivity (> 95:5) and enantioselectivity (90–94%
ee), but with slightly decreased yields (66–71 %; entries 2 and
3, Table 2). 1-Methyl-2-naphthol derivatives bearing 3-Et
(1d), 3-allyl (1e), and 3-Cl (1 f) groups (entries 4–6) generally
led to the corresponding dearomatized products in excellent
chemoselectivity (> 95:5) with moderate to good yields (67–

78%) and good enantioselectivity (81–84 % ee). Interestingly,
when 1-methyl-3-bromo-2-naphthol (1g) was utilized, the
reaction occurred with excellent chemoselectivity (> 95:5),
enantioselectivity (96 % ee), and yield (91%) to give the
corresponding a-bromo-substituted enone 3ga, which could
be further functionalized by cross-coupling reactions[12]

(entry 7). It is noteworthy that a 1-methyl-2-naphthol deriv-
ative bearing a 3-phenylethynyl group could also undergo the
dearomatization reaction with a high level of chemo- and
enantiocontrol (entry 8). The asymmetric allylic dearomati-
zation reaction also occured with 1-methyl-2-naphthol (1 i)
with good enantioselectivity, but low yield and moderate
chemoselectivity (entry 9). Gratifyingly, the yield could be
significantly improved by running the reaction in cyclohexane
and benzene using K2CO3 as a base (entry 10).

In addition, various substituted allylic carbonates (2) were
tested in this reaction. The results are summarized in Table 3.

Reactions of allylic carbonates containing para-methylphenyl
and para-methoxyphenyl groups (2b–c) occurred smoothly to
give the desired products (3gb–gc) in good yields with
excellent enantioselectivity (entries 3 and 4, Table 3). Aro-
matic allylic carbonates containing an electron-withdrawing
group (2d–f) were tolerated to afford the dearomatized
products 3gd–gf in good yields with excellent enantioselec-
tivity (entries 5–7). The reaction of 2-thienyl allylic carbonate
(2g) with 1g afforded the product 3gg in 82% yield with 97%
ee (entry 8). When crotyl carbonate (2 h) was used, the
reaction also proceeded smoothly in 50% yield and 96 % ee
(entry 9). Notably, the reaction of 2a with 1 equivalent of 1g
on a 0.8 mmol scale gave an 86% yield with 97 % ee (entry 2).

To demonstrate the synthetic utility of the newly devel-
oped methodology, several transformations of the 2-naph-
thalenone products were carried out. The ketone group could
be reduced with NaBH4 to afford the allylic alcohol 5 in

Table 2: The reaction substrate scope: Naphthols.[a]

Entry 1, R1, R2 t [h] 3/4[b] Yield [%][c] ee [%][d]

1 1a, Me, Me 4 >95:5 3aa, 84 90
2 1b, Et, Me 4 >95:5 3ba, 71 90
3[e] 1c, allyl, Me 24 >95:5 3ca, 67 94
4 1d, Me, Et 5 >95:5 3da, 67 84
5[f ] 1e, Me, allyl 11 >95:5 3ea, 78 83
6 1 f, Me, Cl 4 >95:5 3 fa, 66 81
7 1g, Me, Br 5 >95:5 3ga, 91 96
8 1h, Me, 4 >95:5 3ha, 74 97
9[g] 1 i, Me, H 19 64:36 3 ia, 17 81
10[h] 1 i, Me, H 24 70:30 3 ia, 65 85

[a] Reaction conditions: 5 mol% [{Pd(C3H5)Cl}2] , 11 mol% (R,R)-L1,
0.4 mmol 1, 0.2 mmol 2a, 0.4 mmol DBU in 1,4-dioxane (8.0 mL) at RT.
[b] Determined by 1H NMR analysis of the crude reaction mixture.
[c] Yield of isolated product. [d] Determined by HPLC analysis. [e] Reac-
tion was conducted with 1.1 equiv of 1c and DBU. [f ] Reaction was
conducted with 1.5 equiv of 1e and 0.9 equiv of DBU. [g] Reaction was
conducted with 1 equiv of 1 i and DBU. [h] Reaction conditions: 5 mol%
of [{Pd(C3H5)Cl}2], 11 mol% (R,R)-L1, 0.4 mmol 1 i, 0.2 mmol 2a,
0.4 mmol of K2CO3 in degassed cyclohexane (4.0 mL) and benzene
(1.0 mL) at 0 8C.

