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We report highly enantioselective allylations of enamines that OO Ph 701
occur with high regioselectivity for addition at the branched position o ) J_s ,09
of allyl electrophiles. Conventionally, the asymmetric synthesis of P-N R 09 = (R)-BINOL
these allylated ketones has been conducted fidetoesters and OO © Ph> NY
requires a separate decarboxylation step. The allylations of enamines Ph Ph
address the challenge of conducting enantioselective allylation of (aR,R,R)-L1 Ir(cod)(?-L1)(L1) (5)

so-called unstabilized enolates, particularly reactions of both Figure 1. Phosphoramidite ligandl and structure of cyclometalated five-
aromatic and aliphatic acyclic ketonksSuch reactions were coordinate Ir catalyst precursor Ir(coeB{L1)(L1), 5.

reported with palladium catalysts many years ago, but little

. . ) : . Scheme 2
enantioselective allylation of these classic nucleophiles has been

. . 1. 5mol% L1
reportec® Moreover, no allylations of' enamines catalyze_d by Me0.CO~ P ph 25 mal% [Ir(cod)Cl, o /
complexes that control the stereochemistry at the electrophile have 2 0.5 mL THF R)J\/'\Ph
—_—
been reported. rt, MS 5A R<Ph 3a R < i-Pr 3b
As shown in Scheme 1, palladium catalysts for the allylation of R th Za "D » :\]-5ggu;xegzm‘”e 19 h, 76% yield 23 h, 87% yield

. ; ; f = - NaUAC/AC 99:1 b:l ratio 97:3 bl ratio

enamines with monosubstituted allyl electrophiles are known to R=jpr 2 H,0 96% ee 97% ee

form the linear substitution product&Ve show that the analogous

reactions of enamines in the presence of a metalacyclic iridium occyrred in competition with allylation of free pyrrolidine, presum-
catalyst form the branched prodéietith high enantioselectivity ably formed by decomposition of the enamine in the presence of
and regioselectivity with a range of allyl electrophiles, in the absence PrNH:CI generated during the catalyst activation. This allylation
of added bas&? without activators,and without the need to prepare ¢ pyrrolidine was suppressed by conducting the reaction in the
substituted enol carbonaté&These reactions of enamines occur presence ©5 A molecular sieves. As shown in Scheme 2, the
in good yields with both aliphatic and aromatic ketones, and they pranched-to-linear (b:l) ratios and enantioselectivities of the reac-
occur with high selectivity for the monoallylation of unhindered tons of aromatic and aliphatic enamirsand2b conducted with

methyl ketones. 5 A MS were high. However, the reactions were slow, even when
Scheme 1 cpnducted with 5 mol % of Ir. I_:_urthermore, aliphatic carbonates
RIN"0co,R? M 3 If‘ka)\r/grr]gged" dIdAnc?t:;ggt ilrjln::)al:/g;ﬁ,s fhzol?gglz?sp;ure, isolated cyclometalated
T 1. catalyst R? R by Ir complex 5 in combination with [Ir(cod)CH,” and the use of
. RSJ\N 2. hydrolysis o+ . fgcglrd isppropyl cqrbonates led to increased_ rates and _successful regctions
Q 2 Rsﬂ\/\/\w by Pd with aliphatic carbonates. The bl ratios were high from reactions

of cinnamyl methyl carbonate and enami2@ in all solvents in

The development of conditions to conduct the enantioselective the presence of the unpurified, cyclometalated catalyst, but enan-
allylation of enamines relied on the use of a preformed iridium tioselectivities were lower in more polar solvents: THF, EtOAc,
catalyst containing a cyclometalated phosphoramidite ligand, the toluene (95-96% ee)> NMP (84% ee)> CH,Cl, (82% ee)>
appropriate enamine, an aromatic solvent, and an additive to adsortDMF, MeCN (77-80% ee). Lower enantioselectivities from
the alcohol product. Previous work from our laboratories has shown reactions in more polar solvents have been observed previously
that iridium phosphoramidite catalysts for allylic substitution with this catalyst® Reactions in toluene occurred with the best
become active by cyclometalation of the ligand with a basic reagent balance of rate and selectivity.
to form the structurés in Figure 17 This cyclometalated catalyst The use of the isolated catalySt(Table 1) led to the fastest
was used in our laBsind subsequently by othérfer the allylation reactions of cinnamyl carbonate and reactions with aliphatic
of amines, alcohols, phenols, silanolates, and activated methylenecarbonates. Reactions of different carbonates with a series of
compounds. Because enamines are not sufficiently basic to induceadditives are summarized in Table 1. The reaction of methyl
the cyclometalation process, we studied reactions of enamines usinginnamyl carbonate with the enami2a under these conditions
a cyclometalated catalysh that was generated by heating of occurred in onf 2 h without the formation of the products from
phosphoramidité.1 (Figure 1) with [Ir(cod)Cl} at 50°C for 1 h allylation of pyrrolidine but with competitive formation of products
in the presence of propylamiriédur studies focused on reactions from decarboxylative etherification of the allylic carbonageirf
of pyrrolidine enamines because their nucleophilicity is greater than Table 1). The formation of products from internal collapse of the
that of other standard enamines, such as morpholine enamines. allylic carbonate was suppressed by conducting reactions with the

