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Abstract: This mini-review deals with a special, and challenging, aspect of the asymmetric conjugate addition: the
formation of all-carbon quaternary centers by reaction with Michael acceptors bearing a polysubstituted unsatura-
tion. Only copper catalysts allow this transformation, along with a careful choice of primary organometallics and
chiral ligand. The resulting adducts are useful intermediates for the synthesis of more complex natural products.
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1. Introduction

The conjugate addition reaction is one of
the fundamental transformations in organic
synthesis.l'l The introduction of hard, non-
stabilized, nucleophiles is best achieved
with organocopper reagents, or copper salts
catalyzing the reaction of a primary orga-
nometallic, such as Mg, Zn, Al reagents.2!
The asymmetric version of this reaction has
a long history, but the true breakthrough
came in the late 1990s.131 It was first found
that R,Zn reagents were the most appropri-
ate, and that tris-heterosubstituted phospho-
rus ligands were the best ones. In parallel, a
rhodium-catalyzed version was developed,
equally efficient, and complementary to the
Cu-catalyzed one.[*! With Cu, alkyl groups
(even functionalized ones) were transferred,

whereas with Rh, only aryl and alkenyl groups
were transferred, via their boronic acids.
Over the years, the Cu-catalyzed asymmetric
conjugate addition (ACA) was successfully
applied to many different Michael acceptors,
such as cyclicP-91 and acyclic enones,[0.11]
lactones!!2131  or lactames,!!'4l nitro-ole-
fins,[15-18] amides![!’®] and malonates.[20-22]
However, whatever the Michael accep-
tor, all attempts on substrates bearing a
B-disubstituted double bond lacked reactivity,
probably for steric reasons (Scheme 1). The
same statement applies for the Rh-catalyzed
version. This is a serious drawback because
the creation of enantioenriched all-carbon
quaternary centers is still a synthetic chal-
lenge.[23241 We shall see how this problem
was handled, and partially solved, through
the different organometallics that were used.

2. Diorganozinc Reagents

Diorganozinc reagents were shown to
be the first and most efficient primary or-
ganometallics for the Cu-catalyzed ACA
reaction.’1 However, they lack reactivity
when confronted with sterically hindered
substrates. A first approach, by the Hov-
eyda group, was to use the most reactive
substrates known for this conjugate addi-
tion, that is nitro-alkenes (Scheme 2).[25]
Several other examples show the generality
of this reaction, even with the less reactive
Me,Zn, although the temperature has to be
increased to 0 °C.

With unsaturated ketones, the carbo-
nyl group is a less electron-withdrawing
group than the nitro functionality. Thus,
for cyclic enones, such as 3-methyl cyclo-
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Scheme 2. Addition to B-disubstituted nitro-alkene
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Scheme 3. Addition to doubly activated enones
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Scheme 4. Addition to alkylidene malonates
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Scheme 5. Addition to 3-alkyl cyclohexenones

1.5 Et3Al, 2% CuTC, 4% L*

Et,0, -30 °C, 15 h

ee 96-97%

- R’

JRIaN
! Al
L*./ (o} I’>“IR

o g R
[‘ . O Ar><

R'

1.5 Me3Al, 2% CuTC, 4% L*

Et,0, -30 °C, 15 h

2-Naphth
(Lo

\

P-N

O o )=
2-Naphth

Scheme 6. Addition of R;Al to 3-alkyl cyclohexenones

hexenone, Hoveyda added an additional
activating group, which now allows the
reaction to take place.?] Thus a double
activation seems to be a good ‘trick’ to
enhance the reactivity of such substrates.
However, the ligand had to be changed, and

after screening 90 ligands, one was found
that affords excellent yield and enantio-
selectivity (Scheme 3). This problem
emphasizes the importance of the ligand
in all these reactions. The carbomethoxy
group could be subsequently removed, or
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exploited for additional transformations,
in good yield.

The same strategy was followed, for alky-
lidene malonates, by Fillion and Wilsily.[27]
Here again, two activating groups are needed.
Not only that, but the malonate derivative had
to be from Meldrum’s acid in order to get the
reaction takes place. Even then, the poorly re-
active Me,Zn could not be transferred. Oth-
erwise, the yields and enantioselectivities are
good to excellent (Scheme 4).

