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a b s t r a c t

The palladium-catalyzed regioselective allylic amination of the a-trifluoromethyl group-substituted allyl
acetate has been accomplished using Pd(OAc)2/DPPE and [Pd(p-allyl)(cod)]BF4/DPPF as catalysts. The
selective formation of the g-product was attained in the presence of Pd(OAc)2/DPPE, while the a-product
was obtained using [Pd(p-allyl)(cod)]BF4/DPPF. We also succeeded in the regioselective synthesis of the
enantiomerically enriched aminated product from chiral allyl acetate using Pd(OAc)2/DPPE and [Pd(p-
allyl)(cod)]BF4/(S)-BINAP. Furthermore, we found that kinetic resolution had occurred during the
isomerization step from the g-type product to the a-type product by the [Pd(p-allyl)(cod)]BF4/(S)-BINAP
catalyst.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, fluorine substituted organic compounds have attracted
much interest in the field of medicinal chemistry and material sci-
ence because of their unique properties due to the influence of
fluorine. For example, the replacement of hydrogen atoms by fluo-
rine atoms in organic molecules causes a relatively small steric
change, but leads to major changes in the electron character of the
molecules. Also, some fluorine-contained compounds sometimes
exhibit anunusual stereoselectivity under standard organic reaction
conditions. Therefore, the development of new transformation
methods of fluorinated compounds should be one of the important
subjects in organic chemistry. The transition metal-catalyzed allylic
amination reaction of allylic esters is a versatile method to produce
allylic amines, and several transition metal catalysts have realized
these reactions.1,2 However, most of them were the reactions in-
volving non-fluorinated substrates, and there is only a limited ex-
ample of the reaction of the a-trifluoromethylated allyl substrates.3

In 2002, Konno and co-workers demonstrated the first example of
the palladium-catalyzed regioselective (g-selective) allylic amina-
tion of a-trifluoromethylated allyl mesylate, and found that the re-
actionproduced theg-product as a single regioisomer.4 On the other
hand, we recently reported on both the a-selective and g-selective
allylic aminations of a-trifluoromethylated allyl acetate using two
types of palladium catalysts.5We further succeeded in obtaining the
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enantiomerically enriched a- and g-allylic amines, although appli-
cable combinations of the allylic esters and amines were limited. In
this paper, we report the results of detailed study of our palladium-
catalyzed regioselective allylic amination of a-trifluoromethylated
allylic esters with several amines, including synthesis of the tri-
fluoromethyl group containing optically active allylic amines.

2. Results and discussion

2.1. Regioselective allylic amination

We examined the allylic amination of the a-trifluoromethylated
allyl acetate 1a with diethylamine (2a) using several palladium/
phosphine catalysts (Table 1). We found that the Pd(OAc)2 and
[Pd(p-allyl)(cod)]BF4 exhibited a catalytic activity for this intended
reaction. On the contrary, palladium catalysts, which were gener-
ated from Pd2(dba)3 or [Pd(p-allyl)Cl]2 with several phosphine li-
gands,6 showed no catalytic activity toward the desired amination
reaction or resulted in a low conversion of the substrate 1a (<20%).
The results obtained for the palladium-catalyzed allylic amination
of 1a with diethylamine (2a) are summarized in Table 1.

We first conducted the reaction using Pd(OAc)2 with PPh3

(4 equiv vs Pd). Although the desired product 3aa was obtained,
while poor reaction rate was recorded (Table 1, entry 1). Fortu-
nately, we found that DPPE [1,2-bis(diphenylphosphino)ethane]
(1 equiv to Pd) is an effective ligand for the allylic amination of 1a,
and the g-trifluoromethyl group with substituted allyl amine 3aa
(g-product) was obtained as a single regioisomer in 80% isolated
yield (entry 2). We also examined the reaction with DPPF, but the
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Table 1
Palladium-catalyzed allylic amination of 1a with diethylamine 2aa

Entry [Pd/L] Solvent Temp
(�C)

Yieldb (%) of
3aaþ4aa

3aa/4aac

1 Pd(OAc)2/PPh3 THF 60 20 >98:2
2 Pd(OAc)2/DPPE THF 60 86 (80)d >98:2
3 Pd(OAc)2/DPPF THF 60 64 (58)d >98:2
4 Pd(OAc)2/DPPE Dioxane 100 68 >98:2
5 [Pd(p-allyl)(cod)]BF4/

PPh3

THF 60 12 >98:2

6 [Pd(p-allyl)(cod)]BF4/
DPPE

THF 60 17 >98:2

7 [Pd(p-allyl)(cod)]BF4/
DPPF

THF 60 56 68:32

8 [Pd(p-allyl)(cod)]BF4/
DPPE

Dioxane 100 43 60:40

9 [Pd(p-allyl)(cod)]BF4/
DPPB

Dioxane 100 53 15:85

10e [Pd(p-allyl)(cod)]BF4/
DPPF

Dioxane 100 95 (87)d 2:>98

a All reactions were carried out with 1a (0.20 mmol), 2a (0.31 mmol), palladium
(0.020 mmol), and ligand (0.020 mmol for DPPE, DPPB, and DPPF, 0.084 mmol for
PPh3) in solvent (1.0 ml) for 12 h under nitrogen.

b The yields were determined by 1H NMR.
c The ratio was determined by 400 MHz 1H NMR spectral analysis of the crude

materials.
d Isolated yield by silica gel column chromatography in parentheses.
e The reaction was carried out 9 h.

Table 2
Palladium-catalyzed allylic amination of 1a,b with amines 2bema

N

Entry 1 2 Yieldb,c (%) of
3 and 4

3/4d

1 1a 2b 92 (99) 97:3
2 1a 2c 88 (96) >98:2
3 1a 2d 73 (76) >98:2
4 1a 2e 91 (95) >98:2
5 1a 2f 64 (72) >98:2
6 1a 2g 68 (82) >98:2
7 1a 2h (12) >98:2
8 1a 2i 0 d

9 1a 2j 54 (56) >98:2
10 1b 2j 60 (80) >98:2
11 1a 2k 60 (76) >98:2
12 1b 2k 74 (85) >98:2
13 1a 2l 66 (68) >98:2
14 1b 2l 84 (84) >98:2
15 1a 2m (22) >98:2

a All reactions were carried out with 1 (0.20 mmol), 2 (0.31 mmol), Pd(OAc)2
(10 mol %), and DPPE (10 mol %) in THF (1.0 ml) at 60 �C for 12 h under nitrogen.

b Isolated yield by silica gel column chromatography.
c The NMR yield in parentheses.
d The ratio was determined by 400 MHz 1H NMR spectral analysis of the crude

materials.
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yield was not a satisfactory one (entry 3). A further investigation
revealed that [Pd(p-allyl)(cod)]BF4 also catalyzed the allylic ami-
nation of 1a (entries 5e10). Again, the g-selective amination was
observed for the reaction using PPh3 and DPPE ligated the palla-
dium catalyst, but the yield was very low (entries 5 and 6). In-
terestingly, the palladium catalyst, which coordinated with DPPF,
exhibited a higher reactivity and gave a mixture of two
regioisomers, 3aa and 4aa (a-product) in the ratio of 68:32 (entry
7). This a-selectivity was improved by raising the reaction tem-
perature to 100 �C in dioxane (entries 8e10), and 4aawas obtained
as a single regioisomer in 87% isolated yield (entry 10).

We demonstrated the regioselective allylic amination of 1 with
several amines using these two types of palladium catalysts. The
results of the Pd(OAc)2/DPPE-catalyzed g-selective allylic amination
are summarized in Table 2. The reaction with aliphatic secondary
amines, such as morpholine (2b), piperazine analogues (2c and 2d),
4-phenylpiperidine (2e), and dibutyl- or dipropylamine (2f and 2g),
proceededwith ahigh regioselectivity andgaveg-products3 in good
yields (Table 2, entries 1e6). Unfortunately, it was found that the
Pd(OAc)2/DPPE-catalyzed allylic aminations were very sensitive to
the steric factor of the amines; the reaction with N-ethylisopropyl-
amine (2h) proceeded with a >98% g-selectivity, but the yield was
very low (12% NMR yield) (entry 7). In addition, the reaction with
diisopropylamine (2i) resulted in no reaction (entry 8). We also
demonstrated the reaction of 1a with the aliphatic primary amines
2jel, and obtained the expected g-products in moderate yields with
>98% regioselectivities (entries 9, 11, and 13). In these reactions, ally
alcohols were produced by the deacylation of 1a with amines. For-
tunately, however,we succeeded inpreventing the formationof such
an undesired reaction and increasing the yields of the desired
products by changing the leaving group of allyl substrate from allyl
acetate 1a to allyl tert-butyl carbonate 1b (entries 10, 12, and 14).
The results of the [Pd(p-allyl)(cod)]BF4/DPPF-catalyzed a-se-
lective allylic amination are summarized in Table 3. As we expected,
the a-products were obtained as the major regioisomers with high
regioselectivity in the reaction using amines 2beg (Table 3, entries
1e6), while the [Pd(p-allyl)(cod)]BF4/DPPF catalyst system was
sensitive to the steric factor of the amines (entries 7 and 8) and no
desired product was obtained when diisopropylamine (2i) was
employed as substrate (entry 8). Changing the leaving group from
acetate to tert-butyl carbonate effectively increased the yield of the
desired a-product for the reaction of the aliphatic primary amines
2jel (entries 9e14). We further established that perfect a-selective
reaction was accomplished when an aromatic primary amine 2m
was used in the presence of [Pd(p-allyl)(cod)]BF4/DPPF as catalyst
(entry 15).

We also examined the reaction of some 1,1,1-trifluoro-4-arylbut-
3-en-2-yl acetates (1aee)7 with piperidine (2n) using the two types
of palladium catalysts. As shown in Table 4, the reaction of 1awith
2n by Pd(OAc)2/DPPE exhibited perfect g-selectivity. On the other
hand, as mentioned, the reaction by the [Pd(p-allyl)(cod)]BF4/DPPF
catalyst produced an a-product as a single regioisomer (Table 4,
entries 1 and 2). The reactions of 1,1,1-trifluoro-4-arylbut-3-en-2-yl
acetates 1c and 1d, which have an electron-donating or electron-
withdrawing group at the para-position on the aromatic ring, did
not show any significant difference in regioselectivity (entries 3e6).
It should be noted that an increased yield was obtained for the
g-selective condition (entry 3), while a decreased yield was ob-
served for the a-selective condition (entry 4).

We next studied the reaction pathway for the regioselective
substitution, especially for the unusual selective formation of the a-



Table 3
Palladium-catalyzed allylic amination of 1a,b with amines 2bema

Entry 1 2 Yieldb,c (%) of
3 and 4

3/4d

1 1a 2b 75 (79) 7:93
2 1a 2c 73 (73) 3:97
3 1a 2d 68 (69) 2:98
4 1a 2e 77 (78) 4:96
5 1a 2f 80 2:>98
6 1a 2g 70 (70) 2:98
7 1a 2h (15) 75:25
8 1a 2i 0 d

9 1a 2j 61 (66) 2:>98
10 1b 2j 82 (82) 2:>98
11 1a 2k 57 (57) 2:>98
12 1b 2k 73 (73) 2:>98
13 1a 2l 79 (80) 2:>98
14 1b 2l 83 (83) 2:>98
15 1a 2m 58 (60) 2:>98

a All reactions were carried out with 1 (0.20 mmol), 2 (0.31 mmol), [Pd(p-
allyl)(cod)]BF4 (10 mol %), and DPPF (10 mol %) in dioxane (1.0 ml) at 100 �C for 12 h
under nitrogen.

b Isolated yield by silica gel column chromatography.
c The NMR yield in parentheses.
d The ratio was determined by 400 MHz 1H NMR spectral analysis of the crude

materials.

