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With 3,3'-bis(2-oxazolyl)-1,1'-bi-2-naphthols
(BINOL-Box) synthesized from 1,1'-bi-2-
naphthol (BINOL), the enantioselective addition
of diethylzinc to aryl aldehydes proceeded
smoothly to give secondary aryl alcohols in good
yield with good enantioselectivity. Interestingly,
the yields and enantioselectivities were affected
by the mixing sequence of the reactants.
Furthermore, the synthesis of both enantiomers
of the addition products has been achieved using
the same ligands by choosing achiral additives,
Ti(O-iPr) 4 and 4A molecular sieves. Copyright
# 2000 John Wiley & Sons, Ltd.
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1 INTRODUCTION

The enantioselective addition of diethylzinc to
aldehydes is among the most widely used methods
for carbon–carbon bond formation in organic
synthesis.1 Previously, in most of the studies of
this reaction,b-amino alcohols derived froma-
amino acids have been used as a chiral catalyst.2 On
the other hand, binaphthyl derivatives have been

used for various asymmetric catalytic reactions as
ligands. The prime role for these ligands is played
by the C2-symmetrical 2,2'-disubstituted 1,1'-
binaphthyls bearing identical coordinating groups,
in particular BINOL3 and BINAP.4 Their congeners
with nonidentical substituents at the 2,2'-positions
have only recently been developed; among these,
MOP5 and NOBIN6 have risen to prominence, but
these ligands are not necessarily available for
this enantioselective addition reaction. Recently,
Katsuki and co-workers reported that the addition
of diethylzinc to benzaldehyde in the presence
of N,N,N',N'-tetraisopropyl-2,2'-dihydroxyl-1,1'-bi-
naphthyl-3,3'-dicarboxamide, which has amides at
the 3,3'-carbon atoms of 1,1'-bi-2-naphthol, pro-
ceeded with high enantioselectivities (99%ee).7

We have designed 3,3'-bis(2-oxazolyl)-1,1'-bi-2-
naphthol (BINOL-Box;1a–1f) chiral ligands and
reported their use in asymmetric 1,3-dipolar
cycloaddition in combination with Sc(OTf)3.

8 From
their good performance in this 1,3-dipolar cycload-
dition, the BINOL-Box ligands are expected to be
used for other asymmetric reactions. We found that
the enantioselective addition of diethylzinc to aryl
aldehydes using these ligands proceeded in good
yield with good enantioselectivity.
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2 RESULTS AND DISCUSSION

The enantioselectiveaddition of diethylzinc to
benzaldehydewas carried out using 10 mol% of
3,3'-bis(2-oxazolyl)-1,1'-bi-2-naphthol (BINOL-
Box) in tolueneas the solvent at 0 °C. Initially,
the reactionfollowed the conventionalmethodas
shownin PathA (Scheme1). That is, ligandsand
hexane solution of diethylzinc were stirred in
toluene for 0.5h, and then benzaldehydewas
added.The reactionsusing (S,R)-ligands ((S,R)-
1d–1f) gave much higher yields than the (S,S)-
ligands((S,S)-1a–1c) (Table1). This largeeffectof
the diastereomericstructureon the yield of the
reactionis explainedby consideringthe structural
modelsof theligands(Fig. 1). Usually,theaddition
of diethylzinc to aldehyde is consideredto be
catalyzed by the monomeric amino alcohol–Zn
complex,andnot by the dimeric complex.9 In the
caseof the(S,S)-ligands,thetwo substituentsonthe
oxazolineringsarelocatedon thesamesideasthe
hetero atoms, which can coordinate to the Zn
center.On the other hand,the (S,R)-ligandshave
their two substituentson theoxazolineringson the
oppositeside to the binaphthylbackbone.Due to
thesedifferent stericdemands,the (S,S)-ligand–Zn
complexesareeasilydimerized,while association
of themonomeric(S,R)-ligand–Zncomplexeswith
eachotheris difficult. Consequently,in thecaseof
the (S,S)-ligands,a small amountof active mono-

Scheme1 Enantioselectiveadditionof diethylzincto benzal-
dehyde(PathA).

