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Enolates play a central role in synthetic chemistry as
important intermediates for carbon-carbon and carbon-
heteroatom bond formation. They are usually prepared
from the parent carbonyl compound (Scheme 1) by
deprotonation with a strong base such as LDA (@), or by
reaction with a mild base in the presence of a Lewis acid
(b). However, neither of these methods are compatible
with the presence of the intended electrophile, especialy
if this electrophile aso contains a carbonyl group. Typi-
cally this means that the enolate formation must be car-
ried out separately, before addition of the electrophile in
a subsequent step. Enolate chemistry can also be effec-
tively accessed via conjugate addition of nucI eophiles to
o,B-unsaturated carbonyl compounds (0)! and via the
formation of enamines (d),? and many useful asymmetric
reactions have been developed using these approaches.
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Scheme 1 Enolate formation from carbonyl precursors.

An unusual aternative strategy, however, is to generate
an enolate directly from a non-carbonyl precursor. Until
relatively recently, this approach has been largely unex-
plored, despite its many possible advantages. Most sig-
nificantly, the chemoselective generation of an enolate,
can potentialy be achieved in the presence of the elec-
trophile, even if that electrophile is itself an enolisable
carbonyl compound. Plausible enolate precursors
(Scheme 2) include allylic acohols (via isomerisation),
vinyl organometallics (via oxidation) and alkynes (via
addition of ametal hydroxide).
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Scheme 2 Alternative enolate precursors

The generation of enolates via isomerisation of allylic
alcohols or their corresponding alkoxides is a very atom
economical and attractive method (Scheme 3).
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Scheme 3 General approach to enolates from allylic alkoxides

This concept was first real |zed inthe early 1990s when it
was found that rhodium® and nickel* catalysts could
readily mediate the isomerisation of alylic alkoxides to
give the corresponding enolates. The enolates could then
be trapped in subsequent reactions with alkylating agents

or aldehydes (Scheme 4, 1).
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Scheme 4 Generation of enolates from allylic alkoxides

The nickel catalysts were found to be more active, and
could be used to access highly subgtituted enolates
which, after alklylation, led to the formation of all car-
bon quaternary centres (2). This approach is aso particu-
larly valuable for accessing adehyde enolates which are
otherwise difficult to generate (3). Whilst these methods
are effective, the isomerisation conditions are somewhat
harsh (high temperatures and strong bases) and they are
incompatible with the presence of electrophiles such as
aldehydes, which must be added to the reaction mixture
after the isomerisation is complete. More recently, atten-
tion has been focused on the direct isomerisation of
alylic alcohols themselves. This can lead to the catalytic
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generation of an enol or a metal enolate depending on
the reaction conditions. This intermediate can be trapped
with an electrophile aready present in the reaction mix-
ture, leading to a variety of useful products (Scheme 5).
A wide range of metal caIalysts have been employed
including systems based on iron g_a) ® nickel (b),*
rhodium (c)® ° and ruthenium (d).® *® With iron catalysts
the enolate formation is not completely regloselectlve
(a). However, some of the Ni’® and Ru™ systems are
particularly effective, giving good yields of the resulting
aldol products with relatively low catalyst loadings. The
isomerisation reactions can be carried out in the presence
of the desired electrophile in most cases, and successful
aldol reactions with enolisable aldehydes have been
achieved. Notably, the enolates can also be trapped with
activated imines in Mannich reactions.® & °
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Scheme 5 Generation of enolates from alylic alcohols

The generation of enolates via the oxidation of
vinylmetal species such as boranes/borates or silanes is
an interesting strategy that has not been widely ex-
plored.™ ¥ A two step sequence can be envisaged, via
hydrometallation of an alkyne, followed by oxidation of
the carbon-‘metal’ bond to yield the enolate (Scheme 6).
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Scheme 6 Enolate formation via oxidation of avinylmetal species.