Table 4
Palladium-catalyzed allylic amination of several allylic acetates 1aee with piperi-
dine (2n)a

Entry 1 Conditionb Yieldc,d (%) of
3 and 4 (%)

3/4e

1 1a A 60 (74) (3an) >98:2
2 B 64 (70) (4an) 2:>98
3 1c A 78 (89) (3cn) >98:2
4 B 52 (59) (4cn) 2:>98
5 1d A 64 (84) (3dn) >98:2
6 B 60 (62) (4dn) 2:>98
7 1e A 63 (84) (3en) >98:2
8 B 73 (75) (4en) 2:>98

a All reactions were carried out with 1 (0.20 mmol) and 2n (0.31 mmol) in solvent
(1.0 ml) for 12 h under nitrogen.

b Condition A: 10 mol % Pd(OAc)2 and 10 mol % DPPE in THF at 60 �C for 12 h.
Condition B: 10 mol % [Pd(p-allyl)(cod)]BF4 and 10 mol % DPPF in dioxane at 100 �C
for 12 h.

c Isolated yield by silica gel column chromatography.
d The NMR yield in parentheses.
e The ratio was determined by 400 MHz 1H NMR spectral analysis of the crude

materials.

Table 5
The reaction of g-product 3aa using the palladium catalysta

Entry [Pd/L] Et2NH Conversionb (%)
of 3aa

Yieldb (%)
of 4aa

1 [Pd(p-allyl)(cod)]BF4 d >80 Trace
2 [Pd(p-allyl)(cod)]BF4/

DPPF
d >99 52

3 [Pd(p-allyl)(cod)]BF4/
DPPF

1.5 equiv >99 73

4 Pd(OAc)2/DPPE 1.5 equiv 0 0

a All reactions were carried out with 3aa (0.20 mmol), palladium (0.020 mmol),
and ligand (0.020 mmol) in dioxane (1 ml) at 100 �C for 12 h under nitrogen.

b Determined by 400 MHz 1H NMR spectral analysis of the crude materials.
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product. Generally, the palladium catalyst forms the p-allylpalla-
dium intermediate and nucleophiles attack the p-allyl terminus.
According to a report on the allylic substitution of a-tri-
fluoroalkylated allyl mesylates by Konno,3d the allyl substrate
formed the p-allylpalladium complex, and nucleophiles selectively
attacked the less sterically hindered p-allyl terminus to form the g-
product.8We believe the samemechanismmight be involved in the
reaction of 1a with 2a by Pd(OAc)2/DPPE. In contrast, it is unclear
whether or not a direct substitution occurred during the reaction of
the [Pd(p-allyl)(cod)]BF4/DPPF catalyst because, as we previously
mentioned, the g-product was obtained as themajor product under
several different conditions (Table 1, entries 7 and 8). Based on
these results, we assumed that [Pd(p-allyl)(cod)]BF4/DPPF had se-
lectively formed the g-product, thus causing isomerization to
provide the a-product under the given reaction conditions.9 To
prove this hypothesis, the g-product 3aa was treated with the
palladium catalyst, and the 1H NMR spectrumwasmeasured.When
the reaction was carried out using 10 mol % [Pd(p-allyl)(cod)]BF4
(without DPPF) in dioxane at 100 �C for 12 h, almost all 3aa was
consumed (>80% conversion), a complex mixture was produced
and no desired product was produced (Table 5, entry 1). However,
the reaction with 10 mol % of [Pd(p-allyl)(cod)]BF4 and 10 mol % of
DPPF showed formation of the a-product 4aa (52% NMR yield)
(entry 2), which suggested that 3aa was isomerized to 4aa by the
[Pd(p-allyl)(cod)]BF4/DPPF catalyst system.10 Furthermore, the ad-
dition of excess Et2NH (1.5 equiv to 3aa) increased the formation of
4aa up to a 73% NMR yield (entry 3). We also confirmed that the
Pd(OAc)2/DPPE did not catalyze the isomerization of 3aa to 4aa
under the same conditions (entry 4). These results strongly support
the idea that the g-product was first selectively formed, and then
was isomerized to the a-product by the [Pd(p-allyl)(cod)]BF4/DPPF
catalyst.
2.2. Synthesis of enantiomerically enriched CF3-group
containing allylic amines

The net retention (double inversion) mechanism is a very popular
stereochemical phenomenon for palladium-catalyzed allylic sub-
stitutions; the reaction of the optically active allyl substrates
generally forms optically active substitution products without loss
of any enantiomeric excess.11 Based on this mechanism, we next
examined the a- and g-selective allylic aminations of enantio-
merically enriched allyl acetate using two types of palladium cat-
alysts to obtain optically active a- and g-allylic amines. We
expected that both the chiral a- and g-allyl amines would be easily
obtained by the net retention mechanism. However, we soon
recognized that the enantiomeric excess of the allyl acetate was
lost under the reaction conditions. For example, the reaction of the
enantiomerically enriched allyl acetate (S)-1a (99% ee) with mor-
pholine (2b) by the Pd(OAc)2/DPPE catalyst at 60 �C gave the g-
product 3ab in 99% yield with 81% ee (Table 6, entry 1). Further-
more, the a-selective reaction by [Pd(p-allyl)(cod)]BF4/DPPF at
100 �C provided 4ab in an 85% yield with a 0% ee (entry 3). We



Table 6
Palladium-catalyzed allylic amination of chiral (S)-1a with morpholine (2b)a

S

SR

Entry [Pd/L] Temp
(�C)

Yieldb,c

(%) of 3ab
and 4ab

3ab/4abd eee (%) of
(R)-3ab

eee (%) of
(S)-4ab

1 Pd(OAc)2/DPPE 60 99 >98:2 81 n.d.
2 Pd(OAc)2/DPPE 25 77 (66) >98:2 98 n.d.
3 [Pd(p-allyl)(cod)]BF4/

DPPF
100 85 5:95 n.d. 0

4 [Pd(p-allyl)(cod)]BF4/
DPPF

60 94 18:82 n.d. 4

5 [Pd(p-allyl)(cod)]BF4/
(S)-BINAP

100 95 7:93 n.d. 33

6 [Pd(p-allyl)(cod)]BF4/
(S)-BINAP

40 95 7:93 n.d. 99

7f [Pd(p-allyl)(cod)]BF4/
(S)-BINAP

40 98 (74) 3:97 n.d. 99

8 [Pd(p-allyl)(cod)]BF4/
(R)-BINAP

40 80 87:13 91 13g

a All reactions were carried out with (S)-1a (0.20 mmol), 2b (0.31 mmol), palla-
dium (0.020 mmol), and ligand (0.020 mmol) in solvent (1.0 ml) for 12 h under
nitrogen.

b The yield were determined by 1H NMR.
c Isolated yield by silica gel column chromatography in parentheses.
d The ratio was determined by 400 MHz 1HMR spectral analysis of the crude

materials.
e Values of ee were determined by chiral HPLC analysis.
f Reaction was conducted using 5 mol % [Pd] and ligand for 24 h.
g (R)-4ab was obtained as a major enantiomer.

Table 7
Palladium-catalyzed allylic amination of chiral allylic acetates (S)-1aef with several
amines 2ceoa

Entry 1 2 Conditionb Time Yieldc,d

(%) of 3
and 4

3/4e eef (%) of
major product

1 1a 2c A 9 h 82 (91) >98:2 97 (3ac)
2 B (40 �C) 12 h 81 (99) 6:94 97 (4ac)
3 1a 2d A 12 h 80 (89) >98:2 95 (3ad)
4 B (40 �C) 5 days 87 (93) 6:94 98 (4ad)
5 1a 2o A 12 h 69 (83) >98:2 96 (3ao)
6 B (25 �C) 25 h 61 (99) 13:87 96 (4ao)
7 1c 2c A 12 h 84 (86) >98:2 94 (3cc)
8 B (25 �C) 5 days 81 (97) 8:92 98 (4cc)
9 1f 2c A 12 h 71 (71) >98:2 83 (3fc)
10 B (25 �C) 5 days 65 (82) 8:92 95 (4fc)

a All reactions were carried out with 1 (0.20 mmol) and 2 (0.31 mmol) in solvent
(1.0 ml) for 12 h under nitrogen unless otherwise noted.

b Condition A: 10 mol % Pd(OAc)2 and 10 mol % DPPE in THF at 25 �C. Condition B:
10 mol % [Pd(p-allyl)(cod)]BF4 and 10 mol % (S)-BINAP in dioxane at 40 or 25 �C
unless otherwise noted.

c Isolated yield by silica gel column chromatography.
d The NMR yield in parentheses.
e The ratio was determined by 400 MHz 1H NMR spectral analysis of the crude

materials.
f Values of ee were determined by chiral HPLC analysis.
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then attempted to optimize the reaction conditions to retain the
enantiomeric excess of the starting allyl substrate, which produces
optically active trifluoromethyl group substituted aminated prod-
ucts. As mentioned, the allylic amination of (S)-1a by the Pd(OAc)2/
DPPE catalyst at 60 �C decreased the enantiopurity. Fortunately,
reinvestigation of the reaction conditions revealed that the re-
action proceeded at 25 �C with retention of the enantiomeric ex-
cess, and gave the optically active trifluoromethyl group
substituted g-type product (R)-3ab in 98% ee (entry 2). We next
attempted formation of the chiral a-product 4ab using the [Pd(p-
allyl)(cod)]BF4/ligand catalyst, but soon found that a reduced re-
action temperature was not effective for retaining the enantio-
meric excess. For example, the reaction at 60 �C gave primarily a-
product 4ab with low regioselectivity (entry 4). However, after the
screening of several types of phosphine ligands, we succeeded in
obtaining the enantiomerically enriched a-product (S)-4ab with
complete chirality transfer using the chiral BINAP ligand. When
(S)-BINAP was used as the ligand for the reaction of (S)-1a with
morpholine (2b) at 100 �C, the a-product was produced as the
major regioisomer with a 33% ee (entry 5). The racemization was
prevented at 40 �C, then the enantiomerically pure a-product (S)-
4ab was obtained in good yield even with 5 mol % [Pd(p-allyl)(-
cod)]BF4/(S)-BINAP (entries 6 and 7).12

We demonstrated the Pd(OAc)2/DPPE or [Pd(p-allyl)(cod)]BF4/
(S)-BINAP catalyzed reactions of other optically active allyl acetates
and amines (Table 7). The reaction by Pd(OAc)2/DPPE exhibited
a perfect regioselectivity, and produced the enantiomerically
enriched g-products (entries 1, 3, 5, 7, 9). For the reaction of 1awith
2c, 2d or 2o, we succeeded in obtaining the enantiomerically
enriched g-product 3 with over a 95% ee (entries 1, 3, 5), although
the enantiomeric excess of the g-product from the reaction of 1c
and 1f was slightly reduced during the reaction with 2c (entries 7
and 9). On the other hand, as we expected, the [Pd(p-allyl)(cod)]
BF4/(S)-BINAP catalyst produced the enantiomerically enriched a-
product with a high regioselectivity and enantiomeric excess. Al-
though we observed a slow reaction rate and/or decreased regio-
selectivity,13 a lower reaction temperature (25 �C)14 and/or longer
reaction time (5 days) gave the intended optically active a-product
in a moderate to good yield with high regioselectivity (entries 2, 4,
6, 8, 10). Unfortunately, all reactions in Tables 6 and 7 were done by
aliphatic secondary amines, because reactions by primary amines
exhibited a decreased yield (<30%) owing to the deacylation of 1a.

