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Summary: The combination of 5 mol % of Ti(O-i-Pr),
with 2.5-3.0 equiv of (EtO);SiH cleanly hydrosilylates
esters to silyl ethers at 40-55 °C, which can be converted
to the corresponding primary alcohols via aqueous alkaline
hydrolysis in excellent overall yield. The reaction can be
carried out in the air, without solvent, and displays a high
level of functional group compatibility.

We recently reported the conversion of esters to alco-
hols? using a novel titanocene-based catalyst system in
which a silane served as the stoichiometric reductant.?
The active catalyst system was generated by the addition
of 2 equiv of n-BuLi to Cp,TiCl, under an inert atmo-
sphere. We now report a second-generation catalyst sys-
tem for ester hydrosilylation which is self-activating, needs
no added solvent, and can be generated and utilized in
the air. Moreover, this system displays an enhanced level
of functional group compatibility.

A key step in the proposed catalytic cycle described in
our initial report was the conversion of a titanium alkoxide
into a titanium hydride by a silane via a o-bond metathesis
process.? We reasoned that an active titanium hydride
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species might be generated directly from an appropriate
titanium alkoxide and the silane used in the reduction,
eliminating the need for the n-BuLi activation step
(Scheme I). Indeed, we have found that the combination
of a catalytic amount of Ti(O-i-Pr),, an extremely inex-
pensive, air-stable liquid, and (EtO);SiH generates an
effective and mild system for the reduction of a variety
of esters (Scheme II). Our results to date are shown in
Table I. Except where noted, these reactions were carried
out by simply mixing the ester with 2.5-3.0 equiv of
(Et0);SiH in a test tube, adding 5 mol % of Ti(O-i-Pr),,
and then heating the reaction mixture to 40-55 °C for
4-22 h.52 Product isolation can be accomplished simply

(5) (a) Typical Procedure. Triethoxysilane (1.7 mL, 9 mmol) and
methyl 10-undecenoate (594 mg, 3 mmol) were added to a test tube.
Titanium(IV) isopropoxide (45 uL, 0.15 mmol) was then added, and the
test tube was fitted with a drying tube packed with DrieRite to exclude
excess moisture. The vessel was then heated in an oil bath at 50 °C.
After being stirred for 16 h, the reaction mixture was washed into a
100-mL round-bottom flask with 10 mL of THF. Then, 20 mL of 1 N
NaOH was added slowly with stirring. NOTE: Vigorous bubbling was
observed. After 4 h, the mixture was added to 50 mL each of ether and
water. After shaking, the layers were separated, and the aqueous layer
was extracted with an additional 50 mL of ether. The combined organic
extracts were then washed with two 50-mL portions of 1 N HC], dried
over MgSO,, filtered, and concentrated in vacuo to afford 443 mg (87%
yield) of 10-undecen-1-ol as a clear oil. The product was >95% pure as
determined by GC and *H NMR analysis. CAUTION!! Suitable eye
protection is required for handling triethoxysilane (vapors can cause
blindness); cf. Silicon Compounds: Register and Review; Anderson, R.,
Larson, G. L., Smith, C., Eds.; Hiils America, Inc.; Piscataway, NJ, 1991;
pp 5, 190. In the absence of substrate and under an inert atmosphere,
(EtO)4SiH is disproportionated by Ti(0-i-Pr), to form SiH,, a pyrophoric
gas. For a discussion of another titanium-catalyzed disproportionation
of (Et0),SiH, see: Xin, S.; Aikten, C.; Harrod, J. F.; My, Y.; Samuel, E.
Can.. J.dChem. 1990, 68, 471. (b) An extra equivalent of (Et0);SiH is
required.
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Table 1. Ti(0-i-Pr), Catalyzed Reduction of Esters

entry ester

time (h)

alcohol yield® (%)

; Mo {4 CO:E! 10

2 Z}\,co,a 4
O/\ CO,Et
3 4

4 Bre_~_~_ CO;Et 6

§ S come 16

6 Me M CO,Me 5
(] 6

7 d>" M o me 21

8 Me M CO,Me 18
6

10 HO_{~-CO:Me 7

CO,Me

11 C( 16
Me

12 O/[w’"" 14
CO,Me

13 O 10
COEt

14 Q 20

Me
Me

Mo -CHiOH o5

[}\,cuzon o3®
CH,OH
8o

Br _~_~_ CH,0H 88
N 87
gl o A

Me e A CHIOH 02
() 6
d> 9 engoH 83°

Me MCHZOH 87°
(3 6

o
A 70°
HO .- CH:OH 8g

CH,OH
@ .
Me
O/[cH,OH o7
CH,OH
>
CH,OH
19
ON

Me
Me >ﬁ>«' CH,OH 0%
Me
Me

¢ All products were >95% pure and were characterized by GLC, 'H NMR, and IR spectroscopy. They are all known compounds. °50
mmol scale. ¢Purified by flash chromatography or recrystallization. 4Using 8.75 equiv of HSi(OEt);. ¢37 mmol scale, distilled yield. /1.3
equiv of HSi(OEt); and 1.4 equiv of H3SiPh are required for complete conversion.
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by adding the reaction mixture to a small amount of THF
and 1 N NaOH and stirring (2-4.5 h). Conventional
workup generally provides the alcohol in >95% purity; the
bulk of the silicon- and titanium-containing species go into
the aqueous layer or remain at the boundary between the
aqueous and organic layers and are easily separated from
the product. In the case of epoxides, flash chromatography
or recrystallization may be employed to remove traces (less

