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As an extension of our interest in developing new
enantioselective reactions based on the binaphthol
privileged ligand, we report a simple approach to the
synthesis of 7,79-disubstituted binaphthols. The
commercially available 1,7-dihydroxynaphthalene (1) was
used as starting material for the preparation of the
bromoderivatives 2, which were oxidatively coupled to afford
3, a key intermediate for the preparation of a variety of

Introduction

Due to the interest in enantiopure 2,29-dihydroxy-1,19-
binaphthyl (BINOL) as a chiral information source in cata-
lytic [1] and stoichiometric [2] organic reactions, the synthesis
of enantiomerically pure disubstituted BINOLs has started
to attract the increasing attention of the chemical com-
munity. In this context, disubstitued BINOLs were used to
prepare new efficient Lewis acids, [3] heterobimetallic cata-
lysts, [4] polymeric catalysts, [5] chiral polymers[6] and novel
optical materials. [7] In particular, 3,39- and 6,69-dibromobi-
naphthyl derivatives appear important for the synthesis of
alkyl and aryl 3,39- and 6,69- disubstituted BINOLs.[8]

Although a few 7,79-disubstituted 2,29-dihydroxy-1,19-bi-
naphthyls have been synthesized in optically active form,[9]

a general and simple approach for the preparation of these
compounds is still lacking. In this paper, we report the
straightforward synthesis and resolution of the title com-
pounds (Figure 1) which are useful ligands for the prep-
aration of new catalysts and for material science. These dis-
ubstituted BINOLs were completely characterized by ana-
lytical and chiroptical studies and were utilized to promote
the asymmetric allylation reaction of aldehydes.
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enantiopure substituted binaphthols (8, 10). The absolute
configuration of the new compounds was established by
chiroptical analysis and by cholesteric induction. The
optically active catalysts derived from the ligands 3, 8, 10, 16
and 17, complexed with Ti(OiPr)2Cl2, Zr(OiPr)4 and
ZrCl4(THF)2, were employed for the enantioselective
addition of allyltributyltin to aldehydes. Finally, the influence
of the substituent of the binaphthyl core on the transmission
of the chiral information was also investigated.

Figure 1. Substituted BINOLs

Results and Discussion

Synthesis of BINOLs

2,7-Dihydroxynaphthalene (1) was converted into 7-
bromo-2-hydroxynaphthalene (2) [10] in moderate yield by
the well-established procedure which was reported for alkyl
and aryl alcohols. [11] Finally, the preparation of the desired
binaphthol 3 was achieved by oxidative coupling of 2 [12]

(Scheme 1).

Scheme 1. Synthesis of (±)-7,79-dibromo-2,29-dihydroxy-1,19-bi-
naphthyl (3)

The resolution of (±)-7,79-dibromo-2,29-dihydroxy-1,19-
binaphthyl (3) was carried out according to the general pro-
cedure introduced by De Lucchi. [13] Thus, 3 was treated
with the (1R,2S,5R)-(2)-menthyl chloroformate in the pres-
ence of triethylamine, and the resulting diastereoisomeric
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mixture of the bis(menthyl) carbonates 4 and 5 was isolated
in good yield. The subsequent recrystallization from hexane
afforded the pure diasteroisomer 4, which was reduced to
the enantiopure (2)-3 by an excess of LiAlH4 (Scheme 2).

Scheme 2. Resolution of (±)-3

The efficiency of our method was confirmed by the high
optical purity of 3, which was isolated with an enantiomeric
excess (ee) of 99.9% (see Experimental Section). Compound
3 is a useful starting material for the preparation of new
7,79-disubstituted 2,29-dihydroxy-1,19-binaphthyl deriva-
tives. As a representative example, we decided to synthesize
a 7,79-diaryl-substituted binaphthol. Thus, the O-protected
BINOL 6 was coupled to 4-methylphenylboronic acid, fol-
lowing the well-known Suzuki[14] procedure, affording (2)-
7,79-bis(4-methylphenyl)-2,29-dimethoxy-1,19-binaphthyl (7)
in 81% yield. Finally, treatment of (2)-7 with BBr3 gave
the desired (2)-7,79-bis(4-methylphenyl)-2,29-dihydroxy-
1,19-binaphthyl (8) in 78% yield (Scheme 3).