We further established that (S)-BINAP and (R)-BINAP exhibited
different results of both the regiochemistry and enantiomeric ex-
cess for the allylic amination of (S)-1awith 2b. As shown in Table 6,
the reaction by (S)-BINAP gave the chiral a-product (S)-4ab with
99% ee (Table 6, entries 6 and 7). However, when the (R)-BINAP was
used for the same reaction, the g-product (R)-3ab was obtained as
the major regioisomer with a high enantiomeric excess (91% ee)
(entry 8). These results indicated that kinetic resolution might take
place during the isomerization step from the g-product to a-
product. To clarify this, we next demonstrated the isomerization
reaction of the chiral allyl amine (R)-3ab using chiral palladium/
BINAP catalysts (Scheme 1). The isomerization reaction of (R)-3ab
(97% ee) smoothly occurred when (S)-BINAP was used and the
chiral a-product (S)-4abwas obtained in 91% yield without any loss
of enantiomeric excess (97% ee). On the other hand, the isomeri-
zation of (R)-3ab proceeded very slowly when (R)-BINAP was used,
and 92% of the g-product was recovered. These two results strongly
suggest that the (S)-BINAP ligand is a matching enantiomer for the
stereospecific isomerization of the chiral allyl amine (R)-3ab to (S)-
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4ab. To the best of our knowledge, this is the first example of the
palladium-catalyzed isomerization of 1,3-disubstituted un-
symmetrical allyl amines, though several examples have been re-
ported of the kinetic resolution of the palladium-catalyzed allylic
substitutions.15,16
Scheme 1.
We thus demonstrated the kinetic resolution of the racemic allyl
amine rac-3ab by the [Pd(p-allyl)(cod)]BF4/(S)-BINAP catalyzed
isomerization (Eq. 1 in Scheme 2). As we intended, the selective
kinetic resolution took place at 40 �C in 12 h and produced a 58%
optically active g-product 3ab (46% ee (S)) and 42% chiral a-product
4ab (85% ee (S)) (S value¼19).17,18 When the racemic allyl amine
rac-3ao was treated with [Pd(p-allyl)(cod)]BF4/(S)-BINAP, we ob-
served that the resulting S value was 15 (Eq. 2 in Scheme 2).
Scheme 2.
In conclusion, we have demonstrated the regioselective forma-
tion of both the a- and g-trifluoromethyl group-substituted allyl
amines via the palladium-catalyzed allylic amination of a-tri-
fluoromethylated allyl acetate. The conventional g-product was
obtained using the Pd(OAc)2/DPPE catalyst, while the unusual a-
product was obtained when the reaction was conducted in the
presence of [Pd(p-allyl)(cod)]BF4/DPPF as catalyst. We further
revealed that the g-product was easily isomerized to the a-product
under the [Pd(p-allyl)(cod)]BF4/DPPF catalyzed reaction condi-
tions; the a-product was formed by isomerization of the g-product.
Furthermore, we demonstrated the regioselective synthesis of the
chiral trifluoromethyl group substituted allylic amines from chiral
allyl acetate using two types of palladium catalysts. We also found
that kinetic resolution had occurred during the isomerization step
using the chiral [Pd(p-allyl)(cod)]BF4/BINAP catalyst.

3. Experimental section

3.1. General information

All manipulations were carried out under a nitrogen atmo-
sphere. Nitrogen gas was dried by passage through P2O5. NMR
spectrawere recorded on a JEOL JNM-LA400 (400 MHz for 1H), JEOL
JNM-ECP500 (500 MHz for 1H, 125 MHz for 13C, and 470 MHz for
19F) or Bruker Biospin AVACNE II 600 (600 MHz for 1H, 150 MHz for
13C, and 564 MHz for 19F). Chemical shifts are reported in d parts per
million referenced to an internal SiMe4 standard for 1H NMR and an
internal C6F6 standard for 19F NMR. Residual chloroform (d 77.0 for
13C) was used as internal reference for 13C NMR. Data are reported
as follows: chemical shift, multiplicity (s¼singlet, d¼doublet,
t¼triplet, q¼quartet, quin¼quintet, sep¼septet, m¼multiplet, br
s¼broad signal), coupling constant (Hz), and integration. Pd(OAc)2,
DPPE, DPPF, BINAP, and other reagents and solvents were pur-
chased from common commercial sources and were used without
further purification. [Pd(p-allyl)(cod)]BF4,19 racemic allyl acetates 1
and chiral allyl acetates (S)-120,21 were prepared according to the
literatures.

3.2. General procedure for the allylic amination of 1,1,1-
trifluoro-4-phenylbut-3-en-2-yl acetate (1a) with
diethylamine (2a)

A typical procedure is given for the reaction of 1awith 2a (Table
1, entry 10). To a solution of [Pd(p-allyl)(cod)]BF4 (7.0 mg,
0.020 mmol) and DPPF (11.4 mg, 0.020 mmol) in dioxane (1.0 ml)
was added allyl acetate 1a (50 mg, 0.20 mmol) and amine 2a
(23 mg, 0.31 mmol) at room temperature. The resultant mixture
was stirred at 100 �C for 9 h. The reaction mixture was quenched
with water, and extractedwith ethyl acetate. The organic phasewas
washed with brine, dried over anhydrous MgSO4, and evaporated.
The NMR yield (95%, trioxane as an internal standard) and regioi-
someric ratio were determined by 400 MHz 1H NMR for crude
material. The residue was purified by silica gel column chroma-
tography (hexane/EtOAc/Et3N¼97/2/1) to give 46 mg (87%) of 4aa
(a-product) as a colorless oil.

3.2.1. 1,1,1-Trifluoro-4-phenylbut-3-en-2-yl acetate (1a)5b,21. Yellow
oil. 1H NMR (500 MHz, CDCl3) d 2.18 (s, 3H), 5.80e5.85 (m, 1H), 6.11
(dd, J¼7.8, 16.0 Hz, 1H), 6.86 (d, J¼16.0 Hz, 1H), 7.30e7.42 (m, 5H).
13C NMR (125 MHz, CDCl3) d 20.6, 71.1 (q, JCF¼33.6 Hz), 117.3, 123.2
(q, JCF¼280.5 Hz), 127.0, 128.7, 129.0, 135.0, 138.8, 168.8. 19F NMR
(470 MHz, CDCl3) d 85.3 (d, J¼6.8 Hz). IR (neat) 3034, 2971, 1760,
1657, 1370, 1277, 1223 cm�1.

3.2.2. tert-Butyl 1,1,1-trifluoro-4-phenylbut-3-en-2-yl carbonate
(1b). Colorless solid. Mp 53e55 �C. 1H NMR (500 MHz, CDCl3) d 1.51
(s, 9H), 5.59 (dquin, J¼1.1, 6.6 Hz, 1H), 6.14 (dd, J¼7.7, 16.0 Hz, 1H),
6.88 (d, J¼16.0 Hz,1H), 7.28e7.46 (m, 5H). 13C NMR (125MHz, CDCl3)
d 27.6, 73.9 (q, JCF¼34.0 Hz), 83.9, 117.1, 123.1 (q, JCF¼280.7 Hz), 127.0,
128.7, 129.0, 135.0, 138.7, 151.7. 19F NMR (470 MHz, CDCl3) d 85.2 (d,
J¼6.5 Hz). IR (KBr) 2985, 1755, 1657, 1581, 1375, 1250, 1178,
1138 cm�1. Anal. Calcd for C15H17F3O3: C, 59.60; H, 5.67. Found (%): C,
59.67; H, 5.67.

3.2.3. 1,1,1-Trifluoro-4-(4-methoxyphenyl)but-3-en-2-yl acetate (1c).
White solid. Mp 51e52 �C. 1H NMR (500 MHz, CDCl3) d 2.17 (s, 3H),
3.82 (s, 3H), 5.76e5.82 (m, 1H), 5.97 (dd, J¼8.0, 16.0 Hz, 1H), 6.80
(d, J¼16.0 Hz, 1H), 6.87 (d, J¼8.0 Hz, 2H), 7.36 (d, J¼8.0 Hz, 2H). 13C
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NMR (125 MHz, CDCl3) d 20.6, 55.3, 71.3 (q, JCF¼33.2 Hz), 114.1,
114.8, 123.2 (q, JCF¼280.3 Hz), 127.7, 128.4, 138.4, 160.3, 168.9. 19F
NMR (470 MHz, CDCl3) d 85.2 (d, J¼7.2 Hz). IR (KBr) 2963,
2936, 2842, 1760, 1608, 1514, 1379, 1353, 1192, 1031 cm�1. HRMS
(DART) m/z calcd for [MþH]þ: C13H14F3O3 275.0895, found
275.0895.

3.2.4. 1,1,1-Trifluoro-4-(4-fluorophenyl)but-3-en-2-yl acetate (1d).
Yellow oil. 1H NMR (500 MHz, CDCl3) d 2.18 (s, 3H), 5.77e5.83 (m,
1H), 6.03 (dd, J¼7.7, 16.0 Hz, 1H), 6.82 (d, J¼16.0 Hz, 1H), 7.02e7.06
(m, 2H), 7.38e7.42 (m, 2H). 13C NMR (125 MHz, CDCl3) d 20.3, 71.0
(q, JCF¼33.6 Hz), 115.6 (d, JCF¼21.6 Hz), 117.0, 123.2 (q,
JCF¼280.3 Hz), 128.7 (d, JCF¼8.4 Hz), 131.2 (d, JCF¼2.4 Hz), 137.4,
163.1 (d, JCF¼249.5 Hz), 168.7. 19F NMR (470 MHz, CDCl3) d 49.8 (tt,
J¼5.3, 8.5 Hz, 1F), 85.3 (d, J¼6.7 Hz, 3F). IR (neat) 3052, 2927, 1764,
1661, 1514, 1375, 1218, 1035, 972 cm�1. HRMS (ESI) m/z calcd for
[MþNa]þ: C12H10F4NaO2 285.0515, found 285.0514.

3.2.5. 1,1,1-Trifluoro-4-o-tolylbut-3-en-2-yl acetate (1e). Yellow oil.
1H NMR (500 MHz, CDCl3) d 2.19 (s, 3H), 2.36 (s, 3H), 5.80e5.86 (m,
1H), 5.99 (dd, J¼8.0, 16.0 Hz, 1H), 7.10 (d, J¼16.0 Hz, 1H), 7.16e7.24
(m, 3H), 7.43e7.45 (m, 1H). 13C NMR (125 MHz, CDCl3) d 19.6, 20.7,
71.3 (q, JCF¼33.2 Hz), 118.7, 123.2 (q, JCF¼279.5 Hz), 126.0, 126.2,
128.8, 130.5, 134.2, 136.1, 136.8, 168.8. 19F NMR (470 MHz, CDCl3)
d 85.2 (d, J¼6.8 Hz). IR (neat) 3065, 3025, 2963, 1764, 1652, 1603,
1487, 1375, 1272, 1223, 1138, 1035 cm�1. HRMS (ESI) m/z calcd for
[MþH]þ: C13H14F3O2 259.0946, found 259.0945.

