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ABSTRACT: Novel chiral iron phosphate complexes were
prepared as catalysts for asymmetric oxidative coupling
reactions. These catalysts were applied for the synthesis of
enantio-enriched C1- and C2-symmetric BINOLs, in which the
3 and 3′ positions are available for chemical modifications. It
was proposed that the reaction takes place via an oxidative
radical-anion coupling mechanism. A destructive BINOL
racemization that competes with the enantioselective oxidative
coupling of 2-naphthols was revealed, thereby offering new
insights into this highly important reaction.

■ INTRODUCTION

Optically pure C1- and C2-symmetric 1,1′-bi-2-naphthols
(BINOLs)1 serve as auxiliaries and ligands for asymmetric
transformations and as the infrastructure of key catalysts
applied in numerous applications.1f The preparation of
enantiomerically pure (R)- or (S)-BINOLs relies mainly on
enzymatic or chemical resolution of racemic BINOLs.1e,f In
principle, the direct catalytic asymmetric oxidative coupling of
2-naphthol derivatives should be the preferred method of
preparation in terms of simplicity and atom economy.
However, this approach has proved challenging, in part due
to the existence of an undesired secondary racemization process
that competes with the enantioselective carbon−carbon bond-
forming step.2

In recent years, considerable progress has been made in
developing efficient catalytic systems for the enantioselective
oxidative homocoupling of 2-naphthol derivatives. 3,3′-
Disubstituted and 7,7′-disubstituted BINOLs have been
prepared in high optical purity by chiral copper,3 iron,4 and
dinuclear vanadium5 catalysts (Figure 1). Nonetheless, the
direct preparation of optically pure unsubstituted BINOL 2a,
which is the building block for axially chiral ligands and
catalysts,1f,g and 6,6′-disubstituted BINOLs remains an unmet
challenge. Moreover, the enantioselective oxidative cross-
coupling of two different 2-naphthol coupling partners presents
the additional challenge of chemoselectivity during the coupling
step. The group of Katsuki6 introduced iron(salan) complexes
for enantioselective aerobic oxidative cross-coupling of 3-
substituted-2-naphthols with 6-substituted-2-naphthols (Figure
1). This exceptional transformation enabled the preparation of
C1-symmetric BINOLs1f,7 having a fixed 3-substituent with
excellent enantioselectivity.6

The 3- and 3′-positions in BINOLs are generally used to
control the steric and electronic properties of the catalytic
center and to project axial chirality in asymmetric trans-
formations. However, despite the tremendous amount of work
in the field, a general method to optically pure 3- and 3′-
unsubstituted C1-symmetric BINOLs by direct coupling
remains elusive. Therefore, the development of a comple-
mentary catalytic system for the enantioselective synthesis of
BINOLs that have synthetic flexibility at the 3- and 3′-positions
remains an important task to be accomplished.
To address this emerging problem, we envisioned a chiral

anion strategy8 based on phosphoric acids3e,9 derived from
BINOLs.10,11 Novel chiral iron12 phosphate complexes were
synthesized and examined as catalysts for the enantioselective
oxidative coupling of two 3-unsubstituted-2-naphtholic compo-
nents (Figure 1). Under our coupling conditions, the
enantioselective carbon−carbon bond-forming reaction was
kinetically favored over the competitive racemization process,
thereby enabling the preparation of C1- and C2-symmetric
BINOLs in good yields and high enantioselectivity. On the
basis of in-depth mechanistic studies, an oxidative radical-anion
coupling mechanism is proposed. Finally, the optical instability
of substituted BINOLs in the presence of Fe(III) and Cu(II)
complexes was revealed, thereby offering new insights into the
chemistry of BINOLs.

