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Summary: The hydroboration of a variety of allyl ketones
with (-)-(diisopinocampheyl)borane precedes a highly
stereoselective intramolecular reduction of the ketone,
providing a convenient procedure for the preparation of
enantiomerically enriched alcohols.

We recently reported a procedure for the preparation
of enantiomerically enriched secondary alcohols using keto
boronate ester substrates.2 That procedure allowed the
construction of nonracemic alcohols from ketone precur-
sors in which there was little steric or electronic dif-
ferentiation between the alkyl substituents flanking the
carbonyl functional group. Enantiomerically pure (4-
ketoalkyl)boronates.were used as substrates, and it was
hypothesized that these formed kinetically active cyclic
complexes that underwent stereoelectronically controlled,
intermolecular attack by a reducing agent, providing the
desired products. While the mechanistic interpretation
agreed with the experimental results obtained in that
study, it was not possible to detect the postulated boronate/
ketone intramolecular complex spectroscopically.® In
order to increase the likelihood of observing an intramo-
lecular Lewis acid/Lewis base complex of this type,
replacement of the boronate ester by a stronger Lewis
acid, such as a trialkylborane, was contemplated. Switch-
ing to a stronger Lewis acid component could not only
provide greater opportunities for detection of intramo-
lecular complexes, but could furnish substantial synthetic
advantages as well. For example, use of a stronger Lewis
acid could provide enhanced activation of the carbonyl,
thereby permitting use of less reactive nucleophiles in the
carbonyl addition reaction. Furthermore, a stronger B-O
interaction was anticipated to “tighten” the transition
structure leading to product. This would have the effect
of magnifying important steric effects in the transition
state, thereby enhancing stereoselectivity. Of particular
interest in this regard was the possibility that readily
available, nonracemic organoboranes could be utilized as
an entry to enantiomerically enriched alcohols.

With these goals in mind, 1-nonen-4-one (1a) was treated
with 1 equiv of (-)-diisopinocampheylborane [(-)-(IPC),-
BH, prepared from (1R,5R)-(+)-a-pinene] in THF at 0
°C.4 Thesolvent wasremoved after an appropriate amount
of time, and an IR spectrum was taken to determine the
nature of the intermediate generated. Somewhat surpris-
ingly, the resulting clear oil did not exhibit an IR signal
in the region typical of a carbonyl stretch. The 11B NMR
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spectrum of this oil indicated the complete disappearance
of the starting dialkylborane and the formation of a new
compound with a !B peak centered at 57 ppm, a typical
UB resonance for a borinate ester (R;BOR).> The 13C
NMR spectrum of this oil (C¢Dg) revealed the presence of
amethine carbon atom (CH, determined by APT) attached
to an oxygen (8 75.49). When this oil was subjected to
sodium perborate oxidation® followed by flash chroma-
tography, (R)-1,4-nonanediol was isolated in 98% yield
and 96% ee.” This unexpected result prompted an
examination of the rate of disappearance of the ketone
during the hydroboration process. By doing this, it was
determined that (+)-a-pinene was formed at approxi-
mately the same rate as the ketone disappeared.

That the enantioselectivity is not a result of an initial
reduction of the carbonyl by (-)-(IPC):BH is clear from
at least two lines of evidence. First, both IPC;BH and
IPCBH, (which, in principle, could be present in the
reaction mixture) reduce ketones with only low levels of
enantioselectivity (9-46% ee’s).?2 Secondly, we® and
others!® have observed that hydroboration of unhindered
olefins takes place much more rapidly than carbonyl
reduction. Thus, both monoalkylboranes and dialkylbo-
ranes can be utilized to hydroborate a terminal olefin
selectively in the presence of a ketone.

Even though it seemed evident that hydroboration was
occurring first, there were still at least two means by which
the ketone could be reduced intramolecularly to provide
the observed product. At this point the preferred mecha-
nism is an intramolecular version of the trialkylborane
(Midland) reduction, wherein a concerted reduction of
the carbonyl takes place with release of (+)-a-pinene
(Scheme 1).1! This mechanism is also analogous to
intramolecular versions of the Meerwein-Ponndorf-Verley
reaction.!? That the trialkylborane initially generated
could take part in such a facile (0 °C, THF solution,
ambient pressure, 1.5 h) intramolecular reduction is at
first somewhat surprising. By comparison, the bimolecular
reaction of neat Alpine-Borane with various ketones
typically requires at least 7 days at room temperature to
proceed to completion, and even at 6000 atmospheres of
pressure reaction times are typically at least 1 day.!!
Entropic factors associated with the intramolecularity of
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the current process might explain the dramatic increase
in reaction rates relative to the intermolecular version of
the reaction. Midland and co-workers have determined
that in related intermolecular reactions the entropies of
activation for reductions using B-n-octyl-9-BBN were
about -45 cal deg! mol-1.13 The entropic advantages
inherent in the current intramolecular reactions would
not only favor the formation of a tight Lewis acid/Lewis
base complex but in addition would provide a high effective
concentration of this activated complex positioned ideally
for the concerted, intramolecular reduction reaction.

