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ABSTRACT

A series of chiral oxovanadium(IV) complexes derived from tridentate N-3,5-substituted and N-3,4-benzo- and N-5,6-benzo-salicylidene-r-
amino acids can serve as efficient catalysts for the enantioselective oxidative couplings of various 3-, 6-, and 7-substituted 2-naphthols under
O2. The best scenario involves the use of a vanadyl complex arising from 2-hydroxy-1-naphthaldehyde and valine (or phenylalanine) in CCl4,
leading to BINOLs in good yields (75−100%) and with enantioselectivities of up to 68%.

Optically active 1,1′-bi-2-naphthol (BINOL) and its deriva-
tives have been extensively utilized as versatile prosthetic
groups and chiral ligands in a myriad array of asymmetric
transformations and catalyses when combined with suitable
Lewis acids.1 In addition, their well-established conversions
to the corresponding 2,2′-bis(diphenylphosphino)-1,1′-bi-
naphyls (BINAP) further expand their synthetic utility in
various domains of asymmetric catalysis.2 There are several
documented ways of providing scalemic BINOLs by kinetic
resolutions,3,4 by enzymatic hydrolysis of BINOL-based
esters,5 and by enantiomeric separation on chiral stationary
phases.6 Good enantiomeric purity of BINOLs has been

achieved in several instances. However, the stoichiometric
use of these resolving agents as well as a rather limited
substrate scope of BINOLs examined still hinder their
practical applications. Efforts toward asymmetric synthesis
of BINOLs have received preliminary success by utilizing
coupling methods mediated by CuCl2 in the presence of
optically active amines,7 by electrocatalysis in the presence
of stoichiometric sparteine,8 or by Co(acac)3 with chiral
Ru(II) complexes as photosensitizers.9 However, a catalytic
version of this process was not extensively explored. So far,
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the most successful system involves the use of a CuCl-
chiral diamine based catalyst for aerobic oxidative couplings
of 3-carboalkoxy-2-naphthols.10

Oxovanadium(IV) complexes have been commonly uti-
lized as precatalysts for olefin epoxidation and sulfide
oxidation when combined with O2 or peroxide co-oxidants.11

By taking advantage of their electrophilic nature toward
oxygen functionality,12 we have recently unraveled the
catalytic activity of 2,2′-biphenol-based vanadyl complexes
toward Mukaiyama aldol additions.13 A diastereoselectivity
of up to 90/10 (anti/syn) was achieved in the preliminary
study. As part of our continuing search for asymmetric
variants of oxovanadium(IV) complexes along with the recent
finding of Uang on the use of V(O)(acac)2 in the aerobic
oxidative coupling of 2-naphthols,14 we focussed on develop-
ing a new type of tridentate chiral vanadyl complex specif-
ically active for both the aldol and the coupling processes.
We herein describe our preliminary findings for the first
successful application of these compounds in catalytic
asymmetric oxidative couplings of various 2-naphthol de-
rivatives.

Preliminary searches of chiral vanadyl complexes from a
wide variety of chiral templates were futile in terms of their
reactivity and turnover efficiency. These include BINAP,2

Evan’s and Nishiyama’s bis-oxazolines,15 O-acetyl mandelic
acid,N-tosylR-amino acids,16 and several tridentate (Bolm’s11c)
or tetradentate (Jacobsen’s17) Schiff bases. We have subse-
quently discovered that tridentate Schiff bases derived from
functionalized salicylaldehydes andR-amino acids exhibit
unique catalytic attributes toward aerobic oxidative couplings
of 2-naphthol when combined with suitable vanadyl salts.18

Mass analyses of these complexes by the FAB technique
suggest that they are mainly composed of tetradentate
monomers and pentddentate dimers.19

Seven different salicylaldehydes with varying steric and/
or electronic demands at the C3 and/or C5 positions and two
hydroxy-substituted naphthaldehydes were examined to gain
insights into their stereoelectronic influences on the reactivity
and enantioselectivity of the coupling process, Figure 1.
Valine was chosen as the testR-amino acid for the complex

formation in view of its greater chance to induce the highest
level of asymmetric control under various conditions.20

