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Selective reduction of aldehydes via BINOL–Zr complex
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Abstract—An easily assembled catalyst from (±)-BINOL (1,1�-bi-naphthol) and Zr(OiPr)4·iPrOH selectively reduces aldehydes at
room temperature. Ketones remain intact under these conditions. A catalytic amount of BINOL–Zr complex in the presence of
2-propanol also effectively reduces a variety of chiral and achiral aldehydes. © 2001 Published by Elsevier Science Ltd.

In syntheses of complex natural products and their
analogues, reductions and oxidations are usually
unavoidable1 and generally most important in designing
synthetic strategies. To reduce one of the carbonyls in a
multifunctional compound the other carbonyls must be
temporarily protected. To eliminate protection and
deprotection steps when one carbonyl is desired to be
reduced in the presence of other carbonyl groups, syn-
thetic chemists often take advantage of reactivity differ-
ences caused by electronic and steric effects. Tuning up
the reducing power of the reagents is an alternative
approach. However, except for hydroxyl group directed
selective reductions of carbonyls,2 few conditions
reduce selectively one carbonyl group in the presence of
another.3 To the best of our knowledge, there are no
hydride reagents that reduce effectively only aldehydes
and leave ketones intact at room temperature.4 Such a
reagent would be very useful especially in the syntheses
of polyoxygenated natural products. In this context, we
wish to report a selective reduction of aldehydes using
(±)-BINOL (1,1�-bi-napthol) and Zr(OiPr)4·iPrOH.

We have been seeking reduction conditions that reduce
only aldehydes in the presence of ketones using a
catalytic amount of reagents. For this purpose, the
reduction requires weaker reducing power than sodium
borohydride and reducing power comparable to
NaCNBH3. The Meerwein–Pondorf–Verley (MVP)
reduction might be a method in which the reduction
power can be tuned by changing the center metals and
ligands. The homogeneous MVP reduction using alu-
minum isopropoxide in 2-propanol can reduce alde-
hydes;5 however, these conditions give rise to significant

amounts of ketone reduction products. Group IVA
transitionmetallocene complexes such as Cp2ZrH2,
Cp2HfH2, Cp2Zr(OiPr)2, and Cp2Hf(OiPr)2 were suc-
cessfully applied to the MVP-type reduction in 2-
propanol at high temperature (130°C), and reduced
3-ketobutanal to 1-hydroxy-3-butanone after 8 h in
90–94% yields.6 We first examined more reactive cata-
lysts using readily accessible group IVB alkoxides.7

Ti(OiPr)4, Ti(OtBu)4, and Zr(OtBu)4 are widely used for
the center metal of a variety of ligands, and these
catalysts are very useful for many catalytic asymmetric
reactions.8 Because Zr(OiPr)4 is polymer-like and pos-
sesses poor solubility in conventional organic solvents,
few successful applications of Zr(OiPr)4 in catalytic
asymmetric reactions have been recorded.9 We observed
that the complex generated from relatively air and
moisture less sensitive Zr(OiPr)4·iPrOH and (±)-BINOL
in the presence of 4 A� MS10 in toluene effectively
reduced aldehydes. By using the electrospray mass spec-
tral technique developed by Marshall and co-workers,11

we were able to obtain useful information on the
molecular formulas of BINOL–Zr complexes.12 Inter-
estingly, the structures of the complexes are influenced
significantly by the solvent. In toluene solution a 1:1
mixture of BINOL and Zr(OiPr)4·iPrOH formed a com-
plex which contains six Zr atoms. The catalyst gener-
ated in polar solvents such as nitriles was smaller
containing four Zr atoms.

The catalyst generated in toluene at 60°C for 30–60
minutes showed the most reproducible results for chiral
and achiral aldehydes using a stoichiometric amount of
catalyst. Many substrates tested afforded the corre-
sponding alcohols in 1 h at room temperature without
addition of 2-propanol (Table 1). However, the steri-
cally congested aldehyde, Garner aldehyde13 (entry 14),
requires a longer reaction time, and the reduction of an
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Table 1. Selective reduction of aldehydes via (�)-BINOL and Zr(OiPr)4·iPrOHa

aAll reactions were carried out in a 1 mmol scale at room temperature.
bThe compound was characterized as its hemiketal by 1H NMR.
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�,�-unsaturated aldehyde proceeded in only unsatisfac-
tory yield (entry 19). As expected 10–15 mol% of the
BINOL–Zr complex reduced the aldehydes selectively
at room temperature within 5–18 h in the presence of
10 equivalents of 2-propanol to afford the correspond-
ing alcohols in 80–100% yields (Table 1). The reduction
of 2-octynal was faster than that of octanal under both
stoichiometric and catalytic conditions (entries 17 and
18). Alkanones, acetophenone, and benzophenone were
not reduced with stoichiometric amounts of BINOL–Zr
complex even after 4 h.14 Indeed, the reduction of
keto-aldhydes under either stoichiometric or catalytic
conditions afforded keto-alcohols in good yields
(entries 20–22). Less hindered aldehydes such as octyl
aldehyde could be reduced by an equivalent of catalyst
even at −40°C in 36 h. Therefore, the catalyst generated
from BINOL and Zr(OiPr)4·iPrOH is far more reactive
than conventional aluminum alkoxides for the MVP
reductions.

