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Abstract: The Reformatsky reaction is a venerable named reaction that was introduced more
than 120 years ago. Diastereoselective variants based on the use of chiral auxiliary and
enantioselective protocols, based on the employment of stoichiometric amount of chiral lig-
ands, have been successfully applied in organic synthesis during the years. However, a facile
and general catalytic enantioselective variant was still a difficult task. Recently, we have es-
tablished a new general and straightforward methodology for catalytic enantioselective
Reformatsky reaction based on different concepts. In this paper, we present our general find-
ing in catalytic enantioselective Reformatsky reaction of ketones, imines, and aldehydes. Our
simple methodologies could become benchmark reactions for testing new synthesized chiral
ligands for asymmetric transformations.
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The classical Reformatsky reaction was introduced in 1887 by Reformatsky [1] and consists of the zinc-
induced formation of B-hydroxyalkanoates from the reaction of a-halocarbonyl compounds with alde-
hydes and ketones. Reformatsky reactions are now defined as those resulting from metal insertions into
the carbon—-halogen bond, which is activated by carbonyls or carbonyl-related groups in vicinal or vinyl-
ogous positions, with a variety of different electrophiles (Scheme 1).
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Scheme 1 Reformatsky reaction.
As the reaction is initiated by the insertion of zinc into the halogen—carbon bond, many studies

were directed toward the activation of zinc, to facilitate its insertion [2], or by use of many different
metals (Sm, Ti, Co, In) in low oxidation states. The major problem was the difference in the reactivity
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of different zinc sources. In fact, in the reaction with zinc, or with metal in a low oxidation state, the re-
action is typically heterogeneous. Zinc is covered by zinc oxides, and reacts slowly with the halo-
compound. However, more efficient procedures and milder conditions have been developed with spe-
cial forms of activated zinc such as Rieke-Zn [3], or Cu—Zn alloy [4]. Knochel has developed a
straightforward and practical method for activating zinc [5], which is now commonly used to overcome
problems in activation of zinc metal. The mild reaction conditions and the use of an inexpensive, non-
toxic metal have made the development of stereoselective variants possible [6]. Many different ligands
have been tested in an enantioselective variant of the Reformatsky reaction (Scheme 2).
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Scheme 2 Enantioselective Reformatsky reaction performed with stoichiometric amounts of the chiral ligands 1-6.

Most of the ligands were used in more than stoichiometric amounts. In fact, the reactivity of the
generated zinc enolate and the heterogeneous conditions have resulted in the quite difficult development
of catalytic enantioselective variant, particularly with the use of chiral ligands, or promoters, in catalytic
amounts. Knochel has recently developed a practical enantioselective variant of the Reformatsky reac-
tion [7] carried out in the presence of the chiral ligand 7, in which good levels of enantiomeric excess
were reached with aliphatic, aromatic, and heterocyclic aldehydes, and where the use of different bromo
esters was also considered. In the development of this version, a key issue seems to have been the ad-
dition of an equivalent of Et,Zn to the reaction mixture. However, when the amount of 7, employed in
the model reaction, was reduced to 10 mol %, the enantiomeric excess went down considerably
(Scheme 3).
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Scheme 3 Reformatsky reaction developed by Knochel with a catalytic amount of the chiral ligand 7.

We become involved in the Reformatsky reaction in the design of new chiral Schiff bases formed
with B-amino acids. A retrosynthetic analysis for the preparation of -amino acids suggested an imino-
Reformatsky reaction as a possible synthetic route (Scheme 4). However, in such a reaction the corre-
sponding products are often isolated as a mixture consisting of [3-aminoesters and B-lactams. A homo-
geneous variant of the Reformatsky reaction was employed in order to solve this problem.
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Scheme 4 Retrosynthetic analysis for the preparation of aminoesters.

Homogeneous reaction conditions enabled us to design a catalytic enantioselective transforma-
tion. In this context, homogeneous Reformatsky reactions based on the use of Me,Zn or Et,Zn have re-
cently been reported (Scheme 5). Honda [8] suggested the use of Wilkinson’s catalyst Rh(PPh;);Cl, in
the presence of Et,Zn, which acts as a zinc source, while Adrian [9] discovered that a catalytic amount
of the Ni(PPh;),Cl, could effectively replace the more expensive Wilkinson’s catalyst.
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Scheme 5 Homogeneous version of the Reformatsky reaction developed by Honda.