Scheme 3. Synthesis of (2)-7,79-bis(4-methylphenyl)2,29-dihydroxy-
1,19-binaphthyl (8)

Determination of the Absolute Configuration of
BINOLs

Because of the nonplanar arrangement of the two naph-
thalene rings in the 1,19-binaphthyl compounds, this class
of molecules is axially chiral. In these compounds, the s-cis

Eur. J. Org. Chem. 2000, 4912497492

and the s-trans conformations are characterized by opposite
helicities along the biaryl axis (Figure 2). For this reason,
the analysis of the circular dichroism (CD) spectra proved
to be useful in solving stereochemical problems. [15] [16] Later
on, the technique of the induction of cholesteric phases in
nematic liquid crystals was largely employed as well. [17] We
therefore assigned the absolute configurations of the new
compound by both these approaches.

Figure 2. Helicity of the s-cis and s-trans conformation of (R)-
1,19-binaphthalene

CD spectroscopy exploits the analysis of the exciton
couplet originating from the 1B electronic transition of the
naphthalene chromophore at about 230 nm. When the
absolute configuration is (R), an s-cis conformation gives
rise to a couplet with a negative branch at low energy and
a positive one at high energy (negative couplet). However,
when the dihedral angle θ between the naphthyl moieties
increases and reaches a critical value, the couplet vanishes
(and then subsequently inverts its sign): this critical angle
was estimated to be around 1002110° for the unsubstituted
1,19-binaphthalene. [15]

In this work we examined the chiroptical properties of
this new class of BINOLs (10, 11, 12). The disubstituted
BINOL (R)-(2)-10 was prepared according to the method
published by Diederich[9a] (Scheme 4), and was converted
to the the cyclic (R)-(2)-11 upon treatment with dibromo-
methane, while (R)-(2)-12 was obtained from an analogous
reaction starting from (R)-(2)-3 (Scheme 5). [18]

The CD spectrum (Figure 3) contains the negative coup-
let of compound (R)-12 (in THF) in the region of the 1B
transition; the spectral characteristics of the exciton couplet
for all compounds studied are reported in Table 1.

All the compounds investigated have an intense negative
couplet at ca. 230 nm. For compounds with a dihedral an-
gle θ smaller than the critical value, this spectral feature is
indicative of the (R) configuration. [15]

A more detailed analysis of the CD spectra confirmed
the reliability of this stereochemical assignment. In the ab-
sorption spectra of the cyclic derivatives 11 and 12, the
230 nm band (which is due to the overlap of the two exciton
components of the 1B transition of each 2-naphthol mono-
mer) has a high-energy exciton component that is shown to
be more intense than the low-energy one. This observation
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Scheme 4. Synthesis and resolution of (R)-(2)-7,79-bis(benzyloxy)-2,29-dihydroxy-1,19-binaphthyl (10)

Scheme 5. Synthesis of (R)-(2)-11 and (R)-(2)-12

Figure 3. CD and absorption spectra of (R)-(2)-12 in THF in the
spectral region of the naphthalene 1Bb electronic transition

was also reported for other binaphthyl derivatives[19] that
were shown by MM calculations to have dihedral angles
not far from 60°. [20] The spectra of 3, 7, 8, 10 and 15 do
not contain couplets, therefore θ of these non-bridged de-
rivatives is certainly larger than 55° and near to the criti-
cal value.

To confirm the chiroptical assignment, we undertook the
analysis of these chiral substances by employment of the
LC technique (Figure 4). As is well known, this approach
is based on the observation that the addition of an enanti-
omerically enriched chiral compound to nematic liquid
crystals induces cholesteric mesophases. The cholesteric he-
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Table 1. The helical twisting powers of derivatives (R)-3, 7, 8,
10215 in the nematic phases E7 and MBBA, and the amplitude
and sign of the exciton couplet (in THF) corresponding to the 1Bb
transition of the naphthalene

Compound X Y β(E7) β(MBBA) ∆∆ε 3 1022

11 Br OCH2O 268 280 27.6
12 BzlO OCH2O 280 249 26.7
13 H OCH2O 285
10 BzlO OH 25 28 25.7
3 Br OH 126.1 118 24.7
8 p-Tolyl OH 149.4. 139.4 21.1