Table 1 Enantioselectiveaddition of diethylzinc to
benzaldehydecatalyzedby BINOL-Box (PathA)a

Entry Ligand Yield (%)b ee(%)c Config.d

1 (S,S)-1a 43 20 S
2 (S,S)-1b 8 5 S
3 (S,S)-1c Trace n.d.e n.d.e

4 (S,R)-1d 99 60 S
5 (S,R)-1e 91 24 S
6 (S,R)-1f 75 30 S

a Reactionconditions:seetheExperimentalsection.
b Isolatedyield.
c Enantiomericexcesseswere determinedby chiral GC (CP-
cyclodextrinb 236M, 0.25mm� 25 m).
d Absoluteconfigurationswere determinedby comparisonof
optical rotations(Ref. 9).
e n.d.,not determined.

Figure 1 Molecularmodelsof (S,S)-1a and(S,R)-1d.
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meric species,or none, is formed in the reaction
mixture.

Therefore,asshownby PathB (Scheme2), the
ligands,the benzaldehydeandthe hexanesolution
of diethylzincwereaddedin this order.Theresults
areshownin Table2.

The reaction through Path B using the (S,S)-
ligandsproceededfasterthan that throughPathA
and with betterstereoselectivity,while the results
using (S,R)-ligands were the samein both cases.
This showsthat the resultsof the reactionthrough
Path B exhibit the real steric and diastereomeric
effectsof the BINOL-Box ligands for the stereo-
differentiationability of the catalyst.The reaction
using phenyl-substituted(S,R)-1d, derived from
(R)-phenylglycinol,gavea high yield andenantio-
selectivity (78%, 64% ee; Table 2, Entry 4).
Therefore,theeffect of solventswasexaminedfor
the reactionwith (S,R)-1d (Table2, Entries7–11).
The reactionproceededfaster in toluene,diethyl
etheror acetonitrileas the solventand with good
enantioselectivity, while in dichloromethane,
chloroformor tetrahydrofuranthe enantioselectiv-
ity was lower. The effect of temperaturewasalso
examined(Table 2, Entries 4, 12 and 13). The
reactionat 0 °C gavethebestresult.

Moreover, Nakai,11a Chan11b and co-workers
reported that the enantioselectiveaddition of

Scheme2 Enantioselectiveaddition of diethylzincto benzal-
dehyde(PathB).

Table 2 Enantioselectiveaddition of diethylzinc to
benzaldehydecatalyzedby BINOL-Box (PathB)a

Entry Ligand Solvent Yield (%)b ee(%)c Config.d

1 (S,S)-1a PhMe 77 50 S
2 (S,S)-1b PhMe 79 58 S
3 (S,S)-1c PhMe 60 58 S
4 (S,R)-1d PhMe 78 64 S
5 (S,R)-1e PhMe 75 14 S
6 (S,R)-1f PhMe 58 48 S
7 (S,R)-1d CH2Cl2 56 41 S
8 (S,R)-1d CHCl3 21 38 S
9 (S,R)-1d THF 26 12 S

10 (S,R)-1d Et2O 68 63 S
11 (S,R)-1d CH3CN 90 61 S
12e (S,R)-1d PhMe 89 47 S
13f (S,R)-1d PhMe 12 60 S

a Reactionconditions:seetheExperimentalsection.
b Isolatedyield.
c Enantiomericexcesseswere determinedby chiral GC (CP-
cyclodextrinb 236M, 0.25mm� 25 m).
d Absoluteconfigurationswere determinedby comparisonof
optical rotations(Ref. 9).
e Ambient reactiontemperature.
f Reactiontemperaturewasÿ30°C.

