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Chiral propargylic alcohols are extremely useful intermediates
for the enantioselective synthesis of complex molecules, for
example, eicosanoids,1 macrolides,2 and enediyne antibiotics.3

There have been only two principal approaches to the enant-
ioselective synthesis of propargylic alcohols: (1) enantioselec-
tive alkynylation of aldehydes4 and (2) reduction ofR,â-ynones5
or theirπ-Co2(CO)6-protected derivatives.6 Although the last
method6 is catalytic and quite effective, we sought amore direct
catalytic synthesis. This research led to the discovery of a
remarkable steric effect across the acetylenic linkage and a direct
and highly effective catalytic enantioselective reduction ofR,â-
ynones.

The example described in Scheme 1 is representative.
Treatment of ketone1a and oxazaborolidine3a (0.05 equiv)
with catecholborane (1.2 equiv) as the stoichiometric reductant
at -78 °C in CH2Cl2 produced the (R)-acetylenic alcohol in
98% yield and 97% ee (66:1 enantiomer ratio (er)).7-9 The
acetylenic ketone undergoes enantioselective reduction in the
sense expected for coordination of the catalyst at the carbonyl
lone pair anti to the (triisopropylsilyl)ethynyl unit, which
functions effectively as the larger carbonyl substituent (RL)
versus then-pentyl group (RS).10 An indication of the scope
of this reduction is provided by the examples shown in Table
1. The products are valuable synthetic building blocks; for
example, 2a for eicosanoid synthesis,1,5b 2c for enediyne
derivatives,3 and2d for elaboration products of ethynyl oxiranes.
It is noteworthy that for the reduction of ketone1e isopropyl
corresponds to RS and ethynyl to RL. The previously unknown
(triisopropylsilyl)acetylenic ketones1a-e were efficiently
prepared via a novel and highly selective Friedel-Crafts
acylation (RCOCl, AlCl3, CH2Cl2, 0 °C) of (triisopropylsilyl)-
(trimethylsilyl)acetylene.11A greater understanding of the factors
responsible for the high enantioselectivity observed in the
reduction of theR,â-ynones can be gained from the data shown
in Tables 2-4. The results in Table 2 reveal a dramatic
enhancement of the asymmetric induction as the distal group
of the alkyne increases in size fromn-pentyl (68% ee, 4:1
enantiomer ratio) to phenyl and trimethylsilyl (87% ee, 14:1
enantiomer ratio) to triisopropylsilyl (96% ee, 49:1 enantiomer
ratio). A consistently greater remote steric effect of the
triisopropylsilyl group relative to the trimethylsilyl group is
documented in Table 3.12 The dependence of the enantiose-
lectivity of reduction of the (triisopropylsilyl)acetylenic ketones
on thealkyl group attached to the boronatom of the catalyst is
clearly shown by the data in Table 4. A systematic increase in
the size of the boron substituent resulted in marked enhancement
of the enantioselectivity of the reduction. Thus, in CH2Cl2, the
percent ee observed increased from 60% (B-Me, catalyst3c)
to 92% (B-n-Bu, catalyst3b) to 97% (B-CH2SiMe3, catalyst
3a), whereas in toluene, the percent ee observed increased from
46% ((S)-enantiomer,3c) to 72% ((R)-enantiomer,3b) to 95%
(3a).13 It is interesting to note that the selectivity of the
reduction varies with solvent for catalyst3c (CH2Cl2, 4:1
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desilylation (1.1 equiv of tetrabutylammonium fluoride, THF, 23°C) and
comparison of the optical rotation with known (R)-1-octyn-3-o1; [R]D,25
+4.2 (c 0.55, CH2Cl2), [R]D,20 (lit.) +6.5 (c 2.0, CH2Cl2). The absolute
configurations of the other (triisopropylsilyl)acetylenic alcohols (Table 1)
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(8) Catalyst3awas prepared using (S)-R,R-diphenyl-2-pyrrolidinemetha-
nol and Me3SiCH2B(OH)2. For the catalyst preparation procedure see the
Supporting Information. Physical data for3a: 1H NMR (400 MHz, CDCl3
(distilled)) δ 7.52 (d,J ) 8.6 Hz, 2H), 7.38 (d,J ) 7.9 Hz, 2H), 7.17-
7.35 (m, 6H), 4.28 (dd,J) 5.6, 10.0 Hz, 1H), 3.34 (m, 1H), 3.04 (m, 1H),
1.76 (m, 2H), 1.58 (m, 1H), 0.79 (m, 1H), 0.08 (s, 3H), 0.05 (s, 6H) ppm;
13C NMR (100 MHz, CDCl3 (distilled))δ 148.02, 144.34, 128.04, 127.06,
126.50, 126.39, 126.22, 87.31, 72.61, 43.39, 30.50, 25.95, 0.58, 0.50 ppm;
11B NMR (96 MHz, CDCl3 (distilled)) δ 35.12 (br s) ppm; MS (CI) [M+
H]+ (100%), M+ (35%); HRMS (CI) calcd for [C21H29BNOSi] 350.2111,
found 350.2123. Reduction of 1a: Ketone1a (1.6 mmol, 449 mg)
(azeotropically dried with toluene under an inert atmosphere) was treated
with catalyst3a (0.05 equiv, 0.08 mmol, 400µL of a 0.2 M toluene
solution). The toluene was removedin Vacuo, CH2Cl2 (4 mL) was added,
and the solution was cooled to-78 °C. A solution of catecholborane (1.2
equiv, 1.9 mmol, 200µL) in CH2Cl2 (800 µL) was then added dropwise
over 10 min. After 5 h of stirring, MeOH (1 mL) was added, the solution
was warmed to 23°C, diluted with Et2O, washed with 2:1 1 N NaOH-
saturated NaHCO3 until the aqueous layer was colorless, washed with brine,
dried (MgSO4), and concentratedin Vacuo. The addition of Et2O (10 mL)
followed by 0.5 M HCl in MeOH (0.05 equiv, 0.08 mmol, 160µL) resulted
in precipitation of the amino alcohol hydrochloride salt as a fine powder
which was removed via filtration. The Et2O was removedin Vacuo, and
the residue was passed through a short column of silica gel (30:1 to 15:1
hexanes-EtOAc) to provide 440 mg of2aas a clear oil (98% yield): [R]D,25
+12.1 (c 1.40, benzene);1H NMR (500 MHz, CDCl3) δ 4.38 (m, 1H),
1.76 (d,J) 4.9 Hz, 1H), 1.71 (m, 2H), 1.46 (m, 2H), 1.31 (m, 4H), 1.01-
1.29 (m, 21H), 0.89 (t,J) 6.9 Hz, 3H) ppm;13C NMR (100 MHz, CDCl3)
δ 108.99, 85.48, 63.12, 37.99, 31.49, 24.86, 22.63, 18.63, 14.01, 11.19 ppm;
FT-IR (neat) 3407, 2957, 2942, 2893, 2865, 1464 cm-1; MS (CI) 300 ([M
+ NH4]+, 100); HRMS (CI) calcd for [C17H38NOSi] ([M + NH4]+)
300.2723, found 300.2736. The enantioselectivity of the reduction was
determined by conversion of the alcohol to thep-nitrobenzoate and HPLC
analysis (Chiralcel OD, 0.05%i-PrOH in hexanes, 0.5 mL/min,λ ) 254
nm) which showed the product to be of 97% ee (tR ) 30.4 min, major;
26.0 min, minor).

