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Pseudo-macrocyclic chelation control in remote asymmetric
induction. Highly efficient 1,7-asymmetric inductive hydride
reduction and Grignard reaction of ã-keto esters of 1,19-
binaphthalen-2-ols bearing an appropriate oligoether group as
the 29-substituent
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Highly efficient 1,7-asymmetric induction was achieved in DIBAL-H reduction and Grignard reaction of
γ-keto esters of podand-type 1,19-binaphthalen-2-ol derivatives bearing an appropriate oligoether group as the
29-substituent. Thus, the DIBAL-H reduction of keto esters 4 in dichloromethane–toluene at 278 8C in the
presence of an excess of MgBr2?OEt2 afforded, after further reduction of the resulting diastereomeric hydroxy
esters, 1,4-diol 8 with up to 92% optical yield. A similar treatment of keto esters 4, 5 and 7 with Grignard reagents
gave the corresponding 4,4-disubstituted butan-4-olides 10–13 with up to 99% optical yield. The complexation
experiments of keto ester 4b suggested that the highly efficient 1,7-asymmetric induction originated from the
formation of a pseudo-macrocyclic magnesium complex composed of the podand keto ester and MgBr2.

Introduction
Diastereoselective addition of nucleophiles to chirally modified
keto acids is a potential method for the synthesis of optically
active hydroxy acid derivatives, which are important intermedi-
ates in the synthesis of optically active functional molecules.
However, the methodology requires remote asymmetric induc-
tion over at least a 1,4-relationship even in the reactions of
α-keto acid derivatives. Although efficient 1,4- and 1,5-asym-
metric induction in the addition of organometallic reagents to
chirally modified α- and β-keto acid derivatives have been
achieved,1,2 only a few chiral auxiliaries have been reported in
the reaction of γ-keto acid derivatives which requires 1,6-
asymmetric induction.3 Therefore, development of chiral
auxiliaries for the remote asymmetric induction over a 1,6-
relationship has been a challenging target in asymmetric
synthesis.4

Previously, we reported that efficient 1,5-asymmetric induc-
tion was realised in alkylation of α-keto esters by using 29-
substituted 1,19-binaphthalen-2-ols as the chiral auxiliary.2,5

Thus, treatment of the phenylglyoxylate of 29-tert-butyl-
dimethylsiloxy-1,19-binaphthalen-2-ol with organometallics
gave the corresponding atrolactic acid esters with up to 84% de.
In this article, we wish to describe that the methodology can
effectively be extended to 1,7-asymmetric inductive hydride
reduction and Grignard reaction of γ-keto esters by changing
the 29-substituent of the chiral auxiliary to a properly designed
multidentate chelating group (2) to construct a stable chelated
complex with the aid of an appropriate Lewis acid.6

Results and discussion
Synthesis of ã-keto esters 4–7

The prerequisite γ-keto esters 4–7 were readily prepared by

DCC condensation of γ-keto acids 3a–c with chiral auxiliaries
2a–j which had been prepared from (R)-BINOL by its
monoetherification with the corresponding alkylating reagents
in the presence of an appropriate base (Scheme 1).

Diastereoselective hydride reduction of ã-keto esters 4 and 6

The hydride reduction of γ-keto ester 4g was first examined to
see the effect of reaction variables including the nature of the
reducing reagent, Lewis acid and solvent as well as the concen-
tration of the substrate, which might affect the complexation
between the substrate and the Lewis acid.

In a typical run, the keto ester 4g was treated with an
appropriate Lewis acid in dichloromethane ([4g] = 0.02 mol
dm23) at ambient temperature for 1 h to preorganize the
substrate–Lewis acid complex, which was then treated with a
solution of an excess of DIBAL-H in toluene (1.0 mol dm23) at
278 8C until the substrate 4g had disappeared by monitoring
on TLC. The diastereomeric hydroxy esters thus obtained were
further reduced to 1,4-diol 8 by treatment with LAH before
workup to avoid enrichment of one diastereomer of the two
during the purification procedure (Scheme 2). The ee value of
the isolated product 8 was determined by a chiral HPLC
analysis of the bis(3,5-dinitrophenylcarbamate) 7 and the
absolute stereochemistry was deduced by chemical correlation
to 1-phenylbutan-1-ol of known configuration (see Experi-
mental section).8,9

The DIBAL-H reduction of the keto ester 4g in dichloro-
methane–toluene gave, after further reduction with LAH, diol 8
of low enantiomeric purity either in the presence or absence of
a Lewis acid having only two empty coordination sites such as
LiBr, ZnCl2, ZnBr2 and TiCl4 (Table 1, runs 1–5). Magnesium
halides have been claimed to have four empty coordination
sites, but MgCl2 did not improve the stereoselectivity (run 6).
However, the stronger Lewis acid, MgBr2 gave diol 8 in moder-
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Table 1 Hydride reduction of γ-keto ester 4g

Run Reagent Lewis acid (equiv.) Solvent a Yield (%) Ee (%) (Abs. confign.)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17

DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
DIBAL-H
LiBus

3BH
KBus

3BH
9-BBN
Li(ButO)3AlH

none
LiBr (3.0)
ZnCl2 (3.0)
ZnBr2 (3.0)
TiCl4 (1.0)
MgCl2 (3.0)
MgBr2?OEt2 (1.0)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (10)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (3.0)
MgBr2?OEt2 (3.0)

A
A
A
A
A
A
A
A
A
A b

A c

B d

C e

D
D
E
E

90
97
84
93
66
93
94
82
86
77
89
92
93
99
93
0

90

10 (R)
8 (S)

39 (R)
32 (R)
2 (S)
8 (R)

60 (S)
82 (S)
78 (S)
6 (S)

74 (S)
1 (R)
5 (S)

36 (S)
14 (S)
—
30 (S)

a Solvent: A, dichloromethane–toluene; B, diethyl ether–toluene; C, toluene; D, dichloromethane–THF; E, dichloromethane. Unless otherwise
noted, the pretreatment was conducted in dichloromethane ([4g] = 0.02 mol dm23). b The pretreatment was conducted in dichloromethane
([4g] = 0.002 mol dm23). c The pretreatment was conducted in dichloromethane ([4g] = 0.1 mol dm23). d The pretreatment was conducted in diethyl
ether ([4g] = 0.02 mol dm23). e The pretreatment was conducted in toluene ([4g] = 0.02 mol dm23).

ate to good optical yields,10 which depended on the molar
equivalence of the Lewis acid to the substrate 4g, 3.0 equiv. of
the Lewis acid being sufficient to obtain good results in the
reduction (runs 7–9).

The diastereoselectivity also depended on the concentration
of the substrate and nature of the solvent. When the concen-
tration of the keto ester 4g was low, the DIBAL-H reduction
proceeded in a non-diastereoselective fashion presumably due
to the decreased proportion of the complexed 4g in the com-
plexation equilibrium (vide infra) (run 10), while too high
a concentration of the keto ester 4g seemed harmful to the

Scheme 1 Reagents: i, K2CO3, acetone; ii, NaH, THF; iii, NaH,
DMF; iv, DCC, CH2Cl2.
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diastereoselectivity (compare run 11 with run 8). Preorganiz-
ation of the keto ester 4g with MgBr2?OEt2 in diethyl ether
instead of dichloromethane caused the formation of a gummy
precipitate and the reaction gave almost racemic diol 8 (run 12).
Changing the solvent from diethyl ether to toluene did not
improve the diastereoselectivity (run 13). The amount of the
MgBr2 dissolved in toluene was estimated to be 0.25 equiv. of
the podand keto ester 4g as revealed by the amount of Mg21

remaining in the supernatant,11 while the amount of the dis-
solved MgBr2 was estimated to be 1.4 equiv. in the case of
dichloromethane.12 Therefore, in toluene, most of the keto ester
4g should have been reduced in a non-complexed form to yield
the product of low optical purity.

These observations indicate that complexation of the keto
ester 4g with a Lewis acid is critical to achieve high stereo-
selectivity in the DIBAL-H reduction and that MgBr2 is the one
to choose because of its strong Lewis acidity with four vacant
coordination sites.

As for the reducing reagent, DIBAL-H showed the best per-
formance among the typical hydride reagents employed (runs
14–17). Then, in the next step, keto esters 4a–f and 4h–j were
subjected to the DIBAL-H reduction under the optimal reac-
tion conditions disclosed above to examine how a change of the
29-substituent of the chiral auxiliary affects the diastereo-
selectivity (Table 2). Comparison of the results of the reactions
of the keto esters 4a–e, which possess one or two oxygen
atoms in the 29-substituent, reveals that an ethylenedioxy or
propylenedioxy component in the substituent is crucial to
obtain good stereoselectivity (runs 1–5). This would be attrib-
uted to their ability to form a stable five- or six-membered
chelate on treatment with MgBr2?OEt2.

The keto ester 4h bearing a 3-(2-methoxyethoxy)propoxy
(MEP-O) group is supposed to coordinate to the magnesium
cation of the Lewis acid in a bidentate manner through the
terminal ethylenedioxy moiety rather than the internal propyl-

Scheme 2 Reagents: i, H2, Lewis acid; ii, LAH.
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enedioxy moiety, considering the fact that the stereoselectivity
was significantly increased compared to that of the keto ester 4d
bearing a 3-methoxypropoxy (MP-O) group (compare run 7 with
run 4). The (2-methoxyethoxy)methoxy (MEM-O) group
of keto ester 4f would also coordinate through the terminal
ethylenedioxy moiety (run 6). These observations, combined
with the result of the reaction of the keto ester 4b bearing
a 2-methoxyethoxy (ME-O) group (run 2), may indicate that
the stereoselectivity depends on not only the structure of the
chelating group but also its spatial configuration. On the other
hand, steric bulk of the terminal alkoxy moiety did not have
much effect on the stereoselectivity (run 8).

In contrast to the reduction of the 3-benzoylpropionate 4g,
the reduction of the levulinate 6 gave poor diastereoselectivity
(run 10). This may be attributable to the higher reactivity of
the methyl ketone 6 than that of the phenyl ketone 4g as was
revealed in the related 1,2-addition reactions,12 to permit the
reduction of the non-chelated keto ester 6 present in the
solution.

