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ABSTRACT
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An allylation reaction that generates homoallylic amines using allyl trifluoroacetate as a nucleophilic allylmetal precursor is reported. A palladium
complex catalyzes two transformations in one pot: formation of allylsilane from allyl trifluoroacetate using hexamethyldisilane and subsequent
imine allylation. A three-component reaction was developed where preformed imines were replaced with aldehydes and anisidine. Under these
reaction conditions a variety of substrates, including electron-rich aromatic and aliphatic aldehydes, react smoothly to afford homoallylic

amines.

Allylation reactions of imines are important transformations
that provide synthetic intermediates that are equipped with
two orthogonal functional groups, an amine and an alkene.
Such reactions are usually accomplished using a stoichio-
metric allylic metal species, often under the control of a
transition metal catalyst.* Methods that replace the often toxic
allylic metal species with allylic halides or allylic acetates
minimize the number of functional group manipulations
required prior to allylation. As part of our studies in the
development of new catalytic allylation reactions,? we sought
to develop an allylation reaction of imines in which a
transition metal complex would catalyze the C—C bond-
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forming step to ensure control over chemoselectivity and
eventually stereoselectivity, using allylic alcohol derivatives
as starting materials.

In pioneering studies, Miyaura and co-workers have
demonstrated palladium-catalyzed intramolecular coupling
of allylic acetates and ketones using bis(pinacolato)diboron.?
Intermolecular coupling of aldehydes and imines with allylic
alcohols and acetates has been accomplished by Szab6 and
co-workers using diboronates.* In reactions of aldehydes a
palladium complex catalyzes formation of the nucleophilic
allylmetal species in situ; subsequent type | allylation of the
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aldehyde occurs in the absence of a catalyst.” In reactions
of imines, tandem catalysis occurs, with a palladium complex
catalyzing both allylboronate formation and subsequent imine
allylation. In addition, hexamethylditin has been used in
allylations using allylic halides.®

We have recently identified several palladium complexes
that catalyze the addition of allylic silanes to imines (Scheme
1b).”® Palladium-catalyzed synthesis of allylic silanes from

Scheme 1. Development of a One-Pot Allylation Reaction
Using Allyltrifluoroacetate
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trifluoroacetates has been reported (Scheme 1a).° We rea-
soned that both transformations could be performed in the
same reaction vessel using the same catalyst (Scheme 1c).
To meet our objectives, the palladium complex would
catalyze both allylsilane formation and allylation of the imine
in a one-pot reaction.

A set of reaction conditions that would be suitable for both
transformations was determined by examining allylsilane
formation and allylation of imine 1a separately.*®** Under
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optimized reaction conditions, one-pot reaction of allyl
trifluoroacetate with hexamethyldisilane and imine la af-
forded 74% yield of homoallylic amine (eq 1). The palladium
catalyst is required for both transformations: no homoallylic
amine 2a was formed in control experiments using preformed
allylsilane, TBAF, and trimethylsilyl trifluoroacetate in the
absence of palladium complexes.

a. Me3Si-SiMe; (2 equiv)

/\/OYC& Pd(OAc), (5 mol %), toluene, 2 h, rt NHPMP
0 b. NPMP = Ph
(2 equiv) Ph 1a 2a
(1 equiv) 74%

TBAF (4 equiv), 22 h

A variety of aromatic aldimines react under the optimized
reaction conditions (Table 1). Electron-poor aromatic imines

Table 1. Allylation of Imines with Allyl Trifluoroacetate and
Hexamethyldisilane®

a. Me;Si-SiMe; (2 equiv)

0,
/\/O\H/C':s Pd(OAc), (5 mol %), toluene, 2 h, rt NHPMP oH
o b EPMP Ar T AR
(2 equiv) ' 1af y ;
R (1 equiv) 2a-f 3a-f
TBAF (4 equiv), 22 h
entry R substrate  homoallylic yield homoallylic vyield
amine of 2 (%) alcohol of3 (%)°
1 e 1a,R'=H 2a 74 3a 230
2 \©\ 1b,R=NO, 2b 94 3b <5
3 R 1¢,R'=8Br 2c 86 3c 12
4 1d,R'=Cl 2d 83 3d 15
5 1e, R'= CO,Me 2e 71 3e 15
[§]