The coupling reaction of 2-naphthol catalyzed by 10 mol
% of vanadyl complexes1-9 was selected as a test system.
The model reactions were all carried out in CCl4 at ambient
temperature under an oxygen atmosphere, and the results are
compiled in Table 1.21 For all catalysts except6d (entry 6),

the coupling reactions went to completion in 3-12 days,
providing scalemic (R)-BINOL in 74-100% yields.19 For
the 3-tert-butyl-substituted catalysts1d-3d, appending an
electron-withdrawing substituent at C5 (e.g., R2 ) NO2)
reduces both coupling efficiency and enantioselectivity
(compare entries 1-3). For the 5-methyl- and 5-tert-butyl-
substituted catalysts1d, 4d, and5d, increasing the steric bulk
at C3 (e.g., R1 ) adamantyl) slows down the coupling
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Figure 1. Nine different vanadyl complexes derived from salicy-
laldehydes or hydroxynaphthaldehydes andR-amino acids

Table 1. Effects of Catalyst Templates on the Catalytic
Asymmetric Couplings of 2-Naphthol

entry catalyst time (days) yield, % ee, %a

1 1d 3 94 25
2 2d 3 83 31
3 3d 12 78 22
4 4d 12 78 22
5 5d 10 92 30
6 6d 7 42 5
7 7d 8 100 26
8 8d 6 94 62
9 9d 7 86 42

a Determined by HPLC analysis on a Chiralcel AD column.
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reaction with slightly diminished enantioselectivity (compare
entries 1 and 4). Among them, the better result (30% ee22)
was observed in the coupling reaction catalyzed by5d where
no substituent (R1 ) H) was incorporated at C3 (entry 5).

A similar trend was observed in the hydroxy-naphthalde-
hyde based system. Better coupling enantiocontrol (62% ee,
entry 8) was achieved with catalyst8d (a 5,6-benzosalicyl-
aldehyde) than with9d (a 3,4-benzosalicylaldehyde). To our
knowledge,catalyst8d represents one of the best systems
for the catalytic asymmetric coupling of 2-naphthol.9b,c In
addition, the enantiomeric purity of the resultant scalemic
BINOL (62% ee) can easily be upgraded to 100% by simple
recrystallization.23

We have further investigated the catalytic profiles of8a-
i, bearing six different natural and three unnaturalR-amino
acids, in the model reaction. Better asymmetric inductions
and chemical yields were achieved in catalytic systems
derived from phenylalanine (8a, 44% ee), valine (8d, 62%
ee), andtert-leucine (8g, 57% ee), Table 2.

Tryptophan-based catalyst (8b, 38%) provided the cou-
pling product (R)-10awith significantly lower yield than that
mediated by phenylalanine-based8a (82%). The complex
derived from histidine (8c) was found to be catalytically
inactive presumably due to the extra coordination by the
imidazole ring in 8c. The complex prepared from (-)-
menthone-derivedR-amino acid can smoothly effect the
aerobic oxidative coupling of 2-naphthol but with a very poor
ee (10%).

With the optimal phenylalanine-, valine-, andtert-lucine-
based catalysts (8a,8d, and8g) in hand, we further explored
substrate scopes with varying substitution at C3, C6, or C7

of 2-naphthols. In all cases, either8a or 8d led to the best
coupling results, Table 3. For the seven different 2-naphthols

examined, the resultant coupling products10a-g were
prepared in 75-100% yields and with ees in the range 35-
68%. Better asymmetric inductions were observed in the
parent BINOL10a(62% ee), 6,6′-dibromo-BINOL10b (52%
ee), 7,7′-dimethoxy-BINOL10d (58% ee), 3,3′-dimethoxy-
BINOL 10e (-56% ee), and 3,3′-dibenzoxy-BINOL10e
(-68% ee). Appending an electron-donating substituent at
the C6 of 2-naphthol (R2 ) OMe) led to10c with an ee
diminished by 23%. It should be noted that attaching an
alkoxy substituent at C3 of 2-naphthol (R1 ) OMe, OBn)
resulted in complete reversal of enantioselectivities. On the
other hand, increasing the steric bulk at this position (R1 )
CPh2(OH)) resulted in eroded enantiocontrols in the coupling
process (35% ee). Substitutions with carbomethoxy and
hydroxymethyl at C3 completely suppress the coupling
reactivity.