As stressed above, the nature of the chi-
ral ligand plays a fundamental role on the
reactivity of the organometallic species.
Hoveyda and coworkers found that with
diaminocarbene ligands (N-heterocyclic
carbenes or NHCs) the rate enhancement
allowed, now, the reaction to proceed with-
out double activation. The precursor of the
Cu carbene was the dimeric Ag carbene,
easier to handle. Thus the addition could
take place on simple 3-alkyl substituted
cyclohexenones with excellent yields and
enantioselectivities (Scheme 5).[28]

Again, the poorly reactive Me,Zn
could not be added. However, it was
shown that diphenyl zinc was reactive
enough to be transferred. This is an im-
portant advancement, as the Rh catalyzed
conjugate addition is not operative with
these polysubstituted Michael acceptors.[4]
Strangely, although high, the phenyl
group affords the opposite enantioselec-
tivity with the same chiral ligand! When
the 3-substituent is a carbalkoxy group,
this double activation allows the reaction
of both Me and Ph groups, in addition to
normal R,Zn.[2%]

3. Triorganoaluminium Reagents

A different strategy was followed by
Alexakis, who sought an enhancement of
reactivity of the substrate through Lewis
acid activation. It is well known that Al
salts are stronger Lewis acids than Zn
salts. It is also well known that R;Al re-
agents are excellent primary organome-
tallics for the copper-catalyzed asymmet-
ric conjugate addition to cyclicl3%:311 and
acyclic enones,32l and nitro-olefins.[33.34]
It was found that both commercially avail-
able Me;Al and Et;Al are able to add to
simple 3-alkyl cyclohexenones, with ex-
cellentyields and enantioselectivities.[35.36]
Among the variety of chiral ligands tested,
abiphenol type phosphoramidite appeared
to be the best. The two pathways shown
in Scheme 6 afford opposite enantiomers,
showing that the ligand imposes the same
facial approach of the organometallic.

Of particular interest is the addition of
Me;Al, because it is the cheapest organo-
metallic bearing the methyl group, and be-
cause this group is the most important from
synthetic point of view. On the other hand
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Fig. Strategies for the conjugate addition to polysubstituted enones

3-alkyl substituted cyclohexenones are all the enantioselectivities are above 90%.

readily available from commercial 3-ethoxy
cyclohexenone (Scheme 7). Even very hin-
dered enones, such as isophorone, are able
to react (with Et;Al in this case).[3¢ With
the exception of 3-phenyl cyclohexenone,

But even this difficult case could recently
be improved to 86% by changing to our new
SimplePhos ligand.[371

The versatility of the methodology could
be seen when functionalized substrates
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were used. Thus, an acetal functionality is
tolerated. It allows, after deprotection and
cyclisation, the introduction of an angular
methyl group, found in so many natural
products (Scheme 8).135.36]

More recently, the reaction has been
extended to different ring sizes, fivel38]
and seven,[30] with equal success (Scheme
9). In addition, an alkenyl group could be
introduced for the first time,l3¢! by taking
advantage of the preferred transferability
of vinyl groups instead of alkyl ones. Thus,
a simple hydroalumination of an alkyne,3%
with DIBAL, allows the formation of the
alkenyl aluminium reagent which is in situ
reacted with the enone. Again, it should be
emphasized that Rh catalysis is not opera-
tive with such an enone.

4. Grignard Reagents

Despite the extension to vinylic alumin-
ium reagents, the commercial availability
of R;Al is rather limited to few R groups. In
order to expand this methodology to other
nucleophilic R groups, Alexakis turned to a
different strategy, i.e. a more nucleophilic
primary organometallic (Fig.).

Grignard reagents are well known for
their high reactivity in copper-catalyzed re-
action, even on demanding substrates, such
as trisubstituted enones.[“01 However, our
attempts to use known ligands for this class
of organometallics failed, either by poor re-
gioselectivity (1,2 versus 1,4 addition) or by
low enantioselectivity. Among the recently
described ligands for the copper-catalyzed
conjugate addition, the class of diaminocar-
benesl#142] has emerged as a viable alterna-
tive to phosphorus-based ligands. When we
tested the unprecedented combination of
Grignard reagents and NHC as ligands in
the conjugate addition, we found, after ex-
tensive screening, an appropriate ligand to
obtain high enantioselectivities*3! (Scheme
10).

Although the enantioselectivities are
not as high as with Al and Zn reagents, the
scope of the reaction is much wider. Vari-
ous primary and secondary R groups, as
well as a phenyl group, can be transferred
without reactivity problems, with quantita-
tive yields and good to excellent enantio-
selectivities. In a similar way, as before,
the reaction occurs on variously substituted
enones, including sterically hindered iso-
phorone, with equal success.

5. Conclusions and Outlook

This overview shows that the asym-
metric copper-catalyzed conjugate ad-
dition affords a viable methodology for
the creation of all-carbon chiral quater-
nary centers. Until today, only the unique
properties of copper, as compared to other
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Scheme 10. Additions of Grignard reagents

transition metals, allows this challenging
transformation. Comparing the different
organometallics used, we can say that zinc
reagents, although the least reactive, allow
the addition of functionalized R group,
whereas aluminium reagents are the best for
the transfer of the Me group in terms of cost
efficiency and enantioselectivity. However,
Grignard reagents remain the ones with the
greatest synthetic potential. They only need
some improvement on the enantioselectiv-
ity, and we are working on it!
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