■ RESULTS AND DISCUSSION

Method Development. Recently, the Pappo group
developed conditions for the oxidative cross-coupling of two
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phenolic components with an FeCl3 catalyst in 1,1,1,3,3,3-
hexafluoropropan-2-ol (HFIP).13 On the basis of these results,
the enantioselective homocoupling of 2-naphthol (1) was
chosen as a model reaction for an asymmetric version based on
chiral iron phosphate complexes. First, the conditions for the in
situ preparation of an active iron phosphate complex were
developed. Initially, FeCl3 (5 mol %) and phosphoric acid L6
(Table 2; 15 mol %) were preheated in a PhCF3−HFIP (1:1)
mixture prior to the addition of 2-naphthol (1 equiv) and t-
BuOOt-Bu (1.5 equiv) at room temperature. However, these
conditions were not successful, and the formation of racemic
BINOL 2a suggested that the iron phosphate complex was not

Figure 1. Enantioselective oxidative coupling of 2-naphthols by various catalytic systems.

Table 1. Screening of Inorganic Bases for Oxidative
Coupling of 2-Napthol (1)a

entry [Fe] additive yieldb [%] erc

1 FeCl3 84 50:50
2 Fe(ClO4)3 K2CO3 ∼5 55:45
3 Fe(ClO4)3 Cs2CO3 12 54:46
4 Fe(ClO4)3 Ag2CO3 44 58:42
5 Fe(ClO4)3 Mg(OMe)2 66 58:42
6 FeCl3 CaCO3 51 57:43
7 Fe(ClO4)3 CaCO3 66 67:33
8 Fe(ClO4)3 SrCO3 54 61:39

aGeneral conditions: (1) Fe(III) (5 mol %), L6 (15 mol %), additive
(15 mol %), TFT:HFIP (1:1, 0.1 M), 50 °C, 2 h; then (2) 2-naphthol
(1, 0.05 mmol), t-BuOOt-Bu, room temperature (rt), 24 h. bHPLC
yields using 4-bromoanisole as an internal standard. cEnantiomeric
ratios were determined by HPLC analysis on a chiral stationary phase
column.

Table 2. Ligand Screening for Oxidative Coupling of 2-
Naphthol (1)a

phosphoric acid X yieldb [%] erc

L1 H 15 58:42
L2 Me 83 59:41
L3 TMS 61 57:43
L4 C6H5 86 58:42
L5 (4-Me)C6H4 91 58:42
L6 (4-Et)C6H4 65 67:33
L7 (4-iPr)C6H4 79 86:14
L8 (4-iPen)C6H4 81 86:14
L9 (4-t-Bu)C6H4 89 87:13
L10 (4-t-amyl)C6H4 84 75:25
L11 (4-cHex)C6H4 84 50:50
L12 (4-(1-adamantyl))C6H4 92 50:50
L13 (4-OMe)C6H4 51 73:27
L14 (4-CF3)C6H4 73 56:44
L15 (4-Ph)C6H4 76 63:37
L16 (4-(2-naphthyl))C6H4 58 55:45
L17 (4-(9-anthracyl))C6H4 54 50:50
L18 (4-((2,4,6-tri-iPr)Ph))C6H4 68 50:50
L19 (2,4,6-tri-iPr)C6H2 [TRIP] 71 50:50
L20 (3,5-di-CF3)C6H3 42 52:48
L21 2-naphthyl 74 54:46

aConditions: (1) Fe(ClO4)3 hydrate (5 mol %), L (15 mol %), CaCO3
(15 mol %), TFT:HFIP (1:1, 0.1 M), 50 °C, 2 h; then (2) 2-naphthol
(1, 0.05 mmol), t-BuOOt-Bu (0.05 mmol), rt, 24 h. bHPLC yields
using 4-bromoanisole as an internal standard. cEnantiomeric ratios
were determined by HPLC analysis on a chiral stationary phase
column.
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formed (Table 1, entry 1). Therefore, the use of Fe(ClO4)3,
which has a more labile perchlorate ligand, and inorganic bases

Scheme 1. Preparation of Iron[phosphate]3 Complexes 3a−
3c

Table 3. Oxidative Coupling of 2-Naphthol 1 by Iron
Phosphate Catalysts 3a

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ‐
‐ ‐

R1 2( ) a
t t

3

BuOO Bu (1 equiv)