Vinylborates or vinylboranes can be oxidized under an-
hydrous conditions using an amine oxide, generating an
enolate which can readily undergo aldol reaction via a

Template for SYNLETT and SYNTHESIS © Thieme Stuttgart - New Y ork

closed transition state™ 2 Chiral derivatives such as 4
have even been prepared and the resulting syn adol
products 5 were obtalned with moderate enantiomeric
excess (Scheme 7).
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Scheme 7 Aldol reaction using a vinylborate enolate precursor

A particularly intriguing method for enolate synthesis is
the addition of a metal hydroxyl species to an alkyne
(Scheme 8). This can potentially provide access to geo-
metrically controlled enolates under very mild condi-
tions. Given the widespread availability of alkynes, this
approach could be particularly powerful.
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Scheme 8 Enolate formation from an alkyne

Perhaps unsurprisingly, research in this area has focused
on the use of readily accessible (and stable) metal-
hydroxy species based on boron and silicon. The first
report of such an approach to enolates involved the mer-
cury-mediated addition of dlphenyl borinic acid to
ethoxyacetylene (Scheme 9).*® This provides access to
the boron enolate of ethyl acetate, which can readily be
trapped with an aldehyde present in the reaction mixture,
to give adol products such as 6. The method was applied
to a synthesis of 2-deoxy-D-ribose, via stereoselective
aldol reaction with readily enolisable glyceraldehyde
acetonide to give 7, demonstrating the useful
chemosel ectivity of this reaction.
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Scheme 9 Hg-mediated enolate formation using a borinic acid

Unfortunately, the reaction requires stoichiometric quan-
tities of Hg(OAC), to proceed effectively and the aldol
products were also obtained as a mixture of the free
alcohol and the corresponding acetate. Very recently, a
method for the catalytic addition of silanols to acetylinic
oxazolidinones has been reported (Scheme 10).** In this
case, a Lewis acidic metal salt such as Sc(OTf); or
Zn(OTf), was used to mediate the addition of the silanol
across the alkyne. The Lewis acid also serves to activate
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the aldehyde towards reaction with the silyl enol ether
intermediate.
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Scheme 10 Aldoal reaction using an alkynyl oxazolidinone enolate
precursor

The reaction presumably proceeds via co-ordination of
the silanol to the Lewis acid, and protonation of the elec-
tron-rich akyne (Scheme 11). Subsequent trapping with
the silanol leads to the ‘enolate’ intermediate. The au-
thors proposed that geometrical control over the for-
mation of the enolate 11 is obtained via addition of the
silanol to the least hindered face of ketiminium ion 10.
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Scheme 11 Proposed enolate generation mechanism

In our own work, we have employed a gold catalyst to
mediate the addition of a boronic aud across an akyne
to give a boron enolate (Scheme 12).* This concept was
exemplified by the intramolecular cyclisation of a range
of ortho-alkynylbenzene boronic acids 12, which pro-
ceeded exclusively via 6-endo-dig cyclisation to give the
unusual boron enolates 13.
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Scheme 12 Gold-catalyzed enolate formation from an alkyne

These compounds show unexpected stability, possibly
due to aromatic stabilization in the newly formed ring,
athough theoretical studies on related systems have cast
doubt on the degree of aromatic character in such ring
systems.’® Enolates such as 13 (R'=Bu) can readily be
isolated via chromatography, but nevertheless show typi-
cal enolate reactivity in aldol reactions. The enolate gen-
eration conditions are compatible with the presence of
even very reactive aldehydes such as acetaldehyde, and
one-pot enolate formation/aldol reactions proceed very
efficiently at room temperature in the presence of only 1-
2 mol% of the gold catalyst (Scheme 13).
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Scheme 13 One-pot gold-catalyzed enolate formation/aldol reaction.