14 H OH 232
6 Br OMe 16.8 14.2 26.5
7 p-Tolyl OMe 180 127.1 21.3

15 H OMe 21.5 13.8

lix is characterised by its handedness and pitch. The ability
of a chiral dopant to twist the nematic phase is expressed
by the twisting power β 5 (p c r)21, where p is the pitch, c
the concentration of the dopant (expressed as molar
fraction) and r is its enantiomeric excess; the sign of β is
positive for a right-handed cholesteric and is negative for a
left-handed one. The phenomenon of cholesteric induction
has been applied to configurational and conformational
analysis. When both the solute and the nematic solvent have
a biaryl structure, it is possible to correlate the helicity of
the biaryl solute to the handedness of the induced choles-
teric phase through a model based on the transfer of chiral-
ity from the dopant to the solvent by chiral conformation
of the solvent molecule: therefore if the absolute configura-
tion is known, the s-cis or s-trans conformation can be de-
duced and vice versa. For an s-cis conformation, a negative
β-value indicates (R) absolute configuration. [17] Moreover,
the absolute value of β is connected to the θ dihedral an-
gle. [21]

Figure 4. Substituted BINOLs tested in the chiroptical analysis

The twisting powers of the bridged and unbridged 7,79-
disubstituted-1,19-binaphthyls measured in the biphenyl-
type nematic solvent E7 and in MBBA are shown in Table
1. Inspection of the table gives rise to a few remarks: (i)
The β values of compounds 11 and 12 (Scheme 5) are high
and negative, similar to those reported for the parent[16]

compound 13 and for other bridged 1,19-binaphthyls. [17] [22]
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(ii) Non-bridged compounds show, instead, smaller twisting
powers whose signs depend on the nature of the 7,79-substi-
tution and on the nematic solvent: this feature has been
already described in literature[23] (e.g., 10 and 14).

The model of chiral transfer presented above is based on
the assumption that the molecular helicity along the biaryl
axis is transferred to the nematic solvent. This hypothesis
seems to be verified in the present system: for bridged com-
pounds the value (and sign) of β is not much affected when
the hydrogens in the 7,79 position (13) are substituted with
much bigger bromine atoms (11) or with bulkier benzyl
groups (12). This substitution does not modify, in fact, the
dihedral angle between the naphthyl moieties, which is
mainly determined by the presence of the bridge between
the 2 and 29 positions. [24]

On the basis of the handedness of the cholesteric induced
in nematic solvents, it was possible to assign R as the abso-
lute configuration of the 7,79 disubstituted binaphthyls (3,
628, 11212).

Results in Catalysis

Investigation of the catalytic properties of metal2BI-
NOL complexes, prepared from Ti(OiPr)2Cl2, Zr(OiPr)4 or
ZrCl4(THF)2 and the disubstituted BINOLs described
above, was undertaken. Moreover, to rationalize the influ-
ence of the substituents of the aromatic rings on their cata-
lytic activity, 3,39 dibromobinaphthol 16 [25] and 6,69 di-
bromobinaphthol 17 [26] were synthesized by following the
known procedures. We chose, as a probe reaction, the ad-
dition of allyltributyltin to aldehydes as promoted by ti-
tanium or zirconium BINOL complexes, already developed
in our laboratories. [27] Particularly, the addition of allyltri-
butyltin to benzaldehyde, octyl aldehyde and cyclohexane
carboxaldehyde was looked at (Scheme 6). The metal com-
plexes were generated in situ by the use of our standard
protocols, except for the Entries where Ti(OiPr)2Cl2 was
used as precursor. In this case, the complex was generated
by a two-step procedure (see the Experimental Section). We
cannot suggest, at present, reasonable structures for all the
complexes generated; spectroscopic studies failed to identify
well-defined molecular structures of the catalysts and all
attempts to grow crystals were unsuccessful.

The results obtained are collected in Table 2. A general
trend is that dibromo- or ditolyl-substituted BINOL ligands
3, 8, 16, 17 afford moderately enantioselective catalysts with
any metal system, with ee values in the 54273% range, in-
dependently of the position of the substituents. It is not
clear, at present, if this effect is due to a change in the elec-
tronic properties of the binaphthyl moiety or if it is due to
a different structure of the Lewis acid catalyst. A special
case is represented by the combination of the hindered 3,39-
dibromobinaphthol 16 with Zr(OiPr)4 which gives rise to
an almost unselective catalyst (Entry 2), probably because
of reduced availability of the catalytic site for steric reasons.

