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Abstract-Propargyl ketones are readily reduced by the asymmetric reducing agent B-fpinanyl-9- 
borabicyclo[3.3.1]-nonane (Alpine-borane). The reagent prepared from (+ )-a-pinenc and 9-BBN 
provides the R enantiomer while the S enantiomer can be obtained from (-)-a-pinene. Alternatively the 
S enantiomer can be prepared from the reagent derived from 9-BBN and the benzyl ether of nopol 
@$dimethyl-bicyclo[3. I. I .Jhept-2-ena2-ethanol). The limiting factor in obtaining high enantiomeric 
induction is often the enantiomeric purity of the a-pinene. With looO/O enantiomerically pure a-pincne, 
propargyl alcohols of essentially loOa/, ee am be obtained. A predictive rationalization of the transition 
state leading to this remarkable selection is presented. The acetylene unit of the propargyl alcohol 
provides a convenient handle for transformations to other useful, optically-active products. The use of 
propargyl alcohols for the synthesis of optically-active Q- and /3-substituted y-&tones, and li-lactones 
is illustrated. 

Chirality often plays an important role in deter- 
mining the biological activity of molecules. Often 
small amounts of the minor enantiomer can change 
the activity of a compound.’ Hence the preparation 
of optically-active molecules in a high state of en- 
antiomeric purity is an important endeavor.2 One of 
the simplest methods of producing optically-active 
compounds is the asymmetric reduction of prochiral 
ketones. Although this reaction has been studied for 
over 30 ~ears,~ it has only been in the past few years 
that exceptional progress has been achieved.’ How- 
ever, one notes that almost all studies of asymmetric 
reducing agents use acetophenone as a substrate. 
There is a good reason for selection of this substrate. 
Most asymmetric reducing agents uniformly fail for 
the non-aromatic ketones of interest to synthetic 
chemists! 

To overcome the problem of lack of generality and 
usefulness, several groups have investigated the re- 
duction of propargyl ketones.s Since the acetylene 
unit provides a convenient handle for further elabo- 
rations, the resulting optically-active propargyl alto- 
hols are very useful in organic synthesis.6 

We have reported that certain trialkylboranes are 
efficient reducing agents.’ For example, B-fpinanyl- 
9-BBN (Alpine-borane*) is an extremely effective 
reagent for the asymmetric reduction of afdehydes.g 
The reaction is thought to proceed by a bimolecular, 
6-membered transition state in which the p-hydrogen 
of the organo-borane is transferred to the carbonyl C 
(eqn l).‘O 

Reduction of deuterio aldehydes consistantly pro- 
vides the S primary alcohol, while reduction with 

deuterio Alpine-borane provides the R product. A 
simple model can be used to predict the resuhs. 

(2) 

The reagent is extremely sensitive to steric effects.” 
Initial attempts to reduce acetophenone led to pro- 
longed reaction times and low (< laO/,) asymmetric 
inductions. Under forcing conditions (refiuxing tet- 
rahydrofuran, THF) an alternative pathway of 
dehydroboration-reduction becomes important.” 

(4) 

In order to achieve reductions of ketones, the 
stericaIly less conjested propargyl ketones were in- 
v~tigated.‘~ We report herein full details of this 
reaction. 

1371 
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RESULTS APiD DISCUSION 

Our initial investigation examined reductions using 
0.5 M solutions of Alpine-borane in THF. (Aldrich 
supplies 0.5 M solutions of 9-BBN), Reductions of 
aldehydes with this solution are generally complete 
within an hr or so at room temp. Reductions of r, 
/4-acetylenic ketones are slow in comparison with 
aldehydes. Nevertheless complete reduction can be 
accomplished in reasonable time by using 2 equiv of 
the trialkylborane. Terminal acetylenic ketones and 
acetylenic keto esters were completely reduced after 
8 hr at room temp. Internal acetylenic ketones re- 
quired l-4 days at room temp or until no starting 
material was detectable by GLC or NMR. This kinetic 
differentiation may be due to a steric and/or elec- 
tronic influence of the substituent on the acetylene. 
Recourse to heating as a means of accelerating the 
rate should be avoided. Enantiomeric purities were 
significantly lowered when the mixtures were refluxed 
for 8 hr at room temp. The loss of selectivity may 
be attributed to the competitive dehydroboration- 
reduction mechanism. (eqns 3-4). 