DCE:HFIP (1:1,0.1 M)

catalyst (2.5 mol %)

entry catalyst time [h] yieldb [%] erc

1 3c 7 86 94:6
2d 3c 7 38 84:16
3e 3c 24 14 56:44
4f 3c 48 NR
5 3a 24 48 87:13
6 3b 24 41 75:25
7g 3c 24 37 91:9
8h 3c 7 12 84:16

aConditions: 2-naphthol (1, 0.05 mmol), 3 (2.5 mol %), t-BuOOt-Bu
(0.05 mmol), rt. bHPLC yields using 4-bromoanisole as an internal
standard. cEnantiomeric ratios were determined by HPLC analysis on
a chiral stationary phase column. dSrCO3 (3 equiv) was used instead
of CaCO3 to prepare complex 3c. eMg(OMe)2 (3 equiv) was used
instead of CaCO3 to prepare complex 3c.

fAg2CO3 (3 equiv) was used
instead of CaCO3 to prepare complex 3c.

gO2 was used as the terminal
oxidant instead of t-BuOOt-Bu. hAerobic conditions (without t-
BuOOt-Bu) at 50 °C. NR = no reaction.

Figure 2. Enantioselective oxidative coupling of 2-naphthol (1) using
different iron/L9 ratios. Conditions: (1) Fe(ClO4)3 hydrate (5 mol
%), L9 (5, 10 or 15 mol %) and CaCO3 (10 mol %), DCE−HFIP
(1:1, 0.1 M), 50 °C, 2 h; then (2) 2-naphthol (1), t-BuOOt-Bu, rt.

Figure 3. Racemization of BINOL 2a by different complexes.
Conditions: (a) racemization of (R)-2a by iron salts (10 mol %) in
DCE−HFIP (1:1 mixture) at room temperature and under Ar
atmosphere, complex 3c (■), complex 3c with t-BuOOt-Bu (1.5 equiv,
●), FeCl3 (▲), FeCl3 with t-BuOOt-Bu (1.5 equiv, X). (b)
Racemization of (R)-2a by copper salts (10 mol %) in DCM at
room temperature and under Ar atmosphere, Cu(NO3)2·(H2O)3 (○);
Cu(NO3)2·(H2O)3 with (S)-(−)-1-phenylethylamine (80 mol %, □).

Figure 4. Racemization of optically pure BINOLs 2b−2f and 4h.
Conditions for the racemization of substituted BINOLs 2b−2f and 4h.
Method A: FeCl3 (10 mol %) in DCE−HFIP (1:1 mixture) at room
temperature under Ar atm. Method B: Cu(NO3)2·(H2O)3 (10 mol %)
with (S)-(−)-1-phenylethylamine (80 mol %) in DCM at room
temperature under Ar atm.
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was tested. Salts such as K2CO3, Cs2CO3, and Ag2CO3 were not
effective, and 2a was obtained in poor yields and with low
enantioselectivity (Table 1, entries 2−4). In contrast, group 2
metal salts such as Mg(OMe)2, CaCO3, and SrCO3 (entries 5,
7, and 8) gave an enhancement in efficiency and selectivity.14,15

Other peroxides, such as t-BuOOH, H2O2, dicumyl peroxide,
and 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane, were found
to be less effective than t-BuOOt-Bu as the terminal oxidant.
A series of chiral phosphoric acids with different groups at

the 3,3′ positions were prepared and tested (Table 2).
Phosphate ligands with 3,3′-(4-substituted aryl)groups, such
as L5−L12, provided the highest enantioselectivity, with a
correlation being found between the size of the aryl’s 4-position
and product enantioselectivity (H = Me < Et < iPr = ipentyl < t-
Bu > t-amyl > cHex >1-adamantyl). Accordingly, chiral
phosphoric acid L9 with the X = (4-t-butyl)C6H4 group

9f was
the most efficient ligand in terms of both enantioselectivity
(87:13 er) and yield (89%).