Different behaviour is shown by the dibenzyloxy deriva-
tive 10. The catalyst formed from 10 and Ti(OiPr)2Cl2 pro-
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ved to be superior to the parent BINOL catalyst in the al-
lylation of benzaldehyde, in terms of both stereoselectivity
and reaction rate (Entry 10). We believe that the strong elec-
tron-releasing properties of the alkoxy substituents can ben-
eficially affect the performances of the catalysts prepared
from 10, but further investigation in this direction will oc-
cur.

Conclusion

In summary, a simple, straightforward access to enanti-
omerically pure 7,79-dibromo-BINOL (3), starting material
for the preparation of a library of chiral 7,79-disubstituted
BINOLs, was described. The absolute configuration of the
7,79-disubstitued binaphthyl was confirmed by the com-
bined use of circular dichroism (exciton coupling approach)
and liquid crystal (cholesteric induction) techniques. The
dependence of the twisting powers on the nature of the sub-
stituents supports the hypothesis that the most important
feature for the chiral information transfer between dopant
and solvent is the dihedral angle between the aromatic
planes. The effectiveness of various, differently substituted,
BINOL ligands in the asymmetric allylation of aldehydes
was investigated. The introduction of alkoxy substituents
seems beneficial for the stereoselectivity of the titanium-
based catalysts, while dibromo- or ditolyl-BINOLs afford
less effective catalysts, especially if the 3,39-positions are in-
volved. Further work is in progress in our laboratories
towards the rational design of alkyl- and aryl-substituted
BINOL derivatives that can enhance the enantioselection in
catalytic asymmetric reactions.

Experimental Section
General: 1H- and 13C-NMR spectra were recorded with a 300 MHz
Varian Gemini instrument. Chemical shifts, δ, are given with re-
spect to TMS and coupling constants, J, are measured in Hz. MS
spectra were taken by EI ionization at 70 eV with a Hewlett-Pack-
ard 5971 with GC injection. They are reported as m/z (relative
intensity in%). Column flash chromatography was run on 2702400
mesh silica gel. All the reactions were carried out in oven-dried
glassware under nitrogen or argon. All the organic phases were
dried with sodium sulfate. Hexane, toluene and THF were freshly
distilled from Na2benzophenone ketyl. CH2Cl2 was distilled from
P2O5. DMF was distilled from molecular sieves and stored under
nitrogen over activated molecular sieves. Benzaldehyde, octyl alde-
hyde, and cyclohexane carboxaldehyde were distilled before use. All
the other chemicals were commercially available and used as re-
ceived. GC-MS analysis of chromatographated products showed
that purity of 99% was achieved. Absorption and CD spectra were
obtained by means of a JASCO J710 spectropolarimeter. Induced
cholesteric pitch values were measured with the lens version of the
Grandjean2Cano methods with a standard 16 Zeiss microscope.
Helical handedness was obtained from the sign of the rotatory
power. The enantiomeric excess was determined with as HPLC
Chiralcel OD-H column.

7-Bromo-2-hydroxynaphthalene (2): To a stirred suspension of tri-
phenylphosphane (18.3 g, 68.75 mmol.) in CH3CN (3 mL) cooled
at 0°C, bromine (3.52 mL, 68.75 mmol) was slowly added over
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Scheme 6. Enantioselective allylation of aldehydes catalysed by chiral BINOL-metal complexes

Table 2. Enantioselective addition of allyltributyltin to aldehydes,
catalysed by chiral BINOL2metal complexes[a]

Entry BINOL MLn Aldehyde Yield (%)[b] ee (%)[c]

1 3 Zr(OiPr)4 n-C7H15CHO 60 54
2 16 Zr(OiPr)4 n-C7H15CHO 65 14
3 16 Ti(OiPr)2Cl2 n-C7H15CHO 70 72
4 17 Zr(OiPr)4 n-C7H15CHO 70 73
5 17 Zr(OiPr)4 c-C6H11CHO 62 70
6 17 Ti(OiPr)2Cl2 c-C6H11CHO 60 72
7 8 ZrCl4(THF)2 PhCHO 43 60
8 10 Zr(OiPr)4 n-C7H15CHO 90 77
9 10 Zr(OiPr)4 c-C6H11CHO 50 66