Diastereoselective Grignard reaction of ã-keto esters 4, 5 and 7

The Grignard reaction of γ-keto esters 4, 5 and 7 was per-
formed by a similar procedure to that used for the hydride
reduction, using an ethereal solution of a Grignard reagent (1.0
mol dm23) instead of the hydride solution in toluene (Scheme
3). It was found that the resulting hydroxy esters were spon-
taneously cyclised to give butan-4-olides 10–13. The ee values
of the isolated products 10–13 were determined by chiral GLC
analyses and the absolute configurations by comparison of
their signs of specific rotations with those reported in the
literature.13–16

Table 3 lists the results of the Grignard reaction. Here again,
the diastereoselectivity of the reaction was strongly affected by

Table 2 DIBAL-H reduction of γ-keto ester 4a–f, 4h–j and 6

Run Substrate R1 R2
Yield
(%)

Ee (%)
(Abs. confign.)

1
2
3
4
5
6
7
8
9

10

4a
4b
4c
4d
4e
4f
4h
4i
4j
6

heptyl
ME
BE
MP
MPen
MEM
MEP
IBEP
MEEE
MEE

Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Me

93
85
95
77
80
91
85
51
86
30

6 (R)
78 (S)
80 (S)
74 (S)
26 (S)
74 (S)
92 (S)
88 (S)
76 (S)
21 (R)

the 29-substituent of the chiral auxiliary (runs 1, 3, 4, 6 and 7).
However, contrary to the hydride reduction, keto esters bearing
a mono(alkylene glycol)-type oligoether tether 4b,d showed a
better performance than those bearing a di- or tri-(alkylene
glycol)-type substituent 4g,h,j. This may indicate that in the
Grignard reaction it is necessary to form a magnesium chelate
close to the binaphthyl unit to achieve high diastereoselectivity.

It is of interest to note that the Grignard reaction proceeded
with fairly good diastereoselectivity even if the precomplex-
ation step had been omitted (runs 2, 5 and 8), which is crucial in
the hydride reduction (Table 1, run 1). The keto ester 4b, when
pretreated with MgBr2?OEt2 in THF instead of dichloro-
methane, afforded almost racemic lactone 10 in a low yield (run
9), indicating that the Grignard reaction proceeds rather slowly
if the substrate does not form a magnesium complex in the
Lewis basic solvent. In other words, the substrate should be
activated by complex formation before the reaction proceeds.
Therefore, in the case of the reaction without the precomplex-
ation step, the substrate seems to have ligated to MgBr2 present
in the reaction mixture by the Schlenk equilibrium prior to the
attack of the Grignard reagent. This explanation is entirely
consistent with the fact that a high level of asymmetric induc-
tion was achieved even if the substrate was treated in toluene
in which only a small amount of MgBr2 dissolved (vide supra)
(run 10).

The chelation-assisted mechanism opens a wide applicability
of the Grignard reaction for the preparation of butan-4-olides
having a quaternary carbon centre at the 4-position 10–13 (runs
11–15). In contrast to the low diastereoselectivity of the
DIBAL-H reduction of levulinate 6 (Table 2, run 10), the reac-
tion of levulinate 5 with phenyl- and ethyl-magnesium bromide
proceeded with high stereoselectivity to give the corresponding
lactones 10 and 12 17 with up to 99% optical yield (run 12, 13).
Isopropylmagnesium bromide also reacted with the levulinate 5
to give lactone 13 only in a low yield but with excellent stereo-
selectivity (13 is an important precursor of a sex specific com-
pound for a beetle 16); as has been well known, the bulky and
highly nucleophilic Grignard reagent seemed preferentially to

Scheme 3 Reagents: i, MgBr2?OEt2 (3.0 equiv.).
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Table 3 Grignard reaction of γ-keto ester 4, 5 and 7

Run Substrate R1 R2 R3 Solvent a Product Yield (%) Ee (%) (Abs. confign.)

1
2 b

3
4
5 b

6
7
8 b

9
10
11
12
13
14
15

4b
4b
4d
4g
4g
4h
4j
4j
4b
4b
4b
5
5
5
7

ME
ME
MP
MEE
MEE
MEP
MEEE
MEEE
ME
ME
ME
ME
ME
ME
ME

Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Ph
Me
Me
Me
Pri

Me
Me
Me
Me
Me
Me
Me
Me
Me
Me
Et
Ph
Et
Pri

Me

A
A
A
A
A
A
A
A
B
C
A
A
A
A
A

10
10
10
10
10
10
10
10
10
10
11
10
12
13
13

72
53
93
75, 68 c

50
64
78
60
25
49
85
72, 74 c

85
<5
80

95 (S)
79 (S)
94 (S)
14, 13 c (S)
26 (S)
69 (S)
88 (S)
57 (S)
4 (R)

87 (S)
92 (S)
99, 97 c (R)
87 (S)
96 (R)
92 (S)

a Solvent A, dichloromethane–diethyl ether; B, THF–diethyl ether; C, toluene–diethyl ether. b The reaction was conducted in the absence of
MgBr2?OEt2. 

c Duplicate data.
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abstract an α-proton of the keto moiety (run 14). We were
pleased, however, to find that the relevant lactone 13 was
obtained in a good yield with excellent stereoselectivity in the
reaction of γ-isopropylcarbonyl ester 7 with methylmagnesium
bromide (run 15).

It should be noted that the direction of the attack of the
nucleophile to the keto carbonyl carbon is identical in all the
Grignard reactions and hydride reductions, as long as the sub-
strates may have coordinated to MgBr2 in a bidentate manner
through the 29-substituent under the reaction conditions (vide
infra). This suggests that the disposition of the keto carbonyl
group in the chelated complex is identical in these complexes.

Mechanistic consideration of the 1,7-asymmetric induction

In order to gain insight into the mechanism of the highly
efficient 1,7-asymmetric induction, complexation experiments
were carried out (Fig. 1).18 The keto ester 4b, which showed
good performance in both the hydride reduction and the
Grignard reaction, was treated with an excess of MgBr2 in
[2H2]dichloromethane and the resulting complex was subjected
to 13C NMR analysis. The spectrum of the MgBr2 complex of
the keto ester 4b showed considerable downfield shifts of
both the carbonyl carbons and all the three carbons of the
29-substituent, which obviously suggests that both the keto acid
and oligoether moiety coordinate to MgBr2. The question now
arises: In which of the two possible ways (complexes A and B)
do they coordinate to the Lewis acid? To determine the
structure of the chelated complex, the same experiments were
carried out for glycol ether 14 and keto ester 15 which are the
model compounds of the two naphthyl halves of the keto ester
4b. Similar downfield shifts were also observed upon complex-
ation of the naphthalenes 14 and 15 with MgBr2 but the
chemical-shift differences between the complex and the free
ligand were somewhat smaller than those of the keto ester 4b.
Furthermore, the shift differences of the model compounds
were considerably reduced by addition of 7 vol% of diethyl
ether, the amount of which is same as that in the reaction mix-
ture, while those of the keto ester 4b were only slightly changed
by the same treatment. The different complexation behaviors
between the keto ester 4b and the model compounds 14 and 15
indicate that the complex of the keto ester 4b is more stable
than that of each of the naphthalene halves. Therefore, it may
be concluded that the keto acid and oligoether moiety of the
substrate 4b cooperatively coordinate to MgBr2 to construct the
firm pseudo-macrocyclic complex A.

Fig. 1 Downfield shifts in ppm of the 13C NMR signals for 4b, 14 and
15 upon complexation with MgBr2?OEt2 in CD2Cl2. The downfield shifts
of the complexes after addition of 7 vol% of diethyl ether are shown in
parentheses.
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Detailed CPK and Dreiding molecular model inspections
suggested that formation of the pseudo-macrocyclic complex A
will fix the orientation of the keto carbonyl group as schematic-
ally visualized in Fig. 2. Therefore, the attack of the nucleophile
will occur preferentially from outside of the pseudo-macrocycle
to give the high diastereoselectivity. The Grignard reaction
might occur intramolecularly via an intermediate formed from
the MgBr2-complexed substrate and the Grignard reagent,
which seems to explain why the optimal oligoether tether in
the Grignard reaction is somewhat different from that in the
hydride reduction.

Conclusion
In conclusion, we have achieved the efficient 1,7-asymmetric
induction in the DIBAL-H reduction and the Grignard reac-
tion of the γ-keto esters of 1,19-binaphthalen-2-ols by intro-
ducing an appropriate oligoether group as the 29-substituent.
The latter reaction is of particular interest since chiral 4,4-
disubstituted butan-4-olides 19 are not only the substances pres-
ent in natural products,20 but are also important intermediates
for the synthesis of chiral functional molecules.21

Experimental
Melting points were measured on a Yamato MP-21 apparatus
and are uncorrected. Microanalyses were carried out at the
Microanalytical Laboratory of the Institute for Chemical
Reaction Science, Tohoku University. Optical rotations were
obtained at ambient temperature (20–25 8C) using a Union
Giken PM-101 polarimeter at 589 nm and are given in units
of 1021 deg cm2 g21. IR spectra were measured on a Shimadzu
IR-460 infrared spectrophotometer. 1H (250 MHz) and 13C
(62.9 MHz) NMR spectra were recorded on a Bruker AC-250T
instrument in CDCl3 unless otherwise specified. 1H (60 MHz)
NMR spectra were recorded on a JEOL JNM-FX60 instru-
ment in CDCl3. Chemical shifts are reported relative to internal
SiMe4, and J values are given in Hz. The ees of the bis(3,5-
dinitrophenyl carbamate)s of the diols were determined by
chiral HPLC on a column developed in our laboratory; 7 the
mobile phase was 30% EtOH in hexane at a flow rate of 1.0 cm3

min21. The ees of the lactones 10–13 were determined by chiral
GLC analysis using ASTEC Chiraldex G-TA column (20
m × 0.25 mm I.D.) at 140 8C (10 and 11) or 110 8C (12 and 13);
the carrier gas was He. All reactions were carried out under
a nitrogen atmosphere with the use of standard procedures
for the exclusion of moisture. Column chromatography was
performed by using silica gel (Nacalai Tesque, Inc., Silica Gel
60, 70–230 mesh) or alumina (Nacalai Tesque, Inc., Alumina
Activated 300, 300 mesh). Analytical and preparative thin
layer chromatography (TLC) was performed using precoated
aluminum-backed plates (Merck, Silica gel 60 F254). Na2SO4

was employed for the drying of extracts. The known tosylates
1b–d,g,j were prepared according to the method described by
Gokel et al.22 from known 3-methoxypropanol 23 or com-
mercially available alcohols. 5-Methyl-4-oxohexanoic acid was

Fig. 2 Schematic view of pseudo-macrocyclic complex A derived from
keto ester 4b and MgBr2?OEt2.
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prepared according to the method described by Ford.24 Other
reagents were the best grade commercially available and were
used as received. Anhydrous solvents were freshly prepared
prior to use in an atmosphere of N2: Et2O, THF and toluene
were distilled from sodium benzophenone ketyl; CH2Cl2, DMF,
and pyridine were distilled from CaH2; ethyl acetate was dis-
tilled from P2O5. Other solvents were purified by distillation.

