Communications

3346

Asymmetric Catalysis

DOI: 10.1002/anie.201000577

Copper-Free Asymmetric Allylic Alkylation with Grignard Reagents**

Olivier Jackowski and Alexandre Alexakis*

During the past decade, the copper-catalyzed enantioselective
allylic alkylation reaction has been extensively studied owing
to its powerful potential to deliver a variety of enantiopure
compounds. By using Grignard, diorganozinc, or triorganoa-
luminum reagents, the regio- and enantioselectivity of the
C—C bond-formation step is controlled using different types
of ligands, such as phosphites, phosphoramidites, ferrocenes,
and peptides.!! The use of ligands that are based on an
N-heterocyclic carbene (NHC) framework, first used in the
asymmetric copper-catalyzed conjugate addition reaction,?
was more recently introduced for the asymmetric allylic
alkylation (AAA) reaction with great success. The groups of
Okamoto,”! Hong, and Tomioka® used Grignard reagents
as their organometallic reagent, whereas Hoveyda and co-
workers'® reported the use of diorganozinc and triorgano-
aluminum reagents. Most NHC ligands that have been
reported thus far are C, symmetric; the Hoveyda group has
developed a series of bidentate ligands wherein a free
hydroxy group forms an intermediate alkoxy copper species
(Figure 1).

Since our first report on the copper-catalyzed AAA
reaction,” we have focused on Grignard reagents. In contrast
to diorganozinc reagents, Grignard reagents are commercially
available, or very easily prepared, and a variety of alkyl
groups can be added using these reagents. Another advantage
of Grignard reagents is their ability to deprotonate the
imidazolium salt,® without requiring a preformed copper or
silver carbene. Our NHC ligands kept the diphenyl imidazo-
line core, with a mesityl group on one nitrogen atom, and a
more flexible benzylic group, rather than a directly linked
aromatic group, on the second nitrogen atom. Thus, several
NHC ligands were synthesized based on this design
(Figure 2). During our work, Uchida and Katsuki went on
the same design with ligand L3, which appeared to be very
good for the copper-catalyzed asymmetric conjugate addi-
tion.!

During the course of these studies on copper-catalyzed
AAA reactions with Grignard reagents and the alkoxy NHC
ligands, we observed that the same result was obtained with or
without the copper catalyst (Scheme 1).
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Figure 1. NHC ligands used in Asymmetric Allylic Alkylation (AAA)
reactions.
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Figure 2. NHCs used in this study. Bn=benzyl, Mes = mesityl.

A preliminary investigation was performed using an ethyl
Grignard reagent on cinnamyl bromide, with and without
copper (Scheme 1). Surprisingly, the results were identical for
the two reactions. Such an observation had already been

reported by Lee and Hoveyda on a specific substrate and
specific Grignard reagents.'” Very recently, they also
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Scheme 1. The NHC-catalyzed AAA reaction of a Grignard reagent.
CuTC = copper thiophene carboxylate.

reported the AAA reactions of cinnamyl phosphate deriva-
tives without copper using organozinc and organoaluminum
reagents.''l However, they insisted that Grignard reagents did
not work well for this reaction, even on cinnamyl halides. In
view of our results, we decided to explore this new reactivity
of NHC-Grignard-reagent complexes for the copper-free
AAA reaction.

First, the substrate scope, and particularly the leaving
group, was explored (Scheme 2). The highest enantioselectiv-
ities were obtained with a good leaving group, but the

Et

L1(1 mol%),
S~y EtMgBr (1.8 equiv) @)\/ . ©/\/\Et
Ej/\A Et,0, 0°C
Y o
X conv. (%)
Cl 70 73(34%ee) : 27
Br 99 70(77%ee) : 30
| 100 40 (70% ee) : 60
OAc 50 (to alcohol) - -
OPO(OEt), 73 90 (54% ee) : 10

Scheme 2. Leaving group effect on the AAA reaction.

regioselectivity followed the opposite trend, the best result
was obtained with cinnamyl phosphate. The acetate was not a
successful leaving group, since direct attack on the carbonyl
group occurred. Therefore, the conditions were optimized
with cinnamyl bromide as the best compromise. The solvents,
the temperature, the catalyst loading, and concentration of
the reaction mixture were also evaluated (Table 1). The
reaction time was kept to one hour to better investigate the
reactivity.

