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The classical Reformatsky reaction!)
was introduced over 115 years ago and
consists of the zinc-induced formation of
B-hydroxyalkanoates from a-halocar-
bonyl compounds with aldehydes and
ketones. The reaction is initiated by the
insertion of zinc into the halogen—car-
bon bond, and considerable efforts have
been made to facilitate this insertion
process through activation of the zinc
species or the use of other metals in low
oxidation states (for example, Sm, Ti,
Co, and In; Scheme 1). The reaction is
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X=Cl, Br, |
M = Zn, In, Sm", Ti", Fe, Co, Sn...

Scheme 1. The Reformatsky reaction.

typically heterogeneous, and milder re-
action conditions have been developed
using activated zinc species (Rieke-Zn™
and the Cu-Zn coupleP!). The mild
reaction conditions and the use of cheap
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nontoxic metals has attracted synthetic
chemists and prompted the develop-
ment of stereoselective variants. How-
ever, the usual heterogeneous reaction
conditions have made the development
of these variants quite difficult, espe-
cially when chiral ligands or promoters
are used. In recent years, several new
concepts have been introduced that
make it possible to reach this goal.

The Reformatsky reaction is a redox
processes, and a catalytic redox cycle
needs to be designed to develop a
catalytic version of the reaction. Cata-
lytic redox cycles have been successfully
developed by Fiirstner etal.,) and
enantioselective transformations medi-
ated by titanium®' and chromium!® that
are based on a redox cycle have now
reached a high level of enantiomeric
excess. Thus, a catalytic Reformatsky
reaction based on chromium appears
feasible,”) and catalytic redox cycles
based on iron® and samarium have
recently been reported. On the other
hand, to simplify the design of a catalytic
enantioselective transformation, the re-
action could be made homogeneous. In
this context, homogeneous Reformatsky
reactions, in which Me,Zn or Et,Zn
were used, have recently been reported.
Honda and co-workers!'” suggested
the use of the Wilkinson catalyst [Rh-
(PPh;);Cl] in the presence of Et,Zn
as the zinc source, whereas Adrian and
Snapper"!  discovered that either
[Ni(acac),] (acac=acetylacetonate) in
the presence of phosphines or
[Ni(PPh;),Cl,] could effectively replace
the more expensive Wilkinson catalyst.
They also suggested the use of the less
nucleophilic Me,Zn as the zinc source
because of its lower reactivity compared
to Et,Zn, and thus no by-products
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resulting from the transfer of alkyl
groups to the electrophile are produced.
Another concept developed by Adrian
and Snapper, which involved a one-pot,
three-component Reformatsky reaction
with imines,'!! used a chelating imine
derived from o-methoxyaniline to direct
the Reformatsky reaction to give the f3-
amino ester. The protecting group on
the o-methoxyaniline could be removed
by oxidative cleavage'? although a
more general and high-yielding proce-
dure has yet to be developed. The one-
pot reaction conditions and the use of a
chelating imine were key concepts for
the first enantioselective three-compo-
nent Reformatsky reaction carried out
using an excess of N-methylephedrine as
the chiral ligand.'”! High enantiomeric
excesses (up to 92%) and moderate
yields were obtained, and the reaction
showed a broad scope. It is worth noting
the various tasks that the Me,Zn species
performs in these reactions.

A redox cycle can be proposed for
the formation of the zinc enolate in
homogeneous Reformatsky reactions
(Scheme 2). A key feature of the cycle
is the formation of a metal enolate with
low reactivity (Rh, Ni) which is unable
to react with the carbonyl compounds or
with imines. Another important aspect
of the homogeneous Reformatsky reac-
tion concerns the possibility of produc-
ing successive one-pot transformations
in the same reaction flask. For example,
Et,Zn can be used to promote cyclo-
propanation,’¥, and since the homoge-
neous Reformatsky reaction operates
with an excess of Et,Zn, Cossy and co-
workers have achieved a tandem Refor-
matsky/cyclopropanation reaction with
unsaturated acyclic and cyclic ke-
tones.!"”!
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Scheme 2. Catalytic cycle for a homogeneous
imino-Reformatsky reaction.

Knochel and co-workers have re-
cently developed a practical, highly
enantioselective variant of the Refor-
matsky reaction, in which a key issue
seems to have been the addition of one
equivalent of Et,Zn to the reaction
mixture.'¥ In other enantioselective
variants, two or more equivalents of
the Reformatsky reagent are added to a
stoichiometric amount of the chiral
ligand to form the active metal-zinc
complex in situ. The method reported
by Knochel and co-workers could prove
useful for functionalized enolates, thus
increasing the scope of the Reformatsky
reaction for the synthesis of natural
products. Recently, attractive examples
of the use of Reformatsky reagents in
total synthesis have been published by
several research groups.['”)

Diastereoselective addition of the
enolate to ketones is generally problem-
atic because of the reduced reactivity of
the enolates and their lower binding
affinity to metals. In fact, Reformatsky
reactions also generally show low dia-
stereoselectivity on using zinc or other
metals. Recently, Baba and co-workers
reported an interesting solution to this
problem,'® in which they determined
that the Reformatsky reactions mediat-
ed by In' exhibit a distinctive diastereo-
selectivity with predominant formation
of the anti product, and they explained
the result with a cyclic model
(Scheme 3). The addition of indium
enolates to chelating ketones may also
be controlled by In™ or In' halides,
which leads to excellent diastereoselec-
tivity for the syn products.
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Scheme 3. Diastereoselective Reformatsky
reaction mediated by In®. L=ligand.