Preparation of the tosylates 1e,h,i

5-Methoxypentyl toluene-p-sulfonate 1e. To a stirred solution
of 5-methoxypentanol 25 (2.5 g, 21 mmol) and pyridine (10 cm3)
was added toluene-p-sulfonyl chloride (6.5 g, 34 mmol) at 0 8C.
The mixture was stirred overnight, after which it was cooled
and poured into ice-cold hydrochloric acid (6 mol dm23; 50
cm3). The mixture was extracted with CH2Cl2 (3 × 100 cm3),
and the combined extracts were dried and evaporated in vacuo.
The residue was purified by column chromatography on silica
using 10% ethyl acetate in benzene as eluent to give the tosylate
1e as a colourless oil (3.7 g, 64%); νmax(film)/cm21 2955, 1598,
1360 and 1190; δH 1.3–1.45 (2 H, m, MeOCH2CH2CH2), 1.45–
1.6 (2 H, m, MeOCH2CH2), 1.6–1.75 (2 H, m, TsOCH2CH2),
2.44 (3 H, s, MeAr), 3.30 (3 H, s, MeO), 3.31 (2 H, t, J 6.2,
MeOCH2), 4.02 (2 H, t, J 6.4, TsOCH2), 7.34 (2 H, d, J 8.0, Ar)
and 7.78 (2 H, d, J 8.0, Ar).

3-(2-Methoxyethoxy)propyl toluene-p-sulfonate 1h. The start-
ing alcohol, 3-(2-methoxyethoxy)propanol, was prepared
according to the method described by Okano et al.26 Thus,
1-chloro-2-methoxyethane (25.0 g, 0.26 mol) was added drop-
wise during 30 min to a refluxed solution of propane-1,3-diol
(30.2 g, 0.40 mol) and NaOH (15.9 g, 0.40 mol) in distilled
water (10 cm3) with stirring. After 25 h, the cooled mixture was
neutralised by concentrated hydrochloric acid and the result-
ing salt was filtered off. The filtrate was evaporated in vacuo to
leave a pale yellow oil, which was distilled through a Widmer
fractionating column. In contrast to the original report, the
fractionated distillate (22.7 g; bp 114 8C/19 Torr, 1 Torr = 133.3
N m22) was the mixture of the desired 3-(2-methoxyethoxy)-
propanol and propane-1,3-diol. Therefore, the mixture was
used in the tosylation process without further purification.

To a stirred solution of the mixture (5.03 g) and pyridine (40
cm3) was added toluene-p-sulfonyl chloride (14.3 g, 75.0 mmol)
at 0 8C. The mixture was stirred overnight, after which it was
cooled and poured into ice-cold hydrochloric acid (6 mol dm23;
100 cm3). The mixture was extracted with CH2Cl2 (3 × 200
cm3), and the combined extracts were dried and evaporated in
vacuo. The residue was dissolved in the minimum amount of
Et2O and cooled in a refrigerator to crystallise most of the
propane-1,3-diyl ditosylate, after which it was filtered. The
mother liquid was evaporated in vacuo to give, after column
chromatography on silica using 30% ethyl acetate in hexane as
eluent, the tosylate 1h (4.98 g, 30% from 1-chloro-2-methoxy-
ethane) as a colourless oil; νmax(film)/cm21 2930, 1598, 1360 and
1177; δH 1.90 (2 H, quintet, J 6.2, CH2CH2CH2), 2.42 (3 H, s,
ArMe), 3.32 (3 H, s, OMe), 3.40–3.48 (6 H, m, CH2OCH2-
CH2OMe), 4.11 (2 H, t, J 6.2, TsOCH2), 7.32 (2 H, d, J 8.2, Ar)
and 7.76 (2 H, d, J 8.2, Ar).

3-(2-Isobutoxyethoxy)propyl toluene-p-sulfonate 1i. The start-
ing alcohol, 3-(2-isobutoxyethoxy)propanol, was prepared as
for the synthesis of 3-(2-methoxyethoxy)propanol described
above. The following reagents and quantities were used: 1-
chloro-2-isobutoxyethane (5.46 g, 40.0 mmol),27 propane-1,3-
diol (4.53 g, 59.5 mmol), NaOH (2.35 g, 58.8 mmol), and dis-
tilled water (1.6 cm3). After distillation (bp 72–76 8C/1.5 Torr),
the desired alcohol was obtained as a colourless oil (3.19 g,
45%); νmax(film)/cm 21 3441, 2868 and 1110; δH 0.90 (6 H, d,
J 6.6, CHMe2), 1.79–1.93 (3 H, m, CHMe2 and HOCH2CH2),
2.96 (1 H, br s, OH), 3.22 (2 H, d, J 6.6, OCH2CHMe2) and
3.57–3.80 (8 H, m, HOCH2CH2CH2OCH2CH2O).

The tosylate 1i was prepared as described for 1h from 3-(2-
isobutoxyethoxy)propanol. The following reagents and quan-
tities were used: 3-(2-isobutoxyethoxy)propanol (1.93 g, 10.9
mmol), toluene-p-sulfonyl chloride (2.09 g, 11.0 mmol) and
pyridine (15 cm 3). The tosylate 1i was obtained as a colourless
oil (2.55 g, 71%) after purification by column chromatography
on silica using 30% ethyl acetate in hexane as eluent; νmax(film)/
cm21 2955, 1598, 1360, 1177 and 1097; δH 0.88 (6 H, d, J 6.8,
CHMe2), 1.80–1.96 (3 H, m, CHMe2 and TsOCH2CH2), 2.45
(3 H, s, ArMe), 3.19 (2 H, d, J 6.8, OCH2CHMe2), 3.46–3.57
(6 H, m, TsOCH2CH2CH2OCH2CH2O), 4.14 (2 H, t, J 6.3,
TsOCH2), 7.35 (2 H, d, J 8.3, Ar) and 7.79 (2 H, d, J 8.3, Ar).

Preparation of the chiral auxiliaries 2a–j and the model
compound 14

(R)-29-Heptyloxy-1,19-binaphthalen-2-ol 2a. The chiral aux-
iliary 2a was prepared according to the method described by
Pirkle and Schreiner.28 To a suspension of (R)-BINOL (0.488 g,
1.70 mmol) and anhydrous K2CO3 (0.300 g, 2.17 mmol) in
acetone (2.0 cm3) was added 1-bromoheptane (0.34 g, 1.9
mmol) at room temperature. After being stirred for 12 h, the
mixture was filtered and the filtrate was evaporated in vacuo.
The residue was purified by column chromatography on silica
using 30% ethyl acetate in hexane as eluent to give the ether 2a
[0.290 g, 45% (97% based on the consumed BINOL)] as a
colourless glass (Found: C, 84.5; H, 7.4. C27H28O2 requires C,
84.3; H, 7.3%); [α]D

23 225 (c 0.62 in CHCl3); νmax(film)/cm21 3498,
2927, 1620, 1591, 1263 and 1205; δH 0.80 (3 H, t, J 7.0, Me),
0.8–1.2 [8 H, m, (CH2)4Me], 1.35–1.5 (2 H, m, ArOCH2CH2),
3.85–4.05 (2 H, m, ArOCH2), 4.96 (1 H, s, OH) and 7.06–7.98
(12 H, m, Ar).

(R)-29-(2-Methoxyethoxy)methoxy-1,19-binaphthalen-2-ol 2f.
The chiral auxiliary 2f was prepared according to the method
described by Corey et al.29 To a solution of (R)-BINOL (2.00 g,
6.98 mmol) in THF (70 cm3) was added NaH (276 mg, 6.90
mmol) portionwise at 0 8C. After 30 min, MEMCl (1.31 g, 10.5
mmol) was added dropwise during 15 min to the solution which
was stirred for 4 h at room temperature. The reaction was
quenched with saturated aqueous NH4Cl (20 cm3) and the mix-
ture was extracted with ethyl acetate (3 × 50 cm3). The com-
bined extracts were washed successively with saturated aqueous
Na2CO3 and brine, dried and evaporated in vacuo. The residue
was purified by column chromatography on silica using 30%
ethyl acetate in hexane as eluent to give the monoether 2f [1.59 g,
61% (74% based on the consumed BINOL)] (Found: C, 77.0; H,
6.0. C24H22O4 requires C, 77.0; H, 5.9%); [α]D

23 226.0 (c 1.00 in
CHCl3); νmax(film)/cm21 3225, 2925, 1621, 1595, 1504, 1229,
1144, 1033 and 1012; δH 3.17 (3 H, s, OMe), 3.2–3.63 (4 H, m,
OCH2CH2OMe), 5.19 (2 H, ABq, ∆ν 31.0, J 7.1, OCH2O), 5.33
(1 H, s, OH) and 7.03–8.08 (12 H, m, Ar).

General procedure for synthesis of the chiral auxiliaries 2b–e,
g–j and the model compound 14. To a solution of (R)-BINOL
(10 mmol) in DMF (50 cm3) was added NaH (10 mmol) por-
tionwise at ambient temperature. The appropriate tosylate 1
(9.5 mmol) was added to the yellow solution thus obtained. The
mixture was immediately heated at 100 8C for 30 min and then
cooled in an ice bath. The mixture was poured into dilute
hydrochloric acid (2 mol cm23; 20 cm3) and evaporated in vacuo.
Water (20 cm3) was added to the residue, after which it was
extracted with Et2O (3 × 50 cm3). The combined extracts were
washed successively with water, brine, and dried. After evapor-
ation of the solvent, the residue was purified by column chrom-
atography on alumina (for 2b, c, e) or silica (for 2g–j) to give the
chiral auxiliaries 2b, c, e, g–j. The eluents for the chromato-
graphic purification, the isolated yields, the yields based on the
consumed BINOL, and the physical and spectral characteristics
of the chiral auxiliaries are given below.
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(R)-29-(2-Methoxyethoxy)-1,19-binaphthalen-2-ol 2b. Elu-
ent: 30–100% ethyl acetate in CHCl3 (gradient); yield 42%
(90%); [α]D

20 237.8 (c 1.00 in CHCl3) (Found: C, 80.4; H, 6.05.
C23H20O3 requires C, 80.2; H, 5.85%); νmax(film)/cm21 3417,
2931, 1620, 1592, 1264 and 1146; δH 3.03 (3 H, s, OMe), 3.39
(2 H, t, J 4.8, CH2OMe), 4.0–4.2 (2 H, m, ArOCH2), 5.30 (1 H,
br s, OH) and 7.02–7.99 (12 H, m, Ar).