(9) The reduction of ketone1a using 0.1 equiv of catalyst3a and 1.0
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the enantiomer of2a in 40% ee and 88% yield.
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of 3-nonyn-2-one also increased with the size of the alkyl group on the
boron atom: 87% ee,3b; 90% ee, B-i-Bu catalyst; 95% ee,3a. See ref 6.
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enantiomer ratio; toluene, 1:3 enantiomer ratio) and catalyst3b
(CH2Cl2, 24:1 enantiomer ratio; toluene, 6:1 enantiomer ratio)
but not for catalyst3a which gave very high levels of
enantioselectivity in both CH2Cl2 and toluene.14 A very
important feature of the CH2SiMe3 group is that it projects steric
bulk far from the Lewis acidic boron atom of the catalyst,
thereby providing an additional point of contact with alkynes
possessing remote substituents. For these acetylenic ketones,
the rigid linear nature of the alkyne positions the triisopropylsilyl
group in proximity to the trimethylsilyl group of the catalyst
for carbonyl bindingsyn to the acetylenic moiety. To avoid
the latter unfavorable interaction, the ketone preferentially binds
via the carbonyl lone pairanti to the alkyne to produce the (R)-
propargylic alcohol. The results shown in Tables 2 and 3 are
a consequence of such remote steric effects across the triple
bond.

