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J. Alberto Marco*,‡

Departamento de Q. Inorga´nica y Orgánica, UniVersitat Jaume I, Castello´n,
E-12080 Castello´n, Spain, and Departamento de Q. Orga´nica, UniVersitat de Valencia,
E-46100 Burjassot, Valencia, Spain

alberto.marco@uV.es

Received January 9, 2001

ABSTRACT

Boron aldol additions of variously O-protected r,r′-dioxygenated ketones using dicyclohexylboron chloride and a tertiary amine have been
investigated. The stereoselectivity of the process was dependent on the protecting group on the r-oxygen atoms. Notably, ketones with bulky
silyloxy groups gave syn aldols, most likely via Z enolates. This rules out the participation of chelates during the enolization process, at least
in the presence of such sterically crowded protecting groups. An alternative explanation is offered.

The aldol reaction1 has proven to be a powerful and general
method for the stereocontrolled construction of carbon-
carbon bonds and has relevant application in the synthesis
of natural polyoxygenated molecules such as macrolide and
polyether antibiotics.2 We have recently reported on aldol
reactions of protectedL-(S)-erythrulose derivatives using
dicyclohexyl boron chloride.3 The diastereoselectivity (syn
vsanti) was found to be dependent on the type of protecting
group used.

A related observation had previously been reported by
Paterson et al.4a These authors found that the reaction of
aldehydes with boron enolates generated fromR-benzoyloxy
ethyl ketone1a and Chx2BCl gave rise toanti aldols, as
expected for this reagent, which is assumed to promote the
formation ofE enolates. In contrast, the benzylated analogue
1b gave syn aldols under the same reaction conditions
(Scheme 1). The aforementioned authors explained these
findings by assuming the formation of aZ enolate in the
latter case. This was attributed in turn to stereoselective
deprotonation of a five-membered chelate involving the
boron and the two oxygen atoms of1b. Such a chelate would
be disfavored if theR-oxygen atom were bound to an
electron-withdrawing group (as in1a), in which case the
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enolization takes place in the expected way to yield anE
enolate.4b,c

We were interested in knowing (a) whether this is a general
feature of ketones having donor atoms at C-R and (b) to
which extent the steric course of the enolization process can
be modulated through the use of appropriate O-protecting
groups. The latter were thus selected to either favor (benzyl,
Bn) or disfavor (acetate, Ac; benzoate, Bz; pivaloate, Piv;
triethylsilyl, TES; tert-butyldimethylsilyl, TBS;tert-butyl-
diphenylsilyl, TPS) the formation of chelates.5

We initiated a preliminary study on theR-oxygenated ethyl
ketones2-4, which bear an oxygen at only one of the
R-carbon atoms. Four aldols can be formed in principle here.
These ketones were enolized with Chx2BCl/triethylamine6

and then allowed to react with benzaldehyde as the model
enolate acceptor. To establish the stereochemical course of
the process (synvs anti), as well as the regioselectivity,7 we
applied the same methodology used in our previous reports:3

the aldols were reduced in situ with LiBH4, and the 1,3-

diols formed in this way8 were transformed into the corre-
sponding acetonides. The latter were then analyzed by1H
and13C NMR.9 The results are shown in Scheme 2.

It is worth noting that ketones2 and3 displayed a marked
preference for the formation of asyn aldol, which in the
case of the silylated ethyl ketone3 was the only isomer
detected by high-field NMR.6 Minor amounts of a second
regioisomeric7 anti aldol were formed, however, in the case
of 2. The aldolization was very unselective in the case of
ketone4 (all four possible aldols were formed with none of
them being clearly predominant) so that no efforts were
undertaken to separate and identify the individual isomers.

We then studied the symmetrical ketones5-810,11 with
oxygen atoms at bothR-carbon atoms. Regioisomerism is
not an issue here, and only two aldols,synor anti, can be
formed. The results are shown in Scheme 3.

For ketones5 and6a-c, which bear benzyl or bulky silyl
groups,synaldols are almost exclusively formed (assumedly
via Z enolates). It is worth mentioning here that, in contrast
to the situation described in a recently reported paper,12 the
three silylated ketones6a-c behave in the same way,
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regardless of the size of the silyl group. Substrates7 and8
are R-acyloxy ketones, so that preferred formation ofanti
aldols (viaE enolates) is not unexpected. However, even
here a non-negligible percentage ofsyn isomers (>20%) is
also formed.

We finally studied the case of the nonsymmetricalR,R′-
dioxygenated ketones9 and10 (Scheme 4), where the issue

of regioisomerism appears again. The behavior of10 shows
a clear point of interest: one singlesynaldol is formed with
complete regio- and stereoselectivity, even though both
O-protecting groups at each side of the carbonyl group (TPS,
Bz) are expected to prevent chelation. Ketone9 also gives
only syn aldols, though the process is not completely
regioselective here.