The reagent is widely applicable as seen by the 
variety of substrates in Table 1. Chemical yields are 
generally good. The enantiomeric purities of the 
products range from 73 to 100%. The enantiomeric 
excess is somewhat sensitive to the size of the subst- 

ituent on the ketone. In general methyl ketones give 

the lowest selectivity as would be expected from steric 
considerations. Note, for example, the increasing 
enantioselectivity in the series of acetylenic keto 
esters in proceeding from the methyl ketone 10 to the 
phenyl ketone 13. The bulky t-butyl ketone I was the 
only substrate which failed to undergo reduct- 
ion. 

The optically-active chromanyl substrates (7 and 8) 
were reduced to investigate the effect of a proximate 
chirai center on the selectivity of the reduction. These 
examples showed that intramolecdar interactions 
between a chiral center in the substrate and the 
reaction site do not appreciably enhance or detract 
from the enantioselective forces. These substrates 
gave diastereomeric alcohols with (R, R); (R, S) 
ratios of 85: 15 for the internal and 91:9 for the 
terminal acetylene. These values were obtained using 
(+ )-a-pinene of 100% ee. The reagent from 
( - )+pinene (90% ee) gave a 22 : 78 ratio of the two 
diastereomeric internal propargyl alcohols ( 18 : 82 
when corrected for purity of (- >a-pinene). These 
results are in sharp contrast to the results obtained 
with the LiAlH,/Darvon alcohol complex. With this 
reagent S-7, gave a 67: 33 (S, R):(S :S)ratio while 
the enantiomer of Darvon alcohol gave a 5: 95 (S, 
R):(S:S) ratio.” 

Table 1. Reductions of alkynyl ketones with Alpine-borane 

ketone RCOCXR' % b % e.e.- 
R R' yield& 

1 C6Hs 
2 CH3 

3 "-C3H7 

4 n-C&1 

2 n-C5Hr1 

6 CHfCH312 

BzO 
8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

CH302CCH2CH2 

CH3 

CH3CH2 

""C5Hll 

'6'5 

2-C5HllCH=CHCH2 

Z-C8Hl,CH-CH 

C(CH313 

CR3 

n-C4Hg 

SH5 
EC6H13 

n-C4H9 

H 

H 

CH3 

H 

G-C&7 

c32c2Hs 

C"2c2H5 

co2c2H5 

C02C2Hs 

c02C2H5 

C"2C2Hs 

CH3 

C(CH3) 3 

72 89s 

98 72178) 

68 77s 

66 78t85) 

70 92s 

78 91(99) 

77 85:15d 

7s 

75 9Ot98) 

59 71(773 

58 88(96) 

72 851921 

64 92flOO) 

73 90 

62 98 

62 

91:95 

73s 

@‘Isolated yield bawd on starting ketone. Determined by analysis of the Eu(dcm), 
shifted NMR spectrum. The numbem in parentheses are corrected for 92% ee 
a-pinene. ‘looO/, optically pure (+)-a-pinene was used. Qiastereomeric ratio (4 
R to R, S) determined by LC or NMR analysis of the mixture. 
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"-&8H17\ ,CC=CC02C2Hj _ 

$"Ii 

15a - 

15b 

To illustrate the mildness and selectivity of the 
reagent the reduction of the vinyl acetylenic ketone 
1511 was investigated. This compound is extremely 
sensitive to acid or base catafysed i~rne~t~on of 
the cis double bond. The reagent from ( + )-a-pinene 
(lOOC/oee) provide the alcohol in >98%ee (the 
S enantiomer could not be detected by 
NMRllanthanide shift reagent) while the reagent 
from ( - )-a-pinene (90% ee) gave material of 87% ee. 