In conclusion, the first catalytic enantioselective reduction
of R,â-ynones described herein provides useful propargylic
alcohols of very high optical purity in excellent yields. High
enantioselectivity with catalyst3a is due to a novel remote steric
effect across the C-C triple bond involving the distali-Pr3Si
substituent15 of the substrate and the Me3SiCH2 group on the
boron atom of the catalyst3awhich strongly disfavors the minor
pathway.
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Table 1. Oxazaborolidine-Catalyzed Reduction of Acetylenic
Ketones

entry R ee (%) yield (%)

a CH2(CH2)3CH3 97b 98
b CH3 95b 100
c CH2CH2CO2Et 90c 95
d CH2Cl 95d 97
e CH(CH3)2 90b,e 91

aReactions were run with 0.05 equiv of3a and 1.2 equiv of
catecholborane in CH2Cl2. Use of higher temperatures resulted in lower
enantioselectivity.b Percent ee determined by conversion to the p-
nitrobenzoate and HPLC analysis (Chiralcel OD).c Percent ee deter-
mined by conversion to the benzoate and HPLC analysis (Chiralcel
OD). d Percent ee determined by1H NMR analysis of the Mosher ester.
eCatalyst3b (B-n-Bu) was used.

Table 2. Effect of Alkynyl Terminus on Enantioselectivity

entry R′ ee (in %) (er)b yield (%)

a CH3(CH2)3CH2 68c (5:1) 93
b Ph 87d (14:1) 100
c Me3Si 87e (14:1) 92
d i-Pr3Si 96f (49:1) 95

aReactions were run with 0.05 equiv of3a and 1.2 equiv of
catecholborane in toluene.b Enantiomer ratio.c Percent ee determined
by conversion to the benzoate and HPLC analysis (Chiralcel OD).
d Percent ee determined by HPLC analysis (Chiralcel OD).ePercent
ee determined by conversion to thep-nitrobenzoate and HPLC analysis
(Whelk-O1). f Percent ee determined by conversion to thep-nitroben-
zoate and HPLC analysis (Chiralcel OD).

Table 3. Reduction of (Trialkylsilyl)acetylenic Ketones

entry R
R′ ) SiMe3
ee (in %) (er)

R′ ) Si(i-Pr)3
ee (in %) (er)

a CH2(CH2)3CH3 92b (24:1) 97 (66:1)
b CH3 87b (14:1) 95 (39:1)
c CH2CH2CO2Et 83c,d (11:1) 90 (19:1)

aReactions were run with 0.05 equiv of3a and 1.2 equiv of
catecholborane in CH2Cl2. b Percent ee determined by conversion to
the p-nitrobenzoate and HPLC analysis (Whelk-O1).c Percent ee
determined by conversion to the benzoate and HPLC analysis (Chiralcel
OD). dReduction of this substrate using 1 equiv of B-Me oxazaboro-
lidine 3cand 2.5 equiv of BH3-Me2S in THF at-30 °C provided the
enantiomeric alcohol in 60% ee and 40% yield. See ref 10.

Table 4. Effect of Boron Substituent and Solvent on
Enantioselectivity

eeb (in %) (er)

entry R′′a CH2Cl2 toluene

a CH2SiMe3 97 (66:1) 95 (39:1)
b n-Bu 92 (24:1) 72 (6:1)
c Me 60 (4:1) 46 (1:3)c

a Entries a and b (CH2Cl2) utilized 0.05 equiv of catalyst. Entries b
(toluene) and c utilized 0.15 equiv of catalyst. No significant changes
in enantiomeric excess were noted with different catalyst loads.
bPercent ee determined by conversion to thep-nitrobenzoate and HPLC
analysis (Chiralcel OD).c The major product is the (S)-enantiomer of
2a.
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