(R)-29-(2-Butoxyethoxy)-1,19-binaphthalen-2-ol 2c. Eluent:
ethyl acetate; yield 45% (92%); mp 86.5–87.5 8C (from benzene–
hexane); [α]D

22 233 (c 0.24 in CHCl3) (Found: C, 80.5; H, 6.6.
C26H26O3 requires C, 80.8; H, 6.8%); νmax(KBr)/cm21 3425,
2935, 1619, 1594, 1273 and 1142; δH 0.76 (3 H, t, J 7.1, Me),
1.0–1.3 (4 H, m, CH2CH2Me), 2.95–3.15 (2 H, m, OCH2CH2-
CH2Me), 3.35–3.40 (2 H, m, ArOCH2CH2O), 3.95–4.15 (2 H,
m, ArOCH2), 5.40 (1 H, s, OH) and 7.05–7.90 (12 H, m, Ar).

(R)-29-(3-Methoxypropoxy)-1,19-binaphthalen-2-ol 2d. Elu-
ent: 10–20% ethyl acetate in chloroform (gradient); yield
63% (71%); [α]D

16 216.0 (c 1.00 in CHCl3) (Found: C, 80.5; H, 6.3.
C24H22O3 requires C, 80.4; H, 6.2%); νmax(film)/cm21 3405, 2925,
1621, 1594, 1509, 1265, 1145 and 1080; δH 1.70 (2 H, quintet,
J 4.6, OCH2CH2CH2O), 2.90–3.07 (2 H, m, CH2OMe), 3.04
(3 H, s, OMe), 3.99–4.16 (2 H, m, ArOCH2), 5.03 (1 H, br s,
OH) and 7.03–8.03 (12 H, m, Ar).

(R)-29-(5-Methoxypentyloxy)-1,19-binaphthalen-2-ol 2e.
Eluent: 30–100% ethyl acetate in hexane (gradient); yield 42%
(56%); [α]D

23 224 (c 0.56 in CHCl3) (Found: C, 80.9; H, 6.9.
C26H26O3 requires C, 80.8; H, 6.8%); νmax(film)/cm21 3300, 2936,
1619, 1591, 1263, 1146 and 1081; δH 0.90–1.05 (2 H, m,
CH2CH2OMe), 1.15–1.30 (2 H, m, ArOCH2CH2), 1.39 (2 H,
quintet, J 6.9, ArOCH2CH2CH2CH2CH2OMe), 3.00 (2 H, t,
J 6.5, CH2OMe), 3.15 (3 H, s, OMe), 3.75–3.95 (2 H, m,
ArOCH2), 5.48 (1 H, s, OH) and 7.06–7.89 (12 H, m, Ar).

(R)-29-[2-(2-Methoxyethoxy)ethoxy]-1,19-binaphthalen-2-ol
2g. Eluent: 40% ethyl acetate in hexane; yield 42% (98%); [α]D

21

214.1 (c 1.05 in CHCl3) (Found: C, 77.5; H, 6.5. C25H24O4

requires C, 77.3; H, 6.2%); νmax(film)/cm21 3325, 2925, 1621,
1594, 1507, 1264, 1144 and 1101; δH 3.05 (3 H, s, OMe), 3.1–3.3
(4 H, m, OCH2CH2OMe), 3.54 (2 H, t, J 4.5, ArOCH2CH2O),
4.08 (1 H, dt, J 11.2 and 4.5, ArOCHHCH2), 4.26 (1 H, dt,
J 11.2 and 4.5, ArOCHHCH2), 5.54 (1 H, s, OH) and 7.03–8.01
(12 H, m, Ar).

(R)-29-[3-(2-Methoxyethoxy)propoxy]-1,19-binaphthalen-2-
ol 2h. Eluent: 30–50% ethyl acetate in hexane (gradient); yield
68% (83%); [α]D

16 225.4 (c 1.06 in CHCl3) (Found: C, 77.7; H, 6.6.
C26H26O4 requires C, 77.6; H, 6.5%); νmax(film)/cm21 3310, 2920,
1620, 1594, 1506, 1264, 1143 and 1098; δH 1.70–1.81 (2 H, m,
OCH2CH2CH2O), 3.04–3.38 (6 H, m, CH2OCH2CH2O), 3.25
(3 H, s, OMe), 4.06–4.17 (2 H, m, ArOCH2), 5.27 (1 H, s, OH)
and 7.02–8.03 (12 H, m, Ar).

(R)-29-[3-(2-Isobutoxyethoxy)propoxy]-1,19-binaphthalen-
2-ol 2i. Eluent: 10–30% ethyl acetate in benzene (gradient); yield
65% (76%); [α]D

18 223.0 (c 1.00 in CHCl3) (Found: C, 78.3; H, 7.3.
C29H32O4 requires C, 78.35; H, 7.3%); νmax(film)/cm21 3335,
2960, 1622, 1594, 1507, 1264, 1125 and 1079; δH 0.84 and 0.85
(each 3 H, d, J 6.8, CHMe2), 1.68–1.96 (3 H, m, OCH2CH2-
CH2O and CHMe2), 3.02–3.41 (8 H, m, CH2OCH2CH2OCH2-
CHMe2), 4.06–4.17 (2 H, m, ArOCH2), 5.21 (1 H, br s, OH) and
7.02–8.02 (12 H, m, Ar).

(R)-29-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}-1,19-bi-
naphthalen-2-ol 2j. Eluent: 50% ethyl acetate in CHCl3; yield
48% (83%); [α]D

20 221.1 (c 0.97 in CHCl3) (Found: C, 75.15; H,
6.8. C27H28O5 requires C, 75.0; H, 6.5%); νmax(film)/cm21 3345,
2930, 1621, 1593, 1506, 1266, 1144 and 1097; δH 3.27 (3 H, s,
OMe), 3.2–3.6 [10 H, m, CH2O(CH2CH2O)2Me], 4.05–4.30
(2 H, m, ArOCH2CH2), 5.70 (1 H, br s, OH) and 7.0–8.0 (12 H,
m, Ar).

2-(2-Methoxyethoxy)naphthalene 14. Eluent: CH2Cl2; yield
77% (Found: C, 77.5; H, 6.8. C13H14O2 requires C, 77.2; H,
7.0%); νmax(film)/cm21 2926, 1628, 1600, 1258, 1217, 1183
and 1118; δH 3.49 (3H, s, OMe), 3.82 (2 H, t, J 4.8, ArOCH2),

4.25 (2 H, t, J 4.8, ArOCH2CH2), 7.14–7.77 (7 H, m, Ar);
δC (CD2Cl2) 59.2, 67.7, 71.3, 106.9, 119.2, 124.0, 126.7, 127.0,
127.9, 129.4, 129.7, 134.9 and 157.2.

General procedure for preparation of the ã-keto esters 4a–j and
5–7, and the model compound 15

To a stirred solution of chiral auxiliary 2 (10 mmol) and DCC
(15 mmol) in CH2Cl2 (200 cm3) was added the appropriate
γ-keto acid 3 (12 mmol) at ambient temperature. After a few
minutes, 4-pyrrolidin-1-ylpyridine (2.5 mmol) was added to the
solution and the reaction mixture was stirred for 1 h. After
evaporation of the solvent, Et2O (50 cm3) was added to the
residue. The insoluble N,N9-dicyclohexylurea (DCU) was fil-
tered off and the filtrate was washed successively with saturated
aqueous NaHCO3, dilute hydrochloric acid (2 mol cm23), water,
brine, and dried. The solvent was evaporated in vacuo and the
residue was subjected to column chromatography on alumina
(for 4e, f and 7) or silica [for 4a, e (after alumina column), 4b–
d, g–j, 5, 6 and 15]. Because the product-containing fraction
includes residual DCU, the fraction was evaporated and then
dissolved in a minimum amount of Et2O, after which it was
cooled in a refrigerator at 220 8C overnight in order to precipi-
tate the DCU. The precipitated DCU was filtered off and the
filtrate was evaporated in vacuo to give the γ-keto ester. The
eluents for the chromatographic purification, the isolated yields,
and the physical and spectral characteristics of the esters are
given below.

(R)-29-Heptyloxy-1,19-binaphthalen-2-yl 3-benzoylpropionate
4a. Eluent: 20% ethyl acetate in hexane; yield 90%; [α]D

20 123.1
(c 1.17 in CHCl3) (Found: C, 81.9; H, 6.8. C37H36O4 requires C,
81.6; H, 6.7%); νmax(film)/cm21 2916, 1759, 1687, 1212 and
1139; δH 0.79 (3 H, t, J 7.1, Me), 0.8–1.2 [8 H, m, (CH2)4Me],
1.3–1.45 (2 H, m, ArOCH2CH2), 2.35–2.75 (4 H, m, ArO2-
CCH2CH2COPh), 3.8–4.0 (2 H, m, ArOCH2) and 7.15–7.95
(17 H, m, Ar); δC 14.0, 22.4, 25.4, 28.4, 28.7, 29.1, 31.5, 33.2,
69.6, 115.3, 118.5, 121.8, 123.6, 125.1, 125.3, 125.4, 126.1,
126.2, 126.5, 127.7, 127.9, 128.4, 128.8, 128.9, 129.7, 131.7,
133.1, 133.7, 136.1, 146.6, 154.5, 170.9 (CO2Ar) and 197.3
(PhCO).