The catalytic protocol is also amenable to the coupling of
2-aminonaphthalene, albeit with poorer chemical yield (48%)
and ee (-10%). Cross coupling between 2-naphthol and
2-aminonaphthalene24 was found to be feasible, furnishing
11a in 74% yield and-33% ee. The enantiocontrol is
somewhat comparable to the only documented example by
a diastereoselective crystallization of a Cu(II)-amine-product

(22) Defined as (%R- %S/%R+ %S)× 100.
(23) In almost all instances, the crystals crashed out in racemic form.

Nevertheless, the solids collected after concentration of the mother liquors
turned out to be enantiomerically pure.

Table 2. Effects of Amino Acids in8 on the Catalytic
Asymmetric Coupling of 2-Naphthol in CCl4

catalyst R′ yield, % ee, %

8a PhCH2 82 44
8b indole-CH2 38 45
8c imid-CH2 trace 0
8d i-Pr 94 62
8e sec-Bu 84 33
8f i-Bu 95 22
8g t-Bu 98 57
8h Ph 38 16
8i (-)-menthyl 90 10

Table 3. Effects of Substrates on the Catalytic Asymmetric
Couplings Mediated by8a and8d

catalysta time, days product yield, % ee, %b,c

8d 9 10a 94 (72d) 62 (65)
8d′ 4.5 10a 92 59
8d 7 10b 97 (82) 52 (68)
8d′ 2 10b 95 51
8ae 3 10c 100 39
8a 6 10d 86 58
8df 15 10e 75 (73) -56g (33)
8d 8 10f 91 (95) -68g (24)
8a 15 10g 98 35g

8dh 11 11a 74 (42) -33 (46)
8de 11 11b 48 -10

a CCl4 was used as reaction solvent unless otherwise stated.b Determined
by HPLC analysis on Chiralpak AD or AS or Chiralcel OD column.
c Defined as (%R- %S/%R+ %S) × 100. d The data in parentheses
correspond to the most selective results reported in refs 7b, 9c, and 10.
e Reaction was carried out in CH2Cl2. f Reaction was carried out in toluene.
g Configuration determined by the exciton chirality observed in CD spectra.
h Reaction was carried out in anisole.
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process.7b More importantly, this particular case represents
the first successful example of accessing scalemic11a by
catalytic asymmetric coupling methodology. The latter two
products (11aand11b) have been successfully utilized as
chiral auxiliaries in asymmetric catalysis.25

To gain insights into the structure-reactivity relationship
of our catalytic systems, single crystals suitable for X-ray
analysis were obtained by recrystallization of8d from
MeOH. The X-ray structure shows that it has been oxidized
to a distorted octahedral VV species (8d′) with two extra
coordinating ligands from MeOH (Figure 2).26 One methanol

is positioned anti to the VdO. The other is covalently linked
and is anti to the imine nitrogen. In addition, the VdO bond
is syn to the isopropyl group in the chiral template. Since
the couplings can also be smoothly carried out by catalyst
8d′ with reaction rates enhanced at least 2 times (entries 2
and 4), VIV complex8d apparently serves as a precatalyst.

In addition, we suggest that a monomeric VV complex such
as 8d′ but not a dimeric VV-O-VV complex function as
the active catalyst, as supported by the observed linear ee
dependence of (R)-BINOL on the ee of complex8d.19

In conclusion, we have documented the first successful
catalytic asymmetric couplings of various 2-naphthols medi-
ated by chiral tridentate vanadyl complexes derived from
salicylaldehydes andR-amino acids. To our knowledge, our
catalytic system represents one of the most enantioselective
catalytic couplings mediated by chiral metal complexes.
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Figure 2. Chem-3D presentation for the X-ray structure of8d′.
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