10 10 Ti(OiPr)2Cl2 PhCHO 80 92
11 10 ZrCl4(THF)2 PhCHO 56 75

[a] The allylation reactions were run in the optimal conditions based
on the catalytic system used: (BINOL)Zr(OiPr)4 (20 mol-%), room
temp.; (BINOL)ZrCl4(THF)2 (5 mol2%), 220°C; (BINOL)-
Ti(OiPr)2Cl2 (20 mol-%), room temp. Details of the typical allyla-
tion procedure are provided (Entry 10) in the experimental section.
2 [b] All yields were determined on the pure isolated compounds
after flash chromatography. 2 [c] Determined with a cyclodextrin
Megadex5 chiral column. The absolute configuration of the iso-
lated homoallylic alcohols was assigned by comparison of GC re-
tention times with those of the known products.

30 min. After the addition, the mixture was warmed to room tem-
perature and 2-hydroxynaphthalene 1 (11.01 g, 68.74 mmol) was
added as one portion. The resulting mixture was heated at 80°C for
2 h, then the solvent was removed by distillation. The dark residue
obtained was heated at 250°C for 6 h. The mixture was cooled to
room temperature and then purified by chromatography on silica
gel to give 2 as a pale yellow solid. 2 Yield: 5.4 g (35%). 2 M.p.
125°C. 1H NMR (CDCl3): δ 5 7.84 (d, 1 H, J 5 2.0 Hz), 7.73 (d,
1 H, J 5 8.8 Hz), 7.63 (d, 1 H, J 5 8.7 Hz), 7.40 (dd, 1 H, J 5

2.0, 8.7 Hz), 7.11 (dd, 1 H, J 5 2.5, 8.8 Hz), 7.06 (d, 1 H, J 5

2.5 Hz), 5.15 (br s, 1 H). 2 13C NMR (CDCl3): δ 5 155.16, 136.81,
130.96, 130.45, 129.38, 128.37, 128.08, 121.86, 119.22, 109.75. MS
m/z (relative intensity) 224 (100), 222 (96), 195 (5), 143 (35), 115
(60). 2 HR MS for C10H7Br1O1: calcd. 221.9680260; found
221.9683388.

(±)-7,79-Dibromo-2,29-dihydroxy-1,19-binaphthyl (3): A solution of
2 (20.96 g, 93.96 mmol) and CuCl2 (25.6 g, 190.4 mmol) in de-
gassed methanol (500 mL) was stirred under nitrogen for 15 min,
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then a solution of tert-butylamine (81 mL, 770 mmol) in methanol
(320 mL) was added over a period of 2 h. After the resulting solu-
tion was stirred at room temperature for 24 h, the solution was
cooled at 0°C, then a 6  solution of HCl was carefully added. The
methanol was evaporated under reduced pressure and the residue
was diluted with ethyl acetate (200 mL) and washed with brine (2 3

100 mL). The organic phase was separated, dried and concentrated
under reduced pressure to give a residue which was then purified
by flash chromatography (eluent cyclohexane/ethyl ether, 90:10).
The solid was further purified by recrystallization from cyclohex-
ane. 2 Yield: 19.7 g (94%). 2 M.p. 1952197°C. 2 1H NMR
(CDCl3): δ 5 7.96 (d, 2 H, J 5 8.8 Hz), 7.78 (d, 2 H, J 5 8.6 Hz),
7.48 (dd, 2 H, J 5 1.6, 8.6 Hz), 7.39 (d, 2 H, J 5 8.8 Hz), 7,24 (d,
2 H, J 5 1.6 Hz), 5.12 (br s, 2 H). 2 13C NMR (CDCl3): δ 5

154.08, 135.15, 132.15, 130.64, 128.41, 128.21, 126.46, 122.91,
118.78, 110.15. 2 MS m/z (relative intensity): 444 (100), 442 (44),
284 (21), 256 (14), 226 (15), 222 (13), 142 (29), 119 (13), 113 (26),
43 (78). 2 HR MS for C20H12Br2O2: calcd. 441.9204020; found
441.9209941.