Adrian also suggested the use of less nucleophilic Me,Zn as a zinc source because it has less re-
activity, compared to Et,Zn, and produces no by-products derived from the transfer of a methyl group
to the electrophiles. Adrian introduced another concept in his one-pot, three-component Reformatsky
reaction with imines [9]. The classic Reformatsky reaction with imines presented the problem that a
mixture of B-lactams and B-aminoesters was often isolated, because of the reaction conditions and
imine partner. The use of a chelating imine, derived from o-methoxy aniline, was able to direct the
Reformatsky reaction toward obtaining the 3-amino ester. The o-methoxyaniline protecting group can
be deprotected with an oxidative cleavage, and one of the newest reagents recently introduced was
PhI(OAc), [10]. The one-pot reaction conditions, coupled with a chelating imine, were key concepts for
our first enantioselective one-pot, three-component Reformatsky reaction, carried out in the presence of
an excess of N-methylephedrine as a chiral ligand [11]. Good enantiomeric excess (up to 92 %) and
moderate yield were obtained, with the reaction showing a broad scope (Scheme 6).
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Scheme 6 Enantioselective one-pot, three-component Reformatsky reaction.

It is worth noting the various tasks performed by Me,Zn in these reactions: (a) Me,Zn is the de-
hydrating agent responsible for the formation of the imine in situ; (b) Me,Zn is able to reduce the Ni(II)
salt to nickel(0); (c) Me,Zn reacts with the incipient nickel enolate to form the reactive zinc enolate;
and finally (d) Me,Zn is able to coordinate N-methylephedrine, the amino alcohol used as a chiral lig-
and. A redox cycle can be suggested for the formation of the zinc enolate (Fig. 1).
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Fig. 1 Catalytic cycle for the enantioselective homogeneous one-pot, three-component imino-Reformatsky
reaction.

A key feature of the cycle is the formation of metal enolate with low reactivity (Rh, Ni), unable
to react with the imine. We immediately started a program directed toward the development of a cat-
alytic version. In the homogeneous version of the Reformatsky reaction developed by Adrian, Honda,
and us, the nickel complex is acting in the key step of the insertion in the halocarbonyl compound;
therefore, we focused our attention toward the employment of a catalytic amount of nickel, in the pres-
ence of a suitable chiral ligand. Precedent work published by Fu [12] guided our investigation. The
amide 8 was prepared and reacted with benzaldehyde in the presence of many different chiral ligands
(Scheme 7) [13].

PhCHO Q OH

j\/ AlMes ©/\N
Br
©/\N NiClx(

PPhs), 10mol %
THF, RT

8 O 62 %, 10 % ee

MeO PPh,

MeO PPh,
O 10 mol %

Scheme 7 Catalytic enantioselective Reformatsky reaction promoted by nickel and AlMe;.
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Unfortunately, in the best result obtained through the use of Roche’s MeO-BiPHEP diphosphine
as the chiral ligand [14], we recorded only 10 % of the enantiomeric excess. The reactivity of the zinc
enolate was too high in order to allow the control of the reaction with chiral ligands, and probably, the
nickel enolate formed in the initial step was rapidly transformed in the high reactive zinc enolate. In
order to influence the formation of the zinc enolate, and controlling its concentration, we used another
concept. The halogen—metal exchange is activated by ligands with high coordination numbers and ca-
pable of a strong donation [15]. In these transmetallations, the formation of ate transition states is re-
sponsible for the exchange reaction occurring between the two reagents. Moreover, the exchange of
bimetallic reagents, prepared in the presence of inorganic salts, is determined by the saturation of the
exchanged metal [16]. In fact, functionalized zinc reagents can be prepared by exchange reactions with
Et,Zn, or with the more reactive iPr,Zn [17]; magnesium salts can strongly accelerate these reactions,
and the formation of ate complex is involved in the accelerating effects. It is well known that zinc eno-
late can be prepared by the direct exchange of iodo esters with Et,Zn [18] or iPr,Zn [19].
Enantioselective Reformatsky variants, based on the exchange between iodoacetate and Et,Zn, have
also been developed [20]. The basic concept that we have applied in catalytic enantioselective
Reformatsky reaction was to realize a controlled and mild formation of zinc enolate, using the less re-
active Me,Zn in the presence of a chiral zinc metal complex. Me,Zn has lower reactivity, and even in
the presence of chiral ligand its addition to aldehydes is not so straightforward [21]. We thought that a
homogeneous version of the Reformatsky reaction, coupled with a system able to accelerate the ex-
change between iodoacetate and Me,Zn, and controlling the formation of the reactive enolate, would
be effective in a catalytic Reformatsky reaction. Many different ligands were tested, performing the
model reaction in the presence of benzaldehyde and acetophenone. In general, no reaction occurs, even
in the presence of amino alcohols. Among all ligands tested, we discovered that the exchange reaction
was catalyzed by salen ligands. Although is still unclear how (see infra), the salen ligand was able to
accelerate this exchange; probably the Lewis basic—acid nature of the metal salen complexes played a
decisive role [22]. Different salen complexes were tested, and among them ClMn(salen) (Scheme 8)
emerged as the most effective catalyst, in the reaction with benzaldehyde. Studying the corresponding
reaction with acetophenone gave a higher value of enantiomeric excess; therefore, this model reaction
was systematically studied. Different CIMn(salen) complexes were also synthesized and tested, with
scarce results.
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Scheme 8 Catalytic enantioselective Reformatsky reaction promoted by ClMn(salen) complex.