(R)-29-(2-Methoxyethoxy)-1,19-binaphthalen-2-yl 3-benzoyl-
propionate 4b. Eluent: 17% ethyl acetate in benzene; yield 72%;
mp 91.9–92.3 8C (from Et2O); [α]D

23 142.8 (c 1.01 in CHCl3)
(Found: C, 78.3; H, 5.8. C33H28O5 requires C, 78.55; H, 5.6%);
νmax(KBr)/cm21 2900, 1752, 1679, 1261, 1208 and 1146; δH 2.35–
2.85 (4 H, m, ArO2CCH2CH2COPh), 2.96 (3 H, s, OMe), 3.25–
3.40 (2 H, m, CH2OMe), 4.04 (2 H, t, J 5.2, ArOCH2) and 7.14–
7.98 (17 H, m, Ar); δC (CD2Cl2) 28.7, 33.6, 59.0, 69.9, 71.3,
116.0, 118.8, 122.3, 124.2, 125.4, 125.6, 125.8, 126.4, 126.7,
126.8, 128.2, 128.4, 128.8, 129.2, 129.6, 130.3, 132.1, 133.5,
134.0, 136.6, 147.2, 154.9, 171.2 (CO2Ar) and 197.5 (PhCO).

(R)-29-(2-Butoxyethoxy)-1,19-binaphthalen-2-yl 3-benzoyl-
propionate 4c. Eluent: 10% ethyl acetate in benzene (for first
chromatography) and 20% ethyl acetate in hexane (for second
chromatography); yield 73%; [α]D

17 128 (c 0.69 in CHCl3)
(Found: C, 79.35; H, 6.0. C36H34O5 requires C, 79.1; H, 6.3%);
νmax(film)/cm21 2930, 1757, 1686, 1247, 1209 and 1138; δH 0.76
(3 H, t, J 7.1, Me), 1.0–1.3 (4 H, m, OCH2CH2CH2Me), 2.35–
2.8 (4 H, m, ArO2CCH2CH2COPh), 2.95–3.10 (2 H, m, OCH2-
CH2CH2Me), 3.30–3.45 (2 H, m, ArOCH2CH2O), 4.05 (2 H, t,
J 5.1, ArOCH2) and 7.15–7.96 (17 H, m, Ar); δC (CD2Cl2) 13.8,
18.4, 19.0, 31.6, 33.2, 69.0, 69.7, 71.1, 115.4, 118.5, 121.8, 123.8,
125.0, 125.4, 126.2, 126.3, 126.6, 127.8, 128.0, 128.3, 128.4,
128.9, 129.1, 129.8, 131.7, 133.1, 133.7, 136.2, 146.7, 154.4,
170.9 (CO2Ar) and 197.3 (PhCO).

(R)-29-(3-Methoxypropoxy)-1,19-binaphthalen-2-yl 3-benzoyl-
propionate 4d. Eluent: 10% ethyl acetate in benzene; yield 93%;
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mp 98.2–98.8 8C (from benzene–hexane); [α]D
23 134.0 (c 1.00 in

CHCl3) (Found: C, 78.5; H, 5.8. C34H30O5 requires C, 78.7; H,
5.8%); νmax(KBr)/cm21 2920, 1744, 1678, 1203 and 1142; δH 1.66
(2 H, quintet, J 6.2, OCH2CH2CH2O), 2.35–2.80 (4 H, m,
ArO2CCH2CH2COPh), 2.8–3.0 (2 H, m, CH2OMe), 3.01 (3 H,
s, OMe), 3.98–4.10 (2 H, m, ArOCH2) and 7.19–8.0 (17 H, m,
Ar); δC (CD2Cl2) 28.4, 29.5, 33.2, 58.3, 66.2, 66.7, 115.0, 121.9,
123.7, 125.1, 125.4, 126.2, 126.3, 126.6, 127.8, 128.0, 128.4,
128.8, 129.8, 131.7, 133.2, 133.7, 136.2, 146.3, 154.3, 170.9
(CO2Ar) and 197.3 (PhCO).

(R)-29-(5-Methoxypentyloxy)-1,19-binaphthalen-2-yl 3-benz-
oylpropionate 4e. Eluent: 10% ethyl acetate in benzene (for both
alumina and silica); yield 90%; [α]D

20 125 (c 0.39 in CHCl3)
(Found: C, 79.4; H, 6.3. C36H34O5 requires C, 79.1; H, 6.3%);
νmax(film)/cm21 3056, 1759, 1686, 1246, 1210, 1139 and 1082;
δH 0.9–1.0 (2 H, m, CH2CH2OMe), 1.2–1.3 (2 H, m, ArO-
CH2CH2), 1.35–1.45 (2 H, m, ArOCH2CH2CH2CH2CH2OMe),
2.35–2.8 (4 H, m, ArO2CCH2CH2COPh), 3.0–3.1 (2 H, m,
CH2OMe), 3.20 (3 H, s, OMe), 3.85–3.97 (2 H, m, ArOCH2)
and 7.15–8.0 (17 H, m, Ar); δC 22.0, 28.4, 28.9, 33.2, 58.4, 69.4,
72.5, 115.2, 118.5, 121.8, 123.7, 125.1, 125.4, 126.2, 126.3,
126.5, 127.7, 128.0, 128.4, 128.8, 128.9, 129.8, 131.7, 133.1,
133.7, 136.1, 146.6, 154.4, 170.9 (CO2Ar) and 197.3 (PhCO).

(R)-29-(2-Methoxyethoxy)methoxy-1,19-binaphthalen-2-yl 3-
benzoylpropionate 4f. Eluent: 30% ethyl acetate in hexane; yield
69%; [α]D

23 154.7 (c 1.05 in THF) (Found: C, 76.6; H, 6.0.
C34H30O6 requires C, 76.4; H, 5.7%); νmax(film)/cm21 2920, 1759,
1687, 1209 and 1137; δH 2.4–2.75 (4 H, m, ArO2CCH2CH2-
COPh), 3.25–3.55 (4 H, m, CH2CH2OMe), 3.25 (3 H, s, OMe),
5.06 and 5.12 (2 H, ABq, J 7.2, ∆ν 5.4, OCH2O) and 7.13–8.00
(17 H, m, Ar); δC 28.4, 33.2, 58.8, 67.4, 71.3, 93.9, 116.4, 119.1,
121.9, 124.2, 124.9, 125.5, 126.1, 126.4, 126.6, 127.7, 128.0,
128.1, 128.3, 128.4, 129.1, 129.5, 129.9, 131.7, 133.2, 133.6,
136.1, 146.7, 152.7, 171.0 (CO2Ar) and 197.2 (PhCO).

(R)-29-[2-(2-Methoxyethoxy)ethoxy]-1,19-binaphthalen-2-yl
3-benzoylpropionate 4g. Eluent: 20% ethyl acetate in benzene;
yield 93%; [α]D

20 131.8 (c 1.01 in MeOH) (Found: C, 76.9; H, 6.1.
C35H32O6 requires C, 76.6; H, 5.9%); νmax(film)/cm21 2910, 1758,
1685, 1204 and 1138; δH 2.35–2.85 (4 H, m, ArO2CCH2-
CH2COPh), 2.95–3.15 (4 H, m, OCH2CH2OMe), 3.20 (3 H, s,
OMe), 3.4–3.55 (2 H, m, ArOCH2CH2O), 4.10 (2 H, t, J 6.2,
ArOCH2) and 7.15–7.95 (17 H, m, Ar); δC (CD2Cl2) 28.7, 33.6,
58.8, 70.1, 70.8, 72.0, 115.6, 118.8, 122.4, 124.2, 125.3, 125.6,
125.9, 126.4, 126.7, 126.8, 128.3, 128.5, 128.9, 129.2, 129.6,
130.4, 132.1, 133.6, 134.0, 147.2, 155.0, 171.3 (CO2Ar) and
197.6 (PhCO).

(R)-29-[3-(2-Methoxyethoxy)propoxy]-1,19-binaphthalen-2-yl
3-benzoylpropionate 4h. Eluent: 40–50% ethyl acetate in hexane
(gradient); yield 74%; [α]D

20 125.2 (c 0.99 in CHCl3) (Found: C,
76.8; H, 6.2. C36H34O6 requires C, 76.85; H, 6.1%); νmax(film)/
cm21 2920, 1759, 1687, 1211 and 1140; δH 1.6–1.8 (2 H, m,
OCH2CH2CH2O), 2.35–2.80 (4 H, m, ArO2CCH2CH2COPh),
2.9–3.4 (6 H, m, CH2OCH2CH2O), 3.29 (3 H, s, OMe), 3.95–
4.15 (2 H, m, ArOCH2) and 7.2–8.0 (17 H, m, Ar); δC 28.3, 29.4,
33.1, 58.9, 66.1, 67.3, 69.7, 71.6, 114.9, 118.2, 121.6, 123.7,
125.0, 125.3, 126.1, 126.2, 126.5, 127.7, 127.9, 128.2, 128.4,
128.7, 128.9, 129.8, 131.6, 133.1, 133.6, 136.1, 146.6, 154.2,
170.8 (CO2Ar) and 197.2 (PhCO).

(R)-29-[3-(2-Isobutoxyethoxy)propoxy]-1,19-binaphthalen-2-
yl 3-benzoylpropionate 4i. Eluent: 10% ethyl acetate in benzene;
yield 90%; [α]D

20 120.6 (c 1.00 in CHCl3) (Found: C, 77.2; H, 6.7.
C39H40O6 requires C, 77.5; H, 6.7%); νmax(film)/cm21 2950, 1760,
1688, 1211 and 1140; δH 0.86 (6 H, d, J 6.5, CHMe2), 1.68 (2 H,
quintet, J 6.1, OCH2CH2CH2O), 1.82 (1 H, septet, J 6.5,
CHMe2), 2.35–2.80 (4 H, m, ArO2CCH2CH2COPh), 2.96–3.38

(8 H, m, CH2OCH2CH2OCH2CHMe2), 3.99–4.08 (2 H, m,
ArOCH2) and 7.18–7.99 (17 H, m, Ar); δC 19.3, 28.2, 28.4, 29.6,
33.2, 66.3, 67.3, 70.0, 115.0, 121.9, 123.7, 125.1, 125.4, 126.2,
126.3, 126.6, 127.8, 128.0, 128.4, 128.8, 129.0, 129.8, 131.7,
133.1, 133.7, 136.3, 146.7, 154.3, 170.9 (CO2Ar) and 197.3
(PhCO).