To facilitate isdation of the product the excess 
Alpine-borane is treated with a volatile aldehyde 
such as acctaldehyde or propionaldehyde to liberate 
a-pinene. This process minimizes alcohol con- 
taminents in the tinal product. The a-pinene may 
then be removed under vacuum and recycled if 
desired. In our initial experiments the product was 
then isolated by fiberating the propargyl alcohol and 
precipitating the 9-BBN as the ethanol amine ad- 
duct,‘4 This process works well for base-sensitive 

otta HO 

I + 
RCHCECR 

H2N 
I 

propargyl alcohols. However, problems in isolating 
pure alcohol are often encountered. The product may 
be cnntaminat~ with boron containing material or 
become entrapped in the precipitate. To overcome 
these problems an alternative oxidative workup can 

P0 
RCHCECR 

NaOH 

H7O? 

P 

H HO 

RCHCSCR + H 
3 

(71 

be used. The propargyl alcohol may then be sepa- 
rated from the cti-1,5-cyclooctol by distillation 
or precipitation of the diol from hexane or ether. 

The longer reaction times often required when 
using 0.5 M solutions of alpine-borane can lead to 
diminished “/,ee because of competing dehydro- 
boration-r~uction (eqns 3-4). The method intro- 
duced by Brownf5 of running tbe reactions neat leads 
to a greatly increased reaction rate. For example 
Brown has found that ~phenyl-3-but~e-~~ne (2) is 
reduced in 4 h to product of 96.5% optical purity. 

Reactions are usually complete witbin a few hours 
but generally they are run overnight. Several exam- 
ples which we have investigated are illustrated below 
(%ee corrected for % ce of a-pinene is given in 
parenthesis), 

e H 

(CH3)2CH HCXH(or CH3) 

fj& fl9b) f91 

92(100f% e.e. 

18b (101 
- 

82(89)% e.e. 

Of the various structural changes in the alkynyi 
ketone so far investigated, onfy ketones with a t-Bu 
group adjacent to the ketone fail to undergo reduc- 
tion. Even running the reaction in the absence of 
solvent does not give a satisfactory result. Reduction 
presumably occurs by the dehydroboration- 
reduction pathway to provide racemic products, 
However we have found that these ketones are re- 
duced by A~pin~borane when subjected to high 

R 
fCH313CCC3CSi(CH3j3 

Alpine-Borane 

, 000 Atm ' 

2Oa 

Y 
(CH$ 3CCHCXSi(CH3)3 (11) 

20b - 

pressure. The reaction in eon (I 1) proceeds with 100% 
enantiomeric efficiency.‘6 

Alpine-borane is an extremely chemoselective re- 
ducing agent. Benxoyl chloride, y-valerolactone, 
ethyl propiolate and phthalic anhydride are not re- 
duced by neat Atpineborane over a period of several 
days.” Aidehvdes are reduced up to 10’ times faster 
than ketones.” This chemoselectivity allows one to 
seteetiveiy reduce a propargyl ketone in tbe presence 
of a methyl ketone. 
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Al~in~borane prepared from f + fa-pinene pro- 
vides the (R)-propargyl alcohols while ( - )-a-pincne 
provides the (S)-alcohols. When we initiated this 
~~v~tigatio~ ( - )-a-pinene was rather expensive and 
of low optical purity. To overcome these problems 
alternative analogs of (-)-at-pinene were sought. 
The readily available nopol (211, was an ideal substi- 
tute.18 Hydroboration of the benzyl ether of nopol 
(22) provides the reducing agent (23) which is calied 
NB-Enantrane (the corresponding borohydride is 

21 

9-BBN (13) 

23 

called NEEnantride’q. Hydroboration of the nopol 
benzyl ether is slow in comparison to hydroboration 
of a-pinene but can be completed upon refb in 
tetrahydrofuran (THF) overnight. 

