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We report highly enantioselective allylations of enamines that
occur with high regioselectivity for addition at the branched position
of allyl electrophiles. Conventionally, the asymmetric synthesis of
these allylated ketones has been conducted withâ-ketoesters and
requires a separate decarboxylation step. The allylations of enamines
address the challenge of conducting enantioselective allylation of
so-called unstabilized enolates, particularly reactions of both
aromatic and aliphatic acyclic ketones.1 Such reactions were
reported with palladium catalysts many years ago, but little
enantioselective allylation of these classic nucleophiles has been
reported.2 Moreover, no allylations of enamines catalyzed by
complexes that control the stereochemistry at the electrophile have
been reported.

As shown in Scheme 1, palladium catalysts for the allylation of
enamines with monosubstituted allyl electrophiles are known to
form the linear substitution products.1 We show that the analogous
reactions of enamines in the presence of a metalacyclic iridium
catalyst form the branched product3 with high enantioselectivity
and regioselectivity with a range of allyl electrophiles, in the absence
of added base,1,4 without activators,5 and without the need to prepare
substituted enol carbonates.1,6 These reactions of enamines occur
in good yields with both aliphatic and aromatic ketones, and they
occur with high selectivity for the monoallylation of unhindered
methyl ketones.

The development of conditions to conduct the enantioselective
allylation of enamines relied on the use of a preformed iridium
catalyst containing a cyclometalated phosphoramidite ligand, the
appropriate enamine, an aromatic solvent, and an additive to adsorb
the alcohol product. Previous work from our laboratories has shown
that iridium phosphoramidite catalysts for allylic substitution
become active by cyclometalation of the ligand with a basic reagent
to form the structure5 in Figure 1.7 This cyclometalated catalyst
was used in our labs8 and subsequently by others9 for the allylation
of amines, alcohols, phenols, silanolates, and activated methylene
compounds. Because enamines are not sufficiently basic to induce
the cyclometalation process, we studied reactions of enamines using
a cyclometalated catalyst5 that was generated by heating of
phosphoramiditeL1 (Figure 1) with [Ir(cod)Cl]2 at 50°C for 1 h
in the presence of propylamine.7 Our studies focused on reactions
of pyrrolidine enamines because their nucleophilicity is greater than
that of other standard enamines, such as morpholine enamines.

Initial reactions of the pyrrolidine enamine of acetophenone (2a)
with methyl cinnamyl carbonate in the presence of the iridium
catalyst 5 formed the branched substitution product with no
detectable diallylation products. However, the allylation of enamines

occurred in competition with allylation of free pyrrolidine, presum-
ably formed by decomposition of the enamine in the presence of
PrNH3Cl generated during the catalyst activation. This allylation
of pyrrolidine was suppressed by conducting the reaction in the
presence of 5 Å molecular sieves. As shown in Scheme 2, the
branched-to-linear (b:l) ratios and enantioselectivities of the reac-
tions of aromatic and aliphatic enamines2aand2b conducted with
5 Å MS were high. However, the reactions were slow, even when
conducted with 5 mol % of Ir. Furthermore, aliphatic carbonates
did not react under these conditions.

A change in solvent, the use of pure, isolated cyclometalated
complex 5 in combination with [Ir(cod)Cl]2,7 and the use of
isopropyl carbonates led to increased rates and successful reactions
with aliphatic carbonates. The b:l ratios were high from reactions
of cinnamyl methyl carbonate and enamine2a in all solvents in
the presence of the unpurified, cyclometalated catalyst, but enan-
tioselectivities were lower in more polar solvents: THF, EtOAc,
toluene (95-96% ee)> NMP (84% ee)> CH2Cl2 (82% ee)>
DMF, MeCN (77-80% ee). Lower enantioselectivities from
reactions in more polar solvents have been observed previously
with this catalyst.10 Reactions in toluene occurred with the best
balance of rate and selectivity.

The use of the isolated catalyst5 (Table 1) led to the fastest
reactions of cinnamyl carbonate and reactions with aliphatic
carbonates. Reactions of different carbonates with a series of
additives are summarized in Table 1. The reaction of methyl
cinnamyl carbonate with the enamine2a under these conditions
occurred in only 2 h without the formation of the products from
allylation of pyrrolidine but with competitive formation of products
from decarboxylative etherification of the allylic carbonate (6 in
Table 1). The formation of products from internal collapse of the
allylic carbonate was suppressed by conducting reactions with the
more hindered isopropyl carbonates (Table 1, entries 2-5) and by
the addition of CaCl2 or ZnCl2 to trap the released isopropanol.
CaCl2 and ZnCl2 were tested because they are known to form
alcoholates with high binding energies.11 Reactions with added

Scheme 1

Figure 1. Phosphoramidite ligandL1 and structure of cyclometalated five-
coordinate Ir catalyst precursor Ir(cod)(κ2-L1)(L1), 5.

Scheme 2
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ZnCl2 occurred in slightly higher yield than reactions with added
CaCl2 (Table 1, entries 7 and 8).