First, lowering the temperature to —15°C improved the
enantioselectivity without affecting the regioselectivity
(Table 1, entries 1 and 7). However, at —30°C, a small erosion
of the regioselectivity was observed (Table 1, entry 8). The
solvent played an important role: a moderately coordinating
solvent was required (Table 1, entries 1 and 2), but both THF
(Table 1, entry 3) and a noncoordinating solvent (Table 1,
entries 4 and 5) afforded poor regio- and enantioselectivities.
The effect of concentration was also addressed: dilution
slowed down the reaction without any noticeable change in
selectivity (Table 1, entry 9), whereas increased concentration
decreased the regioselectivity (Table 1, entry 10). Higher
catalyst loading (4%, instead of 1%) was clearly not
important (Table 1, entry 12), but the absence of an NHC
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Table 1: Optimization of experimental conditions.!
Et

L1(1 mol%)
S EtMgBr (1.8 equiv) Q)\/ ©/\/\Et
Br +
solvent, 7
0.25m ¥ o
Entry  Solvent  T[°C]  Conversion [%]”  v/ofl  ee [%]
1 Et,O —15 >99 76:24 85
2 MTBE —15 53 75:25 72
3 THF —-15 40 50:50 42
4 CH,Cl, -15 47 10:90 40
5 toluene —15 40 50:50 67
6 Et,0H -15 >99 77:23 84
7 Et,O 0 >99 70:30 77
8 Et,O -30 98 67:33 86
9 Et,0l —-15 76 70:30 83
10 EtzO[q —15 94 50:50 84
11 Et,0O —-15 <1 - -
12 Et,OM -15 >99 76:24 82

[a] Reaction time was 1 hour in all cases. [b] Determined by "H NMR
spectroscopy. [c] Determined by SFC on a chiral stationary phase.
[d] With CuTC (1 mol %). [e] 0.125 m. [f] 0.5 m. [g] No ligand. [h] 4 mol %
ligand. SFC=supercritical fluid chromatography, MTBE =methyl tert-
butyl ether.

stopped the reaction (Table 1, entry 11). We also checked that
the regio- and enantioselectivities were the same at the
beginning and at the end of the reaction. In conclusion, the
reaction works well in diethyl ether at —15°C with 1 mol % of
ligand L1 and the reaction times can even be decreased to
10 minutes.

With these optimal conditions in hand, several ligands
were tested to improve the regio- and enantioselectivities
(Table 2).

Table 2: Ligand screening.

L (1 mol%)
©/\V\Br

Et
EtMgBr (1.8 equiv)

©/l\/ ©/\V\Et
+
Et,0, —15°C, 10 min

Y o
Entry L Conversion [%]" v/ ee [%]®
1 L1 >99 76:24 85
2 L2 >99 70:30 80
3 L3 70 70:30 57
4 L4 80 75:25 53
5 LS 98 70:30 51
6 L6 98 72:28 61
7 L7 >99 67:33 63
8 L8 >99 67:33 53
9 L9 99 69:31 36
10 L10 >99 9:91 34

[a] Determined by "H NMR spectroscopy. [b] Determined by SFC on a
chiral stationary phase.

The counter ion (Cl versus BF,) had no significant effect
on the reaction (Table 2, entries1 and 2). However, the
regiochemistry (around 7:3) seems to be directed by the
mesityl group on the ligand. Ligand L10, which contained a
benzyl group instead of a mesityl group, gave a reversal of the
regioselectivity in favor of the o product (Table 2, entry 10).
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On the other hand, the enantioselectivity seems to be
controlled by the substituent on the other nitrogen atom of
the NHC. The simple benzyl motif in ligand L4 afforded lower
enantiomeric excess values, which showed the necessity of the
phenolic hydroxy group (Table 2, entry 4). The homologated
naphthol moiety L8 did not improve the enantioselectivity
(Table 2, entry 8). The number of carbon atoms between the
nitrogen and the oxygen atoms seems important, as the
carbene reported by Hoveyda et al. (L9), which contained a
phenylphenol moiety, gave the lowest asymmetric induction
(Table 2, entry9). Similarly low enantioselectivities were
observed with L6 and L7, which both had four carbon
atoms between the substituents (Table 2, entries 6 and 7). The
steric hindrance around the hydroxy group also had an
important effect on the enantiomeric excess (Table 2,
entry 3), as the carbene reported by Uchida and Katsuki
(L3) gave lower ee values. Finally, the best result (85% ee)
was obtained with ligand L1 (Table 2, entry 1), which
contained three carbon atoms between the nitrogen and the
hydroxyl groups; this chain length seems to be essential for
the enantioselectivity.

Next, the scope of the reaction was screened with different
Grignard reagents on cinnamyl bromide (Table 3). The
selectivities observed seemed to be independent of the

Table 3: Grignard reagent screen.