Next, complex Fe[L9]3 (3c) was prepared by heating
Fe(ClO4)3 (1 equiv), L9 (3 equiv), and CaCO3 (3 equiv) in
PhCF3−HFIP (1:1 ratio, Scheme 1) at 50 °C to afford a
noncrystalline solid with a MALDI-TOF mass spectrum
consistent with complex 3c (Figure S3 in SI). The oxidative
coupling of 1 by complex 3c (2.5 mol %) was highly selective in
DCE−HFIP (1:1 mixture), furnishing (R)-2a in 94:6 er and
86% isolated yield (Table 3, entry 1). For comparison, the
Katsuki iron(salan) complex catalyzed the identical trans-
formation in about 82:18 er,4 while a comparable degree of
selectivity to that obtained by complex 3c was reported for
dinuclear vanadium complexes developed independently by
Gong5e,f and Takizawa5b,c (95:5 er) and for Gao’s dinuclear
copper complexes (94:6 er).16

Further studies revealed that the identity of the counterions
is also important for the preparation of the iron phosphate
catalysts.15 Preparation of complex 3c using other inorganic
bases, such as SrCO3, Mg(OMe)2, or Ag2CO3, instead of
CaCO3, afforded iron complexes with reduced catalytic activity
(Table 3, entries 2−4). Iron phosphate complexes Fe[L7]3
(3a) and Fe[L8]3 (3b) were also prepared. As expected, they
were less efficient catalysts than complex 3c in mediating the
oxidative coupling of 2-naphthol 1, affording BINOL 2a in only
moderate yields and selectivity (entries 5 and 6). Iron
phosphate complex 3c catalyzed this transformation in the
presence of the dioxygen molecule (entry 7) and even under
aerobic conditions (entry 8). Unfortunately, in both cases, low
conversions were observed, and the enantiomeric ratios were
lower than those obtained with t-BuOOt-Bu as the terminal
oxidant.
The requirement for two vacant coordination sites in a cis-

configuration, first for binding 2-naphthol(s) and thereafter for
binding the BINOL ligand, was stressed by Katsuki.17 To
obtain structural evidence for this premise, we performed the
coupling of 2-naphthol 1 with different Fe/L9 ratios (1:1, 1:2,
and 1:3, Figure 2). While Fe/L9 ratios of 1:2 and 1:3 catalyzed

Scheme 2. Proposed Mechanism for the Oxidative Coupling of 2-Naphthols by Fe(L9)3

Figure 5. Rate dependence on the concentration of 2-naphthol 1.
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the coupling of 1 with approximately the same initial reactivity
and enantioselectivity, a faster coupling rate and poor selectivity
were observed for 1:1 Fe/L9 ratio (Figure 2). This experiment
implied that Fe[L9]3 serves as a precatalyst, and the active
catalysts are probably iron bisphosphate complexes, which are
generated by exchange of a single anionic ligand. Furthermore,
the loss of optical purity during the coupling of 1 (Figure 2, red
arrow) can be rationalized by the existence of either a
competitive oxidation coupling by achiral iron salts, which
were found in high concentration for the 1:1 Fe/L9 ratio,18 or
an undesired secondary racemization process that is enhanced
when the number of vacant coordination sites around the iron
catalysts increases. The loss in optical purity of 2a, even after
the concentration of 2-naphthol had fallen, led us to examine
the kinetics of the secondary racemization process.
Racemization of BINOL Derivatives. This secondary

racemization process was previously observed by Kocǒvski2a

and Brussee19 during their early works on oxidative coupling of
1 by stoichiometric amounts of Cu(II)−chiral amine
complexes. Nevertheless, this undesired process has generally
been overlooked during recent development of the catalytic
versions of the reaction.3f,i,18 A set of kinetic experiments was
performed with the aims of studying the rate of the
racemization and of delineating the elements that control this
undesired process. The optical purities of substituted BINOLs
in the presence of iron complexes [10 mol %, DCE−HFIP (1:1
mixture), rt, Ar atmosphere] or copper complexes [10 mol %,

dichloromethane (DCM), rt, Ar atmosphere] as a function of
time were measured by chiral HPLC (Figures 3 and 4).
Our kinetic studies revealed that catalytic amounts of FeCl3

(Figure 3, ▲) mediated the racemization of BINOL 2a, while
in the presence of t-BuOOt-Bu (X) a complete loss of optical
activity was observed within 20 min. Importantly, in the
presence of complex Fe[L9]3 (3), BINOL 2a showed optical
stability (Figure 3, ■); however, in the presence of peroxide a
ligand exchange process was initiated, and the racemization was
observed (Figure 3, ●). As expected, BINOL 2a also
underwent racemization in the presence of Cu(II) salts, such
as Cu(NO3)2·(H2O)3 (Figure 3, ○). The process was even
faster in the presence of (S)-(−)-1-phenylethylamine (□).20

These experiments and the fact that FeCl2 does not promote
this process suggest that the loss in optical activity involves a
reversible single electron transfer (SET) process in the
binaphthyl metal complex (eq 1) that generates a delocalized
binaphthoxyl radical (such as intermediate E, Scheme 2).