@
\O 1$ 2f 0 3f 360

2.0 equiv of hexamethyldisilane, 2.0 equiv of allyl trifluoroacetate, 5
mol % palladium acetate, toluene, room temperature, 2 h, then 1.0 equiv
of imine, 4.0 equiv of TBAF (1.0 M in THF), room temperature, 22 h. See
Supporting Information for full experimental details. ® Isolated yield after
silica gel column chromatography. ©Yield determined by *H NMR
spectroscopy of the unpurified reaction mixture.

afforded the highest yields of products (entries 2—5).
Electron-rich aromatic aldimines and aliphatic aldimines
reacted more sluggishly (e.g., entry 6). Homoallylic alcohol
products predominated for these substrates; these are pre-
sumably generated by hydrolysis of the imine to the aldehyde
with subsequent allylation.

To expand the scope of this reaction to include less reactive
substrates, we considered the product distribution of the
palladium-catalyzed allylation reaction. Formation of ho-
moallylic alcohol under the reaction conditions in Table 1
indicated the presence of at least trace quantities of water,*?
as water is needed to establish an equilibrium between the
aldimine and aldehyde (Scheme 2). Electron-deficient aldi-
mines reacted quickly with the palladium catalyst (e.g., 1b),

(12) The source of the water was inferred to be the commercially
available TBAF. The use of drying agents did not decrease the formation
of homoallylic alcohol. See Supporting Information for details.
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Scheme 2. Competitive Palladium-Catalyzed and Sakurai-Type
Allylation May Consume Imine and Aldehyde
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and this equilibrium did not pose a problem because the
catalyst chemoselectively allylated the imine in the presence
of the aldehyde.™®** Reactions of such substrates afforded
high yield of homoallylic amine and little or no homoallylic
alcohol. In reactions of sluggish substrates, however, the
background Sakurai reaction predominated and consumed

Scheme 3. Competition Experiments
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Table 2. One-Pot, Three-Component Reaction of Aldehydes,
Anisidine, and Allyl Trifluoroacetate®

a. Me3Si-SiMes (2 equiv)

0,
_~_O._CF; Pd(OAc), (5 mol %), toluene, 2 h, rt NHPMP
° b § N@OCH e
i 2 3
(2 equiv) R) * 2a, 2d-k
4a, 4d-k
(1 equiv) (1.5 equiv)
TBAF (4 equiv), 22 h
entry R substrate product yield
(%)°
1 o2 4a,R'=H 2a 79
2 \©\ 4b, R' = NO, 2b 90
3 R 4c,R' =Br 2c 76
4d, R'=Cl 2d 78
4e, R' = CO,Me 2e 70
4 o~ l II 4g 2g 71
5 ;Ij 4h 2h 67
Br
6 o2 : Af 2f 96°
N 4i 2i 77

o3} ~

w.,_L 2,
C;

K

N

N

9 o P 4k 2k 95

&

2.0 equiv of hexamethyldisilane, 2.0 equiv of allyl trifluoroacetate, 5
mol % palladium acetate, toluene, room temperature, 2 h, then 1.0 equiv
of aldehyde, 1.5 equiv of p-anisidine, 4.0 equiv of TBAF (1.0 M in THF),
room temperature, 22 h. See Supporting Information for details. ® Isolated
yield after silica gel column chromatography. In all cases, <3% homoallylic
alcohol was observed in the unpurified reaction mixture. ©2.0 equiv of
p-anisidine used.

aldehyde, eventually funneling all of the starting material to
homoallylic alcohol.