An intriguing possibility was that the regioselective
reduction of dialdehydes could be achieved via the
BINOL–Zr catalyst. Considering data provided by the
electrospray mass spectra of the catalyst (calculated
mass=2651.364), the rather large catalyst might recog-
nize the bulkiness of the �-functionalities of dialde-
hydes. To test the feasibility of this approach, we first
synthesized (3S,8R)-, (3R,8R)-dialdehydes15 having dif-
ferent protecting groups at C3 and C8 hydroxyl groups
(TBS or TIPS at C3 and Bn at C8). Treatment of 1a
(3R, R=TBS) with an equimolar amount of (S)- or
(R)-BINOL–Zr complex at 0°C for 1 h furnished the
mono-aldehyde in 50% yield without significant
amounts of the diol (less than 5%) with selectivities of
2b:3b=4.9:1 and 4.8:1, respectively.16 Reduction of the
dialdehyde possessing a bulkier protecting group at C3,
1b (3R, R=TIPS), gave better regioselectivity (2b:2c=
14:1 (for (S)-BINOL), 2b:2c=13:1 (for (R)-BINOL))
than in the case of 1a. The regioselective reduction of

1d was achieved using either (S)- or (R)-BINOL–Zr to
afford the mono-aldehyde 2d exclusively. The experi-
ments summarized in Table 2 imply that regardless of
the chirality of BINOL–Zr complex, chiral dialdehydes
of type 1a–1d could be reduced selectively at the less
hindered site. The regioselective reductions of chiral
dialdehydes reported here using the BINOL–Zr com-
plex have not previously been reported by using boron,
aluminum, tin associated reducing reagents, and the
aluminum alkoxide mediated MPV-type reductions.17

In summary, the catalyst generated from BINOL18 and
Zr(OiPr)4·iPrOH is very effective for specific reduction
of aldehydes. This catalyst recognizes �-chiral centers
of the dialdehydes. The scope and limitations of the
recognition of chiral carbonyl compounds using
BINOL–metal complexes are currently under
investigation.

Representative procedure for (1S,3S)-cis-3-acetyl-2,2-
dimethylcyclobutaneacetaldehyde (cis-pinonic aldehyde).
Stoichiometric reduction : A suspension of
Zr(OiPr)4·iPrOH (339 mg, 0.886 mmol) and (±)-BINOL
(252 mg, 0.8 mmol) in toluene (3 mL) was stirred at
60°C for 1 h. To the reaction mixture was added
cis-pinonic aldehyde (131 mg, 0.886 mmol) as a toluene
solution (1 mL). After 1 h at rt, the reaction mixture
was quenched with saturated NaHCO3 (3 mL) and
extracted with ether. The combined extracts were
washed with brine, dried over Na2SO4, and concen-
trated in vacuo. The crude mixture was purified by
silica gel chromatography (hexanes:EtOAc=2:1) to
afford cis-pinonic alcohol (120 mg, 90%). Catalytic
reduction : A suspension of Zr(OiPr)4·iPrOH (339 mg,
0.886 mmol), (±)-BINOL (252 mg, 0.886 mmol), and 4
A� MS (400 mg) in toluene (3 mL) was stirred at 60°C
for 1 h. To the reaction mixture was added cis-pinonic
aldehyde (810 mg, 5.91 mmol) in toluene (3 mL),
followed by freshly distilled 2-propanol (4.5 mL, 59.1

Table 2. Regioselective reduction of dialdehydes via (S)- or (R)-BINOL and Zr(OiPr)4·iPrOH

Yield (%)fEntry Substrate ConditionaR Selectivity (2:3)b

1a (3R) TBS1 (S)-BINOL 2a:3a=4.9:1 50c

1a (3R) TBS (R)-BINOL 2a:3a=4.8:1 50c2
1b (3R) TIPS3 (S)-BINOL 2b:3b=14:1 78d

4 1b (3R) TIPS (R)-BINOL 2b:3b=13:1 76d

2c:3c=5.5:1(S)-BINOLTBS1c (3S)5 60d

1c (3S) TBS6 (R)-BINOL 2c:3c=6.0:1 65d

7 1d (3S) TIPS (S)-BINOL 2d:3d=100:0 70e

1d (3S)8 TIPS (R)-BINOL 2d:3d=100:0 80e

a All reactions were carried out at 0°C.
b Selectivities of the products were established by 1H NMR.
c 40% of 1a was recovered after the reaction.
d 10–15% of 1c was recovered.
e 5–10% of 1d was recovered.
f The diol was isolated in less than 5%.
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mmol). After 10 h at rt, the reaction mixture was
quenched with saturated NaHCO3 (5 mL) and
extracted with ether. The combined extracts were
washed with brine, dried over Na2SO4, and concen-
trated in vacuo. Purification using the same condition
as for the stoichiometric reduction afforded cis-pinonic
alcohol (754 mg, 85%).
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