Reductions of a, /I-acetylenic ketones with NB- 
Enantrane are slow in comparison to Alpine-borane 
reductions, Nevertheless, complete reduction can be 
accomplished in 2448 hr at room temperature by 
using a two-fold excess of organoborane and running 
the reaction without solvent. The slower rate of 
reduction is evidently caused by the very subtle steric 
effects that are observable with the organoborane 
reagents. Changing the Me group on a-pinene to the 

If 80% yield 

Q 

w 

91% e.e. 
0 '5 (corrected) 

ethanol group of nopol apparently increases the steric 
congestion of the reducing agents enough to effect the 
rate of reduction, AS~E.IC~~G inductions obtained in 
these reductions, using commercial nopol as a start- 
ing material, were about 8589%. For example, 
l-octyn3-one was reduced to fS)-l-octyn-3-01 in 
8904 ee. Upon examination it was found the commer- 
cial nopol is approx. 94”/, optically pure. We have 
found that it is possible to improve the optical purity 
of nopol to about 98% by recrystallization of nopol 
as the (- ~~-rne~yI-~~l~ne salt of the half 
phthalate derivative. 

A series of a, @-acetylenic ketones were examined 
with the purified NB-Enantrane (Table 2). In general, 
both chemical and enantiomeric yields axe high, In 
each case the (S)-propargyl alcohol is obtained. 

The stereochemical outcome of the reduction may 
be predicted by the simple model developed for 
aldehydes (eqn 2). Based on our m~ha~s~c studiesI 
the original model has been slightly modified. We 
envision that the hydride transfer occurs from a 
boat-like transition state in which the acetylene 
occupies the axial position. The model for 
Alpine-borane prepared from (+ )-cx-pinene is de- 
picted below. 

Table 2. Reduction of a, j?-Acetylenic Ketones with NB- Enantrane 

ketone RCOCECR' 
% ytelds % e..e.k 

R R' 

A. CW3 '6'5 
87 86 

27 cyclahexyf "-Cpll 84 96 

‘Isolated yield. bDetermined by analysis of the Eu(hf~)~ shifted NMR spectrum. 
“During the oxidative workup the t~rne~yl~i~yi group was removed. 
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The transition state leading to the minor com- 
ponent is therefore destabilized by the diaxial inter- 
action of the pinanyl Me group and the R group of 
the ketone. The selectivity of the reagent appears to 
be based purely on steric grounds rather than on an 
electronic effect. Note for example that the phenyl 
alkynyl ketones 1 and 13 are effective substrates. 
(However, electronic effects do change the rate of 
reduction, electron withdrawing substituents increase 
the rate.) These results are to be contrasted to the 
LiAlH, based reagents in which an electronic effect of 
the acetylene appears to be very important. The 
acetylene unit predictively behaves as if it were the 
aromatic group of acetophenone with the Lilti, 
reagents.’ In fact little selectivity is observed for 
alkynyl aromatic ketones with these reagents.* 

The ketones required for the reduction are gener- 
ally prepared by standard literature procedures such 
as oxidation of the propargyl alcohol with Jones 
reagent. The racemic alcohols are in turn either 
commercially obtained or prepared by addition of a 
lithium acetylide to an aldehyde. The racemic ester 
alcohols W-15 were prepared by adding lithium ethyl 
propiolate to the aldehyde.t0 Alternative methods for 
preparing the ketones directly have also been used in 
several cases. For example, Sn,2’ Si= or Cu” acety- 
lides can be reacted with acid chlorides to provide the 
ketones. 

Me3SiCECSiMe3 
8 8 

+ ClCCH2CH2COCH 
Ale13 

+ 

a 8 
18a Me3SiCrCCCH2CH2COCHj (15) 

As we have indicated, the enantiomeric efficiency 
of the reduction often approaches looo/ The optical 
purity of the a-pinene then becomes the limiting 
factor in obtaining a high purity product. Since 
methods exist for obtaining high optical-purity ( + )- 
or ( - )-a-pinene,” this problem is solved. 

The acetylene handle may be moved through a 
series of CH2 units using potassium ?I-amino- 
propylamide (KAPA) without affecting the chiral 
center.” 

OH 

C=C(CH2),,CH3 KAPA 

OH (17) 

1 

R/i” (CH2)n+l~~~ 

Reduction of the acetylene can produce the 
optically-active cLF or trm allylic alcohols. The chi- 
rality of the alcohol center may then be transferred 
by sigmatropic rearrangements to remote C centers.= 

X X 

I\ 

RL Y??IN 

0' (18) 

' R' ' R' 

To illustrate these possibilities, we have explored 
the synthesis of some simple substituted lactones. 
We have previously demonstrated the synthesis 
of optically-active y-substituted y-la&ones and 
butenolide? and the synthesis of the y-lactone pher- 
omone of the Japanese beetle in 100% optical pu- 
rityeS To obtain a- or /?-substituted lactones, a 
combination of chirality transfer and ozonolysis may 
be used (Scheme 1). 