If we try to explain these results, according to Paterson’s
model,4 through the formation of a five-membered chelate
(Scheme 1), we would have to admit that the extremely bulky
TPS group does not prevent the chelation from occurring.
This is, however, an unlikely assumption.5,13 In the case of
ketones3, 6c, 9, and10, a chelated intermediate similar to
that displayed in Scheme 1 (with TPS instead of Bn) would
exhibit a high steric crowding between the boron-bound
ligands (cyclohexyl groups) and the TPS group.13 We must
therefore conclude that, at least for these sterically crowded
substrates, structural factors other than chelation play a role
in controlling the stereochemical outcome of the enolization
process.

Quantitative studies are thus needed for a better under-
standing of the enolboration reaction. Since the enolization
process occurs under kinetic control, these studies should
be focused on the relative energies of the alternative transition

states of the irreversible deprotonation step. As a matter of
fact, we have recently performed ab initio calculations on
the enolization process of 3-pentanone with trimethylamine
and dialkylboron chlorides R2BCl of variable steric size (R
) H, Me, iPr).14 We are presently extending these ab initio
calculations to the enolization of modelR-oxygenated
ketones with diisopropylboron chloride and trimethylamine.
For one model ketone, 1-methoxybutan-2-one (Scheme 5),

we have already found optimized structures for the two
nonchelated complexesC1 andC2, as well as for the chelate
C3.15 Values of energy barriers for transition states have also
been calculated.

Although the results are still preliminary, we can now
assert that the preferred conformations of these complexes
are very different from each other, and the pertinent
R-hydrogen atoms are left in different degrees of steric
exposure to the deprotonating base. Preliminary values of
the energy barriers (Scheme 5) for the alternative deproton-
ation processes (calculated at the HF/6-31G** level) have
recently been obtained.15 They predict thatE enolates should
be preferentially formed from complexesC1 andC2 (on the
methoxymethyl side forC1 and on the ethyl side forC2).
Furthermore, it is predicted that aZ enolate (on the ethyl
side) will be formed from chelateC3 through deprotonation
taking placeanti to the boron atom. Since the calculated
energy barrier in the latter case is also lower than those for
C1 andC2, thesynisomer (ethyl side) is predicted to be the
main aldol, in agreement with the experimental result
observed for the closely related ketone2 (Scheme 2).

It thus seems that the chelation model reasonably explains
the results observed with unhinderedR-alkoxy ketones.
However, it still remains to be seen which results will be
derived from calculations with model ketones bearing bulky
R-silyloxy groups, where chelation is unlikely. In the absence
of the final results of these calculations,15 we now propose
an alternative deprotonation model (Scheme 6) presented in
a qualitative way for ketone6c. It is assumed that the
ketone-boron chloride complex predominantly adopts the
conformation depicted below in which the dialkylboron
chloride fragment and the two bulky TPS groups are located
as far away from each other as possible. According to the
Paterson-Goodman mechanism,syn deprotonation (i.e.,
proximal to the boron fragment) leads to theE enolate.4

However,anti deprotonation (away from the boron moiety)

(13) It has been proposed that even the oxygen atom of the bulky OTIPS
group can participate in chelations during additions of certain tin enolates
to aldehydes: Paterson, I.; Tillyer, R. D.Tetrahedron Lett. 1992,33, 4233-
4236. More recently, the OTBS group has been claimed to be involved in
chelates during additions of enol silanes toâ-silyloxy aldehydes, provided
that Me2AlCl or MeAlCl2 are used as Lewis acids: Evans, D. A.; Allison,
B. D.; Yang, M. G.Tetrahedron Lett.1999, 40, 4457-4460. However,
while the steric crowding in the assumed six-membered chelates containing
relatively long O-Sn or O-Al bonds might be possibly tolerable, this may
not be true for the presently discussed five-membered chelate, which
contains the shorter O-B bonds.

(14) Murga, J.; Carda, M.; Falomir, E.; Marco, J. A., submitted for
publication.

(15) Murga, J.; Carda, M.; Falomir, E.; Marco, J. A., calculations on
R-oxygenated ketones are still underway. Preliminary calculations on the
molecular complex oftert-butyldiphenylsilyloxyacetaldehyde and diiso-
propyl boron chloride have shown that, in its preferred geometry, the Cd
O and the CR-O bonds are almost antiperiplanar. In this geometry, which
would lead by deprotonation to anE enolate, the TPS group and the boron
ligands are spatially separated. The two protons at CR are sterically shielded
to a very similar degree by the bulky silyl group. This preliminary result
led us to conceive the qualitative proposal depicted in Scheme 6.

Scheme 4
Scheme 5

Org. Lett., Vol. 3, No. 6, 2001 903



is expected to lead to theZ enolate. As a result of the steric
crowding caused by the bulky OTPS group, the approach of
the base to thesyn R-hydrogen atom is very hindered, so
that theanti R-hydrogen atom now becomes more accessible
to deprotonation (i.e.,k2 . k1), with the formation of theZ
enolate and, consequently, thesynaldol being observed. This
qualitative proposal is now being investigated at a quantita-

tive level by means of ab initio studies, which will be
reported in due course.15
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