‐ ↔

↔ ‐ =

+ •+ −

+ + + +

R

S

[( ) BINOL][M ] [BINOL] [M ]

[( ) BINOL][M ] M Fe , Cu

n n

n n

1

3 2 (1)

The existence of a racemization process21 that competes with
the enantioselective oxidative coupling of 2-naphthols provides
a possible explanation for the fact that optically pure BINOL 2a
is still not accessible in pure form by direct oxidative coupling
of naphthol 1.1d

Figure 6. Enantioselective homocoupling of 6- and 7-substituted 2-naphthols. (a) Unless otherwise noted, reactions were performed on a 0.05 mmol
scale. (b) The reaction was performed on a gram scale. (c) The reaction was performed on a 0.5 mmol scale.
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The racemization rates of substituted BINOLs by Fe(III) and
Cu(II) salts were also studied. (R)-BINOL (2b) and (R)-
BINOL (2c) (Figure 4, × and ○) with moieties at both C-3
and C-3′ sites and 7,7′-dibenzyloxy-BINOL 2f (Figure 4, ●)
were found to be optically stable for more than 48 h. This
experimental evidence is highly important considering the fact
that 3,3′-disubstituted BINOLs and 7,7′-disubstituted BINOLs
have been prepared from their corresponding naphthols with a
high degree of optical purity. BINOL 2b has been prepared by
Katsuki’s Fe[salan] (Figure 1) complex in high purity (92:8
er),4 while the group of Kozlowski obtained 2c by using a
Cu[diaza-cis-decaline] catalyst (Figure 1) in 96:4 er.3l,22 Both
catalysts were less successful in preparing BINOL 2a, probably
as a result of competitive racemization. Other less sterically
demanding BINOLs, such as 3-(4-t-Bu)C6H4-BINOL, 2d
(Figure 4, ◊), underwent racemization at a significantly
diminished rate compared with BINOL 2a (Figure 3), whereas
6,6′-disubstituted BINOL 4h (Figure 4, □) underwent rapid
racemization. Thus, it may be expected that the two asymmetric
processes would compete (vide inf ra). Importantly, the optical
instability of biphenols in the presence of redox metals should
be taken into consideration in any future design of catalysts and
products with axial chirality.
Postulated Mechanism. A kinetic study of the oxidative

coupling of 2-naphthol 1 by iron phosphate catalyst 3c showed
first-order dependence of the reaction rate on the concentration

of 2-naphthol (Figure 5) and zero-order dependence on that of
t-BuOOt-Bu (Figure S3 in SI). These results are consistent with
the radical-anion coupling mechanism proposed by the group
of Katsuki for the Fe[salan] catalyst,6 with the exception that in
the iron phosphate system the coordination of the oxidant to
the iron is not a slow step. Thus, the proposed mechanism
commences with coordination of the peroxide to the iron
(complex A, Scheme 2), followed by peroxide bond cleavage to
generate a high-valent iron complex.23 The ability of the
naphtholate ligand to transfer electron density to the metal is
probably the driving force for the ligand exchange process
between one of the phosphate ligands and the 2-naphtholate
that affords complex B. A radical-anion coupling step between
electrophilic naphthoxyl radical B′ with a second nucleophilic
2-naphthol(ate) coupling partner affords complex D. While the
ligand exchange releases (R)-BINOL, an undesired SET
process (D ↔ E) results in a reduction of the optical purity
of the product.