In these cases the alkyl group adjacent to the CO 
in the propargyl ketone eventually is discarded. By 
choosing the isopropyl group we can obtain max- 
imum asymmetric induction so that the chirality of 
the a-pinene is ultimately transferred to the 
b-position of the lactone with essentially 100% 
efficiency. However there is a small loss in en- 
antiomeric purity of the a-substituted la&one which 
occurs in the last step. 

OH 

+5H11CC=CCH3 j "-Cpl, A EC-CH3 KAPA 

OH 119) 

A 

I 

"-C5Rll CH2CZH l)pBuLi 
2fCO2 I 
3) Lindlar 

"=GjHl b 
22. 34 - 

In many ways we feel that the ability to effactively 
reduce propargyl ketones is far more useful than 

Larger ring lactones may be prepared by isomer- 

being able to reduce acetophenone. Because of the 
ization of the acetylene. Carboxylation of the acety- 

acetylene unit, the propargyl alcohols can be con- 
lene folIowed by Lindlar reduction provides the a, 

verted into a variety of useful products.6 For example 
/I-unsaturated lactone in eqn (19) in 85% optical 

the acetylene may be converted into other functional 
purity.Vhe R enantiomer (massoilactone) has been 
identified as the defense allomone of the formic&e 

groups such as acids, ” butenolides or lactones.26 ant.” Pirkle has demonstrated that such cornbounds 

H F R HCECH - 

H RF HC02H 

H F R HCH2C02H 
(16) 

will undergo stereoselective organocuprati addi- 
tions.30 
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It 03 

i 

2) NaBHq 

1 
0 b 31 - 

90.3% 0-p. 
Q ‘ff, zi 

I 
0 70% e.e. 

Scheme 1. 

CONCLUSION 

A~pi~boraue is an attractive reagent for the 
preparation of chiral secondary propargylic carbinob 
of high enantiomeric purity. Reduction of certain 
acetylenic keto esters and terminal eynones prcrceeds 
with virtually quantitative asymmetric induction. 
This is a rare event in prochiral nonaromatic systems. 
Alpine-borane compares favorably with other re- 
agents and often gives superior results. The reagent 
is commercially available or can be readily prepared 
from ( + )- or ( - 1-e -pinene. The reduction is easy to 
perform and large-scale reactions pose no problem. 
The pinene liberated in the reduction may be recychxi 
without loss of optical purity. Finally, XI-alkyC9- 
BBN compounds are mild reagents which will toler- 
ate the presence of other functional groups. 

EXPEIUlWNTAL 
AH operations invoiving air-sensitive reagents were per- 

formed under a dry nitrogen atmosphere using syringe 
techniques.” Ail glassware was dried at 135” for at least 
4 hr. assembled hot, and cooled while being purged with Nz. 
‘H NMR spectra were obtained on a Varian EM-390 
(90 MHz) instrument or JEOL FX-200 (2OOMHt) FT 
instrument. “C NMR spectra were obtained on the JEOL 

FX-200 (SO MHz) instrument. Areas of 
% 

and S proton 
signals in the presence of Eu(hfc& or u(dcm)3 were 
determined by cutting and weighing expanded spectra. 
Optical rotations were measured on a Perkin-Ehxxer 241 
digital polarimeter. 

THF was distilled under N2 from potassium benxo- 
phenone ketyl and stored under a positive Nz pmssure. 
(+)-a-pinene t&J3 + 46.6” (neat, d = 0.858, lit.33[uj# f 
51.8”); f-)-fl-pinene (tag - 21.0” (neat, d = 0.859), 
Lit.TajD - 22.1”) and 0,5M 9-BBN in THF where obtained 
from Aldrich Chemical Company. Acetylenes were obtained 
from Aldrich or Farchan. Bis-trimethylsilylacetylenc was 
obtained from Strem Chemical Company. (-)s-Pinene 
was prepared by isomer&&ion of (- )+pinene according 
to the method of Cocker.3f The Eu(dcm),, shift reagent was 
prepared according to the method of Whitesides. 