3.2.6. N,N-Diethyl-4,4,4-trifluoro-1-phenylbut-2-en-1-amine
(3aa)5a. Colorless oil. 1H NMR (500 MHz, CDCl3) d 0.99 (t, J¼6.9 Hz,
6H), 2.53 (q, J¼6.9 Hz, 4H), 4.27 (d, J¼8.2 Hz, 1H), 5.81 (dq, J¼6.4,
16.0 Hz,1H), 6.53 (ddq, J¼1.8, 8.2,16.0 Hz,1H), 7.26e7.36 (m, 5H).13C
NMR (125 MHz, CDCl3) d 11.8, 43.1, 66.6,119.3 (q, JCF¼33.6 Hz),122.9
(q, JCF¼269.7 Hz), 127.6, 128.0, 128.6, 140.3, 141.4 (q, JCF¼6.1 Hz). 19F
NMR (470 MHz, CDCl3) d 98.0 (d, J¼6.3 Hz). IR (neat) 2976, 2819,
1679, 1491, 1455, 1281, 1125 cm�1. Anal. Calcd for C14H18F3N: C,
65.35; H, 7.05; N, 5.44. Found: C, 65.26; H, 7.17; N, 5.31.

3.2 .7 . 4-(4 ,4 ,4-Tr ifluoro-1-phenylbut-2-enyl)morphol ine
(3ab)5b. Colorless oil. 1H NMR (500 MHz, CDCl3) d 2.33e2.41 (m,
4H), 3.69 (t, J¼4.8 Hz, 4H), 3.77 (d, J¼8.2 Hz, 1H), 5.85 (dq, J¼6.4,
15.6 Hz, 1H), 6.47 (ddq, J¼2.1, 8.7, 15.6 Hz, 1H), 7.28e7.36 (m, 5H).
13C NMR (125 MHz, CDCl3) d 51.8, 67.0, 72.4, 119.7 (q, JCF¼33.9 Hz),
122.7 (q, JCF¼269.7 Hz), 128.1, 128.2, 128.9, 138.8, 141.2 (q,
JCF¼6.1 Hz). 19F NMR (564 MHz, CDCl3) d 97.8 (d, J¼7.3 Hz). IR (neat)
2961, 2857, 2812, 1682, 1492, 1451, 1282, 1117 cm�1. HRMS (EI) m/z
calcd for [M]: C14H16F3NO 271.1184, found 271.1195.

3.2.8. 1-(4,4,4-Trifluoro-1-phenylbut-2-enyl)-4-phenylpiperazine
(3ac)5b. Colorless oil. 1H NMR (500 MHz, CDCl3) d 2.48e2.63 (m,
4H), 3.17 (t, J¼5.2 Hz, 4H), 3.84 (d, J¼8.6 Hz, 1H), 5.87 (dq, J¼6.3,
15.5 Hz, 1H), 6.53 (ddq, J¼2.0, 8.6, 15.5 Hz, 1H), 6.85 (t, J¼7.4 Hz,
1H), 6.89 (d, J¼8.0 Hz, 2H), 7.22e7.39 (m, 7H). 13C NMR (125 MHz,
CDCl3) d 49.1, 51.1, 71.8, 115.9, 119.5 (q, JCF¼33.6 Hz), 119.6, 122.8 (q,
JCF¼269.3 Hz), 127.9, 128.1, 128.8, 129.0, 139.1, 141.3 (q, JCF¼6.0 Hz),
151.1. 19F NMR (470 MHz, CDCl3) d 97.9 (d, J¼6.3 Hz). IR (neat) 3061,
3030, 2958, 2824, 1679, 1603, 1500, 1451, 1339, 1290, 1124 cm�1.
HRMS (EI) m/z calcd for [M]: C20H21F3N2 346.1657, found 346.1663.

3.2.9. 1-(4,4,4-Trifluoro-1-phenylbut-2-enyl)-4-methylpiperazine
(3ad). Colorless oil. 1H NMR (600 MHz, CDCl3) d 2.27 (s, 3H),
2.10e2.80 (m, 8H), 3.80 (d, J¼8.7 Hz, 1H), 5.84 (dq, J¼6.4, 15.8 Hz,
1H), 6.49 (ddq, J¼2.0, 8.7, 15.8 Hz, 1H), 7.27e7.35 (m, 5H). 13C NMR
(150 MHz, CDCl3) d 45.9, 51.1, 55.2, 71.9, 119.5 (q, JCF¼33.8 Hz), 122.8
(q, JCF¼269.6 Hz), 127.9, 128.2, 128.8, 139.3, 141.5 (q, JCF¼6.4 Hz). 19F
NMR (564 MHz, CDCl3) d 97.8 (d, J¼6.0 Hz). IR (neat) 2945, 2802,
1679, 1455, 1344, 1277, 1125, 1008 cm�1. HRMS (ESI) m/z calcd for
[MþH]þ: C15H20F3N2 285.1579, found 285.1569.

3.2.10. 1-(4,4,4-Trifluoro-1-phenylbut-2-enyl)-4-phenylpiperidine
(3ae). Yellow solid. Mp 59e65 �C. 1H NMR (600 MHz, CDCl3)
d 1.70e1.84 (m, 4H), 1.91 (dt, J¼3.4, 11.0 Hz, 1H), 2.12 (dt, J¼3.4,
11.0 Hz, 1H), 2.43e2.48 (m, 1H), 2.82 (d, J¼11.3 Hz, 1H), 3.11 (d,
J¼11.3 Hz, 1H), 3.88 (d, J¼7.9 Hz, 1H), 5.85 (dq, J¼6.4, 15.4 Hz, 1H),
6.55 (ddq, J¼2.3, 7.9, 15.4 Hz, 1H), 7.17e7.21 (m, 3H), 7.27e7.36 (m,
7H). 13C NMR (150 MHz, CDCl3) d 33.6, 33.7, 42.7, 51.7, 52.6, 72.1,
119.4 (q, JCF¼33.6 Hz), 123.0 (q, JCF¼269.7 Hz), 126.2, 126.9, 127.9,
128.3, 128.5, 128.8, 139.5, 141.8 (q, JCF¼6.3 Hz), 146.3. 19F NMR
(564 MHz, CDCl3) d 97.9 (d, J¼6.1 Hz). IR (KBr) 3034, 2935, 2802,
2752,1679,1599,1493,1453,1286,1123 cm�1. HRMS (ESI)m/z calcd
for [MþH]þ: C21H23F3N 346.1783, found 346.1781.

3.2.11. N,N-Dibutyl-4,4,4-trifluoro-1-phenylbut-2-en-1-amine
(3af). Colorless oil. 1H NMR (500 MHz, CDCl3) d 0.86 (t, J¼7.3 Hz,
6H),1.21e1.29 (m, 4H),1.37e1.43 (m, 4H), 2.41 (t, J¼7.6 Hz, 4H), 4.30
(d, J¼8.2 Hz, 1H), 5.79 (dq, J¼6.4, 16.0 Hz, 1H), 6.54 (ddq, J¼1.8, 8.2,
16.0 Hz, 1H), 7.25e7.35 (m, 5H). 13C NMR (125 MHz, CDCl3) d 14.0,
20.4, 29.5, 49.8, 66.3, 119.9 (q, JCF¼33.6 Hz), 122.9 (q, JCF¼269.7 Hz),
127.5, 128.1, 128.4, 140.2, 140.8 (q, J¼5.8 Hz). 19F NMR (564 MHz,
CDCl3) d 98.0 (d, J¼6.3 Hz). IR (neat) 2958, 2869, 2819, 1679, 1455,
1281, 1125, 981 cm�1. HRMS (ESI)m/z calcd for [MþH]þ: C18H27F3N
314.2096, found 314.2092.

3.2.12. 4,4,4-Trifluoro-1-phenyl-N,N-dipropylbut-2-en-1-amine
(3ag). Colorless oil. 1H NMR (600 MHz, CDCl3) d 0.83 (t, J¼7.5 Hz,
6H), 1.41e1.47 (m, 4H), 2.34e2.42 (m, 4H), 4.30 (d, J¼8.3 Hz, 1H),
5.79 (dq, J¼6.4, 15.8 Hz, 1H), 6.54 (ddq, J¼2.3, 8.3, 15.8 Hz, 1H),
7.25e7.28 (m, 1H), 7.31e7.35 (m, 4H). 13C NMR (150 MHz, CDCl3)
d 11.7, 20.5, 52.2, 66.3, 120.0 (q, JCF¼33.8 Hz), 123.0 (q,
JCF¼269.6 Hz), 127.5, 128.2, 128.4, 140.2, 140.8 (q, JCF¼5.9 Hz). 19F
NMR (564 MHz, CDCl3) d 98.1 (d, J¼5.6 Hz). IR (neat) 2963, 2873,
2819, 1675, 1496, 1455, 1281, 1125, 981 cm�1. HRMS (ESI) m/z calcd
for [MþH]þ: C16H23F3N 286.1783, found 286.1774.

3.2.13. N-Ethyl-4,4,4-trifluoro-N-isopropyl-1-phenylbut-2-en-1-
amine (3ah). Colorless oil. 1H NMR (500 MHz, CDCl3) d 0.92e1.00
(m, 9H), 2.53 (ddd, J¼1.8, 6.9, 14.2 Hz, 2H), 2.95e3.03 (m, 1H), 4.38
(d, J¼8.2 Hz, 1H), 5.78 (dq, J¼6.4, 15.6 Hz, 1H), 6.57 (ddq, J¼2.1, 8.2,
15.6 Hz, 1H), 7.24e7.36 (m, 5H). 13C NMR (125 MHz, CDCl3) d 16.3,
19.3, 19.9, 39.3, 48.6, 65.8, 118.8 (q, JCF¼33.6 Hz), 123.0 (q,
JCF¼269.7 Hz), 127.4, 128.0, 128.5, 141.4, 142.2 (q, JCF¼6.1 Hz). 19F
NMR (564 MHz, CDCl3) d 98.0 (d, J¼6.2 Hz). IR (neat) 2971, 2931,
2873, 1675, 1286, 1125, 981 cm�1. HRMS (EI) m/z calcd for [M]:
C15H20F3N 271.1548, found 271.1542.

3.2.14. N-Butyl-4,4,4-trifluoro-1-phenylbut-2-en-1-amine
(3aj). Colorless oil. 1H NMR (500 MHz, CDCl3) d 0.89 (t, J¼7.3 Hz,
3H), 1.30e1.51 (m, 5H), 2.48e2.59 (m, 2H), 4.27e4.28 (m, 1H), 5.87
(ddq, J¼1.4, 6.4, 15.6 Hz, 1H), 6.43e6.49 (m, 1H), 7.27e7.37 (m, 5H).
13C NMR (125 MHz, CDCl3) d 13.9, 20.4, 32.3, 47.4, 63.6, 118.1 (q,
JCF¼34.2 Hz), 123.2 (q, JCF¼270.6 Hz), 127.3, 127.9, 128.8,140.9,142.4
(q, JCF¼6.4 Hz). 19F NMR (564 MHz, CDCl3) d 97.9 (d, J¼6.4 Hz). IR
(neat) 3329, 2961, 2932, 2874, 1678, 1603, 1493, 1455, 1287,
1120 cm�1. HRMS (EI) m/z calcd for [M]: C14H18F3N 257.1391, found
257.1393.