Reaction Scope. The reaction scope was studied by
coupling 6- and 7-substituted 2-naphthols catalyzed by iron
phosphate complex 3c (Figure 6). C2-Symmetric BINOLs
substituted with either primary or secondary alkyl groups (4a−
4g) were obtained in high yields and high enantiomeric ratios.
BINOL 4c, for example, is a key intermediate in the synthesis
of phosphoric acid employed in enantioselective chiral anion
phase transfer catalysis.24 6-Aryl-2-naphthols were also suitable

Figure 7. Enantioselective oxidative cross-coupling of 2-naphthols. (a) Unless otherwise noted, reactions were performed on a 0.05 mmol scale. (b)
The reaction was performed on a gram scale. (c) The reaction was performed on a 0.5 mmol scale.
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coupling partners. The enantiomeric ratio of the products, such
as BINOLs 4h and 4i, was highly dependent on their
racemization rates, which depended on the electronic nature
of the aryl substituents. Notably, despite the optical instability
of 4h (see Figure 4), it was obtained in excellent yield (94%)
and high optical purity (86:14 er).
The mechanistic studies are consistent with the hypothesis

that iron phosphate complex 3c catalyzes the coupling of 2-
naphthol via a radical-anion coupling mechanism. Therefore,
oxidative cross-coupling reactions between pairs of naphthols
with a complementary relationship should be possible.13b To
examine this premise, 2-naphthol 1 (1 equiv) and 6- or 7-
substituted 2-naphthols (1 equiv, Figure 7) were coupled under
our general conditions, affording C1-symmetrical BINOLs 5a−j
in high enantioselectivity (up to 96:4 er). The oxidation
potentials (Eox) and the theoretical N values13b for the 2-
naphthol series are close, and therefore, it was expected that the
homocoupling and the cross-coupling pathways would
compete. Indeed, 2-naphthol 1 (Eox = 0.48 V in HFIP) and
6-butyl-2-naphthol (1b, Eox = 0.40 V), which do not have a
complementary relationship (Eox of 1b < Eox of 1 and ΔN = N1

− N1b = −0.13),13b afforded a mixture of symmetrical BINOLs
2a, 4b, and unsymmetrical 5b in a ratio of about 1:6:5; BINOL
5b was isolated in 41% yield (92:8 er). The reaction of 6-anisyl-
2-naphthol 1j with 1 furnished unsymmetrical BINOL 5j in
81:19 er and 53% yield. The yield was improved to 68% when
the reaction was performed with 3 equiv of naphthol 1.
However, this modification had a negative effect on the optical
purity of the coupling product (72:28 er). A single
recrystallization alone was needed to improve the enantiomeric
ratio of BINOL 5j to 97:3. The absolute configuration of
BINOLs 2c, 4c, 4h, 4i, 5a, 5h, and 5j were determined as R by
a multistep synthesis starting from enantiopure BINOL (see
SI). The absolute stereochemistry of the remaining products
could be assigned by analogy.
Finally, the scalability of the method was examined by

preparing C1- and C2-symmetric BINOLs 4a, 4c, 4d, 4h, 5a, 5h,
and 5i on a 0.5 mmol scale and BINOLs 2a and 5a on a gram
scale with comparable yields and enantiomeric ratios (Figures 6
and 7). Importantly, ligand L9 was successfully recovered from
the large-scale reactions in 74% yield (based on Fe[L9]3) and
recycled for the preparation of complex 3c. The latter catalyst
mediated the formation of 2a in 84% yield and enantiomeric
ratio of 91:9.

■ SUMMARY

In summary, a novel class of chiral iron phosphate complexes
for asymmetric oxidative coupling reactions was developed.
Complex Fe[L9]3 (3c) catalyzed the coupling of 2-naphthol
derivatives with a high degree of optical purity and moderate
chemoselectivity. For the first time, C1-symmetric 1,1′-bi-2-
naphthols with 3- and 3′- positions, available for further
chemical modification, were prepared by direct oxidative
coupling methods. On the basis of kinetic studies an oxidative
radical-anion coupling mechanism was proposed. The optical
instability of substituted BINOLs in the presence of metals was
studied, offering new insights into the chemistry of BINOLs.
Overall, the work suggests that the use of chiral phosphate
anions as ligands may provide a general platform for the
application of chiral iron catalysts in asymmetric synthesis.
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