Resolution of (±)-7,79-Dibromo-2,29-dihydroxy-1,19-binaphthyl (3).
2 Preparation of 4 and 5: To a stirred solution of (±)-3 (10.75 g,
24.3 mmol) and (1R,2S,5R)-(2)-menthylchloroformate (10.9 mL,
50.8 mmol) in dry THF (100 mL), a solution of Et3N (14.8 mL,
107 mmol) in THF (50 mL) was added under nitrogen. The re-
sulting homogenous solution was stirred at room temperature for
4 h, then the THF was evaporated under reduced pressure and the
residue was dissolved in CHCl3 (25 mL). The solution was washed
with a solution of 2  HCl (5 mL) and brine, then the organic phase
was separated, dried and concentrated under reduced pressure to
give a solid. The solid was recrystallized three times from hexane
affording the enantiomerically pure compound 4. 2 Yield: 4.4 g
(45%). 2 M.p. 201°C. 2 1H NMR (CDCl3): δ 5 7.98 (d, 2 H, J 5

8.7 Hz), 7.81 (d, 2 H, J 5 8.9 Hz), 7.56 (dd, 2 H, J 5 2.0, 8.7 Hz),
7.52 (d, 2 H, J 5 8.9 Hz), 7.35 (d, 2 H, J 5 2.0 Hz), 4.25 (m, 2 H),
1.920.2 (m, 36 H). 2 13C NMR (CDCl3): δ 5 153.54, 148.84,
135.25, 131.21, 131.15, 130.76, 130.60, 129.04, 123.10, 123.09,
122.75, 80.34, 47.63, 41.26, 34.94, 32.30, 27.06, 24.42, 22.98, 21.37,
17.14. 2 MS m/z (relative intensity): 808 (1), 764 (2), 626 (9), 488
(6), 444 (100), 364 (18), 284 (9), 255 (6), 226 (6), 139 (7), 95 (70),
83 (72), 69 (34), 55 (54), 41 (21). HR MS for C42H48Br2O6: calcd.
808.6456011; found 808.6450263. 2 [α]D20 5 2167.7 (c 5 1.000,
CHCl3).
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(R)-(2)-7,79-Dibromo-2,29-dihydroxy-1,19-binaphthyl (3): To a solu-
tion of enantiopure 4 (3.4 g, 4.2 mmol) in dry THF (80 mL), was
added LiAlH4 (2.3 g, 60 mmol), in portions, over 1 h. After 2 h, the
reaction was quenched by adding an aqueous solution of 3  HCl
(80 mL). After the evaporation of THF, the mixture was extracted
with CH2Cl2 (3 3 50 mL). The organic phases were collected, dried
and concentrated under reduced pressure to give a solid which was
purified by flash chromatography (eluant cyclohexane/ethyl ether,
90:10). The solid was further purified by recrystallization from
cyclohexane. The enantiomeric excess was determined to be 99.9%
by HPLC analysis. The HPLC analysis was performed with a Chir-
alcel OD-H column [eluant n-hexane/iPrOH (92:8), flow rate of
0.5 mL/min, UV detection]. 2 [α]D20 5 2215.9 (c 5 1.000, CHCl3).

(R)-(2)-7,79-Dibromo-2,29-dimethoxy-1,19-binaphthyl (6): To a mix-
ture of 3 (1 g, 2.25 mmol) and K2CO3 (1.6 g, 11.6 mmol) in acetone
(50 mL), was added CH3I (5 mL, 80 mmol). The stirring mixture
was refluxed for 48 h, then cooled to room temperature and filtered
through a pad of celite. The celite was washed twice with ethyl
acetate. The organic phases were collected, washed with 2  HCl
(10 mL), dried, and concentrated under reduced pressure to give a
solid which was purified by column chromatography (cyclohexane/
ethyl acetate, 90:10). 2 Yield: 1.54 g (74%). 2 The solid was further
purified by crystallization from cyclohexane:ethyl acetate. 2 M.p.
2012205°C. 2 1H NMR (CDCl3): δ 5 7.96 (d, 2 H, J 5 9.0 Hz),
7.92 (d, 2 H, J 5 8.7 Hz), 7.46 (d, 2 H, J 5 9.0 Hz), 7.41 (d, 2 H,
J 5 8.7 Hz), 7,24 (d, 2 H, J 5 1.8 Hz), 3.78 (s, 6 H). 2 13C NMR
(CDCl3): δ 5 156.07, 136.22, 130.82, 128.64, 128.11, 127.98,
122.25, 118.99, 115.23, 57.70. 2 MS; m/z (%): 472 (49), 470 (25),
394 (52), 392 (53), 348 (13), 346 (15), 314 (100), 268 (47). 2 HR
MS for C22H16Br2O2: calcd. 469.9517021; found 469.9512293. 2