Interestingly, this mechanism implies that, to adramatic
degree, only one of two limiting diastereomeric transition
structures is involved. Thus, if the trialkylborane (IPC,-
BR) intramolecularly complexes with the carbonyl (gen-
erating a tetrahedral boron), the two isopinocampheyl
groups are no longer equivalent, but are in fact diaste-
reotopic. Although the precise factors involved in the
stereoselection are difficult to pin down, the favored
transition structure (A) appears to minimize steric in-
teractions and also provides close approach of the hydride
tothe carbonyl center. The alternative transitionstructure
(B) likely incorporates steric interactions between the
“dummy” isopinocampheyl group and the methyl sub-
stituent on the “active” isopinocampheyl group. This
trialkylborane model thus appears to rationalize the high
selectivity observed in these reactions.

A second mechanism cannot be completely ruled out,
however. Thus, the initially generated trialkylborane
could release (+)-a-pinene in a dehydroboration reaction,
generating a dialkylborane. Rapid intramolecular reduc-
tion would provide the observed product (eq 1). Although

0 — [(+)-o-pinene] l: 0
R

AN~ BOPO),

1 M

hindered alkyl(diisopinocampheyl)boranes are known to
undergo dehydroborations,8a14 there is apparently no
direct evidence for the rate of dehydroboration in tri-
alkylboranes derived from terminal alkenes and IPC,BH.15
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However, on the basis of analogous trialkylboranes this
process would appear to be too slow for the overall process
described herein. Furthermore, we have examined the
reaction of ‘(monoisopinocampheyl)borane (IPCBHj)1€
with substrate 1a (eq 2).° After oxidation and conversion

. IPCBH, [c ] OH

to the (bis) Mosher ester, it was determined that in fact
3a was the major enantiomer generated (only 11% ee). If,
as anticipated, the hydroboration process occurred
chemoselectively, then the same intermediate (C) would
be involved in this process as that depicted in eq 1. The
fact that 3a was the major enantiomer generated when
using IPCBH; for the hydroboration/reduction process
thus implies that C cannot be involved in reactions
involving IPC;BH reductions. Inspite of these arguments,
further mechanistic studies appear warranted.

By whatever mechanism it takes place, this process
represents a substantial simplification of the enantiose-
lective boronate ester reduction process previously
developed.2® Consequently, the reaction conditions were
optimized and a preliminary study was carried out to
determine the scope of the reaction.!” A number of
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Table 1. Results of the Stereoselective Hydroboration/
Reduction of 8,y-Unsaturated Ketones la—1g with

(-)-(OPCy;BH
% isolated enantioselectivity
substrate R yield (2 + 3)2 (% ee)b

la n-CsHu 98 96
1b CgHiy 91 87¢
le eHs 86 94
1d CI(CHy); 86 9834
le NC(CHy)10 98 75
1f 88 86

)

WS (CH
1g CH;302C(CHz)4 94 88

¢ Refers to the yields of purified diol, except for 1d (see eq 2). All
new compounds have been fully characterized spectroscopically (\H,
NMR, 13C NMR, IR), and elemental composition has been established
by combustion analysis and/or high-resolution mass spectrometry.
b Determined by !°F NMR of the crude Mosher diester unless
otherwise specified. In all cases, the 1°F NMR spectra of the racemic
and enantiomeric Mosher diesters have been measured to ensure
adequate resolution in the 1°F NMR spectra. ¢ Determined by 500-
MH:z !H NMR of the multiplet corresponding to the methylene
protons adjacent to the primary ester (4.15-4.36 ppm). 9 Determined
by capillary GC analysis of the menthyl carbonate derived from (-)-
menthyl chloroformate.

polyfunctional substrates were tested to determine the
compatibility of various functional groups to this reductive
procedure. As can be concluded from the results outlined
in Table 1, this procedure has been successfully applied
to a number of diverse 8,y-unsaturated ketones. After
oxidation of the cyclic borinate intermediates, diol prod-
ucts possessing high degrees of enantiomeric enrichment
were isolated.

In addition to diverse reactions that might be carried
out on the cyclic borinate ester intermediate (e.g., pro-
tonation, Suzuki-type coupling,® Matteson homologa-
tion,! and other processes?® ) the compatibility of
functional groups on the 8,y-unsaturated ketones may
provide direct routes to nitrogen heterocycles, cyclic
hemiacetals, and lactones. For example, the basic oxida-
tion procedure directly converts the cyclic borinate ester
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derived from substrate 1d into the tetrahydrofuran
derivative (eq 3).
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The present procedure emphasizes several important
features of organoborane chemistry. It clearly indicates
that olefins react with dialkylboranes much faster than
with ketones. Although precedented, few general proce-
dures have taken advantage of this selectivity.1® Secondly,
it accents the dramatic effect that intramolecularity has
on the Midland reduction process and provides a means
by which one can take advantage of this for the enanti-
oselective synthesis of simple ketones. Finally, this
procedure represents a substantial improvement in the
synthesis of enantiomerically enriched 1,4-diols from
readily available (both enantiomers) and inexpensive
starting materials. Future investigations will be directed
toward the greater understanding and further development
of this simple, yet highly versatile, transformation.
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