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Asymmetric oxidation is a versatile tool for the generation of
chiral scaffolds in organic synthesis, and various metal complexes
have been used as catalysts of these types of reactions. The utility
of oxidation is mainly measured by several factors, including
selectivity and ecological sustainability of the oxidation and the
availability of the oxidant and catalyst. Among various oxidants,
molecular oxygen in air is ubiquitous, available at no cost and easy-
to-handle.1 On the other hand, iron ions are abundant and
inexpensive, they exhibit redox catalysis, and many oxidizing
enzymes contain iron ions in their active site.

Thus, much effort has been directed toward the development of
ecologically sustainable asymmetric oxidation using iron complexes
as catalysts.2 Jacobsen et al. reported on an iron-catalyzed asymmetric
epoxidation using hydrogen peroxide as the oxidant, albeit with low
enantioselectivity.3 Bolm and Legros achieved highly enantioselective
oxidation of sulfides using an Fe-Schiff base complex/H2O2 system.4

More recently, we found that the Fe(salan) complex is an efficient
catalyst for the asymmetric oxidation of sulfides using H2O2 in water.5

Beller and co-workers reported on the enantioselective epoxidation of
stilbene derivatives using H2O2.

6 Que and co-workers also achieved
asymmetric dihydroxylation of olefins using H2O2.

7 Considering the
above advantages of air as an oxidant, iron-mediated aerobic oxidation
should be ideal. Xu et al. reported an iron-catalyzed asymmetric
epoxidation using a combination of molecular oxygen and sacrificial
aldehyde (Mukaiyama condition).8 To the best of our knowledge,
however, no iron-catalyzed asymmetric oxidation using molecular
oxygen in air as the oxidant and in the absence of any additives has
been reported.9 To enhance the oxidation catalysis of an iron complex,
its oxidation potential should be reduced. Coordination of a donating
ligand should reduce the oxidation potential of the metal complex and
facilitate aerobic oxidation. The salan ligand has two donating amino
groups10,11 and amino protons that might participate in hydrogen
bonding with the substrate and regulate the transition state structure.
Thus, we were intrigued by the asymmetric aerobic oxidation catalysis
of the Fe(salan) complex.10 Herein, we disclose the asymmetric aerobic
oxidative coupling of 2-naphthol derivatives using Fe(salan) comp-
lexes.12-15

We first examined the reaction using various Fe(salan) complexes
(1-5) as the catalyst in air at 30 °C (Table 1). While most
complexes showed no or poor oxidation catalysis, only complex 3
bearing a diphenylethylenediamine unit exhibited moderate oxida-
tion catalysis (entries 1-5). The reaction also proceeded at 40 or
60 °C without reducing the ee of the product (entries 3, 6, and 7).
Thus, the reactions with other complexes were examined at 60 °C,
and it was found that complexes 1 and 2 also catalyzed the
oxidation. Furthermore, complex 2 showed to have one the best
enantioselectivities, albeit with moderate yield (entries 7-9). The
reaction with 4 mol% of catalyst 2 gave an acceptable yield without
eroding the enantioselectivity (entry 10).

Under the optimized conditions, oxidative couplings of several
other 2-naphthol derivatives were examined (Table 2). Moderate
enantioselectivities were obtained in the reaction of 6-substituted
2-naphthols, irrespective of the electronic natures of the substituents
(entries 2 and 3). The reaction of 7-substituted naphthol showed a
higher enantioselectivity (entry 4). On the other hand, the reaction
of 3-substituted naphthols with complex 2 showed only modest
enantioselectivity; however the products, 3,3′-substituted binaph-
thols, are of high value as chiral ligands.16 For example, the reaction
of 3-methyl-2-naphthol 6e with 2 gave only 16% ee (entry 5). To
our delight, however, 3 was found to be a better catalyst for the
coupling of this class of substrates. The oxidation of 6e with 3
showed a good enantioselectivity of 77% ee (entry 6). Moreover,
the reactions of naphthols bearing a bulkier substituent at the 3
position proceeded with high enantioselectivities greater than 90%
ee (entries 7-14).17

Table 1. Asymmetric Oxidative Coupling of 2-Naphthola

entry cat. T (°C) yieldb (%) eec (%) config. d

1 1 30 n.r. -
2 2 30 trace -
3 3 30 18 57 S
4 4 30 trace -
5 5 30 n.r. -
6 3 40 28 58 S
7 3 60 58 58 S
8 1 60 32 62 S
9 2 60 31 65 R
10e 2 60 87 64 R

a The reactions were carried out in toluene with catalyst (1 mol%) on
a 0.5 mmol scale under aerobic conditions, unless otherwise mentioned.
b Determined by 1H NMR analysis using pentamethylbenzene as the
internal standard. c Determined by HPLC analysis on a chiral stationary
phase column (Daisel Chiralcel AS-H). d Determined by chiroptical
comparison with the literature value. e Run with 4 mol% of 2 for 72 h.
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It is of note that compounds 7k-m can be converted smoothly
to various 3,3′-disubstituted binaphthols via a cross coupling
reaction. These binaphthols were recrystallized to optical purity.18

However, the coupling reaction of 6n was sluggish, probably
because of a chelate formation (entry 15).14

In summary, we were able to determine that Fe(salan) complexes
are efficient catalysts for aerobic oxidative coupling of naphthols,
especially of 3-substituted naphthols. This oxidative coupling
provides a general and eco-friendly method for the synthesis of
chiral 3,3′-disubstituted binaphthols, which have been widely used
as chiral ligands or as organocatalysts.16 To the best of our
knowledge, this is the first report on iron-catalyzed asymmetric
aerobic oxidation without the use of additives. Further study on
the mechanism of this aerobic oxidative coupling is in progress.
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Table 2. Asymmetric Oxidative Coupling of Various 2-Naphtholsa

entry cat. R1 R2 R3 yield (%) eeb (%)

1 2 H H H a 84 64 (R)c

2 2 H Br H b 93 47 (R)c

3d 2 H MeO H c 79 56 (R)c

4e 2 H H MeO d 86 74 (R)c

5 2 Me H H e 64 16 (R)c

6f 3 Me H H e 89 77 (R)c

7d 3 Ph H H f 94 93 (R)c

8d 3 4-Ph-C6H4 H H g 91 92 (R)c

9d 3 2-naphthyl H H h 91 94 (R)c

10e 3 PhC≡C H H i 91 96
11d 3 TMSC≡C H H j 69 97
12g 3 Cl H H k 82 94 (R)c

13g 3 Br H H l 86 94 (R)c

14g 3 I H H m 77 96 (R)c

15 3 CO2Me H H n n.r. -

a The reactions were carried out in toluene with 2 (4 mol%) for 72 h
on the 0.5 mmol scale under aerobic conditions, unless otherwise
mentioned. b Determined by HPLC analysis on a chiral stationary phase
column. c Determined by comparison of the chiroptical data with the
literature value. d Run for 24 h. e Run for 48 h. f Run for 36 h at 40 °C.
g Run for 96 h.
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