Table 3 Effect of additiveson enantioselectiveadditionof diethylzincto benzaldehydecatalyzedby (S,R)-1da

Entry Additive Temp.( °C) Yield (%)b ee. (%)c Config.d

1e None 0 78 64 S
2 Ti(O-iPr)4 0 80 55 R
3 Ti(O-iPr)4�MS4A (50mg) 0 63 70 R
4e None ÿ30 12 60 S
5 Ti(O-iPr)4 ÿ30 21 57 R
6 Ti(O-iPr)4�MS4A (50mg) ÿ30 45 71 R

a Reactionconditions:seetheExperimentalsection.
b Isolatedyield.
c Enantiomericexcessesweredeterminedby chiral GC (CP-cyclodextrinb 236M, 0.25mm� 25 m).
d Absoluteconfigurationsweredeterminedby comparisonof optical rotations(Ref. 9).
e Reactionconditions:seetheExperimentalsection(PathB).

Scheme3 Enantioselectiveaddition of diethylzinc to benz-
aldehydewith a BINOL–Box (S,R)-1d asa ligand.
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diethylzincto aldehydesusingaBINOL–Ti(O-iPr)2
complex as an asymmetricprecatalystproceeded
smoothly in good yield with high enantioselec-
tivity. In addition, the carbonyl–enereactionsand
heteroDiels–Alderreactionsin thepresenceof 4A
molecular sievesproceededwith higher enantio-
selectivity than in the absenceof 4A molecular
sieves.11c Basedon the aboveresults,the effect of
Ti(O-iPr)4 and4A molecularsievesasan additive
was examinedfor this reactionusing (S,R)-1d as
the ligand in toluene(Scheme3 andTable3).

Interestingly, the absoluteconfigurationof the
secondaryaryl alcoholsin thepresenceof additives
wasR, while thatin theabsenceof additiveswasS.
Theadditionof 4A molecularsievescombinedwith
Ti(O-iPr)4 to the reaction mixture leads to an
increasein theenantioselectivity(Table3,Entries3
and 6). This tendencyhas been observedin the
asymmetric reactions catalyzed by Ti(O-iPr)4–
chiral ligands, in which 4A molecularsievesact
at the stageof the formation of the active chiral
catalyst.12 Although there is no experimental
evidenceaboutthe real active speciesof the zinc
and titanium catalysts, the differences in the
absoluteconfiguration of the products from the
reactionusing additivesand no additivesmay be
explainedby the structureof the activespecies.In
the absenceof Ti(O-iPr)4,

7,13 the active speciesis
proposedas the complex consistingof two zinc
atoms,ligand andaldehyde.On the otherhand,in

the presenceof Ti(O-iPr)4,
11a,14 chiral ethyltita-

nium reagentis oncegeneratedfrom Ti–BINOL-
Box complex and diethylzinc, and then it reacts
with an aldehyde to form the alkoxytitanium
species,which then reactswith Ti(O-iPr)4 to give
the titanium alkoxideproduct.

Finally, the enantioselectiveadditionof diethyl-
zinc to 2-naphthaldehydeinsteadof benzaldehyde
using(S,R)-1d asa ligandproceededin goodyield
(80%) with good enantioselectivity (81% ee)
(Table 4, Entry 3). Moreover, the effect of the
amount of catalyst was also examined. The
enantioselectiveaddition of diethylzinc to 2-
naphthaldehydeusing1 mol% (S,R)-1d asa ligand
proceededto give 1-(2-naphthyl)-1-propanolin
60%yield with 80%ee(Scheme4; Table4, Entry
4).

3 CONCLUSION

The enantioselectiveaddition of diethylzinc to
aromaticaldehydescatalyzedby 3,3'-bis(2-oxazo-
lyl)-1,1'-bi-2-naphthol (BINOL-Box) ligands has
beendeveloped.Thereactionof diethylzincwith 2-
naphthaldehydecatalyzedby 10 mol% (S,R)-1d in
thepresenceof Ti(O-iPr)4 and4A molecularsieves
proceededto giveasecondaryalcoholin 80%yield
with 81%ee. We foundthatthechoiceof additives
andligandwasvery importantfor this reaction.

4 EXPERIMENTAL

All experimentswere carried out underan argon
atmosphere.Commercial reagentswere used as

Scheme4 Enantioselectiveaddition of diethylzinc to 2-
naphthaldehydewith (S,R)-1d asa ligand.