L1 (1 mol%) R
S RMgBr (1.8 equiv) ©)v/ WR
Br +
©/\/\ Et,0, -15°C
¥ o
Entry R Yield [%] y/ol ee [%]"
1 Me 88 83:17 70 (R)
2 Et 82 76:24 85 (R)
3 nBu 83 77:23 85 (R)
4 iBu 86 84:16 82 (R)
5 tBuO(CH,), 97 79:21 80 (R)
6 Ph(CH,), 97 88:12 86 (R)
7 Me,C=CH (CH,), 90 82:18 86 (R)
8 iPr 93 69:31 82 (R)
9 Cy 88 68:32 84 (R)
10 tBu 58 73:27 68 (S)

[a] Determined by 'H NMR spectroscopy. [b] Determined by SFC or GC
on a chiral stationary phase. Cy = cyclohexyl.

Grignard reagent used. Apart from the methyl Grignard
reagent (Table3, entry 1), which is known for its low
reactivity and selectivity, all of the primary Grignard reagents
(Table 3, entries 2-7) offered quite good regioselectivities
(76:24 to 88:12) and good enantioselectivities (up to 86 % ee).
The most remarkable result was the reaction with tBuMgBr
(Table 3, entry 9). The analogous copper-catalyzed reaction
gave a lower ee value,l'! thus showing that the copper-free
reaction may be complementary to the copper-catalyzed
established procedures.

The observed reactivity can be tentatively explained by
the following proposed mechanism (Scheme 3): First, the
imidazolidinium salt L1 is doubly deprotonated by two
molecules of the Grignard reagent to form intermediate A;
Complex B is then generated from the reaction of A with the
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Scheme 3. Tentative catalytic cycle.

Grignard reagent. Interaction with the substrate leads to
complex C, which adopts a pseudo-chair conformation that
offers an explanation for the observed regio- and enantiose-
lectivities. The product is then released and intermediate A is
regenerated to begin another cycle.

It should be kept in mind that, in the absence of an NHC,
the reaction afforded <5% of substitution product. The
electron donation by the carbene to the Lewis acidic
magnesium atom should enhance the nucleophilicity of the
R group of the Grignard, which explain its higher reactivity.!"”
On the other hand, the hydroxy group could maintain a
tighter transition state that allows a better enantioselectivity
than L4, which lacks this hydroxy group.

With these encouraging results in hand, EtMgBr and
Ph(CH,),MgBr were tested on different cinnamyl bromide
derivatives and on aliphatic substrates (Table 4).

With cinnamyl derivatives, the regioselectivities obtained
were independent of the aryl substituent. However, the
enantiomeric excess values increased (up to 91 % ee) with
increasing steric hindrance (Table 4, entry 5) or with a more
electron-withdrawing 4-CF;C¢H, group (Table 4, entry 4). In
contrast, an electron-donating group, such as 4-MeOCsH,,
decreased the enantiomeric excess (Table 4, entry 3). The
reaction of an aryl Grignard reagent (Table 4, entry 7) only
afforded moderate results with lower reactivity, no regiose-
lectivity, and only 50% ee. In all cases involving aliphatic
substrates, the y product was obtained with high selectivities,
ranging from 86:14 to 95:5. Both the regioselectivity and
enantioselectivity followed a counter-intuitive trend, being
better with the bulkiest substituent (fBu group; Table 4,
entry 14). This is a reversal of the trend followed by copper-
catalyzed reactions, thus showing again the complementar-
ities of the two methods.

The procedure was extended to the formation of stereo-
genic quaternary carbon centers from their corresponding
trisubstituted allylic substrates, as a mixture of £ and Z
compounds (Table 5). The reaction proceeded much faster
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Table 4: Cinnamyl derivatives and aliphatic substrate scope.

L1 (1 mol%) R?
R‘/\/\Br R2MgBr (1.8 equiv) R‘J\/ + RM\/\R?
Et,0, -15°C
Y o
Entry R R? Yield [%]  y/of ee [%]"
1 Ph Et 82 76:24 85 (R)
2 4-MeC,H, Et 87 77:23 88 (R)
3 4-MeOC¢H, Et 59 81:19 73 (R)
4 4-CF,C¢H, Et 80 76:24 90 (R)
5 1-Naphthyl  Et 88 71:29 91 (R)
6 2-Naphthyl Et 84 74:26 87 (R)
7 4-CF,C¢H, Ph 66 50:50 50 (S)
8 Me Ph(CH,), 94 86:14 33 (R)
9 Ph(CH,), Et 94 87:13 54 (S)
1 BrCH, Ph(CH), 98 >98:2 61 (R)
12 Cy Et 72 88:12 78 (R)
13 tBu Et 99! 88:12 84 (R)
14 tBu Ph(CH,), 75 95:5 80 (R)

[a] Determined by '"H NMR spectroscopy. [b] Determined by GC or SFC
on a chiral stationary phase. [c] Conversion [%].