In nearly al reactions the trans-isomer was the mgor
product, although the stereoselectivity was generaly
moderate. Thisis perhaps unsurprising as the enolates 13
are very flat systems which are unlikely to react via
chair-like transition states. The aldol reaction could pro-
ceed via either a closed (14) or open (15) transition state.
The closed transition state is likely to resemble a
cycloaddition reaction, with the two transition states
leading to the syn (14a) and anti (14b) products only
differing in the pl acement of the aldehyde substituent — it
is either placed over R* or over the aromatic ring. The
orientation of the aldehyde substituent is reversed in an
open transition state, with the syn product being obtained
when it is placed over the aromatic ring (15b) and the
anti product being obtained when it is placed over the R*

group (15a). In al of the examples studied, the
stereosel ectivity appears to be largely determined by the
nature of the group at R™. Increasing the size of the group
at R! tended to result in lower selectivity, perhaps sug-
gesting that an open transition state may be operative in
these reactions.

l4a R?=H, R®=Substituent 15a —— syn product

14b R2=Substituent, R3=H 15b —— anti product

Figure 1 Possible ‘closed’ and ‘open’ adol transition states.

The adol products themselves (16) are not stable enough
to be isolated in some cases, being prone to retro-aldol
reaction during purification. Procedures were therefore
developed for the direct functionalisation of these prod-
ucts via reaction of the boron moiety (Scheme 14). Oxi-
dation of the boronic acid to the corresponding phenol
(e.g. 17) proceeded very efficiently in the presence of
mcpba, and a range of products were isolated in good to
excellent yield as the hydroxyphenol or the correspond-
ing diacetate. Similarly, Suzuki cross-coupling of the
boronic acid with iodoarenes provided access to biaryl
systems (18) in good 1¥ie|d. Interestingly, intramolecular
Chan-Lam coupling™ of these systems to give
dihydrobenzofurans (19) was found to be very facile
with only a catalytic quantity of Cu(OAc), in MeOH
being required.
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Scheme 14 Further transformations of the aldol products

Chan-Lam couplings of aiphatic alcohols are fairly rare,
and in nearly all couplrngs of this type a stoichiometric
quantity of copper salt is needed.* In contrast, 16
undergoes rapid intramolecular coupling to give access
to the 2,3-disubstituted dihydrobenzofuran systems in
good yield. This ring system is of interest in medicinal
chemistry, as a number of natural products containing
this moiety have been reported to have potentially useful
biological properties.’® Our two step approach from
readily available ortho-alkynylbenzene boronic acids
provides a useful new method to access these molecules
efficiently. We have also briefly studied the gold-
catalysed intermolecular addition of boronic acids to
alkynes.* % Of particular interest were alkynes contain-
ing a suitable ‘directing group’, which could aid the
addition of the boronic acid to the alkyne (Scheme 15).
For example, propargylic alcohols 20 were expected to
form boron enolates such as 21, on treatment with a
boronic acid in the presence of a gold catalyst. Instead
they were found to undergo a particularly efficient Mey-
er- Schuster rearrangement to give the corresponding
enones 22.° Although we were unable to successfully
trap the proposed boron enolate intermediate 21, this
reaction provides an extremely mild method for access-
ing highly substituted enones in good yield, and with
moderate to excellent geometrical control.
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Scheme 15 Gold/boronic acid catalyzed Meyer-Schuster rearrange-
ment.

A number of other strategies for accessing boron and
silicon enolates have been reported, but have yet to be-
come widely exploited in wnthetrc chemistry (Scheme
16). Examples |ncI ude gemina diboranes 23%
dihydroxysilanes 24,2 and even simple alkenes 252
Such approaches might prove valuable if mild conditions
can be found, which are compatible with the presence of
electrophiles for the resulting enolate.
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Scheme 16 Miscellaneous methods for enolate generation.

In summary, the generation of enolates from non-
carbonyl precursors is becoming a useful strategy for
synthetic chemistry. Whilst considerable progress has
been made on the generation of enolates from alylic
alcohols and, more recently akynes, there are many
potentially fruitful avenues for future research. Both of
these strategies are likely to become more widely appli-
cable in the future as ever-improved catalysts are devel-
oped, given the ease with which allylic alcohols and
alkynes can be prepared. The development of effective
catalytic asymmetric protocols is likely to greatly in-
crease the utility of these reactions. The approaches out-
lined in Scheme 16 are also worthy of further investiga-
tion, and the application of simple alkenes as enolate
precursors would be extremely useful, given the huge
number of readily available alkenes and their low cost.
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