The reaction conditions were varied in the case of different ketones, and the additive 4-phenyl-
pyridine-N-oxide was found to be important, performing the reaction in tBuOMe [23]. Highly diluted
conditions and 20 mol % of CIMn(salen) were necessary in order to guarantee higher enantioselectiv-
ity in the reactions. In these conditions, the reaction is quite sluggish, and several days were necessary
in order to reach a good conversion. Moreover, the ClMn(salen) appears unstable toward the selected
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reaction conditions, and a slow but progressive transformation of ClMn(salen) in Zn(salen), due to the
presence of excess of Me,Zn, took place. The reaction conditions were tested with the one-pot, three-
component imino Reformatsky reaction, without a great success. However, N-methylephedrine, in con-
junction with the use of ethyl iodoacetate, was found to be the effective chiral ligand. In order to pro-
mote the reaction using a catalytic amount of N-methylephedrine, a systematic investigation of the
reaction parameters was undertaken, and during these investigations, it was clear that the transmetalla-
tion between iodoacetate and Me,Zn was sometimes accelerated. Many reaction conditions were in-
vestigated, but somehow, the key point was missing. The results seem to have been not reproducible.
Finally, it was clear that adventitious traces of air were ultimately responsible for the effective trans-
metallation. Consequently, air was introduced into the reaction flask though a dry-tube, and good yield
and excellent enantioselectivity were obtained in the one-pot, three-component imino-Reformatsky re-
action with aromatic, aliphatic, and heteroaromatic aldehydes (Scheme 9) [24].
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Scheme 9 Catalytic enantioselective one-pot, three-component imino Reformatsky reaction promoted by air.

The activation of Me,Zn seems to be possible using this quite different concept. It is well known
that Me,Zn in the presence of oxygen generates alkyl peroxides (ZnOOR), which are able to initiate
radical reactions [25]. Zinc enolate can be generated via a radical mechanism (Fig. 2), and the catalytic
enantioselective addition of these enolates to imines can then be carried out for the first time. There are
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Fig. 2 Catalytic cycle for the enantioselective Reformatsky reaction promoted by air.
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some literature precedents for the generation of enolate mediated by the radical process described by
Oshima [26]. Similarly, Et;B has been used as a radical initiator, and Danishefsky has found that boron
enolate can easily be prepared by exchange reaction at a low temperature with an iododerivative in a
boron Reformatsky process [27]. Finally, it is worth mentioning that Tomioka has used Me,Zn for pro-
moting radical reactions [28].

This way of generating zinc enolate is also suitable for a catalytic enantioselective Reformatsky
reaction with aldehydes, using the appropriate amino alcohol. We started the detailed investigation of a
new catalytic Reformatsky reaction with aldehydes studying different amino alcohols and performing
the reaction in concentrate conditions, N-pyrrolidinylephedrine was found to be the best ligand for this
transformation, and the reaction conditions were varied accordingly [29]. In particular, slow addition of
the reagents was investigated, showing that the diluted conditions were essential for reaching good
stereoselectivity, then a mixture of solvents (diethyl ether and THF) in 0.03—0.04 M concentration were
used. In these conditions, we reached good enantiomeric excess in the model reaction with benz-
aldehyde, operating at 0 °C. The generation of the enolate seems mediated by a radical cycle, in which
a promoter is necessary. Several types of oxidants, operating via the single-electron tunneling (SET)
mechanism or via direct oxidation, are able to generate radical species and, therefore, were also inves-
tigated. The model reaction with benzaldehyde, in the absence of chiral ligand, was carried out with dif-
ferent oxidants, used in 20 mol %; Table 1 reports the results obtained. Different oxidants used in the
catalytic amounts of 20 mol % are suitable to induce the formation of radicals and to promote the for-
mation of the zinc enolate in the homogeneous reaction conditions [29].