Table 4 Enantioselectiveadditionof diethylzincto 2-naphthaldehydecatalyzedby (S,R)-1da

Entry Additive Yield (%)b ee(%)c Config.d

1 None 80 49 S
2 Ti(O-iPr)4 89 68 R
3 Ti(O-iPr)4�MS4A (50mg) 80 81 R
4e Ti(O-iPr)4�MS4A (50mg) 60 80 R

a Reactionconditions:seetheExperimentalsection.
b Isolatedyield.
c Determinedby HPLC analysisusinga DaicelChiralcelOD-H column(eluent2-propanol/hexane(10:90);flow rate0.3ml minÿ1;
detectionUV 254nm).
d Absoluteconfigurationsweredeterminedby comparisonof optical rotations(Ref 15.).
e Using1 mol% (S,R)-1d asa ligand.
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receivedwithout further purification. All solvents
weredriedusingstandardprocedures.The1H NMR
(400MHz) spectrawererecordedon a JEOLJNM
A-400 spectrometerwith tetramethylsilane(TMS)
as the internal standard.Optical rotations were
recordedusing a Horiba SEPA-200polarimeter.
Enantiomericexcesses(% ee) weredeterminedby
HPLC analysesor GC analysis.Preparationsof
3,3'-bis(2-oxazolyl)-1,1'-bi-2-naphthol (BINOL-
Box) ligands were carried out according to the
reportedmethod.8

4.1 Typical procedure for
enantioselective addition of
diethylzinc to aldehydes through
Path A

To a solutionof (S,R)-1d (0.10mmol, 0.058g) in
toluene (3 ml), 1.0 mol lÿ1 hexanesolution of
diethylzinc (2.2mmol, 2.2ml) wasadded,andthe
mixture wasstirredat 0 °C underan argonatmos-
pherefor 30min. Then aldehyde(1.0mmol) was
added,andthe mixture wasstirredat 0 °C for 5 h.
The reaction mixture was quenchedwith 10%
hydrochloricacid, extractedwith dichloromethane
and dried over anhydroussodium sulfate. The
organic layer was evaporatedto dryness,and the
residuewas purified by column chromatography
(hexane ethyl acetate= 4:1). The enantiomeric
excesswas determined by Chiral GC analysis
(CP-Cyclodextrin b 236M; 0.25mm� 25 m;
retentiontimes11.1min (R) and11.3min (S)) for
1-phenyl-1-propanol.The absolute configuration
wasassignedby comparisonof theoptical rotation
with that in the literature.9

4.2 Typical procedure for
enantioselective addition of
diethylzinc to aldehydes through
Path B

To a solutionof (S,R)-1d (0.10mmol, 0.058g) in
toluene(3 ml), aldehyde(1.0mmol) anda 1.0 mol
lÿ1 hexane solution of diethylzinc (2.2mmol,
2.2ml) wereadded,andthe mixture wasstirredat
0 °C for 5 h. The reactionmixture was treatedby
standardwork-up (see above).The enantiomeric
excesswas determinedby the method described
above for 1-phenyl-1-propanol or chiral HPLC
analysis(DaicelChiralcelOD-H column[eluent2-
propanolhexane(10:90), flow rate 0.3ml minÿ1;
detectionUV 254nm; retentiontimes28.3min (S)
and 30.3min (R)]) for 1-(2-naphthyl)-1-propanol.
The absoluteconfigurationwas assignedby com-

parison of the optical rotation with that in the
literature.9,10,15

4.3 Typical procedure for
enantioselective addition of
diethylzinc to aldehydes in the
presence of Ti(O-iPr)4
To a solutionof (S,R)-1d (0.10mmol, 0.058g) in
toluene(3 ml), Ti(O-iPr)4 (1.2mmol, 0.34ml) was
addedandthemixturewasstirredat50°C underan
argon atmospherefor 30min. Then 1.0 mol lÿ1

hexanesolution of diethylzinc (2.2mmol, 2.2ml)
and aldehyde (1.0mmol) were added, and the
mixture was stirred at 0 °C for 5 h. Work-up and
determinationof enantiomericexcessesand the
absolute configurationswere performed by the
methoddescribedabove.
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