The reactions of a variety of enamines (2a-d) with allylic
carbonates (1a-g) were conducted under these optimized conditions
(Table 2). While reactions were nearly complete in as little as 1 h
(entry 5), reactions were allowed to run for several hours. Reaction
rates were similar for reactions of different enamines (entries 1-4),
but varied with the electronic (entries 4-7) and steric (entries 5 vs
8 and 9 vs 10) properties of the allylic carbonate.12

The regioselectivities at the allyl and enamine units were high
in most cases. The reaction of the electron-poor,p-CF3-substituted
cinnamyl carbonate1cwith the enamine of isobutyl methyl ketone
(2d) and the reaction of hexenyl carbonate1g with enamine2d
occurred with b:l ratios of 85:15 (entry 6) and 89:11 (entry 10).
All other reactions occurred with b:l ratios greater than 95:5. The
reactions of enamines from methyl alkyl ketones that exist as
mixtures of two regioisomers occurred regioselectively (g99:1) at
the less hindered position. The enantioselectivities were also high
in most cases. All reactions occurred ing94% ee, except for that
of enamine2d with o-methoxycinnamyl 2-propyl carbonate (1e)10

(77% ee) and that of2d with hexenyl carbonate1g (83% ee). In
addition, the fast rates allowed carbonate1a to react with enamine

2d in the presence of 1 mol % of total iridium (0.5 mol % of
[Ir(cod)(κ2-L1)(L1)] and 0.25 mol % of Ir(cod)Cl]2) without any
significant change in yield, b:l ratio, or enantioselectivity (entry
11).

Published iridium-catalyzed allylations of aliphatic silyl enol
ethers occurred in only 46-54% yield, and reaction times were
also long (18-40 h).5 In contrast, the allylations of aliphatic
enamines generally occurred in high yield, with high selectivity,
and with much shorter reaction times (Table 2, entries 2, 4-8, and
11). The aliphatic enamine (2d) even coupled with a generally less
reactive straight chain allylic carbonate (1g) in satisfactory yield
and ee at 35°C (entry 10).12 The allylation of aliphatic ketones
with allylic esters containing aliphatic substituents is rare.1a,6c

In summary, we have developed the first catalytic enantioselec-
tive allylation of ketone enamines to give the products from addition
to the more substituted position of an allyl electrophile, and these
reactions encompass rare examples of the enantioselective allylation
of any acyclic aliphatic ketone.1,13Notable features of these reactions
include the absence of diallylation products, regioselective allylation
at the less hindered position of the enamine, high yields from
reactions of aliphatic ketone enamines, and high enantioselectivities
with a broad range of enamine nucleophiles and carbonate elec-
trophiles. Studies to extend these methods to the reactions of
prochiral enamines, aldehyde enamines, and 1,1-bis(amino)ethylenes
are ongoing.
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Table 1. Effect of Leaving Group and Additivesa

entry R1 OCO2R3 t (h) additive yieldb 3 (%) yieldb 6 (%)

1 Ph OCO2Me 2 5 Å MS 85 17
2 OCO2Et 1.5 5 Å MS 88 8
3 OCO2i-Bu 1.5 5 Å MS 78 15
4 OCO2i-Pr 2.5 5 Å MS 94 4
5 OCO2t-Bu 6 5 Å MS 91 <2
6 Me OCO2i-Pr 21 none 28 ndc

7 OCO2i-Pr 21 CaCl2 59 ndc

8 OCO2i-Pr 21 ZnCl2 66 ndc

a See Supporting Information.b NMR yield. c Byproduct6 is volatile.

Table 2. Ir-Catalyzed Allylation of Enaminesa

entry R1 R2 3 t (h) yieldb (%) 3:4c % eed

1 Ph Ph 3a 6 91 >99:1 94
2 Ph i-Pre 3b 5 86 >99:1 95
3 Ph 2-anisyl 3c 3.5 86 96:4 96
4f Ph i-Bug 3d 4 91 98:2 96
5h 4-anisyl i-Bug 3e 2 91 97:3 96
6h 4-(CF3)C6H4 i-Bug 3f 11 75 85:15 94
7h 2-furyl i-Bug 3g 2 90 98:2 97
8h 2-anisyl i-Bug 3h 7.5 86 98:2 77
9h,i Me Ph 3i 4 68 95:5 94

10 j Pr i-Bug 3j 39 64 89:11 83
11k Ph i-Bug 3d 11 84 98:2 95

a See Supporting Information.b Isolated yield of3. c Determined by NMR
and/or GC/MS.d Determined by HPLC.e 95:5 ratio of regioisomers.
f Average of three runs.g 68:32 ratio of regioisomers.h Average of two runs.
i 2 equiv of enamine.j 1.5 equiv of enamine, 35°C. k Reaction run with
0.5 mol % of Ir(cod)(κ2-L1)(L1) and 0.25 mol % of [Ir(cod)Cl]2.
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