Reformatsky reactions are signifi-
cant when the formation of an unstable
enolate is difficult or problematic, for
example, with amides or esters contain-
ing a CF; group in the a-position.
Enolates that bear a CF; group are
practicable in the Reformatsky reaction,
and these enolates have been used in
stereoselective transformations. Ishi-
hara and co-workers recently showed
that the Evans auxiliary can be em-
ployed in a Reformatsky-type reaction
with aldehydes (Scheme 4).'*) Also, the

PN CF, O O OH

+ AIEt, CF,

CHO Bn
©/ 87.5%, 96% d.r.

Scheme 4. Reformatsky reaction of 2-bromo-
3,3,3-trifluoropropanoic imide in the presence
of AlEt;.

rhodium-mediated Reformatsky reac-
tion is recommended for the synthesis
of difluorocarboxylic esters and di-
fluoro-B-lactams.””’ An interesting ob-
servation in these studies was that the
selective synthesis of f-lactams or f3-
amino esters was influenced by the
presence of traces of water.”!
Organozinc compounds prepared by
halogen-metal exchange are among the
most powerful methods for preparing
organometallic reagents.”!! Recently,
the research group of Knochel disclosed
a real breakthrough in this field in that
additives can accelerate the exchange
reaction.”” Even highly functionalized
zinc reagents can be prepared by ex-
change reactions with Et,Zn or with the
more reactive iPr,Zn.®) However, the
reactions used undiluted, highly flam-
mable compounds in high excess. It was
also found that magnesium salts strongly
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accelerate these reactions. Eventually, a
new procedure for the preparation of
alkyl zinc compounds was found, which
used direct insertion of the commercial-
ly available Zn powder in the presence
of LiCLP¥ Translating these observa-
tions to the Reformatsky reaction is also
possible. The zinc enolate can be pre-
pared by the direct exchange of iodo
esters with Et,Zn®¥ or iPr,Zn.>*"!

Enantioselective Reformatsky var-
iants based on the exchange between
iodoacetate and Et,Zn have also been
developed.” A controlled and mild
formation of the zinc reagent, in which
the less reactive Me,Zn in the presence
of a chiral metal complex was used,
produced the first catalytic version of
the Reformatsky reaction.””’ The con-
cepts reported involve a homogeneous
version of the Reformatsky reaction
along with a system able to accelerate
the exchange between iodoacetate and
Me,Zn. The exchange reaction was
catalyzed by N,N'-bis(salicylidene)eth-
ylenediamine (salen) ligands, probably
through the Lewis basic/Lewis acidic
nature of the metal-salen complexes.”
Among the salen complexes tested,
[Mn(salen)CI]®"! emerged as the most
effective catalyst. Alternatively, the ac-
tivation of Me,Zn seems to be possible
by using other concepts. It is well known
that Me,Zn in the presence of oxygen,
generates alkyl peroxides (ZnOOR),
and these are able to initiate radical
reactions.””)  The alkyl peroxide
RZnOOR species obtained from the
reaction of molecular oxygen with R,Zn
has also been used in enantioselec-
tivel™l and diastereoselective epoxida-
tions.P” Zinc enolates can be generated
through a radical mechanism, and the
catalytic enantioselective addition of
these enolates to imines has been car-
ried out.®! Similarly, Et;B has been used
as a radical initiator, and Lambert and
Danishefsky found that a boron enolate
can easily be prepared by using an
exchange reaction at low temperatures
with an iodo derivative in a boron-
Reformatsky process.*”

The a-arylation of a zinc amide and
an ester enolate has been reported with
enolates generated from the use of
Reformatsky conditions.”® As the basic
reaction conditions prevent asymmetric
a-arylation, and to overcome the prob-
lem related to the a-arylation of amides,
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Hartwig and co-workers have studied
the formation of Reformatsky enolates,
both in situ and isolated (Scheme 5).
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Scheme 5. Palladium-catalyzed arylation of

zinc enolates. dba = trans,trans-dibenzylidene-
acetone.

Enolates are important intermedi-
ates in the preparation of fine chem-
icals.”¥ However, the use of low temper-
atures and sensitive enolates are prob-
lematic for syntheses performed on a
large scale. The Reformatsky reaction,
with its convenient one-pot generation
of a reactive enolate, appears an attrac-
tive solution to difficult synthetic prob-
lems in an industrial context. In partic-
ular, synthetic procedures for the large-
scale preparation of f-amino acids and
amino esters have been reported by
industrial research groups
(Scheme 6).5
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Scheme 6. A Reformatsky reaction performed
on a large scale in industry. NMP = N-methyl-
2-pyrrolidinone.

To conclude, several new options are
now available from modern develop-
ments of the Reformatsky reaction,
particularly in enantioselective versions.
Catalytic, enantioselective, and diaste-
reoselective Reformatsky reactions with
varied electrophiles now appear quite
possible, and a greater understanding of
the properties of the zinc enolate re-
agents®® will be achieved in the very
near future.
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