Table 5: Stereogenic quaternary carbon center formation.

Me L1 (1 mol%) Me. R? Me
R1J\/\Br R2MgBr (1.8 equiv) R‘W . R*J\/\Rz
Et,0, -15°C
¥ o
Entry R' R? Yield (%)% y/o®  ee [%]
1 4-MeOCH,Y Et 77 62:38 0
2 Phtl Et 70 >982 89 (R)
3 Phl Et 27t >98:2 39 (R)
4 Phtl Et 100! >982 72 (R)
5 Phtl Me,C=CH(CH,), 94 >982 84 (R)
6 4-CFCHM  Et 55 >98:2 86 (R)
7 cyft Ph(CH,), 86 >98:2 64 (R)
8 tBu Ph(CH,), 65 >98:2 73 (R)

[a] From the E substrate. [b] Determined by 'H NMR spectroscopy.
[c] Determined by GC or SFC on a chiral stationary phase. [d] Mixture
of E/Z isomers (8:2). [e] Cinnamyl chloride derivative as a mixture of
E/Zisomers (8:2). [f] Cinnamyl iodide derivative as a mixture of
E/Z isomers (75:25). [g] Conversion from the mixture [%]. [h] Mixture
of E/Z isomers (9:1). [i] Mixture of E/Z isomers (8:2) and ee value was
determined after epoxidation.

with the E substrate, and could be stopped with minimum
conversion of the Z substrate.™ In fact, the Zisomer
decreased the enantiomeric excess, presumably because,
with the same facial selectivity, it affords the opposite
enantiomer.

The trend in regioselectivity observed above with the
bulkiest substrates is also followed here. Almost complete
vy regioselectivity was observed and was independent of the
substrate. An exception is the substrate with an electron-
donating group, which is associated to a dramatic loss of
enantioselectivity (Table 5, entry 1), probably through an Sy1
mechanistic pathway. The stereoselectivity was also quite
good, up to 89%, using aromatic compounds (TableS5,
entries 2, 4-6). The aliphatic substrates offered a slight
decrease in the enantiomeric excess (Table 5, entries 7 and
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9). Again, copper-catalyzed reactions have never afforded
such high v selectivities using Grignard reagents.!!

In conclusion, a copper-free allylic alkylation reaction
with Grignard reagents was performed with up to 91 % ee.
The enantioselectivity (around 85% ee) is independent of
substrate and Grignard reagent. The formation of stereogenic
quaternary centers is completely regioselective with good
enantiomeric excesses (up to 89 % ee) observed with aromatic
substrates. This methodology seems complementary to the
copper-catalyzed analogue. Further work is underway to
improve the enantioselectivity with new NHCs.

Experimental Section

Cinnamyl bromide (0.5 mmol) and L1 (1 mol %) were suspended in
dry Et,0 (2mL) in a flame-dried Schlenk flask, under a nitrogen
atmosphere, and cooled to —15°C. EtMgBr (3m in Et,0; 0.3 mL,
1.8 equiv) was added dropwise over 4 minutes. After conversion was
complete, the mixture is quenched by addition of a saturated solution
of NH,Cl1 (2 mL) and stirred at room temperature for 15 minutes. The
aqueous layer was separated and extracted with Et,O (3 x3 mL). The
combined organic fractions were dried over Na,SO,, filtered, and
concentrated in vacuo. The residue was purified by flash column
chromatography and gave a mixture of y and o products (76:24) and
85% ee (R; Table 1, entry 1). '"H NMR (300 MHz, CDCl,): 6 =7.40—
7.26 (m, 5H), 6.49 (d, ar), 6.33 (m, a), 6.06 (m, ), 5.13 (m, vy '), 3.24 (q,
J=7.4Hz,v),2.29 (q,/J=7.0Hz, a), 1.86 (m, ), 1.59 (m, ), 1.07 (¢,
3H, J=732Hz, a), 0.98ppm (t, 3H, J=7.32Hz, v). *"CNMR
(75 MHz, CDCl3): 6 =144.4 (y), 142.2 (y), 130.9 (o), 129.9 (o), 1284
(v), 128.3 (ar), 127.6 (), 126.7 (), 126.1 (y), 125.9 (a), 114.0 (y), 51.7
(y), 351 (o), 283 (y), 225 (o), 13.7 (a), 12.1ppm (y).
[a]? =—30 degem®g'dm™ (¢=0.6 gem™ CHCL;) for the mixture.
The ee values were measured by SFC on a chiral stationary phase
(chiralcel OJ column, 2 mLmin~!, 200 bar, MeOH, 1% for 2 min then
2% min~"): 5.56 min (R), 6.11 min (S).
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