3.2.15. 4,4,4-Trifluoro-N-isopropyl-1-phenylbut-2-en-1-amine
(3ak). Colorless oil. 1H NMR (600 MHz, CDCl3) d 1.04 (d, J¼6.0 Hz,
3H), 1.07 (d, J¼6.4 Hz, 3H), 1.27 (br s, 1H), 2.70e2.77 (m, 1H),
4.41e4.42 (m, 1H), 5.84 (ddq, J¼1.5, 6.4, 15.8 Hz, 1H), 6.45e6.50 (m,
1H), 7.27e7.37 (m, 5H). 13C NMR (150 MHz, CDCl3) d 22.8, 23.4, 45.8,
60.5, 118.1 (q, JCF¼33.4 Hz), 123.3 (q, JCF¼269.6 Hz), 127.3, 127.8,
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128.9, 141.1, 142.8 (q, JCF¼5.9 Hz). 19F NMR (564 MHz, CDCl3) d 98.0
(d, J¼6.7 Hz). IR (neat) 3325, 3030, 2967, 1679, 1491, 1455, 1290,
1125, 977 cm�1. HRMS (ESI) m/z calcd for [MþH]þ: C13H17F3N
244.1313, found 244.1304.

3.2.16. N-Benzyl-4,4,4-trifluoro-1-phenylbut-2-en-1-amine
(3al). Colorless oil. 1H NMR (500 MHz, CDCl3) d 3.72 (s, 2H),
4.32e4.34 (m, 1H), 5.90 (ddq, J¼1.4, 6.4, 15.6 Hz, 1H), 6.46e6.51 (m,
1H), 7.24e7.39 (m, 10H). 13C NMR (125 MHz, CDCl3) d 51.3, 62.3,
118.4 (q, JCF¼33.9 Hz), 123.2 (q, JCF¼269.7 Hz), 127.2, 127.4, 128.0,
128.1, 128.5, 128.9, 139.7, 140.4, 142.1 (q, JCF¼6.1 Hz). 19F NMR
(564 MHz, CDCl3) d 97.9 (d, J¼6.0 Hz). IR (neat) 3325, 3061, 3030,
2842, 1679, 1603, 1491, 1455, 1290, 1120, 1026, 977 cm�1. HRMS (EI)
m/z calcd for [M]: C17H16F3N 291.1235, found 291.1233.

3.2.17. N-(4,4,4-Trifluoro-1-phenylbut-2-enyl)benzenamine
(3am). Colorless oil. 1H NMR (500 MHz, CDCl3) d 3.97 (d, J¼4.1 Hz,
1H), 5.01e5.04 (m,1H), 5.94 (ddq, J¼1.8, 6.4,15.6 Hz,1H), 6.57e6.62
(m, 3H), 6.76 (tt, J¼1.1, 7.6 Hz, 1H), 7.16e7.20 (m, 2H), 7.32e7.41 (m,
5H). 13C NMR (125 MHz, CDCl3) d 59.1, 113.5, 118.4, 119.5 (q,
JCF¼33.9 Hz), 123.2 (q, JCF¼270.6 Hz), 127.4, 128.4, 129.2, 129.3,
139.6, 140.2 (q, JCF¼5.8 Hz), 146.5. 19F NMR (564 MHz, CDCl3) d 98.1
(d, J¼5.8 Hz). IR (neat) 3410, 3056, 3030, 1684, 1603, 1500, 1455,
1429, 1290, 1120, 972 cm�1. HRMS (EI)m/z calcd for [M]: C16H14F3N
277.1078, found 277.1078.

3.2.18. N,N-Diethyl-1,1,1-trifluoro-4-phenylbut-3-en-2-amine
(4aa)5a. Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.09 (t, J¼7.1 Hz,
6H), 2.59e2.66 (m, 2H), 2.75e2.82 (m, 2H), 3.78e3.85 (m, 1H), 6.22
(dd, J¼7.8, 16.0 Hz, 1H), 6.68 (d, J¼16.0 Hz, 1H), 7.25e7.41 (m, 5H).
13C NMR (125 MHz, CDCl3) d 14.0, 44.8, 63.8 (q, JCF¼27.5 Hz), 120.1,
126.2 (q, JCF¼285.0 Hz), 126.6, 128.2, 128.6, 136.2, 136.4. 19F NMR
(564 MHz, CDCl3) d 90.9 (d, J¼8.1 Hz). IR (neat) 2976, 2833, 1451,
1388, 1268, 1107, 968 cm�1. Anal. Calcd for C14H18F3N: C, 65.35; H,
7.05; N, 5.44. Found: C, 65.24; H, 7.14; N, 5.40.

3.2.19. 4-(1,1,1-Trifluoro-4-phenylbut-3-en-2-yl)morpholine
(4ab)5b. Colorless oil. 1H NMR (500 MHz, CDCl3) d 2.72e2.80 (m,
4H), 3.57e3.64 (m, 1H), 3.73 (t, J¼4.6 Hz, 4H), 6.18 (dd, J¼8.2,
16.0 Hz, 1H), 6.72 (d, J¼16.0 Hz, 1H), 7.25e7.42 (m, 5H). 13C NMR
(125 MHz, CDCl3) d 50.4, 67.2, 68.6 (q, JCF¼27.5 Hz), 118.5, 125.7 (q,
JCF¼285.0 Hz), 126.7, 128.5, 128.7, 135.7, 137.5. 19F NMR (470 MHz,
CDCl3) d 92.0 (d, J¼8.2 Hz). IR (neat) 2963, 2857, 1453, 1362, 1264,
1108, 1012 cm�1. HRMS (EI)m/z calcd for [M]: C14H16F3NO 271.1184,
found 271.1195.

3.2.20. 1-(1,1,1-Trifluoro-4-phenylbut-3-en-2-yl)-4-phenylpiperazine
(4ac)5b. White solid. Mp 135e137 �C. 1H NMR (500 MHz, CDCl3)
d 2.87e2.97 (m, 4H), 3.21 (t, J¼4.9 Hz, 4H), 3.71 (quin, J¼8.0 Hz,
1H), 6.22 (dd, J¼8.0, 16.0 Hz, 1H), 6.74 (d, J¼16.0 Hz, 1H), 6.86 (t,
J¼7.4 Hz, 1H), 6.91 (d, J¼7.4 Hz, 2H), 7.21e7.47 (m, 7H). 13C NMR
(125 MHz, CDCl3) d 49.7, 49.9, 68.1 (q, JCF¼27.6 Hz), 116.2, 118.7,
119.9, 125.8 (q, JCF¼285.5 Hz), 126.7, 128.4, 128.6, 129.0, 135.8,
137.4, 151.3. 19F NMR (470 MHz, CDCl3) d 92.1 (d, J¼8.5 Hz). IR
(KBr) 2806, 1652, 1603, 1581, 1500, 1388, 1303, 1268, 1236,
1187 cm�1. HRMS (EI) m/z calcd for [M]: C20H21F3N2 346.1657,
found 346.1661.

3.2.21. 1-(1,1,1-Trifluoro-4-phenylbut-3-en-2-yl)-4-methylpiperazine
(4ad). Yellow oil. 1H NMR (600 MHz, CDCl3) d 2.28 (s, 3H),
2.20e2.60 (m, 4H), 2.76e2.84 (m, 4H), 3.62e3.68 (m, 1H), 6.18 (dd,
J¼8.0, 16.0 Hz, 1H), 6.70 (d, J¼16.0 Hz, 1H), 7.27e7.29 (m, 1H), 7.33
(t, J¼7.4 Hz, 2H), 7.39e7.41 (m, 2H). 13C NMR (150 MHz, CDCl3)
d 46.0, 49.8, 55.4, 68.1 (q, JCF¼13.8 Hz), 118.9, 125.8 (q,
JCF¼285.4 Hz), 126.7, 128.4, 128.7, 135.9, 137.3. 19F NMR (564 MHz,
CDCl3) d 92.0 (d, J¼8.2 Hz). IR (neat) 2939, 2844, 2799, 1679, 1457,
1376, 1268, 1163, 1109, 1012 cm�1. HRMS (DART) m/z calcd for
[MþH]þ: C15H20F3N2 285.1579, found 285.1576.

3.2.22. 1-(1,1,1-Trifluoro-4-phenylbut-3-en-2-yl)-4-phenylpiperidine
(4ae). Yellow solid. Mp 85e90 �C. 1H NMR (600 MHz, CDCl3)
d 1.77e1.85 (m, 4H), 2.46e2.51 (m, 1H), 2.61 (dt, J¼3.0, 11.1 Hz, 1H),
2.69 (dt, J¼2.9, 11.1 Hz, 1H), 3.03e3.05 (m, 1H), 3.14e3.17 (m, 1H),
3.69e3.74 (m, 1H), 6.25 (dd, J¼7.9, 15.8 Hz, 1H), 6.74 (d, J¼15.8 Hz,
1H), 7.18e7.23 (m, 3H), 7.28e7.31 (m, 3H), 7.34e7.37 (m, 2H),
7.43e7.45 (m, 2H). 13C NMR (150 MHz, CDCl3) d 33.9, 34.0, 42.5,
50.7, 51.3, 68.5 (q, JCF¼27.4 Hz), 119.4, 126.1 (q, JCF¼286.5 Hz), 126.2,
126.7, 126.9, 128.3, 128.5, 128.7, 136.0, 136.8, 146.2. 19F NMR
(564 MHz, CDCl3) d 92.3 (d, J¼8.3 Hz). IR (KBr) 3025, 2940, 2810,
1652, 1599, 1496, 1451, 1397, 1272, 1098 cm�1. HRMS (DART) m/z
calcd for [MþH]þ: C21H23F3N 346.1783, found 346.1780.

3.2.23. N,N-Dibutyl-1,1,1-trifluoro-4-phenylbut-3-en-2-amine
(4af). Colorless oil. 1H NMR (500 MHz, CDCl3) d 0.92 (t, J¼7.3 Hz,
6H), 1.25e1.51 (m, 8H), 2.50e2.55 (m, 2H), 2.64e2.70 (m, 2H),
3.72e3.79 (m, 1H), 6.21 (dd, J¼7.8, 16.0 Hz, 1H), 6.66 (d, J¼16.0 Hz,
1H), 7.25e7.41 (m, 5H). 13C NMR (125 MHz, CDCl3) d 14.0, 20.2, 31.0,
51.0, 64.1 (q, JCF¼27.5 Hz), 120.0, 126.3 (q, JCF¼285.7 Hz), 126.6,
128.1, 128.6, 136.2, 136.4. 19F NMR (564 MHz, CDCl3) d 91.1 (d,
J¼8.9 Hz). IR (neat) 2960, 2933, 2874, 1686, 1497, 1468, 1379, 1268,
1173,1111 cm�1. Anal. Calcd for C18H26F3N: C, 68.93; H, 8.36; N, 4.47.
Found: C, 68.98; H, 8.55; N, 4.33.