than 5%) of ring-opened products.®

The tolerance to other functional groups exhibited by
this catalyst system is noteworthy. Halides, olefins, ep-
oxides, alcohols,’ and an alkyne (about 5% triple-bond
reduction is observed) all survive the reduction protocol.
In particular, for entries 4, 5, and 7, the yields are 10~25%
better than realized with our previous catalyst system.2?

While the simple protocol described above works in
many instances, the reduction of aromatic and cyclopropyl

(6) The reaction with methyl 10,11-epoxyundecanoate gave 1% iso-
lated yield of a product whose 'H NMR spectrum is consistent with its
formulation as 1,2,11-undecanetriol.
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esters stops short of completion. Since methyl cyclo-
hexanecarboxylate (entry 11) and methyl 2-phenylbutyrate
(entry 12) react smoothly under the given conditions, this
effect cannot be adequately explained by steric factors.
However, for these substrates, complete conversion is
achieved by the addition of PhSiH;, presumably due to
its smaller size and more reactive Si-H bonds.” Several
other limitations of this method have been discovered to
date. For instance, o,8-unsaturated esters react to give
mixtures of 1,2 reduction and fully saturated products. In
addition, a-bromo esters and w-cyano esters have not been
successfully converted to the desired products.

We are at present unsure as to the nature of the active
catalyst in this system. One possibility is that this is a
simple Lewis acid-catalyzed hydrosilylation.’2 However,
we have determined that the conversion of ethyl decanoate
to decanol is unaffected, in terms of either rate of forma-
tion or yield of product, by the addition of 20 equiv (rel-
ative to catalyst) of Lewis bases such as pyridine, THF,
or PMe,;. A radical mechanism is unlikely since no rear-
rangement products are found in the reduction of a vi-
nylcyclopropyl ester (Table I, entry 15).2 An alternate
scenario is that the active species in this system is an
anionic pentavalent silicon hydride.? These species are
also known to be electron donors toward organic halides,
forming reductive coupling products. However, under our
described conditions, ethyl 6-bromohexanoate is converted
cleanly to the alcohol with no traces of reductive dimeri-

(7) Ojima, L; Kogure, T.; Nihonyanagi, M.; Nagai, Y. Bull. Chem. Soc.
Jpn. 1972, 45, 3506.

(8) Kochi, J.; Krusic, P. J.; Eaton, D. R. J. Am. Chem. Soc. 1969, 91,
18717.

(9) Corriu, J. P.; Guérin, C.; Henner, B.; Wang, Q. Organometaliics
1991, 10, 2297, 3200, and 3574.

zation (Table I, entry 4). Also, in a control experiment
where 1 equiv each of Ti(0-i-Pr),, (Et0),SiH, and benzyl
bromide were combined, and the mixture was heated at
45 °C, no bibenzyl was detected after 2 days. Finally, our
working hypothesis involves the initial formation of a ti-
tanium hydride species, as we believe occurs in the
Cp,TiCl,/2 n-BuLi system. Yet we have found that car-
rying out the reduction procedure in the presence of 20
equiv of Mel has no effect on the rate or yield of the
reaction. A detailed mechanistic study of this intriguing
new process is clearly necessary.

In summary, we have developed a new, air-stable cata-
lyst system for the conversion of esters into primary al-
cohols. The experimental simplicity and mild reaction
conditions of this procedure should make it useful to
synthetic chemists. We are currently investigating the
mechanism of this novel catalyst system and its action on
other carbonyl groups and related functionality.
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Summary: Ab initio calculations show why isoxazole
Diels—Alder reactions have high activation energies and
are generally not observed.

One of the most intriguing unsolved problems in het-
erocyclic chemistry is the different ability of oxazole and
isoxazole rings to participate in Diels-Alder reactions.
Diels~Alder reactions of oxazoles, 1, have been widely
exploited because of their synthetic versatility. Reactions
with alkenes lead to pyridines, including Vitamin Bg, py-
ridoxine analogs, and condensed pyridines such as ellip-
ticine,! while acetylenic dienophiles give furans.'? Ozazoles
also react readily with a variety of heterodienophiles.?
Amazingly, however, there are no reports on Diels—Alder
reactions of simple isoxazoles, 2.4

We report here the results of a theoretical study of the
Diels—Alder reactions of both oxazole and isoxazole, using
ab initio molecular orbital theory. The geometries of the
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reactants, oxazole, 1, and isoxazole, 2, the transition
structures for the parent reactions of 1 and 2 with ethylene,

(1) For a recent review, see: Maryanoff, B. E. In Oxazoles; Turchi, I.
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