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Abstract: Chiral N-heterocyclic carbenes are good
ligands for the copper-catalyzed conjugate addition
of dialkylzinc reagents to various Michael acceptors.
With as little as 4% of chiral ligand, the enantiose-
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Diaminocarbenes, and particularly, N-heterocyclic car-
benes (NHC) are a growing class of ligands for transition
metals.l!! Their interest lies in their electron-donating
ability, and they most often replace advantageously an
electron-rich phosphine.’l Many complexes of NHC
with transition metals are well characterized.'*! Such
complexes have been used as catalysts for several
synthetic transformations.>*! Despite this booming
interest, there are still few applications in asymmetric
synthesis.’)] Moreover, only three articles mention
enantioselectivities reaching 90% .04~ We report herein
that chiral NHC’s efficiently promote the copper-
catalyzed conjugate addition of dialkylzinc reagents to
a variety of Michael acceptors, with enantioselectivities
up to 93%, among the best reported for such ligands.

In a recent communication, Woodward[® showed that
Arduengo-type carbenes!” strongly accelerated this
reaction, a behavior strikingly similar to trivalent
phosphorus ligands. Soon after, chiral diaminocarbene
precursors, 1 and 2, were disclosed by Alexakis!®! and
Roland® for this reaction, with enantioselectivities
ranging from 23% (with 2)P to 50% (for 1)8
(Scheme 1).

These results were obtained under the usual exper-
imental conditions for this reaction (2-4% Cu(OTf),,
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Scheme 1.

2-4% ligand, toluene with 2 or Et,O with 1).1%
Imidazolinium salt 1 is first treated with n-BuLi to
generate the carbene, then complexed with the Cu salt,
whereas ligand 2, which is already a carbene, is just
transmetallated to the Cu complex. Since these reports,
we have found that other experimental conditions were
more appropriate (Cu carboxylates, Et,0) for the
conjugate addition with phosphorus ligands.''l We
expected that these new conditions, together with new
diaminocarbenes, could afford much better enantiose-
lectivities.

Imidazolinium salt 1 has two chiralities, the endocyclic
one and the exocyclic one. Imidazolinium salt precur-
sors 3 and 4 (Scheme 2), with only one type of chirality,
were found to be less efficient for the conjugate addition
to cyclohexenone (Table 1, entries 2 and 3). The satu-
rated carbenes 1-4 were believed to be more nucleo-
philic,"” and the distortion from planarity of the
imidazoline ring was thought to be responsible for the
enantioselection. We were therefore very surprised to
find that imidazolinium salt §, lacking both of the above
properties, gave the best enantioselectivity of the series
(entry 4). Application of new experimental conditions
(Et,0, —78 °C, CuOAc, or CuTC = copper thiophene-
carboxylate),[""'led to an increase in ee to 54% (entries 5
and 6). In most cases, these two Cu salts behaved very
similarly with 2-5% difference in ee.
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Table 1. Conjugate addition to cyclohex-2-enone with various chiral imidazolium salts.

Entry Ligand Cu salt Solvent Temp. [°C] Time [h] Yield [%] e [%]
1 1 CuOTf, toluene —20 2 92 22 (S)
2 3 CuOTHf, toluene -20 2 99 4(S)
3 4 CuOTf, toluene -20 2 97 13 (S)
4 5 CuOTf, toluene -20 2 60 39 (R)
5 5 CuOAc, Et,O -78 16 75 54 (R)
6 5 CuTC Et,0 ~78 16 88 52 (R)
7 6 CuOAc, Et,0O -178 16 51 54 (S)
8 7 CuTC Et,O —78 16 76 38 (S)
9 8 CuTC Et,O -78 16 81 51 (S)
Ph.  Ph ™\
ph. @7\ Ph Ph _Ph Ph __Ph 1-Naphth 1-Naphth
O T 3 A T o Y e
Me~ N N Me BF? B s BFE9 AgCI ) CI ~ AgCI )
BF, 9
ph @\ pp Naphth. @/~ \ ' Naphth ¢ Bu B
N N TNVN\_:/ 7 = 1-Naphth @ \/<:/ /_(
BF? i BF? : 8 = 2-Naphth
12

Scheme 2. AgCI Agc'

Such a degree of enantioselectivity is rather astonish-
ing for a flat molecule with only external chirality. The
carbene derived from 5 has been coordinated with other
metals, particularly with Rh, where it gave a similar level
of enantioselectivity in hydrosilylation reactions.[>

The basic skeleton of § could be slightly modified by
changing the exocyclic amino group. Thus, the analo-
gous imidazolinium salt precursors 6—8 were easily
prepared and tested. The results are rather similar to
ligand 5, with ligand 7 (with the 1-naphthyl group) being
the worst. Improvements had to be found elsewhere.

Although the silver carbene 2 gave a rather low
enantioselectivity,’! there were some advantages in
using this type of ligand. They are stable, ready to use
and not hygroscopic. Therefore, we prepared, and
tested, the silver carbenes of some of the above
imidazolinium salts, complexes 9, 10 and 11 (Scheme 3).
In addition, we also prepared some analogues of silver
carbene 2, with benzylic groups on the nitrogen,
carbenes 12 and 13 (Scheme 3).[13)

Scheme 3.

Asshown in Table 2, the silver carbenes 9,10 and 11 all
gave improved enantioselectivity for cyclohexenone
(entries 1, 2 and 3). The ee obtained with 9 (62%),
exceeds that obtained with the carbene precursor §
(54% ee), a result which may be ascribed to an
incomplete conversion of § to the carbene. These results
were obtained with the new experimental conditions.!'!]