3.2.24. 1,1,1-Trifluoro-4-phenyl-N,N-dipropylbut-3-en-2-amine
(4ag). Colorless oil. 1H NMR (600 MHz, CDCl3) d 0.90 (t, J¼7.3 Hz,
6H), 1.45e1.51 (m, 4H), 2.50e2.54 (m, 2H), 2.60e2.64 (m, 2H),
3.72e3.78 (m, 1H), 6.22 (dd, J¼7.9, 15.8 Hz, 1H), 6.67 (d, J¼15.8 Hz,
1H), 7.27e7.29 (m, 1H), 7.33e7.36 (m, 2H), 7.41e7.42 (m, 2H). 13C
NMR (150 MHz, CDCl3) d 11.5, 21.9, 53.2, 64.2 (q, JCF¼27.5 Hz), 120.0,
126.3 (q, JCF¼285.3 Hz), 126.6, 128.2, 128.7, 136.2, 136.4. 19F NMR
(564 MHz, CDCl3) d 91.0 (d, J¼8.4 Hz). IR (neat) 2964, 2935, 2875,
1469, 1380, 1267, 1177, 1155, 1110, 968 cm�1. HRMS (ESI) m/z calcd
for [MþH]þ: C16H23F3N 286.1783, found 286.1780.

3.2.25. N-Ethyl-1,1,1-trifluoro-N-isopropyl-4-phenylbut-3-en-2-
amine (4ah). Colorless oil. 1H NMR (600 MHz, CDCl3) d 1.01 (d,
J¼6.4 Hz, 3H),1.07 (t, J¼6.9 Hz, 3H),1.10 (d, J¼6.4 Hz, 3H), 2.61e2.68
(m, 1H), 2.78e2.85 (m, 1H), 3.17e3.25 (m, 1H), 3.81e3.88 (m, 1H),
6.26 (dd, J¼7.8, 16.0 Hz, 1H), 6.66 (d, J¼16.0 Hz, 1H), 7.25e7.41 (m,
5H). 13C NMR (150 MHz, CDCl3) d 15.4, 19.5, 21.7, 40.3, 49.5, 61.3 (q,
JCF¼28.6 Hz),121.8,126.2 (q, JCF¼284.0 Hz),126.5,128.1,128.7,135.9,
136.4. 19F NMR (564 MHz, CDCl3) d 89.2 (d, J¼8.9 Hz). IR (neat) 2971,
2936, 2873, 1455, 1384, 1268, 1111, 972 cm�1. HRMS (EI) m/z calcd
for [M]: C15H20F3N 271.1548, found 271.1544.

3.2.26. N-Butyl-1,1,1-trifluoro-4-phenylbut-3-en-2-amine
(4aj). Colorless oil. 1H NMR (500 MHz, CDCl3) d 0.91 (t, J¼7.3 Hz,
3H), 1.30e1.55 (m, 4H), 2.62e2.76 (m, 2H), 3.68e3.74 (m, 1H), 6.04
(dd, J¼8.2, 15.6 Hz, 1H), 6.70 (d, J¼15.6 Hz, 1H), 7.27e7.42 (m, 5H).
13C NMR (125 MHz, CDCl3) d 13.9, 20.2, 32.1, 47.1, 62.8 (q,
JCF¼28.8 Hz), 122.1, 125.5 (q, J¼286.0 Hz), 126.7, 128.3, 128.7, 135.8,
136.0. 19F NMR (470 MHz, CDCl3) d 87.0 (d, J¼7.2 Hz). IR (neat) 3347,
2961, 2932, 2874, 1468, 1336, 1258, 1155, 1114, 968 cm�1. HRMS
(DART)m/z calcd for [MþH]þ: C14H19F3N 258.1470, found 258.1466.

3.2.27. 1,1,1-Trifluoro-N-isopropyl-4-phenylbut-3-en-2-amine
(4ak). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.07 (d, J¼6.3 Hz,
3H), 1.10 (d, J¼6.3 Hz, 3H), 1.16 (br s, 1H), 2.96 (sep, J¼6.3 Hz, 1H),
3.78 (quin, J¼7.4 Hz, 1H), 6.02 (dd, J¼8.2, 16.0 Hz, 1H), 6.67 (d,
J¼16.0 Hz,1H), 7.24e7.43 (m, 5H). 13C NMR (125 MHz, CDCl3) d 22.2,
23.6, 45.8, 60.2 (q, JCF¼29.2 Hz), 122.4, 125.6 (q, JCF¼280.7 Hz),
126.7, 128.3, 128.6, 135.6, 135.8. 19F NMR (470 MHz, CDCl3) d 86.7 (d,
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J¼7.4 Hz). IR (neat) 3329, 3030, 2967, 2873, 1719, 1447, 1379, 1263,
1183, 1156, 1116, 963 cm�1. HRMS (DART) m/z calcd for [MþH]þ:
C13H17F3N 244.1313, found 244.1314.

3.2.28. N-Benzyl-1,1,1-trifluoro-4-phenylbut-3-en-2-amine
(4al). Colorless oil. 1H NMR (500 MHz, CDCl3) d 3.70e3.76 (m, 1H),
3.84 (d, J¼13.3 Hz, 1H), 3.96 (d, J¼13.3 Hz, 1H), 6.06 (dd, J¼8.2,
16.0 Hz, 1H), 6.66 (d, J¼16.0 Hz, 1H), 7.26e7.42 (m, 10H). 13C NMR
(125 MHz, CDCl3) d 50.7, 61.4 (q, JCF¼28.8 Hz), 121.6, 125.6 (q,
JCF¼283.1 Hz), 126.7, 127.3, 128.1, 128.4, 128.6, 128.7, 135.7, 136.4,
139.1. 19F NMR (470 MHz, CDCl3) d 87.1 (d, J¼7.2 Hz). IR (neat) 3347,
3030, 2927, 2855, 1657, 1603, 1500, 1455, 1259, 1174, 1125,
1031 cm�1. HRMS (EI)m/z calcd for [M]: C17H16F3N 291.1235, found
291.1225.

3.2.29. N-(1,1,1-Trifluoro-4-phenylbut-3-en-2-yl)benzenamine
(4am). Colorless oil. 1H NMR (500 MHz, CDCl3) d 3.91 (d, J¼8.7 Hz,
1H), 4.58e4.66 (m, 1H), 6.20 (dd, J¼6.2, 15.8 Hz, 1H), 6.73 (d,
J¼8.2 Hz, 2H), 6.79e6.83 (m, 2H), 7.20e7.39 (m, 7H). 13C NMR
(125 MHz, CDCl3) d 58.2 (q, JCF¼30.1 Hz),113.8,119.3,120.8,125.2 (q,
JCF¼283.1 Hz), 126.8, 128.5, 128.7, 129.5, 135.5, 135.6, 145.7. 19F NMR
(564 MHz, CDCl3) d 86.5 (t, J¼5.6 Hz). IR (neat) 3410, 3056, 3030,
1603, 1509, 1250, 1125, 968 cm�1. HRMS (EI) m/z calcd for [M]:
C16H14F3N 277.1078, found 277.1086.

3.2.30. 1-(4,4,4-Trifluoro-1-phenylbut-2-en-1-yl)piperidine
(3an). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.36e1.47 (m, 2H),
1.55 (quin, J¼5.7 Hz, 4H), 2.21e2.43 (m, 4H), 3.81 (d, J¼8.3 Hz, 1H),
5.81 (dq, J¼6.3, 15.6 Hz, 1H), 6.51 (ddq, J¼1.9, 8.3, 15.6 Hz, 1H),
7.25e7.37 (m, 5H). 13C NMR (125 MHz, CDCl3) d 24.4, 26.1, 52.3, 72.3,
119.1 (q, JCF¼33.6 Hz), 122.9 (q, JCF¼269.3 Hz), 127.7, 128.2, 128.6,
139.6, 141.9 (q, JCF¼5.8 Hz). 19F NMR (470 MHz, CDCl3) d 98.0 (d,
J¼6.6 Hz). IR (neat) 3034, 2936, 2797, 1679, 1455, 1281, 1125 cm�1.
Anal. Calcd for C15H18F3N: C, 66.90; H, 6.74; N, 5.20. Found: C, 66.56;
H, 6.75; N, 5.11.

3.2.31. 1-(1,1,1-Trifluoro-4-phenylbut-3-en-2-yl)piperidine
(4an). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.43 (quin,
J¼5.7 Hz, 2H), 1.59 (quin, J¼5.7 Hz, 4H), 2.65e2.74 (m, 4H), 3.62
(quin, J¼8.3 Hz, 1H), 6.21 (dd, J¼7.7, 15.8 Hz, 1H), 6.70 (d, J¼15.8 Hz,
1H), 7.25e7.44 (m, 5H). 13C NMR (125 MHz, CDCl3) d 24.3, 26.5, 51.2,
68.8 (q, JCF¼27.2 Hz), 119.6, 126.1 (q, JCF¼286.6 Hz), 126.7, 128.2,
128.6,136.1, 136.5. 19F NMR (470 MHz, CDCl3) d 92.4 (d, J¼8.5 Hz). IR
(neat) 3025, 2936, 2851, 2815, 1455, 1263, 1156, 1107 cm�1. Anal.
Calcd for C15H18F3N: C, 66.90; H, 6.74; N, 5.20. Found: C, 67.02; H,
7.02; N, 5.15.

3.2.32. 1-(4,4,4-Trifluoro-1-(4-methoxyphenyl)but-2-en-1-yl)piperi-
dine (3cn). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.41 (quin,
J¼5.5 Hz, 2H), 1.55 (quin, J¼5.5 Hz, 4H), 2.25e2.31 (m, 4H), 3.76 (d,
J¼7.8 Hz, 1H), 3.80 (s, 3H), 5.78 (dq, J¼6.4, 15.6 Hz, 1H), 6.49 (ddq,
J¼2.1, 7.8, 15.6 Hz, 1H), 6.87 (d, J¼8.8 Hz, 2H), 7.19 (d, J¼8.8 Hz, 2H).
13C NMR (125 MHz, CDCl3) d 24.5, 26.1, 52.3, 55.2, 71.6, 114.0, 118.8
(q, JCF¼33.6 Hz), 123.0 (q, JCF¼269.7 Hz), 129.3, 131.6, 142.1 (q,
JCF¼6.1 Hz), 159.1. 19F NMR (470 MHz, CDCl3) d 98.0 (d, J¼6.3 Hz). IR
(neat) 2940, 2851, 2797, 1679, 1612, 1514, 1250, 1120, 1040,
977 cm�1. Anal. Calcd for C16H20F3NO: C, 64.20; H, 6.73; N, 4.68.
Found: C, 64.05; H, 6.72; N, 4.66.

3.2.33. 1-(1,1,1-Trifluoro-4-(4-methoxyphenyl)but-3-en-2-yl)piperi-
dine (4cn). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.42 (quin,
J¼5.7 Hz, 2H), 1.59 (quin, J¼5.7 Hz, 4H), 2.63e2.73 (m, 4H), 3.58
(quin, J¼8.4 Hz, 1H), 3.81 (s, 3H), 6.06 (dd, J¼8.0, 16.0 Hz, 1H), 6.62
(d, J¼16.0 Hz, 1H), 6.87 (d, J¼8.8 Hz, 2H), 7.35 (d, J¼8.8 Hz, 2H). 13C
NMR (125 MHz, CDCl3) d 24.3, 26.5, 51.2, 55.3, 68.9 (q, JCF¼27.2 Hz),
114.0, 117.1, 126.2 (q, JCF¼279.9 Hz), 127.9, 128.9, 136.0, 159.7. 19F
NMR (470 MHz, CDCl3) d 92.3 (d, J¼8.8 Hz). IR (neat) 2940, 2837,
1608, 1514, 1460, 1254, 1160, 1107, 1035 cm�1. Anal. Calcd for
C16H20F3NO: C, 64.20; H, 6.73; N, 4.68. Found: C, 64.32; H, 7.00; N,
4.47.