[α]D20 5 2187.2 (c 5 1.000, CHCl3).

(R)-(2)-2,29-Dimethoxy-7,79-bis(4-methylphenyl)-1,19-binaphthyl
(7): A flask was flushed with nitrogen and charged with a mixture
of 6 (0.4 g, 0.85 mmol), 4-methylphenyl boronic acid (0.3 g,
2.2 mmol), Pd(PPh3)4 (0.04 g, 0.035 mmol) and Ba(OH)2 (0.92 g,
2.9 mmol), and then distilled DMF (10 mL) was added. The stir-
ring mixture was refluxed for 20 h. The mixture was cooled to room
temperature, then quenched by adding a saturated solution of
NH4Cl (5 mL). The DMF was evaporated under reduced pressure
and the resulting mixture was extracted with CH2Cl2 (3 3 5 mL).
The organic phases were collected, dried and concentrated under
reduced pressure to give a residue which was then purified by flash
chromatography (cyclohexane/ethyl acetate, 90:10). 2 Yield: 0.35 g
(81%). 2 M.p. 1662168°C. 2 1H NMR (CDCl3): δ 5 7.98 (d, 2
H, J 5 8.8 Hz), 7.92 (d, 2 H, J 5 8.5 Hz), 7.56 (dd, 2 H, J 5 1.8,
8.5 Hz), 7.46 (d, 2 H, J 5 8.8 Hz), 7.33 (d, 2 H, J 5 1.8 Hz), 7.29
(m, 4 H), 7.11 (m, 4 H), 3.79 (s, 6 H), 2.31 (s, 6 H). 2 13C NMR
(CDCl3): δ 5 156.45, 139.96, 139.81, 137.75, 135.37, 130.27,
130.20, 129.47, 129.40, 128.30, 124.46, 124.11, 115.22, 57.96, 21.99.
2 MS m/z (relative intensity): 494 (5), 406 (5), 405 (31), 404 (100),
359 (8), 358 (25), 315 (5), 314 (19), 268 (8). 2 HR MS for
C36H30O2: calcd. 494.22459050; found 494.2256939. 2 [α]D20 5

2294.7 (c 5 1.000, CHCl3). 2 The enantiomeric excess (99.9%)
was determined by HPLC analysis. The HPLC analysis was per-
formed with a Chiracel OD-H column on the corresponing bis(S)-
camphorsulfonate: eluant n-hexane/iPrOH (99:1), flow rate of
0.5 mL/min, UV detection.[29] (R)-(2)-(7): tr 5 21.09 min; (S)-(1)-
(7): tr 5 22.83 min. 2 [α]D20 5 2294.7 (c 5 1.000, CHCl3).