(R)-29-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}-1,19-binaph-
thalen-2-yl 3-benzoylpropionate 4j. Eluent: 50% ethyl acetate in
benzene; yield 76%; [α]D

23 126.4 (c 1.19 in CHCl3) (Found: C,
74.95; H, 6.2. C37H36O7 requires C, 75.0; H, 6.1%); νmax(film)/
cm21 2875, 1759, 1682, 1206 and 1147; δH 2.35–2.85 (4 H, m,
ArO2CCH2CH2COPh), 3.0–3.50 [10 H, m, CH2O(CH2CH2O)2

Me], 3.32 (3 H, s, OMe), 4.08 (2 H, t, J 4.9, ArOCH2) and 7.15–
8.0 (17 H, m, Ar); δC (CD2Cl2) 28.7, 33.6, 58.9, 69.8, 70.1, 70.5,
70.6, 70.9, 72.2, 115.7, 118.6, 122.4, 124.2, 125.5, 125.9, 126.4,
126.9, 128.3, 128.4, 128.7, 128.8, 129.1, 129.5, 130.4, 132.1,
133.5, 134.0, 136.6, 147.2, 154.8, 171.2 (CO2Ar) and 197.5
(PhCO).

(R)-29-(2-Methoxyethoxy)-1,19-binaphthalen-2-yl 4-oxo-
pentanoate 5. Eluent: 17% ethyl acetate in benzene; yield
83%; [α]D

21 144.8 (c 1.21 in CHCl3) (Found: C, 75.8; H, 6.0.
C28H26O5 requires C, 76.0; H, 5.9%); νmax(film)/cm21 2925,
1750, 1718, 1211 and 1137; δH 1.92 (3 H, s, COMe), 2.12–2.41
(4 H, m, ArO2CCH2CH2COMe), 2.99 (3 H, s, OMe), 3.27–3.40
(2 H, m, CH2OMe), 4.06 (2 H, t, J 5.0, ArOCH2) and 7.16–
7.99 (12 H, m, Ar); δC (CD2Cl2) 28.3, 29.5, 37.9, 59.0, 69.9,
71.3, 116.0, 118.7, 122.3, 124.2, 125.6, 125.8, 126.4, 126.7,
126.8, 128.2, 128.4, 129.1, 129.6, 130.3, 132.0, 134.0, 147.2,
154.9, 171.1 (CO2Ar) and 206.0 (MeCO).

(R)-29-[2-(2-Methoxyethoxy)ethoxy]-1,19-binaphthalen-2-yl
4-oxopentanoate 6. Eluent: 10% ethyl acetate in benzene; yield
69%; [α]D

24 132.6 (c 1.30 in CHCl3) (Found: C, 73.8; H, 6.2.
C30H30O6 requires C, 74.05; H, 6.2%); νmax(film)/cm21 2876,
1757, 1715, 1211 and 1139; δH 1.90 (3 H, s, COMe), 2.1–2.4
(4 H, m, ArO2CCH2CH2COMe), 3.20 (3 H, s, OMe), 3.0–3.15
and 3.4–3.6 (6 H, m, CH2OCH2CH2OMe), 4.10 (2 H, t, J 4.8,
ArOCH2) and 7.1–8.0 (12 H, m, Ar); δC 28.0, 29.5, 37.6, 58.8,
69.4, 69.8, 70.4, 71.6, 115.0, 118.3, 121.8, 123.8, 125.0, 125.4,
125.5, 126.2, 126.4, 126.6, 127.8, 128.0, 128.8, 129.1, 129.9,
131.6, 133.7, 146.7, 154.3, 170.8 (CO2Ar) and 205.9 (MeCO).

(R)-29-(2-Methoxyethoxy)-1,19-binaphthalen-2-yl 5-methyl-4-
oxohexanoate 7. Eluent: 10% ethyl acetate in benzene; yield
98%; [α]D

10 136.9 (c 1.00 in CHCl3) (Found: C, 76.9; H, 6.5.
C30H30O5 requires C, 76.6; H, 6.4%); νmax(film)/cm21 2970, 1759,
1713, 1212 and 1144; δH 0.96 and 0.97 (each 3 H, d, J 6.9,
CHMe2), 2.12–2.41 (5 H, m, ArO2CCH2CH2COCHMe2), 2.98
(3 H, s, OMe), 3.25–3.40 (2 H, m, CH2OMe), 4.06 (2 H, t, J 5.1,
ArOCH2) and 7.16–7.98 (12 H, m, Ar); δC 18.1, 28.0, 34.4, 40.5,
58.9, 69.9, 70.9, 115.8, 118.8, 121.8, 123.9, 124.9, 125.4, 125.5,
126.2, 126.3, 126.5, 127.7, 127.9, 128.3, 128.9, 129.2, 129.9,
131.6, 133.6, 133.7, 146.7, 154.4, 171.0 (CO2Ar) and 212.0
(PriCO).

2-Naphthyl 3-benzoylpropionate 15. Eluent: 10% ethyl acetate
in benzene; yield 89%; mp 99.6–100.1 8C (from benzene–
hexane) (Found: C, 79.15; H, 5.5. C20H16O3 requires C, 78.9;
H, 5.3%); νmax(KBr)/cm21 1752, 1680, 1210 and 1149; δH 3.08
(2 H, t, J 6.5, ArO2CCH2), 3.47 (2 H, t, J 6.5, CH2COPh) and
7.24–8.05 (12 H, m, Ar); δC (CD2Cl2) 28.8 (CH2CO2Ar), 33.9
(PhCOCH2), 116.8, 121.6, 126.1, 126.9, 127.9, 128.1, 128.3,
129.0, 129.6, 131.8, 133.6, 134.1, 136.9, 148.9, 172.1 (CO2Ar)
and 198.2 (PhCO).

Representative procedure for the DIBAL-H reductions (Table 2,
run 7)

To a stirred solution of the keto ester 4h (54 mg, 0.096 mmol) in
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CH2Cl2 (4.8 cm3) was added MgBr2?OEt2 (78 mg, 0.30 mmol) at
ambient temperature. The resulting dispersion was stirred for
1 h and then cooled to 278 8C. After 1 h, an excess of DIBAL-H
solution in toluene (1.0 mol dm23; 0.4 cm3, 0.4 mmol) was
added dropwise during 5 min to the dispersion. The mixture
was stirred for 2 h at 278 8C to complete the reduction of the
ketocarbonyl group. Then, LAH (20 mg, 0.53 mmol) was added
to the mixture which was then stirred at room temperature until
the hydroxy ester was completely converted into the chiral aux-
iliary and the diol. Ethyl acetate (1 cm3) and dilute hydrochloric
acid (2 mol dm23; 5 cm3) were added successively to the reaction
mixture, after which it was extracted with CHCl3 (3 × 30 cm3).
The combined extracts were washed with brine, dried, and
evaporated in vacuo. The crude product was purified by pre-
parative TLC (20% ethyl acetate in benzene) to yield 1-phenyl-
butane-1,4-diol 8 (14 mg, 85%) and the recovered chiral
auxiliary 2h (37 mg, 95%). The diol thus obtained was con-
verted to its bis(3,5-dinitrophenylcarbamate) by the procedure
reported by Pirkle et al.30 and then subjected to HPLC
determination of the ee. The physical and spectral character-
istics of the diols 8 and 9 are given below.

(S)-(2)-1-Phenylbutane-1,4-diol 8.31 [α]D
20 239.3 (c 0.52 in

benzene), 82% ee; νmax(KBr)/cm21 3325, 2890, 1072, 1042 and
1013; δH (60 MHz) 1.5–2.0 (4 H, m, CH2CH2CH2OH), 2.1 (2 H,
br s, OH), 3.68 (2 H, t, J 6, CH2OH), 4.72 (1 H, t, J 6,
PhCHOH) and 7.32 (5 H, br s, Ph).

(R)-(2)-Pentane-1,4-diol 9. [α]D
20 21.9 (c 0.98 in EtOH), 21%

ee {lit.,32 [α]D
16 211.7 (c 1.0 in EtOH) for (R)-9 of 90% ee};

νmax(film)/cm21 3320, 2932, 1134, 1057 and 1011; δH 1.19 (3 H,
d, J 6, Me), 1.4–1.7 (4 H, m, CH2CH2CH2OH), 3.63 (2 H, m,
CH2OH), 3.80 (1 H, br s, MeCHOH), 4.15 (1 H, br s, OH)
and 4.31 (1 H, br s, OH).

Representative procedure for the Grignard reactions (Table 3,
run 12)

To a stirred solution of the keto ester 5 (52 mg, 0.12 mmol) in
CH2Cl2 (5.9 cm3) was added MgBr2?OEt2 (91 mg, 0.35 mmol) at
ambient temperature. The resulting dispersion was stirred for
1 h and then cooled to 278 8C. After 1 h, an excess of PhMgBr
solution in Et2O (1.0 mol dm23; 0.4 cm3, 0.4 mmol) was added
dropwise during 5 min to the dispersion. The mixture was
stirred for 5 h at 278 8C to complete the reaction. Then, dis-
tilled water (5 cm3) was added to the mixture which was then
extracted with Et2O (5 × 30 cm3). The combined extracts were
washed with brine, dried, and evaporated in vacuo. The crude
product was purified by preparative TLC (15% ethyl acetate in
benzene) to yield 4-methyl-4-phenylbutan-4-olide 10 (15 mg,
74%) and the recovered chiral auxiliary 2b (39 mg, 95%). The
physical and spectral characteristics of the lactones 10–13 are
given below.

(S)-(2)-4-Phenyl-4-methylbutan-4-olide 10. [α]D
15 259 (c 1.2 in

CHCl3), 95% ee [lit.,13 172.4 (c 1.3 in CHCl3) for (R)-10 of
100% ee]; νmax(film)/cm21 2980, 1770, 1242 and 1134; δH 1.73
(3 H, s, Me), 2.35–2.70 (4 H, m, CH2CH2), 7.26–7.40 (5 H, m,
Ph).

(S)-(2)-4-Phenyl-4-ethylbutan-4-olide 11. [α]D
23 270 (c 0.56

in CCl4), 92% ee [lit.,14 [α]D
25 184.7 (c 4.4 in CCl4) for (R)-11

of 100% ee ]; νmax(film)/cm21 2972, 1770, 1195, 1148 and 1108;
δH 0.82 (3 H, t, J 6.1, CH2CH3), 2.00 (2 H, q, J 6.1, CH2CH3),
2.35–2.70 (4 H, m, CH2CH2) and 7.16–7.40 (5 H, m, Ph).

(S)-(2)-4-Ethyl-4-methylbutan-4-olide 12. [α]D
25 27.46 (c 1.12

in CHCl3), 87% ee {lit.,13,15 [α]D
15 110.4 (c 1.2 in CHCl3) for (R)-

12 of 100% ee,13 and 210.3 for (S)-12 15}; νmax(film)/cm21 2975,
1765, 1240, 1166 and 1134; δH 0.97 (3 H, t, J 7.5, CH2CH3), 1.38

(3 H, s, Me), 1.57–1.83 (2 H, m, CH2CH3), 1.88–2.20 (2 H, m,
CH2CH2C]]O) and 2.48–2.75 (2 H, m, CH2CH2C]]O).