3.2.34. 1-(4,4,4-Trifluoro-1-(4-fluorophenyl)but-2-en-1-yl)piperidine
(3dn). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.41 (quin,
J¼5.7 Hz, 2H), 1.55 (quin, J¼5.7 Hz, 4H), 2.24e2.39 (m, 4H), 3.80 (d,
J¼8.2 Hz, 1H), 5.80 (dq, J¼6.4, 15.6 Hz, 1H), 6.46 (ddq, J¼2.0, 8.2,
15.6 Hz, 1H), 7.00e7.06 (m, 2H), 7.22e7.28 (m, 2H). 13C NMR
(125 MHz, CDCl3) d 24.4, 26.1, 52.2, 71.5, 115.5 (d, JCF¼21.1 Hz), 119.3
(q, JCF¼33.9 Hz),122.8 (q, JCF¼269.3 Hz), 129.6 (d, JCF¼8.6 Hz),135.4,
141.6 (q, JCF¼6.1 Hz), 162.2 (d, JCF¼245.7 Hz). 19F NMR (470 MHz,
CDCl3) d 47.0e47.1 (m, 1F), 97.9 (d, J¼6.3 Hz, 3F). IR (neat) 2940,
2855, 2802, 2757, 1679, 1608, 1509, 1227, 1125, 977 cm�1. Anal.
Calcd for C15H17F4N: C, 62.71; H, 5.96; N, 4.88. Found: C, 62.80; H,
6.19; N, 4.84.

3.2.35. 1-(1,1,1-Trifluoro-4-(4-fluorophenyl)but-3-en-2-yl)piperidine
(4dn). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.44 (quin,
J¼5.6 Hz, 2H), 1.59 (quin, J¼5.6 Hz, 4H), 2.70 (t, J¼5.2 Hz, 4H), 3.61
(quin, J¼8.3 Hz, 1H), 6.12 (dd, J¼7.7, 15.8 Hz, 1H), 6.66 (d, J¼15.8 Hz,
1H), 7.03 (t, J¼8.6 Hz, 2H), 7.38 (dd, J¼5.4, 8.6 Hz, 2H). 13C NMR
(125 MHz, CDCl3) d 24.2, 26.5, 51.2, 68.7 (q, JCF¼27.2 Hz), 115.6 (d,
JCF¼21.1 Hz), 119.4, 126.1 (q, JCF¼286.9 Hz), 128.3 (d, JCF¼7.7 Hz),
132.3 (d, JCF¼3.8 Hz), 135.2, 162.65 (d, JCF¼247.6 Hz). 19F NMR
(470 MHz, CDCl3) d 48.2e48.3 (m, 1F), 92.4 (d, J¼8.5 Hz, 3F). IR
(neat) 2940, 2855, 2819, 1603, 1509, 1227, 1160, 1111, 972 cm�1.
Anal. Calcd for C15H17F4N: C, 62.71; H, 5.96; N, 4.88. Found: C, 62.79;
H, 4.94; N, 6.19.

3.2.36. 1-(4,4,4-Trifluoro-1-(o-tolyl)but-2-en-1-yl)piperidine
(3en). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.43 (quin,
J¼5.6 Hz, 2H), 1.48e1.61 (m, 4H), 2.26e2.33 (m, 4H), 2.35 (s, 3H),
3.96 (d, J¼8.9 Hz, 1H), 5.77 (dq, J¼6.4, 15.8 Hz, 1H), 6.44 (ddq, J¼2.0,
8.9, 15.8 Hz, 1H), 7.11e7.23 (m, 3H), 7.43 (d, J¼7.4 Hz, 1H). 13C NMR
(125 MHz, CDCl3) d 19.6, 24.6, 26.1, 52.6, 68.5, 118.4 (q, JCF¼33.9 Hz),
122.8 (q, JCF¼269.7 Hz), 126.4, 127.2, 127.9, 130.7, 136.3, 138.1, 141.6
(q, JCF¼5.8 Hz). 19F NMR (470 MHz, CDCl3) d 98.0 (d, J¼6.3 Hz). IR
(neat) 2936, 2855, 2797, 2757, 1675, 1451, 1290, 1125, 977 cm�1.
Anal. Calcd for C16H20F3N: C, 67.83; H, 7.11; N, 4.94. Found: C, 67.80;
H, 7.10; N, 5.00.

3.2.37. 1-(1,1,1-Trifluoro-4-(o-tolyl)but-3-en-2-yl)piperidine
(4en). Colorless oil. 1H NMR (500 MHz, CDCl3) d 1.44 (quin,
J¼5.6 Hz, 2H), 1.60 (quin, J¼5.6 Hz, 4H), 2.36 (s, 3H), 2.71 (t,
J¼5.0 Hz, 4H), 3.65 (quin, J¼8.4 Hz, 1H), 6.06 (dd, J¼7.7, 15.8 Hz,
1H), 6.93 (d, J¼15.6 Hz, 1H), 7.13e7.22 (m, 3H), 7.42e7.48 (m, 1H).
13C NMR (125 MHz, CDCl3) d 19.8, 24.3, 26.6, 51.3, 68.9 (q,
JCF¼27.2 Hz), 121.0, 125.0, 125.9, 126.1 (q, JCF¼286.6 Hz), 128.0,
130.3, 134.4, 135.5, 135.6. 19F NMR (470 MHz, CDCl3) d 92.3 (d,
J¼8.8 Hz). IR (neat) 2940, 2851, 2819, 1460, 1254, 1165, 1107,
968 cm�1. Anal. Calcd for C16H20F3N: C, 67.83; H, 7.11; N, 4.94.
Found: C, 67.80; H, 7.18; N, 4.98.

3.3. General procedure for the allylic amination of (S)-1,1,1-
trifluoro-4-phenylbut-3-en-2-yl acetate ((S)-1a) with
morpholine (2b)

A typical procedure is given for the reaction of (S)-1,1,1-trifluoro-
4-phenylbut-3-en-2-yl acetate ((S)-1a) with morpholine (2b)
(Table 6, Entry 2). To a solution of Pd(OAc)2 (4.5 mg, 0.020 mmol),
DPPE (8.0 mg, 0.020 mmol), (S)-1,1,1-trifluoro-4-phenylbut-3-en-2-
yl acetate ((S)-1a) (50 mg, 0.20 mmol) in THF (1.0 ml) was added
morpholine (2b) and stirred at 25 �C for 12 h. The reaction mixture
was quenched with brine and H2O (1 ml), then extracted with ethyl
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acetate. The combined organic layers were dried over MgSO4 and
concentrated in vacuo. The NMR yield (77%, trioxane as an internal
standard) and ratio of 3ab and 4ab was determined by 1H NMR of
the crude materials. The residue was purified by silica gel pre-
parative thin-layer chromatography (hexane/EtOAc/Et3N¼10/1/0.1)
to give 37 mg (66%) of (R)-3ab (98% ee) as a colorless oil.

3.3.1. (S)-1,1,1-Trifluoro-4-phenylbut-3-en-2-yl acetate ((S)-1a)5b,20.
Yellow oil. ½a�26D þ143.14 (c 0.89, CHCl3) (99% ee). Enantiomeric
purity was determined by HPLC using a Daicel CHIRALPAK AD-H
(hexane/2-propanol¼99/1, flow: 1.0 ml/min, 254 nm, 35 �C, tR
4.4 min (major); tR 5.6 min (minor)).

3.3.2. (S)-1,1,1-Trifluoro-4-(4-methoxyphenyl)but-3-en-2-yl acetate
((S)-1c). White solid. Mp 71e75 �C. ½a�26D þ170.5 (c 1.09, CHCl3) (99%
ee). Enantiomeric purity was determined by HPLC using a Daicel
CHIRALPAK AD-H (hexane/2-propanol¼99/1, flow: 1.0 ml/min,
254 nm, 35 �C, tR 7.5 min (major); tR 9.2 min (minor)).

3.3.3. (S)-4-(4-Chlorophenyl)-1,1,1-trifluorobut-3-en-2-yl acetate
((S)-1f)5b. Yellow solid. Mp 77e79 �C. 1H NMR (500 MHz, CDCl3)
d 2.19 (s, 3H), 5.78e5.84 (m, 1H), 6.09 (dd, J¼7.4, 16.0 Hz, 1H), 6.81
(d, J¼16.0 Hz, 1H), 7.31e7.36 (m, 4H). 13C NMR (125 MHz, CDCl3)
d 20.6, 70.9 (q, JCF¼33.6 Hz), 118.0, 123.1 (q, JCF¼280.3 Hz), 128.2,
128.9, 133.5, 134.9, 137.4, 168.8. 19F NMR (470 MHz, CDCl3) d 85.3 (d,
J¼6.8 Hz). IR (KBr) 2958, 2931, 1760, 1491, 1375, 1272, 1223, 1187,
1031 cm�1 ½a�26D þ118.3 (c 0.81, CHCl3) (99% ee). Enantiomeric purity
was determined by HPLC using a Daicel CHIRALCEL OD-H (hexane/
2-propanol¼99/1, flow: 0.5 ml/min, 254 nm, 35 �C, tR 11.3 min
(major); tR 12.3 min (minor)).

3.3.4. 4-((R)-4,4,4-Trifluoro-1-phenylbut-2-enyl)morpholine ((R)-
3ab)5b. Colorless oil. ½a�26D �40.3 (c 0.73, CHCl3) (96% ee). Enantio-
meric purity was determined by HPLC using a Daicel CHIRALCEL
OD-H (hexane/2-propanol¼99/1, flow: 1.0 ml/min, 254 nm, 35 �C,
tR 5.9 min (major); tR 6.9 min (minor)).

3.3.5. 4-((S)-1,1,1-Trifluoro-4-phenylbut-3-en-2-yl)morpholine ((S)-
4ab)5b. Colorless oil. ½a�26D þ69.2 (c 1.37, CHCl3) (99% ee). Enantio-
meric purity was determined by HPLC using a Daicel CHIRALPAK
AD-H (hexane/2-propanol¼99/1, flow: 1.0 ml/min, 254 nm, 35 �C,
tR 11.2 min (major); tR 13.0 min (minor)).

3.3.6. 1-((R)-4,4,4-Trifluoro-1-phenylbut-2-enyl)-4-phenylpiperazine
((R)-3ac)5b. Colorless oil. ½a�26D �22.2 (c 0.18, CHCl3) (97% ee). En-
antiomeric purity was determined by HPLC using a Daicel CHIR-
ALCEL OD-H (hexane/2-propanol¼99/1, flow: 1.0 ml/min, 254 nm,
35 �C, tR 11.1 min (minor); tR 12.6 min (major)).

3 .3 .7 . 1- ( (S ) -1,1,1-Tr ifluoro-4-phenylbut-3-en-2-yl ) -4-
phenylpiperazine ((S)-4ac)5b. White solid. Mp 135e137 �C. ½a�26D
þ61.1 (c 0.36, CHCl3) (99% ee). Enantiomeric purity was determined
by HPLC using a Daicel CHIRALPAK AD-H (hexane/2-propanol¼9/1,
flow: 1.0 ml/min, 254 nm, 35 �C, tR 6.2 min (major); tR 9.2 min
(minor)).