(R)-(2)-2,29-Dihydroxy-7,79-bis(4-methylphenyl)-1,19-binaphthyl
(8): To a solution of (R)-7 (0.3 g, 0.61 mmol) in CH2Cl2 (40 mL)
at 0°C, BBr3 (3.66 mL, 3.66 mmol) was added. The solution was
allowed to warm to room temperature and stirred for 20 h. The
excess of BBr3 was decomposed by the dropwise addition of dis-
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tilled water. The resulting mixture was diluted with water and ex-
tracted with CH2Cl2 (3 3 5 mL). The organic phases were col-
lected, dried and concentrated under reduced pressure to afford the
crude product which was then purified by flash chromatography
(cyclohexane/ethyl ether, 90:10). Yield: 0.22 g (78%). 2 M.p.
1812183°C. 2 1H NMR (CDCl3): δ 5 7.99 (d, 2 H, J 5 8.8 Hz),
7.96 (d, 2 H, J 5 8.7 Hz), 7.63 (dd, 2 H, J 5 1.7, 8.4 Hz), 7.39 (dd,
2 H, J 5 1.7, 8.8 Hz), 7.36 (s, 2 H), 7.32 (d, 4 H, J 5 8.2 Hz), 7.14
(d, 4 H, J 5 8.2 Hz), 5.12 (br, 2 H), 2.31 (s, 6 H). 2 13C NMR
(CDCl3): δ 5 154.22, 141.41, 139.24, 138.24, 134.69, 132.25,
130.41, 129.97, 129.62, 128.39, 124.93, 122.84, 118.68, 112.02,
22.06. 2 MS; m/z (%): 466 (8), 377 (92), 376 (100), 205 (5), 179
(5), 32 (10). 2 HR MS for C34H26O2: calcd. 466.1932803; found
466.1939969. 2 [α]D20 5 2390.4 (c 5 1.000, CHCl3).

(R)-(2)-7,79-Bis(benzyloxy)-2,29-methylenedioxy-1,19-binaphthalene
(11): A mixture of (R)-(2)-10 (0.05 g, 0.1 mmol), dibromomethane
(0.021 mL, 0.3 mmol), K2CO3 (0.8 g, 0.5 mmol) and a catalytic
amount of NaI were refluxed in dry acetone with stirring under
nitrogen for 96 h. After cooling, the reaction mixture was poured
into water and extracted with Et2O (3 3 5 mL). The combined
organic layers were washed with a 10% solution of NaOH (7 mL)
and dried with K2CO3. The product was purified by flash chroma-
tography (cyclohexane/ethyl ether, 70:30) and crystallized from hep-
tane. 2 Yield: 0.015 g (29%). 2 1H NMR (CDCl3): δ 5 7.97 (d, 2
H, J 5 8.7 Hz), 7.40 (d, 2 H, J 5 8.7 Hz), 7.3026.96 (m, 14 H),
5.73 (s, 2 H), 4.73 (s, 4 H).

(R)-(2)-7,79-Dibromo-2,29-methylenedioxy-1,19-binaphthalene (12):
To a stirred mixture of (R)-(2)-3 (0.06 g, 0.135 mmol) and anhy-
drous K2CO3 (0.041 g, 0.297 mmol) in DMF (2 mL), kept between
80290°C, methylene iodide (0.02 mL) was added. The reaction
mixture was heated for an additional 48 h, then it was poured into
water and extracted with ether. The organic layers were collected,
washed with 5% NaOH (3 mL) and dried with K2CO3. The solvent
was removed under reduced pressure and the product was purified
by crystallization from hexane. 2 Yield: 0.016 g (26%). 2 1H NMR
(CDCl3): δ 5 7.98 (d, 2 H, J 5 8.7 Hz); 7.83 (d, 2 H, J 5 8.7 Hz);
7.66 (s, 2 H); 7.56 (d, 2 H, J 5 8.7 Hz); 7.50 (d, 2 H, J 5 8.7 Hz);
5.70 (s, 2 H).

Typical Procedure for the Catalytic Asymmetric Addition of Allyltri-
butyltin to Aldehydes: A dried 25-mL flask was charged with 2 mL
of CH2Cl2, 25 mg (0.05 mmol) of (R)-(2)-10, 100 µL (0.05 mmol)
of Ti(OiPr)2Cl2 (0.5  in toluene) and 31 µL (0.1 mmol) of allyltri-
butyltin. The resulting homogeneous solution was stirred at room
temperature for 1 h, then 26 µL (0.25 mmol) of freshly distilled
benzaldehyde was added, followed by 155 µL (0.5 mmol) of allyltri-
butyltin. The resulting brown solution was stirred for 1.5 h at room
temperature. The reaction was then quenched by adding a saturated
solution of NaHCO3 (5 mL) and extracted with Et2O (3 3 5 mL)
and washed with brine (3 mL). The organic layers were collected,
dried and concentrated under reduced pressure. Finally, the homo-
allylic alcohol was purified by flash chromatography (cyclohexane/
ethyl ether, 80:20) affording the (R)-1-phenyl-3-buten-1-ol as a pale
yellow oil in 92% ee. 2 Yield: 60 mg (80%).
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