Table 1 Reaction of benzaldehyde with iodoacetate and Me,Zn
promoted by oxidants.

OH O
©/CHO /\[(OEt Me,Zn 2 equiv. ©)\/U\0Et
+ >
o) Oxidant, 20 mol %

1 equiv. 2 equiv. diethyl ether, 0°C

Entry Oxidant? Yield®
1 air 88
2 H,0O, urea 73
3 BuOOH 91
4 DDQ 20
5 FeCp,* 89
6 Oxone 40
7 PhI(OAc), 61
8 PhI=O 33
9 CAN 85

4All the reactions were carried out in Et,O at 0 °C and were quenched after
4 h. The oxidant was used in 20 mol %, except in entry 1, where air was
allowed to enter the reaction flask by a drying tube.

bsolated yield of product purified by chromatography.

These results were optimized with different aldehydes, using two different protocols in the func-
tion of the type of substrates employed in the reaction. From the results obtained, air was considered
the least expensive and available oxidant for promoting the reaction. In the case of non-enolizable alde-
hydes, using Ph;P=0 in 30 mol % as additive added to the preformed enolate (generated by introduc-
tion of air to the reaction flask containing Me,Zn and ethyl iodoacetate), we have obtained in 1-2 h ex-
cellent yields for almost all types of aromatic aldehydes tested. For enolizable aldehydes, the rapid and
successive addition of all of the reagents in the reaction flask gave excellent yields [29]. This protocol
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was applicable also to ketone, and to halo ketones, substrates highly susceptible under basic conditions,
and toward basic enolates. The enantioselective variant of the reaction is still under investigation, but
preliminary results obtained with benzaldehyde and acetophenone (Scheme 10) are quite promising
[29].

Ph.-OH
I 25 mol % OH O
M N: 7 X
CHO o © OEt
©/+ '/\ﬂ/ Et Me,Zn 1.5 equiv.

o) 3h. 0°C:yield 85% ,65% ee

2 equiv. THF/ Et,0 71 h.-25 °C: yield 40% , 84 % ee
PhsP=0 10 mol %
Air
Ph, _OH
o Ji 25 mol % Me OH O
" oF me” N OEt
e
L Y - ;
o) MeyZn 2 equiv., Ph3P=0 20 mol %
2 equiv. THF/ Et,0 24h. 0 °C: yield 80% , 57 % ee
Air 87 h. -25 °C: yield 57% , 81 % ee

Scheme 10 Catalytic enantioselective Reformatsky reaction with benzaldehyde and acetophenone.

Although a detailed mechanistic investigation is necessary in order to conclude that radical
species are involved in these catalytic reactions, recently published results are connecting quite diverse
protocols that we have discovered. Van Koten reported some years ago that complexes of alkylzinc are
able to undergo SET reactions liberating radicals [30]. It is quite remarkable that when we studied the
generation of the zinc enolate in the presence of chiral ligands or metal complexes, only salen (per-
forming the reaction under strictly anaerobic conditions) or salen metal complexes were able to activate
iodoacetate toward the transmetallation with Me,Zn. Recent results reported by Stack point out that
SET reaction in the presence of salen ligand are able to form radical species [31]. The generation of the
radical promoted transmetallation of iodoacetate with Me,Zn with air or via salen are in some way re-
lated and are showing that there are open possibilities for designing a successful catalytic cycle for gen-
erating enolate with different metal precursors and alkyl reagents. The fine-tuning of these processes
may give the possibility to explore new chemistry and new reactions, allowing the formation of the chal-
lenging quaternary stereogenic centers in a controlled and simple way. These and other options are
under active investigation in our laboratory, and we hope to open a new venue to the old but still re-
spectable Reformatsky reaction.
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