Competition experiments in the presence and absence of
palladium catalysts were consistent with a background
Sakurai reaction generating homoallylic alcohol in this
system. Reactions were first performed with aldehyde and
preformed imines (Scheme 3a and b). In the absence of
catalyst, homoallylic alcohol was formed preferentially. The
allylation of aldehyde is attributed to a competitive fluoride-
mediated Sakurai reaction.’® In the presence of catalyst a
mixture of homoallylic alcohol and amine were formed,
consistent with simultaneous background allylation that

(13) This hypothesis was based primarily on our preliminary studies of
palladium-catalyzed imine allylation using allylstannanes. Grote, R. E.;
Jarvo, E. R. Unpublished results. See also ref 4a.

(14) This chemoselectivity may be due to increased ability of imine to
coordinate to the palladium catalyst. For a discussion, see: Denmark, S. E.;
Almstead, N. G. J. Am. Chem. Soc. 1993, 115, 3133-3139.
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provided homoallylic alcohol and a palladium-catalyzed
allylation that provided homoallylic amine.

We hypothesized that Le Chéatelier’s principle could be
used to maintain the imine concentration in solution and favor
imine allylation for sluggish substrates. This strategy was
successful in practice: addition of excess anisidine to an
allylation reaction improved the yield of homoallylic amine
and diminished formation of homoallylic alcohol (Scheme
3c). For example, the allylation reaction of imine 1a afforded
only the homoallylic amine upon addition of 0.5 equiv of
p-anisidine to the reaction.

This understanding of the reaction was used to develop a
three-component coupling reaction. We examined the back-
ground and palladium-catalyzed allylation reaction using
aldehyde and anisidine (Scheme 3d and e). While studying
the equilibrium between aldehyde and imine, we found that
trimethylsilyl trifluoroacetate, a byproduct of allylsilane
formation, accelerated imine formation. Trimethylsilyl trif-
luoroacetate was therefore included in the catalyst-free
competition experiment. In the absence of palladium catalyst
neither homoallylic amine nor homoallylic alcohol was
formed. We attribute the supression of aldehyde allylation
by the background Sakurai reaction to lack of aldehyde in
solution.*® In the palladium-catalyzed competition experi-
ment, however, imine was allylated and no homoallylic
alcohol was observed. These results underscore our finding
that tandem palladium catalysis is required for imine ally-
lation under these conditions.

(15) (a) Hosomi, A.; Sakurai, H. Tetrahedron Lett. 1976, 1295-1298.
(b) Hosomi, A.; Shirahata, A.; Sakurai, H. Tetrahedron Lett. 1978, 3043—
3046. (c) Wang, D.; Zhou, Y.; Tang, Y.; Hou, X.; Dai, L. J. Org. Chem.
1999, 64, 4233-4237.

(16) By *H NMR <5% of benzaldehyde was in solution after 22 h.
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We sought to determine the scope of this three-component
coupling reaction. Across a range of substrates preformed
imine was found not to be necessary for high yields of
homoallylic amine products; instead, aldehyde (1 equiv) and
anisidine (1.5 equiv) are added (Table 2). Substrates that
performed well using preformed imine reacted smoothly
under these conditions as well (e.g, 4a, 4d, and 4e). A
dramatic improvement was observed with challenging ali-
phatic substrates under the amended conditions. For example,
the yield of homoallylic amine 2f derived from cyclohex-
anecarboxyaldehyde was improved to 96% under the three-
component coupling conditions using 2 equiv of anisidine.
Aromatic, heteroaromatic, aliphatic, and o,S-unsaturated
substrates provided homoallylic amines in good to excellent
yields.

We present a palladium-catalyzed three-component cou-
pling of aldehydes, anisidine, and allyl trifluoroacetate using
hexamethyldisilane as a terminal reducing agent. A palladium
complex catalyzes both allylsilane formation and imine
allylation in this tandem, one-pot, two-step transformation.
Future studies will include the development of enantiose-
lective methods for imine allylation.
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