(S)-(1)-4-Isopropyl-4-methylbutan-4-olide 13. [α]D
23 110.4 (c

1.05 in CHCl3), 92% ee {lit.,16 [α]D
21 210.2 ( c 1.07 in CHCl3) for

(R)-13 of 92.4% ee}; νmax(film)/cm21 2960, 1764, 1258, 1171 and
1085; δH 0.86 and 0.91 (each 3 H, d, J 6.8, CHMe2), 1.23 (3 H,
s, Me), 1.78–1.90 (2 H, m, CH2CH2C]]O), 1.97–2.10 (1 H, m,
CHMe2) and 2.42–2.68 (2 H, m, CH2CH2C]]O).

Conversion of the optically active diol (S)-(2)-8 into (S)-(2)-1-
phenylbutan-1-ol

To a solution of the optically active 1-phenylbutane-1,4-diol 8
{124 mg, 0.746 mmol, [α]D

20 239.3 (c 0.52 in benzene), 82%
ee} in anhydrous ethyl acetate (15 cm3) was added alumina
for column chromatography (10 g) at ambient temperature.
The mixture was heated to reflux for 24 h and then cooled and
the aluminia was filtered off. The filtrate was evaporated
in vacuo and the residue was purified by column chrom-
atography on silica using 30% ethyl acetate in benzene as
eluent to give 4-acetoxy-1-phenylbutan-1-ol (87 mg, 56%) as a
colourless oil, νmax(film)/cm21 3440, 2995 and 1738; δH 1.58–
1.84 (5 H, m, AcOCH2CH2CH2 and OH), 2.04 (3 H, s, Me),
4.08 (2 H, m, CH2OAc), 4.69 (1 H, m, PhCHOH) and 7.30 (5 H,
s, Ph).

To a stirred solution of the monoacetate thus obtained (50
mg, 0.24 mmol) in DMF (2 cm3) was added successively tert-
butyl(chloro)dimethylsilane (73 mg, 0.48 mmol) and imidazole
(66 mg, 0.96 mmol) at ambient temperature. After being stirred
for 3 h, dilute hydrochloric acid (2 mol dm23; 1 cm3) was added
dropwise to the mixture which was then extracted with CHCl3

(3 × 30 cm3). The combined extracts were washed successively
with saturated aqueous NaHCO3 and brine, dried, and evapor-
ated to dryness. The residue was purified by preparative TLC
(20% ethyl acetate in hexane) to yield 1-acetoxy-4-(tert-
butyldimethylsiloxy)-4-phenylbutane (69 mg, 89%) as a colour-
less oil, νmax(film)/cm21 2955, 2850, 1743, 1245, 1093 and 1045;
δH(60 MHz) 21.60 (3 H, s, SiMe), 0.00 (3 H, s, SiMe), 0.87 (9 H,
s, But), 1.52–1.72 (4 H, m, AcOCH2CH2CH2), 1.99 (3 H, s,
OAc), 4.00 (2 H, m, CH2OAc), 4.64 (1 H, m, PhCHOSi) and
7.23 (5 H, s, Ph).

To a stirred solution of the silyl ether thus obtained (69 mg,
0.21 mmol) in Et2O (5 cm3) was added LAH (16 mg, 0.42 mmol)
portionwise at ambient temperature. After being stirred for 1 h,
ethyl acetate (1 cm3) and then dilute hydrochloric acid (2 mol
dm23; 1 cm3) were added dropwise to the mixture which was
then extracted with CHCl3 (3 × 30 cm3). The combined extracts
were dried and evaporated to dryness. The residue was purified
by preparative TLC (30% ethyl acetate in benzene) to yield
4-(tert-butyldimethylsiloxy)-4-phenylbutan-1-ol (51 mg, 86%) as
a colourless oil, νmax(film)/cm21 3330, 2930, 2855, 1467, 1251,
1092 and 1056; δH(60 MHz) 21.60 (3 H, s, SiMe), 0.00 (3 H, s,
SiMe), 0.87 (9 H, s, But), 1.53–1.80 (5 H, m, AcOCH2CH2CH2

and OH), 3.57 (2 H, t, J 5, CH2OAc), 4.68 (1 H, t, J 6,
PhCHOSi) and 7.23 (5 H, s, Ph).

To a stirred solution of the siloxyalcohol thus obtained (37
mg, 0.13 mmol) in pyridine (2 cm3) was added successively
toluene-p-sulfonyl chloride (75 mg, 0.39 mmol) and DMAP (32
mg, 0.26 mmol) at ambient temperature. After being stirred for
2 h, dilute hydrochloric acid (2 mol dm23; 10 cm3) was added
dropwise to the mixture which was then extracted with CHCl3

(3 × 30 cm3). The combined extracts were dried and evaporated
to dryness. The residue was purified by preparative TLC (30%
ethyl acetate in hexane) to yield 1-(tert-butyldimethylsiloxy)-4-
(p-tolylsulfonyloxy)-1-phenylbutane (30 mg, 52%) as a colour-
less oil, νmax(film)/cm21 2955, 2855, 1596, 1468, 1363, 1255,
1176 and 1096; δH(60 MHz) 21.60 (3 H, s, SiMe), 0.00 (3 H, s,
SiMe), 0.87 (9 H, s, But), 1.53–1.76 (4 H, m, TsOCH2CH2CH2),
2.45 (3 H, s, ArMe), 4.00 (2 H, m, CH2OAc), 4.61 (1 H, m,
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PhCHOSi), 7.3 (5 H, s, Ph), 7.36 (2 H, d, J 8, Ar-H of Ts) and
7.81 (2 H, d, J 8, Ar-H of Ts).

To a stirred solution of the tosylate thus obtained (25 mg,
0.057 mmol) in Et2O (2 cm3) was added LAH (22 mg, 0.56
mmol) portionwise at ambient temperature. After being stirred
for 1 h, ethyl acetate (1 cm3) and then dilute hydrochloric acid
(2 mol dm23; 1 cm3) were added dropwise to the mixture which
was then extracted with CHCl3 (3 × 30 cm3). The combined
extracts were dried and evaporated to dryness. The residue was
purified by preparative TLC (30% ethyl acetate in hexane)
to yield 1-(tert-butyldimethylsiloxy)-1-phenylbutane (14 mg,
92%) as a colourless oil, νmax(film)/cm21 2955, 2855, 1459, 1254,
1106, 1082, 1063 and 1037; δH(60 MHz) 21.60 (3 H, s, SiMe),
0.00 (3 H, s, SiMe), 0.87 (9 H, s, But), 0.76–0.96 (3 H, m,
CH3CH2CH2), 1.18–1.76 (4 H, m, CH3CH2CH2), 4.62 (1 H, t,
J 6, PhCHOSi) and 7.23 (5 H, s, Ph).

To a stirred solution of the silylether (14 mg, 0.050 mmol)
in THF (0.5 cm3) was added 66% aqueous acetic acid (1 cm3)
at ambient temperature. The mixture was heated at 40 8C for
24 h and then cooled to room temperature. To the solution
was added saturated aqueous NaHCO3 and the mixture was
extracted with CHCl3 (3 × 30 cm3). The combined extracts
were washed with saturated aqueous NaHCO3 (2 × 10 cm3),
dried and evaporated to dryness. The residue was purified by
preparative TLC (50% ethyl acetate in benzene) to yield
1-phenylbutan-1-ol (7.0 mg, 93%) as a colourless solid, [α]D

22 243
(c 0.64 in benzene) [lit.,33 245.2 (c 4.81 in benzene), for the (S)-
isomer of 100% ee]; νmax(KBr)/cm21 3250, 2929, 2855, 1444,
1301 and 1030; δH(60 MHz) 0.48–1.88 (8 H, m, MeCH2CH2 and
OH), 4.58 (1 H, t, J 6, PhCHOH) and 7.22 (5 H, s, Ph).

Complexation studies

In a typical experiment, CD2Cl2 (2.0 cm3) was added to a mix-
ture of the keto ester 5e (0.04 mmol) and MgBr2?OEt2 (0.12
mmol) at ambient temperature. The mixture was stirred for 1 h
and then transferred to an NMR tube under an nitrogen
atmosphere via syringe after filtration through a polytetra-
fluoroethylene membrane filter (mean pore size: 0.1 µm). The
13C NMR spectrum was recorded, and then 7 vol% of Et2O was
added to the NMR tube and the spectrum was recorded again.

Acknowledgements
This work was financially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science
and Culture, Japan (No. 08405058 and No. 10555318), and
Takeda Science Foundation.

References
1 For α-keto acid derivatives, see: D. Basavaiah, S. Pandiaraju,

M. Bakthadoss and K. Muthukumaran, Tetrahedron: Asymmetry,
1996, 7, 997; D. Basavaiah and P. R. Krishna, Tetrahedron, 1995, 51,
12169; S. V. Pansare and R. G. Ravi, Tetrahedron Lett., 1995, 36,
5959; A. K. Ghosh and Y. Chen, Tetrahedron Lett., 1995, 36, 6811;
Y. H. Kim and S. H. Kim, Tetrahedron Lett., 1995, 36, 6895; Y. H.
Kim, I. S. Byun and J. Y. Chou, Tetrahedron: Asymmetry, 1995, 6,
1025; Akiyama, H. Nishimoto, T. Kuwata and S. Ozaki, Bull. Chem.
Soc. Jpn., 1994, 67, 180.

For β-keto acid derivatives, see: M. L. Vasconcellos, J. d’Angello,
D. Desmaele, P. R. R. Costa and D. Potin, Tetrahedron: Asymmetry,
1991, 2, 353; D. F. Taber, P. B. Deker and M. D. Gaul, J. Am. Chem.
Soc., 1987, 109, 7488.

2 Y. Tamai, T. Nakano and S. Miyano, J. Chem. Soc., Perkin Trans. 1,
1994, 439 and references cited therein.

3 The diastereoselective addition of organometallics to chirally
modified γ-keto acid derivatives, see: D. M. Bovey and E. E. Turner,
J. Chem. Soc., 1951, 3223; G. Di Maio, G. Tranfo, E. Vecchi and
E. Zeuli, Gazz. Chim. Ital., 1983, 113, 173; H. Takahashi,
K. Hattori, K. Higashiyama and Y. Ueno, Chem. Pharm. Bull.,
1990, 38, 1062; V. Nair, J. Prabhakaran and T. G. George,
Tetrahedron, 1997, 53, 15061.