Table 3: The reaction substrate scope: Electrophiles.[a]

Entry 2, R3 t [h] 3/4[b] Yield [%][c] ee [%][d]

1 2a, Ph 5 >95:5 3ga, 91 96
2[e] 2a, Ph 4.5 >95:5 3ga, 86 97
3 2b, 4-MeC6H4 5 >95:5 3gb, 72 96
4 2c, 4-MeOC6H4 5 >95:5 3gc, 71 96
5[f ] 2d, 4-FC6H4 15 >95:5 3gd, 76 97
6 2e, 4-Cl-C6H4 5 >95:5 3ge, 68 93
7 2 f, 4-BrC6H4 5 >95:5 3gf, 82 92
8 2g, 2-thienyl 5 >95:5 3gg, 82 97
9[g] 2h, Me 4.5 >95:5 3gh, 50 96

[a] Reaction conditions: 5 mol% [{Pd(C3H5)Cl}2] , 11 mol% L1, 0.4 mmol
1g, 0.2 mmol 2, 0.4 mmol DBU in1,4- dioxane (8.0 mL) at RT.
[b] Determined by 1H NMR analysis of the crude reaction mixture.
[c] Yield of isolated product. [d] Determined by HPLC analysis. [e] Reac-
tion was conducted with 1 equiv of 1g and DBU on a 0.8 mmol scale.
[f ] Reaction was conducted with 1 equiv of 1g and DBU. [g] The ee value
was determined by Agilent SFC analysis.
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excellent yield and diastereoselectivity (Scheme 2a). The
bromo-containing product 3ga underwent a Suzuki coupling
with PhB(OH)2 in the presence of 5 mol% of [Pd(dppf)Cl2],
thus providing 1-methyl-3-phenyl-2-naphthalenone (6) in
81% yield and 97 % ee (Scheme 2b). To determine the
absolute configuration of the dearomatized products, 1-
methyl-2-naphthalenone (3 ia) was converted into the corre-
sponding hydrazone 7 through a two-step transformation
(Scheme 2c).[13] A single crystal of the enantiopure hydrazone
7 suitable for X-ray diffraction was obtained. An X-ray
crystallographic analysis disclosed the absolute configuration
of 7 as S.[14]

In summary, we have achieved the first palladium-
catalyzed intermolecular asymmetric allylic dearomatization
reaction of b-naphthol derivatives. The b-naphthalenones
bearing an all-carbon quaternary chiral center could be easily
accessed from simple aromatic naphthol derivatives in good
to excellent yields, and excellent chemo- and enantioselec-
tivity. Further studies of the reaction scope and applications of
the highly enantioenriched b-naphthalenone derivatives are
currently under investigation in our laboratory.

Experimental Section
General procedure for the palladium-catalyzed intermolecular asym-
metric allylic dearomatization reaction: Two flame-dried Schlenk
tubes were cooled to room temperature and filled with argon.
[{Pd(C3H5)Cl}2] (0.010 mmol, 5 mol%) and (R, R)-L1 (0.022 mmol,
11 mol%) were added to one flask. The flask was evacuated and
refilled with argon, and then freshly distilled 1,4-dioxane (4 mL) was
added and the resultant solution was stirred at 25 8C for 30 min. The
b-naphthol derivative 1 (0.40 mmol, 200 mol%) was added to another
dry Schlenk tube. The flask was evacuated and refilled with argon and

placed under argon atmosphere. The catalyst solution, DBU
(0.40 mmol, 200 mol%), allyl carbonate 2 (0.20 mmol, 100 mol%),
and freshly distilled 1,4-dioxane (4 mL) were then added to this flask.
The reaction mixture was stirred at 25 8C. After the reaction was
complete (monitored by TLC), the crude reaction mixture was
filtrated through celite and washed with ethyl acetate, then the
solvents were removed under reduced pressure. The ratio of 3/4 was
determined by 1H NMR spectroscopy of the crude reaction mixture.
The residue was then purified by silica gel column chromatography
(petroleum ether/ethyl acetate = 50:1) to afford the desired product 3.
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