R-( + ~~~~~~-3-~z~~ -2-ok. This experiment is re- 
presentative of reductions in 0.5 M THF using the ethanol- 
amine work up. An ovendried !&ml round-bottom flask, 
equipped with a septumepped side arm, magnetic stirring 
bar, reflux condenser, and stopcock adaptor connected to 
a mercury bubbler was assembled hot and flushed with a 
stream of NP3’ Then 18.5ml of a 0.54 M THF soln 
~lO.Ommol~ of PBBN was added by syringe followed by 
1.78mL (11.Ommol) of (+ )_a-pinene ((alf5 +47,280, 
92%ee, distilled from LiAIH,). The soln was stirred at 
rellux for 2.5 hr. The soln was cooled to room temp and 
0.73 mL (5.0 mmol) of 4-phenyl-3-butyn-2-one (Aldrich) 
was injected into the flask. A yellow-orange color at this 
stage is chara~t~~tic in these reductions. Stirring at room 
temp was continued for 48 hr. Then 0.5 mL of acetaldehyde 
(excess) was added to the soln and stirring continued for 
15 min. With the flask in a water bath, the solvent was 
removed by applying a water aspirator and stirring vigoro- 
usly as a stream of Nz was passed over the soln. This 
operation was completed by stirring the residue at 40’ 
under aspirator pressure for IOmin. The a-pinene may be 
removed at this sta8e by applying a 0.05 mm vacuum for 
2 hr while the flask is heated to 40”. The Aask was then fllled 
with N, and the liquid was dissolved in 12 mL of anhyd 
diethyl ether. This soln was cooled in an ice bath and then 
treated with 0.66 mL (11 mmol) of e~~ola~ne. A white 
ppt formed and the mixture was stirred for 15 min at 0% 
The flask was then opened to air and the mixture titered 
with suction. The solid was washed with 4 mL of cold ether. 
The combined filtrate was then washed with 20mL of sat 
aq NaCl dried over MgSO,, filtered, and concentrated 
to a clear oil. This was distilled from a Kugelrohr oven ipot 
temp, lOO”, (0.02mm Hgj] to provide 0.72 g f98”/,) of 
~phenyi-3-but~-2~1 (tat]g + 51.8” (neat). rH NMR 
(Ccl,) 6: 1.45 (d, 3H, J = 7), 2.1 fbs, OH), 4.61 (q, IH, 
J = 61, 7.15 - 7.48 (m, 5H). Examination of the NMR 
spectrum in the presence of ~~di~pholylme~anato) 
europium(III), Eu(dcm13, 36 indicated an enantiomeric mix- 
ture of 86% R, 14% S {72”/,ee). In reductions of 10-15, 
isolation of the Y-hydroxy-a, ~-a~tyle~c esters was facili- 
tated by elution of the crude products through a short silica 
gel column prior to distillation. Unless this precaution is 
taken, the pot contents rapidly decompose upon heating. 

S-( - )4Heptyn-3-d (242). (Reduction with NB- 
Enantrane and oxidative workup). The 50-ml reaction flask 
{see above) was assembled and 8ushed with N2. Then 
10.64 mL (5 mmol) of a 0.47 M THF solution of PBBN 
was added by syringe followed by a soln of 1.408 g 
(5.5 mmol) of nopol benxyl ether in 5 mL of THF. The soln 
was refluxed overnight. The THF was then evaporated by 
applying a water aspirator and stirring vigorously as a 
stream of N, was passed over the soln. The flask was then 
fslled with N, and 0.275g f2Smmol) of 4-heptyn-3-one” 
was added. The slightly yellow mixture was stir& for 48 hr 
at room temp. Then, 0.43 mL (6 mmol) of freshly distilled 
propionaldehyde was added and the mixture stirred for 
1 hr. The soln was diluted with 10mL of THF and the 
organoborane oxid&& (1.7 mt of 3M NaOH, 1.2 mL of 
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