To check the net effect of these conditions, we tested
ligand 2 under both conditions; the ee was improved
from 23 to 30% (entries 4 and 5). The best results of this
series were obtained with the new silver carbenes 12 and
13. The ee reached 69% with the sterically hindered
ligand 13 (entry 7). The X-ray structure of 12 is shown
below.') The stereochemical information arises from
the orientation of the benzyl groups, one being up and
the other one being down.

The efficiency of these new N-heterocyclic carbenes
compares well with the asymmetric inductions they
provide in other metal-catalyzed reactions.’! Having
found some good chiral NHC, and in order to generalize

Table 2. Conjugate addition to cyclohex-2-enone with various chiral silver carbenes.

Entry Ligand Cu salt Solvent Temp. [°C] Time [h] Yield [%] ee [%]
1 9 CuTC Et,0 —78 16 99 62 (S)
2 10 CuOAc, Et,O —78 16 92 55(S)
3 11 CuOAc, Et,0 —78 16 87 59 (S)
4 2 CuOTf, toluene 0 0.25 98 23 (S)
5 2 CuTC Et,0 —78 16 99 30 (S)
6 12 CuTC Et,0 —78 16 100 58 (S)
7 13 CuTC Et,O —78 16 99 69 (S)
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Scheme 4.

the reaction, we screened several other Michael accept-
ors, under identical experimental conditions. Cyclic and
acyclic enones were tested, as well as a nitroalkene."”]
The results are shown in Table 3.

From the tested substrates, cyclohept-2-enone is by far
the most favorable one (entries 1, 6, 8, 10 and 11). It
allows us to reach up to 93% enantioselectivity with
ligand 11 (entry 8). This is a remarkably high value for
such a relatively simple NHC and it shows that there is a
lot of potential for improvement in this type of ligand.
All the other silver carbenes also gave high ees, the
lowest being 76%. Acyclic enones (entries 2, 3 and 4)
were rather disappointing, both in terms of the yield and
the enantioselectivity. Perhaps, other structurally differ-

ent NHC could be more efficient for this class of enones.
Finally, nitrostyrene, an excellent Michael acceptor, also
gave high ees, ranging from 55 to 75%.

In conclusion, we have confirmed that chiral N-
heterocyclic carbenes are very promising ligands for
asymmetric synthesis. Their use in the copper-catalyzed
conjugate addition of dialkylzinc reagents allowed us to
get among the highest enantioselectivities (up to 93%)
for this type of ligands. It should be pointed out that the
synthesis of these chiral NHC is very easy and that they
are less sensitive and much cheaper than phosphorus-
based ligands. Other copper-catalyzed reactions are
currently being studied and the results will be reported
in due time.

Experimental Section

Typical Procedure for Conjugate Addition using
Imidazolinium Salt in Et,0 at —78 °C

A dry Schlenk tube was charged with Cu(OTf), (0.04 mmol)
and imidazolinium salt (0.04 mmol), and Et,0 (3 mL) was
added. The resulting solution was cooled to — 78 °C, at which
time n-BuLi (0.05 mmol as a 2M solution in hexanes) was
added. After stirring for 30 minutes at low temperature, the
reaction mixture was warmed up to room temperature and
stirred for a further 15 minutes to ensure complete deproto-
nation. After this time, the solution was cooled back to — 20 °C
and diethylzinc was added (1.5 mmol as a 1 M solution in
hexane). The mixture was stirred for 15 minutes before cooling
to —78 °C and adding the substrate (1 mmol, either neat if
cyclohexenone, or as a solution in toluene). After stirring at
—78°C for 16 hours, the reaction was quenched at low
temperature by the addition of HCI (2 mL of a 1 M aqueous
solution). The resulting mixture was stirred until clear and
enantiomeric excesses could be measured directly using chiral
GC (capillary column-Lipodex E, 0.2 um, 50 m, 0.25 mm).
The organic phases could be isolated, dried over MgSO, and
the solvent concentrated under vacuum to yield the crude
product, which could be purified by flash column chromatog-
raphy to provide the pure product.

Table 3. Conjugate addition to other Michael acceptors with various chiral silver carbenes.

Entry Ligand Substrate Cu salt Yield [%] ee [%]
1 9 Cyclohept-2-enone CuOAc, 99 88 (R)
2 9 5-Methyl-hex-3-en-2-one CuTC 44 49
3 9 Benzalacetone CuTC 60 42 (S)
4 9 Non-3-en-2-one CuTC 67 42 (S)
5 9 Nitrostyrene CuOAc, 100 75 (R)
6 10 Cyclohept-2-enone CuOAc, 97 76 (S)
7 10 Nitrostyrene CuOAc, 98 55(S)
8 11 Cyclohept-2-enone CuOAc, 95 93 (S)
9 11 Nitrostyrene CuTC 98 69 (S)

10 12 Cyclohept-2-enone CuTC 99 76 (S)

11 13 Cyclohept-2-enone CuTC 100 88 ()
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Typical Procedure for Conjugate Addition using Silver
Carbene in Et,0 at — 78 °C

A dry Schlenk tube was charged with copper salt (0.04 mmol)
and silver carbene (0.04 mmol) and Et,O (3 mL) was added.
After stirring for 15 minutes at room temperature, the solution
was cooled to —20 °C and diethylzinc was added (1.5 mmol
as a 1 M solution in hexane). The mixture was stirred for
15 minutes, then the reaction mixture was cooled to —78 °C
for addition of the substrate (1 mmol, either neat if cyclo-
hexenone, or as a solution in toluene). After stirring at — 78 °C
for 16 hours, the reaction was quenched at low temperature by
the addition of HCI (2 mL of a 1 M aqueous solution) and
treated as above.

Additional details are provided in the Supporting Informa-
tion.
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