3.3.8. 1-((R)-4,4,4-Trifluoro-1-phenylbut-2-enyl)-4-methylpiperazine
((R)-3ad). Colorless oil. ½a�24D �45.7 (c 1.88, CHCl3) (95% ee). Enan-
tiomeric purity was determined by HPLC using a Daicel CHIRALPAK
AD-H (hexane/2-propanol/diethylamine¼99/1/0.1, flow: 1.0 ml/
min, 254 nm, 35 �C, tR 5.9 min (major); tR 6.5 min (minor)).

3 .3 .9 . 1- ( (S ) -1,1,1-Tr ifluoro-4-phenylbut-3-en-2-yl ) -4-
methylpiperazine ((S)-4ad). Colorless oil. ½a�25D þ63.4 (c 2.03, CHCl3)
(98% ee). Enantiomeric purity was determined by HPLC using
a Daicel CHIRALCEL OJ-H (hexane/2-propanol/diethylamine¼99/1/
0.1, flow: 1.0 ml/min, 254 nm, 35 �C, tR 5.8 min (minor); tR 10.1 min
(major)).

3.3.10. (R)-N-Benzyl-4,4,4-trifluoro-N-methyl-1-phenylbut-2-en-1-
amine ((R)-3ao)5b. Colorless oil. 1H NMR (500 MHz, CDCl3) d 2.11 (s,
3H), 3.42 (d, J¼13.5 Hz, 1H), 3.53 (d, J¼13.5 Hz, 1H), 4.07 (d,
J¼7.8 Hz, 1H), 5.87 (dq, J¼6.4, 15.6 Hz, 1H), 6.59 (ddq, J¼2.0, 7.8,
15.6 Hz, 1H), 7.20e7.40 (m, 10H). 13C NMR (125 MHz, CDCl3) d 39.1,
58.9, 69.9, 119.9 (q, JCF¼33.6 Hz), 122.9 (q, JCF¼269.3 Hz), 127.0,
127.8, 128.2, 128.3, 128.6, 128.7, 139.1, 139.5, 141.0 (q, JCF¼6.4 Hz). 19F
NMR (470 MHz, CDCl3) d 97.9e98.1 (m). IR (neat) 3065, 2846, 2797,
1684, 1496, 1455, 1286, 1125, 981 cm�1. HRMS (MALDI-TOF) m/z
calcd for [MþH]þ: C18H19F3N 306.1470, found 306.1470 (matrix:
SA). ½a�26D �26.8 (c 1.38, CHCl3) (96% ee). Enantiomeric purity was
determined by HPLC using a Daicel CHIRALPAK AD-H (hexane/2-
propanol¼199/1, flow: 1.0 ml/min, 254 nm, 35 �C, tR 3.8 min (ma-
jor); tR 4.6 min (minor)).

3.3.11. (S)-N-Benzyl-1,1,1-trifluoro-N-methyl-4-phenylbut-3-en-2-
amine ((S)-4ao)5b. Colorless oil. 1H NMR (500 MHz, CDCl3) d 2.40 (s,
3H), 3.67 (d, J¼13.2 Hz, 1H), 3.75 (quin, J¼8.0 Hz, 1H), 3.81 (d,
J¼13.2 Hz, 1H), 6.24 (dd, J¼8.0, 16.0 Hz, 1H), 6.67 (d, J¼16.0 Hz, 1H),
7.18e7.45 (m, 10H). 13C NMR (125 MHz, CDCl3) d 38.2, 59.1, 65.5 (q,
JCF¼28.0 Hz), 118.8, 126.3 (q, JCF¼286.3 Hz), 126.7, 127.3, 128.3,
128.4, 128.6, 128.7, 136.0, 137.2, 138.7. 19F NMR (470 MHz, CDCl3)
d 92.1 (d, J¼8.2 Hz). IR (neat) 2956, 2808, 1496, 1453, 1370, 1269,
1168, 1107, 1025 cm�1. HRMS (MALDI-TOF) m/z calcd for [MþH]þ:
C18H19F3N 306.1470, found 306.1458 (matrix: SA). ½a�27D þ150.3 (c
0.74, CHCl3) (96% ee). Enantiomeric purity was determined by HPLC
using a Daicel CHIRALCEL OJ-H (hexane/2-propanol¼99/1, flow:
1.0 ml/min, 254 nm, 35 �C, tR 8.4 min (major); tR 9.4 min (minor)).

3.3.12. 1-((R)-4,4,4-Trifluoro-1-(4-methoxyphenyl)but-2-enyl)-4-
phenylpiperazine ((R)-3cc). Yellow oil. 1H NMR (500 MHz, CDCl3)
d 2.50e2.60 (m, 4H), 3.17 (t, J¼5.2 Hz, 4H), 3.79e3.81 (m, 1H), 3.81
(s, 3H), 5.85 (dq, J¼6.3, 16.0 Hz, 1H), 6.51 (ddq, J¼2.3, 8.6, 16.0 Hz,
1H), 6.84 (t, J¼7.4 Hz, 1H), 6.89 (d, J¼8.6 Hz, 4H), 7.23e7.26 (m, 4H).
13C NMR (125 MHz, CDCl3) d 49.1, 51.1, 55.2, 71.2, 114.2, 115.9, 119.2
(q, JCF¼33.6 Hz), 119.7, 122.8 (q, JCF¼268.7 Hz), 129.1, 129.2, 131.0,
141.6 (q, JCF¼6.0 Hz), 151.2, 159.3. 19F NMR (564 MHz, CDCl3) d 97.9
(d, J¼6.2 Hz). IR (neat) 2958, 2819, 1679, 1603, 1509, 1455, 1384,
1344, 1250, 1116 cm�1. HRMS (ESI) m/z calcd for [MþH]þ:
C21H24F3N2O 377.1841, found 377.1833. ½a�25D �22.1 (c 2.82, CHCl3)
(94% ee). Enantiomeric purity was determined by HPLC using
a Daicel CHIRALCEL OD-H (hexane/2-propanol¼99/1, flow: 1.0 ml/
min, 254 nm, 35 �C, tR 14.7 min (minor); tR 16.9 min (major)).

3.3.13. 1-((S)-1,1,1-Trifluoro-4-(4-methoxyphenyl)but-3-en-2-yl)-4-
phenylpiperazine ((S)-4cc). White solid. Mp 176e184 �C. 1H NMR
(600 MHz, CDCl3) d 2.87e2.95 (m, 4H), 3.18e3.23 (m, 4H),
3.65e3.71 (m,1H), 3.81 (s, 3H), 6.07 (dd, J¼8.3, 15.8 Hz,1H), 6.67 (d,
J¼15.8 Hz, 1H), 6.84e6.88 (m, 3H), 6.90e6.92 (m, 2H), 7.23e7.27
(m, 2H), 7.34e7.36 (m, 2H). 13C NMR (150 MHz, CDCl3) d 49.8, 50.0,
55.4, 68.4 (q, JCF¼27.6 Hz), 114.1, 116.2, 116.3, 120.0, 126.0 (q,
JCF¼285.1 Hz), 128.1, 128.6, 129.2, 137.0, 151.4, 159.9. 19F NMR
(564 MHz, CDCl3) d 91.9 (d, J¼8.2 Hz). IR (KBr) 3003, 2909, 2842,
1652, 1608, 1581, 1514, 1308, 1250, 1183, 1142, 1102 cm�1. HRMS
(DART) m/z calcd for [MþH]þ: C21H24F3N2O 377.1841, found
377.1838. ½a�25D þ86.7 (c 1.17, CHCl3) (98% ee). Enantiomeric purity
was determined by HPLC using a Daicel CHIRALPAK AD-H (hexane/
2-propanol¼9/1, flow: 1.0 ml/min, 254 nm, 35 �C, tR 9.4 min (ma-
jor); tR 12.5 min (minor)).

3.3.14. 1-((R)-1-(4-Chlorophenyl)-4,4,4-trifluorobut-2-enyl)-4-
phenylpiperazine ((R)-3fc)5b. Yellow oil. 1H NMR (500 MHz, CDCl3)
d 2.49e2.60 (m, 4H), 3.17 (t, J¼5.0 Hz, 4H), 3.83 (d, J¼8.6 Hz, 1H),
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5.87 (dq, J¼6.3, 15.8 Hz, 1H), 6.47 (ddq, J¼2.0, 8.6, 15.8 Hz, 1H), 6.86
(t, J¼7.2 Hz, 1H), 6.90 (d, J¼8.6 Hz, 2H), 7.24e7.35 (m, 6H). 13C NMR
(125 MHz, CDCl3) d 49.2, 51.1, 71.2, 116.0, 119.9, 120.0 (q,
JCF¼34.0 Hz), 122.6 (q, JCF¼269.9 Hz), 129.2, 129.2, 129.4, 133.8,
137.8, 140.8 (q, JCF¼6.4 Hz), 151.1. 19F NMR (470 MHz, CDCl3) d 97.7
(d, J¼6.1 Hz). IR (neat) 2958, 2825, 1681, 1600, 1490, 1453, 1344,
1286, 1123, 1006 cm�1. HRMS (MALDI-TOF) m/z calcd for [MþH]þ:
C20H21ClF3N2 381.1345, found 381.1348 (matrix: SA). ½a�25D �22.3 (c
2.39, CHCl3) (83% ee). Enantiomeric purity was determined by HPLC
using a Daicel CHIRALCEL OJ-H (hexane/2-propanol¼9/1, flow:
1.0 ml/min, 254 nm, 35 �C, tR 14.8 min (major); tR 19.8 min (mi-
nor)). Recrystallization of isolated product from hexane gave an
enantiomerically pure (R)-3fc (>99% ee).

3.3.15. 1-((S)-4-(4-Chlorophenyl)-1,1,1-trifluorobut-3-en-2-yl)-4-
phenylpiperazine ((S)-4fc)5b. White solid. Mp 151e153 �C. 1H NMR
(500 MHz, CDCl3) d 2.89e2.96 (m, 4H), 3.21 (t, J¼4.9 Hz, 4H), 3.72
(quin, J¼8.0 Hz, 1H), 6.19 (dd, J¼8.0, 16.0 Hz, 1H), 6.71 (d, J¼16.0 Hz,
1H), 6.87 (t, J¼7.4 Hz, 1H), 6.92 (d, J¼8.0 Hz, 2H), 7.24e7.36 (m, 6H).
13C NMR (125 MHz, CDCl3) d 49.8, 49.9, 68.1 (q, JCF¼28.0 Hz), 116.3,
119.5, 120.0, 125.7 (q, JCF¼285.5 Hz), 127.9, 128.9, 129.1, 134.1, 134.3,
136.0, 151.3. 19F NMR (470 MHz, CDCl3) d 92.1 (d, J¼8.9 Hz). IR (KBr)
2884, 2823, 1602, 1492, 1455, 1388, 1268, 1245, 1150, 1105, 1013,
976 cm�1. HRMS (MALDI-TOF) m/z calcd for [MþH]þ: C20H21ClF3N2
381.1345, found 381.1340 (matrix: SA). ½a�25D þ71.4 (c 0.95, CHCl3)
(95% ee). Enantiomeric purity was determined by HPLC using
a Daicel CHIRALPAK AD-H (hexane/2-propanol¼9/1, flow: 1.0 ml/
min, 254 nm, 35 �C, tR 7.1 min (major); tR 10.2 min (minor)). Re-
crystallization of isolated product from hexane gave an enantio-
merically pure (S)-4fc (>99% ee).
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