4 Examples of 1,n-remote stereocontrol (n > 6), see: S. V. Ley,

L. R. Cox and J. M. Worral, J. Chem. Soc., Perkin Trans. 1, 1998,
3349; T. Yoshida, J. Chika and H. Takei, Tetrahedron Lett., 1998, 39,
4305; P. Linnane, N. Magnus and P. Magnus, Nature, 1997, 385, 799;
E. J. Thomas, Chem. Commun., 1997, 411; S. Fukuzawa, K. Seki,
M. Tatsuzawa and K. Mutoh, J. Am. Chem. Soc., 1997, 119, 1482;
H.-C. Zhang, B. D. Harris, C. A. Maryanoff and B. E. Maryanoff,
Tetrahedron Lett., 1996, 37, 7897; M. C. Bernabeu, P. Bonete,
F. Caturla, R. Chinchilla and C. Nájera, Tetrahedron: Asymmetry,
1996, 7, 2475; G. Conole, R. J. Mears, H. De Silva and A. Whiting,
J. Chem. Soc., Perkin Trans. 1, 1995, 1825; L. F. Tieze, C. Schneider
and A. Montenbruck, Angew. Chem., Int. Ed. Engl., 1994, 33, 980;
R. Thangarasa, J. R. Green and T. T. Nadasdi, J. Chem. Soc., Chem.
Commun., 1994, 501; W. R. Roush and C. K. Wada, J. Am. Chem.
Soc., 1994, 116, 2151; B. M. Trost and B. A. Czeskis, Tetrahedron
Lett., 1994, 35, 211; G. A. Molander and S. R. Shakya, J. Org.
Chem., 1994, 59, 3445; K. Nordström and C. Moberg, Tetrahedron
Lett., 1994, 35, 7267; S. Hanessian, A. Gomtsyan, A. Payne,
Y. Hervé and S. Beaudoin, J. Org. Chem., 1993, 58, 5032; G. A.
Molander and K. L. Bobbitt, J. Am. Chem. Soc., 1993, 115, 7517;
J. G. Stack, D. P. Curran, S. V. Geib. J. Rebek, Jr. and P. Ballester,
J. Am. Chem. Soc., 1992, 114, 7007; B. B. Snider and Q. Zhang,
J. Org. Chem., 1991, 56, 4908; K. Fuji, K. Tanaka, M. Mizuchi and
S. Hosoi, Tetrahedron Lett., 1991, 32, 7277; S. E. Denmark,
H. Stadler, R. L. Dorow and J.-H. Kim, J. Org. Chem., 1991, 56,
5063; S. E. Denmark and L. K. Marble, J. Org. Chem., 1990, 55,
1984; K. Tanaka, H. Yoda, Y. Isobe and A. Kaji, Tetrahedron Lett.,
1985, 26, 1337; H. Roder, G. Helmchen, E.-M. Peters, K. Peters and
H.-G. von Schnering, Angew. Chem., Int. Ed. Engl., 1984, 23, 898.
See also ref. 3.

5 1,5-Asymmetric induction by use of 1,19-binaphthalen-2-ols as
chiral auxiliaries, see: F. Tanaka, M. Node, K. Tanaka, M. Mizuchi,
S. Hosoi, M. Nakayama, T. Taga and K. Fuji, J. Am. Chem. Soc.,
1995, 117, 12159; K. Fuji, K. Tanaka, M. Ahn and M. Mizuchi,
Chem. Pharm. Bull., 1994, 42, 957.

6 Preliminary communications: Y. Tamai, S. Koike, A. Ogura and
S. Miyano, J. Chem. Soc., Chem. Commun., 1991, 799; Y. Tamai,
M. Akiyama, A. Okamura and S. Miyano, J. Chem. Soc., Chem.
Commun., 1992, 687.

7 S. Oi, M. Shijo, J. Yamashita and S. Miyano, Chem. Lett., 1988, 1545.
8 R. MacLeod, F. J. Welch and H. S. Mosher, J. Am. Chem. Soc.,

1960, 82, 876.
9 The absolute configuration of the pentane-1,4-diol 9, see: H.

Katsura, Nippon Kagaku Zasshi, 1956, 77, 1789 (Chem. Abstr.,
1959, 53, 5127c).

10 Other examples of the use of DIBAL-H or Grignard reagents with
MgBr2?OEt2, see: G. E. Keck, M. B. Andrus and D. R. Romer,
J. Org. Chem., 1991, 56, 417; G. Guanti, L. Banfi, R. Riva and
M. T. Zannetti, Tetrahedron Lett., 1993, 34, 5483.

11 R. Belcher and A. J. Nutten, Quantitative Inorganic Analysis,
Butterworths, London, 2nd edition, 1960, p. 298.

12 E. L. Eliel and S. Morris-Natschke, J. Am. Chem. Soc., 1984, 106,
2937.

13 For (R)-(1)-4-phenyl-4-methylbutan-4-olide, see: A. Albinati,
P. Bravo, F. Ganazzoli, G. Resnati and F. Viani, J. Chem. Soc.,
Perkin Trans. 1, 1986, 1405.

14 For (R)-(1)-4-phenyl-4-ethylbutan-4-olide, see: S. Musierowicz and
A. E. Wroblewski, Tetrahedron, 1978, 34, 461.

15 For (R)-(1)-4-ethyl-4-methylbutan-4-olide, see: P. Vlad and M.
Soucek, Collect. Czech. Chem. Commun., 1962, 27, 1726.

16 For (S)-(1)-4-isopropyl-4-methylbutan-4-olide, see: K. Mori, T.
Ebata and S. Takechi, Tetrahedron, 1984, 40, 1761.

17 E. Demole and D. Berthet, Helv. Chim. Acta, 1972, 55, 1862.
18 Other examples of the NMR studies on MgBr2 complexes of

carbonyl compounds in conjunction with asymmetric synthesis, see:
G. E. Keck and S. Castellino, J. Am. Chem. Soc., 1986, 108, 3847;
X. Chen, E. R. Hortelano, E. L. Eliel and S. V. Frye, J. Am. Chem.
Soc., 1992, 114, 1778.

19 Other selected asymmetric synthesis of optically active 4,4-disub-
stituted butan-4-olides, see: R. Bloch and C. Brillet, Tetrahedron:
Asymmetry, 1991, 2, 797; M. P. Doyle, A. van Oeveren, L. J.
Westrum, M. N. Protopopova and T. W. Clayton, Jr., J. Am. Chem.
Soc., 1991, 113, 8982; N. Taniguchi and M. Uemura, Tetrahedron
Lett., 1997, 38, 7199; A. Albinati et al., ref. 13; H. Roder et al., ref. 4;
S. Fukuzawa et al., ref. 4.

20 J. D. Shringarpure and B. K. Sabata, Ind. J. Chem., 1975, 13, 24;
F. Matsumoto, H. Idetsuki, K. Harada, I. Nohara and T. Toyoda,
J. Essent. Oil Res., 1993, 5, 123; I. Wahlberg, A.-M. Eklund and
C. R. Enzell, Acta Chem. Scand., 1990, 44, 504; J. G. Urones,
I. S. Marcos and N. M. Garrido, Phytochemistry, 1990, 29, 2585;
C. Zdero, L. Lehmann and F. Bohlmann, Phytochemistry, 1991, 30,
1161; A. Ortega, J. D. C. López and E. Maldonado, Phytochemistry,
1989, 28, 2735; E. Demole and D. Berthet, ref. 17.



1694 J. Chem. Soc., Perkin Trans. 1, 1999,  1685–1694

21 N. Cohen, R. L. Lopresti and G. Saucy, J. Am. Chem. Soc., 1979,
101, 6710; I. W. J. Still and M. J. Drowery, J. Org. Chem., 1989,
54, 290; H. Nemoto, T. Yamada, H. Ishibashi, J. Takazawa and
K. Fukumoto, Heterocycles, 1991, 32, 863; H. Nemoto, T. Yamada,
H. Ishibashi and K. Fukumoto, J. Chem. Soc., Perkin Trans. 1, 1991,
3149; H. Nemoto, T. Tanabe, M. Nagamochi and K. Fukumoto,
Heterocycles, 1993, 35, 707; A. Ichihara, S. Miki, H. Kawagishi
and S. Sakamura, Tetrahedron Lett., 1989, 30, 4551; H. Nemoto,
H. Ishibashi and K. Fukumoto, Heterocycles, 1992, 33 , 549; X. Bai
and E. L. Eliel, J. Org. Chem., 1991, 56, 2086; K. Mori et al., ref. 16;
R. Bloch et al., ref. 19.

22 R. A. Schultz, B. D. White, D. M. Pishong, K. A. Arnold and
G. W. Gokel, J. Am. Chem. Soc., 1985, 107, 6659.

23 L. I. Smith and J. A. Sprung, J. Am. Chem. Soc., 1943, 65, 1276.
24 P. W. Ford, Aust. J. Chem., 1974, 27, 2525.
25 J. S. Brimacombe, B. D. Jones, M. Stacey and J. J. Willard,

Carbohydr. Res., 1966, 2, 167.

26 T. Okano, K. Morimoto, H. Konishi and J. Kiji, Nippon Kagaku
Kaishi, 1985, 486 (Chem. Abstr., 1986, 104, 109773w).

27 T. Nishiwaki, Tetrahedron, 1965, 21, 3043.
28 W. H. Pirkle and J. L. Schreiner, J. Org. Chem., 1981, 46, 4988.
29 E. J. Corey, R. L. Danheiser, S. Chandrasekaran, P. Siret, G. E.

Keck and J.-L. Gras, J. Am. Chem. Soc., 1978, 100, 8031.
30 W. H. Pirkle, G. Mahler and M. H. Hyun, J. Liq. Chromatogr., 1986,

9, 443.
31 A synthesis of racemic diol 8, see: R. L. Letsinger and D. F. Pollart,

J. Am. Chem. Soc., 1956, 78, 6079.
32 Y. Uozumi, K. Kitayama, T. Hayashi, K. Yanagi and E. Fukuyo,

Bull. Chem. Soc. Jpn., 1995, 68, 713. See also ref. 9.
33 R. MacLeod, F. J. Welch and H. S. Mosher, J. Am. Chem. Soc.,

1960, 82, 876.

Paper 9/01775E