Initial reactions of the pyrrolidine enamine of acetophen@a ( more hindered isopropyl carbonates (Table 1, entrieS)2and by
with methyl cinnamyl carbonate in the presence of the iridium the addition of CaGlor ZnCk to trap the released isopropanol.
catalyst 5 formed the branched substitution product with no CaCk and ZnC} were tested because they are known to form
detectable diallylation products. However, the allylation of enamines alcoholates with high binding energi¥sReactions with added
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Table 1. Effect of Leaving Group and Additives?
{ \ 1. 2 mol% Ir(cod)(x?-L1 L1
[Ir(cod)Cl],

R3
R1i/ 6

RITN"0c0o,R% +

- .
Ph 0.5 mL toluene, rt =z
2a 2. NaOAG/AcOH j\/\ 3
v o Ph R!
entry R! OCO4R; t(h) additive yield®?3 (%) yield® 6 (%)
1 Ph  OCQMe 2 5 AMS 85 17
2 OCOEt 1.5 5AMS 88 8
3 OCGi-Bu 1.5 5AMS 78 15
4 OCQi-Pr 2.5 5 AMS 94 4
5 OCO®-Bu 6 5AMS 91 <2
6 Me  OCQi-Pr 21 none 28 rid
7 OCGii-Pr 21 Cad] 59 nd
8 OCQi-Pr 21 ZnC} 66 nd

aSee Supporting Informatiod.NMR yield. ¢ Byproduct6 is volatile.

Table 2. Ir-Catalyzed Allylation of Enamines?

N ) 1. 2 mol% Ir(cod)(x2-L1)(L1)
R OCO#Pr + JI\ 1 mol% [Ir(cod)Cll,

=
1aR' = Ph R? '\D 0.5 equiv ZnCl, f]\/'\/
1b R = 4-anisyl ) W R2 R! +
1c R' = 4-(CF5)CgH, 1-2€quiv 25 9¢ o 3
1d R" = 2-furyl 2aR?="Ph
1e R' = 2-anisyl 2b R?= i-Pr 2 ﬂ:g Aotheor sz\m
1f R'=Me 2¢ R?= 2-anisyl 4
1gR'=Pr 2d R2= iBu
entry R R? 3 t(h)  vield® (%) 3:4¢ % eed
1 Ph Ph 3a 6 91 >99:1 94
2 Ph i-Pr 3b 5 86 >99:1 95
3 Ph 2-anisyl 3¢ 3.5 86 96:4 96
4f Ph i-Bud 3d 4 91 98:2 96
5h  4-anisyl i-Bu9 3e 2 91 97:3 96
6" 4-(CR)CgHs i-Bu9 3f 11 75 85:15 94
7 2-furyl i-BuW  3g 2 90 982 97
8"  2-anisyl i-Bu9 3h 75 86 98:2 77
ghi Me Ph 3i 4 68 95:5 94
10/ Pr i-Bud 3 39 64 89:11 83
11*  Ph i-Bud 3d 11 84 98:2 95

aSee Supporting Informatiof.Isolated yield of3. ¢ Determined by NMR
and/or GC/MSd Determined by HPLC®95:5 ratio of regioisomers.
f Average of three rung.68:32 ratio of regioisomers$.Average of two runs.
i 2 equiv of enaming. 1.5 equiv of enamine, 35C. K Reaction run with
0.5 mol % of Ir(cod)?-L1)(L1) and 0.25 mol % of [Ir(cod)CH

ZnCl, occurred in slightly higher yield than reactions with added
CaCl, (Table 1, entries 7 and 8).

The reactions of a variety of enamine®a{-d) with allylic
carbonatesla—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 (entrie$) 1
but varied with the electronic (entries-Z) and steric (entries 5 vs
8 and 9 vs 10) properties of the allylic carbon&e.

The regioselectivities at the allyl and enamine units were high
in most cases. The reaction of the electron-ppeCF:-substituted
cinnamyl carbonaté&c with the enamine of isobutyl methyl ketone
(2d) and the reaction of hexenyl carbondtg 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 regioselectivel99:1) at

2d in the presence of 1 mol % of total iridium (0.5 mol % of
[Ir(cod)(x?-L1)(L1)] and 0.25 mol % of Ir(cod)C}) 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 4664% vyield, 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-8,4nd
11). The aliphatic enamin@¢) even coupled with a generally less
reactive straight chain allylic carbonatégf in satisfactory yield
and ee at 35C (entry 10)!2 The allylation of aliphatic ketones
with allylic esters containing aliphatic substituents is F&rs.

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 keton€'® Notable 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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